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CHAPTER 1 
ABOUT THIS MANUAL 


The Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1: Basic Architecture (order number 
253665) is part of a set that describes the architecture and programming environment of Intel® 64 and IA-32 
architecture processors. Other volumes in this set are: 


° The Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A, 2B, 2C & 2D: Instruction Set 
Reference (order numbers 253666, 253667, 326018 and 334569). 


° The Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 3A, 3B, 3C & 3D: System 
Programming Guide (order numbers 253668, 253669, 326019 and 332831). 


° The Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4: Model-Specific Registers 
(order number 335592), 


The Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, describes the basic architecture 
and programming environment of Intel 64 and IA-32 processors. The Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volumes 2A, 2B, 2C & 2D, describe the instruction set of the processor and the opcode struc- 
ture. These volumes apply to application programmers and to programmers who write operating systems or exec- 
utives. The Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 3A, 3B, 3C & 3D, describe 
the operating-system support environment of Intel 64 and IA-32 processors. These volumes target operating- 
system and BIOS designers. In addition, the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3B, addresses the programming environment for classes of software that host operating systems. The 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4, describes the model-specific registers 
of Intel 64 and IA-32 processors. 


1.1 INTEL® 64 AND IA-32 PROCESSORS COVERED IN THIS MANUAL 


This manual set includes information pertaining primarily to the most recent Intel 64 and IA-32 processors, which 
include: 


* Pentium® processors 

° P6 family processors 

* Pentium® 4 processors 

* Pentium® M processors 

* Intel® Xeon® processors 

* Pentium® D processors 

* Pentium® processor Extreme Editions 

* 64-bit Intel® Xeon® processors 

* Intel® Core™ Duo processor 

* Intel® Core™ Solo processor 

* Dual-Core Intel® Xeon® processor LV 

* Intel® Core™2 Duo processor 

* Intel® Core™2 Quad processor Q6000 series 

* Intel® xeon® processor 3000, 3200 series 

* Intel® Xeon® processor 5000 series 

* Intel® xeon® processor 5100, 5300 series 

* Intel® Core™2 Extreme processor X7000 and X6800 series 
* Intel® Core™2 Extreme processor QX6000 series 
* Intel® Xeon® processor 7100 series 
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* Intel® Pentium® Dual-Core processor 

* Intel® Xeon® processor 7200, 7300 series 

* Intel® xeon® processor 5200, 5400, 7400 series 

* Intel® Core™2 Extreme processor QX9000 and X9000 series 
* Intel® Core™2 Quad processor Q9000 series 

* Intel® Core™2 Duo processor E8000, T9000 series 

* Intel Atom® processor family 


* Intel Atom® processors 200, 300, D400, D500, D2000, N200, N400, N2000, E2000, Z500, Z600, Z2000, 
C1000 series are built from 45 nm and 32 nm processes 


* Intel® Core™ i7 processor 

* Intel® Core™ i5 processor 

* Intel® Xeon® processor E7-8800/4800/2800 product families 
* Intel® Core™ i7-3930K processor 

* 2nd generation Intel® Core™ i7-2xxx, Intel® Core™ i5-2xxx, Intel® Core™ i3-2xxx processor series 
* Intel® Xeon® processor E3-1200 product family 

* Intel® Xeon® processor E5-2400/1400 product family 

* Intel® Xeon® processor E5-4600/2600/1600 product family 
* 3rd generation Intel® Core™ processors 

* Intel® Xeon® processor E3-1200 v2 product family 

* Intel® Xeon® processor E5-2400/1400 v2 product families 

* Intel® Xeon® processor E5-4600/2600/1600 v2 product families 
* Intel® Xeon® processor E7-8800/4800/2800 v2 product families 
* 4th generation Intel® Core™ processors 

* The Intel® Core™ M processor family 

* Intel® Core™ i7-59xx Processor Extreme Edition 

* Intel® Core™ i7-49xx Processor Extreme Edition 

* Intel® Xeon® processor E3-1200 v3 product family 

* Intel® Xeon® processor E5-2600/1600 v3 product families 

* 5th generation Intel® Core™ processors 

* Intel® Xeon® processor D-1500 product family 

* Intel® Xeon® processor E5 v4 family 

* Intel Atom® processor X7-Z8000 and X5-Z8000 series 

* Intel Atom® processor Z3400 series 

* Intel Atom® processor Z3500 series 

* 6th generation Intel® Core™ processors 

* Intel® Xeon® processor E3-1500m v5 product family 

* 7th generation Intel® Core™ processors 

* Intel® Xeon Phi™ Processor 3200, 5200, 7200 Series 

* Intel® Xeon® Processor Scalable Family 

* 8th generation Intel® Core™ processors 

* Intel® Xeon Phi™ Processor 7215, 7285, 7295 Series 

* Intel® Xeon® E processors 

* 9th generation Intel® Core™ processors 

* 2nd generation Intel® Xeon® Processor Scalable Family 
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* 10th generation Intel® Core™ processors 
* 11th generation Intel® Core™ processors 
* 3rd generation Intel® Xeon® Processor Scalable Family 
* 12th generation Intel® Core™ processors 


P6 family processors are IA-32 processors based on the P6 family microarchitecture. This includes the Pentium® 
Pro, Pentium® II, Pentium® III, and Pentium® III Xeon® processors. 


The Pentium® 4, Pentium® D, and Pentium® processor Extreme Editions are based on the Intel NetBurst® micro- 
architecture. Most early Intel® Xeon® processors are based on the Intel NetBurst® microarchitecture. Intel Xeon 
processor 5000, 7100 series are based on the Intel NetBurst® microarchitecture. 


The Intel® Core™ Duo, Intel® Core™ Solo and dual-core Intel® Xeon® processor LV are based on an improved 
Pentium® M processor microarchitecture. 


The Intel® Xeon® processor 3000, 3200, 5100, 5300, 7200, and 7300 series, Intel® Pentium® dual-core, Intel® 
Core™2 Duo, Intel® Core™2 Quad, and Intel® Core™ 2 Extreme processors are based on Intel® Core™ microarchi- 
tecture. 


The Intel® Xeon® processor 5200, 5400, 7400 series, Intel® Core™2 Quad processor Q9000 series, and Intel® 
Core™2 Extreme processors QX9000, X9000 series, Intel® Core™2 processor E8000 series are based on Enhanced 
Intel® Core™ microarchitecture. 


The Intel Atom® processors 200, 300, D400, D500, D2000, N200, N400, N2000, E2000, Z500, Z600, Z2000, 
C1000 series are based on the Intel Atom® microarchitecture and supports Intel 64 architecture. 


P6 family, Pentium® M, Intel® Core™ Solo, Intel® Core™ Duo processors, dual-core Intel® Xeon® processor LV, 
and early generations of Pentium 4 and Intel Xeon processors support IA-32 architecture. The Intel® Atom™ 
processor Z5xx series support IA-32 architecture. 


The Intel® Xeon® processor 3000, 3200, 5000, 5100, 5200, 5300, 5400, 7100, 7200, 7300, 7400 series, Intel® 
Core™ 2 Duo, Intel® Core™2 Extreme, Intel® Core™2 Quad processors, Pentium® D processors, Pentium® Dual- 
Core processor, newer generations of Pentium 4 and Intel Xeon processor family support Intel® 64 architecture. 


The Intel® Core™ i7 processor and Intel® Xeon® processor 3400, 5500, 7500 series are based on 45 nm Nehalem 
microarchitecture. Westmere microarchitecture is a 32 nm version of the Nehalem microarchitecture. Intel® 
Xeon® processor 5600 series, Intel Xeon processor E7 and various Intel Core i7, i5, i3 processors are based on the 
Westmere microarchitecture. These processors support Intel 64 architecture. 


The Intel® Xeon® processor E5 family, Intel® Xeon® processor E3-1200 family, Intel® Xeon® processor E7- 
8800/4800/2800 product families, Intel® Core™ i7-3930K processor, and 2nd generation Intel® Core™ i7-2xxx, 
Intel® Core™ i5-2xxx, Intel® Core™ i3-2xxx processor series are based on the Sandy Bridge microarchitecture and 
support Intel 64 architecture. 


The Intel® Xeon® processor E7-8800/4800/2800 v2 product families, Intel® Xeon® processor E3-1200 v2 product 
family and 3rd generation Intel® Core™ processors are based on the Ivy Bridge microarchitecture and support 
Intel 64 architecture. 


The Intel® Xeon® processor E5-4600/2600/1600 v2 product families, Intel® Xeon® processor E5-2400/1400 v2 
product families and Intel® Core™ i7-49xx Processor Extreme Edition are based on the Ivy Bridge-E microarchitec- 
ture and support Intel 64 architecture. 


The Intel® Xeon® processor E3-1200 v3 product family and 4th Generation Intel® Core™ processors are based on 
the Haswell microarchitecture and support Intel 64 architecture. 


The Intel® Xeon® processor E5-2600/1600 v3 product families and the Intel® Core™ i7-59xx Processor Extreme 
Edition are based on the Haswell-E microarchitecture and support Intel 64 architecture. 


The Intel Atom® processor Z8000 series is based on the Airmont microarchitecture. 


The Intel Atom® processor Z3400 series and the Intel Atom® processor Z3500 series are based on the Silvermont 
microarchitecture. 


The Intel® Core™ M processor family, 5th generation Intel® Core™ processors, Intel® Xeon® processor D-1500 
product family and the Intel® Xeon® processor E5 v4 family are based on the Broadwell microarchitecture and 
support Intel 64 architecture. 
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The Intel® Xeon® Processor Scalable Family, Intel® Xeon® processor E3-1500m v5 product family and 6th gener- 
ation Intel® Core™ processors are based on the Skylake microarchitecture and support Intel 64 architecture. 


The 7th generation Intel® Core™ processors are based on the Kaby Lake microarchitecture and support Intel 64 
architecture. 


The Intel Atom® processor C series, the Intel Atom® processor X series, the Intel® Pentium® processor J series, 
the Intel® Celeron® processor J series, and the Intel® Celeron® processor N series are based on the Goldmont 
microarchitecture. 


The Intel® Xeon Phi™ Processor 3200, 5200, 7200 Series is based on the Knights Landing microarchitecture and 
supports Intel 64 architecture. 


The Intel® Pentium® Silver processor series, the Intel® Celeron® processor J series, and the Intel® Celeron® 
processor N series are based on the Goldmont Plus microarchitecture. 


The 8th generation Intel® Core™ processors, 9th generation Intel® Core™ processors, and Intel® Xeon® E proces- 
sors are based on the Coffee Lake microarchitecture and support Intel 64 architecture. 


The Intel® Xeon Phi™ Processor 7215, 7285, 7295 Series is based on the Knights Mill microarchitecture and 
supports Intel 64 architecture. 


The 2nd generation Intel® Xeon® Processor Scalable Family is based on the Cascade Lake product and supports 
Intel 64 architecture. 


Some 10th generation Intel® Core™ processors are based on the Ice Lake microarchitecture, and some are based 
on the Comet Lake microarchitecture; both support Intel 64 architecture. 


Some 11th generation Intel® Core™ processors are based on the Tiger Lake microarchitecture, and some are 
based on the Rocket Lake microarchitecture; both support Intel 64 architecture. 


Some 3rd generation Intel® Xeon® Processor Scalable Family processors are based on the Cooper Lake product, 
and some are based on the Ice Lake microarchitecture; both support Intel 64 architecture. 


The 12th generation Intel® Core™ processors are based on the Alder Lake performance hybrid architecture and 
support Intel 64 architecture. 


IA-32 architecture is the instruction set architecture and programming environment for Intel's 32-bit microproces- 
sors. Intel® 64 architecture is the instruction set architecture and programming environment which is the superset 
of Intel’s 32-bit and 64-bit architectures. It is compatible with the IA-32 architecture. 


1.2 OVERVIEW OF VOLUME 1: BASIC ARCHITECTURE 


A description of this manual’s content follows: 


Chapter 1 — About This Manual. Gives an overview of all five volumes of the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual. It also describes the notational conventions in these manuals and lists related Intel 
manuals and documentation of interest to programmers and hardware designers. 


Chapter 2 — Intel® 64 and IA-32 Architectures. Introduces the Intel 64 and IA-32 architectures along with the 
families of Intel processors that are based on these architectures. It also gives an overview of the common features 
found in these processors and brief history of the Intel 64 and IA-32 architectures. 


Chapter 3 — Basic Execution Environment. Introduces the models of memory organization and describes the 
register set used by applications. 


Chapter 4 — Data Types. Describes the data types and addressing modes recognized by the processor; provides 
an overview of real numbers and floating-point formats and of floating-point exceptions. 


Chapter 5 — Instruction Set Summary. Lists all Intel 64 and IA-32 instructions, divided into technology groups. 


Chapter 6 — Procedure Calls, Interrupts, and Exceptions. Describes the procedure stack and mechanisms 
provided for making procedure calls and for servicing interrupts and exceptions. 


Chapter 7 — Programming with General-Purpose Instructions. Describes basic load and store, program 
control, arithmetic, and string instructions that operate on basic data types, general-purpose and segment regis- 
ters; also describes system instructions that are executed in protected mode. 
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Chapter 8 — Programming with the x87 FPU. Describes the x87 floating-point unit (FPU), including floating- 
point registers and data types; gives an overview of the floating-point instruction set and describes the processor's 
floating-point exception conditions. 


Chapter 9 — Programming with Intel® MMX™ Technology. Describes Intel MMX technology, including MMX 
registers and data types; also provides an overview of the MMX instruction set. 


Chapter 10 — Programming with Intel® Streaming SIMD Extensions (Intel® SSE). Describes SSE exten- 
sions, including XMM registers, the MXCSR register, and packed single-precision floating-point data types; provides 
an overview of the SSE instruction set and gives guidelines for writing code that accesses the SSE extensions. 


Chapter 11 — Programming with Intel® Streaming SIMD Extensions 2 (Intel® SSE2). Describes SSE2 
extensions, including XMM registers and packed double-precision floating-point data types; provides an overview 
of the SSE2 instruction set and gives guidelines for writing code that accesses SSE2 extensions. This chapter also 
describes SIMD floating-point exceptions that can be generated with SSE and SSE2 instructions. It also provides 
general guidelines for incorporating support for SSE and SSE2 extensions into operating system and applications 
code. 


Chapter 12 — Programming with Intel® Streaming SIMD Extensions 3 (Intel® SSE3), Supplemental 
Streaming SIMD Extensions 3 (SSSE3), Intel® Streaming SIMD Extensions 4 (Intel® SSE4) and Intel® 
AES New Instructions (Intel® AES-NI). Provides an overview of the SSE3 instruction set, Supplemental SSE3, 
SSE4, AESNI instructions, and guidelines for writing code that access these extensions. 


Chapter 13 — Managing State Using the XSAVE Feature Set. Describes the XSAVE feature set instructions 
and explains how software can enable the XSAVE feature set and XSAVE-enabled features. 


Chapter 14 — Programming with AVX, FMA and AVX2. Provides an overview of the Intel® AVX instruction set, 
FMA and Intel AVX2 extensions and gives guidelines for writing code that access these extensions. 


Chapter 15 — Programming with Intel® AVX-512. Provides an overview of the Intel® AVX-512 instruction set 
extensions and gives guidelines for writing code that access these extensions. 


Chapter 16 — Programming with Intel Transactional Synchronization Extensions. Describes the instruc- 
tion extensions that support lock elision techniques to improve the performance of multi-threaded software with 
contended locks. 


Chapter 17 — Intel® Memory Protection Extensions. Provides an overview of the Intel® Memory Protection 
Extensions and gives guidelines for writing code that access these extensions. 


Chapter 18 — Control-flow Enforcement Technology. Provides an overview of the Control-flow Enforcement 
Technology (CET) and gives guidelines for writing code that access these extensions. 


Chapter 19 — Input/Output. Describes the processor’s I/O mechanism, including I/O port addressing, I/O 
instructions, and I/O protection mechanisms. 


Chapter 20 — Processor Identification and Feature Determination. Describes how to determine the CPU 
type and features available in the processor. 


Appendix A — EFLAGS Cross-Reference. Summarizes how the IA-32 instructions affect the flags in the EFLAGS 
register. 


Appendix B — EFLAGS Condition Codes. Summarizes how conditional jump, move, and ‘byte set on condition 
code’ instructions use condition code flags (OF, CF, ZF, SF, and PF) in the EFLAGS register. 


Appendix C — Floating-Point Exceptions Summary. Summarizes exceptions raised by the x87 FPU floating- 
point and SSE/SSE2/SSE3 floating-point instructions. 


Appendix D — Guidelines for Writing SIMD Floating-Point Exception Handlers. Gives guidelines for writing 
exception handlers for exceptions generated by SSE/SSE2/SSE3 floating-point instructions. 


13 NOTATIONAL CONVENTIONS 


This manual uses specific notation for data-structure formats, for symbolic representation of instructions, and for 
hexadecimal and binary numbers. This notation is described below. 
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1.3.1 Bit and Byte Order 


In illustrations of data structures in memory, smaller addresses appear toward the bottom of the figure; addresses 
increase toward the top. Bit positions are numbered from right to left. The numerical value of a set bit is equal to 
two raised to the power of the bit position. Intel 64 and IA-32 processors are “little endian” machines; this means 
the bytes of a word are numbered starting from the least significant byte. See Figure 1-1. 


Data Structure 


Highest 
Anaheas 32 24 23 16 15 8 7 O ~<«— Bit offset 


28 
24 
20 
16 
12 


Lowest 
A Address 


Byte Offset 


Figure 1-1. Bit and Byte Order 


1.3.2 Reserved Bits and Software Compatibility 


In many register and memory layout descriptions, certain bits are marked as reserved. When bits are marked as 
reserved, it is essential for compatibility with future processors that software treat these bits as having a future, 
though unknown, effect. The behavior of reserved bits should be regarded as not only undefined, but unpredict- 
able. 


Software should follow these guidelines in dealing with reserved bits: 


* Do not depend on the states of any reserved bits when testing the values of registers that contain such bits. 
Mask out the reserved bits before testing. 


* Do not depend on the states of any reserved bits when storing to memory or to a register. 
* Do not depend on the ability to retain information written into any reserved bits. 


¢ When loading a register, always load the reserved bits with the values indicated in the documentation, if any, or 
reload them with values previously read from the same register. 


NOTE 


Avoid any software dependence upon the state of reserved bits in Intel 64 and IA-32 registers. 
Depending upon the values of reserved register bits will make software dependent upon the 
unspecified manner in which the processor handles these bits. Programs that depend upon 
reserved values risk incompatibility with future processors. 


1.3.2.1 Instruction Operands 
When instructions are represented symbolically, a subset of the IA-32 assembly language is used. In this subset, 
an instruction has the following format: 
label: mnemonic argument1, argument2, argument3 
where: 
¢ A label is an identifier which is followed by a colon. 
¢ A mnemonic is a reserved name for a class of instruction opcodes which have the same function. 
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¢ The operands argumenti, argument2, and arguments3 are optional. There may be from zero to three 
operands, depending on the opcode. When present, they take the form of either literals or identifiers for data 
items. Operand identifiers are either reserved names of registers or are assumed to be assigned to data items 
declared in another part of the program (which may not be shown in the example). 


When two operands are present in an arithmetic or logical instruction, the right operand is the source and the left 
operand is the destination. 


For example: 


LOADREG: MOV EAX, SUBTOTAL 


In this example, LOADREG is a label, MOV is the mnemonic identifier of an opcode, EAX is the destination operand, 
and SUBTOTAL is the source operand. Some assembly languages put the source and destination in reverse order. 


1.3.3 Hexadecimal and Binary Numbers 


Base 16 (hexadecimal) numbers are represented by a string of hexadecimal digits followed by the character H (for 
example, OF82EH). A hexadecimal digit is a character from the following set: 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, A, B, C, D, 
E, and F. 


Base 2 (binary) numbers are represented by a string of 1s and Os, sometimes followed by the character B (for 
example, 1010B). The “B” designation is only used in situations where confusion as to the type of number might 
arise. 


1.3.4 Segmented Addressing 


The processor uses byte addressing. This means memory is organized and accessed as a sequence of bytes. 
Whether one or more bytes are being accessed, a byte address is used to locate the byte or bytes memory. The 
range of memory that can be addressed is called an address space. 


The processor also supports segmented addressing. This is a form of addressing where a program may have many 
independent address spaces, called segments. For example, a program can keep its code (instructions) and stack 
in separate segments. Code addresses would always refer to the code space, and stack addresses would always 
refer to the stack space. The following notation is used to specify a byte address within a segment: 


Segment-register:Byte-address 


For example, the following segment address identifies the byte at address FF79H in the segment pointed by the DS 
register: 


DS:FF79H 


The following segment address identifies an instruction address in the code segment. The CS register points to the 
code segment and the EIP register contains the address of the instruction. 


CS:EIP 


1.3.5 A New Syntax for CPUID, CR, and MSR Values 


Obtain feature flags, status, and system information by using the CPUID instruction, by checking control register 
bits, and by reading model-specific registers. We are moving toward a new syntax to represent this information. 
See Figure 1-2. 
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CPUID Input and Output 


CPUID.01H:EDX.SSE[bit 25] = 1 
e | @ 


Input value for EAX register 


Output register and feature flag or field 
name with bit position(s) 


Value (or range) of output 


Control Register Values 


CR4.OSFXSR)Ibit 9] = 1 
e | © 


Example CR name 


Feature flag or field name 
with bit position(s) 


Value (or range) of output 


Model-Specific Register Values 


IA32_MISC_ENABLE.ENABLEFOPCODED[bit 2] = 1 
|! 


Example MSR name 


Feature flag or field name with bit position(s) 


Value (or range) of output 


Figure 1-2. Syntax for CPUID, CR, and MSR Data Presentation 


1.3.6 Exceptions 


An exception is an event that typically occurs when an instruction causes an error. For example, an attempt to 
divide by zero generates an exception. However, some exceptions, such as breakpoints, occur under other condi- 
tions. Some types of exceptions may provide error codes. An error code reports additional information about the 
error. An example of the notation used to show an exception and error code is shown below: 


#PF(fault code) 


This example refers to a page-fault exception under conditions where an error code naming a type of fault is 
reported. Under some conditions, exceptions that produce error codes may not be able to report an accurate code. 
In this case, the error code is zero, as shown below for a general-protection exception: 


#GP(0) 
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1.4 RELATED LITERATURE 


Literature related to Intel 64 and IA-32 processors is listed and viewable on-line at: 


https://software.intel.com/en-us/articles/intel-sdm 


See also: 


The latest security information on Intel® products: 
https://www.intel.com/content/www/us/en/security-center/default.html 


Software developer resources, guidance and insights for security advisories: 
https://software.intel.com/security-software-guidance/ 


The data sheet for a particular Intel 64 or IA-32 processor 
The specification update for a particular Intel 64 or IA-32 processor 


Intel® C++ Compiler documentation and online help: 
http://software.intel.com/en-us/articles/intel-compilers/ 


Intel® Fortran Compiler documentation and online help: 
http://software.intel.com/en-us/articles/intel-compilers/ 


Intel® Software Development Tools: 
https://software.intel.com/en-us/intel-sdp-home 


Intel® 64 and IA-32 Architectures Software Developer’s Manual (in one, four or ten volumes): 
https://software.intel.com/en-us/articles/intel-sdm 


Intel® 64 and IA-32 Architectures Optimization Reference Manual: 
https://software.intel.com/en-us/articles/intel-sdm#optimization 


Intel® Trusted Execution Technology Measured Launched Environment Programming Guide: 
http://www. intel.com/content/www/us/en/software-developers/intel-txt-software-development-guide.html 


Intel® Software Guard Extensions (Intel® SGX) Information 
https://software.intel.com/en-us/isa-extensions/intel-sgx 


Developing Multi-threaded Applications: A Platform Consistent Approach: 
https://software.intel.com/sites/default/files/article/147714/51534-developing-multithreaded-applica- 
tions. pdf 


Using Spin-Loops on Intel® Pentium® 4 Processor and Intel® Xeon® Processor: 
https://software.intel.com/sites/default/files/22/30/25602 


Performance Monitoring Unit Sharing Guide 
http://software.intel.com/file/30388 


Literature related to select features in future Intel processors are available at: 


Intel® Architecture Instruction Set Extensions Programming Reference 
https://software.intel.com/en-us/isa-extensions 


More relevant links are: 


Intel® Developer Zone: 

https://software.intel.com/en-us 

Developer centers: 

http://www. intel.com/content/www/us/en/hardware-developers/developer-centers.html 
Processor support general link: 

http://www. intel.com/support/processors/ 

Intel® Hyper-Threading Technology (Intel® HT Technology): 

http://www. intel.com/technology/platform-technology/hyper-threading/index.htm 


Vol. 1 


1-9 


ABOUT THIS MANUAL 


1-10 Vol. 1 


CHAPTER 2 
INTEL® 64 AND IA-32 ARCHITECTURES 


2.1 BRIEF HISTORY OF INTEL® 64 AND IA-32 ARCHITECTURE 


The following sections provide a summary of the major technical evolutions from IA-32 to Intel 64 architecture: 
starting from the Intel 8086 processor to the latest Intel® Core® 2 Duo, Core 2 Quad and Intel Xeon processor 
5300 and 7300 series. Object code created for processors released as early as 1978 still executes on the latest 
processors in the Intel 64 and IA-32 architecture families. 


2441 16-bit Processors and Segmentation (1978) 


The IA-32 architecture family was preceded by 16-bit processors, the 8086 and 8088. The 8086 has 16-bit regis- 
ters and a 16-bit external data bus, with 20-bit addressing giving a 1-MByte address space. The 8088 is similar to 
the 8086 except it has an 8-bit external data bus. 


The 8086/8088 introduced segmentation to the IA-32 architecture. With segmentation, a 16-bit segment register 
contains a pointer to a memory segment of up to 64 KBytes. Using four segment registers at a time, 8086/8088 

processors are able to address up to 256 KBytes without switching between segments. The 20-bit addresses that 
can be formed using a segment register and an additional 16-bit pointer provide a total address range of 1 MByte. 


2.1.2 The Intel® 286 Processor (1982) 


The Intel 286 processor introduced protected mode operation into the IA-32 architecture. Protected mode uses the 
segment register content as selectors or pointers into descriptor tables. Descriptors provide 24-bit base addresses 
with a physical memory size of up to 16 MBytes, support for virtual memory management on a segment swapping 
basis, and a number of protection mechanisms. These mechanisms include: 


¢ Segment limit checking 
¢ Read-only and execute-only segment options 
° Four privilege levels 


2.1.3 The Intel386™ Processor (1985) 


The Intel386 processor was the first 32-bit processor in the IA-32 architecture family. It introduced 32-bit registers 
for use both to hold operands and for addressing. The lower half of each 32-bit Intel386 register retains the prop- 
erties of the 16-bit registers of earlier generations, permitting backward compatibility. The processor also provides 
a virtual-8086 mode that allows for even greater efficiency when executing programs created for 8086/8088 
processors. 


In addition, the Intel386 processor has support for: 

¢ A 32-bit address bus that supports up to 4-GBytes of physical memory 

¢ Asegmented-memory model and a flat memory model 

¢ Paging, with a fixed 4-KByte page size providing a method for virtual memory management 
* Support for parallel stages 


2.1.4 The Intel486™ Processor (1989) 


The Intel486" processor added more parallel execution capability by expanding the Intel386 processor’s instruc- 
tion decode and execution units into five pipelined stages. Each stage operates in parallel with the others on up to 
five instructions in different stages of execution. 
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In addition, the processor added: 


¢ An 8-KByte on-chip first-level cache that increased the percent of instructions that could execute at the scalar 
rate of one per clock 


¢ An integrated x87 FPU 
° Power saving and system management capabilities 


2.1.5 The Intel® Pentium® Processor (1993) 


The introduction of the Intel Pentium processor added a second execution pipeline to achieve superscalar perfor- 
mance (two pipelines, known as u and v, together can execute two instructions per clock). The on-chip first-level 
cache doubled, with 8 KBytes devoted to code and another 8 KBytes devoted to data. The data cache uses the MESI 
protocol to support more efficient write-back cache in addition to the write-through cache previously used by the 
Intel486 processor. Branch prediction with an on-chip branch table was added to increase performance in looping 
constructs. 


In addition, the processor added: 

¢ Extensions to make the virtual-8086 mode more efficient and allow for 4-MByte as well as 4-KByte pages 
¢ Internal data paths of 128 and 256 bits add speed to internal data transfers 

¢ Burstable external data bus was increased to 64 bits 

¢ An APIC to support systems with multiple processors 

¢ A dual processor mode to support glueless two processor systems 


A subsequent stepping of the Pentium family introduced Intel MMX technology (the Pentium Processor with MMX 
technology). Intel MMX technology uses the single-instruction, multiple-data (SIMD) execution model to perform 
parallel computations on packed integer data contained in 64-bit registers. 


See Section 2.2.7, “SIMD Instructions.” 


2.1.6 The P6 Family of Processors (1995-1999) 


The P6 family of processors was based on a superscalar microarchitecture that set new performance standards; see 
also Section 2.2.1, “P6 Family Microarchitecture.” One of the goals in the design of the P6 family microarchitecture 
was to exceed the performance of the Pentium processor significantly while using the same 0.6-micrometer, four- 
layer, metal BICMOS manufacturing process. Members of this family include the following: 


¢ The Intel Pentium Pro processor is three-way superscalar. Using parallel processing techniques, the 
processor is able on average to decode, dispatch, and complete execution of (retire) three instructions per 
clock cycle. The Pentium Pro introduced the dynamic execution (micro-data flow analysis, out-of-order 
execution, superior branch prediction, and speculative execution) in a superscalar implementation. The 
processor was further enhanced by its caches. It has the same two on-chip 8-KByte 1st-Level caches as the 
Pentium processor and an additional 256-KByte Level 2 cache in the same package as the processor. 


¢ The Intel Pentium II processor added Intel MMX technology to the P6 family processors along with new 
packaging and several hardware enhancements. The processor core is packaged in the single edge contact 
cartridge (SECC). The Level | data and instruction caches were enlarged to 16 KBytes each, and Level 2 cache 
sizes of 256 KBytes, 512 KBytes, and 1 MByte are supported. A half-frequency backside bus connects the Level 
2 cache to the processor. Multiple low-power states such as AutoHALT, Stop-Grant, Sleep, and Deep Sleep are 
supported to conserve power when idling. 


¢ The Pentium II Xeon processor combined the premium characteristics of previous generations of Intel 
processors. This includes: 4-way, 8-way (and up) scalability and a 2 MByte 2nd-Level cache running on a full- 
frequency backside bus. 


¢ The Intel Celeron processor family focused on the value PC market segment. Its introduction offers an 
integrated 128 KBytes of Level 2 cache and a plastic pin grid array (P.P.G.A.) form factor to lower system design 
cost. 


¢ The Intel Pentium Ill processor introduced the Streaming SIMD Extensions (SSE) to the IA-32 architecture. 
SSE extensions expand the SIMD execution model introduced with the Intel MMX technology by providing a 
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new set of 128-bit registers and the ability to perform SIMD operations on packed single-precision floating- 
point values. See Section 2.2.7, “SIMD Instructions.” 


¢ The Pentium Ill Xeon processor extended the performance levels of the IA-32 processors with the 
enhancement of a full-speed, on-die, and Advanced Transfer Cache. 


2.1.7. ‘The Intel® Pentium® 4 Processor Family (2000-2006) 


The Intel Pentium 4 processor family is based on Intel NetBurst microarchitecture; see Section 2.2.2, “Intel 
NetBurst® Microarchitecture.” 


The Intel Pentium 4 processor introduced Streaming SIMD Extensions 2 (SSE2); see Section 2.2.7, “SIMD Instruc- 
tions.” The Intel Pentium 4 processor 3.40 GHz, supporting Hyper-Threading Technology introduced Streaming 
SIMD Extensions 3 (SSE3); see Section 2.2.7, “SIMD Instructions.” 


Intel 64 architecture was introduced in the Intel Pentium 4 Processor Extreme Edition supporting Hyper-Threading 
Technology and in the Intel Pentium 4 Processor 6xx and 5xx sequences. 


Intel® Virtualization Technology (Intel® VT) was introduced in the Intel Pentium 4 processor 672 and 662. 


2.1.8 The Intel® Xeon® Processor (2001- 2007) 


Intel Xeon processors (with exception for dual-core Intel Xeon processor LV, Intel Xeon processor 5100 series) are 
based on the Intel NetBurst microarchitecture; see Section 2.2.2, “Intel NetBurst® Microarchitecture.” As a family, 
this group of IA-32 processors (more recently Intel 64 processors) is designed for use in multi-processor server 
systems and high-performance workstations. 


The Intel Xeon processor MP introduced support for Intel® Hyper-Threading Technology; see Section 2.2.8, “Intel® 
Hyper-Threading Technology.” 


The 64-bit Intel Xeon processor 3.60 GHz (with an 800 MHz System Bus) was used to introduce Intel 64 architec- 
ture. The Dual-Core Intel Xeon processor includes dual core technology. The Intel Xeon processor 70xx series 
includes Intel Virtualization Technology. 


The Intel Xeon processor 5100 series introduces power-efficient, high performance Intel Core microarchitecture. 
This processor is based on Intel 64 architecture; it includes Intel Virtualization Technology and dual-core tech- 
nology. The Intel Xeon processor 3000 series are also based on Intel Core microarchitecture. The Intel Xeon 
processor 5300 series introduces four processor cores in a physical package, they are also based on Intel Core 
microarchitecture. 


2.1.9 The Intel® Pentium® M Processor (2003-2006) 


The Intel Pentium M processor family is a high performance, low power mobile processor family with microarchitec- 
tural enhancements over previous generations of IA-32 Intel mobile processors. This family is designed for 
extending battery life and seamless integration with platform innovations that enable new usage models (such as 
extended mobility, ultra thin form-factors, and integrated wireless networking). 


Its enhanced microarchitecture includes: 
¢ Support for Intel Architecture with Dynamic Execution 


¢ A high performance, low-power core manufactured using Intel’s advanced process technology with copper 
interconnect 


* On-die, primary 32-KByte instruction cache and 32-KByte write-back data cache 

° On-die, second-level cache (up to 2 MByte) with Advanced Transfer Cache Architecture 
¢ Advanced Branch Prediction and Data Prefetch Logic 

¢ Support for MMX technology, Streaming SIMD instructions, and the SSE2 instruction set 
° A400 or 533 MHz, Source-Synchronous Processor System Bus 

* Advanced power management using Enhanced Intel SpeedStep® technology 
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2.1.10 The Intel® Pentium® Processor Extreme Edition (2005) 


The Intel Pentium processor Extreme Edition introduced dual-core technology. This technology provides advanced 
hardware multi-threading support. The processor is based on Intel NetBurst microarchitecture and supports SSE, 
SSE2, SSE3, Hyper-Threading Technology, and Intel 64 architecture. 


See also: 

* Section 2.2.2, “Intel NetBurst® Microarchitecture” 

* Section 2.2.3, “Intel® Core™ Microarchitecture” 

® Section 2.2.7, “SIMD Instructions” 

° Section 2.2.8, “Intel® Hyper-Threading Technology” 
¢ Section 2.2.9, “Multi-Core Technology” 

* Section 2.2.10, “Intel® 64 Architecture” 


2.1.11. The Intel® Core™ Duo and Intel® Core™ Solo Processors (2006-2007) 


The Intel Core Duo processor offers power-efficient, dual-core performance with a low-power design that extends 
battery life. This family and the single-core Intel Core Solo processor offer microarchitectural enhancements over 
Pentium M processor family. 


Its enhanced microarchitecture includes: 

* Intel® Smart Cache which allows for efficient data sharing between two processor cores 

* Improved decoding and SIMD execution 

* Intel® Dynamic Power Coordination and Enhanced Intel® Deeper Sleep to reduce power consumption 
* Intel® Advanced Thermal Manager which features digital thermal sensor interfaces 

¢ Support for power-optimized 667 MHz bus 


The dual-core Intel Xeon processor LV is based on the same microarchitecture as Intel Core Duo processor, and 
supports IA-32 architecture. 


2.1.12 The Intel® Xeon® Processor 5100, 5300 Series and Intel® Core™ 2 Processor Family 
(2006) 


The Intel Xeon processor 3000, 3200, 5100, 5300, and 7300 series, Intel Pentium Dual-Core, Intel Core 2 Extreme, 
Intel Core 2 Quad processors, and Intel Core 2 Duo processor family support Intel 64 architecture; they are based 
on the high-performance, power-efficient Intel® Core microarchitecture built on 65 nm process technology. The 
Intel Core microarchitecture includes the following innovative features: 


* Intel® Wide Dynamic Execution to increase performance and execution throughput 

* Intel® Intelligent Power Capability to reduce power consumption 

* Intel® Advanced Smart Cache which allows for efficient data sharing between two processor cores 
* Intel® Smart Memory Access to increase data bandwidth and hide latency of memory accesses 


* Intel® Advanced Digital Media Boost which improves application performance using multiple generations of 
Streaming SIMD extensions 


The Intel Xeon processor 5300 series, Intel Core 2 Extreme processor QX6800 series, and Intel Core 2 Quad 
processors support Intel quad-core technology. 


2.1.13. The Intel® Xeon® Processor 5200, 5400, 7400 Series and Intel® Core™ 2 Processor 
Family (2007) 


The Intel Xeon processor 5200, 5400, and 7400 series, Intel Core 2 Quad processor Q9000 Series, Intel Core 2 Duo 
processor E8000 series support Intel 64 architecture; they are based on the Enhanced Intel® Core microarchitec- 
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ture using 45 nm process technology. The Enhanced Intel Core microarchitecture provides the following improved 
features: 


* A radix-16 divider, faster OS primitives further increases the performance of Intel® Wide Dynamic Execution. 


* Improves Intel® Advanced Smart Cache with Up to 50% larger level-two cache and up to 50% increase in way- 
set associativity. 


* A 128-bit shuffler engine significantly improves the performance of Intel® Advanced Digital Media Boost and 
SSE4. 


Intel Xeon processor 5400 series and Intel Core 2 Quad processor Q9000 Series support Intel quad-core tech- 
nology. Intel Xeon processor 7400 series offers up to six processor cores and an L3 cache up to 16 MBytes. 


2.1.14 The Intel Atom® Processor Family (2008) 


The first generation of Intel Atom® processors are built on 45 nm process technology. They are based on a new 
microarchitecture, Intel Atom® microarchitecture, which is optimized for ultra low power devices. The Intel Atom® 
microarchitecture features two in-order execution pipelines that minimize power consumption, increase battery 
life, and enable ultra-small form factors. The initial Intel Atom Processor family and subsequent generations 
including Intel Atom processor D2000, N2000, E2000, Z2000, C1000 series provide the following features: 


* Enhanced Intel® SpeedStep® Technology. 
* Intel® Hyper-Threading Technology. 
¢ Deep Power Down Technology with Dynamic Cache Sizing. 


* Support for instruction set extensions up to and including Supplemental Streaming SIMD Extensions 3 
(SSSE3). 


* Support for Intel® Virtualization Technology. 
* Support for Intel® 64 Architecture (excluding Intel Atom processor Z5xx Series). 


2.1.15 The Intel Atom® Processor Family Based on Silvermont Microarchitecture (2013) 


Intel Atom Processor C2xxx, E3xxx, S1xxx series are based on the Silvermont microarchitecture. Processors based 
on the Silvermont microarchitecture supports instruction set extensions up to and including SSE4.2, AESNI, and 
PCLMULQDQ. 


2.1.16 The Intel® Core™ i7 Processor Family (2008) 


The Intel Core i7 processor 900 series support Intel 64 architecture; they are based on Nehalem microarchitecture 
using 45 nm process technology. The Intel Core i7 processor and Intel Xeon processor 5500 series include the 
following features: 


* Intel® Turbo Boost Technology converts thermal headroom into higher performance. 

* Intel® HyperThreading Technology in conjunction with Quadcore to provide four cores and eight threads. 
* Dedicated power control unit to reduce active and idle power consumption. 

¢ Integrated memory controller on the processor supporting three channel of DDR3 memory. 

* 8 MB inclusive Intel® Smart Cache. 

* Intel® QuickPath interconnect (QPI) providing point-to-point link to chipset. 

¢ Support for SSE4.2 and SSE4.1 instruction sets. 

¢ Second generation Intel Virtualization Technology. 


2.1.17. The Intel® Xeon® Processor 7500 Series (2010) 


The Intel Xeon processor 7500 and 6500 series are based on Nehalem microarchitecture using 45 nm process tech- 
nology. They support the same features described in Section 2.1.16, plus the following features: 
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® Up to eight cores per physical processor package. 
* Up to 24 MB inclusive Intel® Smart Cache. 


* Provides Intel® Scalable Memory Interconnect (Intel® SMI) channels with Intel® 7500 Scalable Memory Buffer 
to connect to system memory. 


¢ Advanced RAS supporting software recoverable machine check architecture. 


2.1.18 2010 Intel® Core™ Processor Family (2010) 


2010 Intel Core processor family spans Intel Core i7, i5 and i3 processors. They are based on Westmere microar- 
chitecture using 32 nm process technology. The features can include: 


® Deliver smart performance using Intel Hyper-Threading Technology plus Intel Turbo Boost Technology. 
® Enhanced Intel Smart Cache and integrated memory controller. 

¢ Intelligent power gating. 

¢  Repartitioned platform with on-die integration of 45 nm integrated graphics. 

* Range of instruction set support up to AESNI, PCLMULQDQ, SSE4.2 and SSE4.1. 


2.1.19 The Intel® Xeon® Processor 5600 Series (2010) 


The Intel Xeon processor 5600 series are based on Westmere microarchitecture using 32 nm process technology. 
They support the same features described in Section 2.1.16, plus the following features: 


° Up to six cores per physical processor package. 

* Up to 12 MB enhanced Intel® Smart Cache. 

° Support for AESNI, PCLMULQDQ, SSE4.2 and SSE4.1 instruction sets. 
e Flexible Intel Virtualization Technologies across processor and I/O. 


2.1.20 The Second Generation Intel® Core™ Processor Family (2011) 


The Second Generation Intel Core processor family spans Intel Core i7, iS and i3 processors based on the Sandy 
Bridge microarchitecture. They are built from 32 nm process technology and have features including: 


¢ Intel Turbo Boost Technology for Intel Core i5 and i7 processors 

¢ Intel Hyper-Threading Technology. 

¢ Enhanced Intel Smart Cache and integrated memory controller. 

* Processor graphics and built-in visual features like Intel® Quick Sync Video, Intel® Insider™ etc. 

*® Range of instruction set support up to AVX, AESNI, PCLMULQDQ, SSE4.2 and SSE4.1. 

Intel Xeon processor E3-1200 product family is also based on the Sandy Bridge microarchitecture. 

Intel Xeon processor E5-2400/1400 product families are based on the Sandy Bridge-EP microarchitecture. 


Intel Xeon processor E5-4600/2600/1600 product families are based on the Sandy Bridge-EP microarchitecture 
and provide support for multiple sockets. 


2.1.21 The Third Generation Intel® Core™ Processor Family (2012) 


The Third Generation Intel Core processor family spans Intel Core i7, iS and i3 processors based on the Ivy Bridge 
microarchitecture. The Intel Xeon processor E7-8800/4800/2800 v2 product families and Intel Xeon processor E3- 
1200 v2 product family are also based on the Ivy Bridge microarchitecture. 


The Intel Xeon processor E5-2400/1400 v2 product families are based on the Ivy Bridge-EP microarchitecture. 


The Intel Xeon processor E5-4600/2600/1600 v2 product families are based on the Ivy Bridge-EP microarchitec- 
ture and provide support for multiple sockets. 
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2.1.22 The Fourth Generation Intel® Core™ Processor Family (2013) 


The Fourth Generation Intel Core processor family spans Intel Core i7, i5 and i3 processors based on the Haswell 
microarchitecture. Intel Xeon processor E3-1200 v3 product family is also based on the Haswell microarchitecture. 


2.2 MORE ON SPECIFIC ADVANCES 


The following sections provide more information on major innovations. 


2.2.1 P6 Family Microarchitecture 


The Pentium Pro processor introduced a new microarchitecture commonly referred to as P6 processor microarchi- 
tecture. The P6 processor microarchitecture was later enhanced with an on-die, Level 2 cache, called Advanced 
Transfer Cache. 


The microarchitecture is a three-way superscalar, pipelined architecture. Three-way superscalar means that by 
using parallel processing techniques, the processor is able on average to decode, dispatch, and complete execution 
of (retire) three instructions per clock cycle. To handle this level of instruction throughput, the P6 processor family 
uses a decoupled, 12-stage superpipeline that supports out-of-order instruction execution. 


Figure 2-1 shows a conceptual view of the P6 processor microarchitecture pipeline with the Advanced Transfer 
Cache enhancement. 
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Figure 2-1. The P6 Processor Microarchitecture with Advanced Transfer Cache Enhancement 


To ensure a steady supply of instructions and data for the instruction execution pipeline, the P6 processor microar- 
chitecture incorporates two cache levels. The Level 1 cache provides an 8-KByte instruction cache and an 8-KByte 
data cache, both closely coupled to the pipeline. The Level 2 cache provides 256-KByte, 512-KByte, or 1-MByte 
static RAM that is coupled to the core processor through a full clock-speed 64-bit cache bus. 


The centerpiece of the P6 processor microarchitecture is an out-of-order execution mechanism called dynamic 
execution. Dynamic execution incorporates three data-processing concepts: 
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Deep branch prediction allows the processor to decode instructions beyond branches to keep the instruction 
pipeline full. The P6 processor family implements highly optimized branch prediction algorithms to predict the 
direction of the instruction. 


Dynamic data flow analysis requires real-time analysis of the flow of data through the processor to 
determine dependencies and to detect opportunities for out-of-order instruction execution. The out-of-order 
execution core can monitor many instructions and execute these instructions in the order that best optimizes 
the use of the processor’s multiple execution units, while maintaining the data integrity. 


Speculative execution refers to the processor’s ability to execute instructions that lie beyond a conditional 
branch that has not yet been resolved, and ultimately to commit the results in the order of the original 
instruction stream. To make speculative execution possible, the P6 processor microarchitecture decouples the 
dispatch and execution of instructions from the commitment of results. The processor’s out-of-order execution 
core uses data-flow analysis to execute all available instructions in the instruction pool and store the results in 
temporary registers. The retirement unit then linearly searches the instruction pool for completed instructions 
that no longer have data dependencies with other instructions or unresolved branch predictions. When 
completed instructions are found, the retirement unit commits the results of these instructions to memory 
and/or the IA-32 registers (the processor's eight general-purpose registers and eight x87 FPU data registers) 
in the order they were originally issued and retires the instructions from the instruction pool. 


2.2.2 Intel NetBurst® Microarchitecture 


The Intel NetBurst microarchitecture provides: 


The Rapid Execution Engine 
— Arithmetic Logic Units (ALUs) run at twice the processor frequency 
— Basic integer operations can dispatch in 1/2 processor clock tick 
Hyper-Pipelined Technology 
— Deep pipeline to enable industry-leading clock rates for desktop PCs and servers 
— Frequency headroom and scalability to continue leadership into the future 
Advanced Dynamic Execution 
— Deep, out-of-order, speculative execution engine 
¢ Up to 126 instructions in flight 
* Up to 48 loads and 24 stores in pipeline! 
— Enhanced branch prediction capability 
¢ Reduces the misprediction penalty associated with deeper pipelines 
¢ Advanced branch prediction algorithm 
¢ 4K-entry branch target array 
New cache subsystem 
— First level caches 
¢ Advanced Execution Trace Cache stores decoded instructions 
¢ Execution Trace Cache removes decoder latency from main execution loops 
¢ Execution Trace Cache integrates path of program execution flow into a single line 
¢ Low latency data cache 
— Second level cache 
¢  Full-speed, unified 8-way Level 2 on-die Advance Transfer Cache 
¢ Bandwidth and performance increases with processor frequency 


Intel 64 and IA-32 processors based on the Intel NetBurst microarchitecture at 90 nm process can handle more than 24 stores in 
flight. 
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¢ High-performance, quad-pumped bus interface to the Intel NetBurst microarchitecture system bus 
— Supports quad-pumped, scalable bus clock to achieve up to 4X effective speed 
— Capable of delivering up to 8.5 GBytes of bandwidth per second 

¢  Superscalar issue to enable parallelism 

¢ Expanded hardware registers with renaming to avoid register name space limitations 

° 64-byte cache line size (transfers data up to two lines per sector) 


Figure 2-2 is an overview of the Intel NetBurst microarchitecture. This microarchitecture pipeline is made up of 
three sections: (1) the front end pipeline, (2) the out-of-order execution core, and (3) the retirement unit. 
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Figure 2-2. The Intel NetBurst Microarchitecture 
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2.2.2.1 The Front End Pipeline 


The front end supplies instructions in program order to the out-of-order execution core. It performs a number of 
functions: 


¢  Prefetches instructions that are likely to be executed 

¢ Fetches instructions that have not already been prefetched 

* Decodes instructions into micro-operations 

¢ Generates microcode for complex instructions and special-purpose code 
¢ Delivers decoded instructions from the execution trace cache 

°® Predicts branches using highly advanced algorithm 


The pipeline is designed to address common problems in high-speed, pipelined microprocessors. Two of these 
problems contribute to major sources of delays: 


¢ time to decode instructions fetched from the target 
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* wasted decode bandwidth due to branches or branch target in the middle of cache lines 


The operation of the pipeline’s trace cache addresses these issues. Instructions are constantly being fetched and 
decoded by the translation engine (part of the fetch/decode logic) and built into sequences of micro-ops called 
traces. At any time, multiple traces (representing prefetched branches) are being stored in the trace cache. The 
trace cache is searched for the instruction that follows the active branch. If the instruction also appears as the first 
instruction in a pre-fetched branch, the fetch and decode of instructions from the memory hierarchy ceases and the 
pre-fetched branch becomes the new source of instructions (see Figure 2-2). 


The trace cache and the translation engine have cooperating branch prediction hardware. Branch targets are 
predicted based on their linear addresses using branch target buffers (BTBs) and fetched as soon as possible. 


2.2.2.2 Out-Of-Order Execution Core 


The out-of-order execution core’s ability to execute instructions out of order is a key factor in enabling parallelism. 
This feature enables the processor to reorder instructions so that if one micro-op is delayed, other micro-ops may 
proceed around it. The processor employs several buffers to smooth the flow of micro-ops. 


The core is designed to facilitate parallel execution. It can dispatch up to six micro-ops per cycle (this exceeds trace 
cache and retirement micro-op bandwidth). Most pipelines can start executing a new micro-op every cycle, so 
several instructions can be in flight at a time for each pipeline. A number of arithmetic logical unit (ALU) instruc- 
tions can start at two per cycle; many floating-point instructions can start once every two cycles. 


2.2.2.3 Retirement Unit 


The retirement unit receives the results of the executed micro-ops from the out-of-order execution core and 
processes the results so that the architectural state updates according to the original program order. 


When a micro-op completes and writes its result, it is retired. Up to three micro-ops may be retired per cycle. The 
Reorder Buffer (ROB) is the unit in the processor which buffers completed micro-ops, updates the architectural 
state in order, and manages the ordering of exceptions. The retirement section also keeps track of branches and 
sends updated branch target information to the BTB. The BTB then purges pre-fetched traces that are no longer 
needed. 


2.2.3 Intel® Core™ Microarchitecture 


Intel Core microarchitecture introduces the following features that enable high performance and power-efficient 
performance for single-threaded as well as multi-threaded workloads: 


* Intel® Wide Dynamic Execution enable each processor core to fetch, dispatch, execute in high bandwidths 
to support retirement of up to four instructions per cycle. 


— Fourteen-stage efficient pipeline 

— Three arithmetic logical units 

— Four decoders to decode up to five instruction per cycle 

— Macro-fusion and micro-fusion to improve front-end throughput 

— Peak issue rate of dispatching up to six micro-ops per cycle 

— Peak retirement bandwidth of up to 4 micro-ops per cycle 

— Advanced branch prediction 

— Stack pointer tracker to improve efficiency of executing function/procedure entries and exits 


* Intel® Advanced Smart Cache delivers higher bandwidth from the second level cache to the core, and 
optimal performance and flexibility for single-threaded and multi-threaded applications. 


— Large second level cache up to 4 MB and 16-way associativity 
— Optimized for multicore and single-threaded execution environments 


— 256 bit internal data path to improve bandwidth from L2 to first-level data cache 
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Intel® Smart Memory Access prefetches data from memory in response to data access patterns and reduces 
cache-miss exposure of out-of-order execution. 


— Hardware prefetchers to reduce effective latency of second-level cache misses 
— Hardware prefetchers to reduce effective latency of first-level data cache misses 
— Memory disambiguation to improve efficiency of speculative execution execution engine 


Intel® Advanced Digital Media Boost improves most 128-bit SIMD instruction with single-cycle throughput 
and floating-point operations. 


— Single-cycle throughput of most 128-bit SIMD instructions 
— Up to eight floating-point operation per cycle 
— Three issue ports available to dispatching SIMD instructions for execution 


Intel Core 2 Extreme, Intel Core 2 Duo processors and Intel Xeon processor 5100 series implement two processor 
cores based on the Intel Core microarchitecture, the functionality of the subsystems in each core are depicted in 
Figure 2-3. 
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Figure 2-3. The Intel Core Microarchitecture Pipeline Functionality 


2.2.3.1 The Front End 


The front end of Intel Core microarchitecture provides several enhancements to feed the Intel Wide Dynamic 
Execution engine: 


Instruction fetch unit prefetches instructions into an instruction queue to maintain steady supply of instruction 
to the decode units. 


Four-wide decode unit can decode 4 instructions per cycle or 5 instructions per cycle with Macrofusion. 


Macrofusion fuses common sequence of two instructions as one decoded instruction (micro-ops) to increase 
decoding throughput. 


Microfusion fuses common sequence of two micro-ops as one micro-ops to improve retirement throughput. 
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Instruction queue provides caching of short loops to improve efficiency. 
Stack pointer tracker improves efficiency of executing procedure/function entries and exits. 


Branch prediction unit employs dedicated hardware to handle different types of branches for improved branch 
prediction. 


Advanced branch prediction algorithm directs instruction fetch unit to fetch instructions likely in the architec- 
tural code path for decoding. 


2.2.3.2 Execution Core 


The execution core of the Intel Core microarchitecture is superscalar and can process instructions out of order to 
increase the overall rate of instructions executed per cycle (IPC). The execution core employs the following feature 
to improve execution throughput and efficiency: 


Up to six micro-ops can be dispatched to execute per cycle 

Up to four instructions can be retired per cycle 

Three full arithmetic logical units 

SIMD instructions can be dispatched through three issue ports 

Most SIMD instructions have 1-cycle throughput (including 128-bit SIMD instructions) 

Up to eight floating-point operation per cycle 

Many long-latency computation operation are pipelined in hardware to increase overall throughput 
Reduced exposure to data access delays using Intel Smart Memory Access 


2.2.4 Intel Atom® Microarchitecture 


Intel Atom microarchitecture maximizes power-efficient performance for single-threaded and multi-threaded 
workloads by providing: 


Advanced Micro-Ops Execution 


— Single-micro-op instruction execution from decode to retirement, including instructions with register-only, 
load, and store semantics. 


— Sixteen-stage, in-order pipeline optimized for throughput and reduced power consumption. 

— Dual pipelines to enable decode, issue, execution and retirement of two instructions per cycle. 
— Advanced stack pointer to improve efficiency of executing function entry/returns. 

Intel® Smart Cache 

— Second level cache is 512 KB and 8-way associativity. 

— Optimized for multi-threaded and single-threaded execution environments 

— 256 bit internal data path between L2 and L1 data cache improves high bandwidth. 

Efficient Memory Access 


— Efficient hardware prefetchers to L1 and L2, speculatively loading data likely to be requested by processor 
to reduce cache miss impact. 


Intel® Digital Media Boost 

— Two issue ports for dispatching SIMD instructions to execution units. 
— Single-cycle throughput for most 128-bit integer SIMD instructions 
— Up to six floating-point operations per cycle 

— Up to two 128-bit SIMD integer operations per cycle 


— Safe Instruction Recognition (SIR) to allow long-latency floating-point operations to retire out of order with 
respect to integer instructions. 
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Nehalem Microarchitecture 


Nehalem microarchitecture provides the foundation for many features of Intel Core i7 processors. It builds on the 
success of 45 nm Intel Core microarchitecture and provides the following feature enhancements: 


¢ Enhanced processor core 


Improved branch prediction and recovery from misprediction. 

Enhanced loop streaming to improve front end performance and reduce power consumption. 
Deeper buffering in out-of-order engine to extract parallelism. 

Enhanced execution units to provide acceleration in CRC, string/text processing and data shuffling. 


¢ Smart Memory Access 


Integrated memory controller provides low-latency access to system memory and scalable memory 
bandwidth 


New cache hierarchy organization with shared, inclusive L3 to reduce snoop traffic 
Two level TLBs and increased TLB size. 
Fast unaligned memory access. 


¢ HyperThreading Technology 


Provides two hardware threads (logical processors) per core. 
Takes advantage of 4-wide execution engine, large L3, and massive memory bandwidth. 


¢ Dedicated Power management Innovations 


2.2.6 


Integrated microcontroller with optimized embedded firmware to manage power consumption. 
Embedded real-time sensors for temperature, current, and power. 

Integrated power gate to turn off/on per-core power consumption 

Versatility to reduce power consumption of memory, link subsystems. 


Sandy Bridge Microarchitecture 


Sandy Bridge microarchitecture builds on the successes of Intel® Core™ microarchitecture and Nehalem microar- 
chitecture. It offers the following features: 


¢ Intel Advanced Vector Extensions (Intel AVX) 


256-bit floating-point instruction set extensions to the 128-bit Intel Streaming SIMD Extensions, providing 
up to 2X performance benefits relative to 128-bit code. 


Non-destructive destination encoding offers more flexible coding techniques. 


Supports flexible migration and co-existence between 256-bit AVX code, 128-bit AVX code and legacy 128- 
bit SSE code. 


¢ Enhanced front-end and execution engine 


New decoded Icache component that improves front-end bandwidth and reduces branch misprediction 
penalty. 


Advanced branch prediction. 

Additional macro-fusion support. 

Larger dynamic execution window. 

Multi-precision integer arithmetic enhancements (ADC/SBB, MUL/IMUL). 

LEA bandwidth improvement. 

Reduction of general execution stalls (read ports, writeback conflicts, bypass latency, partial stalls). 
Fast floating-point exception handling. 
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— XSAVE/XRSTORE performance improvements and XSAVEOPT new instruction. 
® Cache hierarchy improvements for wider data path 
— Doubling of bandwidth enabled by two symmetric ports for memory operation. 
— Simultaneous handling of more in-flight loads and stores enabled by increased buffers. 
— Internal bandwidth of two loads and one store each cycle. 
— Improved prefetching. 
— High bandwidth low latency LLC architecture. 
— High bandwidth ring architecture of on-die interconnect. 


For additional information on Intel® Advanced Vector Extensions (AVX), see Section 5.13, “Intel® Advanced Vector 
Extensions (Intel® AVX)” and Chapter 14, “Programming with AVX, FMA and AVX2” in Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 1. 


2.2.7 SIMD Instructions 


Beginning with the Pentium II and Pentium with Intel MMX technology processor families, six extensions have been 
introduced into the Intel 64 and IA-32 architectures to perform single-instruction multiple-data (SIMD) operations. 
These extensions include the MMX technology, SSE extensions, SSE2 extensions, SSE3 extensions, Supplemental 
Streaming SIMD Extensions 3, and SSE4. Each of these extensions provides a group of instructions that perform 
SIMD operations on packed integer and/or packed floating-point data elements. 


SIMD integer operations can use the 64-bit MMX or the 128-bit XMM registers. SIMD floating-point operations use 
128-bit XMM registers. Figure 2-4 shows a summary of the various SIMD extensions (MMX technology, SSE, SSE2, 
SSE3, SSSE3, and SSE4), the data types they operate on, and how the data types are packed into MMX and XMM 
registers. 


The Intel MMX technology was introduced in the Pentium II and Pentium with MMX technology processor families. 
MMxX instructions perform SIMD operations on packed byte, word, or doubleword integers located in MMX registers. 
These instructions are useful in applications that operate on integer arrays and streams of integer data that lend 
themselves to SIMD processing. 


SSE extensions were introduced in the Pentium III processor family. SSE instructions operate on packed single- 
precision floating-point values contained in XMM registers and on packed integers contained in MMX registers. 
Several SSE instructions provide state management, cache control, and memory ordering operations. Other SSE 
instructions are targeted at applications that operate on arrays of single-precision floating-point data elements (3- 
D geometry, 3-D rendering, and video encoding and decoding applications). 


SSE2 extensions were introduced in Pentium 4 and Intel Xeon processors. SSE2 instructions operate on packed 
double-precision floating-point values contained in XMM registers and on packed integers contained in MMX and 
XMM registers. SSE2 integer instructions extend IA-32 SIMD operations by adding new 128-bit SIMD integer oper- 
ations and by expanding existing 64-bit SIMD integer operations to 128-bit XMM capability. SSE2 instructions also 
provide new cache control and memory ordering operations. 


SSE3 extensions were introduced with the Pentium 4 processor supporting Hyper-Threading Technology (built on 
90 nm process technology). SSE3 offers 13 instructions that accelerate performance of Streaming SIMD Extensions 
technology, Streaming SIMD Extensions 2 technology, and x87-FP math capabilities. 


SSSE3 extensions were introduced with the Intel Xeon processor 5100 series and Intel Core 2 processor family. 
SSSE3 offer 32 instructions to accelerate processing of SIMD integer data. 


SSE4 extensions offer 54 instructions. 47 of them are referred to as SSE4.1 instructions. SSE4.1 are introduced 
with Intel Xeon processor 5400 series and Intel Core 2 Extreme processor QX9650. The other 7 SSE4 instructions 
are referred to as SSE4.2 instructions. 


AESNI and PCLMULQDQ introduce 7 new instructions. Six of them are primitives for accelerating algorithms based 
on AES encryption/decryption standard, referred to as AESNI. 


The PCLMULQDQ instruction accelerates general-purpose block encryption, which can perform carry-less multipli- 
cation for two binary numbers up to 64-bit wide. 


2-14 Vol. 1 


INTEL® 64 AND IA-32 ARCHITECTURES 


Intel 64 architecture allows four generations of 128-bit SIMD extensions to access up to 16 XMM registers. IA-32 
architecture provides 8 XMM registers. 


Intel® Advanced Vector Extensions offers comprehensive architectural enhancements over previous generations of 
Streaming SIMD Extensions. Intel AVX introduces the following architectural enhancements: 


Support for 256-bit wide vectors and SIMD register set. 


256-bit floating-point instruction set enhancement with up to 2X performance gain relative to 128-bit 
Streaming SIMD extensions. 


Instruction syntax support for generalized three-operand syntax to improve instruction programming flexibility 
and efficient encoding of new instruction extensions. 


Enhancement of legacy 128-bit SIMD instruction extensions to support three operand syntax and to simplify 
compiler vectorization of high-level language expressions. 


Support flexible deployment of 256-bit AVX code, 128-bit AVX code, legacy 128-bit code and scalar code. 


In addition to performance considerations, programmers should also be cognizant of the implications of VEX- 
encoded AVX instructions with the expectations of system software components that manage the processor state 
components enabled by XCRO. For additional information see Section 2.3.10.1, “Vector Length Transition and 
Programming Considerations” in Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A. 


See also: 


Section 5.4, “MMX™ Instructions,” and Chapter 9, “Programming with Intel® MMX™ Technology” 


Section 5.5, “SSE Instructions,” and Chapter 10, “Programming with Intel® Streaming SIMD Extensions 
(Intel® SSE)” 

Section 5.6, “SSE2 Instructions,” and Chapter 11, “Programming with Intel® Streaming SIMD Extensions 2 
(Intel® SSE2)” 


Section 5.7, “SSE3 Instructions”, Section 5.8, “Supplemental Streaming SIMD Extensions 3 (SSSE3) Instruc- 
tions”, Section 5.9, “SSE4 Instructions”, and Chapter 12, “Programming with Intel® SSE3, SSSE3, Intel® 
SSE4 and Intel® AESNI” 
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SIMD Extension Register Layout Data Type 
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Figure 2-4. SIMD Extensions, Register Layouts, and Data Types 


2.2.8 Intel® Hyper-Threading Technology 


Intel Hyper-Threading Technology (Intel HT Technology) was developed to improve the performance of IA-32 
processors when executing multi-threaded operating system and application code or single-threaded applications 
under multi-tasking environments. The technology enables a single physical processor to execute two or more 
separate code streams (threads) concurrently using shared execution resources. 


Intel HT Technology is one form of hardware multi-threading capability in IA-32 processor families. It differs from 
multi-processor capability using separate physically distinct packages with each physical processor package mated 
with a physical socket. Intel HT Technology provides hardware multi-threading capability with a single physical 
package by using shared execution resources in a processor core. 


Architecturally, an IA-32 processor that supports Intel HT Technology consists of two or more logical processors, 
each of which has its own IA-32 architectural state. Each logical processor consists of a full set of IA-32 data regis- 
ters, segment registers, control registers, debug registers, and most of the MSRs. Each also has its own advanced 
programmable interrupt controller (APIC). 


Figure 2-5 shows a comparison of a processor that supports Intel HT Technology (implemented with two logical 
processors) and a traditional dual processor system. 
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IA-32 Processor Supporting 
Hyper-Threading Technology 


Traditional Multiple Processor (MP) System 


Processor Core Processor Core 


Processor Core 


IA-32 processor IA-32 processor IA-32 processor 


Each processor is a 
separate physical 
package 
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processors that share 
a single core 


AS = IA-32 Architectural State 


OM16522 


Figure 2-5. Comparison of an IA-32 Processor Supporting Hyper-Threading Technology and a Traditional Dual 
Processor System 


Unlike a traditional MP system configuration that uses two or more separate physical IA-32 processors, the logical 
processors in an IA-32 processor supporting Intel HT Technology share the core resources of the physical 
processor. This includes the execution engine and the system bus interface. After power up and initialization, each 
logical processor can be independently directed to execute a specified thread, interrupted, or halted. 


Intel HT Technology leverages the process and thread-level parallelism found in contemporary operating systems 
and high-performance applications by providing two or more logical processors on a single chip. This configuration 
allows two or more threads! to be executed simultaneously on each a physical processor. Each logical processor 
executes instructions from an application thread using the resources in the processor core. The core executes 
these threads concurrently, using out-of-order instruction scheduling to maximize the use of execution units during 
each clock cycle. 


2.2.8.1 Some Implementation Notes 


All Intel HT Technology configurations require: 

¢ A processor that supports Intel HT Technology 

¢ Achipset and BIOS that utilize the technology 

° Operating system optimizations 

See http://www. intel.com/products/ht/hyperthreading_more.htm for information. 


At the firmware (BIOS) level, the basic procedures to initialize the logical processors in a processor supporting Intel 
HT Technology are the same as those for a traditional DP or MP platform. The mechanisms that are described in the 
Multiprocessor Specification, Version 1.4 to power-up and initialize physical processors in an MP system also apply 
to logical processors in a processor that supports Intel HT Technology. 


An operating system designed to run on a traditional DP or MP platform may use CPUID to determine the presence 
of hardware multi-threading support feature and the number of logical processors they provide. 


Although existing operating system and application code should run correctly on a processor that supports Intel HT 
Technology, some code modifications are recommended to get the optimum benefit. These modifications are 
discussed in Chapter 7, “Multiple-Processor Management,” Inte/® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 3A. 


1. In the remainder of this document, the term “thread” will be used as a general term for the terms “process” and “thread.” 


Vol.1 2-17 


INTEL® 64 AND IA-32 ARCHITECTURES 


2.2.9 Multi-Core Technology 


Multi-core technology is another form of hardware multi-threading capability in IA-32 processor families. Multi-core 
technology enhances hardware multi-threading capability by providing two or more execution cores in a physical 
package. 


The Intel Pentium processor Extreme Edition is the first member in the IA-32 processor family to introduce multi- 
core technology. The processor provides hardware multi-threading support with both two processor cores and Intel 
Hyper-Threading Technology. This means that the Intel Pentium processor Extreme Edition provides four logical 
processors in a physical package (two logical processors for each processor core). The Dual-Core Intel Xeon 
processor features multi-core, Intel Hyper-Threading Technology and supports multi-processor platforms. 


The Intel Pentium D processor also features multi-core technology. This processor provides hardware multi- 
threading support with two processor cores but does not offer Intel Hyper-Threading Technology. This means that 
the Intel Pentium D processor provides two logical processors in a physical package, with each logical processor 
owning the complete execution resources of a processor core. 


The Intel Core 2 processor family, Intel Xeon processor 3000 series, Intel Xeon processor 5100 series, and Intel 
Core Duo processor offer power-efficient multi-core technology. The processor contains two cores that share a 
smart second level cache. The Level 2 cache enables efficient data sharing between two cores to reduce memory 
traffic to the system bus. 
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Architectual State Architectual State 
Execution Engine Execution Engine 
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Second Level Cache 


Bus Interface Bus Interface 
Bus Interface 
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Execution Engine Execution Engine 
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" 


System Bus 
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Figure 2-6. Intel 64 and IA-32 Processors that Support Dual-Core 


The Pentium® dual-core processor is based on the same technology as the Intel Core 2 Duo processor family. 


The Intel Xeon processor 7300, 5300 and 3200 series, Intel Core 2 Extreme Quad-Core processor, and Intel Core 2 
Quad processors support Intel quad-core technology. The Quad-core Intel Xeon processors and the Quad-Core 
Intel Core 2 processor family are also in Figure 2-7. 
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Intel Core 2 Extreme Quad-core Processor 
Intel Core 2 Quad Processor 
Intel Xeon Processor 3200 Series 
Intel Xeon Processor 5300 Series 
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Figure 2-7. Intel 64 Processors that Support Quad-Core 


Intel Core i7 processors support Intel quad-core technology, Intel HyperThreading Technology, provides Intel 
QuickPath interconnect link to the chipset and have integrated memory controller supporting three channel to 


DDR3 memory. 


Intel Core i7 Processor 
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Figure 2-8. Intel Core i7 Processor 
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2.2.10 Intel® 64 Architecture 


Intel 64 architecture increases the linear address space for software to 64 bits and supports physical address space 
up to 52 bits. The technology also introduces a new operating mode referred to as IA-32e mode. 


IA-32e mode operates in one of two sub-modes: (1) compatibility mode enables a 64-bit operating system to run 
most legacy 32-bit software unmodified, (2) 64-bit mode enables a 64-bit operating system to run applications 
written to access 64-bit address space. 


In the 64-bit mode, applications may access: 

° 64-bit flat linear addressing 

* 8 additional general-purpose registers (GPRs) 

* 8 additional registers for streaming SIMD extensions (SSE, SSE2, SSE3 and SSSE3) 
°* 64-bit-wide GPRs and instruction pointers 

* uniform byte-register addressing 

¢ fast interrupt-prioritization mechanism 

* anew instruction-pointer relative-addressing mode 


An Intel 64 architecture processor supports existing IA-32 software because it is able to run all non-64-bit legacy 
modes supported by IA-32 architecture. Most existing IA-32 applications also run in compatibility mode. 


2.2.11 Intel® Virtualization Technology (Intel® VT) 


Intel® Virtualization Technology for Intel 64 and IA-32 architectures provide extensions that support virtualization. 
The extensions are referred to as Virtual Machine Extensions (VMX). An Intel 64 or IA-32 platform with VMX can 
function as multiple virtual systems (or virtual machines). Each virtual machine can run operating systems and 
applications in separate partitions. 


VMX also provides programming interface for a new layer of system software (called the Virtual Machine Monitor 
(VMM)) used to manage the operation of virtual machines. Information on VMX and on the programming of VMMs 
is in Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3C. 


Intel Core i7 processor provides the following enhancements to Intel Virtualization Technology: 

¢ Virtual processor ID (VPID) to reduce the cost of VMM managing transitions. 

¢ Extended page table (EPT) to reduce the number of transitions for VMM to manage memory virtualization. 
® Reduced latency of VM transitions. 


2.3 INTEL® 64 AND IA-32 PROCESSOR GENERATIONS 


In the mid-1960s, Intel cofounder and Chairman Emeritus Gordon Moore had this observation: “... the number of 
transistors that would be incorporated on a silicon die would double every 18 months for the next several years.” 
Over the past three and half decades, this prediction known as “Moore's Law” has continued to hold true. 


The computing power and the complexity (or roughly, the number of transistors per processor) of Intel architecture 
processors has grown in close relation to Moore's law. By taking advantage of new process technology and new 
microarchitecture designs, each new generation of IA-32 processors has demonstrated frequency-scaling head- 
room and new performance levels over the previous generation processors. 
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The key features of the Intel Pentium 4 processor, Intel Xeon processor, Intel Xeon processor MP, Pentium III 

processor, and Pentium Ill Xeon processor with advanced transfer cache are shown in Table 2-1. Older generation 
IA-32 processors, which do not employ on-die Level 2 cache, are shown in Table 2-2. 
Table 2-1. Key Features of Most Recent IA-32 Processors 


Intel Date Micro-architecture | Top-Bin Clock | Tran- Register System Max. On-Die 
Processor Intro- Fre-quency at | sistors Sizes Bus Band- | Extern. Caches@ 
duced Intro- width Addr. 
duction Space 
Intel Pentium | 2004 Intel Pentium M 2.00 GHz 140M GP: 32 3.2 GB/s 4GB L1:64 KB 
M Processor FPU: 80 L2: 2 MB 
Processor MMX: 64 
7553 XMM: 128 
Intel Core Duo | 2006 Improved Intel 2.16 GHz 152M GP: 32 5.3 GB/s 4GB L1:64 KB 
Processor Pentium M FPU: 80 L2: 2 MB 
T2600 Processor MMX: 64 (2MB Total) 
Microarchitecture; XMM: 128 
Dual Core; 
Intel Smart Cache, 
Advanced Thermal 
Manager 
Intel Atom 2008 Intel Atom 1.86 GHz - 47M GP: 32 Upto42 |4GB L1:56 KB4 
Processor Microarchitecture; | 800 MHz FPU: 80 GB/s L2: 512KB 
Z5xx series Intel Virtualization MMX: 64 
Technology. XMM: 128 
NOTES: 
1. The register size and external data bus size are given in bits. 
2. First level cache is denoted using the abbreviation L1, 2nd level cache is denoted as L2. The size 
of L1 includes the first-level data cache and the instruction cache where applicable, but 
does not include the trace cache. 
3. Intel processor numbers are not a measure of performance. Processor numbers differentiate 
features within each processor family, not across different processor families. 
See http://www. intel.com/products/processor_number for details. 
4. In Intel Atom Processor, the size of L1 instruction cache is 32 KBytes, L1 data cache is 24 KBytes. 
Table 2-2. Key Features of Most Recent Intel 64 Processors 
Intel Date Micro-architec- Highest Tran- Register System Max. On-Die 
Processor Intro- ture Processor sistors | Sizes Bus/QPI Extern. Caches 
duced Base Fre- Link Addr. 
quency at Speed Space 
Intro- 
duction 
64-bit Intel 2004 Intel NetBurst 3.60 GHz 125M _ | GP: 32,64 6.4 GB/s 64 GB 12K pop 
Xeon Microarchitecture; FPU: 80 Execution 
Processor Intel Hyper- MMxX: 64 Trace Cache; 
with 800 MHz Threading XMM: 128 16 KBL1; 
System Bus Technology; Intel 1MBL2 
64 Architecture 
64-bit Intel 2005 Intel NetBurst 3.33 GHz 675M GP: 32, 64 5.3GB/s' |1024GB_ | 12K yop 
Xeon Microarchitecture; FPU: 80 (1 TB) Execution 
Processor MP Intel Hyper- MMxX: 64 Trace Cache; 
with 8MB L3 Threading XMM: 128 16 KBL1; 
Technology; Intel 1MBL2, 
64 Architecture 8 MBL3 
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Table 2-2. Key Features of Most Recent Intel 64 Processors (Contd.) 


Intel Date Micro-architec- Highest Tran- Register System Max. On-Die 
Processor Intro- ture Processor sistors | Sizes Bus/QPI Extern. Caches 
duced Base Fre- Link Addr. 
quency at Speed Space 
Intro- 
duction 
Intel Pentium | 2005 Intel NetBurst 3.73 GHz 164M GP: 32, 64 8.5 GB/s 64 GB 12K pop 
4 Microarchitecture; FPU: 80 Execution 
Processor Intel Hyper- MMx: 64 Trace Cache; 
Extreme Threading XMM: 128 16 KBL1; 
Edition Technology; Intel 2MBL2 
Supporting 64 Architecture 
Hyper- 
Threading 
Technology 
Intel Pentium | 2005 Intel NetBurst 3.20 GHz 230M GP: 32, 64 6.4 GB/s 64 GB 12K yop 
Processor Microarchitecture; FPU: 80 Execution 
Extreme Intel Hyper- MMx: 64 Trace Cache; 
Edition 840 Threading XMM: 128 16 KBL1; 
Technology; Intel 1MBL2 
64 Architecture; (2MB Total) 
Dual-core @ 
Dual-Core Intel | 2005 Intel NetBurst 3.00 GHz 321M GP: 32, 64 6.4 GB/s 64 GB 12K pop 
Xeon Microarchitecture; FPU: 80 Execution 
Processor Intel Hyper- MMxX: 64 Trace Cache; 
7041 Threading XMM: 128 16 KBL1; 
Technology; Intel 2MB L2 
64 Architecture; (4MB Total) 
Dual-core 3 
Intel Pentium | 2005 Intel NetBurst 3.80 GHz 164M GP: 32, 64 6.4 GB/s 64 GB 12K yop 
4 Microarchitecture; FPU: 80 Execution 
Processor 672 Intel Hyper- MMx: 64 Trace Cache; 
Threading XMM: 128 16 KBL1; 
Technology; Intel 2MB L2 
64 Architecture; 
Intel Virtualization 
Technology. 
Intel Pentium | 2006 Intel NetBurst 3.46 GHz 376M GP: 32, 64 8.5 GB/s 64 GB 12K yop 
Processor Microarchitecture; FPU: 80 Execution 
Extreme Intel 64 MMxX: 64 Trace Cache; 
Edition 955 Architecture; Dual XMM: 128 16 KBL1; 
Core; 2MB L2 
Intel Virtualization (4MB Total) 
Technology. 
Intel Core 2 2006 Intel Core 2.93 GHz 291M GP: 32,64 8.5 GB/s 64 GB L1:64 KB 
Extreme Microarchitecture; FPU: 80 L2: 4MB 
Processor Dual Core; MMX: 64 (4MB Total) 
X6800 Intel 64 XMM: 128 
Architecture; 
Intel Virtualization 
Technology. 


2-22 Vol. 1 


INTEL® 64 AND IA-32 ARCHITECTURES 


Table 2-2. Key Features of Most Recent Intel 64 Processors (Contd.) 


Intel Date Micro-architec- Highest Tran- Register System Max. On-Die 
Processor Intro- ture Processor sistors | Sizes Bus/QPI Extern. Caches 
duced Base Fre- Link Addr. 
quency at Speed Space 
Intro- 
duction 
Intel Xeon 2006 Intel Core 3.00 GHz 291M GP: 32, 64 10.6 GB/s | 64GB L1:64 KB 
Processor Microarchitecture; FPU: 80 L2: 4MB 
5160 Dual Core; MMX: 64 (4MB Total) 
Intel 64 XMM: 128 
Architecture; 
Intel Virtualization 
Technology. 
Intel Xeon 2006 Intel NetBurst 3.40 GHz 1.3B GP: 32, 64 12.8 GB/s | 64GB L1:64 KB 
Processor Microarchitecture; FPU: 80 L2: 1MB 
7140 Dual Core; MMX: 64 (2MB Total) 
Intel 64 XMM: 128 L3: 16 MB 
Architecture; (16MB Total) 
Intel Virtualization 
Technology. 
Intel Core 2 2006 Intel Core 2.66 GHz 582M GP: 32,64 8.5 GB/s 64 GB L1:64 KB 
Extreme Microarchitecture; FPU: 80 L2: 4MB 
Processor Quad Core; MMX: 64 (4MB Total) 
QX6700 Intel 64. XMM: 128 
Architecture; 
Intel Virtualization 
Technology. 
Quad-core 2006 Intel Core 2.66 GHz 582M GP: 32, 64 10.6 GB/s | 256 GB L1:64 KB 
Intel Xeon Microarchitecture; FPU: 80 L2: 4MB (8 
Processor Quad Core; MMX: 64 MB Total) 
5355 Intel 64. XMM: 128 
Architecture; 
Intel Virtualization 
Technology. 
Intel Core 2 2007 Intel Core 3.00 GHz 291M GP: 32, 64 10.6 GB/s | 64GB L1:64 KB 
Duo Processor Microarchitecture; FPU: 80 L2: 4MB 
€6850 Dual Core; MMX: 64 (4MB Total) 
Intel 64 XMM: 128 
Architecture; 
Intel Virtualization 
Technology; 
Intel Trusted 
Execution 
Technology 
Intel Xeon 2007 Intel Core 2.93 GHz 582M _ | GP: 32,64 8.5 GB/s 1024GB_ |L1:64KB 
Processor Microarchitecture; FPU: 80 L2: 4MB 
7350 Quad Core; MMX: 64 (8MB Total) 
Intel 64 XMM: 128 


Architecture; 


Intel Virtualization 
Technology. 
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Table 2-2. Key Features of Most Recent Intel 64 Processors (Contd.) 


Intel Date Micro-architec- Highest Tran- Register System Max. On-Die 
Processor Intro- ture Processor sistors | Sizes Bus/QPI Extern. Caches 
duced Base Fre- Link Addr. 
quency at Speed Space 
Intro- 
duction 
Intel Xeon 2007 Enhanced Intel 3.00 GHz 820M _ | GP: 32, 64 12.8 GB/s | 256GB L1:64 KB 
Processor Core FPU: 80 L2: 6MB 
5472 Microarchitecture; MMX: 64 (12MB Total) 
Quad Core; XMM: 128 
Intel 64 
Architecture; 
Intel Virtualization 
Technology. 
Intel Atom 2008 Intel Atom 2.0 - 1.60 47M GP: 32, 64 Up to 4.2 Up to L1:56 KB* 
Processor Microarchitecture; | GHz FPU: 80 GB/s 64GB L2:512KB 
Intel 64 MMx: 64 
Architecture; XMM: 128 
Intel Virtualization 
Technology. 
Intel Xeon 2008 Enhanced Intel 2.67 GHz 1.9B GP: 32, 64 8.5 GB/s 1024GB_ |L1:64KB 
Processor Core FPU: 80 L2: 3MB 
7460 Microarchitecture; MMX: 64 (SMB Total) 
Six Cores; XMM: 128 L3: 16MB 
Intel 64 
Architecture; 
Intel Virtualization 
Technology. 
Intel Atom 2008 Intel Atom 1.60 GHz 94M GP: 32, 64 Up to 4.2 Up to L1:56 KB? 
Processor 330 Microarchitecture; FPU: 80 GB/s 64GB L2:512KB 
Intel 64 MMx: 64 (1MB Total) 
Architecture; XMM: 128 
Dual core; 
Intel Virtualization 
Technology. 
Intel Core i7- 2008 Nehalem 3.20 GHz 731M _ | GP: 32,64 QPI: 6.4 64 GB L1:64 KB 
965 microarchitecture; FPU: 80 GT/s; L2: 256KB 
Processor Quadcore; MMX: 64 Memory: L3: 8MB 
Extreme HyperThreading XMM: 128 25 GB/s 
Edition Technology; Intel 
QPI; Intel 64 


2-24 Vol. 1 


Architecture; 


Intel Virtualization 
Technology. 


Table 2-2. Key Features of Most Recent Intel 64 Processors (Contd.) 


INTEL® 64 AND IA-32 ARCHITECTURES 


Intel 
Processor 


Date 
Intro- 
duced 


Micro-architec- 
ture 


Highest 
Processor 
Base Fre- 
quency at 
Intro- 
duction 


Tran- 
sistors 


Register 
Sizes 


System 
Bus/QPI 
Link 
Speed 


Max. 
Extern. 
Addr. 
Space 


On-Die 
Caches 


Intel Core i7- 
620M 
Processor 


2010 


Intel Turbo Boost 
Technology, 
Westmere 
microarchitecture; 
Dual-core; 
HyperThreading 
Technology; Intel 
64 Architecture; 
Intel Virtualization 
Technology., 
Integrated graphics 


2.66 GHz 


383M 


GP: 32, 64 
FPU: 80 
MMX: 64 
XMM: 128 


64 GB 


L1:64 KB 
L2: 256KB 


L3: 4MB 


Intel Xeon- 
Processor 
5680 


2010 


Intel Turbo Boost 
Technology, 
Westmere 
microarchitecture; 
Six core; 
HyperThreading 
Technology; Intel 
64 Architecture; 


Intel Virtualization 
Technology. 


3.33 GHz 


GP: 32, 64 
FPU: 80 
MMX: 64 
XMM: 128 


QPI: 6.4 
GT/s; 32 
GB/s 


L1:64 KB 
L2: 256KB 


L3: 12MB 


Intel Xeon- 
Processor 
7560 


2010 


Intel Turbo Boost 
Technology, 
Nehalem 
microarchitecture; 
Eight core; 
HyperThreading 
Technology; Intel 
64 Architecture; 


Intel Virtualization 
Technology. 


2.26 GHz 


GP: 32, 64 
FPU: 80 
MMX: 64 
XMM: 128 


QPI: 6.4 
GT/s; 
Memory: 
76 GB/s 


16 TB 


L1:64 KB 
L2: 256KB 


L3: 24MB 


Intel Core i7- 
2600K 
Processor 


2011 


Intel Turbo Boost 
Technology, Sandy 
Bridge 
microarchitecture; 
Four core; 
HyperThreading 
Technology; Intel 
64 Architecture; 


Intel Virtualization 
Technology., 
Processor graphics, 
Quicksync Video 


3.40 GHz 


995M 


GP: 32, 64 
FPU: 80 
MMX: 64 
XMM: 128 


YMM: 256 


DMI: 5 
GT/s; 
Memory: 
21 GB/s 


64 GB 


L1:64 KB 
L2: 256KB 


L3: 8MB 
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Table 2-2. Key Features of Most Recent Intel 64 Processors (Contd.) 


Intel Date Micro-architec- Highest Tran- Register System Max. On-Die 
Processor Intro- ture Processor sistors | Sizes Bus/QPI Extern. Caches 
duced Base Fre- Link Addr. 
quency at Speed Space 
Intro- 
duction 
Intel Xeon- 2011 Intel Turbo Boost 3.50 GHz GP: 32, 64 DMI: 5 1TB L1:64 KB 
Processor E3- Technology, Sandy FPU: 80 GT/s; L2: 256KB 
1280 Bridge MMx: 64 Memory: L3: 8MB 
microarchitecture; XMM: 128 21 GB/s 
Four core; YMM: 256 
HyperThreading 
Technology; Intel 
64 Architecture; 
Intel Virtualization 
Technology. 
Intel Xeon- 2011 Intel Turbo Boost 2.40 GHz 2.2B GP: 32, 64 QPI: 6.4 16 TB L1:64 KB 
Processor E7- Technology, FPU: 80 GT/s; L2: 256KB 
8870 Westmere MMxX: 64 Memory: L3: 30MB 
microarchitecture; XMM: 128 102 GB/s 


Ten core; 

HyperThreading 
Technology; Intel 
64 Architecture; 


Intel Virtualization 
Technology. 


NOTES: 


1. The 64-bit Intel Xeon Processor MP with an 8-MByte L3 supports a multi-processor platform with a dual system bus; this creates a 
platform bandwidth with 10.6 GBytes. 
2. In Intel Pentium Processor Extreme Edition 840, the size of on-die cache is listed for each core. The total size of L2 in the physical 
package in 2 MBytes. 
3. In Dual-Core Intel Xeon Processor 7041, the size of on-die cache is listed for each core. The total size of L2 in the physical package in 


4 MBytes. 


4. In Intel Atom Processor, the size of L1 instruction cache is 32 KBytes, L1 data cache is 24 KBytes. 
5. In Intel Atom Processor, the size of L1 instruction cache is 32 KBytes, L1 data cache is 24 KBytes. 
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Table 2-3. Key Features of Previous Generations of IA-32 Processors 


Intel Date Max. Clock Tran- Register Ext. Data Max. Caches 
Processor Intro- Frequency/ sistors Sizes! Bus Size@ Extern. 
duced Technology at Addr. 
Introduction Space 
8086 1978 8 MHz 29K 16 GP 16 1 MB None 
Intel 286 1982 12.5 MHz 134K 16 GP 16 16 MB Note 3 
Intel386 DX 1985 20 MHz 275K 32 GP 32 4 GB Note 3 
Processor 
Intel486 DX 1989 25 MHz 1.2M 32 GP 32 4 GB L1:8 KB 
Processor 80 FPU 
Pentium Processor 1993 60 MHz 3.1M 32 GP 64 4 GB L1:16 KB 
80 FPU 
Pentium Pro 1995 200 MHz 5.5M 32 GP 64 64 GB L1: 16 KB 
Processor 80 FPU L2: 256 KB or 
512 KB 
Pentium II Processor | 1997 266 MHz 7M 32 GP 64 64 GB L1: 32 KB 
80 FPU L2: 256 KB or 
64 MMX 512 KB 
Pentium Ill Processor | 1999 500 MHz 8.2 M 32 GP 64 64 GB L1:32 KB 
80 FPU L2:512 KB 
64 MMX 
128 XMM 
Pentium Ill and 1999 700 MHz 28M 32 GP 64 64 GB L1: 32 KB 
Pentium Ill Xeon 80 FPU L2: 256 KB 
Processors 64 MMX 
128 XMM 
Pentium 4 Processor | 2000 1.50 GHz, Intel 42M 32 GP 64 64 GB 12K yop 
NetBurst 80 FPU Execution 
Microarchitecture 64 MMX Trace Cache; 
128 XMM L1: 8KB 
L2: 256 KB 
Intel Xeon Processor | 2001 1.70 GHz, Intel 42M 32 GP 64 64 GB 12K yop 
NetBurst 80 FPU Execution 
Microarchitecture 64 MMX Trace Cache; 
128 XMM L1: 8KB 
L2:512KB 
Intel Xeon Processor | 2002 2.20 GHz, Intel 55M 32 GP 64 64 GB 12K yop 
NetBurst 80 FPU Execution 
Microarchitecture, 64 MMX Trace Cache; 
HyperThreading 128 XMM L1: 8KB 
Technology L2:512KB 
Pentium M Processor | 2003 1.60 GHz, Intel 77M 32 GP 64 4 GB L1: 64KB 
NetBurst 80 FPU L2: 1 MB 
Microarchitecture 64 MMX 
128 XMM 
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Table 2-3. Key Features of Previous Generations of IA-32 Processors (Contd.) 


Intel Pentium 4 2004 3.40 GHz, Intel 125M 32 GP 64 64 GB 12K yop 
Processor NetBurst 80 FPU Execution 
Supporting Hyper- Microarchitecture, 64 MMX Trace Cache; 
Threading HyperThreading 128 XMM L1: 16KB 
Technology at 90 nm Technology L2:1 MB 
process 

NOTE: 


1. The register size and external data bus size are given in bits. Note also that each 32-bit general-purpose (GP) registers can be 
addressed as an 8- or a 16-bit data registers in all of the processors. 


2. Internal data paths are 2 to 4 times wider than the external data bus for each processor. 


2.4 PROPOSED REMOVAL OF INTEL INSTRUCTION SET ARCHITECTURE AND 


FEATURES FROM UPCOMING PRODUCTS 


This section lists Intel Instruction Set Architecture (ISA) and features that Intel plans to remove from select prod- 
ucts starting from a specific year. 


Table 2-4. Proposed Intel ISA and Features Removal List 
Year of Removal 


Intel ISA/Feature 
NA NA 


2.5 INTEL INSTRUCTION SET ARCHITECTURE AND FEATURES REMOVED 


This section lists Intel ISA and features that Intel has already removed for select upcoming products. All sections 
relevant to the removed features will be identified as such and may be moved to an archived section in future 
Intel® 64 and IA-32 Architectures Software Developer's Manual releases. 


Table 2-5. Intel ISA and Features Removal List 


Intel ISA/Feature Year of Removal 
Intel? Memory Protection Extensions (Intel? MPX) 2019 onwards 
MSR_TEST_CTRL, bit 31 (MSR address 33H) 2019 onwards 
Hardware Lock Elision (HLE) 2019 onwards 
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CHAPTER 3 
BASIC EXECUTION ENVIRONMENT 


This chapter describes the basic execution environment of an Intel 64 or IA-32 processor as seen by assembly- 
language programmers. It describes how the processor executes instructions and how it stores and manipulates 
data. The execution environment described here includes memory (the address space), general-purpose data 
registers, segment registers, the flag register, and the instruction pointer register. 


3.1 MODES OF OPERATION 


The IA-32 architecture supports three basic operating modes: protected mode, real-address mode, and system 
management mode. The operating mode determines which instructions and architectural features are accessible: 


¢ Protected mode — This mode is the native state of the processor. Among the capabilities of protected mode 
is the ability to directly execute “real-address mode” 8086 software in a protected, multi-tasking environment. 
This feature is called virtual-8086 mode, although it is not actually a processor mode. Virtual-8086 mode is 
actually a protected mode attribute that can be enabled for any task. 


° Real-address mode — This mode implements the programming environment of the Intel 8086 processor with 
extensions (such as the ability to switch to protected or system management mode). The processor is placed in 
real-address mode following power-up or a reset. 


¢ System management mode (SMM) — This mode provides an operating system or executive with a 
transparent mechanism for implementing platform-specific functions such as power management and system 
security. The processor enters SMM when the external SMM interrupt pin (SMI#) is activated or an SMI is 
received from the advanced programmable interrupt controller (APIC). 


In SMM, the processor switches to a separate address space while saving the basic context of the currently 
running program or task. SMM-specific code may then be executed transparently. Upon returning from SMM, 
the processor is placed back into its state prior to the system management interrupt. SMM was introduced with 
the Intel386" SL and Intel486™ SL processors and became a standard IA-32 feature with the Pentium 
processor family. 


3.1.1 Intel® 64 Architecture 


Intel 64 architecture adds IA-32e mode. IA-32e mode has two sub-modes. 
These are: 


¢ Compatibility mode (sub-mode of IA-32e mode) — Compatibility mode permits most legacy 16-bit and 
32-bit applications to run without re-compilation under a 64-bit operating system. For brevity, the compatibility 
sub-mode is referred to as compatibility mode in IA-32 architecture. The execution environment of compati- 
bility mode is the same as described in Section 3.2. Compatibility mode also supports all of the privilege levels 
that are supported in 64-bit and protected modes. Legacy applications that run in Virtual 8086 mode or use 
hardware task management will not work in this mode. 


Compatibility mode is enabled by the operating system (OS) on a code segment basis. This means that a single 
64-bit OS can support 64-bit applications running in 64-bit mode and support legacy 32-bit applications (not 
recompiled for 64-bits) running in compatibility mode. 


Compatibility mode is similar to 32-bit protected mode. Applications access only the first 4 GByte of linear- 
address space. Compatibility mode uses 16-bit and 32-bit address and operand sizes. Like protected mode, this 
mode allows applications to access physical memory greater than 4 GByte using PAE (Physical Address Exten- 
sions). 


° 64-bit mode (sub-mode of IA-32e mode) — This mode enables a 64-bit operating system to run applica- 
tions written to access 64-bit linear address space. For brevity, the 64-bit sub-mode is referred to as 64-bit 
mode in IA-32 architecture. 
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64-bit mode extends the number of general purpose registers and SIMD extension registers from 8 to 16. 
General purpose registers are widened to 64 bits. The mode also introduces a new opcode prefix (REX) to 
access the register extensions. See Section 3.2.1 for a detailed description. 


64-bit mode is enabled by the operating system on a code-segment basis. Its default address size is 64 bits and 
its default operand size is 32 bits. The default operand size can be overridden on an instruction-by-instruction 
basis using a REX opcode prefix in conjunction with an operand size override prefix. 


REX prefixes allow a 64-bit operand to be specified when operating in 64-bit mode. By using this mechanism, 
many existing instructions have been promoted to allow the use of 64-bit registers and 64-bit addresses. 


3.2 OVERVIEW OF THE BASIC EXECUTION ENVIRONMENT 


Any program or task running on an IA-32 processor is given a set of resources for executing instructions and for 
storing code, data, and state information. These resources (described briefly in the following paragraphs and 
shown in Figure 3-1) make up the basic execution environment for an IA-32 processor. 


An Intel 64 processor supports the basic execution environment of an IA-32 processor, and a similar environment 
under IA-32e mode that can execute 64-bit programs (64-bit sub-mode) and 32-bit programs (compatibility sub- 
mode). 


The basic execution environment is used jointly by the application programs and the operating system or executive 
running on the processor. 


¢ Address space — Any task or program running on an IA-32 processor can address a linear address space of 
up to 4 GBytes (232 bytes) and a physical address space of up to 64 GBytes (27° bytes). See Section 3.3.6, 
“Extended Physical Addressing in Protected Mode,” for more information about addressing an address space 
greater than 4 GBytes. 


¢ Basic program execution registers — The eight general-purpose registers, the six segment registers, the 
EFLAGS register, and the EIP (instruction pointer) register comprise a basic execution environment in which to 
execute a set of general-purpose instructions. These instructions perform basic integer arithmetic on byte, 
word, and doubleword integers, handle program flow control, operate on bit and byte strings, and address 
memory. See Section 3.4, “Basic Program Execution Registers,” for more information about these registers. 


°* x87 FPU registers — The eight x87 FPU data registers, the x87 FPU control register, the status register, the 
x87 FPU instruction pointer register, the x87 FPU operand (data) pointer register, the x87 FPU tag register, and 
the x87 FPU opcode register provide an execution environment for operating on single-precision, double- 
precision, and double extended-precision floating-point values, word integers, doubleword integers, quadword 
integers, and binary coded decimal (BCD) values. See Section 8.1, “x87 FPU Execution Environment,” for more 
information about these registers. 


° MMxX registers — The eight MMX registers support execution of single-instruction, multiple-data (SIMD) 
operations on 64-bit packed byte, word, and doubleword integers. See Section 9.2, “The MMX Technology 
Programming Environment,” for more information about these registers. 


° XMM registers — The eight XMM data registers and the MXCSR register support execution of SIMD operations 
on 128-bit packed single-precision and double-precision floating-point values and on 128-bit packed byte, 
word, doubleword, and quadword integers. See Section 10.2, “SSE Programming Environment,” for more 
information about these registers. 


° YMM registers — The YMM data registers support execution of 256-bit SIMD operations on 256-bit packed 
single-precision and double-precision floating-point values and on 256-bit packed byte, word, doubleword, and 
quadword integers. 


° Bounds registers — Each of the BNDO-BND3 register stores the lower and upper bounds (64 bits each) 
associated with the pointer to a memory buffer. They support execution of the Intel MPX instructions. 


¢ BNDCFGU and BNDSTATUS— BNDCFGU configures user mode MPX operations on bounds checking. 
BNDSTATUS provides additional information on the #BR caused by an MPX operation. 
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Basic Program Execution Registers Address Space* 


2°32 -1 
Eight 32-bit 
Registers General-Purpose Registers 


Six 16-bit 


Registers Segment Registers 


32-bits EFLAGS Register 


32-bits EIP (Instruction Pointer Register) 


FPU Registers 


Eight 80-bit 


Registers Floating-Point 


Data Registers 0 


*The address space can be 
flat or segmented. Using 
16 bits Status Register the physical address 
extension mechanism, a 
physical address space of 


Opcode Register (11-bits) 2°36 - 1 can be addressed. 
48 bits FPU Instruction Pointer Register 
48 bits FPU Data (Operand) Pointer Register 


16 bits Control Register 


16 bits Tag Register 


MMX Registers Bounds Registers 


Eight 64-bit Four 128-bit Registers 
Registers MMX Registers 


BNDCFGU BNDSTATUS 


XMM Registers 


Eight 128-bit 
Registers XMM Registers 


32-bits MXCSR Register 
YMM Registers 


Eight 256-bit 
Registers YMM Registers 


Figure 3-1. IA-32 Basic Execution Environment for Non-64-bit Modes 
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Stack — To support procedure or subroutine calls and the passing of parameters between procedures or 
subroutines, a stack and stack management resources are included in the execution environment. The stack 
(not shown in Figure 3-1) is located in memory. See Section 6.2, “Stacks,” for more information about stack 
structure. 


In addition to the resources provided in the basic execution environment, the IA-32 architecture provides the 
following resources as part of its system-level architecture. They provide extensive support for operating-system 
and system-development software. Except for the I/O ports, the system resources are described in detail in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 3A & 3B. 


I/O ports — The IA-32 architecture supports a transfers of data to and from input/output (I/O) ports. See 
Chapter 19, “Input/Output,” in this volume. 


Control registers — The five control registers (CRO through CR4) determine the operating mode of the 
processor and the characteristics of the currently executing task. See Chapter 2, “System Architecture 
Overview,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


Memory management registers — The GDTR, IDTR, task register, and LDTR specify the locations of data 
structures used in protected mode memory management. See Chapter 2, “System Architecture Overview,” in 
the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


Debug registers — The debug registers (DRO through DR7) control and allow monitoring of the processor's 
debugging operations. See in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3B. 


Memory type range registers (MTRRs) — The MTRRs are used to assign memory types to regions of 
memory. See the sections on MTRRs in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volumes 3A & 3B. 


Model-specific registers (MSRs) — The processor provides a variety of model-specific registers that are 
used to control and report on processor performance. Virtually all MSRs handle system related functions and 
are not accessible to an application program. One exception to this rule is the time-stamp counter. The MSRs 
are described in Chapter 2, “Model-Specific Registers (MSRs)” of the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 4. 


Machine check registers — The machine check registers consist of a set of control, status, and error- 
reporting MSRs that are used to detect and report on hardware (machine) errors. See Chapter 15, “Machine- 
Check Architecture,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


Performance monitoring counters — The performance monitoring counters allow processor performance 
events to be monitored. See Chapter 19, “Performance Monitoring,” in the Intel® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 3B. 


The remainder of this chapter describes the organization of memory and the address space, the basic program 
execution registers, and addressing modes. Refer to the following chapters in this volume for descriptions of the 
other program execution resources shown in Figure 3-1: 


x87 FPU registers — See Chapter 8, “Programming with the x87 FPU.” 
MMX Registers — See Chapter 9, “Programming with Intel® MMX™ Technology.” 


XMM registers — See Chapter 10, “Programming with Intel® Streaming SIMD Extensions (Intel® SSE),” 
Chapter 11, “Programming with Intel® Streaming SIMD Extensions 2 (Intel® SSE2),” and Chapter 12, 
“Programming with Intel® SSE3, SSSE3, Intel® SSE4 and Intel® AESNI.” 


YMM registers — See Chapter 14, “Programming with AVX, FMA and AVX2”. 


BND registers, BNDCFGU, BNDSTATUS — See Chapter 13, “Managing State Using the XSAVE Feature Set,” 
and Chapter 17, “Intel® MPX”. 


Stack implementation and procedure calls — See Chapter 6, “Procedure Calls, Interrupts, and Exceptions.” 
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3.2.1 64-Bit Mode Execution Environment 


The execution environment for 64-bit mode is similar to that described in Section 3.2. The following paragraphs 
describe the differences that apply. 


Address space — A task or program running in 64-bit mode on an IA-32 processor can address linear address 
space of up to 2° bytes (subject to the canonical addressing requirement described in Section 3.3.7.1) and 
physical address space of up to 2°2 bytes. Software can query CPUID for the physical address size supported 
by a processor. 


Basic program execution registers — The number of general-purpose registers (GPRs) available is 16. 
GPRs are 64-bits wide and they support operations on byte, word, doubleword and quadword integers. 
Accessing byte registers is done uniformly to the lowest 8 bits. The instruction pointer register becomes 64 bits. 
The EFLAGS register is extended to 64 bits wide, and is referred to as the RFLAGS register. The upper 32 bits 
of RFLAGS is reserved. The lower 32 bits of RFLAGS is the same as EFLAGS. See Figure 3-2. 


XMM registers — There are 16 XMM data registers for SIMD operations. See Section 10.2, “SSE Programming 
Environment,” for more information about these registers. 


YMM registers — There are 16 YMM data registers for SIMD operations. See Chapter 14, “Programming with 
AVX, FMA and AVX2” for more information about these registers. 


BND registers, BNDCFGU, BNDSTATUS — See Chapter 13, “Managing State Using the XSAVE Feature Set,” 
and Chapter 17, “Intel® MPX”. 


Stack — The stack pointer size is 64 bits. Stack size is not controlled by a bit in the SS descriptor (as it is in 
non-64-bit modes) nor can the pointer size be overridden by an instruction prefix. 

Control registers — Control registers expand to 64 bits. A new control register (the task priority register: CR8 
or TPR) has been added. See Chapter 2, “Intel® 64 and IA-32 Architectures,” in this volume. 


Debug registers — Debug registers expand to 64 bits. See Chapter 17, “Debug, Branch Profile, TSC, and 
Intel® Resource Director Technology (Intel® RDT) Features,” in the Intel® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 3A. 
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* Descriptor table registers — The global descriptor table register (GDTR) and interrupt descriptor table 
register (IDTR) expand to 10 bytes so that they can hold a full 64-bit base address. The local descriptor table 
register (LDTR) and the task register (TR) also expand to hold a full 64-bit base address. 


Basic Program Execution Registers Address Space 
Sixteen 64-bit ae 
Registers General-Purpose Registers 
Six 16-bit ; 
Registers Segment Registers 
64-bits RFLAGS Register 
64-bits RIP (Instruction Pointer Register) 
FPU Registers 
Eight 80-bit : : 
F Floating-Point 
Registers Data Registers 
16 bits Control Register 
16 bits Status Register 0 
16 bits Tag Register 
Opcode Register (11 -bits) 
64 bits FPU Instruction Pointer Register 
64 bits FPU Data (Operand) Pointer Register 
MMX Registers Bounds Registers 
Eight 64-bit Four 128-bit Registers 
Registers MMX Registers 
BNDCFGU BNDSTATUS 
XMM Registers 
Sixteen 128-bit 
Registers XMM Registers 
32-bits MXCSR Register 
YMM Registers 
Sixteen 256-bit 
Registers YMM Registers 


Figure 3-2. 64-Bit Mode Execution Environment 


3.3 MEMORY ORGANIZATION 


The memory that the processor addresses on its bus is called physical memory. Physical memory is organized as 
a sequence of 8-bit bytes. Each byte is assigned a unique address, called a physical address. The physical 
address space ranges from zero to a maximum of 23° -1 (64 GBytes) if the processor does not support Intel 
64 architecture. Intel 64 architecture introduces a set of changes in physical and linear address space; these 
are described in Section 3.3.3, Section 3.3.4, and Section 3.3.7. 


3-6 Vol. 1 


BASIC EXECUTION ENVIRONMENT 


Virtually any operating system or executive designed to work with an IA-32 or Intel 64 processor will use the 
processor’s memory management facilities to access memory. These facilities provide features such as segmenta- 
tion and paging, which allow memory to be managed efficiently and reliably. Memory management is described in 
detail in Chapter 3, “Protected-Mode Memory Management,” in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 3A. The following paragraphs describe the basic methods of addressing memory when 
memory management is used. 


3.3.1 IA-32 Memory Models 


When employing the processor’s memory management facilities, programs do not directly address physical 
memory. Instead, they access memory using one of three memory models: flat, segmented, or real address mode: 


Flat memory model — Memory appears to a program as a single, continuous address space (Figure 3-3). This 
space is called a linear address space. Code, data, and stacks are all contained in this address space. Linear 
address space is byte addressable, with addresses running contiguously from 0 to 22 - 1 (if not in 64-bit 
mode). An address for any byte in linear address space is called a linear address. 


Segmented memory model — Memory appears to a program as a group of independent address spaces 
called segments. Code, data, and stacks are typically contained in separate segments. To address a byte ina 
segment, a program issues a logical address. This consists of a segment selector and an offset (logical 
addresses are often referred to as far pointers). The segment selector identifies the segment to be accessed 
and the offset identifies a byte in the address space of the segment. Programs running on an IA-32 processor 
can address up to 16,383 segments of different sizes and types, and each segment can be as large as 23 
bytes. 


Internally, all the segments that are defined for a system are mapped into the processor’s linear address space. 
To access a memory location, the processor thus translates each logical address into a linear address. This 
translation is transparent to the application program. 


The primary reason for using segmented memory is to increase the reliability of programs and systems. For 
example, placing a program's stack in a separate segment prevents the stack from growing into the code or 
data space and overwriting instructions or data, respectively. 


Real-address mode memory model — This is the memory model for the Intel 8086 processor. It is 
supported to provide compatibility with existing programs written to run on the Intel 8086 processor. The real- 
address mode uses a specific implementation of segmented memory in which the linear address space for the 
program and the operating system/executive consists of an array of segments of up to 64 KBytes in size each. 
The maximum size of the linear address space in real-address mode is 22° bytes. 


See also: Chapter 20, “8086 Emulation,” Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3B. 
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Figure 3-3. Three Memory Management Models 


3.3.2 Paging and Virtual Memory 


With the flat or the segmented memory model, linear address space is mapped into the processor’s physical 
address space either directly or through paging. When using direct mapping (paging disabled), each linear address 
has a one-to-one correspondence with a physical address. Linear addresses are sent out on the processor’s address 
lines without translation. 


When using the IA-32 architecture’s paging mechanism (paging enabled), linear address space is divided into 
pages which are mapped to virtual memory. The pages of virtual memory are then mapped as needed into physical 
memory. When an operating system or executive uses paging, the paging mechanism is transparent to an applica- 
tion program. All that the application sees is linear address space. 

In addition, IA-32 architecture’s paging mechanism includes extensions that support: 

¢ Physical Address Extensions (PAE) to address physical address space greater than 4 GBytes. 

° Page Size Extensions (PSE) to map linear address to physical address in 4-MBytes pages. 


See also: Chapter 3, “Protected-Mode Memory Management,” in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 3A. 


3.3.3 Memory Organization in 64-Bit Mode 


Intel 64 architecture supports physical address space greater than 64 GBytes; the actual physical address size of 
IA-32 processors is implementation specific. In 64-bit mode, there is architectural support for 64-bit linear address 
space. However, processors supporting Intel 64 architecture may implement less than 64-bits (see Section 
3.3.7.1). The linear address space is mapped into the processor physical address space through the PAE paging 
mechanism. 
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3.3.4 Modes of Operation vs. Memory Model 


When writing code for an IA-32 or Intel 64 processor, a programmer needs to know the operating mode the 
processor is going to be in when executing the code and the memory model being used. The relationship between 
operating modes and memory models is as follows: 


¢ Protected mode — When in protected mode, the processor can use any of the memory models described in 
this section. (The real-addressing mode memory model is ordinarily used only when the processor is in the 
virtual-8086 mode.) The memory model used depends on the design of the operating system or executive. 
When multitasking is implemented, individual tasks can use different memory models. 


° Real-address mode — When in real-address mode, the processor only supports the real-address mode 
memory model. 


¢ System management mode — When in SMM, the processor switches to a separate address space, called the 
system management RAM (SMRAM). The memory model used to address bytes in this address space is similar 
to the real-address mode model. See Chapter 31, “System Management Mode,” in the Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 3C, for more information on the memory model used in 
SMM. 


¢ Compatibility mode — Software that needs to run in compatibility mode should observe the same memory 
model as those targeted to run in 32-bit protected mode. The effect of segmentation is the same as it is in 32- 
bit protected mode semantics. 


° 64-bit mode — Segmentation is generally (but not completely) disabled, creating a flat 64-bit linear-address 
space. Specifically, the processor treats the segment base of CS, DS, ES, and SS as zero in 64-bit mode (this 
makes a linear address equal an effective address). Segmented and real address modes are not available in 64- 
bit mode. 


3.3.5 32-Bit and 16-Bit Address and Operand Sizes 


IA-32 processors in protected mode can be configured for 32-bit or 16-bit address and operand sizes. With 32-bit 
address and operand sizes, the maximum linear address or segment offset is FFFFFFFFH (222-1); operand sizes are 
typically 8 bits or 32 bits. With 16-bit address and operand sizes, the maximum linear address or segment offset is 
FFFFH (21-1); operand sizes are typically 8 bits or 16 bits. 


When using 32-bit addressing, a logical address (or far pointer) consists of a 16-bit segment selector and a 32-bit 
offset; when using 16-bit addressing, an address consists of a 16-bit segment selector and a 16-bit offset. 


Instruction prefixes allow temporary overrides of the default address and/or operand sizes from within a program. 


When operating in protected mode, the segment descriptor for the currently executing code segment defines the 
default address and operand size. A segment descriptor is a system data structure not normally visible to applica- 
tion code. Assembler directives allow the default addressing and operand size to be chosen for a program. The 
assembler and other tools then set up the segment descriptor for the code segment appropriately. 


When operating in real-address mode, the default addressing and operand size is 16 bits. An address-size override 
can be used in real-address mode to enable 32-bit addressing. However, the maximum allowable 32-bit linear 
address is still OOOFFFFFH (229-1). 


3.3.6 Extended Physical Addressing in Protected Mode 


Beginning with P6 family processors, the IA-32 architecture supports addressing of up to 64 GBytes (27° bytes) of 
physical memory. A program or task could not address locations in this address space directly. Instead, it 
addresses individual linear address spaces of up to 4 GBytes that mapped to 64-GByte physical address space 
through a virtual memory management mechanism. Using this mechanism, an operating system can enable a 
program to switch 4-GByte linear address spaces within 64-GByte physical address space. 


The use of extended physical addressing requires the processor to operate in protected mode and the operating 
system to provide a virtual memory management system. See “36-Bit Physical Addressing Using the PAE Paging 
Mechanism” in Chapter 3, “Protected-Mode Memory Management,” of the Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 3A. 
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3.3.7 Address Calculations in 64-Bit Mode 


In most cases, 64-bit mode uses flat address space for code, data, and stacks. In 64-bit mode (if there is no 
address-size override), the size of effective address calculations is 64 bits. An effective-address calculation uses a 
64-bit base and index registers and sign-extend displacements to 64 bits. 


In the flat address space of 64-bit mode, linear addresses are equal to effective addresses because the base 
address is zero. In the event that FS or GS segments are used with a non-zero base, this rule does not hold. In 64- 
bit mode, the effective address components are added and the effective address is truncated (See for example the 
instruction LEA) before adding the full 64-bit segment base. The base is never truncated, regardless of addressing 
mode in 64-bit mode. 


The instruction pointer is extended to 64 bits to support 64-bit code offsets. The 64-bit instruction pointer is called 
the RIP. Table 3-1 shows the relationship between RIP, EIP, and IP. 


Table 3-1. Instruction Pointer Sizes 


Bits 63:32 Bits 31:16 Bits 15:0 
16-bit instruction pointer Not Modified IP 
32-bit instruction pointer Zero Extension EIP 
64-bit instruction pointer RIP 


Generally, displacements and immediates in 64-bit mode are not extended to 64 bits. They are still limited to 32 
bits and sign-extended during effective-address calculations. In 64-bit mode, however, support is provided for 64- 
bit displacement and immediate forms of the MOV instruction. 


All 16-bit and 32-bit address calculations are zero-extended in IA-32e mode to form 64-bit addresses. Address 
calculations are first truncated to the effective address size of the current mode (64-bit mode or compatibility 
mode), as overridden by any address-size prefix. The result is then zero-extended to the full 64-bit address width. 
Because of this, 16-bit and 32-bit applications running in compatibility mode can access only the low 4 GBytes of 
the 64-bit mode effective addresses. Likewise, a 32-bit address generated in 64-bit mode can access only the low 
4 GBytes of the 64-bit mode effective addresses. 


3.3.7.1 Canonical Addressing 


In 64-bit mode, an address is considered to be in canonical form if address bits 63 through to the most-significant 
implemented bit by the microarchitecture are set to either all ones or all zeros. 


Intel 64 architecture defines a 64-bit linear address. Implementations can support less. The first implementation of 
IA-32 processors with Intel 64 architecture supports a 48-bit linear address. This means a canonical address must 
have bits 63 through 48 set to zeros or ones (depending on whether bit 47 is a zero or one). 


Although implementations may not use all 64 bits of the linear address, they should check bits 63 through the 

most-significant implemented bit to see if the address is in canonical form. If a linear-memory reference is not in 
canonical form, the implementation should generate an exception. In most cases, a general-protection exception 
(#GP) is generated. However, in the case of explicit or implied stack references, a stack fault (#SS) is generated. 


Instructions that have implied stack references, by default, use the SS segment register. These include PUSH/POP- 
related instructions and instructions using RSP/RBP as base registers. In these cases, the canonical fault is #SS. 


If an instruction uses base registers RSP/RBP and uses a segment override prefix to specify a non-SS segment, a 

canonical fault generates a #GP (instead of an #SS). In 64-bit mode, only FS and GS segment-overrides are appli- 
cable in this situation. Other segment override prefixes (CS, DS, ES and SS) are ignored. Note that this also means 
that an SS segment-override applied to a “non-stack” register reference is ignored. Such a sequence still produces 
a #GP for a canonical fault (and not an #SS). 


3.4 BASIC PROGRAM EXECUTION REGISTERS 


IA-32 architecture provides 16 basic program execution registers for use in general system and application 
programing (see Figure 3-4). These registers can be grouped as follows: 
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¢ General-purpose registers. These eight registers are available for storing operands and pointers. 
° Segment registers. These registers hold up to six segment selectors. 


¢ EFLAGS (program status and control) register. The EFLAGS register report on the status of the program 
being executed and allows limited (application-program level) control of the processor. 


¢ IP (instruction pointer) register. The EIP register contains a 32-bit pointer to the next instruction to be 
executed. 


3.4.1 General-Purpose Registers 


The 32-bit general-purpose registers EAX, EBX, ECX, EDX, ESI, EDI, EBP, and ESP are provided for holding the 
following items: 

°® Operands for logical and arithmetic operations 

* Operands for address calculations 

¢ Memory pointers 

Although all of these registers are available for general storage of operands, results, and pointers, caution should 


be used when referencing the ESP register. The ESP register holds the stack pointer and as a general rule should 
not be used for another purpose. 


Many instructions assign specific registers to hold operands. For example, string instructions use the contents of 

the ECX, ESI, and EDI registers as operands. When using a segmented memory model, some instructions assume 
that pointers in certain registers are relative to specific segments. For instance, some instructions assume that a 

pointer in the EBX register points to a memory location in the DS segment. 


31 General-Purpose Registers 
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Figure 3-4. General System and Application Programming Registers 
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The special uses of general-purpose registers by instructions are described in Chapter 5, “Instruction Set 
Summary,” in this volume. See also: Chapter 3, Chapter 4 and Chapter 5 of Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volumes 2A, 2B & 2C. The following is a summary of special uses: 


° EAX — Accumulator for operands and results data 

° EBX — Pointer to data in the DS segment 

¢ ECX — Counter for string and loop operations 

¢ EDX — I/O pointer 

¢ ESI — Pointer to data in the segment pointed to by the DS register; source pointer for string operations 


¢ EDI — Pointer to data (or destination) in the segment pointed to by the ES register; destination pointer for 
string operations 


¢ ESP — Stack pointer (in the SS segment) 
¢ EBP — Pointer to data on the stack (in the SS segment) 


As shown in Figure 3-5, the lower 16 bits of the general-purpose registers map directly to the register set found in 
the 8086 and Intel 286 processors and can be referenced with the names AX, BX, CX, DX, BP, SI, DI, and SP. Each 
of the lower two bytes of the EAX, EBX, ECX, and EDX registers can be referenced by the names AH, BH, CH, and 
DH (high bytes) and AL, BL, CL, and DL (low bytes). 


General-Purpose Registers 
31 1615 87 0 16-bit 32-bit 

AH AL AX EAX 

BH BL BX EBX 

CH CL CX ECX 

DH DL DX EDX 
BP EBP 
Sl ESI 
DI EDI 
SP ESP 


Figure 3-5. Alternate General-Purpose Register Names 


3.4.1.1 General-Purpose Registers in 64-Bit Mode 


In 64-bit mode, there are 16 general purpose registers and the default operand size is 32 bits. However, general- 
purpose registers are able to work with either 32-bit or 64-bit operands. If a 32-bit operand size is specified: EAX, 
EBX, ECX, EDX, EDI, ESI, EBP, ESP, R8D - R15D are available. If a 64-bit operand size is specified: RAX, RBX, RCX, 
RDX, RDI, RSI, RBP, RSP, R8-R1i5 are available. R3D-R15D/R8-R15 represent eight new general-purpose registers. 
All of these registers can be accessed at the byte, word, dword, and qword level. REX prefixes are used to generate 
64-bit operand sizes or to reference registers R8-R15. 


Registers only available in 64-bit mode (R8-R15 and XMM8-XMM15) are preserved across transitions from 64-bit 
mode into compatibility mode then back into 64-bit mode. However, values of R8-R15 and XMM8-XMM15 are unde- 
fined after transitions from 64-bit mode through compatibility mode to legacy or real mode and then back through 
compatibility mode to 64-bit mode. 
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Table 3-2. Addressable General Purpose Registers 


Register Type Without REX With REX 

Byte Registers AL, BL, CL, DL, AH, BH, CH, DH AL, BL, CL, DL, DIL, SIL, BPL, SPL, R8B - R15B 

Word Registers AX, BX, CX, DX, DI, SI, BP, SP AX, BX, CX, DX, DI, SI, BP, SP, R8W - R15W 
Doubleword Registers EAX, EBX, ECX, EDX, EDI, ESI, EBP, ESP | EAX, EBX, ECX, EDX, EDI, ESI, EBP, ESP, R8D - R15D 
Quadword Registers N.A. RAX, RBX, RCX, RDX, RDI, RSI, RBP, RSP, R8 - R15 


In 64-bit mode, there are limitations on accessing byte registers. An instruction cannot reference legacy high- 
bytes (for example: AH, BH, CH, DH) and one of the new byte registers at the same time (for example: the low 
byte of the RAX register). However, instructions may reference legacy low-bytes (for example: AL, BL, CL or DL) 
and new byte registers at the same time (for example: the low byte of the R8 register, or RBP). The architecture 
enforces this limitation by changing high-byte references (AH, BH, CH, DH) to low byte references (BPL, SPL, DIL, 
SIL: the low 8 bits for RBP, RSP, RDI and RSI) for instructions using a REX prefix. 


When in 64-bit mode, operand size determines the number of valid bits in the destination general-purpose 
register: 


° 64-bit operands generate a 64-bit result in the destination general-purpose register. 


° 32-bit operands generate a 32-bit result, zero-extended to a 64-bit result in the destination general-purpose 
register. 


¢ 8-bit and 16-bit operands generate an 8-bit or 16-bit result. The upper 56 bits or 48 bits (respectively) of the 
destination general-purpose register are not modified by the operation. If the result of an 8-bit or 16-bit 
operation is intended for 64-bit address calculation, explicitly sign-extend the register to the full 64-bits. 


Because the upper 32 bits of 64-bit general-purpose registers are undefined in 32-bit modes, the upper 32 bits of 
any general-purpose register are not preserved when switching from 64-bit mode to a 32-bit mode (to protected 
mode or compatibility mode). Software must not depend on these bits to maintain a value after a 64-bit to 32-bit 
mode switch. 


3.4.2 Segment Registers 


The segment registers (CS, DS, SS, ES, FS, and GS) hold 16-bit segment selectors. A segment selector is a special 
pointer that identifies a segment in memory. To access a particular segment in memory, the segment selector for 
that segment must be present in the appropriate segment register. 


When writing application code, programmers generally create segment selectors with assembler directives and 
symbols. The assembler and other tools then create the actual segment selector values associated with these 
directives and symbols. If writing system code, programmers may need to create segment selectors directly. See 
Chapter 3, “Protected-Mode Memory Management,” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3A. 


How segment registers are used depends on the type of memory management model that the operating system or 
executive is using. When using the flat (unsegmented) memory model, segment registers are loaded with segment 
selectors that point to overlapping segments, each of which begins at address 0 of the linear address space (see 
Figure 3-6). These overlapping segments then comprise the linear address space for the program. Typically, two 
overlapping segments are defined: one for code and another for data and stacks. The CS segment register points 
to the code segment and all the other segment registers point to the data and stack segment. 


When using the segmented memory model, each segment register is ordinarily loaded with a different segment 
selector so that each segment register points to a different segment within the linear address space (see 

Figure 3-7). At any time, a program can thus access up to six segments in the linear address space. To access a 
segment not pointed to by one of the segment registers, a program must first load the segment selector for the 
segment to be accessed into a segment register. 
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Figure 3-6. Use of Segment Registers for Flat Memory Model 
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Figure 3-7. Use of Segment Registers in Segmented Memory Model 


Each of the segment registers is associated with one of three types of storage: code, data, or stack. For example, 
the CS register contains the segment selector for the code segment, where the instructions being executed are 
stored. The processor fetches instructions from the code segment, using a logical address that consists of the 
segment selector in the CS register and the contents of the EIP register. The EIP register contains the offset within 
the code segment of the next instruction to be executed. The CS register cannot be loaded explicitly by an applica- 
tion program. Instead, it is loaded implicitly by instructions or internal processor operations that change program 
control (such as procedure calls, interrupt handling, or task switching). 


The DS, ES, FS, and GS registers point to four data segments. The availability of four data segments permits effi- 
cient and secure access to different types of data structures. For example, four separate data segments might be 
created: one for the data structures of the current module, another for the data exported from a higher-level 
module, a third for a dynamically created data structure, and a fourth for data shared with another program. To 
access additional data segments, the application program must load segment selectors for these segments into the 
DS, ES, FS, and GS registers, as needed. 


The SS register contains the segment selector for the stack segment, where the procedure stack is stored for the 
program, task, or handler currently being executed. All stack operations use the SS register to find the stack 
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segment. Unlike the CS register, the SS register can be loaded explicitly, which permits application programs to set 
up multiple stacks and switch among them. 


See Section 3.3, “Memory Organization,” for an overview of how the segment registers are used in real-address 
mode. 


The four segment registers CS, DS, SS, and ES are the same as the segment registers found in the Intel 8086 and 
Intel 286 processors and the FS and GS registers were introduced into the IA-32 Architecture with the Intel386™ 
family of processors. 


3.4.2.1 Segment Registers in 64-Bit Mode 


In 64-bit mode: CS, DS, ES, SS are treated as if each segment base is 0, regardless of the value of the associated 
segment descriptor base. This creates a flat address space for code, data, and stack. FS and GS are exceptions. 
Both segment registers may be used as additional base registers in linear address calculations (in the addressing 
of local data and certain operating system data structures). 


Even though segmentation is generally disabled, segment register loads may cause the processor to perform 
segment access assists. During these activities, enabled processors will still perform most of the legacy checks on 
loaded values (even if the checks are not applicable in 64-bit mode). Such checks are needed because a segment 
register loaded in 64-bit mode may be used by an application running in compatibility mode. 


Limit checks for CS, DS, ES, SS, FS, and GS are disabled in 64-bit mode. 


3.4.3 EFLAGS Register 


The 32-bit EFLAGS register contains a group of status flags, a control flag, and a group of system flags. Figure 3-8 
defines the flags within this register. Following initialization of the processor (either by asserting the RESET pin or 
the INIT pin), the state of the EFLAGS register is OO000002H. Bits 1, 3, 5, 15, and 22 through 31 of this register 
are reserved. Software should not use or depend on the states of any of these bits. 


Some of the flags in the EFLAGS register can be modified directly, using special-purpose instructions (described in 
the following sections). There are no instructions that allow the whole register to be examined or modified directly. 


The following instructions can be used to move groups of flags to and from the procedure stack or the EAX register: 
LAHF, SAHF, PUSHF, PUSHFD, POPF, and POPFD. After the contents of the EFLAGS register have been transferred to 
the procedure stack or EAX register, the flags can be examined and modified using the processor’s bit manipulation 
instructions (BT, BTS, BTR, and BTC). 


When suspending a task (using the processor’s multitasking facilities), the processor automatically saves the state 
of the EFLAGS register in the task state segment (TSS) for the task being suspended. When binding itself to a new 
task, the processor loads the EFLAGS register with data from the new task’s TSS. 


When a call is made to an interrupt or exception handler procedure, the processor automatically saves the state of 
the EFLAGS registers on the procedure stack. When an interrupt or exception is handled with a task switch, the 
state of the EFLAGS register is saved in the TSS for the task being suspended. 
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Figure 3-8. EFLAGS Register 


As the IA-32 Architecture has evolved, flags have been added to the EFLAGS register, but the function and place- 
ment of existing flags have remained the same from one family of the IA-32 processors to the next. As a result, 
code that accesses or modifies these flags for one family of IA-32 processors works as expected when run on later 
families of processors. 


3.4.3.1 


Status Flags 


The status flags (bits 0, 2, 4, 6, 7, and 11) of the EFLAGS register indicate the results of arithmetic instructions, 
such as the ADD, SUB, MUL, and DIV instructions. The status flag functions are: 


CF (bit 0) 


PF (bit 2) 
AF (bit 4) 


ZF (bit 6) 
SF (bit 7) 


OF (bit 11) 


Carry flag — Set if an arithmetic operation generates a carry or a borrow out of the most- 
significant bit of the result; cleared otherwise. This flag indicates an overflow condition for 
unsigned-integer arithmetic. It is also used in multiple-precision arithmetic. 


Parity flag — Set if the least-significant byte of the result contains an even number of 1 bits; 
cleared otherwise. 

Auxiliary Carry flag — Set if an arithmetic operation generates a carry or a borrow out of bit 
3 of the result; cleared otherwise. This flag is used in binary-coded decimal (BCD) arithmetic. 
Zero flag — Set if the result is zero; cleared otherwise. 

Sign flag — Set equal to the most-significant bit of the result, which is the sign bit of a signed 
integer. (0 indicates a positive value and 1 indicates a negative value.) 

Overflow flag — Set if the integer result is too large a positive number or too small a negative 
number (excluding the sign-bit) to fit in the destination operand; cleared otherwise. This flag 
indicates an overflow condition for signed-integer (two’s complement) arithmetic. 


Of these status flags, only the CF flag can be modified directly, using the STC, CLC, and CMC instructions. Also the 
bit instructions (BT, BTS, BTR, and BTC) copy a specified bit into the CF flag. 
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The status flags allow a single arithmetic operation to produce results for three different data types: unsigned inte- 
gers, signed integers, and BCD integers. If the result of an arithmetic operation is treated as an unsigned integer, 
the CF flag indicates an out-of-range condition (carry or a borrow); if treated as a signed integer (two’s comple- 
ment number), the OF flag indicates a carry or borrow; and if treated as a BCD digit, the AF flag indicates a carry 
or borrow. The SF flag indicates the sign of a signed integer. The ZF flag indicates either a signed- or an unsigned- 
integer zero. 


When performing multiple-precision arithmetic on integers, the CF flag is used in conjunction with the add with 
carry (ADC) and subtract with borrow (SBB) instructions to propagate a carry or borrow from one computation to 
the next. 


The condition instructions Jcc (jump on condition code cc), SETcc (byte set on condition code cc), LOOPcc, and 
CMOVcc (conditional move) use one or more of the status flags as condition codes and test them for branch, set- 
byte, or end-loop conditions. 


3.4.3.2 DF Flag 


The direction flag (DF, located in bit 10 of the EFLAGS register) controls string instructions (MOVS, CMPS, SCAS, 
LODS, and STOS). Setting the DF flag causes the string instructions to auto-decrement (to process strings from 
high addresses to low addresses). Clearing the DF flag causes the string instructions to auto-increment 
(process strings from low addresses to high addresses). 


The STD and CLD instructions set and clear the DF flag, respectively. 


3.4.3.3 System Flags and IOPL Field 


The system flags and IOPL field in the EFLAGS register control operating-system or executive operations. They 
should not be modified by application programs. The functions of the system flags are as follows: 


TF (bit 8) Trap flag — Set to enable single-step mode for debugging; clear to disable single-step mode. 


IF (bit 9) Interrupt enable flag — Controls the response of the processor to maskable interrupt 
requests. Set to respond to maskable interrupts; cleared to inhibit maskable interrupts. 

IOPL (bits 12 and 13) 
I/O privilege level field — Indicates the I/O privilege level of the currently running program 
or task. The current privilege level (CPL) of the currently running program or task must be less 
than or equal to the I/O privilege level to access the I/O address space. The POPF and IRET 
instructions can modify this field only when operating at a CPL of 0. 

NT (bit 14) Nested task flag — Controls the chaining of interrupted and called tasks. Set when the 
current task is linked to the previously executed task; cleared when the current task is not 
linked to another task. 


RF (bit 16) Resume flag — Controls the processor’s response to debug exceptions. 

VM (bit 17) Virtual-8086 mode flag — Set to enable virtual-8086 mode; clear to return to protected 
mode without virtual-8086 mode semantics. 

AC (bit 18) Alignment check (or access control) flag — If the AM bit is set in the CRO register, align- 


ment checking of user-mode data accesses is enabled if and only if this flag is 1. 


If the SMAP bit is set in the CR4 register, explicit supervisor-mode data accesses to user-mode 
pages are allowed if and only if this bit is 1. See Section 4.6, “Access Rights,” in the Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


VIF (bit 19) Virtual interrupt flag — Virtual image of the IF flag. Used in conjunction with the VIP flag. 
(To use this flag and the VIP flag the virtual mode extensions are enabled by setting the VME 
flag in control register CR4.) 


VIP (bit 20) Virtual interrupt pending flag — Set to indicate that an interrupt is pending; clear when no 
interrupt is pending. (Software sets and clears this flag; the processor only reads it.) Used in 
conjunction with the VIF flag. 


ID (bit 21) Identification flag — The ability of a program to set or clear this flag indicates support for 
the CPUID instruction. 
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For a detailed description of these flags: see Chapter 3, “Protected-Mode Memory Management,” in the Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


3.4.3.4 RFLAGS Register in 64-Bit Mode 


In 64-bit mode, EFLAGS is extended to 64 bits and called RFLAGS. The upper 32 bits of RFLAGS register is 
reserved. The lower 32 bits of RFLAGS is the same as EFLAGS. 


3.5 INSTRUCTION POINTER 


The instruction pointer (EIP) register contains the offset in the current code segment for the next instruction to be 
executed. It is advanced from one instruction boundary to the next in straight-line code or it is moved ahead or 
backwards by a number of instructions when executing JMP, Jcc, CALL, RET, and IRET instructions. 


The EIP register cannot be accessed directly by software; it is controlled implicitly by control-transfer instructions 
(such as JMP, Jcc, CALL, and RET), interrupts, and exceptions. The only way to read the EIP register is to execute a 
CALL instruction and then read the value of the return instruction pointer from the procedure stack. The EIP 
register can be loaded indirectly by modifying the value of a return instruction pointer on the procedure stack and 
executing a return instruction (RET or IRET). See Section 6.2.4.2, “Return Instruction Pointer.” 


All IA-32 processors prefetch instructions. Because of instruction prefetching, an instruction address read from the 
bus during an instruction load does not match the value in the EIP register. Even though different processor gener- 
ations use different prefetching mechanisms, the function of the EIP register to direct program flow remains fully 
compatible with all software written to run on IA-32 processors. 


3.5.1 Instruction Pointer in 64-Bit Mode 


In 64-bit mode, the RIP register becomes the instruction pointer. This register holds the 64-bit offset of the next 
instruction to be executed. 64-bit mode also supports a technique called RIP-relative addressing. Using this tech- 
nique, the effective address is determined by adding a displacement to the RIP of the next instruction. 


3.6 OPERAND-SIZE AND ADDRESS-SIZE ATTRIBUTES 


When the processor is executing in protected mode, every code segment has a default operand-size attribute and 
address-size attribute. These attributes are selected with the D (default size) flag in the segment descriptor for the 
code segment (see Chapter 3, “Protected-Mode Memory Management,” in the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 3A). When the D flag is set, the 32-bit operand-size and address-size attri- 
butes are selected; when the flag is clear, the 16-bit size attributes are selected. When the processor is executing 
in real-address mode, virtual-8086 mode, or SMM, the default operand-size and address-size attributes are always 
16 bits. 


The operand-size attribute selects the size of operands. When the 16-bit operand-size attribute is in force, oper- 
ands can generally be either 8 bits or 16 bits, and when the 32-bit operand-size attribute is in force, operands can 
generally be 8 bits or 32 bits. 


The address-size attribute selects the sizes of addresses used to address memory: 16 bits or 32 bits. When the 16- 
bit address-size attribute is in force, segment offsets and displacements are 16 bits. This restriction limits the size 
of a segment to 64 KBytes. When the 32-bit address-size attribute is in force, segment offsets and displacements 
are 32 bits, allowing up to 4 GBytes to be addressed. 


The default operand-size attribute and/or address-size attribute can be overridden for a particular instruction by 
adding an operand-size and/or address-size prefix to an instruction. See Chapter 2, “Instruction Format,” in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A. The effect of this prefix applies only 
to the targeted instruction. 


Table 3-4 shows effective operand size and address size (when executing in protected mode or compatibility mode) 
depending on the settings of the D flag and the operand-size and address-size prefixes. 
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Table 3-3. Effective Operand- and Address-Size Attributes 


D Flag in Code Segment Descriptor 0 0 0 0 1 1 1 1 
Operand-Size Prefix 66H N N Y Y N N Y Y 
Address-Size Prefix 67H N Y N Y N ¥ N Y 

[EffectiveOperandSize = | 16 | 16 | 32e | 32 | 32 | 32 | 16 | 16 | 
Effective Address Size 16 32 16 32 32 16 32 16 
NOTES: 


Y: Yes - this instruction prefix is present. 
N: No - this instruction prefix is not present. 


3.6.1 Operand Size and Address Size in 64-Bit Mode 


In 64-bit mode, the default address size is 64 bits and the default operand size is 32 bits. Defaults can be over- 
ridden using prefixes. Address-size and operand-size prefixes allow mixing of 32/64-bit data and 32/64-bit 
addresses on an instruction-by-instruction basis. Table 3-4 shows valid combinations of the 66H instruction prefix 
and the REX.W prefix that may be used to specify operand-size overrides in 64-bit mode. Note that 16-bit 
addresses are not supported in 64-bit mode. 


REX prefixes consist of 4-bit fields that form 16 different values. The W-bit field in the REX prefixes is referred to as 
REX.W. If the REX.W field is properly set, the prefix specifies an operand size override to 64 bits. Note that software 
can still use the operand-size 66H prefix to toggle to a 16-bit operand size. However, setting REX.W takes prece- 
dence over the operand-size prefix (66H) when both are used. 


In the case of SSE/SSE2/SSE3/SSSE3 SIMD instructions: the 66H, F2H, and F3H prefixes are mandatory for 
opcode extensions. In such a case, there is no interaction between a valid REX.W prefix and a 66H opcode exten- 
sion prefix. 


See Chapter 2, “Instruction Format,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2A. 


Table 3-4. Effective Operand- and Address-Size Attributes in 64-Bit Mode 


L Flag in Code Segment Descriptor 

1 1 1 1 1 1 1 1 
REX.W Prefix 0 0 0 0 1 1 1 1 
Operand-Size Prefix 66H N N Y Y N N Y Y 
Address-Size Prefix 67H N Y N Y N Y N Y 
Effective Operand Size 32 32 16 16 64 64 64 64 
Effective Address Size 64 32 64 32 64 32 64 32 
NOTES: 


Y: Yes - this instruction prefix is present. 
N: No - this instruction prefix is not present. 


3.7 OPERAND ADDRESSING 


IA-32 machine-instructions act on zero or more operands. Some operands are specified explicitly and others are 
implicit. The data for a source operand can be located in: 


¢ the instruction itself (an immediate operand) 
* a register 

* ~amemory location 

° an/J/O port 
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When an instruction returns data to a destination operand, it can be returned to: 
* aregister 

* amemory location 

° anI/O port 


3.7.1 Immediate Operands 


Some instructions use data encoded in the instruction itself as a source operand. These operands are called imme- 
diate operands (or simply immediates). For example, the following ADD instruction adds an immediate value of 14 
to the contents of the EAX register: 

ADD EAX, 14 


All arithmetic instructions (except the DIV and IDIV instructions) allow the source operand to be an immediate 
value. The maximum value allowed for an immediate operand varies among instructions, but can never be greater 
than the maximum value of an unsigned doubleword integer (227). 


3.7.2 Register Operands 

Source and destination operands can be any of the following registers, depending on the instruction being 
executed: 

¢ 32-bit general-purpose registers (EAX, EBX, ECX, EDX, ESI, EDI, ESP, or EBP) 

° 16-bit general-purpose registers (AX, BX, CX, DX, SI, DI, SP, or BP) 

° 8-bit general-purpose registers (AH, BH, CH, DH, AL, BL, CL, or DL) 

* segment registers (CS, DS, SS, ES, FS, and GS) 

° EFLAGS register 


° x87 FPU registers (STO through ST7, status word, control word, tag word, data operand pointer, and instruction 
pointer) 


¢ MMX registers (MMO through MM7) 

¢ XMM registers (XMMO through XMM7) and the MXCSR register 

* control registers (CRO, CR2, CR3, and CR4) and system table pointer registers (GDTR, LDTR, IDTR, and task 
register) 

¢ debug registers (DRO, DR1, DR2, DR3, DR6, and DR7) 

e MSR registers 


Some instructions (such as the DIV and MUL instructions) use quadword operands contained in a pair of 32-bit 
registers. Register pairs are represented with a colon separating them. For example, in the register pair EDX:EAX, 
EDX contains the high order bits and EAX contains the low order bits of a quadword operand. 


Several instructions (such as the PUSHFD and POPFD instructions) are provided to load and store the contents of 
the EFLAGS register or to set or clear individual flags in this register. Other instructions (such as the Jcc instruc- 
tions) use the state of the status flags in the EFLAGS register as condition codes for branching or other decision 
making operations. 


The processor contains a selection of system registers that are used to control memory management, interrupt and 
exception handling, task management, processor management, and debugging activities. Some of these system 
registers are accessible by an application program, the operating system, or the executive through a set of system 
instructions. When accessing a system register with a system instruction, the register is generally an implied 
operand of the instruction. 
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3.7.2.1 Register Operands in 64-Bit Mode 

Register operands in 64-bit mode can be any of the following: 

° 64-bit general-purpose registers (RAX, RBX, RCX, RDX, RSI, RDI, RSP, RBP, or R8-R15) 

¢ 32-bit general-purpose registers (EAX, EBX, ECX, EDX, ESI, EDI, ESP, EBP, or R8D-R15D) 
° 16-bit general-purpose registers (AX, BX, CX, DX, SI, DI, SP, BP, or R8W-R15W) 


° 8-bit general-purpose registers: AL, BL, CL, DL, SIL, DIL, SPL, BPL, and R8B-R1i5B are available using REX 
prefixes; AL, BL, CL, DL, AH, BH, CH, DH are available without using REX prefixes. 


¢ Segment registers (CS, DS, SS, ES, FS, and GS) 
¢ RFLAGS register 


° x87 FPU registers (STO through ST7, status word, control word, tag word, data operand pointer, and instruction 
pointer) 


¢ MMX registers (MMO through MM7) 
¢ XMM registers (XMMO through XMM15) and the MXCSR register 


* Control registers (CRO, CR2, CR3, CR4, and CR8) and system table pointer registers (GDTR, LDTR, IDTR, and 
task register) 


° Debug registers (DRO, DR1, DR2, DR3, DR6, and DR7) 
¢ MSR registers 
¢ RDX:RAX register pair representing a 128-bit operand 


3.7.3 Memory Operands 


Source and destination operands in memory are referenced by means of a segment selector and an offset (see 
Figure 3-9). Segment selectors specify the segment containing the operand. Offsets specify the linear or effective 
address of the operand. Offsets can be 32 bits (represented by the notation m16:32) or 16 bits (represented by the 
notation m16:16). 


15 0 31 fo) 


= ment Offset (or Linear Address) 
elector 


Figure 3-9. Memory Operand Address 


3.7.3.1 Memory Operands in 64-Bit Mode 


In 64-bit mode, a memory operand can be referenced by a segment selector and an offset. The offset can be 16 
bits, 32 bits or 64 bits (see Figure 3-10). 


15 O 63 0 


Segment Offset (or Linear Address) 
Selector 


Figure 3-10. Memory Operand Address in 64-Bit Mode 


3.7.4 Specifying a Segment Selector 


The segment selector can be specified either implicitly or explicitly. The most common method of specifying a 
segment selector is to load it in a segment register and then allow the processor to select the register implicitly, 
depending on the type of operation being performed. The processor automatically chooses a segment according to 
the rules given in Table 3-5. 


Vol.1 3-21 


BASIC EXECUTION ENVIRONMENT 


When storing data in memory or loading data from memory, the DS segment default can be overridden to allow 
other segments to be accessed. Within an assembler, the segment override is generally handled with a colon “:” 
operator. For example, the following MOV instruction moves a value from register EAX into the segment pointed to 
by the ES register. The offset into the segment is contained in the EBX register: 


MOV ES:[EBX], EAX 


Table 3-5. Default Segment Selection Rules 


Reference Type | Register Used | Segment Used Default Selection Rule 
Instructions cs Code Segment All instruction fetches. 
Stack SS Stack Segment All stack pushes and pops. 
Any memory reference which uses the ESP or EBP register as a base 
register. 
Local Data DS Data Segment All data references, except when relative to stack or string destination. 
Destination Strings | ES Data Segment Destination of string instructions. 
pointed to with the 
ES register 


At the machine level, a segment override is specified with a segment-override prefix, which is a byte placed at the 
beginning of an instruction. The following default segment selections cannot be overridden: 


¢ Instruction fetches must be made from the code segment. 
* Destination strings in string instructions must be stored in the data segment pointed to by the ES register. 
¢ Push and pop operations must always reference the SS segment. 


Some instructions require a segment selector to be specified explicitly. In these cases, the 16-bit segment selector 
can be located in a memory location or in a 16-bit register. For example, the following MOV instruction moves a 
segment selector located in register BX into segment register DS: 

MOV DS, BX 


Segment selectors can also be specified explicitly as part of a 48-bit far pointer in memory. Here, the first double- 
word in memory contains the offset and the next word contains the segment selector. 


3.7.4.1 Segmentation in 64-Bit Mode 


In IA-32e mode, the effects of segmentation depend on whether the processor is running in compatibility mode or 
64-bit mode. In compatibility mode, segmentation functions just as it does in legacy IA-32 mode, using the 16-bit 
or 32-bit protected mode semantics described above. 


In 64-bit mode, segmentation is generally (but not completely) disabled, creating a flat 64-bit linear-address 
space. The processor treats the segment base of CS, DS, ES, SS as zero, creating a linear address that is equal to 
the effective address. The exceptions are the FS and GS segments, whose segment registers (which hold the 
segment base) can be used as additional base registers in some linear address calculations. 


3.7.5 Specifying an Offset 


The offset part of a memory address can be specified directly as a static value (called a displacement) or through 
an address computation made up of one or more of the following components: 


* Displacement — An 8-, 16-, or 32-bit value. 

¢ Base — The value in a general-purpose register. 

¢ Index — The value in a general-purpose register. 

*® Scale factor — A value of 2, 4, or 8 that is multiplied by the index value. 
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The offset which results from adding these components is called an effective address. Each of these components 
can have either a positive or negative (2s complement) value, with the exception of the scaling factor. Figure 3-11 
shows all the possible ways that these components can be combined to create an effective address in the selected 
segment. 


Base Index Scale — Displacement 
EAX Teas 
EBX oe Ft None 
EDX ; ECX ) | 2 | 8-bit 
esp | * | EDX | || + 
| esp | * | 4] 16-bit 

EBP les. | | 
eI \en / \8/ 32-bit 
EDI Ye 7 

Offset = Base + (Index * Scale) + Displacement 


Figure 3-11. Offset (or Effective Address) Computation 


The uses of general-purpose registers as base or index components are restricted in the following manner: 
¢ The ESP register cannot be used as an index register. 


¢ When the ESP or EBP register is used as the base, the SS segment is the default segment. In all other cases, 
the DS segment is the default segment. 


The base, index, and displacement components can be used in any combination, and any of these components can 
be NULL. A scale factor may be used only when an index also is used. Each possible combination is useful for data 
structures commonly used by programmers in high-level languages and assembly language. 


The following addressing modes suggest uses for common combinations of address components. 


* Displacement — A displacement alone represents a direct (uncomputed) offset to the operand. Because the 
displacement is encoded in the instruction, this form of an address is sometimes called an absolute or static 
address. It is commonly used to access a statically allocated scalar operand. 


¢ Base — A base alone represents an indirect offset to the operand. Since the value in the base register can 
change, it can be used for dynamic storage of variables and data structures. 


° Base + Displacement — A base register and a displacement can be used together for two distinct purposes: 


— Asan index into an array when the element size is not 2, 4, or 8 bytes—The displacement component 
encodes the static offset to the beginning of the array. The base register holds the results of a calculation 
to determine the offset to a specific element within the array. 


— Toaccess a field of a record: the base register holds the address of the beginning of the record, while the 
displacement is a static offset to the field. 


An important special case of this combination is access to parameters in a procedure activation record. A 
procedure activation record is the stack frame created when a procedure is entered. Here, the EBP register is 
the best choice for the base register, because it automatically selects the stack segment. This is a compact 
encoding for this common function. 


° (Index « Scale) + Displacement — This address mode offers an efficient way to index into a static array 
when the element size is 2, 4, or 8 bytes. The displacement locates the beginning of the array, the index 
register holds the subscript of the desired array element, and the processor automatically converts the 
subscript into an index by applying the scaling factor. 


¢ Base + Index + Displacement — Using two registers together supports either a two-dimensional array (the 
displacement holds the address of the beginning of the array) or one of several instances of an array of records 
(the displacement is an offset to a field within the record). 


° Base + (Index * Scale) + Displacement — Using all the addressing components together allows efficient 
indexing of a two-dimensional array when the elements of the array are 2, 4, or 8 bytes in size. 
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3.7.5.1 Specifying an Offset in 64-Bit Mode 


The offset part of a memory address in 64-bit mode can be specified directly as a static value or through an address 
computation made up of one or more of the following components: 


* Displacement — An 8-bit, 16-bit, or 32-bit value. 

¢ Base — The value in a 64-bit general-purpose register. 

* Index — The value in a 64-bit general-purpose register. 

° Scale factor — A value of 2, 4, or 8 that is multiplied by the index value. 


The base and index value can be specified in one of sixteen available general-purpose registers in most cases. See 
Chapter 2, “Instruction Format,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A. 


The following unique combination of address components is also available. 


° RIP + Displacement — In 64-bit mode, RIP-relative addressing uses a signed 32-bit displacement to 
calculate the effective address of the next instruction by sign-extend the 32-bit value and add to the 64-bit 
value in RIP. 


3.7.6 Assembler and Compiler Addressing Modes 


At the machine-code level, the selected combination of displacement, base register, index register, and scale factor 
is encoded in an instruction. All assemblers permit a programmer to use any of the allowable combinations of these 
addressing components to address operands. High-level language compilers will select an appropriate combination 
of these components based on the language construct a programmer defines. 


3.7.7 I/O Port Addressing 


The processor supports an I/O address space that contains up to 65,536 8-bit I/O ports. Ports that are 16-bit and 
32-bit may also be defined in the I/O address space. An I/O port can be addressed with either an immediate 
operand or a value in the DX register. See Chapter 19, “Input/Output,” for more information about I/O port 
addressing. 
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This chapter introduces data types defined for the Intel 64 and IA-32 architectures. A section at the end of this 
chapter describes the real-number and floating-point concepts used in x87 FPU, SSE, SSE2, SSE3, SSSE3, SSE4 
and Intel AVX extensions. 


4.1 FUNDAMENTAL DATA TYPES 


The fundamental data types are bytes, words, doublewords, quadwords, and double quadwords (see Figure 4-1). 
A byte is eight bits, a word is 2 bytes (16 bits), a doubleword is 4 bytes (32 bits), a quadword is 8 bytes (64 bits), 
and a double quadword is 16 bytes (128 bits). A subset of the IA-32 architecture instructions operates on these 
fundamental data types without any additional operand typing. 


N 
15 87 0O 


High | Low 
Byte Byte | Word 


N+1 oN 
31 16 15 0 
High Word] Low Word | Doubleword 
N+2 N 

63 32 31 0 
High Doubleword Low Doubleword Quadword 
N+4 N 


127 64 63 
High Quadword Low Quadword 


N+8 N 


ie) 
Double 
Quadword 


Figure 4-1. Fundamental Data Types 


The quadword data type was introduced into the IA-32 architecture in the Intel486 processor; the double quadword 
data type was introduced in the Pentium Ill processor with the SSE extensions. 


Figure 4-2 shows the byte order of each of the fundamental data types when referenced as operands in memory. 
The low byte (bits 0 through 7) of each data type occupies the lowest address in memory and that address is also 
the address of the operand. 
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Figure 4-2. Bytes, Words, Doublewords, Quadwords, and Double Quadwords in Memory 


4.1.1 Alignment of Words, Doublewords, Quadwords, and Double Quadwords 


Words, doublewords, and quadwords do not need to be aligned in memory on natural boundaries. The natural 
boundaries for words, double words, and quadwords are even-numbered addresses, addresses evenly divisible by 
four, and addresses evenly divisible by eight, respectively. However, to improve the performance of programs, data 
structures (especially stacks) should be aligned on natural boundaries whenever possible. The reason for this is 
that the processor requires two memory accesses to make an unaligned memory access; aligned accesses require 
only one memory access. A word or doubleword operand that crosses a 4-byte boundary or a quadword operand 
that crosses an 8-byte boundary is considered unaligned and requires two separate memory bus cycles for access. 


Some instructions that operate on double quadwords require memory operands to be aligned on a natural 
boundary. These instructions generate a general-protection exception (#GP) if an unaligned operand is specified. A 
natural boundary for a double quadword is any address evenly divisible by 16. Other instructions that operate on 
double quadwords permit unaligned access (without generating a general-protection exception). However, addi- 
tional memory bus cycles are required to access unaligned data from memory. 


4.2 NUMERIC DATA TYPES 


Although bytes, words, and doublewords are fundamental data types, some instructions support additional inter- 
pretations of these data types to allow operations to be performed on numeric data types (signed and unsigned 
integers, and floating-point numbers). Single-precision (32-bit) floating-point and double-precision (64-bit) 
floating-point data types are supported across all generations of SSE extensions and Intel AVX extensions. Half- 
precision (16-bit) floating-point data type is supported only with F16C extensions (VCVTPH2PS, VCVTPS2PH). See 
Figure 4-3. 
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Figure 4-3. Numeric Data Types 


4.2.1 Integers 


The Intel 64 and IA-32 architectures define two types of integers: unsigned and signed. Unsigned integers are ordi- 
nary binary values ranging from 0 to the maximum positive number that can be encoded in the selected operand 
size. Signed integers are two’s complement binary values that can be used to represent both positive and negative 
integer values. 


Some integer instructions (such as the ADD, SUB, PADDB, and PSUBB instructions) operate on either unsigned or 
signed integer operands. Other integer instructions (such as IMUL, MUL, IDIV, DIV, FIADD, and FISUB) operate on 
only one integer type. 


The following sections describe the encodings and ranges of the two types of integers. 


4.2.1.1 Unsigned Integers 


Unsigned integers are unsigned binary numbers contained in a byte, word, doubleword, and quadword. Their 
values range from 0 to 255 for an unsigned byte integer, from 0 to 65,535 for an unsigned word integer, from 0 
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to 232 - 1 for an unsigned doubleword integer, and from 0 to 2° - 1 for an unsigned quadword integer. Unsigned 
integers are sometimes referred to as ordinals. 


4.2.1.2 Signed Integers 


Signed integers are signed binary numbers held in a byte, word, doubleword, or quadword. All operations on signed 
integers assume a two's complement representation. The sign bit is located in bit 7 in a byte integer, bit 15 ina 
word integer, bit 31 in a doubleword integer, and bit 63 in a quadword integer (see the signed integer encodings in 
Table 4-1). 


Table 4-1. Signed Integer Encodings 


Class Two's Complement Encoding 
Sign 
Positive Largest 0 11.11 
Smallest 0 00..01 
Zero 0 00..00 
Negative Smallest 1 11.11 
Largest 1 00..00 
Integer indefinite 1 00..00 
Signed Byte Integer: <7 bits > 
Signed Word Integer: < 15 bits > 
Signed Doubleword Integer: < 31 bits > 
Signed Quadword Integer: < 63 bits > 


The sign bit is set for negative integers and cleared for positive integers and zero. Integer values range from -128 
to +127 for a byte integer, from -32,768 to +32,767 for a word integer, from -23! to +23! - 1 for a doubleword 
integer, and from —2©3 to +263 - 1 for a quadword integer. 


When storing integer values in memory, word integers are stored in 2 consecutive bytes; doubleword integers are 
stored in 4 consecutive bytes; and quadword integers are stored in 8 consecutive bytes. 


The integer indefinite is a special value that is sometimes returned by the x87 FPU when operating on integer 
values. For more information, see Section 8.2.1, “Indefinites.” 


4.2.2 Floating-Point Data Types 


The IA-32 architecture defines and operates on three floating-point data types: single-precision floating-point, 
double-precision floating-point, and double-extended precision floating-point (see Figure 4-3). The data formats 
for these data types correspond directly to formats specified in the IEEE Standard 754 for Binary Floating-Point 
Arithmetic. 


Half-precision (16-bit) floating-point data type is supported only for conversion operation with single-precision 
floating data using F16C extensions (VCVTPH2PS, VCVTPS2PH). 


Table 4-2 gives the length, precision, and approximate normalized range that can be represented by each of these 
data types. Denormal values are also supported in each of these types. 
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Data Type Length Precision Approximate Normalized Range 
(Bits) (Bits) Binary Decimal 
Half Precision 16 11 24 tg 218 6.10 x 10° to 6.55 x 107 
Single Precision 32 24 27126 to 2128 1.18 x 10°38 to 3.40 x 1038 
Double Precision 64 53 2-022 tp 21024 2.23 x 10°38 to 1.80 x 10308 
Double-Extended 80 64 216382 tg 216384 3.36 x 10-4932 to 1.19 x 104932 
Precision 


NOTE 


Section 4.8, “Real Numbers and Floating-Point Formats,” gives an overview of the IEEE Standard 
754 floating-point formats and defines the terms integer bit, QNaN, SNaN, and denormal value. 


Table 4-3 shows the floating-point encodings for zeros, denormalized finite numbers, normalized finite numbers, 
infinites, and NaNs for each of the three floating-point data types. It also gives the format for the QNaN floating- 
point indefinite value. (See Section 4.8.3.7, “QNaN Floating-Point Indefinite,” for a discussion of the use of the 


QNaN floating-point indefinite value. ) 


For the single-precision and double-precision formats, only the fraction part of the significand is encoded. The 
integer is assumed to be 1 for all numbers except 0 and denormalized finite numbers. For the double extended- 
precision format, the integer is contained in bit 63, and the most-significant fraction bit is bit 62. Here, the integer 
is explicitly set to 1 for normalized numbers, infinities, and NaNs, and to O for zero and denormalized numbers. 


Table 4-3. Floating-Point Number and NaN Encodings 


. . Significand 
Class Sign Biased Exponent : 
Integer! Fraction 
Positive +00 0 11.11 1 00..00 
+Normals 0 11..10 1 11.11 
0 00.01 1 00.00 
+Denormals 0 00..00 0 11.11 
0 00..00 0 00..01 
+Zero 0 00..00 0 00..00 
Negative —Zero 1 00..00 0 00..00 
—Denormals 1 00..00 0 00..01 
1 00..00 0 11.11 
—Normals 1 00..01 1 00..00 
1 11.10 1 11.11 
-00 1 11.11 1 00..00 
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Table 4-3. Floating-Point Number and NaN Encodings (Contd.) 


: . Significand 
Class Sign Biased Exponent 7 - 
Integer Fraction 
NaNs SNaN X 11..11 1 OX..XX2 
QNaN X 11.11 1 1X..XX 
QNaN Floating- 1 11.11 1 10..00 
Point Indefinite 
Half-Precision < 5Bits > < 10 Bits > 
Single-Precision: <— 8 Bits > <— 23 Bits > 
Double-Precision: — 11 Bits > — 52 Bits > 
Double Extended-Precision: <— 15 Bits > <— 63 Bits > 


NOTES: 
1. Integer bit is implied and not stored for single-precision and double-precision formats. 
2. The fraction for SNaN encodings must be non-zero with the most-significant bit 0. 


The exponent of each floating-point data type is encoded in biased format; see Section 4.8.2.2, “Biased Exponent.” 
The biasing constant is 15 for the half-precision format, 127 for the single-precision format, 1023 for the double- 
precision format, and 16,383 for the double extended-precision format. 


When storing floating-point values in memory, half-precision values are stored in 2 consecutive bytes in memory; 
single-precision values are stored in 4 consecutive bytes in memory; double-precision values are stored in 8 
consecutive bytes; and double extended-precision values are stored in 10 consecutive bytes. 


The single-precision and double-precision floating-point data types are operated on by x87 FPU, and 
SSE/SSE2/SSE3/SSE4.1 and Intel AVX instructions. The double-extended-precision floating-point format is only 
operated on by the x87 FPU. See Section 11.6.8, “Compatibility of SIMD and x87 FPU Floating-Point Data Types,” 
for a discussion of the compatibility of single-precision and double-precision floating-point data types between the 
x87 FPU and SSE/SSE2/SSE3 extensions. 


4.3 POINTER DATA TYPES 


Pointers are addresses of locations in memory. 


In non-64-bit modes, the architecture defines two types of pointers: a near pointer and a far pointer. A near 
pointer is a 32-bit (or 16-bit) offset (also called an effective address) within a segment. Near pointers are used 
for all memory references in a flat memory model or for references in a segmented model where the identity of the 
segment being accessed is implied. 


A far pointer is a logical address, consisting of a 16-bit segment selector and a 32-bit (or 16-bit) offset. Far pointers 
are used for memory references in a segmented memory model where the identity of a segment being accessed 
must be specified explicitly. Near and far pointers with 32-bit offsets are shown in Figure 4-4. 


Near Pointer 


31 0 


Far Pointer or Logical Address 


Segment Selector 


47 32 31 0 


Figure 4-4. Pointer Data Types 
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4.3.1 Pointer Data Types in 64-Bit Mode 


In 64-bit mode (a sub-mode of IA-32e mode), a near pointer is 64 bits. This equates to an effective address. Far 
pointers in 64-bit mode can be one of three forms: 


¢ 16-bit segment selector, 16-bit offset if the operand size is 32 bits 
16-bit segment selector, 32-bit offset if the operand size is 32 bits 
16-bit segment selector, 64-bit offset if the operand size is 64 bits 
See Figure 4-5. 
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Figure 4-5. Pointers in 64-Bit Mode 


4.4 BIT FIELD DATA TYPE 


A bit field (see Figure 4-6) is a contiguous sequence of bits. It can begin at any bit position of any byte in memory 
and can contain up to 32 bits. 
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Figure 4-6. Bit Field Data Type 
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4.5 STRING DATA TYPES 


Strings are continuous sequences of bits, bytes, words, or doublewords. A bit string can begin at any bit position 
of any byte and can contain up to 234 - 1 bits. A byte string can contain bytes, words, or doublewords and can 
range from zero to 232- 1 bytes (4 GBytes). 


4.6 PACKED SIMD DATA TYPES 


Intel 64 and IA-32 architectures define and operate on a set of 64-bit and 128-bit packed data type for use in SIMD 
operations. These data types consist of fundamental data types (packed bytes, words, doublewords, and quad- 
words) and numeric interpretations of fundamental types for use in packed integer and packed floating-point oper- 
ations. 


4.6.1 64-Bit SIMD Packed Data Types 


The 64-bit packed SIMD data types were introduced into the IA-32 architecture in the Intel MMX technology. They 
are operated on in MMX registers. The fundamental 64-bit packed data types are packed bytes, packed words, and 
packed doublewords (see Figure 4-7). When performing numeric SIMD operations on these data types, these data 
types are interpreted as containing byte, word, or doubleword integer values. 
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Figure 4-7. 64-Bit Packed SIMD Data Types 


4.6.2 128-Bit Packed SIMD Data Types 


The 128-bit packed SIMD data types were introduced into the IA-32 architecture in the SSE extensions and used 
with SSE2, SSE3 and SSSE3 extensions. They are operated on primarily in the 128-bit XMM registers and memory. 
The fundamental 128-bit packed data types are packed bytes, packed words, packed doublewords, and packed 
quadwords (see Figure 4-8). When performing SIMD operations on these fundamental data types in XMM registers, 
these data types are interpreted as containing packed or scalar single-precision floating-point or double-precision 
floating-point values, or as containing packed byte, word, doubleword, or quadword integer values. 
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Figure 4-8. 128-Bit Packed SIMD Data Types 


4.7 BCD AND PACKED BCD INTEGERS 
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Binary-coded decimal integers (BCD integers) are unsigned 4-bit integers with valid values ranging from 0 to 9. IA- 
32 architecture defines operations on BCD integers located in one or more general-purpose registers or in one or 


more x87 FPU registers (see Figure 4-9). 
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Figure 4-9. BCD Data Types 


When operating on BCD integers in general-purpose registers, the BCD values can be unpacked (one BCD digit per 
byte) or packed (two BCD digits per byte). The value of an unpacked BCD integer is the binary value of the low half- 
byte (bits 0 through 3). The high half-byte (bits 4 through 7) can be any value during addition and subtraction, but 
must be zero during multiplication and division. Packed BCD integers allow two BCD digits to be contained in one 
byte. Here, the digit in the high half-byte is more significant than the digit in the low half-byte. 


When operating on BCD integers in x87 FPU data registers, BCD values are packed in an 80-bit format and referred 
to as decimal integers. In this format, the first 9 bytes hold 18 BCD digits, 2 digits per byte. The least-significant 
digit is contained in the lower half-byte of byte 0 and the most-significant digit is contained in the upper half-byte 
of byte 9. The most significant bit of byte 10 contains the sign bit (0 = positive and 1 = negative; bits 0 through 6 
of byte 10 are don’t care bits). Negative decimal integers are not stored in two's complement form; they are distin- 
guished from positive decimal integers only by the sign bit. The range of decimal integers that can be encoded in 
this format is -10!8+1 to 108 -1. 


The decimal integer format exists in memory only. When a decimal integer is loaded in an x87 FPU data register, it 
is automatically converted to the double-extended-precision floating-point format. All decimal integers are exactly 
representable in double extended-precision format. 


Table 4-4 gives the possible encodings of value in the decimal integer data type. 


Table 4-4. Packed Decimal Integer Encodings 


: Magnitude 
Class Sign oe = a oe ae 
digit digit digit digit we digit 
Positive 
Largest 0 0000000 1001 1001 1001 1001 = 1001 
Smallest 0 0000000 0000 0000 0000 0000 7 0001 
Zero 0 0000000 0000 0000 0000 0000 x 0000 
Negative 
Zero 1 0000000 0000 0000 0000 0000 “ 0000 
Smallest 1 0000000 0000 0000 0000 0000 e 0001 
Largest 1 0000000 1001 1001 1001 1001 = 1001 
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Table 4-4. Packed Decimal Integer Encodings (Contd.) 


; Magnitude 
Class Sign — — 
digit digit digit digit sit digit 
Packed BCD 1 1111111 1111 1111 1100 0000 o 0000 
Integer 
Indefinite 
< 1 byte > < 9 bytes > 


The packed BCD integer indefinite encoding (FFFFCOOOO00000000000H) is stored by the FBSTP instruction in 
response to a masked floating-point invalid-operation exception. Attempting to load this value with the FBLD 
instruction produces an undefined result. 


4.8 REAL NUMBERS AND FLOATING-POINT FORMATS 


This section describes how real numbers are represented in floating-point format in x87 FPU and 
SSE/SSE2/SSE3/SSE4.1 and Intel AVX floating-point instructions. It also introduces terms such as normalized 
numbers, denormalized numbers, biased exponents, signed zeros, and NaNs. Readers who are already familiar 
with floating-point processing techniques and the IEEE Standard 754 for Binary Floating-Point Arithmetic may wish 
to skip this section. 


4.8.1 Real Number System 


As shown in Figure 4-10, the real-number system comprises the continuum of real numbers from minus infinity (— 
co) to plus infinity (+ ©). 


Because the size and number of registers that any computer can have is limited, only a subset of the real-number 
continuum can be used in real-number (floating-point) calculations. As shown at the bottom of Figure 4-10, the 
subset of real numbers that the IA-32 architecture supports represents an approximation of the real number 
system. The range and precision of this real-number subset is determined by the IEEE Standard 754 floating-point 
formats. 


4.8.2 Floating-Point Format 


To increase the speed and efficiency of real-number computations, computers and microprocessors typically repre- 
sent real numbers in a binary floating-point format. In this format, a real number has three parts: a sign, a signif- 
icand, and an exponent (see Figure 4-11). 


The sign is a binary value that indicates whether the number is positive (0) or negative (1). The significand has 
two parts: a 1-bit binary integer (also referred to as the J-bit) and a binary fraction. The integer-bit is often not 
represented, but instead is an implied value. The exponent is a binary integer that represents the base-2 power by 
which the significand is multiplied. 


Table 4-5 shows how the real number 178.125 (in ordinary decimal format) is stored in IEEE Standard 754 floating- 
point format. The table lists a progression of real number notations that leads to the single-precision, 32-bit 
floating-point format. In this format, the significand is normalized (see Section 4.8.2.1, “Normalized Numbers”) 
and the exponent is biased (see Section 4.8.2.2, “Biased Exponent”). For the single-precision floating-point 
format, the biasing constant is +127. 
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Figure 4-10. Binary Real Number System 


Sign 


Exponent Significand 


Fraction 


Integer or J-Bit 


Figure 4-11. Binary Floating-Point Format 


Table 4-5. Real and Floating-Point Number Notation 


Notation Value 
Ordinary Decimal 178.125 
Scientific Decimal 1.78125E192 
Scientific Binary 1.0110010001E3111 
Scientific Binary 1.0110010001€310000110 
(Biased Exponent) 
IEEE Single-Precision Format Sign Biased Exponent Normalized Significand 
0 10000110 0110010001 0000000000000 
1. (Implied) 
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4.8.2.1 Normalized Numbers 


In most cases, floating-point numbers are encoded in normalized form. This means that except for zero, the signif- 
icand is always made up of an integer of 1 and the following fraction: 


1. fff... ff 


For values less than 1, leading zeros are eliminated. (For each leading zero eliminated, the exponent is decre- 
mented by one.) 


Representing numbers in normalized form maximizes the number of significant digits that can be accommodated 
in a significand of a given width. To summarize, a normalized real number consists of a normalized significand that 
represents a real number between 1 and 2 and an exponent that specifies the number's binary point. 


4.8.2.2 Biased Exponent 


In the IA-32 architecture, the exponents of floating-point numbers are encoded in a biased form. This means that 
a constant is added to the actual exponent so that the biased exponent is always a positive number. The value of 
the biasing constant depends on the number of bits available for representing exponents in the floating-point 
format being used. The biasing constant is chosen so that the smallest normalized number can be reciprocated 
without overflow. 


See Section 4.2.2, “Floating-Point Data Types,” for a list of the biasing constants that the IA-32 architecture uses 
for the various sizes of floating-point data-types. 


4.8.3 Real Number and Non-number Encodings 


A variety of real numbers and special values can be encoded in the IEEE Standard 754 floating-point format. These 
numbers and values are generally divided into the following classes: 


¢ Signed zeros 

¢ Denormalized finite numbers 

¢ Normalized finite numbers 

° Signed infinities 

° NaNs 

¢ Indefinite numbers 

(The term NaN stands for “Not a Number.”) 


Figure 4-12 shows how the encodings for these numbers and non-numbers fit into the real number continuum. The 
encodings shown here are for the IEEE single-precision floating-point format. The term “S” indicates the sign bit, 
“E” the biased exponent, and “Sig” the significand. The exponent values are given in decimal. The integer bit is 
shown for the significands, even though the integer bit is implied in single-precision floating-point format. 
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3. Sign bit ignored. 


Figure 4-12. Real Numbers and NaNs 


An IA-32 processor can operate on and/or return any of these values, depending on the type of computation being 
performed. The following sections describe these number and non-number classes. 


4.8.3.1 Signed Zeros 


Zero can be represented as a +0 or a —-O0 depending on the sign bit. Both encodings are equal in value. The sign of 
a zero result depends on the operation being performed and the rounding mode being used. Signed zeros have 
been provided to aid in implementing interval arithmetic. The sign of a zero may indicate the direction from which 
underflow occurred, or it may indicate the sign of an «that has been reciprocated. 


4.8.3.2 Normalized and Denormalized Finite Numbers 


Non-zero, finite numbers are divided into two classes: normalized and denormalized. The normalized finite 
numbers comprise all the non-zero finite values that can be encoded in a normalized real number format between 
zero and -~. In the single-precision floating-point format shown in Figure 4-12, this group of numbers includes all 
the numbers with biased exponents ranging from 1 to 25449 (unbiased, the exponent range is from —12649 to 
+12719). 


When floating-point numbers become very close to zero, the normalized-number format can no longer be used to 
represent the numbers. This is because the range of the exponent is not large enough to compensate for shifting 
the binary point to the right to eliminate leading zeros. 


When the biased exponent is zero, smaller numbers can only be represented by making the integer bit (and 
perhaps other leading bits) of the significand zero. The numbers in this range are called denormalized numbers. 
The use of leading zeros with denormalized numbers allows smaller numbers to be represented. However, this 
denormalization may cause a loss of precision (the number of significant bits is reduced by the leading zeros). 


When performing normalized floating-point computations, an IA-32 processor normally operates on normalized 
numbers and produces normalized numbers as results. Denormalized numbers represent an underflow condition. 
The exact conditions are specified in Section 4.9.1.5, “Numeric Underflow Exception (#U).” 


A denormalized number is computed through a technique called gradual underflow. Table 4-6 gives an example of 
gradual underflow in the denormalization process. Here the single-precision format is being used, so the minimum 
exponent (unbiased) is -126;9. The true result in this example requires an exponent of —129,9 in order to have a 
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normalized number. Since -129,, is beyond the allowable exponent range, the result is denormalized by inserting 
leading zeros until the minimum exponent of —126 49 is reached. 


Table 4-6. Denormalization Process 


Operation Sign Exponent* Significand 

True Result 0 -129 1.01011100000...00 
Denormalize 0 -128 0.10101110000...00 
Denormalize 0 -127 0.01010111000...00 
Denormalize 0 -126 0.00101011100...00 
Denormal Result 0 -126 0.00101011100...00 


* Expressed as an unbiased, decimal number. 


In the extreme case, all the significant bits are shifted out to the right by leading zeros, creating a zero result. 
The Intel 64 and IA-32 architectures deal with denormal values in the following ways: 
¢ It avoids creating denormals by normalizing numbers whenever possible. 


¢ It provides the floating-point underflow exception to permit programmers to detect cases when denormals are 
created. 


e It provides the floating-point denormal-operand exception to permit procedures or programs to detect when 
denormals are being used as source operands for computations. 


4.8.3.3 Signed Infinities 


The two infinities, + 0 and —, represent the maximum positive and negative real numbers, respectively, that can 
be represented in the floating-point format. Infinity is always represented by a significand of 1.00...00 (the integer 
bit may be implied) and the maximum biased exponent allowed in the specified format (for example, 25549 for the 
single-precision format). 


The signs of infinities are observed, and comparisons are possible. Infinities are always interpreted in the affine 
sense; that is, -- is less than any finite number and + is greater than any finite number. Arithmetic on infinities 
is always exact. Exceptions are generated only when the use of an infinity as a source operand constitutes an 
invalid operation. 


Whereas denormalized numbers may represent an underflow condition, the two « numbers may represent the 
result of an overflow condition. Here, the normalized result of a computation has a biased exponent greater than 
the largest allowable exponent for the selected result format. 


4.8.3.4 | NaNs 


Since NaNs are non-numbers, they are not part of the real number line. In Figure 4-12, the encoding space for 
NaNs in the floating-point formats is shown above the ends of the real number line. This space includes any value 
with the maximum allowable biased exponent and a non-zero fraction (the sign bit is ignored for NaNs). 


The IA-32 architecture defines two classes of NaNs: quiet NaNs (QNaNs) and signaling NaNs (SNaNs). A QNaN is a 
NaN with the most significant fraction bit set; an SNaN is a NaN with the most significant fraction bit clear. QNaNs 
are allowed to propagate through most arithmetic operations without signaling an exception. SNaNs generally 
signal a floating-point invalid-operation exception whenever they appear as operands in arithmetic operations. 


SNaNs are typically used to trap or invoke an exception handler. They must be inserted by software; that is, the 
processor never generates an SNaN as a result of a floating-point operation. 
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4.8.3.5 Operating on SNaNs and QNaNs 


When a floating-point operation is performed on an SNaN and/or a QNaN, the result of the operation is either a 
QNaN delivered to the destination operand or the generation of a floating-point invalid operation exception, 
depending on the following rules: 


If one of the source operands is an SNaN and the floating-point invalid-operation exception is not masked (see 
Section 4.9.1.1, “Invalid Operation Exception (#I)”), then a floating-point invalid-operation exception is 
signaled and no result is stored in the destination operand. If one of the source operands is a QNaN and the 
floating-point invalid-operation exception is not masked and the operation is one that generates an invalid- 
operation exception for QNaN operands as described in Section 8.5.1.2, “Invalid Arithmetic Operand Exception 
(#IA),” or Section 11.5.2.1, “Invalid Operation Exception (#I)”, then a floating-point invalid-operation 
exception is signaled and no result is stored in the destination operand. 


If either or both of the source operands are NaNs and floating-point invalid-operation exception is masked, the 
result is as shown in Table 4-7. When an SNaN is converted to a QNaN, the conversion is handled by setting the 
most-significant fraction bit of the SNaN to 1. Also, when one of the source operands is an SNaN, or when it is 
a QNaN and the operation is one that generates an invalid-operation exception for QNaN operands as described 
in Section 8.5.1.2, “Invalid Arithmetic Operand Exception (#IA),” or Section 11.5.2.1, “Invalid Operation 
Exception (#1)”, then the floating-point invalid-operation exception flag is set. Note that for some combinations 
of source operands, the result is different for x87 FPU operations and for SSE/SSE2/SSE3/SSE4.1 operations. 
Intel AVX follows the same behavior as SSE/SSE2/SSE3/SSE4.1 in this respect. 


When neither of the source operands is a NaN, but the operation generates a floating-point invalid-operation 
exception (see Tables 8-10 and 11-1), the result is commonly a QNaN FP Indefinite (Section 4.8.3.7). 


Any exceptions to the behavior described in Table 4-7 are described in Section 8.5.1.2, “Invalid Arithmetic Operand 
Exception (#IA),” and Section 11.5.2.1, “Invalid Operation Exception (#1).” 


Table 4-7. Rules for Handling NaNs 


Source Operands Result! 


SNaN and QNaN x87 FPU — QNaN source operand. 


SSE/SSE2/SSE3/SSE4.1/AVX — First source operand (if this operand is an 
SNaN, it is converted to a QNaN) 


Two SNaNs x87 FPU—SNaN source operand with the larger significand, converted into a 
QNaN 
SSE/SSE2/SSE3/SSE4.1/AVX — First source operand converted to a QNaN 
Two QNaNs x87 FPU — QNaN source operand with the larger 
significand 
SSE/SSE2/SSE3/SSE4.1/AVX — First source operand 
SNaN and a floating-point value SNaN source operand, converted into a QNaN 
QNaN and a floating-point value QNaN source operand 


SNaN (for instructions that take only one operand) | SNaN source operand, converted into a QNaN 


QNaN (for instructions that take only one operand) | QNaN source operand 


NOTE: 

1. For SSE/SSE2/SSE3/SSE4.1 instructions, the first operand is generally a source operand that becomes the destination operand. For 
AVX instructions, the first source operand is usually the 2nd operand in a non-destructive source syntax. Within the Result column, 
the x87 FPU notation also applies to the FISTTP instruction in SSE3; the SSE3 notation applies to the SIMD floating-point instruc- 
tions. 


4.8.3.6 Using SNaNs and QNaNs in Applications 


Except for the rules given at the beginning of Section 4.8.3.4, “NaNs,” for encoding SNaNs and QNaNs, software is 
free to use the bits in the significand of a NaN for any purpose. Both SNaNs and QNaNs can be encoded to carry and 


store data, such as diagnostic information. 
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By unmasking the invalid operation exception, the programmer can use signaling NaNs to trap to the exception 
handler. The generality of this approach and the large number of NaN values that are available provide the sophis- 
ticated programmer with a tool that can be applied to a variety of special situations. 


For example, a compiler can use signaling NaNs as references to uninitialized (real) array elements. The compiler 
can preinitialize each array element with a signaling NaN whose significand contains the index (relative position) of 
the element. Then, if an application program attempts to access an element that it has not initialized, it can use the 
NaN placed there by the compiler. If the invalid operation exception is unmasked, an interrupt will occur, and the 
exception handler will be invoked. The exception handler can determine which element has been accessed, since 
the operand address field of the exception pointer will point to the NaN, and the NaN will contain the index number 
of the array element. 


Quiet NaNs are often used to speed up debugging. In its early testing phase, a program often contains multiple 
errors. An exception handler can be written to save diagnostic information in memory whenever it is invoked. After 
storing the diagnostic data, it can supply a quiet NaN as the result of the erroneous instruction, and that NaN can 
point to its associated diagnostic area in memory. The program will then continue, creating a different NaN for each 
error. When the program ends, the NaN results can be used to access the diagnostic data saved at the time the 
errors occurred. Many errors can thus be diagnosed and corrected in one test run. 


In embedded applications that use computed results in further computations, an undetected QNaN can invalidate 
all subsequent results. Such applications should therefore periodically check for QNaNs and provide a recovery 
mechanism to be used if a QNaN result is detected. 


4.8.3.7 QNaN Floating-Point Indefinite 


For the floating-point data type encodings (single-precision, double-precision, and double-extended-precision), 
one unique encoding (a QNaN) is reserved for representing the special value QNaN floating-point indefinite. The 
x87 FPU and the SSE/SSE2/SSE3/SSE4.1/AVX extensions return these indefinite values as responses to some 
masked floating-point exceptions. Table 4-3 shows the encoding used for the QNaN floating-point indefinite. 


4.8.3.8 Half-Precision Floating-Point Operation 


Half-precision floating-point values are not used by the processor directly for arithmetic operations. Two instruc- 
tions, VCVTPH2PS, VCVTPS2PH, provide conversion only between half-precision and single-precision floating-point 
values. 


The SIMD floating-point exception behavior of VCVTPH2PS and VCVTPS2PH are described in Section 14.4.1. 


4.8.4 Rounding 


When performing floating-point operations, the processor produces an infinitely precise floating-point result in the 
destination format (single-precision, double-precision, or double extended-precision floating-point) whenever 
possible. However, because only a subset of the numbers in the real number continuum can be represented in IEEE 
Standard 754 floating-point formats, it is often the case that an infinitely precise result cannot be encoded exactly 
in the format of the destination operand. 


For example, the following value (a) has a 24-bit fraction. The least-significant bit of this fraction (the underlined 
bit) cannot be encoded exactly in the single-precision format (which has only a 23-bit fraction): 


(a) 1.0001 0000 1000 0011 1001 0111E, 101 


To round this result (a), the processor first selects two representable fractions b and c that most closely bracket a 
in value (b<a<c). 


(b) 1.0001 0000 1000 0011 1001 011E, 101 
(c) 1.0001 0000 1000 0011 1001 100E, 101 


The processor then sets the result to b or to c according to the selected rounding mode. Rounding introduces an 
error in a result that is less than one unit in the last place (the least significant bit position of the floating-point 
value) to which the result is rounded. 
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The IEEE Standard 754 defines four rounding modes (see Table 4-8): round to nearest, round up, round down, and 
round toward zero. The default rounding mode (for the Intel 64 and IA-32 architectures) is round to nearest. This 
mode provides the most accurate and statistically unbiased estimate of the true result and is suitable for most 
applications. 


Table 4-8. Rounding Modes and Encoding of Rounding Control (RC) Field 


Rounding Mode RC Field Description 
Setting 
Round to OOB Rounded result is the closest to the infinitely precise result. If two values are equally close, the 
nearest (even) result is the even value (that is, the one with the least-significant bit of zero). Default 
Round down 01B Rounded result is closest to but no greater than the infinitely precise result. 
(toward —co) 
Round up 10B Rounded result is closest to but no less than the infinitely precise result. 
(toward +co) 
Round toward 11B Rounded result is closest to but no greater in absolute value than the infinitely precise result. 
zero (Truncate) 


The round up and round down modes are termed directed rounding and can be used to implement interval arith- 
metic. Interval arithmetic is used to determine upper and lower bounds for the true result of a multistep computa- 
tion, when the intermediate results of the computation are subject to rounding. 


The round toward zero mode (sometimes called the “chop” mode) is commonly used when performing integer 
arithmetic with the x87 FPU. 


The rounded result is called the inexact result. When the processor produces an inexact result, the floating-point 
precision (inexact) flag (PE) is set (see Section 4.9.1.6, “Inexact-Result (Precision) Exception (#P)”). 


The rounding modes have no effect on comparison operations, operations that produce exact results, or operations 
that produce NaN results. 


4.8.4.1 Rounding Control (RC) Fields 


In the Intel 64 and IA-32 architectures, the rounding mode is controlled by a 2-bit rounding-control (RC) field 
(Table 4-8 shows the encoding of this field). The RC field is implemented in two different locations: 


¢ x87 FPU control register (bits 10 and 11) 
° The MXCSR register (bits 13 and 14) 


Although these two RC fields perform the same function, they control rounding for different execution environ- 
ments within the processor. The RC field in the x87 FPU control register controls rounding for computations 
performed with the x87 FPU instructions; the RC field in the MXCSR register controls rounding for SIMD floating- 
point computations performed with the SSE/SSE2 instructions. 


4.8.4.2 Truncation with SSE and SSE2 Conversion Instructions 


The following SSE/SSE2 instructions automatically truncate the results of conversions from floating-point values to 
integers when the result it inexact: CVTTPD2DQ, CVTTPS2DQ, CVTTPD2PI, CVTTPS2PI, CVTTSD2SI, CVTTSS2SI. 
Here, truncation means the round toward zero mode described in Table 4-8. 


4.9 OVERVIEW OF FLOATING-POINT EXCEPTIONS 


The following section provides an overview of floating-point exceptions and their handling in the IA-32 architecture. 
For information specific to the x87 FPU and to the SSE/SSE2/SSE3/SSE4.1 extensions, refer to the following 
sections: 


° Section 8.4, “x87 FPU Floating-Point Exception Handling” 
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® Section 11.5, “SSE, SSE2, and SSE3 Exceptions” 


When operating on floating-point operands, the IA-32 architecture recognizes and detects six classes of exception 
conditions: 


¢ Invalid operation (#1) 

* Divide-by-zero (#Z) 

¢ Denormalized operand (#D) 

¢ Numeric overflow (#0) 

¢ Numeric underflow (#U) 

¢  Inexact result (precision) (#P) 


The nomenclature of “#” symbol followed by one or two letters (for example, #P) is used in this manual to indicate 
exception conditions. It is merely a short-hand form and is not related to assembler mnemonics. 


NOTE 


All of the exceptions listed above except the denormal-operand exception (#D) are defined in IEEE 
Standard 754. 


The invalid-operation, divide-by-zero and denormal-operand exceptions are pre-computation exceptions (that is, 
they are detected before any arithmetic operation occurs). The numeric-underflow, numeric-overflow and precision 
exceptions are post-computation exceptions. 


Each of the six exception classes has a corresponding flag bit (IE, ZE, OE, UE, DE, or PE) and mask bit (IM, ZM, OM, 
UM, DM, or PM). When one or more floating-point exception conditions are detected, the processor sets the appro- 
priate flag bits, then takes one of two possible courses of action, depending on the settings of the corresponding 
mask bits: 


¢ Mask bit set. Handles the exception automatically, producing a predefined (and often times usable) result, 
while allowing program execution to continue undisturbed. 


¢ Mask bit clear. Invokes a software exception handler to handle the exception. 


The masked (default) responses to exceptions have been chosen to deliver a reasonable result for each exception 
condition and are generally satisfactory for most floating-point applications. By masking or unmasking specific 
floating-point exceptions, programmers can delegate responsibility for most exceptions to the processor and 
reserve the most severe exception conditions for software exception handlers. 


Because the exception flags are “sticky,” they provide a cumulative record of the exceptions that have occurred 
since they were last cleared. A programmer can thus mask all exceptions, run a calculation, and then inspect the 
exception flags to see if any exceptions were detected during the calculation. 


In the IA-32 architecture, floating-point exception flag and mask bits are implemented in two different locations: 


¢ x87 FPU status word and control word. The flag bits are located at bits 0 through 5 of the x87 FPU status word 
and the mask bits are located at bits 0 through 5 of the x87 FPU control word (see Figures 8-4 and 8-6). 


¢ MXCSR register. The flag bits are located at bits 0 through 5 of the MXCSR register and the mask bits are 
located at bits 7 through 12 of the register (see Figure 10-3). 


Although these two sets of flag and mask bits perform the same function, they report on and control exceptions for 
different execution environments within the processor. The flag and mask bits in the x87 FPU status and control 
words control exception reporting and masking for computations performed with the x87 FPU instructions; the 
companion bits in the MXCSR register control exception reporting and masking for SIMD floating-point computa- 
tions performed with the SSE/SSE2/SSE3 instructions. 


Note that when exceptions are masked, the processor may detect multiple exceptions in a single instruction, 
because it continues executing the instruction after performing its masked response. For example, the processor 
can detect a denormalized operand, perform its masked response to this exception, and then detect numeric 
underflow. 


See Section 4.9.2, “Floating-Point Exception Priority,” for a description of the rules for exception precedence when 
more than one floating-point exception condition is detected for an instruction. 
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4.9.1 Floating-Point Exception Conditions 


The following sections describe the various conditions that cause a floating-point exception to be generated and the 
masked response of the processor when these conditions are detected. The Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volumes 3A & 3B, list the floating-point exceptions that can be signaled for each 
floating-point instruction. 


4.9.1.1 Invalid Operation Exception (#1) 


The processor reports an invalid operation exception in response to one or more invalid arithmetic operands. If the 
invalid operation exception is masked, the processor sets the IE flag and returns an indefinite value or a QNaN. This 
value overwrites the destination register specified by the instruction. If the invalid operation exception is not 
masked, the IE flag is set, a software exception handler is invoked, and the operands remain unaltered. 


See Section 4.8.3.6, “Using SNaNs and QNaNs in Applications,” for information about the result returned when an 
exception is caused by an SNaN. 


The processor can detect a variety of invalid arithmetic operations that can be coded in a program. These opera- 

tions generally indicate a programming error, such as dividing - by «. See the following sections for information 
regarding the invalid-operation exception when detected while executing x87 FPU or SSE/SSE2/SSE3/SSE4.1 or 

AVX instructions: 


°® x87 FPU; Section 8.5.1, “Invalid Operation Exception”. 
¢ SIMD floating-point exceptions; Section 11.5.2.1, “Invalid Operation Exception (#1)”. 


4.9.1.2 Denormal Operand Exception (#D) 


The processor reports the denormal-operand exception if an arithmetic instruction attempts to operate ona 
denormal operand (see Section 4.8.3.2, “Normalized and Denormalized Finite Numbers”). When the exception is 
masked, the processor sets the DE flag and proceeds with the instruction. Operating on denormal numbers will 
produce results at least as good as, and often better than, what can be obtained when denormal numbers are 
flushed to zero. Programmers can mask this exception so that a computation may proceed, then analyze any loss 
of accuracy when the final result is delivered. 


When a denormal-operand exception is not masked, the DE flag is set, a software exception handler is invoked, and 
the operands remain unaltered. When denormal operands have reduced significance due to loss of low-order bits, 
it may be advisable to not operate on them. Precluding denormal operands from computations can be accom- 
plished by an exception handler that responds to unmasked denormal-operand exceptions. 


See the following sections for information regarding the denormal-operand exception when detected while 
executing x87 FPU or SSE/SSE2/SSE3 instructions: 


° x87 FPU; Section 8.5.2, “Denormal Operand Exception (#D)”. 
¢ SIMD floating-point exceptions; Section 11.5.2.2, ‘Denormal-Operand Exception (#D)”. 


4.9.1.3 Divide-By-Zero Exception (#Z) 


The processor reports the floating-point divide-by-zero exception whenever an instruction attempts to divide a 
finite non-zero operand by 0. The masked response for the divide-by-zero exception is to set the ZE flag and return 
an infinity signed with the exclusive OR of the sign of the operands. If the divide-by-zero exception is not masked, 
the ZE flag is set, a software exception handler is invoked, and the operands remain unaltered. 


See the following sections for information regarding the divide-by-zero exception when detected while executing 
x87 FPU or SSE/SSE2 instructions: 


° x87 FPU; Section 8.5.3, “Divide-By-Zero Exception (#Z)”. 
¢ SIMD floating-point exceptions; Section 11.5.2.3, “Divide-By-Zero Exception (#Z)”. 
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4.9.1.4 Numeric Overflow Exception (#0) 


The processor reports a floating-point numeric overflow exception whenever the rounded result of an instruction 
exceeds the largest allowable finite value that will fit into the destination operand. Table 4-9 shows the threshold 
range for numeric overflow for each of the floating-point formats; overflow occurs when a rounded result falls at or 
outside this threshold range. 


Table 4-9. Numeric Overflow Thresholds 


Floating-Point Format Overflow Thresholds 
Single Precision |x]>1.0 «2128 
Double Precision |x| > 1.0 «21024 
Double Extended Precision |x| > 1.0 « 216384 


When a numeric-overflow exception occurs and the exception is masked, the processor sets the OE flag and 
returns one of the values shown in Table 4-10, according to the current rounding mode. See Section 4.8.4, 
“Rounding.” 


When numeric overflow occurs and the numeric-overflow exception is not masked, the OE flag is set, a software 
exception handler is invoked, and the source and destination operands either remain unchanged or a biased result 
is stored in the destination operand (depending whether the overflow exception was generated during an 
SSE/SSE2/SSE3 floating-point operation or an x87 FPU operation). 


Table 4-10. Masked Responses to Numeric Overflow 


Rounding Mode Sign of True Result Result 
To nearest + too 
Toward -co + Largest finite positive number 
Toward +o + too 
- Largest finite negative number 
Toward zero + Largest finite positive number 
- Largest finite negative number 


See the following sections for information regarding the numeric overflow exception when detected while executing 
x87 FPU instructions or while executing SSE/SSE2/SSE3 instructions: 


° x87 FPU; Section 8.5.4, “Numeric Overflow Exception (#0)” 
¢ SIMD floating-point exceptions; Section 11.5.2.4, “Numeric Overflow Exception (#0)” 


4.9.1.5 Numeric Underflow Exception (#U) 


The processor detects a potential floating-point numeric underflow condition whenever the result of rounding with 
unbounded exponent (taking into account precision control for x87) is non-zero and tiny; that is, non-zero and less 
than the smallest possible normalized, finite value that will fit into the destination operand. Table 4-11 shows the 
threshold range for numeric underflow for each of the floating-point formats (assuming normalized results); 
underflow occurs when a rounded result falls strictly within the threshold range. The ability to detect and handle 
underflow is provided to prevent a very small result from propagating through a computation and causing another 
exception (such as overflow during division) to be generated at a later time. Results which trigger underflow are 
also potentially less accurate. 
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Table 4-11. Numeric Underflow (Normalized) Thresholds 


Floating-Point Format Underflow Thresholds* 
Single Precision [x] <1.0 «2-126 
Double Precision 1x |< 1.0 «21022 
Double Extended Precision |x |< 1.0 * 2- 16382 


* Where ‘x’ is the result rounded to destination precision with an unbounded exponent range. 


How the processor handles an underflow condition, depends on two related conditions: 
* creation of a tiny, non-zero result 
* creation of an inexact result; that is, a result that cannot be represented exactly in the destination format 


Which of these events causes an underflow exception to be reported and how the processor responds to the excep- 
tion condition depends on whether the underflow exception is masked: 


° Underflow exception masked — The underflow exception is reported (the UE flag is set) only when the result 
is both tiny and inexact. The processor returns a correctly signed result whose magnitude is less than or equal 
to the smallest positive normal floating-point number to the destination operand, regardless of inexactness. 


¢ Underflow exception not masked — The underflow exception is reported when the result is non-zero tiny, 
regardless of inexactness. The processor leaves the source and destination operands unaltered or stores a 
biased result in the destination operand (depending whether the underflow exception was generated during an 
SSE/SSE2/SSE3 floating-point operation or an x87 FPU operation) and invokes a software exception handler. 


See the following sections for information regarding the numeric underflow exception when detected while 
executing x87 FPU instructions or while executing SSE/SSE2/SSE3 instructions: 


° x87 FPU; Section 8.5.5, “Numeric Underflow Exception (#U)” 
¢ SIMD floating-point exceptions; Section 11.5.2.5, “Numeric Underflow Exception (#U)” 


4.9.1.6 Inexact-Result (Precision) Exception (#P) 


The inexact-result exception (also called the precision exception) occurs if the result of an operation is not exactly 
representable in the destination format. For example, the fraction 1/3 cannot be precisely represented in binary 
floating-point form. This exception occurs frequently and indicates that some (normally acceptable) accuracy will 
be lost due to rounding. The exception is supported for applications that need to perform exact arithmetic only. 
Because the rounded result is generally satisfactory for most applications, this exception is commonly masked. 


If the inexact-result exception is masked when an inexact-result condition occurs and a numeric overflow or under- 
flow condition has not occurred, the processor sets the PE flag and stores the rounded result in the destination 
operand. The current rounding mode determines the method used to round the result. See Section 4.8.4, 
“Rounding.” 


If the inexact-result exception is not masked when an inexact result occurs and numeric overflow or underflow has 
not occurred, the PE flag is set, the rounded result is stored in the destination operand, and a software exception 
handler is invoked. 


If an inexact result occurs in conjunction with numeric overflow or underflow, one of the following operations is 
carried out: 


¢ If an inexact result occurs along with masked overflow or underflow, the OE flag or UE flag and the PE flag are 
set and the result is stored as described for the overflow or underflow exceptions; see Section 4.9.1.4, 
“Numeric Overflow Exception (#0),” or Section 4.9.1.5, “Numeric Underflow Exception (#U).” If the inexact 
result exception is unmasked, the processor also invokes a software exception handler. 


¢ If an inexact result occurs along with unmasked overflow or underflow and the destination operand is a register, 
the OE or UE flag and the PE flag are set, the result is stored as described for the overflow or underflow 
exceptions, and a software exception handler is invoked. 


If an unmasked numeric overflow or underflow exception occurs and the destination operand is a memory location 
(which can happen only for a floating-point store), the inexact-result condition is not reported and the C1 flag is 
cleared. 
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See the following sections for information regarding the inexact-result exception when detected while executing 
x87 FPU or SSE/SSE2/SSE3 instructions: 


° x87 FPU; Section 8.5.6, “Inexact-Result (Precision) Exception (#P)” 
¢ SIMD floating-point exceptions; Section 11.5.2.3, “Divide-By-Zero Exception (#Z)” 


4.9.2 Floating-Point Exception Priority 


The processor handles exceptions according to a predetermined precedence. When an instruction generates two or 
more exception conditions, the exception precedence sometimes results in the higher-priority exception being 
handled and the lower-priority exceptions being ignored. For example, dividing an SNaN by zero can potentially 
signal an invalid-operation exception (due to the SNaN operand) and a divide-by-zero exception. Here, if both 
exceptions are masked, the processor handles the higher-priority exception only (the invalid-operation exception), 
returning a QNaN to the destination. Alternately, a denormal-operand or inexact-result exception can accompany 
a numeric underflow or overflow exception with both exceptions being handled. 


The precedence for floating-point exceptions is as follows: 
1. Invalid-operation exception, subdivided as follows: 

a. stack underflow (occurs with x87 FPU only) 

b. stack overflow (occurs with x87 FPU only) 


c. operand of unsupported format (occurs with x87 FPU only when using the double extended-precision 
floating-point format) 


d. SNaN operand 


2. QNaN operand. Though this is not an exception, the handling of a QNaN operand has precedence over lower- 
priority exceptions. For example, a QNaN divided by zero results in a QNaN, not a zero-divide exception. 


3. Any other invalid-operation exception not mentioned above or a divide-by-zero exception. 


Denormal-operand exception. If masked, then instruction execution continues and a lower-priority exception 
can occur as well. 


5. Numeric overflow and underflow exceptions; possibly in conjunction with the inexact-result exception. 
6. Inexact-result exception. 


Invalid operation, zero divide, and denormal operand exceptions are detected before a floating-point operation 
begins. Overflow, underflow, and precision exceptions are not detected until a true result has been computed. 
When an unmasked pre-operation exception is detected, the destination operand has not yet been updated, and 
appears as if the offending instruction has not been executed. When an unmasked post-operation exception is 
detected, the destination operand may be updated with a result, depending on the nature of the exception (except 
for SSE/SSE2/SSE3 instructions, which do not update their destination operands in such cases). 


4.9.3 Typical Actions of a Floating-Point Exception Handler 


After the floating-point exception handler is invoked, the processor handles the exception in the same manner that 
it handles non-floating-point exceptions. The floating-point exception handler is normally part of the operating 
system or executive software, and it usually invokes a user-registered floating-point exception handle. 


A typical action of the exception handler is to store state information in memory. Other typical exception handler 
actions include: 


¢ Examining the stored state information to determine the nature of the error 

¢ Taking actions to correct the condition that caused the error 

°* Clearing the exception flags 

¢ Returning to the interrupted program and resuming normal execution 

In lieu of writing recovery procedures, the exception handler can do the following: 
¢ Increment in software an exception counter for later display or printing 
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¢ Print or display diagnostic information (such as the state information) 
° Halt further program execution 
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CHAPTER 5 
INSTRUCTION SET SUMMARY 


This chapter provides an abridged overview of Intel 64 and IA-32 instructions. Instructions are divided into the 
following groups: 


® Section 5.1, “General-Purpose Instructions”. 

® Section 5.2, “x87 FPU Instructions”. 

* Section 5.3, “x87 FPU AND SIMD State Management Instructions”. 

° Section 5.4, “MMX™ Instructions”. 

® Section 5.5, “SSE Instructions”. 

*® Section 5.6, “SSE2 Instructions”. 

® Section 5.7, “SSE3 Instructions”. 

® Section 5.8, “Supplemental Streaming SIMD Extensions 3 (SSSE3) Instructions”. 
® Section 5.9, “SSE4 Instructions”. 

® Section 5.10, “SSE4.1 Instructions”. 

® Section 5.11, “SSE4.2 Instruction Set”. 

* Section 5.12, “Intel® AES-NI and PCLMULQDQ”. 

* Section 5.13, “Intel® Advanced Vector Extensions (Intel® AVX)”. 

* Section 5.14, “16-bit Floating-Point Conversion”. 

°* Section 5.15, “Fused-Multiply-ADD (FMA)”. 

° Section 5.16, “Intel® Advanced Vector Extensions 2 (Intel® AVX2)”. 

* Section 5.17, “Intel® Transactional Synchronization Extensions (Intel® TSX)”. 
* Section 5.18, “Intel® SHA Extensions”. 

° Section 5.19, “Intel® Advanced Vector Extensions 512 (Intel® AVX-512)”. 
° Section 5.20, “System Instructions”. 

® Section 5.21, “64-Bit Mode Instructions”. 

® Section 5.22, “Virtual-Machine Extensions”. 

® Section 5.23, “Safer Mode Extensions”. 

® Section 5.24, “Intel® Memory Protection Extensions”. 

® Section 5.25, “Intel® Software Guard Extensions”. 

® Section 5.26, “Shadow Stack Management Instructions”. 

° Section 5.27, “Control Transfer Terminating Instructions”. 


Table 5-1 lists the groups and IA-32 processors that support each group. More recent instruction set extensions are 
listed in Table 5-2. Within these groups, most instructions are collected into functional subgroups. 


Table 5-1. Instruction Groups in Intel 64 and IA-32 Processors 


Instruction Set 


Architecture Intel 64 and IA-32 Processor Support 
General Purpose All Intel 64 and IA-32 processors. 
x87 FPU Intel486, Pentium, Pentium with MMX Technology, Celeron, Pentium Pro, Pentium II, Pentium II Xeon, 


Pentium Ill, Pentium Ill Xeon, Pentium 4, Intel Xeon processors, Pentium M, Intel Core Solo, Intel Core Duo, 
Intel Core 2 Duo processors, Intel Atom processors. 


x87 FPU and SIMD State | Pentium II, Pentium II Xeon, Pentium Ill, Pentium Ill Xeon, Pentium 4, Intel Xeon processors, Pentium M, 
Management Intel Core Solo, Intel Core Duo, Intel Core 2 Duo processors, Intel Atom processors. 
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Table 5-1. Instruction Groups in Intel 64 and IA-32 Processors (Contd.) 


Instruction Set 
Architecture 


Intel 64 and IA-32 Processor Support 


MMX Technology 


Pentium with MMX Technology, Celeron, Pentium I, Pentium II Xeon, Pentium Ill, Pentium Ill Xeon, Pentium 
4, Intel Xeon processors, Pentium M, Intel Core Solo, Intel Core Duo, Intel Core 2 Duo processors, Intel Atom 
processors. 


SSE Extensions 


Pentium Ill, Pentium Ill Xeon, Pentium 4, Intel Xeon processors, Pentium M, Intel Core Solo, Intel Core Duo, 
Intel Core 2 Duo processors, Intel Atom processors. 


SSE2 Extensions 


Pentium 4, Intel Xeon processors, Pentium M, Intel Core Solo, Intel Core Duo, Intel Core 2 Duo processors, 
Intel Atom processors. 


SSE3 Extensions 


Pentium 4 supporting HT Technology (built on 90nm process technology), Intel Core Solo, Intel Core Duo, 
Intel Core 2 Duo processors, Intel Xeon processor 3Xxxx, 5Xxx, 7Xxx Series, Intel Atom processors. 


SSSE3 Extensions 


Intel Xeon processor 3xxx, 5100, 5200, 5300, 5400, 5500, 5600, 7300, 7400, 7500 series, Intel Core 2 
Extreme processors QX6000 series, Intel Core 2 Duo, Intel Core 2 Quad processors, Intel Pentium Dual-Core 
processors, Intel Atom processors. 


IA-32e mode: 64-bit 
mode instructions 


Intel 64 processors. 


System Instructions 


Intel 64 and IA-32 processors. 


VMX Instructions 


Intel 64 and IA-32 processors supporting Intel Virtualization Technology. 


SMX Instructions 


Intel Core 2 Duo processor E6x50, E8xxx; Intel Core 2 Quad processor Q9xxx. 


Table 5- 
Instruction Set Architecture 


2. Instruction Set Extensions Introduction in Intel 64 and IA-32 Processors 


Processor Generation Introduction 


SSE4.1 Extensions 


Intel? Xeon® processor 3100, 3300, 5200, 5400, 7400, 7500 series, Intel® Core™ 2 Extreme 
processors QX9000 series, Intel® Core™ 2 Quad processor Q9000 series, Intel® Core™ 2 Duo processors 
8000 series and T9000 series, Intel Atom® processor based on Silvermont microarchitecture. 


SSE4.2 Extensions, CRC32, 


POPCNT 


Intel® Core™ i7 965 processor, Intel® Xeon® processors X3400, X3500, X5500, X6500, X7500 series, 
Intel Atom processor based on Silvermont microarchitecture. 


Intel® AES-NI, PCLMULQDQ 


Intel? Xeon® processor E7 series, Intel’ Xeon® processors X3600 and X5600, Intel® Core™ i7 980X 
processor, Intel Atom processor based on Silvermont microarchitecture. Use CPUID to verify presence 
of Intel AES-NI and PCLMULQDO across Intel® Core™ processor families. 


Intel? AVX Intel®? Xeon’ processor E3 and €5 families, 2nd Generation Intel® Core™ i7, i5, i3 processor 2xxx 
families. 

F16C 3rd Generation Intel® Core™ processors, Intel® Xeon® processor E3-1200 v2 product family, Intel® 
Xeon® processor E5 v2 and €7 v2 families. 

RDRAND 3rd Generation Intel Core processors, Intel Xeon processor €3-1200 v2 product family, Intel Xeon 


FS/GS base access 


processor E5 v2 and €7 v2 families, Intel Atom processor based on Silvermont microarchitecture. 


3rd Generation Intel Core processors, Intel Xeon processor €3-1200 v2 product family, Intel Xeon 
processor E5 v2 and €7 v2 families, Intel Atom® processor based on Goldmont microarchitecture. 


FMA, AVX2, BMI1, BMI2, 
INVPCID, LZCNT, Intel® TSX 


Intel® Xeon® processor E3/E5/E7 v3 product families, 4th Generation Intel® Core™ processor family. 


MOVBE 


Intel Xeon processor €3/E5/E7 v3 product families, 4th Generation Intel Core processor family, Intel 
Atom processors. 


PREFETCHW Intel? Core™ M processor family; 5th Generation Intel® Core™ processor family, Intel Atom processor 
based on Silvermont microarchitecture. 
ADX Intel Core M processor family, 5th Generation Intel Core processor family. 
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Table 5-2. Instruction Set Extensions Introduction in Intel 64 and IA-32 Processors (Contd.) 


Instruction Set Architecture 


Processor Generation Introduction 


RDSEED, CLAC, STAC 


Intel Core M processor family, 5th Generation Intel Core processor family, Intel Atom processor based 
on Goldmont microarchitecture. 


AVX512ER, AVX512PF, 
PREFETCHWT 1 


Intel® Xeon Phi™ Processor 3200, 5200, 7200 Series. 


AVX512F, AVX512CD 


Intel Xeon Phi Processor 3200, 5200, 7200 Series, Intel® Xeon® Processor Scalable Family, Intel? Core™ 
i3-8121U processor. 


CLFLUSHOPT, XSAVEC, 
XSAVES, Intel? MPX 


Intel Xeon Processor Scalable Family, 6th Generation Intel® Core™ processor family, Intel Atom 
processor based on Goldmont microarchitecture. 


SGX1 


6th Generation Intel Core processor family, Intel Atom® processor based on Goldmont Plus 
microarchitecture. 


AVX512DQ, AVX512BW, 
AVX512VL 


Intel Xeon Processor Scalable Family, Intel Core i3-8121U processor based on Cannon Lake 
microarchitecture. 


CLWB Intel Xeon Processor Scalable Family, Intel Atom® processor based on Tremont microarchitecture, 11th 
Generation Intel Core processor family based on Tiger Lake microarchitecture. 

PKU Intel Xeon Processor Scalable Family, 10th generation Intel® Core™ processors based on Comet Lake 
microarchitecture. 

AVX512_IFMA, Intel Core i3-8121U processor based on Cannon Lake microarchitecture. 

AVX512_VBMI 


Intel® SHA Extensions 


Intel Core i3-8121U processor based on Cannon Lake microarchitecture , Intel Atom processor based 
on Goldmont microarchitecture, 3rd Generation Intel® Xeon® Processor Scalable Family based on Ice 
Lake microarchitecture. 


UMIP Intel Core i3-8121U processor based on Cannon Lake microarchitecture, Intel Atom processor based 
on Goldmont Plus microarchitecture. 

PTWRITE Intel Atom processor based on Goldmont Plus microarchitecture, 12th generation Intel’ Core™ 
processor based on Alder Lake performance hybrid architecture. 

RDPID 10th Generation Intel® Core™ processor family based on Ice Lake microarchitecture, Intel Atom 


processor based on Goldmont Plus microarchitecture. 


AVX512_4FMAPS, 
AVX512_4VNNIW 


Intel® Xeon Phi™ Processor 7215, 7285, 7295 Series. 


AVX512_VNNI 


2nd Generation Intel® Xeon® Processor Scalable Family, 10th Generation Intel Core processor family 
based on Ice Lake microarchitecture. 


AVX512_VPOPCNTDQ 


Intel Xeon Phi Processor 7215, 7285, 7295 Series, 10th Generation Intel Core processor family based 
on Ice Lake microarchitecture. 


Fast Short REP MOV 
GFNI (SSE) 


10th Generation Intel Core processor family based on Ice Lake microarchitecture. 


10th Generation Intel Core processor family based on Ice Lake microarchitecture, Intel Atom processor 
based on Tremont microarchitecture. 


VAES, GFNI (AVX/AVX51 2), 
AVX512_VBMIe2, 
VPCLMULQDQ, 
AVX512_BITALG 


10th Generation Intel Core processor family based on Ice Lake microarchitecture. 


ENCLV 


Split Lock Detection 


Intel Atom processor based on Tremont microarchitecture, 3rd Generation Intel’ Xeon® Processor 
Scalable Processors based on Ice Lake microarchitecture. 


10th Generation Intel Core processor family based on Ice Lake microarchitecture, Intel Atom processor 
based on Tremont microarchitecture. 


CLDEMOTE 


Intel Atom processor based on Tremont microarchitecture. 
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Table 5-2. Instruction Set Extensions Introduction in Intel 64 and IA-32 Processors (Contd.) 


Instruction Set Architecture 


Processor Generation Introduction 


Direct stores: MOVDIRI, 
MOVDIR64B 


Intel Atom processor based on Tremont microarchitecture, 11th Generation Intel Core processor 
family based on Tiger Lake microarchitecture. 


User wait: TPAUSE, 
UMONITOR, UMWAIT 


Intel Atom processor based on Tremont microarchitecture, 12th generation Intel Core processor based 
on Alder Lake performance hybrid architecture. 


AVX512_BF16 


3rd Generation Intel® Xeon® Processor Scalable Processors based on Cooper Lake product. 


AVX512_VP2INTERSECT 


11th Generation Intel Core processor family based on Tiger Lake microarchitecture. 


Key Locker! 11th Generation Intel Core processor family based on Tiger Lake microarchitecture. 


Control-flow Enforcement 11th Generation Intel Core processor family based on Tiger Lake microarchitecture. 


Technology (CET) 

MKTME2, PCONFIG 3rd Generation Intel® Xeon® Processor Scalable Family based on Ice Lake microarchitecture. 
WBNOINVD 3rd Generation Intel® Xeon® Processor Scalable Family based on Ice Lake microarchitecture. 
LBRs (architectural) 12th generation Intel Core processor based on Alder Lake performance hybrid architecture. 


Intel? Virtualization 
Technology - Redirect 
Protection (Intel® VT-rp) and 


12th generation Intel Core processor based on Alder Lake performance hybrid architecture. 


HLAT 

AVX-VNNI 12th generation Intel Core processor based on Alder Lake performance hybrid architecture? 
SERIALIZE 12th generation Intel Core processor based on Alder Lake performance hybrid architecture. 
Intel? Thread Director and 12th generation Intel Core processor based on Alder Lake performance hybrid architecture. 
HRESET 

Fast zero-length REP MOVSB, | 12th generation Intel Core processor based on Alder Lake performance hybrid architecture. 
fast short REP STOSB 

Fast Short REP CMPSB, fast | Future Intel Xeon processors. 

short REP SCASB 


Supervisor Memory 
Protection Keys (PKS) 


12th generation Intel Core processor based on Alder Lake performance hybrid architecture, future 
Intel processors. 


NOTES: 

1. Details on Key Locker can be found in the Intel Key Locker Specification here: 
https://software.intel.com/content/www/us/en/develop/download/intel-key-locker-specification.html. 

2. Further details on MKTME usage can be found here: 
https://software.intel.com/sites/default/files/managed/a5/16/Multi-Key-Total-Memory-Encryption-Spec.pdf. 


3. Alder Lake performance hybrid architecture does not support Intel® AVX-512. ISA features such as Intel® AVX, AVX-VNNI, Intel® AVX2, 
and UMONITOR/UMWAIT/TPAUSE are supported. 


The following sections list instructions in each major group and subgroup. Given for each instruction is its 
mnemonic and descriptive names. When two or more mnemonics are given (for example, CMOVA/CMOVNBE), they 
represent different mnemonics for the same instruction opcode. Assemblers support redundant mnemonics for 
some instructions to make it easier to read code listings. For instance, CMOVA (Conditional move if above) and 
CMOVNBE (Conditional move if not below or equal) represent the same condition. For detailed information about 
specific instructions, see the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A, 2B, 2C 
& 2D. 
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5.1 GENERAL-PURPOSE INSTRUCTIONS 


The general-purpose instructions perform basic data movement, arithmetic, logic, program flow, and string opera- 
tions that programmers commonly use to write application and system software to run on Intel 64 and IA-32 
processors. They operate on data contained in memory, in the general-purpose registers (EAX, EBX, ECX, EDX, 
EDI, ESI, EBP, and ESP) and in the EFLAGS register. They also operate on address information contained in 
memory, the general-purpose registers, and the segment registers (CS, DS, SS, ES, FS, and GS). 


This group of instructions includes the data transfer, binary integer arithmetic, decimal arithmetic, logic operations, 
shift and rotate, bit and byte operations, program control, string, flag control, segment register operations, and 
miscellaneous subgroups. The sections that follow introduce each subgroup. 


For more detailed information on general purpose-instructions, see Chapter 7, “Programming With General- 


Purpose Instructions.” 


5.1.1 


Data Transfer Instructions 


The data transfer instructions move data between memory and the general-purpose and segment registers. They 
also perform specific operations such as conditional moves, stack access, and data conversion. 


MOV 


CMOVE/CMOVZ 
CMOVNE/CMOVNZ 
CMOVA/CMOVNBE 
CMOVAE/CMOVNB 
CMOVB/CMOVNAE 
CMOVBE/CMOVNA 
CMOVG/CMOVNLE 
CMOVGE/CMOVNL 
CMOVL/CMOVNGE 
CMOVLE/CMOVNG 
CMOVC 

CMOVNC 

CMOVO 

CMOVNO 

CMOVS 

CMOVNS 
CMOVP/CMOVPE 
CMOVNP/CMOVPO 
XCHG 

BSWAP 

XADD 

CMPXCHG 
CMPXCHG8B 
PUSH 

POP 
PUSHA/PUSHAD 
POPA/POPAD 
CWD/CDQ 
CBW/CWDE 
MOVSX 


Move data between general-purpose registers; move data between memory and general- 
purpose or segment registers; move immediates to general-purpose registers. 


Conditional move if equal/Conditional move if zero. 

Conditional move if not equal/Conditional move if not zero. 
Conditional move if above/Conditional move if not below or equal. 
Conditional move if above or equal/Conditional move if not below. 
Conditional move if below/Conditional move if not above or equal. 
Conditional move if below or equal/Conditional move if not above. 
Conditional move if greater/Conditional move if not less or equal. 
Conditional move if greater or equal/Conditional move if not less. 
Conditional move if less/Conditional move if not greater or equal. 
Conditional move if less or equal/Conditional move if not greater. 
Conditional move if carry. 

Conditional move if not carry. 

Conditional move if overflow. 

Conditional move if not overflow. 

Conditional move if sign (negative). 

Conditional move if not sign (non-negative). 

Conditional move if parity/Conditional move if parity even. 
Conditional move if not parity/Conditional move if parity odd. 
Exchange. 

Byte swap. 

Exchange and add. 

Compare and exchange. 

Compare and exchange 8 bytes. 

Push onto stack. 

Pop off of stack. 

Push general-purpose registers onto stack. 

Pop general-purpose registers from stack. 

Convert word to doubleword/Convert doubleword to quadword. 
Convert byte to word/Convert word to doubleword in EAX register. 
Move and sign extend. 
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MOVZX Move and zero extend. 


5.1.2 Binary Arithmetic Instructions 


The binary arithmetic instructions perform basic binary integer computations on byte, word, and doubleword inte- 
gers located in memory and/or the general purpose registers. 


ADCX Unsigned integer add with carry. 
ADOX Unsigned integer add with overflow. 
ADD Integer add. 

ADC Add with carry. 

SUB Subtract. 

SBB Subtract with borrow. 

IMUL Signed multiply. 

MUL Unsigned multiply. 

IDIV Signed divide. 

DIV Unsigned divide. 

INC Increment. 

DEC Decrement. 

NEG Negate. 

CMP Compare. 


5.1.3 Decimal Arithmetic Instructions 


The decimal arithmetic instructions perform decimal arithmetic on binary coded decimal (BCD) data. 


DAA Decimal adjust after addition. 
DAS Decimal adjust after subtraction. 
AAA ASCII adjust after addition. 

AAS ASCII adjust after subtraction. 
AAM ASCII adjust after multiplication. 
AAD ASCII adjust before division. 


5.1.4 Logical Instructions 


The logical instructions perform basic AND, OR, XOR, and NOT logical operations on byte, word, and doubleword 
values. 


AND Perform bitwise logical AND. 

OR Perform bitwise logical OR. 

XOR Perform bitwise logical exclusive OR. 
NOT Perform bitwise logical NOT. 


5.1.5 Shift and Rotate Instructions 


The shift and rotate instructions shift and rotate the bits in word and doubleword operands. 


SAR Shift arithmetic right. 

SHR Shift logical right. 

SAL/SHL Shift arithmetic left/Shift logical left. 
SHRD Shift right double. 
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SHLD 
ROR 
ROL 
RCR 
RCL 


INSTRUCTION SET SUMMARY 


Shift left double. 

Rotate right. 

Rotate left. 

Rotate through carry right. 
Rotate through carry left. 


5.1.6 Bit and Byte Instructions 


Bit instructions test and modify individual bits in word and doubleword operands. Byte instructions set the value of 
a byte operand to indicate the status of flags in the EFLAGS register. 


BT 

BTS 

BTR 

BIC 

BSF 

BSR 
SETE/SETZ 
SETNE/SETNZ 
SETA/SETNBE 


Bit test. 

Bit test and set. 

Bit test and reset. 

Bit test and complement. 

Bit scan forward. 

Bit scan reverse. 

Set byte if equal/Set byte if zero. 

Set byte if not equal/Set byte if not zero. 

Set byte if above/Set byte if not below or equal. 


SETAE/SETNB/SETNC Set byte if above or equal/Set byte if not below/Set byte if not carry. 


SETB/SETNAE/SETC 


SETBE/SETNA 
SETG/SETNLE 
SETGE/SETNL 
SETL/SETNGE 
SETLE/SETNG 
SETS 

SETNS 

SETO 

SETNO 
SETPE/SETP 
SETPO/SETNP 
TEST 

CRC32! 


POPCNT2 


Set byte if below/Set byte if not above or equal/Set byte if carry. 
Set byte if below or equal/Set byte if not above. 
Set byte if greater/Set byte if not less or equal. 
Set byte if greater or equal/Set byte if not less. 
Set byte if less/Set byte if not greater or equal. 
Set byte if less or equal/Set byte if not greater. 
Set byte if sign (negative). 

Set byte if not sign (non-negative). 

Set byte if overflow. 

Set byte if not overflow. 

Set byte if parity even/Set byte if parity. 

Set byte if parity odd/Set byte if not parity. 
Logical compare. 


Provides hardware acceleration to calculate cyclic redundancy checks for fast and efficient 
implementation of data integrity protocols. 


This instruction calculates of number of bits set to 1 in the second operand (source) and 
returns the count in the first operand (a destination register). 


5.1.7 Control Transfer Instructions 


The control transfer instructions provide jump, conditional jump, loop, and call and return operations to control 


program flow. 
JMP 

JE/IZ 
JNE/INZ 


Jump. 
Jump if equal/Jump if zero. 
Jump if not equal/Jump if not zero. 


1. Processor support of CRC32 is enumerated by CPUID.01:ECX[SSE4.2] = 1 
2. Processor support of POPCNT is enumerated by CPUID.01:ECX[POPCNT] = 1 
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JA/INBE 
JAE/JNB 
JB/JINAE 
JBE/JNA 
JG/INLE 
JGE/JNL 
JL/INGE 
JLE/JING 

JC 

JNC 

JO 

JNO 

JS 

JNS 
JPO/JNP 
JPE/JP 
JCXZ/JECXZ 
LOOP 
LOOPZ/LOOPE 
LOOPNZ/LOOPNE 
CALL 

RET 

IRET 

INT 

INTO 
BOUND 
ENTER 
LEAVE 


Jump if above/Jump if not below or equal. 
Jump if above or equal/Jump if not below. 
Jump if below/Jump if not above or equal. 
Jump if below or equal/Jump if not above. 
Jump if greater/Jump if not less or equal. 
Jump if greater or equal/Jump if not less. 
Jump if less/Jump if not greater or equal. 
Jump if less or equal/Jump if not greater. 

Jump if carry. 

Jump if not carry. 

Jump if overflow. 

Jump if not overflow. 

Jump if sign (negative). 

Jump if not sign (non-negative). 

Jump if parity odd/Jump if not parity. 

Jump if parity even/Jump if parity. 

Jump register CX zero/Jump register ECX zero. 
Loop with ECX counter. 

Loop with ECX and zero/Loop with ECX and equal. 
Loop with ECX and not zero/Loop with ECX and not equal. 
Call procedure. 

Return. 

Return from interrupt. 

Software interrupt. 

Interrupt on overflow. 

Detect value out of range. 

High-level procedure entry. 

High-level procedure exit. 


5.1.8 String Instructions 


The string instructions operate on strings of bytes, allowing them to be moved to and from memory. 


MOVS/MOVSB 
MOVS/MOVSW 
MOVS/MOVSD 
CMPS/CMPSB 
CMPS/CMPSW 
CMPS/CMPSD 
SCAS/SCASB 
SCAS/SCASW 
SCAS/SCASD 
LODS/LODSB 
LODS/LODSW 
LODS/LODSD 
STOS/STOSB 
STOS/STOSW 
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Move string/Move byte string. 

Move string/Move word string. 

Move string/Move doubleword string. 
Compare string/Compare byte string. 
Compare string/Compare word string. 
Compare string/Compare doubleword string. 
Scan string/Scan byte string. 

Scan string/Scan word string. 

Scan string/Scan doubleword string. 
Load string/Load byte string. 

Load string/Load word string. 

Load string/Load doubleword string. 
Store string/Store byte string. 

Store string/Store word string. 


INSTRUCTION SET SUMMARY 


STOS/STOSD Store string/Store doubleword string. 

REP Repeat while ECX not zero. 

REPE/REPZ Repeat while equal/Repeat while zero. 
REPNE/REPNZ Repeat while not equal/Repeat while not zero. 


5.1.9 I/O Instructions 


These instructions move data between the processor's I/O ports and a register or memory. 
IN Read from a port. 


OUT Write to a port. 

INS/INSB Input string from port/Input byte string from port. 
INS/INSW Input string from port/Input word string from port. 
INS/INSD Input string from port/Input doubleword string from port. 
OUTS/OUTSB Output string to port/Output byte string to port. 
OUTS/OUTSW Output string to port/Output word string to port. 
OUTS/OUTSD Output string to port/Output doubleword string to port. 


5.1.10 Enter and Leave Instructions 


These instructions provide machine-language support for procedure calls in block-structured languages. 
ENTER High-level procedure entry. 
LEAVE High-level procedure exit. 


5.1.11 Flag Control (EFLAG) Instructions 


The flag control instructions operate on the flags in the EFLAGS register. 


STC Set carry flag. 

CLC Clear the carry flag. 

CMC Complement the carry flag. 
CLD Clear the direction flag. 
STD Set direction flag. 

LAHF Load flags into AH register. 
SAHF Store AH register into flags. 
PUSHF/PUSHFD Push EFLAGS onto stack. 
POPF/POPFD Pop EFLAGS from stack. 
STI Set interrupt flag. 

CLI Clear the interrupt flag. 


5.1.12 Segment Register Instructions 


The segment register instructions allow far pointers (segment addresses) to be loaded into the segment registers. 
LDS Load far pointer using DS. 


LES Load far pointer using ES. 
LFS Load far pointer using FS. 
LGS Load far pointer using GS. 
LSS Load far pointer using SS. 
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5.1.13. Miscellaneous Instructions 


The miscellaneous instructions provide such functions as loading an effective address, executing a “no-operation,” 
and retrieving processor identification information. 


LEA Load effective address. 

NOP No operation. 

UD Undefined instruction. 

XLAT/XLATB Table lookup translation. 

CPUID Processor identification. 

MOVBE! Move data after swapping data bytes. 

PREFETCHW Prefetch data into cache in anticipation of write. 

PREFETCHWT1 Prefetch hint T1 with intent to write. 

CLFLUSH Flushes and invalidates a memory operand and its associated cache line from all levels of 
the processor’s cache hierarchy. 

CLFLUSHOPT Flushes and invalidates a memory operand and its associated cache line from all levels of 


the processor’s cache hierarchy with optimized memory system throughput. 


5.1.14 User Mode Extended Sate Save/Restore Instructions 


XSAVE Save processor extended states to memory. 

XSAVEC Save processor extended states with compaction to memory. 
XSAVEOPT Save processor extended states to memory, optimized. 
XRSTOR Restore processor extended states from memory. 

XGETBV Reads the state of an extended control register. 


5.1.15 Random Number Generator Instructions 
RDRAND Retrieves a random number generated from hardware. 
RDSEED Retrieves a random number generated from hardware. 


5.1.16 BMI1, BMI2 


ANDN Bitwise AND of first source with inverted 2nd source operands. 
BEXTR Contiguous bitwise extract. 

BLSI Extract lowest set bit. 

BLSMSK Set all lower bits below first set bit to 1. 

BLSR Reset lowest set bit. 

BZHI Zero high bits starting from specified bit position. 
LZCNT Count the number leading zero bits. 

MULX Unsigned multiply without affecting arithmetic flags. 
PDEP Parallel deposit of bits using a mask. 

PEXT Parallel extraction of bits using a mask. 

RORX Rotate right without affecting arithmetic flags. 
SARX Shift arithmetic right. 

SHLX Shift logic left. 

SHRX Shift logic right. 

TZCNT Count the number trailing zero bits. 


1. Processor support of MOVBE is enumerated by CPUID.O1:ECX.MOVBE[bit 22] = 1. 
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5.1.16.1 Detection of VEX-encoded GPR Instructions, LZCNT and TZCNT, PREFETCHW 
VEX-encoded general-purpose instructions do not operate on any vector registers. 


There are separate feature flags for the following subsets of instructions that operate on general purpose registers, 
and the detection requirements for hardware support are: 


CPUID.(EAX=07H, ECX=0H):EBX.BMI1 [bit 3]: if 1 indicates the processor supports the first group of advanced bit 
manipulation extensions (ANDN, BEXTR, BLSI, BLSMSK, BLSR, TZCNT); 


CPUID.(EAX=07H, ECX=0H):EBX.BMI2[bit 8]: if 1 indicates the processor supports the second group of advanced 
bit manipulation extensions (BZHI, MULX, PDEP, PEXT, RORX, SARX, SHLX, SHRX); 


CPUID.EAX=80000001H:ECX.LZCNT[bit 5]: if 1 indicates the processor supports the LZCNT instruction. 


CPUID.EAX=80000001H:ECX.PREFTEHCHW/[bit 8]: if 1 indicates the processor supports the PREFTEHCHW instruc- 
tion. CPUID.(EAX=07H, ECX=0H):ECX.PREFTEHCHWT1[bit 0]: if 1 indicates the processor supports the 
PREFTEHCHWT1 instruction. 


5.2 X87 FPU INSTRUCTIONS 


The x87 FPU instructions are executed by the processor’s x87 FPU. These instructions operate on floating-point, 
integer, and binary-coded decimal (BCD) operands. For more detail on x87 FPU instructions, see Chapter 8, 
“Programming with the x87 FPU.” 


These instructions are divided into the following subgroups: data transfer, load constants, and FPU control instruc- 
tions. The sections that follow introduce each subgroup. 


5.2.1 x87 FPU Data Transfer Instructions 


The data transfer instructions move floating-point, integer, and BCD values between memory and the x87 FPU 
registers. They also perform conditional move operations on floating-point operands. 


FLD Load floating-point value. 

FST Store floating-point value. 

FSTP Store floating-point value and pop. 

FILD Load integer. 

FIST Store integer. 

FISTP! Store integer and pop. 

FBLD Load BCD. 

FBSTP Store BCD and pop. 

FXCH Exchange registers. 

FCMOVE Floating-point conditional move if equal. 
FCMOVNE Floating-point conditional move if not equal. 
FCMOVB Floating-point conditional move if below. 
FCMOVBE Floating-point conditional move if below or equal. 
FCMOVNB Floating-point conditional move if not below. 
FCMOVNBE Floating-point conditional move if not below or equal. 
FCMOVU Floating-point conditional move if unordered. 
FCMOVNU Floating-point conditional move if not unordered. 


5.2.2 x87 FPU Basic Arithmetic Instructions 


The basic arithmetic instructions perform basic arithmetic operations on floating-point and integer operands. 


1. SSE3 provides an instruction FISTTP for integer conversion. 
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FADD Add floating-point 

FADDP Add floating-point and pop 
FIADD Add integer 

FSUB Subtract floating-point 

FSUBP Subtract floating-point and pop 
FISUB Subtract integer 

FSUBR Subtract floating-point reverse 
FSUBRP Subtract floating-point reverse and pop 
FISUBR Subtract integer reverse 

FMUL Multiply floating-point 

FMULP Multiply floating-point and pop 
FIMUL Multiply integer 

FDIV Divide floating-point 

FDIVP Divide floating-point and pop 
FIDIV Divide integer 

FDIVR Divide floating-point reverse 
FDIVRP Divide floating-point reverse and pop 
FIDIVR Divide integer reverse 

FPREM Partial remainder 

FPREM1 IEEE Partial remainder 

FABS Absolute value 

FCHS Change sign 

FRNDINT Round to integer 

FSCALE Scale by power of two 

FSQRT Square root 

FXTRACT Extract exponent and significand 


5.2.3 x87 FPU Comparison Instructions 


The compare instructions examine or compare floating-point or integer operands. 


FCOM Compare floating-point. 

FCOMP Compare floating-point and pop. 

FCOMPP Compare floating-point and pop twice. 

FUCOM Unordered compare floating-point. 

FUCOMP Unordered compare floating-point and pop. 
FUCOMPP Unordered compare floating-point and pop twice. 
FICOM Compare integer. 

FICOMP Compare integer and pop. 

FCOMI Compare floating-point and set EFLAGS. 

FUCOMI Unordered compare floating-point and set EFLAGS. 
FCOMIP Compare floating-point, set EFLAGS, and pop. 
FUCOMIP Unordered compare floating-point, set EFLAGS, and pop. 
FTST Test floating-point (compare with 0.0). 

FXAM Examine floating-point. 
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5.2.4 x87 FPU Transcendental Instructions 


The transcendental instructions perform basic trigonometric and logarithmic operations on floating-point oper- 


ands. 
FSIN 
FCOS 
FSINCOS 
FPTAN 
FPATAN 
F2XM1 
FYL2X 
FYL2XP1 


Sine 

Cosine 

Sine and cosine 
Partial tangent 
Partial arctangent 
2%*-1 

y#logax 
y#log2(x+1) 


5.2.5 x87 FPU Load Constants Instructions 


The load constants instructions load common constants, such as a, into the x87 floating-point registers. 


FLD1 
FLDZ 
FLDPI 
FLDL2E 
FLDLN2 
FLDL2T 
FLDLG2 


Load +1.0 
Load +0.0 
Load x 
Load logze 
Load log,2 
Load log310 
Load log492 


5.2.6 x87 FPU Control Instructions 


The x87 FPU control instructions operate on the x87 FPU register stack and save and restore the x87 FPU state. 


FINCSTP 
FDECSTP 
FFREE 
FINIT 
FNINIT 
FCLEX 
FNCLEX 
FSTCW 
FNSTCW 
FLDCW 
FSTENV 
FNSTENV 
FLDENV 
FSAVE 
FNSAVE 
FRSTOR 
FSTSW 
FNSTSW 
WAIT/FWAIT 
FNOP 


Increment FPU register stack pointer. 

Decrement FPU register stack pointer. 

Free floating-point register. 

Initialize FPU after checking error conditions. 

Initialize FPU without checking error conditions. 

Clear floating-point exception flags after checking for error conditions. 


Clear floating-point exception flags without checking for error conditions. 


Store FPU control word after checking error conditions. 
Store FPU control word without checking error conditions. 
Load FPU control word. 

Store FPU environment after checking error conditions. 
Store FPU environment without checking error conditions. 
Load FPU environment. 

Save FPU state after checking error conditions. 

Save FPU state without checking error conditions. 
Restore FPU state. 

Store FPU status word after checking error conditions. 
Store FPU status word without checking error conditions. 
Wait for FPU. 

FPU no operation. 
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5.3 X87 FPU AND SIMD STATE MANAGEMENT INSTRUCTIONS 


Two state management instructions were introduced into the IA-32 architecture with the Pentium II processor 
family: 

FXSAVE Save x87 FPU and SIMD state. 

FXRSTOR Restore x87 FPU and SIMD state. 

Initially, these instructions operated only on the x87 FPU (and MMX) registers to perform a fast save and restore, 
respectively, of the x87 FPU and MMxX state. With the introduction of SSE extensions in the Pentium III processor 


family, these instructions were expanded to also save and restore the state of the XMM and MXCSR registers. Intel 
64 architecture also supports these instructions. 


See Section 10.5, “FXSAVE and FXRSTOR Instructions,” for more detail. 


5.4 MMX™ INSTRUCTIONS 


Four extensions have been introduced into the IA-32 architecture to permit IA-32 processors to perform single- 
instruction multiple-data (SIMD) operations. These extensions include the MMX technology, SSE extensions, SSE2 
extensions, and SSE3 extensions. For a discussion that puts SIMD instructions in their historical context, see 
Section 2.2.7, “SIMD Instructions.” 


MMxX instructions operate on packed byte, word, doubleword, or quadword integer operands contained in memory, 
in MMX registers, and/or in general-purpose registers. For more detail on these instructions, see Chapter 9, 
“Programming with Intel® MMX™ Technology.” 

MMxX instructions can only be executed on Intel 64 and IA-32 processors that support the MMX technology. Support 
for these instructions can be detected with the CPUID instruction. See the description of the CPUID instruction in 
Chapter 3, “Instruction Set Reference, A-L,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2A. 

MMxX instructions are divided into the following subgroups: data transfer, conversion, packed arithmetic, compar- 
ison, logical, shift and rotate, and state management instructions. The sections that follow introduce each 
subgroup. 


5.4.1 MMxX Data Transfer Instructions 


The data transfer instructions move doubleword and quadword operands between MMX registers and between MMX 
registers and memory. 


MOVD Move doubleword. 
MOVQ Move quadword. 


5.4.2 MMX Conversion Instructions 


The conversion instructions pack and unpack bytes, words, and doublewords 


PACKSSWB Pack words into bytes with signed saturation. 
PACKSSDW Pack doublewords into words with signed saturation. 
PACKUSWB Pack words into bytes with unsigned saturation. 
PUNPCKHBW Unpack high-order bytes. 

PUNPCKHWD Unpack high-order words. 

PUNPCKHDQ Unpack high-order doublewords. 

PUNPCKLBW Unpack low-order bytes. 

PUNPCKLWD Unpack low-order words. 

PUNPCKLDQ Unpack low-order doublewords. 
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MMX Packed Arithmetic Instructions 


The packed arithmetic instructions perform packed integer arithmetic on packed byte, word, and doubleword inte- 


gers. 
PADDB 
PADDW 
PADDD 
PADDSB 
PADDSW 
PADDUSB 
PADDUSW 
PSUBB 
PSUBW 
PSUBD 
PSUBSB 
PSUBSW 
PSUBUSB 
PSUBUSW 
PMULHW 
PMULLW 
PMADDWD 


5.4.4 


Add packed byte integers. 

Add packed word integers. 

Add packed doubleword integers. 

Add packed signed byte integers with signed saturation. 

Add packed signed word integers with signed saturation. 

Add packed unsigned byte integers with unsigned saturation. 
Add packed unsigned word integers with unsigned saturation. 
Subtract packed byte integers. 

Subtract packed word integers. 

Subtract packed doubleword integers. 

Subtract packed signed byte integers with signed saturation. 
Subtract packed signed word integers with signed saturation. 
Subtract packed unsigned byte integers with unsigned saturation. 
Subtract packed unsigned word integers with unsigned saturation. 
Multiply packed signed word integers and store high result. 
Multiply packed signed word integers and store low result. 
Multiply and add packed word integers. 


MMX Comparison Instructions 


The compare instructions compare packed bytes, words, or doublewords. 


PCMPEQB 
PCMPEQW 
PCMPEQD 
PCMPGTB 
PCMPGTW 
PCMPGTD 


5.4.5 


Compare packed bytes for equal. 

Compare packed words for equal. 

Compare packed doublewords for equal. 

Compare packed signed byte integers for greater than. 
Compare packed signed word integers for greater than. 
Compare packed signed doubleword integers for greater than. 


MMxX Logical Instructions 


The logical instructions perform AND, AND NOT, OR, and XOR operations on quadword operands. 


PAND 
PANDN 
POR 
PXOR 


5.4.6 


Bitwise logical AND. 

Bitwise logical AND NOT. 
Bitwise logical OR. 

Bitwise logical exclusive OR. 


MMxX Shift and Rotate Instructions 


The shift and rotate instructions shift and rotate packed bytes, words, or doublewords, or quadwords in 64-bit 


operands. 
PSLLW 
PSLLD 
PSLLQ 
PSRLW 
PSRLD 
PSRLQ 


Shift packed words left logical. 

Shift packed doublewords left logical. 
Shift packed quadword left logical. 
Shift packed words right logical. 

Shift packed doublewords right logical. 
Shift packed quadword right logical. 
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PSRAW Shift packed words right arithmetic. 
PSRAD Shift packed doublewords right arithmetic. 


5.4.7 MMX State Management Instructions 


The EMMS instruction clears the MMX state from the MMX registers. 
EMMS Empty MMxX state. 


oe) SSE INSTRUCTIONS 


SSE instructions represent an extension of the SIMD execution model introduced with the MMX technology. For 
more detail on these instructions, see Chapter 10, “Programming with Intel® Streaming SIMD Extensions (Intel® 
SSE).” 


SSE instructions can only be executed on Intel 64 and IA-32 processors that support SSE extensions. Support for 
these instructions can be detected with the CPUID instruction. See the description of the CPUID instruction in 
Chapter 3, “Instruction Set Reference, A-L,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2A. 


SSE instructions are divided into four subgroups (note that the first subgroup has subordinate subgroups of its 
own): 


¢ SIMD single-precision floating-point instructions that operate on the XMM registers. 
° MXCSR state management instructions. 

° 64-bit SIMD integer instructions that operate on the MMxX registers. 

* Cacheability control, prefetch, and instruction ordering instructions. 

The following sections provide an overview of these groups. 


5.5.1 SSE SIMD Single-Precision Floating-Point Instructions 


These instructions operate on packed and scalar single-precision floating-point values located in XMM registers 
and/or memory. This subgroup is further divided into the following subordinate subgroups: data transfer, packed 
arithmetic, comparison, logical, shuffle and unpack, and conversion instructions. 


5.5.1.1 SSE Data Transfer Instructions 


SSE data transfer instructions move packed and scalar single-precision floating-point operands between XMM 
registers and between XMM registers and memory. 


MOVAPS Move four aligned packed single-precision floating-point values between XMM registers or 
between and XMM register and memory. 

MOVUPS Move four unaligned packed single-precision floating-point values between XMM registers 
or between and XMM register and memory. 

MOVHPS Move two packed single-precision floating-point values to an from the high quadword of an 
XMM register and memory. 

MOVHLPS Move two packed single-precision floating-point values from the high quadword of an XMM 
register to the low quadword of another XMM register. 

MOVLPS Move two packed single-precision floating-point values to an from the low quadword of an 
XMM register and memory. 

MOVLHPS Move two packed single-precision floating-point values from the low quadword of an XMM 
register to the high quadword of another XMM register. 

MOVMSKPS Extract sign mask from four packed single-precision floating-point values. 
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MOVSS Move scalar single-precision floating-point value between XMM registers or between an 
XMM register and memory. 


5.5.1.2 SSE Packed Arithmetic Instructions 


SSE packed arithmetic instructions perform packed and scalar arithmetic operations on packed and scalar single- 
precision floating-point operands. 


ADDPS Add packed single-precision floating-point values. 

ADDSS Add scalar single-precision floating-point values. 

SUBPS Subtract packed single-precision floating-point values. 

SUBSS Subtract scalar single-precision floating-point values. 

MULPS Multiply packed single-precision floating-point values. 

MULSS Multiply scalar single-precision floating-point values. 

DIVPS Divide packed single-precision floating-point values. 

DIVSS Divide scalar single-precision floating-point values. 

RCPPS Compute reciprocals of packed single-precision floating-point values. 

RCPSS Compute reciprocal of scalar single-precision floating-point values. 

SQRTPS Compute square roots of packed single-precision floating-point values. 

SQRTSS Compute square root of scalar single-precision floating-point values. 

RSQRTPS Compute reciprocals of square roots of packed single-precision floating-point values. 
RSQRTSS Compute reciprocal of square root of scalar single-precision floating-point values. 
MAXPS Return maximum packed single-precision floating-point values. 

MAXSS Return maximum scalar single-precision floating-point values. 

MINPS Return minimum packed single-precision floating-point values. 

MINSS Return minimum scalar single-precision floating-point values. 


5.5. 163 SSE Comparison Instructions 


SSE compare instructions compare packed and scalar single-precision floating-point operands. 


CMPPS Compare packed single-precision floating-point values. 

CMPSS Compare scalar single-precision floating-point values. 

COMISS Perform ordered comparison of scalar single-precision floating-point values and set flags in 
EFLAGS register. 

UCOMISS Perform unordered comparison of scalar single-precision floating-point values and set flags 


in EFLAGS register. 


5.5.1.4 SSE Logical Instructions 


SSE logical instructions perform bitwise AND, AND NOT, OR, and XOR operations on packed single-precision 
floating-point operands. 


ANDPS Perform bitwise logical AND of packed single-precision floating-point values. 
ANDNPS Perform bitwise logical AND NOT of packed single-precision floating-point values. 
ORPS Perform bitwise logical OR of packed single-precision floating-point values. 
XORPS Perform bitwise logical XOR of packed single-precision floating-point values. 


5.5. 1.5 SSE Shuffle and Unpack Instructions 


SSE shuffle and unpack instructions shuffle or interleave single-precision floating-point values in packed single- 
precision floating-point operands. 


SHUFPS Shuffles values in packed single-precision floating-point operands. 
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UNPCKHPS Unpacks and interleaves the two high-order values from two single-precision floating-point 
operands. 

UNPCKLPS Unpacks and interleaves the two low-order values from two single-precision floating-point 
operands. 


5.5.1.6 SSE Conversion Instructions 


SSE conversion instructions convert packed and individual doubleword integers into packed and scalar single-preci- 
sion floating-point values and vice versa. 


CVTPI2PS Convert packed doubleword integers to packed single-precision floating-point values. 

CVTSI2SS Convert doubleword integer to scalar single-precision floating-point value. 

CVTPS2PI Convert packed single-precision floating-point values to packed doubleword integers. 

CVTTPS2PI Convert with truncation packed single-precision floating-point values to packed double- 
word integers. 

CVTSS2SI Convert a scalar single-precision floating-point value to a doubleword integer. 

CVTTSS2SI Convert with truncation a scalar single-precision floating-point value to a scalar double- 


word integer. 


5.5.2 SSE MXCSR State Management Instructions 

MXCSR state management instructions allow saving and restoring the state of the MXCSR control and status 
register. 

LDMXCSR Load MXCSR register. 

STMXCSR Save MXCSR register state. 


5.5.3 SSE 64-Bit SIMD Integer Instructions 


These SSE 64-bit SIMD integer instructions perform additional operations on packed bytes, words, or doublewords 
contained in MMX registers. They represent enhancements to the MMX instruction set described in Section 5.4, 
“MMX™ Instructions.” 


PAVGB Compute average of packed unsigned byte integers. 
PAVGW Compute average of packed unsigned word integers. 
PEXTRW Extract word. 

PINSRW Insert word. 

PMAXUB Maximum of packed unsigned byte integers. 
PMAXSW Maximum of packed signed word integers. 
PMINUB Minimum of packed unsigned byte integers. 
PMINSW Minimum of packed signed word integers. 
PMOVMSKB Move byte mask. 

PMULHUW Multiply packed unsigned integers and store high result. 
PSADBW Compute sum of absolute differences. 

PSHUFW Shuffle packed integer word in MMX register. 


5.5.4 SSE Cacheability Control, Prefetch, and Instruction Ordering Instructions 


The cacheability control instructions provide control over the caching of non-temporal data when storing data from 
the MMX and XMM registers to memory. The PREFETCHA allows data to be prefetched to a selected cache level. The 
SFENCE instruction controls instruction ordering on store operations. 


MASKMOVQ Non-temporal store of selected bytes from an MMX register into memory. 
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MOVNTQ Non-temporal store of quadword from an MMX register into memory. 

MOVNTPS Non-temporal store of four packed single-precision floating-point values from an XMM 
register into memory. 

PREFETCHA Load 32 or more of bytes from memory to a selected level of the processor’s cache hier- 
archy 

SFENCE Serializes store operations. 


5.6 SSE2 INSTRUCTIONS 


SSE2 extensions represent an extension of the SIMD execution model introduced with MMX technology and the 
SSE extensions. SSE2 instructions operate on packed double-precision floating-point operands and on packed 
byte, word, doubleword, and quadword operands located in the XMM registers. For more detail on these instruc- 
tions, see Chapter 11, “Programming with Intel® Streaming SIMD Extensions 2 (Intel® SSE2).” 


SSE2 instructions can only be executed on Intel 64 and IA-32 processors that support the SSE2 extensions. 
Support for these instructions can be detected with the CPUID instruction. See the description of the CPUID 
instruction in Chapter 3, “Instruction Set Reference, A-L,” of the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 2A. 


These instructions are divided into four subgroups (note that the first subgroup is further divided into subordinate 
subgroups): 


¢ Packed and scalar double-precision floating-point instructions. 
¢ Packed single-precision floating-point conversion instructions. 
¢ 128-bit SIMD integer instructions. 

* Cacheability-control and instruction ordering instructions. 
The following sections give an overview of each subgroup. 


5.6.1 SSE2 Packed and Scalar Double-Precision Floating-Point Instructions 


SSE2 packed and scalar double-precision floating-point instructions are divided into the following subordinate 
subgroups: data movement, arithmetic, comparison, conversion, logical, and shuffle operations on double-preci- 
sion floating-point operands. These are introduced in the sections that follow. 


5.6.1.1 SSE2 Data Movement Instructions 


SSE2 data movement instructions move double-precision floating-point data between XMM registers and between 
XMM registers and memory. 


MOVAPD Move two aligned packed double-precision floating-point values between XMM registers or 
between and XMM register and memory. 

MOVUPD Move two unaligned packed double-precision floating-point values between XMM registers 
or between and XMM register and memory. 

MOVHPD Move high packed double-precision floating-point value to an from the high quadword of an 
XMM register and memory. 

MOVLPD Move low packed single-precision floating-point value to an from the low quadword of an 
XMM register and memory. 

MOVMSKPD Extract sign mask from two packed double-precision floating-point values. 

MOVSD Move scalar double-precision floating-point value between XMM registers or between an 


XMM register and memory. 


Vol.1 5-19 


INSTRUCTION SET SUMMARY 


5.6.1.2 SSE2 Packed Arithmetic Instructions 


The arithmetic instructions perform addition, subtraction, multiply, divide, square root, and maximum/minimum 
operations on packed and scalar double-precision floating-point operands. 


ADDPD Add packed double-precision floating-point values. 

ADDSD Add scalar double precision floating-point values. 

SUBPD Subtract packed double-precision floating-point values. 

SUBSD Subtract scalar double-precision floating-point values. 

MULPD Multiply packed double-precision floating-point values. 

MULSD Multiply scalar double-precision floating-point values. 

DIVPD Divide packed double-precision floating-point values. 

DIVSD Divide scalar double-precision floating-point values. 

SQRTPD Compute packed square roots of packed double-precision floating-point values. 
SQRTSD Compute scalar square root of scalar double-precision floating-point values. 
MAXPD Return maximum packed double-precision floating-point values. 

MAXSD Return maximum scalar double-precision floating-point values. 

MINPD Return minimum packed double-precision floating-point values. 

MINSD Return minimum scalar double-precision floating-point values. 


5.6.1.3 SSE2 Logical Instructions 


SSE2 logical instructions perform AND, AND NOT, OR, and XOR operations on packed double-precision floating- 
point values. 


ANDPD Perform bitwise logical AND of packed double-precision floating-point values. 
ANDNPD Perform bitwise logical AND NOT of packed double-precision floating-point values. 
ORPD Perform bitwise logical OR of packed double-precision floating-point values. 
XORPD Perform bitwise logical XOR of packed double-precision floating-point values. 


5.6.1.4 SSE2 Compare Instructions 


SSE2 compare instructions compare packed and scalar double-precision floating-point values and return the 
results of the comparison either to the destination operand or to the EFLAGS register. 


CMPPD Compare packed double-precision floating-point values. 

CMPSD Compare scalar double-precision floating-point values. 

COMISD Perform ordered comparison of scalar double-precision floating-point values and set flags 
in EFLAGS register. 

UCOMISD Perform unordered comparison of scalar double-precision floating-point values and set 


flags in EFLAGS register. 


5.6.1.5 SSE2 Shuffle and Unpack Instructions 


SSE2 shuffle and unpack instructions shuffle or interleave double-precision floating-point values in packed double- 
precision floating-point operands. 


SHUFPD Shuffles values in packed double-precision floating-point operands. 

UNPCKHPD Unpacks and interleaves the high values from two packed double-precision floating-point 
operands. 

UNPCKLPD Unpacks and interleaves the low values from two packed double-precision floating-point 
operands. 
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5.6.1.6 SSE2 Conversion Instructions 


SSE2 conversion instructions convert packed and individual doubleword integers into packed and scalar double- 
precision floating-point values and vice versa. They also convert between packed and scalar single-precision and 
double-precision floating-point values. 


CVTPD2PI Convert packed double-precision floating-point values to packed doubleword integers. 

CVTTPD2PI Convert with truncation packed double-precision floating-point values to packed double- 
word integers. 

CVTPI2PD Convert packed doubleword integers to packed double-precision floating-point values. 

CVTPD2DQ Convert packed double-precision floating-point values to packed doubleword integers. 

CVTTPD2DQ Convert with truncation packed double-precision floating-point values to packed double- 
word integers. 

CVTDQ2PD Convert packed doubleword integers to packed double-precision floating-point values. 

CVTPS2PD Convert packed single-precision floating-point values to packed double-precision floating- 
point values. 

CVTPD2PS Convert packed double-precision floating-point values to packed single-precision floating- 
point values. 

CVTSS2SD Convert scalar single-precision floating-point values to scalar double-precision floating- 
point values. 

CVTSD2SS Convert scalar double-precision floating-point values to scalar single-precision floating- 
point values. 

CVTSD2SI Convert scalar double-precision floating-point values to a doubleword integer. 

CVTTSD2SI Convert with truncation scalar double-precision floating-point values to scalar doubleword 
integers. 

CVTSI2SD Convert doubleword integer to scalar double-precision floating-point value. 


5.6.2 SSE2 Packed Single-Precision Floating-Point Instructions 


SSE2 packed single-precision floating-point instructions perform conversion operations on single-precision 
floating-point and integer operands. These instructions represent enhancements to the SSE single-precision 
floating-point instructions. 


CVTDQ2PS Convert packed doubleword integers to packed single-precision floating-point values. 
CVTPS2DQ Convert packed single-precision floating-point values to packed doubleword integers. 
CVTTPS2DQ Convert with truncation packed single-precision floating-point values to packed double- 


word integers. 


5.6.3 SSE2 128-Bit SIMD Integer Instructions 


SSE2 SIMD integer instructions perform additional operations on packed words, doublewords, and quadwords 
contained in XMM and MMX registers. 


MOVDQA Move aligned double quadword. 

MOVDQU Move unaligned double quadword. 

MOVQ2DQ Move quadword integer from MMX to XMM registers. 
MOVDQ2Q Move quadword integer from XMM to MMX registers. 
PMULUDQ Multiply packed unsigned doubleword integers. 
PADDQ Add packed quadword integers. 

PSUBQ Subtract packed quadword integers. 

PSHUFLW Shuffle packed low words. 

PSHUFHW Shuffle packed high words. 

PSHUFD Shuffle packed doublewords. 
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PSLLDQ Shift double quadword left logical. 
PSRLDQ Shift double quadword right logical. 
PUNPCKHQDQ Unpack high quadwords. 
PUNPCKLQDQ Unpack low quadwords. 


5.6.4 SSE2 Cacheability Control and Ordering Instructions 


SSE2 cacheability control instructions provide additional operations for caching of non-temporal data when storing 
data from XMM registers to memory. LFENCE and MFENCE provide additional control of instruction ordering on 
store operations. 


CLFLUSH See Section 5.1.13. 

LFENCE Serializes load operations. 

MFENCE Serializes load and store operations. 

PAUSE Improves the performance of “spin-wait loops”. 

MASKMOVDQU Non-temporal store of selected bytes from an XMM register into memory. 

MOVNTPD Non-temporal store of two packed double-precision floating-point values from an XMM 
register into memory. 

MOVNTDQ Non-temporal store of double quadword from an XMM register into memory. 

MOVNTI Non-temporal store of a doubleword from a general-purpose register into memory. 


5.7 SSE3 INSTRUCTIONS 


The SSE3 extensions offers 13 instructions that accelerate performance of Streaming SIMD Extensions technology, 
Streaming SIMD Extensions 2 technology, and x87-FP math capabilities. These instructions can be grouped into the 
following categories: 


® One x87FPU instruction used in integer conversion. 

* One SIMD integer instruction that addresses unaligned data loads. 
* Two SIMD floating-point packed ADD/SUB instructions. 

¢ Four SIMD floating-point horizontal ADD/SUB instructions. 

¢ Three SIMD floating-point LOAD/MOVE/DUPLICATE instructions. 

¢ Two thread synchronization instructions. 


SSE3 instructions can only be executed on Intel 64 and IA-32 processors that support SSE3 extensions. Support 
for these instructions can be detected with the CPUID instruction. See the description of the CPUID instruction in 
Chapter 3, “Instruction Set Reference, A-L,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2A. 


The sections that follow describe each subgroup. 


5.7.1 SSE3 x87-FP Integer Conversion Instruction 


FISTTP Behaves like the FISTP instruction but uses truncation, irrespective of the rounding mode 
specified in the floating-point control word (FCW). 


5.7.2 SSE3 Specialized 1 28-bit Unaligned Data Load Instruction 
LDDQU Special 128-bit unaligned load designed to avoid cache line splits. 
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5.7.3 SSE3 SIMD Floating-Point Packed ADD/SUB Instructions 


ADDSUBPS Performs single-precision addition on the second and fourth pairs of 32-bit data elements 
within the operands; single-precision subtraction on the first and third pairs. 
ADDSUBPD Performs double-precision addition on the second pair of quadwords, and double-precision 


subtraction on the first pair. 


5.7.4 SSE3 SIMD Floating-Point Horizontal ADD/SUB Instructions 


HADDPS Performs a single-precision addition on contiguous data elements. The first data element 
of the result is obtained by adding the first and second elements of the first operand; the 
second element by adding the third and fourth elements of the first operand; the third by 
adding the first and second elements of the second operand; and the fourth by adding the 
third and fourth elements of the second operand. 


HSUBPS Performs a single-precision subtraction on contiguous data elements. The first data 
element of the result is obtained by subtracting the second element of the first operand 
from the first element of the first operand; the second element by subtracting the fourth 
element of the first operand from the third element of the first operand; the third by 
subtracting the second element of the second operand from the first element of the second 
operand; and the fourth by subtracting the fourth element of the second operand from the 
third element of the second operand. 


HADDPD Performs a double-precision addition on contiguous data elements. The first data element 
of the result is obtained by adding the first and second elements of the first operand; the 
second element by adding the first and second elements of the second operand. 

HSUBPD Performs a double-precision subtraction on contiguous data elements. The first data 
element of the result is obtained by subtracting the second element of the first operand 
from the first element of the first operand; the second element by subtracting the second 
element of the second operand from the first element of the second operand. 


5.75 SSE3 SIMD Floating-Point LOAD/MOVE/DUPLICATE Instructions 


MOVSHDUP Loads/moves 128 bits; duplicating the second and fourth 32-bit data elements. 

MOVSLDUP Loads/moves 128 bits; duplicating the first and third 32-bit data elements. 

MOVDDUP Loads/moves 64 bits (bits[63:0] if the source is a register) and returns the same 64 bits in 
both the lower and upper halves of the 128-bit result register; duplicates the 64 bits from 
the source. 


5.7.6 SSE3 Agent Synchronization Instructions 
MONITOR Sets up an address range used to monitor write-back stores. 


MWAIT Enables a logical processor to enter into an optimized state while waiting for a write-back 
store to the address range set up by the MONITOR instruction. 


5.8 SUPPLEMENTAL STREAMING SIMD EXTENSIONS 3 (SSSE3) INSTRUCTIONS 


SSSE3 provide 32 instructions (represented by 14 mnemonics) to accelerate computations on packed integers. 
These include: 


¢ Twelve instructions that perform horizontal addition or subtraction operations. 

¢ Six instructions that evaluate absolute values. 

¢* Two instructions that perform multiply and add operations and speed up the evaluation of dot products. 

° Two instructions that accelerate packed-integer multiply operations and produce integer values with scaling. 
¢ Two instructions that perform a byte-wise, in-place shuffle according to the second shuffle control operand. 
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¢ Six instructions that negate packed integers in the destination operand if the signs of the corresponding 
element in the source operand is less than zero. 


¢ Two instructions that align data from the composite of two operands. 


SSSE3 instructions can only be executed on Intel 64 and IA-32 processors that support SSSE3 extensions. Support 
for these instructions can be detected with the CPUID instruction. See the description of the CPUID instruction in 
Chapter 3, “Instruction Set Reference, A-L,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2A. 


The sections that follow describe each subgroup. 


5.8.1 Horizontal Addition/Subtraction 


PHADDW Adds two adjacent, signed 16-bit integers horizontally from the source and destination 
operands and packs the signed 16-bit results to the destination operand. 

PHADDSW Adds two adjacent, signed 16-bit integers horizontally from the source and destination 
operands and packs the signed, saturated 16-bit results to the destination operand. 

PHADDD Adds two adjacent, signed 32-bit integers horizontally from the source and destination 
operands and packs the signed 32-bit results to the destination operand. 

PHSUBW Performs horizontal subtraction on each adjacent pair of 16-bit signed integers by 


subtracting the most significant word from the least significant word of each pair in the 
source and destination operands. The signed 16-bit results are packed and written to the 
destination operand. 


PHSUBSW Performs horizontal subtraction on each adjacent pair of 16-bit signed integers by 
subtracting the most significant word from the least significant word of each pair in the 
source and destination operands. The signed, saturated 16-bit results are packed and 
written to the destination operand. 

PHSUBD Performs horizontal subtraction on each adjacent pair of 32-bit signed integers by 
subtracting the most significant doubleword from the least significant double word of each 
pair in the source and destination operands. The signed 32-bit results are packed and 
written to the destination operand. 


5.8.2 Packed Absolute Values 


PABSB Computes the absolute value of each signed byte data element. 
PABSW Computes the absolute value of each signed 16-bit data element. 
PABSD Computes the absolute value of each signed 32-bit data element. 


5.8.3 Multiply and Add Packed Signed and Unsigned Bytes 


PMADDUBSW Multiplies each unsigned byte value with the corresponding signed byte value to produce 
an intermediate, 16-bit signed integer. Each adjacent pair of 16-bit signed values are 
added horizontally. The signed, saturated 16-bit results are packed to the destination 
operand. 


5.8.4 Packed Multiply High with Round and Scale 


PMULHRSW Multiplies vertically each signed 16-bit integer from the destination operand with the corre- 
sponding signed 16-bit integer of the source operand, producing intermediate, signed 32- 
bit integers. Each intermediate 32-bit integer is truncated to the 18 most significant bits. 
Rounding is always performed by adding 1 to the least significant bit of the 18-bit interme- 
diate result. The final result is obtained by selecting the 16 bits immediately to the right of 
the most significant bit of each 18-bit intermediate result and packed to the destination 
operand. 
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5.8.5 Packed Shuffle Bytes 


PSHUFB Permutes each byte in place, according to a shuffle control mask. The least significant 
three or four bits of each shuffle control byte of the control mask form the shuffle index. 
The shuffle mask is unaffected. If the most significant bit (bit 7) of a shuffle control byte is 
set, the constant zero is written in the result byte. 


5.8.6 Packed Sign 


PSIGNB/W/D Negates each signed integer element of the destination operand if the sign of the corre- 
sponding data element in the source operand is less than zero. 


5.8.7 Packed Align Right 


PALIGNR Source operand is appended after the destination operand forming an intermediate value 
of twice the width of an operand. The result is extracted from the intermediate value into 
the destination operand by selecting the 128 bit or 64 bit value that are right-aligned to the 
byte offset specified by the immediate value. 


5.9 SSE4 INSTRUCTIONS 


Intel® Streaming SIMD Extensions 4 (SSE4) introduces 54 new instructions. 47 of the SSE4 instructions are 
referred to as SSE4.1 in this document, 7 new SSE4 instructions are referred to as SSE4.2. 


SSE4.1 is targeted to improve the performance of media, imaging, and 3D workloads. SSE4.1 adds instructions 
that improve compiler vectorization and significantly increase support for packed dword computation. The tech- 
nology also provides a hint that can improve memory throughput when reading from uncacheable WC memory 
type. 

The 47 SSE4.1 instructions include: 

® Two instructions perform packed dword multiplies. 

¢ Two instructions perform floating-point dot products with input/output selects. 

* One instruction performs a load with a streaming hint. 

¢ Six instructions simplify packed blending. 

¢ Eight instructions expand support for packed integer MIN/MAX. 

¢ Four instructions support floating-point round with selectable rounding mode and precision exception override. 
¢ Seven instructions improve data insertion and extractions from XMM registers 

¢ Twelve instructions improve packed integer format conversions (sign and zero extensions). 

* One instruction improves SAD (sum absolute difference) generation for small block sizes. 

* One instruction aids horizontal searching operations. 

¢* One instruction improves masked comparisons. 

® One instruction adds qword packed equality comparisons. 

* One instruction adds dword packing with unsigned saturation. 

The SSE4.2 instructions operating on XMM registers include: 


¢ String and text processing that can take advantage of single-instruction multiple-data programming 
techniques. 


¢ ASIMD integer instruction that enhances the capability of the 128-bit integer SIMD capability in SSE4.1. 
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5.10 SSE4.1 INSTRUCTIONS 


SSE4.1 instructions can use an XMM register as a source or destination. Programming SSE4.1 is similar to 
programming 128-bit Integer SIMD and floating-point SIMD instructions in SSE/SSE2/SSE3/SSSE3. SSE4.1 does 
not provide any 64-bit integer SIMD instructions operating on MMX registers. The sections that follow describe each 
subgroup. 


5.10.1 Dword Multiply Instructions 
PMULLD Returns four lower 32-bits of the 64-bit results of signed 32-bit integer multiplies. 
PMULDQ Returns two 64-bit signed result of signed 32-bit integer multiplies. 


5.10.2 Floating-Point Dot Product Instructions 
DPPD Perform double-precision dot product for up to 2 elements and broadcast. 
DPPS Perform single-precision dot products for up to 4 elements and broadcast. 


5.10.3. Streaming Load Hint Instruction 


MOVNTDQA Provides a non-temporal hint that can cause adjacent 16-byte items within an aligned 64- 
byte region (a streaming line) to be fetched and held in a small set of temporary buffers 
(“streaming load buffers”). Subsequent streaming loads to other aligned 16-byte items in 
the same streaming line may be supplied from the streaming load buffer and can improve 
throughput. 


5.10.4 Packed Blending Instructions 


BLENDPD Conditionally copies specified double-precision floating-point data elements in the source 
operand to the corresponding data elements in the destination, using an immediate byte 
control. 

BLENDPS Conditionally copies specified single-precision floating-point data elements in the source 
operand to the corresponding data elements in the destination, using an immediate byte 
control. 

BLENDVPD Conditionally copies specified double-precision floating-point data elements in the source 
operand to the corresponding data elements in the destination, using an implied mask. 

BLENDVPS Conditionally copies specified single-precision floating-point data elements in the source 
operand to the corresponding data elements in the destination, using an implied mask. 

PBLENDVB Conditionally copies specified byte elements in the source operand to the corresponding 
elements in the destination, using an implied mask. 

PBLENDW Conditionally copies specified word elements in the source operand to the corresponding 


elements in the destination, using an immediate byte control. 


5.10.5 Packed Integer MIN/MAX Instructions 


PMINUW Compare packed unsigned word integers. 
PMINUD Compare packed unsigned dword integers. 
PMINSB Compare packed signed byte integers. 
PMINSD Compare packed signed dword integers. 
PMAXUW Compare packed unsigned word integers. 
PMAXUD Compare packed unsigned dword integers. 
PMAXSB Compare packed signed byte integers. 
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5.10.6 
ROUNDPS 


ROUNDPD 
ROUNDSS 


ROUNDSD 


5.10.7 
EXTRACTPS 


INSERTPS 


PINSRB 
PINSRD 
PINSRQ 
PEXTRB 


PEXTRW 
PEXTRD 


PEXTRQ 


5.10.8 
PMOVSXBW 


PMOVZXBW 
PMOVSXBD 
PMOVZXBD 
PMOVSXWD 
PMOVZXWD 
PMOVSXBQ 


PMOVZXBQ 
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Compare packed signed dword integers. 


Floating-Point Round Instructions with Selectable Rounding Mode 


Round packed single precision floating-point values into integer values and return rounded 
floating-point values. 

Round packed double precision floating-point values into integer values and return 
rounded floating-point values. 

Round the low packed single precision floating-point value into an integer value and return 
a rounded floating-point value. 

Round the low packed double precision floating-point value into an integer value and 
return a rounded floating-point value. 


Insertion and Extractions from XMM Registers 


Extracts a single-precision floating-point value from a specified offset in an XMM register 
and stores the result to memory or a general-purpose register. 


Inserts a single-precision floating-point value from either a 32-bit memory location or 
selected from a specified offset in an XMM register to a specified offset in the destination 
XMM register. In addition, INSERTPS allows zeroing out selected data elements in the 
destination, using a mask. 


Insert a byte value from a register or memory into an XMM register. 

Insert a dword value from 32-bit register or memory into an XMM register. 

Insert a qword value from 64-bit register or memory into an XMM register. 

Extract a byte from an XMM register and insert the value into a general-purpose register or 
memory. 

Extract a word from an XMM register and insert the value into a general-purpose register 
or memory. 

Extract a dword from an XMM register and insert the value into a general-purpose register 
or memory. 

Extract a qword from an XMM register and insert the value into a general-purpose register 
or memory. 


Packed Integer Format Conversions 


Sign extend the lower 8-bit integer of each packed word element into packed signed word 
integers. 


Zero extend the lower 8-bit integer of each packed word element into packed signed word 
integers. 


Sign extend the lower 8-bit integer of each packed dword element into packed signed 
dword integers. 


Zero extend the lower 8-bit integer of each packed dword element into packed signed 
dword integers. 


Sign extend the lower 16-bit integer of each packed dword element into packed signed 
dword integers. 


Zero extend the lower 16-bit integer of each packed dword element into packed signed 
dword integers.. 


Sign extend the lower 8-bit integer of each packed qword element into packed signed 
qword integers. 


Zero extend the lower 8-bit integer of each packed qword element into packed signed 
qword integers. 
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PMOVSXWQ Sign extend the lower 16-bit integer of each packed qword element into packed signed 
qword integers. 

PMOVZXWQ Zero extend the lower 16-bit integer of each packed qword element into packed signed 
qword integers. 

PMOVSXDQ Sign extend the lower 32-bit integer of each packed qword element into packed signed 
qword integers. 

PMOVZXDQ Zero extend the lower 32-bit integer of each packed qword element into packed signed 


qword integers. 


5.10.9 Improved Sums of Absolute Differences (SAD) for 4-Byte Blocks 


MPSADBW Performs eight 4-byte wide Sum of Absolute Differences operations to produce eight word 
integers. 


5.10.10 Horizontal Search 


PHMINPOSUW Finds the value and location of the minimum unsigned word from one of 8 horizontally 
packed unsigned words. The resulting value and location (offset within the source) are 
packed into the low dword of the destination XMM register. 


5.10.11 Packed Test 


PTEST Performs a logical AND between the destination with this mask and sets the ZF flag if the 
result is zero. The CF flag (zero for TEST) is set if the inverted mask AND’d with the desti- 
nation is all zeroes. 


5.10.12 Packed Qword Equality Comparisons 
PCMPEQQ 128-bit packed qword equality test. 


5.10.13 Dword Packing With Unsigned Saturation 
PACKUSDW PACKUSDW packs dword to word with unsigned saturation. 


5.11 SSE4.2 INSTRUCTION SET 


Five of the SSE4.2 instructions operate on XMM register as a source or destination. These include four text/string 
processing instructions and one packed quadword compare SIMD instruction. Programming these five SSE4.2 
instructions is similar to programming 128-bit Integer SIMD in SSE2/SSSE3. SSE4.2 does not provide any 64-bit 
integer SIMD instructions. 


CRC32 operates on general-purpose registers and is summarized in Section 5.1.6. The sections that follow summa- 
rize each subgroup. 


5.11.1 String and Text Processing Instructions 


PCMPESTRI Packed compare explicit-length strings, return index in ECX/RCX. 
PCMPESTRM Packed compare explicit-length strings, return mask in XMMO. 
PCMPISTRI Packed compare implicit-length strings, return index in ECX/RCX. 
PCMPISTRM Packed compare implicit-length strings, return mask in XMMO. 
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5.11.2 Packed Comparison SIMD integer Instruction 
PCMPGTQ Performs logical compare of greater-than on packed integer quadwords. 


5.12 INTEL® AES-NI AND PCLMULQDQ 


Six Intel® AES-NI instructions operate on XMM registers to provide accelerated primitives for block encryp- 
tion/decryption using Advanced Encryption Standard (FIPS-197). The PCLMULQDQ instruction performs carry-less 
multiplication for two binary numbers up to 64-bit wide. 


AESDEC Perform an AES decryption round using an 128-bit state and a round key. 
AESDECLAST Perform the last AES decryption round using an 128-bit state and a round key. 
AESENC Perform an AES encryption round using an 128-bit state and a round key. 
AESENCLAST Perform the last AES encryption round using an 128-bit state and a round key. 
AESIMC Perform an inverse mix column transformation primitive. 

AESKEYGENASSIST Assist the creation of round keys with a key expansion schedule. 

PCLMULQDQ Perform carryless multiplication of two 64-bit numbers. 


5.13. INTEL® ADVANCED VECTOR EXTENSIONS (INTEL® AVX) 


Intel® Advanced Vector Extensions (AVX) promotes legacy 128-bit SIMD instruction sets that operate on XMM 
register set to use a “vector extension" (VEX) prefix and operates on 256-bit vector registers (YMM). Almost all 
prior generations of 128-bit SIMD instructions that operates on XMM (but not on MMX registers) are promoted to 
support three-operand syntax with VEX-128 encoding. 


VEX-prefix encoded AVX instructions support 256-bit and 128-bit floating-point operations by extending the legacy 
128-bit SIMD floating-point instructions to support three-operand syntax. 


Additional functional enhancements are also provided with VEX-encoded AVX instructions. 
The list of AVX instructions are listed in the following tables: 


° Table 14-2 lists 256-bit and 128-bit floating-point arithmetic instructions promoted from legacy 128-bit SIMD 
instruction sets. 


° Table 14-3 lists 256-bit and 128-bit data movement and processing instructions promoted from legacy 128-bit 
SIMD instruction sets. 


°¢ Table 14-4 lists functional enhancements of 256-bit AVX instructions not available from legacy 128-bit SIMD 
instruction sets. 


¢ Table 14-5 lists 128-bit integer and floating-point instructions promoted from legacy 128-bit SIMD instruction 
sets. 


° Table 14-6 lists functional enhancements of 128-bit AVX instructions not available from legacy 128-bit SIMD 
instruction sets. 


¢ Table 14-7 lists 128-bit data movement and processing instructions promoted from legacy instruction sets. 


5.14  16-BIT FLOATING-POINT CONVERSION 


Conversion between single-precision floating-point (32-bit) and half-precision FP (16-bit) data are provided by 
VCVTPS2PH, VCVTPH2PS: 


VCVTPH2PS Convert eight/four data element containing 16-bit floating-point data into eight/four 
single-precision floating-point data. 
VCVTPS2PH Convert eight/four data element containing single-precision floating-point data into 


eight/four 16-bit floating-point data. 
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5.15 | FUSED-MULTIPLY-ADD (FMA) 


FMA extensions enhances Intel AVX with high-throughput, arithmetic capabilities covering fused multiply-add, 
fused multiply-subtract, fused multiply add/subtract interleave, signed-reversed multiply on fused multiply-add 
and multiply-subtract. FMA extensions provide 36 256-bit floating-point instructions to perform computation on 
256-bit vectors and additional 128-bit and scalar FMA instructions. 


¢ Table 14-15 lists FMA instruction sets. 


5.16 INTEL® ADVANCED VECTOR EXTENSIONS 2 (INTEL® AVX2) 


Intel® AVX2 extends Intel AVX by promoting most of the 128-bit SIMD integer instructions with 256-bit numeric 
processing capabilities. Intel AVX2 instructions follow the same programming model as AVX instructions. 


In addition, AVX2 provide enhanced functionalities for broadcast/permute operations on data elements, vector 
shift instructions with variable-shift count per data element, and instructions to fetch non-contiguous data 
elements from memory. 


* Table 14-18 lists promoted vector integer instructions in AVX2. 
° Table 14-19 lists new instructions in AVX2 that complements AVX. 


5.17. INTEL® TRANSACTIONAL SYNCHRONIZATION EXTENSIONS (INTEL® TSX) 


XABORT Abort an RTM transaction execution. 

XACQUIRE Prefix hint to the beginning of an HLE transaction region. 
XRELEASE Prefix hint to the end of an HLE transaction region. 
XBEGIN Transaction begin of an RTM transaction region. 

XEND Transaction end of an RTM transaction region. 

XTEST Test if executing in a transactional region. 


5.18 INTEL® SHA EXTENSIONS 


Intel® SHA extensions provide a set of instructions that target the acceleration of the Secure Hash Algorithm 
(SHA), specifically the SHA-1 and SHA-256 variants. 


SHAIMSG1 Perform an intermediate calculation for the next four SHA1 message dwords from the 
previous message dwords. 

SHA1MSG2 Perform the final calculation for the next four SHA1 message dwords from the intermediate 
message dwords. 

SHA1NEXTE Calculate SHA1 state E after four rounds. 

SHA1RNDS4 Perform four rounds of SHA1 operations. 

SHA256MSG1 Perform an intermediate calculation for the next four SHA256 message dwords. 

SHA256MSG2 Perform the final calculation for the next four SHA256 message dwords. 

SHA256RNDS2 Perform two rounds of SHA256 operations. 


5.19 INTEL® ADVANCED VECTOR EXTENSIONS 512 (INTEL® AVX-51 2) 


The Intel® AVX-512 family comprises a collection of 512-bit SIMD instruction sets to accelerate a diverse range of 
applications. Intel AVX-512 instructions provide a wide range of functionality that support programming in 512-bit, 
256 and 128-bit vector register, plus support for opmask registers and instructions operating on opmask registers. 


The collection of 512-bit SIMD instruction sets in Intel AVX-512 include new functionality not available in Intel AVX 
and Intel AVX2, and promoted instructions similar to equivalent ones in Intel AVX / Intel AVX2 but with enhance- 
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ment provided by opmask registers not available to VEX-encoded Intel AVX / Intel AVX2. Some instruction 
mnemonics in AVX / AVX2 that are promoted into AVX-512 can be replaced by new instruction mnemonics that are 
available only with EVEX encoding, e.g., VBROADCASTF128 into VBROADCASTF324. Details of EVEX instruction 
encoding are discussed in Section 2.6, “Intel® AVX-512 Encoding” of the Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 2A. 


512-bit instruction mnemonics in AVX-512F that are not AVX/AVX2 promotions include: 


VALIGND/Q 
VBLENDMPD/PS 
VCOMPRESSPD/PS 
VCVT(T)PD2UDQ 
VCVT(T)PS2UDQ 
VCVTQQ2PD/PS 
VCVT(T)SD2USI 
VCVT(T)SS2USI 
VCVTUDQ2PD/PS 
VCVTUSI2USD/S 
VEXPANDPD/PS 


Perform dword/qword alignment of two concatenated source vectors. 

Replace the VBLENDVPD/PS instructions (using opmask as select control). 
Compress packed DP or SP elements of a vector. 

Convert packed DP FP elements of a vector to packed unsigned 32-bit integers. 
Convert packed SP FP elements of a vector to packed unsigned 32-bit integers. 
Convert packed signed 64-bit integers to packed DP/SP FP elements. 

Convert the low DP FP element of a vector to an unsigned integer. 

Convert the low SP FP element of a vector to an unsigned integer. 

Convert packed unsigned 32-bit integers to packed DP/SP FP elements. 
Convert an unsigned integer to the low DP/SP FP element and merge to a vector. 
Expand packed DP or SP elements of a vector. 


VEXTRACTF32X4/64X4 Extract a vector from a full-length vector with 32/64-bit granular update. 
VEXTRACTI32X4/64X4 Extract a vector from a full-length vector with 32/64-bit granular update. 


VFIXUPIMMPD/PS 
VFIXUPIMMSD/SS 
VGETEXPPD/PS 
VGETEXPSD/SS 
VGETMANTPD/PS 
VGETMANTSD/SS 


VINSERTF32X4/64X4 


VMOVDQA32/64 
VMOVDQU32/64 
VPBLENDMD/Q 
VPBROADCASTD/Q 
VPCMPD/UD 
VPCMPQ/UQ 
VPCOMPRESSQ/D 
VPERMI2D/Q 
VPERMI2PD/PS 
VPERMT2D/Q 
VPERMT2PD/PS 
VPEXPANDD/Q 
VPMAXSQ 
VPMAXUD/UQ 
VPMINSQ 
VPMINUD/UQ 
VPMOV(S|US)QB 


VPMOV(S|US)QW 


VPMOV(S|US)QD 


Perform fix-up to special values in DP/SP FP vectors. 

Perform fix-up to special values of the low DP/SP FP element. 

Convert the exponent of DP/SP FP elements of a vector into FP values. 

Convert the exponent of the low DP/SP FP element in a vector into FP value. 
Convert the mantissa of DP/SP FP elements of a vector into FP values. 

Convert the mantissa of the low DP/SP FP element of a vector into FP value. 
Insert a 128/256-bit vector into a full-length vector with 32/64-bit granular update. 
VMOVDQA with 32/64-bit granular conditional update. 

VMOVDQU with 32/64-bit granular conditional update. 

Blend dword/qword elements using opmask as select control. 

Broadcast from general-purpose register to vector register. 

Compare packed signed/unsigned dwords using specified primitive. 

Compare packed signed/unsigned quadwords using specified primitive. 
Compress packed 64/32-bit elements of a vector. 

Full permute of two tables of dword/qword elements overwriting the index vector. 
Full permute of two tables of DP/SP elements overwriting the index vector. 

Full permute of two tables of dword/qword elements overwriting one source table. 
Full permute of two tables of DP/SP elements overwriting one source table. 
Expand packed dword/qword elements of a vector. 

Compute maximum of packed signed 64-bit integer elements. 

Compute maximum of packed unsigned 32/64-bit integer elements. 

Compute minimum of packed signed 64-bit integer elements. 

Compute minimum of packed unsigned 32/64-bit integer elements. 


Down convert qword elements in a vector to byte elements using truncation (saturation | 
unsigned saturation). 


Down convert qword elements in a vector to word elements using truncation (saturation | 
unsigned saturation). 


Down convert qword elements in a vector to dword elements using truncation (saturation 
| unsigned saturation). 
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VPMOV(S|US)DB 
VPMOV(S|US)DW 


VPROLD/Q 
VPROLVD/Q 


VPRORD/Q 
VPRORRD/Q 


VPSCATTERDD/DQ 
VPSCATTERQD/QQ 
VPSRAQ 

VPSRAVQ 
VPTESTNMD/Q 


VPTERLOGD/Q 


VPTESTMD/Q 
VRCP14PD/PS 
VRCP14SD/SS 
VRNDSCALEPD/PS 
VRNDSCALESD/SS 
VRSQRT14PD/PS 
VRSQRT14SD/SS 


VSCALEPD/PS 
VSCALESD/SS 


VSCATTERDD/DQ 
VSCATTERQD/QQ 

VSHUFF32X4/64X2 
VSHUFI32X4/64X2 


Down convert dword elements in a vector to byte elements using truncation (saturation | 
unsigned saturation). 


Down convert dword elements in a vector to word elements using truncation (saturation | 
unsigned saturation). 


Rotate dword/qword element left by a constant shift count with conditional update. 


Rotate dword/qword element left by shift counts specified in a vector with conditional 
update. 


Rotate dword/qword element right by a constant shift count with conditional update. 


Rotate dword/qword element right by shift counts specified in a vector with conditional 
update. 


Scatter dword/qword elements in a vector to memory using dword indices. 
Scatter dword/qword elements in a vector to memory using qword indices. 
Shift qwords right by a constant shift count and shifting in sign bits. 

Shift qwords right by shift counts in a vector and shifting in sign bits. 


Perform bitwise NAND of dword/qword elements of two vectors and write results to 
opmask. 


Perform bitwise ternary logic operation of three vectors with 32/64 bit granular conditional 
update. 


Perform bitwise AND of dword/qword elements of two vectors and write results to opmask. 
Compute approximate reciprocals of packed DP/SP FP elements of a vector. 

Compute the approximate reciprocal of the low DP/SP FP element of a vector. 

Round packed DP/SP FP elements of a vector to specified number of fraction bits. 

Round the low DP/SP FP element of a vector to specified number of fraction bits. 
Compute approximate reciprocals of square roots of packed DP/SP FP elements of a vector. 


Compute the approximate reciprocal of square root of the low DP/SP FP element of a 
vector. 


Multiply packed DP/SP FP elements of a vector by powers of two with exponents specified 
in a second vector. 


Multiply the low DP/SP FP element of a vector by powers of two with exponent specified in 
the corresponding element of a second vector. 


Scatter SP/DP FP elements in a vector to memory using dword indices. 
Scatter SP/DP FP elements in a vector to memory using qword indices. 
Shuffle 128-bit lanes of a vector with 32/64 bit granular conditional update. 
Shuffle 128-bit lanes of a vector with 32/64 bit granular conditional update. 


512-bit instruction mnemonics in AVX-512DQ that are not AVX/AVX2 promotions include: 


VCVT(T)PD2QQ 
VCVT(T)PD2UQQ 
VCVT(T)PS2QQ 
VCVT(T)PS2UQQ 
VCVTUQQ2PD/PS 
VEXTRACTF64X2 
VEXTRACTI64X2 
VFPCLASSPD/PS 
VFPCLASSSD/SS 
VINSERTF64X2 
VINSERTI64X2 
VPMOVM2D/Q 
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Convert packed DP FP elements of a vector to packed signed 64-bit integers. 
Convert packed DP FP elements of a vector to packed unsigned 64-bit integers. 
Convert packed SP FP elements of a vector to packed signed 64-bit integers. 
Convert packed SP FP elements of a vector to packed unsigned 64-bit integers. 
Convert packed unsigned 64-bit integers to packed DP/SP FP elements. 
Extract a vector from a full-length vector with 64-bit granular update. 

Extract a vector from a full-length vector with 64-bit granular update. 

Test packed DP/SP FP elements in a vector by numeric/special-value category. 
Test the low DP/SP FP element by numeric/special-value category. 

Insert a 128-bit vector into a full-length vector with 64-bit granular update. 
Insert a 128-bit vector into a full-length vector with 64-bit granular update. 
Convert opmask register to vector register in 32/64-bit granularity. 


VPMOVB2D/Q2M 
VPMULLQ 


VRANGEPD/PS 
VRANGESD/SS 
VREDUCEPD/PS 


VREDUCESD/SS 


INSTRUCTION SET SUMMARY 


Convert a vector register in 32/64-bit granularity to an opmask register. 

Multiply packed signed 64-bit integer elements of two vectors and store low 64-bit signed 
result. 

Perform RANGE operation on each pair of DP/SP FP elements of two vectors using specified 
range primitive in imm8. 

Perform RANGE operation on the pair of low DP/SP FP element of two vectors using speci- 
fied range primitive in imms. 

Perform Reduction operation on packed DP/SP FP elements of a vector using specified 
reduction primitive in immés. 

Perform Reduction operation on the low DP/SP FP element of a vector using specified 
reduction primitive in immés. 


512-bit instruction mnemonics in AVX-512BW that are not AVX/AVX2 promotions include: 


VDBPSADBW 
VMOVDQU8/16 
VPBLENDMB 
VPBLENDMW 


VPBROADCASTB/W 


VPCMPB/UB 
VPCMPW/UW 
VPERMW 
VPERMI2B/W 
VPMOVM2B/W 
VPMOVB2M/W2M 
VPMOV(S|US)WB 


VPSLLVW 
VPSRAVW 
VPSRLVW 
VPTESTNMB/W 
VPTESTMB/W 


Double block packed Sum-Absolute-Differences on unsigned bytes. 
VMOVDQU with 8/16-bit granular conditional update. 

Replaces the VPBLENDVB instruction (using opmask as select control). 
Blend word elements using opmask as select control. 

Broadcast from general-purpose register to vector register. 

Compare packed signed/unsigned bytes using specified primitive. 
Compare packed signed/unsigned words using specified primitive. 
Permute packed word elements. 

Full permute from two tables of byte/word elements overwriting the index vector. 
Convert opmask register to vector register in 8/16-bit granularity. 
Convert a vector register in 8/16-bit granularity to an opmask register. 


Down convert word elements in a vector to byte elements using truncation (saturation | 
unsigned saturation). 


Shift word elements in a vector left by shift counts in a vector. 

Shift words right by shift counts in a vector and shifting in sign bits. 

Shift word elements in a vector right by shift counts in a vector. 

Perform bitwise NAND of byte/word elements of two vectors and write results to opmask. 
Perform bitwise AND of byte/word elements of two vectors and write results to opmask. 


512-bit instruction mnemonics in AVX-512CD that are not AVX/AVX2 promotions include: 


VPBROADCASTM 
VPCONFLICTD/Q 
VPLZCNTD/Q 


Broadcast from opmask register to vector register. 
Detect conflicts within a vector of packed 32/64-bit integers. 
Count the number of leading zero bits of packed dword/qword elements. 


Opmask instructions include: 


KADDB/W/D/Q 
KANDB/W/D/Q 
KANDNB/W/D/Q 
KMOVB/W/D/Q 
KNOTB/W/D/Q 
KORB/W/D/Q 
KORTESTB/W/D/Q 
KSHIFTLB/W/D/Q 
KSHIFTRB/W/D/Q 


Add two 8/16/32/64-bit opmasks. 

Logical AND two 8/16/32/64-bit opmasks. 

Logical AND NOT two 8/16/32/64-bit opmasks. 

Move from or move to opmask register of 8/16/32/64-bit data. 

Bitwise NOT of two 8/16/32/64-bit opmasks. 

Logical OR two 8/16/32/64-bit opmasks. 

Update EFLAGS according to the result of bitwise OR of two 8/16/32/64-bit opmasks. 
Shift left 8/16/32/64-bit opmask by specified count. 

Shift right 8/16/32/64-bit opmask by specified count. 
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KTESTB/W/D/Q 
KUNPCKBW/WD/DQ 
KXNORB/W/D/Q 
KXORB/W/D/Q 


Update EFLAGS according to the result of bitwise TEST of two 8/16/32/64-bit opmasks. 
Unpack and interleave two 8/16/32-bit opmasks into 16/32/64-bit mask. 

Bitwise logical XNOR of two 8/16/32/64-bit opmasks. 

Logical XOR of two 8/16/32/64-bit opmasks. 


512-bit instruction mnemonics in AVX-512ER include: 


VEXP2PD/PS 
VEXP2SD/SS 
VRCP28PD/PS 
VRCP28SD/SS 
VRSQRT28PD/PS 


VRSQRT28SD/SS 


Compute approximate base-2 exponential of packed DP/SP FP elements of a vector. 
Compute approximate base-2 exponential of the low DP/SP FP element of a vector. 
Compute approximate reciprocals to 28 bits of packed DP/SP FP elements of a vector. 
Compute the approximate reciprocal to 28 bits of the low DP/SP FP element of a vector. 
Compute approximate reciprocals of square roots to 28 bits of packed DP/SP FP elements 
of a vector. 

Compute the approximate reciprocal of square root to 28 bits of the low DP/SP FP element 
of a vector. 


512-bit instruction mnemonics in AVX-512PF include: 


VGATHERPFODPD/PS 
VGATHERPFOQPD/PS 
VGATHERPF1DPD/PS 
VGATHERPF1QPD/PS 
VSCATTERPFODPD/PS 
VSCATTERPFOQPD/PS 
VSCATTERPF1DPD/PS 
VSCATTERPF1QPD/PS 


Sparse prefetch of packed DP/SP FP vector with TO hint using dword indices. 
Sparse prefetch of packed DP/SP FP vector with TO hint using qword indices. 
Sparse prefetch of packed DP/SP FP vector with T1 hint using dword indices. 
Sparse prefetch of packed DP/SP FP vector with T1 hint using qword indices. 
Sparse prefetch of packed DP/SP FP vector with TO hint to write using dword indices. 
Sparse prefetch of packed DP/SP FP vector with TO hint to write using qword indices. 
Sparse prefetch of packed DP/SP FP vector with T1 hint to write using dword indices. 
Sparse prefetch of packed DP/SP FP vector with T1 hint to write using qword indices. 


5.20 SYSTEM INSTRUCTIONS 


The following system instructions are used to control those functions of the processor that are provided to support 
for operating systems and executives. 


CLAC 
STAC 
LGDT 
SGDT 
LLDT 
SLDT 
LTR 
STR 
LIDT 
SIDT 
MOV 


5-34 Vol. 1 


Clear AC Flag in EFLAGS register. 

Set AC Flag in EFLAGS register. 

Load global descriptor table (GDT) register. 
Store global descriptor table (GDT) register. 
Load local descriptor table (LDT) register. 
Store local descriptor table (LDT) register. 
Load task register. 

Store task register. 

Load interrupt descriptor table (IDT) register. 
Store interrupt descriptor table (IDT) register. 
Load and store control registers. 

Load machine status word. 

Store machine status word. 

Clear the task-switched flag. 

Adjust requested privilege level. 

Load access rights. 

Load segment limit. 


VERR 

VERW 

MOV 

INVD 
WBINVD 
INVLPG 
INVPCID 
LOCK (prefix) 


HLT 

RSM 
RDMSR 
WRMSR 
RDPMC 
RDTSC 
RDTSCP 
SYSENTER 
SYSEXIT 
XSAVE 
XSAVEC 
XSAVEOPT 
XSAVES 
XRSTOR 
XRSTORS 
XGETBV 
XSETBV 
RDFSBASE 
RDGSBASE 
WRFSBASE 
WRGSBASE 


INSTRUCTION SET SUMMARY 


Verify segment for reading 

Verify segment for writing. 

Load and store debug registers. 
Invalidate cache, no writeback. 
Invalidate cache, with writeback. 
Invalidate TLB Entry. 

Invalidate Process-Context Identifier. 


Perform atomic access to memory (can be applied to a number of general purpose instruc- 


tions that provide memory source/destination access). 

Halt processor. 

Return from system management mode (SMM). 

Read model-specific register. 

Write model-specific register. 

Read performance monitoring counters. 

Read time stamp counter. 

Read time stamp counter and processor ID. 

Fast System Call, transfers to a flat protected mode kernel at CPL = 0. 
Fast System Call, transfers to a flat protected mode kernel at CPL = 3. 
Save processor extended states to memory. 

Save processor extended states with compaction to memory. 

Save processor extended states to memory, optimized. 

Save processor supervisor-mode extended states to memory. 
Restore processor extended states from memory. 

Restore processor supervisor-mode extended states from memory. 
Reads the state of an extended control register. 

Writes the state of an extended control register. 

Reads from FS base address at any privilege level. 

Reads from GS base address at any privilege level. 

Writes to FS base address at any privilege level. 

Writes to GS base address at any privilege level. 


5.21 64-BIT MODE INSTRUCTIONS 


The following instructions are introduced in 64-bit mode. This mode is a sub-mode of IA-32e mode. 


CDQE 

CMPSQ 
CMPXCHG16B 
LODSQ 
MOVSQ 


MOVZX (64-bits) 


STOSQ 
SWAPGS 
SYSCALL 
SYSRET 


Convert doubleword to quadword. 

Compare string operands. 

Compare RDX:RAX with m1i28. 

Load qword at address (R)SI into RAX. 

Move qword from address (R)SI to (R)DI. 

Move bytes/words to doublewords/quadwords, zero-extension. 

Store RAX at address RDI. 

Exchanges current GS base register value with value in MSR address CO000102H. 
Fast call to privilege level 0 system procedures. 

Return from fast systemcall. 
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5.22 VIRTUAL-MACHINE EXTENSIONS 


The behavior of the VMCS-maintenance instructions is summarized below: 


VMPTRLD Takes a single 64-bit source operand in memory. It makes the referenced VMCS active and 
current. 

VMPTRST Takes a single 64-bit destination operand that is in memory. Current-VMCS pointer is 
stored into the destination operand. 

VMCLEAR Takes a single 64-bit operand in memory. The instruction sets the launch state of the VMCS 


referenced by the operand to “clear”, renders that VMCS inactive, and ensures that data 
for the VMCS have been written to the VMCS-data area in the referenced VMCS region. 


VMREAD Reads a component from the VMCS (the encoding of that field is given in a register 
operand) and stores it into a destination operand. 
VMWRITE Writes a component to the VMCS (the encoding of that field is given in a register operand) 


from a source operand. 


The behavior of the VMX management instructions is summarized below: 


VMLAUNCH Launches a virtual machine managed by the VMCS. A VM entry occurs, transferring control 
to the VM. 

VMRESUME Resumes a virtual machine managed by the VMCS. A VM entry occurs, transferring control 
to the VM. 

VMXOFF Causes the processor to leave VMX operation. 

VMXON Takes a single 64-bit source operand in memory. It causes a logical processor to enter VMX 
root operation and to use the memory referenced by the operand to support VMX opera- 
tion. 


The behavior of the VMX-specific TLB-management instructions is summarized below: 


INVEPT Invalidate cached Extended Page Table (EPT) mappings in the processor to synchronize 
address translation in virtual machines with memory-resident EPT pages. 

INVVPID Invalidate cached mappings of address translation based on the Virtual Processor ID 
(VPID). 


None of the instructions above can be executed in compatibility mode; they generate invalid-opcode exceptions if 
executed in compatibility mode. 


The behavior of the guest-available instructions is summarized below: 


VMCALL Allows a guest in VMX non-root operation to call the VMM for service. A VM exit occurs, 
transferring control to the VMM. 
VMFUNC This instruction allows software in VMX non-root operation to invoke a VM function, which 


is processor functionality enabled and configured by software in VMX root operation. No 
VM exit occurs. 


5.23. SAFER MODE EXTENSIONS 


The behavior of the GETSEC instruction leaves of the Safer Mode Extensions (SMX) are summarized below: 
GETSEC[CAPABILITIES]Returns the available leaf functions of the GETSEC instruction. 
GETSEC[ENTERACCS] Loads an authenticated code chipset module and enters authenticated code execution 


mode. 

GETSEC[EXITAC] Exits authenticated code execution mode. 

GETSEC[SENTER] Establishes a Measured Launched Environment (MLE) which has its dynamic root of trust 
anchored to a chipset supporting Intel Trusted Execution Technology. 

GETSEC[SEXIT] Exits the MLE. 

GETSEC[PARAMETERS] Returns SMX related parameter information. 

GETSEC[SMCRTL] SMX mode control. 

GETSEC[WAKEUP] Wakes up sleeping logical processors inside an MLE. 
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5.24 INTEL® MEMORY PROTECTION EXTENSIONS 


Intel Memory Protection Extensions (MPX) provides a set of instructions to enable software to add robust bounds 
checking capability to memory references. Details of Intel MPX are described in Chapter 17, “Intel® MPX”. 


BNDMK Create a LowerBound and a UpperBound in a register. 

BNDCL Check the address of a memory reference against a LowerBound. 

BNDCU Check the address of a memory reference against an UpperBound in 1’s compliment form. 

BNDCN Check the address of a memory reference against an UpperBound not in 1’s compliment 
form. 

BNDMOV Copy or load from memory of the LowerBound and UpperBound to a register. 

BNDMOV Store to memory of the LowerBound and UpperBound from a register. 

BNDLDX Load bounds using address translation. 

BNDSTX Store bounds using address translation. 


5.25 INTEL® SOFTWARE GUARD EXTENSIONS 


Intel Software Guard Extensions (Intel SGX) provide two sets of instruction leaf functions to enable application 
software to instantiate a protected container, referred to as an enclave. The enclave instructions are organized as 
leaf functions under two instruction mnemonics: ENCLS (ring 0) and ENCLU (ring 3). Details of Intel SGX are 
described in CHAPTER 33 through CHAPTER 39 of Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3D. 

The first implementation of Intel SGX is also referred to as SGX1, it is introduced with the 6th Generation Intel 
Core Processors. The leaf functions supported in SGX1 is shown in Table 5-3. 


Table 5-3. Supervisor and User Mode Enclave Instruction Leaf Functions in Long-Form of SGX1 


Supervisor Instruction Description User Instruction Description 
ENCLS[EADD] Add a page ENCLU[EENTER] Enter an Enclave 
ENCLS[EBLOCK] Block an EPC page ENCLU[EEXIT] Exit an Enclave 
ENCLS[ECREATE] Create an enclave ENCLU[EGETKEY] Create a cryptographic key 
ENCLS[EDBGRD] Read data by debugger ENCLU[EREPORT] Create a cryptographic report 
ENCLS[EDBGWR] Write data by debugger ENCLU[ERESUME] Re-enter an Enclave 
ENCLS[EEXTEND] Extend EPC page measurement 

ENCLS[EINIT] Initialize an enclave 

ENCLS[ELDB] Load an EPC page as blocked 

ENCLS[ELDU] Load an EPC page as unblocked 

ENCLS[EPA] Add version array 

ENCLS[EREMOVE] Remove a page from EPC 

ENCLS[ETRACK] Activate EBLOCK checks 

ENCLS[EWB] Write back/invalidate an EPC page 


5.26 SHADOW STACK MANAGEMENT INSTRUCTIONS 


Shadow stack management instructions allow the program and run-time to perform operations like recovering 
from control protection faults, shadow stack switching, etc. The following instructions are provided. 


CLRSSBSY Clear busy bit in a supervisor shadow stack token. 
INCSSP Increment the shadow stack pointer (SSP). 
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RDSSP Read shadow stack point (SSP). 

RSTORSSP Restore a shadow stack pointer (SSP). 
SAVEPREVSSP Save previous shadow stack pointer (SSP). 
SETSSBSY Set busy bit in a supervisor shadow stack token. 
WRSS Write to a shadow stack. 

WRUSS Write to a user mode shadow stack. 


5.27. CONTROL TRANSFER TERMINATING INSTRUCTIONS 


ENDBR32 Terminate an Indirect Branch in 32-bit and Compatibility Mode. 
ENDBR64 Terminate an Indirect Branch in 64-bit Mode. 
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CHAPTER 6 
PROCEDURE CALLS, INTERRUPTS, AND EXCEPTIONS 


This chapter describes the facilities in the Intel 64 and IA-32 architectures for executing calls to procedures or 
subroutines. It also describes how interrupts and exceptions are handled from the perspective of an application 
programmer. 


6.1 PROCEDURE CALL TYPES 


The processor supports procedure calls in the following two different ways: 
® CALL and RET instructions. 


¢ ENTER and LEAVE instructions, in conjunction with the CALL and RET 
instructions. 


Both of these procedure call mechanisms use the procedure stack, commonly referred to simply as “the stack,” to 
save the state of the calling procedure, pass parameters to the called procedure, and store local variables for the 
currently executing procedure. 


The processor’s facilities for handling interrupts and exceptions are similar to those used by the CALL and RET 
instructions. 


Processors that support Control-Flow Enforcement Technology (CET) support an additional stack referred to as “the 
shadow stack”. The CALL instruction, when shadow stacks are enabled, additionally saves the state of the calling 
procedure on the shadow stack; and the RET instruction restores the state of the calling procedure if the state on 
the stack and the shadow stack match. 


6.2 STACKS 


The stack (see Figure 6-1) is a contiguous array of memory locations. It is contained in a segment and identified by 
the segment selector in the SS register. When using the flat memory model, the stack can be located anywhere in 
the linear address space for the program. A stack can be up to 4 GBytes long, the maximum size of a segment. 


Items are placed on the stack using the PUSH instruction and removed from the stack using the POP instruction. 
When an item is pushed onto the stack, the processor decrements the ESP register, then writes the item at the new 
top of stack. When an item is popped off the stack, the processor reads the item from the top of stack, then incre- 
ments the ESP register. In this manner, the stack grows down in memory (towards lesser addresses) when items 
are pushed on the stack and shrinks up (towards greater addresses) when the items are popped from the stack. 


A program or operating system/executive can set up many stacks. For example, in multitasking systems, each task 
can be given its own stack. The number of stacks in a system is limited by the maximum number of segments and 
the available physical memory. 


When a system sets up many stacks, only one stack—the current stack—is available at a time. The current stack 
is the one contained in the segment referenced by the SS register. 
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Figure 6-1. Stack Structure 


The processor references the SS register automatically for all stack operations. For example, when the ESP register 
is used as a memory address, it automatically points to an address in the current stack. Also, the CALL, RET, PUSH, 
POP, ENTER, and LEAVE instructions all perform operations on the current stack. 


6.2.1 Setting Up a Stack 


To set a stack and establish it as the current stack, the program or operating system/executive must do the 
following: 


1. Establish a stack segment. 
2. Load the segment selector for the stack segment into the SS register using a MOV, POP, or LSS instruction. 


3. Load the stack pointer for the stack into the ESP register using a MOV, POP, or LSS instruction. The LSS 
instruction can be used to load the SS and ESP registers in one operation. 


See “Segment Descriptors” in Chapter 3, “Protected-Mode Memory Management,” of the Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 3A, for information on how to set up a segment descriptor and 
segment limits for a stack segment. 


6.2.2 Stack Alignment 


The stack pointer for a stack segment should be aligned on 16-bit (word) or 32-bit (double-word) boundaries, 
depending on the width of the stack segment. The D flag in the segment descriptor for the current code segment 
sets the stack-segment width (see “Segment Descriptors” in Chapter 3, “Protected-Mode Memory Management,” of 
the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A). The PUSH and POP instructions 
use the D flag to determine how much to decrement or increment the stack pointer on a push or pop operation, 
respectively. When the stack width is 16 bits, the stack pointer is incremented or decremented in 16-bit increments; 
when the width is 32 bits, the stack pointer is incremented or decremented in 32-bit increments. Pushing a 16-bit 
value onto a 32-bit wide stack can result in stack misaligned (that is, the stack pointer is not aligned on a double- 
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word boundary). One exception to this rule is when the contents of a segment register (a 16-bit segment selector) 
are pushed onto a 32-bit wide stack. Here, the processor automatically aligns the stack pointer to the next 32-bit 
boundary. 


The processor does not check stack pointer alignment. It is the responsibility of the programs, tasks, and system 
procedures running on the processor to maintain proper alignment of stack pointers. Misaligning a stack pointer 
can cause serious performance degradation and in some instances program failures. 


6.2.3 Address-Size Attributes for Stack Accesses 


Instructions that use the stack implicitly (such as the PUSH and POP instructions) have two address-size attributes 
each of either 16 or 32 bits. This is because they always have the implicit address of the top of the stack, and they 
may also have an explicit memory address (for example, PUSH Array1[EBX]). The attribute of the explicit address 
is determined by the D flag of the current code segment and the presence or absence of the 67H address-size 
prefix. 


The address-size attribute of the top of the stack determines whether SP or ESP is used for the stack access. Stack 
operations with an address-size attribute of 16 use the 16-bit SP stack pointer register and can use a maximum 
stack address of FFFFH; stack operations with an address-size attribute of 32 bits use the 32-bit ESP register and 
can use a maximum address of FFFFFFFFH. The default address-size attribute for data segments used as stacks is 
controlled by the B flag of the segment’s descriptor. When this flag is clear, the default address-size attribute is 16; 
when the flag is set, the address-size attribute is 32. 


6.2.4 Procedure Linking Information 


The processor provides two pointers for linking of procedures: the stack-frame base pointer and the return instruc- 
tion pointer. When used in conjunction with a standard software procedure-call technique, these pointers permit 
reliable and coherent linking of procedures. 


6.2.4.1 Stack-Frame Base Pointer 


The stack is typically divided into frames. Each stack frame can then contain local variables, parameters to be 
passed to another procedure, and procedure linking information. The stack-frame base pointer (contained in the 
EBP register) identifies a fixed reference point within the stack frame for the called procedure. To use the stack- 
frame base pointer, the called procedure typically copies the contents of the ESP register into the EBP register prior 
to pushing any local variables on the stack. The stack-frame base pointer then permits easy access to data struc- 
tures passed on the stack, to the return instruction pointer, and to local variables added to the stack by the called 
procedure. 


Like the ESP register, the EBP register automatically points to an address in the current stack segment (that is, the 
segment specified by the current contents of the SS register). 


6.2.4.2 Return Instruction Pointer 


Prior to branching to the first instruction of the called procedure, the CALL instruction pushes the address in the EIP 
register onto the current stack. This address is then called the return-instruction pointer and it points to the 
instruction where execution of the calling procedure should resume following a return from the called procedure. 
Upon returning from a called procedure, the RET instruction pops the return-instruction pointer from the stack back 
into the EIP register. Execution of the calling procedure then resumes. 


The processor does not keep track of the location of the return-instruction pointer. It is thus up to the programmer 
to ensure that stack pointer is pointing to the return-instruction pointer on the stack, prior to issuing a RET instruc- 
tion. A common way to reset the stack pointer to the point to the return-instruction pointer is to move the contents 
of the EBP register into the ESP register. If the EBP register is loaded with the stack pointer immediately following 
a procedure call, it should point to the return instruction pointer on the stack. 


The processor does not require that the return instruction pointer point back to the calling procedure. Prior to 
executing the RET instruction, the return instruction pointer can be manipulated in software to point to any address 
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in the current code segment (near return) or another code segment (far return). Performing such an operation, 
however, should be undertaken very cautiously, using only well defined code entry points. 


6.2.5 Stack Behavior in 64-Bit Mode 


In 64-bit mode, address calculations that reference SS segments are treated as if the segment base is zero. Fields 
(base, limit, and attribute) in segment descriptor registers are ignored. SS DPL is modified such that it is always 
equal to CPL. This will be true even if it is the only field in the SS descriptor that is modified. 


Registers E(SP), E(IP) and E(BP) are promoted to 64-bits and are re-named RSP, RIP, and RBP respectively. Some 
forms of segment load instructions are invalid (for example, LDS, POP ES). 


PUSH/POP instructions increment/decrement the stack using a 64-bit width. When the contents of a segment 
register is pushed onto 64-bit stack, the pointer is automatically aligned to 64 bits (as with a stack that has a 32- 
bit width). 


6.3 SHADOW STACKS 


A shadow stack is a second stack used exclusively for control transfer operations. This stack is separate from the 
procedure stack. The shadow stack is not used to store data, hence is not explicitly writeable by software. Writes 
to the shadow stack are restricted to control transfer instructions and shadow stack management instructions. 
Shadow stacks can be enabled separately for privilege level 3 (user mode) or privilege levels less than 3 (super- 
visor mode). 


Shadow stacks are active only in protected mode with paging enabled. Shadow stacks cannot be enabled for a 
program executing in virtual 8086 mode. 


Processors that support shadow stacks have an architectural register called the shadow stack pointer (SSP) that 
points to the current top of the shadow stack. The SSP cannot be directly encoded as a source, destination, or 
memory operand in instructions. The width of the shadow stack is 32-bit in 32-bit/compatibility mode, and is 64- 
bit in 64-bit mode. The address-size attribute of the shadow stack is likewise 32-bit in 32-bit/compatibility mode, 
and 64-bit in 64-bit mode. 


The size of the shadow stack pushes and pops for far CALL and call to interrupt/exception handlers is fixed at 64 
bits, and the processor uses 8-byte, zero padded stores for these pushes in 32-bit/compatibility modes. 


6.4 CALLING PROCEDURES USING CALL AND RET 


The CALL instruction allows control transfers to procedures within the current code segment (near call) and ina 
different code segment (far call). Near calls usually provide access to local procedures within the currently running 
program or task. Far calls are usually used to access operating system procedures or procedures in a different task. 
See “CALL—Call Procedure” in Chapter 3, “Instruction Set Reference, A-L,” of the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 2A, for a detailed description of the CALL instruction. 


The RET instruction also allows near and far returns to match the near and far versions of the CALL instruction. In 
addition, the RET instruction allows a program to increment the stack pointer on a return to release parameters 
from the stack. The number of bytes released from the stack is determined by an optional argument (/n) to the RET 
instruction. See “RET—Return from Procedure” in Chapter 4, “Instruction Set Reference, M-U,” of the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 2B, for a detailed description of the RET instruction. 


6.4.1 Near CALL and RET Operation 
When executing a near call, the processor does the following (see Figure 6-2): 
1. Pushes the current value of the EIP register on the stack. 


If shadow stack is enabled and the displacement value is not 0, pushes the current value of the EIP register on 
the shadow stack. 
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Loads the offset of the called procedure in the EIP register. 
Begins execution of the called procedure. 


When executing a near return, the processor performs these actions: 


1. 


Pops the top-of-stack value (the return instruction pointer) into the EIP register. 


If shadow stack is enabled, pops the top-of-stack (the return instruction pointer) value from the shadow stack 
and if it’s not the same as the return instruction pointer popped from the stack, then the processor causes a 
control protection exception with error code NEAR-RET (#CP(NEAR-RET)). 

If the RET instruction has an optional n argument, increments the stack pointer by the number of bytes 
specified with the n operand to release parameters from the stack. 


Resumes execution of the calling procedure. 


6.4.2 Far CALL and RET Operation 


When executing a far call, the processor performs these actions (see Figure 6-2): 


1. 


ou BR WN 


Pushes the current value of the CS register on the stack. 
If shadow stack is enabled: 


a. Temporarily saves the current value of the SSP register internally and aligns the SSP to the next 8 byte 
boundary. 


b. Pushes the current value of the CS register on the shadow stack. 

c. Pushes the current value of LIP (CS.base + EIP) on the shadow stack. 

d. Pushes the internally saved value of the SSP register on the shadow stack. 

Pushes the current value of the EIP register on the stack. 

Loads the segment selector of the segment that contains the called procedure in the CS register. 
Loads the offset of the called procedure in the EIP register. 

Begins execution of the called procedure. 


When executing a far return, the processor does the following: 


1. 
2. 


Pops the top-of-stack value (the return instruction pointer) into the EIP register. 

Pops the top-of-stack value (the segment selector for the code segment being returned to) into the CS register. 
If shadow stack is enabled: 

a. Causes a control protection exception (#CP(FAR-RET/IRET)) if the SSP is not aligned to 8 bytes. 


b. Compares the values on the shadow stack at address SSP+8 (the LIP) and SSP+16 (the CS) to the CS and 
(CS.base + EIP) popped from the stack, and causes a control protection exception (#CP(FAR-RET/IRET)) if 
they do not match. 


c. Pops the top-of-stack value (the SSP of the procedure being returned to) from shadow stack into the SSP 
register. 


If the RET instruction has an optional n argument, increments the stack pointer by the number of bytes 
specified with the n operand to release parameters from the stack. 


Resumes execution of the calling procedure. 
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Figure 6-2. Stack on Near and Far Calls 
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Figure 6-3. Shadow Stack on Near and Far Calls 
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6.4.3 Parameter Passing 


Parameters can be passed between procedures in any of three ways: through general-purpose registers, in an 
argument list, or on the stack. 


6.4.3.1 Passing Parameters Through the General-Purpose Registers 


The processor does not save the state of the general-purpose registers on procedure calls. A calling procedure can 
thus pass up to six parameters to the called procedure by copying the parameters into any of these registers 
(except the ESP and EBP registers) prior to executing the CALL instruction. The called procedure can likewise pass 
parameters back to the calling procedure through general-purpose registers. 


6.4.3.2 Passing Parameters on the Stack 


To pass a large number of parameters to the called procedure, the parameters can be placed on the stack, in the 
stack frame for the calling procedure. Here, it is useful to use the stack-frame base pointer (in the EBP register) to 
make a frame boundary for easy access to the parameters. 


The stack can also be used to pass parameters back from the called procedure to the calling procedure. 


6.4.3.3 Passing Parameters in an Argument List 


An alternate method of passing a larger number of parameters (or a data structure) to the called procedure is to 
place the parameters in an argument list in one of the data segments in memory. A pointer to the argument list can 
then be passed to the called procedure through a general-purpose register or the stack. Parameters can also be 
passed back to the calling procedure in this same manner. 


6.4.4 Saving Procedure State Information 


The processor does not save the contents of the general-purpose registers, segment registers, or the EFLAGS 
register on a procedure call. A calling procedure should explicitly save the values in any of the general-purpose 
registers that it will need when it resumes execution after a return. These values can be saved on the stack or in 
memory in one of the data segments. 


The PUSHA and POPA instructions facilitate saving and restoring the contents of the general-purpose registers. 

PUSHA pushes the values in all the general-purpose registers on the stack in the following order: EAX, ECX, EDX, 
EBX, ESP (the value prior to executing the PUSHA instruction), EBP, ESI, and EDI. The POPA instruction pops all the 
register values saved with a PUSHA instruction (except the ESP value) from the stack to their respective registers. 


If a called procedure changes the state of any of the segment registers explicitly, it should restore them to their 
former values before executing a return to the calling procedure. 


If a calling procedure needs to maintain the state of the EFLAGS register, it can save and restore all or part of the 
register using the PUSHF/PUSHFD and POPF/POPFD instructions. The PUSHF instruction pushes the lower word of 
the EFLAGS register on the stack, while the PUSHFD instruction pushes the entire register. The POPF instruction 
pops a word from the stack into the lower word of the EFLAGS register, while the POPFD instruction pops a double 
word from the stack into the register. 


6.4.5 Calls to Other Privilege Levels 


The IA-32 architecture’s protection mechanism recognizes four privilege levels, numbered from 0 to 3, where a 
greater number mean less privilege. The reason to use privilege levels is to improve the reliability of operating 
systems. For example, Figure 6-4 shows how privilege levels can be interpreted as rings of protection. 
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Figure 6-4. Protection Rings 


In this example, the highest privilege level 0 (at the center of the diagram) is used for segments that contain the 
most critical code modules in the system, usually the kernel of an operating system. The outer rings (with progres- 
sively lower privileges) are used for segments that contain code modules for less critical software. 


Code modules in lower privilege segments can only access modules operating at higher privilege segments by 
means of a tightly controlled and protected interface called a gate. Attempts to access higher privilege segments 
without going through a protection gate and without having sufficient access rights causes a general-protection 
exception (#GP) to be generated. 


If an operating system or executive uses this multilevel protection mechanism, a call to a procedure that is ina 
more privileged protection level than the calling procedure is handled in a similar manner as a far call (see Section 
6.4.2, “Far CALL and RET Operation”). The differences are as follows: 


* The segment selector provided in the CALL instruction references a special data structure called a call gate 
descriptor. Among other things, the call gate descriptor provides the following: 


— access rights information 
— the segment selector for the code segment of the called procedure 
— an offset into the code segment (that is, the instruction pointer for the called procedure) 


¢ The processor switches to a new stack to execute the called procedure. Each privilege level has its own stack. 
The segment selector and stack pointer for the privilege level 3 stack are stored in the SS and ESP registers, 
respectively, and are automatically saved when a call to a more privileged level occurs. The segment selectors 
and stack pointers for the privilege level 2, 1, and O stacks are stored in a system segment called the task state 
segment (TSS). 


The use of a call gate and the TSS during a stack switch are transparent to the calling procedure, except when a 
general-protection exception is raised. 


6.4.6 CALL and RET Operation Between Privilege Levels 

When making a call to a more privileged protection level, the processor does the following (see Figure 6-5): 
1. Performs an access rights check (privilege check). 

2. Temporarily saves (internally) the current contents of the SS, ESP, CS, and EIP registers. 
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Figure 6-5. Stack Switch on a Call to a Different Privilege Level 
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3. Loads the segment selector and stack pointer for the new stack (that is, the stack for the privilege level being 


Calling to Procedure at Higher Privilege Level from Privilege Level 3 


Shadow Stack for 
Calling Procedure 


SSP Before Call 
and After Return 


SSP After Call and 
Before Return 


Handler's Shadow 
Stack 


Supervisor 
Shadow Stack 
Token 


Calling to Procedure at Higher Privilege Level from Privilege Level 2 or 1 


Interrupted Procedure’s 
Shadow Stack 


SSP Before Call 
and After Return 


SSP After Call and 
Before Return 


Handler's Shadow 
Stack 


Supervisor 
Shadow Stack 
Token 


cS 


LIP 


SSP 


Note: There are no parameters on the shadow stack. RET and RET n operate 
identically on the shadow stack. 


Figure 6-6. Shadow Stack Switch on a Call to a Different Privilege Level 


called) from the TSS into the SS and ESP registers and switches to the new stack. 


4. Pushes the temporarily saved SS and ESP values for the calling procedure’s stack onto the new stack. 
Copies the parameters from the calling procedure’s stack to the new stack. A value in the call gate descriptor 


determines how many parameters to copy to the new stack. 


6. Pushes the temporarily saved CS and EIP values for the calling procedure to the new stack. 


If shadow stack is enabled at the privilege level of the calling procedure, then the processor temporarily saves 
the SSP of the calling procedure internally. If the calling procedure is at privilege level 3, the SSP of the calling 


procedure is also saved into the IA32_PL3_SSP MSR. 
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If shadow stack is enabled at the privilege level of the called procedure, then the SSP for the called procedure 
is obtained from one of the MSRs listed below, depending on the target privilege level. The SSP obtained is then 
verified to ensure it points to a valid supervisory shadow stack that is not currently active by verifying a 
supervisor shadow stack token at the address pointed to by the SSP. The operations performed to verify and 
acquire the supervisor shadow stack token by making it busy are as described in Section 18.2.3 of the Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 1. 


— JIA32_PL2_SSP if transitioning to ring 2. 
— IA32_PL1_SSP if transitioning to ring 1. 
— IA32_PLO_SSP if transitioning to ring 0. 


If shadow stack is enabled at the privilege level of the called procedure and the calling procedure was not at 
privilege level 3, then the processor pushes the temporarily saved CS, LIP (CS.base + EIP), and SSP of the 
calling procedure to the new shadow stack. 


Loads the segment selector for the new code segment and the new instruction pointer from the call gate into 
the CS and EIP registers, respectively. 


Begins execution of the called procedure at the new privilege level. 


When executing a return from the privileged procedure, the processor performs these actions: 


1. 
2. 


6. 


Performs a privilege check. 

Restores the CS and EIP registers to their values prior to the call. 

If shadow stack is enabled at the current privilege level: 

— Causes a control protection exception (#CP(FAR-RET/IRET)) if SSP is not aligned to 8 bytes. 

— Ifthe privilege level of the procedure being returned to is less than 3 (returning to supervisor mode): 


* Compares the values on shadow stack at address SSP+8 (the LIP) and SSP+16 (the CS) to the CS and 
(CS.base + EIP) popped from the stack and causes a control protection exception (#CP(FAR- 
RET/IRET)) if they do not match. 


¢ Temporarily saves the top-of-stack value (the SSP of the procedure being returned to) internally. 


— Ifa busy supervisor shadow stack token is present at address SSP+24, then marks the token free using 
operations described in Section 18.2.3 of the Intel® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1. 


— Ifthe privilege level of the procedure being returned to is less than 3 (returning to supervisor mode), re- 
stores the SSP register from the internally saved value. 


— Ifthe privilege level of the procedure being returned to is 3 (returning to user mode) and shadow stack is 
enabled at privilege level 3, then restores the SSP register with value of IA32_PL3_SSP MSR. 


If the RET instruction has an optional n argument, increments the stack pointer by the number of bytes 
specified with the n operand to release parameters from the stack. If the call gate descriptor specifies that one 
or more parameters be copied from one stack to the other, a RET rn instruction must be used to release the 
parameters from both stacks. Here, the n operand specifies the number of bytes occupied on each stack by the 
parameters. On a return, the processor increments ESP by n for each stack to step over (effectively remove) 
these parameters from the stacks. 


Restores the SS and ESP registers to their values prior to the call, which causes a switch back to the stack of 
the calling procedure. 


If the RET instruction has an optional n argument, increments the stack pointer by the number of bytes 
specified with the n operand to release parameters from the stack (see explanation in step 3). 


Resumes execution of the calling procedure. 


See Chapter 5, “Protection,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, for 
detailed information on calls to privileged levels and the call gate descriptor. 
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6.4.7 Branch Functions in 64-Bit Mode 


The 64-bit extensions expand branching mechanisms to accommodate branches in 64-bit linear-address space. 
These are: 


¢ Near-branch semantics are redefined in 64-bit mode 
°* In 64-bit mode and compatibility mode, 64-bit call-gate descriptors for far calls are available 


In 64-bit mode, the operand size for all near branches (CALL, RET, JCC, JCXZ, JMP, and LOOP) is forced to 64 bits. 
These instructions update the 64-bit RIP without the need for a REX operand-size prefix. 


The following aspects of near branches are controlled by the effective operand size: 
* Truncation of the size of the instruction pointer 

° Size of a stack pop or push, due to a CALL or RET 

° Size of a stack-pointer increment or decrement, due to a CALL or RET 

¢  Indirect-branch operand size 


In 64-bit mode, all of the above actions are forced to 64 bits regardless of operand size prefixes (operand size 
prefixes are silently ignored). However, the displacement field for relative branches is still limited to 32 bits and the 
address size for near branches is not forced in 64-bit mode. 


Address sizes affect the size of RCX used for JCXZ and LOOP; they also impact the address calculation for memory 
indirect branches. Such addresses are 64 bits by default; but they can be overridden to 32 bits by an address size 
prefix. 


Software typically uses far branches to change privilege levels. The legacy IA-32 architecture provides the call-gate 
mechanism to allow software to branch from one privilege level to another, although call gates can also be used for 
branches that do not change privilege levels. When call gates are used, the selector portion of the direct or indirect 
pointer references a gate descriptor (the offset in the instruction is ignored). The offset to the destination’s code 
segment is taken from the call-gate descriptor. 


64-bit mode redefines the type value of a 32-bit call-gate descriptor type to a 64-bit call gate descriptor and 
expands the size of the 64-bit descriptor to hold a 64-bit offset. The 64-bit mode call-gate descriptor allows far 
branches that reference any location in the supported linear-address space. These call gates also hold the target 
code selector (CS), allowing changes to privilege level and default size as a result of the gate transition. 


Because immediates are generally specified up to 32 bits, the only way to specify a full 64-bit absolute RIP in 64- 
bit mode is with an indirect branch. For this reason, direct far branches are eliminated from the instruction set in 
64-bit mode. 


64-bit mode also expands the semantics of the SYSENTER and SYSEXIT instructions so that the instructions 
operate within a 64-bit memory space. The mode also introduces two new instructions: SYSCALL and SYSRET 
(which are valid only in 64-bit mode). For details, see “SYSENTER—Fast System Call,” “SYSEXIT—Fast Return from 
Fast System Call,” “SYSCALL—Fast System Call,” and “SYSRET—Return From Fast System Call” in Chapter 4, 
“Instruction Set Reference, M-U,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
2B. 


6.5 INTERRUPTS AND EXCEPTIONS 


The processor provides two mechanisms for interrupting program execution, interrupts and exceptions: 
¢ Aninterrupt is an asynchronous event that is typically triggered by an I/O device. 


e An exception is a synchronous event that is generated when the processor detects one or more predefined 
conditions while executing an instruction. The IA-32 architecture specifies three classes of exceptions: faults, 
traps, and aborts. 


The processor responds to interrupts and exceptions in essentially the same way. When an interrupt or exception 
is signaled, the processor halts execution of the current program or task and switches to a handler procedure that 
has been written specifically to handle the interrupt or exception condition. The processor accesses the handler 
procedure through an entry in the interrupt descriptor table (IDT). When the handler has completed handling the 
interrupt or exception, program control is returned to the interrupted program or task. 
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The operating system, executive, and/or device drivers normally handle interrupts and exceptions independently 
from application programs or tasks. Application programs can, however, access the interrupt and exception 
handlers incorporated in an operating system or executive through assembly-language calls. The remainder of this 
section gives a brief overview of the processor’s interrupt and exception handling mechanism. See Chapter 6, 
“Interrupt and Exception Handling,” in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3A, for a description of this mechanism. 


The IA-32 Architecture defines 18 predefined interrupts and exceptions and 224 user defined interrupts, which are 
associated with entries in the IDT. Each interrupt and exception in the IDT is identified with a number, called a 
vector. Table 6-1 lists the interrupts and exceptions with entries in the IDT and their respective vectors. Vectors 0 
through 8, 10 through 14, and 16 through 19 are the predefined interrupts and exceptions; vectors 32 through 255 
are for software-defined interrupts, which are for either software interrupts or maskable hardware inter- 
rupts. 


Note that the processor defines several additional interrupts that do not point to entries in the IDT; the most 
notable of these interrupts is the SMI interrupt. See Chapter 6, “Interrupt and Exception Handling,” in the Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, for more information about the interrupts 
and exceptions. 


When the processor detects an interrupt or exception, it does one of the following things: 
¢ Executes an implicit call to a handler procedure. 
¢ Executes an implicit call to a handler task. 


6.5.1 Call and Return Operation for Interrupt or Exception Handling Procedures 


A call to an interrupt or exception handler procedure is similar to a procedure call to another protection level (see 
Section 6.4.6, “CALL and RET Operation Between Privilege Levels”). Here, the vector references one of two kinds 
of gates in the IDT: an interrupt gate or a trap gate. Interrupt and trap gates are similar to call gates in that they 
provide the following information: 


¢ Access rights information 
¢ The segment selector for the code segment that contains the handler procedure 
¢ An offset into the code segment to the first instruction of the handler procedure 


The difference between an interrupt gate and a trap gate is as follows. If an interrupt or exception handler is called 
through an interrupt gate, the processor clears the interrupt enable (IF) flag in the EFLAGS register to prevent 
subsequent interrupts from interfering with the execution of the handler. When a handler is called through a trap 
gate, the state of the IF flag is not changed. 


Table 6-1. Exceptions and Interrupts 


Vector | Mnemonic Description Source 
0 #DE Divide Error DIV and IDIV instructions. 
#DB Debug Any code or data reference. 

2 NMI Interrupt Non-maskable external interrupt. 

3 #BP Breakpoint INT3 instruction. 

4 #OF Overflow INTO instruction. 

5 #BR BOUND Range Exceeded BOUND instruction. 

ts) #UD Invalid Opcode (Undefined Opcode) UD instruction or reserved opcode. 

7 #NM Device Not Available (No Math Coprocessor) Floating-point or WAIT/FWAIT instruction. 

8 #DF Double Fault Any instruction that can generate an exception, an NMI, or 

an INTR. 

9 #MF CoProcessor Segment Overrun (reserved) Floating-point instruction.' 
10 #TS Invalid TSS Task switch or TSS access. 
11 #NP Segment Not Present Loading segment registers or accessing system segments. 
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Table 6-1. Exceptions and Interrupts (Contd.) 


Vector | Mnemonic Description Source 
12 #SS Stack Segment Fault Stack operations and SS register loads. 
13 #GP General Protection Any memory reference and other protection checks. 
14 HPF Page Fault Any memory reference. 
15 Reserved 
16 #MF Floating-Point Error (Math Fault) Floating-point or WAIT/FWAIT instruction. 
17 #AC Alignment Check Any data reference in memory.2 
18 #MC Machine Check Error codes (if any) and source are model dependent. 
19 #XM SIMD Floating-Point Exception SIMD Floating-Point Instruction* 
20 #VE Virtualization Exception EPT violations? 
21 #CP Control Protection Exception The RET, IRET, RSTORSSP, and SETSSBSY instructions can 
generate this exception. When CET indirect branch tracking 
is enabled, this exception can be generated due to a 
missing ENDBRANCH instruction at the target of an indirect 
call or jump. 
22-31 Reserved 
32-255 Maskable Interrupts External interrupt from INTR pin or INT n instruction. 
NOTES: 


1. IA-32 processors after the Intel386 processor do not generate this exception. 


2. This exception was introduced in the Intel486 processor. 


3. This exception was introduced in the Pentium processor and enhanced in the P6 family processors. 


4. This exception was introduced in the Pentium Ill processor. 


5. This exception can occur only on processors that support the 1-setting of the “EPT-violation #VE” VM-execution control. 


If the code segment for the handler procedure has the same privilege level as the currently executing program or 
task, the handler procedure uses the current stack; if the handler executes at a more privileged level, the processor 
switches to the stack for the handler’s privilege level. 


If no stack switch occurs, the processor does the following when calling an interrupt or exception handler (see 
Figure 6-7): 


1. Pushes the current contents of the EFLAGS, CS, and EIP registers (in that order) on the stack. 
If shadow stack is enabled: 
a. Temporarily saves the current value of the SSP register internally. 
b. Pushes the current value of the CS register on the shadow stack. 
c. Pushes the current value of LIP (CS.base + EIP) on the shadow stack. 
d. Pushes the temporarily saved SSP value on the shadow stack. 
Pushes an error code (if appropriate) on the stack. 


Loads the segment selector for the new code segment and the new instruction pointer (from the interrupt gate 
or trap gate) into the CS and EIP registers, respectively. 


If the call is through an interrupt gate, clears the IF flag in the EFLAGS register. 
Begins execution of the handler procedure. 
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Stack Usage with No Privilege-Level Change 
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Figure 6-7. Stack Usage on Transfers to Interrupt and Exception Handling Routines 
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Figure 6-8. Shadow Stack Usage on Transfers to Interrupt and Exception Handling Routines 
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If a stack switch does occur, the processor does the following: 


1. 
2. 


6. 
7. 


Temporarily saves (internally) the current contents of the SS, ESP, EFLAGS, CS, and EIP registers. 


Loads the segment selector and stack pointer for the new stack (that is, the stack for the privilege level being 
called) from the TSS into the SS and ESP registers and switches to the new stack. 


Pushes the temporarily saved SS, ESP, EFLAGS, CS, and EIP values for the interrupted procedure’s stack onto 
the new stack. 


If shadow stack is enabled at the privilege level of the interrupted procedure, then the processor temporarily 
saves the SSP of the interrupted procedure internally. If the interrupted procedure is at privilege level 3, the 
SSP of the interrupted procedure is also saved into the IA32_PL3_SSP MSR. 


If shadow stack is enabled at the privilege level being called, then the SSP for the called privilege level is 
obtained from one of the MSRs listed below, depending on the target privilege level. The SSP obtained is then 
verified to ensure it points to a valid supervisory shadow stack that is not currently active by verifying a 
supervisor shadow stack token at the address pointed to by the SSP. The operations performed to verify and 
acquire the supervisor shadow stack token by making it busy are as described in Section 18.2.3 of the Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 1. 


— IA32_PL2_SSP if transitioning to ring 2. 
— IA32_PL1_SSP if transitioning to ring 1. 
— IA32_PLO_SSP if transitioning to ring 0. 


If shadow stack is enabled at the privilege level being called and the interrupted procedure was not at privilege 
level 3, then the processor pushes the temporarily saved CS, LIP (CS.base + EIP), and SSP of the interrupted 
procedure to the new shadow stack. 


Pushes an error code on the new stack (if appropriate). 


Loads the segment selector for the new code segment and the new instruction pointer (from the interrupt gate 
or trap gate) into the CS and EIP registers, respectively. 


If the call is through an interrupt gate, clears the IF flag in the EFLAGS register. 
Begins execution of the handler procedure at the new privilege level. 


A return from an interrupt or exception handler is initiated with the IRET instruction. The IRET instruction is similar 
to the far RET instruction, except that it also restores the contents of the EFLAGS register for the interrupted proce- 
dure. When executing a return from an interrupt or exception handler from the same privilege level as the inter- 
rupted procedure, the processor performs these actions: 


1. 


2. 
3. 
4. 


Restores the CS and EIP registers to their values prior to the interrupt or exception. 
If shadow stack is enabled: 


a. Compares the values on the shadow stack at address SSP+8 (the LIP) and SSP+16 (the CS) to the CS and 
(CS.base + EIP) popped from the stack, and causes a control protection exception (#CP(FAR-RET/IRET)) if 
they do not match. 


b. Pops the top-of-stack value (the SSP prior to the interrupt or exception) from the shadow stack into the SSP 
register. 


Restores the EFLAGS register. 
Increments the stack pointer appropriately. 
Resumes execution of the interrupted procedure. 


When executing a return from an interrupt or exception handler from a different privilege level than the interrupted 
procedure, the processor performs these actions: 


1. 
2. 
3. 


Performs a privilege check. 

Restores the CS and EIP registers to their values prior to the interrupt or exception. 

Restores the EFLAGS register. 

If shadow stack is enabled at the current privilege level: 

— If SSP is not aligned to 8 bytes, then causes a control protection exception (#CP(FAR-RET/IRET)). 
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If the privilege level of the procedure being returned to is less than 3 (returning to supervisor mode): 


* Compares the values on the shadow stack at address SSP+8 (the LIP) and SSP+16 (the CS) to the CS 
and (CS.base + EIP) popped from the stack, and causes a control protection exception (#CP(FAR- 
RET/IRET)) if they do not match. 


¢ Temporarily saves the top-of-stack value (the SSP of the procedure being returned to) internally. 


— Ifa busy supervisor shadow stack token is present at address SSP+24, then marks the token free using 
operations described in Section 18.2.3 of the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1. 


— Ifthe privilege level of the procedure being returned to is less than 3 (returning to supervisor mode), 
restores the SSP register from the internally saved value. 


— Ifthe privilege level of the procedure being returned to is 3 (returning to user mode) and shadow stack is 
enabled at privilege level 3, then restores the SSP register with the value of the IA32_PL3_SSP MSR. 


4. Restores the SS and ESP registers to their values prior to the interrupt or exception, resulting in a stack switch 
back to the stack of the interrupted procedure. 


5. Resumes execution of the interrupted procedure. 


6.5.2 Calls to Interrupt or Exception Handler Tasks 


Interrupt and exception handler routines can also be executed in a separate task. Here, an interrupt or exception 
causes a task switch to a handler task. The handler task is given its own address space and (optionally) can execute 
at a higher protection level than application programs or tasks. 


The switch to the handler task is accomplished with an implicit task call that references a task gate descriptor. 
The task gate provides access to the address space for the handler task. As part of the task switch, the processor 
saves complete state information for the interrupted program or task. Upon returning from the handler task, the 
state of the interrupted program or task is restored and execution continues. See Chapter 6, “Interrupt and Excep- 
tion Handling,” in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, for more infor- 
mation on handling interrupts and exceptions through handler tasks. 


6.5.3 Interrupt and Exception Handling in Real-Address Mode 


When operating in real-address mode, the processor responds to an interrupt or exception with an implicit far call 
to an interrupt or exception handler. The processor uses the interrupt or exception vector as an index into an inter- 
rupt table. The interrupt table contains instruction pointers to the interrupt and exception handler procedures. 


The processor saves the state of the EFLAGS register, the EIP register, the CS register, and an optional error code 
on the stack before switching to the handler procedure. 


A return from the interrupt or exception handler is carried out with the IRET 
instruction. 


See Chapter 20, “8086 Emulation,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
3B, for more information on handling interrupts and exceptions in real-address mode. 


6.5.4 INT n, INTO, INT3, INT1, and BOUND Instructions 


The INT n, INTO, INT3, and BOUND instructions allow a program or task to explicitly call an interrupt or exception 
handler. The INT n instruction (opcode CD) uses a vector as an argument, which allows a program to call any inter- 
rupt handler. 


The INTO instruction (opcode CE) explicitly calls the overflow exception (#OF) handler if the overflow flag (OF) in 
the EFLAGS register is set. The OF flag indicates overflow on arithmetic instructions, but it does not automatically 
raise an overflow exception. An overflow exception can only be raised explicitly in either of the following ways: 


¢ Execute the INTO instruction. 
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¢ Test the OF flag and execute the INT rn instruction with an argument of 4 (the vector of the overflow exception) 
if the flag is set. 


Both the methods of dealing with overflow conditions allow a program to test for overflow at specific places in the 
instruction stream. 

The INT3 instruction (opcode CC) explicitly calls the breakpoint exception (#BP) handler. Similarly, the INT1 
instruction (opcode F1) explicitly calls the debug exception (#DB) handler.? 


The BOUND instruction explicitly calls the BOUND-range exceeded exception (#BR) handler if an operand is found 
to be not within predefined boundaries in memory. This instruction is provided for checking references to arrays 
and other data structures. Like the overflow exception, the BOUND-range exceeded exception can only be raised 
explicitly with the BOUND instruction or the INT rn instruction with an argument of 5 (the vector of the bounds- 
check exception). The processor does not implicitly perform bounds checks and raise the BOUND-range exceeded 
exception. 


6.5.5 Handling Floating-Point Exceptions 


When operating on individual or packed floating-point values, the IA-32 architecture supports a set of six floating- 
point exceptions. These exceptions can be generated during operations performed by the x87 FPU instructions or 
by SSE/SSE2/SSE3 instructions. When an x87 FPU instruction (including the FISTTP instruction in SSE3) generates 
one or more of these exceptions, it in turn generates floating-point error exception (#MF); when an 
SSE/SSE2/SSE3 instruction generates a floating-point exception, it in turn generates SIMD floating-point excep- 
tion (#XM). 

See the following sections for further descriptions of the floating-point exceptions, how they are generated, and 
how they are handled: 


® Section 4.9.1, “Floating-Point Exception Conditions,” and Section 4.9.3, “Typical Actions of a Floating-Point 
Exception Handler” 


° Section 8.4, “x87 FPU Floating-Point Exception Handling,” and Section 8.5, “x87 FPU Floating-Point Exception 
Conditions” 


¢ Section 11.5.1, “SIMD Floating-Point Exceptions” 
¢ Interrupt Behavior 


6.5.6 Interrupt and Exception Behavior in 64-Bit Mode 


64-bit extensions expand the legacy IA-32 interrupt-processing and exception-processing mechanism to allow 
support for 64-bit operating systems and applications. Changes include: 


¢ All interrupt handlers pointed to by the IDT are 64-bit code (does not apply to the SMI handler). 
¢ The size of interrupt-stack pushes is fixed at 64 bits. The processor uses 8-byte, zero extended stores. 


¢ The stack pointer (SS:RSP) is pushed unconditionally on interrupts. In legacy environments, this push is 
conditional and based on a change in current privilege level (CPL). 


¢ The new SS is set to NULL if there is a change in CPL. 

¢ _IRET behavior changes. 

¢ There is a new interrupt stack-switch mechanism and a new interrupt shadow stack-switch mechanism. 
¢ The alignment of interrupt stack frame is different. 


1. Hardware vendors may use the INT1 instruction for hardware debug. For that reason, Intel recommends software vendors instead 
use the INT3 instruction for software breakpoints. 
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6.6 PROCEDURE CALLS FOR BLOCK-STRUCTURED LANGUAGES 


The IA-32 architecture supports an alternate method of performing procedure calls with the ENTER (enter proce- 
dure) and LEAVE (leave procedure) instructions. These instructions automatically create and release, respectively, 
stack frames for called procedures. The stack frames have predefined spaces for local variables and the necessary 
pointers to allow coherent returns from called procedures. They also allow scope rules to be implemented so that 
procedures can access their own local variables and some number of other variables located in other stack frames. 


ENTER and LEAVE offer two benefits: 
¢ They provide machine-language support for implementing block-structured languages, such as C and Pascal. 
° They simplify procedure entry and exit in compiler-generated code. 


6.6.1 ENTER Instruction 


The ENTER instruction creates a stack frame compatible with the scope rules typically used in block-structured 
languages. In block-structured languages, the scope of a procedure is the set of variables to which it has access. 
The rules for scope vary among languages. They may be based on the nesting of procedures, the division of the 
program into separately compiled files, or some other modularization scheme. 


ENTER has two operands. The first specifies the number of bytes to be reserved on the stack for dynamic storage 
for the procedure being called. Dynamic storage is the memory allocated for variables created when the procedure 
is called, also known as automatic variables. The second parameter is the lexical nesting level (from 0 to 31) of the 
procedure. The nesting level is the depth of a procedure in a hierarchy of procedure calls. The lexical level is unre- 
lated to either the protection privilege level or to the I/O privilege level of the currently running program or task. 


ENTER, in the following example, allocates 2 Kbytes of dynamic storage on the stack and sets up pointers to two 
previous stack frames in the stack frame for this procedure: 


ENTER 2048,3 


The lexical nesting level determines the number of stack frame pointers to copy into the new stack frame from the 
preceding frame. A stack frame pointer is a doubleword used to access the variables of a procedure. The set of 
stack frame pointers used by a procedure to access the variables of other procedures is called the display. The first 
doubleword in the display is a pointer to the previous stack frame. This pointer is used by a LEAVE instruction to 
undo the effect of an ENTER instruction by discarding the current stack frame. 


After the ENTER instruction creates the display for a procedure, it allocates the dynamic local variables for the 
procedure by decrementing the contents of the ESP register by the number of bytes specified in the first parameter. 
This new value in the ESP register serves as the initial top-of-stack for all PUSH and POP operations within the 
procedure. 


To allow a procedure to address its display, the ENTER instruction leaves the EBP register pointing to the first 
doubleword in the display. Because stacks grow down, this is actually the doubleword with the highest address in 
the display. Data manipulation instructions that specify the EBP register as a base register automatically address 
locations within the stack segment instead of the data segment. 


The ENTER instruction can be used in two ways: nested and non-nested. If the lexical level is 0, the non-nested 
form is used. The non-nested form pushes the contents of the EBP register on the stack, copies the contents of the 
ESP register into the EBP register, and subtracts the first operand from the contents of the ESP register to allocate 
dynamic storage. The non-nested form differs from the nested form in that no stack frame pointers are copied. The 
nested form of the ENTER instruction occurs when the second parameter (lexical level) is not zero. 


The following pseudo code shows the formal definition of the ENTER instruction. STORAGE is the number of bytes 
of dynamic storage to allocate for local variables, and LEVEL is the lexical nesting level. 
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PUSH EBP; 
FRAME_PTR := ESP; 
IF LEVEL > O 
THEN 
DO (LEVEL — 1) times 
EBP := EBP - 4; 
PUSH Pointer(EBP); (* doubleword pointed to by EBP *) 
OD; 


PUSH FRAME_PTR; 
Fl; 
EBP := FRAME_PTR; 
ESP := ESP — STORAGE; 


The main procedure (in which all other procedures are nested) operates at the highest lexical level, level 1. The 
first procedure it calls operates at the next deeper lexical level, level 2. A level 2 procedure can access the variables 
of the main program, which are at fixed locations specified by the compiler. In the case of level 1, the ENTER 
instruction allocates only the requested dynamic storage on the stack because there is no previous display to copy. 


A procedure that calls another procedure at a lower lexical level gives the called procedure access to the variables 
of the caller. The ENTER instruction provides this access by placing a pointer to the calling procedure's stack frame 
in the display. 


A procedure that calls another procedure at the same lexical level should not give access to its variables. In this 
case, the ENTER instruction copies only that part of the display from the calling procedure which refers to previ- 
ously nested procedures operating at higher lexical levels. The new stack frame does not include the pointer for 
addressing the calling procedure’s stack frame. 


The ENTER instruction treats a re-entrant procedure as a call to a procedure at the same lexical level. In this case, 
each succeeding iteration of the re-entrant procedure can address only its own variables and the variables of the 
procedures within which it is nested. A re-entrant procedure always can address its own variables; it does not 
require pointers to the stack frames of previous iterations. 


By copying only the stack frame pointers of procedures at higher lexical levels, the ENTER instruction makes 
certain that procedures access only those variables of higher lexical levels, not those at parallel lexical levels (see 
Figure 6-9). 


Main (Lexical Level 1) 


Procedure A (Lexical Level 2) 


Procedure B (Lexical Level 3) 


Procedure C (Lexical Level 3) 


Procedure D (Lexical Level 4) 


Figure 6-9. Nested Procedures 


Block-structured languages can use the lexical levels defined by ENTER to control access to the variables of nested 
procedures. In Figure 6-9, for example, if procedure A calls procedure B which, in turn, calls procedure C, then 
procedure C will have access to the variables of the MAIN procedure and procedure A, but not those of procedure 
B because they are at the same lexical level. The following definition describes the access to variables for the 
nested procedures in Figure 6-9. 


1. MAIN has variables at fixed locations. 
2. Procedure A can access only the variables of MAIN. 
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3. Procedure B can access only the variables of procedure A and MAIN. Procedure B cannot access the variables of 


procedure C or procedure D. 


4. Procedure C can access only the variables of procedure A and MAIN. Procedure C cannot access the variables of 


procedure B or procedure D. 


5. Procedure D can access the variables of procedure C, procedure A, and MAIN. Procedure D cannot access the 


variables of procedure B. 


In Figure 6-10, an ENTER instruction at the beginning of the MAIN procedure creates three doublewords of dynamic 
storage for MAIN, but copies no pointers from other stack frames. The first doubleword in the display holds a copy 
of the last value in the EBP register before the ENTER instruction was executed. The second doubleword holds a 
copy of the contents of the EBP register following the ENTER instruction. After the instruction is executed, the EBP 
register points to the first doubleword pushed on the stack, and the ESP register points to the last doubleword in 
the stack frame. 


When MAIN calls procedure A, the ENTER instruction creates a new display (see Figure 6-11). The first doubleword 
is the last value held in MAIN's EBP register. The second doubleword is a pointer to MAIN's stack frame which is 
copied from the second doubleword in MAIN's display. This happens to be another copy of the last value held in 


MAIN’s EBP register. Procedure A can access variables in MAIN because MAIN is at level 1. 


Therefore the base address for the dynamic storage used in MAIN is the current address in the EBP register, plus 
four bytes to account for the saved contents of MAIN’s EBP register. All dynamic variables for MAIN are at fixed, 


positive offsets from this value. 
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Figure 6-10. Stack Frame After Entering the MAIN Procedure 
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Figure 6-11. Stack Frame After Entering Procedure A 
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When procedure A calls procedure B, the ENTER instruction creates a new display (see Figure 6-12). The first 
doubleword holds a copy of the last value in procedure A’s EBP register. The second and third doublewords are 
copies of the two stack frame pointers in procedure A’s display. Procedure B can access variables in procedure A 
and MAIN by using the stack frame pointers in its display. 


When procedure B calls procedure C, the ENTER instruction creates a new display for procedure C (see 

Figure 6-13). The first doubleword holds a copy of the last value in procedure B’s EBP register. This is used by the 
LEAVE instruction to restore procedure B’s stack frame. The second and third doublewords are copies of the two 
stack frame pointers in procedure A's display. If procedure C were at the next deeper lexical level from procedure 
B, a fourth doubleword would be copied, which would be the stack frame pointer to procedure B’s local variables. 


Note that procedure B and procedure C are at the same level, so procedure C is not intended to access procedure 
B’s variables. This does not mean that procedure C is completely isolated from procedure B; procedure C is called 
by procedure B, so the pointer to the returning stack frame is a pointer to procedure B’s stack frame. In addition, 
procedure B can pass parameters to procedure C either on the stack or through variables global to both procedures 
(that is, variables in the scope of both procedures). 


Old EBP 
Main’s EBP 


Main’s EBP 
Main’s EBP 
Procedure A’s EBP 


Procedure As EBP = _|~— EBP 
: Main’s EBP 
Display 
Procedure A’s EBP 
Procedure B’s EBP 
Dynamic 
Storage 
<< ESP 


Figure 6-12. Stack Frame After Entering Procedure B 
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Old EBP 
Main’s EBP 


Main’s EBP 
Main’s EBP 
Procedure A’s EBP 


Procedure A’s EBP 
Main’s EBP 
Procedure A's EBP 
Procedure B’s EBP 


Procedure B’s EBP << EBP 
; Main’s EBP 
Display 
Procedure A’s EBP 
Procedure C’s EBP 
Dynamic 
Storage 
<<— ESP 


Figure 6-13. Stack Frame After Entering Procedure C 


6.6.2 LEAVE Instruction 


The LEAVE instruction, which does not have any operands, reverses the action of the previous ENTER instruction. 
The LEAVE instruction copies the contents of the EBP register into the ESP register to release all stack space allo- 
cated to the procedure. Then it restores the old value of the EBP register from the stack. This simultaneously 
restores the ESP register to its original value. A subsequent RET instruction then can remove any arguments and 
the return address pushed on the stack by the calling program for use by the procedure. 
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CHAPTER 7 
PROGRAMMING WITH 
GENERAL-PURPOSE INSTRUCTIONS 


General-purpose (GP) instructions are a subset of the IA-32 instructions that represent the fundamental instruction 
set for the Intel IA-32 processors. These instructions were introduced into the IA-32 architecture with the first IA- 
32 processors (the Intel 8086 and 8088). Additional instructions were added to the general-purpose instruction set 
in subsequent families of IA-32 processors (the Intel 286, Intel386, Intel486, Pentium, Pentium Pro, and Pentium 
II processors). 


Intel 64 architecture further extends the capability of most general-purpose instructions so that they are able to 
handle 64-bit data in 64-bit mode. A small number of general-purpose instructions (still supported in non-64-bit 
modes) are not supported in 64-bit mode. 


General-purpose instructions perform basic data movement, memory addressing, arithmetic and logical, program 
flow control, input/output, and string operations on a set of integer, pointer, and BCD data types. This chapter 
provides an overview of the general-purpose instructions. See Inte/® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volumes 2A, 2B, 2C & 2D, for detailed descriptions of individual instructions. 


7.1 PROGRAMMING ENVIRONMENT FOR GP INSTRUCTIONS 


The programming environment for the general-purpose instructions consists of the set of registers and address 
space. The environment includes the following items: 


¢ General-purpose registers — Eight 32-bit general-purpose registers (see Section 3.4.1, “General-Purpose 
Registers”) are used in non-64-bit modes to address operands in memory. These registers are referenced by 
the names EAX, EBX, ECX, EDX, EBP, ESI EDI, and ESP. 


¢ Segment registers — The six 16-bit segment registers contain segment pointers for use in accessing memory 
(see Section 3.4.2, “Segment Registers”). These registers are referenced by the names CS, DS, SS, ES, FS, and 
GS. 


¢ EFLAGS register — This 32-bit register (see Section 3.4.3, “EFLAGS Register”) is used to provide status and 
control for basic arithmetic, compare, and system operations. 


¢ EIP register — This 32-bit register contains the current instruction pointer (see Section 3.5, “Instruction 
Pointer”). 


General-purpose instructions operate on the following data types. The width of valid data types is dependent on 
processor mode (see Chapter 4): 


¢ Bytes, words, doublewords 

¢ Signed and unsigned byte, word, doubleword integers 
¢ Near and far pointers 

° Bit fields 

° BCD integers 


7.2 PROGRAMMING ENVIRONMENT FOR GP INSTRUCTIONS IN 64-BIT MODE 


The programming environment for the general-purpose instructions in 64-bit mode is similar to that described in 
Section 7.1. 


¢ General-purpose registers — In 64-bit mode, sixteen general-purpose registers available. These include the 
eight GPRs described in Section 7.1 and eight new GPRs (R8D-R1i5D). R8D-R15D are available by using a REX 
prefix. All sixteen GPRs can be promoted to 64 bits. The 64-bit registers are referenced as RAX, RBX, RCX, RDX, 
RBP, RSI, RDI, RSP and R8-R15 (see Section 3.4.1.1, “General-Purpose Registers in 64-Bit Mode”). Promotion 
to 64-bit operand requires REX prefix encodings. 
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¢ Segment registers — In 64-bit mode, segmentation is available but it is set up uniquely (see Section 3.4.2.1, 
“Segment Registers in 64-Bit Mode”). 


¢ Flags and Status register — When the processor is running in 64-bit mode, EFLAGS becomes the 64-bit 
RFLAGS register (see Section 3.4.3, “EFLAGS Register”). 


* Instruction Pointer register — In 64-bit mode, the EIP register becomes the 64-bit RIP register (see Section 
3.5.1, “Instruction Pointer in 64-Bit Mode”). 


General-purpose instructions operate on the following data types in 64-bit mode. The width of valid data types is 
dependent on default operand size, address size, or a prefix that overrides the default size: 


¢ Bytes, words, doublewords, quadwords 

® Signed and unsigned byte, word, doubleword, quadword integers 

¢ Near and far pointers 

° Bit fields 

See also: 

° Chapter 3, “Basic Execution Environment,” for more information about IA-32e modes. 


® Chapter 2, “Instruction Format,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2A, for more detailed information about REX prefixes. 


° Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A & 2B for a complete listing of all 
instructions. This information documents the behavior of individual instructions in the 64-bit mode context. 


7.3 SUMMARY OF GP INSTRUCTIONS 


General purpose instructions are divided into the following subgroups: 
° Data transfer 

¢ Binary arithmetic 
* Decimal arithmetic 
* Logical 

¢ = Shift and rotate 

° Bit and byte 

* Control transfer 

° String 

¢ 1/0 

e Enter and Leave 

° Flag control 

° Segment register 
¢ Miscellaneous 


Each sub-group of general-purpose instructions is discussed in the context of non-64-bit mode operation first. 
Changes in 64-bit mode beyond those affected by the use of the REX prefixes are discussed in separate sub- 
sections within each subgroup. For a simple list of general-purpose instructions by subgroup, see Chapter 5. 


7.3.1 Data Transfer Instructions 


The data transfer instructions move bytes, words, doublewords, or quadwords both between memory and the 
processor’s registers and between registers. For the purpose of this discussion, these instructions are divided into 
subordinate subgroups that provide for: 


© General data movement 
° Exchange 
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¢ Stack manipulation 
¢ ~=Type conversion 


7.3.1.1 General Data Movement Instructions 


Move instructions — The MOV (move) and CMOVcc (conditional move) instructions transfer data between 
memory and registers or between registers. 


The MOV instruction performs basic load data and store data operations between memory and the processor’s 
registers and data movement operations between registers. It handles data transfers along the paths listed in Table 
7-1. (See “MOV—Move to/from Control Registers” and “MOV—Move to/from Debug Registers” in Chapter 4, 
“Instruction Set Reference, M-U,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
2A, for information on moving data to and from the control and debug registers.) 


The MOV instruction cannot move data from one memory location to another or from one segment register to 
another segment register. Memory-to-memory moves are performed with the MOVS (string move) instruction (see 
Section 7.3.9, “String Operations”). 


Conditional move instructions — The CMOVcc instructions are a group of instructions that check the state of the 
status flags in the EFLAGS register and perform a move operation if the flags are in a specified state. These instruc- 
tions can be used to move a 16-bit or 32-bit value from memory to a general-purpose register or from one general- 
purpose register to another. The flag state being tested is specified with a condition code (cc) associated with the 

instruction. If the condition is not satisfied, a move is not performed and execution continues with the instruction 

following the CMOVcc instruction. 


Table 7-1. Move Instruction Operations 
Type of Data Movement Source > Destination 


From memory to a register Memory location — General-purpose register 
Memory location — Segment register 


From a register to memory General-purpose register + Memory location 
Segment register — Memory location 


Between registers General-purpose register — General-purpose register 
General-purpose register + Segment register 
Segment register — General-purpose register 
General-purpose register — Control register 

Control register — General-purpose register 
General-purpose register — Debug register 

Debug register — General-purpose register 


Immediate data to a register Immediate > General-purpose register 


Immediate data to memory Immediate + Memory location 


Table 7-2 shows mnemonics for CMOVcc instructions and the conditions being tested for each instruction. The 
condition code mnemonics are appended to the letters “CMOV” to form the mnemonics for CMOVcc instructions. 
The instructions listed in Table 7-2 as pairs (for example, CMOVA/CMOVNBE) are alternate names for the same 
instruction. The assembler provides these alternate names to make it easier to read program listings. 


CMOVcc instructions are useful for optimizing small IF constructions. They also help eliminate branching overhead 
for IF statements and the possibility of branch mispredictions by the processor. 


These conditional move instructions are supported in the P6 family, Pentium 4, and Intel Xeon processors. Software 
can check if CMOVcc instructions are supported by checking the processor’s feature information with the CPUID 
instruction. 


Vol.1 7-3 


PROGRAMMING WITH GENERAL-PURPOSE INSTRUCTIONS 


i212 Exchange Instructions 


The exchange instructions swap the contents of one or more operands and, in some cases, perform additional oper- 
ations such as asserting the LOCK signal or modifying flags in the EFLAGS register. 


The XCHG (exchange) instruction swaps the contents of two operands. This instruction takes the place of three 
MOV instructions and does not require a temporary location to save the contents of one operand location while the 
other is being loaded. When a memory operand is used with the XCHG instruction, the processor’s LOCK signal is 
automatically asserted. This instruction is thus useful for implementing semaphores or similar data structures for 
process synchronization. See “Bus Locking” in Chapter 8, “Multiple-Processor Management,”of the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 3A, for more information on bus locking. 


The BSWAP (byte swap) instruction reverses the byte order in a 32-bit register operand. Bit positions 0 through 7 
are exchanged with 24 through 31, and bit positions 8 through 15 are exchanged with 16 through 23. Executing 
this instruction twice in a row leaves the register with the same value as before. The BSWAP instruction is useful for 
converting between “big-endian” and “little-endian” data formats. This instruction also speeds execution of decimal 
arithmetic. (The XCHG instruction can be used to swap the bytes in a word.) 


Table 7-2. Conditional Move Instructions 
Status Flag States 


Instruction Mnemonic Condition Description 


Unsigned Conditional Moves 


CMOVA/CMOVNBE (CF or ZF) = 0 Above/not below or equal 

CMOVAE/CMOVNB CF=0 Above or equal/not below 

CMOVNC CF=0 Not carry 

CMOVB/CMOVNAE CF=1 Below/not above or equal 

CMOVC CF=1 Carry 

CMOVBE/CMOVNA (CF or ZF) = 1 Below or equal/not above 

CMOVE/CMOVZ ZF=1 Equal/zero 

CMOVNE/CMOVNZ ZF=0 Not equal/not zero 

CMOVP/CMOVPE PF=1 Parity/parity even 

CMOVNP/CMOVPO PF=0 Not parity/parity odd 
Signed Conditional Moves 

CMOVGE/CMOVNL (SF xor OF) = 0 Greater or equal/not less 

CMOVL/CMOVNGE (SF xor OF) = 1 Less/not greater or equal 

CMOVLE/CMOVNG ((SF xor OF) or ZF) = 1 Less or equal/not greater 

CMOVO OF =1 Overflow 

CMOVNO OF =0 Not overflow 

CMOVS SF =1 Sign (negative) 

CMOVNS SF =0 Not sign (non-negative) 


The XADD (exchange and add) instruction swaps two operands and then stores the sum of the two operands in the 
destination operand. The status flags in the EFLAGS register indicate the result of the addition. This instruction can 
be combined with the LOCK prefix (see “LOCK—Assert LOCK# Signal Prefix” in Chapter 3, “Instruction Set Refer- 
ence, A-L,” of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A) in a multiprocessing 
system to allow multiple processors to execute one DO loop. 


The CMPXCHG (compare and exchange) and CMPXCHG8B (compare and exchange 8 bytes) instructions are used 
to synchronize operations in systems that use multiple processors. The CMPXCHG instruction requires three oper- 
ands: a source operand in a register, another source operand in the EAX register, and a destination operand. If 
the values contained in the destination operand and the EAX register are equal, the destination operand is 
replaced with the value of the other source operand (the value not in the EAX register). Otherwise, the original 
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value of the destination operand is loaded in the EAX register. The status flags in the EFLAGS register reflect the 
result that would have been obtained by subtracting the destination operand from the value in the EAX register. 


The CMPXCHG instruction is commonly used for testing and modifying semaphores. It checks to see if a semaphore 
is free. If the semaphore is free, it is marked allocated; otherwise it gets the ID of the current owner. This is all done 
in one uninterruptible operation. In a single-processor system, the CMPXCHG instruction eliminates the need to 
switch to protection level 0 (to disable interrupts) before executing multiple instructions to test and modify a sema- 
phore. 


For multiple processor systems, CMPXCHG can be combined with the LOCK prefix to perform the compare and 
exchange operation atomically. (See “Locked Atomic Operations” in Chapter 8, “Multiple-Processor Management,” 
of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, for more information on atomic 
operations. ) 


The CMPXCHG8B instruction also requires three operands: a 64-bit value in EDX:EAX, a 64-bit value in ECX:EBX, 
and a destination operand in memory. The instruction compares the 64-bit value in the EDX:EAX registers with the 
destination operand. If they are equal, the 64-bit value in the ECX:EBX registers is stored in the destination 
operand. If the EDX:EAX registers and the destination are not equal, the destination is loaded in the EDX:EAX 
registers. The CMPXCHG8B instruction can be combined with the LOCK prefix to perform the operation atomically. 


7.3.1.3 Exchange Instructions in 64-Bit Mode 


The CMPXCHG16B instruction is available in 64-bit mode only. It is an extension of the functionality provided by 
CMPXCHG8B that operates on 128-bits of data. 


7.3.1.4 Stack Manipulation Instructions 


The PUSH, POP, PUSHA (push all registers), and POPA (pop all registers) instructions move data to and from the 
stack. The PUSH instruction decrements the stack pointer (contained in the ESP register), then copies the source 
operand to the top of stack (see Figure 7-1). It operates on memory operands, immediate operands, and register 
operands (including segment registers). The PUSH instruction is commonly used to place parameters on the stack 
before calling a procedure. It can also be used to reserve space on the stack for temporary variables. 


Stack 
Before Pushing Doubleword After Pushing Doubleword 
Growth 31 0 31 0 
| n ~«-ESP 
n-4 Doubleword Value |««-ESP 
-8 


Figure 7-1. Operation of the PUSH Instruction 


The PUSHA instruction saves the contents of the eight general-purpose registers on the stack (see Figure 7-2). 
This instruction simplifies procedure calls by reducing the number of instructions required to save the contents of 
the general-purpose registers. The registers are pushed on the stack in the following order: EAX, ECX, EDX, EBX, 
the initial value of ESP before EAX was pushed, EBP, ESI, and EDI. 
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Stack 
Before Pushing Registers After Pushing Registers 
Stack 31 0 31 0 
Growth 
n 
n-4 ~x-ESP 
n-8 EAX 
n-12 ECX 
n- 16 EDX 
n- 20 EBX 
n- 24 Old ESP 
n-28 EBP 
n- 32 ESI 
n- 36 EDI ~x-ESP 


Figure 7-2. Operation of the PUSHA Instruction 


The POP instruction copies the word or doubleword at the current top of stack (indicated by the ESP register) to the 
location specified with the destination operand. It then increments the ESP register to point to the new top of stack 
(see Figure 7-3). The destination operand may specify a general-purpose register, a segment register, or a memory 
location. 


Stack 
Before Popping Doubleword After Popping Doubleword 
aoe. . at 0 31 0 
n 
j n-4 ~x-ESP 
n-8 Doubleword Value ~x-ESP 


Figure 7-3. Operation of the POP Instruction 


The POPA instruction reverses the effect of the PUSHA instruction. It pops the top eight words or doublewords from 
the top of the stack into the general-purpose registers, except for the ESP register (see Figure 7-4). If the operand- 
size attribute is 32, the doublewords on the stack are transferred to the registers in the following order: EDI, ESI, 
EBP, ignore doubleword, EBX, EDX, ECX, and EAX. The ESP register is restored by the action of popping the stack. 
If the operand-size attribute is 16, the words on the stack are transferred to the registers in the following order: DI, 
SI, BP, ignore word, BX, DX, CX, and AX. 
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Stack 
Before Popping Registers After Popping Registers 
Stack 0 31 0 31 
Growth 
| n-4 ~x-ESP 

n-8 EAX 
n-12 ECX 
n-16 EDX 
n- 20 EBX 
n-24 Ignored 
n- 28 EBP 
n- 32 ESI 
n- 36 EDI ~«-ESP 


Figure 7-4. Operation of the POPA Instruction 


7.3.1.5 Stack Manipulation Instructions in 64-Bit Mode 


In 64-bit mode, the stack pointer size is 64 bits and cannot be overridden by an instruction prefix. In implicit stack 
references, address-size overrides are ignored. Pushes and pops of 32-bit values on the stack are not possible in 
64-bit mode. 16-bit pushes and pops are supported by using the 66H operand-size prefix. PUSHA, PUSHAD, POPA, 
and POPAD are not supported. 


7.3.1.6 Type Conversion Instructions 


The type conversion instructions convert bytes into words, words into doublewords, and doublewords into quad- 
words. These instructions are especially useful for converting integers to larger integer formats, because they 
perform sign extension (see Figure 7-5). 


Two kinds of type conversion instructions are provided: simple conversion and move and convert. 


15 0 
Ss NINNIN/NIN NIN/N/NININ Nini} Before Sign 
Extension 

31 15 0 
sisis/sisisis/sisisisisis/sis/sis/NINININ NIN|N|NINININININ/ NN] Aer Sign 
Extension 


Figure 7-5. Sign Extension 


Simple conversion — The CBW (convert byte to word), CWDE (convert word to doubleword extended), CWD 
(convert word to doubleword), and CDQ (convert doubleword to quadword) instructions perform sign extension to 
double the size of the source operand. 


The CBW instruction copies the sign (bit 7) of the byte in the AL register into every bit position of the upper byte of 
the AX register. The CWDE instruction copies the sign (bit 15) of the word in the AX register into every bit position 
of the high word of the EAX register. 


The CWD instruction copies the sign (bit 15) of the word in the AX register into every bit position in the DX register. 
The CDQ instruction copies the sign (bit 31) of the doubleword in the EAX register into every bit position in the EDX 
register. The CWD instruction can be used to produce a doubleword dividend from a word before a word division, 

and the CDQ instruction can be used to produce a quadword dividend from a doubleword before doubleword divi- 
sion. 
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Move with sign or zero extension — The MOVSX (move with sign extension) and MOVZX (move with zero 
extension) instructions move the source operand into a register then perform the sign extension. 


The MOVSX instruction extends an 8-bit value to a 16-bit value or an 8-bit or 16-bit value to a 32-bit value by sign 
extending the source operand, as shown in Figure 7-5. The MOVZX instruction extends an 8-bit value to a 16-bit 
value or an 8-bit or 16-bit value to a 32-bit value by zero extending the source operand. 


7.3.1.7 Type Conversion Instructions in 64-Bit Mode 


The MOVSXD instruction operates on 64-bit data. It sign-extends a 32-bit value to 64 bits. This instruction is not 
encodable in non-64-bit modes. 


7.3.2 Binary Arithmetic Instructions 


Binary arithmetic instructions operate on 8-, 16-, and 32-bit numeric data encoded as signed or unsigned binary 
integers. The binary arithmetic instructions may also be used in algorithms that operate on decimal (BCD) values. 


For the purpose of this discussion, these instructions are divided into subordinate subgroups of instructions that: 
¢ Add and subtract 

¢ Increment and decrement 

® Compare and change signs 

¢ Multiply and divide 


7.3.2.1 Addition and Subtraction Instructions 


The ADD (add integers), ADC (add integers with carry), SUB (subtract integers), and SBB (subtract integers with 
borrow) instructions perform addition and subtraction operations on signed or unsigned integer operands. 


The ADD instruction computes the sum of two integer operands. 


The ADC instruction computes the sum of two integer operands, plus 1 if the CF flag is set. This instruction is used 
to propagate a carry when adding numbers in stages. 


The SUB instruction computes the difference of two integer operands. 


The SBB instruction computes the difference of two integer operands, minus 1 if the CF flag is set. This instruction 
is used to propagate a borrow when subtracting numbers in stages. 


7.3.2.2 Increment and Decrement Instructions 


The INC (increment) and DEC (decrement) instructions add 1 to or subtract 1 from an unsigned integer operand, 
respectively. A primary use of these instructions is for implementing counters. 


7.3.2.3 Increment and Decrement Instructions in 64-Bit Mode 


The INC and DEC instructions are supported in 64-bit mode. However, some forms of INC and DEC (the register 
operand being encoded using register extension field in the MOD R/M byte) are not encodable in 64-bit mode 
because the opcodes are treated as REX prefixes. 


7.3.2.4 Comparison and Sign Change Instructions 


The CMP (compare) instruction computes the difference between two integer operands and updates the OF, SF, ZF, 
AF, PF, and CF flags according to the result. The source operands are not modified, nor is the result saved. The CMP 
instruction is commonly used in conjunction with a Jcc (jump) or SETcc (byte set on condition) instruction, with the 
latter instructions performing an action based on the result of a CMP instruction. 


The NEG (negate) instruction subtracts a signed integer operand from zero. The effect of the NEG instruction is to 
change the sign of a two's complement operand while keeping its magnitude. 
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13.2.5 Multiplication and Division Instructions 


The processor provides two multiply instructions, MUL (unsigned multiply) and IMUL (signed multiply), and two 
divide instructions, DIV (unsigned divide) and IDIV (signed divide). 


The MUL instruction multiplies two unsigned integer operands. The result is computed to twice the size of the 
source operands (for example, if word operands are being multiplied, the result is a doubleword). 


The IMUL instruction multiplies two signed integer operands. The result is computed to twice the size of the source 
operands; however, in some cases the result is truncated to the size of the source operands (see “IMUL—Signed 
Multiply” in Chapter 3, “Instruction Set Reference, A-L,” of the Intel® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 2A). 


The DIV instruction divides one unsigned operand by another unsigned operand and returns a quotient anda 
remainder. 


The IDIV instruction is identical to the DIV instruction, except that IDIV performs a signed division. 


7.3.3 Decimal Arithmetic Instructions 


Decimal arithmetic can be performed by combining the binary arithmetic instructions ADD, SUB, MUL, and DIV 
(discussed in Section 7.3.2, “Binary Arithmetic Instructions”) with the decimal arithmetic instructions. The decimal 
arithmetic instructions are provided to carry out the following operations: 


° To adjust the results of a previous binary arithmetic operation to produce a valid BCD result. 


° To adjust the operands of a subsequent binary arithmetic operation so that the operation will produce a valid 
BCD result. 


These instructions operate on both packed and unpacked BCD values. For the purpose of this discussion, the 
decimal arithmetic instructions are divided into subordinate subgroups of instructions that provide: 


¢ Packed BCD adjustments 
¢ Unpacked BCD adjustments 


y Ae ie ma Packed BCD Adjustment Instructions 


The DAA (decimal adjust after addition) and DAS (decimal adjust after subtraction) instructions adjust the results 
of operations performed on packed BCD integers (see Section 4.7, “BCD and Packed BCD Integers”). Adding two 
packed BCD values requires two instructions: an ADD instruction followed by a DAA instruction. The ADD instruc- 
tion adds (binary addition) the two values and stores the result in the AL register. The DAA instruction then adjusts 
the value in the AL register to obtain a valid, 2-digit, packed BCD value and sets the CF flag if a decimal carry 
occurred as the result of the addition. 


Likewise, subtracting one packed BCD value from another requires a SUB instruction followed by a DAS instruction. 
The SUB instruction subtracts (binary subtraction) one BCD value from another and stores the result in the AL 
register. The DAS instruction then adjusts the value in the AL register to obtain a valid, 2-digit, packed BCD value 
and sets the CF flag if a decimal borrow occurred as the result of the subtraction. 


13.3.2 Unpacked BCD Adjustment Instructions 


The AAA (ASCII adjust after addition), AAS (ASCII adjust after subtraction), AAM (ASCII adjust after multiplica- 
tion), and AAD (ASCII adjust before division) instructions adjust the results of arithmetic operations performed 
on unpacked BCD values (see Section 4.7, “BCD and Packed BCD Integers”). All these instructions assume that 
the value to be adjusted is stored in the AL register or, in one instance, the AL and AH registers. 


The AAA instruction adjusts the contents of the AL register following the addition of two unpacked BCD values. It 
converts the binary value in the AL register into a decimal value and stores the result in the AL register in unpacked 
BCD format (the decimal number is stored in the lower 4 bits of the register and the upper 4 bits are cleared). If a 
decimal carry occurred as a result of the addition, the CF flag is set and the contents of the AH register are incre- 
mented by 1. 
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The AAS instruction adjusts the contents of the AL register following the subtraction of two unpacked BCD values. 
Here again, a binary value is converted into an unpacked BCD value. If a borrow was required to complete the 
decimal subtract, the CF flag is set and the contents of the AH register are decremented by 1. 


The AAM instruction adjusts the contents of the AL register following a multiplication of two unpacked BCD values. 
It converts the binary value in the AL register into a decimal value and stores the least significant digit of the result 
in the AL register (in unpacked BCD format) and the most significant digit, if there is one, in the AH register (also 
in unpacked BCD format). 


The AAD instruction adjusts a two-digit BCD value so that when the value is divided with the DIV instruction, a valid 
unpacked BCD result is obtained. The instruction converts the BCD value in registers AH (most significant digit) and 
AL (least significant digit) into a binary value and stores the result in register AL. When the value in AL is divided by 
an unpacked BCD value, the quotient and remainder will be automatically encoded in unpacked BCD format. 


7.3.4 Decimal Arithmetic Instructions in 64-Bit Mode 


Decimal arithmetic instructions are not supported in 64-bit mode, they are either invalid or not encodable. 


7.3.5 Logical Instructions 


The logical instructions AND, OR, XOR (exclusive or), and NOT perform the standard Boolean operations for which 
they are named. The AND, OR, and XOR instructions require two operands; the NOT instruction operates on a 
single operand. 


7.3.6 Shift and Rotate Instructions 


The shift and rotate instructions rearrange the bits within an operand. For the purpose of this discussion, these 
instructions are further divided into subordinate subgroups of instructions that: 


e = Shift bits 
* Double-shift bits (move them between operands) 
* Rotate bits 


7.3.6.1 Shift Instructions 


The SAL (shift arithmetic left), SHL (shift logical left), SAR (shift arithmetic right), SHR (shift logical right) instruc- 
tions perform an arithmetic or logical shift of the bits in a byte, word, or doubleword. 


The SAL and SHL instructions perform the same operation (see Figure 7-6). They shift the source operand left by 
from 1 to 31 bit positions. Empty bit positions are cleared. The CF flag is loaded with the last bit shifted out of the 
operand. 
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Initial State 
CF Operand 


xX 10001000100010001000100010001111 


After 1-bit SHL/SAL Instruction 


1\'™%00010001000100010001000100011110 |~<«-0O 


After 10-bit SHL/SAL Instruction 


0 mM 00100010001000100011110000000000 |j<«—0 


Figure 7-6. SHL/SAL Instruction Operation 


The SHR instruction shifts the source operand right by from 1 to 31 bit positions (see Figure 7-7). As with the 


SHL/SAL instruction, the empty bit positions are cleared and the CF flag is loaded with the last bit shifted out of the 
operand. 


Initial State Operand CF 


10001000100010001000100010001111 x 


After 1-bit SHR Instruction 
O> 01000100010001000100010001000111}>{ 14 


After 10-bit SHR Instruction 


o> 00000000001000100010001000100010}>{ 0 


Figure 7-7. SHR Instruction Operation 


The SAR instruction shifts the source operand right by from 1 to 31 bit positions (see Figure 7-8). This instruction 
differs from the SHR instruction in that it preserves the sign of the source operand by clearing empty bit positions 


if the operand is positive or setting the empty bits if the operand is negative. Again, the CF flag is loaded with the 
last bit shifted out of the operand. 


The SAR and SHR instructions can also be used to perform division by powers of 2 (see “SAL/SAR/SHL/SHR—Shift 
Instructions” in Chapter 4, “Instruction Set Reference, M-U,” of the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 2B). 
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Initial State (Positive Operand) Operand CF 


01000100010001000100010001000111 x 


After 1-bit SAR Instruction 


—wr10010001000100010001000100010001 1 tr 1 


Initial State (Negative Operand) CF 


110001000100010001000100010001 11 }| X 


After 1-bit SAR Instruction 


—wre1110001000100010001000100010001 1 rH 1 


Figure 7-8. SAR Instruction Operation 


7.3.6.2 Double-Shift Instructions 


The SHLD (shift left double) and SHRD (shift right double) instructions shift a specified number of bits from one 
operand to another (see Figure 7-9). They are provided to facilitate operations on unaligned bit strings. They can 
also be used to implement a variety of bit string move operations. 


SHLD Instruction 
31 0 


CF j~<«— Destination (Memory or Register) a 


31 0 


Source (Register) 


31 SHRD Instruction 0 


Source (Register) | 


31 0 
| Destination (Memory or Register) >} CF 


Figure 7-9. SHLD and SHRD Instruction Operations 


The SHLD instruction shifts the bits in the destination operand to the left and fills the empty bit positions (in the 
destination operand) with bits shifted out of the source operand. The destination and source operands must be the 
same length (either words or doublewords). The shift count can range from 0 to 31 bits. The result of this shift 
operation is stored in the destination operand, and the source operand is not modified. The CF flag is loaded with 
the last bit shifted out of the destination operand. 


The SHRD instruction operates the same as the SHLD instruction except bits are shifted to the right in the destina- 
tion operand, with the empty bit positions filled with bits shifted out of the source operand. 
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7.3.6.3 Rotate Instructions 


The ROL (rotate left), ROR (rotate right), RCL (rotate through carry left) and RCR (rotate through carry right) 
instructions rotate the bits in the destination operand out of one end and back through the other end (see 
Figure 7-10). Unlike a shift, no bits are lost during a rotation. The rotate count can range from 0 to 31. 


ROL Instruction 


31 0 
CF |< Destination (Memory or Register) << 
31 ROR Instruction 0 
et Destination (Memory or Register) [7 3| CF 
31 RCL Instruction 0 


CF |~« Destination (Memory or Register) <—_ 


31 RCR Instruction 0 


= Destination (Memory or Register) >| CF 


Figure 7-10. ROL, ROR, RCL, and RCR Instruction Operations 


The ROL instruction rotates the bits in the operand to the left (toward more significant bit locations). The ROR 
instruction rotates the operand right (toward less significant bit locations). 


The RCL instruction rotates the bits in the operand to the left, through the CF flag. This instruction treats the CF flag 
as a one-bit extension on the upper end of the operand. Each bit that exits from the most significant bit location of 
the operand moves into the CF flag. At the same time, the bit in the CF flag enters the least significant bit location 
of the operand. 


The RCR instruction rotates the bits in the operand to the right through the CF flag. 


For all the rotate instructions, the CF flag always contains the value of the last bit rotated out of the operand, even 
if the instruction does not use the CF flag as an extension of the operand. The value of this flag can then be tested 
by a conditional jump instruction (JC or JNC). 


7.3.7 Bit and Byte Instructions 


These instructions operate on bit or byte strings. For the purpose of this discussion, they are further divided into 
subordinate subgroups that: 


¢ Test and modify a single bit 

° Scan a bit string 

° Set a byte given conditions 

¢ Test operands and report results 
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7.3.7.1 Bit Test and Modify Instructions 


The bit test and modify instructions (see Table 7-3) operate on a single bit, which can be in an operand. The loca- 
tion of the bit is specified as an offset from the least significant bit of the operand. When the processor identifies 
the bit to be tested and modified, it first loads the CF flag with the current value of the bit. Then it assigns a new 
value to the selected bit, as determined by the modify operation for the instruction. 


Table 7-3. Bit Test and Modify Instructions 


Instruction Effect on CF Flag Effect on Selected Bit 

BT (Bit Test) CF flag < Selected Bit No effect 

BTS (Bit Test and Set) CF flag < Selected Bit Selected Bit < 1 

BTR (Bit Test and Reset) CF flag < Selected Bit Selected Bit < 0 

BTC (Bit Test and Complement) CF flag < Selected Bit Selected Bit — NOT (Selected Bit) 


7.3.7.2 Bit Scan Instructions 


The BSF (bit scan forward) and BSR (bit scan reverse) instructions scan a bit string in a source operand for a set bit 
and store the bit index of the first set bit found in a destination register. The bit index is the offset from the least 
significant bit (bit 0) in the bit string to the first set bit. The BSF instruction scans the source operand low-to-high 
(from bit 0 of the source operand toward the most significant bit); the BSR instruction scans high-to-low (from the 
most significant bit toward the least significant bit). 


7.3.7.3 Byte Set on Condition Instructions 


The SETcc (set byte on condition) instructions set a destination-operand byte to 0 or 1, depending on the state of 
selected status flags (CF, OF, SF, ZF, and PF) in the EFLAGS register. The suffix (cc) added to the SET mnemonic 
determines the condition being tested for. 


For example, the SETO instruction tests for overflow. If the OF flag is set, the destination byte is set to 1; if OF is 
clear, the destination byte is cleared to 0. Appendix B, “EFLAGS Condition Codes,” lists the conditions it is possible 
to test for with this instruction. 


7.3.7.4 Test Instruction 


The TEST instruction performs a logical AND of two operands and sets the SF, ZF, and PF flags according to the 
results. The flags can then be tested by the conditional jump or loop instructions or the SETcc instructions. The 
TEST instruction differs from the AND instruction in that it does not alter either of the operands. 


7.3.8 Control Transfer Instructions 


The processor provides both conditional and unconditional control transfer instructions to direct the flow of 
program execution. Conditional transfers are taken only for specified states of the status flags in the EFLAGS 
register. Unconditional control transfers are always executed. 


For the purpose of this discussion, these instructions are further divided into subordinate subgroups that process: 
¢ Unconditional transfers 

* Conditional transfers 

° Software interrupts 


7.3.8.1 Unconditional Transfer Instructions 


The JMP, CALL, RET, INT, and IRET instructions transfer program control to another location (destination address) 
in the instruction stream. The destination can be within the same code segment (near transfer) or in a different 
code segment (far transfer). 
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Jump instruction — The JMP (jump) instruction unconditionally transfers program control to a destination 
instruction. The transfer is one-way; that is, a return address is not saved. A destination operand specifies the 
address (the instruction pointer) of the destination instruction. The address can be a relative address or an 
absolute address. 


A relative address is a displacement (offset) with respect to the address in the EIP register. The destination 
address (a near pointer) is formed by adding the displacement to the address in the EIP register. The displacement 
is specified with a signed integer, allowing jumps either forward or backward in the instruction stream. 


An absolute address is a offset from address 0 of a segment. It can be specified in either of the following ways: 


° An address in a general-purpose register — This address is treated as a near pointer, which is copied into 
the EIP register. Program execution then continues at the new address within the current code segment. 


¢ An address specified using the standard addressing modes of the processor — Here, the address can 
be a near pointer or a far pointer. If the address is for a near pointer, the address is translated into an offset and 
copied into the EIP register. If the address is for a far pointer, the address is translated into a segment selector 
(which is copied into the CS register) and an offset (which is copied into the EIP register). 


In protected mode, the JMP instruction also allows jumps to a call gate, a task gate, and a task-state segment. 


Call and return instructions — The CALL (call procedure) and RET (return from procedure) instructions allow a 
jump from one procedure (or subroutine) to another and a subsequent jump back (return) to the calling procedure. 


The CALL instruction transfers program control from the current (or calling) procedure to another procedure (the 
called procedure). To allow a subsequent return to the calling procedure, the CALL instruction saves the current 
contents of the EIP register on the stack before jumping to the called procedure. The EIP register (prior to trans- 
ferring program control) contains the address of the instruction following the CALL instruction. When this address 
is pushed on the stack, it is referred to as the return instruction pointer or return address. 


The address of the called procedure (the address of the first instruction in the procedure being jumped to) is spec- 
ified in a CALL instruction the same way as it is in a JMP instruction (see “Jump instruction” on page 7-15). The 
address can be specified as a relative address or an absolute address. If an absolute address is specified, it can be 
either a near or a far pointer. 


The RET instruction transfers program control from the procedure currently being executed (the called procedure) 
back to the procedure that called it (the calling procedure). Transfer of control is accomplished by copying the 
return instruction pointer from the stack into the EIP register. Program execution then continues with the instruc- 
tion pointed to by the EIP register. 


The RET instruction has an optional operand, the value of which is added to the contents of the ESP register as part 
of the return operation. This operand allows the stack pointer to be incremented to remove parameters from the 
stack that were pushed on the stack by the calling procedure. 


See Section 6.4, “Calling Procedures Using CALL and RET,” for more information on the mechanics of making proce- 
dure calls with the CALL and RET instructions. 


Return from interrupt instruction — When the processor services an interrupt, it performs an implicit call to an 
interrupt-handling procedure. The IRET (return from interrupt) instruction returns program control from an inter- 
rupt handler to the interrupted procedure (that is, the procedure that was executing when the interrupt occurred). 
The IRET instruction performs a similar operation to the RET instruction (see “Call and return instructions” on page 
7-15) except that it also restores the EFLAGS register from the stack. The contents of the EFLAGS register are 
automatically stored on the stack along with the return instruction pointer when the processor services an inter- 
rupt. 


7.3.8.2 Conditional Transfer Instructions 


The conditional transfer instructions execute jumps or loops that transfer program control to another instruction in 
the instruction stream if specified conditions are met. The conditions for control transfer are specified with a set of 
condition codes that define various states of the status flags (CF, ZF, OF, PF, and SF) in the EFLAGS register. 


Conditional jump instructions — The Jcc (conditional) jump instructions transfer program control to a destina- 
tion instruction if the conditions specified with the condition code (cc) associated with the instruction are satisfied 
(see Table 7-4). If the condition is not satisfied, execution continues with the instruction following the Jcc instruc- 
tion. As with the JMP instruction, the transfer is one-way; that is, a return address is not saved. 
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Table 7-4. Conditional Jump Instructions 


Signed Conditional Jumps 
JG/JNLE 


(SF xor OF) or ZF) = 0 


Instruction Mnemonic Condition (Flag States) Description 
Unsigned Conditional Jumps 
JA/JNBE (CF or ZF) =0 Above/not below or equal 
JAE/JNB CF=0 Above or equal/not below 
JB/JNAE CF=1 Below/not above or equal 
JBE/JNA (CF or ZF) = 1 Below or equal/not above 
JC CF=1 Carry 
JE/Z ZF=1 Equal/zero 
JNC CF=0 Not carry 
JNE/JNZ ZF=0 Not equal/not zero 
JNP/JPO PF=0 Not parity/parity odd 
JP/JPE PF=1 Parity/parity even 
JCXZ CX =0 Register CX is zero 
JECXZ ECX = 0 Register ECX is zero 


Greater/not less or equal 


( 
JGE/JNL (SF xor OF) = 0 Greater or equal/not less 
JU/JNGE (SF xor OF) = 1 Less/not greater or equal 
JLE/JNG ((SF xor OF) or ZF) = 1 Less or equal/not greater 
JNO OF =0 Not overflow 
JNS SF =0 Not sign (non-negative) 
JO OF = 1 Overflow 
JS SF=1 Sign (negative) 


The destination operand specifies a relative address (a signed offset with respect to the address in the EIP register) 
that points to an instruction in the current code segment. The Jcc instructions do not support far transfers; 
however, far transfers can be accomplished with a combination of a Jcc and a JMP instruction (see “Jcc—Jump if 
Condition Is Met” in Chapter 3, “Instruction Set Reference, A-L,” of the Intel® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 2A). 


Table 7-4 shows the mnemonics for the Jcc instructions and the conditions being tested for each instruction. The 
condition code mnemonics are appended to the letter “J” to form the mnemonic for a Jcc instruction. The instruc- 
tions are divided into two groups: unsigned and signed conditional jumps. These groups correspond to the results 
of operations performed on unsigned and signed integers respectively. Those instructions listed as pairs (for 
example, JA/JNBE) are alternate names for the same instruction. Assemblers provide alternate names to make it 
easier to read program listings. 


The JCXZ and JECXZ instructions test the CX and ECX registers, respectively, instead of one or more status flags. 
See “Jump if zero instructions” on page 7-17 for more information about these instructions. 


Loop instructions — The LOOP, LOOPE (loop while equal), LOOPZ (loop while zero), LOOPNE (loop while not 
equal), and LOOPNZ (loop while not zero) instructions are conditional jump instructions that use the value of the 
ECX register as a count for the number of times to execute a loop. All the loop instructions decrement the count in 
the ECX register each time they are executed and terminate a loop when zero is reached. The LOOPE, LOOPZ, 
LOOPNE, and LOOPWZ instructions also accept the ZF flag as a condition for terminating the loop before the count 
reaches zero. 


The LOOP instruction decrements the contents of the ECX register (or the CX register, if the address-size attribute 
is 16), then tests the register for the loop-termination condition. If the count in the ECX register is non-zero, 
program control is transferred to the instruction address specified by the destination operand. The destination 
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operand is a relative address (that is, an offset relative to the contents of the EIP register), and it generally points 
to the first instruction in the block of code that is to be executed in the loop. When the count in the ECX register 
reaches zero, program control is transferred to the instruction immediately following the LOOP instruction, 
which terminates the loop. If the count in the ECX register is zero when the LOOP instruction is first executed, the 
register is pre-decremented to FFFFFFFFH, causing the loop to be executed 272 times. 


The LOOPE and LOOPZ instructions perform the same operation (they are mnemonics for the same instruction). 
These instructions operate the same as the LOOP instruction, except that they also test the ZF flag. 


If the count in the ECX register is not zero and the ZF flag is set, program control is transferred to the destination 
operand. When the count reaches zero or the ZF flag is clear, the loop is terminated by transferring program control 
to the instruction immediately following the LOOPE/LOOPZ instruction. 


The LOOPNE and LOOPNZ instructions (mnemonics for the same instruction) operate the same as the 
LOOPE/LOOPZ instructions, except that they terminate the loop if the ZF flag is set. 


Jump if zero instructions — The JECXZ (jump if ECX zero) instruction jumps to the location specified in the desti- 
nation operand if the ECX register contains the value zero. This instruction can be used in combination with a loop 
instruction (LOOP, LOOPE, LOOPZ, LOOPNE, or LOOPNZ) to test the ECX register prior to beginning a loop. As 
described in “Loop instructions” on page 7-16, the loop instructions decrement the contents of the ECX register 
before testing for zero. If the value in the ECX register is zero initially, it will be decremented to FFFFFFFFH on the 
first loop instruction, causing the loop to be executed 232 times. To prevent this problem, a JECXZ instruction can 
be inserted at the beginning of the code block for the loop, causing a jump out of the loop if the ECX register count 
is initially zero. When used with repeated string scan and compare instructions, the JECXZ instruction can deter- 
mine whether the loop terminated because the count reached zero or because the scan or compare conditions were 
satisfied. 


The JCXZ (jump if CX is zero) instruction operates the same as the JECXZ instruction when the 16-bit address-size 
attribute is used. Here, the CX register is tested for zero. 


7.3.8.3 Control Transfer Instructions in 64-Bit Mode 


In 64-bit mode, the operand size for all near branches (CALL, RET, JCC, JCXZ, JMP, and LOOP) is forced to 64 bits. 
The listed instructions update the 64-bit RIP without need for a REX operand-size prefix. 


Near branches in the following operations are forced to 64-bits (regardless of operand size prefixes): 
¢ Truncation of the size of the instruction pointer 

¢® Size of a stack pop or push, due to CALL or RET 

° Size of a stack-pointer increment or decrement, due to CALL or RET 

¢ Indirect-branch operand size 


Note that the displacement field for relative branches is still limited to 32 bits and the address size for near 
branches is not forced. 


Address size determines the register size (CX/ECX/RCX) used for JCXZ and LOOP. It also impacts the address 
calculation for memory indirect branches. Addresses size is 64 bits by default, although it can be over-ridden to 32 
bits (using a prefix). 


7.3.8.4 Software Interrupt Instructions 


The INT rn (software interrupt), INTO (interrupt on overflow), and BOUND (detect value out of range) instructions 
allow a program to explicitly raise a specified interrupt or exception, which in turn causes the handler routine for 
the interrupt or exception to be called. 


The INT rn instruction can raise any of the processor’s interrupts or exceptions by encoding the vector of the inter- 
rupt or exception in the instruction. This instruction can be used to support software generated interrupts or to test 
the operation of interrupt and exception handlers. 


The IRET (return from interrupt) instruction returns program control from an interrupt handler to the interrupted 
procedure. The IRET instruction performs a similar operation to the RET instruction. 
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The CALL (call procedure) and RET (return from procedure) instructions allow a jump from one procedure to 
another and a subsequent return to the calling procedure. EFLAGS register contents are automatically stored on 
the stack along with the return instruction pointer when the processor services an interrupt. 


The INTO instruction raises the overflow exception if the OF flag is set. If the flag is clear, execution continues 
without raising the exception. This instruction allows software to access the overflow exception handler explicitly to 
check for overflow conditions. 


The BOUND instruction compares a signed value against upper and lower bounds, and raises the “BOUND range 
exceeded” exception if the value is less than the lower bound or greater than the upper bound. This instruction is 
useful for operations such as checking an array index to make sure it falls within the range defined for the array. 


7.3.8.5 Software Interrupt Instructions in 64-bit Mode and Compatibility Mode 


In 64-bit mode, the stack size is 8 bytes wide. IRET must pop 8-byte items off the stack. SS:RSP pops uncondition- 
ally. BOUND is not supported. 


In compatibility mode, SS:RSP is popped only if the CPL changes. 


7.3.9 String Operations 


The GP instructions includes a set of string instructions that are designed to access large data structures; these 
are introduced in Section 7.3.9.1. Section 7.3.9.2 describes how REP prefixes can be used with these instructions 
to perform more complex repeated string operations. Certain processors optimize repeated string operations 
with fast-string operation, as described in Section 7.3.9.3. Section 7.3.9.4 explains how string operations can be 
used in 64-bit mode. 


7.3.9.1 String Instructions 


The MOVS (Move String), CMPS (Compare string), SCAS (Scan string), LODS (Load string), and STOS (Store 
string) instructions permit large data structures, such as alphanumeric character strings, to be moved and exam- 
ined in memory. These instructions operate on individual elements in a string, which can be a byte, word, or 
doubleword. The string elements to be operated on are identified with the ESI (source string element) and EDI 
(destination string element) registers. Both of these registers contain absolute addresses (offsets into a segment) 
that point to a string element. 


By default, the ESI register addresses the segment identified with the DS segment register. A segment-override 
prefix allows the ESI register to be associated with the CS, SS, ES, FS, or GS segment register. The EDI register 
addresses the segment identified with the ES segment register; no segment override is allowed for the EDI register. 
The use of two different segment registers in the string instructions permits operations to be performed on strings 
located in different segments. Or by associating the ESI register with the ES segment register, both the source and 
destination strings can be located in the same segment. (This latter condition can also be achieved by loading the 
DS and ES segment registers with the same segment selector and allowing the ESI register to default to the DS 
register. ) 


The MOVS instruction moves the string element addressed by the ESI register to the location addressed by the EDI 
register. The assembler recognizes three “short forms” of this instruction, which specify the size of the string to be 
moved: MOVSB (move byte string), MOVSW (move word string), and MOVSD (move doubleword string). 


The CMPS instruction subtracts the destination string element from the source string element and updates the 
status flags (CF, ZF, OF, SF, PF, and AF) in the EFLAGS register according to the results. Neither string element is 
written back to memory. The assembler recognizes three “short forms” of the CMPS instruction: CMPSB (compare 
byte strings), CMPSW (compare word strings), and CMPSD (compare doubleword strings). 


The SCAS instruction subtracts the destination string element from the contents of the EAX, AX, or AL register 
(depending on operand length) and updates the status flags according to the results. The string element and 
register contents are not modified. The following “short forms” of the SCAS instruction specify the operand length: 
SCASB (scan byte string), SCASW (scan word string), and SCASD (scan doubleword string). 


The LODS instruction loads the source string element identified by the ESI register into the EAX register (for a 
doubleword string), the AX register (for a word string), or the AL register (for a byte string). The “short forms” for 
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this instruction are LODSB (load byte string), LODSW (load word string), and LODSD (load doubleword string). This 
instruction is usually used in a loop, where other instructions process each element of the string after they are 
loaded into the target register. 


The STOS instruction stores the source string element from the EAX (doubleword string), AX (word string), or AL 
(byte string) register into the memory location identified with the EDI register. The “short forms” for this instruction 
are STOSB (store byte string), STOSW (store word string), and STOSD (store doubleword string). This instruction 
is also normally used in a loop. Here a string is commonly loaded into the register with a LODS instruction, oper- 
ated on by other instructions, and then stored again in memory with a STOS instruction. 


The I/O instructions (see Section 7.3.10, “I/O Instructions”) also perform operations on strings in memory. 


7.3.9.2 Repeated String Operations 


Each of the string instructions described in Section 7.3.9.1 perform one iteration of a string operation. To operate 
on strings longer than a doubleword, the string instructions can be combined with a repeat prefix (REP) to create a 
repeating instruction or be placed in a loop. 


When used in string instructions, the ESI and EDI registers are automatically incremented or decremented after 
each iteration of an instruction to point to the next element (byte, word, or doubleword) in the string. String oper- 
ations can thus begin at higher addresses and work toward lower ones, or they can begin at lower addresses and 
work toward higher ones. The DF flag in the EFLAGS register controls whether the registers are incremented (DF = 
0) or decremented (DF = 1). The STD and CLD instructions set and clear this flag, respectively. 


The following repeat prefixes can be used in conjunction with a count in the ECX register to cause a string instruc- 
tion to repeat: 


¢ REP — Repeat while the ECX register not zero. 
¢ REPE/REPZ — Repeat while the ECX register not zero and the ZF flag is set. 
¢ REPNE/REPNZ — Repeat while the ECX register not zero and the ZF flag is clear. 


When a string instruction has a repeat prefix, the operation executes until one of the termination conditions spec- 
ified by the prefix is satisfied. The REPE/REPZ and REPNE/REPNZ prefixes are used only with the CMPS and SCAS 
instructions. Also, note that a REP STOS instruction is the fastest way to initialize a large block of memory. 


7.3.9.3 Fast-String Operation 


To improve performance, more recent processors support modifications to the processor’s operation during the 
string store operations initiated with the MOVS, MOVSB, STOS, and STOSB instructions. This optimized operation, 
called fast-string operation, is used when the execution of one of those instructions meets certain initial condi- 
tions (see below). Instructions using fast-string operation effectively operate on the string in groups that may 
include multiple elements of the native data size (byte, word, doubleword, or quadword). With fast-string opera- 
tion, the processor recognizes interrupts and data breakpoints only on boundaries between these groups. Fast- 
string operation is used only if the source and destination addresses both use either the WB or WC memory types. 


The initial conditions for fast-string operation are implementation-specific and may vary with the native string size. 
Examples of parameters that may impact the use of fast-string operation include the following: 


¢ the alignment indicated in the EDI and ESI alignment registers; 
¢ the address order of the string operation; 

¢ the value of the initial operation counter (ECX); and 

° the difference between the source and destination addresses. 


NOTE 


Initial conditions for fast-string operation in future Intel 64 or IA-32 processor families may differ 
from above. The Inte/® 64 and IA-32 Architectures Optimization Reference Manual may contain 
model-specific information. 


Software can disable fast-string operation by clearing the fast-string-enable bit (bit 0) of IA32_MISC_ENABLE 
MSR. However, Intel recommends that system software always enable fast-string operation. 
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When fast-string operation is enabled (because IA32_MISC_ENABLE[0] = 1), some processors may further 
enhance the operation of the REP MOVSB and REP STOSB instructions. A processor supports these enhancements 
if CPUID.(EAX=07H, ECX=0H):EBX[bit 9] is 1. The Inte/® 64 and IA-32 Architectures Optimization Reference 
Manual may include model-specific recommendations for use of these enhancements. 


The stores produced by fast-string operation may appear to execute out of order. Software dependent upon 
sequential store ordering should not use string operations for the entire data structure to be stored. Data and 
semaphores should be separated. Order-dependent code should write to a discrete semaphore variable after any 
string operations to allow correctly ordered data to be seen by all processors. Atomicity of load and store operations 
is guaranteed only for native data elements of the string with native data size, and only if they are included in a 
single cache line. See Section 8.2.4, “Fast-String Operation and Out-of-Order Stores” of Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 3A. 


7.3.9.4 String Operations in 64-Bit Mode 


The behavior of MOVS (Move String), CMPS (Compare string), SCAS (Scan string), LODS (Load string), and STOS 
(Store string) instructions in 64-bit mode is similar to their behavior in non-64-bit modes, with the following differ- 
ences: 


¢ The source operand is specified by RSI or DS:ESI, depending on the address size attribute of the operation. 


¢ The destination operand is specified by RDI or DS:EDI, depending on the address size attribute of the 
operation. 


* Operation on 64-bit data is supported by using the REX.W prefix. 


When using REP prefixes for string operations in 64-bit mode, the repeat count is specified by RCX or ECX 
(depending on the address size attribute of the operation). The default address size is 64 bits. 


7.3.10 I/O Instructions 


The IN (input from port to register), INS (input from port to string), OUT (output from register to port), and OUTS 
(output string to port) instructions move data between the processor’s I/O ports and either a register or memory. 


The register I/O instructions (IN and OUT) move data between an I/O port and the EAX register (32-bit I/O), the 
AX register (16-bit I/O), or the AL (8-bit I/O) register. The I/O port being read or written to is specified with an 
immediate operand or an address in the DX register. 


The block I/O instructions (INS and OUTS) instructions move blocks of data (strings) between an I/O port and 
memory. These instructions operate similar to the string instructions (see Section 7.3.9, “String Operations”). The 
ESI and EDI registers are used to specify string elements in memory and the repeat prefix (REP) is used to repeat 
the instructions to implement block moves. The assembler recognizes the following alternate mnemonics for these 
instructions: INSB (input byte), INSW (input word), and INSD (input doubleword), and OUTSB (output byte), 
OUTSW (output word), and OUTSD (output doubleword). 


The INS and OUTS instructions use an address in the DX register to specify the I/O port to be read or written to. 


7.3.11 I/O Instructions in 64-Bit Mode 


For I/O instructions to and from memory, the differences in 64-bit mode are: 
¢ The source operand is specified by RSI or DS:ESI, depending on the address size attribute of the operation. 


°* The destination operand is specified by RDI or DS:EDI, depending on the address size attribute of the 
operation. 


* Operation on 64-bit data is not encodable and REX prefixes are silently ignored. 
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7.3.12 Enter and Leave Instructions 


The ENTER and LEAVE instructions provide machine-language support for procedure calls in block-structured 
languages, such as C and Pascal. These instructions and the call and return mechanism that they support are 
described in detail in Section 6.6, “Procedure Calls for Block-Structured Languages”. 


7.3.13 Flag Control (EFLAG) Instructions 


The Flag Control (EFLAG) instructions allow the state of selected flags in the EFLAGS register to be read or modi- 
fied. For the purpose of this discussion, these instructions are further divided into subordinate subgroups of 
instructions that manipulate: 


® Carry and direction flags 
° The EFLAGS register 
¢ Interrupt flags 


7.3.13.1 Carry and Direction Flag Instructions 


The STC (set carry flag), CLC (clear carry flag), and CMC (complement carry flag) instructions allow the CF flag in 
the EFLAGS register to be modified directly. They are typically used to initialize the CF flag to a known state before 
an instruction that uses the flag in an operation is executed. They are also used in conjunction with the rotate-with- 
carry instructions (RCL and RCR). 


The STD (set direction flag) and CLD (clear direction flag) instructions allow the DF flag in the EFLAGS register to 
be modified directly. The DF flag determines the direction in which index registers ESI and EDI are stepped when 
executing string processing instructions. If the DF flag is clear, the index registers are incremented after each iter- 
ation of a string instruction; if the DF flag is set, the registers are decremented. 


7.3.13.2 | EFLAGS Transfer Instructions 


The EFLAGS transfer instructions allow groups of flags in the EFLAGS register to be copied to a register or memory 
or be loaded from a register or memory. 


The LAHF (load AH from flags) and SAHF (store AH into flags) instructions operate on five of the EFLAGS status 
flags (SF, ZF, AF, PF, and CF). The LAHF instruction copies the status flags to bits 7, 6, 4, 2, and 0 of the AH register, 
respectively. The contents of the remaining bits in the register (bits 5, 3, and 1) are unaffected, and the contents 
of the EFLAGS register remain unchanged. The SAHF instruction copies bits 7, 6, 4, 2, and 0 from the AH register 
into the SF, ZF, AF, PF, and CF flags, respectively in the EFLAGS register. 


The PUSHF (push flags), PUSHFD (push flags double), POPF (pop flags), and POPFD (pop flags double) instructions 
copy the flags in the EFLAGS register to and from the stack. The PUSHF instruction pushes the lower word of the 
EFLAGS register onto the stack (see Figure 7-11). The PUSHFD instruction pushes the entire EFLAGS register onto 
the stack (with the RF and VM flags read as clear). 
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Figure 7-11. Flags Affected by the PUSHF, POPF, PUSHFD, and POPFD Instructions 


The POPF instruction pops a word from the stack into the EFLAGS register. Only bits 11, 10, 8, 7, 6, 4, 2, and 0 of 
the EFLAGS register are affected with all uses of this instruction. If the current privilege level (CPL) of the current 
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code segment is 0 (most privileged), the IOPL bits (bits 13 and 12) also are affected. If the I/O privilege level 
(IOPL) is greater than or equal to the CPL, numerically, the IF flag (bit 9) also is affected. 


The POPFD instruction pops a doubleword into the EFLAGS register. This instruction can change the state of the AC 
bit (bit 18) and the ID bit (bit 21), as well as the bits affected by a POPF instruction. The restrictions for changing 
the IOPL bits and the IF flag that were given for the POPF instruction also apply to the POPFD instruction. 


7.3.13.3 Interrupt Flag Instructions 


The STI (set interrupt flag) and CLI (clear interrupt flag) instructions allow the interrupt IF flag in the EFLAGS 
register to be modified directly. The IF flag controls the servicing of hardware-generated interrupts (those received 
at the processor’s INTR pin). If the IF flag is set, the processor services hardware interrupts; if the IF flag is clear, 
hardware interrupts are masked. 


The ability to execute these instructions depends on the operating mode of the processor and the current privilege 
level (CPL) of the program or task attempting to execute these instructions. 


7.3.14 Flag Control (RFLAG) Instructions in 64-Bit Mode 
In 64-bit mode, the LAHF and SAHF instructions are supported if CPUID.80000001H:ECX.LAHF-SAHF[bit 0] = 1. 


PUSHF and POPF behave the same in 64-bit mode as in non-64-bit mode. PUSHFD always pushes 64-bit RFLAGS 
onto the stack (with the RF and VM flags read as clear). POPFD always pops a 64-bit value from the top of the stack 
and loads the lower 32 bits into RFLAGS. It then zero extends the upper bits of RFLAGS. 


7.3.15 Segment Register Instructions 


The processor provides a variety of instructions that address the segment registers of the processor directly. These 
instructions are only used when an operating system or executive is using the segmented or the real-address mode 
memory model. 


For the purpose of this discussion, these instructions are divided into subordinate subgroups of instructions that 
allow: 


° Segment-register load and store 
° Far control transfers 

° Software interrupt calls 

* Handling of far pointers 


7.3.15.1 |Segment-Register Load and Store Instructions 


The MOV instruction (introduced in Section 7.3.1.1, “General Data Movement Instructions”) and the PUSH and POP 
instructions (introduced in Section 7.3.1.4, “Stack Manipulation Instructions”) can transfer 16-bit segment selec- 
tors to and from segment registers (DS, ES, FS, GS, and SS). The transfers are always made to or from a segment 
register and a general-purpose register or memory. Transfers between segment registers are not supported. 


The POP and MOV instructions cannot place a value in the CS register. Only the far control-transfer versions of the 
JMP, CALL, and RET instructions (see Section 7.3.15.2, “Far Control Transfer Instructions”) affect the CS register 
directly. 


7.3.15.2 Far Control Transfer Instructions 


The JMP and CALL instructions (see Section 7.3.8, “Control Transfer Instructions”) both accept a far pointer as a 
destination to transfer program control to a segment other than the segment currently being pointed to by the CS 
register. When a far call is made with the CALL instruction, the current values of the EIP and CS registers are both 
pushed on the stack. 


The RET instruction (see “Call and return instructions” on page 7-15) can be used to execute a far return. Here, 
program control is transferred from a code segment that contains a called procedure back to the code segment that 
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contained the calling procedure. The RET instruction restores the values of the CS and EIP registers for the calling 
procedure from the stack. 


7.3.15.3 Software Interrupt Instructions 


The software interrupt instructions INT, INTO, and IRET (see Section 7.3.8.4, “Software Interrupt Instructions”) 
can also call and return from interrupt and exception handler procedures that are located in a code segment other 
than the current code segment. With these instructions, however, the switching of code segments is handled trans- 
parently from the application program. 


7.3.15.4 Load Far Pointer Instructions 


The load far pointer instructions LDS (load far pointer using DS), LES (load far pointer using ES), LFS (load far 
pointer using FS), LGS (load far pointer using GS), and LSS (load far pointer using SS) load a far pointer from 
memory into a segment register and a general-purpose general register. The segment selector part of the far 

pointer is loaded into the selected segment register and the offset is loaded into the selected general-purpose 
register. 


7.3.16 Miscellaneous Instructions 


The following instructions perform operations that are of interest to applications programmers. For the purpose of 
this discussion, these instructions are further divided into subordinate subgroups of instructions that provide for: 


e Address computations 

° Table lookup 

¢ Processor identification 

¢ NOP and undefined instruction entry 


7.3.16.1 Address Computation Instruction 


The LEA (load effective address) instruction computes the effective address in memory (offset within a segment) 
of a source operand and places it in a general-purpose register. This instruction can interpret any of the processor’s 
addressing modes and can perform any indexing or scaling that may be needed. It is especially useful for initial- 
izing the ESI or EDI registers before the execution of string instructions or for initializing the EBX register before an 
XLAT instruction. 


7.3.16.2 Table Lookup Instructions 


The XLAT and XLATB (table lookup) instructions replace the contents of the AL register with a byte read from a 
translation table in memory. The initial value in the AL register is interpreted as an unsigned index into the trans- 
lation table. This index is added to the contents of the EBX register (which contains the base address of the table) 
to calculate the address of the table entry. These instructions are used for applications such as converting character 
codes from one alphabet into another (for example, an ASCII code could be used to look up its EBCDIC equivalent 
in a table). 


7.3.16.3. Processor Identification Instruction 


The CPUID (processor identification) instruction returns information about the processor on which the instruction 
is executed. 


7.3.16.4 No-Operation and Undefined Instructions 


The NOP (no operation) instruction increments the EIP register to point at the next instruction, but affects nothing 
else. 
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The UD (undefined) instruction generates an invalid opcode exception. Intel reserves the opcode for this instruction 
for this function. The instruction is provided to allow software to test an invalid opcode exception handler. 


7.3.17 Random Number Generator Instructions 


The instructions for generating random numbers to comply with NIST SP800-90A, SP800-90B, and SP800-90C 
standards are described in this section. 


7.3.17.1 | RDRAND 


The RDRAND instruction returns a random number. All Intel processors that support the RDRAND instruction indi- 
cate the availability of the RDRAND instruction via reporting CPUID.O1H:ECX.RDRAND[bit 30] = 1. 


RDRAND returns random numbers that are supplied by a cryptographically secure, deterministic random bit gener- 
ator DRBG. The DRBG is designed to meet the NIST SP 800-90A standard. The DRBG is re-seeded frequently from 
an on-chip non-deterministic entropy source to guarantee data returned by RDRAND is statistically uniform, non- 
periodic and non-deterministic. 


In order for the hardware design to meet its security goals, the random number generator continuously tests itself 
and the random data it is generating. Runtime failures in the random number generator circuitry or statistically 
anomalous data occurring by chance will be detected by the self test hardware and flag the resulting data as being 
bad. In such extremely rare cases, the RDRAND instruction will return no data instead of bad data. 


Under heavy load, with multiple cores executing RDRAND in parallel, it is possible, though unlikely, for the demand 
of random numbers by software processes/threads to exceed the rate at which the random number generator 
hardware can supply them. This will lead to the RDRAND instruction returning no data transitorily. The RDRAND 
instruction indicates the occurrence of this rare situation by clearing the CF flag. 

The RDRAND instruction returns with the carry flag set (CF = 1) to indicate valid data is returned. It is recom- 
mended that software using the RDRAND instruction to get random numbers retry for a limited number of itera- 
tions while RDRAND returns CF=0 and complete when valid data is returned, indicated with CF=1. This will deal 
with transitory underflows. A retry limit should be employed to prevent a hard failure in the RNG (expected to be 
extremely rare) leading to a busy loop in software. 

The intrinsic primitive for RDRAND is defined to address software’s need for the common cases (CF = 1) and the 
rare situations (CF = 0). The intrinsic primitive returns a value that reflects the value of the carry flag returned by 
the underlying RDRAND instruction. The example below illustrates the recommended usage of an RDRAND intrinsic 
in a utility function, a loop to fetch a 64 bit random value with a retry count limit of 10. A C implementation might 
be written as follows: 


#define SUCCESS 1 
#define RETRY_LIMIT_ EXCEEDED 0 
#define RETRY_LIMIT 10 


int get random_64( unsigned __int 64 * arand) 
{int 1; 
for (i=0; i< RETRY LIMIT; i++) { 
if(_rdrand64_step(arand) ) return SUCCESS; 


} 
return RETRY LIMIT EXCEEDED; 


7.3.17.2 RDSEED 


The RDSEED instruction returns a random number. All Intel processors that support the RDSEED instruction indi- 
cate the availability of the RDSEED instruction via reporting CPUID.(EAX=07H, ECX=0H):EBX.RDSEED[bit 18] = 1. 
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RDSEED returns random numbers that are supplied by a cryptographically secure, enhanced non-deterministic 
random bit generator (Enhanced NRBG). The NRBG is designed to meet the NIST SP 800-90B and NIST SP800-90C 
standards. 

In order for the hardware design to meet its security goals, the random number generator continuously tests itself 
and the random data it is generating. Runtime failures in the random number generator circuitry or statistically 
anomalous data occurring by chance will be detected by the self test hardware and flag the resulting data as being 
bad. In such extremely rare cases, the RDSEED instruction will return no data instead of bad data. 

Under heavy load, with multiple cores executing RDSEED in parallel, it is possible for the demand of random 
numbers by software processes/threads to exceed the rate at which the random number generator hardware can 
supply them. This will lead to the RDSEED instruction returning no data transitorily. The RDSEED instruction indi- 
cates the occurrence of this situation by clearing the CF flag. 

The RDSEED instruction returns with the carry flag set (CF = 1) to indicate valid data is returned. It is recom- 
mended that software using the RDSEED instruction to get random numbers retry for a limited number of iterations 
while RDSEED returns CF=0 and complete when valid data is returned, indicated with CF=1. This will deal with 
transitory underflows. A retry limit should be employed to prevent a hard failure in the NRBG (expected to be 
extremely rare) leading to a busy loop in software. 

The intrinsic primitive for RDSEED is defined to address software’s need for the common cases (CF = 1) and the 
rare situations (CF = 0). The intrinsic primitive returns a value that reflects the value of the carry flag returned by 
the underlying RDSEED instruction. 
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CHAPTER 8 
PROGRAMMING WITH THE X87 FPU 


The x87 Floating-Point Unit (FPU) provides high-performance floating-point processing capabilities for use in 
graphics processing, scientific, engineering, and business applications. It supports the floating-point, integer, and 
packed BCD integer data types and the floating-point processing algorithms and exception handling architecture 
defined in the IEEE Standard 754 for Binary Floating-Point Arithmetic. 


This chapter describes the x87 FPU’s execution environment and instruction set. It also provides exception 
handling information that is specific to the x87 FPU. Refer to the following chapters or sections of chapters for addi- 
tional information about x87 FPU instructions and floating-point operations: 


° Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A & 2B, provide detailed descrip- 
tions of x87 FPU instructions. 


® Section 4.2.2, “Floating-Point Data Types,” Section 4.2.1.2, “Signed Integers,” and Section 4.7, “BCD and 
Packed BCD Integers,” describe the floating-point, integer, and BCD data types. 


° Section 4.9, “Overview of Floating-Point Exceptions,” Section 4.9.1, “Floating-Point Exception Conditions,” and 
Section 4.9.2, “Floating-Point Exception Priority,” give an overview of the floating-point exceptions that the x87 
FPU can detect and report. 


8.1 X87 FPU EXECUTION ENVIRONMENT 


The x87 FPU represents a separate execution environment within the IA-32 architecture (see Figure 8-1). This 
execution environment consists of eight data registers (called the x87 FPU data registers) and the following 
special-purpose registers: 


e Status register 

* Control register 

° Tag word register 

¢ Last instruction pointer register 

° Last data (operand) pointer register 

® Opcode register 

These registers are described in the following sections. 


The x87 FPU executes instructions from the processor’s normal instruction stream. The state of the x87 FPU is inde- 
pendent from the state of the basic execution environment and from the state of SSE/SSE2/SSE3 extensions. 


However, the x87 FPU and Intel MMX technology share state because the MMX registers are aliased to the x87 FPU 
data registers. Therefore, when writing code that uses x87 FPU and MMxX instructions, the programmer must 
explicitly manage the x87 FPU and MMxX state (see Section 9.5, “Compatibility with x87 FPU Architecture”). 


8.1.1 x87 FPU in 64-Bit Mode and Compatibility Mode 


In compatibility mode and 64-bit mode, x87 FPU instructions function like they do in protected mode. Memory 
operands are specified using the ModR/M, SIB encoding that is described in Section 3.7.5, “Specifying an Offset.” 


8.1.2 x87 FPU Data Registers 


The x87 FPU data registers (shown in Figure 8-1) consist of eight 80-bit registers. Values are stored in these regis- 
ters in the double extended-precision floating-point format shown in Figure 4-3. When floating-point, integer, or 
packed BCD integer values are loaded from memory into any of the x87 FPU data registers, the values are auto- 
matically converted into double extended-precision floating-point format (if they are not already in that format). 
When computation results are subsequently transferred back into memory from any of the x87 FPU registers, the 
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results can be left in the double extended-precision floating-point format or converted back into a shorter floating- 
point format, an integer format, or the packed BCD integer format. (See Section 8.2, “x87 FPU Data Types,” for a 
description of the data types operated on by the x87 FPU.) 


Data Registers 
79 78 64 63 0 
Signs! 
R7 | | Exponent Significand 
R6 
R5 
R4 
R3 
R2 
R1 
RO 
15 ) 47 ) 
poueter Last Instruction Pointer (FCS:FIP) 
perso Last Data (Operand) Pointer (FDS:FDP) 
Tag 10 0 
Register Opcode 


Figure 8-1. x87 FPU Execution Environment 


The x87 FPU instructions treat the eight x87 FPU data registers as a register stack (see Figure 8-2). All addressing of 
the data registers is relative to the register on the top of the stack. The register number of the current top-of-stack 
register is stored in the TOP (stack TOP) field in the x87 FPU status word. Load operations decrement TOP by one 
and load a value into the new top-of-stack register, and store operations store the value from the current TOP 
register in memory and then increment TOP by one. (For the x87 FPU, a load operation is equivalent to a push and 
a store operation is equivalent to a pop.) Note that load and store operations are also available that do not push and 
pop the stack. 


FPU Data Register Stack 
7 
6 
Sack 5 ST(2) 
4 ST(1) Top 
| 3 ST(0) «+ 011B 
2 
1 
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Figure 8-2. x87 FPU Data Register Stack 


If a load operation is performed when TOP is at 0, register wraparound occurs and the new value of TOP is set to 7. 
The floating-point stack-overflow exception indicates when wraparound might cause an unsaved value to be over- 
written (see Section 8.5.1.1, “Stack Overflow or Underflow Exception (#IS)”). 


Many floating-point instructions have several addressing modes that permit the programmer to implicitly operate 
on the top of the stack, or to explicitly operate on specific registers relative to the TOP. Assemblers support these 
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register addressing modes, using the expression ST(0), or simply ST, to represent the current stack top and ST(i) 
to specify the ith register from TOP in the stack (0 </< 7). For example, if TOP contains 011B (register 3 is the top 
of the stack), the following instruction would add the contents of two registers in the stack (registers 3 and 5): 


FADD ST, ST(2); 


Figure 8-3 shows an example of how the stack structure of the x87 FPU registers and instructions are typically used 
to perform a series of computations. Here, a two-dimensional dot product is computed, as follows: 


1. The first instruction (FLD value1) decrements the stack register pointer (TOP) and loads the value 5.6 from 
memory into ST(0). The result of this operation is shown in snap-shot (a). 


2. The second instruction multiplies the value in ST(0) by the value 2.4 from memory and stores the result in 
ST(0), shown in snap-shot (b). 


3. The third instruction decrements TOP and loads the value 3.8 in ST(O). 


The fourth instruction multiplies the value in ST(0) by the value 10.3 from memory and stores the result in 
ST(0), shown in snap-shot (c). 


5. The fifth instruction adds the value and the value in ST(1) and stores the result in ST(0), shown in snap-shot 


(d). 


Computation 

Dot Product = (5.6 x 2.4) + (3.8 x 10.3) 
Code: 

FLD valuel ;(a) valuel = 5.6 
FMUL value2 ;(b) value2 = 2.4 


FLD value3 ; value3 = 3.8 
FMUL value4 ;(c)value4 = 10.3 


FADD ST(1)_ ; (d) 
(a) (b) (c) (d) 
R7 R7 R7 R7 
R6 R6 R6 R6 
R5 R5 R5 R5 
R4 5.6 ST(0) R4 13.44 ST(0) R4 13.44 ST(1) R4 13.44 ST(1) 
R3 R3 R3 39.14 ST(0) R3 52.58 ST(0) 
R2 R2 R2 R2 
R1 R1 R1 R1 
RO RO RO RO 


Figure 8-3. Example x87 FPU Dot Product Computation 


The style of programming demonstrated in this example is supported by the floating-point instruction set. In cases 
where the stack structure causes computation bottlenecks, the FXCH (exchange x87 FPU register contents) 
instruction can be used to streamline a computation. 


8.1.2.1 Parameter Passing With the x87 FPU Register Stack 


Like the general-purpose registers, the contents of the x87 FPU data registers are unaffected by procedure calls, or 
in other words, the values are maintained across procedure boundaries. A calling procedure can thus use the x87 
FPU data registers (as well as the procedure stack) for passing parameter between procedures. The called proce- 
dure can reference parameters passed through the register stack using the current stack register pointer (TOP) 
and the ST(0) and ST(i) nomenclature. It is also common practice for a called procedure to leave a return value or 
result in register ST(0) when returning execution to the calling procedure or program. 
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When mixing MMX and x87 FPU instructions in the procedures or code sequences, the programmer is responsible 
for maintaining the integrity of parameters being passed in the x87 FPU data registers. If an MMX instruction is 
executed before the parameters in the x87 FPU data registers have been passed to another procedure, the param- 
eters may be lost (see Section 9.5, “Compatibility with x87 FPU Architecture”). 


8.1.3 x87 FPU Status Register 


The 16-bit x87 FPU status register (see Figure 8-4) indicates the current state of the x87 FPU. The flags in the x87 
FPU status register include the FPU busy flag, top-of-stack (TOP) pointer, condition code flags, exception summary 
status flag, stack fault flag, and exception flags. The x87 FPU sets the flags in this register to show the results of 
operations. 


FPU Busy 
Top of Stack Pointer 


151413 11109 8 7 6 5 4 3 2 0 
? C/C/C/E|S|P/U|O}|Z/D) 1 
2\/1/O/S/FJEJEJEJEJE/E 


Condition 
Code 
Exception |_ Status 


Stack Fault 
Exception Flags 
Precision 
Underflow 
Overflow 
Zero Divide 
Denormalized Operand 
Invalid Operation 


Figure 8-4. x87 FPU Status Word 


The contents of the x87 FPU status register (referred to as the x87 FPU status word) can be stored in memory using 
the FSTSW/FNSTSW, FSTENV/FNSTENV, FSAVE/FNSAVE, and FXSAVE instructions. It can also be stored in the AX 
register of the integer unit, using the FSTSW/FNSTSW instructions. 


8.1.3.1 Top of Stack (TOP) Pointer 


A pointer to the x87 FPU data register that is currently at the top of the x87 FPU register stack is contained in bits 
11 through 13 of the x87 FPU status word. This pointer, which is commonly referred to as TOP (for top-of-stack), 
is a binary value from 0 to 7. See Section 8.1.2, “x87 FPU Data Registers,” for more information about the TOP 
pointer. 


8.1.3.2 Condition Code Flags 


The four condition code flags (CO through C3) indicate the results of floating-point comparison and arithmetic oper- 
ations. Table 8-1 summarizes the manner in which the floating-point instructions set the condition code flags. 
These condition code bits are used principally for conditional branching and for storage of information used in 
exception handling (see Section 8.1.4, “Branching and Conditional Moves on Condition Codes”). 


As shown in Table 8-1, the C1 condition code flag is used for a variety of functions. When both the IE and SF flags 
in the x87 FPU status word are set, indicating a stack overflow or underflow exception (#IS), the C1 flag distin- 
guishes between overflow (C1 = 1) and underflow (Ci = 0). When the PE flag in the status word is set, indicating 
an inexact (rounded) result, the C1 flag is set to 1 if the last rounding by the instruction was upward. The FXAM 
instruction sets C1 to the sign of the value being examined. 
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The C2 condition code flag is used by the FPREM and FPREM1 instructions to indicate an incomplete reduction (or 
partial remainder). When a successful reduction has been completed, the CO, C3, and Ci condition code flags are 
set to the three least-significant bits of the quotient (Q2, Qi, and QO, respectively). See “FPREM1—Partial 
Remainder” in Chapter 3, “Instruction Set Reference, A-L,” of the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 2A, for more information on how these instructions use the condition code flags. 


The FPTAN, FSIN, FCOS, and FSINCOS instructions set the C2 flag to 1 to indicate that the source operand is 
beyond the allowable range of +2°3 and clear the C2 flag if the source operand is within the allowable range. 


Where the state of the condition code flags are listed as undefined in Table 8-1, do not rely on any specific value in 
these flags. 


8.1.3.3 x87 FPU Floating-Point Exception Flags 


The six x87 FPU floating-point exception flags (bits 0 through 5) of the x87 FPU status word indicate that one or 
more floating-point exceptions have been detected since the bits were last cleared. The individual exception flags 
(IE, DE, ZE, OE, UE, and PE) are described in detail in Section 8.4, “x87 FPU Floating-Point Exception Handling.” 
Each of the exception flags can be masked by an exception mask bit in the x87 FPU control word (see Section 8.1.5, 
“x87 FPU Control Word”). The exception summary status flag (ES, bit 7) is set when any of the unmasked exception 
flags are set. When the ES flag is set, the x87 FPU exception handler is invoked, using one of the techniques 
described in Section 8.7, “Handling x87 FPU Exceptions in Software.” (Note that if an exception flag is masked, the 
x87 FPU will still set the appropriate flag if the associated exception occurs, but it will not set the ES flag.) 


The exception flags are “sticky” bits (once set, they remain set until explicitly cleared). They can be cleared by 
executing the FCLEX/FNCLEX (clear exceptions) instructions, by reinitializing the x87 FPU with the FINIT/FNINIT or 
FSAVE/FNSAVE instructions, or by overwriting the flags with an FRSTOR or FLDENV instruction. 


The B-bit (bit 15) is included for 8087 compatibility only. It reflects the contents of the ES flag. 


Table 8-1. Condition Code Interpretation 


Instruction co C3 C2 C1 
FCOM, FCOMP, FCOMPP, FICOM, FICOMP, FTST, Result of Comparison Operands O or #IS 
FUCOM, FUCOMP, FUCOMPP are not 
Comparable 
FCOMI, FCOMIP, FUCOMI, FUCOMIP Undefined. (These instructions set the #IS 
status flags in the EFLAGS register.) 
FXAM Operand class Sign 
FPREM, FPREM1 Q2 Q1 0 = reduction QO or #IS 
complete 
1 = reduction 
incomplete 
F2XM1, FADD, FADDP, FBSTP, FCMOVcc, Undefined Roundup or #IS 


FIADD, FDIV, FDIVP, FDIVR, FDIVRP, FIDIV, 
FIDIVR, FIMUL, FIST, FISTP, FISUB, 
FISUBR,FMUL, FMULP, FPATAN, FRNDINT, 
FSCALE, FST, FSTP, FSUB, FSUBP, FSUBR, 
FSUBRP,FSQRT, FYL2X, FYL2XP1 


FCOS, FSIN, FSINCOS, FPTAN Undefined O = source Roundup or #IS 
operand within (Undefined if C2 = 
range 1) 
1 = source 
operand out of 
range 
FABS, FBLD, FCHS, FDECSTP, FILD, FINCSTP, Undefined Oor #IS 
FLD, Load Constants, FSTP (ext. prec.), FXCH, 
FXTRACT 
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Table 8-1. Condition Code Interpretation (Contd.) 


FLDENV, FRSTOR Each bit loaded from memory 

FFREE, FLDCW, FCLEX/FNCLEX, FNOP, 

FSTCW/FNSTCW, FSTENV/FNSTENV, Undefined 

FSTSW/FNSTSW, 

FINIT/FNINIT, FSAVE/FNSAVE 0 0 0 0 


8.1.3.4 Stack Fault Flag 


The stack fault flag (bit 6 of the x87 FPU status word) indicates that stack overflow or stack underflow has occurred 
with data in the x87 FPU data register stack. The x87 FPU explicitly sets the SF flag when it detects a stack overflow 
or underflow condition, but it does not explicitly clear the flag when it detects an invalid-arithmetic-operand condi- 
tion. 


When this flag is set, the condition code flag Ci indicates the nature of the fault: overflow (C1 = 1) and under- 
flow (C1 = 0). The SF flag is a “sticky” flag, meaning that after it is set, the processor does not clear it until it is 
explicitly instructed to do so (for example, by an FINIT/FNINIT, FCLEX/FNCLEX, or FSAVE/FNSAVE instruction). 


See Section 8.1.7, “x87 FPU Tag Word,” for more information on x87 FPU stack faults. 


8.1.4 Branching and Conditional Moves on Condition Codes 


The x87 FPU (beginning with the P6 family processors) supports two mechanisms for branching and performing 
conditional moves according to comparisons of two floating-point values. These mechanism are referred to here as 
the “old mechanism” and the “new mechanism.” 


The old mechanism is available in x87 FPU’s prior to the P6 family processors and in P6 family processors. This 
mechanism uses the floating-point compare instructions (FCOM, FCOMP, FCOMPP, FTST, FUCOMPP, FICOM, and 
FICOMP) to compare two floating-point values and set the condition code flags (CO through C3) according to the 
results. The contents of the condition code flags are then copied into the status flags of the EFLAGS register using 
a two step process (see Figure 8-5): 


1. The FSTSW AX instruction moves the x87 FPU status word into the AX register. 


2. The SAHF instruction copies the upper 8 bits of the AX register, which includes the condition code flags, into the 
lower 8 bits of the EFLAGS register. 


When the condition code flags have been loaded into the EFLAGS register, conditional jumps or conditional moves 
can be performed based on the new settings of the status flags in the EFLAGS register. 


15 x87 FPU Status Word 0 
Condition Status C clicle 
Code Flag 3 Paras 
co CF 
C1 (none) y 
C2 PF FSTSW AX Instruction 
C3 ZF 15 AX Register 0 
Cc cl|c|c 
3 21/0 
SAHF Instruction 
31 EFLAGS Register 7 0 
Z P|,\C 
F FI |e 


Figure 8-5. Moving the Condition Codes to the EFLAGS Register 
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The new mechanism is available beginning with the P6 family processors. Using this mechanism, the new floating- 
point compare and set EFLAGS instructions (FCOMI, FCOMIP, FUCOMI, and FUCOMIP) compare two floating-point 
values and set the ZF, PF, and CF flags in the EFLAGS register directly. A single instruction thus replaces the three 
instructions required by the old mechanism. 


Note also that the FCMOVcc instructions (also new in the P6 family processors) allow conditional moves of floating- 
point values (values in the x87 FPU data registers) based on the setting of the status flags (ZF, PF, and CF) in the 
EFLAGS register. These instructions eliminate the need for an IF statement to perform conditional moves of 
floating-point values. 


8.1.5 x87 FPU Control Word 


The 16-bit x87 FPU control word (see Figure 8-6) controls the precision of the x87 FPU and rounding method used. 
It also contains the x87 FPU floating-point exception mask bits. The control word is cached in the x87 FPU control 
register. The contents of this register can be loaded with the FLDCW instruction and stored in memory with the 
FSTCW/FNSTCW instructions. 


Infinity Control 


Rounding Control 
[ Precision Control 


1514131211109 876543210 


x} Ro | PC | | ral nalna] in| a 
Exception Masks 
Precision 
Underflow 
Overflow 
Zero Divide 


Denormal Operand 
Invalid Operation 


Reserved 


Figure 8-6. x87 FPU Control Word 


When the x87 FPU is initialized with either an FINIT/FNINIT or FSAVE/FNSAVE instruction, the x87 FPU control 
word is set to 037FH, which masks all floating-point exceptions, sets rounding to nearest, and sets the x87 FPU 
precision to 64 bits. 


8.1.5.1 x87 FPU Floating-Point Exception Mask Bits 


The exception-flag mask bits (bits 0 through 5 of the x87 FPU control word) mask the 6 floating-point exception 
flags in the x87 FPU status word. When one of these mask bits is set, its corresponding x87 FPU floating-point 
exception is blocked from being generated. 


8.1.5.2 Precision Control Field 


The precision-control (PC) field (bits 8 and 9 of the x87 FPU control word) determines the precision (64, 53, or 24 
bits) of floating-point calculations made by the x87 FPU (see Table 8-2). The default precision is double extended 
precision, which uses the full 64-bit significand available with the double extended-precision floating-point format 
of the x87 FPU data registers. This setting is best suited for most applications, because it allows applications to take 
full advantage of the maximum precision available with the x87 FPU data registers. 


Vol.1 8-7 


PROGRAMMING WITH THE X87 FPU 


Table 8-2. Precision Control Field (PC) 


Precision PC Field 
Single Precision (24 bits) 00B 
Reserved 01B 
Double Precision (53 bits) 10B 
Double Extended Precision (64 bits) 11B 


The double precision and single precision settings reduce the size of the significand to 53 bits and 24 bits, respec- 
tively. These settings are provided to support IEEE Standard 754 and to provide compatibility with the specifica- 
tions of certain existing programming languages. Using these settings nullifies the advantages of the double 
extended-precision floating-point format's 64-bit significand length. When reduced precision is specified, the 
rounding of the significand value clears the unused bits on the right to zeros. 


The precision-control bits only affect the results of the following floating-point instructions: FADD, FADDP, FIADD, 
FSUB, FSUBP, FISUB, FSUBR, FSUBRP, FISUBR, FMUL, FMULP, FIMUL, FDIV, FDIVP, FIDIV, FDIVR, FDIVRP, FIDIVR, 
and FSQRT. 


8.1.5.3 Rounding Control Field 


The rounding-control (RC) field of the x87 FPU control register (bits 10 and 11) controls how the results of x87 FPU 
floating-point instructions are rounded. See Section 4.8.4, “Rounding,” for a discussion of rounding of floating- 
point values; See Section 4.8.4.1, “Rounding Control (RC) Fields”, for the encodings of the RC field. 


8.1.6 Infinity Control Flag 


The infinity control flag (bit 12 of the x87 FPU control word) is provided for compatibility with the Intel 287 Math 
Coprocessor; it is not meaningful for later version x87 FPU coprocessors or IA-32 processors. See Section 4.8.3.3, 
“Signed Infinities,” for information on how the x87 FPUs handle infinity values. 


8.1.7 x87 FPU Tag Word 


The 16-bit tag word (see Figure 8-7) indicates the contents of each the 8 registers in the x87 FPU data-register 
stack (one 2-bit tag per register). The tag codes indicate whether a register contains a valid number, zero, or a 
special floating-point number (NaN, infinity, denormal, or unsupported format), or whether it is empty. The x87 
FPU tag word is cached in the x87 FPU in the x87 FPU tag word register. When the x87 FPU is initialized with either 
an FINIT/FNINIT or FSAVE/FNSAVE instruction, the x87 FPU tag word is set to FFFFH, which marks all the x87 FPU 
data registers as empty. 


15 0 


TAG(7) | TAG(6) | TAG(5) | TAG(4) | TAG(3) | TAG(2) | TAG(1) | TAG(O) 


TAG Values 
00 — Valid 
01 — Zero 
10 — Special: invalid (NaN, unsupported), infinity, or denormal 
11 — Empty 


Figure 8-7. x87 FPU Tag Word 


Each tag in the x87 FPU tag word corresponds to a physical register (numbers 0 through 7). The current top-of- 
stack (TOP) pointer stored in the x87 FPU status word can be used to associate tags with registers relative to ST(0). 
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The x87 FPU uses the tag values to detect stack overflow and underflow conditions (see Section 8.5.1.1, “Stack 
Overflow or Underflow Exception (#IS)”). 


Application programs and exception handlers can use this tag information to check the contents of an x87 FPU data 
register without performing complex decoding of the actual data in the register. To read the tag register, it must be 
stored in memory using either the FSTENV/FNSTENV or FSAVE/FNSAVE instructions. The location of the tag word 
in memory after being saved with one of these instructions is shown in Figures 8-9 through 8-12. 


Software cannot directly load or modify the tags in the tag register. The FLDENV and FRSTOR instructions load an 
image of the tag register into the x87 FPU; however, the x87 FPU uses those tag values only to determine if the 
data registers are empty (11B) or non-empty (O0B, 01B, or 10B). 


If the tag register image indicates that a data register is empty, the tag in the tag register for that data register is 
marked empty (11B); if the tag register image indicates that the data register is non-empty, the x87 FPU reads the 
actual value in the data register and sets the tag for the register accordingly. This action prevents a program from 
setting the values in the tag register to incorrectly represent the actual contents of non-empty data registers. 


8.1.8 x87 FPU Instruction and Data (Operand) Pointers 


The x87 FPU stores pointers to the instruction and data (operand) for the last non-control instruction executed. 
These are the x87 FPU instruction pointer and x87 FPU data (operand) pointers; software can save these pointers 
to provide state information for exception handlers. The pointers are illustrated in Figure 8-1 (the figure illustrates 
the pointers as used outside 64-bit mode; see below). 


Note that the value in the x87 FPU data pointer is always a pointer to a memory operand. If the last non-control 
instruction that was executed did not have a memory operand, the value in the data pointer is undefined 
(reserved). If CPUID.(EAX=07H,ECX=0H):EBX[bit 6] = 1, the data pointer is updated only for x87 non-control 
instructions that incur unmasked x87 exceptions. 


The contents of the x87 FPU instruction and data pointers remain unchanged when any of the following instructions 
are executed: FCLEX/FNCLEX, FLDCW, FSTCW/FNSTCW, FSTSW/FNSTSW, FSTENV/FNSTENV, FLDENV, and 
WAIT/FWAIT. 


For all the x87 FPUs and Numeric Processor Extensions (NPXs) except the 8087, the x87 FPU instruction pointer 
points to any prefixes that preceded the instruction. For the 8087, the x87 FPU instruction pointer points only to 
the actual opcode. 


The x87 FPU instruction and data pointers each consists of an offset and a segment selector: 


° The x87 FPU Instruction Pointer Offset (FIP) comprises 64 bits on processors that support IA-32e mode; on 
other processors, it offset comprises 32 bits. 


¢ The x87 FPU Instruction Pointer Selector (FCS) comprises 16 bits. 


¢ The x87 FPU Data Pointer Offset (FDP) comprises 64 bits on processors that support IA-32e mode; on other 
processors, it offset comprises 32 bits. 


° The x87 FPU Data Pointer Selector (FDS) comprises 16 bits. 


The pointers are accessed by the FINIT/FNINIT, FLDENV, FRSTOR, FSAVE/FNSAVE, FSTENV/FNSTENV, FXRSTOR, 
FXSAVE, XRSTOR, XSAVE, and XSAVEOPT instructions as follows: 


e FINIT/FNINIT. Each instruction clears FIP, FCS, FDP, and FDS. 

¢ FLDENV, FRSTOR. These instructions use the memory formats given in Figures 8-9 through 8-12: 
— For each of FIP and FDP, each instruction loads the lower 32 bits from memory and clears the upper 32 bits. 
— If CRO.PE = 1, each instruction loads FCS and FDS from memory; otherwise, it clears them. 


¢ ~=FSAVE/FNSAVE, FSTENV/FNSTENV. These instructions use the memory formats given in Figures 8-9 through 
8-12. 


— Each instruction saves the lower 32 bits of each FIP and FDP into memory. the upper 32 bits are not saved. 


— If CRO.PE = 1, each instruction saves FCS and FDS into memory. If 
CPUID.(EAX=07H,ECX=0H):EBX[bit 13] = 1, the processor deprecates FCS and FDS; it saves each as 
OOOOH. 
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— After saving these data into memory, FSAVE/FNSAVE clears FIP, FCS, FDP, and FDS. 


¢ FXRSTOR, XRSTOR. These instructions load data from a memory image whose format depend on operating 
mode and the REX prefix. The memory formats are given in Tables 3-43, 3-46, and 3-47 in Chapter 3, 
“Instruction Set Reference, A-L,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2A. 


— Outside of 64-bit mode or if REX.W = 0, the instructions operate as follows: 


¢ For each of FIP and FDP, each instruction loads the lower 32 bits from memory and clears the upper 32 
bits. 


¢ Each instruction loads FCS and FDS from memory. 

— In 64-bit mode with REX.W = 1, the instructions operate as follows: 
¢ Each instruction loads FIP and FDP from memory. 
¢ Each instruction clears FCS and FDS. 


e FXSAVE, XSAVE, and XSAVEOPT. These instructions store data into a memory image whose format depend on 
operating mode and the REX prefix. The memory formats are given in Tables 3-43, 3-46, and 3-47 in Chapter 
3, “Instruction Set Reference, A-L,” of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2A. 


— Outside of 64-bit mode or if REX.W = 0, the instructions operate as follows: 


¢ Each instruction saves the lower 32 bits of each of FIP and FDP into memory. The upper 32 bits are not 
saved. 


¢ Each instruction saves FCS and FDS into memory. If CPUID.(EAX=07H,ECX=0H):EBX[bit 13] = 1, the 
processor deprecates FCS and FDS; it saves each as OOOOH. 


— In 64-bit mode with REX.W = 1, each instruction saves FIP and FDP into memory. FCS and FDS are not 
saved. 


8.1.9 Last Instruction Opcode 


The x87 FPU stores in the 11-bit x87 FPU opcode register (FOP) the opcode of the last x87 non-control instruction 
executed that incurred an unmasked x87 exception. (This information provides state information for exception 
handlers.) Only the first and second opcode bytes (after all prefixes) are stored in the x87 FPU opcode register. 
Figure 8-8 shows the encoding of these two bytes. Since the upper 5 bits of the first opcode byte are the same for 
all floating-point opcodes (11011B), only the lower 3 bits of this byte are stored in the opcode register. 


8.1.9.1 Fopcode Compatibility Sub-mode 


Some Pentium 4 and Intel Xeon processors provide program control over the value stored into FOP. Here, bit 2 of 
the IA32_MISC_ENABLE MSR enables (set) or disables (clear) the fopcode compatibility mode. 


If fopcode compatibility mode is enabled, FOP is defined as it had been in previous IA-32 implementations, as the 
opcode of the last x87 non-control instruction executed (even if that instruction did not incur an unmasked x87 
exception). 
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1st Instruction Byte 2nd Instruction Byte 
7 2 0 7 0 


10 \ 87 0 


x87 FPU Opcode Register 


Figure 8-8. Contents of x87 FPU Opcode Registers 


The fopcode compatibility mode should be enabled only when x87 FPU floating-point exception handlers are 
designed to use the fopcode to analyze program performance or restart a program after an exception has been 
handled. 


More recent Intel 64 processors do not support fopcode compatibility mode and do not allow software to set bit 2 
of the IA32_MISC_ENABLE MSR. 


8.1.10 Saving the x87 FPU’s State with FSTENV/FNSTENV and FSAVE/FNSAVE 


The FSTENV/FNSTENV and FSAVE/FNSAVE instructions store x87 FPU state information in memory for use by 
exception handlers and other system and application software. The FSTENV/FNSTENV instruction saves the 
contents of the status, control, tag, x87 FPU instruction pointer, x87 FPU data pointer, and opcode registers. The 
FSAVE/FNSAVE instruction stores that information plus the contents of the x87 FPU data registers. Note that the 
FSAVE/FNSAVE instruction also initializes the x87 FPU to default values (just as the FINIT/FNINIT instruction does) 
after it has saved the original state of the x87 FPU. 


The manner in which this information is stored in memory depends on the operating mode of the processor 
(protected mode or real-address mode) and on the operand-size attribute in effect (32-bit or 16-bit). See Figures 
8-9 through 8-12. In virtual-8086 mode or SMM, the real-address mode formats shown in Figure 8-12 is used. See 
Chapter 31, “System Management Mode,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3C, for information on using the x87 FPU while in SMM. 


The FLDENV and FRSTOR instructions allow x87 FPU state information to be loaded from memory into the x87 FPU. 
Here, the FLDENV instruction loads only the status, control, tag, x87 FPU instruction pointer, x87 FPU data pointer, 
and opcode registers, and the FRSTOR instruction loads all the x87 FPU registers, including the x87 FPU stack 
registers. 


32-Bit Protected Mode Format 


31 16 15 0 
Control Word 0 
Status Word 
Tag Word 8 
FPU Instruction Pointer Offset (FIP) 12 
00000] Bits 10:0 of opcode | FPU Instruction Pointer Selector | 16 
FPU Data Pointer Offset (FDP) 20 
FPU Data Pointer Selector (FDS) | 24 


For instructions that also store x87 FPU data registers, the eight 
80-bit registers (RO-R7) follow the above structure in sequence. 


Figure 8-9. Protected Mode x87 FPU State Image in Memory, 32-Bit Format 
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32-Bit Real-Address Mode Format 
31 16 15 0 
Control Word 
Status Word 
Tag Word 
FIP[15:0] 12 
0000 FIP[31:16] FOP[10:0] 16 
FDP[15:0] 20 
0000 FDP[31:16] 000000000000 | 24 
For instructions that also store x87 FPU data registers, the eight 
80-bit registers (RO-R7) follow the above structure in sequence. 


Figure 8-10. Real Mode x87 FPU State Image in Memory, 32-Bit Format 


16-Bit Protected Mode Format 
15 0 


Control Word 0 
Status Word 2 
Tag Word 4 
6 
8 


FIP 
FCS 
FDP 10 
FDS 12 


Figure 8-11. Protected Mode x87 FPU State Image in Memory, 16-Bit Format 


16-Bit Real-Address Mode and 


Virtual-8086 Mode Format 
15 


Control Word 0 
Status Word 2 
Tag Word 4 
6 
8 


FIP[15:0] 
FIP[19:16]| 0| Bits 10:0 of opcode 
FDP[15:0] 10 
FDP[19:16] 0}0 0000000000} 12 


Figure 8-12. Real Mode x87 FPU State Image in Memory, 16-Bit Format 


8.1.11 Saving the x87 FPU's State with FXSAVE 


The FXSAVE and FXRSTOR instructions save and restore, respectively, the x87 FPU state along with the state of the 
XMM registers and the MXCSR register. Using the FXSAVE instruction to save the x87 FPU state has two benefits: 
(1) FXSAVE executes faster than FSAVE, and (2) FXSAVE saves the entire x87 FPU, MMX, and XMM state in one 
operation. See Section 10.5, “FXSAVE and FXRSTOR Instructions,” for additional information about these instruc- 
tions. 
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8.2 X87 FPU DATA TYPES 


The x87 FPU recognizes and operates on the following seven data types (see Figures 8-13): single-precision 
floating point, double-precision floating point, double extended-precision floating point, signed word integer, 
signed doubleword integer, signed quadword integer, and packed BCD decimal integers. 


For detailed information about these data types, see Section 4.2.2, “Floating-Point Data Types,” Section 4.2.1.2, 
“Signed Integers,” and Section 4.7, “BCD and Packed BCD Integers.” 


With the exception of the 80-bit double extended-precision floating-point format, all of these data types exist in 
memory only. When they are loaded into x87 FPU data registers, they are converted into double extended-preci- 
sion floating-point format and operated on in that format. 


Denormal values are also supported in each of the floating-point types, as required by IEEE Standard 754. Whena 
denormal number in single-precision or double-precision floating-point format is used as a source operand and the 
denormal exception is masked, the x87 FPU automatically normalizes the number when it is converted to double 
extended-precision format. 


When stored in memory, the least significant byte of an x87 FPU data-type value is stored at the initial address 
specified for the value. Successive bytes from the value are then stored in successively higher addresses in 
memory. The floating-point instructions load and store memory operands using only the initial address of the 
operand. 


Single-Precision Floating-Point 


Sin—>f[__ Exp Se Fraction] 


3130 23 22 Implied Integer 9 


Double-Precision Floating-Point 


Sign—st| Exponent eFraction 


6362 52 51 Implied Integer 0 
Sign 

y Double Extended-Precision Floating-Point 
|} Exponent [fe Fraction 
7978 6463 62 Integer 0 

Word Integer 
15 14 0 
Doubleword Integer 
3130 0 
Quadword Integer 

Sign 63 62 0 


Packed BCD Integers 


|X | D17,D16, D15,D14 D13,D12,D11,D10, D9, D8, D7 D6 , D5 D4, D3, D2, D1, DO 


7978 7271 4 Bits = 1 BCD Digit 


oO 


Figure 8-13. x87 FPU Data Type Formats 


As a general rule, values should be stored in memory in double-precision format. This format provides sufficient 
range and precision to return correct results with a minimum of programmer attention. The single-precision format 
is useful for debugging algorithms, because rounding problems will manifest themselves more quickly in this 
format. The double extended-precision format is normally reserved for holding intermediate results in the x87 FPU 
registers and constants. Its extra length is designed to shield final results from the effects of rounding and over- 
flow/underflow in intermediate calculations. However, when an application requires the maximum range and preci- 
sion of the x87 FPU (for data storage, computations, and results), values can be stored in memory in double 
extended-precision format. 
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8.2.1 Indefinites 


For each x87 FPU data type, one unique encoding is reserved for representing the special value indefinite. The x87 
FPU produces indefinite values as responses to some masked floating-point invalid-operation exceptions. See 
Tables 4-1, 4-3, and 4-4 for the encoding of the integer indefinite, QNaN floating-point indefinite, and packed BCD 
integer indefinite, respectively. 


The binary integer encoding 100..00B represents either of two things, depending on the circumstances of its use: 
* The largest negative number supported by the format (-2!°, -23!, or -2®3) 
¢ The integer indefinite value 


If this encoding is used as a source operand (as in an integer load or integer arithmetic instruction), the x87 FPU 
interprets it as the largest negative number representable in the format being used. If the x87 FPU detects an 
invalid operation when storing an integer value in memory with an FIST/FISTP instruction and the invalid-operation 
exception is masked, the x87 FPU stores the integer indefinite encoding in the destination operand as a masked 
response to the exception. In situations where the origin of a value with this encoding may be ambiguous, the 
invalid-operation exception flag can be examined to see if the value was produced as a response to an exception. 


8.2.2 Unsupported Double Extended-Precision 
Floating-Point Encodings and Pseudo-Denormals 


The double extended-precision floating-point format permits many encodings that do not fall into any of the cate- 
gories shown in Table 4-3. Table 8-3 shows these unsupported encodings. Some of these encodings were supported 
by the Intel 287 math coprocessor; however, most of them are not supported by the Intel 387 math coprocessor 

and later IA-32 processors. These encodings are no longer supported due to changes made in the final version of 
IEEE Standard 754 that eliminated these encodings. 


Specifically, the categories of encodings formerly known as pseudo-NaNs, pseudo-infinities, and un-normal 
numbers are not supported and should not be used as operand values. The Intel 387 math coprocessor and later 
IA-32 processors generate an invalid-operation exception when these encodings are encountered as operands. 


Beginning with the Intel 387 math coprocessor, the encodings formerly known as pseudo-denormal numbers are 
not generated by IA-32 processors. When encountered as operands, however, they are handled correctly, consid- 
ering the biased exponent as 1 (and the unbiased exponent as -16382); that is, they are treated as denormals and 
a denormal exception is generated. Pseudo-denormal numbers should not be used as operand values. They are 
supported by current IA-32 processors (as described here) to support legacy code. 


Table 8-3. Unsupported Double Extended-Precision Floating-Point Encodings and Pseudo-Denormals 


Significand 
Class Sign Biased Exponent Integer Fraction 
Positive 0 11.11 0 11.11 
Pseudo-NaNs Quiet ; : : 
0 11.11 10..00 
0 11.11 0 01.11 
ci 0 1 1.1 1 00.01 
Positive Floating Point | Pseudo-infinity 0 11.11 0 00..00 
0 11.10 0 11.11 
Unnormals : : : 
0 00..01 00..00 
Pseudo-denormals 0 00..00 1 11.11 
0 00.00 00.00 
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Table 8-3. Unsupported Double Extended-Precision Floating-Point Encodings and Pseudo-Denormals (Contd.) 


Negative Floating Point | Pseudo-denormals 1 00..00 1 11.11 
1 00.00 00.00 
1 11.10 0 11.01 
Unnormals : : : 
1 00..01 00..00 
Pseudo-infinity 1 11.11 0 00..00 
Negative Pseudo-NaNs 1 11.11 0 01..11 
ere 1 11 d 1 00..01 
1 11.11 0 11.11 
Quiet : : : 
1 11.11 10..00 
< 15 bits > < 63 bits > 


8.3 X87 FPU INSTRUCTION SET 


The floating-point instructions that the x87 FPU supports can be grouped into six functional categories: 
° Data transfer instructions 

° Basic arithmetic instructions 

* Comparison instructions 

¢ Transcendental instructions 

¢ Load constant instructions 

¢ x87 FPU control instructions 


See Section , “CPUID.EAX=80000001H:ECX.PREFTEHCHW][bit 8]: if 1 indicates the processor supports the PREFT- 
EHCHW instruction. CPUID.(EAX=07H, ECX=0H):ECX.PREFTEHCHWT1[bit 0]: if 1 indicates the processor supports 
the PREFTEHCHWT1 instruction.,” for a list of the floating-point instructions by category. 


The following section briefly describes the instructions in each category. Detailed descriptions of the floating-point 
instructions are given in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A, 2B, 2C 
& 2D. 


8.3.1 Escape (ESC) Instructions 


All of the instructions in the x87 FPU instruction set fall into a class of instructions known as escape (ESC) instruc- 
tions. All of these instructions have a common opcode format, where the first byte of the opcode is one of the 
numbers from D8H through DFH. 


8.3.2 x87 FPU Instruction Operands 


Most floating-point instructions require one or two operands, located on the x87 FPU data-register stack or in 
memory. (None of the floating-point instructions accept immediate operands.) 


When an operand is located in a data register, it is referenced relative to the ST(0) register (the register at the top 
of the register stack), rather than by a physical register number. Often the ST(0) register is an implied operand. 


Operands in memory can be referenced using the same operand addressing methods described in Section 3.7, 
“Operand Addressing.” 
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8.3.3 Data Transfer Instructions 


The data transfer instructions (see Table 8-4) perform the following operations: 

¢ Load a floating-point, integer, or packed BCD operand from memory into the ST(0) register. 

¢ Store the value in an ST(0O) register to memory in floating-point, integer, or packed BCD format. 
° Move values between registers in the x87 FPU register stack. 


The FLD (load floating point) instruction pushes a floating-point operand from memory onto the top of the x87 FPU 
data-register stack. If the operand is in single-precision or double-precision floating-point format, it is automati- 
cally converted to double extended-precision floating-point format. This instruction can also be used to push the 
value in a selected x87 FPU data register onto the top of the register stack. 


The FILD (load integer) instruction converts an integer operand in memory into double extended-precision floating - 
point format and pushes the value onto the top of the register stack. The FBLD (load packed decimal) instruction 
performs the same load operation for a packed BCD operand in memory. 


Table 8-4. Data Transfer Instructions 


Floating Point Integer Packed Decimal 
FLD Load Floating Point FILD Load Integer FBLD Load Packed 
Decimal 

FST Store Floating Point FIST Store Integer 

FSTP Store Floating Point and FISTP Store Integer FBSTP Store Packed 
Pop and Pop Decimal and Pop 

FXCH Exchange Register 
Contents 

FCMOVcc Conditional Move 


The FST (store floating point) and FIST (store integer) instructions store the value in register ST(0) in memory in 
the destination format (floating point or integer, respectively). Again, the format conversion is carried out automat- 
ically. 


The FSTP (store floating point and pop), FISTP (store integer and pop), and FBSTP (store packed decimal and pop) 
instructions store the value in the ST(0) registers into memory in the destination format (floating point, integer, or 
packed BCD), then performs a pop operation on the register stack. A pop operation causes the ST(0) register to be 
marked empty and the stack pointer (TOP) in the x87 FPU control work to be incremented by 1. The FSTP instruc- 
tion can also be used to copy the value in the ST(0) register to another x87 FPU register [ST(i)]. 


The FXCH (exchange register contents) instruction exchanges the value in a selected register in the stack [ST(i)] 
with the value in ST(0). 


The FCMOVcc (conditional move) instructions move the value in a selected register in the stack [ST(i)] to register 
ST(0) if a condition specified with a condition code (cc) is satisfied (see Table 8-5). The condition being tested for 


is represented by the status flags in the EFLAGS register. The condition code mnemonics are appended to the 
letters “FCMOV” to form the mnemonic for a FCMOVcc instruction. 


Table 8-5. Floating-Point Conditional Move Instructions 


Instruction Mnemonic Status Flag States Condition Description 
FCMOVB CF=1 Below 

FCMOVNB CF=0 Not below 

FCMOVE ZF=1 Equal 

FCMOVNE ZF=0 Not equal 
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Table 8-5. Floating-Point Conditional Move Instructions (Contd.) 


Instruction Mnemonic Status Flag States Condition Description 
FCMOVBE CF=1 or ZF=1 Below or equal 
FCMOVNBE CF=0 or ZF=0 Not below nor equal 
FCMOVU PF=1 Unordered 

FCMOVNU PF=0 Not unordered 


Like the CMOVcc instructions, the FCMOVcc instructions are useful for optimizing small IF constructions. They also 
help eliminate branching overhead for IF operations and the possibility of branch mispredictions by the processor. 


Software can check if the FCMOVcc instructions are supported by checking the processor’s feature information with 
the CPUID instruction. 


8.3.4 Load Constant Instructions 


The following instructions push commonly used constants onto the top [ST(0)] of the x87 FPU register stack: 


FLDZ Load +0.0 
FLD1 Load +1.0 
FLDPI Load x 
FLDL2T Load log, 10 
FLDL2E Load logze 
FLDLG2 Load log392 
FLDLN2 Load log,2 


The constant values have full double extended-precision floating-point precision (64 bits) and are accurate to 
approximately 19 decimal digits. They are stored internally in a format more precise than double extended-preci- 
sion floating point. When loading the constant, the x87 FPU rounds the more precise internal constant according 
to the RC (rounding control) field of the x87 FPU control word. The inexact-result exception (#P) is not generated 
as aresult of this rounding, nor is the C1 flag set in the x87 FPU status word if the value is rounded up. See 
Section 8.3.8, “Approximation of Pi,” for information on the z constant. 


8.3.5 Basic Arithmetic Instructions 


The following floating-point instructions perform basic arithmetic operations on floating-point numbers. Where 
applicable, these instructions match IEEE Standard 754: 


FADD/FADDP Add floating point 

FIADD Add integer to floating point 
FSUB/FSUBP Subtract floating point 

FISUB Subtract integer from floating point 
FSUBR/FSUBRP Reverse subtract floating point 

FISUBR Reverse subtract floating point from integer 
FMUL/FMULP Multiply floating point 

FIMUL Multiply integer by floating point 
FDIV/FDIVP Divide floating point 

FIDIV Divide floating point by integer 
FDIVR/FDIVRP Reverse divide 

FIDIVR Reverse divide integer by floating point 
FABS Absolute value 

FCHS Change sign 
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FSQRT Square root 

FPREM Partial remainder 

FPREM1 IEEE partial remainder 

FRNDINT Round to integral value 
FXTRACT Extract exponent and significand 


The add, subtract, multiply and divide instructions operate on the following types of operands: 

° Two x87 FPU data registers 

¢ An x87 FPU data register and a floating-point or integer value in memory 

See Section 8.1.2, “x87 FPU Data Registers,” for a description of how operands are referenced on the data register 
stack. 


Operands in memory can be in single-precision floating-point, double-precision floating-point, word-integer, or 
doubleword-integer format. They are converted to double extended-precision floating-point format automatically. 


Reverse versions of the subtract (FSUBR) and divide (FDIVR) instructions enable efficient coding. For example, the 
following options are available with the FSUB and FSUBR instructions for operating on values in a specified x87 FPU 
data register ST(/) and the ST(0) register: 
FSUB: 

ST(0) := ST(O) — ST(/) 

ST(i) = ST(i) — ST(O) 
FSUBR: 

ST(0) := ST(i) — ST(O) 

ST(/) = ST(0) — ST(A 
These instructions eliminate the need to exchange values between the ST(0) register and another x87 FPU register 
to perform a subtraction or division. 


The pop versions of the add, subtract, multiply, and divide instructions offer the option of popping the x87 FPU 
register stack following the arithmetic operation. These instructions operate on values in the ST(/) and ST(0O) regis- 
ters, store the result in the ST(/) register, and pop the ST(O) register. 


The FPREM instruction computes the remainder from the division of two operands in the manner used by the Intel 
8087 and Intel 287 math coprocessors; the FPREM1 instruction computes the remainder in the manner specified in 
IEEE Standard 754. 


The FSQRT instruction computes the square root of the source operand. 


The FRNDINT instruction returns a floating-point value that is the integral value closest to the source value in the 
direction of the rounding mode specified in the RC field of the x87 FPU control word. 


The FABS, FCHS, and FXTRACT instructions perform convenient arithmetic operations. The FABS instruction 
produces the absolute value of the source operand. The FCHS instruction changes the sign of the source operand. 
The FXTRACT instruction separates the source operand into its exponent and fraction and stores each value in a 
register in floating-point format. 


8.3.6 Comparison and Classification Instructions 
The following instructions compare or classify floating-point values: 


FCOM/FCOMP/FCOMPPCompare floating point and set x87 FPU 
condition code flags. 


FUCOM/FUCOMP/FUCOMPPUnordered compare floating point and set 
x87 FPU condition code flags. 


FICOM/FICOMPCompare integer and set x87 FPU 
condition code flags. 
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FCOMI/FCOMIPCompare floating point and set EFLAGS 
status flags. 


FUCOMI/FUCOMIPUnordered compare floating point and 
set EFLAGS status flags. 


FTST Test (compare floating point with 0.0). 
FXAMExamine. 


Comparison of floating-point values differ from comparison of integers because floating-point values have four 
(rather than three) mutually exclusive relationships: less than, equal, greater than, and unordered. 


The unordered relationship is true when at least one of the two values being compared is a NaN or in an unsup- 
ported format. This additional relationship is required because, by definition, NaNs are not numbers, so they 
cannot have less than, equal, or greater than relationships with other floating-point values. 


The FCOM, FCOMP, and FCOMPP instructions compare the value in register ST(0) with a floating-point source 
operand and set the condition code flags (CO, C2, and C3) in the x87 FPU status word according to the results (see 
Table 8-6). 


If an unordered condition is detected (one or both of the values are NaNs or in an undefined format), a floating- 
point invalid-operation exception is generated. 


The pop versions of the instruction pop the x87 FPU register stack once or twice after the comparison operation is 
complete. 


The FUCOM, FUCOMP, and FUCOMPP instructions operate the same as the FCOM, FCOMP, and FCOMPP instructions. 
The only difference is that with the FUCOM, FUCOMP, and FUCOMPP instructions, if an unordered condition is 
detected because one or both of the operands are QNaNs, the floating-point invalid-operation exception is not 
generated. 


Table 8-6. Setting of x87 FPU Condition Code Flags for Floating-Point Number Comparisons 


Condition c3 C2 co 
ST(0) > Source Operand 0 0 0 
ST(0) < Source Operand 0 0 1 
ST(0) = Source Operand 1 0 0 
Unordered 1 1 1 


The FICOM and FICOMP instructions also operate the same as the FCOM and FCOMP instructions, except that the 
source operand is an integer value in memory. The integer value is automatically converted into an double 
extended-precision floating-point value prior to making the comparison. The FICOMP instruction pops the x87 FPU 
register stack following the comparison operation. 


The FTST instruction performs the same operation as the FCOM instruction, except that the value in register ST(0) 
is always compared with the value 0.0. 


The FCOMI and FCOMIP instructions were introduced into the IA-32 architecture in the P6 family processors. They 
perform the same comparison as the FCOM and FCOMP instructions, except that they set the status flags (ZF, PF, 
and CF) in the EFLAGS register to indicate the results of the comparison (see Table 8-7) instead of the x87 FPU 
condition code flags. The FCOMI and FCOMIP instructions allow condition branch instructions (Jcc) to be executed 
directly from the results of their comparison. 


Table 8-7. Setting of EFLAGS Status Flags for Floating-Point Number Comparisons 


Comparison Results ZF PF CF 
STO > ST(i) 0 0 0 
STO < ST(i) 0 0 1 
STO =ST(i) 1 0 0 
Unordered 1 1 1 
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Software can check if the FCOMI and FCOMIP instructions are supported by checking the processor’s feature infor- 
mation with the CPUID instruction. 


The FUCOMI and FUCOMIP instructions operate the same as the FCOMI and FCOMIP instructions, except that they 
do not generate a floating-point invalid-operation exception if the unordered condition is the result of one or both 
of the operands being a QNaN. The FCOMIP and FUCOMIP instructions pop the x87 FPU register stack following the 
comparison operation. 


The FXAM instruction determines the classification of the floating-point value in the ST(0) register (that is, whether 
the value is zero, a denormal number, a normal finite number, «, a NaN, or an unsupported format) or that the 
register is empty. It sets the x87 FPU condition code flags to indicate the classification (see “FKAM—Examine” in 
Chapter 3, “Instruction Set Reference, A-L,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2A). It also sets the C1 flag to indicate the sign of the value. 


8.3.6.1 Branching on the x87 FPU Condition Codes 


The processor does not offer any control-flow instructions that branch on the setting of the condition code flags 
(CO, C2, and C3) in the x87 FPU status word. To branch on the state of these flags, the x87 FPU status word must 
first be moved to the AX register in the integer unit. The FSTSW AX (store status word) instruction can be used for 
this purpose. When these flags are in the AX register, the TEST instruction can be used to control conditional 
branching as follows: 


1. Check for an unordered result. Use the TEST instruction to compare the contents of the AX register with the 
constant 0400H (see Table 8-8). This operation will clear the ZF flag in the EFLAGS register if the condition code 
flags indicate an unordered result; otherwise, the ZF flag will be set. The JNZ instruction can then be used to 
transfer control (if necessary) to a procedure for handling unordered operands. 


Table 8-8. TEST Instruction Constants for Conditional Branching 


Order Constant Branch 
ST(0) > Source Operand 4500H JZ 
ST(0) < Source Operand 0100H JNZ 
ST(0) = Source Operand 4000H JNZ 
Unordered 0400H JNZ 


2. Check ordered comparison result. Use the constants given in Table 8-8 in the TEST instruction to test for a less 
than, equal to, or greater than result, then use the corresponding conditional branch instruction to transfer 
program control to the appropriate procedure or section of code. 


If a program or procedure has been thoroughly tested and it incorporates periodic checks for QNaN results, then it 
is not necessary to check for the unordered result every time a comparison is made. 


See Section 8.1.4, “Branching and Conditional Moves on Condition Codes,” for another technique for branching on 
x87 FPU condition codes. 


Some non-comparison x87 FPU instructions update the condition code flags in the x87 FPU status word. To ensure 
that the status word is not altered inadvertently, store it immediately following a comparison operation. 


8.3.7 Trigonometric Instructions 


The following instructions perform four common trigonometric functions: 


FSIN Sine 

FCOS Cosine 
FSINCOS Sine and cosine 
FPTAN Tangent 
FPATAN Arctangent 
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These instructions operate on the top one or two registers of the x87 FPU register stack and they return their 
results to the stack. The source operands for the FSIN, FCOS, FSINCOS, and FPTAN instructions must be given in 
radians; the source operand for the FPATAN instruction is given in rectangular coordinate units. 


The FSINCOS instruction returns both the sine and the cosine of a source operand value. It operates faster than 
executing the FSIN and FCOS instructions in succession. 


The FPATAN instruction computes the arctangent of ST(1) divided by ST(0), returning a result in radians. It is 
useful for converting rectangular coordinates to polar coordinates. 


See Section 8.3.8, “Approximation of Pi” and Section 8.3.10, “Transcendental Instruction Accuracy” for information 
regarding the accuracy of these instructions. 


8.3.8 Approximation of Pi 


When the argument (source operand) of a trigonometric function is within the domain of the function, the argu- 
ment is automatically reduced by the appropriate multiple of 2x through the same reduction mechanism used by 
the FPREM and FPREM1 instructions. The internal value of z (3.1415926...) that the x87 FPU uses for argument 
reduction and other computations, denoted as Pi in the expression below. The numerical value of Pi can be written 
as: 

Pi = Of * 2¢ 
where the fraction f is expressed in binary form as: 

f = CSOFDAA2 21680234 C 


(The spaces in the fraction above indicate 32-bit boundaries.) 


The internal approximation Pi of the value x has a 66 significant bits. Since the exact value of x represented in 
binary has the next 3 bits equal to 0, it means that Pi is the value of m rounded to nearest-even to 68 bits, and also 
the value of x rounded toward zero (truncated) to 69 bits. 


However, accuracy problems may arise because this relatively short finite approximation Pi of the number z is used 
for calculating the reduced argument of the trigonometric function approximations in the implementations of FSIN, 
FCOS, FSINCOS, and FPTAN. Alternately, this means that FSIN (x), FCOS (x), and FPTAN (x) are really approxi- 
mating the mathematical functions sin (x * 2 /Pi), cos (x * 1 / Pi), and tan (x * 2 / Pi), and not exactly sin (x), cos 
(x), and tan (x). (Note that FSINCOS is the equivalent of FSIN and FCOS combined together). The period of sin (x 
* x /Pi) for example is 2* Pi, and not 2n. 


See also Section 8.3.10, “Transcendental Instruction Accuracy” for more information on the accuracy of these func- 
tions. 


8.3.9 Logarithmic, Exponential, and Scale 


The following instructions provide two different logarithmic functions, an exponential function and a scale function: 


FYL2X Logarithm 
FYL2XP1 Logarithm epsilon 
F2XM1 Exponential 
FSCALE Scale 


The FYL2X and FYL2XP1 instructions perform two different base 2 logarithmic operations. The FYL2X instruction 
computes (y * log>x). This operation permits the calculation of the log of any base using the following equation: 


logy xX = (1/logz b) * logs x 


The FYL2XP1 instruction computes (y * logz(x + 1)). This operation provides optimum accuracy for values of x that 
are close to 0. 


The F2XM1 instruction computes (2% — 1). This instruction only operates on source values in the range -1.0 to +1.0. 
The FSCALE instruction multiplies the source operand by a power of 2. 
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8.3.10 Transcendental Instruction Accuracy 


New transcendental instruction algorithms were incorporated into the IA-32 architecture beginning with the 
Pentium processors. These new algorithms (used in transcendental instructions FSIN, FCOS, FSINCOS, FPTAN, 
FPATAN, F2XM1, FYL2X, and FYL2XP1) allow a higher level of accuracy than was possible in earlier IA-32 processors 
and x87 math coprocessors. The accuracy of these instructions is measured in terms of units in the last place 
(ulp). For a given argument x, let f(x) and F(x) be the correct and computed (approximate) function values, 
respectively. The error in ulps is defined to be: 


error = oo 
ak 63 


where k is an integer such that: 
Ls 2*ex) <2. 


With the Pentium processor and later IA-32 processors, the worst case error on transcendental functions is less 
than 1 ulp when rounding to the nearest (even) and less than 1.5 ulps when rounding in other modes. The func- 
tions are guaranteed to be monotonic, with respect to the input operands, throughout the domain supported by the 
instruction. 


However, for FSIN, FCOS, FSINCOS, and FPTAN which approximate periodic trigonometric functions, the previous 
statement about maximum ulp errors is true only when these instructions are applied to reduced argument (see 
Section 8.3.8, “Approximation of Pi”). This is due to the fact that only 66 significant bits are retained in the finite 
approximation Pi of the number x (3.1415926...), used internally for calculating the reduced argument in FSIN, 
FCOS, FSINCOS, and FPTAN. This approximation of z is not always sufficiently accurate for good argument reduc- 
tion. 


For single precision, the argument of FSIN, FCOS, FSINCOS, and FPTAN must exceed 200,000 radians in order for 
the error of the result to exceed 1 ulp when rounding to the nearest (even), or 1.5 ulps when rounding in other 
(directed) rounding modes. 


For double and double-extended precision, the ulp errors will grow above these thresholds for arguments much 
smaller in magnitude. The ulp errors increase significantly when the argument approaches the value of x (or Pi) for 
FSIN, and when it approaches x/2(or Pi/2) for FCOS, FSINCOS, and FPTAN. 


For all three IEEE precisions supported (32-bit single precision, 64-bit double precision, and 80-bit double- 
extended precision), applying FSIN, FCOS, FSINCOS, or FPTAN to arguments larger than a certain value can lead 
to reduced arguments (calculated internally) that are inaccurate or even very inaccurate in some cases. This leads 
to equally inaccurate approximations of the corresponding mathematical functions. In particular, arguments that 
are close to certain values will lose significance when reduced, leading to increased relative (and ulp) errors in the 
results of FSIN, FCOS, FSINCOS, and FPTAN. These values are: 


® any non-zero multiple of x for FSIN, 
* any multiple of x, plus x/2 for FCOS, and 
® any non-zero multiple of x/2 for FSINCOS and FPTAN. 


If the arguments passed to FSIN, FCOS, FSINCOS, and FPTAN are not close to these values then even the finite 
approximation Pi of x used internally for argument reduction will allow for results that have good accuracy. 


Therefore, in order to avoid such errors it is recommended to perform accurate argument reduction in software, 
and to apply FSIN, FCOS, FSINCOS, and FPTAN to reduced arguments only. Regardless of the target precision 
(single, double, or double-extended), it is safe to reduce the argument to a value smaller in absolute value than 
about 3x/4 for FSIN, and smaller than about 3x/8 for FCOS, FSINCOS, and FPTAN. 


The thresholds shown above are not exact. For example, accuracy measurements show that the double-extended 
precision result of FSIN will not have errors larger than 0.72 ulp for |x| < 2.82 (so |x| < 3x/4 will ensure good accu- 
racy, as 3n/4 < 2.82). On the same interval, double precision results from FSIN will have errors at most slightly 
larger than 0.5 ulp, and single precision results will be correctly rounded in the vast majority of cases. 


Likewise, the double-extended precision result of FCOS will not have errors larger than 0.82 ulp for |x| < 1.31 (so 
|x| < 3z/8 will ensure good accuracy, as 3n/8 < 1.31). On the same interval, double precision results from FCOS 
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will have errors at most slightly larger than 0.5 ulp, and single precision results will be correctly rounded in the vast 
majority of cases. 


FSINCOS behaves similarly to FSIN and FCOS, combined as a pair. 


Finally, the double-extended precision result of FPTAN will not have errors larger than 0.78 ulp for |x| < 1.25 (so 
|x| < 3x/8 will ensure good accuracy, as 3n/8 < 1.25). On the same interval, double precision results from FPTAN 
will have errors at most slightly larger than 0.5 ulp, and single precision results will be correctly rounded in the vast 
majority of cases. 


A recommended alternative in order to avoid the accuracy issues that might be caused by FSIN, FCOS, FSINCOS, 
and FPTAN, is to use good quality mathematical library implementations of the sin, cos, sincos, and tan functions, 
for example those from the Intel® Math Library available in the Intel® Compiler. 


The instructions FYL2X and FYL2XP1 are two operand instructions and are guaranteed to be within 1 ulp only when 
y equals 1. When y is not equal to 1, the maximum ulp error is always within 1.35 ulps in round to nearest mode. 
(For the two operand functions, monotonicity was proved by holding one of the operands constant. ) 


8.3.11 x87 FPU Control Instructions 


The following instructions control the state and modes of operation of the x87 FPU. They also allow the status of the 
x87 FPU to be examined: 


FINIT/FNINIT Initialize x87 FPU 

FLDCW Load x87 FPU control word 
FSTCW/FNSTCW Store x87 FPU control word 
FSTSW/FNSTSW Store x87 FPU status word 
FCLEX/FNCLEX Clear x87 FPU exception flags 

FLDENV Load x87 FPU environment 
FSTENV/FNSTENV Store x87 FPU environment 

FRSTOR Restore x87 FPU state 

FSAVE/FNSAVE Save x87 FPU state 

FINCSTP Increment x87 FPU register stack pointer 
FDECSTP Decrement x87 FPU register stack pointer 
FFREE Free x87 FPU register 

FNOP No operation 

WAIT/FWAIT Check for and handle pending unmasked x87 FPU exceptions 


The FINIT/FNINIT instructions initialize the x87 FPU and its internal registers to default values. 


The FLDCW instructions loads the x87 FPU control word register with a value from memory. The FSTCW/FNSTCW 
and FSTSW/FNSTSW instructions store the x87 FPU control and status words, respectively, in memory (or for an 
FSTSW/FNSTSW instruction in a general-purpose register). 


The FSTENV/FNSTENV and FSAVE/FNSAVE instructions save the x87 FPU environment and state, respectively, in 
memory. The x87 FPU environment includes all the x87 FPU’s control and status registers; the x87 FPU state 
includes the x87 FPU environment and the data registers in the x87 FPU register stack. (The FSAVE/FNSAVE 
instruction also initializes the x87 FPU to default values, like the FINIT/FNINIT instruction, after it saves the original 
state of the x87 FPU.) 


The FLDENV and FRSTOR instructions load the x87 FPU environment and state, respectively, from memory into the 
x87 FPU. These instructions are commonly used when switching tasks or contexts. 


The WAIT/FWAIT instructions are synchronization instructions. (They are actually mnemonics for the same 
opcode.) These instructions check the x87 FPU status word for pending unmasked x87 FPU exceptions. If any 
pending unmasked x87 FPU exceptions are found, they are handled before the processor resumes execution of the 
instructions (integer, floating-point, or system instruction) in the instruction stream. The WAIT/FWAIT instructions 
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are provided to allow synchronization of instruction execution between the x87 FPU and the processor's integer 
unit. See Section 8.6, “x87 FPU Exception Synchronization,” for more information on the use of the WAIT/FWAIT 
instructions. 


8.3.12 Waiting vs. Non-waiting Instructions 


All of the x87 FPU instructions except a few special control instructions perform a wait operation (similar to the 
WAIT/FWAIT instructions), to check for and handle pending unmasked x87 FPU floating-point exceptions, before 
they perform their primary operation (such as adding two floating-point numbers). These instructions are called 
waiting instructions. Some of the x87 FPU control instructions, such as FSTSW/FNSTSW, have both a waiting and 
a non-waiting version. The waiting version (with the “F” prefix) executes a wait operation before it performs its 
primary operation; whereas, the non-waiting version (with the “FN” prefix) ignores pending unmasked exceptions. 


Non-waiting instructions allow software to save the current x87 FPU state without first handling pending exceptions 
or to reset or reinitialize the x87 FPU without regard for pending exceptions. 


NOTES 


When operating a Pentium or Intel486 processor in MS-DOS compatibility mode, it is possible 
(under unusual circumstances) for a non-waiting instruction to be interrupted prior to being 
executed to handle a pending x87 FPU exception. 


When operating a P6 family, Pentium 4, or Intel Xeon processor in MS-DOS compatibility mode, 
non-waiting instructions can not be interrupted in this way. 


8.3.13. Unsupported x87 FPU Instructions 


The Intel 8087 instructions FENI and FDISI and the Intel 287 math coprocessor instruction FSETPM perform no 
function in the Intel 387 math coprocessor and later IA-32 processors. If these opcodes are detected in the instruc- 
tion stream, the x87 FPU performs no specific operation and no internal x87 FPU states are affected. 


8.4 X87 FPU FLOATING-POINT EXCEPTION HANDLING 


The x87 FPU detects the six classes of exception conditions described in Section 4.9, “Overview of Floating-Point 
Exceptions”: 


¢ Invalid operation (#1), with two subclasses: 
— Stack overflow or underflow (#IS) 
— Invalid arithmetic operation (#1A) 

¢ Denormalized operand (#D) 

°® Divide-by-zero (#Z) 

¢ Numeric overflow (#0) 

° Numeric underflow (#U) 

¢  Inexact result (precision) (#P) 


Each of the six exception classes has a corresponding flag bit in the x87 FPU status word and a mask bit in the x87 
FPU control word (see Section 8.1.3, “x87 FPU Status Register,” and Section 8.1.5, “x87 FPU Control Word,” respec- 
tively). In addition, the exception summary (ES) flag in the status word indicates when one or more unmasked 
exceptions has been detected. The stack fault (SF) flag (also in the status word) distinguishes between the two 
types of invalid-operation exceptions. 


The mask bits can be set with FLDCW, FRSTOR, or FXRSTOR; they can be read with either FSTCW/FNSTCW, 
FSAVE/FNSAVE, or FXSAVE. The flag bits can be read with the FSTSW/FNSTSW, FSAVE/FNSAVE, or FXSAVE instruc- 
tion. 
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NOTE 


Section 4.9.1, “Floating-Point Exception Conditions,” provides a general overview of how the IA-32 
processor detects and handles the various classes of floating-point exceptions. This information 
pertains to x87 FPU as well as SSE/SSE2/SSE3 extensions. 


The following sections give specific information about how the x87 FPU handles floating-point exceptions that are 
unique to the x87 FPU. 


8.4.1 Arithmetic vs. Non-arithmetic Instructions 


When dealing with floating-point exceptions, it is useful to distinguish between arithmetic instructions and non- 
arithmetic instructions. Non-arithmetic instructions have no operands or do not make substantial changes to 
their operands. Arithmetic instructions do make significant changes to their operands; in particular, they make 
changes that could result in floating-point exceptions being signaled. Table 8-9 lists the non-arithmetic and arith- 
metic instructions. It should be noted that some non-arithmetic instructions can signal a floating-point stack (fault) 
exception, but this exception is not the result of an operation on an operand. 


Table 8-9. Arithmetic and Non-arithmetic Instructions 


Non-arithmetic Instructions Arithmetic Instructions 
FABS F2XM1 
FCHS FADD/FADDP 
FCLEX FBLD 
FDECSTP FBSTP 
FFREE FCOM/FCOMP/FCOMPP 
FINCSTP FCOS 
FINIT/FNINIT FDIV/FDIVP/FDIVR/FDIVRP 
FLD (register-to-register) FIADD 
FLD (extended format from memory) FICOM/FICOMP 
FLD constant FIDIV/FIDIVR 
FLDCW FILD 
FLDENV FIMUL 
FNOP FIST/FISTP2 
FRSTOR FISUB/FISUBR 
FSAVE/FNSAVE FLD (single and double) 
FST/FSTP (register-to-register) FMUL/FMULP 
FSTP (extended format to memory) FPATAN 
FSTCW/FNSTCW FPREM/FPREM1 
FSTENV/FNSTENV FPTAN 
FSTSW/FNSTSW FRNDINT 
WAIT/FWAIT FSCALE 
FXAM FSIN 
FXCH FSINCOS 
FSQRT 
FST/FSTP (single and double) 
FSUB/FSUBP/FSUBR/FSUBRP 
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Table 8-9. Arithmetic and Non-arithmetic Instructions (Contd.) 


Non-arithmetic Instructions Arithmetic Instructions 
FTST 
FUCOM/FUCOMP/FUCOMPP 
FXTRACT 
FYL2X/FYL2XP1 

NOTE: 


1. The FISTTP instruction in SSE3 is an arithmetic x87 FPU instruction. 


8.5 X87 FPU FLOATING-POINT EXCEPTION CONDITIONS 


The following sections describe the various conditions that cause a floating-point exception to be generated by the 
x87 FPU and the masked response of the x87 FPU when these conditions are detected. Intel® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volumes 2A & 2B, list the floating-point exceptions that can be signaled for 
each floating-point instruction. 


See Section 4.9.2, “Floating-Point Exception Priority,” for a description of the rules for exception precedence when 
more than one floating-point exception condition is detected for an instruction. 


8.5.1 Invalid Operation Exception 


The floating-point invalid-operation exception occurs in response to two sub-classes of operations: 
° Stack overflow or underflow (#IS) 
° Invalid arithmetic operand (#IA) 


The flag for this exception (IE) is bit 0 of the x87 FPU status word, and the mask bit (IM) is bit 0 of the x87 FPU 
control word. The stack fault flag (SF) of the x87 FPU status word indicates the type of operation that caused the 
exception. When the SF flag is set to 1, a stack operation has resulted in stack overflow or underflow; when the flag 
is cleared to 0, an arithmetic instruction has encountered an invalid operand. Note that the x87 FPU explicitly sets 
the SF flag when it detects a stack overflow or underflow condition, but it does not explicitly clear the flag when it 
detects an invalid-arithmetic-operand condition. As a result, the state of the SF flag can be 1 following an invalid- 
arithmetic-operation exception, if it was not cleared from the last time a stack overflow or underflow condition 
occurred. See Section 8.1.3.4, “Stack Fault Flag,” for more information about the SF flag. 


8.5.1.1 Stack Overflow or Underflow Exception (#IS) 


The x87 FPU tag word keeps track of the contents of the registers in the x87 FPU register stack (see Section 8.1.7, 
“x87 FPU Tag Word”). It then uses this information to detect two different types of stack faults: 


¢ Stack overflow — An instruction attempts to load a non-empty x87 FPU register from memory. A non-empty 
register is defined as a register containing a zero (tag value of 01), a valid value (tag value of 00), or a special 
value (tag value of 10). 


¢ Stack underflow — An instruction references an empty x87 FPU register as a source operand, including 
attempting to write the contents of an empty register to memory. An empty register has a tag value of 11. 


NOTES 


The term stack overflow originates from the situation where the program has loaded (pushed) eight 
values from memory onto the x87 FPU register stack and the next value pushed on the stack causes 
a stack wraparound to a register that already contains a value. 


The term stack underflow originates from the opposite situation. Here, a program has stored 
(popped) eight values from the x87 FPU register stack to memory and the next value popped from 
the stack causes stack wraparound to an empty register. 
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When the x87 FPU detects stack overflow or underflow, it sets the IE flag (bit 0) and the SF flag (bit 6) in the x87 
FPU status word to 1. It then sets condition-code flag C1 (bit 9) in the x87 FPU status word to 1 if stack overflow 
occurred or to 0 if stack underflow occurred. 


If the invalid-operation exception is masked, the x87 FPU returns the floating point, integer, or packed decimal 
integer indefinite value to the destination operand, depending on the instruction being executed. This value over- 
writes the destination register or memory location specified by the instruction. 


If the invalid-operation exception is not masked, a software exception handler is invoked (see Section 8.7, 
“Handling x87 FPU Exceptions in Software”) and the top-of-stack pointer (TOP) and source operands remain 
unchanged. 


8.5.1.2 


The x87 FPU is able to detect a variety of invalid arithmetic operations that can be coded in a program. These oper- 
ations are listed in Table 8-10. (This list includes the invalid operations defined in IEEE Standard 754.) 


When the x87 FPU detects an invalid arithmetic operand, it sets the IE flag (bit 0) in the x87 FPU status word to 1. 
If the invalid-operation exception is masked, the x87 FPU then returns an indefinite value or QNaN to the destina- 
tion operand and/or sets the floating-point condition codes as shown in Table 8-10. If the invalid-operation excep- 


Invalid Arithmetic Operand Exception (#IA) 


tion is not masked, a software exception handler is invoked (see Section 8.7, “Handling x87 FPU Exceptions in 
Software”) and the top-of-stack pointer (TOP) and source operands remain unchanged. 


Table 8-10. Invalid Arithmetic Operations and the Masked Responses to Them 


Condition 


Masked Response 


Any arithmetic operation on an operand that is in an unsupported 
format. 


Any arithmetic operation on a SNaN. 


Return the QNaN floating-point indefinite value to the 
destination operand. 


Return a QNaN to the destination operand (see Table 4-7). 


Ordered compare and test operations: one or both operands are 
NaNs. 


Addition: operands are opposite-signed infinities. 
Subtraction: operands are like-signed infinities. 


Set the condition code flags (CO, C2, and C3) in the x87 FPU 
status word or the CF, PF, and ZF flags in the EFLAGS register to 
111B (not comparable). 


Return the QNaN floating-point indefinite value to the 
destination operand. 


Multiplication: 2 by 0;O0 by «. 


Division: oo by ;0 by 0. 


Return the QNaN floating-point indefinite value to the 
destination operand. 


Return the QNaN floating-point indefinite value to the 
destination operand. 


Remainder instructions FPREM, FPREM1: modulus (divisor) is O or 
dividend is co. 


Trigonometric instructions FCOS, FPTAN, FSIN, FSINCOS: source 
operand is ©. 


Return the QNaN floating-point indefinite; clear condition code 
flag C2 to O. 


Return the QNaN floating-point indefinite; clear condition code 
flag C2 to O. 


FSQRT: negative operand (except FSQRT (-0) = -0); FYL2X: negative 
operand (except FYL2X (-0) = -o-); FYL2XP1: operand more 
negative than -1. 


Return the QNaN floating-point indefinite value to the 
destination operand. 


FBSTP: Converted value cannot be represented in 18 decimal digits, 
or source value is an SNaN, QNaN, +c-, or in an unsupported 
format. 


Store packed BCD integer indefinite value in the destination 
operand. 


FIST/FISTP: Converted value exceeds representable integer range 
of the destination operand, or source value is an SNaN, QNaN, +e°, 
or in an unsupported format. 


Store integer indefinite value in the destination operand. 


FXCH: one or both registers are tagged empty. 


Load empty registers with the QNaN floating-point indefinite 
value, then perform the exchange. 
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Normally, when one or both of the source operands is a QNaN (and neither is an SNaN or in an unsupported 
format), an invalid-operand exception is not generated. An exception to this rule is most of the compare instruc- 
tions (Such as the FCOM and FCOMI instructions) and the floating-point to integer conversion instructions 
(FIST/FISTP and FBSTP). With these instructions, a QNaN source operand will generate an invalid-operand excep- 
tion. 


8.5.2 Denormal Operand Exception (#D) 


The x87 FPU signals the denormal-operand exception under the following conditions: 


¢ If an arithmetic instruction attempts to operate on a denormal operand (see Section 4.8.3.2, “Normalized and 
Denormalized Finite Numbers”). 


¢ If an attempt is made to load a denormal single-precision or double-precision floating-point value into an x87 
FPU register. (If the denormal value being loaded is a double extended-precision floating-point value, the 
denormal-operand exception is not reported.) 


The flag (DE) for this exception is bit 1 of the x87 FPU status word, and the mask bit (DM) is bit 1 of the x87 FPU 
control word. 


When a denormal-operand exception occurs and the exception is masked, the x87 FPU sets the DE flag, then 
proceeds with the instruction. The denormal operand in single- or double-precision floating-point format is auto- 
matically normalized when converted to the double extended-precision floating-point format. Subsequent opera- 
tions will benefit from the additional precision of the internal double extended-precision floating-point format. 


When a denormal-operand exception occurs and the exception is not masked, the DE flag is set and a software 
exception handler is invoked (see Section 8.7, “Handling x87 FPU Exceptions in Software”). The top-of-stack 
pointer (TOP) and source operands remain unchanged. 


For additional information about the denormal-operation exception, see Section 4.9.1.2, “‘Denormal Operand 
Exception (#D).” 


8.5.3 Divide-By-Zero Exception (#Z) 


The x87 FPU reports a floating-point divide-by-zero exception whenever an instruction attempts to divide a finite 
non-zero operand by O. The flag (ZE) for this exception is bit 2 of the x87 FPU status word, and the mask bit (ZM) 
is bit 2 of the x87 FPU control word. The FDIV, FDIVP, FDIVR, FDIVRP, FIDIV, and FIDIVR instructions and the other 
instructions that perform division internally (FYL2X and FXTRACT) can report the divide-by-zero exception. 


When a divide-by-zero exception occurs and the exception is masked, the x87 FPU sets the ZE flag and returns the 
values shown in Table 8-10. If the divide-by-zero exception is not masked, the ZE flag is set, a software exception 
handler is invoked (see Section 8.7, “Handling x87 FPU Exceptions in Software”), and the top-of-stack pointer 
(TOP) and source operands remain unchanged. 


Table 8-11. Divide-By-Zero Conditions and the Masked Responses to Them 


Condition Masked Response 
Divide or reverse divide operation with a | Returns an © signed with the exclusive OR of the sign of the two operands to the 
0 divisor. destination operand. 
FYL2X instruction. Returns an co signed with the opposite sign of the non-zero operand to the destination 
operand. 
FXTRACT instruction. ST(1) is set to -co; ST(O) is set to O with the same sign as the source operand. 


8.5.4 Numeric Overflow Exception (#0) 


The x87 FPU reports a floating-point numeric overflow exception (#0) whenever the rounded result of an arith- 
metic instruction exceeds the largest allowable finite value that will fit into the floating-point format of the destina- 
tion operand. (See Section 4.9.1.4, “Numeric Overflow Exception (#0),” for additional information about the 
numeric overflow exception. ) 
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When using the x87 FPU, numeric overflow can occur on arithmetic operations where the result is stored in an x87 
FPU data register. It can also occur on store floating-point operations (using the FST and FSTP instructions), where 
a within-range value in a data register is stored in memory in a single-precision or double-precision floating-point 
format. The numeric overflow exception cannot occur when storing values in an integer or BCD integer format. 
Instead, the invalid-arithmetic-operand exception is signaled. 


The flag (OE) for the numeric-overflow exception is bit 3 of the x87 FPU status word, and the mask bit (OM) is bit 
3 of the x87 FPU control word. 


When a numeric-overflow exception occurs and the exception is masked, the x87 FPU sets the OE flag and returns 
one of the values shown in Table 4-10. The value returned depends on the current rounding mode of the x87 FPU 
(see Section 8.1.5.3, “Rounding Control Field”). 


The action that the x87 FPU takes when numeric overflow occurs and the numeric-overflow exception is not 
masked, depends on whether the instruction is supposed to store the result in memory or on the register stack. 


* Destination is a memory location — The OE flag is set and a software exception handler is invoked (see 
Section 8.7, “Handling x87 FPU Exceptions in Software”). The top-of-stack pointer (TOP) and source and 
destination operands remain unchanged. Because the data in the stack is in double extended-precision format, 
the exception handler has the option either of re-executing the store instruction after proper adjustment of the 
operand or of rounding the significand on the stack to the destination's precision as the standard requires. The 
exception handler should ultimately store a value into the destination location in memory if the program is to 
continue. 


¢* Destination is the register stack — The significand of the result is rounded according to current settings of 
the precision and rounding control bits in the x87 FPU control word and the exponent of the result is adjusted 
by dividing it by 224576. (For instructions not affected by the precision field, the significand is rounded to 
double-extended precision.) The resulting value is stored in the destination operand. Condition code bit Ci in 
the x87 FPU status word (called in this situation the “round-up bit”) is set if the significand was rounded upward 
and cleared if the result was rounded toward O. After the result is stored, the OE flag is set and a software 
exception handler is invoked. The scaling bias value 24,576 is equal to 3 « 2!3. Biasing the exponent by 24,576 
normally translates the number as nearly as possible to the middle of the double extended-precision floating- 
point exponent range so that, if desired, it can be used in subsequent scaled operations with less risk of causing 
further exceptions. 


When using the FSCALE instruction, massive overflow can occur, where the result is too large to be repre- 
sented, even with a bias-adjusted exponent. Here, if overflow occurs again, after the result has been biased, a 
properly signed ~ is stored in the destination operand. 


8.5.5 Numeric Underflow Exception (#U) 


The x87 FPU detects a potential floating-point numeric underflow condition whenever the result of an arithmetic 
instruction is non-zero and tiny; that is, the magnitude of the rounded result with unbounded exponent is non-zero 
and less than the smallest possible normalized, finite value that will fit into the floating-point format of the desti- 
nation operand. (See Section 4.9.1.5, “Numeric Underflow Exception (#U),” for additional information about the 
numeric underflow exception. ) 


Like numeric overflow, numeric underflow can occur on arithmetic operations where the result is stored in an x87 
FPU data register. It can also occur on store floating-point operations (with the FST and FSTP instructions), where 
a within-range value in a data register is stored in memory in the smaller single-precision or double-precision 
floating-point formats. A numeric underflow exception cannot occur when storing values in an integer or BCD 
integer format, because a value with magnitude less than 1 is always rounded to an integral value of 0 or 1, 
depending on the rounding mode in effect. 


The flag (UE) for the numeric-underflow exception is bit 4 of the x87 FPU status word, and the mask bit (UM) is bit 
4 of the x87 FPU control word. 


When a numeric-underflow condition occurs and the exception is masked, the x87 FPU performs the operation 
described in Section 4.9.1.5, “Numeric Underflow Exception (#U).” 


When the exception is not masked, the action of the x87 FPU depends on whether the instruction is supposed to 
store the result in a memory location or on the x87 FPU resister stack. 
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* Destination is a memory location — (Can occur only with a store instruction.) The UE flag is set and a 
software exception handler is invoked (see Section 8.7, “Handling x87 FPU Exceptions in Software”). The top- 
of-stack pointer (TOP) and source and destination operands remain unchanged, and no result is stored in 
memory. 

Because the data in the stack is in double extended-precision format, the exception handler has the option 
either of re-exchanges the store instruction after proper adjustment of the operand or of rounding the 
significand on the stack to the destination's precision as the standard requires. The exception handler should 
ultimately store a value into the destination location in memory if the program is to continue. 


* Destination is the register stack — The significand of the result is rounded according to current settings of 
the precision and rounding control bits in the x87 FPU control word and the exponent of the result is adjusted 
by multiplying it by 274°7°, (For instructions not affected by the precision field, the significand is rounded to 
double extended precision.) The resulting value is stored in the destination operand. Condition code bit C1 in 
the x87 FPU status register (acting here as a “round-up bit”) is set if the significand was rounded upward and 
cleared if the result was rounded toward O. After the result is stored, the UE flag is set and a software exception 
handler is invoked. The scaling bias value 24,576 is the same as is used for the overflow exception and has the 
same effect, which is to translate the result as nearly as possible to the middle of the double extended-precision 
floating-point exponent range. 


When using the FSCALE instruction, massive underflow can occur, where the magnitude of the result is too 
small to be represented, even with a bias-adjusted exponent. Here, if underflow occurs again after the result 
has been biased, a properly signed 0 is stored in the destination operand. 


8.5.6 Inexact-Result (Precision) Exception (#P) 


The inexact-result exception (also called the precision exception) occurs if the result of an operation is not exactly 
representable in the destination format. (See Section 4.9.1.6, “Inexact-Result (Precision) Exception (#P),” for 
additional information about the numeric overflow exception.) Note that the transcendental instructions (FSIN, 
FCOS, FSINCOS, FPTAN, FPATAN, F2XM1, FYL2X, and FYL2XP1) by nature produce inexact results. 


The inexact-result exception flag (PE) is bit 5 of the x87 FPU status word, and the mask bit (PM) is bit 5 of the x87 
FPU control word. 


If the inexact-result exception is masked when an inexact-result condition occurs and a numeric overflow or under- 
flow condition has not occurred, the x87 FPU handles the exception as describe in Section 4.9.1.6, “Inexact-Result 
(Precision) Exception (#P),” with one additional action. The C1 (round-up) bit in the x87 FPU status word is set to 
indicate whether the inexact result was rounded up (C1 is set) or “not rounded up” (Ci is cleared). In the “not 
rounded up” case, the least-significant bits of the inexact result are truncated so that the result fits in the destina- 
tion format. 


If the inexact-result exception is not masked when an inexact result occurs and numeric overflow or underflow has 
not occurred, the x87 FPU handles the exception as described in the previous paragraph and, in addition, invokes 
a software exception handler. 


If an inexact result occurs in conjunction with numeric overflow or underflow, the x87 FPU carries out one of the 
following operations: 


° If an inexact result occurs in conjunction with masked overflow or underflow, the OE or UE flag and the PE flag 
are set and the result is stored as described for the overflow or underflow exceptions (see Section 8.5.4, 
“Numeric Overflow Exception (#0),” or Section 8.5.5, “Numeric Underflow Exception (#U)”). If the inexact 
result exception is unmasked, the x87 FPU also invokes a software exception handler. 


° If an inexact result occurs in conjunction with unmasked overflow or underflow and the destination operand is 
a register, the OE or UE flag and the PE flag are set, the result is stored as described for the overflow or 
underflow exceptions (see Section 8.5.4, “Numeric Overflow Exception (#0),” or Section 8.5.5, “Numeric 
Underflow Exception (#U)”) and a software exception handler is invoked. 


If an unmasked numeric overflow or underflow exception occurs and the destination operand is a memory location 
(which can happen only for a floating-point store), the inexact-result condition is not reported and the C1 flag is 
cleared. 
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8.6 X87 FPU EXCEPTION SYNCHRONIZATION 


Because the integer unit and x87 FPU are separate execution units, it is possible for the processor to execute 
floating-point, integer, and system instructions concurrently. No special programming techniques are required to 
gain the advantages of concurrent execution. (Floating-point instructions are placed in the instruction stream along 
with the integer and system instructions.) However, concurrent execution can cause problems for floating-point 
exception handlers. 


This problem is related to the way the x87 FPU signals the existence of unmasked floating-point exceptions. 
(Special exception synchronization is not required for masked floating-point exceptions, because the x87 FPU 
always returns a masked result to the destination operand.) 


When a floating-point exception is unmasked and the exception condition occurs, the x87 FPU stops further execu- 
tion of the floating-point instruction and signals the exception event. On the next occurrence of a floating-point 
instruction or a WAIT/FWAIT instruction in the instruction stream, the processor checks the ES flag in the x87 FPU 
status word for pending floating-point exceptions. If floating-point exceptions are pending, the x87 FPU makes an 
implicit call (traps) to the floating-point software exception handler. The exception handler can then execute 
recovery procedures for selected or all floating-point exceptions. 


Synchronization problems occur in the time between the moment when the exception is signaled and when it is 
actually handled. Because of concurrent execution, integer or system instructions can be executed during this 
time. It is thus possible for the source or destination operands for a floating-point instruction that faulted to be 
overwritten in memory, making it impossible for the exception handler to analyze or recover from the exception. 


To solve this problem, an exception synchronizing instruction (either a floating-point instruction or a WAIT/FWAIT 
instruction) can be placed immediately after any floating-point instruction that might present a situation where 
state information pertaining to a floating-point exception might be lost or corrupted. Floating-point instructions 
that store data in memory are prime candidates for synchronization. For example, the following three lines of code 
have the potential for exception synchronization problems: 


FILD COUNT ;Floating-point instruction 
INC COUNT Integer instruction 
FSQRT ;Subsequent floating-point instruction 


In this example, the INC instruction modifies the source operand of the floating-point instruction, FILD. If an 
exception is signaled during the execution of the FILD instruction, the INC instruction would be allowed to over- 
write the value stored in the COUNT memory location before the floating-point exception handler is called. With the 
COUNT variable modified, the floating-point exception handler would not be able to recover from the error. 


Rearranging the instructions, as follows, so that the FSQRT instruction follows the FILD instruction, synchronizes 
floating-point exception handling and eliminates the possibility of the COUNT variable being overwritten before the 
floating-point exception handler is invoked. 


FILD COUNT Floating-point instruction 

FSQRT ;Subsequent floating-point instruction synchronizes 
yany exceptions generated by the FILD instruction. 

INC COUNT Integer instruction 


The FSQRT instruction does not require any synchronization, because the results of this instruction are stored in 
the x87 FPU data registers and will remain there, undisturbed, until the next floating-point or WAIT/FWAIT instruc- 
tion is executed. To absolutely ensure that any exceptions emanating from the FSQRT instruction are handled (for 
example, prior to a procedure call), a WAIT instruction can be placed directly after the FSQRT instruction. 


Note that some floating-point instructions (non-waiting instructions) do not check for pending unmasked excep- 
tions (see Section 8.3.11, “x87 FPU Control Instructions”). They include the FNINIT, FNSTENV, FNSAVE, FNSTSW, 
FNSTCW, and FNCLEX instructions. When an FNINIT, FNSTENV, FNSAVE, or FNCLEX instruction is executed, all 
pending exceptions are essentially lost (either the x87 FPU status register is cleared or all exceptions are masked). 
The FNSTSW and FNSTCW instructions do not check for pending interrupts, but they do not modify the x87 FPU 
status and control registers. A subsequent “waiting” floating-point instruction can then handle any pending excep- 
tions. 
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8.7 HANDLING X87 FPU EXCEPTIONS IN SOFTWARE 


The x87 FPU in Pentium and later IA-32 processors provides two different modes of operation for invoking a soft- 
ware exception handler for floating-point exceptions: native mode and MS-DOS compatibility mode. The mode of 
operation is selected by CRO.NE[bit 5]. (See Chapter 2, “System Architecture Overview,” in the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 3A, for more information about the NE flag.) 


8.7.1 Native Mode 


The native mode for handling floating-point exceptions is selected by setting CRO.NE[bit 5] to 1. In this mode, if the 
x87 FPU detects an exception condition while executing a floating-point instruction and the exception is unmasked 
(the mask bit for the exception is cleared), the x87 FPU sets the flag for the exception and the ES flag in the x87 
FPU status word. It then invokes the software exception handler through the floating-point-error exception (#MF, 
exception vector 16), immediately before execution of any of the following instructions in the processor's instruc- 
tion stream: 


¢ The next floating-point instruction, unless it is one of the non-waiting instructions (FNINIT, FNCLEX, FNSTSW, 
FNSTCW, FNSTENV, and FNSAVE). 


° The next WAIT/FWAIT instruction. 
¢ The next MMX instruction. 


If the next floating-point instruction in the instruction stream is a non-waiting instruction, the x87 FPU executes the 
instruction without invoking the software exception handler. 


8.7.2 MS-DOS* Compatibility Sub-mode 


If CRO.NE[bit 5] is 0, the MS-DOS compatibility mode for handling floating-point exceptions is selected. In this 
mode, the software exception handler for floating-point exceptions is invoked externally using the processor's 
FERR#, INTR, and IGNNE# pins. This method of reporting floating-point errors and invoking an exception handler 
is provided to support the floating-point exception handling mechanism used in PC systems that are running the 
MS-DOS or Windows* 95 operating system. 


Using FERR# and IGNNE# to handle floating-point exception is deprecated by modern operating systems, this 
approach also limits newer processors to operate with one logical processor active. 


The MS-DOS compatibility mode is typically used as follows to invoke the floating-point exception handler: 


1. If the x87 FPU detects an unmasked floating-point exception, it sets the flag for the exception and the ES flag 
in the x87 FPU status word. 


2. If the IGNNE# pin is deasserted, the x87 FPU then asserts the FERR# pin either immediately, or else delayed 
(deferred) until just before the execution of the next waiting floating-point instruction or MMX instruction. 
Whether the FERR# pin is asserted immediately or delayed depends on the type of processor, the instruction, 
and the type of exception. 


3. Ifa preceding floating-point instruction has set the exception flag for an unmasked x87 FPU exception, the 
processor freezes just before executing the next WAIT instruction, waiting floating-point instruction, or MMX 
instruction. Whether the FERR# pin was asserted at the preceding floating-point instruction or is just now being 
asserted, the freezing of the processor assures that the x87 FPU exception handler will be invoked before the 
new floating-point (or MMX) instruction gets executed. 


4. The FERR# pin is connected through external hardware to IRQ13 of a cascaded, programmable interrupt 
controller (PIC). When the FERR# pin is asserted, the PIC is programmed to generate an interrupt 75H. 


5. The PIC asserts the INTR pin on the processor to signal the interrupt 75H. 


The BIOS for the PC system handles the interrupt 75H by branching to the interrupt 02H (NMI) interrupt 
handler. 


7. The interrupt 02H handler determines if the interrupt is the result of an NMI interrupt or a floating-point 
exception. 
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8. Ifa floating-point exception is detected, the interrupt 02H handler branches to the floating-point exception 
handler. 


If the IGNNE# pin is asserted, the processor ignores floating-point error conditions. This pin is provided to inhibit 
floating-point exceptions from being generated while the floating-point exception handler is servicing a previously 
signaled floating-point exception. 


Appendix D, “Guidelines for Writing SIMD Floating-Point Exception Handlers,” describes the MS-DOS compatibility 
mode in much greater detail. This mode is somewhat more complicated in the Intel486 and Pentium processor 
implementations, as described in Appendix D. 


8.7.3 Handling x87 FPU Exceptions in Software 


Section 4.9.3, “Typical Actions of a Floating-Point Exception Handler,” shows actions that may be carried out by a 
floating-point exception handler. The state of the x87 FPU can be saved with the FSTENV/FNSTENV or 
FSAVE/FNSAVE instructions (see Section 8.1.10, “Saving the x87 FPU’s State with FSTENV/FNSTENV and 
FSAVE/FNSAVE"). 


If the faulting floating-point instruction is followed by one or more non-floating-point instructions, it may not be 
useful to re-execute the faulting instruction. See Section 8.6, “x87 FPU Exception Synchronization,” for more infor- 
mation on synchronizing floating-point exceptions. 


In cases where the handler needs to restart program execution with the faulting instruction, the IRET instruction 
cannot be used directly. The reason for this is that because the exception is not generated until the next floating- 
point or WAIT/FWAIT instruction following the faulting floating-point instruction, the return instruction pointer on 
the stack may not point to the faulting instruction. To restart program execution at the faulting instruction, the 
exception handler must obtain a pointer to the instruction from the saved x87 FPU state information, load it into 
the return instruction pointer location on the stack, and then execute the IRET instruction. 
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CHAPTER 9 
PROGRAMMING WITH INTEL® MMX™ TECHNOLOGY 


The Intel MMX technology was introduced into the IA-32 architecture in the Pentium II processor family and 
Pentium processor with MMX technology. The extensions introduced in MMX technology support a single-instruc- 
tion, multiple-data (SIMD) execution model that is designed to accelerate the performance of advanced media and 
communications applications. 


This chapter describes MMX technology. 


9.1 OVERVIEW OF MMX TECHNOLOGY 


MMX technology defines a simple and flexible SIMD execution model to handle 64-bit packed integer data. This 
model adds the following features to the IA-32 architecture, while maintaining backwards compatibility with all IA- 
32 applications and operating-system code: 


° Eight new 64-bit data registers, called MMX registers 
° Three new packed data types: 
— 64-bit packed byte integers (signed and unsigned) 
— 64-bit packed word integers (signed and unsigned) 
— 64-bit packed doubleword integers (signed and unsigned) 
¢ Instructions that support the new data types and to handle MMX state management 
¢ Extensions to the CPUID instruction 


MMxX technology is accessible from all the IA32-architecture execution modes (protected mode, real address mode, 
and virtual 8086 mode). It does not add any new modes to the architecture. 


The following sections of this chapter describe MMX technology’s programming environment, including MMX 
register set, data types, and instruction set. Additional instructions that operate on MMX registers have been added 
to the IA-32 architecture by the SSE/SSE2 extensions. 

For more information, see: 


® Section 10.4.4, “SSE 64-Bit SIMD Integer Instructions,” describes MMX instructions added to the IA-32 archi- 
tecture with the SSE extensions. 


® Section 11.4.2, “SSE2 64-Bit and 128-Bit SIMD Integer Instructions,” describes MMX instructions added to the 
IA-32 architecture with SSE2 extensions. 


° Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A & 2B, give detailed descriptions 
of MMX instructions. 


¢ Chapter 12, “Intel® MMX™ Technology System Programming,” in the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 3B, describes the manner in which MMX technology is integrated into the 
IA-32 system programming model. 


9.2 THE MMX TECHNOLOGY PROGRAMMING ENVIRONMENT 


Figure 9-1 shows the execution environment for MMX technology. All MMX instructions operate on MMX registers, 
the general-purpose registers, and/or memory as follows: 


° MMxX registers — These eight registers (see Figure 9-1) are used to perform operations on 64-bit packed 
integer data. They are named MMO through MM7. 


Vol.1 9-1 


PROGRAMMING WITH INTEL® MMX™ TECHNOLOGY 


Address Space 


232 4 


MMX Registers 
Eight 64-Bit 


General-Purpose 
Registers 
Eight 32-Bit 


Figure 9-1. MMX Technology Execution Environment 


¢ General-purpose registers — The eight general-purpose registers (see Figure 3-5) are used with existing IA- 
32 addressing modes to address operands in memory. (MMX registers cannot be used to address memory). 
General-purpose registers are also used to hold operands for some MMX technology operations. They are EAX, 
EBX, ECX, EDX, EBP, ESI, EDI, and ESP. 


9.2.1 MMX Technology in 64-Bit Mode and Compatibility Mode 


In compatibility mode and 64-bit mode, MMX instructions function like they do in protected mode. Memory oper- 
ands are specified using the ModR/M, SIB encoding described in Section 3.7.5. 


9.2.2 MMX Registers 


The MMxX register set consists of eight 64-bit registers (see Figure 9-2), that are used to perform calculations on 
the MMX packed integer data types. Values in MMX registers have the same format as a 64-bit quantity in memory. 


The MMX registers have two data access modes: 64-bit access mode and 32-bit access mode. The 64-bit access 
mode is used for: 


° 64-bit memory accesses 

° 64-bit transfers between MMX registers 

¢ All pack, logical, and arithmetic instructions 

® Some unpack instructions 

The 32-bit access mode is used for: 

¢ 32-bit memory accesses 

° 32-bit transfer between general-purpose registers and MMX registers 
® Some unpack instructions 
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Figure 9-2. MMX Register Set 


Although MMX registers are defined in the IA-32 architecture as separate registers, they are aliased to the registers 
in the FPU data register stack (RO through R7). 


See also Section 9.5, “Compatibility with x87 FPU Architecture.” 


9.2.3 MMxX Data Types 


MMX technology introduced the following 64-bit data types to the IA-32 architecture (see Figure 9-3): 
° 64-bit packed byte integers — eight packed bytes 

° 64-bit packed word integers — four packed words 

° 64-bit packed doubleword integers — two packed doublewords 


MMX instructions move 64-bit packed data types (packed bytes, packed words, or packed doublewords) and the 
quadword data type between MMxX registers and memory or between MMxX registers in 64-bit blocks. However, 
when performing arithmetic or logical operations on the packed data types, MMX instructions operate in parallel on 
the individual bytes, words, or doublewords contained in MMX registers (see Section 9.2.5, “Single Instruction, 
Multiple Data (SIMD) Execution Model”). 


63 0 


63 0 


63 0 


Figure 9-3. Data Types Introduced with the MMX Technology 


9.2.4 Memory Data Formats 


When stored in memory: bytes, words and doublewords in the packed data types are stored in consecutive 
addresses. The least significant byte, word, or doubleword is stored at the lowest address and the most significant 
byte, word, or doubleword is stored at the high address. The ordering of bytes, words, or doublewords in memory 
is always little endian. That is, the bytes with the low addresses are less significant than the bytes with high 
addresses. 
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9.2.5 Single Instruction, Multiple Data (SIMD) Execution Model 


MMX technology uses the single instruction, multiple data (SIMD) technique for performing arithmetic and logical 
operations on bytes, words, or doublewords packed into MMX registers (see Figure 9-4). For example, the PADDSW 
instruction adds 4 signed word integers from one source operand to 4 signed word integers in a second source 
operand and stores 4 word integer results in a destination operand. This SIMD technique speeds up software 
performance by allowing the same operation to be carried out on multiple data elements in parallel. MMX tech- 
nology supports parallel operations on byte, word, and doubleword data elements when contained in MMX regis- 
ters. 


The SIMD execution model supported in the MMX technology directly addresses the needs of modern media, 
communications, and graphics applications, which often use sophisticated algorithms that perform the same oper- 
ations on a large number of small data types (bytes, words, and doublewords). For example, most audio data is 
represented in 16-bit (word) quantities. The MMX instructions can operate on 4 words simultaneously with one 
instruction. Video and graphics information is commonly represented as palletized 8-bit (byte) quantities. In 
Figure 9-4, one MMX instruction operates on 8 bytes simultaneously. 


Source 1 X3 X2 X1 XO 


Source 2 


Destination X3 OP Y3 X2 OP Y2 X1 OP Y1 X0 OP YO 


Figure 9-4. SIMD Execution Model 


3.3 SATURATION AND WRAPAROUND MODES 


When performing integer arithmetic, an operation may result in an out-of-range condition, where the true result 
cannot be represented in the destination format. For example, when performing arithmetic on signed word inte- 
gers, positive overflow can occur when the true signed result is larger than 16 bits. 


The MMX technology provides three ways of handling out-of-range conditions: 


¢ Wraparound arithmetic — With wraparound arithmetic, a true out-of-range result is truncated (that is, the 
carry or overflow bit is ignored and only the least significant bits of the result are returned to the destination). 
Wraparound arithmetic is suitable for applications that control the range of operands to prevent out-of-range 
results. If the range of operands is not controlled, however, wraparound arithmetic can lead to large errors. For 
example, adding two large signed numbers can cause positive overflow and produce a negative result. 


* Signed saturation arithmetic — With signed saturation arithmetic, out-of-range results are limited to the 
representable range of signed integers for the integer size being operated on (see Table 9-1). For example, if 
positive overflow occurs when operating on signed word integers, the result is “saturated” to 7FFFH, which is 
the largest positive integer that can be represented in 16 bits; if negative overflow occurs, the result is 
saturated to 8000H. 


¢ Unsigned saturation arithmetic — With unsigned saturation arithmetic, out-of-range results are limited to 
the representable range of unsigned integers for the integer size. So, positive overflow when operating on 
unsigned byte integers results in FFH being returned and negative overflow results in OOH being returned. 
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Table 9-1. Data Range Limits for Saturation 


Data Type Lower Limit Upper Limit 
Hexadecimal Decimal Hexadecimal Decimal 
Signed Byte 80H -128 7FH 127 
Signed Word 8000H -32,768 7FFFH 32,767 
Unsigned Byte OOH 0 FFH 255 
Unsigned Word OO00H 0 FFFFH 65,535 


Saturation arithmetic provides an answer for many overflow situations. For example, in color calculations, satura- 
tion causes a color to remain pure black or pure white without allowing inversion. It also prevents wraparound arti- 
facts from entering into computations when range checking of source operands it not used. 


MMX instructions do not indicate overflow or underflow occurrence by generating exceptions or setting flags in the 
EFLAGS register. 


9.4 MMX INSTRUCTIONS 


The MMxX instruction set consists of 47 instructions, grouped into the following categories: 


Data transfer 

Arithmetic 

Comparison 

Conversion 

Unpacking 

Logical 

Shift 

Empty MMX state instruction (EMMS) 


Table 9-2 gives a summary of the instructions in the MMX instruction set. The following sections give a brief over- 
view of the instructions within each group. 


NOTES 


The MMxX instructions described in this chapter are those instructions that are available in an IA-32 
processor when CPUID.01H:EDX.MMX[bit 23] = 1. 


Section 10.4.4, “SSE 64-Bit SIMD Integer Instructions,” and Section 11.4.2, “SSE2 64-Bit and 128- 
Bit SIMD Integer Instructions,” list additional instructions included with SSE/SSE2 extensions that 
operate on the MMX registers but are not considered part of the MMX instruction set. 
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Table 9-2. MMX Instruction Set Summary 


Category Wraparound Signed Saturation Unsigned Saturation 
Arithmetic Addition PADDB, PADDW, PADDD__| PADDSB, PADDSW PADDUSB, PADDUSW 
PSUBB, PSUBW, PSUBD —_| PSUBSB, PSUBSW PSUBUSB, PSUBUSW 
Subtraction PMULL, PMULH 
PMADD 
Multiplication 
Multiply and Add 
Comparison Compare for Equal PCMPEQB, PCMPEQW, 
PCMPEQD 
PCMPGTPB, PCMPGTPW, 
Compare for Greater PCMPGTPD 
Than 
Conversion Pack PACKSSWB, PACKUSWB 
PACKSSDW 
Unpack Unpack High PUNPCKHBW, 
PUNPCKHWD, 
PUNPCKHDQ 
Unpack Low PUNPCKLBW, 
PUNPCKLWD, 
PUNPCKLDQ 
Packed Full Quadword 
Logical And PAND 
And Not PANDN 
Or POR 
Exclusive OR PXOR 
Shift Shift Left Logical PSLLW, PSLLD PSLLOQ 
Shift Right Logical PSRLW, PSRLD PSRLOQ 
Shift Right Arithmetic PSRAW, PSRAD 
Doubleword Transfers Quadword Transfers 
Data Transfer Register to Register MOVD MOVQ 
Load from Memory MOVD MOVQ 
Store to Memory MOVD MOVQ 
Empty MMX State EMMS 
9.4.1 Data Transfer Instructions 


The MOVD (Move 32 Bits) instruction transfers 32 bits of packed data from memory to an MMX register and vice 


versa; or from a general-purpose register to an MMX register and vice versa. 


The MOVQ (Move 64 Bits) instruction transfers 64 bits of packed data from memory to an MMX register and vice 


versa; or transfers data between MMxX registers. 


9.4.2 


data types. 


The PADDB/PADDW/PADDD (add packed integers) instructions and the PSUBB/PSUBW/ PSUBD (subtract packed 
integers) instructions add or subtract the corresponding signed or unsigned data elements of the source and desti- 
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nation operands in wraparound mode. These instructions operate on packed byte, word, and doubleword data 
types. 


The PADDSB/PADDSW (add packed signed integers with signed saturation) instructions and the PSUBSB/PSUBSW 
(subtract packed signed integers with signed saturation) instructions add or subtract the corresponding signed 
data elements of the source and destination operands and saturate the result to the limits of the signed data-type 
range. These instructions operate on packed byte and word data types. 


The PADDUSB/PADDUSW (add packed unsigned integers with unsigned saturation) instructions and the 
PSUBUSB/PSUBUSW (subtract packed unsigned integers with unsigned saturation) instructions add or subtract the 
corresponding unsigned data elements of the source and destination operands and saturate the result to the limits 
of the unsigned data-type range. These instructions operate on packed byte and word data types. 


The PMULHW (multiply packed signed integers and store high result) and PMULLW (multiply packed signed integers 
and store low result) instructions perform a signed multiply of the corresponding words of the source and destina- 
tion operands and write the high-order or low-order 16 bits of each of the results, respectively, to the destination 
operand. 


The PMADDWD (multiply and add packed integers) instruction computes the products of the corresponding signed 
words of the source and destination operands. The four intermediate 32-bit doubleword products are summed in 
pairs (high-order pair and low-order pair) to produce two 32-bit doubleword results. 


9.4.3 Comparison Instructions 


The PCMPEQB/PCMPEQW/PCMPEQD (compare packed data for equal) instructions and the 
PCMPGTB/PCMPGTW/PCMPGTD (compare packed signed integers for greater than) instructions compare the corre- 
sponding signed data elements (bytes, words, or doublewords) in the source and destination operands for equal to 
or greater than, respectively. 


These instructions generate a mask of ones or zeros which are written to the destination operand. Logical opera- 
tions can use the mask to select packed elements. This can be used to implement a packed conditional move oper- 
ation without a branch or a set of branch instructions. No flags in the EFLAGS register are affected. 


9.4.4 Conversion Instructions 


The PACKSSWEB (pack words into bytes with signed saturation) and PACKSSDW (pack doublewords into words with 
signed saturation) instructions convert signed words into signed bytes and signed doublewords into signed words, 
respectively, using signed saturation. 


PACKUSWEB (pack words into bytes with unsigned saturation) converts signed words into unsigned bytes, using 
unsigned saturation. 


9.4.5 Unpack Instructions 


The PUNPCKHBW/PUNPCKHWD/PUNPCKHDQ (unpack high-order data elements) instructions and the 
PUNPCKLBW/PUNPCKLWD/PUNPCKLDQ (unpack low-order data elements) instructions unpack bytes, words, or 
doublewords from the high- or low-order data elements of the source and destination operands and interleave 
them in the destination operand. By placing all Os in the source operand, these instructions can be used to convert 
byte integers to word integers, word integers to doubleword integers, or doubleword integers to quadword inte- 
gers. 


9.4.6 Logical Instructions 


PAND (bitwise logical AND), PANDN (bitwise logical AND NOT), POR (bitwise logical OR), and PXOR (bitwise logical 
exclusive OR) perform bitwise logical operations on the quadword source and destination operands. 
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9.4.7 Shift Instructions 


The logical shift left, logical shift right and arithmetic shift right instructions shift each element by a specified 
number of bit positions. 


The PSLLW/PSLLD/PSLLQ (shift packed data left logical) instructions and the PSRLW/PSRLD/PSRLQ (shift packed 
data right logical) instructions perform a logical left or right shift of the data elements and fill the empty high or low 
order bit positions with zeros. These instructions operate on packed words, doublewords, and quadwords. 


The PSRAW/PSRAD (shift packed data right arithmetic) instructions perform an arithmetic right shift, copying the 
sign bit for each data element into empty bit positions on the upper end of each data element. This instruction 
operates on packed words and doublewords. 


9.4.8 EMMS Instruction 


The EMMS instruction empties the MMX state by setting the tags in x87 FPU tag word to 11B, indicating empty 
registers. This instruction must be executed at the end of an MMX routine before calling other routines that can 
execute floating-point instructions. See Section 9.6.3, “Using the EMMS Instruction,” for more information on the 
use of this instruction. 


9.5 COMPATIBILITY WITH X87 FPU ARCHITECTURE 


The MMxX state is aliased to the x87 FPU state. No new states or modes have been added to IA-32 architecture to 
support the MMX technology. The same floating-point instructions that save and restore the x87 FPU state also 
handle the MMX state (for example, during context switching). 


MMX technology uses the same interface techniques between the x87 FPU and the operating system (primarily for 
task switching purposes). For more details, see Chapter 12, “Intel® MMX™ Technology System Programming,” in 
the Inte!® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


9.5.1 MMxX Instructions and the x87 FPU Tag Word 


After each MMX instruction, the entire x87 FPU tag word is set to valid (00B). The EMMS instruction (empty MMX 
state) sets the entire x87 FPU tag word to empty (11B). 


Chapter 12, “Intel® MMX™ Technology System Programming,” in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 3A, provides additional information about the effects of x87 FPU and MMxX instructions 
on the x87 FPU tag word. For a description of the tag word, see Section 8.1.7, “x87 FPU Tag Word.” 


9.6 WRITING APPLICATIONS WITH MMX CODE 


The following sections give guidelines for writing application code that uses MMX technology. 


9.6.1 Checking for MMX Technology Support 


Before an application attempts to use the MMX technology, it should check that it is present on the processor. Check 
by following these steps: 


1. Check that the processor supports the CPUID instruction by attempting to execute the CPUID instruction. If the 
processor does not support the CPUID instruction, this will generate an invalid-opcode exception (#UD). 


2. Check that the processor supports the MMX technology 
(if CPUID.O1H:EDX.MMX[bit 23] = 1). 


3. Check that emulation of the x87 FPU is disabled (if CRO.EM[bit 2] = 0). 


If the processor attempts to execute an unsupported MM X instruction or attempts to execute an MMX instruction 
with CRO.EM[bit 2] set, this generates an invalid-opcode exception (#UD). 
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Example 9-1 illustrates how to use the CPUID instruction to detect the MMX technology. This example does not 
represent the entire CPUID sequence, but shows the portion used for detection of MMX technology. 


Example 9-1. Partial Routine for Detecting MMX Technology with the CPUID Instruction 


; identify existence of CPUID instruction 
ia ; identify Intel processor 
mov EAX,1 ; request for feature flags 


CPUID ; OFH, OA2H CPUID instruction 
test EDX, OO800000H Is IAMMX technology bit (Bit 23 of EDX) set? 
jnz ; MMX_Technology_Found 


9.6.2 Transitions Between x87 FPU and MMX Code 


Applications can contain both x87 FPU floating-point and MMX instructions. However, because the MMX registers 
are aliased to the x87 FPU register stack, care must be taken when making transitions between x87 FPU instruc- 
tions and MMxX instructions to prevent incoherent or unexpected results. 


When an MMx instruction (other than the EMMS instruction) is executed, the processor changes the x87 FPU state 
as follows: 


¢ The TOS (top of stack) value of the x87 FPU status word is set to 0. 
¢ The entire x87 FPU tag word is set to the valid state (OOB in all tag fields). 


¢ When an MMxX instruction writes to an MMX register, it writes ones (11B) to the exponent part of the corre- 
sponding floating-point register (bits 64 through 79). 


The net result of these actions is that any x87 FPU state prior to the execution of the MMX instruction is essentially 
lost. 


When an x87 FPU instruction is executed, the processor assumes that the current state of the x87 FPU register 
stack and control registers is valid and executes the instruction without any preparatory modifications to the x87 
FPU state. 


If the application contains both x87 FPU floating-point and MMX instructions, the following guidelines are recom- 
mended: 


¢ When transitioning between x87 FPU and MMX code, save the state of any x87 FPU data or control registers 
that need to be preserved for future use. The FSAVE and FXSAVE instructions save the entire x87 FPU state. 


¢ When transitioning between MMX and x87 FPU code, do the following: 


— Save any data in the MMX registers that needs to be preserved for future use. FSAVE and FXSAVE also save 
the state of MMX registers. 


— Execute the EMMS instruction to clear the MMX state from the x87 data and control registers. 


The following sections describe the use of the EMMS instruction and give additional guidelines for mixing x87 FPU 
and MMX code. 


9.6.3 Using the EMMS Instruction 


As described in Section 9.6.2, “Transitions Between x87 FPU and MMX Code,” when an MM X instruction executes, 
the x87 FPU tag word is marked valid (OOB). In this state, the execution of subsequent x87 FPU instructions may 
produce unexpected x87 FPU floating-point exceptions and/or incorrect results because the x87 FPU register stack 
appears to contain valid data. The EMMS instruction is provided to prevent this problem by marking the x87 FPU 
tag word as empty. 


The EMMS instruction should be used in each of the following cases: 


¢ When an application using the x87 FPU instructions calls an MMX technology library/DLL (use the EMMS 
instruction at the end of the MMX code). 
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¢ When an application using MMX instructions calls a x87 FPU floating-point library/DLL (use the EMMS 
instruction before calling the x87 FPU code). 


¢ When a switch is made between MMX code in a task or thread and other tasks or threads in cooperative 
operating systems, unless it is certain that more MMX instructions will be executed before any x87 FPU code. 


EMMS is not required when mixing MMX technology instructions with SSE/SSE2/SSE3 instructions (see Section 
11.6.7, “Interaction of SSE/SSE2 Instructions with x87 FPU and MMxX Instructions”). 


9.6.4 Mixing MMX and x87 FPU Instructions 


An application can contain both x87 FPU floating-point and MMX instructions. However, frequent transitions 
between MMX and x87 FPU instructions are not recommended, because they can degrade performance in some 
processor implementations. When mixing MMX code with x87 FPU code, follow these guidelines: 


° Keep the code in separate modules, procedures, or routines. 
* Do not rely on register contents across transitions between x87 FPU and MMX code modules. 


¢ When transitioning between MMX code and x87 FPU code, save the MMX register state (if it will be needed in 
the future) and execute an EMMS instruction to empty the MMxX state. 


¢ When transitioning between x87 FPU code and MMX code, save the x87 FPU state if it will be needed in the 
future. 


9.6.5 Interfacing with MMX Code 


MMX technology enables direct access to all the MMX registers. This means that all existing interface conventions 
that apply to the use of the processor’s general-purpose registers (EAX, EBX, etc.) also apply to the use of MMX 
registers. 


An efficient interface to MMX routines might pass parameters and return values through the MMX registers or 
through a combination of memory locations (via the stack) and MMX registers. Do not use the EMMS instruction or 
mix MMX and x87 FPU code when using to the MMX registers to pass parameters. 


If a high-level language that does not support the MMX data types directly is used, the MMX data types can be 
defined as a 64-bit structure containing packed data types. 


When implementing MMX instructions in high-level languages, other approaches can be taken, such as: 
¢ Passing parameters to an MMX routine by passing a pointer to a structure via the stack. 
* Returning a value from a function by returning a pointer to a structure. 


9.6.6 Using MMX Code in a Multitasking Operating System Environment 


An application needs to identify the nature of the multitasking operating system on which it runs. Each task retains 
its own state which must be saved when a task switch occurs. The processor state (context) consists of the 
general-purpose registers and the floating-point and MMX registers. 


Operating systems can be classified into two types: 
* Cooperative multitasking operating system 
¢ Preemptive multitasking operating system 


Cooperative multitasking operating systems do not save the FPU or MMX state when performing a context switch. 
Therefore, the application needs to save the relevant state before relinquishing direct or indirect control to the 
operating system. 


Preemptive multitasking operating systems are responsible for saving and restoring the FPU and MMX state when 
performing a context switch. Therefore, the application does not have to save or restore the FPU and MMxX state. 
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9.6.7 Exception Handling in MMX Code 


MMX instructions generate the same type of memory-access exceptions as other IA-32 instructions (page fault, 
segment not present, and limit violations). Existing exception handlers do not have to be modified to handle these 
types of exceptions for MMX code. 


Unless there is a pending floating-point exception, MMX instructions do not generate numeric exceptions. There- 
fore, there is no need to modify existing exception handlers or add new ones to handle numeric exceptions. 


If a floating-point exception is pending, the subsequent MMX instruction generates a numeric error exception 
(interrupt 16 and/or assertion of the FERR# pin). The MMX instruction resumes execution upon return from the 
exception handler. 


9.6.8 Register Mapping 


MMX registers and their tags are mapped to physical locations of the floating-point registers and their tags. 
Register aliasing and mapping is described in more detail in Chapter 12, “Intel® MMX™ Technology System 
Programming,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


9.6.9 Effect of Instruction Prefixes on MMX Instructions 


Table 9-3 describes the effect of instruction prefixes on MMX instructions. Unpredictable behavior can range from 
being treated as a reserved operation on one generation of IA-32 processors to generating an invalid opcode 
exception on another generation of processors. 

Table 9-3. Effect of Prefixes on MMX Instructions 
Prefix Type Effect on MMX Instructions 


Address Size Prefix (67H) Affects instructions with a memory operand. 


Reserved for instructions without a memory operand and may result in 
unpredictable behavior. 


Operand Size (66H) Reserved and may result in unpredictable behavior. 

Segment Override (2E€H, 36H, 3EH, 26H, 64H, | Affects instructions with a memory operand. 

65H) Reserved for instructions without a memory operand and may result in 
unpredictable behavior. 

Repeat Prefix (F3H) Reserved and may result in unpredictable behavior. 

Repeat NE Prefix(F2H) Reserved and may result in unpredictable behavior. 

Lock Prefix (FOH) Reserved; generates invalid opcode exception (HUD). 

Branch Hint Prefixes (2EH and 3EH) Reserved and may result in unpredictable behavior. 


See “Instruction Prefixes” in Chapter 2, “Instruction Format,” of the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 2A, for a description of the instruction prefixes. 
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CHAPTER 10 
PROGRAMMING WITH INTEL® 
STREAMING SIMD EXTENSIONS (INTEL® SSE) 


The streaming SIMD extensions (SSE) were introduced into the IA-32 architecture in the Pentium III processor 
family. These extensions enhance the performance of IA-32 processors for advanced 2-D and 3-D graphics, motion 
video, image processing, speech recognition, audio synthesis, telephony, and video conferencing. 


This chapter describes SSE. Chapter 11, “Programming with Intel® Streaming SIMD Extensions 2 (Intel® SSE2),” 
provides information to assist in writing application programs that use SSE2 extensions. Chapter 12, “Programming 
with Intel® SSE3, SSSE3, Intel® SSE4 and Intel® AESNI,” provides this information for SSE3 extensions. 


10.1 OVERVIEW OF SSE EXTENSIONS 


Intel MMX technology introduced single-instruction multiple-data (SIMD) capability into the IA-32 architecture, 
with the 64-bit MMX registers, 64-bit packed integer data types, and instructions that allowed SIMD operations to 
be performed on packed integers. SSE extensions expand the SIMD execution model by adding facilities for 
handling packed and scalar single-precision floating-point values contained in 128-bit registers. 


If CPUID.O1H:EDX.SSE[bit 25] = 1, SSE extensions are present. 


SSE extensions add the following features to the IA-32 architecture, while maintaining backward compatibility with 
all existing IA-32 processors, applications and operating systems. 


° Eight 128-bit data registers (called XMM registers) in non-64-bit modes; sixteen XMM registers are available in 
64-bit mode. 


° The 32-bit MXCSR register, which provides control and status bits for operations performed on XMM registers. 


° The 128-bit packed single-precision floating-point data type (four IEEE single-precision floating-point values 
packed into a double quadword). 


¢ Instructions that perform SIMD operations on single-precision floating-point values and that extend SIMD 
operations that can be performed on integers: 


— 128-bit Packed and scalar single-precision floating-point instructions that operate on data located in MMX 
registers 


— 64-bit SIMD integer instructions that support additional operations on packed integer operands located in 
MMX registers 


° Instructions that save and restore the state of the MXCSR register. 


¢ Instructions that support explicit prefetching of data, control of the cacheability of data, and control the 
ordering of store operations. 


¢ Extensions to the CPUID instruction. 
These features extend the IA-32 architecture’s SIMD programming model in four important ways: 


¢ The ability to perform SIMD operations on four packed single-precision floating-point values enhances the 
performance of IA-32 processors for advanced media and communications applications that use computation- 
intensive algorithms to perform repetitive operations on large arrays of simple, native data elements. 

¢ The ability to perform SIMD single-precision floating-point operations in XMM registers and SIMD integer 
operations in MMX registers provides greater flexibility and throughput for executing applications that operate 
on large arrays of floating-point and integer data. 

* Cache control instructions provide the ability to stream data in and out of XMM registers without polluting the 
caches and the ability to prefetch data to selected cache levels before it is actually used. Applications that 
require regular access to large amounts of data benefit from these prefetching and streaming store capabilities. 

° The SFENCE (store fence) instruction provides greater control over the ordering of store operations when using 
weakly-ordered memory types. 
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SSE extensions are fully compatible with all software written for IA-32 processors. All existing software continues 
to run correctly, without modification, on processors that incorporate SSE extensions. Enhancements to CPUID 
permit detection of SSE extensions. SSE extensions are accessible from all IA-32 execution modes: protected 
mode, real address mode, and virtual-8086 mode. 


The following sections of this chapter describe the programming environment for SSE extensions, including: XMM 
registers, the packed single-precision floating-point data type, and SSE instructions. For additional information, 
see: 


® Section 11.6, “Writing Applications with SSE/SSE2 Extensions”. 


® Section 11.5, “SSE, SSE2, and SSE3 Exceptions,” describes the exceptions that can be generated with 
SSE/SSE2/SSE3 instructions. 


° Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A & 2B, provide a detailed 
description of these instructions. 


° Chapter 13, “System Programming for Instruction Set Extensions and Processor Extended States,” in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, gives guidelines for integrating 
these extensions into an operating-system environment. 


10.2 SSE PROGRAMMING ENVIRONMENT 


Figure 10-1 shows the execution environment for the SSE extensions. All SSE instructions operate on the XMM 
registers, MMX registers, and/or memory as follows: 


¢ XMM registers — These eight registers (see Figure 10-2 and Section 10.2.2, “XMM Registers”) are used to 
operate on packed or scalar single-precision floating-point data. Scalar operations are operations performed on 
individual (unpacked) single-precision floating-point values stored in the low doubleword of an XMM register. 
XMM registers are referenced by the names XMMO through XMM7. 


Address Space 
32 
XMM Registers en 
Eight 128-Bit 
MXCSR Register 32 Bits 
MMX Registers 
Eight 64-Bit 
General-Purpose 
Registers 
Eight 32-Bit 

0 

EFLAGS Register 32 Bits 


Figure 10-1. SSE Execution Environment 


* MXCSR register — This 32-bit register (see Figure 10-3 and Section 10.2.3, “MXCSR Control and Status 
Register”) provides status and control bits used in SIMD floating-point operations. 


° MMxX registers — These eight registers (see Figure 9-2) are used to perform operations on 64-bit packed 
integer data. They are also used to hold operands for some operations performed between the MMX and XMM 
registers. MMX registers are referenced by the names MMO through MM7. 


¢ General-purpose registers — The eight general-purpose registers (see Figure 3-5) are used along with the 
existing IA-32 addressing modes to address operands in memory. (MMX and XMM registers cannot be used to 
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address memory). The general-purpose registers are also used to hold operands for some SSE instructions and 
are referenced as EAX, EBX, ECX, EDX, EBP, ESI, EDI, and ESP. 


° EFLAGS register — This 32-bit register (see Figure 3-8) is used to record result of some compare operations. 


10.2.1 SSE in 64-Bit Mode and Compatibility Mode 


In compatibility mode, SSE extensions function like they do in protected mode. In 64-bit mode, eight additional 
XMM registers are accessible. Registers XMM8-XMM15 are accessed by using REX prefixes. Memory operands are 
specified using the ModR/M, SIB encoding described in Section 3.7.5. 


Some SSE instructions may be used to operate on general-purpose registers. Use the REX.W prefix to access 64- 
bit general-purpose registers. Note that if a REX prefix is used when it has no meaning, the prefix is ignored. 


10.2.2 XMM Registers 


Eight 128-bit XMM data registers were introduced into the IA-32 architecture with SSE extensions (see 

Figure 10-2). These registers can be accessed directly using the names XMMO to XMM7; and they can be accessed 
independently from the x87 FPU and MMX registers and the general-purpose registers (that is, they are not aliased 
to any other of the processor's registers). 


127 0 
XMM7 


XMM6 


XMM5 


XMM4 


XMM3 


XMM2 


XMM1 


XMMO 


Figure 10-2. XMM Registers 


SSE instructions use the XMM registers only to operate on packed single-precision floating-point operands. SSE2 
extensions expand the functions of the XMM registers to operand on packed or scalar double-precision floating- 
point operands and packed integer operands (see Section 11.2, “SSE2 Programming Environment,” and Section 
12.1, “Programming Environment and Data types”). 


XMM registers can only be used to perform calculations on data; they cannot be used to address memory. 
Addressing memory is accomplished by using the general-purpose registers. 


Data can be loaded into XMM registers or written from the registers to memory in 32-bit, 64-bit, and 128-bit incre- 
ments. When storing the entire contents of an XMM register in memory (128-bit store), the data is stored in 16 
consecutive bytes, with the low-order byte of the register being stored in the first byte in memory. 


10.2.3. MXCSR Control and Status Register 


The 32-bit MXCSR register (see Figure 10-3) contains control and status information for SSE, SSE2, and SSE3 
SIMD floating-point operations. This register contains: 


¢ flag and mask bits for SIMD floating-point exceptions 
* rounding control field for SIMD floating-point operations 
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¢  flush-to-zero flag that provides a means of controlling underflow conditions on SIMD floating-point operations 
¢  denormals-are-zeros flag that controls how SIMD floating-point instructions handle denormal source operands 


The contents of this register can be loaded from memory with the LDMXCSR and FXRSTOR instructions and stored 
in memory with STMXCSR and FXSAVE. 


Bits 16 through 31 of the MXCSR register are reserved and are cleared on a power-up or reset of the processor; 
attempting to write a non-zero value to these bits, using either the FXRSTOR or LDMXCSR instructions, will result 
in a general-protection exception (#GP) being generated. 


31 161514131211109 876543210 


NAT 


R |Pfujo}z}p] 1/2/P|ujojzjp 
Reserved C |M/M)M/MjM|M|>/E/E)E;E/ E/E 


Flush to Zero 
Rounding Control 
Precision Mask 
Underflow Mask 
Overflow Mask 
Divide-by-Zero Mask 
Denormal Operation Mask 
Invalid Operation Mask 
Denormals Are Zeros* 
Precision Flag 
Underflow Flag 
Overflow Flag 
Divide-by-Zero Flag 
Denormal Flag 
Invalid Operation Flag 


* The denormals-are-zeros flag was introduced in the Pentium 4 and Intel Xeon processor. 


Figure 10-3. MXCSR Control/Status Register 


10.2.3.1 SIMD Floating-Point Mask and Flag Bits 


Bits 0 through 5 of the MXCSR register indicate whether a SIMD floating-point exception has been detected. They 
are “sticky” flags. That is, after a flag is set, it remains set until explicitly cleared. To clear these flags, use the 
LDMXCSR or the FXRSTOR instruction to write zeroes to them. 


Bits 7 through 12 provide individual mask bits for the SIMD floating-point exceptions. An exception type is masked 
if the corresponding mask bit is set, and it is unmasked if the bit is clear. These mask bits are set upon a power-up 
or reset. This causes all SIMD floating-point exceptions to be initially masked. 


If LDMXCSR or FXRSTOR clears a mask bit and sets the corresponding exception flag bit, a SIMD floating-point 
exception will not be generated as a result of this change. The unmasked exception will be generated only upon the 
execution of the next SSE/SSE2/SSE3 instruction that detects the unmasked exception condition. 


For more information about the use of the SIMD floating-point exception mask and flag bits, see Section 11.5, 
“SSE, SSE2, and SSE3 Exceptions,” and Section 12.8, “SSE3/SSSE3 And SSE4 Exceptions.” 


10.2.3.2 SIMD Floating-Point Rounding Control Field 


Bits 13 and 14 of the MXCSR register (the rounding control [RC] field) control how the results of SIMD floating-point 
instructions are rounded. See Section 4.8.4, “Rounding,” for a description of the function and encoding of the 
rounding control bits. 


10.2.3.3. Flush-To-Zero 


Bit 15 (FTZ) of the MXCSR register enables the flush-to-zero mode, which controls the masked response to a SIMD 
floating-point underflow condition. When the underflow exception is masked and the flush-to-zero mode is 
enabled, the processor performs the following operations when it detects a floating-point underflow condition. 
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¢ Returns a zero result with the sign of the true result. 
* Sets the precision and underflow exception flags. 
If the underflow exception is not masked, the flush-to-zero bit is ignored. 


The flush-to-zero mode is not compatible with IEEE Standard 754. The IEEE-mandated masked response to under- 
flow is to deliver the denormalized result (see Section 4.8.3.2, “Normalized and Denormalized Finite Numbers”). 
The flush-to-zero mode is provided primarily for performance reasons. At the cost of a slight precision loss, faster 
execution can be achieved for applications where underflows are common and rounding the underflow result to 
zero can be tolerated. 


The flush-to-zero bit is cleared upon a power-up or reset of the processor, disabling the flush-to-zero mode. 


10.2.3.4 Denormals-Are-Zeros 


Bit 6 (DAZ) of the MXCSR register enables the denormals-are-zeros mode, which controls the processor’s response 
to a SIMD floating-point denormal operand condition. When the denormals-are-zeros flag is set, the processor 
converts all denormal source operands to a zero with the sign of the original operand before performing any 
computations on them. The processor does not set the denormal-operand exception flag (DE), regardless of the 
setting of the denormal-operand exception mask bit (DM); and it does not generate a denormal-operand exception 
if the exception is unmasked. 


The denormals-are-zeros mode is not compatible with IEEE Standard 754 (see Section 4.8.3.2, “Normalized and 
Denormalized Finite Numbers”). The denormals-are-zeros mode is provided to improve processor performance for 
applications such as streaming media processing, where rounding a denormal operand to zero does not appre- 
ciably affect the quality of the processed data. 


The denormals-are-zeros flag is cleared upon a power-up or reset of the processor, disabling the denormals-are- 
zeros mode. 


The denormals-are-zeros mode was introduced in the Pentium 4 and Intel Xeon processor with the SSE2 exten- 
sions; however, it is fully compatible with the SSE SIMD floating-point instructions (that is, the denormals-are- 
zeros flag affects the operation of the SSE SIMD floating-point instructions). In earlier IA-32 processors and in 
some models of the Pentium 4 processor, this flag (bit 6) is reserved. See Section 11.6.3, “Checking for the DAZ 
Flag in the MXCSR Register,” for instructions for detecting the availability of this feature. 


Attempting to set bit 6 of the MXCSR register on processors that do not support the DAZ flag will cause a general- 
protection exception (#GP). See Section 11.6.6, “Guidelines for Writing to the MXCSR Register,” for instructions for 
preventing such general-protection exceptions by using the MXCSR_MASK value returned by the FXSAVE instruc- 
tion. 


10.2.4 Compatibility of SSE Extensions with SSE2/SSE3/MMX and the x87 FPU 


The state (XMM registers and MXCSR register) introduced into the IA-32 execution environment with the SSE 
extensions is shared with SSE2 and SSE3 extensions. SSE/SSE2/SSE3 instructions are fully compatible; they can 
be executed together in the same instruction stream with no need to save state when switching between instruc- 
tion sets. 


XMM registers are independent of the x87 FPU and MMX registers, so SSE/SSE2/SSE3 operations performed on the 
XMM registers can be performed in parallel with operations on the x87 FPU and MMX registers (see Section 11.6.7, 
“Interaction of SSE/SSE2 Instructions with x87 FPU and MMxX Instructions”). 


The FXSAVE and FXRSTOR instructions save and restore the SSE/SSE2/SSE3 states along with the x87 FPU and 
MMX state. 


10.3. SSEDATA TYPES 


SSE extensions introduced one data type, the 128-bit packed single-precision floating-point data type, to the IA- 
32 architecture (see Figure 10-4). This data type consists of four IEEE 32-bit single-precision floating-point values 
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packed into a double quadword. (See Figure 4-3 for the layout of a single-precision floating-point value; refer to 
Section 4.2.2, “Floating-Point Data Types,” for a detailed description of the single-precision floating-point format.) 


PT Frcating Point aves 
Floating-Point Values 


127 96 95 64 63 32 31 0 


Figure 10-4. 128-Bit Packed Single-Precision Floating-Point Data Type 


This 128-bit packed single-precision floating-point data type is operated on in the XMM registers or in memory. 
Conversion instructions are provided to convert two packed single-precision floating-point values into two packed 
doubleword integers or a scalar single-precision floating-point value into a doubleword integer (see Figure 11-8). 


SSE extensions provide conversion instructions between XMM registers and MMX registers, and between XMM 
registers and general-purpose bit registers. See Figure 11-8. 


The address of a 128-bit packed memory operand must be aligned on a 16-byte boundary, except in the following 
cases: 


¢ The MOVUPS instruction supports unaligned accesses. 
¢* Scalar instructions that use a 4-byte memory operand that is not subject to alignment requirements. 
Figure 4-2 shows the byte order of 128-bit (double quadword) data types in memory. 


10.4 SSE INSTRUCTION SET 


SSE instructions are divided into four functional groups 

¢ Packed and scalar single-precision floating-point instructions 

° 64-bit SIMD integer instructions 

° State management instructions 

* Cacheability control, prefetch, and memory ordering instructions 

The following sections give an overview of each of the instructions in these groups. 


10.4.1. SSE Packed and Scalar Floating-Point Instructions 


The packed and scalar single-precision floating-point instructions are divided into the following subgroups: 
¢ Data movement instructions 

e  =6Arithmetic instructions 

® Logical instructions 

* Comparison instructions 

¢ Shuffle instructions 

* Conversion instructions 


The packed single-precision floating-point instructions perform SIMD operations on packed single-precision 
floating-point operands (see Figure 10-5). Each source operand contains four single-precision floating-point 
values, and the destination operand contains the results of the operation (OP) performed in parallel on the corre- 
sponding values (XO and YO, Xi and Y1, X2 and Y2, and X3 and Y3) in each operand. 
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X3 X2 x1 X0 
Y3 Y2 ¥A YO 
X3 OP Y3 X2 OP Y2 X1 OP Y1 X0 OP YO 


Figure 10-5. Packed Single-Precision Floating-Point Operation 


The scalar single-precision floating-point instructions operate on the low (least significant) doublewords of the two 
source operands (XO and YO); see Figure 10-6. The three most significant doublewords (X1, X2, and X3) of the first 
source operand are passed through to the destination. The scalar operations are similar to the floating-point oper- 
ations performed in the x87 FPU data registers with the precision control field in the x87 FPU control word set for 
single precision (24-bit significand), except that x87 stack operations use a 15-bit exponent range for the result, 
while SSE operations use an 8-bit exponent range. 


x3 x2 x1 xo 
Y3 v2 Y1 Yo 
¥ y Y 
x3 x2 x1 X0 OP YO 


Figure 10-6. Scalar Single-Precision Floating-Point Operation 


10.4.1.1 SSE Data Movement Instructions 


SSE data movement instructions move single-precision floating-point data between XMM registers and between an 
XMM register and memory. 


The MOVAPS (move aligned packed single-precision floating-point values) instruction transfers a double quadword 
operand containing four packed single-precision floating-point values from memory to an XMM register and vice 
versa, or between XMM registers. The memory address must be aligned to a 16-byte boundary; otherwise, a 
general-protection exception (#GP) is generated. 


The MOVUPS (move unaligned packed single-precision, floating-point) instruction performs the same operations as 
the MOVAPS instruction, except that 16-byte alignment of a memory address is not required. 


The MOVSS (move scalar single-precision floating-point) instruction transfers a 32-bit single-precision floating- 
point operand from memory to the low doubleword of an XMM register and vice versa, or between XMM registers. 


The MOVLPS (move low packed single-precision floating-point) instruction moves two packed single-precision 
floating-point values from memory to the low quadword of an XMM register and vice versa. The high quadword of 
the register is left unchanged. 
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The MOVHPS (move high packed single-precision floating-point) instruction moves two packed single-precision 
floating-point values from memory to the high quadword of an XMM register and vice versa. The low quadword of 
the register is left unchanged. 


The MOVLHPS (move packed single-precision floating-point low to high) instruction moves two packed single-preci- 
sion floating-point values from the low quadword of the source XMM register into the high quadword of the desti- 
nation XMM register. The low quadword of the destination register is left unchanged. 


The MOVHLPS (move packed single-precision floating-point high to low) instruction moves two packed single-preci- 
sion floating-point values from the high quadword of the source XMM register into the low quadword of the desti- 
nation XMM register. The high quadword of the destination register is left unchanged. 


The MOVMSKPS (move packed single-precision floating-point mask) instruction transfers the most significant bit of 
each of the four packed single-precision floating-point numbers in an XMM register to a general-purpose register. 
This 4-bit value can then be used as a condition to perform branching. 


10.4.1.2 SSE Arithmetic Instructions 


SSE arithmetic instructions perform addition, subtraction, multiply, divide, reciprocal, square root, reciprocal of 
square root, and maximum/minimum operations on packed and scalar single-precision floating-point values. 


The ADDPS (add packed single-precision floating-point values) and SUBPS (subtract packed single-precision 
floating-point values) instructions add and subtract, respectively, two packed single-precision floating-point oper- 
ands. 


The ADDSS (add scalar single-precision floating-point values) and SUBSS (subtract scalar single-precision floating- 
point values) instructions add and subtract, respectively, the low single-precision floating-point values of two oper- 
ands and store the result in the low doubleword of the destination operand. 


The MULPS (multiply packed single-precision floating-point values) instruction multiplies two packed single-preci- 
sion floating-point operands. 


The MULSS (multiply scalar single-precision floating-point values) instruction multiplies the low single-precision 
floating-point values of two operands and stores the result in the low doubleword of the destination operand. 


The DIVPS (divide packed, single-precision floating-point values) instruction divides two packed single-precision 
floating-point operands. 


The DIVSS (divide scalar single-precision floating-point values) instruction divides the low single-precision floating- 
point values of two operands and stores the result in the low doubleword of the destination operand. 


The RCPPS (compute reciprocals of packed single-precision floating-point values) instruction computes the approx- 
imate reciprocals of values in a packed single-precision floating-point operand. 


The RCPSS (compute reciprocal of scalar single-precision floating-point values) instruction computes the approxi- 
mate reciprocal of the low single-precision floating-point value in the source operand and stores the result in the 
low doubleword of the destination operand. 


The SQRTPS (compute square roots of packed single-precision floating-point values) instruction computes the 
square roots of the values in a packed single-precision floating-point operand. 


The SQRTSS (compute square root of scalar single-precision floating-point values) instruction computes the square 
root of the low single-precision floating-point value in the source operand and stores the result in the low double- 
word of the destination operand. 


The RSQRTPS (compute reciprocals of square roots of packed single-precision floating-point values) instruction 
computes the approximate reciprocals of the square roots of the values in a packed single-precision floating-point 
operand. 


The RSQRTSS (reciprocal of square root of scalar single-precision floating-point value) instruction computes the 
approximate reciprocal of the square root of the low single-precision floating-point value in the source operand and 
stores the result in the low doubleword of the destination operand. 


The MAXPS (return maximum of packed single-precision floating-point values) instruction compares the corre- 
sponding values from two packed single-precision floating-point operands and returns the numerically greater 
value from each comparison to the destination operand. 
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The MAXSS (return maximum of scalar single-precision floating-point values) instruction compares the low values 
from two packed single-precision floating-point operands and returns the numerically greater value from the 
comparison to the low doubleword of the destination operand. 


The MINPS (return minimum of packed single-precision floating-point values) instruction compares the corre- 
sponding values from two packed single-precision floating-point operands and returns the numerically lesser value 
from each comparison to the destination operand. 


The MINSS (return minimum of scalar single-precision floating-point values) instruction compares the low values 
from two packed single-precision floating-point operands and returns the numerically lesser value from the 
comparison to the low doubleword of the destination operand. 


10.4.2 SSE Logical Instructions 


SSE logical instructions perform AND, AND NOT, OR, and XOR operations on packed single-precision floating-point 
values. 


The ANDPS (bitwise logical AND of packed single-precision floating-point values) instruction returns the logical 
AND of two packed single-precision floating-point operands. 


The ANDNPS (bitwise logical AND NOT of packed single-precision, floating-point values) instruction returns the 
logical AND NOT of two packed single-precision floating-point operands. 


The ORPS (bitwise logical OR of packed single-precision, floating-point values) instruction returns the logical OR of 
two packed single-precision floating-point operands. 


The XORPS (bitwise logical XOR of packed single-precision, floating-point values) instruction returns the logical 
XOR of two packed single-precision floating-point operands. 


10.4.2.1 SSE Comparison Instructions 


The compare instructions compare packed and scalar single-precision floating-point values and return the results 
of the comparison either to the destination operand or to the EFLAGS register. 


The CMPPS (compare packed single-precision floating-point values) instruction compares the corresponding values 
from two packed single-precision floating-point operands, using an immediate operand as a predicate, and returns 
a 32-bit mask result of all 1s or all Os for each comparison to the destination operand. The value of the immediate 
operand allows the selection of any of 8 compare conditions: equal, less than, less than equal, unordered, not 
equal, not less than, not less than or equal, or ordered. 


The CMPSS (compare scalar single-precision, floating-point values) instruction compares the low values from two 
packed single-precision floating-point operands, using an immediate operand as a predicate, and returns a 32-bit 
mask result of all 1s or all Os for the comparison to the low doubleword of the destination operand. The immediate 
operand selects the compare conditions as with the CMPPS instruction. 


The COMISS (compare scalar single-precision floating-point values and set EFLAGS) and UCOMISS (unordered 
compare scalar single-precision floating-point values and set EFLAGS) instructions compare the low values of two 
packed single-precision floating-point operands and set the ZF, PF, and CF flags in the EFLAGS register to show the 
result (greater than, less than, equal, or unordered). These two instructions differ as follows: the COMISS instruc- 
tion signals a floating-point invalid-operation (#1) exception when a source operand is either a QNaN or an SNaN; 
the UCOMISS instruction only signals an invalid-operation exception when a source operand is an SNaN. 


10.4.2.2 SSE Shuffle and Unpack Instructions 


SSE shuffle and unpack instructions shuffle or interleave the contents of two packed single-precision floating-point 
values and store the results in the destination operand. 


The SHUFPS (shuffle packed single-precision floating-point values) instruction places any two of the four packed 
single-precision floating-point values from the destination operand into the two low-order doublewords of the 
destination operand, and places any two of the four packed single-precision floating-point values from the source 
operand in the two high-order doublewords of the destination operand (see Figure 10-7). By using the same 
register for the source and destination operands, the SHUFPS instruction can shuffle four single-precision floating- 
point values into any order. 
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DEST X3 X2 x1 X0 
SRC Y3 Y2 Y1 YO 
DEST Y3... YO Y3... YO X3 ... XO X3 ... XO 


Figure 10-7. SHUFPS Instruction, Packed Shuffle Operation 


The UNPCKHPS (unpack and interleave high packed single-precision floating-point values) instruction performs an 
interleaved unpack of the high-order single-precision floating-point values from the source and destination oper- 
ands and stores the result in the destination operand (see Figure 10-8). 


DEST X3 X2 x1 XO 
SRC Y3 Y1 YO 
DEST Y3 X3 Y2 X2 


Figure 10-8. UNPCKHPS Instruction, High Unpack and Interleave Operation 


The UNPCKLPS (unpack and interleave low packed single-precision floating-point values) instruction performs an 
interleaved unpack of the low-order single-precision floating-point values from the source and destination oper- 
ands and stores the result in the destination operand (see Figure 10-9). 


DEST X3 X2 x1 X0 
SRC Y3 Y2 Y1 YO 

Y 
DEST Y1 x1 YO X0 


Figure 10-9. UNPCKLPS Instruction, Low Unpack and Interleave Operation 
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10.4.3. SSE Conversion Instructions 


SSE conversion instructions (see Figure 11-8) support packed and scalar conversions between single-precision 
floating-point and doubleword integer formats. 


The CVTPI2PS (convert packed doubleword integers to packed single-precision floating-point values) instruction 
converts two packed signed doubleword integers into two packed single-precision floating-point values. When the 
conversion is inexact, the result is rounded according to the rounding mode selected in the MXCSR register. 


The CVTSI2SS (convert doubleword integer to scalar single-precision floating-point value) instruction converts a 
signed doubleword integer into a single-precision floating-point value. When the conversion is inexact, the result is 
rounded according to the rounding mode selected in the MXCSR register. 


The CVTPS2PI (convert packed single-precision floating-point values to packed doubleword integers) instruction 
converts two packed single-precision floating-point values into two packed signed doubleword integers. When the 
conversion is inexact, the result is rounded according to the rounding mode selected in the MXCSR register. The 
CVTTPS2PI (convert with truncation packed single-precision floating-point values to packed doubleword integers) 
instruction is similar to the CVTPS2PI instruction, except that truncation is used to round a source value to an 
integer value (see Section 4.8.4.2, “Truncation with SSE and SSE2 Conversion Instructions”). 


The CVTSS2SI (convert scalar single-precision floating-point value to doubleword integer) instruction converts a 
single-precision floating-point value into a signed doubleword integer. When the conversion is inexact, the result is 
rounded according to the rounding mode selected in the MXCSR register. The CVTTSS2SI (convert with truncation 
scalar single-precision floating-point value to doubleword integer) instruction is similar to the CVTSS2SI instruc- 
tion, except that truncation is used to round the source value to an integer value (see Section 4.8.4.2, “Truncation 
with SSE and SSE2 Conversion Instructions”). 


10.4.4 SSE 64-Bit SIMD Integer Instructions 


SSE extensions add the following 64-bit packed integer instructions to the IA-32 architecture. These instructions 
operate on data in MMX registers and 64-bit memory locations. 


NOTE 


When SSE2 extensions are present in an IA-32 processor, these instructions are extended to 
operate on 128-bit operands in XMM registers and 128-bit memory locations. 


The PAVGB (compute average of packed unsigned byte integers) and PAVGW (compute average of packed 
unsigned word integers) instructions compute a SIMD average of two packed unsigned byte or word integer oper- 
ands, respectively. For each corresponding pair of data elements in the packed source operands, the elements are 
added together, a 1 is added to the temporary sum, and that result is shifted right one bit position. 


The PEXTRW (extract word) instruction copies a selected word from an MMxX register into a general-purpose 
register. 


The PINSRW (insert word) instruction copies a word from a general-purpose register or from memory into a 
selected word location in an MMX register. 


The PMAXUB (maximum of packed unsigned byte integers) instruction compares the corresponding unsigned byte 
integers in two packed operands and returns the greater of each comparison to the destination operand. 


The PMINUB (minimum of packed unsigned byte integers) instruction compares the corresponding unsigned byte 
integers in two packed operands and returns the lesser of each comparison to the destination operand. 


The PMAXSW (maximum of packed signed word integers) instruction compares the corresponding signed word 
integers in two packed operands and returns the greater of each comparison to the destination operand. 


The PMINSW (minimum of packed signed word integers) instruction compares the corresponding signed word inte- 
gers in two packed operands and returns the lesser of each comparison to the destination operand. 


The PMOVMSKB (move byte mask) instruction creates an 8-bit mask from the packed byte integers in an MMX 
register and stores the result in the low byte of a general-purpose register. The mask contains the most significant 
bit of each byte in the MMX register. (When operating on 128-bit operands, a 16-bit mask is created.) 
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The PMULHUW (multiply packed unsigned word integers and store high result) instruction performs a SIMD 
unsigned multiply of the words in the two source operands and returns the high word of each result to an MMX 
register. 


The PSADBW (compute sum of absolute differences) instruction computes the SIMD absolute differences of the 
corresponding unsigned byte integers in two source operands, sums the differences, and stores the sum in the low 
word of the destination operand. 


The PSHUFW (shuffle packed word integers) instruction shuffles the words in the source operand according to the 
order specified by an 8-bit immediate operand and returns the result to the destination operand. 


10.4.5 MXCSR State Management Instructions 


The MXCSR state management instructions (LDMXCSR and STMXCSR) load and save the state of the MKCSR 
register, respectively. The LDMXCSR instruction loads the MXCSR register from memory, while the STMXCSR 
instruction stores the contents of the register to memory. 


10.4.6 Cacheability Control, Prefetch, and Memory Ordering Instructions 


SSE extensions introduce several new instructions to give programs more control over the caching of data. They 
also introduces the PREFETCHA instructions, which provide the ability to prefetch data to a specified cache level, 
and the SFENCE instruction, which enforces program ordering on stores. These instructions are described in the 
following sections. 


10.4.6.1 Cacheability Control Instructions 


The following three instructions enable data from the MMX and XMM registers to be stored to memory using a non- 
temporal hint. The non-temporal hint directs the processor to store the data to memory without writing the data 
into the cache hierarchy. See Section 10.4.6.2, “Caching of Temporal vs. Non-Temporal Data,” for information 
about non-temporal stores and hints. 


The MOVNTQ (store quadword using non-temporal hint) instruction stores packed integer data from an MMX 
register to memory, using a non-temporal hint. 


The MOVNTPS (store packed single-precision floating-point values using non-temporal hint) instruction stores 
packed floating-point data from an XMM register to memory, using a non-temporal hint. 


The MASKMOVQ (store selected bytes of quadword) instruction stores selected byte integers from an MMX register 
to memory, using a byte mask to selectively write the individual bytes. This instruction also uses a non-temporal 
hint. 


10.4.6.2 Caching of Temporal vs. Non-Temporal Data 


Data referenced by a program can be temporal (data will be used again) or non-temporal (data will be referenced 
once and not reused in the immediate future). For example, program code is generally temporal, whereas, multi- 
media data, such as the display list in a 3-D graphics application, is often non-temporal. To make efficient use of 
the processor’s caches, it is generally desirable to cache temporal data and not cache non-temporal data. Over- 
loading the processor’s caches with non-temporal data is sometimes referred to as “polluting the caches.” The SSE 
and SSE2 cacheability control instructions enable a program to write non-temporal data to memory in a manner 
that minimizes pollution of caches. 


These SSE and SSE2 non-temporal store instructions minimize cache pollutions by treating the memory being 
accessed as the write combining (WC) type. If a program specifies a non-temporal store with one of these instruc- 
tions and the memory type of the destination region is write back (WB), write through (WT), or write combining 
(WC), the processor will do the following: 


* If the memory location being written to is present in the cache hierarchy, the data in the caches is evicted. 


1. Some older CPU implementations (e.g., Pentium M) allowed addresses being written with a non-temporal store instruction to be 
updated in-place if the memory type was not WC and line was already in the cache. 
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¢ The non-temporal data is written to memory with WC semantics. 


See also: Chapter 11, “Memory Cache Control,” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3A. 


Using the WC semantics, the store transaction will be weakly ordered, meaning that the data may not be written to 
memory in program order, and the store will not write allocate (that is, the processor will not fetch the corre- 
sponding cache line into the cache hierarchy, prior to performing the store). Also, different processor implementa- 
tions may choose to collapse and combine these stores. 


The memory type of the region being written to can override the non-temporal hint, if the memory address speci- 
fied for the non-temporal store is in uncacheable memory. Uncacheable as referred to here means that the region 
being written to has been mapped with either an uncacheable (UC) or write protected (WP) memory type. 


In general, WC semantics require software to ensure coherence, with respect to other processors and other system 
agents (such as graphics cards). Appropriate use of synchronization and fencing must be performed for producer- 
consumer usage models. Fencing ensures that all system agents have global visibility of the stored data; for 
instance, failure to fence may result in a written cache line staying within a processor and not being visible to other 
agents. 


The memory type visible on the bus in the presence of memory type aliasing is implementation specific. As one 
possible example, the memory type written to the bus may reflect the memory type for the first store to this line, 
as seen in program order; other alternatives are possible. This behavior should be considered reserved, and 
dependence on the behavior of any particular implementation risks future incompatibility. 


NOTE 


Some older CPU implementations (e.g., Pentium M) may implement non-temporal stores by 
updating in place data that already reside in the cache hierarchy. For such processors, the 
destination region should also be mapped as WC. If mapped as WB or WT, there is the potential for 
speculative processor reads to bring the data into the caches; in this case, non-temporal stores 
would then update in place, and data would not be flushed from the processor by a subsequent 
fencing operation. 


10.4.6.3. PREFETCHhH Instructions 


The PREFETCHA instructions permit programs to load data into the processor at a suggested cache level, so that 
the data is closer to the processor’s load and store unit when it is needed. These instructions fetch 32 aligned bytes 
(or more, depending on the implementation) containing the addressed byte to a location in the cache hierarchy 
specified by the temporal locality hint (see Table 10-1). In this table, the first-level cache is closest to the processor 
and second-level cache is farther away from the processor than the first-level cache. The hints specify a prefetch 
of either temporal or non-temporal data (see Section 10.4.6.2, “Caching of Temporal vs. Non-Temporal Data”). 
Subsequent accesses to temporal data are treated like normal accesses, while those to non-temporal data will 
continue to minimize cache pollution. If the data is already present at a level of the cache hierarchy that is closer 
to the processor, the PREFETCHA instruction will not result in any data movement. The PREFETCHA instructions do 
not affect functional behavior of the program. 


See Section 11.6.13, “Cacheability Hint Instructions,” for additional information about the PREFETCHA instructions. 


Table 10-1. PREFETCHh Instructions Caching Hints 


PREFETCHh Instruction 
Mnemonic Actions 


PREFETCHTO Temporal data—fetch data into all levels of cache hierarchy: 
« Pentium Ill processor—1st-level cache or 2nd-level cache 
« Pentium 4 and Intel Xeon processor—2nd-level cache 
PREFETCHT 1 Temporal data—fetch data into level 2 cache and higher 

« Pentium Ill processor—2nd-level cache 

« Pentium 4 and Intel Xeon processor—2nd-level cache 
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Table 10-1. PREFETCHh Instructions Caching Hints (Contd.) 


PREFETCHhH Instruction 
Mnemonic Actions 


PREFETCHT2 Temporal data—fetch data into level 2 cache and higher 
« Pentium Ill processor—2nd-level cache 


« Pentium 4 and Intel Xeon processor—2nd-level cache 


PREFETCHNTA Non-temporal data—fetch data into location close to the processor, minimizing cache pollution 
« Pentium Ill processor—1st-level cache 


« Pentium 4 and Intel Xeon processor—2nd-level cache 


10.4.6.4 SFENCE Instruction 


The SFENCE (Store Fence) instruction controls write ordering by creating a fence for memory store operations. This 
instruction guarantees that the result of every store instruction that precedes the store fence in program order is 
globally visible before any store instruction that follows the fence. The SFENCE instruction provides an efficient way 
of ensuring ordering between procedures that produce weakly-ordered data and procedures that consume that 
data. 


10.5  FXSAVE AND FXRSTOR INSTRUCTIONS 


The FXSAVE and FXRSTOR instructions were introduced into the IA-32 architecture in the Pentium II processor 

family (prior to the introduction of the SSE extensions). The original versions of these instructions performed a fast 
save and restore, respectively, of the x87 execution environment (x87 state). (By saving the state of the x87 FPU 
data registers, the FXSAVE and FXRSTOR instructions implicitly save and restore the state of the MMX registers.) 


The SSE extensions expanded the scope of these instructions to save and restore the states of the XMM registers 
and the MXCSR register (SSE state), along with x87 state. 


The FXSAVE and FXRSTOR instructions can be used in place of the FSAVE/FNSAVE and FRSTOR instructions; 
however, the operation of the FXSAVE and FXRSTOR instructions are not identical to the operation of 
FSAVE/FNSAVE and FRSTOR. 


NOTE 


The FXSAVE and FXRSTOR instructions are not considered part of the SSE instruction group. They 
have a separate CPUID feature bit to indicate whether they are present (if 
CPUID.01H:EDX.FXSR[bit 24] = 1). 


The CPUID feature bit for SSE extensions does not indicate the presence of FKSAVE and FXRSTOR. 


The FXSAVE and FXRSTOR instructions organize x87 state and SSE state in a region of memory called the FXSAVE 
area. Section 10.5.1 provides details of the FXSAVE area and its format. Section 10.5.2 describes operation of 
FXSAVE, and Section 10.5.3 describes the operation of FXRSTOR. 


10.5.1 FXSAVE Area 


The FXSAVE and FXRSTOR instructions organize x87 state and SSE state in a region of memory called the FKSAVE 
area. Each of the instructions takes a memory operand that specifies the 16-byte aligned base address of the 
FXSAVE area on which it operates. 
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Every FXSAVE area comprises the 512 bytes starting at the area’s base address. Table 10-2 illustrates the format 
of the first 416 bytes of the legacy region of an FXSAVE area. 


Table 10-2. Format of an FXSAVE Area 


CS or FPU F . 
Reserved IP bits 63:32 FPU IP bits 31:0 


DS or 
MXCSR_MASK MXCSR Reserved FPU DP FPU DP bits 31:0 
bits 63:32 


Reserved ST0/MMO 
Reserved ST1/MM1 
Reserved ST2/MM2 
Reserved ST3/MM3 
Reserved ST4/MM4 
Reserved ST5/MM5 
Reserved ST6/MM6 
Reserved ST7/MM7 


The x87 state component comprises bytes 23:0 and bytes 159:32. The SSE state component comprises 
bytes 31:24 and bytes 415:160. FXSAVE and FXRSTOR do not use bytes 511:416; bytes 463:416 are reserved. 


Section 10.5.2 and Section 10.5.3 provide details of how FXSAVE and FXRSTOR use an FXSAVE area. 


10.5.1.1 x87 State 


Table 10-2 illustrates how FXSAVE and FXRSTOR organize x87 state and SSE state; the x87 state is listed below, 
along with details of its interactions with FXSAVE and FXRSTOR: 


¢ Bytes 1:0, 3:2, and 7:6 are used for x87 FPU Control Word (FCW), x87 FPU Status Word (FSW), and x87 FPU 
Opcode (FOP), respectively. 
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Byte 4 is used for an abridged version of the x87 FPU Tag Word (FTW). The following items describe its usage: 


— For each j, 0 <j <7, FXSAVE saves a 0 into bit j of byte 4 if x87 FPU data register STj has a empty tag; 
otherwise, FXSAVE saves a 1 into bit j of byte 4. 


— For each j, 0 <j < 7, FXRSTOR establishes the tag value for x87 FPU data register STj as follows. If bit j of 
byte 4 is 0, the tag for STj in the tag register for that data register is marked empty (11B); otherwise, the 
x87 FPU sets the tag for STj based on the value being loaded into that register (see below). 


Bytes 15:8 are used as follows: 
— If the instruction has no REX prefix, or if REX.W = 0: 
¢ Bytes 11:8 are used for bits 31:0 of the x87 FPU Instruction Pointer Offset (FIP). 


¢ If CPUID.(EAX=07H,ECX=0H):EBX[bit 13] = 0, bytes 13:12 are used for x87 FPU Instruction Pointer 
Selector (FPU CS). Otherwise, the processor deprecates the FPU CS value: FXSAVE saves it as OOOOH. 


¢ Bytes 15:14 are not used. 
— If the instruction has a REX prefix with REX.W = 1, bytes 15:8 are used for the full 64 bits of FIP. 
Bytes 23:16 are used as follows: 
— If the instruction has no REX prefix, or if REX.W = 0: 

¢ Bytes 19:16 are used for bits 31:0 of the x87 FPU Data Pointer Offset (FDP). 


¢ If CPUID.(EAX=07H,ECX=0H):EBX[bit 13] = 0, bytes 21:20 are used for x87 FPU Data Pointer Selector 
(FPU DS). Otherwise, the processor deprecates the FPU DS value: FXSAVE saves it as OOOOH. 


¢ Bytes 23:22 are not used. 
— If the instruction has a REX prefix with REX.W = 1, bytes 23:16 are used for the full 64 bits of FDP. 
Bytes 31:24 are used for SSE state (see Section 10.5.1.2). 


Bytes 159:32 are used for the registers STO-ST7 (MMO-MM7). Each of the 8 registers is allocated a 128-bit 
region, with the low 80 bits used for the register and the upper 48 bits unused. 


10.5.1.2 SSE State 


Table 10-2 illustrates how FXSAVE and FXRSTOR organize x87 state and SSE state; the SSE state is listed below, 
along with details of its interactions with FXSAVE and FXRSTOR: 


Bytes 23:0 are used for x87 state (see Section 10.5.1.1). 


Bytes 27:24 are used for the MXCSR register. FXRSTOR generates a general-protection fault (#GP) in response 
to an attempt to set any of the reserved bits in the MXCSR register. 


Bytes 31:28 are used for the MKCSR_MASK value. FXRSTOR ignores this field. 
Bytes 159:32 are used for x87 state. 
Bytes 287:160 are used for the registers XMMO-XMM7. 


Bytes 415:288 are used for the registers XMM8-XMM15. These fields are used only in 64-bit mode. Executions 
of FXSAVE outside 64-bit mode do not write to these bytes; executions of FXRSTOR outside 64-bit mode do not 
read these bytes and do not update XMM8-XMM15. 


If CR4.OSFXSR = 0, FXSAVE and FXRSTOR may or may not operate on SSE state; this behavior is implementation 
dependent. Moreover, SSE instructions cannot be used unless CR4.OSFXSR = 1. 


10.5.2 Operation of FXSAVE 


The FXSAVE instruction takes a single memory operand, which is an FXSAVE area. The instruction stores x87 state 
and SSE state to the FXSAVE area. See Section 10.5.1.1 and Section 10.5.1.2 for details regarding mode-specific 
operation and operation determined by instruction prefixes. 
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10.5.3. Operation of FXRSTOR 


The FXRSTOR instruction takes a single memory operand, which is an FXSAVE area. If the value at bytes 27:24 of 
the FXSAVE area is not a legal value for the MXCSR register (e.g., the value sets reserved bits), execution of 
FXRSTOR results in a general-protection fault (#GP). Otherwise, the instruction loads x87 state and SSE state rom 
the FXSAVE area. See Section 10.5.1.1 and Section 10.5.1.2 for details regarding mode-specific operation and 
operation determined by instruction prefixes. 


10.6 HANDLING SSE INSTRUCTION EXCEPTIONS 


See Section 11.5, “SSE, SSE2, and SSE3 Exceptions,” for a detailed discussion of the general and SIMD floating- 
point exceptions that can be generated with the SSE instructions and for guidelines for handling these exceptions 
when they occur. 


10.7. ~WRITING APPLICATIONS WITH THE SSE EXTENSIONS 


See Section 11.6, “Writing Applications with SSE/SSE2 Extensions,” for additional information about writing appli- 
cations and operating-system code using the SSE extensions. 
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CHAPTER 11 
PROGRAMMING WITH INTEL® 
STREAMING SIMD EXTENSIONS 2 (INTEL® SSE2) 


The streaming SIMD extensions 2 (SSE2) were introduced into the IA-32 architecture in the Pentium 4 and Intel 
Xeon processors. These extensions enhance the performance of IA-32 processors for advanced 3-D graphics, video 
decoding/encoding, speech recognition, E-commerce, Internet, scientific, and engineering applications. 


This chapter describes the SSE2 extensions and provides information to assist in writing application programs that 
use these and the SSE extensions. 


11.1 OVERVIEW OF SSE2 EXTENSIONS 


SSE2 extensions use the single instruction multiple data (SIMD) execution model that is used with MMX technology 
and SSE extensions. They extend this model with support for packed double-precision floating-point values and for 
128-bit packed integers. 


If CPUID.OLH:EDX.SSE2[bit 26] = 1, SSE2 extensions are present. 

SSE2 extensions add the following features to the IA-32 architecture, while maintaining backward compatibility 
with all existing IA-32 processors, applications and operating systems. 

° Six data types: 


— 128-bit packed double-precision floating-point (two IEEE Standard 754 double-precision floating-point 
values packed into a double quadword) 


— 128-bit packed byte integers 
— 128-bit packed word integers 
— 128-bit packed doubleword integers 
— 128-bit packed quadword integers 
¢ Instructions to support the additional data types and extend existing SIMD integer operations: 
— Packed and scalar double-precision floating-point instructions 
— Additional 64-bit and 128-bit SIMD integer instructions 
— 128-bit versions of SIMD integer instructions introduced with the MMX technology and the SSE extensions 
— Additional cacheability-control and instruction-ordering instructions 
° Modifications to existing IA-32 instructions to support SSE2 features: 
— Extensions and modifications to the CPUID instruction 
— Modifications to the RDPMC instruction 


These new features extend the IA-32 architecture’s SIMD programming model in three important ways: 


° They provide the ability to perform SIMD operations on pairs of packed double-precision floating-point values. 
This permits higher precision computations to be carried out in XMM registers, which enhances processor 
performance in scientific and engineering applications and in applications that use advanced 3-D geometry 
techniques (such as ray tracing). Additional flexibility is provided with instructions that operate on single 
(scalar) double-precision floating-point values located in the low quadword of an XMM register. 


° They provide the ability to operate on 128-bit packed integers (bytes, words, doublewords, and quadwords) in 
XMM registers. This provides greater flexibility and greater throughput when performing SIMD operations on 
packed integers. The capability is particularly useful for applications such as RSA authentication and RC5 
encryption. Using the full set of SIMD registers, data types, and instructions provided with the MMX technology 
and SSE/SSE2 extensions, programmers can develop algorithms that finely mix packed single- and double- 
precision floating-point data and 64- and 128-bit packed integer data. 


¢ SSE2 extensions enhance the support introduced with SSE extensions for controlling the cacheability of SIMD 
data. SSE2 cache control instructions provide the ability to stream data in and out of the XMM registers without 
polluting the caches and the ability to prefetch data before it is actually used. 
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SSE2 extensions are fully compatible with all software written for IA-32 processors. All existing software continues 
to run correctly, without modification, on processors that incorporate SSE2 extensions, as well as in the presence 
of applications that incorporate these extensions. Enhancements to the CPUID instruction permit detection of the 
SSE2 extensions. Also, because the SSE2 extensions use the same registers as the SSE extensions, no new oper- 
ating-system support is required for saving and restoring program state during a context switch beyond that 
provided for the SSE extensions. 


SSE2 extensions are accessible from all IA-32 execution modes: protected mode, real address mode, virtual 8086 
mode. 


The following sections in this chapter describe the programming environment for SSE2 extensions including: the 
128-bit XMM floating-point register set, data types, and SSE2 instructions. It also describes exceptions that can be 
generated with the SSE and SSE2 instructions and gives guidelines for writing applications with SSE and SSE2 
extensions. 


For additional information about SSE2 extensions, see: 


° Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A & 2B, provide a detailed 
description of individual SSE3 instructions. 


° Chapter 13, “System Programming for Instruction Set Extensions and Processor Extended States,” in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, gives guidelines for integrating 
the SSE and SSE2 extensions into an operating-system environment. 


11.2 SSE2 PROGRAMMING ENVIRONMENT 


Figure 11-1 shows the programming environment for SSE2 extensions. No new registers or other instruction 
execution state are defined with SSE2 extensions. SSE2 instructions use the XMM registers, the MMX registers, 
and/or IA-32 general-purpose registers, as follows: 


° XMM registers — These eight registers (See Figure 10-2) are used to operate on packed or scalar double- 
precision floating-point data. Scalar operations are operations performed on individual (unpacked) double- 
precision floating-point values stored in the low quadword of an XMM register. XMM registers are also used to 
perform operations on 128-bit packed integer data. They are referenced by the names XMMO through XMM7. 


Address Space 
32_ 7 
XMM Registers ane 
Eight 128-Bit 
MXCSR Register 32 Bits 
MMX Registers 
Eight 64-Bit 
General-Purpose 
Registers 
Eight 32-Bit 
0 
EFLAGS Register 32 Bits 


Figure 11-1. Steaming SIMD Extensions 2 Execution Environment 


° MXCSR register — This 32-bit register (see Figure 10-3) provides status and control bits used in floating-point 
operations. The denormals-are-zeros and flush-to-zero flags in this register provide a higher performance 
alternative for the handling of denormal source operands and denormal (underflow) results. For more 
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information on the functions of these flags see Section 10.2.3.4, ‘Denormals-Are-Zeros,” and Section 10.2.3.3, 
“Flush-To-Zero.” 


° MMxX registers — These eight registers (see Figure 9-2) are used to perform operations on 64-bit packed 
integer data. They are also used to hold operands for some operations performed between MMX and XMM 
registers. MMX registers are referenced by the names MMO through MM7. 


° General-purpose registers — The eight general-purpose registers (see Figure 3-5) are used along with the 
existing IA-32 addressing modes to address operands in memory. MMX and XMM registers cannot be used to 
address memory. The general-purpose registers are also used to hold operands for some SSE2 instructions. 
These registers are referenced by the names EAX, EBX, ECX, EDX, EBP, ESI, EDI, and ESP. 


° EFLAGS register — This 32-bit register (see Figure 3-8) is used to record the results of some compare 
operations. 


11.2.1. SSE2 in 64-Bit Mode and Compatibility Mode 

In compatibility mode, SSE2 extensions function like they do in protected mode. In 64-bit mode, eight additional 
XMM registers are accessible. Registers XMM8-XMM15 are accessed by using REX prefixes. 

Memory operands are specified using the ModR/M, SIB encoding described in Section 3.7.5. 


Some SSE2 instructions may be used to operate on general-purpose registers. Use the REX.W prefix to access 64- 
bit general-purpose registers. Note that if a REX prefix is used when it has no meaning, the prefix is ignored. 


11.2.2 Compatibility of SSE2 Extensions with SSE, MMX 
Technology and x87 FPU Programming Environment 


SSE2 extensions do not introduce any new state to the IA-32 execution environment beyond that of SSE. SSE2 
extensions represent an enhancement of SSE extensions; they are fully compatible and share the same state infor- 
mation. SSE and SSE2 instructions can be executed together in the same instruction stream without the need to 
save state when switching between instruction sets. 


XMM registers are independent of the x87 FPU and MMX registers; so SSE and SSE2 operations performed on XMM 
registers can be performed in parallel with x87 FPU or MMX technology operations (see Section 11.6.7, “Interaction 
of SSE/SSE2 Instructions with x87 FPU and MMX Instructions”). 


The FXSAVE and FXRSTOR instructions save and restore the SSE and SSE2 states along with the x87 FPU and MMX 
states. 


11.2.3. Denormals-Are-Zeros Flag 


The denormals-are-zeros flag (bit 6 in the MXCSR register) was introduced into the IA-32 architecture with the 
SSE2 extensions. See Section 10.2.3.4, ‘Denormals-Are-Zeros,” for a description of this flag. 


11.3. SS€2 DATA TYPES 


SSE2 extensions introduced one 128-bit packed floating-point data type and four 128-bit SIMD integer data types 
to the IA-32 architecture (see Figure 11-2). 


¢ Packed double-precision floating-point — This 128-bit data type consists of two IEEE 64-bit double- 
precision floating-point values packed into a double quadword. (See Figure 4-3 for the layout of a 64-bit 
double-precision floating-point value; refer to Section 4.2.2, “Floating-Point Data Types,” for a detailed 
description of double-precision floating-point values. ) 


* 128-bit packed integers — The four 128-bit packed integer data types can contain 16 byte integers, 8 word 
integers, 4 doubleword integers, or 2 quadword integers. (Refer to Section 4.6.2, “128-Bit Packed SIMD Data 
Types,” for a detailed description of the 128-bit packed integers.) 
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[OT precision Floating-Point 
Precision Floating-Point 
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Figure 11-2. Data Types Introduced with the SSE2 Extensions 


All of these data types are operated on in XMM registers or memory. Instructions are provided to convert between 
these 128-bit data types and the 64-bit and 32-bit data types. 


The address of a 128-bit packed memory operand must be aligned on a 16-byte boundary, except in the following 
cases: 


¢ a MOVUPD instruction which supports unaligned accesses 
° scalar instructions that use an 8-byte memory operand that is not subject to alignment requirements 
Figure 4-2 shows the byte order of 128-bit (double quadword) and 64-bit (quadword) data types in memory. 


11.4 SSE2 INSTRUCTIONS 


The SSE2 instructions are divided into four functional groups: 

* Packed and scalar double-precision floating-point instructions 

°® 64-bit and 128-bit SIMD integer instructions 

° 128-bit extensions of SIMD integer instructions introduced with the MMX technology and the SSE extensions 
* Cacheability-control and instruction-ordering instructions 

The following sections provide more information about each group. 


11.4.1. Packed and Scalar Double-Precision Floating-Point Instructions 

The packed and scalar double-precision floating-point instructions are divided into the following sub-groups: 
¢ Data movement instructions 

e ~=Arithmetic instructions 

* Comparison instructions 

* Conversion instructions 

¢ Logical instructions 

¢ Shuffle instructions 


The packed double-precision floating-point instructions perform SIMD operations similarly to the packed single- 
precision floating-point instructions (see Figure 11-3). Each source operand contains two double-precision floating - 
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point values, and the destination operand contains the results of the operation (OP) performed in parallel on the 
corresponding values (XO and YO, and X1 and Y1) in each operand. 


x1 X0 
Y1 YO 
X1 OP Y1 X0 OP YO 


Figure 11-3. Packed Double-Precision Floating-Point Operations 


The scalar double-precision floating-point instructions operate on the low (least significant) quadwords of two 
source operands (XO and YO), as shown in Figure 11-4. The high quadword (X1) of the first source operand is 
passed through to the destination. The scalar operations are similar to the floating-point operations performed in 
x87 FPU data registers with the precision control field in the x87 FPU control word set for double precision (53-bit 
significand), except that x87 stack operations use a 15-bit exponent range for the result while SSE2 operations use 
an 11-bit exponent range. 

See Section 11.6.8, “Compatibility of SIMD and x87 FPU Floating-Point Data Types,” for more information about 
obtaining compatible results when performing both scalar double-precision floating-point operations in XMM regis- 
ters and in x87 FPU data registers. 


x1 X0 OP YO 


Figure 11-4. Scalar Double-Precision Floating-Point Operations 


11.4.1.1 Data Movement Instructions 


Data movement instructions move double-precision floating-point data between XMM registers and between XMM 
registers and memory. 


The MOVAPD (move aligned packed double-precision floating-point) instruction transfers a 128-bit packed double- 
precision floating-point operand from memory to an XMM register or vice versa, or between XMM registers. The 
memory address must be aligned to a 16-byte boundary; if not, a general-protection exception (GP#) is gener- 
ated. 
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The MOVUPD (move unaligned packed double-precision floating-point) instruction transfers a 128-bit packed 
double-precision floating-point operand from memory to an XMM register or vice versa, or between XMM registers. 
Alignment of the memory address is not required. 


The MOVSD (move scalar double-precision floating-point) instruction transfers a 64-bit double-precision floating- 
point operand from memory to the low quadword of an XMM register or vice versa, or between XMM registers. 
Alignment of the memory address is not required, unless alignment checking is enabled. 


The MOVHPD (move high packed double-precision floating-point) instruction transfers a 64-bit double-precision 
floating-point operand from memory to the high quadword of an XMM register or vice versa. The low quadword of 
the register is left unchanged. Alignment of the memory address is not required, unless alignment checking is 
enabled. 


The MOVLPD (move low packed double-precision floating-point) instruction transfers a 64-bit double-precision 
floating-point operand from memory to the low quadword of an XMM register or vice versa. The high quadword of 
the register is left unchanged. Alignment of the memory address is not required, unless alignment checking is 
enabled. 


The MOVMSKPD (move packed double-precision floating-point mask) instruction extracts the sign bit of each of the 
two packed double-precision floating-point numbers in an XMM register and saves them in a general-purpose 
register. This 2-bit value can then be used as a condition to perform branching. 


11.4.1.2 SSE2 Arithmetic Instructions 


SSE2 arithmetic instructions perform addition, subtraction, multiply, divide, square root, and maximum/minimum 
operations on packed and scalar double-precision floating-point values. 


The ADDPD (add packed double-precision floating-point values) and SUBPD (subtract packed double-precision 
floating-point values) instructions add and subtract, respectively, two packed double-precision floating-point oper- 
ands. 


The ADDSD (add scalar double-precision floating-point values) and SUBSD (subtract scalar double-precision 
floating-point values) instructions add and subtract, respectively, the low double-precision floating-point values of 
two operands and stores the result in the low quadword of the destination operand. 


The MULPD (multiply packed double-precision floating-point values) instruction multiplies two packed double- 
precision floating-point operands. 


The MULSD (multiply scalar double-precision floating-point values) instruction multiplies the low double-precision 
floating-point values of two operands and stores the result in the low quadword of the destination operand. 


The DIVPD (divide packed double-precision floating-point values) instruction divides two packed double-precision 
floating-point operands. 


The DIVSD (divide scalar double-precision floating-point values) instruction divides the low double-precision 
floating-point values of two operands and stores the result in the low quadword of the destination operand. 


The SQRTPD (compute square roots of packed double-precision floating-point values) instruction computes the 
square roots of the values in a packed double-precision floating-point operand. 


The SQRTSD (compute square root of scalar double-precision floating-point values) instruction computes the 
square root of the low double-precision floating-point value in the source operand and stores the result in the low 
quadword of the destination operand. 


The MAXPD (return maximum of packed double-precision floating-point values) instruction compares the corre- 
sponding values in two packed double-precision floating-point operands and returns the numerically greater value 
from each comparison to the destination operand. 


The MAXSD (return maximum of scalar double-precision floating-point values) instruction compares the low 
double-precision floating-point values from two packed double-precision floating-point operands and returns the 
numerically higher value from the comparison to the low quadword of the destination operand. 


The MINPD (return minimum of packed double-precision floating-point values) instruction compares the corre- 
sponding values from two packed double-precision floating-point operands and returns the numerically lesser value 
from each comparison to the destination operand. 
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The MINSD (return minimum of scalar double-precision floating-point values) instruction compares the low values 
from two packed double-precision floating-point operands and returns the numerically lesser value from the 
comparison to the low quadword of the destination operand. 


11.4.1.3. SSE2 Logical Instructions 


SSE2 logical instructions perform AND, AND NOT, OR, and XOR operations on packed double-precision floating- 
point values. 


The ANDPD (bitwise logical AND of packed double-precision floating-point values) instruction returns the logical 
AND of two packed double-precision floating-point operands. 


The ANDNPD (bitwise logical AND NOT of packed double-precision floating-point values) instruction returns the 
logical AND NOT of two packed double-precision floating-point operands. 


The ORPD (bitwise logical OR of packed double-precision floating-point values) instruction returns the logical OR of 
two packed double-precision floating-point operands. 


The XORPD (bitwise logical XOR of packed double-precision floating-point values) instruction returns the logical 
XOR of two packed double-precision floating-point operands. 


11.4.1.4 SSE2 Comparison Instructions 


SSE2 compare instructions compare packed and scalar double-precision floating-point values and return the 
results of the comparison either to the destination operand or to the EFLAGS register. 


The CMPPD (compare packed double-precision floating-point values) instruction compares the corresponding 
values from two packed double-precision floating-point operands, using an immediate operand as a predicate, and 
returns a 64-bit mask result of all 1s or all Os for each comparison to the destination operand. The value of the 
immediate operand allows the selection of any of eight compare conditions: equal, less than, less than equal, unor- 
dered, not equal, not less than, not less than or equal, or ordered. 


The CMPSD (compare scalar double-precision floating-point values) instruction compares the low values from two 
packed double-precision floating-point operands, using an immediate operand as a predicate, and returns a 64-bit 
mask result of all 1s or all Os for the comparison to the low quadword of the destination operand. The immediate 
operand selects the compare condition as with the CMPPD instruction. 


The COMISD (compare scalar double-precision floating-point values and set EFLAGS) and UCOMISD (unordered 
compare scalar double-precision floating-point values and set EFLAGS) instructions compare the low values of two 
packed double-precision floating-point operands and set the ZF, PF, and CF flags in the EFLAGS register to show the 
result (greater than, less than, equal, or unordered). These two instructions differ as follows: the COMISD instruc- 
tion signals a floating-point invalid-operation (#1) exception when a source operand is either a QNaN or an SNaN; 
the UCOMISD instruction only signals an invalid-operation exception when a source operand is an SNaN. 


11.4.1.5 SSE2 Shuffle and Unpack Instructions 


SSE2 shuffle instructions shuffle the contents of two packed double-precision floating-point values and store the 
results in the destination operand. 


The SHUFPD (shuffle packed double-precision floating-point values) instruction places either of the two packed 
double-precision floating-point values from the destination operand in the low quadword of the destination 
operand, and places either of the two packed double-precision floating-point values from source operand in the 
high quadword of the destination operand (see Figure 11-5). By using the same register for the source and desti- 
nation operands, the SHUFPD instruction can swap two packed double-precision floating-point values. 
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DEST x1 X0 
SRC Y1 YO 
DEST Y1 or YO X11 or XO 


Figure 11-5. SHUFPD Instruction, Packed Shuffle Operation 


The UNPCKHPD (unpack and interleave high packed double-precision floating-point values) instruction performs an 


interleaved unpack of the high values from the source and destination operands and stores the result in the desti- 
nation operand (see Figure 11-6). 


The UNPCKLPD (unpack and interleave low packed double-precision floating-point values) instruction performs an 


interleaved unpack of the low values from the source and destination operands and stores the result in the desti- 
nation operand (see Figure 11-7). 


DEST x1 x0 
SRC Y1 YO 
DEST Y1 x1 


Figure 11-6. UNPCKHPD Instruction, High Unpack and Interleave Operation 


DEST x1 x0 
SRC Y1 Yo 
DEST YO xo 


Figure 11-7. UNPCKLPD Instruction, Low Unpack and Interleave Operation 
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11.4.1.6 SSE2 Conversion Instructions 


SSE2 conversion instructions (see Figure 11-8) support packed and scalar conversions between: 
* Double-precision and single-precision floating-point formats 

* Double-precision floating-point and doubleword integer formats 

°® Single-precision floating-point and doubleword integer formats 


Conversion between double-precision and single-precision floating-points values — The following 
instructions convert operands between double-precision and single-precision floating-point formats. The operands 
being operated on are contained in XMM registers or memory (at most, one operand can reside in memory; the 
destination is always an MMX register). 


The CVTPS2PD (convert packed single-precision floating-point values to packed double-precision floating-point 
values) instruction converts two packed single- 
precision floating-point values to two double-precision floating-point values. 


The CVTPD2PS (convert packed double-precision floating-point values to packed single-precision floating-point 
values) instruction converts two packed double- 

precision floating-point values to two single-precision floating-point values. When a conversion is inexact, the 
result is rounded according to the rounding mode selected in the MXCSR register. 


The CVTSS2SD (convert scalar single-precision floating-point value to scalar double-precision floating-point value) 
instruction converts a single-precision floating-point value to a double-precision floating-point value. 


The CVTSD2SS (convert scalar double-precision floating-point value to scalar single-precision floating-point value) 
instruction converts a double-precision floating-point value to a single-precision floating-point value. When the 
conversion is inexact, the result is rounded according to the rounding mode selected in the MXCSR register. 


Single-Precisio 
Floating Point 
(XMM/mem) 


4 Doubleword 
Integer 
(XMM/mem) 


Doubleword 


CVTSD2SS 
CVTPD2PS 
AdZSd LAD 
aSzSSLAO 


Integer Integer 2 Doubleword 
(MMX/mem) Integer 
(XMM/mem) 


Double-Precision 
Floating-Point 
(XMM/mem) 


Figure 11-8. SSE and SSE2 Conversion Instructions 


Conversion between double-precision floating-point values and doubleword integers — The following 
instructions convert operands between double-precision floating-point and doubleword integer formats. Operands 
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are housed in XMM registers, MMX registers, general registers or memory (at most one operand can reside in 
memory; the destination is always an XMM, MMX, or general register). 


The CVTPD2PI (convert packed double-precision floating-point values to packed doubleword integers) instruction 
converts two packed double-precision floating-point numbers to two packed signed doubleword integers, with the 
result stored in an MMX register. When rounding to an integer value, the source value is rounded according to the 
rounding mode in the MXCSR register. The CVTTPD2PI (convert with truncation packed double-precision floating- 
point values to packed doubleword integers) instruction is similar to the CVTPD2PI instruction except that trunca- 
tion is used to round a source value to an integer value (see Section 4.8.4.2, “Truncation with SSE and SSE2 
Conversion Instructions”). 


The CVTPI2PD (convert packed doubleword integers to packed double-precision floating-point values) instruction 
converts two packed signed doubleword integers to two double-precision floating-point values. 


The CVTPD2DQ (convert packed double-precision floating-point values to packed doubleword integers) instruction 
converts two packed double-precision floating-point numbers to two packed signed doubleword integers, with the 
result stored in the low quadword of an XMM register. When rounding an integer value, the source value is rounded 
according to the rounding mode selected in the MXCSR register. The CVTTPD2DQ (convert with truncation packed 
double-precision floating-point values to packed doubleword integers) instruction is similar to the CVTPD2DQ 
instruction except that truncation is used to round a source value to an integer value (see Section 4.8.4.2, “Trun- 
cation with SSE and SSE2 Conversion Instructions”). 


The CVTDQ2PD (convert packed doubleword integers to packed double-precision floating-point values) instruction 
converts two packed signed doubleword integers located in the low-order doublewords of an XMM register to two 
double-precision floating-point values. 


The CVTSD2SI (convert scalar double-precision floating-point value to doubleword integer) instruction converts a 
double-precision floating-point value to a doubleword integer, and stores the result in a general-purpose register. 
When rounding an integer value, the source value is rounded according to the rounding mode selected in the 
MXCSR register. The CVTTSD2SI (convert with truncation scalar double-precision floating-point value to double- 
word integer) instruction is similar to the CVTSD2SI instruction except that truncation is used to round the source 
value to an integer value (see Section 4.8.4.2, “Truncation with SSE and SSE2 Conversion Instructions”). 


The CVTSI2SD (convert doubleword integer to scalar double-precision floating-point value) instruction converts a 
signed doubleword integer in a general-purpose register to a double-precision floating-point number, and stores 
the result in an XMM register. 


Conversion between single-precision floating-point and doubleword integer formats — These instruc- 
tions convert between packed single-precision floating-point and packed doubleword integer formats. Operands 
are housed in XMM registers, MMX registers, general registers, or memory (the latter for at most one source 
operand). The destination is always an XMM, MMX, or general register. These SSE2 instructions supplement 
conversion instructions (CVTPI2PS, CVTPS2PI, CVTTPS2PI, CVTSI2SS, CVTSS2SI, and CVTTSS2SI) introduced 
with SSE extensions. 


The CVTPS2DQ (convert packed single-precision floating-point values to packed doubleword integers) instruction 
converts four packed single-precision floating-point values to four packed signed doubleword integers, with the 
source and destination operands in XMM registers or memory (the latter for at most one source operand). When 
the conversion is inexact, the rounded value according to the rounding mode selected in the MXCSR register is 
returned. The CVTTPS2DQ (convert with truncation packed single-precision floating-point values to packed double- 
word integers) instruction is similar to the CVTPS2DQ instruction except that truncation is used to round a source 
value to an integer value (see Section 4.8.4.2, “Truncation with SSE and SSE2 Conversion Instructions”). 


The CVTDQ2PS (convert packed doubleword integers to packed single-precision floating-point values) instruction 
converts four packed signed doubleword integers to four packed single-precision floating-point numbers, with the 
source and destination operands in XMM registers or memory (the latter for at most one source operand). When 
the conversion is inexact, the rounded value according to the rounding mode selected in the MXCSR register is 
returned. 


11.4.2 SSE2 64-Bit and 128-Bit SIMD Integer Instructions 


SSE2 extensions add several 128-bit packed integer instructions to the IA-32 architecture. Where appropriate, a 
64-bit version of each of these instructions is also provided. The 128-bit versions of instructions operate on data in 
XMM registers; 64-bit versions operate on data in MMX registers. The instructions follow. 
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The MOVDQA (move aligned double quadword) instruction transfers a double quadword operand from memory to 
an XMM register or vice versa; or between XMM registers. The memory address must be aligned to a 16-byte 
boundary; otherwise, a general-protection exception (#GP) is generated. 


The MOVDQU (move unaligned double quadword) instruction performs the same operations as the MOVDQA 
instruction, except that 16-byte alignment of a memory address is not required. 


The PADDQ (packed quadword add) instruction adds two packed quadword integer operands or two single quad- 
word integer operands, and stores the results in an XMM or MMX register, respectively. This instruction can operate 
on either unsigned or signed (two’s complement notation) integer operands. 


The PSUBQ (packed quadword subtract) instruction subtracts two packed quadword integer operands or two single 
quadword integer operands, and stores the results in an XMM or MMX register, respectively. Like the PADDQ 
instruction, PSUBQ can operate on either unsigned or signed (two’s complement notation) integer operands. 


The PMULUDQ (multiply packed unsigned doubleword integers) instruction performs an unsigned multiply of 
unsigned doubleword integers and returns a quadword result. Both 64-bit and 128-bit versions of this instruction 
are available. The 64-bit version operates on two doubleword integers stored in the low doubleword of each source 
operand, and the quadword result is returned to an MMX register. The 128-bit version performs a packed multiply 
of two pairs of doubleword integers. Here, the doublewords are packed in the first and third doublewords of the 
source operands, and the quadword results are stored in the low and high quadwords of an XMM register. 


The PSHUFLW (shuffle packed low words) instruction shuffles the word integers packed into the low quadword of 
the source operand and stores the shuffled result in the low quadword of the destination operand. An 8-bit imme- 
diate operand specifies the shuffle order. 


The PSHUFHW (shuffle packed high words) instruction shuffles the word integers packed into the high quadword of 
the source operand and stores the shuffled result in the high quadword of the destination operand. An 8-bit imme- 
diate operand specifies the shuffle order. 


The PSHUFD (shuffle packed doubleword integers) instruction shuffles the doubleword integers packed into the 
source operand and stores the shuffled result in the destination operand. An 8-bit immediate operand specifies the 
shuffle order. 


The PSLLDQ (shift double quadword left logical) instruction shifts the contents of the source operand to the left by 
the amount of bytes specified by an immediate operand. The empty low-order bytes are cleared (set to 0). 


The PSRLDQ (shift double quadword right logical) instruction shifts the contents of the source operand to the right 
by the amount of bytes specified by an immediate operand. The empty high-order bytes are cleared (set to 0). 


The PUNPCKHQDQ (Unpack high quadwords) instruction interleaves the high quadword of the source operand and 
the high quadword of the destination operand and writes them to the destination register. 


The PUNPCKLQDQ (Unpack low quadwords) instruction interleaves the low quadwords of the source operand and 
the low quadwords of the destination operand and writes them to the destination register. 


Two additional SSE instructions enable data movement from the MMX registers to the XMM registers. 


The MOVQ2DQ (move quadword integer from MMX to XMM registers) instruction moves the quadword integer from 
an MMX source register to an XMM destination register. 


The MOVDQ2Q (move quadword integer from XMM to MMX registers) instruction moves the low quadword integer 
from an XMM source register to an MMX destination register. 


11.4.3. 128-Bit SIMD Integer Instruction Extensions 


All of 64-bit SIMD integer instructions introduced with MMX technology and SSE extensions (with the exception of 
the PSHUFW instruction) have been extended by SSE2 extensions to operate on 128-bit packed integer operands 
located in XMM registers. The 128-bit versions of these instructions follow the same SIMD conventions regarding 
packed operands as the 64-bit versions. For example, where the 64-bit version of the PADDB instruction operates 
on 8 packed bytes, the 128-bit version operates on 16 packed bytes. 
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11.4.4 Cacheability Control and Memory Ordering Instructions 


SSE2 extensions that give programs more control over the caching, loading, and storing of data. are described 
below. 


11.4.4.1 FLUSH Cache Line 


The CLFLUSH (flush cache line) instruction writes and invalidates the cache line associated with a specified linear 
address. The invalidation is for all levels of the processor’s cache hierarchy, and it is broadcast throughout the 
cache coherency domain. 


NOTE 


CLFLUSH was introduced with the SSE2 extensions. However, the instruction can be implemented 
in IA-32 processors that do not implement the SSE2 extensions. Detect CLFLUSH using the feature 
bit (if CPUID.01H:EDX.CLFSH[bit 19] = 1). 


11.4.4.2 Cacheability Control Instructions 


The following four instructions enable data from XMM and general-purpose registers to be stored to memory using 
a non-temporal hint. The non-temporal hint directs the processor to store data to memory without writing the data 
into the cache hierarchy. See Section 10.4.6.2, “Caching of Temporal vs. Non-Temporal Data,” for more information 
about non-temporal stores and hints. 


The MOVNTDQ (store double quadword using non-temporal hint) instruction stores packed integer data from an 
XMM register to memory, using a non-temporal hint. 


The MOVNTPD (store packed double-precision floating-point values using non-temporal hint) instruction stores 
packed double-precision floating-point data from an XMM register to memory, using a non-temporal hint. 


The MOVNTI (store doubleword using non-temporal hint) instruction stores integer data from a general-purpose 
register to memory, using a non-temporal hint. 


The MASKMOVDQU (store selected bytes of double quadword) instruction stores selected byte integers from an 
XMM register to memory, using a byte mask to selectively write the individual bytes. The memory location does not 
need to be aligned on a natural boundary. This instruction also uses a non-temporal hint. 


11.4.4.3. Memory Ordering Instructions 


SSE2 extensions introduce two new fence instructions (LFENCE and MFENCE) as companions to the SFENCE 
instruction introduced with SSE extensions. 


The LFENCE instruction establishes a memory fence for loads. It guarantees ordering between two loads and 
prevents speculative loads from passing the load fence (that is, no speculative loads are allowed until all loads 
specified before the load fence have been carried out). 


The MFENCE instruction establishes a memory fence for both loads and stores. The processor ensures that no load 
or store after MFENCE will become globally visible until all loads and stores before MFENCE are globally visible.? 
Note that the sequences LFENCE;SFENCE and SFENCE;LFENCE are not equivalent to MFENCE because neither 
ensures that older stores are globally observed prior to younger loads. 


11.4.4.4 Pause 


The PAUSE instruction is provided to improve the performance of “spin-wait loops” executed on a Pentium 4 or Intel 
Xeon processor. On a Pentium 4 processor, it also provides the added benefit of reducing processor power 
consumption while executing a spin-wait loop. It is recommended that a PAUSE instruction always be included in 
the code sequence for a spin-wait loop. 


1. Aload is considered to become globally visible when the value to be loaded is determined. 
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11.4.5 Branch Hints 


SSE2 extensions designate two instruction prefixes (2EH and 3EH) to provide branch hints to the processor (see 
“Instruction Prefixes” in Chapter 2 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
2A). These prefixes can only be used with the Jcc instruction and only at the machine code level (that is, there are 
no mnemonics for the branch hints). 


11.5 SSE, SSE2, AND SSE3 EXCEPTIONS 


SSE/SSE2/SSE3 extensions generate two general types of exceptions: 

¢ Non-numeric exceptions 

* SIMD floating-point exceptions? 

SSE/SSE2/SSE3 instructions can generate the same type of memory-access and non-numeric exceptions as other 
IA-32 architecture instructions. Existing exception handlers can generally handle these exceptions without any 
code modification. See “Providing Non-Numeric Exception Handlers for Exceptions Generated by the SSE, SSE2 
and SSE3 Instructions” in Chapter 13 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 


Volume 3A, for a list of the non-numeric exceptions that can be generated by SSE/SSE2/SSE3 instructions and for 
guidelines for handling these exceptions. 


SSE/SSE2/SSE3 instructions do not generate numeric exceptions on packed integer operations; however, they can 
generate numeric (SIMD floating-point) exceptions on packed single-precision and double-precision floating-point 
operations. These SIMD floating-point exceptions are defined in the IEEE Standard 754 for Binary Floating-Point 
Arithmetic and are the same exceptions that are generated for x87 FPU instructions. See Section 11.5.1, “SIMD 
Floating-Point Exceptions,” for a description of these exceptions. 


11.5.1. SIMD Floating-Point Exceptions 


SIMD floating-point exceptions are those exceptions that can be generated by SSE/SSE2/SSE3 instructions that 
operate on packed or scalar floating-point operands. 


Six classes of SIMD floating-point exceptions can be generated: 
¢ Invalid operation (#1) 

°* Divide-by-zero (#Z) 

¢ Denormal operand (#D) 

¢ Numeric overflow (#0) 

¢ Numeric underflow (#U) 

¢  Inexact result (Precision) (#P) 


All of these exceptions (except the denormal operand exception) are defined in IEEE Standard 754, and they are 
the same exceptions that are generated with the x87 floating-point instructions. Section 4.9, “Overview of 
Floating-Point Exceptions,” gives a detailed description of these exceptions and of how and when they are gener- 
ated. The following sections discuss the implementation of these exceptions in SSE/SSE2/SSE3 extensions. 


All SIMD floating-point exceptions are precise and occur as soon as the instruction completes execution. 


Each of the six exception conditions has a corresponding flag (IE, DE, ZE, OE, UE, and PE) and mask bit (IM, DM, 
ZM, OM, UM, and PM) in the MXCSR register (see Figure 10-3). The mask bits can be set with the LDMXCSR or 
FXRSTOR instruction; the mask and flag bits can be read with the STMXCSR or FXSAVE instruction. 


The OSXMMEXCEPT flag (bit 10) of control register CR4 provides additional control over generation of SIMD 
floating-point exceptions by allowing the operating system to indicate whether or not it supports software excep- 
tion handlers for SIMD floating-point exceptions. If an unmasked SIMD floating-point exception is generated and 
the OSXMMEXCEPT flag is set, the processor invokes a software exception handler by generating a SIMD floating- 


1. The FISTTP instruction in SSE3 does not generate SIMD floating-point exceptions, but it can generate x87 FPU floating-point excep- 
tions. 
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point exception (#XM). If the OSXMMEXCEPT bit is clear, the processor generates an invalid-opcode exception 
(#UD) on the first SSE or SSE2 instruction that detects a SIMD floating-point exception condition. See Section 
11.6.2, “Checking for SSE/SSE2 Support.” 


11.5.2 SIMD Floating-Point Exception Conditions 


The following sections describe the conditions that cause a SIMD floating-point exception to be generated and the 
masked response of the processor when these conditions are detected. 


See Section 4.9.2, “Floating-Point Exception Priority,” for a description of the rules for exception precedence when 
more than one floating-point exception condition is detected for an instruction. 


11.5.2.1 Invalid Operation Exception (#1) 


The floating-point invalid-operation exception (#I) occurs in response to an invalid arithmetic operand. The flag 
(IE) and mask (IM) bits for the invalid operation exception are bits 0 and 7, respectively, in the MXCSR register. 


If the invalid-operation exception is masked, the processor returns a QNaN, QNaN floating-point indefinite, integer 
indefinite, one of the source operands to the destination operand, or it sets the EFLAGS, depending on the operation 
being performed. When a value is returned to the destination operand, it overwrites the destination register specified 
by the instruction. Table 11-1 lists the invalid-arithmetic operations that the processor detects for instructions and 
the masked responses to these operations. 


Table 11-1. Masked Responses of SSE/SSE2/SSE3 Instructions to Invalid Arithmetic Operations 


Condition Masked Response 


ADDPS, ADDSS, ADDPD, ADDSD, SUBPS, SUBSS, SUBPD, SUBSD, | Return the SNaN converted to a QNaN; Refer to Table 4-7 for 
MULPS, MULSS, MULPD, MULSD, DIVPS, DIVSS, DIVPD, DIVSD, more details 

ADDSUBPD, ADDSUBPD, HADDPD, HADDPS, HSUBPD or HSUBPS 
instruction with an SNaN operand 


SQRTPS, SQRTSS, SQRTPD, or SQRTSD with SNaN operands Return the SNaN converted to a QNaN 


SQRTPS, SORTSS, SQRTPD, or SQRTSD with negative operands | Return the QNaN floating-point Indefinite 
(except zero) 


MAXPS, MAXSS, MAXPD, MAXSD, MINPS, MINSS, MINPD, or Return the source 2 operand value 
MINSD instruction with QNaN or SNaN operands 


CMPPS, CMPSS, CMPPD or CMPSD instruction with QNaN or SNaN | Return a mask of all Os (except for the predicates “not-equal,” 


operands “unordered,” “not-less-than,” or “not-less-than-or-equal,” which 
returns a mask of all 1s) 

CVTPD2PS, CVTSD2SS, CVTPS2PD, CVTSS2SD with SNaN Return the SNaN converted to a QNaN 

operands 

COMISS or COMISD with QNaN or SNaN operand(s) Set EFLAGS values to “not comparable” 


Addition of opposite signed infinities or subtraction of like-signed | Return the QNaN floating-point Indefinite 
infinities 


Multiplication of infinity by zero Return the QNaN floating-point Indefinite 


Divide of (0/0) or ( c¢ / co ) Return the QNaN floating-point Indefinite 


Conversion to integer when the value in the source register isa | Return the integer Indefinite 
NaN, cs, or exceeds the representable range for CVTPS2PI, 
CVTTPS2PI, CVTSS2SI, CVTTSS2SI, CVTPD2PI, CVTSD2SI, 
CVTPD2DQ, CVTTPD2PI, CVTTSD2SI, CVTTPD2DQ, CVTPS2DQ, 
or CVTTPS2DQ 


If the invalid operation exception is not masked, a software exception handler is invoked and the operands remain 
unchanged. See Section 11.5.4, “Handling SIMD Floating-Point Exceptions in Software.” 
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Normally, when one or more of the source operands are QNaNs (and neither is an SNaN or in an unsupported 
format), an invalid-operation exception is not generated. The following instructions are exceptions to this rule: the 
COMISS and COMISD instructions; and the CMPPS, CMPSS, CMPPD, and CMPSD instructions (when the predicate 
is less than, less-than or equal, not less-than, or not less-than or equal). With these instructions, a QNaN source 
operand will generate an invalid-operation exception. 


The invalid-operation exception is not affected by the flush-to-zero mode or by the denormals-are-zeros mode. 


11.5.2.2 Denormal-Operand Exception (#D) 


The processor signals the denormal-operand exception if an arithmetic instruction attempts to operate ona 
denormal operand. The flag (DE) and mask (DM) bits for the denormal-operand exception are bits 1 and 8, respec- 
tively, in the MXCSR register. 


The CVTPI2PD, CVTPD2PI, CVTTPD2PI, CVTDQ2PD, CVTPD2DQ, CVTTPD2DQ, CVTSI2SD, CVTSD2SI, CVTTSD2SI, 
CVTPI2PS, CVTPS2PI, CVTTPS2PI, CVTSS2SI, CVTTSS2SI, CVTSI2SS, CVTDQ2PS, CVTPS2DQ, and CVTTPS2DQ 
conversion instructions do not signal denormal exceptions. The RCPSS, RCPPS, RSQRTSS, and RSQRTPS instruc- 
tions do not signal any kind of floating-point exception. 


The denormals-are-zero flag (bit 6) of the MXCSR register provides an additional option for handling denormal- 
operand exceptions. When this flag is set, denormal source operands are automatically converted to zeros with the 
sign of the source operand (see Section 10.2.3.4, “‘Denormals-Are-Zeros”). The denormal operand exception is not 
affected by the flush-to-zero mode. 


See Section 4.9.1.2, “‘Denormal Operand Exception (#D),” for more information about the denormal exception. 
See Section 11.5.4, “Handling SIMD Floating-Point Exceptions in Software,” for information on handling unmasked 
exceptions. 


11.5.2.3. Divide-By-Zero Exception (#2Z) 


The processor reports a divide-by-zero exception when a DIVPS, DIVSS, DIVPD or DIVSD instruction attempts to 
divide a finite non-zero operand by O. The flag (ZE) and mask (ZM) bits for the divide-by-zero exception are bits 2 
and 9, respectively, in the MXCSR register. 


See Section 4.9.1.3, “Divide-By-Zero Exception (#Z),” for more information about the divide-by-zero exception. 
See Section 11.5.4, “Handling SIMD Floating-Point Exceptions in Software,” for information on handling unmasked 
exceptions. 


The divide-by-zero exception is not affected by the flush-to-zero mode at a single-instruction boundary. 


While DAZ does not affect the rules for signaling IEEE exceptions, operations on denormal inputs might have 
different results when DAZ=1. As a consequence, DAZ can have an effect on the floating-point exceptions - 
including the divide-by-zero exception - when observed for a given operation involving denormal inputs. 


11.5.2.4 Numeric Overflow Exception (#0) 


The processor reports a numeric overflow exception whenever the rounded result of an arithmetic instruction 
exceeds the largest allowable finite value that fits in the destination operand. This exception can be generated with 
the ADDPS, ADDSS, ADDPD, ADDSD, SUBPS, SUBSS, SUBPD, SUBSD, MULPS, MULSS, MULPD, MULSD, DIVPS, 
DIVSS, DIVPD, DIVSD, CVTPD2PS, CVTSD2SS, ADDSUBPD, ADDSUBPS, HADDPD, HADDPS, HSUBPD and HSUBPS 
instructions. The flag (OE) and mask (OM) bits for the numeric overflow exception are bits 3 and 10, respectively, 
in the MXCSR register. 


See Section 4.9.1.4, “Numeric Overflow Exception (#0),” for more information about the numeric-overflow excep- 
tion. See Section 11.5.4, “Handling SIMD Floating-Point Exceptions in Software,” for information on handling 
unmasked exceptions. 


The numeric overflow exception is not affected by the flush-to-zero mode or by the denormals-are-zeros mode. 


Vol.1 11-15 


PROGRAMMING WITH INTEL® STREAMING SIMD EXTENSIONS 2 (INTEL® SSE2) 


11.5.2.5 Numeric Underflow Exception (#U) 


The processor reports a numeric underflow exception whenever the magnitude of the rounded result of an arith- 
metic instruction, with unbounded exponent, is less than the smallest possible normalized, finite value that will fit 
in the destination operand and the numeric-underflow exception is not masked. If the numeric underflow exception 
is masked, both underflow and the inexact-result condition must be detected before numeric underflow is reported. 
This exception can be generated with the ADDPS, ADDSS, ADDPD, ADDSD, SUBPS, SUBSS, SUBPD, SUBSD, 
MULPS, MULSS, MULPD, MULSD, DIVPS, DIVSS, DIVPD, DIVSD, CVTPD2PS, CVTSD2SS, ADDSUBPD, ADDSUBPS, 
HADDPD, HADDPS, HSUBPD, and HSUBPS instructions. The flag (UE) and mask (UM) bits for the numeric under- 
flow exception are bits 4 and 11, respectively, in the MXCSR register. 


The flush-to-zero flag (bit 15) of the MXCSR register provides an additional option for handling numeric underflow 
exceptions. When this flag is set and the numeric underflow exception is masked, tiny results are returned as a zero 
with the sign of the true result (see Section 10.2.3.3, “Flush-To-Zero”). 


Underflow will occur when a tiny non-zero result is detected (the result has to be also inexact if underflow excep- 
tions are masked), as described in the IEEE Standard 754-2008. While DAZ does not affect the rules for signaling 
IEEE exceptions, operations on denormal inputs might have different results when DAZ=1. As a consequence, DAZ 
can have an effect on the floating-point exceptions - including the underflow exception - when observed for a given 
operation involving denormal inputs. 


See Section 4.9.1.5, “Numeric Underflow Exception (#U),” for more information about the numeric underflow 
exception. See Section 11.5.4, “Handling SIMD Floating-Point Exceptions in Software,” for information on handling 
unmasked exceptions. 


11.5.2.6 Inexact-Result (Precision) Exception (#P) 


The inexact-result exception (also called the precision exception) occurs if the result of an operation is not exactly 
representable in the destination format. For example, the fraction 1/3 cannot be precisely represented in binary 
form. This exception occurs frequently and indicates that some (normally acceptable) accuracy has been lost. The 
exception is supported for applications that need to perform exact arithmetic only. Because the rounded result is 
generally satisfactory for most applications, this exception is commonly masked. 


The flag (PE) and mask (PM) bits for the inexact-result exception are bits 2 and 12, respectively, in the MXCSR 
register. 


See Section 4.9.1.6, “Inexact-Result (Precision) Exception (#P),” for more information about the inexact-result 
exception. See Section 11.5.4, “Handling SIMD Floating-Point Exceptions in Software,” for information on handling 
unmasked exceptions. 


In flush-to-zero mode, the inexact result exception is reported. 


11.5.3. Generating SIMD Floating-Point Exceptions 


When the processor executes a packed or scalar floating-point instruction, it looks for and reports on SIMD 
floating-point exception conditions using two sequential steps: 


1. Looks for, reports on, and handles pre-computation exception conditions (invalid-operand, divide-by-zero, and 
denormal operand) 


2. Looks for, reports on, and handles post-computation exception conditions (numeric overflow, numeric 
underflow, and inexact result) 


If both pre- and post-computational exceptions are unmasked, it is possible for the processor to generate a SIMD 
floating-point exception (#XM) twice during the execution of an SSE, SSE2 or SSE3 instruction: once when it 
detects and handles a pre-computational exception and when it detects a post-computational exception. 


11.5.3.1 Handling Masked Exceptions 


If all exceptions are masked, the processor handles the exceptions it detects by placing the masked result (or 
results for packed operands) in a destination operand and continuing program execution. The masked result may 
be a rounded normalized value, signed infinity, a denormal finite number, zero, a QNaN floating-point indefinite, or 
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a QNaN depending on the exception condition detected. In most cases, the corresponding exception flag bit in 
MXCSR is also set. The one situation where an exception flag is not set is when an underflow condition is detected 
and it is not accompanied by an inexact result. 


When operating on packed floating-point operands, the processor returns a masked result for each of the sub- 
operand computations and sets a separate set of internal exception flags for each computation. It then performs a 
logical-OR on the internal exception flag settings and sets the exception flags in the MXCSR register according to 
the results of OR operations. 


For example, Figure 11-9 shows the results of an MULPS instruction. In the example, all SIMD floating-point excep- 
tions are masked. Assume that a denormal exception condition is detected prior to the multiplication of sub-oper- 
ands XO and YO, no exception condition is detected for the multiplication of X1 and Y1, a numeric overflow 
exception condition is detected for the multiplication of X2 and Y2, and another denormal exception is detected 
prior to the multiplication of sub-operands X3 and Y3. Because denormal exceptions are masked, the processor 
uses the denormal source values in the multiplications of (XO and YO) and of (X3 and Y3) passing the results of the 
multiplications through to the destination operand. With the denormal operand, the result of the XO and YO compu- 
tation is a normalized finite value, with no exceptions detected. However, the X3 and Y3 computation produces a 
tiny and inexact result. This causes the corresponding internal numeric underflow and inexact-result exception 
flags to be set. 


X3 X2 x1 XO (Denormal) 


Y3 (Denormal) Y2 Y1 YO 


Tiny, Inexact, Finite | wm | Normalized Finite} Normalized Finite 


Figure 11-9. Example Masked Response for Packed Operations 


For the multiplication of X2 and Y2, the processor stores the floating-point - in the destination operand, and sets 
the corresponding internal sub-operand numeric overflow flag. The result of the X1 and Y1 multiplication is passed 
through to the destination operand, with no internal sub-operand exception flags being set. Following the compu- 
tations, the individual sub-operand exceptions flags for denormal operand, numeric underflow, inexact result, and 
numeric overflow are OR’d and the corresponding flags are set in the MXCSR register. 


The net result of this computation is that: 

¢ Multiplication of XO and YO produces a normalized finite result 

¢ Multiplication of X1 and Y1 produces a normalized finite result 

¢ Multiplication of X2 and Y2 produces a floating-point result 

¢ Multiplication of X3 and Y3 produces a tiny, inexact, finite result 


¢ Denormal operand, numeric underflow, numeric underflow, and inexact result flags are set in the MXCSR 
register 


11.5.3.2 Handling Unmasked Exceptions 
If all exceptions are unmasked, the processor: 


1. First detects any pre-computation exceptions: it ORs those exceptions, sets the appropriate exception flags, 
leaves the source and destination operands unaltered, and goes to step 2. If it does not detect any pre- 
computation exceptions, it goes to step 5. 
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2. Checks CR4.0SXMMEXCPT[bit 10]. If this flag is set, the processor goes to step 3; if the flag is clear, it 
generates an invalid-opcode exception (#UD) and makes an implicit call to the invalid-opcode exception 
handler. 


3. Generates a SIMD floating-point exception (#XM) and makes an implicit call to the SIMD floating-point 
exception handler. 


4. If the exception handler is able to fix the source operands that generated the pre-computation exceptions or 
mask the condition in such a way as to allow the processor to continue executing the instruction, the processor 
resumes instruction execution as described in step 5. 


5. Upon returning from the exception handler (or if no pre-computation exceptions were detected), the processor 
checks for post-computation exceptions. If the processor detects any post-computation exceptions: it ORs 
those exceptions, sets the appropriate exception flags, leaves the source and destination operands unaltered, 
and repeats steps 2, 3, and 4. 


6. Upon returning from the exceptions handler in step 4 (or if no post-computation exceptions were detected), the 
processor completes the execution of the instruction. 


The implication of this procedure is that for unmasked exceptions, the processor can generate a SIMD floating- 
point exception (#XM) twice: once if it detects pre-computation exception conditions and a second time if it detects 
post-computation exception conditions. For example, if SIMD floating-point exceptions are unmasked for the 
computation shown in Figure 11-9, the processor would generate one SIMD floating-point exception for denormal 
operand conditions and a second SIMD floating-point exception for overflow and underflow (no inexact result 
exception would be generated because the multiplications of XO and YO and of X1 and Yi are exact). 


11.5.3.3. Handling Combinations of Masked and Unmasked Exceptions 


In situations where both masked and unmasked exceptions are detected, the processor will set exception flags for 
the masked and the unmasked exceptions. However, it will not return masked results until after the processor has 
detected and handled unmasked post-computation exceptions and returned from the exception handler (as in step 
6 above) to finish executing the instruction. 


11.5.4 Handling SIMD Floating-Point Exceptions in Software 


Section 4.9.3, “Typical Actions of a Floating-Point Exception Handler,” shows actions that may be carried out by a 
SIMD floating-point exception handler. The SSE/SSE2/SSE3 state is saved with the FXSAVE instruction (see Section 
11.6.5, “Saving and Restoring the SSE/SSE2 State”). 


11.5.5 Interaction of SIMD and x87 FPU Floating-Point Exceptions 


SIMD floating-point exceptions are generated independently from x87 FPU floating-point exceptions. SIMD 
floating-point exceptions do not cause assertion of the FERR# pin (independent of the value of CRO.NE[bit 5]). 
They ignore the assertion and deassertion of the IGNNE#¥ pin. 


If applications use SSE/SSE2/SSE3 instructions along with x87 FPU instructions (in the same task or program), 
consider the following: 


¢ SIMD floating-point exceptions are reported independently from the x87 FPU floating-point exceptions. SIMD 
and x87 FPU floating-point exceptions can be unmasked independently. Separate x87 FPU and SIMD floating- 
point exception handlers must be provided if the same exception is unmasked for x87 FPU and for 
SSE/SSE2/SSE3 operations. 

¢ The rounding mode specified in the MXCSR register does not affect x87 FPU instructions. Likewise, the rounding 
mode specified in the x87 FPU control word does not affect the SSE/SSE2/SSE3 instructions. To use the same 
rounding mode, the rounding control bits in the MXCSR register and in the x87 FPU control word must be set 
explicitly to the same value. 

¢ The flush-to-zero mode set in the MXCSR register for SSE/SSE2/SSE3 instructions has no counterpart in the 
x87 FPU. For compatibility with the x87 FPU, set the flush-to-zero bit to 0. 
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¢ The denormals-are-zeros mode set in the MXCSR register for SSE/SSE2/SSE3 instructions has no counterpart 
in the x87 FPU. For compatibility with the x87 FPU, set the denormals-are-zeros bit to 0. 


¢ An application that expects to detect x87 FPU exceptions that occur during the execution of x87 FPU instruc- 
tions will not be notified if exceptions occurs during the execution of corresponding SSE/SSE2/SSE3? instruc- 
tions, unless the exception masks that are enabled in the x87 FPU control word have also been enabled in the 
MXCSR register and the application is capable of handling SIMD floating-point exceptions (#XM). 


— Masked exceptions that occur during an SSE/SSE2/SSE3 library call cannot be detected by unmasking the 
exceptions after the call (in an attempt to generate the fault based on the fact that an exception flag is set). 
A SIMD floating-point exception flag that is set when the corresponding exception is unmasked will not 
generate a fault; only the next occurrence of that unmasked exception will generate a fault. 


— An application which checks the x87 FPU status word to determine if any masked exception flags were set 
during an x87 FPU library call will also need to check the MXCSR register to detect a similar occurrence of a 
masked exception flag being set during an SSE/SSE2/SSE3 library call. 


11.6 WRITING APPLICATIONS WITH SSE/SSE2 EXTENSIONS 


The following sections give some guidelines for writing application programs and operating-system code that uses 
the SSE and SSE2 extensions. Because SSE and SSE2 extensions share the same state and perform companion 
operations, these guidelines apply to both sets of extensions. 


Chapter 13 in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, discusses the inter- 
face to the processor for context switching as well as other operating system considerations when writing code that 
uses SSE/SSE2/SSE3 extensions. 


11.6.1 General Guidelines for Using SSE/SSE2 Extensions 


The following guidelines describe how to take full advantage of the performance gains available with the SSE and 
SSE2 extensions: 


¢ Ensure that the processor supports the SSE and SSE2 extensions. 


¢ Ensure that your operating system supports the SSE and SSE2 extensions. (Operating system support for the 
SSE extensions implies support for SSE2 extension and vice versa.) 


¢ Use stack and data alignment techniques to keep data properly aligned for efficient memory use. 
¢ Use the non-temporal store instructions offered with the SSE and SSE2 extensions. 


¢ Employ the optimization and scheduling techniques described in the Intel Pentium 4 Optimization Reference 
Manual (see Section 1.4, “Related Literature,” for the order number for this manual). 


11.6.2 Checking for SSE/SSE2 Support 


Before an application attempts to use the SSE and/or SSE2 extensions, it should check that they are present on the 
processor: 


1. Check that the processor supports the CPUID instruction. Bit 21 of the EFLAGS register can be used to check 
processor’s support the CPUID instruction. 


2. Check that the processor supports the SSE and/or SSE2 extensions (true if CPUID.OLH:EDX.SSE[bit 25] = 1 
and/or CPUID.01H:EDX.SSE2[bit 26] = 1). 


Operating system must provide system level support for handling SSE state, exceptions before an application can 
use the SSE and/or SSE2 extensions (see Chapter 13 in the Intel® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 3A). 


1. SSE€3 refers to ADDSUBPD, ADDSUBPS, HADDPD, HADDPS, HSUBPD and HSUBPS; the only other SSE3 instruction that can raise 
floating-point exceptions is FISTTP: it can generate x87 FPU invalid operation and inexact result exceptions. 
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If the processor attempts to execute an unsupported SSE or SSE2 instruction, the processor will generate an 
invalid-opcode exception (#UD). If an operating system did not provide adequate system level support for SSE, 
executing an SSE or SSE2 instructions can also generate #UD. 


11.6.3. Checking for the DAZ Flag in the MXCSR Register 


The denormals-are-zero flag in the MXCSR register is available in most of the Pentium 4 processors and in the Intel 
Xeon processor, with the exception of some early steppings. To check for the presence of the DAZ flag in the MKCSR 
register, do the following: 


1. Establish a 512-byte FXSAVE area in memory. 
2. Clear the FXSAVE area to all Os. 


3. Execute the FXSAVE instruction, using the address of the first byte of the cleared FXSAVE area as a source 
operand. See “FXSAVE—Save x87 FPU, MMX, SSE, and SSE2 State” in Chapter 3 of the Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 2A, for a description of the FXSAVE instruction and the 
layout of the FXSAVE image. 


4. Check the value in the MKCSR_MASK field in the FXSAVE image (bytes 28 through 31). 


— If the value of the MXCSR_MASK field is OOOOOO00H, the DAZ flag and denormals-are-zero mode are not 
supported. 


— If the value of the MXCSR_MASK field is non-zero and bit 6 is set, the DAZ flag and denormals-are-zero 
mode are supported. 


If the DAZ flag is not supported, then it is a reserved bit and attempting to write a 1 to it will cause a general- 
protection exception (#GP). See Section 11.6.6, “Guidelines for Writing to the MXCSR Register,” for general guide- 
lines for preventing general-protection exceptions when writing to the MXCSR register. 


11.6.4 Initialization of SSE/SSE2 Extensions 


The SSE and SSE2 state is contained in the XMM and MXCSR registers. Upon a hardware reset of the processor, this 
state is initialized as follows (see Table 11-2): 


¢ All SIMD floating-point exceptions are masked (bits 7 through 12 of the MXCSR register is set to 1). 

¢ All SIMD floating-point exception flags are cleared (bits 0 through 5 of the MXCSR register is set to 0). 
¢ The rounding control is set to round-nearest (bits 13 and 14 of the MXCSR register are set to OOB). 

¢ The flush-to-zero mode is disabled (bit 15 of the MXCSR register is set to 0). 


¢ The denormals-are-zeros mode is disabled (bit 6 of the MXCSR register is set to 0). If the denormals-are-zeros 
mode is not supported, this bit is reserved and will be set to 0 on initialization. 


¢ Each of the XMM registers is cleared (set to all zeros). 


Table 11-2. SSE and SSE2 State Following a Power-up/Reset or INIT 


Registers Power-Up or Reset INIT 
XMMO through XMM7 +0.0 Unchanged 
MXCSR 1F80H Unchanged 


If the processor is reset by asserting the INIT# pin, the SSE and SSE2 state is not changed. 


11.6.5 Saving and Restoring the SSE/SSE2 State 


The FXSAVE instruction saves the x87 FPU, MMX, SSE and SSE2 states (which includes the contents of eight XMM 
registers and the MXCSR registers) in a 512-byte block of memory. The FXRSTOR instruction restores the saved 
SSE and SSE2 state from memory. See the FXSAVE instruction in Chapter 3 of the Inte/® 64 and IA-32 Architec- 
tures Software Developer’s Manual, Volume 2A, for the layout of the 512-byte state block. 


11-20 Vol. 1 


PROGRAMMING WITH INTEL® STREAMING SIMD EXTENSIONS 2 (INTEL® SSE2) 


In addition to saving and restoring the SSE and SSE2 state, FXSAVE and FXRSTOR also save and restore the x87 
FPU state (because MMX registers are aliased to the x87 FPU data registers this includes saving and restoring the 
MMX state). For greater code efficiency, it is suggested that FXSAVE and FXRSTOR be substituted for the FSAVE, 
FNSAVE and FRSTOR instructions in the following situations: 


¢ When a context switch is being made in a multitasking environment 
® During calls and returns from interrupt and exception handlers 


In situations where the code is switching between x87 FPU and MMX technology computations (without a context 
switch or a call to an interrupt or exception), the FSAVE/FNSAVE and FRSTOR instructions are more efficient than 
the FXSAVE and FXRSTOR instructions. 


11.6.6 Guidelines for Writing to the MXCSR Register 


The MXCSR has several reserved bits, and attempting to write a 1 to any of these bits will cause a general-protec- 
tion exception (#GP) to be generated. To allow software to identify these reserved bits, the MKCSR_MASK value is 
provided. Software can determine this mask value as follows: 


1. Establish a 512-byte FXSAVE area in memory. 
2. Clear the FXSAVE area to all Os. 


3. Execute the FXSAVE instruction, using the address of the first byte of the cleared FXSAVE area as a source 
operand. See “FXSAVE—Save x87 FPU, MMX, SSE, and SSE2 State” in Chapter 3 of the Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 2A, for a description of FXSAVE and the layout of the 
FXSAVE image. 


4. Check the value in the MKCSR_MASK field in the FXSAVE image (bytes 28 through 31). 


— Ifthe value of the MKCSR_MASK field is OOOOOO00H, then the MXCSR_MASK value is the default value of 
OOOOFFBFH. Note that this value indicates that bit 6 of the MXCSR register is reserved; this setting indicates 
that the denormals-are-zero mode is not supported on the processor. 


— Ifthe value of the MKCSR_MASK field is non-zero, the MKCSR_MASK value should be used as the 
MXCSR_MASK. 


All bits set to 0 in the MKCSR_MASK value indicate reserved bits in the MXCSR register. Thus, if the MKCSR_MASK 
value is AND’d with a value to be written into the MXCSR register, the resulting value will be assured of having all 
its reserved bits set to 0, preventing the possibility of a general-protection exception being generated when the 
value is written to the MXCSR register. 


For example, the default MKCSR_MASK value when OOOOOOOOH is returned in the FXSAVE image is OOOOFFBFH. If 
software AND’s a value to be written to MXCSR register with OOOOFFBFH, bit 6 of the result (the DAZ flag) will be 
ensured of being set to 0, which is the required setting to prevent general-protection exceptions on processors that 
do not support the denormals-are-zero mode. 


To prevent general-protection exceptions, the MKCSR_MASK value should be AND’d with the value to be written 
into the MXCSR register in the following situations: 


* Operating system routines that receive a parameter from an application program and then write that value to 
the MXCSR register (either with an FXRSTOR or LDMXCSR instruction) 


¢ Any application program that writes to the MXCSR register and that needs to run robustly on several different 
IA-32 processors 


Note that all bits in the MXCSR_MASK value that are set to 1 indicate features that are supported by the MXCSR 
register; they can be treated as feature flags for identifying processor capabilities. 


11.6.7. —_ Interaction of SSE/SSE2 Instructions with x87 FPU and MMxX Instructions 


The XMM registers and the x87 FPU and MMX registers represent separate execution environments, which has 
certain ramifications when executing SSE, SSE2, MMX, and x87 FPU instructions in the same code module or when 
mixing code modules that contain these instructions: 
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¢ Those SSE and SSE2 instructions that operate only on XMM registers (such as the packed and scalar floating- 
point instructions and the 128-bit SIMD integer instructions) in the same instruction stream with 64-bit SIMD 
integer or x87 FPU instructions without any restrictions. For example, an application can perform the majority 
of its floating-point computations in the XMM registers, using the packed and scalar floating-point instructions, 
and at the same time use the x87 FPU to perform trigonometric and other transcendental computations. 
Likewise, an application can perform packed 64-bit and 128-bit SIMD integer operations together without 
restrictions. 


¢ Those SSE and SSE2 instructions that operate on MMX registers (such as the CVTPS2PI, CVTTPS2PI, CVTPI2PS, 
CVTPD2PI, CVTTPD2PI, CVTPIZ2PD, MOVDQ2Q, MOVQ2DQ, PADDQ, and PSUBQ instructions) can also be 
executed in the same instruction stream as 64-bit SIMD integer or x87 FPU instructions, however, here they are 
subject to the restrictions on the simultaneous use of MMX technology and x87 FPU instructions, which include: 


— Transition from x87 FPU to MMX technology instructions or to SSE or SSE2 instructions that operate on MMX 
registers should be preceded by saving the state of the x87 FPU. 


— Transition from MMX technology instructions or from SSE or SSE2 instructions that operate on MMX 
registers to x87 FPU instructions should be preceded by execution of the EMMS instruction. 


11.6.8 Compatibility of SIMD and x87 FPU Floating-Point Data Types 


SSE and SSE2 extensions operate on the same single-precision and double-precision floating-point data types that 
the x87 FPU operates on. However, when operating on these data types, the SSE and SSE2 extensions operate on 
them in their native format (single-precision or double-precision), in contrast to the x87 FPU which extends them 
to double extended-precision floating-point format to perform computations and then rounds the result back to a 
single-precision or double-precision format before writing results to memory. Because the x87 FPU operates on a 
higher precision format and then rounds the result to a lower precision format, it may return a slightly different 
result when performing the same operation on the same single-precision or double-precision floating-point values 
than is returned by the SSE and SSE2 extensions. The difference occurs only in the least-significant bits of the 
significand. 


11.6.9 Mixing Packed and Scalar Floating-Point and 128-Bit SIMD Integer Instructions and 
Data 


SSE and SSE2 extensions define typed operations on packed and scalar floating-point data types and on 128-bit 
SIMD integer data types, but IA-32 processors do not enforce this typing at the architectural level. They only 
enforce it at the microarchitectural level. Therefore, when a Pentium 4 or Intel Xeon processor loads a packed or 
scalar floating-point operand or a 128-bit packed integer operand from memory into an XMM register, it does not 
check that the actual data being loaded matches the data type specified in the instruction. Likewise, when the 
processor performs an arithmetic operation on the data in an XMM register, it does not check that the data being 
operated on matches the data type specified in the instruction. 


As a general rule, because data typing of SIMD floating-point and integer data types is not enforced at the archi- 
tectural level, it is the responsibility of the programmer, assembler, or compiler to ensure that code enforces data 
typing. Failure to enforce correct data typing can lead to computations that return unexpected results. 


For example, in the following code sample, two packed single-precision floating-point operands are moved from 
memory into XMM registers (using MOVAPS instructions); then a double-precision packed add operation (using the 
ADDPD instruction) is performed on the operands: 


movaps xmm0, [eax] ;€AX register contains pointer to packed 
; single-precision floating-point operand 

movaps xmm1, [ebx] 

addpd xmmo, xmm1 


Pentium 4 and Intel Xeon processors execute these instructions without generating an invalid-operand exception 

(#UD) and will produce the expected results in register XMMO (that is, the high and low 64-bits of each register will 
be treated as a double-precision floating-point value and the processor will operate on them accordingly). Because 
the data types operated on and the data type expected by the ADDPD instruction were inconsistent, the instruction 
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may result in a SIMD floating-point exception (such as numeric overflow [#0] or invalid operation [#I]) being 
generated, but the actual source of the problem (inconsistent data types) is not detected. 


The ability to operate on an operand that contains a data type that is inconsistent with the typing of the instruction 
being executed, permits some valid operations to be performed. For example, the following instructions load a 
packed double-precision floating-point operand from memory to register XMMO, and a mask to register XMM1; 
then they use XORPD to toggle the sign bits of the two packed values in register XMMO. 


movapd xmm0, [eax] ; €AX register contains pointer to packed 
; double-precision floating-point operand 
movaps xmm1,[ebx] ; EBX register contains pointer to packed 
; double-precision floating-point mask 
xorpd xmm0O, xmm1_; XOR operation toggles sign bits using 
; the mask in xmm1 


In this example: XORPS or PXOR can be used in place of XORPD and yield the same correct result. However, 
because of the type mismatch between the operand data type and the instruction data type, a latency penalty will 
be incurred due to implementations of the instructions at the microarchitecture level. 


Latency penalties can also be incurred by using move instructions of the wrong type. For example, MOVAPS and 
MOVAPD can both be used to move a packed single-precision operand from memory to an XMM register. However, 
if MOVAPD is used, a latency penalty will be incurred when a correctly typed instruction attempts to use the data in 
the register. 


Note that these latency penalties are not incurred when moving data from XMM registers to memory. 


11.6.10 Interfacing with SSE/SSE2 Procedures and Functions 


SSE and SSE2 extensions allow direct access to XMM registers. This means that all existing interface conventions 
between procedures and functions that apply to the use of the general-purpose registers (EAX, EBX, etc.) also 
apply to XMM register usage. 


11.6.10.1 Passing Parameters in XMM Registers 


The state of XMM registers is preserved across procedure (or function) boundaries. Parameters can be passed from 
one procedure to another using XMM registers. 


11.6.10.2 Saving XMM Register State on a Procedure or Function Call 


The state of XMM registers can be saved in two ways: using an FXSAVE instruction or a move instruction. FXKSAVE 
saves the state of all XMM registers (along with the state of MXCSR and the x87 FPU registers). This instruction is 
typically used for major changes in the context of the execution environment, such as a task switch. FXRSTOR 
restores the XMM, MXCSR, and x87 FPU registers stored with FXSAVE. 


In cases where only XMM registers must be saved, or where selected XMM registers need to be saved, move 
instructions (MOVAPS, MOVUPS, MOVSS, MOVAPD, MOVUPD, MOVSD, MOVDQA, and MOVDQU) can be used. 
These instructions can also be used to restore the contents of XMM registers. To avoid performance degradation 
when saving XMM registers to memory or when loading XMM registers from memory, be sure to use the appropri- 
ately typed move instructions. 


The move instructions can also be used to save the contents of XMM registers on the stack. Here, the stack pointer 
(in the ESP register) can be used as the memory address to the next available byte in the stack. Note that the stack 
pointer is not automatically incremented when using a move instruction (as it is with PUSH). 


A move-instruction procedure that saves the contents of an XMM register to the stack is responsible for decre- 
menting the value in the ESP register by 16. Likewise, a move-instruction procedure that loads an XMM register 
from the stack needs also to increment the ESP register by 16. To avoid performance degradation when moving the 
contents of XMM registers, use the appropriately typed move instructions. 
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Use the LDMXCSR and STMXCSR instructions to save and restore, respectively, the contents of the MXCSR register 
on a procedure call and return. 


11.6.10.3 Caller-Save Recommendation for Procedure and Function Calls 


When making procedure (or function) calls from SSE or SSE2 code, a caller-save convention is recommended for 
saving the state of the calling procedure. Using this convention, any register whose content must survive intact 
across a procedure call must be stored in memory by the calling procedure prior to executing the call. 


The primary reason for using the caller-save convention is to prevent performance degradation. XMM registers can 
contain packed or scalar double-precision floating-point, packed single-precision floating-point, and 128-bit packed 
integer data types. The called procedure has no way of knowing the data types in XMM registers following a call; so 
it is unlikely to use the correctly typed move instruction to store the contents of XMM registers in memory or to 
restore the contents of XMM registers from memory. 


As described in Section 11.6.9, “Mixing Packed and Scalar Floating-Point and 128-Bit SIMD Integer Instructions 
and Data,” executing a move instruction that does not match the type for the data being moved to/from XMM regis- 
ters will be carried out correctly, but can lead to a greater instruction latency. 


11.6.11 Updating Existing MMX Technology Routines Using 128-Bit SIMD Integer Instructions 


SSE2 extensions extend all 64-bit MMX SIMD integer instructions to operate on 128-bit SIMD integers using XMM 
registers. The extended 128-bit SIMD integer instructions operate like the 64-bit SIMD integer instructions; this 
simplifies the porting of MMX technology applications. However, there are considerations: 


* To take advantage of wider 128-bit SIMD integer instructions, MMX technology code must be recompiled to 
reference the XMM registers instead of MMX registers. 


* Computation instructions that reference memory operands that are not aligned on 16-byte boundaries should 
be replaced with an unaligned 128-bit load (MOVUDQ instruction) followed by a version of the same 
computation operation that uses register instead of memory operands. Use of 128-bit packed integer 
computation instructions with memory operands that are not 16-byte aligned results in a general protection 
exception (#GP). 


° Extension of the PSHUFW instruction (shuffle word across 64-bit integer operand) across a full 128-bit operand 
is emulated by a combination of the following instructions: PGHUFHW, PSHUFLW, and PSHUFD. 


e  =Use of the 64-bit shift by bit instructions (PSRLQ, PSLLQ) can be extended to 128 bits in either of two ways: 
— Use of PSRLQ and PSLLQ, along with masking logic operations. 
— Rewriting the code sequence to use PSRLDQ and PSLLDQ (shift double quadword operand by bytes) 


¢ Loop counters need to be updated, since each 128-bit SIMD integer instruction operates on twice the amount 
of data as its 64-bit SIMD integer counterpart. 


11.6.12 Branching on Arithmetic Operations 


There are no condition codes in SSE or SSE2 states. A packed-data comparison instruction generates a mask which 
can then be transferred to an integer register. The following code sequence provides an example of how to perform 
a conditional branch, based on the result of an SSE2 arithmetic operation. 


cmppd XMMO, XMM1 ; generates a mask in XMMO 
movmskpd EAX, XMMO ;moves a 2 bit mask to eax 
test EAX, 0 ; compare with desired result 
jne BRANCH TARGET 


The COMISD and UCOMISD instructions update the EFLAGS as the result of a scalar comparison. A conditional 
branch can then be scheduled immediately following COMISD/UCOMISD. 
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11.6.13 Cacheability Hint Instructions 


SSE and SSE2 cacheability control instructions enable the programmer to control prefetching, caching, loading and 
storing of data. When correctly used, these instructions improve application performance. 


To make efficient use of the processor’s super-scalar microarchitecture, a program needs to provide a steady 
stream of data to the executing program to avoid stalling the processor. PREFETCHA instructions minimize the 
latency of data accesses in performance-critical sections of application code by allowing data to be fetched into the 
processor cache hierarchy in advance of actual usage. 


PREFETCHA instructions do not change the user-visible semantics of a program, although they may affect perfor- 
mance. The operation of these instructions is implementation-dependent. Programmers may need to tune code for 
each IA-32 processor implementation. Excessive usage of PREFETCHhA instructions may waste memory bandwidth 
and reduce performance. For more detailed information on the use of prefetch hints, refer to Chapter 7, “Opti- 
mizing Cache Usage,”, in the Inte/® 64 and IA-32 Architectures Optimization Reference Manual. 


The non-temporal store instructions (MOVNTI, MOVNTPD, MOVNTPS, MOVNTDQ, MOVNTQ, MASKMOVQ, and 
MASKMOVDQU) minimize cache pollution when writing non-temporal data to memory (see Section 10.4.6.1, 
“Cacheability Control Instructions” and Section 10.4.6.2, “Caching of Temporal vs. Non-Temporal Data”). They 
prevent non-temporal data from being written into processor caches on a store operation. 


Besides reducing cache pollution, the use of weakly-ordered memory types can be important under certain data 
sharing relationships, such as a producer-consumer relationship. The use of weakly ordered memory can make the 
assembling of data more efficient; but care must be taken to ensure that the consumer obtains the data that the 
producer intended. Some common usage models that may be affected in this way by weakly-ordered stores are: 


¢ Library functions that use weakly ordered memory to write results 
* Compiler-generated code that writes weakly-ordered results 
° Hand-crafted code 


The degree to which a consumer of data knows that the data is weakly ordered can vary for these cases. As a 
result, the SFENCE or MFENCE instruction should be used to ensure ordering between routines that produce 
weakly-ordered data and routines that consume the data. SFENCE and MFENCE provide a performance-efficient 
way to ensure ordering by guaranteeing that every store instruction that precedes SFENCE/MFENCE in program 
order is globally visible before a store instruction that follows the fence. 


11.6.14 Effect of Instruction Prefixes on the SSE/SSE2 Instructions 


Table 11-3 describes the effects of instruction prefixes on SSE and SSE2 instructions. (Table 11-3 also applies to 

SIMD integer and SIMD floating-point instructions in SSE3.) Unpredictable behavior can range from prefixes being 
treated as a reserved operation on one generation of IA-32 processors to generating an invalid opcode exception 
on another generation of processors. 


See also “Instruction Prefixes” in Chapter 2 of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2A, for complete description of instruction prefixes. 


NOTE 


Some SSE/SSE2/SSE3 instructions have two-byte opcodes that are either 2 bytes or 3 bytes in 
length. Two-byte opcodes that are 3 bytes in length consist of: a mandatory prefix (F2H, F3H, or 
66H), OFH, and an opcode byte. See Table 11-3. 
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Table 11-3. Effect of Prefixes on SSE, SSE2, and SSE3 Instructions 


Prefix Type Effect on SSE, SSE2 and SSE3 Instructions 
Address Size Prefix (67H) Affects instructions with a memory operand. 
Reserved for instructions without a memory operand and may result in unpredictable 
behavior. 
Operand Size (66H) Reserved and may result in unpredictable behavior. 
Segment Override Affects instructions with a memory operand. 
(2EH,36H,3EH,26H,64H,65H) 


Reserved for instructions without a memory operand and may result in unpredictable 
behavior. 


Repeat Prefixes (F2H and F3H) 


Reserved and may result in unpredictable behavior. 


Lock Prefix (FOH) 


Reserved; generates invalid opcode exception (HUD). 


Branch Hint Prefixes(E2H and E3H) 


Reserved and may result in unpredictable behavior. 
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CHAPTER 12 
PROGRAMMING WITH INTEL® SSE3, SSSE3, 
INTEL® SSE4 AND INTEL® AESNI 


This chapter describes SSE3, SSSE3, SSE4 and provides information to assist in writing application programs that 
use these extensions. 


AESNI and PCLMLQDQ are instruction extensions targeted to accelerate high-speed block encryption and crypto- 
graphic processing. Section 12.13 covers these instructions and their relationship to the Advanced Encryption 
Standard (AES). 


12.1 PROGRAMMING ENVIRONMENT AND DATA TYPES 


The programming environment for using SSE3, SSSE3, and SSE4 is unchanged from those shown in Figure 3-1 and 
Figure 3-2. SSE3, SSSE3, and SSE4 do not introduce new data types. XMM registers are used to operate on packed 
integer data, single-precision floating-point data, or double-precision floating-point data. 


One SSE3 instruction uses the x87 FPU for x87-style programming. There are two SSE3 instructions that use the 
general registers for thread synchronization. The MXCSR register governs SIMD floating-point operations. Note, 
however, that the x87FPU control word does not affect the SSE3 instruction that is executed by the x87 FPU 
(FISTTP), other than by unmasking an invalid operand or inexact result exception. 


SSE4 instructions do not use MMX registers. The majority of SSE4.2! instructions and SSE4.1 instructions operate 
on XMM registers. 


12.1.1 SSE3, SSSE3, SSE4 in 64-Bit Mode and Compatibility Mode 


In compatibility mode, SSE3, SSSE3, and SSE4 function like they do in protected mode. In 64-bit mode, eight addi- 
tional XMM registers are accessible. Registers XMM8-XMM15 are accessed by using REX prefixes. 


Memory operands are specified using the ModR/M, SIB encoding described in Section 3.7.5. 


Some SSE3, SSSE3, and SSE4 instructions may be used to operate on general-purpose registers. Use the REX.W 
prefix to access 64-bit general-purpose registers. Note that if a REX prefix is used when it has no meaning, the 
prefix is ignored. 


12.1.2 Compatibility of SSE3/SSSE3 with MMX Technology, the x87 FPU Environment, and 
SSE/SSE2 Extensions 
SSE3, SSSE3, and SSE4 do not introduce any new state to the Intel 64 and IA-32 execution environments. 


For SIMD and x87 programming, the FXSAVE and FXRSTOR instructions save and restore the architectural states 
of XMM, MXCSR, x87 FPU, and MMX registers. The MONITOR and MWAIT instructions use general purpose registers 
on input, they do not modify the content of those registers. 


12.1.3. Horizontal and Asymmetric Processing 


Many SSE/SSE2/SSE3/SSSE3 instructions accelerate SIMD data processing using a model referred to as vertical 
computation. Using this model, data flow is vertical between the data elements of the inputs and the output. 


Figure 12-1 illustrates the asymmetric processing of the SSE3 instruction ADDSUBPD. Figure 12-2 illustrates the 
horizontal data movement of the SSE3 instruction HADDPD. 


1. Although the presence of CRC32 support is enumerated by CPUID.01:ECX[SSE4.2] = 1, CRC32 operates on general purpose regis- 
ters. 
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Figure 12-1. Asymmetric Processing in ADDSUBPD 
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Figure 12-2. Horizontal Data Movement in HADDPD 


12.2 OVERVIEW OF SSE3 INSTRUCTIONS 


SSE3 extensions include 13 instructions. See: 


® Section 12.3, “SSE3 Instructions,” provides an introduction to individual SSE3 instructions. 
° Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A & 2B, provide detailed 


information on individual instructions. 


¢ Chapter 13, “System Programming for Instruction Set Extensions and Processor Extended States,” in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, gives guidelines for integrating 


SSE/SSE2/SSE3 extensions into an operating-system environment. 


12.3. SSE3 INSTRUCTIONS 


SSE3 instructions are grouped as follows: 
¢ ~=x87 FPU instruction 


— One instruction that improves x87 FPU floating-point to integer conversion 


¢ SIMD integer instruction 
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— One instruction that provides a specialized 128-bit unaligned data load 
¢ SIMD floating-point instructions 

— Three instructions that enhance LOAD/MOVE/DUPLICATE performance 

— ‘Two instructions that provide packed addition/subtraction 

— Four instructions that provide horizontal addition/subtraction 
¢ Thread synchronization instructions 

— Two instructions that improve synchronization between multi-threaded agents 
The instructions are discussed in more detail in the following paragraphs. 


12.3.1. x87 FPU Instruction for Integer Conversion 


The FISTTP instruction (x87 FPU Store Integer and Pop with Truncation) behaves like FISTP, but uses truncation 
regardless of what rounding mode is specified in the x87 FPU control word. The instruction converts the top of stack 
(STO) to integer with rounding to and pops the stack. 


The FISTTP instruction is available in three precisions: short integer (word or 16-bit), integer (double word or 32- 
bit), and long integer (64-bit). With FISTTP, applications no longer need to change the FCW when truncation is 
required. 


12.3.2 SIMD Integer Instruction for Specialized 128-bit Unaligned Data Load 


The LDDQU instruction is a special 128-bit unaligned load designed to avoid cache line splits. If the address of a 16- 
byte load is on a 16-byte boundary, LDQQU loads the bytes requested. If the address of the load is not aligned on 
a 16-byte boundary, LDDQU loads a 32-byte block starting at the 16-byte aligned address immediately below the 
load request. It then extracts the requested 16 bytes. 


The instruction provides significant performance improvement on 128-bit unaligned memory accesses at the cost 
of some usage model restrictions. 


12.3.3. SIMD Floating-Point Instructions That Enhance LOAD/MOVE/DUPLICATE Performance 
The MOVSHDUP instruction loads/moves 128-bits, duplicating the second and fourth 32-bit data elements. 
¢ MOVSHDUP OperandA, OperandB 
— OperandA (128 bits, four data elements): 33, 23, 1a, O3 
— OperandB (128 bits, four data elements): 3p, 2p, 1p, Op 
— Result (stored in OperandA): 3p, 3p, 1b, 1p 
The MOVSLDUP instruction loads/moves 128-bits, duplicating the first and third 32-bit data elements. 
¢ MOVSLDUP OperandA, OperandB 
— OperandA (128 bits, four data elements): 33, 23, 1a, 03 
— OperandB (128 bits, four data elements): 3p, 2p, 1b, Op 
— Result (stored in OperandA): 25, 2p, Op, Op 
The MOVDDUP instruction loads/moves 64-bits; duplicating the 64 bits from the source. 
¢ MOVDDUP OperandA, OperandB 
— OperandA (128 bits, two data elements): 1,, 0, 
— OperandB (64 bits, one data element): O, 
— Result (stored in OperandA): Op, Op 
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12.3.4 SIMD Floating-Point Instructions Provide Packed Addition/Subtraction 


The ADDSUBPS instruction has two 128-bit operands. The instruction performs single-precision addition on the 
second and fourth pairs of 32-bit data elements within the operands; and single-precision subtraction on the first 
and third pairs. 


¢ ADDSUBPS OperandA, OperandB 
— OperandA (128 bits, four data elements): 33, 23, 13, 0, 
— OperandB (128 bits, four data elements): 3p, 2p, 1p, Op 
— Result (stored in OperandA): 33+3p, 29-2, 1la+1p, 0a-Op 


The ADDSUBPD instruction has two 128-bit operands. The instruction performs double-precision addition on the 
second pair of quadwords, and double-precision subtraction on the first pair. 


¢ ADDSUBPD OperandA, OperandB 
— OperandA (128 bits, two data elements): 1,, 0, 
— OperandB (128 bits, two data elements): 1p, Op 
— Result (stored in OperandA): 13+1p, 03-Op 


12.3.5 SIMD Floating-Point Instructions Provide Horizontal Addition/Subtraction 


Most SIMD instructions operate vertically. This means that the result in position i is a function of the elements in 
position i of both operands. Horizontal addition/subtraction operates horizontally. This means that contiguous data 
elements in the same source operand are used to produce a result. 


The HADDPS instruction performs a single-precision addition on contiguous data elements. The first data element 
of the result is obtained by adding the first and second elements of the first operand; the second element by adding 
the third and fourth elements of the first operand; the third by adding the first and second elements of the second 
operand; and the fourth by adding the third and fourth elements of the second operand. 


¢ HADDPS OperandA, OperandB 
— OperandA (128 bits, four data elements): 33, 23, 1a, Oa 
— OperandB (128 bits, four data elements): 3p, 2p, 1p, Op 
— Result (Stored in OperandA): 3p+2p, 1p+0p, 33+2a, 1a+0a 


The HSUBPS instruction performs a single-precision subtraction on contiguous data elements. The first data 
element of the result is obtained by subtracting the second element of the first operand from the first element of 
the first operand; the second element by subtracting the fourth element of the first operand from the third element 
of the first operand; the third by subtracting the second element of the second operand from the first element of 
the second operand; and the fourth by subtracting the fourth element of the second operand from the third 
element of the second operand. 


¢ HSUBPS OperandA, OperandB 
— OperandA (128 bits, four data elements): 33, 2a, 1a, Oa 
— OperandB (128 bits, four data elements): 3p, 2p, 1p, Op 
— Result (Stored in OperandA): 24-3), Op-1p, 24-34, Oa-1a 


The HADDPD instruction performs a double-precision addition on contiguous data elements. The first data element 
of the result is obtained by adding the first and second elements of the first operand; the second element by adding 
the first and second elements of the second operand. 


¢ HADDPD OperandA, OperandB 
— OperandA (128 bits, two data elements): 1,, 05 
— OperandB (128 bits, two data elements): 1p, Op 
— Result (Stored in OperandA): 1,+0,, 1,+0, 
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The HSUBPD instruction performs a double-precision subtraction on contiguous data elements. The first data 
element of the result is obtained by subtracting the second element of the first operand from the first element of 
the first operand; the second element by subtracting the second element of the second operand from the first 
element of the second operand. 


¢ HSUBPD OperandA OperandB 
— OperandA (128 bits, two data elements): 13, 03 
— OperandB (128 bits, two data elements): 1p, Op 
— Result (Stored in OperandA): Op-1p, 03-15 


12.3.6 Two Thread Synchronization Instructions 
The MONITOR instruction sets up an address range that is used to monitor write-back-stores. 


MWAIT enables a logical processor to enter into an optimized state while waiting for a write-back-store to the 
address range set up by MONITOR. MONITOR and MWAIT require the use of general purpose registers for its input. 
The registers used by MONITOR and MWAIT must be initialized properly; register content is not modified by these 
instructions. 


12.4 WRITING APPLICATIONS WITH SSE3 EXTENSIONS 


The following sections give guidelines for writing application programs and operating-system code that use SSE3 
instructions. 


12.4.1 Guidelines for Using SSE3 Extensions 
The following guidelines describe how to maximize the benefits of using SSE3 extensions: 
° Check that the processor supports SSE3 extensions. 


— Application may need to ensure that the target operating system supports SSE3. (Operating system 
support for the SSE extensions implies sufficient support for SSE2 extensions and SSE3 extensions.) 


¢ Ensure your operating system supports MONITOR and MWAIT. 


¢ Employ the optimization and scheduling techniques described in the Intel® 64 and IA-32 Architectures Optimi- 
zation Reference Manual (see Section 1.4, “Related Literature”). 


12.4.2 Checking for SSE3 Support 


Before an application attempts to use the SIMD subset of SSE3 extensions, the application should follow the steps 
illustrated in Section 11.6.2, “Checking for SSE/SSE2 Support.” Next, use the additional step provided below: 


¢ Check that the processor supports the SIMD and x87 SSE3 extensions (if CPUID.01H:ECX.SSE3[bit 0] = 1). 


An operating systems that provides application support for SSE, SSE2 also provides sufficient application support 
for SSE3. To use FISTTP, software only needs to check support for SSE3. 


In the initial implementation of MONITOR and MWAIT, these two instructions are available to ring 0 and condition- 
ally available at ring level greater than 0. Before an application attempts to use the MONITOR and MWAIT instruc- 
tions, the application should use the following steps: 


1. Check that the processor supports MONITOR and MWAIT. If CPUID.01H:ECX.MONITOR[bit 3] = 1, MONITOR 
and MWAIT are available at ring 0. 


2. Query the smallest and largest line size that MONITOR uses. Use CPUID.05H:EAX.smallest[bits 
15:0];EBX.largest[bits15:0]. Values are returned in bytes in EAX and EBX. 


3. Ensure the memory address range(s) that will be supplied to MONITOR meets memory type requirements. 
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MONITOR and MWAIT are targeted for system software that supports efficient thread synchronization, See Chapter 
13 in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A for details. 


12.4.3. Enable FTZ and DAZ for SIMD Floating-Point Computation 


Enabling the FTZ and DAZ flags in the MXCSR register is likely to accelerate SIMD floating-point computation where 
strict compliance to the IEEE standard 754-1985 is not required. The FTZ flag is available to Intel 64 and IA-32 
processors that support the SSE; DAZ is available to Intel 64 processors and to most IA-32 processors that support 
SSE/SSE2/SSE3. 


Software can detect the presence of DAZ, modify the MXCSR register, and save and restore state information by 
following the techniques discussed in Section 11.6.3 through Section 11.6.6. 


12.4.4 Programming SSE3 with SSE/SSE2 Extensions 


SIMD instructions in SSE3 extensions are intended to complement the use of SSE/SSE2 in programming SIMD 
applications. Application software that intends to use SSE3 instructions should also check for the availability of 
SSE/SSE2 instructions. 


The FISTTP instruction in SSE3 is intended to accelerate x87 style programming where performance is limited by 
frequent floating-point conversion to integers; this happens when the x87 FPU control word is modified frequently. 
Use of FISTTP can eliminate the need to access the x87 FPU control word. 


12.5 OVERVIEW OF SSSE3 INSTRUCTIONS 

SSSE3 provides 32 instructions to accelerate a variety of multimedia and signal processing applications employing 
SIMD integer data. See: 

® Section 12.6, “SSSE3 Instructions,” provides an introduction to individual SSSE3 instructions. 


° Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A & 2B, provide detailed 
information on individual instructions. 


¢ Chapter 13, “System Programming for Instruction Set Extensions and Processor Extended States,” in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, gives guidelines for integrating 
SSE/SSE2/SSE3/SSSE3 extensions into an operating-system environment. 


12.6 SSSE3 INSTRUCTIONS 


SSSE3 instructions include: 

° Twelve instructions that perform horizontal addition or subtraction operations. 

¢ Six instructions that evaluate the absolute values. 

¢* Two instructions that perform multiply and add operations and speed up the evaluation of dot products. 

¢ Two instructions that accelerate packed-integer multiply operations and produce integer values with scaling. 
° Two instructions that perform a byte-wise, in-place shuffle according to the second shuffle control operand. 


¢ Six instructions that negate packed integers in the destination operand if the signs of the corresponding 
element in the source operand is less than zero. 


¢ Two instructions that align data from the composite of two operands. 


The operands of these instructions are packed integers of byte, word, or double word sizes. The operands are 
stored as 64 or 128 bit data in MMX registers, XMM registers, or memory. 


The instructions are discussed in more detail in the following paragraphs. 
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12.6.1 Horizontal Addition/Subtraction 


In analogy to the packed, floating-point horizontal add and subtract instructions in SSE3, SSSE3 offers similar 
capabilities on packed integer data. Data elements of signed words, doublewords are supported. Saturated version 
for horizontal add and subtract on signed words are also supported. The horizontal data movement of PHADD is 
shown in Figure 12-3. 


—* 


Y2+Y3 | YO+Y1 | X2 + X3 | XO + X1 


Figure 12-3. Horizontal Data Movement in PHADDD 


There are six horizontal add instructions (represented by three mnemonics); three operate on 128-bit operands 
and three operate on 64-bit operands. The width of each data element is either 16 bits or 32 bits. The mnemonics 
are listed below. 


¢ PHADDW adds two adjacent, signed 16-bit integers horizontally from the source and destination operands and 
packs the signed 16-bit results to the destination operand. 


¢ PHADDSW adds two adjacent, signed 16-bit integers horizontally from the source and destination operands 
and packs the signed, saturated 16-bit results to the destination operand. 


¢ PHADDD adds two adjacent, signed 32-bit integers horizontally from the source and destination operands and 
packs the signed 32-bit results to the destination operand. 


There are six horizontal subtract instructions (represented by three mnemonics); three operate on 128-bit oper- 
ands and three operate on 64-bit operands. The width of each data element is either 16 bits or 32 bits. These are 
listed below. 


¢ PHSUBW performs horizontal subtraction on each adjacent pair of 16-bit signed integers by subtracting the 
most significant word from the least significant word of each pair in the source and destination operands. The 
signed 16-bit results are packed and written to the destination operand. 


¢ PHSUBSW performs horizontal subtraction on each adjacent pair of 16-bit signed integers by subtracting the 
most significant word from the least significant word of each pair in the source and destination operands. The 
signed, saturated 16-bit results are packed and written to the destination operand. 


¢ PHSUBD performs horizontal subtraction on each adjacent pair of 32-bit signed integers by subtracting the 
most significant doubleword from the least significant double word of each pair in the source and destination 
operands. The signed 32-bit results are packed and written to the destination operand. 


12.6.2 Packed Absolute Values 


There are six packed-absolute-value instructions (represented by three mnemonics). Three operate on 128-bit 
operands and three operate on 64-bit operands. The widths of data elements are 8 bits, 16 bits or 32 bits. The 
absolute value of each data element of the source operand is stored as an UNSIGNED result in the destination 

operand. 


¢ PABSB computes the absolute value of each signed byte data element. 
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¢ PABSW computes the absolute value of each signed 16-bit data element. 
¢ PABSD computes the absolute value of each signed 32-bit data element. 


12.6.3. Multiply and Add Packed Signed and Unsigned Bytes 


There are two multiply-and-add-packed-signed-unsigned-byte instructions (represented by one mnemonic). One 
operates on 128-bit operands and the other operates on 64-bit operands. Multiplications are performed on each 
vertical pair of data elements. The data elements in the source operand are signed byte values, the input data 
elements of the destination operand are unsigned byte values. 


¢ PMADDUBSW multiplies each unsigned byte value with the corresponding signed byte value to produce an 
intermediate, 16-bit signed integer. Each adjacent pair of 16-bit signed values are added horizontally. The 
signed, saturated 16-bit results are packed to the destination operand. 


12.6.4 Packed Multiply High with Round and Scale 


There are two packed-multiply-high-with-round-and-scale instructions (represented by one mnemonic). One oper- 
ates on 128-bit operands and the other operates on 64-bit operands. 


¢ PMULHRSW multiplies vertically each signed 16-bit integer from the destination operand with the corre- 
sponding signed 16-bit integer of the source operand, producing intermediate, signed 32-bit integers. Each 
intermediate 32-bit integer is truncated to the 18 most significant bits. Rounding is always performed by adding 
1 to the least significant bit of the 18-bit intermediate result. The final result is obtained by selecting the 16 bits 
immediately to the right of the most significant bit of each 18-bit intermediate result and packed to the 
destination operand. 


12.6.5 Packed Shuffle Bytes 


There are two packed-shuffle-bytes instructions (represented by one mnemonic). One operates on 128-bit oper- 
ands and the other operates on 64-bit operands. The shuffle operations are performed bytewise on the destination 
operand using the source operand as a control mask. 


¢ PSHUFB permutes each byte in place, according to a shuffle control mask. The least significant three or four bits 
of each shuffle control byte of the control mask form the shuffle index. The shuffle mask is unaffected. If the 
most significant bit (bit 7) of a shuffle control byte is set, the constant zero is written in the result byte. 


12.6.6 Packed Sign 


There are six packed-sign instructions (represented by three mnemonics). Three operate on 128-bit operands and 
three operate on 64-bit operands. The widths of each data element for these instructions are 8 bit, 16 bit or 32 bit 
signed integers. 


¢ PSIGNB/W/D negates each signed integer element of the destination operand if the sign of the corresponding 
data element in the source operand is less than zero. 


12.6.7. Packed Align Right 


There are two packed-align-right instructions (represented by one mnemonic). One operates on 128-bit operands 
and the other operates on 64-bit operands. These instructions concatenate the destination and source operand into 
a composite, and extract the result from the composite according to an immediate constant. 


¢ PALIGNR’s source operand is appended after the destination operand forming an intermediate value of twice 
the width of an operand. The result is extracted from the intermediate value into the destination operand by 
selecting the 128-bit or 64-bit value that are right-aligned to the byte offset specified by the immediate value. 
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12.7. WRITING APPLICATIONS WITH SSSE3 EXTENSIONS 


The following sections give guidelines for writing application programs and operating-system code that use SSSE3 
instructions. 


12.7.1 Guidelines for Using SSSE3 Extensions 


The following guidelines describe how to maximize the benefits of using SSSE3 extensions: 
° Check that the processor supports SSSE3 extensions. 


¢ Ensure that your operating system supports SSE/SSE2/SSE3/SSSE3 extensions. (Operating system support 
for the SSE extensions implies sufficient support for SSE2, SSE3, and SSSE3.) 


¢ Employ the optimization and scheduling techniques described in the Intel® 64 and IA-32 Architectures Optimi- 
zation Reference Manual (see Section 1.4, “Related Literature”). 


12.7.2 Checking for SSSE3 Support 

Before an application attempts to use the SSSE3 extensions, the application should follow the steps illustrated in 
Section 11.6.2, “Checking for SSE/SSE2 Support.” Next, use the additional step provided below: 

° Check that the processor supports SSSE3 (if CPUID.01H:ECX.SSSE3[bit 9] = 1). 


12.8 SSE3/SSSE3 AND SSE4 EXCEPTIONS 


SSE3, SSSE3, and SSE4 instructions can generate the same type of memory-access and non-numeric exceptions 
as other Intel 64 or IA-32 instructions. Existing exception handlers generally handle these exceptions without code 
modification. 


FISTTP can generate floating-point exceptions. Some SSE3 instructions can also generate SIMD floating-point 
exceptions. 


SSE3 additions and changes are noted in the following sections. See also: Section 11.5, “SSE, SSE2, and SSE3 
Exceptions”. 


12.8.1 Device Not Available (DNA) Exceptions 


SSE3, SSSE3, and SSE4 will cause a DNA Exception (#NM) if the processor attempts to execute an SSE3 instruc- 
tion while CRO.TS[bit 3] = 1. If CPUID.OLH:ECX.SSE3[bit 0] = 0, execution of an SSE3 extension will cause an 
invalid opcode fault regardless of the state of CRO.TS[bit 3]. 


Similarly, an attempt to execute an SSSE3 instruction on a processor that reports CPUID.01H:ECX.SSSE3[bit 9] = 
0 will cause an invalid opcode fault regardless of the state of CRO.TS[bit 3]. An attempt to execute an SSE4.1 
instruction on a processor that reports CPUID.O1H:ECX.SSE4_1[bit 19] = 0 will cause an invalid opcode fault 
regardless of the state of CRO.TS[bit 3]. 


An attempt to execute PCMPGTQ or any one of the four string processing instructions in SSE4.2 on a processor that 
reports CPUID.O1H:ECX.SSSE3[bit 20] = 0 will cause an invalid opcode fault regardless of the state of 
CRO.TS[bit 3]. CRC32 and POPCNT do not cause #NM. 


12.8.2 Numeric Error flag and IGNNE# 


Most SSE3 instructions ignore CRO.NE[bit 5] (treats it as if it were always set) and the IGNNE# pin. With one 
exception, all use the exception 19 (#XM) software exception for error reporting. The exception is FISTTP; it 
behaves like other x87-FP instructions. 


SSSE3 instructions ignore CRO.NE[bit 5] (treats it as if it were always set) and the IGNNE# pin. 
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SSSE3 instructions do not cause floating-point errors. Floating-point numeric errors for SSE4.1 are described in 
Section 12.8.4. SSE4.2 instructions do not cause floating-point errors. 


12.8.3 Emulation 


CRO.EM is used by some software to emulate x87 floating-point instructions, CRO.EM[bit 2] cannot be used for 
emulation of SSE, SSE2, SSE3, SSSE3, and SSE4. If an SSE3, SSSE3, and SSE4 instruction executes with 
CRO.EM[bit 2] set, an invalid opcode exception (INT 6) is generated instead of a device not available exception (INT 
7). 


12.8.4 IEEE 754 Compliance of SSE4.1 Floating-Point Instructions 


The six SSE4.1 instructions that perform floating-point arithmetic are: 


* DPPS 
* DPPD 
* ROUNDPS 
* ROUNDPD 
* ROUNDSS 
* ROUNDSD 


Dot Product operations are not specified in IEEE-754. When neither FTZ nor DAZ are enabled, the dot product 
instructions resemble sequences of IEEE-754 multiplies and adds (with rounding at each stage), except that the 
treatment of input NaN’s is implementation specific (there will be at least one NaN in the output). The input select 
fields (bits imm8[4:7]) force input elements to +0.0f prior to the first multiply and will suppress input exceptions 
that would otherwise have been be generated. 


As a convenience to the exception handler, any exceptions signaled from DPPS or DPPD leave the destination 
unmodified. 


Round operations signal invalid and precision only. 


Table 12-1. SIMD numeric exceptions signaled by SSE4.1 


DPPS DPPD ROUNDPS ROUNDPD 
ROUNDSS ROUNDSD 

Overflow X X 
Underflow X X 
Invalid X X X @) X @) 
Inexact Precision X Xx X (2) X 2) 
Denormal X X 
NOTE: 


1. Invalid is signaled only if Src = SNaN. 
2. Precision is ignored (regardless of the MXCSR precision mask) if if imm8[3] = ‘1’. 


The other SSE4.1 instructions with floating-point arguments (BLENDPS, BLENDPD, BLENDVPS, BLENDVPD, 
INSERTPS, EXTRACTPS) do not signal any SIMD numeric exceptions. 


12.9 SSE4 OVERVIEW 


SSE4 comprises two sets of extensions: SSE4.1 and SSE4.2. SSE4.1 is targeted to improve the performance of 
media, imaging, and 3D workloads. SSE4.1 adds instructions that improve compiler vectorization and significantly 
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increase support for packed dword computation. The technology also provides a hint that can improve memory 
throughput when reading from uncacheable WC memory type. 


The 47 SSE4.1 instructions include: 

® Two instructions perform packed dword multiplies. 

¢ Two instructions perform floating-point dot products with input/output selects. 

* One instruction performs a load with a streaming hint. 

¢ Six instructions simplify packed blending. 

¢ Eight instructions expand support for packed integer MIN/MAX. 

¢ Four instructions support floating-point round with selectable rounding mode and precision exception override. 
¢ Seven instructions improve data insertion and extractions from XMM registers 

¢ Twelve instructions improve packed integer format conversions (sign and zero extensions). 

* One instruction improves SAD (sum absolute difference) generation for small block sizes. 

* One instruction aids horizontal searching operations. 

¢* One instruction improves masked comparisons. 

® One instruction adds qword packed equality comparisons. 

* One instruction adds dword packing with unsigned saturation. 

The SSE4.2 instructions operating on XMM registers improve performance in the following areas: 


¢ String and text processing that can take advantage of single-instruction multiple-data programming 
techniques. 


¢ ASIMD integer instruction that enhances the capability of the 128-bit integer SIMD capability in SSE4.1. 


12.10 SSE4.1 INSTRUCTION SET 


12.10.1 Dword Multiply Instructions 


SSE4.1 adds two dword multiply instructions that aid vectorization. They allow four simultaneous 32 bit by 32 bit 
multiplies. PMULLD returns a low 32-bits of the result and PMULDQ returns a 64-bit signed result. These represent 
the most common integer multiply operation. See Table 12-2. 


Table 12-2. Enhanced 32-bit SIMD Multiply Supported by SSE4.1 


32 bit Integer Operation 
unsigned x unsigned signed x signed 
e Low 32-bit (not available) PMULLD 
FA High 32-bit (not available) (not available) 
a 64-bit PMULUDQ* PMULDQ 
NOTE: 


* Available prior to SSE4.1. 


12.10.2 Floating-Point Dot Product Instructions 


SSE4.1 adds two instructions for double-precision (for up to 2 elements; DPPD) and single-precision dot products 
(for up to 4 elements; DPPS). 


These dot-product instructions include source select and destination broadcast which generally improves the flex- 
ibility. For example, a single DPPS instruction can be used for a 2, 3, or 4 element dot product. 
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12.10.3 Streaming Load Hint Instruction 


Historically, CPU read accesses of WC memory type regions have significantly lower throughput than accesses to 
cacheable memory. 


The streaming load instruction in SSE4.1, MOVNTDQA, provides a non-temporal hint that can cause adjacent 16- 
byte items within an aligned 64-byte region of WC memory type (a streaming line) to be fetched and held in a small 
set of temporary buffers (“streaming load buffers”). Subsequent streaming loads to other aligned 16-byte items in 
the same streaming line may be satisfied from the streaming load buffer and can improve throughput. 


Programmers are advised to use the following practices to improve the efficiency of MOVNTDQA streaming loads 
from WC memory: 


Streaming loads must be 16-byte aligned. 


Temporally group streaming loads of the same streaming cache line for effective use of the small number of 
streaming load buffers. If loads to the same streaming line are excessively spaced apart, it may cause the 
streaming line to be re-fetched from memory. 


Temporally group streaming loads from at most a few streaming lines together. The number of streaming load 
buffers is small; grouping a modest number of streams will avoid running out of streaming load buffers and the 
resultant re-fetching of streaming lines from memory. 


Avoid writing to a streaming line until all 16-byte-aligned reads from the streaming line have occurred. Reading 
a 16-byte item from a streaming line that has been written, may cause the streaming line to be re-fetched. 


Avoid reading a given 16-byte item within a streaming line more than once; repeated loads of a particular 16- 
byte item are likely to cause the streaming line to be re-fetched. 


The streaming load buffers, reflecting the WC memory type characteristics, are not required to be snooped by 
operations from other agents. Software should not rely upon such coherency actions to provide any data 
coherency with respect to other logical processors or bus agents. Rather, software must ensure the consistency 
of WC memory accesses between producers and consumers. 


Streaming loads may be weakly ordered and may appear to software to execute out of order with respect to 
other memory operations. Software must explicitly use MFENCE if it needs to preserve order among streaming 
loads or between streaming loads and other memory operations. 


Streaming loads must not be used to reference memory addresses that are mapped to I/O devices having side 
effects or when reads to these devices are destructive. This is because MOVNTDQA is speculative in nature. 


Example 12-1 provides a sketch of the basic assembly sequences that illustrate the principles of using MOVNTDQA 
in a situation with a producer-consumer accessing a WC memory region. 
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Example 12-1. Sketch of MOVNTDQA Usage of a Consumer and a PCI Producer 


// PO: producer is a PCI device writing into the WC space 
# the PCI device updates status through a UC flag, “u_dev_status” . 
# the protocol for “u_dev_status” : 0: produce; 1: consume; 2: all done 


mov eax, $O 
mov [u_dev_status], eax 
producerStart: 
mov eax, [u_dev_status] # poll status flag to see if consumer is requestion data 
cmp eax, $O # 
jne done # | no longer need to produce 


commence PCI writes to WC region.. 


mov eax, $1 # producer ready to notify the consumer via status flag 
mov [u_dev_status], eax 
# now wait for consumer to signal its status 


spinloop: 
cmp [u_dev_status],$1  # did | get a signal from the consumer ? 
jne producerStart # yes | did 
jmp spinloop # check again 

done: 


// producer is finished at this point 


// P1: consumer check PCI status flag to consume WC data 
mov eax, SO # request to the producer 
mov [u_dev_status], eax 


consumerStart: 
mov; eax, [U_dev_status] # reads the value of the PCI status 
cmp eax, $1 # has producer written 
jne consumerStart # tight loop; make it more efficient with pause, etc. 


mfence # producer finished device writes to WC, ensure WC region is coherent 
ntread: 

movntdga xmm0O, [addr] 

movntdga xmm1, [addr + 16] 

movntdga xmm2, [addr + 32] 

movntdga xmm3, [addr + 48] 

.. #do any more NT reads as needed 

mfence # ensure PCI device reads the correct value of [u_dev_status] 
# now decide whether we are done or we need the producer to produce more data 
# if we are done write a 2 into the variable, otherwise write a 0 into the variable 

mov eax, $0/S$2 # end or continue producing 

mov [u_dev_status], eax 
# if | want to consume again | will jump back to consumerStart after storing a O into eax 
# otherwise | am done 
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12.10.4 Packed Blending Instructions 
SSE4.1 adds 6 instructions used for blending (BLENDPS, BLENDPD, BLENDVPS, BLENDVPD, PBLENDVB, 


PBLENDW). 


Blending conditionally copies a data element in a source operand to the same element in the destination. SSE4.1 
instructions improve blending operations for most field sizes. A single new SSE4.1 instruction can generally replace 
a sequence of 2 to 4 operations using previous architectures. 


The variable blend instructions (BLENDVPS, BLENDVPD, PBLENDW) introduce the use of control bits stored in an 


implicit XMM register (XMMO). The most significant bit in each field (the sign bit, for 2’s complement integer or 
floating-point) is used as a selector. See Table 12-3. 


Table 12-3. Blend Field Size and Control Modes Supported by SSE4.1 
Packed Packed Packed Packed Packed 

Instructions Double FP Single FP | QWord DWord Word Packed Byte | Blend Control 
BLENDPS X Imms 
BLENDPD X Imms 
BLENDVPS X xX) XMMO 
BLENDVPD X Xx) XMMO 
PBLENDVB (2) (2) (2) x XMMO 
PBLENDW xX x Xx Imms 

NOTE: 


1. Use of floating-point SIMD instructions on integer data types may incur performance penalties. 


2. Byte variable blend can be used for larger sized fields by reformatting (or shuffling) the blend control. 


12.10.5 Packed Integer MIN/MAX Instructions 


SSE4.1 adds 8 packed integer MIN and MAX instructions (PMINUW, PMINUD, PMINSB, PMINSD; PMAXUW, 


PMAXUD, PMAXSB, PMAXSD). 


Four 32-bit integer packed MIN and MAX instructions operate on unsigned and signed dwords. Two instructions 
operate on signed bytes. Two instructions operate on unsigned words. See Table 12-4. 


Table 12-4. Enhanced SIMD Integer MIN/MAX Instructions Supported by SSE4.1 


Integer Width 
Byte Word DWord 
Integer PMINUB* PMINUW PMINUD 
Format Unsigned PMAXUB* PMAXUW PMAXUD 
PMINSB PMINSW* PMINSD 
Signed PMAXSB PMAXSW* PMAXSD 
NOTE: 


* Available prior to SSE4.1. 


12.10.6 Floating-Point Round Instructions with Selectable Rounding Mode 

High level languages and libraries often expose rounding operations having a variety of numeric rounding and 
exception behaviors. Using SSE/SSE2/SSE3 instructions to mitigate the rounding-mode-related problem is some- 
times not straight forward. 

SSE4.1 introduces four rounding instructions (ROUNDPS, ROUNDPD, ROUNDSS, ROUNDSD) that cover scalar and 


packed single- and double-precision floating-point operands. The rounding mode can be selected using an imme- 
diate from one of the IEEE-754 modes (Nearest, -Inf, +Inf, and Truncate) without changing the current rounding 
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mode; or the instruction can be forced to use the current rounding mode. Another bit in the immediate is used to 
suppress inexact precision exceptions. 


Rounding instructions in SSE4.1 generally permit single-instruction solutions to C99 functions ceil(), floor(), 
trunc(), rint(), nearbyint(). These instructions simplify the implementations of half-way-away-from-zero rounding 
modes as used by C99 round() and F90’s nint(). 


12.10.7 Insertion and Extractions from XMM Registers 


SSE4.1 adds 7 instructions (corresponding to 9 assembly instruction mnemonics) that simplify data insertion and 
extraction between general-purpose register (GPR) and XMM registers (EXTRACTPS, INSERTPS, PINSRB, PINSRD, 
PINSRQ, PEXTRB, PEXTRW, PEXTRD, and PEXTRQ). When accessing memory, no alignment is required for any of 
these instructions (unless alignment checking is enabled). 


EXTRACTPS extracts a single-precision floating-point value from any dword offset in an XMM register and stores 
the result to memory or a general-purpose register. INSERTPS inserts a single floating-point value from either a 
32-bit memory location or from specified element in an XMM register to a selected element in the destination XMM 
register. In addition, INSERTPS allows the insertion of +0.0f into any destination elements using a mask. 


PINSRB, PINSRD, and PINSRQ insert byte, dword, or qword integer values from a register or memory into an XMM 
register. Insertion of integer word values were already supported by SSE2 (PINSRW). 


PEXTRB, PEXTRW, PEXTRD, and PEXTRQ extract byte, word, dword, and qword from an XMM register and insert the 
values into a general-purpose register or memory. 


12.10.8 Packed Integer Format Conversions 


A common type of operation on packed integers is the conversion by zero- or sign-extension of packed integers 
into wider data types. SSE4.1 adds 12 instructions that convert from a smaller packed integer type to a larger 
integer type (PMOVSXBW, PMOVZXBW, PMOVSXBD, PMOVZXBD, PMOVSXWD, PMOVZXWD, PMOVSXBQ, 
PMOVZXBQ, PMOVSXWQ, PMOVZXWQ, PMOVSXDQ, PMOVZXDQ). 


The source operand is from either an XMM register or memory; the destination is an XMM register. See Table 12-5. 


When accessing memory, no alignment is required for any of the instructions unless alignment checking is enabled. 
In which case, all conversions must be aligned to the width of the memory reference. The number of elements 
converted (and width of memory reference) is illustrated in Table 12-6. The alignment requirement is shown in 
parenthesis. 


Table 12-5. New SIMD Integer conversions supported by SSE4.1 


Source Type 
Byte Word Dword 
Signed Word PMOVSXBW 
Unsigned Word PMOVZXBW 
Cc 
2 Signed Dword PMOVSXBD PMOVSXWD 
2 Unsigned Dword PMOVZXBD PMOVZXWD 
% a Signed Qword PMOVSXBQ PMOVSXWQ PMOVSXDQ 
OF Unsigned Qword PMOVZXBQ PMOVZXWQ PMOVZXDQ 
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Table 12-6. New SIMD Integer Conversions Supported by SSE4.1 


Source Type 
Byte Word Dword 
= Word 8 (64 bits) 
2 Dword 4 (32 bits) 4 (64 bits) 
5 oy Qword 2 (16 bits) 2 (32 bits) 2 (64 bits) 
ar 


12.10.9 Improved Sums of Absolute Differences (SAD) for 4-Byte Blocks 


SSE4.1 adds an instruction (MPSADBW) that performs eight 4-byte wide SAD operations per instruction to produce 
eight results. Compared to PSPADBW, MPSADBW operates on smaller chunks (4-byte instead of 8-byte chunks); this 
makes the instruction better suited to video coding standards such as VC.1 and H.264. MPSADBW performs four 
times the number of absolute difference operations than that of PSADBW (per instruction). This can improve 
performance for dense motion searches. 

MPSADBW uses a 4-byte wide field from a source operand; the offset of the 4-byte field within the 128-bit source 
operand is specified by two immediate control bits. MPSADBW produces eight 16-bit SAD results. Each 16-bit SAD 
result is formed from overlapping pairs of 4 bytes in the destination with the 4-byte field from the source operand. 
MPSADBW uses eleven consecutive bytes in the destination operand, its offset is specified by a control bit in the 
immediate byte (i.e. the offset can be from byte O or from byte 4). Figure 12-4 illustrates the operation of 
MPSADBW. MPSADBW can simplify coding of dense motion estimation by providing source and destination offset 
control, higher throughput of SAD operations, and the smaller chunk size. 


Imm[1:0]*32 
127 96 64 | 


Source ‘< 
(ie. Dit) Imm[2]*32 


Destination 
127 ae oe / | 16 0 


Figure 12-4. MPSADBW Operation 


12.10.10 Horizontal Search 


SSE4.1 adds a search instruction (PHMINPOSUW) that finds the value and location of the minimum unsigned word 
from one of 8 horizontally packed unsigned words. The resulting value and location (offset within the source) are 
packed into the low dword of the destination XMM register. 

Rapid search is often a significant component of motion estimation. MPSADBW and PHMINPOSUW can be used 
together to improve video encode. 
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12.10.11 Packed Test 


The packed test instruction PTEST is similar to a 128-bit equivalent to the legacy instruction TEST. With PTEST, the 
source argument is typically used like a bit mask. 


PTEST performs a logical AND between the destination with this mask and sets the ZF flag if the result is zero. The 
CF flag (zero for TEST) is set if the inverted mask AND’d with the destination is all zero. Because the destination is 
not modified, PTEST simplifies branching operations (such as branching on signs of packed floating-point numbers, 
or branching on zero fields). 


12.10.12 Packed Qword Equality Comparisons 


SSE4.1 adds a 128-bit packed qword equality test. The new instruction (PCMPEQQ) is identical to PCMPEQD, but 
has qword granularity. 


12.10.13 Dword Packing With Unsigned Saturation 


SSE4.1 adds a new instruction PACKUSDW to complete the set of small integer pack instructions in the family of 
SIMD instruction extensions. PACKUSDW packs dword to word with unsigned saturation. See Table 12-7 for the 
complete set of packing instructions for small integers. 


Table 12-7. Enhanced SIMD Pack support by SSE4.1 


Pack Type 

DWord -> word Word -> Byte 
2 Unsigned PACKUSDW (new!) PACKUSWB 
2 Signed PACKSSDW PACKSSWB 
28 
om 
ne 


12.11 SSE4.2 INSTRUCTION SET 


Five of the seven SSE4.2 instructions can use an XMM register as a source or destination. These include four 
text/string processing instructions and one packed quadword compare SIMD instruction. Programming these five 
SSE4.2 instructions is similar to programming 128-bit Integer SIMD in SSE2/SSSE3. SSE4.2 does not provide any 
64-bit integer SIMD instructions. 


12.11.1 String and Text Processing Instructions 


String and text processing instructions in SSE4.2 allocates 4 opcodes to provide a rich set of string and text 
processing capabilities that traditionally required many more opcodes. These 4 instructions use XMM registers to 
process string or text elements of up to 128-bits (16 bytes or 8 words). Each instruction uses an immediate byte 
to support a rich set of programmable controls. A string-processing SSE4.2 instruction returns the result of 
processing each pair of string elements using either an index or a mask. 

The capabilities of the string/text processing instructions include: 

¢* Handling string/text fragments consisting of bytes or words, either signed or unsigned 


¢ Support for partial string or fragments less than 16 bytes in length, using either explicit length or implicit null- 
termination 


¢ Four types of string compare operations on word/byte elements 
¢ Up to 256 compare operations performed in a single instruction on all string/text element pairs 
¢ Built-in aggregation of intermediate results from comparisons 
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¢ Programmable control of processing on intermediate results 

¢ Programmable control of output formats in terms of an index or mask 

¢ Bi-directional support for the index format 

¢ Support for two mask formats: bit or natural element width 

¢ Not requiring 16-byte alignment for memory operand 

The four SSE4.2 instructions that process text/string fragments are: 

¢ PCMPESTRI — Packed compare explicit-length strings, return index in ECX/RCX 
¢ PCMPESTRM — Packed compare explicit-length strings, return mask in XMMO 

¢ PCMPISTRI — Packed compare implicit-length strings, return index in ECX/RCX 
¢ PCMPISTRM — Packed compare implicit-length strings, return mask in XMMO 


All four require the use of an immediate byte to control operation. The two source operands can be XMM registers 
or a combination of XMM register and memory address. The immediate byte provides programmable control with 
the following attributes: 


¢ Input data format 

* Compare operation mode 

¢ Intermediate result processing 
* Output selection 


Depending on the output format associated with the instruction, the text/string processing instructions implicitly 
uses either a general-purpose register (ECX/RCX) or an XMM register (XMMO) to return the final result. 


Two of the four text-string processing instructions specify string length explicitly. They use two general-purpose 
registers (EDX, EAX) to specify the number of valid data elements (either word or byte) in the source operands. The 
other two instructions specify valid string elements using null termination. A data element is considered valid only 
if it has a lower index than the least significant null data element. 


12.11.1.1 Memory Operand Alignment 


The text and string processing instructions in SSE4.2 do not perform alignment checking on memory operands. 
This is different from most other 128-bit SIMD instructions accessing the XMM registers. The absence of an align- 
ment check for these four instructions does not imply any modification to the existing definitions of other instruc- 
tions. 


12.11.2 Packed Comparison SIMD Integer Instruction 


SSE4.2 also provides a 128-bit integer SIMD instruction PCMPGTQ that performs logical compare of greater-than 
on packed integer quadwords. 


12.12 WRITING APPLICATIONS WITH SSE4 EXTENSIONS 


12.12.1 Guidelines for Using SSE4 Extensions 


The following guidelines describe how to maximize the benefits of using SSE4 extensions: 
® Check that the processor supports SSE4 extensions. 


¢ Ensure that your operating system supports SSE/SSE2/SSE3/SSSE3 extensions. (Operating system support 
for the SSE extensions implies sufficient support for SSE2, SSE3, SSSE3, and SSE4.) 


¢ Employ the optimization and scheduling techniques described in the Inte/® 64 and IA-32 Architectures Optimi- 
zation Reference Manual (see Section 1.4, “Related Literature”). 
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12.12.2 Checking for SSE4.1 Support 


Before an application attempts to use SSE4.1 instructions, the application should follow the steps illustrated in 
Section 11.6.2, “Checking for SSE/SSE2 Support.” Next, use the additional step provided below: 


Check that the processor supports SSE4.1 (if CPUID.OLH:ECX.SSE4_i[bit 19] = 1), SSE3 (if 
CPUID.01H:ECX.SSE3[bit 0] = 1), and SSSE3 (if CPUID.01H:ECX.SSSE3[bit 9] = 1). 


12.12.3 Checking for SSE4.2 Support 


Before an application attempts to use the following SSE4.2 instructions: PCMPESTRI/PCMPESTRM/PCMP- 
ISTRI/PCMPISTRM, PCMPGTQ;the application should follow the steps illustrated in Section 11.6.2, “Checking for 
SSE/SSE2 Support.” Next, use the additional step provided below: 


Check that the processor supports SSE4.2 (if CPUID.OLH:ECX.SSE4_2[bit 20] = 1), SSE4.1 (if 
CPUID.01H:ECX.SSE4_1[bit 19] = 1), and SSSE3 (if CPUID.O1H:ECX.SSSE3[bit 9] = 1). 


Before an application attempts to use the CRC32 instruction, it must check that the processor supports SSE4.2 (if 
CPUID.01H:ECX.SSE4_2[bit 20] = 1). 


Before an application attempts to use the POPCNT instruction, it must check that the processor supports SSE4.2 (if 
CPUID.01H:ECX.SSE4_2[bit 20] = 1) and POPCNT (if CPUID.01H:ECX.POPCNT[bit 23] = 1). 


12.13 AESNI OVERVIEW 


The AESNI extension provides six instructions to accelerate symmetric block encryption/decryption of 128-bit data 
blocks using the Advanced Encryption Standard (AES) specified by the NIST publication FIPS 197. Specifically, two 
instructions (AESENC, AESENCLAST) target the AES encryption rounds, two instructions (AESDEC, AESDECLAST) 
target AES decryption rounds using the Equivalent Inverse Cipher. One instruction (AESIMC) targets the Inverse 
MixColumn transformation primitive and one instruction (AESKEYGEN) targets generation of round keys from the 
cipher key for the AES encryption/decryption rounds. 


AES supports encryption/decryption using cipher key lengths of 128, 192, and 256 bits by processing the data 
block in 10, 12, 14 rounds of predefined transformations. Figure 12-5 depicts the cryptographic processing of a 
block of 128-bit plain text into cipher text. 


RK(0O) RK(1) RK(n-1) 


> Rounds 2.. n-2 ul 


Round 1 Last 
Plain text AES State AES State AES State RO""4 Cipher text 
AES-128: n= 10 
AES-192: n= 12 
AES-256: n= 14 


Figure 12-5. AES State Flow 


The predefined AES transformation primitives are described in the next few sections, they are also referenced in 
the operation flow of instruction reference page of these instructions. 


12.13.1  Little-Endian Architecture and Big-Endian Specification (FIPS 197) 


FIPS 197 document defines the Advanced Encryption Standard (AES) and includes a set of test vectors for testing 
all of the steps in the algorithm, and can be used for testing and debugging. 
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The following observation is important for using the AES instructions offered in Intel 64 Architecture: FIPS 197 text 
convention is to write hex strings with the low-memory byte on the left and the high-memory byte on the right. 
Intel’s convention is the reverse. It is similar to the difference between Big Endian and Little Endian notations. 


In other words, a 128 bits vector in the FIPS document, when read from left to right, is encoded as [7:0, 15:8, 
23:16, 31:24, ...127:120]. Note that inside the byte, the encoding is [7:0], so the first bit from the left is the most 
significant bit. In practice, the test vectors are written in hexadecimal notation, where pairs of hexadecimal digits 
define the different bytes. To translate the FIPS 197 notation to an Intel 64 architecture compatible (“Little Endian”) 
format, each test vector needs to be byte-reflected to [127:120,... 31:24, 23:16, 15:8, 7:0]. 


Example A: 
FIPS Test vector: 000102030405060708090a0b0cOd0e0fH 
Intel AES Hardware: O0fO0e0d0c0b0a09080706050403020100H 


It should be pointed out that the only thing at issue is a textual convention, and programmers do not need to 
perform byte-reversal in their code, when using the AES instructions. 


12.13.1.1 AES Data Structure in Intel 64 Architecture 


The AES instructions that are defined in this document operate on one or on two 128 bits source operands: State 
and Round Key. From the architectural point of view, the state is input in an xmm register and the Round key is 
input either in an xmm register or a 128-bit memory location. 


In AES algorithm, the state (128 bits) can be viewed as 4 32-bit doublewords (“Word”s in AES terminology): X3, 
X2, X1, X0. 


The state may also be viewed as a set of 16 bytes. The 16 bytes can also be viewed as a 4x4 matrix of bytes where 
S(i, j) with i, j] = 0, 1, 2, 3 compose the 32-bit “word”s as follows: 


X0 = S (3, 0) S (2, 0) S (1, 0) S (0, 0) 
X1 =S(3,1)S(2,1)S (1, 1) S (0, 1) 
X2 =S (3, 2) S (2, 2) S (1, 2) S (0, 2) 
X3 = S (3, 3) S (2, 3) S (1, 3) S (0, 3) 
The following tables, Table 12-8 through Table 12-11, illustrate various representations of a 128-bit state. 


Table 12-8. Byte and 32-bit Word Representation of a 128-bit State 
Byte # 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 


Bit Position | 127- | 119- | 111- | 103- | 95- | 87- | 79- | 71- | 63- | 55- | 47- | 39- | 31- | 23- | 15- | 7- 
120 |112 |103 | 96 88 |80 |72 |64 |56 |;48 |40 |32 |24 |16 |8 0 


127 - 96 95 - 64 64 - 32 31-0 


State Word X3 X2 X1 XO 


State Byte P O N M L K J | H G F E D C B A 


Table 12-9. Matrix Representation of a 128-bit State 


A E | M S(0, 0) S(0, 1) S(0, 2) S(0, 3) 

B F | N S(1, 0) S(1, 1) S(1, 2) S(1, 3) 

C G K 0) S(2, 0) S(2, 1) S(2, 2) S(2, 3) 

D H L P S(3, 0) S(3, 1) S(3, 2) S(3, 3) 
Example: 


FIPS vector: d4 bf 5d 30 e0 b4 52 ae b8 41 11 fl 1e 27 98 e5 
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This vector has the “least significant” byte d4 and the significant byte e5 (written in Big Endian format in the FIPS 
document). When it is translated to IA notations, the encoding is: 


Table 12-10. Little Endian Representation of a 128-bit State 


Byte # 15 14 | 13 12 11 10 9 8 7 6 5 4 3 2 1 


State Byte P O N M L K J | H G F E D C B A 


State Value e5 | 98 | 27 le fi] 11 41 b8 ae 52 | b4 | eO | 30 | 5d bf d4 


Table 12-11. Little Endian Representation of a 4x4 Byte Matrix 


A E | M d4 e0 b8 le 
B F J N bf b4 41 27 
C G K O 5d 52 11 98 
D H L P 30 ae fl e5 


12.13.2 AES Transformations and Functions 


The following functions and transformations are used in the algorithmic descriptions of AES instruction extensions 
AESDEC, AESDECLAST, AESENC, AESENCLAST, AESIMC, AESKEYGENASSIST. 


Note that these transformations are expressed here in a Little Endian format (and not as in the FIPS 197 docu- 
ment). 


MixColumns(): A byte-oriented 4x4 matrix transformation on the matrix representation of a 128-bit AES state. 
A FIPS-197 defined 4x4 matrix is multiplied to each 4x1 column vector of the AES state. The columns are 
considered polynomials with coefficients in the Finite Field that is used in the definition of FIPS 197, the 
operations (“multiplication” and “addition”) are in that Finite Field, and the polynomials are reduced modulo 
x"+1. 


The MixColumns() transformation defines the relationship between each byte of the result state, represented 
as S'(i, j) of a 4x4 matrix (see Section 12.13.1), as a function of input state bytes, S(i, j), as follows 


S'(0, j) := FF_MUL( 02H, S(O, j) ) XOR FF_MUL(03H, S(1, j) ) XOR S(2, j) XOR S(3, j) 
S'(1, j) := S(O, j) XOR FF_MUL( 02H, S(1, j) ) XOR FF_MUL(03H, S(2, j) ) XOR S(3, j) 
S'(2, j) := S(0, j) XOR S(1, j) XOR FF_MUL( 02H, S(2, j) ) XOR FF_MUL(03H, S(3, j) ) 
S'(3, j) := FF_MUL(03H, S(0, j) ) XOR S(1, j) XOR S(2, j) XOR FF_MUL( 02H, S(3, j) ) 


where j = 0, 1, 2, 3. FF_MUL(Byte1, Byte2) denotes the result of multiplying two elements (represented by 
Bytei and byte2) in the Finite Field representation that defines AES. The result of produced bye 
FF_MUL(Byte1, Byte2) is an element in the Finite Field (represented as a byte). A Finite Field is a field with a 
finite number of elements, and when this number can be represented as a power of 2 (2n), its elements can 
be represented as the set of 2n binary strings of length n. AES uses a finite field with n=8 (having 256 
elements). With this representation, “addition” of two elements in that field is a bit-wise XOR of their binary- 
string representation, producing another element in the field. Multiplication of two elements in that field is 
defined using an irreducible polynomial (for AES, this polynomial is m(x) = x® + x? + x? + x + 1). In this 
Finite Field representation, the bit value of bit position k of a byte represents the coefficient of a polynomial of 
order k, e.g., 1010_1101B (ADH) is represented by the polynomial (x” + x° + x? + x? + 1). The byte value 
result of multiplication of two elements is obtained by a carry-less multiplication of the two corresponding 
polynomials, followed by reduction modulo the polynomial, where the remainder is calculated using 
operations defined in the field. For example, FF_MUL(57H, 83H) = C1H, because the carry-less polynomial 
multiplication of the polynomials represented by 57H and 83H produces (x23 + x12 + x9 + x8 + x® + x? + x4 
+ x? + 1), and the remainder modulo m(x) is (x7 + x® + 1). 


RotWord(): performs a byte-wise cyclic permutation (rotate right in little-endian byte order) on a 32-bit AES 
word. 
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The output word X’[j] of RotWord(X[j]) where X[j] represent the four bytes of column j, S(i, j), in descending 
order X[j] = ( S(3, j), S(2, j), SQ, j), S(O, j) ); XT] = (S(3, j), S'(2, j), SG, §), S(O, j) ) == (S(O, j), S(3, 
j), S(2, j), SQ, j) ) 

ShiftRows(): A byte-oriented matrix transformation that processes the matrix representation of a 16-byte AES 
state by cyclically shifting the last three rows of the state by different offset to the left, see Table 12-12. 


Table 12-12. The ShiftRows Transformation 


Matrix Representation of Input State Output of ShiftRows 
A E | M A E | M 
B F J N F J N B 
C G K 0 K fe) C G 
D H L P P D H L 


SubBytes(): A byte-oriented transformation that processes the 128-bit AES state by applying a non-linear 
substitution table (S-BOX) on each byte of the state. 


The SubBytes() function defines the relationship between each byte of the result state S’(i, j) as a function of 
input state byte S(i, j), by 


Si, j) += S-Box (S(i, j)L7:4], S(i, )[3:0]) 


where S-BOX (S[7:4], S[3:0]) represents a look-up operation on a 16x16 table to return a byte value, see 
Table 12-13. 


Table 12-13. Look-up Table Associated with S-Box Transformation 


S[3:0] 
o/1]2i13]4/5 |6/7/i/84]91]atsb+ilctlaitled ft 


63 |7c |77 |7b_ | f2 6b |6f {cS 30 /01 |67 |2b | fe d7 |ab | 76 
ca 82 |c9 7d | fa 59 |47 | f0 ad d4 |a2 /af 9c a4 |72 |cO 
b7 | fd 93 |26 |/36 |3f | f7 cc 34 {a5 |e5 |f1 71 |d8 | 31 15 
04 /|c7 23 | c3 18 |96 |05 |9a |07 |12 |80 |je2 |eb |27 |b2 |75 
09 /|83 | 2c la |1b |6e |5a /|a0 |52 |3b |d6 |b3 |29 |e3 |2f | 84 
5b |6a | cb be 39 |4a | 4c 58 | cf 

dO |ef aa_ | fb 43 |4d |33 /|85 |45 | f9 02 |7f 50 |3c_ | 9f a8 
51 ;a3 |40 | 8f 92 |9d |38 | f5 bc b6 /|da /|21 10 ‘| ff f3 d2 
cd Oc 13° | ec 5f (97 |44 |17 |c4 |a7 |7e |3d |64 |5d |19 | 73 
60 /|81 /|4f | dc 22 |;2a |90 |88 |46 |ee |b8 |14 |de |5e |Ob_ | db 
eO |32 |3a |Oa |49 |06 |24 |5c |c2 /|d3 Jac 62 /91 /95 |e4 |79 
a9 | 6c 56 | f4 ea 65 |7a |ae 08 
ba 78 |25 |2e Ic a6 | b4 = |c6 e8 | dd 74 =| 1f 4b |bd /|8b | 8a 
Oe /|61 35 /57 |b9 |86 |cl Id | 9e 
el 8 98 |11 |69 |d9 |8e |94 |9b |1e |87 |e9 |ce 55 |28 | df 

8c /al 89 |Od | bf e6 |42 |68 /|41 |/99 |2d_ | Of bo /54 |bb | 16 
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SubWord(): produces an output AES word (four bytes) from the four bytes of an input word using a non-linear 
substitution table (S-BOX). 
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X'Tj] = ( $'(3, j) s'(2, ps S‘(1, j); s‘(0, j) ) = ( S-Box (S(3, j)), S-Box( S(2, j) )s S-Box( S(1, j) )s S-Box( 
S(0, j) )) 

InvMixColumns(): The inverse transformation of MixColumns(). 

The InvMixColumns() transformation defines the relationship between each byte of the result state S’(i, j) as 
a function of input state bytes, S(i, j), by 

S'(0, j) := FF_MUL( OeH, S(0, j) ) XOR FF_MUL(ObH, S(1, j) ) XOR FF_MUL(OdH, S(2, j) ) XOR FF_MUL( 09H, 
S(3, j) ) 

S'(1, j) := FF_MUL(09H, S(O, j) ) XOR FF_MUL( OeH, S(1, j) ) XOR FF_MUL(ObH, S(2, j) ) XOR FF_MUL( OdH, 
S(3, j) ) 

S'(2, j) := FF_MUL(OdH, S(O, j) ) XOR FF_MUL( 09H, S(1, j) ) XOR FF_MUL( OeH, S(2, j) ) XOR FF_MUL(ObH, 
S(3, j) ) 

S'(3, j) := FF_MUL(ObH, S(O, j) ) XOR FF_MUL(OdH, S(1, j) ) XOR FF_MUL( 09H, S(2, j) ) XOR FF_MUL( OeH, 
S(3, j) ), where j = 0, 1, 2, 3. 

InvShiftRows(): The inverse transformation of InvShiftRows(). The InvShiftRows() transforms the matrix 


representation of a 16-byte AES state by cyclically shifting the last three rows of the state by different offset to 
the right, see Table 12-14. 


Table 12-14. The InvShiftRows Transformation 


Matrix Representation of Input State Output of ShiftRows 
A E | M A E | M 
B F J N N B F J 
C G K ) K 0) C G 
D H L P H L P D 


InvSubBytes(): The inverse transformation of SubBytes(). 


The InvSubBytes() transformation defines the relationship between each byte of the result state S’(i, j) as a 
function of input state byte S(i, j), by 


S'(i, j) := InvS-Box (S(i, j)[7:4], S(i, j)[3:0]) 


where InvS-BOX (S[7:4], S[3:0]) represents a look-up operation on a 16x16 table to return a byte value, see 
Table 12-15. 
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Table 12-15. Look-up Table Associated with InvS-Box Transformation 
S[3:0] 
0 1 2 3 4 5 6 7 8 9 a b C d e f 


0 52 ;09 |6a |d5 |30 /|36 |a5 | 38 | bf 40 |a3 |9e | 81 | f3 d7 | fb 
1 7c je3 |39 |82 |9b /|2f | ff 87 |34 |8e |/43 |44 |c4 |de /|e9 (cb 
2 54 |7b |94 |32 |a6 |c2 23 |3d jee |4c |95 |Ob | 42 | fa c3.s| 4e 
3 08 |2e /|al 66 |28 |d9 |24 |b2 |76 |5b |a2 |49 |6d |8b /d1 25 
4 72 | f8 f6 64 /86 |68 |98 |16 |d4 |/a4 |5c jcc 5d |65 |b6 | 92 
5 6c |70 |48 |50 | fd ed |b9 /|da |5e |15 |46 |57 |a7 |8d |9d | 84 
6 90 |d8 |ab |00 |8c |be /|d3 |0a_ | f7 e4 /58 /05 |b8 |b3 |45 /| 06 
s[7:4] 7 dO /|2c le |8f /|ca 3f Of |02 |cl af bd /03 |01 13. |8a | 6b 
8 3a /|91 11 41 4f 67 | dc ea 97 | f2 cf ce f0 b4 |e6 | 73 
9 96 | ac 74 |22 |e7 |ad |35 |85 |e2 | f9 37 |e8 |1c |75 | df 6e 
a 47 |f1 la |71 Id |29 /|cS |89 |6f |b7 |62 |Oe jaa 18 |be | 1b 
b fc 56 |3e |4b /|c6 d2 |79 |20 |9a |db |cO | fe 78 |cd 5a_ | f4 
c 1f |dd /|a8 |33 |88 |07 |c7 31 |b1 12 |10 |59 |27 |80 |ec of 
d 60 /|51 7f |a9 |19 |b5 |4a |Od |2d |e5 |7a |9Ff |93 |c9 |9c_ | ef 
e aO |eO |3b |4d | ae 2a_ | f5 bo |c8 eb | bb 3c 83 |53 /|99 | 61 
f 17. |2b |04 |7e |ba |77 |d6 |26 |e1 69 |14 (|63 |55 |21 |Oc | 7d 


12.13.3 PCLMULQDQ 


The PCLMULQDQ instruction performs carry-less multiplication of two 64-bit data into a 128-bit result. Carry-less 
multiplication of two 128-bit data into a 256-bit result can use PCLMULQDQ as building blocks. 


Carry-less multiplication is a component of many cryptographic systems. It is an important piece of implementing 
Galois Counter Mode (GCM) operation of block ciphers. GCM operation can be used in conjunction with AES algo- 
rithms to add authentication capability. GCM usage models also include IPsec, storage standard, and security 
protocols over fiber channel. Additionally, PCLMULQDQ can be used in calculations of hash functions and CRC using 
arbitrary polynomials. 


12.13.4 Checking for AESNI Support 


Before an application attempts to use AESNI instructions or PCLMULQDQ, the application should follow the steps 
illustrated in Section 11.6.2, “Checking for SSE/SSE2 Support.” Next, use the additional step provided below: 


Check that the processor supports AESNI (if CPUID.01H:ECX.AESNI[bit 25] = 1); check that the processor 
supports PCLMULQDQ (if CPUID.01H:ECX.PCLMULQDQ[bit 1] = 1). 
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CHAPTER 13 
MANAGING STATE USING THE XSAVE FEATURE SET 


The XSAVE feature set extends the functionality of the FXSAVE and FXRSTOR instructions (see Section 10.5, 
“FXSAVE and FXRSTOR Instructions”) by supporting the saving and restoring of processor state in addition to the 
x87 execution environment (x87 state) and the registers used by the streaming SIMD extensions (SSE state). 


The XSAVE feature set comprises eight instructions. XGETBV and XSETBV allow software to read and write the 
extended control register XCRO, which controls the operation of the XSAVE feature set. XSAVE, XSAVEOPT, 
XSAVEC, and XSAVES are four instructions that save processor state to memory; XRSTOR and XRSTORS are corre- 
sponding instructions that load processor state from memory. XGETBV, XSAVE, XSAVEOPT, XSAVEC, and XRSTOR 
can be executed at any privilege level; XSETBV, XSAVES, and XRSTORS can be executed only if CPL = 0. In addition 
to XCRO, the XSAVES and XRSTORS instructions are controlled also by the IA32_XSS MSR (index DAOH). 


The XSAVE feature set organizes the state that manages into state components. Operation of the instructions is 
based on state-component bitmaps that have the same format as XCRO and as the IA32_XSS MSR: each bit 
corresponds to a state component. Section 13.1 discusses these state components and bitmaps in more detail. 


Section 13.2 describes how the processor enumerates support for the XSAVE feature set and for XSAVE-enabled 
features (those features that require use of the XSAVE feature set for their enabling). Section 13.3 explains how 
software can enable the XSAVE feature set and XSAVE-enabled features. 


The XSAVE feature set allows saving and loading processor state from a region of memory called an XSAVE area. 
Section 13.4 presents details of the XSAVE area and its organization. Each XSAVE-managed state component is 
associated with a section of the XSAVE area. Section 13.5 describes in detail each of the XSAVE-managed state 
components. 


Section 13.7 through Section 13.12 describe the operation of XSAVE, XRSTOR, XSAVEOPT, XSAVEC, XSAVES, and 
XRSTORS, respectively. 


13.1. XSAVE-SUPPORTED FEATURES AND STATE-COMPONENT BITMAPS 


The XSAVE feature set supports the saving and restoring of state components, each of which is a discrete set of 
processor registers (or parts of registers). In general, each such state component corresponds to a particular CPU 
feature. Such a feature is XSAVE-supported. Some XSAVE-supported features use registers in multiple XSAVE- 
managed state components. 


The XSAVE feature set organizes the state components of the XSAVE-supported features using state-component 
bitmaps. A state-component bitmap comprises 64 bits; each bit in such a bitmap corresponds to a single state 
component. The following bits are defined in state-component bitmaps: 


¢ Bit 0 corresponds to the state component used for the x87 FPU execution environment (x87 state). See 
Section 13.5.1. 


¢ Bit 1 corresponds to the state component used for registers used by the streaming SIMD extensions (SSE 
state). See Section 13.5.2. 


* Bit 2 corresponds to the state component used for the additional register state used by the Intel® Advanced 
Vector Extensions (AVX state). See Section 13.5.3. 


* Bits 4:3 correspond to the two state components used for the additional register state used by Intel® Memory 
Protection Extensions (MPX state): 


— State component 3 is used for the 4 128-bit bounds registers BNDO-BND3 (BNDREGS state). 


— State component 4 is used for the 64-bit user-mode MPX configuration register BNDCFGU and the 64-bit 
MPX status register BNDSTATUS (BNDCSR state). 


* Bits 7:5 correspond to the three state components used for the additional register state used by Intel® 
Advanced Vector Extensions 512 (AVX-512 state): 


— State component 5 is used for the 8 64-bit opmask registers kKO-k7 (opmask state). 
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— State component 6 is used for the upper 256 bits of the registers ZMMO-ZMM15. These 16 256-bit values 
are denoted ZMMO_H-ZMM15_H (ZMM_Hi256 state). 


— State component 7 is used for the 16 512-bit registers ZMM16-ZMM31 (Hi16_ZMM state). 
¢ Bit 8 corresponds to the state component used for the Intel Processor Trace MSRs (PT state). 


® Bit 9 corresponds to the state component used for the protection-key feature’s register PKRU (PKRU state). 
See Section 13.5.7. 


¢ Bits 12:11 correspond to the two state components used for the additional register state used by Control-Flow 
Enforcement Technology (CET state): 


— State component 11 is used for the 2 MSRs controlling user-mode functionality for CET (CET_U state). 


— State component 12 is used for the 3 MSRs containing shadow-stack pointers for privilege levels 0-2 
(CET_S state). 


¢ Bit 13 corresponds to the state component used for an MSR used to control hardware duty cycling (HDC 
state). See Section 13.5.9. 


¢ Bit 15 corresponds to the state component used for last-branch record configuration (LBR state). See Section 
13.5.10. 


¢ Bit 16 corresponds to the state component used for an MSR used to control hardware P-states (HWP state). 
See Section 13.5.11. 


Bit 10, bit 14, and bits in the range 62:17 are not currently defined in state-component bitmaps and are reserved 
for future expansion. As individual state components are defined using those bits, additional sub-sections will be 
updated within Section 13.5 over time. Bit 63 is used for special functionality in some bitmaps and does not corre- 
spond to any state component. 


The state component corresponding to bit / of state-component bitmaps is called state component /. Thus, x87 
state is state component 0; SSE state is state component 1; AVX state is state component 2; MPX state comprises 
state components 3-4; AVX-512 state comprises state components 5-7; PT state is state component 8; PKRU 
state is state component 9; CET state comprises state components 11-12; HDC state is state component 13; LBR 
state is state component 15; and HWP state is state component 16. 


The XSAVE feature set uses state-component bitmaps in multiple ways. Most of the instructions use an implicit 
operand (in EDX:EAX), called the instruction mask, which is the state-component bitmap that specifies the state 
components on which the instruction operates. 


Some state components are user state components, and they can be managed by the entire XSAVE feature set. 
Other state components are supervisor state components, and they can be managed only by XSAVES and 
XRSTORS. The state components corresponding to bit 9 and to bits in the range 7:0 are user state components; 
those corresponding to bit 8, to bits in the range 13:11, and to bits 16:15 are supervisor state components. 


Extended control register XCRO contains a state-component bitmap that specifies the user state components that 
software has enabled the XSAVE feature set to manage. If the bit corresponding to a state component is clear in 
XCRO, instructions in the XSAVE feature set will not operate on that state component, regardless of the value of the 
instruction mask. 


The IA32_XSS MSR (index DAOH) contains a state-component bitmap that specifies the supervisor state compo- 
nents that software has enabled XSAVES and XRSTORS to manage (XSAVE, XSAVEC, XSAVEOPT, and XRSTOR 
cannot manage supervisor state components). If the bit corresponding to a state component is clear in the 
IA32_XSS MSR, XSAVES and XRSTORS will not operate on that state component, regardless of the value of the 
instruction mask. 


Some XSAVE-supported features can be used only if XCRO has been configured so that the features’ state compo- 
nents can be managed by the XSAVE feature set. (This applies only to features with user state components.) Such 
state components and features are XSAVE-enabled. In general, the processor will not modify (or allow modifica- 
tion of) the registers of a state component of an XSAVE-enabled feature if the bit corresponding to that state 
component is clear in XCRO. (If software clears such a bit in XCRO, the processor preserves the corresponding state 
component.) If an XSAVE-enabled feature has not been fully enabled in XCRO, execution of any instruction defined 
for that feature causes an invalid-opcode exception (#UD). 


As will be explained in Section 13.3, the XSAVE feature set is enabled only if CR4.OSXSAVE[bit 18] = 1. If 
CR4.0SXSAVE = 0, the processor treats XSAVE-enabled state features and their state components as if all bits in 
XCRO were clear; the state components cannot be modified and the features’ instructions cannot be executed. 
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The state components for x87 state, for SSE state, for PT state, for PKRU state, for CET state, for HDC state, for 
LBR state, and for HWP state are XSAVE-managed but the corresponding features are not XSAVE-enabled. Proces- 
sors allow modification of this state, as well as execution of x87 FPU instructions and SSE instructions and use of 
Intel Processor Trace, protection keys, CET, hardware duty cycling, LBRs, and hardware P-states regardless of the 
value of CR4.O0SXSAVE and XCRO. 


13.2 


ENUMERATION OF CPU SUPPORT FOR XSAVE INSTRUCTIONS AND XSAVE- 
SUPPORTED FEATURES 


A processor enumerates support for the XSAVE feature set and for features supported by that feature set using the 
CPUID instruction. The following items provide specific details: 


¢ CPUID.1:ECX.XSAVE[bit 26] enumerates general support for the XSAVE feature set: 


— If this bit is 0, the processor does not support any of the following instructions: XGETBV, XRSTOR, 
XRSTORS, XSAVE, XSAVEC, XSAVEOPT, XSAVES, and XSETBV; the processor provides no further 
enumeration through CPUID function ODH (see below). 


— If this bit is 1, the processor supports the following instructions: XGETBV, XRSTOR, XSAVE, and XSETBV.! 
Further enumeration is provided through CPUID function ODH. 


CR4.OSXSAVE can be set to 1 if and only if CPUID.1:ECX.XSAVE[bit 26] is enumerated as 1. 


¢ CPUID function ODH enumerates details of CPU support through a set of sub-functions. Software selects a 
specific sub-function by the value placed in the ECX register. The following items provide specific details: 


— CPUID function ODH, sub-function 0. 


EDX:EAX is a bitmap of all the user state components that can be managed using the XSAVE feature 
set. A bit can be set in XCRO if and only if the corresponding bit is set in this bitmap. Every processor 
that supports the XSAVE feature set will set EAX[0] (x87 state) and EAX[1] (SSE state). 


If EAX[/] = 1 (for 1 <i < 32) or EDX[/-32] = 1 (for 32 < i < 63), sub-function / enumerates details for 
state component / (see below). 


ECX enumerates the size (in bytes) required by the XSAVE instruction for an XSAVE area containing all 
the user state components supported by this processor. 


EBX enumerates the size (in bytes) required by the XSAVE instruction for an XSAVE area containing all 
the user state components corresponding to bits currently set in XCRO. 


— CPUID function ODH, sub-function 1. 


EAX[0] enumerates support for the XSAVEOPT instruction. The instruction is supported if and only if 
this bit is 1. If EAX[O] = 0, execution of XSAVEOPT causes an invalid-opcode exception (#UD). 


EAX[1] enumerates support for compaction extensions to the XSAVE feature set. The following are 
supported if this bit is 1: 


— The compacted format of the extended region of XSAVE areas (see Section 13.4.3). 
— The XSAVEC instruction. If EAX[1] = 0, execution of XSAVEC causes a #UD. 
— Execution of the compacted form of XRSTOR (see Section 13.8). 


EAX[2] enumerates support for execution of XGETBV with ECX = 1. This allows software to determine 
the state of the init optimization. See Section 13.6. 


EAX[3] enumerates support for XSAVES, XRSTORS, and the IA32_XSS MSR. If EAX[3] = 0, execution 
of XSAVES or XRSTORS causes a #UD; an attempt to access the IA32_XSS MSR using RDMSR or 
WRMSR causes a general-protection exception (#GP). Every processor that supports a supervisor state 
component sets EAX[3]. Every processor that sets EAX[3] (XSAVES, XRSTORS, IA32_XSS) will also set 
EAX[1] (the compaction extensions). 


1. If CPUID.1:ECX.XSAVE[bit 26] = 1, XGETBV and XSETBV may be executed with ECX = 0 (to read and write XCRO). Any support for 
execution of these instructions with other values of ECX is enumerated separately. 
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¢ EAX[31:4] are reserved. 


¢ EBX enumerates the size (in bytes) required by the XSAVES instruction for an XSAVE area containing all 
the state components corresponding to bits currently set in XCRO | IA32_XSS. 


¢ EDX:ECX is a bitmap of all the supervisor state components that can be managed by XSAVES and 
XRSTORS. A bit can be set in the IA32_XSS MSR if and only if the corresponding bit is set in this bitmap. 


NOTE 


In summary, the XSAVE feature set supports state component / (0 < / < 63) if one of the following 
is true: (1) / < 32 and CPUID.(EAX=0DH,ECX=0):EAX[/] = 1; (2) / = 32 and 
CPUID.(EAX=0DH,ECX=0):EAX[i-32] = 1; (3) i < 32 and CPUID.(EAX=0DH,ECX=1):ECX[/] = 1; 
or (4) i = 32 and CPUID.(EAX=0DH,ECX=1):EDX[/-32] = 1. The XSAVE feature set supports user 
state component / if (1) or (2) holds; if (3) or (4) holds, state component / is a supervisor state 
component and support is limited to XSAVES and XRSTORS. 


CPUID function ODH, sub-function / (i > 1). This sub-function enumerates details for state component /. If 
the XSAVE feature set supports state component / (see note above), the following items provide specific 
details: 


¢ EAX enumerates the size (in bytes) required for state component /. 


¢ If state component / is a user state component, EBX enumerates the offset (in bytes, from the base of 
the XSAVE area) of the section used for state component /. (This offset applies only when the standard 
format for the extended region of the XSAVE area is being used; see Section 13.4.3.) 


¢ If state component / is a supervisor state component, EBX returns 0. 


¢ If state component / is a user state component, ECX[0] return 0; if state component / is a supervisor 
state component, ECX[0] returns 1. 


¢ The value returned by ECX[1] indicates the alignment of state component / when the compacted format 
of the extended region of an XSAVE area is used (see Section 13.4.3). If ECX[1] returns 0, state 
component / is located immediately following the preceding state component; if ECX[1] returns 1, state 
component / is located on the next 64-byte boundary following the preceding state component. 


¢ ECX[31:2] and EDX return 0. 


If the XSAVE feature set does not support state component /, sub-function / returns 0 in EAX, EBX, ECX, and 
EDX. 


ENABLING THE XSAVE FEATURE SET AND XSAVE-ENABLED FEATURES 


Software enables the XSAVE feature set by setting CR4.0SXSAVE[bit 18] to 1 (e.g., with the MOV to CR4 instruc- 
tion). If this bit is 0, execution of any of XGETBV, XRSTOR, XRSTORS, XSAVE, XSAVEC, XSAVEOPT, XSAVES, and 
XSETBV causes an invalid-opcode exception (#UD). 


When CR4.0SXSAVE = 1 and CPL = 0, executing the XSETBV instruction with ECX = 0 writes the 64-bit value in 
EDX:EAX to XCRO (EAX is written to XCRO[31:0] and EDX to XCRO[63:32]). (Execution of the XSETBV instruction 
causes a general-protection fault — #GP — if CPL > 0.) The following items provide details regarding individual bits 
in XCRO: 


XCRO[0] is associated with x87 state (see Section 13.5.1). XCRO[O] is always 1. It has that value coming out of 
RESET. Executing the XSETBV instruction causes a general-protection fault (#GP) if ECX = 0 and EAX[0] is 0. 


XCRO[1] is associated with SSE state (see Section 13.5.2). Software can use the XSAVE feature set to manage 
SSE state only if XCRO[1] = 1. The value of XCRO[1] in no way determines whether software can execute SSE 
instructions (these instructions can be executed even if XCRO[1] = 0). 


XCRO[1] is 0 coming out of RESET. As noted in Section 13.2, every processor that supports the XSAVE feature 
set allows software to set XCRO[1]. 


XCRO[2] is associated with AVX state (see Section 13.5.3). Software can use the XSAVE feature set to manage 
AVX state only if XCRO[2] = 1. In addition, software can execute AVX instructions only if CR4.0SXSAVE = 
XCRO[2] = 1. Otherwise, any execution of an AVX instruction causes an invalid-opcode exception (#UD). 
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XCRO[2] is 0 coming out of RESET. As noted in Section 13.2, a processor allows software to set XCRO[2] if and 
only if CPUID.(EAX=0DH,ECX=0):EAX[2] = 1. In addition, executing the XSETBV instruction causes a general- 
protection fault (#GP) if ECX = 0 and EAX[2:1] has the value 10b; that is, software cannot enable the XSAVE 
feature set for AVX state but not for SSE state. 


As noted in Section 13.1, the processor will preserve AVX state unmodified if software clears XCRO[2]. 
However, clearing XCRO[2] while AVX state is not in its initial configuration may cause SSE instructions to incur 
a power and performance penalty. See Section 13.5.3, “Enable the Use Of XSAVE Feature Set And XSAVE State 
Components” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, for how system 
software can avoid this penalty. 


XCRO[4:3] are associated with MPX state (see Section 13.5.4). Software can use the XSAVE feature set to 
manage MPxX state only if XCRO[4:3] = 11b. In addition, MPX instructions operate as defined only if 
CR4.OSXSAVE = 1 and XCRO[4:3] = 11b. Otherwise, execution of an MPX instruction causes no operation (as 
a NOP instruction); in addition, executions of CALL, RET, JMP, and Jcc do not initialize the bounds registers, and 
they ignore any F2H (BND) prefix.? 


XCRO[4:3] have value 00b coming out of RESET. As noted in Section 13.2, a processor allows software to set 
XCRO[4:3] to 11b if and only if CPUID.(EAX=0DH,ECX=0):EAX[4:3] = 11b. In addition, executing the XSETBV 
instruction causes a general-protection fault (#GP) if ECX = 0, EAX[4:3] is neither 00b nor 11b; that is, 
software can enable the XSAVE feature set for MPX state only if it does so for both state components. 


As noted in Section 13.1, the processor will preserve MPX state unmodified if software clears XCRO[4:3]. 


XCRO[7:5] are associated with AVX-512 state (see Section 13.5.5). Software can use the XSAVE feature set to 
manage AVX-512 state only if XCRO[7:5] = 111b. In addition, software can execute AVX-512 instructions only 
if CR4.0OSXSAVE = 1 and XCRO[7:5] = 111b. Otherwise, any execution of an AVX-512 instruction causes an 
invalid-opcode exception (#UD). 


XCRO[7:5] have value 000b coming out of RESET. As noted in Section 13.2, a processor allows software to set 
XCRO[7:5] to 111b if and only if CPUID.(EAX=0DH,ECX=0):EAX[7:5] = 111b. In addition, executing the 
XSETBV instruction causes a general-protection fault (#GP) if ECX = 0, EAX[7:5] is not 000b, and any bit is 
clear in EAX[2:1] or EAX[7:5]; that is, software can enable the XSAVE feature set for AVX-512 state only if it 
does so for all three state components, and only if it also does so for AVX state and SSE state. This implies that 
the value of XCRO[7:5] is always either 000b or 111b. 


As noted in Section 13.1, the processor will preserve AVX-512 state unmodified if software clears XCRO[7:5]. 
However, clearing XCRO[7:5] while AVX-512 state is not in its initial configuration may cause SSE and AVX 
instructions to incur a power and performance penalty. See Section 13.5.3, “Enable the Use Of XSAVE Feature 
Set And XSAVE State Components” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
3A, for how system software can avoid this penalty. 


XCRO[9] is associated with PKRU state (see Section 13.5.7). Software can use the XSAVE feature set to 
manage PKRU state only if XCRO[9] = 1. The value of XCRO[9] in no way determines whether software can use 
protection keys or execute other instructions that access PKRU state (these instructions can be executed even 
if XCRO[9] = 0). 

XCRO[9] is 0 coming out of RESET. As noted in Section 13.2, a processor allows software to set XCRO[9] if and 
only if CPUID.(EAX=0DH,ECX=0):EAX[9] = 1. 

XCRO[63:10] and XCRO[8] are reserved.? Executing the XSETBV instruction causes a general-protection fault 
(#GP) if ECX = 0 and any corresponding bit in EDX:EAX is not 0. These bits in XCRO are all 0 coming out of 
RESET. 


Software operating with CPL > 0 may need to determine whether the XSAVE feature set and certain XSAVE- 
enabled features have been enabled. If CPL > 0, execution of the MOV from CR4 instruction causes a general- 
protection fault (#GP). The following alternative mechanisms allow software to discover the enabling of the XSAVE 
feature set regardless of CPL: 


Prior to the introduction of MPX, the opcodes defining MPX instructions operated as NOP, and the CALL, RET, JMP, and Jcc instruc- 
tions ignored any F2H prefix. 


. Bit 8 and bits 13:11 correspond to supervisor state components. Since bits can be set in XCRO only for user state components, 
those bits of XCRO must be O. 
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The value of CR4.OSXSAVE is returned in CPUID.1:ECX.OSXSAVE[bit 27]. If software determines that 
CPUID.1:ECX.OSXSAVE = 1, the processor supports the XSAVE feature set and the feature set has been 
enabled in CR4. 


Executing the XGETBV instruction with ECX = 0 returns the value of XCRO in EDX:EAX. XGETBV can be 
executed if CR4.OSXSAVE = 1 (if CPUID.1:ECX.OSXSAVE = 1), regardless of CPL. 


Thus, software can use the following algorithm to determine the support and enabling for the XSAVE feature set: 


1. 


Use CPUID to discover the value of CPUID.1:ECX.OSXSAVE. 


— Ifthe bit is 0, either the XSAVE feature set is not supported by the processor or has not been enabled by 
software. Either way, the XSAVE feature set is not available, nor are XSAVE-enabled features such as AVX. 


— Ifthe bit is 1, the processor supports the XSAVE feature set — including the XGETBV instruction — and it 
has been enabled by software. The XSAVE feature set can be used to manage x87 state (because XCRO[0] 
is always 1). Software requiring more detailed information can go on to the next step. 


Execute XGETBV with ECX = 0 to discover the value of XCRO. If XCRO[1] = 1, the XSAVE feature set can be 
used to manage SSE state. If XCRO[2] = 1, the XSAVE feature set can be used to manage AVX state and 
software can execute AVX instructions. If XCRO[4:3] is 11b, the XSAVE feature set can be used to manage MPX 
state and software can execute MPX instructions. If XCRO[7:5] is 111b, the XSAVE feature set can be used to 
manage AVX-512 state and software can execute AVX-512 instructions. If XCRO[9] = 1, the XSAVE feature set 
can be used to manage PKRU state. 


The IA32_XSS MSR (with MSR index DAOH) is zero coming out of RESET. If CR4.0OSXSAVE = 1, 
CPUID.(EAX=0DH,ECX=1):EAX[3] = 1, and CPL = 0, executing the WRMSR instruction with ECX = DAOH writes 
the 64-bit value in EDX:EAX to the IA32_XSS MSR (EAX is written to IA32_XSS[31:0] and EDX to 
IA32_XSS[63:32]). The following items provide details regarding individual bits in the IA32_XSS MSR: 


IA32_XSS[8] is associated with PT state (see Section 13.5.6). Software can use XSAVES and XRSTORS to 
manage PT state only if IA32_XSS[8] = 1. The value of IA32_XSS[8] does not determine whether software can 
use Intel Processor Trace (the feature can be used even if IA32_XSS[8] = 0). 


IA32_XSS[12:11] are associated with CET state (see Section 13.5.8), IA32_XSS[11] with CET_U state and 
IA32_XSS[12] with CET_S state. Software can use the XSAVES and XRSTORS to manage CET_U state (respec- 
tively, CET_S state) only if IA32_XSS[11] = 1 (respectively, IA32_XSS[12] = 1). The value of 
IA32_XSS[12:11] does not determine whether software can use CET (the feature can be used even if either of 
IA32_XSS[12:11] is 0). 

IA32_XSS[13] is associated with HDC state (see Section 13.5.9). Software can use XSAVES and XRSTORS to 


manage HDC state only if IA32_XSS[13] = 1. The value of IA32_XSS[13] does not determine whether software 
can use hardware duty cycling (the feature can be used even if IA32_XSS[13] = 0). 


IA32_XSS[15] is associated with LBR state (see Section 13.5.10). Software can use XSAVES and XRSTORS to 
manage LBR state only if IA32_XSS[15] = 1. The value of IA32_XSS[15] does not determine whether software 
can use LBRs (the feature can be used even if IA32_XSS[15] = 0). 

IA32_XSS[16] is associated with HWP state (see Section 13.5.11). Software can use XSAVES and XRSTORS to 
manage HWP state only if IA32_XSS[16] = 1. The value of IA32_XSS[16] does not determine whether 
software can use hardware P-states (the feature can be used even if IA32_XSS[16] = 0). 

IA32_XSS[63:17], IA32_XSS[14], IA32_XSS[10:9] and IA32_XSS[7:0] are reserved.! Executing the WRMSR 
instruction causes a general-protection fault (#GP) if ECX = DAOH and any corresponding bit in EDX:EAX is not 
0. These bits in XCRO are all 0 coming out of RESET. 


The IA32_XSS MSR is 0 coming out of RESET. 
There is no mechanism by which software operating with CPL > 0 can discover the value of the IA32_XSS MSR. 


1. 


Bit 9 and bits 7:0 correspond to user state components. Since bits can be set in the [A32_XSS MSR only for supervisor state compo- 
nents, those bits of the MSR must be 0. 
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13.4 XSAVE AREA 


The XSAVE feature set includes instructions that save and restore the XSAVE-managed state components to and 
from memory: XSAVE, XSAVEOPT, XSAVEC, and XSAVES (for saving); and XRSTOR and XRSTORS (for restoring). 
The processor organizes the state components in a region of memory called an XSAVE area. Each of the save and 
restore instructions takes a memory operand that specifies the 64-byte aligned base address of the XSAVE area on 
which it operates. 


Every XSAVE area has the following format: 


¢ The legacy region. The legacy region of an XSAVE area comprises the 512 bytes starting at the area’s base 
address. It is used to manage the state components for x87 state and SSE state. The legacy region is described 
in more detail in Section 13.4.1. 


° The XSAVE header. The XSAVE header of an XSAVE area comprises the 64 bytes starting at an offset of 512 
bytes from the area’s base address. The XSAVE header is described in more detail in Section 13.4.2. 


° The extended region. The extended region of an XSAVE area starts at an offset of 576 bytes from the area’s 
base address. It is used to manage the state components other than those for x87 state and SSE state. The 
extended region is described in more detail in Section 13.4.3. The size of the extended region is determined by 
which state components the processor supports and which bits have been set in XCRO and IA32_XSS (see 
Section 13.3). 


13.4.1. Legacy Region of an XSAVE Area 


The legacy region of an XSAVE area comprises the 512 bytes starting at the area’s base address. It has the same 
format as the FXSAVE area (see Section 10.5.1). The XSAVE feature set uses the legacy area for x87 state (state 
component 0) and SSE state (state component 1). Table 13-1 illustrates the format of the first 416 bytes of the 
legacy region of an XSAVE area. 


Table 13-1. Format of the Legacy Region of an XSAVE Area 


peepee pe [se Pes tsps t se ae 


FIP[63:48] or FCS or 
pascried FIP[47:32] FIP[31:0] Rsvd. | FTW 


FDP[63:48] FDS or 
orreserved | FDP[47:32] port 


Reserved ST0/MMO 
Reserved ST1/MM1 
Reserved ST2/MM2 
Reserved ST3/MM3 
Reserved ST4/MM4 
Reserved ST5/MM5 
Reserved ST6/MM6 
Reserved ST7/MM7 


MXCSR_MASK 
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Table 13-1. Format of the Legacy Region of an XSAVE Area (Contd.) 


The x87 state component comprises bytes 23:0 and bytes 159:32. The SSE state component comprises 
bytes 31:24 and bytes 415:160. The XSAVE feature set does not use bytes 511:416; bytes 463:416 are reserved. 


Section 13.7 through Section 13.9 provide details of how instructions in the XSAVE feature set use the legacy 
region of an XSAVE area. 


13.4.2 XSAVE Header 


The XSAVE header of an XSAVE area comprises the 64 bytes starting at offset 512 from the area’s base address: 


° Bytes 7:0 of the XSAVE header is a state-component bitmap (see Section 13.1) called XSTATE_BV. It 
identifies the state components in the XSAVE area. 


° Bytes 15:8 of the XSAVE header is a state-component bitmap called XCOMP_BV. It is used as follows: 
— XCOMP_BV[63] indicates the format of the extended region of the XSAVE area (see Section 13.4.3). If it is 


clear, the standard format is used. If it is set, the compacted format is used; XCOMP_BV[62:0] provide 
format specifics as specified in Section 13.4.3. 


— XCOMP_BV[63] determines which form of the XRSTOR instruction is used. If the bit is set, the compacted 
form is used; otherwise, the standard form is used. See Section 13.8. 


— All bits in XCOMP_BV should be 0 if the processor does not support the compaction extensions to the XSAVE 
feature set. 
° Bytes 63:16 of the XSAVE header are reserved. 


Section 13.7 through Section 13.9 provide details of how instructions in the XSAVE feature set use the XSAVE 
header of an XSAVE area. 


13.4.3. Extended Region of an XSAVE Area 


The extended region of an XSAVE area starts at byte offset 576 from the area’s base address. The size of the 
extended region is determined by which state components the processor supports and which bits have been set in 
XCRO | IA32_XSS (see Section 13.3). 


The XSAVE feature set uses the extended area for each state component /, where i > 2. The following state compo- 
nents are currently supported in the extended area: state component 2 contains AVX state; state components 5-7 
contain AVX-512 state; and state component 9 contains PKRU state. 


The extended region of the an XSAVE area may have one of two formats. The standard format is supported by all 
processors that support the XSAVE feature set; the compacted format is supported by those processors that 
support the compaction extensions to the XSAVE feature set (see Section 13.2). Bit 63 of the XCOMP_BV field in 
the XSAVE header (see Section 13.4.2) indicates which format is used. 


The following items describe the two possible formats of the extended region: 
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¢ Standard format. Each state component j (/ => 2) is located at the byte offset from the base address of the 
XSAVE area enumerated in CPUID.(EAX=0DH,ECX=/):EBX. (CPUID.(EAX=0DH,ECX=/):EAX enumerates the 
number of bytes required for state component /. 


¢ Compacted format. Each state component / (i > 2) is located at a byte offset from the base address of the 
XSAVE area based on the XCOMP_BV field in the XSAVE header: 


— If XCOMP_BV[/] = 0, state component jis not in the XSAVE area. 


— If XCOMP_BV[/] = 1, state component / is located at a byte offset /ocation; from the base address of the 
XSAVE area, where /ocation; is determined by the following items: 


° If XCOMP_BV[j] = 0 for every j, 2 <j < i, location; is 576. (This item applies if / is the first bit set in 
bits 62:2 of the XCOMP_BV; it implies that state component / is located at the beginning of the 
extended region.) 

* Otherwise, let j, 2 <j < i, be the greatest value such that XCOMP_BV[j] = 1. Then /ocation, is 
determined by the following values: /ocation;; size;, as enumerated in CPUID.(EAX=0DH,ECX=j):EAX; 
and the value of align;, as enumerated in CPUID.(EAX=0DH,ECX=/):ECX[1]: 


— If align; = 0, location; = location; + size;. (This item implies that state component / is located 
immediately following the preceding state component whose bit is set in XCOMP_BV.) 


— If align; = 1, location; = ceiling(location,; + size, 64). (This item implies that state component / is 
located on the next 64-byte boundary following the preceding state component whose bit is set in 
XCOMP_BV.) 


13.5 XSAVE-MANAGED STATE 


The section provides details regarding how the XSAVE feature set interacts with the various XSAVE-managed state 
components. 


Unless otherwise state, the state pertaining to a particular state component is saved beginning at byte 0 of the 
section of the XSAVE are corresponding to that state component. 


13.5.1 x87 State 


Instructions in the XSAVE feature set can manage the same state of the x87 FPU execution environment (x87 
state) that can be managed using the FXSAVE and FXRSTOR instructions. They organize all x87 state as a user 
state component in the legacy region of the XSAVE area (see Section 13.4.1). This region is illustrated in 

Table 13-1; the x87 state is listed below, along with details of its interactions with the XSAVE feature set: 


e Bytes 1:0, 3:2, 7:6. These are used for the x87 FPU Control Word (FCW), the x87 FPU Status Word (FSW), and 
the x87 FPU Opcode (FOP), respectively. 


° Byte 4 is used for an abridged version of the x87 FPU Tag Word (FTW). The following items describe its usage: 


— For each j, 0 <j <7, XSAVE, XSAVEOPT, XSAVEC, and XSAVES save a 0 into bit j of byte 4 if x87 FPU data 
register STj has a empty tag; otherwise, XSAVE, XSAVEOPT, XSAVEC, and XSAVES save a 1 into bit j of 
byte 4. 


— Foreachj, 0 <j <7, XRSTOR and XRSTORS establish the tag value for x87 FPU data register STj as follows. 
If bit j of byte 4 is 0, the tag for STj in the tag register for that data register is marked empty (11B); 
otherwise, the x87 FPU sets the tag for STj based on the value being loaded into that register (see below). 


¢ Bytes 15:8 are used as follows: 
— If the instruction has no REX prefix, or if REX.W = 0: 
¢ Bytes 11:8 are used for bits 31:0 of the x87 FPU Instruction Pointer Offset (FIP). 


¢ If CPUID.(EAX=07H,ECX=0H):EBX[bit 13] = 0, bytes 13:12 are used for x87 FPU Instruction Pointer 
Selector (FCS). Otherwise, XSAVE, XSAVEOPT, XSAVEC, and XSAVES save these bytes as 0000H, and 
XRSTOR and XRSTORS ignore them. 


¢ Bytes 15:14 are not used. 
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— If the instruction has a REX prefix with REX.W = 1, bytes 15:8 are used for the full 64 bits of FIP. 
° Bytes 23:16 are used as follows: 
— If the instruction has no REX prefix, or if REX.W = 0: 
¢ Bytes 19:16 are used for bits 31:0 of the x87 FPU Data Pointer Offset (FDP). 


¢ If CPUID.(EAX=07H,ECX=0H):EBX[bit 13] = 0, bytes 21:20 are used for x87 FPU Data Pointer Selector 
(FDS). Otherwise, XSAVE, XSAVEOPT, XSAVEC, and XSAVES save these bytes as 0O00H; and XRSTOR 
and XRSTORS ignore them. 


¢ Bytes 23:22 are not used. 
— If the instruction has a REX prefix with REX.W = 1, bytes 23:16 are used for the full 64 bits of FDP. 
¢ Bytes 31:24 are used for SSE state (see Section 13.5.2). 


¢ Bytes 159:32 are used for the registers STO-ST7 (MMO-MM7). Each of the 8 register is allocated a 128-bit 
region, with the low 80 bits used for the register and the upper 48 bits unused. 


x87 state is XSAVE-managed but the x87 FPU feature is not XSAVE-enabled. The XSAVE feature set can operate on 
x87 state only if the feature set is enabled (CR4.0SXSAVE = 1).! Software can otherwise use x87 state even if the 
XSAVE feature set is not enabled. 


13.5.2 SSE State 


Instructions in the XSAVE feature set can manage the registers used by the streaming SIMD extensions (SSE 
state) just as the FXSAVE and FXRSTOR instructions do. They organize all SSE state as a user state component in 
the legacy region of the XSAVE area (see Section 13.4.1). This region is illustrated in Table 13-1; the SSE state is 
listed below, along with details of its interactions with the XSAVE feature set: 

° Bytes 23:0 are used for x87 state (see Section 13.5.1). 


° Bytes 27:24 are used for the MXCSR register. XRSTOR and XRSTORS generate general-protection faults (#GP) 
in response to attempts to set any of the reserved bits of the MXCSR register. 


° Bytes 31:28 are used for the MKCSR_MASK value. XRSTOR and XRSTORS ignore this field. 
¢ Bytes 159:32 are used for x87 state. 
¢ Bytes 287:160 are used for the registers XMMO-XMM7. 


¢ Bytes 415:288 are used for the registers XMM8-XMM15. These fields are used only in 64-bit mode. Executions 
of XSAVE, XSAVEOPT, XSAVEC, and XSAVES outside 64-bit mode do not modify these bytes; executions of 
XRSTOR and XRSTORS outside 64-bit mode do not update XMM8-XMM15. See Section 13.13. 


SSE state is XSAVE-managed but the SSE feature is not XSAVE-enabled. The XSAVE feature set can operate on SSE 
state only if the feature set is enabled (CR4.OSXSAVE = 1) and has been configured to manage SSE state 
(XCRO[1] = 1). Software can otherwise use SSE state even if the XSAVE feature set is not enabled or has not been 
configured to manage SSE state. 


13.5.3 AVX State 


The register state used by the Intel® Advanced Vector Extensions (AVX) comprises the MXCSR register and 16 256- 
bit vector registers called YMMO-YMM15. The low 128 bits of each register YMMi is identical to the SSE register 
XMMi. Thus, the new state register state added by AVX comprises the upper 128 bits of the registers YMMO- 
YMM15. These 16 128-bit values are denoted YMMO_H-YMM15_H and are collectively called AVX state. 


As noted in Section 13.1, the XSAVE feature set manages AVX state as user state component 2. Thus, AVX state is 
located in the extended region of the XSAVE area (see Section 13.4.3). 


1. The processor ensures that XCRO[O] is always 1. 


2. While MXCSR and MXCSR_MASK are part of SSE state, their treatment by the XSAVE feature set is not the same as that of the XMM 
registers. See Section 13.7 through Section 13.11 for details. 
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As noted in Section 13.2, CPUID.(EAX=0DH,ECX=2):EBX enumerates the offset (in bytes, from the base of the 
XSAVE area) of the section of the extended region of the XSAVE area used for AVX state (when the standard format 
of the extended region is used). CPUID.(EAX=0DH,ECX=2):EAX enumerates the size (in bytes) required for AVX 
state. 


The XSAVE feature set partitions YMMO_H-YMM15_H in a manner similar to that used for the XMM registers (see 
Section 13.5.2). Bytes 127:0 of the AVX-state section are used for YMMO_H-YMM7_H. Bytes 255:128 are used for 
YMM8_H-YMM15_H, but they are used only in 64-bit mode. Executions of XSAVE, XSAVEOPT, XSAVEC, and 
XSAVES outside 64-bit mode do not modify bytes 255:128; executions of XRSTOR and XRSTORS outside 64-bit 
mode do not update YMM8_H-YMM15_H. See Section 13.13. In general, bytes 16/+15:16/ are used for YMMi_H 
(forO0 </<15). 


AVX state is XSAVE-managed and the AVX feature is XSAVE-enabled. The XSAVE feature set can operate on AVX 
state only if the feature set is enabled (CR4.0SXSAVE = 1) and has been configured to manage AVX state 
(XCRO[2] = 1). AVX instructions cannot be used unless the XSAVE feature set is enabled and has been configured 
to manage AVX state. 


13.5.4 MPX State 


The register state used by the Intel® Memory Protection Extensions (MPX) comprises the 4 128-bit bounds regis- 
ters BNDO-BND3 (BNDREGS state); and the 64-bit user-mode configuration register BNDCFGU and the 64-bit 
MPX status register BNDSTATUS (collectively, BNDCSR state). Together, these two user state components 
compose MPxX state. 


As noted in Section 13.1, the XSAVE feature set manages MPX state as state components 3-4. Thus, MPX state is 
located in the extended region of the XSAVE area (see Section 13.4.3). The following items detail how these state 
components are organized in this region: 


¢ BNDREGS state. 
As noted in Section 13.2, CPUID.(EAX=0DH,ECX=3):EBX enumerates the offset (in bytes, from the base of the 
XSAVE area) of the section of the extended region of the XSAVE area used for BNDREGS state (when the 
standard format of the extended region is used). CPUID.(EAX=0DH,ECX=3):EAX enumerates the size (in 
bytes) required for BNDREGS state. The BNDREGS section is used for the 4 128-bit bound registers BNDO- 
BND3, with bytes 16/+15:16/ being used for BNDi. 

° BNDCSR state. 
As noted in Section 13.2, CPUID.(EAX=0DH,ECX=4):EBX enumerates the offset of the section of the extended 
region of the XSAVE area used for BNDCSR state (when the standard format of the extended region is used). 
CPUID.(EAX=0DH,ECX=4):EAX enumerates the size (in bytes) required for BNDCSR state. In the BNDSCR 
section, bytes 7:0 are used for BNDCFGU and bytes 15:8 are used for BNDSTATUS. 


Both components of MPX state are XSAVE-managed and the MPX feature is XSAVE-enabled. The XSAVE feature set 
can operate on MPX state only if the feature set is enabled (CR4.OSXSAVE = 1) and has been configured to manage 
MPX state (XCRO[4:3] = 11b). MPX instructions cannot be used unless the XSAVE feature set is enabled and has 
been configured to manage MPxX state. 


13.5.5  AVX-512 State 


The register state used by the Intel® Advanced Vector Extensions 512 (AVX-512) comprises the MXCSR register, 

the 8 64-bit opmask registers kO-k7, and 32 512-bit vector registers called ZMMO-ZMM31. For each i, 0 <=i <= 
15, the low 256 bits of register ZMMi is identical to the AVX register YMM/. Thus, the new state register state added 
by AVX comprises the following user state components: 


¢ The opmask registers, collectively called opmask state. 


¢ The upper 256 bits of the registers ZMMO-ZMM15. These 16 256-bit values are denoted ZMMO_H-ZMM15_H 
and are collectively called ZMM_Hi256 state. 


¢ The 16 512-bit registers ZMM16-ZMM31, collectively called Hil16_ZMM state. 
Together, these three state components compose AVX-512 state. 
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As noted in Section 13.1, the XSAVE feature set manages AVX-512 state as state components 5-7. Thus, AVX-512 
state is located in the extended region of the XSAVE area (see Section 13.4.3). The following items detail how these 
state components are organized in this region: 


° Opmask state. 
As noted in Section 13.2, CPUID.(EAX=0DH,ECX=5):EBX enumerates the offset (in bytes, from the base of the 
XSAVE area) of the section of the extended region of the XSAVE area used for opmask state (when the standard 
format of the extended region is used). CPUID.(EAX=0DH,ECX=5):EAX enumerates the size (in bytes) required 
for opmask state. The opmask section is used for the 8 64-bit opmask registers kO-k7, with bytes 8/+7:8/ 
being used for ki. 


° ZMM_Hi256 state. 
As noted in Section 13.2, CPUID.(EAX=0DH,ECX=6):EBX enumerates the offset of the section of the extended 
region of the XSAVE area used for ZMM_Hi256 state (when the standard format of the extended region is 
used). CPUID.(EAX=0DH,ECX=6):EAX enumerates the size (in bytes) required for ZMM_Hi256 state. 


The XSAVE feature set partitions ZMMO_H-ZMM15_H in a manner similar to that used for the XMM registers 
(see Section 13.5.2). Bytes 255:0 of the ZMM_Hi256-state section are used for ZMMO_H-ZMM7_H. 

Bytes 511:256 are used for ZMM8_H-ZMM15_H, but they are used only in 64-bit mode. Executions of XSAVE, 
XSAVEOPT, XSAVEC, and XSAVES outside 64-bit mode do not modify bytes 511:256; executions of XRSTOR 
and XRSTORS outside 64-bit mode do not update ZMM8_H-ZMM15_H. See Section 13.13. In general, 

bytes 32/+31:32/ are used for ZMMi_H (for 0 <i< 15). 


¢ Hi16_ZMM state. 
As noted in Section 13.2, CPUID.(EAX=0DH,ECX=7):EBX enumerates the offset of the section of the extended 
region of the XSAVE area used for Hi16_ZMM state (when the standard format of the extended region is used). 
CPUID.(EAX=0DH,ECX=7):EAX enumerates the size (in bytes) required for Hi16_ZMM state. 


The XSAVE feature set accesses Hi16_ZMM state only in 64-bit mode. Executions of XSAVE, XSAVEOPT, 
XSAVEC, and XSAVES outside 64-bit mode do not modify the Hil16_ZMM section; executions of XRSTOR and 
XRSTORS outside 64-bit mode do not update ZMM16-ZMM31. See Section 13.13. In general, 

bytes 64(i-16)+63:64(/-16) are used for ZMMi (for 16 </< 31). 


All three components of AVX-512 state are XSAVE-managed and the AVX-512 feature is XSAVE-enabled. The 
XSAVE feature set can operate on AVX-512 state only if the feature set is enabled (CR4.OSXSAVE = 1) and has 
been configured to manage AVX-512 state (XCRO[7:5] = 111b). AVX-512 instructions cannot be used unless the 
XSAVE feature set is enabled and has been configured to manage AVX-512 state. 


13.5.6 PT State 


The register state used by Intel Processor Trace (PT state) comprises the following 9 MSRs: IA32_RTIT_CTL, 
IA32_RTIT_OUTPUT_BASE, IA32_RTIT_OUTPUT_MASK_PTRS, IA32_RTIT_STATUS, IA32_RTIT_CR3_MATCH, 
IA32_RTIT_ADDRO_A, IA32_RTIT_ADDRO_B, IA32_RTIT_ADDR1_A, and IA32_RTIT_ADDR1_B.! 


As noted in Section 13.1, the XSAVE feature set manages PT state as supervisor state component 8. Thus, PT state 
is located in the extended region of the XSAVE area (see Section 13.4.3). As noted in Section 13.2, 
CPUID.(EAX=0DH,ECX=8):EAX enumerates the size (in bytes) required for PT state. The MSRs are each allocated 
8 bytes in the state component in the order given above. Thus, IA32_RTIT_CTL is at byte offset 0, 
IA32_RTIT_OUTPUT_BASE at byte offset 8, etc. Any locations in the state component at or beyond byte offset 72 
are reserved. 


PT state is XSAVE-managed but Intel Processor Trace is not XSAVE-enabled. The XSAVE feature set can operate on 
PT state only if the feature set is enabled (CR4.0SXSAVE = 1) and has been configured to manage PT state 
(IA32_XSS[8] = 1). Software can otherwise use Intel Processor Trace and access its MSRs (using RDMSR and 
WRMSR) even if the XSAVE feature set is not enabled or has not been configured to manage PT state. 


The following items describe special treatment of PT state by the XSAVES and XRSTORS instructions: 


1. These MSRs might not be supported by every processor that supports Intel Processor Trace. Software can use the CPUID instruction 
to discover which are supported; see Section 32.3.1, “Detection of Intel Processor Trace and Capability Enumeration,’ of Intel® 64 
and IA-32 Architectures Software Developer's Manual, Volume 3C. 
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¢ If XSAVES saves PT state, the instruction clears IA32_RTIT_CTL.TraceEn (bit 0) after saving the value of the 
IA32_RTIT_CTL MSR and before saving any other PT state. If XSAVES causes a fault or a VM exit, it restores 
IA32_RTIT_CTL.TraceEn to its original value. 


¢ If XSAVES saves PT state, the instruction saves zeroes in the reserved portions of the state component. 


¢ If XRSTORS would restore (or initialize) PT state and IA32_RTIT_CTL.TraceEn = 1, the instruction causes a 
general-protection exception (#GP) before modifying PT state. 


¢ If XRSTORS causes an exception or a VM exit, it does so before any modification to IA32_RTIT_CTL.TraceEn 
(even if it has loaded other PT state). 


13.5.7. PKRU State 


The register state used by the protection-key feature (PKRU state) is the 32-bit PKRU register. As noted in Section 
13.1, the XSAVE feature set manages PKRU state as user state component 9. Thus, PKRU state is located in the 
extended region of the XSAVE area (see Section 13.4.3). 


As noted in Section 13.2, CPUID.(EAX=0DH,ECX=9):EBX enumerates the offset (in bytes, from the base of the 
XSAVE area) of the section of the extended region of the XSAVE area used for PKRU state (when the standard 
format of the extended region is used). CPUID.(EAX=0DH,ECX=9):EAX enumerates the size (in bytes) required for 
PKRU state. The XSAVE feature set uses bytes 3:0 of the PK-state section for the PKRU register. 


PKRU state is XSAVE-managed but the protection-key feature is not XSAVE-enabled. The XSAVE feature set can 
operate on PKRU state only if the feature set is enabled (CR4.OSXSAVE = 1) and has been configured to manage 
PKRU state (XCRO[9] = 1). Software can otherwise use protection keys and access PKRU state even if the XSAVE 
feature set is not enabled or has not been configured to manage PKRU state. 


The value of the PKRU register determines the access rights for user-mode linear addresses. (See Section 4.6, 
“Access Rights,” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A.) The access rights 
that pertain to an execution of the XRSTOR and XRSTORS instructions are determined by the value of the register 
before the execution and not by any value that the execution might load into the PKRU register. 


13.5.8 CET State 


The register state used by Control-Flow Enforcement Technology (CET) comprises the two 64-bit MSRs 
(IA32_U_CET and IA32_PL3_SSP) that manage CET when CPL = 3 (CET_U state); and the three 64-bit MSRs 
(IA32_PLO_SSP-IA32_PL2_SSP) that manage CET when CPL < 3 (CET_S state). Together, these two user state 
components compose CET state.! 


As noted in Section 13.1, the XSAVE feature set manages CET state as supervisor state components 11-23. Thus, 
CET state is located in the extended region of the XSAVE area (see Section 13.4.3). The following items detail how 
these state components are organized in this region: 


° CET_U state. 
As noted in Section 13.2, CPUID.(EAX=0DH,ECX=11):EAX enumerates the size (in bytes) required for CET_U 
state. The CET_U section is used for the 64-bit MSRs IA32_U_CET and IA32_PL3_SSP, with bytes 7:0 being 
used for IA32_U_CET and bytes 15:8 being used for IA32_PL3_SSP. 


° CET_S state. 
As noted in Section 13.2, CPUID.(EAX=0DH,ECX=12):EAX enumerates the size (in bytes) required for CET_S 
state. The CET_S section is used for the three 64-bit MSRs IA32_PLO_SSP-IA32_PL2_SSP, with bytes 8/+7:8/ 
being used for IA32_PLi_SSP. 


The two components of CET state are XSAVE-managed and CET is not XSAVE-enabled. The XSAVE feature set can 
operate on CET_U state (respectively, CET_S state) only if the feature set is enabled (CR4.OSXSAVE = 1) and has 
been configured to manage CET_U state (respectively, CET_S state) by setting IA32_XSS[11] (respectively, 
IA32_XSS[12]). Software can otherwise use CET and access the CET MSRs (using RDMSR and WRMSR) even if the 
XSAVE feature set is not enabled or has not been configured to manage CET state. 


1. The lA32_S_ CET and lA32_INTERRUPT_SSP_TABLE_ADDR MSRs also control CET when CPL < 3. However, they are not managed by 
the XSAVE feature set and are thus not considered in this chapter. 
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13.5.9 HDC State 
The register state used by hardware duty cycling (HDC state) comprises the IA32_PM_CTL1 MSR. 


As noted in Section 13.1, the XSAVE feature set manages HDC state as supervisor state component 13. Thus, HDC 
state is located in the extended region of the XSAVE area (see Section 13.4.3). As noted in Section 13.2, 
CPUID.(EAX=0DH,ECX=13):EAX enumerates the size (in bytes) required for HDC state. The IA32_PM_CTL1 MSR 
is allocated 8 bytes at byte offset 0 in the state component. 


HDC state is XSAVE-managed but hardware duty cycling is not XSAVE-enabled. The XSAVE feature set can operate 
on HDC state only if the feature set is enabled (CR4.0SXSAVE = 1) and has been configured to manage HDC state 
(IA32_XSS[13] = 1). Software can otherwise use hardware duty cycling and access the IA32_PM_CTL1 MSR (using 
RDMSR and WRMSR) even if the XSAVE feature set is not enabled or has not been configured to manage HDC state. 


13.5.10 LBR State 


The register state used by last-branch records (LBR state) comprises 101 MSRs organized as follows: 
IA32_LBR_CTL; IA32_LBR_DEPTH; IA32_LER_FROM_IP; IA32_LER_TO_IP; IA32_LER_INFO; and 32 triples of 
MSRs, IA32_LBR_i_FROM_IP, IA32_LBR_/_TO_IP, IA32_LBR_/_INFO, for each value of /,0 <i < 31. 


As noted in Section 13.1, the XSAVE feature set manages LBR state as supervisor state component 15. Thus, LBR 
state is located in the extended region of the XSAVE area (see Section 13.4.3). As noted in Section 13.2, 
CPUID.(EAX=0DH,ECX=15):EAX enumerates the size (in bytes) required for LBR state. The IA32_LBR_CTL MSR is 
allocated 8 bytes at byte offset 0 in the state component. The remaining MSRs are each allocated 8 bytes in the 
state component in the order given above. Thus, IA32_LBR_DEPTH is at byte offset 8, ..., IA32_LBR_O_FROM_IP 
at byte offset 40, IA32_LBR_O_TO_IP at byte offset 48, IA32_LBR_O_INFO at byte offset 56, 
IA32_LBR_1_FROM_IP at byte offset 64, ..., and IA32_LBR_31_INFO at byte offset 800. Any locations in the state 
component at or beyond byte offset 808 are reserved. 


LBR state is XSAVE-managed but LBRs are not XSAVE-enabled. The XSAVE feature set can operate on LBR state 
only if the feature set is enabled (CR4.0SXSAVE = 1) and has been configured to manage LBR state 
(IA32_XSS[15] = 1). Software can otherwise use LBRs and access the MSRs (using RDMSR and WRMSR) even if 
the XSAVE feature set is not enabled or has not been configured to manage LBR state. 


The following items describe special treatment of LBR state by the XSAVES and XRSTORS instructions: 


¢ If XSAVES would save LBR state and that state is not in its initial configuration (see Section 13.6), the 
instruction always saves IA32_LBR_CTL, IA32_LBR_DEPTH, IA32_LER_FROM_IP, IA32_LER_TO_IP, and 
IA32_LER_INFO. It saves the triples IA32_LBR_/_FROM_IP, IA32_LBR_/_TO_IP, IA32_LBR_/_INFO, for each 
value of i, 0 < i < D, where D is the value of IA32_LBR_DEPTH. It will not save the values of the remaining 
triples, although it may access the corresponding fields in the XSAVE area. 


¢ If XSAVES would save LBR state and that state is in its initial configuration, the instruction does not save any 
LBR state and will not access that component of the XSAVE area. 


e If XRSTORS would initialize LBR state, IA32_LBR_DEPTH is not modified and zero is written to the other MSRs 
that compose LBR state. 


¢ If XRSTORS would restore LBR state, behavior depends on the current value of IA32_LBR_DEPTH and the value 
of corresponding field in the XSAVE area: 


— If the current value of IA32_LBR_DEPTH equals the value of corresponding field in the XSAVE area, the 
instruction restores IA32_LBR_CTL, IA32_LER_FROM_IP, IA32_LER_TO_IP, IA32_LER_INFO, and the 
triples IA32_LBR_j_FROM_IP, IA32_LBR_j_TO_IP, IA32_LBR_/_INFO, for each value of i, 0 < i < D, where 
D is the value of IA32_LBR_DEPTH. It will not restore the values of the remaining triples, although it may 
access the corresponding fields in the XSAVE area. 


— Ifthe IA32_LBR_DEPTH field in the XSAVE area sets any reserved bits, the instruction causes a general- 
protection exception (#GP). 


— If neither of the previous items apply, the instruction restores IA32_LBR_CTL, IA32_LER_FROML_IP, 
IA32_LER_TO_IP, and IA32_LER_INFO, but it writes zero to the triples IA32_LBR_/_FROM_IP, 
IA32_LBR_i_TO_IP, IA32_LBR_/_INFO, for each value of ij, O < i < 31. Such an execution does not modify 
XINUSE[15] (see Section 13.6 and Section 13.12). 
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13.5.11 HWP State 
The register state used by hardware P-states (HWP state) comprises the IA32_HWP_REQUEST MSR. 


As noted in Section 13.1, the XSAVE feature set manages HWP state as supervisor state component 16. Thus, HWP 
state is located in the extended region of the XSAVE area (see Section 13.4.3). As noted in Section 13.2, 
CPUID.(EAX=0DH,ECX=16):EAX enumerates the size (in bytes) required for HWP state. The IA32_HWP_REQUEST 
MSR is allocated 8 bytes at byte offset 0 in the state component. 


HWP state is XSAVE-managed but the hardware P-states feature is not XSAVE-enabled. The XSAVE feature set can 
operate on HWP state only if the feature set is enabled (CR4.0SXSAVE = 1) and has been configured to manage 
HWP state (IA32_XSS[16] = 1). Software can otherwise use hardware P-states and access the 
IA32_HWP_REQUEST MSR (using RDMSR and WRMSR) even if the XSAVE feature set is not enabled or has not 
been configured to manage HWP state. 


13.6 PROCESSOR TRACKING OF XSAVE-MANAGED STATE 


The XSAVEOPT, XSAVEC, and XSAVES instructions use two optimizations to reduce the amount of data that they 
write to memory. They avoid writing data for any state component known to be in its initial configuration (the init 
optimization). In addition, if either XSAVEOPT or XSAVES is using the same XSAVE area as that used by the most 
recent execution of XRSTOR or XRSTORS, it may avoid writing data for any state component whose configuration 
is known not to have been modified since then (the modified optimization). (XSAVE does not use these optimi- 
zations, and XSAVEC does not use the modified optimization.) The operation of XSAVEOPT, XSAVEC, and XSAVES 
are described in more detail in Section 13.9 through Section 13.11. 


A processor can support the init and modified optimizations with special hardware that tracks the state components 
that might benefit from those optimizations. Other implementations might not include such hardware; such a 
processor would always consider each such state component as not in its initial configuration and as modified since 
the last execution of XRSTOR or XRSTORS. 


The following notation describes the state of the init and modified optimizations: 


¢ XINUSE denotes the state-component bitmap corresponding to the init optimization. If XINUSE[/] = 0, state 
component / is known to be in its initial configuration; otherwise XINUSE[/] = 1. It is possible for XINUSE[/] to 
be 1 even when state component / is in its initial configuration. On a processor that does not support the init 
optimization, XINUSE[/] is always 1 for every value of i. 


Executing XGETBV with ECX = 1 returns in EDX:EAX the logical-AND of XCRO and the current value of the 
XINUSE state-component bitmap. Such an execution of XGETBV always sets EAX[1] to 1 if XCRO[1] = 1 and 
MXCSR does not have its RESET value of 1F80H. Section 13.2 explains how software can determine whether a 
processor supports this use of XGETBV. 


¢ XMODIFIED denotes the state-component bitmap corresponding to the modified optimization. If 
XMODIFIED[/] = 0, state component / is known not to have been modified since the most recent execution of 
XRSTOR or XRSTORS; otherwise XMODIFIED[/] = 1. It is possible for XMODIFIED[/] to be 1 even when state 
component / has not been modified since the most recent execution of XRSTOR or XRSTORS. On a processor 
that does not support the modified optimization, XMODIFIED[/] is always 1 for every value of i. 


A processor that implements the modified optimization saves information about the most recent execution of 
XRSTOR or XRSTORS in a quantity called XRSTOR_INFO, a 4-tuple containing the following: (1) the CPL; 

(2) whether the logical processor was in VMX non-root operation; (3) the linear address of the XSAVE area; and 
(4) the XCOMP_BV field in the XSAVE area. An execution of XSAVEOPT or XSAVES uses the modified optimization 
only if that execution corresponds to XRSTOR_INFO on these four parameters. 


This mechanism implies that, depending on details of the operating system, the processor might determine that an 


execution of XSAVEOPT by one user application corresponds to an earlier execution of XRSTOR by a different appli- 
cation. For this reason, Intel recommends the application software not use the XSAVEOPT instruction. 


The following items specify the initial configuration each state component (for the purposes of defining the XINUSE 

bitmap): 

° x87 state. x87 state is in its initial configuration if the following all hold: FCW is 037FH; FSW is OOOOH; FTW is 
FFFFH; FCS and FDS are each OOOOH; FIP and FDP are each 00000000_00000000H; each of STO-ST7 is 
0000_00000000_00000000H. 
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° SSE state. In 64-bit mode, SSE state is in its initial configuration if each of XMMO-XMM15 is 0. Outside 64-bit 
mode, SSE state is in its initial configuration if each of XMMO-XMM7 is 0. XINUSE[1] pertains only to the state 
of the XMM registers and not to MXCSR. An execution of XRSTOR or XRSTORS outside 64-bit mode does not 
update XMM8-XMM15. (See Section 13.13.) 


° AVX state. In 64-bit mode, AVX state is in its initial configuration if each of YMMO_H-YMM15_H is 0. Outside 
64-bit mode, AVX state is in its initial configuration if each of YMMO_H-YMM7_H is 0. An execution of XRSTOR 
or XRSTORS outside 64-bit mode does not update YMM8_H-YMM15_H. (See Section 13.13.) 


¢ BNDREGS state. BNDREGS state is in its initial configuration if the value of each of BNDO-BND3 is 0. 
¢ BNDCSR state. BNDCSR state is in its initial configuration if BNDCFGU and BNDCSR each has value 0. 
* Opmask state. Opmask state is in its initial configuration if each of the opmask registers kO-k7 is 0. 


° ZMM_Hi256 state. In 64-bit mode, ZMM_Hi256 state is in its initial configuration if each of ZMMO_H- 
ZMM15_His 0. Outside 64-bit mode, ZMM_Hi256 state is in its initial configuration if each of ZMMO_H-ZMM7_H 
is 0. An execution of XRSTOR or XRSTORS outside 64-bit mode does not update ZMM8_H-ZMM15_H. (See 
Section 13.13.) 


° Hii6_ZMM state. In 64-bit mode, Hi16_ZMM state is in its initial configuration if each of ZMM16-ZMM31 is 0. 
Outside 64-bit mode, Hi16_ZMM state is always in its initial configuration. An execution of XRSTOR or XRSTORS 
outside 64-bit mode does not update ZMM31-ZMM31. (See Section 13.13.) 


° PT state. PT state is in its initial configuration if each of the 9 MSRs is 0. 

* PKRU state. PKRU state is in its initial configuration if the value of the PKRU is 0. 

°* PT state. PT state is in its initial configuration if each of the 9 MSRs is 0. 

° CET_U state. CET_U state is in its initial configuration if both of the MSRs are 0. 

° CET_S state. CET_S state is in its initial configuration if each of the three MSRs is 0. 

* HDC state. HDC state is in its initial configuration if the value of the IA32_PM_CTL1 MSR is 1. 


¢ LBR state. LBR state is in its initial configuration if the value of each of the MSRs is 0, with the exception of 
IA32_LBR_DEPTH. XINUSE[15] does not pertain to IA32_LBR_DEPTH. 


° HWP state. HWP state is in its initial configuration if the value of the IA32_HWP_REQUEST MSR is 8000FFO1H. 


13.7. OPERATION OF XSAVE 


The XSAVE instruction takes a single memory operand, which is an XSAVE area. In addition, the register pair 
EDX:EAX is an implicit operand used as a state-component bitmap (see Section 13.1) called the instruction 
mask. The logical-AND of XCRO and the instruction mask is the requested-feature bitmap (RFBM) of the user 
state components to be saved. 


The following conditions cause execution of the XSAVE instruction to generate a fault: 
e If the XSAVE feature set is not enabled (CR4.0SXSAVE = 0), an invalid-opcode exception (#UD) occurs. 
e If CRO.TS[bit 3] is 1, a device-not-available exception (#NM) occurs. 

e If the address of the XSAVE area is not 64-byte aligned, a general-protection exception (#GP) occurs. 


If none of these conditions cause a fault, execution of XSAVE reads the XSTATE_BV field of the XSAVE header (see 
Section 13.4.2) and writes it back to memory, setting XSTATE_BV[/] (0 <i < 63) as follows: 

e =6If RFBM[/] = 0, XSTATE_BV[/] is not changed. 

e If RFBM[/] = 1, XSTATE_BV[/] is set to the value of XINUSE[/]. Section 13.6 defines XINUSE to describe the 


processor init optimization and specifies the initial configuration of each state component. The nature of that 
optimization implies the following: 


1 


— Ifstate component /is in its initial configuration, XINUSE[/] may be either 0 or 1, and XSTATE_BV[/] may be 
written with either O or 1. 


1. If CRO.AM = 1, CPL = 3, and EFLAGS.AC =1, an alignment-check exception (HAC) may occur instead of #GP. 
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XINUSE[1] pertains only to the state of the XMM registers and not to MXCSR. Thus, XSTATE_BV[1] may be 
written with 0 even if MXCSR does not have its RESET value of 1F80H. 


— If state component / is not in its initial configuration, XINUSE[/] = 1 and XSTATE_BV[/] is written with 1. 
(As explained in Section 13.6, the initial configurations of some state components may depend on whether the 
processor is in 64-bit mode.) 


The XSAVE instruction does not write any part of the XSAVE header other than the XSTATE_BV field; in particular, 
it does not write to the XCOMP_BV field. 


Execution of XSAVE saves into the XSAVE area those state components corresponding to bits that are set in RFBM. 
State components 0 and 1 are located in the legacy region of the XSAVE area (see Section 13.4.1). Each state 
component ij, 2 <i < 62, is located in the extended region; the XSAVE instruction always uses the standard format 
for the extended region (see Section 13.4.3). 

The MXCSR register and MKCSR_MASK are part of SSE state (see Section 13.5.2) and are thus associated with 
RFBM[1]. However, the XSAVE instruction also saves these values when RFBM[2] = 1 (even if RFBM[1] = 0). 


See Section 13.5 for specifics for each state component and for details regarding mode-specific operation and 
operation determined by instruction prefixes. See Section 13.13 for details regarding faults caused by memory 
accesses. 


13.8 OPERATION OF XRSTOR 


The XRSTOR instruction takes a single memory operand, which is an XSAVE area. In addition, the register pair 
EDX:EAX is an implicit operand used as a state-component bitmap (see Section 13.1) called the instruction 
mask. The logical-AND of XCRO and the instruction mask is the requested-feature bitmap (RFBM) of the user 
state components to be restored. 


The following conditions cause execution of the XRSTOR instruction to generate a fault: 
¢ If the XSAVE feature set is not enabled (CR4.0SXSAVE = 0), an invalid-opcode exception (#UD) occurs. 
¢ If CRO.TS[bit 3] is 1, a device-not-available exception (#NM) occurs. 

e If the address of the XSAVE area is not 64-byte aligned, a general-protection exception (#GP) occurs. 


After checking for these faults, the XRSTOR instruction reads the XCOMP_BV field in the XSAVE area’s XSAVE 
header (see Section 13.4.2). If XCOMP_BV[63] = 0, the standard form of XRSTOR is executed (see Section 
13.8.1); otherwise, the compacted form of XRSTOR is executed (see Section 13.8.2).? 


See Section 13.2 for details of how to determine whether the compacted form of XRSTOR is supported. 


1 


13.8.1 Standard Form of XRSTOR 


The standard from of XRSTOR performs additional fault checking. Either of the following conditions causes a 
general-protection exception (#GP): 


¢ The XSTATE_BV field of the XSAVE header sets a bit that is not set in XCRO. 
* Bytes 23:8 of the XSAVE header are not all 0 (this implies that all bits in XCOMP_BV are 0). 


If none of these conditions cause a fault, the processor updates each state component / for which RFBM[/] = 1. 
XRSTOR updates state component i based on the value of bit / in the XSTATE_BV field of the XSAVE header: 


1. If CRO.AM = 1, CPL = 3, and EFLAGS.AC =1, an alignment-check exception (HAC) may occur instead of #GP. 

2. If the processor does not support the compacted form of XRSTOR, it may execute the standard form of XRSTOR without first read- 
ing the XCOMP_BV field. A processor supports the compacted form of XRSTOR only if it enumerates 
CPUID.(EAX=ODH,ECX=1):EAX[1] as 1. 

3. Bytes 63:24 of the XSAVE header are also reserved. Software should ensure that bytes 63:16 of the XSAVE header are all 0 in any 
XSAVE area. (Bytes 15:8 should also be 0 if the XSAVE area is to be used on a processor that does not support the compaction 
extensions to the XSAVE feature set.) 
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° If XSTATE_BV[/] = 0, the state component is set to its initial configuration. Section 13.6 specifies the initial 
configuration of each state component. 


The initial configuration of state component 1 pertains only to the XMM registers and not to MXCSR. See below 
for the treatment of MXCSR 


° If XSTATE_BV[/] = 1, the state component is loaded with data from the XSAVE area. See Section 13.5 for 
specifics for each state component and for details regarding mode-specific operation and operation determined 
by instruction prefixes. See Section 13.13 for details regarding faults caused by memory accesses. 


State components 0 and 1 are located in the legacy region of the XSAVE area (see Section 13.4.1). Each state 
component /, 2 <i < 62, is located in the extended region; the standard form of XRSTOR uses the standard 
format for the extended region (see Section 13.4.3). 


The MXCSR register is part of state component 1, SSE state (see Section 13.5.2). However, the standard form of 
XRSTOR loads the MXCSR register from memory whenever the RFBM[1] (SSE) or RFBM[2] (AVX) is set, regardless 
of the values of XSTATE_BV[1] and XSTATE_BV[2]. The standard form of XRSTOR causes a general-protection 
exception (#GP) if it would load MXCSR with an illegal value. 


13.8.2 | Compacted Form of XRSTOR 


The compacted from of XRSTOR performs additional fault checking. Any of the following conditions causes a #GP: 
¢ The XCOMP_BV field of the XSAVE header sets a bit in the range 62:0 that is not set in XCRO. 

° The XSTATE_BV field of the XSAVE header sets a bit (including bit 63) that is not set in XCOMP_BV. 

° Bytes 63:16 of the XSAVE header are not all 0. 


If none of these conditions cause a fault, the processor updates each state component / for which RFBM[/] = 1. 

XRSTOR updates state component j based on the value of bit / in the XSTATE_BV field of the XSAVE header: 

e If XSTATE_BV[/] = 0, the state component is set to its initial configuration. Section 13.6 specifies the initial 
configuration of each state component. 

If XSTATE_BV[1] = 0, the compacted form XRSTOR initializes MXCSR to 1F80H. (This differs from the standard 
from of XRSTOR, which loads MXCSR from the XSAVE area whenever either RFBM[1] or RFBM[2] is set.) 
State component / is set to its initial configuration as indicated above if RFBM[/] = 1 and XSTATE_BV[/] = 0 — 
even if XCOMP_BV[i] = 0. This is true for all values of /, including 0 (x87 state) and 1 (SSE state). 

° If XSTATE_BV[/] = 1, the state component is loaded with data from the XSAVE area.! See Section 13.5 for 
specifics for each state component and for details regarding mode-specific operation and operation determined 
by instruction prefixes. See Section 13.13 for details regarding faults caused by memory accesses. 

State components 0 and 1 are located in the legacy region of the XSAVE area (see Section 13.4.1). Each state 


component ij, 2 <i < 62, is located in the extended region; the compacted form of the XRSTOR instruction uses 
the compacted format for the extended region (see Section 13.4.3). 


The MXCSR register is part of SSE state (see Section 13.5.2) and is thus loaded from memory if RFBM[1] = 
XSTATE_BV[/] = 1. The compacted form of XRSTOR does not consider RFBM[2] (AVX) when determining whether 
to update MXCSR. (This is a difference from the standard form of XRSTOR.) The compacted form of XRSTOR causes 
a general-protection exception (#GP) if it would load MXCSR with an illegal value. 


13.8.3. XRSTOR and the Init and Modified Optimizations 


Execution of the XRSTOR instruction causes the processor to update its tracking for the init and modified optimiza- 
tions (see Section 13.6). The following items provide details: 


¢ The processor updates its tracking for the init optimization as follows: 
— If RFBM[/] = 0, XINUSE[/] is not changed. 


1. Earlier fault checking ensured that, if the instruction has reached this point in execution and XSTATE_BV[i] is 1, then XCOMP_BV[i] is 
also 1. 
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— If RFBM[/] = 1 and XSTATE_BV[/] = 0, state component j may be tracked as init; XINUSE[/] may be set to 
0 or 1. (As noted in Section 13.6, a processor need not implement the init optimization for state component 
i; a processor that does not do so implicitly maintains XINUSE[/] = 1 at all times.) 


— If RFBM[/] = 1 and XSTATE_BV[/] = 1, state component i is tracked as not init; XINUSE[/] is set to 1. 
¢ The processor updates its tracking for the modified optimization and records information about the XRSTOR 


execution for future interaction with the XSAVEOPT and XSAVES instructions (see Section 13.9 and Section 
13.11) as follows: 


— If RFBM[/] = 0, state component j is tracked as modified; XMODIFIED[/] is set to 1. 


— If RFBM[/] = 1, state component / may be tracked as unmodified; XMODIFIED[/] may be set to 0 or 1. (As 
noted in Section 13.6, a processor need not implement the modified optimization for state component ij; a 
processor that does not do so implicitly maintains XMODIFIED[/] = 1 at all times.) 


— XRSTOR_INFO is set to the 4-tuple (w,x,y,z), where w is the CPL (0); x is 1 if the logical processor is in VMX 
non-root operation and 0 otherwise; y is the linear address of the XSAVE area; and z is XCOMP_BV. In 
particular, the standard form of XRSTOR always sets z to all zeroes, while the compacted form of XRSTORS 
never does so (because it sets at least bit 63 to 1). 


Note that, if RFBM is entirely zero (e.g., because the instruction mask in EDX:EAX is zero), no state components 
are modified, the XINUSE bitmap is not modified, and all bits are set in the XMODIFIED bitmap. Thus, if EDX:EAX 
was zero for the most recent execution of XRSTOR, an execution of XSAVEOPT or XSAVES will identify all state 
components as modified and will thus not use the modified optimization. 


13.9 OPERATION OF XSAVEOPT 


The operation of XSAVEOPT is similar to that of XSAVE. Unlike XSAVE, XSAVEOPT uses the init optimization (by 
which it may omit saving state components that are in their initial configuration) and the modified optimization (by 
which it may omit saving state components that have not been modified since the last execution of XRSTOR); see 
Section 13.6. See Section 13.2 for details of how to determine whether XSAVEOPT is supported. 


The XSAVEOPT instruction takes a single memory operand, which is an XSAVE area. In addition, the register pair 
EDX:EAX is an implicit operand used as a state-component bitmap (see Section 13.1) called the instruction 
mask. The logical (bitwise) AND of XCRO and the instruction mask is the requested-feature bitmap (RFBM) of 
the user state components to be saved. 


The following conditions cause execution of the XSAVEOPT instruction to generate a fault: 
e If the XSAVE feature set is not enabled (CR4.0SXSAVE = 0), an invalid-opcode exception (#UD) occurs. 
¢ If CRO.TS[bit 3] is 1, a device-not-available exception (#NM) occurs. 

e If the address of the XSAVE area is not 64-byte aligned, a general-protection exception (#GP) occurs. 


If none of these conditions cause a fault, execution of XSAVEOPT reads the XSTATE_BV field of the XSAVE header 
(see Section 13.4.2) and writes it back to memory, setting XSTATE_BV[/] (0 <i < 63) as follows: 

¢ If RFBM[/] = 0, XSTATE_BV[/] is not changed. 

¢ If RFBM[/] = 1, XSTATE_BV[/] is set to the value of XINUSE[/]. Section 13.6 defines XINUSE to describe the 


processor init optimization and specifies the initial configuration of each state component. The nature of that 
optimization implies the following: 


1 


— Ifthe state component is in its initial configuration, XINUSE[/] may be either 0 or 1, and XSTATE_BV[/] may 
be written with either 0 or 1. 


XINUSE[1] pertains only to the state of the XMM registers and not to MXCSR. Thus, XSTATE_BV[1] may be 
written with 0 even if MXCSR does not have its RESET value of 1F80H. 


— Ifthe state component is not in its initial configuration, XSTATE_BV[/] is written with 1. 


(As explained in Section 13.6, the initial configurations of some state components may depend on whether the 
processor is in 64-bit mode.) 


1. If CRO.AM = 1, CPL = 3, and EFLAGS.AC =1, an alignment-check exception (HAC) may occur instead of #GP. 
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The XSAVEOPT instruction does not write any part of the XSAVE header other than the XSTATE_BV field; in partic- 
ular, it does not write to the XCOMP_BV field. 


Execution of XSAVEOPT saves into the XSAVE area those state components corresponding to bits that are set in 
RFBM (subject to the optimizations described below). State components 0 and 1 are located in the legacy region of 
the XSAVE area (see Section 13.4.1). Each state component /, 2 <i < 62, is located in the extended region; the 
XSAVEOPT instruction always uses the standard format for the extended region (see Section 13.4.3). 


See Section 13.5 for specifics for each state component and for details regarding mode-specific operation and 
operation determined by instruction prefixes. See Section 13.13 for details regarding faults caused by memory 
accesses. 


Execution of XSAVEOPT performs two optimizations that reduce the amount of data written to memory: 


¢ Init optimization. 
If XINUSE[/] = 0, state component / is not saved to the XSAVE area (even if RFBM[/] = 1). (See below for 
exceptions made for MXCSR.) 


° Modified optimization. 
Each execution of XRSTOR and XRSTORS establishes XRSTOR_INFO as a 4-tuple (w,x,y,z) (see Section 13.8.3 
and Section 13.12). Execution of XSAVEOPT uses the modified optimization only if the following all hold for the 
current value of XRSTOR_INFO: 
— w=CPL; 
— x= 1 if and only if the logical processor is in VMX non-root operation; 
— yis the linear address of the XSAVE area being used by XSAVEOPT; and 


— zis 00000000_OQ000000H. (This last item implies that XSAVEOPT does not use the modified optimization 
if the last execution of XRSTOR used the compacted form, or if an execution of XRSTORS followed the last 
execution of XRSTOR.) 


If XSAVEOPT uses the modified optimization and XMODIFIED[/] = 0 (see Section 13.6), state component / is 
not saved to the XSAVE area. 

(In practice, the benefit of the modified optimization for state component / depends on how the processor is 
tracking state component /; see Section 13.6. Limitations on the tracking ability may result in state component 
i being saved even though is in the same configuration that was loaded by the previous execution of XRSTOR.) 
Depending on details of the operating system, an execution of XSAVEOPT by a user application might use the 
modified optimization when the most recent execution of XRSTOR was by a different application. Because of 
this, Intel recommends the application software not use the XSAVEOPT instruction. 


The MXCSR register and MKCSR_MASK are part of SSE state (see Section 13.5.2) and are thus associated with 
bit 1 of RFBM. However, the XSAVEOPT instruction also saves these values when RFBM[2] = 1 (even if RFBM[1] = 
0). The init and modified optimizations do not apply to the MXCSR register and MKCSR_MASK. 


13.10 OPERATION OF XSAVEC 


The operation of XSAVEC is similar to that of XSAVE. Two main differences are (1) XSAVEC uses the compacted 
format for the extended region of the XSAVE area; and (2) XSAVEC uses the init optimization (see Section 13.6). 
Unlike XSAVEOPT, XSAVEC does not use the modified optimization. See Section 13.2 for details of how to determine 
whether XSAVEC is supported. 


The XSAVEC instruction takes a single memory operand, which is an XSAVE area. In addition, the register pair 
EDX:EAX is an implicit operand used as a state-component bitmap (see Section 13.1) called the instruction 
mask. The logical (bitwise) AND of XCRO and the instruction mask is the requested-feature bitmap (RFBM) of 
the user state components to be saved. 


The following conditions cause execution of the XSAVEC instruction to generate a fault: 

e If the XSAVE feature set is not enabled (CR4.OSXSAVE = 0), an invalid-opcode exception (#UD) occurs. 
¢ If CRO.TS[bit 3] is 1, a device-not-available exception (#NM) occurs. 

* If the address of the XSAVE area is not 64-byte aligned, a general-protection exception (#GP) occurs.! 
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If none of these conditions cause a fault, execution of XSAVEC writes the XSTATE_BV field of the XSAVE header 
(see Section 13.4.2), setting XSTATE_BV[/] (0 <i < 63) as follows: 


¢ If RFBM[/] = 0, XSTATE_BV[/] is written as 0. 


° If RFBM[/] = 1, XSTATE_BV[/] is set to the value of XINUSE[/] (see below for an exception made for 
XSTATE_BV[1]). Section 13.6 defines XINUSE to describe the processor init optimization and specifies the 
initial configuration of each state component. The nature of that optimization implies the following: 


— If state component / is in its initial configuration, XSTATE_BV[/] may be written with either 0 or 1. 
— If state component jis not in its initial configuration, XSTATE_BV[/] is written with 1. 


XINUSE[1] pertains only to the state of the XMM registers and not to MXCSR. However, if RFBM[1] = 1 and 
MXCSR does not have the value 1F80H, XSAVEC writes XSTATE_BV[1] as 1 even if XINUSE[1] = 0. 


(As explained in Section 13.6, the initial configurations of some state components may depend on whether the 
processor is in 64-bit mode.) 


The XSAVEC instructions sets bit 63 of the XCOMP_BV field of the XSAVE header while writing RFBM[62:0] to 
XCOMP_BV[62:0]. The XSAVEC instruction does not write any part of the XSAVE header other than the XSTATE_BV 
and XCOMP_BV fields. 


Execution of XSAVEC saves into the XSAVE area those state components corresponding to bits that are set in RFBM 
(subject to the init optimization described below). State components 0 and 1 are located in the legacy region of the 
XSAVE area (see Section 13.4.1). Each state component /, 2 <i < 62, is located in the extended region; the XSAVEC 
instruction always uses the compacted format for the extended region (see Section 13.4.3). 


See Section 13.5 for specifics for each state component and for details regarding mode-specific operation and 
operation determined by instruction prefixes. See Section 13.13 for details regarding faults caused by memory 
accesses. 


Execution of XSAVEC performs the init optimization to reduce the amount of data written to memory. If 
XINUSE[/] = 0, state component / is not saved to the XSAVE area (even if RFBM[/] = 1). However, if RFBM[1] = 1 
and MXCSR does not have the value 1F80H, XSAVEC saves all of state component 1 (SSE — including the XMM 
registers) even if XINUSE[1] = 0. Unlike the XSAVE instruction, RFBM[2] does not determine whether XSAVEC 
saves MXCSR and MXCSR_MASK. 


13.11 OPERATION OF XSAVES 


The operation of XSAVES is similar to that of XSAVEC. The main differences are (1) XSAVES can be executed only 
if CPL = 0; (2) XSAVES can operate on the state components whose bits are set in XCRO | IA32_XSS and can thus 
operate on supervisor state components; and (3) XSAVES uses the modified optimization (see Section 13.6). See 
Section 13.2 for details of how to determine whether XSAVES is supported. 


The XSAVES instruction takes a single memory operand, which is an XSAVE area. In addition, the register pair 
EDX:EAX is an implicit operand used as a state-component bitmap (see Section 13.1) called the instruction 
mask. EDX:EAX & (XCRO | IA32_XSS) (the logical AND the instruction mask with the logical OR of XCRO and 
IA32_XSS) is the requested-feature bitmap (RFBM) of the state components to be saved. 


The following conditions cause execution of the XSAVES instruction to generate a fault: 
e If the XSAVE feature set is not enabled (CR4.0SXSAVE = 0), an invalid-opcode exception (#UD) occurs. 
° If CRO.TS[bit 3] is 1, a device-not-available exception (#NM) occurs. 


° If CPL > 0 or if the address of the XSAVE area is not 64-byte aligned, a general-protection exception (#GP) 
occurs. 


If none of these conditions cause a fault, execution of XSAVES writes the XSTATE_BV field of the XSAVE header 
(see Section 13.4.2), setting XSTATE_BV[/] (0 <i < 63) as follows: 


e If RFBM[/] = 0, XSTATE_BV[/] is written as 0. 


1. If CRO.AM = 1, CPL = 3, and EFLAGS.AC =1, an alignment-check exception (HAC) may occur instead of #GP. 
1. Unlike the XSAVE and XSAVEOPT instructions, the XSAVEC instruction does not read the XSTATE_BV field of the XSAVE header. 
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e If RFBM[/] = 1, XSTATE_BV[/] is set to the value of XINUSE[/] (see below for an exception made for 
XSTATE_BV[1]). Section 13.6 defines XINUSE to describe the processor init optimization and specifies the 
initial configuration of each state component. The nature of that optimization implies the following: 


— If state component / is in its initial configuration, XSTATE_BV[/] may be written with either 0 or 1. 
— If state component / is not in its initial configuration, XSTATE_BV[/] is written with 1. 


XINUSE[1] pertains only to the state of the XMM registers and not to MXCSR. However, if RFBM[1] = 1 and 
MXCSR does not have the value 1F80H, XSAVES writes XSTATE_BV[1] as 1 even if XINUSE[1] = 0. 


(As explained in Section 13.6, the initial configurations of some state components may depend on whether the 
processor is in 64-bit mode.) 


The XSAVES instructions sets bit 63 of the XCOMP_BV field of the XSAVE header while writing RFBM[62:0] to 
XCOMP_BV[62:0]. The XSAVES instruction does not write any part of the XSAVE header other than the XSTATE_BV 
and XCOMP_BV fields. 


Execution of XSAVES saves into the XSAVE area those state components corresponding to bits that are set in RFBM 
(subject to the optimizations described below). State components 0 and 1 are located in the legacy region of the 
XSAVE area (see Section 13.4.1). Each state component i, 2 <i< 62, is located in the extended region; the XSAVES 
instruction always uses the compacted format for the extended region (see Section 13.4.3). 


See Section 13.5 for specifics for each state component and for details regarding mode-specific operation and 
operation determined by instruction prefixes; in particular, see Section 13.5.6 and Section 13.5.10 for special 
treatment by XSAVES of PT state and LBR state, respectively. See Section 13.13 for details regarding faults caused 
by memory accesses. 


Execution of XSAVES performs the init optimization to reduce the amount of data written to memory. If 
XINUSE[/] = 0, state component / is not saved to the XSAVE area (even if RFBM[/] = 1). However, if RFBM[1] = 1 
and MXCSR does not have the value 1F80H, XSAVES saves all of state component 1 (SSE — including the XMM 
registers) even if XINUSE[1] = 0. 


Like XSAVEOPT, XSAVES may perform the modified optimization. Each execution of XRSTOR and XRSTORS estab- 
lishes XRSTOR_INFO as a 4-tuple (w,x,y,z) (see Section 13.8.3 and Section 13.12). Execution of XSAVES uses the 
modified optimization only if the following all hold: 


° w=CPL,; 
¢ x = 1 if and only if the logical processor is in VMX non-root operation; 
ey is the linear address of the XSAVE area being used by XSAVEOPT; and 


® z[63] is 1 and z[62:0] = RFBM[62:0]. (This last item implies that XSAVES does not use the modified optimi- 
zation if the last execution of XRSTOR used the standard form and followed the last execution of XRSTORS.) 


If XSAVES uses the modified optimization and XMODIFIED[/] = 0 (see Section 13.6), state component / is not 
saved to the XSAVE area. 


13.12 OPERATION OF XRSTORS 


The operation of XRSTORS is similar to that of XRSTOR. Three main differences are (1) XRSTORS can be executed 
only if CPL = 0; (2) XRSTORS can operate on the state components whose bits are set in XCRO | IA32_XSS and can 
thus operate on supervisor state components; and (3) XRSTORS has only a compacted form (no standard form; 
see Section 13.8). See Section 13.2 for details of how to determine whether XRSTORS is supported. 


The XRSTORS instruction takes a single memory operand, which is an XSAVE area. In addition, the register pair 
EDX:EAX is an implicit operand used as a state-component bitmap (see Section 13.1) called the instruction 
mask. EDX:EAX & (XCRO | IA32_XSS) (the logical AND the instruction mask with the logical OR of XCRO and 
IA32_XSS) is the requested-feature bitmap (RFBM) of the state components to be restored. 


The following conditions cause execution of the XRSTOR instruction to generate a fault: 
e If the XSAVE feature set is not enabled (CR4.OSXSAVE = 0), an invalid-opcode exception (#UD) occurs. 
e If CRO.TS[bit 3] is 1, a device-not-available exception (#NM) occurs. 
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° If CPL > 0 or if the address of the XSAVE area is not 64-byte aligned, a general-protection exception (#GP) 
occurs. 


After checking for these faults, the XRSTORS instruction reads the first 64 bytes of the XSAVE header, including the 
XSTATE_BV and XCOMP_BV fields (see Section 13.4.2). A #GP occurs if any of the following conditions hold for the 
values read: 

¢ XCOMP_BV[63] = 0. 

¢ XCOMP_BV sets a bit in the range 62:0 that is not set in XCRO | IA32_XSS. 

¢ XSTATE_BV sets a bit (including bit 63) that is not set in XCOMP_BV. 

¢ Bytes 63:16 of the XSAVE header are not all 0. 


If none of these conditions cause a fault, the processor updates each state component / for which RFBM[/] = 1. 
XRSTORS updates state component ij based on the value of bit / in the XSTATE_BV field of the XSAVE header: 


° If XSTATE_BV[/] = 0, the state component is set to its initial configuration. Section 13.6 specifies the initial 
configuration of each state component. If XSTATE_BV[1] = 0, XRSTORS initializes MXCSR to 1F80H. 


State component / is set to its initial configuration as indicated above if RFBM[/] = 1 and XSTATE_BV[/] = 0 — 
even if XCOMP_BV[i] = 0. This is true for all values of /, including 0 (x87 state) and 1 (SSE state). 


° If XSTATE_BV[/] = 1, the state component is loaded with data from the XSAVE area.! See Section 13.5 for 
specifics for each state component and for details regarding mode-specific operation and operation determined 
by instruction prefixes; in particular, see Section 13.5.6 and Section 13.5.10 for special treatment by XRSTORS 
of PT state and LBR state, respectively. See Section 13.13 for details regarding faults caused by memory 
accesses. 


If XRSTORS is restoring a supervisor state component, the instruction causes a general-protection exception 
(#GP) if it would load any element of that component with an unsupported value (e.g., by setting a reserved bit 
in an MSR) or if a bit is set in any reserved portion of the state component in the XSAVE area. 


State components 0 and 1 are located in the legacy region of the XSAVE area (see Section 13.4.1). Each state 
component /, 2 <i < 62, is located in the extended region; XRSTORS uses the compacted format for the 
extended region (see Section 13.4.3). 


The MXCSR register is part of SSE state (see Section 13.5.2) and is thus loaded from memory if RFBM[1] = 
XSTATE_BV[/] = 1. XRSTORS causes a general-protection exception (#GP) if it would load MXCSR with an 
illegal value. 


If an execution of XRSTORS causes an exception or a VM exit during or after restoring a supervisor state compo- 
nent, each element of that state component may have the value it held before the XRSTORS execution, the value 
loaded from the XSAVE area, or the element’s initial value (as defined in Section 13.6). See Section 13.5.6 for 
some special treatment of PT state for the case in which XRSTORS causes an exception or a VM exit. 


Like XRSTOR, execution of XRSTORS causes the processor to update is tracking for the init and modified optimiza- 
tions (see Section 13.6 and Section 13.8.3). The following items provide details: 


¢ The processor updates its tracking for the init optimization as follows: 
— If RFBM[/] = 0, XINUSE[/] is not changed. 


— If RFBM[/] = 1 and XSTATE_BV[/] = 0, state component / may be tracked as init; XINUSE[/] may be set to 
Oor i. 


— If RFBM[/] = 1 and XSTATE_BV[/] = 1, state component j is tracked as not init; XINUSE[/] is set to 1.2 


¢ The processor updates its tracking for the modified optimization and records information about the XRSTORS 
execution for future interaction with the XSAVEOPT and XSAVES instructions as follows: 


— If RFBM[/] = 0, state component jis tracked as modified; XMODIFIED[/] is set to 1. 
— If RFBM[/] = 1, state component / may be tracked as unmodified; XMODIFIED[/] may be set to 0 or 1. 


1. Earlier fault checking ensured that, if the instruction has reached this point in execution and XSTATE_BV[i] is 1, then XCOMP_BV[i] is 
also 1. 


2. For LBR state (state component 15), XRSTORS may leave XINIUSE[15] unmodified in certain situations even if RFBM[15] = 1 = 
XSTATE_BV[15] = 1. See Section 13.5.10. 
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— XRSTOR_INFO is set to the 4-tuple (w,x,y,z), where w is the CPL; x is 1 if the logical processor is in VMX 
non-root operation and 0 otherwise; y is the linear address of the XSAVE area; and z is XCOMP_BV (this 
implies that z[63] = 1). 


Note that, if RFBM is entirely zero (e.g., because the instruction mask in EDX:EAX is zero), no state components are 
modified, the XINUSE bitmap is not modified, and all bits are set in the XMODIFIED bitmap. Thus, if EDX:EAX was 
zero for the most recent execution of XRSTORS, an execution of XSAVEOPT or XSAVES will identify all state compo- 
nents as modified and will thus not use the modified optimization. 


13.13. MEMORY ACCESSES BY THE XSAVE FEATURE SET 


Each instruction in the XSAVE feature set operates on a set of XSAVE-managed state components. The specific set 
of components on which an instruction operates is determined by the values of XCRO, the IA32_XSS MSR, 
EDX:EAX, and (for XRSTOR and XRSTORS) the XSAVE header. 


Section 13.4 provides the details necessary to determine the location of each state component for any execution of 
an instruction in the XSAVE feature set. An execution of an instruction in the XSAVE feature set may access any 
byte of any state component on which that execution operates. 


Section 13.5 provides details of the different XSAVE-managed state components. Some portions of some of these 
components are accessible only in 64-bit mode. Executions of XRSTOR and XRSTORS outside 64-bit mode will not 
update those portions; executions of XSAVE, XSAVEC, XSAVEOPT, and XSAVES will not modify the corresponding 
locations in memory. 


Despite this fact, any execution of these instructions outside 64-bit mode may access any byte in any state compo- 
nent on which that execution operates — even those at addresses corresponding to registers that are accessible 
only in 64-bit mode. As result, such an execution may incur a fault due to an attempt to access such an address. 


For example, an execution of XSAVE outside 64-bit mode may incur a page fault if paging does not map as 
read/write the section of the XSAVE area containing state component 7 (Hi16_ZMM state) — despite the fact that 
state component 7 can be accessed only in 64-bit mode. 
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PROGRAMMING WITH AVX, FMA AND AVX2 


Intel® Advanced Vector Extensions (Intel® AVX) introduces 256-bit vector processing capability. The Intel AVX 
instruction set extends 128-bit SIMD instruction sets by employing a new instruction encoding scheme via a vector 
extension prefix (VEX). Intel AVX also offers several enhanced features beyond those available in prior generations 
of 128-bit SIMD extensions. 


FMA (Fused Multiply Add) extensions enhances Intel AVX further in floating-point numeric computations. FMA 
provides high-throughput, arithmetic operations cover fused multiply-add, fused multiply-subtract, fused multiply 
add/subtract interleave, signed-reversed multiply on fused multiply-add and multiply-subtract. 


Intel AVX2 provides 256-bit integer SIMD extensions that accelerate computation across integer and floating-point 
domains using 256-bit vector registers. 


This chapter summarizes the key features of Intel AVX, FMA and AVX2. 


14.1. INTEL AVX OVERVIEW 


Intel AVX introduces the following architectural enhancements: 
® Support for 256-bit wide vectors with the YMM vector register set. 


° 256-bit floating-point instruction set enhancement with up to 2X performance gain relative to 128-bit 
Streaming SIMD extensions. 


¢ Enhancement of legacy 128-bit SIMD instruction extensions to support three-operand syntax and to simplify 
compiler vectorization of high-level language expressions. 


° VEX prefix-encoded instruction syntax support for generalized three-operand syntax to improve instruction 
programming flexibility and efficient encoding of new instruction extensions. 


° Most VEX-encoded 128-bit and 256-bit AVX instructions (with both load and computational operation 
semantics) are not restricted to 16-byte or 32-byte memory alignment. 


® Support flexible deployment of 256-bit AVX code, 128-bit AVX code, legacy 128-bit code and scalar code. 


With the exception of SIMD instructions operating on MMX registers, almost all legacy 128-bit SIMD instructions 
have AVX equivalents that support three operand syntax. 256-bit AVX instructions employ three-operand syntax 
and some with 4-operand syntax. 


14.1.1 256-Bit Wide SIMD Register Support 


Intel AVX introduces support for 256-bit wide SIMD registers (YMMO-YMM7 in operating modes that are 32-bit or 
less, YMMO-YMM15 in 64-bit mode). The lower 128-bits of the YMM registers are aliased to the respective 128-bit 
XMM registers. 


Legacy SSE instructions (i.e. SIMD instructions operating on XMM state but not using the VEX prefix, also referred 
to non-VEX encoded SIMD instructions) will not access the upper bits beyond bit 128 of the YMM registers. AVX 
instructions with a VEX prefix and vector length of 128-bits zeroes the upper bits (above bit 128) of the YMM 
register. 
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Figure 14-1. 256-Bit Wide SIMD Register 


14.1.2 — Instruction Syntax Enhancements 


Intel AVX employs an instruction encoding scheme using a new prefix (known as “VEX” prefix). Instruction 
encoding using the VEX prefix can directly encode a register operand within the VEX prefix. This support two new 
instruction syntax in Intel 64 architecture: 


¢ A non-destructive operand (in a three-operand instruction syntax): The non-destructive source reduces the 
number of registers, register-register copies and explicit load operations required in typical SSE loops, reduces 
code size, and improves micro-fusion opportunities. 


e A third source operand (in a four-operand instruction syntax) via the upper 4 bits in an 8-bit immediate field. 
Support for the third source operand is defined for selected instructions (e.g. VBLENDVPD, VBLENDVPS, 
PBLENDVB). 


Two-operand instruction syntax previously expressed in legacy SSE instruction as 
ADDPS xmm1, xmm2/m128 

128-bit AVX equivalent can be expressed in three-operand syntax as 
VADDPS xmm1, xmm2, xmm3/m128 


In four-operand syntax, the extra register operand is encoded in the immediate byte. 


Note SIMD instructions supporting three-operand syntax but processing only 128-bits of data are considered part 
of the 256-bit SIMD instruction set extensions of AVX, because bits 255:128 of the destination register are zeroed 
by the processor. 


14.1.3. VEX Prefix Instruction Encoding Support 


Intel AVX introduces a new prefix, referred to as VEX, in the Intel 64 and IA-32 instruction encoding format. 
Instruction encoding using the VEX prefix provides the following capabilities: 


¢ Direct encoding of a register operand within VEX. This provides instruction syntax support for non-destructive 
source operand. 


¢ Efficient encoding of instruction syntax operating on 128-bit and 256-bit register sets. 
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Compaction of REX prefix functionality: The equivalent functionality of the REX prefix is encoded within VEX. 


Compaction of SIMD prefix functionality and escape byte encoding: The functionality of SIMD prefix (66H, F2H, 
F3H) on opcode is equivalent to an opcode extension field to introduce new processing primitives. This 
functionality is replaced by a more compact representation of opcode extension within the VEX prefix. Similarly, 
the functionality of the escape opcode byte (OFH) and two-byte escape (OF38H, OF3AH) are also compacted 
within the VEX prefix encoding. 


Most VEX-encoded SIMD numeric and data processing instruction semantics with memory operand have 
relaxed memory alignment requirements than instructions encoded using SIMD prefixes (see Section 14.9). 


VEX prefix encoding applies to SIMD instructions operating on YMM registers, XMM registers, and in some cases 
with a general-purpose register as one of the operand. VEX prefix is not supported for instructions operating on 
MMX or x87 registers. Details of VEX prefix and instruction encoding are discussed in Chapter 2, “Instruction 
Format,” of Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A. 


14.2 FUNCTIONAL OVERVIEW 


Intel AVX provide comprehensive functional improvements over previous generations of SIMD instruction exten- 
sions. The functional improvements include: 


256-bit floating-point arithmetic primitives: AVX enhances existing 128-bit floating-point arithmetic instruc- 
tions with 256-bit capabilities for floating-point processing. Table 14-1 lists SIMD instructions promoted to AVX. 


Enhancements for flexible SIMD data movements: AVX provides a number of new data movement primitives to 
enable efficient SIMD programming in relation to loading non-unit-strided data into SIMD registers, intra- 
register SIMD data manipulation, conditional expression and branch handling, etc. Enhancements for SIMD 
data movement primitives cover 256-bit and 128-bit vector floating-point data, and across 128-bit integer 
SIMD data processing using VEX-encoded instructions. 


Table 14-1. Promoted SSE/SSE2/SSE3/SSSE3/SSE4 Instructions 


VERe9 . VEN 12 2 Group Instruction If No, Reason? 
Encoding Encoding 
yes yes YY OF 1X MOVUPS 
no yes MOVSS scalar 
yes yes MOVUPD 
no yes MOVSD scalar 
no yes MOVLPS Note 1 
no yes MOVLPD Note 1 
no yes MOVLHPS Redundant with VPERMILPS 
yes yes MOVDDUP 
yes yes MOVSLDUP 
yes yes UNPCKLPS 
yes yes UNPCKLPD 
yes yes UNPCKHPS 
yes yes UNPCKHPD 
no yes MOVHPS Note 1 
no yes MOVHPD Note 1 
no yes MOVHLPS Redundant with VPERMILPS 
yes yes MOVAPS 
yes yes MOVSHDUP 
yes yes MOVAPD 
no no CVTPI2PS MMX 
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es ° vex le : Group Instruction If No, Reason? 
Encoding Encoding 
no yes CVTSI2SS scalar 
no no CVTPI2PD MMX 
no yes CVTSI2SD scalar 
no yes MOVNTPS 
no yes MOVNTPD 
no no CVTTPS2PI MMX 
no yes CVTTSS2SI scalar 
no no CVTTPD2PI MMX 
no yes CVTTSD2SI scalar 
no no CVTPS2PI MMX 
no yes CVTSS2SI scalar 
no no CVTPD2PI MMX 
no yes CVTSD2SI scalar 
no yes UCOMISS scalar 
no yes UCOMISD scalar 
no yes COMISS scalar 
no yes COMISD scalar 
yes yes YY OF 5X MOVMSKPS 
yes yes MOVMSKPD 
yes yes SQRTPS 
no yes SQRTSS scalar 
yes yes SQRTPD 
no yes SQRTSD scalar 
yes yes RSQRTPS 
no yes RSQRTSS scalar 
yes yes RCPPS 
no yes RCPSS scalar 
yes yes ANDPS 
yes yes ANDPD 
yes yes ANDNPS 
yes yes ANDNPD 
yes yes ORPS 
yes yes ORPD 
yes yes XORPS 
yes yes XORPD 
yes yes ADDPS 
no yes ADDSS scalar 
yes yes ADDPD 
no yes ADDSD scalar 
yes yes MULPS 
no yes MULSS scalar 
yes yes MULPD 
no yes MULSD scalar 
yes yes CVTPS2PD 
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eeeale tae Group Instruction If No, Reason? 
no yes CVTSS2SD scalar 
yes yes CVTPD2PS 
no yes CVTSD2SS scalar 
yes yes CVTDQ2PS 
yes yes CVTPS2DQ 
yes yes CVTTPS2DQ 
yes yes SUBPS 
no yes SUBSS scalar 
yes yes SUBPD 
no yes SUBSD scalar 
yes yes MINPS 
no yes MINSS scalar 
yes yes MINPD 
no yes MINSD scalar 
yes yes DIVPS 
no yes DIVSS scalar 
yes yes DIVPD 
no yes DIVSD scalar 
yes yes MAXPS 
no yes MAXSS scalar 
yes yes MAXPD 
no yes MAXSD scalar 
no yes YY OF 6X PUNPCKLBW Vi 
no yes PUNPCKLWD Vi 
no yes PUNPCKLDQ Vi 
no yes PACKSSWB Vi 
no yes PCMPGTB Vi 
no yes PCMPGTW Vi 
no yes PCMPGTD Vi 
no yes PACKUSWB Vi 
no yes PUNPCKHBW Vi 
no yes PUNPCKHWD Vi 
no yes PUNPCKHDQ Vi 
no yes PACKSSDW Vi 
no yes PUNPCKLQDQ Vi 
no yes PUNPCKHQDQ Vi 
no yes MOVD scalar 
no yes MOVQ scalar 
yes yes MOVDQA 
yes yes MOVDQU 
no yes YY OF 7X PSHUFD Vi 
no yes PSHUFHW Vi 
no yes PSHUFLW Vi 
no yes PCMPEQB Vi 
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es ° vex le : Group Instruction If No, Reason? 
Encoding Encoding 
no yes PCMPEQW Vi 
no yes PCMPEQD Vi 
yes yes HADDPD 
yes yes HADDPS 
yes yes HSUBPD 
yes yes HSUBPS 
no yes MOVD Vi 
no yes MOVQ Vi 
yes yes MOVDQA 
yes yes MOVDQU 
no yes YY OF AX LDMXCSR 
no yes STMXCSR 
yes yes YY OF CX CMPPS 
no yes CMPSS scalar 
yes yes CMPPD 
no yes CMPSD scalar 
no yes PINSRW Vi 
no yes PEXTRW Vi 
yes yes SHUFPS 
yes yes SHUFPD 
yes yes YY OF DX ADDSUBPD 
yes yes ADDSUBPS 
no yes PSRLW Vi 
no yes PSRLD Vi 
no yes PSRLQ Vi 
no yes PADDQ Vi 
no yes PMULLW Vi 
no no MOVQ2DQ MMX 
no no MOVDQ2Q MMX 
no yes PMOVMSKB Vi 
no yes PSUBUSB Vi 
no yes PSUBUSW Vi 
no yes PMINUB Vi 
no yes PAND Vi 
no yes PADDUSB Vi 
no yes PADDUSW Vi 
no yes PMAXUB Vi 
no yes PANDN Vi 
no yes YY OF EX PAVGB Vi 
no yes PSRAW Vi 
no yes PSRAD Vi 
no yes PAVGW Vi 
no yes PMULHUW Vi 
no yes PMULHW Vi 
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vEees . YER Ie : Group Instruction If No, Reason? 

Encoding Encoding 
yes yes CVTPD2DQ 
yes yes CVTTPD2DQ 
yes yes CVTDQ2PD 
no yes MOVNTDQ Vi 
no yes PSUBSB Vi 
no yes PSUBSW Vi 
no yes PMINSW Vi 
no yes POR Vi 
no yes PADDSB Vi 
no yes PADDSW Vi 
no yes PMAXSW Vi 
no yes PXOR Vi 
yes yes YY OF FX LDDQU Vi 
no yes PSLLW Vi 
no yes PSLLD Vi 
no yes PSLLOQ Vi 
no yes PMULUDQ Vi 
no yes PMADDWD Vi 
no yes PSADBW Vi 
no yes MASKMOVDQU 
no yes PSUBB Vi 
no yes PSUBW Vi 
no yes PSUBD Vi 
no yes PSUBQ Vi 
no yes PADDB Vi 
no yes PADDW Vi 
no yes PADDD Vi 
no yes SSSE3 PHADDW Vi 
no yes PHADDSW Vi 
no yes PHADDD Vi 
no yes PHSUBW Vi 
no yes PHSUBSW Vi 
no yes PHSUBD Vi 
no yes PMADDUBSW Vi 
no yes PALIGNR Vi 
no yes PSHUFB Vi 
no yes PMULHRSW Vi 
no yes PSIGNB Vi 
no yes PSIGNW Vi 
no yes PSIGND Vi 
no yes PABSB Vi 
no yes PABSW Vi 
no yes PABSD Vi 
yes yes SSE4.1 BLENDPS 
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Sains i Group Instruction If No, Reason? 
yes yes BLENDPD 
yes yes BLENDVPS Note 2 
yes yes BLENDVPD Note 2 
no yes DPPD 
yes yes DPPS 
no yes EXTRACTPS Note 3 
no yes INSERTPS Note 3 
no yes MOVNTDQA 
no yes MPSADBW Vi 
no yes PACKUSDW Vi 
no yes PBLENDVB Vi 
no yes PBLENDW Vi 
no yes PCMPEQQ Vi 
no yes PEXTRD Vi 
no yes PEXTRQ Vi 
no yes PEXTRB Vi 
no yes PEXTRW Vi 
no yes PHMINPOSUW Vi 
no yes PINSRB Vi 
no yes PINSRD Vi 
no yes PINSRQ Vi 
no yes PMAXSB Vi 
no yes PMAXSD Vi 
no yes PMAXUD Vi 
no yes PMAXUW Vi 
no yes PMINSB Vi 
no yes PMINSD Vi 
no yes PMINUD Vi 
no yes PMINUW Vi 
no yes PMOVSXxx Vi 
no yes PMOVZXxx Vi 
no yes PMULDQ Vi 
no yes PMULLD Vi 
yes yes PTEST 
yes yes ROUNDPD 
yes yes ROUNDPS 
no yes ROUNDSD scalar 
no yes ROUNDSS scalar 
no yes SSE4.2 PCMPGTQ Vi 
no no SSE4.2 CRC32c integer 
no yes PCMPESTRI Vi 
no yes PCMPESTRM Vi 
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i tae Group Instruction If No, Reason? 
no yes PCMPISTRI Vi 
no yes PCMPISTRM Vi 
no no SSE4.2 POPCNT integer 


14.2.1. 256-bit Floating-Point Arithmetic Processing Enhancements 


Intel AVX provides 35 256-bit floating-point arithmetic instructions, see Table 14-2. The arithmetic operations 
cover add, subtract, multiply, divide, square-root, compare, max, min, round, etc., on single-precision and double- 
precision floating-point data. 

The enhancement in AVX on floating-point compare operation provides 32 conditional predicates to improve 
programming flexibility in evaluating conditional expressions. 


Table 14-2. Promoted 256-Bit and 128-bit Arithmetic AVX Instructions 


VEX.256 Encoding VEX.128 Encoding Legacy Instruction Mnemonic 
yes yes SQRTPS, SQRTPD, RSQRTPS, RCPPS 
yes yes ADDPS, ADDPD, SUBPS, SUBPD 
yes yes MULPS, MULPD, DIVPS, DIVPD 
yes yes CVTPS2PD, CVTPD2PS 
yes yes CVTDQ2PS, CVTPS2DQ 
yes yes CVTTPS2DQ, CVTTPD2DQ 
yes yes CVTPD2DQ, CVTDQ2PD 
yes yes MINPS, MINPD, MAXPS, MAXPD 
yes yes HADDPD, HADDPS, HSUBPD, HSUBPS 
yes yes CMPPS, CMPPD 
yes yes ADDSUBPD, ADDSUBPS, DPPS 
yes yes ROUNDPD, ROUNDPS 


14.2.2 256-bit Non-Arithmetic Instruction Enhancements 


Intel AVX provides new primitives for handling data movement within 256-bit floating-point vectors and promotes 
many 128-bit floating data processing instructions to handle 256-bit floating-point vectors. 


AVX includes 39 256-bit data movement and processing instructions that are promoted from previous generations 
of SIMD instruction extensions, ranging from logical, blend, convert, test, unpacking, shuffling, load and stores 
(see Table 14-3). 


Table 14-3. Promoted 256-bit and 128-bit Data Movement AVX Instructions 


VEX.256 Encoding VEX.128 Encoding Legacy Instruction Mnemonic 
yes yes MOVAPS, MOVAPD, MOVDQA 
yes yes MOVUPS, MOVUPD, MOVDQU 
yes yes MOVMSKPS, MOVMSKPD 
yes yes LDDQU, MOVNTPS, MOVNTPD, MOVNTDQ, MOVNTDQA 
yes yes MOVSHDUP, MOVSLDUP, MOVDDUP 
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Table 14-3. Promoted 256-bit and 128-bit Data Movement AVX Instructions 


VEX.256 Encoding VEX.128 Encoding Legacy Instruction Mnemonic 
yes yes UNPCKHPD, UNPCKHPS, UNPCKLPD 
yes yes BLENDPS, BLENDPD 
yes yes SHUFPD, SHUFPS, UNPCKLPS 
yes yes BLENDVPS, BLENDVPD 
yes yes PTEST, MOVMSKPD, MOVMSKPS 
yes yes XORPS, XORPD, ORPS, ORPD 
yes yes ANDNPD, ANDNPS, ANDPD, ANDPS 


AVX introduces 18 new data processing instructions that operate on 256-bit vectors, Table 14-4. These new primi- 
tives cover the following operations: 


¢ Non-unit-strided fetching of SIMD data. AVX provides several flexible SIMD floating-point data fetching 
primitives: 
— broadcast of single or multiple data elements into a 256-bit destination, 
— masked move primitives to load or store SIMD data elements conditionally, 


*  Intra-register manipulation of SIMD data elements. AVX provides several flexible SIMD floating-point data 
manipulation primitives: 


— insert/extract multiple SIMD floating-point data elements to/from 256-bit SIMD registers 


— permute primitives to facilitate efficient manipulation of floating-point data elements in 256-bit SIMD 
registers 


¢ Branch handling. AVX provides several primitives to enable handling of branches in SIMD programming: 


— new variable blend instructions supports four-operand syntax with non-destructive source syntax. This is 
more flexible than the equivalent SSE4 instruction syntax which uses the XMMO register as the implied 
mask for blend selection. 


— Packed TEST instructions for floating-point data. 


Table 14-4. 256-bit AVX Instruction Enhancement 


Instruction Description 

VBROADCASTF128 ymm1, m128 Broadcast 128-bit floating-point values in mem to low and high 128-bits in ymm1. 

VBROADCASTSD ymm1, m64 Broadcast double-precision floating-point element in mem to four locations in ymm1. 

VBROADCASTSS ymm1, m32 Broadcast single-precision floating-point element in mem to eight locations in ymm1. 

VEXTRACTF128 xmm1/m128, ymm2, Extracts 128-bits of packed floating-point values from ymm2 and store results in 

imm8 xmm1/mem. 

VINSERTF128 ymm1, ymm2, Insert 128-bits of packed floating-point values from xmm3/mem and the remaining val- 

xmm3/m128, imm8 ues from ymm2 into ymm1 

VMASKMOVPS ymm1, ymm2, m256 Load packed single-precision values from mem using mask in ymm2 and store in ymm1 

VMASKMOVPD ymm1, ymm2, m256 Load packed double-precision values from mem using mask in ymm2 and store in ymm1 

VMASKMOVPS m256, ymm1, ymm2 Store packed single-precision values from ymm2 mask in ymm1 

VMASKMOVPD m256, ymm1, ymm2 Store packed double-precision values from ymm_2 using mask in ymm1 

VPERMILPD ymm1, ymm2, ymm3/m256__‘| Permute Double-Precision Floating-Point values in ymm2 using controls from xmm3/mem 
and store result in ymm1 
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Table 14-4. 256-bit AVX Instruction Enhancement 


Instruction Description 


VPERMILPD ymm1, ymm2/m256 imm8 Permute Double-Precision Floating-Point values in ymm2/mem using controls from imm8 
and store result in ymm1 


VPERMILPS ymm1, ymm2, ymm/m256 Permute Single-Precision Floating-Point values in ymm2 using controls from ymm3/mem 
and store result in ymm1 


VPERMILPS ymm1, ymm2/m256, imm8 Permute Single-Precision Floating-Point values in ymm2/mem using controls from imm8 
and store result in ymm1 


VPERM2F128 ymm1, ymm2, Permute 128-bit floating-point fields in ymm2 and ymm3/mem using controls from imm8 

ymm3/m256, imm8 and store result in ymm1 

VTESTPS ymm1, ymm2/m256 Set ZF if ymm2/mem AND ymm1 result is all Os in packed single-precision sign bits. Set CF 
if ymnm2/mem AND NOT ymm1 result is all Os in packed single-precision sign bits. 

VTESTPD ymm1, ymm2/m256 Set ZF if ymnm2/mem AND ymm1 result is all Os in packed double-precision sign bits. Set 
CF if ymnm2/mem AND NOT ymm1 result is all Os in packed double-precision sign bits. 

VZEROALL Zero all YMM registers 

VZEROUPPER Zero upper 128 bits of all YMM registers 


14.2.3. Arithmetic Primitives for 128-bit Vector and Scalar processing 


Intel AVX provides a full complement of 128-bit numeric processing instructions that employ VEX-prefix encoding. 
These VEX-encoded instructions generally provide the same functionality over instructions operating on XMM 
register that are encoded using SIMD prefixes. The 128-bit numeric processing instructions in AVX cover floating- 
point and integer data processing; across 128-bit vector and scalar processing. Table 14-5 lists the state of promo- 
tion of legacy SIMD arithmetic ISA to VEX-128 encoding. Legacy SIMD floating-point arithmetic ISA promoted to 
VEX-256 encoding also support VEX-128 encoding (see Table 14-2). 


The enhancement in AVX on 128-bit floating-point compare operation provides 32 conditional predicates to 
improve programming flexibility in evaluating conditional expressions. This contrasts with floating-point SIMD 
compare instructions in SSE and SSE2 supporting only 8 conditional predicates. 


Table 14-5. Promotion of Legacy SIMD ISA to 128-bit Arithmetic AVX instruction 


Boal ee sang Instruction Reason Not Promoted 

no no CVTPI2PS, CVTPI2PD, CVTPD2PI MMX 
no no CVTTPS2PI, CVTTPD2PI, CVTPS2PI MMX 
no yes CVTSI2SS, CVTSI2SD, CVTSD2SI scalar 
no yes CVTTSS2SI, CVTTSD2SI, CVTSS2SI scalar 
no yes COMISD, RSQRTSS, RCPSS scalar 
no yes UCOMISS, UCOMISD, COMISS, scalar 
no yes ADDSS, ADDSD, SUBSS, SUBSD scalar 
no yes MULSS, MULSD, DIVSS, DIVSD scalar 
no yes SQRTSS, SQRTSD scalar 
no yes CVTSS2SD, CVTSD2SS scalar 
no yes MINSS, MINSD, MAXSS, MAXSD scalar 
no yes PAND, PANDN, POR, PXOR Vl 

no yes PCMPGTB, PCMPGTW, PCMPGTD Vl 
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Table 14-5. Promotion of Legacy SIMD ISA to 128-bit Arithmetic AVX instruction 


eine eradca Instruction Reason Not Promoted 

no yes PMADDWD, PMADDUBSW Vl 

no yes PAVGB, PAVGW, PMULUDQ Vl 

no yes PCMPEQB, PCMPEQW, PCMPEQD Vi 

no yes PMULLW, PMULHUW, PMULHW Vl 

no yes PSUBSW, PADDSW, PSADBW Vl 

no yes PADDUSB, PADDUSW, PADDSB Vl 

no yes PSUBUSB, PSUBUSW, PSUBSB Vl 

no yes PMINUB, PMINSW Vl 

no yes PMAXUB, PMAXSW Vl 

no yes PADDB, PADDW, PADDD, PADDQ Vl 

no yes PSUBB, PSUBW, PSUBD, PSUBQ Vl 

no yes PSLLW, PSLLD, PSLLQ, PSRAW Vl 

no yes PSRLW, PSRLD, PSRLQ, PSRAD Vl 
CPUID.SSSE3 

no yes PHSUBW, PHSUBD, PHSUBSW Vl 

no yes PHADDW, PHADDD, PHADDSW Vl 

no yes PMULHRSW Vi 

no yes PSIGNB, PSIGNW, PSIGND Vl 

no yes PABSB, PABSW, PABSD Vl 
CPUID.SSE4_1 

no yes DPPD 

no yes PHMINPOSUW, MPSADBW Vl 

no yes PMAXSB, PMAXSD, PMAXUD Vl 

no yes PMINSB, PMINSD, PMINUD Vl 

no yes PMAXUW, PMINUW Vl 

no yes PMOVSXxx, PMOVZXxx Vi 

no yes PMULDQ, PMULLD Vi 

no yes ROUNDSD, ROUNDSS scalar 
CPUID.POPCNT 

no yes POPCNT integer 
CPUID.SSE4_2 

no yes PCMPGTQ Vi 

no no CRC32 integer 

no yes PCMPESTRI, PCMPESTRM Vl 

no yes PCMPISTRI, PCMPISTRM Vl 
CPUID.CLMUL 

no yes PCLMULQDQ Vl 
CPUID.AESNI 
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Table 14-5. Promotion of Legacy SIMD ISA to 128-bit Arithmetic AVX instruction 


eet ae Instruction Reason Not Promoted 
no yes AESDEC, AESDECLAST Vl 
no yes AESENC, AESENCLAST Vl 
no yes AESIMX, AESKEYGENASSIST Vl 


Description of Column “Reason not promoted?” 

MMx: Instructions referencing MMX registers do not support VEX 
Scalar: Scalar instructions are not promoted to 256-bit 

integer: integer instructions are not promoted. 

VI: “Vector Integer” instructions are not promoted to 256-bit 


14.2.4 Non-Arithmetic Primitives for 128-bit Vector and Scalar Processing 

Intel AVX provides a full complement of data processing instructions that employ VEX-prefix encoding. These VEX- 

encoded instructions generally provide the same functionality over instructions operating on XMM register that are 

encoded using SIMD prefixes. 

A subset of new functionalities listed in Table 14-4 is also extended via VEX.128 encoding. These enhancements in 

AVX on 128-bit data processing primitives include 11 new instructions (see Table 14-6) with the following capabil- 

ities: 

* Non-unit-strided fetching of SIMD data. AVX provides several flexible SIMD floating-point data fetching 
primitives: 

— broadcast of single data element into a 128-bit destination, 

— masked move primitives to load or store SIMD data elements conditionally, 

¢  Intra-register manipulation of SIMD data elements. AVX provides several flexible SIMD floating-point data 
manipulation primitives: 

— permute primitives to facilitate efficient manipulation of floating-point data elements in 128-bit SIMD 
registers 

¢ Branch handling. AVX provides several primitives to enable handling of branches in SIMD programming: 

— new variable blend instructions supports four-operand syntax with non-destructive source syntax. 
Branching conditions dependent on floating-point data or integer data can benefit from Intel AVX. This is 
more flexible than non-VEX encoded instruction syntax that uses the XMMO register as implied mask for 
blend selection. While variable blend with implied XMMO syntax is supported in SSE4 using SIMD prefix 


encoding, VEX-encoded 128-bit variable blend instructions only support the more flexible four-operand 
syntax. 


— Packed TEST instructions for floating-point data. 


Table 14-6. 128-bit AVX Instruction Enhancement 


Instruction Description 

VBROADCASTSS xmm1, m32 Broadcast single-precision floating-point element in mem to four locations in xmm1. 
VMASKMOVPS xmm1, xmm2, m128 Load packed single-precision values from mem using mask in xmm2 and store in xmm1 
VMASKMOVPD xmm1, xmm2, m128 Load packed double-precision values from mem using mask in xmm2 and store in xmm1 
VMASKMOVPS m128, xmm1, xmm2 Store packed single-precision values from xmm2 using mask in xmm1 

VMASKMOVPD m1 28, xmm1, xmm2 Store packed double-precision values from xmm_2 using mask in xmm1 
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Table 14-6. 128-bit AVX Instruction Enhancement 


Instruction Description 


VPERMILPD xmm1, xmm2, xmm3/m128 | Permute Double-Precision Floating-Point values in xmm2 using controls from xmm3/mem 
and store result in xmm1 


VPERMILPD xmm1, xmm2/m128, imm8 Permute Double-Precision Floating-Point values in xmm2/mem using controls from imm8 
and store result in xmm1 


VPERMILPS xmm1, xmm2, xmm3/m128 | Permute Single-Precision Floating-Point values in xmm2 using controls from xmm3/mem 
and store result in xmm1 


VPERMILPS xmm1, xmm2/m1 28, imm8 Permute Single-Precision Floating-Point values in xmm2/mem using controls from imm8 
and store result in xmm1 


VTESTPS xmm1, xmm2/m128 Set ZF if xmm2/mem AND xmm1 result is all Os in packed single-precision sign bits. Set 
CF if xmm2/mem AND NOT xmm1 result is all Os in packed single-precision sign bits. 


VTESTPD xmm1, xmm2/m128 Set ZF if xmm2/mem AND xmm1 result is all Os in packed single precision sign bits. Set CF 
if xmm2/mem AND NOT xmm1 result is all Os in packed double-precision sign bits. 


The 128-bit data processing instructions in AVX cover floating-point and integer data movement primitives. Legacy 
SIMD non-arithmetic ISA promoted to VEX-256 encoding also support VEX-128 encoding (see Table 14-3). Table 
14-7 lists the state of promotion of the remaining legacy SIMD non-arithmetic ISA to VEX-128 encoding. 


Table 14-7. Promotion of Legacy SIMD ISA to 128-bit Non-Arithmetic AVX instruction 


an ercdne Instruction Reason Not Promoted 

no no MOVQ2DQ, MOVDQ20 MMX 

no yes LDMXCSR, STMXCSR 

no yes MOVSS, MOVSD, CMPSS, CMPSD scalar 

no yes MOVHPS, MOVHPD Note 1 

no yes MOVLPS, MOVLPD Note 1 

no yes MOVLHPS, MOVHLPS Redundant with VPERMILPS 

no yes MOVQ, MOVD scalar 

no yes PACKUSWB, PACKSSDW, PACKSSWB Vl 

no yes PUNPCKHBW, PUNPCKHWD Vl 

no yes PUNPCKLBW, PUNPCKLWD Vl 

no yes PUNPCKHDQ, PUNPCKLDQ Vi 

no yes PUNPCKLQDQ, PUNPCKHQDQ Vl 

no yes PSHUFHW, PSHUFLW, PSHUFD Vl 

no yes PMOVMSKB, MASKMOVDQU Vl 

no yes PAND, PANDN, POR, PXOR Vl 

no yes PINSRW, PEXTRW, Vl 
CPUID.SSSE3 

no yes PALIGNR, PSHUFB Vl 
CPUID.SSE4_1 

no yes EXTRACTPS, INSERTPS Note 3 

no yes PACKUSDW, PCMPEQQ Vi 
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Table 14-7. Promotion of Legacy SIMD ISA to 128-bit Non-Arithmetic AVX instruction 


edna ercading Instruction Reason Not Promoted 
no yes PBLENDVB, PBLENDW Vl 
no yes PEXTRW, PEXTRB, PEXTRD, PEXTRQ Vl 
no yes PINSRB, PINSRD, PINSRQ Vl 


Description of Column “Reason not promoted?” 

MMx: Instructions referencing MMX registers do not support VEX 
Scalar: Scalar instructions are not promoted to 256-bit 

VI: “Vector Integer” instructions are not promoted to 256-bit 


Note 1: MOVLPD/PS and MOVHPD/PS are not promoted to 256-bit. The equivalent functionality are provided by 
VINSERTF128 and VEXTRACTF128 instructions as the existing instructions have no natural 256b extension 


Note 3: It is expected that using 128-bit INSERTPS followed by a VINSERTF128 would be better than promoting 
INSERTPS to 256-bit (for example). 


14.3, DETECTION OF AVX INSTRUCTIONS 


Intel AVX instructions operate on the 256-bit YMM register state. Application detection of new instruction exten- 
sions operating on the YMM state follows the general procedural flow in Figure 14-2. 


Prior to using AVX, the application must identify that the operating system supports the XGETBV instruction, the 
YMM register state, in addition to processor’s support for YMM state management using XSAVE/XRSTOR and AVX 
instructions. The following simplified sequence accomplishes both and is strongly recommended. 


1) Detect CPUID.1:ECX.OSXSAVE[bit 27] = 1 (XGETBV enabled for application use?) 

2) Issue XGETBV and verify that XCRO[2:1] =‘11b’ (XMM state and YMM state are enabled by OS). 
3) detect CPUID.1:ECX.AVX[bit 28] = 1 (AVX instructions supported). 

(Step 3 can be done in any order relative to 1 and 2) 


Check feature flag 
CPUID.1H:ECX.OSXSAVE = 1? 


OS provides processor 
extended state management 


Yes 


Implied HW support for 
XSAVE, XRSTOR, XGETBV, XCRO 


Check enabled state in x | Check feature flag 
XCRO via XGETBV State for Instruction set ok to use 
enabled Instructions 


Figure 14-2. General Procedural Flow of Application Detection of AVX 


1. IfCPUID.01H:ECX.OSXSAVE reports 1, it also indirectly implies the processor supports XSAVE, XRSTOR, XGETBV, processor 
extended state bit vector XCRO. Thus an application may streamline the checking of CPUID feature flags for XSAVE and OSXSAVE. 
XSETBV is a privileged instruction. 
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The following pseudocode illustrates this recommended application AVX detection process: 


Example 14-1. Detection of AVX Instruction 


INT supports_AVX() 
{ mov eax, 1 
cpuid 
and ecx, 018000000H 
cmp ecx, 018000000H; check both OSXSAVE and AVX feature flags 
jne not_supported 
; processor supports AVX instructions and XGETBV is enabled by OS 
mov ecx, 0; specify O for XCRO register 
XGETBV ; result in EDX:EAX 
and eax, O6H 
cmp eax, OGH; check OS has enabled both XMM and YMM state support 


jne not_supported 
mov eax, 1 
jmp done 


NOT_SUPPORTED: 
mov eax, 0 
done: 


Note: It is unwise for an application to rely exclusively on CPUID.1:ECX.AVX[bit 28] or at all on 
CPUID.1:ECX.XSAVE[bit 26]: These indicate hardware support but not operating system support. If YMM state 
management is not enabled by an operating systems, AVX instructions will #UD regardless of 
CPUID.1:ECX.AVX[bit 28]. “CPUID.1:ECX.XSAVE[bit 26] = 1” does not guarantee the OS actually uses the XSAVE 


process for state management. 


These steps above also apply to enhanced 128-bit SIMD floating-pointing instructions in AVX (using VEX prefix- 
encoding) that operate on the YMM states. 
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14.3.1 Detection of VEX-Encoded AES and VPCLMULQDQ 


VAESDEC/VAESDECLAST/VAESENC/VAESENCLAST/VAESIMC/VAESKEYGENASSIST instructions operate on YMM 
states. The detection sequence must combine checking for CPUID.1:ECX.AES[bit 25] = 1 and the sequence for 
detection application support for AVX. 


Example 14-2. Detection of VEX-Encoded AESNI Instructions 


INT supports_VAESNI() 
{ mov eax, 1 
cpuid 
and ecx, 01AO00000H 
cmp ecx, 01 AOO00000H; check OSXSAVE AVX and AESNI feature flags 
jne not_supported 
; processor supports AVX and VEX-encoded AESNI and XGETBV is enabled by OS 
mov ecx, 0; specify O for XCRO register 
XGETBV ; result in EDX:EAX 
and eax, O6H 
cmp eax, OGH; check OS has enabled both XMM and YMM state support 


jne not_supported 
mov eax, 1 
jmp done 


NOT_SUPPORTED: 
mov eax, 0 
done: 


Similarly, the detection sequence for VPCLMULQDQ must combine checking for CPUID.1:ECX.PCLMULQDQJ[bit 1] = 
1 and the sequence for detection application support for AVX. 


This is shown in the pseudocode: 


Example 14-3. Detection of VEX-Encoded AESNI Instructions 


INT supports_VPCLMULQDQ) 
{ mov eax, 1 
cpuid 
and ecx, 018000002H 
cmp ecx, 018000002H; check OSXSAVE AVX and PCLMULQDQ feature flags 
jne not_supported 
; processor supports AVX and VEX-encoded PCLMULQDQ and XGETBV is enabled by OS 
mov ecx, 0; specify O for XCRO register 
XGETBV ; result in EDX:EAX 
and eax, O6H 
cmp eax, OGH; check OS has enabled both XMM and YMM state support 
jne not_supported 


mov eax, 1 

jmp done 
NOT_SUPPORTED: 

mov eax, 0 
done: 
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14.4 HALF-PRECISION FLOATING-POINT CONVERSION 


VCVTPH2PS and VCVTPS2PH are two instructions supporting half-precision floating-point data type conversion to 
and from single-precision floating-point data types. 


Half-precision floating-point values are not used by the processor directly for arithmetic operations. But the conver- 
sion operation are subject to SIMD floating-point exceptions. 


Additionally, The conversion operations of VCVTPS2PH allow programmer to specify rounding control using control 
fields in an immediate byte. The effects of the immediate byte are listed in Table 14-8. 


Rounding control can use Imm[2] to select an override RC field specified in Imm[1:0] or use MXCSR setting. 


Table 14-8. Immediate Byte Encoding for 16-bit Floating-Point Conversion Instructions 


Bits Field Name/value Description Comment 
Imm[1:0] RC=00B Round to nearest even If Imm[2] = 0 
RC=01B Round down 
RC=10B Round up 
RC=11B Truncate 
Imm[2] MS1=0 Use imm[1:0] for rounding Ignore MXCSR.RC 
MS1=1 Use MXCSR.RC for rounding 
Imm[7:3] Ignored Ignored by processor 


Specific SIMD floating-point exceptions that can occur in conversion operations are shown in Table 14-9 and 
Table 14-10. 


Table 14-9. Non-Numerical Behavior for VCVTPH2PS, VCVTPS2PH 


Source Operands Masked Result Unmasked Result 
QNaN QNaN1! QNaN1! (not an exception) 
SNaN QNaN1¢ None 
NOTES: 


1. The half precision output QNaN1 is created from the single precision input QNaN as follows: the sign bit is preserved, the 8-bit expo- 
nent FFH is replaced by the 5-bit exponent 1FH, and the 24-bit significand is truncated to an 11-bit significand by removing its 14 
least significant bits. 

2. The half precision output QNaN1 is created from the single precision input SNaN as follows: the sign bit is preserved, the 8-bit expo- 
nent FFH is replaced by the 5-bit exponent 1FH, and the 24-bit significand is truncated to an 11-bit significand by removing its 14 
least significant bits. The second most significant bit of the significand is changed from O to 1 to convert the signaling NaN into a quiet 
NaN. 


Table 14-10. Invalid Operation for VCVTPH2PS, VCVTPS2PH 


Instruction Condition Masked Result Unmasked Result 
VCVTPH2PS SRC = NaN See Table 14-9 #I=1 
VCVTPS2PH SRC = NaN See Table 14-9 #I=1 


VCVTPS2PH can cause denormal exceptions if the value of the source operand is denormal relative to the numer- 


ical range represented by the source format (see Table 14-11). 
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Table 14-11. Denormal Condition Summary 


Instruction Condition Masked Result Unmasked Result 
VCVTPH2PS__| SRC is denormal relative to res = Result rounded to the destination precision and Same as masked result. 
input format using the bounded exponent, but only if no unmasked 
post-computation exception occurs. 
#DE unchanged 
VCVTPS2PH | SRC is denormal relative to res = Result rounded to the destination precision and #DE=1 
input format using the bounded exponent, but only if no unmasked 
post-computation exception occurs. 
#DE=1 


VCVTPS2PH can cause an underflow exception if the result of the conversion is less than the underflow threshold 
for half-precision floating-point data type , i.e. | x |< 1.0 * 2-44, 


Table 14-12. Underflow Condition for VCVTPS2PH 


Instruction Condition Masked Result! Unmasked Result 
VCVTPS2PH Result < smallest destination Result = +0 or -0, denormal, normal. #UE=1, 
precision final normal value HUE =1. #PE = 1 if the result is 
#PE = 1 if the result is inexact. inexact. 
NOTES: 


1. Masked and unmasked results are shown in Table 14-11. 
2. MXCSR.FTZ is ignored, the processor behaves as if MXCSR.FTZ = 0. 


VCVTPS2PH can cause an overflow exception if the result of the conversion is greater than the maximum repre- 
sentable value for half-precision floating-point data type, i.e. | x | > 1.0 « 216. 


Table 14-13. Overflow Condition for VCVTPS2PH 
Instruction Condition Masked Result Unmasked Result 


VCVTPS2PH _ | Result > largest destination Result = +Inf or -Inf. #OE=1. 


precision finial normal value! | #0¢=1. 


VCVTPS2PH can cause an inexact exception if the result of the conversion is not exactly representable in the 
destination format. 


Table 14-14. Inexact Condition for VCVTPS2PH 


Instruction Condition Masked Result! Unmasked Result 
VCVTPS2PH The result is not res = Result rounded to the destination Only if no underflow/overflow condition occurred, 
representable in precision and using the bounded or if the corresponding exceptions are masked: 
the destination exponent, but only if no unmasked * Set #0E if masked overflow and set result as 
format underflow or overflow conditions occur described above for masked overflow. 


(this exception can occur in the presence 
of a masked underflow or overflow). 


#PE=1. 


« Set #UE if masked underflow and set result as 
described above for masked underflow. 


If neither underflow nor overflow, result equals 
the result rounded to the destination precision and 
using the bounded exponent set #PE = 1. 


NOTES: 
1. If a source is denormal relative to input format with DM masked and at least one of PM or UM unmasked, then an exception will be 
raised with DE, UE and PE set. 
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14.4.1. Detection of F16C Instructions 

Application using float 16 instruction must follow a detection sequence similar to AVX to ensure: 

° The OS has enabled YMM state management support, 

¢ The processor support AVX as indicated by the CPUID feature flag, i.e. CPUID.0O1H:ECX.AVX[bit 28] = 1. 


¢ The processor support 16-bit floating-point conversion instructions via a CPUID feature flag 
(CPUID.01H:ECX.F16C[bit 29] = 1). 


Application detection of Float-16 conversion instructions follow the general procedural flow in Figure 14-3. 


Check feature flag 
CPUID.1H:ECX.OSXSAVE = 1? 


OS provides processor 
extended state management 
Yes Implied HW support for 
XSAVE, XRSTOR, XGETBV, XCRO 


Check enabled YMM state in |__| Check feature flags 


—_— 
XCRO via XGETBV State for AVX and F16C ok to use 
enabled Instructions 


Figure 14-3. General Procedural Flow of Application Detection of Float-16 


INT supports_f16c() 
{ ; result in eax 
mov eax, 1 
cpuid 
and ecx, 038000000H 
cmp ecx, 038000000H; check OSXSAVE, AVX, F16C feature flags 
jne not_supported 
; processor supports AVX,F16C instructions and XGETBV is enabled by OS 
mov ecx, 0; specify 0 for XCRO register 
XGETBV; result in EDX:EAX 
and eax, 06H 
cmp eax, 06H; check OS has enabled both XMM and YMM state support 
jne not_supported 
mov eax, 1 
jmp done 
NOT_SUPPORTED: 
mov eax, 0 
done: 
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14.5 FUSED-MULTIPLY-ADD (FMA) EXTENSIONS 


FMA extensions enhances Intel AVX with high-throughput, arithmetic capabilities covering fused multiply-add, 
fused multiply-subtract, fused multiply add/subtract interleave, signed-reversed multiply on fused multiply-add 
and multiply-subtract. FMA extensions provide 36 256-bit floating-point instructions to perform computation on 
256-bit vectors and additional 128-bit and scalar FMA instructions. 


FMA extensions also provide 60 128-bit floating-point instructions to process 128-bit vector and scalar data. The 
arithmetic operations cover fused multiply-add, fused multiply-subtract, signed-reversed multiply on fused 


multiply-add and multiply-subtract. 


Table 14-15. FMA Instructions 


Instruction 


Description 


VFMADD132PD/VFMADD213PD/VFMADD231PD 
xmm0, xmm1, xmm2/m128; ymmO, ymm1, ymm2/m256 


Fused Multiply-Add of Packed Double-Precision Floating-Point 
Values 


VFMADD132PS/VFMADD21 3PS/VFMADD231PS 
xmm0, xmm1, xmm2/m128; ymmO, ymm1, ymm2/m256 


Fused Multiply-Add of Packed Single-Precision Floating-Point 
Values 


VFMADD132SD/VFMADD213SD/VFMADD231SD 
xmmo0, xmm1, xmm2/m64 


Fused Multiply-Add of Scalar Double-Precision Floating-Point 
Values 


VFMADD132SS/VFMADD213SS/VFMADD231SS 
xmmo0, xmm1, xmm2/m32 


Fused Multiply-Add of Scalar Single-Precision Floating-Point 
Values 


VFMADDSUB1 32PD/VFMADDSUB21 3PD/VFMADDSUB231PD 
xmm0, xmm1, xmm2/m128; ymmO, ymm1, ymm2/m256 


Fused Multiply-Alternating Add/Subtract of Packed Double- 
Precision Floating-Point Values 


VFMADDSUB1 32PS/VFMADDSUB2 1 3PS/VFMADDSUB231PS 
xmm0, xmm1, xmm2/m128; ymmO, ymm1, ymm2/m256 


Fused Multiply-Alternating Add/Subtract of Packed Single-Pre- 
cision Floating-Point Values 


VFMSUBADD1 32PD/VFMSUBADD2 1 3PD/VFMSUBADD231PD 
xmm0, xmm1, xmm2/m128; ymmO, ymm1, ymm2/m256 


Fused Multiply-Alternating Subtract/Add of Packed Double- 
Precision Floating-Point Values 


VFMSUBADD132PS/VFMSUBADD2 1 3PS/VFMSUBADD231PS 
xmm0, xmm1, xmm2/m128; ymmO, ymm1, ymm2/m256 


Fused Multiply-Alternating Subtract/Add of Packed Single-Pre- 
cision Floating-Point Values 


VFMSUB132PD/VFMSUB213PD/VFMSUB231PD 
xmm0, xmm1, xmm2/m128; ymmO, ymm1, ymm2/m256 


Fused Multiply-Subtract of Packed Double-Precision Floating- 
Point Values 


VFMSUB132PS/VFMSUB21 3PS/VFMSUB231PS 
xmm0, xmm1, xmm2/m128; ymmO, ymm1, ymm2/m256 


Fused Multiply-Subtract of Packed Single-Precision Floating- 
Point Values 


VFMSUB132SD/VFMSUB213SD/VFMSUB231SD 
xmmo0, xmm1, xmm2/m64 


Fused Multiply-Subtract of Scalar Double-Precision Floating- 
Point Values 


VFMSUB132SS/VFMSUB213SS/VFMSUB231SS 
xmmo0, xmm1, xmm2/m32 


Fused Multiply-Subtract of Scalar Single-Precision Floating- 
Point Values 


VFNMADD132PD/VFNMADD21 3PD/VFNMADD231PD 
xmm0, xmm1, xmm2/m128; ymmO, ymm1, ymm2/m256 


Fused Negative Multiply-Add of Packed Double-Precision Float- 
ing-Point Values 


VFNMADD132PS/VFNMADD213PS/VFNMADD231PS 
xmm0, xmm1, xmm2/m128; ymmO, ymm1, ymm2/m256 


Fused Negative Multiply-Add of Packed Single-Precision Float- 
ing-Point Values 


VFNMADD132SD/VFNMADD213SD/VFNMADD231SD 
xmmo0, xmm1, xmm2/m64 


Fused Negative Multiply-Add of Scalar Double-Precision Float- 
ing-Point Values 


VFNMADD132SS/VFNMADD213SS/VFNMADD231SS 
xmmo0, xmm1, xmm2/m32 


Fused Negative Multiply-Add of Scalar Single-Precision Float- 
ing-Point Values 


VFNMSUB1 32PD/VFNMSUB21 3PD/VFNMSUB231PD 
xmm0, xmm1, xmm2/m128; ymmO, ymm1, ymm2/m256 


Fused Negative Multiply-Subtract of Packed Double-Precision 
Floating-Point Values 


VFNMSUB132PS/VFNMSUB213PS/VFNMSUB231PS 
xmm0, xmm1, xmm2/m128; ymmO, ymm1, ymm2/m256 


Fused Negative Multiply-Subtract of Packed Single-Precision 
Floating-Point Values 
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Table 14-15. FMA Instructions 


Instruction Description 

VFNMSUB1 32SD/VFNMSUB21 3SD/VFNMSUB231SD Fused Negative Multiply-Subtract of Scalar Double-Precision 
xmm0, xmm1, xmm2/m64 Floating-Point Values 
VFNMSUB132SS/VFNMSUB213SS/VFNMSUB231SS Fused Negative Multiply-Subtract of Scalar Single-Precision 
xmm0, xmm1, xmm2/m32 Floating-Point Values 


14.5.1 | FMA Instruction Operand Order and Arithmetic Behavior 


FMA instruction mnemonics are defined explicitly with an ordered three digits, e.g. VFMADD132PD. The value of 
each digit refers to the ordering of the three source operand as defined by instruction encoding specification: 


e ‘1’: The first source operand (also the destination operand) in the syntactical order listed in this specification. 
e ‘2': The second source operand in the syntactical order. This is a YMM/XMM register, encoded using VEX prefix. 


¢ ‘3’: The third source operand in the syntactical order. The first and third operand are encoded following ModR/M 
encoding rules. 


The ordering of each digit within the mnemonic refers to the floating-point data listed on the right-hand side of the 
arithmetic equation of each FMA operation (see Table 14-17): 


¢ The first position in the three digits of a FMA mnemonic refers to the operand position of the first FP data 
expressed in the arithmetic equation of FMA operation, the multiplicand. 


¢ The second position in the three digits of a FMA mnemonic refers to the operand position of the second FP data 
expressed in the arithmetic equation of FMA operation, the multiplier. 


¢ The third position in the three digits of a FMA mnemonic refers to the operand position of the FP data being 
added/subtracted to the multiplication result. 


Note the non-numerical result of an FMA operation does not resemble the mathematically-defined commutative 
property between the multiplicand and the multiplier values (see Table 14-17). Consequently, software tools (such 
as an assembler) may support a complementary set of FMA mnemonics for each FMA instruction for ease of 
programming to take advantage of the mathematical property of commutative multiplications. For example, an 
assembler may optionally support the complementary mnemonic “VFMADD312PD” in addition to the true 
mnemonic “VFMADD132PD*. The assembler will generate the same instruction opcode sequence corresponding to 
VFMADD132PD. The processor executes VFMADD132PD and report any NAN conditions based on the definition of 
VFMADD132PD. Similarly, if the complementary mnemonic VFMADD123PD is supported by an assembler at source 
level, it must generate the opcode sequence corresponding to VFMADD213PD; the complementary mnemonic 
VFMADD321PD must produce the opcode sequence defined by VFMADD231PD. In the absence of FMA operations 
reporting a NAN result, the numerical results of using either mnemonic with an assembler supporting both 
mnemonics will match the behavior defined in Table 14-17. Support for the complementary FMA mnemonics by 
software tools is optional. 


14.5.2 Fused-Multiply-ADD (FMA) Numeric Behavior 


FMA instructions can perform fused-multiply-add operations (including fused-multiply-subtract, and other vari- 
eties) on packed and scalar data elements in the instruction operands. Separate FMA instructions are provided to 
handle different types of arithmetic operations on the three source operands. 


FMA instruction syntax is defined using three source operands and the first source operand is updated based on the 
result of the arithmetic operations of the data elements of 128-bit or 256-bit operands, i.e. The first source operand 
is also the destination operand. 


The arithmetic FMA operation performed in an FMA instruction takes one of several forms, r=(x*y)+z, r=(x*y)-z, 
r=-(x*y)+z, or r=-(x*y)-z. Packed FMA instructions can perform eight single-precision FMA operations or four 
double-precision FMA operations with 256-bit vectors. 


Scalar FMA instructions only perform one arithmetic operation on the low order data element. The content of the 
rest of the data elements in the lower 128-bits of the destination operand is preserved. the upper 128bits of the 
destination operand are filled with zero. 
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An arithmetic FMA operation of the form, r=(x*y)+z, takes two IEEE-754-2008 single (double) precision values 
and multiplies them to form an infinite precision intermediate value. This intermediate value is added to a third 
single (double) precision value (also at infinite precision) and rounded to produce a single (double) precision result. 


Table 14-17 describes the numerical behavior of the FMA operation, r=(x*y)+z, r=(x*y)-z, r=-(x*y)+z, r=-(x*y)- 
z for various input values. The input values can be 0, finite non-zero (F in Table 14-17), infinity of either sign (INF 
in Table 14-17), positive infinity (+INF in Table 14-17), negative infinity (-INF in Table 14-17), or NaN (including 
QNaN or SNaN). If any one of the input values is a NAN, the result of FMA operation, r, may be a quietized NAN. The 
result can be either Q(x), Q(y), or Q(z), see Table 14-17. If x is a NaN, then: 


* Q(x) = x if x is QNaN or 
* Q(x) = the quietized NaN obtained from x if x is SNaN 
The notation for the output value in Table 14-17 are: 


¢ “+INF": positive infinity, “-INF”: negative infinity. When the result depends on a conditional expression, both 
values are listed in the result column and the condition is described in the comment column. 


° QNaNIndefinite represents the QNaN which has the sign bit equal to 1, the most significand field equal to 1, and 
the remaining significand field bits equal to 0. 


¢ The summation or subtraction of Os or identical values in FMA operation can lead to the following situations 
shown in Table 14-16 


¢ If the FMA computation represents an invalid operation (e.g. when adding two INF with opposite signs)), the 
invalid exception is signaled, and the MXCSR.IE flag is set. 


Table 14-16. Rounding Behavior of Zero Result in FMA Operation 


x*y z (x*y) +z (x*y) -z -(x*y) +z - (x*y)-z 
(+0) | (+0) +0 in all rounding modes - 0 when rounding down, - 0 when rounding down, - 0 in all rounding modes 
and +0 otherwise and +0 otherwise 
(+0) (-0) | O when rounding down, +0 in all rounding modes - 0 in all rounding modes - 0 when rounding down, 
and +0 otherwise and +0 otherwise 
(-0) (+0) | 2 O when rounding down, - 0 in all rounding modes + 0 in all rounding modes - 0 when rounding down, 
and +0 otherwise and +0 otherwise 
(-0) (0) | 0 in all rounding modes - 0 when rounding down, - 0 when rounding down, + 0 in all rounding modes 
and +0 otherwise and +0 otherwise 
E ec - 0 when rounding down, 2*F -2*F - 0 when rounding down, 
and +0 otherwise and +0 otherwise 
E E 2*F - 0 when rounding down, - 0 when rounding down, -2*F 
and +0 otherwise and +0 otherwise 
Table 14-17. FMA Numeric Behavior 
Xx y r=(x*y) | r=(x*y) r= i 
(multiplicand) | (multiplier) £ +Z -Z -(x*y)+z | -(x*y)-z Comment 
NaN O, F, INF, 0,F, | Q(x) Q(x) Q(x) Q(x) Signal invalid exception if x or y or z is SNaN 
NaN INF, 
NaN 
O, F, INF NaN 0,F, | Q(y) Q(y) Q(y) Q(y) Signal invalid exception if y or z is SNaN 
INF, 
NaN 
O, F, INF O, F, INF NaN | Q(z) Q(z) Q(z) Q(z) Signal invalid exception if z is SNaN 
INF F, INF +IN +INF QNaNIn | QNaNind | -INF if x*y and z have the same sign 
F definite | efinite 
QNaNIn -INF +INF QNaNind | if x*y and z have opposite signs 
definite efinite 
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X y r=(x*y) | r=(x*y) r= r= 
(multiplicand) | (multiplier) : +Z -Z -(x*y)+z | -(x*y)-z Comment 
INF F, INF -INF | -INF QNaNIn | QNaNind | +INF if x*y and z have the same sign 
definite | efinite 
QNaNIn +INF -INF QNaNind | if x*y and z have opposite signs 
definite efinite 
INF F, INF 0,F | +INF +INF -INF -INF if x and y have the same sign 
-INF -INF +INF +INF if x and y have opposite signs 
INF 0) 0,F, | QNaNIn | QNaNIn | QNaNiInd | QNaNind | Signal invalid exception 
INF definite | definite | efinite efinite 
0) INF 0,F, | QNaNIn | QNaNIn | QNaNiInd | QNaNind | Signal invalid exception 
INF definite | definite | efinite efinite 
F INF +IN | +INF QNaNIn | QNaNind | -INF if x*y and z have the same sign 
F definite | efinite 
QNaNin_ | -INF +INF if x*y and z have opposite signs 
definite QNaNiInd 
efinite 
F INF -INF | -INF QNaNIn | QNaNind | +INF if x*y and z have the same sign 
definite | efinite 
QNaNIn | +INF -INF QNaNind | if x*y and z have opposite signs 
definite efinite 
F INF 0,F +INF +INF -INF -INF ifx*y>O 
-INF -INF +INF +INF ifx*y<O 
0,F OF INF +INF -INF +INF -INF ifz>0 
-INF +INF -INF +INF ifz<0 
0 0 0 0 0 0 0 The sign of the result depends on the sign of 
0 F 0 0 0 0 0 the operands and on the rounding mode. The 
c 0 0 0 0 0 0 product x*y is +0 or -0, depending on the signs 
of x and y. The summation/subtraction of the 
zero representing (x*y) and the zero represent- 
ing z can lead to one of the four cases shown in 
Table 14-16. 
0 0 F z -Z z -Z 
0 F F z -2 z -2 
F 0 F -2 z -2 
F F 0 x*y x*y -x*y -x*y Rounded to the destination precision, with 
bounded exponent 
F F F (x*y)+z | (x*y)-z -(x*y)+zZ | -(x*y)-z Rounded to the destination precision, with 
bounded exponent; however, if the exact values 
of x*y and z are equal in magnitude with signs 
resulting in the FMA operation producing O, the 
rounding behavior described in Table 14-16. 


If unmasked floating-point exceptions are signaled (invalid operation, denormal operand, overflow, underflow, or 
inexact result) the result register is left unchanged and a floating-point exception handler is invoked. 


14.5.3 Detection of FMA 
Hardware support for FMA is indicated by CPUID.1:ECX.FMA[bit 12]=1. 


Application Software must identify that hardware supports AVX, after that it must also detect support for FMA by 
CPUID.1:ECX.FMA[bit 12]. The recommended pseudocode sequence for detection of FMA is: 
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INT supports_fma() 
{ ; result in eax 
mov eax, 1 
cpuid 
and ecx, 018001000H 
cmp ecx, 018001000H; check OSXSAVE, AVX, FMA feature flags 
jne not_supported 
; processor supports AVX,FMA instructions and XGETBV is enabled by OS 
mov ecx, 0; specify 0 for XCRO register 
XGETBV; result in EDX:EAX 
and eax, 06H 
cmp eax, 06H; check OS has enabled both XMM and YMM state support 
jne not_supported 
mov eax, 1 
jmp done 
NOT_SUPPORTED: 
mov eax, 0 
done: 


Note that FMA comprises 256-bit and 128-bit SIMD instructions operating on YMM states. 


14.6 OVERVIEW OF INTEL® ADVANCED VECTOR EXTENSIONS 2 (INTEL® AVX2) 


Intel® AVX2 extends Intel AVX by promoting most of the 128-bit SIMD integer instructions with 256-bit numeric 
processing capabilities. AVX2 instructions follow the same programming model as AVX instructions. 


In addition, AVX2 provide enhanced functionalities for broadcast/permute operations on data elements, vector 
shift instructions with variable-shift count per data element, and instructions to fetch non-contiguous data 
elements from memory. 


14.6.1. AVX2 and 256-bit Vector Integer Processing 


AVX2 promotes the vast majority of 128-bit integer SIMD instruction sets to operate with 256-bit wide YMM regis- 
ters. AVX2 instructions are encoded using the VEX prefix and require the same operating system support as AVX. 
Generally, most of the promoted 256-bit vector integer instructions follow the 128-bit lane operation, similar to the 
promoted 256-bit floating-point SIMD instructions in AVX. 


Newer functionalities in AVX2 generally fall into the following categories: 


¢ Fetching non-contiguous data elements from memory using vector-index memory addressing. These “gather” 
instructions introduce a new memory-addressing form, consisting of a base register and multiple indices 
specified by a vector register (either XMM or YMM). Data elements sizes of 32 and 64-bits are supported, and 
data types for floating-point and integer elements are also supported. 


* Cross-lane functionalities are provided with several new instructions for broadcast and permute operations. 
Some of the 256-bit vector integer instructions promoted from legacy SSE instruction sets also exhibit cross- 
lane behavior, e.g. VPMOVZ/VPMOVS family. 


¢ AVX2 complements the AVX instructions that are typed for floating-point operation with a full compliment of 
equivalent set for operating with 32/64-bit integer data elements. 
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¢ Vector shift instructions with per-element shift count. Data elements sizes of 32 and 64-bits are supported. 


14.7. PROMOTED VECTOR INTEGER INSTRUCTIONS IN AVX2 


In AVX2, most SSE/SSE2/SSE3/SSSE3/SSE4 vector integer instructions have been promoted to support VEX.256 
encodings. Table 14-18 summarizes the promotion status for existing instructions. The column “VEX.128” indicates 
whether the instruction using VEX.128 prefix encoding is supported. 


The column “VEX.256” indicates whether 256-bit vector form of the instruction using the VEX.256 prefix encoding 
is supported, and under which feature flag. 


Table 14-18. Promoted Vector Integer SIMD Instructions in AVX2 


VEX.256 Encoding VEX.128 Encoding Group Instruction 
AVX2 AVX YY OF 6X PUNPCKLBW 
AVX2 AVX PUNPCKLWD 
AVX2 AVX PUNPCKLDQ 
AVX2 AVX PACKSSWB 
AVX2 AVX PCMPGTB 
AVX2 AVX PCMPGTW 
AVX2 AVX PCMPGTD 
AVX2 AVX PACKUSWB 
AVX2 AVX PUNPCKHBW 
AVX2 AVX PUNPCKHWD 
AVX2 AVX PUNPCKHDQ 
AVX2 AVX PACKSSDW 
AVX2 AVX PUNPCKLQDQ 
AVX2 AVX PUNPCKHQDQ 
no AVX MOVD 

no AVX MOVQ 

AVX AVX MOVDQA 
AVX AVX MOVDQU 
AVX2 AVX YY OF 7X PSHUFD 
AVX2 AVX PSHUFHW 
AVX2 AVX PSHUFLW 
AVX2 AVX PCMPEQB 
AVX2 AVX PCMPEQW 
AVX2 AVX PCMPEQD 
AVX AVX MOVDQA 
AVX AVX MOVDQU 

no AVX PINSRW 

no AVX PEXTRW 
AVX2 AVX PSRLW 
AVX2 AVX PSRLD 
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Table 14-18. Promoted Vector Integer SIMD Instructions in AVX2 


VEX.256 Encoding VEX.128 Encoding Group Instruction 
AVX2 AVX PSRLQ 
AVX2 AVX PADDQ 
AVX2 AVX PMULLW 
AVX2 AVX PMOVMSKB 
AVX2 AVX PSUBUSB 
AVX2 AVX PSUBUSW 
AVX2 AVX PMINUB 
AVX2 AVX PAND 
AVX2 AVX PADDUSB 
AVX2 AVX PADDUSW 
AVX2 AVX PMAXUB 
AVX2 AVX PANDN 
AVX2 AVX YY OF EX PAVGB 
AVX2 AVX PSRAW 
AVX2 AVX PSRAD 
AVX2 AVX PAVGW 
AVX2 AVX PMULHUW 
AVX2 AVX PMULHW 
AVX AVX MOVNTDQ 
AVX2 AVX PSUBSB 
AVX2 AVX PSUBSW 
AVX2 AVX PMINSW 
AVX2 AVX POR 

AVX2 AVX PADDSB 
AVX2 AVX PADDSW 
AVX2 AVX PMAXSW 
AVX2 AVX PXOR 
AVX AVX YY OF FX LDDQU 
AVX2 AVX PSLLW 
AVX2 AVX PSLLD 
AVX2 AVX PSLLQ 
AVX2 AVX PMULUDQ 
AVX2 AVX PMADDWD 
AVX2 AVX PSADBW 
AVX2 AVX PSUBB 
AVX2 AVX PSUBW 
AVX2 AVX PSUBD 
AVX2 AVX PSUBQ 
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Table 14-18. Promoted Vector Integer SIMD Instructions in AVX2 


VEX.256 Encoding VEX.128 Encoding Group Instruction 
AVX2 AVX PADDB 
AVX2 AVX PADDW 
AVX2 AVX PADDD 
AVX2 AVX SSSE3 PHADDW 
AVX2 AVX PHADDSW 
AVX2 AVX PHADDD 
AVX2 AVX PHSUBW 
AVX2 AVX PHSUBSW 
AVX2 AVX PHSUBD 
AVX2 AVX PMADDUBSW 
AVX2 AVX PALIGNR 
AVX2 AVX PSHUFB 
AVX2 AVX PMULHRSW 
AVX2 AVX PSIGNB 
AVX2 AVX PSIGNW 
AVX2 AVX PSIGND 
AVX2 AVX PABSB 
AVX2 AVX PABSW 
AVX2 AVX PABSD 
AVX2 AVX MOVNTDQA 
AVX2 AVX MPSADBW 
AVX2 AVX PACKUSDW 
AVX2 AVX PBLENDVB 
AVX2 AVX PBLENDW 
AVX2 AVX PCMPEQQ 
no AVX PEXTRD 

no AVX PEXTRQ 

no AVX PEXTRB 

no AVX PEXTRW 

no AVX PHMINPOSUW 
no AVX PINSRB 

no AVX PINSRD 

no AVX PINSRQ 
AVX2 AVX PMAXSB 
AVX2 AVX PMAXSD 
AVX2 AVX PMAXUD 
AVX2 AVX PMAXUW 
AVX2 AVX PMINSB 
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Table 14-18. Promoted Vector Integer SIMD Instructions in AVX2 


VEX.256 Encoding VEX.128 Encoding Group Instruction 
AVX2 AVX PMINSD 
AVX2 AVX PMINUD 
AVX2 AVX PMINUW 
AVX2 AVX PMOVSXxx 
AVX2 AVX PMOVZXxx 
AVX2 AVX PMULDQ 
AVX2 AVX PMULLD 
AVX AVX PTEST 

AVX2 AVX SSE4.2 PCMPGTQ 

no AVX PCMPESTRI 
no AVX PCMPESTRM 
no AVX PCMPISTRI 
no AVX PCMPISTRM 
no AVX AESNI AESDEC 

no AVX AESDECLAST 
no AVX AESENC 

no AVX AESECNLAST 
no AVX AESIMC 

no AVX AESKEYGENASSIST 
no AVX CLMUL PCLMULQDQ 


Table 14-19 compares complementary SIMD functionalities introduced in AVX and AVX2. instructions. 


Table 14-19. VEX-Only SIMD Instructions in AVX and AVX2 


AVX2 AVX Comment 
VBROADCASTI128 VBROADCASTF128 256-bit only 
VBROADCASTSD ymm1, xmm VBROADCASTSD ymm1, m64 256-bit only 
VBROADCASTSS (from xmm) VBROADCASTSS (from m32) 
VEXTRACTI128 VEXTRACTF128 256-bit only 
VINSERTI128 VINSERTF128 256-bit only 
VPMASKMOVD VMASKMOVPS 
VPMASKMOVQ! VMASKMOVPD 
VPERMILPD in-lane 
VPERMILPS in-lane 
VPERM21128 VPERM2F128 256-bit only 
VPERMD cross-lane 
VPERMPS cross-lane 
VPERMQ cross-lane 
VPERMPD cross-lane 
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Table 14-19. VEX-Only SIMD Instructions in AVX and AVX2 


AVX2 AVX Comment 
VTESTPD 
VTESTPS 
VPBLENDD 
VPSLLVD/Q 
VPSRAVD 
VPSRLVD/Q 
VGATHERDPD/QPD 
VGATHERDPS/QPS 
VPGATHERDD/QD 
VPGATHERDQ/QQ 
Table 14-20. New Primitive in AVX2 Instructions 
Instruction Description 


VPERMD ymm1, ymm2, ymm3/m256 


Permute doublewords in ymm3/m256 using indexes in ymm_2 and store the result in ymm1. 


VPERMPD ymm1, ymm2/m256, imm8 


Permute double-precision FP elements in ymm2/m256 using indexes in imm8 and store the 
result in ymm1. 


VPERMPS ymm1, ymm2, ymm3/m256 


Permute single-precision FP elements in ymm3/m256 using indexes in ymm2 and store the 
result in ymm1. 


VPERMQ ymm1, ymm2/m256, imm8 


Permute quadwords in ymm2/m256 using indexes in imm8 and store the result in ymm1. 


VPSLLVD xmm1, xmm2, xmm3/m128 


Shift doublewords in xmm2 left by amount specified in the corresponding element of 
xmm3/m128 while shifting in Os. 


VPSLLVQ xmm1, xmm2, xmm3/m128 


Shift quadwords in xmm2 left by amount specified in the corresponding element of 
xmm3/m128 while shifting in Os. 


VPSLLVD ymm1, ymm2, ymm3/m256 


Shift doublewords in ymm2 left by amount specified in the corresponding element of 
ymm3/m256 while shifting in Os. 


VPSLLVQ ymm1, ymm2, ymm3/m256 


Shift quadwords in ymm2 left by amount specified in the corresponding element of 
ymm3/m256 while shifting in Os. 


VPSRAVD xmm1, xmm2, xmm3/m128 


Shift doublewords in xmm2 right by amount specified in the corresponding element of 
xmm3/m128 while shifting in the sign bits. 


VPSRLVD xmm1, xmm2, xmm3/m128 


Shift doublewords in xmm2 right by amount specified in the corresponding element of 
xmm3/m128 while shifting in Os. 


VPSRLVQ xmm1, xmm2, xmm3/m128 


Shift quadwords in xmm_2 right by amount specified in the corresponding element of 
xmm3/m128 while shifting in Os. 


VPSRLVD ymm1, ymm2, ymm3/m256 


Shift doublewords in ymm2 right by amount specified in the corresponding element of 
ymm3/m256 while shifting in Os. 


VPSRLVQ ymm1, ymm2, ymm3/m256 


Shift quadwords in ymm2 right by amount specified in the corresponding element of 
ymm3/m256 while shifting in Os. 


VGATHERDD xmm1, vm32x, xmm2 


Using dword indices specified in vm32x, gather dword values from memory conditioned on 
mask specified by xmm2. Conditionally gathered elements are merged into xmm1. 


VGATHERQD xmm1, vm64x, xmm2 


Using qword indices specified in vm64x, gather dword values from memory conditioned on 
mask specified by xmm2. Conditionally gathered elements are merged into xmm1. 


VGATHERDD ymm1, vm32y, ymm2 


Using dword indices specified in vm32y, gather dword values from memory conditioned on 
mask specified by ymm2. Conditionally gathered elements are merged into ymm1. 


VGATHERQD ymm1, vm64y, ymm2 


Using qword indices specified in vm64y, gather dword values from memory conditioned on 
mask specified by ymm2. Conditionally gathered elements are merged into ymm1. 
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Instruction Description 


VGATHERDPD xmm1, vm32x, xmm2 Using dword indices specified in vm32x, gather double-precision FP values from memory 
conditioned on mask specified by xmm2. Conditionally gathered elements are merged into 
xmm1. 


VGATHERQPD xmm1, vm64x, xmm2 Using qword indices specified in vm64x, gather double-precision FP values from memory 
conditioned on mask specified by xmm2. Conditionally gathered elements are merged into 
xmm1. 


VGATHERDPD ymm1, vm32x, ymm2 Using dword indices specified in vm32x, gather double-precision FP values from memory 
conditioned on mask specified by ymm2. Conditionally gathered elements are merged into 
ymm1. 


VGATHERQPD ymm1, vm64y ymm2 Using qword indices specified in vm64y, gather double-precision FP values from memory 
conditioned on mask specified by ymm2. Conditionally gathered elements are merged into 
ymm1. 


VGATHERDPS xmm1, vm32x, xmm2 Using dword indices specified in vm32x, gather single-precision FP values from memory 
conditioned on mask specified by xmm2. Conditionally gathered elements are merged into 
xmm1. 


VGATHEROPS xmm1, vm64x, xmm2 Using qword indices specified in vm64x, gather single-precision FP values from memory 
conditioned on mask specified by xmm2. Conditionally gathered elements are merged into 
xmm1. 


VGATHERDPS ymm1, vm32y, ymm2 Using dword indices specified in vm32y, gather single-precision FP values from memory 
conditioned on mask specified by ymm2. Conditionally gathered elements are merged into 
ymm1. 


VGATHEROPS xmm1, vm64y, xmm2 Using qword indices specified in vm64y, gather single-precision FP values from memory 
conditioned on mask specified by xmm2. Conditionally gathered elements are merged into 


xmm1. 
VGATHERDQ xmm1, vm32x, xmm2 Using dword indices specified in vm32x, gather qword values from memory conditioned on 
mask specified by xmm2. Conditionally gathered elements are merged into xmm1. 
VGATHERQQ xmm1, vm64x, xmm2 Using qword indices specified in vm64x, gather qword values from memory conditioned on 
mask specified by xmm2. Conditionally gathered elements are merged into xmm1. 
VGATHERDQ ymm1, vm32x, ymm2 Using dword indices specified in vm32x, gather qword values from memory conditioned on 
mask specified by ymm2. Conditionally gathered elements are merged into ymm1. 
VGATHERQQ ymm1, vm64y, ymm2 Using qword indices specified in vm64y, gather qword values from memory conditioned on 


mask specified by ymm2. Conditionally gathered elements are merged into ymm1. 


14.7.1 Detection of AVX2 
Hardware support for AVX2 is indicated by CPUID.(EAX=07H, ECX=0H):EBX.AVX2[bit 5]=1. 


Application Software must identify that hardware supports AVX, after that it must also detect support for AVX2 by 
checking CPUID.(EAX=07H, ECX=0H):EBX.AVX2[bit 5]. The recommended pseudocode sequence for detection of 
AVX2 is: 


INT supports_avx2() 
{ ; result in eax 
mov eax, 1 
cpuid 
and ecx, 018000000H 
cmp ecx, 018000000H; check both OSXSAVE and AVX feature flags 
jne not_supported 
; processor supports AVX instructions and XGETBV is enabled by OS 
mov eax, 7 
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mov ecx, 0 

cpuid 

and ebx, 20H 

cmp ebx, 20H; check AVX2 feature flags 
jne not_supported 

mov ecx, 0; specify 0 for XCRO register 
XGETBV; result in EDX:EAX 

and eax, 06H 

cmp eax, 06H; check OS has enabled both XMM and YMM state support 
jne not_supported 

mov eax, 1 

jmp done 

NOT_SUPPORTED: 

mov eax, 0 

done: 


14.8 ACCESSING YMM REGISTERS 


The lower 128 bits of a YMM register is aliased to the corresponding XMM register. Legacy SSE instructions (i.e. 
SIMD instructions operating on XMM state but not using the VEX prefix, also referred to non-VEX encoded SIMD 
instructions) will not access the upper bits (255:128) of the YMM registers. AVX and FMA instructions with a VEX 
prefix and vector length of 128-bits zeroes the upper 128 bits of the YMM register. 


Upper bits of YMM registers (255:128) can be read and written by many instructions with a VEX.256 prefix. 
XSAVE and XRSTOR may be used to save and restore the upper bits of the YMM registers. 


14.9 MEMORY ALIGNMENT 


Memory alignment requirements on VEX-encoded instruction differs from non-VEX-encoded instructions. Memory 
alignment applies to non-VEX-encoded SIMD instructions in three categories: 


° Explicitly-aligned SIMD load and store instructions accessing 16 bytes of memory (e.g. MOVAPD, MOVAPS, 
MOVDQA, etc.). These instructions always require memory address to be aligned on 16-byte boundary. 


°  Explicitly-unaligned SIMD load and store instructions accessing 16 bytes or less of data from memory (e.g. 
MOVUPD, MOVUPS, MOVDQU, MOVQ, MOVD, etc.). These instructions do not require memory address to be 
aligned on 16-byte boundary. 


¢ The vast majority of arithmetic and data processing instructions in legacy SSE instructions (non-VEX-encoded 
SIMD instructions) support memory access semantics. When these instructions access 16 bytes of data from 
memory, the memory address must be aligned on 16-byte boundary. 


Most arithmetic and data processing instructions encoded using the VEX prefix and performing memory accesses 

have more flexible memory alignment requirements than instructions that are encoded without the VEX prefix. 

Specifically, 

¢ With the exception of explicitly aligned 16 or 32 byte SIMD load/store instructions, most VEX-encoded, 
arithmetic and data processing instructions operate in a flexible environment regarding memory address 
alignment, i.e. VEX-encoded instruction with 32-byte or 16-byte load semantics will support unaligned load 
operation by default. Memory arguments for most instructions with VEX prefix operate normally without 
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causing #GP(0) on any byte-granularity alignment (unlike Legacy SSE instructions). The instructions that 
require explicit memory alignment requirements are listed in Table 14-22. 


Software may see performance penalties when unaligned accesses cross cacheline boundaries, so reasonable 
attempts to align commonly used data sets should continue to be pursued. 


Atomic memory operation in Intel 64 and IA-32 architecture is guaranteed only for a subset of memory operand 
sizes and alignment scenarios. The list of guaranteed atomic operations are described in Section 8.1.1 of IA-32 
Intel® Architecture Software Developer’s Manual, Volumes 3A. AVX and FMA instructions do not introduce any new 
guaranteed atomic memory operations. 


AVX instructions can generate an #AC(0) fault on misaligned 4 or 8-byte memory references in Ring-3 when 
CRO.AM=1. 16 and 32-byte memory references will not generate #AC(0) fault. See Table 14-21 for details. 


Certain AVX instructions always require 16- or 32-byte alignment (see the complete list of such instructions in 
Table 14-22). These instructions will #GP(0) if not aligned to 16-byte boundaries (for 16-byte granularity loads and 
stores) or 32-byte boundaries (for 32-byte loads and stores). 


Table 14-21. Alignment Faulting Conditions when Memory Access is Not Aligned 


EFLAGS.AC==1 && Ring-3 && CRO.AM == 1 0 1 
a “explicitly unaligned” loads and stores (see Table aartatilt ao faut 
= VEX op YMM, m256 no fault no fault 
2. x VEX op XMM, m128 no fault no fault 
- — “explicitly aligned” loads and stores (see Table 14-22) #GP(0) #GP(0) 
is 2, 4, or 8-byte loads and stores no fault #AC(0) 
5 16 byte “explicitly unaligned” loads and stores (see Table 14-23) no fault no fault 
a ‘a op XMM, m128 #GP(0) #GP(0) 
a “explicitly aligned” loads and stores (see Table 14-22) #GP(0) #GP(0) 
2, 4, or 8-byte loads and stores no fault #AC(0) 


Table 14-22. Instructions Requiring Explicitly Aligned Memory 
Require 16-byte alignment 


Require 32-byte alignment 


(V)MOVDQA xmm, m128 


VMOVDQA ymm, m256 


(V)MOVDQA m128, xmm 


VMOVDQA m256, ymm 


V)MOVAPS xmm, m128 


VMOVAPS ymm, m256 


( 
(V)MOVAPS m1 28, xmm 


VMOVAPS m256, ymm 
VMOVAPD ymm, m256 


) 
) 

V)MOVAPD xmm, m128 
) 


( 
(V)MOVAPD m128, xmm 


VMOVAPD m256, ymm 


(V)MOVNTPS m128, xmm 
(V)MOVNTPD m128, xmm 


VMOVNTPS m256, ymm 
VMOVNTPD m256, ymm 


(V)MOVNTDQ m128, xmm 


VMOVNTDQ m256, ymm 


(V)MOVNTDOA xmm, m128 


VMOVNTDQA ymm, m256 
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Table 14-23. Instructions Not Requiring Explicit Memory Alignment 
(V)MOVDQU xmm, m128 
(V)MOVDQU m128, m128 
(V)MOVUPS xmm, m128 
(V)MOVUPS m128, xmm 
(V)MOVUPD xmm, m128 
(V)MOVUPD m128, xmm 

VMOVDQU ymm, m256 
VMOVDQU m256, ymm 
VMOVUPS ymm, m256 
VMOVUPS m256, ymm 
VMOVUPD ymm, m256 
VMOVUPD m256, ymm 


14.10 SIMD FLOATING-POINT EXCEPTIONS 


AVX instructions can generate SIMD floating-point exceptions (#XM) and respond to exception masks in the same 
way as Legacy SSE instructions. When CR4.0SXMMEXCPT=0 any unmasked FP exceptions generate an Undefined 
Opcode exception (#UD). 

AVX FP exceptions are created in a similar fashion (differing only in number of elements) to Legacy SSE and SSE2 
instructions capable of generating SIMD floating-point exceptions. 

AVX introduces no new arithmetic operations (AVX floating-point are analogues of existing Legacy SSE instruc- 
tions). 

F16C, FMA instructions can generate SIMD floating-point exceptions (#XM). The requirement that apply to AVX 
also apply to F16C and FMA. 

The subset of AVX2 instructions that operate on floating-point data do not generate #XM. 


The detailed exception conditions for AVX instructions and legacy SIMD instructions (excluding instructions that 
operates on MMX registers) are described in a number of exception class types, depending on the operand syntax 
and memory operation characteristics. The complete list of SIMD instruction exception class types are defined in 
Chapter 2, “Instruction Format,” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A. 


14.11 EMULATION 


Setting the CRO.EMbit to 1 provides a technique to emulate Legacy SSE floating-point instruction sets in software. 
This technique is not supported with AVX instructions. 


If an operating system wishes to emulate AVX instructions, set XCRO[2:1] to zero. This will cause AVX instructions 
to #UD. Emulation of F16C, AVX2, and FMA by operating system can be done similarly as with emulating AVX 
instructions. 


14.12 WRITING AVX FLOATING-POINT EXCEPTION HANDLERS 


AVX and FMA floating-point exceptions are handled in an entirely analogous way to Legacy SSE floating-point 
exceptions. To handle unmasked SIMD floating-point exceptions, the operating system or executive must provide 
an exception handler. The section titled “SSE and SSE2 SIMD Floating-Point Exceptions” in Chapter 11, “Program- 
ming with Streaming SIMD Extensions 2 (SSE2),” describes the SIMD floating-point exception classes and gives 
suggestions for writing an exception handler to handle them. 
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To indicate that the operating system provides a handler for SIMD floating-point exceptions (#XM), the CR4.0SXM- 
MEXCPT flag (bit 10) must be set. 


The guidelines for writing AVX floating-point exception handlers also apply to F16C and FMA. 


14.13 GENERAL PURPOSE INSTRUCTION SET ENHANCEMENTS 


Enhancements in the general-purpose instruction set consist of several categories: 


¢ = Arich collection of instructions to manipulate integer data at bit-granularity. Most of the bit-manipulation 
instructions employ VEX-prefix encoding to support three-operand syntax with non-destructive source 
operands. Two of the bit-manipulating instructions (LZCNT, TZCNT) are not encoded using VEX. The VEX- 
encoded bit-manipulation instructions include: ANDN, BEXTR, BLSI, BLSMSK, BLSR, BZHI, PEXT, PDEP, SARX, 
SHLX, SHRX, and RORX. 


¢ Enhanced integer multiply instruction (MULX) in conjunctions with some of the bit-manipulation instructions 
allow software to accelerate calculation of large integer numerics (wider than 128-bits). 


¢ INVPCID instruction targets system software that manages processor context IDs. 
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CHAPTER 15 
PROGRAMMING WITH INTEL® AVX-512 


15.1 OVERVIEW 


The Intel AVX-512 family comprises a collection of instruction set extensions, including AVX-512 Foundation, 
AVX-512 Exponential and Reciprocal instructions, AVX-512 Conflict, AVX-512 Prefetch, and additional 512-bit 
SIMD instruction extensions. Intel AVX-512 instructions are natural extensions to Intel AVX and Intel AVX2. Intel 
AVX-512 introduces the following architectural enhancements: 

* Support for 512-bit wide vectors and SIMD register set. 512-bit register state is managed by the operating 
system using XSAVE/XRSTOR instructions introduced in 45 nm Intel 64 processors (see Intel® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 2B, and Intel® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 3A). 

* Support for 16 new, 512-bit SIMD registers (for a total of 32 SIMD registers, ZMMO through ZMM31) in 64-bit 
mode. The extra 16 registers state is managed by the operating system using XSAVE/XRSTOR/XSAVEOPT. 

¢ Support for 8 new opmask registers (kO through k7) used for conditional execution and efficient merging of 
destination operands. The opmask register state is managed by the operating system using the 
XSAVE/XRSTOR/XSAVEOPT instructions. 

¢ Anew encoding prefix (referred to as EVEX) to support additional vector length encoding up to 512 bits. The 
EVEX prefix builds upon the foundations of the VEX prefix to provide compact, efficient encoding for function- 
ality available to VEX encoding plus the following enhanced vector capabilities: 


¢ Opmasks. 

¢ Embedded broadcast. 

¢ Instruction prefix-embedded rounding control. 
* Compressed address displacements. 


15.1.1 512-Bit Wide SIMD Register Support 


Intel AVX-512 instructions support 512-bit wide SIMD registers (ZMMO-ZMM31). The lower 256-bits of the ZMM 
registers are aliased to the respective 256-bit YMM registers and the lower 128-bit are aliased to the respective 
128-bit XMM registers. 


15.1.2 32 SIMD Register Support 


Intel AVX-512 instructions also support 32 SIMD registers in 64-bit mode (XMMO-XMM31, YMMO-YMM31 and 
ZMMO-ZMM31). The number of available vector registers in 32-bit mode is still 8. 


15.1.3. Eight Opmask Register Support 


Intel AVX-512 instructions support 8 opmask registers (kO-k7). The width of each opmask register is architectur- 
ally defined as size MAX_KL (64 bits). Seven of the eight opmask registers (k1-k7) can be used in conjunction with 
EVEX-encoded AVX-512 Foundation instructions to provide conditional execution and efficient merging of data 
elements in the destination operand. The encoding of opmask register kO is typically used when all data elements 
(unconditional processing) are desired. Additionally, the opmask registers are also used as vector flags/element- 
level vector sources to introduce novel SIMD functionality as seen in new instructions such as VCOMPRESSPS. 
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Figure 15-1. 512-Bit Wide Vectors and SIMD Register Set 


15.1.4 — Instruction Syntax Enhancement 
The architecture of EVEX encoding enhances the vector instruction encoding scheme in the following way: 


¢ 512-bit vector-length, up to 32 ZMM registers, and enhanced vector programming environment are supported 
using the enhanced VEX (EVEX). 


The EVEX prefix provides more encodable bit fields than the VEX prefix. In addition to encoding 32 ZMM registers 
in 64-bit mode, instruction encoding using the EVEX prefix can directly encode 7 (out of 8) opmask register oper- 
ands to provide conditional processing in vector instruction programming. The enhanced vector programming envi- 
ronment can be explicitly expressed in the instruction syntax to include the following elements: 


¢ An opmask operand: the opmask registers are expressed using the notation “k1” through “k7”. An EVEX- 
encoded instruction supporting conditional vector operation using the opmask register k1 is expressed by 
attaching the notation {ki} next to the destination operand. The use of this feature is optional for most instruc- 
tions. There are two types of masking (merging and zeroing) differentiated using the EVEX.z bit ({z} in 
instruction signature). 


¢ Embedded broadcast may be supported for some instructions on the source operand that can be encoded as a 
memory vector. Data elements of a memory vector may be conditionally fetched or written to. 


¢ For instruction syntax that operates only on floating-point data in SIMD registers with rounding semantics, the 
EVEX encoding can provide explicit rounding control within the EVEX bit fields at either scalar or 512-bit vector 
length. 


In AVX-512 instructions, vector addition of all elements of the source operands can be expressed in the same 
syntax as AVX instruction: 


VADDPS zmm1l, zmm2, zmm3 

Additionally, the EVEX encoding scheme of AVX-512 Foundation can express conditional vector addition as: 
VADDPS zmm1 {k1}{z}, zmm2, zmm3 

where: 


* Conditional processing and updates to destination are expressed with an opmask register. 


¢ Zeroing behavior of the opmask selected destination element is expressed by the {z} modifier (with merging 
as the default if no modifier is specified). 
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Note that some SIMD instructions supporting three-operand syntax but processing only less than or equal to 128- 
bits of data are considered part of the 512-bit SIMD instruction set extensions, because bits MAXVL-1:128 of the 
destination register are zeroed by the processor. The same rule applies to instructions operating on 256-bits of data 
where bits MAXVL-1:256 of the destination register are zeroed. 


15.1.5 EVEX Instruction Encoding Support 


Intel AVX-512 instructions employ a new encoding prefix, referred to as EVEX, in the Intel 64 and IA-32 instruction 
encoding format. Instruction encoding using the EVEX prefix provides the following capabilities: 


* Direct encoding of a SIMD register operand within EVEX (similar to VEX). This provides instruction syntax 
support for three source operands. 


* Compaction of REX prefix functionality and extended SIMD register encoding: the equivalent REX-prefix 
compaction functionality offered by the VEX prefix is provided within EVEX. Furthermore, EVEX extends the 
operand encoding capability to allow direct addressing of up to 32 ZMM registers in 64-bit mode. 


* Compaction of SIMD prefix functionality and escape byte encoding: the functionality of a SIMD prefix (66H, 
F2H, F3H) on opcode is equivalent to an opcode extension field to introduce new processing primitives. This 
functionality is provided in the VEX prefix encoding scheme and employed within the EVEX prefix. Similarly, the 
functionality of the escape opcode byte (OFH) and two-byte escape (OF38H, OF3AH) are also compacted within 
the EVEX prefix encoding. 


¢ Most EVEX-encoded SIMD numeric and data processing instruction semantics with memory operands have 
more relaxed memory alignment requirements than instructions encoded using SIMD prefixes (see Section 
15.7, “Memory Alignment”). 


¢* Direct encoding of an opmask operand within the EVEX prefix. This provides instruction syntax support for 
conditional vector-element operation and merging of destination operand using an opmask register (ki-k7). 


¢ Direct encoding of a broadcast attribute for instructions with a memory operand source. This provides 
instruction syntax support for elements broadcasting the second operand before being used in the actual 
operation. 


¢ Compressed memory address displacements for a more compact instruction encoding byte sequence. 


EVEX encoding applies to SIMD instructions operating on XMM, YMM and ZMM registers. EVEX is not supported for 
instructions operating on MMX or x87 registers. Details of EVEX instruction encoding are discussed in Section 2.6, 
“Intel® AVX-512 Encoding” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A. 


15.2 DETECTION OF AVX-512 FOUNDATION INSTRUCTIONS 


The majority of AVX-512 Foundation instructions are encoded using the EVEX encoding scheme. EVEX-encoded 
instructions can operate on the 512-bit ZMM register state plus 8 opmask registers. The opmask instructions in 
AVX-512 Foundation instructions operate only on opmask registers or with a general purpose register. System 
software requirements to support the ZMM state and opmask instructions are described in Section 15.5, “Accessing 
XMM, YMM AND ZMM Registers”. 


Processor support of AVX-512 Foundation instructions is indicated by CPUID.(EAX=07H, ECX=0):EBX.AVX512F [bit 
16] = 1. Detection of AVX-512 Foundation instructions operating on ZMM states and opmask registers needs to 
follow the general procedural flow in Figure 15-2. 
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Figure 15-2. Procedural Flow for Application Detection of AVX-512 Foundation Instructions 


Prior to using AVX-512 Foundation instructions, the application must identify that the operating system supports 
the XGETBV instruction and the ZMM register state, in addition to confirming the processor’s support for ZMM state 
management using XSAVE/XRSTOR and AVX-512 Foundation instructions. The following simplified sequence 
accomplishes both and is strongly recommended. 


1. Detect CPUID.1:ECX.OSXSAVE[bit 27] = 1 (XGETBV enabled for application use’). 


2. Execute XGETBV and verify that XCRO[7:5] = ‘111b’ (OPMASK state, upper 256-bit of ZMMO-ZMM15 and 
ZMM16-ZMM31 state are enabled by OS) and that XCRO[2:1] =‘11b’ (XMM state and YMM state are enabled by 
OS). 


3. Detect CPUID.Ox7.0:EBX.AVX512F[bit 16] = 1. 


15.2.1 Additional 512-bit Instruction Extensions of the Intel AVX-512 Family 
Processor support of the Intel AVX-512 Exponential and Reciprocal instructions are indicated by querying the 
feature flag: 


e If CPUID.(EAX=07H, ECX=0):EBX.AVX512ER[bit 27] = 1, the collection of 
VEXP2PD/VEXP2PS/VRCP28xx/VRSQRT28xx instructions are supported. 


Processor support of the Intel AVX-512 Prefetch instructions are indicated by querying the feature flag: 


e If CPUID.(EAX=07H, ECX=0):EBX.AVX512PF[bit 26] = 1, a collection of 
VGATHERPFOxxx/VGATHERPF1xxx/VSCATTERPFOxxx/VSCATTERPF1xxx instructions are supported. 


Detection of 512-bit instructions operating on ZMM states and opmask registers, outside of AVX-512 Foundation, 
needs to follow the general procedural flow in Figure 15-3. 


1. If CPUID.01H:ECX.OSXSAVE reports 1, it also indirectly implies the processor supports XSAVE, XRSTOR, XGETBV, processor 
extended state bit vector XCRO register. Thus an application may streamline the checking of CPUID feature flags for XSAVE and OSX- 
SAVE. XSETBV is a privileged instruction. 
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Figure 15-3. Procedural Flow for Application Detection of 512-bit Instructions 


PREFETCHT1W does not require OS support for XMM/YMM/ZMM/k-reg, SIMD FP exception support. 
Procedural Flow of Application Detection of other 512-bit extensions: 


Prior to using the Intel AVX-512 Exponential and Reciprocal instructions, the application must identify that the 
operating system supports the XGETBV instruction and the ZMM register state, in addition to confirming the 
processor's support for ZMM state management using XSAVE/XRSTOR and AVX-512 Foundation instructions. The 
following simplified sequence accomplishes both and is strongly recommended. 


1. Detect CPUID.1:ECX.OSXSAVE[bit 27] = 1 (XGETBV enabled for application use). 


2. Execute XGETBV and verify that XCRO[7:5] = ‘111b’ (OPMASK state, upper 256-bit of ZMMO-ZMM15 and 
ZMM16-ZMM31 state are enabled by OS) and that XCRO[2:1] = ‘11b’ (XMM state and YMM state are enabled 
by OS). 

3. Verify both CPUID.0x7.0:EBX.AVX512F[bit 16] = 1, and CPUID.0x7.0:EBX.AVX512ER[bit 27] = 1. 

Prior to using the Intel AVX-512 Prefetch instructions, the application must identify that the operating system 

supports the XGETBV instruction and the ZMM register state, in addition to confirming the processor's support for 

ZMM state management using XSAVE/XRSTOR and AVX-512 Foundation instructions. The following simplified 

sequence accomplishes both and is strongly recommended. 


1. Detect CPUID.1:ECX.OSXSAVE[bit 27] = 1 (XGETBV enabled for application use). 


2. Execute XGETBV and verify that XCRO[7:5] = ‘111b’ (OPMASK state, upper 256-bit of ZMMO-ZMM15 and 
ZMM16-ZMM31 state are enabled by OS) and that XCRO[2:1] = ‘11b’ (XMM state and YMM state are enabled 
by OS). 


3. Verify both CPUID.Ox7.0:EBX.AVX512F[bit 16] = 1, and CPUID.Ox7.0:EBX.AVX512PF[bit 26] = 1. 


15.3. DETECTION OF 512-BIT INSTRUCTION GROUPS OF INTEL® AVX-512 
FAMILY 


In addition to the Intel AVX-512 Foundation instructions, Intel AVX-512 family provides several groups of instruc- 
tion extensions that can operate in vector lengths of 512/256/128 bits. Each group is enumerated by a CPUID leaf 
7 feature flag and can be encoded via the EVEX.L’L field to support operation at vector lengths smaller than 512 
bits. These instruction groups are listed in Table 15-1. 
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Table 15-1. 512-bit Instruction Groups in the Intel AVX-512 Family 


CPUID Leaf 7 Feature Flag Bit Feature Flag abbreviation of 512-bit Instruction Group SW Detection Flow 
CPUID.(EAX=07H, ECX=0):EBX[bit 16] AVX512F (AVX-512 Foundation) Figure 15-2 
CPUID.(EAX=07H, ECX=0):EBX[bit 28] AVX512CD Figure 15-4 
CPUID.(EAX=07H, ECX=0):EBX[bit 17] AVX512DQ Figure 15-4 
CPUID.(EAX=07H, ECX=0):EBX[bit 30] AVX512BW Figure 15-4 


Software must follow the detection procedure for the 512-bit AVX-512 Foundation instructions as described in 
Section 15.2. 


Detection of other 512-bit sibling instruction groups listed in Table 15-1 (excluding AVX512F) follows the procedure 
described in Figure 15-4: 


Check feature flag 
CPUID.1H:ECX.OXSAVE = 1? 


OS provides processor 
extended state management 


Yes Implied HW support for 
XSAVE, XRSTOR, XGETBV, XCRO 


Opmask, 
: YMM,ZMM 
Check enabled state in y Check AVX512F and 
XCRO via XGETBV States a sibling 512-bit flag ok to use 
enabled Instructions 


Figure 15-4. Procedural Flow for Application Detection of 512-bit Instruction Groups 


To detect 512-bit instructions enumerated by AVX512CD, the following sequence is strongly recommended. 
1. Detect CPUID.1:ECX.OSXSAVE[bit 27] = 1 (XGETBV enabled for application use). 


2. Execute XGETBV and verify that XCRO[7:5] = ‘111b’ (OPMASK state, upper 256-bit of ZMMO-ZMM15 and 
ZMM16-ZMM31 state are enabled by OS) and that XCRO[2:1] =‘11b’ (XMM state and YMM state are enabled by 
OS). 


3. Verify both CPUID.Ox7.0:EBX.AVX512F[bit 16] = 1, CPUID.Ox7.0:EBX.AVX512CD[bit 28] = 1. 


Similarly, the detection procedure for enumerating 512-bit instructions reported by AVX512DW follows the same 
flow. 


15.4 DETECTION OF INTEL AVX-512 INSTRUCTION GROUPS OPERATING AT 256 
AND 128-BIT VECTOR LENGTHS 


For each of the 512-bit instruction groups in the Intel AVX-512 family listed in Table 15-1, the EVEX encoding 
scheme may support a vast majority of these instructions operating at 256-bit or 128-bit (if applicable) vector 
lengths. Encoding support for vector lengths smaller than 512-bits is indicated by CPUID.(EAX=07H, 
ECX=0):EBX[bit 31], abbreviated as AVX512VL. 
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The AVX512VL flag alone is never sufficient to determine a given Intel AVX-512 instruction may be encoded at 
vector lengths smaller than 512 bits. Software must use the procedure described in Figure 15-5 and Table 15-2. 


Check feature flag 
CPUID.1H:ECX.OXSAVE = 1? 


OS provides processor 
extended state management 


Yes Implied HW support for 


XSAVE, XRSTOR, XGETBV, XCRO 


Opmask, 
: YMM,ZMM 
Check enabled statein jy 
XCRO via XGETBV States 
enabled 


Check applicable collection of 
CPUID flags listed in Table 2-2 


ok to use 
Instructions 


Figure 15-5. Procedural Flow for Detection of Intel AVX-512 Instructions Operating at Vector Lengths < 512 


To illustrate the procedure described in Figure 15-5 and Table 15-2 for software to use EVEX.256 encoded VPCON- 


FLICT, the following sequence is provided. It is strongly recommended this sequence is followed. 


1) Detect CPUID.1:ECX.OSXSAVE[bit 27] = 1 (XGETBV enabled for application use). 


2) Execute XGETBV and verify that XCRO[7:5] = ‘111b’ (OPMASK state, upper 256-bit of ZMMO-ZMM15 and 
ZMM16-ZMM31 state are enabled by OS) and that XCRO[2:1] = ‘11b’ (XMM state and YMM state are enabled by 


OS). 


3) Verify CPUID.0x7.0:EBX.AVX512F[bit 16] = 1, CPUID.Ox7.0:EBX.AVX512CD[bit 28] = 1, and 


CPUID.0x7.0:EBX.AVX512VL[bit 31] = 1. 


Table 15-2. Feature flag Collection Required of 256/128 Bit Vector Lengths for Each Instruction Group 


Usage of 256/128 Vector Lengths 


Feature Flag Collection to Verify 


AVX512F 


AVX512F & AVX512VL 


AVX512CD 
AVX512DQ 


AVX512F & AVX512CD & AVX512VL 
AVX512F & AVX512DQ & AVX512VL 


AVX512BW 


AVX512F & AVX512BW & AVX512VL 


In some specific cases, AVX512VL may only support EVEX.256 encoding but not EVEX.128. These cases are listed 


in Table 15-3. 
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Table 15-3. Instruction Mnemonics That Do Not Support EVEX.128 Encoding 


Instruction Group Instruction Mnemonics Supporting EVEX.256 Only Using AVX512VL 
AVX512F VBROADCASTSD, VBROADCASTF32X4, VEXTRACTI32X4, VINSERTF32X4, VINSERTI32X4, VPERMD, 
VPERMPD, VPERMPS, VPERMQ, VSHUFF32X4, VSHUFF64X2, VSHUFI32X4, VSHUFI64X2 
AVX512CD 
AVX512D0 VBROADCASTF32X2, VBROADCASTF64X2, VBROADCASTI32X4, VBROADCASTI64X2, VEXTRACTI64X2, 
VINSERTF64X2, VINSERTI64X2, 
AVX512BW 


15.5 ACCESSING XMM, YMM AND ZMM REGISTERS 


The lower 128 bits of a YMM register is aliased to the corresponding XMM register. Legacy SSE instructions (i.e., 
SIMD instructions operating on XMM state but not using the VEX prefix, also referred to non-VEX encoded SIMD 
instructions) will not access the upper bits (MAXVL-1:128) of the YMM registers. AVX and FMA instructions with a 
VEX prefix and vector length of 128-bits zeroes the upper 128 bits of the YMM register. 


Upper bits of YMM registers (255:128) can be read and written to by many instructions with a VEX.256 prefix. 
XSAVE and XRSTOR may be used to save and restore the upper bits of the YMM registers. 

The lower 256 bits of a ZMM register are aliased to the corresponding YMM register. Legacy SSE instructions (i.e., 
SIMD instructions operating on XMM state but not using the VEX prefix, also referred to non-VEX encoded SIMD 
instructions) will not access the upper bits (MAXVL-1:128) of the ZMM registers, where MAXVL is maximum vector 
length (currently 512 bits). AVX and FMA instructions with a VEX prefix and vector length of 128-bits zero the upper 


384 bits of the ZMM register, while the VEX prefix and vector length of 256-bits zeroes the upper 256 bits of the 
ZMM register. 


Upper bits of ZMM registers (511:256) can be read and written to by instructions with an EVEX.512 prefix. 


15.6 ENHANCED VECTOR PROGRAMMING ENVIRONMENT USING EVEX 
ENCODING 


EVEX-encoded AVX-512 instructions support an enhanced vector programming environment. The enhanced vector 
programming environment uses the combination of EVEX bit-field encodings and a set of eight opmask registers to 
provide the following capabilities: 


* Conditional vector processing of an EVEX-encoded instruction. Opmask registers ki through k7 can be used to 
conditionally govern the per-data-element computational operation and the per-element updates to the 
destination operand of an AVX-512 Foundation instruction. Each bit of the opmask register governs one vector 
element operation (a vector element can be 8 bits, 16 bits, 32 bits or 64 bits). 


* In addition to providing predication control on vector instructions via EVEX bit-field encoding, the opmask 
registers can also be used similarly on general-purpose registers as source/destination operands using modR/M 
encoding for non-mask-related instructions. In this case, an opmask register kO through k7 can be selected. 


¢ In 64-bit mode, 32 vector registers can be encoded using the EVEX prefix. 


° Broadcast may be supported for some instructions on the operand that can be encoded as a memory vector. 
The data elements of a memory vector may be conditionally fetched or written to, and the vector size is 
dependent on the data transformation function. 


¢ Flexible rounding control for the register-to-register flavor of EVEX encoded 512-bit and scalar instructions. 
Four rounding modes are supported by direct encoding within the EVEX prefix, overriding MXCSR settings. 


° Broadcast of one element to the rest of the destination vector register. 


* Compressed 8-bit displacement encoding scheme to increase the instruction encoding density for instructions 
that normally require disp32 syntax. 
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15.6.1 OPMASK Register to Predicate Vector Data Processing 


AVX-512 instructions using EVEX encode a predicate operand to conditionally control per-element computational 
operation and updating of the result to the destination operand. The predicate operand is known as the opmask 
register. The opmask is a set of eight architectural registers of size MAX_KL (64-bit). Note that from this set of eight 
architectural registers, only ki through k7 can be addressed as a predicate operand. kO can be used as a regular 
source or destination but cannot be encoded as a predicate operand. Note also that a predicate operand can be 
used to enable memory fault-suppression for some instructions with a memory operand (source or destination). 


As a predicate operand, the opmask registers contain one bit to govern the operation/update to each data element 
of a vector register. In general, opmask registers can support instructions with all element sizes: byte (int8), word 
(int16), single-precision floating-point (float32), integer doubleword(int32), double-precision floating-point 
(float64), integer quadword (int64). Therefore, a ZMM vector register can hold 8, 16, 32, or 64 elements in prin- 
ciple. The length of an opmask register, MAX_KL, is sufficient to handle up to 64 elements with one bit per element, 
i.e., 64 bits. Masking is supported in most of the AVX-512 instructions. For a given vector length, each instruction 
accesses only the number of least significant mask bits that are needed based on its data type. For example, AVX- 
512 Foundation instructions operating on 64-bit data elements with a 512-bit vector length, only use the 8 least 
significant bits of the opmask register. 


An opmask register affects an AVX-512 instruction at per-element granularity. Any numeric or non-numeric oper- 

ation of each data element and per-element updates of intermediate results to the destination operand are predi- 

cated on the corresponding bit of the opmask register. 

An opmask serving as a predicate operand in AVX-512 obeys the following properties: 

¢ The instruction’s operation is not performed for an element if the corresponding opmask bit is not set. This 
implies that no exception or violation can be caused by an operation on a masked-off element. Consequently, 
no MXCSR exception flag is updated as a result of a masked-off operation. 


¢ Adestination element is not updated with the result of the operation if the corresponding writemask bit is not 
set. Instead, the destination element value must be preserved (merging-masking) or it must be zeroed out 
(zeroing-masking). 


¢ For some instructions with a memory operand, memory faults are suppressed for elements with a mask bit of 
0. 


Note that this feature provides a versatile construct to implement control-flow predication as the mask in effect 

provides a merging behavior for AVX-512 vector register destinations. As an alternative the masking can be used 
for zeroing instead of merging, so that the masked out elements are updated with 0 instead of preserving the old 
value. The zeroing behavior is provided to remove the implicit dependency on the old value when it is not needed. 


Most instructions with masking enabled accept both forms of masking. Instructions that must have EVEX.aaa bits 
different than 0 (gather and scatter) and instructions that write to memory only accept merging-masking. 


It’s important to note that the per-element destination update rule also applies when the destination operand is a 
memory location. Vectors are written on a per element basis, based on the opmask register used as a predicate 
operand. 


The value of an opmask register can be: 

* Generated as a result of a vector instruction (e.g., CMP, FPCLASS, etc.). 
° Loaded from memory. 

¢ Loaded from a GPR register. 

¢ Modified by mask-to-mask operations. 


Opmask registers can be used for purposes outside of predication. For example, they can be used to manipulate 
sparse sets of elements from a vector, or used to set the EFLAGS based on the 0/OxFFFFFFFFFFFFFFFF/other status 
of the OR of two opmask registers. 


15.6.1.1 Opmask Register KO 


The only exception to the opmask rules described above is that opmask kO can not be used as a predicate operand. 
Opmask kO cannot be encoded as a predicate operand for a vector operation; the encoding value that would select 
opmask kO will instead select an implicit op mask value of OxFFFFFFFFFFFFFFFF, thereby effectively disabling 
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masking. Opmask register kO can still be used for any instruction that takes opmask register(s) as operand(s) 


(either source or destination). 


Note that certain instructions implicitly use the opmask as an extra destination operand. In such cases, trying to 


use the “no mask” feature will translate into a #UD fault being raised. 


15.6.1.2 


Example of Opmask Usages 


The example below illustrates the predicated vector add operation and predicated updates of added results into the 
destination operand. The initial state of vector registers zmm0, zmm1i1, and zmm2 and k3 are: 


MSB adage A oie ers Stee aa ae eee eee LSB 
zmmO = 
0x00000003 0x00000002 0x00000001 0x00000000 ] (bytes 15 through 0) 
0x00000007 0x00000006 0x00000005 0x00000004 ] (bytes 31 through 16) 
0x0000000B 0x0000000A 0x00000009 0x00000008 ] (bytes 47 through 32) 
OxO0000000F Ox0000000E 0x0000000D 0x0000000C ] (bytes 63 through 48) 
zmml = 
OxO0000000F Ox0000000F Ox0000000F Ox0000000F ] (bytes 15 through 0) 
[ OxOO00000F Ox0000000F Ox0000000F Ox0000000F ] (bytes 31 through 16) 
OxO0000000F Ox0000000F Ox0000000F Ox0000000F ] (bytes 47 through 32) 
OxO0000000F Ox0000000F Ox0000000F Ox0000000F ] (bytes 63 through 48) 
zmm2 = 
OxAAAAAAAA OxAAAAAAAA OxAAAAAAAA OxXAAAAAAAA ] (bytes 15 through 0) 
OxBBBBBBBB OxXBBBBBBBB OxXBBBBBBBB OxXBBBBBBBB ] (bytes 31 through 16) 
[ OxCCCCCCCC OxCCCCCCCC OxCCCCCCCC OxCCCCCCCC ] (bytes 47 through 32) 
OxDDDDDDDD OxDDDDDDDD OxDDDDDDDD OxDDDDDDDD ] (bytes 63 through 48) 
k3 = 0x8FO03 (1000 1111 0000 0011) 


An opmask register serving as a predicate operand is expressed as a curly-braces-enclosed decorator following the 
first operand in the Intel assembly syntax. Given this state, we will execute the following instruction: 


vpaddd zmm2 {k3}, zmm0, zmm1 


The vpaddd instruction performs 32-bit integer additions on each data element conditionally based on the corre- 
sponding bit value in the predicate operand k3. Since per-element operations are not operated if the corresponding 
bit of the predicate mask is not set, the intermediate result is: 


[ *#*KKK KKK KR ka KKKKEKE OX00000010 Ox0000000F ] (bytes 15 through 0) 

[ ee Rokk Ordo dk bdo kik kkk KR ] (bytes 31 through 16) 
[ 0x0000001A 0x00000019 0x00000018 0x00000017 ] (bytes 47 through 32) 
[ OXOOQ000LE #¥*KKHKKKR KKKKKKKEKK KKEKKEKKEE J] (bytes 63 through 48) 


where "**********" indicates that no operation is performed. 


This intermediate result is then written into the destination vector register, zmm2, using the opmask register k3 as 


the writemask, producing the following final result: 
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zmm2 = 

[ OxXAAAAAAAA OxAAAAAAAA 0x00000010 Ox0000000F ] (bytes 15 through 0) 
[ O0xBBBBBBBB OxXBBBBBBBB OxBBBBBBBB OxXBBBBBBBB ] (bytes 31 through 16) 
[ 0x0000001A 0x00000019 0x00000018 0x00000017 ] (bytes 47 through 32) 
[ 0x0000001E OxDDDDDDDD OxDDDDDDDD OxDDDDDDDD ] (bytes 63 through 48) 


Note that for a 64-bit instruction (for example, vaddpd), only the 8 LSB of mask k3 (0x03) would be used to iden- 
tify the predicate operation on each one of the 8 elements of the source/destination vectors. 


15.6.2 OpMask Instructions 


AVX-512 Foundation instructions provide a collection of opmask instructions that allow programmers to set, copy, 
or operate on the contents of a given opmask register. There are three types of opmask instructions: 


° Mask read/write instructions: These instructions move data between a general-purpose integer register or 
memory and an opmask mask register, or between two opmask registers. For example: 


— kmovw ki, ebx; move lower 16 bits of ebx to k1. 


¢ Flag instructions: This category consists of instructions that modify EFLAGS based on the content of opmask 
registers. 


— kortestw ki, k2; OR registers k1 and k2 and updated EFLAGS accordingly. 


¢ Mask logical instructions: These instructions perform standard bitwise logical operations between opmask 
registers. 


— kandw ki, k2, k3; AND lowest 16 bits of registers k2 and k3, leaving the result in k1. 


15.6.3. Broadcast 


EVEX encoding provides a bit-field to encode data broadcast for some load-op instructions, i.e., instructions that 
load data from memory and perform some computational or data movement operation. A source element from 
memory can be broadcasted (repeated) across all the elements of the effective source operand (up to 16 times for 
a 32-bit data element, up to 8 times for a 64-bit data element). This is useful when we want to reuse the same 
scalar operand for all the operations in a vector instruction. Broadcast is only enabled on instructions with an 
element size of 32 bits or 64 bits. Byte and word instructions do not support embedded broadcast. 

The functionality of data broadcast is expressed as a curly-braces-enclosed decorator following the last 
register/memory operand in the Intel assembly syntax. 


For instance: 


vmulps zmml, zmm2, [rax] {1to16} 


The {1to16} primitive loads one float32 (single precision) element from memory, replicates it 16 times to form a 
vector of 16 32-bit floating-point elements, multiplies the 16 float32 elements with the corresponding elements in 
the first source operand vector, and puts each of the 16 results into the destination operand. 


AVX-512 instructions with store semantics and pure load instructions do not support broadcast primitives. 


vmovaps [rax] {k3}, zmm19 


In contrast, the k3 opmask register is used as the predicate operand in the above example. Only the store opera- 
tion on data elements corresponding to the non-zero bits in k3 will be performed. 
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15.6.4 Static Rounding Mode and Suppress All Exceptions 


In previous SIMD instruction extensions (up to AVX and AVX2), rounding control is generally specified in MXCSR, 
with a handful of instructions providing per-instruction rounding override via encoding fields within the imm8 
operand. AVX-512 offers a more flexible encoding attribute to override MXCSR-based rounding control for floating- 
pointing instructions with rounding semantics. This rounding attribute embedded in the EVEX prefix is called Static 
(per instruction) Rounding Mode or Rounding Mode override. This attribute allows programmers to statically apply 
a specific arithmetic rounding mode irrespective of the value of RM bits in MXCSR. It is available only to register-to- 
register flavors of EVEX-encoded floating-point instructions with rounding semantic. The differences between these 
three rounding control interfaces are summarized in Table 15-4. 


Table 15-4. Characteristics of Three Rounding Control Interfaces 


Rounding Interface Stans Rounding ime embeds Rounding MXCSR Rounding Control 
Override Override 
Semantic Requirement FP rounding FP rounding FP rounding 
Prefix Requirement EVEX.B = 1 NA NA 
Rounding Control EVEX.LL IMM8[1:0] or MXCSR.RC MXCSR.RC 
(depending on IMM8[2]) 
Suppress All Exceptions (SAE) Implied no no 
SIMD FP Exception #XM All suppressed Can raise #l, #P (unless SPE is set) | MXCSR masking controls 
MXCSR flag update No yes (except PE if SPE is set) Yes 
Precedence Above MXCSR.RC Above EVEX.UL Default 
Scope 512-bit, reg-reg, ROUNDPx, ROUNDSx, All SIMD operands, vector lengths 
Scalar reg-reg VCVTPS2PH, VRNDSCALExx 


The static rounding-mode override in AVX-512 also implies the “suppress-all-exceptions” (SAE) attribute. The SAE 
effect is as if all the MXCSR mask bits are set, and none of the MXCSR flags will be updated. Using static rounding- 
mode via EVEX without SAE is not supported. 


Static Rounding Mode and SAE control can be enabled in the encoding of the instruction by setting the EVEX.b bit 
to 1 in a register-register vector instruction. In such a case, vector length is assumed to be MAXVL (512-bit in case 
of AVX-512 packed vector instructions) or 128-bit for scalar instructions. Table 15-5 summarizes the possible static 
rounding-mode assignments in AVX-512 instructions. 


Note that some instructions already allow specifying the rounding mode statically via immediate bits. In such 
cases, the immediate bits take precedence over the embedded rounding mode (in the same vein that they take 
precedence over whatever MXCSR.RM says). 


Table 15-5. Static Rounding Mode 


Function Description 

{rn-sae} Round to nearest (even) + SAE 
{rd-sae} Round down (toward -inf) + SAE 
{ru-Sae} Round up (toward +inf) + SAE 
{rz-sae} Round toward zero (Truncate) + SAE 


An example of use would be as follows: 


vaddps zmm7 {k6}, zmm2, zmm4, {rd-sae} 


This would perform the single-precision floating-point addition of vectors zmm2 and zmm4 with round-towards- 
minus-infinity, leaving the result in vector zmm7 using k6 as conditional writemask. 
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Note that MXCSR.RM bits are ignored and unaffected by the outcome of this instruction. 
Examples of instruction instances where the static rounding-mode is not allowed are shown below: 


; rounding-mode already specified in the instruction immediate 


vrndscaleps zmm7 {k6}, zmm2, 0x00 


; instructions with memory operands 


vmulps zmm7 {k6}, zmm2, [rax], {rd-sae} 


; instructions with vector length different than MAXVL (512-bit) 


vaddps ymm7 {k6}, ymm2, ymm4, {rd-sae} 


15.6.5 Compressed Disp8*N Encoding 


EVEX encoding supports a new displacement representation that allows for a more compact encoding of memory 
addressing commonly used in unrolled code, where an 8-bit displacement can address a range exceeding the 
dynamic range of an 8-bit value. This compressed displacement encoding is referred to as disp8*N, where N is a 
constant implied by the memory operation characteristic of each instruction. 


The compressed displacement is based on the assumption that the effective displacement (of a memory operand 
occurring in a loop) is a multiple of the granularity of the memory access of each iteration. Since the base register 
in memory addressing already provides byte-granular resolution, the lower bits of the traditional disp8 operand 
become redundant, and can be implied from the memory operation characteristic. 


The memory operation characteristics depend on the following: 
° The destination operand is updated as a full vector, a single element, or multi-element tuples. 


¢ The memory source operand (or vector source operand if the destination operand is memory) is fetched (or 
treated) as a full vector, a single element, or multi-element tuples. 


For example: 
vaddps zmm7, zmm2, disp8[membase + index*8] 


The destination zmm7 is updated as a full 512-bit vector, and 64-bytes of data are fetched from memory as a full 
vector; the next unrolled iteration may fetch from memory in 64-byte granularity per iteration. There are 6 bits of 
lowest address that can be compressed, hence N = 2%6 = 64. The contribution of “disp8” to effective address 
calculation is 64*disp8. 


vbroadcastf£32x4 zmm7, disp8[membase + index*8] 


In VBROADCASTF32x4, memory is fetched as a 4tuple of 4 32-bit entities. Hence the common lowest address bits 
that can be compressed are 4, corresponding to the 4tuple width of 2“%4 = 16 bytes (4x32 bits). Therefore, N = 
244. 

For EVEX encoded instructions that update only one element in the destination, or the source element is fetched 
individually, the number of lowest address bits that can be compressed is generally the width in bytes of the data 
element, hence N = 2“(width). 


15.7. MEMORY ALIGNMENT 


Memory alignment requirements on EVEX-encoded SIMD instructions are similar to VEX-encoded SIMD instruc- 
tions. Memory alignment applies to EVEX-encoded SIMD instructions in three categories: 


¢ —Explicitly-aligned SIMD load and store instructions accessing 64 bytes of memory with EVEX prefix encoded 
vector length of 512 bits (e.g., VMOVAPD, VMOVAPS, VMOVDQA, etc.). These instructions always require the 
memory address to be aligned on a 64-byte boundary. 
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¢ = Explicitly-unaligned SIMD load and store instructions accessing 64 bytes or less of data from memory (eé.g., 
VMOVUPD, VMOVUPS, VMOVDQU, VMOVQ, VMOVD, etc.). These instructions do not require the memory 
address to be aligned on a natural vector-length byte boundary. 


* Most arithmetic and data processing instructions encoded using EVEX support memory access semantics. 
When these instructions access from memory, there are no alignment restrictions. 


Software may see performance penalties when unaligned accesses cross cacheline boundaries or vector-length 
naturally-aligned boundaries, so reasonable attempts to align commonly used data sets should continue to be 
pursued. 


Atomic memory operation in Intel 64 and IA-32 architecture is guaranteed only for a subset of memory operand 
sizes and alignment scenarios. The guaranteed atomic operations are described in Section 8.1.1, “Guaranteed 
Atomic Operations” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. AVX and 
FMA instructions do not introduce any new guaranteed atomic memory operations. 


AVX-512 instructions may generate an #AC(0) fault on misaligned 4 or 8-byte memory references in Ring-3 when 
CRO.AM=1. 16, 32 and 64-byte memory references will not generate an #AC(0) fault. See Table 15-7 for details. 


Certain AVX-512 Foundation instructions always require 64-byte alignment (see the complete list of VEX and EVEX 
encoded instructions in Table 15-6). These instructions will #GP(0) if not aligned to 64-byte boundaries. 


Table 15-6. SIMD Instructions Requiring Explicitly Aligned Memory 


Require 16-byte alignment Require 32-byte alignment Require 64-byte alignment* 


(V)MOVDQA xmm, m128 


VMOVDOA ymm, m256 


VMOVDOA zmm, m512 


(V)MOVDQA m1 28, xmm 


VMOVDOA m256, ymm 


VMOVDOA m512, zmm 


(V)JMOVAPS xmm, m128 
( 


VMOVAPS ymm, m256 
VMOVAPS m256, ymm 


VMOVAPS zmm, m512 
VMOVAPS m512, zmm 


) 
V)MOVAPS m128, xmm 
V)MOVAPD xmm, m128 


VMOVAPD ymm, m256 


VMOVAPD zmm, m512 


( 
(V)MOVAPD m128, xmm 
(V)MOVNTDOA xmm, m128 


VMOVAPD m256, ymm 
VMOVNTPS m256, ymm 


VMOVAPD m512, zmm 
VMOVNTPS m512, zmm 


(V)MOVNTPS m128, xmm 


VMOVNTPD m256, ymm 


VMOVNTPD m512, zmm 


(V)MOVNTPD m128, xmm 
(V)MOVNTDQ m128, xmm 


VMOVNTDQ m256, ymm 
VMOVNTDOA ymm, m256 


VMOVNTDQ m512, zmm 
VMOVNTDQA zmm, m512 


Table 15-7. Instructions Not Requiring Explicit Memory Alignment 


(V)MOVDQU xmm, m128 


VMOVDQU ymm, m256 


VMOVDQU zmm, m512 


(V)MOVDQU m128, m128 


VMOVDQU m256, ymm 


VMOVDQU m512, zmm 


(V)JMOVUPS xmm, m128 


VMOVUPS ymm, m256 


VMOVUPS zmm, m512 


(V)JMOVUPS m128, xmm 


VMOVUPS m256, ymm 


VMOVUPS m512, zmm 


V)MOVUPD xmm, m128 


( 
(VJMOVUPD m128, xmm 


VMOVUPD ymm, m256 
VMOVUPD m256, ymm 


VMOVUPD zmm, m512 
VMOVUPD m512, zmm 


15.8 SIMD FLOATING-POINT EXCEPTIONS 


AVX-512 instructions can generate SIMD floating-point exceptions (#XM) if embedded “suppress all exceptions” 
(SAE) in EVEX is not set. When SAE is not set, these instructions will respond to exception masks of MXCSR in the 
same way as VEX-encoded AVX instructions. When CR4.0SXMMEXCPT=0, any unmasked FP exceptions generate 
an Undefined Opcode exception (#UD). 
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15.9 INSTRUCTION EXCEPTION SPECIFICATION 


Exception behavior of VEX-encoded AVX / AVX2 instructions are described in Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 2A. Exception behavior of AVX-512 Foundation instructions and additional 
512-bit extensions are described in Section 2.7, “Exception Classifications of EVEX-Encoded instructions” and 
Section 2.8, “Exception Classifications of Opmask instructions”. 


15.10 EMULATION 


Setting the CRO.EM bit to 1 provides a technique to emulate legacy SSE floating-point instruction sets in software. 
This technique is not supported with AVX instructions, nor FMA instructions. 


If an operating system wishes to emulate AVX instructions, set XCRO[2:1] to zero. This will cause AVX instructions 
to #UD. Emulation of FMA by the operating system can be done similarly as with emulating AVX instructions. 


15.11. WRITING FLOATING-POINT EXCEPTION HANDLERS 


AVX-512, AVX and FMA floating-point exceptions are handled in an entirely analogous way to legacy SSE floating- 
point exceptions. To handle unmasked SIMD floating-point exceptions, the operating system or executive must 
provide an exception handler. Section 11.5.1, “SIMD Floating-Point Exceptions”, describes the SIMD floating-point 
exception classes and gives suggestions for writing an exception handler to handle them. 


To indicate that the operating system provides a handler for SIMD floating-point exceptions (#XM), the CR4.0SXM- 
MEXCPT flag (bit 10) must be set. 
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CHAPTER 16 
PROGRAMMING WITH INTEL® TRANSACTIONAL SYNCHRONIZATION 
EXTENSIONS 


16.1 OVERVIEW 


This chapter describes the software programming interface to the Intel® Transactional Synchronization Extensions 
of the Intel 64 architecture. 


Multithreaded applications take advantage of increasing number of cores to achieve high performance. However, 
writing multi-threaded applications requires programmers to reason about data sharing among multiple threads. 
Access to shared data typically requires synchronization mechanisms. These mechanisms ensure multiple threads 
update shared data by serializing operations on the shared data, often through the use of a critical section 
protected by a lock. Since serialization limits concurrency, programmers try to limit synchronization overheads. 
They do this either through minimizing the use of synchronization or through the use of fine-grain locks; where 
multiple locks each protect different shared data. Unfortunately, this process is difficult and error prone; a missed 
or incorrect synchronization can cause an application to fail. Conservatively adding synchronization and using 
coarser granularity locks, where a few locks each protect many items of shared data, helps avoid correctness prob- 
lems but limits performance due to excessive serialization. While programmers must use static information to 
determine when to Serialize, the determination as to whether actually to serialize is best done dynamically. 


Intel® Transactional Synchronization Extensions aim to improve the performance of lock-protected critical sections 
while maintaining the lock-based programming model. 


16.2 INTEL® TRANSACTIONAL SYNCHRONIZATION EXTENSIONS 


Intel® Transactional Synchronization Extensions (Intel® TSX) allow the processor to determine dynamically 
whether threads need to serialize through lock-protected critical sections, and to perform serialization only when 
required. This lets the hardware expose and exploit concurrency hidden in an application due to dynamically unnec- 
essary synchronization through a technique known as lock elision. 


With lock elision, the hardware executes the programmer-specified critical sections (also referred to as transac- 
tional regions) transactionally. In such an execution, the lock variable is only read within the transactional region; 
it is not written to (and therefore not acquired) with the expectation that the lock variable remains unchanged after 
the transactional region, thus exposing concurrency. 


If the transactional execution completes successfully, then the hardware ensures that all memory operations 
performed within the transactional region will appear to have occurred instantaneously when viewed from other 
logical processors, a process referred to as an atomic commit. Any updates performed within the transactional 
region are made visible to other processors only on an atomic commit. 


Since a successful transactional execution ensures an atomic commit, the processor can execute the programmer- 
specified code section optimistically without synchronization. If synchronization was unnecessary for that specific 
execution, execution can commit without any cross-thread serialization. 


If the transactional execution is unsuccessful, the processor cannot commit the updates atomically. When this 
happens, the processor will roll back the execution, a process referred to as a transactional abort. On a transac- 
tional abort, the processor will discard all updates performed in the region, restore architectural state to appear as 
if the optimistic execution never occurred, and resume execution non-transactionally. Depending on the policy in 
place, lock elision may be retried or the lock may be explicitly acquired to ensure forward progress. 


Intel TSX provides two software interfaces for programmers. 


¢ Hardware Lock Elision (HLE) is a legacy compatible instruction set extension (comprising the XACQUIRE and 
XRELEASE prefixes). 


¢ Restricted Transactional Memory (RTM) is a new instruction set interface (comprising the XBEGIN and XEND 
instructions). 
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Programmers who would like to run Intel TSX-enabled software on legacy hardware would use the HLE interface to 
implement lock elision. On the other hand, programmers who do not have legacy hardware requirements and who 
deal with more complex locking primitives would use the RTM software interface of Intel TSX to implement lock 
elision. In the latter case when using new instructions, the programmer must always provide a non-transactional 
path (which would have code to eventually acquire the lock being elided) to execute following a transactional abort 
and must not rely on the transactional execution alone. 


In addition, Intel TSX also provides the XTEST instruction to test whether a logical processor is executing transac- 
tionally, and the XABORT instruction to abort a transactional region. 


A processor can perform a transactional abort for numerous reasons. A primary cause is due to conflicting accesses 
between the transactionally executing logical processor and another logical processor. Such conflicting accesses 
may prevent a successful transactional execution. Memory addresses read from within a transactional region 
constitute the read-set of the transactional region and addresses written to within the transactional region consti- 
tute the write-set of the transactional region. Intel TSX maintains the read- and write-sets at the granularity of a 
cache line. 


A conflicting data access occurs if another logical processor either reads a location that is part of the transactional 
region’s write-set or writes a location that is a part of either the read- or write-set of the transactional region. We 
refer to this as a data conflict. Since Intel TSX detects data conflicts at the granularity of a cache line, unrelated 
data locations placed in the same cache line will be detected as conflicts. Transactional aborts may also occur due 
to limited transactional resources. For example, the amount of data accessed in the region may exceed an imple- 
mentation-specific capacity. Additionally, some instructions and system events may cause transactional aborts. 


16.2.1 HLE Software Interface 
HLE provides two new instruction prefix hints: XACQUIRE and XRELEASE. 


The programmer uses the XACQUIRE prefix in front of the instruction that is used to acquire the lock that is 
protecting the critical section. The processor treats the indication as a hint to elide the write associated with the 
lock acquire operation. Even though the lock acquire has an associated write operation to the lock, the processor 
does not add the address of the lock to the transactional region’s write-set nor does it issue any write requests to 
the lock. Instead, the address of the lock is added to the read-set. The logical processor enters transactional execu- 
tion. If the lock was available before the XACQUIRE prefixed instruction, all other processors will continue to see it 
as available afterwards. Since the transactionally executing logical processor neither added the address of the lock 
to its write-set nor performed externally visible write operations to it, other logical processors can read the lock 
without causing a data conflict. This allows other logical processors to also enter and concurrently execute the crit- 
ical section protected by the lock. The processor automatically detects any data conflicts that occur during the 
transactional execution and will perform a transactional abort if necessary. 


Even though the eliding processor did not perform any external write operations to the lock, the hardware ensures 
program order of operations on the lock. If the eliding processor itself reads the value of the lock in the critical 
section, it will appear as if the processor had acquired the lock, i.e. the read will return the non-elided value. This 
behavior makes an HLE execution functionally equivalent to an execution without the HLE prefixes. 


The programmer uses the XRELEASE prefix in front of the instruction that is used to release the lock protecting the 
critical section. This involves a write to the lock. If the instruction is restoring the value of the lock to the value it 
had prior to the XACQUIRE prefixed lock acquire operation on the same lock, then the processor elides the external 
write request associated with the release of the lock and does not add the address of the lock to the write-set. The 
processor then attempts to commit the transactional execution. 


With HLE, if multiple threads execute critical sections protected by the same lock but they do not perform any 
conflicting operations on each other’s data, then the threads can execute concurrently and without serialization. 
Even though the software uses lock acquisition operations on a common lock, the hardware recognizes this, elides 
the lock, and executes the critical sections on the two threads without requiring any communication through the 
lock — if such communication was dynamically unnecessary. 


If the processor is unable to execute the region transactionally, it will execute the region non-transactionally and 
without elision. HLE enabled software has the same forward progress guarantees as the underlying non-HLE lock- 
based execution. For successful HLE execution, the lock and the critical section code must follow certain guidelines 
(discussed in Section 16.3.3 and Section 16.3.8). These guidelines only affect performance; not following these 
guidelines will not cause a functional failure. 
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Hardware without HLE support will ignore the XACQUIRE and XRELEASE prefix hints and will not perform any 
elision since these prefixes correspond to the REPNE/REPE IA-32 prefixes which are ignored on the instructions 
where XACQUIRE and XRELEASE are valid. Importantly, HLE is compatible with the existing lock-based program- 
ming model. Improper use of hints will not cause functional bugs though it may expose latent bugs already in the 
code. 


16.2.2 RTM Software Interface 
RTM provides three new instructions: XBEGIN, XEND, and XABORT. 


Software uses the XBEGIN instruction to specify the start of the transactional region and the XEND instruction to 
specify the end of the transactional region. The XBEGIN instruction takes an operand that provides a relative offset 
to the fallback instruction address if the transactional region could not be successfully executed transactionally. 
Software using these instructions to implement lock elision must test the lock within the transactional region, and 
only if free should try to commit. Further, the software may also define a policy to retry if the lock is not free. 


A processor may abort transactional execution for many reasons. The hardware automatically detects transactional 
abort conditions and restarts execution from the fallback instruction address with the architectural state corre- 
sponding to that at the start of the XBEGIN instruction and the EAX register updated to describe the abort status. 


The XABORT instruction allows programmers to abort the execution of a transactional region explicitly. The 
XABORT instruction takes an 8 bit immediate argument that is loaded into the EAX register and will thus be avail- 
able to software following a transactional abort. 


Hardware provides no guarantees as to whether a transactional execution will ever successfully commit. Program- 
mers must always provide an alternative code sequence in the fallback path to guarantee forward progress. When 
using the instructions for lock elision, this may be as simple as acquiring a lock and executing the specified code 
region non-transactionally. Further, a transactional region that always aborts on a given implementation may 
complete transactionally on a future implementation. Therefore, programmers must ensure the code paths for the 
transactional region and the alternative code sequence are functionally tested. 


If the RTM software interface is used for anything other than lock elision, the programmer must similarly ensure 
that the fallback path is inter-operable with the transactionally executing path. 


16.3. INTEL® TSX APPLICATION PROGRAMMING MODEL 


16.3.1 Detection of Transactional Synchronization Support 


16.3.1.1 Detection of HLE Support 


A processor supports HLE execution if CPUID.0O7H.EBX.HLE [bit 4] = 1. However, an application can use the HLE 
prefixes (XACQUIRE and XRELEASE) without checking whether the processor supports HLE. Processors without 
HLE support ignore these prefixes and will execute the code without entering transactional execution. 


16.3.1.2 Detection of RTM Support 


A processor supports RTM execution if CPUID.O7H.EBX.RTM [bit 11] = 1. An application must check if the processor 
supports RTM before it uses the RTM instructions (XBEGIN, XEND, XABORT). These instructions will generate a 
#UD exception when used on a processor that does not support RTM. 


16.3.1.3 Detection of XTEST Instruction 


A processor supports the XTEST instruction if it supports either HLE or RTM. An application must check either of 
these feature flags before using the XTEST instruction. This instruction will generate a #UD exception when used 
on a processor that does not support either HLE or RTM. 
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16.3.2 Querying Transactional Execution Status 


The XTEST instruction can be used to determine the transactional status of a transactional region specified by HLE 
or RTM. Note, while the HLE prefixes are ignored on processors that do not support HLE, the XTEST instruction will 
generate a #UD exception when used on processors that do not support either HLE or RTM. 


16.3.3 Requirements for HLE Locks 


For HLE execution to successfully commit transactionally, the lock must satisfy certain properties and access to the 
lock must follow certain guidelines. 


¢ An XRELEASE prefixed instruction must restore the value of the elided lock to the value it had before the lock 
acquisition. This allows hardware to safely elide locks by not adding them to the write-set. The data size and 
data address of the lock release (XRELEASE prefixed) instruction must match that of the lock acquire 
(XACQUIRE prefixed) and the lock must not cross a cache line boundary. 


¢ Software should not write to the elided lock inside a transactional HLE region with any instruction other than an 
XRELEASE prefixed instruction, otherwise it may cause a transactional abort. In addition, recursive locks 
(where a thread acquires the same lock multiple times without first releasing the lock) may also cause a trans- 
actional abort. Note that software can observe the result of the elided lock acquire inside the critical section. 
Such a read operation will return the value of the write to the lock. 


The processor automatically detects violations to these guidelines, and safely transitions to a non-transactional 
execution without elision. Since Intel TSX detects conflicts at the granularity of a cache line, writes to data collo- 
cated on the same cache line as the elided lock may be detected as data conflicts by other logical processors eliding 
the same lock. 


16.3.4 Transactional Nesting 


Both HLE- and RTM-based transactional executions support nested transactional regions. However, a transactional 
abort restores state to the operation that started transactional execution: either the outermost XACQUIRE prefixed 
HLE eligible instruction or the outermost XBEGIN instruction. The processor treats all nested transactional regions 
as one monolithic transactional region. 


16.3.4.1 HLE Nesting and Elision 


Programmers can nest HLE regions up to an implementation specific depth of MAX_HLE_NEST_COUNT. Each logical 
processor tracks the nesting count internally but this count is not available to software. An XACQUIRE prefixed HLE- 
eligible instruction increments the nesting count, and an XRELEASE prefixed HLE-eligible instruction decrements it. 
The logical processor enters transactional execution when the nesting count goes from zero to one. The logical 
processor attempts to commit only when the nesting count becomes zero. A transactional abort may occur if the 
nesting count exceeds MAX_HLE_NEST_COUNT. 


In addition to supporting nested HLE regions, the processor can also elide multiple nested locks. The processor 
tracks a lock for elision beginning with the XACQUIRE prefixed HLE eligible instruction for that lock and ending with 
the XRELEASE prefixed HLE eligible instruction for that same lock. The processor can, at any one time, track up to 
a MAX_HLE_ELIDED_LOCKS number of locks. For example, if the implementation supports a 
MAX_HLE_ELIDED_LOCKS value of two and if the programmer nests three HLE identified critical sections (by 
performing XACQUIRE prefixed HLE eligible instructions on three distinct locks without performing an intervening 
XRELEASE prefixed HLE eligible instruction on any one of the locks), then the first two locks will be elided, but the 
third won't be elided (but will be added to the transaction’s write-set). However, the execution will still continue 
transactionally. Once an XRELEASE for one of the two elided locks is encountered, a subsequent lock acquired 
through the XACQUIRE prefixed HLE eligible instruction will be elided. 


The processor attempts to commit the HLE execution when all elided XACQUIRE and XRELEASE pairs have been 
matched, the nesting count goes to zero, and the locks have satisfied the requirements described earlier. If execu- 
tion cannot commit atomically, then execution transitions to a non-transactional execution without elision as if the 
first instruction did not have an XACQUIRE prefix. 
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16.3.4.2 RTM Nesting 


Programmers can nest RTM-based transactional regions up to an implementation specific 
MAX_RTM_NEST_COUNT. The logical processor tracks the nesting count internally but this count is not available to 
software. An XBEGIN instruction increments the nesting count, and an XEND instruction decrements it. The logical 
processor attempts to commit only if the nesting count becomes zero. A transactional abort occurs if the nesting 
count exceeds MAX_RTM_NEST_COUNT. 


16.3.4.3. Nesting HLE and RTM 


HLE and RTM provide two alternative software interfaces to a common transactional execution capability. The 
behavior when HLE and RTM are nested together—HLE inside RTM or RTM inside HLE—is implementation specific. 
However, in all cases, the implementation will maintain HLE and RTM semantics. An implementation may choose to 
ignore HLE hints when used inside RTM regions, and may cause a transactional abort when RTM instructions are 
used inside HLE regions. In the latter case, the transition from transactional to non-transactional execution occurs 
seamlessly since the processor will re-execute the HLE region without actually doing elision, and then execute the 
RTM instructions. 


16.3.5 RTM Abort Status Definition 


RTM uses the EAX register to communicate abort status to software. Following an RTM abort the EAX register has 
the following definition. 


Table 16-1. RTM Abort Status Definition 


EAX Register Bit Meaning 
Position 
0 Set if abort caused by XABORT instruction. 
1 If set, the transactional execution may succeed on a retry. This bit is always clear if bit O is set. 
2 Set if another logical processor conflicted with a memory address that was part of the transactional execution 
that aborted. 

3 Set if an internal buffer to track transactional state overflowed. 
4 Set if a debug exception (#DB) or breakpoint exception (#BP) was hit. 
5 Set if an abort occurred during execution of a nested transactional execution. 

23:6 Reserved. 

31:24 XABORT argument (only valid if bit O set, otherwise reserved). 


The EAX abort status for RTM only provides causes for aborts. It does not by itself encode whether an abort or 
commit occurred for the RTM region. The value of EAX can be 0 following an RTM abort. For example, a CPUID 
instruction when used inside an RTM region causes a transactional abort and may not satisfy the requirements for 
setting any of the EAX bits. This may result in an EAX value of 0. 


16.3.6 RTM Memory Ordering 


A successful RTM commit causes all memory operations in the RTM region to appear to execute atomically. A 
successfully committed RTM region consisting of an XBEGIN followed by an XEND, even with no memory operations 
in the RTM region, has the same ordering semantics as a LOCK prefixed instruction. 


The XBEGIN instruction does not have fencing semantics. However, if an RTM execution aborts, all memory 
updates from within the RTM region are discarded and never made visible to any other logical processor. 
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16.3.7. RTM-Enabled Debugger Support 


Any debug exception (#DB) or breakpoint exception (#BP) inside an RTM region causes a transactional abort and, 
by default, redirects control flow to the fallback instruction address with architectural state recovered and bit 4 in 
EAX set. However, to allow software debuggers to intercept execution on debug or breakpoint exceptions, the RTM 
architecture provides additional capability called advanced debugging of RTM transactional regions. 


Advanced debugging of RTM transactional regions is enabled if bit 11 of DR7 and bit 15 of the IA32_DEBUGCTL MSR 
are both 1. In this case, any RTM transactional abort due to a #DB or #BP causes execution to roll back to just 
before the XBEGIN instruction (EAX is restored to the value it had before XBEGIN) and then delivers a #DB. (A #DB 
is delivered even if the transactional abort was caused by a #BP.) DR6[16] is cleared to indicate that the exception 
resulted from a debug or breakpoint exception inside an RTM region. See also Section 17.3.3, “Debug Exceptions, 
Breakpoint Exceptions, and Restricted Transactional Memory (RTM),” of Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 3B. 


16.3.8 | Programming Considerations 


Typical programmer-identified regions are expected to execute transactionally and to commit successfully. 
However, Intel TSX does not provide any such guarantee. A transactional execution may abort for many reasons. 
To take full advantage of the transactional capabilities, programmers should follow certain guidelines to increase 
the probability of their transactional execution committing successfully. 


This section discusses various events that may cause transactional aborts. The architecture ensures that updates 
performed within a transactional region that subsequently aborts execution will never become visible. Only a 
committed transactional execution updates architectural state. Transactional aborts never cause functional failures 
and only affect performance. 


16.3.8.1 Instruction Based Considerations 


Programmers can use any instruction safely inside a transactional region. Further, programmers can use the Intel 
TSX instructions and prefixes at any privilege level. However, some instructions will always abort the transactional 
execution and cause execution to seamlessly and safely transition to a non-transactional path. 


Intel TSX allows for most common instructions to be used inside transactional regions without causing aborts. The 
following operations inside a transactional region do not typically cause an abort. 


® Operations on the instruction pointer register, general purpose registers (GPRs) and the status flags (CF, OF, SF, 
PF, AF, and ZF). 

* Operations on XMM and YMM registers and the MXCSR register 

However, programmers must be careful when intermixing SSE and AVX operations inside a transactional region. 


Intermixing SSE instructions accessing XMM registers and AVX instructions accessing YMM registers may cause 
transactional regions to abort. 


CLD and STD instructions when used inside transactional regions may cause aborts if they change the value of the 
DF flag. However, if DF is 1, the STD instruction will not cause an abort. Similarly, if DF is 0, the CLD instruction will 
not cause an abort. 


Instructions not enumerated here as causing abort when used inside a transactional region will typically not cause 
the execution to abort (examples include but are not limited to MFENCE, LFENCE, SFENCE, RDTSC, RDTSCP, etc.). 


The following instructions will abort transactional execution on any implementation: 


° XABORT 
° CPUID 
° PAUSE 
° ENCLS 
° ENCLU 


In addition, in some implementations, the following instructions may always cause transactional aborts. These 
instructions are not expected to be commonly used inside typical transactional regions. However, programmers 
must not rely on these instructions to force a transactional abort, since whether they cause transactional aborts is 
implementation dependent. 
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¢ Operations on X87 and MMX architecture state. This includes all MMX and X87 instructions, including the 
FXRSTOR and FXSAVE instructions. 


° Update to non-status portion of EFLAGS: CLI, STI, POPFD, POPFQ, CLAC and STAC. 


¢ Instructions that update segment registers, debug registers and/or control registers: MOV to 
DS/ES/FS/GS/SS, POP DS/ES/FS/GS/SS, LDS, LES, LFS, LGS, LSS, SWAPGS, WRFSBASE, WRGSBASE, LGDT, 
SGDT, LIDT, SIDT, LLDT, SLDT, LTR, STR, Far CALL, Far JMP, Far RET, IRET, MOV to DRx, MOV to 
CRO/CR2/CR3/CR4/CR8, CLTS, and LMSW. 


° Ring transitions: SYSENTER, SYSCALL, SYSEXIT, and SYSRET. 


¢ TLB and Cacheability control: CLFLUSH, CLFLUSHOPT, CLWB, INVD, WBINVD, INVLPG, INVPCID, and memory 
instructions with a non-temporal hint (V/MOVNTDQA, V/MOVNTDQ, V/MOVNTI, V/MOVNTPD, V/MOVNTPS, 
V/MOVNTQ, V/MASKMOVQ, and V/MASKMOVDQU). 


¢ Extended state management: XRSTOR, XRSTORS, XSAVE, XSAVEC, XSAVEOPT, XSAVES, and XSETBV. 
¢ Interrupts: INT n, INTO, INT3, INT1. 
° I/O: IN, INS, REP INS, OUT, OUTS, REP OUTS and their variants. 


° VMX: VMPTRLD, VMPTRST, VMCLEAR, VMREAD, VMWRITE, VMCALL, VMLAUNCH, VMRESUME, VMXOFF, 
VMXON, INVEPT, INVVPID, and VMFUNC. 


* SMX: GETSEC. 
* UDO, UD1, UD2, RSM, RDMSR, WRMSR, WRPKRU, HLT, MONITOR, MWAIT, and VZEROUPPER. 


16.3.8.2 Runtime Considerations 


In addition to the instruction-based considerations, runtime events may cause transactional execution to abort. 
These may be due to data access patterns or micro-architectural implementation causes. Keep in mind that the 
following list is not a comprehensive discussion of all abort causes. 


Any fault or trap in a transactional region that must be exposed to software will be suppressed. Transactional 
execution will abort and execution will transition to a non-transactional execution, as if the fault or trap had never 
occurred. If any exception is not masked, that will result in a transactional abort and it will be as if the exception 
had never occurred. 


When executed in VMX non-root operation, certain instructions may result in a VM exit. When such instructions are 
executed inside a transactional region, then instead of causing a VM exit, they will cause a transactional abort and 
the execution will appear as if instruction that would have caused a VM exit never executed. 


Synchronous exception events (#DE, #OF, #NP, #SS, #GP, #BR, #UD, #AC, #XM, #PF, #NM, #TS, #MF, #DB, 
#BP/INT3) that occur during transactional execution may cause an execution not to commit transactionally, and 
require a non-transactional execution. These events are suppressed as if they had never occurred. With HLE, since 
the non-transactional code path is identical to the transactional code path, these events will typically re-appear 
when the instruction that caused the exception is re-executed non-transactionally, causing the associated synchro- 
nous events to be delivered appropriately in the non-transactional execution. The same behavior also applies to 
synchronous events (EPT violations, EPT misconfigurations, and accesses to the APIC-access page) that occur in 
VMX non-root operation. 


Asynchronous events (NMI, SMI, INTR, IPI, PMI, etc.) occurring during transactional execution may cause the 
transactional execution to abort and transition to a non-transactional execution. The asynchronous events will be 
pended and handled after the transactional abort is processed. The same behavior also applies to asynchronous 
events (VMX-preemption timer expiry, virtual-interrupt delivery, and interrupt-window exiting) that occur in VMX 
non-root operation. 


Transactional execution only supports write-back cacheable memory type operations. A transactional region may 
always abort if it includes operations on any other memory type. This includes instruction fetches to UC memory 
type. 

Memory accesses within a transactional region may require the processor to set the Accessed and Dirty flags of the 
referenced page table entry. The behavior of how the processor handles this is implementation specific. Some 
implementations may allow the updates to these flags to become externally visible even if the transactional region 
subsequently aborts. Some Intel TSX implementations may choose to abort the transactional execution if these 
flags need to be updated. Further, a processor's page-table walk may generate accesses to its own transactionally 
written but uncommitted state. Some Intel TSX implementations may choose to abort the execution of a transac- 
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tional region in such situations. Regardless, the architecture ensures that, if the transactional region aborts, then 
the transactionally written state will not be made architecturally visible through the behavior of structures such as 
TLBs. 


Executing self-modifying code transactionally may also cause transactional aborts. Programmers must continue to 
follow the Intel recommended guidelines for writing self-modifying and cross-modifying code even when employing 
Intel TSX. 


While an Intel TSX implementation will typically provide sufficient resources for executing common transactional 
regions, implementation constraints and excessive sizes for transactional regions may cause a transactional execu- 
tion to abort and transition to a non-transactional execution. The architecture provides no guarantee of the amount 
of resources available to do transactional execution and does not guarantee that a transactional execution will ever 
succeed. 


Conflicting requests to a cache line accessed within a transactional region may prevent the transactional region 
from executing successfully. For example, if logical processor PO reads line A in a transactional region and another 
logical processor P1 writes A (either inside or outside a transactional region) then logical processor PO may abort if 
logical processor P1’s write interferes with processor PO's ability to execute transactionally. Similarly, if PO writes 
line Ain a transactional region and Pireads or writes A (either inside or outside a transactional region), then PO 
may abort if Pi's access to A interferes with PO's ability to execute transactionally. In addition, other coherence 
traffic may at times appear as conflicting requests and may cause aborts. While these false conflicts may happen, 
they are expected to be uncommon. The conflict resolution policy to determine whether PO or P1 aborts in the 
above scenarios is implementation specific. 
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CHAPTER 17 
INTEL® MEMORY PROTECTION EXTENSIONS 


NOTE 
Intel® MPX has been deprecated and is not available on all future processors. 


FAL INTEL*° MEMORY PROTECTION EXTENSIONS (INTEL® MPX) 


Intel® Memory Protection Extensions (Intel® MPX) is a new capability introduced into Intel Architecture. Intel 
MPX can increase the robustness of software when it is used in conjunction with compiler changes to check mem- 
ory references, for those references whose compile-time normal intentions are usurped at runtime due to buffer 
overflow or underflow. Two of the most important goals of Intel MPX are to provide this capability at low perfor- 
mance overhead for newly compiled code, and to provide compatibility mechanisms with legacy software com- 
ponents. A direct benefit Intel MPX provides is hardening software against malicious attacks designed to cause 
or exploit buffer overruns. This chapter describes the software visible interfaces of this extension. 


17.2 INTRODUCTION 


Intel MPX is designed to allow a system (i.e., the logical processor(s) and the OS software) to run both Intel MPX 
enabled software and legacy software (written for processors without Intel MPX). When executing software 
containing a mixture of Intel MPX-unaware code (legacy code) and Intel MPX-enabled code, the legacy code does 
not benefit from Intel MPX, but it also does not experience any change in functionality or reduction in performance. 
The performance of Intel MPX-enabled code running on processors that do not support Intel MPX may be similar to 
the use of embedding NOPs in the instruction stream. 


Intel MPX is designed such that an Intel MPX enabled application can link with, call into, or be called from legacy 
software (libraries, etc.) while maintaining existing application binary interfaces (ABIs). And in most cases, the 
benefit of Intel MPX requires minimal changes to the source code at the application programming interfaces (APIs) 
to legacy library/applications. As described later, Intel MPX associates bounds with pointers in a novel manner, 
and the Intel MPX hardware uses bounds to check that the pointer based accesses are suitably constrained. Intel 
MPX enabled software is not required to uniformly or universally utilize the new hardware capabilities over all 
memory references. Specifically, programmers can selectively use Intel MPX to protect a subset of pointers. 


The code enabled for Intel MPX benefits from memory protection against vulnerability such as buffer overrun. 
Therefore there is a heightened incentive for software vendors to adopt this technology. At the same time, the 
security benefit of Intel MPX-protection can be implemented according to the business priorities of software 
vendors. A software vendor can choose to adopt Intel MPX in some modules to realize partial benefit from Intel MPX 
quickly, and introduce Intel MPX in other modules in phases (e.g. some programmer intervention might be required 
at the interface to legacy calls). This adaptive property of Intel MPX is designed to give software vendors control on 
their schedule and modularity of adoption. It also allows a software vendor to secure defense for higher priority or 
more attack-prone software first; and allows the use of Intel MPX features in one phase of software engineering 
(e.g., testing) and not in another (e.g., general release) as dictated by business realities. 


The initial goal of Intel MPX is twofold: (1) provide means to defend a system against attacks that originate 
external to some trust perimeter where the trust perimeter subsumes the system memory and integral data repos- 
itories, and (2) provide means to pinpoint accidental logic defects in pointer usage, by undergirding memory refer- 
ences with hardware based pointer validation. 


As with any instruction set extensions, Intel MPX can be used by application developers beyond detecting buffer 
overflow, the processor does not limit the use of Intel MPX for buffer overflow detection. 
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17.3. INTELMPX PROGRAMMING ENVIRONMENT 


Intel MPX introduces new bounds registers and new instructions that operate on bounds registers. Intel MPX 
allows an OS to support user mode software (operating at CPL=3) and supervisor mode software (CPL < 3) to add 
memory protection capability against buffer overrun. It provides controls to enable Intel MPX extensions for user 
mode and supervisor mode independently. Intel MPX extensions are designed to allow software to associate 
bounds with pointers, and allow software to check memory references against the bounds associated with the 
pointer to prevent out of bound memory access (thus preventing buffer overflow).The bounds registers hold lower 
bound and upper bound that can be checked when referencing memory. An out-of-bounds memory reference then 
causes a #BR exception. Intel MPX also introduces configuration facilities that the OS must manage to support 
enabling of user-mode (and/or supervisor-mode) software operations using bounds registers. 


17.3.1 Detection and Enumeration of Intel MPX Interfaces 


Detection of hardware support for processor extended state component is provided by the main CPUID leaf func- 
tion ODH with index ECX = 0. Specifically, the return value in EDX:EAX of CPUID.(EAX=0DH, ECX=0) provides a 
64-bit wide bit vector of hardware support of processor state components. 


If CPUID.(EAX=07H,ECX=0H):EBX.MPX[bit 14] = 1 (the processor supports Intel MPX), 
CPUID.(EAX=0DH,ECX=0):EAX[bits 4:3] will enumerate the XSAVE state components associated with Intel MPX. 
These two component states of Intel MPX are the following: 


° BNDREGS: CPUID.(EAX=0DH,ECX=0):EAX[3] indicates XCRO.BNDREGS[bit 3] is supported. This bit indicates 
bound register component of Intel MPX state, comprised of four bounds registers, BNDO-BND3 (see Section 
17.3.2). 


¢ BNDCSR: CPUID.(EAX=0DH,ECX=0):EAX[4] indicates XCRO.BNDCSR[bit 4] is supported. This bit indicates 
bounds configuration and status component of Intel MPX comprised of BNDCFGU and BNDSTATUS. OS must 
enable both BNDCSR and BNDREGS bits in XCRO to ensure full Intel MPX support to applications. 


° The size of the processor state component, enabled by XCRO.BNDREGS, is enumerated by 
CPUID.(EAX=0DH,ECX=03H).EAX[31:0] and the byte offset of this component relative to the beginning of the 
XSAVE/XRSTOR area is reported by CPUID.(EAX=0DH, ECX=03H).EBX[31:0]. 


° The size of the processor state component, enabled by XCRO.BNDCSR, is enumerated by 
CPUID.(EAX=0DH,ECX=04H).EAX[31:0] and the byte offset of this component relative to the beginning of the 
XSAVE/XRSTOR area is reported by CPUID.(EAX=0DH, ECX=04H).EBX[31:0]. 


On processors that support Intel MPX, CPUID.(EAX=0DH,ECX=0):EAX[3] and CPUID.(EAX=0DH,ECX=0):EAX[4] 
will both be 1. On processors that do not support Intel MPX, CPUID.(EAX=0DH,ECX=0):EAX[3] and 
CPUID.(EAX=0DH,ECX=0):EAX[4] will both be 0. 


The layout of XCRO for extended processor state components defined in Intel Architecture is shown in Figure 2-8 of 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


Enabling Intel MPX requires an OS to manage bits [4:3] of XCRO; see Section 13.5. 


The BNDLDX and BNDSTX instructions (Section 17.4.3) each take an operand whose bits are used to traverse data 
structures in memory. In 64-bit mode, these instructions operate only on the lower bits in the supplied 64-bit 
addresses. The number of bits used is 48 plus a value called the MPX address-width adjust (MAWA). The MAWA 
value depends on CPL: 


° If CPL < 3, the supervisor MAWA (MAWAS) is used. This value is 0. 


e If CPL = 3, the user MAWA (MAWAU) is used. The value of MAWAU is enumerated in 
CPUID.(EAX=07H,ECX=0H):ECX.MAWAU[bits 21:17]. 


(Outside of 64-bit mode, BNDLDX and BNDSTX use the entire 32 bits of the supplied linear-address operands.) 


17.3.2 | Bounds Registers 


Intel MPX Architecture defines four new registers, BNDO-BND3, which Intel MPX instructions operate on. Each 
bounds register stores a pair of 64-bit values which are the lower bound (LB) and upper bound (UB) of a buffer, see 
Figure 17-1. 
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127 64 63 0 
Upper Bound (UB) Lower Bound (LB) 


Figure 17-1. Layout of the Bounds Registers BNDO-BND3 


The bounds are unsigned effective addresses, and are inclusive. The upper bounds are architecturally represented 
in 1/’s complement form. Lower bound = 0, and upper bound = 0 (1's complement of all 1s) will allow access to the 
entire address space. The bounds are considered as INIT when both lower and upper bounds are 0 (cover the 
entire address space). The two Intel MPX instructions which operate on the upper bound (BNDMK and BNDCU) 
account for the 1’s complement representation of the upper bounds. 


The instruction set does not impose any conventions on the use of bounds registers. Software has full flexibility 
associating pointers to bounds registers including sharing them for multiple pointers. 


RESET or INIT# will initialize (write zero to) BNDO-BND3. 


17.3.3 Configuration and Status Registers 


Intel MPX defines two configuration registers and one status register. The two configuration registers are defined 
for user mode (CPL = 3) and supervisor mode (CPL < 3). The user-mode configuration register BNDCFGU is acces- 
sible only with the XSAVE feature set instructions. 


The supervisor mode configuration register is an MSR, referred to as IA32_BNDCFGS (MSR OD90H). Because both 
configuration registers share a common layout (see Figure 17-2), when describing the common behavior, these 
configuration registers are often denoted as BNDCFGx, where x can be U or S, for user and supervisor mode 
respectively. 


63 12 11 21 0 


Base of Bound Directory (Linear Address) Reserved (must be zero) En 


Bprv: BNDPRESERVE | | 
En: Enable 


Figure 17-2. Common Layout of the Bound Configuration Registers BNDCFGU and BNDCFGS 


The Enable bit in BNDCFGU enables Intel MPX in user mode (CPL = 3), and the Enable bit in BNDCFGS enables Intel 
MPX in supervisor mode (CPL < 3). The BNDPRESERVE bit controls the initialization behavior of CALL/RET/JMP/Jcc 
instructions without the BND (F2H) prefix -- see Section 17.5.3. 


WRMSR to BNDCFGS will #GP if any of the reserved bits of BNDCFGS is not zero or if the base address of the bound 
directory is not canonical. XRSTOR of BNDCFGU ignores the reserved bits and does not fault if any is non-zero; 
similarly, it ignores the upper bits of the base address of the bound directory and sign-extends the highest imple- 
mented bit of the linear address to guarantee the canonicality of this address. 


Intel MPX also defines a status register (BNDSTATUS) primarily used to communicate status information for #BR 
exception. The layout of the status register is shown in Figure 17-3. 
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63 210 


ABD: Address Bound Directory Entry - Linear Address 


EC: Error Code 


Figure 17-3. Layout of the Bound Status Registers BNDSTATUS 


The BNDSTATUS register provides two fields to communicate the status of Intel MPX operations: 


° EC (bits 1:0): The error code field communicates status information of a bound range exception #BR or 
operation involving bound directory. 


¢ ABD: (bits 63:2):The address field of a bound directory entry can provide information when operation on the 
bound directory caused a #BR. 


The valid error codes are defined in Table 17-1. 


Table 17-1. Error Code Definition of BNDSTATUS 
EC Description Meaning 


00b! No Intel MPX exception | No exception caused by Intel MPX operations. 
#BR caused by BNDCL, BNDCU or BNDCN instructions; 


01b Bounds violation ABD is 0. 
: #BR caused by BNDLDX or BNDSTX instructions, ABD will be set to the linear address of the 
10b Invalid BD entry nana : 
invalid bound-directory entry 
11b Reserved Reserved 
NOTES: 


1. When legacy BOUND instruction cause a #BR with Intel MPX enabled (see Section 17.5.4), EC is written with 
Zero. 


RESET or INIT# will set BNDCFGx and BNDSTATUS registers to zero. 


17.3.4 Read and Write of IA32_BNDCFGS 


The RDMSR and WRMSR instructions can be used to read and write the IA32_BNDCFGS MSR. (The XSAVE state 
does not include IA32_BNDCFGS, and instructions in the XSAVE feature set do not access that register). Attempts 
to write to IA32_BNDCFGS check for canonicality of the addresses being loaded into IA32_BNDCFGS (regardless of 
mode at the time of execution) and will #GP if the address is not canonical or if reserved bits would be set. 


Software can use RDMSR and WRMSR to read and write IA32_BNDCFGS as long as the processor implements Intel 
MPX, i.e. CPUID.(EAX=07H, ECX=0H).EBX.MPX = 1. The states of CR4 and XCRO have no impact on the ability to 
access IA32_BNDCFGS. 


17.4 INTEL MPX INSTRUCTION SUMMARY 
When Intel MPX is not enabled or not present, all Intel MPX instructions behave as NOP. There are eight Intel MPX 
instructions, Table 17-2 provides a summary. 


A C/C++ compiler can implement intrinsic support for Intel MPX instructions to facilitate pointer operation with 
capability of checking for valid bounds on pointers. Typically, Intel MPX intrinsics are implemented by compiler via 
inline code generation where bounds register allocations are handled by the compiler without requiring the 
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programmer to directly manipulate any bounds registers. Therefore no new data type for a bounds register is 
needed in the syntax of Intel MPX intrinsics. 


Table 17-2. Intel MPX Instruction Summary 


Intel MPX 


Instruction Description 
BNDMK b, m Create LowerBound (LB) and UpperBound (UB) in the bounds register b 
BNDCL b, r/m Checks the address of a memory reference or address in r against the lower bound 
BNDCU b, r/m Checks the address of a memory reference or address in r against the upper bound in 1’s complement form 
BNDCN b, r/m Checks the address of a memory reference or address in r against the upper bound not in 1’s complement 


form 


BNDMOV b, b/m Copy/load LB and UB bounds from memory or a bounds register 


BNDMOV b/m, b Store LB and UB bounds in a bounds register to memory or another register 


BNDLDX b, mib Load bounds using address translation using an sib-addressing expression mib 


BNDSTX mib, b Store bounds using address translation using an sib-addressing expression mib 


17.4.1 Instruction Encoding 

All Intel MPX instructions are NOP on processors that report CPUID.(EAX=07H, ECX=0H).EBX.MPX [bit 14] = 0, or 
if Intel MPX is not enabled by the operating system (see Section 13.5). Applications can selectively opt-in to use 
Intel MPX instructions. 


All Intel MPX opcodes encoded to operate on BNDO-BND3 are valid Intel MPX instructions. All Intel MPX opcodes 
encoded to operate on bound registers beyond BND3 will #UD if Intel MPX is enabled. 


BNDLDX/BNDSTX opcodes require 66H as a mandatory prefix with its operand size tied to the address size attri- 
bute of the supported operating modes. Attempt to override operand size attribute with 66H or with REX.W in 64- 
bit mode is ignored. 


17.4.2 Usage and Examples 


BNDMkK is typically used after memory is allocated for a buffer, e.g., by functions such as malloc, calloc, or when 
the memory is allocated on the stack. However, many other usages are possible such as when accessing an array 
member of a structure. 


Example 17-1. BNDMK Example Usage in Application and Library Code 


int A[100]; //assume the array A is allocated on the stack at ‘offset’ | // similarly, for a library implementation of dynamic allocated 
from RBP. memory 
// the instruction to store starting address of array will be: int * k = malloc(100); 

LEA RAX, [RBP+offset] // assuming that malloc returns pointer k in RAX and holds (size 
// the instruction to create the bounds for array A will be: - 1) in RCX 

BNDMK BNDO, [RAX+399] // the malloc implementation will execute the following 
// Store RAX into BNDO.LB, and ~(RAX+399) into BNDO.UB. instruction before returning: 

BNDMK BNDO, [RAX+RCX] 
// BNDO.LB stores RAX, and BNDO.UB stores ~(RAX+RCX) 


BNDMOV is typically used to copy bounds from one bound register to another when a pointer is copied from one 
general purpose register to another, or to spill/fill bounds into memory corresponding to a spill/fill of a pointer. 


Example 17-2. BNDMOV Example 


Spilling or caller save of bound register would use BNDMOV [RBP+ offset], BNDx. 


Assuming that the calling convention is that bound of first pointer is passed in BNDO, and that bound happens to be in BND3 before 
the call, the software will add instruction BNDMOV BNDO, BND3 prior to the call. 
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BNDCL/BNDCU/BNDCN are typically used before writing to a buffer but can be used in other instances as well. If 
there are no bounds violations as a result of bound check instruction, the processor will proceed to execute the next 
instruction. However, if the bound check fails, it will signal #BR exception (fault). 

Typically, the pointer used to write to memory will be compared against lower bound. However, for upper bound 
check, the software must add the (operand size - 1) to the pointer before upper bound checking. 

For example, the software intend to write 32-bit integer in 64-bit mode into a buffer at address specified in RAX, 
and the bounds are in register BNDO, the instruction sequence will be: 


BNDCL BNDO, [RAX] 
BNDCU BNDO, [RAX+3] ; operand size is 4 
MOV Dword ptr [RAX], RBX ; RBX has the data to be written to the buffer. 


Software may move one of the two bound checks out of a loop if it can determine that memory is accessed strictly 
in ascending or descending order. For string instructions of the form REP MOVS, the software may choose to do 
check lower bound against first access and upper bound against last access to memory. However, if software wants 
to also check for wrap around conditions as part of address computation, it should check for both upper and lower 
bound for first and last instructions (total of four bound checks). 


BNDSTX is used to store the bounds associated with a buffer and the “pointer value” of the pointer to that buffer 
onto a bound table entry via address translation using a two-level structure, see Section 17.4.3. 
For example, the software has a buffer with bounds stored in BNDO, the pointer to the buffer is in ESI, the following 
sequence will store the “pointer value” (the buffer) and the bounds into a configured bound table entry using 
address translation from the linear address associated with the base of a SIB-addressing form consisting of a base 
register and a index register: 

MOV ECX, Dword ptr [ESI] ; store the pointer value in the index register ECX 

MOV EAX, ESI ; store the pointer in the base register EAX 


BNDSTX Dword ptr [EAX+ECX], BNDO ; perform address translation from the linear address of the base 
EAX and store bounds and pointer value ECX onto a bound table entry. 


Similarly to retrieve a buffer and its associated bounds from a bound table entry: 
MOV EAX, dword ptr [EBX] ; 


BNDLDX BNDO, dword ptr [EBX+EAX]; perform address translation from the linear address of the base EBX, 
and loads bounds and pointer value from a bound table entry 


17.4.3. Loading and Storing Bounds in Memory 


Intel MPX defines two instructions to load and store of the linear address of a pointer to a buffer, along with the 
bounds of the buffer into a data structure of extended bounds. When storing these extended bounds, the processor 
parses the address of the pointer (where it is stored) to locate an entry in a bound table in which to store the 
extended bounds. Loading of an extended bounds performs the reverse sequence. 


The memory representation of an extended bound is a 4-tuple consisting of lower bound, upper bound, pointer 
value and a reserved field (for use by future versions of Intel MPX; software must not use this field). Accesses to 
these extended bounds use 32-bit or 64-bit operands according to the current paging mode. Thus, a bound table 
entry is 4*64 bits (32 bytes) in 64-bit mode and 4*32 bits (16 bytes) outside 64-bit mode The linear address of a 
bound table is stored in a bound-directory entry (BDE). The linear address of the bound directory is derived from 
either BNDCFGU (CPL = 3) or BNDCFGS (CPL < 3). 


The bound directory and bound tables are stored in application memory and are allocated by the application (in 
case of kernel use, the structures will be in kernel memory). The bound directory and each bound table are in 
contiguous linear memory. 


Software should take care to allocate sufficient memory for the bound directory and the bound tables. The amount 
of memory required depends on the current operating mode and, in some cases, on CPL: 


° In 64-bit mode: 
— Each bound table comprises 2!” 32-byte entries thus, the size of a bound table in 64-bit mode is 4 MBytes. 
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The size of the bound directory depends on the value of MAWA. Specifically, the bound directory comprises 
228+MAWA 64-bit entries; thus, the size of a bound directory in 64-bit mode is 2!*™4WA GBytes. The value 
of MAWA depends on CPL: 


¢ If CPL < 3, the supervisor MAWA (MAWAS) is used. This value is 0. Thus, when CPL < 3, a bound 
directory comprises 228 64-bit entries and the size of a bound directory is 2 GBytes. 


¢ If CPL = 3, the user MAWA (MAWAU) is used. The value of MAWAU is enumerated in 
CPUID.(EAX=07H,ECX=0H):ECX.MAWAU[bits 21:17]. When CPL = 3, a bound directory comprises 
228+MAWAU 64-bit entries and the size of a bound directory is 2!*MAWAU GBytes. 


NOTE 


Software operating with CPL = 3 in 64-bit mode should use CPUID to determine the proper amount 
of memory to allocate for the bound directory. 


® Outside 64-bit mode: 


Each bound table comprises 2!9 16-byte entries; thus, the size of a bound table outside 64-bit mode is 
16 KBytes. 


— The bound directory comprises 22° 32-bit entries; thus, the size of a bound directory outside 64-bit mode 


Bounds 


is 4 MBytes. This size is independent of MAWA and CPL. 
in memory are associated with the memory address where the pointer is stored, i.e., Ap. A linear address 


LAp is computed by adding the appropriate segment base to Ap. (Note: for these instructions, the segment over- 
ride applies only to the computation.) Section 17.4.3.1 and Section 17.4.3.2 describe how BNDLDX and BNDSTX 

parse LAp to locate a bound-directory entry (BDE), which contains the address of a bound table, and then a bound- 
table entry (BTE), which contains the extended bounds for the pointer. 


17.4.3.1 | BNDLDX and BNDSTX in 64-Bit Mode 


Figure 17-4 shows the two-level structures for address translation of extended bounds in 64-bit mode. 


63 


BNDCFGU/BNDCFGS 
63 12 11 0 
Base of Bound Directory (Linear Address) 


Pe 0 


BNDCFGx[63:12] 0 


Linear Address of “pointer” (LAp) 
63 47+MAWA 20 19 3 0 


30+MAWA 


LAp[47+MAWA:20] LAp[19:3] 
“| Reserved 24 
/ Pointer Value | 16 
64 22 / Upper Bound 
31+MAWA / Lower Bound 


Ve 
Bound Table Entries | = —~ 


Bound Directory Entries 61 
> > 0 
Bound Table (4 MBytes) 


0 
Bound Directory (21*MAWA GBytes) 


Figure 17-4. Bound Paging Structure and Address Translation in 64-Bit Mode 
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As noted earlier, the linear address of the bound directory is derived from either BNDCFGU (CPL = 3) or BNDCFGS 
(CPL < 3). In 64-bit mode, each bound-directory entry (BDE) is 8 bytes. The number of entries in the bound direc- 
tory is deer’ yoy the MPX address-width adjust (MAWA; see Section 17.3.1). Specifically, the number of 
entries is 228+MA 


In 64-bit mode, the processor uses the two-level structures to access extended bounds as follows: 


A bound directory is located at the 4-KByte aligned linear address specified in bits 63:12 of BNDCFGx (see 
Figure 17-2). A bound directory comprises 228+™AWA 64-bit entries (BDEs); thus, the size of a bound directory 
in 64-bit mode is 2!+MAWA GBytes. A BDE is selected using the LAp (linear address of pointer to a buffer) to 
construct a 64-bit offset as follows: 


— bits 63:31+MAWA are 0; 

— bits 30+MAWA:3 are LAp[47+MAWA:20]; and 

— bits 2:0 are O. 

The address of the BDE is the sum of the bound-directory base address (from BNDCFGx) plus this 64-bit offset. 


Bit O of a BDE is a valid bit. If this bit is 0, use of the BDE by BNDLDX or BNDSTX causes #BR, sets 
BNDSTATUS[1:0] to 10b (the error code), and loads BNDSTATUS[63:2] with bits 63:2 of the linear address of 
the BDE. Otherwise, the processor uses bits 63:3 of the BDE as the 8-byte aligned address of a bound table 
(BT); the processor ignores bits 2:1 of a BDE. 


A bound table comprises 2!” 32-byte entries (BTEs); thus, the size of a bound table in 64-bit mode is 4 MBytes. 
A BTE is selected using the LAp (linear address of pointer to a buffer) to construct an offset as follows: 


— bits 21:5 are LAp[19:3]; and 

— bits 4:0 are O. 

The address of the BTE is the sum of the bound-table base address (from the BDE) plus this offset. 
Each BTE comprises the following: 

— a 64-bit lower bound (LB) field; 

— a 64-bit upper bound (UB) field; 

— a 64-bit pointer value; and 

— a 64-bit reserved field. This field is reserved for future Intel MPX; software must not use it. 


17.4.3.2 |BNDLDX and BNDSTX Outside 64-Bit Mode 
Figure 17-5 shows the two-level structures for address translation of extended bounds outside 64-bit mode. 


As noted earlier, the linear address of the bound directory is derived from either BNDCFGU (CPL = 3) or BNDCFGS 
(CPL < 3). Outside 64-bit mode, each bound-directory entry (BDE) is 4 bytes. The number of entries in the bound 
directory is 22° 


Outside 64-bit mode, the processor uses the two-level structures to access extended bounds as follows: 


A bound directory is located at the 4-KByte aligned linear address specified in bits 31:12 of BNDCFGx (see 
Figure 17-2). A bound directory comprises 27° 32-bit entries (BDEs); thus, the size of a bound directory outside 
64-bit mode is 4 MBytes. A BDE is selected using the LAp (linear address of pointer to a buffer) to construct an 
offset as follows: 


— bits 21:2 are LAp[31:12]; and 
— bits 1:0 are O. 
The address of the BDE is the sum of the bound-directory base address (from BNDCFGx) plus this offset. 


Bit O of a BDE is a valid bit. If this bit is 0, use of the BDE by BNDLDX or BNDSTX causes #BR, sets 
BNDSTATUS[1:0] to 10b (the error code), and loads BNDSTATUS[31:2] with bits 31:2 of the linear address of 
the BDE. Otherwise, the processor uses bits 31:2 of the BDE as the 4-byte aligned address of a bound table 
(BT); the processor ignores bit 1 of a BDE. 
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BNDCFGU/BNDCFGS 
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Figure 17-5. Bound Paging Structure and Address Translation Outside 64-Bit Mode 


A bound table comprises 2!° 16-byte entries (BTEs); thus, the size of a bound table outside 64-bit mode is 
16 KBytes. A BTE is selected using the LAp (linear address of pointer to a buffer) to construct an offset as 
follows: 


bits 13:4 are LAp[11:2]; and 
bits 3:0 are 0. 


The address of the BTE is the sum of the bound-table base address (from the BDE) plus this offset. This address 
is use as an offset into the DS segment to determine the linear address of the BTE. 


¢ Each BTE comprises the following: 


17.5 


a 32-bit lower bound (LB) field; 
a 32-bit upper bound (UB) field; 
a 32-bit pointer value; and 


a 32-bit reserved field. This field is reserved for future Intel MPX; software must not use it. 


INTERACTIONS WITH INTEL MPX 


17.5.1. Intel MPX and Operating Modes 


In 64- 


bit Mode, all Intel MPX instructions use 64-bit operands for bounds and 64 bit addressing, i.e. REX.W & 67H 


have no effect on data or address size. 


XSAVE, XSAVEOPT and XRSTOR load/store 64-bit values in all modes, as these state-management instructions are 
not Intel MPX instructions. 
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In compatibility and legacy modes (including 16-bit code segments, real and virtual 8086 modes) all Intel MPX 
instructions use 32-bit operands for bounds and 32 bit addressing. The upper 32-bits of destination bound register 
are cleared (consistent with behavior of integer registers) 


In 32-bit and compatibility mode, the bounds are 32-bit, and are treated same as 32-bit integer registers. There- 
fore, when 32-bit bound is updated in a bound register, the upper 32-bits are undefined. When switching from 64- 
bit, the behavior of content of bounds register will be similar to that of general purpose registers. 


Table 17-3 describes the impact of 67H prefix on memory forms of Intel MPX instructions (register-only forms 
ignore 67H prefix) when Intel MPX is enabled: 


Table 17-3. Effective Address Size of Intel MPX Instructions with 67H Prefix 


Addressing Mode 67H Prefix Effective Address Size used for Intel MPX instructions when Intel MPX is enabled 
64-bit Mode Y 64 bit addressing used 
64-bit Mode N 64 bit addressing used 
32-bit Mode Y #UD 
32-bit Mode N 32 bit addressing used 
16-bit Mode Y 32 bit addressing used 
16-bit Mode N #UD 


17.5.2 — Intel MPX Support for Pointer Operations with Branching 
Intel MPX provides flexibility in supporting pointer operation across control flow changes. Intel MPX allows 


* compatibility with legacy code that may perform pointer operation across control flow changes and are unaware 
of Intel MPX, along with 


¢ Intel MPX-aware code that adds bounds checking protection to pointer operation across control flow changes. 
The interface to provide such flexibility consists of: 

¢ Using a prefix, referred to as BND prefix, to relevant branch instructions: CALL, RET, JMP and Jcc 

¢ BNDCFGU and BNDCFGS provides the bit field, BNDPRESERVE (bit 1). 


The value of BNDPRESERVE in conjunction with the presence/absence the BND prefix with those branching instruc- 
tion will determine whether the values in BNDO-BND3 will be initialized or unchanged. 


17.5.3 CALL, RET, JMP and All Jcc 


An application compiled to use Intel MPX will use the REPNE (F2H) prefix (denoted by BND) for all forms of near 
CALL, near RET, near JMP, short & near Jcc instructions (BND+CALL, BND+RET, BND+JMP, BND+Jcc). See Table 
17-4 for specific opcodes. All far CALL, RET and JMP instructions plus short JMP (JMP rel 8, opcode EB) instructions 
will never cause bound registers to be initialized. 


If BNDPRESERVE bit is one, above instructions will NOT INIT the bounds registers when BND prefix is not present 
for above instructions (legacy behavior). However, If BNDPRESERVE is zero, above instructions will INIT ALL bound 
registers (BNDO-BND3) when BND prefix is not present for above instructions. If BND prefix is present for above 
instructions, the BND registers will NOT INIT any bound registers (BNDO-BND3). 


The legacy code will continue to use non-prefixed forms of these instructions, so if BNDPRESERVE is zero, all the 
bound registers will INIT by legacy code. This allows the legacy function to execute and return to callee with all 
bound registers initialized (legacy code by definition cannot make or load bounds in bound registers because it does 
not have Intel MPX instructions). This will eliminate compatibility concerns when legacy function might have 
changed the pointer in registers but did not update the value of the bounds registers associated with these 
pointers. 


If BNDCFGx.BNDPRESERVE is clear then non-prefixed forms of these instructions will initialize all the bound regis- 
ters. If this bit is set then non-prefixed and prefixed forms of these instructions will preserve the contents of bound 
registers as shown in Table 17-4. 
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Table 17-4. Bounds Register INIT Behavior Due to BND Prefix with Branch Instructions 
Instruction Branch Instruction Opcodes BNDPRESERVE = 0 BNDPRESERVE = 1 
CALL E8, FF/2 Init BNDO-BND3 BNDO-BND3 unchanged 
BND + CALL F2 €8, Fe FF/2 BNDO-BND3 unchanged BNDO-BND3 unchanged 
RET C2, C3 Init BNDO-BND3 BNDO-BND3 unchanged 
BND + RET F2 C2, F2 C3 BNDO-BND3 unchanged BNDO-BND3 unchanged 
JMP E9, FF/4 Init BNDO-BND3 BNDO-BND3 unchanged 
BND + JMP F2 E9, F2 FF/4 BNDO-BND3 unchanged BNDO-BND3 unchanged 
Jec i he aie - ue Init BNDO-BND3 BNDO-BND3 unchanged 
BND + Jcc - i A foe i A ge _| BNDO-BND3 unchanged BNDO-BND3 unchanged 


17.5.4 BOUND Instruction and Intel MPX 


If Intel MPX in enabled (see Section 13.5) and a #BR was caused due to a BOUND instruction, then BOUND instruc- 
tion will write zero to the BNDSTATUS register. In all other situations, BOUND instruction will not modify 
BNDSTATUS. Specifically, the operation of the BOUND instruction can be described as: 
IF (( BOUND instruction caused #BR) AND ( CR4.0XXSAVE =1 AND XCRO.BNDREGS=1 AND XCRO.BNDCSR =1) AND 

((CPL=3 AND BNDCFGU.ENABLE = 1) OR (CPL < 3 AND BNDCFGS.ENABLE = 1) ) ) THEN 

BNDSTATUS := 0; 
ELSE 

BNDSTATUS is not modified; 
Fl; 


17.5.5 Programming Considerations 


Intel MPX instruction set does not dictate any calling convention, but allows the calling convention extensions to be 
interoperable with legacy code by making use of the of the bound registers and the bound tables to convey argu- 
ments and return values. 


17.5.6 — Intel MPX and System Management Mode 


Upon delivery of an SMI to a processor supporting Intel MPX, the contents of IA32_BNDCFGS is saved to SMM state 
save map (at offset 7EDOH) and the register is then cleared when entering into SMM. RSM restores IA32_BNDCFGS 
from the SMM state save map. The instruction forces the reserved bits (11:2) to 0 and sign-extends the highest 
implemented bit of the linear address to guarantee the canonicality of this address (regardless of what is in SMM 
state save map). 


The content of IA32_BNDCFGS is cleared after entering into SMM. Thus, Intel MPX is disabled inside an SMM 
handler until SMM code enables it explicitly. This will prevent initialization of the bound registers by execution of 
CALL, RET, JMP, or Jcc in SMM code. 


17.5.7. Support of Intel MPX in VMCS 

A new guest-state field for IA32_BNDCFGS is added to the VMCS. In addition, two new controls are added: 
° a VM-exit control called “clear BNDCFGS” 

¢ aVM-entry control called “load BNDCFGS.” 
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VM exits always save IA32_BNDCFGS into BNDCFGS field of VMCS; if “clear BNDCFGS” is 1, VM exits clear 
IA32_BNDCFGS. If “load BNDCFGS” is 1, VM entry loads IA32_BNDCFGS from VMCS. If loading IA32_BNDCFGS, 
VM entry should check the value of that register in the guest-state area of the VMCS and cause the VM entry to fail 
(late) if the value is one that would causes WRMSR to fault if executed in ring 0. 


17.5.8 Support of Intel MPX in Intel TSX 


For some processor implementations, the following Intel MPX instructions may always cause transactional aborts: 


¢ An Intel TSX transaction abort will occur in case of legacy branch (that causes bounds registers INIT) when at 
least one bounds register was in a NON-INIT state. 


¢ An Intel TSX transaction abort will occur in case of a BNDLDX & BNDSTX instruction on non-flat segment. 


Intel MPX Instructions (including BND prefix + branch instructions) not enumerated above as causing transactional 
abort when used inside a transaction will typically not cause an Intel TSX transaction to abort. 
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CHAPTER 18 
CONTROL-FLOW ENFORCEMENT TECHNOLOGY (CET) 


18.1 INTRODUCTION 


Return-oriented programming (ROP), and similarly CALL/JMP-oriented programming (COP/JOP), have been the 
prevalent attack methodologies for stealth exploit writers targeting vulnerabilities in programs. These attack meth- 
odologies have the common elements: 


¢ Acode module with execution privilege and contain small snippets of code sequence with the characteristic: at 
least one instruction in the sequence being a control transfer instruction that depends on data either in the 
return stack or in a register for the target address. 


* Diverting the control flow instruction (e.g., RET, CALL, JMP) from its original target address to a new target (via 
modification in the data stack or in the register). 


Control-Flow Enforcement Technology (CET) provides the following capabilities to defend against ROP/COP/JOP 
style control-flow subversion attacks: 


¢ Shadow stack: Return address protection to defend against ROP. 
® Indirect branch tracking: Free branch protection to defend against COP/JOP. 


Both capabilities introduce new instruction set extensions, and are described in the Inte/® 64 and IA-32 Architec- 
tures Software Developer’s Manual, Volumes 2A, 2B, 2C & 2D. 


Control-Flow Enforcement Technology introduces a new exception (#CP) with interrupt vector 21. 


18.1.1 Shadow Stack 


A shadow stack is a second stack for the program that is used exclusively for control transfer operations. This stack 
is separate from the data stack and can be enabled for operation individually in user mode or supervisor mode. 
When shadow stacks are enabled, the CALL instruction pushes the return address on both the data and shadow 
stack. The RET instruction pops the return address from both stacks and compares them. If the return addresses 
from the two stacks do not match, the processor signals a control protection exception (#CP). Note that the 
shadow stack only holds the return addresses and not parameters passed to the call instruction. 


The shadow stack is protected from tamper through the page table protections such that regular store instructions 
cannot modify the contents of the shadow stack. To provide this protection the page table protections are extended 
to support an additional attribute for pages to mark them as “Shadow Stack” pages. When shadow stacks are 
enabled, control transfer instructions/flows like near call, far call, call to interrupt/exception handlers, etc. store 
return addresses to the shadow stack and the access will fault if the underlying page is not marked as a “Shadow 
Stack” page. However stores from instructions like MOV, XSAVE, etc. will not be allowed. Likewise control transfer 
instructions like near RET, far RET, IRET, etc. when they attempt to read from the shadow stack the access will fault 
if the underlying page is not marked as a “Shadow Stack” page. This paging protection detects and prevents condi- 
tions that cause an overflow or underflow of the shadow stack when the shadow stack is delimited by non-shadow 
stack guard pages, or any malicious attempts to redirect the processor to consume data from addresses that are 
not shadow stack addresses. 


18.1.2 — Indirect Branch Tracking 


The ENDBRANCH instruction is a new instruction that is used to mark valid jump target addresses of indirect calls 
and jumps in the program. This instruction opcode is selected to be one that is a NOP on legacy machines such that 
programs compiled with ENDBRANCH new instruction continue to function on old machines without the CET 
enforcement. On processors that support CET the ENDBRANCH is still a NOP and is primarily used as a marker 
instruction by the processor pipeline to detect control flow violations. The CPU implements a state machine that 
tracks indirect JMP and CALL instructions. When one of these instructions is executed, the state machine moves 
from IDLE to WAIT_FOR_ENDBRANCH state. In WAIT_FOR_ENDBRANCH state the next instruction in the program 
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stream must be an ENDBRANCH. If the next instruction is not an ENDBRANCH, the processor causes a control 
protection exception (#CP); otherwise, the state machine moves back to IDLE state. 


18.1.3. Speculative Behavior when CET is Enabled 


Speculative execution of near indirect JMP/CALL/RET indirect branches may be able to create an active side channel 
vulnerability that reveals the contents of data. 


There are two basic methods that an attacker may be able to use to control indirect branch speculation in order to 
speculatively execute code that causes a side channel: 


1. Attacker controlled prediction. 
2. Attacker controlled jump redirection. 


With attacker controlled prediction, the attacker trains indirect branch predictors such that the desired victim indi- 
rect branch goes to the attacker desired location. Examples include Branch Target Injection (also called “Variant 2” 
and “Spectre”) and RSB wrap on underflow (also called “ret2spec”). 


With attacker controlled jump redirection, the attacker controls a speculative-only value used as input to the indi- 
rect branch so that the branch mispredicts to the attacker desired location. Examples of this include Bound Check 
Bypass Store (where a speculative store containing an attacker controlled value may overwrite the indirect branch 
target before the load of the target) and Speculative Store Bypass (where a load of the indirect branch target may 
bypass the most recent store of the target value and thus speculatively read an older attacker controlled value at 
the same memory location). 


In addition to the existing mitigation features like IBRS, STIBP and IBPB, processors supporting CET will have a 
variety of additional features to constrain control flow speculation in order to mitigate such attacks. For details on 
these features, see Section 18.2.6, “Constraining Execution at Targets of RET” and Section 18.3.8, “Constraining 
Speculation after Missing ENDBRANCH”. 


18.2 SHADOW STACKS 


A shadow stack is a second expand down stack used exclusively for control transfer operations. This stack is sepa- 
rate from the data stack. The shadow stack is not used to store data and hence is not explicitly writeable by soft- 
ware. Writes to the shadow stack are restricted to control transfer instructions and shadow stack management 
instructions. The shadow stack feature can be enabled separately in user mode (CPL == 3) or supervisor mode 
(CPL < 3). 


Shadow stacks operate only in protected mode. Shadow stacks cannot be enabled in virtual 8086 mode. 


It is recommended to not configure the shadow stack in the linear address range 0 to 64 KB or adjacent to the 
canonical address boundary. 


18.2.1 Shadow Stack Pointer and its Operand and Address Size Attributes 


When CET is enabled the processor supports a new architectural register, shadow stack pointer (SSP), when the 
processor supports the shadow stack feature. The SSP cannot be directly encoded as a source, destination or 
memory operand in instructions. The SSP points to the current top of the shadow stack. 


The width of the shadow stack is 32-bit in 32-bit/compatibility mode and is 64-bit in 64-bit mode. The address-size 
attribute of the shadow stack is likewise 32-bit in 32-bit/compatibility mode and 64-bit in 64-bit mode. 


18.2.2 Terminology 


When shadow stacks are enabled, certain control transfer instructions/flows and shadow stack management 
instructions do loads/stores to the shadow stack. Such load/stores from control transfer instructions and shadow 
stack management instructions are termed as shadow_stack_load and shadow_stack_store to distinguish them 
from a load/store performed by other instructions like MOV, XSAVES, etc. 
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The pseudocode for the instruction operations use the notation ShadowStackEnabled(CPL) as a test of whether 
shadow stacks are enabled at the CPL. This term returns a TRUE or FALSE indication as follows. 
ShadowStackEnabled(CPL): 
IF CR4.CET = 1 AND CRO.PE = 1 AND EFLAGS.VM = 0 
IF CPL=3 
THEN 
(* Obtain the shadow stack enable from IA32_U_CET MSR (MSR address GAOH) used to enable 
feature for CPL = 3 *) 
SHADOW_STACK_ENABLED = IA32_U_CET.SH_STK_EN; 
ELSE 
(* Obtain the shadow stack enable from I[A32_S_CET MSR (MSR address 6A2H) used to enable 
feature for CPL < 3 *) 
SHADOW_STACK_ENABLED = IA32_S_CET.SH_STK_EN; 


Fl; 
IF SHADOW_STACK_ENABLED = 1 
THEN 
return TRUE; 
ELSE 
return FALSE; 
Fl; 
ELSE 


(* Shadow stacks not enabled in real mode and virtual-8086 mode or if the master CET feature 
enable in CR4 is disabled *) 
return FALSE; 
ENDIF 


Additionally, the following terms are used. 


¢ ShadowStackPush4B: Decrements the shadow stack pointer (SSP) by 4 bytes and copies the 4 byte source 
operand to the top of the shadow stack. 


¢ ShadowStackPush8B : Decrements the shadow stack pointer (SSP) by 8 bytes and copies the 8 byte source 
operand to the top of the shadow stack. 


¢ ShadowStackPop4B: Copies 4 bytes at the current top of stack (indicated by the SSP register) to the location 
specified with the destination operand. It then increments the SSP register by 4 bytes to point to the new top 
of stack. 


¢ ShadowStackPop8B: Copies 8 bytes at the current top of stack (indicated by the SSP register) to the location 
specified with the destination operand. It then increments the SSP register by 8 bytes to point to the new top 
of stack. 


° shadow_stack_lock_cmpxchg8B(address, new_value, expected_value): this function executes atomically and 
compares the expected_value to the 8 byte read from memory specified by the address operand using a locked 
shadow_stack_load. If the two values are equal, the new_value is written to memory specified by the address 
operand using a locked shadow_stack_store. If the two values are not equal, then the value read by the locked 
shadow_stack_load is written back. The memory specified by the address operand receives a write cycle 
without regard to the result of the comparison. The function returns the value read from the memory specified 
by the address operand. 


18.2.3 Supervisor Shadow Stack Token 


On an inter-privilege far CALL or when calling an interrupt/exception handler at a higher privilege level, a stack 
switch occurs; if shadow stacks are enabled at the new privilege level, then a shadow stack switch occurs. Shadow 
stacks that can be switched to by hardware as part of a privilege change are required to have a supervisor shadow 
stack token set up by the supervisor to provide the address of the new SSP register. The supervisor shadow stack 
tokens also serve the purpose of enforcing that a shadow stack can be made active on only one logical processor 
when switched to by the processor. The supervisor shadow stack token must be set up only on shadow stacks 
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intended to be used on these transfers. The address of the supervisor shadow stack token is programmed into the 
IA32_PLx_SSP MSR (where 0 < x § 2). The WRMSR and XRSTORS instructions require the address specified in the 
IA32_PLx_SSP MSR (where 0 < x < 2) to be 4 byte aligned; otherwise, the instruction causes a general protection 
exception (#GP(0)). 


The supervisor shadow stack token is a 64-bit value formulated as follows. 

° Bit 63:3: Bits 63:3 of the linear address of the supervisor shadow stack token. 
¢ Bit 2: Reserved. Must be zero. 

¢ Bit 1: Reserved. Must be zero. 


° Bit O: Busy bit. If 0, indicates this shadow stack is not active on any logical processor. If 1, indicates this shadow 
stack is currently active on one of the logical processors. 


The following figure illustrates a supervisor shadow stack with a supervisor shadow stack token located at its base. 


<Next push saves here> 


ad OxFF8 | busy 


IA32_PLx_SSP = OxFF8 


Figure 18-1. Supervisor Shadow Stack with a Supervisor Shadow Stack Token 


The 8-byte supervisor shadow stack token and the 24-byte stack frame pushed on the shadow stack after the 
token is acquired must be fully contained within a 32-byte region that is aligned to 32-bytes on the shadow stack. 
If they are not, a general-protection exception (#GP(0)) occurs. While the accesses to the token may cause faults, 
VM exits, or data breakpoints, the subsequent pushes of the remaining 24 bytes should not. 


The processor does the following checks prior to switching to a supervisor shadow stack programmed into the 
IA32_PLx_SSP MSR. These steps are performed atomically. 


1. Load the supervisor shadow stack token from the address specified in the IA32_PLx_SSP MSR using a 
shadow_stack_load. 


Check if the busy bit in the token is 0; reserved bits must be 0. 


Check if the address programmed in the MSR matches the address in the supervisor shadow stack token; 
reserved bits must be 0. 


4. If checks 2 and 3 are successful, then set the busy bit in the token using a shadow_stack_store and switch the 
SSP to the value specified in the IA32_PLx_SSP MSR. 


5. If checks 2 or 3 fail, then the busy bit is not set and a #GP(0) exception is raised. 


On a far RET to a lesser privilege level or on an IRET that switches shadow stack, the instruction clears the busy bit 
in the shadow stack token as follows. These steps are also performed atomically. 


1. Load the supervisor shadow stack token from the SSP using a shadow_stack_load. 

2. Check if the busy bit in the token is 1; reserved bits must be 0. 

3. Check if the address programmed in supervisor shadow stack token matches SSP; reserved bits must be 0. 
4 


If checks 2 and 3 are successful, then clear the busy bit in the token using a shadow_stack_store; else continue 
without modifying the contents of the shadow stack pointed to by SSP. 
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18.2.4 Shadow Stack Usage on Task Switch 


A task switch (see Chapter 7, “Task Management” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3A) may be invoked by: 


¢  =JMP or CALL instruction to a TSS descriptor in the GDT. 
¢ JMP or CALL instruction to a task-gate descriptor in the GDT or the current LDT. 
¢ An interrupt or exception vector points to a task-gate descriptor in the IDT. 


With shadow stack enabled, the new task must be associated with a 32-bit TSS and must not be in virtual-8086 
mode. The 32-bit SSP for the new task is located at offset 104 in the 32-bit TSS. Thus the TSS of the new task must 
be at least 108 bytes. This SSP is required to be 8 byte aligned, and required to point to a “supervisor shadow 
stack” token (though the task may be at CPL3). 


On a task switch initiated by a CALL instruction, an interrupt, or exception, the SSP of the old task is pushed onto 
the shadow stack of the new task along with the CS and LIP of the old task. This is true even for a nested task 
switch initiated by a CALL instruction. Likewise, on a task switch initiated by IRET, the SSP of the new task is 
restored from the shadow stack of old task. The CS and LIP on the shadow stack of the old task are matched 
against the return address determined by the CS and EIP of the new task. If the match fails, a #CP(FAR-RET/IRET) 
exception is reported. 


18.2.5 Switching Shadow Stacks 


The architecture provides a mechanism to switch shadow stacks using a pair of instructions; RSTORSSP and SAVE- 
PREVSSP. The RSTORSSP instruction verifies a shadow-stack-restore token located at the top of the new shadow 
stack and referenced by the memory operand of this instruction. After RSTORSSP determines the validity of the 
restore point on the new shadow stack, it switches the SSP to point to the token. The shadow-stack-restore token 
is a 64-bit value formatted as follows. 


¢ Bit 63:2: Value of shadow stack pointer when this restore point was created. 
¢ Bit 1: Reserved. Must be zero. 


° Bit 0: Mode bit. If 0, the token is a compatibility/legacy mode shadow-stack-restore token. If 1, then this 
shadow stack restore token can be used with a RSTORSSP instruction in 64-bit mode. 


The shadow-stack-restore token is created by the SAVEPREVSSP instruction. The operating system may also 
create a restore point on a shadow stack by creating a shadow-stack-restore token. 


Once the shadow stack has been switched to a new shadow stack by the RSTORSSP instruction, software can 
create a restore point on the old shadow stack by executing the SAVEPREVSSP instruction. In order to allow the 
SAVEPREVSSP instruction to determine the address where to save the shadow-stack-restore token, the RSTORSSP 
instruction replaces the shadow-stack-restore token with a previous-ssp token that holds the value of the SSP at 
the time the RSTORSSP instruction was invoked. The previous-ssp token is formatted as follows. 


¢ ~=Bit 63:2: Shadow stack pointer when the RSTORSSP instruction was invoked, i.e., the SSP of the old shadow 
stack. 


° Bit 1: Set to 1. 


¢ Bit 0: Mode bit. If 0, then this previous-ssp token can be used with a SAVEPREVSSP instruction in compati- 
bility/legacy mode. If 1, then this previous-ssp token can be used with a SAVEPREVSSP instruction in 64-bit 
mode. 


The following figure illustrates the RSTORSSP instruction operation during a shadow stack switching sequence. 
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Current Recluse New Shadow 
Shadow Stack si i a Stack 
FF8H 4000H |0|M/3FF8H SSP————»|1000H | 1|M 
1000H 4000H 
Current active shadow stack Shadow stack to switch to State following successful 


RSTORSSP 


Figure 18-2. RSTORSSP to Switch to New Shadow Stack 


In this example, the initial SSP is 1000H and the shadow-stack-restore token is on a new shadow stack at address 
3FF8H. The token at address 3FF8H holds the SSP when this restore point was created; in this example it is 4000H. 


In order to switch to the new shadow stack, the RSTORSSP instruction is invoked with the memory operand 
pointing set to 3FF8H. When the RSTORSSP instruction completes, the SSP is set to 3FF8H and the shadow-stack- 
restore token at 3FF8H is replaced by a previous-ssp token that holds the address 1000H, i.e., the old SSP. 


The following figure illustrates the SAVEPREVSSP instruction operation during a shadow stack switching sequence. 


New Shadow Previous New Shadow 
Stack Shadow Stack Stack 
ssp ————>|1000H | 1 | M} 3FF8H 1000H | 1 | M/| 3FF8H 
4000H SSP ———_> 4000H 
Current active shadow stack “shadow stack restore” token Current active shadow stack 
with a “previous SSP” token pushed on previous shadow with a “previous SSP” token 
stack following popped off 


SAVEPREVSSP 


Figure 18-3. SAVEPREVSSP to Save a Restore Point 


To allow switching back to this old shadow stack, a SAVEPREVSSP instruction is now invoked. The SAVEPREVSSP 

instruction does not take any memory operand and expects to find a previous-ssp token at the top of the shadow 
stack, i.e., at address 3FF8H. The SAVEPREVSSP instruction then saves a shadow-stack-restore token on the old 

shadow stack at address FF8H, and the token itself holds the address 1000H which is the address recorded in the 
previous-ssp token. The SAVEPREVSSP instruction also pops the previous-ssp token off the current shadow stack 
and thus the SSP following SAVEPREVSSP is 4000H. 


Subsequently to switch back to the old shadow stack, a RSTORSSP instruction may be invoked with memory 
operand set to FF8H. 


If, following a switch to a new shadow stack, it is not required to create a restore point on the old shadow stack, 
then the previous-ssp token created by the RSTORSSP instruction can be popped off the shadow stack by using the 
INCSSP instruction. 


See the SAVEPREVSSP and RSTORSSP instruction operations for the detailed algorithm. 
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18.2.6 Constraining Execution at Targets of RET 


Instructions at the target of a RET instruction will not execute, even speculatively, if the RET addresses (either from 
normal stack or shadow stack) are speculative-only or do not match, unless the target of the RET is also predicted 
(e.g., by a Return Stack Buffer prediction), when CET shadow stack is enabled. A RET address would be specula- 
tive-only if it was modified by an older speculative-only store, or was an older value than the most recent value 
stored to that address on the logical processor. 


18.3. INDIRECT BRANCH TRACKING 


When the indirect branch tracking feature is active, the indirect JMP/CALL instruction behavior changes as follows. 


¢ IMP: If the next instruction retired after an indirect JMP is not an ENDBR32 instruction in legacy and compati- 
bility mode, or ENDBR64 instruction in 64-bit mode, then a #CP fault is generated. Below JMP instructions are 
tracked to enforce an ENDBRANCH. Note that Jcc, RIP relative, and far direct JMP are not included as these 
have an offset encoded into the instruction and are not exploitable to create unintended control transfers. 


— JMPr/m16, JMP r/m32, JMP r/m64 
— JMP m16:16, JMP m16:32, JMP m16:64 


° CALL: If the next instruction retired after an indirect CALL is not an ENDBR32 instruction in legacy and compat- 
ibility mode, or ENDBR64 in 64-bit mode, then a #CP fault is generated. Below CALL instructions are tracked to 
enforce an ENDBRANCH. Note that relative and zero displacement forms of CALL instructions are not included 
as these have an offset encoded into the instruction and are not exploitable to create unintended control 
transfers. 


— CALL r/m16, CALL r/m32, CALL r/m64 
— CALL m16:16, CALL m16:32, CALL m16:64 


The ENDBR32 and ENDBR64 instructions will have the same effect as the NOP instruction on Intel 64 processors 
that do not support CET. On processors supporting CET, these instructions do not change register or flag state. This 
allows CET instrumented programs to execute on processors that do not support CET. Even when CET is supported 
and enabled, these NOP-like instructions do not affect the execution state of the program, do not cause any addi- 
tional register pressure, and are minimally intrusive from power and performance perspectives. 


The processor implements two dual-state machines to track indirect CALL/JMP for terminations. One state machine 
is maintained for user mode and one for supervisor mode. At reset the user and supervisor mode state machines 
are in IDLE state. 


On instructions other than indirect CALL/JMP, the state machine stays in the IDLE state. 
On an indirect CALL or JMP instruction, the state machine transitions to the WAIT_FOR_ENDBRANCH state. 


In the WAIT_FOR_ENDBRANCH state, the indirect branch tracking state machine verifies the next instruction is an 
ENDBR32 instruction in legacy and compatibility mode, or ENDBR64 instruction in 64-bit mode, and either: 


° Causes a #CP fault, or 
¢ Allows the next instruction if legacy compatibility configuration allows (see Section 18.3.6). 
The priority of the #CP(ENDBRANCH) exception relative to other events is as follows. 
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#CP Fault 


Indirect CALL/JMP, RET >) Target Instruction 


NMI 


Hardware Interrupts / Probe 


RESET / #MC 


TSS Trap /PEBS/ BTS/ VAPIC Trap 
Code Breakpoint 


CS Limit Violation / Code Page Fault 
#UD / #NM (Decode Faults) 


SIPI / STOPCLK/ LTCYC/ SMI / INIT 


Figure 18-4. Priority of Control Protection Exception on Missing ENDBRANCH 


Higher priority faults/traps/events that occur at the end of an indirect CALL/JMP are delivered ahead of any 
#CP(ENDBRANCH) fault. The CET state machine at the privilege level where the higher priority fault/trap/event 
occurred retains its state when the control transfers to the fault/trap/event handler. The instruction pointer pushed 
on the stack for a #CP(ENDBRANCH) fault is the address of the instruction at the target of the indirect CALL/JMP 
that caused the fault. 


18.3.1 No-track Prefix for Near Indirect CALL/JMP 


CET allows software to designate certain indirect CALL and JMP instructions as “non-tracked indirect control 
transfer instructions”. Software (e.g., compiler generated code for switch statements, jump tables, etc.) should use 
the no-track prefix only if they have generated code to validate the possible targets of this CALL/JMP to be legal 
targets. Software (e.g., compilers), when using the no-track prefix with CALL/JMP where an absolute offset is spec- 
ified indirectly in a memory location, should ensure that such memory locations cannot be tampered. When 
enabled by setting the NO_TRACK_EN control in the IA32_U_CET/IA32_S_CET MSR, near indirect CALL and JMP 
instructions when prefixed with 3EH do not modify the CET indirect branch tracker. Far CALL and JMP instructions 
are always tracked and ignore the 3EH prefix. When this control is 0, near indirect CALL and JMP instructions are 
always tracked irrespective of the presence of the 3EH prefix. 


In 64-bit mode, the 3EH prefix on an indirect CALL or JMP is recognized as a no-track prefix if there isn’t a 64H/65H 
prefix on the instruction. 


In legacy/compatibility mode, the 3EH prefix on an indirect CALL or JMP is recognized as a no-track prefix when it 
is the last group 2 prefix on the instruction. 
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18.3.2 Terminology 


The pseudocode for the instruction operations use a notation EndbranchEnabled(CPL) as a test of whether indirect 


branch tracking is enabled at the CPL. This term returns a TRUE or FALSE indication as follows. 


EndbranchEnabled(CPL): 
IF CR4.CET = 1 AND CRO.PE = 1 AND EFLAGS.VM = 0 
IF CPL = 3 


THEN 
(* Obtain the ENDBRANCH enable from MSR used to enable feature for CPL = 3 *) 


ENDBR_ENABLED = IA32_U_CET.ENDBR_EN; 
ELSE 
(* Obtain the ENDBRANCH enable from MSR used to enable feature for CPL < 3 *) 
ENDBR_ENABLED = IA32_S_CET.ENDBR_EN; 
Fl; 
IF ENDBR_ENABLED = 1 
THEN 
return TRUE; 
ELSE 
return FALSE; 
Fl; 
ELSE 
(* Indirect branch tracking is not enabled in real mode and virtual-8086 mode or if the master CET feature 
enable in CR4 is disabled *) 
return FALSE; 
ENDIF 


Likewise the notation EndbranchEnabledAndNotSuppressed is defined as follows: 


EndbranchEnabledAndNotSuppressed(CPL): 
IF CR4.CET = 1 AND CRO.PE = 1 AND EFLAGS.VM = 0 
IF CPL = 3 


THEN 
(* Obtain the ENDBRANCH enable from MSR used to enable feature for CPL = 3 *) 


ENDBR_ENABLED = IA32_U_CET.ENDBR_EN; 
SUPPRESSED = IA32_U_CET.SUPPRESS; 


ELSE 
(* Obtain the ENDBRANCH enable from MSR used to enable feature for CPL < 3 *) 


ENDBR_ENABLED = IA32_S_CET.ENDBR_EN; 
SUPPRESSED = IA32_S_CET.SUPPRESS; 
Fl; 
IF ENDBR_ENABLED = 1 AND SUPPRESSED = 0 
THEN 
return TRUE; 
ELSE 
return FALSE; 
Fl; 


ELSE 
(* Indirect branch tracking is not enabled in real mode and virtual-8086 mode or if the master CET feature 


enable in CR4 is disabled *) 
return FALSE; 
ENDIF 


Vol. 1 


18-9 


CONTROL-FLOW ENFORCEMENT TECHNOLOGY (CET) 


18.3.3 Indirect Branch Tracking 


The hardware implements two CET indirect branch tracker state machines, one for user mode (CPL == 3) and one 
for supervisor mode (CPL < 3). At any time, which of the CET indirect branch trackers is in the active state depends 
on the CPL of the machine. When a user space program is executing, the CPL 3 CET indirect branch tracker is 
active. When supervisor mode software is executing, the CPL < 3 tracker is active. This section describes the 
various control transfer conditions and the tracker state on those transfers. 


18.3.3.1 Control Transfers between CPL 3 and CPL < 3 


Some events and instructions can cause control transfer to occur from CPL 3 to CPL < 3, and vice versa. As part of 
the CPL change the hardware also switches the active CET indirect branch tracker. For example, when an interrupt 
occurs during execution of a user mode (CPL == 3) program and it causes the CPL to switch to supervisor mode 
(CPL < 3) then, as part of the CPL change, the user mode CET indirect branch tracker becomes inactive and the 
supervisor mode CET indirect branch tracker becomes active. A subsequent IRET is used by the interrupt handler 
to return to the interrupted user mode program. This IRET causes the processor to switch the CPL to user mode 
(CPL ==3) and, as part of the CPL change, the supervisor mode CET indirect branch tracker becomes inactive and 
the user mode CET indirect branch tracker becomes active. 


The CPL where the event or instruction that caused the control transfer occurs is termed the source CPL, and the 
CET indirect branch tracker state at that CPL is referred here as the source CET indirect branch tracker state. The 
CPL reached at the end of the control transfer is termed the destination CPL, and the CET indirect branch tracker 
state at that CPL is referred to as the destination CET indirect branch tracker state. 


This section describes various cases of control transfers that occur between user mode (CPL 3) and supervisor 
mode (CPL < 3). 


In all these cases the source CET indirect branch tracker state becomes not active and retains its state (IDLE, 
WAIT_FOR_ENDBRANCH), and the target CET indirect branch tracker state becomes active if there was no fault 
during the transfer. 


°® Case 1: Far CALL/JMP, SYSCALL/SYSENTER 


— If indirect branch tracking is enabled, the target indirect branch tracker state becomes active and is unsup- 
pressed and goes to WAIT_FOR_ENDBRANCH. This enforces that the subroutine invoked by a far CALL/JMP 
must begin with an ENDBRANCH. 


® Case 2: Hardware interrupt/trap/exception/NMI/Software interrupt/Machine Checks 


— If indirect branch tracking is enabled, the target indirect branch tracker state becomes active and is unsup- 

pressed and goes to WAIT_FOR_ENDBRANCH. 
® Case 3: IRET/Far RET 

— If indirect branch tracking enabled, the target indirect branch tracker becomes active and keeps its state. If 
the user mode was interrupted by a higher priority event, like an interrupt at the end of the indirect 
CALL/JMP, then when an IRET or Far RET is used to return to the interrupted user mode program, the user 
mode indirect branch tracker retains its state and a #CP fault will occur if the next instruction decoded is not 
an ENDBR32/64 according to mode of machine. 


18.3.3.2 Control Transfers within CPL 3 or CPL < 3 


Some events and instructions can cause control transfer to occur within CPL 3 or CPL < 3. For such transfers since 
the CPL class does not change, the same indirect branch tracker is used at the beginning and end of the control 
transfer. 


© Case 1: Far CALL/JMP, Near indirect CALL/JMPCALL/JMP 


— Far CALL/JMP: If indirect branch tracking is enabled, active indirect branch tracker is unsuppressed and 
goes to WAIT_FOR_ENDBRANCH. 


— Near indirect CALL/JMPCALL/JMP: If indirect branch tracking is enabled and not suppressed, active indirect 
branch tracker goes to WAIT_FOR_ENDBRANCH. 


® Case 2: Hardware interrupt/trap/exception/NMI/Software interrupt/Machine Checks 
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— If indirect branch tracking is enabled, the active indirect branch tracker is unsuppressed and goes to 


WAIT_FOR_ENDBRANCH. 
° Case 3: IRET 


— If indirect branch tracking is enabled, the active indirect branch tracker keeps its state. 


18.3.4 


Indirect Branch Tracking State Machine 


The state machine is described by Table 18-1. 


Table 18-1. Indirect Branch Tracking State Machine 


Current State 


Trigger 


Next State 


TRACKER=IDLE, SUPPRESS=0, 
ENDBR_EN=1 


Instructions other than indirect CALL/|MP or 
3€H prefixed near indirect CALL/JMP and 
NO_TRACK_EN=1 


TRACKER=IDLE, SUPPRESS=0, 
ENDBR_EN=1 


Indirect CALL/JMP without 3EH prefix 
Indirect CALL/JMP with 3EH prefix and 
NO_TRACK_EN=0 

Far CALL/JMP 


TRACKER=WAIT_FOR_ENDBRANCH, SUP- 
PRESS=0, ENDBR_EN=1 


TRACKER= WAIT_FOR_ENDBRANCH, SUP- 
PRESS=0, ENDBR_EN=1 


INT3/INT1 


TRACKER= WAIT_FOR_ENDBRANCH, SUP- 
PRESS=0, ENDBR_EN=1 


ENDBRANCH instruction 


TRACKER=IDLE, SUPPRESS=0, 
ENDBR_EN=1 


Successful ENCLU[ERESUME] 


TRACKER=IDLE, SUPPRESS=0, 
ENDBR_EN=1 


Instructions other than ENDBRANCH, suc- 
cessful ENCLU[ERESUME] or INT3 or INT1 


If legacy compatibility treatment is not 

enabled or if not allowed by legacy code 

page bitmap: 

« No state change and deliver #CP 
(ENDBRANCH) 

If legacy compatibility treatment is 

enabled and transfer allowed by legacy 

code page bitmap: 

* TRACKER=IDLE, 
SUPRESS=!SUPPRESS_DIS, 
ENDBR_EN=1 


TRACKER=x, SUPPRESS=x, ENDBR_EN=0O 


TRACKER=IDLE, SUPPRESS=1, 


All instructions 


Far CALL/JMP, INTn/INT3/INTO 


TRACKER=x, SUPPRESS=x, ENDBR_EN=0 


TRACKER=WAIT_FOR_ENDBRANCH, SUP- 
PRESS=0, ENDBR_EN=1 


ENDBRANCH instruction 


TRACKER=IDLE, SUPPRESS=0, 


and is disallowed as a valid state by 
WRMSR/XRSTORS/VM entry/VM exit) 


ENDBR_EN=1 Successful ENCLU[ERESUME] ENDBR_EN=1 
All other instructions including indirect TRACKER=IDLE, SUPPRESS=1, 
CALL/JMP ENDBR_EN=1 

TRACKER=1, SUPPRESS=1, ENDBR_EN=1 

(This state cannot be reached by hardware NA NA 
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18.3.5  INT3 Treatment 


INT3 are treated special in the WAIT_FOR_ENDBRANCH state. Occurrence of INT3 do not move the tracker to IDLE 
but instead the #BP trap from the INT3 instructions respectively is delivered as a higher priority event than the #CP 
exception due to missing ENDBRANCH. 


Inside an enclave, INT3 delivers a fault-class exception and thus does not require the CPL to be less than DPL in the 
IDT gate 3. Following opt-out entry, the instruction delivers #UD. Following opt-in entry, INT3 delivers #BP. The 
special treatment of INT3 in WAIT_FOR_ENDBRANCH state does not apply in enclave mode following opt-out entry. 


18.3.6 Legacy Compatibility Treatment 


ENDBRANCH legacy compatibility treatment allows a CET enabled program to be used with legacy software that 
was not compiled / instrumented with ENDBRANCH. A CET enabled program enters legacy compatibility treatment 
when all of the below conditions are met. 


1. Legacy compatibility configuration is enabled in this CPL class by setting the LEG_IW_EN bit in 
IA32_U_CET/IA32_S_CET. 


2. Control transfer is performed using an indirect CALL/JMP without no-track prefix to an instruction other than 
ENDBRANCH. 


3. The legacy code page bitmap is setup to indicate that the target of the control transfer is a legacy code page. 


The legacy code page bitmap is a data structure in program memory that is used by the hardware to determine if 
the code page to which a legacy transfer is being performed is allowed. The access rights for accessing the legacy 
code page bitmap is determined by the current privilege level (CPL). The legacy code page bitmap is expected to 
be setup as a read-only data structure. 


When a matching ENDBRANCH instruction is not decoded at the target of an indirect CALL/JMP when required, the 
processor performs the below actions. 
CET indirect branch tracking state machine violation event handler: 
If LEG_IW_EN == 
LA = LIP; 
IF ENCLAVE_MODE == 
LA = LA - SECS.BASEADDR; 
ENDIF 
(* Load byte from bitmap. Address-size attribute for this load is 64 bits if IA32_EFER.LMA is 1 and is 32 bits when IA32_EFER.LMA 
is O*) 
IF (IA32_EFER.LMA & CS.L) == 
BITMAP_BYTE = load 1 byte from address (BITMAP_BASE + LA[31:15]) 
ELSE IF (CR4.LA57 == 0) 
BITMAP_BYTE = load 1 byte from address (BITMAP_BASE + LA[47:15]) 
ELSE 
BITMAP_BYTE = load 1 byte from address (BITMAP_BASE + LA[56:15]) 


Fl; 
IF BITMAP_BYTE & (1 << LA[14:12]) == 0 then Deliver #CP(ENDBRANCH) fault 
IF CPL = 3 
IA32_U_CET.TRACKER = IDLE 
IA32_U_CET.SUPPRESS = IA32_U_CET.SUPPRESS_DIS == 0? 1:0 
ELSE 
IA32_S_CET.TRACKER = IDLE 
IA32_S_CET.SUPPRESS = IA32_S_CET.SUPPRESS_DIS == 0? 1:0 
ENDIF 


Restart the instruction (handle all arch. consistency around MOV SS state machines, STI etc.) without 
opening up interrupt/trap window. 

ELSE 
Deliver #CP(ENDBRANCH) Fault 
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ENDIF 


Faults/traps in pseudocode are delivered normally (e.g., #PF, EPT violation). On a fault, the active tracker holds the 
last value (WAIT_FOR_ENDBRANCH) and the address saved on the stack is the current IP (instruction that wasn’t 
the ENDBRANCH). 


The CET indirect branch tracking state machine is suppressed in legacy compatibility mode if the SUPPRESS_DIS 
control bit is 0. 


Once the CET indirect branch tracking state machine has been suppressed, subsequent indirect CALL/JMP are not 
tracked for termination instruction. 


Once CET indirect branch tracking has been suppressed, subsequent execution of ENDBRANCH instructions will do 
the following (see the ENDBR32 and ENDBR64 instructions in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 2A for details). 


IF EndbranchEnabled(CPL) == 


NOP 
ELSE 
SUPPRESS = 0 
TRACKER = IDLE 
ENDIF 


18.3.6.1 Legacy Code Page Bitmap Format 


The legacy code page bitmap is a flat bitmap whose linear address is pointed to by the EB_LEG_BITMAP_BASE. 
Each bit in the bitmap represents a 4K page in linear memory. If the bit is 1 it indicates that the corresponding code 
page is a legacy code page; else it is a CET-enabled code page. 


The processor uses the linear address of the instruction to which legacy transfer was attempted to lookup the 
bitmap. Bits of the linear address used as index in the bitmap are as follows. 


¢ In legacy and compatibility mode: Bits 31:12. 
¢ In 64-bit mode (EFER.LMA=1 and CS.L=1): Bits 47:12. 


18.3.7. Other Considerations 


18.3.7.1 Intel® Transactional Synchronization Extensions (Intel® TSX) Interactions 


The XBEGIN instruction encodes the relative offset to the abort handler and hence the fallback to the abort handler 
can be considered as a “direct” branch and the abort handler does not need to have an ENDBRANCH. 


CET continues to enforce indirect CALL/JMP tracking within a transaction. Legacy compatibility treatment inside a 
transaction functions normally. If a transaction abort occurs then the processor sets the state of the indirect branch 
tracker to IDLE and not-suppressed. 


18.3.7.2 #CP(ENDBRANCH) Priority w.r.t #NM and #UD 


#NM, #UD and #CP(ENDBRANCH) are in the same priority class. Both #NM and #UD are opcode based faults. The 
#CP(ENDBRANCH) is prioritized higher than #NM and #UD as CET architecturally requires an ENDBRANCH at 
target of indirect CALL/JMP. 


18.3.7.3. #CP(ENDBRANCH) Priority w.r.t #BP and #DB 


Debug Exceptions priority is as follows. 


¢ Traps delivered before any #CP(ENDBRANCH) fault: Data breakpoint trap, IO breakpoint trap single step trap, 
task switch trap. 


* Code Breakpoint fault detected before instruction decode and delivered before #CP(ENDBRANCH). 
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* General-detect (GD) exception condition fault: Lower priority than #CP(ENDBRANCH). 
® On IRET back from #DB/#BP, the source indirect branch tracker becomes active if enabled and not suppressed. 


INT3 does not cause #CP(ENDBRANCH) to support debugger usage of replacing bytes of ENDBRANCH with INT3 to 
set breakpoints. INT3 at target of a CALL-JMP(indirect) cause #BP(INT3) instead of #CP(ENDBRANCH), 
#CP(ENDBRANCH) fault is delayed. #BP caused by INT3 treated like other events that are higher priority than CET 
fault. On IRET back from #BP the source indirect tracker becomes active if enabled and not suppressed. 


18.3.8 Constraining Speculation after Missing ENDBRANCH 


When the CET tracker is in the WAIT_FOR_ENDBRANCH state, instruction execution will be limited or blocked, even 
speculatively, if the next instruction is not an ENDBRANCH. 


This means that when indirect branch tracking is enabled and not suppressed, the instructions at the target of a 
near indirect JMP/CALL without the no-track prefix will only speculatively execute if there is an ENDBRANCH at the 
target. This can constrain both attacker controlled prediction as well as attacker controlled jump redirection attacks 
on near indirect JMPs/CALLs by reducing the gadgets available to an attacker using these techniques. Early imple- 
mentations of CET may limit the speculative execution to a small number of instructions (less than 8, with no more 
than 5 loads) past a missing ENDBRANCH, while later implementations will completely block the speculative execu- 
tion of instructions after a missing ENDBRANCH. 


This mechanism also limits or blocks speculation of the next sequential instructions after an indirect JMP or CALL, 
presuming the JMP/CALL puts the CET tracker into the WAIT_FOR_ENDBRANCH state and the next sequential 
instruction is not an ENDBRANCH. 


18.4 INTEL® TRUSTED EXECUTION TECHNOLOGY (INTEL® TXT) INTERACTIONS 


GETSEC[ENTERACCS] and GETSEC[SENTER] clear CR4.CET, and it is not restored when these instructions 
complete. 


GETSEC[EXITAC] will cause #GP(0) fault if CR4.CET is set. 
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CHAPTER 19 
INPUT/OUTPUT 


In addition to transferring data to and from external memory, IA-32 processors can also transfer data to and from 
input/output ports (I/O ports). I/O ports are created in system hardware by circuity that decodes the control, data, 
and address pins on the processor. These I/O ports are then configured to communicate with peripheral devices. An 
I/O port can be an input port, an output port, or a bidirectional port. Some I/O ports are used for transmitting data, 
such as to and from the transmit and receive registers, respectively, of a serial interface device. Other I/O ports are 
used to control peripheral devices, such as the control registers of a disk controller. 


This chapter describes the processor’s I/O architecture. The topics discussed include: 
¢ I/O port addressing 

¢ 1/O instructions 

¢ I/O protection mechanism 


19.1. 1/0 PORT ADDRESSING 


The processor permits applications to access I/O ports in either of two ways: 
¢ Through a separate I/O address space 
¢ Through memory-mapped I/O 


Accessing I/O ports through the I/O address space is handled through a set of I/O instructions and a special I/O 
protection mechanism. Accessing I/O ports through memory-mapped I/O is handled with the processor’s general- 
purpose move and string instructions, with protection provided through segmentation or paging. I/O ports can be 
mapped so that they appear in the I/O address space or the physical-memory address space (memory mapped 
I/O) or both. 


One benefit of using the I/O address space is that writes to I/O ports are guaranteed to be completed before the 
next instruction in the instruction stream is executed. Thus, I/O writes to control system hardware cause the hard- 
ware to be set to its new state before any other instructions are executed. See Section 19.6, “Ordering I/O,” for 
more information on serializing of I/O operations. 


19.2 1/0 PORT HARDWARE 


From a hardware point of view, I/O addressing is handled through the processor's address lines. For the P6 family, 
Pentium 4, and Intel Xeon processors, the request command lines signal whether the address lines are being driven 
with a memory address or an I/O address; for Pentium processors and earlier IA-32 processors, the M/IO# pin indi- 
cates a memory address (1) or an I/O address (0). When the separate I/O address space is selected, it is the 
responsibility of the hardware to decode the memory-I/O bus transaction to select I/O ports rather than memory. 
Data is transmitted between the processor and an I/O device through the data lines. 


19.3. I/O ADDRESS SPACE 


The processor's I/O address space is separate and distinct from the physical-memory address space. The I/O 
address space consists of 2!© (64K) individually addressable 8-bit I/O ports, numbered 0 through FFFFH. I/O port 
addresses OF8H through OFFH are reserved. Do not assign I/O ports to these addresses. The result of an attempt 
to address beyond the I/O address space limit of FFFFH is implementation-specific; see the Developer’s Manuals for 
specific processors for more details. 


Any two consecutive 8-bit ports can be treated as a 16-bit port, and any four consecutive ports can be a 32-bit port. 
In this manner, the processor can transfer 8, 16, or 32 bits to or from a device in the I/O address space. Like words 
in memory, 16-bit ports should be aligned to even addresses (0, 2, 4, ...) so that all 16 bits can be transferred ina 
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single bus cycle. Likewise, 32-bit ports should be aligned to addresses that are multiples of four (0, 4, 8, ...). The 
processor supports data transfers to unaligned ports, but there is a performance penalty because one or more 
extra bus cycle must be used. 


The exact order of bus cycles used to access unaligned ports is undefined and is not guaranteed to remain the same 
in future IA-32 processors. If hardware or software requires that I/O ports be written to in a particular order, that 
order must be specified explicitly. For example, to load a word-length I/O port at address 2H and then another word 
port at 4H, two word-length writes must be used, rather than a single doubleword write at 2H. 


Note that the processor does not mask parity errors for bus cycles to the I/O address space. Accessing I/O ports 
through the I/O address space is thus a possible source of parity errors. 


19.3.1 | Memory-Mapped I/O 


I/O devices that respond like memory components can be accessed through the processor’s physical-memory 
address space (see Figure 19-1). When using memory-mapped I/O, any of the processor’s instructions that refer- 
ence memory can be used to access an I/O port located at a physical-memory address. For example, the MOV 
instruction can transfer data between any register and a memory-mapped I/O port. The AND, OR, and TEST 
instructions may be used to manipulate bits in the control and status registers of a memory-mapped peripheral 
device. 


Certain instructions may take an exception or VM exit after completing a memory access (either a read or a write) 
to a memory-mapped I/O address. This exception or VM exit could be due to the instruction performing multiple 
memory accesses (e.g., MOVS, PUSH mem, POP mem, PUSHAD, etc.) or could be due to the ordering of exceptions 
or VM exits within the instruction (e.g., a DIV mem that takes a #DE or a CALL that causes a task switch VM exit). 
If software later re-executes that instruction (e.g., after an IRET or VMRESUME), the MMIO (memory-mapped I/O) 
access may occur again. If the memory-mapped I/O access has a side-effect, that side-effect may be executed 
each time the memory-mapped I/O access occurs. If that is problematic, software must ensure that exceptions or 
VM exits do not occur after accessing the MMIO. 


When using memory-mapped I/O, caching of the address space mapped for I/O operations must be prevented. 
With the Pentium 4, Intel Xeon, and P6 family processors, caching of I/O accesses can be prevented by using 
memory type range registers (MTRRs) to map the address space used for the memory-mapped I/O as uncacheable 
(UC). See Chapter 11, “Memory Cache Control” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3A, for a complete discussion of the MTRRs. 


The Pentium and Intel486 processors do not support MTRRs. Instead, they provide the KEN# pin, which when held 
inactive (high) prevents caching of all addresses sent out on the system bus. To use this pin, external address 
decoding logic is required to block caching in specific address spaces. 


Physical Memory 


FFFF 


EPROM 


I/O Port 
I/O Port 
I/O Port 


0 
Figure 19-1. Memory-Mapped I/O 
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All the IA-32 processors that have on-chip caches also provide the PCD (page-level cache disable) flag in page table 
and page directory entries. This flag allows caching to be disabled on a page-by-page basis. See “Page-Directory 
and Page-Table Entries” in Chapter 4 of in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3A. 


19.4 I/O INSTRUCTIONS 


The processor’s I/O instructions provide access to I/O ports through the I/O address space. (These instructions 
cannot be used to access memory-mapped I/O ports.) There are two groups of I/O instructions: 


¢ Those that transfer a single item (byte, word, or doubleword) between an I/O port and a general-purpose 
register 


¢ Those that transfer strings of items (strings of bytes, words, or doublewords) between an I/O port and memory 


The register I/O instructions IN (input from I/O port) and OUT (output to I/O port) move data between I/O ports 
and the EAX register (32-bit I/O), the AX register (16-bit I/O), or the AL (8-bit I/O) register. The address of the I/O 
port can be given with an immediate value or a value in the DX register. 


The string I/O instructions INS (input string from I/O port) and OUTS (output string to I/O port) move data 
between an I/O port and a memory location. The address of the I/O port being accessed is given in the DX register; 
the source or destination memory address is given in the DS:ESI or ES:EDI register, respectively. 


When used with the repeat prefix REP, the INS and OUTS instructions perform string (or block) input or output 
operations. The repeat prefix REP modifies the INS and OUTS instructions to transfer blocks of data between an I/O 
port and memory. Here, the ESI or EDI register is incremented or decremented (according to the setting of the DF 
flag in the EFLAGS register) after each byte, word, or doubleword is transferred between the selected I/O port and 
memory. 


See the references for IN, INS, OUT, and OUTS in Chapter 3 and Chapter 4 of the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volumes 2A & 2B, for more information on these instructions. 


19.5 PROTECTED-MODE I/O 


When the processor is running in protected mode, the following protection mechanisms regulate access to I/O 
ports: 


¢ When accessing I/O ports through the I/O address space, two protection devices control access: 
— The I/O privilege level (IOPL) field in the EFLAGS register 
— The I/O permission bit map of a task state segment (TSS) 


¢ When accessing memory-mapped I/O ports, the normal segmentation and paging protection and the MTRRs 
(in processors that support them) also affect access to I/O ports. See Chapter 5, “Protection” and Chapter 11, 
“Memory Cache Control” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, 
for a complete discussion of memory protection. 


The following sections describe the protection mechanisms available when accessing I/O ports in the I/O address 
space with the I/O instructions. 


19.5.1 1/0 Privilege Level 


In systems where I/O protection is used, the IOPL field in the EFLAGS register controls access to the I/O address 
space by restricting use of selected instructions. This protection mechanism permits the operating system or exec- 
utive to set the privilege level needed to perform I/O. In a typical protection ring model, access to the I/O address 
space is restricted to privilege levels 0 and 1. Here, the kernel and the device drivers are allowed to perform I/O, 
while less privileged device drivers and application programs are denied access to the I/O address space. Applica- 
tion programs must then make calls to the operating system to perform I/O. 


The following instructions can be executed only if the current privilege level (CPL) of the program or task currently 
executing is less than or equal to the IOPL: IN, INS, OUT, OUTS, CLI (clear interrupt-enable flag), and STI (set 
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interrupt-enable flag). These instructions are called I/O sensitive instructions, because they are sensitive to the 
IOPL field. Any attempt by a less privileged program or task to use an I/O sensitive instruction results in a general- 
protection exception (#GP) being signaled. Because each task has its own copy of the EFLAGS register, each task 
can have a different IOPL. 


The I/O permission bit map in the TSS can be used to modify the effect of the IOPL on I/O sensitive instructions, 
allowing access to some I/O ports by less privileged programs or tasks (see Section 19.5.2, “I/O Permission Bit 
Map”). 


A program or task can change its IOPL only with the POPF and IRET instructions; however, such changes are privi- 
leged. No procedure may change the current IOPL unless it is running at privilege level 0. An attempt by a less priv- 
ileged procedure to change the IOPL does not result in an exception; the IOPL simply remains unchanged. 


The POPF instruction also may be used to change the state of the IF flag (as can the CLI and STI instructions); 
however, the POPF instruction in this case is also I/O sensitive. A procedure may use the POPF instruction to change 
the setting of the IF flag only if the CPL is less than or equal to the current IOPL. An attempt by a less privileged 
procedure to change the IF flag does not result in an exception; the IF flag simply remains unchanged. 


19.5.2 1/0 Permission Bit Map 


The I/O permission bit map is a device for permitting limited access to I/O ports by less privileged programs or 
tasks and for tasks operating in virtual-8086 mode. The I/O permission bit map is located in the TSS (see 

Figure 19-2) for the currently running task or program. The address of the first byte of the I/O permission bit map 
is given in the I/O map base address field of the TSS. The size of the I/O permission bit map and its location in the 
TSS are variable. 


Task State Segment (TSS) 
31 24 23 0 


1 A A ot 


Last byte of 
bitmap must be 
followed by a 


oe ay I/O Permission Bit Map 
I/O map base rE /(O Map Base 64H 
must not 

° S 


exceed DFFFH. 


Figure 19-2. I/O Permission Bit Map 


Because each task has its own TSS, each task has its own I/O permission bit map. Access to individual I/O ports 
can thus be granted to individual tasks. 


If in protected mode and the CPL is less than or equal to the current IOPL, the processor allows all I/O operations 
to proceed. If the CPL is greater than the IOPL or if the processor is operating in virtual-8086 mode, the processor 
checks the I/O permission bit map to determine if access to a particular I/O port is allowed. Each bit in the map 
corresponds to an I/O port byte address. For example, the control bit for I/O port address 29H in the I/O address 
space is found at bit position 1 of the sixth byte in the bit map. Before granting I/O access, the processor tests all 
the bits corresponding to the I/O port being addressed. For a doubleword access, for example, the processors tests 
the four bits corresponding to the four adjacent 8-bit port addresses. If any tested bit is set, a general-protection 
exception (#GP) is signaled. If all tested bits are clear, the I/O operation is allowed to proceed. 
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Because I/O port addresses are not necessarily aligned to word and doubleword boundaries, the processor reads 
two bytes from the I/O permission bit map for every access to an I/O port. To prevent exceptions from being gener- 
ated when the ports with the highest addresses are accessed, an extra byte needs to be included in the TSS imme- 
diately after the table. This byte must have all of its bits set, and it must be within the segment limit. 


It is not necessary for the I/O permission bit map to represent all the I/O addresses. I/O addresses not spanned by 
the map are treated as if they had set bits in the map. For example, if the TSS segment limit is 10 bytes past the 
bit-map base address, the map has 11 bytes and the first 80 I/O ports are mapped. Higher addresses in the I/O 
address space generate exceptions. 


If the I/O bit map base address is greater than or equal to the TSS segment limit, there is no I/O permission map, 
and all I/O instructions generate exceptions when the CPL is greater than the current IOPL. 


19.6 ORDERING I/O 


When controlling I/O devices it is often important that memory and I/O operations be carried out in precisely the 
order programmed. For example, a program may write a command to an I/O port, then read the status of the I/O 
device from another I/O port. It is important that the status returned be the status of the device after it receives 
the command, not before. 


When using memory-mapped I/O, caution should be taken to avoid situations in which the programmed order is 
not preserved by the processor. To optimize performance, the processor allows cacheable memory reads to be 
reordered ahead of buffered writes in most situations. Internally, processor reads (cache hits) can be reordered 
around buffered writes. When using memory-mapped I/O, therefore, it is possible that an I/O read might be 
performed before the memory write of a previous instruction. The recommended method of enforcing program 
ordering of memory-mapped I/O accesses with the Pentium 4, Intel Xeon, and P6 family processors is to use the 
MTRRs to make the memory mapped I/O address space uncacheable; for the Pentium and Intel486 processors, 
either the KEN# pin or the PCD flags can be used for this purpose (see Section 19.3.1, ‘“Memory-Mapped I/O”). 


When the target of a read or write is in an uncacheable region of memory, memory reordering does not occur 
externally at the processor's pins (that is, reads and writes appear in-order). Designating a memory mapped I/O 
region of the address space as uncacheable ensures that reads and writes of I/O devices are carried out in program 
order. See Chapter 11, “Memory Cache Control” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3A, for more information on using MTRRs. 


Another method of enforcing program order is to insert one of the serializing instructions, such as the CPUID 
instruction, between operations. See Chapter 8, “Multiple-Processor Management” in the Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 3A, for more information on serialization of instructions. 


It should be noted that the chip set being used to support the processor (bus controller, memory controller, and/or 
I/O controller) may post writes to uncacheable memory which can lead to out-of-order execution of memory 
accesses. In situations where out-of-order processing of memory accesses by the chip set can potentially cause 
faulty memory-mapped I/O processing, code must be written to force synchronization and ordering of I/O opera- 
tions. Serializing instructions can often be used for this purpose. 


When the I/O address space is used instead of memory-mapped I/O, the situation is different in two respects: 


¢ The processor never buffers I/O writes. Therefore, strict ordering of I/O operations is enforced by the 
processor. (As with memory-mapped I/O, it is possible for a chip set to post writes in certain I/O ranges.) 


¢ The processor synchronizes I/O instruction execution with external bus activity (see Table 19-1). 
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Table 19-1. 1/0 Instruction Serialization 


Processor Delays Execution of ... Until Completion of ... 
Instruction Being 
Executed Current Instruction? Next Instruction? Pending Stores? Current Store? 
IN Yes Yes 
INS Yes Yes 
REP INS Yes Yes 
OUT Yes Yes Yes 
OUTS Yes Yes Yes 
REP OUTS Yes Yes Yes 
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CHAPTER 20 
PROCESSOR IDENTIFICATION AND FEATURE DETERMINATION 


When writing software intended to run on IA-32 processors, it is necessary to identify the type of processor present 
in a system and the processor features that are available to an application. 


20.1 USING THE CPUID INSTRUCTION 


Use the CPUID instruction for processor identification in the Pentium M processor family, Pentium 4 processor 
family, Intel Xeon processor family, P6 family, Pentium processor, and later Intel486 processors. This instruction 
returns the family, model and (for some processors) a brand string for the processor that executes the instruction. 
It also indicates the features that are present in the processor and gives information about the processor’s caches 
and TLB. 


The ID flag (bit 21) in the EFLAGS register indicates support for the CPUID instruction. If a software procedure can 
set and clear this flag, the processor executing the procedure supports the CPUID instruction. The CPUID instruc- 
tion will cause the invalid opcode exception (#UD) if executed on a processor that does not support it. 


To obtain processor identification information, a source operand value is placed in the EAX register to select the 
type of information to be returned. When the CPUID instruction is executed, selected information is returned in the 
EAX, EBX, ECX, and EDX registers. For a complete description of the CPUID instruction, tables indicating values 
returned, and example code, see CPUID—CPU Identification in Chapter 3 of the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 2A. 


20.1.1 Notes on Where to Start 
The following guidelines are among the most important, and should always be followed when using the CPUID 
instruction to determine available features: 


¢ Always begin by testing for the “GenuineIntel,” message in the EBX, EDX, and ECX registers when the CPUID 
instruction is executed with EAX equal to 0. If the processor is not genuine Intel, the feature identification flags 
may have different meanings than are described in Intel documentation. 


° Test feature identification flags individually and do not make assumptions about undefined bits. 


20.1.2 Identification of Earlier IA-32 Processors 


The CPUID instruction is not available in earlier IA-32 processors up through the earlier Intel486 processors. For 
these processors, several other architectural features can be exploited to identify the processor. 


The settings of bits 12 and 13 (IOPL), 14 (NT), and 15 (reserved) in the EFLAGS register are different for Intel’s 32- 
bit processors than for the Intel 8086 and Intel 286 processors. By examining the settings of these bits (with the 
PUSHF/PUSHFD and POPF/POPFD instructions), an application program can determine whether the processor is an 
8086, Intel 286, or one of the Intel 32-bit processors: 


* 8086 processor — Bits 12 through 15 of the EFLAGS register are always set. 

¢ Intel 286 processor — Bits 12 through 15 are always clear in real-address mode. 

° 32-bit processors — In real-address mode, bit 15 is always clear and bits 12 through 14 have the last value 
loaded into them. In protected mode, bit 15 is always clear, bit 14 has the last value loaded into it, and the IOPL 
bits depend on the current privilege level (CPL). The IOPL field can be changed only if the CPL is 0. 

Other EFLAGS register bits that can be used to differentiate between the 32-bit processors: 


¢ Bit 18 (AC) — Implemented only on the Pentium 4, Intel Xeon, P6 family, Pentium, and Intel486 processors. 
The inability to set or clear this bit distinguishes an Intel386 processor from the later IA-32 processors. 


¢ Bit 21 (ID) — Determines if the processor is able to execute the CPUID instruction. The ability to set and clear 
this bit indicates that it is a Pentium 4, Intel Xeon, P6 family, Pentium, or later-version Intel486 processor. 
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To determine whether an x87 FPU or Numeric Processor Extension (NPX) is present in a system, applications can 
write to the x87 FPU status and control registers using the FNINIT instruction and then verify that the correct 
values are read back using the FNSTENV instruction. 


After determining that an x87 FPU or NPX is present, its type can then be determined. In most cases, the processor 
type will determine the type of FPU or NPX; however, an Intel386 processor is compatible with either an Intel 287 
or Intel 387 math coprocessor. 


The method the coprocessor uses to represent - (after the execution of the FINIT, FNINIT, or RESET instruction) 
indicates which coprocessor is present. The Intel 287 math coprocessor uses the same bit representation for +0 
and —co; whereas, the Intel 387 math coprocessor uses different representations for +o and —~~. 
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APPENDIX A 
EFLAGS CROSS-REFERENCE 


A.1 EFLAGS AND INSTRUCTIONS 


Table A-2 summarizes how the instructions affect the flags in the EFLAGS register. The following codes describe 
how the flags are affected. 


Table A-1. Codes Describing Flags 


Instruction tests flag. 


T 
M Instruction modifies flag (either sets or resets depending on operands). 
0 Instruction resets flag. 

1 Instruction sets flag. 

— Instruction’s effect on flag is undefined. 


R Instruction restores prior value of flag. 


Blank Instruction does not affect flag. 


Table A-2. EFLAGS Cross-Reference 

Instruction OF SF ZF AF PF CF TF IF DF NT RF 
AAA _ _ — T™ _ M 
AAD — 
AAM _ 
AAS _ — _ T™ _ M 
ADC M M M M M ™ 
ADD M M M M M 
0 M M M 

M 


AND 
ARPL 
BOUND 
BSF/BSR a — M a a a 
BSWAP 
BT/BTS/BTR/BTC = = = = M 
CALL 
CBW 
CLC 0 
CLD 0 
CLI 0 
CLTS 
CMC 
CMOVcc T T T T T 
CMP M M M M 
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Table A-2. EFLAGS Cross-Reference (Contd.) 


Instruction 


OF 


SF 


ZF 


AF 


PF 


CF 


TF 


DF 


NT 


RF 


CMPS 


M 


M 


M 


CMPXCHG 


M 


M 


M 


CMPXCHG8B 


COMISD 


COMISS 


Z\/3/48/8/58 


x 


CPUID 


CwD 


DAA 


x 


x 


™ 


x 


™ 


DAS 


x 


x 


™ 


x 


™ 


DEC 


x 


x 


x 


DIV 


ENTER 


ESC 


FCMOVcc 


FCOMI, FCOMIP, FUCOMI, FUCOMIP 


HLT 


IDIV 


IMUL 


INT 


INTO 


INVD 


INVLPG 


UCOMISD 


UCOMISS 


IRET 


Jcc 


o4|w)o|;o 


4) wvm;o/;o 


4H) vA\|s\|s 


4/ | s\/5 


4H, vA\|s\/s 


JCXzZ 


|MP 


LAHF 


LAR 


LDS/LES/LSS/LFS/LGS 


LEA 


LEAVE 


LGDT/LIDT/LLDT/LMSW 


LOCK 
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Table A-2. EFLAGS Cross-Reference (Contd.) 


EFLAGS CROSS-REFERENCE 


Instruction 


OF 


SF 


ZF 


AF 


PF 


CF 


TF 


DF NT RF 


LODS 


LOOP 


LOOPE/LOOPNE 


LSL 


LTR 


MONITOR 


MWAIT 


MOV 


MOV control, debug, test 


MOVS 


MOVSX/MOVZX 


MUL 


NEG 


NOP 


NOT 


OR 


OUT 


OUTS 


POP/POPA 


POPF 


PUSH/PUSHA/PUSHF 


RCL/RCR 1 


™ 


RCL/RCR count 


™ 


RDMSR 


RDPMC 


RDTSC 


REP/REPE/REPNE 


RET 


ROL/ROR 1 


ROL/ROR count 


RSM 


SAHF 


SAL/SAR/SHL/SHR 1 


SAL/SAR/SHL/SHR count 


Z| S3\/a\ 3/5/53 


SBB 


SCAS 


SETcc 


4\/3/ 


a4\/S/S/3/85/D/8 


a\/Ss/s|\/3/8\/a/\8 


Aa\/S/S/8/8/0/8 


SGDT/SIDT/SLDT/SMSW 
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Table A-2. EFLAGS Cross-Reference (Contd.) 


Instruction 


OF 


SF 


ZF 


AF 


PF 


CF 


TF 


DF 


NT 


RF 


SHLD/SHRD 


M 


M 


M 


STC 


STD 


STI 


STOS 


STR 


SUB 


TEST 


UD 


VERR/VERRW 


WAIT 


WBINVD 


WRMSR 


XADD 


XCHG 


XLAT 


XOR 
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EFLAGS CONDITION CODES 


B.1 CONDITION CODES 

Table B-1 lists condition codes that can be queried using CMOVcc, FCMOVcc, Jcc, and SETcc. Condition codes refer 
to the setting of one or more status flags (CF, OF, SF, ZF, and PF) in the EFLAGS register. In the table below: 

¢ The “Mnemonic” column provides the suffix (cc) added to the instruction to specify a test condition. 

* “Condition Tested For” describes the targeted condition. 

¢ “Instruction Subcode” provides the opcode suffix added to the main opcode to specify the test condition. 

¢ “Status Flags Setting” describes the flag setting. 


Table B-1. EFLAGS Condition Codes 


Instruction 
Mnemonic (cc) Condition Tested For Subcode Status Flags Setting 
) Overflow 0000 OF =1 
NO No overflow 0001 OF =0 
B Below 0010 CF=1 
NAE Neither above nor equal 
NB Not below 0011 CF=0 
AE Above or equal 
E Equal 0100 ZF=1 
Z Zero 
NE Not equal 0101 ZF=0 
NZ Not zero 
BE Below or equal 0110 (CF OR ZF) = 1 
NA Not above 
NBE Neither below nor equal 0111 (CF OR ZF) = 0 
A Above 
S Sign 1000 SF =1 
NS No sign 1001 SF =0 
P Parity 1010 PF=1 
PE Parity even 
NP No parity 1011 PF=0 
PO Parity odd 
L Less 1100 (SF XOR OF) = 1 
NGE Neither greater nor equal 
NL Not less 1101 (SF XOR OF) = 0 
GE Greater or equal 
LE Less or equal 1110 ((SF XOR OF) OR ZF) = 1 
NG Not greater 
NLE Neither less nor equal 1111 ((SF XOR OF) OR ZF) = 0 
G Greater 


Many of the test conditions are described in two different ways. For example, LE (less or equal) and NG (not 
greater) describe the same test condition. Alternate mnemonics are provided to make code more intelligible. 
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The terms “above” and “below” are associated with the CF flag and refer to the relation between two unsigned 
integer values. The terms “greater” and “less” are associated with the SF and OF flags and refer to the relation 
between two signed integer values. 
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APPENDIX C 
FLOATING-POINT EXCEPTIONS SUMMARY 


C.1 OVERVIEW 


This appendix shows which of the floating-point exceptions can be generated for: 
°® x87 FPU instructions — see Table C-2 

¢ SSE instruction — see Table C-3 

¢ SSE2 instructions — see Table C-4 

¢ SSE3 instructions — see Table C-5 

° SSE4 instructions — see Table C-6 


Table C-1 lists types of floating-point exceptions that potentially can be generated by the x87 FPU and by 
SSE/SSE2/SSE3 instructions. 


Table C-1. x87 FPU and SIMD Floating-Point Exceptions 


Floating- 

point 

Exception Description 

#IS Invalid-operation exception for stack underflow or stack overflow (can only be generated for x87 FPU instructions)* 
#IA or #Il Invalid-operation exception for invalid arithmetic operands and unsupported formats* 
#D Denormal-operand exception 

#Z Divide-by-zero exception 

#0 Numeric-overflow exception 

#U Numeric-underflow exception 

#P Inexact-result (precision) exception 

NOTE: 


* The x87 FPU instruction set generates two types of invalid-operation exceptions: #IS (stack underflow or stack overflow) and #IA 
(invalid arithmetic operation due to invalid arithmetic operands or unsupported formats). SSE/SSE2/SSE3 instructions potentially 
generate #1 (invalid operation exceptions due to invalid arithmetic operands or unsupported formats). 


The floating point exceptions shown in Table C-1 (except for #D and #I1S) are defined in IEEE Standard 754-1985 
for Binary Floating-Point Arithmetic. See Section 4.9.1, “Floating-Point Exception Conditions,” for a detailed discus- 
sion of floating-point exceptions. 


C.2 X87 FPU INSTRUCTIONS 


Table C-2 lists the x87 FPU instructions in alphabetical order. For each instruction, it summarizes the floating-point 
exceptions that the instruction can generate. 


Table C-2. Exceptions Generated with x87 FPU Floating-Point Instructions 


Mnemonic Instruction #IS | #IA | #D | #Z | #0 | HU | #P 
F2XM1 Exponential Y Y Y Y Y 
FABS Absolute value Y 
FADD(P) Add floating-point Y;| Y/Y Y) YY 
FBLD BCD load Y 
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Table C-2. Exceptions Generated with x87 FPU Floating-Point Instructions (Contd.) 
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Mnemonic Instruction #IS | #IA | #D | #Z | #0 | HU | #P 
FBSTP BCD store and pop Y Y Y 
FCHS Change sign Y 
FCLEX Clear exceptions 
FCMOVcc Floating-point conditional move 
FCOM, FCOMP, FCOMPP Compare floating-point Y 
FCOMI, FCOMIP, FUCOMI, Compare floating-point and set EFLAGS Y 
FUCOMIP 
FCOS Cosine Y Y Y Y 
FDECSTP Decrement stack pointer 
FDIV(R)(P) Divide floating-point Y;)/Y]}Y¥]}Y¥]}Y]_Y]Y 
FFREE Free register 
FIADD Integer add Y Y Y Y Y Y 
FICOM(P) Integer compare Y Y Y 
FIDIV Integer divide Y Y Y Y 
FIDIVR Integer divide reversed Y Y Y Y Y 
FILD Integer load Y 
FIMUL Integer multiply Y Y Y Y Y Y 
FINCSTP Increment stack pointer 
FINIT Initialize processor 
FIST(P) Integer store Y 
FISTTP Truncate to integer Y 

(SSE3 instruction) 

FISUB(R) Integer subtract Y Y Y Y) YY 
FLD extended or stack Load floating-point Y 
FLD single or double Load floating-point Y Y Y 
FLD1 Load + 1.0 Y 
FLDCW Load Control word Y Y Y 4 
FLDENV Load environment Y ¥ Y ¥ 
FLDLZE Load logze Y 
FLDL2T Load logz10 Y 
FLDLG2 Load log; 92 Y 
FLDLN2 Load loge2 Y 
FLDPI Load x Y 
FLDZ Load + 0.0 MA 
FMUL(P) Multiply floating-point Y Y Y Y Y Y 
FNOP No operation 
FPATAN Partial arctangent Y Y Y 
FPREM Partial remainder Y 
FPREM1 IEEE partial remainder Y 
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Table C-2. Exceptions Generated with x87 FPU Floating-Point Instructions (Contd.) 


Mnemonic Instruction #IS | #IA | #D | #Z | #0 | #U | #P 

FPTAN Partial tangent Y Y 
FRNDINT Round to integer Y 
FRSTOR Restore state Y Y Y;|Y}Y}Y4Y 
FSAVE Save state 
FSCALE Scale Y/ Y/Y Y Y 
FSIN Sine Y/Y]Y Y 
FSINCOS Sine and cosine Y Y Y Y 
FSQRT Square root Y Y Y Y 
FST(P) stack or extended | Store floating-point Y 
FST(P) single or double Store floating-point Y Y Y Y Y 
FSTCW Store control word 
FSTENV Store environment 
FSTSW (AX) Store status word 
FSUB(R)(P) Subtract floating-point Y Y|Y]Y 
FTST Test Y 
FUCOM(P)(P) Unordered compare floating-point Y 
FWAIT CPU Wait 
FXAM Examine 
FXCH Exchange registers Y 
FXTRACT Extract Y Y 
FYL2X Logarithm Y Y 
FYL2XP1 Logarithm epsilon Y Y 

Os SSE INSTRUCTIONS 

Table C-3 lists SSE instructions with at least one of the following characteristics: 

¢ have floating-point operands 

°* generate floating-point results 

¢ read or write floating-point status and control information 

The table also summarizes the floating-point exceptions that each instruction can generate. 

Table C-3. Exceptions Generated with SSE Instructions 
Mnemonic Instruction #1 | #D | #Z | #0 | #U | #P 

ADDPS Packed add. Y 
ADDSS Scalar add. Y 
ANDNPS Packed logical INVERT and AND. 
ANDPS Packed logical AND. 
CMPPS Packed compare. 
CMPSS Scalar compare. 
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Table C-3. Exceptions Generated with SSE Instructions (Contd.) 


Mnemonic Instruction #1 | #D | #Z | #0 | #U | #P 

COMISS Scalar ordered compare lower SP FP numbers and set the status Y Y 
flags. 

CVTPI2ZPS Convert two 32-bit signed integers from MM2/Mem to two SP FP. Y 

CVTPS2PI Convert lower two SP FP from XMM/Mem to two 32-bit signed Y 
integers in MM using rounding specified by MXCSR. 

CVTSI2SS Convert one 32-bit signed integer from Integer Reg/Mem to one Y 
SP FP. 

CVTSS2SI Convert one SP FP from XMM/Mem to one 32-bit signed integer Y Y 
using rounding mode specified by MXCSR, and move the result to 
an integer register. 

CVTTPS2PI Convert two SP FP from XMM2/Mem to two 32-bit signed Y Y 
integers in MM1 using truncate. 

CVTTSS2SI Convert lowest SP FP from XMM/Mem to one 32-bit signed Y Y 
integer using truncate, and move the result to an integer register. 

DIVPS Packed divide. 

DIVSS Scalar divide. Mi Y Y Y 

LDMXCSR Load control/status word. 

MAXPS Packed maximum. ¥ Y 

MAXSS Scalar maximum. Y Y 

MINPS Packed minimum. Y Y 

MINSS Scalar minimum. ¥ Y 

MOVAPS Move four packed SP values. 

MOVHLPS Move packed SP high to low. 

MOVHPS Move two packed SP values between memory and the high half of 
an XMM register. 

MOVLHPS Move packed SP low to high. 

MOVLPS Move two packed SP values between memory and the low half of 
an XMM register. 

MOVMSKPS Move sign mask to r32. 

MOVSS Move scalar SP number between an XMM register and memory or 
a second XMM register. 

MOVUPS Move unaligned packed data. 

MULPS Packed multiply. 

MULSS Scalar multiply. 

ORPS Packed OR. 

RCPPS Packed reciprocal. 

RCPSS Scalar reciprocal. 

RSQRTPS Packed reciprocal square root. 

RSQRTSS Scalar reciprocal square root. 

SHUFPS Shuffle. 

SQRTPS Square Root of the packed SP FP numbers. 

SQRTSS Scalar square root. 
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Table C-3. Exceptions Generated with SSE Instructions (Contd.) 


Mnemonic Instruction #1 | #D | #Z | #0 | #U | #P 
STMXCSR Store control/status word. 
SUBPS Packed subtract. 
SUBSS Scalar subtract. 
UCOMISS Unordered compare lower SP FP numbers and set the status flags. 
UNPCKHPS Interleave SP FP numbers. 
UNPCKLPS Interleave SP FP numbers. 
XORPS Packed XOR. 


C.4 SSE2 INSTRUCTIONS 


Table C-4 lists SSE2 instructions with at least one of the following characteristics: 


¢ floating-point operands 


¢ floating point results 


For each instruction, the table summarizes the floating-point exceptions that the instruction can generate. 


Table C-4. Exceptions Generated with SSE2 Instructions 


Instruction Description #1 | #D | #Z | #0 | HU | #P 
ADDPD Add two packed DP FP numbers from XMM2/Mem to XMM1. Y Y 
ADDSD Add the lower DP FP number from XMM2/Mem to XMM1. Y Y 
ANDNPD Invert the 128 bits in XMM1and then AND the result with 128 bits 
from XMM2/Mem. 
ANDPD Logical And of 128 bits from XMM2/Mem to XMM1 register. 
CMPPD Compare packed DP FP numbers from XMM2/Mem to packed DP Y Y 
FP numbers in XMM1 register using imm8 as predicate. 
CMPSD Compare lowest DP FP number from XMM2/Mem to lowest DP FP | Y Y 
number in XMM1 register using imm8 as predicate. 
COMISD Compare lower DP FP number in XMM1 register with lower DPFP | Y Y 
number in XMM2/Mem and set the status flags accordingly 
CVTDQ2PS Convert four 32-bit signed integers from XMM/Mem to four SP FP. 
CVTPS2DQ Convert four SP FP from XMM/Mem to four 32-bit signed integers | Y 
in XMM using rounding specified by MXCSR. 
CVTTPS2DQ Convert four SP FP from XMM/Mem to four 32-bit signed integers | Y Y 
in XMM using truncate. 
CVTDQ2PD Convert two 32-bit signed integers in XMM2/Mem to 2 DP FP in 
xmm1 using rounding specified by MXCSR. 
CVTPD2DQ Convert two DP FP from XMM2/Mem to two 32-bit signed Y Y 
integers in xmm1 using rounding specified by MXCSR. 
CVTPD2PI Convert lower two DP FP from XMM/Mem to two 32-bit signed Y Y 
integers in MM using rounding specified by MXCSR. 
CVTPD2PS Convert two DP FP to two SP FP. Y Y Y Y Y 
CVTPI2PD Convert two 32-bit signed integers from MM2/Mem to two DP FP. 
CVTPS2PD Convert two SP FP to two DP FP. Y Y 
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Table C-4. Exceptions Generated with SSE2 Instructions (Contd.) 


Instruction 


Description 


#l 


#D 


#Z 


#0 


#U 


#P 


CVTSD2SI 


Convert one DP FP from XMM/Mem to one 32 bit signed integer 
using rounding mode specified by MXCSR, and move the result to 
an integer register. 


Y 


CVTSD2SS 


Convert scalar DP FP to scalar SP FP. 


CVTSI2SD 


Convert one 32-bit signed integer from Integer Reg/Mem to one 
DP FP. 


CVTSS2SD 


Convert scalar SP FP to scalar DP FP. 


CVTTPD2DQ 


Convert two DP FP from XMM2/Mem to two 32-bit signed 
integers in XMM1 using truncate. 


CVTTPD2PI 


Convert two DP FP from XMM2/Mem to two 32-bit signed 
integers in MM1 using truncate. 


CVTTSD2SI 


Convert lowest DP FP from XMM/Mem to one 32 bit signed 
integer using truncate, and move the result to an integer register. 


DIVPD 


Divide packed DP FP numbers in XMM1 by XMM2/Mem 


DIVSD 


Divide lower DP FP numbers in XMM1 by XMM2/Mem 


MAXPD 


Return the maximum DP FP numbers between XMM2/Mem and 
XMM1. 


MAXSD 


Return the maximum DP FP number between the lower DP FP 
numbers from XMM2/Mem and XMM1. 


MINPD 


Return the minimum DP numbers between XMM2/Mem and 
XMM1. 


MINSD 


Return the minimum DP FP number between the lowest DP FP 
numbers from XMM2/Mem and XMM1. 


MOVAPD 


Move 128 bits representing 2 packed DP data from XMM2/Mem to 
XMM1 register. 


Or Move 128 bits representing 2 packed DP from XMM1 register 
to XMM2/Mem. 


MOVHPD 


Move 64 bits representing one DP operand from Mem to upper 
field of XMM register. 


Or move 64 bits representing one DP operand from upper field of 
XMM register to Mem. 


MOVLPD 


Move 64 bits representing one DP operand from Mem to lower 
field of XMM register. 


Or move 64 bits representing one DP operand from lower field of 
XMM register to Mem. 


MOVMSKPD 


Move the sign mask to r32. 


MOVSD 


Move 64 bits representing one scalar DP operand from 
XMM2/Mem to XMM1 register. 


Or move 64 bits representing one scalar DP operand from XMM1 
register to XMM2/Mem. 


MOVUPD 


Move 128 bits representing 2 DP data from XMM2/Mem to XMM1 
register. 


Or move 128 bits representing 2 DP data from XMM1 register to 
XMM2/Mem. 


MULPD 
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Multiply packed DP FP numbers in XMM2/Mem to XMM1. 
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Table C-4. Exceptions Generated with SSE2 Instructions (Contd.) 


Instruction Description #1 | #D | #Z | #0 | HU | #P 
MULSD Multiply the lowest DP FP number in XMM2/Mem to XMM1. Y Y Y Y Y 
ORPD OR 128 bits from XMM2/Mem to XMM1 register. 
SHUFPD Shuffle Double. 
SQRTPD Square Root Packed Double-Precision Y Y Y 
SQRTSD Square Root Scaler Double-Precision Y Y Y 
SUBPD Subtract Packed Double-Precision. Y Y Y Y 
SUBSD Subtract Scaler Double-Precision. Y Y Y Y 
UCOMISD Compare lower DP FP number in XMM1 register with lower DPFP | Y Y 
number in XMM2/Mem and set the status flags accordingly. 
UNPCKHPD Interleaves DP FP numbers from the high halves of XMM1 and 
XMM2/Mem into XMM1 register. 
UNPCKLPD Interleaves DP FP numbers from the low halves of XMM1 and 
XMM2/Mem into XMM1 register. 
XORPD XOR 128 bits from XMM2/Mem to XMM1 register. 
C.5 SSE3 INSTRUCTIONS 
Table C-5 lists the SSE3 instructions that have at least one of the following characteristics: 
° have floating-point operands 
°* generate floating-point results 
For each instruction, the table summarizes the floating-point exceptions that the instruction can generate. 
Table C-5. Exceptions Generated with SSE3 Instructions 
Instruction Description #1 | #D | #Z | #0 | #U | #P 
ADDSUBPD Add /Sub packed DP FP numbers from XMM2/Mem to XMM1. Y Y Y Y Y 
ADDSUBPS Add /Sub packed SP FP numbers from XMM2/Mem to XMM1. Y Y Y Y Y 
FISTTP See Table C-2. Y Y 
HADDPD Add horizontally packed DP FP numbers XMM2/Mem to XMM1. Y Y Y Y Y 
HADDPS Add horizontally packed SP FP numbers XMM2/Mem to XMM1 Y Y Y Y Y 
HSUBPD Sub horizontally packed DP FP numbers XMM2/Mem to XMM1 Y Y Y Y Y 
HSUBPS Sub horizontally packed SP FP numbers XMM2/Mem to XMM1 Y Y Y Y Y 


Other SSE3 instructions do not generate floating-point exceptions. 


C.6 


C.7 


SSSE3 INSTRUCTIONS 


SSSE3 instructions operate on integer data elements. They do not generate floating-point exceptions. 


SSE4 INSTRUCTIONS 


Table C-6 lists the SSE4.1 instructions that generate floating-point results. 


For each instruction, the table summarizes the floating-point exceptions that the instruction can generate. 
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Table C-6. Exceptions Generated with SSE4 Instructions 


Instruction Description #1 |) 4D | #Z | #0 | HU | #P 
DPPD DP FP dot product. Y Y Y Y Y 
DPPS SP FP dot product. Y Y Y Y Y 
ROUNDPD Round packed DP FP values to integer FP values. Y yl 
ROUNDPS Round packed SP FP values to integer FP values. Y yl 
ROUNDSD Round scalar DP FP value to integer FP value. Y yl 
ROUNDSS Round scalar SP FP value to integer FP value. Y yl 
NOTES: 


1. If bit 3 of immediate operand is 0 


Other SSE4.1 instructions and SSE4.2 instructions do not generate floating-point exceptions. 
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See Section 11.5, “SSE, SSE2, and SSE3 Exceptions,” for a detailed discussion of SIMD floating-point exceptions. 


This appendix considers only SSE/SSE2/SSE3 instructions that can generate numeric (SIMD floating-point) excep- 
tions, and gives an overview of the necessary support for handling such exceptions. This appendix does not 
address instructions that do not generate floating-point exceptions (such as RSQRTSS, RSQRTPS, RCPSS, or 
RCPPS), any x87 instructions, or any unlisted instruction. 


For detailed information on which instructions generate numeric exceptions, and a listing of those exceptions, refer 
to Appendix C, “Floating-Point Exceptions Summary.” Non-numeric exceptions are handled in a way similar to that 
for the standard IA-32 instructions. 


D.1 TWO OPTIONS FOR HANDLING FLOATING-POINT EXCEPTIONS 


Just as for x87 FPU floating-point exceptions, the processor takes one of two possible courses of action when an 
SSE/SSE2/SSE3 instruction raises a floating-point exception: 


° If the exception being raised is masked (by setting the corresponding mask bit in the MXCSR to 1), thena 
default result is produced which is acceptable in most situations. No external indication of the exception is 
given, but the corresponding exception flags in the MXCSR are set and may be examined later. Note though 
that for packed operations, an exception flag that is set in the MXCSR will not tell which of the sub-operands 
caused the event to occur. 


¢ If the exception being raised is not masked (by setting the corresponding mask bit in the MXCSR to 0), a 
software exception handler previously registered by the user with operating system support will be invoked 
through the SIMD floating-point exception (#XM, exception 19). This case is discussed below in Section D.2, 
“Software Exception Handling.” 


D.2 SOFTWARE EXCEPTION HANDLING 


The #XM handler is usually part of the system software (the operating system kernel). Note that an interrupt 
descriptor table (IDT) entry must have been previously set up for exception 19 (refer to Chapter 6, “Interrupt and 
Exception Handling,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A). Some 
compilers use specific run-time libraries to assist in floating-point exception handling. If any x87 FPU floating-point 
operations are going to be performed that might raise floating-point exceptions, then the exception handling 
routine must either disable all floating-point exceptions (for example, loading a local control word with FLDCW), or 
it must be implemented as re-entrant. If this is not the case, the routine has to clear the status flags for x87 FPU 
exceptions or to mask all x87 FPU floating-point exceptions. For SIMD floating-point exceptions though, the excep- 
tion flags in MXCSR do not have to be cleared, even if they remain unmasked (but they may still be cleared). Excep- 
tions are in this case precise and occur immediately, and a SIMD floating-point exception status flag that is set 
when the corresponding exception is unmasked will not generate an exception. 


Typical actions performed by this low-level exception handling routine are: 
¢ Incrementing an exception counter for later display or printing 
¢ Printing or displaying diagnostic information (e.g. the MXCSR and XMM registers) 


¢ Aborting further execution, or using the exception pointers to build an instruction that will run without 
exception and executing it 


° Storing information about the exception in a data structure that will be passed to a higher level user exception 
handler 


In most cases (and this applies also to SSE/SSE2/SSE3 instructions), there will be three main components of a low- 
level floating-point exception handler: a prologue, a body, and an epilogue. 
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The prologue performs functions that must be protected from possible interruption by higher-priority sources - 
typically saving registers and transferring diagnostic information from the processor to memory. When the critical 
processing has been completed, the prologue may re-enable interrupts to allow higher-priority interrupt handlers 
to preempt the exception handler (assuming that the interrupt handler was called through an interrupt gate, 
meaning that the processor cleared the interrupt enable (IF) flag in the EFLAGS register - refer to Section 6.5.1, 
“Call and Return Operation for Interrupt or Exception Handling Procedures”). 


The body of the exception handler examines the diagnostic information and makes a response that is application- 
dependent. It may range from halting execution, to displaying a message, to attempting to fix the problem and 
then proceeding with normal execution, to setting up a data structure, calling a higher-level user exception handler 
and continuing execution upon return from it. This latter case will be assumed in Section D.4, “SIMD Floating-Point 
Exceptions and the IEEE Standard 754” below. 


Finally, the epilogue essentially reverses the actions of the prologue, restoring the processor state so that normal 
execution can be resumed. 


The following example represents a typical exception handler. To link it with Example D-2 that will follow in Section 
D.4.3, “Example SIMD Floating-Point Emulation Implementation,” assume that the body of the handler (not shown 
here in detail) passes the saved state to a routine that will examine in turn all the sub-operands of the excepting 
instruction, invoking a user floating-point exception handler if a particular set of sub-operands raises an unmasked 
(enabled) exception, or emulating the instruction otherwise. 


Example D-1. SIMD Floating-Point Exception Handler 
SIMD_FP_EXC_HANDLER PROC 


;PROLOGUE 
SAVE REGISTERS THAT MIGHT BE USED BY THE EXCEPTION HANDLER 
PUSH EBP SAVE EBP 
PUSH EAX SAVE EAX 
MOV EBP, ESP SAVE ESP in EBP 
SUB ESP, 512 ;ALLOCATE 512 BYTES 
AND ESP, OfffffffOh *MAKE THE ADDRESS 16-BYTE ALIGNED 
FXSAVE [ESP] SAVE FP, MMX, AND SIMD FP STATE 
PUSH [EBP+EFLAGS_OFFSET] ;COPY OLD EFLAGS TO STACK TOP 
POPFD ;RESTORE THE INTERRUPT ENABLE FLAG IF 
‘TO VALUE BEFORE SIMD FP EXCEPTION 
;BODY 
;APPLICATION-DEPENDENT EXCEPTION HANDLING CODE GOES HERE 
LDMXCSR LOCAL_MXCSR ;LOAD LOCAL MXCSR VALUE IF NEEDED 
;EPILOGUE 
FXRSTOR [ESP] ;RESTORE MODIFIED STATE IMAGE 
MOV ESP, EBP ;DE-ALLOCATE STACK SPACE 
POP EAX ;RESTORE EAX 
POP EBP ;RESTORE EBP 
IRET ‘RETURN TO INTERRUPTED CALCULATION 


SIMD_FP_EXC_HANDLER ENDP 
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D.3 EXCEPTION SYNCHRONIZATION 


An SSE/SSE2/SSE3 instruction can execute in parallel with other similar instructions, with integer instructions, and 
with floating-point or MMX instructions. Unlike for x87 instructions, special precaution for exception synchroniza- 
tion is not necessary in this case. This is because floating-point exceptions for SSE/SSE2/SSE3 instructions occur 
immediately and are not delayed until a subsequent floating-point instruction is executed. However, floating- 
point emulation may be necessary when unmasked floating-point exceptions are generated. 


D.4 SIMD FLOATING-POINT EXCEPTIONS AND THE IEEE STANDARD 754 


SSE/SSE2/SSE3 extensions are 100% compatible with the IEEE Standard 754 for Binary Floating-Point Arithmetic, 
satisfying all of its mandatory requirements (when the flush-to-zero or denormals-are-zeros modes are not 
enabled). But a programming environment that includes SSE/SSE2/SSE3 instructions will comply with both the 
obligatory and the strongly recommended requirements of the IEEE Standard 754 regarding floating-point excep- 
tion handling, only as a combination of hardware and software (which is acceptable). The standard states that a 
user should be able to request a trap on any of the five floating-point exceptions (note that the denormal exception 
is an IA-32 addition), and it also specifies the values (operands or result) to be delivered to the exception handler. 


The main issue is that for SSE/SSE2/SSE3 instructions that raise post-computation exceptions (traps: overflow, 
underflow, or inexact), unlike for x87 FPU instructions, the processor does not provide the result recommended by 
IEEE Standard 754 to the user handler. If a user program needs the result of an instruction that generated a post- 
computation exception, it is the responsibility of the software to produce this result by emulating the faulting 
SSE/SSE2/SSE3 instruction. Another issue is that the standard does not specify explicitly how to handle multiple 
floating-point exceptions that occur simultaneously. For packed operations, a logical OR of the flags that would be 
set by each sub-operation is used to set the exception flags in the MXCSR. The following subsections present one 
possible way to solve these problems. 


D.4.1 Floating-Point Emulation 


Every operating system must provide a kernel level floating-point exception handler (a template was presented in 
Section D.2, “Software Exception Handling” above). In the following discussion, assume that a user mode floating- 
point exception filter is supplied for SIMD floating-point exceptions (for example as part of a library of C functions), 
that a user program can invoke in order to handle unmasked exceptions. The user mode floating-point exception 
filter (not shown here) has to be able to emulate the subset of SSE/SSE2/SSE3 instructions that can generate 
numeric exceptions, and has to be able to invoke a user provided floating-point exception handler for floating-point 
exceptions. When a floating-point exception that is not masked is raised by an SSE/SSE2/SSE3 instruction, the 
low-level floating-point exception handler will be called. This low-level handler may in turn call the user mode 
floating-point exception filter. The filter function receives the original operands of the excepting instruction as no 
results are provided by the hardware, whether a pre-computation or a post-computation exception has occurred. 
The filter will unpack the operands into up to four sets of sub-operands, and will submit them one set at a time to 
an emulation function (See Example D-2 in Section D.4.3, “Example SIMD Floating-Point Emulation Implementa- 
tion”). The emulation function will examine the sub-operands, and will possibly redo the necessary calculation. 


Two cases are possible: 


¢ If an unmasked (enabled) exception would occur in this process, the emulation function will return to its caller 
(the filter function) with the appropriate information. The filter will invoke a (previously registered) user 
floating-point exception handler for this set of sub-operands, and will record the result upon return from the 
user handler (provided the user handler allows continuation of the execution). 


¢ If no unmasked (enabled) exception would occur, the emulation function will determine and will return to its 
caller the result of the operation for the current set of sub-operands (it has to be IEEE Standard 754 
compliant). The filter function will record the result (plus any new flag settings). 


The user level filter function will then call the emulation function for the next set of sub-operands (if any). When 
done with all the operand sets, the partial results will be packed (if the excepting instruction has a packed floating- 
point result, which is true for most SSE/SSE2/SSE3 numeric instructions) and the filter will return to the low-level 
exception handler, which in turn will return from the interruption, allowing execution to continue. Note that the 
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instruction pointer (EIP) has to be altered to point to the instruction following the excepting instruction, in order to 
continue execution correctly. 


If a user mode floating-point exception filter is not provided, then all the work for decoding the excepting instruc- 
tion, reading its operands, emulating the instruction for the components of the result that do not correspond to 
unmasked floating-point exceptions, and providing the compounded result will have to be performed by the user- 
provided floating-point exception handler. 


Actual emulation might have to take place for one operand or pair of operands for scalar operations, and for all sub- 
operands or pairs of sub-operands for packed operations. The steps to perform are the following: 


¢ The excepting instruction has to be decoded and the operands have to be read from the saved context. 


¢ The instruction has to be emulated for each (pair of) sub-operand(s); if no floating-point exception occurs, the 
partial result has to be saved; if a masked floating-point exception occurs, the masked result has to be 
produced through emulation and saved, and the appropriate status flags have to be set; if an unmasked 
floating-point exception occurs, the result has to be generated by the user provided floating-point exception 
handler, and the appropriate status flags have to be set. 


¢ The partial results have to be combined and written to the context that will be restored upon application 
program resumption. 


A diagram of the control flow in handling an unmasked floating-point exception is presented below. 


User Application 


Low-Level Floating-Point Exception Handler 


User Level Floating-Point Exception Filter 


User Floating-Point Exception Handler 


Figure D-1. Control Flow for Handling Unmasked Floating-Point Exceptions 


From the user-level floating-point filter, Example D-2 in Section D.4.3, “Example SIMD Floating-Point Emulation 
Implementation,” will present only the floating-point emulation part. In order to understand the actions involved, 
the expected response to exceptions has to be known for all SSE/SSE2/SSE3 numeric instructions in two situa- 
tions: with exceptions enabled (unmasked result), and with exceptions disabled (masked result). The latter can be 
found in Section 6.5, “Interrupts and Exceptions.” The response to NaN operands that do not raise an exception is 
specified in Section 4.8.3.4, “NaNs.” Operations on NaNs are explained in the same source. This response is also 
discussed in more detail in the next subsection, along with the unmasked and masked responses to floating-point 
exceptions. 


D.4.2 SSE/SSE2/SSE3 Response To Floating-Point Exceptions 


This subsection specifies the unmasked response expected from the SSE/SSE2/SSE3 instructions that raise 
floating-point exceptions. The masked response is given in parallel, as it is necessary in the emulation process of 


D-4 Vol. 1 


GUIDELINES FOR WRITING SIMD FLOATING-POINT EXCEPTION HANDLERS 


the instructions that raise unmasked floating-point exceptions. The response to NaN operands is also included in 
more detail than in Section 4.8.3.4, “NaNs.” For floating-point exception priority, refer to “Priority Among Simulta- 
neous Exceptions and Interrupts” in Chapter 6, “Interrupt and Exception Handling,” of Intel® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 3A. 


D.4.2.1 Numeric Exceptions 


There are six classes of numeric (floating-point) exception conditions that can occur: Invalid operation (#1), 
Divide-by-Zero (#Z), Denormal Operand (#D), Numeric Overflow (#0), Numeric Underflow (#U), and Inexact 
Result (precision) (#P). #1, #Z, #D are pre-computation exceptions (floating-point faults), detected before the 
arithmetic operation. #0, #U, #P are post-computation exceptions (floating-point traps). 


Users can control how the SSE/SSE2/SSE3 floating-point exceptions are handled by setting the mask/unmask bits 
in MXCSR. Masked exceptions are handled by the processor, or by software if they are combined with unmasked 
exceptions occurring in the same instruction. Unmasked exceptions are usually handled by the low-level exception 
handler, in conjunction with user-level software. 


D.4.2.2 Results of Operations with NaN Operands or a NaN Result for SSE/SSE2/SSE3 Numeric 
Instructions 


The tables below (E-1 through E-10) specify the response of SSE/SSE2/SSE3 instructions to NaN inputs, or to 
other inputs that lead to NaN results. 


These results will be referenced by subsequent tables (e.g., E-10). Most operations do not raise an invalid excep- 
tion for quiet NaN operands, but even so, they will have higher precedence over raising floating-point exceptions 
other than invalid operation. 


Note that the single precision QNaN Indefinite value is FFCOOOOOH, the double precision QNaN Indefinite value is 
FFF8000000000000H, and the Integer Indefinite value is 80000000H (not a floating-point number, but it can be 
the result of a conversion instruction from floating-point to integer). 


For an unmasked exception, no result will be provided by the hardware to the user handler. If a user registered 
floating-point exception handler is invoked, it may provide a result for the excepting instruction, that will be used 
if execution of the application code is continued after returning from the interruption. 


In Tables D-1 through Table D-12, the specified operands cause an invalid exception, unless the unmasked result 
is marked with “not an exception”. In this latter case, the unmasked and masked results are the same. 


Table D-1. ADDPS, ADDSS, SUBPS, SUBSS, MULPS, MULSS, DIVPS, DIVSS, ADDPD, ADDSD, SUBPD, SUBSD, MULPD, 
MULSD, DIVPD, DIVSD, ADDSUBPS, ADDSUBPD, HADDPS, HADDPD, HSUBPS, HSUBPD 


Source Operands Masked Result Unmasked Result 
SNaN1 op! SNaN2 SNaN1 | OO400000H or None 

SNaN1 | OOO8000000000000H2 
SNaN1 op QNaN2 SNaN1 | OO400000H or None 

SNaN1 | OOO8000000000000H2 
QNaN1 op SNaN2 QNaN1 None 
QNaN1 op QNaN2 QNaN1 QNaN1 (not an exception) 
SNaN op real value SNaN | OO400000H or None 

SNaN1 | OOO8000000000000H2 
Real value op SNaN SNaN | OO400000H or None 

SNaN1 | OOO8000000000000H2 
QNaN op real value QNaN QNaN (not an exception) 
Real value op QNaN QNaN QNaN (not an exception) 
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Table D-1. ADDPS, ADDSS, SUBPS, SUBSS, MULPS, MULSS, DIVPS, DIVSS, ADDPD, ADDSD, SUBPD, SUBSD, MULPD, 
MULSD, DIVPD, DIVSD, ADDSUBPS, ADDSUBPD, HADDPS, HADDPD, HSUBPS, HSUBPD (Contd.) 


Source Operands 


Masked Result 


Unmasked Result 


Neither source operand is SNaN, 
but #1 is signaled (e.g. for Inf - Inf, 
Inf * 0, Inf / Inf, 0/0) 


Single precision or double precision QNaN 
Indefinite 


None 


NOTES: 


1. For Tables E-1 to E-12: op denotes the operation to be performed. 


2. SNaN | OO400000H is a quiet NaN in single precision format (if SNaN is in single precision) and SNaN | OOOBOOOOOO0OO0ONNH is a 
quiet NaN in double precision format (if SNaN is in double precision), obtained from the signaling NaN given as input. 


3. Operations involving only quiet NaNs do not raise floating-point exceptions. 


Table D-2. CMPPS.EQ, CMPSS.EQ, CMPPS.ORD, CMPSS.ORD, 


CMPPD.EQ, CMPSD.EQ, CMPPD.ORD, CMPSD.ORD 


Source Operands 


Masked Result 


Unmasked Result 


NaN op Opd2 (any Opd2) 


OOOOO00O0OH or 0000000000000000H' 


O0000000H or 0000000000000000H' 
(not an exception) 


Opd1 op NaN (any Opd1) 


OOO00000H or 0O00000000000000H' 


QO0000000H or 0000000000000000H' 
(not an exception) 


NOTE: 


1. 32-bit results are for single, and 64-bit results for double precision operations. 


Table D-3. CMPPS.NEQ, CMPSS.NEQ, CMPPS.UNORD, CMPSS.UNORD, CMPPD.NEQ, CMPSD.NEQ, 


CMPPD.UNORD, CMPSD.UNORD 


Source Operands 


Masked Result 


Unmasked Result 


NaN op Opd2 (any Opd2) 


Opd1 op NaN (any Opd1) 


FFFFFFFFH or FRFFFFFFFFFFFFFFH! 


FFFFFFFFH or FRFFFFFFFFFEFFFFH" 


FFFFFFFFH or FFFFFFFFFFFFFFFFH! (not 
an exception) 


FFFFFFFFH or FEFFFFFFFFFFFFFFH | (not 
an exception) 


NOTE: 


1. 32-bit results are for single, and 64-bit results for double precision operations. 


Table D-4. CMPPS.LT, CMPSS.LT, CMPPS.LE, CMPSS.LE, CMPPD.LT, CMPSD.LT, CMPPD.LE, CMPSD.LE 


Source Operands 


Masked Result 


Unmasked Result 


NaN op Opd2 (any Opd2) 


O0000000H or OOODD00000000000H' 


None 


Opd1 op NaN (any Opd1) 
NOTE: 


O0000000H or 0OODD00000000000H' 


1. 32-bit results are for single, and 64-bit results for double precision operations. 
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Table D-5. CMPPS.NLT, CMPSS.NLT, CMPPS.NLE, CMPSS.NLE, CMPPD.NLT, CMPSD.NLT, CMPPD.NLE, CMPSD.NLE 


Source Operands 


Masked Result 


Unmasked Result 


NaN op Opd2 (any Opd2) 


FFFFFFFFH or FEFFFFFFFFFFFFFFH! 


None 


Opd1 op NaN (any Opd1) 


FFFFFFFFH or FFFFFFFFFFFFFFFFH" 


None 


NOTE: 


1. 32-bit results are for single, and 64-bit results for double precision operations. 


Table D-6. COMISS, COMISD 


Source Operands 


Masked Result 


Unmasked Result 


SNaN op Opde (any Opd2) OF, SF, AF = 000 None 
ZF, PF, CF =111 

Opd1 op SNaN (any Opd1) OF, SF, AF = 000 None 
ZF, PF, CF =111 

QNaN op Opde2 (any Opd2) OF, SF, AF = 000 None 
ZF, PF, CF =111 

Opd1 op QNaN (any Opd1) OF, SF, AF = 000 None 
ZF, PF, CF =111 


Table D-7. UCOMISS, UCOMISD 


Source Operands 


Masked Result 


Unmasked Result 


SNaN op Opde (any Opd2) OF, SF, AF = 000 None 
ZF, PF, CF = 111 
Opd1 op SNaN (any Opd1) OF, SF, AF = 000 None 
ZF, PF, CF = 111 
QNaN op Opd2 OF, SF, AF = 000 OF, SF, AF = 000 
(any Opd2 4 SNaN) ZF, PF, CF = 111 ZF, PF, CF = 111 (not an exception) 
Opd1 op QNaN OF, SF, AF = 000 OF, SF, AF = 000 
(any Opd1 # SNaN) ZF, PF, CF = 111 ZF, PF, CF = 111 (not an exception) 


Table D-8. CVTPS2PI, CVTSS2SI, CVTTPS2PI, CVTTSS2SI, CVTPD2PI, CVTSD2SI, CVTTPD2PI, CVTTSD2SI, 


CVTPS2DQ, CVTTPS2DQ, CVTPD2DQ, CVTTPD2DQ 


Source Operand Masked Result Unmasked Result 
SNaN 80000000H or 8000000000000000' None 
(Integer Indefinite) 
QNaN 80000000H or 8000000000000000' None 
(Integer Indefinite) 
NOTE: 


1. 32-bit results are for single, and 64-bit results for double precision operations. 
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Table D-9. MAXPS, MAXSS, MINPS, MINSS, MAXPD, MAXSD, MINPD, MINSD 


Source Operands Masked Result Unmasked Result 
Opd1 op NaN2 (any Opd1) NaN2 None 

NaN1 op Opd2 (any Opd2) Opd2 None 

NOTE: 


1. SNaN and QNaN operands raise an Invalid Operation fault. 


Table D-10. SQRTPS, SQRTSS, SQRTPD, SQRTSD 


Source Operand Masked Result Unmasked Result 
QNaN QNaN QNaN (not an exception) 
SNaN SNaN | OO400000H or None 
SNaN | OOO8000000000000H' 
Source operand is not SNaN; Single precision or None 
but #1 is signaled (e.g. for double precision QNaN Indefinite 
sqrt (-1.0)) 
NOTE: 


1. SNaN | OO400000H is a quiet NaN in single precision format (if SNaN is in single precision) and SNaN | OOOBOOOOOOOOOOOOH is a 
quiet NaN in double precision format (if SNaN is in double precision), obtained from the signaling NaN given as input. 


Table D-11. CVTPS2PD, CVTSS2SD 


Source Operands Masked Result Unmasked Result 

QNaN QNaN1! QNaN1! (not an exception) 
SNaN QNaN1¢ None 

NOTES: 


1. The double precision output QNaN1 is created from the single precision input QNaN as follows: the sign bit is preserved, the 8-bit 
exponent FFH is replaced by the 11-bit exponent 7FFH, and the 24-bit significand is extended to a 53-bit significand by appending 
29 bits equal to 0. 

2. The double precision output QNaN1 is created from the single precision input SNaN as follows: the sign bit is preserved, the 8-bit 
exponent FFH is replaced by the 11-bit exponent 7FFH, and the 24-bit significand is extended to a 53-bit significand by pending 
29 bits equal to 0. The second most significant bit of the significand is changed from O to 1 to convert the signaling NaN into a 
quiet NaN. 


Table D-12. CVTPD2PS, CVTSD2SS 


Source Operands Masked Result Unmasked Result 

QNaN QNaN1! QNaN1! (not an exception) 
SNaN QNaN1¢ None 

NOTES: 


1. The single precision output QNaN1 is created from the double precision input QNaN as follows: the sign bit is preserved, the 11-bit 
exponent 7FFH is replaced by the 8-bit exponent FFH, and the 53-bit significand is truncated to a 24-bit significand by removing its 
29 least significant bits. 

2. The single precision output QNaN1 is created from the double precision input SNaN as follows: the sign bit is preserved, the 11-bit 
exponent 7FFH is replaced by the 8-bit exponent FFH, and the 53-bit significand is truncated to a 24-bit significand by removing its 
29 least significant bits. The second most significant bit of the significand is changed from O to 1 to convert the signaling NaN into 
a quiet NaN. 
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D.4.2.3 Condition Codes, Exception Flags, and Response for Masked and Unmasked Numeric 
Exceptions 


In the following, the masked response is what the processor provides when a masked exception is raised by an 
SSE/SSE2/SSE3 numeric instruction. The same response is provided by the floating-point emulator for 
SSE/SSE2/SSE3 numeric instructions, when certain components of the quadruple input operands generate excep- 
tions that are masked (the emulator also generates the correct answer, as specified by IEEE Standard 754 wher- 
ever applicable, in the case when no floating-point exception occurs). The unmasked response is what the 
emulator provides to the user handler for those components of the packed operands of SSE/SSE2/SSE3 instruc- 
tions that raise unmasked exceptions. Note that for pre-computation exceptions (floating-point faults), no result is 
provided to the user handler. For post-computation exceptions (floating-point traps), a result is provided to the 
user handler, as specified below. 


In the following tables, the result is denoted by 'res', with the understanding that for the actual instruction, the 
destination coincides with the first source operand (except for COMISS, UCOMISS, COMISD, and UCOMISD, whose 
destination is the EFLAGS register). 


Table D-13. #1 - Invalid Operations 


Unmasked Response 

Instruction Condition Masked Response and Exception Code 
ADDPS srcl or src2! = SNaN Refer to Table D-1 for src1, src2 unchanged; #1A 
ADDPD NaN operands, #IA = 1 =1 
ADDSS 
ADDSD 
HADDPS 
HADDPD 
ADDSUBPS (the srcl = +Inf, src2 = -Inf or res! = QNaN Indefinite, 
addition component) | src1 = -Inf, src2 = +Inf #IA = 1 
ADDSUBPD (the 
addition component) 
SUBPS srcl or src2 = SNaN Refer to Table D-1 for NaN src1, src2 unchanged; #1A 
SUBPD operands, #IA = 1 =1 
SUBSS 
SUBSD 
HSUBPS 
HSUBPD 
ADDSUBPS (the srcl = +Inf, src2 = +Inf or res = QNaN Indefinite, 
subtraction src1 = -Inf, src2 = -Inf #IA=1 
component) 
ADDSUBPD (the 
subtraction 
component) 
MULPS srcl or src2 = SNaN Refer to Table D-1 for src1, src2 unchanged; 
MULPD NaN operands, #IA = 1 #IA = 1 
MULSS src = +Inf, src2 = +0 or res = QNaN Indefinite, 
MULSD srcl = +0, src2 = +Inf #IA = 1 
DIVPS srcl or src2 = SNaN Refer to Table D-1 for srcl, src2 unchanged; 
DIVPD NaN operands, #IA = 1 #IA = 1 
DIVSS src1 = +Inf, src2 = +Inf or res = QNaN Indefinite, 
DIVSD srcl = +0, src2 = +0 #IA = 1 
SQRTPS src = SNaN Refer to Table D-10 for src unchanged, 
SQRTPD NaN operands, #IA = 1 #IA = 1 
tues src < 0 res = QNaN Indefinite, 

(note that -0 < Ois false) #IA=1 
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Table D-13. #1- Invalid Operations (Contd.) 


Instruction 


Condition 


Masked Response 


Unmasked Response 
and Exception Code 


MAXPS 
MAXSS 
MAXPD 
MAXSD 


srcl = NaN or src2 = NaN 


res = src2, #IA = 1 


src1, src2 unchanged; #1A 
=1 


MINPS 
MINSS 
MINPD 
MINSD 


src1 = NaN or src2 = NaN 


res = src2, #IA = 1 


srcl, src2 unchanged; #1A 
=1 


CMPPS.LT 
CMPPS.LE 
CMPPS.NLT 
CMPPS.NLE 
CMPSS.LT 
CMPSS.LE 
CMPSS.NLT 
CMPSS.NLE 
CMPPD.LT 
CMPPD.LE 
CMPPD.NLT 
CMPPD.NLE 
CMPSD.LT 
CMPSD.LE 
CMPSD.NLT 
CMPSD.NLE 


src1 = NaN or src2 = NaN 


Refer to Table D-4 and Table D-5 for 
NaN operands; #1A = 1 


src1, src2 unchanged; #1A 
=1 


COMISS 
COMISD 


src1 = NaN or src2 = NaN 


Refer to Table D-6 for NaN 
operands 


src1, src2, EFLAGS 
unchanged; #IA = 1 


UCOMISS 
UCOMISD 


scl = SNaN or src2 = SNaN 


Refer to Table D-7 for NaN 
operands 


src1, src2, EFLAGS 
unchanged; #IA = 1 


CVTPS2PI 
CVTSS2SI 
CVTPD2PI 
CVTSD2SI 
CVTPS2DQ 
CVTPD2DQ 


src = NaN, +Inf, or 
\(STC) png | > 7FFFFFFFH and (src)-qq# 
80000000H 


See Note? for information 
on rnd. 


res = Integer Indefinite, 
#IA= 1 


src unchanged, 
#IA=1 


CVTTPS2PI 
CVTTSS2SI 
CVTTPD2PI 
CVTTSD2SI! 
CVTTPS2DQ 
CVTTPD2DQ 


src = NaN, +lnf, or 
\(stc),z | > 7FFFFFFFH and (src). # 
80000000H 


See Note? for information 
on rz. 


res = Integer Indefinite, 
#IA= 1 


src unchanged, 
#IA=1 
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Table D-13. #1 - Invalid Operations (Contd.) 


Unmasked Response 
Instruction Condition Masked Response and Exception Code 
CVTPS2PD src = SNAN Refer to Table D-11 for src unchanged, 
CVTSS2SD NaN operands #IA = 1 
CVTPD2PS src = SNAN Refer to Table D-12 for src unchanged, 
CVTSD2SS NaN operands #IA = 1 
NOTES: 


_- 


. For Tables E-13 to €-18: 
- src denotes the single source operand of a unary operation. 
- src1, src2 denote the first and second source operand of a binary operation. 
- res denotes the numerical result of an operation. 


2. rnd signifies the user rounding mode from MXCSR, and rz signifies the rounding mode toward Zero. (truncate), when rounding a 


floating-point value to an integer. For more information, refer to Table 4-8. 
. For NAN encodings, see Table 4-3. 


Ww 


Table D-14. #Z - Divide-by-Zero 


Unmasked Response 
Instruction Condition Masked Response and Exception Code 
DIVPS src1 = finite non-zero (normal, or res = +Inf, src1, src2 unchanged; 
DIVSS denormal) #ZE = 1 #ZE=1 
DIVPD src2 = +0 
DIVPS 
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Table D-15. #D - Denormal Operand 


Instruction 


Condition 


Masked Response 


Unmasked Response and 
Exception Code 


ADDPS 
ADDPD 
ADDSUBPS 
ADDSUBPD 
HADDPS 
HADDPD 
SUBPS 
SUBPD 
HSUBPS 
HSUBPD 
MULPS 
MULPD 
DIVPS 
DIVPD 
SOQRTPS 
SOQRTPD 
MAXPS 
MAXPD 
MINPS 
MINPD 
ADDSS 
ADDSD 
SUBSS 
SUBSD 
MULSS 
MULSD 
DIVSS 
DIVSD 
SOQRTSS 
SQRTSD 
MAXSS 
MAXSD 
MINSS 
MINSD 
CVTPS2PD 
CVTSS2SD 
CVTPD2PS 
CVTSD2SS 


CMPPS 
CMPPD 
CMPSS 
CMPSD 


src1 = denormal! or 
src2 = denormal (and 
the DAZ bit in MXCSR 
is O) 


srcl = denormal! or 
src2 = denormal (and 
the DAZ bit in MXCSR 
is 0) 


res = Result rounded to the 
destination precision and using the 
bounded exponent, but only if no 
unmasked post-computation 
exception occurs; 

#DE = 1. 


Comparison result, stored in the 
destination register; 
#DE = 1 


src1, src2 unchanged; 
#DE=1 


Note that SQRT, CVTPS2PD, 
CVTSS2SD, CVTPD2PS, CVTSD2SS 
have only 1 src. 


src1, src2 unchanged; 
#DE=1 


COMISS 
COMISD 
UCOMISS 
UCOMISD 


srcl = denormal! or 
src2 = denormal (and 
the DAZ bit in MXCSR 
is 0) 


Comparison result, stored in the 
EFLAGS register; 
#DE=1 


src1, src2 unchanged; 
#DE=1 


NOTE: 


1. For denormal encodings, see Section 4.8.3.2, “Normalized and Denormalized Finite Numbers.” 
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Table D-16. #0 - Numeric Overflow 


Unmasked Response and 


Instruction Condition Masked Response Exception Code 
ADDPS Rounded result > Rounding | Sign Result & Status Flags res = (result calculated with 
ADDSUBPS largest single To #OE=1.#PE=1 unbounded exponent and rounded 
HADDPS precision finite didarest é eee A to the destination precision) / 2192 
SUBPS normal value . a #0E = 1 
HSUBPS #PE = 1 if the result is inexact 
MULPS Toward —se #OE = 1, #PE=1 
DIVPS + | res= 1.11.1 *2!27 
ADDSS é res = —s° 
SUBSS Toward + HOE = 1, #PE=1 
MULSS 7 fas S08 
DIVSS -  |res=-1.11..1* 2127 
CVTPD2PS 
CVTSD2SS Toward #OE = 1, #PE=1 
0 + |res= i. * 22? 
-  |res=-1.11..1 * 2147 
ADDPD Rounded result > Rounding | Sign Result & Status Flags res = (result calculated with 
ADDSUBPD largest double To #OE=1.#PE=1 unbounded exponent and rounded 
HADDPD precision finite Abarast % ee - to the destination precision) / 2!°3° 
SUBPD normal value 7 a * #0€=1 _ 
HSUBPD = #PE = 1 if the result is inexact 
MULPD Toward —se #OE = 1, #PE=1 
DIVPD &  |pes= 117,21 #21083 
ADDSD i res = —s° 
SUBSD Toward + HOE = 1, #PE=1 
MULSD + ae Stes 
DIVSD - res =-1.11..1 * 21023 
Toward #0E = 1, #PE=1 
0 + \ves= til #203 


res = -1.11...1 * 21023 
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Table D-17. #U - Numeric Underflow 
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Unmasked Response and 
Instruction Condition Masked Response Exception Code 
ADDPS Result calculated with unbounded res = +0, denormal, or normal res = (result calculated with 
ADDSUBPS exponent and rounded to the unbounded exponent and rounded 
HADDPS destination precision < smallest #UE = 1 and #PE = 1, to the destination precision) * 2! 
SUBPS single precision finite normal value. | but only if the result is = #UE=1 
HSUBPS inexact = #PE= 1 if the result is inexact 
MULPS 
DIVPS 
ADDSS 
SUBSS 
MULSS 
DIVSS 
CVTPD2PS 
CVTSD2SS 
ADDPD Result calculated with unbounded res = +0, denormal or normal res = (result calculated with 
ADDSUBPD exponent and rounded to the unbounded exponent and rounded 
HADDPD destination precision < smallest #UE = 1 and #PE = 1, to the destination precision) * 2'*7° 
SUBPD double precision finite normal value. | but only if the result is = #UE=1 
HSUBPD inexact = #PE = 1 if the result is inexact 
MULPD 
DIVPD 
ADDSD 
SUBSD 
MULSD 
DIVSD 
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Table D-18. #P - Inexact Result (Precision) 


Instruction Condition Masked Response Unmasked Response and Exception Code 


ADDPS The result is not exactly | res = Result rounded to the | Only if no underflow/overflow condition occurred, or 
ADDPD representable in the destination precision and if the corresponding exceptions are masked: 
ADDSUBPS destination format. using the bounded = Set #0€ if masked overflow and set result as 
ADDSUBPD exponent, but only if no described above for masked overflow. 

HADDPS unmasked underflow or * Set #UE if masked underflow and set result as 
HADDPD overflow conditions occur described above for masked underflow. 

SUBPS (this exception can occur in If neither underflow nor overflow, res equals the 
SUBPD the presence of a masked result rounded to the destination precision and using 


HSUBPS underflow or overflow); #Pe | the bounded exponent set #PE = 1. 
HSUBPD =1. 
MULPS 
MULPD 
DIVPS 
DIVPD 
SQRTPS 
SQRTPD 
CVTDQ2PS 
CVTPI2PS 
CVTPS2PI 
CVTPS2DQ 
CVTPD2PI 
CVTPD2DQ 
CVTPD2PS 
CVTTPS2PI 
CVTTPD2PI 
CVTTPD2DQ 
CVTTPS2DQ 
ADDSS 
ADDSD 
SUBSS 
SUBSD 
MULSS 
MULSD 
DIVSS 
DIVSD 
SQRTSS 
SQRTSD 
CVTSI2SS 
CVTSS2SI 
CVTSD2SI 
CVTSD2SS 
CVTTSS2SI 
CVTTSD2SI 


D.4.3 Example SIMD Floating-Point Emulation Implementation 


The sample code listed below may be considered as being part of a user-level floating-point exception filter for the 
SSE/SSE2/SSE3 numeric instructions. It is assumed that the filter function is invoked by a low-level exception 
handler (invoked for exception 19 when an unmasked floating-point exception occurs), and that it operates as 
explained in Section D.4.1, “Floating-Point Emulation.” The sample code does the emulation only for the SSE 
instructions for addition, subtraction, multiplication, and division. For this, it uses C code and x87 FPU operations. 
Operations corresponding to other SSE/SSE2/SSE3 numeric instructions can be emulated similarly. The example 
assumes that the emulation function receives a pointer to a data structure specifying a number of input parame- 
ters: the operation that caused the exception, a set of sub-operands (unpacked, of type float), the rounding mode 
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(the precision is always single), exception masks (having the same relative bit positions as in the MXCSR but 
starting from bit 0 in an unsigned integer), and flush-to-zero and denormals-are-zeros indicators. 


The output parameters are a floating-point result (of type float), the cause of the exception (identified by constants 
not explicitly defined below), and the exception status flags. The corresponding C definition is: 


typedef struct { 
unsigned int operation; //SSE or SSE2 operation: ADDPS, ADDSS, ... 
unsigned int operand1_uint32; //first operand value 
unsigned int operand2_uint32; //second operand value (if any) 
float result_fval; // result value (if any) 
unsigned int rounding_mode; //rounding mode 
unsigned int exc_masks; //exception masks, in the order P,U,O,Z,D,| 
unsigned int exception_cause; //exception cause 
unsigned int status_flag_inexact; //inexact status flag 
unsigned int status_flag_underflow; //underflow status flag 
unsigned int status_flag_overflow; //overflow status flag 
unsigned int status_flag_divide_by_zero; 


//divide by zero status flag 


unsigned int status_flag_denormal_operand; 


//denormal operand status flag 


unsigned int status_flag_invalid_operation; 


//invalid operation status flag 


unsigned int ftz; // flush-to-zero flag 
unsigned int daz; // denormals-are-zeros flag 
} EXC_ENV; 


The arithmetic operations exemplified are emulated as follows: 


1. 


If the denormals-are-zeros mode is enabled (the DAZ bit in MXCSR is set to 1), replace all the denormal inputs 
with zeroes of the same sign (the denormal flag is not affected by this change). 


Perform the operation using x87 FPU instructions, with exceptions disabled, the original user rounding mode, 
and single precision. This reveals invalid, denormal, or divide-by-zero exceptions (if there are any) and stores 
the result in memory as a double precision value (whose exponent range is large enough to look like 
“unbounded” to the result of the single precision computation). 


If no unmasked exceptions were detected, determine if the magnitude of the result is less than the smallest 
normal number that can be represented in single precision format, or greater than the largest normal number 
that can be represented in single precision format (huge). If an unmasked overflow or underflow occurs, 
calculate the scaled result that will be handed to the user exception handler, as specified by IEEE Standard 754. 


If no exception was raised, calculate the result with a “bounded” exponent. If the result is tiny, it requires 
denormalization (shifting the significand right while incrementing the exponent to bring it into the admissible 
range of [-126,+127] for single precision floating-point numbers). 


The result obtained in step 2 cannot be used because it might incur a double rounding error (it was rounded to 
24 bits in step 2, and might have to be rounded again in the denormalization process). To overcome this is, 
calculate the result as a double precision value, and store it to memory in single precision format. 


Rounding first to 53 bits in the significand, and then to 24 never causes a double rounding error (exact 
properties exist that state when double-rounding error occurs, but for the elementary arithmetic operations, 
the rule of thumb is that if an infinitely precise result is rounded to 2p+1 bits and then again to p bits, the result 
is the same as when rounding directly to p bits, which means that no double-rounding error occurs). 


If the result is inexact and the inexact exceptions are unmasked, the calculated result will be delivered to the 
user floating-point exception handler. 


The flush-to-zero case is dealt with if the result is tiny. 
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7. The emulation function returns RAISE_EXCEPTION to the filter function if an exception has to be raised (the 
exception_cause field indicates the cause). Otherwise, the emulation function returns DO_NOT_ 
RAISE_EXCEPTION. In the first case, the result is provided by the user exception handler called by the filter 
function. In the second case, it is provided by the emulation function. The filter function has to collect all the 
partial results, and to assemble the scalar or packed result that is used if execution is to continue. 


Example D-2. SIMD Floating-Point Emulation 


// masks for individual status word bits 
#define PRECISION MASK 20H 

#define UNDERFLOW MASK 10H 

#define OVERFLOW MASK 08H 

#define ZERODIVIDE MASK 04H 

#define DENORMAL MASK 02H 

#define INVALID MASK 01H 


// 32-bit constants 


static unsigned ZEROF ARRAY[] = {00000000H}; 
#define ZEROF *(float *) ZEROF ARRAY 

// +0.0 
static unsigned NZEROF ARRAY[] = {80000000H}; 
#define NZEROF *(float *) NZEROF_ ARRAY 

// -0.0 
static unsigned POSINFF_ARRAY[] = {7£800000H}; 
#define POSINFF *(float *)POSINFF ARRAY 

// +Inf 
static unsigned NEGINFF_ARRAY[] = {f££800000H}; 
#define NEGINFF * (float *)NEGINFF_ ARRAY 

// -Inf 


// 64-bit constants 
static unsigned MIN SINGLE NORMAL ARRAY [] = {00000000H, 38100000H}; 
#define MIN SINGLE NORMAL * (double *)MIN SINGLE NORMAL ARRAY 

// +1.0 * 2*-126 
static unsigned MAX SINGLE NORMAL ARRAY [] = {70000000H, 47efff£f£fH}; 
#define MAX SINGLE NORMAL * (double *)MAX SINGLE NORMAL ARRAY 

Ad. Pl McK AE2PK 197 
static unsigned TWO TO 192 ARRAY[] = {00000000H, 4b£00000H}; 
#define TWO TO 192 *(double *)TWO TO 192 ARRAY 

// +1.0 * 2%192 
static unsigned TWO_TO M192 ARRAY[] = {00000000H, 33£00000H}; 
#define TWO TO M192 *(double *)TWO TO M192 ARRAY 

// +1.0 * 2*-192 


// auxiliary functions 


static int isnanf (unsigned int ); // returns 1 if f is a NaN, and 0 otherwise 
static float quietf (unsigned int ); // converts a signaling NaN to a quiet 

// NaN, and leaves a quiet NaN unchanged 
static unsigned int check _for_daz (unsigned int ); // converts denormals 


// to zeros of the same sign; 
// does not affect any status flags 


// emulation of SSE and SSE2 instructions using 
// C code and x87 FPU instructions 


unsigned int 
simd_fp_emulate (EXC_ENV *exc_env) 


{ 


int uiopd1; // first operand of the add, subtract, multiply, or divide 

int uiopd2; // second operand of the add, subtract, multiply, or divide 

float res; // result of the add, subtract, multiply, or divide 

double dbl_res24; // result with 24-bit significand, but "unbounded" exponent 
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// (needed to check tininess, to provide a scaled result to 
// an underflow/overflow trap handler, and in flush-to-zero mode) 
double dbl_res; // result in double precision format (needed to avoid a 
// double rounding error when denormalizing) 
unsigned int result _tiny; 
unsigned int result_huge; 
unsigned short int sw; // 16 bits 
unsigned short int cw; // 16 bits 


// have to check first for faults (V, D, Z), and then for traps (0, U, I) 
// initialize x87 FPU (floating-point exceptions are masked) 


_asm { 
fninit; 


result_tiny 
result_huge 


oil 
oo 


switch (exc_env->operation) { 


case ADDPS: 
case ADDSS: 
case SUBPS: 
case SUBSS: 
case MULPS: 
case MULSS: 
case DIVPS: 
case DIVSS: 


uiopdl = exc_env->operandl_uint32; // copy as unsigned int 
// do not copy as float to avoid conversion 
// of SNaN to QNaN by compiled code 

uiopd2 = exc_env->operand2_uint32; 
// do not copy as float to avoid conversion of SNaN 
// to QNaN by compiled code 

uiopdl = check _for_daz (uiopd1); // operandl = +0.0 * operandi if it is 

// denormal and DAZ=1 


uiopd2 = check for daz (uiopd2); // operand2 = +0.0 * operand2 if it is 


// denormal and DAZ=1 


// execute the operation and check whether the invalid, denormal, or 
// divide by zero flags are set and the respective exceptions enabled 


// set control word with rounding mode set to exc_env->rounding_ mode, 
// single precision, and all exceptions disabled 
switch (exc_env->rounding_ mode) { 


case ROUND TO NEAREST: 
cw = 003fH; // round to nearest, single precision, exceptions masked 
break; 
case ROUND_DOWN: 
cw = 043fH; // round down, single precision, exceptions masked 
break; 
case ROUND_UP: 
cw = 083fH; // round up, single precision, exceptions masked 
break; 
case ROUND_TO_ZERO: 
cw = O0c3fH; // round to zero, single precision, exceptions masked 
break; 
default: 
} 
__asm { 


fldcw WORD PTR cw; 
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// compute result and round to the destination precision, with 
// "unbounded" exponent (first IEEE rounding) 
switch (exc_env->operation) { 


case ADDPS: 
case ADDSS: 
// perform the addition 


} 


asm { 

fnclex; 

// load input operands 

fld DWORD PTR uiopdi; // may set denormal or invalid status flags 
fld DWORD PTR uiopd2; // may set denormal or invalid status flags 
faddp st(1), st(0); // may set inexact or invalid status flags 

// store result 

fstp QWORD PTR dbl _res24; // exact 


break; 


case SUBPS: 
case SUBSS: 
// perform the subtraction 


} 


asm { 

fnclex; 

// load input operands 

fld DWORD PTR uiopdi1; // may set denormal or invalid status flags 
fld DWORD PTR uiopd2; // may set denormal or invalid status flags 
fsubp st(1), st(0); // may set the inexact or invalid status flags 


// store result 
fstp QWORD PTR dbl_res24; // exact 


break; 


case MULPS: 
case MULSS: 
// perform the multiplication 


} 


asm { 

fnclex; 

// load input operands 

fld DWORD PTR uiopdi; // may set denormal or invalid status flags 
fld DWORD PTR uiopd2; // may set denormal or invalid status flags 
fmulp st(1), st(0); // may set inexact or invalid status flags 


// store result 
fstp QWORD PTR dbl _res24; // exact 


break; 


case DIVPS: 
case DIVSS: 
// perform the division 


} 


asm { 
fnclex; 
// load input operands 
fld DWORD PTR uiopd1; // may set denormal or invalid status flags 
fld DWORD PTR uiopd2; // may set denormal or invalid status flags 
fdivp st(1), st(0); // may set the inexact, divide by zero, or 

// invalid status flags 


// store result 
fstp QWORD PTR dbl_res24; // exact 


break; 
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default: 
; // will never occur 


// vead status word 
__asm { 
fstsw WORD PTR sw; 


if (sw & ZERODIVIDE MASK) 
sw = sw & ~DENORMAL MASK; // clear D flag for (denormal / 0) 


// if invalid flag is set, and invalid exceptions are enabled, take trap 
if (!(exc_env->exc_masks & INVALID MASK) && (sw & INVALID MASK)) { 
exc_env->status_flag_invalid_operation = 1; 
exc_env->exception_cause = INVALID OPERATION; 
return (RAISE EXCEPTION) ; 


} 


// checking for NaN operands has priority over denormal exceptions; 
// also fix for the SSE and SSE2 

// differences in treating two NaN inputs between the 

// instructions and other IA-32 instructions 

if (isnanf (uiopd1) || isnanf (uiopd2)) { 


if (isnanf (uiopdl) && isnanf (uiopd2) ) 
exc_env->result_fval = quietf (uiopdl) ; 

else 
exc_env->result_fval = (float)dbl_res24; // exact 


if (sw & INVALID MASK) exc_env->status_flag_ invalid_operation = 1; 
return (DO NOT RAISE EXCEPTION) ; 


} 


// if denormal flag set, and denormal exceptions are enabled, take trap 
if (!(exc_env->exc_masks & DENORMAL MASK) && (sw & DENORMAL MASK)) { 
exc_env->status_flag_denormal_operand = 1; 
exc_env->exception_cause = DENORMAL OPERAND; 
return (RAISE EXCEPTION) ; 


} 


// if divide by zero flag set, and divide by zero exceptions are 

// enabled, take trap (for divide only) 

if (!(exc_env->exc_masks & ZERODIVIDE MASK) && (sw & ZERODIVIDE MASK)) { 
exc_env->status_ flag divide _by zero = 1; 
exc_env->exception_cause = DIVIDE BY ZERO; 
return (RAISE EXCEPTION) ; 


} 


// done if the result is a NaN (QNaN Indefinite) 

res = (float)dbl_res24; 

if (isnanf (*(unsigned int *)&res)) { 
exc_env->result_fval = res; // exact 
exc_env->status_flag_invalid_operation = 1; 
return (DO NOT RAISE EXCEPTION) ; 


} 


// dbl_res24 is not a NaN at this point 
if (sw & DENORMAL MASK) exc_env->status_flag_denormal_operand = 1; 
// Note: (dbl_res24 == 0.0 && sw & PRECISION MASK) cannot occur 


if (-MIN_SINGLE NORMAL < dbl_res24 && dbl_res24 < 0.0 || 
0.0 < dbl_res24 && dbl_res24 < MIN SINGLE NORMAL) { 
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result_tiny = 1; 


} 


// check if the result is huge 
if (NEGINFF < dbl_res24 && dbl_res24 < -MAX SINGLE NORMAL | | 
MAX SINGLE NORMAL < dbl_res24 && dbl_res24 < POSINFF) { 
result_huge = 1; 


} 


// at this point, there are no enabled I,D, or Z exceptions 

// to take; the instr. 

// might lead to an enabled underflow, enabled underflow and inexact, 
// enabled overflow, enabled overflow and inexact, enabled inexact, or 
// none of these; if there are no U or O enabled exceptions, re-execute 
// the instruction using IA-32 double precision format, and the 

// user's rounding mode; exceptions must have 

// been disabled before calling 

// this function; an inexact exception may be reported on the 53-bit 

// fsubp, fmulp, or on both the 53-bit and 24-bit conversions, while an 
// overflow or underflow (with traps disabled) may be reported on the 
// conversion from dbl_res to res 


// check whether there is an underflow, overflow, 

// or inexact trap to be taken 

// if the underflow traps are enabled and the result is 
// tiny, take underflow trap 


if (!(exc_env->exc_masks & UNDERFLOW MASK) && result_tiny) { 
dbl_res24 = TWO TO 192 * dbl_res24; // exact 
exc_env->status_flag_underflow = 1; 
exc_env->exception_cause = UNDERFLOW; 
exc_env->result_fval = (float)dbl_res24; // exact 
if (sw & PRECISION MASK) exc_env->status_flag_inexact = 1; 
return (RAISE EXCEPTION) ; 


} 


// if overflow traps are enabled and the result is huge, take 
// overflow trap 
if (!(exc_env->exc_masks & OVERFLOW MASK) && result_huge) { 
dbl_res24 = TWO_TO M192 * dbl_res24; // exact 
exc_env->status_flag_ overflow = 1; 
exc_env->exception_cause = OVERFLOW; 
exc_env->result_fval = (float)dbl_res24; // exact 
if (sw & PRECISION MASK) exc_env->status_flag_inexact = 1; 
return (RAISE EXCEPTION) ; 


// set control word with rounding mode set to exc_env->rounding_ mode, 
// double precision, and all exceptions disabled 
cw = cw | 0200H; // set precision to double 
__asm { 
fldcw WORD PTR cw; 


} 


switch (exc_env->operation) { 


case ADDPS: 
case ADDSS: 
// perform the addition 
__asm { 
// load input operands 
fld DWORD PTR uiopdi; // may set the denormal status flag 
fld DWORD PTR uiopd2; // may set the denormal status flag 
faddp st(1), st(0); // rounded to 53 bits, may set the inexact 
// status flag 
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// store result 
fstp QWORD PTR dbl_res; // exact, will not set any flag 


} 


break; 


case SUBPS: 
case SUBSS: 
// perform the subtraction 
__asm { 
// load input operands 
fld DWORD PTR uiopdi; // may set the denormal status flag 
fld DWORD PTR uiopd2; // may set the denormal status flag 
fsubp st(1), st(0); // rounded to 53 bits, may set the inexact 
// status flag 


// store result 
fstp QWORD PTR dbl_res; // exact, will not set any flag 


} 


break; 


case MULPS: 
case MULSS: 
// perform the multiplication 
__asm { 
// load input operands 
fld DWORD PTR uiopdl1; // may set the denormal status flag 
fld DWORD PTR uiopd2; // may set the denormal status flag 
fmulp st(1), st(0); // rounded to 53 bits, exact 
// store result 
fstp QWORD PTR dbl_res; // exact, will not set any flag 


} 


break; 


case DIVPS: 
case DIVSS: 
// perform the division 
__asm { 
// load input operands 
fld DWORD PTR uiopdl1; // may set the denormal status flag 
fld DWORD PTR uiopd2; // may set the denormal status flag 
fdivp st(1), st(0); // vounded to 53 bits, may set the inexact 
// status flag 


// store result 
fstp QWORD PTR dbl_res; // exact, will not set any flag 


} 


break; 


default: 
; // will never occur 


} 


// calculate result for the case an inexact trap has to be taken, or 
// when no trap occurs (second IEEE rounding) 
res = (float)dbl_ res; 

// may set P, U or O; may also involve denormalizing the result 


// vead status word 
__asm { 
fstsw WORD PTR sw; 


} 


// if inexact traps are enabled and result is inexact, take inexact trap 


if (!(exc_env->exc_masks & PRECISION MASK) && 
((sw & PRECISION MASK) || (exc_env->ftz && result_tiny))) { 
exc_env->status_flag_ inexact = 1; 
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exc_env->exception_cause = INEXACT; 
if (result_tiny) { 
exc_env->status_flag_underflow = 1; 


// if ftz = 1 and result is tiny, result = 0.0 
// (no need to check for underflow traps disabled: result tiny and 
// underflow traps enabled would have caused taking an underflow 
// trap above) 
if (exc_env->ftz) { 
if (res > 0.0) 
res = ZEROF; 
else if (res < 0.0) 
res = NZEROF; 
// else leave res unchanged 
} 
} 


if (result_huge) exc_env->status_flag_ overflow = 1; 
exc_env->result_fval = res; 
return (RAISE EXCEPTION) ; 


// if it got here, then there is no trap to be taken; the following must 
// hold: ((the MXCSR U exceptions are disabled or 


// the MXCSR underflow exceptions are enabled and the underflow flag is 
// clear and (the inexact flag is set or the inexact flag is clear and 
// the 24-bit result with unbounded exponent is not tiny) )) 

// and (the MXCSR overflow traps are disabled or the overflow flag is 
// clear) and (the MXCSR inexact traps are disabled or the inexact flag 
// is clear) 


// in this case, the result has to be delivered (the status flags are 
// sticky, so they are all set correctly already) 


// vead status word to see if result is inexact 
__asm { 
fstsw WORD PTR sw; 


if (sw & UNDERFLOW_MASK) exc_env->status_flag_underflow = 1; 
if (sw & OVERFLOW_MASK) exc_env->status_flag_ overflow = 1; 
if (sw & PRECISION MASK) exc_env->status_flag_inexact = 1; 
// if ftz = 1, and result is tiny (underflow traps must be disabled), 
// result = 0.0 
if (exc_env->ftz && result_tiny) { 
if (res > 0.0) 
res = ZEROF; 
else if (res < 0.0) 
res = NZEROF; 
// else leave res unchanged 


exc_env->status_flag_ inexact = 1; 
exc_env->status_flag_underflow = 1; 


exc_env->result_fval = res; 

if (sw & ZERODIVIDE MASK) exc_env->status_flag_divide_by zero = 1; 
(sw & DENORMAL MASK) exc_env->status_flag_ denormal= 1; 

if (sw & INVALID MASK) exc_env->status_flag_invalid_operation = 1; 
return (DO NOT RAISE EXCEPTION) ; 


break; 


case CMPPS: 
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case CMPSS: 


break; 


case COMISS: 
case UCOMISS: 


break; 


case CVTPI2PS: 
case CVTSI2SS: 


break; 


case CVTPS2PI: 
case CVTSS2SI: 
case CVTTPS2PI: 
case CVTTSS2SI1: 


break; 


case MAXPS: 
case MAXSS: 
case MINPS: 
case MINSS: 


break; 


case SORTPS: 
case SORTSS: 


break; 


case UNSPEC: 


break; 


default: 
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CHAPTER 1 
ABOUT THIS MANUAL 


The Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A, 2B, 2C & 2D: Instruction Set 
Reference (order numbers 253666, 253667, 326018 and 334569) are part of a set that describes the architecture 
and programming environment of all Intel 64 and IA-32 architecture processors. Other volumes in this set are: 


° The Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1: Basic Architecture (Order 
Number 253665). 


° The Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 3A, 3B, 3C & 3D: System 
Programming Guide (order numbers 253668, 253669, 326019 and 332831). 


° The Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4: Model-Specific Registers 
(order number 335592), 


The Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, describes the basic architecture 
and programming environment of Intel 64 and IA-32 processors. The Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volumes 2A, 2B, 2C & 2D, describe the instruction set of the processor and the opcode struc- 
ture. These volumes apply to application programmers and to programmers who write operating systems or exec- 
utives. The Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 3A, 3B, 3C & 3D, describe 
the operating-system support environment of Intel 64 and IA-32 processors. These volumes target operating- 
system and BIOS designers. In addition, the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3B, addresses the programming environment for classes of software that host operating systems. The 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4, describes the model-specific registers 
of Intel 64 and IA-32 processors. 


1.1 INTEL® 64 AND IA-32 PROCESSORS COVERED IN THIS MANUAL 


This manual set includes information pertaining primarily to the most recent Intel 64 and IA-32 processors, which 
include: 


* Pentium® processors 

° P6 family processors 

* Pentium® 4 processors 

* Pentium® M processors 

* Intel® Xeon® processors 

* Pentium® D processors 

* Pentium® processor Extreme Editions 

* 64-bit Intel® Xeon® processors 

* Intel® Core™ Duo processor 

* Intel® Core™ Solo processor 

* Dual-Core Intel® Xeon® processor LV 

* Intel® Core™2 Duo processor 

* Intel® Core™2 Quad processor Q6000 series 

* Intel® xeon® processor 3000, 3200 series 

* Intel® Xeon® processor 5000 series 

* Intel® xeon® processor 5100, 5300 series 

* Intel® Core™2 Extreme processor X7000 and X6800 series 
* Intel® Core™2 Extreme processor QX6000 series 
* Intel® Xeon® processor 7100 series 
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* Intel® Pentium® Dual-Core processor 

* Intel® Xeon® processor 7200, 7300 series 

* Intel® xeon® processor 5200, 5400, 7400 series 

* Intel® Core™2 Extreme processor QX9000 and X9000 series 
* Intel® Core™2 Quad processor Q9000 series 

* Intel® Core™2 Duo processor E8000, T9000 series 

* Intel Atom® processor family 


* Intel Atom® processors 200, 300, D400, D500, D2000, N200, N400, N2000, E2000, Z500, Z600, Z2000, 
C1000 series are built from 45 nm and 32 nm processes 


* Intel® Core™ i7 processor 

* Intel® Core™ i5 processor 

* Intel® Xeon® processor E7-8800/4800/2800 product families 
* Intel® Core™ i7-3930K processor 

* 2nd generation Intel® Core™ i7-2xxx, Intel® Core™ i5-2xxx, Intel® Core™ i3-2xxx processor series 
* Intel® Xeon® processor E3-1200 product family 

* Intel® Xeon® processor E5-2400/1400 product family 

* Intel® Xeon® processor E5-4600/2600/1600 product family 
* 3rd generation Intel® Core™ processors 

* Intel® Xeon® processor E3-1200 v2 product family 

* Intel® Xeon® processor E5-2400/1400 v2 product families 

* Intel® Xeon® processor E5-4600/2600/1600 v2 product families 
* Intel® Xeon® processor E7-8800/4800/2800 v2 product families 
* 4th generation Intel® Core™ processors 

* The Intel® Core™ M processor family 

* Intel® Core™ i7-59xx Processor Extreme Edition 

* Intel® Core™ i7-49xx Processor Extreme Edition 

* Intel® Xeon® processor E3-1200 v3 product family 

* Intel® Xeon® processor E5-2600/1600 v3 product families 

* 5th generation Intel® Core™ processors 

* Intel® Xeon® processor D-1500 product family 

* Intel® Xeon® processor E5 v4 family 

* Intel Atom® processor X7-Z8000 and X5-Z8000 series 

* Intel Atom® processor Z3400 series 

* Intel Atom® processor Z3500 series 

* 6th generation Intel® Core™ processors 

* Intel® Xeon® processor E3-1500m v5 product family 

* 7th generation Intel® Core™ processors 

* Intel® Xeon Phi™ Processor 3200, 5200, 7200 Series 

* Intel® Xeon® Processor Scalable Family 

* 8th generation Intel® Core™ processors 

* Intel® Xeon Phi™ Processor 7215, 7285, 7295 Series 

* Intel® Xeon® E processors 

* 9th generation Intel® Core™ processors 

* 2nd generation Intel® Xeon® Processor Scalable Family 
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* 10th generation Intel® Core™ processors 
* 11th generation Intel® Core™ processors 
* 3rd generation Intel® Xeon® Processor Scalable Family 
* 12th generation Intel® Core™ processors 


P6 family processors are IA-32 processors based on the P6 family microarchitecture. This includes the Pentium® 
Pro, Pentium® II, Pentium® III, and Pentium® III Xeon® processors. 


The Pentium® 4, Pentium® D, and Pentium® processor Extreme Editions are based on the Intel NetBurst® micro- 
architecture. Most early Intel® Xeon® processors are based on the Intel NetBurst® microarchitecture. Intel Xeon 
processor 5000, 7100 series are based on the Intel NetBurst® microarchitecture. 


The Intel® Core™ Duo, Intel® Core™ Solo and dual-core Intel® Xeon® processor LV are based on an improved 
Pentium® M processor microarchitecture. 


The Intel® Xeon® processor 3000, 3200, 5100, 5300, 7200, and 7300 series, Intel® Pentium® dual-core, Intel® 
Core™2 Duo, Intel® Core™2 Quad, and Intel® Core™2 Extreme processors are based on Intel® Core™ microarchi- 
tecture. 


The Intel® Xeon® processor 5200, 5400, 7400 series, Intel® Core™2 Quad processor Q9000 series, and Intel® 
Core™2 Extreme processors QX9000, X9000 series, Intel® Core™2 processor E8000 series are based on Enhanced 
Intel® Core™ microarchitecture. 


The Intel Atom® processors 200, 300, D400, D500, D2000, N200, N400, N2000, E2000, Z500, Z600, Z2000, 
C1000 series are based on the Intel Atom® microarchitecture and supports Intel 64 architecture. 


P6 family, Pentium® M, Intel® Core™ Solo, Intel® Core™ Duo processors, dual-core Intel® Xeon® processor LV, 
and early generations of Pentium 4 and Intel Xeon processors support IA-32 architecture. The Intel® Atom™ 
processor Z5xx series support IA-32 architecture. 


The Intel® Xeon® processor 3000, 3200, 5000, 5100, 5200, 5300, 5400, 7100, 7200, 7300, 7400 series, Intel® 
Core™ 2 Duo, Intel® Core™2 Extreme, Intel® Core™2 Quad processors, Pentium® D processors, Pentium® Dual- 
Core processor, newer generations of Pentium 4 and Intel Xeon processor family support Intel® 64 architecture. 


The Intel® Core™ i7 processor and Intel® Xeon® processor 3400, 5500, 7500 series are based on 45 nm Nehalem 
microarchitecture. Westmere microarchitecture is a 32 nm version of the Nehalem microarchitecture. Intel® 
Xeon® processor 5600 series, Intel Xeon processor E7 and various Intel Core i7, i5, i3 processors are based on the 
Westmere microarchitecture. These processors support Intel 64 architecture. 


The Intel® Xeon® processor E5 family, Intel® Xeon® processor E3-1200 family, Intel® Xeon® processor E7- 
8800/4800/2800 product families, Intel® Core™ i7-3930K processor, and 2nd generation Intel® Core™ i7-2xxx, 
Intel® Core™ i5-2xxx, Intel® Core™ i3-2xxx processor series are based on the Sandy Bridge microarchitecture and 
support Intel 64 architecture. 


The Intel® Xeon® processor E7-8800/4800/2800 v2 product families, Intel® Xeon® processor E3-1200 v2 product 
family and 3rd generation Intel® Core™ processors are based on the Ivy Bridge microarchitecture and support 
Intel 64 architecture. 


The Intel® Xeon® processor E5-4600/2600/1600 v2 product families, Intel® Xeon® processor E5-2400/1400 v2 
product families and Intel® Core™ i7-49xx Processor Extreme Edition are based on the Ivy Bridge-E microarchitec- 
ture and support Intel 64 architecture. 


The Intel® Xeon® processor E3-1200 v3 product family and 4th Generation Intel® Core™ processors are based on 
the Haswell microarchitecture and support Intel 64 architecture. 


The Intel® Xeon® processor E5-2600/1600 v3 product families and the Intel® Core™ i7-59xx Processor Extreme 
Edition are based on the Haswell-E microarchitecture and support Intel 64 architecture. 


The Intel Atom® processor Z8000 series is based on the Airmont microarchitecture. 


The Intel Atom® processor Z3400 series and the Intel Atom® processor Z3500 series are based on the Silvermont 
microarchitecture. 


The Intel® Core™ M processor family, 5th generation Intel® Core™ processors, Intel® Xeon® processor D-1500 
product family and the Intel® Xeon® processor E5 v4 family are based on the Broadwell microarchitecture and 
support Intel 64 architecture. 
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The Intel® Xeon® Processor Scalable Family, Intel® Xeon® processor E3-1500m v5 product family and 6th gener- 
ation Intel® Core™ processors are based on the Skylake microarchitecture and support Intel 64 architecture. 


The 7th generation Intel® Core™ processors are based on the Kaby Lake microarchitecture and support Intel 64 
architecture. 


The Intel Atom® processor C series, the Intel Atom® processor X series, the Intel® Pentium® processor J series, 
the Intel® Celeron® processor J series, and the Intel® Celeron® processor N series are based on the Goldmont 
microarchitecture. 


The Intel® Xeon Phi™ Processor 3200, 5200, 7200 Series is based on the Knights Landing microarchitecture and 
supports Intel 64 architecture. 


The Intel® Pentium® Silver processor series, the Intel® Celeron® processor J series, and the Intel® Celeron® 
processor N series are based on the Goldmont Plus microarchitecture. 


The 8th generation Intel® Core™ processors, 9th generation Intel® Core™ processors, and Intel® Xeon® E proces- 
sors are based on the Coffee Lake microarchitecture and support Intel 64 architecture. 


The Intel® Xeon Phi™ Processor 7215, 7285, 7295 Series is based on the Knights Mill microarchitecture and 
supports Intel 64 architecture. 


The 2nd generation Intel® Xeon® Processor Scalable Family is based on the Cascade Lake product and supports 
Intel 64 architecture. 


Some 10th generation Intel® Core™ processors are based on the Ice Lake microarchitecture, and some are based 
on the Comet Lake microarchitecture; both support Intel 64 architecture. 


Some 11th generation Intel® Core™ processors are based on the Tiger Lake microarchitecture, and some are 
based on the Rocket Lake microarchitecture; both support Intel 64 architecture. 


Some 3rd generation Intel® Xeon® Processor Scalable Family processors are based on the Cooper Lake product, 
and some are based on the Ice Lake microarchitecture; both support Intel 64 architecture. 


The 12th generation Intel® Core™ processors are based on the Alder Lake performance hybrid architecture and 
support Intel 64 architecture. 


IA-32 architecture is the instruction set architecture and programming environment for Intel's 32-bit microproces- 
sors. Intel® 64 architecture is the instruction set architecture and programming environment which is the superset 
of Intel’s 32-bit and 64-bit architectures. It is compatible with the IA-32 architecture. 


1.2 OVERVIEW OF VOLUME 2A, 2B, 2C AND 2D: INSTRUCTION SET REFERENCE 


A description of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A, 2B, 2C & 2D content 
follows: 


Chapter 1 — About This Manual. Gives an overview of all seven volumes of the Intel® 64 and IA-32 Architec- 
tures Software Developer’s Manual. It also describes the notational conventions in these manuals and lists related 
Intel® manuals and documentation of interest to programmers and hardware designers. 


Chapter 2 — Instruction Format. Describes the machine-level instruction format used for all IA-32 instructions 
and gives the allowable encodings of prefixes, the operand-identifier byte (ModR/M byte), the addressing-mode 
specifier byte (SIB byte), and the displacement and immediate bytes. 


Chapter 3 — Instruction Set Reference, A-L. Describes Intel 64 and IA-32 instructions in detail, including an 
algorithmic description of operations, the effect on flags, the effect of operand- and address-size attributes, and 

the exceptions that may be generated. The instructions are arranged in alphabetical order. General-purpose, x87 
FPU, Intel MMX™ technology, SSE/SSE2/SSE3/SSSE3/SSE4 extensions, and system instructions are included. 


Chapter 4 — Instruction Set Reference, M-U. Continues the description of Intel 64 and IA-32 instructions 
started in Chapter 3. It starts Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2B. 


Chapter 5 — Instruction Set Reference, V-Z. Continues the description of Intel 64 and IA-32 instructions 
started in chapters 3 and 4. It provides the balance of the alphabetized list of instructions and starts Intel® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 2C. 
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Chapter 6 — Safer Mode Extensions Reference. Describes the safer mode extensions (SMX). SMX is intended 
for a system executive to support launching a measured environment in a platform where the identity of the soft- 
ware controlling the platform hardware can be measured for the purpose of making trust decisions. This chapter 
starts Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2D. 


Chapter 7— Instruction Set Reference Unique to Intel® Xeon Phi™ Processors. Describes the instruction 
set that is unique to Intel® Xeon Phi™ processors based on the Knights Landing and Knights Mill microarchitec- 
tures. The set is not supported in any other Intel processors. 


Appendix A — Opcode Map. Gives an opcode map for the IA-32 instruction set. 


Appendix B — Instruction Formats and Encodings. Gives the binary encoding of each form of each IA-32 
instruction. 


Appendix C — Intel® C/C++ Compiler Intrinsics and Functional Equivalents. Lists the Intel® C/C++ compiler 
intrinsics and their assembly code equivalents for each of the IA-32 MMX and SSE/SSE2/SSE3 instructions. 


3 NOTATIONAL CONVENTIONS 


This manual uses specific notation for data-structure formats, for symbolic representation of instructions, and for 
hexadecimal and binary numbers. A review of this notation makes the manual easier to read. 


1.3.1 Bit and Byte Order 


In illustrations of data structures in memory, smaller addresses appear toward the bottom of the figure; addresses 
increase toward the top. Bit positions are numbered from right to left. The numerical value of a set bit is equal to 
two raised to the power of the bit position. IA-32 processors are “little endian” machines; this means the bytes of 
a word are numbered starting from the least significant byte. Figure 1-1 illustrates these conventions. 


Highest Data Structure 
Address 31 24 23 16 15 87 0 <— Bit offset 


24 
20 
16 
12 


0 Lowest 
Address 


Byte Offset 


Figure 1-1. Bit and Byte Order 


1.3.2 Reserved Bits and Software Compatibility 


In many register and memory layout descriptions, certain bits are marked as reserved. When bits are marked as 
reserved, it is essential for compatibility with future processors that software treat these bits as having a future, 
though unknown, effect. The behavior of reserved bits should be regarded as not only undefined, but unpredict- 
able. Software should follow these guidelines in dealing with reserved bits: 


* Do not depend on the states of any reserved bits when testing the values of registers which contain such bits. 
Mask out the reserved bits before testing. 


* Do not depend on the states of any reserved bits when storing to memory or to a register. 
* Do not depend on the ability to retain information written into any reserved bits. 
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¢ When loading a register, always load the reserved bits with the values indicated in the documentation, if any, or 
reload them with values previously read from the same register. 


NOTE 


Avoid any software dependence upon the state of reserved bits in IA-32 registers. Depending upon 
the values of reserved register bits will make software dependent upon the unspecified manner in 

which the processor handles these bits. Programs that depend upon reserved values risk incompat- 
ibility with future processors. 


1.3.3 Instruction Operands 


When instructions are represented symbolically, a subset of the IA-32 assembly language is used. In this subset, 
an instruction has the following format: 
label: mnemonic argument1, argument2, argument3 
where: 
° A label is an identifier which is followed by a colon. 
¢ A mnemonic is a reserved name for a class of instruction opcodes which have the same function. 


¢ The operands argumenti, argument2, and argument3 are optional. There may be from zero to three operands, 
depending on the opcode. When present, they take the form of either literals or identifiers for data items. 
Operand identifiers are either reserved names of registers or are assumed to be assigned to data items 
declared in another part of the program (which may not be shown in the example). 


When two operands are present in an arithmetic or logical instruction, the right operand is the source and the left 
operand is the destination. 


For example: 


LOADREG: MOV EAX, SUBTOTAL 


In this example, LOADREG is a label, MOV is the mnemonic identifier of an opcode, EAX is the destination operand, 
and SUBTOTAL is the source operand. Some assembly languages put the source and destination in reverse order. 


1.3.4 Hexadecimal and Binary Numbers 


Base 16 (hexadecimal) numbers are represented by a string of hexadecimal digits followed by the character H (for 
example, F82EH). A hexadecimal digit is a character from the following set: 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, A, B, C, D, 
E, and F. 


Base 2 (binary) numbers are represented by a string of 1s and Os, sometimes followed by the character B (for 
example, 1010B). The “B” designation is only used in situations where confusion as to the type of number might 
arise. 


135 Segmented Addressing 


The processor uses byte addressing. This means memory is organized and accessed as a sequence of bytes. 
Whether one or more bytes are being accessed, a byte address is used to locate the byte or bytes in memory. The 
range of memory that can be addressed is called an address space. 


The processor also supports segmented addressing. This is a form of addressing where a program may have many 
independent address spaces, called segments. For example, a program can keep its code (instructions) and stack 
in separate segments. Code addresses would always refer to the code space, and stack addresses would always 
refer to the stack space. The following notation is used to specify a byte address within a segment: 


Segment-register:Byte-address 


For example, the following segment address identifies the byte at address FF79H in the segment pointed by the DS 
register: 
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DS:FF79H 


The following segment address identifies an instruction address in the code segment. The CS register points to the 
code segment and the EIP register contains the address of the instruction. 


CS:EIP 


1.3.6 Exceptions 


An exception is an event that typically occurs when an instruction causes an error. For example, an attempt to 
divide by zero generates an exception. However, some exceptions, such as breakpoints, occur under other condi- 
tions. Some types of exceptions may provide error codes. An error code reports additional information about the 
error. An example of the notation used to show an exception and error code is shown below: 


#PF(fault code) 


This example refers to a page-fault exception under conditions where an error code naming a type of fault is 
reported. Under some conditions, exceptions which produce error codes may not be able to report an accurate 
code. In this case, the error code is zero, as shown below for a general-protection exception: 


#GP(0) 


1.3.7 A New Syntax for CPUID, CR, and MSR Values 


Obtain feature flags, status, and system information by using the CPUID instruction, by checking control register 
bits, and by reading model-specific registers. We are moving toward a new syntax to represent this information. 
See Figure 1-2. 


Vol.2A 1-7 


ABOUT THIS MANUAL 


CPUID Input and Output 


CPUID.01H:EDX.SSE[bit 25] = 1 
e | @ 


Input value for EAX register 


Output register and feature flag or field 
name with bit position(s) 


Value (or range) of output 


Control Register Values 


CR4.OSFXSR)bit 9] = 1 
e | © 


Example CR name 


Feature flag or field name 
with bit position(s) 


Value (or range) of output 


Model-Specific Register Values 


IA32_MISC_ENABLE.ENABLEFOPCODE[bit 2] = 1 
|! 


Example MSR name 


Feature flag or field name with bit position(s) 


Value (or range) of output 


Figure 1-2. Syntax for CPUID, CR, and MSR Data Presentation 


1.4 RELATED LITERATURE 


Literature related to Intel 64 and IA-32 processors is listed and viewable on-line at: 
https://software.intel.com/en-us/articles/intel-sdm 
See also: 


* The latest security information on Intel® products: 
https://www.intel.com/content/www/us/en/security-center/default.html 


° Software developer resources, guidance and insights for security advisories: 
https://software.intel.com/security-software-guidance/ 


¢ The data sheet for a particular Intel 64 or IA-32 processor 
¢ The specification update for a particular Intel 64 or IA-32 processor 


* Intel® C++ Compiler documentation and online help: 
http://software.intel.com/en-us/articles/intel-compilers/ 
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Intel® Fortran Compiler documentation and online help: 
http://software.intel.com/en-us/articles/intel-compilers/ 


Intel® Software Development Tools: 
https://software.intel.com/en-us/intel-sdp-home 


Intel® 64 and IA-32 Architectures Software Developer’s Manual (in one, four or ten volumes): 
https://software.intel.com/en-us/articles/intel-sdm 


Intel® 64 and IA-32 Architectures Optimization Reference Manual: 
https://software.intel.com/en-us/articles/intel-sdm#optimization 


Intel® Trusted Execution Technology Measured Launched Environment Programming Guide: 
http://www. intel.com/content/www/us/en/software-developers/intel-txt-software-development-guide.html 


Intel® Software Guard Extensions (Intel® SGX) Information 
https://software.intel.com/en-us/isa-extensions/intel-sgx 


Developing Multi-threaded Applications: A Platform Consistent Approach: 
https://software.intel.com/sites/default/files/article/147714/51534-developing-multithreaded-applica- 
tions. pdf 


Using Spin-Loops on Intel® Pentium® 4 Processor and Intel® Xeon® Processor: 
https://software.intel.com/sites/default/files/22/30/25602 


Performance Monitoring Unit Sharing Guide 
http://software.intel.com/file/30388 


Literature related to select features in future Intel processors are available at: 


Intel® Architecture Instruction Set Extensions Programming Reference 
https://software.intel.com/en-us/isa-extensions 


More relevant links are: 


Intel® Developer Zone: 

https://software.intel.com/en-us 

Developer centers: 

http://www. intel.com/content/www/us/en/hardware-developers/developer-centers.html 
Processor support general link: 

http://www. intel.com/support/processors/ 

Intel® Hyper-Threading Technology (Intel® HT Technology): 

http://www. intel.com/technology/platform-technology/hyper-threading/index.htm 
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CHAPTER 2 
INSTRUCTION FORMAT 


This chapter describes the instruction format for all Intel 64 and IA-32 processors. The instruction format for 
protected mode, real-address mode and virtual-8086 mode is described in Section 2.1. Increments provided for IA- 
32e mode and its sub-modes are described in Section 2.2. 


221 INSTRUCTION FORMAT FOR PROTECTED MODE, REAL-ADDRESS MODE, 
AND VIRTUAL-8086 MODE 


The Intel 64 and IA-32 architectures instruction encodings are subsets of the format shown in Figure 2-1. Instruc- 
tions consist of optional instruction prefixes (in any order), primary opcode bytes (up to three bytes), an 
addressing-form specifier (if required) consisting of the ModR/M byte and sometimes the SIB (Scale-Index-Base) 
byte, a displacement (if required), and an immediate data field (if required). 


Prefixes of _1-, 2-, or 3-byte 1 byte 1 byte Address Immediate 
1 byte each opcode f required) (if reqaned) displacement data of 
(optional? eres of1,2,or4 1,2, 0r4 
ra \ bytes or none® bytes or none® 
7 65 32 0 7 65 32 0 


So 


1. The REX prefix is optional, but if used must be immediately before the opcode; see Section 
2.2.1, “REX Prefixes” for additional information. 

2. For VEX encoding information, see Section 2.3, “Intel® Advanced Vector Extensions (Intel® 
AVX)”. 

3. Some rare instructions can take an 8B immediate or 8B displacement. 


Figure 2-1. Intel 64 and IA-32 Architectures Instruction Format 


2.1.1 Instruction Prefixes 


Instruction prefixes are divided into four groups, each with a set of allowable prefix codes. For each instruction, it 
is only useful to include up to one prefix code from each of the four groups (Groups 1, 2, 3, 4). Groups 1 through 4 
may be placed in any order relative to each other. 


° Group 1 
— Lock and repeat prefixes: 
¢ LOCK prefix is encoded using FOH. 


¢ REPNE/REPNZ prefix is encoded using F2H. Repeat-Not-Zero prefix applies only to string and 
input/output instructions. (F2H is also used as a mandatory prefix for some instructions. ) 


¢ REP or REPE/REPZ is encoded using F3H. The repeat prefix applies only to string and input/output 
instructions. F3H is also used as a mandatory prefix for POPCNT, LZCNT and ADOX instructions. 
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— BND prefix is encoded using F2H if the following conditions are true: 
¢ CPUID.(EAX=07H, ECX=0):EBX.MPX[bit 14] is set. 
¢ BNDCFGU.EN and/or IA32_BNDCFGS.EN is set. 


¢ When the F2 prefix precedes a near CALL, a near RET, a near JMP, a short Jcc, or a near Jcc instruction 
(see Chapter 17, “Intel® MPX,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 1). 


° Group 2 
— Segment override prefixes: 
¢ 2EH—CS segment override (use with any branch instruction is reserved). 
¢ 36H—SS segment override prefix (use with any branch instruction is reserved). 
¢ 3EH—DS segment override prefix (use with any branch instruction is reserved). 
¢ 26H—ES segment override prefix (use with any branch instruction is reserved). 
¢ 64H—FS segment override prefix (use with any branch instruction is reserved). 
* 65H—GS segment override prefix (use with any branch instruction is reserved). 
— Branch hints!?: 
¢ 2EH—Branch not taken (used only with Jcc instructions). 
¢ 3EH—Branch taken (used only with Jcc instructions). 
° Group 3 
¢ Operand-size override prefix is encoded using 66H (66H is also used as a mandatory prefix for some 
instructions). 
° Group 4 
* 67H—Address-size override prefix. 


The LOCK prefix (FOH) forces an operation that ensures exclusive use of shared memory in a multiprocessor envi- 
ronment. See “LOCK—Assert LOCK# Signal Prefix” in Chapter 3, “Instruction Set Reference, A-L,” for a description 
of this prefix. 

Repeat prefixes (F2H, F3H) cause an instruction to be repeated for each element of a string. Use these prefixes 
only with string and I/O instructions (MOVS, CMPS, SCAS, LODS, STOS, INS, and OUTS). Use of repeat prefixes 
and/or undefined opcodes with other Intel 64 or IA-32 instructions is reserved; such use may cause unpredictable 
behavior. 

Some instructions may use F2H,F3H as a mandatory prefix to express distinct functionality. 

Branch hint prefixes (2EH, 3EH) allow a program to give a hint to the processor about the most likely code path for 
a branch. Use these prefixes only with conditional branch instructions (Jcc). Other use of branch hint prefixes 
and/or other undefined opcodes with Intel 64 or IA-32 instructions is reserved; such use may cause unpredictable 
behavior. 

The operand-size override prefix allows a program to switch between 16- and 32-bit operand sizes. Either size can 
be the default; use of the prefix selects the non-default size. 

Some SSE2/SSE3/SSSE3/SSE4 instructions and instructions using a three-byte sequence of primary opcode bytes 
may use 66H as a mandatory prefix to express distinct functionality. 

Other use of the 66H prefix is reserved; such use may cause unpredictable behavior. 

The address-size override prefix (67H) allows programs to switch between 16- and 32-bit addressing. Either size 
can be the default; the prefix selects the non-default size. Using this prefix and/or other undefined opcodes when 
operands for the instruction do not reside in memory is reserved; such use may cause unpredictable behavior. 


1. Some earlier microarchitectures used these as branch hints, but recent generations have not and they are reserved for future hint 
usage. 
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Za lot Opcodes 


A primary opcode can be 1, 2, or 3 bytes in length. An additional 3-bit opcode field is sometimes encoded in the 
ModR/M byte. Smaller fields can be defined within the primary opcode. Such fields define the direction of opera- 
tion, size of displacements, register encoding, condition codes, or sign extension. Encoding fields used by an 
opcode vary depending on the class of operation. 


Two-byte opcode formats for general-purpose and SIMD instructions consist of one of the following: 
e An escape opcode byte OFH as the primary opcode and a second opcode byte. 


¢ Amandatory prefix (66H, F2H, or F3H), an escape opcode byte, and a second opcode byte (same as previous 
bullet). 


For example, CVTDQ2PD consists of the following sequence: F3 OF E6. The first byte is a mandatory prefix (it is not 
considered as a repeat prefix). 


Three-byte opcode formats for general-purpose and SIMD instructions consist of one of the following: 
e An escape opcode byte OFH as the primary opcode, plus two additional opcode bytes. 


¢ Amandatory prefix (66H, F2H, or F3H), an escape opcode byte, plus two additional opcode bytes (same as 
previous bullet). 


For example, PHADDW for XMM registers consists of the following sequence: 66 OF 38 01. The first byte is the 
mandatory prefix. 


Valid opcode expressions are defined in Appendix A and Appendix B. 


2.1.3 ModR/M and SIB Bytes 


Many instructions that refer to an operand in memory have an addressing-form specifier byte (called the ModR/M 
byte) following the primary opcode. The ModR/M byte contains three fields of information: 


° The mod field combines with the r/m field to form 32 possible values: eight registers and 24 addressing modes. 


° The reg/opcode field specifies either a register number or three more bits of opcode information. The purpose 
of the reg/opcode field is specified in the primary opcode. 


¢ The r/m field can specify a register as an operand or it can be combined with the mod field to encode an 
addressing mode. Sometimes, certain combinations of the mod field and the r/m field are used to express 
opcode information for some instructions. 


Certain encodings of the ModR/M byte require a second addressing byte (the SIB byte). The base-plus-index and 
scale-plus-index forms of 32-bit addressing require the SIB byte. The SIB byte includes the following fields: 


° The scale field specifies the scale factor. 

° The index field specifies the register number of the index register. 
° The base field specifies the register number of the base register. 
See Section 2.1.5 for the encodings of the ModR/M and SIB bytes. 


2.1.4 Displacement and Immediate Bytes 


Some addressing forms include a displacement immediately following the ModR/M byte (or the SIB byte if one is 
present). If a displacement is required, it can be 1, 2, or 4 bytes. 


If an instruction specifies an immediate operand, the operand always follows any displacement bytes. An imme- 
diate operand can be 1, 2 or 4 bytes. 
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2.1.5 Addressing-Mode Encoding of ModR/M and SIB Bytes 


The values and corresponding addressing forms of the ModR/M and SIB bytes are shown in Table 2-1 through Table 
2-3: 16-bit addressing forms specified by the ModR/M byte are in Table 2-1 and 32-bit addressing forms are in 
Table 2-2. Table 2-3 shows 32-bit addressing forms specified by the SIB byte. In cases where the reg/opcode field 
in the ModR/M byte represents an extended opcode, valid encodings are shown in Appendix B. 


In Table 2-1 and Table 2-2, the Effective Address column lists 32 effective addresses that can be assigned to the 
first operand of an instruction by using the Mod and R/M fields of the ModR/M byte. The first 24 options provide 
ways of specifying a memory location; the last eight (Mod = 11B) provide ways of specifying general-purpose, MMX 
technology and XMM registers. 


The Mod and R/M columns in Table 2-1 and Table 2-2 give the binary encodings of the Mod and R/M fields required 
to obtain the effective address listed in the first column. For example: see the row indicated by Mod = 11B, R/M = 
OOOB. The row identifies the general-purpose registers EAX, AX or AL; MMX technology register MMO; or XMM 
register XMMO. The register used is determined by the opcode byte and the operand-size attribute. 


Now look at the seventh row in either table (labeled “REG =”). This row specifies the use of the 3-bit Reg/Opcode 
field when the field is used to give the location of a second operand. The second operand must be a general- 
purpose, MMX technology, or XMM register. Rows one through five list the registers that may correspond to the 
value in the table. Again, the register used is determined by the opcode byte along with the operand-size attribute. 


If the instruction does not require a second operand, then the Reg/Opcode field may be used as an opcode exten- 
sion. This use is represented by the sixth row in the tables (labeled “/digit (Opcode)”). Note that values in row six 
are represented in decimal form. 


The body of Table 2-1 and Table 2-2 (under the label “Value of ModR/M Byte (in Hexadecimal)”) contains a 32 by 
8 array that presents all of 256 values of the ModR/M byte (in hexadecimal). Bits 3, 4 and 5 are specified by the 
column of the table in which a byte resides. The row specifies bits 0, 1 and 2; and bits 6 and 7. The figure below 
demonstrates interpretation of one table value. 


Mod 11 

RM 000 
/digit (Opcode); REG= 001 

C8H 11001000 


Figure 2-2. Table Interpretation of ModR/M Byte (C8H) 
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Table 2-1. 16-Bit Addressing Forms with the ModR/M Byte 


r8(/r) CH 
r16(/r) BP! 
r32(/r) EBP 
mmi(/r) MM5 
xmm(/r) XMM5 
(In decimal) /digit (Opcode) 0 1 2 3 4 5 

(In binary) REG = 101 


Effective Address odR/M Byte (in Hexadecimal) 


uw 
Oo}; TMMONDWYSHO 


[BX+Sl}-disp8? 
[BX+DI]+disp8 
[BP+SI}-+disp8 

[BP+DI}+disp8 


[Sl]+disp8 
[Di}+disp8 

[BP]}+disp8 
[BX]+disp8 


[BX+Sl]+disp16 
[BX+DI]+disp16 
[BP+Sl}-+disp16 
[BP+DI}+disp16 
[Sl}+disp16 
[Di}+disp16 
[BP}+disp16 
[BX]+disp16 


EAX/AX/AL/MMO/XMMO 
ECX/CX/CL/MM1/XMM 1 
EDX/DX/DL/MM2/XMM2 
E€BX/BX/BL/MM3/XMM3 
ESP/SP/AHMM4/XMM4. 
EBP/BP/CH/MM5/XMM5 
ESI/SI/DH/MM6/XMM6 
EDI/DI/BH/MM7/XMM7 


NOTES: 
1. The default segment register is SS for the effective addresses containing a BP index, DS for other effective addresses. 
2. The disp16 nomenclature denotes a 16-bit displacement that follows the ModR/M byte and that is added to the index. 


3. The disp8 nomenclature denotes an 8-bit displacement that follows the ModR/M byte and that is sign-extended and added to the 
index. 
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Table 2-2. 32-Bit Addressing Forms with the ModR/M Byte 


r8(/r) 

r16(/r) 

r32(/r) 

mmi(/r) 

xmm(/r 

(In decimal) /digit (Opcode) 

(In binary) REG = 

Effective Address 

[EBX}+disp8 011 43 4B 53 5B 63 6B 73 7B 

[--][--]}+disp8 100 44 4c 54 5C 64 6C 74 7C 

[EBP]+disp8 101 45 4D 55 5D 65 6D 75 7D 

[ESI]+disp8 110 46 4€ 56 5E 66 6E 76 7E 

[EDI]+disp8 111 47 4F 57 5F 67 6F 77 7F 

[EAX]+disp32 10 000 80 88 90 98 AO A8 BO B8 

[ECX]+disp32 001 81 89 91 99 Al AS Bl B9 

[EDX]+disp32 010 82 8A 92 9A A2 AA B2 BA 

[EBX}+disp32 011 83 8B 93 9B A3 AB B3 BB 

[--][--]}+disp32 100 84 8C 94 9C A4 AC B4 BC 

[EBP]+disp32 101 85 8D 95 9D A5 AD B5 BD 

[ESI]+disp32 110 86 8E 96 9E AG AE B6 BE 

[EDI]+disp32 111 87 8F 97 OF A7 AF B7 BF 

EAX/AX/AL/MMO/XMMO 11 000 co C8 DO D8 E0 E8 FO F8 

ECX/CX/CL/MM/XMM 1 001 C1 cg D1 D9 E1 E9 FI FO 

EDX/DX/DL/MM2/XMM2 010 C2 CA D2 DA E2 EA F2 FA 

EBX/BX/BL/MM3/XMM3 011 C3 CB D3 DB €3 EB F3 FB 

ESP/SP/AH/MM4/XMM4 100 C4 cc D4 DC E4 EC F4 FC 

EBP/BP/CH/MM5/XMM5 101 cs CD D5 DD €5 ED F5 FD 

ESI/SI/DH/MM6/XMM6 110 C6 CE D6 DE €6 EE F6 FE 

EDI/DI/BH/MM7/XMM7 111 C7 CF D7 DF €7 EF F7 FF 
NOTES: 


1. The [--][--] nomenclature means a SIB follows the ModR/M byte. 

2. The disp32 nomenclature denotes a 32-bit displacement that follows the ModR/M byte (or the SIB byte if one is present) and that is 
added to the index. 

3. The disp8 nomenclature denotes an 8-bit displacement that follows the ModR/M byte (or the SIB byte if one is present) and that is 
sign-extended and added to the index. 


Table 2-3 is organized to give 256 possible values of the SIB byte (in hexadecimal). General purpose registers used 
as a base are indicated across the top of the table, along with corresponding values for the SIB byte’s base field. 
Table rows in the body of the table indicate the register used as the index (SIB byte bits 3, 4 and 5) and the scaling 
factor (determined by SIB byte bits 6 and 7). 
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Table 2-3. 32-Bit Addressing Forms with the SIB Byte 


r32 EDX EBX ESP [*] 
(In decimal) Base = 0 1 2 3 4 5 
(In binary) Base = 010 011 100 101 


Scaled Index Value of SIB Byte (in Hexadecimal) 


[EAX*4] 10 000 80 81 82 83 84 85 86 87 
[ECX*4] 001 88 89 8A 8B 8C 8D 8E 8F 
[EDX*4] 010 90 91 92 93 94 95 96 97 
[EBX*4] 011 98 99 9A 9B 9C 9D 9E 9F 
none 100 AO Al A2 A3 A4 A5 AG A7 
[EBP*4] 101 A8 AS AA AB AC AD AE AF 
[ESI*4] 110 BO B1 B2 B3 B4 B5 B6 B7 
[EDI*4] 111 B8 B9 BA BB BC BD BE BF 
[EAX*8] 11 000 co C1 C2 C3 C4 cS C6 C7 
[ECX*8] 001 c8 cg CA CB cc CD CE CF 
[EDX*8] 010 DO D1 D2 D3 D4 D5 D6 D7 
[EBX*8] 011 D8 D9 DA DB DC DD DE DF 
none 100 E0 E1 E2 E3 €4 €5 €6 E7 
[EBP*8] 101 €8 €9 EA EB EC ED EE EF 
[ESI*8] 110 FO FI F2 F3 F4 F5 F6 F7 
[EDI*8] 111 F8 F9 FA FB FC FD FE FF 
NOTES: 


— 


. The [*] nomenclature means a disp32 with no base if the MOD is OOB. Otherwise, [*] means disp8 or disp32 + [EBP]. This provides the 
following address modes: 


MOD bits Effective Address 


00 [scaled index] + disp32 
01 [scaled index] + disp8 + [EBP] 
10 [scaled index] + disp32 + [EBP] 


22 lA-32E MODE 


IA-32e mode has two sub-modes. These are: 


¢ Compatibility Mode. Enables a 64-bit operating system to run most legacy protected mode software 
unmodified. 


° 64-Bit Mode. Enables a 64-bit operating system to run applications written to access 64-bit address space. 
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2.2.1 REX Prefixes 

REX prefixes are instruction-prefix bytes used in 64-bit mode. They do the following: 
® Specify GPRs and SSE registers. 

° Specify 64-bit operand size. 

° Specify extended control registers. 


Not all instructions require a REX prefix in 64-bit mode. A prefix is necessary only if an instruction references one 
of the extended registers or uses a 64-bit operand. If a REX prefix is used when it has no meaning, it is ignored. 


Only one REX prefix is allowed per instruction. If used, the REX prefix byte must immediately precede the opcode 
byte or the escape opcode byte (OFH). When a REX prefix is used in conjunction with an instruction containing a 
mandatory prefix, the mandatory prefix must come before the REX so the REX prefix can be immediately preceding 
the opcode or the escape byte. For example, CVTDQ2PD with a REX prefix should have REX placed between F3 and 
OF E6. Other placements are ignored. The instruction-size limit of 15 bytes still applies to instructions with a REX 
prefix. See Figure 2-3. 


Grp 1,Grp (optional) —-‘1-, 2-, or 1 byte 1 byte Address Immediate data 
2, Grp 3, 3-byte (ifrequired) (ifrequired) — displacementof of 1, 2,0r4 
Grp 4 opcode 1,2,or4 bytes bytes or none 
(optional) 


Figure 2-3. Prefix Ordering in 64-bit Mode 


2:2.151 Encoding 


Intel 64 and IA-32 instruction formats specify up to three registers by using 3-bit fields in the encoding, depending 
on the format: 


® ModR/M: the reg and r/m fields of the ModR/M byte. 

* ModR/M with SIB: the reg field of the ModR/M byte, the base and index fields of the SIB (scale, index, base) 
byte. 

¢ Instructions without ModR/M: the reg field of the opcode. 


In 64-bit mode, these formats do not change. Bits needed to define fields in the 64-bit context are provided by the 
addition of REX prefixes. 


2.2.1.2 More on REX Prefix Fields 


REX prefixes are a set of 16 opcodes that span one row of the opcode map and occupy entries 40H to 4FH. These 
opcodes represent valid instructions (INC or DEC) in IA-32 operating modes and in compatibility mode. In 64-bit 
mode, the same opcodes represent the instruction prefix REX and are not treated as individual instructions. 


The single-byte-opcode forms of the INC/DEC instructions are not available in 64-bit mode. INC/DEC functionality 
is still available using ModR/M forms of the same instructions (opcodes FF/O and FF/1). 


See Table 2-4 for a summary of the REX prefix format. Figure 2-4 though Figure 2-7 show examples of REX prefix 
fields in use. Some combinations of REX prefix fields are invalid. In such cases, the prefix is ignored. Some addi- 
tional information follows: 


° Setting REX.W can be used to determine the operand size but does not solely determine operand width. Like 
the 66H size prefix, 64-bit operand size override has no effect on byte-specific operations. 


¢ For non-byte operations: if a 66H prefix is used with prefix (REX.W = 1), 66H is ignored. 
¢ If a 66H override is used with REX and REX.W = 0, the operand size is 16 bits. 
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REX.R modifies the ModR/M reg field when that field encodes a GPR, SSE, control or debug register. REX.R is 
ignored when ModR/M specifies other registers or defines an extended opcode. 


REX.X bit modifies the SIB index field. 


REX.B either modifies the base in the ModR/M r/m field or SIB base field; or it modifies the opcode reg field 
used for accessing GPRs. 


Table 2-4. REX Prefix Fields [BITS: 0100WRXB] 


Field Name Bit Position Definition 
- 74 0100 
WwW S| O = Operand size determined by CS.D 
1 = 64 Bit Operand Size 
2 Extension of the ModR/M reg field 
1 Extension of the SIB index field 
B 0 Extension of the ModR/M r/m field, SIB base field, or Opcode reg field 
ModRM Byte 
REX PREFIX Opcode 
0100WROB 


Rrrr Bbbb 


OM17Xfig1-3 


Figure 2-4. Memory Addressing Without an SIB Byte; REX.X Not Used 


ModRM Byte | 


REX PREFIX Opcode mod reg rim 
0100WROB | rer bbb 


Rrrr Bbbb 


OM17Xfig1-4 


Figure 2-5. Register-Register Addressing (No Memory Operand); REX.X Not Used 
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REX PREFIX Opcode 
0100WRXB 


ModRM Byte 


SIB Byte 


scale index | base 
ss XXX bbb 
\ 


ie 


Xxxx  Bbbb 


OM17Xfig1-5 


Figure 2-6. Memory Addressing With a SIB Byte 


REX PREFIX 
0100WO00B 


Opcode 


Bbbb 


OM17Xfig1-6 


Figure 2-7. Register Operand Coded in Opcode Byte; REX.X & REX.R Not Used 


In the IA-32 architecture, byte registers (AH, AL, BH, BL, CH, CL, DH, and DL) are encoded in the ModR/M byte’s 
reg field, the r/m field or the opcode reg field as registers 0 through 7. REX prefixes provide an additional 
addressing capability for byte-registers that makes the least-significant byte of GPRs available for byte operations. 


Certain combinations of the fields of the ModR/M byte and the SIB byte have special meaning for register encod- 
ings. For some combinations, fields expanded by the REX prefix are not decoded. Table 2-5 describes how each 


case behaves. 
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Table 2-5. Special Cases of REX Encodings 


ModR/M or __| Sub-field Compatibility Mode | Compatibility Mode 
SIB Encodings Operation Implications Additional Implications 
ModR/M Byte | mod # 11 SIB byte present. SIB byte required for | REX prefix adds a fourth bit (b) which is not decoded 
r/m = ESP-based addressing. | (don’t care). 
b*100(ESP) SIB byte also required for R12-based addressing. 
ModR/M Byte |mod=0 Base register not EBP without a REX prefix adds a fourth bit (b) which is not decoded 
r/m = used. displacement must be | (don't care). 
b*101(EBP) done using Using RBP or R13 without displacement must be done 
mod = 01 with using mod = 01 with a displacement of 0. 
displacement of 0. 
SIB Byte index = Index register not ESP cannot be used as | REX prefix adds a fourth bit (b) which is decoded. 
0100(ESP) used. an index register. There are no additional implications. The expanded 
index field allows distinguishing RSP from R12, 
therefore R12 can be used as an index. 
SIB Byte base = Base register is Base register depends | REX prefix adds a fourth bit (b) which is not decoded. 
0101(€BP) unused ifmod=0. | on mod encoding. This requires explicit displacement to be used with 
EBP/RBP or R13. 
NOTES: 


* Don’t care about value of REX.B 


2.0.1.3 


Displacement 


Addressing in 64-bit mode uses existing 32-bit ModR/M and SIB encodings. The ModR/M and SIB displacement 
sizes do not change. They remain 8 bits or 32 bits and are sign-extended to 64 bits. 


2.2.1.4 


Direct Memory-Offset MOVs 


In 64-bit mode, direct memory-offset forms of the MOV instruction are extended to specify a 64-bit immediate 
absolute address. This address is called a moffset. No prefix is needed to specify this 64-bit memory offset. For 
these MOV instructions, the size of the memory offset follows the address-size default (64 bits in 64-bit mode). See 


Table 2-6. 
Table 2-6. Direct Memory Offset Form of MOV 
Opcode Instruction 
AO MOV AL, moffset 
Al MOV EAX, moffset 
A2 MOV moffset, AL 
A3 MOV moffset, EAX 
2.2.15 Immediates 


In 64-bit mode, the typical size of immediate operands remains 32 bits. When the operand size is 64 bits, the 
processor sign-extends all immediates to 64 bits prior to their use. 

Support for 64-bit immediate operands is accomplished by expanding the semantics of the existing move (MOV 
reg, imm16/32) instructions. These instructions (opcodes B8H - BFH) move 16-bits or 32-bits of immediate data 
(depending on the effective operand size) into a GPR. When the effective operand size is 64 bits, these instructions 
can be used to load an immediate into a GPR. A REX prefix is needed to override the 32-bit default operand size to 
a 64-bit operand size. 


For example: 


48B8 8877665544332211 MOV RAX,1122334455667788H 
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2.2.1.6 RIP-Relative Addressing 


A new addressing form, RIP-relative (relative instruction-pointer) addressing, is implemented in 64-bit mode. An 
effective address is formed by adding displacement to the 64-bit RIP of the next instruction. 


In IA-32 architecture and compatibility mode, addressing relative to the instruction pointer is available only with 
control-transfer instructions. In 64-bit mode, instructions that use ModR/M addressing can use RIP-relative 
addressing. Without RIP-relative addressing, all ModR/M modes address memory relative to zero. 

RIP-relative addressing allows specific ModR/M modes to address memory relative to the 64-bit RIP using a signed 
32-bit displacement. This provides an offset range of +2GB from the RIP. Table 2-7 shows the ModR/M and SIB 
encodings for RIP-relative addressing. Redundant forms of 32-bit displacement-addressing exist in the current 
ModR/M and SIB encodings. There is one ModR/M encoding and there are several SIB encodings. RIP-relative 
addressing is encoded using a redundant form. 

In 64-bit mode, the ModR/M Disp32 (32-bit displacement) encoding is re-defined to be RIP+Disp32 rather than 
displacement-only. See Table 2-7. 


Table 2-7. RIP-Relative Addressing 


ModR/M and SIB Sub-field Encodings | Compatibility Mode | 64-bit Mode Additional Implications in 64-bit mode 


Operation Operation 
ModR/M Byte | mod = 00 Disp32 RIP + Disp32 In 64-bit mode, if one wants to use a Disp32 
ot ior) SIB byte encoding (ndicated by MODRMa/m=100) 
as described in the next row. 
SIB Byte base = 101 (none) If mod = 00, Disp32 | Same as legacy | None 
index = 100 (none) 
scale = 0, 1,2,4 


The ModR/M encoding for RIP-relative addressing does not depend on using a prefix. Specifically, the r/m bit field 
encoding of 101B (used to select RIP-relative addressing) is not affected by the REX prefix. For example, selecting 
R13 (REX.B = 1, r/m = 101B) with mod = OOB still results in RIP-relative addressing. The 4-bit r/m field of REX.B 
combined with ModR/M is not fully decoded. In order to address R13 with no displacement, software must encode 
R13 + 0 using a 1-byte displacement of zero. 

RIP-relative addressing is enabled by 64-bit mode, not by a 64-bit address-size. The use of the address-size prefix 
does not disable RIP-relative addressing. The effect of the address-size prefix is to truncate and zero-extend the 
computed effective address to 32 bits. 


2.2.1.7 Default 64-Bit Operand Size 


In 64-bit mode, two groups of instructions have a default operand size of 64 bits (do not need a REX prefix for this 
operand size). These are: 


¢ Near branches. 
e =6All instructions, except far branches, that implicitly reference the RSP. 


22.0 Additional Encodings for Control and Debug Registers 


In 64-bit mode, more encodings for control and debug registers are available. The REX.R bit is used to modify the 
ModR/M reg field when that field encodes a control or debug register (see Table 2-4). These encodings enable the 
processor to address CR8-CR15 and DR8- DR15. An additional control register (CR8) is defined in 64-bit mode. CR8 
becomes the Task Priority Register (TPR). 

In the first implementation of IA-32e mode, CR9-CR1i5 and DR8-DR15 are not implemented. Any attempt to access 
unimplemented registers results in an invalid-opcode exception (#UD). 
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2.3 INTEL® ADVANCED VECTOR EXTENSIONS (INTEL® AVX) 


Intel AVX instructions are encoded using an encoding scheme that combines prefix bytes, opcode extension field, 
operand encoding fields, and vector length encoding capability into a new prefix, referred to as VEX. In the VEX 
encoding scheme, the VEX prefix may be two or three bytes long, depending on the instruction semantics. Despite 
the two-byte or three-byte length of the VEX prefix, the VEX encoding format provides a more compact represen- 
tation/packing of the components of encoding an instruction in Intel 64 architecture. The VEX encoding scheme 
also allows more headroom for future growth of Intel 64 architecture. 


2.3.1 Instruction Format 
Instruction encoding using VEX prefix provides several advantages: 


¢ Instruction syntax support for three operands and up-to four operands when necessary. For example, the third 
source register used by VBLENDVPD is encoded using bits 7:4 of the immediate byte. 


¢ Encoding support for vector length of 128 bits (using XMM registers) and 256 bits (using YMM registers). 
¢ Encoding support for instruction syntax of non-destructive source operands. 


° Elimination of escape opcode byte (OFH), SIMD prefix byte (66H, F2H, F3H) via a compact bit field represen- 
tation within the VEX prefix. 


¢ Elimination of the need to use REX prefix to encode the extended half of general-purpose register sets (R8- 
R15) for direct register access, memory addressing, or accessing XMM8-XMM15 (including YMM8-YMM15). 


¢ Flexible and more compact bit fields are provided in the VEX prefix to retain the full functionality provided by 
REX prefix. REX.W, REX.X, REX.B functionalities are provided in the three-byte VEX prefix only because only a 
subset of SIMD instructions need them. 


¢  ~=Extensibility for future instruction extensions without significant instruction length increase. 


Figure 2-8 shows the Intel 64 instruction encoding format with VEX prefix support. Legacy instruction without a 
VEX prefix is fully supported and unchanged. The use of VEX prefix in an Intel 64 instruction is optional, but a VEX 
prefix is required for Intel 64 instructions that operate on YMM registers or support three and four operand syntax. 
VEX prefix is not a constant-valued, “single-purpose” byte like OFH, 66H, F2H, F3H in legacy SSE instructions. VEX 
prefix provides substantially richer capability than the REX prefix. 


# Bytes 2,3 0,1 0,1,2,4 0,1 


1 1 ; 


Figure 2-8. Instruction Encoding Format with VEX Prefix 


2.3.2 VEX and the LOCK prefix 
Any VEX-encoded instruction with a LOCK prefix preceding VEX will #UD. 


2.3.3 VEX and the 66H, F2H, and F3H prefixes 
Any VEX-encoded instruction with a 66H, F2H, or F3H prefix preceding VEX will #UD. 


2.3.4 VEX and the REX prefix 
Any VEX-encoded instruction with a REX prefix proceeding VEX will #UD. 
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2.3.5 The VEX Prefix 


The VEX prefix is encoded in either the two-byte form (the first byte must be C5H) or in the three-byte form (the 
first byte must be C4H). The two-byte VEX is used mainly for 128-bit, scalar, and the most common 256-bit AVX 
instructions; while the three-byte VEX provides a compact replacement of REX and 3-byte opcode instructions 
(including AVX and FMA instructions). Beyond the first byte of the VEX prefix, it consists of a number of bit fields 
providing specific capability, they are shown in Figure 2-9. 

The bit fields of the VEX prefix can be summarized by its functional purposes: 


° Non-destructive source register encoding (applicable to three and four operand syntax): This is the first source 
operand in the instruction syntax. It is represented by the notation, VEX.vvvv. This field is encoded using 1’s 
complement form (inverted form), i.e. XMMO/YMMO/RO is encoded as 1111B, XMM15/YMM15/R15 is encoded 
as OOOOB. 


¢ Vector length encoding: This 1-bit field represented by the notation VEX.L. L= 0 means vector length is 128 bits 
wide, L=1 means 256 bit vector. The value of this field is written as VEX.128 or VEX.256 in this document to 
distinguish encoded values of other VEX bit fields. 


° REX prefix functionality: Full REX prefix functionality is provided in the three-byte form of VEX prefix. However 
the VEX bit fields providing REX functionality are encoded using 1's complement form, i.e. XMMO/YMMO/RO is 
encoded as 1111B, XMM15/YMM15/R15 is encoded as OOOOB. 


— Two-byte form of the VEX prefix only provides the equivalent functionality of REX.R, using 1’s complement 
encoding. This is represented as VEX.R. 


— Three-byte form of the VEX prefix provides REX.R, REX.X, REX.B functionality using 1’s complement 
encoding and three dedicated bit fields represented as VEX.R, VEX.X, VEX.B. 


— Three-byte form of the VEX prefix provides the functionality of REX.W only to specific instructions that need 
to override default 32-bit operand size for a general purpose register to 64-bit size in 64-bit mode. For 
those applicable instructions, VEX.W field provides the same functionality as REX.W. VEX.W field can 
provide completely different functionality for other instructions. 


Consequently, the use of REX prefix with VEX encoded instructions is not allowed. However, the intent of the 
REX prefix for expanding register set is reserved for future instruction set extensions using VEX prefix 
encoding format. 


* Compaction of SIMD prefix: Legacy SSE instructions effectively use SIMD prefixes (66H, F2H, F3H) as an 
opcode extension field. VEX prefix encoding allows the functional capability of such legacy SSE instructions 
(operating on XMM registers, bits 255:128 of corresponding YMM unmodified) to be encoded using the VEX.pp 
field without the presence of any SIMD prefix. The VEX-encoded 128-bit instruction will zero-out bits 255:128 
of the destination register. VEX-encoded instruction may have 128 bit vector length or 256 bits length. 


* Compaction of two-byte and three-byte opcode: More recently introduced legacy SSE instructions employ two 
and three-byte opcode. The one or two leading bytes are: OFH, and OFH 3AH/OFH 38H. The one-byte escape 
(OFH) and two-byte escape (OFH 3AH, OFH 38H) can also be interpreted as an opcode extension field. The 
VEX.mmmmm field provides compaction to allow many legacy instruction to be encoded without the constant 
byte sequence, OFH, OFH 3AH, OFH 38H. These VEX-encoded instruction may have 128 bit vector length or 256 
bits length. 


The VEX prefix is required to be the last prefix and immediately precedes the opcode bytes. It must follow any other 
prefixes. If VEX prefix is present a REX prefix is not supported. 


The 3-byte VEX leaves room for future expansion with 3 reserved bits. REX and the 66h/F2h/F3h prefixes are 
reclaimed for future use. 


VEX prefix has a two-byte form and a three byte form. If an instruction syntax can be encoded using the two-byte 
form, it can also be encoded using the three byte form of VEX. The latter increases the length of the instruction by 
one byte. This may be helpful in some situations for code alignment. 


The VEX prefix supports 256-bit versions of floating-point SSE, SSE2, SSE3, and SSE4 instructions. Note, certain 
new instruction functionality can only be encoded with the VEX prefix. 


The VEX prefix will #UD on any instruction containing MMX register sources or destinations. 
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Byte 0 Byte | 
(Bit Position) 7 07654 


hs 
2-byte VEX os 


R: REX.R in 1’s complement (inverted) form 
1: Same as REX.R=0 (must be | in 32-bit mode) 
0: Same as REX.R=1 (64-bit mode only) 

X: REX.X in 1’s complement (inverted) form 
1: Same as REX.X=0 (must be | in 32-bit mode) 
0: Same as REX.X=1 (64-bit mode only) 

B: REX.B in 1’s complement (inverted) form 

1: Same as REX.B=0 (Ignored in 32-bit mode). 
0: Same as REX.B=1 (64-bit mode only) 

W: opcode specific (use like REX.W, or used for opcode 

extension, or ignored, depending on the opcode byte) 


3.210 


m-mmmm: 
00000: Reserved for future use (will #UD) 
00001: implied OF leading opcode byte 
00010: implied OF 38 leading opcode bytes 
00011: implied OF 3A leading opcode bytes 
00100-11111: Reserved for future use (will #UD) 


vvvwv: a register specifier (in 1’s complement form) or 1111 if unused. 


L: Vector Length 


0: scalar or 128-bit vector 
1: 256-bit vector 


pp: opcode extension providing equivalent functionality of a SIMD prefix 
00: None 
O01: 66 
10: F3 
11: F2 


Figure 2-9. VEX bit fields 


The following subsections describe the various fields in two or three-byte VEX prefix. 


2.3.5.1 VEX Byte 0, bits[7:0] 


VEX Byte 0, bits [7:0] must contain the value 11000101b (C5h) or 11000100b (C4h). The 3-byte VEX uses the C4h 
first byte, while the 2-byte VEX uses the C5h first byte. 


2.3.5.2 VEX Byte 1, bit [7] - 


VEX Byte 1, bit [7] contains a bit analogous to a bit inverted REX.R. In protected and compatibility modes the bit 
must be set to ‘1’ otherwise the instruction is LES or LDS. 
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This bit is present in both 2- and 3-byte VEX prefixes. 


The usage of WRXB bits for legacy instructions is explained in detail section 2.2.1.2 of Intel 64 and IA-32 Architec- 
tures Software developer’s manual, Volume 2A. 


This bit is stored in bit inverted format. 


2.3.5.3. 3-byte VEX byte 1, bit[6] - ‘x’ 


Bit[6] of the 3-byte VEX byte 1 encodes a bit analogous to a bit inverted REX.X. It is an extension of the SIB Index 
field in 64-bit modes. In 32-bit modes, this bit must be set to ‘1’ otherwise the instruction is LES or LDS. 


This bit is available only in the 3-byte VEX prefix. 
This bit is stored in bit inverted format. 


2.3.5.4 3-byte VEX byte 1, bit[5] - ‘B’ 


Bit[5] of the 3-byte VEX byte 1 encodes a bit analogous to a bit inverted REX.B. In 64-bit modes, it is an extension 
of the ModR/M r/m field, or the SIB base field. In 32-bit modes, this bit is ignored. 


This bit is available only in the 3-byte VEX prefix. 
This bit is stored in bit inverted format. 


2.3.5.5  3-byte VEX byte 2, bit[7] - ‘Ww’ 


Bit[7] of the 3-byte VEX byte 2 is represented by the notation VEX.W. It can provide following functions, depending 

on the specific opcode. 

e For AVX instructions that have equivalent legacy SSE instructions (typically these SSE instructions have a 
general-purpose register operand with its operand size attribute promotable by REX.W), if REX.W promotes 
the operand size attribute of the general-purpose register operand in legacy SSE instruction, VEX.W has same 
meaning in the corresponding AVX equivalent form. In 32-bit modes for these instructions, VEX.W is silently 
ignored. 

e For AVX instructions that have equivalent legacy SSE instructions (typically these SSE instructions have oper- 
ands with their operand size attribute fixed and not promotable by REX.W), if REX.W is don’t care in legacy 
SSE instruction, VEX.W is ignored in the corresponding AVX equivalent form irrespective of mode. 

e For new AVX instructions where VEX.W has no defined function (typically these meant the combination of the 
opcode byte and VEX.mmmmm did not have any equivalent SSE functions), VEX.W is reserved as zero and 
setting to other than zero will cause instruction to #UD. 


2.3.5.6 2-byte VEX Byte 1, bits[6:3] and 3-byte VEX Byte 2, bits [6:3]- ‘vvvv’ the Source or Dest 
Register Specifier 

In 32-bit mode the VEX first byte C4 and C5 alias onto the LES and LDS instructions. To maintain compatibility with 

existing programs the VEX 2nd byte, bits [7:6] must be 11b. To achieve this, the VEX payload bits are selected to 

place only inverted, 64-bit valid fields (extended register selectors) in these upper bits. 

The 2-byte VEX Byte 1, bits [6:3] and the 3-byte VEX, Byte 2, bits [6:3] encode a field (shorthand VEX.vvvv) that 

for instructions with 2 or more source registers and an XMM or YMM or memory destination encodes the first source 

register specifier stored in inverted (1’s complement) form. 

VEX.vvvv is not used by the instructions with one source (except certain shifts, see below) or on instructions with 

no XMM or YMM or memory destination. If an instruction does not use VEX.vvvv then it should be set to 1111b 

otherwise instruction will #UD. 

In 64-bit mode all 4 bits may be used. See Table 2-8 for the encoding of the XMM or YMM registers. In 32-bit and 

16-bit modes bit 6 must be 1 (if bit 6 is not 1, the 2-byte VEX version will generate LDS instruction and the 3-byte 

VEX version will ignore this bit). 
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Table 2-8. VEX.vvvv to register name mapping 


VEX.vwwv Dest Register sacle il er or Valid ies aa 
1111B XMMO/YMMO RAX/EAX Valid 
1110B XMM1/YMM1 RCX/ECX Valid 
1101B XMM2/YMM2 RDX/EDX Valid 
1100B XMM3/YMM3 RBX/EBX Valid 
1011B XMM4/YMM4 RSP/ESP Valid 
1010B XMM5/YMM5 RBP/EBP Valid 
1001B XMM6/YMM6 RSI/ESI Valid 
1000B XMM7/YMM7 RDI/EDI Valid 
0111B XMM8/YMM8 R8/R8D Invalid 
0110B XMM9/YMM9 R9/ROD Invalid 
0101B XMM10/YMM10 R10/R10D Invalid 
0100B XMM11/YMM11 R11/R11D Invalid 
0011B XMM12/YMM12 R12/R12D Invalid 
0010B XMM13/YMM13 R13/R13D Invalid 
0001B XMM14/YMM14 R14/R14D Invalid 
0000B XMM15/YMM15 R15/R15D Invalid 

NOTES: 


1. See Section 2.5, “VEX Encoding Support for GPR Instructions” for additional details. 
2. Only the first eight General-Purpose Registers are accessible/encodable in 16/32b modes. 


The VEX.vvvv field is encoded in bit inverted format for accessing a register operand. 


2.3.6 Instruction Operand Encoding and VEX.vvvv, ModR/M 


VEX-encoded instructions support three-operand and four-operand instruction syntax. Some VEX-encoded 
instructions have syntax with less than three operands, e.g. VEX-encoded pack shift instructions support one 


source operand and one destination operand). 


The roles of VEX.vvvv, reg field of ModR/M byte (ModR/M.reg), r/m field of ModR/M byte (ModR/M.r/m) with 
respect to encoding destination and source operands vary with different type of instruction syntax. 


The role of VEX.vvvv can be summarized to three situations: 
° VEX.vvvv encodes the first source register operand, specified in inverted (1’s complement) form and is valid for 


instructions with 2 or more source operands. 


° VEX.vvvv encodes the destination register operand, specified in 1’s complement form for certain vector shifts. 
The instructions where VEX.vvvv is used as a destination are listed in Table 2-9. The notation in the “Opcode” 
column in Table 2-9 is described in detail in section 3.1.1. 


¢ VEX.vvvv does not encode any operand, the field is reserved and should contain 1111b. 


Table 2-9. Instructions with a VEX.vvvv destination 


Opcode 


Instruction mnemonic 


VEX.128.66.0F 73 /7 ib 


VPSLLDQ xmm1, xmm_2, imm8 


VEX.128.66.0F 73 /3 ib 


VPSRLDQ xmm1, xmm2, imm8 


VEX.128.66.0F 71 /2 ib 


VPSRLW xmm1, xmm2, imm8 


VEX.128.66.0F 72 /2 ib 


VPSRLD xmm1, xmmz, imm8 


VEX.128.66.0F 73 /2 ib 


VPSRLOQ xmm1, xmm2, imm8 


VEX.128.66.0F 71 /4 ib 


VPSRAW xmm1, xmm2, imm8 
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Opcode Instruction mnemonic 
VEX.128.66.0F 72 /4 ib VPSRAD xmm1, xmm2, imm8 
VEX.128.66.0F 71 /6 ib VPSLLW xmm1, xmm2, imm8 
VEX.128.66.0F 72 /6 ib VPSLLD xmm1, xmm2, imm8 
VEX.128.66.0F 73 /6 ib VPSLLOQ xmm1, xmm2, imm8 


The role of ModR/M.r/m field can be summarized to two situations: 
® ModR/M.r/m encodes the instruction operand that references a memory address. 


° For some instructions that do not support memory addressing semantics, ModR/M.r/m encodes either the 
destination register operand or a source register operand. 


The role of ModR/M.reg field can be summarized to two situations: 
® ModR/M.reg encodes either the destination register operand or a source register operand. 


° For some instructions, ModR/M.reg is treated as an opcode extension and not used to encode any instruction 
operand. 


For instruction syntax that support four operands, VEX.vvvv, ModR/M.r/m, ModR/M.reg encodes three of the four 
operands. The role of bits 7:4 of the immediate byte serves the following situation: 


¢ Imm8[7:4] encodes the third source register operand. 


2.3.6.1 3-byte VEX byte 1, bits[4:0] - “m-mmmm” 


Bits[4:0] of the 3-byte VEX byte 1 encode an implied leading opcode byte (OF, OF 38, or OF 3A). Several bits are 
reserved for future use and will #UD unless 0. 


Table 2-10. VEX.m-mmmm interpretation 


VEX.m-mmmm Implied Leading Opcode Bytes 
00000B Reserved 
00001B OF 
00010B OF 38 
00011B OF 3A 
00100-11111B Reserved 
(2-byte VEX) OF 


VEX.m-mmmm is only available on the 3-byte VEX. The 2-byte VEX implies a leading OFh opcode byte. 


2.3.6.2 2-byte VEX byte 1, bit[2], and 3-byte VEX byte 2, bit [2]- “L” 


The vector length field, VEX.L, is encoded in bit[2] of either the second byte of 2-byte VEX, or the third byte of 3- 
byte VEX. If “VEX.L = 1”, it indicates 256-bit vector operation. “VEX.L = 0” indicates scalar and 128-bit vector 
operations. 


The instruction VZEROUPPER is a special case that is encoded with VEX.L = 0, although its operation zero’s bits 
255:128 of all YMM registers accessible in the current operating mode. 


See the following table. 
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Table 2-11. VEX.L interpretation 


VEX.L Vector Length 
0 128-bit (or 32/64-bit scalar) 
1 256-bit 


2.3.6.3 2-byte VEX byte 1, bits[1:0], and 3-byte VEX byte 2, bits [1:0]- “pp” 


Up to one implied prefix is encoded by bits[1:0] of either the 2-byte VEX byte 1 or the 3-byte VEX byte 2. The prefix 
behaves as if it was encoded prior to VEX, but after all other encoded prefixes. 


See the following table. 


Table 2-12. VEX.pp interpretation 


pp Implies this prefix after other prefixes but before VEX 
00B None 
01B 66 
10B F3 
11B F2 


2.3.7 The Opcode Byte 


One (and only one) opcode byte follows the 2 or 3 byte VEX. Legal opcodes are specified in Appendix B, in color. 
Any instruction that uses illegal opcode will #UD. 


2.3.8 The MODRM, SIB, and Displacement Bytes 


The encodings are unchanged but the interpretation of reg_field or rm_field differs (see above). 


2.3.9 The Third Source Operand (Immediate Byte) 


VEX-encoded instructions can support instruction with a four operand syntax. VBLENDVPD, VBLENDVPS, and 
PBLENDVB use imm8[7:4] to encode one of the source registers. 


2.3.10 AVX Instructions and the Upper 128-bits of YMM registers 


If an instruction with a destination XMM register is encoded with a VEX prefix, the processor zeroes the upper bits 
(above bit 128) of the equivalent YMM register. Legacy SSE instructions without VEX preserve the upper bits. 


2.3.10.1 Vector Length Transition and Programming Considerations 

An instruction encoded with a VEX.128 prefix that loads a YMM register operand operates as follows: 
°® Data is loaded into bits 127:0 of the register 

¢ Bits above bit 127 in the register are cleared. 


Thus, such an instruction clears bits 255:128 of a destination YMM register on processors with a maximum vector- 
register width of 256 bits. In the event that future processors extend the vector registers to greater widths, an 
instruction encoded with a VEX.128 or VEX.256 prefix will also clear any bits beyond bit 255. (This is in contrast 
with legacy SSE instructions, which have no VEX prefix; these modify only bits 127:0 of any destination register 
operand.) 


Programmers should bear in mind that instructions encoded with VEX.128 and VEX.256 prefixes will clear any 
future extensions to the vector registers. A calling function that uses such extensions should save their state before 
calling legacy functions. This is not possible for involuntary calls (e.g., into an interrupt-service routine). It is 
recommended that software handling involuntary calls accommodate this by not executing instructions encoded 
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with VEX.128 and VEX.256 prefixes. In the event that it is not possible or desirable to restrict these instructions, 
then software must take special care to avoid actions that would, on future processors, zero the upper bits of vector 
registers. 


Processors that support further vector-register extensions (defining bits beyond bit 255) will also extend the 
XSAVE and XRSTOR instructions to save and restore these extensions. To ensure forward compatibility, software 
that handles involuntary calls and that uses instructions encoded with VEX.128 and VEX.256 prefixes should first 
save and then restore the vector registers (with any extensions) using the XSAVE and XRSTOR instructions with 
save/restore masks that set bits that correspond to all vector-register extensions. Ideally, software should rely on 
a mechanism that is cognizant of which bits to set. (E.g., an OS mechanism that sets the save/restore mask bits 
for all vector-register extensions that are enabled in XCRO.) Saving and restoring state with instructions other than 
XSAVE and XRSTOR will, on future processors with wider vector registers, corrupt the extended state of the vector 
registers - even if doing so functions correctly on processors supporting 256-bit vector registers. (The same is true 
if XSAVE and XRSTOR are used with a save/restore mask that does not set bits corresponding to all supported 
extensions to the vector registers. ) 


2.3.11 AVX Instruction Length 


The AVX instructions described in this document (including VEX and ignoring other prefixes) do not exceed 11 
bytes in length, but may increase in the future. The maximum length of an Intel 64 and IA-32 instruction remains 
15 bytes. 


2.3.12 Vector SIB (VSIB) Memory Addressing 


In Intel® Advanced Vector Extensions 2 (Intel® AVX2), an SIB byte that follows the ModR/M byte can support VSIB 
memory addressing to an array of linear addresses. VSIB addressing is only supported in a subset of Intel AVX2 
instructions. VSIB memory addressing requires 32-bit or 64-bit effective address. In 32-bit mode, VSIB addressing 
is not supported when address size attribute is overridden to 16 bits. In 16-bit protected mode, VSIB memory 
addressing is permitted if address size attribute is overridden to 32 bits. Additionally, VSIB memory addressing is 
supported only with VEX prefix. 


In VSIB memory addressing, the SIB byte consists of: 

¢ The scale field (bit 7:6) specifies the scale factor. 

° The index field (bits 5:3) specifies the register number of the vector index register, each element in the vector 
register specifies an index. 

¢ The base field (bits 2:0) specifies the register number of the base register. 


Table 2-3 shows the 32-bit VSIB addressing form. It is organized to give 256 possible values of the SIB byte (in 
hexadecimal). General purpose registers used as a base are indicated across the top of the table, along with corre- 
sponding values for the SIB byte’s base field. The register names also include R8D-R15D applicable only in 64-bit 
mode (when address size override prefix is used, but the value of VEX.B is not shown in Table 2-3). In 32-bit mode, 
R8D-R15D does not apply. 


Table rows in the body of the table indicate the vector index register used as the index field and each supported 
scaling factor shown separately. Vector registers used in the index field can be XMM or YMM registers. The left- 

most column includes vector registers VR8-VR15 (i.e. XMM8/YMM8-XMM15/YMM15), which are only available in 
64-bit mode and does not apply if encoding in 32-bit mode. 
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Table 2-13. 32-Bit VSIB Addressing Forms of the SIB Byte 


r32 EDX/ EBX/ ESP/ EBP/ 
R10D R11D R12D R13D! 
(In decimal) Base = 2 3 4 5 


1 
(In binary) Base = 010 011 100 101 


Scaled Index Value of SIB Byte (in Hexadecimal) 


VRO/VR8 

VR1/VR9 

VR2/VR10 
VR3/VR11 
VR4/VR12 
VR5/VR13 
VR6/VR14 
VR7/VR15 


VR1/VR9 
VR2/VR10 


NOTES: 
1. If ModR/M.mod = OOb, the base address is zero, then effective address is computed as [scaled vector index] + disp32. Otherwise the 
base address is computed as [EBP/R13]+ disp, the displacement is either 8 bit or 32 bit depending on the value of ModR/M.mod: 
MOD Effective Address 


O00b [Scaled Vector Register] + Disp32 
01b [Scaled Vector Register] + Disp8 + [EBP/R13] 
10b [Scaled Vector Register] + Disp32 + [EBP/R13] 


2.3.12.1 64-bit Mode VSIB Memory Addressing 


In 64-bit mode VSIB memory addressing uses the VEX.B field and the base field of the SIB byte to encode one of 
the 16 general-purpose register as the base register. The VEX.X field and the index field of the SIB byte encode one 
of the 16 vector registers as the vector index register. 


In 64-bit mode the top row of Table 2-13 base register should be interpreted as the full 64-bit of each register. 


2.4 AVX AND SSE INSTRUCTION EXCEPTION SPECIFICATION 


To look up the exceptions of legacy 128-bit SIMD instruction, 128-bit VEX-encoded instructions, and 256-bit VEX- 
encoded instruction, Table 2-14 summarizes the exception behavior into separate classes, with detailed exception 
conditions defined in sub-sections 2.4.1 through 2.5.1. For example, ADDPS contains the entry: 


“See Exceptions Type 2” 


Vol.2A 2-21 


INSTRUCTION FORMAT 


In this entry, "Type2” can be looked up in Table 2-14. 
The instruction’s corresponding CPUID feature flag can be identified in the fourth column of the Instruction 


summary table. 


Note: #UD on CPUID feature flags=0 is not guaranteed in a virtualized environment if the hardware supports the 


feature flag. 


NOTE 


Instructions that operate only with MMX, X87, or general-purpose registers are not covered by the 
exception classes defined in this section. For instructions that operate on MMX registers, see 
Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 


in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3B. 


Table 2-14. Exception Class Description 


. : Floating-Point 
Exception Class Instruction set Mem arg Exceptions (#XM) 
AVX, 16/32 byte explicitly 
iyped Legacy SSE aligned bel 
AVX, 16/32 byte not explicitly 
lypere Legacy SSE aligned ee 
AVX, 
Type 3 Legacy SSE < 16 byte Yes 
AVX, 16/32 byte not explicitly 
Type4 Legacy SSE aligned be 
AVX, 
Type 5 Legacy SSE < 16 byte No 
Type 6 AVX (no Legacy SSE) Varies (At present, none do) 
AVX, 
Type 7 Legacy SSE None None 
Type 8 AVX None None 
F16C 8 or 16 byte, Not explicitly Yes 
ype aligned, no AC# 
Type 12 AVX2 Gathers Not ee no No 


See Table 2-15 for lists of instructions in each exception class. 
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Table 2-15. Instructions in each Exception Class 


Exception Class 


Instruction 


Type 1 


(V)MOVAPD, (V)MOVAPS, (V)MOVDOA, (V)MOVNTDO, (V)MOVNTDOA, (V)MOVNTPD, (V)MOVNTPS 


Type 2 


(V)ADDPD, (V)ADDPS, (V)ADDSUBPD, (V)ADDSUBPS, (V)CMPPD, (V)CMPPS, (V)CVTDQ2PS, (V)CVTPD2DQ, 
(V)CVTPD2PS, (V)CVTPS2DQ, (V)CVTTPD2DQ, (V)CVTTPS2DQ, (V)DIVPD, (V)DIVPS, (V)DPPD*, (V)DPPS*, 
VFMADD132PD, VFMADD213PD, VFMADD231PD, VFMADD132PS, VFMADD213PS, VFMADD231PS, 
VFMADDSUB132PD, VFMADDSUB213PD, VFMADDSUB231PD, VFMADDSUB132PS, VFMADDSUB213PS, 
VFMADDSUB231PS, VFMSUBADD132PD, VFMSUBADD213PD, VFMSUBADD231PD, VFMSUBADD132PS, 
VFMSUBADD213PS, VFMSUBADD231PS, VFMSUB132PD, VFMSUB213PD, VFMSUB231PD, VFMSUB132PS, 
VFMSUB213PS, VEMSUB231PS, VENMADD132PD, VFNMADD213PD, VFNMADD231PD, VFNMADD132PS, 
VENMADD213PS, VFNMADD231PS, VFNMSUB132PD, VFNMSUB213PD, VFNMSUB231PD, VFNMSUB132PS, 
VENMSUB213PS, VENMSUB231PS, (V)HADDPD, (V)HADDPS, (V)HSUBPD, (V)HSUBPS, (V)MAXPD, (V)MAXPS, 
(V)MINPD, (V)MINPS, (V)MULPD, (V)MULPS, (V)ROUNDPD, (V)ROUNDPS, (\V)SORTPD, (V)SQRTPS, (\V)SUBPD, 
(V)SUBPS 


Type 3 


(V)ADDSD, (V)ADDSS, (V)CMPSD, (V)CMPSS, (V)COMISD, (V)COMISS, (V)CVTPS2PD, (V)CVTSD2SI, (V)CVTSD2SS, 
(V)CVTSI2SD, (V)CVTSI2SS, (V)CVTSS2SD, (V)CVTSS2SI, (V)CVTTSD2SI, (V)CVTTSS2SI, (V)DIVSD, (V)DIVSS, 
VFMADD132SD, VFMADD213SD, VFMADD231SD, VFMADD132SS, VFMADD213SS, VFMADD2315SS, 
VFMSUB132SD, VFMSUB213SD, VFMSUB231SD, VFMSUB132SS, VFMSUB213SS, VFEMSUB2315SS, 
VENMADD132SD, VENMADD213SD, VENMADD231SD, VENMADD132SS, VFNMADD213SS, VFNMADD2315SS, 
VFNMSUB132SD, VFNMSUB213SD, VFNMSUB231SD, VFNMSUB132SS, VFNMSUB213SS, VFNMSUB231SS, 
(V)MAXSD, (V)MAXSS, (V)MINSD, (V)MINSS, (V)MULSD, (V)MULSS, (V)ROUNDSD, (V)ROUNDSS, (V)SQRTSD, 
SORTSS, (\V)SUBSD, (V)SUBSS, (V)UCOMISD, (V)UCOMISS 


Type 4 


(V) 
(V)AESDEC, (V)AESDECLAST, (V)AESENC, (V)AESENCLAST, (V)AESIMC, (V)AESKEYGENASSIST, (V)ANDPD, 
(V)ANDPS, (V)ANDNPD, (V)ANDNPS, (V)BLENDPD, (V)BLENDPS, VBLENDVPD, VBLENDVPS, (V)LDDQU***, 
(V)MASKMOVDQU, (V)PTEST, VTESTPS, VTESTPD, (V)MOVDQU*, (V)MOVSHDUP, (V)MOVSLDUP, (V)MOVUPD*, 
(V)MOVUPS*, (V)MPSADBW, (V)ORPD, (V)ORPS, (V)PABSB, (V)PABSW, (V)PABSD, (V)PACKSSWB, (V)PACKSSDW, 
(V)PACKUSWB, (V)PACKUSDW, (V)PADDB, (V)PADDW, (V)PADDD, (V)PADDQ, (V)PADDSB, (V)PADDSW, 
(V)PADDUSB, (V)PADDUSW, (V)PALIGNR, (V)PAND, (V)PANDN, (V)PAVGB, (V)PAVGW, (V)PBLENDVB, 
(V)PBLENDW, (V)PCMP(E/I)STRI/M***, (V)PCMPEQB, (V)PCMPEQW, (V)PCMPEQD, (V)PCMPEQQ, (V)PCMPGTB, 
(V)PCMPGTW, (V)PCMPGTD, (V)PCMPGTO, (V)PCLMULQDOQ, (V)PHADDW, (V)PHADDD, (V)PHADDSW, 
(V)PHMINPOSUW, (V)PHSUBD, (V)PHSUBW, (V)PHSUBSW, (\V)PMADDWD, (V)PMADDUBSW, (V)PMAXSB, 
(V)PMAXSW, (V)PMAXSD, (V)PMAXUB, (V)PMAXUW, (V)PMAXUD, (V)PMINSB, (V)PMINSW, (V)PMINSD, 
(V)PMINUB, (V)PMINUW, (V)PMINUD, (V)PMULHUW, (V)PMULHRSW, (V)PMULHW, (V)PMULLW, (V)PMULLD, 
(V)PMULUDQ, (V)PMULDO, (V)POR, (V)PSADBW, (V)PSHUFB, (V)PSHUFD, (V)PSHUFHW, (V)PSHUFLW, (V)PSIGNB, 
(V)PSIGNW, (V)PSIGND, (\V)PSLLW, (V)PSLLD, (V)PSLLO, (V)PSRAW, (V)PSRAD, (V)PSRLW, (V)PSRLD, (V)PSRLQ, 
(V)PSUBB, (V)PSUBW, (V)PSUBD, (V)PSUBQ, (V)PSUBSB, (V)PSUBSW, (V)PSUBUSB, (V)PSUBUSW, 
(V)PUNPCKHBW, (V)PUNPCKHWD, (V)PUNPCKHDQ, (V)PUNPCKHQDQ, (V)PUNPCKLBW, (V)PUNPCKLWD, 
(V)PUNPCKLDQ, (V)PUNPCKLQDQ, (V)PXOR, (V)RCPPS, (V)RSORTPS, (V)SHUFPD, (V)SHUFPS, (V)UNPCKHPD, 
(V)UNPCKHPS, (V)UNPCKLPD, (V)UNPCKLPS, (V)XORPD, (\V)XORPS, VPBLENDD, VPERMD, VPERMPS, VPERMPD, 
VPERMQ, VPSLLVD, VPSLLVQ, VPSRAVD, VPSRLVD, VPSRLVQ, VPERMILPD, VPERMILPS, VPERM2F128 


Type 5 


(V)CVTDQ2PD, (V)EXTRACTPS, (V)INSERTPS, (V)MOVD, (V)MOVO, (V)MOVDDUP, (V)MOVLPD, (V)MOVLPS, 
(V)MOVHPD, (V)MOVHPS, (V)MOVSD, (V)MOVSS, (V)PEXTRB, (V)PEXTRD, (V)PEXTRW, (V)PEXTRO, (V)PINSRB, 
(V)PINSRD, (V)PINSRW, (V)PINSRQ, PMOVSXBW, (V)RCPSS, (V)RSQRTSS, (V)PMOVSX/ZX, VLDMXCSR*, 
VSTMXCSR 


Type 6 


VEXTRACTF128/VEXTRACTFxxxx, VBROADCASTSS, VBROADCASTSD, VBROADCASTF1 28, VINSERTF1 28, 
VMASKMOVPS**, VMASKMOVPD**, VPMASKMOVD, VPMASKMOVQ, VBROADCASTI128, VPBROADCASTB, 
VPBROADCASTD, VPBROADCASTW, VPBROADCASTQ, VEXTRACTI128, VINSERTI128, VPERM21128 


Type 7 


(V)MOVLHPS, (V)MOVHLPS, (V)MOVMSKPD, (V)MOVMSKPS, (V)PMOVMSKB, (V)PSLLDQ, (V)PSRLDQ, (V)PSLLW, 
(V)PSLLD, (V)PSLLO, (V)PSRAW, (V)PSRAD, (V)PSRLW, (V)PSRLD, (V)PSRLO 


Type 8 


VZEROALL, VZEROUPPER 


Type 11 


VCVTPH2PS, VCVTPS2PH 


Type 12 


VGATHERDPS, VGATHERDPD, VGATHERQPS, VGATHERQPD, VPGATHERDD, VPGATHERDQ, VPGATHERQD, 
VPGATHERQQ 


(*) - Additional exception restrictions are present - see the Instruction description for details 
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(**) - Instruction behavior on alignment check reporting with mask bits of less than all 1s are the same as with mask bits of all 1s, i.e. no 


alignment checks are performed. 


(***) - PCMPESTRI, PCMPESTRM, PCMPISTRI, PCMPISTRM and LDDQU instructions do not cause #GP if the memory operand is not 


aligned to 16-Byte boundary. 


Table 2-15 classifies exception behaviors for AVX instructions. Within each class of exception conditions that are 
listed in Table 2-18 through Table 2-27, certain subsets of AVX instructions may be subject to #UD exception 


depending on the encoded value of the VEX.L field. Table 2-17 provides supplemental information of AVX instruc- 


tions that may be subject to #UD exception if encoded with incorrect values in the VEX.W or VEX.L field. 


Table 2-16. HUD Exception and VEX.W=1 Encoding 


Exception Class #UD If VEX.W = 1 in all modes HUD VEX.W pea 
non-64-bit modes 
Type 1 
Type 2 
Type 3 
Type 4 VBLENDVPD, VBLENDVPS, VPBLENDVB, VTESTPD, VTESTPS, VPBLENDD, VPERMD, 
yp VPERMPS, VPERM21128, VPSRAVD, VPERMILPD, VPERMILPS, VPERM2F128 
Type 5 
VEXTRACTF128, VBROADCASTSS, VBROADCASTSD, VBROADCASTF1 28, 
Type 6 VINSERTF128, VMASKMOVPS, VMASKMOVPD, VBROADCASTI1 28, 
VPBROADCASTB/W/D, VEXTRACTI1 28, VINSERTI128 
Type 7 
Type 8 
Type 11 VCVTPH2PS, VCVTPS2PH 
Type 12 
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Table 2-17. HUD Exception and VEX.L Field Encoding 


ScctOw')> aaniuexiab #UD If (VEX.L = 1 && AVX2 not present && AVX #UD If (VEX.L = 1 && AVX2 
Class present) present) 
Type 1 VMOVNTDQA 
Type 2 VDPPD VDPPD 
Type 3 
VMASKMOVDQU, VMPSADBW, VPABSB/W/D, VPCMP(E/I)STRIM, 
VPACKSSWB/DW, VPACKUSWB/DW, VPADDB/W/D, PHMINPOSUW 
VPADDQ, VPADDSB/W, VPADDUSB/W, VPALIGNR, VPAND, 
VPANDN, VPAVGB/W, VPBLENDVB, VPBLENDW, 
VPCMP(E/I)STRI/M, VPCMPEQB/W/D/Q, VPCMPGTB/W/D/Q, 
VPHADDW/D, VPHADDSW, VPHMINPOSUW, VPHSUBD/W, 
Rie VPHSUBSW, VPMADDWD, VPMADDUBSW, VPMAXSB/W/D, 
yp VPMAXUB/W/D, VPMINSB/W/D, VPMINUB/W/D, 
VPMULHUW, VPMULHRSW, VPMULHW/LW, VPMULLD, 
VPMULUDQ, VPMULDQ, VPOR, VPSADBW, VPSHUFB/D, 
VPSHUFHW/LW, VPSIGNB/W/D, VPSLLW/D/Q, VPSRAW/D, 
VPSRLW/D/Q, VPSUBB/W/D/Q, VPSUBSB/W, 
VPUNPCKHBW/WD/DQ, VPUNPCKHQDQ, 
VPUNPCKLBW/WD/DQ, VPUNPCKLODQ, VPXOR 
VEXTRACTPS, VINSERTPS, VMOVD, VMOVQ, VMOVLPD, Same as column 3 
ies VMOVLPS, VMOVHPD, VMOVHPS, VPEXTRB, VPEXTRD, 
yp VPEXTRW, VPEXTRQ, VPINSRB, VPINSRD, VPINSRW, 
VPINSRQ, VPMOVSX/ZX, VLDMXCSR, VSTMXCSR 
VEXTRACTF128, 
VPERM2F128, 
Type6 | VBROADCASTSD, 
VBROADCASTF128, 
VINSERTE128, 
VMOVLHPS, VMOVHLPS, VPMOVMSKB, VPSLLDQ, VMOVLHPS, VMOVHLPS 
Type 7 VPSRLDQ, VPSLLW, VPSLLD, VPSLLO, VPSRAW, VPSRAD, 
VPSRLW, VPSRLD, VPSRLO 
Type 8 
Type 11 
Type 12 
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2.4.1 Exceptions Type 1 (Aligned Memory Reference) 


Table 2-18. Type 1 Class Exception Conditions 


g |sz 
= = UD/# 
Exception ®| 3 |2%|3 Cause of Exception 
=) 2 |£e/¢ 
5 28 
X X VEX prefix. 
VEX prefix: 
X X | If XCRO[2:1] #'11b’. 
If CR4.0SXSAVE[bit 18]=0. 
Invalid Opcode, Legacy SSE instruction: 
#UD X X X X | If CRO.EM[bit 2] = 1. 


If CR4,0SFXSR[bit 9] = O. 


If preceded by a LOCK prefix (FOH). 


If any REX, F2, F3, or 66 prefixes precede a VEX prefix. 


If any corresponding CPUID feature flag is ‘O’. 


Device Not Avail- 


able, #NM If CRO.TS[bit 3]=1. 


x< 

x< 
<; >< | | | X< 
< =| | KK) >< 


For an illegal address in the SS segment. 


Stack, #SS(0 , faa : 
(0) X | Ifamemory address referencing the SS segment is in a non-canonical form. 


VEX.256: Memory operand is not 32-byte aligned. 
VEX.128: Memory operand is not 16-byte aligned. 


X X X X | Legacy SSE: Memory operand is not 16-byte aligned. 
General Protec- 


tion, #GP(O) X oS illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 


X | If the memory address is in a non-canonical form. 


X X If any part of the operand lies outside the effective address space from O to FFFFH. 


Page Fault 


#PF(fault-code) X X X | For a page fault. 
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2.4.2 Exceptions Type 2 (>=16 Byte Memory Reference, Unaligned) 
Table 2-19. Type 2 Class Exception Conditions 
g |sz 
— 8 un # 
Exception Gia litte Cause of Exception 
a Sisalg 
tse 
Ss 28 
X X VEX prefix. 
X X X X | If an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT [bit 10] = 0. 
VEX prefix: 
X X | lf XCRO[2:1] #‘11b" 
; If CR4.0SXSAVE[bit 18]=0. 
Invalid Opcode, 7 7 
#UD Legacy SSE instruction: 
X X X X | If CRO.EM[bit 2] = 1. 
If CR4.0SFXSR[bit 9] = 0. 
X X X X | If preceded by a LOCK prefix (FOH). 
X X | If any REX, F2, F3, or 66 prefixes precede a VEX prefix. 
X X X X | If any corresponding CPUID feature flag is ‘0’. 
Device Not Avail- os 
able, #NM X X X X | If CRO.TS[bit 3]=1. 
X For an illegal address in the SS segment. 
Stack, #SS(0) : — ; 
X | Ifamemory address referencing the SS segment is in a non-canonical form. 
X X X X | Legacy SSE: Memory operand is not 16-byte aligned. 
General Protec- X For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 
tion, #GP(0) X | If the memory address is in a non-canonical form. 
X X If any part of the operand lies outside the effective address space from O to FFFFH. 
Page Fault 
#PF(fault-code) X X X | For a page fault. 
SIMD Floating- 
point Exception, X X X X | If an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT [bit 10] = 1. 


#XM 
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2.4.3 Exceptions Type 3 (<16 Byte Memory Argument) 


Table 2-20. Type 3 Class Exception Conditions 


ow |F>p 
B58 
—_ rae) a=) 2 
Exception 9|/¢ |f#n\l2 Cause of Exception 
a S gale 
E sé 
Ss é8 
X X VEX prefix. 
X X X X_ | If anunmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = 0. 
VEX prefix: 


X X | If XCRO[2:1] #‘11b’. 
If CR4,0SXSAVE[bit 18]=0. 


Invalid Opcode, #UD Legacy SSE instruction: 
X X X X | If CRO.EM[bit 2] = 1. 
If CR4.0SFXSR[bit 9] = 0. 


X X X X | If preceded by a LOCK prefix (FOH). 
X X | If any REX, F2, F3, or 66 prefixes precede a VEX prefix. 
X X X X_| If any corresponding CPUID feature flag is ‘0’. 
Device Nor Avaliable) 361) 56 | x |:36 RCROTSIDIESIET: 
#NM 
X For an illegal address in the SS segment. 
Stack, #SS(0) : = ; 
X | Ifamemory address referencing the SS segment is in a non-canonical form. 
X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
; ments. 
an) PLOLecHan; X_ | If the memory address is in a non-canonical form. 
If any part of the operand lies outside the effective address space from O to 
X X 
FFFFH. 
Page Fault 


#PF(fault-code) X X X | Fora page fault. 


Alignment Check For 2, 4, or 8 byte memory access if alignment checking is enabled and an 
#AC(0) unaligned memory access is made while the current privilege level is 3. 


SIMD Floating-point 


Exception, #XM X X X X_ | If anunmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = 1. 
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2.4.4 Exceptions Type 4 (>=16 Byte Mem Arg, No Alignment, No Floating-point Exceptions) 


Table 2-21. Type 4 Class Exception Conditions 


3s 82 
= 3 07D/# 
Exception 9/4 |£s + Cause of Exception 
[4 5 ao2|o6 
EB is§ 
Ss. lias 
X X VEX prefix. 
VEX prefix: 


X X | If XCRO[2:1] 4 ‘11b’. 

If CR4.0SXSAVE[bit 18]=0. 
Legacy SSE instruction: 

X X X X | If CRO.EM[bit 2] = 1. 

If CR4.0SFXSR[bit 9] = 0. 


Invalid Opcode, #UD 


X X X X | If preceded by a LOCK prefix (FOH). 
X X | If any REX, F2, F3, or 66 prefixes precede a VEX prefix. 
X X X X | If any corresponding CPUID feature flag is ‘0’. 
Pig Not Available, | x | x | x | x | iFcROTSpbit 3]=1. 
X For an illegal address in the SS segment. 


Stack, #SS(0 , 7 : 
(0) X | Ilfamemory address referencing the SS segment is in a non-canonical form. 


x xX x X | Legacy SSE: Memory operand is not 16-byte aligned.' 


X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
General Protection, ments. 
#GP(0) X_ | If the memory address is in a non-canonical form. 
If any part of the operand lies outside the effective address space from O to 
X X 
FFFFH. 
Page Fault 
#PF(fault-code) X X X | Fora page fault. 
NOTES: 


1. LDDQU, MOVUPD, MOVUPS, PCMPESTRI, PCMPESTRM, PCMPISTRI, and PCMPISTRM instructions do not cause #GP if the memory 
operand is not aligned to 16-Byte boundary. 


Vol.2A 2-29 


INSTRUCTION FORMAT 


2.4.5 Exceptions Type 5 (<16 Byte Mem Arg and No FP Exceptions) 


Table 2-22. Type 5 Class Exception Conditions 


g Ez 
= 2 -- ee 
Exception o/4 #8 = Cause of Exception 
«~ 5 ao2le 
EB \s§ 
Ss ES 
X X VEX prefix. 
VEX prefix: 


X X | If XCRO[2:1] #'11b’. 
If CR4,0SXSAVE[bit 18]=0. 


Legacy SSE instruction: 
X X X X | If CRO.EM[bit 2] = 1. 
If CR4.0SFXSR[bit 9] = 0. 


Invalid Opcode, #UD 


X X X X | If preceded by a LOCK prefix (FOH). 
X X | If any REX, F2, F3, or 66 prefixes precede a VEX prefix. 
X X X X_| If any corresponding CPUID feature flag is ‘0’. 
Pov ce NOL NANADIE: | 3C.) 56 ||. 36 |) SC. ROSEN, 
#NM 
X For an illegal address in the SS segment. 
Stack, #SS(0) : a : 
X_ | Ifamemory address referencing the SS segment is in a non-canonical form. 
X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
: ments. 
jc) PROLEEHON, X_ | If the memory address is in a non-canonical form. 
If any part of the operand lies outside the effective address space from O to 
X X 
FFFFH. 
Page Fault 
#PF(fault-code) X X X | Fora page fault. 
Alignment Check xX Xx Xx For 2, 4, or 8 byte memory access if alignment checking is enabled and an 
#AC(0) unaligned memory access is made while the current privilege level is 3. 
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Exceptions Type 6 (VEX-Encoded Instructions without Legacy SSE Analogues) 


Note: At present, the AVX instructions in this category do not generate floating-point exceptions. 


Table 2-23. Type 6 Class Exception Conditions 


g |Ez 
_ 8 \va/# 
Exception o| 4 |\#% = Cause of Exception 
=| 2 |g2/6 
Ss £8 
X X VEX prefix. 
X xX If XCRO[2:1] #‘11b’. 
‘aaidicneea If CR4.0SXSAVE[bit 18]=0. 
aici rei X | X | Ifpreceded by a LOCK prefix (FOH). 
X X | If any REX, F2, F3, or 66 prefixes precede a VEX prefix. 
X X | If any corresponding CPUID feature flag is ‘0’. 
Device Not Available, ae 
#NM X X | If CRO.TS[bit 3]=1. 
Stack, #55(0) X For an illegal address in the SS segment. 
‘ X | Ilfamemory address referencing the SS segment is in a non-canonical form. 
. For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
General Protection, x ments 
#GP(0 : 
(0) X | If the memory address is in a non-canonical form. 
Page Fault 
#PF(fault-code) X X | For apage fault. 
Alignment Check X X For 2, 4, or 8 byte memory access if alignment checking is enabled and an 


#AC(0) 


unaligned memory access is made while the current privilege level is 3. 
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2.4.7 Exceptions Type 7 (No FP Exceptions, No Memory Arg) 


Table 2-24. Type 7 Class Exception Conditions 


g Ez 
= 2 -- ee 
Exception o/4 #8 = Cause of Exception 
«~ 5 ao2le 
EB \s§ 
Ss ES 
X X VEX prefix. 
VEX prefix: 


X X | If XCRO[2:1] #'11b’. 
If CR4,0SXSAVE[bit 18]=0. 


; Legacy SSE instruction: 
Invalid Opcode, UD | y | y | yx | x | IfCROEMpbit 2] =1. 


If CR4,0SFXSR[bit 9] = 0. 


X X X X | If preceded by a LOCK prefix (FOH). 
X X | If any REX, F2, F3, or 66 prefixes precede a VEX prefix. 
X X X X_ | If any corresponding CPUID feature flag is ‘0’. 
Device Not Available, Xx Xx | If CRO.TS[bit 3]=1. 


#NM 


2.4.8 Exceptions Type 8 (AVX and No Memory Argument) 


Table 2-25. Type 8 Class Exception Conditions 


Exception Cause of Exception 


Real 
Virtual-8086 
Protected and 
Compatibility 
64-bit 


Invalid Opcode, #UD | X 


x< 


Always in Real or Virtual-8086 mode. 


x< 


If XCRO[2:1] #'11b’. 

If CR4.OSXSAVE[bit 18]=0. 

If CPUID.O1H.ECX.AVX[bit 28]=0. 
If VEX.vwwv # 11118. 


Xx X X X If proceeded by a LOCK prefix (FOH). 


Device Not Available, X X If CRO.TS[bit 3]=1. 
#NM 
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2.4.9 Exceptions Type 11 (VEX-only, Mem Arg, No AC, Floating-point Exceptions) 
Table 2-26. Type 11 Class Exception Conditions 
g Be 
= 8 ~~ 
Exception 9/4 |#% a Cause of Exception 
“|2 |ge/4 
5 28 
Invalid Opcode, HUD | X X VEX prefix. 
X X VEX prefix: 
If XCRO[2:1] #‘11b’. 
If CR4.0SXSAVE[bit 18]=0. 
X X X X If preceded by a LOCK prefix (FOH). 
X X If any REX, F2, F3, or 66 prefixes precede a VEX prefix. 
X X X X If any corresponding CPUID feature flag is ‘0’. 
Device Not Avail- X X X X If CRO.TS[bit 3]=1. 
able, #NM 
Stack, #SS(0) X For an illegal address in the SS segment. 
X If amemory address referencing the SS segment is in a non-canonical form. 
General Protection, X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
#GP(0) ments. 
X If the memory address is in a non-canonical form. 
X X If any part of the operand lies outside the effective address space from O to 
FFFFH. 
Page Fault #PF X X X For a page fault. 
(fault-code) 
SIMD Floating-Point X X X X If an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT [bit 10] = 1. 


Exception, #XM 
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2.4.10 Exceptions Type 12 (VEX-only, VSIB Mem Arg, No AC, No Floating-point Exceptions) 


Table 2-27. Type 12 Class Exception Conditions 


a=) 
2 52 
_ 8 |\va|/ # 
. oO ' Vos Oo . 
Exception a os tal y Cause of Exception 
“| 2 \|#e ¢ 
5 2s 
Invalid Opcode, HUD | X X VEX prefix. 
X X VEX prefix: 
If XCRO[2:1] 4 ‘11b’. 
If CR4.0SXSAVE[bit 18]=0. 
X X X X If preceded by a LOCK prefix (FOH). 
X X If any REX, F2, F3, or 66 prefixes precede a VEX prefix. 
X X X NA | If address size attribute is 16 bit. 
X X X X If ModR/M.mod = ‘11b’. 
x Xx x x If ModR/M.rm # ‘100b’. 
X X X X If any corresponding CPUID feature flag is ‘O’. 
X X X X If any vector register is used more than once between the destination register, 


mask register and the index register in VSIB addressing. 
Device Not Available, | X X X X If CRO.TS[bit 3]=1. 


#NM 
Stack, #SS(0) X For an illegal address in the SS segment. 

X If amemory address referencing the SS segment is in a non-canonical form. 
General Protection, X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
#GP(0) ments. 

X If the memory address is in a non-canonical form. 

X X If any part of the operand lies outside the effective address space from O to 
FFFFH. 

Page Fault #PF (fault- X X X For a page fault. 
code) 


2.5 VEX ENCODING SUPPORT FOR GPR INSTRUCTIONS 


VEX prefix may be used to encode instructions that operate on neither YMM nor XMM registers. VEX-encoded 
general-purpose-register instructions have the following properties: 


* Instruction syntax support for three encodable operands. 


* Encoding support for instruction syntax of non-destructive source operand, destination operand encoded via 
VEX.vvvv, and destructive three-operand syntax. 


¢ Elimination of escape opcode byte (OFH), two-byte escape via a compact bit field representation within the VEX 
prefix. 


° Elimination of the need to use REX prefix to encode the extended half of general-purpose register sets (R8-R15) 
for direct register access or memory addressing. 


¢ Flexible and more compact bit fields are provided in the VEX prefix to retain the full functionality provided by 
REX prefix. REX.W, REX.X, REX.B functionalities are provided in the three-byte VEX prefix only. 


¢ VEX-encoded GPR instructions are encoded with VEX.L=0. 
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Any VEX-encoded GPR instruction with a 66H, F2H, or F3H prefix preceding VEX will #UD. 
Any VEX-encoded GPR instruction with a REX prefix proceeding VEX will #UD. 
VEX-encoded GPR instructions are not supported in real and virtual 8086 modes. 


2.5.1 Exceptions Type 13 (VEX-Encoded GPR Instructions) 


The exception conditions applicable to VEX-encoded GPR instruction differs from those of legacy GPR instructions. 
Table 2-28 lists VEX-encoded GPR instructions. The exception conditions for VEX-encoded GRP instructions are 
found in Table 2-29 for those instructions which have a default operand size of 32 bits and 16-bit operand size is 
not encodable. 


Table 2-28. VEX-Encoded GPR Instructions 
Exception Class Instruction 
Type 13 ANDN, BEXTR, BLSI, BLSMSK, BLSR, BZHI, MULX, PDEP, PEXT, RORX, SARX, SHLX, SHRX 


(*) - Additional exception restrictions are present - see the Instruction description for details. 


Table 2-29. Type 13 Class Exception Conditions 


a=) 
2/52 
= & |\val # 
. oO T os Oo . 
Exception a s/t) y Cause of Exception 
“| 2 {#8 ¢ 
5 \2s 
Invalid Opcode, #UD | X X X X If BMI1/BMI2 CPUID feature flag is ‘0’. 
X X If a VEX prefix is present. 
X X X X If VEX.L = 1. 
X X X X If preceded by a LOCK prefix (FOH). 
X X If any REX, F2, F3, or 66 prefixes precede a VEX prefix. 
Stack, #SS(0) X X X For an illegal address in the SS segment. 
X If a memory address referencing the SS segment is in a non-canonical form. 
General Protection, X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
#GP(0) ments. 
If the DS, ES, FS, or GS register is used to access memory and it contains a null 
segment selector. 
X If the memory address is in a non-canonical form. 
X X If any part of the operand lies outside the effective address space from O to 
FFFFH. 
Page Fault #PF(fault- X X X For a page fault. 
code) 
Alignment Check X X X For 2, 4, or 8 byte memory access if alignment checking is enabled and an 
#AC(0) unaligned memory access is made while the current privilege level is 3. 


2.6 INTEL® AVX-512 ENCODING 


The majority of the Intel AVX-512 family of instructions (operating on 512/256/128-bit vector register operands) 
are encoded using a new prefix (called EVEX). Opmask instructions (operating on opmask register operands) are 
encoded using the VEX prefix. The EVEX prefix has some parts resembling the instruction encoding scheme using 
the VEX prefix, and many other capabilities not available with the VEX prefix. 
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The significant feature differences between EVEX and VEX are summarized below. 


EVEX is a 4-Byte prefix (the first byte must be 62H); VEX is either a 2-Byte (C5H is the first byte) or 3-Byte 
(C4H is the first byte) prefix. 


EVEX prefix can encode 32 vector registers (KXMM/YMM/ZMM) in 64-bit mode. 


EVEX prefix can encode an opmask register for conditional processing or selection control in EVEX-encoded 
vector instructions. Opmask instructions, whose source/destination operands are opmask registers and treat 
the content of an opmask register as a single value, are encoded using the VEX prefix. 


EVEX memory addressing with disp8 form uses a compressed disp8 encoding scheme to improve the encoding 
density of the instruction byte stream. 


EVEX prefix can encode functionality that are specific to instruction classes (e.g., packed instruction with 
“load+op” semantic can support embedded broadcast functionality, floating-point instruction with rounding 
semantic can support static rounding functionality, floating-point instruction with non-rounding arithmetic 
semantic can support “suppress all exceptions” functionality). 


2.6.1 Instruction Format and EVEX 


The placement of the EVEX prefix in an IA instruction is represented in Figure 2-10. Note that the values contained 
within brackets are optional. 


# of bytes: 4 1 y 1 2,4 1 
[Prefixes] EVEX Opcode ModR/M [SIB] [Disp16,32] [Immediate] 
1 
[Disp8*N] 


Figure 2-10. AVX-512 Instruction Format and the EVEX Prefix 


The EVEX prefix is a 4-byte prefix, with the first two bytes derived from unused encoding form of the 32-bit-mode- 
only BOUND instruction. The layout of the EVEX prefix is shown in Figure 2-11. The first byte must be 62H, followed 
by three payload bytes, denoted as PO, P1, and P2 individually or collectively as P[23:0] (see Figure 2-11). 


EVEX 62H PO P1 P2 
7 6 5 4 3 2 1 0 
PO R x B R’ ) 0 m m P[7:0] 
7 6 5 4 3 2 1 0 
P4 Ww Vv Vv v Vv 1 p p P[15:8] 
7 6 5 4 3 2 1 0 
P2 z lL L b Vv a a a P[23:16] 


Figure 2-11. Bit Field Layout of the EVEX Prefix! 


NOTES: 
1. See Table 2-30 for additional details on bit fields. 
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Table 2-30. EVEX Prefix Bit Field Functional Grouping 


Notation Bit field Group Position Comment 

-- Reserved P[3 : 2] Must be 0. 

-- Fixed Value P[10] Must be 1. 

EVEX.mm Compressed legacy escape P[1: 0} Identical to low two bits of VEX.mmmmm. 

EVEX.pp Compressed legacy prefix P[9 : 8] Identical to VEX.pp. 

EVEX.RXB Next-8 register specifier modifier P[7 :5] Combine with ModR/M.reg, ModR/M.rm (base, index/vidx). This 
field is encoded in bit inverted format. 

EVEX.R’ High-16 register specifier modifier P[4] Combine with EVEX.R and ModR/M.reg. This bit is stored in 
inverted format. 

EVEX.X High-16 register specifier modifier P[6] Combine with EVEX.B and ModR/M.rm, when SIB/VSIB absent. 

EVEX.vvvv VVVV register specifier P[14:11] | Same as VEX.vvvv. This field is encoded in bit inverted format. 

EVEX.V' High-16 VVVV/VIDX register specifier | P[19] Combine with EVEX.vvvv or when VSIB present. This bit is 
stored in inverted format. 

EVEX.aaa Embedded opmask register specifier P[18: 16] 

EVEX.W Osize promotion/Opcode extension P[15] 

EVEX.z Zeroing/Merging P[23] 

EVEX.b Broadcast/RC/SAE Context P[20] 

EVEX.LU'L Vector length/RC P[22:21] 


The bit fields in P[23:0] are divided into the following functional groups (Table 2-30 provides a tabular summary): 
Reserved bits: P[3:2] must be 0, otherwise #UD. 
Fixed-value bit: P[10] must be 1, otherwise #UD. 
Compressed legacy prefix/escape bytes: P[1:0] is identical to the lowest 2 bits of VEX.mmmmm; P[9:8] is 


identical to VEX.pp. 


Operand specifier modifier bits for vector register, general purpose register, memory addressing: P[7:5] allows 
access to the next set of 8 registers beyond the low 8 registers when combined with ModR/M register specifiers. 


Operand specifier modifier bit for vector register: P[4] (or EVEX.R’) allows access to the high 16 vector register 
set when combined with P[7] and ModR/M.reg specifier; P[6] can also provide access to a high 16 vector 
register when SIB or VSIB addressing are not needed. 


Non-destructive source /vector index operand specifier: P[19] and P[14:11] encode the second source vector 
register operand in a non-destructive source syntax, vector index register operand can access an upper 16 
vector register using P[19]. 


Op-mask register specifiers: P[18:16] encodes op-mask register set kO-k7 in instructions operating on vector 
registers. 


EVEX.W: P[15] is similar to VEX.W which serves either as opcode extension bit or operand size promotion to 
64-bit in 64-bit mode. 


Vector destination merging/zeroing: P[23] encodes the destination result behavior which either zeroes the 
masked elements or leave masked element unchanged. 


Broadcast/Static-rounding/SAE context bit: P[20] encodes multiple functionality, which differs across different 
classes of instructions and can affect the meaning of the remaining field (EVEX.L’L). The functionality for the 
following instruction classes are: 


— Broadcasting a single element across the destination vector register: this applies to the instruction class 
with Load+Op semantic where one of the source operand is from memory. 


— Redirect L’L field (P[22:21]) as static rounding control for floating-point instructions with rounding 
semantic. Static rounding control overrides MXCSR.RC field and implies “Suppress all exceptions” (SAE). 
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— Enable SAE for floating -point instructions with arithmetic semantic that is not rounding. 

— For instruction classes outside of the afore-mentioned three classes, setting EVEX.b will cause #UD. 
* Vector length/rounding control specifier: P[22:21] can serve one of three options. 

— Vector length information for packed vector instructions. 

— Ignored for instructions operating on vector register content as a single data element. 


— Rounding control for floating-point instructions that have a rounding semantic and whose source and 
destination operands are all vector registers. 


2.6.2 Register Specifier Encoding and EVEX 


EVEX-encoded instruction can access 8 opmask registers, 16 general-purpose registers and 32 vector registers in 
64-bit mode (8 general-purpose registers and 8 vector registers in non-64-bit modes). EVEX-encoding can support 
instruction syntax that access up to 4 instruction operands. Normal memory addressing modes and VSIB memory 
addressing are supported with EVEX prefix encoding. The mapping of register operands used by various instruction 
syntax and memory addressing in 64-bit mode are shown in Table 2-31. Opmask register encoding is described in 
Section 2.6.3. 


Table 2-31. 32-Register Support in 64-bit Mode Using EVEX with Embedded REX Bits 


4! 3 [2:0] Reg. Type Common Usages 

REG EVEX.R’ REX.R modrm.reg GPR, Vector Destination or Source 
VVVV EVEX.\V" EVEX.vvvv GPR, Vector 2ndSource or Destination 
RM EVEX.X EVEX.B modrm.r/m GPR, Vector 1st Source or Destination 
BASE 0 EVEX.B modrm.r/m GPR memory addressing 
INDEX 0 EVEX.X sib.index GPR memory addressing 
VIDX EVEX.V' EVEX.X sib.index Vector VSIB memory addressing 
NOTES: 


1. Not applicable for accessing general purpose registers. 


The mapping of register operands used by various instruction syntax and memory addressing in 32-bit modes are 
shown in Table 2-32. 


Table 2-32. EVEX Encoding Register Specifiers in 32-bit Mode 


[2:0] Reg. Type Common Usages 
REG modrm.reg GPR, Vector Destination or Source 
VVVV EVEX.vvv GPR, Vector 2nd Source or Destination 
RM modrm.r/m GPR, Vector 1st Source or Destination 
BASE modrm.r/m GPR Memory Addressing 
INDEX sib.index GPR Memory Addressing 
VIDX sib.index Vector VSIB Memory Addressing 
2.6.3 Opmask Register Encoding 


There are eight opmask registers, kKO-k7. Opmask register encoding falls into two categories: 


* Opmask registers that are the source or destination operands of an instruction treating the content of opmask 
register as a scalar value, are encoded using the VEX prefix scheme. It can support up to three operands using 
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standard modR/M byte’s reg field and rm field and VEX.vvvv. Such a scalar opmask instruction does not 
support conditional update of the destination operand. 


¢ Anopmask register providing conditional processing and/or conditional update of the destination register of a 
vector instruction is encoded using EVEX.aaa field (see Section 2.6.4). 


¢ An opmask register serving as the destination or source operand of a vector instruction is encoded using 
standard modR/M byte’s reg field and rm fields. 


Table 2-33. Opmask Register Specifier Encoding 


[2:0] Register Access Common Usages 
REG modrm.reg kO-k7 Source 
VVVV VEX.vvvv kO-k7 2nd Source 
RM modrm.r/m kO-7 1st Source 
{k1} EVEX.aaa kO!-k7 Opmask 


NOTES: 
1. Instructions that overwrite the conditional mask in opmask do not permit using kO as the embedded mask. 


2.6.4 Masking Support in EVEX 


EVEX can encode an opmask register to conditionally control per-element computational operation and updating of 
result of an instruction to the destination operand. The predicate operand is known as the opmask register. The 
EVEX.aaa field, P[18:16] of the EVEX prefix, is used to encode one out of a set of eight 64-bit architectural regis- 
ters. Note that from this set of 8 architectural registers, only k1 through k7 can be addressed as predicate oper- 
ands. kO can be used as a regular source or destination but cannot be encoded as a predicate operand. 


AVX-512 instructions support two types of masking with EVEX.z bit (P[23]) controlling the type of masking: 


¢ Merging-masking, which is the default type of masking for EVEX-encoded vector instructions, preserves the old 
value of each element of the destination where the corresponding mask bit has a 0. It corresponds to the case 
of EVEX.z = 0. 


¢ Zeroing-masking, is enabled by having the EVEX.z bit set to 1. In this case, an element of the destination is set 
to 0 when the corresponding mask bit has a 0 value. 


AVX-512 Foundation instructions can be divided into the following groups: 
¢ Instructions which support “zeroing-masking”. 
— Also allow merging-masking. 
¢ Instructions which require aaa = 000. 
— Do not allow any form of masking. 
¢ Instructions which allow merging-masking but do not allow zeroing-masking. 
— Require EVEX.z to be set to 0. 
— This group is mostly composed of instructions that write to memory. 
¢ Instructions which require aaa <> 000 do not allow EVEX.z to be set to 1. 
— Allow merging-masking and do not allow zeroing-masking, e.g., gather instructions. 


2.6.5 Compressed Displacement (disp8*N) Support in EVEX 


For memory addressing using disp8 form, EVEX-encoded instructions always use a compressed displacement 

scheme by multiplying disp8 in conjunction with a scaling factor N that is determined based on the vector length, 
the value of EVEX.b bit (embedded broadcast) and the input element size of the instruction. In general, the factor 
N corresponds to the number of bytes characterizing the internal memory operation of the input operand (e.g., 64 
when the accessing a full 512-bit memory vector). The scale factor N is listed in Table 2-34 and Table 2-35 below, 
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where EVEX encoded instructions are classified using the tupletype attribute. The scale factor N of each tupletype 


is listed based on the vector length (VL) and other factors affecting it. 


Table 2-34 covers EVEX-encoded instructions which has a load semantic in conjunction with additional computa- 
tional or data element movement operation, operating either on the full vector or half vector (due to conversion of 
numerical precision from a wider format to narrower format). EVEX.b is supported for such instructions for data 


element sizes which are either dword or qword (see Section 2.6.11). 


EVEX-encoded instruction that are pure load/store, and “Load+op” instruction semantic that operate on data 

element size less then dword do not support broadcasting using EVEX.b. These are listed in Table 2-35. Table 2-35 
also includes many broadcast instructions which perform broadcast using a subset of data elements without using 
EVEX.b. These instructions and a few data element size conversion instruction are covered in Table 2-35. Instruc- 
tion classified in Table 2-35 do not use EVEX.b and EVEX.b must be 0, otherwise #UD will occur. 


The tupletype will be referenced in the instruction operand encoding table in the reference page of each instruction, 
providing the cross reference for the scaling factor N to encoding memory addressing operand. 


Note that the disp8*N rules still apply when using 16b addressing. 


Table 2-34. Compressed Displacement (DISP8*N) Affected by Embedded Broadcast 


TupleType | EVEX.b | InputSize | EVEX.W | Broadcast | N (VL=128) | N(VL=256) | N(VL=512) Comment 
0 32bit 0 none 16 32 64 
1 32bit 0 {1 tox} 4 4 4 Load+Op (Full Vector 
Full 
fe) 64bit 1 none 16 32 64 Dword/Qword) 
1 64bit 1 {1 tox} 8 8 8 
0 32bit 0 none 8 16 32 
Half Load+Op (Half Vector) 
1 32bit 0 {1 tox} 4 4 4 
Table 2-35. EVEX DISP8*N for Instructions Not Affected by Embedded Broadcast 
TupleType InputSize | EVEX.W | N (VL= 128) | N (VL= 256) | N (VL= 512) Comment 
Full Mem N/A N/A 16 32 64 Load/store or subDword full vector 
8bit N/A 1 1 1 
16bit N/A 2 2 2 
Tuple1 Scalar 1Tuple 
32bit 0 4 4 4 
64bit 1 8 8 8 
32bit N/A 4 4 4 i 
Tuple1 Fixed 1 Tuple, memsize not affected by 
64bit N/A 8 8 8 EVEX.W 
32bit 0 8 8 8 
Tuple2 Broadcast (2 elements) 
64bit 1 NA 16 16 
32bit 0 NA 16 16 
Tuple4 Broadcast (4 elements) 
64bit 1 NA NA 32 
Tuples 32bit 0 NA NA 32 Broadcast (8 elements) 
Half Mem N/A N/A 16 32 SubQword Conversion 
Quarter Mem N/A N/A 8 16 SubDword Conversion 
Eighth Mem N/A N/A 4 8 SubWord Conversion 
Mem128 N/A N/A 16 16 16 Shift count from memory 
MOVDDUP N/A N/A 32 64 VMOVDDUP 
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2.6.6 EVEX Encoding of Broadcast/Rounding/SAE Support 
EVEX.b can provide three types of encoding context, depending on the instruction classes: 


¢ Embedded broadcasting of one data element from a source memory operand to the destination for vector 
instructions with “load+op” semantic. 


¢ Static rounding control overriding MXCSR.RC for floating-point instructions with rounding semantic. 


¢ “Suppress All exceptions” (SAE) overriding MXCSR mask control for floating-point arithmetic instructions that 
do not have rounding semantic. 


2.6.7 Embedded Broadcast Support in EVEX 


EVEX encodes an embedded broadcast functionality that is supported on many vector instructions with 32-bit 
(double word or single-precision floating-point) and 64-bit data elements, and when the source operand is from 
memory. EVEX.b (P[20]) bit is used to enable broadcast on load-op instructions. When enabled, only one element 
is loaded from memory and broadcasted to all other elements instead of loading the full memory size. 


The following instruction classes do not support embedded broadcasting: 

¢ Instructions with only one scalar result is written to the vector destination. 
¢ Instructions with explicit broadcast functionality provided by its opcode. 

¢ Instruction semantic is a pure load or a pure store operation. 


2.6.8 Static Rounding Support in EVEX 


Static rounding control embedded in the EVEX encoding system applies only to register-to-register flavor of 
floating-point instructions with rounding semantic at two distinct vector lengths: (i) scalar, (ii) 512-bit. In both 
cases, the field EVEX.L’L expresses rounding mode control overriding MXCSR.RC if EVEX.b is set. When EVEX.b is 
set, “suppress all exceptions” is implied. The processor behaves as if all MXCSR masking controls are set. 


2.6.9 SAE Support in EVEX 


The EVEX encoding system allows arithmetic floating-point instructions without rounding semantic to be encoded 
with the SAE attribute. This capability applies to scalar and 512-bit vector lengths, register-to-register only, by 
setting EVEX.b. When EVEX.b is set, “suppress all exceptions” is implied. The processor behaves as if all MKXCSR 
masking controls are set. 


2.6.10 Vector Length Orthogonality 


The architecture of EVEX encoding scheme can support SIMD instructions operating at multiple vector lengths. 
Many AVX-512 Foundation instructions operate at 512-bit vector length. The vector length of EVEX encoded vector 
instructions are generally determined using the L’L field in EVEX prefix, except for 512-bit floating-point, reg-reg 
instructions with rounding semantic. The table below shows the vector length corresponding to various values of 
the L’L bits. When EVEX is used to encode scalar instructions, L’L is generally ignored. 

When EVEX.b bit is set for a register-register instructions with floating-point rounding semantic, the same two bits 
P2[6:5] specifies rounding mode for the instruction, with implied SAE behavior. The mapping of different instruc- 
tion classes relative to the embedded broadcast/rounding/SAE control and the EVEX.L’L fields are summarized in 
Table 2-36. 
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Table 2-36. EVEX Embedded Broadcast/Rounding/SAE and Vector Length on Vector Instructions 


Position P2[4] P2[6:5] P2[6:5] 
Broadcast/Rounding/SAE Context EVEX.b EVEX.U’L EVEX.RC 
Reg-reg, FP Instructions w/ rounding semantic or SAE Enable static rounding Vector length Implied OOb: SAE + RNE 
control (SAE implied) (512 bit or scalar) 01b: SAE + RD 
10b: SAE + RU 
11b: SAE + RZ 
Load+op Instructions w/ memory source Broadcast Control OOb: 128-bit NA 
Other Instructions ( Must be 0 (otherwise ne a NA 
Explicit Load/Store/Broadcast/Gather/Scatter) #UD) 11b: Reserved (#UD) 


2.6.11 #UD Equations for EVEX 


Instructions encoded using EVEX can face three types of UD conditions: state dependent, opcode independent and 
opcode dependent. 


2.6.11.1 State Dependent #UD 


In general, attempts of execute an instruction, which required OS support for incremental extended state compo- 
nent, will #UD if required state components were not enabled by OS. Table 2-37 lists instruction categories with 
respect to required processor state components. Attempts to execute a given category of instructions while 
enabled states were less than the required bit vector in XCRO shown in Table 2-37 will cause #UD. 


Table 2-37. OS XSAVE Enabling Requirements of Instruction Categories 


Instruction Categories Vector Register State Access Required XCRO Bit Vector [7:0] 
Legacy SIMD prefix encoded Instructions (e.g SSE) XMM XXXXXX1 1b 
VEX-encoded instructions operating on YMM YMM XXXXX111b 
EVEX-encoded 128-bit instructions ZMM 111xx111b 
EVEX-encoded 256-bit instructions ZMM 111xx111b 
EVEX-encoded 512-bit instructions ZMM 111xx111b 
VEX-encoded instructions operating on opmask k-reg 111xxx11b 


2.6.11.2 Opcode Independent #UD 


A number of bit fields in EVEX encoded instruction must obey mode-specific but opcode-independent patterns 
listed in Table 2-38. 


Table 2-38. Opcode Independent, State Dependent EVEX Bit Fields 


Position Notation 64-bit HUD Non-64-bit #UD 
P[3: 2] - if >O if >O 
P[10] -- if O if O 
P[1: 0] EVEX.mm if OOb if OOb 
P[7 : 6] EVEX.RX None (valid) None (BOUND if EVEX.RX != 11b) 
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2.6.11.3 Opcode Dependent #UD 


This section describes legal values for the rest of the EVEX bit fields. Table 2-39 lists the #UD conditions of EVEX 
prefix bit fields which encodes or modifies register operands. 


Table 2-39. #UD Conditions of Operand-Encoding EVEX Prefix Bit Fields 
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Notation Position Operand Encoding 64-bit HUD Non-64-bit #UD 
EVEX.R P[7] ModRM.reg encodes k-reg If EVEX.R = 0 None (BOUND if 
ModRM.reg is opcode extension None (ignored) EVEX.RX I= 11D) 
ModRM.reg encodes all other registers None (valid) 
EVEX.X P[6] ModRM.r/m encodes ZMM/YMM/XMM None (valid) 
ModRM.r/m encodes k-reg or GPR None (ignored) 
ModRM.r/m without SIB/VSIB None (ignored) 
ModRM.r/m with SIB/VSIB None (valid) 
EVEX.B P[5] ModRM.r/m encodes k-reg None (ignored) None (ignored) 
ModRM.r/m encodes other registers None (valid) 
ModRM.r/m base present None (valid) 
ModRM.r/m base not present None (ignored) 
EVEX.R’ P[4] ModRM.reg encodes k-reg or GPR If O None (ignored) 
ModRM.reg is opcode extension None (ignored) 
ModRM.reg encodes ZMM/YMM/XMM None (valid) 
EVEX.vvvv P[14: 11] | vvwwv encodes ZMM/YMM/XMM None (valid) None (valid) 
P[14] ignored 
Otherwise If!=1111b Ifl=1111b 
EVEX.V’ P[19] Encodes ZMM/YMM/XMM None (valid) If O 
If O If O 


Otherwise 


Table 2-40 lists the #UD conditions of instruction encoding of opmask register using EVEX.aaa and EVEX.z 


Table 2-40. #UD Conditions of Opmask Related Encoding Field 


Notation Position Operand Encoding 64-bit HUD Non-64-bit #UD 
EVEX.aaa P[18: 16] | Instructions do not use opmask for conditional processing!. If aaa != OOOb If aaa != OOOb 
Opmask used as conditional processing mask and updated | If aaa = OOOb If aaa = OOOb; 
at completion®. 
Opmask used as conditional processing. None (valid?) None (valid') 
EVEX.2z P[23] Vector instruction using opmask as source or destination*. | If EVEX.z != 0 If EVEX.2 != 0 
Store instructions or gather/scatter instructions. If EVEX.z != O If EVEX.2 != O 
Instruction supporting conditional processing mask with If EVEX.z != 0 If EVEX.z != 0 
EVEX.aaa = OOOb. 
VEX.vvvv Varies K-regs are instruction operands not mask control. If vvvv = Oxxxb None 
NOTES: 


1. E.g., VPBROADCASTMxxx, VPMOVM2x, VPMOVx2M. 


2. E.g., Gather/Scatter family. 


3. aaa can take any value. A value of 000 indicates that there is no masking on the instruction; in this case, all elements will be pro- 
cessed as if there was a mask of ‘all ones’ regardless of the actual value in KO. 
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4. E.g., VFPCLASSPD/PS, VCMPB/D/Q/W family, VPMOVM2x, VPMOVxeM. 
Table 2-41 lists the #UD conditions of EVEX bit fields that depends on the context of EVEX.b. 


Table 2-41. #UD Conditions Dependent on EVEX.b Context 


Notation Position Operand Encoding 64-bit HUD Non-64-bit #UD 
EVEX.L'Lb P[22 : 20] | Reg-reg, FP instructions with rounding semantic. None (valid') None (valid’) 
Other reg-reg, FP instructions that can cause #XM. None (valid?) None (valid) 
Other reg-mem instructions in Table 2-34. None (valid) None (valid?) 
Other instruction classes* in Table 2-35. If EVEX.b > 0 If EVEX.b > O 
NOTES: 


1. UL specifies rounding control, see Table 2-36, supports {er} syntax. 

2.UL specifies vector length, see Table 2-36, supports {sae} syntax. 

3. UL specifies vector length, see Table 2-36, supports embedded broadcast syntax 
4. UL specifies either vector length or ignored. 


2.6.12 Device Not Available 
EVEX-encoded instructions follow the same rules when it comes to generating #NM (Device Not Available) excep- 
tion. In particular, it is generated when CRO.TS[bit 3]= 1. 


2.6.13 Scalar Instructions 


EVEX-encoded scalar SIMD instructions can access up to 32 registers in 64-bit mode. Scalar instructions support 
masking (using the least significant bit of the opmask register), but broadcasting is not supported. 


2] EXCEPTION CLASSIFICATIONS OF EVEX-ENCODED INSTRUCTIONS 


The exception behavior of EVEX-encoded instructions can be classified into the classes shown in the rest of this 
section. The classification of EVEX-encoded instructions follow a similar framework as those of AVX and AVX2 
instructions using the VEX prefix. Exception types for EVEX-encoded instructions are named in the style of 

“E##” or with a suffix “E##XX”. The “##” designation generally follows that of AVX/AVX2 instructions. The 
majority of EVEX encoded instruction with “Load+op” semantic supports memory fault suppression, which is repre- 
sented by E##. The instructions with “Load+op” semantic but do not support fault suppression are named 
“E##NF”. A summary table of exception classes by class names are shown below. 


Table 2-42. EVEX-Encoded Instruction Exception Class Summary 


Exception Class Instruction set Mem arg (#XM) 

Type €1 Vector Moves/Load/Stores Explicitly aligned, w/ fault suppression None 

Type E1NF Vector Non-temporal Stores Explicitly aligned, no fault suppression None 
Type E2 FP Vector Load+op Support fault suppression Yes 
Type E2NF FP Vector Load+op No fault suppression Yes 
Type €3 FP Scalar/Partial Vector, Load+Op Support fault suppression Yes 
Type E3NF FP Scalar/Partial Vector, Load+Op No fault suppression Yes 
Type E4 Integer Vector Load+op Support fault suppression No 
Type E4NF Integer Vector Load+op No fault suppression No 
Type €5 Legacy-like Promotion Varies, Support fault suppression No 
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Table 2-42. EVEX-Encoded Instruction Exception Class Summary 


Exception Class Instruction set Mem arg (#XM) 
Type ESNF Legacy-like Promotion Varies, No fault suppression No 
Type E6 Post AVX Promotion Varies, w/ fault suppression No 
Type E6NF Post AVX Promotion Varies, no fault suppression No 
Type E7NM Register-to-register op None None 
Type EONF Miscellaneous 128-bit Vector-length Specific, no fault suppression None 
Type E10 Non-XF Scalar Vector Length ignored, w/ fault suppression None 
Type E10NF Non-XF Scalar Vector Length ignored, no fault suppression None 
Type E11 VCVTPH2PS, VCVTPS2PH Half Vector Length, w/ fault suppression Yes 
Type E12 Gather and Scatter Family VSIB addressing, w/ fault suppression None 
Type E12NP Gather and Scatter Prefetch Family VSIB addressing, w/o page fault None 


Table 2-43 lists EVEX-encoded instruction mnemonic by exception classes. 


Table 2-43. EVEX Instructions in Each Exception Class 


Exception Class 


Instruction 


Type €1 


VMOVAPD, VMOVAPS, VMOVDQA32, VMOVDQA64 


Type E1NF 


VMOVNTDQ, VMOVNTDOA, VMOVNTPD, VMOVNTPS 


Type E2 


VADDPD, VADDPS, VCMPPD, VCMPPS, VCVTDQ2PS, VCVTPD2DQ, VCVTPD2PS, VCVTPD2QQ, VCVTPD2UQQ, 
VCVTPD2UDQ, VCVTPS2DQ, VCVTPS2UDQS, VCVTQQ2PD, VCVTQQ2PS, VCVTTPD2DQ, VCVTTPD2QQ, 
VCVTTPD2UDQ, VCVTTPD2UQQ, VCVTTPS2DQ, VCVTTPS2UDQ, VCVTUDQ2PS, VCVTUQQ2PD, VCVTUQQ2PS, 
VDIVPD, VDIVPS, VEXP2PD, VEXP2PS, VFIXUPIMMPD, VFIXUPIMMPS, VFMADDxxxPD, VFMADDxxxPS, 
VFMADDSUBxxxPD, VFMADDSUBxxxPS, VFMSUBADDxxxPD, VFMSUBADDxxxPS, VFMSUBxxxPD, VFMSUBxxxPS, 
VFNMADDxxxPD, VFNMADDxxxPS, VFNMSUBxxxPD, VFNMSUBxxxPS, VGETEXPPD, VGETEXPPS, VGETMANTPD, 
VGETMANTPS, VMAXPD, VMAXPS, VMINPD, VMINPS, VMULPD, VMULPS, VRANGEPD, VRANGEPS, VREDUCEPD, 
VREDUCEPS, VRNDSCALEPD, VRNDSCALEPS, VRCP28PD, VRCP28PS, VRSQRT28PD, VRSQRT28PS, VSCALEFPD, 
VSCALEFPS, VSQRTPD, VSQRTPS, VSUBPD, VSUBPS 


Type E3 


VADDSD, VADDSS, VCMPSD, VCMPSS, VCVTPS2Q0, VCVTPS2UQQ, VCVTPS2PD, VCVTSD2SS, VCVTSS2SD, 
VCVTTPS2QQ, VCVTTPS2UQQ, VDIVSD, VDIVSS, VFMADDxxxSD, VFMADDxxxSS, VFMSUBxxxSD, VFMSUBxxxSS, 
VFNMADDxxxSD, VFNMADDxxxSS, VFNMSUBxxxSD, VFNMSUBxxxSS, VFIXUPIMMSD, VFIXUPIMMSS, VGETEXPSD, 
VGETEXPSS, VGETMANTSD, VGETMANTSS, VMAXSD, VMAXSS, VMINSD, VMINSS, VMULSD, VMULSS, VRANGESD, 
VRANGESS, VREDUCESD, VREDUCESS, VRNDSCALESD, VRNDSCALESS, VSCALEFSD, VSCALEFSS, VRCP28SD, 
VRCP28SS, VRSQRT28SD, VRSQRT28SS, VSQRTSD, VSQRTSS, VSUBSD, VSUBSS 


Type E3NF 


VCOMISD, VCOMISS, VCVTSD2SI, VCVTSD2USI, VCVTSI2SD, VCVTSI2SS, VCVTSS2SI, VCVTSS2USI, VCVTTSD2SI, 
VCVTTSD2USI, VCVTTSS2SI, VCVTTSS2USI, VCVTUSI2SD, VCVTUSI2SS, VUCOMISD, VUCOMISS 


Type E4 


VANDPD, VANDPS, VANDNPD, VANDNPS, VBLENDMPD, VBLENDMPS, VFPCLASSPD, VFPCLASSPS, VORPD, VORPS, 
VPABSD, VPABSQ, VPADDD, VPADDQ, VPANDD, VPANDQ, VPANDND, VPANDNQ, VPBLENDMB, VPBLENDMD, 
VPBLENDMQ, VPBLENDMW, VPCMPD, VPCMPEQD, VPCMPEQQ, VPCMPGTD, VPCMPGTQ, VPCMPQ, VPCMPUD, 
VPCMPUQ, VPLZCNTD, VPLZCNTQ, VPMADD52LUQ, VPMADD52HUQ, VPMAXSD, VPMAXSQ, VPMAXUD, VPMAXUQ, 
VPMINSD, VPMINSQ, VPMINUD, VPMINUQ, VPMULLD, VPMULLQ, VPMULUDQ, VPMULDQ, VPORD, VPORQ, VPROLD, 
VPROLQ, VPROLVD, VPROLVQ, VPRORD, VPRORQ, VPRORVD, VPRORVQ, (VPSLLD, VPSLLQ, VPSRAD, VPSRAQ, 
VPSRAVW, VPSRAVD, VPSRAVW, VPSRAVQ, VPSRLD, VPSRLQ)', VPSUBD, VPSUBQ, VPSUBUSB, VPSUBUSW, 
VPTERNLOGD, VPTERNLOGQ, VPTESTMD, VPTESTMQ, VPTESTNMD, VPTESTNMQ, VPXORD, VPXORQ, VPSLLVD, 
VPSLLVQ, VRCP14PD, VRCP14PS, VRSORT14PD, VRSQRT14PS, VXORPD, VXORPS 
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Table 2-43. EVEX Instructions in Each Exception Class (Contd.) 


Exception Class 


Instruction 


E4.nb@ 


VCOMPRESSPD, VCOMPRESSPS, VEXPANDPD, VEXPANDPS, VMOVDQU8, VMOVDQU16, VMOVDQU32, 
VMOVDQU64, VMOVUPD, VMOVUPS, VPABSB, VPABSW, VPADDB, VPADDW, VPADDSB, VPADDSW, VPADDUSB, 
VPADDUSW, VPAVGB, VPAVGW, VPCMPB, VPCMPEQB, VPCMPEQW, VPCMPGTB, VPCMPGTW, VPCMPW, VPCMPUB, 
VPCMPUW, VPCOMPRESSD, VPCOMPRESSQ, VPEXPANDD, VPEXPANDQ, VPMAXSB, VPMAXSW, VPMAXUB, 
VPMAXUW, VPMINSB, VPMINSW, VPMINUB, VPMINUW, VPMULHRSW, VPMULHUW, VPMULHW, VPMULLW, 
VPSLLVW, VPSLLW, VPSRAW, VPSRLVW, VPSRLW, VPSUBB, VPSUBW, VPSUBSB, VPSUBSW, VPTESTMB, 
VPTESTMW, VPTESTNMB, VPTESTNMW 


Type E4NF 


VALIGND, VALIGNQ, VPACKSSDW, VPACKUSDW, VPCONFLICTD, VPCONFLICTQ, VPERMD, VPERMI2D, VPERMI2PS, 
VPERMI2PD, VPERMI2Q, VPERMPD, VPERMPS, VPERMQ, VPERMT2D, VPERMT2PS, VPERMT2Q, VPERMT2PD, 
VPERMILPD, VPERMILPS, VPMULTISHIFTQB, VPSHUFD, VPUNPCKHDQ, VPUNPCKHQDQ, VPUNPCKLDQ, 
VPUNPCKLOQDQ, VSHUFF32X4, VSHUFF64X2, VSHUFI32X4, VSHUFI64X2, VSHUFPD, VSHUFPS, VUNPCKHPD, 
VUNPCKHPS, VUNPCKLPD, VUNPCKLPS 


E4NF.nb@ 


VDBPSADBW, VPACKSSWB, VPACKUSWB, VPALIGNR, VPMADDWD, VPMADDUBSW, VMOVSHDUP, VMOVSLDUP, 
VPSADBW, VPSHUFB, VPSHUFHW, VPSHUFLW, VPSLLDQ, VPSRLDQ, VPSLLW, VPSRAW, VPSRLW, (VPSLLD, 
VPSLLOQ, VPSRAD, VPSRAQ, VPSRLD, VPSRLQ)?, VPUNPCKHBW, VPUNPCKHWD, VPUNPCKLBW, VPUNPCKLWD, 
VPERMW, VPERMI2W, VPERMT2W 


Type €5 


Type ESNF 


PMOVSXBW, PMOVSXBW, PMOVSXBD, PMOVSXBQ, PMOVSXWD, PMOVSXWQ, PMOVSXDQ, PMOVZXBW, 
PMOVZXBD, PMOVZXBQ, PMOVZXWD, PMOVZXWQ, PMOVZXDOQ, VCVTDQ2PD, VCVTUDQ2PD, VPMOVSXxx, 
VPMOVZXxx 


VMOVDDUP 


Type E6 


VBROADCASTF32X2, VBROADCASTF32X4, VBROADCASTF64X2, VBROADCASTF32X8, VBROADCASTF64X4, 
VBROADCASTI32X2, VBROADCASTI32X4, VBROADCASTI64X2, VBROADCASTI32X8, VBROADCASTI64X4, 
VBROADCASTSD, VBROADCASTSS, VFPCLASSSD, VFPCLASSSS, VPBROADCASTB, VPBROADCASTD, 
VPBROADCASTW, VPBROADCASTQ, VPMOVQB, VPMOVSQB, VPMOVUSQB, VPMOVQW, VPMOVSQW, VPMOVUSQW, 
VPMOVQD, VPMOVSQD, VPMOVUSQD, VPMOVDB, VPMOVSDB, VPMOVUSDB, VPMOVDW, VPMOVSDW, 
VPMOVUSDW, VPMOVWB, VPMOVSWB, VPMOVUSWB 


Type E6NF 


VEXTRACTF32X4, VEXTRACTF32X8, VEXTRACTF64X2, VEXTRACTF64X4, VEXTRACTI32X4, VEXTRACTI32X8, 
VEXTRACTI64X2, VEXTRACTI64X4, VINSERTF32X4, VINSERTF32X8, VINSERTF64X2, VINSERTF64X4, 
VINSERTI32X4, VINSERTI32X8, VINSERTI64X2, VINSERTI64X4, VPBROADCASTMB2Q, VPBROADCASTMW2D 


Type 
€7NM.128+ 


VMOVHLPS, VMOVLHPS 


Type E7NM. 


(VPBROADCASTD, VPBROADCASTQ, VPBROADCASTB, VPBROADCASTW)?, VPMOVB2M, VPMOVD2M, VPMOVM2B, 
VPMOVM2D, VPMOVM2Q, VPMOVM2W, VPMOVQ2M, VPMOVW2M 


Type EONF 


VEXTRACTPS, VINSERTPS, VMOVHPD, VMOVHPS, VMOVLPD, VMOVLPS, VMOVD, VMOVQ, VPEXTRB, VPEXTRD, 
VPEXTRW, VPEXTRQ, VPINSRB, VPINSRD, VPINSRW, VPINSRQ 


Type E10 


VMOVSD, VMOVSS, VRCP14SD, VRCP14SS, VRSQRT14SD, VRSQRT14SS 


Type €10NF 


(VCVTSI2SD, VCVTUSI2SD)® 


Type €11 


VCVTPH2PS, VCVTPS2PH 


Type E12 


VGATHERDPS, VGATHERDPD, VGATHEROPS, VGATHERQPD, VPGATHERDD, VPGATHERDQ, VPGATHERQD, 
VPGATHERQQ, VPSCATTERDD, VPSCATTERDQ, VPSCATTERQD, VPSCATTERQQ, VSCATTERDPD, VSCATTERDPS, 
VSCATTERQPD, VSCATTERQPS 


Type E12NP 


NOTES: 


VGATHERPFODPD, VGATHERPFODPS, VGATHERPFOQPD, VGATHERPFOOPS, VGATHERPF1 DPD, VGATHERPF1DPS, 
VGATHERPF1QPD, VGATHERPF1 QPS, VSCATTERPFODPD, VSCATTERPFODPS, VSCATTERPFOQPD, 
VSCATTERPFOOQPS, VSCATTERPF1DPD, VSCATTERPF1 DPS, VSCATTERPF1QPD, VSCATTERPF1QPS 


1. Operand encoding Full tupletype with immediate. 
2. Embedded broadcast is not supported with the “.nb” suffix. 
3. Operand encoding Mem1 28 tupletype. 
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5. The source operand is a general purpose register. 
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2.7.1 Exceptions Type E1 and E1NF of EVEX-Encoded Instructions 


EVEX-encoded instructions with memory alignment restrictions, and supporting memory fault suppression follow 


exception class E1. 


Table 2-44. Type E1 Class Exception Conditions 


Exception 


Real 


Protected and 


Compatibility 


64-bit 


Cause of Exception 


Invalid Opcode, 
#UD 


>< | Virtual 80x86 


If EVEX prefix present. 


If CR4.0SXSAVE[bit 18]=0. 

If any one of following conditions applies: 

* State requirement, Table 2-37 not met. 

* QOpcode independent #UD condition in Table 2-38. 
* QOperand encoding #UD conditions in Table 2-39. 

* Opmask encoding #UD condition of Table 2-40. 
= If EVEX.b I= 0. 
= If EVEX.UL I= 10b (VL=512). 


If preceded by a LOCK prefix (FOH). 


If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 


If any corresponding CPUID feature flag is ‘O’. 


Device Not Avail- 
able, #NM 


If CRO.TS[bit 3]=1. 


Stack, #SS(0) 


If fault suppression not set, and an illegal address in the SS segment. 


If fault suppression not set, and a memory address referencing the SS segment is in 
a non-canonical form. 


EVEX.512: Memory operand is not 64-byte aligned. 
EVEX.256: Memory operand is not 32-byte aligned. 
EVEX.128: Memory operand is not 16-byte aligned. 


General Protection, 
#GP(0) 


If fault suppression not set, and an illegal memory operand effective address in the 
CS, DS, ES, FS or GS segments. 


If fault suppression not set, and the memory address is in a non-canonical form. 


If fault suppression not set, and any part of the operand lies outside the effective 
address space from O to FFFFH. 


Page Fault 
#PF(fault-code) 


If fault suppression not set, and a page fault. 
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EVEX-encoded instructions with memory alignment restrictions, but do not support memory fault suppression 
follow exception class E1NF. 


Table 2-45. Type E1NF Class Exception Conditions 


g |E2 
x | oO 
as | 8 |38| 5 
Exception a © /28! 3 Cause of Exception 
[74 © o al + 
| Le wo 
ho ° ro) 
S |av 
X X If EVEX prefix present. 


If CR4.0SXSAVE[bit 18]=0. 

If any one of following conditions applies: 

« State requirement, Table 2-37 not met. 

X x |" Opcode independent #UD condition in Table 2-38. 
Operand encoding #UD conditions in Table 2-39. 
Opmask encoding #UD condition of Table 2-40. 

If EVEX.b != 0. 

If EVEX.U'L != 10b (VL=512). 


Invalid Opcode, 
#UD 


Xx X X X | If preceded by a LOCK prefix (FOH). 


If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 


X X X X_ | If any corresponding CPUID feature flag is ‘0’. 


Device Not Avail- 


able, #NM X | X | X | X J IFCRO.TS[bit 3]=1. 


X For an illegal address in the SS segment. 


Stack, #SS(0 
©) X_ | lfamemory address referencing the SS segment is in a non-canonical form. 


EVEX.512: Memory operand is not 64-byte aligned. 
X X | EVEX.256: Memory operand is not 32-byte aligned. 
EVEX.128: Memory operand is not 16-byte aligned. 


General Protection, x For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
#GP(0) ments. 


X_ | If the memory address is in a non-canonical form. 


X X If any part of the operand lies outside the effective address space from O to FFFFH. 


Page Fault 


#PF(fault-code) X | X | X | Fora page fault. 
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INSTRUCTION FORMAT 


Exceptions Type E2 of EVEX-Encoded Instructions 


EVEX-encoded vector instructions with arithmetic semantic follow exception class E2. 


Table 2-46. Type E2 Class Exception Conditions 


a=) 
es 
= = o0S|# 
Exception o|<s5/25|2 Cause of Exception 
~/si¢els 
E\|ssg 
> lav 
X Xx If EVEX prefix present. 
X X X X | lf an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = 0. 
If CR4.0SXSAVE[bit 18]=0. 
If any one of following conditions applies: 
« State requirement, Table 2-37 not met. 
Invalid Opcode, X X |* Opcode independent #UD condition in Table 2-38. 
#UD * Operand encoding #UD conditions in Table 2-39. 
* Opmask encoding #UD condition of Table 2-40. 
= If EVEX.UL I= 10b (VL=512). 
X X If preceded by a LOCK prefix (FOH). 
X | If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 
X X X X_ | If any corresponding CPUID feature flag is ‘O’. 
Device Not Avail- ee 
able, #NM X X X X | If CRO.TS[bit 3]=1. 
X If fault suppression not set, and an illegal address in the SS segment. 
Stack, #SS(0) x._| If fault suppression not set, and a memory address referencing the SS segment is in a 
non-canonical form. 
X If fault suppression not set, and an illegal memory operand effective address in the CS, 
DS, ES, FS or GS segments. 
General Protec- ; 4 : 
tion, #GP(0) X_ | If fault suppression not set, and the memory address is in a non-canonical form. 
X X If fault suppression not set, and any part of the operand lies outside the effective 
address space from 0 to FFFFH. 
Page Fault : 
#PF(fault-code) X X X | If fault suppression not set, and a page fault. 
Alignment Check For 2, 4, or 8 byte memory access if alignment checking is enabled and an unaligned 
X X X : : ie ; 
#AC(0) memory access is made while the current privilege level is 3. 
SIMD Floating- F : i 
point Exception, X X X X il a SIMD floating-point exception, {sae} or {er} not set, and CR4.0SXMMEX- 
#XM ‘ 
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27.3 


Exceptions Type E3 and E3NF of EVEX-Encoded Instructions 


EVEX-encoded scalar instructions with arithmetic semantic that support memory fault suppression follow exception 


class E3. 
Table 2-47. Type E3 Class Exception Conditions 
g |E2 
x | oO 
os | 8 |38/ 5 
Exception & ae o 3 < Cause of Exception 
5 Le wo 
E jes 
> |av 
X X If EVEX prefix present. 
X X X X | If an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = 0. 
If CR4.0SXSAVE[bit 18]=0. 
If any one of following conditions applies: 
« State requirement, Table 2-37 not met. 
; X X |= Qpcode independent #UD condition in Table 2-38. 
Invalid Opcode, #UD * Operand encoding #UD conditions in Table 2-39. 
* Opmask encoding #UD condition of Table 2-40. 
= If EVEX.b I= 0. 
Xx X X If preceded by a LOCK prefix (FOH). 
If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 
X X X X | If any corresponding CPUID feature flag is ‘0’. 
Device Not Available, X X X X | IFCRO.TS[bit 3]=1. 
#NM 
X If fault suppression not set, and an illegal address in the SS segment. 
Stack, #SS(0) x _| If fault suppression not set, and a memory address referencing the SS segment is 
in a non-canonical form. 
X If fault suppression not set, and an illegal memory operand effective address in 
the CS, DS, ES, FS or GS segments. 
oo ELOrC Euan X_| If fault suppression not set, and the memory address is in a non-canonical form. 
X X If fault suppression not set, and any part of the operand lies outside the effective 
address space from O to FFFFH. 
ea #PF (fault X Xx X_ | If fault suppression not set, and a page fault. 
Alignment Check X X X For 2, 4, or 8 byte memory access if alignment checking is enabled and an 
#AC(0) unaligned memory access is made while the current privilege level is 3. 
SIMD Floating-point X X X x If an unmasked SIMD floating-point exception, {sae} or {er} not set, and CR4.0SX- 


Exception, #XM 


MMEXCPT[bit 10] = 1. 
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EVEX-encoded scalar instructions with arithmetic semantic that do not support memory fault suppression follow 
exception class E3NF. 


Table 2-48. Type E3NF Class Exception Conditions 


® |ee 
x | os 
a | 8 |3el| 5 
Exception 2 = 3 @| + Cause of Exception 

=) £eE wo 
E jes 
> |av 

X X EVEX prefix. 

X X X X_ | lfanunmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = 0. 


If CR4.0SXSAVE[bit 18]=0. 

If any one of following conditions applies: 

* State requirement, Table 2-37 not met. 

Opcode independent #UD condition in Table 2-38. 
Operand encoding #UD conditions in Table 2-39. 
Opmask encoding #UD condition of Table 2-40. 

If EVEX.b != 0. 


X X X X_ | If preceded by a LOCK prefix (FOH). 
X | If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 
Xx X X X_| If any corresponding CPUID feature flag is ‘0’. 


Invalid Opcode, HUD 


Device Not Available, 


#NM X X X X | If CRO.TS[bit 3]=1. 


X For an illegal address in the SS segment. 
Stack, #SS(0) 


X | lfamemory address referencing the SS segment is in a non-canonical form. 


For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
ments. 


General Protection, ar ; 
X_ | If the memory address is in a non-canonical form. 


#GP(0) 
If any part of the operand lies outside the effective address space from O to 
X X 
FFFFH. 
Page Fault #PF(fault- X X x | Fora page fault. 
code) 


Alignment Check For 2, 4, or 8 byte memory access if alignment checking is enabled and an 
#AC(0) unaligned memory access is made while the current privilege level is 3. 


SIMD Floating-point If an unmasked SIMD floating-point exception, {sae} or {er} not set, and CR4.0SX- 
Exception, #XM MMEXCPT[bit 10] = 1. 
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2.7.4 Exceptions Type E4 and E4NF of EVEX-Encoded Instructions 


EVEX-encoded vector instructions that cause no SIMD FP exception and support memory fault suppression follow 
exception class E4. 


Table 2-49. Type E4 Class Exception Conditions 


g |Ee 
x | oS 
a |e |es| Ss 
Exception a — |# al ¥ Cause of Exception 
[ad o i=] a Tt 
> 2 = wo 
= ° 
= c Oo 
> |aVv 
X X If EVEX prefix present. 


If CR4.0SXSAVE[bit 18]=0. 

If any one of following conditions applies: 

* State requirement, Table 2-37 not met. 

X x |" Opcode independent #UD condition in Table 2-38. 

Operand encoding #UD conditions in Table 2-39. 

Opmask encoding #UD condition of Table 2-40. 

If EVEX.b != O and in E4.nb subclass (see E4.nb entries in Table 2-43). 
If EVEX.U'L != 10b (VL=512). 


Invalid Opcode, #UD 


X X X X_| If preceded by a LOCK prefix (FOH). 
X X | If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 


X X X X_ | If any corresponding CPUID feature flag is ‘0’. 


Device Not Available, 


#NM X X X X | If CRO.TS[bit 3]=1. 


X If fault suppression not set, and an illegal address in the SS segment. 


Stack, #SS(0) lf fault suppression not set, and a memory address referencing the SS segment is 
in a non-canonical form. 


If fault suppression not set, and an illegal memory operand effective address in 


X 
General Protection, the CS, DS, ES, FS or GS segments. 
#GP(0) X_| If fault suppression not set, and the memory address is in a non-canonical form. 
X X If fault suppression not set, and any part of the operand lies outside the effective 
address space from O to FFFFH. 
ae AEE Gault: X X X_| If fault suppression not set, and a page fault. 
Alignment Check X X X For 2, 4, or 8 byte memory access if alignment checking is enabled and an 
#AC(0) unaligned memory access is made while the current privilege level is 3. 
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EVEX-encoded vector instructions that do not cause SIMD FP exception nor support memory fault suppression 
follow exception class E4NF. 


Table 2-50. Type E4NF Class Exception Conditions 


o |ee 
x | oS 
; 3s |e |Be|s 
Exception {a —= |So| ¥ Cause of Exception 
~ oO © a! 6 
Se |#E 
= |eo 
S |av 
X X If EVEX prefix present. 


If CR4.0SXSAVE[bit 18]=0. 

If any one of following conditions applies: 

« State requirement, Table 2-37 not met. 

X x |" Opcode independent #UD condition in Table 2-38. 

Operand encoding #UD conditions in Table 2-39. 

Opmask encoding #UD condition of Table 2-40. 

If EVEX.b != O and in E4NF.nb subclass (see E4NF.nb entries in Table 2-43). 
If EVEX.U'L != 10b (VL=512). 


X X X X_| If preceded by a LOCK prefix (FOH). 
If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 
X Xx X X_ | If any corresponding CPUID feature flag is ‘0’. 


Invalid Opcode, #UD 


Device Not Available, 


#NM X X X X | If CRO.TS[bit 3]=1. 


X For an illegal address in the SS segment. 


Stack, #SS(0 
©) X | lfamemory address referencing the SS segment is in a non-canonical form. 


For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 


. ments. 
General Protection, 


#GP(0) X_| If the memory address is in a non-canonical form. 


If any part of the operand lies outside the effective address space from O to 
FFFFH. 


Page Fault #PF(fault- 


code) X X | X | Fora page fault. 
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2.7.5 Exceptions Type E5 and E5NF 


EVEX-encoded scalar/partial-vector instructions that cause no SIMD FP exception and support memory fault 


suppression follow exception class E5. 


Table 2-51. Type E5 Class Exception Conditions 


Invalid Opcode, #UD 


g |E2 
x | oO 
a | 8 |es|s 
Exception g = 3 @| + Cause of Exception 
=) Le wo 
E j|/e6 
> |av 
X X If EVEX prefix present. 
If CR4.0SXSAVE[bit 18]=0. 
If any one of following conditions applies: 
* State requirement, Table 2-37 not met. 
X y |" Opcode independent #UD condition in Table 2-38. 


Operand encoding #UD conditions in Table 2-39. 
Opmask encoding #UD condition of Table 2-40. 
If EVEX.b != 0. 

If EVEX.UL != 10b (VL=512). 


If preceded by a LOCK prefix (FOH). 
If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 


If any corresponding CPUID feature flag is ‘0’. 


Device Not Available, 


If CRO.TS[bit 3]=1. 


#AC(0) 


#NM 
X If fault suppression not set, and an illegal address in the SS segment. 
Stack, #SS(0) x. | If fault suppression not set, and a memory address referencing the SS segment is 
in a non-canonical form. 
X If fault suppression not set, and an illegal memory operand effective address in the 
CS, DS, ES, FS or GS segments. 
pe PROUEETION, X_| If fault suppression not set, and the memory address is in a non-canonical form. 
X X If fault suppression not set, and any part of the operand lies outside the effective 
address space from O to FFFFH. 
oo #PF (fault X X X_| If fault suppression not set, and a page fault. 
Alignment Check X X X For 2, 4, or 8 byte memory access if alignment checking is enabled and an 


unaligned memory access is made while the current privilege level is 3. 


EVEX-encoded scalar/partial vector instructions that do not cause SIMD FP exception nor support memory fault 


suppression follow exception class ESNF. 
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Table 2-52. Type E5NF Class Exception Conditions 


g |Z2 
x | o= 
a | 8 |esl| Ss 
Exception & ae o 3 = Cause of Exception 
| £e Ww 
E ile6 
> |aV 
X X If EVEX prefix present. 
If CR4.0SXSAVE[bit 18]=0. 
If any one of following conditions applies: 
* State requirement, Table 2-37 not met. 
X y |* Opcode independent #UD condition in Table 2-38. 
* QOperand encoding #UD conditions in Table 2-39. 
Invalid Opcode, #UD * Opmask encoding #UD condition of Table 2-40. 
= If EVEX.b I= 0. 
= If EVEX.UL I= 10b (VL=512). 
X X If preceded by a LOCK prefix (FOH). 
If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 
X X X If any corresponding CPUID feature flag is ‘O’. 
Device Not Available, ie 
#NM X X X X | If CRO.TS[bit 3]=1. 
X If an illegal address in the SS segment. 
Stack, #SS(0) - — - 
X | lfamemory address referencing the SS segment is in a non-canonical form. 
X If an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 
General Protection, X_ | If the memory address is in a non-canonical form. 
#GP(0) If any part of the operand lies outside the effective address space from O to 
X X 
FFFFH. 
Page Fault #PF(fault- X X x | Fora page fault 
code) 
Alignment Check xX X X For 2, 4, or 8 byte memory access if alignment checking is enabled and an 


#AC(0) 


unaligned memory access is made while the current privilege level is 3. 
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2.7.6 Exceptions Type E6 and E6NF 
Table 2-53. Type E6 Class Exception Conditions 
o |ee 
x | 9= 
a |e |esl 5 
Exception 2 a o o + Cause of Exception 
3 Le wo 
= Co 
> |av 
X X If EVEX prefix present. 
If CR4.0SXSAVE[bit 18]=0. 
If any one of following conditions applies: 
« State requirement, Table 2-37 not met. 
X x |" Opcode independent #UD condition in Table 2-38. 
« QOperand encoding #UD conditions in Table 2-39. 
Invalid Opcode, #UD * Opmask encoding #UD condition of Table 2-40. 
= If EVEX.b I= 0. 
= If EVEX.UL I= 10b (VL=512). 
X X | If preceded by a LOCK prefix (FOH). 
X X | If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 
X X_ | If any corresponding CPUID feature flag is ‘0’. 
Device Not Available, ee 
#NM X X | If CRO.TS[bit 3]=1. 
X If fault suppression not set, and an illegal address in the SS segment. 
Stack, #SS(0) x. | If fault suppression not set, and a memory address referencing the SS segment is 
in a non-canonical form. 
; X If fault suppression not set, and an illegal memory operand effective address in the 
pray Protection, CS, DS, ES, FS or GS segments. 
X_| If fault suppression not set, and the memory address is in a non-canonical form. 
ea APE fault: X X_| If fault suppression not set, and a page fault. 
Alignment Check xX X For 2, 4, or 8 byte memory access if alignment checking is enabled and an 


#AC(0) 


unaligned memory access is made while the current privilege level is 3. 
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EVEX-encoded instructions that do not cause SIMD FP exception nor support memory fault suppression follow 


exception class E6NF. 


Table 2-54. Type E6NF Class Exception Conditions 


#AC(0) 


g lze 
x | oS 
Exception 3 ® 3 2 5 Cause of Exception 
i e/ 3 igs 3 i 
e |3§ 
5 a8 
Invalid Opcode, #UD X X If EVEX prefix present. 
If CR4.0SXSAVE[bit 18]=0. 
If any one of following conditions applies: 
« State requirement, Table 2-37 not met. 
X x |" Opcode independent #UD condition in Table 2-38. 
* QOperand encoding #UD conditions in Table 2-39. 
* Opmask encoding #UD condition of Table 2-40. 
= If EVEX.b I= 0. 
= If EVEX.UL I= 10b (VL=512). 
X If preceded by a LOCK prefix (FOH). 
If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 
X X_ | If any corresponding CPUID feature flag is ‘0’. 
rites NOnAvetaes x | X | IfCRO.TS[bit 3]=1. 
Stack, #SS(0) X For an illegal address in the SS segment. 
ack, 
X | lfamemory address referencing the SS segment is in a non-canonical form. 
iPinteed X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
eneral Protection, ments. 
#GP(0) ia P 
X_ | If the memory address is in a non-canonical form. 
i ia AEA: X | X | Fora page fault. 
Alignment Check Xx X For 2, 4, or 8 byte memory access if alignment checking is enabled and an 


unaligned memory access is made while the current privilege level is 3. 
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2.7.7 Exceptions Type E7NM 


EVEX-encoded instructions that cause no SIMD FP exception and do not reference memory follow exception class 
E7NM. 


Table 2-55. Type E7NM Class Exception Conditions 


g |Ee 
x | c= 
a |e |esl 5S 
Exception 2 alt a] } Cause of Exception 
3 |2 = wo 
E leo 
> |av 
X X If EVEX prefix present. 


If CR4.0SXSAVE[bit 18]=0. 

If any one of following conditions applies: 

« State requirement, Table 2-37 not met. 

X x |" Opcode independent #UD condition in Table 2-38. 
Operand encoding #UD conditions in Table 2-39. 
Opmask encoding #UD condition of Table 2-40. 

If EVEX.b != 0. 

Instruction specific EVEX.L'L restriction not met. 


Invalid Opcode, #UD 


X X X X_ | If preceded by a LOCK prefix (FOH). 
X X | If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 


X X X X_| If any corresponding CPUID feature flag is ‘0’. 


Device Not Available, 


#NM X X | If CRO.TS[bit 3]=1. 
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Exceptions Type E9 and EONF 


EVEX-encoded vector or partial-vector instructions that do not cause no SIMD FP exception and support memory 


fault suppression follow exception class E9. 


Table 2-56. Type E9 Class Exception Conditions 


Exception 


Real 


Protected and 


Compatibility 


64-bit 


Cause of Exception 


Invalid Opcode, #UD 


x< 


>< | Virtual 80x86 


If EVEX prefix present. 


If CR4.0SXSAVE[bit 18]=0. 

If any one of following conditions applies: 

* State requirement, Table 2-37 not met. 

* Opcode independent #UD condition in Table 2-38. 
Operand encoding #UD conditions in Table 2-39. 
Opmask encoding #UD condition of Table 2-40. 

If EVEX.b != 0. 

If EVEX.U'L != OOb (VL=128). 


If preceded by a LOCK prefix (FOH). 
If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 


If any corresponding CPUID feature flag is ‘O’. 


Device Not Available, 
#NM 


If CRO.TS[bit 3]=1. 


Stack, #SS(0) 


General Protection, 
#GP(0) 


If fault suppression not set, and an illegal address in the SS segment. 


If fault suppression not set, and a memory address referencing the SS segment is 
in a non-canonical form. 


If fault suppression not set, and an illegal memory operand effective address in the 
CS, DS, ES, FS or GS segments. 


If fault suppression not set, and the memory address is in a non-canonical form. 


If fault suppression not set, and any part of the operand lies outside the effective 
address space from 0 to FFFFH. 


Page Fault #PF(fault- 
code) 


Alignment Check 
#AC(0) 


If fault suppression not set, and a page fault. 


For 2, 4, or 8 byte memory access if alignment checking is enabled and an 
unaligned memory access is made while the current privilege level is 3. 
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EVEX-encoded vector or partial-vector instructions that must be encoded with VEX.L’L = 0, do not cause SIMD FP 
exception nor support memory fault suppression follow exception class EONF. 


Table 2-57. Type EONF Class Exception Conditions 


® |ee 
x | o= 
3s | 8 |eesl|s 
Exception o — |fal u Cause of Exception 
[4 © © al + 
=| Le wo 
c ° o 
S |av 
X X If EVEX prefix present. 


If CR4.0SXSAVE[bit 18]=0. 

If any one of following conditions applies: 

« State requirement, Table 2-37 not met. 

X x |" Opcode independent #UD condition in Table 2-38. 
Operand encoding #UD conditions in Table 2-39. 
Opmask encoding #UD condition of Table 2-40. 

If EVEX.b != 0. 

If EVEX.U’L != OOb (VL=128). 


Invalid Opcode, #UD 


X X X X | If preceded by a LOCK prefix (FOH). 


If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 


X X X X_ | If any corresponding CPUID feature flag is ‘0’. 


Device Not Available, 


#NM X X X X | If CRO.TS[bit 3]=1. 


X If an illegal address in the SS segment. 


Stack, #SS(0 
) X | lfamemory address referencing the SS segment is in a non-canonical form. 


X If an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 
General Protection, X_ | If the memory address is in a non-canonical form. 
#GP(O) If any part of the operand lies outside the effective address space from O to 
X X 
FFFFH. 
Page Fault #PF(fault- X X x | Fora page fault 
code) 
Alignment Check X X X For 2, 4, or 8 byte memory access if alignment checking is enabled and an 
#AC(0) unaligned memory access is made while the current privilege level is 3. 
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2.7.9 Exceptions Type E10 and E10NF 


EVEX-encoded scalar instructions that ignore EVEX.L’L vector length encoding, do not cause a SIMD FP exception, 
and support memory fault suppression follow exception class E10. 


Table 2-58. Type E10 Class Exception Conditions 


g |E2 
x | o= 
os | 8 |38/ 5 
Exception & = 3 @| + Cause of Exception 
=) Le is) 
E leo 
> |av 
X X If EVEX prefix present. 
If CR4.0SXSAVE[bit 18]=0. 
If any one of following conditions applies: 
* State requirement, Table 2-37 not met. 
X X |= Opcode independent #UD condition in Table 2-38. 
: * QOperand encoding #UD conditions in Table 2-39. 
Invalid Opeode, #UD * Opmask encoding #UD condition of Table 2-40. 
= If EVEX.b I= 0. 
X X If preceded by a LOCK prefix (FOH). 
X | If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 
X X If any corresponding CPUID feature flag is ‘O’. 
Device Not Available, sh 
#NM X X X X_ | If CRO.TS[bit 3]=1. 
X If fault suppression not set, and an illegal address in the SS segment. 
Stack, #SS(0) x _| If fault suppression not set, and a memory address referencing the SS segment is 
in a non-canonical form. 
X If fault suppression not set, and an illegal memory operand effective address in the 
CS, DS, ES, FS or GS segments. 
ali Protecuen X_| If fault suppression not set, and the memory address is in a non-canonical form. 
X X If fault suppression not set, and any part of the operand lies outside the effective 
address space from 0 to FFFFH. 
ie BPE (rault X X X_ | If fault suppression not set, and a page fault. 
Alignment Check X X X For 2, 4, or 8 byte memory access if alignment checking is enabled and an 


#AC(0) 


unaligned memory access is made while the current privilege level is 3. 
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EVEX-encoded scalar instructions that ignore EVEX.L’L vector length encoding, do not cause a SIMD FP exception, 
and do not support memory fault suppression follow exception class ELONF. 


Table 2-59. Type E10NF Class Exception Conditions 
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o jee 
x | oS 
as | 8 |3e| 5 ; 
Exception g = 3 @| + Cause of Exception 
=| Le wo 
E les 
> |av 
X X If EVEX prefix present. 
If CR4.0SXSAVE[bit 18]=0. 
If any one of following conditions applies: 
« State requirement, Table 2-37 not met. 
X X |= Opcode independent #UD condition in Table 2-38. 
. * QOperand encoding #UD conditions in Table 2-39. 
Invalid Opcade, #UD * Opmask encoding #UD condition of Table 2-40. 
= If EVEX.b I= 0. 
X X If preceded by a LOCK prefix (FOH). 
If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 
X X If any corresponding CPUID feature flag is ‘0’. 
Ee meee Ie) Se cde (196. WPCROTSESTST. 
#NM 
X If fault suppression not set, and an illegal address in the SS segment. 
Stack, #SS(0) x. | If fault suppression not set, and a memory address referencing the SS segment is 
in a non-canonical form. 
X If fault suppression not set, and an illegal memory operand effective address in the 
CS, DS, ES, FS or GS segments. 
al PHO EEDD X_ | If fault suppression not set, and the memory address is in a non-canonical form. 
X X If fault suppression not set, and any part of the operand lies outside the effective 
address space from O to FFFFH. 
a BPE (taut: X X X_ | If fault suppression not set, and a page fault. 
Alignment Check X X X For 2, 4, or 8 byte memory access if alignment checking is enabled and an 
#AC(0) unaligned memory access is made while the current privilege level is 3. 
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INSTRUCTION FORMAT 


Exception Type E11 (EVEX-only, Mem Arg, No AC, Floating-point Exceptions) 


EVEX-encoded instructions that can cause SIMD FP exception, memory operand support fault suppression but do 


not cause #AC follow exception class E11. 


Table 2-60. Type E11 Class Exception Conditions 


Exception 


Real 


Virtual 80x86 


Protected and 


Compatibility 


64-bit 


Cause of Exception 


Invalid Opcode, HUD 


X 


If EVEX prefix present. 


x< 


If CR4.0SXSAVE[bit 18]=0. 

If any one of following conditions applies: 

* State requirement, Table 2-37 not met. 

* QOpcode independent #UD condition in Table 2-38. 
* QOperand encoding #UD conditions in Table 2-39. 

* Opmask encoding #UD condition of Table 2-40. 
= If EVEX.b I= 0. 
= If EVEX.UL I= 10b (VL=512). 


If preceded by a LOCK prefix (FOH). 
If any REX, F2, F3, or 66 prefixes precede a EVEX prefix. 


If any corresponding CPUID feature flag is ‘O’. 


Device Not Available, 
#NM 


x< | XK | XK | OX 


< | K | <1 X< 


If CRO.TS[bit 3]=1. 


Stack, #SS(0) 


General Protection, 


If fault suppression not set, and an illegal memory operand effective address in the 


#GP(0) 


If fault suppression not set, and an illegal address in the SS segment. 


If fault suppression not set, and a memory address referencing the SS segment is 
in a non-canonical form. 


CS, DS, ES, FS or GS segments. 


If fault suppression not set, and the memory address is in a non-canonical form. 


If fault suppression not set, and any part of the operand lies outside the effective 
address space from 0 to FFFFH. 


Page Fault #PF (fault- 
code) 


SIMD Floating-Point 


If an unmasked SIMD floating-point exception, {sae} not set, and CR4.0OSXMMEX- 


Exception, #XM 


If fault suppression not set, and a page fault. 


CPT[bit 10] = 1. 
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2.7.11 Exception Type E12 and E12NP (VSIB Mem Arg, No AC, No Floating-point Exceptions) 


Table 2-61. Type E12 Class Exception Conditions 


g Ee 
x | 9= 
. as |e sels ; 
Exception & = 3 @| + Cause of Exception 
2 i|ee| © 
= |26 
> |av 
Invalid Opcode, #UD_ | X X If EVEX prefix present. 
X X If CR4.0SXSAVE[bit 18]=0. 
If any one of following conditions applies: 
* State requirement, Table 2-37 not met. 
* QOpcode independent #UD condition in Table 2-38. 
* Qperand encoding #UD conditions in Table 2-39. 
* Opmask encoding #UD condition of Table 2-40. 
= If EVEX.b I= 0. 
* If EVEX.UL I= 10b (VL=512). 
= Ifvvvwv!= 11171b. 
X X X X If preceded by a LOCK prefix (FOH). 
X X If any REX, F2, F3, or 66 prefixes precede a VEX prefix. 
X X X NA | If address size attribute is 16 bit. 
X X X X If ModR/M.mod = ‘11b’. 
X X X X If ModR/M.rm != ‘100b". 
X X X X If any corresponding CPUID feature flag is ‘O’. 
X X X X If kO is used (gather or scatter operation). 
X X X X If index = destination register (gather operation). 
Device Not Available, | X X X X If CRO.TS[bit 3]=1. 
#NM 
Stack, #SS(0) X For an illegal address in the SS segment. 
X If amemory address referencing the SS segment is in a non-canonical form. 
General Protection, X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
#GP(0) ments. 
X If the memory address is in a non-canonical form. 
X X If any part of the operand lies outside the effective address space from O to 
FFFFH. 
Page Fault #PF (fault- X X X For a page fault. 
code) 
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EVEX-encoded prefetch instructions that do not cause #PF follow exception class E12NP. 


Table 2-62. Type E12NP Class Exception Conditions 


INSTRUCTION FORMAT 


Exception 


Real 


Virtual 80x86 


Protected and 


Compatibility 


64-bit 


Cause of Exception 


Invalid Opcode, HUD 


X 


If EVEX prefix present. 


x< 


If CR4.0SXSAVE[bit 18]=0. 

If any one of following conditions applies: 

« State requirement, Table 2-37 not met. 

« Opcode independent #UD condition in Table 2-38. 
Operand encoding #UD conditions in Table 2-39. 
Opmask encoding #UD condition of Table 2-40. 

If EVEX.b != 0. 

If EVEX.U'L != 10b (VL=512). 


If preceded by a LOCK prefix (FOH). 


If any REX, F2, F3, or 66 prefixes precede a VEX prefix. 
If address size attribute is 16 bit. 


If ModR/M.mod = ‘11b’. 


If ModR/M.rm != ‘100b’. 
If any corresponding CPUID feature flag is ‘O’. 


If kO is used (gather or scatter operation). 


Device Not Available, 


#NM 


< | K | K< | K | OK) xX 


< | K | OK] OK] OK] OK] OK | OX< 


x< | K | K< | KX | xX 


If CRO.TS[bit 3]=1. 
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2.8 EXCEPTION CLASSIFICATIONS OF OPMASK INSTRUCTIONS 


The exception behavior of VEX-encoded opmask instructions are listed below. 
Exception conditions of Opmask instructions that do not address memory are listed as Type K20. 


Table 2-63. TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg) 


g |Ee 
x | o= 
a | 8 |esl| ss : 
Exception 2 = o @ a Cause of Exception 
2/36 ° 
= |2o 
> |av 
Invalid Opcode, HUD | X X X X If relevant CPUID feature flag is ‘0’. 
X X If a VEX prefix is present. 
X X If CR4.0SXSAVE[bit 18]=0. 


If any one of following conditions applies: 

« State requirement, Table 2-37 not met. 

* Opcode independent #UD condition in Table 2-38. 
* Operand encoding #UD conditions in Table 2-39. 


If any REX, F2, F3, or 66 prefixes precede a VEX prefix. 


X X If ModRM‘[7:6] != 11b. 


Device Not Available, 


#NM X X X X | If CRO.TS[bit 3]=1. 
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Exception conditions of Opmask instructions that address memory are listed as Type K21. 


Table 2-64. TYPE K21 Exception Definition (VEX-Encoded OpMask Instructions Addressing Memory) 


#AC(0) 


o |ee 
x | 9 = 
a | 2 |\be| 5 
Exception 2 = o 9) < Cause of Exception 
2 Pa = wo 
= Cfo 
> |ayv 
Invalid Opcode, #UD | X X X If relevant CPUID feature flag is ‘0’. 
X If a VEX prefix is present. 
X X If CR4.0SXSAVE[bit 18]=0. 
If any one of following conditions applies: 
« State requirement, Table 2-37 not met. 
« Opcode independent #UD condition in Table 2-38. 
« Operand encoding #UD conditions in Table 2-39. 
Device Not Available, Xx X X x | IF CRO.TS[bit 3]=1. 
#NM 
X X If any REX, F2, F3, or 66 prefixes precede a VEX prefix. 
Stack, #SS(0) X For an illegal address in the SS segment. 
X If a memory address referencing the SS segment is in a non-canonical form. 
General Protection, X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
#GP(0) ments. 
If the DS, ES, FS, or GS register is used to access memory and it contains a null 
segment selector. 
X If the memory address is in a non-canonical form. 
X If any part of the operand lies outside the effective address space from O to 
FFFFH. 
Page Fault #PF(fault- X X For a page fault. 
code) 
Alignment Check X X For 2, 4, or 8 byte memory access if alignment checking is enabled and an 


unaligned memory access is made while the current privilege level is 3. 
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CHAPTER 3 
INSTRUCTION SET REFERENCE, A-L 


This chapter describes the instruction set for the Intel 64 and IA-32 architectures (A-L) in IA-32e, protected, 
virtual-8086, and real-address modes of operation. The set includes general-purpose, x87 FPU, MMX, 
SSE/SSE2/SSE3/SSSE3/SSE4, AESNI/PCLMULQDQ, AVX and system instructions. See also Chapter 4, “Instruction 
Set Reference, M-U,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2B, and 
Chapter 5, “Instruction Set Reference, V-Z,” in the Intel® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 2C. 


For each instruction, each operand combination is described. A description of the instruction and its operand, an 
operational description, a description of the effect of the instructions on flags in the EFLAGS register, and a 
summary of exceptions that can be generated are also provided. 


3.1 INTERPRETING THE INSTRUCTION REFERENCE PAGES 


This section describes the format of information contained in the instruction reference pages in this chapter. It 
explains notational conventions and abbreviations used in these sections. 


3.1.1 Instruction Format 


The following is an example of the format used for each instruction description in this chapter. The heading below 
introduces the example. The table below provides an example summary table. 


CMC—Complement Carry Flag [this is an example] 


Opcode Instruction Op/En | 64/32-bit | CPUID Description 
Mode Feature Flag 
F5 CMC ZO VIV NA Complement carry flag. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 


ZO NA NA NA NA 
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3.1.1.1 Opcode Column in the Instruction Summary Table (Instructions without VEX Prefix) 


The “Opcode” column in the table above shows the object code produced for each form of the instruction. When 
possible, codes are given as hexadecimal bytes in the same order in which they appear in memory. Definitions of 
entries other than hexadecimal bytes are as follows: 


NP — Indicates the use of 66/F2/F3 prefixes (beyond those already part of the instructions opcode) are not 
allowed with the instruction. Such use will either cause an invalid-opcode exception (#UD) or result in the 
encoding for a different instruction. 


NFx — Indicates the use of F2/F3 prefixes (beyond those already part of the instructions opcode) are not 
allowed with the instruction. Such use will either cause an invalid-opcode exception (#UD) or result in the 
encoding for a different instruction. 


REX.W — Indicates the use of a REX prefix that affects operand size or instruction semantics. The ordering of 
the REX prefix and other optional/mandatory instruction prefixes are discussed Chapter 2. Note that REX 
prefixes that promote legacy instructions to 64-bit behavior are not listed explicitly in the opcode column. 


/ digit — A digit between 0 and 7 indicates that the ModR/M byte of the instruction uses only the r/m (register 
or memory) operand. The reg field contains the digit that provides an extension to the instruction's opcode. 


/r — Indicates that the ModR/M byte of the instruction contains a register operand and an r/m operand. 


cb, cw, cd, cp, co, ct — A 1-byte (cb), 2-byte (cw), 4-byte (cd), 6-byte (cp), 8-byte (co) or 10-byte (ct) value 
following the opcode. This value is used to specify a code offset and possibly a new value for the code segment 
register. 


ib, iw, id, io — A 1-byte (ib), 2-byte (iw), 4-byte (id) or 8-byte (io) immediate operand to the instruction that 
follows the opcode, ModR/M bytes or scale-indexing bytes. The opcode determines if the operand is a signed 
value. All words, doublewords and quadwords are given with the low-order byte first. 


+rb, +rw, +rd, +ro — Indicated the lower 3 bits of the opcode byte is used to encode the register operand 
without a modR/M byte. The instruction lists the corresponding hexadecimal value of the opcode byte with low 
3 bits as OOOb. In non-64-bit mode, a register code, from 0 through 7, is added to the hexadecimal value of the 
opcode byte. In 64-bit mode, indicates the four bit field of REX.b and opcode[2:0] field encodes the register 
operand of the instruction. “+ro” is applicable only in 64-bit mode. See Table 3-1 for the codes. 


+i — A number used in floating-point instructions when one of the operands is ST(i) from the FPU register stack. 
The number i (which can range from 0 to 7) is added to the hexadecimal byte given at the left of the plus sign 
to form a single opcode byte. 


Table 3-1. Register Codes Associated With +rb, +rw, +rd, +ro 


byte register word register dword register quadword register 
(64-Bit Mode only) 
= a=) u a=) = a=) u ao) 
£ a @ 2 co @ £ a ‘o 2 a @ 
4b & 8B & FE & & B&B & & 
2 | jg |g ~ |j@ |@ FF @& | FF  & 
A None 0 AX None 0 EAX None 0 RAX None 0 
CL None 1 CX None 1 ECX None 1 RCX None 1 
DL None 2 DX None 2 EDX None 2 RDX None 2 
BL None 3 BX None 3 EBX None 3 RBX None 3 
AH Not 4 SP None 4 ESP None 4 N/A N/A N/A 
encodab 
le (N.E.) 
CH N.E. 5 BP None 5 EBP None 5 N/A N/A N/A 
DH N.E. 6 Sl None 6 ESI None 6 N/A N/A N/A 
BH N.E. 7 DI None 7 EDI None 7 N/A N/A N/A 
SPL Yes 4 SP None 4 ESP None 4 RSP None 4 
BPL Yes 5 BP None 5 EBP None 5 RBP None 5 
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Table 3-1. Register Codes Associated With +rb, +rw, +rd, +ro (Contd.) 


byte register word register dword register quadword register 

(64-Bit Mode only) 
g om 3 «|S rn ae a a g a a 
r=) 5 fot 5 oa. ie 25 a op 25 a 
& = e & Pd & = Pd & Pd 
SIL Yes 6 Sl None 6 ESI None 6 RSI None 6 
DIL Yes 7 DI None 7 EDI None 7 RDI None 7 

Registers R8 - R15 (see below): Available in 64-Bit Mode Only 

R8B Yes 0 R8W Yes 0 R8D Yes 0 R8 Yes 0 
RSB Yes 1 ROW Yes 1 RSD Yes 1 RQ Yes 1 
R10B Yes 2 R10W Yes 2 R10D Yes 2 R10 Yes 2 
R11B Yes 3 R11W Yes 3 R11D Yes 3 R11 Yes 3 
R12B Yes 4 R12W Yes 4 R12D Yes 4 R12 Yes 4 
R13B Yes 5 R13W Yes 5 R13D Yes 5 R13 Yes 5 
R14B Yes 6 R14W Yes 6 R14D Yes 6 R14 Yes 6 
R15B Yes 7 R15W Yes 7 R15D Yes 7 R15 Yes 7 


3.1.1.2 Opcode Column in the Instruction Summary Table (Instructions with VEX prefix) 


In the Instruction Summary Table, the Opcode column presents each instruction encoded using the VEX prefix in 
following form (including the modR/M byte if applicable, the immediate byte if applicable): 


VEX.[128,256].[66,F2,F3].0F/OF3A/0F38.[W0,W1] opcode [/r] [/ib,/is4] 


° VEX — Indicates the presence of the VEX prefix is required. The VEX prefix can be encoded using the three- 
byte form (the first byte is C4H), or using the two-byte form (the first byte is C5H). The two-byte form of VEX 
only applies to those instructions that do not require the following fields to be encoded: VEX.mmmmm, VEX.W, 
VEX.X, VEX.B. Refer to Section 2.3 for more detail on the VEX prefix. 


The encoding of various sub-fields of the VEX prefix is described using the following notations: 


— 128,256: VEX.L field can be 0 (denoted by VEX.128 or VEX.LZ) or 1 (denoted by VEX.256). The VEX.L field 
can be encoded using either the 2-byte or 3-byte form of the VEX prefix. The presence of the notation 
VEX.256 or VEX.128 in the opcode column should be interpreted as follows: 


¢ If VEX.256 is present in the opcode column: The semantics of the instruction must be encoded with 
VEX.L = 1. An attempt to encode this instruction with VEX.L= 0 can result in one of two situations: (a) 
if VEX.128 version is defined, the processor will behave according to the defined VEX.128 behavior; (b) 
an #UD occurs if there is no VEX.128 version defined. 


¢ If VEX.128 is present in the opcode column but there is no VEX.256 version defined for the same 
opcode byte: Two situations apply: (a) For VEX-encoded, 128-bit SIMD integer instructions, software 
must encode the instruction with VEX.L = 0. The processor will treat the opcode byte encoded with 
VEX.L= 1 by causing an #UD exception; (b) For VEX-encoded, 128-bit packed floating-point instruc- 
tions, software must encode the instruction with VEX.L = 0. The processor will treat the opcode byte 
encoded with VEX.L= 1 by causing an #UD exception (e.g. VMOVLPS). 


¢ If VEX.LIG is present in the opcode column: The VEX.L value is ignored. This generally applies to VEX- 
encoded scalar SIMD floating-point instructions. Scalar SIMD floating-point instruction can be distin- 
guished from the mnemonic of the instruction. Generally, the last two letters of the instruction 
mnemonic would be either “SS", “SD", or “SI* for SIMD floating-point conversion instructions. 


¢ If VEX.LZ is present in the opcode column: The VEX.L must be encoded to be OB, an #UD occurs if 
VEX.L is not zero. 


— 66,F2,F3: The presence or absence of these values map to the VEX.pp field encodings. If absent, this 
corresponds to VEX.pp=OOB. If present, the corresponding VEX.pp value affects the “opcode” byte in the 
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same way as if a SIMD prefix (66H, F2H or F3H) does to the ensuing opcode byte. Thus a non-zero encoding 
of VEX.pp may be considered as an implied 66H/F2H/F3H prefix. The VEX.pp field may be encoded using 
either the 2-byte or 3-byte form of the VEX prefix. 


OF,OF3A,0F38: The presence maps to a valid encoding of the VEX.mmmmm field. Only three encoded 
values of VEX.mmmmm are defined as valid, corresponding to the escape byte sequence of OFH, OF3AH 
and OF38H. The effect of a valid VEX.mmmmm encoding on the ensuing opcode byte is same as if the corre- 
sponding escape byte sequence on the ensuing opcode byte for non-VEX encoded instructions. Thus a valid 
encoding of VEX.mmmmm may be consider as an implies escape byte sequence of either OFH, OF3AH or 
OF38H. The VEX.mmmmm field must be encoded using the 3-byte form of VEX prefix. 


OF,OF3A,0F38 and 2-byte/3-byte VEX: The presence of OF3A and OF38 in the opcode column implies 
that opcode can only be encoded by the three-byte form of VEX. The presence of OF in the opcode column 
does not preclude the opcode to be encoded by the two-byte of VEX if the semantics of the opcode does not 
require any subfield of VEX not present in the two-byte form of the VEX prefix. 


wo: VEX.W=0. 
W1: VEX.W=1. 


The presence of W0/W1 in the opcode column applies to two situations: (a) it is treated as an extended 
opcode bit, (b) the instruction semantics support an operand size promotion to 64-bit of a general-purpose 
register operand or a 32-bit memory operand. The presence of W1 in the opcode column implies the opcode 
must be encoded using the 3-byte form of the VEX prefix. The presence of WO in the opcode column does 
not preclude the opcode to be encoded using the C5H form of the VEX prefix, if the semantics of the opcode 
does not require other VEX subfields not present in the two-byte form of the VEX prefix. Please see Section 
2.3 on the subfield definitions within VEX. 


WIG: can use C5H form (if not requiring VEX.mmmmm) or VEX.W value is ignored in the C4H form of VEX 
prefix. 


If WIG is present, the instruction may be encoded using either the two-byte form or the three-byte form of 
VEX. When encoding the instruction using the three-byte form of VEX, the value of VEX.W is ignored. 


opcode — Instruction opcode. 


/is4 — An 8-bit immediate byte is present containing a source register specifier in either imm8[7:4] (for 64-bit 
mode) or imm8[6:4] (for 32-bit mode), and instruction-specific payload in imm8[3:0]. 


In general, the encoding o f VEX.R, VEX.X, VEX.B field are not shown explicitly in the opcode column. The 
encoding scheme of VEX.R, VEX.X, VEX.B fields must follow the rules defined in Section 2.3. 


EVEX.[128,256,512,LLIG].[66,F2,F3].0F/OF3A/0F38.[W0,W1,WIG] opcode [/r] [ib] 


EVEX — The EVEX prefix is encoded using the four-byte form (the first byte is 62H). Refer to Section 2.6.1 for 
more detail on the EVEX prefix. 


3-4 


The encoding of various sub-fields of the EVEX prefix is described using the following notations: 


128, 256, 512, LLIG: This corresponds to the vector length; three values are allowed by EVEX: 512-bit, 
256-bit and 128-bit. Alternatively, vector length is ignored (LIG) for certain instructions; this typically 
applies to scalar instructions operating on one data element of a vector register. 


66,F2,F3: The presence of these value maps to the EVEX.pp field encodings. The corresponding VEX.pp 
value affects the “opcode” byte in the same way as if a SIMD prefix (66H, F2H or F3H) does to the ensuing 
opcode byte. Thus a non-zero encoding of VEX.pp may be considered as an implied 66H/F2H/F3H prefix. 


OF,OF3A,0F38: The presence maps to a valid encoding of the EVEX.mmm field. Only three encoded values 
of EVEX.mmm are defined as valid, corresponding to the escape byte sequence of OFH, OF3AH and OF38H. 
The effect of a valid EVEX.mmm encoding on the ensuing opcode byte is the same as if the corresponding 
escape byte sequence on the ensuing opcode byte for non-EVEX encoded instructions. Thus a valid 
encoding of EVEX.mmm may be considered as an implied escape byte sequence of either OFH, OF3AH or 
OF38H. 


wo: EVEX.W=0. 
W1: EVEX.W=1. 
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— WIG: EVEX.W bit ignored 
opcode — Instruction opcode. 


In general, the encoding of EVEX.R and R’, EVEX.X and X’, and EVEX.B and B’ fields are not shown explicitly in 
the opcode column. 


NOTE 


Previously, the terms NDS, NDD and DDS were used in instructions with an EVEX (or VEX) prefix. 
These terms indicated that the vvvv field was valid for encoding, and specified register usage. 
These terms are no longer necessary and are redundant with the instruction operand encoding 
tables provided with each instruction. The instruction operand encoding tables give explicit details 
on all operands, indicating where every operand is stored and if they are read or written. If vvvv is 
not listed as an operand in the instruction operand encoding table, then EVEX (or VEX) vvvv must 
be 0b1111. 


= Oe Instruction Column in the Opcode Summary Table 


The “Instruction” column gives the syntax of the instruction statement as it would appear in an ASM386 program. 
The following is a list of the symbols used to represent operands in the instruction statements: 


rel8 — A relative address in the range from 128 bytes before the end of the instruction to 127 bytes after the 
end of the instruction. 


rel16, rel32 — A relative address within the same code segment as the instruction assembled. The rel16 
symbol applies to instructions with an operand-size attribute of 16 bits; the rel32 symbol applies to instructions 
with an operand-size attribute of 32 bits. 


ptri16:16, ptri6:32 — A far pointer, typically to a code segment different from that of the instruction. The 
notation 16:16 indicates that the value of the pointer has two parts. The value to the left of the colon is a 16- 
bit selector or value destined for the code segment register. The value to the right corresponds to the offset 
within the destination segment. The ptr16:16 symbol is used when the instruction's operand-size attribute is 
16 bits; the ptr16:32 symbol is used when the operand-size attribute is 32 bits. 


r8 — One of the byte general-purpose registers: AL, CL, DL, BL, AH, CH, DH, BH, BPL, SPL, DIL and SIL; or one 
of the byte registers (R8B - R15B) available when using REX.R and 64-bit mode. 


r16 — One of the word general-purpose registers: AX, CX, DX, BX, SP, BP, SI, DI; or one of the word registers 
(R8-R15) available when using REX.R and 64-bit mode. 


r32 — One of the doubleword general-purpose registers: EAX, ECX, EDX, EBX, ESP, EBP, ESI, EDI; or one of 
the doubleword registers (R8D - R15D) available when using REX.R in 64-bit mode. 


r64 — One of the quadword general-purpose registers: RAX, RBX, RCX, RDX, RDI, RSI, RBP, RSP, R8-R1i5. 
These are available when using REX.R and 64-bit mode. 


imm8s — An immediate byte value. The imm8 symbol is a signed number between -128 and +127 inclusive. 
For instructions in which imm8 is combined with a word or doubleword operand, the immediate value is sign- 
extended to form a word or doubleword. The upper byte of the word is filled with the topmost bit of the 
immediate value. 


imm1i6 — An immediate word value used for instructions whose operand-size attribute is 16 bits. This is a 
number between -32,768 and +32,767 inclusive. 

imm32 — An immediate doubleword value used for instructions whose operand-size attribute is 32 
bits. It allows the use of a number between +2,147,483,647 and -2,147,483,648 inclusive. 


imm64 — An immediate quadword value used for instructions whose operand-size attribute is 64 bits. 
The value allows the use of a number between +9,223,372,036,854,775,807 and - 
9,223,372,036,854,775,808 inclusive. 


r/m8 — A byte operand that is either the contents of a byte general-purpose register (AL, CL, DL, BL, AH, CH, 
DH, BH, BPL, SPL, DIL and SIL) or a byte from memory. Byte registers R8B - R15B are available using REX.R in 
64-bit mode. 


r/mié6 — A word general-purpose register or memory operand used for instructions whose operand-size 
attribute is 16 bits. The word general-purpose registers are: AX, CX, DX, BX, SP, BP, SI, DI. The contents of 
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memory are found at the address provided by the effective address computation. Word registers R8W - RISW 
are available using REX.R in 64-bit mode. 


¢ r/m32 — A doubleword general-purpose register or memory operand used for instructions whose operand- 
size attribute is 32 bits. The doubleword general-purpose registers are: EAX, ECX, EDX, EBX, ESP, EBP, ESI, 
EDI. The contents of memory are found at the address provided by the effective address computation. 
Doubleword registers R8D - R15D are available when using REX.R in 64-bit mode. 


¢ r/m64 — A quadword general-purpose register or memory operand used for instructions whose operand-size 
attribute is 64 bits when using REX.W. Quadword general-purpose registers are: RAX, RBX, RCX, RDX, RDI, 
RSI, RBP, RSP, R8-R15; these are available only in 64-bit mode. The contents of memory are found at the 
address provided by the effective address computation. 


¢ reg — A general-purpose register used for instructions when the width of the register does not matter to the 
semantics of the operation of the instruction. The register can be r16, r32, or r64. 


°° m-—A16-, 32- or 64-bit operand in memory. 


¢ m8 — A byte operand in memory, usually expressed as a variable or array name, but pointed to by the 
DS:(E)SI or ES:(E)DI registers. In 64-bit mode, it is pointed to by the RSI or RDI registers. 


¢ mi6 — A word operand in memory, usually expressed as a variable or array name, but pointed to by the 
DS:(E)SI or ES:(E)DI registers. This nomenclature is used only with the string instructions. 


¢ m32 — A doubleword operand in memory. The contents of memory are found at the address provided by the 
effective address computation. 


¢ m64— Amemory quadword operand in memory. 
¢ mi28 — A memory double quadword operand in memory. 


°* mi6:16, m16:32 & m16:64 — A memory operand containing a far pointer composed of two numbers. The 
number to the left of the colon corresponds to the pointer's segment selector. The number to the right 
corresponds to its offset. 


* mi16&32, m16&16, M32&32, m16&64 — A memory operand consisting of data item pairs whose sizes are 
indicated on the left and the right side of the ampersand. All memory addressing modes are allowed. The 
mi6&16 and m32&32 operands are used by the BOUND instruction to provide an operand containing an upper 
and lower bounds for array indices. The m16&32 operand is used by LIDT and LGDT to provide a word with 
which to load the limit field, and a doubleword with which to load the base field of the corresponding GDTR and 
IDTR registers. The m16&64 operand is used by LIDT and LGDT in 64-bit mode to provide a word with which to 
load the limit field, and a quadword with which to load the base field of the corresponding GDTR and IDTR 
registers. 


¢ m80Obcd— A Binary Coded Decimal (BCD) operand in memory, 80 bits. 


° moffs8, moffs16, moffs32, moffs64 — A simple memory variable (memory offset) of type byte, word, or 
doubleword used by some variants of the MOV instruction. The actual address is given by a simple offset 
relative to the segment base. No ModR/M byte is used in the instruction. The number shown with moffs 
indicates its size, which is determined by the address-size attribute of the instruction. 

° Sreg — Asegment register. The segment register bit assignments are ES = 0, CS = 1, SS = 2, DS = 3, FS = 4, 
and GS = 5. 

° m32fp, m64fp, mM80fp — A single-precision, double-precision, and double extended-precision (respectively) 
floating-point operand in memory. These symbols designate floating-point values that are used as operands for 
x87 FPU floating-point instructions. 

°* mi16int, m32int, M64int — A word, doubleword, and quadword integer (respectively) operand in memory. 
These symbols designate integers that are used as operands for x87 FPU integer instructions. 


¢ ST or ST(O) — The top element of the FPU register stack. 
° ST(i) — The ith element from the top of the FPU register stack (/ := 0 through 7). 
¢* mm — An MMxX register. The 64-bit MMX registers are: MMO through MM7. 


°* mm/m32 — The low order 32 bits of an MMX register or a 32-bit memory operand. The 64-bit MMX registers 
are: MMO through MM7. The contents of memory are found at the address provided by the effective address 
computation. 
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mm/m64 — An MMxX register or a 64-bit memory operand. The 64-bit MMX registers are: MMO through MM7. 
The contents of memory are found at the address provided by the effective address computation. 

xmm — An XMM register. The 128-bit XMM registers are: XMMO through XMM7; XMM8 through XMM15 are 
available using REX.R in 64-bit mode. 

xmm/m32— An XMM register or a 32-bit memory operand. The 128-bit XMM registers are XMMO through 
XMM7; XMMB8 through XMM15 are available using REX.R in 64-bit mode. The contents of memory are found at 
the address provided by the effective address computation. 

xmm/m64 — An XMM register or a 64-bit memory operand. The 128-bit SIMD floating-point registers are 
XMMO through XMM7; XMMB8 through XMM15 are available using REX.R in 64-bit mode. The contents of 
memory are found at the address provided by the effective address computation. 

xmm/m128 — An XMM register or a 128-bit memory operand. The 128-bit XMM registers are XMMO through 
XMM7; XMMB8 through XMM15 are available using REX.R in 64-bit mode. The contents of memory are found at 
the address provided by the effective address computation. 

<XMMO>-— Indicates implied use of the XMMO register. 


When there is ambiguity, xmm1 indicates the first source operand using an XMM register and xmm2 the second 
source operand using an XMM register. 


Some instructions use the XMMO register as the third source operand, indicated by <XMMO>. The use of the 
third XMM register operand is implicit in the instruction encoding and does not affect the ModR/M encoding. 


ymm — A YMM register. The 256-bit YMM registers are: YMMO through YMM7; YMM8 through YMM15 are 
available in 64-bit mode. 


m256 — A 32-byte operand in memory. This nomenclature is used only with AVX instructions. 
ymm/m256 — A YMM register or 256-bit memory operand. 

<YMMO>— Indicates use of the YMMO register as an implicit argument. 

bnd — A 128-bit bounds register. BNDO through BND3. 


mib — A memory operand using SIB addressing form, where the index register is not used in address calcu- 
lation, Scale is ignored. Only the base and displacement are used in effective address calculation. 


m512 — A 64-byte operand in memory. 
zmm/m512 — A ZMM register or 512-bit memory operand. 


{k1}{z} — A mask register used as instruction writemask. The 64-bit k registers are: k1 through k7. 
Writemask specification is available exclusively via EVEX prefix. The masking can either be done as a merging- 
masking, where the old values are preserved for masked out elements or as a zeroing masking. The type of 
masking is determined by using the EVEX.z bit. 


{k1} — Without {z}: a mask register used as instruction writemask for instructions that do not allow zeroing- 
masking but support merging-masking. This corresponds to instructions that require the value of the aaa field 
to be different than 0 (e.g., gather) and store-type instructions which allow only merging-masking. 


k1 — A mask register used as a regular operand (either destination or source). The 64-bit k registers are: kO 
through k7. 


mV — A vector memory operand; the operand size is dependent on the instruction. 


vm32{x,y, Zz} — A vector array of memory operands specified using VSIB memory addressing. The array of 
memory addresses are specified using a common base register, a constant scale factor, and a vector index 
register with individual elements of 32-bit index value in an XMM register (vm32x), a YMM register (vm32y) or 
a ZMM register (vm322z). 

vm64{x,y, z} — A vector array of memory operands specified using VSIB memory addressing. The array of 
memory addresses are specified using a common base register, a constant scale factor, and a vector index 
register with individual elements of 64-bit index value in an XMM register (vm64x), a YMM register (vm64y) or 
a ZMM register (vm64z). 

zmm/m512/m32bcst — An operand that can be a ZMM register, a 512-bit memory location or a 512-bit 
vector loaded from a 32-bit memory location. 


zmm/m512/m64bcst — An operand that can be a ZMM register, a 512-bit memory location or a 512-bit 
vector loaded from a 64-bit memory location. 
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¢ <ZMMO> — Indicates use of the ZMMO register as an implicit argument. 


° {er} — Indicates support for embedded rounding control, which is only applicable to the register-register form 
of the instruction. This also implies support for SAE (Suppress All Exceptions). 


° {sae} — Indicates support for SAE (Suppress All Exceptions). This is used for instructions that support SAE, 
but do not support embedded rounding control. 

* SRC1 — Denotes the first source operand in the instruction syntax of an instruction encoded with the 
VEX/EVEX prefix and having two or more source operands. 

¢ SRC2 — Denotes the second source operand in the instruction syntax of an instruction encoded with the 
VEX/EVEX prefix and having two or more source operands. 


¢ SRC3 — Denotes the third source operand in the instruction syntax of an instruction encoded with the 
VEX/EVEX prefix and having three source operands. 

¢ SRC — The source in a single-source instruction. 

° DST — The destination in an instruction. This field is encoded by reg_field. 

In the instruction encoding, the MODRM byte is represented several ways depending on the role it plays. The 

MODRM byte has 3 fields: 2-bit MODRM.MOD field, a 3-bit MODRM.REG field and a 3-bit MODRM.RM field. When all 

bits of the MODRM byte have fixed values for an instruction, the 2-hex nibble value of that byte is presented after 

the opcode in the encoding boxes on the instruction description pages. When only some fields of the MODRM byte 

must contain fixed values, those values are specified as follows: 

¢ If only the MODRM.MOD must be 0b11, and MODRM.REG and MODRM.RM fields are unrestricted, this is 
denoted as 11:rrr:bbb. The rrr correspond to the 3-bits of the MODRM.REG field and the bbb correspond to 
the 3-bits of the MODMR.RM field. 


¢ If the MODRM.MOD field is constrained to be a value other than 0b11, i.e., it must be one of Ob00, 0b01, or 
0b1i0, then we use the notation !(11). 


e If the MODRM.REG field had a specific required value, e.g., 0b101, that would be denoted as mm:101:bbb. 


3.1.1.4 Operand Encoding Column in the Instruction Summary Table 


The “operand encoding” column is abbreviated as Op/En in the Instruction Summary table heading. Instruction 
operand encoding information is provided for each assembly instruction syntax using a letter to cross reference to 
a row entry in the operand encoding definition table that follows the instruction summary table. The operand 
encoding table in each instruction reference page lists each instruction operand (according to each instruction 
syntax and operand ordering shown in the instruction column) relative to the ModRM byte, VEX.vvvv field or addi- 
tional operand encoding placement. 


EVEX encoded instructions employ compressed disp8*N encoding of the displacement bytes, where N is defined in 
Table 2-34 and Table 2-35, according to tupletypes. The tupletype for an instruction is listed in the operand 
encoding definition table where applicable. 


NOTES 
¢ = The letters in the Op/En column of an instruction apply ONLY to the encoding definition table 
immediately following the instruction summary table. 
° Inthe encoding definition table, the letter ‘r’ within a pair of parenthesis denotes the content of 
the operand will be read by the processor. The letter ‘w’ within a pair of parenthesis denotes the 
content of the operand will be updated by the processor. 


3.1.1.5 64/32-bit Mode Column in the Instruction Summary Table 


The “64/32-bit Mode” column indicates whether the opcode sequence is supported in (a) 64-bit mode or (b) the 
Compatibility mode and other IA-32 modes that apply in conjunction with the CPUID feature flag associated specific 
instruction extensions. 


The 64-bit mode support is to the left of the ‘slash’ and has the following notation: 
° V— Supported. 
¢ I —Not supported. 
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¢ N.E. — Indicates an instruction syntax is not encodable in 64-bit mode (it may represent part of a sequence of 
valid instructions in other modes). 


¢ N.P. — Indicates the REX prefix does not affect the legacy instruction in 64-bit mode. 
¢ N.I. — Indicates the opcode is treated as a new instruction in 64-bit mode. 


¢ N.S. — Indicates an instruction syntax that requires an address override prefix in 64-bit mode and is not 
supported. Using an address override prefix in 64-bit mode may result in model-specific execution behavior. 


The Compatibility/Legacy Mode support is to the right of the ‘slash’ and has the following notation: 
e V — Supported. 
e I — Not supported. 


e N.E. — Indicates an Intel 64 instruction mnemonics/syntax that is not encodable; the opcode sequence is not 
applicable as an individual instruction in compatibility mode or IA-32 mode. The opcode may represent a valid 
sequence of legacy IA-32 instructions. 


3.1.1.6 CPUID Support Column in the Instruction Summary Table 


The fourth column holds abbreviated CPUID feature flags (e.g., appropriate bit in CPUID.1.ECX, CPUID.1.EDX 
for SSE/SSE2/SSE3/SSSE3/SSE4.1/SSE4.2/AESNI/PCLMULQDQ/AVX/RDRAND support) that indicate processor 
support for the instruction. If the corresponding flag is ‘0’, the instruction will #UD. 


= ae eg Description Column in the Instruction Summary Table 


The “Description” column briefly explains forms of the instruction. 


3.1.1.8 Description Section 


Each instruction is then described by number of information sections. The “Description” section describes the 
purpose of the instructions and required operands in more detail. 
Summary of terms that may be used in the description section: 


° Legacy SSE — Refers to SSE, SSE2, SSE3, SSSE3, SSE4, AESNI, PCLMULQDQ and any future instruction sets 
referencing XMM registers and encoded without a VEX prefix. 


© VEX.vvvv — The VEX bit field specifying a source or destination register (in 1’s complement form). 
¢ rm_field — shorthand for the ModR/M r/m field and any REX.B 
¢ reg_field — shorthand for the ModR/M reg field and any REX.R 


3.1.1.9 Operation Section 


The “Operation” section contains an algorithm description (frequently written in pseudo-code) for the instruction. 
Algorithms are composed of the following elements: 


* Comments are enclosed within the symbol pairs “(*” and “*)”. 


* Compound statements are enclosed in keywords, such as: IF, THEN, ELSE and FI for an if statement; DO and 
OD for a do statement; or CASE... OF for a case statement. 


¢ Aregister name implies the contents of the register. A register name enclosed in brackets implies the contents 
of the location whose address is contained in that register. For example, ES:[DI] indicates the contents of the 
location whose ES segment relative address is in register DI. [SI] indicates the contents of the address 
contained in register SI relative to the SI register’s default segment (DS) or the overridden segment. 


¢ Parentheses around the “E” in a general-purpose register name, such as (E)SI, indicates that the offset is read 
from the SI register if the address-size attribute is 16, from the ESI register if the address-size attribute is 32. 
Parentheses around the “R” in a general-purpose register name, (R)SI, in the presence of a 64-bit register 
definition such as (R)SI, indicates that the offset is read from the 64-bit RSI register if the address-size 
attribute is 64. 
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Brackets are used for memory operands where they mean that the contents of the memory location is a 
segment-relative offset. For example, [SRC] indicates that the content of the source operand is a segment- 
relative offset. 


A :=B indicates that the value of B is assigned to A. 


The symbols =, #, >, <, =, and < are relational operators used to compare two values: meaning equal, not 
equal, greater or equal, less or equal, respectively. A relational expression such as A=B is TRUE if the value of 
A is equal to B; otherwise it is FALSE. 


The expression “« COUNT” and “» COUNT” indicates that the destination operand should be shifted left or right 
by the number of bits indicated by the count operand. 


The following identifiers are used in the algorithmic descriptions: 


OperandSize and AddressSize — The OperandSize identifier represents the operand-size attribute of the 
instruction, which is 16, 32 or 64-bits. The AddressSize identifier represents the address-size attribute, which 
is 16, 32 or 64-bits. For example, the following pseudo-code indicates that the operand-size attribute depends 
on the form of the MOV instruction used. 


IF Instruction = MOVW 
THEN OperandSize := 16; 
ELSE 
IF Instruction = MOVD 
THEN OperandSize := 32; 
ELSE 
IF Instruction = MOVQ 
THEN OperandSize := 64; 
Fl; 
Fl; 
Fl; 
See “Operand-Size and Address-Size Attributes” in Chapter 3 of the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 1, for guidelines on how these attributes are determined. 
StackAddrSize — Represents the stack address-size attribute associated with the instruction, which has a 
value of 16, 32 or 64-bits. See “Address-Size Attribute for Stack” in Chapter 6, “Procedure Calls, Interrupts, and 
Exceptions,” of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1. 
SRC — Represents the source operand. 
DEST — Represents the destination operand. 
MAXVL — The maximum vector register width pertaining to the instruction. This is not the vector-length 
encoding in the instruction's encoding but is instead determined by the current value of XCRO. For details, refer 
to the table below. Note that the value of MAXVL is the largest of the features enabled. Future processors may 
define new bits in XCRO whose setting may imply other values for MAXVL. 


MAXVL Definition 
XCRO Component MAXVL 
XCRO.SSE 128 
XCRO.AVX 256 
XCRO.{ZMM_Hi256, Hi16_ZMM, OPMASK} 512 


The following functions are used in the algorithmic descriptions: 


ZeroExtend(value) — Returns a value zero-extended to the operand-size attribute of the instruction. For 
example, if the operand-size attribute is 32, zero extending a byte value of -10 converts the byte from F6H to 
a doubleword value of OOOOOOF6H. If the value passed to the ZeroExtend function and the operand-size 
attribute are the same size, ZeroExtend returns the value unaltered. 


SignExtend(value) — Returns a value sign-extended to the operand-size attribute of the instruction. For 
example, if the operand-size attribute is 32, sign extending a byte containing the value -10 converts the byte 
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from F6H to a doubleword value of FFFFFFF6H. If the value passed to the SignExtend function and the operand- 
size attribute are the same size, SignExtend returns the value unaltered. 


SaturateSignedWordToSignedByte — Converts a signed 16-bit value to a signed 8-bit value. If the signed 
16-bit value is less than -128, it is represented by the saturated value -128 (80H); if it is greater than 127, it 
is represented by the saturated value 127 (7FH). 


SaturateSignedDwordToSignedWord — Converts a signed 32-bit value to a signed 16-bit value. If the 
signed 32-bit value is less than -32768, it is represented by the saturated value -32768 (8000H),; if it is 
greater than 32767, it is represented by the saturated value 32767 (7FFFH). 


SaturateSignedWordToUnsignedByte — Converts a signed 16-bit value to an unsigned 8-bit value. If the 
signed 16-bit value is less than zero, it is represented by the saturated value zero (OOH); if it is greater than 
255, it is represented by the saturated value 255 (FFH). 


SaturateToSignedByte — Represents the result of an operation as a signed 8-bit value. If the result is less 
than -128, it is represented by the saturated value -128 (80H); if it is greater than 127, it is represented by 
the saturated value 127 (7FH). 


SaturateToSignedWord — Represents the result of an operation as a signed 16-bit value. If the result is less 
than -32768, it is represented by the saturated value -32768 (8000H); if it is greater than 32767, it is 
represented by the saturated value 32767 (7FFFH). 


SaturateToUnsignedByte — Represents the result of an operation as a signed 8-bit value. If the result is less 
than zero it is represented by the saturated value zero (OOH); if it is greater than 255, it is represented by the 
saturated value 255 (FFH). 


SaturateToUnsignedWord — Represents the result of an operation as a signed 16-bit value. If the result is 
less than zero it is represented by the saturated value zero (OOH); if it is greater than 65535, it is represented 
by the saturated value 65535 (FFFFH). 


LowOrderWord(DEST * SRC) — Multiplies a word operand by a word operand and stores the least significant 
word of the doubleword result in the destination operand. 


HighOrderWord(DEST * SRC) — Multiplies a word operand by a word operand and stores the most 
significant word of the doubleword result in the destination operand. 


Push(value) — Pushes a value onto the stack. The number of bytes pushed is determined by the operand-size 
attribute of the instruction. See the “Operation” subsection of the “PUSH—Push Word, Doubleword or 
Quadword Onto the Stack” section in Chapter 4 of the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 2B. 


Pop() — removes the value from the top of the stack and returns it. The statement EAX := Pop(); assigns to 
EAX the 32-bit value from the top of the stack. Pop will return either a word, a doubleword or a quadword 
depending on the operand-size attribute. See the “Operation” subsection in the “POP—Pop a Value from the 
Stack” section of Chapter 4 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2B. 


PopRegisterStack — Marks the FPU ST(0) register as empty and increments the FPU register stack pointer 
(TOP) by 1. 

Switch-Tasks — Performs a task switch. 

Bit(BitBase, BitOffset) — Returns the value of a bit within a bit string. The bit string is a sequence of bits in 
memory or a register. Bits are numbered from low-order to high-order within registers and within memory 


bytes. If the BitBase is a register, the BitOffset can be in the range 0 to [15, 31, 63] depending on the mode 
and register size. See Figure 3-1: the function Bit[RAX, 21] is illustrated. 


63 31 21 0 


—_— Offset := 21 


Figure 3-1. Bit Offset for BIT[RAX, 21] 
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If BitBase is a memory address, the BitOffset has different ranges depending on the operand size (see Table 
3-2). 


Table 3-2. Range of Bit Positions Specified by Bit Offset Operands 


Operand Size Immediate BitOffset Register BitOffset 
16 Oto15 -2'to2'-1 
32 0 to 31 <2") toe? 1 
64 0 to 63 =2) tg 291 


The addressed bit is numbered (Offset MOD 8) within the byte at address (BitBase + (BitOffset DIV 8)) where 
DIV is signed division with rounding towards negative infinity and MOD returns a positive number (see 
Figure 3-2). 


7 5 07 07 0 


BitBase +1 BitBase | BitBase-1 


aren =413 


7 07 07 5 0 


BitBase L BitBase-1 BitBase —2 


BitOffset :=-11 zi 


Figure 3-2. Memory Bit Indexing 


3.1.1.10 Intel® C/C++ Compiler Intrinsics Equivalents Section 


The Intel C/C++ compiler intrinsic functions give access to the full power of the Intel Architecture Instruction Set, 
while allowing the compiler to optimize register allocation and instruction scheduling for faster execution. Most of 
these functions are associated with a single IA instruction, although some may generate multiple instructions or 
different instructions depending upon how they are used. In particular, these functions are used to invoke instruc- 
tions that perform operations on vector registers that can hold multiple data elements. These SIMD instructions 
use the following data types. 


© _ mi28,__m256 and __m512 can represent 4, 8 or 16 packed single-precision floating-point values, and are 
used with the vector registers and SSE, AVX, or AVX-512 instruction set extension families. The __m128 data 
type is also used with various single-precision floating-point scalar instructions that perform calculations using 
only the lowest 32 bits of a vector register; the remaining bits of the result come from one of the sources or are 
set to zero depending upon the instruction. 


e  __mi28d, __m256d and __m512d can represent 2, 4 or 8 packed double-precision floating-point values, and 
are used with the vector registers and SSE, AVX, or AVX-512 instruction set extension families. The __m128d 
data type is also used with various double-precision floating-point scalar instructions that perform calculations 
using only the lowest 64 bits of a vector register; the remaining bits of the result come from one of the sources 
or are set to zero depending upon the instruction. 


© _ mi128i,___ m256i and __m512i can represent integer data in bytes, words, doublewords, quadwords, and 
occasionally larger data types. 
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Each of these data types incorporates in its name the number of bits it can hold. For example, the __m128 type 
holds 128 bits, and because each single-precision floating-point value is 32 bits long the __m128 type holds 
(128/32) or four values. Normally the compiler will allocate memory for these data types on an even multiple of the 
size of the type. Such aligned memory locations may be faster to read and write than locations at other addresses. 


These SIMD data types are not basic Standard C data types or C++ objects, so they may be used only with the 
assignment operator, passed as function arguments, and returned from a function call. If you access the internal 
members of these types directly, or indirectly by using them in a union, there may be side effects affecting optimi- 
zation, so it is recommended to use them only with the SIMD instruction intrinsic functions described in this manual 
or the Intel C/C++ compiler documentation. 


Many intrinsic functions names are prefixed with an indicator of the vector length and suffixed by an indicator of 
the vector element data type, although some functions do not follow the rules below. The prefixes are: 


¢ _mm_ indicates that the function operates on 128-bit (or sometimes 64-bit) vectors. 
¢ _—mm256_ indicates the function operates on 256-bit vectors. 

¢ _mm512_ indicates that the function operates on 512-bit vectors. 

The suffixes include: 


¢ _ps, which indicates a function that operates on packed single-precision floating-point data. Packed single- 
precision floating-point data corresponds to arrays of the C/C++ type float with either 4, 8 or 16 elements. 
Values of this type can be loaded from an array using the_mm_loadu_ps, _mm256_loadu_ps, or 
_mm512_loadu_ps functions, or created from individual values using _mm_set_ps, _mm256_set_ps, or 
_mm512_set_ps functions, and they can be stored in an array using_mm_storeu_ps, _mm256_storeu_ps, or 
_mm512_storeu_ps. 


¢ _ss, which indicates a function that operates on scalar single-precision floating-point data. Single-precision 
floating-point data corresponds to the C/C++ type float, and values of type float can be converted to type 
__m128 for use with these functions using the _mm_set_ss function, and converted back using the 
_mm_cvtss_f32 function. When used with functions that operate on packed single-precision floating-point data 
the scalar element corresponds with the first packed value. 


¢  _pd, which indicates a function that operates on packed double-precision floating-point data. Packed double- 
precision floating-point data corresponds to arrays of the C/C++ type double with either 2, 4, or 8 elements. 
Values of this type can be loaded from an array using the_mm_loadu_pd, _mm256_loadu_pd, or 
_mm512_loadu_pd functions, or created from individual values using __mm_set_pd, _mm2566_set_pd, or 
_mm512_set_pd functions, and they can be stored in an array using_mm_storeu_pd, _mm256_storeu_pd, or 
_mm512_storeu_pd. 


¢ _sd, which indicates a function that operates on scalar double-precision floating-point data. Double-precision 
floating-point data corresponds to the C/C++ type double, and values of type double can be converted to type 
___m128d for use with these functions using the __mm_set_sd function, and converted back using the 
_mm_cvtsd_f64 function. When used with functions that operate on packed double-precision floating-point 
data the scalar element corresponds with the first packed value. 


¢ _epi8, which indicates a function that operates on packed 8-bit signed integer values. Packed 8-bit signed 
integers correspond to an array of signed char with 16, 32 or 64 elements. Values of this type can be created 
from individual elements using __mm_set_epi8, _mm256_set_epi8, or _mm512_set_epi8 functions. 


¢ _epil6, which indicates a function that operates on packed 16-bit signed integer values. Packed 16-bit signed 
integers correspond to an array of short with 8, 16 or 32 elements. Values of this type can be created from 
individual elements using _mm_set_epi16, _mm256_set_epi16, or _mm512_set_epi16 functions. 


¢ =_epi32, which indicates a function that operates on packed 32-bit signed integer values. Packed 32-bit signed 
integers correspond to an array of int with 4, 8 or 16 elements. Values of this type can be created from 
individual elements using __mm_set_epi32, _mm256_set_epi32, or _mm512_set_epi32 functions. 


¢ _epi64, which indicates a function that operates on packed 64-bit signed integer values. Packed 64-bit signed 
integers correspond to an array of long long (or /ong if it is a 64-bit data type) with 2, 4 or 8 elements. Values 
of this type can be created from individual elements using _mm_set_epi32, _mm256_set_epi32, or 
_mm512_set_epi32 functions. 


¢ =_epu8, which indicates a function that operates on packed 8-bit unsigned integer values. Packed 8-bit unsigned 
integers correspond to an array of unsigned char with 16, 32 or 64 elements. 
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¢ _epuié, which indicates a function that operates on packed 16-bit unsigned integer values. Packed 16-bit 
unsigned integers correspond to an array of unsigned short with 8, 16 or 32 elements. 


® _epu32, which indicates a function that operates on packed 32-bit unsigned integer values. Packed 32-bit 
unsigned integers correspond to an array of unsigned with 4, 8 or 16 elements. 


° _epué4, which indicates a function that operates on packed 64-bit unsigned integer values. Packed 64-bit 
unsigned integers correspond to an array of unsigned long long (or unsigned Iong if it is a 64-bit data type) with 
2, 4 or 8 elements. 


¢ _si128, which indicates a function that operates on a single 128-bit value of type __m128i. 
¢ _si256, which indicates a function that operates on a single a 256-bit value of type __m256i. 
¢ _si512, which indicates a function that operates on a single a 512-bit value of type __m512i. 


Values of any packed integer type can be loaded from an array using the __mm_loadu_si128, 
_mm256_loadu_si256, or_mm512_loadu_si512 functions, and they can be stored in an array using 
_mm_storeu_si128, _mm256_storeu_si256, or _mm512_storeu_si512. 


These functions and data types are used with the SSE, AVX, and AVX-512 instruction set extension families. In 
addition there are similar functions that correspond to MMX instructions. These are less frequently used because 
they require additional state management, and only operate on 64-bit packed integer values. 


The declarations of Intel C/C++ compiler intrinsic functions may reference some non-standard data types, such as 
__int64. The C Standard header stdint.h defines similar platform-independent types, and the documentation for 
that header gives characteristics that apply to corresponding non-standard types according to the following table. 


Table 3-3. Standard and Non-standard Data Types 


Non-standard Type Standard Type (from stdint.h) 
__int64 int64_t 

unsigned __int64 uint64_t 

__int32 int32_t 

unsigned __int32 uint32_t 

__int16 int16_t 

unsigned __int16 uint16_t 


For a more detailed description of each intrinsic function and additional information related to its usage, refer to the 
online Intel Intrinsics Guide, https://software.intel.com/sites/landingpage/IntrinsicsGuide. 


3.1.1.11 Flags Affected Section 


The “Flags Affected” section lists the flags in the EFLAGS register that are affected by the instruction. When a flag 
is cleared, it is equal to 0; when it is set, it is equal to 1. The arithmetic and logical instructions usually assign values 
to the status flags in a uniform manner (see Appendix A, “EFLAGS Cross-Reference,” in the Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 1). Non-conventional assignments are described in the “Oper- 
ation” section. The values of flags listed as undefined may be changed by the instruction in an indeterminate 
manner. Flags that are not listed are unchanged by the instruction. 


3.1.1.12 FPU Flags Affected Section 


The floating-point instructions have an “FPU Flags Affected” section that describes how each instruction can affect 
the four condition code flags of the FPU status word. 


3.1.1.13 Protected Mode Exceptions Section 


The “Protected Mode Exceptions” section lists the exceptions that can occur when the instruction is executed in 
protected mode and the reasons for the exceptions. Each exception is given a mnemonic that consists of a pound 
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sign (#) followed by two letters and an optional error code in parentheses. For example, #GP(0) denotes a general 
protection exception with an error code of 0. Table 3-4 associates each two-letter mnemonic with the corre- 

sponding exception vector and name. See Chapter 6, “Procedure Calls, Interrupts, and Exceptions,” in the Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, for a detailed description of the exceptions. 


Application programmers should consult the documentation provided with their operating systems to determine 


the actions taken when exceptions occur. 


Table 3-4. Intel 64 and IA-32 General Exceptions 


Vector Name Source Protected | Real Virtual 
Mode Address | 8086 
Mode Mode 
0 #DE—Divide Error DIV and IDIV instructions. Yes Yes Yes 
1 #DB—Debug Any code or data reference. Yes Yes Yes 
3 #BP—Breakpoint INT3 instruction. Yes Yes Yes 
4 #0F—Overflow INTO instruction. Yes Yes Yes 
5 #BR—BOUND Range Exceeded BOUND instruction. Yes Yes Yes 
6 #UD—Invalid Opcode (Undefined UD instruction or reserved opcode. Yes Yes Yes 
Opcode) 
7 #NM—Device Not Available (No Floating-point or WAIT/FWAIT instruction. Yes Yes Yes 
Math Coprocessor) 
8 #DF—Double Fault Any instruction that can generate an Yes Yes Yes 
exception, an NMI, or an INTR. 
10 #TS—lInvalid TSS Task switch or TSS access. Yes Reserved Yes 
11 #NP—Segment Not Present Loading segment registers or accessing system Yes Reserved Yes 
segments. 
12 #SS—Stack Segment Fault Stack operations and SS register loads. Yes Yes Yes 
13 #GP—General Protection? Any memory reference and other protection Yes Yes Yes 
checks. 
14 #PF—Page Fault Any memory reference. Yes Reserved Yes 
16 #MF—Floating-Point Error (Math Floating-point or WAIT/FWAIT instruction. Yes Yes Yes 
Fault) 
17 #AC—Alignment Check Any data reference in memory. Yes Reserved Yes 
18 #MC—Machine Check Model dependent machine check errors. Yes Yes Yes 
19 #XM—SIMD Floating-Point SSE/SSE2/SSE3 floating-point instructions. Yes Yes Yes 
Numeric Error 
NOTES: 


1. Apply to protected mode, compatibility mode, and 64-bit mode. 
2. In the real-address mode, vector 13 is the segment overrun exception. 


3.1.1.14 Real-Address Mode Exceptions Section 


The “Real-Address Mode Exceptions” section lists the exceptions that can occur when the instruction is executed in 
real-address mode (see Table 3-4). 


3.1.1.15 Virtual-8086 Mode Exceptions Section 


The “Virtual-8086 Mode Exceptions” section lists the exceptions that can occur when the instruction is executed in 
virtual-8086 mode (see Table 3-4). 
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3.1.1.16 Floating-Point Exceptions Section 


The “Floating-Point Exceptions” section lists exceptions that can occur when an x87 FPU floating-point instruction 
is executed. All of these exception conditions result in a floating-point error exception (#MF, exception 16) being 
generated. Table 3-5 associates a one- or two-letter mnemonic with the corresponding exception name. See 
“Floating-Point Exception Conditions” in Chapter 8 of the Intel® 64 and IA-32 Architectures Software Developer's Manual, 
Volume 1, for a detailed description of these exceptions. 


Table 3-5. x87 FPU Floating-Point Exceptions 


Mnemonic Name Source 
Floating-point invalid operation: 
#IS - Stack overflow or underflow - x87 FPU stack overflow or underflow 
ia - Invalid arithmetic operation - Invalid FPU arithmetic operation 
#Z Floating-point divide-by-zero Divide-by-zero 
#D Floating-point denormal operand Source operand that is a denormal number 
#0 Floating-point numeric overflow Overflow in result 
#U Floating-point numeric underflow Underflow in result 
#P Floating-point inexact result (precision) Inexact result (precision) 


3.1.1.17 SIMD Floating-Point Exceptions Section 


The “SIMD Floating-Point Exceptions” section lists exceptions that can occur when an SSE/SSE2/SSE3 floating- 
point instruction is executed. All of these exception conditions result in a SIMD floating-point error exception (#XM, 
exception 19) being generated. Table 3-6 associates a one-letter mnemonic with the corresponding exception 
name. For a detailed description of these exceptions, refer to "SSE and SSE2 Exceptions”, in Chapter 11 of the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1. 


Table 3-6. SIMD Floating-Point Exceptions 


Mnemonic Name Source 
#I Floating-point invalid operation Invalid arithmetic operation or source operand 
#Z Floating-point divide-by-zero Divide-by-zero 
#D Floating-point denormal operand Source operand that is a denormal number 
#O Floating-point numeric overflow Overflow in result 
#U Floating-point numeric underflow Underflow in result 
#P Floating-point inexact result Inexact result (precision) 


3.1.1.18 Compatibility Mode Exceptions Section 


This section lists exceptions that occur within compatibility mode. 


3.1.1.19 64-Bit Mode Exceptions Section 


This section lists exceptions that occur within 64-bit mode. 


3-16 Vol. 2A 


INSTRUCTION SET REFERENCE, A-L 


3.2. _ INSTRUCTIONS (A-L) 


The remainder of this chapter provides descriptions of Intel 64 and IA-32 instructions (A-L). See also: Chapter 4, 
“Instruction Set Reference, M-U,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 


2B, and Chapter 5, “Instruction Set Reference, V-Z,” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 2C. 
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AAA—ASCII Adjust After Addition 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
37 AAA ZO | Invalid Valid ASCII adjust AL after addition. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Adjusts the sum of two unpacked BCD values to create an unpacked BCD result. The AL register is the implied 
source and destination operand for this instruction. The AAA instruction is only useful when it follows an ADD 
instruction that adds (binary addition) two unpacked BCD values and stores a byte result in the AL register. The 
AAA instruction then adjusts the contents of the AL register to contain the correct 1-digit unpacked BCD result. 


If the addition produces a decimal carry, the AH register increments by 1, and the CF and AF flags are set. If there 
was no decimal carry, the CF and AF flags are cleared and the AH register is unchanged. In either case, bits 4 
through 7 of the AL register are set to 0. 


This instruction executes as described in compatibility mode and legacy mode. It is not valid in 64-bit mode. 


Operation 
IF 64-Bit Mode 
THEN 
#UD; 
ELSE 
IF ((AL AND OFH) > 9) or (AF = 1) 
THEN 
AX := AX + 106H; 
AF := 1; 
CF := 1; 
ELSE 
AF := 0; 
CF := 0; 
Fl; 
AL:= AL AND OFH; 
Fl; 
Flags Affected 


The AF and CF flags are set to 1 if the adjustment results in a decimal carry; otherwise they are set to 0. The OF, 
SF, ZF, and PF flags are undefined. 


Protected Mode Exceptions 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as protected mode. 
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Compatibility Mode Exceptions 
Same exceptions as protected mode. 


64-Bit Mode Exceptions 
#UD If in 64-bit mode. 
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AAD—ASCII Adjust AX Before Division 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
DS OA AAD ZO | Invalid Valid ASCII adjust AX before division. 
D5 ib AAD imm8s ZO | Invalid Valid Adjust AX before division to number base 
imme. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Adjusts two unpacked BCD digits (the least-significant digit in the AL register and the most-significant digit in the 
AH register) so that a division operation performed on the result will yield a correct unpacked BCD value. The AAD 
instruction is only useful when it precedes a DIV instruction that divides (binary division) the adjusted value in the 
AX register by an unpacked BCD value. 


The AAD instruction sets the value in the AL register to (AL + (10 * AH)), and then clears the AH register to OOH. 
The value in the AX register is then equal to the binary equivalent of the original unpacked two-digit (base 10) 
number in registers AH and AL. 


The generalized version of this instruction allows adjustment of two unpacked digits of any number base (see the 
“Operation” section below), by setting the imm8 byte to the selected number base (for example, 08H for octal, OAH 
for decimal, or OCH for base 12 numbers). The AAD mnemonic is interpreted by all assemblers to mean adjust 
ASCII (base 10) values. To adjust values in another number base, the instruction must be hand coded in machine 
code (D5 immé8). 


This instruction executes as described in compatibility mode and legacy mode. It is not valid in 64-bit mode. 


Operation 
IF 64-Bit Mode 
THEN 
#UD; 
ELSE 
tempAL := AL; 
tempAH := AH; 


AL := (tempAL + (tempAH * imm8)) AND FFH; 
(* imm@ is set to OAH for the AAD mnemonic.*) 
AH := 0; 

FI; 


The immediate value (imm8) is taken from the second byte of the instruction. 


Flags Affected 


The SF, ZF, and PF flags are set according to the resulting binary value in the AL register; the OF, AF, and CF flags 
are undefined. 


Protected Mode Exceptions 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as protected mode. 
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Virtual-8086 Mode Exceptions 
Same exceptions as protected mode. 


Compatibility Mode Exceptions 
Same exceptions as protected mode. 


64-Bit Mode Exceptions 
#UD If in 64-bit mode. 
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AAM—ASCII Adjust AX After Multiply 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
D4 0A AAM ZO | Invalid Valid ASCII adjust AX after multiply. 
D4 ib AAM imm8s ZO | Invalid Valid Adjust AX after multiply to number base 
immé. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Adjusts the result of the multiplication of two unpacked BCD values to create a pair of unpacked (base 10) BCD 
values. The AX register is the implied source and destination operand for this instruction. The AAM instruction is 
only useful when it follows an MUL instruction that multiplies (binary multiplication) two unpacked BCD values and 
stores a word result in the AX register. The AAM instruction then adjusts the contents of the AX register to contain 
the correct 2-digit unpacked (base 10) BCD result. 


The generalized version of this instruction allows adjustment of the contents of the AX to create two unpacked 
digits of any number base (see the “Operation” section below). Here, the imm8 byte is set to the selected number 
base (for example, O8H for octal, OAH for decimal, or OCH for base 12 numbers). The AAM mnemonic is interpreted 
by all assemblers to mean adjust to ASCII (base 10) values. To adjust to values in another number base, the 
instruction must be hand coded in machine code (D4 imm8). 


This instruction executes as described in compatibility mode and legacy mode. It is not valid in 64-bit mode. 


Operation 


IF 64-Bit Mode 
THEN 
#UD; 
ELSE 
tempAL := AL; 
AH := tempAL / imm8; (* imm@ is set to OAH for the AAM mnemonic *) 
AL := tempAL MOD immé; 
FI; 


The immediate value (imm8) is taken from the second byte of the instruction. 


Flags Affected 
The SF, ZF, and PF flags are set according to the resulting binary value in the AL register. The OF, AF, and CF flags 
are undefined. 


Protected Mode Exceptions 
#DE If an immediate value of 0 is used. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as protected mode. 
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Compatibility Mode Exceptions 
Same exceptions as protected mode. 


64-Bit Mode Exceptions 
#UD If in 64-bit mode. 
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AAS—ASCII Adjust AL After Subtraction 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
3F AAS ZO ‘| Invalid Valid ASCII adjust AL after subtraction. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Adjusts the result of the subtraction of two unpacked BCD values to create a unpacked BCD result. The AL register 
is the implied source and destination operand for this instruction. The AAS instruction is only useful when it follows 
a SUB instruction that subtracts (binary subtraction) one unpacked BCD value from another and stores a byte 
result in the AL register. The AAA instruction then adjusts the contents of the AL register to contain the correct 1- 
digit unpacked BCD result. 


If the subtraction produced a decimal carry, the AH register decrements by 1, and the CF and AF flags are set. If no 
decimal carry occurred, the CF and AF flags are cleared, and the AH register is unchanged. In either case, the AL 
register is left with its top four bits set to 0. 


This instruction executes as described in compatibility mode and legacy mode. It is not valid in 64-bit mode. 


Operation 
IF 64-bit mode 
THEN 
#UD; 
ELSE 
IF ((AL AND OFH) > 9) or (AF = 1) 
THEN 
AX := AX -6; 
AH:= AH - 1; 
AF := 1; 
CF := 1; 
AL := AL AND OFH; 
ELSE 
CF := 0; 
AF := 0; 
AL := AL AND OFH; 
Fl; 
Fl; 
Flags Affected 


The AF and CF flags are set to 1 if there is a decimal borrow; otherwise, they are cleared to 0. The OF, SF, ZF, and 
PF flags are undefined. 


Protected Mode Exceptions 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as protected mode. 
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Virtual-8086 Mode Exceptions 
Same exceptions as protected mode. 


Compatibility Mode Exceptions 
Same exceptions as protected mode. 


64-Bit Mode Exceptions 
#UD If in 64-bit mode. 
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ADC—Add with Carry 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 

14 ib ADC AL, imm8 | Valid Valid Add with carry imm8 to AL. 

15 iw ADC AX, imm16 | Valid Valid Add with carry imm76 to AX. 

15 id ADC EAX, imm32 | Valid Valid Add with carry imm32 to EAX. 

REX.W + 15 id ADC RAX, imm32 | Valid N.E. Add with carry imm32 sign extended to 64- 
bits to RAX. 

80/2 ib ADC r/m8, imm8 MI Valid Valid Add with carry imm8 to r/m8. 

REX + 80/2 ib ADC r/m8 , imm8 MI Valid N.E. Add with carry imm8 to r/m8. 

81/2 iw ADC r/m16, imm16 MI Valid Valid Add with carry imm16 to r/m16. 

81 /2 id ADC r/m32, imm32 MI | Valid Valid Add with CF imm32 to r/m32. 

REX.W + 81 /2 id ADC r/m64, imm32 MI Valid N.E. Add with CF imm32 sign extended to 64-bits 
to r/m64. 

83 /2 ib ADC r/m16, imm8& MI Valid Valid Add with CF sign-extended imm8 to r/m16. 

83 /2 ib ADC r/m32, imm8 MI Valid Valid Add with CF sign-extended imm8 into r/m32. 

REX.W + 83 /2 ib ADC r/m64, imm8& MI Valid N.E. Add with CF sign-extended immé@ into r/m64. 

10/r ADC r/m8, r8 MR | Valid Valid Add with carry byte register to r/m8. 

REX + 10 /r ADC r/m8 , ro MR | Valid N.E. Add with carry byte register to r/m64. 

11 /r ADC r/m16, r16 MR | Valid Valid Add with carry r76 to r/m16. 

11/r ADC r/m32, r32 MR | Valid Valid Add with CF r32 to r/m32. 

REX.W + 11 /r ADC r/m64, r64 MR | Valid N.E. Add with CF r64 to r/m64. 

12/r ADC r8, r/m8 RM _ | Valid Valid Add with carry r/m8 to byte register. 

REX + 12/r ADC 8, r/m8- RM _ | Valid N.E. Add with carry r/m64 to byte register. 

13/r ADC r16, r/m16 RM _ | Valid Valid Add with carry r/m16 to r76. 

13/r ADC r32, r/m32 RM _ | Valid Valid Add with CF r/m32 to r32. 

REX.W + 13 /r ADC r64, r/m64 RM _ | Valid N.E. Add with CF r/m64 to r64. 

NOTES: 


*In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
MR ModRM:r/m (r, w) ModRM:reg (r) NA NA 
MI ModRM:r/m (r, w) imm8/16/32 NA NA 
| AL/AX/EAX/RAX imm8/16/32 NA NA 
Description 


Adds the destination operand (first operand), the source operand (second operand), and the carry (CF) flag and 

stores the result in the destination operand. The destination operand can be a register or a memory location; the 
source operand can be an immediate, a register, or a memory location. (However, two memory operands cannot be 
used in one instruction.) The state of the CF flag represents a carry from a previous addition. When an immediate 
value is used as an operand, it is sign-extended to the length of the destination operand format. 
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The ADC instruction does not distinguish between signed or unsigned operands. Instead, the processor evaluates 
the result for both data types and sets the OF and CF flags to indicate a carry in the signed or unsigned result, 
respectively. The SF flag indicates the sign of the signed result. 


The ADC instruction is usually executed as part of a multibyte or multiword addition in which an ADD instruction is 
followed by an ADC instruction. 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


Operation 


DEST := DEST + SRC + CF; 


Intel C/C++ Compiler Intrinsic Equivalent 


ADC: extern unsigned char _addcarry_u8(unsigned char c_in, unsigned char src1, unsigned char src2, unsigned char *sum_out); 
ADC: extern unsigned char _addcarry_u16(unsigned char c_in, unsigned short src1, unsigned short src2, unsigned short 
*sum_out); 

ADC: extern unsigned char _addcarry_u32(unsigned char c_in, unsigned int src1, unsigned char int, unsigned int *sum_out); 
ADC: extern unsigned char _addcarry_u64(unsigned char c_in, unsigned __int64 src1, unsigned __int64 src2, unsigned __int64 
*sum_out); 

Flags Affected 


The OF, SF, ZF, AF, CF, and PF flags are set according to the result. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 


selector. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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ADCX — Unsigned Integer Addition of Two Operands with Carry Flag 


Opcode/ Op/ | 64/32bit | CPUID Description 
Instruction En Mode Feature 

Support | Flag 
66 OF 38 F6 /r RM | V/V ADX Unsigned addition of r32 with CF, r/m32 to r32, writes CF. 
ADCX r32, r/m32 
66 REX.w OF 38 F6 /r RM | V/NE ADX Unsigned addition of r64 with CF, r/m64 to r64, writes CF. 
ADCX r64, r/m64 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
Description 


Performs an unsigned addition of the destination operand (first operand), the source operand (second operand) 
and the carry-flag (CF) and stores the result in the destination operand. The destination operand is a general- 
purpose register, whereas the source operand can be a general-purpose register or memory location. The state of 
CF can represent a carry from a previous addition. The instruction sets the CF flag with the carry generated by the 
unsigned addition of the operands. 


The ADCX instruction is executed in the context of multi-precision addition, where we add a series of operands with 
a carry-chain. At the beginning of a chain of additions, we need to make sure the CF is in a desired initial state. 
Often, this initial state needs to be 0, which can be achieved with an instruction to zero the CF (e.g. XOR). 


This instruction is supported in real mode and virtual-8086 mode. The operand size is always 32 bits if not in 64- 
bit mode. 


In 64-bit mode, the default operation size is 32 bits. Using a REX Prefix in the form of REX.R permits access to addi- 
tional registers (R8-15). Using REX Prefix in the form of REX.W promotes operation to 64 bits. 


ADCX executes normally either inside or outside a transaction region. 


Note: ADCX defines the OF flag differently than the ADD/ADC instructions as defined in Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 2A. 


Operation 
IF OperandSize is 64-bit 
THEN CF:DEST[63:0] := DEST[63:0] + SRC[63:0] + CF; 
ELSE CF:DEST[31:0] := DEST[31:0] + SRC[31:0] + CF; 
Fl; 


Flags Affected 
CF is updated based on result. OF, SF, ZF, AF and PF flags are unmodified. 


Intel C/C++ Compiler Intrinsic Equivalent 
unsigned char _addcarryx_u32 (unsigned char c_in, unsigned int src1, unsigned int src2, unsigned int *sum_out); 
unsigned char _addcarryx_u64 (unsigned char c_in, unsigned __int64 src1, unsigned __int64 src2, unsigned __int64 *sum_out); 


SIMD Floating-Point Exceptions 
None 
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Protected Mode Exceptions 


#UD 
#SS(0) 


#GP(0) 


#PF(fault-code) 
#AC(0) 


If the LOCK prefix is used. 

If CPUID.(EAX=07H, ECX=0H):EBX.ADX[bit 19] = 0. 

For an illegal address in the SS segment. 

For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 


If the DS, ES, FS, or GS register is used to access memory and it contains a null segment 
selector. 


For a page fault. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


Real-Address Mode Exceptions 


#UD 


#SS(0) 
#GP(0) 


If the LOCK prefix is used. 

If CPUID.(EAX=07H, ECX=0H):EBX.ADX[bit 19] = 0. 

For an illegal address in the SS segment. 

If any part of the operand lies outside the effective address space from 0 to FFFFH. 


Virtual-8086 Mode Exceptions 


#UD 


#SS(0) 
#GP(0) 
#PF(fault-code) 
#AC(0) 


If the LOCK prefix is used. 

If CPUID.(EAX=07H, ECX=0H):EBX.ADX[bit 19] = 0. 

For an illegal address in the SS segment. 

If any part of the operand lies outside the effective address space from 0 to FFFFH. 
For a page fault. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#UD 


#SS(0) 
#GP(0) 
#PF(fault-code) 
#AC(0) 
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If the LOCK prefix is used. 

If CPUID.(EAX=07H, ECX=0H):EBX.ADX[bit 19] = 0. 

If a memory address referencing the SS segment is in a non-canonical form. 
If the memory address is in a non-canonical form. 

For a page fault. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
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ADD—Add 
Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
04 ib ADD AL, imm8 | Valid Valid Add imm8 to AL. 
05 iw ADD AX, imm16 | Valid Valid Add imm16 to AX. 
05 id ADD EAX, imm32 | Valid Valid Add imm32 to EAX. 
REX.W + 05 id ADD RAX, imm32 | Valid N.E. Add imm32 sign-extended to 64-bits to RAX. 
80 /O ib ADD r/m8, imm8 MI | Valid Valid Add imm8 to r/m8. 
REX + 80 /O ib ADD r/m8 , imm8 MI Valid N.E. Add sign-extended imm8 to r/m8. 
81 /0 iw ADD r/m16, imm16 MI | Valid Valid Add imm16 to r/m16. 
81 /O id ADD r/m32, imm32 MI | Valid Valid Add imm32 to r/m32. 
REX.W + 81 /0 id ADD r/m64, imm32 MI Valid N.E. Add imm32 sign-extended to 64-bits to 
r/m64. 
83 /0 ib ADD r/m16, imm8 MI Valid Valid Add sign-extended imm8 to r/m16. 
83 /0 ib ADD r/m32, imm8& MI Valid Valid Add sign-extended imm8 to r/m32. 
REX.W + 83 /O ib ADD r/m64, imm8 MI Valid N.E. Add sign-extended imm8 to r/m64. 
00 /r ADD r/m8, r8 MR | Valid Valid Add r8 to r/m8. 
REX + 00 /r ADD r/m8’, re MR | Valid N.E. Add r8 to r/m8. 
01 /r ADD r/m16, r16 MR | Valid Valid Add r716 to r/m16. 
01 /r ADD r/m32, r32 MR | Valid Valid Add r32 to r/m32. 
REX.W + 01 /r ADD r/m64, r64 MR | Valid N.E. Add r64 to r/m64, 
02 /r ADD r8, r/m8 RM _ | Valid Valid Add r/m8 to r8. 
REX + 02 /r ADD r8, r/m& RM _ | Valid N.E. Add r/m8 to r8. 
03 /r ADD r16, r/m16 RM | Valid Valid Add r/m16 to r16. 
03 /r ADD r32, r/m32 RM | Valid Valid Add r/m32 to r32. 
REX.W + 03 /r ADD r64, r/m64 RM _ | Valid N.E. Add r/m64 to r64, 
NOTES: 


*In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
MR ModRM:r/m (r, w) ModRM:reg (r) NA NA 
MI ModRM:r/m (r, w) imm8/16/32 NA NA 
| AL/AX/EAX/RAX imm8/16/32 NA NA 
Description 


Adds the destination operand (first operand) and the source operand (second operand) and then stores the result 
in the destination operand. The destination operand can be a register or a memory location; the source operand 
can be an immediate, a register, or a memory location. (However, two memory operands cannot be used in one 
instruction.) When an immediate value is used as an operand, it is sign-extended to the length of the destination 
operand format. 


The ADD instruction performs integer addition. It evaluates the result for both signed and unsigned integer oper- 
ands and sets the OF and CF flags to indicate a carry (overflow) in the signed or unsigned result, respectively. The 
SF flag indicates the sign of the signed result. 
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This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


Operation 


DEST := DEST + SRC; 


Flags Affected 
The OF, SF, ZF, AF, CF, and PF flags are set according to the result. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 


selector. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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ADDPD—Add Packed Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
66 OF 58 /r A VV SSE2 Add packed double-precision floating-point values from 
ADDPD xmm1, xmm2/m128 xmm2/mem to xmm1 and store result in xmm1. 
VEX.128.66.0F.WIG 58 /r B VV AVX Add packed double-precision floating-point values from 
VADDPD xmm1,xmm2, xmm3/mem to xmm2 and store result in xmm1. 
xmm3/m128 
VEX.256.66.0F.WIG 58 /r B VIV AVX Add packed double-precision floating-point values from 
VADDPD ymm1, ymm2, ymm3/mem to ymm2 and store result in ymm1. 
ymm3/m256 
EVEX.128.66.0F.W1 58 /r C VIV AVX512VL | Add packed double-precision floating-point values from 
VADDPD xmm1 {k1}{z}, xmm2, AVX512F xmm3/m128/m64bcst to xmm2 and store result in xmm1 
xmm3/m128/m64bcst with writemask k1. 
EVEX.256.66.0F.W1 58 /r C VIV AVX512VL | Add packed double-precision floating-point values from 
VADDPD ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m64bcst to ymm2z and store result in ymm1 
ymm3/m256/m64bcst with writemask k1. 
EVEX.512.66.0F.W1 58 /r C VIV AVX512F Add packed double-precision floating-point values from 
VADDPD zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst to zmm2 and store result in zmm1 
zmm3/m512/m64bcst{er} with writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Adds two, four or eight packed double-precision floating-point values from the first source operand to the second 
source operand, and stores the packed double-precision floating-point result in the destination operand. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 
64-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally updated with 
writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of 
the corresponding ZMM register destination are zeroed. 

VEX.128 encoded version: the first source operand is a XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 

128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper Bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. 
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Operation 


VADDPD (EVEX encoded versions) when src2 operand is a vector register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := SRC1[i+63:i] + SRC2[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VADDPD (EVEX encoded versions) when src2 operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := SRC1[i+63:i] + SRC2[63:0] 
ELSE 
DEST[i+63:i] = SRC1[i+63:i] + SRC2[i+63:i] 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VADDPD (VEX.256 encoded version) 

DEST[63:0] := SRC1[63:0] + SRC2[63:0] 
DEST[127:64] := SRC1[127:64] + SRC2[127:64] 
DEST[191:128] := SRC1[191:128] + SRC2[191:128] 
DEST[255:192] := SRC1[255:192] + SRC2[255:192] 
DEST[MAXVL-1:256] := 0 
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VADDPD (VEX.128 encoded version) 
DEST[63:0] := SRC1[63:0] + SRC2[63:0] 
DEST[127:64] := SRC1[127:64] + SRC2[127:64] 
DEST[MAXVL-1:128] := 0 


ADDPD (128-bit Legacy SSE version) 
DEST[63:0] := DEST[63:0] + SRC[63:0] 
DEST[127:64] := DEST[127:64] + SRC[127:64] 
DEST[MAXVL-1:1 28] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VADDPD __m512d_mm512_add_pd (__m512d a,__m512d b); 

VADDPD __m512d_mm512_mask_add_pd (__m512ds,__ mmask8 k,__m512da,__m512d b); 
VADDPD __m512d_mm512_maskz_add_pd (__mmask8 k,__m512da,__m512db); 

VADDPD __m256d _mm256_mask_add_pd (__m256ds,__ mmask8 k,__m256d a,__ m256d b); 
VADDPD __m256d __mm256_maskz_add_pd (__mmask8 k,___m256d a,__m256d b); 

VADDPD __m128d_mm_mask_add_pd (__m128ds,__ mmask8 k,__m128d a,__m128d b); 
VADDPD __m128d __mm_maskz_add_pd (__mmask8 k,___m128d a,__m128d b); 


VADDPD __m512d_mm512_add_round_pd (__m512d a,__m512db, int); 
VADDPD __m512d_mm512_mask_add_round_pd (__m512ds,__mmask8k,__m512da,__m512d, int); 
VADDPD __m512d_mm512_maskz_add_round_pd (__mmask8 k,__m512da,__m512db, int); 


ADDPD __m256d __mm256_add_pd (__m256d a, __m256d b),; 
ADDPD __m128d __mm_add_pd (__m128d a, __m128d b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instruction, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-46, “Type E2 Class Exception Conditions”. 
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ADDPS—Add Packed Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
NP OF 58 /r A VV SSE Add packed single-precision floating-point values from 
ADDPS xmm1, xmm2/m128 xmm2/m128 to xmm1 and store result in xmm1. 
VEX.128.0F.WIG 58 /r B VV AVX Add packed single-precision floating-point values from 
VADDPS xmm1,xmm2, xmm3/m128 xmm3/m128 to xmm2 and store result in xmm1. 
VEX.256.0F.WIG 58 /r B VIV AVX Add packed single-precision floating-point values from 
VADDPS ymm1, ymm2, ymm3/m256 ymm3/m256 to ymm2 and store result in ymm1. 
EVEX.128.0F.WO 58 /r C VV AVX512VL | Add packed single-precision floating-point values from 
VADDPS xmm1 {k1}{z}, xmme2, AVX512F xmm3/m128/m32bcst to xmm2 and store result in 
xmm3/m128/m32bcst xmm1 with writemask k1. 
EVEX.256.0F.WO 58 /r C VIV AVX512VL | Add packed single-precision floating-point values from 
VADDPS ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m32bcst to ymm2 and store result in 
ymm3/m256/m32bcst ymm1 with writemask k1. 
EVEX.512.0F.WO 58 /r C VIV AVX512F Add packed single-precision floating-point values from 
VADDPS zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst to zmm2 and store result in 
zmm3/m512/m32bcst {er} zmm1 with writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Adds four, eight or sixteen packed single-precision floating-point values from the first source operand with the 
second source operand, and stores the packed single-precision floating-point result in the destination operand. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 
32-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally updated with 
writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of 
the corresponding ZMM register destination are zeroed. 


VEX.128 encoded version: the first source operand is a XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper Bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. 


3-36 Vol. 2A ADDPS—Add Packed Single-Precision Floating-Point Values 


INSTRUCTION SET REFERENCE, A-L 


Operation 


VADDPS (EVEX encoded versions) when src2 operand is a register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC1[i+31:i] + SRC2[i+31:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR; 
DEST[MAXVL-1:VL] := 0 


VADDPS (EVEX encoded versions) when src2 operand is a memory source 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] = SRC1[i+31:i] + SRC2[31:0] 
ELSE 
DEST[i+31:i] = SRC1[i+31:i] + SRC2[i+31:i] 
Fl; 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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VADDPS (VEX.256 encoded version) 

DEST[31:0] := SRC1[31:0] + SRC2[31:0] 
DEST[63:32] := SRC1[63:32] + SRC2[63:32] 
DEST[95:64] := SRC1[95:64] + SRC2[95:64] 
DEST[127:96] := SRC1[127:96] + SRC2[1 27:96] 
DEST[159:128] := SRC1[159:128] + SRC2[159:128] 
DEST[191:160]:= SRC1[191:160] + SRC2[191:160] 
DEST[223:192] := SRC1[223:192] + SRC2[223:192] 
DEST[255:224] := SRC1[255:224] + SRC2[255:224]. 
DEST[MAXVL-1:256] := 0 


VADDPS (VEX.128 encoded version) 
DEST[31:0] := SRC1[31:0] + SRC2[31:0] 
DEST[63:32] := SRC1[63:32] + SRC2[63:32] 
DEST[95:64] := SRC1[95:64] + SRC2[95:64] 
DEST[127:96] := SRC1[127:96] + SRC2[1 27:96] 
DEST[MAXVL-1:128] := 0 


ADDPS (128-bit Legacy SSE version) 
DEST[31:0] := SRC1[31:0] + SRC2[31:0] 
DEST[63:32] := SRC1[63:32] + SRC2[63:32] 
DEST[95:64] := SRC1[95:64] + SRC2[95:64] 
DEST[127:96] := SRC1[127:96] + SRC2[1 27:96] 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VADDPS __m512_mm512_add_ps (_m512 a,__m512 b); 

VADDPS __m512 _mm512_mask_add_ps (__m512 s,__mmask16 k,__m512a,__m512 b); 
VADDPS __m512 _mm512_maskz_add_ps (__mmask16 k,__m512 a,__m512 b); 

VADDPS __m256 _mm256_mask_add_ps (__m256 s,__ mmask8 k,__m256 a,__m256 b); 
VADDPS __m256 _mm256_maskz_add_ps (__mmask8 k,___m256 a,__m256 b); 

VADDPS __m128 _mm_mask_add_ps (__m128ds,__ mmask8 k,__m128 a,__m128 b); 
VADDPS __m128 __mm_maskz_add_ps (__mmask8 k,___m128a,__m128 b); 

VADDPS __m512 _mm512_add_round_ps (__m512 a,__m512), int); 

VADDPS __m512 __mm512_mask_add_round_ps (_m512s,__mmask16 k,__m512 a,__m512 5, int); 
VADDPS __m512 __mm512_maskz_add_round_ps (__mmask16 k,__m512a,__m512 5, int); 
ADDPS __m256 __mm256_add_ps (__m256 a,__m256 b); 

ADDPS __m128_mm_add_ps (__m128 a,_m128 b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instruction, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-46, “Type E2 Class Exception Conditions”. 
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ADDSD—Add Scalar Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
F2 OF 58 /r A VIV SSE2 Add the low double-precision floating-point value from 
ADDSD xmm1, xmm2/m64 xmm2/mem to xmm1 and store the result in xmm1. 
VEX.LIG.F2.0F.WIG 58 /r B VIV AVX Add the low double-precision floating-point value from 
VADDSD xmm1, xmm2, xmm3/mem to xmm2 and store the result in xmm1. 
xmm3/m64 
EVEX.LLIG.F2.0F.W1 58 /r C VIV AVX512F Add the low double-precision floating-point value from 
VADDSD xmm1 {k1}{z}, xmm3/m64 to xmme2 and store the result in xmm1 with 
xmm2, xmm3/m64{er} writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
ie Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Adds the low double-precision floating-point values from the second source operand and the first source operand 
and stores the double-precision floating-point result in the destination operand. 


The second source operand can be an XMM register or a 64-bit memory location. The first source and destination 
operands are XMM registers. 

128-bit Legacy SSE version: The first source and destination operands are the same. Bits (MAXVL-1:64) of the 
corresponding destination register remain unchanged. 


EVEX and VEX.128 encoded version: The first source operand is encoded by EVEX.vvvv/VEX.vvvv. Bits (127:64) of 
the XMM register destination are copied from corresponding bits in the first source operand. Bits (MAXVL-1:128) of 
the destination register are zeroed. 


EVEX version: The low quadword element of the destination is updated according to the writemask. 


Software should ensure VADDSD is encoded with VEX.L=0. Encoding VADDSD with VEX.L=1 may encounter 
unpredictable behavior across different processor generations. 
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Operation 


VADDSD (EVEX encoded version) 
IF (EVEX.b = 1) AND SRC2 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := SRC1[63:0] + SRC2[63:0] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


VADDSD (VEX.128 encoded version) 
DEST[63:0] := SRC1[63:0] + SRC2[63:0] 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


ADDSD (128-bit Legacy SSE version) 
DEST[63:0] := DEST[63:0] + SRC[63:0] 
DEST[MAXVL-1:64] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VADDSD __m128d_mm_mask_add_sd (__m128ds,__ mmask8 k,__m128d a,__m128d b); 

VADDSD __m128d_mm_maskz_add_sd (__mmask8 k,___m128d a,__m128d b); 

VADDSD __m128d_mm_add_round_sd (__m128d a, _m128d, int); 

VADDSD __m128d_mm_mask_add_round_sd (__m128ds,___ mmask8 k,__m128da,__m128d, int); 
VADDSD __m128d _mm_maskz_add_round_sd (__mmask8 k,___m128d a,__m128d b, int); 

ADDSD __m128d __mm_add_sd (__m128d a, __m128d b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instruction, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-47, “Type E3 Class Exception Conditions”. 
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ADDSS—Add Scalar Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
F3 OF 58 /r A VIV SSE Add the low single-precision floating-point value from 
ADDSS xmm1, xmm2/m32 xmm2/mem to xmm1 and store the result in xmm1. 
VEX.LIG.F3.0F.WIG 58 /r B VIV AVX Add the low single-precision floating-point value from 
VADDSS xmm1,xmme2, xmm3/mem to xmm2 and store the result in xmm1. 
xmm3/m32 
EVEX.LLIG.F3.0F.WO 58 /r C VIV AVX512F | Add the low single-precision floating-point value from 
VADDSS xmm1{k1}{z}, xmm2, xmm3/m32 to xmm2 and store the result in xmm1with 
xmm3/m32{er} writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Adds the low single-precision floating-point values from the second source operand and the first source operand, 
and stores the double-precision floating-point result in the destination operand. 


The second source operand can be an XMM register or a 64-bit memory location. The first source and destination 
operands are XMM registers. 


128-bit Legacy SSE version: The first source and destination operands are the same. Bits (MAXVL-1:32) of the 
corresponding the destination register remain unchanged. 


EVEX and VEX.128 encoded version: The first source operand is encoded by EVEX.vvvv/VEX.vvvv. Bits (127:32) of 
the XMM register destination are copied from corresponding bits in the first source operand. Bits (MAXVL-1:128) of 
the destination register are zeroed. 


EVEX version: The low doubleword element of the destination is updated according to the writemask. 


Software should ensure VADDSS is encoded with VEX.L=0. Encoding VADDSS with VEX.L=1 may encounter unpre- 
dictable behavior across different processor generations. 


ADDSS—Add Scalar Single-Precision Floating-Point Values Vol. 2A 3-41 


INSTRUCTION SET REFERENCE, A-L 


Operation 


VADDSS (EVEX encoded versions) 
IF (EVEX.b = 1) AND SRC2 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN = DEST[31:0] := SRC1[31:0] + SRC2[31:0] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[1 27:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


VADDSS DEST, SRC1, SRC2 (VEX.128 encoded version) 
DEST[31:0] := SRC1[31:0] + SRC2[31:0] 

DEST[127:32] := SRC1[127:32] 

DEST[MAXVL-1:128] := 0 


ADDSS DEST, SRC (128-bit Legacy SSE version) 
DEST[31:0] := DEST[31:0] + SRC[31:0] 
DEST[MAXVL-1:32] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VADDSS __m128_mm_mask_add_ss (__m128s,__ mmask8 k,__m128a,__m128 b); 

VADDSS __m128_mm_maskz_add_ss (__mmask8 k,__m128a,__m128 b); 

VADDSS __m128_mm_add_round_ss (__m128 a,__m128 5, int); 

VADDSS __m128 __mm_mask_add_round_ss (__m128s,__mmask8 k,__m128 a,__m128 b, int); 
VADDSS __m128_mm_maskz_add_round_ss (__mmask8 k,___m128 a,__m128, int); 

ADDSS __m128 _mm_add_ss (__m128 a,__m128 b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instruction, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-47, “Type E3 Class Exception Conditions”. 
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ADDSUBPD—Packed Double-FP Add/Subtract 


Opcode/ Op/ |64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
66 OF DO /r RM | V/V SSE3 Add/subtract double-precision floating-point 
ADDSUBPD xmm1, xmm2/m128 values from xmm2/m128 to xmm1. 
VEX.128.66.0F.WIG DO /r RVM | V/V AVX Add/subtract packed double-precision 
VADDSUBPD xmm1, xmm2, xmm3/m128 floating-point values from xmm3/mem to 
xmm_2 and stores result in xmm1. 
VEX.256.66.0F.WIG DO /r RVM | V/V AVX Add / subtract packed double-precision 
VADDSUBPD ymm1, ymm2, ymm3/m256 floating-point values from ymm3/mem to 
ymm_2 and stores result in ymm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Adds odd-numbered double-precision floating-point values of the first source operand (second operand) with the 
corresponding double-precision floating-point values from the second source operand (third operand); stores the 
result in the odd-numbered values of the destination operand (first operand). Subtracts the even-numbered 
double-precision floating-point values from the second source operand from the corresponding double-precision 
floating values in the first source operand; stores the result into the even-numbered values of the destination 
operand. 


In 64-bit mode, using a REX prefix in the form of REX.R permits this instruction to access additional registers 
(XMM8-XMM15). 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
YMM register destination are unmodified. See Figure 3-3. 


VEX.128 encoded version: the first source operand is an XMM register or 128-bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding YMM register destination are 
zeroed. 

VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 
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ADDSUBPD xmm_1, xmm2/m128 


[127:64] [63:0] xmm2/m128 


! ! 


xmm1[127:64] + xmm2/m128[127:64] xmm1[63:0] - xmm2/m128[63:0] 


RESULT: 
xmm1 


[127:64] [63:0] 


Figure 3-3. ADDSUBPD—Packed Double-FP Add/Subtract 


Operation 


ADDSUBPD (128-bit Legacy SSE version) 
DEST[63:0] := DEST[63:0] - SRC[63:0] 
DEST[127:64] := DEST[127:64] + SRC[127:64] 
DEST[MAXVL-1:128] (Unmodified) 


VADDSUBPD (VEX.128 encoded version) 
DEST[63:0] := SRC1[63:0] - SRC2[63:0] 
DEST[127:64] := SRC1[127:64] + SRC2[127:64] 
DEST[MAXVL-1:128] := 0 


VADDSUBPD (VEX.256 encoded version) 
DEST[63:0] := SRC1[63:0] - SRC2[63:0] 
DEST[127:64] := SRC1[127:64] + SRC2[127:64] 
DEST[191:128] := SRC1[191:1 28] - SRC2[191:128] 
DEST[255:192] := SRC1[255:192] + SRC2[255:192] 


Intel C/C++ Compiler Intrinsic Equivalent 


ADDSUBPD: m128d_mm_addsub_pd(__m128d a,__m128d b) 
VADDSUBPD: m256d _mm256_addsub_pd (__m256d a, ___m256d b) 
Exceptions 


When the source operand is a memory operand, it must be aligned on a 16-byte boundary or a general-protection 
exception (#GP) will be generated. 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal. 


Other Exceptions 
See Table 2-19, “Type 2 Class Exception Conditions”. 
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ADDSUBPS—Packed Single-FP Add/Subtract 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 

Flag 
F2 OF DO /r RM |V/V SSE3 Add/subtract single-precision floating-point 
ADDSUBPS xmm1, xmm2/m128 values from xmm2/m128 to xmm1. 
VEX.128.F2.0F.WIG DO /r RVM | V/V AVX Add/subtract single-precision floating-point 


values from xmm3/mem to xmm2 and stores 


VADDSUBPS xmm1, xmm2, xmm3/m128 
result in xmm1. 


VEX.256.F2.0F.WIG DO /r RVM | V/V AVX 
VADDSUBPS ymm1, ymm2, ymm3/m256 


Add / subtract single-precision floating-point 
values from ymm3/mem to ymm_2 and stores 
result in ymm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Adds odd-numbered single-precision floating-point values of the first source operand (second operand) with the 
corresponding single-precision floating-point values from the second source operand (third operand); stores the 
result in the odd-numbered values of the destination operand (first operand). Subtracts the even-numbered 
single-precision floating-point values from the second source operand from the corresponding single-precision 
floating values in the first source operand; stores the result into the even-numbered values of the destination 
operand. 


In 64-bit mode, using a REX prefix in the form of REX.R permits this instruction to access additional registers 
(XMM8-XMM15). 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
YMM register destination are unmodified. See Figure 3-4. 

VEX.128 encoded version: the first source operand is an XMM register or 128-bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding YMM register destination are 
zeroed. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 
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Operation 


ADDSUBPS xm 


m1, xmm2/m128 


[127:96] 


[95:64] 


[63:32] 


f 


J 


J 


| 


xmm1[127:96] + 
xmm2/m128[127:96] 


xmm1[95:64] - xmm2/ 
m128[95:64] 


xmm1 [63:32] + 
xmm2/m128[63:32] 


xmm1[31:0] - 
xmm2/m128[31:0] 


RESULT: 
xmm1 


[127:96] 


[95:64] 


[63:32] 


[31:0] 


OM15992 


Figure 3-4. ADDSUBPS—Packed Single-FP Add/Subtract 


ADDSUBPS (128-bit Legacy SSE version) 
DEST[31:0] := DEST[31:0] - SRC[31:0] 


DEST[63:32] = DEST[63:32] + SRC[63:32] 
DEST[95:64] := DEST[95:64] - SRC[95:64] 


DEST[127:96] := DEST[127:96] + SRC[127:96] 
DEST[MAXVL-1:128] (Unmodified) 


VADDSUBPS (VEX.128 encoded version) 
DEST[31:0] := SRC1[31:0] - SRC2[31:0] 
DEST[63:32] := SRC1[63:32] + SRC2[63:32] 
DEST[95:64] := SRC1[95:64] - SRC2[95:64] 
DEST[127:96] := SRC1[127:96] + SRC2[127:96] 
DEST[MAXVL-1:128] := 0 


VADDSUBPS (VEX.256 encoded version) 
DEST[31:0] := SRC1[31:0] - SRC2[31:0] 
DEST[63:32] := SRC1[63:32] + SRC2[63:32] 
DEST[95:64] := SRC1[95:64] - SRC2[95:64] 
DEST[127:96] := SRC1[127:96] + SRC2[127:96] 
DEST[159:128] := SRC1[159:1 28] - SRC2[159:128] 
DEST[191:160] := SRC1[191:160] + SRC2[191:160] 
DEST[223:192] := SRC1[223:192] - SRC2[223:192] 
DEST[255:224] := SRC1[255:224] + SRC2[255:224]. 


Intel C/C++ Compiler Intrinsic Equivalent 


ADDSUBPS: 
VADDSUBPS: 


Exceptions 


m128 _mm_addsub_ps( 


m128 a,__m128 b) 
m256 __mm256_addsub_ps (__m256 a, 


m256 b) 


When the source operand is a memory operand, the operand must be aligned on a 16-byte boundary or a general- 
protection exception (#GP) will be generated. 
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SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal. 


Other Exceptions 
See Table 2-19, “Type 2 Class Exception Conditions”. 
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ADOX — Unsigned Integer Addition of Two Operands with Overflow Flag 


Opcode/ Op/ | 64/32bit | CPUID Description 
Instruction En Mode Feature 

Support | Flag 
F3 OF 38 F6 /r RM | V/V ADX Unsigned addition of r32 with OF, r/m32 to r32, writes OF. 
ADOX 32, r/m32 
F3 REX.w OF 38 F6 /r RM | V/NE ADX Unsigned addition of r64 with OF, r/m64 to r64, writes OF. 
ADOX r64, r/m64 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
Description 


Performs an unsigned addition of the destination operand (first operand), the source operand (second operand) 
and the overflow-flag (OF) and stores the result in the destination operand. The destination operand is a general- 
purpose register, whereas the source operand can be a general-purpose register or memory location. The state of 
OF represents a carry from a previous addition. The instruction sets the OF flag with the carry generated by the 
unsigned addition of the operands. 


The ADOX instruction is executed in the context of multi-precision addition, where we add a series of operands with 
a carry-chain. At the beginning of a chain of additions, we execute an instruction to zero the OF (e.g. XOR). 


This instruction is supported in real mode and virtual-8086 mode. The operand size is always 32 bits if not in 64-bit 
mode. 


In 64-bit mode, the default operation size is 32 bits. Using a REX Prefix in the form of REX.R permits access to addi- 
tional registers (R8-15). Using REX Prefix in the form of REX.W promotes operation to 64-bits. 


ADOX executes normally either inside or outside a transaction region. 


Note: ADOX defines the CF and OF flags differently than the ADD/ADC instructions as defined in Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 2A. 


Operation 
IF OperandSize is 64-bit 
THEN OF:DEST[63:0] := DEST[63:0] + SRC[63:0] + OF; 
ELSE OF:DEST[31:0] := DEST[31:0] + SRC[31:0] + OF; 
Fl; 


Flags Affected 
OF is updated based on result. CF, SF, ZF, AF and PF flags are unmodified. 


Intel C/C++ Compiler Intrinsic Equivalent 
unsigned char _addcarryx_u32 (unsigned char c_in, unsigned int src1, unsigned int src2, unsigned int *sum_out); 
unsigned char _addcarryx_u64 (unsigned char c_in, unsigned __int64 src1, unsigned __int64 src2, unsigned __int64 *sum_out); 


SIMD Floating-Point Exceptions 
None 


3-48 Vol. 2A ADOX — Unsigned Integer Addition of Two Operands with Overflow Flag 


INSTRUCTION SET REFERENCE, A-L 


Protected Mode Exceptions 


#UD If the LOCK prefix is used. 

If CPUID.(EAX=07H, ECX=0H):EBX.ADX[bit 19] = 0. 

#SS(0) For an illegal address in the SS segment. 

#GP(0) For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 
If the DS, ES, FS, or GS register is used to access memory and it contains a null segment 
selector. 

#PF(fault-code) For a page fault. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 


current privilege level is 3. 


Real-Address Mode Exceptions 


#UD If the LOCK prefix is used. 
If CPUID.(EAX=07H, ECX=0H):EBX.ADX[bit 19] = 0. 
#SS(0) For an illegal address in the SS segment. 
#GP(0) If any part of the operand lies outside the effective address space from 0 to FFFFH. 


Virtual-8086 Mode Exceptions 


#UD If the LOCK prefix is used. 
If CPUID.(EAX=07H, ECX=0H):EBX.ADX[bit 19] = 0. 
#SS(0) For an illegal address in the SS segment. 
#GP(0) If any part of the operand lies outside the effective address space from 0 to FFFFH. 
#PF(fault-code) For a page fault. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 


current privilege level is 3. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#UD If the LOCK prefix is used. 
If CPUID.(EAX=07H, ECX=0H):EBX.ADX[bit 19] = 0. 
#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the memory address is in a non-canonical form. 
#PF(fault-code) For a page fault. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 


current privilege level is 3. 
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AESDEC—Perform One Round of an AES Decryption Flow 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
66 OF 38 DE /r A VIN AES Perform one round of an AES decryption flow, using 


AESDEC xmm1, xmm2/m128 the Equivalent Inverse Cipher, using one 128-bit data 
(state) from xmm1 with one 128-bit round key from 


xmm2/m128. 


VEX.128.66.0F38.WIG DE /r B VIN AES Perform one round of an AES decryption flow, using 

VAESDEC xmm1, xmm2, xmm3/m128 AVX the Equivalent Inverse Cipher, using one 128-bit data 
(state) from xmm2 with one 128-bit round key from 
xmm3/m1 28; store the result in xmm1. 

VEX.256.66.0F38.WIG DE /r B VN VAES Perform one round of an AES decryption flow, using 


VAESDEC ymm1, ymm2, ymm3/m256 the Equivalent Inverse Cipher, using two 128-bit data 
(state) from ymm2 with two 128-bit round keys from 


ymm3/m256; store the result in ymm1. 


EVEX.128.66.0F38.WIG DE /r C VIN VAES Perform one round of an AES decryption flow, using 
VAESDEC xmm1, xmm2, xmm3/m128 AVX512VL | the Equivalent Inverse Cipher, using one 128-bit data 
(state) from xmm2 with one 128-bit round key from 
xmm3/m128; store the result in xmm1. 


EVEX.256.66.0F38.WIG DE /r Cc VIN VAES Perform one round of an AES decryption flow, using 
VAESDEC ymm1, ymm2, ymm3/m256 AVX512VL | the Equivalent Inverse Cipher, using two 128-bit data 
(state) from ymm2 with two 128-bit round keys from 
ymm3/m256; store the result in ymm1. 


EVEX.512.66.0F38.WIG DE /r C VIV VAES 
VAESDEC zmm1, zmm2, zmm3/m512 AVX512F 


Perform one round of an AES decryption flow, using 
the Equivalent Inverse Cipher, using four 1 28-bit data 
(state) from zmm2 with four 128-bit round keys from 
zmm3/m512; store the result in zmm1. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction performs a single round of the AES decryption flow using the Equivalent Inverse Cipher, using 
one/two/four (depending on vector length) 128-bit data (state) from the first source operand with one/two/four 
(depending on vector length) round key(s) from the second source operand, and stores the result in the destination 
operand. 


Use the AESDEC instruction for all but the last decryption round. For the last decryption round, use the AESDE- 
CLAST instruction. 


VEX and EVEX encoded versions of the instruction allow 3-operand (non-destructive) operation. The legacy 
encoded versions of the instruction require that the first source operand and the destination operand are the same 
and must be an XMM register. 


The EVEX encoded form of this instruction does not support memory fault suppression. 
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Operation 


AESDEC 

STATE := SRC1; 

RoundKey := SRC2; 

STATE := InvShiftRows( STATE ); 
STATE := InvSubBytes( STATE ); 
STATE := InvMixColumns( STATE ); 
DEST[127:0] := STATE XOR RoundKey; 
DEST[MAXVL-1:128] (Unmodified) 


VAESDEC (128b and 256b VEX encoded versions) 
(KL,VL) = (1,128), (2,256) 
FOR i = 0 to KL-1: 

STATE := SRC1.xmm[i] 

RoundKey := SRC2.xmm{[i] 

STATE := InvShiftRows( STATE ) 

STATE := InvSubBytes( STATE ) 

STATE := InvMixColumns( STATE ) 

DEST.xmm[i] := STATE XOR RoundKey 
DEST[MAXVL-1:VL] := 0 


VAESDEC (EVEX encoded version) 
(KL,VL) = (1,128), (2,256), (4,512) 
FOR i = 0 to KL-1: 
STATE := SRC1.xmm[i] 
RoundKey := SRC2.xmm[i] 
STATE := InvShiftRows( STATE ) 
STATE := InvSubBytes( STATE ) 
STATE := InvMixColumns( STATE ) 
DEST.xmm[i] := STATE XOR RoundKey 
DEST[MAXVL-1:VL] :=0 


Intel C/C++ Compiler Intrinsic Equivalent 


m256i); 


(V)AESDEC m128i __mm_aesdec (__m128i, __m128i) 
VAESDEC m256i__mm256_aesdec_epil 28(__m256i, 
VAESDEC m512i_mm512_aesdec_epil 28(__m512i, 


m512i); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded: See Table 2-50, “Type E4NF Class Exception Conditions”. 
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AESDEC1 28KL—Perform Ten Rounds of AES Decryption Flow with Key Locker Using 128-Bit Key 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
F3 OF 38 DD |(11):rrr:bbb A VIN AESKLE Decrypt xmm using 128-bit AES key indicated by han- 
AESDEC1 28KL xmm, m384 dle at m384 and store result in xmm. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
Description 


The AESDEC128KL! instruction performs 10 rounds of AES to decrypt the first operand using the 128-bit key indi- 
cated by the handle from the second operand. It stores the result in the first operand if the operation succeeds 
(e.g., does not run into a handle violation failure). 


Operation 


AESDEC128KL 
Handle := UnalignedLoad of 384 bit (SRC); // Load is not guaranteed to be atomic. 
Illegal Handle = (HandleReservedBitSet (Handle) || 
(Handle[0] AND (CPL > 0)) || 
Handle [2] || 
HandleKeyType (Handle) != HANDLE_KEY_TYPE_AES1 28); 
IF (Illegal Handle) { 
THEN RFLAGS.ZF := 1; 
ELSE 
(UnwrappedKey, Authentic) := UnwrapKeyAndAuthenticate384 (Handle[383:0], IwKey); 
IF (Authentic == 0) 
THEN RFLAGS.ZF := 1; 
ELSE 
DEST := AES128Decrypt (DEST, UnwrappedKey) ; 
RFLAGS.ZF := 0; 
FI; 
FI; 
RFLAGS.OF, SF, AF, PF, CF := 0; 


Flags Affected 


ZF is set to 0 if the operation succeeded and set to 1 if the operation failed due to a handle violation. The other 
arithmetic flags (OF, SF, AF, PF, CF) are cleared to 0. 


Intel C/C++ Compiler Intrinsic Equivalent 


AESDEC128KL —_ unsigned char __mm_aesdec1 28kl_u8(__m128i* odata, __m128i idata, const void* h); 


1. Further details on Key Locker and usage of this instruction can be found here: 
https://software.intel.com/content/www/us/en/develop/download/intel-key-locker-specification.html. 
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Exceptions (All Operating Modes) 
#UD If the LOCK prefix is used. 
If CPUID.O7H:ECX.KL [bit 23] = 0. 
If CR4.KL = 0. 
If CPUID.19H:EBX.AESKLE [bit 0] = 0. 
If CRO.EM = 1. 
If CR4.OSFXSR = 0. 
#NM If CRO.TS = 1. 
#PF If a page fault occurs. 
#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If the memory address is in a non-canonical form. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
If a memory address referencing the SS segment is in a non-canonical form. 
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AESDEC256KL—Perform 14 Rounds of AES Decryption Flow with Key Locker Using 256-Bit Key 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
F3 OF 38 DF !(11):rrr:bbb A VIN AESKLE Decrypt xmm using 256-bit AES key indicated by han- 
AESDEC256KL xmm, m512 dle at m512 and store result in xmm. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
Description 


The AESDEC256KL! instruction performs 14 rounds of AES to decrypt the first operand using the 256-bit key indi- 
cated by the handle from the second operand. It stores the result in the first operand if the operation succeeds 
(e.g., does not run into a handle violation failure). 


Operation 


AESDEC256KL 
Handle := UnalignedLoad of 512 bit (SRC); // Load is not guaranteed to be atomic. 
Illegal Handle = (HandleReservedBitSet (Handle) || 
(Handle[0] AND (CPL > 0)) || 
Handle [2] || 
HandleKeyType (Handle) != HANDLE_KEY_TYPE_AES256); 
IF (Illegal Handle) 
THEN RFLAGS.ZF := 1; 
ELSE 
(UnwrappedKey, Authentic) := UnwrapKeyAndAuthenticate5 12 (Handle[51 1:0], IwKey); 
IF (Authentic == 0) 
THEN RFLAGS.ZF := 1; 
ELSE 
DEST := AES256Decrypt (DEST, UnwrappedKey) ; 
RFLAGS.ZF := 0; 
FI; 
FI; 
RFLAGS.OF, SF, AF, PF, CF := 0; 


Flags Affected 


ZF is set to 0 if the operation succeeded and set to 1 if the operation failed due to a handle violation. The other 
arithmetic flags (OF, SF, AF, PF, CF) are cleared to 0. 


Intel C/C++ Compiler Intrinsic Equivalent 


AESDEC256KL unsigned char __mm_aesdec256kl_u8(__m128i* odata, __m128i idata, const void* h); 


1. Further details on Key Locker and usage of this instruction can be found here: 
https://software.intel.com/content/www/us/en/develop/download/intel-key-locker-specification.html. 
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Exceptions (All Operating Modes) 
#UD If the LOCK prefix is used. 
If CPUID.O7H:ECX.KL [bit 23] = 0. 
If CR4.KL = 0. 
If CPUID.19H:EBX.AESKLE [bit 0] = 0. 
If CRO.EM = 1. 
If CR4.OSFXSR = 0. 
#NM If CRO.TS = 1. 
#PF If a page fault occurs. 
#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If the memory address is in a non-canonical form. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
If a memory address referencing the SS segment is in a non-canonical form. 
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AESDECLAST—Perform Last Round of an AES Decryption Flow 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
66 OF 38 DF /r A VV AES Perform the last round of an AES decryption flow, 
AESDECLAST xmm1, xmm2/m128 using the Equivalent Inverse Cipher, using one 128-bit 
data (state) from xmm1 with one 128-bit round key 
from xmm2/m128. 
VEX.128.66.0F38.WIG DF /r B VV AES Perform the last round of an AES decryption flow, 
VAESDECLAST xmm1, xmm2, xmm3/m128 AVX using the Equivalent Inverse Cipher, using one 128-bit 
data (state) from xmm2 with one 128-bit round key 
from xmm3/m1 28; store the result in xmm1. 
VEX.256.66.0F38.WIG DF /r B VN VAES Perform the last round of an AES decryption flow, 
VAESDECLAST ymm1, ymm2, ymm3/m256 using the Equivalent Inverse Cipher, using two 128- 
bit data (state) from ymm2 with two 128-bit round 
keys from ymm3/m256; store the result in ymm1. 
EVEX.128.66.0F38.WIG DF /r C VIN VAES Perform the last round of an AES decryption flow, 
VAESDECLAST xmm1, xmm2, xmm3/m128 AVX512VL | using the Equivalent Inverse Cipher, using one 128-bit 
data (state) from xmm2 with one 128-bit round key 
from xmm3/m1 28; store the result in xmm1. 
EVEX.256.66.0F38.WIG DF /r C VIN VAES Perform the last round of an AES decryption flow, 
VAESDECLAST ymm1, ymm2, ymm3/m256 AVX512VL | using the Equivalent Inverse Cipher, using two 128- 
bit data (state) from ymm2 with two 128-bit round 
keys from ymm3/m256; store the result in ymm1. 
EVEX.512.66.0F38.WIG DF /r C VIN VAES Perform the last round of an AES decryption flow, 
VAESDECLAST zmm1, zmm2, zmm3/m512 AVX512F | using the Equivalent Inverse Cipher, using four1 28-bit 
data (state) from zmme with four 128-bit round keys 
from zmm3/m512; store the result in zmm1. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction performs the last round of the AES decryption flow using the Equivalent Inverse Cipher, using 
one/two/four (depending on vector length) 128-bit data (state) from the first source operand with one/two/four 
(depending on vector length) round key(s) from the second source operand, and stores the result in the destination 


operand. 


VEX and EVEX encoded versions of the instruction allow 3-operand (non-destructive) operation. The legacy 
encoded versions of the instruction require that the first source operand and the destination operand are the same 
and must be an XMM register. 


The EVEX encoded form of this instruction does not support memory fault suppression. 
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AESDECLAST—Perform Last Round of an AES Decryption Flow 


Operation 


AESDECLAST 

STATE := SRC1; 

RoundKey := SRC2; 

STATE := InvShiftRows( STATE ); 
STATE := InvSubBytes( STATE ); 
DEST[127:0] := STATE XOR RoundKey; 
DEST[MAXVL-1:128] (Unmodified) 


VAESDECLAST (128b and 256b VEX encoded versions) 
(KL,VL) = (1,128), (2,256) 
FOR i = 0 to KL-1: 

STATE := SRC1.xmm[i] 

RoundKey := SRC2.xmm[i] 

STATE := InvShiftRows( STATE ) 

STATE := InvSubBytes( STATE ) 

DEST.xmm[i] := STATE XOR RoundKey 
DEST[MAXVL-1:VL] := 0 


VAESDECLAST (EVEX encoded version) 
(KL,VL) = (1,128), (2,256), (4,512) 
FOR i = 0 to KL-1: 
STATE := SRC1.xmm[i] 
RoundKey := SRC2.xmm[i] 
STATE := InvShiftRows( STATE ) 
STATE := InvSubBytes( STATE ) 
DEST.xmm[i] := STATE XOR RoundKey 
DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


(V)AESDECLAST __m128i_mm_aesdeclast (__m128i,__m128i) 
VAESDECLAST m256i_mm256_aesdeclast_epil 28(__m256i, 


m256i); 


VAESDECLAST m512i_mm512_aesdeclast_epi1 28(__m512i, 


m512i); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded: See Table 2-50, “Type E4NF Class Exception Conditions”. 
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AESDECWIDE128KL—Perform Ten Rounds of AES Decryption Flow with Key Locker on 8 Blocks 
Using 128-Bit Key 


Opcode/ Op/ |64/32-bit | CPUID Feature | Description 

Instruction En |Mode Flag 

F3 OF 38 D8 \(11):001:bbb A VN AESKLEWIDE_KL | Decrypt XMMO-7 using 128-bit AES key indicated 

AESDECWIDE1 28KL m384, <XMMO-7> by handle at m384 and store each resultant block 
back to its corresponding register. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operands 2 - 9 
A NA ModRM:r/m (r) Implicit XMMO-7 (r, w) 
Description 


The AESDECWIDE128KL! instruction performs ten rounds of AES to decrypt each of the eight blocks in XMMO-7 
using the 128-bit key indicated by the handle from the second operand. It replaces each input block in XMMO-7 with 
its corresponding decrypted block if the operation succeeds (e.g., does not run into a handle violation failure). 


Operation 


AESDECWIDE128KL 
Handle := UnalignedLoad of 384 bit (SRC); // Load is not guaranteed to be atomic. 
Illegal Handle = (HandleReservedBitSet (Handle) || 
(Handle[0] AND (CPL > 0)) || 
Handle [2] || 
HandleKeyType (Handle) != HANDLE_KEY_TYPE_AES1 28); 
IF (Illegal Handle) 
THEN RFLAGS.ZF := 1; 
ELSE 
(UnwrappedKey, Authentic) := UnwrapKeyAndAuthenticate384 (Handle[383:0], IwKey); 
IF Authentic == 0 { 
THEN RFLAGS.ZF := 1; 
ELSE 
XMMO := AES128Decrypt 
XMM1 := AES128Decrypt 
XMM2 := AES128Decrypt 
XMM3 := AES128Decrypt 
XMM4 := AES128Decrypt 
XMM5 := AES128Decrypt 
XMM6 := AES128Decrypt 
XMM7 := AES128Decrypt 
RFLAGS.ZF := 0; 


, 


XMMO, UnwrappedKey) 
XMM1, UnwrappedKey) 
XMM2, UnwrappedKey) ; 
XMM3, UnwrappedKey) ; 
) 
) 
) 
) 


, 


XMM4, UnwrappedKey 
XMM5, UnwrappedKey 
XMMB6, UnwrappedKey 
XMM7, UnwrappedKey 


, 


, 


, 


aS peed cS «Soren cen es ps es 


, 


Fl; 
Fl; 
RFLAGS.OF, SF, AF, PF, CF := 0; 


Flags Affected 


ZF is set to 0 if the operation succeeded and set to 1 if the operation failed due to a handle violation. The other 
arithmetic flags (OF, SF, AF, PF, CF) are cleared to 0. 


1. Further details on Key Locker and usage of this instruction can be found here: 
https://software.intel.com/content/www/us/en/develop/download/intel-key-locker-specification.html. 
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Intel C/C++ Compiler Intrinsic Equivalent 


AESDECWIDE1 28KL unsigned char _mm_aesdecwide1 28k|_u8(__m128i odata[8], const __m128i idata[8], const void* h); 


Exceptions (All Operating Modes) 


#UD If the LOCK prefix is used. 
If CPUID.07H:ECX.KL [bit 23] = 0. 
If CR4.KL = 0. 
If CPUID.19H:EBX.AESKLE [bit 0] = 0. 
If CRO.EM = 1. 


If CR4.OSFXSR = 0. 
If CPUID.19H:EBX.WIDE_KL [bit 2] = 0. 


#NM If CRO.TS = 1. 

#PF If a page fault occurs. 

#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 

If the memory address is in a non-canonical form. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 


If a memory address referencing the SS segment is in a non-canonical form. 
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AESDECWIDE256KL—Perform 14 Rounds of AES Decryption Flow with Key Locker on 8 Blocks 
Using 256-Bit Key 


Opcode/ Op/ |64/32-bit | CPUID Feature | Description 

Instruction En |Mode Flag 

F3 OF 38 D8 \(11):011:bbb A VN AESKLEWIDE_KL | Decrypt XMMO-7 using 256-bit AES key indicated 

AESDECWIDE256KL m512, <XMMO-7> by handle at m512 and store each resultant block 
back to its corresponding register. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operands 2 - 9 
A NA ModRM:r/m (r) Implicit XMMO-7 (r, w) 
Description 


The AESDECWIDE256KL! instruction performs 14 rounds of AES to decrypt each of the eight blocks in XMMO-7 
using the 256-bit key indicated by the handle from the second operand. It replaces each input block in XMMO-7 with 
its corresponding decrypted block if the operation succeeds (e.g., does not run into a handle violation failure). 


Operation 


AESDECWIDE256KL 

Handle := UnalignedLoad of 512 bit (SRC); // Load is not guaranteed to be atomic. 

Illegal Handle = (HandleReservedBitSet (Handle) || 
(Handle[0] AND (CPL > 0)) || 
Handle [2] || 
HandleKeyType (Handle) != HANDLE_KEY_TYPE_AES256); 

IF (Illegal Handle) { 

THEN RFLAGS.ZF := 1; 
ELSE 
(UnwrappedKey, Authentic) := UnwrapKeyAndAuthenticate5 12 (Handle[51 1:0], lwKey); 
IF (Authentic == 0) 
THEN RFLAGS.ZF := 1; 
ELSE 

XMMO := AES256Decrypt 
XMM1 := AES256Decrypt 
XMM2 := AES256Decrypt 
XMM3 := AES256Decrypt 
XMM4 := AES256Decrypt 
XMM5 := AES256Decrypt 
XMM6 := AES256Decrypt 
XMM7 := AES256Decrypt 
RFLAGS.ZF := 0; 


, 


XMMO, UnwrappedKey) 
XMM1, UnwrappedKey) 
XMM2, UnwrappedKey) 
XMM3, UnwrappedKey) ; 
XMM4, UnwrappedKey) ; 
) 
) 
) 


, 


, 


XMM5, UnwrappedKey 
XMMB6, UnwrappedKey 
XMM7, UnwrappedKey 


, 


, 


aS pemene ce < Soaring Syn omens pas pomiae 


, 


Fl; 
Fl; 
RFLAGS.OF, SF, AF, PF, CF := 0; 


Flags Affected 


ZF is set to 0 if the operation succeeded and set to 1 if the operation failed due to a handle violation. The other 
arithmetic flags (OF, SF, AF, PF, CF) are cleared to 0. 


1. Further details on Key Locker and usage of this instruction can be found here: 
https://software.intel.com/content/www/us/en/develop/download/intel-key-locker-specification.html. 
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Intel C/C++ Compiler Intrinsic Equivalent 


AESDECWIDE256KL unsigned char _mm_aesdecwide256kl_u8(__m128i odata[8], const __m128i idata[8], const void* h); 


Exceptions (All Operating Modes) 


#UD If the LOCK prefix is used. 
If CPUID.07H:ECX.KL [bit 23] = 0. 
If CR4.KL = 0. 
If CPUID.19H:EBX.AESKLE [bit 0] = 0. 
If CRO.EM = 1. 


If CR4.OSFXSR = 0. 
If CPUID.19H:EBX.WIDE_KL [bit 2] = 0. 


#NM If CRO.TS = 1. 

#PF If a page fault occurs. 

#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 

If the memory address is in a non-canonical form. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 


If a memory address referencing the SS segment is in a non-canonical form. 
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AESENC—Perform One Round of an AES Encryption Flow 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
66 OF 38 DC /r A VIN AES Perform one round of an AES encryption flow, using one 
AESENC xmm1, xmm2/m128 128-bit data (state) from xmm1 with one 128-bit round 
key from xmm2/m128. 
VEX.128.66.0F38.WIG DC /r B VV AES Perform one round of an AES encryption flow, using one 
VAESENC xmm1, xmm2, xmm3/m128 AVX 128-bit data (state) from xmme2 with one 128-bit round 
key from the xmm3/m1 28; store the result in xmm1. 
VEX.256.66.0F38.WIG DC /r B VIN VAES Perform one round of an AES encryption flow, using two 
VAESENC ymm1, ymm2, ymm3/m256 128-bit data (state) from ymme with two 128-bit round 
keys from the ymm3/m256; store the result in ymm1. 
EVEX.128.66.0F38.WIG DC /r C VIN VAES Perform one round of an AES encryption flow, using one 
VAESENC xmm1, xmm2, xmm3/m128 AVX512VL_ | 128-bit data (state) from xmm2 with one 128-bit round 
key from the xmm3/m1 28; store the result in xmm1. 
EVEX.256.66.0F38.WIG DC /r C VIN VAES Perform one round of an AES encryption flow, using two 
VAESENC ymm1, ymm2, ymm3/m256 AVX512VL_ | 128-bit data (state) from ymm2 with two 128-bit round 
keys from the ymm3/m256; store the result in ymm1. 
EVEX.512.66.0F38.WIG DC /r C VN VAES Perform one round of an AES encryption flow, using four 
VAESENC zmm1, zmm2, zmm3/m512 AVX512F 128-bit data (state) from zmm2 with four 128-bit round 
keys from the zmm3/m512; store the result in zmm1. 
Instruction Operand Encoding 
Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction performs a single round of an AES encryption flow using one/two/four (depending on vector length) 
128-bit data (state) from the first source operand with one/two/four (depending on vector length) round key(s) 
from the second source operand, and stores the result in the destination operand. 

Use the AESENC instruction for all but the last encryption rounds. For the last encryption round, use the AESENC- 
CLAST instruction. 

VEX and EVEX encoded versions of the instruction allow 3-operand (non-destructive) operation. The legacy 
encoded versions of the instruction require that the first source operand and the destination operand are the same 
and must be an XMM register. 


The EVEX encoded form of this instruction does not support memory fault suppression. 


Operation 

AESENC 

STATE := SRC1; 

RoundKey := SRC2; 

STATE := ShiftRows( STATE ); 

STATE := SubBytes( STATE ); 

STATE := MixColumns( STATE ); 
DEST[127:0] := STATE XOR RoundKey; 
DEST[MAXVL-1:128] (Unmodified) 
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VAESENC (128b and 256b VEX encoded versions) 
(KL,VL) = (1,128), (2,256) 
FOR | := 0 to KL-1: 

STATE := SRC1.xmm[i] 

RoundKey := SRC2.xmm[i] 

STATE := ShiftRows( STATE ) 

STATE := SubBytes( STATE ) 

STATE := MixColumns( STATE ) 

DEST.xmm[i] := STATE XOR RoundKey 
DEST[MAXVL-1:VL] := 0 


VAESENC (EVEX encoded version) 
(KL,VL) = (1,128), (2,256), (4,512) 
FOR i := 0 to KL-1: 


STATE := SRC1.xmm{i] // xmm[i] is the i’th xmm word in the SIMD register 


RoundKey := SRC2.xmm[i] 

STATE := ShiftRows( STATE ) 

STATE := SubBytes( STATE ) 

STATE := MixColumns( STATE ) 

DEST.xmmi] := STATE XOR RoundKey 
DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


(V)AESENC: m128i _mm_aesenc (__m128i,___m128i) 
VAESENC __m256i __mm256_aesenc_epil28(__m256i, __ m256i); 
VAESENC __m512i_mm512_aesenc_epil28(__m512i,___m512i); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded: See Table 2-50, “Type E4NF Class Exception Conditions”. 
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AESENC128KL—Perform Ten Rounds of AES Encryption Flow with Key Locker Using 128-Bit Key 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
F3 OF 38 DC !(11):rrr:bbb A VIN AESKLE Encrypt xmm using 128-bit AES key indicated by han- 
AESENC128KL xmm, m384 dle at m384 and store result in xmm. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
Description 


The AESENC128KL! instruction performs ten rounds of AES to encrypt the first operand using the 128-bit key indi- 
cated by the handle from the second operand. It stores the result in the first operand if the operation succeeds 
(e.g., does not run into a handle violation failure). 


Operation 


AESENC128KL 
Handle := UnalignedLoad of 384 bit (SRC); // Load is not guaranteed to be atomic. 
Illegal Handle = ( 

HandleReservedBitSet (Handle) || 

(Handle[O] AND (CPL > O)) || 

Handle [1] || 

HandleKeyType (Handle) != HANDLE_KEY_TYPE_AES128 


); 
IF (Illegal Handle) { 
THEN RFLAGS.ZF := 1; 
ELSE 
(UnwrappedKey, Authentic) := UnwrapKeyAndAuthenticate384 (Handle[383:0], IlwKey); 
IF (Authentic == 0) 
THEN RFLAGS.ZF := 1; 
ELSE 
DEST := AES128Encrypt (DEST, UnwrappedKey) ; 
RFLAGS.ZF := 0; 
Fl; 
Fl; 
RFLAGS.OF, SF, AF, PF, CF := 0; 


Flags Affected 


ZF is set to 0 if the operation succeeded and set to 1 if the operation failed due to a handle violation. The other 
arithmetic flags (OF, SF, AF, PF, CF) are cleared to 0. 


Intel C/C++ Compiler Intrinsic Equivalent 


AESENC128KL unsigned char __mm_aesenc1 28kl_u8(__m128i* odata, __m128i idata, const void* h); 


1. Further details on Key Locker and usage of this instruction can be found here: 
https://software.intel.com/content/www/us/en/develop/download/intel-key-locker-specification.html. 
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Exceptions (All Operating Modes) 
#UD If the LOCK prefix is used. 
If CPUID.O7H:ECX.KL [bit 23] = 0. 
If CR4.KL = 0. 
If CPUID.19H:EBX.AESKLE [bit 0] = 0. 
If CRO.EM = 1. 
If CR4.OSFXSR = 0. 
#NM If CRO.TS = 1. 
#PF If a page fault occurs. 
#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If the memory address is in a non-canonical form. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
If a memory address referencing the SS segment is in a non-canonical form. 
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AESENC256KL—Perform 14 Rounds of AES Encryption Flow with Key Locker Using 256-Bit Key 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
F3 OF 38 DE !(11):rrr:bbb A VN AESKLE Encrypt xmm using 256-bit AES key indicated by han- 
AESENC256KL xmm, m512 dle at m512 and store result in xmm. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
Description 


The AESENC256KL! instruction performs 14 rounds of AES to encrypt the first operand using the 256-bit key indi- 
cated by the handle from the second operand. It stores the result in the first operand if the operation succeeds 
(e.g., does not run into a handle violation failure). 


Operation 


AESENC256KL 
Handle := UnalignedLoad of 512 bit (SRC); // Load is not guaranteed to be atomic. 
Illegal Handle = ( 

HandleReservedBitSet (Handle) || 

(Handle[0] AND (CPL > O)) || 

Handle [1] || 

HandleKeyType (Handle) != HANDLE_KEY_TYPE_AES256 


); 
IF (Illegal Handle) 
THEN RFLAGS.ZF := 1; 
ELSE 
(UnwrappedKey, Authentic) := UnwrapKeyAndAuthenticate5 12 (Handle[51 1:0], IwKey); 
IF (Authentic == 0) 
THEN RFLAGS.ZF := 1; 
ELSE 
DEST := AES256Encrypt (DEST, UnwrappedKey) ; 
RFLAGS.ZF := 0; 
FI; 
FI; 
RFLAGS.OF, SF, AF, PF, CF := 0; 


Flags Affected 


ZF is set to 0 if the operation succeeded and set to 1 if the operation failed due to a handle violation. The other 
arithmetic flags (OF, SF, AF, PF, CF) are cleared to 0. 


Intel C/C++ Compiler Intrinsic Equivalent 


AESENC256KL unsigned char __mm_aesenc256kl_u8(__m128i* odata, __m128i idata, const void* h); 


1. Further details on Key Locker and usage of this instruction can be found here: 
https://software.intel.com/content/www/us/en/develop/download/intel-key-locker-specification.html. 
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Exceptions (All Operating Modes) 
#UD If the LOCK prefix is used. 
If CPUID.O7H:ECX.KL [bit 23] = 0. 
If CR4.KL = 0. 
If CPUID.19H:EBX.AESKLE [bit 0] = 0. 
If CRO.EM = 1. 
If CR4.OSFXSR = 0. 
#NM If CRO.TS = 1. 
#PF If a page fault occurs. 
#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If the memory address is in a non-canonical form. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
If a memory address referencing the SS segment is in a non-canonical form. 
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AESENCLAST—Perform Last Round of an AES Encryption Flow 


Opcode/ Op/ |64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 

66 OF 38 DD /r A VIN AES Perform the last round of an AES encryption flow, 

AESENCLAST xmm1, xmm2/m128 using one 128-bit data (state) from xmm1 with one 
128-bit round key from xmm2/m128. 

VEX.128.66.0F38.WIG DD /r B VV AES Perform the last round of an AES encryption flow, 

VAESENCLAST xmm1, xmm2, xmm3/m1 28 AVX using one 128-bit data (state) from xmm2 with one 
128-bit round key from xmm3/m1 28; store the result 
inxmm1. 

VEX.256.66.0F38.WIG DD /r B VV VAES Perform the last round of an AES encryption flow, 

VAESENCLAST ymm1, ymm2, ymm3/m256 using two 128-bit data (state) from ymm2 with two 
128-bit round keys from ymm3/m256; store the 
result in ymm1. 

EVEX.128.66.0F38.WIG DD /r C VIN VAES Perform the last round of an AES encryption flow, 

VAESENCLAST xmm1, xmm2, xmm3/m1 28 AVX512VL | using one 128-bit data (state) from xmm2 with one 
128-bit round key from xmm3/m1 28; store the result 
inxmm1. 

EVEX.256.66.0F38.WIG DD /r C VV VAES Perform the last round of an AES encryption flow, 

VAESENCLAST ymm1, ymm2, ymm3/m256 AVX512VL | using two 128-bit data (state) from ymm2 with two 
128-bit round keys from ymm3/m256; store the 
result in ymm1. 

EVEX.512.66.0F38.WIG DD /r C VV VAES Perform the last round of an AES encryption flow, 

VAESENCLAST zmm1, zmm2, zmm3/m512 AVX512F | using four 128-bit data (state) from zmm2 with four 
128-bit round keys from zmm3/m51 2; store the 
result in zmm1. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand2 Operand3 Operand4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction performs the last round of an AES encryption flow using one/two/four (depending on vector length) 
128-bit data (state) from the first source operand with one/two/four (depending on vector length) round key(s) 
from the second source operand, and stores the result in the destination operand. 


VEX and EVEX encoded versions of the instruction allows 3-operand (non-destructive) operation. The legacy 
encoded versions of the instruction require that the first source operand and the destination operand are the same 


and must be an XMM register. 


The EVEX encoded form of this instruction does not support memory fault suppression. 
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AESENCLAST—Perform Last Round of an AES Encryption Flow 


Operation 


AESENCLAST 

STATE := SRC1; 

RoundKey := SRC2; 

STATE := ShiftRows( STATE ); 

STATE := SubBytes( STATE ); 
DEST[127:0] := STATE XOR RoundKey; 
DEST[MAXVL-1:128] (Unmodified) 


VAESENCLAST (128b and 256b VEX encoded versions) 
(KL, VL) = (1,128), (2,256) 
FOR I=0 to KL-1: 

STATE := SRC1.xmm[i] 

RoundKey := SRC2.xmm[i] 

STATE := ShiftRows( STATE ) 

STATE := SubBytes( STATE ) 

DEST.xmm[i] := STATE XOR RoundKey 
DEST[MAXVL-1:VL] := 0 


VAESENCLAST (EVEX encoded version) 
(KL,VL) = (1,128), (2,256), (4,512) 
FOR i = 0 to KL-1: 
STATE := SRC1.xmm[i] 
RoundKey := SRC2.xmm[i] 
STATE := ShiftRows( STATE ) 
STATE := SubBytes( STATE ) 
DEST.xmm[i] := STATE XOR RoundKey 
DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


(V)AESENCLAST __m128i_mm_aesenclast (__m128i,__m128i) 
VAESENCLAST m256i__mm256_aesenclast_epil 28(__m256i, 


m256i); 


VAESENCLAST m512i_mm512_aesenclast_epi128(__m512i, 


m512i); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded: See Table 2-50, “Type E4NF Class Exception Conditions”. 
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AESENCWIDE1 28KL—Perform Ten Rounds of AES Encryption Flow with Key Locker on 8 Blocks 
Using 128-Bit Key 


Opcode/ Op/ | 64/32-bit | CPUID Feature Description 

Instruction En |Mode Flag 

F3 OF 38 D8 \(11):000:bbb A VN AESKLE WIDE_KL | Encrypt XMMO-7 using 128-bit AES key indicated 

AESENCWIDE128KL m384, <XMMO-7> by handle at m384 and store each resultant block 
back to its corresponding register. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operands 2 - 9 
A NA ModRM:r/m (r) Implicit XMMO-7 (r, w) 
Description 


The AESENCWIDE128KL! instruction performs ten rounds of AES to encrypt each of the eight blocks in XMMO-7 
using the 128-bit key indicated by the handle from the second operand. It replaces each input block in XMMO-7 with 
its corresponding encrypted block if the operation succeeds (e.g., does not run into a handle violation failure). 


Operation 


AESENCWIDE128KL 
Handle := UnalignedLoad of 384 bit (SRC); // Load is not guaranteed to be atomic. 
Illegal Handle = ( 
HandleReservedBitSet (Handle) || 
(Handle[0] AND (CPL > 0)) || 
Handle [1] || 
HandleKeyType (Handle) != HANDLE_KEY_TYPE_AES128 
); 
IF (Illegal Handle 
THEN RFLAGS.ZF := 1; 
ELSE 
(UnwrappedKey, Authentic) := UnwrapKeyAndAuthenticate384 (Handle[383:0], IwKey); 
IF Authentic == 
THEN RFLAGS.ZF := 1; 
ELSE 
XMMO := AES128Encrypt (XMMO, UnwrappedKey) ; 
XMM1 := AES128Encrypt (XMM1, UnwrappedKey 
XMM2 := AES128Encrypt 
XMM3 := AES128Encrypt 
XMM4 := AES128Encrypt 
XMM5 := AES128Encrypt 
XMM6 := AES128Encrypt 
XMM7 := AES128Encrypt 
RFLAGS.ZF := 0; 


); 
XMM2, UnwrappedKey) ; 
XMM3, UnwrappedKey) ; 
XMM4, UnwrappedKey) ; 
XMM5, UnwrappedKey) ; 
XMM6, UnwrappedKey) 
) 


XMM7, UnwrappedKey 


, 


, 


gin, gti phan. jambs glean, gua: 


, 


Fl; 
Fl; 
RFLAGS.OF, SF, AF, PF, CF := 0; 


1. Further details on Key Locker and usage of this instruction can be found here: 
https://software.intel.com/content/www/us/en/develop/download/intel-key-locker-specification.html. 
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Flags Affected 


ZF is set to 0 if the operation succeeded and set to 1 if the operation failed due to a handle violation. The other 
arithmetic flags (OF, SF, AF, PF, CF) are cleared to 0. 


Intel C/C++ Compiler Intrinsic Equivalent 


AESENCWIDE1 28KL unsigned char __mm_aesencwide1 28kl_u8(__m128i odata[8], const __m128i idata[8], const void* h); 


Exceptions (All Operating Modes) 
#UD If the LOCK prefix is used. 
If CPUID.O7H:ECX.KL [bit 23] = 0. 
If CR4.KL = 0. 
If CPUID.AESKLE = 0. 
If CRO.EM = 1. 
If CR4.OSFXSR = 0. 
If CPUID.19H:EBX.WIDE_KL [bit 2] = 0. 


#NM If CRO.TS = 1. 

#PF If a page fault occurs. 

#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 

If the memory address is in a non-canonical form. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 


If a memory address referencing the SS segment is in a non-canonical form. 
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AESENCWIDE256KL—Perform 14 Rounds of AES Encryption Flow with Key Locker on 8 Blocks 
Using 256-Bit Key 


Opcode/ Op/ | 64/32-bit | CPUID Feature Description 

Instruction En |Mode Flag 

F3 OF 38 D8 \(11):010:bbb A VN AESKLE WIDE_KL | Encrypt XMMO-7 using 256-bit AES key indicated 

AESENCWIDE256KL m512, <XMMO-7> by handle at m512 and store each resultant block 
back to its corresponding register. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operands 2 - 9 
A NA ModRM:r/m (r) Implicit XMMO-7 (r, w) 
Description 


The AESENCWIDE256KL! instruction performs 14 rounds of AES to encrypt each of the eight blocks in XMMO-7 
using the 256-bit key indicated by the handle from the second operand. It replaces each input block in XMMO-7 with 
its corresponding encrypted block if the operation succeeds (e.g., does not run into a handle violation failure). 


Operation 


AESENCWIDE256KL 
Handle := UnalignedLoad of 512 bit (SRC); // Load is not guaranteed to be atomic. 
Illegal Handle = ( 
HandleReservedBitSet (Handle) || 
(Handle[0] AND (CPL > 0)) || 
Handle [1] || 
HandleKeyType (Handle) != HANDLE_KEY_TYPE_AES256 
); 
IF (Illegal Handle 
THEN RFLAGS.ZF := 1; 
ELSE 
(UnwrappedKey, Authentic) := UnwrapKeyAndAuthenticate5 12 (Handle[51 1:0], lwKey); 
IF (Authentic == 0) 
THEN RFLAGS.ZF := 1; 
ELSE 
XMMO := AES256Encrypt 
XMM1 := AES256Encrypt 
XMM2 := AES256Encrypt 
XMM3 := AES256Encrypt 
XMM4 := AES256Encrypt 
XMM5 := AES256Encrypt 
XMM6 := AES256Encrypt 
XMM7 := AES256Encrypt 
RFLAGS.ZF := 0; 


, 


XMMO, UnwrappedKey) 
XMM1, UnwrappedKey) 
XMM2, UnwrappedKey) 
XMM3, UnwrappedKey) ; 
XMM4, UnwrappedKey) ; 
) 
) 
) 


, 


, 


XMM5, UnwrappedKey 
XMM6, UnwrappedKey 
XMM7, UnwrappedKey 


, 


, 


gina, gman: gpa gata ima: pata min. gimme 


, 


Fl; 
Fl; 
RFLAGS.OF, SF, AF, PF, CF := 0; 


1. Further details on Key Locker and usage of this instruction can be found here: 
https://software.intel.com/content/www/us/en/develop/download/intel-key-locker-specification.html. 
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Flags Affected 


ZF is set to 0 if the operation succeeded and set to 1 if the operation failed due to a handle violation. The other 
arithmetic flags (OF, SF, AF, PF, CF) are cleared to 0. 


Intel C/C++ Compiler Intrinsic Equivalent 


AESENCWIDE256KL unsigned char __mm_aesencwide256kl_u8(__m128i odata[8], const __m128i idata[8], const void* h); 


Exceptions (All Operating Modes) 


#UD If the LOCK prefix is used. 
If CPUID.07H:ECX.KL [bit 23] = 0. 
If CR4.KL = 0. 
If CPUID.19H:EBX.AESKLE [bit 0] = 0. 
If CRO.EM = 1. 


If CR4.OSFXSR = 0. 
If CPUID.19H:EBX.WIDE_KL [bit 2] = 0. 


#NM If CRO.TS = 1. 

#PF If a page fault occurs. 

#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 

If the memory address is in a non-canonical form. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 


If a memory address referencing the SS segment is in a non-canonical form. 
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AESIMC—Perform the AES InvMixColumn Transformation 


Opcode/ Op/ |64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
66 OF 38 DB /r RM |V/V AES Perform the InvMixColumn transformation on 
AESIMC xmm1, xmm2/m128 a 128-bit round key from xmm2/m128 and 
store the result in xmm1. 
VEX.128.66.0F38.WIG DB /r RM |V/V Both AES | Perform the InvMixColumn transformation on 
VAESIMC xmm1, xmm2/m128 and a 128-bit round key from xmm2/m128 and 
AVX flags | store the result in xmm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand2 Operand3 Operand4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Perform the InvMixColumns transformation on the source operand and store the result in the destination operand. 
The destination operand is an XMM register. The source operand can be an XMM register or a 128-bit memory loca- 


tion. 


Note: the AESIMC instruction should be applied to the expanded AES round keys (except for the first and last round 
key) in order to prepare them for decryption using the “Equivalent Inverse Cipher” (defined in FIPS 197). 


128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding YMM destination register remain unchanged. 
VEX.128 encoded version: Bits (MAXVL-1:128) of the destination YMM register are zeroed. 
Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 

AESIMC 

DEST[1 27:0] := InvMixColumns( SRC ); 
DEST[MAXVL-1:128] (Unmodified) 


VAESIMC 
DEST[1 27:0] := InvMixColumns( SRC ); 
DEST[MAXVL-1:128] := 0; 


Intel C/C++ Compiler Intrinsic Equivalent 


(V)AESIMC: m128i __mm_aesimc (__m128i) 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 


#UD If VEX.vvvv # 1111B. 
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AESIMC—Perform the AES InvMixColumn Transformation 


AESKEYGENASSIST—AES Round Key Generation Assist 
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Opcode/ Op/ |64/32-bit |CPUID Description 
Instruction En |Mode Feature 
Flag 
66 OF 3A DF /r ib RMI | V/V AES Assist in AES round key generation using an 8 
AESKEYGENASSIST xmm1, xmm2/m1 28, imm8 bits Round Constant (RCON) specified in the 
immediate byte, operating on 128 bits of data 
specified in xmm2/m1 28 and stores the 
result in xmm1. 
VEX.128.66.0F3A.WIG DF /r ib RMI | V/V Both AES | Assist in AES round key generation using 8 
VAESKEYGENASSIST xmm1, xmm2/m1 28, imm8 and bits Round Constant (RCON) specified in the 
AVX flags | immediate byte, operating on 128 bits of data 


specified in xmm2/m1 28 and stores the 
result in xmm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand2 Operand3 Operand4 
RMI ModRM:reg (w) ModRM:r/m (r) imm8 NA 
Description 


Assist in expanding the AES cipher key, by computing steps towards generating a round key for encryption, using 
128-bit data specified in the source operand and an 8-bit round constant specified as an immediate, store the 


result in the destination operand. 


The destination operand is an XMM register. The source operand can be an XMM register or a 128-bit memory loca- 


tion. 


128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding YMM destination register remain 


unchanged. 


VEX.128 encoded version: Bits (MAXVL-1:128) of the destination YMM register are zeroed. 
Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 


AESKEYGENASSIST 

X3[31:0] := SRC [127: 96]; 

X2[31:0] := SRC [95: 64]; 

X1[31:0] := SRC [63: 32]; 

X0[31:0] := SRC [31: 0}; 

RCON[31:0] := ZeroExtend(Imm8[7:0)); 

DEST[31:0] := SubWord(X1); 

DEST[63:32 ] := Rotword( SubWord(X1) ) XOR RCON; 
DEST[95:64] := SubWord(X3); 

DEST[127:96] := Rotword( SubWord(X3) ) XOR RCON; 
DEST[MAXVL-1:128] (Unmodified) 


AESKEYGENASSIST—AES Round Key Generation Assist 
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VAESKEYGENASSIST 

X3[31:0] := SRC [127: 96]; 

X2[31:0] := SRC [95: 64]; 

X1[31:0] := SRC [63: 32]; 

X0[31:0] := SRC [31: 0}; 

RCON[31:0] := ZeroExtend(Imm8[7:0)); 

DEST[31:0] := SubWord(X1); 

DEST[63:32 ] := RotWord( SubWord(X1) ) XOR RCON; 
DEST[95:64] := SubWord(X3); 

DEST[127:96] := Rotword( SubWord(X3) ) XOR RCON; 
DEST[MAXVL-1:1 28] := 0; 


Intel C/C++ Compiler Intrinsic Equivalent 


(V)AESKEYGENASSIST: __m128i __mm_aeskeygenassist (__m128i, const int) 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.vvvv # 1111B. 
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AND—Logical AND 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
24 ib AND AL, imm8 | Valid Valid AL AND imme. 
25 iw AND AX, imm16 | Valid Valid AX AND imm16. 
25 id AND EAX, imm32 | Valid Valid EAX AND imm32. 
REX.W + 25 id AND RAX, imm32 | Valid N.E. RAX AND imm32 sign-extended to 64-bits. 
80 /4 ib AND r/m8, imm8 MI | Valid Valid r/m8 AND immé. 
REX + 80 /4 ib AND r/m8, imm8 MI | Valid N.E. r/m8 AND immé. 
81 /4 iw AND r/m16, imm16 MI | Valid Valid r/m16 AND imm16. 
81 /4 id AND r/m32, imm32 MI | Valid Valid r/m32 AND imm32. 
REX.W + 81 /4 id AND r/m64, imm32 MI Valid N.E. r/m64 AND imm32 sign extended to 64-bits. 
83 /4 ib AND r/m16, imm8 MI | Valid Valid r/m16 AND imm8 (sign-extended). 
83 /4 ib AND r/m32, imm8 MI | Valid Valid r/m32 AND imm8 (sign-extended). 
REX.W + 83 /4 ib AND r/m64, imm8 MI | Valid N.E. r/m64 AND imm8 (sign-extended). 
20 /r AND r/m8, r8 MR | Valid Valid r/m8 AND r8. 
REX + 20 /r AND r/m8 , r8 MR_ | Valid N.E. r/m64 AND r8 (sign-extended). 
21 /r AND r/m16, r16 MR | Valid Valid r/m16 AND r76. 
21/r AND r/m32, r32 MR | Valid Valid r/m32 AND r32. 
REX.W + 21 /r AND r/m64, r64 MR | Valid N.E. r/m64 AND r32. 
22 /r AND r8, r/m8 RM _ | Valid Valid r8 AND r/m8. 
REX + 22 /r AND r8, r/m8 RM _ | Valid N.E. r/m64 AND r8 (sign-extended). 
23/r AND 16, r/m16 RM _ | Valid Valid r16 AND r/m16. 
23 /r AND r32, r/m32 RM _ | Valid Valid r32 AND r/m32. 
REX.W + 23 /r AND r64, r/m64 RM _ | Valid N.E. r64 AND r/m64. 
NOTES: 


*In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
MR ModRM:r/m (r, w) ModRM:reg (r) NA NA 
MI ModRM:r/m (r, w) imm8/16/32 NA NA 
| AL/AX/EAX/RAX imm8/16/32 NA NA 
Description 


Performs a bitwise AND operation on the destination (first) and source (Second) operands and stores the result in 
the destination operand location. The source operand can be an immediate, a register, or a memory location; the 
destination operand can be a register or a memory location. (However, two memory operands cannot be used in 
one instruction.) Each bit of the result is set to 1 if both corresponding bits of the first and second operands are 1; 
otherwise, it is set to 0. 


This instruction can be used with a LOCK prefix to allow the it to be executed atomically. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 
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Operation 


DEST := DEST AND SRC; 


Flags Affected 


The OF and CF flags are cleared; the SF, ZF, and PF flags are set according to the result. The state of the AF flag is 
undefined. 


Protected Mode Exceptions 

#GP(0) If the destination operand points to a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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ANDN — Logical AND NOT 


Opcode/Instruction Op/ | 64/32 | CPUID Description 
En -bit Feature 
Mode Flag 
VEX.LZ.0F38.W0 Fe /r RVM | V/V BMI1 Bitwise AND of inverted r32b with r/m32, store result in r32a. 
ANDN r32a, r32b, r/m32 
VEX.LZ. OF38.W1 Fe /r RVM | V/NE BMI1 Bitwise AND of inverted r64b with r/m64, store result in r64a. 
ANDN r64a, r64b, r/m64 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a bitwise logical AND of inverted second operand (the first source operand) with the third operand (the 
second source operand). The result is stored in the first operand (destination operand). 


This instruction is not supported in real mode and virtual-8086 mode. The operand size is always 32 bits if not in 
64-bit mode. In 64-bit mode operand size 64 requires VEX.W1. VEX.W1 is ignored in non-64-bit modes. An 
attempt to execute this instruction with VEX.L not equal to 0 will cause #UD. 


Operation 


DEST := (NOT SRC1) bitwiseAND SRC2; 
SF := DEST[OperandSize -1]; 
ZF := (DEST = 0); 


Flags Affected 
SF and ZF are updated based on result. OF and CF flags are cleared. AF and PF flags are undefined. 


Intel C/C++ Compiler Intrinsic Equivalent 
Auto-generated from high-level language. 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-29, “Type 13 Class Exception Conditions”. 
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ANDPD-—Bitwise Logical AND of Packed Double Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 


66 OF 54 /r A VIV SSE2 Return the bitwise logical AND of packed double- 
ANDPD xmm1, xmm2/m128 precision floating-point values in xmm1 and xmm2/mem. 
VEX.128.66.0F 54 /r B VIV AVX Return the bitwise logical AND of packed double- 
VANDPD xmm1, xmm2, precision floating-point values in xmm2 and xmm3/mem. 
xmm3/m128 
VEX.256.66.0F 54 /r B VIV AVX Return the bitwise logical AND of packed double- 
VANDPD ymm1, ymm2, precision floating-point values in ymm2 and ymm3/mem. 
ymm3/m256 
EVEX.128.66.0F.W1 54 /r C VIV AVX512VL | Return the bitwise logical AND of packed double- 
VANDPD xmm1 {k1}{z}, xmm2, AVX512DQ | precision floating-point values in xmm2 and 
xmm3/m1 28/m64bcst xmm3/m128/m64bcst subject to writemask k1. 
EVEX.256.66.0F.W1 54 /r C VIV AVX512VL | Return the bitwise logical AND of packed double- 
VANDPD ymm1 {k1}{z}, ymm2, AVX512DQ | precision floating-point values in ymm2 and 
ymm3/m256/m64bcst ymm3/m256/m64bcst subject to writemask k1. 
EVEX.512.66.0F.W1 54 /r C VIN AVX512DQ | Return the bitwise logical AND of packed double- 
VANDPD zmm1 {k1}{z}, zmm2, precision floating-point values in zmm2 and 
zmm3/m512/m64bcst zmm3/m512/m64bcst subject to writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 

A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 

B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 

C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 

Description 


Performs a bitwise logical AND of the two, four or eight packed double-precision floating-point values from the first 
source operand and the second source operand, and stores the result in the destination operand. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector broadcasted from a 
64-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally updated with 
writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of the 
corresponding ZMM register destination are zeroed. 


VEX.128 encoded version: The first source operand is an XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 

128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
register destination are unmodified. 
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Operation 

VANDPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b == 1) AND (SRC2 *is memory*) 
THEN 
DEST[i+63:i] := SRC1[i+63:i] BITWISE AND SRC2[63:0] 
ELSE 
DEST[i+63:i] = SRC1[i+63:i] BITWISE AND SRC2[i+63:i] 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] = 0 
Fl; 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VANDPD (VEX.256 encoded version) 

DEST[63:0] := SRC1[63:0] BITWISE AND SRC2[63:0] 
DEST[127:64] := SRC1[127:64] BITWISE AND SRC2[127:64] 
DEST[191:128] := SRC1[191:128] BITWISE AND SRC2[191:128] 
DEST[255:192] := SRC1[255:192] BITWISE AND SRC2[255:192] 
DEST[MAXVL-1:256] := 0 


VANDPD (VEX.128 encoded version) 

DEST[63:0] := SRC1[63:0] BITWISE AND SRC2[63:0] 
DEST[127:64] := SRC1[127:64] BITWISE AND SRC2[127:64] 
DEST[MAXVL-1:128] := 0 


ANDPD (128-bit Legacy SSE version) 

DEST[63:0] := DEST[63:0] BITWISE AND SRC[63:0] 
DEST[127:64] := DEST[127:64] BITWISE AND SRC[127:64] 
DEST[MAXVL-1:1 28] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 
VANDPD __m512d_mm512_and_pd (__m512da,__m512d b); 


VANDPD __m512d_mm512_mask_and_pd (__m512ds,__mmask8 k,__m512da, 
VANDPD __m512d_mm512_maskz_and_pd (__mmask8 k,__m512d a,_m512d b); 
VANDPD __m256d_mm256_mask_and_pd (__m256ds,__ mmask8 k,__ m256d a, 
VANDPD __m256d__mm256_maskz_and_pd (__mmask8 k,___ m256d a, __m256d b); 


VANDPD __m128d_mm_mask_and_pd (__m128ds,___mmask8 k,___m128d a, 


VANDPD __m128d _mm_maskz_and_pd (__mmask8 k,___m128d a,__m128d b); 


VANDPD __m256d __mm256_and_pd (__m256d a, __m256d b); 
ANDPD __m128d _mm_and_pd (__m128d a,__m128d b); 


SIMD Floating-Point Exceptions 
None 
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Other Exceptions 
VEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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ANDPS—Bitwise Logical AND of Packed Single Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
NP OF 54 /r A VIV SSE Return the bitwise logical AND of packed single-precision 
ANDPS xmm1, xmm2/m128 floating-point values in xmm1 and xmm2/mem. 
VEX.128.0F 54 /r B VIV AVX Return the bitwise logical AND of packed single-precision 
VANDPS xmm1,xmm_2, floating-point values in xmm2 and xmm3/mem. 
xmm3/m128 
VEX.256.0F 54 /r B VIV AVX Return the bitwise logical AND of packed single-precision 
VANDPS ymm1, ymm2, floating-point values in ymm2 and ymm3/mem. 
ymm3/m256 
EVEX.128.0F.WO 54 /r C VV AVX512VL_ | Return the bitwise logical AND of packed single-precision 
VANDPS xmm1 {k1}{z}, xmm2, AVX512DQ_ | floating-point values in xmm2 and xmm3/m128/m32bcst 
xmm3/m128/m32bcst subject to writemask k1. 
EVEX.256.0F.WO 54 /r C VV AVX512VL_ | Return the bitwise logical AND of packed single-precision 
VANDPS ymm1 {k1}{z}, ymm2, AVX512DQ_ | floating-point values in ymm2 and ymm3/m256/m32bcst 
ymm3/m256/m32bcst subject to writemask k1. 
EVEX.512.0F.W0 54 /r C VIN AVX512DQ | Return the bitwise logical AND of packed single-precision 
VANDPS zmm1 {k1}{z}, zmm2, floating-point values in zmm2 and zmm3/m512/m32bcst 
zmm3/m512/m32bcst subject to writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 

A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 

B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 

C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 

Description 


Performs a bitwise logical AND of the four, eight or sixteen packed single-precision floating-point values from the 
first source operand and the second source operand, and stores the result in the destination operand. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector broadcasted from a 
32-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally updated with 
writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of the 
corresponding ZMM register destination are zeroed. 


VEX.128 encoded version: The first source operand is an XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 

128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. 
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Operation 


VANDPS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
IF (EVEX.b == 1) AND (SRC2 *is memory*) 
THEN 


DEST[i+63:i] := SRC1[i+31:i] BITWISE AND SRC2[31:0] 


ELSE 


DEST[i+31:i] = SRC1[i+31:i] BITWISE AND SRC2[i+31:i] 


Fl; 
ELSE 
IF *merging-masking* 
THEN *DEST[i+31:i] remains unchanged* 
ELSE 
DEST[i+31:i] := 0 
Fl; 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0; 


VANDPS (VEX.256 encoded version) 

DEST[31:0] := SRC1[31:0] BITWISE AND SRC2[31:0] 
DEST[63:32] := SRC1[63:32] BITWISE AND SRC2[63:32] 
DEST[95:64] := SRC1[95:64] BITWISE AND SRC2[95:64] 
DEST[127:96] := SRC1[127:96] BITWISE AND SRC2[127:96] 
DEST[159:128] := SRC1[159:128] BITWISE AND SRC2[159:1 28] 
DEST[191:160] := SRC1[191:160] BITWISE AND SRC2[191:160] 
DEST[223:192] := SRC1[223:192] BITWISE AND SRC2[223:192] 


DEST[255:224] := SRC1[255:224] BITWISE AND SRC2[255:224]. 


DEST[MAXVL-1:256] := 0; 


VANDPS (VEX.128 encoded version) 

DEST[31:0] := SRC1[31:0] BITWISE AND SRC2[31:0] 
DEST[63:32] := SRC1[63:32] BITWISE AND SRC2[63:32] 
DEST[95:64] := SRC1[95:64] BITWISE AND SRC2[95:64] 
DEST[127:96] := SRC1[127:96] BITWISE AND SRC2[127:96] 
DEST[MAXVL-1:128] := 0; 


ANDPS (128-bit Legacy SSE version) 

DEST[31:0] := DEST[31:0] BITWISE AND SRC[31:0] 
DEST[63:32] := DEST[63:32] BITWISE AND SRC[63:32] 
DEST[95:64] := DEST[95:64] BITWISE AND SRC[95:64] 
DEST[127:96] := DEST[127:96] BITWISE AND SRC[127:96] 
DEST[MAXVL-1:128] (Unmodified) 
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Intel C/C++ Compiler Intrinsic Equivalent 


VANDPS __m512_mm512_and_ps (__m512 a,__m512 b); 

VANDPS __m512_mm512_mask_and_ps (_m512s,__mmask16k,__m512 a, 
VANDPS __m512_mm512_maskz_and_ps (__mmask16 k,__m512 a,__m512 b); 
VANDPS __m256 __mm256_mask_and_ps (_m256s,__ mmask8k,__ m256 a,___m256 b); 
VANDPS __m256 _mm256_maskz_and_ps (__mmask8 k,__ m256 a,__ m256 b); 

VANDPS __m128 _mm_mask_and_ps (_m128s,__mmask8k,__m128 a,__m128b); 
VANDPS __m128 __mm_maskz_and_ps (__mmask8 k,__m128a,__m128 b); 

VANDPS __m256 __mm256_and_ps (__m256 a,___m256 b); 

ANDPS __m128_mm_and_ps (_m128a,__m128 b); 


m512 b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
VEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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ANDNPD-—Bitwise Logical AND NOT of Packed Double Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
66 OF 55 /r A VIV SSE2 Return the bitwise logical AND NOT of packed double- 
ANDNPD xmm1, xmm2/m128 precision floating-point values in xmm1 and xmm2/mem. 
VEX.128.66.0F 55 /r B VV AVX Return the bitwise logical AND NOT of packed double- 
VANDNPD xmm1, xmm2, precision floating-point values in xmm2 and xmm3/mem. 
xmm3/m128 
VEX.256.66.0F 55/r B VIV AVX Return the bitwise logical AND NOT of packed double- 
VANDNPD ymm1, ymm2, precision floating-point values in ymm2 and ymm3/mem. 
ymm3/m256 
EVEX.128.66.0F.W1 55 /r C VV AVX512VL | Return the bitwise logical AND NOT of packed double- 
VANDNPD xmm1 {k1}{z}, xmm2, AVX512DQ | precision floating-point values in xmm2 and 
xmm3/m1 28/m64bcst xmm3/m128/m64bcst subject to writemask k1. 
EVEX.256.66.0F.W1 55 /r C VV AVX512VL | Return the bitwise logical AND NOT of packed double- 
VANDNPD ymm1 {k1}{z}, ymm2, AVX512DQ | precision floating-point values in ymm2 and 
ymm3/m256/m64bcst ymm3/m256/m64bcst subject to writemask k1. 
EVEX.512.66.0F.W1 55 /r C VV AVX512DQ_ | Return the bitwise logical AND NOT of packed double- 
VANDNPD zmm1 {k1}{z}, zmm2, precision floating-point values in zmm2 and 
zmm3/m512/m64bcst zmm3/m512/m64bcst subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a bitwise logical AND NOT of the two, four or eight packed double-precision floating-point values from the 
first source operand and the second source operand, and stores the result in the destination operand. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector broadcasted from a 
64-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally updated with 
writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of the 
corresponding ZMM register destination are zeroed. 

VEX.128 encoded version: The first source operand is an XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 

128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
register destination are unmodified. 
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Operation 


VANDNPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
IF (EVEX.b == 1) AND (SRC2 *is memory*) 


THEN 
DEST[i+63:i] := (NOT(SRC1[i+63:i])) BITWISE AND SRC2[63:0] 
ELSE 
DEST[i+63:i] := (NOT(SRC1[i+63:i])) BITWISE AND SRC2[i+63:i] 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] = 0 
Fl; 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VANDNPD (VEX.256 encoded version) 

DEST[63:0] := (NOT(SRC1[63:0])) BITWISE AND SRC2[63:0] 
DEST[127:64] := (NOT(SRC1[127:64])) BITWISE AND SRC2[127:64] 
DEST[191:128] := (NOT(SRC1[191:128])) BITWISE AND SRC2[191:128] 
DEST[255:192] := (NOT(SRC1[255:192])) BITWISE AND SRC2[255:192] 
DEST[MAXVL-1:256] := 0 


VANDNPD (VEX.128 encoded version) 

DEST[63:0] := (NOT(SRC1[63:0])) BITWISE AND SRC2[63:0] 
DEST[127:64] := (NOT(SRC1[127:64])) BITWISE AND SRC2[127:64] 
DEST[MAXVL-1:128] := 0 


ANDNPD (128-bit Legacy SSE version) 

DEST[63:0] := (NOT(DEST[63:0])) BITWISE AND SRC[63:0] 
DEST[127:64] := (NOT(DEST[127:64])) BITWISE AND SRC[127:64] 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VANDNPD __m512d_mm512_andnot_pd (__m512da,__m512d b); 

VANDNPD __m512d_mm512_mask_andnot_pd (__m512ds,__ mmask8k,__m512da,__m512db); 
VANDNPD __m512d_mm512_maskz_andnot_pd (__mmask8 k,__m512d a,__m512d b); 
VANDNPD __m256d __mm256_mask_andnot_pd (__m256ds,__ mmask8 k,___ m256d a,__ m256d b); 
VANDNPD __m256d __mm256_maskz_andnot_pd (__mmask8 k,___ m256d a, __m256d b); 
VANDNPD __m128d _mm_mask_andnot_pd (__m128ds,__ mmask8 k,__m128d a,__m128d b); 
VANDNPD __m128d _mm_maskz_andnot_pd (__mmask8 k,___m128d a,__m128d b); 

VANDNPD __m256d_mm256_andnot_pd (__m256d a, ___ m256d b); 

ANDNPD __m128d_mm_andnot_pd (__m128d a, __m128d b); 


SIMD Floating-Point Exceptions 
None 
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Other Exceptions 
VEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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ANDNPS—Bitwise Logical AND NOT of Packed Single Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
NP OF 55 /r A VIV SSE Return the bitwise logical AND NOT of packed single-precision 
ANDNPS xmm1, xmm2/m1 28 floating-point values in xmm1 and xmm2/mem. 
VEX.128.0F 55 /r B VIV AVX Return the bitwise logical AND NOT of packed single-precision 
VANDNPS xmm1, xmm2, floating-point values in xmm2 and xmm3/mem. 
xmm3/m128 
VEX.256.0F 55 /r B VIV AVX Return the bitwise logical AND NOT of packed single-precision 
VANDNPS ymm1, ymm2, floating-point values in ymm2 and ymm3/mem. 
ymm3/m256 
EVEX.128.0F.WO 55 /r C VIV AVX512VL | Return the bitwise logical AND of packed single-precision 


VANDNPS xmm1 {k1}{z}, AVX512DQ 


xmm_2, xmm3/m128/m32bcst 


floating-point values in xmm2 and xmm3/m128/m32bcst 
subject to writemask k1. 


EVEX.256.0F.WO 55 /r C VIV AVX512VL_ | Return the bitwise logical AND of packed single-precision 
VANDNPS ymm1 {k1}{2}, AVX512DQ | floating-point values in ymm2 and ymm3/m256/m32bcst 
ymm_2, ymm3/m256/m32bcst subject to writemask k1. 

EVEX.512.0F.W0 55 /r C VIN AVX512DQ | Return the bitwise logical AND of packed single-precision 


VANDNPS zmm1 {k1}{2}, 
zmmc2, zmm3/m512/m32bcst 


floating-point values in zmm2 and zmm3/m512/m32bcst 
subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a bitwise logical AND NOT of the four, eight or sixteen packed single-precision floating-point values from 
the first source operand and the second source operand, and stores the result in the destination operand. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector broadcasted from a 
32-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally updated with 
writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of the 
corresponding ZMM register destination are zeroed. 


VEX.128 encoded version: The first source operand is an XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. 
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Operation 


VANDNPS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
IF (EVEX.b == 1) AND (SRC2 *is memory*) 
THEN 
DEST[i+31:i] = (NOT(SRC1[i+31:i])) BITWISE AND SRC2[31:0] 
ELSE 
DEST[i+31:i] = (NOT(SRC1[i+31:i])) BITWISE AND SRC2[i+31:i] 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] = 0 
Fl; 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VANDNPS (VEX.256 encoded version) 

DEST[31:0] := (NOT(SRC1[31:0])) BITWISE AND SRC2[31:0] 
DEST[63:32] := (NOT(SRC1[63:32])) BITWISE AND SRC2[63:32] 
DEST[95:64] := (NOT(SRC1[95:64])) BITWISE AND SRC2[95:64] 
DEST[127:96] := (NOT(SRC1[127:96])) BITWISE AND SRC2[127:96] 
DEST[159:128] := (NOT(SRC1[159:128])) BITWISE AND SRC2[159:128] 
DEST[191:160] := (NOT(SRC1[191:160])) BITWISE AND SRC2[191:160] 
DEST[223:192] := (NOT(SRC1[223:192])) BITWISE AND SRC2[223:192] 
DEST[255:224] := (NOT(SRC1[255:224])) BITWISE AND SRC2[255:224]. 
DEST[MAXVL-1:256] := 0 


VANDNPS (VEX.128 encoded version) 

DEST[31:0] := (NOT(SRC1[31:0])) BITWISE AND SRC2[31:0] 
DEST[63:32] := (NOT(SRC1[63:32])) BITWISE AND SRC2[63:32] 
DEST[95:64] := (NOT(SRC1[95:64])) BITWISE AND SRC2[95:64] 
DEST[127:96] := (NOT(SRC1[127:96])) BITWISE AND SRC2[127:96] 
DEST[MAXVL-1:128] := 0 


ANDNPS (128-bit Legacy SSE version) 

DEST[31:0] := (NOT(DEST[31:0])) BITWISE AND SRC[31:0] 
DEST[63:32] := (NOT(DEST[63:32])) BITWISE AND SRC[63:32] 
DEST[95:64] := (NOT(DEST[95:64])) BITWISE AND SRC[95:64] 
DEST[127:96] := (NOT(DEST[127:96])) BITWISE AND SRC[127:96] 
DEST[MAXVL-1:128] (Unmodified) 
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VANDNPS __m512_mm512_andnot_ps (__m512 a,__m512 b); 

VANDNPS __m512_mm512_mask_andnot_ps (_m512s,__mmask16 k,__m512 a, 
VANDNPS __m512 _mm512_maskz_andnot_ps (_mmask16 k,__m512 a,__m512 b); 
VANDNPS __m256 _mm256_mask_andnot_ps (__m256 s,__ mmask8 k,__ m256 a,__m256 b); 
VANDNPS __m256 _mm256_maskz_andnot_ps (__mmask8 k,__m256 a, __m256 b); 
VANDNPS __m128 _mm_mask_andnot_ps (__m128s,__mmask8 k,__m128 a,__m128 b); 
VANDNPS __m128 _mm_maskz_andnot_ps (__mmask8 k,__m128 a,__m128 b); 

VANDNPS __m256 _mm256_andnot_ps (__m256 a, ___m256 b); 

ANDNPS __m128_mm_andnot_ps (__m128 a,__m128b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
VEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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ARPL—Adjust RPL Field of Segment Selector 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
63 /r ARPL r/m16, r16 MR |N.E. Valid Adjust RPL of r/m76 to not less than RPL of 
r76. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MR ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Compares the RPL fields of two segment selectors. The first operand (the destination operand) contains one 
segment selector and the second operand (source operand) contains the other. (The RPL field is located in bits 0 
and 1 of each operand.) If the RPL field of the destination operand is less than the RPL field of the source operand, 
the ZF flag is set and the RPL field of the destination operand is increased to match that of the source operand. 
Otherwise, the ZF flag is cleared and no change is made to the destination operand. (The destination operand can 
be a word register or a memory location; the source operand must be a word register.) 


The ARPL instruction is provided for use by operating-system procedures (however, it can also be used by applica- 
tions). It is generally used to adjust the RPL of a segment selector that has been passed to the operating system by 
an application program to match the privilege level of the application program. Here the segment selector passed 
to the operating system is placed in the destination operand and segment selector for the application program’s 
code segment is placed in the source operand. (The RPL field in the source operand represents the privilege level 
of the application program.) Execution of the ARPL instruction then ensures that the RPL of the segment selector 
received by the operating system is no lower (does not have a higher privilege) than the privilege level of the appli- 
cation program (the segment selector for the application program’s code segment can be read from the stack 
following a procedure call). 


This instruction executes as described in compatibility mode and legacy mode. It is not encodable in 64-bit mode. 


See “Checking Caller Access Privileges” in Chapter 3, “Protected-Mode Memory Management,” of the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 3A, for more information about the use of this instruc- 
tion. 


Operation 
IF 64-BIT MODE 
THEN 
See MOVSXD; 
ELSE 
IF DEST[RPL] < SRC[RPL] 
THEN 
ZF := 1; 
DEST[RPL] := SRC[RPL]; 
ELSE 
ZF := 0; 
Fl; 
Fl; 
Flags Affected 


The ZF flag is set to 1 if the RPL field of the destination operand is less than that of the source operand; otherwise, 
it is set to O. 
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Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 


selector. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD The ARPL instruction is not recognized in real-address mode. 
If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#UD The ARPL instruction is not recognized in virtual-8086 mode. 
If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Not applicable. 
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BEXTR — Bit Field Extract 


Opcode/Instruction Op/ | 64/32 | CPUID Description 
En -bit Feature 
Mode | Flag 
VEX.LZ.0F38.W0 F7 /r RMV | V/V BMI1 Contiguous bitwise extract from r/m32 using r32b as control; store 
BEXTR 32a, r/m32, r32b result in r32a. 
VEX.LZ.0F38.W1 F7 /r RMV | V/N.E. | BMI1 Contiguous bitwise extract from r/m64 using r64b as control; store 
BEXTR r64a, r/m64, r64b result in r64a 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMV ModRM:reg (w) ModRM:r/m (r) VEX.vvvv (r) NA 
Description 


Extracts contiguous bits from the first source operand (the second operand) using an index value and length value 
specified in the second source operand (the third operand). Bit 7:0 of the second source operand specifies the 
starting bit position of bit extraction. A START value exceeding the operand size will not extract any bits from the 
second source operand. Bit 15:8 of the second source operand specifies the maximum number of bits (LENGTH) 
beginning at the START position to extract. Only bit positions up to (OperandSize -1) of the first source operand are 
extracted. The extracted bits are written to the destination register, starting from the least significant bit. All higher 
order bits in the destination operand (starting at bit position LENGTH) are zeroed. The destination register is 
cleared if no bits are extracted. 


This instruction is not supported in real mode and virtual-8086 mode. The operand size is always 32 bits if not in 
64-bit mode. In 64-bit mode operand size 64 requires VEX.W1. VEX.W1 is ignored in non-64-bit modes. An attempt 
to execute this instruction with VEX.L not equal to 0 will cause #UD. 


Operation 

START := SRC2[7:0]; 

LEN := SRC2[15:8]; 

TEMP := ZERO_EXTEND_TO_512 (SRC1 ); 

DEST := ZERO_EXTEND(TEMP[START+LEN -1: START]); 
ZF := (DEST = 0); 


Flags Affected 
ZF is updated based on the result. AF, SF, and PF are undefined. All other flags are cleared. 


Intel C/C++ Compiler Intrinsic Equivalent 
BEXTR: unsigned __int32 _bextr_u32(unsigned __int32 src, unsigned __int32 start. unsigned __int32 len); 


BEXTR: unsigned __int64 _bextr_u64(unsigned __int64 src, unsigned __int32 start. unsigned __int32 len); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-29, “Type 13 Class Exception Conditions”; additionally: 
#UD If VEX.W = 1. 
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BLENDPD — Blend Packed Double Precision Floating-Point Values 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
66 OF 3A OD /r ib RMI | V/V SSE4_1 Select packed DP-FP values from xmm17 and 
BLENDPD xmm1, xmm2/m128, imm8 xmm2/m128 from mask specified in imm8 
and store the values into xmm1. 
VEX.128.66.0F3A.WIG OD /r ib RVMI | V/V AVX Select packed double-precision floating-point 
VBLENDPD xmm1, xmm2, xmm3/m128, imm8 Values from xmme2 and xmm3/m128 from 
mask in imm8 and store the values in xmm1. 
VEX.256.66.0F3A.WIG OD /r ib RVMI | V/V AVX Select packed double-precision floating-point 
VBLENDPD ymm1, ymm2, ymm3/m256, imm8 Values from ymm2 and ymm3/m256 from 
mask in imm8 and store the values in ymm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMI ModRM:reg (r, w) ModRM:r/m (r) imm8s NA 
RVMI ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8[3:0] 
Description 


Double-precision floating-point values from the second source operand (third operand) are conditionally merged 
with values from the first source operand (second operand) and written to the destination operand (first operand). 
The immediate bits [3:0] determine whether the corresponding double-precision floating-point value in the desti- 
nation is copied from the second source or first source. If a bit in the mask, corresponding to a word, is "1", then 
the double-precision floating-point value in the second source operand is copied, else the value in the first source 
operand is copied. 

128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
YMM register destination are unmodified. 

VEX.128 encoded version: the first source operand is an XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding YMM register destination are zeroed. 

VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 


Operation 
BLENDPD (128-bit Legacy SSE version) 
IF (IMM8[0] = 0)THEN DEST[63:0] := DEST[63:0] 
ELSE DEST [63:0] := SRC[63:0] FI 
IF (IMM8[1] = 0) THEN DEST[127:64] := DEST[127:64] 
ELSE DEST [127:64] := SRC[127:64] Fl 
DEST[MAXVL-1:1 28] (Unmodified) 


VBLENDPD (VEX.128 encoded version) 
IF (IMM8[0] = 0)THEN DEST[63:0] := SRC1[63:0] 
ELSE DEST [63:0] := SRC2[63:0] FI 
IF (IMM8[1] = 0) THEN DEST[127:64] := SRC1[127:64] 
ELSE DEST [127:64] := SRC2[127:64] FI 
DEST[MAXVL-1:128] := 0 
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VBLENDPD (VEX.256 encoded version) 

IF (IMM8[0] = 0)THEN DEST[63:0] := SRC1[63:0] 
ELSE DEST [63:0] := SRC2[63:0] FI 

IF (IMM8[1] = 0) THEN DEST[1 27:64] := SRC1[127:64] 
ELSE DEST [127:64] := SRC2[127:64] Fl 

IF (IMM8[2] = 0) THEN DEST[191:1 28] := SRC1[191:128] 
ELSE DEST [191:128] := SRC2[191:128] Fl 

IF (IMM8[3] = 0) THEN DEST[255:192] := SRC1[255:192] 
ELSE DEST [255:192] := SRC2[255:192] Fl 


Intel C/C++ Compiler Intrinsic Equivalent 


BLENDPD: m128d _mm_blend_pd (__m128d v1,__m128d v2, const int mask); 


VBLENDPD: m256d __mm256_blend_pd (__m256d a, 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


See Table 2-21, “Type 4 Class Exception Conditions”. 
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BLENDPS — Blend Packed Single Precision Floating-Point Values 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En | Mode Feature 
Flag 
66 OF 3A OC /r ib RMI | V/V SSE4_1 Select packed single precision floating-point 
BLENDPS xmm1, xmm2/m128, imm8 values from xmm7 and xmm2/m128 from 
mask specified in imm8 and store the values 
into xmm1. 
VEX.128.66.0F3A.WIG OC /r ib RVMI | V/V AVX Select packed single-precision floating-point 
VBLENDPS xmm1, xmm2, xmm3/m128, imm8 values from xmm2 and xmm3/m128 from 
mask in imm8 and store the values in xmm1. 
VEX.256.66.0F3A.WIG OC /r ib RVMI | V/V AVX Select packed single-precision floating-point 
VBLENDPS ymm1, ymm2, ymm3/m256, imm8 values from ymm2 and ymm3/m256 from 
mask in imm8 and store the values in ymm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMI ModRM:reg (r, w) ModRM:r/m (r) imm8 NA 
RVMI ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8 
Description 


Packed single-precision floating-point values from the second source operand (third operand) are conditionally 
merged with values from the first source operand (second operand) and written to the destination operand (first 
operand). The immediate bits [7:0] determine whether the corresponding single precision floating-point value in 
the destination is copied from the second source or first source. If a bit in the mask, corresponding to a word, is 
“1”, then the single-precision floating-point value in the second source operand is copied, else the value in the first 
source operand is copied. 

128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
YMM register destination are unmodified. 

VEX.128 encoded version: The first source operand an XMM register. The second source operand is an XMM register 
or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of the 
corresponding YMM register destination are zeroed. 

VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 


Operation 

BLENDPS (128-bit Legacy SSE version) 

IF (IMM8[0] = 0) THEN DEST[31:0] :=DEST[31:0] 
ELSE DEST [31:0] := SRC[31:0] Fl 

IF (IMM8[1] = 0) THEN DEST[63:32] := DEST[63:32] 
ELSE DEST [63:32] := SRC[63:32] Fl 

IF (IMM8[2] = 0) THEN DEST[95:64] := DEST[95:64] 
ELSE DEST [95:64] := SRC[95:64] FI 

IF (IMM8[3] = 0) THEN DEST[127:96] := DEST[127:96] 
ELSE DEST [127:96] := SRC[127:96] Fl 

DEST[MAXVL-1:1 28] (Unmodified) 
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VBLENDPS (VEX.128 encoded version) 

IF (IMM8[0] = 0) THEN DEST[31:0] :=SRC1[31:0] 
ELSE DEST [31:0] := SRC2[31:0] Fl 

IF (IMM8[1] = 0) THEN DEST[63:32] := SRC1[63:32] 
ELSE DEST [63:32] := SRC2[63:32] Fl 

IF (IMM8[2] = 0) THEN DEST[95:64] := SRC1[95:64] 
ELSE DEST [95:64] := SRC2[95:64] FI 

IF (IMM8[3] = 0) THEN DEST[1 27:96] := SRC1[127:96] 
ELSE DEST [127:96] := SRC2[127:96] Fl 

DEST[MAXVL-1:128] := 0 


VBLENDPS (VEX.256 encoded version) 

IF (IMM8[0] = 0) THEN DEST[31:0] :=SRC1[31:0] 
ELSE DEST [31:0] := SRC2[31:0] Fl 

IF (IMM8[1] = 0) THEN DEST[63:32] := SRC1[63:32] 
ELSE DEST [63:32] := SRC2[63:32] Fl 

IF (IMM8[2] = 0) THEN DEST[95:64] := SRC1[95:64] 
ELSE DEST [95:64] := SRC2[95:64] FI 

IF (IMM8[3] = 0) THEN DEST[127:96] := SRC1[127:96] 
ELSE DEST [127:96] := SRC2[127:96] FI 

IF (IMM8[4] = 0) THEN DEST[159:1 28] := SRC1[159:128] 
ELSE DEST [159:128] := SRC2[159:1 28] Fl 

IF (IMM8[5] = 0) THEN DEST[191:160] := SRC1[191:160] 
ELSE DEST [191:160] := SRC2[191:160] FI 

IF (IMM8[6] = 0) THEN DEST[223:1 92] := SRC1[223:192] 
ELSE DEST [223:192] := SRC2[223:192] Fl 

IF (IMM8[7] = 0) THEN DEST[255:224] := SRC1[255:224] 
ELSE DEST [255:224] := SRC2[255:224] Fl. 


Intel C/C++ Compiler Intrinsic Equivalent 


BLENDPS: m128 _mm_blend_ps (__m128 v1,_m128 v2, const int mask); 


VBLENDPS: m256 __mm256_blend_ps (__m256 a,__m256 b, const int mask); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”. 
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BLENDVPD — Variable Blend Packed Double Precision Floating-Point Values 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En Mode Feature 

Flag 
66 OF 38 15 /r RMO | V/V SSE4_1 Select packed DP FP values from xmm17 and 
BLENDVPD xmm1, xmm2/m128 , <XMMO> xmme from mask specified in XMMO and 

store the values in xmm7. 

VEX.128.66.0F3A.WO 4B /r /is4 RVMR | V/V AVX Conditionally copy double-precision floating- 
VBLENDVPD xmm1, xmm2, xmm3/m128, xmm4 point values from xmm2 or xmm3/m128 to 


xmm1, based on mask bits in the mask 
operand, xmm4. 
VEX.256.66.0F3A.WO 4B /r /is4 RVMR | V/V AVX Conditionally copy double-precision floating- 


VBLENDVPD ymm1, ymm2, ymm3/m256, ymm4 point values from ymm2 or ymm3/m256 to 
ymm1, based on mask bits in the mask 


operand, ymm4. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 

RMO ModRM:reg (r, w) ModRM:r/m (r) implicit XMMO NA 

RVMR ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8[7:4] 
Description 


Conditionally copy each quadword data element of double-precision floating-point value from the second source 
operand and the first source operand depending on mask bits defined in the mask register operand. The mask bits 
are the most significant bit in each quadword element of the mask register. 


Each quadword element of the destination operand is copied from: 
¢ the corresponding quadword element in the second source operand, if a mask bit is “1”; or 
¢ the corresponding quadword element in the first source operand, if a mask bit is “O” 


The register assignment of the implicit mask operand for BLENDVPD is defined to be the architectural register 
XMMO. 


128-bit Legacy SSE version: The first source operand and the destination operand is the same. Bits (MAXVL-1:128) 
of the corresponding YMM destination register remain unchanged. The mask register operand is implicitly defined 
to be the architectural register XMMO. An attempt to execute BLENDVPD with a VEX prefix will cause #UD. 


VEX.128 encoded version: The first source operand and the destination operand are XMM registers. The second 
source operand is an XMM register or 128-bit memory location. The mask operand is the third source register, and 
encoded in bits[7:4] of the immediate byte(imm8). The bits[3:0] of imm8 are ignored. In 32-bit mode, imm8[7] is 
ignored. The upper bits (MAXVL-1:128) of the corresponding YMM register (destination register) are zeroed. 
VEX.W must be 0, otherwise, the instruction will #UD. 


VEX.256 encoded version: The first source operand and destination operand are YMM registers. The second source 
operand can be a YMM register or a 256-bit memory location. The mask operand is the third source register, and 
encoded in bits[7:4] of the immediate byte(imm8). The bits[3:0] of imm8 are ignored. In 32-bit mode, imm8[7] is 
ignored. VEX.W must be 0, otherwise, the instruction will #UD. 


VBLENDVPD permits the mask to be any XMM or YMM register. In contrast, BLENDVPD treats XMMO implicitly as the 
mask and do not support non-destructive destination operation. 
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Operation 


BLENDVPD (128-bit Legacy SSE version) 
MASK := XMMO 
IF (MASK[63] = 0) THEN DEST[63:0] := DEST[63:0] 
ELSE DEST [63:0] := SRC[63:0] FI 
IF (MASK[127] = 0) THEN DEST[127:64] := DEST[127:64] 
ELSE DEST [127:64] := SRC[127:64] Fl 
DEST[MAXVL-1:128] (Unmodified) 


VBLENDVPD (VEX.128 encoded version) 
MASK := SRC3 
IF (MASK[63] = 0) THEN DEST[63:0] := SRC1[63:0] 
ELSE DEST [63:0] := SRC2[63:0] FI 
IF (MASK[127] = 0) THEN DEST[1 27:64] := SRC1[127:64] 
ELSE DEST [127:64] := SRC2[127:64] Fl 
DEST[MAXVL-1:128] := 0 


VBLENDVPD (VEX.256 encoded version) 

MASK := SRC3 

IF (MASK[63] = 0) THEN DEST[63:0] := SRC1[63:0] 
ELSE DEST [63:0] := SRC2[63:0] FI 

IF (MASK[127] = 0) THEN DEST[1 27:64] := SRC1[127:64] 
ELSE DEST [127:64] := SRC2[127:64] Fl 

IF (MASK[191] = 0) THEN DEST[191:128] := SRC1[191:128] 
ELSE DEST [191:128] := SRC2[191:128] Fl 

IF (MASK[255] = 0) THEN DEST[255:192] := SRC1[255:192] 
ELSE DEST [255:192] := SRC2[255:192] Fl 


Intel C/C++ Compiler Intrinsic Equivalent 


BLENDVPD: m128d_mm_blendv_pd(__m128d v1,__m128d v2, 


VBLENDVPD: m128 _mm_blendv_pd (__m128d a, 


VBLENDVPD: m256 __mm256_blendv_pd (__m256d a, 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


m256d b, 


m1 28d v3); 


m128d b,__m128d mask); 


m256d mask); 


See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 


#UD If VEX.W = 1. 
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BLENDVPS — Variable Blend Packed Single Precision Floating-Point Values 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En Mode Feature 
Flag 

66 OF 38 14 /r RMO | V/V SSE4_1_ | Select packed single precision floating-point 

BLENDVPS xmm1, xmm2/m128, <XMMO> values from xmm7 and xmm2/m128 from 
mask specified in XMMO and store the values 
into xmm1. 

VEX.128.66.0F3A.WO 4A /r /is4 RVMR | V/V AVX Conditionally copy single-precision floating- 

VBLENDVPS xmm1, xmm2, xmm3/m128, xmm4 point values from xmm2 or xmm3/m128 to 
xmm1, based on mask bits in the specified 
mask operand, xmm4. 

VEX.256.66.0F3A.WO 4A /r /is4 RVMR | V/V AVX Conditionally copy single-precision floating- 

VBLENDVPS ymm1, ymm2, ymm3/m256, ymm4 point values from ymm2 or ymm3/m256 to 
ymm1, based on mask bits in the specified 
mask register, ymm4. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 

RMO ModRM:reg (r, w) ModRM:r/m (r) implicit XMMO NA 

RVMR ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8[7:4] 
Description 


Conditionally copy each dword data element of single-precision floating-point value from the second source 
operand and the first source operand depending on mask bits defined in the mask register operand. The mask bits 
are the most significant bit in each dword element of the mask register. 


Each quadword element of the destination operand is copied from: 
¢ the corresponding dword element in the second source operand, if a mask bit is “1”; or 
¢ the corresponding dword element in the first source operand, if a mask bit is “O” 


The register assignment of the implicit mask operand for BLENDVPS is defined to be the architectural register 
XMMO. 


128-bit Legacy SSE version: The first source operand and the destination operand is the same. Bits (MAXVL-1:128) 
of the corresponding YMM destination register remain unchanged. The mask register operand is implicitly defined 
to be the architectural register XMMO. An attempt to execute BLENDVPS with a VEX prefix will cause #UD. 


VEX.128 encoded version: The first source operand and the destination operand are XMM registers. The second 
source operand is an XMM register or 128-bit memory location. The mask operand is the third source register, and 
encoded in bits[7:4] of the immediate byte(imm8). The bits[3:0] of imm8 are ignored. In 32-bit mode, imm8[7] is 
ignored. The upper bits (MAXVL-1:128) of the corresponding YMM register (destination register) are zeroed. 
VEX.W must be 0, otherwise, the instruction will #UD. 


VEX.256 encoded version: The first source operand and destination operand are YMM registers. The second source 
operand can be a YMM register or a 256-bit memory location. The mask operand is the third source register, and 
encoded in bits[7:4] of the immediate byte(imm8). The bits[3:0] of imm8 are ignored. In 32-bit mode, imm8[7] is 
ignored. VEX.W must be 0, otherwise, the instruction will #UD. 


VBLENDVPS permits the mask to be any XMM or YMM register. In contrast, BLENDVPS treats XMMO implicitly as the 
mask and do not support non-destructive destination operation. 
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Operation 


BLENDVPS (128-bit Legacy SSE version) 

MASK := XMMO 

IF (MASK[31] = 0) THEN DEST[31:0] := DEST[31:0] 
ELSE DEST [31:0] := SRC[31:0] Fl 

IF (MASK[63] = 0) THEN DEST[63:32] := DEST[63:32] 
ELSE DEST [63:32] := SRC[63:32] FI 

IF (MASK[95] = 0) THEN DEST[95:64] := DEST[95:64] 
ELSE DEST [95:64] := SRC[95:64] FI 

IF (MASK[127] = 0) THEN DEST[1 27:96] := DEST[127:96] 
ELSE DEST [127:96] := SRC[127:96] Fl 

DEST[MAXVL-1:128] (Unmodified) 


VBLENDVPS (VEX.128 encoded version) 

MASK := SRC3 

IF (MASK[31] = 0) THEN DEST[31:0] := SRC1[31:0] 
ELSE DEST [31:0] := SRC2[31:0] FI 

IF (MASK[63] = 0) THEN DEST[63:32] := SRC1[63:32] 
ELSE DEST [63:32] := SRC2[63:32] Fl 

IF (MASK[95] = 0) THEN DEST[95:64] := SRC1[95:64] 
ELSE DEST [95:64] := SRC2[95:64] Fl 

IF (MASK[127] = 0) THEN DEST[1 27:96] := SRC1[127:96] 
ELSE DEST [127:96] := SRC2[127:96] FI 

DEST[MAXVL-1:128] := 0 


VBLENDVPS (VEX.256 encoded version) 

MASK := SRC3 

IF (MASK[31] = 0) THEN DEST[31:0] := SRC1[31:0] 
ELSE DEST [31:0] := SRC2[31:0] Fl 

IF (MASK[63] = 0) THEN DEST[63:32] := SRC1[63:32] 
ELSE DEST [63:32] := SRC2[63:32] Fl 

IF (MASK[95] = 0) THEN DEST[95:64] := SRC1[95:64] 
ELSE DEST [95:64] := SRC2[95:64] FI 

IF (MASK[127] = 0) THEN DEST[1 27:96] := SRC1[127:96] 
ELSE DEST [127:96] := SRC2[127:96] Fl 

IF (MASK[159] = 0) THEN DEST[159:128] := SRC1[159:128] 
ELSE DEST [159:128] := SRC2[159:128] FI 

IF (MASK[191] = 0) THEN DEST[191:160] := SRC1[191:160] 
ELSE DEST [191:160] := SRC2[191:160] FI 

IF (MASK[223] = 0) THEN DEST[223:192] := SRC1[223:192] 
ELSE DEST [223:192] := SRC2[223:192] FI 

IF (MASK[255] = 0) THEN DEST[255:224] := SRC1[255:224] 
ELSE DEST [255:224] := SRC2[255:224] Fl 


Intel C/C++ Compiler Intrinsic Equivalent 


BLENDVPS: m128 _mm_blendv_ps(__m128 v1,__m128 v2,__m128 v3); 
VBLENDVPS: m128_mm_blendv_ps (__m128 a,__m128b,__m128 mask); 
VBLENDVPS: m256 __mm256_blendv_ps (__m256 a,__m256 b,___m256 mask); 


SIMD Floating-Point Exceptions 
None 
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Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.W = 1. 
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BLSI — Extract Lowest Set Isolated Bit 


Opcode/Instruction Op/ | 64/32 | CPUID Description 
En -bit Feature 
Mode Flag 
VEX.LZ.0F38.W0 F3 /3 VM | VV BMI1 Extract lowest set bit from r/m32 and set that bit in r32. 
BLSI r32, r/m32 
VEX.LZ.0F38.W1 F3 /3 VM | V/N.E. BMI1 Extract lowest set bit from r/m64, and set that bit in r64. 
BLSI r64, r/m64 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
VM VEX.vvvv (w) ModRM:r/m (r) NA NA 
Description 


Extracts the lowest set bit from the source operand and set the corresponding bit in the destination register. All 
other bits in the destination operand are zeroed. If no bits are set in the source operand, BLSI sets all the bits in the 
destination to 0 and sets ZF and CF. 


This instruction is not supported in real mode and virtual-8086 mode. The operand size is always 32 bits if not in 
64-bit mode. In 64-bit mode operand size 64 requires VEX.W1. VEX.W1 is ignored in non-64-bit modes. An attempt 
to execute this instruction with VEX.L not equal to 0 will cause #UD. 


Operation 
temp := (-SRC) bitwiseAND (SRC); 
SF := temp[OperandSize -1]; 
ZF := (temp = 0); 
IF SRC =0 
CF := 0; 
ELSE 


Fl 
DEST := temp; 


Flags Affected 


ZF and SF are updated based on the result. CF is set if the source is not zero. OF flags are cleared. AF and PF 
flags are undefined. 


Intel C/C++ Compiler Intrinsic Equivalent 
BLSI: unsigned __int32 _blsi_u32(unsigned __int32 src); 
BLSI: unsigned __int64 _blsi_u64(unsigned __int64 src); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-29, “Type 13 Class Exception Conditions”. 
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BLSMSK — Get Mask Up to Lowest Set Bit 


Opcode/Instruction Op/ | 64/32 | CPUID Description 
En -bit Feature 
Mode Flag 
VEX.LZ.0F38.W0 F3 /2 VM | V/V BMI1 Set all lower bits in r32 to “1” starting from bit O to lowest set bit in 
BLSMSK r32, r/m32 r/m32. 
VEX.LZ.0F38.W1 F3 /2 VM | V/N.E. BMI1 Set all lower bits in r64 to “1” starting from bit O to lowest set bit in 
BLSMSK r64, r/m64 r/m64. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
VM VEX.vvvv (w) ModRM:r/m (r) NA NA 
Description 


Sets all the lower bits of the destination operand to “1” up to and including lowest set bit (=1) in the source 
operand. If source operand is zero, BLSMSK sets all bits of the destination operand to 1 and also sets CF to 1. 


This instruction is not supported in real mode and virtual-8086 mode. The operand size is always 32 bits if not in 
64-bit mode. In 64-bit mode operand size 64 requires VEX.W1. VEX.W1 is ignored in non-64-bit modes. An 
attempt to execute this instruction with VEX.L not equal to 0 will cause #UD. 


Operation 
temp := (SRC-1) XOR (SRC); 
SF := temp[OperandSize -1]; 
ZF := 0; 
IF SRC = 0 

CF := 1; 
ELSE 


Fl 
DEST := temp; 


Flags Affected 


SF is updated based on the result. CF is set if the source if zero. ZF and OF flags are cleared. AF and PF flag are 
undefined. 


Intel C/C++ Compiler Intrinsic Equivalent 
BLSMSK: unsigned __int32 _blsmsk_u32(unsigned __int32 src); 
BLSMSK: unsigned __int64 _blsmsk_u64(unsigned __int64 src); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-29, “Type 13 Class Exception Conditions”. 
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BLSR — Reset Lowest Set Bit 


Opcode/Instruction Op/ | 64/32 | CPUID Description 
En -bit Feature 
Mode Flag 
VEX.LZ.0F38.W0 F3 /1 VM | VV BMI1 Reset lowest set bit of r/m32, keep all other bits of r/m32 and write 
BLSR 32, r/m32 result to r32. 
VEX.LZ.0F38.W1 F3 /1 VM | V/N.E. BMI1 Reset lowest set bit of r/m64, keep all other bits of r/m64 and write 
BLSR r64, r/m64 result to r64. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
VM VEX.vvvv (w) ModRM:r/m (r) NA NA 
Description 


Copies all bits from the source operand to the destination operand and resets (=0) the bit position in the destina- 
tion operand that corresponds to the lowest set bit of the source operand. If the source operand is zero BLSR sets 
CF. 


This instruction is not supported in real mode and virtual-8086 mode. The operand size is always 32 bits if not in 
64-bit mode. In 64-bit mode operand size 64 requires VEX.W1. VEX.W1 is ignored in non-64-bit modes. An attempt 
to execute this instruction with VEX.L not equal to 0 will cause #UD. 


Operation 
temp := (SRC-1) bitwiseAND ( SRC ); 
SF := temp[OperandSize -1]; 
ZF := (temp = 0); 
IF SRC =0 
CF := 1; 
ELSE 


Fl 
DEST := temp; 


Flags Affected 


ZF and SF flags are updated based on the result. CF is set if the source is zero. OF flag is cleared. AF and PF flags 
are undefined. 


Intel C/C++ Compiler Intrinsic Equivalent 
BLSR: unsigned __int32 _blsr_u32(unsigned __int32 src); 
BLSR: unsigned __int64 _blsr_u64(unsigned __int64 src); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-29, “Type 13 Class Exception Conditions”. 
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Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 

F3 OF 1A /r RM NE/V MPX Generate a #BR if the address in r/m32 is lower than the lower 
BNDCL bnd, r/m32 bound in bnd.LB. 
F3 OF 1A /r RM V/NE MPX Generate a #BR if the address in r/m64 is lower than the lower 
BNDCL bnd, r/m64 bound in bnd.LB. 

Instruction Operand Encoding 

Op/En Operand 1 Operand 2 Operand 3 
RM ModRM:reg (w) ModRM:r/m (r) NA 
Description 


Compare the address in the second operand with the lower bound in bnd. The second operand can be either a 
register or memory operand. If the address is lower than the lower bound in bnd.LB, it will set BNDSTATUS to 01H 
and signal a #BR exception. 


This instruction does not cause any memory access, and does not read or write any flags. 


Operation 


BNDCL BND, reg 

IF reg < BND.LB Then 
BNDSTATUS := 01H; 
#BR; 

Fl; 


BNDCL BND, mem 

TEMP := LEA(mem); 

IF TEMP < BND.LB Then 
BNDSTATUS := 01H; 
#BR; 

FI; 


Intel C/C++ Compiler Intrinsic Equivalent 
BNDCL void _bnd_chk_ptr_Ibounds(const void *q) 


Flags Affected 
None 


Protected Mode Exceptions 


#BR 
#UD 


If lower bound check fails. 
If the LOCK prefix is used. 
If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 


If 67H prefix is not used and CS.D=0. 
If 67H prefix is used and CS.D=1. 
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Real-Address Mode Exceptions 

#BR If lower bound check fails. 

#UD If the LOCK prefix is used. 
If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 
If 16-bit addressing is used. 


Virtual-8086 Mode Exceptions 

#BR If lower bound check fails. 

#UD If the LOCK prefix is used. 
If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 
If 16-bit addressing is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#UD If ModRM.r/m and REX encodes BND4-BND15 when Intel MPX is enabled. 
Same exceptions as in protected mode. 
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Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
F2 OF 1A/r RM NE/V MPX Generate a #BR if the address in r/m32 is higher than the upper 
BNDCU bnd, r/m32 bound in bnd.UB (bnb.UB in 1’s complement form). 
F2 OF 1A/r RM V/NE MPX Generate a #BR if the address in r/m64 is higher than the upper 
BNDCU bnd, r/m64 bound in bnd.UB (bnb.UB in 1’s complement form). 
F2 OF 1B/r RM NE/V MPX Generate a #BR if the address in r/m32 is higher than the upper 
BNDCN bnd, r/m32 bound in bnd.UB (bnb.UB not in 1‘s complement form). 
F2 OF 1B/r RM V/NE MPX Generate a #BR if the address in r/m64 is higher than the upper 
BNDCN bnd, r/m64 bound in bnd.UB (bnb.UB not in 1’s complement form). 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 
RM ModRM:reg (w) ModRM:r/m (r) NA 


Description 


Compare the address in the second operand with the upper bound in bnd. The second operand can be either a 
register or a memory operand. If the address is higher than the upper bound in bnd.UB, it will set BNDSTATUS to 
01H and signal a #BR exception. 


BNDCU perform 1’s complement operation on the upper bound of bnd first before proceeding with address compar- 
ison. BNDCN perform address comparison directly using the upper bound in bnd that is already reverted out of 1’s 


complement form. 


This instruction does not cause any memory access, and does not read or write any flags. 
Effective address computation of m32/64 has identical behavior to LEA 


Operation 


BNDCU BND, reg 

IF reg > NOT(BND.UB) Then 
BNDSTATUS := 01H; 
#BR; 

Fl; 


BNDCU BND, mem 

TEMP := LEA(mem); 

IF TEMP > NOT(BND.UB) Then 
BNDSTATUS := 01H; 
#BR; 

FI; 


BNDCN BND, reg 

IF reg > BND.UB Then 
BNDSTATUS := 01H; 
#BR; 

Fl; 
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BNDCN BND, mem 

TEMP := LEA(mem); 

IF TEMP > BND.UB Then 
BNDSTATUS := 01H; 
#BR; 

FI; 


Intel C/C++ Compiler Intrinsic Equivalent 
BNDCU .void _bnd_chk_ptr_ubounds(const void *q) 


Flags Affected 
None 


Protected Mode Exceptions 

#BR If upper bound check fails. 

#UD If the LOCK prefix is used. 
If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 
If 67H prefix is not used and CS.D=0. 
If 67H prefix is used and CS.D=1. 


Real-Address Mode Exceptions 

#BR If upper bound check fails. 

#UD If the LOCK prefix is used. 
If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 
If 16-bit addressing is used. 


Virtual-8086 Mode Exceptions 

#BR If upper bound check fails. 

#UD If the LOCK prefix is used. 
If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 
If 16-bit addressing is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#UD If ModRM.r/m and REX encodes BND4-BND15 when Intel MPX is enabled. 
Same exceptions as in protected mode. 
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BNDLDX—Load Extended Bounds Using Address Translation 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support Flag 
NP OF 1A /r RM VIN MPX Load the bounds stored in a bound table entry (BTE) into bnd with 
BNDLDX bnd, mib address translation using the base of mib and conditional on the 
index of mib matching the pointer value in the BTE. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
SIB.base (r): Address of pointer 
RM ModRM:reg (w) ie ahs ° NA 
Description 


BNDLDxX uses the linear address constructed from the base register and displacement of the SIB-addressing form 
of the memory operand (mib) to perform address translation to access a bound table entry and conditionally load 
the bounds in the BTE to the destination. The destination register is updated with the bounds in the BTE, if the 
content of the index register of mib matches the pointer value stored in the BTE. 

If the pointer value comparison fails, the destination is updated with INIT bounds (Ib = 0x0, ub = 0x0) (note: as 
articulated earlier, the upper bound is represented using 1's complement, therefore, the 0x0 value of upper bound 
allows for access to full memory). 

This instruction does not cause memory access to the linear address of mib nor the effective address referenced by 
the base, and does not read or write any flags. 

Segment overrides apply to the linear address computation with the base of mib, and are used during address 
translation to generate the address of the bound table entry. By default, the address of the BTE is assumed to be 
linear address. There are no segmentation checks performed on the base of mib. 


The base of mib will not be checked for canonical address violation as it does not access memory. 


Any encoding of this instruction that does not specify base or index register will treat those registers as zero 
(constant). The reg-reg form of this instruction will remain a NOP. 


The scale field of the SIB byte has no effect on these instructions and is ignored. 


The bound register may be partially updated on memory faults. The order in which memory operands are loaded is 
implementation specific. 


Operation 


base := mib.SIB.base ? mib.SIB.base + Disp: 0; 
ptr_value := mib.SIB.index ? mib.SIB.index : 0; 


Outside 64-bit mode 
A_BDE[31:0] := (Zero_extend32(base[31:12] « 2) + (BNDCFG[31:12] «12 ); 
A_BT[31:0] := LoadFrom(A_BDE ); 
IF A_BT[O] equal O Then 
BNDSTATUS := A_BDE | 02H; 
#BR; 
Fl; 
A_BTE[31:0] := (Zero_extend32(base[1 1:2] « 4) + (A_BT[31:2] « 2); 
Temp_Ib[31:0] := LoadFrom(A_BTE); 
Temp_ub[31:0] := LoadFrom(A_BTE + 4); 
Temp_ptr[31:0] := LoadFrom(A_BTE + 8); 
IF Temp_ptr equal ptr_value Then 
BND.LB := Temp_l|b; 
BND.UB := Temp_ub; 
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ELSE 
BND.LB := 0; 
BND.UB := 0; 
Fl; 


In 64-bit mode 
A_BDE[63:0] := (Zero_extend64(base[47+MAWA:20] « 3) + (BNDCFG[63:12] «12 );! 
A_BT[63:0] := LoadFrom(A_BDE); 
IF A_BT[O] equal O Then 
BNDSTATUS := A_BDE | 02H; 
#BR; 
Fl; 
A_BTE[63:0] := (Zero_extend64(base[1 9:3] « 5) + (A_BT[63:3] « 3 ); 
Temp_Ib[63:0] := LoadFrom(A_BTE); 
Temp_ub[63:0] := LoadFrom(A_BTE + 8); 
Temp_ptr[63:0] := LoadFrom(A_BTE + 16); 
IF Temp_ptr equal ptr_value Then 
BND.LB := Temp_lb; 
BND.UB := Temp_ub; 


ELSE 
BND.LB := 0; 
BND.UB := 0; 
Fl; 


Intel C/C++ Compiler Intrinsic Equivalent 
BNDLDX: Generated by compiler as needed. 


Flags Affected 
None 


Protected Mode Exceptions 
#BR If the bound directory entry is invalid. 
#UD If the LOCK prefix is used. 
If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 
If 67H prefix is not used and CS.D=0. 
If 67H prefix is used and CS.D=1. 
#GP(0) If a destination effective address of the Bound Table entry is outside the DS segment limit. 
If DS register contains a NULL segment selector. 
#PF(fault code) If a page fault occurs. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 
If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 
If 16-bit addressing is used. 
#GP(0) If a destination effective address of the Bound Table entry is outside the DS segment limit. 


1. If CPL < 3, the supervisor MAWA (MAWAS) is used; this value is 0. If CPL = 3, the user MAWA (MAWAU) is used; this value is enumer- 
ated in CPUID.(EAX=07H,ECX=0H):ECX.MAWAU[bits 21:17]. See Section 17.3.1 of Intel® 64 and IA-32 Architectures Software Devel- 
oper's Manual, Volume 1. 


3-112 Vol. 2A BNDLDX—Load Extended Bounds Using Address Translation 


INSTRUCTION SET REFERENCE, A-L 


Virtual-8086 Mode Exceptions 
#UD If the LOCK prefix is used. 
If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 
If 16-bit addressing is used. 
#GP(0) If a destination effective address of the Bound Table entry is outside the DS segment limit. 
#PF(fault code) If a page fault occurs. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#BR If the bound directory entry is invalid. 
#UD If ModRM is RIP relative. 

If the LOCK prefix is used. 

If ModRM.r/m and REX encodes BND4-BND15 when Intel MPX is enabled. 
#GP(0) If the memory address (A_BDE or A_BTE) is in a non-canonical form. 
#PF(fault code) If a page fault occurs. 
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BNDMK—Make Bounds 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 


BNDMK bnd, m32 


F3 0F 1B/r RM NE/V MPX Make lower and upper bounds from m32 and store them in bnd. 


BNDMK bnd, m64 


F3 OF 1B/r RM V/NE MPX Make lower and upper bounds from m64 and store them in bnd. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
RM ModRM:reg (w) ModRM:r/m (r) NA 
Description 


Makes bounds from the second operand and stores the lower and upper bounds in the bound register bnd. The 
second operand must be a memory operand. The content of the base register from the memory operand is stored 
in the lower bound bnd.LB. The 1's complement of the effective address of m32/m64 is stored in the upper bound 


b.UB. Computation of m32/m64 has identical behavior to LEA. 


This instruction does not cause any memory access, and does not read or write any flags. 


If the instruction did not specify base register, the lower bound will be zero. The reg-reg form of this instruction 


retains legacy behavior (NOP). 


The instruction causes an invalid-opcode exception (#UD) if executed in 64-bit mode with RIP-relative addressing. 


Operation 


BND.LB := SRCMEM.base; 
IF 64-bit mode Then 
BND.UB := NOT(LEA.64_bits(SRCMEM)); 
ELSE 
BND.UB := Zero_Extend.64_bits(NOT(LEA.32_bits(SRCMEM))); 
Fl; 


Intel C/C++ Compiler Intrinsic Equivalent 
BNDMK void * _bnd_set_ptr_bounds(const void * q, size_t size); 


Flags Affected 
None 


Protected Mode Exceptions 
#UD If the LOCK prefix is used. 


If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 


If 67H prefix is not used and CS.D=0. 
If 67H prefix is used and CS.D=1. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 


If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 


If 16-bit addressing is used. 
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Virtual-8086 Mode Exceptions 

#UD If the LOCK prefix is used. 
If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 
If 16-bit addressing is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#UD If the LOCK prefix is used. 
If ModRM.r/m and REX encodes BND4-BND15 when Intel MPX is enabled. 
If RIP-relative addressing is used. 
#SS(0) If the memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the memory address is in a non-canonical form. 
Same exceptions as in protected mode. 


BNDMK—Make Bounds Vol.2A 3-115 


INSTRUCTION SET REFERENCE, A-L 


BNDMOV—Move Bounds 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
66 OF 1A /r RM NE/V MPX Move lower and upper bound from bnd2/m64 to bound register 
BNDMOV bnd1, bnd2/m64 bnd1. 
66 OF 1A /r RM V/NE MPX Move lower and upper bound from bnd2/m1 28 to bound register 
BNDMOV bnd1, bnd2/m128 bnd1. 
66 OF 1B /r MR NE/V MPX Move lower and upper bound from bnd2 to bnd1/m64. 
BNDMOV bnd1/m64, bnd2 
66 OF 1B /r MR V/NE MPX Move lower and upper bound from bnd2 to bound register 
BNDMOV bnd1/m128, bnd2 bnd1/m128. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 
RM ModRM:reg (w) ModRM:r/m (r) NA 
MR ModRM:r/m (w) ModRM:reg (r) NA 
Description 


BNDMOV moves a pair of lower and upper bound values from the source operand (the second operand) to the 
destination (the first operand). Each operation is 128-bit move. The exceptions are same as the MOV instruction. 
The memory format for loading/store bounds in 64-bit mode is shown in Figure 3-5. 


Upper Bound (UB) 


Lower Bound (LB) 


16 ier 


Oe 0 Byte offset 


BNDMOV to memory in 64-bit mode 


Upper Bound (UB) 


Lower Bound (LB) 


BNDMOV to memory in 32-bit mode 


0 Byte offset 


Figure 3-5. Memory Layout of BNDMOV to/from Memory 


This instruction does not change flags. 


Operation 


BNDMOV register to register 


DEST.LB := SRC.LB; 
DEST.UB := SRC.UB; 
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BNDMOV from memory 


IF 64-bit mode THEN 


DEST.LB := LOAD_QWORD(SRC); 
DEST.UB := LOAD_QWORD(SRC+8); 


ELSE 


DEST.LB := LOAD_DWORD_ZERO_EXT(SRC); 
DEST.UB := LOAD_DWORD_ZERO_EXT(SRC+4); 


Fl; 


BNDMOV to memory 


IF 64-bit mode THEN 


DEST[63:0] := SRC.LB; 
DEST[127:64] := SRC.UB; 


ELSE 


DEST[31:0] := SRC.LB; 
DEST[63:32] := SRC.UB; 


Fl; 


Intel C/C++ Compiler Intrinsic Equivalent 


BNDMOV void * _bnd_copy_ptr_bounds(const void *q, const void *r) 
Flags Affected 
None 


Protected Mode Exceptions 


#UD 


#SS(0) 
#GP(0) 


#AC(0) 
#PF(fault code) 


If the LOCK prefix is used but the destination is not a memory operand. 

If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 

If 67H prefix is not used and CS.D=0. 

If 67H prefix is used and CS.D=1. 

If the memory operand effective address is outside the SS segment limit. 

If the memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the destination operand points to a non-writable segment 

If the DS, ES, FS, or GS segment register contains a NULL segment selector. 

If alignment checking is enabled and an unaligned memory reference is made while CPL is 3. 
If a page fault occurs. 


Real-Address Mode Exceptions 


#UD 


#GP(0) 
#SS 


BNDMOV—Move Bounds 


If the LOCK prefix is used but the destination is not a memory operand. 

If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 

If 16-bit addressing is used. 

If the memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the memory operand effective address is outside the SS segment limit. 
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Virtual-8086 Mode Exceptions 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 
If 16-bit addressing is used. 


#GP(0) If the memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If the memory operand effective address is outside the SS segment limit. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while CPL is 3. 


#PF(fault code) If a page fault occurs. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#UD If the LOCK prefix is used but the destination is not a memory operand. 
If ModRM.r/m and REX encodes BND4-BND15 when Intel MPX is enabled. 
#SS(0) If the memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the memory address is in a non-canonical form. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while CPL is 3. 


#PF(fault code) If a page fault occurs. 
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BNDSTX—Store Extended Bounds Using Address Translation 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
NP OF 1B /r MR VIV MPX Store the bounds in bnd and the pointer value in the index regis- 
BNDSTX mib, bnd ter of mib to a bound table entry (BTE) with address translation 
using the base of mib. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
SIB.base (r): Address of pointer : 
MR SIB.index(r) ModRM:reg (r) NA 
Description 


BNDSTX uses the linear address constructed from the displacement and base register of the SIB-addressing form 
of the memory operand (mib) to perform address translation to store to a bound table entry. The bounds in the 
source operand bnd are written to the lower and upper bounds in the BTE. The content of the index register of mib 
is written to the pointer value field in the BTE. 

This instruction does not cause memory access to the linear address of mib nor the effective address referenced by 
the base, and does not read or write any flags. 

Segment overrides apply to the linear address computation with the base of mib, and are used during address 
translation to generate the address of the bound table entry. By default, the address of the BTE is assumed to be 
linear address. There are no segmentation checks performed on the base of mib. 


The base of mib will not be checked for canonical address violation as it does not access memory. 


Any encoding of this instruction that does not specify base or index register will treat those registers as zero 
(constant). The reg-reg form of this instruction will remain a NOP. 


The scale field of the SIB byte has no effect on these instructions and is ignored. 


The bound register may be partially updated on memory faults. The order in which memory operands are loaded is 
implementation specific. 


Operation 


base := mib.SIB.base ? mib.SIB.base + Disp: 0; 
ptr_value := mib.SIB.index ? mib.SIB.index : 0; 


Outside 64-bit mode 
A_BDE[31:0] := (Zero_extend32(base[31:12] « 2) + (BNDCFG[31:12] «12 ); 
A_BT[31:0] := LoadFrom(A_BDE); 
IF A_BT[O] equal O Then 
BNDSTATUS := A_BDE | 02H; 
#BR; 
Fl; 
A_DEST[31:0] := (Zero_extend32(base[1 1:2] « 4) + (A_BT[31:2] « 2 ); // address of Bound table entry 
A_DEST[8][31:0] := ptr_value; 
A_DEST[0][31:0] := BND.LB; 
A_DEST[4][31:0] := BND.UB; 
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In 64-bit mode 
A_BDE[63:0] := (Zero_extend64(base[47+MAWA:20] « 3) + (BNDCFG[63:12] «12 );! 
A_BT[63:0] := LoadFrom(A_BDE); 
IF A_BT[O] equal O Then 
BNDSTATUS := A_BDE | 02H; 
#BR; 
Fl; 
A_DEST[63:0] := (Zero_extend64(base[1 9:3] « 5) + (A_BT[63:3] « 3 ); // address of Bound table entry 
A_DEST[16][63:0] := ptr_value; 
A_DEST[0][63:0] := BND.LB; 
A_DEST[8][63:0] := BND.UB; 


Intel C/C++ Compiler Intrinsic Equivalent 
BNDSTX: _bnd_store_ptr_bounds(const void **ptr_addr, const void *ptr_val); 


Flags Affected 
None 


Protected Mode Exceptions 
#BR If the bound directory entry is invalid. 
#UD If the LOCK prefix is used. 
If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 
If 67H prefix is not used and CS.D=0. 
If 67H prefix is used and CS.D=1. 
#GP(0) If a destination effective address of the Bound Table entry is outside the DS segment limit. 
If DS register contains a NULL segment selector. 
If the destination operand points to a non-writable segment 
#PF(fault code) If a page fault occurs. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 
If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 
If 16-bit addressing is used. 
#GP(0) If a destination effective address of the Bound Table entry is outside the DS segment limit. 


Virtual-8086 Mode Exceptions 
#UD If the LOCK prefix is used. 
If ModRM.r/m encodes BND4-BND7 when Intel MPX is enabled. 
If 16-bit addressing is used. 
#GP(0) If a destination effective address of the Bound Table entry is outside the DS segment limit. 
#PF(fault code) If a page fault occurs. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


1. If CPL < 3, the supervisor MAWA (MAWAS) is used; this value is 0. If CPL = 3, the user MAWA (MAWAU) is used; this value is enumer- 
ated in CPUID.(EAX=07H,ECX=0H):ECX.MAWAU[bits 21:17]. See Section 17.3.1 of Intel® 64 and IA-32 Architectures Software Devel- 
oper's Manual, Volume 1. 
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64-Bit Mode Exceptions 
#BR If the bound directory entry is invalid. 
#UD If ModRM is RIP relative. 
If the LOCK prefix is used. 
If ModRM.r/m and REX encodes BND4-BND15 when Intel MPX is enabled. 
#GP(0) If the memory address (A_BDE or A_BTE) is in a non-canonical form. 
If the destination operand points to a non-writable segment 
#PF(fault code) If a page fault occurs. 
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BOUND—Check Array Index Against Bounds 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
62 /r BOUND r16, m16&16 RM | Invalid Valid Check if 76 (array index) is within bounds 
specified by m76&16. 
62 /r BOUND r32, mM32&32 RM | Invalid Valid Check if r32 (array index) is within bounds 
specified by m32&32. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r) ModRM:r/m (r) NA NA 
Description 


BOUND determines if the first operand (array index) is within the bounds of an array specified the second operand 
(bounds operand). The array index is a signed integer located in a register. The bounds operand is a memory loca- 
tion that contains a pair of signed doubleword-integers (when the operand-size attribute is 32) or a pair of signed 
word-integers (when the operand-size attribute is 16). The first doubleword (or word) is the lower bound of the 

array and the second doubleword (or word) is the upper bound of the array. The array index must be greater than 
or equal to the lower bound and less than or equal to the upper bound plus the operand size in bytes. If the index 
is not within bounds, a BOUND range exceeded exception (#BR) is signaled. When this exception is generated, the 
saved return instruction pointer points to the BOUND instruction. 


The bounds limit data structure (two words or doublewords containing the lower and upper limits of the array) is 
usually placed just before the array itself, making the limits addressable via a constant offset from the beginning of 
the array. Because the address of the array already will be present in a register, this practice avoids extra bus cycles 


to obtain the effective address of the array bounds. 


This instruction executes as described in compatibility mode and legacy mode. It is not valid in 64-bit mode. 


Operation 


IF 64bit Mode 
THEN 
#UD; 
ELSE 


IF (Arraylndex < LowerBound OR Arraylndex > UpperBound) THEN 


(* Below lower bound or above upper bound *) 
IF <equation for PL enabled> THEN BNDSTATUS := 0 


#BR; 
Fl; 
Fl; 


Flags Affected 
None. 
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Protected Mode Exceptions 


#BR If the bounds test fails. 

#UD If second operand is not a memory location. 
If the LOCK prefix is used. 

#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 


current privilege level is 3. 


Real-Address Mode Exceptions 


#BR If the bounds test fails. 
#UD If second operand is not a memory location. 
If the LOCK prefix is used. 
#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 


Virtual-8086 Mode Exceptions 


#BR If the bounds test fails. 
#UD If second operand is not a memory location. 
If the LOCK prefix is used. 
#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#UD If in 64-bit mode. 


BOUND—Check Array Index Against Bounds Vol.2A 3-123 


INSTRUCTION SET REFERENCE, A-L 


BSF—Bit Scan Forward 


Opcode Instruction Op/ | 64-bit Compat/ |Description 

En |Mode Leg Mode 
OF BC /r BSF r16, r/m16 RM | Valid Valid Bit scan forward on r/m16. 
OF BC /r BSF r32, r/m32 RM | Valid Valid Bit scan forward on r/m32. 
REX.W + OF BC /r BSF r64, r/m64 RM_ | Valid N.E. Bit scan forward on r/m64, 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Searches the source operand (second operand) for the least significant set bit (1 bit). If a least significant 1 bit is 
found, its bit index is stored in the destination operand (first operand). The source operand can be a register or a 
memory location; the destination operand is a register. The bit index is an unsigned offset from bit 0 of the source 
operand. If the content of the source operand is 0, the content of the destination operand is undefined. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


Operation 


IF SRC = 0 
THEN 
ZF := 1; 
DEST is undefined; 
ELSE 
ZF := 0; 
temp := 0; 
WHILE Bit(SRC, temp) = 0 
DO 
temp := temp + 1; 
OD; 
DEST := temp; 
Fl; 


Flags Affected 


The ZF flag is set to 1 if the source operand is 0; otherwise, the ZF flag is cleared. The CF, OF, SF, AF, and PF flags 
are undefined. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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BSR—Bit Scan Reverse 


Opcode Instruction Op/ | 64-bit Compat/ |Description 

En |Mode Leg Mode 
OF BD /r BSR r16, r/m16 RM _ | Valid Valid Bit scan reverse on r/m16. 
OF BD /r BSR r32, r/m32 RM _ | Valid Valid Bit scan reverse on r/m32. 
REX.W + OF BD /r BSR r64, r/m64 RM | Valid N.E. Bit scan reverse on r/m64. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Searches the source operand (second operand) for the most significant set bit (1 bit). If a most significant 1 bit is 
found, its bit index is stored in the destination operand (first operand). The source operand can be a register or a 
memory location; the destination operand is a register. The bit index is an unsigned offset from bit 0 of the source 
operand. If the content source operand is 0, the content of the destination operand is undefined. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


Operation 


IF SRC =0 

THEN 
ZF := 1; 
DEST is undefined; 

ELSE 
ZF := 0; 
temp := OperandSize - 1; 
WHILE Bit(SRC, temp) = 0 


DO 
temp := temp - 1; 
OD; 
DEST := temp; 
Fl; 
Flags Affected 


The ZF flag is set to 1 if the source operand is 0; otherwise, the ZF flag is cleared. The CF, OF, SF, AF, and PF flags 
are undefined. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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BSWAP—Byte Swap 


Opcode Instruction Op/ | 64-bit Compat/ |Description 

En |Mode Leg Mode 
OF C8+rd BSWAP r32 O Valid* Valid Reverses the byte order of a 32-bit register. 
REX.W + OF C8+rd BSWAP r64 6) Valid N.E. Reverses the byte order of a 64-bit register. 
NOTES: 


* See IA-32 Architecture Compatibility section below. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
O opcode + rd (r, w) NA NA NA 
Description 


Reverses the byte order of a 32-bit or 64-bit (destination) register. This instruction is provided for converting little- 
endian values to big-endian format and vice versa. To swap bytes in a word value (16-bit register), use the XCHG 
instruction. When the BSWAP instruction references a 16-bit register, the result is undefined. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


IA-32 Architecture Legacy Compatibility 


The BSWAP instruction is not supported on IA-32 processors earlier than the Intel486™ processor family. For 
compatibility with this instruction, software should include functionally equivalent code for execution on Intel 
processors earlier than the Intel486 processor family. 


Operation 


TEMP := DEST 
IF 64-bit mode AND OperandSize = 64 
THEN 
DEST[7:0] := TEMP[63:56]; 
DEST[1 5:8] := TEMP[55:48]; 
DEST[23:16] := TEMP[47:40]; 
DEST[31:24] := TEMP[39:32]; 
DEST[39:32] := TEMP[31:24]; 
DEST[47:40] := TEMP[23:16]; 
DEST[55:48] := TEMP[1 5:8]; 
DEST[63:56] := TEMP[7:0]; 
ELSE 
DEST[7:0] := TEMP[31:24]; 
DEST[1 5:8] := TEMP[23:16]; 
DEST[23:16] := TEMP[1 5:8]; 
DEST[31:24] := TEMP[7:0]; 
Fl; 


Flags Affected 
None. 


Exceptions (All Operating Modes) 
#UD If the LOCK prefix is used. 
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BT—Bit Test 
Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
OF A3 /r BT r/m16, r16 MR | Valid Valid Store selected bit in CF flag. 
OF A3 /r BT r/m32, r32 MR | Valid Valid Store selected bit in CF flag. 
REX.W + OF A3 /r BT r/m64, r64 MR | Valid N.E. Store selected bit in CF flag. 
OF BA /4 ib BT r/m16, imm8 MI Valid Valid Store selected bit in CF flag. 
OF BA /4 ib BT r/m32, imm8 MI Valid Valid Store selected bit in CF flag. 
REX.W + OF BA /4 ib BT r/m64, imm8 MI Valid N.E. Store selected bit in CF flag. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 

MR ModRM:r/m (r) ModRM:reg (r) NA NA 

MI ModRM:r/m (r) imm8 NA NA 
Description 


Selects the bit in a bit string (specified with the first operand, called the bit base) at the bit-position designated by 
the bit offset (specified by the second operand) and stores the value of the bit in the CF flag. The bit base operand 
can be a register or a memory location; the bit offset operand can be a register or an immediate value: 


° If the bit base operand specifies a register, the instruction takes the modulo 16, 32, or 64 of the bit offset 
operand (modulo size depends on the mode and register size; 64-bit operands are available only in 64-bit 
mode). 


e If the bit base operand specifies a memory location, the operand represents the address of the byte in memory 
that contains the bit base (bit 0 of the specified byte) of the bit string. The range of the bit position that can be 
referenced by the offset operand depends on the operand size. 


See also: Bit(BitBase, BitOffset) on page 3-11. 


Some assemblers support immediate bit offsets larger than 31 by using the immediate bit offset field in combina- 
tion with the displacement field of the memory operand. In this case, the low-order 3 or 5 bits (3 for 16-bit oper- 
ands, 5 for 32-bit operands) of the immediate bit offset are stored in the immediate bit offset field, and the high- 
order bits are shifted and combined with the byte displacement in the addressing mode by the assembler. The 
processor will ignore the high order bits if they are not zero. 


When accessing a bit in memory, the processor may access 4 bytes starting from the memory address for a 32-bit 
operand size, using by the following relationship: 


Effective Address + (4 * (BitOffset DIV 32)) 
Or, it may access 2 bytes starting from the memory address for a 16-bit operand, using this relationship: 


Effective Address + (2 * (BitOffset DIV 16)) 


It may do so even when only a single byte needs to be accessed to reach the given bit. When using this bit 
addressing mechanism, software should avoid referencing areas of memory close to address space holes. In partic- 
ular, it should avoid references to memory-mapped I/O registers. Instead, software should use the MOV instruc- 
tions to load from or store to these addresses, and use the register form of these instructions to manipulate the 
data. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bit oper- 
ands. See the summary chart at the beginning of this section for encoding data and limits. 


Operation 


CF := Bit(BitBase, BitOffset); 
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Flags Affected 


The CF flag contains the value of the selected bit. The ZF flag is unaffected. The OF, SF, AF, and PF flags are 
undefined. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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BTC—Bit Test and Complement 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 

OF BB /r BTC r/m16, r16 MR | Valid Valid Store selected bit in CF flag and complement. 
OF BB /r BTC r/m32, r32 MR | Valid Valid Store selected bit in CF flag and complement. 
REX.W + OF BB /r BTC r/m64, r64 MR | Valid N.E. Store selected bit in CF flag and complement. 
OF BA /7 ib BTC r/m16, imm8& MI | Valid Valid Store selected bit in CF flag and complement. 
OF BA /7 ib BTC r/m32, imm8& MI | Valid Valid Store selected bit in CF flag and complement. 
REX.W + OF BA /7 ib BTC r/m64, imm8 MI | Valid N.E. Store selected bit in CF flag and complement. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MR ModRM:r/m (r, w) ModRM:reg (r) NA NA 
MI ModRM:r/m (r, w) imm8 NA NA 
Description 


Selects the bit in a bit string (specified with the first operand, called the bit base) at the bit-position designated by 
the bit offset operand (second operand), stores the value of the bit in the CF flag, and complements the selected 
bit in the bit string. The bit base operand can be a register or a memory location; the bit offset operand can be a 
register or an immediate value: 


e If the bit base operand specifies a register, the instruction takes the modulo 16, 32, or 64 of the bit offset 
operand (modulo size depends on the mode and register size; 64-bit operands are available only in 64-bit 
mode). This allows any bit position to be selected. 


° If the bit base operand specifies a memory location, the operand represents the address of the byte in memory 
that contains the bit base (bit 0 of the specified byte) of the bit string. The range of the bit position that can be 
referenced by the offset operand depends on the operand size. 


See also: Bit(BitBase, BitOffset) on page 3-11. 


Some assemblers support immediate bit offsets larger than 31 by using the immediate bit offset field in combina- 
tion with the displacement field of the memory operand. See “BT—Bit Test” in this chapter for more information on 
this addressing mechanism. 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


Operation 


CF := Bit(BitBase, BitOffset); 
Bit(BitBase, BitOffset) := NOT Bit(BitBase, BitOffset); 


Flags Affected 


The CF flag contains the value of the selected bit before it is complemented. The ZF flag is unaffected. The OF, SF, 
AF, and PF flags are undefined. 
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Protected Mode Exceptions 

#GP(0) If the destination operand points to a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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BTR—Bit Test and Reset 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 

OF B3 /r BTR r/m16, r16 MR | Valid Valid Store selected bit in CF flag and clear. 
OF B3 /r BTR r/m32, r32 MR | Valid Valid Store selected bit in CF flag and clear. 
REX.W + OF B3 /r BTR r/m64, r64 MR | Valid N.E. Store selected bit in CF flag and clear. 
OF BA /6 ib BTR r/m16, imm8 MI | Valid Valid Store selected bit in CF flag and clear. 
OF BA /6 ib BTR r/m32, imm8 MI | Valid Valid Store selected bit in CF flag and clear. 
REX.W + OF BA /6 ib BTR r/m64, imm8& MI | Valid N.E. Store selected bit in CF flag and clear. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MR ModRM:r/m (r, w) ModRM:reg (r) NA NA 
MI ModRM:r/m (r, w) imm8 NA NA 
Description 


Selects the bit in a bit string (specified with the first operand, called the bit base) at the bit-position designated by 
the bit offset operand (second operand), stores the value of the bit in the CF flag, and clears the selected bit in the 
bit string to 0. The bit base operand can be a register or a memory location; the bit offset operand can be a register 
or an immediate value: 


¢ If the bit base operand specifies a register, the instruction takes the modulo 16, 32, or 64 of the bit offset 
operand (modulo size depends on the mode and register size; 64-bit operands are available only in 64-bit 
mode). This allows any bit position to be selected. 


° If the bit base operand specifies a memory location, the operand represents the address of the byte in memory 
that contains the bit base (bit 0 of the specified byte) of the bit string. The range of the bit position that can be 
referenced by the offset operand depends on the operand size. 


See also: Bit(BitBase, BitOffset) on page 3-11. 


Some assemblers support immediate bit offsets larger than 31 by using the immediate bit offset field in combina- 
tion with the displacement field of the memory operand. See “BT—Bit Test” in this chapter for more information on 
this addressing mechanism. 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


Operation 


CF := Bit(BitBase, BitOffset); 
Bit(BitBase, BitOffset) := 0; 


Flags Affected 


The CF flag contains the value of the selected bit before it is cleared. The ZF flag is unaffected. The OF, SF, AF, and 
PF flags are undefined. 
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Protected Mode Exceptions 

#GP(0) If the destination operand points to a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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BTS—Bit Test and Set 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 

OF AB /r BTS r/m16, r16 MR | Valid Valid Store selected bit in CF flag and set. 
OF AB /r BTS r/m32, r32 MR | Valid Valid Store selected bit in CF flag and set. 
REX.W + OF AB /r BTS r/m64, r64 MR | Valid N.E. Store selected bit in CF flag and set. 
OF BA /5 ib BTS r/m16, imm8 MI Valid Valid Store selected bit in CF flag and set. 
OF BA/5 ib BTS r/m32, imm8& MI Valid Valid Store selected bit in CF flag and set. 
REX.W + OF BA/5 ib BTS r/m64, imm8& MI | Valid N.E. Store selected bit in CF flag and set. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MR ModRM:r/m (r, w) ModRM:reg (r) NA NA 
MI ModRM:r/m (r, w) imm8 NA NA 
Description 


Selects the bit in a bit string (specified with the first operand, called the bit base) at the bit-position designated by 

the bit offset operand (second operand), stores the value of the bit in the CF flag, and sets the selected bit in the 

bit string to 1. The bit base operand can be a register or a memory location; the bit offset operand can be a register 

or an immediate value: 

° If the bit base operand specifies a register, the instruction takes the modulo 16, 32, or 64 of the bit offset 
operand (modulo size depends on the mode and register size; 64-bit operands are available only in 64-bit 
mode). This allows any bit position to be selected. 


° If the bit base operand specifies a memory location, the operand represents the address of the byte in memory 
that contains the bit base (bit 0 of the specified byte) of the bit string. The range of the bit position that can be 
referenced by the offset operand depends on the operand size. 


See also: Bit(BitBase, BitOffset) on page 3-11. 


Some assemblers support immediate bit offsets larger than 31 by using the immediate bit offset field in combina- 
tion with the displacement field of the memory operand. See “BT—Bit Test” in this chapter for more information on 
this addressing mechanism. 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


Operation 


CF := Bit(BitBase, BitOffset); 
Bit(BitBase, BitOffset) := 1; 


Flags Affected 


The CF flag contains the value of the selected bit before it is set. The ZF flag is unaffected. The OF, SF, AF, and PF 
flags are undefined. 
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Protected Mode Exceptions 

#GP(0) If the destination operand points to a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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BZHI — Zero High Bits Starting with Specified Bit Position 


Opcode/Instruction Op/ | 64/32 | CPUID Description 
En -bit Feature 
Mode | Flag 
VEX.LZ.0F38.W0 F5 /r RMV | V/V BMI2 Zero bits in r/m32 starting with the position in r32b, write result to 
BZHI r32a, r/m32, r32b r32a. 
VEX.LZ.0F38.W1 F5 /r RMV | V/N.E. BMI2 Zero bits in r/m64 starting with the position in r64b, write result to 
BZHI r64a, r/m64, r64b r64a. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMV ModRM:reg (w) ModRM:r/m (r) VEX.vvvv (r) NA 
Description 


BZHI copies the bits of the first source operand (the second operand) into the destination operand (the first 
operand) and clears the higher bits in the destination according to the INDEX value specified by the second source 
operand (the third operand). The INDEX is specified by bits 7:0 of the second source operand. The INDEX value is 
saturated at the value of OperandSize -1. CF is set, if the number contained in the 8 low bits of the third operand 
is greater than OperandSize -1. 


This instruction is not supported in real mode and virtual-8086 mode. The operand size is always 32 bits if not in 
64-bit mode. In 64-bit mode operand size 64 requires VEX.W1. VEX.W1 is ignored in non-64-bit modes. An 
attempt to execute this instruction with VEX.L not equal to 0 will cause #UD. 


Operation 

N := SRC2[7:0] 

DEST := SRC1 

IF (N < OperandSize) 
DEST[OperandSize-1:N] := 0 

Fl 

IF (N > OperandSize - 1) 
CF := 1 

ELSE 


Fl 


Flags Affected 
ZF, CF and SF flags are updated based on the result. OF flag is cleared. AF and PF flags are undefined. 


Intel C/C++ Compiler Intrinsic Equivalent 
BZHI: unsigned __int32 _bzhi_u32(unsigned __int32 src, unsigned __int32 index); 


BZHI: unsigned __int64_bzhi_u64(unsigned __int64 src, unsigned __int32 index); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-29, “Type 13 Class Exception Conditions”. 
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CALL—Call Procedure 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 

E8 cw CALL rel16 D NS. Valid Call near, relative, displacement relative to next 
instruction. 

E8 cd CALL re/32 D Valid Valid Call near, relative, displacement relative to next 
instruction. 32-bit displacement sign extended to 
64-bits in 64-bit mode. 

FF /2 CALL r/m16 M N.E. Valid Call near, absolute indirect, address given in r/m16. 

FF /2 CALL r/m32 M N.E. Valid Call near, absolute indirect, address given in r/m32. 

FF /2 CALL r/m64 M Valid N.E. Call near, absolute indirect, address given in r/m64. 

9A cd CALL ptr16:16 D Invalid Valid Call far, absolute, address given in operand. 

SA cp CALL ptr16:32 D Invalid Valid Call far, absolute, address given in operand. 

FF /3 CALL m16:16 M Valid Valid Call far, absolute indirect address given in m76:76. 
In 32-bit mode: if selector points to a gate, then RIP 
= 32-bit zero extended displacement taken from 
gate; else RIP = zero extended 16-bit offset from 
far pointer referenced in the instruction. 

FF /3 CALL m16:32 M Valid Valid In 64-bit mode: If selector points to a gate, then RIP 
= 64-bit displacement taken from gate; else RIP = 
zero extended 32-bit offset from far pointer 
referenced in the instruction. 

REX.W FF /3 CALL m16:64 M Valid N.E. In 64-bit mode: If selector points to a gate, then RIP 
= 64-bit displacement taken from gate; else RIP = 
64-bit offset from far pointer referenced in the 
instruction. 

Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
D Offset NA NA NA 
M ModRM:r/m (r) NA NA NA 
Description 


Saves procedure linking information on the stack and branches to the called procedure specified using the target 
operand. The target operand specifies the address of the first instruction in the called procedure. The operand can 
be an immediate value, a general-purpose register, or a memory location. 


This instruction can be used to execute four types of calls: 


¢ Near Call — A call to a procedure in the current code segment (the segment currently pointed to by the CS 
register), sometimes referred to as an intra-segment call. 


¢ Far Call — A call to a procedure located in a different segment than the current code segment, sometimes 


referred to as an inter-segment call. 


¢ Inter-privilege-level far call — A far call to a procedure in a segment at a different privilege level than that 
of the currently executing program or procedure. 


* Task switch — A call to a procedure located in a different task. 


The latter two call types (inter-privilege-level call and task switch) can only be executed in protected mode. See 
“Calling Procedures Using Call and RET” in Chapter 6 of the Inte/® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 1, for additional information on near, far, and inter-privilege-level calls. See Chapter 7, 
“Task Management,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, for infor- 
mation on performing task switches with the CALL instruction. 
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Near Call. When executing a near call, the processor pushes the value of the EIP register (which contains the offset 
of the instruction following the CALL instruction) on the stack (for use later as a return-instruction pointer). The 
processor then branches to the address in the current code segment specified by the target operand. The target 
operand specifies either an absolute offset in the code segment (an offset from the base of the code segment) ora 
relative offset (a signed displacement relative to the current value of the instruction pointer in the EIP register; this 
value points to the instruction following the CALL instruction). The CS register is not changed on near calls. 


For a near call absolute, an absolute offset is specified indirectly in a general-purpose register or a memory location 
(r/m16, r/m32, or r/m64). The operand-size attribute determines the size of the target operand (16, 32 or 64 
bits). When in 64-bit mode, the operand size for near call (and all near branches) is forced to 64-bits. Absolute 
offsets are loaded directly into the EIP(RIP) register. If the operand size attribute is 16, the upper two bytes of the 
EIP register are cleared, resulting in a maximum instruction pointer size of 16 bits. When accessing an absolute 
offset indirectly using the stack pointer [ESP] as the base register, the base value used is the value of the ESP 
before the instruction executes. 


A relative offset (re/16 or re/32) is generally specified as a label in assembly code. But at the machine code level, it 
is encoded as a signed, 16- or 32-bit immediate value. This value is added to the value in the EIP(RIP) register. In 
64-bit mode the relative offset is always a 32-bit immediate value which is sign extended to 64-bits before it is 
added to the value in the RIP register for the target calculation. As with absolute offsets, the operand-size attribute 
determines the size of the target operand (16, 32, or 64 bits). In 64-bit mode the target operand will always be 64- 
bits because the operand size is forced to 64-bits for near branches. 


Far Calls in Real-Address or Virtual-8086 Mode. When executing a far call in real- address or virtual-8086 mode, the 
processor pushes the current value of both the CS and EIP registers on the stack for use as a return-instruction 
pointer. The processor then performs a “far branch” to the code segment and offset specified with the target 
operand for the called procedure. The target operand specifies an absolute far address either directly with a pointer 
(ptr16:16 or ptr16:32) or indirectly with a memory location (m16:16 or m16:32). With the pointer method, the 
segment and offset of the called procedure is encoded in the instruction using a 4-byte (16-bit operand size) or 6- 
byte (32-bit operand size) far address immediate. With the indirect method, the target operand specifies a memory 
location that contains a 4-byte (16-bit operand size) or 6-byte (32-bit operand size) far address. The operand-size 
attribute determines the size of the offset (16 or 32 bits) in the far address. The far address is loaded directly into 
the CS and EIP registers. If the operand-size attribute is 16, the upper two bytes of the EIP register are cleared. 


Far Calls in Protected Mode. When the processor is operating in protected mode, the CALL instruction can be used to 
perform the following types of far calls: 


¢ Far call to the same privilege level 
¢ Far call to a different privilege level (inter-privilege level call) 
¢ Task switch (far call to another task) 


In protected mode, the processor always uses the segment selector part of the far address to access the corre- 
sponding descriptor in the GDT or LDT. The descriptor type (code segment, call gate, task gate, or TSS) and access 
rights determine the type of call operation to be performed. 


If the selected descriptor is for a code segment, a far call to a code segment at the same privilege level is 
performed. (If the selected code segment is at a different privilege level and the code segment is non-conforming, 
a general-protection exception is generated.) A far call to the same privilege level in protected mode is very similar 
to one carried out in real-address or virtual-8086 mode. The target operand specifies an absolute far address either 
directly with a pointer (ptr16:16 or ptr16:32) or indirectly with a memory location (m16:16 or mM16:32). The 
operand- size attribute determines the size of the offset (16 or 32 bits) in the far address. The new code segment 
selector and its descriptor are loaded into CS register; the offset from the instruction is loaded into the EIP register. 


A call gate (described in the next paragraph) can also be used to perform a far call to a code segment at the same 
privilege level. Using this mechanism provides an extra level of indirection and is the preferred method of making 
calls between 16-bit and 32-bit code segments. 


When executing an inter-privilege-level far call, the code segment for the procedure being called must be accessed 
through a call gate. The segment selector specified by the target operand identifies the call gate. The target 
operand can specify the call gate segment selector either directly with a pointer (ptr16:16 or ptr16:32) or indirectly 
with a memory location (m16:16 or m16:32). The processor obtains the segment selector for the new code 
segment and the new instruction pointer (offset) from the call gate descriptor. (The offset from the target operand 
is ignored when a call gate is used.) 
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On inter-privilege-level calls, the processor switches to the stack for the privilege level of the called procedure. The 
segment selector for the new stack segment is specified in the TSS for the currently running task. The branch to the 
new code segment occurs after the stack switch. (Note that when using a call gate to perform a far call toa 
segment at the same privilege level, no stack switch occurs.) On the new stack, the processor pushes the segment 
selector and stack pointer for the calling procedure’s stack, an optional set of parameters from the calling proce- 
dures stack, and the segment selector and instruction pointer for the calling procedure’s code segment. (A value in 
the call gate descriptor determines how many parameters to copy to the new stack.) Finally, the processor 
branches to the address of the procedure being called within the new code segment. 


Executing a task switch with the CALL instruction is similar to executing a call through a call gate. The target 
operand specifies the segment selector of the task gate for the new task activated by the switch (the offset in the 
target operand is ignored). The task gate in turn points to the TSS for the new task, which contains the segment 
selectors for the task’s code and stack segments. Note that the TSS also contains the EIP value for the next instruc- 
tion that was to be executed before the calling task was suspended. This instruction pointer value is loaded into the 
EIP register to re-start the calling task. 


The CALL instruction can also specify the segment selector of the TSS directly, which eliminates the indirection of 
the task gate. See Chapter 7, “Task Management,” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3A, for information on the mechanics of a task switch. 


When you execute at task switch with a CALL instruction, the nested task flag (NT) is set in the EFLAGS register and 
the new TSS‘s previous task link field is loaded with the old task’s TSS selector. Code is expected to suspend this 
nested task by executing an IRET instruction which, because the NT flag is set, automatically uses the previous task 
link to return to the calling task. (See “Task Linking” in Chapter 7 of the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 3A, for information on nested tasks.) Switching tasks with the CALL instruction differs 
in this regard from JMP instruction. JMP does not set the NT flag and therefore does not expect an IRET instruction 
to suspend the task. 


Mixing 16-Bit and 32-Bit Calls. When making far calls between 16-bit and 32-bit code segments, use a call gate. If 
the far call is from a 32-bit code segment to a 16-bit code segment, the call should be made from the first 64 
KBytes of the 32-bit code segment. This is because the operand-size attribute of the instruction is set to 16, so only 
a 16-bit return address offset can be saved. Also, the call should be made using a 16-bit call gate so that 16-bit 
values can be pushed on the stack. See Chapter 21, “Mixing 16-Bit and 32-Bit Code,” in the Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 3B, for more information. 


Far Calls in Compatibility Mode. When the processor is operating in compatibility mode, the CALL instruction can be 
used to perform the following types of far calls: 


¢ Far call to the same privilege level, remaining in compatibility mode 
¢ Far call to the same privilege level, transitioning to 64-bit mode 
¢ Far call to a different privilege level (inter-privilege level call), transitioning to 64-bit mode 


Note that a CALL instruction can not be used to cause a task switch in compatibility mode since task switches are 
not supported in IA-32e mode. 


In compatibility mode, the processor always uses the segment selector part of the far address to access the corre- 
sponding descriptor in the GDT or LDT. The descriptor type (code segment, call gate) and access rights determine 
the type of call operation to be performed. 


If the selected descriptor is for a code segment, a far call to a code segment at the same privilege level is 
performed. (If the selected code segment is at a different privilege level and the code segment is non-conforming, 
a general-protection exception is generated.) A far call to the same privilege level in compatibility mode is very 
similar to one carried out in protected mode. The target operand specifies an absolute far address either directly 
with a pointer (ptr16:16 or ptr16:32) or indirectly with a memory location (m16:16 or m16:32). The operand-size 
attribute determines the size of the offset (16 or 32 bits) in the far address. The new code segment selector and its 
descriptor are loaded into CS register and the offset from the instruction is loaded into the EIP register. The differ- 
ence is that 64-bit mode may be entered. This specified by the L bit in the new code segment descriptor. 


Note that a 64-bit call gate (described in the next paragraph) can also be used to perform a far call to a code 
segment at the same privilege level. However, using this mechanism requires that the target code segment 
descriptor have the L bit set, causing an entry to 64-bit mode. 


When executing an inter-privilege-level far call, the code segment for the procedure being called must be accessed 
through a 64-bit call gate. The segment selector specified by the target operand identifies the call gate. The target 
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operand can specify the call gate segment selector either directly with a pointer (ptr16:16 or ptr16:32) or indirectly 
with a memory location (m16:16 or m16:32). The processor obtains the segment selector for the new code 
segment and the new instruction pointer (offset) from the 16-byte call gate descriptor. (The offset from the target 
operand is ignored when a call gate is used.) 


On inter-privilege-level calls, the processor switches to the stack for the privilege level of the called procedure. The 
segment selector for the new stack segment is set to NULL. The new stack pointer is specified in the TSS for the 
currently running task. The branch to the new code segment occurs after the stack switch. (Note that when using 
a call gate to perform a far call to a segment at the same privilege level, an implicit stack switch occurs as a result 
of entering 64-bit mode. The SS selector is unchanged, but stack segment accesses use a segment base of 0x0, 
the limit is ignored, and the default stack size is 64-bits. The full value of RSP is used for the offset, of which the 
upper 32-bits are undefined.) On the new stack, the processor pushes the segment selector and stack pointer for 
the calling procedure’s stack and the segment selector and instruction pointer for the calling procedure’s code 
segment. (Parameter copy is not supported in IA-32e mode.) Finally, the processor branches to the address of the 
procedure being called within the new code segment. 


Near/(Far) Calls in 64-bit Mode. When the processor is operating in 64-bit mode, the CALL instruction can be used to 
perform the following types of far calls: 


¢ Far call to the same privilege level, transitioning to compatibility mode 
¢ Far call to the same privilege level, remaining in 64-bit mode 
¢ Far call to a different privilege level (inter-privilege level call), remaining in 64-bit mode 


Note that in this mode the CALL instruction can not be used to cause a task switch in 64-bit mode since task 
switches are not supported in IA-32e mode. 


In 64-bit mode, the processor always uses the segment selector part of the far address to access the corresponding 
descriptor in the GDT or LDT. The descriptor type (code segment, call gate) and access rights determine the type 
of call operation to be performed. 


If the selected descriptor is for a code segment, a far call to a code segment at the same privilege level is 
performed. (If the selected code segment is at a different privilege level and the code segment is non-conforming, 
a general-protection exception is generated.) A far call to the same privilege level in 64-bit mode is very similar to 
one carried out in compatibility mode. The target operand specifies an absolute far address indirectly with a 
memory location (m16:16, m16:32 or m16:64). The form of CALL with a direct specification of absolute far 
address is not defined in 64-bit mode. The operand-size attribute determines the size of the offset (16, 32, or 64 
bits) in the far address. The new code segment selector and its descriptor are loaded into the CS register; the offset 
from the instruction is loaded into the EIP register. The new code segment may specify entry either into compati- 
bility or 64-bit mode, based on the L bit value. 


A 64-bit call gate (described in the next paragraph) can also be used to perform a far call to a code segment at the 
same privilege level. However, using this mechanism requires that the target code segment descriptor have the L 
bit set. 


When executing an inter-privilege-level far call, the code segment for the procedure being called must be accessed 
through a 64-bit call gate. The segment selector specified by the target operand identifies the call gate. The target 
operand can only specify the call gate segment selector indirectly with a memory location (m16:16, m16:32 or 
m16:64). The processor obtains the segment selector for the new code segment and the new instruction pointer 
(offset) from the 16-byte call gate descriptor. (The offset from the target operand is ignored when a call gate is 
used.) 


On inter-privilege-level calls, the processor switches to the stack for the privilege level of the called procedure. The 
segment selector for the new stack segment is set to NULL. The new stack pointer is specified in the TSS for the 
currently running task. The branch to the new code segment occurs after the stack switch. 


Note that when using a call gate to perform a far call to a segment at the same privilege level, an implicit stack 
switch occurs as a result of entering 64-bit mode. The SS selector is unchanged, but stack segment accesses use 
a segment base of 0x0, the limit is ignored, and the default stack size is 64-bits. (The full value of RSP is used for 
the offset.) On the new stack, the processor pushes the segment selector and stack pointer for the calling proce- 
dure’s stack and the segment selector and instruction pointer for the calling procedure’s code segment. (Parameter 
copy is not supported in IA-32e mode.) Finally, the processor branches to the address of the procedure being called 
within the new code segment. 
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Refer to Chapter 6, “Procedure Calls, Interrupts, and Exceptions” and Chapter 18, “Control-Flow Enforcement Tech- 
nology (CET)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 for CET details. 


Instruction ordering. Instructions following a far call may be fetched from memory before earlier instructions 
complete execution, but they will not execute (even speculatively) until all instructions prior to the far call have 
completed execution (the later instructions may execute before data stored by the earlier instructions have become 


globally visible). 


Certain situations may lead to the next sequential instruction after a near indirect CALL being speculatively 
executed. If software needs to prevent this (e.g., in order to prevent a speculative execution side channel), then an 
LFENCE instruction opcode can be placed after the near indirect CALL in order to block speculative execution. 


Operation 


IF near call 


THEN IF near relative call 


THEN 


IF OperandSize = 64 


Fl; 


THEN 


tempDEST := SignExtend(DEST); (* DEST is rel32 *) 

tempRIP := RIP + tempDEST; 

IF stack not large enough for a 8-byte return address 
THEN #SS(0); Fl; 

Push(RIP); 

IF ShadowStackEnabled(CPL) AND DEST != 0 
ShadowStackPush8B(RIP); 

Fl; 

RIP := tempRIP; 


IF OperandSize = 32 


Fl; 


THEN 


tempEIP := EIP + DEST; (* DEST is re/32*) 

IF tempEIP is not within code segment limit THEN #GP(0); Fl; 

IF stack not large enough for a 4-byte return address 
THEN #SS(0); FI; 

Push(EIP); 

IF ShadowStackEnabled(CPL) AND DEST != 0 
ShadowStackPush4B(EIP); 

Fl; 

EIP := tempEIP; 


IF OperandSize = 16 


Fl; 


THEN 


tempElP := (EIP + DEST) AND OOOOFFFFH; (* DEST is re/76 *) 

IF tempEIP is not within code segment limit THEN #GP(0); Fl; 

IF stack not large enough for a 2-byte return address 
THEN #SS(0); Fl; 

Push(IP); 

IF ShadowStackEnabled(CPL) AND DEST != 0 
(* IP is zero extended and pushed as a 32 bit value on shadow stack *) 
ShadowStackPush4B(IP); 

FI; 

EIP := tempEIP; 


ELSE (* Near absolute call *) 
IF OperandSize = 64 
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THEN 
tempRIP := DEST; (* DEST is r/m64 *) 
IF stack not large enough for a 8-byte return address 
THEN #SS(0); Fl; 
Push(RIP); 
IF ShadowStackEnabled(CPL) 
ShadowStackPush8B(RIP); 
Fl; 
RIP := tempRIP; 
Fl; 
IF OperandSize = 32 
THEN 
tempEIP := DEST; (* DEST is r/m32 *) 
IF tempEIP is not within code segment limit THEN #GP(0); Fl; 
IF stack not large enough for a 4-byte return address 
THEN #SS(0); Fl; 
Push(EIP); 
IF ShadowStackEnabled(CPL) 
ShadowStackPush4B(EIP); 
Fl; 
EIP := tempEIP; 
Fl; 
IF OperandSize = 16 
THEN 
tempEIP := DEST AND OOOOFFFFH; (* DEST is r/m76 *) 
IF tempEIP is not within code segment limit THEN #GP(0); Fl; 
IF stack not large enough for a 2-byte return address 
THEN #SS(0); Fl; 
Push(IP); 
IF ShadowStackEnabled(CPL) 
(* IP is zero extended and pushed as a 32 bit value on shadow stack *) 
ShadowStackPush4B(IP); 
Fl; 
EIP := tempEIP; 
Fl; 
Fl;rel/abs 
IF (Call near indirect, absolute indirect) 
IF EndbranchEnabledAndNotSuppressed(CPL) 


IF CPL = 3 
THEN 
IF (no 3EH prefix OR IA32_U_CET.NO_TRACK_EN == 0 ) 
THEN 
IA32_U_CET.TRACKER = WAIT_FOR_ENDBRANCH 
Fl; 
ELSE 
IF (no 3EH prefix OR IA32_S_CET.NO_TRACK_EN == 0 ) 
THEN 
IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH 
Fl; 
Fl; 
Fl; 
Fl; 
Fl; near 
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IF far call and (PE = O or (PE = 1 and VM = 1)) (* Real-address or virtual-8086 mode *) 


THEN 
IF OperandSize = 32 
THEN 
IF stack not large enough for a 6-byte return address 
THEN #SS(0); FI; 
IF DEST[31:16] is not zero THEN #GP(0); Fl; 
Push(CS); (* Padded with 16 high-order bits *) 
Push(EIP); 
CS := DEST[47:32]; (* DEST is ptr76:32 or [m16:32] *) 
EIP := DEST[31:0]; (* DEST is ptr76:32 or [m16:32] *) 
ELSE (* OperandSize = 16 *) 
IF stack not large enough for a 4-byte return address 
THEN #SS(0); FI; 
Push(CS); 
Push(IP); 
CS := DEST[31:16]; (* DEST is ptr76:16 or [m16:76] *) 
EIP := DEST[15:0]; (* DEST is ptr76:76 or [m16:16]; clear upper 16 bits *) 
Fl; 


Fl; 


IF far call and (PE = 1 and VM = 0) (* Protected mode or IA-32e Mode, not virtual-8086 mode*) 
THEN 
IF segment selector in target operand NULL 
THEN #GP(0); FI; 
IF segment selector index not within descriptor table limits 
THEN #GP(new code segment selector); Fl; 
Read type and access rights of selected segment descriptor; 
IF IA32_EFER.LMA = 0 
THEN 
IF segment type is not a conforming or nonconforming code segment, call 
gate, task gate, or TSS 
THEN #GP(segment selector); Fl; 
ELSE 
IF segment type is not a conforming or nonconforming code segment or 
64-bit call gate, 
THEN #GP(segment selector); Fl; 
Fl; 
Depending on type and access rights: 
GO TO CONFORMING-CODE-SEGMENT; 
GO TO NONCONFORMING-CODE-SEGMENT; 
GO TO CALL-GATE; 
GO TO TASK-GATE; 
GO TO TASK-STATE-SEGMENT; 
Fl; 


CONFORMING-CODE-SEGMENT: 
IF L bit = 1 and D bit = 1 and IA32_EFER.LMA = 1 
THEN GP(new code segment selector); FI; 
IF DPL > CPL 
THEN #GP(new code segment selector); FI; 
IF segment not present 
THEN #NP(new code segment selector); Fl; 
IF stack not large enough for return address 


3-144 Vol. 2A CALL—Call Procedure 


INSTRUCTION SET REFERENCE, A-L 


THEN #SS(0); FI; 
tempEIP := DEST(Offset); 
IF target mode = Compatibility mode 
THEN tempEIP := tempEIP AND OOO000000_FFFFFFFFH; FI; 
IF OperandSize = 16 
THEN 
tempEIP := tempEIP AND OOOOFFFFH; FI; (* Clear upper 16 bits *) 
IF ([A32_EFER.LMA = O or target mode = Compatibility mode) and (tempEIP outside new code segment limit) 
THEN #GP(0); Fl; 
IF tempElP is non-canonical 
THEN #GP(0); Fl; 
IF ShadowStackEnabled(CPL) 
IF OperandSize = 32 


THEN 
tempPushLIP = CSBASE + EIP; 
ELSE 
IF OperandSize = 16 
THEN 
tempPushLIP = CSBASE + IP; 
ELSE (* OperandSize = 64 *) 
tempPushLIP = RIP; 
Fl; 
Fl; 
tempPushCS = CS; 
Fl; 
IF OperandSize = 32 
THEN 
Push(CS); (* Padded with 16 high-order bits *) 
Push(EIP); 
CS := DEST(CodeSegmentSelector); 
(* Segment descriptor information also loaded *) 
CS(RPL) := CPL; 
EIP := tempEIP; 
ELSE 
IF OperandSize = 16 
THEN 
Push(CS); 
Push(IP); 
CS := DEST(CodeSegmentSelector); 
(* Segment descriptor information also loaded *) 
CS(RPL) := CPL; 
EIP := tempEIP; 
ELSE (* OperandSize = 64 *) 
Push(CS); (* Padded with 48 high-order bits *) 
Push(RIP); 
CS := DEST(CodeSegmentSelector); 
(* Segment descriptor information also loaded *) 
CS(RPL) := CPL; 
RIP := tempElP; 
Fl; 
Fl; 


IF ShadowStackEnabled(CPL) 
IF (IA32_EFER.LMA and DEST(CodeSegmentSelector).L) = 0 
(* If target is legacy or compatibility mode then the SSP must be in low 4GB *) 
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IF (SSP & OxFFFFFFFFOOO00000 != 0) 
THEN #GP(0); Fl; 

FI; 
(* align to 8 byte boundary if not already aligned *) 
tempSSP = SSP; 
Shadow_stack_store 4 bytes of 0 to (SSP - 4) 
SSP = SSP & OxFFFFFFFFFFFFFFF8H 
ShadowStackPush8B(tempPushCs); (* Padded with 48 high-order bits of O *) 
ShadowStackPush8B(tempPushLIP); (* Padded with 32 high-order bits of O for 32 bit LIP*) 
ShadowStackPush8B(tempSSP); 


Fl; 
IF EndbranchEnabled(CPL) 
IF CPL = 3 
THEN 
IA32_U_CET.TRACKER = WAIT_FOR_ENDBRANCH 
IA32_U_CET.SUPPRESS = 0 
ELSE 
IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH 
IA32_S_CET.SUPPRESS = 0 
FI; 
Fl; 
END; 


NONCONFORMING-CODE-SEGMENT: 
IF L-Bit = 1 and D-BIT = 1 and IA32_EFER.LMA = 1 
THEN GP(new code segment selector); Fl; 
IF (RPL > CPL) or (DPL # CPL) 
THEN #GP(new code segment selector); Fl; 
IF segment not present 
THEN #NP(new code segment selector); FI; 
IF stack not large enough for return address 
THEN #SS(0); Fl; 
tempEIP := DEST(Offset); 
IF target mode = Compatibility mode 
THEN tempElP := tempEIP AND OOO00000_FFFFFFFFH; FI; 
IF OperandSize = 16 
THEN temp€lP := tempElIP AND OOOOFFFFH; FI; (* Clear upper 16 bits *) 
IF (IA32_EFER.LMA = O or target mode = Compatibility mode) and (tempEIP outside new code segment limit) 
THEN #GP(0); Fl; 
IF tempEIP is non-canonical 
THEN #GP(0); Fl; 
IF ShadowStackEnabled(CPL) 
IF IA32_EFER.LMA & CS.L 
tempPushLIP = RIP 
ELSE 
tempPushLIP = CSBASE + EIP; 


Fl; 
tempPusnCs = CS; 
Fl; 
IF OperandSize = 32 
THEN 
Push(CS); (* Padded with 16 high-order bits *) 
Push(EIP); 


CS := DEST(CodeSegmentSelector); 
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(* Segment descriptor information also loaded *) 


CS(RPL) := CPL; 
EIP := tempEIP; 
ELSE 
IF OperandSize = 16 
THEN 
Push(CS); 
Push(IP); 


CS := DEST(CodeSegmentSelector); 
(* Segment descriptor information also loaded *) 


CS(RPL) := CPL; 
EIP := tempElP; 
ELSE (* OperandSize = 64 *) 


Push(CS); (* Padded with 48 high-order bits *) 


Push(RIP); 


CS := DEST(CodeSegmentSelector); 
(* Segment descriptor information also loaded *) 


CS(RPL) := CPL; 
RIP := tempElP; 
Fl; 
Fl; 
IF ShadowStackEnabled(CPL) 


IF (IA32_EFER.LMA and DEST(CodeSegmentSelector).L) = 0 
(* If target is legacy or compatibility mode then the SSP must be in low 4GB *) 
IF (SSP & OxFFFFFFFFOOO00000 != 0) 


THEN #GP(0); Fl; 
Fl; 


(* align to 8 byte boundary if not already aligned *) 


tempSSP = SSP; 


Shadow_stack_store 4 bytes of 0 to (SSP - 4) 


SSP = SSP & OxFFFFFFFFFFFFFFFBH 


ShadowStackPush8B(tempPushCS); (* Padded with 48 high-order 0 bits *) 
ShadowStackPush8B(tempPushLIP); (* Padded 32 high-order bits of O for 32 bit LIP*) 


ShadowStackPush8B(tempSSP); 
Fl; 
IF EndbranchEnabled(CPL) 
IF CPL = 3 
THEN 


IA32_U_CET.TRACKER = WAIT_FOR_ENDBRANCH 


IA32_U_CET.SUPPRESS = 0 
ELSE 


IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH 


IA32_S_CET.SUPPRESS = 0 
Fl; 
Fl; 
END; 


CALL-GATE: 
IF call gate (DPL < CPL) or (RPL > DPL) 
THEN #GP(call-gate selector); Fl; 
IF call gate not present 
THEN #NP(call-gate selector); FI; 
IF call-gate code-segment selector is NULL 
THEN #GP(0); Fl; 
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IF call-gate code-segment selector index is outside descriptor table limits 
THEN #GP(call-gate code-segment selector); FI; 

Read call-gate code-segment descriptor; 

IF call-gate code-segment descriptor does not indicate a code segment 

or call-gate code-segment descriptor DPL > CPL 
THEN #GP(call-gate code-segment selector); FI; 

IF IA32_EFER.LMA = 1 AND (call-gate code-segment descriptor is 

not a 64-bit code segment or call-gate code-segment descriptor has both L-bit and D-bit set) 
THEN #GP(call-gate code-segment selector); FI; 

IF call-gate code segment not present 
THEN #NP(call-gate code-segment selector); Fl; 

IF call-gate code segment is non-conforming and DPL < CPL 
THEN go to MORE-PRIVILEGE; 
ELSE go to SAME-PRIVILEGE; 

Fl; 

END; 


MORE-PRIVILEGE: 
IF current TSS is 32-bit 
THEN 
TSSstackAddress := (new code-segment DPL * 8) + 4; 
IF (TSSstackAddress + 5) > current TSS limit 
THEN #TS(current TSS selector); Fl; 
NewsSS := 2 bytes loaded from (TSS base + TSSstackAddress + 4); 
NewESP := 4 bytes loaded from (TSS base + TSSstackAddress); 
ELSE 
IF current TSS is 16-bit 
THEN 
TSSstackAddress := (new code-segment DPL * 4) + 2 
IF (TSSstackAddress + 3) > current TSS limit 
THEN #TS(current TSS selector); Fl; 
NewsSS := 2 bytes loaded from (TSS base + TSSstackAddress + 2); 
NewESP := 2 bytes loaded from (TSS base + TSSstackAddress); 
ELSE (* current TSS is 64-bit *) 
TSSstackAddress := (new code-segment DPL * 8) + 4; 
IF (TSSstackAddress + 7) > current TSS limit 
THEN #TS(current TSS selector); Fl; 
NewSS := new code-segment DPL; (* NULL selector with RPL = new CPL *) 
NewRSP := 8 bytes loaded from (current TSS base + TSSstackAddress); 
FI; 
Fl; 
IF IA32_EFER.LMA = 0 and NewSS is NULL 
THEN #TS(NewSS); Fl; 
Read new stack-segment descriptor; 
IF IA32_EFER.LMA = 0 and (NewSS RPL # new code-segment DPL 
or new stack-segment DPL # new code-segment DPL or new stack segment is not a 
writable data segment) 
THEN #TS(NewSS); FI 
IF [A32_EFER.LMA = 0 and new stack segment not present 
THEN #SS(NewsSS); FI; 
IF CallGateSize = 32 
THEN 
IF new stack does not have room for parameters plus 16 bytes 
THEN #SS(NewSS); Fl; 
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IF CallGate(InstructionPointer) not within new code-segment limit 
THEN #GP(0); Fl; 
SS := newSS; (* Segment descriptor information also loaded *) 
ESP := newESP; 
CS:EIP := CallGate(CS:InstructionPointer); 
(* Segment descriptor information also loaded *) 
Push(oldSS:oldESP); (* From calling procedure *) 
temp := parameter count from call gate, masked to 5 bits; 
Push(parameters from calling procedure’s stack, temp) 
Push(oldCS:oldEIP); (* Return address to calling procedure *) 
ELSE 
IF CallGateSize = 16 
THEN 
IF new stack does not have room for parameters plus 8 bytes 
THEN #SS(NewSS); Fl; 
IF (CallGate(InstructionPointer) AND FFFFH) not in new code-segment limit 
THEN #GP(0); Fl; 
SS := newSS; (* Segment descriptor information also loaded *) 
ESP := newESP; 
CS:IP := CallGate(CS:InstructionPointer); 
(* Segment descriptor information also loaded *) 
Push(oldSS:oldESP); (* From calling procedure *) 
temp := parameter count from call gate, masked to 5 bits; 
Push(parameters from calling procedure’s stack, temp) 
Push(oldCS:oldEIP); (* Return address to calling procedure *) 
ELSE (* CallGateSize = 64 *) 
IF pushing 32 bytes on the stack would use a non-canonical address 
THEN #SS(NewSS); Fl; 
IF (CallGate(InstructionPointer) is non-canonical) 
THEN #GP(0); Fl; 
SS := NewSS; (* NewSS is NULL) 
RSP := NewESP; 
CS:IP := CallGate(CS:InstructionPointer); 
(* Segment descriptor information also loaded *) 
Push(oldSS:oldESP); (* From calling procedure *) 
Push(oldCS:oldEIP); (* Return address to calling procedure *) 
Fl; 
Fl; 
IF ShadowStackEnabled(CPL) AND CPL = 3 
THEN 
IF IA32_EFER.LMA = 0 
THEN IA32_PL3_SSP := SSP; 
ELSE (* adjust so bits 63:N get the value of bit N-1, where N is the CPU’s maximum linear-address width *) 
IA32_PL3_SSP := LA_adjust(SSP); 
Fl; 
Fl; 
CPL := CodeSegment(DPL) 
CS(RPL) := CPL 
IF ShadowStackEnabled(CPL) 
oldSSP := SSP 
SSP := IA32_PLi_SSP; (* where i is the CPL *) 
IF SSP & 0x07 != 0 (* if SSP not aligned to 8 bytes then #GP *) 
THEN #GP(0); Fl; 
(* Token and CS:LIP:oldSSP pushed on shadow stack must be contained in a naturally aligned 32-byte region*) 
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IF (SSP & ~Ox1F) != ((SSP - 24) & ~Ox1F) 
#GP(0); FI; 
IF ((IA32_EFER.LMA and CS.L) = 0 AND SSP[63:32] != 0) 
THEN #GP(0); FI; 
expected_token_value = SSP (* busy bit - bit position O - must be clear *) 
new_token_value = SSP | BUSY_BIT (* Set the busy bit *) 
IF shadow_stack_lock_cmpxchg8b(SSP, new_token_value, expected_token_value) != expected_token_value 
THEN #GP(0); FI; 
IF oldSS.DPL != 3 
(* These stack pushes should not cause faults, VM exits, or data breakpoints *) 
(* Such events will apply to the earlier accesses to the token, which is in the same naturally aligned 32-byte region *) 
ShadowStackPush8B(oldCS); (* Padded with 48 high-order bits of O *) 
ShadowStackPush8B(oldCSBASE+oldRIP); (* Padded with 32 high-order bits of O for 32 bit LIP*) 
ShadowStackPush8B(oldSSP); 
Fl; 
Fl; 
IF EndbranchEnabled (CPL) 
IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH 
IA32_S_CET.SUPPRESS = 0 
Fl; 
END; 


SAME-PRIVILEGE: 
IF CallGateSize = 32 
THEN 
IF stack does not have room for 8 bytes 
THEN #SS(0); Fl; 
IF CallGate(InstructionPointer) not within code segment limit 
THEN #GP(0); Fl; 
CS:EIP := CallGate(CS:EIP) (* Segment descriptor information also loaded *) 
Push(oldCS:oldEIP); (* Return address to calling procedure *) 
ELSE 
If CallGateSize = 16 
THEN 
IF stack does not have room for 4 bytes 
THEN #SS(0); Fl; 
IF CallGate(InstructionPointer) not within code segment limit 
THEN #GP(0); Fl; 
CS:IP := CallGate(CS:instruction pointer); 
(* Segment descriptor information also loaded *) 
Push(oldCS:oldIP); (* Return address to calling procedure *) 
ELSE (* CallGateSize = 64) 
IF pushing 16 bytes on the stack touches non-canonical addresses 
THEN #SS(0); Fl; 
IF RIP non-canonical 
THEN #GP(0); Fl; 
CS:IP := CallGate(CS:instruction pointer); 
(* Segment descriptor information also loaded *) 
Push(oldCS:oldIP); (* Return address to calling procedure *) 
FI; 
Fl; 
CS(RPL) := CPL 
IF ShadowStackEnabled(CPL) 
(* Align to next 8 byte boundary *) 
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tempSSP = SSP; 

Shadow_stack_store 4 bytes of 0 to (SSP - 4) 

SSP = SSP & OxFFFFFFFFFFFFFFF8H; 

(* push cs:lip:ssp on shadow stack *) 

ShadowStackPush8B(oldCS); (* Padded with 48 high-order bits of 0 *) 
ShadowStackPush8B(oldCSBASE + oldRIP); (* Padded with 32 high-order bits of O for 32 bit LIP*) 
ShadowStackPush8B(tempSSP); 


Fl; 
IF EndbranchEnabled (CPL) 
IF CPL = 3 
THEN 
IA32_U_CET.TRACKER = WAIT_FOR_ENDBRANCH; 
IA32_U_CET.SUPPRESS = 0 
ELSE 
IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH; 
IA32_S_CET.SUPPRESS = 0 
Fl; 
Fl; 
END; 
TASK-GATE: 


IF task gate DPL < CPL or RPL 
THEN #GP(task gate selector); FI; 
IF task gate not present 
THEN #NP(task gate selector); Fl; 
Read the TSS segment selector in the task-gate descriptor; 
IF TSS segment selector local/global bit is set to local 
or index not within GDT limits 
THEN #GP(TSS selector); Fl; 
Access TSS descriptor in GDT; 
IF descriptor is not a TSS segment 
THEN #GP(TSS selector); Fl; 
IF TSS descriptor specifies that the TSS is busy 
THEN #GP(TSS selector); Fl; 
IF TSS not present 
THEN #NP(TSS selector); Fl; 
SWITCH-TASKS (with nesting) to TSS; 
IF EIP not within code segment limit 
THEN #GP(0); Fl; 
END; 


TASK-STATE-SEGMENT: 
IF TSS DPL < CPL or RPL 
or TSS descriptor indicates TSS not available 
THEN #GP(TSS selector); Fl; 
IF TSS is not present 
THEN #NP(TSS selector); Fl; 
SWITCH-TASKS (with nesting) to TSS; 
IF EIP not within code segment limit 
THEN #GP(0); Fl; 
END; 
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Flags Affected 


All flags are affected if a task switch occurs; no flags are affected if a task switch does not occur. 


Protected Mode Exceptions 


#GP(0) 


#GP(selector) 


#SS(0) 


#SS(selector) 


#NP(selector) 
#TS(selector) 
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If the target offset in destination operand is beyond the new code segment limit. 

If the segment selector in the destination operand is NULL. 

If the code segment selector in the gate is NULL. 

If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If target mode is compatibility mode and SSP is not in low 4GB. 
If SSP in IA32_PLi_SSP (where i is the new CPL) is not 8 byte aligned. 


If the token and the stack frame to be pushed on shadow stack are not contained in a naturally 
aligned 32-byte region of the shadow stack. 


If “supervisor Shadow Stack” token on new shadow stack is marked busy. 


If destination mode is 32-bit or compatibility mode, but SSP address in “supervisor shadow 
stack” token is beyond 4GB. 


If SSP address in “supervisor shadow stack” token does not match SSP address in 
IA32_PLi_SSP (where i is the new CPL). 


If a code segment or gate or TSS selector index is outside descriptor table limits. 


If the segment descriptor pointed to by the segment selector in the destination operand is not 
for a conforming-code segment, nonconforming-code segment, call gate, task gate, or task 
state segment. 


If the DPL for a nonconforming-code segment is not equal to the CPL or the RPL for the 
segment’s segment selector is greater than the CPL. 


If the DPL for a conforming-code segment is greater than the CPL. 


If the DPL from a call-gate, task-gate, or TSS segment descriptor is less than the CPL or than 
the RPL of the call-gate, task-gate, or TSS’s segment selector. 


If the segment descriptor for a segment selector from a call gate does not indicate it is a code 
segment. 


If the segment selector from a call gate is beyond the descriptor table limits. 

If the DPL for a code-segment obtained from a call gate is greater than the CPL. 
If the segment selector for a TSS has its local/global bit set for local. 

If a TSS segment descriptor specifies that the TSS is busy or not available. 


If pushing the return address, parameters, or stack segment pointer onto the stack exceeds 
the bounds of the stack segment, when no stack switch occurs. 


If a memory operand effective address is outside the SS segment limit. 


If pushing the return address, parameters, or stack segment pointer onto the stack exceeds 
the bounds of the stack segment, when a stack switch occurs. 


If the SS register is being loaded as part of a stack switch and the segment pointed to is 
marked not present. 


If stack segment does not have room for the return address, parameters, or stack segment 
pointer, when stack switch occurs. 


If a code segment, data segment, call gate, task gate, or TSS is not present. 
If the new stack segment selector and ESP are beyond the end of the TSS. 
If the new stack segment selector is NULL. 


If the RPL of the new stack segment selector in the TSS is not equal to the DPL of the code 
segment being accessed. 


If DPL of the stack segment descriptor for the new stack segment is not equal to the DPL of the 
code segment descriptor. 
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If the new stack segment is not a writable data segment. 
If segment-selector index for stack segment is outside descriptor table limits. 
#PF(fault-code) If a page fault occurs. 


#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the target offset is beyond the code segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 

#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the target offset is beyond the code segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 

Same exceptions as in protected mode. 

#GP(selector) If a memory address accessed by the selector is in non-canonical space. 
#GP(0) If the target offset in the destination operand is non-canonical. 


64-Bit Mode Exceptions 
#GP(0) If a memory address is non-canonical. 
If target offset in destination operand is non-canonical. 
If the segment selector in the destination operand is NULL. 
If the code segment selector in the 64-bit gate is NULL. 
If target mode is compatibility mode and SSP is not in low 4GB. 
If SSP in IA32_PLi_SSP (where i is the new CPL) is not 8 byte aligned. 


If the token and the stack frame to be pushed on shadow stack are not contained in a naturally 
aligned 32-byte region of the shadow stack. 


If “supervisor Shadow Stack” token on new shadow stack is marked busy. 


If destination mode is 32-bit mode or compatibility mode, but SSP address in “super-visor 
shadow” stack token is beyond 4GB. 


If SSP address in “supervisor shadow stack” token does not match SSP address in 
IA32_PLi_SSP (where i is the new CPL). 


#GP(selector) If code segment or 64-bit call gate is outside descriptor table limits. 
If code segment or 64-bit call gate overlaps non-canonical space. 


If the segment descriptor pointed to by the segment selector in the destination operand is not 
for a conforming-code segment, nonconforming-code segment, or 64-bit call gate. 


If the segment descriptor pointed to by the segment selector in the destination operand is a 
code segment and has both the D-bit and the L- bit set. 


If the DPL for a nonconforming-code segment is not equal to the CPL, or the RPL for the 
segment’s segment selector is greater than the CPL. 


If the DPL for a conforming-code segment is greater than the CPL. 
If the DPL from a 64-bit call-gate is less than the CPL or than the RPL of the 64-bit call-gate. 
If the upper type field of a 64-bit call gate is not 0x0. 
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If the segment selector from a 64-bit call gate is beyond the descriptor table limits. 
If the DPL for a code-segment obtained from a 64-bit call gate is greater than the CPL. 


If the code segment descriptor pointed to by the selector in the 64-bit gate doesn't have the L- 
bit set and the D-bit clear. 


If the segment descriptor for a segment selector from the 64-bit call gate does not indicate it 
is a code segment. 


#SS(0) If pushing the return offset or CS selector onto the stack exceeds the bounds of the stack 
segment when no stack switch occurs. 


If a memory operand effective address is outside the SS segment limit. 
If the stack address is in a non-canonical form. 


#SS(selector) If pushing the old values of SS selector, stack pointer, EFLAGS, CS selector, offset, or error 
code onto the stack violates the canonical boundary when a stack switch occurs. 

#NP(selector) If a code segment or 64-bit call gate is not present. 

#TS(selector) If the load of the new RSP exceeds the limit of the TSS. 

#UD (64-bit mode only) If a far call is direct to an absolute address in memory. 


If the LOCK prefix is used. 
#PF(fault-code) If a page fault occurs. 


#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
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CBW/CWDE/CDQE—Convert Byte to Word/Convert Word to Doubleword/Convert Doubleword to 
Quadword 


Opcode Instruction Op/ | 64-bit Compat/ |Description 

En |Mode Leg Mode 
98 CBW ZO | Valid Valid AX := sign-extend of AL. 
98 CWDE ZO ‘| Valid Valid EAX := sign-extend of AX. 
REX.W + 98 CDQE ZO ‘| Valid N.E. RAX := sign-extend of EAX. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Double the size of the source operand by means of sign extension. The CBW (convert byte to word) instruction 
copies the sign (bit 7) in the source operand into every bit in the AH register. The CWDE (convert word to double- 
word) instruction copies the sign (bit 15) of the word in the AX register into the high 16 bits of the EAX register. 


CBW and CWDE reference the same opcode. The CBW instruction is intended for use when the operand-size attri- 
bute is 16; CWDE is intended for use when the operand-size attribute is 32. Some assemblers may force the 
operand size. Others may treat these two mnemonics as synonyms (CBW/CWDE) and use the setting of the 
operand-size attribute to determine the size of values to be converted. 


In 64-bit mode, the default operation size is the size of the destination register. Use of the REX.W prefix promotes 
this instruction (CDQE when promoted) to operate on 64-bit operands. In which case, CDQE copies the sign (bit 
31) of the doubleword in the EAX register into the high 32 bits of RAX. 


Operation 


IF OperandSize = 16 (* Instruction = CBW *) 
THEN 
AX := SignExtend(AL); 
ELSE IF (OperandSize = 32, Instruction = CWDE) 
EAX := SignExtend(AX); Fl; 
ELSE (* 64-Bit Mode, OperandSize = 64, Instruction = CDQE*) 
RAX := SignExtend(EAX); 
FI; 


Flags Affected 
None. 


Exceptions (All Operating Modes) 
#UD If the LOCK prefix is used. 
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CLAC—Clear AC Flag in EFLAGS Register 


Opcode/ Op/ |64/32 bit | CPUID Description 
Instruction En Mode Feature 
Support | Flag 
NP OF 01 CA ZO VIV SMAP Clear the AC flag in the EFLAGS register. 
CLAC 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Clears the AC flag bit in EFLAGS register. This disables any alignment checking of user-mode data accesses. Ifthe 
SMAP bit is set in the CR4 register, this disallows explicit supervisor-mode data accesses to user-mode pages. 


This instruction's operation is the same in non-64-bit modes and 64-bit mode. Attempts to execute CLAC when 
CPL > 0 cause #UD. 


Operation 


EFLAGS.AC := 0; 


Flags Affected 
AC cleared. Other flags are unaffected. 


Protected Mode Exceptions 
#UD If the LOCK prefix is used. 
If the CPL > 0. 
If CPUID.(EAX=07H, ECX=0H):EBX.SMAP[bit 20] = 0. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 
If CPUID.(EAX=07H, ECX=0H):EBX.SMAP[bit 20] = 0. 


Virtual-8086 Mode Exceptions 
#UD The CLAC instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
#UD If the LOCK prefix is used. 
If the CPL > 0. 
If CPUID.(EAX=07H, ECX=0H):EBX.SMAP[bit 20] = 0. 


64-Bit Mode Exceptions 
#UD If the LOCK prefix is used. 
If the CPL > 0. 
If CPUID.(EAX=07H, ECX=0H):EBX.SMAP[bit 20] = 0. 
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Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
F8 CLC ZO | Valid Valid Clear CF flag. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Clears the CF flag in the EFLAGS register. Operation is the same in all modes. 


Operation 


CF := 0; 


Flags Affected 


The CF flag is set to 0. The OF, ZF, SF, AF, and PF flags are unaffected. 


Exceptions (All Operating Modes) 


#UD 


CLC—Clear Carry Flag 


If the LOCK prefix is used. 
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CLD—Clear Direction Flag 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
FC CLD ZO | Valid Valid Clear DF flag. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Clears the DF flag in the EFLAGS register. When the DF flag is set to 0, string operations increment the index regis- 
ters (ESI and/or EDI). Operation is the same in all modes. 


Operation 


DF := 0; 


Flags Affected 
The DF flag is set to 0. The CF, OF, ZF, SF, AF, and PF flags are unaffected. 


Exceptions (All Operating Modes) 


#UD 
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CLDEMOTE—Cache Line Demote 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En Mode Feature Flag 
Support 
NP OF 1C/0 A VV CLDEMOTE Hint to hardware to move the cache line containing m8 to a 
CLDEMOTE m8 more distant level of the cache without writing back to mem- 
ory. 


Instruction Operand Encoding! 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
A ModRM:r/m (w) NA NA NA 
Description 


Hints to hardware that the cache line that contains the linear address specified with the memory operand should be 
moved (“demoted”) from the cache(s) closest to the processor core to a level more distant from the processor 
core. This may accelerate subsequent accesses to the line by other cores in the same coherence domain, especially 
if the line was written by the core that demotes the line. Moving the line in such a manner is a performance optimi- 
zation, i.e., it is a hint which does not modify architectural state. Hardware may choose which level in the cache 
hierarchy to retain the line (e.g., L3 in typical server designs). The source operand is a byte memory location. 


The availability of the CLDEMOTE instruction is indicated by the presence of the CPUID feature flag CLDEMOTE (bit 
25 of the ECX register in sub-leaf 07H, see “CPUID—CPU Identification”). On processors which do not support the 
CLDEMOTE instruction (including legacy hardware) the instruction will be treated as a NOP. 


A CLDEMOTE instruction is ordered with respect to stores to the same cache line, but unordered with respect to 
other instructions including memory fences, CLDEMOTE, CLWB or CLFLUSHOPT instructions to a different cache 
line. Since CLDEMOTE will retire in order with respect to stores to the same cache line, software should ensure that 
after issuing CLDEMOTE the line is not accessed again immediately by the same core to avoid cache data move- 
ment penalties. 


The effective memory type of the page containing the affected line determines the effect; cacheable types are 
likely to generate a data movement operation, while uncacheable types may cause the instruction to be ignored. 


Speculative fetching can occur at any time and is not tied to instruction execution. The CLDEMOTE instruction is not 
ordered with respect to PREFETCHh instructions or any of the speculative fetching mechanisms. That is, data can 
be speculatively loaded into a cache line just before, during, or after the execution of a CLDEMOTE instruction that 
references the cache line. 


Unlike CLFLUSH, CLFLUSHOPT and CLWB instructions, CLDEMOTE is not guaranteed to write back modified data to 
memory. 


The CLDEMOTE instruction may be ignored by hardware in certain cases and is not a guarantee. 

The CLDEMOTE instruction can be used at all privilege levels. In certain processor implementations the CLDEMOTE 
instruction may set the A bit but not the D bit in the page tables. 

If the line is not found in the cache, the instruction will be treated as a NOP. 

In some implementations, the CLDEMOTE instruction may always cause a transactional abort with Transactional 


Synchronization Extensions (TSX). However, programmers must not rely on CLDEMOTE instruction to force a 
transactional abort. 


1. The Mod field of the ModR/M byte cannot have value 11B. 
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Operation 
Cache_Line_Demote(m8); 


Flags Affected 
None. 


C/C++ Compiler Intrinsic Equivalent 
CLDEMOTE void _cldemote(const void*); 


Protected Mode Exceptions 


#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in real address mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#UD If the LOCK prefix is used. 
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CLFLUSH—Flush Cache Line 


Opcode / Op/ | 64-bit Compat/ |Description 

Instruction En |Mode Leg Mode 

NP OF AE /7 M Valid Valid Flushes cache line containing m8. 
CLFLUSH m8 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Invalidates from every level of the cache hierarchy in the cache coherence domain the cache line that contains the 
linear address specified with the memory operand. If that cache line contains modified data at any level of the 
cache hierarchy, that data is written back to memory. The source operand is a byte memory location. 


The availability of CLFLUSH is indicated by the presence of the CPUID feature flag CLFSH 
(CPUID.01H:EDX[bit 19]). The aligned cache line size affected is also indicated with the CPUID instruction (bits 8 
through 15 of the EBX register when the initial value in the EAX register is 1). 


The memory attribute of the page containing the affected line has no effect on the behavior of this instruction. It 
should be noted that processors are free to speculatively fetch and cache data from system memory regions 
assigned a memory-type allowing for speculative reads (such as, the WB, WC, and WT memory types). PREFETCHA 
instructions can be used to provide the processor with hints for this speculative behavior. Because this speculative 
fetching can occur at any time and is not tied to instruction execution, the CLFLUSH instruction is not ordered with 
respect to PREFETCHA instructions or any of the speculative fetching mechanisms (that is, data can be specula- 
tively loaded into a cache line just before, during, or after the execution of a CLFLUSH instruction that references 
the cache line). 


Executions of the CLFLUSH instruction are ordered with respect to each other and with respect to writes, locked 
read-modify-write instructions, and fence instructions.! They are not ordered with respect to executions of 
CLFLUSHOPT and CLWB. Software can use the SFENCE instruction to order an execution of CLFLUSH relative to one 
of those operations. 


The CLFLUSH instruction can be used at all privilege levels and is subject to all permission checking and faults asso- 
ciated with a byte load (and in addition, a CLFLUSH instruction is allowed to flush a linear address in an execute- 
only segment). Like a load, the CLFLUSH instruction sets the A bit but not the D bit in the page tables. 


In some implementations, the CLFLUSH instruction may always cause transactional abort with Transactional 
Synchronization Extensions (TSX). The CLFLUSH instruction is not expected to be commonly used inside typical 
transactional regions. However, programmers must not rely on CLFLUSH instruction to force a transactional abort, 
since whether they cause transactional abort is implementation dependent. 


The CLFLUSH instruction was introduced with the SSE2 extensions; however, because it has its own CPUID feature 
flag, it can be implemented in IA-32 processors that do not include the SSE2 extensions. Also, detecting the pres- 
ence of the SSE2 extensions with the CPUID instruction does not guarantee that the CLFLUSH instruction is imple- 
mented in the processor. 


CLFLUSH operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


Flush_Cache_Line(SRC); 


Intel C/C++ Compiler Intrinsic Equivalents 
CLFLUSH: void _mm_clflush(void const *p) 


1. Earlier versions of this manual specified that executions of the CLFLUSH instruction were ordered only by the MFENCE instruction. 
All processors implementing the CLFLUSH instruction also order it relative to the other operations enumerated above. 
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Protected Mode Exceptions 


#GP(0) For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 
#SS(0) For an illegal address in the SS segment. 

#PF(fault-code) For a page fault. 

#UD If CPUID.01H:EDX.CLFSH[bit 19] = 0. 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#GP If any part of the operand lies outside the effective address space from 0 to FFFFH. 
#UD If CPUID.01H:EDX.CLFSH[bit 19] = 0. 

If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in real address mode. 
#PF(fault-code) For a page fault. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) For a page fault. 

#UD If CPUID.01H:EDX.CLFSH[bit 19] = 0. 


If the LOCK prefix is used. 
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CLFLUSHOPT—Flush Cache Line Optimized 


Opcode / Op/ | 64-bit Compat/ |Description 

Instruction En |Mode Leg Mode 

NFx 66 OF AE /7 M Valid Valid Flushes cache line containing m8. 
CLFLUSHOPT m8 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Invalidates from every level of the cache hierarchy in the cache coherence domain the cache line that contains the 
linear address specified with the memory operand. If that cache line contains modified data at any level of the 
cache hierarchy, that data is written back to memory. The source operand is a byte memory location. 


The availability of CLFLUSHOPT is indicated by the presence of the CPUID feature flag CLFLUSHOPT 
(CPUID.(EAX=7,ECX=0):EBX[bit 23]). The aligned cache line size affected is also indicated with the CPUID instruc- 
tion (bits 8 through 15 of the EBX register when the initial value in the EAX register is 1). 


The memory attribute of the page containing the affected line has no effect on the behavior of this instruction. It 
should be noted that processors are free to speculatively fetch and cache data from system memory regions 
assigned a memory-type allowing for speculative reads (such as, the WB, WC, and WT memory types). PREFETCHA 
instructions can be used to provide the processor with hints for this speculative behavior. Because this speculative 
fetching can occur at any time and is not tied to instruction execution, the CLFLUSH instruction is not ordered with 
respect to PREFETCHA instructions or any of the speculative fetching mechanisms (that is, data can be specula- 
tively loaded into a cache line just before, during, or after the execution of a CLFLUSH instruction that references 
the cache line). 


Executions of the CLFLUSHOPT instruction are ordered with respect to fence instructions and to locked read- 
modify-write instructions; they are also ordered with respect to older writes to the cache line being invalidated. 
They are not ordered with respect to other executions of CLFLUSHOPT, to executions of CLFLUSH and CLWB, or to 
younger writes to the cache line being invalidated. Software can use the SFENCE instruction to order an execution 
of CLFLUSHOPT relative to one of those operations. 


The CLFLUSHOPT instruction can be used at all privilege levels and is subject to all permission checking and faults 
associated with a byte load (and in addition, a CLFLUSHOPT instruction is allowed to flush a linear address in an 
execute-only segment). Like a load, the CLFLUSHOPT instruction sets the A bit but not the D bit in the page tables. 


In some implementations, the CLFLUSHOPT instruction may always cause transactional abort with Transactional 
Synchronization Extensions (TSX). The CLFLUSHOPT instruction is not expected to be commonly used inside 
typical transactional regions. However, programmers must not rely on CLFLUSHOPT instruction to force a transac- 
tional abort, since whether they cause transactional abort is implementation dependent. 


CLFLUSHOPT operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


Flush_Cache_Line_Optimized(SRC); 


Intel C/C++ Compiler Intrinsic Equivalents 
CLFLUSHOPT void _mm_clflushopt(void const *p) 
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Protected Mode Exceptions 


#GP(0) For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 
#SS(0) For an illegal address in the SS segment. 

#PF(fault-code) For a page fault. 

#UD If CPUID.(EAX=7,ECX=0):EBX.CLFLUSHOPT[bit 23] = 0. 


If the LOCK prefix is used. 
If an instruction prefix F2H or F3H is used. 


Real-Address Mode Exceptions 
#GP If any part of the operand lies outside the effective address space from 0 to FFFFH. 
#UD If CPUID.(EAX=7,ECX=0):EBX.CLFLUSHOPT[bit 23] = 0. 

If the LOCK prefix is used. 

If an instruction prefix F2H or F3H is used. 


Virtual-8086 Mode Exceptions 


Same exceptions as in real address mode. 
#PF(fault-code) For a page fault. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) For a page fault. 

#UD If CPUID.(EAX=7,ECX=0):EBX.CLFLUSHOPT[bit 23] = 0. 


If the LOCK prefix is used. 
If an instruction prefix F2H or F3H is used. 
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CLI — Clear Interrupt Flag 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
FA CLI ZO | Valid Valid Clear interrupt flag; interrupts disabled when 
interrupt flag cleared. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


In most cases, CLI clears the IF flag in the EFLAGS register and no other flags are affected. Clearing the IF flag 
causes the processor to ignore maskable external interrupts. The IF flag and the CLI and STI instruction have no 
effect on the generation of exceptions and NMI interrupts. 


Operation is different in two modes defined as follows: 
¢ PVI mode (protected-mode virtual interrupts): CRO.PE = 1, EFLAGS.VM = 0, CPL = 3, and CR4.PVI = 1; 
¢ VME mode (virtual-8086 mode extensions): CRO.PE = 1, EFLAGS.VM = 1, and CR4.VME = 1. 


If IOPL < 3 and either VME mode or PVI mode is active, CLI clears the VIF flag in the EFLAGS register, leaving IF 
unaffected. 


Table 3-7 indicates the action of the CLI instruction depending on the processor operating mode, IOPL, and CPL. 


Table 3-7. Decision Table for CLI Results 


Mode IOPL CLI Result 
Real-address x! IF=0 
>CPL IF=0 
Protected, not Pvie 
<CPL #GP fault 
3 IF=0 
Protected, Pvp 
0-2 VIF = 0 
3 IF=0 
Virtual-8086, not VME? 
0-2 #GP fault 
3 IF=0 
Virtual-8086, VME3 
0-2 VIF = 0 


NOTES: 

1. X = This setting has no effect on instruction operation. 

2. For this table, “protected mode” applies whenever CRO.PE = 1 and EFLAGS.VM = 0; it includes compatibility mode and 64-bit mode. 
3. PVI mode and virtual-8086 mode each imply CPL = 3. 
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Operation 


IF CRO.PE = 0 
THEN IF := 0; (* Reset Interrupt Flag *) 
ELSE 
IF IOPL > CPL (* CPL = 3 if EFLAGS.VM = 1 *) 
THEN IF := 0; (* Reset Interrupt Flag *) 
ELSE 
IF VME mode OR PVI mode 
THEN VIF := 0; (* Reset Virtual Interrupt Flag *) 
ELSE #GP(0); 
FI; 
FI; 
FI; 


Flags Affected 
Either the IF flag or the VIF flag is cleared to 0. Other flags are unaffected. 


Protected Mode Exceptions 


#GP(0) If CPL is greater than IOPL and PVI mode is not active. 


If CPL is greater than IOPL and less than 3. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#GP(0) If IOPL is less than 3 and VME mode is not active. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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CLRSSBSY—Clear Busy Flag in a Supervisor Shadow Stack Token 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
F3 OF AE /6 M VIV CET_SS Clear busy flag in supervisor shadow stack token 
CLRSSBSY m64 reference by m64. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
M NA ModRM:r/m (r, w) NA NA NA 
Description 


Clear busy flag in supervisor shadow stack token reference by m64. Subsequent to marking the shadow stack as 
not busy the SSP is loaded with value 0. 


Operation 


IF (CR4.CET = 0) 
THEN #UD; Fl; 


IF (IA32_S_CET.SH_STK_EN = 0) 
THEN #UD; Fl; 


IF CPL>O 
THEN GP(0); Fl; 


SSP_LA = Linear_Address(mem operand) 

IF SSP_LA not aligned to 8 bytes 
THEN #GP(0); Fl; 

expected_token_value = SSP_LA|BUSY_BIT (* busy bit - bit position O - must be set *) 

new_token_value = SSP_LA (* Clear the busy bit *) 

IF shadow_stack_lock_cmpxchg8b(SSP_LA, new_token_value, expected_token_value) != expected_token_value 
invalid_token := 1; Fl 


(* Set the CF if invalid token was detected *) 

RFLAGS.CF = (invalid_token == 1)? 1 : 0; 

RFLAGS.ZF,PF,AF,OF,SF := 0; 

SSP := 0 

Flags Affected 

CF is set if an invalid token was detected, else it is cleared. ZF, PF, AF, OF, and SF are cleared. 
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Protected Mode Exceptions 


#UD If the LOCK prefix is used. 
If CR4.CET = 0. 
IF IA32_S_CET.SH_STK_EN = 0. 
#GP(0) If memory operand linear address not aligned to 8 bytes. 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If destination is located in a non-writeable segment. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If CPL is not 0. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If a page fault occurs. 


Real-Address Mode Exceptions 
#UD The CLRSSBSY instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The CLRSSBSY instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 

#UD Same exceptions as in protected mode. 
#GP(0) Same exceptions as in protected mode. 
#PF(fault-code) If a page fault occurs. 


64-Bit Mode Exceptions 


#UD If the LOCK prefix is used. 
If CR4.CET = 0. 
IF IA32_S_CET.SH_STK_EN = 0. 
#GP(0) If memory operand linear address not aligned to 8 bytes. 


If CPL is not 0. 

If the memory address is in a non-canonical form. 

If token is invalid. 
#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#PF(fault-code) If a page fault occurs. 
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CLTS—Clear Task-Switched Flag in CRO 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
OF 06 CLTS ZO | Valid Valid Clears TS flag in CRO. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Clears the task-switched (TS) flag in the CRO register. This instruction is intended for use in operating-system 
procedures. Itis a privileged instruction that can only be executed at a CPL of 0. It is allowed to be executed in real- 
address mode to allow initialization for protected mode. 


The processor sets the TS flag every time a task switch occurs. The flag is used to synchronize the saving of FPU 
context in multitasking applications. See the description of the TS flag in the section titled “Control Registers” in 
Chapter 2 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, for more information 
about this flag. 


CLTS operation is the same in non-64-bit modes and 64-bit mode. 
See Chapter 25, “VMX Non-Root Operation,” of the Inte/® 64 and IA-32 Architectures Software Developer’s 


Manual, Volume 3C, for more information about the behavior of this instruction in VMX non-root operation. 
Operation 
CRO.TS[bit 3] := 0; 


Flags Affected 
The TS flag in CRO register is cleared. 


Protected Mode Exceptions 
#GP(0) If the current privilege level is not 0. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#GP(0) CLTS is not recognized in virtual-8086 mode. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#GP(0) If the CPL is greater than 0. 
#UD If the LOCK prefix is used. 
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CLWB—Cache Line Write Back 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En Mode Feature Flag 
Support 
66 OF AE /6 M VIV CLWB Writes back modified cache line containing m8, and may 
CLWB m8 retain the line in cache hierarchy in non-modified state. 


Instruction Operand Encoding! 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Writes back to memory the cache line (if modified) that contains the linear address specified with the memory 
operand from any level of the cache hierarchy in the cache coherence domain. The line may be retained in the 
cache hierarchy in non-modified state. Retaining the line in the cache hierarchy is a performance optimization 
(treated as a hint by hardware) to reduce the possibility of cache miss on a subsequent access. Hardware may 
choose to retain the line at any of the levels in the cache hierarchy, and in some cases, may invalidate the line from 
the cache hierarchy. The source operand is a byte memory location. 


The availability of CLWB instruction is indicated by the presence of the CPUID feature flag CLWB (bit 24 of the EBX 
register, see “CPUID — CPU Identification” in this chapter). The aligned cache line size affected is also indicated 
with the CPUID instruction (bits 8 through 15 of the EBX register when the initial value in the EAX register is 1). 


The memory attribute of the page containing the affected line has no effect on the behavior of this instruction. It 
should be noted that processors are free to speculatively fetch and cache data from system memory regions that 
are assigned a memory-type allowing for speculative reads (such as, the WB, WC, and WT memory types). 
PREFETCHh instructions can be used to provide the processor with hints for this speculative behavior. Because this 
speculative fetching can occur at any time and is not tied to instruction execution, the CLWB instruction is not 
ordered with respect to PREFETCHh instructions or any of the speculative fetching mechanisms (that is, data can 
be speculatively loaded into a cache line just before, during, or after the execution of a CLWB instruction that refer- 
ences the cache line). 


Executions of the CLWB instruction are ordered with respect to fence instructions and to locked read-modify-write 
instructions; they are also ordered with respect to older writes to the cache line being written back. They are not 
ordered with respect to other executions of CLWB, to executions of CLFLUSH and CLFLUSHOPT, or to younger 
writes to the cache line being written back. Software can use the SFENCE instruction to order an execution of CLWB 
relative to one of those operations. 


For usages that require only writing back modified data from cache lines to memory (do not require the line to be 
invalidated), and expect to subsequently access the data, software is recommended to use CLWB (with appropriate 
fencing) instead of CLFLUSH or CLFLUSHOPT for improved performance. 


The CLWB instruction can be used at all privilege levels and is subject to all permission checking and faults associ- 
ated with a byte load. Like a load, the CLWB instruction sets the accessed flag but not the dirty flag in the page 
tables. 


In some implementations, the CLWB instruction may always cause transactional abort with Transactional Synchro- 
nization Extensions (TSX). CLWB instruction is not expected to be commonly used inside typical transactional 
regions. However, programmers must not rely on CLWB instruction to force a transactional abort, since whether 
they cause transactional abort is implementation dependent. 


Operation 
Cache_Line_Write_Back(m8); 


1. The Mod field of the ModR/M byte cannot have value 11B. 
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Flags Affected 
None. 


C/C++ Compiler Intrinsic Equivalent 
CLWB void _mm_clwb(void const *p); 


Protected Mode Exceptions 


#UD If the LOCK prefix is used. 

If CPUID.(EAX=07H, ECX=0H):EBX.CLWB[bit 24] = 0. 
#GP(0) For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 
#SS(0) For an illegal address in the SS segment. 


#PF(fault-code) For a page fault. 


Real-Address Mode Exceptions 


#UD If the LOCK prefix is used. 
If CPUID.(EAX=07H, ECX=0H):EBX.CLWB[bit 24] = 0. 
#GP If any part of the operand lies outside the effective address space from 0 to FFFFH. 


Virtual-8086 Mode Exceptions 
Same exceptions as in real address mode. 
#PF(fault-code) For a page fault. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#UD If the LOCK prefix is used. 

If CPUID.(EAX=07H, ECX=0H):EBX.CLWB[bit 24] = 0. 
#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the memory address is in a non-canonical form. 


#PF(fault-code) For a page fault. 
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CMC—Complement Carry Flag 


Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
F5 CMC ZO | Valid Valid Complement CF flag. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Complements the CF flag in the EFLAGS register. CMC operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


EFLAGS.CF[bit 0] := NOT EFLAGS.CF[bit 0]; 


Flags Affected 


The CF flag contains the complement of its original value. The OF, ZF, SF, AF, and PF flags are unaffected. 


Exceptions (All Operating Modes) 
If the LOCK prefix is used. 


#UD 
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CMOVcc—Conditional Move 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 47 /r CMOVA r16, r/m16 RM | Valid Valid Move if above (CF=0 and ZF=0). 
OF 47 /r CMOVA r32, r/m32 RM _ | Valid Valid Move if above (CF=0 and ZF=0). 
REX.W + OF 47 /r CMOVA r64, r/m64 RM_ | Valid N.E. Move if above (CF=0 and ZF=0). 
OF 43 /r CMOVAE 76, r/m16 RM_ | Valid Valid Move if above or equal (CF=0). 
OF 43 /r CMOVAE r32, r/m32 RM_ | Valid Valid Move if above or equal (CF=0). 
REX.W + OF 43 /r CMOVAE r64, r/m64 RM | Valid N.E. Move if above or equal (CF=0). 
OF 42 /r CMOVB r16, r/m16 RM _ | Valid Valid Move if below (CF=1). 
OF 42 /r CMOVB r32, r/m32 RM_ | Valid Valid Move if below (CF=1). 
REX.W + OF 42 /r CMOVB r64, r/m64 RM_ | Valid N.E. Move if below (CF=1). 
OF 46 /r CMOVBE r716, r/m16 RM_ | Valid Valid Move if below or equal (CF=1 or ZF=1). 
OF 46 /r CMOVBE r32, r/m32 RM_ | Valid Valid Move if below or equal (CF=1 or ZF=1). 
REX.W + OF 46 /r CMOVBE r64, r/m64 RM_ | Valid N.E. Move if below or equal (CF=1 or ZF=1). 
OF 42 /r CMOVC 16, r/m16 RM | Valid Valid Move if carry (CF=1). 
OF 42 /r CMOVC r32, r/m32 RM | Valid Valid Move if carry (CF=1). 
REX.W + OF 42 /r CMOVC r64, r/m64 RM_ | Valid N.E. Move if carry (CF=1). 
OF 44 /r CMOVE r76, r/m16 RM_ | Valid Valid Move if equal (ZF=1). 
OF 44 /r CMOVE r32, r/m32 RM _ | Valid Valid Move if equal (ZF=1). 
REX.W + OF 44 /r CMOVE r64, r/m64 RM_ | Valid N.E. Move if equal (ZF=1). 
OF 4F /r CMOVG r16, r/m16 RM _ | Valid Valid Move if greater (ZF=0 and SF=OF). 
OF 4F /r CMOVG r32, r/m32 RM _ | Valid Valid Move if greater (ZF=0 and SF=OF). 
REX.W + OF 4F /r CMOVG 164, r/m64 RM | V/N.E. NA Move if greater (ZF=0 and SF=OF). 
OF 4D /r CMOVGE r16, r/m16 RM _ | Valid Valid Move if greater or equal (SF=OF). 
OF 4D /r CMOVGE r32, r/m32 RM_ | Valid Valid Move if greater or equal (SF=OF). 
REX.W + OF 4D /r CMOVGE r64, r/m64 RM _ | Valid N.E. Move if greater or equal (SF=OF). 
OF 4C /r CMOVL r16, r/m16 RM_ | Valid Valid Move if less (SF# OF). 
OF 4C /r CMOVL r32, r/m32 RM_ | Valid Valid Move if less (SF# OF). 
REX.W + OF 4C /r CMOVL r64, r/m64 RM_ | Valid N.E. Move if less (SF# OF). 
OF 4E /r CMOVLE r16, r/m16 RM | Valid Valid Move if less or equal (ZF=1 or SF# OF). 
OF 4E /r CMOVLE r32, r/m32 RM | Valid Valid Move if less or equal (ZF=1 or SF# OF). 
REX.W + OF 4€ /r CMOVLE r64, r/m64 RM | Valid N.E. Move if less or equal (ZF=1 or SF# OF). 
OF 46 /r CMOVNA r16, r/m16 RM | Valid Valid Move if not above (CF=1 or ZF=1). 
OF 46 /r CMOVNA r32, r/m32 RM _ | Valid Valid Move if not above (CF=1 or ZF=1). 
REX.W + OF 46 /r CMOVNA r64, r/m64 RM _ | Valid N.E. Move if not above (CF=1 or ZF=1). 
OF 42 /r CMOVNAE r16, r/m16 RM | Valid Valid Move if not above or equal (CF=1). 
OF 42 /r CMOVNAE r32, r/m32 RM _ | Valid Valid Move if not above or equal (CF=1). 
REX.W + OF 42 /r CMOVNAE r64, r/m64 RM_ | Valid N.E. Move if not above or equal (CF=1). 
OF 43 /r CMOVNB r76, r/m16 RM _ | Valid Valid Move if not below (CF=0). 
OF 43 /r CMOVNB r32, r/m32 RM _ | Valid Valid Move if not below (CF=0). 
REX.W + OF 43 /r CMOVNB r64, r/m64 RM_ | Valid N.E. Move if not below (CF=0). 
OF 47 /r CMOVNBE r16, r/m16 RM_ | Valid Valid Move if not below or equal (CF=0 and ZF=0). 
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Opcode Instruction Op/ |64-Bit |Compat/ |Description 
En |Mode Leg Mode 
OF 47 /r CMOVNBE r32, r/m32 RM | Valid Valid Move if not below or equal (CF=0 and ZF=0). 
REX.W + OF 47 /r CMOVNBE r64, r/m64 RM | Valid N.E. Move if not below or equal (CF=0 and ZF=0). 
OF 43 /r CMOVNC r76, r/m16 RM _ | Valid Valid Move if not carry (CF=0). 
OF 43 /r CMOVNC r32, r/m32 RM | Valid Valid Move if not carry (CF=0). 
REX.W + OF 43 /r CMOVNC r64, r/m64 RM | Valid N.E. Move if not carry (CF=0). 
OF 45 /r CMOVNE r76, r/m16 RM | Valid Valid Move if not equal (ZF=0). 
OF 45 /r CMOVNE r32, r/m32 RM | Valid Valid Move if not equal (ZF=0). 
REX.W + OF 45 /r CMOVNE r64, r/m64 RM_ | Valid N.E. Move if not equal (ZF=0). 
OF 4€ /r CMOVNG r76, r/m16 RM | Valid Valid Move if not greater (ZF=1 or SF4 OF). 
OF 4€ /r CMOVNG r32, r/m32 RM | Valid Valid Move if not greater (ZF=1 or SFA OF). 
REX.W + OF 4€ /r CMOVNG r64, r/m64 RM _ | Valid N.E. Move if not greater (ZF=1 or SF4 OF). 
OF 4C /r CMOVNGE r76, r/m16 RM_ | Valid Valid Move if not greater or equal (SF# OF). 
OF 4C /r CMOVNGE r32, r/m32 RM _ | Valid Valid Move if not greater or equal (SF# OF). 
REX.W + OF 4C /r CMOVNGE r64, r/m64 RM _ | Valid N.E. Move if not greater or equal (SF# OF). 
OF 4D /r CMOVNL r76, r/m16 RM | Valid Valid Move if not less (SF=OF). 
OF 4D /r CMOVNL r32, r/m32 RM _ | Valid Valid Move if not less (SF=OF). 
REX.W + OF 4D /r CMOVNL r64, r/m64 RM_ | Valid N.E. Move if not less (SF=OF). 
OF 4F /r CMOVNLE r16, r/m16 RM _ | Valid Valid Move if not less or equal (ZF=0 and SF=OF). 
OF 4F /r CMOVNLE r32, r/m32 RM_ | Valid Valid Move if not less or equal (ZF=0 and SF=OF). 
REX.W + OF 4F /r CMOVNLE r64, r/m64 RM | Valid N.E. Move if not less or equal (ZF=0 and SF=OF). 
OF 41 /r CMOVNO r16, r/m16 RM _ | Valid Valid Move if not overflow (OF=0). 
OF 41 /r CMOVNO r32, r/m32 RM _ | Valid Valid Move if not overflow (OF=0). 
REX.W + OF 41 /r CMOVNO r64, r/m64 RM_ | Valid N.E. Move if not overflow (OF=0). 
OF 4B /r CMOVNP r16, r/m16 RM_ | Valid Valid Move if not parity (PF=0). 
OF 4B /r CMOVNP r32, r/m32 RM_ | Valid Valid Move if not parity (PF=0). 
REX.W + OF 4B /r CMOVNP r64, r/m64 RM_ | Valid N.E. Move if not parity (PF=0). 
OF 49 /r CMOVNS 16, r/m16 RM_ | Valid Valid Move if not sign (SF=0). 
OF 49 /r CMOVNS r32, r/m32 RM | Valid Valid Move if not sign (SF=0). 
REX.W + OF 49 /r CMOVNS r64, r/m64 RM_ | Valid N.E. Move if not sign (SF=0). 
OF 45 /r CMOVNZ r76, r/m16 RM_ | Valid Valid Move if not zero (ZF=0). 
OF 45 /r CMOVNZ r32, r/m32 RM_ | Valid Valid Move if not zero (ZF=0). 
REX.W + OF 45 /r CMOVNZ r64, r/m64 RM | Valid N.E. Move if not zero (ZF=0). 
OF 40 /r CMOVO r16, r/m16 RM | Valid Valid Move if overflow (OF=1). 
OF 40 /r CMOVO r32, r/m32 RM_ | Valid Valid Move if overflow (OF=1). 
REX.W + OF 40 /r CMOVO r64, r/m64 RM | Valid N.E. Move if overflow (OF=1). 
OF 4A /r CMOVP r16, r/m16 RM_ | Valid Valid Move if parity (PF=1). 
OF 4A /r CMOVP r32, r/m32 RM_ | Valid Valid Move if parity (PF=1). 
REX.W + OF 4A /r CMOVP r64, r/m64 RM_ | Valid N.E. Move if parity (PF=1). 
OF 4A /r CMOVPE r16, r/m16 RM _ | Valid Valid Move if parity even (PF=1). 
OF 4A /r CMOVPE r32, r/m32 RM | Valid Valid Move if parity even (PF=1). 
REX.W + OF 4A /r CMOVPE r64, r/m64 RM | Valid N.E. Move if parity even (PF=1). 
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Opcode Instruction Op/ |64-Bit |Compat/ | Description 
En |Mode Leg Mode 

OF 4B /r CMOVPO r16, r/m16 RM | Valid Valid Move if parity odd (PF=0). 

OF 4B /r CMOVPO r32, r/m32 RM | Valid Valid Move if parity odd (PF=0). 
REX.W + OF 4B /r CMOVPO 164, r/m64 RM | Valid N.E. Move if parity odd (PF=0). 

OF 48 /r CMOVS r16, r/m16 RM_ | Valid Valid Move if sign (SF=1). 

OF 48 /r CMOVS r32, r/m32 RM_ | Valid Valid Move if sign (SF=1). 

REX.W + OF 48 /r CMOVS r64, r/m64 RM _ | Valid N.E. Move if sign (SF=1). 

OF 44 /r CMOVZ 16, r/m16 RM _ | Valid Valid Move if zero (ZF=1). 

OF 44 /r CMOVZ 32, r/m32 RM _ | Valid Valid Move if zero (ZF=1). 

REX.W + OF 44 /r CMOVZ r64, r/m64 RM _ | Valid N.E. Move if zero (ZF=1). 

Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
Description 


Each of the CMOVcc instructions performs a move operation if the status flags in the EFLAGS register (CF, OF, PF, 
SF, and ZF) are in a specified state (or condition). A condition code (cc) is associated with each instruction to indi- 
cate the condition being tested for. If the condition is not satisfied, a move is not performed and execution 
continues with the instruction following the CMOVcc instruction. 


Specifically, CMOVcc loads data from its source operand into a temporary register unconditionally (regardless of 
the condition code and the status flags in the EFLAGS register). If the condition code associated with the instruction 
(cc) is satisfied, the data in the temporary register is then copied into the instruction's destination operand. 


These instructions can move 16-bit, 32-bit or 64-bit values from memory to a general-purpose register or from one 
general-purpose register to another. Conditional moves of 8-bit register operands are not supported. 


The condition for each CMOVcc mnemonic is given in the description column of the above table. The terms “less” 
and “greater” are used for comparisons of signed integers and the terms “above” and “below” are used for 
unsigned integers. 


Because a particular state of the status flags can sometimes be interpreted in two ways, two mnemonics are 
defined for some opcodes. For example, the CMOVA (conditional move if above) instruction and the CMOVNBE 
(conditional move if not below or equal) instruction are alternate mnemonics for the opcode OF 47H. 


The CMOVcc instructions were introduced in P6 family processors; however, these instructions may not be 
supported by all IA-32 processors. Software can determine if the CMOVcc instructions are supported by checking 
the processor's feature information with the CPUID instruction (see “CPUID—CPU Identification” in this chapter). 


In 64-bit mode, the instruction’s default operation size is 32 bits. Use of the REX.R prefix permits access to addi- 
tional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bits. See the summary chart at the 
beginning of this section for encoding data and limits. 


Operation 
temp := SRC 


IF condition TRUE 
THEN DEST := temp; 

ELSE IF (OperandSize = 32 and IA-32e mode active) 
THEN DEST[63:32] := 0; 

Fl; 
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Flags Affected 
None. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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CMP—Compare Two Operands 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
3C ib CMP AL, imm8& | Valid Valid Compare imm8 with AL. 
3D iw CMP AX, imm16 | Valid Valid Compare imm76 with AX. 
3D id CMP EAX, imm32 | Valid Valid Compare imm32 with EAX. 
REX.W + 3D id CMP RAX, imm32 | Valid N.E. Compare imm32 sign-extended to 64-bits 
with RAX. 
80 /7 ib CMP r/m8, imm8 MI | Valid Valid Compare imm8 with r/m8. 
REX + 80/7 ib CMP r/m8 , imm8 MI | Valid N.E. Compare imm8 with r/mé. 
81/7 iw CMP r/m16, imm16 MI | Valid Valid Compare imm176 with r/m16. 
81 /7 id CMP r/m32, imm32 MI | Valid Valid Compare imm32 with r/m32. 
REX.W + 81 /7 id CMP r/m64, imm32 MI | Valid N.E. Compare imm32 sign-extended to 64-bits 
with r/m64. 
83 /7 ib CMP r/m16, imm8& MI | Valid Valid Compare imm8 with r/m16. 
83 /7 ib CMP r/m32, imm8& MI | Valid Valid Compare imm8 with r/m32. 
REX.W + 83 /7 ib CMP r/m64, imm8& MI | Valid N.E. Compare imm8 with r/m64. 
38 /r CMP r/m&, r8 MR | Valid Valid Compare r8 with r/m8. 
REX + 38 /r CMP r/m8 , 8 MR | Valid N.E. Compare r8 with r/m8. 
39 /r CMP r/m16, r16 MR | Valid Valid Compare r76 with r/m16. 
39 /r CMP r/m32, r32 MR | Valid Valid Compare r32 with r/m32. 
REX.W + 39 /r CMP r/m64,r64 MR | Valid N.E. Compare r64 with r/m64. 
3A /r CMP r8, r/m8 RM | Valid Valid Compare r/m8 with r8. 
REX + 3A/r CMP 8, r/m& RM | Valid N.E. Compare r/m8 with rg. 
3B /r CMP r16, r/m16 RM | Valid Valid Compare r/m16 with r16. 
3B /r CMP r32, r/m32 RM | Valid Valid Compare r/m32 with r32. 
REX.W + 3B /r CMP r64, r/m64 RM | Valid N.E. Compare r/m64 with r64. 
NOTES: 


* |n 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r) ModRM:r/m (r) NA NA 
MR ModRM:r/m (r) ModRM:reg (r) NA NA 
MI ModRM:r/m (r) imm8/16/32 NA NA 
| AL/AX/EAX/RAX (r) imm8/16/32 NA NA 
Description 


Compares the first source operand with the second source operand and sets the status flags in the EFLAGS register 
according to the results. The comparison is performed by subtracting the second operand from the first operand 
and then setting the status flags in the same manner as the SUB instruction. When an immediate value is used as 
an operand, it is sign-extended to the length of the first operand. 


The condition codes used by the Jcc, CMOVcc, and SETcc instructions are based on the results of a CMP instruction. 
Appendix B, “EFLAGS Condition Codes,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 1, shows the relationship of the status flags and the condition codes. 
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In 64-bit mode, the instruction’s default operation size is 32 bits. Use of the REX.R prefix permits access to addi- 
tional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bits. See the summary chart at the 
beginning of this section for encoding data and limits. 


Operation 


temp := SRC1 — SignExtend(SRC2); 
ModifyStatusFlags; (* Modify status flags in the same manner as the SUB instruction”) 


Flags Affected 
The CF, OF, SF, ZF, AF, and PF flags are set according to the result. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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CMPPD—Compare Packed Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support Flag 
66 OF C2 /r ib A VIV SSE2 Compare packed double-precision floating-point values 
CMPPD xmm1, xmm2/m1 28, imm8 in xmm2/m128 and xmm_1 using bits 2:0 of imm8 as a 
comparison predicate. 
VEX.128.66.0F.WIG C2 /r ib B VIV AVX Compare packed double-precision floating-point values 
VCMPPD xmm1, xmm2, xmm3/m1 28, in xmm3/m128 and xmmcz using bits 4:0 of imm8 as a 
imm8 comparison predicate. 
VEX.256.66.0F.WIG C2 /r ib B VIV AVX Compare packed double-precision floating-point values 
VCMPPD ymm1, ymm2, ymm3/m256, in ymm3/m256 and ymmz using bits 4:0 of imm8 as a 
imm8 comparison predicate. 
EVEX.128.66.0F.W1 C2 /r ib C VIV AVX512VL | Compare packed double-precision floating-point values 
VCMPPD k1 {k2}, xmm2, AVX512F in xmm3/m128/m64bcst and xmm2z using bits 4:0 of 
xmm3/m128/m64bcst, imm8 imm8 as a comparison predicate with writemask k2 
and leave the result in mask register k1. 
EVEX.256.66.0F.W1 C2 /r ib C VIV AVX512VL | Compare packed double-precision floating-point values 
VCMPPD k1 {k2}, ymm2, AVX512F in ymm3/m256/m64bcst and ymmz using bits 4:0 of 
ymm3/m256/m64bcst, imm8 imm8 as a comparison predicate with writemask k2 
and leave the result in mask register k1. 
EVEX.512.66.0F.W1 C2 /r ib C VIV AVX512F Compare packed double-precision floating-point values 
VCMPPD k1 {k2}, zmm2, in zmm3/m512/m64bcst and zmmz using bits 4:0 of 
zmm3/m512/m64bcst{sae}, imm8 imm8 as a comparison predicate with writemask k2 
and leave the result in mask register k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) Imm8 NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) Imm8 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8 
Description 


Performs a SIMD compare of the packed double-precision floating-point values in the second source operand and 
the first source operand and returns the result of the comparison to the destination operand. The comparison pred- 
icate operand (immediate byte) specifies the type of comparison performed on each pair of packed values in the 
two source operands. 


EVEX encoded versions: The first source operand (second operand) is a ZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 64-bit memory location. The destination operand (first operand) is an opmask register. 
Comparison results are written to the destination operand under the writemask k2. Each comparison result is a 
single mask bit of 1 (comparison true) or 0 (comparison false). 


VEX.256 encoded version: The first source operand (second operand) is a YMM register. The second source 
operand (third operand) can be a YMM register or a 256-bit memory location. The destination operand (first 
operand) is a YMM register. Four comparisons are performed with results written to the destination operand. The 
result of each comparison is a quadword mask of all 1s (comparison true) or all Os (comparison false). 


128-bit Legacy SSE version: The first source and destination operand (first operand) is an XMM register. The 
second source operand (second operand) can be an XMM register or 128-bit memory location. Bits (MAXVL-1:128) 
of the corresponding ZMM destination register remain unchanged. Two comparisons are performed with results 
written to bits 127:0 of the destination operand. The result of each comparison is a quadword mask of all 1s 
(comparison true) or all Os (comparison false). 
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VEX.128 encoded version: The first source operand (second operand) is an XMM register. The second source 
operand (third operand) can be an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the destina- 
tion ZMM register are zeroed. Two comparisons are performed with results written to bits 127:0 of the destination 
operand. 


The comparison predicate operand is an 8-bit immediate: 


¢ For instructions encoded using the VEX or EVEX prefix, bits 4:0 define the type of comparison to be performed 
(see Table 3-1). Bits 5 through 7 of the immediate are reserved. 


¢ For instruction encodings that do not use VEX prefix, bits 2:0 define the type of comparison to be made (see the 
first 8 rows of Table 3-1). Bits 3 through 7 of the immediate are reserved. 


Table 3-1. Comparison Predicate for CMPPD and CMPPS Instructions 


Predicate imm8 | Description Result: A Is 1st Operand, B Is 2nd Operand | Signals 
Value A>B  |A<B |/A=B_ |Unordered! ONAN 
EQ_00 (EQ) OH Equal (ordered, non-signaling) False False True False No 
LT_OS (LT) 1H Less-than (ordered, signaling) False True False False Yes 
LE_OS (LE) 2H Less-than-or-equal (ordered, signaling) False True True False Yes 
UNORD_Q (UNORD) | 3H Unordered (non-signaling) False False False True No 
NEQ_UQ (NEQ) 4H Not-equal (unordered, non-signaling) True True False True No 
NLT_US (NLT) 5H Not-less-than (unordered, signaling) True False True True Yes 
NLE_US (NLE) 6H Not-less-than-or-equal (unordered, signaling) | True False False True Yes 
ORD_Q (ORD) 7H Ordered (non-signaling) True True True False No 
EQ_UQ 8H Equal (unordered, non-signaling) False False True True No 
NGE_US (NGE) SH Not-greater-than-or-equal (unordered, False True False True Yes 
signaling) 
NGT_US (NGT) AH Not-greater-than (unordered, signaling) False True True True Yes 
FALSE_OQ(FALSE) | BH False (ordered, non-signaling) False False False False No 
NEQ_0Q CH Not-equal (ordered, non-signaling) True True False False No 
GE_OS (GE) DH Greater-than-or-equal (ordered, signaling) True False True False Yes 
GT_OS (GT) EH Greater-than (ordered, signaling) True False False False Yes 
TRUE_UQ(TRUE) FH True (unordered, non-signaling) True True True True No 
EQ_OS 10H Equal (ordered, signaling) False False True False Yes 
LT_0Q 11H | Less-than (ordered, nonsignaling) False True False False No 
LE_OQ 12H Less-than-or-equal (ordered, nonsignaling) False True True False No 
UNORD_S 13H | Unordered (signaling) False False False True Yes 
NEQ_US 14H Not-equal (unordered, signaling) True True False True Yes 
NLT_UQ 15H | Not-less-than (unordered, nonsignaling) True False True True No 
NLE_UQ 16H Not-less-than-or-equal (unordered, nonsig- True False False True No 
naling) 
ORD_S 17H | Ordered (signaling) True True True False Yes 
EQ_US 18H Equal (unordered, signaling) False False True True Yes 
NGE_UQ 19H Not-greater-than-or-equal (unordered, non- | False True False True No 
signaling) 
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Table 3-1. Comparison Predicate for CMPPD and CMPPS Instructions (Contd.) 


Predicate imm8 | Description Result: A Is 1st Operand, B Is 2nd Operand | Signals 
value A>B  |A<B |A=B_ [Unordered! ONAN 
NGT_UQ 1AH | Not-greater-than (unordered, nonsignaling) | False True True True No 
FALSE_OS 1BH _ | False (ordered, signaling) False False False False Yes 
NEQ_OS 1CH Not-equal (ordered, signaling) True True False False Yes 
GE_O0Q 1DH | Greater-than-or-equal (ordered, nonsignal- True False True False No 
ing) 
GT_0Q 1€H Greater-than (ordered, nonsignaling) True False False False No 
TRUE_US 1FH | True (unordered, signaling) True True True True Yes 
NOTES: 


1. If either operand A or B is a NAN. 


The unordered relationship is true when at least one of the two source operands being compared is a NaN; the 
ordered relationship is true when neither source operand is a NaN. 


A subsequent computational instruction that uses the mask result in the destination operand as an input operand 
will not generate an exception, because a mask of all Os corresponds to a floating-point value of +0.0 and a mask 
of all 1s corresponds to a QNaN. 


Note that processors with “CPUID.1H:ECX.AVX =0” do not implement the “greater-than”, “greater-than-or-equal”, 
“not-greater than”, and “not-greater-than-or-equal relations” predicates. These comparisons can be made either 
by using the inverse relationship (that is, use the “not-less-than-or-equal” to make a “greater-than” comparison) 
or by using software emulation. When using software emulation, the program must swap the operands (copying 
registers when necessary to protect the data that will now be in the destination), and then perform the compare 
using a different predicate. The predicate to be used for these emulations is listed in the first 8 rows of Table 3-7 
(Intel 64 and IA-32 Architectures Software Developer’s Manual Volume 2A) under the heading Emulation. 


Compilers and assemblers may implement the following two-operand pseudo-ops in addition to the three-operand 
CMPPD instruction, for processors with “CPUID.1H:ECX.AVX =0”. See Table 3-2. Compiler should treat reserved 
Immé8 values as illegal syntax. 


Table 3-2. Pseudo-Op and CMPPD Implementation 
Pseudo-Op CMPPD Implementation 


CMPEQPD xmm1, xmm2 


CMPPD xmm1, xmm2, 0 


CMPLTPD xmm1, xmm2 


CMPLEPD xmm1, xmm2 


CMPPD xmm1, xmmz, 1 
CMPPD xmm1, xmm2, 2 


CMPUNORDPD xmm1, xmm2 


CMPPD xmm1, xmm2, 3 


CMPNEQPD xmm1, xmm2 


CMPNLTPD xmm7, xmm2 


CMPPD xmm1, xmm2, 4 
CMPPD xmm1, xmm2, 5 


CMPNLEPD xmm1, xmm2 


CMPPD xmm1, xmm2, 6 


CMPPD xmm1, xmm2, 7 


CMPORDPD xmm1, xmm2 


The greater-than relations that the processor does not implement require more than one instruction to emulate in 
software and therefore should not be implemented as pseudo-ops. (For these, the programmer should reverse the 
operands of the corresponding less than relations and use move instructions to ensure that the mask is moved to 
the correct destination register and that the source operand is left intact.) 


Processors with “CPUID.1H:ECX.AVX =1” implement the full complement of 32 predicates shown in Table 3-3, soft- 
ware emulation is no longer needed. Compilers and assemblers may implement the following three-operand 
pseudo-ops in addition to the four-operand VCMPPD instruction. See Table 3-3, where the notations of regi reg2, 
and reg3 represent either XMM registers or YMM registers. Compiler should treat reserved Immé8 values as illegal 
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syntax. Alternately, intrinsics can map the pseudo-ops to pre-defined constants to support a simpler intrinsic inter- 
face. Compilers and assemblers may implement three-operand pseudo-ops for EVEX encoded VCMPPD instructions 
ina similar fashion by extending the syntax listed in Table 3-3. 


Table 3-3. Pseudo-Op and VCMPPD Implementation 


Pseudo-Op 


CMPPD Implementation 


VCMPEQPD reg1, reg2, reg3 


VCMPPD reg1, reg2, reg3, 0 


VCMPLTPD reg1, reg2, reg3 


VCMPPD reg1, reg2, reg3, 1 


VCMPLEPD reg1, reg2, reg3 


VCMPPD reg, reg2, reg3, 2 


VCMPUNORDPD reg1, reg2, reg3 


VCMPPD reg, reg2, reg3, 3 


VCMPNEOPD reg7, reg2, reg3 


VCMPPD reg1, reg2, reg3, 4 


VCMPNLTPD reg1, reg2, reg3 


VCMPPD reg1, reg2, reg3, 5 


VCMPNLEPD reg1, reg2, reg3 


VCMPPD reg, reg2, reg3, 6 


VCMPORDPD reg], reg2, reg3 
VCMPEQ_UOQPD reg, reg2, reg3 
VCMPNGEPD reg1, reg2, reg3 


VCMPPD reg, reg2, reg3, 7 
VCMPPD reg, reg2, reg3, 8 
VCMPPD reg1, reg2, reg3, 9 


VCMPNGTPD reg1, reg2, reg3 


VCMPPD reg1, reg2, reg3, OAH 


VCMPFALSEPD reg1, reg2, reg3 
VCMPNEQ_OOQPD reg1, reg2, reg3 


VCMPPD reg1, reg2, reg3, OBH 
VCMPPD reg1, reg2, reg3, OCH 


VCMPGEPD reg], reg2, reg3 


VCMPPD reg1, reg2, reg3, ODH 


VCMPGTPD reg1, reg2, reg3 
VCMPTRUEPD reg], reg2, reg3 
VCMPEQ_OSPD reg1, reg2, reg3 


VCMPPD reg, reg2, reg3, OEH 
VCMPPD reg1, reg2, reg3, OFH 
VCMPPD reg1, reg2, reg3, 10H 


VCMPLT_OQPD reg7, reg2, reg3 
VCMPLE_OQPD reg1, reg2, reg3 


VCMPPD reg1, reg2, reg3, 11H 
VCMPPD reg1, reg2, reg3, 12H 


VCMPUNORD_SPD reg1, reg2, reg3 


VCMPPD reg], reg2, reg3, 13H 


VCMPNEQ_USPD reg7, reg2, reg3 
VCMPNLT_UOQPD reg1, reg2, reg3 


VCMPPD reg1, reg2, reg3, 14H 
VCMPPD reg1, reg2, reg3, 15H 


VCMPNLE_UQPD reg7, reg2, reg3 


VCMPPD reg1, reg2, reg3, 16H 


VCMPORD_SPD reg1, reg2, reg3 
VCMPEQ_USPD reg, reg2, reg3 


VCMPPD reg, reg2, reg3, 17H 
VCMPPD reg1, reg2, reg3, 18H 


VCMPNGE_UQPD reg, reg2, reg3 


VCMPPD reg1, reg2, reg3, 19H 


VCMPNGT_UQPD reg1, reg2, reg3 
VCMPFALSE_OSPD reg], reg2, reg3 


VCMPPD reg1, reg2, reg3, 1AH 
VCMPPD reg1, reg2, reg3, 1BH 


VCMPNEQ_OSPD reg7, reg2, reg3 


VCMPPD reg1, reg2, reg3, 1CH 


VCMPGE_OOQPD reg7, reg2, reg3 
VCMPGT_OQPD reg1, reg2, reg3 


VCMPPD reg1, reg2, reg3, 1DH 
VCMPPD reg, reg2, reg3, 1EH 


VCMPTRUE_USPD reg/, reg2, reg3 


VCMPPD reg], reg2, reg3, 1FH 
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Operation 


CASE (COMPARISON PREDICATE) OF 
0: OP3 := EQ_OQ; OP5 := EQ_OQ; 
1: OP3 := LT_OS; OP5 := LT_OS; 
2: OP3 := LE_OS; OP5 := LE_OS; 
3: OP3 := UNORD_Q; OP5 := UNORD_Q; 
4: OP3 := NEQ_UQ; OP5 := NEQ_UQ; 
5: OP3 := NLT_US; OP5 := NLT_US; 
6: OP3 := NLE_US; OP5 := NLE_US; 
7: OP3 := ORD_Q; OP5 := ORD_Q; 
8: OPS := EQ_UQ; 
9: OP5 := NGE_US; 
10: OP5 := NGT_US; 
11: OP5 := FALSE_OQ; 
12: OP5 := NEQ_OQ; 
13: OP5 := GE_OS; 
14: OPS := GT_OS; 
15: OPS := TRUE_UQ; 
16: OP5 := EQ_OS; 
17: OP5 := LT_OQ; 
18: OPS := LE_OQ; 
19: OP5 := UNORD_S; 
20: OPS := NEQ_US; 
21: OPS := NLT_UQ; 
22: OPS := NLE_UQ; 
23: OP5 := ORD_S; 
24: OPS := EQ_US; 
25: OPS := NGE_UQ; 
26: OPS := NGT_UQ; 
27: OPS := FALSE_OS; 
28: OPS := NEQ_OS; 
29: OPS := GE_OQ; 
30: OP5 := GT_OQ; 
31: OPS := TRUE_US; 
DEFAULT: Reserved; 
ESAC; 
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VCMPPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k2[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
CMP := SRC1[i+63:i] OPS SRC2[63:0] 
ELSE 
CMP := SRC1[i+63:i] OPS SRC2[i+63:i] 
Fl; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; Fl; 
ELSE DEST{[j] := 0 ; zeroing-masking only 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


VCMPPD (VEX.256 encoded version) 
CMPO := SRC1[63:0] OPS SRC2[63:0]; 
CMP1 := SRC1[127:64] OP5 SRC2[1 27:64]; 
CMP2 := SRC1[191:128] OPS SRC2[191:128]; 
CMP3 := SRC1[255:192] OP5 SRC2[255:192]; 
IF CMPO = TRUE 
THEN DEST[63:0] := FFFFFFFFFFFFFFFFH; 
ELSE DEST[63:0] := OOOOOODDO000000OH;; FI; 
IF CMP1 = TRUE 
THEN DEST[1 27:64] := FFFFFFFFFFFFFFFFH; 
ELSE DEST[127:64] := QOOOOOODOD0000ONH,; FI; 
IF CMP2 = TRUE 
THEN DEST[191:1 28] := FFFFFFFFFFFFFFFFH; 
ELSE DEST[191:1 28] := OOOOOODDD0000000H;; FI; 
IF CMP3 = TRUE 
THEN DEST[255:192] := FFFFFFFFFFFFFFFFH; 
ELSE DEST[255:1 92] := OOOOOODD00000000H;; FI; 
DEST[MAXVL-1:256] := 0 


VCMPPD (VEX.128 encoded version) 
CMPO := SRC1[63:0] OPS SRC2[63:0]; 
CMP1 := SRC1[127:64] OP5 SRC2[1 27:64]; 
IF CMPO = TRUE 
THEN DEST[63:0] := FFFFFFFFFFFFFFFFH; 
ELSE DEST[63:0] := OOOOOODDOO000O00OH;; FI; 
IF CMP1 = TRUE 
THEN DEST[1 27:64] := FFFFFFFFFFFFFFFFH; 
ELSE DEST[1 27:64] := QOOOOODDO00000ONH; FI; 
DEST[MAXVL-1:128] := 0 
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CMPPD (128-bit Legacy SSE version) 
CMPO := SRC1[63:0] OP3 SRC2[63:0]; 
CMP1 := SRC1[127:64] OP3 SRC2[127:64]; 
IF CMPO = TRUE 
THEN DEST[63:0] := FFFFFFFFFFFFFFFFH; 
ELSE DEST[63:0] := QOOOODDDD0000000H;; FI; 
IF CMP1 = TRUE 
THEN DEST[127:64] := FFFFFFFFFFFFFFFFH; 
ELSE DEST[127:64] := OOOOODD000000000H ; FI; 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VCMPPD __mmask8 _mm512_cmp_pd_mask(__m512da,__m512db, int imm); 

VCMPPD __mmask8 _mm512_cmp_round_pd_mask(__m512d a,__m512d b, int imm, int sae); 

VCMPPD __mmask8 _mm512_mask_cmp_pd_mask(_mmask8 k1,__m512da,__m512d b, int imm); 

VCMPPD __mmask8 _mm512_mask_cmp_round_pd_mask(__mmask8 k1,__m512da,__m512d, int imm, int sae); 
VCMPPD __mmask8 _mm256_cmp_pd_mask(__m256d a,___ m256d b, int imm); 

VCMPPD __mmask8 _mm256_mask_cmp_pd_mask(___mmask8 k1,__ m256d a, ___m256d b, int imm); 

VCMPPD __mmask8 _mm_cmp_pd_mask(__m128d a,_m128d b, int imm); 

VCMPPD __mmask8 _mm_mask_cmp_pd_mask(_mmask8 k1,__m128d a,__m128d b, int imm); 

VCMPPD __m256 _mm256_cmp_pd(__m256d a, __m256d b, int imm) 

(V)CMPPD __m128_mm_cmp_pd(__m128d a,__m128d b, int imm) 


SIMD Floating-Point Exceptions 
Invalid if SNaN operand and invalid if QNaN and predicate as listed in Table 3-1. 
Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
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CMPPS—Compare Packed Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
NP OF C2 /r ib A VIV SSE Compare packed single-precision floating-point values in 
CMPPS xmm1, xmm2/m1 28, xmm2/m128 and xmm_1 using bits 2:0 of imm8 as a 
imm8 comparison predicate. 
VEX.128.0F.WIG C2 /r ib B VIV AVX Compare packed single-precision floating-point values in 
VCMPPS xmm1, xmm2, xmm3/m128 and xmmz using bits 4:0 of imm8 as a 
xmm3/m1 28, imm8 comparison predicate. 
VEX.256.0F.WIG C2 /r ib B VIV AVX Compare packed single-precision floating-point values in 
VCMPPS ymm1, ymm2, ymm3/m256 and ymmz using bits 4:0 of imm8 as a 
ymm3/m256, imm8 comparison predicate. 
EVEX.128.0F.WO C2 /r ib C VIV AVX512VL | Compare packed single-precision floating-point values in 
VCMPPS k1 {k2}, xmm2, AVX512F xmm3/m128/m32bcst and xmmcz using bits 4:0 of imm8 as 
xmm3/m128/m32bcst, imm8 a comparison predicate with writemask k2 and leave the 
result in mask register k1. 
EVEX.256.0F.WO C2 /r ib C VIV AVX512VL | Compare packed single-precision floating-point values in 
VCMPPS k1 {k2}, ymm2, AVX512F ymm3/m256/m32bcst and ymm2 using bits 4:0 of imm8 as 
ymm3/m256/m32bcst, imm8 a comparison predicate with writemask k2 and leave the 
result in mask register k1. 
EVEX.512.0F.WO C2 /r ib C VIV AVX512F Compare packed single-precision floating-point values in 
VCMPPS k1 {k2}, zmm2, zmm3/m512/m32bcst and zmmz using bits 4:0 of imm8 as 
zmm3/m512/m32bcst{sae}, imm8 a comparison predicate with writemask k2 and leave the 
result in mask register k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) Imm8 NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) Imm8 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8 
Description 


Performs a SIMD compare of the packed single-precision floating-point values in the second source operand and 
the first source operand and returns the result of the comparison to the destination operand. The comparison pred- 
icate operand (immediate byte) specifies the type of comparison performed on each of the pairs of packed values. 


EVEX encoded versions: The first source operand (second operand) is a ZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 32-bit memory location. The destination operand (first operand) is an opmask register. 
Comparison results are written to the destination operand under the writemask k2. Each comparison result is a 
single mask bit of 1 (comparison true) or 0 (comparison false). 


VEX.256 encoded version: The first source operand (second operand) is a YMM register. The second source operand 
(third operand) can be a YMM register or a 256-bit memory location. The destination operand (first operand) is a 

YMM register. Eight comparisons are performed with results written to the destination operand. The result of each 
comparison is a doubleword mask of all 1s (comparison true) or all Os (comparison false). 


128-bit Legacy SSE version: The first source and destination operand (first operand) is an XMM register. The 
second source operand (second operand) can be an XMM register or 128-bit memory location. Bits (MAXVL-1:128) 
of the corresponding ZMM destination register remain unchanged. Four comparisons are performed with results 
written to bits 127:0 of the destination operand. The result of each comparison is a doubleword mask of all 1s 
(comparison true) or all Os (comparison false). 


VEX.128 encoded version: The first source operand (second operand) is an XMM register. The second source 
operand (third operand) can be an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the destina- 
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tion ZMM register are zeroed. Four comparisons are performed with results written to bits 127:0 of the destination 
operand. 


The comparison predicate operand is an 8-bit immediate: 


° For instructions encoded using the VEX prefix and EVEX prefix, bits 4:0 define the type of comparison to be 
performed (see Table 3-1). Bits 5 through 7 of the immediate are reserved. 


¢ For instruction encodings that do not use VEX prefix, bits 2:0 define the type of comparison to be made (see 
the first 8 rows of Table 3-1). Bits 3 through 7 of the immediate are reserved. 


The unordered relationship is true when at least one of the two source operands being compared is a NaN; the 
ordered relationship is true when neither source operand is a NaN. 


A subsequent computational instruction that uses the mask result in the destination operand as an input operand 
will not generate an exception, because a mask of all Os corresponds to a floating-point value of +0.0 and a mask 
of all 1s corresponds to a QNaN. 


Note that processors with “CPUID.1H:ECX.AVX =0” do not implement the “greater-than”, “greater-than-or-equal”, 
“not-greater than”, and “not-greater-than-or-equal relations” predicates. These comparisons can be made either 
by using the inverse relationship (that is, use the “not-less-than-or-equal” to make a “greater-than” comparison) 
or by using software emulation. When using software emulation, the program must swap the operands (copying 
registers when necessary to protect the data that will now be in the destination), and then perform the compare 
using a different predicate. The predicate to be used for these emulations is listed in the first 8 rows of Table 3-7 
(Intel 64 and IA-32 Architectures Software Developer’s Manual Volume 2A) under the heading Emulation. 


Compilers and assemblers may implement the following two-operand pseudo-ops in addition to the three-operand 
CMPPS instruction, for processors with “CPUID.1H:ECX.AVX =0”. See Table 3-4. Compiler should treat reserved 
Immé8 values as illegal syntax. 


Table 3-4. Pseudo-Op and CMPPS Implementation 


Pseudo-Op CMPPS Implementation 
CMPEQPS xmm1, xmm2 CMPPS xmm1, xmm2, 0 
CMPLTPS xmm1, xmm2 CMPPS xmm1, xmm2, 1 

CMPLEPS xmm1, xmm2 CMPPS xmm1, xmm2, 2 
CMPUNORDPS xmm17, xmm2 CMPPS xmm1, xmm2, 3 
CMPNEOQPS xmm1, xmm2 CMPPS xmm1, xmm2, 4 
CMPNLTPS xmm7, xmm2 CMPPS xmm1, xmm2, 5 
CMPNLEPS xmm1, xmm2 CMPPS xmm1, xmm2, 6 
CMPORDPS xmm17, xmm2 CMPPS xmm1, xmm2, 7 


The greater-than relations that the processor does not implement require more than one instruction to emulate in 
software and therefore should not be implemented as pseudo-ops. (For these, the programmer should reverse the 
operands of the corresponding less than relations and use move instructions to ensure that the mask is moved to 
the correct destination register and that the source operand is left intact. ) 


Processors with “CPUID.1H:ECX.AVX =1” implement the full complement of 32 predicates shown in Table 3-5, soft- 
ware emulation is no longer needed. Compilers and assemblers may implement the following three-operand 
pseudo-ops in addition to the four-operand VCMPPS instruction. See Table 3-5, where the notation of regi and 
reg2 represent either XMM registers or YMM registers. Compiler should treat reserved Imm8 values as illegal 
syntax. Alternately, intrinsics can map the pseudo-ops to pre-defined constants to support a simpler intrinsic inter- 
face. Compilers and assemblers may implement three-operand pseudo-ops for EVEX encoded VCMPPS instructions 
in a similar fashion by extending the syntax listed in Table 3-5. 
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Table 3-5. Pseudo-Op and VCMPPS Implementation 


Pseudo-Op 


CMPPS Implementation 


VCMPEOQPS reg1, reg2, reg3 


VCMPPS reg1, reg2, reg3, 0 


VCMPLTPS reg17, reg2, reg3 


VCMPPS reg, reg2, reg3, 1 


VCMPLEPS reg1, reg2, reg3 


VCMPPS reg1, reg2, reg3, 2 


VCMPUNORDPS reg1, reg2, reg3 


VCMPPS reg1, reg2, reg3, 3 


VCMPNEOPS reg7, reg2, reg3 


VCMPPS reg, reg2, reg3, 4 


VCMPNLTPS reg1, reg2, reg3 


VCMPPS reg1, reg2, reg3, 5 


VCMPNLEPS reg/7, reg2, reg3 


VCMPPS reg1, reg2, reg3, 6 


VCMPORDPS reg/, reg2, reg3 
VCMPEQ_UOPS reg/, reg2, reg3 


VCMPPS reg, reg2, reg3, 7 
VCMPPS reg1, reg2, reg3, 8 


VCMPNGEPS reg/7, reg2, reg3 


VCMPPS reg1, reg2, reg3, 9 


VCMPNGTPS reg, reg2, reg3 


VCMPPS reg, reg2, reg3, OAH 


VCMPFALSEPS reg7, reg2, reg3 


VCMPPS reg, reg2, reg3, OBH 


VCMPNEQ_OOPS reg/, reg2, reg3 


VCMPPS reg, reg2, reg3, OCH 


VCMPGEPS reg], reg2, reg3 


VCMPPS reg, reg2, reg3, ODH 


VCMPGTPS reg1, reg2, reg3 


VCMPPS reg, reg2, reg3, OEH 


VCMPTRUEPS reg7, reg2, reg3 
VCMPEQ_OSPS reg], reg2, reg3 


VCMPPS reg, reg2, reg3, OFH 
VCMPPS reg, reg2, reg3, 10H 


VCMPLT_OOQPS reg7, reg2, reg3 


VCMPPS reg, reg2, reg3, 11H 


VCMPLE_OOPS reg7, reg2, reg3 


VCMPPS reg, reg2, reg3, 12H 


VCMPUNORD_SPS reg17, reg2, reg3 


VCMPPS reg, reg2, reg3, 13H 


VCMPNEQ_USPS reg1, reg2, reg3 


VCMPPS reg, reg2, reg3, 14H 


VCMPNLT_UOPS reg], reg2, reg3 


VCMPPS reg, reg2, reg3, 15H 


VCMPNLE_UOPS reg1, reg2, reg3 


VCMPPS reg, reg2, reg3, 16H 


VCMPORD_SPS reg/1, reg2, reg3 
VCMPEQ_USPS reg], reg2, reg3 


VCMPPS reg, reg2, reg3, 17H 
VCMPPS reg, reg2, reg3, 18H 


VCMPNGE_UOPS reg, reg2, reg3 
VCMPNGT_UOPS reg7, reg2, reg3 


VCMPPS reg, reg2, reg3, 19H 
VCMPPS reg1, reg2, reg3, 1AH 


VCMPFALSE_OSPS reg, reg2, reg3 


VCMPPS reg, reg2, reg3, 1BH 


VCMPNEQ_OSPS reg1, reg2, reg3 


VCMPPS reg, reg2, reg3, 1CH 


VCMPGE_OOPS reg7, reg2, reg3 


VCMPPS reg, reg2, reg3, 1DH 


VCMPGT_OOQPS reg1, reg2, reg3 


VCMPPS reg, reg2, reg3, 1EH 


VCMPTRUE_USPS reg, reg2, reg3 


VCMPPS reg, reg2, reg3, 1FH 
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Operation 


CASE (COMPARISON PREDICATE) OF 
0: OP3 := EQ_OQ; OP5 := EQ_0Q; 
1: OP3 := LT_OS; OP5 := LT_OS; 

2: OP3 := LE_OS; OP5 := LE_OS; 
3: OP3 := UNORD_Q; OP5 := UNORD_Q; 
4: OP3 := NEQ_UQ; OP5 := NEQ_UQ; 
5: OP3 := NLT_US; OP5 := NLT_US; 
6: OP3 := NLE_US; OP5 := NLE_US; 
7: OP3 := ORD_Q; OP5 := ORD_Q; 
8: OPS := EQ_UQ; 
9: OP5 := NGE_US; 
10: OP5 := NGT_US; 
11: OP5 := FALSE_OQ; 
12: OP5 := NEQ_OQ; 
13: OP5 := GE_OS; 
14: OPS := GT_OS; 
15: OPS := TRUE_UQ; 
16: OP5 := EQ_OS; 
17: OP5 := LT_OQ; 
18: OPS := LE_OQ; 
19: OP5 := UNORD_S; 
20: OPS := NEQ_US; 
21: OPS := NLT_UQ; 
22: OPS := NLE_UQ; 
23: OP5 := ORD_S; 
24: OPS := EQ_US; 
25: OPS := NGE_UQ; 
26: OPS := NGT_UQ; 
27: OPS := FALSE_OS; 
28: OPS := NEQ_OS; 
29: OPS := GE_OQ; 
30: OPS := GT_OQ; 
31: OPS := TRUE_US; 
DEFAULT: Reserved 
ESAC; 
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VCMPPS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k2[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
CMP := SRC1[i+31:i] OPS SRC2[31:0] 
ELSE 
CMP := SRC1[i+31:i] OPS SRC2[i+31:i] 
Fl; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; Fl; 
ELSE DEST{j] := 0 ; zeroing-masking onlyFl; 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


VCMPPS (VEX.256 encoded version) 
CMPO := SRC1[31:0] OPS SRC2[31:0]; 
CMP1 := SRC1[63:32] OPS SRC2[63:32]; 
CMP2 := SRC1[95:64] OPS SRC2[95:64]; 
CMP3 := SRC1[127:96] OP5 SRC2[1 27:96]; 
CMP4 := SRC1[159:128] OPS SRC2[159:1 28]; 
CMP5 := SRC1[191:160] OP5 SRC2[191:160]; 
CMP6 := SRC1[223:192] OPS SRC2[223:192]; 
CMP7 := SRC1[255:224] OPS SRC2[255:224]; 
IF CMPO = TRUE 

THEN DEST[31:0] :=FFFFFFFFH; 

ELSE DEST[31:0] := OOOOOOOOOH;; FI; 
IF CMP1 = TRUE 

THEN DEST[63:32] := FFFFFFFFH; 

ELSE DEST[63:32] :=OOOOO0000H; FI; 
IF CMP2 = TRUE 

THEN DEST[95:64] := FFFFFFFFH; 

ELSE DEST[95:64] := OOOOOOOOOH;; FI; 
IF CMP3 = TRUE 

THEN DEST[1 27:96] := FFFFFFFFH; 

ELSE DEST[127:96] := OOOOOOOOOH;; FI; 
IF CMP4 = TRUE 

THEN DEST[159:128] := FFFFFFFFH; 

ELSE DEST[159:128] := OOOOOOCOOH; FI; 
IF CMPS = TRUE 

THEN DEST[191:160] := FFFFFFFFH; 

ELSE DEST[191:160] := OOOOOOCOOH; FI; 
IF CMP6 = TRUE 

THEN DEST[223:192] := FFFFFFFFH; 

ELSE DEST[223:192] :=OOOO00000H;; FI; 
IF CMP7 = TRUE 

THEN DEST[255:224] := FFFFFFFFH; 

ELSE DEST[255:224] := OOOOO00OOH; FI; 
DEST[MAXVL-1:256] := 0 
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VCMPPS (VEX.128 encoded version) 
CMPO := SRC1[31:0] OPS SRC2[31:0]; 
CMP1 := SRC1[63:32] OP5 SRC2[63:32]; 
CMP2 := SRC1[95:64] OP5 SRC2[95:64]; 
CMP3 := SRC1[127:96] OP5 SRC2[127:96]; 
IF CMPO = TRUE 

THEN DEST[31:0] :=FFFFFFFFH; 

ELSE DEST[31:0] := OOOOOOOOOH; FI; 
IF CMP1 = TRUE 

THEN DEST[63:32] := FFFFFFFFH; 

ELSE DEST[63:32] := OOOOOOOOOH;; FI; 
IF CMP2 = TRUE 

THEN DEST[95:64] := FFFFFFFFH; 

ELSE DEST[95:64] := OOOOOO00OH;; FI; 
IF CMP3 = TRUE 

THEN DEST[1 27:96] := FFFFFFFFH; 

ELSE DEST[127:96] :=OOOOOO0OOH; FI; 
DEST[MAXVL-1:128] := 0 


CMPPS (128-bit Legacy SSE version) 
CMPO := SRC1[31:0] OP3 SRC2[31:0]; 
CMP1 := SRC1[63:32] OP3 SRC2[63:32]; 
CMP2 := SRC1[95:64] OP3 SRC2[95:64]; 
CMP3 := SRC1[127:96] OP3 SRC2[1 27:96]; 
IF CMPO = TRUE 

THEN DEST[31:0] :=FFFFFFFFH; 

ELSE DEST[31:0] := QOOOOO0OOH;; FI; 
IF CMP1 = TRUE 

THEN DEST[63:32] := FFFFFFFFH; 

ELSE DEST[63:32] := OOOOOOOOOH; FI; 
IF CMP2 = TRUE 

THEN DEST[95:64] := FFFFFFFFH; 

ELSE DEST[95:64] := OOOOOOOOOH; FI; 
IF CMP3 = TRUE 

THEN DEST[127:96] := FFFFFFFFH; 

ELSE DEST[127:96] :=OOO000000H; FI; 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 
VCMPPS __mmask16 _mm512_cmp_ps_mask( 


m512 a,__m512 5, int imm); 


VCMPPS __mmask16 __mm512_cmp_round_ps_mask( 


m512 a,__m512b, int imm, int sae); 


VCMPPS __mmask16 _mm512_mask_cmp_ps_mask( 


mmask16 k1,__m512 a, 


VCMPPS __mmask16 __mm512_mask_cmp_round_ps_mask( 


VCMPPS __mmask8 _mm256_cmp_ps_mask( 


m256 b, int imm); 


mmask8 k1,__m256 a, 


VCMPPS __mmask8 _mm256_mask_cmp_ps_mask( 
VCMPPS __mmask8 __mm_cmp_ps_mask(_m128 a,__m128 b, int imm); 


VCMPPS __mmask8 _mm_mask_cmp_ps_mask( 


m256 b, int imm); 


m128 b, int imm); 


VCMPPS __m256 _mm256_cmp_ps(__m256 a,__m256 b, int imm) 
CMPPS __m128_mm_cmp_ps(__m128 a,__m128 b, int imm) 


SIMD Floating-Point Exceptions 


Invalid if SNaN operand and invalid if QNaN and predicate as listed in Table 3-1. 


Denormal 
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m512 b, int imm); 
m512 b, int imm, int sae); 
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Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
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CMPS/CMPSB/CMPSW/CMPSD/CMPSQ—Compare String Operands 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
A6 CMPS m8, m& ZO | Valid Valid For legacy mode, compare byte at address DS:(E)SI with 


byte at address ES:(E)DI; For 64-bit mode compare byte 
at address (RIE)SI to byte at address (RIE)DI. The status 
flags are set accordingly. 


A7 CMPS m16, m16 ZO | Valid Valid For legacy mode, compare word at address DS:(E)SI 
with word at address E€S:(E)DI; For 64-bit mode 
compare word at address (R|E)SI with word at address 
(RJE)DI. The status flags are set accordingly. 

A7 CMPS m32, m32 ZO | Valid Valid For legacy mode, compare dword at address DS:(E)SI at 
dword at address ES:(€)DI; For 64-bit mode compare 
dword at address (R|E)SI at dword at address (RIE)DI. 
The status flags are set accordingly. 


REX.W + A7 CMPS m64, m64 ZO | Valid N.E. Compares quadword at address (R|E)SI with quadword 
at address (RJE)DI and sets the status flags accordingly. 
A6 CMPSB ZO | Valid Valid For legacy mode, compare byte at address DS:(E)SI with 


byte at address ES:(€)DI; For 64-bit mode compare byte 
at address (R|E)SI with byte at address (R|E)DI. The 
status flags are set accordingly. 


A7 CMPSW ZO | Valid Valid For legacy mode, compare word at address DS:(E)SI 
with word at address ES:(E)DI; For 64-bit mode 
compare word at address (R|E)SI with word at address 
(RJE)DI. The status flags are set accordingly. 

A7 CMPSD ZO | Valid Valid For legacy mode, compare dword at address DS:(E)SI 
with dword at address ES:(€)DI; For 64-bit mode 
compare dword at address (RJE)SI with dword at 
address (RIE)DI. The status flags are set accordingly. 
REX.W + A7 CMPSQ ZO ‘| Valid N.E. Compares quadword at address (R|E)SI with quadword 
at address (RJE)DI and sets the status flags accordingly. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Compares the byte, word, doubleword, or quadword specified with the first source operand with the byte, word, 
doubleword, or quadword specified with the second source operand and sets the status flags in the EFLAGS register 
according to the results. 


Both source operands are located in memory. The address of the first source operand is read from DS:SI, DS:ESI 
or RSI (depending on the address-size attribute of the instruction is 16, 32, or 64, respectively). The address of the 
second source operand is read from ES:DI, ES:EDI or RDI (again depending on the address-size attribute of the 
instruction is 16, 32, or 64). The DS segment may be overridden with a segment override prefix, but the ES 
segment cannot be overridden. 


At the assembly-code level, two forms of this instruction are allowed: the “explicit-operands” form and the “no- 
operands” form. The explicit-operands form (specified with the CMPS mnemonic) allows the two source operands 
to be specified explicitly. Here, the source operands should be symbols that indicate the size and location of the 
source values. This explicit-operand form is provided to allow documentation. However, note that the documenta- 
tion provided by this form can be misleading. That is, the source operand symbols must specify the correct type 
(size) of the operands (bytes, words, or doublewords, quadwords), but they do not have to specify the correct loca- 
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tion. Locations of the source operands are always specified by the DS:(E)SI (or RSI) and ES:(E)DI (or RDI) regis- 
ters, which must be loaded correctly before the compare string instruction is executed. 


The no-operands form provides “short forms” of the byte, word, and doubleword versions of the CMPS instructions. 
Here also the DS:(E)SI (or RSI) and ES:(E)DI (or RDI) registers are assumed by the processor to specify the loca- 
tion of the source operands. The size of the source operands is selected with the mnemonic: CMPSB (byte compar- 
ison), CMPSW (word comparison), CMPSD (doubleword comparison), or CMPSQ (quadword comparison using 
REX.W). 


After the comparison, the (E/R)SI and (E/R)DI registers increment or decrement automatically according to the 
setting of the DF flag in the EFLAGS register. (If the DF flag is 0, the (E/R)SI and (E/R)DI register increment; if the 
DF flag is 1, the registers decrement.) The registers increment or decrement by 1 for byte operations, by 2 for word 
operations, 4 for doubleword operations. If operand size is 64, RSI and RDI registers increment by 8 for quadword 
operations. 


The CMPS, CMPSB, CMPSW, CMPSD, and CMPSQ instructions can be preceded by the REP prefix for block compar- 
isons. More often, however, these instructions will be used in a LOOP construct that takes some action based on the 
setting of the status flags before the next comparison is made. See “REP/REPE/REPZ /REPNE/REPNZ—Repeat 
String Operation Prefix” in Chapter 4 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2B, for a description of the REP prefix. 


In 64-bit mode, the instruction’s default address size is 64 bits, 32 bit address size is supported using the prefix 
67H. Use of the REX.W prefix promotes doubleword operation to 64 bits (see CMPSQ). See the summary chart at 
the beginning of this section for encoding data and limits. 


Operation 
temp := SRC1 - SRC2; 
SetStatusFlags(temp); 
IF (64-Bit Mode) 
THEN 
IF (Byte comparison) 
THEN IF DF = 0 
THEN 
(RJE)SI := (RIE)SI + 1; 
(RJE)DI := (RIE)DI + 1; 
ELSE 
(RIE)SI := (RIE)SI - 1; 
(RJE)DI := (RIE)DI - 1; 
FI; 
ELSE IF (word comparison) 
THEN IF DF =O 
THEN 
(RIE)SI := (RIE)SI + 2; 
(RJE)DI := (RIE)DI + 2; 
ELSE 
(RIE)SI := (RIE)SI - 2; 
(RJE)DI := (RIE)DI - 2; 
FI; 
ELSE IF (Doubleword comparison) 
THEN IF DF = 0 
THEN 


(RIE)SI := (RIE)SI + 4; 
(RJE)DI := (RIE)DI + 4; 
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#SS(0) 
#PF(fault-code) 
#AC(0) 


#UD 


ELSE (* Quadword comparison *) 


THEN IF DF =0 
(RJE)SI := (RIE)SI + 8; 
(RJE)DI := (RIE)DI + 8; 
ELSE 
(RJE)SI := (RIE)SI - 8; 
(RJE)DI := (RIE)DI - 8; 
Fl; 
Fl; 
ELSE (* Non-64-bit Mode *) 
IF (byte comparison) 
THEN IF DF =0 
THEN 
(E)SI := (E)SI + 1; 
(E)DI := (E)DI + 1; 
ELSE 
(E)SI = (E)SI - 1; 
(E)DI := (E)DI - 1; 
Fl; 
ELSE IF (Word comparison) 
THEN IF DF =O 
(E)SI := (E)SI + 2; 
(€)DI := (E)DI + 2; 


Fl; 


ELSE (* Doubleword comparison *) 


THEN IF DF = 0 
(E)SI := (€)SI + 4; 
(E)DI := (E)DI + 4; 


ELSE 
(E)SI := (€)SI - 4; 
(E)DI := (€)DI - 4; 
Fl; 
Fl; 
Flags Affected 


Protected Mode Exceptions 
#GP(0) 
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The CF, OF, SF, ZF, AF, and PF flags are set according to the temporary result of the comparison. 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register contains a NULL segment selector. 
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If a memory operand effective address is outside the SS segment limit. 
If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 
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Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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CMPSD—Compare Scalar Double-Precision Floating-Point Value 
Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
F2 OF C2 /r ib A VN SSE2 
CMPSD xmm1, xmm2/m64, imm8 


Compare low double-precision floating-point value in 
xmm2/m64 and xmm1 using bits 2:0 of imm8 as comparison 
predicate. 

Compare low double-precision floating-point value in 
xmm3/m64 and xmm_z using bits 4:0 of imm8 as comparison 
predicate. 

AVX512F | Compare low double-precision floating-point value in 
xmm3/m64 and xmm_z using bits 4:0 of imm8 as comparison 
predicate with writemask k2 and leave the result in mask 
register k1. 


VEX.LIG.F2.0F.WIG C2 /r ib B VV AVX 
VCMPSD xmm1, xmm2, 
xmm3/m64, imm8 

EVEX.LLIG.F2.0F.W1 C2 /r ib C VIV 
VCMPSD k1 {k2}, xmm2, 
xmm3/m64{sae}, imm8 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) Imm8s NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) Imm8 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
Description 


Compares the low double-precision floating-point values in the second source operand and the first source operand 
and returns the result of the comparison to the destination operand. The comparison predicate operand (imme- 
diate operand) specifies the type of comparison performed. 


128-bit Legacy SSE version: The first source and destination operand (first operand) is an XMM register. The 
second source operand (second operand) can be an XMM register or 64-bit memory location. Bits (MAXVL-1:64) of 
the corresponding YMM destination register remain unchanged. The comparison result is a quadword mask of all 1s 
(comparison true) or all Os (comparison false). 


VEX.128 encoded version: The first source operand (second operand) is an XMM register. The second source 
operand (third operand) can be an XMM register or a 64-bit memory location. The result is stored in the low quad- 
word of the destination operand; the high quadword is filled with the contents of the high quadword of the first 
source operand. Bits (MAXVL-1:128) of the destination ZMM register are zeroed. The comparison result is a quad- 
word mask of all 1s (comparison true) or all Os (comparison false). 


EVEX encoded version: The first source operand (second operand) is an XMM register. The second source operand 
can be a XMM register or a 64-bit memory location. The destination operand (first operand) is an opmask register. 
The comparison result is a single mask bit of 1 (comparison true) or 0 (comparison false), written to the destination 
starting from the LSB according to the writemask k2. Bits (MAX_KL-1:128) of the destination register are cleared. 


The comparison predicate operand is an 8-bit immediate: 
¢ For instructions encoded using the VEX prefix, bits 4:0 define the type of comparison to be performed (see 
Table 3-1). Bits 5 through 7 of the immediate are reserved. 


¢ For instruction encodings that do not use VEX prefix, bits 2:0 define the type of comparison to be made (see 
the first 8 rows of Table 3-1). Bits 3 through 7 of the immediate are reserved. 


The unordered relationship is true when at least one of the two source operands being compared is a NaN; the 
ordered relationship is true when neither source operand is a NaN. 


A subsequent computational instruction that uses the mask result in the destination operand as an input operand 
will not generate an exception, because a mask of all Os corresponds to a floating-point value of +0.0 and a mask 
of all 1s corresponds to a QNaN. 


Note that processors with “CPUID.1H:ECX.AVX =0” do not implement the “greater-than”, “greater-than-or-equal”, 
“not-greater than”, and “not-greater-than-or-equal relations” predicates. These comparisons can be made either 
by using the inverse relationship (that is, use the “not-less-than-or-equal” to make a “greater-than” comparison) 
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or by using software emulation. When using software emulation, the program must swap the operands (copying 
registers when necessary to protect the data that will now be in the destination), and then perform the compare 
using a different predicate. The predicate to be used for these emulations is listed in the first 8 rows of Table 3-7 
(Intel 64 and IA-32 Architectures Software Developer’s Manual Volume 2A) under the heading Emulation. 


Compilers and assemblers may implement the following two-operand pseudo-ops in addition to the three-operand 
CMPSD instruction, for processors with “CPUID.1H:ECX.AVX =0”. See Table 3-6. Compiler should treat reserved 
Immé8 values as illegal syntax. 


Table 3-6. Pseudo-Op and CMPSD Implementation 
Pseudo-Op CMPSD Implementation 


CMPEQSD xmm1, xmm2 


CMPSD xmm1, xmm2, 0 


CMPLTSD xmm17, xmm2 


CMPSD xmm1, xmm2, 1 


CMPLESD xmm17, xmm2 


CMPSD xmm1, xmm2, 2 


CMPUNORDSD xmm17, xmm2 


CMPSD xmm1, xmm2, 3 


CMPNEQSD xmm1, xmm2 


CMPSD xmm1, xmm2, 4 


CMPNLTSD xmm17, xmm2 


CMPSD xmm1, xmm2, 5 


CMPNLESD xmm17, xmm2 
CMPORDSD xmm1, xmm2 


CMPSD xmm1, xmm2, 6 
CMPSD xmm1, xmm2, 7 


The greater-than relations that the processor does not implement require more than one instruction to emulate in 
software and therefore should not be implemented as pseudo-ops. (For these, the programmer should reverse the 
operands of the corresponding less than relations and use move instructions to ensure that the mask is moved to 
the correct destination register and that the source operand is left intact.) 


Processors with “CPUID.1H:ECX.AVX =1” implement the full complement of 32 predicates shown in Table 3-7, soft- 
ware emulation is no longer needed. Compilers and assemblers may implement the following three-operand 
pseudo-ops in addition to the four-operand VCMPSD instruction. See Table 3-7, where the notations of regi reg2, 
and reg3 represent either XMM registers or YMM registers. Compiler should treat reserved Imm8 values as illegal 
syntax. Alternately, intrinsics can map the pseudo-ops to pre-defined constants to support a simpler intrinsic inter- 
face. Compilers and assemblers may implement three-operand pseudo-ops for EVEX encoded VCMPSD instructions 
in a similar fashion by extending the syntax listed in Table 3-7. 


Table 3-7. Pseudo-Op and VCMPSD Implementation 


Pseudo-Op 
VCMPEQSD reg1, reg2, reg3 


CMPSD Implementation 
VCMPSD reg1, reg2, reg3, 0 


VCMPLTSD reg1, reg2, reg3 


VCMPSD reg1, reg2, reg3, 1 


VCMPLESD reg1, reg2, reg3 


VCMPSD reg1, reg2, reg3, 2 


VCMPUNORDSD reg/, reg2, reg3 


VCMPSD reg1, reg2, reg3, 3 


VCMPNEQSD reg, reg2, reg3 


VCMPSD reg1, reg2, reg3, 4 


VCMPNLTSD reg7, reg2, reg3 
VCMPNLESD reg17, reg2, reg3 


VCMPSD reg1, reg2, reg3, 5 
VCMPSD reg1, reg2, reg3, 6 


VCMPORDSD reg1, reg2, reg3 
VCMPEQ_UQSD reg7, reg2, reg3 
VCMPNGESD reg1, reg2, reg3 


VCMPSD reg1, reg2, reg3, 7 
VCMPSD reg1, reg2, reg3, 8 
VCMPSD reg1, reg2, reg3, 9 


VCMPNGTSD reg1, reg2, reg3 


VCMPSD reg1, reg2, reg3, OAH 


VCMPFALSESD reg1, reg2, reg3 


VCMPSD reg1, reg2, reg3, OBH 


VCMPNEQ_OQSD reg7, reg2, reg3 


VCMPSD reg1, reg2, reg3, OCH 


VCMPGESD reg, reg2, reg3 


VCMPSD reg1, reg2, reg3, ODH 
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Table 3-7. Pseudo-Op and VCMPSD Implementation 


Pseudo-Op 


CMPSD Implementation 


VCMPGTSD reg], reg2, reg3 


VCMPSD reg1, reg2, reg3, OEH 


VCMPTRUESD reg], reg2, reg3 
VCMPEQ_OSSD reg1, reg2, reg3 


VCMPSD reg1, reg2, reg3, OFH 
VCMPSD reg17, reg2, reg3, 10H 


VCMPLT_OQSD reg1, reg2, reg3 


VCMPSD reg17, reg2, reg3, 11H 


VCMPLE_OQSD reg/, reg2, reg3 


VCMPSD reg17, reg2, reg3, 12H 


VCMPUNORD_SSD reg/, reg2, reg3 


VCMPSD reg7, reg2, reg3, 13H 


VCMPNEQ_USSD reg1, reg2, reg3 


VCMPSD reg1, reg2, reg3, 14H 


VCMPNLT_UQSD reg1, reg2, reg3 


VCMPSD reg1, reg2, reg3, 15H 


VCMPNLE_UQSD reg7, reg2, reg3 


VCMPSD reg7, reg2, reg3, 16H 


VCMPORD_SSD reg1, reg2, reg3 
VCMPEQ_USSD reg1, reg2, reg3 


VCMPSD reg7, reg2, reg3, 17H 
VCMPSD reg17, reg2, reg3, 18H 


VCMPNGE_UQSD reg/, reg2, reg3 


VCMPSD reg1, reg2, reg3, 19H 


VCMPNGT_UQSD reg1, reg2, reg3 


VCMPSD reg7, reg2, reg3, 1AH 


VCMPFALSE_OSSD reg1, reg2, reg3 


VCMPSD reg1, reg2, reg3, 1BH 


VCMPNEQ_OSSD reg, reg2, reg3 


VCMPSD reg1, reg2, reg3, 1CH 


VCMPGE_OQSD reg, reg2, reg3 


VCMPSD reg1, reg2, reg3, 1DH 


VCMPGT_OQSD reg7, reg2, reg3 


VCMPSD reg1, reg2, reg3, 1€H 


VCMPTRUE_USSD reg17, reg2, reg3 


VCMPSD reg1, reg2, reg3, 1FH 


Software should ensure VCMPSD is encoded with VEX.L=0. Encoding VCMPSD with VEX.L=1 may encounter unpre- 


dictable behavior across different processor generations. 


Operation 


CASE (COMPARISON PREDICATE) OF 
0: OP3 := EQ_0Q; OPS := EQ_0Q; 
1: OP3 := LT_OS; OP5 := LT_OS; 

2: OP3 := LE_OS; OP5 := LE_OS; 

3: OP3 := UNORD_Q; OP5 := UNORD_Q; 
4: OP3 := NEQ_UQ; OP5 := NEQ_UQ; 
5: OP3 := NLT_US; OP5 := NLT_US; 
6: OP3 := NLE_US; OP5 := NLE_US; 
7: OP3 := ORD_Q; OP5 := ORD_Q; 

8: OP5 := EQ_UQ; 

9: OPS := NGE_US; 

10: OPS := NGT_US; 

11: OP5 := FALSE_OQ; 

12: OPS := NEQ_OQ; 

13: OP5 := GE_OS; 

14: OPS := GT_OS; 

15: OPS := TRUE_UQ; 

16: OPS := EQ_OS; 

17: OPS := LT_OQ; 

18: OP5 := LE_OQ; 

19: OPS := UNORD_S; 

20: OPS := NEQ_US; 

21: OPS := NLT_UQ; 


CMPSD—Compare Scalar Double-Precision Floating-Point Value 


Vol.2A 3-199 


INSTRUCTION SET REFERENCE, A-L 


22: OPS := NLE_UQ; 
23: OP5 := ORD_S; 
24: OP5 := EQ_US; 
25: OPS := NGE_UQ; 
26: OPS := NGT_UQ; 
27: OPS := FALSE_OS; 
28: OPS := NEQ_OS; 
29: OP5 := GE_OQ; 
30: OPS := GT_OQ; 
31: OPS := TRUE_US; 
DEFAULT: Reserved 
ESAC; 


VCMPSD (EVEX encoded version) 
CMPO := SRC1[63:0] OP5 SRC2[63:0]; 


IF k2[O0] or *no writemask* 
THEN — IF CMPO = TRUE 
THEN DEST[0] := 1; 
ELSE DEST[O] := 0; Fl; 
ELSE DEST[O] := 0 ; zeroing-masking only 
Fl; 
DEST[MAX_KL-1:1] := 0 


CMPSD (128-bit Legacy SSE version) 

CMPO := DEST[63:0] OP3 SRC[63:0]; 

IF CMPO = TRUE 

THEN DEST[63:0] := FFFFFFFFFFFFFFFFH; 
ELSE DEST[63:0] := QOOOODD000000000H; FI; 
DEST[MAXVL-1:64] (Unmodified) 


VCMPSD (VEX.128 encoded version) 

CMPO := SRC1[63:0] OPS SRC2[63:0]; 

IF CMPO = TRUE 

THEN DEST[63:0] := FFFFFFFFFFFFFFFFH; 
ELSE DEST[63:0] := OOOOOODDD00000NNH; FI; 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 

VCMPSD __mmask8 _mm_cmp_sd_mask(__m128d a,_m128d b, int imm); 

VCMPSD __mmask8 _mm_cmp_round_sd_mask(_m128d a,_m128d b, int imm, int sae); 

VCMPSD __mmask8 _mm_mask_cmp_sd_mask(__mmask8 k1,__m128da,__m128d, int imm); 

VCMPSD __mmask8 _mm_mask_cmp_round_sd_mask(___mmask8 k1,__m128d a,__m128d b, int imm, int sae); 
(V)CMPSD __m128d __mm_cmp_sd(__m128d a, ___m128d b, const int imm) 


SIMD Floating-Point Exceptions 
Invalid if SNaN operand, Invalid if QNaN and predicate as listed in Table 3-1 Denormal. 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 
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CMPSS—Compare Scalar Single-Precision Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
F3 OF C2 /r ib A VV SSE Compare low single-precision floating-point value in 
CMPSS xmm1, xmm2/m32, imm8 xmm2/m32 and xmm1 using bits 2:0 of imm8 as 
comparison predicate. 
VEX.LIG.F3.0F.WIG C2 /r ib B VIV AVX Compare low single-precision floating-point value in 
VCMPSS xmm1, xmm_2, xmm3/m32, xmm3/m32 and xmmz using bits 4:0 of imm8 as 
imm8 comparison predicate. 
EVEX.LLIG.F3.0F.WO C2 /r ib C VV AVX512F | Compare low single-precision floating-point value in 
VCMPSS k1 {k2}, xmm2, xmm3/m32 and xmmz using bits 4:0 of imm8 as 
xmm3/m32{sae}, imm8 comparison predicate with writemask k2 and leave the 
result in mask register k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) Imm8 NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) Imm8s 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
Description 


Compares the low single-precision floating-point values in the second source operand and the first source operand 
and returns the result of the comparison to the destination operand. The comparison predicate operand (imme- 
diate operand) specifies the type of comparison performed. 


128-bit Legacy SSE version: The first source and destination operand (first operand) is an XMM register. The 
second source operand (second operand) can be an XMM register or 32-bit memory location. Bits (MAXVL-1:32) of 
the corresponding YMM destination register remain unchanged. The comparison result is a doubleword mask of all 
1s (comparison true) or all Os (comparison false). 


VEX.128 encoded version: The first source operand (second operand) is an XMM register. The second source 
operand (third operand) can be an XMM register or a 32-bit memory location. The result is stored in the low 32 bits 
of the destination operand; bits 127:32 of the destination operand are copied from the first source operand. Bits 
(MAXVL-1:128) of the destination ZMM register are zeroed. The comparison result is a doubleword mask of all 1s 
(comparison true) or all Os (comparison false). 


EVEX encoded version: The first source operand (second operand) is an XMM register. The second source operand 
can be a XMM register or a 32-bit memory location. The destination operand (first operand) is an opmask register. 
The comparison result is a single mask bit of 1 (comparison true) or 0 (comparison false), written to the destination 
starting from the LSB according to the writemask k2. Bits (MAX_KL-1:128) of the destination register are cleared. 


The comparison predicate operand is an 8-bit immediate: 


¢ For instructions encoded using the VEX prefix, bits 4:0 define the type of comparison to be performed (see 
Table 3-1). Bits 5 through 7 of the immediate are reserved. 


¢ For instruction encodings that do not use VEX prefix, bits 2:0 define the type of comparison to be made (see 
the first 8 rows of Table 3-1). Bits 3 through 7 of the immediate are reserved. 


The unordered relationship is true when at least one of the two source operands being compared is a NaN; the 
ordered relationship is true when neither source operand is a NaN. 


A subsequent computational instruction that uses the mask result in the destination operand as an input operand 
will not generate an exception, because a mask of all Os corresponds to a floating-point value of +0.0 and a mask 
of all 1s corresponds to a QNaN. 


Note that processors with “CPUID.1H:ECX.AVX =0” do not implement the “greater-than”, “greater-than-or-equal”, 
“not-greater than”, and “not-greater-than-or-equal relations” predicates. These comparisons can be made either 
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by using the inverse relationship (that is, use the “not-less-than-or-equal” to make a “greater-than” comparison) 
or by using software emulation. When using software emulation, the program must swap the operands (copying 

registers when necessary to protect the data that will now be in the destination), and then perform the compare 

using a different predicate. The predicate to be used for these emulations is listed in the first 8 rows of Table 3-7 

(Intel 64 and IA-32 Architectures Software Developer’s Manual Volume 2A) under the heading Emulation. 


Compilers and assemblers may implement the following two-operand pseudo-ops in addition to the three-operand 
CMPSS instruction, for processors with “CPUID.1H:ECX.AVX =0”. See Table 3-8. Compiler should treat reserved 
Immé8 values as illegal syntax. 


Table 3-8. Pseudo-Op and CMPSS Implementation 


Pseudo-Op CMPSS Implementation 
CMPEQSS xmm7, xmm2 CMPSS xmm1, xmm2, 0 
CMPLTSS xmm17, xmm2 CMPSS xmm1, xmm2, 1 
CMPLESS xmm1, xmm2 CMPSS xmm17, xmm2, 2 
CMPUNORDSS xmm1, xmm2 CMPSS xmm1, xmm2, 3 
CMPNEQSS xmm1, xmm2 CMPSS xmm1, xmm2, 4 
CMPNLTSS xmm1, xmm2 CMPSS xmm1, xmm2, 5 
CMPNLESS xmm17, xmm2 CMPSS xmm1, xmm2, 6 
CMPORDSS xmm1, xmm2 CMPSS xmm1, xmm2, 7 


The greater-than relations that the processor does not implement require more than one instruction to emulate in 
software and therefore should not be implemented as pseudo-ops. (For these, the programmer should reverse the 
operands of the corresponding less than relations and use move instructions to ensure that the mask is moved to 
the correct destination register and that the source operand is left intact.) 


Processors with “CPUID.1H:ECX.AVX =1” implement the full complement of 32 predicates shown in Table 3-7, soft- 
ware emulation is no longer needed. Compilers and assemblers may implement the following three-operand 
pseudo-ops in addition to the four-operand VCMPSS instruction. See Table 3-9, where the notations of regi reg2, 
and reg3 represent either XMM registers or YMM registers. Compiler should treat reserved Imm8 values as illegal 
syntax. Alternately, intrinsics can map the pseudo-ops to pre-defined constants to support a simpler intrinsic inter- 
face. Compilers and assemblers may implement three-operand pseudo-ops for EVEX encoded VCMPSS instructions 
in a similar fashion by extending the syntax listed in Table 3-9. 


Table 3-9. Pseudo-Op and VCMPSS Implementation 


Pseudo-Op 


CMPSS Implementation 


VCMPEQSS reg1, reg2, reg3 


VCMPSS reg1, reg2, reg3, 0 


VCMPLTSS reg1, reg2, reg3 
VCMPLESS reg1, reg2, reg3 


VCMPSS reg1, reg2, reg3, 1 
VCMPSS reg1, reg2, reg3, 2 


VCMPUNORDSS reg/7, reg2, reg3 


VCMPSS reg1, reg2, reg3, 3 


VCMPNEOQSS reg7, reg2, reg3 


VCMPSS reg1, reg2, reg3, 4 


VCMPNLTSS reg], reg2, reg3 


VCMPSS reg1, reg2, reg3, 5 


VCMPNLESS reg/, reg2, reg3 


VCMPSS reg1, reg2, reg3, 6 


VCMPORDSS reg1, reg2, reg3 
VCMPEQ_UQSS reg], reg2, reg3 


VCMPSS reg1, reg2, reg3, 7 
VCMPSS reg17, reg2, reg3, 8 


VCMPNGESS reg, reg2, reg3 


VCMPSS reg1, reg2, reg3, 9 


VCMPNGTSS reg], reg2, reg3 VCMPSS reg1, reg2, reg3, OAH 
VCMPFALSESS reg1, reg2, reg3 VCMPSS reg1, reg2, reg3, OBH 
VCMPNEQ_OQSS reg1, reg2, reg? VCMPSS reg, reg2, reg3, OCH 
VCMPGESS reg], reg2, reg3 VCMPSS reg1, reg2, reg3, ODH 
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Table 3-9. Pseudo-Op and VCMPSS Implementation 


Pseudo-Op 


CMPSS Implementation 


VCMPGTSS reg, reg2, reg3 


VCMPSS reg], reg2, reg3, OEH 


VCMPTRUESS reg1, reg2, reg3 
VCMPEQ_OSSS reg], reg2, reg3 


VCMPSS reg], reg2, reg3, OFH 
VCMPSS reg], reg2, reg3, 10H 


VCMPLT_OOQSS reg1, reg2, reg3 


VCMPSS reg], reg2, reg3, 11H 


VCMPLE_OOSS reg1, reg2, reg3 


VCMPSS reg], reg2, reg3, 12H 


VCMPUNORD_SSS reg, reg2, reg3 


VCMPSS reg], reg2, reg3, 13H 


VCMPNEQ_USSS reg, reg2, reg3 


VCMPSS reg], reg2, reg3, 14H 


VCMPNLT_UQSS reg1, reg2, reg3 


VCMPSS reg], reg2, reg3, 15H 


VCMPNLE_UQSS reg7, reg2, reg3 


VCMPSS reg], reg2, reg3, 16H 


VCMPORD_SSS reg17, reg2, reg3 
VCMPEQ_USSS reg1, reg2, reg3 


VCMPSS reg], reg2, reg3, 17H 
VCMPSS reg], reg2, reg3, 18H 


VCMPNGE_UQSS reg7, reg2, reg3 


VCMPSS reg], reg2, reg3, 19H 


VCMPNGT_UQSS reg, reg2, reg3 


VCMPSS reg], reg2, reg3, 1AH 


VCMPFALSE_OSSS reg1, reg2, reg3 


VCMPSS reg], reg2, reg3, 1BH 


VCMPNEQ_OSSS reg, reg2, reg3 


VCMPSS reg], reg2, reg3, 1CH 


VCMPGE_OQSS reg1, reg2, reg3 


VCMPSS reg], reg2, reg3, 1DH 


VCMPGT_OQSS reg7, reg2, reg3 


VCMPSS reg], reg2, reg3, 1€H 


VCMPTRUE_USSS reg7, reg2, reg? 


VCMPSS reg], reg2, reg3, 1FH 


Software should ensure VCMPSS is encoded with VEX.L=0. Encoding VCMPSS with VEX.L=1 may encounter unpre- 


dictable behavior across different processor generations. 


Operation 


CASE (COMPARISON PREDICATE) OF 
0: OP3 := EQ_OQ; OP5 := EQ_0Q; 
1: OP3 := LT_OS; OP5 := LT_OS; 
2: OP3 := LE_OS; OP5 := LE_OS; 


3: OP3 := UNORD_Q; OP5 := UNORD_Q; 
4: OP3 := NEQ_UQ; OP5 := NEQ_UQ; 
5: OP3 := NLT_US; OP5 := NLT_US; 
6: OP3 := NLE_US; OP5 := NLE_US; 
7: OP3 := ORD_Q; OP5 := ORD_Q; 

8: OP5 := EQ_UQ; 

9: OPS := NGE_US; 

10: OPS := NGT_US; 

11: OP5 := FALSE_OQ; 

12: OPS := NEQ_OQ; 

13: OP5 := GE_OS; 

14: OPS := GT_OS; 

15: OPS := TRUE_UQ; 

16: OPS := EQ_OS; 

17: OPS := LT_OQ; 

18: OP5 := LE_OQ; 

19: OPS := UNORD_S; 

20: OPS := NEQ_US; 

21: OPS := NLT_UQ; 
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22: OPS := NLE_UQ; 
23: OP5 := ORD_S; 
24: OP5 := EQ_US; 
25: OPS := NGE_UQ; 
26: OPS := NGT_UQ; 
27: OPS := FALSE_OS; 
28: OPS := NEQ_OS; 
29: OP5 := GE_OQ; 
30: OPS := GT_OQ; 
31: OPS := TRUE_US; 
DEFAULT: Reserved 
ESAC; 


VCMPSS (EVEX encoded version) 
CMPO := SRC1[31:0] OPS SRC2[31:0]; 


IF k2[0] or *no writemask* 
THEN — IF CMPO = TRUE 
THEN DEST[0] := 1; 
ELSE DEST[O] := 0; Fl; 
ELSE DEST[O] := 0 ; zeroing-masking only 
Fl; 
DEST[MAX_KL-1:1] := 0 


CMPSS (128-bit Legacy SSE version) 
CMPO := DEST[31:0] OP3 SRC[31:0]; 
IF CMPO = TRUE 

THEN DEST[31:0] := FFFFFFFFH; 

ELSE DEST[31:0] := OOOOOOOOH; FI; 
DEST[MAXVL-1:32] (Unmodified) 


VCMPSS (VEX.128 encoded version) 
CMPO := SRC1[31:0] OPS SRC2[31:0]; 
IF CMPO = TRUE 

THEN DEST[31:0] := FFFFFFFFH; 

ELSE DEST[31:0] := OOOOOOOOH; FI; 
DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCMPSS __mmask8 _mm_cmp_ss_mask(__m128 a,__m128, int imm); 

VCMPSS __mmask8 _mm_cmp_round_ss_mask(__m128 a,__m128 b, int imm, int sae); 

VCMPSS __mmask8 _mm_mask_cmp_ss_mask(__mmask8 k1,__m128 a,__m128 b, int imm); 

VCMPSS __mmask8 _mm_mask_cmp_round_ss_mask(__mmask8 k1,__m128 a,__m128 b, int imm, int sae); 
(V)CMPSS __m128_mm_cmp_ss(__m128 a,__m128 b, const int imm) 


SIMD Floating-Point Exceptions 
Invalid if SNaN operand, Invalid if QNaN and predicate as listed in Table 3-1, Denormal. 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 
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CMPXCHG—Compare and Exchange 


Opcode/ Op/ | 64-Bit Compat/ |Description 

Instruction En |Mode Leg Mode 

OF BO/r MR | Valid Valid* Compare AL with r/mé. If equal, ZF is set and r8 is loaded into 
CMPXCHG r/m8, r8 r/m8. Else, clear ZF and load r/m8 into AL. 

REX + OF BO/r MR | Valid N.E. Compare AL with r/m@. If equal, ZF is set and r8 is loaded into 
CMPXCHG r/m8**r8 r/m8. Else, clear ZF and load r/m8 into AL. 

OF B1/r MR | Valid Valid* Compare AX with r/m16. If equal, ZF is set and r76 is loaded 
CMPXCHG r/m16, r16 into r/m76. Else, clear ZF and load r/m76 into AX. 

OF B1/r MR | Valid Valid* Compare EAX with r/m32. If equal, ZF is set and r32 is loaded 
CMPXCHG r/m32, r32 into r/m32. Else, clear ZF and load r/m32 into EAX. 

REX.W + OF B1/r MR | Valid N.E. Compare RAX with r/m64. If equal, ZF is set and r64 is loaded 
CMPXCHG r/m64, r64 into r/m64. Else, clear ZF and load r/m64 into RAX. 

NOTES: 


* See the IA-32 Architecture Compatibility section below. 
** In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MR ModRM:r/m (r, w) ModRM:reg (r) NA NA 
Description 


Compares the value in the AL, AX, EAX, or RAX register with the first operand (destination operand). If the two 
values are equal, the second operand (source operand) is loaded into the destination operand. Otherwise, the 
destination operand is loaded into the AL, AX, EAX or RAX register. RAX register is available only in 64-bit mode. 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. To simplify the 
interface to the processor’s bus, the destination operand receives a write cycle without regard to the result of the 
comparison. The destination operand is written back if the comparison fails; otherwise, the source operand is 

written into the destination. (The processor never produces a locked read without also producing a locked write. ) 


In 64-bit mode, the instruction’s default operation size is 32 bits. Use of the REX.R prefix permits access to addi- 
tional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bits. See the summary chart at the 
beginning of this section for encoding data and limits. 


IA-32 Architecture Compatibility 
This instruction is not supported on Intel processors earlier than the Intel486 processors. 


Operation 


(* Accumulator = AL, AX, EAX, or RAX depending on whether a byte, word, doubleword, or quadword comparison is being performed *) 
TEMP := DEST 
IF accumulator = TEMP 
THEN 
ZF := 1; 
DEST := SRC; 
ELSE 
ZF := 0; 
accumulator := TEMP; 
DEST := TEMP; 
Fl; 
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Flags Affected 


The ZF flag is set if the values in the destination operand and register AL, AX, or EAX are equal; otherwise it is 
cleared. The CF, PF, AF, SF, and OF flags are set according to the results of the comparison operation. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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CMPXCHG8B/CMPXCHG16B—Compare and Exchange Bytes 


Opcode/ Op/ | 64-Bit Compat/ |Description 

Instruction En |Mode Leg Mode 

OF C7 /1 M Valid Valid* Compare EDX:EAX with m64. If equal, set ZF and load 

CMPXCHG8B m64 ECX:EBX into m64. Else, clear ZF and load m64 into EDX:EAX. 

REX.W + OF C7 /1 M Valid N.E. Compare RDX:RAX with m128. If equal, set ZF and load 

CMPXCHG16B m128 RCX:RBX into m128. Else, clear ZF and load m128 into 
RDX:RAX. 

NOTES: 


*See IA-32 Architecture Compatibility section below. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r, w) NA NA NA 
Description 


Compares the 64-bit value in EDX:EAX (or 128-bit value in RDX:RAX if operand size is 128 bits) with the operand 
(destination operand). If the values are equal, the 64-bit value in ECX:EBX (or 128-bit value in RCX:RBX) is stored 
in the destination operand. Otherwise, the value in the destination operand is loaded into EDX:EAX (or RDX:RAX). 
The destination operand is an 8-byte memory location (or 16-byte memory location if operand size is 128 bits). For 
the EDX:EAX and ECX:EBX register pairs, EDX and ECX contain the high-order 32 bits and EAX and EBX contain the 
low-order 32 bits of a 64-bit value. For the RDX:RAX and RCX:RBX register pairs, RDX and RCX contain the high- 
order 64 bits and RAX and RBX contain the low-order 64bits of a 128-bit value. 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. To simplify the 
interface to the processor’s bus, the destination operand receives a write cycle without regard to the result of the 
comparison. The destination operand is written back if the comparison fails; otherwise, the source operand is 

written into the destination. (The processor never produces a locked read without also producing a locked write. ) 


In 64-bit mode, default operation size is 64 bits. Use of the REX.W prefix promotes operation to 128 bits. Note that 
CMPXCHG16B requires that the destination (memory) operand be 16-byte aligned. See the summary chart at the 
beginning of this section for encoding data and limits. For information on the CPUID flag that indicates 
CMPXCHG16B, see page 3-237. 


IA-32 Architecture Compatibility 
This instruction encoding is not supported on Intel processors earlier than the Pentium processors. 
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Operation 


IF (64-Bit Mode and OperandSize = 64) 
THEN 
TEMP128 := DEST 
IF (RDX:RAX = TEMP128) 


THEN 

ZF := 1; 

DEST := RCX:RBX; 
ELSE 

ZF := 0; 


RDX:RAX := TEMP128; 
DEST := TEMP128; 
Fl; 
Fl 
ELSE 
TEMP64 := DEST; 
IF (EDX:EAX = TEMP64) 


THEN 

ZF := 1; 

DEST := ECX:EBX; 
ELSE 

ZF := 0; 


EDX:EAX := TEMP64; 
DEST := TEMP64; 
Fl; 
Fl; 
Fl; 


Flags Affected 


The ZF flag is set if the destination operand and EDX:EAX are equal; otherwise it is cleared. The CF, PF, AF, SF, and 
OF flags are unaffected. 


Protected Mode Exceptions 

#UD If the destination is not a memory operand. 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 


current privilege level is 3. 


Real-Address Mode Exceptions 


#UD If the destination operand is not a memory location. 
#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
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Virtual-8086 Mode Exceptions 


#UD If the destination operand is not a memory location. 

#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the memory address is in a non-canonical form. 
If memory operand for CMPXCHG16B is not aligned on a 16-byte boundary. 
If CPUID.01H:ECX.CMPXCHG16B[bit 13] = 0. 


#UD If the destination operand is not a memory location. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 


current privilege level is 3. 
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COMISD—Compare Scalar Ordered Double-Precision Floating-Point Values and Set EFLAGS 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
66 OF 2F /r A VV SSE2 Compare low double-precision floating-point values in 
COMISD xmm1, xmm2/m64 xmm1 and xmm2/mem64 and set the EFLAGS flags 
accordingly. 
VEX.LIG.66.0F.WIG 2F /r A VV AVX Compare low double-precision floating-point values in 
VCOMISD xmm1, xmm2/m64 xmm1 and xmm2/mem64 and set the EFLAGS flags 
accordingly. 
EVEX.LLIG.66.0F.W1 2F /r B VIV AVX512F | Compare low double-precision floating-point values in 
VCOMISD xmm1, xmm2/m64{sae} xmm1 and xmm2/mem64 and set the EFLAGS flags 
accordingly. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Compares the double-precision floating-point values in the low quadwords of operand 1 (first operand) and 
operand 2 (second operand), and sets the ZF, PF, and CF flags in the EFLAGS register according to the result (unor- 
dered, greater than, less than, or equal). The OF, SF and AF flags in the EFLAGS register are set to 0. The unor- 
dered result is returned if either source operand is a NaN (QNaN or SNaN). 

Operand 1 is an XMM register; operand 2 can be an XMM register or a 64 bit memory location. The COMISD instruc- 
tion differs from the UCOMISD instruction in that it signals a SIMD floating-point invalid operation exception (#1) 
when a source operand is either a QNaN or SNaN. The UCOMISD instruction signals an invalid operation exception 
only if a source operand is an SNaN. 

The EFLAGS register is not updated if an unmasked SIMD floating-point exception is generated. 

VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, otherwise instructions will #UD. 


Software should ensure VCOMISD is encoded with VEX.L=0. Encoding VCOMISD with VEX.L=1 may encounter 
unpredictable behavior across different processor generations. 


Operation 
COMISD (all versions) 
RESULT := OrderedCompare(DEST[63:0] <> SRC[63:0)) { 
(* Set EFLAGS *) CASE (RESULT) OF 
UNORDERED: ZF,PF,CF := 111; 
GREATER_THAN: ZF,PF,CF := 000; 
LESS_THAN: ZF,PF,CF := 001; 
EQUAL: ZF,PF,CF := 100; 


ESAC; 
OF, AF, SF := 0; } 
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Intel C/C++ Compiler Intrinsic Equivalent 


VCOMISD int __mm_comi_round_sd(__m128d a, ___m128d }, int imm, int sae); 
VCOMISD int __mm_comieq_sd (__m128d a,__m128d b) 

VCOMISD int __mm_comilt_sd (__m128d a,__m128d b) 

VCOMISD int __mm_comile_sd (__m128d a, ___m128d b) 

VCOMISD int __mm_comigt_sd (__m128d a,__m128d b) 

VCOMISD int __mm_comige_sd (__m128d a,__m128d b) 

VCOMISD int __mm_comineq_sd (__m128d a,__m128d b) 


SIMD Floating-Point Exceptions 
Invalid (if SNaN or QNaN operands), Denormal. 


Other Exceptions 


VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
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EVEX-encoded instructions, see Table 2-48, “Type E3NF Class Exception Conditions”. 


Additionally: 
#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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COMISS—Compare Scalar Ordered Single-Precision Floating-Point Values and Set EFLAGS 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support Flag 
NP OF 2F /r A VIV SSE Compare low single-precision floating-point values in 
COMISS xmm1, xmm2/m32 xmm1 and xmm2/mem32 and set the EFLAGS flags 
accordingly. 
VEX.LIG.OF.WIG 2F /r A VIV AVX Compare low single-precision floating-point values in 
VCOMISS xmm1, xmm2/m32 xmm1 and xmm2/mem32 and set the EFLAGS flags 
accordingly. 
EVEX.LLIG.OF.WO 2F /r B VIV AVX512F Compare low single-precision floating-point values in 
VCOMISS xmm1, xmm2/m32{sae} xmm1 and xmm2/mem32 and set the EFLAGS flags 
accordingly. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Compares the single-precision floating-point values in the low quadwords of operand 1 (first operand) and operand 
2 (second operand), and sets the ZF, PF, and CF flags in the EFLAGS register according to the result (unordered, 
greater than, less than, or equal). The OF, SF and AF flags in the EFLAGS register are set to 0. The unordered result 
is returned if either source operand is a NaN (QNaN or SNaN). 

Operand 1 is an XMM register; operand 2 can be an XMM register or a 32 bit memory location. 

The COMISS instruction differs from the UCOMISS instruction in that it signals a SIMD floating-point invalid opera- 
tion exception (#I) when a source operand is either a QNaN or SNaN. The UCOMISS instruction signals an invalid 
operation exception only if a source operand is an SNaN. 

The EFLAGS register is not updated if an unmasked SIMD floating-point exception is generated. 

VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, otherwise instructions will #UD. 


Software should ensure VCOMISS is encoded with VEX.L=0. Encoding VCOMISS with VEX.L=1 may encounter 
unpredictable behavior across different processor generations. 


Operation 
COMISS (all versions) 
RESULT := OrderedCompare(DEST[31:0] <> SRC[31:0]) { 
(* Set EFLAGS *) CASE (RESULT) OF 
UNORDERED: ZF,PF,CF := 111; 
GREATER_THAN: ZF,PF,CF := 000; 
LESS_THAN: ZF,PF,CF := 001; 
EQUAL: ZF,PF,CF := 100; 
ESAC; 
OF, AF, SF := 0; } 
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Intel C/C++ Compiler Intrinsic Equivalent 


VCOMISS int __mm_comi_round_ss(__m128 a, ___m128, int imm, int sae); 
VCOMISS int __mm_comieq_ss (__m128 a,__m128 b) 

VCOMISS int __mm_comilt_ss (__m128 a,__m128 b) 

VCOMISS int __mm_comile_ss (_m128 a,__m128 b) 

VCOMISS int __mm_comigt_ss (__m128 a, __m128 b) 

VCOMISS int __mm_comige_ss (__m128 a,__m128 b) 

VCOMISS int __mm_comineq_ss (__m128 a,__m128 b) 


SIMD Floating-Point Exceptions 
Invalid (if SNaN or QNaN operands), Denormal. 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 


Additionally: 
#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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Ui 


EVEX-encoded instructions, see Table 2-48, “Type E3NF Class Exception Conditions” 
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CPUID—CPU Identification 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF A2 CPUID ZO | Valid Valid Returns processor identification and feature 


information to the EAX, EBX, ECX, and EDX 
registers, as determined by input entered in 
EAX (in some cases, ECX as well). 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


The ID flag (bit 21) in the EFLAGS register indicates support for the CPUID instruction. If a software procedure can 
set and clear this flag, the processor executing the procedure supports the CPUID instruction. This instruction oper- 
ates the same in non-64-bit modes and 64-bit mode. 


CPUID returns processor identification and feature information in the EAX, EBX, ECX, and EDX registers.! The 
instruction’s output is dependent on the contents of the EAX register upon execution (in some cases, ECX as well). 
For example, the following pseudocode loads EAX with OOH and causes CPUID to return a Maximum Return Value 
and the Vendor Identification String in the appropriate registers: 


MOV EAX, OOH 
CPUID 


Table 3-8 shows information returned, depending on the initial value loaded into the EAX register. 


Two types of information are returned: basic and extended function information. If a value entered for CPUID.EAX 
is higher than the maximum input value for basic or extended function for that processor then the data for the 
highest basic information leaf is returned. For example, using some Intel processors, the following is true: 

CPUID.EAX = O5H (* Returns MONITOR/MWAIT leaf. *) 

CPUID.EAX = OAH (* Returns Architectural Performance Monitoring leaf. *) 

CPUID.EAX = OBH (* Returns Extended Topology Enumeration leaf. aye 

CPUID.EAX =1FH (* Returns V2 Extended Topology Enumeration leaf. *2 

CPUID.EAX = 80000008H (* Returns linear/physical address size data. *) 

CPUID.EAX = 8000000AH (* INVALID: Returns same information as CPUID.EAX = OBH. *) 


If a value entered for CPUID.EAX is less than or equal to the maximum input value and the leaf is not supported on 
that processor then 0 is returned in all the registers. 


When CPUID returns the highest basic leaf information as a result of an invalid input EAX value, any dependence 
on input ECX value in the basic leaf is honored. 


CPUID can be executed at any privilege level to serialize instruction execution. Serializing instruction execution 
guarantees that any modifications to flags, registers, and memory for previous instructions are completed before 
the next instruction is fetched and executed. 


See also: 


“Serializing Instructions” in Chapter 8, “Multiple-Processor Management,” in the Intel® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 3A. 


“Caching Translation Information” in Chapter 4, “Paging,” in the Inte/® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 3A. 


1. On Intel 64 processors, CPUID clears the high 32 bits of the RAX/RBX/RCX/RDX registers in all modes. 


2. CPUID leaf 1FH is a preferred superset to leaf OBH. Intel recommends first checking for the existence of CPUID leaf 1FH before using 
leaf OBH. 
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Table 3-8. Information Returned by CPUID Instruction 


Initial EAX 
Value Information Provided about the Processor 
Basic CPUID Information 
OH EAX Maximum Input Value for Basic CPUID Information. 
EBX “Genu” 
ECX “ntel” 
EDX “inel” 
01H EAX Version Information: Type, Family, Model, and Stepping ID (see Figure 3-6). 
EBX Bits 07 - OO: Brand Index. 
Bits 15 - 08: CLFLUSH line size (Value * 8 = cache line size in bytes; used also by CLFLUSHOPT). 
Bits 23 - 16: Maximum number of addressable IDs for logical processors in this physical package*. 
Bits 31 - 24: Initial APIC ID**. 
ECX Feature Information (see Figure 3-7 and Table 3-10). 
EDX Feature Information (see Figure 3-8 and Table 3-11). 
NOTES: 
* The nearest power-of-2 integer that is not smaller than EBX[23:16] is the number of unique initial APIC 
IDs reserved for addressing different logical processors in a physical package. This field is only valid if 
CPUID.1.EDX.HTT[bit 28]= 1. 
** The 8-bit initial APIC ID in EBX[31:24] is replaced by the 32-bit x2APIC ID, available in Leaf OBH and 
Leaf 1FH. 
02H EAX Cache and TLB Information (see Table 3-12). 
EBX Cache and TLB Information. 
ECX Cache and TLB Information. 
EDX Cache and TLB Information. 
03H EAX Reserved. 
EBX Reserved. 
ECX Bits 00 - 31 of 96 bit processor serial number. (Available in Pentium Ill processor only; otherwise, the 
value in this register is reserved.) 
EDX Bits 32 - 63 of 96 bit processor serial number. (Available in Pentium Ill processor only; otherwise, the 
value in this register is reserved.) 
NOTES: 


Processor serial number (PSN) is not supported in the Pentium 4 processor or later. On all models, use 
the PSN flag (returned using CPUID) to check for PSN support before accessing the feature. 


CPUID leaves above 2 and below 80000000H are visible only when IA32_MISC_ENABLE[bit 22] has its default value of 0. 


Deterministic Cache Parameters Leaf 


04H 


NOTES: 
Leaf 04H output depends on the initial value in ECX.* 
See also: “INPUT EAX = 04H: Returns Deterministic Cache Parameters for Each Level” on page 245. 


EAX Bits 04 - OO: Cache Type Field. 
O = Null - No more caches. 
1 = Data Cache. 
2 = Instruction Cache. 
3 = Unified Cache. 
4-31 = Reserved. 
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Table 3-8. Information Returned by CPUID Instruction (Contd.) 


Initial EAX 
Value Information Provided about the Processor 
Bits 07 - 05: Cache Level (starts at 1). 
Bit 08: Self Initializing cache level (does not need SW initialization). 
Bit 09: Fully Associative cache. 
Bits 13 - 10: Reserved. 
Bits 25 - 14: Maximum number of addressable IDs for logical processors sharing this cache**, ***. 
Bits 31 - 26: Maximum number of addressable IDs for processor cores in the physical 
package**, Bis REEEE 
EBX Bits 11 - 00: L = System Coherency Line Size**. 
Bits 21 - 12: P = Physical Line partitions**. 
Bits 31 - 22: W = Ways of associativity**. 
ECX Bits 31-00: S = Number of Sets**. 
EDX Bit 00: Write-Back Invalidate/Invalidate. 
O = WBINVD/INVD from threads sharing this cache acts upon lower level caches for threads sharing this 
cache. 
1 = WBINVD/INVD is not guaranteed to act upon lower level caches of non-originating threads sharing 
this cache. 
Bit 01: Cache Inclusiveness. 
O = Cache is not inclusive of lower cache levels. 
1 = Cache is inclusive of lower cache levels. 
Bit 02: Complex Cache Indexing. 
O = Direct mapped cache. 
1 = A complex function is used to index the cache, potentially using all address bits. 
Bits 31 - 03: Reserved = 0. 
NOTES: 
* If ECX contains an invalid sub leaf index, EAX/EBX/ECX/EDX return 0. Sub-leaf index n+1 is invalid if sub- 
leaf n returns EAX[4:0] as 0. 
** Add one to the return value to get the result. 
***The nearest power-of-2 integer that is not smaller than (1 + EAX[25:14]) is the number of unique ini- 
tial APIC IDs reserved for addressing different logical processors sharing this cache. 
**** The nearest power-of-2 integer that is not smaller than (1 + EAX[31:26]) is the number of unique 
Core_IDs reserved for addressing different processor cores in a physical package. Core ID is a subset of 
bits of the initial APIC ID. 
***** The returned value is constant for valid initial values in ECX. Valid ECX values start from 0. 
MONITOR/MWAIT Leaf 
05H EAX Bits 15 - 00: Smallest monitor-line size in bytes (default is processor's monitor granularity). 
Bits 31 - 16: Reserved = 0. 
EBX Bits 15 - 00: Largest monitor-line size in bytes (default is processor's monitor granularity). 
Bits 31 - 16: Reserved = 0. 
ECX Bit OO: Enumeration of Monitor-Mwait extensions (beyond EAX and EBX registers) supported. 
Bit 01: Supports treating interrupts as break-event for MWAIT, even when interrupts disabled. 
Bits 31 - O02: Reserved. 
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Table 3-8. Information Returned by CPUID Instruction (Contd.) 


Initial EAX 
Value 


Information Provided about the Processor 


EDX Bits 03 - OO: Number of CO* sub C-states supported using MWAIT. 
Bits 07 - 04: Number of C1* sub C-states supported using MWAIT. 
Bits 11 - 08: Number of C2* sub C-states supported using MWAIT. 
Bits 15 - 12: Number of C3* sub C-states supported using MWAIT. 
Bits 19 - 16: Number of C4* sub C-states supported using MWAIT. 
Bits 23 - 20: Number of C5* sub C-states supported using MWAIT. 
Bits 27 - 24: Number of C6* sub C-states supported using MWAIT. 
Bits 31 - 28: Number of C7* sub C-states supported using MWAIT. 
NOTE: 

* The definition of CO through C7 states for MWAIT extension are processor-specific C-states, not ACPI C- 
States. 


Thermal and Power Management Leaf 


O6H 


EAX Bit 00: Digital temperature sensor is supported if set. 
Bit 01: Intel Turbo Boost Technology available (see description of [A32_MISC_ENABLE[38)}). 
Bit 02: ARAT. APIC-Timer-always-running feature is supported if set. 
Bit 03: Reserved. 
Bit 04: PLN. Power limit notification controls are supported if set. 
Bit 05: ECMD. Clock modulation duty cycle extension is supported if set. 
Bit 06: PTM. Package thermal management is supported if set. 
Bit 07: HWP. HWP base registers (IA32_PM_ENABLE[bit 0], IA32_HWP_CAPABILITIES, 
IA32_HWP_REQUEST, IA32_HWP_STATUS) are supported if set. 
Bit 08: HWP_Notification. |A32_HWP_INTERRUPT MSR is supported if set. 
Bit 09: HWP_Activity_Window. IA32_HWP_REQUESTIbits 41:32] is supported if set. 
Bit 10: HWP_Energy_Performance_Preference. |[A32_HWP_REQUEST\Ibits 31:24] is supported if set. 
Bit 11: HWP_Package_Level_Request. IA32_HwP_REQUEST_PKG MSR is supported if set. 
Bit 12: Reserved. 
Bit 13: HDC. HDC base registers [A32_PKG_HDC_CTL, IA32_PM_CTL1, IA32_THREAD_STALL MSRs are 
supported if set. 
Bit 14: Intel? Turbo Boost Max Technology 3.0 available. 
Bit 15: HWP Capabilities. Highest Performance change is supported if set. 
Bit 16: HWP PECI override is supported if set. 
Bit 17: Flexible HWP is supported if set. 
Bit 18: Fast access mode for the [A32_HWP_REQUEST MSR is supported if set. 
Bit 19: HW_FEEDBACK. IA32_Hw_FEEDBACK_PTR MSR, IA32_Hw_FEEDBACK_CONFIG MSR, 
IA32_PACKAGE_THERM_STATUS MSR bit 26, and IA32_PACKAGE_THERM_INTERRUPT MSR bit 25 are 
supported if set. 
Bit 20: Ignoring Idle Logical Processor HWP request is supported if set. 
Bits 22 - 21: Reserved. 
Bit 23: Intel® Thread Director supported if set. IA32_HW_FEEDBACK_CHAR and 
IA32_HW_FEEDBACK_THREAD_CONFIG MSRs are supported if set. 
Bits 31 - 24: Reserved. 


EBX Bits 03 - OO: Number of Interrupt Thresholds in Digital Thermal Sensor. 
Bits 31 - 04: Reserved. 
ECX Bit 00: Hardware Coordination Feedback Capability (Presence of IA32_MPERF and IA32_APERF). The 


capability to provide a measure of delivered processor performance (since last reset of the counters), as 
a percentage of the expected processor performance when running at the TSC frequency. 

Bits O2 - 01: Reserved = 0. 

Bit 03: The processor supports performance-eneragy bias preference if CPUID.O6H:ECX.SETBH[bit 3] is set 
and it also implies the presence of a new architectural MSR called [A32_ENERGY_PERF_BIAS (1BOH). 
Bits 07 - 04: Reserved = 0. 

Bits 15 - 08: Number of Intel® Thread Director classes supported by the processor. Information for that 
many classes is written into the Intel Thread Director Table by the hardware. 

Bits 31 - 16: Reserved = 0. 
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Table 3-8. Information Returned by CPUID Instruction (Contd.) 


Initial EAX 
Value 


Information Provided about the Processor 


EDX Bits 7-0: Bitmap of supported hardware feedback interface capabilities. 

O = When set to 1, indicates support for performance capability reporting. 

1 = When set to 1, indicates support for energy efficiency capability reporting. 

2-7 = Reserved 
Bits 11-8: Enumerates the size of the hardware feedback interface structure in number of 4 KB pages; 
add one to the return value to get the result. 
Bits 31-16: Index (starting at 0) of this logical processor's row in the hardware feedback interface struc- 
ture. Note that on some parts the index may be same for multiple logical processors. On some parts the 
indices may not be contiguous, i.e., there may be unused rows in the hardware feedback interface struc- 
ture. 
NOTE: 
Bits O and 1 will always be set together. 


Structured Extended Feature Flags Enumeration Leaf (Output depends on ECX input value) 


07H 


Sub-leaf O (Input ECX = 0). * 


EAX Bits 31 - 00: Reports the maximum input value for supported leaf 7 sub-leaves. 


EBX Bit 00: FSGSBASE. Supports RDFSBASE/RDGSBASE/WRFSBASE/WRGSBASE if 1. 
Bit 01: [A32_TSC_ADJUST MSR is supported if 1. 
Bit O02: SGX. Supports Intel® Software Guard Extensions (Intel® SGX Extensions) if 1. 
Bit 03: BMI1. 
Bit 04: HLE. 
Bit 05: AVX2. 
Bit 06: FDP_EXCPTN_ONLY. x87 FPU Data Pointer updated only on x87 exceptions if 1. 
Bit 07: SMEP. Supports Supervisor-Mode Execution Prevention if 1. 
Bit 08: BMI. 
Bit 09: Supports Enhanced REP MOVSB/STOSB if 1. 
Bit 10: INVPCID. If 1, supports INVPCID instruction for system software that manages process-context 
identifiers. 
Bit 11: RTM. 
Bit 12: RDT-M. Supports Intel® Resource Director Technology (Intel? RDT) Monitoring capability if 1. 
Bit 13: Deprecates FPU CS and FPU DS values if 1. 
Bit 14: MPX. Supports Intel® Memory Protection Extensions if 1. 
Bit 15: RDT-A. Supports Intel® Resource Director Technology (Intel® RDT) Allocation capability if 1. 
Bit 16: AVX512F. 
Bit 17: AVX512DQ. 
Bit 18: RDSEED. 
Bit 19: ADX. 
Bit 20: SMAP. Supports Supervisor-Mode Access Prevention (and the CLAC/STAC instructions) if 1. 
Bit 21: AVX512_IFMA. 
Bit 22: Reserved. 
Bit 23: CLFLUSHOPT. 
Bit 24: CLWB. 
Bit 25: Intel Processor Trace. 
Bit 26: AVX512PF. (Intel? Xeon Phi™ only.) 
Bit 27: AVX512ER. (Intel? Xeon Phi™ only.) 
Bit 28: AVX512CD. 
Bit 29: SHA. supports Intel® Secure Hash Algorithm Extensions (Intel® SHA Extensions) if 1. 
Bit 30: AVX512BW. 
Bit 31: AVX512VL. 


3-218 Vol. 2A 


CPUID—CPU Identification 


INSTRUCTION SET REFERENCE, A-L 


Table 3-8. Information Returned by CPUID Instruction (Contd.) 


Initial EAX 
Value Information Provided about the Processor 


ECX Bit OO: PREFETCHWT 1. (Intel? Xeon Phi™ only.) 
Bit 01: AVX512_VBMI. 
Bit 02: UMIP. Supports user-mode instruction prevention if 1. 
Bit 03: PKU. Supports protection keys for user-mode pages if 1. 
Bit 04: OSPKE. If 1, OS has set CR4.PKE to enable protection keys (and the RDPKRU/WRPKRU instruc- 
tions). 
Bit 05: WAITPKG. 
Bit 06: AVX512_VBMIe. 
Bit 07: CET_SS. Supports CET shadow stack features if 1. Processors that set this bit define bits 1:0 of the 
IA32_U_CET and IA32_S_CET MSRs. Enumerates support for the following MSRs: 
IA32_INTERRUPT_SPP_TABLE_ADDR, IA32_PL3_SSP, [A32_PL2_SSP, [A32_PL1_SSP, and 
IA32_PLO_SSP. 
Bit 08: GFNI. 
Bit 09: VAES. 
Bit 10: VPCLMULQDOQ. 
Bit 11: AVX512_VNNI. 
Bit 12: AVX512_BITALG. 
Bits 13: TME_EN. If 1, the following MSRs are supported: IA32_TME_CAPABILITY, IA32_TME_ACTIVATE, 
IA32_TME_EXCLUDE_MASK, and IA32_TME_EXCLUDE_BASE. 
Bit 14: AVX512_VPOPCNTDO. 
Bit 15: Reserved. 
Bit 16: LA57. Supports 57-bit linear addresses and five-level paging if 1. 
Bits 21 - 17: The value of MAWAU used by the BNDLDX and BNDSTX instructions in 64-bit mode. 
Bit 22: RDPID and |[A32_TSC_AUX are available if 1. 
Bit 23: KL. Supports Key Locker if 1. 
Bit 24: Reserved. 
Bit 25: CLDEMOTE. Supports cache line demote if 1. 
Bit 26: Reserved. 
Bit 27: MOVDIRI. Supports MOVDIRI if 1. 
Bit 28: MOVDIRG4B. Supports MOVDIRG4B if 1. 
Bit 29: Reserved. 
Bit 30: SGX_LC. Supports SGX Launch Configuration if 1. 
Bit 31: PKS. Supports protection keys for supervisor-mode pages if 1. 


EDX Bit 01: Reserved. 
Bit 02: AVX512_4VNNIW. (Intel? Xeon Phi™ only.) 
Bit 03: AVX512_4FMAPS. (Intel? Xeon Phi™ only.) 
Bit 04: Fast Short REP MOV. 
Bits 07-05: Reserved. 
Bit 08: AVX512_VP2INTERSECT. 
Bit 09: Reserved. 
Bit 10: MD_CLEAR supported. 
Bits 13-11: Reserved. 
Bit 14: SERIALIZE. 
Bit 15: Hybrid. If 1, the processor is identified as a hybrid part. 
Bits 17-16: Reserved. 
Bit 18: PCONFIG. Supports PCONFIG if 1. 
Bit 19: Reserved. 
Bit 20: CET_IBT. Supports CET indirect branch tracking features if 1. Processors that set this bit define 
bits 5:2 and bits 63:10 of the [A32_U_CET and IA32_S_CET MSRs. 
Bits 25 - 21: Reserved. 
Bit 26: Enumerates support for indirect branch restricted speculation (IBRS) and the indirect branch pre- 
dictor barrier (IBPB). Processors that set this bit support the [A32_SPEC_CTRL MSR and the 
IA32_PRED_CMD MSR. They allow software to set [A32_SPEC_CTRL[O] (IBRS) and [A32_PRED_CMD[0] 
(IBPB). 
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Table 3-8. Information Returned by CPUID Instruction (Contd.) 


Initial EAX 
Value 


Information Provided about the Processor 


Bit 27: Enumerates support for single thread indirect branch predictors (STIBP). Processors that set this 
bit support the [A32_SPEC_CTRL MSR. They allow software to set [A32_SPEC_CTRL[1] (STIBP). 

Bit 28: Enumerates support for L1D_FLUSH. Processors that set this bit support the [A32_FLUSH_CMD 
MSR. They allow software to set [A32_FLUSH_CMD[0] (L1D_FLUSH). 

Bit 29: Enumerates support for the IA32_ARCH_CAPABILITIES MSR. 

Bit 30: Enumerates support for the IA32_CORE_CAPABILITIES MSR. 


1A32_CORE_CAPABILITIES is an architectural MSR that enumerates model-specific features. A bit being 
set in this MSR indicates that a model specific feature is supported; software must still consult CPUID 
family/model/stepping to determine the behavior of the enumerated feature as features enumerated in 
IA32_CORE_CAPABILITIES may have different behavior on different processor models. 

Additionally, on hybrid parts (CPUID.O7H.OH:EDX[15]=1), software must consult the native model ID and 
core type from the Hybrid Information Enumeration Leaf. 

Bit 31: Enumerates support for Speculative Store Bypass Disable (SSBD). Processors that set this bit sup- 
port the IA32_SPEC_CTRL MSR. They allow software to set [A32_SPEC_CTRL[2] (SSBD). 


NOTE: 


* If ECX contains an invalid sub-leaf index, EAX/EBX/ECX/EDX return 0. Sub-leaf index n is invalid if n 
exceeds the value that sub-leaf 0 returns in EAX. 


07H 


Structured Extended Feature Enumeration Sub-leaf (EAX = 07H, ECX = 1) 


NOTES: 


Leaf 07H output depends on the initial value in ECX. 
If ECX contains an invalid sub leaf index, EAX/EBX/ECX/EDX return 0. 


EAX This field reports O if the sub-leaf index, 7, is invalid. 
Bits 03-00: Reserved. 
Bit 04: AVX-VNNI. AVX (VEX-encoded) versions of the Vector Neural Network Instructions. 
Bit 05: AVX512_BF16. Vector Neural Network Instructions supporting BFLOAT16 inputs and conversion 
instructions from IEEE single precision. 
Bits 09-06: Reserved. 
Bit 10: If 1, supports fast zero-length REP MOVSB. 
Bit 11: If 1, supports fast short REP STOSB. 
Bit 12: If 1, supports fast short REP CMPSB, REP SCASB. 
Bits 21-13: Reserved. 
Bit 22: HRESET. If 1, supports history reset via the HRESET instruction and the [A32_HRESET_ENABLE 
MSR. When set, indicates that the Processor History Reset Leaf (EAX = 20H) is valid. 
Bits 31-23: Reserved. 


EBX This field reports O if the sub-leaf index, 7, is invalid. 


Bit 00: Enumerates the presence of the [A32_PPIN and IA32_PPIN_CTL MSRs. If 1, these MSRs are sup- 
ported. 
Bits 31-01: Reserved. 

ECX This field reports O if the sub-leaf index, 7, is invalid; otherwise it is reserved. 


EDX This field reports O if the sub-leaf index, 7, is invalid; otherwise it is reserved. 


Direct Cache Access Information Leaf 


OSH 


EAX Value of bits [31:0] of IA32_PLATFORM_DCA_CAP MSR (address 1F8H). 
EBX Reserved. 
ECX Reserved. 
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Table 3-8. Information Returned by CPUID Instruction (Contd.) 


Initial EAX 
Value Information Provided about the Processor 
EDX Reserved. 
Architectural Performance Monitoring Leaf 
OAH EAX Bits 07 - 00: Version ID of architectural performance monitoring. 

Bits 15 - 08: Number of general-purpose performance monitoring counter per logical processor. 
Bits 23 - 16: Bit width of general-purpose, performance monitoring counter. 
Bits 31 - 24: Length of EBX bit vector to enumerate architectural performance monitoring events. Archi- 
tectural event x is supported if EBX[x]=0 && EAX[31:24]>x. 

EBX Bit 00: Core cycle event not available if 1 or if EAX[31:24]<1. 
Bit 01: Instruction retired event not available if 1 or if EAX[31:24]<2. 
Bit 02: Reference cycles event not available if 1 or if EAX[31:24]<3. 
Bit 03: Last-level cache reference event not available if 1 or if EAX[31:24]<4. 
Bit 04: Last-level cache misses event not available if 1 or if EAX[31:24]<5. 
Bit 05: Branch instruction retired event not available if 1 or if EAX[31:24]<6. 
Bit O6: Branch mispredict retired event not available if 1 or if EAX[31:24]<7. 
Bit 07: Top-down slots event not available if 1 or if EAX[31:24]<8. 
Bits 31 - 08: Reserved = 0. 

ECX Bits 31 - 00: Supported fixed counters bit mask. Fixed-function performance counter ‘i’ is supported if bit 
‘is 1 (first counter index starts at zero). It is recommended to use the following logic to determine if a 
Fixed Counter is supported: FxCtr[i]_is_ supported := ECX{i] || (EDX[4:0] > i); 

EDX Bits 04 - 00: Number of contiguous fixed-function performance counters starting from O (if Version ID > 
1). 
Bits 12 - 05: Bit width of fixed-function performance counters (if Version ID > 1). 
Bits 14 - 13: Reserved = 0. 
Bit 15: AnyThread deprecation. 
Bits 31 - 16: Reserved = 0. 

Extended Topology Enumeration Leaf 

OBH NOTES: 


EAX 


EBX 


ECX 


EDX 


CPUID leaf 1FH is a preferred superset to leaf OBH. Intel recommends first checking for the existence 
of Leaf 1FH before using leaf OBH. 

Most of Leaf OBH output depends on the initial value in ECX. 

The EDX output of leaf OBH is always valid and does not vary with input value in ECX. 

Output value in ECX[7:0] always equals input value in ECX[7:0]. 

Sub-leaf index 0 enumerates SMT level. Each subsequent higher sub-leaf index enumerates a higher- 
level topological entity in hierarchical order. 

For sub-leaves that return an invalid level-type of O in ECX[15:8]; EAX and EBX will return 0. 


If an input value n in ECX returns the invalid level-type of O in ECX[15:8], other input values with ECX > 
n also return O in ECX[1 5:8]. 


Bits 04 - 00: Number of bits to shift right on x2APIC ID to get a unique topology ID of the next level type’. 
All logical processors with the same next level ID share current level. 
Bits 31 - 05: Reserved. 


Bits 15 - 00: Number of logical processors at this level type. The number reflects configuration as shipped 
by Intel**. 
Bits 31- 16: Reserved. 


Bits 07 - OO: Level number. Same value in ECX input. 
Bits 15 - 08: Level type***. 
Bits 31 - 16: Reserved. 


Bits 31- 00: x2APIC ID the current logical processor. 
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Table 3-8. Information Returned by CPUID Instruction (Contd.) 


Initial EAX 
Value 


Information Provided about the Processor 


NOTES: 
* Software should use this field (EAX[4:0]) to enumerate processor topology of the system. 


** Software must not use EBX[15:0] to enumerate processor topology of the system. This value in this 
field (EBX[15:0]) is only intended for display/diagnostic purposes. The actual number of logical processors 
available to BIOS/OS/Applications may be different from the value of EBX[15:0], depending on software 
and platform hardware configurations. 


*** The value of the “level type” field is not related to level numbers in any way, higher “level type” val- 
ues do not mean higher levels. Level type field has the following encoding: 

0: Invalid. 

1: SMT. 

2: Core. 

3-255: Reserved. 


Processor Extended State Enumeration Main Leaf (EAX = ODH, ECX = 0) 


ODH 


NOTES: 
Leaf ODH main leaf (ECX = 0). 


EAX Bits 31 - 00: Reports the supported bits of the lower 32 bits of XCRO. XCRO[n] can be set to 1 only if 
EAX[n] is 1. 
Bit 00: x87 state. 
Bit 01: SSE state. 
Bit 02: AVX state. 
Bits 04 - 03: MPX state. 
Bits 07 - 05: AVX-512 state. 
Bit 08: Used for IA32_XSS. 
Bit 09: PKRU state. 
Bits 12 - 10: Reserved. 
Bit 13: Used for IA32_XSS. 
Bits 15 - 14: Reserved. 
Bit 16: Used for IA32_XSS. 
Bits 31 - 17: Reserved. 


EBX Bits 31 - 00: Maximum size (bytes, from the beginning of the XSAVE/XRSTOR save area) required by 
enabled features in XCRO. May be different than ECX if some features at the end of the XSAVE save area 
are not enabled. 


ECX Bit 31 - 00: Maximum size (bytes, from the beginning of the XSAVE/XRSTOR save area) of the 
XSAVE/XRSTOR save area required by all supported features in the processor, i.e., all the valid bit fields in 
XCRO. 


EDX Bit 31 - 00: Reports the supported bits of the upper 32 bits of XCRO. XCRO[n+32] can be set to 1 only if 
EDX[n] is 1. 
Bits 31 - O00: Reserved. 


ODH 


Processor Extended State Enumeration Sub-leaf (EAX = ODH, ECX = 1) 


EAX Bit OO: XSAVEOPT is available. 
Bit 01: Supports XSAVEC and the compacted form of XRSTOR if set. 
Bit O02: Supports XGETBV with ECX = 1 if set. 
Bit 03: Supports XSAVES/XRSTORS and IA32_XSS if set. 
Bits 31 - 04: Reserved. 


EBX Bits 31 - 00: The size in bytes of the XSAVE area containing all states enabled by XCRO | IA32_XSS. 
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Initial EAX 
Value Information Provided about the Processor 

ECX Bits 31 - OO: Reports the supported bits of the lower 32 bits of the IA32_XSS MSR. IA32_XSS[n] can be 
set to 1 only if ECX[n] is 1. 
Bits 07 - 00: Used for XCRO. 
Bit 08: PT state. 
Bit 09: Used for XCRO. 
Bit 10: Reserved. 
Bit 11: CET user state. 
Bit 12: CET supervisor state. 
Bit 13: HDC state. 
Bit 14: Reserved. 
Bit 15: LBR state (architectural). 
Bit 16: HWP state. 
Bits 31 - 17: Reserved. 

EDX Bits 31 - 00: Reports the supported bits of the upper 32 bits of the IA32_XSS MSR. IA32_XSS[n+32] can 
be set to 1 only if EDX[n] is 1. 
Bits 31 - 00: Reserved. 

Processor Extended State Enumeration Sub-leaves (EAX = ODH, ECX = n,n > 1) 

ODH NOTES: 

Leaf ODH output depends on the initial value in ECX. 

Each sub-leaf index (starting at position 2) is supported if it corresponds to a supported bit in either the 

XCRO register or the IA32_XSS MSR. 

* If ECX contains an invalid sub-leaf index, EAX/EBX/ECX/EDX return 0. Sub-leaf n (0 < n < 31) is invalid 
if sub-leaf O returns O in EAX[n] and sub-leaf 1 returns O in ECX[n]. Sub-leaf n (32 <n < 63) is invalid if 
sub-leaf O returns O in EDX[n-32] and sub-leaf 1 returns O in EDX[n-32]. 

EAX Bits 31 - 0: The size in bytes (from the offset specified in EBX) of the save area for an extended state 
feature associated with a valid sub-leaf index, n. 

EBX Bits 31 - 0: The offset in bytes of this extended state component's save area from the beginning of the 
XSAVE/XRSTOR area. 
This field reports O if the sub-leaf index, n, does not map to a valid bit in the XCRO register*. 

ECX Bit 00 is set if the bit n (corresponding to the sub-leaf index) is supported in the [A32_XSS MSR; it is clear 
if bit n is instead supported in XCRO. 
Bit 01 is set if, when the compacted format of an XSAVE area is used, this extended state component 
located on the next 64-byte boundary following the preceding state component (otherwise, it is located 
immediately following the preceding state component). 
Bits 31 - O02 are reserved. 
This field reports O if the sub-leaf index, n, is invalid*. 

EDX This field reports O if the sub-leaf index, n, is invalid*; otherwise it is reserved. 

Intel Resource Director Technology (Inte! RDT) Monitoring Enumeration Sub-leaf (EAX = OFH, ECX = 0) 

OFH NOTES: 
Leaf OFH output depends on the initial value in ECX. 
Sub-leaf index O reports valid resource type starting at bit position 1 of EDX. 

EAX Reserved. 

EBX Bits 31 - 00: Maximum range (zero-based) of RMID within this physical processor of all types. 

ECX Reserved. 

EDX Bit 00: Reserved. 
Bit 01: Supports L3 Cache Intel RDT Monitoring if 1. 
Bits 31 - 02: Reserved. 
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Value Information Provided about the Processor 
L3 Cache Intel RDT Monitoring Capability Enumeration Sub-leaf (EAX = OFH, ECX = 1) 
OFH NOTES: 
Leaf OFH output depends on the initial value in ECX. 
EAX Reserved. 
EBX Bits 31 - 00: Conversion factor from reported [A32_QM_CTR value to occupancy metric (bytes) and Mem- 
ory Bandwidth Monitoring (MBM) metrics. 
ECX Maximum range (zero-based) of RMID of this resource type. 
EDX Bit 00: Supports L3 occupancy monitoring if 1. 
Bit 01: Supports L3 Total Bandwidth monitoring if 1. 
Bit O2: Supports L3 Local Bandwidth monitoring if 1. 
Bits 31 - 03: Reserved. 
Intel Resource Director Technology (Intel RDT) Allocation Enumeration Sub-leaf (EAX = 10H, ECX = OQ) 
10H NOTES: 
Leaf 10H output depends on the initial value in ECX. 
Sub-leaf index O reports valid resource identification (ResID) starting at bit position 1 of EBX. 
EAX Reserved. 
EBX Bit 00: Reserved. 
Bit 01: Supports L3 Cache Allocation Technology if 1. 
Bit 02: Supports L2 Cache Allocation Technology if 1. 
Bit 03: Supports Memory Bandwidth Allocation if 1. 
Bits 31 - 04: Reserved. 
ECX Reserved. 
EDX Reserved. 
L3 Cache Allocation Technology Enumeration Sub-leaf (EAX = 10H, ECX = ResID =1) 
10H NOTES: 
Leaf 10H output depends on the initial value in ECX. 
EAX Bits 04 - 00: Length of the capacity bit mask for the corresponding ResID. Add one to the return value to 
get the result. 
Bits 31 - 05: Reserved. 
EBX Bits 31 - 00: Bit-granular map of isolation/contention of allocation units. 
ECX Bits 01- 00: Reserved. 
Bit O2: Code and Data Prioritization Technology supported if 1. 
Bits 31 - 03: Reserved. 
EDX Bits 15 - 00: Highest COS number supported for this ResID. 
Bits 31 - 16: Reserved. 
L2 Cache Allocation Technology Enumeration Sub-leaf (EAX = 10H, ECX = ResID =2) 
10H NOTES: 
Leaf 10H output depends on the initial value in ECX. 
EAX Bits 04 - 00: Length of the capacity bit mask for the corresponding ResID. Add one to the return value to 
get the result. 
Bits 31 - 05: Reserved. 
EBX Bits 31 - 00: Bit-granular map of isolation/contention of allocation units. 
ECX Bits 31 - 00: Reserved. 
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Initial EAX 
Value Information Provided about the Processor 
EDX Bits 15 - OO: Highest COS number supported for this ResID. 
Bits 31 - 16: Reserved. 
Memory Bandwidth Allocation Enumeration Sub-leaf (EAX = 10H, ECX = Res/ID =3) 
10H NOTES: 
Leaf 10H output depends on the initial value in ECX. 
EAX Bits 11 - 00: Reports the maximum MBA throttling value supported for the corresponding ResID. Add one 
to the return value to get the result. 
Bits 31 - 12: Reserved. 
EBX Bits 31 - 00: Reserved. 
ECX Bits 01 - 00: Reserved. 
Bit 02: Reports whether the response of the delay values is linear. 
Bits 31 - 03: Reserved. 
EDX Bits 15 - OO: Highest COS number supported for this ResID. 
Bits 31 - 16: Reserved. 
Intel SGX Capability Enumeration Leaf, sub-leaf O (EAX = 12H, ECX = 0) 
12H NOTES: 
Leaf 12H sub-leaf 0 (ECX = 0) is supported if CPUID.(EAX=07H, ECX=0H):EBX[SGX] = 1. 
EAX Bit 00: SGX1. If 1, Indicates Intel SGX supports the collection of SGX1 leaf functions. 
Bit 01: SGX2. If 1, Indicates Intel SGX supports the collection of SGX2 leaf functions. 
Bits 04 - O02: Reserved. 
Bit 05: If 1, indicates Intel SGX supports ENCLV instruction leaves EINCVIRTCHILD, EDECVIRTCHILD, and 
ESETCONTEXT. 
Bit O6: If 1, indicates Intel SGX supports ENCLS instruction leaves ETRACKC, ERDINFO, ELDBC, and ELDUC. 
Bits 31 - 07: Reserved. 
EBX Bits 31 - OO: MISCSELECT. Bit vector of supported extended SGX features. 
ECX Bits 31 - OO: Reserved. 
EDX Bits 07 - OO: MaxEnclaveSize_Not64. The maximum supported enclave size in non-64-bit mode is 
2”~(EDX[7:0)). 
Bits 15 - 08: MaxEnclaveSize_64. The maximum supported enclave size in 64-bit mode is 2*(EDX[15:8)). 
Bits 31 - 16: Reserved. 
Intel SGX Attributes Enumeration Leaf, sub-leaf 1 (EAX = 12H, ECX = 1) 
12H NOTES: 
Leaf 12H sub-leaf 1 (ECX = 1) is supported if CPUID.(EAX=07H, ECX=0H):EBX[SGX] = 1. 
EAX Bit 31 - OO: Reports the valid bits of SECS.ATTRIBUTES[31:0] that software can set with ECREATE. 
EBX Bit 31 - OO: Reports the valid bits of SECS.ATTRIBUTES[63:32] that software can set with ECREATE. 
ECX Bit 31 - OO: Reports the valid bits of SECS.ATTRIBUTES[95:64] that software can set with ECREATE. 
EDX Bit 31 - OO: Reports the valid bits of SECS.ATTRIBUTES[1 27:96] that software can set with ECREATE. 
Intel SGX EPC Enumeration Leaf, sub-leaves (EAX = 12H, ECX = 2 or higher) 
12H NOTES: 
Leaf 12H sub-leaf 2 or higher (ECX >= 2) is supported if CPUID.(EAX=07H, ECX=0H):EBX[SGX] = 1. 
For sub-leaves (ECX = 2 or higher), definition of EDX,ECX,EBX,EAX[31:4] depends on the sub-leaf type 
listed below. 
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Value 


Information Provided about the Processor 


EAX 


Type 


Type 


Bit 03 - 00: Sub-leaf Type 
0000b: Indicates this sub-leaf is invalid. 
0001b: This sub-leaf enumerates an EPC section. EBX:EAX and EDX:ECX provide information on the 
Enclave Page Cache (EPC) section. 
All other type encodings are reserved. 


OOOOb. This sub-leaf is invalid. 
EDX:ECX:EBX:EAX return 0. 


0001b. This sub-leaf enumerates an EPC sections with EDX:ECX, EBX:EAX defined as follows. 


EAX[1 1:04]: Reserved (enumerate 0). 
EAX[31:12]: Bits 31:12 of the physical address of the base of the EPC section. 


EBX[1 9:00}: Bits 51:32 of the physical address of the base of the EPC section. 
EBX[31:20]: Reserved. 


ECX[03:00]: EPC section property encoding defined as follows: 
If ECX[3:0] = OOOO, then all bits of the EDX:ECX pair are enumerated as O. 
If ECX[3:0] = 00015, then this section has confidentiality and integrity protection. 
If ECX[3:0] = 0010b, then this section has confidentiality protection only. 
All other encodings are reserved. 
ECX[1 1:04]: Reserved (enumerate 0). 
ECX[31:12]: Bits 31:12 of the size of the corresponding EPC section within the Processor Reserved 
Memory. 


EDX[1 9:00}: Bits 51:32 of the size of the corresponding EPC section within the Processor Reserved 
Memory. 
EDX[31:20]: Reserved. 


Intel Processor Trace Enumeration Main Leaf (EAX = 14H, ECX = 0) 


14H 
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EAX 
EBX 


NOTES: 
Leaf 14H main leaf (ECX = 0). 


Bits 31 - 00: Reports the maximum sub-leaf supported in leaf 14H. 


Bit 00: If 1, indicates that IA32_RTIT_CTL.CR3Filter can be set to 1, and that IA32_RTIT_CR3_MATCH 
MSR can be accessed. 

Bit 01: If 1, indicates support of Configurable PSB and Cycle-Accurate Mode. 

Bit O2: If 1, indicates support of IP Filtering, TraceStop filtering, and preservation of Intel PT MSRs across 
warm reset. 

Bit 03: If 1, indicates support of MTC timing packet and suppression of COFI-based packets. 

Bit 04: If 1, indicates support of PTWRITE. Writes can set IA32_RTIT_CTL[1 2] (PTWEn) and 
1A32_RTIT_CTL[5] (FUPonPTW), and PTWRITE can generate packets. 

Bit 05: If 1, indicates support of Power Event Trace. Writes can set IA32_RTIT_CTL[4] (PwrEvtEn), 
enabling Power Event Trace packet generation. 

Bit O6: If 1, indicates support for PSB and PMI preservation. Writes can set IA32_RTIT_CTL[56] (InjectPsb- 
PmiOnEnable), enabling the processor to set [A32_RTIT_STATUS[7] (PendTopaPMI) and/or 
IA32_RTIT_STATUS[6] (PendPSB) in order to preserve ToPA PMls and/or PSBs otherwise lost due to Intel 
PT disable. Writes can also set PendToPAPMI and PendPSB. 

Bit 07: If 1, writes can set IA32_RTIT_CTL[31] (EventEn), enabling Event Trace packet generation. 

Bit 08: If 1, writes can set [A32_RTIT_CTL[55] (Dis TNT), disabling TNT packet generation. 

Bit 31 - 09: Reserved. 
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Initial EAX 
Value Information Provided about the Processor 
ECX Bit OO: If 1, Tracing can be enabled with IA32_RTIT_CTL.ToPA = 1, hence utilizing the ToPA output 
scheme; |A32_RTIT_OUTPUT_BASE and IA32_RTIT_OUTPUT_MASK_PTRS MSRs can be accessed. 
Bit 01: If 1, ToPA tables can hold any number of output entries, up to the maximum allowed by the Mas- 
kOrTableOffset field of IA32_RTIT_OUTPUT_MASK_PTRS. 
Bit O2: If 1, indicates support of Single-Range Output scheme. 
Bit 03: If 1, indicates support of output to Trace Transport subsystem. 
Bit 30 - 04: Reserved. 
Bit 31: If 1, generated packets which contain IP payloads have LIP values, which include the CS base com- 
ponent. 
EDX Bits 31 - 00: Reserved. 
Intel Processor Trace Enumeration Sub-leaf (EAX = 14H, ECX = 1) 
14H EAX Bits O2 - OO: Number of configurable Address Ranges for filtering. 
Bits 15 - 03: Reserved. 
Bits 31 - 16: Bitmap of supported MTC period encodings. 
EBX Bits 15 - OO: Bitmap of supported Cycle Threshold value encodings. 
Bit 31 - 16: Bitmap of supported Configurable PSB frequency encodings. 
ECX Bits 31 - 00: Reserved. 
EDX Bits 31 - 00: Reserved. 
Time Stamp Counter and Nominal Core Crystal Clock Information Leaf 
15H NOTES: 
If EBX[31:0] is O, the TSC/"core crystal clock” ratio is not enumerated. 
EBX[31:0]/EAX[31:0] indicates the ratio of the TSC frequency and the core crystal clock frequency. 
If ECX is O, the nominal core crystal clock frequency is not enumerated. 
“TSC frequency” = “core crystal clock frequency” * EBX/EAX. 
The core crystal clock may differ from the reference clock, bus clock, or core clock frequencies. 
EAX Bits 31 - 00: An unsigned integer which is the denominator of the TSC/"core crystal clock” ratio. 
EBX Bits 31 - 00: An unsigned integer which is the numerator of the TSC/"core crystal clock” ratio. 
ECX Bits 31 - 00: An unsigned integer which is the nominal frequency of the core crystal clock in Hz. 
EDX Bits 31 - 00: Reserved = 0. 
Processor Frequency Information Leaf 
16H EAX Bits 15 - OO: Processor Base Frequency (in MHz). 
Bits 31 - 16: Reserved =0. 
EBX Bits 15 - 00: Maximum Frequency (in MHz). 
Bits 31 - 16: Reserved = 0. 
ECX Bits 15 - OO: Bus (Reference) Frequency (in MHz). 
Bits 31 - 16: Reserved = 0. 
EDX Reserved. 
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Initial EAX 
Value Information Provided about the Processor 


NOTES: 

* Data is returned from this interface in accordance with the processor's specification and does not reflect 
actual values. Suitable use of this data includes the display of processor information in like manner to the 
processor brand string and for determining the appropriate range to use when displaying processor 
information e.g. frequency history graphs. The returned information should not be used for any other 
purpose as the returned information does not accurately correlate to information / counters returned by 
other processor interfaces. 


While a processor may support the Processor Frequency Information leaf, fields that return a value of 
zero are not supported. 


System-On-Chip Vendor Attribute Enumeration Main Leaf (EAX = 17H, ECX = 0) 
17H NOTES: 

Leaf 17H main leaf (ECX = 0). 

Leaf 17H output depends on the initial value in ECX. 

Leaf 17H sub-leaves 1 through 3 reports SOC Vendor Brand String. 
Leaf 17H is valid if MaxSOCID_Index >= 3. 

Leaf 17H sub-leaves 4 and above are reserved. 


EAX Bits 31 - 00: MaxSOCID_Index. Reports the maximum input value of supported sub-leaf in leaf 17H. 


EBX Bits 15 - 00: SOC Vendor ID. 
Bit 16: IsVendorScheme. If 1, the SOC Vendor ID field is assigned via an industry standard enumeration 
scheme. Otherwise, the SOC Vendor ID field is assigned by Intel. 
Bits 31 - 17: Reserved = 0. 


ECX Bits 31 - 00: Project ID. A unique number an SOC vendor assigns to its SOC projects. 
EDX Bits 31 - 00: Stepping ID. A unique number within an SOC project that an SOC vendor assigns. 
System-On-Chip Vendor Attribute Enumeration Sub-leaf (EAX = 17H, ECX = 1..3) 
17H EAX Bit 31 - 00: SOC Vendor Brand String. UTF-8 encoded string. 
EBX Bit 31 - 00: SOC Vendor Brand String. UTF-8 encoded string. 
ECX Bit 31 - 00: SOC Vendor Brand String. UTF-8 encoded string. 
EDX Bit 31 - 00: SOC Vendor Brand String. UTF-8 encoded string. 
NOTES: 


Leaf 17H output depends on the initial value in ECX. 

SOC Vendor Brand String is a UTF-8 encoded string padded with trailing bytes of OOH. 

The complete SOC Vendor Brand String is constructed by concatenating in ascending order of 
EAX:EBX:ECX:EDX and from the sub-leaf 1 fragment towards sub-leaf 3. 


System-On-Chip Vendor Attribute Enumeration Sub-leaves (EAX = 17H, ECX > MaxSOCID_Index) 


17H NOTES: 
Leaf 17H output depends on the initial value in ECX. 


EAX Bits 31 - 00: Reserved = 0. 
EBX Bits 31 - 00: Reserved = 0. 
ECX Bits 31 - 00: Reserved = 0. 
EDX Bits 31 - 00: Reserved = 0. 
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Value Information Provided about the Processor 
Deterministic Address Translation Parameters Main Leaf (EAX = 18H, ECX = OQ) 
18H NOTES: 


EAX 
EBX 


ECX 
EDX 


Each sub-leaf enumerates a different address translation structure. 

If ECX contains an invalid sub-leaf index, EAX/EBX/ECX/EDX return 0. Sub-leaf index n is invalid if n 
exceeds the value that sub-leaf O returns in EAX. A sub-leaf index is also invalid if EDX[4:0] returns 0. 
Valid sub-leaves do not need to be contiguous or in any particular order. A valid sub-leaf may be ina 
higher input ECX value than an invalid sub-leaf or than a valid sub-leaf of a higher or lower-level struc- 
ture. 

* Some unified TLBs will allow a single TLB entry to satisfy data read/write and instruction fetches. 
Others will require separate entries (e.g., one loaded on data read/write and another loaded on an 
instruction fetch) . Please see the Intel® 64 and IA-32 Architectures Optimization Reference Manual for 
details of a particular product. 


** Add one to the return value to get the result. 


Bits 31 - 00: Reports the maximum input value of supported sub-leaf in leaf 18H. 


Bit 00: 4K page size entries supported by this structure. 

Bit 01: 2MB page size entries supported by this structure. 

Bit 02: 4MB page size entries supported by this structure. 

Bit 03: 1 GB page size entries supported by this structure. 

Bits 07 - 04: Reserved. 

Bits 10 - 08: Partitioning (0: Soft partitioning between the logical processors sharing this structure). 
Bits 15 - 11: Reserved. 

Bits 31 - 16: W = Ways of associativity. 


Bits 31 - OO: S = Number of Sets. 


Bits 04 - OO: Translation cache type field. 
OQOOOOb: Null (indicates this sub-leaf is not valid). 
00001b: Data TLB. 
0001 0b: Instruction TLB. 
0001 1b: Unified TLB*. 
00100b: Load Only TLB. Hit on loads; fills on both loads and stores. 
00101b: Store Only TLB. Hit on stores; fill on stores. 
All other encodings are reserved. 
Bits 07 - 05: Translation cache level (starts at 1). 
Bit 08: Fully associative structure. 
Bits 13 - O09: Reserved. 
Bits 25- 14: Maximum number of addressable IDs for logical processors sharing this translation cache** 
Bits 31 - 26: Reserved. 
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Value Information Provided about the Processor 
Deterministic Address Translation Parameters Sub-leaf (EAX = 18H, ECX > 7) 
18H NOTES: 


Each sub-leaf enumerates a different address translation structure. 

If ECX contains an invalid sub-leaf index, EAX/EBX/ECX/EDX return 0. Sub-leaf index n is invalid if n 
exceeds the value that sub-leaf O returns in EAX. A sub-leaf index is also invalid if EDX[4:0] returns O. 
Valid sub-leaves do not need to be contiguous or in any particular order. A valid sub-leaf may be ina 
higher input ECX value than an invalid sub-leaf or than a valid sub-leaf of a higher or lower-level struc- 
ture. 

* Some unified TLBs will allow a single TLB entry to satisfy data read/write and instruction fetches. 
Others will require separate entries (e.g., one loaded on data read/write and another loaded on an 
instruction fetch. See the Intel® 64 and IA-32 Architectures Optimization Reference Manual for details 
of a particular product. 


** Add one to the return value to get the result. 


EAX Bits 31 - 00: Reserved. 


EBX Bit 00: 4K page size entries supported by this structure. 
Bit 01: 2MB page size entries supported by this structure. 
Bit 02: 4MB page size entries supported by this structure. 
Bit 03: 1 GB page size entries supported by this structure. 
Bits 07 - 04: Reserved. 
Bits 10 - 08: Partitioning (0: Soft partitioning between the logical processors sharing this structure). 
Bits 15 - 11: Reserved. 
Bits 31 - 16: W = Ways of associativity. 


ECX Bits 31 - 00: S = Number of Sets. 


EDX Bits 04 - OO: Translation cache type field. 
OOOOb: Null (indicates this sub-leaf is not valid). 
0001b: Data TLB. 
0010b: Instruction TLB. 
001 1b: Unified TLB*. 
All other encodings are reserved. 
Bits 07 - 05: Translation cache level (starts at 1). 
Bit 08: Fully associative structure. 
Bits 13 - 09: Reserved. 
Bits 25- 14: Maximum number of addressable IDs for logical processors sharing this translation cache** 
Bits 31 - 26: Reserved. 


Key Locker Leaf (EAX = 19H) 


19H EAX Bit 00: Key Locker restriction of CPLO-only supported. 
Bit 01: Key Locker restriction of no-encrypt supported. 
Bit O2: Key Locker restriction of no-decrypt supported. 
Bits 31-03: Reserved. 


EBX Bit 00: AESKLE. If 1, the AES Key Locker instructions are fully enabled. 
Bit 01: Reserved. 
Bit O2: If 1, the AES wide Key Locker instructions are supported. 
Bit 03: Reserved. 
Bit 04: If 1, the platform supports the Key Locker MSRs (IA32_COPY_LOCAL_TO_PLATFORM, 
IA23_COPY_PLATFORM_TO_LOCAL, IA32_COPY_STATUS, and IA32_IWKEYBACKUP_STATUS) and backing 
up the internal wrapping key. 
Bits 31-05: Reserved. 
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Initial EAX 
Value Information Provided about the Processor 
ECX Bit OO: If 1, the NoBackup parameter to LOADIWKEY is supported. 
Bit 01: If 1, KeySource encoding of 1 (randomization of the internal wrapping key) is supported. 
Bits 31- 02: Reserved. 
EDX Reserved. 
Hybrid Information Enumeration Leaf (EAX = 1AH, ECX = 0) 
1AH EAX Enumerates the native model ID and core type. 
Bits 31-24: Core type 
10H: Reserved 
20H: Intel Atom® 
30H: Reserved 
40H: Intel® Core™ 
Bits 23-0: Native model ID of the core. The core-type and native mode ID can be used to uniquely identify 
the microarchitecture of the core. This native model ID is not unique across core types, and not related to 
the model ID reported in CPUID leaf 01H, and does not identify the SOC. 
EBX Reserved. 
ECX Reserved. 
EDX Reserved. 
PCONFIG Information Sub-leaf (EAX = 1BH, ECX > O) 
1BH For details on this sub-leaf, see “INPUT EAX = 1BH: Returns PCONFIG Information” on page 3-247. 
NOTE: 
Leaf 1BH is supported if CPUID.(EAX=07H, ECX=OH):EDX[1 8] = 1. 
Last Branch Records Information Leaf (EAX = 1CH, ECX = 0) 
1CH NOTES: 


EAX 


EBX 


ECX 


EDX 


This leaf pertains to the architectural feature. 
For leaf 01CH, CPUID will ignore the ECX value. 


Bits 07 - OO: Supported LBR Depth Values. For each bit n set in this field, the [A32_LBR_DEPTH.DEPTH 
value 8*(n+1) is supported. 

Bits 29 - 08: Reserved. 

Bit 30: Deep C-state Reset. If set, indicates that LBRs may be cleared on an MWAIT that requests a C-state 
numerically greater than C1. 

Bit 31: IP Values Contain LIP. If set, LBR IP values contain LIP. If clear, IP values contain Effective IP. 


Bit 00: CPL Filtering Supported. If set, the processor supports setting IA32_LBR_CTL[2:1] to non-zero 
value. 

Bit 01: Branch Filtering Supported. If set, the processor supports setting IA32_LBR_CTL[22:16] to non- 
zero value. 

Bit 02: Call-stack Mode Supported. If set, the processor supports setting [A32_LBR_CTL[3] to 1. 

Bits 31 - 03: Reserved. 


Bit 00: Mispredict Bit Supported. |A32_LBR_x_INFO[63] holds indication of branch misprediction 
(MISPRED). 

Bit 01: Timed LBRs Supported. I[A32_LBR_x_INFO[15:0] holds CPU cycles since last LBR entry (CYC_CNT), 
and IA32_LBR_x_INFO[60] holds an indication of whether the value held there is valid (CYC_CNT_VALID). 
Bit 02: Branch Type Field Supported. |[A32_LBR_INFO_x[59:56] holds indication of the recorded 
operation's branch type (BR_TYPE). 

Bits 31 - 03: Reserved. 


Bits 31 - OO: Reserved. 
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V2 Extended Topology Enumeration Leaf 


1FH NOTES: 

CPUID leaf 1FH is a preferred superset to leaf OBH. Intel recommends first checking for the existence 
of Leaf 1FH and using this if available. 

Most of Leaf 1FH output depends on the initial value in ECX. 

The EDX output of leaf 1FH is always valid and does not vary with input value in ECX. 

Output value in ECX[7:0] always equals input value in ECX[7:0]. 

Sub-leaf index O enumerates SMT level. Each subsequent higher sub-leaf index enumerates a higher- 
level topological entity in hierarchical order. 

For sub-leaves that return an invalid level-type of O in ECX[15:8]; EAX and EBX will return 0. 

If an input value n in ECX returns the invalid level-type of O in ECX[15:8], other input values with ECX > 
n also return O in ECX[15:8]. 


EAX Bits 04 - 00: Number of bits to shift right on x2APIC ID to get a unique topology ID of the next level type*. 
All logical processors with the same next level ID share current level. 
Bits 31 - 05: Reserved. 


EBX Bits 15 - 00: Number of logical processors at this level type. The number reflects configuration as shipped 
by Intel**. 
Bits 31- 16: Reserved. 

ECX Bits 07 - OO: Level number. Same value in ECX input. 


Bits 15 - 08: Level type***. 
Bits 31 - 16: Reserved. 


EDX Bits 31- 00: x2APIC ID the current logical processor. 


NOTES: 
* Software should use this field (EAX[4:0]) to enumerate processor topology of the system. 


** Software must not use EBX[15:0] to enumerate processor topology of the system. This value in this 
field (EBX[15:0]) is only intended for display/diagnostic purposes. The actual number of logical processors 
available to BIOS/OS/Applications may be different from the value of EBX[15:0], depending on software 
and platform hardware configurations. 


*** The value of the “level type” field is not related to level numbers in any way, higher “level type” val- 
ues do not mean higher levels. Level type field has the following encoding: 
0: Invalid. 
1: SMT. 
2: Core. 
3: Module. 
4: Tile. 
5: Die. 
6-255: Reserved. 
Processor History Reset Sub-leaf (EAX = 20H, ECX = OQ) 
20H EAX Reports the maximum number of sub-leaves that are supported in leaf 20H. 


EBX Indicates which bits may be set in the [A32_HRESET_ENABLE MSR to enable reset of different compo- 
nents of hardware-maintained history. 
Bit 00: Indicates support for both HRESET’s EAX[0] parameter, and IA32_HRESET_ENABLE[O] set by the 
OS to enable reset of Intel® Thread Director history. 
Bits 31-01: Reserved = 0. 


ECX Reserved. 
EDX Reserved. 
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Table 3-8. Information Returned by CPUID Instruction (Contd.) 


Initial EAX 
Value Information Provided about the Processor 


Unimplemented CPUID Leaf Functions 


21H Invalid. No existing or future CPU will return processor identification or feature information if the initial 
EAX value is 21H. If the value returned by CPUID.O:EAX (the maximum input value for basic CPUID 
information) is at least 21H, O is returned in the registers EAX, EBX, ECX, and EDX. Otherwise, the data 
for the highest basic information leaf is returned. 


40000000H Invalid. No existing or future CPU will return processor identification or feature information if the initial 
: EAX value is in the range 40000000H to 4FFFFFFFH. 
4FFFFFFFH 


Extended Function CPUID Information 

80000000H | EAX Maximum Input Value for Extended Function CPUID Information. 
EBX Reserved. 

ECX Reserved. 

EDX Reserved. 

80000001H | EAX Extended Processor Signature and Feature Bits. 

EBX Reserved. 


ECX Bit OO: LAHF/SAHF available in 64-bit mode.* 
Bits 04 - 01: Reserved. 
Bit 05: LZCNT. 
Bits 07 - O06: Reserved. 
Bit 08: PREFETCHW. 
Bits 31 - 09: Reserved. 


EDX Bits 10 - OO: Reserved. 
Bit 11: SYSCALL/SYSRET.** 
Bits 19 - 12: Reserved = 0. 
Bit 20: Execute Disable Bit available. 
Bits 25 - 21: Reserved = 0. 
Bit 26: 1-GByte pages are available if 1. 
Bit 27: RDTSCP and |A32_TSC_AUX are available if 1. 
Bit 28: Reserved = 0. 


Bit 29: Intel® 64 Architecture available if 1. 
Bits 31 - 30: Reserved = 0. 


NOTES: 
* LAHF and SAHF are always available in other modes, regardless of the enumeration of this feature flag. 


** Intel processors support SYSCALL and SYSRET only in 64-bit mode. This feature flag is always enumer- 
ated as 0 outside 64-bit mode. 


80000002H | EAX Processor Brand String. 

EBX Processor Brand String Continued. 
ECX Processor Brand String Continued. 
EDX Processor Brand String Continued. 


80000003H | EAX Processor Brand String Continued. 
EBX Processor Brand String Continued. 
ECX Processor Brand String Continued. 
EDX Processor Brand String Continued. 
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Table 3-8. Information Returned by CPUID Instruction (Contd.) 


Initial EAX 
Value Information Provided about the Processor 
80000004H | EAX Processor Brand String Continued. 
EBX Processor Brand String Continued. 
ECX Processor Brand String Continued. 
EDX Processor Brand String Continued. 
80000005H | EAX Reserved = 0. 
EBX Reserved = 0. 
ECX Reserved = 0. 
EDX Reserved = 0. 
80000006EH | EAX Reserved = 0. 
EBX Reserved = 0. 
ECX Bits 07 - OO: Cache Line size in bytes. 
Bits 11 - 08: Reserved. 
Bits 15 - 12: L2 Associativity field *. 
Bits 31 - 16: Cache size in 1K units. 
EDX Reserved = 0. 
NOTES: 
* L2 associativity field encodings: 
OOH - Disabled O8H - 16 ways 
01H - 1 way (direct mapped) OSH - Reserved 
O2H - 2 ways OAH - 32 ways 
O3H - Reserved OBH - 48 ways 
O4H - 4 ways OCH - 64 ways 
O5H - Reserved ODH - 96 ways 
OGH - 8 ways OEH - 128 ways 
07H - See CPUID leaf 04H, sub-leaf 2** OFH - Fully associative 
** CPUID leaf O4H provides details of deterministic cache parameters, including the L2 cache in sub-leaf 2 
80000007H | EAX Reserved = 0. 
EBX Reserved = 0. 
ECX Reserved = 0. 
EDX Bits 07 - OO: Reserved = 0. 
Bit 08: Invariant TSC available if 1. 
Bits 31 - 09: Reserved = 0. 
80000008H | EAX Linear/Physical Address size. 
Bits 07 - OO: #Physical Address Bits*. 
Bits 15 - 08: #Linear Address Bits. 
Bits 31 - 16: Reserved = 0. 
EBX Bits 08-00: Reserved = 0. 
Bit 09: WBNOINVD is available if 1. 
Bits 31-10: Reserved = 0. 
ECX Reserved = 0. 
EDX Reserved = 0. 
NOTES: 
* |f CPUID.80000008H:EAX[7:0] is supported, the maximum physical address number supported should 
come from this field. 


INPUT EAX = 0: Returns CPUID’s Highest Value for Basic Processor Information and the Vendor Identification String 


When CPUID executes with EAX set to 0, the processor returns the highest value the CPUID recognizes for 
returning basic processor information. The value is returned in the EAX register and is processor specific. 
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A vendor identification string is also returned in EBX, EDX, and ECX. For Intel processors, the string is “Genuin- 
elIntel” and is expressed: 


EBX := 756e6547h (* “Genu", with G in the low eight bits of BL *) 
EDX := 49656e69h (* “inel”, with i in the low eight bits of DL *) 
ECX := 6c65746eh (* “ntel”, with n in the low eight bits of CL *) 


INPUT EAX = 80000000H: Returns CPUID’s Highest Value for Extended Processor Information 


When CPUID executes with EAX set to 80000000H, the processor returns the highest value the processor recog- 
nizes for returning extended processor information. The value is returned in the EAX register and is processor 
specific. 


IA32_BlOS_SIGN_ID Returns Microcode Update Signature 


For processors that support the microcode update facility, the IA32_BIOS_SIGN_ID MSR is loaded with the update 
signature whenever CPUID executes. The signature is returned in the upper DWORD. For details, see Chapter 9 in 
the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


INPUT EAX = 01H: Returns Model, Family, Stepping Information 


When CPUID executes with EAX set to 01H, version information is returned in EAX (see Figure 3-6). For example: 
model, family, and processor type for the Intel Xeon processor 5100 series is as follows: 


° Model — 1111B 

¢ Family — 0101B 

¢ Processor Type — 00B 

See Table 3-9 for available processor type values. Stepping IDs are provided as needed. 


31 28 27 20 19 16 15 14 13 12 11 8 7 4 3 0 


Extended Extended 


BAX Family ID Model ID 


Extended Family ID (0) 


Extended Model ID (0) 
Processor Type 
Family (OFH for the Pentium 4 Processor Family) 


Model 


Reserved 
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Figure 3-6. Version Information Returned by CPUID in EAX 


CPUID—CPU Identification Vol.2A 3-235 


INSTRUCTION SET REFERENCE, A-L 


Table 3-9. Processor Type Field 


Type Encoding 
Original OEM Processor OOB 
Intel OverDrive Processor 01B 
Dual processor (not applicable to Intel486 processors) 10B 
Intel reserved 11B 
NOTE 


See Chapter 20 in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, 
for information on identifying earlier IA-32 processors. 


The Extended Family ID needs to be examined only when the Family ID is OFH. Integrate the fields into a display 
using the following rule: 


IF Family_ID #4 OFH 
THEN DisplayFamily = Family_ID; 
ELSE DisplayFamily = Extended_Family_ID + Family_ID; 
(* Right justify and zero-extend 4-bit field. *) 

Fl; 

(* Show DisplayFamily as HEX field. *) 


The Extended Model ID needs to be examined only when the Family ID is 06H or OFH. Integrate the field into a 
display using the following rule: 


IF (Family_ID = O6H or Family_ID = OFH) 
THEN DisplayModel = (Extended_Model_ID « 4) + Model_ID; 
(* Right justify and zero-extend 4-bit field; display Model_ID as HEX field.*) 
ELSE DisplayModel = Model_ID; 

Fl; 

(* Show DisplayModel as HEX field. *) 


INPUT EAX = 01H: Returns Additional Information in EBX 
When CPUID executes with EAX set to 01H, additional information is returned to the EBX register: 


¢ Brand index (low byte of EBX) — this number provides an entry into a brand string table that contains brand 
strings for IA-32 processors. More information about this field is provided later in this section. 


® CLFLUSH instruction cache line size (second byte of EBX) — this number indicates the size of the cache line 
flushed by the CLFLUSH and CLFLUSHOPT instructions in 8-byte increments. This field was introduced in the 
Pentium 4 processor. 


* Local APIC ID (high byte of EBX) — this number is the 8-bit ID that is assigned to the local APIC on the 
processor during power up. This field was introduced in the Pentium 4 processor. 


INPUT EAX = 01H: Returns Feature Information in ECX and EDX 

When CPUID executes with EAX set to 01H, feature information is returned in ECX and EDX. 

¢ Figure 3-7 and Table 3-10 show encodings for ECX. 

¢ Figure 3-8 and Table 3-11 show encodings for EDX. 

For all feature flags, a 1 indicates that the feature is supported. Use Intel to properly interpret feature flags. 


NOTE 


Software must confirm that a processor feature is present using feature flags returned by CPUID 
prior to using the feature. Software should not depend on future offerings retaining all features. 
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RDRAND 
F16C 
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AVX 
OSXSAVE 
XSAVE 


AES 


TSC-Deadline 
POPCNT 


MOVBE 


x2APIC 


DCA — Direc 
PCID — Proc 


xTPR Update 


SSE4_2— SSE4.2 
SSE4_1— SSE4.1 
PDCM — Perf/Debug Capability MSR 


CMPXCHG16B 
FMA — Fused Multiply Add 


t Cache Access 
ess-context Identifiers 


Control 


SDBG 


SMX — Safer 


MONITOR — 


Reserved 


CNXT-ID — L1 Context ID 
SSSE3 — SSSE3 Extensions 
TM2 — Thermal Monitor 2 
EIST — Enhanced Intel SpeedStep® Technology 


VMX — Virtual Machine Extensions 
DS-CPL — CPL Qualified Debug Store 


DTES64 — 64-bit DS Area 
PCLMULQDQ — Carryless Multiplication 
SSE3 — SSE3 Extensions 


Mode Extensions 


MONITOR/MWAIT 


OM16524b 


Fig 


ure 3-7. Feature Information Returned in the ECX Register 


Table 3-10. Feature Information Returned in the ECX Register 


Bit # Mnemonic Description 
SSE3 Streaming SIMD Extensions 3 (SSE3). A value of 1 indicates the processor supports this 

technology. 

1 PCLMULQDQ PCLMULQDQ. A value of 1 indicates the processor supports the PCLMULQDQ instruction. 

2 DTES64 64-bit DS Area. A value of 1 indicates the processor supports DS area using 64-bit layout. 

3 MONITOR MONITOR/MWAIT. A value of 1 indicates the processor supports this feature. 

4 DS-CPL CPL Qualified Debug Store. A value of 1 indicates the processor supports the extensions to the 
Debug Store feature to allow for branch message storage qualified by CPL. 

5 VMX Virtual Machine Extensions. A value of 1 indicates that the processor supports this technology. 

6 SMX Safer Mode Extensions. A value of 1 indicates that the processor supports this technology. See 
Chapter 6, “Safer Mode Extensions Reference”. 

7 EIST Enhanced Intel SpeedStep® technology. A value of 1 indicates that the processor supports this 
technology. 

8 T2 Thermal Monitor 2. A value of 1 indicates whether the processor supports this technology. 

9 SSSE3 A value of 1 indicates the presence of the Supplemental Streaming SIMD Extensions 3 (SSSE3). A 
value of O indicates the instruction extensions are not present in the processor. 
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Table 3-10. Feature Information Returned in the ECX Register (Contd.) 


Bit # Mnemonic Description 

10 CNXT-ID L1 Context ID. A value of 1 indicates the L1 data cache mode can be set to either adaptive mode 
or shared mode. A value of 0 indicates this feature is not supported. See definition of the 
IA32_MISC_ENABLE MSR Bit 24 (L1 Data Cache Context Mode) for details. 

11 SDBG A value of 1 indicates the processor supports [A32_DEBUG_INTERFACE MSR for silicon debug. 

12 FMA A value of 1 indicates the processor supports FMA extensions using YMM state. 

13 CMPXCHG16B CMPXCHG16B Available. A value of 1 indicates that the feature is available. See the 
“CMPXCHG8B/CMPXCHG16B—Compare and Exchange Bytes” section in this chapter for a 
description. 

14 xTPR Update XTPR Update Control. A value of 1 indicates that the processor supports changing 

Control IA32_MISC_ENABLE[bit 23]. 

15 PDCM Perfmon and Debug Capability: A value of 1 indicates the processor supports the performance 
and debug feature indication MSR IA32_PERF_CAPABILITIES. 

16 Reserved Reserved 

17 PCID Process-context identifiers. A value of 1 indicates that the processor supports PCIDs and that 
software may set CR4.PCIDE to 1. 

18 DCA A value of 1 indicates the processor supports the ability to prefetch data from a memory mapped 
device. 

19 SSE4_1 A value of 1 indicates that the processor supports SSE4.1. 

20 SSE4_2 A value of 1 indicates that the processor supports SSE4.2. 

21 X2APIC A value of 1 indicates that the processor supports x2APIC feature. 

22 MOVBE A value of 1 indicates that the processor supports MOVBE instruction. 

23 POPCNT A value of 1 indicates that the processor supports the POPCNT instruction. 

24 TSC-Deadline A value of 1 indicates that the processor's local APIC timer supports one-shot operation using a 
TSC deadline value. 

25 AESNI A value of 1 indicates that the processor supports the AESNI instruction extensions. 

26 XSAVE A value of 1 indicates that the processor supports the XSAVE/XRSTOR processor extended states 
feature, the XSETBV/XGETBV instructions, and XCRO. 

27 OSXSAVE A value of 1 indicates that the OS has set CR4.0SXSAVE[bit 18] to enable XSETBV/XGETBV 
instructions to access XCRO and to support processor extended state management using 
XSAVE/XRSTOR. 

28 AVX A value of 1 indicates the processor supports the AVX instruction extensions. 

29 F16C A value of 1 indicates that processor supports 16-bit floating-point conversion instructions. 

30 RDRAND A value of 1 indicates that processor supports RDRAND instruction. 

31 Not Used Always returns 0. 
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EDX 


PBE-Pend. Brk. sal 
TM-—Therm. Monitor 
HTT—Multi-threading ——— 
SS-—Self Snoop 

SSE2-SSE2 Extensions 
SSE-SSE Extensions 
FXSR-FXSAVE/FXRSTOR 
MMX-MMX Technology —_—— 
ACPI-Thermal Monitor and Clock Ctrl 
DS—Debug Store 
CLFSH-CLFLUSH instruction 
PSN-Processor Serial Number 
PSE-36 — Page Size Extension 
PAT-Page Attribute Table 
CMOV-Conditional Move/Compare Instruction 
MCA-Machine Check Architecture 
PGE-PTE Global Bit 
MTRR-—Memory Type Range Registers 
SEP-SYSENTER and SYSEXIT 
APIC-APIC on Chip 
CX8—CMPXCHG8B Inst. 
MCE-Machine Check Exception 
PAE-Physical Address Extensions 
MSR-RDMSR and WRMSR Support 
TSC-Time Stamp Counter 
PSE-Page Size Extensions 
DE-—Debugging Extensions 
VME-Virtual-8086 Mode Enhancement 
FPU-x87 FPU on Chip 


Reserved 
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Figure 3-8. Feature Information Returned in the EDX Register 
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Table 3-11. More on Feature Information Returned in the EDX Register 


Bit # | Mnemonic | Description 

0 FPU Floating Point Unit On-Chip. The processor contains an x87 FPU. 

1 VME Virtual 8086 Mode Enhancements. Virtual 8086 mode enhancements, including CR4.VME for controlling the 
feature, CR4.PVI for protected mode virtual interrupts, software interrupt indirection, expansion of the TSS 
with the software indirection bitmap, and EFLAGS.VIF and EFLAGS.VIP flags. 

2 DE Debugging Extensions. Support for I/O breakpoints, including CR4.DE for controlling the feature, and optional 
trapping of accesses to DR4 and DRS. 

3 PSE Page Size Extension. Large pages of size 4 MByte are supported, including CR4.PSE for controlling the 
feature, the defined dirty bit in PDE (Page Directory Entries), optional reserved bit trapping in CR3, PDEs, and 
PTEs. 

4 TSC Time Stamp Counter. The RDTSC instruction is supported, including CR4.TSD for controlling privilege. 

5 MSR Model Specific Registers RDMSR and WRMSR Instructions. The RDMSR and WRMSR instructions are 
supported. Some of the MSRs are implementation dependent. 

6 PAE Physical Address Extension. Physical addresses greater than 32 bits are supported: extended page table 
entry formats, an extra level in the page translation tables is defined, 2-MByte pages are supported instead of 
4 Mbyte pages if PAE bit is 1. 

7 MCE Machine Check Exception. Exception 18 is defined for Machine Checks, including CR4.MCE for controlling the 
feature. This feature does not define the model-specific implementations of machine-check error logging, 
reporting, and processor shutdowns. Machine Check exception handlers may have to depend on processor 
version to do model specific processing of the exception, or test for the presence of the Machine Check feature. 

8 CX8 CMPXCHG8B Instruction. The compare-and-exchange 8 bytes (64 bits) instruction is supported (implicitly 
locked and atomic). 

9 APIC APIC On-Chip. The processor contains an Advanced Programmable Interrupt Controller (APIC), responding to 
memory mapped commands in the physical address range FFFEQOOOH to FFFEOFFFH (by default - some 
processors permit the APIC to be relocated). 

10 |Reserved | Reserved 

11 SEP SYSENTER and SYSEXIT Instructions. The SYSENTER and SYSEXIT and associated MSRs are supported. 

12 |MTRR Memory Type Range Registers. MTRRs are supported. The MTRRcap MSR contains feature bits that describe 
what memory types are supported, how many variable MTRRs are supported, and whether fixed MTRRs are 
supported. 

13. | PGE Page Global Bit. The global bit is supported in paging-structure entries that map a page, indicating TLB entries 
that are common to different processes and need not be flushed. The CR4.PGE bit controls this feature. 

14 |MCA Machine Check Architecture. A value of 1 indicates the Machine Check Architecture of reporting machine 
errors is supported. The MCG_CAP MSR contains feature bits describing how many banks of error reporting 
MSRs are supported. 

15 | CMOV Conditional Move Instructions. The conditional move instruction CMOV is supported. In addition, if x87 FPU is 
present as indicated by the CPUID.FPU feature bit, then the FCOMI and FCMOV instructions are supported 

16 | PAT Page Attribute Table. Page Attribute Table is supported. This feature augments the Memory Type Range 
Registers (MTRRs), allowing an operating system to specify attributes of memory accessed through a linear 
address on a 4KB granularity. 

17 | PSE-36 36-Bit Page Size Extension. 4-MByte pages addressing physical memory beyond 4 GBytes are supported with 
32-bit paging. This feature indicates that upper bits of the physical address of a 4-MByte page are encoded in 
bits 20:13 of the page-directory entry. Such physical addresses are limited by MAXPHYADDR and may be up to 
40 bits in size. 

18 | PSN Processor Serial Number. The processor supports the 96-bit processor identification number feature and the 
feature is enabled. 

19 | CLFSH CLFLUSH Instruction. CLFLUSH Instruction is supported. 

20 | Reserved | Reserved 
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Table 3-11. More on Feature Information Returned in the EDX Register (Contd.) 


Bit # | Mnemonic | Description 

21 DS Debug Store. The processor supports the ability to write debug information into a memory resident buffer. 
This feature is used by the branch trace store (BTS) and processor event-based sampling (PEBS) facilities (see 
Chapter 23, “Introduction to Virtual-Machine Extensions,” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 3C). 

22 =| ACPI Thermal Monitor and Software Controlled Clock Facilities. The processor implements internal MSRs that 
allow processor temperature to be monitored and processor performance to be modulated in predefined duty 
cycles under software control. 

23 | MMX Intel MMX Technology. The processor supports the Intel MMX technology. 

24 | FXSR FXSAVE and FXRSTOR Instructions. The FXSAVE and FXRSTOR instructions are supported for fast save and 
restore of the floating point context. Presence of this bit also indicates that CR4.OSFXSR is available for an 
operating system to indicate that it supports the FXSAVE and FXRSTOR instructions. 

25 ~+| SSE SSE. The processor supports the SSE extensions. 

26 =| SSE2 SSE2. The processor supports the SSE2 extensions. 

27 ~|SS Self Snoop. The processor supports the management of conflicting memory types by performing a snoop of its 
own cache structure for transactions issued to the bus. 

28 «| HTT Max APIC IDs reserved field is Valid. A value of O for HTT indicates there is only a single logical processor in 
the package and software should assume only a single APIC ID is reserved. A value of 1 for HTT indicates the 
value in CPUID.1.EBX[23:16] (the Maximum number of addressable IDs for logical processors in this package) is 
valid for the package. 

29 =| TM Thermal Monitor. The processor implements the thermal monitor automatic thermal control circuitry (TCC). 

30 | Reserved | Reserved 

31 PBE Pending Break Enable. The processor supports the use of the FERR#/PBE# pin when the processor is in the 
stop-clock state (STPCLK# is asserted) to signal the processor that an interrupt is pending and that the 
processor should return to normal operation to handle the interrupt. 


INPUT EAX = 02H: TLB/Cache/Prefetch Information Returned in EAX, EBX, ECX, EDX 


When CPUID executes with EAX set to 02H, the processor returns information about the processor’s internal TLBs, 
cache and prefetch hardware in the EAX, EBX, ECX, and EDX registers. The information is reported in encoded form 
and fall into the following categories: 


¢ The least-significant byte in register EAX (register AL) will always return 01H. Software should ignore this value 
and not interpret it as an informational descriptor. 


¢ The most significant bit (bit 31) of each register indicates whether the register contains valid information (set 
to 0) or is reserved (set to 1). 


¢ If a register contains valid information, the information is contained in 1 byte descriptors. There are four types 
of encoding values for the byte descriptor, the encoding type is noted in the second column of Table 3-12. Table 
3-12 lists the encoding of these descriptors. Note that the order of descriptors in the EAX, EBX, ECX, and EDX 
registers is not defined; that is, specific bytes are not designated to contain descriptors for specific cache, 
prefetch, or TLB types. The descriptors may appear in any order. Note also a processor may report a general 
descriptor type (FFH) and not report any byte descriptor of “cache type” via CPUID leaf 2. 
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Table 3-12. Encoding of CPUID Leaf 2 Descriptors 


Value Type Description 
OOH General | Null descriptor, this byte contains no information 
01H TLB Instruction TLB: 4 KByte pages, 4-way set associative, 32 entries 
02H TLB Instruction TLB: 4 MByte pages, fully associative, 2 entries 
03H TLB Data TLB: 4 KByte pages, 4-way set associative, 64 entries 
04H TLB Data TLB: 4 MByte pages, 4-way set associative, 8 entries 
05H TLB Data TLB1: 4 MByte pages, 4-way set associative, 32 entries 
O6H Cache | 1st-level instruction cache: 8 KBytes, 4-way set associative, 32 byte line size 
08H Cache | 1st-level instruction cache: 16 KBytes, 4-way set associative, 32 byte line size 
09H Cache | 1st-level instruction cache: 32KBytes, 4-way set associative, 64 byte line size 
OAH Cache | 1st-level data cache: 8 KBytes, 2-way set associative, 32 byte line size 
OBH TLB Instruction TLB: 4 MByte pages, 4-way set associative, 4 entries 
OCH Cache | 1st-level data cache: 16 KBytes, 4-way set associative, 32 byte line size 
ODH Cache | 1st-level data cache: 16 KBytes, 4-way set associative, 64 byte line size 
OEH Cache | 1st-level data cache: 24 KBytes, 6-way set associative, 64 byte line size 
1DH Cache | 2nd-level cache: 128 KBytes, 2-way set associative, 64 byte line size 
21H Cache | 2nd-level cache: 256 KBytes, 8-way set associative, 64 byte line size 
22H Cache | 3rd-level cache: 512 KBytes, 4-way set associative, 64 byte line size, 2 lines per sector 
23H Cache | 3rd-level cache: 1 MBytes, 8-way set associative, 64 byte line size, 2 lines per sector 
24H Cache | 2nd-level cache: 1 MBytes, 16-way set associative, 64 byte line size 
25H Cache | 3rd-level cache: 2 MBytes, 8-way set associative, 64 byte line size, 2 lines per sector 
29H Cache | 3rd-level cache: 4 MBytes, 8-way set associative, 64 byte line size, 2 lines per sector 
2CH Cache | 1st-level data cache: 32 KBytes, 8-way set associative, 64 byte line size 
30H Cache | 1st-level instruction cache: 32 KBytes, 8-way set associative, 64 byte line size 
40H Cache | No 2nd-level cache or, if processor contains a valid 2nd-level cache, no 3rd-level cache 
41H Cache | 2nd-level cache: 128 KBytes, 4-way set associative, 32 byte line size 
42H Cache | 2nd-level cache: 256 KBytes, 4-way set associative, 32 byte line size 
43H Cache | 2nd-level cache: 512 KBytes, 4-way set associative, 32 byte line size 
44H Cache | 2nd-level cache: 1 MByte, 4-way set associative, 32 byte line size 
45H Cache | 2nd-level cache: 2 MByte, 4-way set associative, 32 byte line size 
46H Cache | 3rd-level cache: 4 MByte, 4-way set associative, 64 byte line size 
47H Cache | 3rd-level cache: 8 MByte, 8-way set associative, 64 byte line size 
48H Cache | 2nd-level cache: 3MByte, 12-way set associative, 64 byte line size 
49H Cache | 3rd-level cache: 4MB, 16-way set associative, 64-byte line size (Intel Xeon processor MP, Family OFH, Model 
O6H); 
2nd-level cache: 4 MByte, 16-way set associative, 64 byte line size 
4AH Cache | 3rd-level cache: 6MByte, 12-way set associative, 64 byte line size 
4BH Cache | 3rd-level cache: 8MByte, 16-way set associative, 64 byte line size 
4CH Cache | 3rd-level cache: 12MByte, 12-way set associative, 64 byte line size 
4DH Cache | 3rd-level cache: 16MByte, 16-way set associative, 64 byte line size 
4€H Cache | 2nd-level cache: 6MByte, 24-way set associative, 64 byte line size 
4FH TLB Instruction TLB: 4 KByte pages, 32 entries 
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Table 3-12. Encoding of CPUID Leaf 2 Descriptors (Contd.) 

Value Type Description 

50H TLB Instruction TLB: 4 KByte and 2-MByte or 4-MByte pages, 64 entries 

51H TLB Instruction TLB: 4 KByte and 2-MByte or 4-MByte pages, 128 entries 
52H TLB Instruction TLB: 4 KByte and 2-MByte or 4-MByte pages, 256 entries 
55H TLB Instruction TLB: 2-MByte or 4-MByte pages, fully associative, 7 entries 
56H TLB Data TLBO: 4 MByte pages, 4-way set associative, 16 entries 

57H TLB Data TLBO: 4 KByte pages, 4-way associative, 16 entries 

59H TLB Data TLBO: 4 KByte pages, fully associative, 16 entries 

5AH TLB Data TLBO: 2 MByte or 4 MByte pages, 4-way set associative, 32 entries 
5BH TLB Data TLB: 4 KByte and 4 MByte pages, 64 entries 

5CH TLB Data TLB: 4 KByte and 4 MByte pages, 128 entries 

5DH TLB Data TLB: 4 KByte and 4 MByte pages,256 entries 

60H Cache _ | 1st-level data cache: 16 KByte, 8-way set associative, 64 byte line size 


61H TLB Instruction TLB: 4 KByte pages, fully associative, 48 entries 


63H TLB Data TLB: 2 MByte or 4 MByte pages, 4-way set associative, 32 entries and a separate array with 1 GByte 
pages, 4-way set associative, 4 entries 


64H TLB Data TLB: 4 KByte pages, 4-way set associative, 512 entries 
66H Cache | 1st-level data cache: 8 KByte, 4-way set associative, 64 byte line size 


67H Cache | 1st-level data cache: 16 KByte, 4-way set associative, 64 byte line size 
68H Cache | 1st-level data cache: 32 KByte, 4-way set associative, 64 byte line size 


6AH Cache |uTLB: 4 KByte pages, 8-way set associative, 64 entries 
6BH Cache | DTLB: 4 KByte pages, 8-way set associative, 256 entries 
6CH Cache | DTLB: 2M/4M pages, 8-way set associative, 128 entries 
6DH Cache | DTLB: 1 GByte pages, fully associative, 16 entries 


70H Cache | Trace cache: 12 K-wop, 8-way set associative 
71H Cache | Trace cache: 16 K-wop, 8-way set associative 
72H Cache | Trace cache: 32 K-wop, 8-way set associative 


76H TLB Instruction TLB: 2M/4M pages, fully associative, 8 entries 
78H Cache | 2nd-level cache: 1 MByte, 4-way set associative, 64byte line size 


79H Cache | 2nd-level cache: 128 KByte, 8-way set associative, 64 byte line size, 2 lines per sector 
7AH Cache | 2nd-level cache: 256 KByte, 8-way set associative, 64 byte line size, 2 lines per sector 
7BH Cache | 2nd-level cache: 512 KByte, 8-way set associative, 64 byte line size, 2 lines per sector 
7CH Cache | 2nd-level cache: 1 MByte, 8-way set associative, 64 byte line size, 2 lines per sector 


7DH Cache | 2nd-level cache: 2 MByte, 8-way set associative, 64byte line size 


7FH Cache | 2nd-level cache: 512 KByte, 2-way set associative, 64-byte line size 
80H Cache | 2nd-level cache: 512 KByte, 8-way set associative, 64-byte line size 


82H Cache | 2nd-level cache: 256 KByte, 8-way set associative, 32 byte line size 
83H Cache | 2nd-level cache: 512 KByte, 8-way set associative, 32 byte line size 


84H Cache | 2nd-level cache: 1 MByte, 8-way set associative, 32 byte line size 


85H Cache | 2nd-level cache: 2 MByte, 8-way set associative, 32 byte line size 


86H Cache | 2nd-level cache: 512 KByte, 4-way set associative, 64 byte line size 


87H Cache | 2nd-level cache: 1 MByte, 8-way set associative, 64 byte line size 
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Table 3-12. Encoding of CPUID Leaf 2 Descriptors (Contd.) 


Value Type Description 

AOH DTLB DTLB: 4k pages, fully associative, 32 entries 

BOH TLB Instruction TLB: 4 KByte pages, 4-way set associative, 128 entries 

B1H TLB Instruction TLB: 2M pages, 4-way, 8 entries or 4M pages, 4-way, 4 entries 

B2H TLB Instruction TLB: 4KByte pages, 4-way set associative, 64 entries 

B3H TLB Data TLB: 4 KByte pages, 4-way set associative, 128 entries 

B4H TLB Data TLB1: 4 KByte pages, 4-way associative, 256 entries 

B5H TLB Instruction TLB: 4KByte pages, 8-way set associative, 64 entries 

B6H TLB Instruction TLB: 4KByte pages, 8-way set associative, 128 entries 

BAH TLB Data TLB1: 4 KByte pages, 4-way associative, 64 entries 

COH TLB Data TLB: 4 KByte and 4 MByte pages, 4-way associative, 8 entries 

C1H STLB Shared 2nd-Level TLB: 4 KByte/2MByte pages, 8-way associative, 1024 entries 

C2H DTLB DTLB: 4 KByte/2 MByte pages, 4-way associative, 16 entries 

C3H STLB Shared 2nd-Level TLB: 4 KByte /2 MByte pages, 6-way associative, 1536 entries. Also 1GBbyte pages, 4-way, 
16 entries. 

C4H DTLB DTLB: 2M/4M Byte pages, 4-way associative, 32 entries 

CAH STLB Shared 2nd-Level TLB: 4 KByte pages, 4-way associative, 512 entries 

DOH Cache | 3rd-level cache: 512 KByte, 4-way set associative, 64 byte line size 

D1H Cache | 3rd-level cache: 1 MByte, 4-way set associative, 64 byte line size 

D2H Cache | 3rd-level cache: 2 MByte, 4-way set associative, 64 byte line size 

D6H Cache | 3rd-level cache: 1 MByte, 8-way set associative, 64 byte line size 

D7H Cache | 3rd-level cache: 2 MByte, 8-way set associative, 64 byte line size 

D8H Cache | 3rd-level cache: 4 MByte, 8-way set associative, 64 byte line size 

DCH Cache | 3rd-level cache: 1.5 MByte, 12-way set associative, 64 byte line size 

DDH Cache | 3rd-level cache: 3 MByte, 12-way set associative, 64 byte line size 

DEH Cache | 3rd-level cache: 6 MByte, 12-way set associative, 64 byte line size 

E2H Cache | 3rd-level cache: 2 MByte, 16-way set associative, 64 byte line size 

E3H Cache | 3rd-level cache: 4 MByte, 16-way set associative, 64 byte line size 

E4H Cache | 3rd-level cache: 8 MByte, 16-way set associative, 64 byte line size 

EAH Cache | 3rd-level cache: 12MByte, 24-way set associative, 64 byte line size 

EBH Cache | 3rd-level cache: 18MByte, 24-way set associative, 64 byte line size 

ECH Cache | 3rd-level cache: 24MByte, 24-way set associative, 64 byte line size 

FOH Prefetch | 64-Byte prefetching 

F1H Prefetch | 128-Byte prefetching 

FEH General | CPUID leaf 2 does not report TLB descriptor information; use CPUID leaf 18H to query TLB and other address 
translation parameters. 

FFH General | CPUID leaf 2 does not report cache descriptor information, use CPUID leaf 4 to query cache parameters 
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Example 3-1. Example of Cache and TLB Interpretation 
The first member of the family of Pentium 4 processors returns the following information about caches and TLBs 
when the CPUID executes with an input value of 2: 


EAX 66 5B 50 01H 
EBX OH 
ECX OH 
EDX 00 7A 70 OOH 


Which means: 
¢ The least-significant byte (byte 0) of register EAX is set to 01H. This value should be ignored. 


° The most-significant bit of all four registers (EAX, EBX, ECX, and EDX) is set to 0, indicating that each register 
contains valid 1-byte descriptors. 


° Bytes 1, 2, and 3 of register EAX indicate that the processor has: 
— 50H - a 64-entry instruction TLB, for mapping 4-KByte and 2-MByte or 4-MByte pages. 
— 5BH - a 64-entry data TLB, for mapping 4-KByte and 4-MByte pages. 
— 66H - an 8-KByte ist level data cache, 4-way set associative, with a 64-Byte cache line size. 
¢ The descriptors in registers EBX and ECX are valid, but contain NULL descriptors. 
° Bytes 0, 1, 2, and 3 of register EDX indicate that the processor has: 
— OOH - NULL descriptor. 
— 70H - Trace cache: 12 K-uop, 8-way set associative. 
— 7AH - a 256-KByte 2nd level cache, 8-way set associative, with a sectored, 64-byte cache line size. 
— OOH - NULL descriptor. 


INPUT EAX = 04H: Returns Deterministic Cache Parameters for Each Level 


When CPUID executes with EAX set to 04H and ECX contains an index value, the processor returns encoded data 
that describe a set of deterministic cache parameters (for the cache level associated with the input in ECX). Valid 
index values start from 0. 


Software can enumerate the deterministic cache parameters for each level of the cache hierarchy starting with an 
index value of 0, until the parameters report the value associated with the cache type field is 0. The architecturally 
defined fields reported by deterministic cache parameters are documented in Table 3-8. 


This Cache Size in Bytes 
= (Ways + 1) * (Partitions + 1) * (Line_Size + 1) * (Sets + 1) 
= (EBX[31:22] + 1) * (EBX[21:12] + 1) * (EBX[11:0] + 1) * (ECX + 1) 


The CPUID leaf 04H also reports data that can be used to derive the topology of processor cores in a physical 
package. This information is constant for all valid index values. Software can query the raw data reported by 
executing CPUID with EAX=04H and ECX=0 and use it as part of the topology enumeration algorithm described in 
Chapter 8, “Multiple-Processor Management,” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3A. 


INPUT EAX = O5H: Returns MONITOR and MWAIT Features 


When CPUID executes with EAX set to 05H, the processor returns information about features available to 
MONITOR/MWAIT instructions. The MONITOR instruction is used for address-range monitoring in conjunction with 
MWAIT instruction. The MWAIT instruction optionally provides additional extensions for advanced power manage- 
ment. See Table 3-8. 


INPUT EAX = OGH: Returns Thermal and Power Management Features 


When CPUID executes with EAX set to 06H, the processor returns information about thermal and power manage- 
ment features. See Table 3-8. 
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INPUT EAX = 07H: Returns Structured Extended Feature Enumeration Information 


When CPUID executes with EAX set to 07H and ECX = 0, the processor returns information about the maximum 
input value for sub-leaves that contain extended feature flags. See Table 3-8. 


When CPUID executes with EAX set to 07H and the input value of ECX is invalid (see leaf 07H entry in Table 3-8), 
the processor returns 0 in EAX/EBX/ECX/EDxX. In subleaf 0, EAX returns the maximum input value of the highest 
leaf 7 sub-leaf, and EBX, ECX & EDX contain information of extended feature flags. 


INPUT EAX = OSH: Returns Direct Cache Access Information 


When CPUID executes with EAX set to 09H, the processor returns information about Direct Cache Access capabili- 
ties. See Table 3-8. 


INPUT EAX = OAH: Returns Architectural Performance Monitoring Features 


When CPUID executes with EAX set to OAH, the processor returns information about support for architectural 
performance monitoring capabilities. Architectural performance monitoring is supported if the version ID (see Table 
3-8) is greater than Pn O. See Table 3-8. 


For each version of architectural performance monitoring capability, software must enumerate this leaf to discover 
the programming facilities and the architectural performance events available in the processor. The details are 
described in Chapter 23, “Introduction to Virtual-Machine Extensions,” in the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 3C. 


INPUT EAX = OBH: Returns Extended Topology Information 


CPUID leaf 1FH is a preferred superset to leaf OBH. Intel recommends first checking for the existence of Leaf 1FH 
before using leaf OBH. 


When CPUID executes with EAX set to OBH, the processor returns information about extended topology enumera- 
tion data. Software must detect the presence of CPUID leaf OBH by verifying (a) the highest leaf index supported 
by CPUID is >= OBH, and (b) CPUID.OBH:EBX[15:0] reports a non-zero value. See Table 3-8. 


INPUT EAX = ODH: Returns Processor Extended States Enumeration Information 


When CPUID executes with EAX set to ODH and ECX = 0, the processor returns information about the bit-vector 
representation of all processor state extensions that are supported in the processor and storage size requirements 
of the XSAVE/XRSTOR area. See Table 3-8. 


When CPUID executes with EAX set to ODH and ECX = n(n > 1, and is a valid sub-leaf index), the processor returns 
information about the size and offset of each processor extended state save area within the XSAVE/XRSTOR area. 
See Table 3-8. Software can use the forward-extendable technique depicted below to query the valid sub-leaves 
and obtain size and offset information for each processor extended state save area: 


For i = 2 to 62 // sub-leaf 1 is reserved 
IF (CPUID.(EAX=ODH, ECX=0):VECTOR[I] = 1 ) // VECTOR is the 64-bit value of EDX:EAX 
Execute CPUID.(EAX=ODH, ECX = i) to examine size and offset for sub-leaf i; 
Fl; 


INPUT EAX = OFH: Returns Intel Resource Director Technology (Intel RDT) Monitoring Enumeration Information 


When CPUID executes with EAX set to OFH and ECX = 0, the processor returns information about the bit-vector 
representation of QoS monitoring resource types that are supported in the processor and maximum range of RMID 
values the processor can use to monitor of any supported resource types. Each bit, starting from bit 1, corresponds 
to a specific resource type if the bit is set. The bit position corresponds to the sub-leaf index (or ResID) that soft- 
ware must use to query QoS monitoring capability available for that type. See Table 3-8. 


When CPUID executes with EAX set to OFH and ECX = n (n >= 1, and is a valid ResID), the processor returns infor- 
mation software can use to program IA32_PQR_ASSOC, IA32_QM_EVTSEL MSRs before reading QoS data from the 
IA32_QM_CTR MSR. 
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INPUT EAX = 10H: Returns Intel Resource Director Technology (Intel RDT) Allocation Enumeration Information 


When CPUID executes with EAX set to 10H and ECX = 0, the processor returns information about the bit-vector 
representation of QoS Enforcement resource types that are supported in the processor. Each bit, starting from bit 
1, corresponds to a specific resource type if the bit is set. The bit position corresponds to the sub-leaf index (or 
ResID) that software must use to query QoS enforcement capability available for that type. See Table 3-8. 


When CPUID executes with EAX set to 10H and ECX = n(n >= 1, andisa valid ResID), the processor returns infor- 
mation about available classes of service and range of QoS mask MSRs that software can use to configure each 
class of services using capability bit masks in the QoS Mask registers, IA32_resourceType_Mask_n. 


INPUT EAX = 12H: Returns Intel SGX Enumeration Information 


When CPUID executes with EAX set to 12H and ECX = OH, the processor returns information about Intel SGX capa- 
bilities. See Table 3-8. 


When CPUID executes with EAX set to 12H and ECX = 1H, the processor returns information about Intel SGX attri- 
butes. See Table 3-8. 


When CPUID executes with EAX set to 12H and ECX = n(n > 1), the processor returns information about Intel SGX 
Enclave Page Cache. See Table 3-8. 


INPUT EAX = 14H: Returns Intel Processor Trace Enumeration Information 


When CPUID executes with EAX set to 14H and ECX = OH, the processor returns information about Intel Processor 
Trace extensions. See Table 3-8. 


When CPUID executes with EAX set to 14H and ECX = n (n > O and less than the number of non-zero bits in 
CPUID.(EAX=14H, ECX= 0OH).EAX), the processor returns information about packet generation in Intel Processor 
Trace. See Table 3-8. 

INPUT EAX = 15H: Returns Time Stamp Counter and Nominal Core Crystal Clock Information 


When CPUID executes with EAX set to 15H and ECX = OH, the processor returns information about Time Stamp 
Counter and Core Crystal Clock. See Table 3-8. 


INPUT EAX = 16H: Returns Processor Frequency Information 


When CPUID executes with EAX set to 16H, the processor returns information about Processor Frequency Informa- 
tion. See Table 3-8. 


INPUT EAX = 17H: Returns System-On-Chip Information 


When CPUID executes with EAX set to 17H, the processor returns information about the System-On-Chip Vendor 
Attribute Enumeration. See Table 3-8. 


INPUT EAX = 18H: Returns Deterministic Address Translation Parameters Information 


When CPUID executes with EAX set to 18H, the processor returns information about the Deterministic Address 
Translation Parameters. See Table 3-8. 


INPUT EAX = 19H: Returns Key Locker Information 
When CPUID executes with EAX set to 19H, the processor returns information about Key Locker. See Table 3-8. 


INPUT EAX = 1AH: Returns Hybrid Information 


When CPUID executes with EAX set to 1AH, the processor returns information about hybrid capabilities. See Table 
3-8. 


INPUT EAX = 1BH: Returns PCONFIG Information 


When CPUID executes with EAX set to 1BH, the processor returns information about PCONFIG capabilities. This 
information is enumerated in sub-leaves selected by the value of ECX (starting with 0). 
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Each sub-leaf of CPUID function 1BH enumerates its sub-leaf type in EAX. If a sub-leaf type is 0, the sub-leaf is 
invalid and zero is returned in EBX, ECX, and EDX. In this case, all subsequent sub-leaves (selected by larger input 
values of ECX) are also invalid. 


The only valid sub-leaf type currently defined is 1, meaning target identifier, indicating that the sub-leaf enumer- 
ates target identifiers for the PCONFIG instruction. Any non-zero value returned in EBX, ECX, or EDX indicates a 
valid target of the PCONFIG instruction (any value of zero should be ignored). The only target identifier currently 
defined is 1, indicating MKTME. See the “PCONFIG — Platform Configuration” instruction in Chapter 4 of the Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 2B for more information. 


INPUT EAX = 1CH: Returns Last Branch Record Information 


When CPUID executes with EAX set to 1CH, the processor returns information about LBRs (the architectural 
feature). See Table 3-8. 


INPUT EAX = 1FH: Returns V2 Extended Topology Information 


When CPUID executes with EAX set to 1FH, the processor returns information about extended topology enumera- 
tion data. Software must detect the presence of CPUID leaf 1FH by verifying (a) the highest leaf index supported 
by CPUID is >= 1FH, and (b) CPUID.1FH:EBX[15:0] reports a non-zero value. See Table 3-8. 


INPUT EAX = 20H: Returns History Reset Information 


When CPUID executes with EAX set to 20H, the processor returns information about History Reset. See Table 3-8. 


METHODS FOR RETURNING BRANDING INFORMATION 

Use the following techniques to access branding information: 

1. Processor brand string method. 

2. Processor brand index; this method uses a software supplied brand string table. 


These two methods are discussed in the following sections. For methods that are available in early processors, see 
Section: “Identification of Earlier IA-32 Processors” in Chapter 20 of the Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 1. 


The Processor Brand String Method 


Figure 3-9 describes the algorithm used for detection of the brand string. Processor brand identification software 
should execute this algorithm on all Intel 64 and IA-32 processors. 


This method (introduced with Pentium 4 processors) returns an ASCII brand identification string and the Processor 
Base frequency of the processor to the EAX, EBX, ECX, and EDX registers. 
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Input: EAX= 
0x80000000 


False Processor Brand 


IF (EAX & 0x80000000) 


Function | Tue 
Supported Extended 


EAX Return Value = 
Max. Extended CPUID 
Function Index 


IF (EAX Return Value 


String Not 
Supported 


True Processor Brand 


2 0x80000004) 


String Supported 


OM15194 


Figure 3-9. Determination of Support for the Processor Brand String 


How Brand Strings Work 


To use the brand string method, execute CPUID with EAX input of 8000002H through 80000004H. For each input 
value, CPUID returns 16 ASCII characters using EAX, EBX, ECX, and EDX. The returned string will be NULL-termi- 


nated. 


Table 3-13 shows the brand string that is returned by the first processor in the Pentium 4 processor family. 


Table 3-13. Processor Brand String Returned with Pentium 4 Processor 


EAX Input Value 


Return Values 


ASCII Equivalent 


80000002H 


80000003H 


EAX = 20202020H 
EBX = 20202020H 
ECX = 20202020H 
EDX = 6€492020H 
EAX = 286C6574H 
EBX = 50202952H 
ECX = 69746E65H 
EDX = 52286D75H 


“al 
“(let” 
"p )R" 
“itne" 
“R(mu" 
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Table 3-13. Processor Brand String Returned with Pentium 4 Processor (Contd.) 


EAX Input Value Return Values ASCII Equivalent 
80000004H EAX = 20342029H “4 
EBX = 20555043H “UPC” 
ECX = 30303531H "0051" 
EDX = 007A484DH “\OZHM" 


Extracting the Processor Frequency from Brand Strings 


Figure 3-10 provides an algorithm which software can use to extract the Processor Base frequency from the 
processor brand string. 


Scan "Brand String" in 
Reverse Byte Order 


"ZHM", or 
"ZHG", or 
"SHT" 


Match 
Substring 


IF Substring Matched 


False 
Report Error 


if "ZHM" 
True Multiplier = 1 x 10° 


Multiplier = 1 x 10° 
Determine "Multiplier" 


If "ZHT" ro ia 
Multiplier = 1 x 10 
Determine "Freq" 


Determine "Freq" 
and "Multiplier" 


Scan Digits 
Until Blank 


Reverse Digits 
To Decimal Value 


In Reverse Order 


Processor Base 
Frequency = 
"Freq" x "Multiplier" 


"Freq" = X.YZ if 
Digits = "ZY.X" 


Figure 3-10. Algorithm for Extracting Processor Frequency 


The Processor Brand Index Method 


The brand index method (introduced with Pentium® IIl Xeon® processors) provides an entry point into a brand 
identification table that is maintained in memory by system software and is accessible from system- and user-level 
code. In this table, each brand index is associate with an ASCII brand identification string that identifies the official 
Intel family and model number of a processor. 


When CPUID executes with EAX set to 1, the processor returns a brand index to the low byte in EBX. Software can 
then use this index to locate the brand identification string for the processor in the brand identification table. The 
first entry (brand index 0) in this table is reserved, allowing for backward compatibility with processors that do not 
support the brand identification feature. Starting with processor signature family ID = OFH, model = 03H, brand 
index method is no longer supported. Use brand string method instead. 


Table 3-14 shows brand indices that have identification strings associated with them. 
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Table 3-14. Mapping of Brand Indices; and Intel 64 and IA-32 Processor Brand Strings 


Brand Index Brand String 
OOH This processor does not support the brand identification feature 
01H Intel(R) Celeron(R) processor! 
02H Intel(R) Pentium(R) Ill processor! 
03H Intel(R) Pentium(R) Ill Xeon(R) processor; If processor signature = OOO006B1h, then Intel(R) Celeron(R) 
processor 
04H Intel(R) Pentium(R) Ill processor 
O6H Mobile Intel(R) Pentium(R) Ill processor-M 
07H Mobile Intel(R) Celeron(R) processor! 
08H Intel(R) Pentium(R) 4 processor 
OSH Intel(R) Pentium(R) 4 processor 
OAH Intel(R) Celeron(R) R) processor! 
OBH Intel(R) Xeon(R) processor; If processor signature = OQOOOOF1 3h, then Intel(R) Xeon(R) processor MP 
OCH Intel(R) Xeon(R) processor MP 
OEH Mobile Intel(R) Pentium(R) 4 processor-M; If processor signature = OOOOOF1 3h, then Intel(R) Xeon(R) processor 
OFH Mobile Intel(R) Celeron(R) processor! 
11H Mobile Genuine Intel(R) processor 
12H Intel(R) Celeron(R) M processor 
13H Mobile Intel(R) Celeron(R) processor! 
14H Intel(R) Celeron(R) processor 
15H Mobile Genuine Intel(R) processor 
16H Intel(R) Pentium(R) M processor 
17H Mobile Intel(R) Celeron(R) processor! 
18H - OFFH RESERVED 
NOTES: 


1. Indicates versions of these processors that were introduced after the Pentium Ill 


IA-32 Architecture Compatibility 


CPUID is not supported in early models of the Intel486 processor or in any IA-32 processor earlier than the 
Intel486 processor. 


Operation 


IA32_BlOS_SIGN_ID MSR := Update with installed microcode revision number; 


CASE (EAX) OF 
EAX = 0: 


EAX := Highest basic function input value understood by CPUID; 
EBX := Vendor identification string; 
EDX := Vendor identification string; 
ECX := Vendor identification string; 


BREAK; 
EAX = 1H: 


EAX[3:0] := Stepping ID; 


EAX[7:4] = 


Model; 


EAX[1 1:8] := Family; 
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EAX[13:12] := Processor type; 
EAX[15:14] := Reserved; 
EAX[19:16] := Extended Model; 
EAX[27:20] := Extended Family; 
EAX[31:28] := Reserved; 
EBX[7:0] := Brand Index; (* Reserved if the value is zero. *) 
EBX[15:8] := CLFLUSH Line Size; 
EBX[16:23] := Reserved; (* Number of threads enabled = 2 if MT enable fuse set. *) 
EBX[24:31] := Initial APIC ID; 
ECX := Feature flags; (* See Figure 3-7. *) 
EDX := Feature flags; (* See Figure 3-8. *) 
BREAK; 
EAX = 2H: 
EAX := Cache and TLB information; 
EBX := Cache and TLB information; 
ECX := Cache and TLB information; 
EDX := Cache and TLB information; 
BREAK; 
EAX = 3H: 
EAX := Reserved; 
EBX := Reserved; 
ECX := ProcessorSerialNumber[3 1:0]; 
(* Pentium Ill processors only, otherwise reserved. *) 
EDX := ProcessorSerialNumber[63:32]; 
(* Pentium Ill processors only, otherwise reserved. * 
BREAK 
EAX = 4H: 
EAX := Deterministic Cache Parameters Leaf; (* See Table 3-8. *) 
EBX := Deterministic Cache Parameters Leaf; 
ECX := Deterministic Cache Parameters Leaf; 
EDX := Deterministic Cache Parameters Leaf; 
BREAK; 
EAX = 5H: 
EAX := MONITOR/MWAIT Leaf; (* See Table 3-8. *) 
EBX := MONITOR/MWAIT Leaf; 
ECX := MONITOR/MWAIT Leaf; 
EDX := MONITOR/MWAIT Leaf; 
BREAK; 
EAX = 6H: 
EAX := Thermal and Power Management Leaf; (* See Table 3-8. *) 
EBX := Thermal and Power Management Leaf; 
ECX := Thermal and Power Management Leaf; 
EDX := Thermal and Power Management Leaf; 
BREAK; 
EAX = 7H: 
EAX := Structured Extended Feature Flags Enumeration Leaf; (* See Table 3-8. *) 
EBX := Structured Extended Feature Flags Enumeration Leaf; 
ECX := Structured Extended Feature Flags Enumeration Leaf; 
EDX := Structured Extended Feature Flags Enumeration Leaf; 
BREAK; 
EAX = 8H: 
EAX := Reserved = 0; 
EBX := Reserved = 0; 
ECX := Reserved = 0; 
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EDX := Reserved = 0; 
BREAK; 
EAX = SH: 
EAX := Direct Cache Access Information Leaf; (* See Table 3-8. *) 
EBX := Direct Cache Access Information Leaf; 
ECX :!= Direct Cache Access Information Leaf; 
EDX := Direct Cache Access Information Leaf; 
BREAK; 
EAX = AH: 
EAX := Architectural Performance Monitoring Leaf; (* See Table 3-8. *) 
EBX := Architectural Performance Monitoring Leaf; 
ECX := Architectural Performance Monitoring Leaf; 
EDX := Architectural Performance Monitoring Leaf; 
BREAK 
EAX = BH: 
EAX := Extended Topology Enumeration Leaf; (* See Table 3-8. *) 
EBX := Extended Topology Enumeration Leaf; 
ECX := Extended Topology Enumeration Leaf; 
EDX := Extended Topology Enumeration Leaf; 
BREAK; 
EAX = CH: 
EAX := Reserved = 0; 
EBX := Reserved = 0; 
ECX := Reserved = 0; 
EDX := Reserved = 0; 
BREAK; 
EAX = DH: 
EAX := Processor Extended State Enumeration Leaf; (* See Table 3-8. *) 
EBX := Processor Extended State Enumeration Leaf; 
ECX != Processor Extended State Enumeration Leaf; 
EDX := Processor Extended State Enumeration Leaf; 
BREAK; 
EAX = EH: 
EAX := Reserved = 0; 
EBX := Reserved = 0; 
ECX := Reserved = 0; 
EDX := Reserved = 0; 
BREAK; 
EAX = FH: 
EAX := Intel Resource Director Technology Monitoring Enumeration Leaf; (* See Table 3-8. *) 
EBX := Intel Resource Director Technology Monitoring Enumeration Leaf; 
ECX := Intel Resource Director Technology Monitoring Enumeration Leaf; 
EDX := Intel Resource Director Technology Monitoring Enumeration Leaf; 
BREAK; 
EAX = 10H: 
EAX := Intel Resource Director Technology Allocation Enumeration Leaf; (* See Table 3-8. *) 
EBX := Intel Resource Director Technology Allocation Enumeration Leaf; 
ECX := Intel Resource Director Technology Allocation Enumeration Leaf; 
EDX := Intel Resource Director Technology Allocation Enumeration Leaf; 
BREAK; 
EAX = 12H: 
EAX := Intel SGX Enumeration Leaf; (* See Table 3-8. *) 
EBX := Intel SGX Enumeration Leaf; 
ECX :!= Intel SGX Enumeration Leaf; 


CPUID—CPU Identification Vol.2A 3-253 


INSTRUCTION SET REFERENCE, A-L 


EDX := Intel SGX Enumeration Leaf; 
BREAK; 
EAX = 14H: 
EAX := Intel Processor Trace Enumeration Leaf; (* See Table 3-8. *) 
EBX := Intel Processor Trace Enumeration Leaf; 
ECX := Intel Processor Trace Enumeration Leaf; 
EDX := Intel Processor Trace Enumeration Leaf; 
BREAK; 
EAX = 15H: 
EAX := Time Stamp Counter and Nominal Core Crystal Clock Information Leaf; (* See Table 3-8. *) 
EBX := Time Stamp Counter and Nominal Core Crystal Clock Information Leaf; 
ECX := Time Stamp Counter and Nominal Core Crystal Clock Information Leaf; 
EDX := Time Stamp Counter and Nominal Core Crystal Clock Information Leaf; 
BREAK; 
EAX = 16H: 
EAX := Processor Frequency Information Enumeration Leaf; (* See Table 3-8. *) 
EBX := Processor Frequency Information Enumeration Leaf; 
ECX := Processor Frequency Information Enumeration Leaf; 
EDX := Processor Frequency Information Enumeration Leaf; 
BREAK; 
EAX = 17H: 
EAX := System-On-Chip Vendor Attribute Enumeration Leaf; (* See Table 3-8. *) 
EBX := System-On-Chip Vendor Attribute Enumeration Leaf; 
ECX := System-On-Chip Vendor Attribute Enumeration Leaf; 
EDX := System-On-Chip Vendor Attribute Enumeration Leaf; 
BREAK; 
EAX = 18H: 
EAX := Deterministic Address Translation Parameters Enumeration Leaf; (* See Table 3-8. *) 
EBX := Deterministic Address Translation Parameters Enumeration Leaf; 
ECX := Deterministic Address Translation Parameters Enumeration Leaf; 
EDX := Deterministic Address Translation Parameters Enumeration Leaf; 
BREAK; 
EAX = 19H: 
EAX := Key Locker Enumeration Leaf; (* See Table 3-8. *) 
EBX != Key Locker Enumeration Leaf; 
ECX := Key Locker Enumeration Leaf; 
EDX := Key Locker Enumeration Leaf; 
BREAK; 
EAX = 1AH: 
EAX := Hybrid Information Enumeration Leaf; (* See Table 3-8. *) 
EBX := Hybrid Information Enumeration Leaf; 
ECX := Hybrid Information Enumeration Leaf; 
EDX := Hybrid Information Enumeration Leaf; 
BREAK; 
EAX = 1BH: 
EAX := PCONFIG Information Enumeration Leaf; (* See “INPUT EAX = 1BH: Returns PCONFIG Information” on page 3-247. *) 
EBX := PCONFIG Information Enumeration Leaf; 
ECX := PCONFIG Information Enumeration Leaf; 
EDX := PCONFIG Information Enumeration Leaf; 
BREAK; 
EAX = 1CH: 
EAX := Last Branch Record Information Enumeration Leaf; (* See Table 3-8. *) 
EBX := Last Branch Record Information Enumeration Leaf; 
ECX := Last Branch Record Information Enumeration Leaf; 
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EDX := Last Branch Record Information Enumeration Leaf; 
BREAK; 
EAX = 1FH: 
EAX := V2 Extended Topology Enumeration Leaf; (* See Table 3-8. *) 
EBX := V2 Extended Topology Enumeration Leaf; 
ECX := V2 Extended Topology Enumeration Leaf; 
EDX := V2 Extended Topology Enumeration Leaf; 
BREAK; 
EAX = 20H: 
EAX := Processor History Reset Sub-leaf; (* See Table 3-8. *) 
EBX := Processor History Reset Sub-leaf; 
ECX := Processor History Reset Sub-leaf; 
EDX := Processor History Reset Sub-leaf; 
BREAK; 
EAX = 80000000H: 
EAX := Highest extended function input value understood by CPUID; 
EBX := Reserved; 
ECX := Reserved; 
EDX := Reserved; 
BREAK; 
EAX = 80000001H: 
EAX := Reserved; 
EBX := Reserved; 
ECX := Extended Feature Bits (* See Table 3-8.*); 
EDX := Extended Feature Bits (* See Table 3-8. *); 
BREAK; 
EAX = 80000002H: 
EAX := Processor Brand String; 
EBX := Processor Brand String, continued; 
ECX := Processor Brand String, continued; 
EDX := Processor Brand String, continued; 
BREAK; 
EAX = 80000003H: 
EAX := Processor Brand String, continued; 
EBX := Processor Brand String, continued; 
ECX := Processor Brand String, continued; 
EDX := Processor Brand String, continued; 
BREAK; 
EAX = 80000004H: 
EAX := Processor Brand String, continued; 
EBX := Processor Brand String, continued; 
ECX := Processor Brand String, continued; 
EDX := Processor Brand String, continued; 
BREAK; 
EAX = 80000005H: 
EAX := Reserved = 0; 
EBX := Reserved = 0; 
ECX := Reserved = 0; 
EDX := Reserved = 0; 
BREAK; 
EAX = 80000006H: 
EAX := Reserved = 0; 
EBX := Reserved = 0; 
ECX != Cache information; 
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EDX := Reserved = 0; 
BREAK; 
EAX = 80000007H: 
EAX := Reserved = 0; 
EBX := Reserved = 0; 
ECX := Reserved = 0; 
EDX := Reserved = Misc Feature Flags; 
BREAK; 
EAX = 80000008H: 
EAX := Reserved = Physical Address Size Information; 
EBX := Reserved = Virtual Address Size Information; 
ECX := Reserved = 0; 
EDX := Reserved = 0; 
BREAK; 
EAX >= 40000000H and EAX <= 4FFFFFFFH: 
DEFAULT: (* EAX = Value outside of recognized range for CPUID. *) 
(* If the highest basic information leaf data depend on ECX input value, ECX is honored.*) 
EAX := Reserved; (* Information returned for highest basic information leaf. *) 
EBX := Reserved; (* Information returned for highest basic information leaf. *) 
ECX := Reserved; (* Information returned for highest basic information leaf. *) 
EDX := Reserved; (* Information returned for highest basic information leaf. *) 
BREAK; 
ESAC; 


Flags Affected 
None. 


Exceptions (All Operating Modes) 
#UD If the LOCK prefix is used. 


In earlier IA-32 processors that do not support the CPUID instruction, execution of the instruc- 
tion results in an invalid opcode (#UD) exception being generated. 
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CRC32 — Accumulate CRC32 Value 


Opcode/ Op/ | 64-Bit Compat/ |Description 

Instruction En |Mode Leg Mode 

F2 OF 38 FO /r RM_ | Valid Valid Accumulate CRC32 on r/mé. 
CRC32 r32, r/m8 

F2 REX OF 38 FO /r RM_ | Valid N.E. Accumulate CRC32 on r/mé. 
CRC32 r32, r/m8* 

F2 OF 38 F1 /r RM_ | Valid Valid Accumulate CRC32 on r/m16. 
CRC32 r32, r/m16 

F2 OF 38 F1 /r RM_ | Valid Valid Accumulate CRC32 on r/m32. 
CRC32 r32, r/m32 

F2 REX.W OF 38 FO /r RM_ | Valid N.E. Accumulate CRC32 on r/mé. 
CRC32 r64, r/m8 

F2 REX.W OF 38 F1 /r RM_ | Valid N.E. Accumulate CRC32 on r/m64. 
CRC32 164, r/m64 

NOTES: 


*In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
Description 


Starting with an initial value in the first operand (destination operand), accumulates a CRC32 (polynomial 
11EDC6F41H) value for the second operand (source operand) and stores the result in the destination operand. The 
source operand can be a register or a memory location. The destination operand must be an r32 or r64 register. If 
the destination is an r64 register, then the 32-bit result is stored in the least significant double word and 
OOOOOOOOH is stored in the most significant double word of the r64 register. 


The initial value supplied in the destination operand is a double word integer stored in the r32 register or the least 
significant double word of the r64 register. To incrementally accumulate a CRC32 value, software retains the result 
of the previous CRC32 operation in the destination operand, then executes the CRC32 instruction again with new 
input data in the source operand. Data contained in the source operand is processed in reflected bit order. This 
means that the most significant bit of the source operand is treated as the least significant bit of the quotient, and 
so on, for all the bits of the source operand. Likewise, the result of the CRC operation is stored in the destination 
operand in reflected bit order. This means that the most significant bit of the resulting CRC (bit 31) is stored in the 
least significant bit of the destination operand (bit 0), and so on, for all the bits of the CRC. 


Operation 


Notes: 


BIT_REFLECT64: DST[63-0] = SRC[O-63] 
BIT_REFLECT32: DST[31-0] = SRC[O-31] 
BIT_REFLECT 16: DST[15-0] = SRC[O-15] 
BIT_REFLECTS8: DST[7-0] = SRC[O-7] 

MOD2: Remainder from Polynomial division modulus 2 
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CRC32 instruction for 64-bit source operand and 64-bit destination operand: 


TEMP1[63-0] := BIT_REFLECT64 (SRC[63-0]) 
TEMP2[31-0] := BIT_REFLECT32 (DEST[31-0]) 
TEMP3[95-0] := TEMP1[63-0] « 32 

TEMP4[95-0] := TEMP2[31-0] « 64 

TEMP5[95-0] := TEMP3[95-0] XOR TEMP4[95-0] 
TEMP6[31-0] := TEMP5[95-0] MOD2 11EDC6F41H 
DEST[31-0] := BIT_REFLECT (TEMP6[31-0]) 
DEST[63-32] = 0O000000H 


CRC32 instruction for 32-bit source operand and 32-bit destination operand: 


TEMP 1[31-0] = BIT_REFLECT32 (SRC[31-0]) 
TEMP2[31-0] = BIT_REFLECT32 (DEST[31-0]) 
TEMP3[63-0] := TEMP1[31-0] « 32 

TEMP4[63-0] := TEMP2[31-0] « 32 

TEMP5[63-0] := TEMP3[63-0] XOR TEMP4[63-0] 
TEMP6[31-0] := TEMP5[63-0] MOD2 11EDC6F41H 
DEST[31-0] := BIT_REFLECT (TEMP6[31-0]) 


CRC32 instruction for 16-bit source operand and 32-bit destination operand: 


TEMP1[15-0] := BIT_REFLECT16 (SRC[15-0)]) 
TEMP2[31-0] := BIT_REFLECT32 (DEST[31-0]) 
TEMP3[47-0] := TEMP1[15-0] « 32 

TEMP4[47-0] := TEMP2[31-0] « 16 

TEMP5[47-0] := TEMP3[47-0] XOR TEMP4[47-0] 
TEMP6[31-0] := TEMP5[47-0] MOD2 11EDC6F41H 
DEST[31-0] := BIT_REFLECT (TEMP6[31-0]) 


CRC32 instruction for 8-bit source operand and 64-bit destination operand: 


TEMP1[7-0] := BIT_REFLECTS(SRC[7-0]) 
TEMP2[31-0] := BIT_REFLECT32 (DEST[31-0]) 
TEMP3[39-0] := TEMP1[7-0] « 32 

TEMP4[39-0] := TEMP2[31-0] « 8 

TEMP5[39-0] := TEMP3[39-0] XOR TEMP4[39-0] 
TEMP6[31-0] := TEMP5[39-0] MOD2 11EDC6F41H 
DEST[31-0] := BIT_REFLECT (TEMP6[31-0]) 
DEST[63-32] = OO000000H 


CRC32 instruction for 8-bit source operand and 32-bit destination operand: 


TEMP1[7-0] := BIT_REFLECT8(SRC[7-0]) 
TEMP2[31-0] = BIT_REFLECT32 (DEST[31-0]) 
TEMP3[39-0] := TEMP1[7-0] « 32 

TEMP4[39-0] := TEMP2[31-0] « 8 

TEMP5[39-0] := TEMP3[39-0] XOR TEMP4[39-0] 
TEMP6[31-0] := TEMP5[39-0] MOD2 11EDC6F41H 
DEST[31-0] := BIT_REFLECT (TEMP6[31-0]) 


Flags Affected 
None 
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Intel C/C++ Compiler Intrinsic Equivalent 


unsigned int _mm_crc32_u8( unsigned int crc, unsigned char data ) 

unsigned int _mm_crc32_u16( unsigned int crc, unsigned short data ) 

unsigned int __mm_crc32_u32( unsigned int crc, unsigned int data ) 

unsigned __int64 _mm_crc32_u64( unsigned __int64 crc, unsigned __int64 data ) 


SIMD Floating Point Exceptions 
None 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS or GS segments. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF (fault-code) For a page fault. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If CPUID.01H:ECX.SSE4_2 [Bit 20] = 0. 


If LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP(0) If any part of the operand lies outside of the effective address space from 0 to OFFFFH. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#UD If CPUID.01H:ECX.SSE4_2 [Bit 20] = 0. 


If LOCK prefix is used. 


Virtual 8086 Mode Exceptions 


#GP(0) If any part of the operand lies outside of the effective address space from 0 to OFFFFH. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF (fault-code) For a page fault. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If CPUID.01H:ECX.SSE4_2 [Bit 20] = 0. 


If LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in Protected Mode. 


64-Bit Mode Exceptions 


#GP(0) If the memory address is in a non-canonical form. 

#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#PF (fault-code) For a page fault. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If CPUID.OLH:ECX.SSE4_2 [Bit 20] = 0. 


If LOCK prefix is used. 
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CVTDQ2PD—Convert Packed Doubleword Integers to Packed Double-Precision Floating-Point 


Values 
Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
F3 OF E6 /r A VIV SSE2 Convert two packed signed doubleword integers from 
CVTDQ2PD xmm1, xmm2/m64 xmm2/mem to two packed double-precision floating- 
point values in xmm1. 
VEX.128.F3.0F.WIG E6 /r A VIV AVX Convert two packed signed doubleword integers from 
VCVTDQ2PD xmm1, xmm2/m64 xmm2/mem to two packed double-precision floating- 
point values in xmm1. 
VEX.256.F3.0F.WIG E6 /r A VIV AVX Convert four packed signed doubleword integers from 
VCVTDQ2PD ymm1, xmm2/m128 xmm2/mem to four packed double-precision floating- 
point values in ymm1. 
EVEX.128.F3.0F.WO E6 /r B VIV AVX512VL | Convert 2 packed signed doubleword integers from 
VCVTDQ2PD xmm1 {k1}{2}, AVX512F xmm2/m64/m32bcst to eight packed double-precision 
xmm2/m64/m32bcst floating-point values in xmm1 with writemask k1. 
EVEX.256.F3.0F.WO E6 /r B VIV AVX512VL | Convert 4 packed signed doubleword integers from 
VCVTDQ2PD ymm1 {k1}{Z}, AVX512F xmm2/m128/m32bcst to 4 packed double-precision 
xmme2/m1 28/m32bcst floating-point values in ymm1 with writemask k1. 
EVEX.512.F3.0F.WO E6 /r B VIV AVX512F Convert eight packed signed doubleword integers from 
VCVTDQ2PD zmm1 {k1}{Z}, ymm2/m256/m32bcst to eight packed double-precision 
ymm2/m256/m32bcst floating-point values in zmm1 with writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Half ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts two, four or eight packed signed doubleword integers in the source operand (the second operand) to two, 
four or eight packed double-precision floating-point values in the destination operand (the first operand). 


EVEX encoded versions: The source operand can be a YMM/XMM/XMM (low 64 bits) register, a 256/128/64-bit 
memory location or a 256/128/64-bit vector broadcasted from a 32-bit memory location. The destination operand 
is aZMM/YMM/XMM register conditionally updated with writemask k1. Attempt to encode this instruction with EVEX 
embedded rounding is ignored. 

VEX.256 encoded version: The source operand is an XMM register or 128- bit memory location. The destination 
operand is a YMM register. 


VEX.128 encoded version: The source operand is an XMM register or 64- bit memory location. The destination 
operand is a XMM register. The upper Bits (MAXVL-1:128) of the corresponding ZMM register destination are 
zeroed. 


128-bit Legacy SSE version: The source operand is an XMM register or 64- bit memory location. The destination 
operand is an XMM register. The upper Bits (MAXVL-1:128) of the corresponding ZMM register destination are 
unmodified. 


VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, otherwise instructions will #UD. 
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SRC X3 X2 x1 


XO 


DEST X3 X2 x1 


XO 


Figure 3-11. CVTDQ2PD (VEX.256 encoded version) 


Operation 


VCVTDQ2PD (EVEX encoded versions) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 

i:=j* 64 

k:=j* 32 

IF k1[j] OR *no writemask* 

THEN DEST[i+63:i] := 
Convert_Integer_To_Double_Precision_Floating_Point(SRC[k+31:k]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VCVTDQ2PD (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
k:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
Convert_Integer_To_Double_Precision_Floating_Point(SRC[31:0]) 
ELSE 
DEST[i+63:i] := 
Convert_Integer_To_Double_Precision_Floating_Point(SRC[k+31:k]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTDQ2PD (VEX.256 encoded version) 

DEST[63:0] := Convert_Integer_To_Double_Precision_Floating_Point(SRC[31:0]) 
DEST[1 27:64] := Convert_Integer_To_Double_Precision_Floating_Point(SRC[63:32]) 
DEST[191:128] := Convert_Integer_To_Double_Precision_Floating_Point(SRC[95:64]) 
DEST[255:192] := Convert_Integer_To_Double_Precision_Floating_Point(SRC[1 27:96) 
DEST[MAXVL-1:256] := 0 


VCVTDQ2PD (VEX.128 encoded version) 

DEST[63:0] := Convert_Integer_To_Double_Precision_Floating_Point(SRC[31:0]) 
DEST[1 27:64] := Convert_Integer_To_Double_Precision_Floating_Point(SRC[63:32]) 
DEST[MAXVL-1:128] := 0 


CVTDQ2PD (128-bit Legacy SSE version) 

DEST[63:0] := Convert_Integer_To_Double_Precision_Floating_Point(SRC[31:0]) 
DEST[1 27:64] := Convert_Integer_To_Double_Precision_Floating_Point(SRC[63:32]) 
DEST[MAXVL-1:128] (unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 

VCVTDQ2PD __m512d_mm512_cvtepi32_pd(__m256i a); 

VCVTDQ2PD __m512d_mm512_mask_cvtepi32_pd(__m512ds,___mmask8 k, __m256i a); 
VCVTDQ2PD __m512d_mm512_maskz_cvtepi32_pd(__mmask8 k, __m256i a); 
VCVTDQ2PD __m256d _mm256_cvtepi32_pd (__m128i src); 

VCVTDQ2PD __m256d _mm256_mask_cvtepi32_pd(__m256d s,___ mmask8 k, 
VCVTDQ2PD __m256d __mm256_maskz_cvtepi32_pd(__mmask8 k, __m256i a); 
VCVTDQ2PD __m128d __mm_mask_cvtepi32_pd(__m128d s, ___mmask8 k, __m128i a); 
VCVTDQ2PD __m128d _mm_maskz_cvtepi32_pd(__mmask8 k, __m128i a); 
CVTDQ2PD __m128d __mm_cvtepi32_pd (__m128i src) 


m256i a); 
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Other Exceptions 

VEX-encoded instructions, see Table 2-22, “Type 5 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-51, “Type E5 Class Exception Conditions”. 
Additionally: 

#UD If VEX.vvvv != 1111B or EVEX.vvvwv != 11118. 
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CVTDQ2PS—Convert Packed Doubleword Integers to Packed Single-Precision Floating-Point 
Values 


Opcode Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
NP OF 5B /r A VV SSE2 Convert four packed signed doubleword integers from 
CVTDQ2PS xmm1, xmm2/m128 xmm2/mem to four packed single-precision floating- 
point values in xmm1. 
VEX.128.0F.WIG 5B /r A VV AVX Convert four packed signed doubleword integers from 
VCVTDQ2PS xmm1, xmm2/m128 xmm2/mem to four packed single-precision floating- 
point values in xmm1. 
VEX.256.0F.WIG 5B /r A VIV AVX Convert eight packed signed doubleword integers from 
VCVTDQ2PS ymm1, ymm2/m256 ymm2/mem to eight packed single-precision floating- 
point values in ymm1. 
EVEX.128.0F.WO 5B /r B VIN AVX512VL | Convert four packed signed doubleword integers from 
VCVTDQ2PS xmm1 {k1}{Z}, AVX512F xmm2/m128/m32bcst to four packed single-precision 
xmme2/m1 28/m32bcst floating-point values in xmm1 with writemask k1. 
EVEX.256.0F.WO 5B /r B VV AVX512VL | Convert eight packed signed doubleword integers from 
VCVTDQ2PS ymm1 {k1}{Z}, AVX512F ymm2/m256/m32bcst to eight packed single-precision 
ymm2/m256/m32bcst floating-point values in ymm1 with writemask k1. 
EVEX.512.0F.WO 5B /r B VV AVX512F Convert sixteen packed signed doubleword integers 
VCVTDQ2PS zmm1 {k1}{Z}, from zmm2/m512/m32bcst to sixteen packed single- 
zmm2/m512/m32bcst{er} precision floating-point values in zmm1 with writemask 
k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts four, eight or sixteen packed signed doubleword integers in the source operand to four, eight or sixteen 
packed single-precision floating-point values in the destination operand. 

EVEX encoded versions: The source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location 
or a 512/256/128-bit vector broadcasted from a 32-bit memory location. The destination operand is a 
ZMM/YMM/XMM register conditionally updated with writemask k1. 


VEX.256 encoded version: The source operand is a YMM register or 256- bit memory location. The destination 
operand is a YMM register. Bits (MAXVL-1:256) of the corresponding register destination are zeroed. 


VEX.128 encoded version: The source operand is an XMM register or 128- bit memory location. The destination 
operand is a XMM register. The upper bits (MAXVL-1:128) of the corresponding register destination are zeroed. 


128-bit Legacy SSE version: The source operand is an XMM register or 128- bit memory location. The destination 
operand is an XMM register. The upper Bits (MAXVL-1:128) of the corresponding register destination are unmodi- 
fied. 


VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, otherwise instructions will #UD. 
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Operation 


VCVTDQ2PS (EVEX encoded versions) when SRC operand is a register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); ; refer to Table 15-4 in the Intel® 64 and IA-32 Architectures 
Software Developer's Manual, Volume 1 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); ; refer to Table 15-4 in the Intel® 64 and IA-32 Architectures 
Software Developer's Manual, Volume 1 
Fl; 


FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
Convert_Integer_To_Single_Precision_Floating_Point(SRC[i+31:i]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTDQ2PS (EVEX encoded versions) when SRC operand is a memory source 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
Convert_Integer_To_Single_Precision_Floating_Point(SRC[31:0]) 
ELSE 
DEST[i+31:i] := 
Convert_Integer_To_Single_Precision_Floating_Point(SRC[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VCVTDQ2PS (VEX.256 encoded version) 

DEST[31:0] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[31:0]) 
DEST[63:32] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[63:32]) 
DEST[95:64] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[95:64]) 
DEST[1 27:96] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[1 27:96) 
DEST[159:1 28] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[159:128]) 
DEST[191:160] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[191:160]) 
DEST[223:192] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[223:192]) 
DEST[255:224] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[255:224) 
DEST[MAXVL-1:256] := 0 


VCVTDQ2PS (VEX.128 encoded version) 

DEST[31:0] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[31:0]) 
DEST[63:32] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[63:32]) 
DEST[95:64] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[95:64]) 
DEST[1 27:96] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[127z:96) 
DEST[MAXVL-1:128] := 0 


CVTDQ2PS (128-bit Legacy SSE version) 

DEST[31:0] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[31:0]) 
DEST[63:32] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[63:32]) 
DEST[95:64] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[95:64]) 
DEST[1 27:96] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[127z:96) 
DEST[MAXVL-1:128] (unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 

VCVTDQ2PS __m512 _mm512_cvtepi32_ps(__m512i a); 

VCVTDQ2PS __m512_mm512_mask_cvtepi32_ps(__m512 s,__ mmask16 k,___m512i a); 
VCVTDQ2PS __m512 _mm512_maskz_cvtepi32_ps(___mmask16 k, __m512i a); 
VCVTDQ2PS __m512 _mm512_cvt_roundepi32_ps(_m512i a, int r); 

VCVTDQ2PS __m512 _mm512_mask_cvt_roundepi_ps(__m512 s,__mmask16 k,___m512i a, int r); 
VCVTDQ2PS __m512 _mm512_maskz_cvt_roundepi32_ps(_mmask16 k,__m512i a, int r); 
VCVTDQ2PS __m256 __mm256_mask_cvtepi32_ps(__m256 s,__mmask8 k, __m256i a); 
VCVTDQ2PS __m256 __mm256_maskz_cvtepi32_ps(___mmask8 k, __m256i a); 
VCVTDQ2PS __m128_mm_mask_cvtepi32_ps(__m128 s,___mmask8 k, __m128i a); 
VCVTDQ2PS __m128 _mm_maskz_cvtepi32_ps(__mmask8 k, __m128i a); 

CVTDQ2PS __m256 __mm256_cvtepi32_ps (__m256i src) 

CVTDQ2PS __m128 _mm_cvtepi32_ps (__m128i src) 


SIMD Floating-Point Exceptions 
Precision 


Other Exceptions 

VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
Additionally: 

#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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CVTPD2DQ—Convert Packed Double-Precision Floating-Point Values to Packed Doubleword 


Integers 
Opcode Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
F2 OF E6 /r A VIV SSE2 Convert two packed double-precision floating-point 
CVTPD2DQ xmm1, xmm2/m128 values in xmm2/mem to two signed doubleword 
integers in xmm1. 
VEX.128.F2.0F.WIG E6 /r A VIV AVX Convert two packed double-precision floating-point 
VCVTPD2DQ xmm1, xmm2/m128 values in xmm2/mem to two signed doubleword 
integers in xmm1. 
VEX.256.F2.0F.WIG E6 /r A VIV AVX Convert four packed double-precision floating-point 
VCVTPD2DQ xmm1, ymm2/m256 values in ymm2/mem to four signed doubleword 
integers in xmm1. 
EVEX.128.F2.0F.W1 E6 /r B VIV AVX512VL | Convert two packed double-precision floating-point 
VCVTPD2DQ xmm1 {k1}{Z}, AVX512F values in xmm2/m1 28/m64bcst to two signed 
xmm2/m128/m64bcst doubleword integers in xmm1 subject to writemask k1. 
EVEX.256.F2.0F.W1 E6 /r B VIV AVX512VL | Convert four packed double-precision floating-point 
VCVTPD2DQ xmm1 {k1}{Z}, AVX512F values in ymnm2/m256/m64bcst to four signed 
ymm2/m256/m64bcst doubleword integers in xmm1 subject to writemask k1. 
EVEX.512.F2.0F.W1 E6 /r B VIV AVX512F Convert eight packed double-precision floating-point 
VCVTPD2DQ ymm1 {k1}{Z}, values in zmm2/m512/m64bcst to eight signed 
zmm2/m512/m64bcst{er} doubleword integers in ymm1 subject to writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts packed double-precision floating-point values in the source operand (second operand) to packed signed 
doubleword integers in the destination operand (first operand). 


When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MXCSR 
register or the embedded rounding control bits. If a converted result cannot be represented in the destination 
format, the floating-point invalid exception is raised, and if this exception is masked, the indefinite integer value 
(2-1, where w represents the number of bits in the destination format) is returned. 


EVEX encoded versions: The source operand is a ZMM/YMM/XMM register, a 512-bit memory location, or a 512-bit 
vector broadcasted from a 64-bit memory location. The destination operand is a ZMM/YMM/XMM register condi- 
tionally updated with writemask k1. The upper bits (MAXVL-1:256/128/64) of the corresponding destination are 
zeroed. 


VEX.256 encoded version: The source operand is a YMM register or 256- bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding ZMM register destination are 
zeroed. 


VEX.128 encoded version: The source operand is an XMM register or 128- bit memory location. The destination 
operand is a XMM register. The upper bits (MAXVL-1:64) of the corresponding ZMM register destination are zeroed. 


128-bit Legacy SSE version: The source operand is an XMM register or 128- bit memory location. The destination 
operand is an XMM register. Bits[127:64] of the destination XMM register are zeroed. However, the upper bits 
(MAXVL-1:128) of the corresponding ZMM register destination are unmodified. 


VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, otherwise instructions will #UD. 
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SRC X3 X2 x1 XO 


DEST 0 X3 X2 X1 XO 


Figure 3-12. VCVTPD2DQ (VEX.256 encoded version) 


Operation 


VCVTPD2DQ (EVEX encoded versions) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 


FOR j := 0 TO KL-1 
i:=j* 32 
k:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] := 
Convert_Double_Precision_Floating_Point_To_Integer(SRC[k+63:k]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0 
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VCVTPD2DQ (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j:= 0 TO KL-1 


i:=j* 32 
k:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
Convert_Double_Precision_Floating_Point_To_Integer(SRC[63:0]) 
ELSE 
DEST[i+31:i] := 
Convert_Double_Precision_Floating_Point_To_Integer(SRC[k+63:k]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0 


VCVTPD2DQ (VEX.256 encoded version) 

DEST[31:0] := Convert_Double_Precision_Floating_Point_To_Integer(SRC[63:0]) 
DEST[63:32] := Convert_Double_Precision_Floating_Point_To_Integer(SRC[1 27:64]) 
DEST[95:64] := Convert_Double_Precision_Floating_Point_To_Integer(SRC[191:128)]) 
DEST[1 27:96] := Convert_Double_Precision_Floating_Point_To_Integer(SRC[255:192) 
DEST[MAXVL-1:128] := 0 


VCVTPD2DQ (VEX.128 encoded version) 

DEST[31:0] := Convert_Double_Precision_Floating_Point_To_Integer(SRC[63:0}]) 
DEST[63:32] := Convert_Double_Precision_Floating_Point_To_Integer(SRC[1 27:64]) 
DEST[MAXVL-1:64] := 0 


CVTPD2DQ (128-bit Legacy SSE version) 

DEST[31:0] := Convert_Double_Precision_Floating_Point_To_Integer(SRC[63:0]) 
DEST[63:32] := Convert_Double_Precision_Floating_Point_To_Integer(SRC[1 27:64]) 
DEST[127:64] := 0 

DEST[MAXVL-1:128] (unmodified) 
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Intel C/C++ Compiler Intrinsic Equivalent 


VCVTPD2DQ __m256i__mm512_cvtpd_epi32(_m512d a); 

VCVTPD2DQ __m256i__mm512_mask_cvtpd_epi32(__m256i s,___ mmask8 k, 
VCVTPD2DQ __m256i__mm512_maskz_cvtpd_epi32(__mmask8 k,___m512d a); 

VCVTPD2DQ __m256i__mm512_cvt_roundpd_epi32(__m512d a, int r); 

VCVTPD2DQ __m256i__mm512_mask_cvt_roundpd_epi32(__m256i s,__mmask8 k,___m512d a, int 1); 
VCVTPD2DQ __m256i __mm512_maskz_cvt_roundpd_epi32(__mmask8 k,___m512d a, int r); 
VCVTPD2DQ __m128i__mm256_mask_cvtpd_epi32(__m128i s,___ mmask8 k, __m256d a); 
VCVTPD2DQ __m128i__mm256_maskz_cvtpd_epi32(__mmask8 k, __m256d a); 

VCVTPD2DQ __m128i__mm_mask_cvtpd_epi32(__m128i s,___mmask8 k, __m128d a); 

VCVTPD2DQ __m128i __mm_maskz_cvtpd_epi32(__mmask8 k, __m128d a); 

VCVTPD2DQ __m128i_mm256_cvtpd_epi32 (__m256d src) 

CVTPD2DQ __m128i __mm_cvtpd_epi32 (__m128d src) 


m512d a); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 

See Table 2-19, “Type 2 Class Exception Conditions”. 

EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
Additionally: 

#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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CVTPD2Pi—Convert Packed Double-Precision FP Values to Packed Dword Integers 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En Mode Feature 
Support | Flag 
66 OF 2D /r RM VIV SSE2 Convert two packed double-precision floating- 
CVTPD2PI mm, xmm/m128 point values from xmm/m128 to two packed 
signed doubleword integers in mm. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts two packed double-precision floating-point values in the source operand (second operand) to two packed 
signed doubleword integers in the destination operand (first operand). 


The source operand can be an XMM register or a 128-bit memory location. The destination operand is an MMX tech- 
nology register. 


When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MKCSR 
register. If a converted result is larger than the maximum signed doubleword integer, the floating-point invalid 
exception is raised, and if this exception is masked, the indefinite integer value (80000000H) is returned. 


This instruction causes a transition from x87 FPU to MMX technology operation (that is, the x87 FPU top-of-stack 
pointer is set to 0 and the x87 FPU tag word is set to all Os [valid]). If this instruction is executed while an x87 FPU 
floating-point exception is pending, the exception is handled before the CVTPD2PI instruction is executed. 


In 64-bit mode, use of the REX.R prefix permits this instruction to access additional registers (XMM8-XMM15). 
Operation 


DEST[31:0] := Convert_Double_Precision_Floating_Point_To_Integer32(SRC[63:0)); 
DEST[63:32] := Convert_Double_Precision_Floating_Point_To_Integer32(SRC[127:64)); 


Intel C/C++ Compiler Intrinsic Equivalent 
CVTPD1PI: m64 _mm_cvtpd_pi32(__m128d a) 


SIMD Floating-Point Exceptions 
Invalid, Precision. 


Other Exceptions 


See Table 22-4, “Exception Conditions for Legacy SIMD/MMxX Instructions with FP Exception and 16-Byte Align- 
ment” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3B. 
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CVTPD2PS—Convert Packed Double-Precision Floating-Point Values to Packed Single-Precision 
Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 

66 OF 5A /r A VIV SSE2 Convert two packed double-precision floating-point 

CVTPD2PS xmm1, xmm2/m128 values in xmm2/mem to two single-precision 
floating-point values in xmm1. 

VEX.128.66.0F.WIG 5A /r A VIV AVX Convert two packed double-precision floating-point 

VCVTPD2PS xmm1, xmm2/m128 values in xmm2/mem to two single-precision 
floating-point values in xmm1. 

VEX.256.66.0F.WIG 5A /r A VIV AVX Convert four packed double-precision floating-point 

VCVTPD2PS xmm1, ymm2/m256 values in ymm2/mem to four single-precision 
floating-point values in xmm1. 

EVEX.128.66.0F.W1 5A /r B VIV AVX512VL | Convert two packed double-precision floating-point 

VCVTPD2PS xmm1 {k1}{Z}, AVX512F values in xmm2/m128/m64bcst to two single- 

xmme2/m1 28/m64bcst precision floating-point values in xmm1 with 
writemask k1. 

EVEX.256.66.0F.W1 5A /r B VV AVX512VL | Convert four packed double-precision floating-point 

VCVTPD2PS xmm1 {k1}{Z}, AVX512F values in ymm2/m256/m64bcst to four single- 

ymm2/m256/m64bcst precision floating-point values in xmm1 with 
writemask k1. 

EVEX.512.66.0F.W1 5A /r B VIV AVX512F Convert eight packed double-precision floating-point 

VCVTPD2PS ymm1 {k1}{Z}, values in zmm2/m512/m64bcst to eight single- 

zmm2/m512/m64bcst{er} precision floating-point values in ymm1 with 
writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts two, four or eight packed double-precision floating-point values in the source operand (second operand) 
to two, four or eight packed single-precision floating-point values in the destination operand (first operand). 


When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MKCSR 
register or the embedded rounding control bits. 


EVEX encoded versions: The source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory location, or 
a 512/256/128-bit vector broadcasted from a 64-bit memory location. The destination operand is a 
YMM/XMM/XMM (low 64-bits) register conditionally updated with writemask ki. The upper bits (MAXVL- 
1:256/128/64) of the corresponding destination are zeroed. 


VEX.256 encoded version: The source operand is a YMM register or 256- bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding ZMM register destination are 
zeroed. 

VEX.128 encoded version: The source operand is an XMM register or 128- bit memory location. The destination 
operand is a XMM register. The upper bits (MAXVL-1:64) of the corresponding ZMM register destination are zeroed. 


128-bit Legacy SSE version: The source operand is an XMM register or 128- bit memory location. The destination 
operand is an XMM register. Bits[127:64] of the destination XMM register are zeroed. However, the upper Bits 
(MAXVL-1:128) of the corresponding ZMM register destination are unmodified. 


VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 
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SRC X3 


X2 


x1 


XO 


DEST 


X3 


X2 


X1 


x0 


Figure 3-13. VCVTPD2PS (VEX.256 encoded version) 


Operation 


VCVTPD2PS (EVEX encoded version) when src operand is a register 


(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 


SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 


ELSE 


SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 


FOR j := 0 TO KL-1 
i:=j* 32 
k:=j* 64 
IF k1[j] OR *no writemask* 
THEN 


DEST[i+31:i] := Convert_Double_Precision_Floating_Point_To_Single_Precision_Floating_Point(SRC[k+63:k]) 


ELSE 
IF *merging-masking* 


ELSE 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL/2] := 0 
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; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
; zeroing-masking 
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VCVTPD2PS (EVEX encoded version) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
k:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] :=Convert_Double_Precision_Floating_Point_To_Single_Precision_Floating_Point(SRC[63:0]) 
ELSE 
DEST[i+31:i] := Convert_Double_Precision_Floating_Point_To_Single_Precision_Floating_Point(SRC[k+63:k]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0 


VCVTPD2PS (VEX.256 encoded version) 

DEST[31:0] := Convert_Double_Precision_To_Single_Precision_Floating_Point(SRC[63:0]) 
DEST[63:32] := Convert_Double_Precision_To_Single_Precision_Floating_Point(SRC[1 27:64]) 
DEST[95:64] := Convert_Double_Precision_To_Single_Precision_Floating_Point(SRC[191:128)]) 
DEST[1 27:96] := Convert_Double_Precision_To_Single_Precision_Floating_Point(SRC[255:192) 
DEST[MAXVL-1:128] := 0 


VCVTPD2PS (VEX.128 encoded version) 

DEST[31:0] := Convert_Double_Precision_To_Single_Precision_Floating_Point(SRC[63:0]) 
DEST[63:32] := Convert_Double_Precision_To_Single_Precision_Floating_Point(SRC[1 27:64]) 
DEST[MAXVL-1:64] := 0 


CVTPD2PS (128-bit Legacy SSE version) 

DEST[31:0] := Convert_Double_Precision_To_Single_Precision_Floating_Point(SRC[63:0]) 
DEST[63:32] := Convert_Double_Precision_To_Single_Precision_Floating_Point(SRC[1 27:64]) 
DEST[127:64] := 0 

DEST[MAXVL-1:128] (unmodified) 
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Intel C/C++ Compiler Intrinsic Equivalent 


VCVTPD2PS __m256 _mm512_cvtpd_ps(__m512d a); 

VCVTPD2PS __m256 __mm512_mask_cvtpd_ps(__m256s,__ mmask8 k,__m512d a); 
VCVTPD2PS __m256 _mm512_maskz_cvtpd_ps(__ mmask8 k,___m512d a); 
VCVTPD2PS __m256 _mm512_cvt_roundpd_ps(_m512d a, int r); 

VCVTPD2PS __m256 _mm512_mask_cvt_roundpd_ps(__m256 s,__ mmask8 k,___m512d a, int r); 
VCVTPD2PS __m256 _mm512_maskz_cvt_roundpd_ps(__mmask8 k,___m512d a, int r); 
VCVTPD2PS __m128 _mm256_mask_cvtpd_ps(__m128s,__mmask8 k,___ m256d a); 
VCVTPD2PS __m128 _mm256_maskz_cvtpd_ps(__ mmask8 k, __ m256d a); 
VCVTPD2PS __m128_mm_mask_cvtpd_ps(__m128s,__ mmask8 k,___m128d a); 
VCVTPD2PS __m128 _mm_maskz_cvtpd_ps(___mmask8 k,___m128d a); 

VCVTPD2PS __m128 _mm256_cvtpd_ps (__m256d a) 

CVTPD2PS __m128_mm_cvtpd_ps (__m128d a) 


SIMD Floating-Point Exceptions 
Invalid, Precision, Underflow, Overflow, Denormal 


Other Exceptions 

VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
Additionally: 

#UD If VEX.vvvv != 1111B or EVEX.vvvwv != 1111B. 
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CVTPI2PD—Convert Packed Dword Integers to Packed Double-Precision FP Values 


Opcode/ Op/ | 64-Bit Compat/ |Description 

Instruction En |Mode Leg Mode 

66 OF 2A /r RM_ | Valid Valid Convert two packed signed doubleword 

CVTPIZPD xmm, mm/m64* integers from mm/mem64 to two packed 
double-precision floating-point values in xmm. 


NOTES: 
*Operation is different for different operand sets; see the Description section. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts two packed signed doubleword integers in the source operand (second operand) to two packed double- 
precision floating-point values in the destination operand (first operand). 


The source operand can be an MMX technology register or a 64-bit memory location. The destination operand is an 
XMM register. In addition, depending on the operand configuration: 


¢ For operands xmm, mm: the instruction causes a transition from x87 FPU to MMX technology operation (that 
is, the x87 FPU top-of-stack pointer is set to 0 and the x87 FPU tag word is set to all Os [valid]). If this 
instruction is executed while an x87 FPU floating-point exception is pending, the exception is handled before 
the CVTPI2PD instruction is executed. 


° For operands xmm, m64: the instruction does not cause a transition to MMX technology and does not take 
x87 FPU exceptions. 


In 64-bit mode, use of the REX.R prefix permits this instruction to access additional registers (XMM8-XMM15). 
Operation 


DEST[63:0] := Convert_Integer_To_Double_Precision_Floating_Point(SRC[3 1:0)); 
DEST[1 27:64] := Convert_Integer_To_Double_Precision_Floating_Point(SRC[63:32]); 


Intel C/C++ Compiler Intrinsic Equivalent 
CVTPI2PD: m128d_mm_cvtpi32_pd(__m64 a) 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


See Table 22-6, “Exception Conditions for Legacy SIMD/MMX Instructions with XMM and without FP Exception” in 
the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3B. 
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CVTPI2PS—Convert Packed Dword Integers to Packed Single-Precision FP Values 


Opcode/ Op/ | 64-Bit Compat/ |Description 

Instruction En |Mode Leg Mode 

NP OF 2A/r RM_ | Valid Valid Convert two signed doubleword integers 

CVTPI2PS xmm, mm/m64 from mm/m64 to two single-precision 
floating-point values in xmm. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
Description 


Converts two packed signed doubleword integers in the source operand (second operand) to two packed single- 
precision floating-point values in the destination operand (first operand). 


The source operand can be an MMX technology register or a 64-bit memory location. The destination operand is an 
XMM register. The results are stored in the low quadword of the destination operand, and the high quadword 
remains unchanged. When a conversion is inexact, the value returned is rounded according to the rounding control 
bits in the MXCSR register. 


This instruction causes a transition from x87 FPU to MMX technology operation (that is, the x87 FPU top-of-stack 
pointer is set to 0 and the x87 FPU tag word is set to all Os [valid]). If this instruction is executed while an x87 FPU 
floating-point exception is pending, the exception is handled before the CVTPI2PS instruction is executed. 


In 64-bit mode, use of the REX.R prefix permits this instruction to access additional registers (XMM8-XMM15). 


Operation 


DEST[31:0] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[3 1:0)); 
DEST[63:32] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[63:32]); 
(* High quadword of destination unchanged *) 


Intel C/C++ Compiler Intrinsic Equivalent 
CVTPI2PS: m128_mm_cvtpi32_ps(_m128 a,__m64 b) 


SIMD Floating-Point Exceptions 
Precision 


Other Exceptions 


See Table 22-5, “Exception Conditions for Legacy SIMD/MMX Instructions with XMM and FP Exception” in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3B. 
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CVTPS2DQ—Convert Packed Single-Precision Floating-Point Values to Packed Signed 
Doubleword Integer Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
66 OF 5B /r A VIV SSE2 Convert four packed single-precision floating-point values 
CVTPS2DQ xmm1, xmm2/m128 from xmm2/mem to four packed signed doubleword 
values in xmm1. 
VEX.128.66.0F.WIG 5B /r A VIN AVX Convert four packed single-precision floating-point values 
VCVTPS2DQ xmm1, xmm2/m128 from xmm2/mem to four packed signed doubleword 
values in xmm1. 
VEX.256.66.0F.WIG 5B /r A VIV AVX Convert eight packed single-precision floating-point values 
VCVTPS2DQ ymm1, ymm2/m256 from ymm2/mem to eight packed signed doubleword 
values in ymm1. 
EVEX.128.66.0F.WO 5B /r B VIV AVX512VL | Convert four packed single precision floating-point values 
VCVTPS2DQ xmm1 {k1}{Z}, AVX512F from xmm2/m1 28/m32bcst to four packed signed 
xmm2/m1 28/m32bcst doubleword values in xmm1 subject to writemask k1. 
EVEX.256.66.0F.WO 5B /r B VIV AVX512VL | Convert eight packed single precision floating-point values 
VCVTPS2DQ ymm1 {k1}{Z}, AVX512F from ymm2/m256/m32bcst to eight packed signed 
ymm2/m256/m32bcst doubleword values in ymm1 subject to writemask k1. 
EVEX.512.66.0F.WO 5B /r B VIV AVX512F Convert sixteen packed single-precision floating-point 
VCVTPS2DQ zmm1 {k1}{Z}, values from zmm2/m512/m32bcst to sixteen packed 
zmm2/m512/m32bcst{er} signed doubleword values in zmm1 subject to writemask 
k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts four, eight or sixteen packed single-precision floating-point values in the source operand to four, eight or 
sixteen signed doubleword integers in the destination operand. 


When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MKCSR 
register or the embedded rounding control bits. If a converted result cannot be represented in the destination 
format, the floating-point invalid exception is raised, and if this exception is masked, the indefinite integer value 
(2-1, where w represents the number of bits in the destination format) is returned. 


EVEX encoded versions: The source operand is a ZMM register, a 512-bit memory location or a 512-bit vector 
broadcasted from a 32-bit memory location. The destination operand is a ZMM register conditionally updated with 
writemask k1. 

VEX.256 encoded version: The source operand is a YMM register or 256- bit memory location. The destination 
operand is a YMM register. The upper bits (MAXVL-1:256) of the corresponding ZMM register destination are 
zeroed. 

VEX.128 encoded version: The source operand is an XMM register or 128- bit memory location. The destination 
operand is a XMM register. The upper bits (MAXVL-1:128) of the corresponding ZMM register destination are 
zeroed. 

128-bit Legacy SSE version: The source operand is an XMM register or 128- bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding ZMM register destination are 
unmodified. 


VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 
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Operation 


VCVTPS2DQ (encoded versions) when src operand is a register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 


FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
Convert_Single_Precision_Floating_Point_To_Integer(SRC[i+31:i]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTPS2DQ (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j:=0TO15 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
Convert_Single_Precision_Floating_Point_To_Integer(SRC[31:0]) 
ELSE 
DEST[i+31:i] := 
Convert_Single_Precision_Floating_Point_To_Integer(SRC[i+3 1 :i]) 
Fl; 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VCVTPS2DQ (VEX.256 encoded version) 

DEST[31:0] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[31:0]) 
DEST[63:32] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[63:32]) 
DEST[95:64] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[95:64}) 
DEST[1 27:96] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[1 27:96) 
DEST[159:128] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[159:128]) 
DEST[191:160] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[191:160]) 
DEST[223:192] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[223:192]) 
DEST[255:224] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[255:224]) 


VCVTPS2DQ (VEX.128 encoded version) 

DEST[31:0] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[31:0]) 
DEST[63:32] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[63:32]) 
DEST[95:64] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[95:64}) 
DEST[1 27:96] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[127:96]) 
DEST[MAXVL-1:128] := 0 


CVTPS2DQ (128-bit Legacy SSE version) 

DEST[31:0] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[31:0]) 
DEST[63:32] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[63:32]) 
DEST[95:64] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[95:64}) 
DEST[1 27:96] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[127:96]) 
DEST[MAXVL-1:1 28] (unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 

VCVTPS2DQ __m512i_mm512_cvtps_epi32(__m512 a); 

VCVTPS2DQ __m512i_mm512_mask_cvtps_epi32(__m512is,__mmask16 k, 
VCVTPS2DQ __m512i__mm512_maskz_cvtps_epi32(_mmask16 k,___m512 a); 

VCVTPS2DQ __m512i__mm512_cvt_roundps_epi32(__m512 a, int r); 

VCVTPS2DQ __m512i__mm512_mask_cvt_roundps_epi32(__m512is,__ mmask16 k,__m512 a, int r); 
VCVTPS2DQ __m512i__mm512_maskz_cvt_roundps_epi32(__mmask16 k,__m512 a, int r); 
VCVTPS2DQ __m256i _mm256_mask_cvtps_epi32(__m256i s, __ mmask8 k, __m256 a); 
VCVTPS2DQ __m256i _mm256_maskz_cvtps_epi32(__mmask8 k, __m256 a); 

VCVTPS2DQ __m128i _mm_mask_cvtps_epi32(__m128i s, __mmask8 k, __m128 a); 

VCVTPS2DQ __m128i _mm_maskz_cvtps_epi32(__mmask8 k, __m128 a); 

VCVTPS2DQ ___ m256i __mm256_cvtps_epi32 (__m256 a) 

CVTPS2DQ __m128i __mm_cvtps_epi32 (__m128 a) 


m512 a); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 

VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
Additionally: 

#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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CVTPS2PD—Convert Packed Single-Precision Floating-Point Values to Packed Double-Precision 
Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
NP OF 5A /r A VIV SSE2 Convert two packed single-precision floating-point values in 
CVTPS2PD xmm1, xmm2/m64 xmm2/m64 to two packed double-precision floating-point 
values in xmm1. 
VEX.128.0F.WIG 5A /r A VIV AVX Convert two packed single-precision floating-point values in 
VCVTPS2PD xmm1, xmm2/m64 xmm2/m64 to two packed double-precision floating-point 
values in xmm1. 
VEX.256.0F.WIG 5A /r A VIV AVX Convert four packed single-precision floating-point values 
VCVTPS2PD ymm1, xmm2/m128 in xmm2/m128 to four packed double-precision floating- 
point values in ymm1. 
EVEX.128.0F.WO 5A /r B VIV AVX512VL_ | Convert two packed single-precision floating-point values in 
VCVTPS2PD xmm1 {k1}{Z}, AVX512F xmm2/m64/m32bcst to packed double-precision floating- 
xmm2/m64/m32bcst point values in xmm1 with writemask k1. 
EVEX.256.0F.WO 5A /r B VIV AVX512VL_ | Convert four packed single-precision floating-point values 
VCVTPS2PD ymm1 {k1}{Z}, in xmm2/m128/m32bcst to packed double-precision 
xmme2/m128/m32bcst floating-point values in ymm1 with writemask k1. 
EVEX.512.0F.WO 5A /r B VIV AVX512F Convert eight packed single-precision floating-point values 
VCVTPS2PD zmm1 {k1}{Z}, in ymm2/m256/b32bcst to eight packed double-precision 
ymm2/m256/m32bcst{sae} floating-point values in zmm1 with writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Half ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts two, four or eight packed single-precision floating-point values in the source operand (second operand) 
to two, four or eight packed double-precision floating-point values in the destination operand (first operand). 


EVEX encoded versions: The source operand is a YMM/XMM/XMM (low 64-bits) register, a 256/128/64-bit memory 
location or a 256/128/64-bit vector broadcasted from a 32-bit memory location. The destination operand is a 
ZMM/YMM/XMM register conditionally updated with writemask k1. 


VEX.256 encoded version: The source operand is an XMM register or 128- bit memory location. The destination 
operand is a YMM register. Bits (MAXVL-1:256) of the corresponding destination ZMM register are zeroed. 


VEX.128 encoded version: The source operand is an XMM register or 64- bit memory location. The destination 
operand is a XMM register. The upper Bits (MAXVL-1:128) of the corresponding ZMM register destination are 
zeroed. 


128-bit Legacy SSE version: The source operand is an XMM register or 64- bit memory location. The destination 
operand is an XMM register. The upper Bits (MAXVL-1:128) of the corresponding ZMM register destination are 
unmodified. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 
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SRC X3 X2 x1 XO 


DESTI X3 X2 x1 XO 


Figure 3-14. CVTPS2PD (VEX.256 encoded version) 


Operation 


VCVTPS2PD (EVEX encoded versions) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 

i:=j* 64 

k:=j* 32 

IF k1[j] OR *no writemask* 

THEN DEST[i+63:i] := 
Convert_Single_Precision_To_Double_Precision_Floating_Point(SRC[k+31:k]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTPS2PD (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j :=0 TO KL-1 
i:=j* 64 
k:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
Convert_Single_Precision_To_Double_Precision_Floating_Point(SRC[3 1:0]) 
ELSE 
DEST[i+63:i] := 
Convert_Single_Precision_To_Double_Precision_Floating_Point(SRC[k+31:k]) 
Fl; 
ELSE 
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IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTPS2PD (VEX.256 encoded version) 

DEST[63:0] := Convert_Single_Precision_To_Double_Precision_Floating_Point(SRC[31:0]) 
DEST[1 27:64] := Convert_Single_Precision_To_Double_Precision_Floating_Point(SRC[63:32]) 
DEST[191:128] := Convert_Single_Precision_To_Double_Precision_Floating_Point(SRC[95:64]) 
DEST[255:192] := Convert_Single_Precision_To_Double_Precision_Floating_Point(SRC[1 27:96) 
DEST[MAXVL-1:256] := 0 


VCVTPS2PD (VEX.128 encoded version) 

DEST[63:0] := Convert_Single_Precision_To_Double_Precision_Floating_Point(SRC[31:0]) 
DEST[1 27:64] := Convert_Single_Precision_To_Double_Precision_Floating_Point(SRC[63:32]) 
DEST[MAXVL-1:128] := 0 


CVTPS2PD (128-bit Legacy SSE version) 

DEST[63:0] := Convert_Single_Precision_To_Double_Precision_Floating_Point(SRC[31:0]) 
DEST[1 27:64] := Convert_Single_Precision_To_Double_Precision_Floating_Point(SRC[63:32]) 
DEST[MAXVL-1:128] (unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTPS2PD __m512d_mm512_cvtps_pd(__m256 a); 

VCVTPS2PD __m512d_mm512_mask_cvtps_pd(__m512ds,__mmask8 k, 
VCVTPS2PD __m512d_mm512_maskz_cvtps_pd(__mmask8 k,___m256 a); 
VCVTPS2PD __m512d_mm512_cvt_roundps_pd(__m256 a, int sae); 
VCVTPS2PD __m512d_mm512_mask_cvt_roundps_pd(__m512ds,__ mmask8 k,___m256 a, int sae); 
VCVTPS2PD __m512d_mm512_maskz_cvt_roundps_pd(__mmask8 k, __m256 a, int sae); 
VCVTPS2PD __m256d __mm256_mask_cvtps_pd(__m256d s,___ mmask8 k, __m128 a); 

VCVTPS2PD __m256d _mm256_maskz_cvtps_pd(__mmask8 k, __m128a); 

VCVTPS2PD __m128d_mm_mask_cvtps_pd(__m128ds,__ mmask8 k, __m128 a); 

VCVTPS2PD __m128d _mm_maskz_cvtps_pd(__mmask8 k, __m128 a); 

VCVTPS2PD __m256d _mm256_cvtps_pd (__m128 a) 

CVTPS2PD __m128d_mm_cvtps_pd (__m128 a) 


m256 a); 


SIMD Floating-Point Exceptions 
Invalid, Denormal 


Other Exceptions 

VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 
Additionally: 

#UD If VEX.vvvv != 1111B or EVEX.vvvwv != 11118. 
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CVTPS2PI—Convert Packed Single-Precision FP Values to Packed Dword Integers 


Opcode/ Op/ | 64-Bit Compat/ |Description 

Instruction En |Mode Leg Mode 

NP OF 2D /r RM_ | Valid Valid Convert two packed single-precision floating- 

CVTPS2PI mm, xmm/m64 point values from xmm/m64 to two packed 
signed doubleword integers in mm. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts two packed single-precision floating-point values in the source operand (second operand) to two packed 
signed doubleword integers in the destination operand (first operand). 


The source operand can be an XMM register or a 128-bit memory location. The destination operand is an MMX tech- 
nology register. When the source operand is an XMM register, the two single-precision floating-point values are 
contained in the low quadword of the register. When a conversion is inexact, the value returned is rounded 
according to the rounding control bits in the MXCSR register. If a converted result is larger than the maximum 
signed doubleword integer, the floating-point invalid exception is raised, and if this exception is masked, the indef- 
inite integer value (8O000000H) is returned. 


CVTPS2PI causes a transition from x87 FPU to MMX technology operation (that is, the x87 FPU top-of-stack pointer 
is set to O and the x87 FPU tag word is set to all Os [valid]). If this instruction is executed while an x87 FPU floating- 
point exception is pending, the exception is handled before the CVTPS2PI instruction is executed. 


In 64-bit mode, use of the REX.R prefix permits this instruction to access additional registers (XMM8-XMM15). 


Operation 


DEST[31:0] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[31:0}); 
DEST[63:32] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[63:32]); 


Intel C/C++ Compiler Intrinsic Equivalent 
CVTPS2PI: m64 __mm_cvtps_pi32(__m128 a) 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 


See Table 22-5, “Exception Conditions for Legacy SIMD/MMX Instructions with XMM and FP Exception” in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3B. 
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INSTRUCTION SET REFERENCE, A-L 


CVTSD2SI—Convert Scalar Double-Precision Floating-Point Value to Doubleword Integer 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
F2 OF 2D /r A VIV SSE2 Convert one double-precision floating-point value from 
CVTSD2SI r32, xmm1/m64 xmm1/m64 to one signed doubleword integer r32. 
F2 REX.W OF 2D /r A V/N.E. SSE2 Convert one double-precision floating-point value from 
CVTSD2SI r64, xmm1/m64 xmm1/m64 to one signed quadword integer sign- 
extended into r64. 
VEX.LIG.F2.0F.WO 2D /r | A VV AVX Convert one double-precision floating-point value from 
VCVTSD2SI r32, xmm1/m64 xmm1/m64 to one signed doubleword integer r32. 
VEX.LIGF2.0F.W1 2D /r | A VIN.E2 AVX Convert one double-precision floating-point value from 
VCVTSD2SI r64, xmm1/m64 xmm1/m64 to one signed quadword integer sign- 
extended into r64. 
EVEX.LLIG.F2.0F.WO 2D /r B VIN AVX512F Convert one double-precision floating-point value from 
VCVTSD2SI r32, xmm1/m64{er} xmm1/m64 to one signed doubleword integer r32. 
EVEX.LLIG.F2.0F.W1 2D /r B VIN.E2 AVX512F Convert one double-precision floating-point value from 
VCVTSD2SI r64, xmm1/m64{er} xmm1/m64 to one signed quadword integer sign- 
extended into r64. 


NOTES: 


1. Software should ensure VCVTSD2SI is encoded with VEX.L=0. Encoding VCVTSD2SI with VEX.L=1 may 
encounter unpredictable behavior across different processor generations. 


2. VEX.W1/EVEX.W1 in non-64 bit is ignored; the instructions behaves as if the WO version is used. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Tuple1 Fixed ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts a double-precision floating-point value in the source operand (the second operand) to a signed double- 
word integer in the destination operand (first operand). The source operand can be an XMM register or a 64-bit 
memory location. The destination operand is a general-purpose register. When the source operand is an XMM 
register, the double-precision floating-point value is contained in the low quadword of the register. 


When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MXCSR 
register. 


If a converted result exceeds the range limits of signed doubleword integer (in non-64-bit modes or 64-bit mode 
with REX.W/VEX.W/EVEX.W=0), the floating-point invalid exception is raised, and if this exception is masked, the 
indefinite integer value (8OOO0000H) is returned. 


If a converted result exceeds the range limits of signed quadword integer (in 64-bit mode and 
REX.W/VEX.W/EVEX.W = 1), the floating-point invalid exception is raised, and if this exception is masked, the 
indefinite integer value (80000000_O00000000H) is returned. 


Legacy SSE instruction: Use of the REX.W prefix promotes the instruction to produce 64-bit data in 64-bit mode. 
See the summary chart at the beginning of this section for encoding data and limits. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, otherwise instructions will #UD. 


Software should ensure VCVTSD2SI is encoded with VEX.L=0. Encoding VCVTSD2SI with VEX.L=1 may encounter 
unpredictable behavior across different processor generations. 
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INSTRUCTION SET REFERENCE, A-L 


Operation 


VCVTSD2SI (EVEX encoded version) 
IF SRC *is register* AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 

IF 64-Bit Mode and OperandSize = 64 
THEN DEST[63:0] := Convert_Double_Precision_Floating_Point_To_Integer(SRC[63:0)); 
ELSE DEST[31:0] := Convert_Double_Precision_Floating_Point_To_Integer(SRC[63:0)); 


Fl 


(V)CVTSD2SI 
IF 64-Bit Mode and OperandSize = 64 
THEN 
DEST[63:0] := Convert_Double_Precision_Floating_Point_To_Integer(SRC[63:0)); 
ELSE 
DEST[31:0] := Convert_Double_Precision_Floating_Point_To_Integer(SRC[63:0)); 


Fl; 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTSD2SI int __mm_cvtsd_i32(__m128d); 

VCVTSD2SI int __mm_cvt_roundsd_i32(__m128d, int r); 
VCVTSD2SI __int64 __mm_cvtsd_i64(__m128d); 
VCVTSD2SI __int64 __mm_cvt_roundsd_i64(__m128d, int r); 
CVTSD2SI__int64 __mm_cvtsd_si64(__m128d); 

CVTSD2SI int __mm_cvtsd_si32(__m128d a) 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 

VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-48, “Type E3NF Class Exception Conditions”. 
Additionally: 

#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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INSTRUCTION SET REFERENCE, A-L 


CVTSD2SS—Convert Scalar Double-Precision Floating-Point Value to Scalar Single-Precision 
Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
F2 OF 5A /r A VIV SSE2 Convert one double-precision floating-point value in 
CVTSD2SS xmm1, xmm2/m64 xmm2/m64 to one single-precision floating-point value 
inxmm1. 
VEX.LIG.F2.0F.WIG 5A /r B VIV AVX Convert one double-precision floating-point value in 
VCVTSD2SS xmm1,xmm2, xmm3/m64 to one single-precision floating-point value 
xmm3/m64 and merge with high bits in xmm2. 
EVEX.LLIG.F2.0F.W1 5A /r C VIV AVX512F Convert one double-precision floating-point value in 
VCVTSD2SS xmm1 {k1}{z}, xmm2, xmm3/m64 to one single-precision floating-point value 
xmm3/m64{er} and merge with high bits in xmm2 under writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 


Description 


Converts a double-precision floating-point value in the “convert-from” source operand (the second operand in 
SSE2 version, otherwise the third operand) to a single-precision floating-point value in the destination operand. 


When the “convert-from” operand is an XMM register, the double-precision floating-point value is contained in the 
low quadword of the register. The result is stored in the low doubleword of the destination operand. When the 
conversion is inexact, the value returned is rounded according to the rounding control bits in the MXCSR register. 


128-bit Legacy SSE version: The “convert-from” source operand (the second operand) is an XMM register or 
memory location. Bits (MAXVL-1:32) of the corresponding destination register remain unchanged. The destination 
operand is an XMM register. 


VEX.128 and EVEX encoded versions: The “convert-from” source operand (the third operand) can be an XMM 
register or a 64-bit memory location. The first source and destination operands are XMM registers. Bits (127:32) of 
the XMM register destination are copied from the corresponding bits in the first source operand. Bits (MAXVL- 
1:128) of the destination register are zeroed. 


EVEX encoded version: the converted result in written to the low doubleword element of the destination under the 
writemask. 


Software should ensure VCVTSD2SS is encoded with VEX.L=0. Encoding VCVTSD2SS with VEX.L=1 may encounter 
unpredictable behavior across different processor generations. 
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INSTRUCTION SET REFERENCE, A-L 


Operation 


VCVTSD2SS (EVEX encoded version) 
IF (SRC2 *is register*) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 

IF k1[0] or *no writemask* 
THEN = DEST[31:0] := Convert_Double_Precision_To_Single_Precision_Floating_Point(SRC2[63:0)); 
ELSE 


IF *merging-masking* ; merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 


THEN DEST[31:0] := 0 
Fl; 
Fl; 
DEST[1 27:32] := SRC1[1 27:32] 
DEST[MAXVL-1:128] := 0 


VCVTSD2SS (VEX.128 encoded version) 

DEST[31:0] := Convert_Double_Precision_To_Single_Precision_Floating_Point(SRC2[63:0)); 
DEST[1 27:32] := SRC1[127:32] 

DEST[MAXVL-1:1 28] := 0 


CVTSD2SS (128-bit Legacy SSE version) 
DEST[31:0] := Convert_Double_Precision_To_Single_Precision_Floating_Point(SRC[63:0)); 
(* DEST[MAXVL-1:32] Unmodified *) 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTSD2SS __m128 __mm_mask_cvtsd_ss(__m128s,__mmask8 k,__m128 a, 
VCVTSD2SS __m128 __mm_maskz_cvtsd_ss(__ mmask8 k,___m128 a,__m128d b); 

VCVTSD2SS __m128 _mm_cvt_roundsd_ss(__m128 a,__m128db, int r); 

VCVTSD2SS __m128 __mm_mask_cvt_roundsd_ss(__m128s,__ mmask8 k,__m128 a,__m128db, int r); 
VCVTSD2SS __m128 __mm_maskz_cvt_roundsd_ss(__mmask8 k,__m128 a,_m128d, int r); 
CVTSD2SS __m128_mm_cvtsd_ss(__m128 a,__m128db) 


m128d b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 


3-288 Vol. 2A CVTSD2SS—Convert Scalar Double-Precision Floating-Point Value to Scalar Single-Precision Floating-Point Value 


INSTRUCTION SET REFERENCE, A-L 


CVTSI2SD—Convert Doubleword Integer to Scalar Double-Precision Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
F2 OF 2A /r A VIV SSE2 Convert one signed doubleword integer from 


CVTSI2SD xmm1, r32/m32 r32/m32 to one double-precision floating-point 


value in xmm1. 

Convert one signed quadword integer from r/m64 
to one double-precision floating-point value in 
xmm1. 

Convert one signed doubleword integer from 
r/m32 to one double-precision floating-point 
value in xmm1. 

Convert one signed quadword integer from r/m64 
to one double-precision floating-point value in 
xmm1. 


F2 REX.W OF 2A /r A VIN.E. SSE2 
CVTSI2SD xmm1, r/m64 


VEX.LIG.F2.0F.WO 2A /r B VV AVX 
VCVTSI2SD xmm1, xmm2, r/m32 


VEX.LIG.F2.0F.W1 2A /r B VINE. AVX 
VCVTSI2SD xmm1, xmm2, r/m64 


EVEX.LLIG.F2.0F.WO 2A /r C VIV AVX512F Convert one signed doubleword integer from 

VCVTSI2SD xmm1, xmm2z, r/m32 r/m32 to one double-precision floating-point 
value in xmm1. 

EVEX.LLIG.F2.0F.W1 2A /r C V/N.E. AVX512F Convert one signed quadword integer from r/m64 

VCVTSI2SD xmm1, xmm2z, r/m64{er} to one double-precision floating-point value in 
xmm1. 


NOTES: 
1. VEX.W1/EVEX.W1 in non-64 bit is ignored; the instructions behaves as if the WO version is used. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


" 


Converts a signed doubleword integer (or signed quadword integer if operand size is 64 bits) in the “convert-from 
source operand to a double-precision floating-point value in the destination operand. The result is stored in the low 
quadword of the destination operand, and the high quadword left unchanged. When conversion is inexact, the 
value returned is rounded according to the rounding control bits in the MXCSR register. 


The second source operand can be a general-purpose register or a 32/64-bit memory location. The first source and 
destination operands are XMM registers. 


128-bit Legacy SSE version: Use of the REX.W prefix promotes the instruction to 64-bit operands. The “convert- 
from” source operand (the second operand) is a general-purpose register or memory location. The destination is 
an XMM register Bits (MAXVL-1:64) of the corresponding destination register remain unchanged. 


VEX.128 and EVEX encoded versions: The “convert-from” source operand (the third operand) can be a general- 
purpose register or a memory location. The first source and destination operands are XMM registers. Bits (127:64) 
of the XMM register destination are copied from the corresponding bits in the first source operand. Bits (MAXVL- 
1:128) of the destination register are zeroed. 

EVEX.W0 version: attempt to encode this instruction with EVEX embedded rounding is ignored. 

VEX.W1 and EVEX.W1 versions: promotes the instruction to use 64-bit input value in 64-bit mode. 


Software should ensure VCVTSI2SD is encoded with VEX.L=0. Encoding VCVTSI2SD with VEX.L=1 may encounter 
unpredictable behavior across different processor generations. 
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INSTRUCTION SET REFERENCE, A-L 


Operation 


VCVTSI2SD (EVEX encoded version) 
IF (SRC2 *is register*) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF 64-Bit Mode And OperandSize = 64 
THEN 
DEST[63:0] := Convert_Integer_To_Double_Precision_Floating_Point(SRC2[63:0)); 
ELSE 
DEST[63:0] := Convert_Integer_To_Double_Precision_Floating_Point(SRC2[31:0)); 


Fl; 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


VCVTSI2SD (VEX.128 encoded version) 
IF 64-Bit Mode And OperandSize = 64 
THEN 
DEST[63:0] := Convert_Integer_To_Double_Precision_Floating_Point(SRC2[63:0)); 
ELSE 
DEST[63:0] := Convert_Integer_To_Double_Precision_Floating_Point(SRC2[31:0)); 


Fl; 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:1 28] := 0 


CVTSI2SD 
IF 64-Bit Mode And OperandSize = 64 
THEN 
DEST[63:0] := Convert_Integer_To_Double_Precision_Floating_Point(SRC[63:0)); 
ELSE 
DEST[63:0] := Convert_Integer_To_Double_Precision_Floating_Point(SRC[31:0)); 


Fl; 
DEST[MAXVL-1:64] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTSI2SD ___m128d_mm_cvti32_sd(__m128d 5, int a); 

VCVTSI2SD ___m128d_mm_cvti64_sd(__m128ds,__int64 a); 
VCVTSI2SD __m128d_mm_cvt_roundi64_sd(__m128ds, __int64 a, intr); 
CVTSI2SD ___m128d _mm_cvtsi64_sd(__m128ds,__int64 a); 

CVTSI2SD __m128d_mm_cvtsi32_sd(__m128d a, int b) 


SIMD Floating-Point Exceptions 
Precision 


Other Exceptions 


VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions” if W1; else see Table 2-22, “Type 5 
Class Exception Conditions”. 


EVEX-encoded instructions, see Table 2-48, “Type E3NF Class Exception Conditions” if W1; else see Table 2-59, 
“Type E10NF Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, A-L 


CVTSI2SS—Convert Doubleword Integer to Scalar Single-Precision Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
F3 OF 2A /r A VIV SSE Convert one signed doubleword integer from r/m32 
CVTSI2SS xmm1, r/m32 to one single-precision floating-point value in xmm1. 
F3 REX.W OF 2A /r A V/N.E. SSE Convert one signed quadword integer from r/m64 
CVTSI2SS xmm1, r/m64 to one single-precision floating-point value in xmm1. 
VEX.LIG.F3.0F.WO 2A /r B VIV AVX Convert one signed doubleword integer from r/m32 
VCVTSI2SS xmm1, xmm2, r/m32 to one single-precision floating-point value in xmm1. 
VEX.LIG.F3.0F.W1 2A /r B VINE. AVX Convert one signed quadword integer from r/m64 
VCVTSI2SS xmm1, xmm_2, r/m64 to one single-precision floating-point value in xmm1. 
EVEX.LLIG.F3.0F.WO 2A /r C VIV AVX512F | Convert one signed doubleword integer from r/m32 
VCVTSI2SS xmm1, xmmz, r/m32{er} to one single-precision floating-point value in xmm1. 
EVEX.LLIG.F3.0F.W1 2A /r C VINE. AVX512F | Convert one signed quadword integer from r/m64 
VCVTSI2SS xmm1, xmm2z, r/m64{er} to one single-precision floating-point value in xmm1. 
NOTES: 


1. VEX.W1/EVEX.W1 in non-64 bit is ignored; the instructions behaves as if the WO version is used. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Converts a signed doubleword integer (or signed quadword integer if operand size is 64 bits) in the “convert-from” 
source operand to a single-precision floating-point value in the destination operand (first operand). The “convert- 
from” source operand can be a general-purpose register or a memory location. The destination operand is an XMM 
register. The result is stored in the low doubleword of the destination operand, and the upper three doublewords 
are left unchanged. When a conversion is inexact, the value returned is rounded according to the rounding control 
bits in the MXCSR register or the embedded rounding control bits. 


128-bit Legacy SSE version: In 64-bit mode, Use of the REX.W prefix promotes the instruction to use 64-bit input 
value. The “convert-from” source operand (the second operand) is a general-purpose register or memory location. 
Bits (MAXVL-1:32) of the corresponding destination register remain unchanged. 


VEX.128 and EVEX encoded versions: The “convert-from” source operand (the third operand) can be a general- 
purpose register or a memory location. The first source and destination operands are XMM registers. Bits (127:32) 
of the XMM register destination are copied from corresponding bits in the first source operand. Bits (MAXVL-1:128) 
of the destination register are zeroed. 


EVEX encoded version: the converted result in written to the low doubleword element of the destination under the 
writemask. 


Software should ensure VCVTSI2SS is encoded with VEX.L=0. Encoding VCVTSI2SS with VEX.L=1 may encounter 
unpredictable behavior across different processor generations. 
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INSTRUCTION SET REFERENCE, A-L 


Operation 


VCVTSI2SS (EVEX encoded version) 
IF (SRC2 *is register*) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF 64-Bit Mode And OperandSize = 64 
THEN 
DEST[31:0] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[63:0}); 
ELSE 
DEST[31:0] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[3 1:0}); 


Fl; 
DEST[1 27:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


VCVTSI2SS (VEX.128 encoded version) 
IF 64-Bit Mode And OperandSize = 64 
THEN 
DEST[31:0] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[63:0}); 
ELSE 
DEST[31:0] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[31:0)); 


Fl; 
DEST[1 27:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


CVTSI2SS (128-bit Legacy SSE version) 
IF 64-Bit Mode And OperandSize = 64 
THEN 
DEST[31:0] := Convert_Integer_To_Single_Precision_Floating_Point(SRC[63:0)); 
ELSE 
DEST[31:0] :=Convert_Integer_To_Single_Precision_Floating_Point(SRC[31:0}); 


Fl; 
DEST[MAXVL-1:32] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTSI2SS___m128 _mm_cvti32_ss(__m128s;, int a); 

VCVTSI2SS ___m128 _mm_cvt_roundi32_ss(__m128s, int a, int r); 
VCVTSI2SS___m128 _mm_cvti64_ss(__m128s, __int64 a); 
VCVTSI2SS___m128 _mm_cvt_roundi64_ss(__m128 s, __int64 a, int r); 
CVTSI2SS_m128_mm_cvtsi64_ss(__m128s, __int64 a); 
CVTSI2SS___m128_mm_cvtsi32_ss(__m128 a, int b); 


SIMD Floating-Point Exceptions 
Precision 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-48, “Type E3NF Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, A-L 


CVTSS2SD—Convert Scalar Single-Precision Floating-Point Value to Scalar Double-Precision 
Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
F3 OF 5A /r A VIV SSE2 Convert one single-precision floating-point value in 
CVTSS2SD xmm1, xmm2/m32 xmm2/m32 to one double-precision floating-point value 

in xmm1. 

VEX.LIG.F3.0F.WIG 5A /r B VIV AVX Convert one single-precision floating-point value in 
VCVTSS2SD xmm1, xmm_2, xmm3/m32 to one double-precision floating-point value 
xmm3/m32 and merge with high bits of xmm2. 
EVEX.LLIG.F3.0F.WO 5A /r C VIV AVX512F | Convert one single-precision floating-point value in 
VCVTSS2SD xmm1 {k1}{z}, xmm2, xmm3/m32 to one double-precision floating-point value 
xmm3/m32{sae} and merge with high bits of xmm2 under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Converts a single-precision floating-point value in the “convert-from” source operand to a double-precision 
floating-point value in the destination operand. When the “convert-from” source operand is an XMM register, the 
single-precision floating-point value is contained in the low doubleword of the register. The result is stored in the 
low quadword of the destination operand. 


128-bit Legacy SSE version: The “convert-from” source operand (the second operand) is an XMM register or 
memory location. Bits (MAXVL-1:64) of the corresponding destination register remain unchanged. The destination 
operand is an XMM register. 

VEX.128 and EVEX encoded versions: The “convert-from” source operand (the third operand) can be an XMM 
register or a 32-bit memory location. The first source and destination operands are XMM registers. Bits (127:64) of 
the XMM register destination are copied from the corresponding bits in the first source operand. Bits (MAXVL- 
1:128) of the destination register are zeroed. 

Software should ensure VCVTSS2SD is encoded with VEX.L=0. Encoding VCVTSS2SD with VEX.L=1 may encounter 
unpredictable behavior across different processor generations. 


Operation 

VCVTSS2SD (EVEX encoded version) 

IF k1[0] or *no writemask* 
THEN DEST[63:0] := Convert_Single_Precision_To_Double_Precision_Floating_Point(SRC2[31:0}); 
ELSE 


IF *merging-masking* ;merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 


THEN DEST[63:0] = 0 
Fl; 
Fl; 
DEST[1 27:64] := SRC1[127:64] 
DEST[MAXVL-1:1 28] := 0 
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VCVTSS2SD (VEX.128 encoded version) 

DEST[63:0] := Convert_Single_Precision_To_Double_Precision_Floating_Point(SRC2[31:0]) 
DEST[127:64] := SRC1[127:64] 

DEST[MAXVL-1:128] := 0 


CVTSS2SD (128-bit Legacy SSE version) 
DEST[63:0] := Convert_Single_Precision_To_Double_Precision_Floating_Point(SRC[3 1:0)); 
DEST[MAXVL-1:64] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTSS2SD __m128d_mm_cvt_roundss_sd(__m128d a,___m128 }, int r); 

VCVTSS2SD __m128d _mm_mask_cvt_roundss_sd(__m128ds,___mmask8 m,___m128d a,__m128 b, int r); 
VCVTSS2SD __m128d _mm_maskz_cvt_roundss_sd(__mmask8 k,__m128d a,__m128 a4, int r); 
VCVTSS2SD __m128d __mm_mask_cvtss_sd(__m128ds,__ mmask8 m,___m128d a,__m128 b); 
VCVTSS2SD __m128d __mm_maskz_cvtss_sd(__mmask8 m, __m128d a,__m128 b); 

CVTSS2SD ___m128d_mm_cvtss_sd(__m128d a,_m128 a); 


SIMD Floating-Point Exceptions 
Invalid, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 
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CVTSS2SI—Convert Scalar Single-Precision Floating-Point Value to Doubleword Integer 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
F3 OF 2D /r A VIV SSE Convert one single-precision floating-point value from 
CVTSS2SI r32, xmm1/m32 xmm1/m32 to one signed doubleword integer in r32. 
F3 REX.W OF 2D /r A VINE. SSE Convert one single-precision floating-point value from 
CVTSS2SI r64, xmm1/m32 xmm1/m32 to one signed quadword integer in r64. 
VEX.LIG.F3.0F.WO 2D /r | A VIV AVX Convert one single-precision floating-point value from 
VCVTSS2SI r32, xmm1/m32 xmm1/m32 to one signed doubleword integer in r32. 
VEX.LIG.F3.0F.W1 2D /r | A VIN.E.2 AVX Convert one single-precision floating-point value from 
VCVTSS2SI r64, xmm1/m32 xmm1/m32 to one signed quadword integer in r64. 
EVEX.LLIG.F3.0F.WO 2D /r B VIV AVX512F | Convert one single-precision floating-point value from 
VCVTSS2SI r32, xmm1/m32{er} xmm1/m32 to one signed doubleword integer in r32. 
EVEX.LLIG.F3.0F.W1 2D /r B VIN.E.2 AVX512F | Convert one single-precision floating-point value from 
VCVTSS2SI r64, xmm1/m32{er} xmm1/m32 to one signed quadword integer in r64. 
NOTES: 


1. Software should ensure VCVTSS2SI is encoded with VEX.L=0. Encoding VCVTSS2SI with VEX.L=1 may 
encounter unpredictable behavior across different processor generations. 


2. VEX.W1/EVEX.W1 in non-64 bit is ignored; the instructions behaves as if the WO version is used. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Tuple1 Fixed ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts a single-precision floating-point value in the source operand (the second operand) to a signed double- 
word integer (or signed quadword integer if operand size is 64 bits) in the destination operand (the first operand). 
The source operand can be an XMM register or a memory location. The destination operand is a general-purpose 
register. When the source operand is an XMM register, the single-precision floating-point value is contained in the 
low doubleword of the register. 


When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MXCSR 
register or the embedded rounding control bits. If a converted result cannot be represented in the destination 
format, the floating-point invalid exception is raised, and if this exception is masked, the indefinite integer value 
(2“-1, where w represents the number of bits in the destination format) is returned. 


Legacy SSE instructions: In 64-bit mode, Use of the REX.W prefix promotes the instruction to produce 64-bit data. 
See the summary chart at the beginning of this section for encoding data and limits. 


VEX.W1 and EVEX.W1 versions: promotes the instruction to produce 64-bit data in 64-bit mode. 
Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, otherwise instructions will #UD. 


Software should ensure VCVTSS2SI is encoded with VEX.L=0. Encoding VCVTSS2SI with VEX.L=1 may encounter 
unpredictable behavior across different processor generations. 
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Operation 


VCVTSS2SI (EVEX encoded version) 
IF (SRC *is register*) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF 64-bit Mode and OperandSize = 64 
THEN 
DEST[63:0] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[31:0)); 
ELSE 
DEST[31:0] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[31:0)); 


Fl; 


(V)CVTSS2SI (Legacy and VEX.128 encoded version) 
IF 64-bit Mode and OperandSize = 64 
THEN 
DEST[63:0] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[31:0)); 
ELSE 
DEST[31:0] := Convert_Single_Precision_Floating_Point_To_Integer(SRC[31:0)); 


Fl; 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTSS2SI int __mm_cvtss_i32(__m128 a); 

VCVTSS2SI int__mm_cvt_roundss_i32(__m128 a, int r); 
VCVTSS2S!__int64_mm_cvtss_i64(__m128 a); 
VCVTSS2SI__int64 _mm_cvt_roundss_i64(__m128 a, int r); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 

VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”; additionally: 
#UD If VEX.vvvv != 1111B. 

EVEX-encoded instructions, see Table 2-48, “Type E3NF Class Exception Conditions”. 
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CVTTPD2DQ—Convert with Truncation Packed Double-Precision Floating-Point Values to 
Packed Doubleword Integers 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support Flag 
66 OF E6 /r A VV SSE2 Convert two packed double-precision floating-point 
CVTTPD2DQ xmm1, xmm2/m128 values in xmm2/mem to two signed doubleword 
integers in xmm1 using truncation. 
VEX.128.66.0F.WIG E6 /r A VIV AVX Convert two packed double-precision floating-point 
VCVTTPD2DQ xmm1, xmm2/m128 values in xmm2/mem to two signed doubleword 
integers in xmm1 using truncation. 
VEX.256.66.0F.WIG E6 /r A VIV AVX Convert four packed double-precision floating-point 
VCVTTPD2DQ xmm1, ymm2/m256 values in ymm2/mem to four signed doubleword 
integers in xmm1 using truncation. 
EVEX.128.66.0F.W1 €6 /r B VIV AVX512VL | Convert two packed double-precision floating-point 
VCVTTPD2DQ xmm1 {k1}{2}, AVX512F values in xmm2/m128/m64bcst to two signed 
xmm2/m128/m64bcst doubleword integers in xmm1 using truncation subject 
to writemask k1. 
EVEX.256.66.0F.W1 €6 /r B VIV AVX512VL | Convert four packed double-precision floating-point 
VCVTTPD2DQ xmm1 {k1}{2}, AVX512F values in ymm2/m256/m64bcst to four signed 
ymm2/m256/m64bcst doubleword integers in xmm1 using truncation subject 
to writemask k1. 
EVEX.512.66.0F.W1 €6 /r B VIV AVX512F Convert eight packed double-precision floating-point 
VCVTTPD2DQ ymm1 {k1}{z}, values in zmm2/m512/m64bcst to eight signed 
zmm2/m512/m64bcst{sae} doubleword integers in ymm1 using truncation subject 
to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts two, four or eight packed double-precision floating-point values in the source operand (second operand) 
to two, four or eight packed signed doubleword integers in the destination operand (first operand). 


When a conversion is inexact, a truncated (round toward zero) value is returned. If a converted result is larger than 
the maximum signed doubleword integer, the floating-point invalid exception is raised, and if this exception is 
masked, the indefinite integer value (8O000000H) is returned. 


EVEX encoded versions: The source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory location, or 
a 512/256/128-bit vector broadcasted from a 64-bit memory location. The destination operand is a 
YMM/XMM/XMM (low 64 bits) register conditionally updated with writemask ki. The upper bits (MAXVL-1:256) of 
the corresponding destination are zeroed. 


VEX.256 encoded version: The source operand is a YMM register or 256- bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding ZMM register destination are 
zeroed. 


VEX.128 encoded version: The source operand is an XMM register or 128- bit memory location. The destination 
operand is a XMM register. The upper bits (MAXVL-1:64) of the corresponding ZMM register destination are zeroed. 


128-bit Legacy SSE version: The source operand is an XMM register or 128- bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding ZMM register destination are 
unmodified. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, otherwise instructions will #UD. 
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SRC X38 X2 x1 XO 


DEST 0 X3 X2 x1 XO 


Figure 3-15. VCVTTPD2DQ (VEX.256 encoded version) 


Operation 


VCVTTPD2DQ (EVEX encoded versions) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j :=0 TO KL-1 
i:=j* 32 
k:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] := 
Convert_Double_Precision_Floating_Point_To_Integer_Truncate(SRC[k+63:k]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0 
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VCVTTPD2DQ (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
k:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
Convert_Double_Precision_Floating_Point_To_Integer_Truncate(SRC[63:0]) 
ELSE 
DEST[i+31:i] := 
Convert_Double_Precision_Floating_Point_To_Integer_Truncate(SRC[k+63:k]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0 


VCVTTPD2DQ (VEX.256 encoded version) 

DEST[31:0] := Convert_Double_Precision_Floating_Point_To_Integer_Truncate(SRC[63:0)) 
DEST[63:32] := Convert_Double_Precision_Floating_Point_To_Integer_Truncate(SRC[127:64}) 
DEST[95:64] := Convert_Double_Precision_Floating_Point_To_Integer_Truncate(SRC[191:128}) 
DEST[1 27:96] := Convert_Double_Precision_Floating_Point_To_Integer_Truncate(SRC[255:192) 
DEST[MAXVL-1:128] := 0 


VCVTTPD2DQ (VEX.128 encoded version) 

DEST[31:0] := Convert_Double_Precision_Floating_Point_To_Integer_Truncate(SRC[63:0}) 
DEST[63:32] := Convert_Double_Precision_Floating_Point_To_Integer_Truncate(SRC[127:64}) 
DEST[MAXVL-1:64] := 0 


CVTTPD2DQ (128-bit Legacy SSE version) 

DEST[31:0] := Convert_Double_Precision_Floating_Point_To_Integer_Truncate(SRC[63:0}) 
DEST[63:32] := Convert_Double_Precision_Floating_Point_To_Integer_Truncate(SRC[127:64}) 
DEST[127:64] := 0 

DEST[MAXVL-1:128] (unmodified) 
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Intel C/C++ Compiler Intrinsic Equivalent 


VCVTTPD2DQ __m256i_mm512_cvttpd_epi32(__m512d a); 

VCVTTPD2DQ __m256i__mm512_mask_cvttpd_epi32(__ m256i s,__ mmask8 k, 
VCVTTPD2DQ __m256i__mm512_maskz_cvttpd_epi32(__mmask8 k, __m512d a); 

VCVTTPD2DQ __m256i __mm512_cvtt_roundpd_epi32(__m512d a, int sae); 

VCVTTPD2DQ __m256i__mm512_mask_cvtt_roundpd_epi32(__m256i s, __ mmask8 k, __m512d a, int sae); 
VCVTTPD2DQ __m256i __mm512_maskz_cvtt_roundpd_epi32(__mmask8 k, __m512d a, int sae); 
VCVTTPD2DQ __m128i __mm256_mask_cvttpd_epi32(__m128i s, __mmask8 k, __m256d a); 
VCVTTPD2DQ __m128i __mm256_maskz_cvttpd_epi32(__mmask8 k, __m256d a); 

VCVTTPD2DQ __m128i __mm_mask_cvttpd_epi32(__m128is,__ mmask8 k,___m128d a); 

VCVTTPD2DQ __m128i __mm_maskz_cvttpd_epi32(__mmask8 k, __m128d a); 

VCVTTPD2DQ __m128i __mm256_cvttpd_epi32 (__m256d src); 

CVTTPD2DQ __m128i__mm_cvttpd_epi32 (__m128d src); 


m512d a); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 

VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
Additionally: 

#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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CVTTPD2PI—Convert with Truncation Packed Double-Precision FP Values to Packed Dword 


Integers 
Opcode/ Op/ | 64-Bit Compat/ |Description 
Instruction En |Mode Leg Mode 
66 OF 2C/r RM_ | Valid Valid Convert two packer double-precision floating- 
CVTTPD2PI mm, xmm/m128 point values from xmm/m128 to two packed 
signed doubleword integers in mm using 
truncation. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts two packed double-precision floating-point values in the source operand (second operand) to two packed 
signed doubleword integers in the destination operand (first operand). The source operand can be an XMM register 
or a 128-bit memory location. The destination operand is an MMX technology register. 


When a conversion is inexact, a truncated (round toward zero) result is returned. If a converted result is larger 
than the maximum signed doubleword integer, the floating-point invalid exception is raised, and if this exception is 
masked, the indefinite integer value (8OO00000H) is returned. 


This instruction causes a transition from x87 FPU to MMX technology operation (that is, the x87 FPU top-of-stack 
pointer is set to 0 and the x87 FPU tag word is set to all Os [valid]). If this instruction is executed while an x87 FPU 
floating-point exception is pending, the exception is handled before the CVTTPD2PI instruction is executed. 


In 64-bit mode, use of the REX.R prefix permits this instruction to access additional registers (XMM8-XMM15). 


Operation 


DEST[31:0] := Convert_Double_Precision_Floating_Point_To_Integer32_Truncate(SRC[63:0)); 
DEST[63:32] := Convert_Double_Precision_Floating_Point_To_Integer32_ 
Truncate(SRC[1 27:64); 


Intel C/C++ Compiler Intrinsic Equivalent 
CVTTPD1PI: m64 _mm_cvttpd_pi32(__m128d a) 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Mode Exceptions 


See Table 22-4, “Exception Conditions for Legacy SIMD/MMxX Instructions with FP Exception and 16-Byte Align- 
ment” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3B. 


CVTTPD2Pl—Convert with Truncation Packed Double-Precision FP Values to Packed Dword Integers Vol.2A 3-301 


INSTRUCTION SET REFERENCE, A-L 


CVTTPS2DQ—Convert with Truncation Packed Single-Precision Floating-Point Values to Packed 
Signed Doubleword Integer Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support Flag 
F3 OF 5B /r A VIV SSE2 Convert four packed single-precision floating-point 
CVTTPS2DQ xmm1, xmm2/m128 values from xmm2/mem to four packed signed 
doubleword values in xmm1 using truncation. 
VEX.128.F3.0F.WIG 5B /r A VIV AVX Convert four packed single-precision floating-point 
VCVTTPS2DQ xmm1, xmm2/m128 values from xmm2/mem to four packed signed 
doubleword values in xmm1 using truncation. 
VEX.256.F3.0F.WIG 5B /r A VIV AVX Convert eight packed single-precision floating-point 
VCVTTPS2DQ ymm1, ymm2/m256 values from ymm2/mem to eight packed signed 
doubleword values in ymm1 using truncation. 
EVEX.128.F3.0F.WO 5B /r B VIV AVX512VL_ | Convert four packed single precision floating-point 
VCVTTPS2DQ xmm1 {k1}{Z}, AVX512F values from xmm2/m128/m32bcst to four packed 
xmme2/m1 28/m32bcst signed doubleword values in xmm1 using truncation 
subject to writemask k1. 
EVEX.256.F3.0F.WO 5B /r B VIV AVX512VL_ | Convert eight packed single precision floating-point 
VCVTTPS2DQ ymm1 {k1}{z}, AVX512F values from ymm2/m256/m32bcst to eight packed 
ymm2/m256/m32bcst signed doubleword values in ymm1 using truncation 
subject to writemask k1. 
EVEX.512.F3.0F.WO 5B /r B VIV AVX512F Convert sixteen packed single-precision floating-point 
VCVTTPS2DQ zmm1 {k1}{Z}, values from zmm2/m512/m32bcst to sixteen packed 
zmm2/m512/m32bcst {sae} signed doubleword values in zmm1 using truncation 
subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts four, eight or sixteen packed single-precision floating-point values in the source operand to four, eight or 
sixteen signed doubleword integers in the destination operand. 


When a conversion is inexact, a truncated (round toward zero) value is returned. If a converted result is larger than 
the maximum signed doubleword integer, the floating-point invalid exception is raised, and if this exception is 
masked, the indefinite integer value (80000000H) is returned. 


EVEX encoded versions: The source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory location or 
a 512/256/128-bit vector broadcasted from a 32-bit memory location. The destination operand is a 
ZMM/YMM/XMM register conditionally updated with writemask k1. 


VEX.256 encoded version: The source operand is a YMM register or 256- bit memory location. The destination 
operand is a YMM register. The upper bits (MAXVL-1:256) of the corresponding ZMM register destination are 
zeroed. 


VEX.128 encoded version: The source operand is an XMM register or 128- bit memory location. The destination 
operand is a XMM register. The upper bits (MAXVL-1:128) of the corresponding ZMM register destination are 
zeroed. 


128-bit Legacy SSE version: The source operand is an XMM register or 128- bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding ZMM register destination are 
unmodified. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 
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Operation 


VCVTTPS2DQ (EVEX encoded versions) when src operand is a register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[i+31:i]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTTPS2DQ (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j:=O0TO15 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[31:0]) 
ELSE 
DEST[i+31:i] := 
Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTTPS2DQ (VEX.256 encoded version) 

DEST[31:0] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[31:0]) 
DEST[63:32] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[63:32]) 
DEST[95:64] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[95:64}) 
DEST[1 27:96] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[1 27:96) 
DEST[159:1 28] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[159:128] 
DEST[191:160] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[191:160] 
DEST[223:192] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[223:192] 
DEST[255:224] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[255:224] 


a i 
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VCVTTPS2DQ (VEX.128 encoded version) 

DEST[31:0] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[31:0]) 
DEST[63:32] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[63:32]) 
DEST[95:64] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[95:64}) 
DEST[1 27:96] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[127:96]) 
DEST[MAXVL-1:128] := 0 


CVTTPS2DQ (128-bit Legacy SSE version) 

DEST[31:0] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[31:0]) 
DEST[63:32] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[63:32]) 
DEST[95:64] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[95:64}) 
DEST[1 27:96] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[127:96]) 
DEST[MAXVL-1:128] (unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 
VCVTTPS2DQ___m512i_mm512_cvttps_epi32(__m512 a); 

VCVTTPS2DQ __m512i__mm512_mask_cvttps_epi32(__m512i s,___mmask16 k,__m512 a); 
VCVTTPS2DQ __m512i_mm512_maskz_cvttps_epi32(__mmask16 k,___m512 a); 
VCVTTPS2DQ __m512i_mm512_cvtt_roundps_epi32(__m512 a, int sae); 

VCVTTPS2DQ __m512i_mm512_mask_cvtt_roundps_epi32(__m512is,___mmask16 k,__m512 a, int sae); 
VCVTTPS2DQ __m512i__mm512_maskz_cvtt_roundps_epi32(__mmask16 k,___m512 a, int sae); 
VCVTTPS2DQ __m256i __mm256_mask_cvttps_epi32(__m256i s,___mmask8 k, __m256 a); 
VCVTTPS2DQ __m256i __mm256_maskz_cvttps_epi32(__mmask8 k, __m256 a); 

VCVTTPS2DQ __m128i __mm_mask_cvttps_epi32(__m128i s, __ mmask8 k, __m128 a); 
VCVTTPS2DQ __m128i __mm_maskz_cvttps_epi32(__mmask8 k, __m128 a); 

VCVTTPS2DQ __m256i__mm256_cvttps_epi32 (__m256 a) 

CVTTPS2DQ __m128i __mm_cvttps_epi32 (__m128 a) 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 

VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
Additionally: 

#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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CVTTPS2PI—Convert with Truncation Packed Single-Precision FP Values to Packed Dword 


Integers 
Opcode/ Op/ | 64-Bit Compat/ |Description 
Instruction En |Mode Leg Mode 
NP OF 2C /r RM _ | Valid Valid Convert two single-precision floating-point 
CVTTPS2PI mm, xmm/m64 values from xmm/m64 to two signed 
doubleword signed integers in mm using 
truncation. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts two packed single-precision floating-point values in the source operand (second operand) to two packed 
signed doubleword integers in the destination operand (first operand). The source operand can be an XMM register 
or a 64-bit memory location. The destination operand is an MMX technology register. When the source operand is 
an XMM register, the two single-precision floating-point values are contained in the low quadword of the register. 


When a conversion is inexact, a truncated (round toward zero) result is returned. If a converted result is larger 
than the maximum signed doubleword integer, the floating-point invalid exception is raised, and if this exception is 
masked, the indefinite integer value (8OO00000H) is returned. 


This instruction causes a transition from x87 FPU to MMX technology operation (that is, the x87 FPU top-of-stack 
pointer is set to 0 and the x87 FPU tag word is set to all Os [valid]). If this instruction is executed while an x87 FPU 
floating-point exception is pending, the exception is handled before the CVTTPS2PI instruction is executed. 


In 64-bit mode, use of the REX.R prefix permits this instruction to access additional registers (XMM8-XMM15). 
Operation 


DEST[31:0] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[31:0)); 
DEST[63:32] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[63:32]); 


Intel C/C++ Compiler Intrinsic Equivalent 
CVTTPS2PI: m64 _mm_cvttps_pi32(__m128 a) 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 


See Table 22-5, “Exception Conditions for Legacy SIMD/MMX Instructions with XMM and FP Exception” in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3B. 
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CVTTSD2S!I—Convert with Truncation Scalar Double-Precision Floating-Point Value to Signed 


Integer 
Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 

F2 OF 2C /r A VIV SSE2 Convert one double-precision floating-point value from 

CVTTSD2SI r32, xmm1/m64 xmm1/m64 to one signed doubleword integer in r32 
using truncation. 

F2 REX.W OF 2C /r A V/N.E. SSE2 Convert one double-precision floating-point value from 

CVTTSD2SI r64, xmm1/m64 xmm1/m64 to one signed quadword integer in r64 
using truncation. 

VEX.LIG.F2.0F.WO 2C /r A VIV AVX Convert one double-precision floating-point value from 

VCVTTSD2SI r32, xmm1/m64 xmm1/m64 to one signed doubleword integer in r32 
using truncation. 

VEX.LIG.F2.0F.W1 2C /r 1 B VIN.E.2 AVX Convert one double-precision floating-point value from 

VCVTTSD2SI r64, xmm1/m64 xmm1/m64 to one signed quadword integer in r64 
using truncation. 

EVEX.LLIG.F2.0F.WO 2C /r B VIV AVX512F | Convert one double-precision floating-point value from 

VCVTTSD2SI r32, xmm1/m64{sae} xmm1/m64 to one signed doubleword integer in r32 
using truncation. 

EVEX.LLIG.F2.0F.W1 2C /r B VINE.2 AVX512F | Convert one double-precision floating-point value from 

VCVTTSD2SI r64, xmm1/m64{sae} xmm1/m64 to one signed quadword integer in r64 
using truncation. 


NOTES: 


1. Software should ensure VCVTTSD2SI is encoded with VEX.L=0. Encoding VCVTTSD2SI with VEX.L=1 may 
encounter unpredictable behavior across different processor generations. 
2. For this specific instruction, VEX.W/EVEX.W in non-64 bit is ignored; the instructions behaves as if the WO ver- 


sion is used. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Tuple1 Fixed ModRM:reg (w) ModRM:r/m (r) NA NA 


Description 


Converts a double-precision floating-point value in the source operand (the second operand) to a signed double- 
word integer (or signed quadword integer if operand size is 64 bits) in the destination operand (the first operand). 
The source operand can be an XMM register or a 64-bit memory location. The destination operand is a general 
purpose register. When the source operand is an XMM register, the double-precision floating-point value is 
contained in the low quadword of the register. 


When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MKCSR 
register. 

If a converted result exceeds the range limits of signed doubleword integer (in non-64-bit modes or 64-bit mode 
with REX.W/VEX.W/EVEX.W=0), the floating-point invalid exception is raised, and if this exception is masked, the 
indefinite integer value (80000000H) is returned. 

If a converted result exceeds the range limits of signed quadword integer (in 64-bit mode and 
REX.W/VEX.W/EVEX.W = 1), the floating-point invalid exception is raised, and if this exception is masked, the 
indefinite integer value (80000000_00000000H) is returned. 

Legacy SSE instructions: In 64-bit mode, Use of the REX.W prefix promotes the instruction to 64-bit operation. See 
the summary chart at the beginning of this section for encoding data and limits. 


VEX.W1 and EVEX.W1 versions: promotes the instruction to produce 64-bit data in 64-bit mode. 
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Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, otherwise instructions will #UD. 


Software should ensure VCVTTSD2SI is encoded with VEX.L=0. Encoding VCVTTSD2SI with VEX.L=1 may 
encounter unpredictable behavior across different processor generations. 


Operation 
(V)CVTTSD2SI (All versions) 
IF 64-Bit Mode and OperandSize = 64 
THEN 
DEST[63:0] := Convert_Double_Precision_Floating_Point_To_Integer_Truncate(SRC[63:0}); 
ELSE 
DEST[31:0] := Convert_Double_Precision_Floating_Point_To_Integer_Truncate(SRC[63:0}); 


Fl; 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTTSD2SI int __mm_cvttsd_i32(__m128d a); 

VCVTTSD2SI int __mm_cvtt_roundsd_i32(__m128d a, int sae); 
VCVTTSD2SI __int64 __mm_cvttsd_i64(__m128d a); 

VCVTTSD2SI __int64 __mm_cvtt_roundsd_i64(__m128d a, int sae); 
CVTTSD2SI int __mm_cvttsd_si32(__m128d a); 
CVTTSD2S!__int64 __mm_cvttsd_si64(__m128d a); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 

VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”; additionally: 
#UD If VEX.vvvv != 1111B. 

EVEX-encoded instructions, see Table 2-48, “Type E3NF Class Exception Conditions”. 


CVTTSD2SI—Convert with Truncation Scalar Double-Precision Floating-Point Value to Signed Integer Vol.2A 3-307 


INSTRUCTION SET REFERENCE, A-L 


CVTTSS2SI—Convert with Truncation Scalar Single-Precision Floating-Point Value to Integer 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 

F3 OF 2C /r A VIV SSE Convert one single-precision floating-point value from 

CVTTSS2SI r32, xmm1/m32 xmm1/m32 to one signed doubleword integer in r32 
using truncation. 

F3 REX.W OF 2C /r A V/N.E. SSE Convert one single-precision floating-point value from 

CVTTSS2SI r64, xmm1/m32 xmm1/m32 to one signed quadword integer in r64 
using truncation. 

VEX.LIG.F3.0F.WO 2C /r 1 A VIV AVX Convert one single-precision floating-point value from 

VCVTTSS2SI r32, xmm1/m32 xmm1/m32 to one signed doubleword integer in r32 
using truncation. 

VEX.LIG.F3.0F.W1 2C /r 1 A VINE? AVX Convert one single-precision floating-point value from 

VCVTTSS2SI r64, xmm1/m32 xmm1/m32 to one signed quadword integer in r64 
using truncation. 

EVEX.LLIG.F3.0F.WO 2C /r B VV AVX512F | Convert one single-precision floating-point value from 

VCVTTSS2SI r32, xmm1/m32{sae} xmm1/m32 to one signed doubleword integer in r32 
using truncation. 

EVEX.LLIG.F3.0F.W1 2C /r B VIN.E2 AVX512F | Convert one single-precision floating-point value from 

VCVTTSS2SI r64, xmm1/m32{sae} xmm1/m32 to one signed quadword integer in r64 
using truncation. 


NOTES: 


1. Software should ensure VCVTTSS2SI is encoded with VEX.L=0. Encoding VCVTTSS2SI with VEX.L=1 may 
encounter unpredictable behavior across different processor generations. 


2. For this specific instruction, VEX.W/EVEX.W in non-64 bit is ignored; the instructions behaves as if the WO ver- 
sion is used. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Tuple1 Fixed ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts a single-precision floating-point value in the source operand (the second operand) to a signed doubleword 
integer (or signed quadword integer if operand size is 64 bits) in the destination operand (the first operand). The 
source operand can be an XMM register or a 32-bit memory location. The destination operand is a general purpose 
register. When the source operand is an XMM register, the single-precision floating-point value is contained in the 
low doubleword of the register. 


When a conversion is inexact, a truncated (round toward zero) result is returned. If a converted result is larger than 
the maximum signed doubleword integer, the floating-point invalid exception is raised. If this exception is masked, 
the indefinite integer value (80000000H or 80000000_OOQO0OO0O0OH if operand size is 64 bits) is returned. 


Legacy SSE instructions: In 64-bit mode, Use of the REX.W prefix promotes the instruction to 64-bit operation. See 
the summary chart at the beginning of this section for encoding data and limits. 


VEX.W1 and EVEX.W1 versions: promotes the instruction to produce 64-bit data in 64-bit mode. 
Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, otherwise instructions will #UD. 


Software should ensure VCVTTSS2SI is encoded with VEX.L=0. Encoding VCVTTSS2SI with VEX.L=1 may 
encounter unpredictable behavior across different processor generations. 
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Operation 
(V)CVTTSS2SI (All versions) 
IF 64-Bit Mode and OperandSize = 64 
THEN 
DEST[63:0] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[31:0]); 
ELSE 
DEST[31:0] := Convert_Single_Precision_Floating_Point_To_Integer_Truncate(SRC[31:0]); 


Fl; 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTTSS2SI int__mm_cvttss_i32(__m128 a); 

VCVTTSS2SI int__mm_cvtt_roundss_i32(__m128 a, int sae); 
VCVTTSS2S!__int64_mm_cvttss_i64(__m128 a); 
VCVTTSS2S!___int64_mm_cvtt_roundss_i64(__m128 a, int sae); 
CVTTSS2SI int __mm_cvttss_si32(__m128 a); 

CVTTSS2SI ___int64 _mm_cvttss_si64(__m128 a); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 
See Table 2-20, “Type 3 Class Exception Conditions”; additionally: 
#UD If VEX.vvvv != 1111B. 
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EVEX-encoded instructions, see Table 2-48, “Type E3NF Class Exception Conditions”. 
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CWD/CDQ/CQO—Convert Word to Doubleword/Convert Doubleword to Quadword 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
99 CwD ZO | Valid Valid DX:AX := sign-extend of AX. 

99 CDQ ZO ‘| Valid Valid EDX:EAX := sign-extend of EAX. 

REX.W + 99 CQo ZO ‘| Valid N.E. RDX:RAX:= sign-extend of RAX. 
Instruction Operand Encoding 

Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Doubles the size of the operand in register AX, EAX, or RAX (depending on the operand size) by means of sign 
extension and stores the result in registers DX:AX, EDX:EAX, or RDX:RAX, respectively. The CWD instruction 
copies the sign (bit 15) of the value in the AX register into every bit position in the DX register. The CDQ instruction 
copies the sign (bit 31) of the value in the EAX register into every bit position in the EDX register. The CQO instruc- 
tion (available in 64-bit mode only) copies the sign (bit 63) of the value in the RAX register into every bit position 
in the RDX register. 


The CWD instruction can be used to produce a doubleword dividend from a word before word division. The CDQ 
instruction can be used to produce a quadword dividend from a doubleword before doubleword division. The CQO 
instruction can be used to produce a double quadword dividend from a quadword before a quadword division. 


The CWD and CDQ mnemonics reference the same opcode. The CWD instruction is intended for use when the 
operand-size attribute is 16 and the CDQ instruction for when the operand-size attribute is 32. Some assemblers 
may force the operand size to 16 when CWD is used and to 32 when CDQ is used. Others may treat these 
mnemonics as synonyms (CWD/CDQ) and use the current setting of the operand-size attribute to determine the 
size of values to be converted, regardless of the mnemonic used. 


In 64-bit mode, use of the REX.W prefix promotes operation to 64 bits. The CQO mnemonics reference the same 
opcode as CWD/CDQ. See the summary chart at the beginning of this section for encoding data and limits. 


Operation 


IF OperandSize = 16 (* CWD instruction *) 
THEN 
DX := SignExtend(AX); 
ELSE IF OperandSize = 32 (* CDQ instruction *) 
EDX := SignExtend(EAX); Fl; 
ELSE IF 64-Bit Mode and OperandSize = 64 (* CQO instruction*) 
RDX := SignExtend(RAX); FI; 
FI; 


Flags Affected 
None 


Exceptions (All Operating Modes) 
#UD If the LOCK prefix is used. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
27 DAA ZO ‘| Invalid Valid Decimal adjust AL after addition. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Adjusts the sum of two packed BCD values to create a packed BCD result. The AL register is the implied source and 
destination operand. The DAA instruction is only useful when it follows an ADD instruction that adds (binary addi- 
tion) two 2-digit, packed BCD values and stores a byte result in the AL register. The DAA instruction then adjusts 
the contents of the AL register to contain the correct 2-digit, packed BCD result. If a decimal carry is detected, the 
CF and AF flags are set accordingly. 


This instruction executes as described above in compatibility mode and legacy mode. It is not valid in 64-bit mode. 


Operation 


IF 64-Bit Mode 
THEN 


#UD; 


ELSE 


old_AL := AL; 
old_CF := CF; 
CF := 0; 
IF (((AL AND OFH) > 9) or AF = 1) 
THEN 
AL:=AL+6; 
CF := old_CF or (Carry from AL 
AF := 1; 
ELSE 


Fl; 
IF ((old_AL > 99H) or (old_CF = 1)) 
THEN 


= AL + 6); 


AL := AL + 60H; 
CF := 1; 
ELSE 
CF := 0; 
Fl; 
Fl; 
Example 
ADD AL,BL_ Before: AL=79H BL=35H EFLAGS(OSZAPC)=XXXXXX 
After: AL=AEH BL=35H EFLAGS(OSZAPC)=1 10000 
DAA Before: AL=AEH BL=35H EFLAGS(OSZAPC)=1 10000 
After: AL=14H BL=35H EFLAGS(OSZAPC)=X00111 
DAA Before: AL=2EH BL=35H EFLAGS(OSZAPC)=1 10000 


After: AL=34H BL=35H EFLAGS(OSZAPC)=X00101 
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Flags Affected 


The CF and AF flags are set if the adjustment of the value results in a decimal carry in either digit of the result (see 
the “Operation” section above). The SF, ZF, and PF flags are set according to the result. The OF flag is undefined. 


Protected Mode Exceptions 


#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 


#UD If the LOCK prefix is used. 


64-Bit Mode Exceptions 
#UD If in 64-bit mode. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
2F DAS ZO_ | Invalid Valid Decimal adjust AL after subtraction. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Adjusts the result of the subtraction of two packed BCD values to create a packed BCD result. The AL register is the 
implied source and destination operand. The DAS instruction is only useful when it follows a SUB instruction that 
subtracts (binary subtraction) one 2-digit, packed BCD value from another and stores a byte result in the AL 
register. The DAS instruction then adjusts the contents of the AL register to contain the correct 2-digit, packed BCD 
result. If a decimal borrow is detected, the CF and AF flags are set accordingly. 


This instruction executes as described above in compatibility mode and legacy mode. It is not valid in 64-bit mode. 


Operation 
IF 64-Bit Mode 
THEN 
#UD; 
ELSE 
old_AL := AL; 
old_CF := CF; 
CF := 0; 
IF (((AL AND OFH) > 9) or AF = 1) 
THEN 
AL:= AL - 6; 
CF := old_CF or (Borrow from AL := AL — 6); 
AF := 1; 
ELSE 
AF := 0; 
Fl; 
IF ((old_AL > 99H) or (old_CF = 1)) 
THEN 
AL := AL — 60H; 
CF :=1; 
Fl; 
Fl; 
Example 
SUB AL,BL_ Before: AL= 35H, BL = 47H, EFLAGS(OSZAPC) = XXXXXX 
After: AL = EEH, BL = 47H, EFLAGS(OSZAPC) = 010111 
DAA Before: AL = EEH, BL = 47H, EFLAGS(OSZAPC) = 010111 
After: AL = 88H, BL = 47H, EFLAGS(OSZAPC) = X10111 
Flags Affected 


The CF and AF flags are set if the adjustment of the value results in a decimal borrow in either digit of the result 
(see the “Operation” section above). The SF, ZF, and PF flags are set according to the result. The OF flag is unde- 


fined. 
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Protected Mode Exceptions 


#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 


#UD If the LOCK prefix is used. 


64-Bit Mode Exceptions 
#UD If in 64-bit mode. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
FE/1 DEC r/m8 M Valid Valid Decrement r/m8 by 1. 
REX + FE/1 DEC r/m M Valid N.E. Decrement r/m8 by 1. 
FF /1 DEC r/m16 M Valid Valid Decrement r/m76 by 1. 
FF /1 DEC r/m32 M Valid Valid Decrement r/m32 by 1. 
REX.W + FF /1 DEC r/m64 M Valid N.E. Decrement r/m64 by 1. 
48+rw DEC r16 6) N.E. Valid Decrement r76 by 1. 
48+rd DEC r32 6) N.E. Valid Decrement r32 by 1. 
NOTES: 


* |n 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r, w) NA NA NA 
0 opcode + rd (r, w) NA NA NA 
Description 


Subtracts 1 from the destination operand, while preserving the state of the CF flag. The destination operand can be 
a register or a memory location. This instruction allows a loop counter to be updated without disturbing the CF flag. 
(To perform a decrement operation that updates the CF flag, use a SUB instruction with an immediate operand of 
1.) 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. 


In 64-bit mode, DEC r16 and DEC r32 are not encodable (because opcodes 48H through 4FH are REX prefixes). 
Otherwise, the instruction’s 64-bit mode default operation size is 32 bits. Use of the REX.R prefix permits access to 
additional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bits. 


See the summary chart at the beginning of this section for encoding data and limits. 


Operation 


DEST := DEST - 1; 


Flags Affected 
The CF flag is not affected. The OF, SF, ZF, AF, and PF flags are set according to the result. 


Protected Mode Exceptions 


#GP(0) If the destination operand is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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DIV—Unsigned Divide 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

F6 /6 DIV r/m8 M Valid Valid Unsigned divide AX by r/m8, with result 
stored in AL := Quotient, AH := Remainder. 

REX + F6 /6 DIV r/mS M Valid N.E. Unsigned divide AX by r/m8, with result 
stored in AL := Quotient, AH := Remainder. 

F7 /6 DIV r/m16 M Valid Valid Unsigned divide DX:AX by r/m16, with result 
stored in AX := Quotient, DX := Remainder. 

F7 /6 DIV r/m32 M Valid Valid Unsigned divide EDX:EAX by r/m32, with 
result stored in EAX := Quotient, EDX := 
Remainder. 

REX.W + F7 /6 DIV r/m64 M Valid N.E. Unsigned divide RDX:RAX by r/m64, with 
result stored in RAX := Quotient, RDX := 
Remainder. 

NOTES: 


* |n 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Divides unsigned the value in the AX, DX:AX, EDX:EAX, or RDX:RAX registers (dividend) by the source operand 
(divisor) and stores the result in the AX (AH:AL), DX:AX, EDX:EAX, or RDX:RAX registers. The source operand can 
be a general-purpose register or a memory location. The action of this instruction depends on the operand size 
(dividend/divisor). Division using 64-bit operand is available only in 64-bit mode. 


Non-integral results are truncated (chopped) towards 0. The remainder is always less than the divisor in magni- 
tude. Overflow is indicated with the #DE (divide error) exception rather than with the CF flag. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Use of the REX.R prefix permits access to addi- 
tional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bits. In 64-bit mode when REX.W is 
applied, the instruction divides the unsigned value in RDX:RAX by the source operand and stores the quotient in 
RAX, the remainder in RDX. 


See the summary chart at the beginning of this section for encoding data and limits. See Table 3-15. 
Table 3-15. DIV Action 


Maximum 
Operand Size Dividend Divisor Quotient Remainder Quotient 
Word/byte AX r/m8 AL AH 255 
Doubleword/word DX:AX r/m16 AX DX 65,535 
Quadword/doubleword EDX:EAX r/m32 EAX EDX 232 ] 
Doublequadword/ RDX:RAX r/m64 RAX RDX 2% _ | 
quadword 
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Operation 


IF SRC=0 
THEN #DE; Fl; (* Divide Error *) 
IF OperandSize = 8 (* Word/Byte Operation *) 


THEN 
temp := AX / SRC; 
IF temp > FFH 
THEN #DE; (* Divide error *) 
ELSE 
AL := temp; 
AH := AX MOD SRC; 
Fl; 
ELSE IF OperandSize = 16 (* Doubleword/word operation *) 
THEN 
temp := DX:AX / SRC; 
IF temp > FFFFH 
THEN #DE; (* Divide error *) 
ELSE 
AX := temp; 
DX := DX:AX MOD SRC; 
Fl; 
Fl; 
ELSE IF Operandsize = 32 (* Quadword/doubleword operation *) 
THEN 
temp := EDX:EAX / SRC; 
IF temp > FFFFFFFFH 
THEN #DE; (* Divide error *) 
ELSE 
EAX := temp; 
EDX := EDX:EAX MOD SRC; 
Fl; 
Fl; 
ELSE IF 64-Bit Mode and Operandsize = 64 (* Doublequadword/quadword operation *) 
THEN 
temp := RDX:RAX / SRC; 
IF temp > FFFFFFFFFFFFFFFFH 
THEN #DE; (* Divide error *) 
ELSE 
RAX := temp; 
RDX := RDX:RAX MOD SRC; 
Fl; 
Fl; 
Fl; 
Flags Affected 


The CF, OF, SF, ZF, AF, and PF flags are undefined. 
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Protected Mode Exceptions 


#DE If the source operand (divisor) is 0 
If the quotient is too large for the designated register. 

#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#DE If the source operand (divisor) is 0. 
If the quotient is too large for the designated register. 

#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#DE If the source operand (divisor) is 0. 
If the quotient is too large for the designated register. 
#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the memory address is in a non-canonical form. 
#DE If the source operand (divisor) is 0 


If the quotient is too large for the designated register. 
#PF(fault-code) If a page fault occurs. 


#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#UD If the LOCK prefix is used. 


DIV—Unsigned Divide Vol.2A 3-319 


INSTRUCTION SET REFERENCE, A-L 


DIVPD—Divide Packed Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 

66 OF 5E /r A VIV SSE2 Divide packed double-precision floating-point values 

DIVPD xmm1, xmm2/m128 in xmm1 by packed double-precision floating-point 
values in xmm2/mem. 

VEX.128.66.0F.WIG 5E /r B VIV AVX Divide packed double-precision floating-point values 

VDIVPD xmm1, xmm2, xmm3/m128 in xmm2 by packed double-precision floating-point 
values in xmm3/mem. 

VEX.256.66.0F.WIG 5E /r B VIV AVX Divide packed double-precision floating-point values 

VDIVPD ymm1, ymm2, ymm3/m256 in ymm2 by packed double-precision floating-point 
values in ymm3/mem. 

EVEX.128.66.0F.W1 5E /r C VIV AVX512VL | Divide packed double-precision floating-point values 

VDIVPD xmm1 {k1}{z}, xmm2, AVX512F in xmm2 by packed double-precision floating-point 

xmm3/m128/m64bcst values in xmm3/m128/m64bcst and write results to 
xmm1 subject to writemask k1. 

EVEX.256.66.0F.W1 5E /r C VIV AVX512VL | Divide packed double-precision floating-point values 

VDIVPD ymm1 {k1}{z}, ymm2, AVX512F in ymm2 by packed double-precision floating-point 

ymm3/m256/m64bcst values in ynm3/m256/m64bcst and write results to 
ymm1 subject to writemask k1. 

EVEX.512.66.0F.W1 5E /r C VIV AVX512F Divide packed double-precision floating-point values 

VDIVPD zmm1 {k1}{z}, zmm2, in zmm2 by packed double-precision FP values in 

zmm3/m512/m64bcst{er} zmm3/m512/m64bcst and write results to zmm1 
subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD divide of the double-precision floating-point values in the first source operand by the floating- 
point values in the second source operand (the third operand). Results are written to the destination operand (the 
first operand). 


EVEX encoded versions: The first source operand (the second operand) is a ZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 64-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally 
updated with writemask k1. 


VEX.256 encoded version: The first source operand (the second operand) is a YMM register. The second source 
operand can be a YMM register or a 256-bit memory location. The destination operand is a YMM register. The upper 
bits (MAXVL-1:256) of the corresponding destination are zeroed. 


VEX.128 encoded version: The first source operand (the second operand) is a XMM register. The second source 
operand can be a XMM register or a 128-bit memory location. The destination operand is a XMM register. The upper 
bits (MAXVL-1:128) of the corresponding destination are zeroed. 


128-bit Legacy SSE version: The second source operand (the second operand) can be an XMM register or an 128- 
bit memory location. The destination is the same as the first source operand. The upper bits (MAXVL-1:128) of the 
corresponding destination are unmodified. 
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Operation 


VDIVPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) AND SRC2 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); ; refer to Table 15-4 in the Intel® 64 and IA-32 Architectures 
Software Developer's Manual, Volume 1 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
DEST[i+63:i] := SRC1[i+63:i] / SRC2[63:0] 
ELSE 
DEST[i+63:i] := SRC1[i+63:i] / SRC2[i+63:i] 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VDIVPD (VEX.256 encoded version) 

DEST[63:0] := SRC1[63:0] / SRC2[63:0] 
DEST[127:64] := SRC1[127:64] / SRC2[127:64] 
DEST[191:128] := SRC1[191:128] / SRC2[191:128] 
DEST[255:192] := SRC1[255:192] / SRC2[255:192] 
DEST[MAXVL-1:256] := 0; 


VDIVPD (VEX.128 encoded version) 
DEST[63:0] := SRC1[63:0] / SRC2[63:0] 
DEST[127:64] := SRC1[127:64] / SRC2[127:64] 
DEST[MAXVL-1:128] := 0; 


DIVPD (128-bit Legacy SSE version) 
DEST[63:0] := SRC1[63:0] / SRC2[63:0] 
DEST[127:64] := SRC1[127:64] / SRC2[127:64] 
DEST[MAXVL-1:128] (Unmodified) 
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Intel C/C++ Compiler Intrinsic Equivalent 


VDIVPD 
VDIVPD 
VDIVPD 
VDIVPD 
VDIVPD 
VDIVPD 
VDIVPD 
VDIVPD 
VDIVPD 
VDIVPD 
VDIVPD 


DIVPD __m128d_mm_div_pd (__m128d a, 


m512d 


mm512_div_pd(__m512da,__m512db); 


m512d 


mm512_mask_div_pd(__m512ds,__mmask8 k,__m512d a,__m512d b); 


m512d 


mm512_maskz_div_pd(__mmask8 k,__m512da,__m512d b); 


m256d 


m256d 


mm256_mask_div_pd(__m256d s,__ mmask8 k,__ m256d a, ___m256d b); 
mm256_maskz_div_pd(__mmask8 k,___ m256d a, ___m256d b); 


m128d 


mm_mask_div_pd(__m128ds,__ mmask8 k,__m128d a,_m128d b); 


m128d 


mm_maskz_div_pd(__mmask8 k,__m128d a,__m128d b); 


m512d 


mm512_div_round_pd(__m512da,__m512d5, int); 


m512d 


mm512_mask_div_round_pd(__m512ds,__mmask8 k,__m512da,__m512d b, int); 


m512d 


mm512_maskz_div_round_pd(__mmask8 k,__m512da,__m512db, int); 


m256d 


mm256_div_pd (__m256d a,___ m256d b); 
m128d b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Divide-by-Zero, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
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DIVPS—Divide Packed Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 

NP OF 5E /r A VIN SSE Divide packed single-precision floating-point values 

DIVPS xmm1, xmm2/m128 in xmm1 by packed single-precision floating-point 
values in xmm2/mem. 

VEX.128.0F.WIG 5E /r B VIN AVX Divide packed single-precision floating-point values 

VDIVPS xmm1, xmm2, xmm3/m128 in xmm2 by packed single-precision floating-point 
values in xmm3/mem. 

VEX.256.0F.WIG 5E /r B VIN AVX Divide packed single-precision floating-point values 

VDIVPS ymm1, ymm2, ymm3/m256 in ymm2 by packed single-precision floating-point 
values in ymm3/mem. 

EVEX.128.0F.WO 5E /r C VV AVX512VL | Divide packed single-precision floating-point values 

VDIVPS xmm1 {k1}{z}, xmm2, AVX512F in xmm2 by packed single-precision floating-point 

xmm3/m128/m32bcst values in xmm3/m128/m32bcst and write results to 
xmm1 subject to writemask k1. 

EVEX.256.0F.WO 5E /r C VV AVX512VL | Divide packed single-precision floating-point values 

VDIVPS ymm1 {k1}{z}, ymm2, AVX512F in ymm2 by packed single-precision floating-point 

ymm3/m256/m32bcst values in ymnm3/m256/m32bcst and write results to 
ymm1 subject to writemask k1. 

EVEX.512.0F.WO 5E /r C VIN AVX512F Divide packed single-precision floating-point values 

VDIVPS zmm1 {k1}{z}, zmm2, in zmm_2 by packed single-precision floating-point 

zmm3/m51 2/m32bcst{er} values in zmm3/m512/m32bcst and write results to 
zmm1 subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD divide of the four, eight or sixteen packed single-precision floating-point values in the first source 
operand (the second operand) by the four, eight or sixteen packed single-precision floating-point values in the 
second source operand (the third operand). Results are written to the destination operand (the first operand). 


EVEX encoded versions: The first source operand (the second operand) is aZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 32-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally 
updated with writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 


VEX.128 encoded version: The first source operand is a XMM register. The second source operand can be a XMM 
register or a 128-bit memory location. The destination operand is a XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. 
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Operation 


VDIVPS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) AND SRC2 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
DEST[i+31:i] = SRC1[i+31:i] / SRC2[31:0] 
ELSE 
DEST[i+31:i] = SRC1[i+31:i] / SRC2[i+31:i] 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VDIVPS (VEX.256 encoded version) 

DEST[31:0] := SRC1[31:0] / SRC2[31:0] 
DEST[63:32] := SRC1[63:32] / SRC2[63:32] 
DEST[95:64] := SRC1[95:64] / SRC2[95:64] 
DEST[127:96] := SRC1[127:96] / SRC2[127:96] 
DEST[159:128] := SRC1[159:128] / SRC2[159:128] 
DEST[191:160] := SRC1[191:160] / SRC2[191:160] 
DEST[223:192] := SRC1[223:192] / SRC2[223:192] 
DEST[255:224] := SRC1[255:224] / SRC2[255:224]. 
DEST[MAXVL-1:256] := 0; 


VDIVPS (VEX.128 encoded version) 
DEST[31:0] := SRC1[31:0] / SRC2[31:0] 
DEST[63:32] := SRC1[63:32] / SRC2[63:32] 
DEST[95:64] := SRC1[95:64] / SRC2[95:64] 
DEST[127:96] := SRC1[127:96] / SRC2[1 27:96] 
DEST[MAXVL-1:128] := 0 
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DIVPS (128-bit Legacy SSE version) 
DEST[31:0] := SRC1[31:0] / SRC2[31:0] 
DEST[63:32] := SRC1[63:32] / SRC2[63:32] 
DEST[95:64] := SRC1[95:64] / SRC2[95:64] 
DEST[127:96] := SRC1[127:96] / SRC2[127:96] 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VDIVPS __m512_mm512_div_ps(__m512 a,__m512 b); 

VDIVPS __m512 _mm512_mask_div_ps(__m512s,__mmask16k,__m512 a,__m512 b); 
VDIVPS __m512 _mm512_maskz_div_ps(__mmask16 k,__m512 a,__m512 b); 

VDIVPD __m256d__mm256_mask_div_pd(__m256d s,__ mmask8 k,___m256d a, __ m256d b); 
VDIVPD __m256d __mm256_maskz_div_pd(__mmask8 k,___m256d a,__m256d b); 

VDIVPD __m128d_mm_mask_div_pd(__m128ds,__ mmask8 k,__m128d a, __m128d b); 
VDIVPD __m128d _mm_maskz_div_pd(__mmask8 k,__m128d a, ___m128d b); 

VDIVPS __m512 _mm512_div_round_ps(__m512 a,__m512 5, int); 

VDIVPS __m512 _mm512_mask_div_round_ps(__m512s,__ mmask16 k,__m512 a,__m512 5, int); 
VDIVPS __m512_mm512_maskz_div_round_ps(__mmask16 k,__m512 a,__m512 5, int); 
VDIVPS __m256 __mm256_div_ps (__m256 a,__m256 b); 

DIVPS __m128_mm_div_ps (_m128 a,__m128 b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Divide-by-Zero, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
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DIVSD—Divide Scalar Double-Precision Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
F2 OF 5E /r A VIV SSE2 Divide low double-precision floating-point value in 
DIVSD xmm1, xmm2/m64 xmm_1 by low double-precision floating-point value 
in xmm2/m64. 
VEX.LIG.F2.0F.WIG 5E /r B VIV AVX Divide low double-precision floating-point value in 
VDIVSD xmm1, xmm2, xmm3/m64 xmm_z by low double-precision floating-point value 
in xmm3/m64. 
EVEX.LLIG.F2.0F.W1 5E /r C VIV AVX512F Divide low double-precision floating-point value in 
VDIVSD xmm1 {k1}{z}, xmm2, xmm_z by low double-precision floating-point value 
xmm3/m64{er} in xmm3/m64. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Divides the low double-precision floating-point value in the first source operand by the low double-precision 
floating-point value in the second source operand, and stores the double-precision floating-point result in the desti- 
nation operand. The second source operand can be an XMM register or a 64-bit memory location. The first source 
and destination are XMM registers. 


128-bit Legacy SSE version: The first source operand and the destination operand are the same. Bits (MAXVL- 
1:64) of the corresponding ZMM destination register remain unchanged. 


VEX.128 encoded version: The first source operand is an xmm register encoded by VEX.vvvv. The quadword at bits 
127:64 of the destination operand is copied from the corresponding quadword of the first source operand. Bits 
(MAXVL-1:128) of the destination register are zeroed. 


EVEX.128 encoded version: The first source operand is an xmm register encoded by EVEX.vvvv. The quadword 
element of the destination operand at bits 127:64 are copied from the first source operand. Bits (MAXVL-1:128) of 
the destination register are zeroed. 


EVEX version: The low quadword element of the destination is updated according to the writemask. 


Software should ensure VDIVSD is encoded with VEX.L=0. Encoding VDIVSD with VEX.L=1 may encounter unpre- 
dictable behavior across different processor generations. 
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Operation 


VDIVSD (EVEX encoded version) 
IF (EVEX.b = 1) AND SRC2 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := SRC1[63:0] / SRC2[63:0] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 
Fl; 
DEST[1 27:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


VDIVSD (VEX.128 encoded version) 
DEST[63:0] := SRC1[63:0] / SRC2[63:0] 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


DIVSD (128-bit Legacy SSE version) 
DEST[63:0] := DEST[63:0] / SRC[63:0] 
DEST[MAXVL-1:64] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VDIVSD __m128d_mm_mask_div_sd(__m128d s,__ mmask8 k,___m128da,__m128d b); 

VDIVSD __m128d _mm_maskz_div_sd(__mmask8 k,___m128d a,__m128d b); 

VDIVSD __m128d_mm_div_round_sd(__m128d a,__m128d, int); 

VDIVSD __m128d _mm_mask_div_round_sd(__m128ds,__ mmask8 k,__m128da,__m128d 5, int); 
VDIVSD __m128d _mm_maskz_div_round_sd(__mmask8 k,__m128d a,__m128d, int); 

DIVSD __m128d __mm_div_sd (__m128d a, ___m128d b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Divide-by-Zero, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 
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DIVSS—Divide Scalar Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
F3 OF 5E /r A VIV SSE Divide low single-precision floating-point value in 
DIVSS xmm1, xmm2/m32 xmm1 by low single-precision floating-point value in 
xmm2/m32. 
VEX.LIG.F3.0F.WIG 5E /r B VIV AVX Divide low single-precision floating-point value in 
VDIVSS xmm1, xmm2, xmm3/m32 xmmcz by low single-precision floating-point value in 
xmm3/m32. 
EVEX.LLIG.F3.0F.WO 5E /r C VIV AVX512F | Divide low single-precision floating-point value in 
VDIVSS xmm1 {k1}{z}, xmm2, xmmcz2 by low single-precision floating-point value in 
xmm3/m32{er} xmm3/m32. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Divides the low single-precision floating-point value in the first source operand by the low single-precision floating- 
point value in the second source operand, and stores the single-precision floating-point result in the destination 
operand. The second source operand can be an XMM register or a 32-bit memory location. 

128-bit Legacy SSE version: The first source operand and the destination operand are the same. Bits (MAXVL- 
1:32) of the corresponding YMM destination register remain unchanged. 


VEX.128 encoded version: The first source operand is an xmm register encoded by VEX.vvvv. The three high-order 
doublewords of the destination operand are copied from the first source operand. Bits (MAXVL-1:128) of the desti- 
nation register are zeroed. 


EVEX.128 encoded version: The first source operand is an xmm register encoded by EVEX.vvvv. The doubleword 
elements of the destination operand at bits 127:32 are copied from the first source operand. Bits (MAXVL-1:128) 
of the destination register are zeroed. 


EVEX version: The low doubleword element of the destination is updated according to the writemask. 


Software should ensure VDIVSS is encoded with VEX.L=0. Encoding VDIVSS with VEX.L=1 may encounter unpre- 
dictable behavior across different processor generations. 
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Operation 


VDIVSS (EVEX encoded version) 
IF (EVEX.b = 1) AND SRC2 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN = DEST[31:0] := SRC1[31:0] / SRC2[31:0] 


ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[1 27:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


VDIVSS (VEX.128 encoded version) 
DEST[31:0] := SRC1[31:0] / SRC2[31:0] 
DEST[1 27:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


DIVSS (128-bit Legacy SSE version) 
DEST[31:0] := DEST[31:0] / SRC[31:0] 
DEST[MAXVL-1:32] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VDIVSS __m128 _mm_mask_div_ss(__m128s,__ mmask8 k,___m128 a, 
VDIVSS __m128_mm_maskz_div_ss(__mmask8 k,__m128a,__m128 b); 

VDIVSS __m128 _mm_div_round_ss(__m128 a,__m128, int); 

VDIVSS __m128 __mm_mask_div_round_ss(__m128 s,__ mmask8 k,__m128 a,__m128 }, int); 
VDIVSS __m128_mm_maskz_div_round_ss(__mmask8 k,__m128 a,__m128 5, int); 

DIVSS __m128_mm_div_ss(__m128 a,__m128 b); 


m128 b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Divide-by-Zero, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 
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DPPD — Dot Product of Packed Double Precision Floating-Point Values 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En Mode Feature 
Flag 
66 OF 3A 41 /r ib RMI | V/V SSE4_1 Selectively multiply packed DP floating-point 
DPPD xmm1, xmm2/m128, imm8 values from xmm1 with packed DP floating- 


point values from xmm2, add and selectively 
store the packed DP floating-point values to 


xmm1. 
VEX.128.66.0F3A.WIG 41 /r ib RVMI | V/V AVX Selectively multiply packed DP floating-point 
VDPPD xmm1,xmm2, xmm3/m128, imm8 values from xmm2 with packed DP floating- 


point values from xmm3, add and selectively 
store the packed DP floating-point values to 


xmm1. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMI ModRM:reg (r, w) ModRM:r/m (r) imm8 NA 
RVMI ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imms 


Description 


Conditionally multiplies the packed double-precision floating-point values in the destination operand (first operand) 
with the packed double-precision floating-point values in the source (second operand) depending on a mask 
extracted from bits [5:4] of the immediate operand (third operand). If a condition mask bit is zero, the corre- 
sponding multiplication is replaced by a value of 0.0 in the manner described by Section 12.8.4 of Intel® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 1. 


The two resulting double-precision values are summed into an intermediate result. The intermediate result is 
conditionally broadcasted to the destination using a broadcast mask specified by bits [1:0] of the immediate byte. 


If a broadcast mask bit is “1”, the intermediate result is copied to the corresponding qword element in the destina- 
tion operand. If a broadcast mask bit is zero, the corresponding element in the destination is set to zero. 


DPPD follows the NaN forwarding rules stated in the Software Developer’s Manual, vol. 1, table 4.7. These rules do 
not cover horizontal prioritization of NaNs. Horizontal propagation of NaNs to the destination and the positioning of 
those NaNs in the destination is implementation dependent. NaNs on the input sources or computationally gener- 
ated NaNs will have at least one NaN propagated to the destination. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
YMM register destination are unmodified. 


VEX.128 encoded version: the first source operand is an XMM register or 128-bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding YMM register destination are 
zeroed. 


If VDPPD is encoded with VEX.L= 1, an attempt to execute the instruction encoded with VEX.L= 1 will cause an 
#UD exception. 
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Operation 
DP_primitive (SRC1, SRC2) 
IF (imm8[4] = 1) 
THEN Temp1[63:0] := DEST[63:0] * SRC[63:0]; // update SIMD exception flags 
ELSE Temp1[63:0] := +0.0; Fl; 
IF (imm8[5] = 1) 
THEN Temp1[127:64] := DEST[127:64] * SRC[127:64]; // update SIMD exception flags 
ELSE Temp1[127:64] := +0.0; Fl; 
/* if unmasked exception reported, execute exception handler*/ 


Temp2[63:0] := Temp1[63:0] + Temp1[127:64]; // update SIMD exception flags 
/* if unmasked exception reported, execute exception handler*/ 


IF (imm8[0] = 1) 
THEN DEST[63:0] := Temp2[63:0]; 
ELSE DEST[63:0] := +0.0; Fl; 

IF (imm8[1] = 1) 

THEN DEST[127:64] := Temp2[63:0]; 
ELSE DEST[127:64] := +0.0; Fl; 


DPPD (128-bit Legacy SSE version) 
DEST[127:0] := DP_Primitive(SRC1[1 27:0], SRC2[127:0)); 
DEST[MAXVL-1:1 28] (Unmodified) 


VDPPD (VEX.128 encoded version) 
DEST[127:0] := DP_Primitive(SRC1[127:0], SRC2[127:0]); 
DEST[MAXVL-1:128] := 0 


Flags Affected 
None 


Intel C/C++ Compiler Intrinsic Equivalent 


DPPD: m128d_mm_dp_pd (__m128d a,__m128d b, const int mask); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Exceptions are determined separately for each add and multiply operation. Unmasked exceptions will leave the 
destination untouched. 


Other Exceptions 
See Table 2-19, “Type 2 Class Exception Conditions”; additionally: 
#UD If VEX.L= 1. 
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DPPS — Dot Product of Packed Single Precision Floating-Point Values 


Opcode/ Op/ |64/32-bit | CPUID Description 
Instruction En /|Mode Feature 
Flag 
66 OF 3A 40 /r ib RMI | V/V SSE4_1 Selectively multiply packed SP floating-point 
DPPS xmm1, xmm2/m128, imm8 values from xmm1 with packed SP floating- 


point values from xmm_2, add and selectively 
store the packed SP floating-point values or 
zero values to xmm1. 


VEX.128.66.0F3A.WIG 40 /r ib RVMI | V/V AVX Multiply packed SP floating point values from 


VDPPS xmm1,xmmz2, xmm3/m128, imm8 xmm1 with packed SP floating point values 
from xmm2/mem selectively add and store to 


xmm1. 
VEX.256.66.0F3A.WIG 40 /r ib RVMI | V/V AVX Multiply packed single-precision floating-point 


VDPPS ymm1, ymm2, ymm3/m256, imm8 values from ymm2 with packed SP floating 
point values from ymm3/mem, selectively add 


pairs of elements and store to ymm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMI ModRM:reg (r, w) ModRM:r/m (r) imm8 NA 
RVMI ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8 
Description 


Conditionally multiplies the packed single precision floating-point values in the destination operand (first operand) 
with the packed single-precision floats in the source (second operand) depending on a mask extracted from the 
high 4 bits of the immediate byte (third operand). If a condition mask bit in Imm8[7:4] is zero, the corresponding 
multiplication is replaced by a value of 0.0 in the manner described by Section 12.8.4 of Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 1. 


The four resulting single-precision values are summed into an intermediate result. The intermediate result is condi- 
tionally broadcasted to the destination using a broadcast mask specified by bits [3:0] of the immediate byte. 


If a broadcast mask bit is “1”, the intermediate result is copied to the corresponding dword element in the destina- 
tion operand. If a broadcast mask bit is zero, the corresponding element in the destination is set to zero. 


DPPS follows the NaN forwarding rules stated in the Software Developer’s Manual, vol. 1, table 4.7. These rules do 
not cover horizontal prioritization of NaNs. Horizontal propagation of NaNs to the destination and the positioning of 
those NaNs in the destination is implementation dependent. NaNs on the input sources or computationally gener- 
ated NaNs will have at least one NaN propagated to the destination. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
YMM register destination are unmodified. 


VEX.128 encoded version: the first source operand is an XMM register or 128-bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding YMM register destination are 
zeroed. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 
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Operation 


DP_primitive (SRC1, SRC2) 
IF (imm8[4] = 1) 


THEN Temp1[31:0] := DEST[31:0] * SRC[31:0]; // update SIMD exception flags 


ELSE Temp1[31:0] := +0.0; Fl; 
IF (imm8[5] = 1) 


THEN Temp1[63:32] := DEST[63:32] * SRC[63:32]; // update SIMD exception flags 


ELSE Temp1[63:32] := +0.0; Fl; 
IF (imm8[6] = 1) 


THEN Temp1[95:64] := DEST[95:64] * SRC[95:64]; // update SIMD exception flags 


ELSE Temp1[95:64] := +0.0; Fl; 
IF (imm8[7] = 1) 


THEN Temp1[127:96] := DEST[127:96] * SRC[127:96]; // update SIMD exception flags 


ELSE Temp1[127:96] := +0.0; Fl; 


Temp2[31:0] := Temp1[31:0] + Temp1[63:32]; // update SIMD exception flags 


/* if unmasked exception reported, execute exception handler*/ 


Temp3[31:0] := Temp1[95:64] + Temp1[127:96]; // update SIMD exception flags 


/* if unmasked exception reported, execute exception handler*/ 


Temp4[31:0] := Temp2[31:0] + Temp3[31:0]; // update SIMD exception flags 


/* if unmasked exception reported, execute exception handler*/ 


IF (imm8[0] = 1) 
THEN DEST[31:0] := Temp4[31:0}; 
ELSE DEST[31:0] := +0.0; Fl; 

IF (imm8[1] = 1) 

THEN DEST[63:32] := Temp4[31:0]; 
ELSE DEST[63:32] := +0.0; Fl; 

IF (imm8[2] = 1) 

THEN DEST[95:64] := Temp4[31:0]; 
ELSE DEST[95:64] := +0.0; Fl; 

IF (imm8[3] = 1) 

THEN DEST[127:96] := Temp4[31:0]; 
ELSE DEST[127:96] := +0.0; Fl; 


DPPS (128-bit Legacy SSE version) 
DEST[127:0] := DP_Primitive(SRC1[1 27:0], SRC2[127:0)); 
DEST[MAXVL-1:1 28] (Unmodified) 


VDPPS (VEX.128 encoded version) 
DEST[127:0] := DP_Primitive(SRC1[127:0], SRC2[127:0)); 
DEST[MAXVL-1:128] := 0 


VDPPS (VEX.256 encoded version) 
DEST[127:0] := DP_Primitive(SRC1[127:0], SRC2[127:0)); 
DEST[255:1 28] := DP_Primitive(SRC1[255:128], SRC2[255:128)); 


Flags Affected 
None 
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Intel C/C++ Compiler Intrinsic Equivalent 


(V)DPPS: m128_mm_dp_ps (__m128 a,__m128 b, const int mask); 


VDPPS: m256_mm256_dp_ps(__m256 a,__m256 b, const int mask); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Exceptions are determined separately for each add and multiply operation, in the order of their execution. 
Unmasked exceptions will leave the destination operands unchanged. 


Other Exceptions 
See Table 2-19, “Type 2 Class Exception Conditions”. 
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EMMS—Empty MMX Technology State 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
NP OF 77 EMMS ZO | Valid Valid Set the x87 FPU tag word to empty. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Sets the values of all the tags in the x87 FPU tag word to empty (all 1s). This operation marks the x87 FPU data 
registers (which are aliased to the MMX technology registers) as available for use by x87 FPU floating-point instruc- 
tions. (See Figure 8-7 in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for the 
format of the x87 FPU tag word.) All other MMX instructions (other than the EMMS instruction) set all the tags in 
x87 FPU tag word to valid (all Os). 


The EMMS instruction must be used to clear the MMX technology state at the end of all MMX technology procedures 
or subroutines and before calling other procedures or subroutines that may execute x87 floating-point instructions. 
If a floating-point instruction loads one of the registers in the x87 FPU data register stack before the x87 FPU tag 
word has been reset by the EMMS instruction, an x87 floating-point register stack overflow can occur that will 
result in an x87 floating-point exception or incorrect result. 


EMMS operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


x87FPUTagWord := FFFFH; 


Intel C/C++ Compiler Intrinsic Equivalent 


void _mm_empty() 


Flags Affected 
None 


Protected Mode Exceptions 


#UD If CRO.EM[bit 2] = 1. 

#NM If CRO.TS[bit 3] = 1. 

#MF If there is a pending FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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ENCODEKEY1 28—Encode 128-Bit Key with Key Locker 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
F3 OF 38 FA 11:rrr:bbb A VIV AESKLE Wrap a 128-bit AES key from XMMO into a key handle 
ENCODEKEY 128 r32, r32, <XMMO-2>, and output handle in XMMO-2. 
<XMM4-6> 


Instruction Operand Encoding 


Op/En | Tuple Operand 1 Operand 2 Operand 3 Operands 4-5 Operands 6 - 7 
A NA ModRM:reg (w) ModRM:r/m (r) Implicit XMMO (r, w) Implicit XMM1-2 (w) | Implicit XMM4-6 (w) 
Description 


The ENCODEKEY128! instruction wraps a 128-bit AES key from the implicit operand XMMO into a key handle that 
is then stored in the implicit destination operands XMMO-2. 


The explicit source operand specifies handle restrictions, if any. 


The explicit destination operand is populated with information on the source of the key and its attributes. XMM4 
through XMM6 are reserved for future usages and software should not rely upon them being zeroed. 


Operation 


ENCODEKEY128 

#GP (0) if a reserved bit? in SRC[31:0] is set 

InputKey[1 27:0] := XMMO; 

KeyMetadata[2:0] = SRC[2:0]; 

KeyMetadata[23:3] = 0; // Reserved for future usage 
KeyMetadata[27:24] = 0; // KeyType is AES-128 (value of 0) 
KeyMetadata[1 27:28] = 0; // Reserved for future usage 


// KeyMetadata is the AAD input and InputKey is the Plaintext input for WrapKey128 
Handle[383:0] := WrapKey1 28(InputKey[1 27:0], KeyMetadata[1 27:0], IWKey.Integrity Key[127:0], IlWKey.Encryption Key[255:0)); 


DEST[O] := |WKey.NoBackup; 

DEST[4:1] := lWKey.KeySource[3:0]; 
DEST[31:5] = 0; 

XMMO := Handle[127:0]; // AAD 

XMM1 := Handle[255:128]; // Integrity Tag 
XMM2 := Handle[383:256]; // CipherText 
XMM4 := 0; // Reserved for future usage 
XMM5 := 0; // Reserved for future usage 
XMM6 := 0; // Reserved for future usage 
RFLAGS.OF, SF, ZF, AF, PF, CF := 0; 


Flags Affected 


All arithmetic flags (OF, SF, ZF, AF, PF, CF) are cleared to 0. Although they are cleared for the currently defined oper- 
ations, future extensions may report information in the flags. 


1. Further details on Key Locker and usage of this instruction can be found here: 


https://software.intel.com/content/www/us/en/develop/download/intel-key-locker-specification.html. 


2. SRC[31:3] are currently reserved for future usages. SRC[2], which indicates a no-decrypt restriction, is reserved if CPUID.1 9H:EAX[2] 
is O. SRC[1], which indicates a no-encrypt restriction, is reserved if CPUID.1 9H:EAX[1] is 0. SRC[O], which indicates a CPLO-only 
restriction, is reserved if CPUID.19H:EAX[0] is 0. 
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Intel C/C++ Compiler Intrinsic Equivalent 


ENCODEKEY128 unsigned int _mm_encodekey128_u32(unsigned int htype, __m128i key, void* h); 


Exceptions (All Operating Modes) 
#GP If reserved bit is set in source register value. 
#UD If the LOCK prefix is used. 
If CPUID.O7H:ECX.KL [bit 23] = 0. 
If CR4.KL = 0. 
If CPUID.19H:EBX.AESKLE [bit 0] = 0. 
If CRO.EM = 1. 
If CR4.OSFXSR = 0. 
#NM If CRO.TS = 1. 
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ENCODEKEY256—Encode 256-Bit Key with Key Locker 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
F3 OF 38 FB 1 1:rrr:bbb A VIV AESKLE Wrap a 256-bit AES key from XMM1:XMMO into a key 
ENCODEKEY 256 r32, r32 <XMMO-6> handle and store it in XMMO-3. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operands 3 - 4 Operands 5 - 9 
A NA ModRM:reg (w) ModRM:r/m (r) Implicit XMMO-1 (r, w) Implicit XMM2-6 (w) 
Description 


The ENCODEKEY256! instruction wraps a 256-bit AES key from the implicit operand XMM1:XMMO into a key handle 
that is then stored in the implicit destination operands XMMO-3. 

The explicit source operand is a general-purpose register and specifies what handle restrictions should be built into 
the handle. 


The explicit destination operand is populated with information on the source of the key and its attributes. XMM4 
through XMM6 are reserved for future usages and software should not rely upon them being zeroed. 


Operation 


ENCODEKEY256 

#GP (0) if a reserved bit? in SRC[31:0] is set 

InputKey[255:0] := XMM1:XMMO; 

KeyMetadata[2:0] = SRC[2:0]; 

KeyMetadata[23:3]=0; // Reserved for future usage 
KeyMetadata[27:24] = 1; //KeyType is AES-256 (value of 1) 
KeyMetadata[1 27:28] = 0; // Reserved for future usage 


// KeyMetadata is the AAD input and InputKey is the Plaintext input for WrapKey256 
Handle[51 1:0] := WrapKey256(InputKey[255:0], KeyMetadata[1 27:0], IWKey.Integrity Key[127:0], IlWKey.Encryption Key[255:0)); 


DEST[O] := |WKey.NoBackup; 

DEST[4:1] := lWKey.KeySource[3:0]; 

DEST[31:5] = 0; 

XMMO := Handle[127:0]; // AAD 

XMM1 := Handle[255:128]; // Integrity Tag 

XMM2 := Handle[383:256)]; // CipherText[127:0] 
XMM3 := Handle[51 1:384]; // CipherText[255:128] 


XMM4 := 0; // Reserved for future usage 
XMM5 := 0; // Reserved for future usage 
XMM6 := 0; // Reserved for future usage 


RFLAGS.OF, SF, ZF, AF, PF, CF := 0; 


1. Further details on Key Locker and usage of this instruction can be found here: 


https://software.intel.com/content/www/us/en/develop/download/intel-key-locker-specification.html. 


2. SRC[31:3] are currently reserved for future usages. SRC[2], which indicates a no-decrypt restriction, is reserved if CPUID.1 9H:EAX[2] 
is O. SRC[1], which indicates a no-encrypt restriction, is reserved if CPUID.19H:EAX[1] is 0. SRC[O], which indicates a CPLO-only 
restriction, is reserved if CPUID.19H:EAX[0] is 0. 
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Flags Affected 


All arithmetic flags (OF, SF, ZF, AF, PF, CF) are cleared to 0. Although they are cleared for the currently defined oper- 
ations, future extensions may report information in the flags. 


Intel C/C++ Compiler Intrinsic Equivalent 


ENCODEKEY256 unsigned int _mm_encodekey256_u32(unsigned int htype, __m128i key_lo, __m128i key_hi, void* h); 


Exceptions (All Operating Modes) 
#GP If reserved bit is set in source register value. 
#UD If the LOCK prefix is used. 
If CPUID.O7H:ECX.KL [bit 23] = 0. 
If CR4.KL = 0. 
If CPUID.19H:EBX.AESKLE [bit 0] = 0. 
If CRO.EM = 1. 
If CR4.OSFXSR = 0. 
#NM If CRO.TS = 1. 
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ENDBR32—Terminate an Indirect Branch in 32-bit and Compatibility Mode 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
F3 OF 1€ FB ZO VIN CET_IBT Terminate indirect branch in 32 bit and compatibility 
ENDBR32 mode. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA NA 
Description 


Terminate an indirect branch in 32 bit and compatibility mode. 


Operation 
IF EndbranchEnabled(CPL) & (IA32_EFER.LMA = 0 | (IA32_EFER.LMA=1 & CS.L = 0) 
IF CPL = 3 
THEN 
IA32_U_CET.TRACKER = IDLE 
IA32_U_CET.SUPPRESS = 0 
ELSE 
IA32_S_CET.TRACKER = IDLE 
IA32_S_CET.SUPPRESS = 0 
Fl; 
Fl; 


Flags Affected 
None. 


Exceptions 
None. 
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Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
F3 OF 1€ FA ZO VIN CET_IBT Terminate indirect branch in 64 bit mode. 
ENDBR64 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA NA 
Description 


Terminate an indirect branch in 64 bit mode. 


Operation 


IF EndbranchEnabled(CPL) & IA32_EFER.LMA = 1 &CS.L= 1 


IF CPL = 3 
THEN 


IA32_U_CET.TRACKER = IDLE 
IA32_U_CET.SUPPRESS = 0 


ELSE 


IA32_S_CET.TRACKER = IDLE 
IA32_S_CET.SUPPRESS = 0 


Fl; 
Fl; 


Flags Affected 


None. 


Exceptions 
None. 
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ENTER—Make Stack Frame for Procedure Parameters 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
C8 iw 00 ENTER imm16, 0 ll Valid Valid Create a stack frame for a procedure. 
C8 iw 01 ENTER imm16,1 Il Valid Valid Create a stack frame with a nested pointer for 
a procedure. 
C8 iw ib ENTER imm16, imm8 ll Valid Valid Create a stack frame with nested pointers for 
a procedure. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ll iw imm8s NA NA 
Description 


Creates a stack frame (comprising of space for dynamic storage and 1-32 frame pointer storage) for a procedure. 
The first operand (imm16) specifies the size of the dynamic storage in the stack frame (that is, the number of bytes 
of dynamically allocated on the stack for the procedure). The second operand (imm8) gives the lexical nesting level 
(0 to 31) of the procedure. The nesting level (imm8 mod 32) and the OperandSize attribute determine the size in 
bytes of the storage space for frame pointers. 


The nesting level determines the number of frame pointers that are copied into the “display area” of the new stack 
frame from the preceding frame. The default size of the frame pointer is the StackAddrSize attribute, but can be 
overridden using the 66H prefix. Thus, the OperandSize attribute determines the size of each frame pointer that 
will be copied into the stack frame and the data being transferred from SP/ESP/RSP register into the BP/EBP/RBP 
register. 


The ENTER and companion LEAVE instructions are provided to support block structured languages. The ENTER 
instruction (when used) is typically the first instruction in a procedure and is used to set up a new stack frame for 
a procedure. The LEAVE instruction is then used at the end of the procedure (just before the RET instruction) to 
release the stack frame. 


If the nesting level is 0, the processor pushes the frame pointer from the BP/EBP/RBP register onto the stack, 
copies the current stack pointer from the SP/ESP/RSP register into the BP/EBP/RBP register, and loads the 
SP/ESP/RSP register with the current stack-pointer value minus the value in the size operand. For nesting levels of 
1 or greater, the processor pushes additional frame pointers on the stack before adjusting the stack pointer. These 
additional frame pointers provide the called procedure with access points to other nested frames on the stack. See 
“Procedure Calls for Block-Structured Languages” in Chapter 6 of the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1, for more information about the actions of the ENTER instruction. 


The ENTER instruction causes a page fault whenever a write using the final value of the stack pointer (within the 
current stack segment) would do so. 

In 64-bit mode, default operation size is 64 bits; 32-bit operation size cannot be encoded. Use of 66H prefix 
changes frame pointer operand size to 16 bits. 

When the 66H prefix is used and causing the OperandSize attribute to be less than the StackAddrSize, software is 
responsible for the following: 

¢ The companion LEAVE instruction must also use the 66H prefix, 

¢ The value in the RBP/EBP register prior to executing “66H ENTER” must be within the same 16KByte region of 


the current stack pointer (RSP/ESP), such that the value of RBP/EBP after “66H ENTER” remains a valid address 
in the stack. This ensures “66H LEAVE” can restore 16-bits of data from the stack. 
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Operation 


AllocSize := imm16; 
NestingLevel := imm8 MOD 32; 
IF (OperandSize = 64) 
THEN 
Push(RBP); (* RSP decrements by 8 *) 
FrameTemp := RSP; 
ELSE IF OperandSize = 32 
THEN 
Push(EBP); (* (E)SP decrements by 4 *) 
FrameTemp := ESP; FI; 
ELSE (* OperandSize = 16 *) 
Push(BP); (* RSP or (E)SP decrements by 2 *) 
FrameTemp := SP; 
Fl; 


IF NestingLevel = 0 
THEN GOTO CONTINUE; 
Fl; 


IF (NestingLevel > 1) 
THEN FOR i := 1 to (NestingLevel - 1) 


DO 
IF (OperandSize = 64) 
THEN 
RBP := RBP - 8; 


Push([RBP]); (* Quadword push *) 
ELSE IF OperandSize = 32 
THEN 
IF StackSize = 32 
EBP := EBP - 4; 
Push([EBP]); (* Doubleword push *) 
ELSE (* StackSize = 16 *) 
BP := BP - 4; 
Push([BP]); (* Doubleword push *) 
Fl; 
Fl; 
ELSE (* OperandSize = 16 *) 
IF StackSize = 64 
THEN 
RBP := RBP - 2; 
Push([RBP]); (* Word push *) 
ELSE IF StackSize = 32 
THEN 
EBP := EBP - 2; 
Push([EBP]); (* Word push *) 
ELSE (* StackSize = 16 *) 
BP := BP - 2; 
Push([BP]); (* Word push *) 
Fl; 
Fl; 
OD; 
FI; 
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IF (OperandSize = 64) (* nestinglevel 1 *) 
THEN 
Push(FrameTemp); (* Quadword push and RSP decrements by 8 *) 
ELSE IF OperandSize = 32 
THEN 
Push(FrameTemp); Fl; (* Doubleword push and (€)SP decrements by 4 *) 
ELSE (* OperandSize = 16 *) 
Push(FrameTemp); (* Word push and RSP|ESP|SP decrements by 2 *) 
FI; 


CONTINUE: 
IF 64-Bit Mode (StackSize = 64) 
THEN 
RBP := FrameTemp; 
RSP := RSP — AllocSize; 
ELSE IF OperandSize = 32 
THEN 
EBP := FrameTemp; 
ESP := ESP — AllocSize; Fl; 
ELSE (* OperandSize = 16 *) 
BP := FrameTemp[15:1]; (* Bits 16 and above of applicable RBP/EBP are unmodified *) 
SP := SP — AllocSize; 
Fl; 


END; 


Flags Affected 
None. 


Protected Mode Exceptions 
#SS(0) If the new value of the SP or ESP register is outside the stack segment limit. 


#PF(fault-code) If a page fault occurs or if a write using the final value of the stack pointer (within the current 
stack segment) would cause a page fault. 


#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#SS If the new value of the SP or ESP register is outside the stack segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#SS(0) If the new value of the SP or ESP register is outside the stack segment limit. 


#PF(fault-code) If a page fault occurs or if a write using the final value of the stack pointer (within the current 
stack segment) would cause a page fault. 


#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#SS(0) If the stack address is in a non-canonical form. 


#PF(fault-code) If a page fault occurs or if a write using the final value of the stack pointer (within the current 
stack segment) would cause a page fault. 


#UD If the LOCK prefix is used. 
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Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 

66 OF 3A 17 /rib A VV SSE4_1 Extract one single-precision floating-point value 

EXTRACTPS reg/m32, xmm1, imm8 from xmm1 at the offset specified by imm8 and 
store the result in reg or m32. Zero extend the 
results in 64-bit register if applicable. 

VEX.128.66.0F3A.WIG 17 /r ib A VIV AVX Extract one single-precision floating-point value 

VEXTRACTPS reg/m32, xmm1, imm8 from xmm1 at the offset specified by imm8 and 
store the result in reg or m32. Zero extend the 
results in 64-bit register if applicable. 

EVEX.128.66.0F3A.WIG 17 /r ib B VIV AVX512F Extract one single-precision floating-point value 

VEXTRACTPS reg/m32, xmm1, imm8 from xmm1 at the offset specified by imm8 and 
store the result in reg or m32. Zero extend the 
results in 64-bit register if applicable. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (w) ModRM:reg (r) Imm8 NA 
B Tuple1 Scalar ModRM:r/m (w) ModRM:reg (r) Imm8 NA 
Description 


Extracts a single-precision floating-point value from the source operand (second operand) at the 32-bit offset spec- 
ified from imm8s. Immediate bits higher than the most significant offset for the vector length are ignored. 


The extracted single-precision floating-point value is stored in the low 32-bits of the destination operand 


In 64-bit mode, destination register operand has default operand size of 64 bits. The upper 32-bits of the register 
are filled with zero. REX.W is ignored. 


VEX.128 and EVEX encoded version: When VEX.W1 or EVEX.W1 form is used in 64-bit mode with a general 
purpose register (GPR) as a destination operand, the packed single quantity is zero extended to 64 bits. 


VEX.vvvv/EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


128-bit Legacy SSE version: When a REX.W prefix is used in 64-bit mode with a general purpose register (GPR) as 
a destination operand, the packed single quantity is zero extended to 64 bits. 

The source register is an XMM register. Imm8[1:0] determine the starting DWORD offset from which to extract the 
32-bit floating-point value. 

If VEXTRACTPS is encoded with VEX.L= 1, an attempt to execute the instruction encoded with VEX.L= 1 will cause 
an #UD exception. 


Operation 
VEXTRACTPS (EVEX and VEX.128 encoded version) 
SRC_OFFSET := IMM8[1:0] 
IF (64-Bit Mode and DEST is register) 
DEST[31:0] = (SRC[127:0] >> (SRC_OFFSET*32)) AND OFFFFFFFFh 
DEST[63:32] := 0 
ELSE 
DEST[31:0] := (SRC[127:0] >> (SRC_OFFSET*32)) AND OFFFFFFFFh 
Fl 


EXTRACTPS—Extract Packed Floating-Point Values Vol. 2A 3-345 


INSTRUCTION SET REFERENCE, A-L 


EXTRACTPS (128-bit Legacy SSE version) 
SRC_OFFSET := IMM8[1:0] 
IF (64-Bit Mode and DEST is register) 
DEST[31:0] := (SRC[1 27:0] >> (SRC_OFFSET*32)) AND OFFFFFFFFH 
DEST[63:32] := 0 
ELSE 
DEST[31:0] := (SRC[1 27:0] >> (SRC_OFFSET*32)) AND OFFFFFFFFH 
Fl 


Intel C/C++ Compiler Intrinsic Equivalent 
EXTRACTPS int __mm_extract_ps (__m128 a, const int nidx); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


VEX-encoded instructions, see Table 2-22, “Type 5 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-57, “Type EONF Class Exception Conditions”. 


Additionally: 

#UD IF VEX.L = 0. 

#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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F2XM1—Compute 2-1 


Opcode Instruction 64-Bit Compat/ Description 

Mode Leg Mode 
D9 FO F2XM1 Valid Valid Replace ST(0) with (25 - 1). 
Description 


Computes the exponential value of 2 to the power of the source operand minus 1. The source operand is located in 
register ST(O) and the result is also stored in ST(0). The value of the source operand must lie in the range -1.0 to 
+1.0. If the source value is outside this range, the result is undefined. 


The following table shows the results obtained when computing the exponential value of various classes of 
numbers, assuming that neither overflow nor underflow occurs. 


Table 3-16. Results Obtained from F2XM1 


ST(0) SRC ST(0) DEST 
— 1.0 to -0 -—0.5 to-—0O 
-0 -0 
+0 +0 
+0 to+1.0 + Oto 1.0 


Values other than 2 can be exponentiated using the following formula: 
xY := 2ly * log,x) 
This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


ST(0) := (257 — 1); 


FPU Flags Affected 


C1 Set to 0 if stack underflow occurred. 
Set if result was rounded up; cleared otherwise. 
co, C2, C3 Undefined. 


Floating-Point Exceptions 


#1S Stack underflow occurred. 

#IA Source operand is an SNaN value or unsupported format. 
#D Source is a denormal value. 

#U Result is too small for destination format. 

#P Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 
#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 
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Compatibility Mode Exceptions 


Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


Same exceptions as in protected mode. 
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FABS—Absolute Value 


Opcode Instruction 64-Bit | Compat/ Description 
Mode | Leg Mode 
D9 €1 FABS Valid Valid Replace ST with its absolute value. 
Description 


Clears the sign bit of ST(0) to create the absolute value of the operand. The following table shows the results 
obtained when creating the absolute value of various classes of numbers. 


Table 3-17. Results Obtained from FABS 


ST(0) SRC ST(0) DEST 
a +00 
—F +F 
—0 +0 
+0 +0 
+F +F 
+00 +00 
NaN NaN 


NOTES: 
F Means finite floating-point value. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 
Operation 
ST(0) := |ST(O)|; 


FPU Flags Affected 
C1 Set to 0. 
Co, C2, C3 Undefined. 


Floating-Point Exceptions 
#IS Stack underflow occurred. 


Protected Mode Exceptions 
#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FADD/FADDP/FIADD—Add 


Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 

D8 /0 FADD m32fp Valid Valid Add m32fp to ST(0) and store result in ST(0). 

DC /O FADD m64fp Valid Valid Add m64fp to ST(0) and store result in ST(0). 

D8 CO+i FADD ST(0), ST(i) Valid Valid Add ST(0) to ST(i) and store result in ST(0). 

DC CO+i FADD ST(i), ST(0) Valid Valid Add ST(i) to ST(0) and store result in ST(i). 

DE CO+i FADDP ST(i), ST(0) Valid Valid Add ST(0) to ST(i), store result in ST(i), and pop the 
register stack. 

DE C1 FADDP Valid Valid Add ST(0) to ST(1), store result in ST(1), and pop the 
register stack. 

DA /O FIADD m32int Valid Valid Add m32int to ST(0) and store result in ST(O). 

DE /O FIADD m16int Valid Valid Add m16int to ST(0) and store result in ST(O). 

Description 


Adds the destination and source operands and stores the sum in the destination location. The destination operand 
is always an FPU register; the source operand can be a register or a memory location. Source operands in memory 
can be in single-precision or double-precision floating-point format or in word or doubleword integer format. 


The no-operand version of the instruction adds the contents of the ST(0) register to the ST(1) register. The one- 
operand version adds the contents of a memory location (either a floating-point or an integer value) to the contents 
of the ST(0) register. The two-operand version, adds the contents of the ST(0) register to the ST(i) register or vice 
versa. The value in ST(0) can be doubled by coding: 


FADD ST(0), ST(0); 


The FADDP instructions perform the additional operation of popping the FPU register stack after storing the result. 
To pop the register stack, the processor marks the ST(0) register as empty and increments the stack pointer (TOP) 
by 1. (The no-operand version of the floating-point add instructions always results in the register stack being 
popped. In some assemblers, the mnemonic for this instruction is FADD rather than FADDP.) 


The FIADD instructions convert an integer source operand to double extended-precision floating-point format 
before performing the addition. 


The table on the following page shows the results obtained when adding various classes of numbers, assuming that 
neither overflow nor underflow occurs. 


When the sum of two operands with opposite signs is 0, the result is +0, except for the round toward —o mode, in 
which case the result is -O. When the source operand is an integer 0, it is treated as a +0. 


When both operand are infinities of the same sign, the result is « of the expected sign. If both operands are infini- 
ties of opposite signs, an invalid-operation exception is generated. See Table 3-18. 
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Table 3-18. FADD/FADDP/FIADD Results 
DEST 


-F +For+0 
SRC DEST DEST 
DEST DEST 
+For+0 +F 


+00 +00 


NaN NaN 


NOTES: 

F Means finite floating-point value. 

| Means integer. 

* Indicates floating-point invalid-arithmetic-operand (#IA) exception. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


IF Instruction = FIADD 
THEN 
DEST := DEST + ConvertToDoubleExtendedPrecisionFP(SRC); 
ELSE (* Source operand is floating-point value *) 
DEST := DEST + SRC; 


Fl; 
IF Instruction = FADDP 
THEN 
PopRegisterStack; 
Fl; 
FPU Flags Affected 
C1 Set to 0 if stack underflow occurred. 
Set if result was rounded up; cleared otherwise. 
Co, C2, C3 Undefined. 


Floating-Point Exceptions 


#IS Stack underflow occurred. 

#IA Operand is an SNaN value or unsupported format. 
Operands are infinities of unlike sign. 

#D Source operand is a denormal value. 

#U Result is too small for destination format. 

#0 Result is too large for destination format. 

#P Value cannot be represented exactly in destination format. 
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Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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FBLD—Load Binary Coded Decimal 


Opcode Instruction 64-Bit /Compat/ | Description 
Mode _ | Leg Mode 
DF /4 FBLD m80bcd Valid Valid Convert BCD value to floating-point and push onto the 
FPU stack. 
Description 


Converts the BCD source operand into double extended-precision floating-point format and pushes the value onto 
the FPU stack. The source operand is loaded without rounding errors. The sign of the source operand is preserved, 
including that of -0. 


The packed BCD digits are assumed to be in the range 0 through 9; the instruction does not check for invalid digits 
(AH through FH). Attempting to load an invalid encoding produces an undefined result. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 
TOP := TOP - 1; 
ST(0) := ConvertToDoubleExtendedPrecisionFP(SRC); 


FPU Flags Affected 
C1 Set to 1 if stack overflow occurred; otherwise, set to 0. 
co, C2, C3 Undefined. 


Floating-Point Exceptions 
#1S Stack overflow occurred. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 
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Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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FBSTP—Store BCD Integer and Pop 


Opcode Instruction 64-Bit | Compat/ Description 

Mode Leg Mode 
DF /6 FBSTP m80bcd Valid Valid Store ST(0) in m80bcd and pop ST(0). 
Description 


Converts the value in the ST(0) register to an 18-digit packed BCD integer, stores the result in the destination 
operand, and pops the register stack. If the source value is a non-integral value, it is rounded to an integer value, 
according to rounding mode specified by the RC field of the FPU control word. To pop the register stack, the 
processor marks the ST(0) register as empty and increments the stack pointer (TOP) by 1. 

The destination operand specifies the address where the first byte destination value is to be stored. The BCD value 
(including its sign bit) requires 10 bytes of space in memory. 


The following table shows the results obtained when storing various classes of numbers in packed BCD format. 
Table 3-19. FBSTP Results 


ST(0) DEST 
— co or Value Too Large for DEST Format . 
F<-1 -D 
-1<F<-0 = 
-0 -0 
+0 +0 
+0<F<+41 “ 
F>+1 +D 
+o or Value Too Large for DEST Format : 
NaN * 


NOTES: 

F Means finite floating-point value. 

D Means packed-BCD number. 

* Indicates floating-point invalid-operation (#IA) exception. 
** +0 or +1, depending on the rounding mode. 


If the converted value is too large for the destination format, or if the source operand is an ~, SNaN, QNAN, or is in 
an unsupported format, an invalid-arithmetic-operand condition is signaled. If the invalid-operation exception is 
not masked, an invalid-arithmetic-operand exception (#IA) is generated and no value is stored in the destination 
operand. If the invalid-operation exception is masked, the packed BCD indefinite value is stored in memory. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 
Operation 


DEST := BCD(ST(0)); 
PopRegisterStack; 


FPU Flags Affected 


C1 Set to 0 if stack underflow occurred. 
Set if result was rounded up; cleared otherwise. 
co, C2, C3 Undefined. 
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Floating-Point Exceptions 


#IS Stack underflow occurred. 
#IA Converted value that exceeds 18 BCD digits in length. 

Source operand is an SNaN, QNaN, +0, or in an unsupported format. 
#P Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 


#GP(0) If a segment register is being loaded with a segment selector that points to a non-writable 
segment. 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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FCHS—Change Sign 


Opcode Instruction 64-Bit | Compat/ Description 

Mode Leg Mode 
DS EO FCHS Valid Valid Complements sign of ST(0). 
Description 


Complements the sign bit of ST(0). This operation changes a positive value into a negative value of equal magni- 
tude or vice versa. The following table shows the results obtained when changing the sign of various classes of 
numbers. 


Table 3-20. FCHS Results 


ST(0) SRC ST(0) DEST 
— 4.00 
—F +F 
-0 +0 
+0 -0 
+F —F 
ra —oo 
NaN NaN 


NOTES: 
* F means finite floating-point value. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 
Operation 
SignBit(ST(0)) := NOT (SignBit(ST(O))); 


FPU Flags Affected 
C1 Set to 0. 
Co, C2, C3 Undefined. 


Floating-Point Exceptions 
#1S Stack underflow occurred. 


Protected Mode Exceptions 
#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FCLEX/FNCLEX—Clear Exceptions 


Opcode* Instruction 64-Bit Compat/ Description 
Mode Leg Mode 
9B DB E2 FCLEX Valid Valid Clear floating-point exception flags after checking for 
pending unmasked floating-point exceptions. 
DB E2 FNCLEX” Valid Valid Clear floating-point exception flags without checking for 
pending unmasked floating-point exceptions. 


NOTES: 
* See IA-32 Architecture Compatibility section below. 


Description 


Clears the floating-point exception flags (PE, UE, OE, ZE, DE, and IE), the exception summary status flag (ES), the 
stack fault flag (SF), and the busy flag (B) in the FPU status word. The FCLEX instruction checks for and handles 
any pending unmasked floating-point exceptions before clearing the exception flags; the FNCLEX instruction does 
not. 


The assembler issues two instructions for the FCLEX instruction (an FWAIT instruction followed by an FNCLEX 
instruction), and the processor executes each of these instructions separately. If an exception is generated for 
either of these instructions, the save EIP points to the instruction that caused the exception. 


IA-32 Architecture Compatibility 


When operating a Pentium or Intel486 processor in MS-DOS* compatibility mode, it is possible (under unusual 
circumstances) for an FNCLEX instruction to be interrupted prior to being executed to handle a pending FPU excep- 
tion. See the section titled “No-Wait FPU Instructions Can Get FPU Interrupt in Window” in Appendix D of the Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for a description of these circumstances. An 
FNCLEX instruction cannot be interrupted in this way on later Intel processors, except for the Intel Quark™ x1000 
processor. 


This instruction affects only the x87 FPU floating-point exception flags. It does not affect the SIMD floating-point 
exception flags in the MXCSR register. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


FPUStatusWord[0:7] := 0; 
FPUStatusWord[1 5] := 0; 


FPU Flags Affected 


The PE, UE, OE, ZE, DE, IE, ES, SF, and B flags in the FPU status word are cleared. The CO, C1, C2, and C3 flags are 
undefined. 


Floating-Point Exceptions 
None 


Protected Mode Exceptions 
#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 
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Virtual-8086 Mode Exceptions 


Same exceptions as in protected mode. 


Compatibility Mode Exceptions 


Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


Same exceptions as in protected mode. 
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FCMOVcc—Floating-Point Conditional Move 


Opcode* Instruction 64-Bit |Compat/ |Description 
Mode Leg Mode* 
DA CO+i FCMOVB ST(0), ST(i) Valid Valid Move if below (CF=1). 
DA C8+i FCMOVE ST(0), ST(i) Valid Valid Move if equal (ZF=1). 
DA DO+i FCMOVBE ST(0), ST(i) Valid Valid Move if below or equal (CF=1 or ZF=1). 
DA D8+i FCMOVU ST(0), ST(i) Valid Valid Move if unordered (PF=1). 
DB CO+i FCMOVNB ST(0), ST(i) Valid Valid Move if not below (CF=0). 
DB C8+i FCMOVNE ST(0), ST(i) Valid Valid Move if not equal (ZF=0). 
DB DO+i FCMOVNBE ST(0), ST(i) Valid Valid Move if not below or equal (CF=0 and ZF=0). 
DB D8+i FCMOVNU ST(0), ST(i) Valid Valid Move if not unordered (PF=0). 
NOTES: 


* See IA-32 Architecture Compatibility section below. 


Description 


Tests the status flags in the EFLAGS register and moves the source operand (second operand) to the destination 
operand (first operand) if the given test condition is true. The condition for each mnemonic os given in the Descrip- 
tion column above and in Chapter 8 in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
1. The source operand is always in the ST(i) register and the destination operand is always ST(0). 


The FCMOVcc instructions are useful for optimizing small IF constructions. They also help eliminate branching over- 
head for IF operations and the possibility of branch mispredictions by the processor. 


A processor may not support the FCMOVcc instructions. Software can check if the FCMOVcc instructions are 
supported by checking the processor’s feature information with the CPUID instruction (see “COMISS—Compare 
Scalar Ordered Single-Precision Floating-Point Values and Set EFLAGS” in this chapter). If both the CMOV and FPU 
feature bits are set, the FCMOVcc instructions are supported. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


IA-32 Architecture Compatibility 
The FCMOVcc instructions were introduced to the IA-32 Architecture in the P6 family processors and are not avail- 
able in earlier IA-32 processors. 


Operation 


IF condition TRUE 
THEN ST(0) := ST(i); 
Fl; 


FPU Flags Affected 
C1 Set to 0 if stack underflow occurred. 
Co, C2, C3 Undefined. 


Floating-Point Exceptions 
#1S Stack underflow occurred. 


Integer Flags Affected 
None. 
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Protected Mode Exceptions 
#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FCOM/FCOMP/FCOMPP—Compare Floating Point Values 


Opcode Instruction 64-Bit Compat/ Description 

Mode Leg Mode 
D8 /2 FCOM m32fp Valid Valid Compare ST(0) with m32fp. 
DC /2 FCOM m64fp Valid Valid Compare ST(0) with m64fp. 
D8 DO+i FCOM ST(i) Valid Valid Compare ST(0) with ST(i). 
D8 D1 FCOM Valid Valid Compare ST(0) with ST(1). 
D8 /3 FCOMP m32fp Valid Valid Compare ST(0) with m32fp and pop register stack. 
DC /3 FCOMP m64fp Valid Valid Compare ST(0) with m64fp and pop register stack. 
D8 D8+i FCOMP ST(i) Valid Valid Compare ST(0) with ST(i) and pop register stack. 
D8 D9 FCOMP Valid Valid Compare ST(0) with ST(1) and pop register stack. 
DE D9 FCOMPP Valid Valid Compare ST(0) with ST(1) and pop register stack 

twice. 

Description 


Compares the contents of register ST(0) and source value and sets condition code flags CO, C2, and C3 in the FPU 
status word according to the results (see the table below). The source operand can be a data register or a memory 
location. If no source operand is given, the value in ST(O) is compared with the value in ST(1). The sign of zero is 
ignored, so that -0.0 is equal to +0.0. 


Table 3-21. FCOM/FCOMP/FCOMPP Results 


Condition C3 C2 co 
ST(O) > SRC 0 0 0 
ST(O) < SRC 0 0 1 
ST(O) = SRC 1 0 0 
Unordered* 1 1 1 


NOTES: 
* Flags not set if unmasked invalid-arithmetic-operand (#IA) exception is generated. 


This instruction checks the class of the numbers being compared (see “FXAM—Examine Floating-Point” in this 
chapter). If either operand is a NaN or is in an unsupported format, an invalid-arithmetic-operand exception (#IA) 
is raised and, if the exception is masked, the condition flags are set to “unordered.” If the invalid-arithmetic- 
operand exception is unmasked, the condition code flags are not set. 


The FCOMP instruction pops the register stack following the comparison operation and the FCOMPP instruction 
pops the register stack twice following the comparison operation. To pop the register stack, the processor marks 
the ST(0) register as empty and increments the stack pointer (TOP) by 1. 


The FCOM instructions perform the same operation as the FUCOM instructions. The only difference is how they 
handle QNaN operands. The FCOM instructions raise an invalid-arithmetic-operand exception (#IA) when either or 
both of the operands is a NaN value or is in an unsupported format. The FUCOM instructions perform the same 
operation as the FCOM instructions, except that they do not generate an invalid-arithmetic-operand exception for 
QNaNs. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 
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Operation 


CASE (relation of operands) OF 


ST > SRC: 

ST < SRC: 

ST =SRC: 
ESAC; 


C3, C2, CO := 000; 
C3, C2, CO := 001; 
C3, C2, CO := 100; 


IF ST(O) or SRC = NaN or unsupported format 


THEN 


IF FPUControlWord.IM = 1 


THEN 


C3, C2, CO := 111; 


Fl; 
Fl; 


IF Instruction = FCOMP 


THEN 


PopRegisterStack; 


Fl; 


IF Instruction = FCOMPP 


THEN 


PopRegisterStack; 
PopRegisterStack; 


Fl; 


FPU Flags Affected 


C1 
CO, C2, C3 


Set to 0. 
See table on previous page. 


Floating-Point Exceptions 


#1S 
#IA 


#D 


Stack underflow occurred. 

One or both operands are NaN values or have unsupported formats. 
Register is marked empty. 

One or both operands are denormal values. 


Protected Mode Exceptions 


#GP(0) 


#SS(0) 

#NM 
#PF(fault-code) 
#AC(0) 


#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

If a memory operand effective address is outside the SS segment limit. 

CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP 
#SS 
#NM 
#UD 
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If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

If the LOCK prefix is used. 
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Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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FCOMI/FCOMIP/FUCOMI/FUCOMIP—Compare Floating Point Values and Set EFLAGS 


Opcode Instruction 64-Bit |Compat/ |Description 
Mode Leg Mode 

DB FO+i FCOMI ST, ST(i) Valid Valid Compare ST(0) with ST(i) and set status flags accordingly. 

DF FO+i FCOMIP ST, ST(i) Valid Valid Compare ST(0) with ST(i), set status flags accordingly, and 
pop register stack. 

DB E8+i FUCOMI ST, ST(i) Valid Valid Compare ST(0) with ST(i), check for ordered values, and set 
status flags accordingly. 

DF E8+i FUCOMIP ST, ST(i) Valid Valid Compare ST(0) with ST(i), check for ordered values, set 
status flags accordingly, and pop register stack. 


Description 


Performs an unordered comparison of the contents of registers ST(0) and ST(i) and sets the status flags ZF, PF, and 
CF in the EFLAGS register according to the results (see the table below). The sign of zero is ignored for compari- 
sons, so that -0.0 is equal to +0.0. 


Table 3-22. FCOMI/FCOMIP/ FUCOMI/FUCOMIP Results 


Comparison Results* ZF PF CF 
STO > ST(i) 0 0 0 
STO < ST(i) 0 0 1 
STO = ST(i) 1 0 0 
Unordered** 1 1 1 


NOTES: 
* See the IA-32 Architecture Compatibility section below. 
** Flags not set if unmasked invalid-arithmetic-operand (#IA) exception is generated. 


An unordered comparison checks the class of the numbers being compared (see “FXAM—Examine Floating-Point” 
in this chapter). The FUCOMI/FUCOMIP instructions perform the same operations as the FCOMI/FCOMIP instruc- 
tions. The only difference is that the FUCOMI/FUCOMIP instructions raise the invalid-arithmetic-operand exception 
(#IA) only when either or both operands are an SNaN or are in an unsupported format; QNaNs cause the condition 
code flags to be set to unordered, but do not cause an exception to be generated. The FCOMI/FCOMIP instructions 
raise an invalid-operation exception when either or both of the operands are a NaN value of any kind or are in an 
unsupported format. 


If the operation results in an invalid-arithmetic-operand exception being raised, the status flags in the EFLAGS 
register are set only if the exception is masked. 


The FCOMI/FCOMIP and FUCOMI/FUCOMIP instructions set the OF, SF and AF flags to zero in the EFLAGS register 
(regardless of whether an invalid-operation exception is detected). 


The FCOMIP and FUCOMIP instructions also pop the register stack following the comparison operation. To pop the 
register stack, the processor marks the ST(0) register as empty and increments the stack pointer (TOP) by 1. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


IA-32 Architecture Compatibility 


The FCOMI/FCOMIP/FUCOMI/FUCOMIP instructions were introduced to the IA-32 Architecture in the P6 family 
processors and are not available in earlier IA-32 processors. 
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Operation 


CASE (relation of operands) OF 
ST(0) > ST(i): ZF, PF, CF := 000; 
ST(0) < ST(i): ZF, PF, CF := 001; 
ST(0) = ST(i): ZF, PF, CF := 100; 


ESAC; 
IF Instruction is FCOMI or FCOMIP 
THEN 
IF ST(O) or ST(i) = NaN or unsupported format 
THEN 
#IA 
IF FPUControlword.|M = 1 
THEN 
ZF, PF, CF := 111; 
Fl; 
Fl; 
Fl; 
IF Instruction is FUCOMI or FUCOMIP 
THEN 
IF ST(O) or ST(i) = QNaN, but not SNaN or unsupported format 
THEN 
ZF, PF, CF := 111; 
ELSE (* ST(O) or ST(i) is SNaN or unsupported format *) 
#IA; 
IF FPUControlwWord.IM = 1 
THEN 
ZF, PF, CF := 111; 
Fl; 
Fl; 
Fl; 
IF Instruction is FCOMIP or FUCOMIP 
THEN 
PopRegisterStack; 


Fl; 


FPU Flags Affected 
C1 Set to 0. 
co, C2, C3 Not affected. 


Floating-Point Exceptions 


#1S Stack underflow occurred. 
#IA (FCOMI or FCOMIP instruction) One or both operands are NaN values or have unsupported 
formats. 


(FUCOMI or FUCOMIP instruction) One or both operands are SNaN values (but not QNaNs) or 
have undefined formats. Detection of a QNaN value does not raise an invalid-operand excep- 
tion. 
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Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FCOS— Cosine 


Opcode Instruction 64-Bit | Compat/ Description 

Mode _ /|Leg Mode 
D9 FF FCOS Valid Valid Replace ST(O) with its approximate cosine. 
Description 


Computes the approximate cosine of the source operand in register ST(0) and stores the result in ST(0). The 
source operand must be given in radians and must be within the range —2® to +2®3, The following table shows the 
results obtained when taking the cosine of various classes of numbers. 


Table 3-23. FCOS Results 


ST(0) SRC ST(0) DEST 
-F —1 to+1 
-0 +1 
+0 +1 
+F —1to+1 
ree ¥ 
NaN NaN 


NOTES: 
F Means finite floating-point value. 
* Indicates floating-point invalid-arithmetic-operand (#IA) exception. 


If the source operand is outside the acceptable range, the C2 flag in the FPU status word is set, and the value in 
register ST(0) remains unchanged. The instruction does not raise an exception when the source operand is out of 
range. It is up to the program to check the C2 flag for out-of-range conditions. Source values outside the range — 
263 to +23 can be reduced to the range of the instruction by subtracting an appropriate integer multiple of 2n. 
However, even within the range -2°? to +2°3, inaccurate results can occur because the finite approximation of x 
used internally for argument reduction is not sufficient in all cases. Therefore, for accurate results it is safe to apply 
FCOS only to arguments reduced accurately in software, to a value smaller in absolute value than 32/8. See the 
sections titled “Approximation of Pi” and “Transcendental Instruction Accuracy” in Chapter 8 of the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 1, for a discussion of the proper value to use for x in 
performing such reductions. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


IF |ST(0)| < 263 
THEN 
C2 := 0; 
ST(0) := FCOS(ST(O)); // approximation of cosine 
ELSE (* Source operand is out-of-range *) 
C2 := 1; 
FI; 
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FPU Flags Affected 
C1 Set to 0 if stack underflow occurred. 
Set if result was rounded up; cleared otherwise. 
Undefined if C2 is 1. 
C2 Set to 1 if outside range (-2°? < source operand < +2°3); otherwise, set to 0. 
Co, C3 Undefined. 


Floating-Point Exceptions 


#IS Stack underflow occurred. 

#IA Source operand is an SNaN value, -, or unsupported format. 
#D Source is a denormal value. 

#P Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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Opcode Instruction 64-Bit Compat/ Description 

Mode Leg Mode 
DS F6 FDECSTP Valid Valid Decrement TOP field in FPU status word. 
Description 


Subtracts one from the TOP field of the FPU status word (decrements the top-of-stack pointer). If the TOP field 
contains a 0, it is set to 7. The effect of this instruction is to rotate the stack by one position. The contents of the 


FPU data registers and tag register are not affected. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 
IF TOP=0 

THEN TOP := 7; 

ELSE TOP := TOP - 1; 
Fl; 


FPU Flags Affected 


The Ci flag is set to 0. The CO, C2, and C3 flags are undefined. 


Floating-Point Exceptions 
None. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 


Same exceptions as in protected mode. 


Compatibility Mode Exceptions 


Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


Same exceptions as in protected mode. 


FDECSTP—Decrement Stack-Top Pointer 


Vol.2A 3-371 


INSTRUCTION SET REFERENCE, A-L 


FDIV/FDIVP/FIDIV—Divide 


Opcode Instruction 64-Bit | Compat/ Description 
Mode Leg Mode 
D8 /6 FDIV m32fp Valid Valid Divide ST(O) by m32fp and store result in ST(0). 
DC /6 FDIV m64fp Valid Valid Divide ST(O) by m64fp and store result in ST(0). 
D8 FO+i FDIV ST(0), ST(i) Valid Valid Divide ST(O) by ST(i) and store result in ST(0). 
DC F8+i FDIV ST(i), ST(O) Valid Valid Divide ST(i) by ST(O) and store result in ST(i). 
DE F8+i FDIVP ST(i), ST(O) Valid Valid Divide ST(i) by ST(0), store result in ST(i), and pop the 
register stack. 
DE F9 FDIVP Valid Valid Divide ST(1) by ST(0), store result in ST(1), and pop 
the register stack. 
DA /6 FIDIV m32int Valid Valid Divide ST(0) by m32int and store result in ST(O). 
DE /6 FIDIV m16int Valid Valid Divide ST(0) by m76int and store result in ST(O). 
Description 


Divides the destination operand by the source operand and stores the result in the destination location. The desti- 
nation operand (dividend) is always in an FPU register; the source operand (divisor) can be a register or a memory 
location. Source operands in memory can be in single-precision or double-precision floating-point format, word or 
doubleword integer format. 


The no-operand version of the instruction divides the contents of the ST(1) register by the contents of the ST(0) 
register. The one-operand version divides the contents of the ST(0) register by the contents of a memory location 
(either a floating-point or an integer value). The two-operand version, divides the contents of the ST(0) register by 
the contents of the ST(i) register or vice versa. 


The FDIVP instructions perform the additional operation of popping the FPU register stack after storing the result. 
To pop the register stack, the processor marks the ST(0) register as empty and increments the stack pointer (TOP) 
by 1. The no-operand version of the floating-point divide instructions always results in the register stack being 
popped. In some assemblers, the mnemonic for this instruction is FDIV rather than FDIVP. 


The FIDIV instructions convert an integer source operand to double extended-precision floating-point format 
before performing the division. When the source operand is an integer 0, it is treated as a +0. 


If an unmasked divide-by-zero exception (#Z) is generated, no result is stored; if the exception is masked, an ~ of 
the appropriate sign is stored in the destination operand. 


The following table shows the results obtained when dividing various classes of numbers, assuming that neither 
overflow nor underflow occurs. 
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Table 3-24. FDIV/FDIVP/FIDIV Results 
DEST 


NOTES: 

F Means finite floating-point value. 

| Means integer. 

* Indicates floating-point invalid-arithmetic-operand (#1A) exception. 
** Indicates floating-point zero-divide (#Z) exception. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


IF SRC=0 
THEN 
#Z; 
ELSE 
IF Instruction is FIDIV 
THEN 
DEST := DEST / ConvertToDoubleExtendedPrecisionFP(SRC); 
ELSE (* Source operand is floating-point value *) 
DEST := DEST / SRC; 


Fl; 
Fl; 
IF Instruction = FDIVP 
THEN 
PopRegisterStack; 


Fl; 


FPU Flags Affected 


C1 Set to 0 if stack underflow occurred. 
Set if result was rounded up; cleared otherwise. 
Co, C2, C3 Undefined. 
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Floating-Point Exceptions 


#IS Stack underflow occurred. 
#IA Operand is an SNaN value or unsupported format. 
too / +00; +0 / +0 
#D Source is a denormal value. 
#Z DEST / +0, where DEST is not equal to +0. 
#U Result is too small for destination format. 
#0 Result is too large for destination format. 
#P Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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FDIVR/FDIVRP/FIDIVR—Reverse Divide 


Opcode Instruction 64-Bit | Compat/ Description 
Mode _ /|Leg Mode 

D8 /7 FDIVR m32fp Valid Valid Divide m32fp by ST(O) and store result in ST(0). 

DC /7 FDIVR m64fp Valid Valid Divide m64fp by ST(O) and store result in ST(0). 

D8 F8+i FDIVR ST(0), ST(i) Valid Valid Divide ST(i) by ST(O) and store result in ST(Q). 

DC FO+i FDIVR ST(i), ST(O) Valid Valid Divide ST(O) by ST(i) and store result in ST(i). 

DE FO+i FDIVRP ST(i), ST(O) Valid Valid Divide ST(0) by ST(i), store result in ST(i), and pop the 
register stack. 

DE F1 FDIVRP Valid Valid Divide ST(0) by ST(1), store result in ST(1), and pop the 
register stack. 

DA /7 FIDIVR m32int Valid Valid Divide m32int by ST(O) and store result in ST(O). 

DE /7 FIDIVR m76int Valid Valid Divide m16int by ST(O) and store result in ST(O). 

Description 


Divides the source operand by the destination operand and stores the result in the destination location. The desti- 
nation operand (divisor) is always in an FPU register; the source operand (dividend) can be a register or a memory 
location. Source operands in memory can be in single-precision or double-precision floating-point format, word or 
doubleword integer format. 


These instructions perform the reverse operations of the FDIV, FDIVP, and FIDIV instructions. They are provided to 
support more efficient coding. 


The no-operand version of the instruction divides the contents of the ST(0) register by the contents of the ST(1) 
register. The one-operand version divides the contents of a memory location (either a floating-point or an integer 
value) by the contents of the ST(0) register. The two-operand version, divides the contents of the ST(i) register by 
the contents of the ST(0) register or vice versa. 


The FDIVRP instructions perform the additional operation of popping the FPU register stack after storing the result. 
To pop the register stack, the processor marks the ST(O) register as empty and increments the stack pointer (TOP) 
by 1. The no-operand version of the floating-point divide instructions always results in the register stack being 
popped. In some assemblers, the mnemonic for this instruction is FDIVR rather than FDIVRP. 


The FIDIVR instructions convert an integer source operand to double extended-precision floating-point format 
before performing the division. 


If an unmasked divide-by-zero exception (#Z) is generated, no result is stored; if the exception is masked, an ~ of 
the appropriate sign is stored in the destination operand. 


The following table shows the results obtained when dividing various classes of numbers, assuming that neither 
overflow nor underflow occurs. 
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Table 3-25. FDIVR/FDIVRP/FIDIVR Results 
DEST 


SRC 


NOTES: 

F Means finite floating-point value. 

| Means integer. 

* Indicates floating-point invalid-arithmetic-operand (#1A) exception. 
** Indicates floating-point zero-divide (#Z) exception. 


When the source operand is an integer 0, it is treated as a +0. This instruction’s operation is the same in non-64-bit 
modes and 64-bit mode. 


Operation 


IF DEST = 0 
THEN 
#Z; 
ELSE 
IF Instruction = FIDIVR 
THEN 
DEST := ConvertToDoubleExtendedPrecisionFP(SRC) / DEST; 
ELSE (* Source operand is floating-point value *) 
DEST := SRC/ DEST; 


Fl; 
Fl; 
IF Instruction = FDIVRP 
THEN 
PopRegisterStack; 


Fl; 


FPU Flags Affected 


Cl Set to 0 if stack underflow occurred. 
Set if result was rounded up; cleared otherwise. 
Co, C2, C3 Undefined. 
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Floating-Point Exceptions 


#1S Stack underflow occurred. 
#IA Operand is an SNaN value or unsupported format. 
too / too, +0 / +0 
#D Source is a denormal value. 
#Z SRC / +0, where SRC is not equal to +0. 
#U Result is too small for destination format. 
#0 Result is too large for destination format. 
#P Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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FFREE—Free Floating-Point Register 


Opcode Instruction 64-Bit Compat/ Description 

Mode Leg Mode 
DD CO+i FFREE ST(i) Valid Valid Sets tag for ST(i) to empty. 
Description 


Sets the tag in the FPU tag register associated with register ST(i) to empty (11B). The contents of ST(i) and the FPU 


stack-top pointer (TOP) are not affected. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


TAG(i) = 11B; 


FPU Flags Affected 
CO, C1, C2, C3 undefined. 


Floating-Point Exceptions 
None 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FICOM/FICOMP—Compare Integer 


Opcode Instruction 64-Bit Compat/ | Description 
Mode Leg Mode 
DE /2 FICOM m16int Valid Valid Compare ST(0) with m76int. 
DA /2 FICOM m32int Valid Valid Compare ST(0) with m32int. 
DE /3 FICOMP m76int Valid Valid Compare ST(0) with m76int and pop stack register. 
DA /3 FICOMP m32int Valid Valid Compare ST(0) with m32int and pop stack register. 
Description 


Compares the value in ST(0) with an integer source operand and sets the condition code flags CO, C2, and C3 in 
the FPU status word according to the results (see table below). The integer value is converted to double extended- 


precision floating-point format before the comparison is made. 
Table 3-26. FICOM/FICOMP Results 


Condition C3 C2 co 
ST(0) > SRC 0 0 0 
ST(O) < SRC 0 0 1 
ST(O) = SRC 1 0 0 
Unordered 1 1 1 


These instructions perform an “unordered comparison.” An unordered comparison also checks the class of the 
numbers being compared (see “FXKAM—Examine Floating-Point” in this chapter). If either operand is a NaN or is in 


an undefined format, the condition flags are set to “unordered.” 
The sign of zero is ignored, so that -0.0 :=+0.0. 


The FICOMP instructions pop the register stack following the comparison. To pop the register stack, the processor 


marks the ST(0) register empty and increments the stack pointer (TOP) by 1. 
This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


CASE (relation of operands) OF 
ST(0) > SRC: C3, C2, CO := 000; 
ST(0) < SRC: C3, C2, CO := 001; 
ST(0) = SRC: C3, C2, CO := 100; 
Unordered: C3, C2, CO := 111; 
ESAC; 


IF Instruction = FICOMP 
THEN 
PopRegisterStack; 
Fl; 


FPU Flags Affected 
C1 Set to 0. 
Co, C2, C3 See table on previous page. 


Floating-Point Exceptions 


#1S Stack underflow occurred. 
#IA One or both operands are NaN values or have unsupported formats. 
#D One or both operands are denormal values. 
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Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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FILD—Load Integer 


Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 
DF /O FILD m16int Valid Valid Push m76int onto the FPU register stack. 
DB /O FILD m32int Valid Valid Push m3Z2int onto the FPU register stack. 
DF /5 FILD m64int Valid Valid Push m64int onto the FPU register stack. 
Description 


Converts the signed-integer source operand into double extended-precision floating-point format and pushes the 
value onto the FPU register stack. The source operand can be a word, doubleword, or quadword integer. It is loaded 
without rounding errors. The sign of the source operand is preserved. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 
Operation 

TOP := TOP — 1; 

ST(0) := ConvertToDoubleExtendedPrecisionFP(SRC); 


FPU Flags Affected 
C1 Set to 1 if stack overflow occurred; set to 0 otherwise. 
co, C2, C3 Undefined. 


Floating-Point Exceptions 
#IS Stack overflow occurred. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 
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Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 
D9 F7 FINCSTP Valid Valid Increment the TOP field in the FPU status register. 
Description 


Adds one to the TOP field of the FPU status word (increments the top-of-stack pointer). If the TOP field contains a 
7, itis set to 0. The effect of this instruction is to rotate the stack by one position. The contents of the FPU data 
registers and tag register are not affected. This operation is not equivalent to popping the stack, because the tag 


for the previous top-of-stack register is not marked empty. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 
IF TOP =7 

THEN TOP := 0; 

ELSE TOP := TOP + 1; 
Fl; 


FPU Flags Affected 


The Ci flag is set to 0. The CO, C2, and C3 flags are undefined. 


Floating-Point Exceptions 
None 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FINIT/FNINIT—Initialize Floating-Point Unit 


Opcode Instruction 64-Bit | Compat/ Description 
Mode Leg Mode 
9B DB E3 FINIT Valid Valid Initialize FPU after checking for pending unmasked 
floating-point exceptions. 
DB E3 FNINIT Valid Valid Initialize FPU without checking for pending unmasked 
floating-point exceptions. 


NOTES: 
* See IA-32 Architecture Compatibility section below. 


Description 


Sets the FPU control, status, tag, instruction pointer, and data pointer registers to their default states. The FPU 
control word is set to 037FH (round to nearest, all exceptions masked, 64-bit precision). The status word is cleared 
(no exception flags set, TOP is set to 0). The data registers in the register stack are left unchanged, but they are all 
tagged as empty (11B). Both the instruction and data pointers are cleared. 


The FINIT instruction checks for and handles any pending unmasked floating-point exceptions before performing 
the initialization; the FNINIT instruction does not. 


The assembler issues two instructions for the FINIT instruction (an FWAIT instruction followed by an FNINIT 
instruction), and the processor executes each of these instructions in separately. If an exception is generated for 
either of these instructions, the save EIP points to the instruction that caused the exception. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


IA-32 Architecture Compatibility 


When operating a Pentium or Intel486 processor in MS-DOS compatibility mode, it is possible (under unusual 
circumstances) for an FNINIT instruction to be interrupted prior to being executed to handle a pending FPU excep- 
tion. See the section titled “No-Wait FPU Instructions Can Get FPU Interrupt in Window” in Appendix D of the Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for a description of these circumstances. An 
FNINIT instruction cannot be interrupted in this way on later Intel processors, except for the Intel Quark™ x1000 
processor. 


In the Intel387 math coprocessor, the FINIT/FNINIT instruction does not clear the instruction and data pointers. 
This instruction affects only the x87 FPU. It does not affect the XMM and MXCSR registers. 


Operation 


FPUControlWord := 037FH; 
FPUStatusWord := O; 
FPUTagWord := FFFFH; 
FPUDataPointer := 0; 
FPUInstructionPointer := 0; 
FPULastinstructionOpcode := 0; 


FPU Flags Affected 
CO, C1, C2, C3 set to 0. 


Floating-Point Exceptions 
None 
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Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FIST/FISTP—Store Integer 


Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 

DF /2 FIST m17Gint Valid Valid Store ST(O) in m76int. 

DB /2 FIST m32int Valid Valid Store ST(0) in m32int. 

DF /3 FISTP m176int Valid Valid Store ST(O) in m76int and pop register stack. 
DB /3 FISTP m32int Valid Valid Store ST(O) in m32int and pop register stack. 
DF /7 FISTP m64int Valid Valid Store ST(O) in m64int and pop register stack. 
Description 


The FIST instruction converts the value in the ST(Q) register to a signed integer and stores the result in the desti- 
nation operand. Values can be stored in word or doubleword integer format. The destination operand specifies the 
address where the first byte of the destination value is to be stored. 


The FISTP instruction performs the same operation as the FIST instruction and then pops the register stack. To pop 
the register stack, the processor marks the ST(0) register as empty and increments the stack pointer (TOP) by 1. 
The FISTP instruction also stores values in quadword integer format. 


The following table shows the results obtained when storing various classes of numbers in integer format. 
Table 3-27. FIST/FISTP Results 


ST(0) DEST 
— oo or Value Too Large for DEST Format i 
F<s-1 - 
-1<F<-0 a 
-0 0 
+0 0 
+0<F<+1 vi 
F>+1 +] 
+o or Value Too Large for DEST Format 
NaN 7 


NOTES: 

F Means finite floating-point value. 

| Means integer. 

* Indicates floating-point invalid-operation (#IA) exception. 
** 0 or +1, depending on the rounding mode. 


If the source value is a non-integral value, it is rounded to an integer value, according to the rounding mode spec- 
ified by the RC field of the FPU control word. 


If the converted value is too large for the destination format, or if the source operand is an ©, SNaN, QNAN, or is in 
an unsupported format, an invalid-arithmetic-operand condition is signaled. If the invalid-operation exception is 
not masked, an invalid-arithmetic-operand exception (#IA) is generated and no value is stored in the destination 
operand. If the invalid-operation exception is masked, the integer indefinite value is stored in memory. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 
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Operation 
DEST := Integer(ST(0)); 


IF Instruction = FISTP 
THEN 
PopRegisterStack; 
Fl; 


FPU Flags Affected 


C1 Set to 0 if stack underflow occurred. 
Indicates rounding direction of if the inexact exception (#P) is generated: 0 :=not roundup; 1 
= roundup. 
Set to 0 otherwise. 

Co, C2, C3 Undefined. 


Floating-Point Exceptions 


#1S Stack underflow occurred. 
#IA Converted value is too large for the destination format. 

Source operand is an SNaN, QNaN, +2, or unsupported format. 
#P Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 


selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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Opcode Instruction 64-Bit Mode | Compat/ Description 

Leg Mode 
DF /1 FISTTP m16int Valid Valid Store ST(O) in m16int with truncation. 
DB/1 FISTTP m32int Valid Valid Store ST(0) in m32int with truncation. 
DD/1 FISTTP m64int Valid Valid Store ST(O) in m64int with truncation. 
Description 


FISTTP converts the value in ST into a signed integer using truncation (chop) as rounding mode, transfers the 
result to the destination, and pop ST. FISTTP accepts word, short integer, and long integer destinations. 


The following table shows the results obtained when storing various classes of numbers in integer format. 
Table 3-28. FISTTP Results 


ST(0) DEST 

—co or Value Too Large for DEST Format : 
F< -] | 
-1<F<+1 0 
FS+1 + 
+eo or Value Too Large for DEST Format . 
NaN - 
NOTES: 


F Means finite floating-point value. 
I Means integer. 
* Indicates floating-point invalid-operation (#IA) exception. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 
DEST := ST; 
pop ST; 


Flags Affected 
Ci is cleared; CO, C2, C3 undefined. 


Numeric Exceptions 
Invalid, Stack Invalid (stack underflow), Precision. 


Protected Mode Exceptions 


#GP(0) If the destination is in a nonwritable segment. 
For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 
#SS(0) For an illegal address in the SS segment. 
#PF(fault-code) For a page fault. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#NM If CRO.EM[bit 2] = 1. 
If CRO.TS[bit 3] = 1. 
#UD If CPUID.O1H:ECX.SSE3[bit 0] = 0. 


If the LOCK prefix is used. 
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Real Address Mode Exceptions 


GP(0) If any part of the operand would lie outside of the effective address space from O to OFFFFH. 
#NM If CRO.EM[bit 2] = 1. 

If CRO.TS[bit 3] = 1. 
#UD If CPUID.01H:ECX.SSE3[bit 0] = 0. 


If the LOCK prefix is used. 


Virtual 8086 Mode Exceptions 


GP(0) If any part of the operand would lie outside of the effective address space from O to OFFFFH. 
#NM If CRO.EM[bit 2] = 1. 

If CRO.TS[bit 3] = 1. 
#UD If CPUID.01H:ECX.SSE3[bit 0] = 0. 


If the LOCK prefix is used. 
#PF(fault-code) For a page fault. 
#AC(0) For unaligned memory reference if the current privilege is 3. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 


current privilege level is 3. 
If the LOCK prefix is used. 
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FLD—Load Floating Point Value 


Opcode Instruction 64-Bit | Compat/ Description 
Mode Leg Mode 
DI /0 FLD m32fp Valid Valid Push m32fp onto the FPU register stack. 
DD /O FLD m64fp Valid Valid Push m64fp onto the FPU register stack. 
DB /5 FLD m80fp Valid Valid Push m8Ofp onto the FPU register stack. 
D9 CO+i FLD ST(i) Valid Valid Push ST(i) onto the FPU register stack. 
Description 


Pushes the source operand onto the FPU register stack. The source operand can be in single-precision, double- 
precision, or double extended-precision floating-point format. If the source operand is in single-precision or 
double-precision floating-point format, it is automatically converted to the double extended-precision floating- 
point format before being pushed on the stack. 

The FLD instruction can also push the value in a selected FPU register [ST(i)] onto the stack. Here, pushing register 
ST(0) duplicates the stack top. 


NOTE 


When the FLD instruction loads a denormal value and the DM bit in the CW is not masked, an 
exception is flagged but the value is still pushed onto the x87 stack. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


IF SRC is ST(i) 
THEN 
temp := ST(i); 
FI; 


TOP := TOP — 1; 


IF SRC is memory-operand 
THEN 
ST(0) := ConvertToDoubleExtendedPrecisionFP(SRC); 
ELSE (* SRC is ST(i) *) 
ST(O) := temp; 
FI; 


FPU Flags Affected 
C1 Set to 1 if stack overflow occurred; otherwise, set to 0. 
co, C2, C3 Undefined. 


Floating-Point Exceptions 


#1S Stack underflow or overflow occurred. 

#IA Source operand is an SNaN. Does not occur if the source operand is in double extended-preci- 
sion floating-point format (FLD m8Ofp or FLD ST(i)). 

#D Source operand is a denormal value. Does not occur if the source operand is in double 


extended-precision floating-point format. 


FLD—Load Floating Point Value Vol.2A 3-391 


INSTRUCTION SET REFERENCE, A-L 


Protected Mode Exceptions 

#GP(0) If destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 


selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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FLD1/FLDL2T/FLDL2E/FLDPI/FLDLG2/FLDLN2/FLDZ—Load Constant 


Opcode* Instruction 64-Bit | Compat/ Description 

Mode __| Leg Mode 
DS E8 FLD1 Valid Valid Push +1.0 onto the FPU register stack. 
DS EO FLDL2T Valid Valid Push logz10 onto the FPU register stack. 
DI EA FLDL2E Valid Valid Push logze onto the FPU register stack. 
D9 EB FLDPI Valid Valid Push x onto the FPU register stack. 
D9 EC FLDLG2 Valid Valid Push log;92 onto the FPU register stack. 
DS ED FLDLN2 Valid Valid Push logg2 onto the FPU register stack. 
DS EE FLDZ Valid Valid Push +0.0 onto the FPU register stack. 
NOTES: 


* See IA-32 Architecture Compatibility section below. 


Description 


Push one of seven commonly used constants (in double extended-precision floating-point format) onto the FPU 
register stack. The constants that can be loaded with these instructions include +1.0, +0.0, log 310, logze, n, logy 92, 
and log.2. For each constant, an internal 66-bit constant is rounded (as specified by the RC field in the FPU control 
word) to double extended-precision floating-point format. The inexact-result exception (#P) is not generated as a 
result of the rounding, nor is the C1 flag set in the x87 FPU status word if the value is rounded up. 


See the section titled “Approximation of Pi” in Chapter 8 of the Inte/® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 1, for a description of the x constant. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


IA-32 Architecture Compatibility 


When the RC field is set to round-to-nearest, the FPU produces the same constants that is produced by the Intel 
8087 and Intel 287 math coprocessors. 


Operation 
TOP := TOP — 1; 
ST(0) := CONSTANT; 


FPU Flags Affected 
C1 Set to 1 if stack overflow occurred; otherwise, set to 0. 
co, C2, C3 Undefined. 


Floating-Point Exceptions 
#IS Stack overflow occurred. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 
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Virtual-8086 Mode Exceptions 


Same exceptions as in protected mode. 


Compatibility Mode Exceptions 


Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


Same exceptions as in protected mode. 
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FLDCW—Load x87 FPU Control Word 


Opcode Instruction 64-Bit | Compat/ Description 
Mode _ | Leg Mode 
D9/5 FLDCW m2byte Valid Valid Load FPU control word from m2byte. 
Description 


Loads the 16-bit source operand into the FPU control word. The source operand is a memory location. This instruc- 
tion is typically used to establish or change the FPU’s mode of operation. 


If one or more exception flags are set in the FPU status word prior to loading a new FPU control word and the new 
control word unmasks one or more of those exceptions, a floating-point exception will be generated upon execution 
of the next floating-point instruction (except for the no-wait floating-point instructions, see the section titled “Soft- 
ware Exception Handling” in Chapter 8 of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 1). To avoid raising exceptions when changing FPU operating modes, clear any pending exceptions (using 
the FCLEX or FNCLEX instruction) before loading the new control word. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


FPUControlWord := SRC; 


FPU Flags Affected 
CO, Ci, C2, C3 undefined. 


Floating-Point Exceptions 


None; however, this operation might unmask a pending exception in the FPU status word. That exception is then 
generated upon execution of the next “waiting” floating-point instruction. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 
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Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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FLDENV—Load x87 FPU Environment 


Opcode Instruction 64-Bit | Compat/ Description 

Mode Leg Mode 
D9 /4 FLDENV m14/28byte Valid Valid Load FPU environment from m14byte or m28byte. 
Description 


Loads the complete x87 FPU operating environment from memory into the FPU registers. The source operand spec- 
ifies the first byte of the operating-environment data in memory. This data is typically written to the specified 
memory location by a FSTENV or FNSTENV instruction. 


The FPU operating environment consists of the FPU control word, status word, tag word, instruction pointer, data 
pointer, and last opcode. Figures 8-9 through 8-12 in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1, show the layout in memory of the loaded environment, depending on the operating mode of the 
processor (protected or real) and the current operand-size attribute (16-bit or 32-bit). In virtual-8086 mode, the 
real mode layouts are used. 


The FLDENV instruction should be executed in the same operating mode as the corresponding FSTENV/FNSTENV 
instruction. 


If one or more unmasked exception flags are set in the new FPU status word, a floating-point exception will be 
generated upon execution of the next floating-point instruction (except for the no-wait floating-point instructions, 
see the section titled “Software Exception Handling” in Chapter 8 of the Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 1). To avoid generating exceptions when loading a new environment, clear all 
the exception flags in the FPU status word that is being loaded. 


If a page or limit fault occurs during the execution of this instruction, the state of the x87 FPU registers as seen by 
the fault handler may be different than the state being loaded from memory. In such situations, the fault handler 
should ignore the status of the x87 FPU registers, handle the fault, and return. The FLDENV instruction will then 
complete the loading of the x87 FPU registers with no resulting context inconsistency. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


FPUControlWord := SRC[FPUControlWord]; 

FPUStatusWord := SRC[FPUStatusWord]; 

FPUTagWord := SRC[FPUTagWord]; 

FPUDataPointer := SRC[FPUDataPointer]; 
FPUInstructionPointer := SRC[FPUInstructionPointer]; 
FPULastinstructionOpcode := SRC[FPULastInstructionOpcode]; 


FPU Flags Affected 
The CO, C1, C2, C3 flags are loaded. 


Floating-Point Exceptions 


None; however, if an unmasked exception is loaded in the status word, it is generated upon execution of the next 
“waiting” floating-point instruction. 
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Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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FMUL/FMULP/FIMUL—Multiply 


Opcode Instruction 64-Bit |Compat/ |Description 
Mode Leg Mode 
D8 /1 FMUL m32fp Valid Valid Multiply ST(O) by m32fp and store result in ST(0). 
DC/1 FMUL m64fp Valid Valid Multiply ST(O) by m64fp and store result in ST(0). 
D8 C8+i FMUL ST(0), ST(i) Valid Valid Multiply ST(O) by ST(i) and store result in ST(0). 
DC C8+i FMUL ST(i), ST(O) Valid Valid Multiply ST(i) by ST(O) and store result in ST(i). 
DE C8+i FMULP ST(i), ST(O) Valid Valid Multiply ST(i) by ST(O), store result in ST(i), and pop the 
register stack. 
DE C9 FMULP Valid Valid Multiply ST(1) by ST(0), store result in ST(1), and pop 
the register stack. 
DA/1 FIMUL m32int Valid Valid Multiply ST(0) by m32int and store result in ST(O). 
DE/1 FIMUL m16int Valid Valid Multiply ST(0) by m76int and store result in ST(O). 
Description 


Multiplies the destination and source operands and stores the product in the destination location. The destination 
operand is always an FPU data register; the source operand can be an FPU data register or a memory location. 
Source operands in memory can be in single-precision or double-precision floating-point format or in word or 
doubleword integer format. 


The no-operand version of the instruction multiplies the contents of the ST(1) register by the contents of the ST(0) 
register and stores the product in the ST(1) register. The one-operand version multiplies the contents of the ST(0) 
register by the contents of a memory location (either a floating point or an integer value) and stores the product in 
the ST(0) register. The two-operand version, multiplies the contents of the ST(0) register by the contents of the 
ST(i) register, or vice versa, with the result being stored in the register specified with the first operand (the desti- 
nation operand). 


The FMULP instructions perform the additional operation of popping the FPU register stack after storing the 
product. To pop the register stack, the processor marks the ST(0) register as empty and increments the stack 
pointer (TOP) by 1. The no-operand version of the floating-point multiply instructions always results in the register 
stack being popped. In some assemblers, the mnemonic for this instruction is FMUL rather than FMULP. 


The FIMUL instructions convert an integer source operand to double extended- 
precision floating-point format before performing the multiplication. 


The sign of the result is always the exclusive-OR of the source signs, even if one or more of the values being multi- 
plied is 0 or «. When the source operand is an integer 0, it is treated as a +0. 


The following table shows the results obtained when multiplying various classes of numbers, assuming that neither 
overflow nor underflow occurs. 
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Table 3-29. FMUL/FMULP/FIMUL Results 
DEST 


SRC 


NOTES: 

F Means finite floating-point value. 

| Means Integer. 

* Indicates invalid-arithmetic-operand (#IA) exception. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


IF Instruction = FIMUL 
THEN 
DEST := DEST « ConvertToDoubleExtendedPrecisionFP(SRC); 
ELSE (* Source operand is floating-point value *) 
DEST := DEST * SRC; 


Fl; 
IF Instruction = FMULP 
THEN 
PopRegisterStack; 
Fl; 
FPU Flags Affected 
Cl Set to 0 if stack underflow occurred. 
Set if result was rounded up; cleared otherwise. 
co, C2, C3 Undefined. 


Floating-Point Exceptions 


#IS Stack underflow occurred. 
#IA Operand is an SNaN value or unsupported format. 
One operand is +0 and the other is +0, 
#D Source operand is a denormal value. 
#U Result is too small for destination format. 
#0 Result is too large for destination format. 
#P Value cannot be represented exactly in destination format. 
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Protected Mode Exceptions 


#GP(0) 


#SS(0) 

#NM 
#PF(fault-code) 
#AC(0) 


#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If a memory operand effective address is outside the SS segment limit. 
CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP 
#SS 
#NM 
#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) 

#SS(0) 

#NM 
#PF(fault-code) 
#AC(0) 

#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made. 

If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) 

#GP(0) 

#NM 

#MF 
#PF(fault-code) 
#AC(0) 


#UD 


If a memory address referencing the SS segment is in a non-canonical form. 
If the memory address is in a non-canonical form. 

CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

If there is a pending x87 FPU exception. 

If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 
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FNOP—No Operation 


Opcode Instruction 64-Bit | Compat/ Description 
Mode _ /|Leg Mode 
DS DO FNOP Valid Valid No operation is performed. 
Description 


Performs no FPU operation. This instruction takes up space in the instruction stream but does not affect the FPU or 
machine context, except the EIP register and the FPU Instruction Pointer. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


FPU Flags Affected 
CO, C1, C2, C3 undefined. 


Floating-Point Exceptions 
None 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FPATAN—Partial Arctangent 


Opcode* Instruction 64-Bit |Compat/ |Description 

Mode Leg Mode 
D9 F3 FPATAN Valid Valid Replace ST(1) with arctan(ST(1)/ST(O)) and pop the register stack. 
NOTES: 


* See IA-32 Architecture Compatibility section below. 


Description 


Computes the arctangent of the source operand in register ST(1) divided by the source operand in register ST(0), 
stores the result in ST(1), and pops the FPU register stack. The result in register ST(0) has the same sign as the 
source operand ST(1) and a magnitude less than +z. 


The FPATAN instruction returns the angle between the X axis and the line from the origin to the point (X,Y), where 
Y (the ordinate) is ST(1) and X (the abscissa) is ST(0). The angle depends on the sign of X and Y independently, 
not just on the sign of the ratio Y/X. This is because a point (-X,Y) is in the second quadrant, resulting in an angle 
between 2/2 and x, while a point (X,-Y) is in the fourth quadrant, resulting in an angle between 0 and -n/2. A point 
(-X,-Y) is in the third quadrant, giving an angle between —n/2 and -x. 


The following table shows the results obtained when computing the arctangent of various classes of numbers, 
assuming that underflow does not occur. 


Table 3-30. FPATAN Results 


ST(0) 

— oo -F -0 +0 +F + 00 NaN 

— 3n/4* —nl2 —nl2 —nl2 —nl2 — 7n/4* NaN 

ST(1) -p —1 to —1/2 —nl2 —n/2 —n/2 to -0 -0 NaN 
Pp -p =p" —0* -0 -0 NaN 

+p +p +n" +0* +0 +0 NaN 

+p +n to +n/2 +n/2 +n/2 +n/2 to +0 +0 NaN 

+3n/4* 41/2 41/2 41/2 +7/2 + 7/4* NaN 

NaN NaN NaN NaN NaN NaN NaN 

NOTES: 


F Means finite floating-point value. 


* Table 8-10 in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 1, specifies that the ratios 0/0 and c9o/co 
generate the floating-point invalid arithmetic-operation exception and, if this exception is masked, the floating-point QNaN indefi- 
nite value is returned. With the FPATAN instruction, the 0/0 or co/co value is actually not calculated using division. Instead, the arc- 
tangent of the two variables is derived from a standard mathematical formulation that is generalized to allow complex numbers as 
arguments. In this complex variable formulation, arctangent(0,0) etc. has well defined values. These values are needed to develop 
a library to compute transcendental functions with complex arguments, based on the FPU functions that only allow floating-point 
values as arguments. 


There is no restriction on the range of source operands that FPATAN can accept. 
This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


IA-32 Architecture Compatibility 
The source operands for this instruction are restricted for the 80287 math coprocessor to the following range: 


0 <|ST(1)| <|ST(O)| < +0 
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Operation 


ST(1) := arctan(ST(1) / ST(0)); 
PopRegisterStack; 


FPU Flags Affected 


C1 Set to 0 if stack underflow occurred. 
Set if result was rounded up; cleared otherwise. 
CO, C2, C3 Undefined. 


Floating-Point Exceptions 


#1S Stack underflow occurred. 

#IA Source operand is an SNaN value or unsupported format. 
#D Source operand is a denormal value. 

#U Result is too small for destination format. 

#P Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 
D9 F8 FPREM Valid Valid Replace ST(0) with the remainder obtained from dividing 
ST(0) by ST(1). 
Description 


Computes the remainder obtained from dividing the value in the ST(0Q) register (the dividend) by the value in the 
ST(1) register (the divisor or modulus), and stores the result in ST(0). The remainder represents the following 
value: 


Remainder := ST(0) — (Q * ST(1)) 
Here, Q is an integer value that is obtained by truncating the floating-point number quotient of [ST(0) / ST(1)] 


toward zero. The sign of the remainder is the same as the sign of the dividend. The magnitude of the remainder is 
less than that of the modulus, unless a partial remainder was computed (as described below). 


This instruction produces an exact result; the inexact-result exception does not occur and the rounding control has 
no effect. The following table shows the results obtained when computing the remainder of various classes of 
numbers, assuming that underflow does not occur. 


Table 3-31. FPREM Results 


ST(1) 
-09 -F -0 +0 +F too NaN 
* * * * * * NaN 
ST(0) ST(0) -F or -0 ” ™ -F or -0 ST(0) NaN 
-0 -0 ig * -0 -0 NaN 
+0 +0 * ii +0 +0 NaN 
ST(0) +F or +0 a 3 +F or +0 ST(0) NaN 
* * * * * * NaN 
NaN NaN NaN NaN NaN NaN NaN 
NOTES: 


F Means finite floating-point value. 
* Indicates floating-point invalid-arithmetic-operand (#IA) exception. 
** Indicates floating-point zero-divide (#Z) exception. 


When the result is 0, its sign is the same as that of the dividend. When the modulus is ~, the result is equal to the 
value in ST(O). 


The FPREM instruction does not compute the remainder specified in IEEE Std 754. The IEEE specified remainder 
can be computed with the FPREM1 instruction. The FPREM instruction is provided for compatibility with the Intel 
8087 and Intel287 math coprocessors. 


The FPREM instruction gets its name “partial remainder” because of the way it computes the remainder. This 
instruction arrives at a remainder through iterative subtraction. It can, however, reduce the exponent of ST(0) by 
no more than 63 in one execution of the instruction. If the instruction succeeds in producing a remainder that is 
less than the modulus, the operation is complete and the C2 flag in the FPU status word is cleared. Otherwise, C2 
is set, and the result in ST(0O) is called the partial remainder. The exponent of the partial remainder will be less 
than the exponent of the original dividend by at least 32. Software can re-execute the instruction (using the partial 
remainder in ST(O) as the dividend) until C2 is cleared. (Note that while executing such a remainder-computation 
loop, a higher-priority interrupting routine that needs the FPU can force a context switch in-between the instruc- 
tions in the loop.) 


An important use of the FPREM instruction is to reduce the arguments of periodic functions. When reduction is 
complete, the instruction stores the three least-significant bits of the quotient in the C3, C1, and CO flags of the FPU 
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status word. This information is important in argument reduction for the tangent function (using a modulus of 7/4), 
because it locates the original angle in the correct one of eight sectors of the unit circle. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 
Operation 
D := exponent(ST(0)) - exponent(ST(1)); 


IFD <64 
THEN 
Q:= Integer(TruncateTowardZero(ST(0) / ST(1))); 
ST(O) := ST(O) - (ST(1) * Q); 
2 


C2 := 0; 

CO, C3, C1 := LeastSignificantBits(Q); (* Q2, Q1, QO *) 
ELSE 

C2:= 1; 


N := An implementation-dependent number between 32 and 63; 
QQ := Integer(TruncateTowardZero((ST(O) / ST(1)) / 2-)); 
ST(0) := ST(0) - (ST(1) * QQ * 2O-N); 

Fl; 


FPU Flags Affected 


Co Set to bit 2 (Q2) of the quotient. 

C1 Set to 0 if stack underflow occurred; otherwise, set to least significant bit of quotient (QO). 
C2 Set to 0 if reduction complete; set to 1 if incomplete. 

C3 Set to bit 1 (Q1) of the quotient. 


Floating-Point Exceptions 


#1S Stack underflow occurred. 

#IA Source operand is an SNaN value, modulus is 0, dividend is », or unsupported format. 
#D Source operand is a denormal value. 

#U Result is too small for destination format. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FPREM1—Partial Remainder 


Opcode Instruction 64-Bit | Compat/ Description 
Mode Leg Mode 
DS F5 FPREM1 Valid Valid Replace ST(0) with the IEEE remainder obtained from dividing 
ST(0) by ST(1). 
Description 


Computes the IEEE remainder obtained from dividing the value in the ST(0O) register (the dividend) by the value in 
the ST(1) register (the divisor or modulus), and stores the result in ST(0). The remainder represents the following 
value: 


Remainder := ST(0) — (Q * ST(1)) 
Here, Q is an integer value that is obtained by rounding the floating-point number quotient of [ST(0) / ST(1)] 


toward the nearest integer value. The magnitude of the remainder is less than or equal to half the magnitude of the 
modulus, unless a partial remainder was computed (as described below). 


This instruction produces an exact result; the precision (inexact) exception does not occur and the rounding control 
has no effect. The following table shows the results obtained when computing the remainder of various classes of 
numbers, assuming that underflow does not occur. 


Table 3-32. FPREM1 Results 


ST(1) 
— 09 -F -0 +0 +F +o NaN 
* * * * * * NaN 
ST(0) ST(0) +F or -0 ae ny +F or-0 ST(0) NaN 
—0 -0 : i -0 -0 NaN 
+0 +0 * i +0 +0 NaN 
ST(0) +For+0 a ae +For+0 ST(0) NaN 
* * * * * * NaN 
NaN NaN NaN NaN NaN NaN NaN 
NOTES: 


F Means finite floating-point value. 
* Indicates floating-point invalid-arithmetic-operand (#IA) exception. 
** Indicates floating-point zero-divide (#Z) exception. 


When the result is 0, its sign is the same as that of the dividend. When the modulus is ~, the result is equal to the 
value in ST(O). 


The FPREM1 instruction computes the remainder specified in IEEE Standard 754. This instruction operates differ- 
ently from the FPREM instruction in the way that it rounds the quotient of ST(0) divided by ST(1) to an integer (see 
the “Operation” section below). 


Like the FPREM instruction, FPREM1 computes the remainder through iterative subtraction, but can reduce the 
exponent of ST(0) by no more than 63 in one execution of the instruction. If the instruction succeeds in producing 
a remainder that is less than one half the modulus, the operation is complete and the C2 flag in the FPU status word 
is cleared. Otherwise, C2 is set, and the result in ST(O) is called the partial remainder. The exponent of the partial 
remainder will be less than the exponent of the original dividend by at least 32. Software can re-execute the 
instruction (using the partial remainder in ST(Q) as the dividend) until C2 is cleared. (Note that while executing 
such a remainder-computation loop, a higher-priority interrupting routine that needs the FPU can force a context 
switch in-between the instructions in the loop.) 


An important use of the FPREM1 instruction is to reduce the arguments of periodic functions. When reduction is 
complete, the instruction stores the three least-significant bits of the quotient in the C3, C1, and CO flags of the FPU 
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status word. This information is important in argument reduction for the tangent function (using a modulus of 2/4), 
because it locates the original angle in the correct one of eight sectors of the unit circle. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 
Operation 
D := exponent(ST(0)) - exponent(ST(1)); 


IFD <64 
THEN 
Q := Integer(RoundTowardNearestinteger(ST(0) / ST(1))); 
ST(O) := ST(O) - (ST(1) * Q); 
2 


C2 := 0; 

CO, C3, C1 := LeastSignificantBits(Q); (* Q2, Q1, QO *) 
ELSE 

C2:= 1; 


N := An implementation-dependent number between 32 and 63; 
QQ := Integer(TruncateTowardZero((ST(O) / ST(1)) / 2-)); 
ST(0) := ST(0) - (ST(1) * QQ * 2O-N); 

Fl; 


FPU Flags Affected 


Co Set to bit 2 (Q2) of the quotient. 

C1 Set to 0 if stack underflow occurred; otherwise, set to least significant bit of quotient (QO). 
C2 Set to 0 if reduction complete; set to 1 if incomplete. 

C3 Set to bit 1 (Q1) of the quotient. 


Floating-Point Exceptions 


#1S Stack underflow occurred. 

#IA Source operand is an SNaN value, modulus (divisor) is 0, dividend is ~, or unsupported 
format. 

#D Source operand is a denormal value. 

#U Result is too small for destination format. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FPTAN—Partial Tangent 


Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 
DS F2 FPTAN Valid Valid Replace ST(O) with its approximate tangent and push 1 
onto the FPU stack. 


Description 


Computes the approximate tangent of the source operand in register ST(0), stores the result in ST(0), and pushes 
a 1.0 onto the FPU register stack. The source operand must be given in radians and must be less than +2°°. The 
following table shows the unmasked results obtained when computing the partial tangent of various classes of 
numbers, assuming that underflow does not occur. 


Table 3-33. FPTAN Results 


ST(0) SRC ST(0) DEST 
—F —Fto+F 
-0 -0 
+0 +0 
+F —Fto+F 
aes ¥ 
NaN NaN 


NOTES: 
F Means finite floating-point value. 
* Indicates floating-point invalid-arithmetic-operand (#1A) exception. 


If the source operand is outside the acceptable range, the C2 flag in the FPU status word is set, and the value in 
register ST(0) remains unchanged. The instruction does not raise an exception when the source operand is out of 
range. It is up to the program to check the C2 flag for out-of-range conditions. Source values outside the range — 
263 to +2©3 can be reduced to the range of the instruction by subtracting an appropriate integer multiple of 27. 
However, even within the range -2°? to +263, inaccurate results can occur because the finite approximation of x 
used internally for argument reduction is not sufficient in all cases. Therefore, for accurate results it is safe to apply 
FPTAN only to arguments reduced accurately in software, to a value smaller in absolute value than 3z/8. See the 
sections titled “Approximation of Pi” and “Transcendental Instruction Accuracy” in Chapter 8 of the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 1, for a discussion of the proper value to use for x in 
performing such reductions. 


The value 1.0 is pushed onto the register stack after the tangent has been computed to maintain compatibility with 
the Intel 8087 and Intel287 math coprocessors. This operation also simplifies the calculation of other trigonometric 
functions. For instance, the cotangent (which is the reciprocal of the tangent) can be computed by executing a 
FDIVR instruction after the FPTAN instruction. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 
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Operation 
IF ST(O) < 26 
THEN 
C2 := 0; 
ST(0) := fptan(ST(0)); // approximation of tan 
TOP := TOP - 1; 
ST(O) := 1.0; 
ELSE (* Source operand is out-of-range *) 
C2 := 1; 
FI; 


FPU Flags Affected 
C1 Set to 0 if stack underflow occurred; set to 1 if stack overflow occurred. 
Set if result was rounded up; cleared otherwise. 


C2 Set to 1 if outside range (-2°7 < source operand < +2®3); otherwise, set to 0. 


Co, C3 Undefined. 


Floating-Point Exceptions 


#1S Stack underflow or overflow occurred. 

#IA Source operand is an SNaN value, -, or unsupported format. 
#D Source operand is a denormal value. 

#U Result is too small for destination format. 

#P Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FRNDINT—Round to Integer 


Opcode Instruction 64-Bit Compat/ Description 

Mode Leg Mode 
DS FC FRNDINT Valid Valid Round ST(0) to an integer. 
Description 


Rounds the source value in the ST(0) register to the nearest integral value, depending on the current rounding 
mode (setting of the RC field of the FPU control word), and stores the result in ST(O). 


If the source value is ~, the value is not changed. If the source value is not an integral value, the floating-point 
inexact-result exception (#P) is generated. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


ST(0) := RoundTolntegralValue(ST(0)); 


FPU Flags Affected 


C1 Set to 0 if stack underflow occurred. 
Set if result was rounded up; cleared otherwise. 
co, C2, C3 Undefined. 


Floating-Point Exceptions 


#1S Stack underflow occurred. 

#IA Source operand is an SNaN value or unsupported format. 
#D Source operand is a denormal value. 

#P Source operand is not an integral value. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FRSTOR—Restore x87 FPU State 


Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 
DD /4 FRSTOR m94/108byte Valid Valid Load FPU state from m94byte or m108byte. 
Description 


Loads the FPU state (operating environment and register stack) from the memory area specified with the source 
operand. This state data is typically written to the specified memory location by a previous FSAVE/FNSAVE instruc- 
tion. 


The FPU operating environment consists of the FPU control word, status word, tag word, instruction pointer, data 

pointer, and last opcode. Figures 8-9 through 8-12 in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1, show the layout in memory of the stored environment, depending on the operating mode of the 
processor (protected or real) and the current operand-size attribute (16-bit or 32-bit). In virtual-8086 mode, the 
real mode layouts are used. The contents of the FPU register stack are stored in the 80 bytes immediately following 
the operating environment image. 


The FRSTOR instruction should be executed in the same operating mode as the corresponding FSAVE/FNSAVE 
instruction. 


If one or more unmasked exception bits are set in the new FPU status word, a floating-point exception will be 
generated upon execution of the next floating-point instruction (except for the no-wait floating-point instructions, 
see the section titled “Software Exception Handling” in Chapter 8 of the Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 1). To avoid raising exceptions when loading a new operating environment, clear 
all the exception flags in the FPU status word that is being loaded. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


FPUControlWord := SRC[FPUControlWord]; 

FPUStatusWord := SRC[FPUStatusWord]; 

FPUTagWord := SRC[FPUTagWord]; 

FPUDataPointer := SRC[FPUDataPointer]; 
FPUInstructionPointer := SRC[FPUInstructionPointer]; 
FPULastinstructionOpcode := SRC[FPULastInstructionOpcode]; 


ST(0) := SRC[ST(0)]; 
ST(1) := SRC[ST(1)]; 
ST(2) := SRC[ST(2)]; 
ST(3) := SRC[ST(3 


FPU Flags Affected 
The CO, C1, C2, C3 flags are loaded. 


Floating-Point Exceptions 


None; however, if an unmasked exception is loaded in the status word, it is generated upon execution of the next 
“waiting” floating-point instruction. 
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Protected Mode Exceptions 


#GP(0) 


#SS(0) 

#NM 
#PF(fault-code) 
#AC(0) 


#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If a memory operand effective address is outside the SS segment limit. 
CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP 
#SS 
#NM 
#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) 

#SS(0) 

#NM 
#PF(fault-code) 
#AC(0) 

#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made. 

If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) 

#GP(0) 

#NM 
#PF(fault-code) 
#AC(0) 


#UD 


If a memory address referencing the SS segment is in a non-canonical form. 
If the memory address is in a non-canonical form. 

CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 
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FSAVE/FNSAVE—Store x87 FPU State 


Opcode Instruction 64-Bit | Compat/ Description 
Mode Leg Mode 
9B DD /6 FSAVE m94/108byte Valid Valid Store FPU state to m94byte or m108byte after 


checking for pending unmasked floating-point 
exceptions. Then re-initialize the FPU. 


DD /6 FNSAVE m94/1 O8byte Valid Valid Store FPU environment to m94byte or m108byte 
without checking for pending unmasked floating- 
point exceptions. Then re-initialize the FPU. 


NOTES: 
* See IA-32 Architecture Compatibility section below. 


Description 


Stores the current FPU state (operating environment and register stack) at the specified destination in memory, 
and then re-initializes the FPU. The FSAVE instruction checks for and handles pending unmasked floating-point 
exceptions before storing the FPU state; the FNSAVE instruction does not. 


The FPU operating environment consists of the FPU control word, status word, tag word, instruction pointer, data 
pointer, and last opcode. Figures 8-9 through 8-12 in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1, show the layout in memory of the stored environment, depending on the operating mode of the 
processor (protected or real) and the current operand-size attribute (16-bit or 32-bit). In virtual-8086 mode, the 
real mode layouts are used. The contents of the FPU register stack are stored in the 80 bytes immediately follow 
the operating environment image. 


The saved image reflects the state of the FPU after all floating-point instructions preceding the FSAVE/FNSAVE 
instruction in the instruction stream have been executed. 


After the FPU state has been saved, the FPU is reset to the same default values it is set to with the FINIT/FNINIT 
instructions (see “FINIT/FNINIT—Initialize Floating-Point Unit” in this chapter). 


The FSAVE/FNSAVE instructions are typically used when the operating system needs to perform a context switch, 
an exception handler needs to use the FPU, or an application program needs to pass a “clean” FPU to a procedure. 


The assembler issues two instructions for the FSAVE instruction (an FWAIT instruction followed by an FNSAVE 
instruction), and the processor executes each of these instructions separately. If an exception is generated for 
either of these instructions, the save EIP points to the instruction that caused the exception. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


IA-32 Architecture Compatibility 


For Intel math coprocessors and FPUs prior to the Intel Pentium processor, an FWAIT instruction should be 
executed before attempting to read from the memory image stored with a prior FSAVE/FNSAVE instruction. This 
FWAIT instruction helps ensure that the storage operation has been completed. 


When operating a Pentium or Intel486 processor in MS-DOS compatibility mode, it is possible (under unusual 
circumstances) for an FNSAVE instruction to be interrupted prior to being executed to handle a pending FPU excep- 
tion. See the section titled “No-Wait FPU Instructions Can Get FPU Interrupt in Window” in Appendix D of the Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for a description of these circumstances. An 
FNSAVE instruction cannot be interrupted in this way on later Intel processors, except for the Intel Quark™ Xx1000 
processor. 
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Operation 
(* Save FPU State and Registers *) 


DEST[FPUControlWord] := FPUControlWord; 
DEST[FPUStatusWord] := FPUStatusWord; 

DEST[FPUTagWord] := FPUTagWord; 

DEST[FPUDataPointer] := FPUDataPointer; 
DEST[FPUInstructionPointer] := FPUInstructionPointer; 
DEST[FPULastInstructionOpcode] := FPULastinstructionOpcode; 


DEST[ST(0)] := ST(O); 
DEST[ST(1)] = ST(1); 
DEST[ST(2)] = ST(2); 
DEST[ST(3)] = ST(3); 
DEST[ST(4)]:= ST(4); 
DEST[ST(5)] = ST(5); 
DEST[ST(6)] = ST(6); 
DEST[ST(7)] = ST(7); 


(* Initialize FPU *) 


FPUControlWord := 037FH; 
FPUStatusWord := 0; 
FPUTagWord := FFFFH; 
FPUDataPointer := 0; 
FPUInstructionPointer := 0; 
FPULastinstructionOpcode := 0; 


FPU Flags Affected 
The CO, C1, C2, and C3 flags are saved and then cleared. 


Floating-Point Exceptions 
None. 


Protected Mode Exceptions 

#GP(0) If destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 


selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 
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Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 


current privilege level is 3. 
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FSCALE—Scale 


Opcode Instruction 64-Bit Compat/ Description 

Mode Leg Mode 
D9 FD FSCALE Valid Valid Scale ST(0) by ST(1). 
Description 


Truncates the value in the source operand (toward 0) to an integral value and adds that value to the exponent of 
the destination operand. The destination and source operands are floating-point values located in registers ST(0) 
and ST(1), respectively. This instruction provides rapid multiplication or division by integral powers of 2. The 
following table shows the results obtained when scaling various classes of numbers, assuming that neither over- 
flow nor underflow occurs. 


Table 3-34. FSCALE Results 


ST(1) 


ST(0) 


NOTES: 
F Means finite floating-point value. 


In most cases, only the exponent is changed and the mantissa (significand) remains unchanged. However, when 
the value being scaled in ST(0) is a denormal value, the mantissa is also changed and the result may turn out to be 
a normalized number. Similarly, if overflow or underflow results from a scale operation, the resulting mantissa will 
differ from the source’s mantissa. 


The FSCALE instruction can also be used to reverse the action of the FXTRACT instruction, as shown in the following 
example: 

FXTRACT; 

FSCALE; 

FSTP ST(1); 


In this example, the FXTRACT instruction extracts the significand and exponent from the value in ST(0) and stores 
them in ST(O) and ST(1) respectively. The FSCALE then scales the significand in ST(0) by the exponent in ST(1), 
recreating the original value before the FXTRACT operation was performed. The FSTP ST(1) instruction overwrites 
the exponent (extracted by the FXTRACT instruction) with the recreated value, which returns the stack to its orig- 
inal state with only one register [ST(0)] occupied. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


, 


ST(0) := ST(O) * 2RoundTowardZero(ST(1 ) 


FPU Flags Affected 


C1 Set to 0 if stack underflow occurred. 
Set if result was rounded up; cleared otherwise. 
Co, C2, C3 Undefined. 
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Floating-Point Exceptions 


#1S 
#IA 
#D 
#U 
#0 
#P 


Stack underflow occurred. 

Source operand is an SNaN value or unsupported format. 
Source operand is a denormal value. 

Result is too small for destination format. 

Result is too large for destination format. 


Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 


#NM 
#MF 
#UD 


CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
If there is a pending x87 FPU exception. 
If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FSIN—Sine 
Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 
DS FE FSIN Valid Valid Replace ST(0) with the approximate of its sine. 
Description 


Computes an approximation of the sine of the source operand in register ST(0) and stores the result in ST(0). The 
source operand must be given in radians and must be within the range -2°° to +23. The following table shows the 
results obtained when taking the sine of various classes of numbers, assuming that underflow does not occur. 


Table 3-35. FSIN Results 


SRC (ST(O)) DEST (ST(0)) 
—-F —1to+1 
-0 —0 
+0 +0 
+F —1to+1 
66 ¥ 
NaN NaN 


NOTES: 
F Means finite floating-point value. 
* Indicates floating-point invalid-arithmetic-operand (#1A) exception. 


If the source operand is outside the acceptable range, the C2 flag in the FPU status word is set, and the value in 
register ST(0) remains unchanged. The instruction does not raise an exception when the source operand is out of 
range. It is up to the program to check the C2 flag for out-of-range conditions. Source values outside the range — 
263 to +2©3 can be reduced to the range of the instruction by subtracting an appropriate integer multiple of 27. 
However, even within the range -2°3 to +263, inaccurate results can occur because the finite approximation of x 
used internally for argument reduction is not sufficient in all cases. Therefore, for accurate results it is safe to apply 
FSIN only to arguments reduced accurately in software, to a value smaller in absolute value than 32/4. See the 
sections titled “Approximation of Pi” and “Transcendental Instruction Accuracy” in Chapter 8 of the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 1, for a discussion of the proper value to use for x in 
performing such reductions. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


IF -2©3 < ST(0) < 26 
THEN 
C2 := 0; 
ST(0) := fsin(ST(0)); // approximation of the mathematical sin function 
ELSE (* Source operand out of range *) 
C2 := 1; 
FI; 


FPU Flags Affected 


C1 Set to 0 if stack underflow occurred. 

Set if result was rounded up; cleared otherwise. 
C2 Set to 1 if outside range (-2°? < source operand < +2®); otherwise, set to 0. 
Co, C3 Undefined. 
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Floating-Point Exceptions 


#1S Stack underflow occurred. 

#IA Source operand is an SNaN value, -, or unsupported format. 
#D Source operand is a denormal value. 

#P Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 


3-420 Vol. 2A FSIN—Sine 


INSTRUCTION SET REFERENCE, A-L 


FSINCOS—Sine and Cosine 


Opcode Instruction 64-Bit | Compat/ Description 
Mode __| Leg Mode 
DS FB FSINCOS Valid Valid Compute the sine and cosine of ST(0); replace ST(O) with the 


approximate sine, and push the approximate cosine onto the 
register stack. 


Description 


Computes both the approximate sine and the cosine of the source operand in register ST(0), stores the sine in 
ST(0), and pushes the cosine onto the top of the FPU register stack. (This instruction is faster than executing the 
FSIN and FCOS instructions in succession. ) 


The source operand must be given in radians and must be within the range -2°° to +23. The following table shows 
the results obtained when taking the sine and cosine of various classes of numbers, assuming that underflow does 
not occur. 


Table 3-36. FSINCOS Results 


DEST 
ST(1) Cosine ST(0) Sine 


NOTES: 
F Means finite floating-point value. 
* Indicates floating-point invalid-arithmetic-operand (#IA) exception. 


If the source operand is outside the acceptable range, the C2 flag in the FPU status word is set, and the value in 
register ST(0) remains unchanged. The instruction does not raise an exception when the source operand is out of 
range. It is up to the program to check the C2 flag for out-of-range conditions. Source values outside the range — 
263 to +23 can be reduced to the range of the instruction by subtracting an appropriate integer multiple of 2z. 
However, even within the range -2°? to +263, inaccurate results can occur because the finite approximation of x 
used internally for argument reduction is not sufficient in all cases. Therefore, for accurate results it is safe to apply 
FSINCOS only to arguments reduced accurately in software, to a value smaller in absolute value than 3n/8. See the 
sections titled “Approximation of Pi” and “Transcendental Instruction Accuracy” in Chapter 8 of the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 1, for a discussion of the proper value to use for x in 
performing such reductions. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 
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Operation 


IF ST(O) < 253 
THEN 
C2 := 0; 


TEMP := fcos(ST(0)); // approximation of cosine 
ST(0) := fsin(ST(0)); // approximation of sine 


TOP := TOP — 1; 
ST(O) := TEMP; 
ELSE (* Source operand out of range *) 
C2 := 1; 
FI; 


FPU Flags Affected 


C1 Set to 0 if stack underflow occurred; set to 1 of stack overflow occurs. 

Set if result was rounded up; cleared otherwise. 
C2 Set to 1 if outside range (-2°7 < source operand < +2®3); otherwise, set to 0. 
co, C3 Undefined. 


Floating-Point Exceptions 


#IA Source operand is an SNaN value, -, or unsupported format. 


#1S Stack underflow or overflow occurred. 
#D Source operand is a denormal value. 
#U Result is too small for destination format. 


#P Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 


Same exceptions as in protected mode. 


Compatibility Mode Exceptions 


Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


Same exceptions as in protected mode. 


3-422 Vol.2A 


FSINCOS—Sine and Cosine 


INSTRUCTION SET REFERENCE, A-L 


FSQRT—Square Root 


Opcode Instruction 64-Bit | Compat/ Description 
Mode Leg Mode 
DS FA FSQRT Valid Valid Computes square root of ST(0) and stores the result in ST(0). 
Description 


Computes the square root of the source value in the ST(0) register and stores the result in ST(O). 


The following table shows the results obtained when taking the square root of various classes of numbers, 
assuming that neither overflow nor underflow occurs. 


Table 3-37. FSQRT Results 


SRC (ST(0)) DEST (ST(0)) 
_F ¥ 
-0 -0 
+0 +0 
+F +F 
+00 +0 
NaN NaN 


NOTES: 
F Means finite floating-point value. 
* Indicates floating-point invalid-arithmetic-operand (#IA) exception. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


ST(0) := SquareRoot(ST(0)); 


FPU Flags Affected 


C1 Set to 0 if stack underflow occurred. 
Set if result was rounded up; cleared otherwise. 
co, C2, C3 Undefined. 


Floating-Point Exceptions 


#1S Stack underflow occurred. 

#IA Source operand is an SNaN value or unsupported format. 
Source operand is a negative value (except for —0). 

#D Source operand is a denormal value. 

#P Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 
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Virtual-8086 Mode Exceptions 


Same exceptions as in protected mode. 


Compatibility Mode Exceptions 


Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


Same exceptions as in protected mode. 
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FST/FSTP—Store Floating Point Value 


Opcode Instruction 64-Bit | Compat/ Description 

Mode Leg Mode 
D9 /2 FST m32fp Valid Valid Copy ST(0) to m32fp. 
DD /2 FST m64fp Valid Valid Copy ST(0) to m64fp. 
DD DO+i FST ST(i) Valid Valid Copy ST(0) to ST(i). 
DI /3 FSTP m32fp Valid Valid Copy ST(0) to m32fp and pop register stack. 
DD /3 FSTP m64fp Valid Valid Copy ST(0) to m64fp and pop register stack. 
DB /7 FSTP m80fp Valid Valid Copy ST(0) to m8Ofp and pop register stack. 
DD D8+i FSTP ST(i) Valid Valid Copy ST(0) to ST(i) and pop register stack. 
Description 


The FST instruction copies the value in the ST(0) register to the destination operand, which can be a memory loca- 
tion or another register in the FPU register stack. When storing the value in memory, the value is converted to 
single-precision or double-precision floating-point format. 


The FSTP instruction performs the same operation as the FST instruction and then pops the register stack. To pop 
the register stack, the processor marks the ST(0) register as empty and increments the stack pointer (TOP) by 1. 
The FSTP instruction can also store values in memory in double extended-precision floating-point format. 


If the destination operand is a memory location, the operand specifies the address where the first byte of the desti- 
nation value is to be stored. If the destination operand is a register, the operand specifies a register in the register 
stack relative to the top of the stack. 


If the destination size is single-precision or double-precision, the significand of the value being stored is rounded to 
the width of the destination (according to the rounding mode specified by the RC field of the FPU control word), and 
the exponent is converted to the width and bias of the destination format. If the value being stored is too large for 
the destination format, a numeric overflow exception (#0) is generated and, if the exception is unmasked, no 
value is stored in the destination operand. If the value being stored is a denormal value, the denormal exception 
(#D) is not generated. This condition is simply signaled as a numeric underflow exception (#U) condition. 


If the value being stored is £0, +~, or a NaN, the least-significant bits of the significand and the exponent are trun- 
cated to fit the destination format. This operation preserves the value’s identity as a 0, ~, or NaN. 


If the destination operand is a non-empty register, the invalid-operation exception is not generated. 
This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 
DEST := ST(0); 
IF Instruction = FSTP 
THEN 
PopRegisterStack; 


Fl; 


FPU Flags Affected 
C1 Set to 0 if stack underflow occurred. 


Indicates rounding direction of if the floating-point inexact exception (#P) is generated: 0:= 
not roundup; 1 := roundup. 


CO, C2, C3 Undefined. 
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Floating-Point Exceptions 


#IS Stack underflow occurred. 

#IA If destination result is an SNaN value or unsupported format, except when the destination 
format is in double extended-precision floating-point format. 

#U Result is too small for the destination format. 

#0 Result is too large for the destination format. 

#P Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 


selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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FSTCW/FNSTCW—Store x87 FPU Control Word 


Opcode Instruction 64-Bit |Compat/ |Description 
Mode Leg Mode 
9B D9 /7 FSTCW m2byte Valid Valid Store FPU control word to m2byte after checking for 
pending unmasked floating-point exceptions. 
D9/7 FNSTCW mdbyte Valid Valid Store FPU control word to m2byte without checking for 
pending unmasked floating-point exceptions. 


NOTES: 
* See IA-32 Architecture Compatibility section below. 


Description 


Stores the current value of the FPU control word at the specified destination in memory. The FSTCW instruction 
checks for and handles pending unmasked floating-point exceptions before storing the control word; the FNSTCW 
instruction does not. 


The assembler issues two instructions for the FSTCW instruction (an FWAIT instruction followed by an FNSTCW 
instruction), and the processor executes each of these instructions in separately. If an exception is generated for 
either of these instructions, the save EIP points to the instruction that caused the exception. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


IA-32 Architecture Compatibility 


When operating a Pentium or Intel486 processor in MS-DOS compatibility mode, it is possible (under unusual 
circumstances) for an FNSTCW instruction to be interrupted prior to being executed to handle a pending FPU 
exception. See the section titled “No-Wait FPU Instructions Can Get FPU Interrupt in Window” in Appendix D of the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for a description of these circum- 
stances. An FNSTCW instruction cannot be interrupted in this way on later Intel processors, except for the Intel 
Quark™ X1000 processor. 


Operation 


DEST := FPUControlword; 


FPU Flags Affected 
The CO, C1, C2, and C3 flags are undefined. 


Floating-Point Exceptions 
None. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 


selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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FSTENV/FNSTENV—Store x87 FPU Environment 


Opcode Instruction 64-Bit | Compat/ Description 
Mode Leg Mode 
9B DS /6 FSTENV m14/28byte Valid Valid Store FPU environment to m14byte or m28byte 


after checking for pending unmasked floating-point 
exceptions. Then mask all floating-point exceptions. 


DS /6 FNSTENV m14/28byte Valid Valid Store FPU environment to m14byte or m28byte 
without checking for pending unmasked floating- 
point exceptions. Then mask all floating- 

point exceptions. 


NOTES: 
* See IA-32 Architecture Compatibility section below. 


Description 


Saves the current FPU operating environment at the memory location specified with the destination operand, and 
then masks all floating-point exceptions. The FPU operating environment consists of the FPU control word, status 
word, tag word, instruction pointer, data pointer, and last opcode. Figures 8-9 through 8-12 in the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 1, show the layout in memory of the stored environ- 
ment, depending on the operating mode of the processor (protected or real) and the current operand-size attribute 
(16-bit or 32-bit). In virtual-8086 mode, the real mode layouts are used. 


The FSTENV instruction checks for and handles any pending unmasked floating-point exceptions before storing 
the FPU environment; the FNSTENV instruction does not. The saved image reflects the state of the FPU after all 
floating-point instructions preceding the FSTENV/FNSTENV instruction in the instruction stream have been 
executed. 


These instructions are often used by exception handlers because they provide access to the FPU instruction and 
data pointers. The environment is typically saved in the stack. Masking all exceptions after saving the environment 
prevents floating-point exceptions from interrupting the exception handler. 


The assembler issues two instructions for the FSTENV instruction (an FWAIT instruction followed by an FNSTENV 
instruction), and the processor executes each of these instructions separately. If an exception is generated for 
either of these instructions, the save EIP points to the instruction that caused the exception. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


IA-32 Architecture Compatibility 


When operating a Pentium or Intel486 processor in MS-DOS compatibility mode, it is possible (under unusual 
circumstances) for an FNSTENV instruction to be interrupted prior to being executed to handle a pending FPU 
exception. See the section titled “No-Wait FPU Instructions Can Get FPU Interrupt in Window” in Appendix D of the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for a description of these circum- 
stances. An FNSTENV instruction cannot be interrupted in this way on later Intel processors, except for the Intel 
Quark™ X1000 processor. 


Operation 


DEST[FPUControlWord] := FPUControlWord; 
DEST[FPUStatusWord] := FPUStatusWord; 

DEST[FPUTagWord] := FPUTagWord; 

DEST[FPUDataPointer] := FPUDataPointer; 
DEST[FPUInstructionPointer] := FPUInstructionPointer; 
DEST[FPULastIinstructionOpcode] := FPULastinstructionOpcode; 


FPU Flags Affected 
The CO, Ci, C2, and C3 are undefined. 
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Floating-Point Exceptions 
None 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 


selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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FSTSW/FNSTSW—Store x87 FPU Status Word 


Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 

9B DD /7 FSTSW m2byte Valid Valid Store FPU status word at m2byte after checking 
for pending unmasked floating-point exceptions. 

9B DF EO FSTSW AX Valid Valid Store FPU status word in AX register after 
checking for pending unmasked floating-point 
exceptions. 

DD /7 FNSTSW m2byte Valid Valid Store FPU status word at m2byte without 
checking for pending unmasked floating-point 
exceptions. 

DF EO FNSTSW AX Valid Valid Store FPU status word in AX register without 
checking for pending unmasked floating-point 
exceptions. 

NOTES: 


* See IA-32 Architecture Compatibility section below. 


Description 


Stores the current value of the x87 FPU status word in the destination location. The destination operand can be 
either a two-byte memory location or the AX register. The FSTSW instruction checks for and handles pending 
unmasked floating-point exceptions before storing the status word; the FNSTSW instruction does not. 


The FNSTSW AX form of the instruction is used primarily in conditional branching (for instance, after an FPU 
comparison instruction or an FPREM, FPREM1, or FXAM instruction), where the direction of the branch depends on 
the state of the FPU condition code flags. (See the section titled “Branching and Conditional Moves on FPU Condi- 
tion Codes” in Chapter 8 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1.) This 
instruction can also be used to invoke exception handlers (by examining the exception flags) in environments that 
do not use interrupts. When the FNSTSW AX instruction is executed, the AX register is updated before the 
processor executes any further instructions. The status stored in the AX register is thus guaranteed to be from the 
completion of the prior FPU instruction. 


The assembler issues two instructions for the FSTSW instruction (an FWAIT instruction followed by an FNSTSW 
instruction), and the processor executes each of these instructions separately. If an exception is generated for 
either of these instructions, the save EIP points to the instruction that caused the exception. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


IA-32 Architecture Compatibility 


When operating a Pentium or Intel486 processor in MS-DOS compatibility mode, it is possible (under unusual 
circumstances) for an FNSTSW instruction to be interrupted prior to being executed to handle a pending FPU 
exception. See the section titled “No-Wait FPU Instructions Can Get FPU Interrupt in Window” in Appendix D of the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for a description of these circum- 
stances. An FNSTSW instruction cannot be interrupted in this way on later Intel processors, except for the Intel 
Quark™ X1000 processor. 


Operation 


DEST := FPUStatusWord; 


FPU Flags Affected 
The CO, Ci, C2, and C3 are undefined. 


Floating-Point Exceptions 
None 
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Protected Mode Exceptions 


#GP(0) 


#SS(0) 

#NM 
#PF(fault-code) 
#AC(0) 


#UD 


If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If a memory operand effective address is outside the SS segment limit. 
CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP 
#SS 
#NM 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 
CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 


Virtual-8086 Mode Exceptions 


#GP(0) 

#SS(0) 

#NM 
#PF(fault-code) 
#AC(0) 

#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made. 

If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) 

#GP(0) 

#NM 

#MF 
#PF(fault-code) 
#AC(0) 


#UD 
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If a memory address referencing the SS segment is in a non-canonical form. 
If the memory address is in a non-canonical form. 

CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

If there is a pending x87 FPU exception. 

If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 
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FSUB/FSUBP/FISUB—Subtract 


Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 
D8 /4 FSUB m32fp Valid Valid Subtract m32fp from ST(0) and store result in ST(O). 
DC /4 FSUB m64fp Valid Valid Subtract m64fp from ST(0) and store result in ST(O). 
D8 E0+i FSUB ST(0), ST(i) Valid Valid Subtract ST(i) from ST(O) and store result in ST(0). 
DC E8+i FSUB ST(i), ST(O) Valid Valid Subtract ST(0) from ST(i) and store result in ST(i). 
DE E8+i FSUBP ST(i), ST(O) Valid Valid Subtract ST(0) from ST(i), store result in ST(i), and 
pop register stack. 
DE E9 FSUBP Valid Valid Subtract ST(0) from ST(1), store result in ST(1), and 
pop register stack. 
DA /4 FISUB m32int Valid Valid Subtract m32int from ST(O) and store result in ST(0). 
DE /4 FISUB m16int Valid Valid Subtract m7 6int from ST(O) and store result in ST(0). 
Description 


Subtracts the source operand from the destination operand and stores the difference in the destination location. 
The destination operand is always an FPU data register; the source operand can be a register or a memory location. 
Source operands in memory can be in single-precision or double-precision floating-point format or in word or 
doubleword integer format. 


The no-operand version of the instruction subtracts the contents of the ST(0) register from the ST(1) register and 
stores the result in ST(1). The one-operand version subtracts the contents of a memory location (either a floating- 
point or an integer value) from the contents of the ST(0) register and stores the result in ST(0). The two-operand 
version, subtracts the contents of the ST(0) register from the ST(i) register or vice versa. 


The FSUBP instructions perform the additional operation of popping the FPU register stack following the subtrac- 
tion. To pop the register stack, the processor marks the ST(0) register as empty and increments the stack pointer 
(TOP) by 1. The no-operand version of the floating-point subtract instructions always results in the register stack 
being popped. In some assemblers, the mnemonic for this instruction is FSUB rather than FSUBP. 


The FISUB instructions convert an integer source operand to double extended-precision floating-point format 
before performing the subtraction. 


Table 3-38 shows the results obtained when subtracting various classes of numbers from one another, assuming 
that neither overflow nor underflow occurs. Here, the SRC value is subtracted from the DEST value (DEST —- SRC= 
result). 


When the difference between two operands of like sign is 0, the result is +0, except for the round toward —« mode, 
in which case the result is -O. This instruction also guarantees that +0 — (-0) =+0, and that —0 — (+0) =—0. When the 
source operand is an integer 0, it is treated as a +0. 


When one operand is ~, the result is « of the expected sign. If both operands are ~ of the same sign, an invalid- 
operation exception is generated. 
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Table 3-38. FSUB/FSUBP/FISUB Results 


SRC 
— 0° —For-| -0 +0 +For+l + 00 NaN 
* — oo — co — oo — oo — 00 NaN 
+o +F or +0 DEST DEST -F — oo NaN 
DEST +o —SRC +0 -0 —SRC — 00 NaN 
+o —SRC +0 +0 —SRC — oo NaN 
+ co +F DEST DEST +F or +0 — 0° NaN 
a0 +00 400 +00 +o * NaN 
NaN NaN NaN NaN NaN NaN NaN 
NOTES: 


F Means finite floating-point value. 
| Means integer. 
* Indicates floating-point invalid-arithmetic-operand (#IA) exception. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


IF Instruction = FISUB 
THEN 
DEST := DEST — ConvertToDoubleExtendedPrecisionFP(SRC); 
ELSE (* Source operand is floating-point value *) 
DEST := DEST — SRC; 
Fl; 


IF Instruction = FSUBP 
THEN 
PopRegisterStack; 
Fl; 


FPU Flags Affected 
C1 Set to 0 if stack underflow occurred. 

Set if result was rounded up; cleared otherwise. 
CO, C2, C3 Undefined. 


Floating-Point Exceptions 


#IS Stack underflow occurred. 

#IA Operand is an SNaN value or unsupported format. 
Operands are infinities of like sign. 

#D Source operand is a denormal value. 

#U Result is too small for destination format. 

#0 Result is too large for destination format. 

#P Value cannot be represented exactly in destination format. 
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Protected Mode Exceptions 


#GP(0) 


#SS(0) 

#NM 
#PF(fault-code) 
#AC(0) 


#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If a memory operand effective address is outside the SS segment limit. 
CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP 
#SS 
#NM 
#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) 

#SS(0) 

#NM 
#PF(fault-code) 
#AC(0) 

#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made. 

If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) 

#GP(0) 

#NM 

#MF 
#PF(fault-code) 
#AC(0) 


#UD 


If a memory address referencing the SS segment is in a non-canonical form. 
If the memory address is in a non-canonical form. 

CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

If there is a pending x87 FPU exception. 

If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 
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FSUBR/FSUBRP/FISUBR—Reverse Subtract 


Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 
D8 /5 FSUBR m32fp Valid Valid Subtract ST(0) from m32fp and store result in ST(0). 
DC/5 FSUBR m64fp Valid Valid Subtract ST(0) from m64fp and store result in ST(O). 
D8 E8+i FSUBR ST(0), ST(i) Valid Valid Subtract ST(0) from ST(i) and store result in ST(0). 
DC E0+i FSUBR ST(i), ST(O) Valid Valid Subtract ST(i) from ST(O) and store result in ST(i). 
DE E0+i FSUBRP ST(i), ST(O) Valid Valid Subtract ST(i) from ST(0), store result in ST(i), and 
pop register stack. 
DE E1 FSUBRP Valid Valid Subtract ST(1) from ST(0), store result in ST(1), and 
pop register stack. 
DA/5 FISUBR m32int Valid Valid Subtract ST(0) from m3Zint and store result in ST(0). 
DE /5 FISUBR m176int Valid Valid Subtract ST(0) from m76int and store result in ST(0O). 
Description 


Subtracts the destination operand from the source operand and stores the difference in the destination location. 
The destination operand is always an FPU register; the source operand can be a register or a memory location. 
Source operands in memory can be in single-precision or double-precision floating-point format or in word or 
doubleword integer format. 


These instructions perform the reverse operations of the FSUB, FSUBP, and FISUB instructions. They are provided 
to support more efficient coding. 


The no-operand version of the instruction subtracts the contents of the ST(1) register from the ST(0) register and 
stores the result in ST(1). The one-operand version subtracts the contents of the ST(0) register from the contents 
of a memory location (either a floating-point or an integer value) and stores the result in ST(0). The two-operand 
version, subtracts the contents of the ST(i) register from the ST(0) register or vice versa. 


The FSUBRP instructions perform the additional operation of popping the FPU register stack following the subtrac- 
tion. To pop the register stack, the processor marks the ST(O) register as empty and increments the stack pointer 
(TOP) by 1. The no-operand version of the floating-point reverse subtract instructions always results in the register 
stack being popped. In some assemblers, the mnemonic for this instruction is FSUBR rather than FSUBRP. 


The FISUBR instructions convert an integer source operand to double extended-precision floating-point format 
before performing the subtraction. 


The following table shows the results obtained when subtracting various classes of numbers from one another, 
assuming that neither overflow nor underflow occurs. Here, the DEST value is subtracted from the SRC value (SRC 
— DEST = result). 


When the difference between two operands of like sign is 0, the result is +0, except for the round toward -~- mode, 
in which case the result is —-0. This instruction also guarantees that +0 — (-0) =+0, and that —0 — (+0) =-0. When the 
source operand is an integer 0, it is treated as a +0. 


When one operand is -, the result is - of the expected sign. If both operands are ~ of the same sign, an invalid- 
operation exception is generated. 


3-436 Vol. 2A FSUBR/FSUBRP/FISUBR—Reverse Subtract 


INSTRUCTION SET REFERENCE, A-L 


Table 3-39. FSUBR/FSUBRP/FISUBR Results 


SRC 
— oo -F or - -0 +0 +F or +1 + 00 NaN 
* +00 +00 +00 +o +00 NaN 
— 0 +F or +0 —DEST —DEST +F +00 NaN 
DEST — 90 SRC +0 +0 SRC + 00 NaN 
— 00 SRC -0 +0 SRC +00 NaN 
— 00 -F —DEST —DEST +F or +0 +00 NaN 
— co — 00 — 0 — oo — co 7 NaN 
NaN NaN NaN NaN NaN NaN NaN 
NOTES: 


F Means finite floating-point value. 
| Means integer. 
* Indicates floating-point invalid-arithmetic-operand (#IA) exception. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


IF Instruction = FISUBR 
THEN 
DEST := ConvertToDoubleExtendedPrecisionFP(SRC) — DEST; 
ELSE (* Source operand is floating-point value *) 
DEST := SRC — DEST; Fl; 
IF Instruction = FSUBRP 
THEN 
PopRegisterStack; Fl; 


FPU Flags Affected 


C1 Set to 0 if stack underflow occurred. 
Set if result was rounded up; cleared otherwise. 
co, C2, C3 Undefined. 


Floating-Point Exceptions 


#IS Stack underflow occurred. 

#IA Operand is an SNaN value or unsupported format. 
Operands are infinities of like sign. 

#D Source operand is a denormal value. 

#U Result is too small for destination format. 

#0 Result is too large for destination format. 

#P Value cannot be represented exactly in destination format. 
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Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 

#MF If there is a pending x87 FPU exception. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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FTST—TEST 
Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 
D9 £4 FTST Valid Valid Compare ST(0) with 0.0. 
Description 


Compares the value in the ST(0) register with 0.0 and sets the condition code flags CO, C2, and C3 in the FPU 
status word according to the results (see table below). 


Table 3-40. FTST Results 


Condition C3 C2 co 
ST(0) > 0.0 0 0 0 
ST(0) < 0.0 0 0 1 
ST(0) = 0.0 1 0 0 
Unordered 1 1 1 


This instruction performs an “unordered comparison.” An unordered comparison also checks the class of the 
numbers being compared (see “FXKAM—Examine Floating-Point” in this chapter). If the value in register ST(0) is a 
NaN or is in an undefined format, the condition flags are set to “unordered” and the invalid operation exception is 
generated. 


The sign of zero is ignored, so that (— 0.0 :=+0.0). 
This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


CASE (relation of operands) OF 
Not comparable: C3,C2,CO:= 111; 


ST(0) > 0.0: C3, C2, CO := 000; 

ST(0) < 0.0: C3, C2, CO := 001; 

ST(0) = 0.0: C3, C2, CO := 100; 
ESAC; 


FPU Flags Affected 
Cl Set to 0. 
Co, C2, C3 See Table 3-40. 


Floating-Point Exceptions 


#1S Stack underflow occurred. 
#IA The source operand is a NaN value or is in an unsupported format. 
#D The source operand is a denormal value. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 
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Virtual-8086 Mode Exceptions 


Same exceptions as in protected mode. 


Compatibility Mode Exceptions 


Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


Same exceptions as in protected mode. 
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FUCOM/FUCOMP/FUCOMPP—Unordered Compare Floating Point Values 


Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 
DD E0+i FUCOM ST(i) Valid Valid Compare ST(0) with ST(i). 
DD €1 FUCOM Valid Valid Compare ST(0) with ST(1). 
DD E8+i FUCOMP ST(i) Valid Valid Compare ST(0) with ST(i) and pop register stack. 
DD E9 FUCOMP Valid Valid Compare ST(0) with ST(1) and pop register stack. 
DA E9 FUCOMPP Valid Valid Compare ST(0) with ST(1) and pop register stack twice. 
Description 


Performs an unordered comparison of the contents of register ST(0) and ST(i) and sets condition code flags CO, C2, 
and C3 in the FPU status word according to the results (see the table below). If no operand is specified, the 
contents of registers ST(0) and ST(1) are compared. The sign of zero is ignored, so that -0.0 is equal to +0.0. 


Table 3-41. FUCOM/FUCOMP/FUCOMPP Results 


Comparison Results* C3 C2 co 
STO > ST(i) 0 0 0 
STO < ST(i) 0 0 1 
STO = ST(i) 1 0 0 
Unordered 1 1 1 


NOTES: 
* Flags not set if unmasked invalid-arithmetic-operand (#1A) exception is generated. 


An unordered comparison checks the class of the numbers being compared (see “FXAM—Examine Floating-Point” 
in this chapter). The FUCOM/FUCOMP/FUCOMPP instructions perform the same operations as the 
FCOM/FCOMP/FCOMPP instructions. The only difference is that the FUCOM/FUCOMP/FUCOMPP instructions raise 
the invalid-arithmetic-operand exception (#IA) only when either or both operands are an SNaN or are in an unsup- 
ported format; QNaNs cause the condition code flags to be set to unordered, but do not cause an exception to be 
generated. The FCOM/FCOMP/FCOMPP instructions raise an invalid-operation exception when either or both of the 
operands are a NaN value of any kind or are in an unsupported format. 


As with the FCOM/FCOMP/FCOMPP instructions, if the operation results in an invalid-arithmetic-operand exception 
being raised, the condition code flags are set only if the exception is masked. 


The FUCOMP instruction pops the register stack following the comparison operation and the FUCOMPP instruction 
pops the register stack twice following the comparison operation. To pop the register stack, the processor marks 
the ST(0) register as empty and increments the stack pointer (TOP) by 1. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 
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Operation 


CASE (relation of operands) OF 
ST > SRC: C3, C2, CO := 000; 
ST < SRC: C3, C2, CO := 001; 
ST =SRC: C3, C2, CO := 100; 
ESAC; 


IF ST(O) or SRC = QNaN, but not SNaN or unsupported format 
THEN 
C3, C2, CO := 111; 
ELSE (* ST(O) or SRC is SNaN or unsupported format *) 
#IA; 
IF FPUControlWord.IM = 1 
THEN 
C3, C2, CO := 111; 
Fl; 
FI; 


IF Instruction = FUCOMP 
THEN 
PopRegisterStack; 
Fl; 


IF Instruction = FUCOMPP 
THEN 
PopRegisterStack; 
Fl; 


FPU Flags Affected 
C1 Set to 0 if stack underflow occurred. 
Co, C2, C3 See Table 3-41. 


Floating-Point Exceptions 


#1S Stack underflow occurred. 

#IA One or both operands are SNaN values or have unsupported formats. Detection of a QNaN 
value in and of itself does not raise an invalid-operand exception. 

#D One or both operands are denormal values. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FXAM—Examine Floating-Point 


Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 
D9 E5 FXAM Valid Valid Classify value or number in ST(0). 
Description 


Examines the contents of the ST(0) register and sets the condition code flags CO, C2, and C3 in the FPU status word 
to indicate the class of value or number in the register (see the table below). 


Table 3-42. FXAM Results 


Class C3 C2 co 
Unsupported 0 0 0 
NaN 0 0 1 
Normal finite number 0 1 0 
Infinity 0 1 1 
Zero 1 0 0 
Empty 1 0 1 
Denormal number 1 1 0 


The Ci flag is set to the sign of the value in ST(0), regardless of whether the register is empty or full. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 
C1 := sign bit of ST; (* 0 for positive, 1 for negative *) 


CASE (class of value or number in ST(0)) OF 
Unsupported:C3, C2, CO := 000; 


NaN: C3, C2, CO := 001; 

Normal: C3, C2, CO := 010; 

Infinity: C3, C2, CO := 011; 

Zero: C3, C2, CO := 100; 

Empty: C3, C2, CO := 101; 

Denormal: C3, C2, CO := 110; 
ESAC; 


FPU Flags Affected 
C1 Sign of value in ST(0). 
co, C2, C3 See Table 3-42. 


Floating-Point Exceptions 
None 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 
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Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FXCH—Exchange Register Contents 


Opcode Instruction 64-Bit Compat/ Description 

Mode Leg Mode 
DS C8+i FXCH ST(i) Valid Valid Exchange the contents of ST(0) and ST(i). 
D9 C9 FXCH Valid Valid Exchange the contents of ST(O) and ST(1). 
Description 


Exchanges the contents of registers ST(0) and ST(i). If no source operand is specified, the contents of ST(0) and 
ST(1) are exchanged. 


This instruction provides a simple means of moving values in the FPU register stack to the top of the stack [ST(0)], 
so that they can be operated on by those floating-point instructions that can only operate on values in ST(O). For 
example, the following instruction sequence takes the square root of the third register from the top of the register 


stack: 
FXCH ST(3); 
FSQRT; 
FXCH ST(3); 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


IF (Number-of-operands) is 1 


THEN 
temp := ST(0); 
ST(0) := SRC; 
SRC := temp; 
ELSE 
temp := ST(0); 
ST(0) := ST(1); 
ST(1) := temp; 
FI; 


FPU Flags Affected 
C1 
Co, C2, C3 


Set to 0. 
Undefined. 


Floating-Point Exceptions 


#1S 


Protected Mode Exceptions 


#NM 
#MF 
#UD 


Real-Address Mode Exceptions 


Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 


Same exceptions as in protected mode. 
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Stack underflow occurred. 


CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
If there is a pending x87 FPU exception. 
If the LOCK prefix is used. 
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Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FXRSTOR—Restore x87 FPU, MMX, XMM, and MXCSR State 


Opcode/ Op/ | 64-Bit Compat/ |Description 

Instruction En |Mode Leg Mode 

NP OF AE /1 M | Valid Valid Restore the x87 FPU, MMX, XMM, and MXCSR 
FXRSTOR m512byte register state from m512byte. 

NP REX.W + OF AE /1 M | Valid N.E. Restore the x87 FPU, MMX, XMM, and MXCSR 
FXRSTOR64 m512byte register state from m512byte. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Reloads the x87 FPU, MMX technology, XMM, and MXCSR registers from the 512-byte memory image specified in 
the source operand. This data should have been written to memory previously using the FXSAVE instruction, and in 
the same format as required by the operating modes. The first byte of the data should be located on a 16-byte 
boundary. There are three distinct layouts of the FXSAVE state map: one for legacy and compatibility mode, a 
second format for 64-bit mode FXSAVE/FXRSTOR with REX.W=0, and the third format is for 64-bit mode with 
FXSAVE64/FXRSTOR64. Table 3-43 shows the layout of the legacy/compatibility mode state information in memory 
and describes the fields in the memory image for the FXRSTOR and FXSAVE instructions. Table 3-46 shows the 
layout of the 64-bit mode state information when REX.W is set (FXSAVE64/FXRSTOR64). Table 3-47 shows the 
layout of the 64-bit mode state information when REX.W is clear (FXSAVE/FXRSTOR). 


The state image referenced with an FXRSTOR instruction must have been saved using an FXSAVE instruction or be 
in the same format as required by Table 3-43, Table 3-46, or Table 3-47. Referencing a state image saved with an 
FSAVE, FNSAVE instruction or incompatible field layout will result in an incorrect state restoration. 


The FXRSTOR instruction does not flush pending x87 FPU exceptions. To check and raise exceptions when loading 
x87 FPU state information with the FXRSTOR instruction, use an FWAIT instruction after the FXRSTOR instruction. 


If the OSFXSR bit in control register CR4 is not set, the FXRSTOR instruction may not restore the states of the XMM 
and MXCSR registers. This behavior is implementation dependent. 


If the MXCSR state contains an unmasked exception with a corresponding status flag also set, loading the register 
with the FXRSTOR instruction will not result in a SIMD floating-point error condition being generated. Only the next 
occurrence of this unmasked exception will result in the exception being generated. 


Bits 16 through 32 of the MXCSR register are defined as reserved and should be set to 0. Attempting to write a 1 in 
any of these bits from the saved state image will result in a general protection exception (#GP) being generated. 


Bytes 464:511 of an FXSAVE image are available for software use. FXRSTOR ignores the content of bytes 464:511 
in an FXSAVE state image. 


Operation 
IF 64-Bit Mode 
THEN 
(x87 FPU, MMX, XMM15-XMMO, MXCSR) — Load(SRC); 
ELSE 
(x87 FPU, MMX, XMM7-XMMO, MXCSR) := Load(SRC); 
Fl; 


x87 FPU and SIMD Floating-Point Exceptions 
None. 
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Protected Mode Exceptions 


#GP(0) 


#SS(0) 
#PF(fault-code) 
#NM 

#UD 


#AC 


#UD 


For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 

If a memory operand is not aligned on a 16-byte boundary, regardless of segment. (See align- 
ment check exception [#AC] below.) 

For an attempt to set reserved bits in MXCSR. 

For an illegal address in the SS segment. 

For a page fault. 

If CRO.TS[bit 3] = 1. 

If CRO.EM[bit 2] = 1. 

If CPUID.01H:EDX.FXSR[bit 24] = 0. 

If instruction is preceded by a LOCK prefix. 

If this exception is disabled a general protection exception (#GP) is signaled if the memory 
operand is not aligned on a 16-byte boundary, as described above. If the alignment check 
exception (#AC) is enabled (and the CPL is 3), signaling of #AC is not guaranteed and may 
vary with implementation, as follows. In all implementations where #AC is not signaled, a 
general protection exception is signaled in its place. In addition, the width of the alignment 
check may also vary with implementation. For instance, for a given implementation, an align- 
ment check exception might be signaled for a 2-byte misalignment, whereas a general protec- 
tion exception might be signaled for all other misalignments (4-, 8-, or 16-byte 
misalignments). 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP 


#NM 


#UD 


If a memory operand is not aligned on a 16-byte boundary, regardless of segment. 
If any part of the operand lies outside the effective address space from 0 to FFFFH. 
For an attempt to set reserved bits in MXCSR. 

If CRO.TS[bit 3] = 1. 

If CRO.EM[bit 2] = 1. 

If CPUID.01H:EDX.FXSR[bit 24] = 0. 

If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in real address mode. 


#PF(fault-code) 


#AC 
#UD 


For a page fault. 
For unaligned memory reference. 
If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 


#SS(0) 
#GP(0) 


#PF(fault-code) 
#NM 


#UD 


#AC 
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If a memory address referencing the SS segment is in a non-canonical form. 

If the memory address is in a non-canonical form. 

If memory operand is not aligned on a 16-byte boundary, regardless of segment. 
For an attempt to set reserved bits in MXCSR. 

For a page fault. 

If CRO.TS[bit 3] = 1. 

If CRO.EM[bit 2] = 1. 

If CPUID.01H:EDX.FXSR[bit 24] = 0. 

If instruction is preceded by a LOCK prefix. 


If this exception is disabled a general protection exception (#GP) is signaled if the memory 
operand is not aligned on a 16-byte boundary, as described above. If the alignment check 
exception (#AC) is enabled (and the CPL is 3), signaling of #AC is not guaranteed and may 
vary with implementation, as follows. In all implementations where #AC is not signaled, a 
general protection exception is signaled in its place. In addition, the width of the alignment 
check may also vary with implementation. For instance, for a given implementation, an align- 
ment check exception might be signaled for a 2-byte misalignment, whereas a general protec- 
tion exception might be signaled for all other misalignments (4-, 8-, or 16-byte 
misalignments). 
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FXSAVE—Save x87 FPU, MMX Technology, and SSE State 


Opcode/ Op/ | 64-Bit Compat/ |Description 

Instruction En |Mode Leg Mode 

NP OF AE /O M Valid Valid Save the x87 FPU, MMX, XMM, and MXCSR 
FXSAVE m5172byte register state to m572byte. 

NP REX.W + OF AE /O M Valid N.E. Save the x87 FPU, MMX, XMM, and MXCSR 
FXSAVE64 m512byte register state to m572byte. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Saves the current state of the x87 FPU, MMX technology, XMM, and MXCSR registers to a 512-byte memory loca- 
tion specified in the destination operand. The content layout of the 512 byte region depends on whether the 
processor is operating in non-64-bit operating modes or 64-bit sub-mode of IA-32e mode. 


Bytes 464:511 are available to software use. The processor does not write to bytes 464:511 of an FXSAVE area. 
The operation of FXSAVE in non-64-bit modes is described first. 


Non-64-Bit Mode Operation 
Table 3-43 shows the layout of the state information in memory when the processor is operating in legacy modes. 


Table 3-43. Non-64-bit-Mode Layout of FXSAVE and FXRSTOR 
Memory Region 


Rsvd FCS FIP[31:0] FOP Rsvd | FTW FSW FCW 
MXCSR_MASK MXCSR Rsrvd FDS FDP[31:0] 
Reserved STO/MMO 
Reserved ST1/MM1 
Reserved ST2/MM2 
Reserved ST3/MM3 
Reserved ST4/MM4 
Reserved ST5/MM5 
Reserved ST6/MM6 
Reserved ST7/MM7 
XMMO 
XMM1 
XMM2 
XMM3 
XMM4 
XMM5 
XMM6 
XMM7 
Reserved 288 


FXSAVE—Save x87 FPU, MMX Technology, and SSE State Vol.2A 3-451 


INSTRUCTION SET REFERENCE, A-L 


Table 3-43. Non-64-bit-Mode Layout of FXSAVE and FXRSTOR 
Memory Region (Contd.) 


Reserved 304 
Reserved 320 
Reserved 336 
Reserved 352 
Reserved 368 
Reserved 384 
Reserved 400 
Reserved 416 
Reserved 432 
Reserved 448 
Available 464 
Available 480 
Available 496 


The destination operand contains the first byte of the memory image, and it must be aligned on a 16-byte 
boundary. A misaligned destination operand will result in a general-protection (#GP) exception being generated (or 
in some cases, an alignment check exception [#AC]}). 


The FXSAVE instruction is used when an operating system needs to perform a context switch or when an exception 
handler needs to save and examine the current state of the x87 FPU, MMX technology, and/or XMM and MXCSR 
registers. 


The fields in Table 3-43 are defined in Table 3-44. 


Table 3-44. Field Definitions 


Field Definition 

FCW x87 FPU Control Word (16 bits). See Figure 8-6 in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 1, for the layout of the x87 FPU control word. 

FSW x87 FPU Status Word (16 bits). See Figure 8-4 in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 1, for the layout of the x87 FPU status word. 

Abridged FTW x87 FPU Tag Word (8 bits). The tag information saved here is abridged, as described in the following 
paragraphs. 

FOP x87 FPU Opcode (16 bits). The lower 11 bits of this field contain the opcode, upper 5 bits are reserved. 


See Figure 8-8 in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 1, for 
the layout of the x87 FPU opcode field. 


FIP x87 FPU Instruction Pointer Offset (64 bits). The contents of this field differ depending on the current 
addressing mode (32-bit, 16-bit, or 64-bit) of the processor when the FXSAVE instruction was 
executed: 

32-bit mode — 32-bit IP offset. 

16-bit mode — low 16 bits are IP offset; high 16 bits are reserved. 

64-bit mode with REX.W — 64-bit IP offset. 

64-bit mode without REX.W — 32-bit IP offset. 

See “x87 FPU Instruction and Operand (Data) Pointers” in Chapter 8 of the Intel® 64 and IA-32 


Architectures Software Developer's Manual, Volume 1, for a description of the x87 FPU instruction 
pointer. 
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Table 3-44. Field Definitions (Contd.) 


Field Definition 

FCS x87 FPU Instruction Pointer Selector (16 bits). If CPUID.(EAX=07H,ECX=0H):EBX[bit 13] = 1, the 
processor deprecates FCS and FDS, and this field is saved as OOOOH. 

FDP x87 FPU Instruction Operand (Data) Pointer Offset (64 bits), The contents of this field differ 


depending on the current addressing mode (32-bit, 16-bit, or 64-bit) of the processor when the 
FXSAVE instruction was executed: 


32-bit mode — 32-bit DP offset. 

16-bit mode — low 16 bits are DP offset; high 16 bits are reserved. 
64-bit mode with REX.W — 64-bit DP offset. 

64-bit mode without REX.W — 32-bit DP offset. 


See “x87 FPU Instruction and Operand (Data) Pointers” in Chapter 8 of the Intel® 64 and IA-32 
Architectures Software Developer's Manual, Volume 1, for a description of the x87 FPU operand 


pointer. 

FDS x87 FPU Instruction Operand (Data) Pointer Selector (16 bits). lf CPUID.(EAX=07H,ECX=0H):EBX[bit 
13] = 1, the processor deprecates FCS and FDS, and this field is saved as OOOOH. 

MXCSR MXCSR Register State (32 bits). See Figure 10-3 in the Intel® 64 and IA-32 Architectures Software 


Developer's Manual, Volume 1, for the layout of the MXCSR register. If the OSFXSR bit in control 
register CR4 is not set, the FXSAVE instruction may not save this register. This behavior is 
implementation dependent. 


MXCSR_ MXCSR_MASK (32 bits). This mask can be used to adjust values written to the MXCSR register, 

MASK ensuring that reserved bits are set to 0. Set the mask bits and flags in MXCSR to the mode of 
operation desired for SSE and SSE2 SIMD floating-point instructions. See “Guidelines for Writing to the 
MXCSR Register” in Chapter 11 of the /ntel® 64 and IA-32 Architectures Software Developer's Manual, 
Volume 1, for instructions for how to determine and use the MXCSR_MASK value. 


STO/MMO through x87 FPU or MMX technology registers. These 80-bit fields contain the x87 FPU data registers or the 
ST7/MM7 MMX technology registers, depending on the state of the processor prior to the execution of the 
FXSAVE instruction. If the processor had been executing x87 FPU instruction prior to the FXSAVE 
instruction, the x87 FPU data registers are saved; if it had been executing MMX instructions (or SSE or 
SSE2 instructions that operated on the MMX technology registers), the MMX technology registers are 
saved. When the MMX technology registers are saved, the high 16 bits of the field are reserved. 


XMMO through XMM7 XMM registers (128 bits per field). If the OSFXSR bit in control register CR4 is not set, the FXSAVE 
instruction may not save these registers. This behavior is implementation dependent. 


The FXSAVE instruction saves an abridged version of the x87 FPU tag word in the FTW field (unlike the FSAVE 
instruction, which saves the complete tag word). The tag information is saved in physical register order (RO 
through R7), rather than in top-of-stack (TOS) order. With the FXSAVE instruction, however, only a single bit (1 for 
valid or 0 for empty) is saved for each tag. For example, assume that the tag word is currently set as follows: 


R7 R6 R5 R4 R3 R2 R1 RO 
11 xx xx xx 11°11 =«11 ~=«11 
Here, 11B indicates empty stack elements and “xx” indicates valid (00B), zero (01B), or special (10B). 
For this example, the FXSAVE instruction saves only the following 8 bits of information: 
R7 R6 R5 R4 R3 R2 R1 RO 
0 1 1 1 0 0 0 0 
Here, a 1 is saved for any valid, zero, or special tag, and a O is saved for any empty tag. 
The operation of the FXSAVE instruction differs from that of the FSAVE instruction, the as follows: 


¢ FXSAVE instruction does not check for pending unmasked floating-point exceptions. (The FXSAVE operation in 
this regard is similar to the operation of the FNSAVE instruction). 


e =©6After the FXSAVE instruction has saved the state of the x87 FPU, MMX technology, XMM, and MXCSR registers, 
the processor retains the contents of the registers. Because of this behavior, the FXSAVE instruction cannot be 
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used by an application program to pass a “clean” x87 FPU state to a procedure, since it retains the current 
state. To clean the x87 FPU state, an application must explicitly execute an FINIT instruction after an FXSAVE 
instruction to reinitialize the x87 FPU state. 


¢ The format of the memory image saved with the FXSAVE instruction is the same regardless of the current 
addressing mode (32-bit or 16-bit) and operating mode (protected, real address, or system management). 
This behavior differs from the FSAVE instructions, where the memory image format is different depending on 
the addressing mode and operating mode. Because of the different image formats, the memory image saved 
with the FXSAVE instruction cannot be restored correctly with the FRSTOR instruction, and likewise the state 
saved with the FSAVE instruction cannot be restored correctly with the FXRSTOR instruction. 


The FSAVE format for FTW can be recreated from the FTW valid bits and the stored 80-bit FP data (assuming the 
stored data was not the contents of MMX technology registers) using Table 3-45. 


Table 3-45. Recreating FSAVE Format 


Exponent Exponent Fraction JandM FTW valid bit 
all 1's all O's all O's bits x87 FTW 
0 0 0 Ox 1 Special 10 
0 0 0 1x 1 Valid 00 
0 0 1 00 1 Special 10 
0 0 1 10 1 Valid 00 
0 1 0 Ox 1 Special 10 
0 1 0 1x 1 Special 10 
0 1 il 00 1 Zero 01 
0 1 1 10 1 Special 10 
1 0 0 1x 1 Special 10 
1 0 0 1x 1 Special 10 
1 0 1 00 1 Special 10 
1 0 1 10 1 Special 10 
For all legal combinations above. 0 Empty 11 


The J-bit is defined to be the 1-bit binary integer to the left of the decimal place in the significand. The M-bit is 
defined to be the most significant bit of the fractional portion of the significand (i.e., the bit immediately to the right 
of the decimal place). 


When the M-bit is the most significant bit of the fractional portion of the significand, it must be 0 if the fraction is all 
0's. 


IA-32e Mode Operation 


In compatibility sub-mode of IA-32e mode, legacy SSE registers, XMMO through XMM7, are saved according to the 
legacy FXSAVE map. In 64-bit mode, all of the SSE registers, XMMO through XMM15, are saved. Additionally, there 
are two different layouts of the FXSAVE map in 64-bit mode, corresponding to FXSAVE64 (which requires 
REX.W=1) and FXSAVE (REX.W=0). In the FXSAVE64 map (Table 3-46), the FPU IP and FPU DP pointers are 64-bit 
wide. In the FXSAVE map for 64-bit mode (Table 3-47), the FPU IP and FPU DP pointers are 32-bits. 


3-454 Vol. 2A FXSAVE—Save x87 FPU, MMX Technology, and SSE State 


INSTRUCTION SET REFERENCE, A-L 


Table 3-46. Layout of the 64-bit-mode FXSAVE64 Map 
(requires REX.W = 1) 


FIP FOP Reserved FTW FSW FCW 0 
MXCSR_MASK MXCSR FDP 16 
Reserved STO/MMO 32 
Reserved ST1/MM1 48 
Reserved ST2/MM2 64 
Reserved ST3/MM3 80 
Reserved ST4/MM4 96 
Reserved ST5/MM5 
Reserved ST6/MM6 
Reserved ST7/MM7 
XMMO 
XMM1 176 
XMM2 192 
XMM3 208 
XMM4 224 
XMM5 240 
XMM6 256 
XMM7 272 
XMM8 288 
XMMg 304 
XMM10 320 
XMM11 336 
XMM12 352 
XMM13 
XMM14 
XMM15 
Reserved 
Reserved 
Reserved 448 
Available 464 
Available 480 
Available 496 
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Table 3-47. Layout of the 64-bit-mode FXSAVE Map (REX.W = 0) 


| 15 14 | 13° «12 11 10 9 8 7 6 5 4 ee ee ee) 
Reserved FCS FIP[31:0] FOP Reserved FTW FSW FCW 
MXCSR_MASK MXCSR Reserved FDS FDP[31:0] 
Reserved STO/MMO 
Reserved ST1/MM1 
Reserved ST2/MM2 
Reserved ST3/MM3 
Reserved ST4/MM4 
Reserved ST5/MM5 
Reserved ST6/MM6 
Reserved ST7/MM7 
XMMO 
XMM1 176 
XMM2 192 
XMM3 208 
XMM4 224 
XMM5 240 
XMM6 256 
XMM7 272 
XMM8 288 
XMM9 304 
XMM10 320 
XMM11 336 
XMM12 352 
XMM13 
XMM14 
XMM15 
Reserved 
Reserved 
Reserved 
Available 464 
Available 480 
Available 496 
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IF 64-Bit Mode 
THEN 


IF REX.W = 1 


THEN 
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DEST := Save64BitPromotedFxsave(x87 FPU, MMX, XMM15-XMMO, 
MXCSR); 


ELSE 


DEST := Save64BitDefaultFxsave(x87 FPU, MMX, XMM15-XMMO, MXCSR); 


Fl; 
ELSE 


DEST := SaveLegacyFxsave(x87 FPU, MMX, XMM7-XMMO, MXCSR); 


Fl; 


Protected Mode Exceptions 


#GP(0) 


#SS(0) 
#PF(fault-code) 
#NM 


#UD 
#UD 
#AC 


For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 


If a memory operand is not aligned on a 16-byte boundary, regardless of segment. (See the 
description of the alignment check exception [#AC] below.) 

For an illegal address in the SS segment. 

For a page fault. 

If CRO.TS[bit 3] = 1. 

If CRO.EM[bit 2] = 1. 

If CPUID.O1H:EDX.FXSR[bit 24] = 0. 

If the LOCK prefix is used. 

If this exception is disabled a general protection exception (#GP) is signaled if the memory 
operand is not aligned on a 16-byte boundary, as described above. If the alignment check 
exception (#AC) is enabled (and the CPL is 3), signaling of #AC is not guaranteed and may 
vary with implementation, as follows. In all implementations where #AC is not signaled, a 
general protection exception is signaled in its place. In addition, the width of the alignment 
check may also vary with implementation. For instance, for a given implementation, an align- 
ment check exception might be signaled for a 2-byte misalignment, whereas a general protec- 
tion exception might be signaled for all other misalignments (4-, 8-, or 16-byte 
misalignments). 


Real-Address Mode Exceptions 


#GP 


#NM 


#UD 


If a memory operand is not aligned on a 16-byte boundary, regardless of segment. 
If any part of the operand lies outside the effective address space from 0 to FFFFH. 
If CRO.TS[bit 3] = 1. 

If CRO.EM[bit 2] = 1. 

If CPUID.01H:EDX.FXSR[bit 24] = 0. 

If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in real address mode. 


#PF(fault-code) 


#AC 
#UD 


For a page fault. 
For unaligned memory reference. 
If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 


#SS(0) 
#GP(0) 


#PF(fault-code) 
#NM 


#UD 


#AC 


If a memory address referencing the SS segment is in a non-canonical form. 

If the memory address is in a non-canonical form. 

If memory operand is not aligned on a 16-byte boundary, regardless of segment. 

For a page fault. 

If CRO.TS[bit 3] = 1. 

If CRO.EM[bit 2] = 1. 

If CPUID.01H:EDX.FXSR[bit 24] = 0. 

If the LOCK prefix is used. 

If this exception is disabled a general protection exception (#GP) is signaled if the memory 
operand is not aligned on a 16-byte boundary, as described above. If the alignment check 
exception (#AC) is enabled (and the CPL is 3), signaling of #AC is not guaranteed and may 
vary with implementation, as follows. In all implementations where #AC is not signaled, a 
general protection exception is signaled in its place. In addition, the width of the alignment 
check may also vary with implementation. For instance, for a given implementation, an align- 
ment check exception might be signaled for a 2-byte misalignment, whereas a general protec- 
tion exception might be signaled for all other misalignments (4-, 8-, or 16-byte 
misalignments). 


Implementation Note 


The order in which the processor signals general-protection (#GP) and page-fault (#PF) exceptions when they both 
occur on an instruction boundary is given in Table 5-2 in the Inte/® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 3B. This order vary for FXSAVE for different processor implementations. 
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FXTRACT—Extract Exponent and Significand 


Opcode/ 64-Bit | Compat/ Description 

Instruction Mode Leg Mode 

D9 F4 Valid Valid Separate value in ST(0) into exponent and significand, store 

EXTRACT exponent in ST(0), and push the significand onto the register 
stack. 

Description 


Separates the source value in the ST(0) register into its exponent and significand, stores the exponent in ST(0), 
and pushes the significand onto the register stack. Following this operation, the new top-of-stack register ST(0) 
contains the value of the original significand expressed as a floating-point value. The sign and significand of this 
value are the same as those found in the source operand, and the exponent is 3FFFH (biased value for a true expo- 
nent of zero). The ST(1) register contains the value of the original operand’s true (unbiased) exponent expressed 
as a floating-point value. (The operation performed by this instruction is a superset of the IEEE-recommended 
logb(x) function. ) 

This instruction and the F2XM1 instruction are useful for performing power and range scaling operations. The 
FXTRACT instruction is also useful for converting numbers in double extended-precision floating-point format to 
decimal representations (e.g., for printing or displaying). 

If the floating-point zero-divide exception (#Z) is masked and the source operand is zero, an exponent value of - 
co is stored in register ST(1) and O with the sign of the source operand is stored in register ST(0). 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


TEMP := Significand(ST(0)); 
ST(0O) := Exponent(ST(0)); 
TOP := TOP — 1; 

ST(O) := TEMP; 


FPU Flags Affected 
C1 Set to 0 if stack underflow occurred; set to 1 if stack overflow occurred. 
co, C2, C3 Undefined. 


Floating-Point Exceptions 


#1S Stack underflow or overflow occurred. 

#IA Source operand is an SNaN value or unsupported format. 
#Z ST(0) operand is +0. 

#D Source operand is a denormal value. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


FXTRACT—Extract Exponent and Significand Vol.2A 3-459 


INSTRUCTION SET REFERENCE, A-L 


Compatibility Mode Exceptions 


Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


Same exceptions as in protected mode. 
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Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 
D9 F1 FYL2X Valid Valid Replace ST(1) with (ST(1) * log,ST(0)) and pop the 
register stack. 
Description 


Computes (ST(1) * logy (ST(0))), stores the result in register ST(1), and pops the FPU register stack. The source 
operand in ST(Q) must be a non-zero positive number. 


The following table shows the results obtained when taking the log of various classes of numbers, assuming that 
neither overflow nor underflow occurs. 


Table 3-48. FYL2X Results 


ST(0) 

| 00 -F +0 +0<+F<+1 +1 +F>41 +00 NaN 
a . * eas dees * ie ~<a NaN 

ST(1) _f * * *e f= _0 _F 16S NaN 
_~0 * * * +0 _~0 -0 * NaN 

+0 “ 7 * -0 +0 +0 7 NaN 

+F * * + —F +0 +F + 00 NaN 

re * * 05 — oo * +00 + 00 NaN 

NaN NaN NaN NaN NaN NaN NaN NaN NaN 

NOTES: 


F Means finite floating-point value. 
* Indicates floating-point invalid-operation (#IA) exception. 
** Indicates floating-point zero-divide (#Z) exception. 


If the divide-by-zero exception is masked and register ST(0) contains +0, the instruction returns ~ with a sign that 
is the opposite of the sign of the source operand in register ST(1). 


The FYL2X instruction is designed with a built-in multiplication to optimize the calculation of logarithms with an 
arbitrary positive base (b): 


log,x := (logsby"! * logsx 
This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 
Operation 


ST(1) := ST(1) * logeST(0); 
PopRegisterStack; 


FPU Flags Affected 


C1 Set to 0 if stack underflow occurred. 
Set if result was rounded up; cleared otherwise. 
co, C2, C3 Undefined. 


FYL2X—Compute y * log2x Vol.2A 3-461 


INSTRUCTION SET REFERENCE, A-L 


Floating-Point Exceptions 


#1S 
#IA 


#Z 
#D 
#U 
#0 
#P 


Stack underflow occurred. 

Either operand is an SNaN or unsupported format. 
Source operand in register ST(0) is a negative finite value 
(not -0). 

Source operand in register ST(0O) is +0. 

Source operand is a denormal value. 

Result is too small for destination format. 

Result is too large for destination format. 


Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 


#NM 
#MF 
#UD 


CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
If there is a pending x87 FPU exception. 
If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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FYL2XP1—Compute y * log,(x +1) 


Opcode Instruction 64-Bit Compat/ Description 
Mode Leg Mode 
D9 FI FYL2XP1 Valid Valid Replace ST(1) with ST(1) * logs(ST(O) + 1.0) and pop the 
register stack. 


Description 


Computes (ST(1) * logo(ST(0) + 1.0)), stores the result in register ST(1), and pops the FPU register stack. The 
source operand in ST(0) must be in the range: 
“(i= 4877) etl = 72) 


The source operand in ST(1) can range from —ce to +o. If the ST(0) operand is outside of its acceptable range, the 
result is undefined and software should not rely on an exception being generated. Under some circumstances 
exceptions may be generated when ST(0) is out of range, but this behavior is implementation specific and not 
guaranteed. 


The following table shows the results obtained when taking the log epsilon of various classes of numbers, assuming 
that underflow does not occur. 


Table 3-49. FYL2XP1 Results 


ST(0) 
-(1-( /2/2 )) to -0 +0 to +(1 -( /2/2 )) 
sas * * — oo NaN 
ST(1) +F +0 -0 -F NaN 
+0 +0 -0 -0 NaN 
-0 -0 +0 +0 NaN 
-F -0 +0 +F NaN 
hes, * * +oo NaN 
NaN NaN NaN NaN NaN 


NOTES: 
F Means finite floating-point value. 
* Indicates floating-point invalid-operation (#1A) exception. 


This instruction provides optimal accuracy for values of epsilon [the value in register ST(0)] that are close to 0. For 
small epsilon (e) values, more significant digits can be retained by using the FYL2XP1 instruction than by using 
(e+1) as an argument to the FYL2X instruction. The (e+1) expression is commonly found in compound interest and 
annuity calculations. The result can be simply converted into a value in another logarithm base by including a scale 
factor in the ST(1) source operand. The following equation is used to calculate the scale factor for a particular loga- 
rithm base, where n is the logarithm base desired for the result of the FYL2XP1 instruction: 


scale factor := log, 2 
This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 
Operation 


ST(1) := ST(1) * loga(ST(O) + 1.0); 
PopRegisterStack; 
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FPU Flags Affected 


C1 Set to 0 if stack underflow occurred. 
Set if result was rounded up; cleared otherwise. 
Co, C2, C3 Undefined. 


Floating-Point Exceptions 


#1S Stack underflow occurred. 

#IA Either operand is an SNaN value or unsupported format. 
#D Source operand is a denormal value. 

#U Result is too small for destination format. 

#0 Result is too large for destination format. 

#P Value cannot be represented exactly in destination format. 


Protected Mode Exceptions 


#NM CRO.EM[bit 2] or CRO.TS[bit 3] = 1. 
#MF If there is a pending x87 FPU exception. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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GF2P8AFFINEINVQB—Galois Field Affine Transformation Inverse 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
66 OF3A CF /r /ib A VIV GFNI Computes inverse affine transformation in the 
GF2P8AFFINEINVOB xmm1, finite field GF(2*8). 
xmm2/m128, imm8 
VEX.128.66.0F3A.W1 CF /r /ib B VN AVX Computes inverse affine transformation in the 
VGF2P8AFFINEINVOB xmm1, xmm2z, GFNI finite field GF(2*8). 
xmm3/m128, imm8 
VEX.256.66.0F3A.W1 CF /r /ib B VN AVX Computes inverse affine transformation in the 
VGF2P8AFFINEINVOB ymm1, ymm2, GFNI finite field GF(2*8). 
ymm3/m256, imm8 
EVEX.128.66.0F3A.W1 CF /r /ib C VIV AVX512VL Computes inverse affine transformation in the 
VGF2P8AFFINEINVOB xmm1{k1}{z}, GFNI finite field GF(2*8). 
xmm_2, xmm3/m1 28/m64bcst, imm8 
EVEX.256.66.0F3A.W1 CF /r /ib Cc VIV AVX512VL Computes inverse affine transformation in the 
VGF2P8AFFINEINVOB ymm1{k1}{z}, GFNI finite field GF(2*8). 
ymm_2, ymm3/m256/m64bcst, imm8 
EVEX.512.66.0F3A.W1 CF /r /ib C VIV AVX512F Computes inverse affine transformation in the 
VGF2P8AFFINEINVOB zmm1{k1}{Z}, GFNI finite field GF(2*8). 
zmm2, zmm3/m512/m64bcst, imm8 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) immé (r) NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) immé (r) 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) immé (r) 
Description 


The AFFINEINVB instruction computes an affine transformation in the Galois Field 2°. For this instruction, an affine 
transformation is defined by A * inv(x) + b where “A” is an 8 by 8 bit matrix, and “x” and “b” are 8-bit vectors. The 
inverse of the bytes in x is defined with respect to the reduction polynomial x® + x4 + x3 +x41. 


One SIMD register (operand 1) holds “x” as either 16, 32 or 64 8-bit vectors. A second SIMD (operand 2) register 
or memory operand contains 2, 4, or 8 “A” values, which are operated upon by the correspondingly aligned 8 “x” 
values in the first register. The “b” vector is constant for all calculations and contained in the immediate byte. 


The EVEX encoded form of this instruction does not support memory fault suppression. The SSE encoded forms of 
the instruction require 16B alignment on their memory operations. 


The inverse of each byte is given by the following table. The upper nibble is on the vertical axis and the lower nibble 
is on the horizontal axis. For example, the inverse of 0x95 is Ox8A. 
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Table 3-50. Inverse Byte Listings 


- 1 2 3 4 5 6 7 8 9 A B C D E F 

0 1 8D F6 CB 52 7B D1 €8 4F 29 0) BO 1 €5 C7 
1 74 B4 AA 4B 99 2B 60 5F 58 3F FD cc FF 40 EE B2 
2 3A 6E 5A FI 55 4D A8 c9 C1 A 98 15 30 44 A2 C2 
3 2C 45 92 6C F3 39 66 42 F2 35 20 6F 77 BB 59 19 
4 1D FE 37 67 2D 31 F5 69 A7 64 AB 13 54 25 E9 9 

5 ED 5C 5 CA 4C 24 87 BF 18 3E 22 FO 51 EC 61 17 
6 16 5E AF D3 49 AG 36 43 F4 47 91 DF 33 93 21 3B 
7 79 B7 97 85 10 B5 BA 3C B6 70 DO 6 Al FA 81 82 
8 83 7E 7F 80 96 73 BE 56 9B 9E 95 D9 F7 2 B9 A4 
9 DE 6A 32 6D D8 8A 84 72 2A 14 OF 88 F9 DC 89 9A 
A FB 7C 2E C3 8F B8 65 48 26 C8 12 4A CE E7 D2 62 
B E0 1F EF 11 75 78 71 AS 8E 76 3D BD BC 86 57 
C 28 2F A3 DA D4 €4 F AQ 27 53 4 1B FC AC €6 
D 7A 7 AE 63 C5 DB E2 EA 94 8B C4 D5 9D F8 90 6B 
E BI D D6 EB C6 E CF AD 8 4e D7 €3 5D 50 1E B3 
F 5B 23 38 34 68 46 3 8C DD 9C 7D AO CD 1A 41 1C 

Operation 


define affine_inverse_byte(tsrc2qw, src1 byte, imm): 
FOR i :=0 to 7: 
* parity(x) = 1 if x has an odd number of 1s in it, and O otherwise.* 
* inverse(x) is defined in the table above * 
retbyte.bit[i] := parity(tsrc2qw.byte[7-i] AND inverse(src1byte)) XOR imms8.bit[i] 
return retbyte 


VGF2P8AFFINEINVQB dest, src1, src2, imm8 (EVEX encoded version) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1: 
IF SRC2 is memory and EVEX.b==1: 
tsrc2 := SRC2.qword[0] 
ELSE: 
tsrc2 := SRC2.qword[j] 


FOR b :=0 to 7: 
IF k1[j*8+b] OR *no writemask*: 
FOR i := 0 to 7: 
DEST.qword[j].byte[b] := affine_inverse_byte(tsrc2, SRC1.qword[j].byte[b], imm8) 
ELSE IF *zeroing*: 
DEST.qword[j].byte[b] := 0 
*ELSE DEST.qword[j].byte[b] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 
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VGF2P8AFFINEINVQB dest, src1, src2, imm8 (128b and 256b VEX encoded versions) 
(KL, VL) = (2, 128), (4, 256) 
FOR j :=0 TO KL-1: 
FOR b := 0 to 7: 
DEST.qword[j].byte[b] := affine_inverse_byte(SRC2.qword[j], SRC1.qword[j].byte[b], imms) 
DEST[MAX_VL-1:VL] := 0 


GF2P8AFFINEINVQB srcdest, src1, imm8 (128b SSE encoded version) 
FOR j :=OTO1: 
FOR b := 0 to 7: 
SRCDEST.qword[j].byte[b] := affine_inverse_byte(SRC1.qword[j], SRCDEST.qword[j].byte[b], imm8) 


Intel C/C++ Compiler Intrinsic Equivalent 
(V)GF2P8AFFINEINVQB __m128i __mm_gf2p8affineinv_epi64_epi8(__m128i, __m128i, int); 


(V)GF2P8AFFINEINVQB __m128i __mm_mask_gf2p8affineinv_epi64_epi8(__m128i, __mmask16, __m128i, __m128i, int); 
(V)GF2P8AFFINEINVQB __m128i __mm_maskz_gf2p8affineinv_epi64_epi8(__mmask16, __m128i,___m128i, int); 
VGF2P8AFFINEINVQB __m256i_mm256_gf2p8affineinv_epi64_epi8(__m256i, __ m256i, int); 

VGF2P8AFFINEINVQB __m256i__mm256_mask_gf2p8affineinv_epi64_epi8(__m256i,___ mmask32,__ m256i,___ m256i, int); 
VGF2P8AFFINEINVQB __m256i__mm256_maskz_gf2p8affineinv_epi64_epi8(__mmask32, __m256i, __m256i, int); 
VGF2P8AFFINEINVQB __m512i_mm512_gf2p8affineinv_epi64_epi8(__m512i,___m512i, int); 

VGF2P8AFFINEINVQB __m512i_mm512_mask_gf2p8affineinv_epi64_epi8(__m512i,__ mmask64,___m512i,___m512i, int); 
VGF2P8AFFINEINVQB __m512i_mm512_maskz_gf2p8affineinv_epi64_epi8(__mmask64, __m512i,___m512i, int); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
Legacy-encoded and VEX-encoded: See Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded: See Table 2-50, “Type E4NF Class Exception Conditions”. 
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GF2P8AFFINEQB—Galois Field Affine Transformation 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
66 OF3A CE /r /ib A VIN GFNI Computes affine transformation in the finite 
GF2P8AFFINEQB xmm1, field GF(2*8). 
xmm2/m128, imm8 
VEX.128.66.0F3A.W1 CE /r /ib B VIN AVX Computes affine transformation in the finite 
VGF2P8AFFINEQB xmm1, xmm2, GFNI field GF(2*8). 
xmm3/m128, imm8 
VEX.256.66.0F3A.W1 CE /r /ib B VIN AVX Computes affine transformation in the finite 
VGF2P8AFFINEQB ymm1, ymm2, GFNI field GF(2*8). 
ymm3/m256, imm8 
EVEX.128.66.0F3A.W1 CE /r /ib C VN AVX512VL Computes affine transformation in the finite 
VGF2P8AFFINEQB xmm1{k1}{Z}, GFNI field GF(2*8). 
xmm_2, xmm3/m128/m64bcst, imm8 
EVEX.256.66.0F3A.W1 CE /r /ib C VN AVX512VL Computes affine transformation in the finite 
VGF2P8AFFINEQB ymm1{k1}{z}, GFNI field GF(2*8). 
ymme2, ymm3/m256/m64bcst, imm8 
EVEX.512.66.0F3A.W1 CE /r /ib C VIN AVX512F Computes affine transformation in the finite 
VGF2P8AFFINEQB zmm1{k1}{Z}, GFNI field GF(2*8). 
zmm2, zmm3/m512/m64bcst, imm8 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) immé (r) NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) immé (r) 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) immé (r) 
Description 


The AFFINEB instruction computes an affine transformation in the Galois Field 2°. For this instruction, an affine 
transformation is defined by A * x + b where “A” is an 8 by 8 bit matrix, and “x” and “b” are 8-bit vectors. One SIMD 
register (operand 1) holds “x” as either 16, 32 or 64 8-bit vectors. A second SIMD (operand 2) register or memory 
operand contains 2, 4, or 8 “A” values, which are operated upon by the correspondingly aligned 8 “x” values in the 
first register. The “b” vector is constant for all calculations and contained in the immediate byte. 


The EVEX encoded form of this instruction does not support memory fault suppression. The SSE encoded forms of 
the instruction require16B alignment on their memory operations. 


Operation 
define parity(x): 
t:=0 // single bit 
FOR i :=0 to 7: 
t=txor x.bit[i] 
return t 


define affine_byte(tsrc2qw, src1byte, imm): 
FOR i := 0 to 7: 
* parity(x) = 1 if x has an odd number of 1s in it, and O otherwise.* 
retbyte.bit[i] := parity(tsrc2qw.byte[7-i] AND src1 byte) XOR imm8.bit[i] 
return retbyte 
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VGF2P8AFFINEQB dest, src1, src2, imm8 (EVEX encoded version) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j:= OTOKL-1: 
IF SRC2 is memory and EVEX.b==1: 
tsrc2 ‘= SRC2.qword[O] 
ELSE: 
tsrc2 := SRC2.qword[j] 


FOR b := Oto 7: 
IF k1[j*8+b] OR *no writemask*: 
DEST.qword[j].byte[b] := affine_byte(tsrc2, SRC1.qword{[j].byte[b], imm8) 
ELSE IF *zeroing*: 
DEST.qword[j].byte[b] := 0 
*ELSE DEST.qword[j].byte[b] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 


VGF2P8AFFINEQB dest, src1, src2, imm8 (128b and 256b VEX encoded versions) 
(KL, VL) = (2, 128), (4, 256) 
FOR j := OTOKL-1: 
FOR b:= Oto 7: 
DEST.qword[j].byte[b] := affine_byte(SRC2.qword[j], SRC1.qword[j].byte[b], imm8) 
DEST[MAX_VL-1:VL] := 0 


GF2P8AFFINEQB srcdest, src1, imm8 (128b SSE encoded version) 
FORj:=0TO1: 
FOR b := Oto 7: 
SRCDEST.qword[j].byte[b] := affine_byte(SRC1.qword[j], SRCDEST.qword[j].byte[b], imm8) 


Intel C/C++ Compiler Intrinsic Equivalent 
(V)GF2P8AFFINEQB __m128i __mm_gf2p8affine_epi64_epi8(__m128i,___m128i, int); 


(V)GF2P8AFFINEQB __m128i __mm_mask_gf2p8affine_epi64_epi8(__m128i, __mmask16, __m128i, __m128i, int); 
(V)GF2P8AFFINEQB __m128i __mm_maskz_gf2p8affine_epi64_epi8(__mmask16, __m128i,__m128i, int); 
VGF2P8AFFINEQB __m256i_mm256_gf2p8affine_epi64_epi8(__m256i, _ m256i, int); 

VGF2P8AFFINEQB __m256i_mm256_mask_gf2p8affine_epi64_epi8(__m256i,__ mmask32, __ m256i, __ m256i, int); 
VGF2P8AFFINEQB __m256i__mm256_maskz_gf2p8affine_epi64_epi8(__mmask32,__ m256i, ___ m256i, int); 
VGF2P8AFFINEQB __m512i_mm512_gf2p8affine_epi64_epi8(__m512i,___m512i, int); 

VGF2P8AFFINEQB __m512i_mm512_mask_gf2p8affine_epi64_epi8(__m512i,__ mmask64,___m512i,___m512i, int); 
VGF2P8AFFINEQB __m512i_mm512_maskz_gf2p8affine_epi64_epi8(__mmask64,___m512i,___m512i, int); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
Legacy-encoded and VEX-encoded: See Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded: See Table 2-50, “Type E4NF Class Exception Conditions”. 
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GF2P8MULB—Galois Field Multiply Bytes 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
66 OF38 CF /r A VIN GFNI Multiplies elements in the finite field GF(2*8). 
GF2P8MULB xmm1, xmm2/m128 
VEX.128.66.0F38.W0 CF /r B VV AVX Multiplies elements in the finite field GF(2*8). 
VGF2P8MULB xmm1, xmmz, GFNI 
xmm3/m128 
VEX.256.66.0F38.W0 CF /r B VV AVX Multiplies elements in the finite field GF(2*8). 
VGF2P8MULB ymm1, ymm2, GFNI 
ymm3/m256 
EVEX.128.66.0F38.W0 CF /r C VV AVX512VL Multiplies elements in the finite field GF(2*8). 
VGF2P8MULB xmm1{k1}{z}, xmm2, GFNI 
xmm3/m128 
EVEX.256.66.0F38.W0 CF /r C VV AVX512VL Multiplies elements in the finite field GF(2*8). 
VGF2P8MULB ymm1{k1}{z}, ymm2, GFNI 
ymm3/m256 
EVEX.512.66.0F38.W0 CF /r C VV AVX512F Multiplies elements in the finite field GF(2*8). 
VGF2P8MULB zmm1{k1}{z}, zmm2, GFNI 
zmm3/m512 
Instruction Operand Encoding 

Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 

A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 

B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 

C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 

Description 


The instruction multiplies elements in the finite field GF(2°), operating on a byte (field element) in the first source 
operand and the corresponding byte in a second source operand. The field GF(2°) is represented in polynomial 
representation with the reduction polynomial x® + x4 + x? +x +41. 


This instruction does not support broadcasting. 


The EVEX encoded form of this instruction supports memory fault suppression. The SSE encoded forms of the 
instruction require16B alignment on their memory operations. 


Operation 


define gf2p8mul_byte(src1 byte, src2byte): 


tword := 0 
FOR i := 0 to 7: 


IF src2byte.bit[i): 


tword := tword XOR (src1byte<< i) 


* carry out polynomial reduction by the characteristic polynomial p* 


FOR i := 14 downto 8: 
p := 0x11B << (i-8) 
IF tword.bit[i]: 
tword := tword XOR p 
return tword.byte[0] 
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GF2P8MULB—Galois Field Multiply Bytes 


VGF2P8MULB dest, src1, src2 (EVEX encoded version) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := OTOKL-1: 
IF k1[j] OR *no writemask*: 
DEST.byte[j] := gf2p8mul_byte(SRC1 .bytefj], SRC2.byte[j]) 
ELSE iF *zeroing*: 
DEST.bytef[j] := 0 
* ELSE DEST.byte[j] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 


VGF2P8MULB dest, src1, src2 (128b and 256b VEX encoded versions) 
(KL, VL) = (16, 128), (32, 256) 
FOR j := OTOKL-1: 

DEST.byte[j] := gf2p8mul_byte(SRC1.bytef[j], SRC2.byte[j]) 
DEST[MAX_VL-1:VL] := 0 


GF2P8MULB srcdest, src1 (128b SSE encoded version) 
FOR j:=0TO15: 
SRCDEST.byte[j] :=gf2p8mul_byte(SRCDEST.byte[j], SRC1.byte[j]) 


Intel C/C++ Compiler Intrinsic Equivalent 


(V)GF2P8MULB __m128i__mm_gf2p8mul_epi8(__m128i, __m128i); 


(V)GF2P8MULB __m128i__mm_mask_gf2p8mul_epi8(__m128i,___ mmask16, __m128i, __m128i); 
(V)GF2P8MULB __m128i__mm_maskz_gf2p8mul_epi8(__mmask16,__m128i,__m128i); 
VGF2P8MULB __m256i __mm256_gf2p8mul_epi8(__m256i, __m256i); 


VGF2P8MULB __m256i__mm256_mask_gf2p8mul_epi8(__m256i,__ mmask32,___ m256i,___ m256i); 
VGF2P8MULB __m256i__mm256_maskz_gf2p8mul_epi8(__mmask32, __ m256i, ___ m256i); 
VGF2P8MULB __m512i_mm512_gf2p8mul_epi8(__m512i,__m512i); 

VGF2P8MULB __m512i_mm512_mask_gf2p8mul_epi8(__m512i,__ mmask64, __m512i, 
VGF2P8MULB __m512i_mm512_maskz_gf2p8mul_epi8(__mmask64, __m512i,__m512i); 


m512i); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


Legacy-encoded and VEX-encoded: See Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded: See Table 2-49, “Type E4 Class Exception Conditions”. 
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HADDPD—Packed Double-FP Horizontal Add 


Opcode/ Op/ |64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
66 OF 7C/r RM | V/V SSE3 Horizontal add packed double-precision 
HADDPD xmm1, xmm2/m128 floating-point values from xmm2/m128 to 
xmm 1. 
VEX.128.66.0F.WIG 7C /r RVM | V/V AVX Horizontal add packed double-precision 
VHADDPD xmm1,xmmz2, xmm3/m128 floating-point values from xmm2 and 
xmm3/mem. 
VEX.256.66.0F.WIG 7C /r RVM | V/V AVX Horizontal add packed double-precision 
VHADDPD ymm1, ymm2, ymm3/m256 floating-point values from ymm2 and 
ymm3/mem. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Adds the double-precision floating-point values in the high and low quadwords of the destination operand and 
stores the result in the low quadword of the destination operand. 


Adds the double-precision floating-point values in the high and low quadwords of the source operand and stores the 
result in the high quadword of the destination operand. 


In 64-bit mode, use of the REX.R prefix permits this instruction to access additional registers (XMM8-XMM15). 
See Figure 3-16 for HADDPD; see Figure 3-17 for VHADDPD. 
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HADDPD xmm1, xmm2/m128 


[127:64] [63:0] 


[127:64] 


v v 


xmm2/m128[63:0] + ; : Result: 
xmm2/m128[127:64] er ee le ue eed xmm1 


[127:64] [63:0] 


OM15993 


Figure 3-16. HADDPD—Packed Double-FP Horizontal Add 
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SRC1 X3 X2 x1 XO 
SRC2| Y3 Y1 YO 
DEST Y2 + Y3 X2 + X3 YO+Y1 XO + X1 


Figure 3-17. VHADDPD operation 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
YMM register destination are unmodified. 

VEX.128 encoded version: the first source operand is an XMM register or 128-bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding YMM register destination are 
zeroed. 

VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 


Operation 

HADDPD (128-bit Legacy SSE version) 
DEST[63:0] := SRC1[127:64] + SRC1[63:0] 
DEST[127:64] := SRC2[127:64] + SRC2[63:0] 
DEST[MAXVL-1:128] (Unmodified) 


VHADDPD (VEX.128 encoded version) 
DEST[63:0] := SRC1[127:64] + SRC1[63:0] 
DEST[127:64] := SRC2[127:64] + SRC2[63:0] 
DEST[MAXVL-1:128] := 0 


VHADDPD (VEX.256 encoded version) 
DEST[63:0] := SRC1[127:64] + SRC1[63:0] 
DEST[127:64] := SRC2[127:64] + SRC2[63:0] 
DEST[191:128] := SRC1[255:192] + SRC1[191:128] 
DEST[255:192] := SRC2[255:192] + SRC2[191:128] 


Intel C/C++ Compiler Intrinsic Equivalent 


VHADDPD: m256d __mm256_hadd_pd (__m256d a, __m256d b); 


HADDPD: m128d_mm_hadd_pd (__m128d a,__m128d b); 


Exceptions 


When the source operand is a memory operand, the operand must be aligned on a 16-byte boundary or a general- 
protection exception (#GP) will be generated. 
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Numeric Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
See Table 2-19, “Type 2 Class Exception Conditions”. 
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Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
F2 OF 7C/r RM | V/V SSE3 Horizontal add packed single-precision 
HADDPS xmm1, xmm2/m128 floating-point values from xmm2/m128 to 
xmm1. 
VEX.128.F2.0F.WIG 7C /r RVM | V/V AVX Horizontal add packed single-precision 
VHADDPS xmm1, xmm2, xmm3/m128 floating-point values from xmm2 and 
xmm3/mem. 
VEX.256.F2.0F.WIG 7C /r RVM | V/V AVX Horizontal add packed single-precision 
VHADDPS ymm1, ymm2, ymm3/m256 floating-point values from ymm2 and 
ymm3/mem. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Adds the single-precision floating-point values in the first and second dwords of the destination operand and stores 
the result in the first dword of the destination operand. 


Adds single-precision floating-point values in the third and fourth dword of the destination operand and stores the 
result in the second dword of the destination operand. 


Adds single-precision floating-point values in the first and second dword of the source operand and stores the 


result in the third dword of the destination operand. 


Adds single-precision floating-point values in the third and fourth dword of the source operand and stores the result 
in the fourth dword of the destination operand. 


In 64-bit mode, use of the REX.R prefix permits this instruction to access additional registers (XMM8-XMM15). 
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See Figure 3-18 for HADDPS; see Figure 3-19 for VHADDPS. 


HADDPS xmm1, xmm2/m128 


[127:96] 


[95:64] 


[63:32] 


[127:96] 


[95:64] 


[63:32] 


v 


v 


v 


v 


xmm2/m128 xmm2/m128 : : : 
0554] +xmm2r | ato +xmmar | mmbesedls | xmmilstal+ | RESULT: 
m128[127:96] m128[63:32] ; ; 
[127:96] [95:64] [63:32] [31:0] 
OM15994 
Figure 3-18. HADDPS—Packed Single-FP Horizontal Add 
srci) X7 x6 X5 x4 x3 x2 x1 xo 
sRc2} Y7 Y6 Y5 Y4 Y3 Y2 Y1 Yo 
DEST) Y6+Y7 | Y4+Y5 | X6+X7 | X4#X5 | Y2+Y3 | YO+Y1 | x24x3 | xO+X1 


Figure 3-19. VHADDPS operation 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
YMM register destination are unmodified. 

VEX.128 encoded version: the first source operand is an XMM register or 128-bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding YMM register destination are 
zeroed. 

VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 
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Operation 


HADDPS (128-bit Legacy SSE version) 
DEST[31:0] := SRC1[63:32] + SRC1[31:0] 
DEST[63:32] := SRC1[127:96] + SRC1[95:64] 
DEST[95:64] := SRC2[63:32] + SRC2[31:0] 
DEST[127:96] := SRC2[127:96] + SRC2[95:64] 
DEST[MAXVL-1:1 28] (Unmodified) 


VHADDPS (VEX.128 encoded version) 
DEST[31:0] := SRC1[63:32] + SRC1[31:0] 
DEST[63:32] := SRC1[127:96] + SRC1[95:64] 
DEST[95:64] := SRC2[63:32] + SRC2[31:0] 
DEST[127:96] := SRC2[127:96] + SRC2[95:64] 
DEST[MAXVL-1:128] := 0 


VHADDPS (VEX.256 encoded version) 

DEST[31:0] := SRC1[63:32] + SRC1[31:0] 
DEST[63:32] := SRC1[127:96] + SRC1[95:64] 
DEST[95:64] := SRC2[63:32] + SRC2[31:0] 
DEST[127:96] := SRC2[127:96] + SRC2[95:64] 
DEST[159:128] := SRC1[191:160] + SRC1[159:128] 
DEST[191:160] := SRC1[255:224] + SRC1[223:192] 
DEST[223:192] := SRC2[191:160] + SRC2[159:128] 
DEST[255:224] := SRC2[255:224] + SRC2[223:192] 


Intel C/C++ Compiler Intrinsic Equivalent 


HADDPS: m128 _mm_hadd_ps (__m128 a,__m128 b); 


VHADDPS: m256 __mm256_hadd_ps (__m256 a,___m256 b); 


Exceptions 


When the source operand is a memory operand, the operand must be aligned on a 16-byte boundary or a general- 
protection exception (#GP) will be generated. 


Numeric Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
See Table 2-19, “Type 2 Class Exception Conditions”. 
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HLT—Halt 
Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
F4 HLT ZO | Valid Valid Halt 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 

Description 


Stops instruction execution and places the processor in a HALT state. An enabled interrupt (including NMI and 
SMI), a debug exception, the BINIT# signal, the INIT# signal, or the RESET# signal will resume execution. If an 
interrupt (including NMI) is used to resume execution after a HLT instruction, the saved instruction pointer 


(CS:EIP) points to the instruction following the HLT instruction. 


When a HLT instruction is executed on an Intel 64 or IA-32 processor supporting Intel Hyper-Threading Technology, 
only the logical processor that executes the instruction is halted. The other logical processors in the physical 
processor remain active, unless they are each individually halted by executing a HLT instruction. 


The HLT instruction is a privileged instruction. When the processor is running in protected or virtual-8086 mode, 
the privilege level of a program or procedure must be 0 to execute the HLT instruction. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


Enter Halt state; 


Flags Affected 
None 


Protected Mode Exceptions 
#GP(0) If the current privilege level is not 0. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
None. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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HRESET — History Reset 


Opcode/ Op/ | 64/32 CPUID Feature Description 
Instruction En | bitMode | Flag 
Support 
F3 OF 3A FO CO /ib A VIV HRESET Processor history reset request. Controlled by the 
HRESET imms, <EAX> EAX implicit operand. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (r) NA NA NA 
Description 


Requests the processor to selectively reset selected components of hardware history maintained by the current 
logical processor. HRESET operation is controlled by the implicit EAX operand. The value of the explicit imm8 
operand is ignored. This instruction can only be executed at privilege level 0. 


The HRESET instruction can be used to request reset of multiple components of hardware history. Prior to the 
execution of HRESET, the system software must take the following steps: 


1. Enumerate the HRESET capabilities via CPUID.20H.OH:EBX, which indicates what components of hardware 
history can be reset. 


2. Only the bits enumerated by CPUID.20H.OH:EBX can be set in the IA32_HRESET_ENABLE MSR. 


HRESET causes a general-protection exception (#GP) if EAX sets any bits that are not set in the 
IA32_HRESET_ENABLE MSR. 


Any attempt to execute the HRESET instruction inside a transactional region will result in a transaction abort. 


Operation 


IF EAX = 0 
THEN NOP 
ELSE 
FOREACH i such that EAX{i] = 1 
Reset prediction history for feature i 
Fl 


Flags Affected 
None. 


Protected Mode Exceptions 
#GP(0) If CPL > 0 or (EAX AND NOT IA32_HRESET_ENABLE) #0. 
#UD If CPUID.O7H.OLH:EAX.HRESET[bit 22] = 0. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
#GP(0) HRESET instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
66 OF 7D /r RM | V/V SSE3 Horizontal subtract packed double-precision 
HSUBPD xmm1, xmm2/m128 floating-point values from xmm2/m128 to 
xmm1. 
VEX.128.66.0F.WIG 7D /r RVM | V/V AVX Horizontal subtract packed double-precision 
VHSUBPD xmm1,xmm2, xmm3/m128 floating-point values from xmm_2 and 
xmm3/mem. 
VEX.256.66.0F.WIG 7D /r RVM | V/V AVX Horizontal subtract packed double-precision 
VHSUBPD ymm1, ymm2, ymm3/m256 floating-point values from ymm2 and 
ymm3/mem. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


The HSUBPD instruction subtracts horizontally the packed DP FP numbers of both operands. 


Subtracts the double-precision floating-point value in the high quadword of the destination operand from the low 
quadword of the destination operand and stores the result in the low quadword of the destination operand. 


Subtracts the double-precision floating-point value in the high quadword of the source operand from the low quad- 
word of the source operand and stores the result in the high quadword of the destination operand. 


In 64-bit mode, use of the REX.R prefix permits this instruction to access additional registers (XMM8-XMM15). 


See Figure 3-20 for HSUBPD; see Figure 3-21 for VHSUBPD. 


HSUBPD xmm1, xmm2/m128 


[127:64] 


[63:0] 


[127:64] 


v 


v 


xmm2/m128[63:0] - 
xmm2/m128[127:64] 


xmm_1[63:0] - xmm1[127:64] 


[127:64] 


[63:0] 


OM15995 


Figure 3-20. HSUBPD—Packed Double-FP Horizontal Subtract 
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SRC1 X3 X2 x1 X0 
SRC2 Y3 Y1 Yo 
DEST| Y2-Y3 X2 - X3 Yo-Y1 XO - X1 


Figure 3-21. VHSUBPD operation 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
YMM register destination are unmodified. 

VEX.128 encoded version: the first source operand is an XMM register or 128-bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding YMM register destination are 
zeroed. 

VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 


Operation 

HSUBPD (128-bit Legacy SSE version) 
DEST[63:0] := SRC1[63:0] - SRC1[127:64] 
DEST[127:64] := SRC2[63:0] - SRC2[127:64] 
DEST[MAXVL-1:128] (Unmodified) 


VHSUBPD (VEX.128 encoded version) 
DEST[63:0] := SRC1[63:0] - SRC1[127:64] 
DEST[127:64] := SRC2[63:0] - SRC2[127:64] 
DEST[MAXVL-1:128] := 0 


VHSUBPD (VEX.256 encoded version) 
DEST[63:0] := SRC1[63:0] - SRC1[127:64] 
DEST[127:64] := SRC2[63:0] - SRC2[127:64] 
DEST[191:128] := SRC1[191:128] - SRC1[255:192] 
DEST[255:192] := SRC2[191:128] - SRC2[255:192] 


Intel C/C++ Compiler Intrinsic Equivalent 
HSUBPD: m128d_mm_hsub_pd(__m128da,__m128d b) 


VHSUBPD: m256d _mm256_hsub_pd (__m256d a, __m256d b); 


Exceptions 


When the source operand is a memory operand, the operand must be aligned on a 16-byte boundary or a general- 
protection exception (#GP) will be generated. 


Numeric Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


3-482 Vol. 2A HSUBPD—Packed Double-FP Horizontal Subtract 


INSTRUCTION SET REFERENCE, A-L 


Other Exceptions 
See Table 2-19, “Type 2 Class Exception Conditions”. 
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HSUBPS—Packed Single-FP Horizontal Subtract 


Opcode/ Op/ |64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
F2 OF 7D /r RM | V/V SSE3 Horizontal subtract packed single-precision 
HSUBPS xmm1, xmm2/m128 floating-point values from xmm2/m128 to 
xmm1. 
VEX.128.F2.0F.WIG 7D /r RVM | V/V AVX Horizontal subtract packed single-precision 
VHSUBPS xmm1, xmm2, xmm3/m128 floating-point values from xmm2 and 
xmm3/mem. 
VEX.256.F2.0F.WIG 7D /r RVM | V/V AVX Horizontal subtract packed single-precision 
VHSUBPS ymm1, ymm2, ymm3/m256 floating-point values from ymm2 and 
ymm3/mem. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Subtracts the single-precision floating-point value in the second dword of the destination operand from the first 
dword of the destination operand and stores the result in the first dword of the destination operand. 


Subtracts the single-precision floating-point value in the fourth dword of the destination operand from the third 
dword of the destination operand and stores the result in the second dword of the destination operand. 


Subtracts the single-precision floating-point value in the second dword of the source operand from the first dword 
of the source operand and stores the result in the third dword of the destination operand. 


Subtracts the single-precision floating-point value in the fourth dword of the source operand from the third dword 
of the source operand and stores the result in the fourth dword of the destination operand. 


In 64-bit mode, use of the REX.R prefix permits this instruction to access additional registers (XMM8-XMM15). 
See Figure 3-22 for HSUBPS; see Figure 3-23 for VHSUBPS. 
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[95:64] 
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[127:96] 
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xmm2/m128 
[95:64] - xmm2/ 
m128[127:96] 


xmm2/m128 
[31:0] - xmm2/ 
m128[63:32] 


xmm1 [95:64] - 
xmm1[127:96] 


xmm1[31:0] - 
xmm1[63:32] 


RESULT: 
xmm1 


[127:96] 


[95:64] 


[63:32] 


[31:0] 


OM15996 


Figure 3-22. HSUBPS—Packed Single-FP Horizontal Subtract 


srci| X7 X6 X5 x4 X3 X2 x1 XO 
srca Y7 Y6 Y5 Y4 Y3 Y2 Y1 YO 


DEST] Y6-Y7 X6-X7 X4-X5 


Figure 3-23. VHSUBPS operation 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
YMM register destination are unmodified. 


VEX.128 encoded version: the first source operand is an XMM register or 128-bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding YMM register destination are 
zeroed. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 
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Operation 


HSUBPS (128-bit Legacy SSE version) 
DEST[31:0] := SRC1[31:0] - SRC1[63:32] 
DEST[63:32] := SRC1[95:64] - SRC1[127:96] 
DEST[95:64] := SRC2[31:0] - SRC2[63:32] 
DEST[127:96] := SRC2[95:64] - SRC2[127:96] 
DEST[MAXVL-1:128] (Unmodified) 


VHSUBPS (VEX.128 encoded version) 
DEST[31:0] := SRC1[31:0] - SRC1[63:32] 
DEST[63:32] := SRC1[95:64] - SRC1[127:96] 
DEST[95:64] := SRC2[31:0] - SRC2[63:32] 
DEST[127:96] := SRC2[95:64] - SRC2[127:96] 
DEST[MAXVL-1:128] := 0 


VHSUBPS (VEX.256 encoded version) 
DEST[31:0] := SRC1[31:0] - SRC1[63:32] 
DEST[63:32] := SRC1[95:64] - SRC1[127:96] 
DEST[95:64] := SRC2[31:0] - SRC2[63:32] 
DEST[127:96] := SRC2[95:64] - SRC2[127:96] 
DEST[159:128] := SRC1[159:1 28] - SRC1[191:160] 
DEST[191:160] := SRC1[223:192] - SRC1[255:224] 
DEST[223:192] := SRC2[159:1 28] - SRC2[191:160] 
DEST[255:224] := SRC2[223:192] - SRC2[255:224] 


Intel C/C++ Compiler Intrinsic Equivalent 
HSUBPS: m128 _mm_hsub_ps(__m128 a,__m128 b); 
VHSUBPS: m256 __mm256_hsub_ps (__m256 a,__m256 b); 


Exceptions 


When the source operand is a memory operand, the operand must be aligned on a 16-byte boundary or a general- 
protection exception (#GP) will be generated. 


Numeric Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
See Table 2-19, “Type 2 Class Exception Conditions”. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

F6 /7 IDIV r/m8 M Valid Valid Signed divide AX by r/m8, with result stored in: 
AL := Quotient, AH := Remainder. 

REX + F6 /7 IDIV r/m8* M Valid N.E. Signed divide AX by r/m8, with result stored in 
AL := Quotient, AH := Remainder. 

F7/7 IDIV r/m16 M Valid Valid Signed divide DX:AX by r/m76, with result 
stored in AX := Quotient, DX := Remainder. 

F7/7 IDIV r/m32 M Valid Valid Signed divide EDX:EAX by r/m32, with result 
stored in EAX := Quotient, EDX := Remainder. 

REX.W + F7 /7 IDIV r/m64 M Valid N.E. Signed divide RDX:RAX by r/m64, with result 
stored in RAX := Quotient, RDX := Remainder. 

NOTES: 


* In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Divides the (signed) value in the AX, DX:AX, or EDX:EAX (dividend) by the source operand (divisor) and stores the 
result in the AX (AH:AL), DX:AX, or EDX:EAX registers. The source operand can be a general-purpose register or a 
memory location. The action of this instruction depends on the operand size (dividend/divisor). 


Non-integral results are truncated (chopped) towards 0. The remainder is always less than the divisor in magni- 


tude. Overflow is indicated with the #DE (divide error) exception rather than with the CF flag. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Use of the REX.R prefix permits access to addi- 
tional registers (R8-R1i5). Use of the REX.W prefix promotes operation to 64 bits. In 64-bit mode when REX.W is 
applied, the instruction divides the signed value in RDX:RAX by the source operand. RAX contains a 64-bit 


quotient; RDX contains a 64-bit remainder. 


See the summary chart at the beginning of this section for encoding data and limits. See Table 3-51. 


Table 3-51. IDIV Results 


Operand Size Dividend Divisor Quotient Remainder Quotient Range 
Word/byte AX r/m8 AL AH -128 to +127 
Doubleword/word DX:AX r/m16 AX DX —32,768 to +32,767 
Quadword/doubleword EDX:EAX r/m32 EAX EDX —23' to 23'-1 
Doublequadword/ quadword RDX:RAX r/m64 RAX RDX —2% to 263 — 1 


IDIV—Signed Divide 


Vol.2A 3-487 


INSTRUCTION SET REFERENCE, A-L 


Operation 


IF SRC=0 
THEN #DE; (* Divide error *) 
FI; 


IF OperandSize = 8 (* Word/byte operation *) 
THEN 
temp := AX / SRC; (* Signed division *) 
IF (temp > 7FH) or (temp < 80H) 
(* If a positive result is greater than 7FH or a negative result is less than 80H *) 
THEN #DE; (* Divide error *) 
ELSE 
AL := temp; 
AH := AX SignedModulus SRC; 
Fl; 
ELSE IF OperandSize = 16 (* Doubleword/word operation *) 
THEN 
temp := DX:AX / SRC; (* Signed division *) 
IF (temp > 7FFFH) or (temp < 8000H) 
(* If a positive result is greater than 7FFFH 
or a negative result is less than 8000H *) 
THEN 
#DE; (* Divide error *) 
ELSE 
AX := temp; 
DX := DX:AX SignedModulus SRC; 
Fl; 
Fl; 
ELSE IF OperandSize = 32 (* Quadword/doubleword operation *) 
temp := EDX:EAX / SRC (* Signed division *) 
IF (temp > 7FFFFFFFH) or (temp < 80000000H) 
(* If a positive result is greater than 7FFFFFFFH 
or a negative result is less than 80000000H *) 


THEN 

#DE; (* Divide error *) 
ELSE 

EAX := temp; 


EDX := EDXE:AX SignedModulus SRC; 
Fl; 
Fl; 
ELSE IF OperandSize = 64 (* Doublequadword/quadword operation *) 
temp := RDX:RAX / SRC; (* Signed division *) 
IF (temp > 7FFFFFFFFFFFFFFFH) or (temp < 8000000000000000hH) 
(* If a positive result is greater than 7FFFFFFFFFFFFFFFH 
or a negative result is less than 80OO000000000000H *) 


THEN 
#DE; (* Divide error *) 
ELSE 
RAX := temp; 
RDX := RDE:RAX SignedModulus SRC; 
Fl; 
Fl; 
Fl; 
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The CF, OF, SF, ZF, AF, and PF flags are undefined. 


Protected Mode Exceptions 


#DE 


#GP(0) 


#SS(0) 
#PF(fault-code) 
#AC(0) 


#UD 


If the source operand (divisor) is 0. 
The signed result (quotient) is too large for the destination. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If a memory operand effective address is outside the SS segment limit. 
If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#DE 


#GP 
#SS 
#UD 


If the source operand (divisor) is 0. 


The signed result (quotient) is too large for the destination. 

If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#DE 


#GP(0) 

#SS(0) 
#PF(fault-code) 
#AC(0) 

#UD 


If the source operand (divisor) is 0. 


The signed result (quotient) is too large for the destination. 

If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made. 

If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) 
#GP(0) 
#DE 


#PF(fault-code) 
#AC(0) 


#UD 


IDIV—Signed Divide 


If a memory address referencing the SS segment is in a non-canonical form. 
If the memory address is in a non-canonical form. 

If the source operand (divisor) is 0 

If the quotient is too large for the designated register. 

If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 
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IMUL—Signed Multiply 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

F6 /5 IMUL r/m8* M Valid Valid AX:= AL * r/mbyte. 

F7/5 IMUL r/m16 M Valid Valid DX:AX := AX * r/m word. 

F7/5 IMUL r/m32 M Valid Valid EDX:EAX := EAX * r/m32. 

REX.W + F7 /5 IMUL r/m64 M Valid N.E. RDX:RAX := RAX * r/m64. 

OF AF /r IMUL 716, r/m16 RM_ | Valid Valid word register := word register * r/m16. 

OF AF /r IMUL 132, r/m32 RM _ | Valid Valid doubleword register := doubleword register * 
r/m32. 

REX.W + OF AF /r IMUL r64, r/m64 RM_ | Valid N.E. Quadword register := Quadword register * 
r/m64. 

6B /r ib IMUL 716, r/m16, imm8& RMI | Valid Valid word register := r/m16 * sign-extended 
immediate byte. 

6B /r ib IMUL r32, r/m32, imm8 RMI. | Valid Valid doubleword register := r/m32 * sign- 
extended immediate byte. 

REX.W + 6B /r ib IMUL r64, r/m64, imm8 RMI | Valid N.E. Quadword register := r/m64 * sign-extended 
immediate byte. 

69 /r iw IMUL 716, r/m16, imm16 RMI | Valid Valid word register := r/m16 * immediate word. 

69 /r id IMUL r32, r/m32, imm32 RMI | Valid Valid doubleword register := r/m32 * immediate 
doubleword. 

REX.W + 69 /r id IMUL r64, r/m64, imm32 RMI | Valid N.E. Quadword register := r/m64 * immediate 
doubleword. 

NOTES: 

* In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r, w) NA NA NA 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
RMI ModRM:reg (r, w) ModRM:r/m (r) imm8/16/32 NA 
Description 


Performs a signed multiplication of two operands. This instruction has three forms, depending on the number of 
operands. 
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One-operand form — This form is identical to that used by the MUL instruction. Here, the source operand (in 
a general-purpose register or memory location) is multiplied by the value in the AL, AX, EAX, or RAX register 
(depending on the operand size) and the product (twice the size of the input operand) is stored in the AX, 
DX:AX, EDX:EAX, or RDX:RAX registers, respectively. 


Two-operand form — With this form the destination operand (the first operand) is multiplied by the source 
operand (second operand). The destination operand is a general-purpose register and the source operand is an 
immediate value, a general-purpose register, or a memory location. The intermediate product (twice the size of 
the input operand) is truncated and stored in the destination operand location. 


Three-operand form — This form requires a destination operand (the first operand) and two source operands 
(the second and the third operands). Here, the first source operand (which can be a general-purpose register 
or a memory location) is multiplied by the second source operand (an immediate value). The intermediate 
product (twice the size of the first source operand) is truncated and stored in the destination operand (a 
general-purpose register). 


IMUL—Signed Multiply 


INSTRUCTION SET REFERENCE, A-L 


When an immediate value is used as an operand, it is sign-extended to the length of the destination operand 
format. 


The CF and OF flags are set when the signed integer value of the intermediate product differs from the sign 
extended operand-size-truncated product, otherwise the CF and OF flags are cleared. 


The three forms of the IMUL instruction are similar in that the length of the product is calculated to twice the length 
of the operands. With the one-operand form, the product is stored exactly in the destination. With the two- and 
three- operand forms, however, the result is truncated to the length of the destination before it is stored in the 
destination register. Because of this truncation, the CF or OF flag should be tested to ensure that no significant bits 
are lost. 


The two- and three-operand forms may also be used with unsigned operands because the lower half of the product 
is the same regardless if the operands are signed or unsigned. The CF and OF flags, however, cannot be used to 
determine if the upper half of the result is non-zero. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Use of the REX.R prefix permits access to addi- 
tional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bits. Use of REX.W modifies the three 
forms of the instruction as follows. 


¢ One-operand form —The source operand (in a 64-bit general-purpose register or memory location) is 
multiplied by the value in the RAX register and the product is stored in the RDX:RAX registers. 

¢ Two-operand form — The source operand is promoted to 64 bits if it is a register or a memory location. The 
destination operand is promoted to 64 bits. 


° Three-operand form — The first source operand (either a register or a memory location) and destination 
operand are promoted to 64 bits. If the source operand is an immediate, it is sign extended to 64 bits. 


Operation 


IF (NumberOfOperands = 1) 
THEN IF (OperandSize = 8) 
THEN 
TMP_XP := AL * SRC (* Signed multiplication; TMP_XP is a signed integer at twice the width of the SRC *); 
AX := TMP_XP[15:0]; 
IF SignExtend(TMP_XP[7:0]) = TMP_XP 
THEN CF := 0; OF := 0; 
ELSE CF := 1; OF := 1; Fl; 
ELSE IF OperandSize = 16 
THEN 
TMP_XP := AX * SRC (* Signed multiplication; TMP_XpP is a signed integer at twice the width of the SRC *) 
DX:AX := TMP_XP[31:0]; 
IF SignExtend(TMP_XP[15:0]) = TMP_XP 
THEN CF := 0; OF := 0; 
ELSE CF := 1; OF := 1; Fl; 
ELSE IF OperandSize = 32 
THEN 
TMP_XP := EAX * SRC (* Signed multiplication; TMP_XP is a signed integer at twice the width of the SRC*) 
EDX:EAX := TMP_XP[63:0]; 
IF SignExtend(TMP_XP[31:0]) = TMP_XP 
THEN CF := 0; OF := 0; 
ELSE CF := 1; OF := 1; Fl; 
ELSE (* OperandSize = 64 *) 
TMP_XP := RAX * SRC (* Signed multiplication; TMP_XP is a signed integer at twice the width of the SRC *) 
EDX:EAX := TMP_XP[127:0]; 
IF SignExtend(TMP_XP[63:0]) = TMP_XP 
THEN CF := 0; OF := O; 
ELSE CF := 1; OF := 1; Fl; 
Fl; 
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Fl; 
ELSE IF (NumberOfOperands = 2) 
THEN 
TMP_XP := DEST * SRC (* Signed multiplication; TMP_XP is a signed integer at twice the width of the SRC *) 
DEST := TruncateToOperandSize(TMP_XP); 
IF SignExtend(DEST) # TMP_XP 
THEN CF := 1; OF := 1; 
ELSE CF := 0; OF := O; Fl; 
ELSE (* NumberOfOperands = 3 *) 
TMP_XP := SRC1 * SRC2 (* Signed multiplication; TMP_XP is a signed integer at twice the width of the SRC1 *) 
DEST := TruncateToOperandSize(TMP_XP); 
IF SignExtend(DEST) # TMP_XP 
THEN CF := 1; OF := 1; 
ELSE CF := 0; OF := O; Fl; 
Fl; 
Fl; 


Flags Affected 


For the one operand form of the instruction, the CF and OF flags are set when significant bits are carried into the 
upper half of the result and cleared when the result fits exactly in the lower half of the result. For the two- and 
three-operand forms of the instruction, the CF and OF flags are set when the result must be truncated to fit in the 
destination operand size and cleared when the result fits exactly in the destination operand size. The SF, ZF, AF, and 
PF flags are undefined. 


Protected Mode Exceptions 
#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL NULL 
segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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IN—Input from Port 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
E4 ib IN AL, imm8 | Valid Valid Input byte from imm8 1/0 port address into 
AL. 
E5 ib IN AX, imm8& | Valid Valid Input word from imm8 I/O port address into 
AX. 
E5 ib IN EAX, imm8 | Valid Valid Input dword from imm8 |/O port address into 
EAX. 
EC IN AL,DX ZO | Valid Valid Input byte from I/O port in DX into AL. 
ED IN AX,DX ZO | Valid Valid Input word from I/O port in DX into AX. 
ED IN EAX,DX ZO | Valid Valid Input doubleword from I/O port in DX into 
EAX. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
| imm8 NA NA NA 
ZO NA NA NA NA 
Description 


Copies the value from the I/O port specified with the second operand (source operand) to the destination operand 
(first operand). The source operand can be a byte-immediate or the DX register; the destination operand can be 
register AL, AX, or EAX, depending on the size of the port being accessed (8, 16, or 32 bits, respectively). Using the 
DX register as a source operand allows I/O port addresses from 0 to 65,535 to be accessed; using a byte immediate 
allows I/O port addresses 0 to 255 to be accessed. 


When accessing an 8-bit I/O port, the opcode determines the port size; when accessing a 16- and 32-bit I/O port, 
the operand-size attribute determines the port size. At the machine code level, I/O instructions are shorter when 
accessing 8-bit I/O ports. Here, the upper eight bits of the port address will be 0. 


This instruction is only useful for accessing I/O ports located in the processor’s I/O address space. See Chapter 19, 
“Input/Output,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for more infor- 
mation on accessing I/O ports in the I/O address space. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


IF ((PE = 1) and ((CPL > IOPL) or (VM = 1))) 
THEN (* Protected mode with CPL > IOPL or virtual-8086 mode *) 
IF (Any I/O Permission Bit for I/O port being accessed = 1) 
THEN (* I/O operation is not allowed *) 
#GP(0); 
ELSE ( * I/O operation is allowed *) 
DEST := SRC; (* Read from selected I/O port *) 
FI; 
ELSE (Real Mode or Protected Mode with CPL < IOPL *) 
DEST := SRC; (* Read from selected I/O port *) 
FI; 


Flags Affected 
None 
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Protected Mode Exceptions 


#GP(0) If the CPL is greater than (has less privilege) the I/O privilege level (IOPL) and any of the 
corresponding I/O permission bits in TSS for the I/O port being accessed is 1. 


#PF(fault-code) If a page fault occurs. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If any of the I/O permission bits in the TSS for the I/O port being accessed is 1. 
#PF(fault-code) If a page fault occurs. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(0) If the CPL is greater than (has less privilege) the I/O privilege level (IOPL) and any of the 
corresponding I/O permission bits in TSS for the I/O port being accessed is 1. 


#PF(fault-code) If a page fault occurs. 
#UD If the LOCK prefix is used. 
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INC—Increment by 1 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
FE /O INC r/m8 M Valid Valid Increment r/m byte by 1. 
REX + FE /0 INC r/m&” M Valid N.E. Increment r/m byte by 1. 
FF /O INC r/m16 M Valid Valid Increment r/m word by 1. 
FF /O INC r/m32 M Valid Valid Increment r/m doubleword by 1. 
REX.W + FF /O INC r/m64 M Valid N.E. Increment r/m quadword by 1. 
40+ rw INC r76 Oo |NE. Valid Increment word register by 1. 
40+ rd INC r32 6) N.E. Valid Increment doubleword register by 1. 
NOTES: 


* In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 
** AOH through 47H are REX prefixes in 64-bit mode. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r, w) NA NA NA 
O opcode + rd (r, w) NA NA NA 
Description 


Adds 1 to the destination operand, while preserving the state of the CF flag. The destination operand can be a 
register or a memory location. This instruction allows a loop counter to be updated without disturbing the CF flag. 
(Use a ADD instruction with an immediate operand of 1 to perform an increment operation that does updates the 
CF flag.) 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. 


In 64-bit mode, INC r16 and INC r32 are not encodable (because opcodes 40H through 47H are REX prefixes). 
Otherwise, the instruction’s 64-bit mode default operation size is 32 bits. Use of the REX.R prefix permits access to 
additional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bits. 


Operation 


DEST := DEST + 1; 


Flags Affected 
The CF flag is not affected. The OF, SF, ZF, AF, and PF flags are set according to the result. 


Protected Mode Exceptions 

#GP(0) If the destination operand is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULLsegment 


selector. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 
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Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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INCSSPD/INCSSPQ—Increment Shadow Stack Pointer 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support Flag 
F3 OF AE /05 R VIN CET_SS Increment SSP by 4 * r32[7:0]. 
INCSSPD r32 
F3 REX.W OF AE /05 R VINE. CET_SS Increment SSP by 8 * r64[7:0]. 
INCSSPQ r64 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
R NA ModRM:r/m (r) NA NA NA 
Description 


This instruction can be used to increment the current shadow stack pointer by the operand size of the instruction 
times the unsigned 8-bit value specified by bits 7:0 in the source operand. The instruction performs a pop and 
discard of the first and last element on the shadow stack in the range specified by the unsigned 8-bit value in bits 
7:0 of the source operand. 


Operation 


IF CPL = 3 
IF (CR4.CET & IA32_U_CET.SH_STK_EN) = 0 
THEN #UD; FI; 
ELSE 
IF (CR4.CET & IA32_S_CET.SH_STK_EN) = 0 
THEN #UD; FI; 
Fl; 


IF (operand size is 64-bit) 
THEN 
TMP1 = (R64[7:0] == 0) ? 1 : R64[7:0] 
TMP = ShadowStackLoad8B(SSP) 
TMP = ShadowStackLoad8B(SSP + TMP1 * 8 - 8) 
SSP := SSP + R64[7:0] * 8; 
ELSE 
TMP1 = (R32[7:0] == 0)? 1: R32[7:0] 
TMP = ShadowStackLoad4B(SSP) 
TMP = ShadowStackLoad4B(SSP + TMP1 * 4 - 4) 
SSP := SSP + R32[7:0] * 4; 
FI; 


Flags Affected 
None. 


Intel C/C++ Compiler Intrinsic Equivalent 
INCSSPD void _incsspd(int); 
INCSSPQ void _incsspq(int); 
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Protected Mode Exceptions 
#UD If the LOCK prefix is used. 
If CR4.CET = 0. 
IF CPL = 3 and IA32_U_CET.SH_STK_EN = 0. 
IF CPL < 3 and IA32_S_CET.SH_STK_EN = 0. 
#PF(fault-code) If a page fault occurs. 


Real-Address Mode Exceptions 


#UD The INCSSP instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 


#UD The INCSSP instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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INS/INSB/INSW/INSD—Input from Port to String 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

6C INS m8, DX ZO | Valid Valid Input byte from I/O port specified in DX into 
memory location specified in €S:(E)DI or RDI.* 

6D INS m76, DX ZO | Valid Valid Input word from I/O port specified in DX into 
memory location specified in €S:(E)DI or RDI." 

6D INS m32, DX ZO | Valid Valid Input doubleword from I/O port specified in DX 
into memory location specified in ES:(E)DI or 
RDI." 

6C INSB ZO | Valid Valid Input byte from I/O port specified in DX into 
memory location specified with ES:(€)DI or 
RDI." 

6D INSW ZO ‘| Valid Valid Input word from I/O port specified in DX into 
memory location specified in ES:(E)DI or RDI." 

6D INSD ZO | Valid Valid Input doubleword from I/O port specified in DX 
into memory location specified in ES:(E)DI or 
RDI." 

NOTES: 


* |n 64-bit mode, only 64-bit (RDI) and 32-bit (EDI) address sizes are supported. In non-64-bit mode, only 32-bit (EDI) and 16-bit (Dl) 
address sizes are supported. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Copies the data from the I/O port specified with the source operand (second operand) to the destination operand 
(first operand). The source operand is an I/O port address (from 0 to 65,535) that is read from the DX register. The 
destination operand is a memory location, the address of which is read from either the ES:DI, ES:EDI or the RDI 
registers (depending on the address-size attribute of the instruction, 16, 32 or 64, respectively). (The ES segment 
cannot be overridden with a segment override prefix.) The size of the I/O port being accessed (that is, the size of 
the source and destination operands) is determined by the opcode for an 8-bit I/O port or by the operand-size attri- 
bute of the instruction for a 16- or 32-bit I/O port. 


At the assembly-code level, two forms of this instruction are allowed: the “explicit-operands” form and the “no- 
operands” form. The explicit-operands form (specified with the INS mnemonic) allows the source and destination 
operands to be specified explicitly. Here, the source operand must be “DX,” and the destination operand should be 
a symbol that indicates the size of the I/O port and the destination address. This explicit-operands form is provided 
to allow documentation; however, note that the documentation provided by this form can be misleading. That is, 
the destination operand symbol must specify the correct type (size) of the operand (byte, word, or doubleword), 
but it does not have to specify the correct location. The location is always specified by the ES:(E)DI registers, 
which must be loaded correctly before the INS instruction is executed. 


The no-operands form provides “short forms” of the byte, word, and doubleword versions of the INS instructions. 
Here also DX is assumed by the processor to be the source operand and ES:(E)DI is assumed to be the destination 
operand. The size of the I/O port is specified with the choice of mnemonic: INSB (byte), INSW (word), or INSD 
(doubleword). 


After the byte, word, or doubleword is transfer from the I/O port to the memory location, the DI/EDI/RDI register 
is incremented or decremented automatically according to the setting of the DF flag in the EFLAGS register. (If the 
DF flag is 0, the (E)DI register is incremented; if the DF flag is 1, the (E)DI register is decremented.) The (E)DI 
register is incremented or decremented by 1 for byte operations, by 2 for word operations, or by 4 for doubleword 
operations. 
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The INS, INSB, INSW, and INSD instructions can be preceded by the REP prefix for block input of ECX bytes, words, 
or doublewords. See “REP/REPE/REPZ /REPNE/REPNZ—Repeat String Operation Prefix” in Chapter 4 of the Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 2B, for a description of the REP prefix. 


These instructions are only useful for accessing I/O ports located in the processor’s I/O address space. See Chapter 
19, “Input/Output,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for more 
information on accessing I/O ports in the I/O address space. 


In 64-bit mode, default address size is 64 bits, 32 bit address size is supported using the prefix 67H. The address 
of the memory destination is specified by RDI or EDI. 16-bit address size is not supported in 64-bit mode. The 
operand size is not promoted. 


These instructions may read from the I/O port without writing to the memory location if an exception or VM exit 
occurs due to the write (e.g. #PF). If this would be problematic, for example because the I/O port read has side- 
effects, software should ensure the write to the memory location does not cause an exception or VM exit. 


Operation 


IF ((PE = 1) and ((CPL > IOPL) or (VM = 1))) 
THEN (* Protected mode with CPL > IOPL or virtual-8086 mode *) 
IF (Any I/O Permission Bit for I/O port being accessed = 1) 
THEN (* I/O operation is not allowed *) 
#GP(0); 
ELSE (* I/O operation is allowed *) 
DEST := SRC; (* Read from I/O port *) 
Fl; 
ELSE (Real Mode or Protected Mode with CPL IOPL *) 
DEST := SRC; (* Read from I/O port *) 
FI; 


Non-64-bit Mode: 


IF (Byte transfer) 
THEN IF DF =0 
THEN (€)DI := (E)DI + 1; 
ELSE (E)DI := (€)DI - 1; FI; 
ELSE IF (Word transfer) 
THEN IF DF = O 
THEN (€)DI := (E)DI + 2; 
ELSE (E)DI := (€)DI - 2; FI; 
ELSE (* Doubleword transfer *) 
THEN IF DF =0 
THEN (€)DI := (E)DI + 4; 
ELSE (E)DI := (€)DI - 4; Fl; 
Fl; 
FI; 


FI64-bit Mode: 


IF (Byte transfer) 
THEN IF DF=0 
THEN (E|R)DI := (€|R)DI + 1; 
ELSE (€|R)DI := (E[R)DI - 1; Fl; 
ELSE IF (Word transfer) 
THEN IF DF =0 
THEN (E)DI := (€)DI + 2; 
ELSE (€)DI := (€)DI - 2; Fl; 
ELSE (* Doubleword transfer *) 
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THEN IF DF =0 
THEN (E|R)DI := (E]R)DI + 4; 
ELSE (E|R)DI := (E[R)DI - 4; FA; 
Fl; 
Fl; 


Flags Affected 
None 


Protected Mode Exceptions 


#GP(0) If the CPL is greater than (has less privilege) the I/O privilege level (IOPL) and any of the 
corresponding I/O permission bits in TSS for the I/O port being accessed is 1. 


If the destination is located in a non-writable segment. 
If an illegal memory operand effective address in the ES segments is given. 
#PF(fault-code) If a page fault occurs. 


#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If any of the I/O permission bits in the TSS for the I/O port being accessed is 1. 
#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 


#GP(0) If the CPL is greater than (has less privilege) the I/O privilege level (IOPL) and any of the 
corresponding I/O permission bits in TSS for the I/O port being accessed is 1. 


If the memory address is in a non-canonical form. 
#PF(fault-code) If a page fault occurs. 


#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#UD If the LOCK prefix is used. 
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INSERTPS—Insert Scalar Single-Precision Floating-Point Value 


Opcode/ Op/ 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support Flag 
66 OF 3A 21 /rib A VIV SSE4_1 Insert a single-precision floating-point value selected 
INSERTPS xmm1, xmm2/m32, imm8 by imm8 from xmm2/m32 into xmm1 at the specified 
destination element specified by imm8 and zero out 
destination elements in xmm1 as indicated in imms. 
VEX.128.66.0F3A.WIG 21 /r ib B VV AVX Insert a single-precision floating-point value selected 
VINSERTPS xmm1, xmm_2, by imm8 from xmm3/m32 and merge with values in 
xmm3/m32, imm8 xmm_2 at the specified destination element specified 
by imm8 and write out the result and zero out 
destination elements in xmm1 as indicated in imm8. 
EVEX.128.66.0F3A.WO 21 /r ib C VV AVX512F | Insert a single-precision floating-point value selected 
VINSERTPS xmm1, xmm2, by imm8 from xmm3/m32 and merge with values in 
xmm3/m32, imm8 xmm_z at the specified destination element specified 
by imm8 and write out the result and zero out 
destination elements in xmm1 as indicated in imm8. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) Imm8 NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) Imm8s 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8 
Description 


(register source form) 


Copy a single-precision scalar floating-point element into a 128-bit vector register. The immediate operand has 
three fields, where the ZMask bits specify which elements of the destination will be set to zero, the Count_D bits 
specify which element of the destination will be overwritten with the scalar value, and for vector register sources 
the Count_S bits specify which element of the source will be copied. When the scalar source is a memory operand 
the Count_S bits are ignored. 


(memory source form) 


Load a floating-point element from a 32-bit memory location and destination operand it into the first source at the 
location indicated by the Count_D bits of the immediate operand. Store in the destination and zero out destination 
elements based on the ZMask bits of the immediate operand. 


128-bit Legacy SSE version: The first source register is an XMM register. The second source operand is either an 
XMM register or a 32-bit memory location. The destination is not distinct from the first source XMM register and the 
upper bits (MAXVL-1:128) of the corresponding register destination are unmodified. 

VEX.128 and EVEX encoded version: The destination and first source register is an XMM register. The second 
source operand is either an XMM register or a 32-bit memory location. The upper bits (MAXVL-1:128) of the corre- 
sponding register destination are zeroed. 

If VINSERTPS is encoded with VEX.L= 1, an attempt to execute the instruction encoded with VEX.L= 1 will cause 
an #UD exception. 
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Operation 


VINSERTPS (VEX.128 and EVEX encoded version) 
IF (SRC = REG) THEN COUNT_S := imm8[7:6] 
ELSE COUNT_S := 0 
COUNT_D := imm8[5:4] 
ZMASK := imm8[3:0] 
CASE (COUNT_S) OF 
0: TMP := SRC2[31:0] 
1: TMP := SRC2[63:32] 
2: TMP := SRC2[95:64] 
3: TMP := SRC2[127:96] 
ESAC; 
CASE (COUNT_D) OF 
0: TMP2[31:0] := TMP 
TMP2[1 27:32] := SRC1[127:32] 
1: TMP2[63:32] := TMP 
TMP2[31:0] := SRC1[31:0] 
TMP2[1 27:64] := SRC1[127:64] 
2: TMP2[95:64] := TMP 
TMP2[63:0] := SRC1[63:0] 
TMP2[1 27:96] := SRC1[127:96] 
3: TMP2[127:96] := TMP 
TMP2[95:0] := SRC1[95:0] 
ESAC; 


IF (ZMASK[0] = 1) THEN DEST[31:0] = OO0O0000H 
ELSE DEST[31:0] := TMP2[31:0] 

IF (ZMASK[1] = 1) THEN DEST[63:32] := O0O000000H 
ELSE DEST[63:32] = TMP2[63:32] 

IF (ZMASK[2] = 1) THEN DEST[95:64] := 00000000H 
ELSE DEST[95:64] = TMP2[95:64] 

IF (ZMASK[3] = 1) THEN DEST[127:96] = OO000000H 
ELSE DEST[127:96] := TMP2[127:96] 

DEST[MAXVL-1:128] := 0 


INSERTPS (128-bit Legacy SSE version) 
IF (SRC = REG) THEN COUNT_S :=imm8[7:6] 
ELSE COUNT_S :=0 
COUNT_D := imm8[5:4] 
ZMASK := imm8[3:0] 
CASE (COUNT_S) OF 
O: TMP := SRC[31:0] 
1: TMP := SRC[63:32] 
2: TMP := SRC[95:64] 
3: TMP := SRC[127:96] 
ESAC; 


CASE (COUNT_D) OF 
0: TMP2[31:0] := TMP 
TMP2[127:32] := DEST[127:32] 
1: TMP2[63:32] = TMP 
TMP2[31:0] := DEST[31:0] 
TMP2[127:64] := DEST[127:64] 
2: TMP2[95:64] := TMP 
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TMP2[63:0] := DEST[63:0] 
TMP2[127:96] := DEST[127:96] 
3; TMP2[127:96] = TMP 
TMP2[95:0] := DEST[95:0] 
ESAC; 


IF (ZMASK[O] = 1) THEN DEST[31:0] := OO0O0000H 
ELSE DEST[31:0] := TMP2[31:0] 

IF (ZMASK[1] = 1) THEN DEST[63:32] := O0OO00000H 
ELSE DEST[63:32] = TMP2[63:32] 

IF (ZMASK[2] = 1) THEN DEST[95:64] := O0OO00000H 
ELSE DEST[95:64] = TMP2[95:64] 

IF (ZMASK[3] = 1) THEN DEST[127:96] := OO000000H 
ELSE DEST[127:96] := TMP2[127:96] 

DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VINSERTPS __m128 _mm_insert_ps(__m128 dst, __m128 src, const int nidx); 
INSETRTPS __m128 _mm_insert_ps(__m128 dst, ___m128 src, const int nidx); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”; additionally: 
#UD If VEX.L = 0. 

EVEX-encoded instruction, see Table 2-57, “Type E9NF Class Exception Conditions”. 
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INT n/INTO/INT3/INT1—Call to Interrupt Procedure 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
CC INT3 ZO | Valid Valid Generate breakpoint trap. 
CD ib INT imm8 | Valid Valid Generate software interrupt with vector 
specified by immediate byte. 
cE INTO ZO | Invalid Valid Generate overflow trap if overflow flag is 1. 
FI INT1 ZO | Valid Valid Generate debug trap. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
I imm8 NA NA NA 

Description 


The INT rn instruction generates a call to the interrupt or exception handler specified with the destination operand 
(see the section titled “Interrupts and Exceptions” in Chapter 6 of the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1). The destination operand specifies a vector from 0 to 255, encoded as an 8-bit 
unsigned intermediate value. Each vector provides an index to a gate descriptor in the IDT. The first 32 vectors are 
reserved by Intel for system use. Some of these vectors are used for internally generated exceptions. 


The INT rn instruction is the general mnemonic for executing a software-generated call to an interrupt handler. The 
INTO instruction is a special mnemonic for calling overflow exception (#OF), exception 4. The overflow interrupt 
checks the OF flag in the EFLAGS register and calls the overflow interrupt handler if the OF flag is set to 1. (The 
INTO instruction cannot be used in 64-bit mode.) 


The INT3 instruction uses a one-byte opcode (CC) and is intended for calling the debug exception handler with a 
breakpoint exception (#BP). (This one-byte form is useful because it can replace the first byte of any instruction at 
which a breakpoint is desired, including other one-byte instructions, without overwriting other instructions. ) 


The INT1 instruction also uses a one-byte opcode (F1) and generates a debug exception (#DB) without setting any 
bits in DR6. Hardware vendors may use the INT1 instruction for hardware debug. For that reason, Intel recom- 
mends software vendors instead use the INT3 instruction for software breakpoints. 


An interrupt generated by the INTO, INT3, or INT1 instruction differs from one generated by INT n in the following 

ways: 

¢ The normal IOPL checks do not occur in virtual-8086 mode. The interrupt is taken (without fault) with any IOPL 
value. 


¢ The interrupt redirection enabled by the virtual-8086 mode extensions (VME) does not occur. The interrupt is 
always handled by a protected-mode handler. 


(These features do not pertain to CD03, the “normal” 2-byte opcode for INT 3. Intel and Microsoft assemblers will 
not generate the CD03 opcode from any mnemonic, but this opcode can be created by direct numeric code defini- 
tion or by self-modifying code.) 


The action of the INT rn instruction (including the INTO, INT3, and INT1 instructions) is similar to that of a far call 
made with the CALL instruction. The primary difference is that with the INT n instruction, the EFLAGS register is 
pushed onto the stack before the return address. (The return address is a far address consisting of the current 
values of the CS and EIP registers.) Returns from interrupt procedures are handled with the IRET instruction, which 
pops the EFLAGS information and return address from the stack. 


Each of the INT n, INTO, and INT3 instructions generates a general-protection exception (#GP) if the CPL is greater 
than the DPL value in the selected gate descriptor in the IDT. In contrast, the INT1 instruction can deliver a #DB 


1. The mnemonic ICEBP has also been used for the instruction with opcode F1. 
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even if the CPL is greater than the DPL of descriptor 1 in the IDT. (This behavior supports the use of INT1 by hard- 
ware vendors performing hardware debug.) 


The vector specifies an interrupt descriptor in the interrupt descriptor table (IDT); that is, it provides index into the 
IDT. The selected interrupt descriptor in turn contains a pointer to an interrupt or exception handler procedure. 
In protected mode, the IDT contains an array of 8-byte descriptors, each of which is an interrupt gate, trap gate, 
or task gate. In real-address mode, the IDT is an array of 4-byte far pointers (2-byte code segment selector and 
a 2-byte instruction pointer), each of which point directly to a procedure in the selected segment. (Note that in 
real-address mode, the IDT is called the interrupt vector table, and its pointers are called interrupt vectors.) 


The following decision table indicates which action in the lower portion of the table is taken given the conditions in 
the upper portion of the table. Each Y in the lower section of the decision table represents a procedure defined in 
the “Operation” section for this instruction (except #GP). 


Table 3-52. Decision Table 
PE 0 1 1 1 1 1 1 1 


VM - - - - - 0 1 1 

IOPL - - - - - - <3 =3 

DPL/CPL - DPL< - DPL> DPL= DPL< - - 

RELATIONSHIP CPL CPL CPL or C CPL & NC 

INTERRUPT TYPE - S/W - - - - - - 

GATE TYPE - - Task Trap or Trap or Trap or Trap or Trap or 
Interrupt Interrupt Interrupt Interrupt Interrupt 


REAL-ADDRESS-MODE Y 
PROTECTED-MODE Y Y Y 


TRAP-OR-INTERRUPT- Y 
GATE 


INTER-PRIVILEGE-LEVEL- Y 
INTERRUPT 


INTRA-PRIVILEGE-LEVEL- Y 
INTERRUPT 


INTERRUPT-FROM- Y 
VIRTUAL-8086-MODE 


TASK-GATE Y 
#GP Y Y Y 
NOTES: 

= Don't Care. 

Y Yes, action taken. 
Blank Action not taken. 
S/W Applies to INT n, INT3, and INTO, but not to INT1. 


When the processor is executing in virtual-8086 mode, the IOPL determines the action of the INT n instruction. If 
the IOPL is less than 3, the processor generates a #GP(selector) exception; if the IOPL is 3, the processor executes 
a protected mode interrupt to privilege level 0. The interrupt gate’s DPL must be set to 3 and the target CPL of the 
interrupt handler procedure must be 0 to execute the protected mode interrupt to privilege level 0. 


The interrupt descriptor table register (IDTR) specifies the base linear address and limit of the IDT. The initial base 
address value of the IDTR after the processor is powered up or reset is 0. 


Refer to Chapter 6, “Procedure Calls, Interrupts, and Exceptions” and Chapter 18, “Control-Flow Enforcement 
Technology (CET)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 for CET 
details. 
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Instruction ordering. Instructions following an INT n may be fetched from memory before earlier instructions 
complete execution, but they will not execute (even speculatively) until all instructions prior to the INT n have 
completed execution (the later instructions may execute before data stored by the earlier instructions have become 
globally visible). This applies also to the INTO, INT3, and INT1 instructions, but not to executions of INTO when 
EFLAGS.OF = 0. 


Operation 


The following operational description applies not only to the INT n, INTO, INT3, or INT1 instructions, but also to 
external interrupts, nonmaskable interrupts (NMIs), and exceptions. Some of these events push onto the stack an 
error code. 


The operational description specifies numerous checks whose failure may result in delivery of a nested exception. 
In these cases, the original event is not delivered. 


The operational description specifies the error code delivered by any nested exception. In some cases, the error 
code is specified with a pseudofunction error_code(num,idt,ext), where idt and ext are bit values. The pseudofunc- 
tion produces an error code as follows: (1) if idt is 0, the error code is (num & FCH) | ext; (2) if idt is 1, the error 
code is (num « 3) | 2 | ext. 


In many cases, the pseudofunction error_code is invoked with a pseudovariable EXT. The value of EXT depends on 
the nature of the event whose delivery encountered a nested exception: if that event is a software interrupt (INT n, 
INT3, or INTO), EXT is 0; otherwise (including INT1), EXT is 1. 


IF PE=O 
THEN 
GOTO REAL-ADDRESS-MODE; 
ELSE (* PE=1 *) 
IF (EFLAGS.VM = 1 AND CR4.VME = O AND IOPL < 3 AND INT n) 
THEN 
#GP(0); (* Bit O of error code is O because INT n *) 
ELSE 
IF (EFLAGS.VM = 1 AND CR4.VME = 1 AND INT n) 
THEN 
Consult bit n of the software interrupt redirection bit map in the TSS; 
IF bit nis clear 
THEN (* redirect interrupt to 8086 program interrupt handler *) 
Push EFLAGS[15:0]; — (* if IOPL < 3, save VIF in IF position and save IOPL position as 3 *) 
Push CS; 
Push IP; 
IF IOPL = 3 
THEN IF := 0; (* Clear interrupt flag *) 
ELSE VIF := 0; (* Clear virtual interrupt flag *) 
Fl; 
TF := 0; (* Clear trap flag *) 
load CS and EIP (lower 16 bits only) from entry nin interrupt vector table referenced from TSS; 
ELSE 
IF IOPL = 3 
THEN GOTO PROTECTED-MODE; 
ELSE #GP(0); (* Bit O of error code is O because INT n *) 
Fl; 
Fl; 
ELSE (* Protected mode, IA-32e mode, or virtual-8086 mode interrupt *) 
IF (IA32_EFER.LMA = 0) 
THEN (* Protected mode, or virtual-8086 mode interrupt *) 
GOTO PROTECTED-MODE; 
ELSE (* IA-32e mode interrupt *) 
GOTO IA-32e-MODE; 
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Fl; 
Fl; 
Fl; 
FI; 
REAL-ADDRESS-MODE: 
IF ((vector_number « 2) + 3) is not within IDT limit 
THEN #GP; FI; 
IF stack not large enough for a 6-byte return information 
THEN #SS; FI; 
Push (EFLAGS[1 5:0)); 
IF := 0; (* Clear interrupt flag *) 
TF := 0; (* Clear trap flag *) 
AC := 0; (* Clear AC flag *) 
Push(CS); 
Push(IP); 
(* No error codes are pushed in real-address mode”) 
CS := IDT(Descriptor (vector_number « 2), selector)); 
EIP := IDT(Descriptor (vector_number « 2), offset)); (* 16 bit offset AND OOOOFFFFH *) 
END; 
PROTECTED-MODE: 
IF ((vector_number « 3) + 7) is not within IDT limits 
or selected IDT descriptor is not an interrupt-, trap-, or task-gate type 
THEN #GP(error_code(vector_number,1,EXT)); Fl; 
(* idt operand to error_code set because vector is used *) 
IF software interrupt (* Generated by INT n, INT3, or INTO; does not apply to INT1 *) 
THEN 
IF gate DPL < CPL (* PE = 1, DPL < CPL, software interrupt *) 
THEN #GP(error_code(vector_number,1,0)); Fl; 
(* idt operand to error_code set because vector is used *) 
(* ext operand to error_code is O because INT n, INT3, or INTO*) 
Fl; 
IF gate not present 
THEN #NP(error_code(vector_number,1,EXT)); Fl; 
(* idt operand to error_code set because vector is used *) 
IF task gate (* Specified in the selected interrupt table descriptor *) 
THEN GOTO TASK-GATE; 
ELSE GOTO TRAP-OR-INTERRUPT-GATE; (* PE = 1, trap/interrupt gate *) 
Fl; 
END; 
IA-32e-MODE: 
IF INTO and CS.L = 1 (64-bit mode) 
THEN #UD; 
Fl; 
IF ((vector_number « 4) + 15) is not in IDT limits 
or selected IDT descriptor is not an interrupt-, or trap-gate type 
THEN #GP(error_code(vector_number,1,EXT)); 
(* idt operand to error_code set because vector is used *) 
Fl; 
IF software interrupt (* Generated by INT n, INT3, or INTO; does not apply to INT1 *) 
THEN 
IF gate DPL < CPL (* PE = 1, DPL < CPL, software interrupt *) 
THEN #GP(error_code(vector_number, 1,0); 
(* idt operand to error_code set because vector is used *) 
(* ext operand to error_code is O because INT n, INT3, or INTO*) 
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Fl; 
Fl; 
IF gate not present 
THEN #NP(error_code(vector_number,1,EXT)); 
(* idt operand to error_code set because vector is used *) 
Fl; 
GOTO TRAP-OR-INTERRUPT-GATE; (* Trap/interrupt gate *) 
END; 
TASK-GATE: (* PE = 1, task gate *) 
Read TSS selector in task gate (IDT descriptor); 
IF local/global bit is set to local or index not within GDT limits 
THEN #GP(error_code(TSS selector,0,EXT)); Fl; 
(* idt operand to error_code is O because selector is used *) 
Access TSS descriptor in GDT; 
IF TSS descriptor specifies that the TSS is busy (low-order 5 bits set to 00001) 
THEN #GP(error_code(TSS selector,0,EXT)); Fl; 
(* idt operand to error_code is O because selector is used *) 
IF TSS not present 
THEN #NP(error_code(TSS selector,0,EXT)); Fl; 
(* idt operand to error_code is O because selector is used *) 
SWITCH-TASKS (with nesting) to TSS; 
IF interrupt caused by fault with error code 
THEN 
IF stack limit does not allow push of error code 
THEN #SS(EXT); Fl; 
Push(error code); 
Fl; 
IF EIP not within code segment limit 
THEN #GP(EXT); FI; 
END; 
TRAP-OR-INTERRUPT-GATE: 
Read new code-segment selector for trap or interrupt gate (IDT descriptor); 
IF new code-segment selector is NULL 
THEN #GP(EXT); Fl; (* Error code contains NULL selector *) 
IF new code-segment selector is not within its descriptor table limits 
THEN #GP(error_code(new code-segment selector,0,EXT)); Fl; 
(* idt operand to error_code is 0 because selector is used *) 
Read descriptor referenced by new code-segment selector; 
IF descriptor does not indicate a code segment or new code-segment DPL > CPL 
THEN #GP(error_code(new code-segment selector,0,EXT)); FI; 
(* idt operand to error_code is O because selector is used *) 
IF new code-segment descriptor is not present, 
THEN #NP(error_code(new code-segment selector,0,EXT)); FI; 
(* idt operand to error_code is O because selector is used *) 
IF new code segment is non-conforming with DPL < CPL 
THEN 
IF VM =0 
THEN 
GOTO INTER-PRIVILEGE-LEVEL-INTERRUPT; 
(* PE = 1, VM = 0, interrupt or trap gate, nonconforming code segment, 
DPL < CPL *) 
ELSE (* VM = 1 *) 
IF new code-segment DPL + 0 
THEN #GP(error_code(new code-segment selector,0,EXT)); 
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(* idt operand to error_code is O because selector is used *) 
GOTO INTERRUPT-FROM-VIRTUAL-8086-MODE; FI; 
(* PE = 1, interrupt or trap gate, DPL < CPL, VM = 1 *) 


Fl; 
ELSE (* PE = 1, interrupt or trap gate, DPL > CPL *) 
IF VM = 1 


THEN #GP(error_code(new code-segment selector,0,EXT)); 
(* idt operand to error_code is 0 because selector is used *) 
IF new code segment is conforming or new code-segment DPL = CPL 
THEN 
GOTO INTRA-PRIVILEGE-LEVEL-INTERRUPT; 
ELSE (* PE = 1, interrupt or trap gate, nonconforming code segment, DPL > CPL *) 
#GP(error_code(new code-segment selector,0,EXT)); 
(* idt operand to error_code is 0 because selector is used *) 
Fl; 
Fl; 
END; 
INTER-PRIVILEGE-LEVEL-INTERRUPT: 
(* PE = 1, interrupt or trap gate, non-conforming code segment, DPL < CPL *) 
IF (IA32_EFER.LMA = 0) (* Not IA-32e mode *) 
THEN 
(* Identify stack-segment selector for new privilege level in current TSS *) 
IF current TSS is 32-bit 
THEN 
TSSstackAddress := (new code-segment DPL « 3) + 4; 
IF (TSSstackAddress + 5) > current TSS limit 
THEN #TS(error_code(current TSS selector,0,EXT)); Fl; 
(* idt operand to error_code is O because selector is used *) 
NewSS := 2 bytes loaded from (TSS base + TSSstackAddress + 4); 
NewESP := 4 bytes loaded from (TSS base + TSSstackAddress); 
ELSE (* current TSS is 16-bit *) 
TSSstackAddress := (new code-segment DPL « 2) + 2 
IF (TSSstackAddress + 3) > current TSS limit 
THEN #TS(error_code(current TSS selector,0,EXT)); Fl; 
(* idt operand to error_code is 0 because selector is used *) 
NewSS := 2 bytes loaded from (TSS base + TSSstackAddress + 2); 
NewESP := 2 bytes loaded from (TSS base + TSSstackAddress); 
Fl; 
IF NewSS is NULL 
THEN #TS(EXT); FI; 
IF NewSS index is not within its descriptor-table limits 
or NewSS RPL 4 new code-segment DPL 
THEN #TS(error_code(NewSS,0,EXT)); Fl; 
(* idt operand to error_code is 0 because selector is used *) 
Read new stack-segment descriptor for NewSS in GDT or LDT; 
IF new stack-segment DPL 4 new code-segment DPL 
or new stack-segment Type does not indicate writable data segment 
THEN #TS(error_code(NewSS,0,EXT)); Fl; 
(* idt operand to error_code is O because selector is used *) 
IF NewSS is not present 
THEN #SS(error_code(NewSS,0,EXT)); Fl; 
(* idt operand to error_code is O because selector is used *) 
NewSSP := IA32_PLi_SSP (* where i = new code-segment DPL *) 
ELSE (* IA-32e mode *) 
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IF IDT-gate IST = 0 
THEN TSSstackAddress := (new code-segment DPL « 3) + 4; 
ELSE TSSstackAddress := (IDT gate IST « 3) + 28; 
FI; 
IF (TSSstackAddress + 7) > current TSS limit 
THEN #TS(error_code(current TSS selector,0,EXT); Fl; 
(* idt operand to error_code is O because selector is used *) 
NewRSP := 8 bytes loaded from (current TSS base + TSSstackAddress); 
NewSS := new code-segment DPL; (* NULL selector with RPL = new CPL *) 
IF IDT-gate IST = 0 
THEN 
NewSSP := IA32_PLi_SSP (* where i = new code-segment DPL *) 
ELSE 
NewSSPAddress = IA32_INTERRUPT_SSP_TABLE_ADDR + (IDT-gate IST « 3) 
(* Check if shadow stacks are enabled at CPL 0 *) 
IF ShadowStackEnabled(CPL 0) 
THEN NewSSP := 8 bytes loaded from NewSSPAddress; Fl; 
FI; 
Fl; 
IF IDT gate is 32-bit 
THEN 
IF new stack does not have room for 24 bytes (error code pushed) 
or 20 bytes (no error code pushed) 
THEN #SS(error_code(NewSS,0,EXT)); Fl; 
(* idt operand to error_code is O because selector is used *) 
Fl 
ELSE 
IF IDT gate is 16-bit 
THEN 
IF new stack does not have room for 12 bytes (error code pushed) 
or 10 bytes (no error code pushed); 
THEN #SS(error_code(NewSS,0,EXT)); FI; 
(* idt operand to error_code is O because selector is used *) 
ELSE (* 64-bit IDT gate*) 
IF StackAddress is non-canonical 
THEN #SS(EXT); Fl; (* Error code contains NULL selector *) 
FI; 
Fl; 
IF (IA32_EFER.LMA = 0) (* Not IA-32e mode *) 
THEN 
IF instruction pointer from IDT gate is not within new code-segment limits 
THEN #GP(EXT); Fl; (* Error code contains NULL selector *) 
ESP := NewESP; 
SS := NewSS; (* Segment descriptor information also loaded *) 
ELSE (* IA-32e mode *) 
IF instruction pointer from IDT gate contains a non-canonical address 
THEN #GP(EXT); Fl; (* Error code contains NULL selector *) 
RSP := NewRSP & FFFFFFFFFFFFFFFOH; 
SS := NewSS; 
Fl; 
IF IDT gate is 32-bit 
THEN 
CS:EIP := Gate(CS:EIP); (* Segment descriptor information also loaded *) 
ELSE 
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IF IDT gate 16-bit 
THEN 
CS:IP := Gate(CS:IP); 
(* Segment descriptor information also loaded *) 
ELSE (* 64-bit IDT gate *) 
CS:RIP := Gate(CS:RIP); 
(* Segment descriptor information also loaded *) 
Fl; 
Fl; 
IF IDT gate is 32-bit 
THEN 
Push(far pointer to old stack); 
(* Old SS and ESP, 3 words padded to 4 *) 
Push(EFLAGS); 
Push(far pointer to return instruction); 
(* Old CS and EIP, 3 words padded to 4 *) 
Push(ErrorCode); (* If needed, 4 bytes *) 
ELSE 
IF IDT gate 16-bit 
THEN 
Push(far pointer to old stack); 
(* Old SS and SP, 2 words *) 
Push(EFLAGS(15:0)); 
Push(far pointer to return instruction); 
(* Old CS and IP, 2 words *) 
Push(ErrorCode); (* If needed, 2 bytes *) 
ELSE (* 64-bit IDT gate *) 
Push(far pointer to old stack); 
(* Old SS and SP, each an 8-byte push *) 
Push(RFLAGS); (* 8-byte push *) 
Push(far pointer to return instruction); 
(* Old CS and RIP, each an 8-byte push *) 
Push(ErrorCode); (* If needed, 8-bytes *) 
Fl; 
Fl; 
IF ShadowStackEnabled(CPL) AND CPL = 3 
THEN 
IF IA32_EFER.LMA = 0 
THEN IA32_PL3_SSP := SSP; 
ELSE (* adjust so bits 63:N get the value of bit N-1, where N is the CPU’s maximum linear-address width *) 
IA32_PL3_SSP := LA_adjust(SSP); 
Fl; 
Fl; 
CPL := new code-segment DPL; 
CS(RPL) := CPL; 
IF ShadowStackEnabled(CPL) 
oldSSP := SSP 
SSP := NewSSP 
IF SSP & 0x07 != 0 
THEN #GP(0); Fl; 
(* Token and CS:LIP:oldSSP pushed on shadow stack must be contained in a naturally aligned 32-byte region *) 
IF (SSP & ~Ox1F) != ((SSP - 24) & ~Ox1F) 
#GP(0); Fl; 
IF ((IA32_EFER.LMA and CS.L) = 0 AND SSP[63:32] != 0) 


INT n/INTO/INT3/INT 1—Call to Interrupt Procedure Vol. 2A 3-513 


INSTRUCTION SET REFERENCE, A-L 


THEN #GP(0); FI; 

expected_token_value = SSP (* busy bit - bit position O - must be clear *) 

new_token_value = SSP | BUSY_BIT (* Set the busy bit *) 

IF shadow_stack_lock_cmpxchg8b(SSP, new_token_value, expected_token_value) != expected_token_value 
THEN #GP(0); FI; 


IF oldSS.DPL != 3 
(* These stack pushes should not cause faults, VM exits, data breakpoints *) 
(* Such events will apply to the earlier accesses to the token, which is in the same 32-byte region *) 
ShadowStackPush8B(oldCS); (* Padded with 48 high-order bits of 0 *) 
ShadowStackPush8B(oldCSBASE + oldRIP); (* Padded with 32 high-order bits of O for 32 bit LIP*) 
ShadowStackPush8B(oldSSP); 
Fl; 
Fl; 
IF EndbranchEnabled (CPL) 
IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH; 
IA32_S_CET.SUPPRESS = 0 
Fl; 
IF IDT gate is interrupt gate 
THEN IF := 0 (* Interrupt flag set to O, interrupts disabled *); Fl; 
TF := 0; 
VM := 0; 
RF := 0; 
NT := 0; 
END; 
INTERRUPT-FROM-VIRTUAL-8086-MODE: 
(* Identify stack-segment selector for privilege level O in current TSS *) 
IF current TSS is 32-bit 
THEN 
IF TSS limit < 9 
THEN #TS(error_code(current TSS selector,0,EXT)); Fl; 
(* idt operand to error_code is O because selector is used *) 
NewsSS := 2 bytes loaded from (current TSS base + 8); 
NewESP := 4 bytes loaded from (current TSS base + 4); 
ELSE (* current TSS is 16-bit *) 
IF TSS limit < 5 
THEN #TS(error_code(current TSS selector,0,EXT)); Fl; 
(* idt operand to error_code is O because selector is used *) 
NewsSS := 2 bytes loaded from (current TSS base + 4); 
NewESP := 2 bytes loaded from (current TSS base + 2); 
Fl; 
IF NewSS is NULL 
THEN #TS(EXT); Fl; (* Error code contains NULL selector *) 
IF NewSS index is not within its descriptor table limits 
or NewSS RPL 40 
THEN #TS(error_code(NewSS,0,EXT)); Fl; 
(* idt operand to error_code is O because selector is used *) 
Read new stack-segment descriptor for NewSS in GDT or LDT; 
IF new stack-segment DPL # O or stack segment does not indicate writable data segment 
THEN #TS(error_code(NewSS,0,EXT)); Fl; 
(* idt operand to error_code is O because selector is used *) 
IF new stack segment not present 
THEN #SS(error_code(NewSS,0,EXT)); FI; 
(* idt operand to error_code is O because selector is used *) 
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NewSSP := IA32_PLi_SSP (* where i = new code-segment DPL *) 
IF IDT gate is 32-bit 
THEN 
IF new stack does not have room for 40 bytes (error code pushed) 
or 36 bytes (no error code pushed) 
THEN #SS(error_code(NewSS,0,EXT)); Fl; 
(* idt operand to error_code is 0 because selector is used *) 
ELSE (* IDT gate is 16-bit) 
IF new stack does not have room for 20 bytes (error code pushed) 
or 18 bytes (no error code pushed) 
THEN #SS(error_code(NewSS,0,EXT)); Fl; 
(* idt operand to error_code is O because selector is used *) 
Fl; 
IF instruction pointer from IDT gate is not within new code-segment limits 
THEN #GP(EXT); Fl; (* Error code contains NULL selector *) 
tempEFLAGS := EFLAGS; 
VM := 0; 
TF := 0; 
RF := 0; 
NT := 0; 
IF service through interrupt gate 
THEN IF = 0; FI; 
TempSS := SS; 
TempESP := ESP; 
SS := NewSS; 
ESP := NewESP; 
(* Following pushes are 16 bits for 16-bit IDT gates and 32 bits for 32-bit IDT gates; 
Segment selector pushes in 32-bit mode are padded to two words *) 
Push(GS); 
Push(FS); 
Push(DS); 
Push(ES); 
Push(TempSS); 
Push(Temp€SP); 
Push(Temp€Flags); 
Push(CS); 
Push(EIP); 
GS := 0; (* Segment registers made NULL, invalid for use in protected mode *) 
FS := 0; 
DS := 0; 
ES := 0; 
CS := Gate(CS); (* Segment descriptor information also loaded *) 
CS(RPL) := 0; 
CPL := 0; 
IF IDT gate is 32-bit 
THEN 
EIP := Gate(instruction pointer); 
ELSE (* IDT gate is 16-bit *) 
EIP := Gate(instruction pointer) AND OOOOFFFFH; 


Fl; 

IF ShadowStackEnabled(CPL) 
oldSSP := SSP 
SSP := NewSSP 


IF SSP & 0x07 != 0 
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THEN #GP(0); FI; 
(* Token and CS:LIP:oldSSP pushed on shadow stack must be contained in a naturally aligned 32-byte region *) 
IF (SSP & ~Ox1F) != ((SSP - 24) & ~Ox1F) 
#GP(0); FI; 
IF ((IA32_EFER.LMA and CS.L) = 0 AND SSP[63:32] != 0) 
THEN #GP(0); Fl; 
expected_token_value = SSP (* busy bit - bit position O - must be clear *) 
new_token_value = SSP | BUSY_BIT (* Set the busy bit *) 
IF shadow_stack_lock_cmpxchg8b(SSP, new_token_value, expected_token_value) != expected_token_value 
THEN #GP(0); FI; 
IF oldSS.DPL != 3 
(* These stack pushes should not cause faults, VM exits, or data breakpoints *) 
(* Such events will apply to the earlier accesses to the token, which is in the same 32-byte region *) 
ShadowStackPush8B(oldCS); (* Padded with 48 high-order bits of 0 *) 
ShadowStackPush8B(oldCSBASE + oldRIP); (* Padded with 32 high-order bits of O for 32 bit LIP*) 
ShadowStackPush8B(oldSSP); 
Fl; 
Fl; 
IF EndbranchEnabled (CPL) 
IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH; 
IA32_S_CET.SUPPRESS = 0 
Fl; 
(* Start execution of new routine in Protected Mode *) 
END; 


INTRA-PRIVILEGE-LEVEL-INTERRUPT: 
NewSSP = SSP; 
CHECK_SS_TOKEN = 0 
(* PE = 1, DPL = CPL or conforming segment *) 
IF IA32_EFER.LMA = 1 (* IA-32e mode *) 
IF IDT-descriptor IST #0 
THEN 
TSSstackAddress := (IDT-descriptor IST « 3) + 28; 
IF (TSSstackAddress + 7) > TSS limit 
THEN #TS(error_code(current TSS selector,0,EXT)); Fl; 
(* idt operand to error_code is O because selector is used *) 
NewRSP := 8 bytes loaded from (current TSS base + TSSstackAddress); 
ELSE NewRSP := RSP; 
FI; 
IF IDT-descriptor IST #0 
IF ShadowStackEnabled(CPL) 
THEN 
NewSSPAddress = IA32_INTERRUPT_SSP_TABLE_ADDR + (IDT gate IST « 3) 
NewSSP := 8 bytes loaded from NewSSPAddress 
CHECK_SS_TOKEN = 1 


Fl; 
Fl; 
Fl; 
IF 32-bit gate (* implies IA32_EFER.LMA = 0 *) 
THEN 


IF current stack does not have room for 16 bytes (error code pushed) 
or 12 bytes (no error code pushed) 
THEN #SS(EXT); Fl; (* Error code contains NULL selector *) 
ELSE IF 16-bit gate (* implies IA32_EFER.LMA = 0 *) 
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IF current stack does not have room for 8 bytes (error code pushed) 
or 6 bytes (no error code pushed) 
THEN #SS(EXT); Fl; (* Error code contains NULL selector *) 
ELSE (* IA32_EFER.LMA = 1, 64-bit gate*) 
IF NewRSP contains a non-canonical address 
THEN #SS(EXT); (* Error code contains NULL selector *) 


Fl; 
Fl; 
IF (IA32_EFER.LMA = 0) (* Not IA-32e mode *) 
THEN 
IF instruction pointer from IDT gate is not within new code-segment limit 
THEN #GP(EXT); FI; (* Error code contains NULL selector *) 
ELSE 
IF instruction pointer from IDT gate contains a non-canonical address 
THEN #GP(EXT); FI; (* Error code contains NULL selector *) 
RSP := NewRSP & FFFFFFFFFFFFFFFOH; 
Fl; 
IF IDT gate is 32-bit (* implies IA32_EFER.LMA = 0 *) 
THEN 
Push (EFLAGS); 
Push (far pointer to return instruction); (* 3 words padded to 4 *) 
CS:EIP := Gate(CS:EIP); (* Segment descriptor information also loaded *) 
Push (ErrorCode); (* If any *) 
ELSE 
IF IDT gate is 16-bit (* implies IA32_EFER.LMA = 0 *) 
THEN 
Push (FLAGS); 
Push (far pointer to return location); (* 2 words *) 
CS:IP := Gate(CS:IP); 
(* Segment descriptor information also loaded *) 
Push (ErrorCode); (* If any *) 
ELSE (* IA32_EFER.LMA = 1, 64-bit gate”) 
Push(far pointer to old stack); 
(* Old SS and SP, each an 8-byte push *) 
Push(RFLAGS); (* 8-byte push *) 
Push(far pointer to return instruction); 
(* Old CS and RIP, each an 8-byte push *) 
Push(ErrorCode); (* If needed, 8 bytes *) 
CS:RIP := GATE(CS:RIP); 
(* Segment descriptor information also loaded *) 
Fl; 
Fl; 


CS(RPL) := CPL; 
IF ShadowStackEnabled(CPL) 
IF CHECK_SS_TOKEN == 
THEN 
IF NewSSP & 0x07 != 0 
THEN #GP(0); Fl; 
(* Token and CS:LIP:oldSSP pushed on shadow stack must be contained in a naturally aligned 32-byte region *) 
IF (NewSSP & ~0x1F) != ((NewSSP - 24) & ~0x1F) 
#GP(0); Fl; 


IF ((IA32_EFER.LMA and CS.L) = 0 AND NewSSP[63:32] != 0) 
THEN #GP(0); Fl; 
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expected_token_value = NewSSP (* busy bit - bit position O - must be clear *) 
new_token_value = NewSSP | BUSY_BIT (* Set the busy bit *) 
IF shadow_stack_lock_cmpxchg8b(NewSSP, new_token_value, expected_token_value) != expected_token_value 


Fl; 


THEN #GP(0); Fl; 


(* Align to next 8 byte boundary *) 

tempSSP = SSP; 

Shadow_stack_store 4 bytes of 0 to (NewSSP — 4) 

SSP = newSSP & OxFFFFFFFFFFFFFFF8H; 

(* These stack pushes should not cause faults, VM exits, or data breakpoints, if CHECK_SS_TOKEN is 1 *) 
(* Such events will apply to the earlier accesses to the token, which is in the same 32-byte region *) 

(* push cs:lip:ssp on shadow stack *) 

ShadowStackPush8B(oldCS); (* Padded with 48 high-order bits of 0 *) 

ShadowStackPush8B(oldCSBASE + oldRIP); (* Padded with 32 high-order bits of O for 32 bit LIP*) 
ShadowStackPush8B(tempSSP); 


Fl; 
IF EndbranchEnabled (CPL) 
IF CPL = 3 
THEN 


IA32_U_CET.TRACKER = WAIT_FOR_ENDBRANCH 
IA32_U_CET.SUPPRESS = 0 


ELSE 


IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH 
IA32_S_CET.SUPPRESS = 0 


Fl; 
Fl; 


IF IDT gate is interrupt gate 
THEN IF := 0; Fl; (* Interrupt flag set to 0; interrupts disabled *) 


TF :=0; 

NT := 0; 

VM := 0; 

RF := 0; 
END; 


Flags Affected 


The EFLAGS register is pushed onto the stack. The IF, TF, NT, AC, RF, and VM flags may be cleared, depending on 
the mode of operation of the processor when the INT instruction is executed (see the “Operation” section). If the 
interrupt uses a task gate, any flags may be set or cleared, controlled by the EFLAGS image in the new task’s TSS. 


Protected Mode Exceptions 


#GP(error_code) 
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If the instruction pointer in the IDT or in the interrupt, trap, or task gate is beyond the code 
segment limits. 


If the segment selector in the interrupt, trap, or task gate is NULL. 


If an interrupt, trap, or task gate, code segment, or TSS segment selector index is outside its 
descriptor table limits. 


If the vector selects a descriptor outside the IDT limits. 
If an IDT descriptor is not an interrupt, trap, or task gate. 


If an interrupt is generated by the INT n, INT3, or INTO instruction and the DPL of an interrupt, 
trap, or task gate is less than the CPL. 


If the segment selector in an interrupt or trap gate does not point to a segment descriptor for 
a code segment. 


If the segment selector for a TSS has its local/global bit set for local. 
If a TSS segment descriptor specifies that the TSS is busy or not available. 
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If SSP in IA32_PLi_SSP (where i is the new CPL) is not 8 byte aligned. 


If the token and the stack frame to be pushed on shadow stack are not contained in a naturally 
aligned 32-byte region of the shadow stack. 


If “supervisor Shadow Stack” token on new shadow stack is marked busy. 


If destination mode is 32-bit or compatibility mode, but SSP address in “supervisor shadow 
stack” token is beyond 4GB. 


If SSP address in “supervisor shadow stack” token does not match SSP address in 
IA32_PLi_SSP (where i is the new CPL). 


#SS(error_code) If pushing the return address, flags, or error code onto the stack exceeds the bounds of the 
stack segment and no stack switch occurs. 


If the SS register is being loaded and the segment pointed to is marked not present. 


If pushing the return address, flags, error code, or stack segment pointer exceeds the bounds 
of the new stack segment when a stack switch occurs. 


#NP(error_code) If code segment, interrupt gate, trap gate, task gate, or TSS is not present. 


#TS(error_code) Ifthe RPL of the stack segment selector in the TSS is not equal to the DPL of the code segment 
being accessed by the interrupt or trap gate. 


If DPL of the stack segment descriptor pointed to by the stack segment selector in the TSS is 
not equal to the DPL of the code segment descriptor for the interrupt or trap gate. 


If the stack segment selector in the TSS is NULL. 

If the stack segment for the TSS is not a writable data segment. 

If segment-selector index for stack segment is outside descriptor table limits. 
#PF(fault-code) If a page fault occurs. 
#UD If the LOCK prefix is used. 
#AC(EXT) If alignment checking is enabled, the gate DPL is 3, and a stack push is unaligned. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the interrupt vector number is outside the IDT limits. 
#SS If stack limit violation on push. 


If pushing the return address, flags, or error code onto the stack exceeds the bounds of the 
stack segment. 


#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(error_code) (For INT n, INTO, or BOUND instruction) If the IOPL is less than 3 or the DPL of the interrupt, 
trap, or task gate is not equal to 3. 


If the instruction pointer in the IDT or in the interrupt, trap, or task gate is beyond the code 
segment limits. 


If the segment selector in the interrupt, trap, or task gate is NULL. 


If a interrupt gate, trap gate, task gate, code segment, or TSS segment selector index is 
outside its descriptor table limits. 


If the vector selects a descriptor outside the IDT limits. 
If an IDT descriptor is not an interrupt, trap, or task gate. 


If an interrupt is generated by INT n, INT3, or INTO and the DPL of an interrupt, trap, or task 
gate is less than the CPL. 


If the segment selector in an interrupt or trap gate does not point to a segment descriptor for 
a code segment. 


If the segment selector for a TSS has its local/global bit set for local. 
#SS(error_code) If the SS register is being loaded and the segment pointed to is marked not present. 
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#NP(error_code) 
#TS(error_code) 


#PF(fault-code) 
#OF 

#UD 

#AC(EXT) 


If pushing the return address, flags, error code, stack segment pointer, or data segments 
exceeds the bounds of the stack segment. 


If code segment, interrupt gate, trap gate, task gate, or TSS is not present. 


If the RPL of the stack segment selector in the TSS is not equal to the DPL of the code segment 
being accessed by the interrupt or trap gate. 


If DPL of the stack segment descriptor for the TSS’s stack segment is not equal to the DPL of 
the code segment descriptor for the interrupt or trap gate. 


If the stack segment selector in the TSS is NULL. 

If the stack segment for the TSS is not a writable data segment. 

If segment-selector index for stack segment is outside descriptor table limits. 

If a page fault occurs. 

If the INTO instruction is executed and the OF flag is set. 

If the LOCK prefix is used. 

If alignment checking is enabled, the gate DPL is 3, and a stack push is unaligned. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(error_code) 


#SS(error_code) 


#NP(error_code) 
#TS(error_code) 


#PF(fault-code) 


#UD 
#AC(EXT) 
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If the instruction pointer in the 64-bit interrupt gate or trap gate is non-canonical. 

If the segment selector in the 64-bit interrupt or trap gate is NULL. 

If the vector selects a descriptor outside the IDT limits. 

If the vector points to a gate which is in non-canonical space. 

If the vector points to a descriptor which is not a 64-bit interrupt gate or a 64-bit trap gate. 
If the descriptor pointed to by the gate selector is outside the descriptor table limit. 

If the descriptor pointed to by the gate selector is in non-canonical space. 

If the descriptor pointed to by the gate selector is not a code segment. 


If the descriptor pointed to by the gate selector doesn’t have the L-bit set, or has both the L- 
bit and D-bit set. 


If the descriptor pointed to by the gate selector has DPL > CPL. 
If SSP in IA32_PLi_SSP (where i is the new CPL) is not 8 byte aligned. 


If the token and the stack frame to be pushed on shadow stack are not contained in a naturally 
aligned 32-byte region of the shadow stack. 


If “supervisor shadow stack” token on new shadow stack is marked busy. 


If destination mode is 32-bit or compatibility mode, but SSP address in “supervisor shadow 
stack” token is beyond 4GB. 


If SSP address in “supervisor shadow stack” token does not match SSP address in 
IA32_PLi_SSP (where i is the new CPL). 


If a push of the old EFLAGS, CS selector, EIP, or error code is in non-canonical space with no 
stack switch. 


If a push of the old SS selector, ESP, EFLAGS, CS selector, EIP, or error code is in non-canonical 
space on a stack switch (either CPL change or no-CPL with IST). 


If the 64-bit interrupt-gate, 64-bit trap-gate, or code segment is not present. 

If an attempt to load RSP from the TSS causes an access to non-canonical space. 
If the RSP from the TSS is outside descriptor table limits. 

If a page fault occurs. 

If the LOCK prefix is used. 

If alignment checking is enabled, the gate DPL is 3, and a stack push is unaligned. 
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INVD—Invalidate Internal Caches 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 08 INVD ZO | Valid Valid Flush internal caches; initiate flushing of 
external caches. 


NOTES: 
* See the IA-32 Architecture Compatibility section below. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Invalidates (flushes) the processor’s internal caches and issues a special-function bus cycle that directs external 
caches to also flush themselves. Data held in internal caches is not written back to main memory. 


After executing this instruction, the processor does not wait for the external caches to complete their flushing oper- 
ation before proceeding with instruction execution. It is the responsibility of hardware to respond to the cache flush 
signal. 


The INVD instruction is a privileged instruction. When the processor is running in protected mode, the CPL of a 
program or procedure must be 0 to execute this instruction. 


The INVD instruction may be used when the cache is used as temporary memory and the cache contents need to 
be invalidated rather than written back to memory. When the cache is used as temporary memory, no external 
device should be actively writing data to main memory. 


Use this instruction with care. Data cached internally and not written back to main memory will be lost. Note that 
any data from an external device to main memory (for example, via a PCIWrite) can be temporarily stored in the 
caches; these data can be lost when an INVD instruction is executed. Unless there is a specific requirement or 
benefit to flushing caches without writing back modified cache lines (for example, temporary memory, testing, or 
fault recovery where cache coherency with main memory is not a concern), software should instead use the 
WBINVD instruction. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


IA-32 Architecture Compatibility 


The INVD instruction is implementation dependent; it may be implemented differently on different families of Intel 
64 or IA-32 processors. This instruction is not supported on IA-32 processors earlier than the Intel486 processor. 


Operation 


Flush(InternalCaches); 
SignalFlush(ExternalCaches); 
Continue (* Continue execution *) 


Flags Affected 
None 


Protected Mode Exceptions 


#GP(0) If the current privilege level is not 0. 
If the processor reserved memory protections are activated. 
#UD If the LOCK prefix is used. 
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Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#GP(0) The INVD instruction cannot be executed in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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INVLPG—Invalidate TLB Entries 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
OF 01/7 INVLPG m M Valid Valid Invalidate TLB entries for page containing m. 
NOTES: 


* See the IA-32 Architecture Compatibility section below. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Invalidates any translation lookaside buffer (TLB) entries specified with the source operand. The source operand is 
a memory address. The processor determines the page that contains that address and flushes all TLB entries for 
that page. 

The INVLPG instruction is a privileged instruction. When the processor is running in protected mode, the CPL must 
be 0 to execute this instruction. 


The INVLPG instruction normally flushes TLB entries only for the specified page; however, in some cases, it may 
flush more entries, even the entire TLB. The instruction invalidates TLB entries associated with the current PCID 
and may or may not do so for TLB entries associated with other PCIDs. (If PCIDs are disabled — CR4.PCIDE = 0 — 
the current PCID is OOOH.) The instruction also invalidates any global TLB entries for the specified page, regardless 
of PCID. 


For more details on operations that flush the TLB, see “*MOV—Move to/from Control Registers” in the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 2B and Section 4.10.4.1, “Operations that Invalidate 
TLBs and Paging-Structure Caches,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3A. 


This instruction’s operation is the same in all non-64-bit modes. It also operates the same in 64-bit mode, except 
if the memory address is in non-canonical form. In this case, INVLPG is the same as a NOP. 


IA-32 Architecture Compatibility 


The INVLPG instruction is implementation dependent, and its function may be implemented differently on different 
families of Intel 64 or IA-32 processors. This instruction is not supported on IA-32 processors earlier than the 
Intel486 processor. 


Operation 


Invalidate(RelevantTLBEntries); 
Continue; (* Continue execution *) 


Flags Affected 
None. 


Protected Mode Exceptions 
#GP(0) If the current privilege level is not 0. 
#UD Operand is a register. 

If the LOCK prefix is used. 


1. If the paging structures map the linear address using a page larger than 4 KBytes and there are multiple TLB entries for that page 
(see Section 4.10.2.3, “Details of TLB Use,” in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A), the 
instruction invalidates all of them. 
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Real-Address Mode Exceptions 
#UD Operand is a register. 
If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#GP(0) The INVLPG instruction cannot be executed at the virtual-8086 mode. 


64-Bit Mode Exceptions 
#GP(0) If the current privilege level is not 0. 
#UD Operand is a register. 

If the LOCK prefix is used. 
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INVPCID—Invalidate Process-Context Identifier 


Opcode/Instruction Op/ |64/32- | CPUID Description 
En bit Feature 
Mode __ | Flag 

66 OF 38 82 /r RM | NE/V INVPCID — | Invalidates entries in the TLBs and paging-structure 
INVPCID r32, m128 caches based on invalidation type in r32 and descrip- 

tor inm128. 
66 OF 38 82 /r RM | V/NE INVPCID _ | Invalidates entries in the TLBs and paging-structure 
INVPCID r64, m128 caches based on invalidation type in r64 and descrip- 

tor inm128. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r) ModRM:r/m (r) NA NA 
Description 


Invalidates mappings in the translation lookaside buffers (TLBs) and paging-structure caches based on process- 
context identifier (PCID). (See Section 4.10, “Caching Translation Information,” in Intel 64 and IA-32 Architecture 
Software Developer’s Manual, Volume 3A.) Invalidation is based on the INVPCID type specified in the register 
operand and the INVPCID descriptor specified in the memory operand. 


Outside 64-bit mode, the register operand is always 32 bits, regardless of the value of CS.D. In 64-bit mode the 
register operand has 64 bits. 


There are four INVPCID types currently defined: 


¢ = Individual-address invalidation: If the INVPCID type is 0, the logical processor invalidates mappings—except 
global translations—for the linear address and PCID specified in the INVPCID descriptor.! In some cases, the 
instruction may invalidate global translations or mappings for other linear addresses (or other PCIDs) as well. 


¢ Single-context invalidation: If the INVPCID type is 1, the logical processor invalidates all mappings—except 
global translations—associated with the PCID specified in the INVPCID descriptor. In some cases, the 
instruction may invalidate global translations or mappings for other PCIDs as well. 


¢ = All-context invalidation, including global translations: If the INVPCID type is 2, the logical processor invalidates 
all mappings—including global translations—associated with any PCID. 


¢ = All-context invalidation: If the INVPCID type is 3, the logical processor invalidates all mappings—except global 
translations—associated with any PCID. In some case, the instruction may invalidate global translations as 
well. 


The INVPCID descriptor comprises 128 bits and consists of a PCID and a linear address as shown in Figure 3-24. 
For INVPCID type 0, the processor uses the full 64 bits of the linear address even outside 64-bit mode; the linear 
address is not used for other INVPCID types. 


127 64 63 1211 0 


Linear Address Reserved (must be zero) PCID 


Figure 3-24. INVPCID Descriptor 


1. If the paging structures map the linear address using a page larger than 4 KBytes and there are multiple TLB entries for that page 
(see Section 4.10.2.3, “Details of TLB Use,” in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A), the 
instruction invalidates all of them. 
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If CR4.PCIDE = 0, a logical processor does not cache information for any PCID other than OOOH. In this case, 
executions with INVPCID types 0 and 1 are allowed only if the PCID specified in the INVPCID descriptor is O00H; 
executions with INVPCID types 2 and 3 invalidate mappings only for PCID OOOH. Note that CR4.PCIDE must be 0 
outside IA-32e mode (see Chapter 4.10.1, “Process-Context Identifiers (PCIDs),” of the Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 3A). 


Operation 


INVPCID_TYPE := value of register operand; // must be in the range of 0-3 
INVPCID_DESC := value of memory operand; 
CASE INVPCID_TYPE OF 
0: // individual-address invalidation 
PCID := INVPCID_DESC[1 1:0); 
L_ADDR := INVPCID_DESC[1 27:64]; 
Invalidate mappings for L_LADDR associated with PCID except global translations; 
BREAK; 
1: // single PCID invalidation 
PCID := INVPCID_DESC{[1 1:0); 
Invalidate all mappings associated with PCID except global translations; 


BREAK; 

2: // all PCID invalidation including global translations 
Invalidate all mappings for all PCIDs, including global translations; 
BREAK; 

3: // all PCID invalidation retaining global translations 
Invalidate all mappings for all PCIDs except global translations; 
BREAK; 


ESAC; 


Intel C/C++ Compiler Intrinsic Equivalent 


INVPCID: void_invpcid(unsigned __int32 type, void * descriptor); 


SIMD Floating-Point Exceptions 
None 


Protected Mode Exceptions 
#GP(0) If the current privilege level is not 0. 
If the memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains an unusable segment. 
If the source operand is located in an execute-only code segment. 
If an invalid type is specified in the register operand, i.e., INVPCID_TYPE > 3. 
If bits 63:12 of INVPCID_DESC are not all zero. 
If INVPCID_TYPE is either 0 or 1 and INVPCID_DESC[11:0] is not zero. 
If INVPCID_TYPE is 0 and the linear address in INVPCID_DESC[127:64] is not canonical. 
#PF(fault-code) If a page fault occurs in accessing the memory operand. 


#SS(0) If the memory operand effective address is outside the SS segment limit. 
If the SS register contains an unusable segment. 
#UD If if CPUID.(EAX=07H, ECX=0H):EBX.INVPCID (bit 10) = 0. 


If the LOCK prefix is used. 
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Real-Address Mode Exceptions 
#GP If an invalid type is specified in the register operand, i.e., INVPCID_TYPE > 3. 

If bits 63:12 of INVPCID_DESC are not all zero. 

If INVPCID_TYPE is either 0 or 1 and INVPCID_DESC[11:0] is not zero. 

If INVPCID_TYPE is 0 and the linear address in INVPCID_DESC[127:64] is not canonical. 
#UD If CPUID.(EAX=07H, ECX=0H):EBX.INVPCID (bit 10) = 0. 

If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#GP(0) The INVPCID instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#GP(0) If the current privilege level is not 0. 


If the memory operand is in the CS, DS, ES, FS, or GS segments and the memory address is 
in a non-canonical form. 


If an invalid type is specified in the register operand, i.e., INVPCID_TYPE > 3. 

If bits 63:12 of INVPCID_DESC are not all zero. 

If CR4.PCIDE=0, INVPCID_TYPE is either 0 or 1, and INVPCID_DESC[11:0] is not zero. 

If INVPCID_TYPE is 0 and the linear address in INVPCID_DESC[127:64] is not canonical. 
#PF(fault-code) If a page fault occurs in accessing the memory operand. 


#SS(0) If the memory destination operand is in the SS segment and the memory address is in a non- 
canonical form. 
#UD If the LOCK prefix is used. 


If CPUID.(EAX=07H, ECX=0H):EBX.INVPCID (bit 10) = 0. 
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IRET/IRETD/IRETQ—Interrupt Return 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
CF IRET ZO ‘| Valid Valid Interrupt return (16-bit operand size). 
CF IRETD ZO ‘| Valid Valid Interrupt return (32-bit operand size). 
REX.W + CF IRETQ ZO_ | Valid N.E. Interrupt return (64-bit operand size). 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Returns program control from an exception or interrupt handler to a program or procedure that was interrupted by 
an exception, an external interrupt, or a software-generated interrupt. These instructions are also used to perform 
a return from a nested task. (A nested task is created when a CALL instruction is used to initiate a task switch or 
when an interrupt or exception causes a task switch to an interrupt or exception handler.) See the section titled 
“Task Linking” in Chapter 7 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


IRET and IRETD are mnemonics for the same opcode. The IRETD mnemonic (interrupt return double) is intended 
for use when returning from an interrupt when using the 32-bit operand size; however, most assemblers use the 
IRET mnemonic interchangeably for both operand sizes. 


In Real-Address Mode, the IRET instruction performs a far return to the interrupted program or procedure. During 
this operation, the processor pops the return instruction pointer, return code segment selector, and EFLAGS image 
from the stack to the EIP, CS, and EFLAGS registers, respectively, and then resumes execution of the interrupted 
program or procedure. 


In Protected Mode, the action of the IRET instruction depends on the settings of the NT (nested task) and VM flags 
in the EFLAGS register and the VM flag in the EFLAGS image stored on the current stack. Depending on the setting 
of these flags, the processor performs the following types of interrupt returns: 


¢ Return from virtual-8086 mode. 

¢ Return to virtual-8086 mode. 

¢ Intra-privilege level return. 

¢ Inter-privilege level return. 

¢ Return from nested task (task switch). 


If the NT flag (EFLAGS register) is cleared, the IRET instruction performs a far return from the interrupt procedure, 
without a task switch. The code segment being returned to must be equally or less privileged than the interrupt 
handler routine (as indicated by the RPL field of the code segment selector popped from the stack). 


As with a real-address mode interrupt return, the IRET instruction pops the return instruction pointer, return code 
segment selector, and EFLAGS image from the stack to the EIP, CS, and EFLAGS registers, respectively, and then 
resumes execution of the interrupted program or procedure. If the return is to another privilege level, the IRET 
instruction also pops the stack pointer and SS from the stack, before resuming program execution. If the return is 
to virtual-8086 mode, the processor also pops the data segment registers from the stack. 


If the NT flag is set, the IRET instruction performs a task switch (return) from a nested task (a task called with a 
CALL instruction, an interrupt, or an exception) back to the calling or interrupted task. The updated state of the 
task executing the IRET instruction is saved in its TSS. If the task is re-entered later, the code that follows the IRET 
instruction is executed. 


If the NT flag is set and the processor is in IA-32e mode, the IRET instruction causes a general protection excep- 
tion. 


If nonmaskable interrupts (NMIs) are blocked (see Section 6.7.1, “Handling Multiple NMIs” in the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 3A), execution of the IRET instruction unblocks NMIs. 
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This unblocking occurs even if the instruction causes a fault. In such a case, NMIs are unmasked before the excep- 
tion handler is invoked. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Use of the REX.W prefix promotes operation to 64 
bits (IRETQ). See the summary chart at the beginning of this section for encoding data and limits. 


Refer to Chapter 6, “Procedure Calls, Interrupts, and Exceptions” and Chapter 18, “Control-Flow Enforcement 
Technology (CET)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 for CET 
details. 


Instruction ordering. IRET is a serializing instruction. See Section 8.3 of the Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 3A. 


See “Changes to Instruction Behavior in VMX Non-Root Operation” in Chapter 25 of the Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 3C, for more information about the behavior of this instruction in 
VMX non-root operation. 


Operation 


IF PE=0 
THEN GOTO REAL-ADDRESS-MODE; 
ELSIF (IA32_EFER.LMA = 0) 
THEN 
IF (EFLAGS.VM = 1) 
THEN GOTO RETURN-FROM-VIRTUAL-8086-MODE; 
ELSE GOTO PROTECTED-MODE; 
Fl; 
ELSE GOTO IA-32e-MODE; 
Fl; 


REAL-ADDRESS-MODE; 
IF OperandSize = 32 
THEN 
EIP := Pop(); 
CS := Pop(); (* 32-bit pop, high-order 16 bits discarded *) 
tempEFLAGS := Pop(); 
EFLAGS := (tempEFLAGS AND 257FD5H) OR (EFLAGS AND 1A0000H); 
ELSE (* OperandSize = 16 *) 
EIP := Pop(); (* 16-bit pop; clear upper 16 bits *) 
CS := Pop(); (* 16-bit pop *) 
EFLAGS[1 5:0] := Pop(); 
Fl; 
END; 


RETURN-FROM-VIRTUAL-8086-MODE: 
(* Processor is in virtual-8086 mode when IRET is executed and stays in virtual-8086 mode *) 
IF IOPL = 3 (* Virtual mode: PE = 1, VM = 1, IOPL = 3 *) 
THEN IF OperandSize = 32 
THEN 
EIP := Pop(); 
CS := Pop(); (* 32-bit pop, high-order 16 bits discarded *) 
EFLAGS := Pop(); 
(* VM, IOPL,VIP and VIF EFLAG bits not modified by pop *) 
IF EIP not within CS limit 
THEN #GP(0); Fl; 
ELSE (* OperandSize = 16 *) 
EIP := Pop(); (* 16-bit pop; clear upper 16 bits *) 
CS := Pop(); (* 16-bit pop *) 
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EFLAGS[15:0] := Pop(); (* IOPL in EFLAGS not modified by pop *) 
IF EIP not within CS limit 
THEN #GP(0); Fl; 
Fl; 
ELSE 
#GP(0); (* Trap to virtual-8086 monitor: PE = 1, VM= 1, lOPL < 3 *) 
Fl; 
END; 


PROTECTED-MODE: 
IF NT =1 
THEN GOTO TASK-RETURN; (* PE = 1, VM=0, NT = 1 *) 
Fl; 
IF OperandSize = 32 
THEN 
EIP := Pop(); 
CS := Pop(); (* 32-bit pop, high-order 16 bits discarded *) 
tempEFLAGS := Pop(); 
ELSE (* OperandSize = 16 *) 
EIP := Pop(); (* 16-bit pop; clear upper bits *) 
CS := Pop(); (* 16-bit pop *) 
tempEFLAGS := Pop(); (* 16-bit pop; clear upper bits *) 
Fl; 
IF tempEFLAGS(VM) = 1 and CPL=0 
THEN GOTO RETURN-TO-VIRTUAL-8086-MODE; 
ELSE GOTO PROTECTED-MODE-RETURN; 
Fl; 


TASK-RETURN: (* PE= 1, VM = 0, NT = 1 *) 
SWITCH-TASKS (without nesting) to TSS specified in link field of current TSS; 
Mark the task just abandoned as NOT BUSY; 
IF EIP is not within CS limit 
THEN #GP(0); Fl; 
END; 


RETURN-TO-VIRTUAL-8086-MODE: 

(* Interrupted procedure was in virtual-8086 mode: PE = 1, CPL=0, VM = 1 in flag image *) 
(* If shadow stack or indirect branch tracking at CPL3 then #GP(0) *) 
IF CR4.CET AND (IA32_U_CET.ENDBR_EN OR IA32_U_CET.SHSTK_EN) 

THEN #GP(0); Fl; 
shadowStackEnabled = ShadowStackEnabled(CPL) 
IF EIP not within CS limit 

THEN #GP(0); Fl; 
EFLAGS := tempEFLAGS; 
ESP := Pop(); 
SS := Pop(); (* Pop 2 words; throw away high-order word *) 
ES := Pop(); (* Pop 2 words; throw away high-order word *) 
DS := Pop(); (* Pop 2 words; throw away high-order word *) 
FS := Pop(); (* Pop 2 words; throw away high-order word *) 
GS := Pop(); (* Pop 2 words; throw away high-order word *) 
IF shadowStackEnabled 

(* check if 8 byte aligned *) 

IF SSP AND 0x7 != 0 

THEN #CP(FAR-RET/IRET); Fl; 
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Fl; 


CPL := 3; 

(* Resume execution in Virtual-8086 mode *) 

tempOldSSP = SSP; 

(* Now past all faulting points; safe to free the token. The token free is done using the old SSP 
* and using a supervisor override as old CPL was a supervisor privilege level *) 


IF shadowStackEnabled 
expected_token_value = tempOldSSP |BUSY_BIT —__(* busy bit - bit position O - must be set *) 
new_token_value = tempOldSSP (* clear the busy bit *) 
shadow_stack_lock_cmpxchg8b(tempOldSSP, new_token_value, expected_token_value) 
Fl; 
END; 


PROTECTED-MODE-RETURN: (* PE = 1 *) 
IF CS(RPL) > CPL 
THEN GOTO RETURN-TO-OUTER-PRIVILEGE-LEVEL; 
ELSE GOTO RETURN-TO-SAME-PRIVILEGE-LEVEL; Fl; 
END; 


RETURN-TO-OUTER-PRIVILEGE-LEVEL: 
IF OperandSize = 32 
THEN 
temp€SP := Pop(); 
tempSS := Pop(); (* 32-bit pop, high-order 16 bits discarded *) 
ELSE IF OperandSize = 16 
THEN 
temp€SP := Pop(); (* 16-bit pop; clear upper bits *) 
tempSS := Pop(); (* 16-bit pop *) 
ELSE (* OperandSize = 64 *) 
tempRSP := Pop(); 
tempSS := Pop(); (* 64-bit pop, high-order 48 bits discarded *) 


Fl; 
IF new mode # 64-Bit Mode 
THEN 
IF EIP is not within CS limit 
THEN #GP(0); Fl; 
ELSE (* new mode = 64-bit mode *) 
IF RIP is non-canonical 
THEN #GP(0); Fl; 
Fl; 


EFLAGS (CF, PF, AF, ZF, SF, TF, DF, OF, NT) := tempEFLAGS; 
IF OperandSize = 32 or OperandSize = 64 
THEN EFLAGS(RF, AC, ID) := tempEFLAGS; FI; 
IF CPL < IOPL 
THEN EFLAGS(IF) := tempEFLAGS; Fl; 
IF CPL=0O 
THEN 
EFLAGS(IOPL) := tempEFLAGS; 
IF OperandSize = 32 or OperandSize = 64 
THEN EFLAGS(VIF, VIP) := tempEFLAGS; FI; 
Fl; 
IF ShadowStackEnabled(CPL) 
(* check if 8 byte aligned *) 
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IF SSP AND 0x7 != 0 
THEN #CP(FAR-RET/IRET); Fl; 
IF CS(RPL) != 3 
THEN 
tempSsCS = shadow_stack_load 8 bytes from SSP+16; 
tempSsLIP = shadow_stack_load 8 bytes from SSP+8; 
tempSSP = shadow_stack_load 8 bytes from SSP; 
SSP = SSP + 24; 
(* Do 64 bit compare to detect bits beyond 15 being set *) 
tempCS = CS; (* zero padded to 64 bit *) 
IF tempCs != tempSsCS 
THEN #CP(FAR-RET/IRET); FI; 
(* Do 64 bit compare; pad CSBASE+RIP with O for 32 bit LIP *) 
IF CSBASE + RIP != tempSsEIP 
THEN #CP(FAR-RET/IRET); FI; 
(* check if 4 byte aligned *) 
IF tempSSP AND 0x3 != 0 
THEN #CP(FAR-RET/IRET); FI; 
Fl; 
Fl; 
tempOldCPL = CPL; 
CPL := CS(RPL); 
IF OperandSize = 64 
THEN 
RSP := tempRSP; 
SS := tempSS; 
ELSE 
ESP := tempESP; 
SS := tempSS; 
Fl; 
IF new mode != 64-Bit Mode 
THEN 
IF EIP is not within CS limit 
THEN #GP(0); FI; 
ELSE (* new mode = 64-bit mode *) 
IF RIP is non-canonical 
THEN #GP(0); Fl; 
Fl; 
tempOldSSP = SSP; 
IF ShadowStackEnabled(CPL) 
IF CPL = 3 
THEN tempSSP := IA32_PL3_SSP; Fl; 
IF ((IA32_EFER.LMA AND CS.L) = 0 AND tempSSP[63:32] != 0) OR 
((IA32_EFER.LMA AND CS.L) = 1 AND tempSSP is not canonical relative to the current paging mode) 
THEN #GP(0); FI; 
SSP := tempSSP 
Fl; 
(* Now past all faulting points; safe to free the token. The token free is done using the old SSP 
* and using a supervisor override as old CPL was a supervisor privilege level *) 
IF ShadowStackEnabled(tempOldCPL) 
expected_token_value = tempOldSSP | BUSY_BIT (* busy bit - bit position O - must be set *) 
new_token_value = tempOldSSP (* clear the busy bit *) 
shadow_stack_lock_cmpxchg8b(tempOldSSP, new_token_value, expected_token_value) 
Fl; 
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FOR each SegReg in (ES, FS, GS, and DS) 

DO 
tempDesc := descriptor cache for SegReg (* hidden part of segment register *) 
IF (SegmentSelector == NULL) OR (tempDesc(DPL) < CPL AND tempDesc(Type) is (data or non-conforming code))) 

THEN (* Segment register invalid *) 
SegmentSelector := 0; (*Segment selector becomes null*) 

Fl; 

OD; 

END; 


RETURN-TO-SAME-PRIVILEGE-LEVEL: (* PE = 1, RPL = CPL *) 
IF new mode # 64-Bit Mode 
THEN 
IF EIP is not within CS limit 
THEN #GP(0); Fl; 
ELSE (* new mode = 64-bit mode *) 
IF RIP is non-canonical 
THEN #GP(0); Fl; 
Fl; 
EFLAGS (CF, PF, AF, ZF, SF, TF, DF, OF, NT) := tempEFLAGS; 
IF OperandSize = 32 or OperandSize = 64 
THEN EFLAGS(RF, AC, ID) := tempEFLAGS; FI; 
IF CPL < IOPL 
THEN EFLAGS(IF) := tempEFLAGS; Fl; 
IF CPL = 0 
THEN 
EFLAGS(IOPL) := tempEFLAGS; 
IF OperandSize = 32 or OperandSize = 64 
THEN EFLAGS(VIF, VIP) := tempEFLAGS; FI; 
Fl; 
IF ShadowStackEnabled(CPL) 
IF SSP AND 0x7 != 0 (* check if aligned to 8 bytes *) 
THEN #CP(FAR-RET/IRET); FI; 
tempSsCS = shadow_stack_load 8 bytes from SSP+16; 
tempSsLIP = shadow_stack_load 8 bytes from SSP+8; 
tempSSP = shadow_stack_load 8 bytes from SSP; 
SSP = SSP + 24; 
tempCS = CS; (* zero padded to 64 bit *) 
IF tempCS != tempSsCS (* 64 bit compare; CS zero padded to 64 bits *) 
THEN #CP(FAR-RET/IRET); Fl; 
IF CSBASE + RIP != tempSsLIP (* 64 bit compare; CSBASE+RIP zero padded to 64 bit for 32 bit LIP *) 
THEN #CP(FAR-RET/IRET); Fl; 
IF tempSSP AND Ox3 != 0 (* check if aligned to 4 bytes *) 
THEN #CP(FAR-RET/IRET); FI; 
IF ((IA32_EFER.LMA AND CS.L) = 0 AND tempSSP[63:32] != 0) OR 
((IA32_EFER.LMA AND CS.L) = 1 AND tempSSP is not canonical relative to the current paging mode) 
THEN #GP(0); Fl; 
Fl; 
IF ShadowStackEnabled(CPL) 
IF IA32_EFER.LMA = 1 
(* In IA-32e-mode the IRET may be switching stacks if the interrupt/exception was delivered 
through an IDT with a non-zero IST *) 
(* In I|A-32e mode for same CPL IRET there is always a stack switch. The below check verifies if the 
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stack switch was to self stack and if so, do not try to free the token on this shadow stack. If the 


tempSSP was not to same stack then there was a stack switch so do attempt to free the token *) 


IF tempSSP != SSP 
THEN 


new_token_value = SSP 


Fl; 
Fl; 
SSP := tempSSP 
Fl; 
END; 


|A-32e-MODE: 
IF NT =1 
THEN #GP(0); 
ELSE IF OperandSize = 32 
THEN 
EIP := Pop(); 
CS := Pop(); 
tempEFLAGS := Pop(); 
ELSE IF OperandSize = 16 
THEN 
EIP := Pop(); (* 16-bit pop; clear upper bits *) 
CS := Pop(); (* 16-bit pop *) 
tempEFLAGS := Pop(); (* 16-bit pop; clear upper bits *) 
Fl; 
ELSE (* OperandSize = 64 *) 
THEN 
RIP := Pop(); 
CS := Pop(); (* 64-bit pop, high-order 48 bits discarded *) 
tempRFLAGS := Pop(); 
Fl; 
IF CS.RPL > CPL 
THEN GOTO RETURN-TO-OUTER-PRIVILEGE-LEVEL; 
ELSE 
IF instruction began in 64-Bit Mode 
THEN 
IF OperandSize = 32 
THEN 
ESP := Pop(); 
SS := Pop(); (* 32-bit pop, high-order 16 bits discarded *) 
ELSE IF OperandSize = 16 
THEN 
ESP := Pop(); (* 16-bit pop; clear upper bits *) 
SS := Pop(); (* 16-bit pop *) 
ELSE (* OperandSize = 64 *) 
RSP := Pop(); 
SS := Pop(); (* 64-bit pop, high-order 48 bits discarded *) 
Fl; 
Fl; 
GOTO RETURN-TO-SAME-PRIVILEGE-LEVEL; Fl; 


END; 
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(* clear the busy bit *) 


shadow_stack_lock_cmpxchg8b(SSP, new_token_value, expected_token_value) 
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All the flags and fields in the EFLAGS register are potentially modified, depending on the mode of operation of the 
processor. If performing a return from a nested task to a previous task, the EFLAGS register will be modified 
according to the EFLAGS image stored in the previous task’s TSS. 


Protected Mode Exceptions 


#GP(0) 


#GP(selector) 


#SS(0) 


#NP (selector) 
#PF(fault-code) 
#AC(0) 


#UD 


If the return code or stack segment selector is NULL. 

If the return instruction pointer is not within the return code segment limit. 
If a segment selector index is outside its descriptor table limits. 

If the return code segment selector RPL is less than the CPL. 


If the DPL of a conforming-code segment is greater than the return code segment selector 
RPL. 


If the DPL for a nonconforming-code segment is not equal to the RPL of the code segment 
selector. 


If the stack segment descriptor DPL is not equal to the RPL of the return code segment 
selector. 


If the stack segment is not a writable data segment. 

If the stack segment selector RPL is not equal to the RPL of the return code segment selector. 
If the segment descriptor for a code segment does not indicate it is a code segment. 

If the segment selector for a TSS has its local/global bit set for local. 

If a TSS segment descriptor specifies that the TSS is not busy. 

If a TSS segment descriptor specifies that the TSS is not available. 

If the top bytes of stack are not within stack limits. 

If the return stack segment is not present. 

If the return code segment is not present. 

If a page fault occurs. 


If an unaligned memory reference occurs when the CPL is 3 and alignment checking is 
enabled. 


If the LOCK prefix is used. 


#CP (Far-RET/IRET) If the previous SSP from shadow stack (when returning to CPL <3) or from IA32_PL3_SSP 


(returning to CPL 3) is not 4 byte aligned. 


If returning to 32-bit or compatibility mode and the previous SSP from shadow stack (when 
returning to CPL <3) or from IA32_PL3_SSP (returning to CPL 3) is beyond 4GB. 


If return instruction pointer from stack and shadow stack do not match. 


Real-Address Mode Exceptions 


#GP 
#SS 


If the return instruction pointer is not within the return code segment limit. 
If the top bytes of stack are not within stack limits. 


Virtual-8086 Mode Exceptions 


#GP(0) 


#PF(fault-code) 
#SS(0) 

#AC(0) 

#UD 


If the return instruction pointer is not within the return code segment limit. 
IF IOPL not equal to 3. 

If a page fault occurs. 

If the top bytes of stack are not within stack limits. 

If an unaligned memory reference occurs and alignment checking is enabled. 
If the LOCK prefix is used. 
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Compatibility Mode Exceptions 


#GP(0) 


If EFLAGS.NT[bit 14] = 1. 


Other exceptions same as in Protected Mode. 


64-Bit Mode Exceptions 


#GP(0) 


#GP(Selector) 


#SS(0) 


#NP (selector) 
#PF(fault-code) 
#AC(0) 


#UD 


If EFLAGS.NT[bit 14] = 1. 

If the return code segment selector is NULL. 

If the stack segment selector is NULL going back to compatibility mode. 

If the stack segment selector is NULL going back to CPL3 64-bit mode. 

If a NULL stack segment selector RPL is not equal to CPL going back to non-CPL3 64-bit mode. 
If the return instruction pointer is not within the return code segment limit. 

If the return instruction pointer is non-canonical. 

If a segment selector index is outside its descriptor table limits. 

If a segment descriptor memory address is non-canonical. 

If the segment descriptor for a code segment does not indicate it is a code segment. 
If the proposed new code segment descriptor has both the D-bit and L-bit set. 


If the DPL for a nonconforming-code segment is not equal to the RPL of the code segment 
selector. 


If CPL is greater than the RPL of the code segment selector. 


If the DPL of a conforming-code segment is greater than the return code segment selector 
RPL. 


If the stack segment is not a writable data segment. 


If the stack segment descriptor DPL is not equal to the RPL of the return code segment 
selector. 


If the stack segment selector RPL is not equal to the RPL of the return code segment selector. 
If an attempt to pop a value off the stack violates the SS limit. 

If an attempt to pop a value off the stack causes a non-canonical address to be referenced. 
If the return stack segment is not present. 

If the return code segment is not present. 

If a page fault occurs. 


If an unaligned memory reference occurs when the CPL is 3 and alignment checking is 
enabled. 


If the LOCK prefix is used. 


#CP (Far-RET/IRET) If the previous SSP from shadow stack (when returning to CPL <3) or from IA32_PL3_SSP 
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(returning to CPL 3) is not 4 byte aligned. 


If returning to 32-bit or compatibility mode and the previous SSP from shadow stack (when 
returning to CPL <3) or from IA32_PL3_SSP (returning to CPL 3) is beyond 4GB. 


If return instruction pointer from stack and shadow stack do not match. 
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Jcc—Jump if Condition Is Met 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

77 cb JA rel8 D Valid Valid Jump short if above (CF=0 and ZF=0). 

73 cb JAE rel8 D Valid Valid Jump short if above or equal (CF=0). 

72 cb JB rel8 D Valid Valid Jump short if below (CF=1). 

76 cb JBE relg D Valid Valid Jump short if below or equal (CF=1 or ZF=1). 

72 cb JC relg D Valid Valid Jump short if carry (CF=1). 

E3 cb JCXZ rel8 D N.E. Valid Jump short if CX register is 0. 

E3 cb JECXZ relg D Valid Valid Jump short if ECX register is 0. 

E3 cb JRCXZ rel8 D Valid N.E. Jump short if RCX register is 0. 

74 cb JE relg D Valid Valid Jump short if equal (ZF=1). 

7F cb JG relg D Valid Valid Jump short if greater (ZF=0 and SF=OF). 

7D cb JGE relg D Valid Valid Jump short if greater or equal (SF=OF). 

7C cb JL relg D Valid Valid Jump short if less (SF# OF). 

7E cb JLE relg D Valid Valid Jump short if less or equal (ZF=1 or SF# OF). 

76 cb JNA rel8 D Valid Valid Jump short if not above (CF=1 or ZF=1). 

72 cb JNAE rel8 D Valid Valid Jump short if not above or equal (CF=1). 

73 cb JNB rel8 D Valid Valid Jump short if not below (CF=0). 

77 cb JNBE re/8 D Valid Valid Jump short if not below or equal (CF=0 and 
ZF=0). 

73 cb JNC relg D Valid Valid Jump short if not carry (CF=0). 

75.cb JNE relg D Valid Valid Jump short if not equal (ZF=0). 

7E cb JNG rel8 D Valid Valid Jump short if not greater (ZF=1 or SF# OF). 

7C cb JNGE re/8 D Valid Valid Jump short if not greater or equal (SF# OF). 

7D cb JNL rela D Valid Valid Jump short if not less (SF=OF). 

7F cb JNLE re/8 D Valid Valid Jump short if not less or equal (ZF=0 and 
SF=OF). 

71 cb JNO re/l8 D Valid Valid Jump short if not overflow (OF=0). 

7B cb JNP rel8 D Valid Valid Jump short if not parity (PF=0). 

79 cb JNS rel8 D Valid Valid Jump short if not sign (SF=0). 

75 cb JNZ relg D Valid Valid Jump short if not zero (ZF=0). 

70 cb JO rela D Valid Valid Jump short if overflow (OF=1). 

7A cb JP rel8 D Valid Valid Jump short if parity (PF=1). 

7A cb JPE re/g D Valid Valid Jump short if parity even (PF=1). 

7B cb JPO rel8 D Valid Valid Jump short if parity odd (PF=0). 

78 cb JS rel8 D Valid Valid Jump short if sign (SF=1). 

74 cb JZ rel8 D Valid Valid Jump short if zero (ZF = 1). 

OF 87 cw JA rel16 D NS. Valid Jump near if above (CF=0 and ZF=0). Not 
supported in 64-bit mode. 

OF 87 cd JA rel32 D Valid Valid Jump near if above (CF=0 and ZF=0). 

OF 83 cw JAE rel16 D NS. Valid Jump near if above or equal (CF=0). Not 
supported in 64-bit mode. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

OF 83 cd JAE rel32 D Valid Valid Jump near if above or equal (CF=0). 

OF 82 cw JB rel16 D N.S. Valid Jump near if below (CF=1). Not supported in 
64-bit mode. 

OF 82 cd JB rel32 D Valid Valid Jump near if below (CF=1). 

OF 86 cw JBE rel76 D NS. Valid Jump near if below or equal (CF=1 or ZF=1). 
Not supported in 64-bit mode. 

OF 86 cd JBE rel32 D Valid Valid Jump near if below or equal (CF=1 or ZF=1). 

OF 82 cw JC rel16 D NS. Valid Jump near if carry (CF=1). Not supported in 
64-bit mode. 

OF 82 cd JC rel32 D Valid Valid Jump near if carry (CF=1). 

OF 84 cw JE rel16 D NS. Valid Jump near if equal (ZF=1). Not supported in 
64-bit mode. 

OF 84 cd JE rel32 D Valid Valid Jump near if equal (ZF=1). 

OF 84 cw JZ rel16 D NS. Valid Jump near if O (ZF=1). Not supported in 64-bit 
mode. 

OF 84 cd JZ rel32 D Valid Valid Jump near if 0 (ZF=1). 

OF 8F cw JG rel16 D NS. Valid Jump near if greater (ZF=0 and SF=OF). Not 
supported in 64-bit mode. 

OF 8F cd JG rel32 D Valid Valid Jump near if greater (ZF=0 and SF=OF). 

OF 8D cw JGE rel76 D NS. Valid Jump near if greater or equal (SF=OF). Not 
supported in 64-bit mode. 

OF 8D cd JGE rel32 D Valid Valid Jump near if greater or equal (SF=OF). 

OF 8C cw JL rel16 D NS. Valid Jump near if less (SF4 OF). Not supported in 
64-bit mode. 

OF 8C cd JL rel32 D Valid Valid Jump near if less (SF# OF). 

OF 8E cw JLE rel16 D N.S. Valid Jump near if less or equal (ZF=1 or SF# OF). 
Not supported in 64-bit mode. 

OF 8E cd JLE rel32 D Valid Valid Jump near if less or equal (ZF=1 or SF# OF). 

OF 86 cw JNA rel16 D N.S. Valid Jump near if not above (CF=1 or ZF=1). Not 
supported in 64-bit mode. 

OF 86 cd JNA rel32 D Valid Valid Jump near if not above (CF=1 or ZF=1). 

OF 82 cw JNAE rel76 D NS. Valid Jump near if not above or equal (CF=1). Not 
supported in 64-bit mode. 

OF 82 cd JNAE rel32 D Valid Valid Jump near if not above or equal (CF=1). 

OF 83 cw JNB rel16 D NS. Valid Jump near if not below (CF=0). Not supported 
in 64-bit mode. 

OF 83 cd JNB rel32 D Valid Valid Jump near if not below (CF=0). 

OF 87 cw JNBE rel76 D NS. Valid Jump near if not below or equal (CF=0 and 
ZF=0). Not supported in 64-bit mode. 

OF 87 cd JNBE rel32 D Valid Valid Jump near if not below or equal (CF=0 and 
ZF=0). 

OF 83 cw JNC rel16 D NS. Valid Jump near if not carry (CF=0). Not supported 
in 64-bit mode. 

OF 83 cd JNC rel32 D Valid Valid Jump near if not carry (CF=0). 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

OF 85 cw JNE rel16 D NS. Valid Jump near if not equal (ZF=0). Not supported 
in 64-bit mode. 

OF 85 cd JNE rel32 D Valid Valid Jump near if not equal (ZF=0). 

OF 8E cw JNG rel16 D N.S. Valid Jump near if not greater (ZF=1 or SF# OF). 
Not supported in 64-bit mode. 

OF 8E cd JNG rel32 D Valid Valid Jump near if not greater (ZF=1 or SF# OF). 

OF 8C cw JNGE re/76 D N.S. Valid Jump near if not greater or equal (SF# OF). 
Not supported in 64-bit mode. 

OF 8C cd JNGE rel32 D Valid Valid Jump near if not greater or equal (SF# OF). 

OF 8D cw JNL rel16 D NS. Valid Jump near if not less (SF=OF). Not supported 
in 64-bit mode. 

OF 8D cd JNU rel32 D Valid Valid Jump near if not less (SF=OF). 

OF 8F cw JNLE re/716 D N.S. Valid Jump near if not less or equal (ZF=0 and 
SF=OF). Not supported in 64-bit mode. 

OF 8F cd JNLE re/32 D Valid Valid Jump near if not less or equal (ZF=0 and 
SF=OF). 

OF 81 cw JNO re/16 D NS. Valid Jump near if not overflow (OF=0). Not 
supported in 64-bit mode. 

OF 81 cd JNO rel32 D Valid Valid Jump near if not overflow (OF=0). 

OF 8B cw JNP rel76 D N.S. Valid Jump near if not parity (PF=0). Not supported 
in 64-bit mode. 

OF 8B cd JNP rel32 D Valid Valid Jump near if not parity (PF=0). 

OF 89 cw JNS rel16 D NS. Valid Jump near if not sign (SF=0). Not supported in 
64-bit mode. 

OF 89 cd JNS rel32 D Valid Valid Jump near if not sign (SF=0). 

OF 85 cw JNZ rel16 D NS. Valid Jump near if not zero (ZF=0). Not supported in 
64-bit mode. 

OF 85 cd JNZ rel32 D Valid Valid Jump near if not zero (ZF=0). 

OF 80 cw JO rel16 D NS. Valid Jump near if overflow (OF=1). Not supported 
in 64-bit mode. 

OF 80 cd JO rel32 D Valid Valid Jump near if overflow (OF=1). 

OF 8A cw JP rel16 D NS. Valid Jump near if parity (PF=1). Not supported in 
64-bit mode. 

OF 8A cd JP rel32 D Valid Valid Jump near if parity (PF=1). 

OF 8A cw JPE rel16 D N.S. Valid Jump near if parity even (PF=1). Not 
supported in 64-bit mode. 

OF 8A cd JPE rel32 D Valid Valid Jump near if parity even (PF=1). 

OF 8B cw JPO rel16 D N.S. Valid Jump near if parity odd (PF=0). Not supported 
in 64-bit mode. 

OF 8B cd JPO rel32 D Valid Valid Jump near if parity odd (PF=0). 

OF 88 cw JS rel16 D N.S. Valid Jump near if sign (SF=1). Not supported in 64- 
bit mode. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 88 cd JS rel32 D Valid Valid Jump near if sign (SF=1). 
OF 84 cw JZ rel16 D NS. Valid Jump near if O (ZF=1). Not supported in 64-bit 
mode. 
OF 84 cd JZ rel32 D Valid Valid Jump near if 0 (ZF=1). 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
D Offset NA NA NA 
Description 


Checks the state of one or more of the status flags in the EFLAGS register (CF, OF, PF, SF, and ZF) and, if the flags 
are in the specified state (condition), performs a jump to the target instruction specified by the destination 
operand. A condition code (cc) is associated with each instruction to indicate the condition being tested for. If the 
condition is not satisfied, the jump is not performed and execution continues with the instruction following the Jcc 
instruction. 


The target instruction is specified with a relative offset (a signed offset relative to the current value of the instruc- 
tion pointer in the EIP register). A relative offset (re/8, re/16, or re/32) is generally specified as a label in assembly 
code, but at the machine code level, it is encoded as a signed, 8-bit or 32-bit immediate value, which is added to 

the instruction pointer. Instruction coding is most efficient for offsets of -128 to +127. If the operand-size attribute 
is 16, the upper two bytes of the EIP register are cleared, resulting in a maximum instruction pointer size of 16 bits. 


The conditions for each Jcc mnemonic are given in the “Description” column of the table on the preceding page. The 
terms “less” and “greater” are used for comparisons of signed integers and the terms “above” and “below” are used 
for unsigned integers. 


Because a particular state of the status flags can sometimes be interpreted in two ways, two mnemonics are 
defined for some opcodes. For example, the JA (jump if above) instruction and the JNBE (jump if not below or 
equal) instruction are alternate mnemonics for the opcode 77H. 


The Jcc instruction does not support far jumps (jumps to other code segments). When the target for the conditional 
jump is in a different segment, use the opposite condition from the condition being tested for the Jcc instruction, 
and then access the target with an unconditional far jump (JMP instruction) to the other segment. For example, the 
following conditional far jump is illegal: 


JZ FARLABEL; 
To accomplish this far jump, use the following two instructions: 
JNZ BEYOND; 


JMP FARLABEL; 
BEYOND: 


The JRCXZ, JECXZ and JCXZ instructions differ from other Jcc instructions because they do not check status flags. 
Instead, they check RCX, ECX or CX for 0. The register checked is determined by the address-size attribute. These 
instructions are useful when used at the beginning of a loop that terminates with a conditional loop instruction 
(such as LOOPNE). They can be used to prevent an instruction sequence from entering a loop when RCX, ECX or CX 
is 0. This would cause the loop to execute 2°*, 232 or 64K times (not zero times). 


All conditional jumps are converted to code fetches of one or two cache lines, regardless of jump address or cache- 
ability. 


In 64-bit mode, operand size is fixed at 64 bits. JMP Short is RIP = RIP + 8-bit offset sign extended to 64 bits. JMP 
Near is RIP = RIP + 32-bit offset sign extended to 64 bits. 
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Operation 


IF condition 
THEN 
tempElP := EIP + SignExtend(DEST); 
IF OperandSize = 16 
THEN temp€IP := tempElP AND OOOOFFFFH; 
Fl; 
IF tempEIP is not within code segment limit 
THEN #GP(0); 
ELSE EIP := tempElP 
Fl; 
Fl; 


Flags Affected 
None 


Protected Mode Exceptions 
#GP(0) If the offset being jumped to is beyond the limits of the CS segment. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If the offset being jumped to is beyond the limits of the CS segment or is outside of the effec- 
tive address space from 0 to FFFFH. This condition can occur if a 32-bit address size override 
prefix is used. 


#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in real address mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#GP(0) If the memory address is in a non-canonical form. 
#UD If the LOCK prefix is used. 
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JMP—Jump 
Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
EB cb JMP rel8 D Valid Valid Jump short, RIP = RIP + 8-bit displacement sign 
extended to 64-bits 
ES cw JMP rel16 D N.S. Valid Jump near, relative, displacement relative to 
next instruction. Not supported in 64-bit 
mode. 
E9 cd JMP rel32 D Valid Valid Jump near, relative, RIP = RIP + 32-bit 
displacement sign extended to 64-bits 
FF /4 JMP r/m16 M NS. Valid Jump near, absolute indirect, address = zero- 
extended r/m76. Not supported in 64-bit 
mode. 
FF /4 JMP r/m32 M NS. Valid Jump near, absolute indirect, address given in 
r/m32. Not supported in 64-bit mode. 
FF /4 JMP r/m64 M Valid N.E. Jump near, absolute indirect, RIP = 64-Bit 
offset from register or memory 
EA cd JMP ptr16:16 S Inv. Valid Jump far, absolute, address given in operand 
EA cp JMP ptr16:32 S Inv. Valid Jump far, absolute, address given in operand 
FF /5 JMP m16:16 M Valid Valid Jump far, absolute indirect, address given in 
m16:16 
FF /5 JMP m16:32 M Valid Valid Jump far, absolute indirect, address given in 
m16:32. 
REX.W FF /5 JMP m16:64 M Valid N.E. Jump far, absolute indirect, address given in 
m16:64. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
S Segment + Absolute Address NA NA NA 
D Offset NA NA NA 
M ModRM:r/m (r) NA NA NA 
Description 


Transfers program control to a different point in the instruction stream without recording return information. The 
destination (target) operand specifies the address of the instruction being jumped to. This operand can be an 
immediate value, a general-purpose register, or a memory location. 


This instruction can be used to execute four different types of jumps: 


¢ Near jump—A jump to an instruction within the current code segment (the segment currently pointed to by the 
CS register), sometimes referred to as an intrasegment jump. 


¢ Short jump—A near jump where the jump range is limited to -128 to +127 from the current EIP value. 


¢ Far jump—A jump to an instruction located in a different segment than the current code segment but at the 
same privilege level, sometimes referred to as an intersegment jump. 


° Task switch—A jump to an instruction located in a different task. 


A task switch can only be executed in protected mode (see Chapter 7, in the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 3A, for information on performing task switches with the JMP instruction). 


Near and Short Jumps. When executing a near jump, the processor jumps to the address (within the current code 
segment) that is specified with the target operand. The target operand specifies either an absolute offset (that is 
an offset from the base of the code segment) or a relative offset (a signed displacement relative to the current 
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value of the instruction pointer in the EIP register). A near jump to a relative offset of 8-bits (re/8) is referred to as 
a short jump. The CS register is not changed on near and short jumps. 


An absolute offset is specified indirectly in a general-purpose register or a memory location (r/m16 or r/m32). The 
operand-size attribute determines the size of the target operand (16 or 32 bits). Absolute offsets are loaded 
directly into the EIP register. If the operand-size attribute is 16, the upper two bytes of the EIP register are cleared, 
resulting in a maximum instruction pointer size of 16 bits. 


A relative offset (re/8, re/16, or re/32) is generally specified as a label in assembly code, but at the machine code 
level, it is encoded as a signed 8-, 16-, or 32-bit immediate value. This value is added to the value in the EIP 
register. (Here, the EIP register contains the address of the instruction following the JMP instruction). When using 
relative offsets, the opcode (for short vs. near jumps) and the operand-size attribute (for near relative jumps) 
determines the size of the target operand (8, 16, or 32 bits). 


Far Jumps in Real-Address or Virtual-8086 Mode. When executing a far jump in real-address or virtual-8086 mode, 
the processor jumps to the code segment and offset specified with the target operand. Here the target operand 
specifies an absolute far address either directly with a pointer (ptr16:16 or ptr16:32) or indirectly with a memory 
location (m16:16 or m16:32). With the pointer method, the segment and address of the called procedure is 
encoded in the instruction, using a 4-byte (16-bit operand size) or 6-byte (32-bit operand size) far address imme- 
diate. With the indirect method, the target operand specifies a memory location that contains a 4-byte (16-bit 
operand size) or 6-byte (32-bit operand size) far address. The far address is loaded directly into the CS and EIP 
registers. If the operand-size attribute is 16, the upper two bytes of the EIP register are cleared. 


Far Jumps in Protected Mode. When the processor is operating in protected mode, the JMP instruction can be used 
to perform the following three types of far jumps: 


¢ Afar jump to a conforming or non-conforming code segment. 

¢ Afar jump through a call gate. 

¢ =A task switch. 

(The JMP instruction cannot be used to perform inter-privilege-level far jumps.) 


In protected mode, the processor always uses the segment selector part of the far address to access the corre- 
sponding descriptor in the GDT or LDT. The descriptor type (code segment, call gate, task gate, or TSS) and access 
rights determine the type of jump to be performed. 


If the selected descriptor is for a code segment, a far jump to a code segment at the same privilege level is 
performed. (If the selected code segment is at a different privilege level and the code segment is non-conforming, 
a general-protection exception is generated.) A far jump to the same privilege level in protected mode is very 
similar to one carried out in real-address or virtual-8086 mode. The target operand specifies an absolute far 
address either directly with a pointer (ptr16:16 or ptr16:32) or indirectly with a memory location (m16:16 or 
m16:32). The operand-size attribute determines the size of the offset (16 or 32 bits) in the far address. The new 
code segment selector and its descriptor are loaded into CS register, and the offset from the instruction is loaded 
into the EIP register. Note that a call gate (described in the next paragraph) can also be used to perform far call to 
a code segment at the same privilege level. Using this mechanism provides an extra level of indirection and is the 
preferred method of making jumps between 16-bit and 32-bit code segments. 


When executing a far jump through a call gate, the segment selector specified by the target operand identifies the 
call gate. (The offset part of the target operand is ignored.) The processor then jumps to the code segment speci- 
fied in the call gate descriptor and begins executing the instruction at the offset specified in the call gate. No stack 
switch occurs. Here again, the target operand can specify the far address of the call gate either directly with a 
pointer (ptr16:16 or ptr16:32) or indirectly with a memory location (m16:16 or m16:32). 


Executing a task switch with the JMP instruction is somewhat similar to executing a jump through a call gate. Here 
the target operand specifies the segment selector of the task gate for the task being switched to (and the offset 
part of the target operand is ignored). The task gate in turn points to the TSS for the task, which contains the 
segment selectors for the task’s code and stack segments. The TSS also contains the EIP value for the next instruc- 
tion that was to be executed before the task was suspended. This instruction pointer value is loaded into the EIP 
register so that the task begins executing again at this next instruction. 


The JMP instruction can also specify the segment selector of the TSS directly, which eliminates the indirection of the 
task gate. See Chapter 7 in Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, for 
detailed information on the mechanics of a task switch. 
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Note that when you execute at task switch with a JMP instruction, the nested task flag (NT) is not set in the EFLAGS 
register and the new TSS's previous task link field is not loaded with the old task’s TSS selector. A return to the 
previous task can thus not be carried out by executing the IRET instruction. Switching tasks with the JMP instruc- 
tion differs in this regard from the CALL instruction which does set the NT flag and save the previous task link infor- 
mation, allowing a return to the calling task with an IRET instruction. 


Refer to Chapter 6, “Procedure Calls, Interrupts, and Exceptions” and Chapter 18, “Control-Flow Enforcement Tech- 
nology (CET)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 for CET details. 


In 64-Bit Mode. The instruction’s operation size is fixed at 64 bits. If a selector points to a gate, then RIP equals the 
64-bit displacement taken from gate; else RIP equals the zero-extended offset from the far pointer referenced in 
the instruction. 


See the summary chart at the beginning of this section for encoding data and limits. 


Instruction ordering. Instructions following a far jump may be fetched from memory before earlier instructions 
complete execution, but they will not execute (even speculatively) until all instructions prior to the far jump have 
completed execution (the later instructions may execute before data stored by the earlier instructions have become 
globally visible). 

Certain situations may lead to the next sequential instruction after a near indirect JMP being speculatively 


executed. If software needs to prevent this (e.g., in order to prevent a speculative execution side channel), then an 
INT3 or LFENCE instruction opcode can be placed after the near indirect JMP in order to block speculative execution. 


Operation 


IF near jump 
IF 64-bit Mode 
THEN 
IF near relative jump 
THEN 
tempRIP := RIP + DEST; (* RIP is instruction following JMP instruction”) 
ELSE (* Near absolute jump *) 
tempRIP := DEST; 
Fl; 
ELSE 
IF near relative jump 
THEN 
tempEIP := EIP + DEST; (* EIP is instruction following JMP instruction*) 
ELSE (* Near absolute jump *) 
tempEIP := DEST; 
Fl; 
Fl; 
IF (IA32_EFER.LMA = 0 or target mode = Compatibility mode) 
and tempEIP outside code segment limit 
THEN #GP(0); FI 
IF 64-bit mode and tempRIP is not canonical 


THEN #GP(0); 
Fl; 
IF OperandSize = 32 
THEN 
EIP := tempEIP; 
ELSE 


IF OperandSize = 16 
THEN (* OperandSize = 16 *) 
EIP := tempElP AND OOOOFFFFH; 
ELSE (* OperandSize = 64) 
RIP := tempRIP; 
FI; 
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Fl; 
IF (IMP near indirect, absolute indirect) 
IF EndbranchEnabledAndNotSuppressed(CPL) 


IF CPL = 3 
THEN 
IF (no 3EH prefix OR IA32_U_CET.NO_TRACK_EN == 0) 
THEN 
IA32_U_CET.TRACKER = WAIT_FOR_ENDBRANCH 
Fl; 
ELSE 
IF (no 3EH prefix OR IA32_S_CET.NO_TRACK_EN == 0 ) 
THEN 
IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH 
Fl; 
Fl; 
Fl; 
Fl; 
Fl; 
IF far jump and (PE = O or (PE= 1 AND VM = 1)) (* Real-address or virtual-8086 mode *) 
THEN 
tempEIP := DEST(Offset); (* DEST is ptr16:32 or [m16:32] *) 
IF tempEIP is beyond code segment limit 
THEN #GP(0); Fl; 
CS := DEST(segment selector); (* DEST is ptr76:32 or [m16:32] *) 
IF OperandSize = 32 
THEN 
EIP := tempEIP; (* DEST is ptr76:32 or [m16:32] *) 
ELSE (* OperandSize = 16 *) 
EIP := tempEIP AND OOOOFFFFH; (* Clear upper 16 bits *) 
Fl; 
Fl; 


IF far jump and (PE= 1 and VM=0) 
(* IA-32e mode or protected mode, not virtual-8086 mode *) 
THEN 
IF effective address in the CS, DS, ES, FS, GS, or SS segment is illegal 
or segment selector in target operand NULL 
THEN #GP(0); Fl; 
IF segment selector index not within descriptor table limits 
THEN #GP(new selector); Fl; 
Read type and access rights of segment descriptor; 
IF ([A32_EFER.LMA = 0) 
THEN 
IF segment type is not a conforming or nonconforming code 
segment, call gate, task gate, or TSS 
THEN #GP(segment selector); Fl; 
ELSE 
IF segment type is not a conforming or nonconforming code segment 
call gate 
THEN #GP(segment selector); Fl; 
Fl; 
Depending on type and access rights: 
GO TO CONFORMING-CODE-SEGMENT; 
GO TO NONCONFORMING-CODE-SEGMENT; 
GO TO CALL-GATE; 
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GO TO TASK-GATE; 
GO TO TASK-STATE-SEGMENT; 
ELSE 
#GP(segment selector); 
Fl; 
CONFORMING-CODE-SEGMENT: 
IF L-Bit = 1 and D-BIT = 1 and IA32_EFER.LMA = 1 
THEN GP(new code segment selector); Fl; 
IF DPL> CPL 
THEN #GP(segment selector); Fl; 
IF segment not present 
THEN #NP(segment selector); Fl; 
tempEIP := DEST(Offset); 
IF OperandSize = 16 
THEN tempElP := tempElIP AND OOOOFFFFH; 
Fl; 
IF (IA32_EFER.LMA = 0 or target mode = Compatibility mode) and 
tempEIP outside code segment limit 
THEN #GP(0); FI 
IF tempEIP is non-canonical 
THEN #GP(0); Fl; 
IF ShadowStackEnabled(CPL) 
IF (IA32_EFER.LMA and DEST(segment selector).L) = 0 
(* If target is legacy or compatibility mode then the SSP must be in low 4GB *) 
IF (SSP & OxFFFFFFFFOOO00000N != 0) 
THEN #GP(0); Fl; 
Fl; 
Fl; 
CS := DEST[segment selector]; (* Segment descriptor information also loaded *) 
CS(RPL) := CPL 
EIP := tempEIP; 
IF EndbranchEnabled(CPL) 
IF CPL = 3 
THEN 
IA32_U_CET.TRACKER = WAIT_FOR_ENDBRANCH 
IA32_U_CET.SUPPRESS = 0 
ELSE 
IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH 
IA32_S_CET.SUPPRESS = 0 
Fl; 
Fl; 
END; 
NONCONFORMING-CODE-SEGMENT: 
IF L-Bit = 1 and D-BIT = 1 and IA32_EFER.LMA = 1 
THEN GP(new code segment selector); FI; 
IF (RPL > CPL) OR (DPL # CPL) 
THEN #GP(code segment selector); Fl; 
IF segment not present 
THEN #NP(segment selector); Fl; 
tempEIP := DEST(Offset); 
IF OperandSize = 16 
THEN tempElP := tempEIP AND OOOOFFFFH; FI; 
IF (IA32_EFER.LMA = O OR target mode = Compatibility mode) 
and tempEIP outside code segment limit 
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THEN #GP(0); FI 
IF tempEIP is non-canonical THEN #GP(0); Fl; 
IF ShadowStackEnabled(CPL) 
IF (IA32_EFER.LMA and DEST(segment selector).L) = 0 
(* If target is legacy or compatibility mode then the SSP must be in low 4GB *) 
IF (SSP & OxFFFFFFFFOOO00000 != 0) 
THEN #GP(0); Fl; 
Fl; 
Fl; 
CS := DEST[segment selector]; (* Segment descriptor information also loaded *) 
CS(RPL) := CPL; 
EIP := tempEIP; 
IF EndbranchEnabled(CPL) 
IF CPL = 3 
THEN 
IA32_U_CET. TRACKER = WAIT_FOR_ENDBRANCH 
IA32_U_CET.SUPPRESS = 0 
ELSE 
IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH 
IA32_S_CET.SUPPRESS = 0 


Fl; 
Fl; 
END; 
CALL-GATE: 


IF call gate DPL < CPL 
or call gate DPL < call gate segment-selector RPL 
THEN #GP(call gate selector); Fl; 
IF call gate not present 
THEN #NP(call gate selector); Fl; 
IF call gate code-segment selector is NULL 
THEN #GP(0); Fl; 
IF call gate code-segment selector index outside descriptor table limits 
THEN #GP(code segment selector); Fl; 
Read code segment descriptor; 
IF code-segment segment descriptor does not indicate a code segment 
or code-segment segment descriptor is conforming and DPL > CPL 
or code-segment segment descriptor is non-conforming and DPL # CPL 
THEN #GP(code segment selector); Fl; 
IF [A32_EFER.LMA = 1 and (code-segment descriptor is not a 64-bit code segment 
or code-segment segment descriptor has both L-Bit and D-bit set) 
THEN #GP(code segment selector); Fl; 
IF code segment is not present 
THEN #NP(code-segment selector); Fl; 
tempEIP := DEST(Offset); 
IF GateSize = 16 
THEN tempEIP := tempEIP AND OOOOFFFFH; FI; 
IF (IA32_EFER.LMA = 0 OR target mode = Compatibility mode) AND tempEIP 
outside code segment limit 
THEN #GP(0); FI 
CS := DEST[SegmentSelector]; (* Segment descriptor information also loaded *) 
CS(RPL) := CPL; 
EIP := tempEIP; 
IF EndbranchEnabled(CPL) 


JMP—Jump Vol. 2A 3-547 


INSTRUCTION SET REFERENCE, A-L 


IF CPL = 3 
THEN 
IA32_U_CET.TRACKER = WAIT_FOR_ENDBRANCH; 
IA32_U_CET.SUPPRESS = 0 
ELSE 
IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH; 
IA32_S_CET.SUPPRESS = 0 
Fl; 
Fl; 
END; 
TASK-GATE: 
IF task gate DPL < CPL 
or task gate DPL < task gate segment-selector RPL 
THEN #GP(task gate selector); Fl; 
IF task gate not present 
THEN #NP(gate selector); Fl; 
Read the TSS segment selector in the task-gate descriptor; 
IF TSS segment selector local/global bit is set to local 
or index not within GDT limits 
or descriptor is not a TSS segment 
or TSS descriptor specifies that the TSS is busy 
THEN #GP(TSS selector); Fl; 
IF TSS not present 
THEN #NP(TSS selector); FI; 
SWITCH-TASKS to TSS; 
IF EIP not within code segment limit 
THEN #GP(0); Fl; 
END; 
TASK-STATE-SEGMENT: 
IF TSS DPL < CPL 
or TSS DPL < TSS segment-selector RPL 
or TSS descriptor indicates TSS not available 
THEN #GP(TSS selector); Fl; 
IF TSS is not present 
THEN #NP(TSS selector); FI; 
SWITCH-TASKS to TSS; 
IF EIP not within code segment limit 
THEN #GP(0); Fl; 
END; 


Flags Affected 
All flags are affected if a task switch occurs; no flags are affected if a task switch does not occur. 


Protected Mode Exceptions 
#GP(0) If offset in target operand, call gate, or TSS is beyond the code segment limits. 
If the segment selector in the destination operand, call gate, task gate, or TSS is NULL. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If target mode is compatibility mode and SSP is not in low 4GB. 
#GP(selector) If the segment selector index is outside descriptor table limits. 
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If the segment descriptor pointed to by the segment selector in the destination operand is not 
for a conforming-code segment, nonconforming-code segment, call gate, task gate, or task 
state segment. 


If the DPL for a nonconforming-code segment is not equal to the CPL 


(When not using a call gate.) If the RPL for the segment’s segment selector is greater than the 
CPL. 


If the DPL for a conforming-code segment is greater than the CPL. 


If the DPL from a call-gate, task-gate, or TSS segment descriptor is less than the CPL or than 
the RPL of the call-gate, task-gate, or TSS’s segment selector. 


If the segment descriptor for selector in a call gate does not indicate it is a code segment. 


If the segment descriptor for the segment selector in a task gate does not indicate an available 
TSS. 


If the segment selector for a TSS has its local/global bit set for local. 

If a TSS segment descriptor specifies that the TSS is busy or not available. 
If a memory operand effective address is outside the SS segment limit. 

If the code segment being accessed is not present. 

If call gate, task gate, or TSS not present. 

If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. (Only occurs when fetching target from memory.) 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP 


#SS 
#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) 
#SS(0) 
#PF(fault-code) 
#AC(0) 


#UD 


If the target operand is beyond the code segment limits. 

If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made. (Only occurs 
when fetching target from memory.) 


If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same as 64-bit mode exceptions. 


64-Bit Mode Exceptions 


#GP(0) 


#GP(selector) 
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If a memory address is non-canonical. 

If target offset in destination operand is non-canonical. 

If target offset in destination operand is beyond the new code segment limit. 
If the segment selector in the destination operand is NULL. 

If the code segment selector in the 64-bit gate is NULL. 

If transitioning to compatibility mode and the SSP is beyond 4GB. 

If the code segment or 64-bit call gate is outside descriptor table limits. 

If the code segment or 64-bit call gate overlaps non-canonical space. 
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#NP(selector) 
#UD 


#PF(fault-code) 
#AC(0) 


3-550 Vol. 2A 


If the segment descriptor from a 64-bit call gate is in non-canonical space. 


If the segment descriptor pointed to by the segment selector in the destination operand is not 
for a conforming-code segment, nonconforming-code segment, 64-bit call gate. 


If the segment descriptor pointed to by the segment selector in the destination operand is a 
code segment, and has both the D-bit and the L-bit set. 


If the DPL for a nonconforming-code segment is not equal to the CPL, or the RPL for the 
segment’s segment selector is greater than the CPL. 


If the DPL for a conforming-code segment is greater than the CPL. 

If the DPL from a 64-bit call-gate is less than the CPL or than the RPL of the 64-bit call-gate. 
If the upper type field of a 64-bit call gate is not 0x0. 

If the segment selector from a 64-bit call gate is beyond the descriptor table limits. 


If the code segment descriptor pointed to by the selector in the 64-bit gate doesn't have the L- 
bit set and the D-bit clear. 


If the segment descriptor for a segment selector from the 64-bit call gate does not indicate it 
is a code segment. 


If the code segment is non-conforming and CPL #DPL. 

If the code segment is confirming and CPL < DPL. 

If a code segment or 64-bit call gate is not present. 

(64-bit mode only) If a far jump is direct to an absolute address in memory. 
If the LOCK prefix is used. 

If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
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Opcode/ Op/En 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
VEX.L1.0F.WO 4A /r RVR VN AVX512DQ | Add 16 bits masks in k2 and k3 and place result in k1. 
KADDW k1, k2, k3 
VEX.L1.66.0F.WO 4A /r RVR VIN AVX512DQ | Add 8 bits masks in k2 and k3 and place result in k1. 
KADDB k1, k2, k3 
VEX.L1.0F.W1 4A /r RVR VIV AVX512BW | Add 64 bits masks in k2 and k3 and place result in k1. 
KADDQ k1, k2, k3 
VEX.L1.66.0F.W1 4A /r RVR VIV AVX512BW | Add 32 bits masks in k2 and k3 and place result in k1. 
KADDD k1, k2, k3 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 
RVR ModRM:reg (w) VEX.1vvv (r) ModRM:r/m (r, ModRM:[7:6] must be 11b) 
Description 


Adds the vector mask k2 and the vector mask k3, and writes the result into vector mask k1. 


Operation 
KADDW 


DEST[15:0] := SRC1[15:0] + SRC2[15:0] 


DEST[MAX_KL-1:16] := 0 


KADDB 


DEST[7:0] = SRC1[7:0] + SRC2[7:0] 


DEST[MAX_KL-1:8] := 0 


KADDQ 


DEST[63:0] := SRC1[63:0] + SRC2[63:0] 


DEST[MAX_KL-1:64] := 0 


KADDD 


DEST[31:0] := SRC1[31:0] + SRC2[31:0] 


DEST[MAX_KL-1:32] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


See Table 2-63, “TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg)”. 
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KANDW/KANDB/KANDQ/KANDD-—Bitwise Logical AND Masks 


Opcode/ Op/En 64/32 CPUID Description 
Instruction bit Mode | Feature 

Support | Flag 
VEX.L1.0F.WO 41 /r RVR VIV AVX512F Bitwise AND 16 bits masks k2 and k3 and place result in k1. 
KANDW k1, k2, k3 
VEX.L1.66.0F.WO 41 /r RVR VIN AVX512DQ_ | Bitwise AND 8 bits masks k2 and k3 and place result in k1. 
KANDB k1, k2, k3 
VEX.L1.0F.W1 41 /r RVR VIV AVX512BW | Bitwise AND 64 bits masks k2 and k3 and place result in k1. 
KANDQ k1, k2, k3 
VEX.L1.66.0F.W1 41 /r RVR VIV AVX512BW | Bitwise AND 32 bits masks k2 and k3 and place result in k1. 
KANDD k1, k2, k3 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
RVR ModRM:reg (w) VEX.1 vvv (r) ModRM:r/m (r, ModRM:[7:6] must be 11b) 
Description 


Performs a bitwise AND between the vector mask k2 and the vector mask k3, and writes the result into vector mask 
k1. 


Operation 

KANDW 

DEST[15:0] := SRC1[15:0] BITWISE AND SRC2[15:0] 
DEST[MAX_KL-1:16] := 0 


KANDB 
DEST[7:0] := SRC1[7:0] BITWISE AND SRC2[7:0] 
DEST[MAX_KL-1:8] := 0 


KANDQ 
DEST[63:0] := SRC1[63:0] BITWISE AND SRC2[63:0] 
DEST[MAX_KL-1:64] := 0 


KANDD 
DEST[31:0] := SRC1[31:0] BITWISE AND SRC2[31:0] 
DEST[MAX_KL-1:32] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


KANDW __mmask16 _mm512_kand(__mmask16 a,__ mmask16 b); 


Flags Affected 
None 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-63, “TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg)”. 
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KANDNW/KANDNB/KANDNQ/KANDND-—Bitwise Logical AND NOT Masks 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 

Support | Flag 
VEX.L1.0F.WO 42 /r RVR VIV AVX512F Bitwise AND NOT 16 bits masks k2 and k3 and place result in 
KANDNW k1, k2, k3 k1, 
VEX.L1.66.0F.WO 42 /r RVR VN AVX512DQ_ | Bitwise AND NOT 8 bits masks k1 and k2 and place result in k1. 
KANDNB k1, k2, k3 
VEX.L1.0F.W1 42 /r RVR VIV AVX512BW | Bitwise AND NOT 64 bits masks k2 and k3 and place result in 
KANDNQ k1, k2, k3 k1, 
VEX.L1.66.0F.W1 42 /r RVR VIV AVX512BW | Bitwise AND NOT 32 bits masks k2 and k3 and place result in 
KANDND k1, k2, k3 k1, 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
RVR ModRM:reg (w) VEX.1 vvv (r) ModRM:r/m (r, ModRM:[7:6] must be 11b) 
Description 


Performs a bitwise AND NOT between the vector mask k2 and the vector mask k3, and writes the result into vector 
mask ki. 


Operation 

KANDNW 

DEST[1 5:0] := (BITWISE NOT SRC1[15:0]) BITWISE AND SRC2[15:0] 
DEST[MAX_KL-1:16] := 0 


KANDNB 
DEST[7:0] := (BITWISE NOT SRC1[7:0]) BITWISE AND SRC2[7:0] 
DEST[MAX_KL-1:8] := 0 


KANDNQ 
DEST[63:0] := (BITWISE NOT SRC1[63:0]) BITWISE AND SRC2[63:0] 
DEST[MAX_KL-1:64] := 0 


KANDND 
DEST[31:0] := (BITWISE NOT SRC1[31:0]) BITWISE AND SRC2[31:0] 
DEST[MAX_KL-1:32] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
KANDNW __mmask16 _mm512_kandn(__mmask16 a,__mmask16 b); 


Flags Affected 
None 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-63, “TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg)”. 
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INSTRUCTION SET REFERENCE, A-L 


KMOVW/KMOVB/KMOVQ/KMOVD—Move from and to Mask Registers 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support Flag 
VEX.LO.OF.WO 90 /r RM VN AVX512F Move 16 bits mask from k2/m16 and store the result in k1. 
KMOVW k1, k2/m16 
VEX.LO.66.0F.WO 90 /r RM VIV AVX512DQ Move 8 bits mask from k2/m8 and store the result in k1. 
KMOVB k1, k2/m8 
VEX.LO.OF.W1 90 /r RM VN AVX512BW Move 64 bits mask from k2/m64 and store the result in k1. 
KMOVQ k1, k2/m64 
VEX.LO.66.0F.W1 90 /r RM VN AVX512BW Move 32 bits mask from k2/m32 and store the result in k1. 
KMOVD k1, k2/m32 
VEX.LO.OF.WO 91 /r MR VN AVX512F Move 16 bits mask from k1 and store the result in m16. 
KMOVW m16, k1 
VEX.LO.66.0F.WO 91 /r MR VIV AVX512D0 Move 8 bits mask from k1 and store the result in m8. 
KMOVB m8, k1 
VEX.LO.OF.W1 91 /r MR VIV AVX512BW_ | Move 64 bits mask from k1 and store the result in m64. 
KMOVQ m64, k1 
VEX.LO.66.0F.W1 91 /r MR VN AVX512BW Move 32 bits mask from k1 and store the result in m32. 
KMOVD m32, k1 
VEX.LO.OF.WO 92 /r RR VIV AVX512F Move 16 bits mask from r32 to k1. 
KMOVW k1, r32 
VEX.LO.66.0F.WO 92 /r RR VIV AVX512DQ Move 8 bits mask from r32 to k1. 
KMOVB k1, r32 
VEX.LO.F2.0F.W1 92 /r RR VAI AVX512BW | Move 64 bits mask from r64 to k1. 
KMOVQ k1, r64 
VEX.LO.F2.0F.WO 92 /r RR VIV AVX512BW | Move 32 bits mask from r32 to k1. 
KMOVD k1, r32 
VEX.LO.OF.WO 93 /r RR VIV AVX512F Move 16 bits mask from k1 to r32. 
KMOVW r32, k1 
VEX.LO.66.0F.WO 93 /r RR VIV AVX512DQ Move 8 bits mask from k1 to r32. 
KMOVB r32, k1 
VEX.LO.F2.0F.W1 93 /r RR V/I AVX512BW | Move 64 bits mask from k1 to r64. 
KMOVQ r64, k1 
VEX.LO.F2.0F.WO 93 /r RR VIV AVX512BW | Move 32 bits mask from k1 to r32. 
KMOVD r32, k1 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 
RM ModRM:reg (w) ModRM:r/m (r) 
MR ModRM:r/m (w, ModRM:[7:6] must not be 11b) ModRM:reg (r) 
RR ModRM:reg (w) ModRM:r/m (r, ModRM:[7:6] must be 11b) 
Description 


Copies values from the source operand (second operand) to the destination operand (first operand). The source 
and destination operands can be mask registers, memory location or general purpose. The instruction cannot be 
used to transfer data between general purpose registers and or memory locations. 


When moving to a mask register, the result is zero extended to MAX_KL size (i.e., 64 bits currently). When moving 
to a general-purpose register (GPR), the result is zero-extended to the size of the destination. In 32-bit mode, the 
default GPR destination’s size is 32 bits. In 64-bit mode, the default GPR destination’s size is 64 bits. Note that 
VEX.W can only be used to modify the size of the GPR operand in 64b mode. 
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Operation 


KMOVW 

IF *destination is a memory location* 
DEST[15:0] := SRC[15:0] 

IF *destination is a mask register or a GPR * 
DEST := ZeroExtension(SRC[1 5:0]) 


KMOVB 

IF *destination is a memory location* 
DEST[7:0] := SRC[7:0] 

IF *destination is a mask register or a GPR * 
DEST := ZeroExtension(SRC[7:0]) 


KMOVQ 

IF *destination is a memory location or a GPR* 
DEST[63:0] := SRC[63:0] 

IF *destination is a mask register* 
DEST := ZeroExtension(SRC[63:0)) 


KMOVD 

IF *destination is a memory location* 
DEST[31:0] := SRC[31:0] 

IF *destination is a mask register or a GPR * 
DEST := ZeroExtension(SRC[31:0]) 


Intel C/C++ Compiler Intrinsic Equivalent 
KMOVW __mmask16 _mm512_kmov(__mmask16 a); 


Flags Affected 
None 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


INSTRUCTION SET REFERENCE, A-L 


Instructions with RR operand encoding, see Table 2-63, “TYPE K20 Exception Definition (VEX-Encoded OpMask 


Instructions w/o Memory Arg)”. 


Instructions with RM or MR operand encoding, see Table 2-64, “TYPE K21 Exception Definition (VEX-Encoded 


OpMask Instructions Addressing Memory)”. 
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Vol.2A 3-555 


INSTRUCTION SET REFERENCE, A-L 


KNOTW/KNOTB/KNOTQ/KNOTD—NOT Mask Register 


Opcode/ Op/En 64/32 CPUID Description 
Instruction bit Mode | Feature Flag 

Support 
VEX.LO.OF.WO 44 /r RR VN AVX512F Bitwise NOT of 16 bits mask k2. 
KNOTW k1, k2 
VEX.LO.66.0F.WO 44 /r RR VN AVX512DQ Bitwise NOT of 8 bits mask k2. 
KNOTB k1, k2 
VEX.LO.OF.W1 44 /r RR VV AVX512BW Bitwise NOT of 64 bits mask k2. 
KNOTQ k1, k2 
VEX.LO.66.0F.W1 44 /r RR VN AVX512BW Bitwise NOT of 32 bits mask k2. 
KNOTD k1, k2 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 
RR ModRM:reg (w) ModRM:r/m (r, ModRM:[7:6] must be 11b) 
Description 


Performs a bitwise NOT of vector mask k2 and writes the result into vector mask k1. 


Operation 


KNOTW 
DEST[15:0] := BITWISE NOT SRC[15:0] 
DEST[MAX_KL-1:16] := 0 


KNOTB 
DEST[7:0] := BITWISE NOT SRC[7:0] 
DEST[MAX_KL-1:8] := 0 


KNOTQ 
DEST[63:0] := BITWISE NOT SRC[63:0] 
DEST[MAX_KL-1:64] := 0 


KNOTD 
DEST[31:0] := BITWISE NOT SRC[31:0] 
DEST[MAX_KL-1:32] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
KNOTW __mmask16 _mm512_knot(__mmask16 a); 


Flags Affected 
None 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-63, “TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg)”. 
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INSTRUCTION SET REFERENCE, A-L 


KORW/KORB/KORQ/KORD—Bitwise Logical OR Masks 


Opcode/ Op/En 64/32 CPUID Description 
Instruction bit Mode | Feature 

Support | Flag 
VEX.L1.0F.WO 45 /r RVR VIV AVX512F Bitwise OR 16 bits masks k2 and k3 and place result in k1. 
KORW k1, k2, k3 
VEX.L1.66.0F.WO 45 /r RVR VIN AVX512DQ Bitwise OR 8 bits masks k2 and k3 and place result in k1. 
KORB k1, k2, k3 
VEX.L1.0F.W1 45 /r RVR VIV AVX512BW | Bitwise OR 64 bits masks k2 and k3 and place result in k1. 
KORQ k1, k2, k3 
VEX.L1.66.0F.W1 45 /r RVR VIV AVX512BW | Bitwise OR 32 bits masks k2 and k3 and place result in k1. 
KORD k1, k2, k3 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
RVR ModRM:reg (w) VEX.1vvv (r) ModRM:r/m (r, ModRM:[7:6] must be 11b) 
Description 


Performs a bitwise OR between the vector mask k2 and the vector mask k3, and writes the result into vector mask 
k1 (three-operand form). 


Operation 

KORW 

DEST[15:0] := SRC1[15:0] BITWISE OR SRC2[15:0] 
DEST[MAX_KL-1:16] := 0 


KORB 
DEST[7:0] = SRC1[7:0] BITWISE OR SRC2[7:0] 
DEST[MAX_KL-1:8] := 0 


KORQ 
DEST[63:0] := SRC1[63:0] BITWISE OR SRC2[63:0] 
DEST[MAX_KL-1:64] := 0 


KORD 
DEST[31:0] := SRC1[31:0] BITWISE OR SRC2[31:0] 
DEST[MAX_KL-1:32] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


KORW __mmask16 _mm512_kor(__mmask16 a,__ mmask16 b); 


Flags Affected 
None 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-63, “TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg)”. 
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INSTRUCTION SET REFERENCE, A-L 


KORTESTW/KORTESTB/KORTESTQ/KORTESTD—OR Masks And Set Flags 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
VEX.LO.OF.WO 98 /r RR VV AVX512F Bitwise OR 16 bits masks k1 and k2 and update ZF and CF accordingly. 
KORTESTW k1, k2 
VEX.LO.66.0F.WO 98 /r_ | RR VV AVX512DQ_ | Bitwise OR 8 bits masks k1 and k2 and update ZF and CF accordingly. 
KORTESTB k1, k2 
VEX.LO.OF.W1 98 /r RR VV AVX512BW | Bitwise OR 64 bits masks k1 and k2 and update ZF and CF accordingly. 
KORTESTQ k1, k2 
VEX.LO.66.0F.W1 98 /r | RR VIV AVX512BW | Bitwise OR 32 bits masks k1 and k2 and update ZF and CF accordingly. 


KORTESTD k1, k2 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 
RR ModRM:reg (w) ModRM:r/m (r, ModRM:[7:6] must be 11b) 
Description 


Performs a bitwise OR between the vector mask register k2, and the vector mask register k1, and sets CF and ZF 


based on the operation result. 


ZF flag is set if both sources are Ox0. CF is set if, after the OR operation is done, the operation result is all 1’s. 


Operation 
KORTESTW 


TMP[15:0] := DEST[15:0] BITWISE OR SRC[15:0] 


IF(TMP[15:0]=0) 
THEN ZF := 1 
ELSE ZF := 0 

Fl; 

IF(TMP[15:0]=FFFFh) 
THEN CF := 1 
ELSE CF :=0 

Fl; 


KORTESTB 
TMP[7:0] := DEST[7:0] BITWISE OR SRC[7:0] 
IF(TMP[7:0]=0) 
THEN ZF := 1 
ELSE ZF := 0 
Fl; 
IF(TMP[7:0]==FFh) 
THEN CF := 1 
ELSE CF := 0 


Fl; 
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KORTESTW/KORTESTB/KORTESTQ/KORTESTD—OR Masks And Set Flags 


KORTESTQ 
TMP[63:0] := DEST[63:0] BITWISE OR SRC[63:0] 
IF(TMP[63:0]=0) 
THEN ZF := 1 
ELSE ZF :=0 
Fl; 
IF(TMP[63:0]==FFFFFFFF_FFFFFFFFh) 
THEN CF := 1 
ELSE CF := 0 
Fl; 


KORTESTD 
TMP[31:0] := DEST[31:0] BITWISE OR SRC[31:0] 
IF(TMP[31:0]=0) 
THEN ZF := 1 
ELSE ZF := 0 
Fl; 
IF(TMP[31:0]=FFFFFFFFh) 
THEN CF := 1 
ELSE CF := 0 
Fl; 


Intel C/C++ Compiler Intrinsic Equivalent 


KORTESTW __mmask16 _mm512_kortest[cz](__mmask16 a,__ mmask16 b); 


Flags Affected 

The ZF flag is set if the result of OR-ing both sources is all Os. 
The CF flag is set if the result of OR-ing both sources is all is. 
The OF, SF, AF, and PF flags are set to 0. 


Other Exceptions 


INSTRUCTION SET REFERENCE, A-L 


See Table 2-63, “TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg)”. 


KORTESTW/KORTESTB/KORTESTQ/KORTESTD—OR Masks And Set Flags 


Vol.2A 3-559 


INSTRUCTION SET REFERENCE, A-L 


KSHIFTLW/KSHIFTLB/KSHIFTLQ/KSHIFTLD—Shift Left Mask Registers 


Opcode/ Op/En 64/32 CPUID Description 
Instruction bit Mode | Feature 

Support | Flag 
VEX.LO.66.0F3A.W1 32 /r RRI VN AVX512F Shift left 16 bits in k2 by immediate and write result in k1. 
KSHIFTLW k1, k2, imm8 
VEX.LO.66.0F3A.WO 32 /r RRI VIN AVX512DQ_ ‘| Shift left 8 bits in k2 by immediate and write result in k1. 
KSHIFTLB k1, k2, imm8 
VEX.LO.66.0F3A.W1 33 /r RRI VIN AVX512BW | Shift left 64 bits in k2 by immediate and write result in k1. 
KSHIFTLQ k1, k2, imm8 
VEX.LO.66.0F3A.WO 33 /r RRI VV AVX512BW | Shift left 32 bits in k2 by immediate and write result in k1. 
KSHIFTLD k1, k2, imm8 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
RRI ModRM:reg (w) ModRM:r/m (r, ModRM:[7:6] must be 11b) Imm8s8 
Description 


Shifts 8/16/32/64 bits in the second operand (source operand) left by the count specified in immediate byte and 
place the least significant 8/16/32/64 bits of the result in the destination operand. The higher bits of the destination 
are zero-extended. The destination is set to zero if the count value is greater than 7 (for byte shift), 15 (for word 
shift), 31 (for doubleword shift) or 63 (for quadword shift). 


Operation 
KSHIFTLW 
COUNT := imm8[7:0] 
DEST[MAX_KL-1:0] := 0 
IF COUNT <=15 
THEN DEST[15:0] := SRC1[15:0] << COUNT; 
Fl; 


KSHIFTLB 
COUNT := imm8[7:0] 
DEST[MAX_KL-1:0] := 0 
IF COUNT <=7 


THEN —DEST[7:0] := SRC1[7:0] << COUNT; 
Fl; 


KSHIFTLQ 
COUNT := imm8[7:0] 
DEST[MAX_KL-1:0] := 0 
IF COUNT <=63 
THEN DEST[63:0] := SRC1[63:0] << COUNT; 
Fl; 
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INSTRUCTION SET REFERENCE, A-L 


KSHIFTLD 

COUNT := imm8[7:0] 
DEST[MAX_KL-1:0] := 0 
IF COUNT <=31 


THEN —DEST[31:0] := SRC1[31:0] << COUNT; 
Fl; 


Intel C/C++ Compiler Intrinsic Equivalent 
Compiler auto generates KSHIFTLW when needed. 


Flags Affected 
None 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-63, “TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg)”. 
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INSTRUCTION SET REFERENCE, A-L 


KSHIFTRW/KSHIFTRB/KSHIFTRQ/KSHIFTRD—Shift Right Mask Registers 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 

Support | Flag 
VEX.LO.66.0F3A.W1 30 /r RRI VIV AVX512F Shift right 16 bits in k2 by immediate and write result in k1. 
KSHIFTRW k1, k2, imm8 
VEX.LO.66.0F3A.WO 30 /r RRI VIN AVX512DQ_ | Shift right 8 bits in k2 by immediate and write result in k1. 
KSHIFTRB k1, k2, imm8 
VEX.LO.66.0F3A.W1 31 /r RRI VV AVX512BW | Shift right 64 bits in k2 by immediate and write result in k1. 
KSHIFTRQ k1, k2, imm8 
VEX.LO.66.0F3A.WO 31 /r RRI VIV AVX512BW | Shift right 32 bits in k2 by immediate and write result in k1. 
KSHIFTRD k1, k2, imm8 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
RRI ModRM:reg (w) ModRM:r/m (r, ModRM:[7:6] must be 11b) Imm8 
Description 


Shifts 8/16/32/64 bits in the second operand (source operand) right by the count specified in immediate and place 
the least significant 8/16/32/64 bits of the result in the destination operand. The higher bits of the destination are 
zero-extended. The destination is set to zero if the count value is greater than 7 (for byte shift), 15 (for word shift), 
31 (for doubleword shift) or 63 (for quadword shift). 


Operation 
KSHIFTRW 
COUNT := imm8[7:0] 
DEST[MAX_KL-1:0] := 0 
IF COUNT <=15 
THEN DEST[15:0] := SRC1[15:0] >> COUNT; 
Fl; 


KSHIFTRB 
COUNT := imm8[7:0] 
DEST[MAX_KL-1:0] := 0 
IF COUNT <=7 


THEN —DEST[7:0] := SRC1[7:0] >> COUNT; 
Fl; 


KSHIFTRQ 
COUNT := imm8[7:0] 
DEST[MAX_KL-1:0] := 0 
IF COUNT <=63 
THEN _DEST[63:0] := SRC1[63:0] >> COUNT; 
Fl; 
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KSHIFTRW/KSHIFTRB/KSHIFTRQ/KSHIFTRD—Shift Right Mask Registers 


INSTRUCTION SET REFERENCE, A-L 


KSHIFTRD 
COUNT := imm8[7:0] 
DEST[MAX_KL-1:0] := 0 
IF COUNT <=31 
THEN  DEST[31:0] := SRC1[31:0] >> COUNT; 
Fl; 


Intel C/C++ Compiler Intrinsic Equivalent 
Compiler auto generates KSHIFTRW when needed. 


Flags Affected 
None 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-63, “TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg)”. 
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INSTRUCTION SET REFERENCE, A-L 


KTESTW/KTESTB/KTESTQ/KTESTD—Packed Bit Test Masks and Set Flags 


Opcode/ Op | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
VEX.LO.OF.WO 99 /r RR VIN AVX512DQ Set ZF and CF depending on sign bit AND and ANDN of 16 bits mask 
KTESTW k1, k2 register sources. 
VEX.LO.66.0F.WO 99 /r RR VIN AVX512DQ Set ZF and CF depending on sign bit AND and ANDN of 8 bits mask 
KTESTB k1, k2 register sources. 
VEX.LO.OF.W1 99 /r RR VIV AVX512BW_ | Set ZF and CF depending on sign bit AND and ANDN of 64 bits mask 
KTESTQ k1, k2 register sources. 
VEX.LO.66.0F.W1 99 /r RR VIV AVX512BW_ | Set ZF and CF depending on sign bit AND and ANDN of 32 bits mask 


KTESTD k1, k2 


register sources. 


Instruction Operand Encoding 


Op/En Operand 1 Operand2 
RR ModRM:reg (r) ModRM:r/m (r, ModRM:[7:6] must be 11b) 
Description 


Performs a bitwise comparison of the bits of the first source operand and corresponding bits in the second source 
operand. If the AND operation produces all zeros, the ZF is set else the ZF is clear. If the bitwise AND operation of 
the inverted first source operand with the second source operand produces all zeros the CF is set else the CF is 

clear. Only the EFLAGS register is updated. 


Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 
KTESTW 
TEMP[15:0] := SRC2[15:0] AND SRC1[15:0] 
IF (TEMP[1 5:0] = = 0) 
THEN ZF :=1; 
ELSE ZF := 0; 
Fl; 


TEMP[15:0] = SRC2[15:0] AND NOT SRC1[15:0] 


IF (TEMP[15:0] = = 0) 
THEN CF :=1; 
ELSE CF := 0; 

Fl; 

AF := OF := PF := SF := 0; 


KTESTB 
TEMP[7:0] := SRC2[7:0] AND SRC1[7:0] 
IF (TEMP[7:0] = = 0) 
THEN ZF :=1; 
ELSE ZF := 0; 
Fl; 
TEMP[7:0] := SRC2[7:0] AND NOT SRC1[7:0] 
IF (TEMP[7:0] = = 0) 
THEN CF :=1; 
ELSE CF := 0; 
Fl; 
AF := OF := PF := SF := 0; 
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KTESTW/KTESTB/KTESTQ/KTESTD—Packed Bit Test Masks and Set Flags 


KTESTQ 
TEMP[63:0] := SRC2[63:0] AND SRC1[63:0] 
IF (TEMP[63:0] = = 0) 
THEN ZF :=1; 
ELSE ZF := 0; 
Fl; 
TEMP[63:0] := SRC2[63:0] AND NOT SRC1[63:0] 
IF (TEMP[63:0] = = 0) 
THEN CF :=1; 
ELSE CF := 0; 
Fl; 
AF := OF := PF := SF := 0; 


KTESTD 
TEMP[31:0] := SRC2[31:0] AND SRC1[31:0] 
IF (TEMP[31:0] = = 0) 
THEN ZF :=1; 
ELSE ZF := 0; 
Fl; 
TEMP[31:0] := SRC2[31:0] AND NOT SRC1[31:0] 
IF (TEMP[31:0] = = 0) 
THEN CF :=1; 
ELSE CF := 0; 
Fl; 
AF := OF := PF := SF := 0; 


Intel C/C++ Compiler Intrinsic Equivalent 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


INSTRUCTION SET REFERENCE, A-L 


See Table 2-63, “TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg)”. 


KTESTW/KTESTB/KTESTQ/KTESTD—Packed Bit Test Masks and Set Flags 


Vol.2A 3-565 


INSTRUCTION SET REFERENCE, A-L 


KUNPCKBW/KUNPCKWD/KUNPCKDQ—Unpack for Mask Registers 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 

Support | Flag 
VEX.L1.66.0F.WO 4B /r RVR VV AVX512F Unpack 8-bit masks in k2 and k3 and write word result in k1. 
KUNPCKBW k1, k2, k3 
VEX.L1.0F.WO 4B /r RVR VIV AVX512BW | Unpack 16-bit masks in k2 and k3 and write doubleword result 
KUNPCKWD k1, k2, k3 ink. 
VEX.L1.0F.W1 4B /r RVR VIV AVX512BW | Unpack 32-bit masks in k2 and k3 and write quadword result 
KUNPCKDQ k1, k2, k3 ink. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
RVR ModRM:reg (w) VEX.1 vvv (r) ModRM:r/m (r, ModRM:[7:6] must be 11b) 
Description 


Unpacks the lower 8/16/32 bits of the second and third operands (source operands) into the low part of the first 
operand (destination operand), starting from the low bytes. The result is zero-extended in the destination. 


Operation 


KUNPCKBW 
DEST[7:0] = SRC2[7:0] 

DEST[15:8] := SRC1[7:0] 
DEST[MAX_KL-1:16] := 0 


KUNPCKWD 
DEST[15:0] := SRC2[15:0] 


DEST[31:16] = SRC1[15:0] 
DEST[MAX_KL-1:32] := 0 


KUNPCKDQ 
DEST[31:0] := SRC2[31:0] 


DEST[63:32] = SRC1[31:0] 
DEST[MAX_KL-1:64] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
KUNPCKBW __mmask16 _mm512_kunpackb(__mmask16 a, ___ mmask16 b); 


KUNPCKDQ __mmask64 __mm512_kunpackd(__mmask64 a, __mmask64 b); 
KUNPCKWD __mmask32 _mm512_kunpackw(__mmask32 a, __mmask32 b); 
Flags Affected 

None 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-63, “TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg)”. 
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KXNORW/KXNORB/KXNORQ/KXNORD-—Bitwise Logical XNOR Masks 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 

Support | Flag 
VEX.L1.0F.WO 46 /r RVR VN AVX512F Bitwise XNOR 16-bit masks k2 and k3 and place result in k1. 
KXNORW k1, k2, k3 
VEX.L1.66.0F.WO 46 /r RVR VN AVX512DQ_ | Bitwise XNOR 8-bit masks k2 and k3 and place result in k1. 
KXNORB k1, k2, k3 
VEX.L1.0F.W1 46 /r RVR VN AVX512BW | Bitwise XNOR 64-bit masks k2 and k3 and place result in k1. 
KXNORQ k1, k2, k3 
VEX.L1.66.0F.W1 46 /r RVR VIN AVX512BW | Bitwise XNOR 32-bit masks k2 and k3 and place result in k1. 
KXNORD k1, k2, k3 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
RVR ModRM:reg (w) VEX.1 vvv (r) ModRM:r/m (r, ModRM:[7:6] must be 11b) 
Description 


Performs a bitwise XNOR between the vector mask k2 and the vector mask k3, and writes the result into vector 
mask k1 (three-operand form). 


Operation 

KXNORW 

DEST[15:0] := NOT (SRC1[15:0] BITWISE XOR SRC2[15:0)) 
DEST[MAX_KL-1:16] := 0 


KXNORB 
DEST[7:0] := NOT (SRC1[7:0] BITWISE XOR SRC2[7:0]) 
DEST[MAX_KL-1:8] := 0 


KXNORQ 
DEST[63:0] := NOT (SRC1[63:0] BITWISE XOR SRC2[63:0]) 
DEST[MAX_KL-1:64] := 0 


KXNORD 
DEST[31:0] := NOT (SRC1[31:0] BITWISE XOR SRC2[31:0]) 
DEST[MAX_KL-1:32] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


KXNORW __mmask16 _mm512_kxnor(__mmask16 a, __mmask16 b); 


Flags Affected 
None 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-63, “TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg)”. 
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KXORW/KXORB/KXORQ/KXORD—Bitwise Logical XOR Masks 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
VEX.L1.0F.WO 47 /r RVR VIV AVX512F Bitwise XOR 16-bit masks k2 and k3 and place result in k1. 
KXORW k1, k2, k3 
VEX.L1.66.0F.WO 47 /r RVR VN AVX512DQ Bitwise XOR 8-bit masks k2 and k3 and place result in k1. 
KXORB k1, k2, k3 
VEX.L1.0F.W1 47 /r RVR VIV AVX512BW Bitwise XOR 64-bit masks k2 and k3 and place result in k1. 
KXORQ k1, k2, k3 
VEX.L1.66.0F.W1 47 /r RVR VIV AVX512BW Bitwise XOR 32-bit masks k2 and k3 and place result in k1. 
KXORD k1, k2, k3 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 
RVR ModRM:reg (w) VEX.1vvv (r) ModRM:r/m (r, ModRM:[7:6] must be 11b) 


Description 


Performs a bitwise XOR between the vector mask k2 and the vector mask k3, and writes the result into vector mask 


ki (three-operand form). 


Operation 
KXORW 


DEST[15:0] := SRC1[15:0] BITWISE XOR SRC2[15:0] 


DEST[MAX_KL-1:16] := 0 


KXORB 


DEST[7:0] = SRC1[7:0] BITWISE XOR SRC2[7:0] 


DEST[MAX_KL-1:8] := 0 


KXORQ 


DEST[63:0] := SRC1[63:0] BITWISE XOR SRC2[63:0] 


DEST[MAX_KL-1:64] := 0 


KXORD 


DEST[31:0] := SRC1[31:0] BITWISE XOR SRC2[31:0] 


DEST[MAX_KL-1:32] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


KXORW __mmask16 _mm512_kxor(__mmask16 a, 


Flags Affected 
None 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


mmask16 b); 


See Table 2-63, “TYPE K20 Exception Definition (VEX-Encoded OpMask Instructions w/o Memory Arg)”. 
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LAHF—Load Status Flags into AH Register 


Opcode Instruction Op/ |64-Bit |Compat/ |Description 

En |Mode Leg Mode 
OF LAHF ZO | Invalid* | Valid Load: AH := EFLAGS(SF:ZF:0:AF:0:PF:1:CF). 
NOTES: 


*Valid in specific steppings. See Description section. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


This instruction executes as described above in compatibility mode and legacy mode. It is valid in 64-bit mode only 
if CPUID.80000001H:ECX.LAHF-SAHF[bit 0] = 1. 


Operation 


IF 64-Bit Mode 
THEN 
IF CPUID.8B0000001 H:ECX.LAHF-SAHF [bit 0] = 1; 
THEN AH := RFLAGS(SF:ZF:0:AF:0:PF:1:CF); 
ELSE #UD; 
Fl; 
ELSE 
AH := EFLAGS(SF:ZF:0:AF:0:PF:1:CF); 
Fl; 


Flags Affected 
None. The state of the flags in the EFLAGS register is not affected. 


Protected Mode Exceptions 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#UD If CPUID.80000001H:ECX.LAHF-SAHF[bit 0] = 0. 
If the LOCK prefix is used. 
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LAR—Load Access Rights Byte 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
OF O02 /r LAR r16, r16/m16 RM_ | Valid Valid r16:= access rights referenced by r16/m16 
OF O02 /r LAR reg, 32/m16" RM _ | Valid Valid reg := access rights referenced by r32/m16 
NOTES: 


1. For all loads (regardless of source or destination sizing) only bits 16-0 are used. Other bits are ignored. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Loads the access rights from the segment descriptor specified by the second operand (source operand) into the 
first operand (destination operand) and sets the ZF flag in the flag register. The source operand (which can be a 
register or a memory location) contains the segment selector for the segment descriptor being accessed. If the 
source operand is a memory address, only 16 bits of data are accessed. The destination operand is a general- 
purpose register. 


The processor performs access checks as part of the loading process. Once loaded in the destination register, soft- 
ware can perform additional checks on the access rights information. 


The access rights for a segment descriptor include fields located in the second doubleword (bytes 4-7) of the 
segment descriptor. The following fields are loaded by the LAR instruction: 


° Bits 7:0 are returned as 0 
° Bits 11:8 return the segment type. 
¢ Bit 12 returns the S flag. 
° Bits 14:13 return the DPL. 
¢ Bit 15 returns the P flag. 
¢ The following fields are returned only if the operand size is greater than 16 bits: 
— Bits 19:16 are undefined. 
— Bit 20 returns the software-available bit in the descriptor. 
— Bit 21 returns the L flag. 
— Bit 22 returns the D/B flag. 
— Bit 23 returns the G flag. 
— Bits 31:24 are returned as 0. 
This instruction performs the following checks before it loads the access rights in the destination register: 
® Checks that the segment selector is not NULL. 


* Checks that the segment selector points to a descriptor that is within the limits of the GDT or LDT being 
accessed 


¢ Checks that the descriptor type is valid for this instruction. All code and data segment descriptors are valid for 
(can be accessed with) the LAR instruction. The valid system segment and gate descriptor types are given in 
Table 3-53. 


e If the segment is not a conforming code segment, it checks that the specified segment descriptor is visible at 
the CPL (that is, if the CPL and the RPL of the segment selector are less than or equal to the DPL of the segment 
selector). 


If the segment descriptor cannot be accessed or is an invalid type for the instruction, the ZF flag is cleared and no 
access rights are loaded in the destination operand. 
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The LAR instruction can only be executed in protected mode and IA-32e mode. 


Table 3-53. Segment and Gate Types 
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Type Protected Mode IA-32e Mode 

Name Valid Name Valid 
0 Reserved No Reserved No 
1 Available 16-bit TSS Yes Reserved No 
2 LDT Yes LDT Yes 
3 Busy 16-bit TSS Yes Reserved No 
4 16-bit call gate Yes Reserved No 
5 16-bit/32-bit task gate Yes Reserved No 
6 16-bit interrupt gate No Reserved No 
7 16-bit trap gate No Reserved No 
8 Reserved No Reserved No 
9 Available 32-bit TSS Yes Available 64-bit TSS Yes 
A Reserved No Reserved No 
B Busy 32-bit TSS Yes Busy 64-bit TSS Yes 
Cc 32-bit call gate Yes 64-bit call gate Yes 
D Reserved No Reserved No 
E 32-bit interrupt gate No 64-bit interrupt gate No 
F 32-bit trap gate No 64-bit trap gate No 

Operation 
IF Offset(SRC) > descriptor table limit 
THEN 
ZF := 0; 
ELSE 


SegmentDescriptor := descriptor referenced by SRC; 

IF SegmentDescriptor(Type) 4 conforming code segment 
and (CPL > DPL) or (RPL > DPL) 

or SegmentDescriptor(Type) is not valid for instruction 


THEN 
ZF := 0; 
ELSE 
DEST := access rights from SegmentDescriptor as given in Description section; 
ZF := 1; 
Fl; 
Fl; 
Flags Affected 


The ZF flag is set to 1 if the access rights are loaded successfully; otherwise, it is cleared to 0. 
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Protected Mode Exceptions 


#GP(0) 


#SS(0) 
#PF(fault-code) 
#AC(0) 


#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If a memory operand effective address is outside the SS segment limit. 
If a page fault occurs. 


If alignment checking is enabled and the memory operand effective address is unaligned while 
the current privilege level is 3. 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#UD 


The LAR instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 


#UD 


The LAR instruction cannot be executed in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) 


#GP(0) 
#PF(fault-code) 
#AC(0) 


#UD 
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If the memory operand effective address referencing the SS segment is in a non-canonical 
form. 


If the memory operand effective address is in a non-canonical form. 
If a page fault occurs. 


If alignment checking is enabled and the memory operand effective address is unaligned while 
the current privilege level is 3. 


If the LOCK prefix is used. 
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LDDQU—Load Unaligned Integer 128 Bits 


Opcode/ Op/ |64/32-bit | CPUID Description 
Instruction En |Mode Feature 

Flag 
F2 OF FO /r RM |V/V SSE3 Load unaligned data from mem and return 
LDDQU xmm1, mem double quadword in xmm1. 
VEX.128.F2.0F.WIG FO /r RM | V/V AVX Load unaligned packed integer values from 
VLDDQU xmm1, m128 mem to xmm1. 
VEX.256.F2.0F.WIG FO /r RM | V/V AVX Load unaligned packed integer values from 
VLDDQU ymm1, m256 mem to ymm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


The instruction is functionally similar to (V)MOVDQU ymm/xmm, m256/m128 for loading from memory. That is: 
32/16 bytes of data starting at an address specified by the source memory operand (second operand) are fetched 
from memory and placed in a destination register (first operand). The source operand need not be aligned on a 
32/16-byte boundary. Up to 64/32 bytes may be loaded from memory; this is implementation dependent. 


This instruction may improve performance relative to (V)MOVDQU if the source operand crosses a cache line 
boundary. In situations that require the data loaded by (V)LDDQU be modified and stored to the same location, use 
(V)MOVDQU or (V)MOVDQA instead of (V)LDDQU. To move a double quadword to or from memory locations that 
are known to be aligned on 16-byte boundaries, use the (V)MOVDQA instruction. 


Implementation Notes 

e If the source is aligned to a 32/16-byte boundary, based on the implementation, the 32/16 bytes may be 
loaded more than once. For that reason, the usage of (V)LDDQU should be avoided when using uncached or 
write-combining (WC) memory regions. For uncached or WC memory regions, keep using (V)MOVDQU. 

¢ This instruction is a replacement for (V)MOVDQU (load) in situations where cache line splits significantly affect 
performance. It should not be used in situations where store-load forwarding is performance critical. If 
performance of store-load forwarding is critical to the application, use (V)MOVDQA store-load pairs when data 
is 256/128-bit aligned or (V)MOVDQU store-load pairs when data is 256/128-bit unaligned. 

¢ Ifthe memory address is not aligned on 32/16-byte boundary, some implementations may load up to 64/32 
bytes and return 32/16 bytes in the destination. Some processor implementations may issue multiple loads to 
access the appropriate 32/16 bytes. Developers of multi-threaded or multi-processor software should be aware 
that on these processors the loads will be performed in a non-atomic way. 

¢ If alignment checking is enabled (CRO.AM = 1, RFLAGS.AC = 1, and CPL = 3), an alignment-check exception 
(#AC) may or may not be generated (depending on processor implementation) when the memory address is 
not aligned on an 8-byte boundary. 


In 64-bit mode, use of the REX.R prefix permits this instruction to access additional registers (XMM8-XMM15). 
Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Operation 


LDDQU (128-bit Legacy SSE version) 
DEST[127:0] := SRC[127:0] 
DEST[MAXVL-1:1 28] (Unmodified) 
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VLDDQU (VEX.128 encoded version) 
DEST[127:0] := SRC[127:0] 
DEST[MAXVL-1:128] = 0 


VLDDQU (VEX.256 encoded version) 
DEST[255:0] := SRC[255:0)] 


Intel C/C++ Compiler Intrinsic Equivalent 


LDDQU: m128i __mm_Iddqu_si128 (__m128i * p); 


VLDDQU: __m256i __mm256_Iddqu_si256 (__m256i * p); 


Numeric Exceptions 
None 


Other Exceptions 


See Table 2-21, “Type 4 Class Exception Conditions”. 


Note treatment of #AC varies. 
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LDMXCSR—Load MXCSR Register 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 

Flag 
NP OF AE /2 M VIV SSE Load MXCSR register from m32. 
LDMXCSR m32 
VEX.LZ.OF.WIG AE /2 M VIN AVX Load MXCSR register from m32. 
VLDMXCSR m32 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Loads the source operand into the MXCSR control/status register. The source operand is a 32-bit memory location. 
See “MXCSR Control and Status Register” in Chapter 10, of the Intel® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 1, for a description of the MXCSR register and its contents. 


The LDMXCSR instruction is typically used in conjunction with the (V)STMXCSR instruction, which stores the 
contents of the MXCSR register in memory. 


The default MXCSR value at reset is 1F80H. 


If a (V)LDMXCSR instruction clears a SIMD floating-point exception mask bit and sets the corresponding exception 
flag bit, a SIMD floating-point exception will not be immediately generated. The exception will be generated only 
upon the execution of the next instruction that meets both conditions below: 


¢ the instruction must operate on an XMM or YMM register operand, 
¢ the instruction causes that particular SIMD floating-point exception to be reported. 
This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


If VLDMXCSR is encoded with VEX.L= 1, an attempt to execute the instruction encoded with VEX.L= 1 will cause 
an #UD exception. 


Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 
Operation 
MXCSR := m32; 


C/C++ Compiler Intrinsic Equivalent 


_mm_setcsr(unsigned int i) 


Numeric Exceptions 
None 


Other Exceptions 

See Table 2-22, “Type 5 Class Exception Conditions”; additionally: 
#GP For an attempt to set reserved bits in MXCSR. 
#UD If VEX.vvvv # 1111B. 
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LDS/LES/LFS/LGS/LSS—Load Far Pointer 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
C5 /r LDS r76,m16:16 RM_ | Invalid Valid Load DS:r76 with far pointer from memory. 
C5 /r LDS r32,m16:32 RM_ | Invalid Valid Load DS:r32 with far pointer from memory. 
OF B2 /r LSS r16,m16:16 RM_ | Valid Valid Load SS:r76 with far pointer from memory. 
OF B2 /r LSS r32,m16:32 RM_ | Valid Valid Load SS:r32 with far pointer from memory. 
REX + OF B2 /r LSS r64,m16:64 RM_ | Valid N.E. Load SS:r64 with far pointer from memory. 
C4 /r LES r16,m16:16 RM _ | Invalid Valid Load ES:r76 with far pointer from memory. 
C4 /r LES r32,m16:32 RM _ | Invalid Valid Load ES:r32 with far pointer from memory. 
OF B4 /r LFS r16,m16:16 RM_ | Valid Valid Load FS:r76 with far pointer from memory. 
OF B4 /r LFS r32,m16:32 RM_ | Valid Valid Load FS:r32 with far pointer from memory. 
REX + OF B4 /r LFS r64,m16:64 RM_ | Valid N.E. Load FS:r64 with far pointer from memory. 
OF B5 /r LGS r16,m16:16 RM_ | Valid Valid Load GS:r76 with far pointer from memory. 
OF B5 /r LGS r32,m16:32 RM_ | Valid Valid Load GS:r32 with far pointer from memory. 
REX + OF B5 /r LGS r64,m16:64 RM_ | Valid N.E. Load GS:r64 with far pointer from memory. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Loads a far pointer (segment selector and offset) from the second operand (source operand) into a segment 
register and the first operand (destination operand). The source operand specifies a 48-bit or a 32-bit pointer in 
memory depending on the current setting of the operand-size attribute (32 bits or 16 bits, respectively). The 
instruction opcode and the destination operand specify a segment register/general-purpose register pair. The 16- 
bit segment selector from the source operand is loaded into the segment register specified with the opcode (DS, 
SS, ES, FS, or GS). The 32-bit or 16-bit offset is loaded into the register specified with the destination operand. 


If one of these instructions is executed in protected mode, additional information from the segment descriptor 
pointed to by the segment selector in the source operand is loaded in the hidden part of the selected segment 
register. 


Also in protected mode, a NULL selector (values 0000 through 0003) can be loaded into DS, ES, FS, or GS registers 
without causing a protection exception. (Any subsequent reference to a segment whose corresponding segment 
register is loaded with a NULL selector, causes a general-protection exception (#GP) and no memory reference to 
the segment occurs.) 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.W promotes 
operation to specify a source operand referencing an 80-bit pointer (16-bit selector, 64-bit offset) in memory. Using 
a REX prefix in the form of REX.R permits access to additional registers (R8-R15). See the summary chart at the 
beginning of this section for encoding data and limits. 


Operation 


64-BIT_MODE 
IF SS is loaded 
THEN 
IF SegmentSelector = NULL and ( (RPL = 3) or 
(RPL 4 3 and RPL # CPL) ) 
THEN #GP(0); 
ELSE IF descriptor is in non-canonical space 


3-576 Vol. 2A LDS/LES/LFS/LGS/LSS—Load Far Pointer 


THEN #GP(0); Fl; 
ELSE IF Segment selector index is not within descriptor table limits 
or segment selector RPL # CPL 
or access rights indicate nonwritable data segment 
or DPL #CPL 
THEN #GP(selector); Fl; 
ELSE IF Segment marked not present 
THEN #SS(selector); Fl; 
Fl; 
SS := SegmentSelector(SRC); 
SS := SegmentDescriptor([SRC]); 
ELSE IF attempt to load DS, or ES 
THEN #UD; 
ELSE IF FS, or GS is loaded with non-NULL segment selector 
THEN IF Segment selector index is not within descriptor table limits 
or access rights indicate segment neither data nor readable code segment 
or segment is data or nonconforming-code segment 
and (RPL > DPL or CPL > DPL) 
THEN #GP(selector); Fl; 
ELSE IF Segment marked not present 
THEN #NP(selector); Fl; 
Fl; 
SegmentRegister := SegmentSelector(SRC) ; 
SegmentRegister := SegmentDescriptor([SRC]); 
Fl; 
ELSE IF FS, or GS is loaded with a NULL selector: 
THEN 
SegmentRegister := NULLSelector; 
SegmentRegister(DescriptorValidBit) := 0; Fl; (* Hidden flag; 
not accessible by software *) 
Fl; 
DEST := Offset(SRC); 


PREOTECTED MODE OR COMPATIBILITY MODE; 
IF SS is loaded 
THEN 
IF SegementSelector = NULL 
THEN #GP(0); 
ELSE IF Segment selector index is not within descriptor table limits 
or segment selector RPL # CPL 
or access rights indicate nonwritable data segment 
or DPL # CPL 
THEN #GP(selector); Fl; 
ELSE IF Segment marked not present 
THEN #SS(selector); Fl; 
Fl; 
SS := SegmentSelector(SRC); 
SS := SegmentDescriptor([SRC]); 
ELSE IF DS, ES, FS, or GS is loaded with non-NULL segment selector 
THEN IF Segment selector index is not within descriptor table limits 
or access rights indicate segment neither data nor readable code segment 
or segment is data or nonconforming-code segment 
and (RPL > DPL or CPL > DPL) 
THEN #GP(selector); Fl; 
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ELSE IF Segment marked not present 
THEN #NP(selector); FI; 


Fl; 


SegmentRegister := SegmentSelector(SRC) AND RPL; 
SegmentRegister := SegmentDescriptor([SRC]); 


Fl; 


ELSE IF DS, ES, FS, or GS is loaded with a NULL selector: 


THEN 


SegmentRegister := NULLSelector; 
SegmentRegister(DescriptorValidBit) := 0; Fl; (* Hidden flag; 
not accessible by software *) 


Fi; 


DEST := Offset(SRC); 


Real-Address or Virtual-8086 Mode 
SegmentRegister := SegmentSelector(SRC); Fl; 


DEST := Offset(SRC); 


Flags Affected 
None 


Protected Mode Exceptions 


#UD 


#GP(0) 


#GP(selector) 


#SS(0) 
#SS(selector) 
#NP(selector) 


#PF(fault-code) 
#AC(0) 


If source operand is not a memory location. 

If the LOCK prefix is used. 

If a NULL selector is loaded into the SS register. 

If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 

If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 

If the SS register is being loaded and any of the following is true: the segment selector index 
is not within the descriptor table limits, the segment selector RPL is not equal to CPL, the 
segment is a non-writable data segment, or DPL is not equal to CPL. 

If the DS, ES, FS, or GS register is being loaded with a non-NULL segment selector and any of 
the following is true: the segment selector index is not within descriptor table limits, the 
segment is neither a data nor a readable code segment, or the segment is a data or noncon- 
forming-code segment and both RPL and CPL are greater than DPL. 

If a memory operand effective address is outside the SS segment limit. 

If the SS register is being loaded and the segment is marked not present. 

If DS, ES, FS, or GS register is being loaded with a non-NULL segment selector and the 
segment is marked not present. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


Real-Address Mode Exceptions 


#GP 
#SS 
#UD 
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If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

If source operand is not a memory location. 

If the LOCK prefix is used. 
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Virtual-8086 Mode Exceptions 


#UD 


#GP(0) 
#SS(0) 
#PF(fault-code) 
#AC(0) 


If source operand is not a memory location. 

If the LOCK prefix is used. 

If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(0) 


#GP(Selector) 


#SS(0) 
#SS(Selector) 
#NP(selector) 


#PF(fault-code) 
#AC(0) 


#UD 


If the memory address is in a non-canonical form. 
If a NULL selector is attempted to be loaded into the SS register in compatibility mode. 
If a NULL selector is attempted to be loaded into the SS register in CPL3 and 64-bit mode. 


If a NULL selector is attempted to be loaded into the SS register in non-CPL3 and 64-bit mode 
where its RPL is not equal to CPL. 

If the FS, or GS register is being loaded with a non-NULL segment selector and any of the 
following is true: the segment selector index is not within descriptor table limits, the memory 
address of the descriptor is non-canonical, the segment is neither a data nor a readable code 
segment, or the segment is a data or nonconforming-code segment and both RPL and CPL are 
greater than DPL. 

If the SS register is being loaded and any of the following is true: the segment selector index 
is not within the descriptor table limits, the memory address of the descriptor is non-canon- 
ical, the segment selector RPL is not equal to CPL, the segment is a nonwritable data segment, 
or DPL is not equal to CPL. 

If a memory operand effective address is non-canonical 

If the SS register is being loaded and the segment is marked not present. 

If FS, or GS register is being loaded with a non-NULL segment selector and the segment is 
marked not present. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

If source operand is not a memory location. 

If the LOCK prefix is used. 
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LEA—Load Effective Address 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
8D /r LEA r16,m RM_ | Valid Valid Store effective address for min register r76. 
8D /r LEA r32,m RM_ | Valid Valid Store effective address for min register r32. 
REX.W + 8D /r LEA r64,m RM_ | Valid N.E. Store effective address for min register r64. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 

Description 


Computes the effective address of the second operand (the source operand) and stores it in the first operand 


(destination operand). The source operand is a memory address (offset part) specified with one of the processors 
addressing modes; the destination operand is a general-purpose register. The address-size and operand-size attri- 
butes affect the action performed by this instruction, as shown in the following table. The operand-size attribute of 


the instruction is determined by the chosen register; the address-size attribute is determined by the attribute of 
the code segment. 


Table 3-54. Non-64-bit Mode LEA Operation with Address and Operand Size Attributes 


Operand Size Address Size Action Performed 
16 16 16-bit effective address is calculated and stored in requested 16-bit register destination. 
16 32 32-bit effective address is calculated. The lower 16 bits of the address are stored in the 
requested 16-bit register destination. 
32 16 16-bit effective address is calculated. The 16-bit address is zero-extended and stored in the 
requested 32-bit register destination. 
32 32 32-bit effective address is calculated and stored in the requested 32-bit register destination. 


Different assemblers may use different algorithms based on the size attribute and symbolic reference of the source 


operand. 


In 64-bit mode, the instruction’s destination operand is governed by operand size attribute, the default operand 
size is 32 bits. Address calculation is governed by address size attribute, the default address size is 64-bits. In 64- 
bit mode, address size of 16 bits is not encodable. See Table 3-55. 


Table 3-55. 64-bit Mode LEA Operation with Address and Operand Size Attributes 


Operand Size Address Size Action Performed 

16 32 32-bit effective address is calculated (using 67H prefix). The lower 16 bits of the address are 
stored in the requested 16-bit register destination (using 66H prefix). 

16 64 64-bit effective address is calculated (default address size). The lower 16 bits of the address 
are stored in the requested 16-bit register destination (using 66H prefix). 

32 32 32-bit effective address is calculated (using 67H prefix) and stored in the requested 32-bit 
register destination. 

32 64 64-bit effective address is calculated (default address size) and the lower 32 bits of the 
address are stored in the requested 32-bit register destination. 

64 32 32-bit effective address is calculated (using 67H prefix), zero-extended to 64-bits, and stored 
in the requested 64-bit register destination (using REX.W). 

64 64 64-bit effective address is calculated (default address size) and all 64-bits of the address are 
stored in the requested 64-bit register destination (using REX.W). 
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Operation 


IF OperandSize = 16 and AddressSize = 16 


Fl; 


THEN 
DEST := EffectiveAddress(SRC); (* 16-bit address *) 
ELSE IF OperandSize = 16 and AddressSize = 32 
THEN 
temp := EffectiveAddress(SRC); (* 32-bit address *) 
DEST := temp[0:15]; (* 16-bit address *) 
Fl; 
ELSE IF OperandSize = 32 and AddressSize = 16 
THEN 
temp := EffectiveAddress(SRC); (* 16-bit address *) 
DEST := ZeroExtend(temp); (* 32-bit address *) 
Fl; 
ELSE IF OperandSize = 32 and AddressSize = 32 
THEN 
DEST := EffectiveAddress(SRC); (* 32-bit address *) 
Fl; 
ELSE IF OperandSize = 16 and AddressSize = 64 
THEN 
temp := EffectiveAddress(SRC); (* 64-bit address *) 
DEST := temp[0:15]; (* 16-bit address *) 
Fl; 
ELSE IF OperandSize = 32 and AddressSize = 64 
THEN 
temp := EffectiveAddress(SRC); (* 64-bit address *) 
DEST := temp[0:31]; (* 16-bit address *) 
Fl; 
ELSE IF OperandSize = 64 and AddressSize = 64 
THEN 
DEST := EffectiveAddress(SRC); (* 64-bit address *) 
Fl; 


Flags Affected 
None 


Protected Mode Exceptions 


#UD 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 


LEA—Load Effective Address 


If source operand is not a memory location. 
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LEAVE—High Level Procedure Exit 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
cg LEAVE ZO | Valid Valid Set SP to BP, then pop BP. 
cg LEAVE ZO |N.E. Valid Set ESP to EBP, then pop EBP. 
cg LEAVE ZO | Valid NE. Set RSP to RBP, then pop RBP. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Releases the stack frame set up by an earlier ENTER instruction. The LEAVE instruction copies the frame pointer (in 
the EBP register) into the stack pointer register (ESP), which releases the stack space allocated to the stack frame. 
The old frame pointer (the frame pointer for the calling procedure that was saved by the ENTER instruction) is then 
popped from the stack into the EBP register, restoring the calling procedure’s stack frame. 


A RET instruction is commonly executed following a LEAVE instruction to return program control to the calling 


procedure. 


See “Procedure Calls for Block-Structured Languages” in Chapter 7 of the Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 1, for detailed information on the use of the ENTER and LEAVE instructions. 


In 64-bit mode, the instruction’s default operation size is 64 bits; 32-bit operation cannot be encoded. See the 
summary chart at the beginning of this section for encoding data and limits. 


Operation 


IF StackAddressSize = 32 
THEN 
ESP := EBP; 
ELSE IF StackAddressSize = 64 
THEN RSP := RBP; FI; 
ELSE IF StackAddressSize = 16 
THEN SP := BP; Fl; 
Fl; 


IF OperandSize = 32 
THEN EBP := Pop(); 
ELSE IF OperandSize = 64 
THEN RBP := Pop(); Fl; 
ELSE IF OperandSize = 16 
THEN BP := Pop(); FI; 
Fl; 


Flags Affected 
None 
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Protected Mode Exceptions 


#SS(0) 


#PF(fault-code) 
#AC(0) 


#UD 


If the EBP register points to a location that is not within the limits of the current stack 
segment. 


If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP 
#UD 


If the EBP register points to a location outside of the effective address space from 0 to FFFFH. 
If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) 
#PF(fault-code) 
#AC(0) 

#UD 


If the EBP register points to a location outside of the effective address space from 0 to FFFFH. 
If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made. 

If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) 
#AC(0) 


#UD 


If the stack address is in a non-canonical form. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 
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LFENCE—Load Fence 


Opcode / Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
NP OF AE E8 ZO |V/V SSE2 Serializes load operations. 
LFENCE 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Performs a serializing operation on all load-from-memory instructions that were issued prior the LFENCE instruc- 
tion. Specifically, LFENCE does not execute until all prior instructions have completed locally, and no later instruc- 
tion begins execution until LFENCE completes. In particular, an instruction that loads from memory and that 
precedes an LFENCE receives data from memory prior to completion of the LFENCE. (An LFENCE that follows an 
instruction that stores to memory might complete before the data being stored have become globally visible.) 
Instructions following an LFENCE may be fetched from memory before the LFENCE, but they will not execute (even 
speculatively) until the LFENCE completes. 


Weakly ordered memory types can be used to achieve higher processor performance through such techniques as 
out-of-order issue and speculative reads. The degree to which a consumer of data recognizes or knows that the 
data is weakly ordered varies among applications and may be unknown to the producer of this data. The LFENCE 
instruction provides a performance-efficient way of ensuring load ordering between routines that produce weakly- 
ordered results and routines that consume that data. 


Processors are free to fetch and cache data speculatively from regions of system memory that use the WB, WC, and 
WT memory types. This speculative fetching can occur at any time and is not tied to instruction execution. Thus, it 
is not ordered with respect to executions of the LFENCE instruction; data can be brought into the caches specula- 
tively just before, during, or after the execution of an LFENCE instruction. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Specification of the instruction's opcode above indicates a ModR/M byte of E8. For this instruction, the processor 
ignores the r/m field of the ModR/M byte. Thus, LFENCE is encoded by any opcode of the form OF AE Ex, where x is 
in the range 8-F. 


Operation 
Wait_On_Following_Instructions_Until(preceding_instructions_complete); 
Intel C/C++ Compiler Intrinsic Equivalent 

void _mm_Ifence(void) 


Exceptions (All Modes of Operation) 
#UD If CPUID.OLH:EDX.SSE2[bit 26] = 0. 
If the LOCK prefix is used. 
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LGDT/LIDT—Load Global/Interrupt Descriptor Table Register 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
OF 01 /2 LGDT m16&32 M NE. Valid Load minto GDTR. 
OF 01 /3 LIDT m16&32 M NE. Valid Load minto IDTR. 
OF 01 /2 LGDT m16&64 M Valid NE. Load minto GDTR. 
OF 01 /3 LIDT m16&64 M Valid NE. Load minto IDTR. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Loads the values in the source operand into the global descriptor table register (GDTR) or the interrupt descriptor 
table register (IDTR). The source operand specifies a 6-byte memory location that contains the base address (a 
linear address) and the limit (size of table in bytes) of the global descriptor table (GDT) or the interrupt descriptor 
table (IDT). If operand-size attribute is 32 bits, a 16-bit limit (lower 2 bytes of the 6-byte data operand) and a 32- 
bit base address (upper 4 bytes of the data operand) are loaded into the register. If the operand-size attribute 
is 16 bits, a 16-bit limit (lower 2 bytes) and a 24-bit base address (third, fourth, and fifth byte) are loaded. Here, 
the high-order byte of the operand is not used and the high-order byte of the base address in the GDTR or IDTR is 
filled with zeros. 


The LGDT and LIDT instructions are used only in operating-system software; they are not used in application 
programs. They are the only instructions that directly load a linear address (that is, not a segment-relative 
address) and a limit in protected mode. They are commonly executed in real-address mode to allow processor 
initialization prior to switching to protected mode. 


In 64-bit mode, the instruction’s operand size is fixed at 8+2 bytes (an 8-byte base and a 2-byte limit). See the 
summary chart at the beginning of this section for encoding data and limits. 


See “SGDT—Store Global Descriptor Table Register” in Chapter 4, Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 2B, for information on storing the contents of the GDTR and IDTR. 
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Operation 
IF Instruction is LIDT 
THEN 
IF OperandSize = 16 
THEN 
IDTR(Limit) := SRC[O:1 5]; 
IDTR(Base) := SRC[16:47] AND OOFFFFFFH; 
ELSE IF 32-bit Operand Size 
THEN 
IDTR(Limit) := SRC[O:15); 
IDTR(Base) := SRC[16:47]; 
Fl; 
ELSE IF 64-bit Operand Size (* In 64-Bit Mode *) 
THEN 
IDTR(Limit) := SRC[O:15); 
IDTR(Base) := SRC[16:79]; 
Fl; 
Fl; 


ELSE (* Instruction is LGDT *) 
IF OperandSize = 16 
THEN 
GDTR(Limit) := SRC[O:1 5]; 
GDTR(Base) := SRC[16:47] AND OOFFFFFFH; 
ELSE IF 32-bit Operand Size 
THEN 
GDTR(Limit) := SRC[O:15]; 
GDTR(Base) := SRC[16:47]; 


FI; 
ELSE IF 64-bit Operand Size (* In 64-Bit Mode *) 
THEN 
GDTR(Limit) := SRC[O:1 5); 
GDTR(Base) := SRC[16:79]; 
FI; 
El; 
FI; 
Flags Affected 
None 


Protected Mode Exceptions 
#UD If the LOCK prefix is used. 
#GP(0) If the current privilege level is not 0. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If a page fault occurs. 
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Real-Address Mode Exceptions 


#UD If the LOCK prefix is used. 
#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 


Virtual-8086 Mode Exceptions 
#UD If the LOCK prefix is used. 
#GP If the current privilege level is not 0. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the current privilege level is not 0. 

If the memory address is in a non-canonical form. 
#UD If the LOCK prefix is used. 


#PF(fault-code) If a page fault occurs. 
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LLDT—Load Local Descriptor Table Register 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 00 /2 LLDT r/m16 M Valid Valid Load segment selector r/m16 into LDTR. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Loads the source operand into the segment selector field of the local descriptor table register (LDTR). The source 
operand (a general-purpose register or a memory location) contains a segment selector that points to a local 
descriptor table (LDT). After the segment selector is loaded in the LDTR, the processor uses the segment selector 
to locate the segment descriptor for the LDT in the global descriptor table (GDT). It then loads the segment limit 
and base address for the LDT from the segment descriptor into the LDTR. The segment registers DS, ES, SS, FS, 
GS, and CS are not affected by this instruction, nor is the LDTR field in the task state segment (TSS) for the current 
task. 

If bits 2-15 of the source operand are 0, LDTR is marked invalid and the LLDT instruction completes silently. 
However, all subsequent references to descriptors in the LDT (except by the LAR, VERR, VERW or LSL instructions) 
cause a general protection exception (#GP). 

The operand-size attribute has no effect on this instruction. 


The LLDT instruction is provided for use in operating-system software; it should not be used in application 
programs. This instruction can only be executed in protected mode or 64-bit mode. 


In 64-bit mode, the operand size is fixed at 16 bits. 


Operation 


IF SRC(Offset) > descriptor table limit 
THEN #GP(segment selector); Fl; 


IF segment selector is valid 


Read segment descriptor; 


IF SegmentDescriptor(Type) #4 LDT 
THEN #GP(segment selector); Fl; 

IF segment descriptor is not present 
THEN #NP(segment selector); Fl; 


LDTR(SegmentSelector) := SRC; 
LDTR(SegmentDescriptor) := GDTSegmentDescriptor; 
ELSE LDTR := INVALID 
Fl; 


Flags Affected 
None 
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Protected Mode Exceptions 

#GP(0) If the current privilege level is not 0. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#GP(selector) If the selector operand does not point into the Global Descriptor Table or if the entry in the GDT 
is not a Local Descriptor Table. 


Segment selector is beyond GDT limit. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 
#NP(selector) If the LDT descriptor is not present. 

#PF(fault-code) If a page fault occurs. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD The LLDT instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The LLDT instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the current privilege level is not 0. 
If the memory address is in a non-canonical form. 
#GP(selector) If the selector operand does not point into the Global Descriptor Table or if the entry in the GDT 


is not a Local Descriptor Table. 
Segment selector is beyond GDT limit. 


#NP(selector) If the LDT descriptor is not present. 
#PF(fault-code) If a page fault occurs. 
#UD If the LOCK prefix is used. 
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LMSW—Load Machine Status Word 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 01 /6 LMSW r/m16 M Valid Valid Loads r/m16 in machine status word of CRO. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Loads the source operand into the machine status word, bits 0 through 15 of register CRO. The source operand can 
be a 16-bit general-purpose register or a memory location. Only the low-order 4 bits of the source operand (which 
contains the PE, MP, EM, and TS flags) are loaded into CRO. The PG, CD, NW, AM, WP, NE, and ET flags of CRO are 
not affected. The operand-size attribute has no effect on this instruction. 


If the PE flag of the source operand (bit 0) is set to 1, the instruction causes the processor to switch to protected 
mode. While in protected mode, the LMSW instruction cannot be used to clear the PE flag and force a switch back 
to real-address mode. 


The LMSW instruction is provided for use in operating-system software; it should not be used in application 
programs. In protected or virtual-8086 mode, it can only be executed at CPL 0. 


This instruction is provided for compatibility with the Intel 286 processor; programs and procedures intended to 
run on IA-32 and Intel 64 processors beginning with Intel386 processors should use the MOV (control registers) 
instruction to load the whole CRO register. The MOV CRO instruction can be used to set and clear the PE flag in CRO, 
allowing a procedure or program to switch between protected and real-address modes. 


This instruction is a serializing instruction. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. Note that the operand size is fixed 
at 16 bits. 


See “Changes to Instruction Behavior in VMX Non-Root Operation” in Chapter 25 of the Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 3C, for more information about the behavior of this instruction in 
VMX non-root operation. 


Operation 
CRO[0:3] := SRC[O:3]; 


Flags Affected 
None 


Protected Mode Exceptions 

#GP(0) If the current privilege level is not 0. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 


selector. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If a page fault occurs. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#UD If the LOCK prefix is used. 


3-590 Vol. 2A LMSwW—Load Machine Status Word 


INSTRUCTION SET REFERENCE, A-L 


Virtual-8086 Mode Exceptions 
#GP(0) The LMSW instruction is not recognized in virtual-8086 mode. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the current privilege level is not 0. 
If the memory address is in a non-canonical form. 
#PF(fault-code) If a page fault occurs. 
#UD If the LOCK prefix is used. 
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LOADIWKEY—Load Internal Wrapping Key with Key Locker 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
F3 OF 38 DC 11:rrr:bbb A VIV KL Load internal wrapping key from xmm1, xmm_z, and 
LOADIWKEY xmm1, xmm2, <EAX>, <XMMO> XMMO. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r) ModRM:r/m (r) Implicit EAX (r) Implicit XMMO (r) 
Description 


The LOADIWKEY! instruction writes the Key Locker internal wrapping key, which is called IWKey. This IWKey is 
used by the ENCODEKEY* instructions to wrap keys into handles. Conversely, the AESENC/DEC*KL instructions use 
IWKey to unwrap those keys from the handles and help verify the handle integrity. For security reasons, no instruc- 
tion is designed to allow software to directly read the IWKey value. 


IWKey includes two cryptographic keys as well as metadata. The two cryptographic keys are loaded from register 
sources so that LOADIWKEY can be executed without the keys ever being in memory. 


The key input operands are: 

¢ The 256-bit encryption key is loaded from the two explicit operands. 

° The 128-bit integrity key is loaded from the implicit operand XMMO. 

The implicit operand EAX specifies the KeySource and whether backing up the key is permitted: 


°¢ EAX[0] - When set, the wrapping key being initialized is not permitted to be backed up to platform-scoped 
storage. 


° EAX[4:1] - This specifies the KeySource, which is the type of key. Currently only two encodings are supported. 
A KeySource of 0 indicates that the key input operands described above should be directly stored as the internal 
wrapping keys. LOADIWKEY with a KeySource of 1 will have random numbers from the on-chip random number 
generator XORed with the source registers (including XMMO) so that the software that executes the 
LOADIWKEY does not know the actual IWKey encryption and integrity keys. Software can choose to put 
additional random data into the source registers so that other sources of random data are combined with the 
hardware random number generator supplied value. Software should always check ZF after executing 
LOADIWKEY with KeySource of 1 as this operation may fail due to it being unable to get sufficient full-entropy 
data from the on-chip random number generator. Both KeySource of 0 and 1 specify that IWKey be used with 
the AES-GCM-SIV algorithm. CPUID.19H.ECX[1] enumerates support for KeySource of 1. All other KeySource 
encodings are reserved. 


e EAX[31:5] - Reserved. 


1. Further details on Key Locker and usage of this instruction can be found here: 
https://software.intel.com/content/www/us/en/develop/download/intel-key-locker-specification.html. 
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Operation 


LOADIWKEY 
IF CPL>0O // LOADKWKEY only allowed at ring O (supervisor mode) 
THEN #GP (0); FI; 
IF EAX[4:1] > 1 // Reserved KeySource encoding used 
THEN #GP (0); FI; 
IF EAX[31:5] != 0 // Reserved bit in EAX is set 
THEN #GP (0); FI; 
IF EAX[O] AND (CPUID.1SH.ECX[O] == 0) // NoBackup is not supported on this part 
THEN #GP (0); FI; 
IF (EAX[4:1] == 1) AND (CPUID.19H.ECX[1] == 0) // KeySource of 1 is not supported on this part 
THEN #GP (0); FI; 
IF (EAX[4:1] == 0) // KeySource of 0 
THEN 
IWKey.Encryption Key[1 27:0] := SRC2[127:0]: 
IWKey.Encryption Key[255:1 28] := SRC1[127:0]; 
IWKey.IntegrityKey[1 27:0] := XMMO[1 27:0]; 
IWKey.NoBackup = EAX [0]; 
IwWKey.KeySource = EAX [4:1]; 


RFLAGS.ZF := 0; 
ELSE // KeySource of 1. See RDSEED definition for details of randomness 
IF HW_NRND_GEN.ready == // Full-entropy random data from RDSEED hardware block was received 
THEN 


IwWKey.Encryption Key[127:0] := SRC2[127:0] XOR HW_NRND_GEN.data[1 27:0); 
IWKey.Encryption Key[255:128] := SRC1[127:0] XOR HW_NRND_GEN.data[255:1 28]; 
IwWKey.IntegrityKey[1 27:0] := XMMO[127:0] XOR HW_NRND_GEN.data[383:256]; 
IwWKey.NoBackup = EAX [0]; 
IWKey.KeySource = EAX [4:1]; 
RFLAGS.ZF := 0; 
ELSE // Random data was not returned from RDSEED hardware block. IWKey was not loaded 
RFLAGS.ZF := 1; 
Fl; 
Fl; 
RFLAGS.OF, SF, AF, PF, CF := 0; 


Flags Affected 


ZF is set to O if the operation succeeded and set to 1 if the operation failed due to full-entropy random data not 
being received from RDSEED. The other arithmetic flags (OF, SF, AF, PF, CF) are cleared to 0. 


Intel C/C++ Compiler Intrinsic Equivalent 


LOADIWKEY void _mm_loadiwkey(unsigned int ctl,__m128i intkey, __m128i enkey_lo, __m128i enkey_hi); 
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Exceptions (All Operating Modes) 
#GP If CPL > 0. (Does not apply in real-address mode.) 
If EAX[4:1] > 1. 
If EAX[31:5] != 0. 
If (EAX[0] == 1) AND (CPUID.19H.ECX[0] == 0). 
If (EAX[4:1] == 1) AND (CPUID.19H.ECX[1] == 0). 
#UD If the LOCK prefix is used. 
If CPUID.O7H:ECX.KL [bit 23] = 0. 
If CR4.KL = 0. 
If CRO.EM = 1. 
If CR4.OSFXSR = 0. 
#NM If CRO.TS = 1. 
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LOCK—Assert LOCK# Signal Prefix 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
FO LOCK ZO | Valid Valid Asserts LOCK# signal for duration of the 
accompanying instruction. 


NOTES: 
* See IA-32 Architecture Compatibility section below. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Causes the processor’s LOCK# signal to be asserted during execution of the accompanying instruction (turns the 
instruction into an atomic instruction). In a multiprocessor environment, the LOCK# signal ensures that the 
processor has exclusive use of any shared memory while the signal is asserted. 


In most IA-32 and all Intel 64 processors, locking may occur without the LOCK# signal being asserted. See the “IA- 
32 Architecture Compatibility” section below for more details. 


The LOCK prefix can be prepended only to the following instructions and only to those forms of the instructions 
where the destination operand is a memory operand: ADD, ADC, AND, BTC, BTR, BTS, CMPXCHG, CMPXCH8B, 
CMPXCHG16B, DEC, INC, NEG, NOT, OR, SBB, SUB, XOR, XADD, and XCHG. If the LOCK prefix is used with one of 
these instructions and the source operand is a memory operand, an undefined opcode exception (#UD) may be 
generated. An undefined opcode exception will also be generated if the LOCK prefix is used with any instruction not 
in the above list. The XCHG instruction always asserts the LOCK# signal regardless of the presence or absence of 
the LOCK prefix. 


The LOCK prefix is typically used with the BTS instruction to perform a read-modify-write operation on a memory 
location in shared memory environment. 


The integrity of the LOCK prefix is not affected by the alignment of the memory field. Memory locking is observed 
for arbitrarily misaligned fields. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


IA-32 Architecture Compatibility 


Beginning with the P6 family processors, when the LOCK prefix is prefixed to an instruction and the memory area 
being accessed is cached internally in the processor, the LOCK# signal is generally not asserted. Instead, only the 
processor's cache is locked. Here, the processor’s cache coherency mechanism ensures that the operation is 
carried out atomically with regards to memory. See “Effects of a Locked Operation on Internal Processor Caches” 
in Chapter 8 of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, the for more informa- 
tion on locking of caches. 


Operation 


AssertLOCK#(DurationOfAccompaninglnstruction); 


Flags Affected 
None 


Protected Mode Exceptions 


#UD If the LOCK prefix is used with an instruction not listed: ADD, ADC, AND, BTC, BTR, BTS, 
CMPXCHG, CMPXCH8B, CMPXCHG16B, DEC, INC, NEG, NOT, OR, SBB, SUB, XOR, XADD, 
XCHG. 


Other exceptions can be generated by the instruction when the LOCK prefix is applied. 
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Real-Address Mode Exceptions 


Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 


Same exceptions as in protected mode. 


Compatibility Mode Exceptions 


Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


Same exceptions as in protected mode. 
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LODS/LODSB/LODSW/LODSD/LODSQ—Load String 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
AC LODS m8 ZO | Valid Valid For legacy mode, Load byte at address DS:(€)SI 
into AL. For 64-bit mode load byte at address 
(R)SI into AL. 
AD LODS m16 ZO | Valid Valid For legacy mode, Load word at address 


DS:(E)SI into AX. For 64-bit mode load word at 
address (R)SI into AX. 


AD LODS m32 ZO | Valid Valid For legacy mode, Load dword at address 
DS:(E)SI into EAX. For 64-bit mode load dword 
at address (R)SI into EAX. 


REX.W + AD LODS m64 ZO ‘| Valid N.E. Load qword at address (R)SI into RAX. 

AC LODSB ZO | Valid Valid For legacy mode, Load byte at address DS:(€)SI 
into AL. For 64-bit mode load byte at address 
(R)SI into AL. 

AD LODSW ZO | Valid Valid For legacy mode, Load word at address 


DS:(E)SI into AX. For 64-bit mode load word at 
address (R)SI into AX. 


AD LODSD ZO | Valid Valid For legacy mode, Load dword at address 
DS:(E)SI into EAX. For 64-bit mode load dword 
at address (R)SI into EAX. 


REX.W + AD LODSQ ZO | Valid N.E. Load qword at address (R)SI into RAX. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Loads a byte, word, or doubleword from the source operand into the AL, AX, or EAX register, respectively. The 
source operand is a memory location, the address of which is read from the DS:ESI or the DS:SI registers 
(depending on the address-size attribute of the instruction, 32 or 16, respectively). The DS segment may be over- 
ridden with a segment override prefix. 


At the assembly-code level, two forms of this instruction are allowed: the “explicit-operands” form and the “no- 
operands” form. The explicit-operands form (specified with the LODS mnemonic) allows the source operand to be 
specified explicitly. Here, the source operand should be a symbol that indicates the size and location of the source 
value. The destination operand is then automatically selected to match the size of the source operand (the AL 
register for byte operands, AX for word operands, and EAX for doubleword operands). This explicit-operands form 
is provided to allow documentation; however, note that the documentation provided by this form can be 
misleading. That is, the source operand symbol must specify the correct type (size) of the operand (byte, word, or 
doubleword), but it does not have to specify the correct location. The location is always specified by the DS:(E)SI 
registers, which must be loaded correctly before the load string instruction is executed. 


The no-operands form provides “short forms” of the byte, word, and doubleword versions of the LODS instructions. 
Here also DS:(E)SI is assumed to be the source operand and the AL, AX, or EAX register is assumed to be the desti- 
nation operand. The size of the source and destination operands is selected with the mnemonic: LODSB (byte 
loaded into register AL), LODSW (word loaded into AX), or LODSD (doubleword loaded into EAX). 


After the byte, word, or doubleword is transferred from the memory location into the AL, AX, or EAX register, the 
(E)SI register is incremented or decremented automatically according to the setting of the DF flag in the EFLAGS 
register. (If the DF flag is 0, the (E)SI register is incremented; if the DF flag is 1, the ESI register is decremented.) 
The (E)SI register is incremented or decremented by 1 for byte operations, by 2 for word operations, or by 4 for 

doubleword operations. 
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In 64-bit mode, use of the REX.W prefix promotes operation to 64 bits. LODS/LODSQ load the quadword at address 
(R)SI into RAX. The (R)SI register is then incremented or decremented automatically according to the setting of 
the DF flag in the EFLAGS register. 


The LODS, LODSB, LODSW, and LODSD instructions can be preceded by the REP prefix for block loads of ECX bytes, 
words, or doublewords. More often, however, these instructions are used within a LOOP construct because further 
processing of the data moved into the register is usually necessary before the next transfer can be made. See 
“REP/REPE/REPZ /REPNE/REPNZ—Repeat String Operation Prefix” in Chapter 4 of the Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 2B, for a description of the REP prefix. 


Operation 


IF AL := SRC; (* Byte load *) 
THEN AL := SRC; (* Byte load *) 
IF DF=0 
THEN (E)SI := (€)SI + 1; 
ELSE (E)SI := (€)SI - 1; 
FI; 
ELSE IF AX := SRC; (* Word load *) 
THEN IF DF =O 
THEN (E)SI := (€)SI + 2; 
ELSE (E)SI := (€)SI - 2; 
IF; 
Fl; 
ELSE IF EAX := SRC; (* Doubleword load *) 
THEN IF DF =O 
THEN (E)SI := (€)SI + 4; 
ELSE (E)SI := (€)SI - 4; 
FI; 
Fl; 
ELSE IF RAX := SRC; (* Quadword load *) 
THEN IF DF =0 
THEN (R)SI := (R)SI + 8; 
ELSE (R)SI := (R)SI - 8; 
FI; 
FI; 
FI; 


Flags Affected 
None 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 
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Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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LOOP/LOOPcc—Loop According to ECX Counter 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
E2 cb LOOP re/8 D Valid Valid Decrement count; jump short if count + 0. 
E1 cb LOOPE re/8 D Valid Valid Decrement count; jump short if count # 0 and 
ZF =1. 
EO cb LOOPNE re/l8 D Valid Valid Decrement count; jump short if count # 0 and 
ZF =0. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
D Offset NA NA NA 
Description 


Performs a loop operation using the RCX, ECX or CX register as a counter (depending on whether address size is 64 
bits, 32 bits, or 16 bits). Note that the LOOP instruction ignores REX.W; but 64-bit address size can be over-ridden 
using a 67H prefix. 


Each time the LOOP instruction is executed, the count register is decremented, then checked for 0. If the count is 
0, the loop is terminated and program execution continues with the instruction following the LOOP instruction. If 
the count is not zero, a near jump is performed to the destination (target) operand, which is presumably the 
instruction at the beginning of the loop. 


The target instruction is specified with a relative offset (a signed offset relative to the current value of the instruc- 
tion pointer in the IP/EIP/RIP register). This offset is generally specified as a label in assembly code, but at the 
machine code level, it is encoded as a signed, 8-bit immediate value, which is added to the instruction pointer. 
Offsets of -128 to +127 are allowed with this instruction. 


Some forms of the loop instruction (LOOPcc) also accept the ZF flag as a condition for terminating the loop before 
the count reaches zero. With these forms of the instruction, a condition code (cc) is associated with each instruction 
to indicate the condition being tested for. Here, the LOOPcc instruction itself does not affect the state of the ZF flag; 
the ZF flag is changed by other instructions in the loop. 


Operation 


IF (AddressSize = 32) 
THEN Count is ECX; 
ELSE IF (AddressSize = 64) 

Count is RCX; 
ELSE Count is CX; 
Fl; 


Count := Count - 1; 


IF Instruction is not LOOP 
THEN 
IF (Instruction := LOOPE) or (Instruction := LOOPZ) 
THEN IF (ZF = 1) and (Count # 0) 
THEN BranchCond := 1; 
ELSE BranchCond := 0; 
Fl; 
ELSE (Instruction = LOOPNE) or (Instruction = LOOPNZ) 
IF (ZF =0 ) and (Count # 0) 
THEN BranchCond := 1; 
ELSE BranchCond := 0; 
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Fl; 
Fl; 
ELSE (* Instruction = LOOP *) 
IF (Count # 0) 
THEN BranchCond := 1; 
ELSE BranchCond := 0; 
Fl; 


Fl; 


IF BranchCond = 1 
THEN 
IF OperandSize = 32 
THEN EIP := EIP + SignExtend(DEST); 
ELSE IF OperandSize = 64 
THEN RIP := RIP + Sign€xtend(DEST); 
Fl; 
ELSE IF OperandSize = 16 
THEN EIP := EIP AND OOOOFFFFH; 
Fl; 
Fl; 
IF OperandSize = (32 or 64) 
THEN IF (R/E)IP < CS.Base or (R/E)IP > CS.Limit 
#GP; Fl; 
Fl; 
Fl; 
ELSE 
Terminate loop and continue program execution at (R/E)IP; 
Fl; 


Flags Affected 
None 


Protected Mode Exceptions 
#GP(0) If the offset being jumped to is beyond the limits of the CS segment. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If the offset being jumped to is beyond the limits of the CS segment or is outside of the effec- 
tive address space from 0 to FFFFH. This condition can occur if a 32-bit address size override 
prefix is used. 


#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in real address mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#GP(0) If the offset being jumped to is in a non-canonical form. 
#UD If the LOCK prefix is used. 
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LSL—Load Segment Limit 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
OF 03 /r LSL 716, r16/m16 RM _ | Valid Valid Load: r76 := segment limit, selector r16/m16. 
OF 03 /r LSL r32, r32/m16° RM _ | Valid Valid Load: r32 := segment limit, selector r32/m16. 
REX.W + OF 03 /r LSL r64, r32/m16- RM _ | Valid Valid Load: r64 := segment limit, selector r32/m16 
NOTES: 


* For all loads (regardless of destination sizing), only bits 16-0 are used. Other bits are ignored. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Loads the unscrambled segment limit from the segment descriptor specified with the second operand (source 
operand) into the first operand (destination operand) and sets the ZF flag in the EFLAGS register. The source 
operand (which can be a register or a memory location) contains the segment selector for the segment descriptor 
being accessed. The destination operand is a general-purpose register. 


The processor performs access checks as part of the loading process. Once loaded in the destination register, soft- 
ware can compare the segment limit with the offset of a pointer. 


The segment limit is a 20-bit value contained in bytes 0 and 1 and in the first 4 bits of byte 6 of the segment 
descriptor. If the descriptor has a byte granular segment limit (the granularity flag is set to 0), the destination 
operand is loaded with a byte granular value (byte limit). If the descriptor has a page granular segment limit (the 
granularity flag is set to 1), the LSL instruction will translate the page granular limit (page limit) into a byte limit 
before loading it into the destination operand. The translation is performed by shifting the 20-bit “raw” limit left 12 
bits and filling the low-order 12 bits with 1s. 


When the operand size is 32 bits, the 32-bit byte limit is stored in the destination operand. When the operand size 
is 16 bits, a valid 32-bit limit is computed; however, the upper 16 bits are truncated and only the low-order 16 bits 
are loaded into the destination operand. 


This instruction performs the following checks before it loads the segment limit into the destination register: 
° Checks that the segment selector is not NULL. 


* Checks that the segment selector points to a descriptor that is within the limits of the GDT or LDT being 
accessed 


* Checks that the descriptor type is valid for this instruction. All code and data segment descriptors are valid for 
(can be accessed with) the LSL instruction. The valid special segment and gate descriptor types are given in the 
following table. 


e If the segment is not a conforming code segment, the instruction checks that the specified segment descriptor 
is visible at the CPL (that is, if the CPL and the RPL of the segment selector are less than or equal to the DPL of 
the segment selector). 


If the segment descriptor cannot be accessed or is an invalid type for the instruction, the ZF flag is cleared and no 
value is loaded in the destination operand. 
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Type Protected Mode IA-32e Mode 
Name Valid Name Valid 
0 Reserved No Reserved No 
1 Available 16-bit TSS Yes Reserved No 
2 LDT Yes LoT! Yes 
3 Busy 16-bit TSS Yes Reserved No 
4 16-bit call gate No Reserved No 
5 16-bit/32-bit task gate No Reserved No 
6 16-bit interrupt gate No Reserved No 
7 16-bit trap gate No Reserved No 
8 Reserved No Reserved No 
9 Available 32-bit TSS Yes 64-bit TSS! Yes 
A Reserved No Reserved No 
B Busy 32-bit TSS Yes Busy 64-bit TSS! Yes 
Cc 32-bit call gate No 64-bit call gate No 
D Reserved No Reserved No 
E 32-bit interrupt gate No 64-bit interrupt gate No 
F 32-bit trap gate No 64-bit trap gate No 
NOTES: 
1. In this case, the descriptor comprises 16 bytes; bits 12:8 of the upper 4 bytes must be 0. 
Operation 
IF SRC(Offset) > descriptor table limit 
THEN ZF := 0; Fl; 
Read segment descriptor; 
IF SegmentDescriptor(Type) 4 conforming code segment 
and (CPL > DPL) OR (RPL > DPL) 
or Segment type is not valid for instruction 
THEN 
ZF := 0; 
ELSE 
temp := SegmentLimit([SRC]); 
IF (G:= 1) 
THEN temp := ShiftLeft(12, temp) OR OOOOOFFFH; 
ELSE IF OperandSize = 32 
THEN DEST := temp; Fl; 
ELSE IF OperandSize = 64 (* REX.W used *) 
THEN DEST (* Zero-extended *) := temp; Fl; 
ELSE (* OperandSize = 16 *) 
DEST := temp AND FFFFH; 
Fl; 
Fl; 
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Flags Affected 
The ZF flag is set to 1 if the segment limit is loaded successfully; otherwise, it is set to 0. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and the memory operand effective address is unaligned while 
the current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD The LSL instruction cannot be executed in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The LSL instruction cannot be executed in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If the memory operand effective address referencing the SS segment is in a non-canonical 
form. 

#GP(0) If the memory operand effective address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and the memory operand effective address is unaligned while 
the current privilege level is 3. 

#UD If the LOCK prefix is used. 
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LTR—Load Task Register 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 00 /3 LTR r/m16 M Valid Valid Load r/m16 into task register. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Loads the source operand into the segment selector field of the task register. The source operand (a general- 
purpose register or a memory location) contains a segment selector that points to a task state segment (TSS). 
After the segment selector is loaded in the task register, the processor uses the segment selector to locate the 
segment descriptor for the TSS in the global descriptor table (GDT). It then loads the segment limit and base 
address for the TSS from the segment descriptor into the task register. The task pointed to by the task register is 
marked busy, but a switch to the task does not occur. 

The LTR instruction is provided for use in operating-system software; it should not be used in application programs. 
It can only be executed in protected mode when the CPL is 0. It is commonly used in initialization code to establish 
the first task to be executed. 


The operand-size attribute has no effect on this instruction. 


In 64-bit mode, the operand size is still fixed at 16 bits. The instruction references a 16-byte descriptor to load the 
64-bit base. 


Operation 


IF SRC is a NULL selector 
THEN #GP(0); 


IF SRC(Offset) > descriptor table limit OR IF SRC(type) 4 global 
THEN #GP(segment selector); Fl; 


Read segment descriptor; 


IF segment descriptor is not for an available TSS 
THEN #GP(segment selector); Fl; 

IF segment descriptor is not present 
THEN #NP(segment selector); Fl; 


TSSsegmentDescriptor(busy) := 1; 
(* Locked read-modify-write operation on the entire descriptor when setting busy flag *) 


TaskRegister(SegmentSelector) := SRC; 
TaskRegister(SegmentDescriptor) := TSSSegmentDescriptor; 


Flags Affected 
None 
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Protected Mode Exceptions 


#GP(0) 


#GP(selector) 


#NP(selector) 
#SS(0) 
#PF(fault-code) 
#UD 


If the current privilege level is not 0. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the source operand contains a NULL segment selector. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If the source selector points to a segment that is not a TSS or to one for a task that is already 
busy. 


If the selector points to LDT or is beyond the GDT limit. 

If the TSS is marked not present. 

If a memory operand effective address is outside the SS segment limit. 
If a page fault occurs. 

If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#UD 


The LTR instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 


#UD 


The LTR instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) 
#GP(0) 


#GP(selector) 


#NP(selector) 
#PF(fault-code) 
#UD 
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If a memory address referencing the SS segment is in a non-canonical form. 
If the current privilege level is not 0. 

If the memory address is in a non-canonical form. 

If the source operand contains a NULL segment selector. 


If the source selector points to a segment that is not a TSS or to one for a task that is already 
busy. 


If the selector points to LDT or is beyond the GDT limit. 

If the descriptor type of the upper 8-byte of the 16-byte descriptor is non-zero. 
If the TSS is marked not present. 

If a page fault occurs. 

If the LOCK prefix is used. 
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LZCNT— Count the Number of Leading Zero Bits 


Opcode/Instruction Op/ | 64/32 | CPUID Description 
En -bit Feature 
Mode | Flag 

F3 OF BD /r RM VIV LZCNT Count the number of leading zero bits in r/m16, return result in r16. 
LZCNT 116, r/m16 

F3 OF BD /r RM VIV LZCNT Count the number of leading zero bits in r/m32, return result in r32. 
LZCNT 32, r/m32 

F3 REX.W OF BD /r RM V/N.E. | LZCNT Count the number of leading zero bits in r/m64, return result in r64. 
LZCNT 164, r/m64 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Counts the number of leading most significant zero bits in a source operand (second operand) returning the result 
into a destination (first operand). 


LZCNT differs from BSR. For example, LZCNT will produce the operand size when the input operand is zero. It 
should be noted that on processors that do not support LZCNT, the instruction byte encoding is executed as BSR. 


In 64-bit mode 64-bit operand size requires REX.W=1. 


Operation 
temp := OperandSize - 1 
DEST :=0 
WHILE (temp >= 0) AND (Bit(SRC, temp) = 0) 
DO 
temp := temp - 1 
DEST := DEST+ 1 
OD 


IF DEST = OperandSize 
CF :=1 
ELSE 


Fl 

IF DEST = 0 
ZF := 1 

ELSE 

Fl 


Flags Affected 


ZF flag is set to 1 in case of zero output (most significant bit of the source is set), and to 0 otherwise, CF flag is set 
to 1 if input was zero and cleared otherwise. OF, SF, PF and AF flags are undefined. 


Intel C/C++ Compiler Intrinsic Equivalent 
LZCNT: unsigned __int32 _Izcnt_u32(unsigned __int32 src); 
LZCNT: unsigned __int64_Izcnt_u64(unsigned __int64 src); 
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Protected Mode Exceptions 


#GP(0) 


#SS(0) 
#PF (fault-code) 
#AC(0) 


#UD 


For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 


If the DS, ES, FS, or GS register is used to access memory and it contains a null segment 
selector. 


For an illegal address in the SS segment. 
For a page fault. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP(0) 
#SS(0) 
#UD 


If any part of the operand lies outside of the effective address space from 0 to OFFFFH. 
For an illegal address in the SS segment. 
If LOCK prefix is used. 


Virtual 8086 Mode Exceptions 


#GP(0) 
#SS(0) 
#PF (fault-code) 
#AC(0) 


#UD 


If any part of the operand lies outside of the effective address space from 0 to OFFFFH. 
For an illegal address in the SS segment. 
For a page fault. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in Protected Mode. 


64-Bit Mode Exceptions 


#GP(0) 
#SS(0) 
#PF (fault-code) 
#AC(0) 


#UD 
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If the memory address is in a non-canonical form. 
If a memory address referencing the SS segment is in a non-canonical form. 
For a page fault. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If LOCK prefix is used. 
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INSTRUCTION SET REFERENCE, M-U 


4.1 IMM8 CONTROL BYTE OPERATION FOR PCMPESTRI / PCMPESTRM / 
PCMPISTRI / PCMPISTRM 


The notations introduced in this section are referenced in the reference pages of PCMPESTRI, PCMPESTRM, PCMP- 
ISTRI, PCMPISTRM. The operation of the immediate control byte is common to these four string text processing 
instructions of SSE4.2. This section describes the common operations. 


4.1.1 General Description 


The operation of PCMPESTRI, PCMPESTRM, PCMPISTRI, PCMPISTRM is defined by the combination of the respec- 
tive opcode and the interpretation of an immediate control byte that is part of the instruction encoding. 


The opcode controls the relationship of input bytes/words to each other (determines whether the inputs terminated 
strings or whether lengths are expressed explicitly) as well as the desired output (index or mask). 


The Imm8 Control Byte for PCMPESTRM/PCMPESTRI/PCMPISTRM/PCMPISTRI encodes a significant amount of 
programmable control over the functionality of those instructions. Some functionality is unique to each instruction 
while some is common across some or all of the four instructions. This section describes functionality which is 
common across the four instructions. 


The arithmetic flags (ZF, CF, SF, OF, AF, PF) are set as a result of these instructions. However, the meanings of the 
flags have been overloaded from their typical meanings in order to provide additional information regarding the 
relationships of the two inputs. 


PCMPxSTRx instructions perform arithmetic comparisons between all possible pairs of bytes or words, one from 
each packed input source operand. The boolean results of those comparisons are then aggregated in order to 
produce meaningful results. The Imm8 Control Byte is used to affect the interpretation of individual input elements 
as well as control the arithmetic comparisons used and the specific aggregation scheme. 


Specifically, the Imm8 Control Byte consists of bit fields that control the following attributes: 
* Source data format — Byte/word data element granularity, signed or unsigned elements 


° Aggregation operation — Encodes the mode of per-element comparison operation and the aggregation of 
per-element comparisons into an intermediate result 


* Polarity — Specifies intermediate processing to be performed on the intermediate result 


* Output selection — Specifies final operation to produce the output (depending on index or mask) from the 
intermediate result 
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4.1.2 Source Data Format 
Table 4-1. Source Data Format 
Imm8[1:0] Meaning Description 
O00b Unsigned bytes Both 128-bit sources are treated as packed, unsigned bytes. 
01b Unsigned words Both 128-bit sources are treated as packed, unsigned words. 
10b Signed bytes Both 128-bit sources are treated as packed, signed bytes. 
11b Signed words Both 128-bit sources are treated as packed, signed words. 


If the Imm8 Control Byte has bit[0] cleared, each source contains 16 packed bytes. If the bit is set each source 
contains 8 packed words. If the Imm8 Control Byte has bit[1] cleared, each input contains unsigned data. If the bit 
is set each source contains signed data. 


4.1.3 Aggregation Operation 
Table 4-2. Aggregation Operation 

Imm8[3:2] Mode Comparison 

O00b Equal any The arithmetic comparison is “equal.” 

O1b Ranges Arithmetic comparison is “greater than or equal” between even indexed bytes/words of reg and 
each byte/word of reg/mem. 
Arithmetic comparison is “less than or equal” between odd indexed bytes/words of reg and each 
byte/word of reg/mem. 
(reg/mem[m] >= reg[n] for n = even, reg/mem[m] <= reg[n] for n = odd) 

10b Equal each The arithmetic comparison is “equal.” 

11b Equal ordered The arithmetic comparison is “equal.” 


All 256 (64) possible comparisons are always performed. The individual Boolean results of those comparisons are 
referred by “BoolRes[Reg/Mem element index, Reg element index].” Comparisons evaluating to “True” are repre- 
sented with a 1, False with a 0 (positive logic). The initial results are then aggregated into a 16-bit (8-bit) interme- 
diate result (IntRes1) using one of the modes described in the table below, as determined by Imm8 Control Byte 


bit[3:2]. 
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See Section 4.1.6 for a description of the overrideIfDataInvalid() function used in Table 4-3. 
Table 4-3. Aggregation Operation 


Mode Pseudocode 
Equal any UpperBound = imm8[0] ? 7: 15; 
(find characters from a set) IntRes1 = 0; 


For j = O to UpperBound, j++ 
For i = O to UpperBound, i++ 
IntRes1[j] OR= overridelfDatalnvalid(BoolResjj,i]) 


Ranges UpperBound = imm8[0] ? 7 : 15; 
(find characters from ranges) IntRes1 = 0; 
For j = O to UpperBound, j++ 
For i = O to UpperBound, i+=2 
IntRes1[j] OR= (overridelfDatalnvalid(BoolRes|j,i]) AND 
overridelfDatalnvalid(BoolRes|j,i+ 1])) 
Equal each UpperBound = imm8[0] ? 7 : 15; 
(string compare) IntRes1 = 0; 
For i = O to UpperBound, i++ 
IntRes1[i] = overridelfDatalnvalid(BoolRes{i,i]) 


Equal ordered UpperBound = imm8[0] ? 7 :15; 
(substring search) IntRes1 = imm8[0] ? FFH : FFFFH 
For j = O to UpperBound, j++ 
For i = O to UpperBound-j, k=j to UpperBound, k++, i++ 
IntRes1[j] AND= overridelfDatalnvalid(BoolRes[k,i]) 


4.1.4 Polarity 


IntResi may then be further modified by performing a 1’s complement, according to the value of the Imm8 Control 
Byte bit[4]. Optionally, a mask may be used such that only those IntRes1 bits which correspond to “valid” reg/mem 
input elements are complemented (note that the definition of a valid input element is dependant on the specific 

opcode and is defined in each opcode’s description). The result of the possible negation is referred to as IntRes2. 


Table 4-4. Polarity 


Imm8[5:4] Operation Description 

O00b Positive Polarity (+) IntRes2 = IntRes1 

O1b Negative Polarity (-) IntRes2 = -1 XOR IntRes1 

10b Masked (+) IntRes2 = IntRes1 

11b Masked (-) IntRes2[i] = IntRes1[i] if reg/mem[i] invalid, else = ~IntRes1 [i] 
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4.1.5 Output Selection 


Table 4-5. Output Selection 


Imm8[6] | Operation Description 
Ob Least significant index | The index returned to ECX is of the least significant set bit in IntRes2. 
1b Most significant index | The index returned to ECX is of the most significant set bit in IntRes2. 


For PCMPESTRI/PCMPISTRI, the Imm8 Control Byte bit[6] is used to determine if the index is of the least significant 
or most significant bit of IntRes2. 


Table 4-6. Output Selection 


Imm8[6] | Operation Description 

Ob Bit mask IntRes2 is returned as the mask to the least significant bits of XMMO with zero extension to 128 
bits. 

1b Byte/word mask IntRes2 is expanded into a byte/word mask (based on imm8[1]) and placed in XMMO. The expansion 
is performed by replicating each bit into all of the bits of the byte/word of the same index. 


Specifically for PCMPESTRM/PCMPISTRM, the Imm8 Control Byte bit[6] is used to determine if the mask is a 16 (8) 
bit mask or a 128 bit byte/word mask. 


4.1.6 Valid/Invalid Override of Comparisons 


PCMPxSTRx instructions allow for the possibility that an end-of-string (EOS) situation may occur within the 128-bit 
packed data value (see the instruction descriptions below for details). Any data elements on either source that are 
determined to be past the EOS are considered to be invalid, and the treatment of invalid data within a comparison 
pair varies depending on the aggregation function being performed. 


In general, the individual comparison result for each element pair BoolRes[i.j] can be forced true or false if one or 
more elements in the pair are invalid. See Table 4-7. 


Table 4-7. Comparison Result for Each Element Pair BoolRes[i.j] 


xmm1 xmm2/ m128 Imm8[3:2] = 00b_ | Imm8[3:2]=01b | Imm8[3:2] = 10b Imm8[3:2] = 11b 
byte/ word byte/word (equal any) (ranges) (equal each) (equal ordered) 
Invalid Invalid Force false Force false Force true Force true 

Invalid Valid Force false Force false Force false Force true 

Valid Invalid Force false Force false Force false Force false 

Valid Valid Do not force Do not force Do not force Do not force 
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4.1.7 Summary of Im8 Control byte 
Table 4-8. Summary of Imm8 Control Byte 
Imms Description 
wonneee Ob 128-bit sources treated as 16 packed bytes. 
wonneee 1b 128-bit sources treated as 8 packed words. 
wonnes 0-b Packed bytes/words are unsigned. 
woneee 1-b Packed bytes/words are signed. 
----00--b Mode is equal any. 
----01--b Mode is ranges. 
----10--b Mode is equal each. 
----11--b Mode is equal ordered. 
---Q----b IntRes1 is unmodified. 
---]----b IntRes1 is negated (1's complement). 
--0-----b Negation of IntRes1 is for all 16 (8) bits. 
--]-----bD Negation of IntRes1 is masked by reg/mem validity. 
-0------ b Index of the least significant, set, bit is used (regardless of corresponding input element validity). 
IntRes2 is returned in least significant bits of XMMO. 
-1------ b Index of the most significant, set, bit is used (regardless of corresponding input element validity). 
Each bit of IntRes2 is expanded to byte/word. 
Q------- b This bit currently has no defined effect, should be O. 
]------- b This bit currently has no defined effect, should be O. 
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4.1.8 Diagram Comparison and Aggregation Process 


| String A (xmm1) | String B (xmm2/mem) 


aie ene ere maT > | 
{ imm8[1:0] = 


i} 
EAX/RAX Determine end -of- | oR all pairs ‘| OOB: unsigned byte compares 


| 

| 

| - : 

l ia string and mark . 01B: unsigned word compares 
! EDX/RDX F; invalid elements (A, B) 

| 

| 


10B: signed byte compares 
PCMPESTR* only 


11B: signed word compares 


BoolRes{i,j] 


imm8[3:2] = 
OOB: Equal any 
01B: Ranges 
10B: Equal each 
11B: Equal ordered 


Aggregation function 


|e 


imm8[5:4] = 
. xOB: don’t negate IntRes1 
Optional boolean 01B: negate all bits of IntRes1 


~— 


negation 11B: negate only bits of IntRest 
corresponding to valid 
elements in String B 


IntRes2 


vais sconcodpelleustsignttl mores 
Generate index rantaual bit cfmes2 Generate mask Oe Remmizere-oyenced Inthees 
Me ee 1: expand IntRes2 to byte (word) 
1: index encodes most signif mask 
cant true bit of IntRes 2 


ECX(RCX) 


PCMP*STRI only PCMP*STRM only 


Figure 4-1. Operation of PCMPSTRx and PCMPESTRx 


4.2 COMMON TRANSFORMATION AND PRIMITIVE FUNCTIONS FOR SHA1 XXX 
AND SHA256XXX 


The following primitive functions and transformations are used in the algorithmic descriptions of SHA1 and SHA256 
instruction extensions SHAINEXTE, SHA1RNDS4, SHAIMSG1, SHA1MSG2, SHA256RNDS4, SHA256MSGi1 and 
SHA256MSGz2. The operands of these primitives and transformation are generally 32-bit DWORD integers. 


° =f0(): A bit oriented logical operation that derives a new dword from three SHA1 state variables (dword). This 
function is used in SHA1 round 1 to 20 processing. 


f0(B,C,D) := (B AND C) XOR ((NOT(B) AND D) 


¢ f1(): A bit oriented logical operation that derives a new dword from three SHA1 state variables (dword). This 
function is used in SHA1 round 21 to 40 processing. 


f1(B,C,D) := B XOR C XOR D 


° f2(): A bit oriented logical operation that derives a new dword from three SHA1 state variables (dword). This 
function is used in SHA1 round 41 to 60 processing. 


f2(B,C,D) := (B AND C) XOR (B AND D) XOR (C AND D) 
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e =6f3(): A bit oriented logical operation that derives a new dword from three SHA1 state variables (dword). This 
function is used in SHA1i round 61 to 80 processing. It is the same as f1(). 


f3(B,C,D) := B XOR C XOR D 


¢ Ch(): A bit oriented logical operation that derives a new dword from three SHA256 state variables (dword). 
Ch(E,F,G) := (E AND F) XOR ((NOT E) AND G) 


° = Maj(): A bit oriented logical operation that derives a new dword from three SHA256 state variables (dword). 
Maj(A,B,C) := (A AND B) XOR (A AND C) XOR (B AND C) 


ROR is rotate right operation 
(A ROR N) := A[N-1:0] || A[Width-1:N] 


ROL is rotate left operation 
(A ROL N) :=A ROR (Width-N) 


SHR is the right shift operation 
(A SHR N) := ZEROES[N-1:0] || A[Width-1:N] 


* Xp( ): A bit oriented logical and rotational transformation performed on a dword SHA256 state variable. 
Xo(A) := (A ROR 2) XOR (A ROR 13) XOR (A ROR 22) 


¢ %(): A bit oriented logical and rotational transformation performed on a dword SHA256 state variable. 
x,(E) = (E ROR 6) XOR (E ROR 11) XOR (E ROR 25) 


* ~69( ): A bit oriented logical and rotational transformation performed on a SHA256 message dword used in the 
message scheduling. 


6o(W) := (W ROR 7) XOR (W ROR 18) XOR (W SHR 3) 


* o,( ): A bit oriented logical and rotational transformation performed on a SHA256 message dword used in the 
message scheduling. 


o,(W) := (W ROR 17) XOR (W ROR 19) XOR (W SHR 10) 


¢ Kj: SHA1 Constants dependent on immediate i. 
KO = 0x5A827999 
K1 = Ox6ED9EBA1 
K2 = O0X8F1BBCDC 
K3 = 0xCA62C1D6 


4.3. INSTRUCTIONS (M-U) 


Chapter 4 continues an alphabetical discussion of Intel® 64 and IA-32 instructions (M-U). See also: Chapter 3, 
“Instruction Set Reference, A-L,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
2A, and Chapter 5, “Instruction Set Reference, V-Z,” in the Intel® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 2C. 
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MASKMOVDQU-—Store Selected Bytes of Double Quadword 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
66 OF F7 /r RM | V/V SSE2 Selectively write bytes from xmm1 to 
MASKMOVDQU xmm1, xmm2 memory location using the byte mask in 
xmm_e. The default memory location is 
specified by DS:DI/EDI/RDI. 
VEX.128.66.0F.WIG F7 /r RM | V/V AVX Selectively write bytes from xmm7 to 
VMASKMOVDQU xmm1, xmm2 memory location using the byte mask in 
xmm_e. The default memory location is 
specified by DS:DI/EDI/RDI. 


Instruction Operand Encoding! 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r) ModRM:r/m (r) NA NA 
Description 


Stores selected bytes from the source operand (first operand) into an 128-bit memory location. The mask operand 
(second operand) selects which bytes from the source operand are written to memory. The source and mask oper- 
ands are XMM registers. The memory location specified by the effective address in the DI/EDI/RDI register (the 
default segment register is DS, but this may be overridden with a segment-override prefix). The memory location 
does not need to be aligned on a natural boundary. (The size of the store address depends on the address-size 
attribute. ) 


The most significant bit in each byte of the mask operand determines whether the corresponding byte in the source 
operand is written to the corresponding byte location in memory: O indicates no write and 1 indicates write. 


The MASKMOVDQU instruction generates a non-temporal hint to the processor to minimize cache pollution. The 
non-temporal hint is implemented by using a write combining (WC) memory type protocol (see “Caching of 
Temporal vs. Non-Temporal Data” in Chapter 10, of the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1). Because the WC protocol uses a weakly-ordered memory consistency model, a fencing opera- 
tion implemented with the SFENCE or MFENCE instruction should be used in conjunction with MASKMOVDQU 
instructions if multiple processors might use different memory types to read/write the destination memory loca- 
tions. 


Behavior with a mask of all Os is as follows: 
¢ No data will be written to memory. 


¢ Signaling of breakpoints (code or data) is not guaranteed; different processor implementations may signal or 
not signal these breakpoints. 


° Exceptions associated with addressing memory and page faults may still be signaled (implementation 
dependent). 


° If the destination memory region is mapped as UC or WP, enforcement of associated semantics for these 
memory types is not guaranteed (that is, is reserved) and is implementation-specific. 


The MASKMOVDQU instruction can be used to improve performance of algorithms that need to merge data ona 
byte-by-byte basis. MASKMOVDQU should not cause a read for ownership; doing so generates unnecessary band- 
width since data is to be written directly using the byte-mask without allocating old data prior to the store. 


In 64-bit mode, use of the REX.R prefix permits this instruction to access additional registers (XMM8-XMM15). 
Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


If VMASKMOVDQU is encoded with VEX.L= 1, an attempt to execute the instruction encoded with VEX.L= 1 will 
cause an #UD exception. 


1.ModRM.MOD = 011B required 
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Operation 


IF (MASK[7] = 1) 
THEN DEST[DI/EDI] := SRC[7:0] ELSE (* Memory location unchanged *); FI; 

IF (MASK[15] = 1) 
THEN DEST[DI/EDI +1] := SRC[15:8] ELSE (* Memory location unchanged *); FI; 
(* Repeat operation for 3rd through 14th bytes in source operand *) 

IF (MASK[127] = 1) 
THEN DEST[DI/EDI +15] := SRC[127:120] ELSE (* Memory location unchanged *); FI; 


Intel C/C++ Compiler Intrinsic Equivalent 
m128i n, char * p) 


void _mm_maskmoveu_si128(__m128i d, 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.L= 1 

If VEX.vvvv # 1111B. 
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MASKMOVQ-—Store Selected Bytes of Quadword 


Opcode/ Op/ | 64-Bit Compat/ |Description 

Instruction En |Mode Leg Mode 

NP OF F7 /r RM_ | Valid Valid Selectively write bytes from mm7 to memory 

MASKMOVQ mm1, mm2 location using the byte mask in mm2. The 
default memory location is specified by 
DS:DI/EDI/RDI. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r) ModRM:r/m (r) NA NA 
Description 


Stores selected bytes from the source operand (first operand) into a 64-bit memory location. The mask operand 
(second operand) selects which bytes from the source operand are written to memory. The source and mask oper- 
ands are MMX technology registers. The memory location specified by the effective address in the DI/EDI/RDI 
register (the default segment register is DS, but this may be overridden with a segment-override prefix). The 
memory location does not need to be aligned on a natural boundary. (The size of the store address depends on the 
address-size attribute.) 


The most significant bit in each byte of the mask operand determines whether the corresponding byte in the source 
operand is written to the corresponding byte location in memory: O indicates no write and 1 indicates write. 


The MASKMOVQ instruction generates a non-temporal hint to the processor to minimize cache pollution. The non- 
temporal hint is implemented by using a write combining (WC) memory type protocol (see “Caching of Temporal 
vs. Non-Temporal Data” in Chapter 10, of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 1). Because the WC protocol uses a weakly-ordered memory consistency model, a fencing operation imple- 
mented with the SFENCE or MFENCE instruction should be used in conjunction with MASKMOVQ instructions if 
multiple processors might use different memory types to read/write the destination memory locations. 


This instruction causes a transition from x87 FPU to MMX technology state (that is, the x87 FPU top-of-stack pointer 
is set to O and the x87 FPU tag word is set to all Os [valid]). 


The behavior of the MASKMOVQ instruction with a mask of all Os is as follows: 
* No data will be written to memory. 
¢* Transition from x87 FPU to MMX technology state will occur. 


° Exceptions associated with addressing memory and page faults may still be signaled (implementation 
dependent). 


® Signaling of breakpoints (code or data) is not guaranteed (implementation dependent). 


¢ If the destination memory region is mapped as UC or WP, enforcement of associated semantics for these 
memory types is not guaranteed (that is, is reserved) and is implementation-specific. 


The MASKMOVQ instruction can be used to improve performance for algorithms that need to merge data on a byte- 
by-byte basis. It should not cause a read for ownership; doing so generates unnecessary bandwidth since data is 
to be written directly using the byte-mask without allocating old data prior to the store. 


In 64-bit mode, the memory address is specified by DS:RDI. 
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Operation 


IF (MASK[7] = 1) 
THEN DEST[DI/EDI] := SRC[7:0] ELSE (* Memory location unchanged *); FI; 

IF (MASK[15] = 1) 
THEN DEST[DI/EDI +1] := SRC[15:8] ELSE (* Memory location unchanged *); FI; 
(* Repeat operation for 3rd through 6th bytes in source operand *) 

IF (MASK[63] = 1) 
THEN DEST[DI/EDI +15] := SRC[63:56] ELSE (* Memory location unchanged *); FI; 


Intel C/C++ Compiler Intrinsic Equivalent 


void __mm_maskmove_si64(__m64d, __m64n, char * p) 


Other Exceptions 


See Table 22-8, “Exception Conditions for Legacy SIMD/MMX Instructions without FP Exception” in the Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 3A. 
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MAXPD—Maximum of Packed Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
66 OF 5F /r A VIV SSE2 Return the maximum double-precision floating-point 
MAXPD xmm1, xmm2/m128 values between xmm1 and xmm2/m1 28. 
VEX.128.66.0F.WIG 5F /r B VIV AVX Return the maximum double-precision floating-point 
VMAXPD xmm1, xmm2, xmm3/m128 values between xmm2 and xmm3/m1 28. 
VEX.256.66.0F.WIG 5F /r B VV AVX Return the maximum packed double-precision 
VMAXPD ymm1, ymm2, ymm3/m256 floating-point values between ymm2 and 
ymm3/m256. 
EVEX.128.66.0F.W1 5F /r C VIV AVX512VL | Return the maximum packed double-precision 
VMAXPD xmm1 {k1}{z}, xmm2, AVX512F floating-point values between xmm2 and 
xmm3/m128/m64bcst xmm3/m128/m64bcst and store result in xmm1 
subject to writemask k1. 
EVEX.256.66.0F.W1 5F /r C VIV AVX512VL | Return the maximum packed double-precision 
VMAXPD ymm1 {k1}{z}, ymm2, AVX512F floating-point values between ymm2 and 
ymm3/m256/m64bcst ymm3/m256/m64bcst and store result in ymm1 
subject to writemask k1. 
EVEX.512.66.0F.W1 5F /r C VV AVX512F Return the maximum packed double-precision 
VMAXPD zmm1 {k1}{z}, zmm2, floating-point values between zmm2 and 
zmm3/m512/m64bcst{sae} zmm3/m512/m64bcst and store result in zmm1 
subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD compare of the packed double-precision floating-point values in the first source operand and the 
second source operand and returns the maximum value for each pair of values to the destination operand. 


If the values being compared are both 0.0s (of either sign), the value in the second operand (source operand) is 
returned. If a value in the second operand is an SNaN, then SNaN is forwarded unchanged to the destination (that 
is, a QNaN version of the SNaN is not returned). 


If only one value is a NaN (SNaN or QNaN) for this instruction, the second operand (source operand), either a NaN 
or a valid floating-point value, is written to the result. If instead of this behavior, it is required that the NaN source 
operand (from either the first or second operand) be returned, the action of MAXPD can be emulated using a 
sequence of instructions, such as a comparison followed by AND, ANDN and OR. 


EVEX encoded versions: The first source operand (the second operand) is aZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 64-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally 
updated with writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of 
the corresponding ZMM register destination are zeroed. 


VEX.128 encoded version: The first source operand is a XMM register. The second source operand can be a XMM 
register or a 128-bit memory location. The destination operand is a XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 
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128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. 


Operation 
MAX(SRC1, SRC2) 
{ 
IF ((SRC1 = 0.0) and (SRC2 = 0.0)) THEN DEST := SRC2; 
ELSE IF (SRC1 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC2 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC1 > SRC2) THEN DEST := SRC1; 
ELSE DEST := SRC2; 
FI; 
} 


VMAXPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN 
DEST[i+63:i] := MAX(SRC1[i+63:i], SRC2[63:0]) 
ELSE 
DEST[i+63:i] := MAX(SRC1[i+63:i], SRC2[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE DEST[i+63:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMAXPD (VEX.256 encoded version) 

DEST[63:0] := MAX(SRC1[63:0], SRC2[63:0]) 
DEST[127:64] := MAX(SRC1[127:64], SRC2[127:64]) 
DEST[191:128] := MAX(SRC1[191:128], SRC2[191:128]) 
DEST[255:192] := MAX(SRC1[255:192], SRC2[255:192]) 
DEST[MAXVL-1:256] := 0 


VMAXPD (VEX.128 encoded version) 

DEST[63:0] := MAX(SRC1[63:0], SRC2[63:0]) 
DEST[127:64] := MAX(SRC1[127:64], SRC2[127:64]) 
DEST[MAXVL-1:128] := 0 
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MAXPD (128-bit Legacy SSE version) 

DEST[63:0] := MAX(DEST[63:0], SRC[63:0]) 
DEST[127:64] := MAX(DEST[127:64], SRC[127:64]) 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VMAXPD 
VMAXPD 
VMAXPD 
VMAXPD 
VMAXPD 
VMAXPD 
VMAXPD 
VMAXPD 
VMAXPD 
VMAXPD 
VMAXPD 


m512d_mm512 m512d b); 
m512d_mm512 m512ds,__mmask8 k,__m512da,__m512d,); 
m512d_mm512_maskz_max_pd( m512da,__m512d b); 
m512d_mm512_max_round_pd( m512d b, int); 
m512d_mm512_mask_max_round_pd(__m512ds,__mmask8k,__m512da,__m512d, int); 
m512d_mm512_maskz_max_round_pd(__mmask8 k,__m512d a,__m512db, int); 
m256d_mm256 mmask8 k,__ m256d a,___m256d b); 
m256d __mm256_maskz_max_pd(__mmask8 k,__m256d a, __ m256d b); 
m128d _mm_mask_max_pd(__m128ds,__ mmask8 k,__m128d a,__m128d b); 
m128d _mm_maskz_max_pd(__mmask8 k,___m128d a,__m128d b); 
m256d __mm256_max_pd ( m256d b); 

(V)MAXPD __m128d __mm_max_pd ( m128d b); 


SIMD Floating-Point Exceptions 


Invalid (including QNaN Source Operand), Denormal 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-46, “Type E2 Class Exception Conditions”. 
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MAXPS—Maximum of Packed Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
NP OF 5F /r A VIV SSE Return the maximum single-precision floating-point values 
MAXPS xmm1, xmm2/m128 between xmm1 and xmm2/mem. 
VEX.128.0F.WIG 5F /r B VIV AVX Return the maximum single-precision floating-point values 
VMAXPS xmm1, xmm2, between xmm2 and xmm3/mem. 
xmm3/m128 
VEX.256.0F.WIG 5F /r B VIV AVX Return the maximum single-precision floating-point values 
VMAXPS ymm1, ymm2, between ymm2 and ymm3/mem. 
ymm3/m256 
EVEX.128.0F.WO 5F /r C VIV AVX512VL | Return the maximum packed single-precision floating-point 
VMAXPS xmm1 {k1}{z}, xmm2, AVX512F values between xmm2 and xmm3/m128/m32bcst and store 
xmm3/m128/m32bcst result in xmm1 subject to writemask k1. 
EVEX.256.0F.WO 5F /r C VIV AVX512VL | Return the maximum packed single-precision floating-point 
VMAXPS ymm1 {k1}{z}, ymm2, AVX512F values between ymm2 and ymm3/m256/m32bcst and store 
ymm3/m256/m32bcst result in ymm1 subject to writemask k1. 
EVEX.512.0F.WO 5F /r C VV AVX512F Return the maximum packed single-precision floating-point 


VMAXPS zmm1 {k1}{z}, zmm2, 
zmm3/m512/m32bcst{sae} 


values between zmm2 and zmm3/m512/m32bcst and store 
result in zmm1 subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD compare of the packed single-precision floating-point values in the first source operand and the 
second source operand and returns the maximum value for each pair of values to the destination operand. 


If the values being compared are both 0.0s (of either sign), the value in the second operand (source operand) is 
returned. If a value in the second operand is an SNaN, then SNaN is forwarded unchanged to the destination (that 
is, a QNaN version of the SNaN is not returned). 


If only one value is a NaN (SNaN or QNaN) for this instruction, the second operand (source operand), either a NaN 
or a valid floating-point value, is written to the result. If instead of this behavior, it is required that the NaN source 
operand (from either the first or second operand) be returned, the action of MAXPS can be emulated using a 
sequence of instructions, such as, a comparison followed by AND, ANDN and OR. 


EVEX encoded versions: The first source operand (the second operand) is aZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 32-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally 
updated with writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of 
the corresponding ZMM register destination are zeroed. 


VEX.128 encoded version: The first source operand is a XMM register. The second source operand can be a XMM 
register or a 128-bit memory location. The destination operand is a XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. 
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Operation 


MAX(SRC1, SRC2) 
{ 
IF ((SRC1 = 0.0) and (SRC2 = 0.0)) THEN DEST := SRC2; 
ELSE IF (SRC1 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC2 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC1 > SRC2) THEN DEST := SRC1; 
ELSE DEST := SRC2; 
Fl; 
} 


VMAXPS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
DEST[i+31:i] := MAX(SRC1[i+31:i], SRC2[31:0]) 
ELSE 
DEST[i+31:i] := MAX(SRC1[i+31:i], SRC2Z[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE DEST[i+31:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VMAXPS (VEX.256 encoded version) 

DEST[31:0] := MAX(SRC1[31:0], SRC2[31:0]) 
DEST[63:32] := MAX(SRC1 [63:32], SRC2[63:32]) 
DEST[95:64] := MAX(SRC1[95:64], SRC2[95:64]) 
DEST[127:96] := MAX(SRC1[127:96], SRC2[127:96]) 
DEST[159:128] := MAX(SRC1[159:1 28], SRC2[159:128]) 
DEST[191:160] := MAX(SRC1[191:160], SRC2[191:160]) 
DEST[223:192] := MAX(SRC1[223:192], SRC2[223:192]) 
DEST[255:224] := MAX(SRC1[255:224], SRC2[255:224]) 
DEST[MAXVL-1:256] := 0 


VMAXPS (VEX.128 encoded version) 

DEST[31:0] := MAX(SRC1[31:0], SRC2[31:0]) 
DEST[63:32] := MAX(SRC1[63:32], SRC2[63:32]) 
DEST[95:64] := MAX(SRC1[95:64], SRC2[95:64]) 
DEST[127:96] := MAX(SRC1[127:96], SRC2[127:96]) 
DEST[MAXVL-1:128] := 0 
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MAXPS (128-bit Legacy SSE version) 

DEST[31:0] := MAX(DEST[31:0], SRC[31:0]) 
DEST[63:32] := MAX(DEST[63:32], SRC[63:32]) 
DEST[95:64] := MAX(DEST[95:64], SRC[95:64]) 
DEST[127:96] := MAX(DEST[1 27:96], SRC[127:96]) 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VMAXPS __m512_mm512_max_ps(__m512a,__m512 b); 

VMAXPS __m512_mm512_mask_max_ps(__m512 s,__mmask16 k,__m512 a,__m512 b); 
VMAXPS __m512_mm512_maskz_max_ps(__mmask16 k,__m512 a,__m512 b); 
VMAXPS __m512_mm512_max_round_ps(__m512 a,__m512 D, int); 
VMAXPS __m512 _mm512_mask_max_round_ps(__m512 s,__ mmask16 k, 
VMAXPS __m512_mm512_maskz_max_round_ps(__mmask16 k,__m512 a, 
VMAXPS __m256 __mm256_mask_max_ps(__m256 s,__ mmask8 k,__m256 a, 
VMAXPS __m256 __mm256_maskz_max_ps(__mmask8 k,___m256 a,__m256 b); 
VMAXPS __m128_mm_mask_max_ps(__m128s,__mmask8 k,__m128 a,__m128 b); 
VMAXPS __m128 _mm_maskz_max_ps(__mmask8 k,__m128 a,__m128 b); 
VMAXPS __m256 __mm256_max_ps (__m256 a,__ m256 b); 

MAXPS __m128_mm_max_ps (__m128 a,__m128 b); 


m512a,__m512 5, int); 
m512 b, int); 
m256 b); 


SIMD Floating-Point Exceptions 
Invalid (including QNaN Source Operand), Denormal 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-46, “Type E2 Class Exception Conditions”. 
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MAXSD—Return Maximum Scalar Double-Precision Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
Fe OF 5F /r A VIV SSE2 Return the maximum scalar double-precision floating-point 
MAXSD xmm1, xmm2/m64 value between xmm2/m64 and xmm1. 
VEX.LIG.F2.0F.WIG 5F /r B VIV AVX Return the maximum scalar double-precision floating-point 
VMAXSD xmm1, xmm2, value between xmm3/m64 and xmm2. 
xmm3/m64 
EVEX.LLIG.F2.0F.W1 5F /r C VIV AVX512F | Return the maximum scalar double-precision floating-point 
VMAXSD xmm1 {k1}{z}, xmm2, value between xmm3/m64 and xmm_2. 
xmm3/m64{sae} 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Compares the low double-precision floating-point values in the first source operand and the second source 
operand, and returns the maximum value to the low quadword of the destination operand. The second source 
operand can be an XMM register or a 64-bit memory location. The first source and destination operands are XMM 
registers. When the second source operand is a memory operand, only 64 bits are accessed. 


If the values being compared are both 0.0s (of either sign), the value in the second source operand is returned. If 
a value in the second source operand is an SNaN, that SNaN is returned unchanged to the destination (that is, a 
QNaN version of the SNaN is not returned). 


If only one value is a NaN (SNaN or QNaN) for this instruction, the second source operand, either a NaN or a valid 
floating-point value, is written to the result. If instead of this behavior, it is required that the NaN of either source 
operand be returned, the action of MAXSD can be emulated using a sequence of instructions, such as, a comparison 
followed by AND, ANDN and OR. 


128-bit Legacy SSE version: The destination and first source operand are the same. Bits (MAXVL-1:64) of the 
corresponding destination register remain unchanged. 


VEX.128 and EVEX encoded version: Bits (127:64) of the XMM register destination are copied from corresponding 
bits in the first source operand. Bits (MAXVL-1:128) of the destination register are zeroed. 


EVEX encoded version: The low quadword element of the destination operand is updated according to the 
writemask. 


Software should ensure VMAXSD is encoded with VEX.L=0. Encoding VMAXSD with VEX.L=1 may encounter unpre- 
dictable behavior across different processor generations. 
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Operation 
MAX(SRC1, SRC2) 


IF ((SRC1 = 0.0) and (SRC2 = 0.0)) THEN DEST := SRC2; 
ELSE IF (SRC1 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC2 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC1 > SRC2) THEN DEST := SRC1; 
ELSE DEST := SRC2; 
Fl; 
} 


VMAXSD (EVEX encoded version) 
IF k1[0] or *no writemask* 
THEN = DEST[63:0] := MAX(SRC1[63:0], SRC2[63:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[63:0] := 0 
Fl; 


Fl; 
DEST[1 27:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


VMAXSD (VEX.128 encoded version) 
DEST[63:0] := MAX(SRC1[63:0], SRC2[63:0]) 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


MAXSD (128-bit Legacy SSE version) 
DEST[63:0] := MAX(DEST[63:0], SRC[63:0]) 
DEST[MAXVL-1:64] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VMAXSD __m128d __mm_max_round_sd(__m128d a,__m128d, int); 

VMAXSD __m128d __mm_mask_max_round_sd(__m128ds,__ mmask8 k,___m128d a,__m128d 5, int); 
VMAXSD __m128d __mm_maskz_max_round_sd(__mmask8 k,__m128d a, __m128d 5, int); 

MAXSD __m128d_mm_max_sd(__m128d a,_m128d b) 


SIMD Floating-Point Exceptions 
Invalid (Including QNaN Source Operand), Denormal 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-47, “Type E3 Class Exception Conditions”. 
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MAXSS—Return Maximum Scalar Single-Precision Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
F3 OF SF /r A VIV SSE Return the maximum scalar single-precision floating-point 
MAXSS xmm1, xmm2/m32 value between xmm2/m32 and xmm1. 
VEX.LIG.F3.0F.WIG 5F /r B VV AVX Return the maximum scalar single-precision floating-point 
VMAXSS xmm1, xmm2, value between xmm3/m32 and xmm2. 
xmm3/m32 
EVEX.LLIG.F3.0F.WO 5F /r C VV AVX512F | Return the maximum scalar single-precision floating-point 
VMAXSS xmm1 {k1}{z}, xmm2, value between xmm3/m32 and xmme2. 
xmm3/m32{sae} 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Compares the low single-precision floating-point values in the first source operand and the second source operand, 
and returns the maximum value to the low doubleword of the destination operand. 


If the values being compared are both 0.0s (of either sign), the value in the second source operand is returned. If 
a value in the second source operand is an SNaN, that SNaN is returned unchanged to the destination (that is, a 
QNaN version of the SNaN is not returned). 


If only one value is a NaN (SNaN or QNaN) for this instruction, the second source operand, either a NaN or a valid 
floating-point value, is written to the result. If instead of this behavior, it is required that the NaN from either source 
operand be returned, the action of MAXSS can be emulated using a sequence of instructions, such as, a comparison 
followed by AND, ANDN and OR. 


The second source operand can be an XMM register or a 32-bit memory location. The first source and destination 
operands are XMM registers. 


128-bit Legacy SSE version: The destination and first source operand are the same. Bits (MAXVL:32) of the corre- 
sponding destination register remain unchanged. 


VEX.128 and EVEX encoded version: The first source operand is an xmm register encoded by VEX.vvvv. Bits 
(127:32) of the XMM register destination are copied from corresponding bits in the first source operand. Bits 
(MAXVL:128) of the destination register are zeroed. 


EVEX encoded version: The low doubleword element of the destination operand is updated according to the 
writemask. 


Software should ensure VMAXSS is encoded with VEX.L=0. Encoding VMAXSS with VEX.L=1 may encounter unpre- 
dictable behavior across different processor generations. 
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Operation 
MAX(SRC1, SRC2) 


IF ((SRC1 = 0.0) and (SRC2 = 0.0)) THEN DEST := SRC2; 
ELSE IF (SRC1 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC2 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC1 > SRC2) THEN DEST := SRC1; 
ELSE DEST := SRC2; 
Fl; 
} 


VMAXSS (EVEX encoded version) 

IF k1[0] or *no writemask* 
THEN = DEST[31:0] := MAX(SRC1[31:0], SRC2[31:0]) 
ELSE 


IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 


THEN DEST[31:0] := 0 
Fl; 
Fl; 
DEST[1 27:32] := SRC1[127:32] 
DEST[MAXVL-1:1 28] := 0 


VMAXSS (VEX.128 encoded version) 
DEST[31:0] := MAX(SRC1[31:0], SRC2[31:0]) 
DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


MAXSS (128-bit Legacy SSE version) 
DEST[31:0] := MAX(DEST[31:0], SRC[31:0]) 
DEST[MAXVL-1:32] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VMAXSS __m128 _mm_max_round_ss(__m128 a,__m128, int); 
VMAXSS __m128 _mm_mask_max_round_ss(__m128s,__mmask8 k,__m128 a,__m128 5, int); 
VMAXSS __m128 _mm_maskz_max_round_ss(__mmask8 k,__m128 a, 


MAXSS __m128 __mm_max_ss(__m128 a,__m128 b) 


SIMD Floating-Point Exceptions 
Invalid (Including QNaN Source Operand), Denormal 


Other Exceptions 


INSTRUCTION SET REFERENCE, M-U 


Non-EVEX-encoded instruction, see Table 2-20, “Type 3 Class Exception Conditions”. 


EVEX-encoded instruction, see Table 2-47, “Type E3 Class Exception Conditions”. 
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MFENCE—Memory Fence 


Opcode / Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
NP OF AE FO ZO |V/V SSE2 Serializes load and store operations. 
MFENCE 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Performs a serializing operation on all load-from-memory and store-to-memory instructions that were issued prior 
the MFENCE instruction. This serializing operation guarantees that every load and store instruction that precedes 
the MFENCE instruction in program order becomes globally visible before any load or store instruction that follows 
the MFENCE instruction.! The MFENCE instruction is ordered with respect to all load and store instructions, other 
MFENCE instructions, any LFENCE and SFENCE instructions, and any serializing instructions (such as the CPUID 
instruction). MFENCE does not serialize the instruction stream. 


Weakly ordered memory types can be used to achieve higher processor performance through such techniques as 
out-of-order issue, speculative reads, write-combining, and write-collapsing. The degree to which a consumer of 
data recognizes or knows that the data is weakly ordered varies among applications and may be unknown to the 
producer of this data. The MFENCE instruction provides a performance-efficient way of ensuring load and store 
ordering between routines that produce weakly-ordered results and routines that consume that data. 


Processors are free to fetch and cache data speculatively from regions of system memory that use the WB, WC, and 
WT memory types. This speculative fetching can occur at any time and is not tied to instruction execution. Thus, it 
is not ordered with respect to executions of the MFENCE instruction; data can be brought into the caches specula- 
tively just before, during, or after the execution of an MFENCE instruction. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Specification of the instruction's opcode above indicates a ModR/M byte of FO. For this instruction, the processor 
ignores the r/m field of the ModR/M byte. Thus, MFENCE is encoded by any opcode of the form OF AE Fx, where x 
is in the range 0-7. 


Operation 


Wait_On_Following_Loads_And_Stores_Until(preceding_loads_and_stores_globally_visible); 


Intel C/C++ Compiler Intrinsic Equivalent 
void _mm_mfence(void) 
Exceptions (All Modes of Operation) 


#UD If CPUID.O1H:EDX.SSE2[bit 26] = 0. 
If the LOCK prefix is used. 


1. Aload instruction is considered to become globally visible when the value to be loaded into its destination register is determined. 
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MINPD—Minimum of Packed Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
66 OF 5D /r A VV SSE2 Return the minimum double-precision floating-point values 
MINPD xmm1, xmm2/m128 between xmm1 and xmm2/mem 
VEX.128.66.0F.WIG 5D /r B VV AVX Return the minimum double-precision floating-point values 
VMINPD xmm1, xmm2, between xmm2 and xmm3/mem. 
xmm3/m128 
VEX.256.66.0F.WIG 5D /r B VV AVX Return the minimum packed double-precision floating-point 
VMINPD ymm1, ymm2, values between ymm2 and ymm3/mem. 
ymm3/m256 
EVEX.128.66.0F.W1 5D /r C VIV AVX512VL | Return the minimum packed double-precision floating-point 
VMINPD xmm1 {k1}{z}, xmm2, AVX512F values between xmm_2 and xmm3/m128/m64bcst and store 
xmm3/m128/m64bcst result in xmm1 subject to writemask k1. 
EVEX.256.66.0F.W1 5D /r C VV AVX512VL | Return the minimum packed double-precision floating-point 
VMINPD ymm1 {k1}{z}, ymm2, AVX512F values between ymm2 and ymm3/m256/m64bcst and store 
ymm3/m256/m64bcst result in ymm1 subject to writemask k1. 
EVEX.512.66.0F.W1 5D /r C VV AVX512F Return the minimum packed double-precision floating-point 
VMINPD zmm1 {k1}{z}, zmm2, values between zmm2 and zmm3/m512/m64bcst and store 
zmm3/m512/m64bcst{sae} result in zmm1 subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD compare of the packed double-precision floating-point values in the first source operand and the 
second source operand and returns the minimum value for each pair of values to the destination operand. 


If the values being compared are both 0.0s (of either sign), the value in the second operand (source operand) is 
returned. If a value in the second operand is an SNaN, then SNaN is forwarded unchanged to the destination (that 
is, a QNaN version of the SNaN is not returned). 


If only one value is a NaN (SNaN or QNaN) for this instruction, the second operand (source operand), either a NaN 
or a valid floating-point value, is written to the result. If instead of this behavior, it is required that the NaN source 
operand (from either the first or second operand) be returned, the action of MINPD can be emulated using a 
sequence of instructions, such as, a comparison followed by AND, ANDN and OR. 


EVEX encoded versions: The first source operand (the second operand) is aZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 64-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally 
updated with writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of 
the corresponding ZMM register destination are zeroed. 


VEX.128 encoded version: The first source operand is a XMM register. The second source operand can be a XMM 
register or a 128-bit memory location. The destination operand is a XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. 
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Operation 


MIN(SRC1, SRC2) 
{ 
IF ((SRC1 = 0.0) and (SRC2 = 0.0)) THEN DEST := SRC2; 
ELSE IF (SRC1 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC2 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC1 < SRC2) THEN DEST := SRC1; 
ELSE DEST := SRC2; 
Fl; 
} 


VMINPD (EVEX encoded version) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
DEST[i+63:i] = MIN(SRC1[i+63:i], SRC2[63:0]) 
ELSE 
DEST[i+63:i] = MIN(SRC1[i+63:i], SRC2[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE DEST[i+63:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VMINPD (VEX.256 encoded version) 

DEST[63:0] := MIN(SRC1[63:0], SRC2[63:0]) 
DEST[127:64] := MIN(SRC1[127:64], SRC2[127:64]) 
DEST[191:128] := MIN(SRC1[191:128], SRC2[191:128}) 
DEST[255:192] := MIN(SRC1[255:192], SRC2[255:192]) 


VMINPD (VEX.128 encoded version) 

DEST[63:0] := MIN(SRC1[63:0], SRC2[63:0]) 
DEST[127:64] := MIN(SRC1[127:64], SRC2[127:64]) 
DEST[MAXVL-1:128] := 0 


MINPD (128-bit Legacy SSE version) 

DEST[63:0] := MIN(SRC1[63:0], SRC2[63:0]) 
DEST[127:64] := MIN(SRC1[127:64], SRC2[127:64]) 
DEST[MAXVL-1:128] (Unmodified) 
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Intel C/C++ Compiler Intrinsic Equivalent 


VMINPD __m512d_mm512_min_pd(__m512d a, _m512d b); 

VMINPD __m512d_mm512_mask_min_pd(__m512ds,__ mmask8 k,__m512da,__m512d b); 
VMINPD __m512d_mm512_maskz_min_pd(__mmask8 k,__m512da,__m512d b); 

VMINPD __m512d_mm512_min_round_pd(__m512da,__m512d 5, int); 

VMINPD __m512d_mm512_mask_min_round_pd(__m512ds,__mmask8 k,__m512da,__m512d, int); 
VMINPD __m512d_mm512_maskz_min_round_pd(__mmask8 k,__m512da,__m512db, int); 
VMINPD __m256d_mm256_mask_min_pd(__m256d s,__ mmask8 k,__ m256d a,__ m256d b); 
VMINPD __m256d __mm256_maskz_min_pd(__mmask8 k,___m256d a, ___ m256d b); 

VMINPD __m128d_mm_mask_min_pd(__m128ds,__ mmask8 k,__m128d a,__m128d b); 
VMINPD __m128d_mm_maskz_min_pd( ___mmask8 k,___m128d a, __m128d b); 

VMINPD __m256d __mm256_min_pd (__m256d a, __m256d b); 

MINPD __m128d _mm_min_pd (__m128d a, ___m128d b); 


SIMD Floating-Point Exceptions 
Invalid (including QNaN Source Operand), Denormal 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-46, “Type E2 Class Exception Conditions”. 
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MINPS—Minimum of Packed Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
NP OF 5D /r A VIV SSE Return the minimum single-precision floating-point values 
MINPS xmm1, xmm2/m128 between xmm1 and xmm2/mem. 
VEX.128.0F.WIG 5D /r B VIV AVX Return the minimum single-precision floating-point values 
VMINPS xmm1, xmm2, between xmm2 and xmm3/mem. 
xmm3/m128 
VEX.256.0F.WIG 5D /r B VIV AVX Return the minimum single double-precision floating-point 
VMINPS ymm1, ymm2, values between ymm2 and ymm3/mem. 
ymm3/m256 
EVEX.128.0F.WO 5D /r C VIV AVX512VL | Return the minimum packed single-precision floating-point 
VMINPS xmm1 {k1}{z}, xmme2, AVX512F values between xmm2 and xmm3/m128/m32bcst and store 
xmm3/m1 28/m32bcst result in xmm1 subject to writemask k1. 
EVEX.256.0F.WO0 5D /r C VV AVX512VL | Return the minimum packed single-precision floating-point 
VMINPS ymm1 {k1}{z}, ymm2, AVX512F values between ymm2 and ymm3/m256/m32bcst and store 
ymm3/m256/m32bcst result in ymm1 subject to writemask k1. 
EVEX.512.0F.WO 5D /r C VIV AVX512F Return the minimum packed single-precision floating-point 
VMINPS zmm1 {k1}{z}, zmm2, values between zmm2 and zmm3/m512/m32bcst and store 
zmm3/m512/m32bcst{sae} result in zmm1 subject to writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 

A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 

B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 

C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 

Description 


Performs a SIMD compare of the packed single-precision floating-point values in the first source operand and the 
second source operand and returns the minimum value for each pair of values to the destination operand. 


If the values being compared are both 0.0s (of either sign), the value in the second operand (source operand) is 
returned. If a value in the second operand is an SNaN, then SNaN is forwarded unchanged to the destination (that 
is, a QNaN version of the SNaN is not returned). 


If only one value is a NaN (SNaN or QNaN) for this instruction, the second operand (source operand), either a NaN 
or a valid floating-point value, is written to the result. If instead of this behavior, it is required that the NaN source 
operand (from either the first or second operand) be returned, the action of MINPS can be emulated using a 
sequence of instructions, such as, a comparison followed by AND, ANDN and OR. 


EVEX encoded versions: The first source operand (the second operand) is a ZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 32-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally 
updated with writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of 
the corresponding ZMM register destination are zeroed. 


VEX.128 encoded version: The first source operand is a XMM register. The second source operand can be a XMM 
register or a 128-bit memory location. The destination operand is a XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. 
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Operation 


MIN(SRC1, SRC2) 
{ 
IF ((SRC1 = 0.0) and (SRC2 = 0.0)) THEN DEST := SRC2; 
ELSE IF (SRC1 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC2 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC1 < SRC2) THEN DEST := SRC1; 
ELSE DEST := SRC2; 
Fl; 
} 


VMINPS (EVEX encoded version) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN 
DEST[i+31:i] := MIN(SRC1[i+31:i], SRC2[31:0]) 
ELSE 
DEST[i+31:i] := MIN(SRC1[i+31:i], SRC2[i+3 1:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE DEST[i+31:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VMINPS (VEX.256 encoded version) 

DEST[31:0] := MIN(SRC1[31:0], SRC2[31:0]) 
DEST[63:32] := MIN(SRC1[63:32], SRC2[63:32]) 
DEST[95:64] := MIN(SRC1[95:64], SRC2[95:64]) 
DEST[127:96] := MIN(SRC1[127:96], SRC2[127:96]) 
DEST[159:1 28] := MIN(SRC1[159:128], SRC2[159:128] 
DEST[191:160] := MIN(SRC1[191:160], SRC2[191:160] 
DEST[223:192] := MIN(SRC1[223:192], SRC2[223:192] 
DEST[255:224] := MIN(SRC1[255:224], SRC2[255:224] 


i) 


VMINPS (VEX.128 encoded version) 

DEST[31:0] := MIN(SRC1[31:0], SRC2[31:0]) 
DEST[63:32] := MIN(SRC1[63:32], SRC2[63:32]) 
DEST[95:64] := MIN(SRC1[95:64], SRC2[95:64]) 
DEST[127:96] := MIN(SRC1[127:96], SRC2[127:96]) 
DEST[MAXVL-1:128] := 0 
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MINPS (128-bit Legacy SSE version) 

DEST[31:0] := MIN(SRC1[31:0], SRC2[31:0]) 
DEST[63:32] := MIN(SRC1[63:32], SRC2[63:32]) 
DEST[95:64] := MIN(SRC1[95:64], SRC2[95:64]) 
DEST[127:96] := MIN(SRC1[127:96], SRC2[127:96]) 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VMINPS __m512_mm512_min_ps(__m512 a,__m512 b); 

VMINPS __m512_mm512_mask_min_ps(__m512 s,__mmask16 k,__m512 a,__m512 b); 
VMINPS __m512_mm512_maskz_min_ps(__mmask16 k,__m512 a,__m512 b); 

VMINPS __m512_mm512_min_round_ps(__m512 a,__m512 b, int); 


VMINPS __m512_mm512_mask_min_round_ps(__m512s,__ mmask16 k,__m512 a,__m512 5, int); 
VMINPS __m512_mm512_maskz_min_round_ps(__mmask16 k,__m512 a,__m512 5, int); 
VMINPS __m256 __mm256_mask_min_ps(__m256 s,__ mmask8 k,___m256 a,__ m256 b); 


VMINPS __m256 __mm256_maskz_min_ps(__mmask8 k,__m256 a, __m25 b); 
VMINPS __m128_mm_mask_min_ps(__m128 s,__ mmask8 k,___m128a,__m128 b); 
VMINPS __m128_mm_maskz_min_ps(__mmask8 k,__m128 a,__m128 b); 

VMINPS __m256 __mm256_min_ps (__m256 a,__m256 b); 

MINPS __m128_mm_min_ps (__m128 a,_m128 b); 


SIMD Floating-Point Exceptions 
Invalid (including QNaN Source Operand), Denormal 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-46, “Type E2 Class Exception Conditions”. 
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MINSD—Return Minimum Scalar Double-Precision Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
F2 OF 5D /r A VIV SSE2 Return the minimum scalar double-precision floating- 
MINSD xmm1, xmm2/m64 point value between xmm2/m64 and xmm1. 
VEX.LIG.F2.0F.WIG 5D /r B VIV AVX Return the minimum scalar double-precision floating- 
VMINSD xmm1, xmm2, xmm3/m64 point value between xmm3/m64 and xmm2. 
EVEX.LLIG.F2.0F.W1 5D /r C VIV AVX512F Return the minimum scalar double-precision floating- 
VMINSD xmm1 {k1}{z}, xmm2, point value between xmm3/m64 and xmm2. 
xmm3/m64{sae} 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Compares the low double-precision floating-point values in the first source operand and the second source 
operand, and returns the minimum value to the low quadword of the destination operand. When the source 
operand is a memory operand, only the 64 bits are accessed. 

If the values being compared are both 0.0s (of either sign), the value in the second source operand is returned. If 
a value in the second source operand is an SNaN, then SNaN is returned unchanged to the destination (that is, a 
QNaN version of the SNaN is not returned). 

If only one value is a NaN (SNaN or QNaN) for this instruction, the second source operand, either a NaN or a valid 
floating-point value, is written to the result. If instead of this behavior, it is required that the NaN source operand 
(from either the first or second source) be returned, the action of MINSD can be emulated using a sequence of 
instructions, such as, a comparison followed by AND, ANDN and OR. 


The second source operand can be an XMM register or a 64-bit memory location. The first source and destination 
operands are XMM registers. 


128-bit Legacy SSE version: The destination and first source operand are the same. Bits (MAXVL-1:64) of the 
corresponding destination register remain unchanged. 


VEX.128 and EVEX encoded version: Bits (127:64) of the XMM register destination are copied from corresponding 
bits in the first source operand. Bits (MAXVL-1:128) of the destination register are zeroed. 


EVEX encoded version: The low quadword element of the destination operand is updated according to the 
writemask. 


Software should ensure VMINSD is encoded with VEX.L=0. Encoding VMINSD with VEX.L=1 may encounter unpre- 
dictable behavior across different processor generations. 
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Operation 


MIN(SRC1, SRC2) 
{ 
IF ((SRC1 = 0.0) and (SRC2 = 0.0)) THEN DEST := SRC2; 
ELSE IF (SRC1 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC2 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC1 < SRC2) THEN DEST := SRC1; 
ELSE DEST := SRC2; 
Fl; 
} 


MINSD (EVEX encoded version) 
IF k1[0] or *no writemask* 
THEN  DEST[63:0] := MIN(SRC1[63:0], SRC2[63:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


MINSD (VEX.128 encoded version) 
DEST[63:0] := MIN(SRC1[63:0], SRC2[63:0]) 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


MINSD (128-bit Legacy SSE version) 
DEST[63:0] := MIN(SRC1[63:0], SRC2[63:0]) 
DEST[MAXVL-1:64] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VMINSD __m128d_mm_min_round_sd(__m128d a, __m128d 5, int); 

VMINSD __m128d __mm_mask_min_round_sd(__m128ds,___ mmask8 k,__m128d a,__m128d, int); 
VMINSD __m128d __mm_maskz_min_round_sd(__mmask8 k,__m128d a,__m128d, int); 

MINSD __m128d_mm_min_sd(__m128d a, ___m128d b) 


SIMD Floating-Point Exceptions 
Invalid (including QNaN Source Operand), Denormal 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-47, “Type E3 Class Exception Conditions”. 
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MINSS—Return Minimum Scalar Single-Precision Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
F3 OF 5D /r A VIV SSE Return the minimum scalar single-precision floating- 
MINSS xmm1,xmm2/m32 point value between xmm2/m32 and xmm1. 
VEX.LIG.F3.0F.WIG 5D /r B VIV AVX Return the minimum scalar single-precision floating- 
VMINSS xmm1,xmm2, xmm3/m32 point value between xmm3/m32 and xmm_2. 
EVEX.LLIG.F3.0F.WO 5D /r C VIV AVX512F Return the minimum scalar single-precision floating- 
VMINSS xmm1 {k1}{z}, xmm2, point value between xmm3/m32 and xmm_2. 
xmm3/m32{sae} 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Compares the low single-precision floating-point values in the first source operand and the second source operand 
and returns the minimum value to the low doubleword of the destination operand. 


If the values being compared are both 0.0s (of either sign), the value in the second source operand is returned. If 
a value in the second operand is an SNaN, that SNaN is returned unchanged to the destination (that is, a QNaN 
version of the SNaN is not returned). 


If only one value is a NaN (SNaN or QNaN) for this instruction, the second source operand, either a NaN or a valid 
floating-point value, is written to the result. If instead of this behavior, it is required that the NaN in either source 
operand be returned, the action of MINSD can be emulated using a sequence of instructions, such as, a comparison 
followed by AND, ANDN and OR. 


The second source operand can be an XMM register or a 32-bit memory location. The first source and destination 
operands are XMM registers. 

128-bit Legacy SSE version: The destination and first source operand are the same. Bits (MAXVL:32) of the corre- 
sponding destination register remain unchanged. 


VEX.128 and EVEX encoded version: The first source operand is an xmm register encoded by (E)VEX.vvvv. Bits 
(127:32) of the XMM register destination are copied from corresponding bits in the first source operand. Bits 
(MAXVL-1:128) of the destination register are zeroed. 


EVEX encoded version: The low doubleword element of the destination operand is updated according to the 
writemask. 


Software should ensure VMINSS is encoded with VEX.L=0. Encoding VMINSS with VEX.L=1 may encounter unpre- 
dictable behavior across different processor generations. 
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Operation 


MIN(SRC1, SRC2) 
{ 
IF ((SRC1 = 0.0) and (SRC2 = 0.0)) THEN DEST := SRC2; 
ELSE IF (SRC1 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC2 = NaN) THEN DEST := SRC2; Fl; 
ELSE IF (SRC1 < SRC2) THEN DEST := SRC1; 
ELSE DEST := SRC2; 
Fl; 
} 


MINSS (EVEX encoded version) 
IF k1[0] or *no writemask* 
THEN = DEST[31:0] := MIN(SRC1[31:0], SRC2[31:0]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 
Fl; 
DEST[1 27:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


VMINSS (VEX.128 encoded version) 
DEST[31:0] := MIN(SRC1[31:0], SRC2[31:0]) 
DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


MINSS (128-bit Legacy SSE version) 
DEST[31:0] := MIN(SRC1[31:0], SRC2[31:0]) 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 
VMINSS __m128 _mm_min_round_ss(__m128 a,__m128 5, int); 


VMINSS __m128 __mm_mask_min_round_ss(__m128 s,__ mmask8 k,__m128 a,__m128 }, int); 


VMINSS __m128 __mm_maskz_min_round_ss(__mmask8 k, 
MINSS __m128_mm_min_ss(__m128 a,__m128 b) 


SIMD Floating-Point Exceptions 
Invalid (Including QNaN Source Operand), Denormal 


Other Exceptions 


m128 a, 


m128 b, int); 


Non-EVEX-encoded instruction, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-46, “Type E2 Class Exception Conditions”. 
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MONITOR—Set Up Monitor Address 


Opcode Instruction Op/ 64-Bit Compat/ Description 
En Mode Leg Mode 
OF 01 C8 MONITOR ZO Valid Valid Sets up a linear address range to be 


monitored by hardware and activates the 
monitor. The address range should be a write- 
back memory caching type. The address is 


DS:RAX/EAX/AX. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 


Description 


The MONITOR instruction arms address monitoring hardware using an address specified in EAX (the address range 
that the monitoring hardware checks for store operations can be determined by using CPUID). A store to an 
address within the specified address range triggers the monitoring hardware. The state of monitor hardware is 
used by MWAIT. 


The address is specified in RAX/EAX/AX and the size is based on the effective address size of the encoded instruc- 
tion. By default, the DS segment is used to create a linear address that is monitored. Segment overrides can be 
used. 


ECX and EDX are also used. They communicate other information to MONITOR. ECX specifies optional extensions. 
EDX specifies optional hints; it does not change the architectural behavior of the instruction. For the Pentium 4 
processor (family 15, model 3), no extensions or hints are defined. Undefined hints in EDX are ignored by the 
processor; undefined extensions in ECX raises a general protection fault. 


The address range must use memory of the write-back type. Only write-back memory will correctly trigger the 
monitoring hardware. Additional information on determining what address range to use in order to prevent false 
wake-ups is described in Chapter 8, “Multiple-Processor Management” of the Intel® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 3A. 


The MONITOR instruction is ordered as a load operation with respect to other memory transactions. The instruction 
is subject to the permission checking and faults associated with a byte load. Like a load, MONITOR sets the A-bit 
but not the D-bit in page tables. 


CPUID.01H:ECX.MONITOR[bit 3] indicates the availability of MONITOR and MWAIT in the processor. When set, 
MONITOR may be executed only at privilege level 0 (use at any other privilege level results in an invalid-opcode 
exception). The operating system or system BIOS may disable this instruction by using the IA32_MISC_ENABLE 
MSR; disabling MONITOR clears the CPUID feature flag and causes execution to generate an invalid-opcode excep- 
tion. 


The instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


MONITOR sets up an address range for the monitor hardware using the content of EAX (RAX in 64-bit mode) as an 
effective address and puts the monitor hardware in armed state. Always use memory of the write-back caching 
type. A store to the specified address range will trigger the monitor hardware. The content of ECX and EDX are 
used to communicate other information to the monitor hardware. 


Intel C/C++ Compiler Intrinsic Equivalent 


MONITOR: void _mm_monitor(void const *p, unsigned extensions,unsigned hints) 


Numeric Exceptions 
None 
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Protected Mode Exceptions 


#GP(0) 


#SS(0) 
#PF(fault-code) 
#UD 


If the value in EAX is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If ECX #0. 

If the value in EAX is outside the SS segment limit. 
For a page fault. 

If CPUID.01H:ECX.MONITOR[bit 3] = 0. 

If current privilege level is not 0. 


Real Address Mode Exceptions 


#GP 


#SS 


#UD 


If the CS, DS, ES, FS, or GS register is used to access memory and the value in EAX is outside 
of the effective address space from 0 to FFFFH. 


If ECX #0. 


If the SS register is used to access memory and the value in EAX is outside of the effective 
address space from 0 to FFFFH. 


If CPUID.O1H:ECX.MONITOR[bit 3] = 0. 


Virtual 8086 Mode Exceptions 


#UD 


The MONITOR instruction is not recognized in virtual-8086 mode (even if 
CPUID.O1H:ECX.MONITOR[bit 3] = 1). 


Compatibility Mode Exceptions 


Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(0) 


#SS(0) 
#PF(fault-code) 
#UD 
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If the linear address of the operand in the CS, DS, ES, FS, or GS segment is in a non-canonical 
form. 


If RCX #0. 

If the SS register is used to access memory and the value in EAX is in a non-canonical form. 
For a page fault. 

If the current privilege level is not 0. 

If CPUID.OLH:ECX.MONITOR[bit 3] = 0. 
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MOV—Move 
Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

88 /r MOV r/m8&,r8 MR | Valid Valid Move r8 to r/m8. 

REX + 88 /r MOV r/m8 ’r8 MR | Valid NE. Move r8 to r/m8. 

89 /r MOV r/m16,r16 MR | Valid Valid Move r76 to r/m16. 

89 /r MOV r/m32,r32 MR_ | Valid Valid Move r32 to r/m32. 

REX.W + 89 /r MOV r/m64,r64 MR | Valid N.E. Move r64 to r/m64. 

8A /r MOV r8,r/m8 RM | Valid Valid Move r/m8 to r8. 

REX + 8A /r MOV r8***r/m8*** RM | Valid N.E. Move r/m8 to r8. 

8B /r MOV r16,r/m16 RM _ | Valid Valid Move r/m16 to r76. 

8B /r MOV r32,r/m32 RM _ | Valid Valid Move r/m32 to r32. 

REX.W + 8B /r MOV r64,r/m64 RM _ | Valid N.E. Move r/m64 to r64. 

8C/r MOV r/m16,Sreg** MR | Valid Valid Move segment register to r/m76. 

8C/r MOV r16/r32/m16, Sreg** |MR_ | Valid Valid Move zero extended 16-bit segment register 
to r16/r32/m16. 
to r64/m16. 

8E /r MOV Sreg,r/m16** RM _ | Valid Valid Move r/m16 to segment register. 

REX.W + 8E /r MOV Sreg,r/m64** RM_ | Valid Valid Move lower 16 bits of r/m64 to segment 
register. 

AO MOV AL,moffs8* FD | Valid Valid Move byte at (seg-offset) to AL. 

REX.W + AO MOV AL,moffs8* FD Valid N.E. Move byte at (offset) to AL. 

Al MOV AX,moffs 16* FD | Valid Valid Move word at (seg:offset) to AX. 

Al MOV EAX,moffs32* FD | Valid Valid Move doubleword at (seg:offset) to EAX. 

REX.W + Al MOV RAX,moffs64* FD | Valid N.E. Move quadword at (offset) to RAX. 

A2 MOV moffs8,AL TD | Valid Valid Move AL to (seg:offset). 

REX.W + A2 MOV moffs8 AL TD | Valid N.E. Move AL to (offset). 

A3 MOV moffs16*,AX TD | Valid Valid Move AX to (seg:offset). 

A3 MOV moffs32*,EAX TD | Valid Valid Move EAX to (seg-:offset). 

REX.W + A3 MOV moffs64*,RAX TD | Valid N.E. Move RAX to (offset). 

BO+ rb ib MOV r8, imm8& Ol Valid Valid Move imm8 to r8. 

REX + BO+ rb ib MOV r8_, imm8 Ol Valid N.E. Move imm8 to r8. 

B8+ rw iw MOV r716, imm16 Ol Valid Valid Move imm16 to r76. 

B8+ rd id MOV r32, imm32 Ol Valid Valid Move imm32 to r32. 

REX.W + B8+ rd io MOV r64, imm64 Ol Valid N.E. Move imm64 to r64. 

C6 /0 ib MOV r/m8, imm8 MI Valid Valid Move imm8 to r/m8. 

REX + C6 /0 ib MOV r/m8***, imm& MI Valid N.E. Move imm8 to r/m8. 

C7 /0 iw MOV r/m16, imm16 MI Valid Valid Move imm16 to r/m16. 

C7 /0 id MOV r/m32, imm32 MI Valid Valid Move imm32 to r/m32. 

REX.W + C7 /0 id MOV r/m64, imm32 MI Valid N.E. Move imm32 sign extended to 64-bits to 
r/m64. 
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NOTES: 


* The moffs8, moffs16, moffs32 and moffs64 operands specify a simple offset relative to the segment base, where 8, 16, 32 and 64 
refer to the size of the data. The address-size attribute of the instruction determines the size of the offset, either 16, 32 or 64 
bits. 


** In 32-bit mode, the assembler may insert the 16-bit operand-size prefix with this instruction (see the following “Description” sec- 
tion for further information). 


***In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MR ModRM:r/m (w) ModRM:reg (r) NA NA 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
FD AL/AX/EAX/RAX Moffs NA NA 
TD Moffs (w) AL/AX/EAX/RAX NA NA 
Ol opcode + rd (w) imm8/16/32/64 NA NA 
MI ModRM:r/m (w) imm8/16/32/64 NA NA 
Description 


Copies the second operand (source operand) to the first operand (destination operand). The source operand can be 
an immediate value, general-purpose register, segment register, or memory location; the destination register can 
be a general-purpose register, segment register, or memory location. Both operands must be the same size, which 
can be a byte, a word, a doubleword, or a quadword. 


The MOV instruction cannot be used to load the CS register. Attempting to do so results in an invalid opcode excep- 
tion (#UD). To load the CS register, use the far JMP, CALL, or RET instruction. 


If the destination operand is a segment register (DS, ES, FS, GS, or SS), the source operand must be a valid 
segment selector. In protected mode, moving a segment selector into a segment register automatically causes the 
segment descriptor information associated with that segment selector to be loaded into the hidden (shadow) part 
of the segment register. While loading this information, the segment selector and segment descriptor information 
is validated (see the “Operation” algorithm below). The segment descriptor data is obtained from the GDT or LDT 
entry for the specified segment selector. 


A NULL segment selector (values 0000-0003) can be loaded into the DS, ES, FS, and GS registers without causing 
a protection exception. However, any subsequent attempt to reference a segment whose corresponding segment 
register is loaded with a NULL value causes a general protection exception (#GP) and no memory reference occurs. 


Loading the SS register with a MOV instruction suppresses or inhibits some debug exceptions and inhibits inter- 
rupts on the following instruction boundary. (The inhibition ends after delivery of an exception or the execution of 
the next instruction.) This behavior allows a stack pointer to be loaded into the ESP register with the next instruc- 
tion (MOV ESP, stack-pointer value) before an event can be delivered. See Section 6.8.3, “Masking Exceptions 
and Interrupts When Switching Stacks,” in Intel® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3A. Intel recommends that software use the LSS instruction to load the SS register and ESP together. 


When executing MOV Reg, Sreg, the processor copies the content of Sreg to the 16 least significant bits of the 
general-purpose register. The upper bits of the destination register are zero for most IA-32 processors (Pentium 
Pro processors and later) and all Intel 64 processors, with the exception that bits 31:16 are undefined for Intel 
Quark X1000 processors, Pentium and earlier processors. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Use of the REX.R prefix permits access to addi- 
tional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bits. See the summary chart at the 
beginning of this section for encoding data and limits. 
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Operation 
DEST := SRC; 


Loading a segment register while in protected mode results in special checks and actions, as described in the 
following listing. These checks are performed on the segment selector and the segment descriptor to which it 
points. 


IF SS is loaded 
THEN 
IF segment selector is NULL 
THEN #GP(0); Fl; 
IF segment selector index is outside descriptor table limits 
OR segment selector’s RPL 4 CPL 
OR segment is not a writable data segment 
OR DPL 4 CPL 
THEN #GP(selector); FI; 
IF segment not marked present 
THEN #SS(selector); 
ELSE 
SS := segment selector; 
SS := segment descriptor; Fl; 
Fl; 


IF DS, ES, FS, or GS is loaded with non-NULL selector 
THEN 
IF segment selector index is outside descriptor table limits 
OR segment is not a data or readable code segment 
OR ((segment is a data or nonconforming code segment) AND ((RPL > DPL) or (CPL > DPL))) 
THEN #GP(selector); Fl; 
IF segment not marked present 
THEN #NP(selector); 
ELSE 
SegmentRegister := segment selector; 
SegmentRegister := segment descriptor; Fl; 
Fl; 


IF DS, ES, FS, or GS is loaded with NULL selector 
THEN 
SegmentRegister := segment selector; 
SegmentRegister := segment descriptor; 
Fl; 


Flags Affected 


None 
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Protected Mode Exceptions 


#GP(0) 


#GP(selector) 


#SS(0) 
#SS(selector) 
#NP 


#PF(fault-code) 
#AC(0) 


#UD 


If attempt is made to load SS register with NULL segment selector. 

If the destination operand is in a non-writable segment. 

If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

If segment selector index is outside descriptor table limits. 


If the SS register is being loaded and the segment selector's RPL and the segment descriptor’s 
DPL are not equal to the CPL. 


If the SS register is being loaded and the segment pointed to is a 
non-writable data segment. 


If the DS, ES, FS, or GS register is being loaded and the segment pointed to is not a data or 
readable code segment. 


If the DS, ES, FS, or GS register is being loaded and the segment pointed to is a data or 
nonconforming code segment, and either the RPL or the CPL is greater than the DPL. 


If a memory operand effective address is outside the SS segment limit. 
If the SS register is being loaded and the segment pointed to is marked not present. 


If the DS, ES, FS, or GS register is being loaded and the segment pointed to is marked not 
present. 


If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If attempt is made to load the CS register. 
If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP 
#SS 
#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

If attempt is made to load the CS register. 

If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) 

#SS(0) 
#PF(fault-code) 
#AC(0) 

#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made. 

If attempt is made to load the CS register. 

If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 


#GP(0) 


#GP(selector) 


#SS(0) 
#SS(selector) 
#PF(fault-code) 
#AC(0) 


#UD 
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If the memory address is in a non-canonical form. 
If an attempt is made to load SS register with NULL segment selector when CPL = 3. 


If an attempt is made to load SS register with NULL segment selector when CPL < 3 and CPL 
#RPL. 


If segment selector index is outside descriptor table limits. 
If the memory access to the descriptor table is non-canonical. 


If the SS register is being loaded and the segment selector's RPL and the segment descriptor’s 
DPL are not equal to the CPL. 


If the SS register is being loaded and the segment pointed to is a nonwritable data segment. 


If the DS, ES, FS, or GS register is being loaded and the segment pointed to is not a data or 
readable code segment. 


If the DS, ES, FS, or GS register is being loaded and the segment pointed to is a data or 
nonconforming code segment, but both the RPL and the CPL are greater than the DPL. 


If the stack address is in a non-canonical form. 
If the SS register is being loaded and the segment pointed to is marked not present. 
If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If attempt is made to load the CS register. 
If the LOCK prefix is used. 
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MOV—Move to/from Control Registers 


Opcode/ Op/ | 64-Bit Compat/ |Description 

Instruction En |Mode Leg Mode 

OF 20/r MR |N.E. Valid Move control register to r32. 

MOV r32, CRO-CR7 

OF 20/r MR | Valid N.E. Move extended control register to r64. 
MOV r64, CRO-CR7 

REX.R + OF 20/0 MR | Valid N.E. Move extended CR8 to 164." 

MOV r64, CR8 

OF 22 /r RM |N.E. Valid Move r32 to control register. 

MOV CRO-CR7, r32 

OF 22 /r RM _ | Valid N.E. Move r64 to extended control register. 
MOV CRO-CR7, r64 

REX.R + OF 22 /O RM _ | Valid N.E. Move r64 to extended CR8." 

MOV CR8, r64 

NOTE: 


1. MOV CR* instructions, except for MOV CR8, are serializing instructions. MOV CR8 is not 
architecturally defined as a serializing instruction. For more information, see Chapter 8 in Intel® 64 and IA-32 Architectures Soft- 
ware Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MR ModRM:r/m (w) ModRM:reg (r) NA NA 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Moves the contents of a control register (CRO, CR2, CR3, CR4, or CR8) to a general-purpose register or the 

contents of a general-purpose register to a control register. The operand size for these instructions is always 32 bits 
in non-64-bit modes, regardless of the operand-size attribute. On a 64-bit capable processor, an execution of MOV 
to CR outside of 64-bit mode zeros the upper 32 bits of the control register. (See “Control Registers” in Chapter 2 
of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, for a detailed description of the 
flags and fields in the control registers.) This instruction can be executed only when the current privilege level is 0. 


At the opcode level, the reg field within the ModR/M byte specifies which of the control registers is loaded or read. 
The 2 bits in the mod field are ignored. The r/m field specifies the general-purpose register loaded or read. Some 
of the bits in CRO, CR3 and CR4 are reserved and must be written with zeros. Attempting to set any reserved bits 
in CRO[31:0] is ignored. Attempting to set any reserved bits in CRO[63:32] results in a general-protection excep- 
tion, #GP(0). When PCIDs are not enabled, bits 2:0 and bits 11:5 of CR3 are not used and attempts to set them 
are ignored. Attempting to set any reserved bits in CR3[63:MAXPHYADDR] results in #GP(0). Attempting to set any 
reserved bits in CR4 results in #GP(0). On Pentium 4, Intel Xeon and P6 family processors, CRO.ET remains set 
after any load of CRO; attempts to clear this bit have no impact. 


In certain cases, these instructions have the side effect of invalidating entries in the TLBs and the paging-structure 
caches. See Section 4.10.4.1, “Operations that Invalidate TLBs and Paging-Structure Caches,” in the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 3A for details. 


The following side effects are implementation-specific for the Pentium 4, Intel Xeon, and P6 processor family: when 
modifying PE or PG in register CRO, or PSE or PAE in register CR4, all TLB entries are flushed, including global 
entries. Software should not depend on this functionality in all Intel 64 or IA-32 processors. 


In 64-bit mode, the instruction’s default operation size is 64 bits. The REX.R prefix must be used to access CR8. Use 
of REX.B permits access to additional registers (R8-R15). Use of the REX.W prefix or 66H prefix is ignored. Use of 
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the REX.R prefix to specify a register other than CR8 causes an invalid-opcode exception. See the summary chart 
at the beginning of this section for encoding data and limits. 


If CR4.PCIDE = 1, bit 63 of the source operand to MOV to CR3 determines whether the instruction invalidates 
entries in the TLBs and the paging-structure caches (see Section 4.10.4.1, “Operations that Invalidate TLBs and 
Paging-Structure Caches,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A). The 
instruction does not modify bit 63 of CR3, which is reserved and always 0. 


See “Changes to Instruction Behavior in VMX Non-Root Operation” in Chapter 25 of the Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 3C, for more information about the behavior of this instruction in 
VMX non-root operation. 


Operation 
DEST := SRC; 


Flags Affected 
The OF, SF, ZF, AF, PF, and CF flags are undefined. 


Protected Mode Exceptions 
#GP(0) If the current privilege level is not 0. 


If an attempt is made to write invalid bit combinations in CRO (such as setting the PG flag to 1 
when the PE flag is set to 0, or setting the CD flag to 0 when the NW flag is set to 1). 


If an attempt is made to write a 1 to any reserved bit in CR4. 
If an attempt is made to write 1 to CR4.PCIDE. 


If any of the reserved bits are set in the page-directory pointers table (PDPT) and the loading 
of a control register causes the PDPT to be loaded into the processor. 


#UD If the LOCK prefix is used. 
If an attempt is made to access CR1, CR5, CR6, CR7, or CR9-CR15. 


Real-Address Mode Exceptions 
#GP If an attempt is made to write a 1 to any reserved bit in CR4. 
If an attempt is made to write 1 to CR4.PCIDE. 


If an attempt is made to write invalid bit combinations in CRO (such as setting the PG flag to 1 
when the PE flag is set to 0). 


#UD If the LOCK prefix is used. 
If an attempt is made to access CR1, CR5, CR6, CR7, or CR9-CR15. 


Virtual-8086 Mode Exceptions 
#GP(0) These instructions cannot be executed in virtual-8086 mode. 


Compatibility Mode Exceptions 
#GP(0) If the current privilege level is not 0. 


If an attempt is made to write invalid bit combinations in CRO (such as setting the PG flag to 1 
when the PE flag is set to 0, or setting the CD flag to 0 when the NW flag is set to 1). 


If an attempt is made to change CR4.PCIDE from 0 to 1 while CR3[11:0] # OOOH. 
If an attempt is made to clear CRO.PG[bit 31] while CR4.PCIDE = 1. 
If an attempt is made to leave IA-32e mode by clearing CR4.PAE[bit 5]. 
#UD If the LOCK prefix is used. 
If an attempt is made to access CR1, CR5, CR6, CR7, or CR9-CR15. 
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64-Bit Mode Exceptions 


#GP(0) 


#UD 
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If the current privilege level is not 0. 


If an attempt is made to write invalid bit combinations in CRO (such as setting the PG flag to 1 
when the PE flag is set to 0, or setting the CD flag to 0 when the NW flag is set to 1). 


If an attempt is made to change CR4.PCIDE from 0 to 1 while CR3[11:0] # OOOH. 
If an attempt is made to clear CRO.PG[bit 31]. 

If an attempt is made to write a 1 to any reserved bit in CR4. 

If an attempt is made to write a 1 to any reserved bit in CR8. 

If an attempt is made to write a 1 to any reserved bit in CR3[63:MAXPHYADDR]. 
If an attempt is made to leave IA-32e mode by clearing CR4.PAE[bit 5]. 

If the LOCK prefix is used. 

If an attempt is made to access CR1, CR5, CR6, CR7, or CR9-CR15. 

If the REX.R prefix is used to specify a register other than CR8. 
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MOV—Move to/from Debug Registers 


Opcode/ Op/ | 64-Bit Compat/ |Description 

Instruction En |Mode Leg Mode 

OF 21/r MR |N.E. Valid Move debug register to r32. 

MOV r32, DRO-DR7 

OF 21/r MR | Valid N.E. Move extended debug register to r64. 
MOV r64, DRO-DR7 

OF 23 /r RM |N.E. Valid Move r32 to debug register. 

MOV DRO-DR7, r32 

OF 23 /r RM_ | Valid N.E. Move r64 to extended debug register. 
MOV DRO-DR7, r64 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MR ModRM:r/m (w) ModRM:reg (r) NA NA 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Moves the contents of a debug register (DRO, DR1, DR2, DR3, DR4, DR5, DR6, or DR7) to a general-purpose 
register or vice versa. The operand size for these instructions is always 32 bits in non-64-bit modes, regardless of 
the operand-size attribute. (See Section 17.2, ‘Debug Registers”, of the Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 3A, for a detailed description of the flags and fields in the debug registers. ) 


The instructions must be executed at privilege level 0 or in real-address mode. 


When the debug extension (DE) flag in register CR4 is clear, these instructions operate on debug registers in a 
manner that is compatible with Intel386 and Intel486 processors. In this mode, references to DR4 and DR5 refer 
to DR6 and DR7, respectively. When the DE flag in CR4 is set, attempts to reference DR4 and DRS result in an 
undefined opcode (#UD) exception. (The CR4 register was added to the IA-32 Architecture beginning with the 
Pentium processor.) 


At the opcode level, the reg field within the ModR/M byte specifies which of the debug registers is loaded or read. 
The two bits in the mod field are ignored. The r/m field specifies the general-purpose register loaded or read. 


In 64-bit mode, the instruction’s default operation size is 64 bits. Use of the REX.B prefix permits access to addi- 
tional registers (R8-R15). Use of the REX.W or 66H prefix is ignored. Use of the REX.R prefix causes an invalid- 
opcode exception. See the summary chart at the beginning of this section for encoding data and limits. 


Operation 
IF ((DE = 1) and (SRC or DEST = DR4 or DRS)) 
THEN 


#UD; 
ELSE 
DEST := SRC; 
Fl; 
Flags Affected 


The OF, SF, ZF, AF, PF, and CF flags are undefined. 
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Protected Mode Exceptions 


#GP(0) 
#UD 


#DB 


If the current privilege level is not 0. 


If CR4.DE[bit 3] = 1 (debug extensions) and a MOV instruction is executed involving DR4 or 
DR5. 


If the LOCK prefix is used. 
If any debug register is accessed while the DR7.GD[bit 13] = 1. 


Real-Address Mode Exceptions 


#UD 


#DB 


If CR4.DE[bit 3] = 1 (debug extensions) and a MOV instruction is executed involving DR4 or 
DR5. 


If the LOCK prefix is used. 
If any debug register is accessed while the DR7.GD[bit 13] = 1. 


Virtual-8086 Mode Exceptions 


#GP(0) 


The debug registers cannot be loaded or read when in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(0) 


#UD 


#DB 
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If the current privilege level is not 0. 
If an attempt is made to write a 1 to any of bits 63:32 in DR6. 
If an attempt is made to write a 1 to any of bits 63:32 in DR7. 


If CR4.DE[bit 3] = 1 (debug extensions) and a MOV instruction is executed involving DR4 or 
DR5. 


If the LOCK prefix is used. 
If the REX.R prefix is used. 
If any debug register is accessed while the DR7.GD[bit 13] = 1. 
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Opcode/ Op/En 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 

66 OF 28 /r A VIV SSE2 Move aligned packed double-precision floating- 

MOVAPD xmm1, xmm2/m128 point values from xmm2/mem to xmm1. 

66 OF 29 /r B VIV SSE2 Move aligned packed double-precision floating- 

MOVAPD xmm2/m1 28, xmm1 point values from xmm1 to xmm2/mem. 

VEX.128.66.0F.WIG 28 /r A VV AVX Move aligned packed double-precision floating- 

VMOVAPD xmm1, xmm2/m128 point values from xmm2/mem to xmm1. 

VEX.128.66.0F.WIG 29 /r B VV AVX Move aligned packed double-precision floating- 

VMOVAPD xmm2/m128, xmm1 point values from xmm1 to xmm2/mem. 

VEX.256.66.0F.WIG 28 /r A VN AVX Move aligned packed double-precision floating- 

VMOVAPD ymm1, ymm2/m256 point values from ymm2/mem to ymm1. 

VEX.256.66.0F.WIG 29 /r B VIN AVX Move aligned packed double-precision floating- 

VMOVAPD ymm2/m256, ymm1 point values from ymm1 to ymm2/mem. 

EVEX.128.66.0F.W1 28 /r C VIV AVX512VL | Move aligned packed double-precision floating- 

VMOVAPD xmm1 {k1}{z}, xmm2/m128 AVX512F point values from xmm2/m128 to xmm1 using 
writemask k1. 

EVEX.256.66.0F.W1 28 /r C VIV AVX512VL | Move aligned packed double-precision floating- 

VMOVAPD ymm1 {k1}{z}, ymm2/m256 AVX512F point values from ymm2/m256 to ymm1 using 
writemask k1. 

EVEX.512.66.0F.W1 28 /r C VV AVX512F Move aligned packed double-precision floating- 

VMOVAPD zmm1 {k1}{z}, zmm2/m512 point values from zmm2/m512 to zmm1 using 
writemask k1. 

EVEX.128.66.0F.W1 29 /r D VIV AVX512VL | Move aligned packed double-precision floating- 

VMOVAPD xmm2/m1 28 {k1}{z}, xmm1 AVX512F point values from xmm1 to xmm2/m128 using 
writemask k1. 

EVEX.256.66.0F.W1 29 /r D VIV AVX512VL | Move aligned packed double-precision floating- 

VMOVAPD ymm2/m256 {k1}{z}, ymm1 AVX512F point values from ymm1 to ymm2/m256 using 
writemask k1. 

EVEX.512.66.0F.W1 29 /r D VV AVX512F Move aligned packed double-precision floating- 

VMOVAPD zmm2/m512 {k1}{z}, zmm1 point values from zmm1 to zmm2/m512 using 
writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B NA ModRM:r/m (w) ModRM:reg (r) NA NA 
C Full Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
D Full Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
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Description 


Moves 2, 4 or 8 double-precision floating-point values from the source operand (second operand) to the destination 
operand (first operand). This instruction can be used to load an XMM, YMM or ZMM register from an 128-bit, 256- 
bit or 512-bit memory location, to store the contents of an XMM, YMM or ZMM register into a 128-bit, 256-bit or 
512-bit memory location, or to move data between two XMM, two YMM or two ZMM registers. 


When the source or destination operand is a memory operand, the operand must be aligned on a 16-byte (128-bit 
versions), 32-byte (256-bit version) or 64-byte (EVEX.512 encoded version) boundary or a general-protection 
exception (#GP) will be generated. For EVEX encoded versions, the operand must be aligned to the size of the 
memory operand. To move double-precision floating-point values to and from unaligned memory locations, use the 
VMOVUPD instruction. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 
EVEX.512 encoded version: 


Moves 512 bits of packed double-precision floating-point values from the source operand (second operand) to the 
destination operand (first operand). This instruction can be used to load a ZMM register from a 512-bit float64 
memory location, to store the contents of a ZMM register into a 512-bit float6é4 memory location, or to move data 
between two ZMM registers. When the source or destination operand is a memory operand, the operand must be 
aligned on a 64-byte boundary or a general-protection exception (#GP) will be generated. To move single-precision 
floating-point values to and from unaligned memory locations, use the VMOVUPD instruction. 


VEX.256 and EVEX.256 encoded versions: 


Moves 256 bits of packed double-precision floating-point values from the source operand (second operand) to the 
destination operand (first operand). This instruction can be used to load a YMM register from a 256-bit memory 
location, to store the contents of a YMM register into a 256-bit memory location, or to move data between two YMM 
registers. When the source or destination operand is a memory operand, the operand must be aligned on a 32-byte 
boundary or a general-protection exception (#GP) will be generated. To move double-precision floating-point 
values to and from unaligned memory locations, use the VMOVUPD instruction. 

128-bit versions: 

Moves 128 bits of packed double-precision floating-point values from the source operand (second operand) to the 
destination operand (first operand). This instruction can be used to load an XMM register from a 128-bit memory 
location, to store the contents of an XMM register into a 128-bit memory location, or to move data between two 
XMM registers. When the source or destination operand is a memory operand, the operand must be aligned on a 
16-byte boundary or a general-protection exception (#GP) will be generated. To move single-precision floating- 
point values to and from unaligned memory locations, use the VMOVUPD instruction. 

128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding ZMM destination register remain 
unchanged. 


(E)VEX.128 encoded version: Bits (MAXVL-1:128) of the destination ZMM register destination are zeroed. 


Operation 


VMOVAPD (EVEX encoded versions, register-copy form) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j*64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := SRC[i+63:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE DEST[i+63:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VMOVAPD (EVEX encoded versions, store-form) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = SRC[i+63:i] 
ELSE 
ELSE *DEST[i+63:i] remains unchanged* ; merging-masking 


Fl; 
ENDFOR; 


VMOVAPD (EVEX encoded versions, load-form) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := SRC[i+63:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE DEST[i+63:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVAPD (VEX.256 encoded version, load - and register copy) 
DEST[255:0] := SRC[255:0] 
DEST[MAXVL-1:256] := 0 


VMOVAPD (VEX.256 encoded version, store-form) 
DEST[255:0] := SRC[255:0)] 


VMOVAPD (VEX.128 encoded version, load - and register copy) 
DEST[127:0] := SRC[127:0] 
DEST[MAXVL-1:128] := 0 


MOVAPD (128-bit load- and register-copy- form Legacy SSE version) 
DEST[127:0] := SRC[127:0] 
DEST[MAXVL-1:128] (Unmodified) 


(V)MOVAPD (128-bit store-form version) 
DEST[127:0] := SRC[127:0] 
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Intel C/C++ Compiler Intrinsic Equivalent 


VMOVAPD __m512d_mm512_load_pd( void * m); 

VMOVAPD __m512d_mm512_mask_load_pd(__m512ds,___mmask8 k, void * m); 
VMOVAPD __m512d_mm512_maskz_load_pd(__mmask8 k, void * m); 
VMOVAPD void __mm512_store_pd( void * d,__m512d a); 

VMOVAPD void __mm512_mask_store_pd( void * d,__ mmask8 k,__m512d a); 
VMOVAPD __m256d __mm256_mask_load_pd(__m256d s,___mmask8 k, void * m); 
VMOVAPD __m256d __mm256_maskz_load_pd(__mmask8 k, void * m); 
VMOVAPD void _mm256_mask_store_pd( void * d,__ mmask8 k,___ m256d a); 
VMOVAPD __m128d _mm_mask_load_pd(__m128d s,___mmask8 k, void * m); 
VMOVAPD __m128d_mm_maskz_load_pd(__mmask8 k, void * m); 

VMOVAPD void _mm_mask_store_pd( void * d,__ mmask8 k, __m128d a); 
MOVAPD __m256d __mm256_load_pd (double * p); 

MOVAPD void __mm256_store_pd(double * p,__m256d a); 

MOVAPD __m128d _mm_load_pd (double * p); 

MOVAPD void _mm_store_pd(double * p,__m128d a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Exceptions Type1.SSE2 in Table 2-18, “Type 1 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-44, “Type E1 Class Exception Conditions”. 

Additionally: 

#UD If EVEX.vvvv != 1111B or VEX.vvvv != 1111B. 
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MOVAPS—Move Aligned Packed Single-Precision Floating-Point Values 


Opcode/ Op/En 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support Flag 

NP OF 28 /r A VIV SSE Move aligned packed single-precision floating-point 

MOVAPS xmm1, xmm2/m128 values from xmm2/mem to xmm1. 

NP OF 29 /r B VIV SSE Move aligned packed single-precision floating-point 

MOVAPS xmm2/m1 28, xmm1 values from xmm1 to xmm2/mem. 

VEX.128.0F.WIG 28 /r A VIV AVX Move aligned packed single-precision floating-point 

VMOVAPS xmm1, xmm2/m128 values from xmm2/mem to xmm1. 

VEX.128.0F.WIG 29 /r B VIV AVX Move aligned packed single-precision floating-point 

VMOVAPS xmm2/m1 28, xmm1 values from xmm1 to xmm2/mem. 

VEX.256.0F.WIG 28 /r A VIV AVX Move aligned packed single-precision floating-point 

VMOVAPS ymm1, ymm2/m256 values from ymm2/mem to ymm1. 

VEX.256.0F.WIG 29 /r B VIV AVX Move aligned packed single-precision floating-point 

VMOVAPS ymm2/m256, ymm1 values from ymm1 to ymm2/mem. 

EVEX.128.0F.WO 28 /r C VIV AVX512VL | Move aligned packed single-precision floating-point 

VMOVAPS xmm1 {k1}{z}, xmm2/m128 AVX512F values from xmm2/m128 to xmm1 using 
writemask k1. 

EVEX.256.0F.WO 28 /r C VIV AVX512VL | Move aligned packed single-precision floating-point 

VMOVAPS ymm1 {k1}{z}, ymm2/m256 AVX512F values from ymm2/m256 to ymm1 using 
writemask k1. 

EVEX.512.0F.WO 28 /r C VIV AVX512F Move aligned packed single-precision floating-point 

VMOVAPS zmm1 {k1}{z}, zmm2/m512 values from zmm2/m512 to zmm1 using 
writemask k1. 

EVEX.128.0F.WO 29 /r D VIV AVX512VL | Move aligned packed single-precision floating-point 

VMOVAPS xmm2/m1 28 {k1}{z}, xmm1 AVX512F values from xmm1 to xmm2/m128 using 
writemask k1. 

EVEX.256.0F.WO 29 /r D VIV AVX512VL | Move aligned packed single-precision floating-point 

VMOVAPS ymm2/m256 {k1}{z}, ymm1 AVX512F values from ymm1 to ymm2/m256 using 
writemask k1. 

EVEX.512.0F.WO 29 /r D VIV AVX512F Move aligned packed single-precision floating-point 

VMOVAPS zmm2/m51 2 {k1}{z}, zmm1 values from zmm1 to zmm2/m512 using 
writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B NA ModRM:r/m (w) ModRM:reg (r) NA NA 
C Full Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
D Full Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Moves 4, 8 or 16 single-precision floating-point values from the source operand (second operand) to the destina- 
tion operand (first operand). This instruction can be used to load an XMM, YMM or ZMM register from an 128-bit, 

256-bit or 512-bit memory location, to store the contents of an XMM, YMM or ZMM register into a 128-bit, 256-bit 
or 512-bit memory location, or to move data between two XMM, two YMM or two ZMM registers. 


When the source or destination operand is a memory operand, the operand must be aligned on a 16-byte (128-bit 
version), 32-byte (VEX.256 encoded version) or 64-byte (EVEX.512 encoded version) boundary or a general- 
protection exception (#GP) will be generated. For EVEX.512 encoded versions, the operand must be aligned to the 
size of the memory operand. To move single-precision floating-point values to and from unaligned memory loca- 
tions, use the VMOVUPS instruction. 


MOVAPS—Move Aligned Packed Single-Precision Floating-Point Values Vol.2B 4-49 


INSTRUCTION SET REFERENCE, M-U 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 
EVEX.512 encoded version: 


Moves 512 bits of packed single-precision floating-point values from the source operand (second operand) to the 
destination operand (first operand). This instruction can be used to load a ZMM register from a 512-bit float32 
memory location, to store the contents of a ZMM register into a float32 memory location, or to move data between 
two ZMM registers. When the source or destination operand is a memory operand, the operand must be aligned on 
a 64-byte boundary or a general-protection exception (#GP) will be generated. To move single-precision floating - 
point values to and from unaligned memory locations, use the VMOVUPS instruction. 


VEX.256 and EVEX.256 encoded version: 


Moves 256 bits of packed single-precision floating-point values from the source operand (second operand) to the 
destination operand (first operand). This instruction can be used to load a YMM register from a 256-bit memory 
location, to store the contents of a YMM register into a 256-bit memory location, or to move data between two YMM 
registers. When the source or destination operand is a memory operand, the operand must be aligned on a 32-byte 
boundary or a general-protection exception (#GP) will be generated. 

128-bit versions: 

Moves 128 bits of packed single-precision floating-point values from the source operand (second operand) to the 
destination operand (first operand). This instruction can be used to load an XMM register from a 128-bit memory 
location, to store the contents of an XMM register into a 128-bit memory location, or to move data between two 
XMM registers. When the source or destination operand is a memory operand, the operand must be aligned on a 
16-byte boundary or a general-protection exception (#GP) will be generated. To move single-precision floating- 
point values to and from unaligned memory locations, use the VMOVUPS instruction. 

128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding ZMM destination register remain 
unchanged. 


(E)VEX.128 encoded version: Bits (MAXVL-1:128) of the destination ZMM register are zeroed. 


Operation 


VMOVAPS (EVEX encoded versions, register-copy form) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC[i+31:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE DEST[i+31:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVAPS (EVEX encoded versions, store-form) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
SRC[i+31:i] 
ELSE *DEST[i+31:i] remains unchanged* ; Merging-masking 
Fl; 
ENDFOR; 
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VMOVAPS (EVEX encoded versions, load-form) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST{i+31:i] = SRC[i+31:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE DEST[i+31:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVAPS (VEX.256 encoded version, load - and register copy) 
DEST[255:0] := SRC[255:0] 
DEST[MAXVL-1:256] := 0 


VMOVAPS (VEX.256 encoded version, store-form) 
DEST[255:0] := SRC[255:0)] 


VMOVAPS (VEX.128 encoded version, load - and register copy) 
DEST[127:0] := SRC[127:0] 
DEST[MAXVL-1:128] := 0 


MOVAPS (128-bit load- and register-copy- form Legacy SSE version) 
DEST[127:0] := SRC[127:0] 
DEST[MAXVL-1:128] (Unmodified) 


(V)MOVAPS (128-bit store-form version) 
DEST[127:0] := SRC[127:0] 


Intel C/C++ Compiler Intrinsic Equivalent 


VMOVAPS __m512 _mm512_load_ps( void * m); 

VMOVAPS __m512_mm512_mask_load_ps(__m512 s,___mmask16 k, void * m); 
VMOVAPS __m512_mm512_maskz_load_ps(__mmask16 k, void * m); 
VMOVAPS void __mm512_store_ps( void * d,__m512 a); 

VMOVAPS void _mm512_mask_store_ps( void * d,__ mmask16 k,___m512 a); 
VMOVAPS __m256 _mm256_mask_load_ps(__m256 a,__mmask8 k, void * s); 
VMOVAPS __m256 _mm256_maskz_load_ps(__mmask8 k, void * s); 
VMOVAPS void _mm256_mask_store_ps( void * d,__ mmask8 k, __m256 a); 
VMOVAPS __m128 _mm_mask_load_ps(__m128 a,__ mmask8 k, void * s); 
VMOVAPS __m128_mm_maskz_load_ps(__mmask8 k, void * s); 

VMOVAPS void _mm_mask_store_ps( void * d,__ mmask8 k,___m128 a); 
MOVAPS __m256_mm256_load_ps (float * p); 

MOVAPS void __mm256_store_ps(float * p,__m256 a); 

MOVAPS __m128_mm_load_ps (float * p); 

MOVAPS void __mm_store_ps(float * p,__m128 a); 


SIMD Floating-Point Exceptions 
None 
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Other Exceptions 


Non-EVEX-encoded instruction, see Exceptions Type1.SSE in Table 2-18, “Type 1 Class Exception Conditions”; 
additionally: 


#UD If VEX.vvvv != 1111B. 
EVEX-encoded instruction, see Table 2-44, “Type E1 Class Exception Conditions”. 
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Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En Mode Feature 

Support | Flag 
OF 38 FO /r RM VIV MOVBE Reverse byte order in m16 and move to r16. 
MOVBE r16,m16 
OF 38 FO /r RM VV MOVBE Reverse byte order in m32 and move to r32. 
MOVBE r32, m32 
REX.W + OF 38 FO /r RM V/N.E. MOVBE Reverse byte order in m64 and move to r64. 
MOVBE r64, m64 
OF 38 F1 /r MR VIV MOVBE Reverse byte order in r76 and move to m16. 
MOVBE m16, r16 
OF 38 F1 /r MR VV MOVBE Reverse byte order in r32 and move to m32. 
MOVBE m32, r32 
REX.W + OF 38 F1 /r MR V/N.E. MOVBE Reverse byte order in r64 and move to m64. 
MOVBE m64, r64 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
MR ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Performs a byte swap operation on the data copied from the second operand (source operand) and store the result 
in the first operand (destination operand). The source operand can be a general-purpose register, or memory loca- 
tion; the destination register can be a general-purpose register, or a memory location; however, both operands can 
not be registers, and only one operand can be a memory location. Both operands must be the same size, which can 


be a word, a doubleword or quadword. 


The MOVBE instruction is provided for swapping the bytes on a read from memory or on a write to memory; thus 


providing support for converting little-endian values to big-endian format and vice versa. 


In 64-bit mode, the instruction's default operation size is 32 bits. Use of the REX.R prefix permits access to addi- 
tional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bits. See the summary chart at the 
beginning of this section for encoding data and limits. 
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Operation 
TEMP := SRC 


IF ( OperandSize = 16) 

THEN 
DEST[7:0] := TEMP[15:8]; 
DEST[15:8] := TEMP[7:0]; 

ELES IF (OperandSize = 32) 
DEST[7:0] := TEMP[31:24]; 
DEST[15:8] := TEMP[23:16]; 
DEST[23:16] := TEMP[1 5:8]; 
DEST[31:23] := TEMP[7:0]; 

ELSE IF ( OperandSize = 64) 
DEST[7:0] := TEMP[63:56]; 
DEST[15:8] := TEMP[55:48]; 
DEST[23:16] := TEMP[47:40]; 
DEST[31:24] := TEMP[39:32]; 
DEST[39:32] := TEMP[31:24]; 
DEST[47:40] := TEMP[23:16]; 
DEST[55:48] := TEMP[1 5:8]; 
DEST[63:56] := TEMP[7:0]; 


Fl; 


Flags Affected 


None 


Protected Mode Exceptions 

#GP(0) If the destination operand is in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If CPUID.01H:ECX.MOVBE[bit 22] = 0. 


If the LOCK prefix is used. 
If REP (F3H) prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If CPUID.01H:ECX.MOVBE[bit 22] = 0. 


If the LOCK prefix is used. 
If REP (F3H) prefix is used. 
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Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If CPUID.01H:ECX.MOVBE[bit 22] = 0. 


If the LOCK prefix is used. 
If REP (F3H) prefix is used. 
If REPNE (F2H) prefix is used and CPUID.01H:ECX.SSE4_2[bit 20] = 0. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(0) If the memory address is in a non-canonical form. 

#SS(0) If the stack address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If CPUID.01H:ECX.MOVBE[bit 22] = 0. 


If the LOCK prefix is used. 
If REP (F3H) prefix is used. 
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MOVD/MOVQ—Move Doubleword/Move Quadword 


VMOVQ r64/m64, xmm1 


Opcode/ Op/ En | 64/32-bit | CPUID Description 
Instruction Mode Feature 
Flag 
NP OF 6€ /r A VIN MMX Move doubleword from r/m32 to mm. 
MOVD mm, r/m32 
NP REX.W + OF 6E /r A V/N.E. MMX Move quadword from r/m64 to mm. 
MOVQ mm, r/m64 
NP OF 7E /r B VIN MMX Move doubleword from mm to r/m32. 
MOVD r/m32, mm 
NP REX.W + OF 7E/r B V/N.E. MMX Move quadword from mm to r/m64. 
MOVQ r/m64, mm 
66 OF 6E /r A VIN SSE2 Move doubleword from r/m32 to xmm. 
MOVD xmm, r/m32 
66 REX.W OF 6E /r A V/N.E. SSE2 Move quadword from r/m64 to xmm. 
MOVQ xmm, r/m64 
66 OF 7E/r B VIV SSE2 Move doubleword from xmm register to r/m32. 
MOVD r/m32, xmm 
66 REX.W OF 7E /r B V/N.E. SSE2 Move quadword from xmm register to r/m64. 
MOVQ r/m64, xmm 
VEX.128.66.0F.WO 6E / A VIN AVX Move doubleword from r/m32 to xmm1. 
VMOVD xmm1, r32/m32 
VEX.128.66.0F.W1 6E /r A V/N.ET. AVX Move quadword from r/m64 to xmm1. 
VMOVQ xmm7, r64/m64 
VEX.128.66.0F.WO 7E /r B VIV AVX Move doubleword from xmm/1 register to r/m32. 
VMOVD r32/m32, xmm1 
VEX.128.66.0F.W1 7E /r B V/N.ET. AVX Move quadword from xmm1 register to r/m64. 
VMOVQ r64/m64, xmm1 
EVEX.128.66.0F.WO 6E /r C VV AVX512F | Move doubleword from r/m32 to xmm1. 
VMOVD xmm1, r32/m32 
EVEX.128.66.0F.W1 6E /r C VINE. AVX512F | Move quadword from r/m64 to xmm1. 
VMOVQ xmm1, r64/m64 
EVEX.128.66.0F.WO 7E /r D VIV AVX512F | Move doubleword from xmm1 register to r/m32. 
VMOVD r32/m32, xmm1 
EVEX.128.66.0F.W1 7E /r D VINE." AVX512F | Move quadword from xmm1 register to r/m64. 


NOTES: 


1. For this specific instruction, VEX.W/EVEX.W in non-64 bit is ignored; the instructions behaves as if the WO ver- 


sion is used. 
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Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B NA ModRM:r/m (w) ModRM:reg (r) NA NA 
C Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
D Tuple1 Scalar ModRM:r/m (w) ModRM:reg (r) NA NA 


Description 


Copies a doubleword from the source operand (second operand) to the destination operand (first operand). The 
source and destination operands can be general-purpose registers, MMX technology registers, XMM registers, or 
32-bit memory locations. This instruction can be used to move a doubleword to and from the low doubleword of an 
MMX technology register and a general-purpose register or a 32-bit memory location, or to and from the low 
doubleword of an XMM register and a general-purpose register or a 32-bit memory location. The instruction cannot 
be used to transfer data between MMX technology registers, between XMM registers, between general-purpose 
registers, or between memory locations. 


When the destination operand is an MMX technology register, the source operand is written to the low doubleword 
of the register, and the register is zero-extended to 64 bits. When the destination operand is an XMM register, the 
source operand is written to the low doubleword of the register, and the register is zero-extended to 128 bits. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Use of the REX.R prefix permits access to addi- 
tional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bits. See the summary chart at the 
beginning of this section for encoding data and limits. 


MOVD/Q with XMM destination: 


Moves a dword/qword integer from the source operand and stores it in the low 32/64-bits of the destination XMM 
register. The upper bits of the destination are zeroed. The source operand can be a 32/64-bit register or 32/64-bit 
memory location. 


128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding YMM destination register remain 
unchanged. Qword operation requires the use of REX.W=1. 


VEX.128 encoded version: Bits (MAXVL-1:128) of the destination register are zeroed. Qword operation requires the 
use of VEX.W=1. 


EVEX.128 encoded version: Bits (MAXVL-1:128) of the destination register are zeroed. Qword operation requires 
the use of EVEX.W=1. 


MOVD/Q with 32/64 reg/mem destination: 


Stores the low dword/qword of the source XMM register to 32/64-bit memory location or general-purpose register. 
Qword operation requires the use of REX.W=1, VEX.W=1, or EVEX.W=1. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 


If VMOVD or VMOVQ is encoded with VEX.L= 1, an attempt to execute the instruction encoded with VEX.L= 1 will 
cause an #UD exception. 


Operation 


MOVD (when destination operand is MMX technology register) 
DEST[31:0] := SRC; 
DEST[63:32] := OOOOO000H; 


MOVD (when destination operand is XMM register) 
DEST[31:0] := SRC; 
DEST[127:32] := OOOOODDDD000000000000000H; 
DEST[MAXVL-1:128] (Unmodified) 
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MOVD (when source operand is MMX technology or XMM register) 
DEST := SRC[31:0]; 


VMOVD (VEX-encoded version when destination is an XMM register) 
DEST[31:0] := SRC[31:0] 
DEST[MAXVL-1:32] := 0 


MOVQ (when destination operand is XMM register) 
DEST[63:0] := SRC[63:0); 
DEST[127:64] := OOOOOODDD0000000H; 
DEST[MAXVL-1:128] (Unmodified) 


MOVQ (when destination operand is r/m64) 
DEST[63:0] := SRC[63:0); 


MOVQ (when source operand is XMM register or r/m64) 
DEST := SRC[63:0); 


VMOVQ (VEX-encoded version when destination is an XMM register) 
DEST[63:0] := SRC[63:0] 
DEST[MAXVL-1:64] := 0 


VMOVD (EVEX-encoded version when destination is an XMM register) 
DEST[31:0] := SRC[31:0] 
DEST[MAXVL-1:32] := 0 


VMOVQ (EVEX-encoded version when destination is an XMM register) 
DEST[63:0] := SRC[63:0] 
DEST[MAXVL-1:64] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


MOVD: m64 _mm_cvtsi32_si64 (int i) 

MOVD: int__mm_cvtsi64_si32 (__m64m ) 
MOVD: m128i _mm_cvtsi32_si128 (int a) 
MOVD: int __mm_cvtsi128_si32 (__m128i a) 
MOVaQ: int64 _mm_cvtsi128_si64(__m128i); 
MOVQ: m128i __mm_cvtsi64_si128(__int64); 
VMOVD m128i _mm_cvtsi32_si128( int); 
VMOVD int__mm_cvtsil28_si32(__m128i); 
VMOVQ m128i__mm_cvtsi64_si128 (__int64); 
VMOVQ int64 __mm_cvtsi128_si64(__m128i ); 
VMOVQ m128i __mm_loadl_epi64(__m128i * s); 
VMOVQ void __mm_storel_epi64(__m128i * d,__m128i s); 
Flags Affected 

None 


SIMD Floating-Point Exceptions 
None 
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Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-57, “Type E9NF Class Exception Conditions”. 
Additionally: 
#UD If VEX.L = 1. 

If VEX.vvvv != 1111B or EVEX.vvvv != 11118. 
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MOVDDUP—Replicate Double FP Values 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 

Support | Flag 
F2 OF 12 /r A VIV SSE3 Move double-precision floating-point value from 
MOVDDUP xmm1, xmm2/m64 xmm_2/m64 and duplicate into xmm1. 
VEX.128.F2.0F.WIG 12 /r A VV AVX Move double-precision floating-point value from 
VMOVDDUP xmm1, xmm2/m64 xmm_2/m64 and duplicate into xmm1. 
VEX.256.F2.0F.WIG 12 /r A VV AVX Move even index double-precision floating-point 
VMOVDDUP ymm1, ymm2/m256 values from ymm2/mem and duplicate each element 

into ymm1. 

EVEX.128.F2.0F.W1 12 /r B VIV AVX512VL | Move double-precision floating-point value from 
VMOVDDUP xmm1 {k1}{z}, AVX512F xmm2/m64 and duplicate each element into xmm1 
xmm2/m64 subject to writemask k1. 
EVEX.256.F2.0F.W1 12 /r B VV AVX512VL | Move even index double-precision floating-point 
VMOVDDUP ymm1 {k1}{Z}, AVX512F values from ymm2/m256 and duplicate each element 
ymm2/m256 into ymm1 subject to writemask k1. 
EVEX.512.F2.0F.W1 12 /r B VIV AVX512F Move even index double-precision floating-point 
VMOVDDUP zmm1 {k1}{z}, values from zmm2/m512 and duplicate each element 
zmm2/m512 into zmm1 subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B MOVDDUP ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


For 256-bit or higher versions: Duplicates even-indexed double-precision floating-point values from the source 
operand (the second operand) and into adjacent pair and store to the destination operand (the first operand). 

For 128-bit versions: Duplicates the low double-precision floating-point value from the source operand (the second 
operand) and store to the destination operand (the first operand). 

128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding destination register are unchanged. The 
source operand is XMM register or a 64-bit memory location. 

VEX.128 and EVEX.128 encoded version: Bits (MAXVL-1:128) of the destination register are zeroed. The source 
operand is XMM register or a 64-bit memory location. The destination is updated conditionally under the writemask 
for EVEX version. 

VEX.256 and EVEX.256 encoded version: Bits (MAXVL-1:256) of the destination register are zeroed. The source 
operand is YMM register or a 256-bit memory location. The destination is updated conditionally under the 
writemask for EVEX version. 

EVEX.512 encoded version: The destination is updated according to the writemask. The source operand is ZMM 
register or a 512-bit memory location. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 
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SRC X3 X2 
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Figure 4-2. VMOVDDUP Operation 


Operation 


VMOVDDUP (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
TMP_SRC[63:0] := SRC[63:0] 
TMP_SRC[1 27:64] := SRC[63:0] 
IF VL >= 256 
TMP_SRC[191:128] := SRC[191:128] 
TMP_SRC[255:192] := SRC[191:128] 
Fl; 
IF VL >= 512 
TMP_SRC[319:256] := SRC[319:256] 
TMP_SRC[383:320] := SRC[319:256] 
TMP_SRC[477:384] := SRC[477:384] 
TMP_SRC[511:484] := SRC[477:384] 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_SRC[i+63:i] 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVDDUP (VEX.256 encoded version) 
DEST[63:0] := SRC[63:0] 

DEST[127:64] := SRC[63:0) 
DEST[191:128] := SRC[191:128] 
DEST[255:192] := SRC[191:128] 
DEST[MAXVL-1:256] := 0 


VMOVDDUP (VEX.128 encoded version) 
DEST[63:0] := SRC[63:0] 

DEST[127:64] := SRC[63:0) 
DEST[MAXVL-1:128] := 0 
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MOVDDUP (128-bit Legacy SSE version) 
DEST[63:0] := SRC[63:0] 

DEST[127:64] := SRC[63:0] 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VMOVDDUP 


m512d 


mm512_movedup_pd(__m512d a); 


VMOVDDUP 


m512d 


mm512_mask_movedup_pd(__m512ds,___mmask8 k,__m512d a); 


VMOVDDUP 


m512d 


mm512_maskz_movedup_pd(__mmask8 k,___m512d a); 


VMOVDDUP 


m256d 


VMOVDDUP 


m256d 


mm256_mask_movedup_pd(__m256d s,___ mmask8 k, __ m256d a); 
mm256_maskz_movedup_pd(__mmask8 k, __m256d a); 


VMOVDDUP 


m128d 


mm_mask_movedup_pd(__m128d s,___mmask8 k,___m128d a); 


VMOVDDUP 


m128d 


mm_maskz_movedup_pd(__mmask8 k, __m128d a); 


MOVDDUP __m256d_mm256_movedup_pd (__m256d a); 


MOVDDUP __m128d_mm_movedup_pd (__m128d a); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-52, “Type ESNF Class Exception Conditions”. 


Additionally: 
#UD 
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MOVDIRI—Move Doubleword as Direct Store 


Opcode/ Op/ 64/32 bit | CPUID Description 
Instruction En Mode Feature 

Support | Flag 
NP OF 38 F9 /r A VIV MOVDIRI Move doubleword from r32 to m32 using direct store. 
MOVDIRI m32, r32 
NP REX.W + OF 38 F9 /r A V/N.E. MOVDIRI Move quadword from r64 to m64 using direct store. 
MOVDIRI m64, r64 


Instruction Operand Encoding! 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Moves the doubleword integer in the source operand (second operand) to the destination operand (first operand) 
using a direct-store operation. The source operand is a general purpose register. The destination operand is a 32- 
bit memory location. In 64-bit mode, the instruction’s default operation size is 32 bits. Use of the REX.R prefix 
permits access to additional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bits. See 
summary chart at the beginning of this section for encoding data and limits. 


The direct-store is implemented by using write combining (WC) memory type protocol for writing data. Using this 
protocol, the processor does not write the data into the cache hierarchy, nor does it fetch the corresponding cache 
line from memory into the cache hierarchy. If the destination address is cached, the line is written-back (if modi- 
fied) and invalidated from the cache, before the direct-store. Unlike stores with non-temporal hint that allow 
uncached (UC) and write-protected (WP) memory-type for the destination to override the non-temporal hint, 
direct-stores always follow WC memory type protocol irrespective of the destination address memory type 
(including UC and WP types). 


Unlike WC stores and stores with non-temporal hint, direct-stores are eligible for immediate eviction from the 
write-combining buffer, and thus not combined with younger stores (including direct-stores) to the same address. 
Older WC and non-temporal stores held in the write-combing buffer may be combined with younger direct stores 
to the same address. Direct stores are weakly ordered relative to other stores. Software that desires stronger 
ordering should use a fencing instruction (MFENCE or SFENCE) before or after a direct store to enforce the ordering 
desired. 


Direct-stores issued by MOVDIRI to a destination aligned to a 4-byte boundary (8-byte boundary if used with 
REX.W prefix) guarantee 4-byte (8-byte with REX.W prefix) write-completion atomicity. This means that the data 
arrives at the destination in a single undivided 4-byte (or 8-byte) write transaction. If the destination is not aligned 
for the write size, the direct-stores issued by MOVDIRI are split and arrive at the destination in two parts. Each part 
of such split direct-store will not merge with younger stores but can arrive at the destination in either order. Avail- 
ability of the MOVDIRI instruction is indicated by the presence of the CPUID feature flag MOVDIRI (bit 27 of the 
ECX register in leaf 07H, see “CPUID—CPU Identification” in the Intel® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 2A). 


Operation 
DEST := SRC; 


Intel C/C++ Compiler Intrinsic Equivalent 


MOVDIRI void _directstoreu_u32(void *dst, uint32_t val) 
MOVDIRI void _directstoreu_u64(void *dst, uint64_t val) 


1. The Mod field of the ModR/M byte cannot have value 11B. 
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Protected Mode Exceptions 


#GP(0) For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 
#SS(0) For an illegal address in the SS segment. 
#PF (fault-code) For a page fault. 
#UD If CPUID.O7H.OH:ECX.MOVDIRI[bit 27] = 0. 
If LOCK prefix or operand-size (66H) prefix is used. 
#AC If alignment checking is enabled and an unaligned memory reference made while in current 


privilege level 3. 


Real-Address Mode Exceptions 
#GP If any part of the operand lies outside the effective address space from 0 to FFFFH. 
#UD If CPUID.07H.OH:ECX.MOVDIRI[bit 27] = 0. 

If LOCK prefix or operand-size (66H) prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in real address mode. 
#PF (fault-code) For a page fault. 


#AC If alignment checking is enabled and an unaligned memory reference made while in current 
privilege level 3. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If memory address referencing the SS segment is in non-canonical form. 
#GP(0) If the memory address is in non-canonical form. 
#PF (fault-code) For a page fault. 
#UD If CPUID.O7H.OH:ECX.MOVDIRI[bit 27] = 0. 
If LOCK prefix or operand-size (66H) prefix is used. 
#AC If alignment checking is enabled and an unaligned memory reference made while in current 


privilege level 3. 
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MOVDIR64B—Move 64 Bytes as Direct Store 


Opcode/ Op/ 64/32 bit | CPUID Description 
Instruction En Mode Feature 
Support | Flag 
66 OF 38 F8 /r A VIV MOVDIR64B | Move 64-bytes as direct-store with guaranteed 64- 
MOVDIR64B r16/r32/r64, m512 byte write atomicity from the source memory operand 
address to destination memory address specified as 
offset to ES segment in the register operand. 


Instruction Operand Encoding! 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Moves 64-bytes as direct-store with 64-byte write atomicity from source memory address to destination memory 
address. The source operand is a normal memory operand. The destination operand is a memory location specified 
in a general-purpose register. The register content is interpreted as an offset into ES segment without any segment 
override. In 64-bit mode, the register operand width is 64-bits (32-bits with 67H prefix). Outside of 64-bit mode, 
the register width is 32-bits when CS.D=1 (16-bits with 67H prefix), and 16-bits when CS.D=0 (32-bits with 67H 
prefix). MOVDIR64B requires the destination address to be 64-byte aligned. No alignment restriction is enforced 
for source operand. 


MOVDIR64B first reads 64-bytes from the source memory address. It then performs a 64-byte direct-store opera- 
tion to the destination address. The load operation follows normal read ordering based on source address memory- 
type. The direct-store is implemented by using the write combining (WC) memory type protocol for writing data. 
Using this protocol, the processor does not write the data into the cache hierarchy, nor does it fetch the corre- 
sponding cache line from memory into the cache hierarchy. If the destination address is cached, the line is written- 
back (if modified) and invalidated from the cache, before the direct-store. 


Unlike stores with non-temporal hint which allow UC/WP memory-type for destination to override the non-temporal 
hint, direct-stores always follow WC memory type protocol irrespective of destination address memory type 
(including UC/WP types). Unlike WC stores and stores with non-temporal hint, direct-stores are eligible for imme- 
diate eviction from the write-combining buffer, and thus not combined with younger stores (including direct-stores) 
to the same address. Older WC and non-temporal stores held in the write-combing buffer may be combined with 
younger direct stores to the same address. Direct stores are weakly ordered relative to other stores. Software that 
desires stronger ordering should use a fencing instruction (MFENCE or SFENCE) before or after a direct store to 
enforce the ordering desired. 


There is no atomicity guarantee provided for the 64-byte load operation from source address, and processor imple- 
mentations may use multiple load operations to read the 64-bytes. The 64-byte direct-store issued by MOVDIR64B 
guarantees 64-byte write-completion atomicity. This means that the data arrives at the destination in a single 
undivided 64-byte write transaction. 


Availability of the MOVDIR64B instruction is indicated by the presence of the CPUID feature flag MOVDIR64B (bit 
28 of the ECX register in leaf 07H, see “CPUID—CPU Identification” in the Intel® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 2A). 


Operation 
DEST := SRC; 


Intel C/C++ Compiler Intrinsic Equivalent 
MOVDIR64B void _movdir64b(void *dst, const void* src) 


1. The Mod field of the ModR/M byte cannot have value 11B. 
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Protected Mode Exceptions 


#GP(0) For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 
If address in destination (register) operand is not aligned to a 64-byte boundary. 

#SS(0) For an illegal address in the SS segment. 

#PF (fault-code) For a page fault. 

#UD If CPUID.07H.OH:ECX.MOVDIR64B[bit 28] = 0. 


If LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If any part of the operand lies outside the effective address space from 0 to FFFFH. 
If address in destination (register) operand is not aligned to a 64-byte boundary. 
#UD If CPUID.07H.OH:ECX.MOVDIR64B[bit 28] = 0. 


If LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in real address mode. 
#PF (fault-code) For a page fault. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#SS(0) If memory address referencing the SS segment is in non-canonical form. 
#GP(0) If the memory address is in non-canonical form. 

If address in destination (register) operand is not aligned to a 64-byte boundary. 
#PF (fault-code) For a page fault. 
#UD If CPUID.07H.OH:ECX.MOVDIR64B[bit 28] = 0. 

If LOCK prefix is used. 
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MOVDQA,VMOVDQA32/64—Move Aligned Packed Integer Values 


VMOVDQA64 zmm2/m512 {k1}{Z}, 
zmm1 


Opcode/ Op/En 64/32 CPUID Description 
Instruction bitMode | Feature 

Support Flag 
66 OF 6F /r A VIV SSE2 Move aligned packed integer values from 
MOVDQA xmm1, xmm2/m128 xmm2/mem to xmm1. 
66 OF 7F /r B VIV SSE2 Move aligned packed integer values from xmm1 
MOVDQA xmm2/m1 28, xmm1 to xmm2/mem. 
VEX.128.66.0F.WIG 6F /r A VIV AVX Move aligned packed integer values from 
VMOVDOA xmm1, xmm2/m128 xmm2/mem to xmm1. 
VEX.128.66.0F.WIG 7F /r B VIV AVX Move aligned packed integer values from xmm1 
VMOVDOA xmm2/m1 28, xmm1 to xmm2/mem. 
VEX.256.66.0F.WIG 6F /r A VIV AVX Move aligned packed integer values from 
VMOVDQA ymm1, ymm2/m256 ymm2/mem to ymm1. 
VEX.256.66.0F.WIG 7F /r B VIV AVX Move aligned packed integer values from ymm1 
VMOVDOQA ymm2/m256, ymm1 to ymm2/mem. 
EVEX.128.66.0F.WO 6F /r C VIV AVX512VL | Move aligned packed doubleword integer values 
VMOVDQA32 xmm1 {k1}{2}, AVX512F from xmm2/m128 to xmm1 using writemask 
xmm2/m128 k1, 
EVEX.256.66.0F.WO 6F /r C VIN AVX512VL_ | Move aligned packed doubleword integer values 
VMOVDQA32 ymm1 {k1}{z}, AVX512F from ymm2/m256 to ymm1 using writemask 
ymm2/m256 k1, 
EVEX.512.66.0F.WO 6F /r C VIV AVX512F Move aligned packed doubleword integer values 
VMOVDQA32 zmm1 {k1}{Z}, from zmm2/m512 to zmm1 using writemask k1. 
zmm2/m512 
EVEX.128.66.0F.WO 7F /r D VIV AVX512VL | Move aligned packed doubleword integer values 
VMOVDQA32 xmm2/m128 {k1}{Z}, AVX512F from xmm1 to xmm2/m128 using writemask 
xmm1 k1. 
EVEX.256.66.0F.WO 7F /r D VIV AVX512VL | Move aligned packed doubleword integer values 
VMOVDQA32 ymm2/m256 {k1}{Z}, AVX512F from ymm1 to ymm2/m256 using writemask 
ymm1 k1. 
EVEX.512.66.0F.WO 7F /r D VIV AVX512F Move aligned packed doubleword integer values 
VMOVDQA32 zmm2/m512 {k1}{Z}, from zmm1 to zmm2/m512 using writemask k1. 
zmm1 
EVEX.128.66.0F.W1 6F /r C VIV AVX512VL | Move aligned packed quadword integer values 
VMOVDQA64 xmm1 {k1}{2}, AVX512F from xmm2/m128 to xmm1 using writemask 
xmm2/m128 k1, 
EVEX.256.66.0F.W1 6F /r C VIV AVX512VL | Move aligned packed quadword integer values 
VMOVDQA64 ymm1 {k1}{2}, AVX512F from ymm2/m256 to ymm1 using writemask 
ymm2/m256 k1. 
EVEX.512.66.0F.W1 6F /r C VIV AVX512F Move aligned packed quadword integer values 
VMOVDQA64 zmm1 {k1}{Z}, from zmm2/m512 to zmm1 using writemask k1. 
zmm2/m512 
EVEX.128.66.0F.W1 7F /r D VIV AVX512VL | Move aligned packed quadword integer values 
VMOVDQA64 xmm2/m1 28 {k1}{Z}, AVX512F from xmm1 to xmm2/m128 using writemask 
xmm1 k1, 
EVEX.256.66.0F.W1 7F /r D VIV AVX512VL | Move aligned packed quadword integer values 
VMOVDQA64 ymm2/m256 {k1}{Z}, AVX512F from ymm1 to ymm2/m256 using writemask 
ymm1 k1. 
EVEX.512.66.0F.W1 7F /r D VIV AVX512F Move aligned packed quadword integer values 


from zmm1 to zmm2/m512 using writemask k1. 
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Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B NA ModRM:r/m (w) ModRM:reg (r) NA NA 
C Full Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
D Full Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 
EVEX encoded versions: 


Moves 128, 256 or 512 bits of packed doubleword/quadword integer values from the source operand (the second 
operand) to the destination operand (the first operand). This instruction can be used to load a vector register from 
an int32/int64 memory location, to store the contents of a vector register into an int32/int64 memory location, or 
to move data between two ZMM registers. When the source or destination operand is a memory operand, the 
operand must be aligned on a 16 (EVEX.128)/32(EVEX.256)/64(EVEX.512)-byte boundary or a general-protection 
exception (#GP) will be generated. To move integer data to and from unaligned memory locations, use the 
VMOVDQU instruction. 


The destination operand is updated at 32-bit (VMOVDQA32) or 64-bit (VMOVDQA64) granularity according to the 
writemask. 
VEX.256 encoded version: 


Moves 256 bits of packed integer values from the source operand (second operand) to the destination operand 
(first operand). This instruction can be used to load a YMM register from a 256-bit memory location, to store the 
contents of a YMM register into a 256-bit memory location, or to move data between two YMM registers. 


When the source or destination operand is a memory operand, the operand must be aligned on a 32-byte boundary 
or a general-protection exception (#GP) will be generated. To move integer data to and from unaligned memory 
locations, use the VMOVDQU instruction. Bits (MAXVL-1:256) of the destination register are zeroed. 

128-bit versions: 


Moves 128 bits of packed integer values from the source operand (second operand) to the destination operand 
(first operand). This instruction can be used to load an XMM register from a 128-bit memory location, to store the 
contents of an XMM register into a 128-bit memory location, or to move data between two XMM registers. 


When the source or destination operand is a memory operand, the operand must be aligned on a 16-byte boundary 
or a general-protection exception (#GP) will be generated. To move integer data to and from unaligned memory 
locations, use the VMOVDQU instruction. 


128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding ZMM destination register remain 
unchanged. 


VEX.128 encoded version: Bits (MAXVL-1:128) of the destination register are zeroed. 
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Operation 


VMOVDQA32 (EVEX encoded versions, register-copy form) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC[i+31:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE DEST[i+31:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVDQA32 (EVEX encoded versions, store-form) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC[i+31:i] 
ELSE *DEST[i+31:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR; 


VMOVDQA32 (EVEX encoded versions, load-form) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TOKL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC[i+31:i] 


ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE DEST[i+31:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VMOVDQA64 (EVEX encoded versions, register-copy form) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := SRC[i+63:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE DEST[i+63:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVDQAG4 (EVEX encoded versions, store-form) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := SRC[i+63:i] 
ELSE *DEST[i+63:i] remains unchanged* ; Merging-masking 
Fl; 
ENDFOR; 


VMOVDQAG4 (EVEX encoded versions, load-form) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := SRC[i+63:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE DEST[i+63:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVDQA (VEX.256 encoded version, load - and register copy) 
DEST[255:0] := SRC[255:0] 
DEST[MAXVL-1:256] := 0 


VMOVDQA (VEX.256 encoded version, store-form) 
DEST[255:0] := SRC[255:0)] 


VMOVDQA (VEX.128 encoded version) 
DEST[127:0] := SRC[127:0] 
DEST[MAXVL-1:128] := 0 


VMOVDQA (128-bit load- and register-copy- form Legacy SSE version) 


DEST[127:0] = SRC[127:0] 
DEST[MAXVL-1:128] (Unmodified) 
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(V)MOVDQA (128-bit store-form version) 
DEST[127:0] := SRC[127:0] 


Intel C/C++ Compiler Intrinsic Equivalent 


VMOVDQA32 __m512i_mm512_load_epi32( void * sa); 

VMOVDQA32 __m512i_mm512_mask_load_epi32(__m512i s, ___mmask16 k, void * sa); 
VMOVDQA32 __m512i_mm512_maskz_load_epi32(__mmask16 k, void * sa); 
VMOVDQA32 void _mm512_store_epi32(void * d,__m512i a); 

VMOVDQA32 void _mm512_mask_store_epi32(void * d,___ mmask16 k, __m512i a); 
VMOVDQA32 __m256i__mm256_mask_load_epi32(__m256i s, __mmask8 k, void * sa); 
VMOVDQA32 __m256i__mm256_maskz_load_epi32(__mmask8 k, void * sa); 
VMOVDQA32 void _mm256_store_epi32(void * d,___m256i a); 

VMOVDQA32 void __mm256_mask_store_epi32(void * d, __mmask8 k, __m256i a); 
VMOVDQA32 __m128i __mm_mask_load_epi32(__m128i s,___mmask8 k, void * sa); 
VMOVDQA32 __m128i __mm_maskz_load_epi32(__mmask8 k, void * sa); 
VMOVDQA32 void __mm_store_epi32(void * d,__m128i a); 

VMOVDQA32 void __mm_mask_store_epi32(void * d,___mmask8 k, __m128i a); 
VMOVDQA64 __m512i_mm512_load_epi64( void * sa); 

VMOVDQA64 __m512i_mm512_mask_load_epi64(__m512i s, __mmask8 k, void * sa); 
VMOVDQA64 __m512i_mm512_maskz_load_epi64(__mmask8 k, void * sa); 
VMOVDQA64 void _mm512_store_epi64(void * d,__m512i a); 

VMOVDQA64 void __mm512_mask_store_epi64(void * d, __ mmask8 k, __m512i a); 
VMOVDQA64 __m256i __mm256_mask_load_epi64(__m256i s, __mmask8 k, void * sa); 
VMOVDQA64 __m256i __mm256_maskz_load_epi64(__mmask8 k, void * sa); 
VMOVDQA64 void _mm256_store_epi64(void * d,___m256i a); 

VMOVDQA64 void _mm256_mask_store_epi64(void * d, __ mmask8 k, __m256i a); 
VMOVDQA64 __m128i __mm_mask_load_epi64(__m128i s,__mmask8 k, void * sa); 
VMOVDQA64 __m128i __mm_maskz_load_epi64(__mmask8 k, void * sa); 
VMOVDQA64 void _mm_store_epi64(void * d,__m128i a); 

VMOVDQA64 void _mm_mask_store_epi64(void * d, __mmask8 k, __m128i a); 
MOVDQA void __m256i __mm256_load_si256 (__m256i * p); 

MOVDQA _mm256_store_si256(_m256i *p, __m256i a); 

MOVDQA __m128i __mm_load_si128 (__m128i * p); 

MOVDQA void __mm_store_si128(__m128i *p,___m128i a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Exceptions Type1.SSE2 in Table 2-18, “Type 1 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-44, “Type E1 Class Exception Conditions”. 

Additionally: 

#UD If EVEX.vvvv != 1111B or VEX.vvvv != 1111B. 
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MOVDQU, VVMOVDQU8/16/32/64—Move Unaligned Packed Integer Values 


Opcode/ Op/En 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 

F3 OF 6F /r A VIV SSE2 Move unaligned packed integer values from 

MOVDQU xmm1, xmm2/m128 xmm2/m128 to xmm1. 

F3 OF 7F /r B VIV SSE2 Move unaligned packed integer values from 

MOVDQU xmm2/m128, xmm1 xmm1 to xmm2/m128. 

VEX.128.F3.0F.WIG 6F /r A VIV AVX Move unaligned packed integer values from 

VMOVDQU xmm1, xmm2/m128 xmm2/m128 to xmm1. 

VEX.128.F3.0F.WIG 7F /r B VIV AVX Move unaligned packed integer values from 

VMOVDQU xmm2/m1 28, xmm1 xmm1 to xmm2/m128. 

VEX.256.F3.0F.WIG 6F /r A VIV AVX Move unaligned packed integer values from 

VMOVDQU ymm1, ymm2/m256 ymm2/m256 to ymm1. 

VEX.256.F3.0F.WIG 7F /r B VIV AVX Move unaligned packed integer values from 

VMOVDQU ymm2/m256, ymm1 ymm1 to ymnm2/m256. 

EVEX.128.F2.0F.WO 6F /r C VIV AVX512VL_ | Move unaligned packed byte integer values 

VMOVDQU8 xmm1 {k1}{z}, xmm2/m128 AVX512BW | from xmm2/m128 to xmm1 using writemask 
k1. 

EVEX.256.F2.0F.WO 6F /r C VIV AVX512VL_ | Move unaligned packed byte integer values 

VMOVDQU8 ymm1 {k1}{z}, ymm2/m256 AVX512BW | from ymm2/m256 to ymm1 using writemask 
k1. 

EVEX.512.F2.0F.WO 6F /r C VIV AVX512BW | Move unaligned packed byte integer values 

VMOVDQU8 zmm1 {k1}{z}, zmm2/m512 from zmm2/m512 to zmm1 using writemask 
k1. 

EVEX.128.F2.0F.WO 7F /r D VIV AVX512VL_ | Move unaligned packed byte integer values 

VMOVDQU8 xmm2/m1 28 {k1}{z}, xmm1 AVX512BW | from xmm1 to xmm2/m128 using writemask 
k1. 

EVEX.256.F2.0F.WO 7F /r D VV AVX512VL | Move unaligned packed byte integer values 

VMOVDQU8 ymm2/m256 {k1}{z}, ymm1 AVX512BW | from ymm1 to ymm2/m256 using writemask 
k1. 

EVEX.512.F2.0F.WO 7F /r D VV AVX512BW | Move unaligned packed byte integer values 

VMOVDQU8 zmm2/m512 {k1}{z}, zmm1 from zmm1 to zmm2/m512 using writemask 
k1, 

EVEX.128.F2.0F.W1 6F /r C VIV AVX512VL_ | Move unaligned packed word integer values 

VMOVDQU16 xmm1 {k1}{z}, xmm2/m128 AVX512BW | from xmm2/m128 to xmm1 using writemask 
k1. 

EVEX.256.F2.0F.W1 6F /r C VIV AVX512VL_ | Move unaligned packed word integer values 

VMOVDQU16 ymm1 {k1}{z}, ymnm2/m256 AVX512BW | from ymm2/m256 to ymm1 using writemask 
k1. 

EVEX.512.F2.0F.W1 6F /r C VV AVX512BW | Move unaligned packed word integer values 

VMOVDQU16 zmm1 {k1}{z}, zmm2/m512 from zmm2/m512 to zmm1 using writemask 
k1, 

EVEX.128.F2.0F.W1 7F /r D VV AVX512VL_ | Move unaligned packed word integer values 

VMOVDQU16 xmm2/m1 28 {k1}{z}, xmm1 AVX512BW | from xmm1 to xmm2/m128 using writemask 
k1, 

EVEX.256.F2.0F.W1 7F /r D VIV AVX512VL_ | Move unaligned packed word integer values 

VMOVDQU16 ymm2/m256 {k1}{z}, ymm1 AVX512BW | from ymm1 to ymm2/m256 using writemask 
k1. 

EVEX.512.F2.0F.W1 7F /r D VIV AVX512BW | Move unaligned packed word integer values 

VMOVDQU16 zmm2/m512 {k1}{z}, zmm1 from zmm1 to zmm2/m512 using writemask 
k1. 

EVEX.128.F3.0F.WO 6F /r C VIV AVX512VL_ | Move unaligned packed doubleword integer 

VMOVDQU32 xmm1 {k1}{Z}, AVX512F values from xmm2/m128 to xmm1 using 

xmm2/mm128 writemask k1. 
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VMOVDQU64 zmm2/m512 {k1}{z}, zmm1 


Instruction Operand Encoding 


Opcode/ Op/En 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 

EVEX.256.F3.0F.WO 6F /r C VIV AVX512VL | Move unaligned packed doubleword integer 

VMOVDQU32 ymm1 {k1}{z}, ymnm2/m256 AVX512F values from ymm2/m256 to ymm1 using 
writemask k1. 

EVEX.512.F3.0F.WO 6F /r C VV AVX512F Move unaligned packed doubleword integer 

VMOVDQU32 zmm1 {k1}{z}, zmm2/m512 values from zmm2/m512 to zmm1 using 
writemask k1. 

EVEX.128.F3.0F.WO 7F /r D VV AVX512VL | Move unaligned packed doubleword integer 

VMOVDQU32 xmm2/m1 28 {k1}{z}, xmm1 AVX512F values from xmm1 to xmm2/m128 using 
writemask k1. 

EVEX.256.F3.0F.WO 7F /r D VV AVX512VL | Move unaligned packed doubleword integer 

VMOVDQU32 ymm2/m256 {k1}{z}, ymm1 AVX512F values from ymm1 to ymm2/m256 using 
writemask k1. 

EVEX.512.F3.0F.WO 7F /r D VIV AVX512F Move unaligned packed doubleword integer 

VMOVDQU32 zmm2/m512 {k1}{z}, zmm1 values from zmm1 to zmm2/m512 using 
writemask k1. 

EVEX.128.F3.0F.W1 6F /r C VV AVX512VL | Move unaligned packed quadword integer 

VMOVDQU64 xmm1 {k1}{z}, xmm2/m128 AVX512F values from xmm2/m1 28 to xmm1 using 
writemask k1. 

EVEX.256.F3.0F.W1 6F /r C VIV AVX512VL | Move unaligned packed quadword integer 

VMOVDQU64 ymm1 {k1}{z}, ymm2/m256 AVX512F values from ymm2/m256 to ymm1 using 
writemask k1. 

EVEX.512.F3.0F.W1 6F /r C VV AVX512F Move unaligned packed quadword integer 

VMOVDQU64 zmm1 {k1}{z}, zmm2/m512 values from zmm2/m512 to zmm1 using 
writemask k1. 

EVEX.128.F3.0F.W1 7F /r D VV AVX512VL | Move unaligned packed quadword integer 

VMOVDQU64 xmm2/m1 28 {k1}{z}, xmm1 AVX512F values from xmm1 to xmm2/m128 using 
writemask k1. 

EVEX.256.F3.0F.W1 7F /r D VIV AVX512VL | Move unaligned packed quadword integer 

VMOVDQU64 ymm2/m256 {k1}{z}, ymm1 AVX512F values from ymm1 to ymm2/m256 using 
writemask k1. 

EVEX.512.F3.0F.W1 7F /r D VIV AVX512F Move unaligned packed quadword integer 


values from zmm1 to zmm2/m512 using 
writemask k1. 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B NA ModRM:r/m (w) ModRM:reg (r) NA NA 
C Full Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
D Full Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 


EVEX encoded versions: 


Moves 128, 256 or 512 bits of packed byte/word/doubleword/quadword integer values from the source operand 
(the second operand) to the destination operand (first operand). This instruction can be used to load a vector 


register from a memory location, to store the contents of a vector register into a memory location, or to move data 


between two vector registers. 
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The destination operand is updated at 8-bit (VMOVDQU8), 16-bit (VMOVDQU16), 32-bit (VMOVDQU32), or 64-bit 
(VMOVDQU64) granularity according to the writemask. 


VEX.256 encoded version: 


Moves 256 bits of packed integer values from the source operand (second operand) to the destination operand 
(first operand). This instruction can be used to load a YMM register from a 256-bit memory location, to store the 
contents of a YMM register into a 256-bit memory location, or to move data between two YMM registers. 


Bits (MAXVL-1:256) of the destination register are zeroed. 


128-bit versions: 


Moves 128 bits of packed integer values from the source operand (second operand) to the destination operand 
(first operand). This instruction can be used to load an XMM register from a 128-bit memory location, to store the 
contents of an XMM register into a 128-bit memory location, or to move data between two XMM registers. 
128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding destination register remain unchanged. 


When the source or destination operand is a memory operand, the operand may be unaligned to any alignment 
without causing a general-protection exception (#GP) to be generated 


VEX.128 encoded version: Bits (MAXVL-1:128) of the destination register are zeroed. 


Operation 


VMOVDQU8 (EVEX encoded versions, register-copy form) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SRC[i+7:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+7:i] remains unchanged* 
ELSE DEST[i+7:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVDQU8 (EVEX encoded versions, store-form) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] = 
SRC[i+7:i] 
ELSE *DEST[i+7:i] remains unchanged* ; Merging-masking 
Fl; 
ENDFOR; 
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VMOVDQU8 (EVEX encoded versions, load-form) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SRC[i+7:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE DEST[i+7:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVDQU16 (EVEX encoded versions, register-copy form) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+15:i] := SRC[i+15:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE DEST[i+15:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVDQU16 (EVEX encoded versions, store-form) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = 
SRC[i+15:i] 
ELSE *DEST[i+1 5:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR; 
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VMOVDQU16 (EVEX encoded versions, load-form) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = SRC[i+15:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+15:i] remains unchanged* 
ELSE DEST[i+15:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVDQU32 (EVEX encoded versions, register-copy form) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC[i+31:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE DEST[i+31:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVDQU32 (EVEX encoded versions, store-form) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
SRC[i+31:i] 
ELSE *DEST[i+31:i] remains unchanged* ; Merging-masking 
Fl; 
ENDFOR; 
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VMOVDQU32 (EVEX encoded versions, load-form) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST{i+31:i] = SRC[i+31:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE DEST[i+31:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVDQU64 (EVEX encoded versions, register-copy form) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j*64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := SRC[i+63:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE DEST[i+63:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVDQUG64 (EVEX encoded versions, store-form) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := SRC[i+63:i] 
ELSE *DEST[i+63:i] remains unchanged* ; merging-masking 


Fl; 
ENDFOR; 
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VMOVDQU64 (EVEX encoded versions, load-form) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := SRC[i+63:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE DEST[i+63:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVDQU (VEX.256 encoded version, load - and register copy) 
DEST[255:0] := SRC[255:0] 
DEST[MAXVL-1:256] := 0 


VMOVDQU (VEX.256 encoded version, store-form) 
DEST[255:0] := SRC[255:0) 


VMOVDQU (VEX.128 encoded version) 
DEST[127:0] := SRC[127:0] 
DEST[MAXVL-1:128] := 0 


VMOVDQU (128-bit load- and register-copy- form Legacy SSE version) 
DEST[127:0] := SRC[127:0] 
DEST[MAXVL-1:128] (Unmodified) 


(V)MOVDQU (128-bit store-form version) 
DEST[127:0] := SRC[127:0] 


Intel C/C++ Compiler Intrinsic Equivalent 


VMOVDQU16 __m512i_mm512_mask_loadu_epi16(__m512is, __mmask32 k, void * sa); 
VMOVDQU16 __m512i_mm512_maskz_loadu_epi16(___mmask32 k, void * sa); 
VMOVDQU16 void __mm512_mask_storeu_epi1 6(void * d,___ mmask32 k, __m512i a); 
VMOVDQU16 __m256i__mm256_mask_loadu_epi16(__m256i s,__mmask16 k, void * sa); 
VMOVDQU16 __m256i__mm256_maskz_loadu_epi16(_mmask16 k, void * sa); 
VMOVDQU16 void __mm256_mask_storeu_epi1 6(void * d,___ mmask16 k, __m256i a); 
VMOVDQU16 __m128i__mm_mask_loadu_epi16(__m128i s, __mmask8 k, void * sa); 
VMOVDQU16 __m128i __mm_maskz_loadu_epi16(__mmask8 k, void * sa); 
VMOVDQU16 void _mm_mask_storeu_epi16(void * d, __ mmask8 k, __m128i a); 
VMOVDQU32 __m512i_mm512_loadu_epi32( void * sa); 

VMOVDQU32 __m512i_mm512_mask_loadu_epi32(__m512is,___mmask16 k, void * sa); 
VMOVDQU32 __m512i_mm512_maskz_loadu_epi32(__mmask16 k, void * sa); 
VMOVDQU32 void _mm512_storeu_epi32(void * d,__m512i a); 

VMOVDQU32 void __mm512_mask_storeu_epi32(void * d,__mmask16 k, __m512i a); 
VMOVDQU32 __m256i __mm256_mask_loadu_epi32(__m256i s,___mmask8 k, void * sa); 
VMOVDQU32 __m256i __mm256_maskz_loadu_epi32(__mmask8 k, void * sa); 
VMOVDQU32 void _mm256_storeu_epi32(void * d,___m256i a); 

VMOVDQU32 void __mm256_mask_storeu_epi32(void * d, __mmask8 k, __m256i a); 
VMOVDQU32 __m128i__mm_mask_loadu_epi32(__m128i s, __ mmask8 k, void * sa); 
VMOVDQU32 __m128i __mm_maskz_loadu_epi32(__mmask8 k, void * sa); 
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VMOVDQU32 void __mm_storeu_epi32(void * d, __m128i a); 

VMOVDQU32 void _mm_mask_storeu_epi32(void * d,__ mmask8 k, __m128i a); 
VMOVDQU64 __m512i_mm512_loadu_epi64( void * sa); 

VMOVDQU64 __m512i_mm512_mask_loadu_epi64(__m512is,___mmask8 k, void * sa); 
VMOVDQU64 __m512i_mm512_maskz_loadu_epi64(__mmask8 k, void * sa); 
VMOVDQU64 void _mm512_storeu_epi64(void * d,__m512i a); 

VMOVDQU64 void __mm512_mask_storeu_epi64(void * d,___mmask8 k, __m512i a); 
VMOVDQU64 __m256i__mm256_mask_loadu_epi64(__m256i s,___mmask8 k, void * sa); 
VMOVDQU64 __m256i__mm256_maskz_loadu_epi64(__mmask8 k, void * sa); 
VMOVDQU64 void __mm256_storeu_epi64(void * d,___m256i a); 

VMOVDQU64 void _mm256_mask_storeu_epi64(void * d, __mmask8 k, __m256i a); 
VMOVDQU64 __m128i __mm_mask_loadu_epi64(__m128i s, __mmask8 k, void * sa); 
VMOVDQU64 __m128i __mm_maskz_loadu_epi64(__mmask8 k, void * sa); 
VMOVDQU64 void _mm_storeu_epi64(void * d,__m128i a); 

VMOVDQU64 void _mm_mask_storeu_epi64(void * d,__ mmask8 k, __m128i a); 
VMOVDQU8 __m512i__mm512_mask_loadu_epi8(__m512i s,___mmask64 k, void * sa); 
VMOVDQU8 __m512i__mm512_maskz_loadu_epi8(___mmask64 k, void * sa); 
VMOVDQU8 void _mm512_mask_storeu_epi8(void * d,___ mmask64 k, __m512i a); 
VMOVDQU8 __m256i _mm256_mask_loadu_epi8(__m256i s, __mmask32 k, void * sa); 
VMOVDQU8 __m256i _mm256_maskz_loadu_epi8(__mmask32 k, void * sa); 
VMOVDQU8 void _mm256_mask_storeu_epi8(void * d,___ mmask32 k, __m256i a); 
VMOVDQU8 __m128i _mm_mask_loadu_epi8(__m128i s, ___mmask16 k, void * sa); 
VMOVDQU8 __m128i _mm_maskz_loadu_epi8(__mmask16 k, void * sa); 

VMOVDQU8 void _mm_mask_storeu_epi8(void * d,___ mmask16 k, __m128i a); 
MOVDQU __m256i __mm256_loadu_si256 (__m256i * p); 

MOVDQU _mm256_storeu_si256(_m256i *p, __m256i a); 

MOVDQU __m128i __mm_loadu_si128 (__m128i * p); 

MOVDQU _mm_storeu_si1 28(__m128i *p,___m128i a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 

EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
Additionally: 

#UD If EVEX.vvvv != 1111B or VEX.vvvv != 1111B. 
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MOVDQ2Q—Move Quadword from XMM to MMX Technology Register 


Opcode Instruction Op/ 64-Bit Compat/ Description 
En Mode Leg Mode 
F2 OF D6 /r MOVDQ2Q mm, xmm RM Valid Valid Move low quadword from xmm to mmx 
register. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 

Description 


Moves the low quadword from the source operand (second operand) to the destination operand (first operand). The 
source operand is an XMM register and the destination operand is an MMX technology register. 


This instruction causes a transition from x87 FPU to MMX technology operation (that is, the x87 FPU top-of-stack 
pointer is set to 0 and the x87 FPU tag word is set to all Os [valid]). If this instruction is executed while an x87 FPU 
floating-point exception is pending, the exception is handled before the MOVDQ2Q instruction is executed. 


In 64-bit mode, use of the REX.R prefix permits this instruction to access additional registers (XMM8-XMM15). 


Operation 
DEST := SRC[63:0]; 


Intel C/C++ Compiler Intrinsic Equivalent 


MOVDQ2Q: __m64 _mm_movepi64_pi64 (__m128i a) 


SIMD Floating-Point Exceptions 
None. 


Protected Mode Exceptions 


#NM If CRO.TS[bit 3] = 1. 
#UD If CRO.EM[bit 2] = 1. 
If CR4.OSFXSR[bit 9] = 0. 
If CPUID.O1H:EDX.SSE2[bit 26] = 0. 
If the LOCK prefix is used. 
#MF If there is a pending x87 FPU exception. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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MOVHLPS—Move Packed Single-Precision Floating-Point Values High to Low 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
NP OF 12 /r RM VIV SSE Move two packed single-precision floating-point values 
MOVHLPS xmm1, xmm2 from high quadword of xmm2 to low quadword of xmm1. 
VEX.128.0F.WIG 12 /r RVM | V/V AVX Merge two packed single-precision floating-point values 
VMOVHLPS xmm1, xmm2, xmm3 from high quadword of xmm3 and low quadword of xmmz. 
EVEX.128.0F.WO 12 /r RVM | V/V AVX512F Merge two packed single-precision floating-point values 
VMOVHLPS xmm1, xmm2, xmm3 from high quadword of xmm3 and low quadword of xmme. 


Instruction Operand Encoding! 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (w) vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction cannot be used for memory to register moves. 

128-bit two-argument form: 

Moves two packed single-precision floating-point values from the high quadword of the second XMM argument 
(second operand) to the low quadword of the first XMM register (first argument). The quadword at bits 127:64 of 
the destination operand is left unchanged. Bits (MAXVL-1:128) of the corresponding destination register remain 
unchanged. 

128-bit and EVEX three-argument form 

Moves two packed single-precision floating-point values from the high quadword of the third XMM argument (third 
operand) to the low quadword of the destination (first operand). Copies the high quadword from the second XMM 
argument (second operand) to the high quadword of the destination (first operand). Bits (MAXVL-1:128) of the 
corresponding destination register are zeroed. 

If VMOVHLPS is encoded with VEX.L or EVEX.LL= 1, an attempt to execute the instruction encoded with VEX.L or 
EVEX.L’L= 1 will cause an #UD exception. 


Operation 


MOVHLPS (128-bit two-argument form) 
DEST[63:0] := SRC[127:64] 
DEST[MAXVL-1:64] (Unmodified) 


VMOVHLPS (128-bit three-argument form - VEX & EVEX) 
DEST[63:0] := SRC2[127:64] 

DEST[127:64] := SRC1[127:64] 

DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


MOVHLPS __m128_mm_movehl_ps(__m128 a,__m128 b) 


SIMD Floating-Point Exceptions 
None 


1. ModRM.MOD = 011B required 
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Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-24, “Type 7 Class Exception Conditions”; additionally: 
#UD If VEX.L = 1. 


EVEX-encoded instruction, see Exceptions Type E7NM.128 in Table 2-55, “Type E7NM Class Exception Conditions”. 
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MOVHPD—Move High Packed Double-Precision Floating-Point Value 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 

Support | Flag 
66 OF 16 /r A VIV SSE2 Move double-precision floating-point value from m64 
MOVHPD xmm1, m64 to high quadword of xmm1. 
VEX.128.66.0F.WIG 16 /r B VIV AVX Merge double-precision floating-point value from m64 
VMOVHPD xmm2, xmm1, m64 and the low quadword of xmm1. 
EVEX.128.66.0F.W1 16 /r D VIV AVX512F | Merge double-precision floating-point value from m64 
VMOVHPD xmm2, xmm1, m64 and the low quadword of xmm1. 
66 OF 17 /r C VIV SSE2 Move double-precision floating-point value from high 
MOVHPD m64, xmm1 quadword of xmm1 to m64. 
VEX.128.66.0F.WIG 17 /r C VIV AVX Move double-precision floating-point value from high 
VMOVHPD m64, xmm1 quadword of xmm1 to m64. 
EVEX.128.66.0F.W1 17 /r E VIV AVX512F | Move double-precision floating-point value from high 
VMOVHPD m64, xmm1 quadword of xmm1 to m64. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C NA ModRM:r/m (w) ModRM:reg (r) NA NA 
D Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
E Tuple1 Scalar ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


This instruction cannot be used for register to register or memory to memory moves. 


128-bit Legacy SSE load: 


Moves a double-precision floating-point value from the source 64-bit memory operand and stores it in the high 64- 
bits of the destination XMM register. The lower 64bits of the XMM register are preserved. Bits (MAXVL-1:128) of the 
corresponding destination register are preserved. 

VEX.128 & EVEX encoded load: 

Loads a double-precision floating-point value from the source 64-bit memory operand (the third operand) and 
stores it in the upper 64-bits of the destination XMM register (first operand). The low 64-bits from the first source 
operand (second operand) are copied to the low 64-bits of the destination. Bits (MAXVL-1:128) of the corre- 
sponding destination register are zeroed. 

128-bit store: 


Stores a double-precision floating-point value from the high 64-bits of the XMM register source (second operand) 
to the 64-bit memory location (first operand). 

Note: VMOVHPD (store) (VEX.128.66.0F 17 /r) is legal and has the same behavior as the existing 66 OF 17 store. 
For VMOVHPD (store) VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instruction will #UD. 


If VMOVHPD is encoded with VEX.L or EVEX.L’L= 1, an attempt to execute the instruction encoded with VEX.L or 
EVEX.L’L= 1 will cause an #UD exception. 
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Operation 


MOVHPD (128-bit Legacy SSE load) 
DEST[63:0] (Unmodified) 
DEST[127:64] := SRC[63:0] 
DEST[MAXVL-1:128] (Unmodified) 


VMOVHPD (VEX.128 & EVEX encoded load) 
DEST[63:0] := SRC1[63:0] 

DEST[127:64] := SRC2[63:0] 
DEST[MAXVL-1:128] := 0 


VMOVHPD (store) 
DEST[63:0] := SRC[127:64] 


Intel C/C++ Compiler Intrinsic Equivalent 


MOVHPD __m128d_mm_loadh_pd (__m128d a, double *p) 
MOVHPD void _mm_storeh_pd (double *p,__m128d a) 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”; additionally: 
#UD If VEX.L = 1. 

EVEX-encoded instruction, see Table 2-57, “Type EONF Class Exception Conditions”. 
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MOVHPS—Move High Packed Single-Precision Floating-Point Values 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 

Support | Flag 
NP OF 16 /r A VIV SSE Move two packed single-precision floating-point values 
MOVHPS xmm1, m64 from m64 to high quadword of xmm1. 
VEX.128.0F.WIG 16 /r B VIV AVX Merge two packed single-precision floating-point values 
VMOVHPS xmm2, xmm1, m64 from m64 and the low quadword of xmm1. 
EVEX.128.0F.WO 16 /r D VIV AVX512F Merge two packed single-precision floating-point values 
VMOVHPS xmm2, xmm1, m64 from m64 and the low quadword of xmm1. 
NP OF 17 /r C VIV SSE Move two packed single-precision floating-point values 
MOVHPS m64, xmm1 from high quadword of xmm1 to m64. 
VEX.128.0F.WIG 17 /r C VIV AVX Move two packed single-precision floating-point values 
VMOVHPS m64, xmm1 from high quadword of xmm1 to m64. 
EVEX.128.0F.WO 17 /r E VIV AVX512F Move two packed single-precision floating-point values 
VMOVHPS m64, xmm1 from high quadword of xmm1 to m64. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C NA ModRM:r/m (w) ModRM:reg (r) NA NA 
D Tuple2 ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
E Tuple2 ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


This instruction cannot be used for register to register or memory to memory moves. 
128-bit Legacy SSE load: 


Moves two packed single-precision floating-point values from the source 64-bit memory operand and stores them 
in the high 64-bits of the destination XMM register. The lower 64bits of the XMM register are preserved. Bits 
(MAXVL-1:128) of the corresponding destination register are preserved. 


VEX.128 & EVEX encoded load: 


Loads two single-precision floating-point values from the source 64-bit memory operand (the third operand) and 
stores it in the upper 64-bits of the destination XMM register (first operand). The low 64-bits from the first source 
operand (the second operand) are copied to the lower 64-bits of the destination. Bits (MAXVL-1:128) of the corre- 
sponding destination register are zeroed. 


128-bit store: 


Stores two packed single-precision floating-point values from the high 64-bits of the XMM register source (second 
operand) to the 64-bit memory location (first operand). 


Note: VMOVHPS (store) (VEX.128.0F 17 /r) is legal and has the same behavior as the existing OF 17 store. For 
VMOVHPS (store) VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instruction will #UD. 


If VMOVHPS is encoded with VEX.L or EVEX.L’L= 1, an attempt to execute the instruction encoded with VEX.L or 
EVEX.L’L= 1 will cause an #UD exception. 
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Operation 


MOVHPS (128-bit Legacy SSE load) 
DEST[63:0] (Unmodified) 
DEST[127:64] := SRC[63:0] 
DEST[MAXVL-1:128] (Unmodified) 


VMOVHPS (VEX.128 and EVEX encoded load) 
DEST[63:0] := SRC1[63:0] 

DEST[127:64] := SRC2[63:0] 
DEST[MAXVL-1:128] := 0 


VMOVHPS (store) 
DEST[63:0] := SRC[127:64] 


Intel C/C++ Compiler Intrinsic Equivalent 


MOVHPS __m128 _mm_loadh_pi (__m128 a,__m64 *p) 
MOVHPS void _mm_storeh_pi (__m64 *p,_m128 a) 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”; additionally: 
#UD If VEX.L = 1. 

EVEX-encoded instruction, see Table 2-57, “Type EONF Class Exception Conditions”. 
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MOVLHPS—Move Packed Single-Precision Floating-Point Values Low to High 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
NP OF 16 /r RM VIV SSE Move two packed single-precision floating-point values from 
MOVLHPS xmm1, xmm2 low quadword of xmm_2 to high quadword of xmm1. 
VEX.128.0F.WIG 16 /r RVM | V/V AVX Merge two packed single-precision floating-point values 
VMOVLHPS xmm1, xmm2, xmm3 from low quadword of xmm3 and low quadword of xmm2. 
EVEX.128.0F.WO 16 /r RVM | V/V AVX512F Merge two packed single-precision floating-point values 
VMOVLHPS xmm1, xmm2, xmm3 from low quadword of xmm3 and low quadword of xmmz. 


Instruction Operand Encoding! 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (w) vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction cannot be used for memory to register moves. 

128-bit two-argument form: 

Moves two packed single-precision floating-point values from the low quadword of the second XMM argument 
(second operand) to the high quadword of the first XMM register (first argument). The low quadword of the desti- 
nation operand is left unchanged. Bits (MAXVL-1:128) of the corresponding destination register are unmodified. 
128-bit three-argument forms: 

Moves two packed single-precision floating-point values from the low quadword of the third XMM argument (third 
operand) to the high quadword of the destination (first operand). Copies the low quadword from the second XMM 
argument (second operand) to the low quadword of the destination (first operand). Bits (MAXVL-1:128) of the 
corresponding destination register are zeroed. 


If VMOVLHPS is encoded with VEX.L or EVEX.L'L= 1, an attempt to execute the instruction encoded with VEX.L or 
EVEX.L’L= 1 will cause an #UD exception. 


Operation 


MOVLHPS (128-bit two-argument form) 
DEST[63:0] (Unmodified) 

DEST[127:64] := SRC[63:0] 
DEST[MAXVL-1:128] (Unmodified) 


VMOVLHPS (128-bit three-argument form - VEX & EVEX) 
DEST[63:0] := SRC1[63:0] 

DEST[127:64] := SRC2[63:0] 

DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


MOVLHPS __m128_mm_movelh_ps(__m128 a,__m128 b) 


SIMD Floating-Point Exceptions 
None 


1. ModRM.MOD = 011B required 


MOVLHPS—Move Packed Single-Precision Floating-Point Values Low to High Vol.2B 4-87 


INSTRUCTION SET REFERENCE, M-U 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-24, “Type 7 Class Exception Conditions”; additionally: 
#UD If VEX.L = 1. 


EVEX-encoded instruction, see Exceptions Type E7NM.128 in Table 2-55, “Type E7NM Class Exception Conditions”. 
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MOVLPD—Move Low Packed Double-Precision Floating-Point Value 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
66 OF 12 /r A VIV SSE2 Move double-precision floating-point value from m64 to 
MOVLPD xmm1, m64 low quadword of xmm1. 
VEX.128.66.0F.WIG 12 /r B VIV AVX Merge double-precision floating-point value from m64 
VMOVLPD xmmz, xmm1, m64 and the high quadword of xmm1. 
EVEX.128.66.0F.W1 12 /r D VIV AVX512F Merge double-precision floating-point value from m64 
VMOVLPD xmmz, xmm1, m64 and the high quadword of xmm1. 
66 OF 13/r C VIV SSE2 Move double-precision floating-point value from low 
MOVLPD m64, xmm1 quadword of xmm1 to m64. 
VEX.128.66.0F.WIG 13/r C VIV AVX Move double-precision floating-point value from low 
VMOVLPD m64, xmm1 quadword of xmm1 to m64. 
EVEX.128.66.0F.W1 13/r E VIV AVX512F Move double-precision floating-point value from low 
VMOVLPD m64, xmm1 quadword of xmm1 to m64. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 

A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 

B NA ModRM:r/m (r) VEX.vvvv (r) ModRM:r/m (r) NA 

C NA ModRM:r/m (w) ModRM:reg (r) NA NA 

D Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 

E Tuple1 Scalar ModRM:r/m (w) ModRM:reg (r) NA NA 

Description 


This instruction cannot be used for register to register or memory to memory moves. 
128-bit Legacy SSE load: 


Moves a double-precision floating-point value from the source 64-bit memory operand and stores it in the low 64- 
bits of the destination XMM register. The upper 64bits of the XMM register are preserved. Bits (MAXVL-1:128) of the 
corresponding destination register are preserved. 

VEX.128 & EVEX encoded load: 


Loads a double-precision floating-point value from the source 64-bit memory operand (third operand), merges it 
with the upper 64-bits of the first source XMM register (second operand), and stores it in the low 128-bits of the 
destination XMM register (first operand). Bits (MAXVL-1:128) of the corresponding destination register are zeroed. 
128-bit store: 


Stores a double-precision floating-point value from the low 64-bits of the XMM register source (Second operand) to 
the 64-bit memory location (first operand). 

Note: VMOVLPD (store) (VEX.128.66.0F 13 /r) is legal and has the same behavior as the existing 66 OF 13 store. 
For VMOVLPD (store) VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instruction will #UD. 


If VMOVLPD is encoded with VEX.L or EVEX.L’L= 1, an attempt to execute the instruction encoded with VEX.L or 
EVEX.L’L= 1 will cause an #UD exception. 


Operation 


MOVLPD (128-bit Legacy SSE load) 
DEST[63:0] := SRC[63:0] 
DEST[MAXVL-1:64] (Unmodified) 
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VMOVLPD (VEX.128 & EVEX encoded load) 
DEST[63:0] := SRC2[63:0] 

DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


VMOVLPD (store) 
DEST[63:0] := SRC[63:0] 


Intel C/C++ Compiler Intrinsic Equivalent 


MOVLPD __m128d _mm_loadl_pd (__m128d a, double *p) 
MOVLPD void __mm_storel_pd (double *p,___m128d a) 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”; additionally: 
#UD If VEX.L = 1. 
EVEX-encoded instruction, see Table 2-57, “Type EONF Class Exception Conditions”. 
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MOVLPS—Move Low Packed Single-Precision Floating-Point Values 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 

Support | Flag 
NP OF 12 /r A VIV SSE Move two packed single-precision floating-point values 
MOVLPS xmm1, m64 from m64 to low quadword of xmm1. 
VEX.128.0F.WIG 12 /r B VIV AVX Merge two packed single-precision floating-point values 
VMOVLPS xmm_2, xmm1, m64 from m64 and the high quadword of xmm1. 
EVEX.128.0F.WO 12 /r D VIV AVX512F Merge two packed single-precision floating-point values 
VMOVLPS xmm_2, xmm1, m64 from m64 and the high quadword of xmm1. 
OF 13/r C VIV SSE Move two packed single-precision floating-point values 
MOVLPS m64, xmm1 from low quadword of xmm1 to m64. 
VEX.128.0F.WIG 13/r C VIV AVX Move two packed single-precision floating-point values 
VMOVLPS m64, xmm1 from low quadword of xmm1 to m64. 
EVEX.128.0F.WO 13/r E VIV AVX512F Move two packed single-precision floating-point values 


VMOVLPS m64, xmm1 from low quadword of xmm1 to m64. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C NA ModRM:r/m (w) ModRM:reg (r) NA NA 
D Tuple2 ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
E Tuple2 ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


This instruction cannot be used for register to register or memory to memory moves. 

128-bit Legacy SSE load: 

Moves two packed single-precision floating-point values from the source 64-bit memory operand and stores them 
in the low 64-bits of the destination XMM register. The upper 64bits of the XMM register are preserved. Bits 
(MAXVL-1:128) of the corresponding destination register are preserved. 

VEX.128 & EVEX encoded load: 

Loads two packed single-precision floating-point values from the source 64-bit memory operand (the third 
operand), merges them with the upper 64-bits of the first source operand (the second operand), and stores them 
in the low 128-bits of the destination register (the first operand). Bits (MAXVL-1:128) of the corresponding desti- 
nation register are zeroed. 

128-bit store: 

Loads two packed single-precision floating-point values from the low 64-bits of the XMM register source (second 
operand) to the 64-bit memory location (first operand). 


Note: VMOVLPS (store) (VEX.128.0F 13 /r) is legal and has the same behavior as the existing OF 13 store. For 
VMOVLPS (store) VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instruction will #UD. 


If VMOVLPS is encoded with VEX.L or EVEX.L’L= 1, an attempt to execute the instruction encoded with VEX.L or 
EVEX.L’L= 1 will cause an #UD exception. 
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Operation 


MOVLPS (128-bit Legacy SSE load) 
DEST[63:0] := SRC[63:0] 
DEST[MAXVL-1:64] (Unmodified) 


VMOVLPS (VEX.128 & EVEX encoded load) 
DEST[63:0] := SRC2[63:0] 

DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


VMOVLPS (store) 
DEST[63:0] := SRC[63:0] 


Intel C/C++ Compiler Intrinsic Equivalent 


MOVLPS __m128_mm_loadl_pi(__m128 a, __m64 *p) 
MOVLPS void __mm_storel_pi (__m64 *p,__m128 a) 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”; additionally: 
#UD If VEX.L = 1. 

EVEX-encoded instruction, see Table 2-57, “Type EONF Class Exception Conditions”. 
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MOVMSKPD—Extract Packed Double-Precision Floating-Point Sign Mask 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 

Flag 
66 OF 50 /r RM |V/V SSE2 Extract 2-bit sign mask from xmm and store in reg. The 
MOVMSKPD reg, xmm upper bits of r32 or r64 are filled with zeros. 
VEX.128.66.0F.WIG 50 /r RM |V/V AVX Extract 2-bit sign mask from xmmZ2 and store in reg. 
VMOVMSKPD reg, xmm2 The upper bits of r32 or r64 are zeroed. 
VEX.256.66.0F.WIG 50 /r RM |V/V AVX Extract 4-bit sign mask from ymm2 and store in reg. 
VMOVMSKPD reg, ynm2 The upper bits of r32 or r64 are zeroed. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Extracts the sign bits from the packed double-precision floating-point values in the source operand (second 
operand), formats them into a 2-bit mask, and stores the mask in the destination operand (first operand). The 
source operand is an XMM register, and the destination operand is a general-purpose register. The mask is stored 
in the 2 low-order bits of the destination operand. Zero-extend the upper bits of the destination. 


In 64-bit mode, the instruction can access additional registers (XMM8-XMM15, R8-R15) when used with a REX.R 
prefix. The default operand size is 64-bit in 64-bit mode. 


128-bit versions: The source operand is a YMM register. The destination operand is a general purpose register. 


VEX.256 encoded version: The source operand is a YMM register. The destination operand is a general purpose 
register. 


Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 


(V)MOVMSKPD (128-bit versions) 
DEST[O] := SRC[63] 
DEST[1] := SRC[127] 
IF DEST = r32 
THEN DEST[31:2] := 0; 
ELSE DEST[63:2] := 0; 
Fl 


VMOVMSKPD (VEX.256 encoded version) 
DEST[O] := SRC[63] 
DEST[1] := SRC[127] 
DEST[2Z] := SRC[191] 
DEST[3] := SRC[255] 
IF DEST = r32 
THEN DEST[31:4] := 0; 
ELSE DEST[63:4] := 0; 
Fl 
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Intel C/C++ Compiler Intrinsic Equivalent 


MOVMSKPD: int __mm_movemask_pd (__m128d a) 
VMOVMSKPD: _mm256_movemask_pd(__m256d a) 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-24, “Type 7 Class Exception Conditions”; additionally: 
#UD If VEX.vvvv # 1111B. 
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MOVMSKPS—Extract Packed Single-Precision Floating-Point Sign Mask 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 

Flag 
NP OF 50 /r RM |V/V SSE Extract 4-bit sign mask from xmm and store in reg. 
MOVMSKPS reg, xmm The upper bits of r32 or r64 are filled with zeros. 
VEX.128.0F.WIG 50 /r RM | V/V AVX Extract 4-bit sign mask from xmm2 and store in reg. 
VMOVMSKPS reg, xmm2 The upper bits of r32 or r64 are zeroed. 
VEX.256.0F.WIG 50 /r RM | V/V AVX Extract 8-bit sign mask from ymm2 and store in reg. 
VMOVMSKPS reg, ymm2 The upper bits of r32 or 164 are zeroed. 


Instruction Operand Encoding! 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Extracts the sign bits from the packed single-precision floating-point values in the source operand (second 
operand), formats them into a 4- or 8-bit mask, and stores the mask in the destination operand (first operand). 
The source operand is an XMM or YMM register, and the destination operand is a general-purpose register. The 
mask is stored in the 4 or 8 low-order bits of the destination operand. The upper bits of the destination operand 
beyond the mask are filled with zeros. 


In 64-bit mode, the instruction can access additional registers (XMM8-XMM15, R8-R15) when used with a REX.R 
prefix. The default operand size is 64-bit in 64-bit mode. 


128-bit versions: The source operand is a YMM register. The destination operand is a general purpose register. 
VEX.256 encoded version: The source operand is a YMM register. The destination operand is a general purpose 
register. 

Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 


DEST[O] := SRC[31]; 
DEST[1] := SRC[63}; 
DEST[2] := SRC[95]; 
DEST[3] := SRC[127]; 


IF DEST = r32 
THEN DEST[31:4] := ZeroExtend; 
ELSE DEST[63:4] := ZeroExtend; 
Fl; 


1. ModRM.MOD = 011B required 
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(V)MOVMSKPS (128-bit version) 
DEST[O] := SRC[31] 
DEST[1] := SRC[63] 
DEST[2] := SRC[95] 
DEST[3] := SRC[127] 
IF DEST = r32 
THEN DEST[31:4] := 0; 
ELSE DEST[63:4] := 0; 
Fl 


VMOVMSKPS (VEX.256 encoded version) 
DEST[O] := SRC[31] 
DEST[1] := SRC[63] 
DEST[2Z] := SRC[95] 
DEST[3] := SRC[127] 
DEST[4] := SRC[159] 
DEST[5] := SRC[191] 
DEST[6] := SRC[223] 
DEST[7] := SRC[255] 
IF DEST = r32 

THEN DEST[31:8] := 0; 

ELSE DEST[63:8] := 0; 
Fl 


Intel C/C++ Compiler Intrinsic Equivalent 


int __mm_movemask_ps(__m128 a) 
int __mm256_movemask_ps(__m256 a) 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


See Table 2-24, “Type 7 Class Exception Conditions”; additionally: 


#UD If VEX.vvvv # 1111B. 
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MOVNTDQA—Load Double Quadword Non-Temporal Aligned Hint 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature Flag 

Support 
66 OF 38 2A /r A VIV SSE4_1 Move double quadword from m128 to xmm1 using non- 
MOVNTDQA xmm1, m128 temporal hint if WC memory type. 
VEX.128.66.0F38.WIG 2A /r A VIV AVX Move double quadword from m128 to xmm using non- 
VMOVNTDOA xmm1, m128 temporal hint if WC memory type. 
VEX.256.66.0F38.WIG 2A /r A VIV AVX2 Move 256-bit data from m256 to ymm using non-temporal 
VMOVNTDQA ymm1, m256 hint if WC memory type. 
EVEX.128.66.0F38.W0 2A /r B VIV AVX512VL Move 128-bit data from m128 to xmm using non-temporal 
VMOVNTDOA xmm1, m128 AVX512F hint if WC memory type. 
EVEX.256.66.0F38.W0 2A /r B VIV AVX512VL Move 256-bit data from m256 to ymm using non-temporal 
VMOVNTDQA ymm1, m256 AVX512F hint if WC memory type. 
EVEX.512.66.0F38.W0 2A /r B VIV AVX512F Move 512-bit data from m512 to zmm using non-temporal 
VMOVNTDOQA zmm1, m512 hint if WC memory type. 


Instruction Operand Encoding! 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Full Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


MOVNTDQA loads a double quadword from the source operand (second operand) to the destination operand (first 
operand) using a non-temporal hint if the memory source is WC (write combining) memory type. For WC memory 
type, the nontemporal hint may be implemented by loading a temporary internal buffer with the equivalent of an 
aligned cache line without filling this data to the cache. Any memory-type aliased lines in the cache will be snooped 
and flushed. Subsequent MOVNTDQA reads to unread portions of the WC cache line will receive data from the 
temporary internal buffer if data is available. The temporary internal buffer may be flushed by the processor at any 
time for any reason, for example: 


e A load operation other than a MOVNTDQA which references memory already resident in a temporary internal 
buffer. 


e Anon-WC reference to memory already resident in a temporary internal buffer. 
e Interleaving of reads and writes to a single temporary internal buffer. 

e Repeated (V)MOVNTDQA loads of a particular 16-byte item in a streaming line. 
e Certain micro-architectural conditions including resource shortages, detection of 
a mis-speculation condition, and various fault conditions 


The non-temporal hint is implemented by using a write combining (WC) memory type protocol when reading the 
data from memory. Using this protocol, the processor does not read the data into the cache hierarchy, nor does it 
fetch the corresponding cache line from memory into the cache hierarchy. The memory type of the region being 
read can override the non-temporal hint, if the memory address specified for the non-temporal read is not a WC 
memory region. Information on non-temporal reads and writes can be found in “Caching of Temporal vs. Non- 
Temporal Data” in Chapter 10 in the Intel® 64 and IA-32 Architecture Software Developer’s Manual, Volume 3A. 


Because the WC protocol uses a weakly-ordered memory consistency model, a fencing operation implemented with 
a MFENCE instruction should be used in conjunction with MOVNTDQA instructions if multiple processors might use 
different memory types for the referenced memory locations or to synchronize reads of a processor with writes by 
other agents in the system. A processor’s implementation of the streaming load hint does not override the effective 
memory type, but the implementation of the hint is processor dependent. For example, a processor implementa- 
tion may choose to ignore the hint and process the instruction as a normal MOVDQA for any memory type. Alter- 
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natively, another implementation may optimize cache reads generated by MOVNTDQA on WB memory type to 
reduce cache evictions. 


The 128-bit (V)MOVNTDQA addresses must be 16-byte aligned or the instruction will cause a #GP. 
The 256-bit VMOVNTDQA addresses must be 32-byte aligned or the instruction will cause a #GP. 
The 512-bit VMOVNTDQA addresses must be 64-byte aligned or the instruction will cause a #GP. 


Operation 


MOVNTDQA (128bit- Legacy SSE form) 
DEST := SRC 
DEST[MAXVL-1:128] (Unmodified) 


VMOVNTDQA (VEX.128 and EVEX.128 encoded form) 
DEST := SRC 
DEST[MAXVL-1:128] := 0 


VMOVNTDQA (VEX.256 and EVEX.256 encoded forms) 
DEST[255:0] := SRC[255:0) 
DEST[MAXVL-1:256] := 0 


VMOVNTDQA (EVEX.512 encoded form) 
DEST[51 1:0] := SRC[51 1:0) 
DEST[MAXVL-1:512] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 

VMOVNTDQA __m512i__mm512_stream_load_si512(__m512i const* p); 
MOVNTDQA __m128i __mm_stream_load_si1 28 (const __m128i *p); 
VMOVNTDQA __m256i __mm256_stream_load_si256 (__m256i const* p); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-18, “Type 1 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-45, “Type E1NF Class Exception Conditions”. 
Additionally: 


#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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MOVNTDQ-—Store Packed Integers Using Non-Temporal Hint 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature Flag 

Support 
66 OF E7 /r A VV SSE2 Move packed integer values in xmm1 to m128 using non- 
MOVNTDQ m128, xmm1 temporal hint. 
VEX.128.66.0F.WIG E7 /r A VIV AVX Move packed integer values in xmm1 to m128 using non- 
VMOVNTDQ m128, xmm1 temporal hint. 
VEX.256.66.0F.WIG E7 /r A VV AVX Move packed integer values in ymm1 to m256 using non- 
VMOVNTDQ m256, ymm1 temporal hint. 
EVEX.128.66.0F.WO E7 /r B VIV AVX512VL Move packed integer values in xmm1 to m128 using non- 
VMOVNTDQ m1 28, xmm1 AVX512F temporal hint. 
EVEX.256.66.0F.WO E7 /r B VIV AVX512VL Move packed integer values in zmm1 to m256 using non- 
VMOVNTDQ m256, ymm1 AVX512F temporal hint. 
EVEX.512.66.0F.WO E7 /r B VV AVX512F Move packed integer values in zmm1 to m512 using non- 
VMOVNTDQ m512, zmm1 temporal hint. 


Instruction Operand Encoding! 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (w) ModRM:reg (r) NA NA 
B Full Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Moves the packed integers in the source operand (second operand) to the destination operand (first operand) using 
a non-temporal hint to prevent caching of the data during the write to memory. The source operand is an XMM 
register, YMM register or ZMM register, which is assumed to contain integer data (packed bytes, words, double- 
words, or quadwords). The destination operand is a 128-bit, 256-bit or 512-bit memory location. The memory 
operand must be aligned on a 16-byte (128-bit version), 32-byte (VEX.256 encoded version) or 64-byte (512-bit 
version) boundary otherwise a general-protection exception (#GP) will be generated. 


The non-temporal hint is implemented by using a write combining (WC) memory type protocol when writing the 
data to memory. Using this protocol, the processor does not write the data into the cache hierarchy, nor does it 
fetch the corresponding cache line from memory into the cache hierarchy. The memory type of the region being 
written to can override the non-temporal hint, if the memory address specified for the non-temporal store is in an 
uncacheable (UC) or write protected (WP) memory region. For more information on non-temporal stores, see 
“Caching of Temporal vs. Non-Temporal Data” in Chapter 10 in the IA-32 Intel Architecture Software Developer's 
Manual, Volume 1. 


Because the WC protocol uses a weakly-ordered memory consistency model, a fencing operation implemented with 
the SFENCE or MFENCE instruction should be used in conjunction with VMOVNTDQ instructions if multiple proces- 
sors might use different memory types to read/write the destination memory locations. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, VEX.L must be 0; otherwise instructions will 
#UD. 


Operation 


VMOVNTDQ(EVEX encoded versions) 
VL = 128, 256,512 

DEST[VL-1:0] := SRC[VL-1:0] 
DEST[MAXVL-1:VL] := 0 


1. ModRM.MOD != 011B 
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MOVNTDQ (Legacy and VEX versions) 
DEST := SRC 


Intel C/C++ Compiler Intrinsic Equivalent 

VMOVNTDQ void _mm512_stream_si512(void * p,_m512i a); 
VMOVNTDQ void __mm256_stream_si256 (__m256i * p,__m256i a); 
MOVNTDQ void _mm_stream_si128 (__m128i * p, ___m128i a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Exceptions Type1.SSE2 in Table 2-18, “Type 1 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-45, “Type E1NF Class Exception Conditions”. 

Additionally: 

#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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MOVNTI—Store Doubleword Using Non-Temporal Hint 


Opcode / Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 

Support | Flag 
NP OF C3 /r MR | V/V SSE2 Move doubleword from r32 to m32 using non-temporal 
MOVNTI m32, r32 hint. 
NP REX.W + OF C3 /r MR | V/N.E. SSE2 Move quadword from r64 to m64 using non-temporal 
MOVNTI m64, r64 hint. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MR ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Moves the doubleword integer in the source operand (second operand) to the destination operand (first operand) 
using a non-temporal hint to minimize cache pollution during the write to memory. The source operand is a 
general-purpose register. The destination operand is a 32-bit memory location. 


The non-temporal hint is implemented by using a write combining (WC) memory type protocol when writing the 
data to memory. Using this protocol, the processor does not write the data into the cache hierarchy, nor does it 
fetch the corresponding cache line from memory into the cache hierarchy. The memory type of the region being 
written to can override the non-temporal hint, if the memory address specified for the non-temporal store is in an 
uncacheable (UC) or write protected (WP) memory region. For more information on non-temporal stores, see 
“Caching of Temporal vs. Non-Temporal Data” in Chapter 10 in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1. 


Because the WC protocol uses a weakly-ordered memory consistency model, a fencing operation implemented with 
the SFENCE or MFENCE instruction should be used in conjunction with MOVNTI instructions if multiple processors 
might use different memory types to read/write the destination memory locations. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Use of the REX.R prefix permits access to addi- 
tional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bits. See the summary chart at the 
beginning of this section for encoding data and limits. 


Operation 
DEST := SRC; 


Intel C/C++ Compiler Intrinsic Equivalent 


MOVNTI: void __mm_stream_si32 (int *p, int a) 
MOVNTI: void _mm_stream_si64(__int64 *p, __int64 a) 


SIMD Floating-Point Exceptions 
None. 


Protected Mode Exceptions 


#GP(0) For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 
#SS(0) For an illegal address in the SS segment. 

#PF(fault-code) For a page fault. 

#UD If CPUID.01H:EDX.SSE2[bit 26] = 0. 


If the LOCK prefix is used. 
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Real-Address Mode Exceptions 


#GP 
#UD 


If any part of the operand lies outside the effective address space from 0 to FFFFH. 
If CPUID.O1H:EDX.SSE2[bit 26] = 0. 
If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in real address mode. 


#PF(fault-code) 


For a page fault. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) 

#GP(0) 
#PF(fault-code) 
#UD 


#AC(0) 
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If a memory address referencing the SS segment is in a non-canonical form. 
If the memory address is in a non-canonical form. 

For a page fault. 

If CPUID.01H:EDX.SSE2[bit 26] = 0. 

If the LOCK prefix is used. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
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MOVNTPD-—Store Packed Double-Precision Floating-Point Values Using Non-Temporal Hint 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
66 OF 2B /r A VV SSE2 Move packed double-precision values in xmm1 to m128 using 
MOVNTPD m128, xmm1 non-temporal hint. 
VEX.128.66.0F.WIG 2B /r A VV AVX Move packed double-precision values in xmm1 to m128 using 
VMOVNTPD m1 28, xmm1 non-temporal hint. 
VEX.256.66.0F.WIG 2B /r A VV AVX Move packed double-precision values in ymm1 to m256 using 
VMOVNTPD m256, ymm1 non-temporal hint. 
EVEX.128.66.0F.W1 2B /r B VIV AVX512VL Move packed double-precision values in xmm1 to m128 using 
VMOVNTPD m1 28, xmm1 AVX512F non-temporal hint. 
EVEX.256.66.0F.W1 2B /r B VIV AVX512VL Move packed double-precision values in ymm1 to m256 using 
VMOVNTPD m256, ymm1 AVX512F non-temporal hint. 
EVEX.512.66.0F.W1 2B /r B VV AVX512F Move packed double-precision values inzmm1 to m512 using 
VMOVNTPD m512, zmm1 non-temporal hint. 


Instruction Operand Encoding! 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (w) ModRM:reg (r) NA NA 
B Full Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Moves the packed double-precision floating-point values in the source operand (second operand) to the destination 
operand (first operand) using a non-temporal hint to prevent caching of the data during the write to memory. The 
source operand is an XMM register, YMM register or ZMM register, which is assumed to contain packed double- 
precision, floating-pointing data. The destination operand is a 128-bit, 256-bit or 512-bit memory location. The 
memory operand must be aligned on a 16-byte (128-bit version), 32-byte (VEX.256 encoded version) or 64-byte 
(EVEX.512 encoded version) boundary otherwise a general-protection exception (#GP) will be generated. 


The non-temporal hint is implemented by using a write combining (WC) memory type protocol when writing the 
data to memory. Using this protocol, the processor does not write the data into the cache hierarchy, nor does it 
fetch the corresponding cache line from memory into the cache hierarchy. The memory type of the region being 
written to can override the non-temporal hint, if the memory address specified for the non-temporal store is in an 
uncacheable (UC) or write protected (WP) memory region. For more information on non-temporal stores, see 
“Caching of Temporal vs. Non-Temporal Data” in Chapter 10 in the IA-32 Intel Architecture Software Developer's 
Manual, Volume 1. 


Because the WC protocol uses a weakly-ordered memory consistency model, a fencing operation implemented with 
the SFENCE or MFENCE instruction should be used in conjunction with MOVNTPD instructions if multiple processors 
might use different memory types to read/write the destination memory locations. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, VEX.L must be 0; otherwise instructions will 
#UD. 


Operation 


VMOVNTPD (EVEX encoded versions) 
VL = 128, 256,512 

DEST[VL-1:0] := SRC[VL-1:0] 
DEST[MAXVL-1:VL] := 0 


1. ModRM.MOD != 011B 
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MOVNTPD (Legacy and VEX versions) 
DEST := SRC 


Intel C/C++ Compiler Intrinsic Equivalent 

VMOVNTPD void _mm512_stream_pd(double * p,__m512d a); 
VMOVNTPD void _mm256_stream_pd (double * p,__m256d a); 
MOVNTPD void _mm_stream_pd (double * p,__m128d a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Exceptions Type1.SSE2 in Table 2-18, “Type 1 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-45, “Type E1NF Class Exception Conditions”. 

Additionally: 

#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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MOVNTPS—Store Packed Single-Precision Floating-Point Values Using Non-Temporal Hint 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
NP OF 2B /r A VIV SSE Move packed single-precision values xmm1 to mem using 
MOVNTPS m1 28, xmm1 non-temporal hint. 
VEX.128.0F.WIG 2B /r A VIV AVX Move packed single-precision values xmm1 to mem using 
VMOVNTPS m128, xmm1 non-temporal hint. 
VEX.256.0F.WIG 2B /r A VIV AVX Move packed single-precision values ymm1 to mem using 
VMOVNTPS m256, ymm1 non-temporal hint. 
EVEX.128.0F.WO 2B /r B VIV AVX512VL Move packed single-precision values in xmm1 to m128 
VMOVNTPS m128, xmm1 AVX512F using non-temporal hint. 
EVEX.256.0F.WO 2B /r B VIV AVX512VL Move packed single-precision values in ymm1 to m256 
VMOVNTPS m256, ymm1 AVX512F using non-temporal hint. 
EVEX.512.0F.WO 2B /r B VIV AVX512F Move packed single-precision values in zmm1 to m512 
VMOVNTPS m512, zmm1 using non-temporal hint. 


Instruction Operand Encoding! 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (w) ModRM:reg (r) NA NA 
B Full Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Moves the packed single-precision floating-point values in the source operand (second operand) to the destination 
operand (first operand) using a non-temporal hint to prevent caching of the data during the write to memory. The 
source operand is an XMM register, YMM register or ZMM register, which is assumed to contain packed single-preci- 
sion, floating-pointing. The destination operand is a 128-bit, 256-bit or 512-bit memory location. The memory 
operand must be aligned on a 16-byte (128-bit version), 32-byte (VEX.256 encoded version) or 64-byte 
(EVEX.512 encoded version) boundary otherwise a general-protection exception (#GP) will be generated. 


The non-temporal hint is implemented by using a write combining (WC) memory type protocol when writing the 
data to memory. Using this protocol, the processor does not write the data into the cache hierarchy, nor does it 
fetch the corresponding cache line from memory into the cache hierarchy. The memory type of the region being 
written to can override the non-temporal hint, if the memory address specified for the non-temporal store is in an 
uncacheable (UC) or write protected (WP) memory region. For more information on non-temporal stores, see 
“Caching of Temporal vs. Non-Temporal Data” in Chapter 10 in the IA-32 Intel Architecture Software Developer’s 
Manual, Volume 1. 

Because the WC protocol uses a weakly-ordered memory consistency model, a fencing operation implemented with 
the SFENCE or MFENCE instruction should be used in conjunction with MOVNTPS instructions if multiple processors 
might use different memory types to read/write the destination memory locations. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 


Operation 


VMOVNTPS (EVEX encoded versions) 
VL = 128, 256,512 

DEST[VL-1:0] := SRC[VL-1:0] 
DEST[MAXVL-1:VL] := 0 


1. ModRM.MOD != 011B 
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MOVNTPS 
DEST := SRC 


Intel C/C++ Compiler Intrinsic Equivalent 

VMOVNTPS void_mm512_stream_ps(float * p,__m512d a); 
MOVNTPS void _mm_stream_ps (float * p,__m128d a); 
VMOVNTPS void _mm256_stream_ps (float * p,__m256 a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Exceptions Type1.SSE in Table 2-18, “Type 1 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-45, “Type E1NF Class Exception Conditions”. 

Additionally: 

#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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MOVNTQ—Store of Quadword Using Non-Temporal Hint 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
NP OF €7 /r MOVNTQ m64, mm MR_ | Valid Valid Move quadword from mm to m64 using non- 
temporal hint. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MR ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Moves the quadword in the source operand (second operand) to the destination operand (first operand) using a 
non-temporal hint to minimize cache pollution during the write to memory. The source operand is an MMX tech- 
nology register, which is assumed to contain packed integer data (packed bytes, words, or doublewords). The 
destination operand is a 64-bit memory location. 


The non-temporal hint is implemented by using a write combining (WC) memory type protocol when writing the 
data to memory. Using this protocol, the processor does not write the data into the cache hierarchy, nor does it 
fetch the corresponding cache line from memory into the cache hierarchy. The memory type of the region being 
written to can override the non-temporal hint, if the memory address specified for the non-temporal store is in an 
uncacheable (UC) or write protected (WP) memory region. For more information on non-temporal stores, see 
“Caching of Temporal vs. Non-Temporal Data” in Chapter 10 in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1. 


Because the WC protocol uses a weakly-ordered memory consistency model, a fencing operation implemented with 
the SFENCE or MFENCE instruction should be used in conjunction with MOVNTQ instructions if multiple processors 
might use different memory types to read/write the destination memory locations. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 
DEST := SRC; 


Intel C/C++ Compiler Intrinsic Equivalent 


MOVNTQ: void _mm_stream_pi(__m64 * p,___m64 a) 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


See Table 22-8, “Exception Conditions for Legacy SIMD/MMxX Instructions without FP Exception” in the Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 3A. 
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MOVQ—Move Quadword 


Opcode/ Op/ En | 64/32-bit | CPUID Description 
Instruction Mode Feature 
Flag 
NP OF 6F /r A VIV MMX Move quadword from mm/m64 to mm. 
MOVQ mm, mm/m64 
NP OF 7F /r B VIV MMX Move quadword from mm to mm/m64. 
MOVQ mm/m64, mm 
F3 OF 7E /r A VV SSE2 Move quadword from xmm2/mem64 to xmm1. 
MOVQ xmm1, xmm2/m64 
VEX.128.F3.0F.WIG 7E /r A VIV AVX Move quadword from xmm2 to xmm1. 
VMOVQ xmm1, xmm2/m64 
EVEX.128.F3.0F.W1 7E /r C VIV AVX512F | Move quadword from xmm2/m64 to xmm1. 
VMOVQ xmm1, xmm2/m64 
66 OF D6 /r B VIV SSE2 Move quadword from xmm1 to xmm2/mem64. 
MOVQ xmm2/m64, xmm1 
VEX.128.66.0F.WIG D6 /r B VIV AVX Move quadword from xmm2 register to xmm1/m64. 
VMOVQ xmm1/m64, xmm2 
EVEX.128.66.0F.W1 D6 /r D VIV AVX512F | Move quadword from xmmz2 register to xmm1/m64. 
VMOVQ xmm1/m64, xmm2 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B NA ModRM:r/m (w) ModRM:reg (r) NA NA 
C Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
D Tuple1 Scalar ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Copies a quadword from the source operand (second operand) to the destination operand (first operand). The 
source and destination operands can be MMX technology registers, XMM registers, or 64-bit memory locations. This 
instruction can be used to move a quadword between two MMX technology registers or between an MMX tech- 
nology register and a 64-bit memory location, or to move data between two XMM registers or between an XMM 
register and a 64-bit memory location. The instruction cannot be used to transfer data between memory locations. 


When the source operand is an XMM register, the low quadword is moved; when the destination operand is an XMM 
register, the quadword is stored to the low quadword of the register, and the high quadword is cleared to all Os. 


In 64-bit mode and if not encoded using VEX/EVEX, use of the REX prefix in the form of REX.R permits this instruc- 
tion to access additional registers (XMM8-XMM15). 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, otherwise instructions will #UD. 


If VMOVQ is encoded with VEX.L= 1, an attempt to execute the instruction encoded with VEX.L= 1 will cause an 
#UD exception. 
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Operation 


MOVQ instruction when operating on MMX technology registers and memory locations 
DEST := SRC; 


MOVQ instruction when source and destination operands are XMM registers 
DEST[63:0] := SRC[63:0); 
DEST[127:64] := DOOOOOD000000000H; 


MOVQ instruction when source operand is XMM register and destination 
operand is memory location: 
DEST := SRC[63:0]; 


MOVQ instruction when source operand is memory location and destination 
operand is XMM register: 

DEST[63:0] := SRC; 

DEST[127:64] := QOOOOODD00000000H; 


VMOVQ (VEX.128.F3.0F 7€) with XMM register source and destination 
DEST[63:0] := SRC[63:0] 
DEST[MAXVL-1:64] := 0 


VMOVQ (VEX.128.66.0F D6) with XMM register source and destination 
DEST[63:0] := SRC[63:0] 
DEST[MAXVL-1:64] := 0 


VMOVQ (7E - EVEX encoded version) with XMM register source and destination 
DEST[63:0] := SRC[63:0] 
DEST[MAXVL-1:64] := 0 


VMOVQ (D6 - EVEX encoded version) with XMM register source and destination 
DEST[63:0] := SRC[63:0] 
DEST[MAXVL-1:64] := 0 


VMOVQ (7€) with memory source 
DEST[63:0] := SRC[63:0] 
DEST[MAXVL-1:64] := 0 


VMOVQ (7E - EVEX encoded version) with memory source 
DEST[63:0] := SRC[63:0] 
DEST[:MAXVL-1:64] := 0 


VMOVQ (D6) with memory dest 
DEST[63:0] := SRC2[63:0] 


Flags Affected 
None. 


Intel C/C++ Compiler Intrinsic Equivalent 
VMOVQ __m128i __mm_loadu_si64( void * s); 
VMOVQ void __mm_storeu_si64( void * d,___m128i s); 


MOVQ m128i __mm_move_epi64(__m128i a) 
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SIMD Floating-Point Exceptions 


None 
Other Exceptions 


See Table 22-8, “Exception Conditions for Legacy SIMD/MMxX Instructions without FP Exception” in the Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 3B. 
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Opcode / Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
F3 OF D6 /r RM | V/V SSE2 Move quadword from mmx to low quadword 
MOVQ2DQ xmm, mm of xmm. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Moves the quadword from the source operand (second operand) to the low quadword of the destination operand 
(first operand). The source operand is an MMX technology register and the destination operand is an XMM register. 


This instruction causes a transition from x87 FPU to MMX technology operation (that is, the x87 FPU top-of-stack 
pointer is set to 0 and the x87 FPU tag word is set to all Os [valid]). If this instruction is executed while an x87 FPU 
floating-point exception is pending, the exception is handled before the MOVQ2DQ instruction is executed. 


In 64-bit mode, use of the REX.R prefix permits this instruction to access additional registers (XMM8-XMM15). 


Operation 


DEST[63:0] := SRC[63:0]; 


DEST[127:64] := OOOOOOOD0D0000000H; 


Intel C/C++ Compiler Intrinsic Equivalent 


MOVQ2DQ: 


SIMD Floating-Point Exceptions 


None. 


128i __mm_movpi64_epi64 ( 


m64 a) 


Protected Mode Exceptions 


#NM 
#UD 


#MF 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


If CRO.TS[bit 3] = 1. 
If CRO.EM[bit 2] = 1. 


If CR4.OSFXSR[bit 9] = 0. 

If CPUID.OLH:EDX.SSE2[bit 26] = 0. 

If the LOCK prefix is used. 

If there is a pending x87 FPU exception. 
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64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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MOVS/MOVSB/MOVSW/MOVSD/MOVSQ—Move Data from String to String 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
A4 MOVS m8, m8 ZO ‘| Valid Valid For legacy mode, Move byte from address 


DS:(E)SI to ES:(€)DI. For 64-bit mode move 
byte from address (RIE)SI to (RJE)DI. 


A5 MOVS m16, m16 ZO | Valid Valid For legacy mode, move word from address 
DS:(E)SI to ES:(€)DI. For 64-bit mode move 
word at address (RIE)SI to (RJE)DI. 


A5 MOVS m32, m32 ZO | Valid Valid For legacy mode, move dword from address 
DS:(E)SI to ES:(€)DI. For 64-bit mode move 
dword from address (RJE)SI to (RIE)DI. 


REX.W + AS MOVS m64, m64 ZO ‘| Valid N.E. Move qword from address (RIE)SI! to (RJE)DI. 


A4 MOVSB ZO | Valid Valid For legacy mode, Move byte from address 
DS:(E)SI to ES:(€)DI. For 64-bit mode move 
byte from address (RIE)SI to (RJE)DI. 


A5 MOVSW ZO | Valid Valid For legacy mode, move word from address 
DS:(E)SI to ES:(€)DI. For 64-bit mode move 
word at address (RIE)SI to (RJE)DI. 


A5 MOVSD ZO | Valid Valid For legacy mode, move dword from address 
DS:(E)SI to ES:(€)DI. For 64-bit mode move 
dword from address (RJE)SI to (RIE)DI. 


REX.W + A5 MOVSQ ZO ‘| Valid N.E. Move qword from address (RIE)SI to (RJE)DI. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Moves the byte, word, or doubleword specified with the second operand (source operand) to the location specified 
with the first operand (destination operand). Both the source and destination operands are located in memory. The 
address of the source operand is read from the DS:ESI or the DS:SI registers (depending on the address-size attri- 
bute of the instruction, 32 or 16, respectively). The address of the destination operand is read from the ES:EDI or 
the ES:DI registers (again depending on the address-size attribute of the instruction). The DS segment may be 
overridden with a segment override prefix, but the ES segment cannot be overridden. 


At the assembly-code level, two forms of this instruction are allowed: the “explicit-operands” form and the “no- 
operands” form. The explicit-operands form (specified with the MOVS mnemonic) allows the source and destination 
operands to be specified explicitly. Here, the source and destination operands should be symbols that indicate the 
size and location of the source value and the destination, respectively. This explicit-operands form is provided to 
allow documentation; however, note that the documentation provided by this form can be misleading. That is, the 
source and destination operand symbols must specify the correct type (size) of the operands (bytes, words, or 
doublewords), but they do not have to specify the correct location. The locations of the source and destination 
operands are always specified by the DS:(E)SI and ES:(E)DI registers, which must be loaded correctly before the 
move string instruction is executed. 


The no-operands form provides “short forms” of the byte, word, and doubleword versions of the MOVS instruc- 
tions. Here also DS:(E)SI and ES:(E)DI are assumed to be the source and destination operands, respectively. The 
size of the source and destination operands is selected with the mnemonic: MOVSB (byte move), MOVSW (word 
move), or MOVSD (doubleword move). 


After the move operation, the (E)SI and (E)DI registers are incremented or decremented automatically according 
to the setting of the DF flag in the EFLAGS register. (If the DF flag is 0, the (E)SI and (E)DI register are incre- 
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mented; if the DF flag is 1, the (E)SI and (E)DI registers are decremented.) The registers are incremented or 
decremented by 1 for byte operations, by 2 for word operations, or by 4 for doubleword operations. 


NOTE 


To improve performance, more recent processors support modifications to the processor's 
operation during the string store operations initiated with MOVS and MOVSB. See Section 7.3.9.3 
in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 for additional 
information on fast-string operation. 


The MOVS, MOVSB, MOVSW, and MOVSD instructions can be preceded by the REP prefix (see “REP/REPE/REPZ 
/REPNE/REPNZ—Repeat String Operation Prefix” for a description of the REP prefix) for block moves of ECX bytes, 
words, or doublewords. 


In 64-bit mode, the instruction’s default address size is 64 bits, 32-bit address size is supported using the prefix 
67H. The 64-bit addresses are specified by RSI and RDI; 32-bit address are specified by ESI and EDI. Use of the 
REX.W prefix promotes doubleword operation to 64 bits. See the summary chart at the beginning of this section for 
encoding data and limits. 


Operation 
DEST := SRC; 


Non-64-bit Mode: 


IF (Byte move) 
THEN IF DF =0 
THEN 
(E)SI := (E)SI + 1; 
(E)DI := (E)DI + 1; 


ELSE 
(E)SI := (E)SI - 1; 
(E)DI := (E)DI - 1; 
FI; 
ELSE IF (Word move) 
THEN IF DF = 0 


(E)SI := (E)SI + 2; 
(€)DI:= (E)DI + 2; 


FI; 
ELSE 
(E)SI := (E)SI - 2; 
(E)DI := (E)DI - 2; 
FI; 
ELSE IF (Doubleword move) 
THEN IF DF =0 
(E)SI := (E)SI + 4; 
(E)DI := (E)DI + 4; 
FI; 
ELSE 
(E)SI := (E)SI - 4; 
(E)DI := (E)DI - 4; 
FI; 
FI; 
64-bit Mode: 
IF (Byte move) 
THEN IF DF =0 
THEN 
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(RIE)SI := (RIE)SI + 1; 
(RIE)DI := (RIE)DI + 1; 

ELSE 
(RIE)SI := (RIE)SI - 1; 
(RIE)DI := (RIE)DI - 1; 


Fl; 
ELSE IF (Word move) 
THEN IF DF=0 
(RJE)SI := (RIE)SI + 2; 
(RJE)DI := (RIE)DI + 2; 
Fl; 
ELSE 
(RJE)SI := (RIE)SI - 2; 
(RJE)DI := (RIE)DI - 2; 
Fl; 
ELSE IF (Doubleword move) 
THEN IF DF =0 
(RJE)SI := (RIE)SI + 4; 
(RJE)DI := (RIE)DI + 4; 
Fl; 
ELSE 
(RJE)SI := (RIE)SI - 4; 
(RJE)DI := (RIE)DI - 4; 
Fl; 
ELSE IF (Quadword move) 
THEN IF DF =0 
(RIE)SI := (RIE)SI + 8; 
(RIE)DI := (RJE)DI + 8; 
Fl; 
ELSE 
(RJE)SI := (RIE)SI - 8; 
(RJE)DI := (RIE)DI - 8; 
Fl; 
FI; 
Flags Affected 
None 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 
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Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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MOVSD—Move or Merge Scalar Double-Precision Floating-Point Value 


VMOVSD m64 {k1}, xmm1 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
F2 OF 10 /r A VV SSE2 Move scalar double-precision floating-point value 
MOVSD xmm1, xmm2 from xmm_2 to xmm1 register. 
F2 OF 10 /r A VV SSE2 Load scalar double-precision floating-point value 
MOVSD xmm1, m64 from m64 to xmm1 register. 
F2 OF 11 /r C VV SSE2 Move scalar double-precision floating-point value 
MOVSD xmm1/m64, xmm2 from xmm2 register to xmm1/m64. 
VEX.LIG.F2.0F.WIG 10 /r B VV AVX Merge scalar double-precision floating-point value 
VMOVSD xmm1, xmm2, xmm3 from xmm2 and xmm3 to xmm1 register. 
VEX.LIG.F2.0F,WIG 10 /r D VIV AVX Load scalar double-precision floating-point value 
VMOVSD xmm1, m64 from m64 to xmm1 register. 
VEX.LIG.F2.0F.WIG 11 /r E VIV AVX Merge scalar double-precision floating-point value 
VMOVSD xmm1, xmm2, xmm3 from xmm_2 and xmm3 registers to xmm1. 
VEX.LIG.F2.0F.WIG 11 /r C VV AVX Store scalar double-precision floating-point value 
VMOVSD m64, xmm1 from xmm1 register to m64. 
EVEX.LLIG.F2.0F.W1 10 /r B VIV AVX512F | Merge scalar double-precision floating-point value 
VMOVSD xmm1 {k1}{z}, xmm2, xmm3 from xmm_2 and xmm3 registers to xmm1 under 
writemask k1. 
EVEX.LLIG.F2.0F.W1 10 /r F VIV AVX512F | Load scalar double-precision floating-point value 
VMOVSD xmm1 {k1}{z}, m64 from m64 to xmm1 register under writemask k1. 
EVEX.LLIG.F2.0F.W1 11 /r E VV AVX512F | Merge scalar double-precision floating-point value 
VMOVSD xmm1 {k1}{z}, xmm2, xmm3 from xmm2 and xmm3 registers to xmm1 under 
writemask k1. 
EVEX.LLIG.F2.0F.W1 11 /r G VV AVX512F | Store scalar double-precision floating-point value 


from xmm1 register to m64 under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C NA ModRM:r/m (w) ModRM:reg (r) NA NA 
D NA ModRM:reg (w) ModRM:r/m (r) NA NA 
E NA ModRM:r/m (w) vuvv (r) ModRM:reg (r) NA 
F Tuple1 Scalar ModRM:reg (r, w) ModRM:r/m (r) NA NA 
G Tuple1 Scalar ModRM:r/m (w) ModRM:reg (r) NA NA 
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Description 


Moves a scalar double-precision floating-point value from the source operand (second operand) to the destination 
operand (first operand). The source and destination operands can be XMM registers or 64-bit memory locations. 
This instruction can be used to move a double-precision floating-point value to and from the low quadword of an 
XMM register and a 64-bit memory location, or to move a double-precision floating-point value between the low 
quadwords of two XMM registers. The instruction cannot be used to transfer data between memory locations. 
Legacy version: When the source and destination operands are XMM registers, bits MAXVL:64 of the destination 
operand remains unchanged. When the source operand is a memory location and destination operand is an XMM 
registers, the quadword at bits 127:64 of the destination operand is cleared to all Os, bits MAXVL:128 of the desti- 
nation operand remains unchanged. 

VEX and EVEX encoded register-register syntax: Moves a scalar double-precision floating-point value from the 
second source operand (the third operand) to the low quadword element of the destination operand (the first 
operand). Bits 127:64 of the destination operand are copied from the first source operand (the second operand). 
Bits (MAXVL-1:128) of the corresponding destination register are zeroed. 

VEX and EVEX encoded memory store syntax: When the source operand is a memory location and destination 
operand is an XMM registers, bits MAXVL:64 of the destination operand is cleared to all Os. 


EVEX encoded versions: The low quadword of the destination is updated according to the writemask. 


Note: For VMOVSD (memory store and load forms), VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, 
otherwise instruction will #UD. 


Operation 


VMOVSD (EVEX.LLIG.F2.0F 10 /r: VMOVSD xmm1, m64 with support for 32 registers) 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := SRC[63:0] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[MAXVL-1:64] := 0 


VMOVSD (EVEX.LLIG.F2.0F 11 /r: VMOVSD m64, xmm1 with support for 32 registers) 
IF k1[0] or *no writemask* 

THEN  DEST[63:0] := SRC[63:0] 

ELSE *DEST[63:0] remains unchanged* ; merging-masking 
Fl; 


VMOVSD (EVEX.LLIG.F2.0F 11 /r: VMOVSD xmm1, xmm2, xmm3) 
IF k1[0] or *no writemask* 
THEN  DEST[63:0] := SRC2[63:0] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 
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MOVSD (128-bit Legacy SSE version: MOVSD XMM1, XMM2) 
DEST[63:0] := SRC[63:0] 
DEST[MAXVL-1:64] (Unmodified) 


VMOVSD (VEX.128.F2.0F 11 /r: VMOVSD xmm1, xmm2, xmm3) 
DEST[63:0] := SRC2[63:0] 

DEST[127:64] := SRC1[127:64] 

DEST[MAXVL-1:128] := 0 


VMOVSD (VEX.128.F2.0F 10 /r: VMOVSD xmm1, xmm2, xmm3) 
DEST[63:0] := SRC2[63:0] 

DEST[127:64] := SRC1[127:64] 

DEST[MAXVL-1:128] = 0 


VMOVSD (VEX.128.F2.0F 10 /r: VMOVSD xmm1, m64) 
DEST[63:0] := SRC[63:0] 
DEST[MAXVL-1:64] := 0 


MOVSD/VMOVSD (128-bit versions: MOVSD m64, xmm1 or VMOVSD m64, xmm1) 
DEST[63:0] := SRC[63:0] 


MOVSD (128-bit Legacy SSE version: MOVSD XMM1, m64) 
DEST[63:0] := SRC[63:0] 

DEST[127:64] := 0 

DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VMOVSD __m128d _mm_mask_load_sd(__m128d s,___mmask8 k, double * p); 

VMOVSD __m128d __mm_maskz_load_sd(__mmask8 k, double * p); 

VMOVSD __m128d_mm_mask_move_sd(__m128d sh, ___mmask8 k,__m128d sl,__m128d a); 
VMOVSD __m128d __mm_maskz_move_sd(__mmask8 k,__m128ds,__m128d a); 

VMOVSD void _mm_mask_store_sd(double * p,__ mmask8 k,___m128d s); 

MOVSD __m128d_mm_load_sd (double *p) 

MOVSD void _mm_store_sd (double *p,__m128d a) 

MOVSD __m128d_mm_move_sd (__m128d a,__m128d b) 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”; additionally: 
#UD If VEX.vvvv != 1111B. 

EVEX-encoded instruction, see Table 2-58, “Type E10 Class Exception Conditions”. 
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MOVSHDUP—Replicate Single FP Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
F3 OF 16 /r A VV SSE3 Move odd index single-precision floating-point values from 
MOVSHDUP xmm1, xmm2/m128 xmm2/mem and duplicate each element into xmm1. 
VEX.128.F3.0F.WIG 16 /r A VV AVX Move odd index single-precision floating-point values from 
VMOVSHDUP xmm1, xmm2/m128 xmm2/mem and duplicate each element into xmm1. 
VEX.256.F3.0F.WIG 16 /r A VV AVX Move odd index single-precision floating-point values from 
VMOVSHDUP ymm1, ymm2/m256 ymm2/mem and duplicate each element into ymm1. 
EVEX.128.F3.0F.WO 16 /r B VV AVX512VL | Move odd index single-precision floating-point values from 
VMOVSHDUP xmm1 {k1}{Z}, AVX512F xmm2/m128 and duplicate each element into xmm1 under 
xmm2/m128 writemask. 
EVEX.256.F3.0F.WO 16 /r B VV AVX512VL | Move odd index single-precision floating-point values from 
VMOVSHDUP ymm1 {k1}{Z}, AVX512F ymm2/m256 and duplicate each element into ymm1 under 
ymm2/m256 writemask. 
EVEX.512.F3.0F.WO0 16 /r B VV AVX512F Move odd index single-precision floating-point values from 
VMOVSHDUP zmm1 {k1}{z}, zmm2/m512 and duplicate each element into zmm1 under 
zmm2/m512 writemask. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Full Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Duplicates odd-indexed single-precision floating-point values from the source operand (the second operand) to 
adjacent element pair in the destination operand (the first operand). See Figure 4-3. The source operand is an 
XMM, YMM or ZMM register or 128, 256 or 512-bit memory location and the destination operand is an XMM, YMM 


or ZMM register. 


128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding destination register remain unchanged. 
VEX.128 encoded version: Bits (MAXVL-1:128) of the destination register are zeroed. 

VEX.256 encoded version: Bits (MAXVL-1:256) of the destination register are zeroed. 

EVEX encoded version: The destination operand is updated at 32-bit granularity according to the writemask. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 


SRC 


DEST] 


X7 X6 X5 x4 X3 X2 X1 XO 
X7 X7 X5 X5 X3 X3 X1 x1 
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Operation 


VMOVSHDUP (EVEX encoded versions) 

(KL, VL) = (4, 128), (8, 256), (16, 512) 

TMP_SRC[31:0] := SRC[63:32] 

TMP_SRC[63:32] := SRC[63:32] 

TMP_SRC[95:64] := SRC[127:96] 

TMP_SRC[1 27:96] := SRC[1 27:96] 

IF VL >= 256 
TMP_SRC[159:1 28] := SRC[191:160] 
TMP_SRC[191:160] := SRC[191:160] 
TMP_SRC[223:192] := SRC[255:224] 
TMP_SRC[255:224] := SRC[255:224] 

Fl; 

IF VL >= 512 
TMP_SRC[287:256] := SRC[319:288] 
TMP_SRC[319:288] := SRC[319:288] 
TMP_SRC[351:320] := SRC[383:352] 
TMP_SRC[383:352] := SRC[383:352] 
TMP_SRC[415:384] := SRC[447:416] 
TMP_SRC[447:416] := SRC[447:416] 
TMP_SRC[479:448] := SRC[511:480] 
TMP_SRC[511:480] := SRC[511:480] 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_SRC[i+31:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVSHDUP (VEX.256 encoded version) 
DEST[31:0] := SRC[63:32] 

DEST[63:32] := SRC[63:32] 

DEST[95:64] := SRC[127:96] 

DEST[127:96] := SRC[127:96] 
DEST[159:128] := SRC[191:160] 
DEST[191:160] := SRC[191:160] 
DEST[223:192] := SRC[255:224] 
DEST[255:224] := SRC[255:224] 
DEST[MAXVL-1:256] := 0 


VMOVSHDUP (VEX.128 encoded version) 
DEST[31:0] := SRC[63:32] 

DEST[63:32] := SRC[63:32] 

DEST[95:64] := SRC[127:96] 

DEST[127:96] := SRC[127:96] 
DEST[MAXVL-1:128] := 0 
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MOVSHDUP (128-bit Legacy SSE version) 
DEST[31:0] := SRC[63:32] 

DEST[63:32] := SRC[63:32] 

DEST[95:64] := SRC[127:96] 

DEST[127:96] := SRC[127:96] 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VMOVSHDUP __m512 _mm512_movehdup_ps(__m512 a); 

VMOVSHDUP __m512 _mm512_mask_movehdup_ps(__m512 s,__mmask16 k,__m512 a); 
VMOVSHDUP __m512 _mm512_maskz_movehdup_ps(__mmask16 k,__m512 a); 
VMOVSHDUP __m256 _mm256_mask_movehdup_ps(__m256 s,__ mmask8 k, __m256 a); 
VMOVSHDUP __m256 _mm256_maskz_movehdup_ps(_mmask8 k,___m256 a); 
VMOVSHDUP __m128 _mm_mask_movehdup_ps(__m128 s,__ mmask8 k,___m128 a); 
VMOVSHDUP __m128 _mm_maskz_movehdup_ps(__mmask8 k, __m128 a); 

VMOVSHDUP __m256 _mm256_movehdup_ps (__m256 a); 

VMOVSHDUP __m128 _mm_movehdup_ps (__m128 a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 

EVEX-encoded instruction, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
Additionally: 

#UD If EVEX.vvvv != 1111B or VEX.vvvv != 1111B. 
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Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 

F3 OF 12 /r A VIV SSE3 Move even index single-precision floating-point values from 
MOVSLDUP xmm1, xmm2/m128 xmm2/mem and duplicate each element into xmm1. 
VEX.128.F3.0F.WIG 12 /r A VIV AVX Move even index single-precision floating-point values from 
VMOVSLDUP xmm1, xmm2/m128 xmm2/mem and duplicate each element into xmm1. 
VEX.256.F3.0F.WIG 12 /r A VIV AVX Move even index single-precision floating-point values from 
VMOVSLDUP ymm1, ymm2/m256 ymm2/mem and duplicate each element into ymm1. 
EVEX.128.F3.0F.WO0 12 /r B VIV AVX512VL | Move even index single-precision floating-point values from 
VMOVSLDUP xmm1 {k1}{z}, AVX512F xmm2/m128 and duplicate each element into xmm1 under 
xmm2/m128 writemask. 
EVEX.256.F3.0F.WO0 12 /r B VIV AVX512VL | Move even index single-precision floating-point values from 
VMOVSLDUP ymm1 {k1}{z}, AVX512F ymm2/m256 and duplicate each element into ymm1 under 
ymm2/m256 writemask. 
EVEX.512.F3.0F.WO0 12 /r B VIV AVX512F Move even index single-precision floating-point values from 
VMOVSLDUP zmm1 {k1}{Z}, zmm2/m512 and duplicate each element into zmm1 under 
zmm2/m512 writemask. 

Instruction Operand Encoding 

Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Full Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Duplicates even-indexed single-precision floating-point values from the source operand (the second operand). See 
Figure 4-4. The source operand is an XMM, YMM or ZMM register or 128, 256 or 512-bit memory location and the 
destination operand is an XMM, YMM or ZMM register. 


128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding destination register remain unchanged. 
VEX.128 encoded version: Bits (MAXVL-1:128) of the destination register are zeroed. 

VEX.256 encoded version: Bits (MAXVL-1:256) of the destination register are zeroed. 

EVEX encoded version: The destination operand is updated at 32-bit granularity according to the writemask. 
Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 


SRC 


X7 


X6 


X5 


X4 


X3 X2 X1 XO 


DEST] 


X6 


X6 


x4 


x4 


X2 X2 XO x0 
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Operation 


VMOVSLDUP (EVEX encoded versions) 

(KL, VL) = (4, 128), (8, 256), (16, 512) 

TMP_SRC[31:0] := SRC[31:0] 

TMP_SRC[63:32] := SRC[31:0] 

TMP_SRC[95:64] := SRC[95:64] 

TMP_SRC[1 27:96] := SRC[95:64] 

IF VL >= 256 
TMP_SRC[159:1 28] := SRC[159:128] 
TMP_SRC[191:160] := SRC[159:128] 
TMP_SRC[223:192] := SRC[223:192] 
TMP_SRC[255:224] := SRC[223:192] 

Fl; 

IF VL >= 512 
TMP_SRC[287:256] := SRC[287:256] 
TMP_SRC[319:288] := SRC[287:256] 
TMP_SRC[351:320] := SRC[351:320] 
TMP_SRC[383:352] := SRC[351:320] 
TMP_SRC[415:384] := SRC[415:384] 
TMP_SRC[447:416] := SRC[415:384] 
TMP_SRC[479:448] := SRC[479:448] 
TMP_SRC[51 1:480] := SRC[479:448] 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_SRC[i+31:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVSLDUP (VEX.256 encoded version) 
DEST[31:0] := SRC[31:0] 

DEST[63:32] := SRC[31:0] 

DEST[95:64] := SRC[95:64] 

DEST[127:96] := SRC[95:64] 
DEST[159:128] := SRC[159:128] 
DEST[191:160] := SRC[159:1 28] 
DEST[223:192] = SRC[223:192] 
DEST[255:224] = SRC[223:192] 
DEST[MAXVL-1:256] := 0 


VMOVSLDUP (VEX.128 encoded version) 
DEST[31:0] := SRC[31:0] 

DEST[63:32] := SRC[31:0] 

DEST[95:64] := SRC[95:64] 

DEST[127:96] := SRC[95:64] 
DEST[MAXVL-1:128] := 0 
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MOVSLDUP (128-bit Legacy SSE version) 
DEST[31:0] := SRC[31:0] 

DEST[63:32] := SRC[31:0] 

DEST[95:64] := SRC[95:64] 

DEST[127:96] := SRC[95:64] 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VMOVSLDUP __m512_mm512_moveldup_ps(_m512 a); 

VMOVSLDUP __m512 _mm512_mask_moveldup_ps(__m512 s,__ mmask16 k,_m512 a); 
VMOVSLDUP __m512 _mm512_maskz_moveldup_ps(__ mmask16 k,__m512 a); 
VMOVSLDUP __m256 __mm256_mask_moveldup_ps(__m256 s,__ mmask8 k,___m256 a); 
VMOVSLDUP __m256 __mm256_maskz_moveldup_ps(_mmask8 k,___m256 a); 
VMOVSLDUP __m128 __mm_mask_moveldup_ps(__m128 s,__ mmask8 k,___m128 a); 
VMOVSLDUP __m128 _mm_maskz_moveldup_ps(__mmask8 k, __m128 a); 

VMOVSLDUP __m256 __mm256_moveldup_ps (__m256 a); 

VMOVSLDUP __m128 _mm_moveldup_ps (__m128 a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 

EVEX-encoded instruction, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
Additionally: 

#UD If EVEX.vvvv != 1111B or VEX.vvvv != 1111B. 
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MOVSS—Move or Merge Scalar Single-Precision Floating-Point Value 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
F3 OF 10 /r A VIV SSE Merge scalar single-precision floating-point value 
MOVSS xmm1, xmm2 from xmm_2 to xmm1 register. 
F3 OF 10 /r A VIV SSE Load scalar single-precision floating-point value from 
MOVSS xmm1, m32 m32 to xmm1 register. 
VEX.LIG.F3.0F.WIG 10 /r B VIV AVX Merge scalar single-precision floating-point value 
VMOVSS xmm1, xmm2, xmm3 from xmm_2 and xmm3 to xmm1 register 
VEX.LIG.F3.0F.WIG 10 /r D VIV AVX Load scalar single-precision floating-point value from 
VMOVSS xmm1, m32 m32 to xmm1 register. 
F30F 11 /r C VIV SSE Move scalar single-precision floating-point value 
MOVSS xmm2/m32, xmm1 from xmm1 register to xmm2/m32. 
VEX.LIG.F3.0F.WIG 11 /r E VIV AVX Move scalar single-precision floating-point value 
VMOVSS xmm1, xmm2, xmm3 from xmm2 and xmm3 to xmm1 register. 
VEX.LIG.F3.0F.WIG 11 /r C VIV AVX Move scalar single-precision floating-point value 
VMOVSS m32, xmm1 from xmm1 register to m32. 
EVEX.LLIG.F3.0F.WO 10 /r B VIV AVX512F | Move scalar single-precision floating-point value 
VMOVSS xmm1 {k1}{z}, xmm2, xmm3 from xmm_2 and xmm3 to xmm1 register under 
writemask k1. 
EVEX.LLIG.F3.0F.WO 10 /r F VIV AVX512F | Move scalar single-precision floating-point values 
VMOVSS xmm1 {k1}{z}, m32 from m32 to xmm1 under writemask k1. 
EVEX.LLIG.F3.0F.WO 11 /r E VIV AVX512F | Move scalar single-precision floating-point value 
VMOVSS xmm1 {k1}{z}, xmm2, xmm3 from xmm_2 and xmm3 to xmm1 register under 
writemask k1. 
EVEX.LLIG.F3.0F.WO 11 /r G VIV AVX512F | Move scalar single-precision floating-point values 
VMOVSS m32 {k1}, xmm1 from xmm1 to m32 under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C NA ModRM:r/m (w) ModRM:reg (r) NA NA 
D NA ModRM:reg (w) ModRM:r/m (r) NA NA 
E NA ModRM:r/m (w) EVEX.vvvv (r) ModRM:reg (r) NA 
F Tuple1 Scalar ModRM:reg (r, w) ModRM:r/m (r) NA NA 
G Tuple1 Scalar ModRM:r/m (w) ModRM:reg (r) NA NA 
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Description 


Moves a scalar single-precision floating-point value from the source operand (second operand) to the destination 
operand (first operand). The source and destination operands can be XMM registers or 32-bit memory locations. 
This instruction can be used to move a single-precision floating-point value to and from the low doubleword of an 
XMM register and a 32-bit memory location, or to move a single-precision floating-point value between the low 
doublewords of two XMM registers. The instruction cannot be used to transfer data between memory locations. 
Legacy version: When the source and destination operands are XMM registers, bits (MAXVL-1:32) of the corre- 
sponding destination register are unmodified. When the source operand is a memory location and destination 
operand is an XMM registers, Bits (127:32) of the destination operand is cleared to all Os, bits MAXVL:128 of the 
destination operand remains unchanged. 

VEX and EVEX encoded register-register syntax: Moves a scalar single-precision floating-point value from the 
second source operand (the third operand) to the low doubleword element of the destination operand (the first 
operand). Bits 127:32 of the destination operand are copied from the first source operand (the second operand). 
Bits (MAXVL-1:128) of the corresponding destination register are zeroed. 

VEX and EVEX encoded memory load syntax: When the source operand is a memory location and destination 
operand is an XMM registers, bits MAXVL:32 of the destination operand is cleared to all Os. 


EVEX encoded versions: The low doubleword of the destination is updated according to the writemask. 


Note: For memory store form instruction “VMOVSS m32, xmm1”, VEX.vvvv is reserved and must be 1111b other- 
wise instruction will #UD. For memory store form instruction “VMOVSS mv {k1}, xmm1”, EVEX.vvvv is reserved 
and must be 1111b otherwise instruction will #UD. 


Software should ensure VMOVSS is encoded with VEX.L=0. Encoding VMOVSS with VEX.L=1 may encounter 
unpredictable behavior across different processor generations. 


Operation 


VMOVSS (EVEX.LLIG.F3.0F.WO 11 /r when the source operand is memory and the destination is an XMM register) 
IF k1[0] or *no writemask* 
THEN —DEST[31:0] := SRC[31:0] 


ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[MAXVL-1:32] := 0 


VMOVSS (EVEX.LLIG.F3.0F.WO 10 /r when the source operand is an XMM register and the destination is memory) 
IF k1[0] or *no writemask* 

THEN —DEST[31:0] := SRC[31:0] 

ELSE *DEST[31:0] remains unchanged* ; merging-masking 
Fl; 
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VMOVSS (EVEX.LLIG.F3.0F.WO 10/11 /r where the source and destination are XMM registers) 
IF k1[0] or *no writemask* 
THEN DEST[31:0] := SRC2[31:0] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


MOVSS (Legacy SSE version when the source and destination operands are both XMM registers) 
DEST[31:0] := SRC[31:0] 
DEST[MAXVL-1:32] (Unmodified) 


VMOVSS (VEX.128.F3.0F 11 /r where the destination is an XMM register) 
DEST[31:0] := SRC2[31:0] 

DEST[127:32] := SRC1[127:32] 

DEST[MAXVL-1:128] := 0 


VMOVSS (VEX.128.F3.0F 10 /r where the source and destination are XMM registers) 
DEST[31:0] := SRC2[31:0] 

DEST[127:32] := SRC1[127:32] 

DEST[MAXVL-1:128] := 0 


VMOVSS (VEX.128.F3.0F 10 /r when the source operand is memory and the destination is an XMM register) 
DEST[31:0] := SRC[31:0] 
DEST[MAXVL-1:32] := 0 


MOVSS/VMOVSS (when the source operand is an XMM register and the destination is memory) 
DEST[31:0] := SRC[31:0] 


MOVSS (Legacy SSE version when the source operand is memory and the destination is an XMM register) 
DEST[31:0] := SRC[31:0] 

DEST[127:32] := 0 

DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VMOVSS __m128_mm_mask_load_ss(__m128 s,___mmask8 k, float * p); 
VMOVSS __m128_mm_maskz_load_ss(__mmask8 k, float * p); 

VMOVSS __m128 __mm_mask_move_ss(__m128 sh, ___mmask8 k,__m128 sl, 
VMOVSS __m128 __mm_maskz_move_ss(__mmask8 k,__m128s,__m128 a); 
VMOVSS void _mm_mask_store_ss(float * p,__mmask8 k,__m128 a); 
MOVSS __m128 _mm_load_ss(float * p) 

MOVSS void_mm_store_ss(float * p,__m128 a) 

MOVSS __m128_mm_move_ss(__m128 a,__m128 b) 


m128 a); 


SIMD Floating-Point Exceptions 
None 
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Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”; additionally: 
#UD If VEX.vvvv != 1111B. 
EVEX-encoded instruction, see Table 2-58, “Type E10 Class Exception Conditions”. 
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MOVSX/MOVSXD—Move with Sign-Extension 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

OF BE /r MOVSX 16, r/m8 RM | Valid Valid Move byte to word with sign-extension. 

OF BE /r MOVSX r32, r/m8 RM | Valid Valid Move byte to doubleword with sign- 
extension. 

REX.W + OF BE /r MOVSX r64, r/m8 RM | Valid N.E. Move byte to quadword with sign-extension. 

OF BF /r MOVSX r32, r/m16 RM | Valid Valid Move word to doubleword, with sign- 
extension. 

REX.W + OF BF /r MOVSX r64, r/m16 RM | Valid N.E. Move word to quadword with sign-extension. 

63 /r* MOVSXD r16, r/m16 RM_ | Valid N.E. Move word to word with sign-extension. 

63 /r* MOVSXD r32, r/m32 RM_ | Valid N.E. Move doubleword to doubleword with sign- 
extension. 

REX.W + 63 /r MOVSXD r64, r/m32 RM_ | Valid N.E. Move doubleword to quadword with sign- 
extension. 

NOTES: 


* The use of MOVSXD without REX.W in 64-bit mode is discouraged. Regular MOV should be used instead of using MOVSXD without 
REX.W. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Copies the contents of the source operand (register or memory location) to the destination operand (register) and 
sign extends the value to 16 or 32 bits (see Figure 7-6 in the Inte/® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 1). The size of the converted value depends on the operand-size attribute. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Use of the REX.R prefix permits access to addi- 
tional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bits. See the summary chart at the 
beginning of this section for encoding data and limits. 


Operation 
DEST := SignExtend(SRC); 


Flags Affected 
None. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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MOVUPD—Move Unaligned Packed Double-Precision Floating-Point Values 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 

66 OF 10 /r A VIV SSE2 Move unaligned packed double-precision floating- 

MOVUPD xmm1, xmm2/m128 point from xmm2/mem to xmm1. 

66 OF 11 /r B VIV SSE2 Move unaligned packed double-precision floating- 

MOVUPD xmm2/m128, xmm1 point from xmm1 to xmm2/mem. 

VEX.128.66.0F.WIG 10 /r A VIV AVX Move unaligned packed double-precision floating- 

VMOVUPD xmm1, xmm2/m128 point from xmm2/mem to xmm1. 

VEX.128.66.0F.WIG 11 /r B VV AVX Move unaligned packed double-precision floating- 

VMOVUPD xmm2/m128, xmm1 point from xmm1 to xmm2/mem. 

VEX.256.66.0F.WIG 10 /r A VIV AVX Move unaligned packed double-precision floating- 

VMOVUPD ymm1, ymm2/m256 point from ymm2/mem to ymm1. 

VEX.256.66.0F.WIG 11 /r B VIN AVX Move unaligned packed double-precision floating- 

VMOVUPD ymm2/m256, ymm1 point from ymm1 to ymm2/mem. 

EVEX.128.66.0F.W1 10 /r C VV AVX512VL | Move unaligned packed double-precision floating- 

VMOVUPD xmm1 {k1}{z}, xmm2/m128 AVX512F point from xmm2/m1 28 to xmm1 using 
writemask k1. 

EVEX.128.66.0F.W1 11 /r D VIV AVX512VL_ | Move unaligned packed double-precision floating- 

VMOVUPD xmm2/m1 28 {k1}{z}, xmm1 AVX512F point from xmm1 to xmm2/m128 using 
writemask k1. 

EVEX.256.66.0F.W1 10 /r C VV AVX512VL | Move unaligned packed double-precision floating- 

VMOVUPD ymm1 {k1}{z}, ynm2/m256 AVX512F point from ymm2/m256 to ymm1 using 
writemask k1. 

EVEX.256.66.0F.W1 11 /r D VIV AVX512VL_ | Move unaligned packed double-precision floating- 

VMOVUPD ymm2/m256 {k1}{z}, ymm1 AVX512F point from ymm1 to ymm2/m256 using 
writemask k1. 

EVEX.512.66.0F.W1 10 /r C VIV AVX512F Move unaligned packed double-precision floating- 

VMOVUPD zmm1 {k1}{z}, zmm2/m512 point values from zmm2/m512 to zmm1 using 
writemask k1. 

EVEX.512.66.0F.W1 11 /r D VIV AVX512F Move unaligned packed double-precision floating- 

VMOVUPD zmm2/m512 {k1}{z}, zmm1 point values from zmm1 to zmm2/m512 using 
writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B NA ModRM:r/m (w) ModRM:reg (r) NA NA 
C Full Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
D Full Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Note: VEX.vvvv and EVEX.vvvwv is reserved and must be 1111b otherwise instructions will #UD. 


EVEX.512 encoded version: 


Moves 512 bits of packed double-precision floating-point values from the source operand (second operand) to the 
destination operand (first operand). This instruction can be used to load a ZMM register from a float64 memory 
location, to store the contents of a ZMM register into a memory. The destination operand is updated according to 


the writemask. 
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VEX.256 encoded version: 


Moves 256 bits of packed double-precision floating-point values from the source operand (second operand) to the 
destination operand (first operand). This instruction can be used to load a YMM register from a 256-bit memory 
location, to store the contents of a YMM register into a 256-bit memory location, or to move data between two YMM 
registers. Bits (MAXVL-1:256) of the destination register are zeroed. 


128-bit versions: 


Moves 128 bits of packed double-precision floating-point values from the source operand (second operand) to the 
destination operand (first operand). This instruction can be used to load an XMM register from a 128-bit memory 
location, to store the contents of an XMM register into a 128-bit memory location, or to move data between two 
XMM registers. 


128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding destination register remain unchanged. 


When the source or destination operand is a memory operand, the operand may be unaligned on a 16-byte 
boundary without causing a general-protection exception (#GP) to be generated 


VEX.128 and EVEX.128 encoded versions: Bits (MAXVL-1:128) of the destination register are zeroed. 


Operation 


VMOVUPD (EVEX encoded versions, register-copy form) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j*64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := SRC[i+63:i] 


ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE DEST[i+63:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVUPD (EVEX encoded versions, store-form) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = SRC[i+63:i] 
ELSE *DEST[i+63:i] remains unchanged* ; merging-masking 


Fl; 
ENDFOR; 
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VMOVUPD (EVEX encoded versions, load-form) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := SRC[i+63:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE DEST[i+63:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVUPD (VEX.256 encoded version, load - and register copy) 
DEST[255:0] := SRC[255:0] 
DEST[MAXVL-1:256] := 0 


VMOVUPD (VEX.256 encoded version, store-form) 
DEST[255:0] := SRC[255:0)] 


VMOVUPD (VEX.128 encoded version) 
DEST[127:0] := SRC[127:0] 
DEST[MAXVL-1:128] := 0 


MOVUPD (128-bit load- and register-copy- form Legacy SSE version) 
DEST[127:0] := SRC[127:0] 
DEST[MAXVL-1:128] (Unmodified) 


(V)MOVUPD (128-bit store-form version) 
DEST[127:0] := SRC[127:0] 


Intel C/C++ Compiler Intrinsic Equivalent 


VMOVUPD __m512d_mm512_loadu_pd( void * s); 

VMOVUPD __m512d_mm512_mask_loadu_pd(__m512da,__mmask8 k, void * s); 
VMOVUPD __m512d_mm512_maskz_loadu_pd( ___mmask8 k, void * s); 
VMOVUPD void _mm512_storeu_pd( void * d,__m512d a); 

VMOVUPD void _mm512_mask_storeu_pd( void * d,__ mmask8 k,___m512d a); 
VMOVUPD __m256d_mm256_mask_loadu_pd(__m256d s, __mmask8 k, void * m); 
VMOVUPD __m256d __mm256_maskz_loadu_pd( ___mmask8 k, void * m); 
VMOVUPD void _mm256_mask_storeu_pd( void * d,__ mmask8 k,___m256d a); 
VMOVUPD __m128d_mm_mask_loadu_pd(__m128d s,__ mmask8 k, void * m); 
VMOVUPD __m128d _mm_maskz_loadu_pd( ___mmask8 k, void * m); 

VMOVUPD void _mm_mask_storeu_pd( void * d,__ mmask8 k, __m128d a); 
MOVUPD __m256d __mm256_loadu_pd (double * p); 

MOVUPD void _mm256_storeu_pd( double *p,__ m256d a); 

MOVUPD __m128d_mm_loadu_pd (double * p); 

MOVUPD void _mm_storeu_pd( double *p,__m128d a); 


SIMD Floating-Point Exceptions 
None 
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Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 

Note treatment of #AC varies; additionally: 

#UD If VEX.vvvv != 1111B. 

EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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MOVUPS—Move Unaligned Packed Single-Precision Floating-Point Values 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
NP OF 10 /r A VIV SSE Move unaligned packed single-precision 
MOVUPS xmm1, xmm2/m128 floating-point from xmm2/mem to xmm1. 
NP OF 11 /r B VIV SSE Move unaligned packed single-precision 
MOVUPS xmm2/m1 28, xmm1 floating-point from xmm1 to xmm2/mem. 
VEX.128.0F.WIG 10 /r A VIV AVX Move unaligned packed single-precision 
VMOVUPS xmm1, xmm2/m128 floating-point from xmm2/mem to xmm1. 
VEX.128.0F.WIG 11 /r B VIV AVX Move unaligned packed single-precision 
VMOVUPS xmm2/m1 28, xmm1 floating-point from xmm1 to xmm2/mem. 
VEX.256.0F.WIG 10 /r A VIV AVX Move unaligned packed single-precision 
VMOVUPS ymm1, ymm2/m256 floating-point from ymm2/mem to ymm1. 
VEX.256.0F.WIG 11 /r B VIN AVX Move unaligned packed single-precision 
VMOVUPS ymm2/m256, ymm1 floating-point from ymm1 to ymm2/mem. 
EVEX.128.0F.WO 10 /r G VIV AVX512VL_ | Move unaligned packed single-precision 
VMOVUPS xmm1 {k1}{z}, xmm2/m128 AVX512F floating-point values from xmm2/m1 28 to 
xmm_1 using writemask k1. 
EVEX.256.0F.W0 10 /r C VIN AVX512VL_ | Move unaligned packed single-precision 
VMOVUPS ymm1 {k1}{z}, ymm2/m256 AVX512F floating-point values from ymm2/m256 to 
ymm1 using writemask k1. 
EVEX.512.0F.WO 10 /r C VIV AVX512F Move unaligned packed single-precision 
VMOVUPS zmm1 {k1}{z}, zmm2/m512 floating-point values from zmm2/m512 to 
zmm1 using writemask k1. 
EVEX.128.0F.WO 11 /r D VIV AVX512VL_ | Move unaligned packed single-precision 
VMOVUPS xmm2/m128 {k1}{z}, xmm1 AVX512F floating-point values from xmm1 to 
xmm2/m128 using writemask k1. 
EVEX.256.0F.WO 11 /r D VIV AVX512VL_ | Move unaligned packed single-precision 
VMOVUPS ymm2/m256 {k1}{z}, ymm1 AVX512F floating-point values from ymm1 to 
ymm2/m256 using writemask k1. 
EVEX.512.0F.WO 11 /r D VIV AVX512F Move unaligned packed single-precision 
VMOVUPS zmm2/m512 {k1}{z}, zmm1 floating-point values from zmm1 to 
zmm2/m512 using writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B NA ModRM:r/m (w) ModRM:reg (r) NA NA 
C Full Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
D Full Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Note: VEX.vvvv and EVEX.vvwv is reserved and must be 1111b otherwise instructions will #UD. 


EVEX.512 encoded version: 


Moves 512 bits of packed single-precision floating-point values from the source operand (second operand) to the 


destination operand (first operand). This instruction can be used to load a ZMM register from a 512-bit float32 
memory location, to store the contents of a ZMM register into memory. The destination operand is updated 


according to the writemask. 
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VEX.256 and EVEX.256 encoded versions: 


Moves 256 bits of packed single-precision floating-point values from the source operand (second operand) to the 
destination operand (first operand). This instruction can be used to load a YMM register from a 256-bit memory 
location, to store the contents of a YMM register into a 256-bit memory location, or to move data between two YMM 
registers. Bits (MAXVL-1:256) of the destination register are zeroed. 


128-bit versions: 

Moves 128 bits of packed single-precision floating-point values from the source operand (second operand) to the 
destination operand (first operand). This instruction can be used to load an XMM register from a 128-bit memory 
location, to store the contents of an XMM register into a 128-bit memory location, or to move data between two 
XMM registers. 

128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding destination register remain unchanged. 
When the source or destination operand is a memory operand, the operand may be unaligned without causing a 
general-protection exception (#GP) to be generated. 

VEX.128 and EVEX.128 encoded versions: Bits (MAXVL-1:128) of the destination register are zeroed. 


Operation 


VMOVUPS (EVEX encoded versions, register-copy form) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST{[i+31:i] = SRC[i+31:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE DEST[i+31:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVUPS (EVEX encoded versions, store-form) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC[i+31:i] 
ELSE *DEST[i+31:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR; 
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VMOVUPS (EVEX encoded versions, load-form) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] := SRC[i+31:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE DEST[i+31:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMOVUPS (VEX.256 encoded version, load - and register copy) 
DEST[255:0] := SRC[255:0] 
DEST[MAXVL-1:256] := 0 


VMOVUPS (VEX.256 encoded version, store-form) 
DEST[255:0] := SRC[255:0)] 


VMOVUPS (VEX.128 encoded version) 
DEST[127:0] := SRC[127:0] 
DEST[MAXVL-1:128] := 0 


MOVUPS (128-bit load- and register-copy- form Legacy SSE version) 
DEST[127:0] := SRC[127:0] 
DEST[MAXVL-1:128] (Unmodified) 


(V)MOVUPS (128-bit store-form version) 
DEST[127:0] := SRC[127:0] 


Intel C/C++ Compiler Intrinsic Equivalent 


VMOVUPS __m512_mm512_loadu_ps( void * s); 

VMOVUPS __m512 _mm512_mask_loadu_ps(__m512 a,__mmask16 k, void * s); 
VMOVUPS __m512 _mm512_maskz_loadu_ps(__mmask16 k, void * s); 
VMOVUPS void _mm512_storeu_ps( void * d,__m512 a); 

VMOVUPS void _mm512_mask_storeu_ps( void * d,__ mmask8 k,__m512 a); 
VMOVUPS __m256 _mm256_mask_loadu_ps(__m256 a, ___mmask8 k, void * s); 
VMOVUPS __m256 _mm256_maskz_loadu_ps(__mmask8 k, void * s); 
VMOVUPS void _mm256_mask_storeu_ps( void * d,__ mmask8 k,__m256 a); 
VMOVUPS __m128 _mm_mask_loadu_ps(__m128 a, ___mmask8 k, void * s); 
VMOVUPS __m128 _mm_maskz_loadu_ps(__mmask8 k, void * s); 

VMOVUPS void _mm_mask_storeu_ps( void * d,__ mmask8 k,__m128 a); 
MOVUPS __m256 __mm256_loadu_ps ( float * p); 

MOVUPS void _mm256 _storeu_ps( float *p,__m256 a); 

MOVUPS __m128_mm_loadu_ps ( float * p); 

MOVUPS void _mm_storeu_ps( float *p,__m128 a); 


SIMD Floating-Point Exceptions 
None 
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Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 

Note treatment of #AC varies. 

EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
Additionally: 

#UD If EVEX.vvvv != 1111B or VEX.vvvv != 1111B. 
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MOVZX—Move with Zero-Extend 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
OF B6 /r MOVZX r16, r/m8 RM_ | Valid Valid Move byte to word with zero-extension. 
OF B6 /r MOVZX r32, r/m8 RM _ | Valid Valid Move byte to doubleword, zero-extension. 
REX.W + OF B6 /r MOVZX r64, r/m8* RM _ | Valid N.E. Move byte to quadword, zero-extension. 
OF B7 /r MOVZX r32, r/m16 RM | Valid Valid Move word to doubleword, zero-extension. 
REX.W + OF B7 /r MOVZX r64, r/m16 RM _ | Valid N.E. Move word to quadword, zero-extension. 
NOTES: 


* In 64-bit mode, r/m8 can not be encoded to access the following byte registers if the REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Copies the contents of the source operand (register or memory location) to the destination operand (register) and 
zero extends the value. The size of the converted value depends on the operand-size attribute. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Use of the REX.R prefix permits access to addi- 
tional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bit operands. See the summary chart 


at the beginning of this section for encoding data and limits. 


Operation 


DEST := ZeroExtend(SRC); 


Flags Affected 


None. 


Protected Mode Exceptions 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

If a memory operand effective address is outside the SS segment limit. 

If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 


#GP(0) 
#SS(0) 
#PF(fault-code) 
#AC(0) 


#UD 


Real-Address Mode Exceptions 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

If the LOCK prefix is used. 


#GP 
#SS 
#UD 
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Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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MPSADBW — Compute Multiple Packed Sums of Absolute Difference 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 
Flag 
66 OF 3A 42 /r ib RMI | V/V SSE4_1 Sums absolute 8-bit integer difference of 


adjacent groups of 4 byte integers in xmm1 
and xmm2/m128 and writes the results in 
xmm1. Starting offsets within xmm17 and 
xmm2/m128 are determined by immé. 


MPSADBW xmm1, xmm2/m128, imm8 


VEX.128.66.0F3A.WIG 42 /r ib RVMI | V/V AVX 
VMPSADBW xmm1, xmm2, xmm3/m128, imm& 


Sums absolute 8-bit integer difference of 
adjacent groups of 4 byte integers in xmm2 
and xmm3/m128 and writes the results in 
xmm1. Starting offsets within xmm2 and 
xmm3/m128 are determined by immé. 


VEX.256.66.0F3A.WIG 42 /r ib RVMI | V/V AVX2 
VMPSADBW ymm17, ymm2, ymm3/m256, imm8 


Sums absolute 8-bit integer difference of 
adjacent groups of 4 byte integers in xmm2 
and ymm3/m128 and writes the results in 
ymm1. Starting offsets within ymm2 and 
xmm3/m128 are determined by imm8. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMI ModRM:reg (r, w) ModRM:r/m (r) imm8s NA 
RVMI ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8 

Description 


(V)MPSADBW calculates packed word results of sum-absolute-difference (SAD) of unsigned bytes from two blocks 
of 32-bit dword elements, using two select fields in the immediate byte to select the offsets of the two blocks within 
the first source operand and the second operand. Packed SAD word results are calculated within each 128-bit lane. 
Each SAD word result is calculated between a stationary block_2 (whose offset within the second source operand 

is selected by a two bit select control, multiplied by 32 bits) and a sliding block_1 at consecutive byte-granular posi- 
tion within the first source operand. The offset of the first 32-bit block of block_1 is selectable using a one bit select 
control, multiplied by 32 bits. 


128-bit Legacy SSE version: Imm8[1:0]*32 specifies the bit offset of block_2 within the second source operand. 
Imm[2]*32 specifies the initial bit offset of the block_1 within the first source operand. The first source operand 
and destination operand are the same. The first source and destination operands are XMM registers. The second 
source operand is either an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding 
YMM destination register remain unchanged. Bits 7:3 of the immediate byte are ignored. 


VEX.128 encoded version: Imm8[1:0]*32 specifies the bit offset of block_2 within the second source operand. 
Imm[2]*32 specifies the initial bit offset of the block_1 within the first source operand. The first source and desti- 
nation operands are XMM registers. The second source operand is either an XMM register or a 128-bit memory 
location. Bits (127:128) of the corresponding YMM register are zeroed. Bits 7:3 of the immediate byte are ignored. 


VEX.256 encoded version: The sum-absolute-difference (SAD) operation is repeated 8 times for MPSADW between 
the same block_2 (fixed offset within the second source operand) and a variable block_1 (offset is shifted by 8 bits 
for each SAD operation) in the first source operand. Each 16-bit result of eight SAD operations between block_2 
and block_1 is written to the respective word in the lower 128 bits of the destination operand. 


Additionally, VMPSADBW performs another eight SAD operations on block_4 of the second source operand and 

block_3 of the first source operand. (Imm8[4:3]*32 + 128) specifies the bit offset of block_4 within the second 
source operand. (Imm[5]*32+128) specifies the initial bit offset of the block_3 within the first source operand. 
Each 16-bit result of eight SAD operations between block_4 and block_3 is written to the respective word in the 
upper 128 bits of the destination operand. 
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The first source operand is a YMM register. The second source register can be a YMM register or a 256-bit memory 
location. The destination operand is a YMM register. Bits 7:6 of the immediate byte are ignored. 


Note: If VMPSADBW is encoded with VEX.L= 1, an attempt to execute the instruction encoded with VEX.L= 1 will 
cause an #UD exception. 


Imm[4:3]*32+128 
255 224 192 128 
Src2 
Imm[5]*32+128 
Src1 
255 ere pa 7 128 
Destination 
Imm[1 :0]*32 
127 96 64 | 0 
Src2 n 
Imm[2]*32 
Src1 \ 
Destination 


Figure 4-5. 256-bit VMPSADBW Operation 
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Operation 


VMPSADBW (VEX.256 encoded version) 

BLK2_OFFSET := imm8[1:0]*32 

BLK1_OFFSET := imm8[2]*32 

SRC1_BYTEO := SRC1[BLK1_OFFSET+7:BLK1_OFFSET] 
SRC1_BYTE1 := SRC1[BLK1_OFFSET+15:BLK1_OFFSET+8] 
SRC1_BYTE2 := SRC1[BLK1_OFFSET+23:BLK1_OFFSET+16] 
SRC1_BYTE3 := SRC1[BLK1_OFFSET+31:BLK1_OFFSET+24] 
SRC1_BYTE4 := SRC1[BLK1_OFFSET+39:BLK1_OFFSET+32] 
SRC1_BYTES := SRC1[BLK1_OFFSET+47:BLK1_OFFSET+40] 
SRC1_BYTE6 := SRC1[BLK1_OFFSET+55:BLK1_OFFSET+48] 
SRC1_BYTE7 := SRC1[BLK1_OFFSET+63:BLK1_OFFSET+56] 
SRC1_BYTE8 := SRC1[BLK1_OFFSET+71:BLK1_OFFSET+64] 
SRC1_BYTE9 := SRC1[BLK1_OFFSET+79:BLK1_OFFSET+72] 
SRC1_BYTE10 := SRC1[BLK1_OFFSET+87:BLK1_OFFSET+80] 
SRC2_BYTEO := SRC2[BLK2_OFFSET+7:BLK2_OFFSET] 
SRC2_BYTE1 := SRC2[BLK2_OFFSET+15:BLK2_OFFSET+8] 
SRC2_BYTE2 := SRC2[BLK2_OFFSET+23:BLK2_OFFSET+16] 
SRC2_BYTE3 := SRC2[BLK2_OFFSET+31:BLK2_OFFSET+24] 


TEMPO := ABS(SRC1_BYTEO - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE1 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE2 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTE3 - SRC2_BYTE3) 
DEST[15:0] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE1 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE2 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE3 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTE4 - SRC2_BYTE3) 
DEST[31:16] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE2 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE3 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE4 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTES5 - SRC2_BYTE3) 
DEST[47:32] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE3 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE4 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTES5 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTE6 - SRC2_BYTE3) 
DEST[63:48] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE4 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTES5 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE6 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTE7 - SRC2_BYTE3) 
DEST[79:64] := TEMPO + TEMP1 + TEMP2 + TEMP3 
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TEMPO := ABS(SRC1_BYTES5 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE6 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE7 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTES8 - SRC2_BYTE3) 
DEST[95:80] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE6 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE7 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTES8 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTES - SRC2_BYTE3) 
DEST[111:96] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE7 - SRC2_BYTEO) 

TEMP1 := ABS(SRC1_BYTES8 - SRC2_BYTE1) 

TEMP2 := ABS(SRC1_BYTES - SRC2_BYTE2) 

TEMP3 := ABS(SRC1_BYTE10 - SRC2_BYTE3) 
DEST[127:112] := TEMPO + TEMP1 + TEMP2 + TEMP3 


BLK2_OFFSET := imm8[4:3]*32 + 128 

BLK1_OFFSET := imm8[5]*32 + 128 

SRC1_BYTEO := SRC1[BLK1_OFFSET+7:BLK1_OFFSET] 
SRC1_BYTE1 := SRC1[BLK1_OFFSET+15:BLK1_OFFSET+8] 
SRC1_BYTE2 := SRC1[BLK1_OFFSET+23:BLK1_OFFSET+16] 
SRC1_BYTE3 := SRC1[BLK1_OFFSET+31:BLK1_OFFSET+24] 
SRC1_BYTE4 := SRC1[BLK1_OFFSET+39:BLK1_OFFSET+32] 
SRC1_BYTES5 := SRC1[BLK1_OFFSET+47:BLK1_OFFSET+40] 
SRC1_BYTE6 := SRC1[BLK1_OFFSET+55:BLK1_OFFSET+48] 
SRC1_BYTE7 := SRC1[BLK1_OFFSET+63:BLK1_OFFSET+56] 
SRC1_BYTE8 := SRC1[BLK1_OFFSET+71:BLK1_OFFSET+64] 
SRC1_BYTE9 := SRC1[BLK1_OFFSET+79:BLK1_OFFSET+72] 
SRC1_BYTE10 := SRC1[BLK1_OFFSET+87:BLK1_OFFSET+80] 


SRC2_BYTEO := SRC2[BLK2_OFFSET+7:BLK2_OFFSET] 
SRC2_BYTE1 := SRC2[BLK2_OFFSET+15:BLK2_OFFSET+8] 
SRC2_BYTE2 := SRC2[BLK2_OFFSET+23:BLK2_OFFSET+16] 
SRC2_BYTE3 := SRC2[BLK2_OFFSET+31:BLK2_OFFSET+24] 


TEMPO := ABS(SRC1_BYTEO - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE1 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE2 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTE3 - SRC2_BYTE3) 
DEST[143:128] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE1 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE2 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE3 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTE4 - SRC2_BYTE3) 
DEST[159:144] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE2 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE3 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE4 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTES5 - SRC2_BYTE3) 
DEST[175:160] := TEMPO + TEMP1 + TEMP2 + TEMP3 
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TEMPO := ABS(SRC1_BYTE3 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE4 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTES - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTE6 - SRC2_BYTE3) 
DEST[191:176] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE4 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTES - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE6 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTE7 - SRC2_BYTE3) 
DEST[207:192] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTES5 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE6 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE7 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTES8 - SRC2_BYTE3) 
DEST[223:208] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE6 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE7 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTES8 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTES - SRC2_BYTE3) 
DEST[239:224] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE7 - SRC2_BYTEO) 

TEMP1 := ABS(SRC1_BYTES8 - SRC2_BYTE1) 

TEMP2 := ABS(SRC1_BYTES - SRC2_BYTE2) 

TEMP3 := ABS(SRC1_BYTE10 - SRC2_BYTE3) 
DEST[255:240] := TEMPO + TEMP1 + TEMP2 + TEMP3 


VMPSADBW (VEX.128 encoded version) 

BLK2_OFFSET := imm8[1:0]*32 

BLK1_OFFSET := imm8[2]*32 

SRC1_BYTEO := SRC1[BLK1_OFFSET+7:BLK1_OFFSET] 
SRC1_BYTE1 := SRC1[BLK1_OFFSET+15:BLK1_OFFSET+8] 
SRC1_BYTE2 := SRC1[BLK1_OFFSET+23:BLK1_OFFSET+16] 
SRC1_BYTE3 := SRC1[BLK1_OFFSET+31:BLK1_OFFSET+24] 
SRC1_BYTE4 := SRC1[BLK1_OFFSET+39:BLK1_OFFSET+32] 
SRC1_BYTES := SRC1[BLK1_OFFSET+47:BLK1_OFFSET+40] 
SRC1_BYTE6 := SRC1[BLK1_OFFSET+55:BLK1_OFFSET+48] 
SRC1_BYTE7 := SRC1[BLK1_OFFSET+63:BLK1_OFFSET+56] 
SRC1_BYTE8 := SRC1[BLK1_OFFSET+71:BLK1_OFFSET+64] 
SRC1_BYTES := SRC1[BLK1_OFFSET+79:BLK1_OFFSET+72] 
SRC1_BYTE10 := SRC1[BLK1_OFFSET+87:BLK1_OFFSET+80] 


SRC2_BYTEO := SRC2[BLK2_OFFSET+7:BLK2_OFFSET] 
SRC2_BYTE1 := SRC2[BLK2_OFFSET+15:BLK2_OFFSET+8] 
SRC2_BYTE2 := SRC2[BLK2_OFFSET+23:BLK2_OFFSET+16] 
SRC2_BYTE3 := SRC2[BLK2_OFFSET+31:BLK2_OFFSET+24] 
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TEMPO := ABS(SRC1_BYTEO - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE1 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE2 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTE3 - SRC2_BYTE3) 
DEST[15:0] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE1 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE2 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE3 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTE4 - SRC2_BYTE3) 
DEST[31:16] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE2 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE3 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE4 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTES5 - SRC2_BYTE3) 
DEST[47:32] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE3 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE4 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTES5 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTE6 - SRC2_BYTE3) 
DEST[63:48] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE4 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTES5 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE6 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTE7 - SRC2_BYTE3) 
DEST[79:64] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTES5 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE6 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTE7 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTES8 - SRC2_BYTE3) 
DEST[95:80] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE6 - SRC2_BYTEO) 
TEMP1 := ABS(SRC1_BYTE7 - SRC2_BYTE1) 
TEMP2 := ABS(SRC1_BYTES8 - SRC2_BYTE2) 
TEMP3 := ABS(SRC1_BYTES - SRC2_BYTE3) 
DEST[111:96] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS(SRC1_BYTE7 - SRC2_BYTEO) 

TEMP1 := ABS(SRC1_BYTES8 - SRC2_BYTE1) 

TEMP2 := ABS(SRC1_BYTES - SRC2_BYTE2) 

TEMP3 := ABS(SRC1_BYTE10 - SRC2_BYTE3) 
DEST[127:112] := TEMPO + TEMP1 + TEMP2 + TEMP3 
DEST[MAXVL-1:128] := 0 
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MPSADBW (128-bit Legacy SSE version) 

SRC_OFFSET := imm8[1:0]*32 

DEST_OFFSET := imm8[2]*32 

DEST_BYTEO := DEST[DEST_OFFSET+7:DEST_OFFSET] 
DEST_BYTE1 := DEST[DEST_OFFSET+15:DEST_OFFSET+8] 
DEST_BYTE2 := DEST[DEST_OFFSET+23:DEST_OFFSET+16] 
DEST_BYTE3 := DEST[DEST_OFFSET+31:DEST_OFFSET+24] 
DEST_BYTE4 := DEST[DEST_OFFSET+39:DEST_OFFSET+32] 
DEST_BYTES := DEST[DEST_OFFSET+47:DEST_OFFSET+40] 
DEST_BYTE6 := DEST[DEST_OFFSET+55:DEST_OFFSET+48] 
DEST_BYTE7 := DEST[DEST_OFFSET+63:DEST_OFFSET+56] 
DEST_BYTES8 := DEST[DEST_OFFSET+71:DEST_OFFSET+64] 
DEST_BYTES := DEST[DEST_OFFSET+79:DEST_OFFSET+72] 
DEST_BYTE10 := DEST[DEST_OFFSET+87:DEST_OFFSET+80] 


SRC_BYTEO := SRC[SRC_OFFSET+7:SRC_OFFSET] 
SRC_BYTE1 := SRC[SRC_OFFSET+15:SRC_OFFSET+8] 
SRC_BYTE2 := SRC[SRC_OFFSET+23:SRC_OFFSET+16] 
SRC_BYTE3 := SRC[SRC_OFFSET+31:SRC_OFFSET+24] 


TEMPO := ABS( DEST_BYTEO - SRC_BYTEO 
TEMP1 := ABS( DEST_BYTE1 - SRC_BYTE1 
TEMP2 := ABS( DEST_BYTE2 - SRC_BYTE2 
TEMP3 := ABS( DEST_BYTE3 - SRC_BYTE3 
DEST[15:0] := TEMPO + TEMP1 + TEMP2 + TEMP3 


Se Ye YH DS 


TEMPO := ABS( DEST_BYTE1 - SRC_BYTEO) 
TEMP1 := ABS( DEST_BYTE2 - SRC_BYTE1) 
TEMP2 := ABS( DEST_BYTE3 - SRC_BYTE2) 
TEMP3 := ABS( DEST_BYTE4 - SRC_BYTE3) 
DEST[31:16] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS( DEST_BYTE2 - SRC_BYTEO) 
TEMP1 := ABS( DEST_BYTE3 - SRC_BYTE1) 
TEMP2 := ABS( DEST_BYTE4 - SRC_BYTE2) 
TEMP3 := ABS( DEST_BYTES5 - SRC_BYTE3) 
DEST[47:32] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS( DEST_BYTE3 - SRC_BYTEO) 
TEMP1 := ABS( DEST_BYTE4 - SRC_BYTE1) 
TEMP2 := ABS( DEST_BYTES5 - SRC_BYTE2) 
TEMP3 := ABS( DEST_BYTE6 - SRC_BYTE3) 
DEST[63:48] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS( DEST_BYTE4 - SRC_BYTEO) 
TEMP1 := ABS( DEST_BYTES5 - SRC_BYTE1) 
TEMP2 := ABS( DEST_BYTE6 - SRC_BYTE2) 
TEMP3 := ABS( DEST_BYTE7 - SRC_BYTE3) 
DEST[79:64] := TEMPO + TEMP1 + TEMP2 + TEMP3 
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TEMPO := ABS( DEST_BYTES5 - SRC_BYTEO) 
TEMP1 := ABS( DEST_BYTE6 - SRC_BYTE1) 
TEMP2 := ABS( DEST_BYTE7 - SRC_BYTE2) 
TEMP3 := ABS( DEST_BYTES8 - SRC_BYTE3) 
DEST[95:80] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS( DEST_BYTE6 - SRC_BYTEO) 
TEMP1 := ABS( DEST_BYTE7 - SRC_BYTE1) 
TEMP2 := ABS( DEST_BYTES8 - SRC_BYTE2) 
TEMP3 := ABS( DEST_BYTE9 - SRC_BYTE3) 
DEST[111:96] := TEMPO + TEMP1 + TEMP2 + TEMP3 


TEMPO := ABS( DEST_BYTE7 - SRC_BYTEO) 

TEMP1 := ABS( DEST_BYTES8 - SRC_BYTE1) 

TEMP2 := ABS( DEST_BYTE9 - SRC_BYTE2) 

TEMP3 := ABS( DEST_BYTE10 - SRC_BYTE3) 
DEST[127:112] := TEMPO + TEMP1 + TEMP2 + TEMP3 
DEST[MAXVL-1:1 28] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 
(V)JMPSADBW: __m128i_mm_mpsadbw_epu8 (__m128is1,__m128i s2, const int mask); 


VMPSADBW: m256i_mm256_mpsadbw_epu8 (__m256i s1,__ m256i s2, const int mask); 


Flags Affected 
None 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”. 
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MUL—Unsigned Multiply 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
F6 /4 MUL r/m8 M Valid Valid Unsigned multiply (AX := AL * r/m8). 
REX + F6 /4 MUL r/m&” M Valid N.E. Unsigned multiply (AX := AL * r/m8). 
F7 /4 MUL r/m16 M Valid Valid Unsigned multiply (DX:AX := AX * r/m76). 
F7 /4 MUL r/m32 M Valid Valid Unsigned multiply (EDX:EAX := EAX * r/m32). 
REX.W + F7 /4 MUL r/m64 M Valid N.E. Unsigned multiply (RDX:RAX := RAX * r/m64). 
NOTES: 


* |n 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Performs an unsigned multiplication of the first operand (destination operand) and the second operand (source 

operand) and stores the result in the destination operand. The destination operand is an implied operand located in 
register AL, AX or EAX (depending on the size of the operand); the source operand is located in a general-purpose 
register or a memory location. The action of this instruction and the location of the result depends on the opcode 
and the operand size as shown in Table 4-9. 


The result is stored in register AX, register pair DX:AX, or register pair EDX:EAX (depending on the operand size), 
with the high-order bits of the product contained in register AH, DX, or EDX, respectively. If the high-order bits of 
the product are 0, the CF and OF flags are cleared; otherwise, the flags are set. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Use of the REX.R prefix permits access to addi- 
tional registers (R8-R15). Use of the REX.W prefix promotes operation to 64 bits. 


See the summary chart at the beginning of this section for encoding data and limits. 


Table 4-9. MUL Results 


Operand Size Source 1 Source 2 Destination 
Byte AL r/m8 AX 
Word AX r/m16 DX:AX 
Doubleword EAX r/m32 EDX:EAX 
Quadword RAX r/m64 RDX:RAX 
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Operation 


IF (Byte operation) 
THEN 
AX := AL * SRC; 
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ELSE (* Word or doubleword operation *) 
IF OperandSize = 16 


THEN 


DX:AX := AX * SRC; 
ELSE IF OperandSize = 32 
THEN EDX:EAX := EAX * SRC; Fl; 
ELSE (* OperandSize = 64 *) 
RDX:RAX := RAX * SRC; 


Fl; 
Fl; 


Flags Affected 


The OF and CF flags are set to 0 if the upper half of the result is 0; otherwise, they are set to 1. The SF, ZF, AF, and 
PF flags are undefined. 


Protected Mode Exceptions 


#GP(0) 
#SS(0) 
#PF(fault-code) 
#AC(0) 


#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

If a memory operand effective address is outside the SS segment limit. 

If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP 
#SS 
#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 
If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) 

#SS(0) 
#PF(fault-code) 
#AC(0) 

#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made. 

If the LOCK prefix is used. 


Compatibility Mode Exceptions 


Same exceptions as 


in protected mode. 


64-Bit Mode Exceptions 


#SS(0) 
#GP(0) 
#PF(fault-code) 
#AC(0) 
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If a memory address referencing the SS segment is in a non-canonical form. 
If the memory address is in a non-canonical form. 
If a page fault occurs. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
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MULPD—Multiply Packed Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
66 OF 59 /r A VV SSE2 Multiply packed double-precision floating-point values 
MULPD xmm1, xmm2/m128 in xmm2/m128 with xmm1 and store result in xmm1. 
VEX.128.66.0F.WIG 59 /r B VV AVX Multiply packed double-precision floating-point values 
VMULPD xmm1,xmme2, xmm3/m128 in xmm3/m128 with xmm2 and store result in xmm1. 
VEX.256.66.0F.WIG 59 /r B VV AVX Multiply packed double-precision floating-point values 
VMULPD ymm1, ymm2, ymm3/m256 in ymm3/m256 with ymm_2 and store result in ymm1. 
EVEX.128.66.0F.W1 59 /r C VV AVX512VL | Multiply packed double-precision floating-point values 
VMULPD xmm1 {k1}{z}, xmm2, AVX512F from xmm3/m128/m64bcst to xmmz and store result 
xmm3/m128/m64bcst in xmm1. 
EVEX.256.66.0F.W1 59 /r C VIV AVX512VL | Multiply packed double-precision floating-point values 
VMULPD ymm1 {k1}{z}, ymm2, AVX512F from ymm3/m256/m64bcst to ymm2 and store result 
ymm3/m256/m64bcst in ymm1. 
EVEX.512.66.0F.W1 59 /r C VIV AVX512F Multiply packed double-precision floating-point values 
VMULPD zmm1 {k1}{z}, zmm2, in zmm3/m512/m64bcst with zmm_2 and store result 
zmm3/m512/m64bcst{er} inzmm1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Multiply packed double-precision floating-point values from the first source operand with corresponding values in 
the second source operand, and stores the packed double-precision floating-point results in the destination 
operand. 


EVEX encoded versions: The first source operand (the second operand) is a ZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 64-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally 
updated with writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. Bits (MAXVL-1:256) of the corre- 
sponding destination ZMM register are zeroed. 


VEX.128 encoded version: The first source operand is a XMM register. The second source operand can be a XMM 
register or a 128-bit memory location. The destination operand is a XMM register. The upper bits (MAXVL-1:128) of 
the destination YMM register destination are zeroed. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. 
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Operation 


VMULPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) AND SRC2 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN 
DEST[i+63:i] := SRC1[i+63:i] * SRC2[63:0] 
ELSE 
DEST[i+63:i] = SRC1[i+63:i] * SRC2[i+63:i] 
Fl; 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMULPD (VEX.256 encoded version) 

DEST[63:0] := SRC1[63:0] * SRC2[63:0] 
DEST[127:64] := SRC1[127:64] * SRC2[127:64] 
DEST[191:128] := SRC1[191:128] * SRC2[191:128] 
DEST[255:192] := SRC1[255:192] * SRC2[255:192] 
DEST[MAXVL-1:256] := 0; 


VMULPD (VEX.128 encoded version) 
DEST[63:0] := SRC1[63:0] * SRC2[63:0] 
DEST[127:64] := SRC1[127:64] * SRC2[127:64] 
DEST[MAXVL-1:128] := 0 


MULPD (128-bit Legacy SSE version) 
DEST[63:0] := DEST[63:0] * SRC[63:0] 
DEST[127:64] := DEST[127:64] * SRC[127:64] 
DEST[MAXVL-1:1 28] (Unmodified) 
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Intel C/C++ Compiler Intrinsic Equivalent 


VMULPD __m512d_mm512_mul_pd(__m512d a,__m512db); 

VMULPD __m512d_mm512_mask_mul_pd(__m512ds,__mmask8 k,__m512d a, 
VMULPD __m512d_mm512_maskz_mul_pd(__mmask8 k,__m512d a,__m512d b); 

VMULPD __m512d_mm512_mul_round_pd(__m512da,__m512d5, int); 

VMULPD __m512d_mm512_mask_mul_round_pd(__m512ds,__mmask8 k,__m512da,__m512db, int); 
VMULPD __m512d_mm512_maskz_mul_round_pd(__mmask8 k,__m512da,__m512d 5, int); 

VMULPD __m256d __mm256_mul_pd (__m256d a, __m256d b); 

MULPD __m128d_mm_mul_pd (__m128d a, _m128d b); 


m512d b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-46, “Type E2 Class Exception Conditions”. 
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MULPS—Multiply Packed Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
NP OF 59 /r A VIV SSE Multiply packed single-precision floating-point values in 
MULPS xmm1, xmm2/m128 xmm2/m128 with xmm1 and store result in xmm1. 
VEX.128.0F.WIG 59 /r B VIV AVX Multiply packed single-precision floating-point values in 
VMULPS xmm1,xmm_2, xmm3/m128 xmm3/m128 with xmm2 and store result in xmm1. 
VEX.256.0F.WIG 59 /r B VIV AVX Multiply packed single-precision floating-point values in 
VMULPS ymm1, ymm2, ymm3/m256 ymm3/m256 with ymm2 and store result in ymm1. 
EVEX.128.0F.WO 59 /r C VIV AVX512VL | Multiply packed single-precision floating-point values 
VMULPS xmm1 {k1}{z}, xmm2, AVX512F from xmm3/m128/m32bcst to xmm2 and store result in 
xmm3/m128/m32bcst xmm1. 
EVEX.256.0F.WO 59 /r C VIV AVX512VL | Multiply packed single-precision floating-point values 
VMULPS ymm1 {k1}{z}, ymm2, AVX512F from ymm3/m256/m32bcst to ymm2 and store result in 
ymm3/m256/m32bcst ymm1. 
EVEX.512.0F.WO 59 /r C VIV AVX512F Multiply packed single-precision floating-point values in 
VMULPS zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst with zmm2 and store result in 
zmm3/m51 2/m32bcst {er} zmm1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 

A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 

B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 

C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 

Description 


Multiply the packed single-precision floating-point values from the first source operand with the corresponding 
values in the second source operand, and stores the packed double-precision floating-point results in the destina- 


tion operand. 


EVEX encoded versions: The first source operand (the second operand) is aZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 32-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally 


updated with writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 


register or a 256-bit memory location. The destination operand is a YMM register. Bits (MAXVL-1:256) of the corre- 
sponding destination ZMM register are zeroed. 


VEX.128 encoded version: The first source operand is a XMM register. The second source operand can be a XMM 
register or a 128-bit memory location. The destination operand is a XMM register. The upper bits (MAXVL-1:128) of 
the destination YMM register destination are zeroed. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. 
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Operation 


VMULPS (EVEX encoded version) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) AND SRC2 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
DEST[i+31:i] := SRC1[i+31:i] * SRC2[31:0] 
ELSE 
DEST[i+31:i] = SRC1[i+31:i] * SRC2[i+31:i] 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VMULPS (VEX.256 encoded version) 

DEST[31:0] := SRC1[31:0] * SRC2[31:0] 
DEST[63:32] := SRC1[63:32] * SRC2[63:32] 
DEST[95:64] := SRC1[95:64] * SRC2[95:64] 
DEST[127:96] := SRC1[127:96] * SRC2[127:96] 
DEST[159:128] := SRC1[159:128] * SRC2[159:1 28] 
DEST[191:160] := SRC1[191:160] * SRC2[191:160] 
DEST[223:192] := SRC1[223:192] * SRC2[223:192] 
DEST[255:224] := SRC1[255:224] * SRC2[255:224]. 
DEST[MAXVL-1:256] := 0; 


VMULPS (VEX.128 encoded version) 
DEST[31:0] := SRC1[31:0] * SRC2[31:0] 
DEST[63:32] := SRC1[63:32] * SRC2[63:32] 
DEST[95:64] := SRC1[95:64] * SRC2[95:64] 
DEST[127:96] := SRC1[127:96] * SRC2[127:96] 
DEST[MAXVL-1:128] := 0 


MULPS (128-bit Legacy SSE version) 
DEST[31:0] := SRC1[31:0] * SRC2[31:0] 
DEST[63:32] := SRC1[63:32] * SRC2[63:32] 
DEST[95:64] := SRC1[95:64] * SRC2[95:64] 
DEST[127:96] := SRC1[127:96] * SRC2[127:96] 
DEST[MAXVL-1:128] (Unmodified) 
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Intel C/C++ Compiler Intrinsic Equivalent 


VMULPS __m512_mm512_mul_ps(__m512 a,__m512 b); 

VMULPS __m512_mm512_mask_mul_ps(__m512s,__ mmask16 k,__m512 a, 
VMULPS __m512 _mm512_maskz_mul_ps(__mmask16 k,__m512 a,__m512 b); 
VMULPS __m512 _mm512_mul_round_ps(__m512 a,__m512 b, int); 


m512 b); 


VMULPS __m512 _mm512_mask_mul_round_ps(__m512 s,__mmask16 k,__m512 a,__m512 5, int); 


VMULPS __m512 _mm512_maskz_mul_round_ps(__mmask16 k,__m512 a,__m512 5, int); 
VMULPS __m256 _mm256_mask_mul_ps(__m256 s,__ mmask8 k,__m256 a,__m256 b); 
VMULPS __m256 _mm256_maskz_mul_ps(__mmask8 k,__m256 a,__ m256 b); 

VMULPS __m128 _mm_mask_mul_ps(__m128s,__ mmask8 k,__m128 a,__m128 b); 
VMULPS __m128 _mm_maskz_mul_ps(__mmask8 k,__m128 a,__m128 b); 

VMULPS __m256 _mm256_mul_ps (__m256 a, __m256 b); 

MULPS __m128_mm_mul_ps (_m128 a,__m128 b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-19, “Type 2 Class Exception Conditions”. 


EVEX-encoded instruction, see Table 2-46, “Type E2 Class Exception Conditions”. 
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MULSD—Multiply Scalar Double-Precision Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
F2 OF 59 /r A VIV SSE2 Multiply the low double-precision floating-point value in 
MULSD xmm1,xmm2/m64 xmm2/m64 by low double-precision floating-point 
value in xmm1. 
VEX.LIG.F2.0F.WIG 59 /r B VIV AVX Multiply the low double-precision floating-point value in 
VMULSD xmm1,xmm2, xmm3/m64 xmm3/m64 by low double-precision floating-point 
value in xmm2. 
EVEX.LLIG.F2.0F.W1 59 /r C VIV AVX512F Multiply the low double-precision floating-point value in 
VMULSD xmm1 {k1}{z}, xmm2, xmm3/m64 by low double-precision floating-point 
xmm3/m64 {er} value in xmmz. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Multiplies the low double-precision floating-point value in the second source operand by the low double-precision 
floating-point value in the first source operand, and stores the double-precision floating-point result in the destina- 
tion operand. The second source operand can be an XMM register or a 64-bit memory location. The first source 
operand and the destination operands are XMM registers. 


128-bit Legacy SSE version: The first source operand and the destination operand are the same. Bits (MAXVL- 
1:64) of the corresponding destination register remain unchanged. 


VEX.128 and EVEX encoded version: The quadword at bits 127:64 of the destination operand is copied from the 
same bits of the first source operand. Bits (MAXVL-1:128) of the destination register are zeroed. 


EVEX encoded version: The low quadword element of the destination operand is updated according to the 
writemask. 


Software should ensure VMULSD is encoded with VEX.L=0. Encoding VMULSD with VEX.L=1 may encounter unpre- 
dictable behavior across different processor generations. 
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Operation 


VMULSD (EVEX encoded version) 
IF (EVEX.b = 1) AND SRC2 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := SRC1[63:0] * SRC2[63:0] 


ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl 
Fl; 
ENDFOR 


DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] = 0 


VMULSD (VEX.128 encoded version) 
DEST[63:0] := SRC1[63:0] * SRC2[63:0] 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


MULSD (128-bit Legacy SSE version) 
DEST[63:0] := DEST[63:0] * SRC[63:0] 
DEST[MAXVL-1:64] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


INSTRUCTION SET REFERENCE, M-U 


VMULSD __m128d_mm_mask_mul_sd(__m128d s,__ mmask8 k,__m128d a,__m128d b); 


VMULSD __m128d _mm_maskz_mul_sd(__mmask8 k, 
VMULSD __m128d_mm_mul_round_sd(__m128da,__m128d 5, int); 


VMULSD __m128d _mm_mask_mul_round_sd(__m128d s,__ mmask8 k, 
VMULSD __m128d _mm_maskz_mul_round_sd(__mmask8 k,___m128d a, 


MULSD __m128d_mm_mul_sd (__m128d a,__m128d b) 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 


m128d a,__m128d b); 


m128d a,__m128d b, int); 
m1 28d b, int); 


Non-EVEX-encoded instruction, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-47, “Type E3 Class Exception Conditions”. 
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MULSS—Multiply Scalar Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
F3 OF 59 /r A VIV SSE Multiply the low single-precision floating-point value in 
MULSS xmm1,xmm2/m32 xmm2/m32 by the low single-precision floating-point 
value in xmm1. 
VEX.LIG.F3.0F.WIG 59 /r B VIV AVX Multiply the low single-precision floating-point value in 
VMULSS xmm1,xmm2, xmm3/m32 xmm3/m32 by the low single-precision floating-point 
value in xmm2. 
EVEX.LLIG.F3.0F.WO 59 /r C VV AVX512F Multiply the low single-precision floating-point value in 
VMULSS xmm1 {k1}{z}, xmme2, xmm3/m32 by the low single-precision floating-point 
xmm3/m32 {er} value in xmm2. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Multiplies the low single-precision floating-point value from the second source operand by the low single-precision 
floating-point value in the first source operand, and stores the single-precision floating-point result in the destina- 
tion operand. The second source operand can be an XMM register or a 32-bit memory location. The first source 
operand and the destination operands are XMM registers. 


128-bit Legacy SSE version: The first source operand and the destination operand are the same. Bits (MAXVL- 
1:32) of the corresponding YMM destination register remain unchanged. 


VEX.128 and EVEX encoded version: The first source operand is an xmm register encoded by VEX.vvvv. The three 
high-order doublewords of the destination operand are copied from the first source operand. Bits (MAXVL-1:128) 
of the destination register are zeroed. 


EVEX encoded version: The low doubleword element of the destination operand is updated according to the 
writemask. 


Software should ensure VMULSS is encoded with VEX.L=0. Encoding VMULSS with VEX.L=1 may encounter unpre- 
dictable behavior across different processor generations. 
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Operation 


VMULSS (EVEX encoded version) 
IF (EVEX.b = 1) AND SRC2 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN = DEST[31:0] := SRC1[31:0] * SRC2[31:0] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl 
Fl; 
ENDFOR 


DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] = 0 


VMULSS (VEX.128 encoded version) 
DEST[31:0] := SRC1[31:0] * SRC2[31:0] 
DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


MULSS (128-bit Legacy SSE version) 
DEST[31:0] := DEST[31:0] * SRC[31:0] 
DEST[MAXVL-1:32] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VMULSS __m128_mm_mask_mul_ss(__m128s,__ mmask8 k,__m128 a,__m128 b); 


VMULSS __m128_mm_maskz_mul_ss(__mmask8 k,__m128 a, 
VMULSS __m128_mm_mul_round_ss(__m128 a,__m128b, int); 
VMULSS __m128_mm_mask_mul_round_ss(__m128 s,__mmask8 k, 


m128 b); 


m128 a, 


m128 b, int); 


VMULSS __m128_mm_maskz_mul_round_ss(__mmask8 k,__m128 a,__m128b, int); 


MULSS __m128_mm_mul_ss(__m128 a,__m128 b) 


SIMD Floating-Point Exceptions 
Underflow, Overflow, Invalid, Precision, Denormal 


Other Exceptions 
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Non-EVEX-encoded instruction, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-47, “Type E3 Class Exception Conditions”. 
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MULX — Unsigned Multiply Without Affecting Flags 


Opcode/ Op/ 64/32 | CPUID Description 
Instruction En -bit Feature 

Mode | Flag 
VEX.LZ.F2.0F38.W0O F6 /r RVM | V/V BMI2 Unsigned multiply of r/m32 with EDX without affecting arithmetic 
MULX r32a, r32b, r/m32 flags. 
VEX.LZ.F2.0F38.W1 F6 /r RVM | V/N.E. | BMI2 Unsigned multiply of r/m64 with RDX without affecting arithmetic 
MULX r64a, r64b, r/m64 flags. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RVM ModRM:reg (w) VEX.vvwv (w) ModRMsr/m (r) RDMEDISS ee eee its 
Description 


Performs an unsigned multiplication of the implicit source operand (EDX/RDX) and the specified source operand 
(the third operand) and stores the low half of the result in the second destination (Second operand), the high half 
of the result in the first destination operand (first operand), without reading or writing the arithmetic flags. This 
enables efficient programming where the software can interleave add with carry operations and multiplications. 

If the first and second operand are identical, it will contain the high half of the multiplication result. 

This instruction is not supported in real mode and virtual-8086 mode. The operand size is always 32 bits if not in 
64-bit mode. In 64-bit mode operand size 64 requires VEX.W1. VEX.W1 is ignored in non-64-bit modes. An attempt 
to execute this instruction with VEX.L not equal to 0 will cause #UD. 


Operation 


// DEST1: ModRM:reg 
// DEST2: VEX.vwvv 
IF (OperandSize = 32) 
SRC1 := EDX; 
DEST2 := (SRC1*SRC2)[31:0]; 
DEST1 := (SRC1*SRC2)[63:32]; 
ELSE IF (OperandSize = 64) 
SRC1 := RDX; 
DEST2 := (SRC1*SRC2)[63:0]; 
DEST1 := (SRC1*SRC2)[1 27:64]; 
Fl 


Flags Affected 
None 


Intel C/C++ Compiler Intrinsic Equivalent 
Auto-generated from high-level language when possible. 
unsigned int mulx_u32(unsigned int a, unsigned int b, unsigned int * hi); 


unsigned __ int64 mulx_u64(unsigned __int64 a, unsigned __int64 b, unsigned __int64 * hi); 


SIMD Floating-Point Exceptions 
None 
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Other Exceptions 
See Table 2-29, “Type 13 Class Exception Conditions”. 
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MWAIT—Monitor Wait 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 01 C9 MWAIT ZO ‘| Valid Valid A hint that allows the processor to stop 


instruction execution and enter an 
implementation-dependent optimized state 
until occurrence of a class of events. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


MWAIT instruction provides hints to allow the processor to enter an implementation-dependent optimized state. 
There are two principal targeted usages: address-range monitor and advanced power management. Both usages 
of MWAIT require the use of the MONITOR instruction. 


CPUID.01H:ECX.MONITOR[bit 3] indicates the availability of MONITOR and MWAIT in the processor. When set, 
MWAIT may be executed only at privilege level 0 (use at any other privilege level results in an invalid-opcode 
exception). The operating system or system BIOS may disable this instruction by using the IA32_MISC_ENABLE 
MSR; disabling MWAIT clears the CPUID feature flag and causes execution to generate an invalid-opcode excep- 
tion. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


ECX specifies optional extensions for the MWAIT instruction. EAX may contain hints such as the preferred optimized 
state the processor should enter. The first processors to implement MWAIT supported only the zero value for EAX 
and ECX. Later processors allowed setting ECX[0] to enable masked interrupts as break events for MWAIT (see 

below). Software can use the CPUID instruction to determine the extensions and hints supported by the processor. 


MWAIT for Address Range Monitoring 


For address-range monitoring, the MWAIT instruction operates with the MONITOR instruction. The two instructions 
allow the definition of an address at which to wait (MONITOR) and a implementation-dependent-optimized opera- 
tion to commence at the wait address (MWAIT). The execution of MWAIT is a hint to the processor that it can enter 
an implementation-dependent-optimized state while waiting for an event or a store operation to the address range 
armed by MONITOR. 


The following cause the processor to exit the implementation-dependent-optimized state: a store to the address 
range armed by the MONITOR instruction, an NMI or SMI, a debug exception, a machine check exception, the 
BINIT# signal, the INIT# signal, and the RESET# signal. Other implementation-dependent events may also cause 
the processor to exit the implementation-dependent-optimized state. 


In addition, an external interrupt causes the processor to exit the implementation-dependent-optimized state 
either (1) if the interrupt would be delivered to software (e.g., as it would be if HLT had been executed instead of 
MWAIT); or (2) if ECX[0] = 1. Software can execute MWAIT with ECX[0] = 1 only if CPUID.O5H:ECX[bit 1] = 1. 
(Implementation-specific conditions may result in an interrupt causing the processor to exit the implementation- 
dependent-optimized state even if interrupts are masked and ECX[0] = 0.) 


Following exit from the implementation-dependent-optimized state, control passes to the instruction following the 
MWAIT instruction. A pending interrupt that is not masked (including an NMI or an SMI) may be delivered before 
execution of that instruction. Unlike the HLT instruction, the MWAIT instruction does not support a restart at the 
MWATIT instruction following the handling of an SMI. 


If the preceding MONITOR instruction did not successfully arm an address range or if the MONITOR instruction has 
not been executed prior to executing MWAIT, then the processor will not enter the implementation-dependent-opti- 
mized state. Execution will resume at the instruction following the MWAIT. 
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MWAIT for Power Management 


MWAIT accepts a hint and optional extension to the processor that it can enter a specified target C state while 
waiting for an event or a store operation to the address range armed by MONITOR. Support for MWAIT extensions 
for power management is indicated by CPUID.O5H:ECX[bit 0] reporting 1. 


EAX and ECX are used to communicate the additional information to the MWAIT instruction, such as the kind of 

optimized state the processor should enter. ECX specifies optional extensions for the MWAIT instruction. EAX may 
contain hints such as the preferred optimized state the processor should enter. Implementation-specific conditions 
may cause a processor to ignore the hint and enter a different optimized state. Future processor implementations 
may implement several optimized “waiting” states and will select among those states based on the hint argument. 


Table 4-10 describes the meaning of ECX and EAX registers for MWAIT extensions. 


Table 4-10. MWAIT Extension Register (ECX) 


Bits Description 
0 Treat interrupts as break events even if masked (e.g., even if EFLAGS.IF=0), May be set only if 
CPUID.O5H:ECX[bit 1] = 1. 
31:1 Reserved 


Table 4-11. MWAIT Hints Register (EAX) 
Bits Description 
Sub C-state within a C-state, indicated by bits [7:4] 
Target C-state* 
Value of O means C1; 1 means C2 and so on 
Value of 01111B means CO 


Note: Target C states for MWAIT extensions are processor-specific C-states, not ACPI C-states 
31:8 Reserved 


Note that if MWAIT is used to enter any of the C-states that are numerically higher than C1, a store to the address 
range armed by the MONITOR instruction will cause the processor to exit MWAIT only if the store was originated by 
other processor agents. A store from non-processor agent might not cause the processor to exit MWAIT in such 
cases. 


For additional details of MWAIT extensions, see Chapter 14, “Power and Thermal Management,” of Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 3A. 


Operation 
(* MWAIT takes the argument in EAX as a hint extension and is architected to take the argument in ECX as an instruction extension 
MWAIT EAX, ECX *) 


{ 
WHILE ( (“Monitor Hardware is in armed state’)) { 


implementation_dependent_optimized_state(EAX, ECX); } 
Set the state of Monitor Hardware as triggered; 


} 


Intel C/C++ Compiler Intrinsic Equivalent 


MWAIT: void _mm_mwait(unsigned extensions, unsigned hints) 
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Example 


MONITOR/MWAIT instruction pair must be coded in the same loop because execution of the MWAIT instruction will 
trigger the monitor hardware. It is not a proper usage to execute MONITOR once and then execute MWAIT ina 
loop. Setting up MONITOR without executing MWAIT has no adverse effects. 


Typically the MONITOR/MWAIT pair is used in a sequence, such as: 


EAX = Logical Address(Trigger) 
ECX = 0 (*Hints *) 
EDX = 0 (* Hints *) 


IF ( !trigger_store_happened) { 

MONITOR EAX, ECX, EDX 

IF ( !trigger_store_happened ) { 

MWAIT EAX, ECX 

} 
} 
The above code sequence makes sure that a triggering store does not happen between the first check of the trigger 
and the execution of the monitor instruction. Without the second check that triggering store would go un-noticed. 
Typical usage of MONITOR and MWAIT would have the above code sequence within a loop. 


Numeric Exceptions 
None 


Protected Mode Exceptions 


#GP(0) If ECX[31:1] #0. 
If ECX[0] = 1 and CPUID.O5H:ECX([bit 1] = 0. 
#UD If CPUID.01H:ECX.MONITOR[bit 3] = 0. 


If current privilege level is not 0. 


Real Address Mode Exceptions 


#GP If ECX[31:1] #0. 
If ECX[0] = 1 and CPUID.O5H:ECX([bit 1] = 0. 
#UD If CPUID.01H:ECX.MONITOR[bit 3] = 0. 


Virtual 8086 Mode Exceptions 


#UD The MWAIT instruction is not recognized in virtual-8086 mode (even if 
CPUID.O1H:ECX.MONITOR[bit 3] = 1). 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(0) If RCX[63:1] #0. 
If RCX[0] = 1 and CPUID.O5H:ECX[bit 1] = 0. 
#UD If the current privilege level is not 0. 


If CPUID.O1H:ECX.MONITOR[bit 3] = 0. 
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NEG—Two’'s Complement Negation 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
F6 /3 NEG r/m8 M Valid Valid Two's complement negate r/m8. 
REX + F6 /3 NEG r/m8* M Valid N.E. Two's complement negate r/m8. 
F7 /3 NEG r/m16 M Valid Valid Two's complement negate r/m16. 
F7 /3 NEG r/m32 M Valid Valid Two's complement negate r/m32. 
REX.W + F7 /3 NEG r/m64 M Valid N.E. Two's complement negate r/m64. 
NOTES: 


* In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r, w) NA NA NA 
Description 


Replaces the value of operand (the destination operand) with its two's complement. (This operation is equivalent 
to subtracting the operand from 0.) The destination operand is located in a general-purpose register or a memory 
location. 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. 
In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 


access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


Operation 


IF DEST =O 
THEN CF := 0; 
ELSE CF := 1; 
Fl; 
DEST := [- (DEST)] 


Flags Affected 


The CF flag set to 0 if the source operand is 0; otherwise it is set to 1. The OF, SF, ZF, AF, and PF flags are set 
according to the result. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same as for protected mode exceptions. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) For a page fault. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


4-168 Vol. 2B NEG—Two’'s Complement Negation 


INSTRUCTION SET REFERENCE, M-U 


NOP—No Operation 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
NP 90 NOP ZO | Valid Valid One byte no-operation instruction. 
NP OF 1F /0 NOP r/m16 M Valid Valid Multi-byte no-operation instruction. 
NP OF 1F /0 NOP r/m32 M Valid Valid Multi-byte no-operation instruction. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
M ModRM:r/m (r) NA NA NA 
Description 


This instruction performs no operation. It is a one-byte or multi-byte NOP that takes up space in the instruction 
stream but does not impact machine context, except for the EIP register. 


The multi-byte form of NOP is available on processors with model encoding: 
¢ CPUID.O1H.EAX[Bytes 11:8] = 0110B or 1111B 


The multi-byte NOP instruction does not alter the content of a register and will not issue a memory operation. The 
instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 
The one-byte NOP instruction is an alias mnemonic for the XCHG (E)AX, (E)AX instruction. 


The multi-byte NOP instruction performs no operation on supported processors and generates undefined opcode 
exception on processors that do not support the multi-byte NOP instruction. 


The memory operand form of the instruction allows software to create a byte sequence of “no operation” as one 
instruction. For situations where multiple-byte NOPs are needed, the recommended operations (32-bit mode and 
64-bit mode) are: 


Table 4-12. Recommended Multi-Byte Sequence of NOP Instruction 


Length Assembly Byte Sequence 

2 bytes 66 NOP 66 90H 

3 bytes NOP DWORD ptr [EAX] OF 1F OOH 

4 bytes NOP DWORD ptr [EAX + OOH] OF 1F 40 OOH 

5 bytes NOP DWORD ptr [EAX + EAX*1 + OOH] OF 1F 44 00 OOH 

6 bytes 66 NOP DWORD ptr [EAX + EAX*1 + OOH] 66 OF 1F 44 00 OOH 

7 bytes NOP DWORD ptr [EAX + OOOO0000H] OF 1F 80 00 00 00 OOH 

8 bytes NOP DWORD ptr [EAX + EAX*1 + OOOO0000H] OF 1F 84 00 00 00 00 OOH 

9 bytes 66 NOP DWORD ptr [EAX + EAX*1 + OOOQO000H] 66 OF 1F 84 00 00 00 00 OOH 
Flags Affected 
None 


Exceptions (All Operating Modes) 
#UD If the LOCK prefix is used. 
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NOT—One’s Complement Negation 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
F6 /2 NOT r/m8 M Valid Valid Reverse each bit of r/m8. 
REX + F6 /2 NOT r/m8* M Valid N.E. Reverse each bit of r/m8. 
F7 /2 NOT r/m16 M Valid Valid Reverse each bit of r/m76. 
F7 /2 NOT r/m32 M Valid Valid Reverse each bit of r/m32. 
REX.W + F7 /2 NOT r/m64 M Valid N.E. Reverse each bit of r/m64. 
NOTES: 


* |n 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r, w) NA NA NA 
Description 


Performs a bitwise NOT operation (each 1 is set to 0, and each 0 is set to 1) on the destination operand and stores 
the result in the destination operand location. The destination operand can be a register or a memory location. 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


Operation 
DEST := NOT DEST; 


Flags Affected 
None 


Protected Mode Exceptions 

#GP(0) If the destination operand points to a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 
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Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same as for protected mode exceptions. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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OR—Logical Inclusive OR 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OC ib OR AL, imm8& | Valid Valid AL OR immé. 
OD iw OR AX, imm16 | Valid Valid AX OR imm76. 
OD id OR EAX, imm32 | Valid Valid EAX OR imm32. 
REX.W + OD id OR RAX, imm32 | Valid N.E. RAX OR imm32 (sign-extended). 
80/1 ib OR r/m8, imm8 MI | Valid Valid r/m8 OR imme. 
REX + 80/1 ib OR r/m8*, imm8& MI | Valid N.E. r/m8 OR imme. 
81/1 iw OR r/m16, imm16 MI | Valid Valid r/m16 OR imm16. 
81/1 id OR r/m32, imm32 MI | Valid Valid r/m32 OR imm32. 
REX.W + 81 /1 id OR r/m64, imm32 MI | Valid N.E. r/m64 OR imm32 (sign-extended). 
83 /1 ib OR r/m16, imm8 MI | Valid Valid r/m16 OR imm8 (sign-extended). 
83/1 ib OR r/m32, imm8 MI | Valid Valid r/m32 OR imm8& (sign-extended). 
REX.W + 83/1 ib OR r/m64, imm8 MI | Valid N.E. r/m64 OR imm8 (sign-extended). 
08 /r OR r/m8, r8 MR | Valid Valid r/m8 OR r8. 
REX + 08 /r OR r/m8*, r8* MR | Valid N.E. r/m8 OR r8. 
09 /r OR r/m16, r16 MR | Valid Valid r/m16 OR r16. 
09 /r OR r/m32, r32 MR | Valid Valid r/m32 OR r32. 
REX.W + 09 /r OR r/m64, r64 MR | Valid N.E. r/m64 OR r64. 
OA /r OR r8, r/m8 RM _ | Valid Valid r8 OR r/mé. 
REX + OA /r OR r8*, r/m8* RM _ | Valid N.E. r8 OR r/mé. 
OB /r OR r16, r/m16 RM _ | Valid Valid r16 OR r/m16. 
OB /r OR 32, r/m32 RM_ | Valid Valid r32 OR r/m32. 
REX.W + OB /r OR 164, r/m64 RM _ | Valid N.E. r64 OR r/m64. 
NOTES: 


* In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
| AL/AX/EAX/RAX imm8/16/32 NA NA 
MI ModRM:r/m (r, w) imm8/16/32 NA NA 
MR ModRM:r/m (r, w) ModRM:reg (r) NA NA 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
Description 


Performs a bitwise inclusive OR operation between the destination (first) and source (second) operands and stores 
the result in the destination operand location. The source operand can be an immediate, a register, or a memory 
location; the destination operand can be a register or a memory location. (However, two memory operands cannot 
be used in one instruction.) Each bit of the result of the OR instruction is set to 0 if both corresponding bits of the 
first and second operands are 0; otherwise, each bit is set to 1. 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. 
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In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


Operation 
DEST := DEST OR SRC; 


Flags Affected 


The OF and CF flags are cleared; the SF, ZF, and PF flags are set according to the result. The state of the AF flag is 
undefined. 


Protected Mode Exceptions 

#GP(0) If the destination operand points to a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same as for protected mode exceptions. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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ORPD—Bitwise Logical OR of Packed Double Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
66 OF 56/r A VIV SSE2 Return the bitwise logical OR of packed double-precision 
ORPD xmm1, xmm2/m128 floating-point values in xmm1 and xmm2/mem. 
VEX.128.66.0F 56 /r B VIV AVX Return the bitwise logical OR of packed double-precision 
VORPD xmm1,xmm2, xmm3/m128 floating-point values in xmm2 and xmm3/mem. 
VEX.256.66.0F 56 /r B VIV AVX Return the bitwise logical OR of packed double-precision 
VORPD ymm1, ymm2, ymm3/m256 floating-point values in ymm2 and ymm3/mem. 
EVEX.128.66.0F.W1 56 /r C VIV AVX512VL | Return the bitwise logical OR of packed double-precision 
VORPD xmm1 {k1}{z}, xmm2, AVX512DQ | floating-point values in xmm2 and xmm3/m128/m64bcst 
xmm3/m1 28/m64bcst subject to writemask k1. 
EVEX.256.66.0F.W1 56 /r C VIV AVX512VL | Return the bitwise logical OR of packed double-precision 
VORPD ymm1 {k1}{z}, ymm2, AVX512DQ | floating-point values in ymm2 and ymm3/m256/m64bcst 
ymm3/m256/m64bcst subject to writemask k1. 
EVEX.512.66.0F.W1 56 /r C VV AVX512DQ | Return the bitwise logical OR of packed double-precision 
VORPD zmm1 {k1}{z}, zmm2, floating-point values in zmm2 and zmm3/m512/m64bcst 
zmm3/m512/m64bcst subject to writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 

A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 

B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 

C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 

Description 


Performs a bitwise logical OR of the two, four or eight packed double-precision floating-point values from the first 
source operand and the second source operand, and stores the result in the destination operand. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector broadcasted from a 
32-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally updated with 
writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of the 
corresponding ZMM register destination are zeroed. 


VEX.128 encoded version: The first source operand is an XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
register destination are unmodified. 
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Operation 


VORPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b == 1) AND (SRC2 *is memory*) 
THEN 
DEST[i+63:i] := SRC1[i+63:i] BITWISE OR SRC2[63:0] 
ELSE 
DEST[i+63:i] := SRC1[i+63:i] BITWISE OR SRC2[i+63:i] 
Fl; 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VORPD (VEX.256 encoded version) 

DEST[63:0] := SRC1[63:0] BITWISE OR SRC2[63:0] 
DEST[127:64] := SRC1[127:64] BITWISE OR SRC2[1 27:64] 
DEST[191:128] := SRC1[191:128] BITWISE OR SRC2[191:128] 
DEST[255:192] := SRC1[255:192] BITWISE OR SRC2[255:192] 
DEST[MAXVL-1:256] := 0 


VORPD (VEX.128 encoded version) 

DEST[63:0] := SRC1[63:0] BITWISE OR SRC2[63:0] 
DEST[127:64] := SRC1[127:64] BITWISE OR SRC2[1 27:64] 
DEST[MAXVL-1:128] := 0 


ORPD (128-bit Legacy SSE version) 

DEST[63:0] := DEST[63:0] BITWISE OR SRC[63:0] 
DEST[127:64] := DEST[127:64] BITWISE OR SRC[127:64] 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VORPD __m512d_mm512_or_pd(__m512da,__m512d b); 


VORPD __m512d_mm512_mask_or_pd(__m512ds,__mmask8 k,__m512da,__m512d b); 
m512d b); 


VORPD __m512d_mm512_maskz_or_pd (__mmask8 k,___m512d a, 

VORPD __m256d_mm256_mask_or_pd(__m256ds,__ mmask8 k,__ m256d a,___ m256d b); 
VORPD __m256d _mm256_maskz_or_pd (__mmask8 k, __ m256d a, 

VORPD __m128d_mm_mask_or_pd(__m128ds,__ mmask8 k,___m128da,__m128d b); 
VORPD __m128d _mm_maskz_or_pd (__mmask8 k,___m128d a,__m128d b); 


VORPD __m256d_mm256_or_pd (__m256d a, ___m256d b); 
ORPD __m128d_mm_or_pd (__m128d a,__m128d b); 
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SIMD Floating-Point Exceptions 
None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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ORPS—Bitwise Logical OR of Packed Single Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
NP OF 56 /r A VIV SSE Return the bitwise logical OR of packed single-precision 
ORPS xmm1, xmm2/m128 floating-point values in xmm1 and xmm2/mem. 
VEX.128.0F 56 /r B VIV AVX Return the bitwise logical OR of packed single-precision 
VORPS xmm1,xmm2, xmm3/m128 floating-point values in xmm2 and xmm3/mem. 
VEX.256.0F 56 /r B VIV AVX Return the bitwise logical OR of packed single-precision 
VORPS ymm1, ymm2, ymm3/m256 floating-point values in ymm2 and ymm3/mem. 
EVEX.128.0F.WO 56 /r C VIV AVX512VL | Return the bitwise logical OR of packed single-precision 
VORPS xmm1 {k1}{z}, xmm2, AVX512DQ | floating-point values in xmm2 and xmm3/m128/m32bcst 
xmm3/m128/m32bcst subject to writemask k1. 
EVEX.256.0F.WO 56 /r C VIV AVX512VL | Return the bitwise logical OR of packed single-precision 
VORPS ymm1 {k1}{z}, ymm2, AVX512DQ | floating-point values in ymm2 and ymm3/m256/m32bcst 
ymm3/m256/m32bcst subject to writemask k1. 
EVEX.512.0F.W0 56 /r € VV AVX512DQ | Return the bitwise logical OR of packed single-precision 
VORPS zmm1 {k1}{z}, zmm2, floating-point values in zmm2 and zmm3/m512/m32bcst 
zmm3/m512/m32bcst subject to writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 

A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 

B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 

C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 

Description 


Performs a bitwise logical OR of the four, eight or sixteen packed single-precision floating-point values from the 
first source operand and the second source operand, and stores the result in the destination operand 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector broadcasted from a 
32-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally updated with 
writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of the 
corresponding ZMM register destination are zeroed. 


VEX.128 encoded version: The first source operand is an XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
register destination are unmodified. 
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Operation 


VORPS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 

i:=j* 32 

IF k1[j] OR *no writemask* 

THEN 
IF (EVEX.b == 1) AND (SRC2 *is memory*) 
THEN 


DEST[i+31:i] = SRC1[i+31:i] BITWISE OR SRC2[31:0] 


ELSE 


DEST[i+31:i] = SRC1[i+31:i] BITWISE OR SRC2[i+31:i] 


Fl; 
ELSE 
IF *merging-masking* 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VORPS (VEX.256 encoded version) 

DEST[31:0] := SRC1[31:0] BITWISE OR SRC2[31:0] 
DEST[63:32] := SRC1[63:32] BITWISE OR SRC2[63:32] 
DEST[95:64] := SRC1[95:64] BITWISE OR SRC2[95:64] 
DEST[127:96] := SRC1[127:96] BITWISE OR SRC2[127:96] 
DEST[159:128] := SRC1[159:128] BITWISE OR SRC2[159:128] 
DEST[191:160] := SRC1[191:160] BITWISE OR SRC2[191:160] 
DEST[223:192] := SRC1[223:192] BITWISE OR SRC2[223:192] 


DEST[255:224] := SRC1[255:224] BITWISE OR SRC2[255:224]. 


DEST[MAXVL-1:256] := 0 


VORPS (VEX.128 encoded version) 

DEST[31:0] := SRC1[31:0] BITWISE OR SRC2[31:0] 
DEST[63:32] := SRC1[63:32] BITWISE OR SRC2[63:32] 
DEST[95:64] := SRC1[95:64] BITWISE OR SRC2[95:64] 
DEST[127:96] := SRC1[127:96] BITWISE OR SRC2[127:96] 
DEST[MAXVL-1:128] := 0 


ORPS (128-bit Legacy SSE version) 

DEST[31:0] := SRC1[31:0] BITWISE OR SRC2[31:0] 
DEST[63:32] := SRC1[63:32] BITWISE OR SRC2[63:32] 
DEST[95:64] := SRC1[95:64] BITWISE OR SRC2[95:64] 
DEST[127:96] := SRC1[127:96] BITWISE OR SRC2[1 27:96] 
DEST[MAXVL-1:128] (Unmodified) 
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; merging-masking 


; zeroing-masking 
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Intel C/C++ Compiler Intrinsic Equivalent 
VORPS __m512_mm512_or_ps(__m512a,__m512 b); 


VORPS __m512_mm512_mask_or_ps (__m512s,__mmask16k,__m512 a,__m512 b); 
VORPS __m512_mm512_maskz_or_ps (__mmask16 k,__m512 a,__m512 b); 
VORPS __m256_mm256_mask_or_ps (_m256s,___ mmask8k,__ m256 a,__ M256 b); 


VORPS __m256 _mm256_maskz_or_ps (__mmask8 k,__m256 a,__m256 b); 
VORPS __m128_mm_mask_or_ps (__m128s,__mmask8k,__m128 a,__m128 b); 
VORPS __m128_mm_maskz_or_ps (__mmask8 k,__m128a,__m128 b); 

VORPS __m256_mm256_or_ps (_m256 a,__m256 b); 

ORPS __m128_mm_or_ps (_m128a,__m128 b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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OUT—Output to Port 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
E6 ib OUT immé, AL | Valid Valid Output byte in AL to I/O port address imm8. 
E7 ib OUT immé, AX | Valid Valid Output word in AX to I/O port address immé. 
E7 ib OUT immé, EAX | Valid Valid Output doubleword in EAX to I/O port address 
immé. 
EE OUT DX, AL ZO | Valid Valid Output byte in AL to I/O port address in DX. 
EF OUT DX, AX ZO | Valid Valid Output word in AX to I/O port address in DX. 
EF OUT DX, EAX ZO | Valid Valid Output doubleword in EAX to I/O port address 
in DX. 
NOTES: 


* See IA-32 Architecture Compatibility section below. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
| imm8 NA NA NA 
ZO NA NA NA NA 
Description 


Copies the value from the second operand (source operand) to the I/O port specified with the destination operand 
(first operand). The source operand can be register AL, AX, or EAX, depending on the size of the port being 
accessed (8, 16, or 32 bits, respectively); the destination operand can be a byte-immediate or the DX register. 
Using a byte immediate allows I/O port addresses 0 to 255 to be accessed; using the DX register as a source 
operand allows I/O ports from 0 to 65,535 to be accessed. 


The size of the I/O port being accessed is determined by the opcode for an 8-bit I/O port or by the operand-size 
attribute of the instruction for a 16- or 32-bit I/O port. 


At the machine code level, I/O instructions are shorter when accessing 8-bit I/O ports. Here, the upper eight bits 
of the port address will be 0. 


This instruction is only useful for accessing I/O ports located in the processor’s I/O address space. See Chapter 19, 
“Input/Output,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for more infor- 
mation on accessing I/O ports in the I/O address space. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


IA-32 Architecture Compatibility 


After executing an OUT instruction, the Pentium® processor ensures that the EWBE# pin has been sampled active 
before it begins to execute the next instruction. (Note that the instruction can be prefetched if EWBE# is not active, 
but it will not be executed until the EWBE# pin is sampled active.) Only the Pentium processor family has the 
EWBE# pin. 
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Operation 


IF ((PE = 1) and ((CPL > IOPL) or (VM = 1))) 
THEN (* Protected mode with CPL > IOPL or virtual-8086 mode *) 
IF (Any I/O Permission Bit for I/O port being accessed = 1) 
THEN (* I/O operation is not allowed *) 
#GP(0); 
ELSE ( * I/O operation is allowed *) 
DEST := SRC; (* Writes to selected I/O port *) 
Fl; 
ELSE (Real Mode or Protected Mode with CPL < IOPL *) 
DEST := SRC; (* Writes to selected I/O port *) 
FI; 


Flags Affected 
None 


Protected Mode Exceptions 


#GP(0) If the CPL is greater than (has less privilege) the I/O privilege level (IOPL) and any of the 
corresponding I/O permission bits in TSS for the I/O port being accessed is 1. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If any of the I/O permission bits in the TSS for the I/O port being accessed is 1. 
#PF(fault-code) If a page fault occurs. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same as protected mode exceptions. 


64-Bit Mode Exceptions 
Same as protected mode exceptions. 
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OUTS/OUTSB/OUTSW/OUTSD—Output String to Port 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

6E OUTS DX, m8 ZO | Valid Valid Output byte from memory location specified 
in DS:(E)SI or RSI to I/O port specified in DX**. 

6F OUTS DX, m16 ZO | Valid Valid Output word from memory location specified 
in DS:(E)SI or RSI to I/O port specified in DX**. 

6F OUTS DX, m32 ZO | Valid Valid Output doubleword from memory location 
specified in DS:(€)SI or RSI to I/O port specified 
in DX**, 

6E OUTSB ZO | Valid Valid Output byte from memory location specified 
in DS:(E)SI or RSI to I/O port specified in DX**. 

6F OUTSW ZO | Valid Valid Output word from memory location specified 
in DS:(E)SI or RSI to I/O port specified in DX**. 

6F OUTSD ZO | Valid Valid Output doubleword from memory location 
specified in DS:(€)SI or RSI to I/O port specified 
in DX**. 

NOTES: 


* See IA-32 Architecture Compatibility section below. 


** In 64-bit mode, only 64-bit (RSI) and 32-bit (ESI) address sizes are supported. In non-64-bit mode, only 32-bit (ESI) and 16-bit (SI) 
address sizes are supported. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Copies data from the source operand (second operand) to the I/O port specified with the destination operand (first 
operand). The source operand is a memory location, the address of which is read from either the DS:SI, DS:ESI or 
the RSI registers (depending on the address-size attribute of the instruction, 16, 32 or 64, respectively). (The DS 
segment may be overridden with a segment override prefix.) The destination operand is an I/O port address (from 
0 to 65,535) that is read from the DX register. The size of the I/O port being accessed (that is, the size of the source 
and destination operands) is determined by the opcode for an 8-bit I/O port or by the operand-size attribute of the 
instruction for a 16- or 32-bit I/O port. 


At the assembly-code level, two forms of this instruction are allowed: the “explicit-operands” form and the “no- 
operands” form. The explicit-operands form (specified with the OUTS mnemonic) allows the source and destination 
operands to be specified explicitly. Here, the source operand should be a symbol that indicates the size of the I/O 
port and the source address, and the destination operand must be DX. This explicit-operands form is provided to 
allow documentation; however, note that the documentation provided by this form can be misleading. That is, the 
source operand symbol must specify the correct type (size) of the operand (byte, word, or doubleword), but it does 
not have to specify the correct location. The location is always specified by the DS:(E)SI or RSI registers, which 
must be loaded correctly before the OUTS instruction is executed. 


The no-operands form provides “short forms” of the byte, word, and doubleword versions of the OUTS instructions. 
Here also DS:(E)SI is assumed to be the source operand and DX is assumed to be the destination operand. The size 
of the I/O port is specified with the choice of mnemonic: OUTSB (byte), OUTSW (word), or OUTSD (doubleword). 


After the byte, word, or doubleword is transferred from the memory location to the I/O port, the SI/ESI/RSI 
register is incremented or decremented automatically according to the setting of the DF flag in the EFLAGS register. 
(If the DF flag is 0, the (E)SI register is incremented; if the DF flag is 1, the SI/ESI/RSI register is decremented. ) 
The SI/ESI/RSI register is incremented or decremented by 1 for byte operations, by 2 for word operations, and by 
4 for doubleword operations. 
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The OUTS, OUTSB, OUTSW, and OUTSD instructions can be preceded by the REP prefix for block input of ECX 
bytes, words, or doublewords. See “REP/REPE/REPZ /REPNE/REPNZ—Repeat String Operation Prefix” in this 
chapter for a description of the REP prefix. This instruction is only useful for accessing I/O ports located in the 
processor's I/O address space. See Chapter 19, “Input/Output,” in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1, for more information on accessing I/O ports in the I/O address space. 


In 64-bit mode, the default operand size is 32 bits; operand size is not promoted by the use of REX.W. In 64-bit 
mode, the default address size is 64 bits, and 64-bit address is specified using RSI by default. 32-bit address using 
ESI is support using the prefix 67H, but 16-bit address is not supported in 64-bit mode. 


IA-32 Architecture Compatibility 


After executing an OUTS, OUTSB, OUTSW, or OUTSD instruction, the Pentium processor ensures that the EWBE# 
pin has been sampled active before it begins to execute the next instruction. (Note that the instruction can be 
prefetched if EWBE# is not active, but it will not be executed until the EWBE# pin is sampled active.) Only the 
Pentium processor family has the EWBE# pin. 


For the Pentium 4, Intel® Xeon®, and P6 processor family, upon execution of an OUTS, OUTSB, OUTSW, or OUTSD 
instruction, the processor will not execute the next instruction until the data phase of the transaction is complete. 


Operation 


IF ((PE = 1) and ((CPL > IOPL) or (VM = 1))) 
THEN (* Protected mode with CPL > IOPL or virtual-8086 mode *) 
IF (Any I/O Permission Bit for I/O port being accessed = 1) 
THEN (* I/O operation is not allowed *) 
#GP(0); 
ELSE (* I/O operation is allowed *) 
DEST := SRC; (* Writes to I/O port *) 
Fl; 
ELSE (Real Mode or Protected Mode or 64-Bit Mode with CPL < IOPL *) 
DEST := SRC; (* Writes to I/O port *) 
FI; 


Byte transfer: 


IF 64-bit mode 
Then 
IF 64-Bit Address Size 
THEN 
IF DF = O 
THEN RSI := RSI RSI + 1; 
ELSE RSI := RSI or - 1; 
Fl; 
ELSE (* 32-Bit Address Size *) 
IF DF = O 
THEN ESI := ESI +1; 
ELSE ESI := ESI - 1; 
Fl; 
Fl; 
ELSE 
IF DF = 0 
THEN —_(E)SI := (E)SI + 1; 
ELSE (E)SI := (E)S! - 1; 
Fl; 
Fl; 
Word transfer: 
IF 64-bit mode 
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Then 
IF 64-Bit Address Size 
THEN 
IF DF =O 
THEN RSI := RSI RSI + 2; 
ELSE RSI := RSI or - 2; 
Fl; 
ELSE (* 32-Bit Address Size *) 
IF DF = 0 
THEN ESI := ESI + 2; 
ELSE ESI := ESI - 2; 
Fl; 
Fl; 
ELSE 
IF DF =0 
THEN = (E)SI := (E)SI + 2; 
ELSE (E)SI := (E)SI - 2; 
Fl; 
Fl; 
Doubleword transfer: 
IF 64-bit mode 
Then 
IF 64-Bit Address Size 
THEN 
IF DF = 0 
THEN RSI := RSI RSI + 4; 
ELSE RSI := RSI or - 4; 
Fl; 
ELSE (* 32-Bit Address Size *) 
IF DF = O 
THEN ESI := ESI + 4; 
ELSE ESI := ESI - 4; 
Fl; 
Fl; 
ELSE 
IF DF =0 
THEN = (E)SI:= (E)SI + 4; 
ELSE (E)SI := (E)SI - 4; 
Fl; 
Fl; 
Flags Affected 
None 
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Protected Mode Exceptions 


#GP(0) If the CPL is greater than (has less privilege) the I/O privilege level (IOPL) and any of the 
corresponding I/O permission bits in TSS for the I/O port being accessed is 1. 


If a memory operand effective address is outside the limit of the CS, DS, ES, FS, or GS 
segment. 


If the segment register contains a NULL segment selector. 
#PF(fault-code) If a page fault occurs. 


#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If any of the I/O permission bits in the TSS for the I/O port being accessed is 1. 
#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same as for protected mode exceptions. 


64-Bit Mode Exceptions 
#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 


#GP(0) If the CPL is greater than (has less privilege) the I/O privilege level (IOPL) and any of the 
corresponding I/O permission bits in TSS for the I/O port being accessed is 1. 


If the memory address is in a non-canonical form. 
#PF(fault-code) If a page fault occurs. 


#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#UD If the LOCK prefix is used. 
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Opcode/ Op/ |64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

NP OF 38 1C /r’ A VIV SSSE3 Compute the absolute value of bytes in 

PABSB mm1, mm2/m64 mm2/m64 and store UNSIGNED result in mm7. 

66 OF 38 1C /r A VIV SSSE3 Compute the absolute value of bytes in 

PABSB xmm1, xmm2/m128 xmm2/m128 and store UNSIGNED result in 
xmm1. 

NP OF 38 1D /r! A VIV SSSE3 Compute the absolute value of 16-bit integers 

PABSW mm1, mm2/m64 in mm2/m64 and store UNSIGNED result in 
mm1,. 

66 OF 38 1D /r A VIV SSSE3 Compute the absolute value of 16-bit integers 

PABSW xmm1, xmm2/m128 in xmm2/m128 and store UNSIGNED result in 
xmm1. 

NP OF 38 1€ /r! A VIV SSSE3 Compute the absolute value of 32-bit integers 

PABSD mm1, mm2/m64 in mm2/m64 and store UNSIGNED result in 
mm1. 

66 OF 38 1E /r A VIV SSSE3 Compute the absolute value of 32-bit integers 

PABSD xmm1, xmm2/m128 in xmm2/m128 and store UNSIGNED result in 
xmm1. 

VEX.128.66.0F38.WIG 1C /r A VIV AVX Compute the absolute value of bytes in 

VPABSB xmm1, xmm2/m128 xmm2/m128 and store UNSIGNED result in 
xmm1. 

VEX.128.66.0F38.WIG 1D /r A VIV AVX Compute the absolute value of 16- bit 

VPABSW xmm1, xmm2/m128 integers in xmm2/m128 and store UNSIGNED 
result in xmm7. 

VEX.128.66.0F38.WIG 1€ /r A VIV AVX Compute the absolute value of 32- bit 

VPABSD xmm1, xmm2/m128 integers in xmm2/m128 and store UNSIGNED 
result in xmm7. 

VEX.256.66.0F38.WIG 1C /r A VIV AVX2 Compute the absolute value of bytes in 

VPABSB ymm1, ymm2/m256 ymm2/m256 and store UNSIGNED result in 
ymm1. 

VEX.256.66.0F38.WIG 1D /r A VIV AVX2 Compute the absolute value of 16-bit integers 

VPABSW ymm1, ymm2/m256 in ymm2/m256 and store UNSIGNED result in 
ymm1. 

VEX.256.66.0F38.WIG 1€ /r A VIV AVX2 Compute the absolute value of 32-bit integers 

VPABSD ymm1, ymm2/m256 in ymm2/m256 and store UNSIGNED result in 
ymm1. 

EVEX.128.66.0F38.WIG 1C /r B VIV AVX512VL | Compute the absolute value of bytes in 

VPABSB xmm1 {k1}{z}, xmm2/m128 AVX512BW | xmm2/m128 and store UNSIGNED result in 
xmm1 using writemask k1. 

EVEX.256.66.0F38.WIG 1C /r B VIV AVX512VL | Compute the absolute value of bytes in 

VPABSB ymm1 {k1}{z}, ymnm2/m256 AVX512BW | ymm2/m256 and store UNSIGNED result in 
ymm1 using writemask k1. 

EVEX.512.66.0F38.WIG 1C /r B VIV AVX512BW | Compute the absolute value of bytes in 

VPABSB zmm1 {k1}{z}, zmm2/m512 zmm2/m512 and store UNSIGNED result in 
zmm1 using writemask k1. 

EVEX.128.66.0F38.WIG 1D /r B VIV AVX512VL | Compute the absolute value of 16-bit integers 

VPABSW xmm1 {k1}{z}, xmm2/m128 AVX512BW | in xmm2/m128 and store UNSIGNED result in 


xmm1 using writemask k1. 


PABSB/PABSW/PABSD/PABSQ — Packed Absolute Value 


INSTRUCTION SET REFERENCE, M-U 


EVEX.256.66.0F38.WIG 1D /r B VV AVX512VL | Compute the absolute value of 16-bit integers 
VPABSW ymm1 {k1}{z}, ymm2/m256 AVX512BW | in ymm2/m256 and store UNSIGNED result in 
ymm1 using writemask k1. 
EVEX.512.66.0F38.WIG 1D /r B VIV AVX512BW | Compute the absolute value of 16-bit integers 
VPABSW zmm1 {k1}{z}, zmm2/m512 in zmm2/m512 and store UNSIGNED result in 
zmm1 using writemask k1. 
EVEX.128.66.0F38.WO 1€ /r C VIV AVX512VL | Compute the absolute value of 32-bit integers 
VPABSD xmm1 {k1}{z}, xmm2/m128/m32bcst AVX512F | inxmm2/m128/m32bcst and store UNSIGNED 
result in xmm1 using writemask k1. 
EVEX.256.66.0F38.W0 1€ /r C VV AVX512VL | Compute the absolute value of 32-bit integers 
VPABSD ymm1 {k1}{z}, ymnm2/m256/m32bcst AVX512F | in ymm2/m256/m32bcst and store UNSIGNED 
result in ymm1 using writemask k1. 
EVEX.512.66.0F38.WO 1€ /r C VIV AVX512F | Compute the absolute value of 32-bit integers 
VPABSD zmm1 {k1}{z}, zmm2/m512/m32bcst in zmm2/m512/m32bcst and store UNSIGNED 
result in zmm1 using writemask k1. 
EVEX.128.66.0F38.W1 1F /r C VIV AVX512VL | Compute the absolute value of 64-bit integers 
VPABSQ xmm1 {k1}{z}, xmm2/m128/m64bcst AVX512F | inxmm2/m128/m64bcst and store UNSIGNED 
result in xmm1 using writemask k1. 
EVEX.256.66.0F38.W1 1F /r C VIV AVX512VL | Compute the absolute value of 64-bit integers 
VPABSQ ymm1 {k1}{z}, ymnm2/m256/m64bcst AVX512F | in ymm2/m256/m64bcst and store UNSIGNED 
result in ymm1 using writemask k1. 
EVEX.512.66.0F38.W1 1F /r C VIV AVX512F | Compute the absolute value of 64-bit integers 
VPABSQ zmm1 {k1}{z}, zmm2/m512/m64bcst in zmm2/m512/m64bcst and store UNSIGNED 
result in zmm1 using writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Full Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
C Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


PABSB/W/D computes the absolute value of each data element of the source operand (the second operand) and 
stores the UNSIGNED results in the destination operand (the first operand). PABSB operates on signed bytes, 
PABSW operates on signed 16-bit words, and PABSD operates on signed 32-bit integers. 


EVEX encoded VPABSD/Q: The source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory location, 
or a 512/256/128-bit vector broadcasted from a 32/64-bit memory location. The destination operand is a 
ZMM/YMM/XMM register updated according to the writemask. 


EVEX encoded VPABSB/W: The source operand is a ZMM/YMM/XMM register, or a 512/256/128-bit memory loca- 
tion. The destination operand is a ZMM/YMM/XMM register updated according to the writemask. 


VEX.256 encoded versions: The source operand is a YMM register or a 256-bit memory location. The destination 
operand is a YMM register. The upper bits (MAXVL-1:256) of the corresponding register destination are zeroed. 


VEX.128 encoded versions: The source operand is an XMM register or 128-bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding register destination are zeroed. 
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128-bit Legacy SSE version: The source operand can be an XMM register or an 128-bit memory location. The desti- 
nation is an XMM register. The upper bits (VL_MAX-1:128) of the corresponding register destination are unmodi- 


fied. 


VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 


Operation 


PABSB with 128 bit operands: 
Unsigned DEST[7:0] := ABS(SRC[7: 0]) 
Repeat operation for 2nd through 15th bytes 
Unsigned DEST[127:120] := ABS(SRC[127:120]) 


VPABSB with 128 bit operands: 
Unsigned DEST[7:0] := ABS(SRC[7: 0]) 
Repeat operation for 2nd through 15th bytes 
Unsigned DEST[127:120] := ABS(SRC[127:120]) 


VPABSB with 256 bit operands: 
Unsigned DEST[7:0] := ABS(SRC[7: 0]) 
Repeat operation for 2nd through 31st bytes 
Unsigned DEST[255:248] := ABS(SRC[255:248]) 


VPABSB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 


FOR j := 0 TO KL-1 


i:=j*8 
IF k1[j] OR *no writemask* 
THEN 
Unsigned DEST[i+7:i] = ABS(SRC[i+7:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


PABSW with 128 bit operands: 
Unsigned DEST[15:0] := ABS(SRC[15:0]) 
Repeat operation for 2nd through 7th 16-bit words 
Unsigned DEST[127:112] := ABS(SRC[127:11 2]) 


VPABSW with 128 bit operands: 
Unsigned DEST[15:0] := ABS(SRC[15:0]) 
Repeat operation for 2nd through 7th 16-bit words 
Unsigned DEST[127:112] := ABS(SRC[127:11 2]) 


VPABSW with 256 bit operands: 
Unsigned DEST[15:0] := ABS(SRC[15:0]) 
Repeat operation for 2nd through 15th 16-bit words 
Unsigned DEST[255:240] := ABS(SRC[255:240]) 
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VPABSW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 


FOR j := 0 TO KL-1 


i:=j*16 
IF k1[j] OR *no writemask* 
THEN 
Unsigned DEST[i+15:i] = ABS(SRC[i+1 5:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


PABSD with 128 bit operands: 
Unsigned DEST[31:0] := ABS(SRC[31:0]) 
Repeat operation for 2nd through 3rd 32-bit double words 
Unsigned DEST[1 27:96] := ABS(SRC[127:96]) 


VPABSD with 128 bit operands: 
Unsigned DEST[31:0] := ABS(SRC[31:0]) 
Repeat operation for 2nd through 3rd 32-bit double words 
Unsigned DEST[1 27:96] := ABS(SRC[127:96]) 


VPABSD with 256 bit operands: 
Unsigned DEST[31:0] := ABS(SRC[31:0]) 
Repeat operation for 2nd through 7th 32-bit double words 
Unsigned DEST[255:224] := ABS(SRC[255:224]) 


VPABSD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC *is memory*) 
THEN 
Unsigned DEST[i+31:i] = ABS(SRC[31:0]) 
ELSE 
Unsigned DEST[i+31:i] = ABS(SRC[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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VPABSQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC *is memory’) 
THEN 
Unsigned DEST[i+63:i] := ABS(SRC[63:0]) 
ELSE 
Unsigned DEST[i+63:i] := ABS(SRC[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 


VPABSB__m512i_mm512_abs_epi8 (__m512i a) 
VPABSW__m512i__mm512_abs_epi16 (__m512i a) 
VPABSB__m512i_mm512_mask_abs_epi8 (__m512is,__ mmask64 m,_m512i a) 
VPABSW__m512i_mm512_mask_abs_epi16 (__m512is,__ mmask32 m,__m512i a) 
VPABSB__m512i_mm512_maskz_abs_epi8 (__mmask64 m,__m512i a) 
VPABSW__m512i_mm512_maskz_abs_epi16 (__mmask32 m,_m512i a) 
VPABSB__m256i __mm256_mask_abs_epi8 (__m256i s,___ mmask32 m, ___m256i a) 
VPABSW__m256i __mm256_mask_abs_epi16 (__m256is,__ mmask16 m, __m256i a) 
VPABSB__m256i __mm256_maskz_abs_epi8 (__mmask32 m, __m256i a) 
VPABSW__m256i__mm256_maskz_abs_epi16 (__mmask16 m, __m256i a) 
VPABSB__m128i __mm_mask_abs_epi8 (__m128is,__ mmask16 m, __m128i a) 
VPABSW__m128i __mm_mask_abs_epi16 (__m128is,__ mmask8 m, ___m128i a) 
VPABSB__m128i__mm_maskz_abs_epi8 (__mmask16 m, __m128i a) 
VPABSW__m128i __mm_maskz_abs_epi16 (__mmask8 m, __m128i a) 

VPABSD __m256i__mm256_mask_abs_epi32(__m256is,__ mmask8 k, __m256i a); 
VPABSD __m256i __mm256_maskz_abs_epi32(__mmask8 k, __m256i a); 

VPABSD __m128i __mm_mask_abs_epi32(__m128is,__ mmask8 k, __m128i a); 
VPABSD __m128i __mm_maskz_abs_epi32(__mmask8 k, __m128i a); 

VPABSD __m512i_mm512_abs_epi32(__m512i a); 

VPABSD __m512i_mm512_mask_abs_epi32(__m512is,__ mmask16 k,___m512i a); 
VPABSD __m512i_mm512_maskz_abs_epi32(__mmask16 k,__m512i a); 
VPABSQ __m512i_mm512_abs_epi64(__m512i a); 

VPABSQ __m512i__mm512_mask_abs_epi64(__m512i s,___mmask8 k, __m512i a); 
VPABSQ __m512i__mm512_maskz_abs_epi64(__mmask8 k, __m512i a); 

VPABSQ __m256i _mm256_mask_abs_epi64(__m256i s, __mmask8 k, __m256i a); 
VPABSQ __m256i _mm256_maskz_abs_epi64(__mmask8 k, __m256i a); 

VPABSQ __m128i _mm_mask_abs_epi64(__m128i s,___mmask8 k, __m128i a); 
VPABSQ __m128i __mm_maskz_abs_epi64(__mmask8 k, __m128i a); 

PABSB __m128i__mm_abs_epi8 (__m128i a) 

VPABSB __m128i_mm_abs_epi8 (__m128i a) 
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VPABSB __m256i_mm256_abs_epi8 (__m256i a) 
PABSW __m128i __mm_abs_epil6 (__m128i a) 
VPABSW __m128i __mm_abs_epi16 (__m128i a) 
VPABSW __m256i__mm256_abs_epi16 (__m256i a) 
PABSD __m128i_mm_abs_epi32 (__m128i a) 
VPABSD __m128i__mm_abs_epi32 (__m128i a) 
VPABSD __m256i__mm256_abs_epi32 (__m256i a) 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


INSTRUCTION SET REFERENCE, M-U 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded VPABSD/Q, see Table 2-49, “Type E4 Class Exception Conditions”. 


EVEX-encoded VPABSB/W, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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PACKSSWB/PACKSSDW—Pack with Signed Saturation 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature Flag 
Support 

NP OF 63 /r! A VIV MMX Converts 4 packed signed word integers from 

PACKSSWB mm1, mm2/m64 mm1 and from mm2/m64 into 8 packed 
signed byte integers in mm17 using signed 
saturation. 

66 OF 63 /r A VIV SSE2 Converts 8 packed signed word integers from 

PACKSSWB xmm1, xmm2/m128 xmm1 and from xmm2/m128 into 16 packed 
signed byte integers in xmm7 using signed 
saturation. 

NP OF 6B /r! A VIV MMX Converts 2 packed signed doubleword 

PACKSSDW mm1, mm2/m64 integers from mm17 and from mm2/m64 into 4 
packed signed word integers in mm7 using 
signed saturation. 

66 OF 6B /r A VIV SSE2 Converts 4 packed signed doubleword 

PACKSSDW xmm1, xmm2/m128 integers from xmm17 and from xmm2/m128 
into 8 packed signed word integers in xmm1 
using signed saturation. 

VEX.128.66.0F.WIG 63 /r B VIV AVX Converts 8 packed signed word integers from 

VPACKSSWB xmm1,xmm2, xmm3/m128 xmm_2 and from xmm3/m128 into 16 packed 
signed byte integers in xmm7 using signed 
saturation. 

VEX.128.66.0F.WIG 6B /r B VIV AVX Converts 4 packed signed doubleword 

VPACKSSDW xmm1,xmm2, xmm3/m128 integers from xmm_2 and from xmm3/m128 
into 8 packed signed word integers in xmm17 
using signed saturation. 

VEX.256.66.0F.wic 63 /r B VIV AVX2 Converts 16 packed signed word integers 

VPACKSSWB ymm1, ymm2, ymm3/m256 from ymm2 and from ymm3/m256 into 32 
packed signed byte integers in ymm7 using 
signed saturation. 

VEX.256.66.0F.WIG 6B /r B VIV AVX2 Converts 8 packed signed doubleword 

VPACKSSDW ymm1, ymm2, ymm3/m256 integers from ymm2 and from ymm3/m256 
into 16 packed signed word integers in 
ymm using signed saturation. 

EVEX.128.66.0F.WIG 63 /r C VIV AVX512VL | Converts packed signed word integers from 

VPACKSSWB xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm2 and from xmm3/m128 into packed 
signed byte integers in xmm17 using signed 
saturation under writemask k1. 

EVEX.256.66.0F.WIG 63 /r C VIV AVX512VL | Converts packed signed word integers from 

VPACKSSWB ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm2 and from ymm3/m256 into packed 
signed byte integers in ymm17 using signed 
saturation under writemask k1. 

EVEX.512.66.0F.WIG 63 /r C VIV AVX512BW | Converts packed signed word integers from 

VPACKSSWB zmm1 {k1}{z}, zmm2, zmm3/m512 zmme2 and from zmm3/m512 into packed 
signed byte integers in 2mm7 using signed 
saturation under writemask k1. 

EVEX.128.66.0F.WO 6B /r D VIV AVX512VL | Converts packed signed doubleword integers 

VPACKSSDW xmm1 {k1}{z}, xmm2, AVX512BW | from xmm2 and from xmm3/m128/m32bcst 

xmm3/m128/m32bcst into packed signed word integers in xmm1 
using signed saturation under writemask k1. 
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EVEX.256.66.0F.WO 6B /r D VIV AVX512VL | Converts packed signed doubleword integers 
VPACKSSDW ymm1 {k1}{z}, ymm2, AVX512BW | from ymm2 and from ymm3/m256/m32bcst 
ymm3/m256/m32bcst into packed signed word integers in ymm1 
using signed saturation under writemask k1. 
EVEX.512.66.0F.WO 6B /r D VIV AVX512BW | Converts packed signed doubleword integers 
VPACKSSDW zmm1 {k1}{z}, zmm2, from zmm2 and from zmm3/m512/m32bcst 
zmm3/m512/m32bcst into packed signed word integers in zmm1 
using signed saturation under writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
D Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Converts packed signed word integers into packed signed byte integers (PACKSSWB) or converts packed signed 
doubleword integers into packed signed word integers (PACKSSDW), using saturation to handle overflow condi- 
tions. See Figure 4-6 for an example of the packing operation. 


64-Bit SRC 64-Bit DEST 
aa: pe fa 


Di/CI|BIA 
64-Bit DEST 


Figure 4-6. Operation of the PACKSSDW Instruction Using 64-bit Operands 


PACKSSWEB converts packed signed word integers in the first and second source operands into packed signed byte 
integers using signed saturation to handle overflow conditions beyond the range of signed byte integers. If the 
signed word value is beyond the range of a signed byte value (i.e., greater than 7FH or less than 80H), the satu- 
rated signed byte integer value of 7FH or 80H, respectively, is stored in the destination. PACKSSDW converts 
packed signed doubleword integers in the first and second source operands into packed signed word integers using 
signed saturation to handle overflow conditions beyond 7FFFH and 8000H. 


EVEX encoded PACKSSWB: The first source operand is a ZMM/YMM/XMM register. The second source operand is a 
ZMM/YMM/XMM register or a 512/256/128-bit memory location. The destination operand is a ZMM/YMM/XMM 
register, updated conditional under the writemask k1. 


EVEX encoded PACKSSDW: The first source operand is a ZMM/YMM/XMM register. The second source operand is a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector broadcasted from a 32- 
bit memory location. The destination operand is a ZMM/YMM/XMM register, updated conditional under the 
writemask k1. 
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VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of the 
corresponding ZMM register destination are zeroed. 

VEX.128 encoded version: The first source operand is an XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 

128-bit Legacy SSE version: The first source operand is an XMM register. The second operand can be an XMM 
register or an 128-bit memory location. The destination is not distinct from the first source XMM register and the 
upper bits (MAXVL-1:128) of the corresponding ZMM destination register destination are unmodified. 


Operation 


PACKSSWEB instruction (128-bit Legacy SSE version) 
DEST[7:0] := SaturateSignedWordToSignedByte (DEST[15:0)); 
DEST[15:8] := SaturateSignedWordToSignedByte (DEST[31:16]); 
DEST[23:16] := SaturateSignedWordToSignedByte (DEST[47:32]); 
DEST[31:24] := SaturateSignedWordToSignedByte (DEST[63:48)); 
DEST[39:32] := SaturateSignedWordToSignedByte (DEST[79:64)); 
DEST[47:40] := SaturateSignedWordToSignedByte (DEST[95:80)); 
DEST[55:48] := SaturateSignedWordToSignedByte (DEST[1 1 1:96)); 
DEST[63:56] := SaturateSignedWordToSignedByte (DEST[127:112]); 
DEST[7 1:64] := SaturateSignedWordToSignedByte (SRC[15:0)); 
DEST[79:72] := SaturateSignedWordToSignedByte (SRC[31:16)); 
DEST[87:80] := SaturateSignedWordToSignedByte (SRC[47:32]); 
DEST[95:88] := SaturateSignedWordToSignedByte (SRC[63:48)); 
DEST[103:96] := SaturateSignedWordToSignedByte (SRC[79:64)); 
DEST[111:104] := SaturateSignedWordToSignedByte (SRC[95:80)); 
DEST[119:112] := SaturateSignedWordToSignedByte (SRC[1 1 1:96)); 
DEST[127:120] := SaturateSignedWordToSignedByte (SRC[127:112]); 
DEST[MAXVL-1:128] (Unmodified) 


EE ee ee 


PACKSSDwW instruction (128-bit Legacy SSE version) 
DEST[15:0] := SaturateSignedDwordToSignedWord (DEST[31:0]); 
DEST[31:16] := SaturateSignedDwordToSignedWord (DEST[63:32]); 
DEST[47:32] := SaturateSignedDwordToSignedWord (DEST[95:64}); 
DEST[63:48] := SaturateSignedDwordToSignedWword (DEST[127:96)); 
DEST[79:64] := SaturateSignedDwordToSignedWord (SRC[31:0)); 
DEST[95:80] := SaturateSignedDwordToSignedWord (SRC[63:32)); 
DEST[1 11:96] := SaturateSignedDwordToSignedWord (SRC[95:64}); 
DEST[127:112] := SaturateSignedDwordT oSignedWord (SRC[127:96)); 
DEST[MAXVL-1:128] (Unmodified) 
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VPACKSSWB instruction (VEX.128 encoded version) 
DEST[7:0] := SaturateSignedWordToSignedByte (SRC1[15:0]); 
DEST[15:8] := SaturateSignedWordToSignedByte (SRC1[31:16]); 
DEST[23:16] := SaturateSignedWordT oSignedByte (SRC1[47:32]); 
DEST[31:24] := SaturateSignedWordToSignedByte (SRC1[63:48}); 
DEST[39:32] := SaturateSignedWordT oSignedByte (SRC1[79:64]) 
DEST[47:40] := SaturateSignedWordToSignedByte (SRC1[95:80}); 
DEST[55:48] := SaturateSignedWordToSignedByte (SRC1[1 1 1:96]); 
DEST[63:56] := SaturateSignedWordToSignedByte (SRC1[127:112]); 
DEST[7 1:64] := SaturateSignedWordToSignedByte (SRC2[15:0]); 
DEST[79:72] := SaturateSignedWordT oSignedByte (SRC2[31:16]); 
DEST[87:80] := SaturateSignedWordToSignedByte (SRC2[47:32]); 
DEST[95:88] := SaturateSignedWordToSignedByte (SRC2[63:48}); 
DEST[103:96] := SaturateSignedWordT oSignedByte (SRC2[79:64}); 
DEST[111:104] := SaturateSignedWordToSignedByte (SRC2[95:80)); 
DEST[119:1 12] := SaturateSignedWordToSignedByte (SRC2[1 1 1:96)); 
DEST[127:120] := SaturateSignedWordToSignedByte (SRC2[127:112]); 
DEST[MAXVL-1:128] := 0; 


In 


Ee ae a ea ee ee ee ee, 


VPACKSSDwW instruction (VEX.128 encoded version) 
DEST[15:0] := SaturateSignedDwordT oSignedWord (SRC1[31:0)); 
DEST[31:16] := SaturateSignedDwordToSignedWord (SRC1[63:32]); 
DEST[47:32] := SaturateSignedDwordToSignedWord (SRC1[95:64}); 
DEST[63:48] := SaturateSignedDwordToSignedWord (SRC1[127:96]); 
DEST[79:64] := SaturateSignedDwordToSignedWord (SRC2[31:0}); 
DEST[95:80] := SaturateSignedDwordToSignedWord (SRC2[63:32]); 
DEST[1 11:96] := SaturateSignedDwordToSignedWord (SRC2[95:64}); 
DEST[127:112] := SaturateSignedDwordToSignedWord (SRC2[127:96]); 
DEST[MAXVL-1:128] := 0; 


VPACKSSWB instruction (VEX.256 encoded version) 
DEST[7:0] := SaturateSignedWordToSignedByte (SRC1[15:0]); 
DEST[15:8] := SaturateSignedWordToSignedByte (SRC1[31:16]); 
DEST[23:16] := SaturateSignedWordToSignedByte (SRC1[47:32]); 
DEST[31:24] := SaturateSignedWordToSignedByte (SRC1[63:48}); 
DEST[39:32] := SaturateSignedWordT oSignedByte (SRC1[79:64]) 
DEST[47:40] := SaturateSignedWordToSignedByte (SRC1[95:80}); 
DEST[55:48] := SaturateSignedWordToSignedByte (SRC1[1 1 1:96]); 
DEST[63:56] := SaturateSignedWordToSignedByte (SRC1[127:112]); 
DEST[7 1:64] := SaturateSignedWordToSignedByte (SRC2[15:0]); 
DEST[79:72] := SaturateSignedWordToSignedByte (SRC2[31:16]); 
DEST[87:80] := SaturateSignedWordT oSignedByte (SRC2[47:32]); 
DEST[95:88] := SaturateSignedWordT oSignedByte (SRC2[63:48}); 
DEST[103:96] := SaturateSignedWordToSignedByte (SRC2[79:64}); 
DEST[111:104] := SaturateSignedWordToSignedByte (SRC2[95:80)); 
DEST[1 19:1 12] := SaturateSignedWordToSignedByte (SRC2[1 1 1:96)); 
DEST[127:120] := SaturateSignedWordToSignedByte (SRC2[127:112]) 
DEST[135:1 28] := SaturateSignedWordToSignedByte (SRC1[143:128]) 
DEST[143:1 36] := SaturateSignedWordToSignedByte (SRC1[159:144}) 
DEST[151:144] := SaturateSignedWordToSignedByte (SRC1[175:160}); 
DEST[159:152] := SaturateSignedWordToSignedByte (SRC1[191:176]) 
( ) 
( ) 
( ) 


in 


ima (jpn imi, ji gates, gama ‘giao, am 


DEST[167:160] := SaturateSignedWordToSignedByte (SRC1[207:192] 
DEST[175:168] := SaturateSignedWordToSignedByte (SRC1[223:208] 
DEST[183:1 76] := SaturateSignedWordToSignedByte (SRC1[239:224] 
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DEST[191:184] := SaturateSignedWordToSignedByte (SRC1[255:240}); 
DEST[199:192] := SaturateSignedWordToSignedByte (SRC2[143:128}); 
DEST[207:200] := SaturateSignedWordToSignedByte (SRC2[159:144] 

DEST[215:208] := SaturateSignedWordToSignedByte (SRC2[175:160}); 


( ) 
( ) 
( ) 
( ) 
DEST[223:216] := SaturateSignedWordToSignedByte (SRC2[191:176)); 
( ) 
( ) 
( ) 
( ) 


In 


i" 


DEST[231:224] := SaturateSignedWordToSignedByte (SRC2[207:192] 
DEST[239:232] := SaturateSignedWordToSignedByte (SRC2[223:208] 
DEST[247:240] := SaturateSignedWordToSignedByte (SRC2[239:224] 
DEST[255:248] := SaturateSignedWordToSignedByte (SRC2[255:240] 
DEST[MAXVL-1:256] := 0; 


In 


I" 


In 


VPACKSSDwW instruction (VEX.256 encoded version) 
DEST[15:0] := SaturateSignedDwordT oSignedWord (SRC1[31:0)); 
DEST[31:16] := SaturateSignedDwordToSignedWord (SRC1[63:32]); 
DEST[47:32] := SaturateSignedDwordToSignedWord (SRC1[95:64}); 
DEST[63:48] := SaturateSignedDwordToSignedWord (SRC1[127:96]); 
DEST[79:64] := SaturateSignedDwordToSignedWord (SRC2[31:0]); 
DEST[95:80] := SaturateSignedDwordToSignedWord (SRC2[63:32]); 
DEST[1 11:96] := SaturateSignedDwordToSignedWord (SRC2[95:64)); 
DEST[127:112] := SaturateSignedDwordToSignedWord (SRC2[127:96]); 
DEST[143:128] := SaturateSignedDwordToSignedWord (SRC1[159:128}) 
DEST[159:144] := SaturateSignedDwordToSignedWord (SRC1[191:160]) 
DEST[175:160] := SaturateSignedDwordToSignedWord (SRC1[223:192]) 
DEST[191:176] := SaturateSignedDwordToSignedWord (SRC1[255:224]); 
DEST[207:192] := SaturateSignedDwordToSignedWord (SRC2[159:128}) 
DEST[223:208] := SaturateSignedDwordToSignedWord (SRC2[191:160]) 
DEST[239:224] := SaturateSignedDwordToSignedWord (SRC2[223:192]) 
DEST[255:240] := SaturateSignedDwordToSignedWord (SRC2[255:224}) 
DEST[MAXVL-1:256] := 0; 


aa ina, ms Sai, Gps pata, ps 


VPACKSSWB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
TMP_DEST[7:0] := SaturateSignedWordToSignedByte (SRC1[15:0]); 
TMP_DEST[15:8] := SaturateSignedWordToSignedByte (SRC1[31:16]); 
TMP_DEST[23:16] := SaturateSignedWordToSignedByte (SRC1[47:32]); 
TMP_DEST[31:24] := SaturateSignedWordToSignedByte (SRC1[63:48)); 
TMP_DEST[39:32] := SaturateSignedWordToSignedByte (SRC1[79:64]) 
TMP_DEST[47:40] := SaturateSignedWordToSignedByte (SRC1[95:80)); 
TMP_DEST[55:48] := SaturateSignedWordToSignedByte (SRC1[1 1 1:96)); 
TMP_DEST[63:56] := SaturateSignedWordToSignedByte (SRC1[127:112]); 
TMP_DEST[7 1:64] := SaturateSignedWordToSignedByte (SRC2[15:0)); 
TMP_DEST[79:72] := SaturateSignedWordToSignedByte (SRC2[31:16]); 
TMP_DEST[87:80] := SaturateSignedWordToSignedByte (SRC2[47:32]); 
TMP_DEST[95:88] := SaturateSignedWordToSignedByte (SRC2[63:48)); 
TMP_DEST[103:96] := SaturateSignedWordToSignedByte (SRC2[79:64)); 
TMP_DEST[111:104] := SaturateSignedWordToSignedByte (SRC2[95:80)); 
TMP_DEST[119:112] := SaturateSignedWordToSignedByte (SRC2[1 1 1:96)); 
TMP_DEST[127:120] := SaturateSignedWordToSignedByte (SRC2[1 27:11 2)); 
IF VL >= 256 

TMP_DEST[135:128] := SaturateSignedWordToSignedByte (SRC1[143:128] 


In 


en a ee eee 


( ); 
TMP_DEST[143:136] := SaturateSignedWordToSignedByte (SRC1[159:144)); 
TMP_DEST[151:144] := SaturateSignedWordToSignedByte (SRC1[175:160)); 
( ); 
( ) 


TMP_DEST[159:152] := SaturateSignedWordToSignedByte (SRC1[191:176] 
TMP_DEST[167:160] := SaturateSignedWordToSignedByte (SRC1[207:192] 


I" 


In 
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Fl; 


TMP_DEST[1 75:168] := SaturateSignedWordToSignedByte (SRC1[223:208)); 
TMP_DEST[183:1 76] := SaturateSignedWordToSignedByte (SRC1[239:224]); 
TMP_DEST[191:184] := SaturateSignedWordToSignedByte (SRC1[255:240)); 
TMP_DEST[199:1 92] := SaturateSignedWordToSignedByte (SRC2[143:128)); 
TMP_DEST[207:200] := SaturateSignedWordToSignedByte (SRC2[159:144}); 
TMP_DEST[215:208] := SaturateSignedWordToSignedByte (SRC2[175:160)); 
TMP_DEST[223:216] := SaturateSignedWordToSignedByte (SRC2[191:176]); 
TMP_DEST[231:224] := SaturateSignedWordToSignedByte (SRC2[207:192)); 
TMP_DEST[239:232] := SaturateSignedWordToSignedByte (SRC2[223:208)); 
TMP_DEST[247:240] := SaturateSignedWordToSignedByte (SRC2[239:224}); 
TMP_DEST[255:248] := SaturateSignedWordToSignedByte (SRC2[255:240)); 


IF VL >=512 


Fl; 


TMP_DEST[263:256] := SaturateSignedWordToSignedByte 
TMP_DEST[271:264] := SaturateSignedWordToSignedByte 
TMP_DEST[279:272] := SaturateSignedWordToSignedByte 
TMP_DEST[287:280] := SaturateSignedWordToSignedByte 
TMP_DEST[295:288] := SaturateSignedWordToSignedByte 
TMP_DEST[303:296] := SaturateSignedWordToSignedByte 
TMP_DEST[31 1:304] := SaturateSignedWordToSignedByte 
TMP_DEST[319:312] := SaturateSignedWordToSignedByte 


SRC1[271:256]); 
SRC1[287:272]); 
SRC1[303:288)); 
SRC1[319:304)); 
SRC1[335:320] 
SRC1[351:336] 
SRC1[367:352] 
SRC1[383:368] 


in 


I" 


In 


In 


RR 
a 


TMP_DEST[327:320] := SaturateSignedWordToSignedByte 
TMP_DEST[335:328] := SaturateSignedWordToSignedByte 
TMP_DEST[343:336] := SaturateSignedWordToSignedByte 
TMP_DEST[351:344] := SaturateSignedWordToSignedByte 
TMP_DEST[359:352] := SaturateSignedWordToSignedByte 
TMP_DEST[367:360] := SaturateSignedWordToSignedByte 
TMP_DEST[375:368] := SaturateSignedWordToSignedByte 
TMP_DEST[383:376] := SaturateSignedWordToSignedByte 


SRC2[271:256)]); 
SRC2[287:272]); 
SRC2[303:288)); 
SRC2[319:304)); 
SRC2[335:320)); 
SRC2[351:336)); 
SRC2[367:352)); 
SRC2[383:368)); 


i ae pata (pati. pitas, (fata: pit 


TMP_DEST[391:384] := SaturateSignedWordToSignedByte 
TMP_DEST[399:392] := SaturateSignedWordToSignedByte 
TMP_DEST[407:400] := SaturateSignedWordToSignedByte 
TMP_DEST[415:408] := SaturateSignedWordToSignedByte 
TMP_DEST[423:416] := SaturateSignedWordToSignedByte 
TMP_DEST[431:424] := SaturateSignedWordToSignedByte 
TMP_DEST[439:432] := SaturateSignedWordToSignedByte 
TMP_DEST[447:440] := SaturateSignedWordToSignedByte 


SRC1[399:384]); 
SRC1[415:400)); 
SRC1[431:416]); 
SRC1[447:432]); 
SRC1[463:448)]) 
SRC1[479:464)); 
SRC1[495:480)); 


SRC1[511:496)); 


In 


In 


(a pn im ip i te 


TMP_DEST[455:448] := SaturateSignedWordToSignedByte 
TMP_DEST[463:456] := SaturateSignedWordToSignedByte 
TMP_DEST[471:464] := SaturateSignedWordToSignedByte 
TMP_DEST[479:472] := SaturateSignedWordToSignedByte 
TMP_DEST[487:480] := SaturateSignedWordToSignedByte 
TMP_DEST[495:488] := SaturateSignedWordToSignedByte 
TMP_DEST[503:496] := SaturateSignedWordToSignedByte 
TMP_DEST[511:504] := SaturateSignedWordToSignedByte 


SRC2[399:384)]); 
SRC2[415:400)); 
SRC2[431:416]); 
SRC2[447:432]); 
SRC2[463:448)); 
SRC2[479:464)); 
SRC2[495:480)); 
SRC2[511:496)); 


(a (iin, fits, | an pitanja, ein: Gita, 


FOR j := 0 TO KL-1 


i:=j*8 
IF k1[j] OR *no writemask* 
THEN 
DEST[i+7:i] := TMP_DEST[i+7:i] 
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ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


VPACKSSDW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO ((KL/2) - 1) 

i:=j* 32 


IF (EVEX.b == 1) AND (SRC2 *is memory*) 


THEN 
TMP_SRC2[i+31:i] := SRC2[31:0] 
ELSE 
TMP_SRC2[i+31:i] := SRC2[i+31:i] 
Fl; 
ENDFOR; 


TMP_DEST[15:0] := SaturateSignedDwordToSignedWord (SRC1[31:0)); 
TMP_DEST[31:16] := SaturateSignedDwordToSignedWord (SRC1[63:32]); 
TMP_DEST[47:32] := SaturateSignedDwordToSignedword (SRC1[95:64)); 
TMP_DEST[63:48] := SaturateSignedDwordToSignedword (SRC1[127:96]); 
TMP_DEST[79:64] := SaturateSignedDwordToSignedword (TMP_SRC2[31:0]); 
TMP_DEST[95:80] := SaturateSignedDwordToSignedword (TMP_SRC2[63:32]); 
TMP_DEST[1 1 1:96] := SaturateSignedDwordToSignedword (TMP_SRC2[95:64)); 
TMP_DEST[127:112] := SaturateSignedDwordToSignedword (TMP_SRC2[127:96)); 
IF VL >= 256 
TMP_DEST[143:128] := SaturateSignedDwordToSignedWord (SRC1[159:128] 
TMP_DEST[159:144] := SaturateSignedDwordToSignedWord (SRC1[191:160] 
TMP_DEST[175:160] := SaturateSignedDwordToSignedWord (SRC1[223:192] 
TMP_DEST[191:1 76] := SaturateSignedDwordToSignedWord (SRC1[255:224] 
TMP_DEST[207:1 92] := SaturateSignedDwordToSignedword 
TMP_DEST[223:208] := SaturateSignedDwordToSignedword 
TMP_DEST[239:224] := SaturateSignedDwordToSignedword 
TMP_DEST[255:240] := SaturateSignedDwordToSignedword 


I" 


In 


In 


a) 


i" 


lO 


Fl; 
IF VL >= 512 
TMP_DEST[271:256] := SaturateSignedDwordToSignedword (SRC1[287:256]); 
TMP_DEST[287:272] := SaturateSignedDwordToSignedword (SRC1[319:288]); 
) 
) 


TMP_DEST[303:288] := SaturateSignedDwordToSignedWord (SRC1[351:320] 
TMP_DEST[319:304] := SaturateSignedDwordToSignedword (SRC1[383:352]); 


in 


TMP_DEST[335:320] := SaturateSignedDwordToSignedword (TMP_SRC2[287:256] 

(TMP_SRC2[319:288] 
TMP_DEST[367:352] := SaturateSignedDwordToSignedword (TMP_SRC2[351:320] 
TMP_DEST[383:368] := SaturateSignedDwordToSignedword (TMP_SRC2[383:352] 


TMP_DEST[351:336] := SaturateSignedDwordToSignedword 


TMP_DEST[399:384] := SaturateSignedDwordToSignedword (SRC1[415:384]); 
TMP_DEST[415:400] := SaturateSignedDwordToSignedword (SRC1[447:416]); 
TMP_DEST[431:416] := SaturateSignedDwordToSignedword (SRC1[479:448]); 
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TMP_SRC2[159:128] 
TMP_SRC2[191:160] 
TMP_SRC2[223:192] 
TMP_SRC2[255:224] 


fi 


fi 


fi 


1 


fi 


fi 


fi 


fi 
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TMP_DEST[447:432] := SaturateSignedDwordToSignedword (SRC1[51 1:480)); 

TMP_DEST[463:448] := SaturateSignedDwordT oSignedWord (TMP_SRC2[41 5:384}); 

TMP_DEST[479:464] := SaturateSignedDwordToSignedword (TMP_SRC2[447:416)]); 
( )s 
( ) 


TMP_DEST[495:480] := SaturateSignedDwordToSignedWord (TMP_SRC2[479:448] 
TMP_DEST[51 1:496] := SaturateSignedDwordToSignedWord (TMP_SRC2[51 1:480] 


in 


in 


Fl; 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = TMP_DEST[i+15:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 


VPACKSSDW__m512i_mm512_packs_epi32(__m512im1,___m512i m2); 
VPACKSSDW__m512i_mm512_mask_packs_epi32(__m512is,__mmask32 k,__m512im1,__m512i m2); 
VPACKSSDW__m512i_mm512_maskz_packs_epi32(__ mmask32 k,__m512im1,__m512i m2); 
VPACKSSDW__m256i__mm256_mask_packs_epi32(__m256is,__ mmask16 k,__ m256i m1,_ m256i m2); 
VPACKSSDW__m256i __mm256_maskz_packs_epi32(__ mmask16 k,__ m256i m1, ___m256i m2); 
VPACKSSDW__m128i __mm_mask_packs_epi32(__m128is,__ mmask8 k,__m128i m1,__m128i m2); 
VPACKSSDW__m128i __mm_maskz_packs_epi32(__mmask8 k,___m128im1,__m128i m2); 
VPACKSSWB__m512i_mm512_packs_epi16(__m512im1,___m512i m2); 
VPACKSSWB__m512i__mm512_mask_packs_epi16(__m512i s,__ mmask32 k,__m512im1,__m512i m2); 
VPACKSSWB__m512i_mm512_maskz_packs_epi16(__mmask32 k,__m512im1,__m512i m2); 
VPACKSSWB__m256i__mm256_mask_packs_epi16(__m256is,__ mmask16 k,__ m256im1,__ m256i m2); 
VPACKSSWB__m256i __mm256_maskz_packs_epi16(__mmask16 k,__ m256i m1,__ m256i m2); 
VPACKSSWB__m128i __mm_mask_packs_epi16(__m128is,__ mmask8 k,__m128im1,__m128i m2); 
VPACKSSWB__m128i __mm_maskz_packs_epi16(__mmask8 k,__m128i m1,__m128i m2); 

PACKSSWB __m128i__mm_packs_epi16(__m128i m1,_m128i m2) 

PACKSSDW __m128i__mm_packs_epi32(__m128i m1, __m128i m2) 

VPACKSSWB __m256i __mm256_packs_epi16(__m256i m1,__ m256i m2) 

VPACKSSDW __m256i__mm256_packs_epi32(__m256i m1,__ m256i m2) 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 

EVEX-encoded VPACKSSDW, see Table 2-50, “Type E4NF Class Exception Conditions”. 

EVEX-encoded VPACKSSWB, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 

66 OF 38 2B /r A VIV SSE4_1 Convert 4 packed signed doubleword integers from xmm1 

PACKUSDW xmm1, xmm2/m128 and 4 packed signed doubleword integers from 
xmm2/m1 28 into 8 packed unsigned word integers in 
Xmm71 using unsigned saturation. 

VEX.128.66.0F38 2B /r B VIV AVX Convert 4 packed signed doubleword integers from xmm2 

VPACKUSDW xmm1,xmm2, and 4 packed signed doubleword integers from 

xmm3/m128 xmm3/m1 28 into 8 packed unsigned word integers in 
Xmm_71 using unsigned saturation. 

VEX.256.66.0F38 2B /r B VIV AVX2 Convert 8 packed signed doubleword integers from ymm2 

VPACKUSDW ymm1, ymm2, and 8 packed signed doubleword integers from 

ymm3/m256 ymm3/m256 into 16 packed unsigned word integers in 
ymm1 using unsigned saturation. 

EVEX.128.66.0F38.W0 2B /r C VIV AVX512VL Convert packed signed doubleword integers from xmm2 

VPACKUSDW xmm1{k1}{z}, AVX512BW | and packed signed doubleword integers from 

xmm2, xmm3/m128/m32bcst xmm3/m128/m32bcst into packed unsigned word integers 
in xmm1 using unsigned saturation under writemask k1. 

EVEX.256.66.0F38.W0 2B /r C VIV AVX512VL Convert packed signed doubleword integers from ymm2 

VPACKUSDW ymm1{k1}{z}, AVX512BW | and packed signed doubleword integers from 

ymm2, ymm3/m256/m32bcst ymm3/m256/m32bcst into packed unsigned word integers 
in ymm1 using unsigned saturation under writemask k1. 

EVEX.512.66.0F38.W0 2B /r C VIN AVX512BW | Convert packed signed doubleword integers from zmm2 

VPACKUSDW zmm1{k1}{z}, and packed signed doubleword integers from 

zmm2, zmm3/m5 12/m32bcst zmm3/m512/m32bcst into packed unsigned word integers 
in zmm1 using unsigned saturation under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Converts packed signed doubleword integers in the first and second source operands into packed unsigned word 
integers using unsigned saturation to handle overflow conditions. If the signed doubleword value is beyond the 
range of an unsigned word (that is, greater than FFFFH or less than OOOOH), the saturated unsigned word integer 
value of FFFFH or OOOOH, respectively, is stored in the destination. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand is a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector broadcasted from a 32- 
bit memory location. The destination operand is a ZMM register, updated conditionally under the writemask k1. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of the 
corresponding ZMM register destination are zeroed. 


VEX.128 encoded version: The first source operand is an XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


128-bit Legacy SSE version: The first source operand is an XMM register. The second operand can be an XMM 
register or an 128-bit memory location. The destination is not distinct from the first source XMM register and the 
upper bits (MAXVL-1:128) of the corresponding destination register destination are unmodified. 
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Operation 


PACKUSDW (Legacy SSE instruction) 

TMP[15:0] := (DEST[31:0] < 0) ? 0: DEST[15:0); 

DEST[15:0] := (DEST[31:0] > FFFFH) ? FFFFH : TMP[15:0] ; 
TMP[31:16] := (DEST[63:32] < 0)? 0 : DEST[47:32]; 
DEST[31:16] := (DEST[63:32] > FFFFH) ? FFFFH : TMP[31:16] ; 
TMP[47:32] := (DEST[95:64] < 0) ? 0 : DEST[79:64]; 
DEST[47:32] := (DEST[95:64] > FFFFH) ? FFFFH : TMP[47:32]; 
TMP[63:48] := (DEST[127:96] < 0) ? 0: DEST[111:96]; 
DEST[63:48] := (DEST[127:96] > FFFFH) ? FFFFH : TMP[63:48] ; 
TMP[79:64] := (SRC[31:0] < 0) ? 0: SRC[15:0]; 

DEST[79:64] := (SRC[31:0] > FFFFH) ? FFFFH : TMP[79:64] ; 
TMP[95:80] := (SRC[63:32] < 0) ? 0: SRC[47:32]; 

DEST[95:80] := (SRC[63:32] > FFFFH) ? FFFFH : TMP[95:80] ; 
TMP[1 11:96] := (SRC[95:64] < 0)? 0: SRC[79:64]; 
DEST[111:96] := (SRC[95:64] > FFFFH) ? FFFFH : TMP[11 1:96] ; 
TMP[127:112] := (SRC[127:96] < 0) ? 0: SRC[11 1:96]; 
DEST[127:112] := (SRC[127:96] > FFFFH) ? FFFFH : TMP[127:112]; 
DEST[MAXVL-1:1 28] (Unmodified) 


PACKUSDW (VEX.128 encoded version) 

TMP[15:0] := (SRC1[31:0] < 0) ? 0: SRC1[15:0]; 

DEST[15:0] := (SRC1[31:0] > FFFFH) ? FFFFH : TMP[15:0] ; 
TMP[31:16] := (SRC1[63:32] < 0)? 0: SRC1[47:32]; 
DEST[31:16] := (SRC1[63:32] > FFFFH) ? FFFFH : TMP[31:16]; 
TMP[47:32] := (SRC1[95:64] < 0) ? 0: SRC1[79:64]; 
DEST[47:32] := (SRC1[95:64] > FFFFH) ? FFFFH : TMP[47:32] ; 
TMP[63:48] := (SRC1[127:96] < 0) ? 0: SRC1[111:96]; 
DEST[63:48] := (SRC1[127:96] > FFFFH) ? FFFFH : TMP[63:48] ; 
TMP[79:64] := (SRC2[31:0] < 0)? 0: SRC2[15:0]; 

DEST[79:64] := (SRC2[31:0] > FFFFH) ? FFFFH : TMP[79:64] ; 
TMP[95:80] := (SRC2[63:32] < 0) ? 0 : SRC2[47:32]; 
DEST[95:80] := (SRC2[63:32] > FFFFH) ? FFFFH : TMP[95:80] ; 
TMP[1 11:96] := (SRC2[95:64] < 0) ? 0: SRC2[79:64]; 

DEST[1 11:96] := (SRC2[95:64] > FFFFH) ? FFFFH : TMP[1 11:96]; 
TMP[127:112] := (SRC2[127:96] < 0)? 0: SRC2[111:96]; 


DEST[127:112] := (SRC2[127:96] > FFFFH) ? FFFFH : TMP[127:11 2]; 


DEST[MAXVL-1:128] := 0; 


VPACKUSDW (VEX.256 encoded version) 

TMP[15:0] := (SRC1[31:0] < 0) ? 0: SRC1[15:0]; 

DEST[15:0] := (SRC1[31:0] > FFFFH) ? FFFFH : TMP[15:0] ; 
TMP[31:16] := (SRC1[63:32] < 0) ? 0: SRC1[47:32]; 
DEST[31:16] := (SRC1[63:32] > FFFFH) ? FFFFH : TMP[31:16] ; 
TMP[47:32] := (SRC1[95:64] < 0) ? 0: SRC1[79:64]; 
DEST[47:32] := (SRC1[95:64] > FFFFH) ? FFFFH : TMP[47:32] ; 
TMP[63:48] := (SRC1[127:96] < 0) ? 0: SRC1[111:96]; 
DEST[63:48] := (SRC1[127:96] > FFFFH) ? FFFFH : TMP[63:48] ; 
TMP[79:64] := (SRC2[31:0] < 0)? 0: SRC2[15:0]; 

DEST[79:64] := (SRC2[31:0] > FFFFH) ? FFFFH : TMP[79:64] ; 
TMP[95:80] := (SRC2[63:32] < 0) ? 0: SRC2[47:32]; 
DEST[95:80] := (SRC2[63:32] > FFFFH) ? FFFFH : TMP[95:80] ; 
TMP[11 1:96] := (SRC2[95:64] < 0) ? 0: SRC2[79:64]; 

DEST[1 11:96] := (SRC2[95:64] > FFFFH) ? FFFFH : TMP[11 1:96]; 
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TMP[127:1 12] := (SRC2[127:96] < 0)? 0: SRC2[11 1:96]; 
DEST[127:112] := (SRC2[127:96] > FFFFH) ? FFFFH : TMP[127:112]; 
TMP[143:1 28] := (SRC1[159:128] < 0) ? 0: SRC1[143:128]; 
DEST[143:128] := (SRC1[159:128] > FFFFH) ? FFFFH : TMP[143:128] ; 
TMP[159:1 44] := (SRC1[191:160] < 0) ? 0: SRC1[175:160]; 
DEST[159:144] := (SRC1[191:160] > FFFFH) ? FFFFH : TMP[159:1 44] ; 
TMP[175:160] := (SRC1[223:192] < 0)? 0: SRC1[207:192]; 
DEST[175:160] := (SRC1[223:192] > FFFFH) ? FFFFH : TMP[175:160] ; 
TMP[191:1 76] := (SRC1[255:224] < 0)? 0: SRC1[239:224]; 
DEST[191:176] := (SRC1[255:224] > FFFFH) ? FFFFH : TMP[191:1 76] ; 
TMP[207:1 92] := (SRC2[159:128] < 0) ? 0: SRC2[143:1 28]; 
DEST[207:192] := (SRC2[159:128] > FFFFH) ? FFFFH : TMP[207:192] ; 
TMP[223:208] := (SRC2[191:160] < 0) ? 0: SRC2[175:160]; 
DEST[223:208] := (SRC2[191:160] > FFFFH) ? FFFFH : TMP[223:208] ; 
TMP[239:224] := (SRC2[223:192] < 0)? 0: SRC2[207:192]; 
DEST[239:224] := (SRC2[223:192] > FFFFH) ? FFFFH : TMP[239:224] ; 
TMP[255:240] := (SRC2[255:224] < 0)? 0: SRC2[239:224]; 
DEST[255:240] := (SRC2[255:224] > FFFFH) ? FFFFH : TMP[255:240] ; 
DEST[MAXVL-1:256] := 0; 


VPACKUSDW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO ((KL/2) - 1) 

i:=j* 32 


IF (EVEX.b == 1) AND (SRC2 *is memory*) 


THEN 
TMP_SRC2Z[i+31:i] := SRC2[31:0] 
ELSE 
TMP_SRC2[i+31:i] := SRC2[i+31:i] 
Fl; 
ENDFOR; 


TMP[15:0] := (SRC1[31:0] < 0)? 0: SRC1[15:0}; 
DEST[15:0] := (SRC1[31:0] > FFFFH) ? FFFFH : TMP[15:0]; 
TMP[31:16] = (SRC1[63:32] < 0)? 0: SRC1[47:32]; 
DEST[31:16] := (SRC1[63:32] > FFFFH) ? FFFFH : TMP[31:16] ; 
TMP[47:32] := (SRC1[95:64] < 0)? 0: SRC1[79:64]; 
DEST[47:32] := (SRC1[95:64] > FFFFH) ? FFFFH : TMP[47:32] ; 
TMP[63:48] := (SRC1[127:96] < 0)? 0: SRC1[111:96]; 
DEST[63:48] := (SRC1[127:96] > FFFFH) ? FFFFH : TMP[63:48] ; 
TMP[79:64] := (TMP_SRC2[31:0] < 0)? 0: TMP_SRC2[15:0]; 
DEST[79:64] := (TMP_SRC2[31:0] > FFFFH) ? FFFFH : TMP[79:64] ; 
TMP[95:80] = (TMP_SRC2[63:32] < 0)? 0: TMP_SRC2[47:32]; 
DEST[95:80] := (TMP_SRC2[63:32] > FFFFH) ? FFFFH : TMP[95:80] ; 
TMP[1 11:96] := (TMP_SRC2[95:64] < 0)? 0 : TMP_SRC2[79:64]; 
DEST[1 11:96] := (TMP_SRC2[95:64] > FFFFH) ? FFFFH : TMP[111:96]; 
TMP[127:112] := (TMP_SRC2[127:96] < 0)? 0 : TMP_SRC2[1 11:96]; 
DEST[127:112] = (TMP_SRC2[127:96] > FFFFH) ? FFFFH : TMP[127:112]; 
IF VL >= 256 
TMP[143:128] = (SRC1[159:128] < 0)? 0: SRC1[143:128]; 
DEST[143:128] := (SRC1[159:128] > FFFFH) ? FFFFH : TMP[143:128] ; 
TMP[159:144] = (SRC1[191:160] < 0)? 0: SRC1[175:160]; 
DEST[159:144] := (SRC1[191:160] > FFFFH) ? FFFFH : TMP[159:144] ; 
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TMP[175:160] := (SRC1[223:192] < 0)? 0: SRC1[207:192]; 
DEST[175:160] := (SRC1[223:192] > FFFFH) ? FFFFH : TMP[175:160] ; 
TMP[191:1 76] := (SRC1[255:224] < 0)? 0: SRC1[239:224]; 
DEST[191:1 76] := (SRC1[255:224] > FFFFH) ? FFFFH : TMP[191:1 76]; 
TMP[207:192] := (TMP_SRC2[159:1 28] < 0)? 0: TMP_SRC2[143:128]; 
DEST[207:1 92] := (TMP_SRC2[159:128] > FFFFH) ? FFFFH : TMP[207:192]; 
TMP[223:208] := (TMP_SRC2[191:160] < 0)? 0: TMP_SRC2[175:160]; 
DEST[223:208] := (TMP_SRC2[191:160] > FFFFH) ? FFFFH : TMP[223:208] ; 
TMP[239:224] := (TMP_SRC2[223:192] < 0)? 0: TMP_SRC2[207:192]; 
DEST[239:224] := (TMP_SRC2[223:192] > FFFFH) ? FFFFH : TMP[239:224] ; 
TMP[255:240] := (TMP_SRC2[255:224] < 0)? 0: TMP_SRC2[239:224)]; 
DEST[255:240] := (TMP_SRC2[255:224] > FFFFH) ? FFFFH : TMP[255:240] ; 
Fl; 
IF VL >= 512 
TMP[271:256] := (SRC1[287:256] < 0)? 0: SRC1[271:256]; 
DEST[271:256] := (SRC1[287:256] > FFFFH) ? FFFFH : TMP[271:256] ; 
TMP[287:272] := (SRC1[319:288] < 0) ? 0 : SRC1[303:288]; 
DEST[287:272] := (SRC1[319:288] > FFFFH) ? FFFFH : TMP[287:272]; 
TMP[303:288] := (SRC1[351:320] < 0)? 0: SRC1[335:320]; 
DEST[303:288] := (SRC1[351:320] > FFFFH) ? FFFFH : TMP[303:288] ; 
TMP[319:304] := (SRC1[383:352] < 0)? 0: SRC1[367:352]; 
DEST[319:304] := (SRC1[383:352] > FFFFH) ? FFFFH : TMP[319:304] ; 
TMP[335:320] := (TMP_SRC2[287:256] < 0)? 0: TMP_SRC2[271:256]; 
DEST[335:304] := (TMP_SRC2[287:256] > FFFFH) ? FFFFH : TMP[79:64] ; 
TMP[351:336] := (TMP_SRC2[319:288] < 0)? 0: TMP_SRC2[303:288]; 
DEST[351:336] := (TMP_SRC2[319:288] > FFFFH) ? FFFFH : TMP[351:336] ; 
TMP[367:352] := (TMP_SRC2[351:320] < 0)? 0: TMP_SRC2[315:320]; 
DEST[367:352] := (TMP_SRC2[351:320] > FFFFH) ? FFFFH : TMP[367:352] ; 
TMP[383:368] := (TMP_SRC2[383:352] < 0)? 0: TMP_SRC2[367:352]; 
DEST[383:368] := (TMP_SRC2[383:352] > FFFFH) ? FFFFH : TMP[383:368] ; 
TMP[399:384] := (SRC1[415:384] < 0)? 0: SRC1[399:384]; 
DEST[399:384] := (SRC1[415:384] > FFFFH) ? FFFFH : TMP[399:384] ; 
TMP[415:400] := (SRC1[447:416] < 0)? 0: SRC1[431:416]; 
DEST[415:400] := (SRC1[447:416] > FFFFH) ? FFFFH : TMP[415:400] ; 
TMP[431:416] := (SRC1[479:448] < 0)? 0: SRC1[463:448]; 
DEST[431:416] := (SRC1[479:448] > FFFFH) ? FFFFH : TMP[431:416]; 
TMP[447:432] := (SRC1[511:480] < 0)? 0: SRC1[495:480]; 
DEST[447:432] := (SRC1[511:480] > FFFFH) ? FFFFH : TMP[447:432]; 
TMP[463:448] := (TMP_SRC2[415:384] < 0)? 0: TMP_SRC2[399:384]; 
DEST[463:448] := (TMP_SRC2[415:384] > FFFFH) ? FFFFH : TMP[463:448] ; 
TMP[475:464] := (TMP_SRC2[447:416] < 0)? 0: TMP_SRC2[431:416]; 
DEST[475:464] := (TMP_SRC2[447:416] > FFFFH) ? FFFFH : TMP[475:464] ; 
TMP[491:476] := (TMP_SRC2[479:448] < 0)? 0: TMP_SRC2[463:448]; 
DEST[491:476] := (TMP_SRC2[479:448] > FFFFH) ? FFFFH : TMP[491:476] ; 
TMP[51 1:492] := (TMP_SRC2[51 1:480] < 0)? 0: TMP_SRC2[495:480]; 
DEST[511:492] := (TMP_SRC2[511:480] > FFFFH) ? FFFFH : TMP[511:492]; 
Fl; 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN 
DEST[i+15:i] = TMP_DEST[i+1 5:i] 
ELSE 
IF *merging-masking* ; merging-masking 
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THEN *DEST{[i+1 5:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR; 
DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 


VPACKUSDW__m512i_mm512_packus_epi32(__m512im1,__m512i m2); 
VPACKUSDW__m512i__mm512_mask_packus_epi32(__m512is,__ mmask32 k,__m512im1,__m512i m2); 
VPACKUSDW__m512i__mm512_maskz_packus_epi32(__mmask32 k,__m512im1,__m512i m2); 
VPACKUSDW__m256i __mm256_mask_packus_epi32(__m256is,__ mmask16 k,___ m256i m1,_m256i m2); 
VPACKUSDW__m256i __mm256_maskz_packus_epi32(__mmask16 k,__ m256im1,__ m256i m2); 
VPACKUSDW__m128i __mm_mask_packus_epi32(__m128is,___ mmask8 k,__m128i m1,__m128i m2); 
VPACKUSDW__m128i__mm_maskz_packus_epi32(__mmask8 k,__m128i m1,__m128i m2); 
PACKUSDW__m128i __mm_packus_epi32(__m128i m1,__m128i m2); 

VPACKUSDW__m256i _mm256_packus_epi32(__m256i m1,__ m256i m2); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-50, “Type E4NF Class Exception Conditions”. 
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PACKUSWB—Pack with Unsigned Saturation 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature Flag 
Support 

NP OF 67 /r A VIV MMX Converts 4 signed word integers from mm and 

PACKUSWB mm, mm/m64 4 signed word integers from mm/m64 into 8 
unsigned byte integers in mm using unsigned 
saturation. 

66 OF 67 /r A VIV SSE2 Converts 8 signed word integers from xmm1 

PACKUSWB xmm1, xmm2/m128 and 8 signed word integers from xmm2/m128 
into 16 unsigned byte integers in xmm7 using 
unsigned saturation. 

VEX.128.66.0F.WIG 67 /r B VIV AVX Converts 8 signed word integers from xmm2 

VPACKUSWB xmm1, xmm2, xmm3/m128 and 8 signed word integers from xmm3/m128 
into 16 unsigned byte integers in xmm7 using 
unsigned saturation. 

VEX.256.66.0F.WIG 67 /r B VIV AVX2 Converts 16 signed word integers from ymm2 

VPACKUSWB ymm1, ymm2, ymm3/m256 and 16signed word integers from 
ymm3/m256 into 32 unsigned byte integers 
in ymm7 using unsigned saturation. 

EVEX.128.66.0F.WIG 67 /r C VIV AVX512VL ‘| Converts signed word integers from xmm2 

VPACKUSWB xmm1{k1}{z}, xmm2, xmm3/m128 AVX512BW | and signed word integers from xmm3/m128 
into unsigned byte integers in xmm7 using 
unsigned saturation under writemask k1. 

EVEX.256.66.0F.WIG 67 /r C VIV AVX512VL | Converts signed word integers from ymm2 

VPACKUSWB ymm1{k1}{z}, ymm2, ymm3/m256 AVX512BW | and signed word integers from ymm3/m256 
into unsigned byte integers in ymm7 using 
unsigned saturation under writemask k1. 

EVEX.512.66.0F.WIG 67 /r C VIV AVX512BW | Converts signed word integers from zmm2 

VPACKUSWB zmm1{k1}{z}, zmm2, zmm3/m512 and signed word integers from zmm3/m512 
into unsigned byte integers in zmm17 using 
unsigned saturation under writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” in 
the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Converts 4, 8, 16 or 32 signed word integers from the destination operand (first operand) and 4, 8, 16 or 32 signed 
word integers from the source operand (second operand) into 8, 16, 32 or 64 unsigned byte integers and stores the 
result in the destination operand. (See Figure 4-6 for an example of the packing operation.) If a signed word 
integer value is beyond the range of an unsigned byte integer (that is, greater than FFH or less than OOH), the satu- 
rated unsigned byte integer value of FFH or OOH, respectively, is stored in the destination. 


EVEX.512 encoded version: The first source operand is a ZMM register. The second source operand is a ZMM 
register or a 512-bit memory location. The destination operand is a ZMM register. 
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VEX.256 and EVEX.256 encoded versions: The first source operand is a YMM register. The second source operand 
is a YMM register or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL- 
1:256) of the corresponding ZMM register destination are zeroed. 

VEX.128 and EVEX.128 encoded versions: The first source operand is an XMM register. The second source operand 
is an XMM register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL- 
1:128) of the corresponding register destination are zeroed. 

128-bit Legacy SSE version: The first source operand is an XMM register. The second operand can be an XMM 
register or an 128-bit memory location. The destination is not distinct from the first source XMM register and the 
upper bits (MAXVL-1:128) of the corresponding register destination are unmodified. 


Operation 


PACKUSWB (with 64-bit operands) 
DEST[7:0] := SaturateSignedWordToUnsignedByte DEST[1 5:0]; 
DEST[15:8] := SaturateSignedWwordToUnsignedByte DEST[31:16]; 
DEST[23:16] := SaturateSignedwordToUnsignedByte DEST[47:32]; 
DEST[31:24] := SaturateSignedWwordToUnsignedByte DEST[63:48]; 
DEST[39:32] := SaturateSignedwordToUnsignedByte SRC[1 5:0); 
DEST[47:40] := SaturateSignedwordToUnsignedByte SRC[31:16]; 
DEST[55:48] := SaturateSignedWwordToUnsignedByte SRC[47:32]; 
DEST[63:56] := SaturateSignedWwordToUnsignedByte SRC[63:48]; 


PACKUSWB (Legacy SSE instruction) 
DEST[7:0] := SaturateSignedWordToUnsignedByte (DEST[15:0)); 
DEST[15:8] := SaturateSignedWordToUnsignedByte (DEST[31:16]); 
DEST[23:16] := SaturateSignedWordToUnsignedByte (DEST[47:32]); 
DEST[31:24] := SaturateSignedWordToUnsignedByte (DEST[63:48)); 
DEST[39:32] := SaturateSignedWordToUnsignedByte (DEST[79:64}) 
DEST[47:40] := SaturateSignedWordToUnsignedByte (DEST[95:80)); 
DEST[55:48] := SaturateSignedWordToUnsignedByte (DEST[1 1 1:96)); 
DEST[63:56] := SaturateSignedWordToUnsignedByte (DEST[127:112]); 
DEST[7 1:64] := SaturateSignedWordToUnsignedByte (SRC[15:0]); 
DEST[79:72] := SaturateSignedWordToUnsignedByte (SRC[31:16)); 
DEST[87:80] := SaturateSignedWordToUnsignedByte (SRC[47:32]); 
DEST[95:88] := SaturateSignedWordToUnsignedByte (SRC[63:48)); 
DEST[103:96] := SaturateSignedWordToUnsignedByte (SRC[79:64)); 
DEST[111:104] := SaturateSignedWordToUnsignedByte (SRC[95:80)); 
DEST[1 19:1 12] := SaturateSignedWordToUnsignedByte (SRC[1 1 1:96)); 
DEST[127:120] := SaturateSignedWordToUnsignedByte (SRC[127:112]); 


fi 


SO ne 


PACKUSWB (VEX.128 encoded version) 
DEST[7:0] := SaturateSignedWordToUnsignedByte (SRC1[15:0)); 
DEST[15:8] := SaturateSignedWordToUnsignedByte (SRC1[31:16)); 
DEST[23:16] := SaturateSignedWordToUnsignedByte (SRC1[47:32]); 
DEST[31:24] := SaturateSignedWordToUnsignedByte (SRC1[63:48}); 
DEST[39:32] := SaturateSignedWordToUnsignedByte (SRC1[79:64}); 
DEST[47:40] := SaturateSignedWordToUnsignedByte (SRC1[95:80)); 
DEST[55:48] := SaturateSignedWordToUnsignedByte (SRC1[1 1 1:96)); 
DEST[63:56] := SaturateSignedWordToUnsignedByte (SRC1[127:112]); 
DEST[7 1:64] := SaturateSignedWordToUnsignedByte (SRC2[1 5:0); 
DEST[79:72] := SaturateSignedWordToUnsignedByte (SRC2[31:16]); 
DEST[87:80] := SaturateSignedWordToUnsignedByte (SRC2[47:32]); 
DEST[95:88] := SaturateSignedWordToUnsignedByte (SRC2[63:48)); 
DEST[103:96] := SaturateSignedWordToUnsignedByte (SRC2[79:64)); 
DEST[111:104] := SaturateSignedWordToUnsignedByte (SRC2[95:80)); 


OO 
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DEST[119:1 12] := SaturateSignedWordToUnsignedByte (SRC2[1 1 1:96]); 
DEST[127:120] := SaturateSignedwordToUnsignedByte (SRC2[127:112]); 
DEST[MAXVL-1:128] := 0; 


VPACKUSWB (VEX.256 encoded version) 
DEST[7:0] := SaturateSignedWwordToUnsignedByte (SRC1[15:0]); 
DEST[15:8] := SaturateSignedwordToUnsignedByte (SRC1[31:16]); 
DEST[23:16] := SaturateSignedWwordToUnsignedByte (SRC1[47:32]); 
DEST[31:24] := SaturateSignedwordToUnsignedByte (SRC1[63:48}); 
DEST[39:32] := SaturateSignedWordToUnsignedByte (SRC1[79:64]), 
DEST[47:40] := SaturateSignedwordToUnsignedByte (SRC1[95:80}); 
DEST[55:48] := SaturateSignedwordToUnsignedByte (SRC1[1 1 1:96]); 
DEST[63:56] := SaturateSignedwordToUnsignedByte (SRC1[127:112]); 
DEST[7 1:64] := SaturateSignedWwordToUnsignedByte (SRC2[15:0]); 
DEST[79:72] := SaturateSignedWwordToUnsignedByte (SRC2[31:16]); 
DEST[87:80] := SaturateSignedWordToUnsignedByte (SRC2[47:32]); 
DEST[95:88] := SaturateSignedwordToUnsignedByte (SRC2[63:48}); 
DEST[103:96] := SaturateSignedWordToUnsignedByte (SRC2[79:64}); 
DEST[111:104] := SaturateSignedWordToUnsignedByte (SRC2[95:80}); 
DEST[119:1 12] := SaturateSignedWordToUnsignedByte (SRC2[1 1 1:96]); 
DEST[127:120] := SaturateSignedWordToUnsignedByte (SRC2[127:112]) 
DEST[135:1 28] := SaturateSignedWordT oUnsignedByte (SRC1[143:128]) 
DEST[1 43:1 36] := SaturateSignedWordToUnsignedByte (SRC1[159:144}) 
DEST[151:144] := SaturateSignedWordToUnsignedByte (SRC1[1 75:160]) 
DEST[159:152] := SaturateSignedWordToUnsignedByte (SRC1[191:176]) 
DEST[167:160] := SaturateSignedWordToUnsignedByte (SRC1[207:192]) 
DEST[175:168] := SaturateSignedWordToUnsignedByte (SRC1[223:208}) 
DEST[183:1 76] := SaturateSignedwordToUnsignedByte (SRC1[239:224]); 
DEST[191:184] := SaturateSignedwordToUnsignedByte (SRC1[255:240}); 

) 
) 
) 
) 
) 
) 
) 
) 


In 
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in 
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In 
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In 


In 


DEST[199:1 92] := SaturateSignedWordToUnsignedByte (SRC2[143:128] 
DEST[207:200] := SaturateSignedWordToUnsignedByte (SRC2[159:144] 
DEST[215:208] := SaturateSignedWordToUnsignedByte (SRC2[175:160] 
DEST[223:216] := SaturateSignedWordToUnsignedByte (SRC2[191:176] 
DEST[231:224] := SaturateSignedWordToUnsignedByte (SRC2[207:192] 
DEST[239:232] := SaturateSignedWordToUnsignedByte (SRC2[223:208] 
DEST[247:240] := SaturateSignedWordToUnsignedByte (SRC2[239:224] 
DEST[255:248] := SaturateSignedWordToUnsignedByte (SRC2[255:240] 


i" 


In 


In 


in 


In 


in 


In 
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In 


VPACKUSWB (EVEX encoded versions) 

(KL, VL) = (16, 128), (32, 256), (64, 512) 

TMP_DEST[7:0] := SaturateSignedWordToUnsignedByte (SRC1[15:0)); 
TMP_DEST[15:8] := SaturateSignedwordToUnsignedByte (SRC1[31:16]); 
TMP_DEST[23:16] := SaturateSignedWordToUnsignedByte (SRC1[47:32]); 
TMP_DEST[31:24] := SaturateSignedWordToUnsignedByte (SRC1[63:48)); 
TMP_DEST[39:32] := SaturateSignedWordToUnsignedByte (SRC1[79:64]) 
TMP_DEST[47:40] := SaturateSignedWordToUnsignedByte (SRC1[95:80)); 
TMP_DEST[55:48] := SaturateSignedWordToUnsignedByte (SRC1[1 1 1:96)); 
TMP_DEST[63:56] := SaturateSignedwordToUnsignedByte (SRC1[127:112]); 
TMP_DEST[7 1:64] := SaturateSignedWordToUnsignedByte (SRC2[15:0)); 
TMP_DEST[79:72] := SaturateSignedWordToUnsignedByte (SRC2[31:16]); 
TMP_DEST[87:80] := SaturateSignedWordToUnsignedByte (SRC2[47:32]); 
TMP_DEST[95:88] := SaturateSignedwordToUnsignedByte (SRC2[63:48)); 
TMP_DEST[103:96] := SaturateSignedwordToUnsignedByte (SRC2[79:64)); 
TMP_DEST[111:104] := SaturateSignedWordToUnsignedByte (SRC2[95:80)); 


I" 
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TMP_DEST[119:112] := SaturateSignedWwordToUnsignedByte (SRC2[1 1 1:96]); 


TMP_DEST[127:120] := SaturateSignedWordToUnsignedByte (SRC2[1 27:11 2)); 


IF VL >= 256 
TMP_DEST[135:1 28] := SaturateSignedWordToUnsignedByte 
TMP_DEST[143:136] := SaturateSignedWordToUnsignedByte 
TMP_DEST[151:144] := SaturateSignedWordToUnsignedByte 
TMP_DEST[159:152] := SaturateSignedWordToUnsignedByte 
TMP_DEST[167:160] := SaturateSignedWordToUnsignedByte 
TMP_DEST[175:168] := SaturateSignedWordToUnsignedByte 
TMP_DEST[183:1 76] := SaturateSignedWordToUnsignedByte 
TMP_DEST[191:184] := SaturateSignedWordToUnsignedByte 
TMP_DEST[199:1 92] := SaturateSignedWordToUnsignedByte 
TMP_DEST[207:200] := SaturateSignedWordToUnsignedByte 
TMP_DEST[215:208] := SaturateSignedWordToUnsignedByte 
TMP_DEST[223:216] := SaturateSignedWordToUnsignedByte 
TMP_DEST[231:224] := SaturateSignedWordToUnsignedByte 
TMP_DEST[239:232] := SaturateSignedWordToUnsignedByte 
TMP_DEST[247:240] := SaturateSignedWordToUnsignedByte 
TMP_DEST[255:248] := SaturateSignedWordToUnsignedByte 


mi, «pais, Tpit pam, ia pam eins open, ma, sam, mi se pata ope, Span oem 


Fl; 

IF VL >=512 
TMP_DEST[263:256] := SaturateSignedWordToUnsignedByte 
TMP_DEST[271:264] := SaturateSignedWordToUnsignedByte 
TMP_DEST[279:272] := SaturateSignedWordToUnsignedByte 
TMP_DEST[287:280] := SaturateSignedWordToUnsignedByte 
TMP_DEST[295:288] := SaturateSignedWordToUnsignedByte 
TMP_DEST[303:296] := SaturateSignedWordToUnsignedByte 
TMP_DEST[31 1:304] := SaturateSignedWordToUnsignedByte 
TMP_DEST[319:312] := SaturateSignedWordToUnsignedByte 


pm pee, ipa (cia, Tami pam sipama oe 


TMP_DEST[327:320] := SaturateSignedWordToUnsignedByte 
TMP_DEST[335:328] := SaturateSignedWordToUnsignedByte 
TMP_DEST[343:336] := SaturateSignedWordToUnsignedByte 
TMP_DEST[351:344] := SaturateSignedWordToUnsignedByte 
TMP_DEST[359:352] := SaturateSignedWordToUnsignedByte 
TMP_DEST[367:360] := SaturateSignedWordToUnsignedByte 
TMP_DEST[375:368] := SaturateSignedWordToUnsignedByte 
TMP_DEST[383:376] := SaturateSignedWordToUnsignedByte 


ene mc pee a pe in my an 


TMP_DEST[391:384] := SaturateSignedWordToUnsignedByte 
TMP_DEST[399:392] := SaturateSignedWordToUnsignedByte 
TMP_DEST[407:400] := SaturateSignedWordToUnsignedByte 
TMP_DEST[415:408] := SaturateSignedWordToUnsignedByte 
TMP_DEST[423:416] := SaturateSignedWordToUnsignedByte 
TMP_DEST[431:424] := SaturateSignedWordToUnsignedByte 
TMP_DEST[439:432] := SaturateSignedWordToUnsignedByte 
TMP_DEST[447:440] := SaturateSignedWordToUnsignedByte 


ma pana, imi pea tipamas cia, prs epee 


TMP_DEST[455:448] := SaturateSignedWordToUnsignedByte 
TMP_DEST[463:456] := SaturateSignedWordToUnsignedByte 
TMP_DEST[471:464] := SaturateSignedWordToUnsignedByte 
TMP_DEST[479:472] := SaturateSignedWordToUnsignedByte 
TMP_DEST[487:480] := SaturateSignedWordToUnsignedByte 
TMP_DEST[495:488] := SaturateSignedWordToUnsignedByte 


ae ce pee a pm 
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TMP_DEST[503:496] := SaturateSignedWordToUnsignedByte (SRC2[495:480)); 
TMP_DEST[51 1:504] := SaturateSignedWordToUnsignedByte (SRC2[51 1:496)); 


Fl; 
FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN 
DEST[i+7:i] := TMP_DEST[i+7:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 


VPACKUSWB__m512i__mm512_packus_epi16(__m512i m1,__m512i m2); 
VPACKUSWB__m512i__mm512_mask_packus_epi16(__m512is,___ mmask64 k,__m512im1,__m512i m2); 
VPACKUSWB__m512i __mm512_maskz_packus_epi16(__mmask64 k,__m512im1,__m512i m2); 
VPACKUSWB__m256i _mm256_mask_packus_epi16(__m256i s,___ mmask32 k,__ m256i m1,___m256i m2); 
VPACKUSWB__m256i _mm256_maskz_packus_epi16(__mmask32 k,__ m256i m1, __ m256i m2); 


VPACKUSWB__m128i __mm_mask_packus_epi16(__m128is,__ mmask16 k,___m128im1,__m128i m2); 
VPACKUSWB__m128i __mm_maskz_packus_epi16(__mmask16 k,__m128i m1, __m128i m2); 
PACKUSWB: m64 __mm_packs_pu16(__m64 m1,__m64 m2) 

(V)PACKUSWB: __m128i__mm_packus_epi16(__m128i m1,_m128i m2) 

VPACKUSWB: m256i_mm256_packus_epi16(__m256i m1, _ m256i m2); 

Flags Affected 

None 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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PADDB/PADDW/PADDD/PADDQ—Add Packed Integers 


ymm3/m256 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
NP OF FC /r! A VV MMX Add packed byte integers from mm/m64 and mm. 
PADDB mm, mm/m64 
NP OF FD /r! A VV MMX Add packed word integers from mm/m64 and mm. 
PADDW mm, mm/m64 
NP OF FE /r’ A VV MMX Add packed doubleword integers from mm/m64 and 
PADDD mm, mm/m64 mm. 
NP OF D4 /r' A VV MMX Add packed quadword integers from mm/m64 and 
PADDQ mm, mm/m64 mm. 
66 OF FC /r A VIV SSE2 Add packed byte integers from xmm2/m128 and 
PADDB xmm1, xmm2/m128 xmm1. 
66 OF FD /r A VIV SSE2 Add packed word integers from xmm2/m128 and 
PADDW xmm1, xmm2/m128 xmmt1. 
66 OF FE /r A VIV SSE2 Add packed doubleword integers from xmm2/m128 
PADDD xmm1, xmm2/m128 and xmm1. 
66 OF D4 /r A VIV SSE2 Add packed quadword integers from xmm2/m128 
PADDQ xmm1, xmm2/m128 and xmm1. 
VEX.128.66.0F.WIG FC /r B VIV AVX Add packed byte integers from xmm2, and 
VPADDB xmm1, xmm2, xmm3/m128 xmm3/m128 and store in xmm1. 
VEX.128.66.0F.WIG FD /r B VIV AVX Add packed word integers from xmm2, xmm3/m128 
VPADDW xmm1, xmm2, xmm3/m128 and store in xmm1. 
VEX.128.66.0F.WIG FE /r B VV AVX Add packed doubleword integers from xmm2, 
VPADDD xmm1, xmm2, xmm3/m128 xmm3/m128 and store in xmm1. 
VEX.128.66.0F.WIG D4 /r B VV AVX Add packed quadword integers from xmm2, 
VPADDQ xmm17, xmm2, xmm3/m128 xmm3/m128 and store in xmm1. 
VEX.256.66.0F.WIG FC /r B VIV AVX2 Add packed byte integers from ymm2, and 
VPADDB ymm1, ymm2, ymm3/m256 ymm3/m256 and store in ymm7. 
VEX.256.66.0F.WIG FD /r B VV AVX2 Add packed word integers from ymm2, ymm3/m256 
VPADDW ymm17, ymm2, ymm3/m256 and store in ymm1. 
VEX.256.66.0F.WIG FE /r B VIV AVX2 Add packed doubleword integers from ymm2, 
VPADDD ymm17, ymm2, ynm3/m256 ymm3/m256 and store in ymm1. 
VEX.256.66.0F.WIG D4 /r B VIV AVX2 Add packed quadword integers from ymm2, 
VPADDQ ymm1, ymm2, ymm3/m256 ymm3/m256 and store in ymm/7. 
EVEX.128.66.0F.WIG FC /r C VIV AVX512VL_ | Add packed byte integers from xmm2, and 
VPADDB xmm1 {k1}{z}, xmm2, AVX512BW | xmm3/m128 and store in xmm1 using writemask k1. 
xmm3/m128 
EVEX.128.66.0F.WIG FD /r C VIV AVX512VL_ | Add packed word integers from xmm2, and 
VPADDW xmm1 {k1}{z}, xmm2, AVX512BW | xmm3/m128 and store in xmm1 using writemask k1. 
xmm3/m128 
EVEX.128.66.0F.WO FE /r D VIV AVX512VL_ | Add packed doubleword integers from xmm2, and 
VPADDD xmm1 {k1}{z}, xmm2, AVX512F xmm3/m128/m32bcst and store in xmm7 using 
xmm3/m128/m32bcst writemask k1. 
EVEX.128.66.0F.W1 D4 /r D VV AVX512VL_ | Add packed quadword integers from xmm2, and 
VPADDQ xmm1 {k1}{z}, xmm2, AVX512F xmm3/m128/m64bcst and store in xmm7 using 
xmm3/m128/m64bcst writemask k1. 
EVEX.256.66.0F.WIG FC /r C VIV AVX512VL_ | Add packed byte integers from ymm2, and 
VPADDB ymm1 {k1}{z}, ymm2, AVX512BW | ymm3/m256 and store in ymm7 using writemask k1. 
ymm3/m256 
EVEX.256.66.0F.WIG FD /r C VIV AVX512VL_ | Add packed word integers from ymm2, and 
VPADDW ymm1 {k1}{z}, ymm2, AVX512BW | ymm3/m256 and store in ymm7 using writemask k1. 
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Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.256.66.0F.WO FE /r D VIV AVX512VL_ | Add packed doubleword integers from ymm2, 
VPADDD ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m32bcst and store in ymm17 using 
ymm3/m256/m32bcst writemask k1. 
EVEX.256.66.0F.W1 D4 /r D VIV AVX512VL_ | Add packed quadword integers from ymm2, 
VPADDQ ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m64bcst and store in ymm17 using 
ymm3/m256/m64bcst writemask k1. 
EVEX.512.66.0F.WIG FC /r C VV AVX512BW | Add packed byte integers from zmm2, and 
VPADDB zmm1 {k1}{z}, zmm2, zmm3/m512 and store in zmm7 using writemask k1. 
zmm3/m512 
EVEX.512.66.0F.WIG FD /r C VV AVX512BW | Add packed word integers from zmm2, and 
VPADDW zmm1 {k1}z}, zmm2, zmm3/m512 and store in zmm7 using writemask k1. 
zmm3/m512 
EVEX.512.66.0F.W0 FE /r D VIV AVX512F Add packed doubleword integers from zmm2, 
VPADDD zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst and store in zmm7 using 
zmm3/m512/m32bcst writemask k1. 
EVEX.512.66.0F.W1 D4 /r D VIV AVX512F Add packed quadword integers from zmm2, 
VPADDQ zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst and store in zmm7 using 
zmm3/m512/m64bcst writemask k1. 
NOTES: 
1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX 
Registers” in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
D Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD add of the packed integers from the source operand (second operand) and the destination 
operand (first operand), and stores the packed integer results in the destination operand. See Figure 9-4 in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for an illustration of a SIMD operation. 
Overflow is handled with wraparound, as described in the following paragraphs. 


The PADDB and VPADDB instructions add packed byte integers from the first source operand and second source 
operand and store the packed integer results in the destination operand. When an individual result is too large to 
be represented in 8 bits (overflow), the result is wrapped around and the low 8 bits are written to the destination 
operand (that is, the carry is ignored). 


The PADDW and VPADDW instructions add packed word integers from the first source operand and second source 
operand and store the packed integer results in the destination operand. When an individual result is too large to 
be represented in 16 bits (overflow), the result is wrapped around and the low 16 bits are written to the destination 
operand (that is, the carry is ignored). 


The PADDD and VPADDD instructions add packed doubleword integers from the first source operand and second 
source operand and store the packed integer results in the destination operand. When an individual result is too 
large to be represented in 32 bits (overflow), the result is wrapped around and the low 32 bits are written to the 
destination operand (that is, the carry is ignored). 


The PADDQ and VPADDQ instructions add packed quadword integers from the first source operand and second 
source operand and store the packed integer results in the destination operand. When a quadword result is too 
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large to be represented in 64 bits (overflow), the result is wrapped around and the low 64 bits are written to the 
destination operand (that is, the carry is ignored). 

Note that the (V)PADDB, (V)PADDW, (V)PADDD and (V)PADDQ instructions can operate on either unsigned or 
signed (two's complement notation) packed integers; however, it does not set bits in the EFLAGS register to indi- 
cate overflow and/or a carry. To prevent undetected overflow conditions, software must control the ranges of 
values operated on. 

EVEX encoded VPADDD/Q: The first source operand is a ZMM/YMM/XMM register. The second source operand is a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 
32/64-bit memory location. The destination operand is a ZMM/YMM/XMM register updated according to the 
writemask. 

EVEX encoded VPADDB/W: The first source operand is a ZMM/YMM/XMM register. The second source operand is a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location. The destination operand is a ZMM/YMM/XMM 
register updated according to the writemask. 

VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. the upper bits (MAXVL-1:256) of the 
destination are cleared. 

VEX.128 encoded version: The first source operand is an XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 

128-bit Legacy SSE version: The first source operand is an XMM register. The second operand can be an XMM 
register or an 128-bit memory location. The destination is not distinct from the first source XMM register and the 
upper bits (MAXVL-1:128) of the corresponding ZMM register destination are unmodified. 


Operation 


PADDB (with 64-bit operands) 
DEST[7:0] := DEST[7:0] + SRC[7:0]; 
(* Repeat add operation for 2nd through 7th byte *) 
DEST[63:56] := DEST[63:56] + SRC[63:56]; 


PADDW (with 64-bit operands) 
DEST[15:0] := DEST[15:0] + SRC[15:0); 
(* Repeat add operation for 2nd and 3th word *) 
DEST[63:48] := DEST[63:48] + SRC[63:48]; 


PADDD (with 64-bit operands) 
DEST[31:0] := DEST[31:0] + SRC[3 1:0); 
DEST[63:32] := DEST[63:32] + SRC[63:32]; 


PADDQ (with 64-Bit operands) 
DEST[63:0] := DEST[63:0] + SRC[63:0); 


PADDB (Legacy SSE instruction) 
DEST[7:0] := DEST[7:0] + SRC[7:0]; 
(* Repeat add operation for 2nd through 15th byte *) 
DEST[127:120] := DEST[127:120] + SRC[127:1 20]; 
DEST[MAXVL-1:128] (Unmodified) 


PADDW (Legacy SSE instruction) 
DEST[15:0] := DEST[15:0] + SRC[1 5:0); 
(* Repeat add operation for 2nd through 7th word *) 
DEST[127:112] := DEST[127:112] + SRC[127:112]; 
DEST[MAXVL-1:128] (Unmodified) 
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PADDD (Legacy SSE instruction) 
DEST[31:0] := DEST[31:0] + SRC[31:0]; 
(* Repeat add operation for 2nd and 3th doubleword *) 
DEST[127:96] := DEST[127:96] + SRC[127:96]; 
DEST[MAXVL-1:128] (Unmodified) 


PADDQ (Legacy SSE instruction) 
DEST[63:0] := DEST[63:0] + SRC[63:0); 
DEST[127:64] := DEST[127:64] + SRC[127:64]; 
DEST[MAXVL-1:128] (Unmodified) 


VPADDB (VEX.128 encoded instruction) 
DEST[7:0] := SRC1[7:0] + SRC2[7:0]; 
(* Repeat add operation for 2nd through 15th byte *) 
DEST[127:1 20] := SRC1[127:120] + SRC2[127:120); 
DEST[MAXVL-1:128] := 0; 


VPADDW (VEX.128 encoded instruction) 
DEST[15:0] := SRC1[15:0] + SRC2[15:0]; 
(* Repeat add operation for 2nd through 7th word *) 
DEST[127:112] := SRC1[127:112] + SRC2[127:112]; 
DEST[MAXVL-1:128] := 0; 


VPADDD (VEX.128 encoded instruction) 
DEST[31:0] := SRC1[31:0] + SRC2[31:0]; 
(* Repeat add operation for 2nd and 3th doubleword *) 
DEST[127:96] := SRC1[127:96] + SRC2[1 27:96]; 
DEST[MAXVL-1:128] := 0; 


VPADDQ (VEX.128 encoded instruction) 
DEST[63:0] := SRC1[63:0] + SRC2[63:0]; 
DEST[127:64] := SRC1[127:64] + SRC2[127:64]; 
DEST[MAXVL-1:128] := 0; 


VPADDB (VEX.256 encoded instruction) 
DEST[7:0] := SRC1[7:0] + SRC2[7:0]; 
(* Repeat add operation for 2nd through 31th byte *) 
DEST[255:248] := SRC1[255:248] + SRC2[255:248]; 


VPADDW (VEX.256 encoded instruction) 
DEST[15:0] := SRC1[15:0] + SRC2[15:0]; 
(* Repeat add operation for 2nd through 15th word *) 
DEST[255:240] := SRC1[255:240] + SRC2[255:240]; 


VPADDD (VEX.256 encoded instruction) 
DEST[31:0] := SRC1[31:0] + SRC2[31:0]; 
(* Repeat add operation for 2nd and 7th doubleword *) 
DEST[255:224] = SRC1[255:224] + SRC2[255:224]; 


VPADDQ (VEX.256 encoded instruction) 
DEST[63:0] := SRC1[63:0] + SRC2[63:0]; 
DEST[127:64] := SRC1[127:64] + SRC2[127:64]; 
DEST[191:128] := SRC1[191:128] + SRC2[191:128]; 
DEST[255:192] := SRC1[255:192] + SRC2[255:192]; 
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VPADDB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 


FOR j :=0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] = SRC1[i+7:i] + SRC2[i+7:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+7:i] = 0 
Fl 
Fl; 
ENDFOR; 
DEST[MAXVL-1:VL] := 0 


VPADDW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 


FOR j :=0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = SRC1[i+15:i] + SRC2[i+15:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+15:i] = 0 
Fl 
Fl; 
ENDFOR; 
DEST[MAXVL-1:VL] := 0 


VPADDD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN DEST[i+31:i] := SRC1[i+31:i] + SRC2[31:0] 
ELSE DEST[i+31:i] := SRC1[i+31:i] + SRC2[i+31:i] 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR; 
DEST[MAXVL-1:VL] := 0 
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VPADDQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j:= 0 TO KL-1 


i:=j*64 


IF k1[j] OR *no writemask* 


THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 


ELSE 
IF *merging-masking* ;merging-masking 


Fl; 
ENDFOR; 


THEN DEST[i+63:i] := SRC1[i+63:i] + SRC2[63:0] 
ELSE DEST[i+63:i] = SRC1[i+63:i] + SRCZ[i+63:i] 


THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 


VPADDB__m512i 


mm512_add_epi8 (__m512ia,__m512ib) 


VPADDW__m512i_mm512_add_epi16 (__m512i a,_m512i b) 


VPADDB__m512i 


mm512_mask_add_epi8 (__m512is,__mmask64 m,__m512ia,__m512i b) 


VPADDW__m512i_mm512_mask_add_epi16 (__m512is,__ mmask32 m,__m512ia,__m512i b) 


VPADDB__m512i 


mm512_maskz_add_epi8 (__mmask64 m,__m512i a,__m512i b) 


VPADDW__m512i 


mm512_maskz_add_epi16 (__mmask32 m,_m512i a,__m512i b) 


VPADDB__m256i 


VPADDW__m256i 


mm256_mask_add_epi8 (__m256is,__ mmask32 m,_m256i a, __ m256i b) 
mm256_mask_add_epi16 (__m256is,__ mmask16 m,__m256i a, __ m256i b) 


VPADDB__m256i 


mm256_maskz_add_epi8 (__mmask32 m, __m256i a, ___m256i b) 


VPADDW__m256i 


mm256_maskz_add_epi16 (__mmask16 m, ___m256i a,___m256i b) 


VPADDB__m128i 


mm_mask_add_epi8 (__m128is,__ mmask16 m,__m128i a,__m128i b) 


VPADDW__m128i 


mm_mask_add_epi16 (__m128is,__ mmask8 m,__m128i a,__m128i b) 


VPADDB__m128i 


mm_maskz_add_epi8 (__mmask16 m, __m128i a, __m128i b) 


VPADDW__m128i 


mm_maskz_add_epi16 (__mmask8 m, __m128i a,__m128i b) 


VPADDD __m512i__mm512_add_epi32(__m512i a, ___m512ib); 


VPADDD __m512i_mm512_mask_add_epi32(__m512is, 


mmask16 k,__m512i a,__m512i b); 


VPADDD __m512i_mm512_maskz_add_epi32(__mmask16 k, 


m512ia,__m512ib); 


VPADDD __m256i _mm256_mask_add_epi32(__m256i s, 


mmask8 k,___m256i a, ___ m256i b); 


VPADDD __m256i __mm256_maskz_add_epi32(__mmask8 k, 


m256i a, ___m256i b); 


VPADDD __m128i _mm_mask_add_epi32(__m128i s, 


mmask8 k,___m128i a, __m128i b); 


VPADDD __m128i __mm_maskz_add_epi32(__mmask8 k, 


m128i a,__m128i b); 


VPADDQ __m512i__mm512_add_epi64(_m512i a, __m512i b); 


VPADDQ __m512i_mm512_mask_add_epi64(__m512i s, _ mmask8 k, 


m512i a,__m512ib); 


VPADDQ __m512i__mm512_maskz_add_epi64(_mmask8 k,__m512ia, 


m512i b); 


VPADDQ __m256i _mm256_mask_add_epi64(__m256i s, __ mmask8 k, 


m256i a,__m256i b); 


VPADDQ __m256i _mm256_maskz_add_epi64(__mmask8 k, __m256i a, 


m256i b); 


VPADDQ __m128i __mm_mask_add_epi64(__m128i s,__mmask8 k, 


m128i a,__m128i b); 


VPADDQ __m128i _mm_maskz_add_epi64(__mmask8 k, 
PADDB __m128i__mm_add_epi8 (__m128i a, 


m128i a,__m128i b); 
m128i b ); 


PADDW __m128i__mm_add_epi16 (__m128i a,__m128i b); 


PADDD __m128i_mm_add_epi32 (__m128i a, _m128ib); 


PADDQ __m128i __mm_add_epi64 (__m128i a, ___m128i b); 
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VPADDB __m256i__mm256_add_epi8 (__m256ia,__m256i b ); 
VPADDW __m256i __mm256_add_epi16 (__m256i a, __m256i b); 
VPADDD __m256i __mm256_add_epi32 (__m256i a, __m256i b); 
VPADDQ __m256i __mm256_add_epi64 (__m256i a, __m256i b); 
PADDB __m64 _mm_add_pi8(__m64 m1,__m64 m2) 

PADDW __m64_mm_add_pi16(__m64 m1,__ m64 m2) 

PADDD __m64_mm_add_pi32(__m64 m1,__m64 m2) 

PADDQ __m64 _mm_add_si64(__m64 m1, __m64 m2) 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded VPADDD/Q, see Table 2-49, “Type E4 Class Exception Conditions”. 
EVEX-encoded VPADDB/W, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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PADDSB/PADDSW—Add Packed Signed Integers with Signed Saturation 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
NP OF EC /r! A VIV MMX Add packed signed byte integers from 
PADDSB mm, mm/m64 mm/m64 and mm and saturate the results. 
66 OF EC /r A VIV SSE2 Add packed signed byte integers from 
PADDSB xmm1, xmm2/m128 xmm2/m128 and xmm1 saturate the results. 
NP OF ED /r' A VIV MMX Add packed signed word integers from 
PADDSW mm, mm/m64 mm/m64 and mm and saturate the results. 
66 OF ED /r A VIV SSE2 Add packed signed word integers from 
PADDSW xmm1, xmm2/m128 xmm2/m128 and xmm17 and saturate the 
results. 
VEX.128.66.0F.WIG EC /r B VIV AVX Add packed signed byte integers from 
VPADDSB xmm1, xmm2, xmm3/m128 xmm3/m128 and xmm2 saturate the results. 
VEX.128.66.0F.WIG ED /r B VIV AVX Add packed signed word integers from 
VPADDSW xmm1, xmm2, xmm3/m128 xmm3/m128 and xmm2 and saturate the 
results. 
VEX.256.66.0F.wic EC /r B VIV AVX2 Add packed signed byte integers from ymm2, 
VPADDSB ymm1, ymm2, ymm3/m256 and ymm3/m256 and store the saturated 
results in ymm1. 
VEX.256.66.0F.wic ED /r B VIV AVX2 Add packed signed word integers from ymm2, 
VPADDSW ymm1, ymm2, ymm3/m256 and ymm3/m256 and store the saturated 
results in ymm1. 
EVEX.128.66.0F.WIG EC /r C VIV AVX512VL | Add packed signed byte integers from xmm_2, 
VPADDSB xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | and xmm3/m128 and store the saturated 
results in xmm1 under writemask k1. 
EVEX.256.66.0F.WIG EC /r C VIV AVX512VL | Add packed signed byte integers from ymm2, 
VPADDSB ymm1 {k1}{z}, ymm2, ynm3/m256 AVX512BW | and ymm3/m256 and store the saturated 
results in ymm1 under writemask k1. 
EVEX.512.66.0F.WIG EC /r C VIV AVX512BW | Add packed signed byte integers from zmm2, 
VPADDSB zmm1 {k1}{z}, zmm2, zmm3/m512 and zmm3/m512 and store the saturated 
results in zmm1 under writemask k1. 
EVEX.128.66.0F.WIG ED /r G VIV AVX512VL | Add packed signed word integers from xmm2, 
VPADDSW xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | and xmm3/m128 and store the saturated 
results in xmm1 under writemask k1. 
EVEX.256.66.0F.WIG ED /r C VIN AVX512VL_ | Add packed signed word integers from ymm2, 
VPADDSW ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | and ymm3/m256 and store the saturated 
results in ymm1 under writemask k1. 
EVEX.512.66.0F.WIG ED /r C VIV AVX512BW_ | Add packed signed word integers from zmm2, 
VPADDSW zmm1 {k1}{z}, zmm2, zmm3/m512 and zmm3/m512 and store the saturated 
results in zmm1 under writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 
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Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD add of the packed signed integers from the source operand (second operand) and the destination 
operand (first operand), and stores the packed integer results in the destination operand. See Figure 9-4 in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for an illustration of a SIMD operation. 
Overflow is handled with signed saturation, as described in the following paragraphs. 


(V)PADDSB performs a SIMD add of the packed signed integers with saturation from the first source operand and 
second source operand and stores the packed integer results in the destination operand. When an individual byte 
result is beyond the range of a signed byte integer (that is, greater than 7FH or less than 80H), the saturated value 
of 7FH or 80H, respectively, is written to the destination operand. 

(V)PADDSW performs a SIMD add of the packed signed word integers with saturation from the first source operand 
and second source operand and stores the packed integer results in the destination operand. When an individual 
word result is beyond the range of a signed word integer (that is, greater than 7FFFH or less than 8000H), the satu- 
rated value of 7FFFH or 8000H, respectively, is written to the destination operand. 

EVEX encoded versions: The first source operand is an ZMM/YMM/XMM register. The second source operand is an 
ZMM/YMM/XMM register or a memory location. The destination operand is an ZMM/YMM/XMM register. 

VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. 

VEX.128 encoded version: The first source operand is an XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding register destination are zeroed. 

128-bit Legacy SSE version: The first source operand is an XMM register. The second operand can be an XMM 
register or an 128-bit memory location. The destination is not distinct from the first source XMM register and the 
upper bits (MAXVL-1:128) of the corresponding register destination are unmodified. 


Operation 


PADDSB (with 64-bit operands) 
DEST[7:0] := SaturateToSignedByte(DEST[7:0] + SRC (7:0)); 
(* Repeat add operation for 2nd through 7th bytes *) 
DEST[63:56] := SaturateToSignedByte(DEST[63:56] + SRC[63:56] ); 


PADDSB (with 128-bit operands) 
DEST[7:0] := SaturateToSignedByte (DEST[7:0] + SRC[7:0}); 
(* Repeat add operation for 2nd through 14th bytes *) 
DEST[127:120] := SaturateToSignedByte (DEST[1 11:120] + SRC[127:120)); 


VPADDSB (VEX.128 encoded version) 
DEST[7:0] := SaturateToSignedByte (SRC1[7:0] + SRC2[7:0)); 
(* Repeat subtract operation for 2nd through 14th bytes *) 
DEST[127:120] := SaturateToSignedByte (SRC1[111:120] + SRC2[127:120)); 
DEST[MAXVL-1:128] := 0 


VPADDSB (VEX.256 encoded version) 
DEST[7:0] := SaturateToSignedByte (SRC1[7:0] + SRC2[7:0)); 
(* Repeat add operation for 2nd through 31st bytes *) 
DEST[255:248] := SaturateToSignedByte (SRC1[255:248] + SRC2[255:248)); 
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VPADDSB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 


FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SaturateToSignedByte (SRC1[i+7:i] + SRC2[i+7:i]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] = 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


PADDSW (with 64-bit operands) 
DEST[15:0] := SaturateToSignedword(DEST[1 5:0] + SRC[15:0] ); 
(* Repeat add operation for 2nd and 7th words *) 
DEST[63:48] := SaturateToSignedword(DEST[63:48] + SRC[63:48] ); 


PADDSW (with 128-bit operands) 
DEST[15:0] := SaturateToSignedword (DEST[15:0] + SRC[15:0)); 
(* Repeat add operation for 2nd through 7th words *) 
DEST[127:1 12] := SaturateToSignedWord (DEST[127:112] + SRC[127:112]); 


VPADDSW (VEX.128 encoded version) 
DEST[15:0] := SaturateToSignedword (SRC1[15:0] + SRC2[15:0)); 
(* Repeat subtract operation for 2nd through 7th words *) 
DEST[127:1 12] := SaturateToSignedWord (SRC1[127:112] + SRC2[127:112]); 
DEST[MAXVL-1:1 28] := 0 


VPADDSW (VEX.256 encoded version) 
DEST[15:0] := SaturateToSignedword (SRC1[15:0] + SRC2[15:0)); 
(* Repeat add operation for 2nd through 15th words *) 
DEST[255:240] := SaturateToSignedWord (SRC1[255:240] + SRC2[255:240}) 


VPADDSW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 


FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] := SaturateToSignedWord (SRC1[i+15:i] + SRC2[i+15:i]) 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] = 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalents 


PADDSB: m64 _mm_adds_pi8(__m64 m1,_m64 m2) 
(V)PADDSB: m128i__mm_adds_epi8 (__m128ia,__m128i b) 
VPADDSB: m256i__mm256_adds_epi8 (__m256i a, __m256i b) 
PADDSW: m64_mm_adds_pi16(__m64 m1,__m64 m2) 
(V)PADDSW: m128i__mm_adds_epi16 (__m128i a,__m128i b) 
VPADDSW: m256i __mm256_adds_epi16 (__m256i a, __m256i b) 


VPADDSB__m512i_mm512_adds_epi8 (__m512i a, ___m512i b) 
VPADDSW__m512i__mm512_adds_epi16 (__m512ia,_m512ib) 
VPADDSB__m512i_mm512_mask_adds_epi8 (__m512is,__ mmask64 m,__m512i a,__m512i b) 
VPADDSW__m512i__mm512_mask_adds_epi16 (__m512is,__ mmask32 m,__m512ia,__m512ib) 
VPADDSB__m512i__mm512_maskz_adds_epi8 (__mmask64 m,__m512ia,__m512i b) 
VPADDSW__m512i__mm512_maskz_adds_epi16 (__mmask32 m,__m512ia,__m512ib) 
VPADDSB__m256i __mm256_mask_adds_epi8 (__m256is,__ mmask32 m,_m256i a,__ m256i b) 
VPADDSW__m256i _mm256_mask_adds_epi16 (__m256i s,___ mmask16 m, ___m256i a,__ m256i b) 
VPADDSB__m256i _mm256_maskz_adds_epi8 (__mmask32 m,__m256i a, __m256i b) 
VPADDSW__m256i _mm256_maskz_adds_epi16 (__mmask16 m,__m256i a,___ m256i b) 
VPADDSB__m128i__mm_mask_adds_epi8 (__m128is,___ mmask16 m, ___m128i a,__m128i b) 
VPADDSW__m128i __mm_mask_adds_epi16 (__m128is,___ mmask8 m, __m128i a,__m128i b) 


VPADDSB__m128i __mm_maskz_adds_epi8 (__mmask16 m,__m128i a, __m128ib) 
VPADDSW__m128i __mm_maskz_adds_epi16 (__mmask8 m, __m128i a,_m128ib) 
Flags Affected 

None. 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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PADDUSB/PADDUSW—Add Packed Unsigned Integers with Unsigned Saturation 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature Flag 
Support 

NP OF DC /r A VIV MMX Add packed unsigned byte integers from 

PADDUSB mm, mm/m64 mm/m64 and mm and saturate the results. 

66 OF DC /r A VIV SSE2 Add packed unsigned byte integers from 

PADDUSB xmm1, xmm2/m128 xmm2/m128 and xmm1 saturate the results. 

NP OF DD /r' A VIV MMX Add packed unsigned word integers from 

PADDUSW mm, mm/m64 mm/m64 and mm and saturate the results. 

66 OF DD /r A VIV SSE2 Add packed unsigned word integers from 

PADDUSW xmm1, xmm2/m128 xmm2/m128 to xmm7 and saturate the 
results. 

VEX.128.660F.WIG DC /r B VIV AVX Add packed unsigned byte integers from 

VPADDUSB xmm1, xmm2, xmm3/m128 xmm3/m128 to xmm2 and saturate the 
results. 

VEX.128.66.0F.WIG DD /r B VN AVX Add packed unsigned word integers from 

VPADDUSW xmm1, xmm2, xmm3/m128 xmm3/m128 to xmm2 and saturate the 
results. 

VEX.256.66.0F.wic DC /r B VIV AVX2 Add packed unsigned byte integers from 

VPADDUSB ymm1, ymm2, ymm3/m256 ymmd2, and ymm3/m256 and store the 
saturated results in ymm/7. 

VEX.256.66.0F.wic DD /r B VIV AVX2 Add packed unsigned word integers from 

VPADDUSW ymm1, ymm2, ymm3/m256 ymmd2, and ymm3/m256 and store the 
saturated results in ymm1. 

EVEX.128.66.0F.WIG DC /r C VIV AVX512VL | Add packed unsigned byte integers from 

VPADDUSB xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm2, and xmm3/m128 and store the 
saturated results in xmm1 under writemask 
k1. 

EVEX.256.66.0F.WIG DC /r C VV AVX512VL | Add packed unsigned byte integers from 

VPADDUSB ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm2, and ymm3/m256 and store the 
saturated results in ymm1 under writemask 
k1. 

EVEX.512.66.0F.WIG DC /r C VIV AVX512BW | Add packed unsigned byte integers from 

VPADDUSB zmm1 {k1}{z}, zmm2, zmm3/m512 zmm2, and zmm3/m512 and store the 
saturated results in zmm1 under writemask 
k1. 

EVEX.128.66.0F.WIG DD /r C VIV AVX512VL | Add packed unsigned word integers from 

VPADDUSW xmm17 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm2, and xmm3/m128 and store the 
saturated results in xmm1 under writemask 
k1. 

EVEX.256.66.0F.WIG DD /r C VIV AVX512VL ‘| Add packed unsigned word integers from 

VPADDUSW ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm2, and ymm3/m256 and store the 


saturated results in ymm1 under writemask 
k1. 
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EVEX.512.66.0F.WIG DD /r Cc VIV AVX512BW | Add packed unsigned word integers from 

VPADDUSW zmm17 {k1}{z}, zmm2, zmm3/m512 zmm2, and zmm3/m512 and store the 
saturated results in zmm1 under writemask 
k1. 

NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD add of the packed unsigned integers from the source operand (second operand) and the destina- 
tion operand (first operand), and stores the packed integer results in the destination operand. See Figure 9-4 in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for an illustration of a SIMD operation. 
Overflow is handled with unsigned saturation, as described in the following paragraphs. 


(V)PADDUSB performs a SIMD add of the packed unsigned integers with saturation from the first source operand 
and second source operand and stores the packed integer results in the destination operand. When an individual 
byte result is beyond the range of an unsigned byte integer (that is, greater than FFH), the saturated value of FFH 
is written to the destination operand. 

(V)PADDUSW performs a SIMD add of the packed unsigned word integers with saturation from the first source 
operand and second source operand and stores the packed integer results in the destination operand. When an 
individual word result is beyond the range of an unsigned word integer (that is, greater than FFFFH), the saturated 
value of FFFFH is written to the destination operand. 


EVEX encoded versions: The first source operand is an ZMM/YMM/XMM register. The second source operand is an 
ZMM/YMM/XMM register or a 512/256/128-bit memory location. The destination is an ZMM/YMM/XMM register. 
VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. 

VEX.128 encoded version: The first source operand is an XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding destination register destination are zeroed. 

128-bit Legacy SSE version: The first source operand is an XMM register. The second operand can be an XMM 
register or an 128-bit memory location. The destination is not distinct from the first source XMM register and the 
upper bits (MAXVL-1:128) of the corresponding register destination are unmodified. 


Operation 


PADDUSB (with 64-bit operands) 
DEST[7:0] := SaturateToUnsignedByte(DEST[7:0] + SRC (7:0] ); 
(* Repeat add operation for 2nd through 7th bytes *) 
DEST[63:56] := SaturateToUnsignedByte(DEST[63:56] + SRC[63:56] 


PADDUSB (with 128-bit operands) 
DEST[7:0] := SaturateToUnsignedByte (DEST[7:0] + SRC[7:0]); 
(* Repeat add operation for 2nd through 14th bytes *) 
DEST[127:120] := SaturateToUnSignedByte (DEST[127:120] + SRC[127:120)); 
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VPADDUSB (VEX.128 encoded version) 
DEST[7:0] := SaturateToUnsignedByte (SRC1[7:0] + SRC2[7:0)); 
(* Repeat subtract operation for 2nd through 14th bytes *) 
DEST[127:120] := SaturateToUnsignedByte (SRC1[111:120] + SRC2[127:120)); 
DEST[MAXVL-1:1 28] := 0 


VPADDUSB (VEX.256 encoded version) 
DEST[7:0] := SaturateToUnsignedByte (SRC1[7:0] + SRC2[7:0)); 
(* Repeat add operation for 2nd through 31st bytes *) 
DEST[255:248] := SaturateToUnsignedByte (SRC1[255:248] + SRC2[255:248)); 


PADDUSW (with 64-bit operands) 
DEST[15:0] := SaturateToUnsignedWord(DEST[15:0] + SRC[15:0] ); 
(* Repeat add operation for 2nd and 3rd words *) 
DEST[63:48] := SaturateToUnsignedword(DEST[63:48] + SRC[63:48] ); 


PADDUSW (with 128-bit operands) 
DEST[15:0] := SaturateToUnsignedWord (DEST[15:0] + SRC[15:0)); 
(* Repeat add operation for 2nd through 7th words *) 
DEST[127:1 12] := SaturateToUnSignedWord (DEST[127:112] + SRC[127:112]); 


VPADDUSW (VEX.128 encoded version) 
DEST[15:0] := SaturateToUnsignedWord (SRC1[15:0] + SRC2[15:0)); 
(* Repeat subtract operation for 2nd through 7th words *) 
DEST[127:112] := SaturateToUnsignedword (SRC1[127:112] + SRC2[127:112)); 
DEST[MAXVL-1:1 28] := 0 


VPADDUSW (VEX.256 encoded version) 
DEST[15:0] := SaturateToUnsignedWord (SRC1[15:0] + SRC2[15:0)); 
(* Repeat add operation for 2nd through 15th words *) 
DEST[255:240] := SaturateToUnsignedWord (SRC1[255:240] + SRC2[255:240]) 


VPADDUSB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 


FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN DEST{i+7:i] = SaturateToUnsignedByte (SRC1[i+7:i] + SRC2[i+7:i]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] = 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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VPADDUSW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 


FOR j :=0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+15:i] = SaturateToUnsignedWord (SRC1[i+15:i] + SRC2[i+15:i]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+1 5:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] = 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 


PADDUSB: m64__mm_adds_pu8(__m64 m1,__m64 m2) 
PADDUSW: m64 __mm_adds_pu16(__m64 m1,__ m64 m2) 
(V)PADDUSB: m128i__mm_adds_epu8 (__m128i a,__m128i b) 
(V)PADDUSW: m128i_mm_adds_epu16 (__m128ia,__m128i b) 
VPADDUSB: m256i__mm256_adds_epu8 (__m256i a,__ m256i b) 
VPADDUSW: m256i__mm256_adds_epu16 (__m256i a,__ m256i b) 
VPADDUSB__m512i_mm512_adds_epu8 (__m512ia,__m512i b) 


VPADDUSW__m512i_mm512_adds_epu16 (__m512ia,__m512i b) 
VPADDUSB__m512i_mm512_mask_adds_epu8 (__m512is,__mmask64 m,__m512ia,__m512ib) 
VPADDUSW__m512i_mm512_mask_adds_epu16 (__m512is,__ mmask32 m,_m512i a,__m512i b) 
VPADDUSB__m512i_mm512_maskz_adds_epu8 (__mmask64 m,__m512i a,__m512i b) 
VPADDUSW__m512i_mm512_maskz_adds_epu16 (__mmask32 m,__m512ia,__m512i b) 
VPADDUSB__m256i__mm256_mask_adds_epu8 (__m256i s,__ mmask32 m,__m256i a, ___ m256i b) 
VPADDUSW__m256i __mm256_mask_adds_epu16 (__m256i s,__mmask16 m,__m256i a, ___m256i b) 
VPADDUSB__m256i__mm256_maskz_adds_epu8 (__mmask32 m, __m256i a,__ m256i b) 
VPADDUSW__m256i __mm256_maskz_adds_epu16 (__mmask16 m,_m256i a, ___ m256i b) 
VPADDUSB__m128i__mm_mask_adds_epu8 (__m128is,__ mmask16 m,__m128i a, ___m128i b) 
VPADDUSW__m128i __mm_mask_adds_epu16 (__m128is,___ mmask8 m, ___m128i a,__m128i b) 


VPADDUSB__m128i__mm_maskz_adds_epu8 (__mmask16 m, ___m128i a,__m128i b) 
VPADDUSW__m128i __mm_maskz_adds_epu16 (__mmask8 m,_m128i a,__m128i b) 
Flags Affected 

None. 


Numeric Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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PALIGNR — Packed Align Right 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En Mode Feature 
Support | Flag 
NP OF 3A OF /r ib! A VV SSSE3 Concatenate destination and source operands, 


extract byte-aligned result shifted to the right by 


PALIGNR mm1, mm2/m64, imm8 
constant value in imm8 into mm1. 


66 OF 3A OF /r ib A VIV SSSE3 
PALIGNR xmm1, xmm2/m128, imm8& 


Concatenate destination and source operands, 
extract byte-aligned result shifted to the right by 
constant value in imm8 into xmm1. 


VEX.128.66.0F3A.WIG OF /r ib B VIV AVX 
VPALIGNR xmm1, xmm2, xmm3/m128, imm& 


Concatenate xmm2 and xmm3/m128, extract 
byte aligned result shifted to the right by 
constant value in imm8 and result is stored in 
xmm1. 


VEX.256.66.0F3A.WIG OF /r ib B VIN AVX2 
VPALIGNR ymm1, ymm2, ymm3/m256, imm8 


Concatenate pairs of 16 bytes in ymm2 and 
ymm3/m256 into 32-byte intermediate result, 
extract byte-aligned, 16-byte result shifted to 
the right by constant values in imm8 from each 
intermediate result, and two 16-byte results are 
stored in ymm1. 


EVEX.128.66.0F3A.WIG OF /r ib C VN AVX512VL | Concatenate xmm2 and xmm3/m128 into a 32- 
VPALIGNR xmm1 {k1}{z}, xmm2, xmm3/m1 28, AVX512BW | byte intermediate result, extract byte aligned 
imm8 result shifted to the right by constant value in 
imm8 and result is stored in xmm1. 


EVEX.256.66.0F3A.WIG OF /r ib C VV AVX512VL | Concatenate pairs of 16 bytes in ymm2 and 
VPALIGNR ymm1 {k1}{z}, ymm2, ymm3/m256, AVX512BW | ymm3/m256 into 32-byte intermediate result, 
imm8 extract byte-aligned, 16-byte result shifted to 
the right by constant values in imm8 from each 
intermediate result, and two 16-byte results are 
stored in ymm1. 


EVEX.512.66.0F3A.WIG OF /r ib C VV AVX512BW | Concatenate pairs of 16 bytes in zmm2 and 
VPALIGNR zmm1 {k1}{z}, zmm2, zmm3/m512, zmm3/m512 into 32-byte intermediate result, 
imm8 extract byte-aligned, 16-byte result shifted to 
the right by constant values in imm8 from each 
intermediate result, and four 16-byte results are 
stored in zmm1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) imm8 NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) imm8 
Description 


(V)PALIGNR concatenates the destination operand (the first operand) and the source operand (the second 


operand) into an intermediate composite, shifts the composite at byte granularity to the right by a constant imme- 
diate, and extracts the right-aligned result into the destination. The first and the second operands can be an MMX, 
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XMM or a YMM register. The immediate value is considered unsigned. Immediate shift counts larger than the 2L 
(i.e. 32 for 128-bit operands, or 16 for 64-bit operands) produce a zero result. Both operands can be MMxX regis- 
ters, XMM registers or YMM registers. When the source operand is a 128-bit memory operand, the operand must 
be aligned on a 16-byte boundary or a general-protection exception (#GP) will be generated. 


In 64-bit mode and not encoded by VEX/EVEX prefix, use the REX prefix to access additional registers. 
128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding YMM destination register remain unchanged. 


EVEX.512 encoded version: The first source operand is a ZMM register and contains four 16-byte blocks. The 
second source operand is a ZMM register or a 512-bit memory location containing four 16-byte block. The destina- 
tion operand is a ZMM register and contain four 16-byte results. The imm8[7:0] is the common shift count 


used for each of the four successive 16-byte block sources. The low 16-byte block of the two source operands 
produce the low 16-byte result of the destination operand, the high 16-byte block of the two source operands 
produce the high 16-byte result of the destination operand and so on for the blocks in the middle. 


VEX.256 and EVEX.256 encoded versions: The first source operand is a YMM register and contains two 16-byte 
blocks. The second source operand is a YMM register or a 256-bit memory location containing two 16-byte block. 
The destination operand is a YMM register and contain two 16-byte results. The imm8[7:0] is the common shift 
count used for the two lower 16-byte block sources and the two upper 16-byte block sources. The low 16-byte 
block of the two source operands produce the low 16-byte result of the destination operand, the high 16-byte block 
of the two source operands produce the high 16-byte result of the destination operand. The upper bits (MAXVL- 
1:256) of the corresponding ZMM register destination are zeroed. 


VEX.128 and EVEX.128 encoded versions: The first source operand is an XMM register. The second source operand 
is an XMM register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL- 
1:128) of the corresponding ZMM register destination are zeroed. 


Concatenation is done with 128-bit data in the first and second source operand for both 128-bit and 256-bit 
instructions. The high 128-bits of the intermediate composite 256-bit result came from the 128-bit data from the 
first source operand; the low 128-bits of the intermediate result came from the 128-bit data of the second source 
operand. 


127 0 127 0 
SRC1 SRC2 
Imm8[7:0]*8 
255 128 255 
SRC1 | sRc2 
|<] fj | 
Imm8[7:0]*8 
255 128 1 0 
DEST | | | | Vv pest 


Figure 4-7. 256-bit VPALIGN Instruction Operation 


Operation 


PALIGNR (with 64-bit operands) 
temp1[127:0] = CONCATENATE(DEST,SRC)>>(imm8*8) 
DEST[63:0] = temp1[63:0] 
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PALIGNR (with 128-bit operands) 

temp1[255:0] := ((DEST[1 27:0] << 128) OR SRC[127:0])>>(imm8*8); 
DEST[127:0] := temp1[127:0] 

DEST[MAXVL-1:128] (Unmodified) 


VPALIGNR (VEX.128 encoded version) 

temp1[255:0] := ((SRC1[127:0] << 128) OR SRC2[127:0])>>(imm8*8); 
DEST[127:0] := temp1[127:0] 

DEST[MAXVL-1:128] := 0 


VPALIGNR (VEX.256 encoded version) 

temp1[255:0] := ((SRC1[127:0] << 128) OR SRC2[127:0])>>(imm8[7:0]*8); 
DEST[127:0] := temp1[127:0] 

temp1[255:0] := ((SRC1[255:1 28] << 128) OR SRC2[255:128])>>(imm8[7:0]*8); 
DEST[MAXVL-1:128] := temp1[127:0] 


VPALIGNR (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 


FOR | := 0 TO VL-1 with increments of 128 
temp1[255:0] := ((SRC1[I+127:I] << 128) OR SRC2[I+1 27:1])>>(imm8[7:0]*8); 
TMP_DEST[I+127:l] := temp1[127:0] 

ENDFOR; 


FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] = TMP_DEST[i+7:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] = 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 


PALIGNR: m64 _mm_alignr_pi8 (__m64 a,__m64 b, int n) 
(V)PALIGNR: m128i _mm_alignr_epi8 (__m128i a,__m128i, int n) 
VPALIGNR: m256i __mm256_alignr_epi8 (__m256i a,__ m256i b, const int n) 


VPALIGNR __m512i_mm512_alignr_epi8 (__m512i a,__m512ib, const int n) 

VPALIGNR __m512i_mm512_mask_alignr_epi8 (__m512is,__ mmask64 m,_m512i a,__m512ib, const int n) 
VPALIGNR __m512i_mm512_maskz_alignr_epi8 (__mmask64 m,__m512i a,__m512ib, const int n) 
VPALIGNR __m256i_mm256_mask_alignr_epi8 (__m256is,__ mmask32 m,___m256i a,__m256i b, const int n) 
VPALIGNR __m256i__mm256_maskz_alignr_epi8 (__mmask32 m,___m256i a, ___m256i b, const int n) 
VPALIGNR __m128i__mm_mask_alignr_epi8 (__m128is,__ mmask16 m,__m128i a, ___m128i b, const int n) 
VPALIGNR __m128i__mm_maskz_alignr_epi8 (__mmask16 m,___m128i a,__m128i b, const int n) 


SIMD Floating-Point Exceptions 
None. 
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Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature Flag 

Support 
NP OF DB /r' A VN MMX Bitwise AND mm/m64 and mm. 
PAND mm, mm/m64 
66 OF DB /r A VN SSE2 Bitwise AND of xmm2/m128 and xmm1. 
PAND xmm1, xmm2/m128 
VEX.128.66.0F.WIG DB /r B VV AVX Bitwise AND of xmm3/m128 and xmm. 
VPAND xmm1, xmm2, xmm3/m128 
VEX.256.66.0F.wic DB /r B VV AVX2 Bitwise AND of ymm2, and ymm3/m256 and 
VPAND ymm1, ymm2, ymm3/.m256 store result in ymm1. 
EVEX.128.66.0F.WO DB /r C VV AVX512VL | Bitwise AND of packed doubleword integers in 
VPANDD xmm1 {k1}{z}, xmm2, AVX512F xmme2 and xmm3/m128/m32bcst and store 
xmm3/m128/m32bcst result in xmm1 using writemask k1. 
EVEX.256.66.0F.WO DB /r C VV AVX512VL | Bitwise AND of packed doubleword integers in 
VPANDD ymm1 {k1}{z}, ymm2, AVX512F ymme and ymm3/m256/m32bcst and store 
ymm3/m256/m32bcst result in ymm1 using writemask k1. 
EVEX.512.66.0F.WO DB /r C VV AVX512F Bitwise AND of packed doubleword integers in 
VPANDD zmm1 {k1}{z}, zmm2, zmme2 and zmm3/m512/m32bcst and store 
zmm3/m512/m32bcst result in zmm1 using writemask k1. 
EVEX.128.66.0F.W1 DB /r C VIV AVX512VL | Bitwise AND of packed quadword integers in 
VPANDQ xmm1 {k1}{z}, xmm2, AVX512F xmme2 and xmm3/m128/m64bcst and store 
xmm3/m128/m64bcst result in xmm1 using writemask k1. 
EVEX.256.66.0F.W1 DB /r C VIV AVX512VL | Bitwise AND of packed quadword integers in 
VPANDQ ymm1 {k1}{z}, ymm2, AVX512F ymme and ymm3/m256/m64bcst and store 
ymm3/m256/m64bcst result in ymm1 using writemask k1. 
EVEX.512.66.0F.W1 DB /r C VV AVX512F Bitwise AND of packed quadword integers in 
VPANDQ zmm1 {k1}{z}, zmm2, zmme2 and zmm3/m512/m64bcst and store 
zmm3/m512/m64bcst result in zmm1 using writemask k1. 
NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a bitwise logical AND operation on the first source operand and second source operand and stores the 
result in the destination operand. Each bit of the result is set to 1 if the corresponding bits of the first and second 
operands are 1, otherwise it is set to 0. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 
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Legacy SSE instructions: The source operand can be an MMX technology register or a 64-bit memory location. The 
destination operand can be an MMX technology register. 

128-bit Legacy SSE version: The first source operand is an XMM register. The second operand can be an XMM 
register or an 128-bit memory location. The destination is not distinct from the first source XMM register and the 
upper bits (MAXVL-1:128) of the corresponding ZMM register destination are unmodified. 

EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 
32/64-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally updated with 
writemask ki at 32/64-bit granularity. 

VEX.256 encoded versions: The first source operand is a YMM register. The second source operand is a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of 
the corresponding ZMM register destination are zeroed. 

VEX.128 encoded versions: The first source operand is an XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


Operation 


PAND (64-bit operand) 
DEST := DEST AND SRC 


PAND (128-bit Legacy SSE version) 
DEST := DEST AND SRC 
DEST[MAXVL-1:128] (Unmodified) 


VPAND (VEX.128 encoded version) 
DEST := SRC1 AND SRC2 
DEST[MAXVL-1:128] := 0 


VPAND (VEX.256 encoded instruction) 
DEST[255:0] := (SRC1[255:0] AND SRC2[255:0]) 
DEST[MAXVL-1:256] := 0 


VPANDD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN DEST[i+31:i] := SRC1[i+31:i] BITWISE AND SRC2[31:0] 
ELSE DEST[i+31:i] := SRC1[i+31:i] BITWISE AND SRC2[i+31:i] 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPANDQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN DEST{i+63:i] = SRC1[i+63:i] BITWISE AND SRC2[63:0] 
ELSE DEST[i+63:i] := SRC1[i+63:i] BITWISE AND SRC2[i+63:i] 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 


VPANDD __m512i__mm512_and_epi32(__m512i a,__m512ib); 

VPANDD __m512i_mm512_mask_and_epi32(__m512is,__ mmask16 k,___m512ia, 
VPANDD __m512i_mm512_maskz_and_epi32(__mmask16 k,__m512ia,__m512ib); 
VPANDQ __m512i__mm512_and_epi64(__m512i a,__m512i b); 

VPANDQ __m512i__mm512_mask_and_epi64(__m512is, __mmask8 k, __m512i a, __m512i b); 
VPANDQ __m512i _mm512_maskz_and_epi64(__mmask8 k, __m512i a, ___m512i b); 
VPANDND __m256i __mm256_mask_and_epi32(__m256is,___ mmask8 k,___ m256i a, __m256i b); 
VPANDND __m256i __mm256_maskz_and_epi32(__mmask8 k,___ m256i a, __ m256i b); 
VPANDND __m128i __mm_mask_and_epi32(__m128i s, __mmask8 k,__m128i a,___m128i b); 
VPANDND __m128i __mm_maskz_and_epi32(__ mmask8 k,___m128i a,__m128i b); 

VPANDNQ __m256i__mm256_mask_and_epi64(__m256i s, __mmask8 k, __m256i a, __m256i b); 


m512i b); 


VPANDNQ __m256i__mm256_maskz_and_epi64(__mmask8 k, __m256i a, __m256i b); 
VPANDNQ __m128i__mm_mask_and_epi64(__m128i s,__mmask8 k, __m128i a, ___m128i b); 
VPANDNQ __m128i__mm_maskz_and_epi64(__mmask8 k, __m128i a, __m128i b); 

PAND: m64 _mm_and_si64 (__m64 m1,__m64 m2) 

(V)PAND:__m128i __mm_and_si128 (__m128i a, ___m128i b) 

VPAND: m256i __mm256_and_si256 (__m256i a, __m256i b) 

Flags Affected 

None. 


Numeric Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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PANDN—Logical AND NOT 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 

Support | Flag 
NP OF DF /r! A VIN MMX Bitwise AND NOT of mm/m64 and mm. 
PANDN mm, mm/m64 
66 OF DF /r A VIN SSE2 Bitwise AND NOT of xmm2/m128 and xmm1. 
PANDN xmm1, xmm2/m128 
VEX.128.66.0F.WIG DF /r B VN AVX Bitwise AND NOT of xmm3/m128 and xmm2. 
VPANDN xmm1, xmm2, xmm3/m128 
VEX.256.66.0F.wic DF /r B VV AVX2 Bitwise AND NOT of ymm2, and ynm3/m256 
VPANDN ymm1, ymm2, ymm3/m256 and store result in ymm/7. 
EVEX.128.66.0F.WO DF /r C VIN AVX512VL_ | Bitwise AND NOT of packed doubleword 
VPANDND xmm1 {k1}{z}, xmm2, AVX512F integers in xmm2 and xmm3/m128/m32bcst 
xmm3/m1 28/m32bcst and store result in xmm1 using writemask k1. 
EVEX.256.66.0F.WO DF /r C VN AVX512VL_ | Bitwise AND NOT of packed doubleword 
VPANDND ymm1 {k1}{z}, ymm2, AVX512F integers in ymm2 and ymm3/m256/m32bcst 
ymm3/m256/m32bcst and store result in ymm1 using writemask k1. 
EVEX.512.66.0F.WO DF /r C VV AVX512F Bitwise AND NOT of packed doubleword 
VPANDND zmm1 {k1}{z}, zmm2, integers in zmm2 and zmm3/m512/m32bcst 
zmm3/m51 2/m32bcst and store result in zmm1 using writemask k1. 
EVEX.128.66.0F.W1 DF /r C VV AVX512VL_ | Bitwise AND NOT of packed quadword 
VPANDNQ xmm1 {k1}{z}, xmm2, AVX512F integers in xmm2 and xmm3/m128/m64bcst 
xmm3/m1 28/m64bcst and store result in xmm1 using writemask k1. 
EVEX.256.66.0F.W1 DF /r C VV AVX512VL_ | Bitwise AND NOT of packed quadword 
VPANDNQ ymm1 {k1}{z}, ymm2, AVX512F integers in ymm2 and ymm3/m256/m64bcst 
ymm3/m256/m64bcst and store result in ymm1 using writemask k1. 
EVEX.512.66.0F.W1 DF /r C VV AVX512F Bitwise AND NOT of packed quadword 
VPANDNQ zmm1 {k1}{z}, zmm2, integers in zmm2 and zmm3/m512/m64bcst 
zmm3/m512/m64bcst and store result in zmm1 using writemask k1. 
NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a bitwise logical NOT operation on the first source operand, then performs bitwise AND with second 
source operand and stores the result in the destination operand. Each bit of the result is set to 1 if the corre- 


sponding bit in the first operand is 0 and the corresponding bit in the second operand is 1, otherwise it is set to 0. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 
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Legacy SSE instructions: The source operand can be an MMX technology register or a 64-bit memory location. The 
destination operand can be an MMxX technology register. 

128-bit Legacy SSE version: The first source operand is an XMM register. The second operand can be an XMM 
register or an 128-bit memory location. The destination is not distinct from the first source XMM register and the 
upper bits (MAXVL-1:128) of the corresponding ZMM register destination are unmodified. 

EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 
32/64-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally updated with 
writemask ki at 32/64-bit granularity. 

VEX.256 encoded versions: The first source operand is a YMM register. The second source operand is a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of 
the corresponding ZMM register destination are zeroed. 

VEX.128 encoded versions: The first source operand is an XMM register. The second source operand is an XMM 
register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


Operation 


PANDN (64-bit operand) 
DEST := NOT(DEST) AND SRC 


PANDN (128-bit Legacy SSE version) 
DEST := NOT(DEST) AND SRC 
DEST[MAXVL-1:128] (Unmodified) 


VPANDN (VEX.128 encoded version) 
DEST := NOT(SRC1) AND SRC2 
DEST[MAXVL-1:128] := 0 


VPANDN (VEX.256 encoded instruction) 
DEST[255:0] := ((NOT SRC1[255:0]) AND SRC2[255:0]) 
DEST[MAXVL-1:256] := 0 


VPANDND (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN DEST[i+31:i] := (NOT SRC1[i+31:i]) AND SRC2[31:0]) 
ELSE DEST[i+31:i] := (NOT SRC1[i+31:i]) AND SRC2[i+31:i]) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPANDNQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN DEST{[i+63:i] = (NOT SRC1[i+63:i]) AND SRC2[63:0]) 
ELSE DEST[i+63:i] = ((NOT SRC1[i+63:i]) AND SRC2[i+63:i]) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 


VPANDND __m512i_mm512_andnot_epi32(__m512i a,__m512i b); 

VPANDND __m512i_mm512_mask_andnot_epi32(__m512i s,__ mmask16 k,__m512i a,__m512ib); 
VPANDND __m512i_mm512_maskz_andnot_epi32(__mmask16 k,__m512i a,__m512i b); 
VPANDND __m256i__mm256_mask_andnot_epi32(__m256i s,___mmask8 k, __ m256i a, ___m256i b); 
VPANDND __m256i_mm256_maskz_andnot_epi32(__mmask8 k,__ m256i a, __m256i b); 
VPANDND __m128i __mm_mask_andnot_epi32(__m128i s,__ mmask8 k,__m128i a,__m128i b); 
VPANDND __m128i __mm_maskz_andnot_epi32(__mmask8 k,___m128i a,__m128i b); 

VPANDNQ __m512i_mm512_andnot_epi64(__m512i a, __m512i b); 

VPANDNQ __m512i__mm512_mask_andnot_epi64(__m512i s, __mmask8 k,__m512i a, __m512i b); 
VPANDNQ __m512i_mm512_maskz_andnot_epi64(__mmask8 k,__m512i a, ___m512i b); 
VPANDNQ __m256i__mm256_mask_andnot_epi64(__m256i s, __mmask8 k, __m256i a, __m256i b); 
VPANDNQ __m256i__mm256_maskz_andnot_epi64(__mmask8 k, __m256i a, __m256i b); 
VPANDNQ __m128i__mm_mask_andnot_epi64(__m128i s,___ mmask8 k, __m128i a, __m128i b); 
VPANDNQ __m128i __mm_maskz_andnot_epi64(__mmask8 k, __m128i a, __m128i b); 

PANDN: __m64 _mm_andnot_si64 (__m64 m1,___m64 m2) 


(V)PANDN:__m128i _mm_andnot_si128 (__m128i a, ___m128i b) 
VPANDN: m256i_mm256_andnot_si256 (__m256i a,__ m256i b) 
Flags Affected 

None. 


Numeric Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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PAUSE-—Spin Loop Hint 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
F3 90 PAUSE ZO | Valid Valid Gives hint to processor that improves 
performance of spin-wait loops. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Improves the performance of spin-wait loops. When executing a “spin-wait loop,” processors will suffer a severe 
performance penalty when exiting the loop because it detects a possible memory order violation. The PAUSE 
instruction provides a hint to the processor that the code sequence is a spin-wait loop. The processor uses this hint 
to avoid the memory order violation in most situations, which greatly improves processor performance. For this 
reason, it is recommended that a PAUSE instruction be placed in all spin-wait loops. 

An additional function of the PAUSE instruction is to reduce the power consumed by a processor while executing a 
spin loop. A processor can execute a spin-wait loop extremely quickly, causing the processor to consume a lot of 
power while it waits for the resource it is spinning on to become available. Inserting a pause instruction in a spin- 
wait loop greatly reduces the processor’s power consumption. 

This instruction was introduced in the Pentium 4 processors, but is backward compatible with all IA-32 processors. 
In earlier IA-32 processors, the PAUSE instruction operates like a NOP instruction. The Pentium 4 and Intel Xeon 
processors implement the PAUSE instruction as a delay. The delay is finite and can be zero for some processors. 
This instruction does not change the architectural state of the processor (that is, it performs essentially a delaying 
no-op operation). 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 
Execute_Next_Instruction(DELAY); 


Numeric Exceptions 
None. 


Exceptions (All Operating Modes) 
#UD If the LOCK prefix is used. 
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PAVGB/PAVGW—Average Packed Integers 


VPAVGW zmm1 {k1}{z}, zmm2, zmm3/m512 


NOTES: 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

NP OF €0 /r' A VIV SSE Average packed unsigned byte integers from 

PAVGB mm1, mm2/m64 mm2/m64 and mm1 with rounding. 

66 OF E0, /r A VIV SSE2 Average packed unsigned byte integers from 

PAVGB xmm1, xmm2/m128 xmm2/m128 and xmm1 with rounding. 

NP OF €3 /r' A VIV SSE Average packed unsigned word integers from 

PAVGW mm1, mm2/m64 mm2/m64 and mm17 with rounding. 

66 OF E3 /r A VIV SSE2 Average packed unsigned word integers from 

PAVGW xmm1, xmm2/m128 xmm2/m128 and xmm7 with rounding. 

VEX.128.66.0F.WIG EO /r B VIV AVX Average packed unsigned byte integers from 

VPAVGB xmm1, xmm2, xmm3/m128 xmm3/m128 and xmm2é with rounding. 

VEX.128.66.0F.WIG E3 /r B VIV AVX Average packed unsigned word integers from 

VPAVGW xmm1, xmm2, xmm3/m128 xmm3/m128 and xmmé with rounding. 

VEX.256.66.0F.wiG EO /r B VIV AVX2 Average packed unsigned byte integers from 

VPAVGB ymm1, ymm2, ymm3/m256 ymm2, and ymm3/m256 with rounding and 
store to ymm!1. 

VEX.256.66.0F.wic €3 /r B VIV AVX2 Average packed unsigned word integers from 

VPAVGW ymm1, ymm2, ymm3/m256 ymmé, ynm3/m256 with rounding to ymm7. 

EVEX.128.66.0F.WIG EO /r C VIV AVX512VL | Average packed unsigned byte integers from 

VPAVGB xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm2, and xmm3/m128 with rounding and 
store to xmm1 under writemask k1. 

EVEX.256.66.0F.WIG EO /r C VIV AVX512VL | Average packed unsigned byte integers from 

VPAVGB ymm7 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm2, and ymm3/m256 with rounding and 
store to ymm1 under writemask k1. 

EVEX.512.66.0F.WIG EO /r C VIV AVX512BW | Average packed unsigned byte integers from 

VPAVGB zmm1 {k1}{z}, zmm2, zmm3/m512 zmm2, and zmm3/m512 with rounding and 
store to zmm1 under writemask k1. 

EVEX.128.66.0F.WIG E3 /r C VIV AVX512VL | Average packed unsigned word integers from 

VPAVGW xmm7 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm2, xmm3/m128 with rounding to xmm1 
under writemask k1. 

EVEX.256.66.0F.WIG E3 /r C VIN AVX512VL | Average packed unsigned word integers from 

VPAVGW ymm 17 {k1}{z}, ynm2, ynm3/m256 AVX512BW | ymm2, ymm3/m256 with rounding to ymm1 
under writemask k1. 

EVEX.512.66.0F.WIG E3 /r C VIV AVX512BW | Average packed unsigned word integers from 


zmm2, zmm3/m512 with rounding to zmm1 
under writemask k1. 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 
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Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD average of the packed unsigned integers from the source operand (second operand) and the 
destination operand (first operand), and stores the results in the destination operand. For each corresponding pair 
of data elements in the first and second operands, the elements are added together, a 1 is added to the temporary 
sum, and that result is shifted right one bit position. 


The (V)PAVGB instruction operates on packed unsigned bytes and the (V)PAVGW instruction operates on packed 
unsigned words. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE instructions: The source operand can be an MMX technology register or a 64-bit memory location. The 
destination operand can be an MMxX technology register. 


128-bit Legacy SSE version: The first source operand is an XMM register. The second operand can be an XMM 
register or an 128-bit memory location. The destination is not distinct from the first source XMM register and the 
upper bits (MAXVL-1:128) of the corresponding register destination are unmodified. 


EVEX.512 encoded version: The first source operand is a ZMM register. The second source operand is a ZMM 
register or a 512-bit memory location. The destination operand is a ZMM register. 

VEX.256 and EVEX.256 encoded versions: The first source operand is a YMM register. The second source operand 
is a YMM register or a 256-bit memory location. The destination operand is a YMM register. 

VEX.128 and EVEX.128 encoded versions: The first source operand is an XMM register. The second source operand 


is an XMM register or 128-bit memory location. The destination operand is an XMM register. The upper bits (MAXVL- 
1:128) of the corresponding register destination are zeroed. 


Operation 


PAVGB (with 64-bit operands) 
DEST[7:0] := (SRC[7:0] + DEST[7:0] + 1) >> 1; (* Temp sum before shifting is 9 bits *) 
(* Repeat operation performed for bytes 2 through 6 *) 
DEST[63:56] := (SRC[63:56] + DEST[63:56] + 1) >> 1; 


PAVGW (with 64-bit operands) 
DEST[15:0] := (SRC[15:0] + DEST[15:0] + 1) >> 1; (* Temp sum before shifting is 17 bits *) 
(* Repeat operation performed for words 2 and 3 *) 
DEST[63:48] := (SRC[63:48] + DEST[63:48] + 1) >> 1; 


PAVGB (with 128-bit operands) 
DEST[7:0] := (SRC[7:0] + DEST[7:0] + 1) >> 1; (* Temp sum before shifting is 9 bits *) 
(* Repeat operation performed for bytes 2 through 14 *) 
DEST[127:1 20] := (SRC[127:120] + DEST[127:120] + 1) >> 1; 


PAVGW (with 128-bit operands) 
DEST[15:0] := (SRC[15:0] + DEST[15:0] + 1) >> 1; (* Temp sum before shifting is 17 bits *) 
(* Repeat operation performed for words 2 through 6 *) 
DEST[127:112] := (SRC[127:112] + DEST[127:112] + 1) >> 1; 
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VPAVGB (VEX.128 encoded version) 
DEST[7:0] := (SRC1[7:0] + SRC2[7:0] + 1) >> 1; 
(* Repeat operation performed for bytes 2 through 15 *) 
DEST[127:120] := (SRC1[127:120] + SRC2[127:120] + 1) >> 1 
DEST[MAXVL-1:128] := 0 


VPAVGW (VEX.128 encoded version) 
DEST[15:0] := (SRC1[15:0] + SRC2[15:0] + 1) >> 1; 
(* Repeat operation performed for 16-bit words 2 through 7 *) 
DEST[127:112] := (SRC1[127:112] + SRC2[127:112] + 1)>>1 
DEST[MAXVL-1:1 28] := 0 


VPAVGB (VEX.256 encoded instruction) 
DEST[7:0] := (SRC1[7:0] + SRC2[7:0] + 1) >> 1; (* Temp sum before shifting is 9 bits *) 
(* Repeat operation performed for bytes 2 through 31) 
DEST[255:248] := (SRC1[255:248] + SRC2[255:248] + 1) >> 1; 


VPAVGW (VEX.256 encoded instruction) 
DEST[15:0] := (SRC1[15:0] + SRC2[15:0] + 1) >> 1; (* Temp sum before shifting is 17 bits *) 
(* Repeat operation performed for words 2 through 15) 
DEST[255:14]) := (SRC1[255:240] + SRC2[255:240] + 1) >> 1; 
VPAVGB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j :=0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN DEST{i+7:i] := (SRC1[i+7:i] + SRC2[i+7:i] + 1) >> 1; (* Temp sum before shifting is 9 bits *) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] = 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


VPAVGW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST{i+1 5:i] = (SRC1[i+15:i] + SRC2[i+ 15:4] + 1) >> 1 
;(* Temp sum before shifting is 17 bits *) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+1 5:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] = 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalents 


VPAVGB ___m512i_mm512_avg_epu8(__m512i a,__m512i b); 

VPAVGW __m512i_mm512_avg_epu16(__m512ia,__m512i b); 

VPAVGB __m512i_mm512_mask_avg_epu8(__m512is,__ mmask64 m,__m512i a,__m512ib); 
VPAVGW __m512i_mm512_mask_avg_epu16(__m512is,__mmask32 m,__m512ia,__m512ib); 
VPAVGB __m512i_mm512_maskz_avg_epu8(__mmask64 m,___m512i a,__m512i b); 

VPAVGW __m512i_mm512_maskz_avg_epu16(__mmask32 m,_m512i a,__m512ib); 
VPAVGB __m256i__mm256_mask_avg_epu8(__m256i s,__ mmask32 m,___m256i a,___m256i b); 
VPAVGW __m256i__mm256_mask_avg_epu16(__m256is,__ mmask16 m,_m256i a, __m256i b); 
VPAVGB __m256i__mm256_maskz_avg_epu8(__mmask32 m,___m256i a, __m256i b); 

VPAVGW __m256i __mm256_maskz_avg_epu16(__mmask16 m,___m256i a, __ m256i b); 

VPAVGB __m128i_mm_mask_avg_epu8(__m128i s,___ mmask16 m,___m128i a,__m128i b); 
VPAVGW __m128i__mm_mask_avg_epu16(__m128i s, __mmask8 m,_m128i a, __m128i b); 
VPAVGB __m128i _mm_maskz_avg_epu8(__mmask16 m, __m128i a,__m128i b); 


VPAVGW __m128i__mm_maskz_avg_epu16(__mmask8 m, ___m128i a,__m128i b); 
PAVGB: ___m64 _mm_avg_pu8 (__m64 a,___m64 b) 

PAVGW: __m64_mm_avg_pu16 (__m64 a,__m64 b) 

(V)PAVGB: __m128i __mm_avg_epu8 (__m128i a, ___m128i b) 

(V)PAVGW: __m128i__mm_avg_epu16 (__m128i a,__m128i b) 

VPAVGB: m256i_mm256_avg_epu8 (__m256i a,__m256i b) 
VPAVGW: m256i_mm256_avg_epu16 (__m256i a, ___ m256i b) 

Flags Affected 

None. 


Numeric Exceptions 
None. 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
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EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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PBLENDVB — Variable Blend Packed Bytes 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En Mode Feature 
Support | Flag 
66 OF 38 10 /r RM VIV SSE4_1 Select byte values from xmm17 and 


PBLENDVB xmm1, xmm2/m128, <XMMO> xmm2/m1 28 from mask specified in the high 
bit of each byte in XMMO and store the 


values into xmm1. 


VEX.128.66.0F3A.WO 4C /r /is4 RVMR | V/V AVX 
VPBLENDVB xmm1, xmm2, xmm3/m128, xmm4 


Select byte values from xmm2 and 
xmm3/m128 using mask bits in the specified 
mask register, xmm4, and store the values 
into xmm1. 


VEX.256.66.0F3A.WO 4C /r /is4 RVMR | V/V AVX2 
VPBLENDVB ymm17, ymm2, ynm3/m256, ymm4 


Select byte values from ymm2 and 
ymm3/m256 from mask specified in the high 
bit of each byte in ymm4 and store the 
values into ymm7. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) <XMMO> NA 
RVMR ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8[7:4] 
Description 


Conditionally copies byte elements from the source operand (second operand) to the destination operand (first 
operand) depending on mask bits defined in the implicit third register argument, XMMO. The mask bits are the most 
significant bit in each byte element of the XMMO register. 


If a mask bit is “1", then the corresponding byte element in the source operand is copied to the destination, else 
the byte element in the destination operand is left unchanged. 


The register assignment of the implicit third operand is defined to be the architectural register XMMO. 


128-bit Legacy SSE version: The first source operand and the destination operand is the same. Bits (MAXVL-1:128) 
of the corresponding YMM destination register remain unchanged. The mask register operand is implicitly defined 
to be the architectural register XMMO. An attempt to execute PBLENDVB with a VEX prefix will cause #UD. 


VEX.128 encoded version: The first source operand and the destination operand are XMM registers. The second 
source operand is an XMM register or 128-bit memory location. The mask operand is the third source register, and 
encoded in bits[7:4] of the immediate byte(imm8). The bits[3:0] of imm8 are ignored. In 32-bit mode, imm8[7] is 
ignored. The upper bits (MAXVL-1:128) of the corresponding YMM register (destination register) are zeroed. VEX.L 
must be 0, otherwise the instruction will #UD. VEX.W must be 0, otherwise, the instruction will #UD. 

VEX.256 encoded version: The first source operand and the destination operand are YMM registers. The second 
source operand is an YMM register or 256-bit memory location. The third source register is an YMM register and 
encoded in bits[7:4] of the immediate byte(imm8). The bits[3:0] of imm8 are ignored. In 32-bit mode, imm8[7] is 
ignored. 

VPBLENDVB permits the mask to be any XMM or YMM register. In contrast, PBLENDVB treats XMMO implicitly as the 


mask and do not support non-destructive destination operation. An attempt to execute PBLENDVB encoded with a 
VEX prefix will cause a #UD exception. 


Operation 

PBLENDVB (128-bit Legacy SSE version) 

MASK := XMMO 

IF (MASK[7] = 1) THEN DEST[7:0] := SRC[7:0]; 
ELSE DEST[7:0] := DEST[7:0]; 

IF (MASK[15] = 1) THEN DEST[15:8] := SRC[15:8]; 
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ELSE DEST[15:8] := DEST[15:8]; 
IF (MASK[23] = 1) THEN DEST[23:16] := SRC[23:16] 
ELSE DEST[23:16] := DEST[23:16]; 
IF (MASK[31] = 1) THEN DEST[31:24] := SRC[31:24] 
ELSE DEST[31:24] := DEST[31:24]; 
IF (MASK[39] = 1) THEN DEST[39:32] := SRC[39:32] 
ELSE DEST[39:32] := DEST[39:32]; 
IF (MASK[47] = 1) THEN DEST[47:40] := SRC[47:40] 
ELSE DEST[47:40] := DEST[47:40]; 
IF (MASK[55] = 1) THEN DEST[55:48] := SRC[55:48] 
ELSE DEST[55:48] := DEST[55:48]; 
IF (MASK[63] = 1) THEN DEST[63:56] := SRC[63:56] 
ELSE DEST[63:56] := DEST[63:56]; 
IF (MASK[71] = 1) THEN DEST[71:64] := SRC[71:64] 
ELSE DEST[71:64] := DEST[71:64]; 
IF (MASK[79] = 1) THEN DEST[79:72] := SRC[79:72] 
ELSE DEST[79:72] := DEST[79:72]; 
IF (MASK[87] = 1) THEN DEST[87:80] := SRC[87:80] 
ELSE DEST[87:80] := DEST[87:80]; 
IF (MASK[95] = 1) THEN DEST[95:88] := SRC[95:88] 
ELSE DEST[95:88] := DEST[95:88]; 


IF (MASK[103] = 1) THEN DEST[103:96] := SRC[103:96] 


ELSE DEST[103:96] := DEST[103:96]; 


IF (MASK[111] = 1) THEN DEST[111:104] := SRC[111:104}] 


ELSE DEST[111:104] := DEST[111:104]; 


IF (MASK[119] = 1) THEN DEST[1 19:1 12] := SRC[119:112] 


ELSE DEST[119:112] := DEST[119:112]; 


IF (MASK[127] = 1) THEN DEST[127:1 20] := SRC[127:120] 


ELSE DEST[127:120] := DEST[127:120]) 
DEST[MAXVL-1:1 28] (Unmodified) 


VPBLENDVB (VEX.128 encoded version) 

MASK := SRC3 

IF (MASK[7] = 1) THEN DEST[7:0] := SRC2[7:0); 

ELSE DEST[7:0] := SRC1[7:0]; 

IF (MASK[15] = 1) THEN DEST[15:8] := SRC2[1 5:8); 
ELSE DEST[15:8] := SRC1[15:8]; 

IF (MASK[23] = 1) THEN DEST[23:16] := SRC2[23:16] 
ELSE DEST[23:16] := SRC1[23:16]; 

IF (MASK[31] = 1) THEN DEST[31:24] := SRC2[31:24] 
ELSE DEST[31:24] := SRC1[31:24]; 

IF (MASK[39] = 1) THEN DEST[39:32] := SRC2[39:32] 
ELSE DEST[39:32] := SRC1[39:32]; 

IF (MASK[47] = 1) THEN DEST[47:40] := SRC2[47:40] 
ELSE DEST[47:40] := SRC1[47:40]; 

IF (MASK[55] = 1) THEN DEST[55:48] := SRC2[55:48] 
ELSE DEST[55:48] := SRC1[55:48]; 

IF (MASK[63] = 1) THEN DEST[63:56] := SRC2[63:56] 
ELSE DEST[63:56] := SRC1[63:56]; 

IF (MASK[71] = 1) THEN DEST[71:64] := SRC2[7 1:64] 
ELSE DEST[71:64] := SRC1[71:64]; 

IF (MASK[79] = 1) THEN DEST[79:72] := SRC2[79:72] 
ELSE DEST[79:72] := SRC1[79:72]; 

IF (MASK[87] = 1) THEN DEST[87:80] := SRC2[87:80] 
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ELSE DEST[87:80] := SRC1[87:80]; 
IF (MASK[95] = 1) THEN DEST[95:88] := SRC2[95:88] 

ELSE DEST[95:88] := SRC1[95:88]; 

IF (MASK[103] = 1) THEN DEST[103:96] := SRC2[103:96] 
ELSE DEST[103:96] := SRC1[103:96]; 

IF (MASK[111] = 1) THEN DEST[111:104] := SRC2[111:104] 
ELSE DEST[111:104] = SRC1[111:104]; 

IF (MASK[119] = 1) THEN DEST[119:112] := SRC2[119:112] 
ELSE DEST[119:112] = SRC1[119:1 12]; 

IF (MASK[127] = 1) THEN DEST[127:120] := SRC2[127:120] 
ELSE DEST[127:120] = SRC1[127:120]) 
DEST[MAXVL-1:128] := 0 


VPBLENDVB (VEX.256 encoded version) 

MASK := SRC3 

IF (MASK[7] == 1) THEN DEST[7:0] := SRC2[7:0]; 

ELSE DEST[7:0] := SRC1[7:0]; 

IF (MASK[15] == 1) THEN DEST[15:8] := SRC2[15:8]; 

ELSE DEST[15:8] := SRC1[15:8]; 

IF (MASK[23] == 1) THEN DEST[23:16] := SRC2[23:16] 

ELSE DEST[23:16] := SRC1[23:16]; 

IF (MASK[31] == 1) THEN DEST[31:24] := SRC2[31:24] 

ELSE DEST[31:24] := SRC1[31:24]; 

IF (MASK[39] == 1) THEN DEST[39:32] := SRC2[39:32] 

ELSE DEST[39:32] := SRC1[39:32]; 

IF (MASK[47] == 1) THEN DEST[47:40] := SRC2[47:40] 

ELSE DEST[47:40] := SRC1[47:40]; 

IF (MASK[55] == 1) THEN DEST[55:48] := SRC2[55:48] 

ELSE DEST[55:48] := SRC1[55:48]; 

IF (MASK[63] == 1) THEN DEST[63:56] := SRC2[63:56] 

ELSE DEST[63:56] := SRC1[63:56]; 

IF (MASK[71] == 1) THEN DEST[71:64] := SRC2[7 1:64] 

ELSE DEST[71:64] := SRC1[71:64]; 

IF (MASK[79] == 1) THEN DEST[79:72] := SRC2[79:72] 

ELSE DEST[79:72] := SRC1[79:72]; 

IF (MASK[87] == 1) THEN DEST[87:80] := SRC2[87:80] 

ELSE DEST[87:80] := SRC1[87:80]; 

IF (MASK[95] == 1) THEN DEST[95:88] := SRC2[95:88] 

ELSE DEST[95:88] := SRC1[95:88]; 

IF (MASK[103] == 1) THEN DEST[103:96] := SRC2[103:96] 
ELSE DEST[103:96] := SRC1[103:96]; 

IF (MASK[111] == 1) THEN DEST[111:104] := SRC2[111:104] 
ELSE DEST[111:104] := SRC1[111:104]; 

IF (MASK[119] == 1) THEN DEST[119:112] := SRC2[119:112] 
ELSE DEST[119:112] := SRC1[119:112]; 

IF (MASK[127] == 1) THEN DEST[127:1 20] := SRC2[127:120] 
ELSE DEST[127:120] := SRC1[127:120]) 

IF (MASK[135] == 1) THEN DEST[135:1 28] := SRC2[135:128]; 
ELSE DEST[135:128] := SRC1[135:128]; 

IF (MASK[143] == 1) THEN DEST[143:1 36] := SRC2[143:136]; 
ELSE DEST[[143:136] := SRC1[143:136]; 

IF (MASK[151] == 1) THEN DEST[151:144] := SRC2[151:144] 
ELSE DEST[151:144] := SRC1[151:144]; 

IF (MASK[159] == 1) THEN DEST[159:152] := SRC2[159:152] 
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ELSE DEST[159:152] := SRC1[159:152]; 
IF (MASK[167] == 1) THEN DEST[167:160] := SRC2[167:160] 
ELSE DEST[167:160] := SRC1[167:160]; 
IF (MASK[175] == 1) THEN DEST[175:168] := SRC2[175:168] 
ELSE DEST[175:168] := SRC1[175:168]; 
IF (MASK[183] == 1) THEN DEST[183:1 76] := SRC2[183:1 76] 
ELSE DEST[183:1 76] := SRC1[183:1 76]; 
IF (MASK[191] == 1) THEN DEST[191:184] := SRC2[191:184] 
ELSE DEST[191:184] := SRC1[191:184]; 
IF (MASK[199] == 1) THEN DEST[199:192] := SRC2[199:192] 
ELSE DEST[199:1 92] := SRC1[199:192]; 
IF (MASK[207] == 1) THEN DEST[207:200] := SRC2[207:200] 
ELSE DEST[207:200] := SRC1[207:200] 
IF (MASK[215] == 1) THEN DEST[215:208] := SRC2[215:208] 
ELSE DEST[215:208] := SRC1[215:208]; 
IF (MASK[223] == 1) THEN DEST[223:216] := SRC2[223:216] 
ELSE DEST[223:216] := SRC1[223:216]; 
IF (MASK[231] == 1) THEN DEST[231:224] := SRC2[231:224] 
ELSE DEST[231:224] := SRC1[231:224]; 
IF (MASK[239] == 1) THEN DEST[239:232] := SRC2[239:232] 
ELSE DEST[239:232] := SRC1[239:232]; 
IF (MASK[247] == 1) THEN DEST[247:240] := SRC2[247:240] 
ELSE DEST[247:240] := SRC1[247:240]; 
IF (MASK[255] == 1) THEN DEST[255:248] := SRC2[255:248] 
ELSE DEST[255:248] := SRC1[255:248] 


Intel C/C++ Compiler Intrinsic Equivalent 


(V)PBLENDVB: m128i_mm_blendv_epi8 (__m128i v1,__m128i v2, __m128i mask); 
VPBLENDVB: m256i _mm256_blendv_epi8 (__m256i v1, 


Flags Affected 
None. 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 


#UD If VEX.W = 1. 
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PBLENDW — Blend Packed Words 


Opcode/ Op/ |64/32 bit | CPUID Description 
Instruction En Mode Feature 
Support | Flag 
66 OF 3A OE /r ib RMI | V/V SSE4_1 Select words from xmm1 and xmm2/m128 
PBLENDW xmm1, xmm2/m128, imm8 from mask specified in imm8 and store the 
values into xmm7. 
VEX.128.66.0F3A.WIG OE /r ib RVMI | V/V AVX Select words from xmm2 and xmm3/m128 
VPBLENDW xmm1, xmm2, xmm3/m128, imm8 from mask specified in imm8 and store the 
values into xmm7. 
VEX.256.66.0F3A.WIG OE /r ib RVMI | V/V AVX2 Select words from ymm2 and ymm3/m256 
VPBLENDW ymm17, ymm2, ymm3/m256, imm8 from mask specified in imm8 and store the 
values into ymm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMI ModRM:reg (r, w) ModRM:r/m (r) imm8 NA 
RVMI ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8 

Description 


Words from the source operand (second operand) are conditionally written to the destination operand (first 
operand) depending on bits in the immediate operand (third operand). The immediate bits (bits 7:0) form a mask 
that determines whether the corresponding word in the destination is copied from the source. If a bit in the mask, 
corresponding to a word, is “1", then the word is copied, else the word element in the destination operand is 
unchanged. 

128-bit Legacy SSE version: The second source operand can be an XMM register or a 128-bit memory location. The 
first source and destination operands are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM destination 
register remain unchanged. 

VEX.128 encoded version: The second source operand can be an XMM register or a 128-bit memory location. The 
first source and destination operands are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM register 
are zeroed. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. 


Operation 


PBLENDW (128-bit Legacy SSE version) 

IF (imm8[O] = 1) THEN DEST[15:0] := SRC[15:0] 

ELSE DEST[15:0] := DEST[15:0] 

IF (imm8[1] = 1) THEN DEST[31:16] := SRC[31:16] 
ELSE DEST[31:16] := DEST[31:16] 

IF (imm8[2] = 1) THEN DEST[47:32] := SRC[47:32] 
ELSE DEST[47:32] := DEST[47:32] 

IF (imm8[3] = 1) THEN DEST[63:48] := SRC[63:48] 
ELSE DEST[63:48] := DEST[63:48] 

IF (imm8[4] = 1) THEN DEST[79:64] := SRC[79:64] 
ELSE DEST[79:64] := DEST[79:64] 

IF (imm8[5] = 1) THEN DEST[95:80] := SRC[95:80] 
ELSE DEST[95:80] := DEST[95:80] 

IF (imm8[6] = 1) THEN DEST[11 1:96] := SRC[1 11:96] 
ELSE DEST[1 11:96] := DEST[11 1:96] 

IF (imm8[7] = 1) THEN DEST[127:112] := SRC[127:112] 
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ELSE DEST[127:112] := DEST[127:112] 


VPBLENDW (VEX.128 encoded version) 

IF (imm8[O] = 1) THEN DEST[15:0] := SRC2[15:0] 
ELSE DEST[15:0] := SRC1[15:0] 

IF (imm8[1] = 1) THEN DEST[31:16] := SRC2[31:16] 
ELSE DEST[31:16] := SRC1[31:16] 

IF (imm8[2] = 1) THEN DEST[47:32] := SRC2[47:32] 
ELSE DEST[47:32] := SRC1[47:32] 

IF (imm8[3] = 1) THEN DEST[63:48] := SRC2[63:48] 
ELSE DEST[63:48] := SRC1[63:48] 

IF (imm8[4] = 1) THEN DEST[79:64] := SRC2[79:64] 
ELSE DEST[79:64] := SRC1[79:64] 

IF (imm8[5] = 1) THEN DEST[95:80] := SRC2[95:80] 
ELSE DEST[95:80] := SRC1[95:80] 

IF (imm8[6] = 1) THEN DEST[1 11:96] := SRC2[111:96] 
ELSE DEST[11 1:96] := SRC1[111:96] 

IF (imm8[7] = 1) THEN DEST[127:112] := SRC2[127:112] 
ELSE DEST[127:112] := SRC1[127:112] 
DEST[MAXVL-1:128] := 0 


VPBLENDW (VEX.256 encoded version) 

IF (imm8[O] == 1) THEN DEST[15:0] := SRC2[15:0] 

ELSE DEST[15:0] := SRC1[15:0] 

IF (imm8[1] == 1) THEN DEST[31:16] := SRC2[31:16] 
ELSE DEST[31:16] := SRC1[31:16] 

IF (imm8[2] == 1) THEN DEST[47:32] := SRC2[47:32] 
ELSE DEST[47:32] := SRC1[47:32] 

IF (imm8[3] == 1) THEN DEST[63:48] := SRC2[63:48] 
ELSE DEST[63:48] := SRC1[63:48] 

IF (imm8[4] == 1) THEN DEST[79:64] := SRC2[79:64] 
ELSE DEST[79:64] := SRC1[79:64] 

IF (imm8[5] == 1) THEN DEST[95:80] := SRC2[95:80] 
ELSE DEST[95:80] := SRC1[95:80] 

IF (imm8[6] == 1) THEN DEST[1 11:96] := SRC2[111:96] 
ELSE DEST[11 1:96] := SRC1[111:96] 

IF (imm8[7] == 1) THEN DEST[127:1 12] := SRC2[127:112] 
ELSE DEST[127:112] := SRC1[127:112] 

IF (imm8[0] == 1) THEN DEST[143:1 28] := SRC2[143:128] 
ELSE DEST[143:128] := SRC1[143:128] 

IF (imm8[1] == 1) THEN DEST[159:144] := SRC2[159:144] 
ELSE DEST[159:144] := SRC1[159:144] 

IF (imm8[2] == 1) THEN DEST[175:160] := SRC2[175:160] 
ELSE DEST[175:160] := SRC1[175:160] 

IF (imm8[3] == 1) THEN DEST[191:1 76] := SRC2[191:176] 
ELSE DEST[191:176] := SRC1[191:176] 

IF (imm8[4] == 1) THEN DEST[207:192] := SRC2[207:192] 
ELSE DEST[207:192] := SRC1[207:192] 

IF (imm8[5] == 1) THEN DEST[223:208] := SRC2[223:208] 
ELSE DEST[223:208] := SRC1[223:208] 

IF (imm8[6] == 1) THEN DEST[239:224] := SRC2[239:224] 
ELSE DEST[239:224] := SRC1[239:224] 

IF (imm8[7] == 1) THEN DEST[255:240] := SRC2[255:240] 
ELSE DEST[255:240] := SRC1[255:240] 
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Intel C/C++ Compiler Intrinsic Equivalent 
(V)PBLENDW: m128i __mm_blend_epi16 (__m128i v1,_m128i v2, const int mask); 
VPBLENDW: m256i __mm256_blend_epi16 (__m256i v1, 


m256i v2, const int mask) 


Flags Affected 
None. 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.L = 1 and AVX2 = 0. 
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Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature Flag 
Support 
66 OF 3A 44 /r ib A VIN PCLMULQDQ_ | Carry-less multiplication of one quadword of 
PCLMULQDQ xmm1, xmm2/m128, imm8& xmm1 by one quadword of xmm2/m128, 
stores the 128-bit result in xmm17. The imme- 
diate is used to determine which quadwords 
of xmm1 and xmm2/m128 should be used. 
VEX.128.66.0F3A.WIG 44 /r ib B VV PCLMULQDQ | Carry-less multiplication of one quadword of 
VPCLMULQDQ xmm7, xmm2, xmm3/m128, imm&8 AVX xmmc2 by one quadword of xmm3/m128, 
stores the 128-bit result in xmm17. The imme- 
diate is used to determine which quadwords 
of xmm2 and xmm3/m128 should be used. 
VEX.256.66.0F3A.WIG 44 /r /ib B VIN VPCLMULQDO | Carry-less multiplication of one quadword of 
VPCLMULQDQ ymm1, ymm2, ymm3/m256, imm8 ymm2 by one quadword of ymm3/m256, 
stores the 128-bit result in ymm1. The imme- 
diate is used to determine which quadwords 
of ymm2 and ymm3/m256 should be used. 
EVEX.128.66.0F3A.WIG 44 /r /ib C VV VPCLMULQDO | Carry-less multiplication of one quadword of 
VPCLMULQDQ xmm1, xmm2, xmm3/m1 28, imm8 AVX512VL xmm_2 by one quadword of xmm3/m128, 
stores the 128-bit result in xmm1. The imme- 
diate is used to determine which quadwords 
of xmme2 and xmm3/m128 should be used. 
EVEX.256.66.0F3A.WIG 44 /r /ib C VV VPCLMULQDO | Carry-less multiplication of one quadword of 
VPCLMULQDQ ymm1, ymm2, ymm3/m256, imm8 AVX512VL ymm2z by one quadword of ymm3/m256, 
stores the 128-bit result in ymm1. The imme- 
diate is used to determine which quadwords 
of ymm2 and ymm3/m256 should be used. 
EVEX.512.66.0F3A.WIG 44 /r /ib C VV VPCLMULQDO | Carry-less multiplication of one quadword of 
VPCLMULQDQ zmm1, zmm2, zmm3/m512, imm8 AVX512F zmm_2 by one quadword of zmm3/m512, 
stores the 128-bit result in zmm1. The imme- 
diate is used to determine which quadwords 
of zmm2 and zmm3/m512 should be used. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand2 Operand3 Operand4 
A NA ModRM:reg (r, w) ModRM:r/m (r) imm8s NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) immé (r) 
Description 


Performs a carry-less multiplication of two quadwords, selected from the first source and second source operand 
according to the value of the immediate byte. Bits 4 and 0 are used to select which 64-bit half of each operand to 
use according to Table 4-13, other bits of the immediate byte are ignored. 


The EVEX encoded form of this instruction does not support memory fault suppression. 
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Table 4-13. PCLMULQDQ Quadword Selection of Immediate Byte 


Imm[4] Imm [0] PCLMULQDQ Operation 
0 0 CL_MUL( SRC2![63:0], SRC1[63:0] ) 
0 1 CL_MUL( SRC2[63:0], SRC1[127:64] ) 
1 0 CL_MUL( SRC2[127:64], SRC1[63:0] ) 
1 1 CL_MUL( SRC2[127:64], SRC1[127:64] ) 
NOTES: 


1. SRC2 denotes the second source operand, which can be a register or memory; SRC1 denotes the first source and destination oper- 
and. 


The first source operand and the destination operand are the same and must be a ZMM/YMM/XMM register. The 
second source operand can be a ZMM/YMM/XMM register or a 512/256/128-bit memory location. Bits (VL_MAX- 
1:128) of the corresponding YMM destination register remain unchanged. 


Compilers and assemblers may implement the following pseudo-op syntax to simplify programming and emit the 
required encoding for immés. 


Table 4-14. Pseudo-Op and PCLMULQDQ Implementation 


Pseudo-Op Imm8 Encoding 
PCLMULLQLQDQ xmm1, xmm2 0000_0000B 
PCLMULHQLQDQ xmm1, xmm2 0000_0001B 
PCLMULLQHQDQ xmm1, xmm2 0001_0000B 
PCLMULHQHQDQ xmm1, xmm2 0001_0001B 
Operation 
define PCLMUL1 28(X,Y): // helper function 
FOR i := 0 to 63: 
TMP [i]:= X[O] and Y[i] 
FOR j := 1 toi: 


TMP [i] := TMP [i] xor (X[j ] and Y[i-j]) 
DEST[i]:= TMPLi] 
FOR i := 64 to 126: 
TMP [i]:=0 
FOR j = i- 63 to 63: 
TMP [i]:= TMP [i] xor (X[j]and Y[i-j]) 
DEST[ i ]:= TMPLi] 
DEST[127] := 0; 
RETURN DEST // 128b vector 
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PCLMULQDQ (SSE version) 
IF Imm8[O] = 0: 

TEMP1 := SRC1.qword[0] 
ELSE: 

TEMP1 := SRC1.qword[1] 
IF Imm8[4] = 0: 

TEMP2 := SRC2.qword[0] 
ELSE: 

TEMP2 := SRC2.qword[1] 
DEST[127:0] := PCLMUL128(TEMP1, TEMP2) 
DEST[MAXVL-1:128] (Unmodified) 


VPCLMULQDQ (128b and 256b VEX encoded versions) 
(KL,VL) = (1,128), (2,256) 


FOR i= 0 to KL-1: 

IF Imm8[O] = 0: 

TEMP1 := SRC1.xmm{[i].qword[0] 
ELSE: 

TEMP1 := SRC1.xmm[i].qword[1] 
IF Imm8[4] = 0: 

TEMP2 := SRC2.xmm[i].qword[0] 
ELSE: 


TEMP2 := SRC2.xmm[i].qword[1] 
DEST.xmm[i] := PCLMUL1 28(TEMP1, TEMP2) 
DEST[MAXVL-1:VL] := 0 


VPCLMULQDQ (EVEX encoded version) 
(KL,VL) = (1,128), (2,256), (4,512) 


FOR i = O to KL-1: 

IF Imm8[O] = 0: 

TEMP1 := SRC1.xmm[i].qword[0] 
ELSE: 

TEMP1 := SRC1.xmm{[i].qword[1] 
IF Imm8[4] = 0: 

TEMP2 := SRC2.xmm[i].qword[0] 
ELSE: 


TEMP2 := SRC2.xmm[i].qword[1] 
DEST.xmm[i] := PCLMUL1 28(TEMP1, TEMP2) 
DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


(V)PCLMULQDQ. = ___m128i _mm_clmulepi64_si128 (__m128i, __m128i, const int) 
VPCLMULQDQ m256i __mm256_clmulepi64_epi128(__m256i, __m256i, const int); 
VPCLMULQDQ m512i_mm512_clmulepi64_epi128(__m512i, __m512i, const int); 


SIMD Floating-Point Exceptions 
None. 
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Other Exceptions 

See Table 2-21, “Type 4 Class Exception Conditions”, additionally: 

#UD If VEX.L = 1. 

EVEX-encoded: See Table 2-50, “Type E4NF Class Exception Conditions”. 
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PCMPEQB/PCMPEQW/PCMPEQD— Compare Packed Data for Equal 


Opcode/ Op/ En | 64/32 bit | CPUID Description 
Instruction Mode Feature 
Support | Flag 

NP OF 74 /r! A VIV MMX Compare packed bytes in mm/m64 and mm 

PCMPEQB mm, mm/m64 for equality. 

66 OF 74 /r A VIV SSE2 Compare packed bytes in xmm2/m128 and 

PCMPEQB xmm1, xmm2/m128 xmm1 for equality. 

NP OF 75 /r| A VIV MMX Compare packed words in mm/m64 and mm 

PCMPEQW mm, mm/m64 for equality. 

66 OF 75 /r A VIV SSE2 Compare packed words in xmm2/m128 and 

PCMPEQW xmm1, xmm2/m128 xmm1 for equality. 

NP OF 76 /r! A VIV MMX Compare packed doublewords in mm/m64 and 

PCMPEQD mm, mm/m64 mm for equality. 

66 OF 76 /r A VIV SSE2 Compare packed doublewords in xmm2/m128 

PCMPEQD xmm1, xmm2/m128 and xmm1 for equality. 

VEX.128.66.0F.WIG 74 /r B VIV AVX Compare packed bytes in xmm3/m128 and 

VPCMPEQB xmm1, xmm2, xmm3/m128 xmmé for equality. 

VEX.128.66.0F.WIG 75 /r B VIV AVX Compare packed words in xmm3/m128 and 

VPCMPEQW xmm1, xmm2, xmm3/m128 xmme for equality. 

VEX.128.66.0F.WIG 76 /r B VIV AVX Compare packed doublewords in xmm3/m128 

VPCMPEQD xmm1, xmm2, xmm3/m128 and xmmeé for equality. 

VEX.256.66.0F.WIG 74 /r B VIV AVX2 Compare packed bytes in ymm3/m256 and 

VPCMPEQB ymm1, ymm2, ymm3 /m256 ymm2 for equality. 

VEX.256.66.0F.WIG 75 /r B VIV AVX2 Compare packed words in ymm3/m256 and 

VPCMPEQW ymm1, ymm2, ymm3 /m256 ymm2 for equality. 

VEX.256.66.0F.WIG 76 /r B VIV AVX2 Compare packed doublewords in ymm3/m256 

VPCMPEQD ymm1, ymm2, ymm3 /m256 and ymm2 for equality. 

EVEX.128.66.0F.WO 76 /r C VIV AVX512VL | Compare Equal between int32 vector xmm2 

VPCMPEQD k1 {k2}, xmm2, xmm3/m128/m32bcst AVX512F | and int32 vector xmm3/m128/m32ebcst, and 
set vector mask k1 to reflect the 
zero/nonzero status of each element of the 
result, under writemask. 

EVEX.256.66.0F.WO 76 /r C VIV AVX512VL | Compare Equal between int32 vector ymm2 

VPCMPEQD k1 {k2}, ymm2, ymm3/m256/m32bcst AVX512F | and int32 vector ymm3/m256/m32bcst, and 
set vector mask k1 to reflect the 
zero/nonzero status of each element of the 
result, under writemask. 

EVEX.512.66.0F.WO 76 /r C VIV AVX512F | Compare Equal between int32 vectors in 

VPCMPEQD k1 {k2}, zmm2, zmm3/m512/m32bcst zmme2 and zmm3/m512/m32bcst, and set 
destination k1 according to the comparison 
results under writemask k2. 

EVEX.128.66.0F.WIG 74 /r D VIV AVX512VL | Compare packed bytes in xmm3/m128 and 

VPCMPEQB k1 {k2}, xmm2, xmm3 /m128 AVX512BW | xmm2 for equality and set vector mask k1 to 


reflect the zero/nonzero status of each 
element of the result, under writemask. 
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EVEX.256.66.0F.WIG 74 /r D VIV AVX512VL | Compare packed bytes in ymm3/m256 and 
VPCMPEQB k1 {k2}, ymm2, ymm3 /m256 AVX512BW | ymm2 for equality and set vector mask k1 to 
reflect the zero/nonzero status of each 
element of the result, under writemask. 


EVEX.512.66.0F.WIG 74 /r D VIV AVX512BW | Compare packed bytes in zmm3/m512 and 
VPCMPEQB k1 {k2}, zmm2, zmm3 /m512 zmm_2 for equality and set vector mask k1 to 
reflect the zero/nonzero status of each 
element of the result, under writemask. 


EVEX.128.66.0F.WIG 75 /r D VIV AVX512VL | Compare packed words in xmm3/m128 and 
VPCMPEQW k1 {k2}, xmm2, xmm3 /m128 AVX512BW | xmmz for equality and set vector mask k1 to 
reflect the zero/nonzero status of each 
element of the result, under writemask. 


EVEX.256.66.0F.WIG 75 /r D VIV AVX512VL | Compare packed words in ymm3/m256 and 
VPCMPEQW k1 {k2}, ymm2, ymm3 /m256 AVX512BW | ymm2 for equality and set vector mask k1 to 
reflect the zero/nonzero status of each 
element of the result, under writemask. 


EVEX.512.66.0F.WIG 75 /r D VIV AVX512BW | Compare packed words in zmm3/m512 and 
VPCMPEQW k1 {k2}, zmm2, zmm3 /m512 zmm_2 for equality and set vector mask k1 to 
reflect the zero/nonzero status of each 
element of the result, under writemask. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
D Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD compare for equality of the packed bytes, words, or doublewords in the destination operand (first 
operand) and the source operand (second operand). If a pair of data elements is equal, the corresponding data 
element in the destination operand is set to all 1s; otherwise, it is set to all Os. 


The (V)PCMPEQB instruction compares the corresponding bytes in the destination and source operands; the 
(V)PCMPEQW instruction compares the corresponding words in the destination and source operands; and the 
(V)PCMPEQD instruction compares the corresponding doublewords in the destination and source operands. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE instructions: The source operand can be an MMX technology register or a 64-bit memory location. The 
destination operand can be an MMX technology register. 


128-bit Legacy SSE version: The second source operand can be an XMM register or a 128-bit memory location. The 
first source and destination operands are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM destination 
register remain unchanged. 


VEX.128 encoded version: The second source operand can be an XMM register or a 128-bit memory location. The 
first source and destination operands are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM register 
are zeroed. 
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INSTRUCTION SET REFERENCE, M-U 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. 

EVEX encoded VPCMPEQD: The first source operand (second operand) is a ZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 32-bit memory location. The destination operand (first operand) is a mask register updated 
according to the writemask k2. 

EVEX encoded VPCMPEQB/W: The first source operand (second operand) is aZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location. The destination operand 
(first operand) is a mask register updated according to the writemask k2. 


Operation 


PCMPEQB (with 64-bit operands) 
IF DEST[7:0] = SRC[7:0] 
THEN DEST[7:0) := FFH; 
ELSE DEST[7:0] := O; Fl; 
(* Continue comparison of 2nd through 7th bytes in DEST and SRC *) 
IF DEST[63:56] = SRC[63:56] 
THEN DEST[63:56] := FFH; 
ELSE DEST[63:56] := 0; FI; 


COMPARE_BYTES_EQUAL (SRC1, SRC2) 
IF SRC1[7:0] = SRC2[7:0] 
THEN DEST[7:0] := FFH; 
ELSE DEST[7:0] := O; Fl; 
(* Continue comparison of 2nd through 15th bytes in SRC1 and SRC2 *) 
IF SRC1[127:120] = SRC2[127:120] 
THEN DEST[127:120] := FFH; 
ELSE DEST[127:120] := O; Fl; 


COMPARE_WORDS_EQUAL (SRC1, SRC2) 
IF SRC1[15:0] = SRC2[15:0] 
THEN DEST[15:0] := FFFFH; 
ELSE DEST[15:0] := 0; FI; 
(* Continue comparison of 2nd through 7th 16-bit words in SRC1 and SRC2 *) 
IF SRC1[127:112] = SRC2[127:112] 
THEN DEST[127:112] := FFFFH; 
ELSE DEST[127:112] := 0; FI; 


COMPARE_DWORDS_EQUAL (SRC1, SRC2) 
IF SRC1[31:0] = SRC2[31:0] 
THEN DEST[31:0] := FFFFFFFFH; 
ELSE DEST[31:0] := 0; FI; 
(* Continue comparison of 2nd through 3rd 32-bit dwords in SRC1 and SRC2 *) 
IF SRC1[127:96] = SRC2[127:96] 
THEN DEST[1 27:96] := FFFFFFFFH; 
ELSE DEST[127:96] := 0; Fl; 


PCMPEQB (with 128-bit operands) 
DEST[127:0] := COMPARE_BYTES_EQUAL(DEST[127:0],SRC[127:0]) 
DEST[MAXVL-1:128] (Unmodified) 
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VPCMPEQB (VEX.128 encoded version) 
DEST[1 27:0] := COMPARE_BYTES_EQUAL(SRC1[127:0],SRC2[1 27:0]) 
DEST[MAXVL-1:128] := 0 


VPCMPEQB (VEX.256 encoded version) 
DEST[1 27:0] := COMPARE_BYTES_EQUAL(SRC1[127:0],SRC2[1 27:0]) 


DEST[255:128] := COMPARE_BYTES_EQUAL(SRC1[255:1 28],SRC2[255:1 28)) 


DEST[MAXVL-1:256] := 0 


VPCMPEQB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 


FOR j := 0 TO KL-1 
i:=j*8 
IF k2[j] OR *no writemask* 
THEN 
/* signed comparison */ 
CMP := SRC1[i+7:i] == SRC2[i+7:i]; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; Fl; 
ELSE DEST{[j] := 0 ; zeroing-masking onlyFl; 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


PCMPEQW (with 64-bit operands) 
IF DEST[15:0] = SRC[15:0] 
THEN DEST[15:0] := FFFFH; 
ELSE DEST[1 5:0] := 0; FI; 
(* Continue comparison of 2nd and 3rd words in DEST and SRC *) 
IF DEST[63:48] = SRC[63:48] 
THEN DEST[63:48] := FFFFH; 
ELSE DEST[63:48] := O; Fl; 


PCMPEQW (with 128-bit operands) 
DEST[127:0] := COMPARE_WORDS_EQUAL(DEST[1 27:0],SRC[127:0]) 
DEST[MAXVL-1:128] (Unmodified) 


VPCMPEQW (VEX.128 encoded version) 
DEST[127:0] := COMPARE_WORDS_EQUAL(SRC1[127:0],SRC2[1 27:0) 
DEST[MAXVL-1:128] := 0 


VPCMPEQW (VEX.256 encoded version) 
DEST[127:0] := COMPARE_WORDS_EQUAL(SRC1[127:0],SRC2[1 27:0) 


DEST[255:128] := COMPARE_WORDS_EQUAL(SRC1[255:128],SRC2[255:1 28]) 


DEST[MAXVL-1:256] := 0 
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VPCMPEQW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k2[j] OR *no writemask* 
THEN 
/* signed comparison */ 
CMP := SRC1[i+15:i] == SRC2[i+15:i]; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; FI; 
ELSE DEST{j] := 0 ; zeroing-masking onlyFl; 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


PCMPEQD (with 64-bit operands) 
IF DEST[31:0] = SRC[31:0] 
THEN DEST[31:0] := FFFFFFFFH; 
ELSE DEST[31:0] := 0; FI; 
IF DEST[63:32] = SRC[63:32] 
THEN DEST[63:32] := FFFFFFFFH; 
ELSE DEST[63:32] := 0; FI; 


PCMPEQD (with 128-bit operands) 
DEST[127:0] := COMPARE_DWORDS_EQUAL(DEST[127:0],SRC[127:0]) 
DEST[MAXVL-1:128] (Unmodified) 


VPCMPEQD (VEX.128 encoded version) 
DEST[127:0] := COMPARE_DWORDS_EQUAL(SRC1[127:0],SRC2[1 27:0]) 
DEST[MAXVL-1:128] := 0 


VPCMPEQD (VEX.256 encoded version) 

DEST[127:0] := COMPARE_DWORDS_EQUAL(SRC1[127:0],SRC2[1 27:0]) 
DEST[255:128] := COMPARE_DWORDS_EQUAL(SRC1[255:128],SRC2[255:1 28)) 
DEST[MAXVL-1:256] := 0 


VPCMPEQD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k2[j] OR *no writemask* 
THEN 
/* signed comparison */ 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN CMP := SRC1[i+31:i] = SRC2[3 1:0]; 
ELSE CMP := SRC1[i+31:i] = SRC2[i+31:i]; 


Fl; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; FI; 
ELSE DEST{j] := 0 ; zeroing-masking only 
Fl; 
ENDFOR 


DEST[MAX_KL-1:KL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalents 
VPCMPEQB __mmask64 _mm512_cmpeq_epi8_mask(__m512i a,__m512ib); 


VPCMPEQB __mmask64 __mm512_mask_cmpeq_epi8_mask(__mmask64 k,___m512i a,__m512i b); 
VPCMPEQB __mmask32 _mm256_cmpeq_epi8_mask(__m256i a, __m256i b); 

VPCMPEQB __mmask32 _mm256_mask_cmpeq_epi8_mask(__mmask32 k,___ m256i a, ___m256i b); 
VPCMPEQB __mmask16 _mm_cmpeq_epi8_mask(__m128i a, ___m128i b); 

VPCMPEQB __mmask16 _mm_mask_cmpeq_epi8_mask(__mmask16 k,___m128i a,___m128i b); 
VPCMPEQW __mmask32 _mm512_cmpeq_epil16_mask(__m512i a,__m512i b); 

VPCMPEQW __mmask32 _mm512_mask_cmpeq_epil6_mask(__mmask32 k,___m512i a,__m512i b); 
VPCMPEQW __mmask16 _mm256_cmpeq_epi16_mask(__m256i a, __m256i b); 

VPCMPEQW __mmask16 _mm256_mask_cmpeq_epi16_mask(__mmask16 k, __m256i a, ___m256i b); 
VPCMPEQW __mmask8 _mm_cmpeq_epi16_mask(__m128i a,__m128i b); 

VPCMPEQW __mmask8 _mm_mask_cmpeq_epi16_mask(__mmask8 k, __m128i a,__m128i b); 
VPCMPEQD __mmask16 _mm512_cmpeq_epi32_mask(__m512ia,__m512i b); 

VPCMPEQD __mmask16 _mm512_mask_cmpeq_epi32_mask(__mmask16 k, __m512i a,__m512i b); 
VPCMPEQD __mmask8 _mm256_cmpeq_epi32_mask(__m256i a, __m256i b); 

VPCMPEQD __mmask8 _mm256_mask_cmpeq_epi32_mask(__mmask8 k, __ m256i a, ___m256i b); 


VPCMPEQD __mmask8 _mm_cmpeq_epi32_mask(__m128i a, ___m128i b); 

VPCMPEQD __mmask8 _mm_mask_cmpeq_epi32_mask(__mmask8 k, __m128i a,__m128i b); 
PCMPEQB: __m64_mm_cmpeq_pi8 (__m64 m1,__m64 m2) 

PCMPEQW: __m64_mm_cmpeq_pi16 (_m64 m1,__m64 m2) 

PCMPEQD: __m64 _mm_cmpeq_pi32 (__m64 m1,__m64 m2) 

(V)PCMPEQB: __m128i _mm_cmpeq_epi8 (__m128i a, __m128i b) 

(V)PCMPEQW: __m128i _mm_cmpeq_epi16 (__m128i a, ___m128i b) 


(V)PCMPEQD: __m128i __mm_cmpeq_epi32 (__m128i a, __m128i b) 

VPCMPEQB: m256i _mm256_cmpeq_epi8 (__m256i a,__ m256i b) 
VPCMPEQW: m256i_mm256_cmpeq_epi16 (__m256i a,__ m256i b) 
VPCMPEQD: m256i __mm256_cmpeq_epi32 (__m256i a,__m256i b) 


Flags Affected 
None. 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded VPCMPEQD, see Table 2-49, “Type E4 Class Exception Conditions”. 


EVEX-encoded VPCMPEQB/W, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, M-U 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

66 OF 38 29 /r A VIV SSE4_1 Compare packed qwords in xmm2/m128 and 

PCMPEQQ xmm1, xmm2/m128 xmm1 for equality. 

VEX.128.66.0F38.WIG 29 /r B VIV AVX Compare packed quadwords in xmm3/m128 

VPCMPEQQ xmm1, xmm2, xmm3/m128 and xmm2 for equality. 

VEX.256.66.0F38.WIG 29 /r B VIV AVX2 Compare packed quadwords in ymm3/m256 

VPCMPEQQ ymm7, ymm2, ymm3 /m256 and ymm2 for equality. 

EVEX.128.66.0F38.W1 29 /r C VIV AVX512VL | Compare Equal between int64 vector xmm2 

VPCMPEQQ k1 {k2}, xmm2, xmm3/m128/m64bcst AVX512F | and int64 vector xmm3/m128/m64bcst, and 
set vector mask k1 to reflect the zero/nonzero 
status of each element of the result, under 
writemask. 

EVEX.256.66.0F38.W1 29 /r C VIV AVX512VL | Compare Equal between int64 vector ymm2 

VPCMPEQQ k1 {k2}, ymm2, ymm3/m256/m64bcst AVX512F | and int64 vector ymnm3/m256/m64bcst, and 
set vector mask k1 to reflect the zero/nonzero 
status of each element of the result, under 
writemask. 

EVEX.512.66.0F38.W1 29 /r C VIV AVX512F | Compare Equal between int64 vector zmm2 

VPCMPEQQ k1 {k2}, zmm2, zmm3/m512/m64bcst and int64 vector zmm3/m512/m64bcst, and 
set vector mask k1 to reflect the zero/nonzero 
status of each element of the result, under 
writemask. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs an SIMD compare for equality of the packed quadwords in the destination operand (first operand) and the 
source operand (second operand). If a pair of data elements is equal, the corresponding data element in the desti- 
nation is set to all 1s; otherwise, it is set to Os. 


128-bit Legacy SSE version: The second source operand can be an XMM register or a 128-bit memory location. The 
first source and destination operands are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM destination 
register remain unchanged. 


VEX.128 encoded version: The second source operand can be an XMM register or a 128-bit memory location. The 
first source and destination operands are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM register 
are zeroed. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. 


EVEX encoded VPCMPEQQ: The first source operand (second operand) is a ZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 64-bit memory location. The destination operand (first operand) is a mask register updated 
according to the writemask k2. 
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Operation 


PCMPEQQ (with 128-bit operands) 


IF (DEST[63:0] = SRC[63:0]) 
THEN DEST[63:0] := FFFFFFFFFFFFFFFFH; 
ELSE DEST[63:0] := 0; Fl; 

IF (DEST[127:64] = SRC[127:64]) 

THEN DEST[127:64] := FFFFFFFFFFFFFEFFH; 
ELSE DEST[127:64] := 0; Fl; 
DEST[MAXVL-1:128] (Unmodified) 


COMPARE_QWORDS_EQUAL (SRC1, SRC2) 
IF SRC1[63:0] = SRC2[63:0] 
THEN DEST[63:0] := FFFFFFFFFFFFFFFFH; 
ELSE DEST[63:0] := 0; Fl; 
IF SRC1[127:64] = SRC2[127:64] 
THEN DEST[127:64] := FFFFFFFFFFFFFFEFH; 
ELSE DEST[127:64] := 0; Fl; 


VPCMPEQQ (VEX.128 encoded version) 
DEST[127:0] := COMPARE_QWORDS_EQUAL(SRC1,SRC2) 
DEST[MAXVL-1:128] := 0 


VPCMPEQQ (VEX.256 encoded version) 

DEST[127:0] := COMPARE_QWORDS_EQUAL(SRC1[127:0],SRC2[1 27:0]) 
DEST[255:128] := COMPARE_QWORDS_EQUAL(SRC1[255:128],SRC2[255:1 28]) 
DEST[MAXVL-1:256] := 0 


VPCMPEQQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k2[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN CMP := SRC1[i+63:i] = SRC2[63:0); 
ELSE CMP := SRC1[i+63:i] = SRC2[i+63:i]; 


Fl; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; Fl; 
ELSE DEST{j] := 0 ; zeroing-masking only 
Fl; 
ENDFOR 


DEST[MAX_KL-1:KL] := 0 


4-258 Vol. 2B PCMPEQQ — Compare Packed Qword Data for Equal 


INSTRUCTION SET REFERENCE, M-U 


Intel C/C++ Compiler Intrinsic Equivalent 
VPCMPEQQ __mmask8 __mm512_cmpeq_epi64_mask(__m512i a,__m512ib); 


VPCMPEQQ __mmask8 _mm512_mask_cmpeq_epi64_mask(__mmask8 k, __m512i a,__m512i b); 
VPCMPEQQ __mmask8 __mm256_cmpeq_epi64_mask(__m256i a, __m256i b); 

VPCMPEQQ __mmask8 _mm256_mask_cmpeq_epi64_mask(__mmask8 k, __m256i a, ___m256i b); 
VPCMPEQQ __mmask8 _mm_cmpeq_epi64_mask(__m128i a,__m128i b); 

VPCMPEQQ __mmask8 _mm_mask_cmpeq_epi64_mask(__mmask8 k,___m128i a,__m128i b); 
(V)PCMPEQQ: m128i _mm_cmpeq_epi64(__m128i a, __m128ib); 

VPCMPEQQ: m256i__mm256_cmpeq_epi64(__m256i a,__ m256i b); 

Flags Affected 

None. 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded VPCMPEQQ, see Table 2-49, “Type E4 Class Exception Conditions”. 
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PCMPESTRI — Packed Compare Explicit Length Strings, Return Index 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
66 OF 3A 61 /r imm8 RMI | V/V SSE4_2 Perform a packed comparison of string data 
PCMPESTRI xmm1, xmm2/m128, imm8 with explicit lengths, generating an index, and 
storing the result in ECX. 
VEX.128.66.0F3A 61 /r ib RMI | V/V AVX Perform a packed comparison of string data 
VPCMPESTRI xmm1, xmm2/m128, imm8 with explicit lengths, generating an index, and 
storing the result in ECX. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMI ModRM:reg (r) ModRM:r/m (r) imm8 NA 
Description 


The instruction compares and processes data from two string fragments based on the encoded value in the Imm8 
Control Byte (see Section 4.1, “Imm8 Control Byte Operation for PCMPESTRI / PCMPESTRM / PCMPISTRI / PCMP- 
ISTRM”), and generates an index stored to the count register (ECX). 


Each string fragment is represented by two values. The first value is an xmm (or possibly m128 for the second 
operand) which contains the data elements of the string (byte or word data). The second value is stored in an input 
length register. The input length register is EAX/RAX (for xmm1) or EDX/RDX (for xmm2/m128). The length repre- 
sents the number of bytes/words which are valid for the respective xmm/m128 data. 


The length of each input is interpreted as being the absolute-value of the value in the length register. The absolute- 
value computation saturates to 16 (for bytes) and 8 (for words), based on the value of imm8[bit3] when the value 
in the length register is greater than 16 (8) or less than -16 (-8). 


The comparison and aggregation operations are performed according to the encoded value of Imm8 bit fields (see 
Section 4.1). The index of the first (or last, according to imm8[6]) set bit of IntRes2 (see Section 4.1.4) is returned 
in ECX. If no bits are set in IntRes2, ECX is set to 16 (8). 


Note that the Arithmetic Flags are written in a non-standard manner in order to supply the most relevant informa- 
tion: 


CFlag - Reset if IntRes2 is equal to zero, set otherwise 

ZFlag - Set if absolute-value of EDX is < 16 (8), reset otherwise 
SFlag - Set if absolute-value of EAX is < 16 (8), reset otherwise 
OFlag - IntRes2[0] 

AFlag - Reset 

PFlag - Reset 


Effective Operand Size 


Operating mode/size Operand 1 Operand 2 Length 1 Length 2 Result 
16 bit xmm xmm/m128 EAX EDX ECX 
32 bit xmm xmm/m128 EAX EDX ECX 
64 bit xmm xmm/m128 EAX EDX ECX 
64 bit + REX.W xmm xmm/m1 28 RAX RDX ECX 


Intel C/C++ Compiler Intrinsic Equivalent For Returning Index 


int _mm_cmpestri (__m128i a, int la,__m128i b, int Ib, const int mode); 
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Intel C/C++ Compiler Intrinsics For Reading EFlag Results 


int _mm_cmpestra (__m128i a, int la,__m128i, int Ib, const int mode); 


int _mm_cmpestrc (__m128i a, int la,__m128i b, int Ib, const int mode); 


int _mm_cmpestro (__m128i a, int la,__m128ib, int Ib, const int mode); 


int _mm_cmpestrs (__m128i a, int la, 


m128i b, int Ib, const int mode); 


( 
int _mm_cmpestrz (__m128i a, int la,__m128i b, int Ib, const int mode); 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 


INSTRUCTION SET REFERENCE, M-U 


See Table 2-21, “Type 4 Class Exception Conditions”; additionally, this instruction does not cause #GP if the 


memory operand is not aligned to 16 Byte boundary, and: 
#UD If VEX.L = 1. 
If VEX.vvvv # 1111B. 
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PCMPESTRM — Packed Compare Explicit Length Strings, Return Mask 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
66 OF 3A 60 /r imm8 RMI | V/V SSE4_2 Perform a packed comparison of string data 
PCMPESTRM xmm1, xmm2/m128, imm8 with explicit lengths, generating a mask, and 
storing the result in XMMO. 
VEX.128.66.0F3A 60 /r ib RMI | V/V AVX Perform a packed comparison of string data 
VPCMPESTRM xmm1, xmm2/m128, imm8 with explicit lengths, generating a mask, and 
storing the result in XMMO. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMI ModRM:reg (r) ModRM:r/m (r) imm8 NA 
Description 


The instruction compares data from two string fragments based on the encoded value in the imm8 contol byte (see 
Section 4.1, “Imm8 Control Byte Operation for PCMPESTRI / PCMPESTRM / PCMPISTRI / PCMPISTRM”), and gener- 


ates a mask stored to XMMO. 


Each string fragment is represented by two values. The first value is an xmm (or possibly m128 for the second 
operand) which contains the data elements of the string (byte or word data). The second value is stored in an input 
length register. The input length register is EAX/RAX (for xmm1) or EDX/RDX (for xmm2/m128). The length repre- 
sents the number of bytes/words which are valid for the respective xmm/m128 data. 


The length of each input is interpreted as being the absolute-value of the value in the length register. The absolute- 
value computation saturates to 16 (for bytes) and 8 (for words), based on the value of imm8[bit3] when the value 
in the length register is greater than 16 (8) or less than -16 (-8). 


The comparison and aggregation operations are performed according to the encoded value of Imm8 bit fields (see 
Section 4.1). As defined by imm8[6], IntRes2 is then either stored to the least significant bits of XMMO (zero 
extended to 128 bits) or expanded into a byte/word-mask and then stored to XMMO. 


Note that the Arithmetic Flags are written in a non-standard manner in order to supply the most relevant informa- 


tion: 


CFlag - Reset if IntRes2 is equal to zero, set otherwise 
ZFlag - Set if absolute-value of EDX is < 16 (8), reset otherwise 
SFlag - Set if absolute-value of EAX is < 16 (8), reset otherwise 


OFlag -IntRes2[0] 
AFlag - Reset 
PFlag - Reset 


Note: In VEX.128 encoded versions, bits (MAXVL-1:128) of XMMO are zeroed. VEX.vvvv is reserved and must be 
1111b, VEX.L must be 0, otherwise the instruction will #UD. 
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Operating mode/size | Operand1 Operand 2 Length1 Length2 Result 
16 bit xmm xmm/m128 EAX EDX XMMO 
32 bit xmm xmm/m128 EAX EDX XMMO 
64 bit xmm xmm/m128 EAX EDX XMMO 
64 bit + REX.W xmm xmm/m128 RAX RDX XMMO 


Intel C/C++ Compiler Intrinsic Equivalent For Returning Mask 


__m128i__mm_cmpestrm (__m128i a, int la, 


Intel C/C++ Compiler Intrinsics For Reading EFlag Results 


int _mm_cmpestra (__m128i a, int la, 


int _mm_cmpestrc ( 


m128i b, int Ib, const int mode); 


m1 28i b, int Ib, const int mode); 


m128i a, int la,__m128i b, int Ib, const int mode); 


int _mm_cmpestro (__m128i a, int la,__m128ib, int Ib, const int mode); 


int _mm_cmpestrs ( 


( 
int _mm_cmpestrz ( 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 


m128i a, int la, 


m1 28i b, int Ib, const int mode); 


m128i a, int la,__m128i b, int Ib, const int mode); 


See Table 2-21, “Type 4 Class Exception Conditions”; additionally, this instruction does not cause #GP if the 


memory operand is not aligned to 16 Byte boundary, and: 
If VEX.L = 1. 
If VEX.vvvv # 1111B. 


#UD 
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PCMPGTB/PCMPGTW/PCMPGTD—Compare Packed Signed Integers for Greater Than 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
NP OF 64 /r| A VIV MMX Compare packed signed byte integers in mm and 
PCMPGTB mm, mm/m64 mm/m64 for greater than. 
66 OF 64 /r A VV SSE2 Compare packed signed byte integers in xmm1 
PCMPGTB xmm1, xmm2/m128 and xmm2/m1 28 for greater than. 
NP OF 65 /r! A VIV MMX Compare packed signed word integers in mm and 
PCMPGTW mm, mm/m64 mm/m64 for greater than. 
66 OF 65 /r A VIN SSE2 Compare packed signed word integers in xmm1 
PCMPGTW xmm1, xmm2/m128 and xmm2/m1 28 for greater than. 
NP OF 66 /r A VIV MMX Compare packed signed doubleword integers in 
PCMPGTD mm, mm/m64 mm and mm/m64 for greater than. 
66 OF 66 /r A VIV SSE2 Compare packed signed doubleword integers in 
PCMPGTD xmm1, xmm2/m128 xmm1 and xmm2/m128 for greater than. 
VEX.128.66.0F.WIG 64 /r B VIV AVX Compare packed signed byte integers in xmm2 
VPCMPGTB xmm1, xmm2, xmm3/m128 and xmm3/m1 28 for greater than. 
VEX.128.66.0F.WIG 65 /r B VIV AVX Compare packed signed word integers in xmm2 
VPCMPGTW xmm1, xmm2, xmm3/m128 and xmm3/m1 28 for greater than. 
VEX.128.66.0F.WIG 66 /r B VIV AVX Compare packed signed doubleword integers in 
VPCMPGTD xmm1, xmm2, xmm3/m128 xmm_2 and xmm3/m128 for greater than. 
VEX.256.66.0F.WIG 64 /r B VIV AVX2 Compare packed signed byte integers in ynm2 
VPCMPGTB ymm1, ymm2, ymm3/m256 and ymm3/m256 for greater than. 
VEX.256.66.0F.WIG 65 /r B VV AVX2 Compare packed signed word integers in ynm2 
VPCMPGTW ymm1, ymm2, ymm3/m256 and ymm3/m256 for greater than. 
VEX.256.66.0F.WIG 66 /r B VIV AVX2 Compare packed signed doubleword integers in 
VPCMPGTD ymm1, ymm2, ymm3/m256 ymm2 and ymm3/m256 for greater than. 
EVEX.128.66.0F.WO 66 /r C VIV AVX512VL_ | Compare Greater between int32 vector xmm2 and 
VPCMPGTD k1 {k2}, xmm2, AVX512F int32 vector xmm3/m1 28/m32bcst, and set 
xmm3/m128/m32bcst vector mask k1 to reflect the zero/nonzero status 
of each element of the result, under writemask. 
EVEX.256.66.0F.WO 66 /r C VIV AVX512VL_ | Compare Greater between int32 vector ymm2 and 
VPCMPGTD k1 {k2}, ymm2, AVX512F int32 vector ymm3/m256/m32bcst, and set 
ymm3/m256/m32bcst vector mask k1 to reflect the zero/nonzero status 
of each element of the result, under writemask. 
EVEX.512.66.0F.WO 66 /r C VIV AVX512F Compare Greater between int32 elements in 
VPCMPGTD k1 {k2}, zmm2, zmme2 and zmm3/m512/m32bcst, and set 
zmm3/m51 2/m32bcst destination k1 according to the comparison results 
under writemask. k2. 
EVEX.128.66.0F.WIG 64 /r D VIV AVX512VL_ | Compare packed signed byte integers in xmm2 
VPCMPGTB k1 {k2}, xmm2, xmm3/m128 AVX512BW | and xmm3/m128 for greater than, and set vector 
mask k1 to reflect the zero/nonzero status of each 
element of the result, under writemask. 
EVEX.256.66.0F.WIG 64 /r D VIV AVX512VL_ | Compare packed signed byte integers in ymm2 
VPCMPGTB k1 {k2}, ymm2, ymm3/m256 AVX512BW | and ymm3/m256 for greater than, and set vector 
mask k1 to reflect the zero/nonzero status of each 
element of the result, under writemask. 
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EVEX.512.66.0F.WIG 64 /r D VN 
VPCMPGTB k1 {k2}, zmm2, zmm3/m512 


AVX512BW | Compare packed signed byte integers in zmm2 and 
zmm3/m512 for greater than, and set vector 
mask k1 to reflect the zero/nonzero status of each 
element of the result, under writemask. 


EVEX.128.66.0F.WIG 65 /r D VV 
VPCMPGTW k1 {k2}, xmm2, xmm3/m128 


AVX512VL_ | Compare packed signed word integers in xmm2 
AVX512BW | and xmm3/m128 for greater than, and set vector 
mask k1 to reflect the zero/nonzero status of each 
element of the result, under writemask. 


EVEX.256.66.0F.WIG 65 /r D |v 
VPCMPGTW k1 {k2}, ymm2, ymm3/m256 


AVX512VL_ | Compare packed signed word integers in ymm2 
AVX512BW | and ymm3/m256 for greater than, and set vector 
mask k1 to reflect the zero/nonzero status of each 
element of the result, under writemask. 


EVEX.512.66.0F.WIG 65 /r D VV 
VPCMPGTW k1 {k2}, zmm2, zmm3/m512 


AVX512BW | Compare packed signed word integers in zmm2 
and zmm3/m512 for greater than, and set vector 
mask k1 to reflect the zero/nonzero status of each 
element of the result, under writemask. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
D Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs an SIMD signed compare for the greater value of the packed byte, word, or doubleword integers in the 
destination operand (first operand) and the source operand (second operand). If a data element in the destination 
operand is greater than the corresponding date element in the source operand, the corresponding data element in 
the destination operand is set to all 1s; otherwise, it is set to all Os. 


The PCMPGTB instruction compares the corresponding signed byte integers in the destination and source oper- 
ands; the PCMPGTW instruction compares the corresponding signed word integers in the destination and source 
operands; and the PCMPGTD instruction compares the corresponding signed doubleword integers in the destina- 
tion and source operands. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE instructions: The source operand can be an MMX technology register or a 64-bit memory location. The 
destination operand can be an MMxX technology register. 


128-bit Legacy SSE version: The second source operand can be an XMM register or a 128-bit memory location. The 
first source operand and destination operand are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM 
destination register remain unchanged. 


VEX.128 encoded version: The second source operand can be an XMM register or a 128-bit memory location. The 
first source operand and destination operand are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM 
register are zeroed. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. 
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EVEX encoded VPCMPGTD: The first source operand (second operand) is a ZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 32-bit memory location. The destination operand (first operand) is a mask register updated 
according to the writemask k2. 

EVEX encoded VPCMPGTB/W: The first source operand (second operand) is a ZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location. The destination operand 
(first operand) is a mask register updated according to the writemask k2. 


Operation 


PCMPGTB (with 64-bit operands) 
IF DEST[7:0] > SRC[7:0] 
THEN DEST[7:0) := FFH; 
ELSE DEST[7:0] := 0; Fl; 
(* Continue comparison of 2nd through 7th bytes in DEST and SRC *) 
IF DEST[63:56] > SRC[63:56] 
THEN DEST[63:56] := FFH; 
ELSE DEST[63:56] := O; FI; 


COMPARE_BYTES_GREATER (SRC1, SRC2) 
IF SRC1[7:0] > SRC2[7:0] 
THEN DEST[7:0] := FFH; 
ELSE DEST[7:0] := 0; Fl; 
(* Continue comparison of 2nd through 15th bytes in SRC1 and SRC2 *) 
IF SRC1[127:120] > SRC2[127:1 20] 
THEN DEST[127:120] := FFH; 
ELSE DEST[127:120] := O; Fl; 


COMPARE_WORDS_GREATER (SRC1, SRC2) 
IF SRC1[15:0] > SRC2[15:0] 
THEN DEST[15:0] := FFFFH; 
ELSE DEST[1 5:0] := 0; FI; 
(* Continue comparison of 2nd through 7th 16-bit words in SRC1 and SRC2 *) 
IF SRC1[127:112] > SRC2[127:112] 
THEN DEST[127:112] := FFFFH; 
ELSE DEST[1 27:11 2] := 0; FI; 


COMPARE_DWORDS_GREATER (SRC1, SRC2) 
IF SRC1[31:0] > SRC2[31:0] 
THEN DEST[31:0] := FFFFFFFFH; 
ELSE DEST[31:0] := 0; FI; 
(* Continue comparison of 2nd through 3rd 32-bit dwords in SRC1 and SRC2 *) 
IF SRC1[127:96] > SRC2[1 27:96] 
THEN DEST[1 27:96] := FFFFFFFFH; 
ELSE DEST[127:96] := 0; FI; 


PCMPGTB (with 128-bit operands) 
DEST[127:0] := COMPARE_BYTES_GREATER(DEST[127:0],SRC[127:0]) 
DEST[MAXVL-1:128] (Unmodified) 


VPCMPGTB (VEX.128 encoded version) 


DEST[127:0] := COMPARE_BYTES_GREATER(SRC1,SRC2) 
DEST[MAXVL-1:128] := 0 
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VPCMPGTB (VEX.256 encoded version) 

DEST[127:0] := COMPARE_BYTES_GREATER(SRC1[127:0],SRC2[127:0]) 
DEST[255:1 28] := COMPARE_BYTES_GREATER(SRC1[255:128],SRC2[255:128]) 
DEST[MAXVL-1:256] := 0 


VPCMPGTB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 


i:=j*8 
IF k2[j] OR *no writemask* 
THEN 
/* signed comparison */ 
CMP := SRC1[i+7:i] > SRC2[i+7:i]; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; FI; 
ELSE DEST{j] := 0 ; zeroing-masking onlyFl; 
Fl; 
ENDFOR 


DEST[MAX_KL-1:KL] := 0 


PCMPGTW (with 64-bit operands) 
IF DEST[15:0] > SRC[15:0] 
THEN DEST[15:0] := FFFFH; 
ELSE DEST[15:0] := 0; FI; 
(* Continue comparison of 2nd and 3rd words in DEST and SRC *) 
IF DEST[63:48] > SRC[63:48] 
THEN DEST[63:48] := FFFFH; 
ELSE DEST[63:48] := 0; FI; 


PCMPGTW (with 128-bit operands) 
DEST[127:0] := COMPARE_WORDS_GREATER(DEST[1 27:0],SRC[127:0]) 
DEST[MAXVL-1:128] (Unmodified) 


VPCMPGTW (VEX.128 encoded version) 
DEST[127:0] := COMPARE_WORDS_GREATER(SRC1,SRC2) 
DEST[MAXVL-1:128] := 0 


VPCMPGTW (VEX.256 encoded version) 

DEST[127:0] := COMPARE_WORDS_GREATER(SRC1[127:0],SRC2[1 27:0]) 
DEST[255:1 28] := COMPARE_WORDS_GREATER(SRC1[255:128],SRC2[255:128]) 
DEST[MAXVL-1:256] := 0 


VPCMPGTW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k2[j] OR *no writemask* 
THEN 
/* signed comparison */ 
CMP := SRC1[i+15:i] > SRC2[i+15:i]; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; FI; 
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ELSE DEST{[j] := 0 ; zeroing-masking onlyFl; 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


PCMPGTD (with 64-bit operands) 
IF DEST[31:0] > SRC[31:0] 
THEN DEST[31:0] := FFFFFFFFH; 
ELSE DEST[31:0] := 0; FI; 
IF DEST[63:32] > SRC[63:32] 
THEN DEST[63:32] := FFFFFFFFH; 
ELSE DEST[63:32] := O; Fl; 


PCMPGTD (with 128-bit operands) 
DEST[127:0] := COMPARE_DWORDS_GREATER(DEST[127:0],SRC[127:0]) 
DEST[MAXVL-1:128] (Unmodified) 


VPCMPGTD (VEX.128 encoded version) 
DEST[127:0] := COMPARE_DWORDS_GREATER(SRC1,SRC2) 
DEST[MAXVL-1:128] := 0 


VPCMPGTD (VEX.256 encoded version) 

DEST[127:0] := COMPARE_DWORDS_GREATER(SRC1[127:0],SRC2[1 27:0]) 
DEST[255:128] := COMPARE_DWORDS_GREATER(SRC1[255:128],SRC2[255:128]) 
DEST[MAXVL-1:256] := 0 


VPCMPGTD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k2[j] OR *no writemask* 
THEN 
/* signed comparison */ 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN CMP := SRC1[i+31:i] > SRC2[31:0]; 
ELSE CMP := SRC1[i+31:i] > SRC2[i+31:i]; 


Fl; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; Fl; 
ELSE DEST{j] := 0 ; zeroing-masking only 
Fl; 
ENDFOR 


DEST[MAX_KL-1:KL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalents 
VPCMPGTB __mmask64 _mm512_cmpgt_epi8_mask(__m512i a,__m512i b); 


VPCMPGTB __mmask64 __mm512_mask_cmpgt_epi8_mask(__mmask64 k,___m512i a,__m512ib); 
VPCMPGTB __mmask32 _mm256_cmpgt_epi8_mask(__m256i a, ___m256i b); 

VPCMPGTB __mmask32 _mm256_mask_cmpgt_epi8_mask(__mmask32 k,__ m256i a, __m256i b); 
VPCMPGTB __mmask16 _mm_cmpgt_epi8_mask(__m128i a, ___m128i b); 

VPCMPGTB __mmask16 _mm_mask_cmpgt_epi8_mask(__mmask16 k, __m128i a,__m128i b); 
VPCMPGTD __mmask16 _mm512_cmpgt_epi32_mask(__m512i a, ___m512i b); 

VPCMPGTD __mmask16 _mm512_mask_cmpgt_epi32_mask(__mmask16 k,___m512i a,__m512i b); 
VPCMPGTD __mmask8 _mm256_cmpgt_epi32_mask(__m256i a, __ m256i b); 

VPCMPGTD __mmask8 _mm256_mask_cmpgt_epi32_mask(__mmask8 k,___m256i a, __ m256i b); 


VPCMPGTD __mmask8 _mm_cmpgt_epi32_mask(__m128i a, ___m128i b); 
VPCMPGTD __mmask8 _mm_mask_cmpgt_epi32_mask(__mmask8 k, __m128i a, ___m128i b); 
VPCMPGTW __mmask32 _mm512_cmpgt_epi16_mask(__m512i a,__m512i b); 


VPCMPGTW __mmask32 _mm512_mask_cmpgt_epi16_mask(__mmask32 k,___m512i a,__m512i b); 
VPCMPGTW __mmask16 _mm256_cmpgt_epi16_mask(__m256i a, ___ m256i b); 
VPCMPGTW __mmask16 _mm256_mask_cmpgt_epi16_mask(__mmask16 k,___ m256i a, __m256i b); 


VPCMPGTW __mmask8 _mm_cmpgt_epi16_mask(__m128i a, __m128i b); 

VPCMPGTW __mmask8 _mm_mask_cmpgt_epi16_mask(__mmask8 k, __m128i a, __m128i b); 
PCMPGTB:__m64 _mm_cmpgt_pi8 (__m64 m1,___m64 m2) 

PCMPGTW:__m64 __mm_cmpgt_pi16 (__m64 m1,__m64 m2) 

PCMPGTD:__m64 _mm_cmpgt_pi32 (__m64 m1,__m64 m2) 

(V)PCMPGTB:__m128i _mm_cmpgt_epi8 (__m128i a,__m128i b) 

(V)PCMPGTW:__m128i _mm_cmpgt_epi16 (__m128i a,__m128i b) 

(V)DCMPGTD:__m128i __mm_cmpgt_epi32 (__m128i a, ___m128i b) 


VPCMPGTB: m256i_mm256_cmpgt_epi8 (__m256i a, ___ m256i b) 
VPCMPGTW: m256i_mm256_cmpgt_epi16 (__m256i a,___ m256i b) 
VPCMPGTD: m256i_mm256_cmpgt_epi32 (__m256i a,__ m256i b) 
Flags Affected 

None. 


Numeric Exceptions 


None. 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 

EVEX-encoded VPCMPGTD, see Table 2-49, “Type E4 Class Exception Conditions”. 

EVEX-encoded VPCMPGTB/W, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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PCMPGTQ — Compare Packed Data for Greater Than 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
66 OF 38 37 /r A VIV SSE4_2 Compare packed signed qwords in xmm2/m128 
PCMPGTQ xmm1,xmm2/m128 and xmm1 for greater than. 
VEX.128.66.0F38.WIG 37 /r B VIV AVX Compare packed signed qwords in xmm2 and 
VPCMPGTQ xmm1, xmm2, xmm3/m128 xmm3/m128 for greater than. 
VEX.256.66.0F38.WIG 37 /r B VIV AVX2 Compare packed signed qwords in ymm2 and 
VPCMPGTQ ymm1, ymm2, ymm3/m256 ymm3/m256 for greater than. 
EVEX.128.66.0F38.W1 37 /r C VIV AVX512VL | Compare Greater between int64 vector xmm2 and 
VPCMPGTQ k1 {k2}, xmm2, AVX512F | int64 vector xmm3/m128/m64bcst, and set 
xmm3/m128/m64bcst vector mask k1 to reflect the zero/nonzero status 
of each element of the result, under writemask. 
EVEX.256.66.0F38.W1 37 /r C VIN AVX512VL | Compare Greater between int64 vector ymm2 and 
VPCMPGTQ k1 {k2}, ymm2, AVX512F | int64 vector ymm3/m256/m64bcst, and set 
ymm3/m256/m64bcst vector mask k1 to reflect the zero/nonzero status 
of each element of the result, under writemask. 
EVEX.512.66.0F38.W1 37 /r C VIV AVX512F | Compare Greater between int64 vector zmm2 and 
VPCMPGTQ k1 {k2}, zmm2, zmm3/m512/m64bcst int64 vector zmm3/m512/m64bcst, and set 
vector mask k1 to reflect the zero/nonzero status 
of each element of the result, under writemask. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs an SIMD signed compare for the packed quadwords in the destination operand (first operand) and the 
source operand (second operand). If the data element in the first (destination) operand is greater than the 
corresponding element in the second (source) operand, the corresponding data element in the destination is set 


to all 1s; otherwise, it is set to Os. 


128-bit Legacy SSE version: The second source operand can be an XMM register or a 128-bit memory location. The 
first source operand and destination operand are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM 


destination register remain unchanged. 


VEX.128 encoded version: The second source operand can be an XMM register or a 128-bit memory location. The 
first source operand and destination operand are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM 


register are zeroed. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. 


EVEX encoded VPCMPGTD/Q: The first source operand (second operand) is a ZMM/YMM/XMM register. The second 
source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 64-bit memory location. The destination operand (first operand) is a mask register updated 


according to the writemask k2. 


4-270 Vol. 2B 


PCMPGTQ — Compare Packed Data for Greater Than 


Operation 

COMPARE_QWORDS_GREATER (SRC1, SRC2) 
IF SRC1[63:0] > SRC2[63:0] 
THEN DEST[63:0] := FFFFFFFFFFFFFFFFH; 
ELSE DEST[63:0] := 0; Fl; 
IF SRC1[127:64] > SRC2[127:64] 
THEN DEST[127:64] := FFFFFFFFFFFFFFFFH; 
ELSE DEST[127:64] := 0; Fl; 


VPCMPGTQ (VEX.128 encoded version) 
DEST[127:0] := COMPARE_QWORDS_GREATER(SRC1,SRC2) 
DEST[MAXVL-1:128] := 0 


VPCMPGTQ (VEX.256 encoded version) 

DEST[127:0] := COMPARE_QWORDS_GREATER(SRC1[127:0],SRC2[1 27:0]) 
DEST[255:1 28] := COMPARE_QWORDS_GREATER(SRC1[255:128],SRC2[255:1 28]) 
DEST[MAXVL-1:256] := 0 


VPCMPGTQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k2[j] OR *no writemask* 
THEN 
/* signed comparison */ 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN CMP := SRC1[i+63:i] > SRC2[63:0]; 
ELSE CMP := SRC1[i+63:i] > SRC2[i+63:i]; 
Fl; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; FI; 
ELSE DEST{j] := 0 ; zeroing-masking only 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 

VPCMPGTQ __mmask8 __mm512_cmpgt_epi64_mask(__m512i a, 
VPCMPGTQ __mmask8 _mm512_mask_cmpgt_epi64_mask(__mmask8 k, 
VPCMPGTQ __mmask8 __mm256_cmpgt_epi64_mask(__m256i a, __ m256i b); 
VPCMPGTQ __mmask8 _mm256_mask_cmpgt_epi64_mask(__mmask8 k, 
VPCMPGTQ __mmask8 _mm_cmpgt_epi64_mask(__m128i a,__m128i b); 
VPCMPGTQ __mmask8 _mm_mask_cmpgt_epi64_mask(__mmask8 k, 


m512i b); 


(V)PCMPGTQ: m128i __mm_cmpgt_epi64(__m128i a, __m128i b) 
VPCMPGTQ: m256i_mm256_cmpgt_epi64(__m256i a, ___m256i b); 
Flags Affected 

None. 


SIMD Floating-Point Exceptions 
None. 
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m512ia,__m512i b); 
m256i a, ___m256i b); 


m128i a,__m128i b); 
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Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded VPCMPGTQ, see Table 2-49, “Type E4 Class Exception Conditions”. 
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PCMPISTRI — Packed Compare Implicit Length Strings, Return Index 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
66 OF 3A 63 /r imm8 RM |V/V SSE4_2 Perform a packed comparison of string data 
PCMPISTRI xmm1, xmm2/m128, imm8 with implicit lengths, generating an index, and 
storing the result in ECX. 
VEX.128.66.0F3A.WIG 63 /r ib RM |V/V AVX Perform a packed comparison of string data 
VPCMPISTRI xmm1, xmm2/m128, imm8 with implicit lengths, generating an index, and 
storing the result in ECX. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r) ModRM:r/m (r) imm8s NA 
Description 


The instruction compares data from two strings based on the encoded value in the Imm8 Control Byte (see Section 
4.1, “Imm8 Control Byte Operation for PCMPESTRI / PCMPESTRM / PCMPISTRI / PCMPISTRM”), and generates an 
index stored to ECX. 


Each string is represented by a single value. The value is an xmm (or possibly m128 for the second operand) which 
contains the data elements of the string (byte or word data). Each input byte/word is augmented with a 
valid/invalid tag. A byte/word is considered valid only if it has a lower index than the least significant null 
byte/word. (The least significant null byte/word is also considered invalid.) 


The comparison and aggregation operations are performed according to the encoded value of Imm8 bit fields (see 
Section 4.1). The index of the first (or last, according to imm8[6]) set bit of IntRes2 is returned in ECX. If no bits 
are set in IntRes2, ECX is set to 16 (8). 


Note that the Arithmetic Flags are written in a non-standard manner in order to supply the most relevant informa- 
tion: 


CFlag - Reset if IntRes2 is equal to zero, set otherwise 

ZFlag - Set if any byte/word of xmm2/mem1 28 is null, reset otherwise 
SFlag - Set if any byte/word of xmm1 is null, reset otherwise 

OFlag -IntRes2[0] 

AFlag - Reset 

PFlag - Reset 


Note: In VEX.128 encoded version, VEX.vvvv is reserved and must be 1111b, VEX.L must be 0, otherwise the 
instruction will #UD. 


Effective Operand Size 


Operating mode/size Operand1 Operand 2 Result 
16 bit xmm xmm/m128 ECX 
32 bit xmm xmm/m128 ECX 
64 bit xmm xmm/m128 ECX 


Intel C/C++ Compiler Intrinsic Equivalent For Returning Index 


int _mm_cmpistri (__m128i a, ___m128i b, const int mode); 
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Intel C/C++ Compiler Intrinsics For Reading EFlag Results 


int _mm_cmpistra (__m128i a, ___m128i b, const int mode); 
int _mm_cmpistrc (__m128i a,__m128i b, const int mode); 
int _mm_cmpistro (__m128i a,_m128ib, const int mode); 


int _mm_cmpistrs (__m128i a,__m128i b, const int mode); 


int _mm_cmpistrz (_m128i a,__m128i b, const int mode); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


See Table 2-21, “Type 4 Class Exception Conditions”; additionally, this instruction does not cause #GP if the 
memory operand is not aligned to 16 Byte boundary, and: 


#UD If VEX.L = 1. 
If VEX.vvvv # 1111B. 
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PCMPISTRM — Packed Compare Implicit Length Strings, Return Mask 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
66 OF 3A 62 /r imm8 RM |V/V SSE4_2 Perform a packed comparison of string data 
PCMPISTRM xmm1, xmm2/m128, imm8 with implicit lengths, generating a mask, and 
storing the result in XMMO. 
VEX.128.66.0F3A.WIG 62 /r ib RM |V/V AVX Perform a packed comparison of string data 
VPCMPISTRM xmm1, xmm2/m128, imm8 with implicit lengths, generating a Mask, and 
storing the result in XMMO. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r) ModRM:r/m (r) imm8 NA 
Description 


The instruction compares data from two strings based on the encoded value in the imm§8 byte (see Section 4.1, 
“Imm8 Control Byte Operation for PCMPESTRI / PCMPESTRM / PCMPISTRI / PCMPISTRM”) generating a mask 
stored to XMMO. 


Each string is represented by a single value. The value is an xmm (or possibly m128 for the second operand) which 
contains the data elements of the string (byte or word data). Each input byte/word is augmented with a 
valid/invalid tag. A byte/word is considered valid only if it has a lower index than the least significant null 
byte/word. (The least significant null byte/word is also considered invalid.) 


The comparison and aggregation operation are performed according to the encoded value of Immé8 bit fields (see 
Section 4.1). As defined by imm8[6], IntRes2 is then either stored to the least significant bits of XMMO (zero 
extended to 128 bits) or expanded into a byte/word-mask and then stored to XMMO. 


Note that the Arithmetic Flags are written in a non-standard manner in order to supply the most relevant informa- 
tion: 


CFlag - Reset if IntRes2 is equal to zero, set otherwise 

ZFlag - Set if any byte/word of xmm2/mem128 is null, reset otherwise 
SFlag - Set if any byte/word of xmm1 is null, reset otherwise 

OFlag - IntRes2[0] 

AFlag - Reset 

PFlag - Reset 


Note: In VEX.128 encoded versions, bits (MAXVL-1:128) of XMMO are zeroed. VEX.vvvv is reserved and must be 
1111b, VEX.L must be 0, otherwise the instruction will #UD. 


Effective Operand Size 


Operating mode/size Operand1 Operand 2 Result 
16 bit xmm xmm/m128 XMMO 
32 bit xmm xmm/m128 XMMO 
64 bit xmm xmm/m128 XMMO 


Intel C/C++ Compiler Intrinsic Equivalent For Returning Mask 


__m128i_mm_cmpistrm (__m128i a,__m128i b, const int mode); 
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Intel C/C++ Compiler Intrinsics For Reading EFlag Results 


int _mm_cmpistra (__m128i a, ___m128i b, const int mode); 
int _mm_cmpistrc (__m128i a,__m128i b, const int mode); 
int _mm_cmpistro (__m128i a,_m128ib, const int mode); 


int _mm_cmpistrs (__m128i a,__m128i b, const int mode); 


int _mm_cmpistrz (_m128i a,__m128i b, const int mode); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


See Table 2-21, “Type 4 Class Exception Conditions”; additionally, this instruction does not cause #GP if the 
memory operand is not aligned to 16 Byte boundary, and: 


#UD If VEX.L = 1. 
If VEX.vvvv # 1111B. 
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PCONFIG — Platform Configuration 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
NP OF 01 C5 A VV PCONFIG This instruction is used to execute functions for 
PCONFIG configuring platform features. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA NA NA NA NA 
Description 


PCONFIG allows software to configure certain platform features. PCONFIG supports multiple leaf functions, with a 
leaf function identified by the value in EAX. The registers RBX, RCX, and RDX may provide input or output informa- 
tion for certain leaves. All leaves write status information to EAX but do not modify RBX, RCX, or RDX unless they 
are being used as leaf-specific output. 


Each PCONFIG leaf function applies to a specific hardware block called a PCONFIG target, and each PCONFIG target 
is associated with a numerical target identifier. Supported target identifiers are enumerated, along with other 
PCONFIG capabilities, in the sub-leaves of the PCONFIG-information leaf of CPUID (EAX = 1BH). An attempt to 
execute an undefined leaf function, or a leaf function that applies to an unsupported target identifier, results in a 
general-protection exception (#GP). (In the future, the PCONFIG-information leaf of CPUID may enumerate 
PCONFIG capabilities in addition to the supported target identifiers.) 


Addresses and operands are 32 bits outside 64-bit mode and are 64 bits in 64-bit mode. The value of CS.D does 
not affect operand size or address size. 


Table 4-15 shows the leaf encodings for PCONFIG, and Table 4-16 shows the leaf register usage for PCONFIG. 


Table 4-15. PCONFIG Leaf Encodings 


Leaf Encoding Description 

MKTME_KEY_PROGRAM OOO00000H This leaf is used to program the key and encryption mode associated 
with a KeylD. 

RESERVED 00000001H - FFFFFFFFH Reserved for future use (#GP(0) if used). 


Table 4-16. PCONFIG Leaf Register Usage 


Leaf RBX RCX RDX 
MKTME_KEY_PROGRAM Input only. Input only. Input only. 
RESERVED Reserved for future use. Reserved for future use. Reserved for future use. 


The MKTME_KEY_PROGRAM leaf of PCONFIG pertains to the MKTME! target, which has target identifier 1. It is used 
by software to manage the key associated with a KeyID. The leaf function is invoked by setting the leaf value of 0 
in EAX and the address of MKTME_KEY_PROGRAM_STRUCT in RBX. Successful execution of the leaf clears RAX (set 
to zero) and ZF, CF, PF, AF, OF, and SF are cleared. In case of failure, the failure reason is indicated in RAX with ZF 
set to 1 and CF, PF, AF, OF, and SF are cleared. The MKTME_KEY_PROGRAM leaf uses the 
MKTME_KEY_PROGRAM_STRUCT in memory shown in Table 4-17. 


1. Further details on MKTME usage can be found here: 
https://software.intel.com/sites/default/files/managed/a5/16/Multi-Key-Total-Memory-Encryption-Spec.pdf 
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Table 4-17. MKTME_KEY_PROGRAM_STRUCT Format 


Field Offset (bytes) | Size (bytes) Comments 
KEYID 0 2 Key Identifier. 
KEYID_CTRL 2 4 KeylD control: 
* Bits [7:0]: COMMAND. 
* Bits [23:8]: ENC_ALG. 
« Bits [31:24]: Reserved, must be zero. 
RESERVED 6 58 Reserved, must be zero. 
KEY_FIELD_1 64 64 Software supplied KeylD data key or entropy for KeyID data key. 
KEY_FIELD_2 128 64 Software supplied KeyID tweak key or entropy for KeylD tweak key. 


A description of each of the fields in MKTME_KEY_PROGRAM_STRUCT is provided below: 


KEYID: Key Identifier being programmed to the MKTME engine. 


KEYID_CTRL: The KEYID_CTRL field carries two sub-fields used by software to control the behavior of a 
KeyID: Command and KeyID encryption algorithm. 


The command used controls the encryption mode for a KeyID. Table 4-18 provides a summary of the 
commands supported. 


Table 4-18. Supported Key Programming Commands 


Command Encoding Description 
KEYID_SET_KEY_DIRECT 0 Software uses this mode to directly program a key for use with KeyID. 
KEYID_SET_KEY_RANDOM 1 CPU generates and assigns an ephemeral key for use with a KeylD. Each time the 


instruction is executed, the CPU generates a new key using a hardware random 
number generator and the keys are discarded on reset. 


KEYID_CLEAR_KEY 2 Clear the (software programmed) key associated with the KeylD. On execution of this 
command, the KeylD gets TME behavior (encrypt with platform TME key or bypass 
TME encryption). 

KEYID_NO_ENCRYPT 3 Do not encrypt memory when this KeyID is in use. 


The encryption algorithm field (ENC_ALG) allows software to select one of the activated encryption algorithms 
for the KeyID. The BIOS can activate a set of algorithms to allow for use when programming keys using the 
IA32_TME_ACTIVATE MSR (does not apply to KeyID 0 which uses the TME policy when TME encryption is not 
bypassed). The processor checks to ensure that the algorithm selected by software is one of the algorithms 
that has been activated by the BIOS. 


KEY_FIELD_1s: This field carries the software supplied data key to be used for the KeyID if the direct key 
programming option is used (KEYID_SET_KEY_DIRECT). When the random key programming option is used 
(KEYID_SET_KEY_RANDOM), this field carries the software supplied entropy to be mixed in the CPU generated 
random data key. It is software's responsibility to ensure that the key supplied for the direct programming 
option or the entropy supplied for the random programming option does not result in weak keys. There are no 
explicit checks in the instruction to detect or prevent weak keys. When AES XTS-128 is used, the upper 48B are 
treated as reserved and must be zeroed out by software before executing the instruction. 


KEY_FIELD_2: This field carries the software supplied tweak key to be used for the KeyID if the direct key 
programming option is used (KEYID_SET_KEY_DIRECT). When the random key programming option is used 
(KEYID_SET_KEY_RANDOM), this field carries the software supplied entropy to be mixed in the CPU generated 
random tweak key. It is software's responsibility to ensure that the key supplied for the direct programming 
option or the entropy supplied for the random programming option does not result in weak keys. There are no 
explicit checks in the instruction to detect or prevent weak keys. When AES XTS-128 is used, the upper 48B are 
treated as reserved and must be zeroed out by software before executing the instruction. 


All KeyIDs default to TME behavior (encrypt with TME key or bypass encryption) on MKTME activation. 
Software can at any point decide to change the key for a KeyID using the PCONFIG instruction. Change of 
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keys for a KeyID does NOT change the state of the TLB caches or memory pipeline. It is software's responsi- 
bility to take appropriate actions to ensure correct behavior. 


Table 4-19 shows the return values associated with the MKTME_KEY_PROGRAM leaf of PCONFIG. On 
instruction execution, RAX is populated with the return value. 


Table 4-19. Supported Key Error Codes 


Return Value Encoding Description 

PROG_SUCCESS 0 KeylD was successfully programmed. 
INVALID_PROG_CMD 1 Invalid KeyID programming command. 
ENTROPY_ERROR 2 Insufficient entropy. 

INVALID_KEYID 3 KeylD not valid. 

INVALID_ENC_ALG 4 Invalid encryption algorithm chosen (not supported). 
DEVICE_BUSY 5 Failure to access key table. 


PCONFIG Virtualization 


Software in VMX root operation can control the execution of PCONFIG in VMX non-root operation using the 
following VM-execution controls introduced for PCONFIG: 


¢ PCONFIG_ENABLE: This control is a single bit control and enables the PCONFIG instruction in VMX non-root 
operation. If 0, the execution of PCONFIG in VMX non-root operation causes #UD. Otherwise, execution of 
PCONFIG works according to PCONFIG_EXITING. 


¢ PCONFIG_EXITING: This is a 64b control and allows VMX root operation to cause a VM-exit for various leaf 
functions of PCONFIG. This control does not have any effect if the PCONFIG_ENABLE control is clear. It is 
recommended that VMMs intercept execution of any PCONFIG leaves with which they are not familiar and 
convert such executions into #GP(0). 


PCONFIG Concurrency 


In a scenario where the MKTME_KEY_PROGRAM leaf of PCONFIG is executed concurrently on multiple logical 
processors, only one logical processor will succeed in updating the key table. PCONFIG execution will return with 
an error code (DEVICE_BUSY) on other logical processors and software must retry. In cases where the instruction 
execution fails with a DEVICE_BUSY error code, the key table is not updated, thereby ensuring that either the key 
table is updated in its entirety with the information for a KeyID, or it is not updated at all. In order to accomplish 
this, the MKTME_KEY_PROGRAM leaf of PCONFIG maintains a writer lock for updating the key table. This lock is 
referred to as the Key table lock and denoted in the instruction flows as KEY_TABLE_LOCK. The lock can either be 
unlocked, when no logical processor is holding the lock (also the initial state of the lock) or be in an exclusive state 
where a logical processor is trying to update the key table. There can be only one logical processor holding the lock 
in exclusive state. The lock, being exclusive, can only be acquired when the lock is in unlocked state. 


PCONFIG uses the following syntax to acquire KEY_TABLE_LOCK in exclusive mode and release the lock: 
e KEY_TABLE_LOCK.ACQUIRE(WRITE) 
e KEY_TABLE_LOCK.RELEASE() 


Operation 
Table 4-20. PCONFIG Operation Variables 
Variable Name Type Size Description 
(Bytes) 
TMP_KEY_PROGRAM_STRUCT | MKTME_KEY_PROGRAM_STRUCT | 192 Structure holding the key programming structure. 
TMP_RND_DATA_KEY UINT128 16 Random data key generated for random key 
programming option. 
TMP_RND_TWEAK_KEY UINT128 16 Random tweak key generated for random key 
programming option. 
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(* #UD if PCONFIG is not enumerated or CPL>O *) 
IF (CPUID.7.0:EDX[18] == 0 OR CPL > 0) #UD; 


IF (in VMX non-root mode) 


{ 
IF (VMCS.PCONFIG_ENABLE == 1) 


{ 
IF (EAX > 62 AND VMCS.PCONFIG_EXITING[63] ==1) OR 
(EAX < 63 AND VMCS.PCONFIG_EXITING[EAX] == 1)) 
{ 
Set VMCS.EXIT_REASON = PCONFIG; //No Exit qualification 
Deliver VMEXIT; 
} 
} 
ELSE 
{ 
#UD 
} 


(* #GP(0) for an unsupported leaf *) 
IF (EAX != 0) #GP(0) 


(* KEY_PROGRAM leaf flow *) 
IF (EAX == 0) 
{ 
(* #GP(O) if TME_ACTIVATE MSR is not locked or does not enable hardware encryption or multiple keys are not enabled *) 
IF (IA32_TME_ACTIVATE.LOCK != 1 OR IA32_TME_ACTIVATE.ENABLE != 1 OR IA32_TME_ACTIVATE.MK_TME_KEYID_BITS == 0) 
#GP(0) 


(* Check MKTME_KEY_PROGRAM_STRUCT is 256B aligned *) 
IF (DS:RBX is not 256B aligned) #GP(0); 


(* Check that MKTME_KEY_PROGRAM_STRUCT is read accessible *) 
<<DS: RBX should be read accessible>> 


(* Copy MKTME_KEY_PROGRAM_STRUCT to a temporary variable *) 
TMP_KEY_PROGRAM_STRUCT = DS:RBX.*; 


(* RSVD field check *) 
IF (TMP_KEY_PROGRAM_STRUCT.RSVD != 0) #GP(0); 


IF (TMP_KEY_PROGRAM_STRUCT.KEYID_CTRL.RSVD !=0) #GP(0); 

IF (TMP_KEY_PROGRAM_STRUCT.KEY_FIELD_1.BYTES[63:16] != 0) #GP(0); 
IF (TMP_KEY_PROGRAM_STRUCT.KEY_FIELD_2.BYTES[63:16] != 0) #GP(0); 
(* Check for a valid command *) 


IF (TMP_KEY_PROGRAM_STRUCT. KEYID_CTRL.COMMAND is not a valid command) 


i 
RFLAGS.ZF = 1; 
RAX = INVALID_PROG_CMD; 
goto EXIT; 
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} 
(* Check that the KEYID being operated upon is a valid KEYID *) 
IF (TMP_KEY_PROGRAM_STRUCT.KEYID > 
2°1A32_TME_ACTIVATEMK_TME_KEYID_BITS - 1 
OR TMP_KEY_PROGRAM_STRUCT.KEYID > 
IA32_TME_CAPABILITY.MK_TME_MAX_KEYS 
OR TMP_KEY_PROGRAM_STRUCT.KEYID == 0) 


RFLAGS.ZF = 1; 
RAX = INVALID_KEYID; 
goto EXIT; 

} 


(* Check that only one algorithm is requested for the KeylD and it is one of the activated algorithms *) 
IF (NUM_BITS(TMP_KEY_PROGRAM_STRUCT.KEYID_CTRL.ENC_ALG) != 1 || 
(TMP_KEY_PROGRAM_STRUCT.KEYID_CTRL.ENC_ALG & 
IA32_TME_ACTIVATE. MK_TME_CRYPTO_ALGS == 0)) 


RFLAGS.ZF = 1; 
RAX = INVALID_ENC_ALG; 
goto EXIT; 
} 
(* Try to acquire exclusive lock *) 
IF (NOT KEY_TABLE_LOCK.ACQUIRE(WRITE)) 
{ 
//PCONFIG failure 
RFLAGS.ZF = 1; 
RAX = DEVICE_BUSY; 
goto EXIT; 
} 


(* Lock is acquired and key table will be updated as per the command 
Before this point no changes to the key table are made *) 


switch(TMP_KEY_PROGRAM_STRUCT.KEYID_CTRL.COMMAND) 
{ 
case KEYID_SET_KEY_DIRECT: 
<<Write 
DATA_KEY=TMP_KEY_PROGRAM_STRUCT.KEY_FIELD_1, 
TWEAK_KEY=TMP_KEY_PROGRAM_STRUCT.KEY_FIELD_2, 
ENCRYPTION_MODE=ENCRYPT_WITH_KEYID_KEY, 
to MKTME Key table at index TMP_KEY_PROGRAM_STRUCT.KEYID 
>> 


break; 


case KEYID_SET_KEY_RANDOM: 
TMP_RND_DATA_KEY = <<Generate a random key using hardware RNG>> 
IF (NOT ENOUGH ENTROPY) 
{ 
RFLAGS.ZF = 1; 
RAX = ENTROPY_ERROR; 
goto EXIT; 
} 
TMP_RND_TWEAK_KEY = <<Generate a random key using hardware RNG>> 
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IF (NOT ENOUGH ENTROPY) 

{ 
RFLAGS.ZF = 1; 
RAX = ENTROPY_ERROR; 
goto EXIT; 

} 


(* Mix user supplied entropy to the data key and tweak key *) 

TMP_RND_DATA_KEY = TMP_RND_KEY XOR 
TMP_KEY_PROGRAM_STRUCT.KEY_FIELD_1.BYTES[1 5:0]; 

TMP_RND_TWEAK_KEY = TMP_RND_TWEAK_KEY XOR 
TMP_KEY_PROGRAM_STRUCT.KEY_FIELD_2.BYTES[1 5:0]; 


<<Write 
DATA_KEY=TMP_RND_DATA_KEY, 
TWEAK_KEY=TMP_RND_TWEAK_KEY, 
ENCRYPTION_MODE=ENCRYPT_WITH_KEYID_KEY, 
to MKTME_KEY_TABLE at index TMP_KEY_PROGRAM_STRUCT.KEYID 
>> 


break; 


case KEYID_CLEAR_KEY: 
<<Write 
DATA_KEY='0, 
TWEAK_KEY='0, 
ENCRYPTION_MODE = ENCRYPT_WITH_TME_KEY_OR_BYPASS, 


to MKTME_KEY_TABLE at index TMP_KEY_PROGRAM_STRUCT.KEYID 
>»> 


break; 
case KD_NO_ENCRYPT: 
<<Write 
ENCRYPTION_MODE=NO_ENCRYPTION, 
to MKTME_KEY_TABLE at index TMP_KEY_PROGRAM_STRUCT.KEYID 
>> 
break; 


} 


RAX = 0; 
RFLAGS.ZF = 0; 


//Release Lock 
KEY_TABLE_LOCK(RELEASE); 


EXIT: 

RFLAGS.CF=0; 
RFLAGS.PF=0; 
RFLAGS.AF=0; 
RFLAGS.OF=0; 
RFLAGS.SF=0; 


} 


end_of_flow 
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Protected Mode Exceptions 
#GP(0) If input value in EAX encodes an unsupported leaf. 
If IA32_TME_ACTIVATE MSR is not locked. 
If hardware encryption and MKTME capability are not enabled in IA32_TME_ACTIVATE MSR. 
If the memory operand is not 256B aligned. 
If any of the reserved bits in MKTME_KEY_PROGRAM_STRUCT are set. 
If a memory operand effective address is outside the DS segment limit. 
#PF(fault-code) If a page fault occurs in accessing memory operands. 
#UD If any of the LOCK/REP/OSIZE/VEX prefixes are used. 
If current privilege level is not 0. 
If CPUID.7.0:EDX[bit 18] = 0 
If in VMX non-root mode and VMCS.PCONFIG_ENABLE = 0. 


Real-Address Mode Exceptions 
#GP If input value in EAX encodes an unsupported leaf. 
If IA32_TME_ACTIVATE MSR is not locked. 
If hardware encryption and MKTME capability are not enabled in IA32_TME_ACTIVATE MSR. 
If a memory operand is not 256B aligned. 
If any of the reserved bits in MKTME_KEY_PROGRAM_STRUCT are set. 
#UD If any of the LOCK/REP/OSIZE/VEX prefixes are used. 
If current privilege level is not 0. 
If CPUID.7.0:EDX.PCONFIG[bit 18] = 0 
If in VMX non-root mode and VMCS.PCONFIG_ENABLE = 0. 


Virtual-8086 Mode Exceptions 
#UD PCONFIG instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#GP(0) If input value in EAX encodes an unsupported leaf. 
If IA32_TME_ACTIVATE MSR is not locked. 
If hardware encryption and MKTME capability are not enabled in IA32_TME_ACTIVATE MSR. 
If a memory operand is not 256B aligned. 
If any of the reserved bits in MKTME_KEY_PROGRAM_STRUCT are set. 
If a memory operand is non-canonical form. 
#PF(fault-code) If a page fault occurs in accessing memory operands. 
#UD If any of the LOCK/REP/OSIZE/VEX prefixes are used. 
If the current privilege level is not 0. 
If CPUID.7.0:EDX.PCONFIG[bit 18] = 0. 
If in VMX non-root mode and VMCS.PCONFIG_ENABLE = 0. 
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PDEP — Parallel Bits Deposit 


Opcode/ Op/ | 64/32 | CPUID Description 
Instruction En -bit Feature 

Mode Flag 
VEX.LZ.F2.0F38.W0 F5 /r RVM | V/V BMI2 Parallel deposit of bits from r32b using mask in r/m32, result is writ- 
PDEP r32a, r32b, r/m32 ten to 32a. 
VEX.LZ.F2.0F38.W1 F5 /r RVM | V/N.E. BMI2 Parallel deposit of bits from r64b using mask in r/m64, result is writ- 
PDEP r64a, r64b, r/m64 ten to r64a. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


PDEP uses a mask in the second source operand (the third operand) to transfer/scatter contiguous low order bits in 
the first source operand (the second operand) into the destination (the first operand). PDEP takes the low bits from 
the first source operand and deposit them in the destination operand at the corresponding bit locations that are set 
in the second source operand (mask). All other bits (bits not set in mask) in destination are set to zero. 


SRCH. || Ss1/S3q S2qS2a|S27 - ——- | §7| S6|Ss | S| S3 
SRC2 
1 
(mask) 0 0/0 0 0 
pest [ 0] 0/0 /s3| 0] -_—-J[s,] 0] S,)0] 0 
bit 31 ~~“ bit 0 


Figure 4-8. PDEP Example 


This instruction is not supported in real mode and virtual-8086 mode. The operand size is always 32 bits if not in 
64-bit mode. In 64-bit mode operand size 64 requires VEX.W1. VEX.W1 is ignored in non-64-bit modes. An attempt 
to execute this instruction with VEX.L not equal to 0 will cause #UD. 


Operation 


TEMP := SRC1; 

MASK := SRC2; 

DEST :=0; 

m:=0,k:=0; 

DO WHILE m < OperandSize 


IF MASK[ m] = 1 THEN 
DEST[ m] := TEMP[ kj; 
k:=k+ 1; 
Fl 
m:=m-+ 1; 
OD 
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Flags Affected 
None. 


Intel C/C++ Compiler Intrinsic Equivalent 
PDEP: unsigned __int32 _pdep_u32(unsigned __int32 src, unsigned __int32 mask); 
PDEP: unsigned __int64_pdep_u64(unsigned __int64 src, unsigned __int32 mask); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-29, “Type 13 Class Exception Conditions”. 
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PEXT — Parallel Bits Extract 


Opcode/ Op/ | 64/32 | CPUID Description 
Instruction En -bit Feature 

Mode | Flag 
VEX.LZ.F3.0F38.W0 F5 /r RVM | V/V BMI2 Parallel extract of bits from r32b using mask in r/m32, result is writ- 
PEXT r32a, r32b, r/m32 ten to r32a. 
VEX.LZ.F3.0F38.W1 F5 /r RVM | V/N.E. | BMI2 Parallel extract of bits from r64b using mask in r/m64, result is writ- 
PEXT r64a, r64b, r/m64 ten to r64a. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


PEXT uses a mask in the second source operand (the third operand) to transfer either contiguous or non-contig- 
uous bits in the first source operand (the second operand) to contiguous low order bit positions in the destination 
(the first operand). For each bit set in the MASK, PEXT extracts the corresponding bits from the first source operand 
and writes them into contiguous lower bits of destination operand. The remaining upper bits of destination are 


zeroed. 


SRCT | S31]S30] S2fS2e|S27] - — — - | $7] S6[Ss | Sa 


SRC2 

(mask) e Q 

DEST |0 0 
bit 31 ~# 


S3 


So 


Figure 4-9. PEXT Example 


0; 0 
Ss S2 
bit 0 


This instruction is not supported in real mode and virtual-8086 mode. The operand size is always 32 bits if not in 
64-bit mode. In 64-bit mode operand size 64 requires VEX.W1. VEX.W1 is ignored in non-64-bit modes. An attempt 
to execute this instruction with VEX.L not equal to 0 will cause #UD. 
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Operation 


TEMP := SRC1; 

MASK := SRC2; 

DEST := 0; 

m:=0,k:=0; 

DO WHILE m < OperandSize 


IF MASK[ m] = 1 THEN 
DEST[ k] := TEMP[ mj]; 
k:=k+ 1; 

Fl 

m:=m-+ 1; 


OD 


Flags Affected 
None. 


Intel C/C++ Compiler Intrinsic Equivalent 
PEXT: unsigned __int32 _pext_u32(unsigned __int32 src, unsigned __int32 mask); 
PEXT: unsigned __int64_pext_u64(unsigned __int64 src, unsigned __int32 mask); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-29, “Type 13 Class Exception Conditions”. 
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PEXTRB/PEXTRD/PEXTRQ — Extract Byte/Dword/Qword 


Opcode/ Op/En | 64/32 bit | CPUID Description 
Instruction Mode Feature 
Support | Flag 

66 OF 3A 14 A VIV SSE4_1 Extract a byte integer value from xmm2 at the 

/r ib source byte offset specified by imm8 into reg or 

PEXTRB reg/m8, xmm2, imm8 m8. The upper bits of r32 or r64 are zeroed. 

66 OF 3A 16 A VIV SSE4_1 Extract a dword integer value from xmm2 at the 

/r ib source dword offset specified by imm8 into r/m32. 

PEXTRD r/m32, xmm2, imm8 

66 REX.W OF 3A 16 A V/N.E. SSE4_1 Extract a qword integer value from xmm2 at the 

/r ib source qword offset specified by imm8 into r/m64. 

PEXTRQ r/m64, xmm2, imm8 

VEX.128.66.0F3A.WO 14 /r ib A VIN AVX Extract a byte integer value from xmmZ2 at the 

VPEXTRB reg/m8, xmm2, imm8 source byte offset specified by imm8 into reg or 
m8. The upper bits of r64/r32 is filled with zeros. 

VEX.128.66.0F3A.WO 16 /r ib A VV AVX Extract a dword integer value from xmm2 at the 

VPEXTRD r32/m32, xmm2, imm8 source dword offset specified by imm8 into 
r32/m32. 

VEX.128.66.0F3A.W1 16 /r ib A vile AVX Extract a qword integer value from xmm2 at the 

VPEXTRQ r64/m64, xmm2, imm8 source dword offset specified by immé8 into 
r64/m64. 

EVEX.128.66.0F3A.WIG 14 /r ib B VV AVX512BW | Extract a byte integer value from xmm2 at the 

VPEXTRB reg/m8, xmm2, imm8 source byte offset specified by imm8 into reg or 
m8. The upper bits of r64/r32 is filled with zeros. 

EVEX.128.66.0F3A.WO 16 /r ib B VV AVX512DQ | Extract a dword integer value from xmm_2 at the 

VPEXTRD r32/m32, xmm2, imm8 source dword offset specified by imm8 into 
r32/m32. 

EVEX.128.66.0F3A.W1 16 /r ib B VINE? AVX512DQ | Extract a qword integer value from xmm_2 at the 

VPEXTRQ r64/m64, xmm_2, imm8 source dword offset specified by imm8 into 
r64/m64. 


NOTES: 


1. In 64-bit mode, VEX.W11 is ignored for VPEXTRB (similar to legacy REX.W=1 prefix in PEXTRB). 
2. VEX.W/EVEX.W in non-64 bit is ignored; the instructions behaves as if the WO version is used. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (w) ModRM:reg (r) imm8 NA 
B Tuple1 Scalar ModRM:r/m (w) ModRM:reg (r) imm8 NA 
Description 


Extract a byte/dword/qword integer value from the source XMM register at a byte/dword/qword offset determined 
from imm8[3:0]. The destination can be a register or byte/dword/qword memory location. If the destination is a 
register, the upper bits of the register are zero extended. 


In legacy non-VEX encoded version and if the destination operand is a register, the default operand size in 64-bit 
mode for PEXTRB/PEXTRD is 64 bits, the bits above the least significant byte/dword data are filled with zeros. 
PEXTRQ is not encodable in non-64-bit modes and requires REX.W in 64-bit mode. 


Note: In VEX.128 encoded versions, VEX.vvvv is reserved and must be 1111b, VEX.L must be 0, otherwise the 
instruction will #UD. In EVEX.128 encoded versions, EVEX.vvvv is reserved and must be 1111b, EVEX.L”L must be 
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0, otherwise the instruction will #UD. If the destination operand is a register, the default operand size in 64-bit 
mode for VPEXTRB/VPEXTRD is 64 bits, the bits above the least significant byte/word/dword data are filled with 
zeros. 


Operation 


CASE of 
PEXTRB: SEL := COUNT[3:0]; 
TEMP := (Src >> SEL*8) AND FFH; 
IF (DEST = Mem8) 
THEN 
Memé := TEMP[7:0]; 
ELSE IF (64-Bit Mode and 64-bit register selected) 
THEN 
R64[7:0] := TEMP[7:0]; 
r64[63:8] := ZERO_FILL; }; 
ELSE 
R32[7:0] := TEMP[7:0]; 
r32[31:8] := ZERO_FILL; }; 
Fl; 
PEXTRD:SEL := COUNT[1:0]; 
TEMP := (Src >> SEL*32) AND FFFF_FFFFH; 
DEST := TEMP; 
PEXTRQ: SEL := COUNT[O]; 
TEMP := (Src >> SEL*64); 
DEST := TEMP; 
EASC: 


VPEXTRTD/VPEXTRQ 
IF (64-Bit Mode and 64-bit dest operand) 
THEN 
Src_Offset := Imm8[0] 
164/m64 := (Src >> Src_Offset * 64) 
ELSE 
Src_Offset := Imm8[1:0] 
r32/m32 := ((Src >> Src_Offset *32) AND OFFFFFFFFh); 
Fl 


VPEXTRB ( dest=m8) 
SRC_Offset := Imm8[3:0] 
Mem® := (Src >> Src_Offset*8) 


VPEXTRB ( dest=reg) 

IF (64-Bit Mode ) 

THEN 
SRC_Offset := Imm8[3:0] 
DEST[7:0] := (Src >> Src_Offset*8) AND OFFh) 
DEST[63:8] := ZERO_FILL; 

ELSE 
SRC_Offset := Imm8[3:0]; 
DEST[7:0] := (Src >> Src_Offset*8) AND OFFh); 
DEST[31:8] := ZERO_FILL; 

Fl 
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Intel C/C++ Compiler Intrinsic Equivalent 


PEXTRB: int __mm_extract_epi8 (__m128i src, const int ndx); 
PEXTRD: int__mm_extract_epi32 (__m128i src, const int ndx); 
PEXTRQ: int64 __mm_extract_epi64 (__m128i src, const int ndx); 
Flags Affected 

None. 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-57, “Type E9NF Class Exception Conditions”. 
Additionally: 
#UD If VEX.L = 1 or EVEX.L’L> O. 

If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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Opcode/ Op/ En | 64/32 bit | CPUID Description 
Instruction Mode Feature 
Support | Flag 

NP OF C5 /rib! A VIN SSE Extract the word specified by imm8 from mm 

PEXTRW reg, mm, imm8 and move it to reg, bits 15-0. The upper bits of 
r32 or r64 is zeroed. 

66 OF C5 /rib A VIV SSE2 Extract the word specified by imm8 from xmm 

PEXTRW reg, xmm, imm8 and move it to reg, bits 15-0. The upper bits of 
r32 or r64 is zeroed. 

66 OF 3A 15 B VIV SSE4_1 Extract the word specified by imm8 from xmm 

/r ib and copy it to lowest 16 bits of reg or m16. 

PEXTRW reg/m16, xmm, imm8 Zero-extend the result in the destination, r32 
or 164. 

VEX.128.66.0F.WO C5 /r ib A ve AVX Extract the word specified by imm8 from 

VPEXTRW reg, xmm1, imm8 xmm1 and move it to reg, bits 15:0. Zero- 
extend the result. The upper bits of r64/r32 is 
filled with zeros. 

VEX.128.66.0F3A.WO 15 /r ib B VIV AVX Extract a word integer value from xmm2 at the 

VPEXTRW reg/m16, xmm2, imm8 source word offset specified by imm8 into reg 
or m176. The upper bits of r64/r32 is filled with 
zeros. 

EVEX.128.66.0F.WIG C5 /r ib A VIV AVX512B | Extract the word specified by imm8 from xmm1 

VPEXTRW reg, xmm1, imm8 W and move it to reg, bits 15:0. Zero-extend the 
result. The upper bits of r64/r32 is filled with 
zeros. 

EVEX.128.66.0F3A.WIG 15 /r ib C VIV AVX512B | Extract a word integer value from xmm_z at the 

VPEXTRW reg/m16, xmm_z, imm8 W source word offset specified by immé8 into reg 
or m16. The upper bits of r64/r32 is filled with 
zeros. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


2. In 64-bit mode, VEX.W1 is ignored for VPEXTRW (similar to legacy REX.W=1 prefix in PEXTRW). 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) imm8 NA 
B NA ModRM:r/m (w) ModRM:reg (r) imm8 NA 
C Tuple1 Scalar ModRM:r/m (w) ModRM:reg (r) imm8 NA 
Description 


Copies the word in the source operand (second operand) specified by the count operand (third operand) to the 
destination operand (first operand). The source operand can be an MMX technology register or an XMM register. 


The destination operand can be the low word of a general-purpose register or a 16-bit memory address. The count 
operand is an 8-bit immediate. When specifying a word location in an MMX technology register, the 2 least-signifi- 
cant bits of the count operand specify the location; for an XMM register, the 3 least-significant bits specify the loca- 
tion. The content of the destination register above bit 16 is cleared (set to all Os). 
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In 64-bit mode, using a REX prefix in the form of REX.R permits this instruction to access additional registers 
(XMM8-XMM15, R8-15). If the destination operand is a general-purpose register, the default operand size is 64-bits 
in 64-bit mode. 


Note: In VEX.128 encoded versions, VEX.vvvv is reserved and must be 1111b, VEX.L must be 0, otherwise the 
instruction will #UD. In EVEX.128 encoded versions, EVEX.vvvv is reserved and must be 1111b, EVEX.L must be 0, 
otherwise the instruction will #UD. If the destination operand is a register, the default operand size in 64-bit mode 
for VPEXTRW is 64 bits, the bits above the least significant byte/word/dword data are filled with zeros. 


Operation 


IF (DEST = Mem16) 
THEN 


ELSE IF (64-Bit Mode and destination is a general-purpose register) 


Fl; 


SEL := COUNT[2:0]; 
TEMP := (Src >> SEL*16) AND FFFFH; 
Mem16 := TEMP[15:0]; 


THEN 
FOR (PEXTRW instruction with 64-bit source operand) 
{ SEL := COUNT[1:0]; 
TEMP := (SRC >> (SEL * 16)) AND FFFFH; 
r64[15:0] := TEMP[15:0]; 
r64[63:16] := ZERO_FILL,; }; 
FOR (PEXTRW instruction with 128-bit source operand) 
{ SEL := COUNT[2:0]; 
TEMP := (SRC >> (SEL * 16)) AND FFFFH; 
r64[15:0] := TEMP[15:0); 
r64[63:16] := ZERO_FILL; } 
ELSE 
FOR (PEXTRW instruction with 64-bit source operand) 
{ S€L:= COUNT[1:0]; 
TEMP := (SRC >> (SEL * 16)) AND FFFFH; 
r32[15:0] := TEMP[15:0]; 
r32[31:16] := ZERO_FILL; }; 
FOR (PEXTRW instruction with 128-bit source operand) 
{ SEL:= COUNT[2:0]; 
TEMP := (SRC >> (SEL * 16)) AND FFFFH; 
r32[15:0] := TEMP[15:0); 
r32[31:16] := ZERO_FILL; }; 
Fl; 


VPEXTRW ( dest=m16) 
SRC_Offset := Imm8[2:0] 
Mem16 := (Src >> Src_Offset*16) 
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VPEXTRW ( dest=reg) 

IF (64-Bit Mode ) 

THEN 
SRC_Offset := Imm8[2:0] 
DEST[15:0] := ((Src >> Src_Offset*16) AND OFFFFh) 
DEST[63:16] := ZERO_FILL; 

ELSE 
SRC_Offset := Imm8[2:0] 
DEST[15:0] := ((Src >> Src_Offset*16) AND OFFFFh) 
DEST[31:16] := ZERO_FILL; 

Fl 


Intel C/C++ Compiler Intrinsic Equivalent 
PEXTRW: int __mm_extract_pi16 (__m64 a, int n) 


PEXTRW: int__mm_extract_epi16 (__m128i a, int imm) 
Flags Affected 
None. 


Numeric Exceptions 
None. 


Other Exceptions 
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Non-EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”. 


EVEX-encoded instruction, see Table 2-57, “Type E9NF Class Exception Conditions”. 
Additionally: 
#UD If VEX.L = 1 or EVEX.LL > O. 

If VEX.vvvv != 1111B or EVEX.vvwv != 1111B. 
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PHADDW/PHADDD — Packed Horizontal Add 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

NP OF 38 01 /r! RM |V/V SSSE3 Add 16-bit integers horizontally, pack to mm7. 
PHADDW mm1, mm2/m64 
66 OF 38 01 /r RM |V/V SSSE3 Add 16-bit integers horizontally, pack to 
PHADDW xmm1, xmm2/m128 xmm1, 
NP OF 38 O2 /r RM |V/V SSSE3 Add 32-bit integers horizontally, pack to mm. 
PHADDD mm1, mm2/m64 
66 OF 38 O02 /r RM |V/V SSSE3 Add 32-bit integers horizontally, pack to 
PHADDD xmm1, xmm2/m128 xmm1. 
VEX.128.66.0F38.WIG 01 /r RVM | V/V AVX Add 16-bit integers horizontally, pack to 
VPHADDW xmm1, xmm2, xmm3/m128 xmm1. 
VEX.128.66.0F38.WIG O2 /r RVM | V/V AVX Add 32-bit integers horizontally, pack to 
VPHADDD xmm1, xmm2, xmm3/m128 xmm1. 
VEX.256.66.0F38.WIG 01 /r RVM | V/V AVX2 Add 16-bit signed integers horizontally, pack 
VPHADDW ymm1, ymm2, ymm3/m256 to ymm1. 

[VEX.256.66.0F38.WIGO2/F = =—Ssté<i«s=‘i=‘:;*«WC RM ST AVX2._~_—_=«S| Add 32-bit signed integers horizontally, pack | 
VPHADDD ymm1, ymm2, ymm3/m256 to ymm1. 
NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


(V)PHADDW adds two adjacent 16-bit signed integers horizontally from the source and destination operands and 
packs the 16-bit signed results to the destination operand (first operand). (V)PHADDD adds two adjacent 32-bit 
signed integers horizontally from the source and destination operands and packs the 32-bit signed results to the 
destination operand (first operand). When the source operand is a 128-bit memory operand, the operand must be 
aligned on a 16-byte boundary or a general-protection exception (#GP) will be generated. 


Note that these instructions can operate on either unsigned or signed (two’s complement notation) integers; 
however, it does not set bits in the EFLAGS register to indicate overflow and/or a carry. To prevent undetected over- 
flow conditions, software must control the ranges of the values operated on. 


Legacy SSE instructions: Both operands can be MMX registers. The second source operand can be an MMxX register 
or a 64-bit memory location. 


128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand can be an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding YMM 
destination register remain unchanged. 


In 64-bit mode, use the REX prefix to access additional registers. 
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VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand can be an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding YMM 
register are zeroed. 


VEX.256 encoded version: Horizontal addition of two adjacent data elements of the low 16-bytes of the first and 
second source operands are packed into the low 16-bytes of the destination operand. Horizontal addition of two 
adjacent data elements of the high 16-bytes of the first and second source operands are packed into the high 16- 
bytes of the destination operand. The first source and destination operands are YMM registers. The second source 
operand can be an YMM register or a 256-bit memory location. 


SRC2! Y7 | Y6 Y2 \ YO X7 | X6 | X5] X4] X3 X0 | SRC1 


VV V \ VV \ 
ARSED, Li 


Dest 


Figure 4-10. 256-bit VPHADDD Instruction Operation 


Operation 


PHADDW (with 64-bit operands) 
mm1[15-0] = mm1[31-16] + mm1[15-0]; 
mm1[31-16] = mm1[63-48] + mm1[47-32]; 
mm1[47-32] = mm2/m64[31-16] + mm2/m64[15-0]; 
mm1[63-48] = mm2/m64[63-48] + mm2/m64[47-32]; 


PHADDW (with 128-bit operands) 
xmm1[15-0] = xmm1[31-16] + xmm1[15-0]; 
xmm1[31-16] = xmm1[63-48] + xmm1[47-32]; 
xmm1[47-32] = xmm1[95-80] + xmm1[79-64]; 
xmm1[63-48] = xmm1[127-112] + xmm1[111-96]; 
xmm1[79-64] = xmm2/m1 28[31-16] + xmm2/m1 28[15-0); 
xmm1[95-80] = xmm2/m1 28[63-48] + xmm2/m1 28[47-32]; 
xmm1[111-96] = xmm2/m1 28[95-80] + xmm2/m1 28[79-64]; 
xmm1[127-112] = xmm2/m128[127-112] + xmm2/m128[11 1-96]; 


VPHADDW (VEX.128 encoded version) 
DEST[15:0] := SRC1[31:16] + SRC1[15:0] 
DEST[31:16] := SRC1[63:48] + SRC1[47:32] 
DEST[47:32] := SRC1[95:80] + SRC1[79:64] 
DEST[63:48] := SRC1[127:112] + SRC1[111:96] 
DEST[79:64] := SRC2[31:16] + SRC2[15:0) 
DEST[95:80] := SRC2[63:48] + SRC2[47:32] 
DEST[11 1:96] := SRC2[95:80] + SRC2[79:64] 
DEST[127:112] := SRC2[127:112] + SRC2[111:96] 
DEST[MAXVL-1:128] := 0 
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VPHADDW (VEX.256 encoded version) 
DEST[15:0] := SRC1[31:16] + SRC1[15:0] 
DEST[31:16] := SRC1[63:48] + SRC1[47:32] 
DEST[47:32] := SRC1[95:80] + SRC1[79:64] 
DEST[63:48] := SRC1[127:112] + SRC1[111:96] 
DEST[79:64] := SRC2[31:16] + SRC2[15:0] 
DEST[95:80] := SRC2[63:48] + SRC2[47:32] 

DEST[1 11:96] := SRC2[95:80] + SRC2[79:64] 
DEST[127:112] := SRC2[127:112] + SRC2[111:96] 
DEST[143:128] := SRC1[159:144] + SRC1[143:128] 
DEST[159:144] := SRC1[191:176] + SRC1[175:160] 
DEST[175:160] := SRC1[223:208] + SRC1[207:192] 
DEST[191:1 76] := SRC1[255:240] + SRC1[239:224] 
DEST[207:192] := SRC2[127:112] + SRC2[143:128] 
DEST[223:208] := SRC2[159:144] + SRC2[175:160] 
DEST[239:224] := SRC2[191:176] + SRC2[207:192] 
DEST[255:240] := SRC2[223:208] + SRC2[239:224] 


PHADDD (with 64-bit operands) 
mm1[31-0] = mm1[63-32] + mm1[31-0]; 
mm1[63-32] = mm2/m64[63-32] + mm2/m64[31-0]; 


PHADDD (with 128-bit operands) 
xmm1[31-0] = xmm1[63-32] + xmm1[31-0]; 
xmm1[63-32] = xmm1[127-96] + xmm1[95-64]; 
xmm1[95-64] = xmm2/m1 28[63-32] + xmm2/m1 28[3 1-0]; 
xmm1[127-96] = xmm2/m1 28[1 27-96] + xmm2/m128[95-64]; 


VPHADDD (VEX.128 encoded version) 
DEST[31-0] := SRC1[63-32] + SRC1[31-0] 
DEST[63-32] := SRC1[127-96] + SRC1[95-64] 
DEST[95-64] := SRC2[63-32] + SRC2[31-0] 
DEST[127-96] := SRC2[127-96] + SRC2[95-64] 
DEST[MAXVL-1:128] := 0 


VPHADDD (VEX.256 encoded version) 

DEST[31-0] := SRC1[63-32] + SRC1[31-0] 
DEST[63-32] := SRC1[127-96] + SRC1[95-64] 
DEST[95-64] := SRC2[63-32] + SRC2[31-0] 
DEST[127-96] := SRC2[127-96] + SRC2[95-64] 
DEST[159-128] := SRC1[191-160] + SRC1[159-128] 
DEST[191-160] := SRC1[255-224] + SRC1[223-192] 
DEST[223-192] := SRC2[191-160] + SRC2[159-128] 
DEST[255-224] := SRC2[255-224] + SRC2[223-192] 


Intel C/C++ Compiler Intrinsic Equivalents 


PHADDW: m64 _mm_hadd_pi16 (__m64 a,__m64 b) 

PHADDD: m64 _mm_hadd_pi32 (__m64 a,__m64 b) 
(V)PHADDW: m128i __mm_hadd_epi16 (__m128i a, ___m128i b) 
(V)PHADDD: m128i _mm_hadd_epi32 (__m128i a, __m128i b) 
VPHADDW: m256i__mm256_hadd_epi16 (__m256i a, 
VPHADDD: m256i _mm256_hadd_epi32 (__m256i a, __m256i b) 
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m256i b) 


PHADDW/PHADDD — Packed Horizontal Add 
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SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.L = 1. 
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PHADDSW — Packed Horizontal Add and Saturate 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 

Support | Flag 
NP OF 38 03 /r! RM |V/V SSSE3 Add 16-bit signed integers horizontally, pack 
PHADDSW mm1, mm2/m64 saturated integers to mm/. 
66 OF 38 03 /r RM |V/V SSSE3 Add 16-bit signed integers horizontally, pack 
PHADDSW xmm1, xmm2/m128 saturated integers to xmm1. 
VEX.128.66.0F38.WIG 03 /r RVM | V/V AVX Add 16-bit signed integers horizontally, pack 
VPHADDSW xmm1, xmm2, xmm3/m128 saturated integers to xmm/. 
VEX.256.66.0F38.WIG 03 /r RVM | V/V AVX2 Add 16-bit signed integers horizontally, pack 
VPHADDSW ymm1, ymm2, ymm3/m256 saturated integers to ymm1. 
NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


(V)PHADDSW adds two adjacent signed 16-bit integers horizontally from the source and destination operands and 
saturates the signed results; packs the signed, saturated 16-bit results to the destination operand (first operand) 
When the source operand is a 128-bit memory operand, the operand must be aligned on a 16-byte boundary ora 
general-protection exception (#GP) will be generated. 


Legacy SSE version: Both operands can be MMX registers. The second source operand can be an MMxX register or a 
64-bit memory location. 


128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding YMM destina- 
tion register remain unchanged. 


In 64-bit mode, use the REX prefix to access additional registers. 

VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the destination YMM register are 
zeroed. 


VEX.256 encoded version: The first source and destination operands are YMM registers. The second source 
operand can be an YMM register or a 256-bit memory location. 


Operation 


PHADDSW (with 64-bit operands) 
mm1[15-0] = SaturateToSignedWord((mm1[31-16] + mm1[15-0)); 
mm1[31-16] = SaturateToSignedword(mm1 [63-48] + mm1[47-32]); 
mm1[47-32] = SaturateToSignedword(mm2/m64[3 1-16] + mm2/m64{[15-0}); 
mm1[63-48] = SaturateToSignedword(mm2/m64[63-48] + mm2/m64[47-32]); 
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PHADDSW (with 128-bit operands) 
xmm1[15-0]= SaturateToSignedWord(xmm1 [31-16] + xmm1[15-0)); 
xmm1[31-16] = SaturateToSignedWord(xmm1 [63-48] + xmm1[47-32]); 
xmm1[47-32] = SaturateToSignedWord(xmm1 [95-80] + xmm1[79-64)); 
xmm1 [63-48] = SaturateToSignedWord(xmm1[127-112] + xmm1[111-96]); 
xmm1[79-64] = SaturateToSignedWord(xmm2/m1 28[31-16] + xmm2/m128[15-0)); 
xmm1 [95-80] = SaturateToSignedWord(xmm2/m1 28[63-48] + xmm2/m1 28[47-32]); 
xmm1[1 11-96] = SaturateToSignedWord(xmm2/m1 28[95-80] + xmm2/m128[79-64)); 
xmm1[127-112] = SaturateToSignedWord(xmm2/m1 28[1 27-112] + xmm2/m128[111-96)); 


VPHADDSW (VEX.128 encoded version) 

DEST[15:0]= SaturateToSignedWord(SRC1[31:16] + SRC1[15:0]) 
DEST[31:16] = SaturateToSignedWord(SRC1 [63:48] + SRC1[47:32]) 
DEST[47:32] = SaturateToSignedWord(SRC1 [95:80] + SRC1[79:64]) 
DEST[63:48] = SaturateToSignedWord(SRC1[127:112] + SRC1[111:96]) 
DEST[79:64] = SaturateToSignedWord(SRC2[31:16] + SRC2[15:0]) 
DEST[95:80] = SaturateToSignedWord(SRC2[63:48] + SRC2[47:32]) 
DEST[1 11:96] = SaturateToSignedWord(SRC2[95:80] + SRC2[79:64]) 
DEST[127:112] = SaturateToSignedWord(SRC2[127:112] + SRC2[111:96]) 
DEST[MAXVL-1:128] := 0 


VPHADDSW (VEX.256 encoded version) 

DEST[15:0]= SaturateToSignedWord(SRC1[31:16] + SRC1[15:0]) 
DEST[31:16] = SaturateToSignedWord(SRC1 [63:48] + SRC1[47:32]) 
DEST[47:32] = SaturateToSignedWord(SRC1 [95:80] + SRC1[79:64]) 
DEST[63:48] = SaturateToSignedWord(SRC1[127:112] + SRC1[111:96]) 
DEST[79:64] = SaturateToSignedWord(SRC2[31:16] + SRC2[15:0]) 
DEST[95:80] = SaturateToSignedWord(SRC2[63:48] + SRC2[47:32]) 
DEST[111:96] = SaturateToSignedWord(SRC2[95:80] + SRC2[79:64]) 
DEST[127:112] = SaturateToSignedWord(SRC2[127:112] + SRC2[111:96]) 
DEST[143:128]= SaturateToSignedWord(SRC1[159:144] + SRC1[143:128]) 
DEST[159:144] = SaturateToSignedWord(SRC1[191:176] + SRC1[175:160]) 
DEST[175:160] = SaturateToSignedWord( SRC1[223:208] + SRC1[207:192]) 
DEST[191:1 76] = SaturateToSignedWord(SRC1[255:240] + SRC1[239:224]) 
DEST[207:192] = SaturateToSignedWord(SRC2[127:112] + SRC2[143:128]) 
DEST[223:208] = SaturateToSignedWword(SRC2[159:144] + SRC2[175:160]) 
DEST[239:224] = SaturateToSignedWord(SRC2[191-160] + SRC2[159-128]) 
DEST[255:240] = SaturateToSignedWord(SRC2[255:240] + SRC2[239:224]) 


phe — ap fle ht 


Intel C/C++ Compiler Intrinsic Equivalent 


PHADDSW: m64 __mm_hadds_pi16 (_m64 a,__m64 b) 
(V)PHADDSW: m128i __mm_hadds_epi16 (__m128i a, ___m128ib) 
VPHADDSW: m256i _mm256_hadds_epi16 (__m256i a, __m256i b) 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.L = 1. 


PHADDSW — Packed Horizontal Add and Saturate 


INSTRUCTION SET REFERENCE, M-U 


Vol.2B 4-299 


INSTRUCTION SET REFERENCE, M-U 


PHMINPOSUW — Packed Horizontal Word Minimum 


VPHMINPOSUW xmm1, xmm2/m128 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
66 OF 38 41 /r RM |V/V SSE4_1 Find the minimum unsigned word in 
PHMINPOSUW xmm1, xmm2/m128 xmm2/m128 and place its value in the low 
word of xmm7 and its index in the second- 
lowest word of xmm17. 
VEX.128.66.0F38.WIG 41 /r RM |V/V AVX Find the minimum unsigned word in 


xmm2/m1 28 and place its value in the low 
word of xmm1 and its index in the second- 
lowest word of xmm17. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Determine the minimum unsigned word value in the source operand (second operand) and place the unsigned 
word in the low word (bits 0-15) of the destination operand (first operand). The word index of the minimum value 
is stored in bits 16-18 of the destination operand. The remaining upper bits of the destination are set to zero. 


128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding XMM destination register remain 


unchanged. 


VEX.128 encoded version: Bits (MAXVL-1:128) of the destination XMM register are zeroed. VEX.vvvv is reserved 


and must be 1111b, VEX.L must be 0, otherwise the instruction will #UD. 


Operation 


PHMINPOSUW (128-bit Legacy SSE version) 
INDEX := 0; 
MIN := SRC[15:0] 
IF (SRC[31:16] < MIN) 
THEN INDEX := 1; MIN := SRC[31:16]; FI; 
IF (SRC[47:32] < MIN) 
THEN INDEX := 2; MIN := SRC[47:32]; FI; 
* Repeat operation for words 3 through 6 
IF (SRC[127:112] < MIN) 
THEN INDEX := 7; MIN := SRC[127:11 2]; Fl; 
DEST[15:0] := MIN; 
DEST[18:16] := INDEX; 
DEST[1 27:19] := OOOOOOOODDDD0000000000000000H; 
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VPHMINPOSUW (VEX.128 encoded version) 

INDEX := 0 

MIN := SRC[15:0] 

IF (SRC[31:16] < MIN) THEN INDEX := 1; MIN := SRC[31:16] 
IF (SRC[47:32] < MIN) THEN INDEX := 2; MIN := SRC[47:32] 
* Repeat operation for words 3 through 6 

IF (SRC[127:112] < MIN) THEN INDEX := 7; MIN := SRC[127:112] 
DEST[15:0] := MIN 

DEST[18:16] := INDEX 

DEST[1 27:19] := OOOOOOOODDDD0000000000000000H 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
PHMINPOSUW: m128i_mm_minpos_epu16(__m128i packed_words); 


Flags Affected 
None. 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.L = 1. 

If VEX.vvvv # 1111B. 
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PHSUBW/PHSUBD — Packed Horizontal Subtract 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

NP OF 38 05 /r' RM |V/V SSSE3 Subtract 16-bit signed integers horizontally, 

PHSUBW mm1, mm2/m64 pack to mm. 

66 OF 3805 /r RM |V/V SSSE3 Subtract 16-bit signed integers horizontally, 

PHSUBW xmm1, xmm2/m128 pack to xmm1. 

NP OF 38 06 /r RM |V/V SSSE3 Subtract 32-bit signed integers horizontally, 

PHSUBD mm1, mm2/m64 pack to mm. 

66 OF 38 06 /r RM |V/V SSSE3 Subtract 32-bit signed integers horizontally, 

PHSUBD xmm1, xmm2/m128 pack to xmm1. 

VEX.128.66.0F38.WIG 05 /r RVM | V/V AVX Subtract 16-bit signed integers horizontally, 

VPHSUBW xmm1, xmm2, xmm3/m128 pack to xmm/. 

VEX.128.66.0F38.WIG 06 /r RVM | V/V AVX Subtract 32-bit signed integers horizontally, 

VPHSUBD xmm1, xmm2, xmm3/m128 pack to xmm/. 

VEX.256.66.0F38.WIG 05 /r RVM | V/V AVX2 Subtract 16-bit signed integers horizontally, 

VPHSUBW ymm1, ymm2, ymm3/m256 pack to ymm1. 
[VEX.256.66.0F38WIGO6/r =—Sti<‘<‘;SOOC~C~*C«*RRVM'YWVNV~~—— «dJAVX2 ~~ ‘(Subtract 32-bit signed integers horizontally, _ | 

VPHSUBD ymm1, ymm2, ymm3/m256 pack to ymm1. 

NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


(V)PHSUBW performs horizontal subtraction on each adjacent pair of 16-bit signed integers by subtracting the 
most significant word from the least significant word of each pair in the source and destination operands, and packs 
the signed 16-bit results to the destination operand (first operand). (V)PHSUBD performs horizontal subtraction on 
each adjacent pair of 32-bit signed integers by subtracting the most significant doubleword from the least signifi- 
cant doubleword of each pair, and packs the signed 32-bit result to the destination operand. When the source 
operand is a 128-bit memory operand, the operand must be aligned on a 16-byte boundary or a general-protection 
exception (#GP) will be generated. 


Legacy SSE version: Both operands can be MMX registers. The second source operand can be an MMxX register or a 
64-bit memory location. 


128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding YMM destina- 
tion register remain unchanged. 


In 64-bit mode, use the REX prefix to access additional registers. 


VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the destination YMM register are 
zeroed. 
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VEX.256 encoded version: The first source and destination operands are YMM registers. The second source 
operand can be an YMM register or a 256-bit memory location. 


Operation 


PHSUBW (with 64-bit operands) 
mm1[15-0] = mm1[15-0] - mm1[31-16]; 
mm1[31-16] = mm1[47-32] - mm1[63-48]; 
mm1[47-32] = mm2/m64[15-0] - mm2/m64[31-16]; 
mm1[63-48] = mm2/m64[47-32] - mm2/m64[63-48]; 


PHSUBW (with 128-bit operands) 
xmm1[15-0] = xmm1[15-0] - xmm1[31-16]; 
xmm1[31-16] = xmm1[47-32] - xmm1[63-48]; 
xmm1[47-32] = xmm1[79-64] - xmm1[95-80]; 
xmm1 [63-48] = xmm1[111-96] - xmm1[127-112]; 
xmm1[79-64] = xmm2/m1 28[15-0] - xmm2/m128[31-16]; 
xmm1[95-80] = xmm2/m1 28[47-32] - xmm2/m128[63-48]; 
xmm1[111-96] = xmm2/m1 28[79-64] - xmm2/m1 28[95-80]; 
xmm1[127-112] = xmm2/m1 28[1 11-96] - xmm2/m1 28[1 27-112]; 


VPHSUBW (VEX.128 encoded version) 
DEST[15:0] := SRC1[15:0] - SRC1[31:16] 
DEST[31:16] := SRC1[47:32] - SRC1[63:48] 
DEST[47:32] := SRC1[79:64] - SRC1[95:80] 
DEST[63:48] := SRC1[111:96] - SRC1[127:112] 
DEST[79:64] := SRC2[15:0] - SRC2[31:16] 
DEST[95:80] := SRC2[47:32] - SRC2[63:48] 
DEST[11 1:96] := SRC2[79:64] - SRC2[95:80] 
DEST[127:112] := SRC2[1 11:96] - SRC2[127:112] 
DEST[MAXVL-1:128] := 0 


VPHSUBW (VEX.256 encoded version) 
DEST[15:0] := SRC1[15:0] - SRC1[31:16] 
DEST[31:16] := SRC1[47:32] - SRC1[63:48] 
DEST[47:32] := SRC1[79:64] - SRC1[95:80] 
DEST[63:48] := SRC1[111:96] - SRC1[127:112] 
DEST[79:64] := SRC2[15:0] - SRC2[31:16] 
DEST[95:80] := SRC2[47:32] - SRC2[63:48] 
DEST[11 1:96] := SRC2[79:64] - SRC2[95:80] 
DEST[127:112] := SRC2[1 11:96] - SRC2[127:112] 
DEST[143:128] := SRC1[143:1 28] - SRC1[159:144] 
DEST[159:144] := SRC1[175:160] - SRC1[191:176] 
DEST[175:160] := SRC1[207:192] - SRC1[223:208] 
DEST[191:1 76] := SRC1[239:224] - SRC1[255:240] 
DEST[207:192] := SRC2[143:1 28] - SRC2[159:144] 
DEST[223:208] := SRC2[175:160] - SRC2[191:176] 
DEST[239:224] := SRC2[207:192] - SRC2[223:208] 
DEST[255:240] := SRC2[239:224] - SRC2[255:240] 


PHSUBD (with 64-bit operands) 


mm1[31-0] = mm1[31-0] - mm1[63-32]; 
mm1[63-32] = mm2/m64[31-0] - mm2/m64[63-32]; 
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PHSUBD (with 128-bit operands) 
xmm1[31-0] = xmm1[31-0] - xmm1[63-32]; 
xmm1[63-32] = xmm1[95-64] - xmm1[127-96]; 
xmm1[95-64] = xmm2/m1 28[31-0] - xmm2/m128[63-32]; 
xmm1[127-96] = xmm2/m128[95-64] - xmm2/m1 28[1 27-96]; 


VPHSUBD (VEX.128 encoded version) 
DEST[31-0] := SRC1[31-0] - SRC1[63-32] 
DEST[63-32] := SRC1[95-64] - SRC1[127-96] 
DEST[95-64] := SRC2[31-0] - SRC2[63-32] 
DEST[127-96] := SRC2[95-64] - SRC2[127-96] 
DEST[MAXVL-1:128] := 0 


VPHSUBD (VEX.256 encoded version) 
DEST[31:0] := SRC1[31:0] - SRC1[63:32] 
DEST[63:32] := SRC1[95:64] - SRC1[127:96] 
DEST[95:64] := SRC2[31:0] - SRC2[63:32] 
DEST[127:96] := SRC2[95:64] - SRC2[127:96] 
DEST[159:128] := SRC1[159:1 28] - SRC1[191:160] 
DEST[191:160] := SRC1[223:192] - SRC1[255:224] 
DEST[223:192] := SRC2[159:1 28] - SRC2[191:160] 
DEST[255:224] := SRC2[223:192] - SRC2[255:224] 


Intel C/C++ Compiler Intrinsic Equivalents 


PHSUBW: m64 _mm_hsub_pi16 (__m64 a,__ m64 b) 

PHSUBD: m64 __mm_hsub_pi32 (__m64 a,__ m64 b) 
(V)PHSUBW: m128i __mm_hsub_epi16 (__m128i a, ___m128i b) 
(V)PHSUBD: m128i __mm_hsub_epi32 (__m128i a, __m128i b) 
VPHSUBW: m256i__mm256_hsub_epi16 (__m256i a, __m256i b) 
VPHSUBD: m256i __mm256_hsub_epi32 (__m256i a, ___m256i b) 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.L = 1. 
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PHSUBSW — Packed Horizontal Subtract and Saturate 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 

Support | Flag 
NP OF 38 07 /r’ RM |V/V SSSE3 Subtract 16-bit signed integer horizontally, 
PHSUBSW mm1, mm2/m64 pack saturated integers to mm1. 
66 OF 38 07 /r RM |V/V SSSE3 Subtract 16-bit signed integer horizontally, 
PHSUBSW xmm1, xmm2/m128 pack saturated integers to xmm17. 
VEX.128.66.0F38.WIG 07 /r RVM | V/V AVX Subtract 16-bit signed integer horizontally, 
VPHSUBSW xmm1, xmm2, xmm3/m128 pack saturated integers to xmm1. 
VEX.256.66.0F38.WIG 07 /r RVM | V/V AVX2 Subtract 16-bit signed integer horizontally, 
VPHSUBSW ymm1, ymm2, ymm3/m256 pack saturated integers to ymm7. 
NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


(V)PHSUBSW performs horizontal subtraction on each adjacent pair of 16-bit signed integers by subtracting the 
most significant word from the least significant word of each pair in the source and destination operands. The 
signed, saturated 16-bit results are packed to the destination operand (first operand). When the source operand is 
a 128-bit memory operand, the operand must be aligned on a 16-byte boundary or a general-protection exception 
(#GP) will be generated. 


Legacy SSE version: Both operands can be MMxX registers. The second source operand can be an MMxX register or 
a 64-bit memory location. 


128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding YMM destina- 
tion register remain unchanged. 


In 64-bit mode, use the REX prefix to access additional registers. 


VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the destination YMM register are 
zeroed. 

VEX.256 encoded version: The first source and destination operands are YMM registers. The second source 
operand can be an YMM register or a 256-bit memory location. 


Operation 


PHSUBSW (with 64-bit operands) 
mm1[15-0] = SaturateToSignedword(mm1 [15-0] - mm1[31-16)]); 
mm1[31-16] = SaturateToSignedword(mm1 [47-32] - mm1[63-48]); 
mm1[47-32] = SaturateToSignedword(mm2/m64[1 5-0] - mm2/m64[31-16]); 
mm1[63-48] = SaturateToSignedword(mm2/m64[47-32] - mm2/m64[63-48)); 
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PHSUBSW (with 128-bit operands) 
xmm1[15-0] = SaturateToSignedWord(xmm1[15-0] - xmm1[31-16]); 
xmm1[31-16] = SaturateToSignedWord(xmm1 [47-32] - xmm1[63-48)); 
xmm1 [47-32] = SaturateToSignedWord(xmm1 [79-64] - xmm1[95-80)); 
xmm1 [63-48] = SaturateToSignedWord(xmm1[1 11-96] - xmm1[127-112]); 
xmm1[79-64] = SaturateToSignedWord(xmm2/m1 28[15-0] - xmm2/m1 28[31-16)]); 
xmm1 [95-80] =SaturateToSignedword(xmm2/m1 28[47-32] - xmm2/m1 28[63-48)); 
xmm1[111-96] =SaturateToSignedword(xmm2/m1 28[79-64] - xmm2/m1 28[95-80)); 
xmm1[127-112]= SaturateToSignedWord(xmm2/m1 28[1 11-96] - xmm2/m128[127-112]); 


VPHSUBSW (VEX.128 encoded version) 

DEST[15:0]= SaturateToSignedWord(SRC1[15:0] - SRC1[31:16]) 
DEST[31:16] = SaturateToSignedWord(SRC1 [47:32] - SRC1[63:48]) 
DEST[47:32] = SaturateToSignedWord(SRC1[79:64] - SRC1[95:80]) 
DEST[63:48] = SaturateToSignedWord(SRC1[1 11:96] - SRC1[127:112]) 
DEST[79:64] = SaturateToSignedWord(SRC2[1 5:0] - SRC2[31:16]) 
DEST[95:80] = SaturateToSignedWord(SRC2[47:32] - SRC2[63:48]) 
DEST[1 11:96] = SaturateToSignedWord(SRC2[79:64] - SRC2[95:80]) 
DEST[127:112] = SaturateToSignedWord(SRC2[1 1 1:96] - SRC2[127:112]) 
DEST[MAXVL-1:128] := 0 


VPHSUBSW (VEX.256 encoded version) 

DEST[15:0]= SaturateToSignedWord(SRC1[15:0] - SRC1[31:16]) 
DEST[31:16] = SaturateToSignedWord(SRC1 [47:32] - SRC1[63:48]) 
DEST[47:32] = SaturateToSignedWord(SRC1[79:64] - SRC1[95:80]) 
DEST[63:48] = SaturateToSignedWord(SRC1[1 11:96] - SRC1[127:112]) 
DEST[79:64] = SaturateToSignedWord(SRC2[1 5:0] - SRC2[31:16]) 
DEST[95:80] = SaturateToSignedWord(SRC2[47:32] - SRC2[63:48]) 
DEST[111:96] = SaturateToSignedWord(SRC2[79:64] - SRC2[95:80]) 
DEST[127:112] = SaturateToSignedWord(SRC2[1 11:96] - SRC2[127:112]) 
DEST[143:128]= SaturateToSignedWord(SRC1[143:1 28] - SRC1[159:144]) 
DEST[159:144] = SaturateToSignedWord(SRC1[175:160] - SRC1[191:176]) 
DEST[175:160] = SaturateToSignedWord(SRC1[207:192] - SRC1[223:208}) 
DEST[191:176] = SaturateToSignedWord(SRC1[239:224] - SRC1[255:240]) 
DEST[207:192] = SaturateToSignedWord(SRC2[1 43:1 28] - SRC2[159:144]) 
DEST[223:208] = SaturateToSignedWord(SRC2[175:160] - SRC2[191:176]) 
DEST[239:224] = SaturateToSignedWord(SRC2[207:1 92] - SRC2[223:208}) 
DEST[255:240] = SaturateToSignedWord(SRC2[239:224] - SRC2[255:240}) 


pe — ap Ss 


Intel C/C++ Compiler Intrinsic Equivalent 


PHSUBSW: m64 __mm_hsubs_pi16 (__m64 a,__m64 b) 
(V)PHSUBSW: m128i_mm_hsubs_epi16 (__m128i a, ___m128i b) 
VPHSUBSW: m256i__mm256_hsubs_epi16 (__m256i a,__ m256i b) 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.L = 1. 
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Opcode/ Op/ En | 64/32 bit | CPUID Description 
Instruction Mode Feature 
Support | Flag 

66 OF 3A 20 /r ib A VIV SSE4_1 Insert a byte integer value from r32/m8 into 

PINSRB xmm1, r32/m8, imm8 xmm1 at the destination element in xmm1 
specified by immé. 

66 OF 3A 22 /r ib A VV SSE4_1 Insert a dword integer value from r/m32 into 

PINSRD xmm17, r/m32, imm8 the xmm/ at the destination element 
specified by imme. 

66 REX.W OF 3A 22 /r ib A VIN. E. SSE4_1 Insert a qword integer value from r/m64 into 

PINSRQ xmm1, r/m64, imm8 the xmm1 at the destination element 
specified by imme. 

VEX.128.66.0F3A.WO 20 /r ib B VIN AVX Merge a byte integer value from r32/m8 and 

VPINSRB xmm1, xmm2, r32/m8, imm8 rest from xmm2 into xmm7 at the byte offset 
in imme. 

VEX.128.66.0F3A.WO 22 /r ib B VV AVX Insert a dword integer value from r32/m32 

VPINSRD xmm1, xmm2, r/m32, imm8 and rest from xmm_2 into xmm1 at the dword 
offset in immé. 

VEX.128.66.0F3A.W1 22 /r ib B vile AVX Insert a qword integer value from r64/m64 

VPINSRQ xmm1, xmm2, r/m64, imm8 and rest from xmm_2 into xmm1 at the qword 
offset in immé. 

EVEX.128.66.0F3A.WIG 20 /r ib C VIV AVX512BW | Merge a byte integer value from r32/m8 and 

VPINSRB xmm1, xmm2, r32/m8, imm8 rest from xmm_z into xmm1 at the byte offset 
in imms. 

EVEX.128.66.0F3A.WO 22 /r ib C VN AVX512DQ | Insert a dword integer value from r32/m32 

VPINSRD xmm1, xmm2, r32/m32, imm8 and rest from xmmz into xmm1 at the dword 
offset in imm8. 

EVEX.128.66.0F3A.W1 22 /r ib C VINE? AVX512DQ | Insert a qword integer value from r64/m64 

VPINSRQ xmm1, xmm2, r64/m64, imm8 and rest from xmm2 into xmm1 at the qword 
offset in imms8. 


NOTES: 


1. In 64-bit mode, VEX.W1 is ignored for VPINSRB (similar to legacy REX.W=1 prefix with PINSRB). 
2. VEX.W/EVEX.W in non-64 bit is ignored; the instructions behaves as if the WO version is used. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) imm8 NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8 
Description 


Copies a byte/dword/qword from the source operand (second operand) and inserts it in the destination operand 
(first operand) at the location specified with the count operand (third operand). (The other elements in the desti- 
nation register are left untouched.) The source operand can be a general-purpose register or a memory location. 
(When the source operand is a general-purpose register, PINSRB copies the low byte of the register.) The destina- 
tion operand is an XMM register. The count operand is an 8-bit immediate. When specifying a qword[dword, byte] 
location in an XMM register, the [2, 4] least-significant bit(s) of the count operand specify the location. 
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In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15, R8-15). Use of REX.W permits the use of 64 bit general purpose regis- 
ters. 

128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding YMM destination register remain unchanged. 


VEX.128 encoded version: Bits (MAXVL-1:128) of the destination register are zeroed. VEX.L must be 0, otherwise 
the instruction will #UD. Attempt to execute VPINSRQ in non-64-bit mode will cause #UD. 


EVEX.128 encoded version: Bits (MAXVL-1:128) of the destination register are zeroed. EVEX.L’L must be 0, other- 
wise the instruction will #UD. 


Operation 


CASE OF 
PINSRB: SEL := COUNT[3:0]; 
MASK := (OFFH << (SEL * 8)): 
TEMP := (((SRC[7:0] << (SEL *8)) AND MASK); 
PINSRD: SEL := COUNT[1:0]; 
MASK := (OFFFFFFFFH << (SEL * 32); 
TEMP := (((SRC << (SEL *32)) AND MASK); 
PINSRQ: SEL := COUNT[O] 
MASK := (OFFFFFFFFFFFFFFFFH << (SEL * 64)); 
TEMP := (((SRC << (SEL *64)) AND MASK); 
ESAC; 
DEST := ((DEST AND NOT MASK) OR TEMP); 


VPINSRB (VEX/EVEX encoded version) 

SEL := imm8[3:0] 

DEST[127:0] := write_b_element(SEL, SRC2, SRC1) 
DEST[MAXVL-1:128] := 0 


VPINSRD (VEX/EVEX encoded version) 

SEL := imm8[1:0] 

DEST[127:0] := write_d_element(SEL, SRC2, SRC1) 
DEST[MAXVL-1:128] := 0 


VPINSRQ (VEX/EVEX encoded version) 

SEL := imm8[0] 

DEST[1 27:0] := write_q_element(SEL, SRC2, SRC1) 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


PINSRB: m128i_mm_insert_epi8 (__m128i $1, int s2, const int ndx); 
PINSRD: m128i __mm_insert_epi32 (__m128i s2, int s, const int ndx); 
PINSRQ: m128i __mm_insert_epi64(__m128i s2, __int64 s, const int ndx); 
Flags Affected 

None. 


SIMD Floating-Point Exceptions 
None. 
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Other Exceptions 

EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-57, “Type E9NF Class Exception Conditions”. 
Additionally: 

#UD If VEX.L = 1 or EVEX.L’L > O. 
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PINSRW—Insert Word 


Opcode/ Op/ En | 64/32 bit | CPUID Description 
Instruction Mode Feature 
Support | Flag 
NP OF C4 /rib! A VIV SSE Insert the low word from r32 or from m16 
PINSRW mm, r32/m16, imm8 into mm at the word position specified by 
imms. 
66 OF C4 /rib A VN SSE2 Move the low word of r32 or from m16 into 
PINSRW xmm, r32/m16, imm8 xmm at the word position specified by imm8. 
VEX.128.66.0F.WO C4 /r ib B VAN AVX Insert the word from r32/m16 at the offset 
VPINSRW xmm1, xmm2, r32/m16, imm8 indicated by imm8 into the value from xmm2 
and store result in xmm1. 
EVEX.128.66.0F.WIG C4 /r ib C VN AVX512BW | Insert the word from r32/m16 at the offset 
VPINSRW xmm1, xmm2, r32/m16, imm8 indicated by imm8 into the value from xmm2 
and store result in xmm1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


2. In 64-bit mode, VEX.W'11 is ignored for VPINSRW (similar to legacy REX.W=1 prefix in PINSRW). 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) imm8 NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8 
Description 


Three operand MMX and SSE instructions: 


Copies a word from the source operand and inserts it in the destination operand at the location specified with the 
count operand. (The other words in the destination register are left untouched.) The source operand can bea 
general-purpose register or a 16-bit memory location. (When the source operand is a general-purpose register, the 
low word of the register is copied.) The destination operand can be an MMX technology register or an XMM register. 
The count operand is an 8-bit immediate. When specifying a word location in an MMX technology register, the 2 
least-significant bits of the count operand specify the location; for an XMM register, the 3 least-significant bits 
specify the location. 


Bits (MAXVL-1:128) of the corresponding YMM destination register remain unchanged. 
Four operand AVX and AVX-512 instructions: 


Combines a word from the first source operand with the second source operand, and inserts it in the destination 
operand at the location specified with the count operand. The second source operand can be a general-purpose 
register or a 16-bit memory location. (When the source operand is a general-purpose register, the low word of the 
register is copied.) The first source and destination operands are XMM registers. The count operand is an 8-bit 
immediate. When specifying a word location, the 3 least-significant bits specify the location. 


Bits (MAXVL-1:128) of the destination YMM register are zeroed. VEX.L/EVEX.L'L must be 0, otherwise the instruc- 
tion will #UD. 
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Operation 


PINSRW dest, src, imm8 (MMX) 
SEL := imm8[1:0] 
DEST.word[SEL] := src.word[0] 


PINSRW dest, src, imm8 (SSE) 
SEL := imm8[2:0] 
DEST.word[SEL] := src.word[0] 


VPINSRW dest, src1, src2, imm8 (AVX/AVX512) 
SEL := imm8[2:0] 
DEST := src 
DEST.word[SEL] := src2.word[0] 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


PINSRW: m64 _mm_insert_pi16 (__m64 a, int d, int n) 
PINSRW: m128i __mm_insert_epi16 (__m128i a, int b, int imm) 
Flags Affected 

None. 


Numeric Exceptions 
None. 


Other Exceptions 


EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-57, “Type E9NF Class Exception Conditions”. 


Additionally: 
#UD If VEX.L = 1 or EVEX.L’L > O. 
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PMADDUBSW — Multiply and Add Packed Signed and Unsigned Bytes 


Opcode/ Op/ |64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

NP OF 38 04 /r! A VV SSSE3 Multiply signed and unsigned bytes, add 

PMADDUBSW mm1, mm2/m64 horizontal pair of signed words, pack 
saturated signed-words to mm]. 

66 OF 38 04 /r A VV SSSE3 Multiply signed and unsigned bytes, add 

PMADDUBSW xmm1, xmm2/m128 horizontal pair of signed words, pack 
saturated signed-words to xmm1. 

VEX.128.66.0F38.WIG 04 /r B VV AVX Multiply signed and unsigned bytes, add 

VPMADDUBSW xmm1, xmm2, xmm3/m128 horizontal pair of signed words, pack 
saturated signed-words to xmm1. 

VEX.256.66.0F38.WIG 04 /r B VN AVX2 Multiply signed and unsigned bytes, add 

VPMADDUBSW ymm1, ymm2, ymm3/m256 horizontal pair of signed words, pack 
saturated signed-words to ymm17. 

EVEX.128.66.0F38.WIG 04 /r C VV AVX512VL | Multiply signed and unsigned bytes, add 

VPMADDUBSW xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | horizontal pair of signed words, pack 
saturated signed-words to xmm1 under 
writemask k1. 

EVEX.256.66.0F38.WIG 04 /r C VV AVX512VL | Multiply signed and unsigned bytes, add 

VPMADDUBSW ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | horizontal pair of signed words, pack 
saturated signed-words to ymm1 under 
writemask k1. 

EVEX.512.66.0F38.WIG 04 /r Cc VIV AVX512BW | Multiply signed and unsigned bytes, add 

VPMADDUBSW zmm1 {k1}{z}, zmm2, zmm3/m512 horizontal pair of signed words, pack 
saturated signed-words to zmm1 under 
writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 


Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 


in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


(V)PMADDUBSW multiplies vertically each unsigned byte of the destination operand (first operand) with the corre- 
sponding signed byte of the source operand (second operand), producing intermediate signed 16-bit integers. Each 
adjacent pair of signed words is added and the saturated result is packed to the destination operand. For example, 
the lowest-order bytes (bits 7-0) in the source and destination operands are multiplied and the intermediate signed 
word result is added with the corresponding intermediate result from the 2nd lowest-order bytes (bits 15-8) of the 
operands; the sign-saturated result is stored in the lowest word of the destination register (15-0). The same oper- 
ation is performed on the other pairs of adjacent bytes. Both operands can be MMX register or XMM registers. When 
the source operand is a 128-bit memory operand, the operand must be aligned on a 16-byte boundary ora 
general-protection exception (#GP) will be generated. 


In 64-bit mode and not encoded with VEX/EVEX, use the REX prefix to access XMM8-XMM15. 
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128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination 


register remain unchanged. 


VEX.128 and EVEX.128 encoded versions: The first source and destination operands are XMM registers. The 
second source operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding 


destination register are zeroed. 


VEX.256 and EVEX.256 encoded versions: The second source operand can be an YMM register or a 256-bit memory 
location. The first source and destination operands are YMM registers. Bits (MAXVL-1:256) of the corresponding 


ZMM register are zeroed. 


EVEX.512 encoded version: The second source operand can be an ZMM register or a 512-bit memory location. The 


first source and destination operands are ZMM registers. 


Operation 


PMADDUBSW (with 64 bit operands) 
DEST[15-0] = Saturate ToSignedWord(SRC[15-8]*DEST[1 5-8]+SRC[7-0]*DEST[7-0)); 
DEST[31-16] = SaturateToSignedWord(SRC[31 -24]*DEST[31-24]+SRC[23-16]*DEST[23-16)]); 
DEST[47-32] = SaturateToSignedWord(SRC[47-40]*DEST[47-40]+SRC[39-32]*DEST[39-32]); 
DEST[63-48] = SaturateToSignedWord(SRC[63-56]*DEST[63-56]+SRC[55-48]*DEST[55-48)]); 
PMADDUBSW (with 128 bit operands) 
DEST[15-0] = SaturateToSignedWword(SRC[15-8]* DEST[15-8]+SRC[7-0]*DEST[7-0)); 
// Repeat operation for 2nd through 7th word 
SRC1/DEST[1 27-112] = SaturateToSignedWord(SRC[1 27-120]*DEST[127-120]+ SRC[119-112]* DEST[119-112]); 


VPMADDUBSW (VEX.128 encoded version) 

DEST[15:0] := SaturateToSignedWord(SRC2[1 5:8]* SRC1[1 5:8]+SRC2[7:0]*SRC1[7:0]) 

// Repeat operation for 2nd through 7th word 

DEST[127:112] := SaturateToSignedWord(SRC2[127:120]*SRC1[127:120]+ SRC2[119:112]* SRC1[119:112]) 
DEST[MAXVL-1:128] := 0 


VPMADDUBSW (VEX.256 encoded version) 

DEST[15:0] := SaturateToSignedWord(SRC2[1 5:8]* SRC1[1 5:8]+SRC2[7:0]*SRC1[7:0]) 

// Repeat operation for 2nd through 15th word 

DEST[255:240] := SaturateToSignedWord(SRC2[255:248]*SRC1[255:248]+ SRC2[247:240]* SRC1[247:240)) 
DEST[MAXVL-1:256] := 0 


VPMADDUBSW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 


FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] := SaturateToSignedWord(SRC2[i+ 1 5:i+8]* SRC1 [i+ 15:i+8] + SRC2[i+7:i]*SRC1 [i+7:i]) 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] = 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalents 
VPMADDUBSW __m512i_mm512_maddubs_epi16(__m512i a,__m512i b); 


VPMADDUBSW __m512i_mm512_mask_maddubs_epi16(__m512is, __ mmask32 k,__m512i a, ___m512i b); 
VPMADDUBSW __m512i_mm512_maskz_maddubs_epi16(__mmask32 k,__m512i a,__m512i b); 
VPMADDUBSW __m256i __mm256_mask_maddubs_epi16(__m256is,___ mmask16 k,__ m256i a, __ m256i b); 
VPMADDUBSW __m256i __mm256_maskz_maddubs_epi16(__mmask16 k,__ m256i a,__ m256i b); 
VPMADDUBSW __m128i __mm_mask_maddubs_epi16(__m128i s,__ mmask8 k,___m128i a, ___m128ib); 
VPMADDUBSW __m128i__mm_maskz_maddubs_epi16(__mmask8 k,___m128i a,__m128i b); 

PMADDUBSW: __m64 _mm_maddubs_pi16 (__m64 a,__m64 b) 

(V)PMADDUBSW: __m128i __mm_maddubs_epi16 (__m128i a,__m128ib) 

VPMADDUBSW: m256i __mm256_maddubs_epi16 (__m256i a, __m256i b) 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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PMADDWD—Multiply and Add Packed Integers 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

NP OF F5 /r' A VIV MMX Multiply the packed words in mm by the packed 

PMADDWD mm, mm/m64 words in mm/m64, add adjacent doubleword 
results, and store in mm. 

66 OF F5 /r A VN SSE2 Multiply the packed word integers in xmm7 by 

PMADDWD xmm1, xmm2/m128 the packed word integers in xmm2/m128, add 
adjacent doubleword results, and store in 
xmm1. 

VEX.128.66.0F.WIG F5 /r B VIV AVX Multiply the packed word integers in xmm2 by 

VPMADDWD xmm1, xmm2, xmm3/m128 the packed word integers in xmm3/m128, add 
adjacent doubleword results, and store in 
xmm1. 

VEX.256.66.0F.WIG F5 /r B VIV AVX2 Multiply the packed word integers in ymm2 by 

VPMADDWD ymm1, ymm2, ymm3/m256 the packed word integers in ynm3/m256, add 
adjacent doubleword results, and store in 
ymm1. 

EVEX.128.66.0F.WIG F5 /r C VV AVX512VL | Multiply the packed word integers in xmm2 by 

VPMADDWD xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | the packed word integers in xmm3/m128, add 
adjacent doubleword results, and store in 
xmm1 under writemask k1. 

EVEX.256.66.0F.WIG F5 /r C VIV AVX512VL_ | Multiply the packed word integers in ymm2 by 

VPMADDWD ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | the packed word integers in ymm3/m256, add 
adjacent doubleword results, and store in 
ymm1 under writemask k1. 

EVEX.512.66.0F.WIG F5 /r C VV AVX512BW | Multiply the packed word integers in zmm2 by 

VPMADDWD zmm1 {k1}{z}, zmm2, zmm3/m512 the packed word integers in zmm3/m512, add 
adjacent doubleword results, and store in 
zmm1 under writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Multiplies the individual signed words of the destination operand (first operand) by the corresponding signed words 
of the source operand (second operand), producing temporary signed, doubleword results. The adjacent double- 
word results are then summed and stored in the destination operand. For example, the corresponding low-order 
words (15-0) and (31-16) in the source and destination operands are multiplied by one another and the double- 
word results are added together and stored in the low doubleword of the destination register (31-0). The same 
operation is performed on the other pairs of adjacent words. (Figure 4-11 shows this operation when using 64-bit 
operands). 


PMADDWD—Multiply and Add Packed Integers Vol.2B 4-315 


INSTRUCTION SET REFERENCE, M-U 


The (V)PMADDWD instruction wraps around only in one situation: when the 2 pairs of words being operated on in 
a group are all 8000H. In this case, the result wraps around to 80000000H. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE version: The first source and destination operands are MMX registers. The second source operand is an 
MMX register or a 64-bit memory location. 


128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding YMM destina- 
tion register remain unchanged. 


VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the destination YMM register are 
zeroed. 


VEX.256 encoded version: The second source operand can be an YMM register or a 256-bit memory location. The 
first source and destination operands are YMM registers. 


EVEX.512 encoded version: The second source operand can be an ZMM register or a 512-bit memory location. The 
first source and destination operands are ZMM registers. 


SRC x3 x2 x1 xo 
DEST Y3 Y2 Y1 Yo 

TEMP X3 « Y3 X2 « Y2 x1 «1 X0 * YO 
DEST (X3#Y3) + (X2*Y2)] (X1#¥1) + (X0#Y0) 


Figure 4-11. PMADDWD Execution Model Using 64-bit Operands 


Operation 


PMADDWD (with 64-bit operands) 
DEST[31:0] := (DEST[15:0] * SRC[15:0]) + (DEST[31:16] * SRC[31:16)); 
DEST[63:32] := (DEST[47:32] * SRC[47:32]) + (DEST[63:48] * SRC[63:48}); 


PMADDWD (with 128-bit operands) 
DEST[31:0] := (DEST[15:0] * SRC[15:0]) + (DEST[31:16] * SRC[31:16)); 
DEST[63:32] := (DEST[47:32] * SRC[47:32]) + (DEST[63:48] * SRC[63:48}); 
DEST[95:64] := (DEST[79:64] * SRC[79:64]) + (DEST[95:80] * SRC[95:80)); 
DEST[127:96] := (DEST[1 11:96] * SRC[111:96]) + (DEST[127:112] * SRC[127:112]); 


VPMADDWD (VEX.128 encoded version) 

DEST[31:0] := (SRC1[15:0] * SRC2[15:0]) + (SRC1[31:16] * SRC2[31:16]) 

DEST[63:32] := (SRC1[47:32] * SRC2[47:32]) + (SRC1[63:48] * SRC2[63:48]) 
DEST[95:64] := (SRC1[79:64] * SRC2[79:64]) + (SRC1[95:80] * SRC2[95:80]) 
DEST[127:96] := (SRC1[11 1:96] * SRC2[111:96]) + (SRC1[127:112] * SRC2[127:112]) 
DEST[MAXVL-1:128] := 0 
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VPMADDWD (VEX.256 encoded version) 

DEST[31:0] := (SRC1[15:0] * SRC2[15:0]) + (SRC1[31:16] * SRC2[31:16]) 

DEST[63:32] := (SRC1[47:32] * SRC2[47:32]) + (SRC1[63:48] * SRC2[63:48]) 
DEST[95:64] := (SRC1[79:64] * SRC2[79:64]) + (SRC1[95:80] * SRC2[95:80]) 
DEST[127:96] := (SRC1[1 11:96] * SRC2[111:96]) + (SRC1[127:112] * SRC2[127:112]) 
DEST[159:1 28] := (SRC1[143:1 28] * SRC2[143:128]) + (SRC1[159:144] * SRC2[159:144] 
DEST[191:160] := (SRC1[175:160] * SRC2[175:160]) + (SRC1[191:176] * SRC2[191:176] 
DEST[223:192] := (SRC1[207:192] * SRC2[207:192]) + (SRC1[223:208] * SRC2[223:208] 
DEST[255:224] := (SRC1[239:224] * SRC2[239:224]) + (SRC1[255:240] * SRC2[255:240] 
DEST[MAXVL-1:256] := 0 


a) 


VPMADDWD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] := (SRC2[i+31:i+16]* SRC1[i+31:i+16]) + (SRC2[i+1 5:i]*SRC1 [i+1 5:i]) 


ELSE 

IF *merging-masking* ;merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] = 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 

VPMADDWD __m512i__mm512_madd_epi16(__m512i a, ___m512i b); 

VPMADDWD __m512i_mm512_mask_madd_epi16(__m512is,__ mmask32 k,__m512ia,___m512i b); 
VPMADDWD __m512i__mm512_maskz_madd_epi16(__mmask32 k,__m512i a,__m512i b); 
VPMADDWD __m256i __mm256_mask_madd_epi16(__m256i s,__ mmask16 k,___ m256i a, __ m256i b); 
VPMADDWD __m256i _mm256_maskz_madd_epi16(__mmask16 k,__ m256i a, ___m256i b); 
VPMADDWD __m128i_mm_mask_madd_epi16(__m128is, _ mmask8 k,__m128i a, ___m128i b); 
VPMADDWD __m128i __mm_maskz_madd_epi16(__mmask8 k, __m128i a,__m128i b); 
PMADDWD:__m64 _mm_madd_pi16(__m64 m1,__ m64 m2) 

(V)PMADDWD:__m128i __mm_madd_epi16 (__m128i a, __m128i b) 

VPMADDWD:__m256i _mm256_madd_epi16 (__m256i a, __m256i b) 


Flags Affected 
None. 


Numeric Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded instruction, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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PMAXSB/PMAXSW/PMAXSD/PMAXSQ—Maximum of Packed Signed Integers 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 

NP OF EE /r' A VIV SSE Compare signed word integers in mm2/m64 and 

PMAXSW mm1, mm2/m64 mm 1 and return maximum values. 

66 OF 38 3C /r A VIV SSE4_1 Compare packed signed byte integers in xmm1 and 

PMAXSB xmm1, xmm2/m128 xmm2/m128 and store packed maximum values in 
xmm1. 

66 OF EE /r A VIV SSE2 Compare packed signed word integers in 

PMAXSW xmm1, xmm2/m128 xmm2/m128 and xmm1 and stores maximum 
packed values in xmm1. 

66 OF 38 3D /r A VIV SSE4_1 Compare packed signed dword integers in xmm1 

PMAXSD xmm1, xmm2/m128 and xmm2/m1 28 and store packed maximum values 
in xmm1. 

VEX.128.66.0F38.WIG 3C /r B VIV AVX Compare packed signed byte integers in xmme2 and 

VPMAXSB xmm1, xmm2, xmm3/m128 xmm3/m128 and store packed maximum values in 
xmm1. 

VEX.128.66.0F.WIG EE /r B VIV AVX Compare packed signed word integers in 

VPMAXSW xmm1, xmm2, xmm3/m128 xmm3/m128 and xmm2 and store packed maximum 
values in xmm1. 

VEX.128.66.0F38.WIG 3D /r B VIV AVX Compare packed signed dword integers in xmm2 

VPMAXSD xmm1, xmm2, xmm3/m128 and xmm3/m1 28 and store packed maximum values 
in xmm1. 

VEX.256.66.0F38.WIG 3C /r B VIV AVX2 Compare packed signed byte integers in ymm2 and 

VPMAXSB ymm1, ymm2, ymm3/m256 ymm3/m256 and store packed maximum values in 
ymm1. 

VEX.256.66.0F.WIG EE /r B VIV AVX2 Compare packed signed word integers in 

VPMAXSW ymm1, ymm2, ymm3/m256 ymm3/m256 and ymm2 and store packed maximum 
values in ymm1. 

VEX.256.66.0F38.WIG 3D /r B VIV AVX2 Compare packed signed dword integers in ymm2 

VPMAXSD ymm1, ymm2, ymm3/m256 and ymm3/m256 and store packed maximum values 
in ymm1. 

EVEX.1 28.66.0F38.WIG 3C /r C VIV AVX512VL_ | Compare packed signed byte integers in xmme and 

VPMAXSB xmm1{k1}{z}, xmm2, AVX512BW | xmm3/m128 and store packed maximum values in 

xmm3/m128 xmm1 under writemask k1. 

EVEX.256.66.0F38.WIG 3C /r C VIN AVX512VL_ | Compare packed signed byte integers in ymm2 and 

VPMAXSB ymm1{k1}{z}, ymm2, AVX512BW | ymm3/m256 and store packed maximum values in 

ymm3/m256 ymm1 under writemask k1. 

EVEX.512.66.0F38.WIG 3C /r C VIV AVX512BW | Compare packed signed byte integers in zmm2 and 

VPMAXSB zmm1{k1}{z}, zmm2, zmm3/m512 and store packed maximum values in 

zmm3/m512 zmm1 under writemask k1. 

EVEX.128.66.0F.WIG EE /r C VIV AVX512VL_ | Compare packed signed word integers in xmm2 and 

VPMAXSW xmm1{k1}{z}, xmm2, AVX512BW | xmm3/m128 and store packed maximum values in 

xmm3/m128 xmm1 under writemask k1. 

EVEX.256.66.0F.WIG EE /r C VIV AVX512VL_ | Compare packed signed word integers in ymme and 

VPMAXSW ymm1{k1}{z}, ymm2, AVX512BW | ymm3/m256 and store packed maximum values in 

ymm3/m256 ymm1 under writemask k1. 

EVEX.512.66.0F.WIG EE /r C VIV AVX512BW | Compare packed signed word integers in zmm2 and 

VPMAXSW zmm1{k1}{z}, zmm2, zmm3/m512 and store packed maximum values in 

zmm3/m512 zmm1 under writemask k1. 

EVEX.128.66.0F38.W0 3D /r D VIV AVX512VL_ | Compare packed signed dword integers in xmm2 

VPMAXSD xmm1 {k1}{z}, xmm2, AVX512F and xmm3/m128/m32bcst and store packed 

xmm3/m1 28/m32bcst maximum values in xmm1 using writemask k1. 
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Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.256.66.0F38.W0 3D /r D VIV AVX512VL_ | Compare packed signed dword integers in ymm2 
VPMAXSD ymm1 {k1}{z}, ymm2, AVX512F and ymm3/m256/m32bcst and store packed 
ymm3/m256/m32bcst maximum values in ymm1 using writemask k1. 
EVEX.512.66.0F38.W0 3D /r D VV AVX512F Compare packed signed dword integers in zmm2 and 
VPMAXSD zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst and store packed maximum 
zmm3/m512/m32bcst values in zmm1 using writemask k1. 
EVEX.128.66.0F38.W1 3D /r D VIV AVX512VL_ | Compare packed signed qword integers in xmm2 
VPMAXSQ xmm1 {k1}{z}, xmm2, AVX512F and xmm3/m128/m64bcst and store packed 
xmm3/m128/m64bcst maximum values in xmm1 using writemask k1. 
EVEX.256.66.0F38.W1 3D /r D VIV AVX512VL_ | Compare packed signed qword integers in ymm2 
VPMAXSQ ymm1 {k1}{z}, ymm2, AVX512F and ymm3/m256/m64bcst and store packed 
ymm3/m256/m64bcst maximum values in ymm1 using writemask k1. 
EVEX.512.66.0F38.W1 3D /r D VV AVX512F Compare packed signed qword integers in zmm2 and 
VPMAXSQ zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst and store packed maximum 
zmm3/m512/m64bcst values in zmm1 using writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
D Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD compare of the packed signed byte, word, dword or qword integers in the second source operand 
and the first source operand and returns the maximum value for each pair of integers to the destination operand. 


Legacy SSE version PMAXSW: The source operand can be an MMX technology register or a 64-bit memory location. 
The destination operand can be an MMX technology register. 


128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding YMM destina- 
tion register remain unchanged. 


VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination 
register are zeroed. 

VEX.256 encoded version: The second source operand can be an YMM register or a 256-bit memory location. The 
first source and destination operands are YMM registers. Bits (MAXVL-1:256) of the corresponding destination 
register are zeroed. 

EVEX encoded VPMAXSD/Q: The first source operand is a ZMM/YMM/XMM register; The second source operand is 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 
32/64-bit memory location. The destination operand is conditionally updated based on writemask k1. 

EVEX encoded VPMAXSB/W: The first source operand is a ZMM/YMM/XMM register; The second source operand is 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location. The destination operand is conditionally updated 
based on writemask k1. 
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Operation 


PMAXSW (64-bit operands) 
IF DEST[15:0] > SRC[15:0]) THEN 
DEST[15:0] := DEST[15:0]; 
ELSE 
DEST[15:0] := SRC[15:0); Fl; 
(* Repeat operation for 2nd and 3rd words in source and destination operands *) 
IF DEST[63:48] > SRC[63:48]) THEN 
DEST[63:48] := DEST[63:48]; 
ELSE 
DEST[63:48] := SRC[63:48); FI; 


PMAXSB (128-bit Legacy SSE version) 
IF DEST[7:0] > SRC[7:0] THEN 
DEST[7:0] := DEST[7:0]; 
ELSE 
DEST[7:0] := SRC[7:0); Fl; 
(* Repeat operation for 2nd through 15th bytes in source and destination operands *) 
IF DEST[127:120] >SRC[127:120] THEN 
DEST[127:120] := DEST[127:1 20]; 
ELSE 
DEST[127:120] := SRC[127:1 20]; Fl; 
DEST[MAXVL-1:128] (Unmodified) 


VPMAXSB (VEX.128 encoded version) 
IF SRC1[7:0] > SRC2[7:0] THEN 
DEST[7:0] := SRC1[7:0]; 
ELSE 
DEST[7:0] := SRC2[7:0]; Fl; 
(* Repeat operation for 2nd through 15th bytes in source and destination operands *) 
IF SRC1[127:120] >SRC2[127:120] THEN 
DEST[127:120] := SRC1[127:120]; 
ELSE 
DEST[127:120] := SRC2[127:1 20]; Fl; 
DEST[MAXVL-1:128] := 0 


VPMAXSB (VEX.256 encoded version) 
IF SRC1[7:0] > SRC2[7:0] THEN 
DEST[7:0] := SRC1[7:0]; 
ELSE 
DEST[7:0] := SRC2[7:0]; Fl; 
(* Repeat operation for 2nd through 31st bytes in source and destination operands *) 
IF SRC1[255:248] >SRC2[255:248] THEN 
DEST[255:248] := SRC1[255:248]; 
ELSE 
DEST[255:248] := SRC2[255:248]; Fl; 
DEST[MAXVL-1:256] := 0 
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VPMAXSB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* THEN 
IF SRC1[i+7:i] > SRC2[i+7:i] 
THEN DEST[i+7:i] = SRC1[i+7:i]; 
ELSE DEST[i+7:i] := SRC2[i+7:i]; 


Fl; 
ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


PMAXSW (128-bit Legacy SSE version) 
IF DEST[15:0] >SRC[15:0] THEN 
DEST[15:0] := DEST[1 5:0]; 
ELSE 
DEST[15:0] := SRC[1 5:0]; Fl; 
(* Repeat operation for 2nd through 7th words in source and destination operands *) 
IF DEST[127:112] >SRC[127:112] THEN 
DEST[127:112] := DEST[127:112]; 
ELSE 
DEST[127:112] := SRC[127:112]; Fl; 
DEST[MAXVL-1:128] (Unmodified) 


VPMAXSW (VEX.128 encoded version) 
IF SRC1[15:0] > SRC2[15:0] THEN 
DEST[15:0] := SRC1[1 5:0]; 
ELSE 
DEST[15:0] := SRC2[1 5:0]; Fl; 
(* Repeat operation for 2nd through 7th words in source and destination operands *) 
IF SRC1[127:112] >SRC2[127:112] THEN 
DEST[127:112] := SRC1[127:112]; 
ELSE 
DEST[127:112] := SRC2[127:112]; Fl; 
DEST[MAXVL-1:128] := 0 


VPMAXSW (VEX.256 encoded version) 
IF SRC1[15:0] > SRC2[15:0] THEN 
DEST[15:0] := SRC1[15:0]; 
ELSE 
DEST[15:0] := SRC2[15:0); Fl; 
(* Repeat operation for 2nd through 15th words in source and destination operands *) 
IF SRC1[255:240] >SRC2[255:240] THEN 
DEST[255:240] := SRC1[255:240); 
ELSE 
DEST[255:240] := SRC2[255:240); Fl; 
DEST[MAXVL-1:256] := 0 
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VPMAXSW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j :=0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* THEN 
IF SRC1[i+15:i] > SRC2[i+15:i] 
THEN DEST{i+1 5:i] := SRC1[i+15:i]; 
ELSE DEST[i+15:i] := SRC2[i+1 5:1]; 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+15:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


PMAXSD (128-bit Legacy SSE version) 
IF DEST[31:0] >SRC[31:0] THEN 
DEST[31:0] := DEST[3 1:0]; 
ELSE 
DEST[31:0] := SRC[3 1:0]; Fl; 
(* Repeat operation for 2nd through 7th words in source and destination operands *) 
IF DEST[127:96] >SRC[127:96] THEN 
DEST[1 27:96] := DEST[127:96]; 
ELSE 
DEST[1 27:96] := SRC[127:96]; Fl; 
DEST[MAXVL-1:128] (Unmodified) 


VPMAXSD (VEX.128 encoded version) 
IF SRC1[31:0] > SRC2[31:0] THEN 
DEST[31:0] := SRC1[31:0]; 
ELSE 
DEST[31:0] := SRC2[3 1:0]; FI; 
(* Repeat operation for 2nd through 3rd dwords in source and destination operands *) 
IF SRC1[127:96] > SRC2[127:96] THEN 
DEST[1 27:96] := SRC1[127:96]; 
ELSE 
DEST[1 27:96] := SRC2[1 27:96]; Fl; 
DEST[MAXVL-1:128] := 0 


VPMAXSD (VEX.256 encoded version) 
IF SRC1[31:0] > SRC2[31:0] THEN 
DEST[31:0] := SRC1[31:0]; 
ELSE 
DEST[31:0] := SRC2[31:0]; Fl; 
(* Repeat operation for 2nd through 7th dwords in source and destination operands *) 
IF SRC1[255:224] > SRC2[255:224] THEN 
DEST[255:224] := SRC1[255:224]; 
ELSE 
DEST[255:224] := SRC2[255:224); Fl; 
DEST[MAXVL-1:256] := 0 
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VPMAXSD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN 
IF SRC1[i+31:i] > SRC2[31:0] 
THEN DEST[i+31:i] = SRC1[i+31:i]; 
ELSE DEST[i+31:i] := SRC2[3 1:0]; 
Fl; 
ELSE 
IF SRC1[i+31:i] > SRC2[i+31:i] 
THEN DEST[i+31:i] = SRC1[i+31:i]; 
ELSE DEST[i+31:i] := SRC2[i+31:i]; 


Fl; 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE DEST[i+31:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPMAXSQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory”) 
THEN 
IF SRC1[i+63:i] > SRC2[63:0] 
THEN DEST[i+63:i] = SRC1[i+63:i]; 
ELSE DEST[i+63:i] := SRC2[63:0]; 
Fl; 
ELSE 
IF SRC1[i+63:i] > SRC2[i+63:i] 
THEN DEST[i+63:i] = SRC1[i+63:i]; 
ELSE DEST[i+63:i] := SRC2[i+63:i]; 


Fl; 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VPMAXSB __m512i_mm512_max_epi8(__m512i a,__m512ib); 

VPMAXSB __m512i_mm512_mask_max_epi8(__m512is,__ mmask64 k,__m512ia,__m512i b); 
VPMAXSB __m512i_mm512_maskz_max_epi8(__mmask64 k,__m512ia,__m512i b); 
VPMAXSW __m512i_mm512_max_epi16(__m512i a,__m512ib); 

VPMAXSW __m512i_mm512_mask_max_epi16(__m512is,__ mmask32 k,__m512ia,__m512i b); 
VPMAXSW __m512i_mm512_maskz_max_epi16(__mmask32 k,__m512i a,__m512i b); 
VPMAXSB __m256i __mm256_mask_max_epi8(__m256i s,__ mmask32 k,___ m256i a, __ m256i b); 
VPMAXSB __m256i __mm256_maskz_max_epi8(__mmask32 k,__ m256i a, __ m256i b); 
VPMAXSW __m256i__mm256_mask_max_epi16(__m256is,__ mmask16 k,___ m256i a, __ m256i b); 
VPMAXSW __m256i __mm256_maskz_max_epi16(__mmask16 k,___ m256i a, __m256i b); 
VPMAXSB __m128i __mm_mask_max_epi8(__m128is,__ mmask16 k,___m128i a, __m128i b); 
VPMAXSB __m128i _mm_maskz_max_epi8(__mmask16 k,___m128i a, ___m128i b); 

VPMAXSW __m128i _mm_mask_max_epi16(__m128is,__ mmask8 k,___m128i a, ___m128i b); 
VPMAXSW __m128i __mm_maskz_max_epi16(__mmask8 k, __m128i a,__m128i b); 

VPMAXSD __m256i _mm256_mask_max_epi32(__m256i s,__ mmask16 k,__ m256i a, __m256i b); 
VPMAXSD __m256i __mm256_maskz_max_epi32(__mmask16 k,__ m256i a, ___m256i b); 
VPMAXSQ __m256i __mm256_mask_max_epi64(__m256i s,___mmask8 k, __m256i a, __m256i b); 
VPMAXSQ __m256i _mm256_maskz_max_epi64(__mmask8 k, __m256i a, __m256i b); 
VPMAXSD __m128i __mm_mask_max_epi32(__m128is,__ mmask8 k,___m128i a, ___m128i b); 
VPMAXSD __m128i __mm_maskz_max_epi32(__mmask8 k, __m128i a,__m128i b); 

VPMAXSQ __m128i _mm_mask_max_epi64(__m128i s,___mmask8 k, __m128i a, __m128i b); 
VPMAXSQ __m128i __mm_maskz_max_epu64(__mmask8 k, __m128i a, __m128i b); 

VPMAXSD __m512i__mm512_max_epi32(__m512i a,__m512i b); 

VPMAXSD __m512i__mm512_mask_max_epi32(__m512is,__ mmask16 k,__ m512i.a,__m512i b); 
VPMAXSD __m512i__mm512_maskz_max_epi32(__mmask16 k,__m512ia,__m512i b); 
VPMAXSQ __m512i __mm512_max_epi64(_m512i a, ___m512i b); 

VPMAXSQ __m512i __mm512_mask_max_epi64(__m512is, __ mmask8 k,__m512i a, ___m512i b); 
VPMAXSQ __m512i__mm512_maskz_max_epi64(_mmask8 k,__m512i a, __m512i b); 
(V)PMAXSB __m128i__mm_max_epi8 (__m128i a,__m128i b); 

(V)PMAXSW __m128i __mm_max_epi16 (__m128i a,__m128i b) 

(V)PMAXSD __m128i __mm_max_epi32 (__m128i a,__m128i b); 

VPMAXSB __m256i__mm256_max_epi8 (__m256i a, __ m256i b); 

VPMAXSW __m256i _mm256_max_epi16 (__m256i a, ___m256i b) 


VPMAXSD __m256i _mm256_max_epi32 (__m256i a, ___ m256i b); 


PMAXSW:__m64 __mm_max_pi16(__m64 a, __ m64 b) 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded VPMAXSD/Q, see Table 2-49, “Type E4 Class Exception Conditions”. 
EVEX-encoded VPMAXSB/W, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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PMAXUB/PMAXUW—Maximum of Packed Unsigned Integers 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
NP OF DE /r A VIV SSE Compare unsigned byte integers in mm2/m64 and 
PMAXUB mm1, mm2/m64 mm 1 and returns maximum values. 
66 OF DE /r A VIV SSE2 Compare packed unsigned byte integers in xmm1 
PMAXUB xmm1, xmm2/m128 and xmm2/m128 and store packed maximum 
values in xmm1. 
66 OF 38 3E/r A VIV SSE4_1 Compare packed unsigned word integers in 
PMAXUW xmm1, xmm2/m128 xmm2/m128 and xmm1 and stores maximum 
packed values in xmm1. 
VEX.128.66.0F DE /r B VIV AVX Compare packed unsigned byte integers in xmm2 
VPMAXUB xmm1, xmm2, xmm3/m128 and xmm3/m128 and store packed maximum 
values in xmm1. 
VEX.128.66.0F38 3E/r B VIV AVX Compare packed unsigned word integers in 
VPMAXUW xmm1, xmm2, xmm3/m128 xmm3/m128 and xmm2 and store maximum 
packed values in xmm1. 
VEX.256.66.0F DE /r B VIV AVX2 Compare packed unsigned byte integers in ymm2 
VPMAXUB ymm1, ymm2, ymm3/m256 and ymm3/m256 and store packed maximum 
values in ymm1. 
VEX.256.66.0F38 3€/r B VIV AVX2 Compare packed unsigned word integers in 
VPMAXUW ymm1, ymm2, ymm3/m256 ymm3/m256 and ymme2 and store maximum 
packed values in ymm1. 
EVEX.128.66.0F.WIG DE /r C VIV AVX512VL_ | Compare packed unsigned byte integers in xmm2 
VPMAXUB xmm1{k1}{z}, xmm2, AVX512BW | and xmm3/m128 and store packed maximum 
xmm3/m128 values in xmm1 under writemask k1. 
EVEX.256.66.0F.WIG DE /r C VIN AVX512VL_ | Compare packed unsigned byte integers in ymm2 
VPMAXUB ymm1{k1}{z}, ymm2, AVX512BW | and ymm3/m256 and store packed maximum 
ymm3/m256 values in ymm1 under writemask k1. 
EVEX.512.66.0F.WIG DE /r C VIV AVX512BW | Compare packed unsigned byte integers in zmm2 
VPMAXUB zmm1{k1}{z}, zmm2, and zmm3/m512 and store packed maximum 
zmm3/m512 values in zmm1 under writemask k1. 
EVEX.128.66.0F38.WIG 3E /r C VIV AVX512VL_ | Compare packed unsigned word integers in xmm2 
VPMAXUW xmm1{k1}{z}, xmm2, AVX512BW | and xmm3/m128 and store packed maximum 
xmm3/m128 values in xmm1 under writemask k1. 
EVEX.256.66.0F38.WIG 3E /r C VIV AVX512VL_ | Compare packed unsigned word integers in ymm2 
VPMAXUW ymm1{k1}{z}, ymm2, AVX512BW | and ymm3/m256 and store packed maximum 
ymm3/m256 values in ymm1 under writemask k1. 
EVEX.512.66.0F38.WIG 3E /r C VIV AVX512BW | Compare packed unsigned word integers in zmm2 
VPMAXUW zmm1{k1}{z}, zmm2, and zmm3/m512 and store packed maximum 
zmm3/m512 values in zmm1 under writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX 
Registers” in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
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Description 


Performs a SIMD compare of the packed unsigned byte, word integers in the second source operand and the first 
source operand and returns the maximum value for each pair of integers to the destination operand. 

Legacy SSE version PMAXUB: The source operand can be an MMX technology register or a 64-bit memory location. 
The destination operand can be an MMX technology register. 

128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination 
register remain unchanged. 

VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination 
register are zeroed. 

VEX.256 encoded version: The second source operand can be an YMM register or a 256-bit memory location. The 
first source and destination operands are YMM registers. 

EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register; The second source operand is a 
ZMM/YMM/XMM register or a 512/256/128-bit memory location. The destination operand is conditionally updated 
based on writemask k1. 


Operation 


PMAXUB (64-bit operands) 
IF DEST[7:0] > SRC[17:0]) THEN 
DEST[7:0] := DEST[7:0]; 
ELSE 
DEST[7:0] := SRC[7:0]; Fl; 
(* Repeat operation for 2nd through 7th bytes in source and destination operands *) 
IF DEST[63:56] > SRC[63:56]) THEN 
DEST[63:56] := DEST[63:56]; 
ELSE 
DEST[63:56] := SRC[63:56); FI; 


PMAXUB (128-bit Legacy SSE version) 
IF DEST[7:0] >SRC[7:0] THEN 
DEST[7:0] := DEST[7:0]; 
ELSE 
DEST[15:0] := SRC[7:0]; Fl; 
(* Repeat operation for 2nd through 15th bytes in source and destination operands *) 
IF DEST[127:120] >SRC[127:120] THEN 
DEST[127:120] := DEST[127:1 20]; 
ELSE 
DEST[127:120] := SRC[127:1 20]; Fl; 
DEST[MAXVL-1:128] (Unmodified) 


VPMAXUB (VEX.128 encoded version) 
IF SRC1[7:0] >SRC2[7:0] THEN 
DEST[7:0] := SRC1[7:0]; 
ELSE 
DEST[7:0] := SRC2[7:0]; Fl; 
(* Repeat operation for 2nd through 15th bytes in source and destination operands *) 
IF SRC1[127:120] >SRC2[127:120] THEN 
DEST[127:120] := SRC1[127:120]; 
ELSE 
DEST[127:120] := SRC2[127:1 20]; Fl; 
DEST[MAXVL-1:128] := 0 


4-326 Vol. 2B PMAXUB/PMAXUW—Maximum of Packed Unsigned Integers 


VPMAXUB (VEX.256 encoded version) 
IF SRC1[7:0] >SRC2[7:0] THEN 
DEST[7:0] := SRC1[7:0]; 
ELSE 
DEST[15:0] := SRC2[7:0]; Fl; 
(* Repeat operation for 2nd through 31st bytes in source and destination operands *) 
IF SRC1[255:248] >SRC2[255:248] THEN 
DEST[255:248] := SRC1[255:248]; 
ELSE 
DEST[255:248] := SRC2[255:248]; Fl; 
DEST[MAXVL-1:128] := 0 


VPMAXUB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* THEN 
IF SRC1[i+7:i] > SRC2[i+7:i] 
THEN DEST[i+7:i] = SRC1[i+7:i]; 
ELSE DEST[i+7:i] := SRC2[i+7:i]; 


Fl; 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


PMAXUW (128-bit Legacy SSE version) 
IF DEST[15:0] >SRC[15:0] THEN 
DEST[15:0] := DEST[1 5:0]; 
ELSE 
DEST[15:0] := SRC[1 5:0]; Fl; 
(* Repeat operation for 2nd through 7th words in source and destination operands *) 
IF DEST[127:112] >SRC[127:112] THEN 
DEST[127:112] := DEST[127:112]; 
ELSE 
DEST[127:112] := SRC[127:112]; Fl; 
DEST[MAXVL-1:128] (Unmodified) 


VPMAXUW (VEX.128 encoded version) 
IF SRC1[15:0] > SRC2[15:0] THEN 
DEST[15:0] := SRC1[15:0]; 
ELSE 
DEST[15:0] := SRC2[15:0); Fl; 
(* Repeat operation for 2nd through 7th words in source and destination operands *) 
IF SRC1[127:112] >SRC2[127:112] THEN 
DEST[127:112] := SRC1[127:112]; 
ELSE 
DEST[127:112] := SRC2[127:112]; Fl; 
DEST[MAXVL-1:128] := 0 
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VPMAXUW (VEX.256 encoded version) 
IF SRC1[15:0] > SRC2[15:0] THEN 
DEST[15:0] := SRC1[15:0]; 
ELSE 
DEST[15:0] := SRC2[15:0); FI; 
(* Repeat operation for 2nd through 15th words in source and destination operands *) 
IF SRC1[255:240] >SRC2[255:240] THEN 
DEST[255:240] := SRC1[255:240]; 
ELSE 
DEST[255:240] := SRC2[255:240]; Fl; 
DEST[MAXVL-1:128] := 0 


VPMAXUW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* THEN 
IF SRC1[i+15:i] > SRC2[i+15:i] 
THEN DEST{i+1 5:i] := SRC1[i+15:i]; 
ELSE DEST[i+15:i] := SRC2[i+1 5:1]; 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+15:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPMAXUB __m512i_mm512_max_epu8(__m512i a,__m512i b); 

VPMAXUB __m512i_mm512_mask_max_epu8(__m512is,__ mmask64 k,___m512i a, __m512i b); 
VPMAXUB __m512i_mm512_maskz_max_epu8(__mmask64 k,__m512i a,__m512i b); 
VPMAXUW __m512i__mm512_max_epu16(__m512i a,__m512i b); 

VPMAXUW __m512i__mm512_mask_max_epu16(__m512is,__ mmask32 k,__m512i a,__m512ib); 
VPMAXUW __m512i__mm512_maskz_max_epu16(__mmask32 k,__m512i a,__m512i b); 


VPMAXUB __m256i __mm256_mask_max_epu8(__m256i s,___ mmask32 k,___ m256i a, __m256i b); 


VPMAXUB __m256i __mm256_maskz_max_epu8(__mmask32 k,__ m256i a, __m256i b); 
VPMAXUW __m256i _mm256_mask_max_epu16(__m256i s,__ mmask16 k,__ m256i a, ___ m256i b); 
VPMAXUW __m256i _mm256_maskz_max_epu16(__mmask16 k, _ m256i a, ___m256i b); 


VPMAXUB __m128i __mm_mask_max_epu8(__m128i s,__ mmask16 k,__m128i a,__m128ib); 
VPMAXUB __m128i __mm_maskz_max_epu8(__mmask16 k,__m128i a,__m128i b); 
VPMAXUW __m128i _mm_mask_max_epu16(__m128i s,___ mmask8 k, __m128i a,__m128i b); 
VPMAXUW __m128i __mm_maskz_max_epu16(__mmask8 k, __m128i a,__m128i b); 
(V)PMAXUB __m128i__mm_max_epu8 (__m128i a,__m128i b); 

(V)JPMAXUW __m128i __mm_max_epu16 (__m128i a,__m128i b) 

VPMAXUB __m256i__mm256_max_epu8 (__m256i a, __ m256i b); 

VPMAXUW __m256i _mm256_max_epu16 (__m256i a, ___m256i b); 

PMAXUB: __m64 _mm_max_pu8(__m64 a, ___m64 b); 
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SIMD Floating-Point Exceptions 
None 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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PMAXUD/PMAXUQ—Maximum of Packed Unsigned Integers 


Opcode/ Op/ 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
66 OF 38 3F /r A VIV SSE4_1 Compare packed unsigned dword integers in xmm1 
PMAXUD xmm1, xmm2/m128 and xmm2/m1 28 and store packed maximum values in 
xmm1. 
VEX.128.66.0F38.WIG 3F /r B VIV AVX Compare packed unsigned dword integers in xmm2 
VPMAXUD xmm1, xmm2, xmm3/m128 and xmm3/m1 28 and store packed maximum values in 
xmm1. 
VEX.256.66.0F38.WIG 3F /r B VIV AVX2 Compare packed unsigned dword integers in ymm2 
VPMAXUD ymm1, ymm2, ymm3/m256 and ymm3/m256 and store packed maximum values in 
ymm1. 
EVEX.128.66.0F38.W0O 3F /r C VIV AVX512VL | Compare packed unsigned dword integers in xmm2 
VPMAXUD xmm1 {k1}{z}, xmm2, AVX512F and xmm3/m128/m32bcst and store packed 
xmm3/m128/m32bcst maximum values in xmm1 under writemask k1. 
EVEX.256.66.0F38.W0 3F /r C VIN AVX512VL | Compare packed unsigned dword integers in ymm2 
VPMAXUD ymm1 {k1}{z}, ymm2, AVX512F and ymm3/m256/m32bcst and store packed 
ymm3/m256/m32bcst maximum values in ymm1 under writemask k1. 
EVEX.512.66.0F38.W0O 3F /r C VIV AVX512F Compare packed unsigned dword integers in zmm2 
VPMAXUD zmm1 {k1}{z}, zmm2, and zmm3/m512/m32bcst and store packed maximum 
zmm3/m512/m32bcst values in zmm1 under writemask k1. 
EVEX.128.66.0F38.W1 3F /r C VIV AVX512VL | Compare packed unsigned qword integers in xmm2 
VPMAXUQ xmm1 {k1}{z}, xmm2, AVX512F and xmm3/m128/m64bcst and store packed 
xmm3/m128/m64bcst maximum values in xmm1 under writemask k1. 
EVEX.256.66.0F38.W1 3F /r C VIV AVX512VL | Compare packed unsigned qword integers in ymm2 
VPMAXUQ ymm1 {k1}{z}, ymm2, AVX512F and ymm3/m256/m64bcst and store packed 
ymm3/m256/m64bcst maximum values in ymm1 under writemask k1. 
EVEX.512.66.0F38.W1 3F /r C VIV AVX512F Compare packed unsigned qword integers in zmm2 
VPMAXUQ zmm1 {k1}{z}, zmm2, and zmm3/m512/m64bcst and store packed maximum 
zmm3/m512/m64bcst values in zmm1 under writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv ModRM:r/m (r) NA 
Description 


Performs a SIMD compare of the packed unsigned dword or qword integers in the second source operand and the 
first source operand and returns the maximum value for each pair of integers to the destination operand. 


128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination 
register remain unchanged. 


VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination 
register are zeroed. 

VEX.256 encoded version: The first source operand is a YMM register; The second source operand is a YMM register 
or 256-bit memory location. Bits (MAXVL-1:256) of the corresponding destination register are zeroed. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register; The second source operand is a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 
32/64-bit memory location. The destination operand is conditionally updated based on writemask k1. 
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Operation 


PMAXUD (128-bit Legacy SSE version) 
IF DEST[31:0] >SRC[31:0] THEN 
DEST[31:0] := DEST[31:0]; 
ELSE 
DEST[31:0] := SRC[31:0]; Fl; 
(* Repeat operation for 2nd through 7th words in source and destination operands *) 
IF DEST[127:96] >SRC[127:96] THEN 
DEST[1 27:96] := DEST[127:96]; 
ELSE 
DEST[127:96] := SRC[127:96]; Fl; 
DEST[MAXVL-1:128] (Unmodified) 


VPMAXUD (VEX.128 encoded version) 
IF SRC1[31:0] > SRC2[31:0] THEN 
DEST[31:0] := SRC1[31:0]; 
ELSE 
DEST[31:0] := SRC2[31:0]; Fl; 
(* Repeat operation for 2nd through 3rd dwords in source and destination operands *) 
IF SRC1[127:96] > SRC2[127:96] THEN 
DEST[1 27:96] := SRC1[127:96]; 
ELSE 
DEST[1 27:96] := SRC2[127:96]; Fl; 
DEST[MAXVL-1:128] := 0 


VPMAXUD (VEX.256 encoded version) 
IF SRC1[31:0] > SRC2[31:0] THEN 
DEST[31:0] := SRC1[31:0]; 
ELSE 
DEST[31:0] := SRC2[31:0]; Fl; 
(* Repeat operation for 2nd through 7th dwords in source and destination operands *) 
IF SRC1[255:224] > SRC2[255:224] THEN 
DEST[255:224] := SRC1[255:224]; 
ELSE 
DEST[255:224] := SRC2[255:224]; Fl; 
DEST[MAXVL-1:256] := 0 
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VPMAXUD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
IF SRC1[i+31:i] > SRC2[31:0] 
THEN DEST[i+31:i] := SRC1[i+31:i]; 
ELSE DEST[i+31:i] := SRC2[31:0]; 
Fl; 
ELSE 
IF SRC1[i+31:i] > SRC2[i+31:i] 
THEN DEST[i+31:i] := SRC1[i+31:i]; 
ELSE DEST[i+31:i] = SRC2[i+31:i]; 


Fl; 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


VPMAXUQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
IF SRC1[i+63:i] > SRC2[63:0] 
THEN DEST[i+63:i] := SRC1[i+63:i]; 
ELSE DEST[i+63:i] := SRC2[63:0]; 
Fl; 
ELSE 
IF SRC1[i+31:i] > SRC2[i+31:i] 
THEN DEST[i+63:i] := SRC1[i+63:i]; 
ELSE DEST[i+63:i] := SRC2[i+63:i]; 


Fl; 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VPMAXUD __m512i__mm512_max_epu32(__m512i a,__m512ib); 
VPMAXUD __m512i__mm512_mask_max_epu32(__m512is,___ mmask16 k, 
VPMAXUD __m512i__mm512_maskz_max_epu32(__mmask16 k,__m512i a,__m512i b); 
VPMAXUQ __m512i__mm512_max_epu64(__m512i a, __m512i b); 

VPMAXUQ __m512i __mm512_mask_max_epu64(__m512i s,___mmask8 k,__m512ia, 
VPMAXUQ __m512i __mm512_maskz_max_epu64(__mmask8 k,___m512i a, ___m512i b); 


VPMAXUD __m256i __mm256_mask_max_epu32(__m256i s,__ mmask16 k,__ m256i a, ___m256i b); 


VPMAXUD __m256i __mm256_maskz_max_epu32(__mmask16 k,__ m256i a, ___m256i b); 
VPMAXUQ __m256i __mm256_mask_max_epu64(__m256i s,___mmask8 k, __m256i a, 
VPMAXUQ __m256i _mm256_maskz_max_epu64(__mmask8 k, __m256i a, __m256i b); 
VPMAXUD __m128i __mm_mask_max_epu32(__m128is,___mmask8 k,__m128i a,__m128i b); 
VPMAXUD __m128i _mm_maskz_max_epu32(__mmask8 k, __m128i a, ___m128i b); 
VPMAXUQ __m128i _mm_mask_max_epu64(__m128i s, __ mmask8 k, __m128i a,__m128i b); 
VPMAXUQ __m128i __mm_maskz_max_epu64(__mmask8 k, __m128i a, __m128i b); 
(V)PMAXUD __m128i__mm_max_epu32 (__m128i a, __m128i b); 

VPMAXUD __m256i __mm256_max_epu32 (__m256i a,___ m256i b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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m512ia,__m512ib); 


m512i b); 


m256i b); 
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PMINSB/PMINSW—Minimum of Packed Signed Integers 


VPMINSW zmm1{k1}{z}, zmm2, 
zmm3/m512 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
NP OF EA /r! A VV SSE Compare signed word integers in mm2/m64 and mm1 
PMINSW mm1, mm2/m64 and return minimum values. 
66 OF 38 38 /r A VIV SSE4_1 Compare packed signed byte integers in xmm1 and 
PMINSB xmm1, xmm2/m128 xmm_2/m128 and store packed minimum values in 
xmm1. 
66 OF EA /r A VIV SSE2 Compare packed signed word integers in xmm2/m128 
PMINSW xmm1, xmm2/m128 and xmm1 and store packed minimum values in xmm1. 
VEX.128.66.0F38 38 /r B VIV AVX Compare packed signed byte integers in xmme2 and 
VPMINSB xmm1, xmm2, xmm3/m128 xmm3/m128 and store packed minimum values in 
xmm1. 
VEX.128.66.0F EA /r B VV AVX Compare packed signed word integers in xmm3/m128 
VPMINSW xmm1, xmm2, xmm3/m128 and xmm2 and return packed minimum values in 
xmm1. 
VEX.256.66.0F38 38 /r B VIV AVX2 Compare packed signed byte integers in ymm2 and 
VPMINSB ymm1, ymm2, ymm3/m256 ymm3/m256 and store packed minimum values in 
ymm1. 
VEX.256.66.0F EA /r B VIV AVX2 Compare packed signed word integers in ynm3/m256 
VPMINSW ymm1, ymm2, ymm3/m256 and ymm2 and return packed minimum values in 
ymm1. 
EVEX.1 28.66.0F38.WIG 38 /r C VIV AVX512VL | Compare packed signed byte integers in xmm2 and 
VPMINSB xmm1{k1}{z}, xmm_2, AVX512BW | xmm3/m128 and store packed minimum values in 
xmm3/m128 xmm1 under writemask k1. 
EVEX.256.66.0F38.WIG 38 /r C VIN AVX512VL_ | Compare packed signed byte integers in ymm2 and 
VPMINSB ymm1{k1}{z}, ymm2, AVX512BW | ymm3/m256 and store packed minimum values in 
ymm3/m256 ymm1 under writemask k1. 
EVEX.512.66.0F38.WIG 38 /r C VIV AVX512BW | Compare packed signed byte integers in zmm2 and 
VPMINSB zmm1{k1}{z}, zmm2, zmm3/m512 and store packed minimum values in 
zmm3/m512 zmm1 under writemask k1. 
EVEX.128.66.0F.WIG EA /r C VIV AVX512VL | Compare packed signed word integers in xmm2 and 
VPMINSW xmm1{k1}{z}, xmm2, AVX512BW | xmm3/m128 and store packed minimum values in 
xmm3/m128 xmm1 under writemask k1. 
EVEX.256.66.0F.WIG EA /r C VIV AVX512VL_ | Compare packed signed word integers in ymm2 and 
VPMINSW ymm1{k1}{z}, ymm2, AVX512BW | ymm3/m256 and store packed minimum values in 
ymm3/m256 ymm1 under writemask k1. 
EVEX.512.66.0F.WIG EA /r C VIV AVX512BW | Compare packed signed word integers in zmm2 and 


zmm3/m512 and store packed minimum values in 
zmm1 under writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX 


Registers” in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
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Description 


Performs a SIMD compare of the packed signed byte, word, or dword integers in the second source operand and 
the first source operand and returns the minimum value for each pair of integers to the destination operand. 
Legacy SSE version PMINSW: The source operand can be an MMxX technology register or a 64-bit memory location. 
The destination operand can be an MMX technology register. 

128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination 
register remain unchanged. 

VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination 
register are zeroed. 

VEX.256 encoded version: The second source operand can be an YMM register or a 256-bit memory location. The 
first source and destination operands are YMM registers. 

EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register; The second source operand is a 
ZMM/YMM/XMM register or a 512/256/128-bit memory location. The destination operand is conditionally updated 
based on writemask k1. 


Operation 


PMINSW (64-bit operands) 
IF DEST[15:0] < SRC[15:0] THEN 
DEST[15:0] := DEST[1 5:0]; 
ELSE 
DEST[15:0] := SRC[1 5:0]; Fl; 
(* Repeat operation for 2nd and 3rd words in source and destination operands *) 
IF DEST[63:48] < SRC[63:48] THEN 
DEST[63:48] := DEST[63:48]; 
ELSE 
DEST[63:48] := SRC[63:48]; Fl; 


PMINSB (128-bit Legacy SSE version) 
IF DEST[7:0] < SRC[7:0] THEN 
DEST[7:0] := DEST[7:0]; 
ELSE 
DEST[1 5:0] := SRC[7:0]; Fl; 
(* Repeat operation for 2nd through 15th bytes in source and destination operands *) 
IF DEST[127:120] < SRC[127:120] THEN 
DEST[127:1 20] := DEST[127:120]; 
ELSE 
DEST[127:120] := SRC[127:1 20); Fl; 
DEST[MAXVL-1:128] (Unmodified) 


VPMINSB (VEX.128 encoded version) 
IF SRC1[7:0] < SRC2[7:0] THEN 
DEST[7:0] := SRC1[7:0]; 
ELSE 
DEST[7:0] := SRC2[7:0]; Fl; 
(* Repeat operation for 2nd through 15th bytes in source and destination operands *) 
IF SRC1[127:120] < SRC2[127:120] THEN 
DEST[127:1 20] := SRC1[127:120]; 
ELSE 
DEST[127:120] := SRC2[127:120]; Fl; 
DEST[MAXVL-1:128] := 0 
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VPMINSB (VEX.256 encoded version) 
IF SRC1[7:0] < SRC2[7:0] THEN 
DEST[7:0] := SRC1[7:0]; 
ELSE 
DEST[15:0] := SRC2[7:0]; Fl; 
(* Repeat operation for 2nd through 31st bytes in source and destination operands *) 
IF SRC1[255:248] < SRC2[255:248] THEN 
DEST[255:248] := SRC1[255:248]; 
ELSE 
DEST[255:248] := SRC2[255:248]; Fl; 
DEST[MAXVL-1:256] := 0 


VPMINSB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* THEN 
IF SRC1[i+7:i] < SRC2[i+7:i] 
THEN DEST[i+7:i] := SRC1[i+7:i]; 
ELSE DEST[i+7:i] := SRC2[i+7:i]; 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+7:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


PMINSW (128-bit Legacy SSE version) 
IF DEST[15:0] < SRC[15:0] THEN 
DEST[15:0] := DEST[15:0]; 
ELSE 
DEST[15:0] := SRC[1 5:0; Fl; 
(* Repeat operation for 2nd through 7th words in source and destination operands *) 
IF DEST[127:112] < SRC[127:112] THEN 
DEST[127:112] := DEST[127:112]; 
ELSE 
DEST[127:112] := SRC[127:112]; Fl; 
DEST[MAXVL-1:128] (Unmodified) 


VPMINSW (VEX.128 encoded version) 
IF SRC1[15:0] < SRC2[15:0] THEN 
DEST[15:0] := SRC1[15:0]; 
ELSE 
DEST[15:0] := SRC2[15:0); FI; 
(* Repeat operation for 2nd through 7th words in source and destination operands *) 
IF SRC1[127:112] < SRC2[127:112] THEN 
DEST[127:112] := SRC1[127:112]; 
ELSE 
DEST[127:112] := SRC2[127:112]; Fl; 
DEST[MAXVL-1:128] := 0 


4-336 Vol. 2B PMINSB/PMINSW—Minimum of Packed Signed Integers 


VPMINSW (VEX.256 encoded version) 
IF SRC1[15:0] < SRC2[15:0] THEN 
DEST[15:0] := SRC1[15:0]; 
ELSE 
DEST[15:0] := SRC2[15:0); Fl; 


(* Repeat operation for 2nd through 15th words in source and destination operands *) 


IF SRC1[255:240] < SRC2[255:240] THEN 
DEST[255:240] := SRC1[255:240]; 
ELSE 
DEST[255:240] := SRC2[255:240]; Fl; 
DEST[MAXVL-1:256] := 0 


VPMINSW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* THEN 
IF SRC1[i+15:i] < SRC2[i+15:i] 
THEN DEST[i+1 5:i] = SRC1[i+15:i]; 
ELSE DEST{i+15:i] := SRC2[i+1 5:i]; 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPMINSB __m512i_mm512_min_epi8(__m512i a, ___m512i b); 
VPMINSB __m512i_mm512_mask_min_epi8(__m512i s,___mmask64 k, 
VPMINSB __m512i_mm512_maskz_min_epi8(__mmask64 k,__m512ia, 
VPMINSW __m512i_mm512_min_epi16(__m512i a, __m512i b); 

VPMINSW __m512i_mm512_mask_min_epi16(__m512i s, 
VPMINSW __m512i_mm512_maskz_min_epi16(__mmask32 k, 


m512ia, 


VPMINSB __m256i __mm256_mask_min_epi8(__m256i s,__ mmask32 k,___ m256i a, __m256i b); 


VPMINSB __m256i __mm256_maskz_min_epi8(__mmask32 k, 
VPMINSW __m256i _mm256_mask_min_epi16(__m256i s, 
VPMINSW __m256i__mm256_maskz_min_epi16(__mmask16 k, 
VPMINSB __m128i __mm_mask_min_epi8(__m128i s, 


m256i a, 


m256i a, 


VPMINSB __m128i _mm_maskz_min_epi8(__mmask16 k,___m128i a, 
VPMINSW __m128i __mm_mask_min_epi16(__m128i s, 
VPMINSW __m128i __mm_maskz_min_epi16(__mmask8 k, __m128i a, 


(V)PMINSB __m128i__mm_min_epi8 (__m128i a,__m128i b); 
(V)PMINSW __m128i _mm_min_epi16 (__m128i a, ___m128i b) 
VPMINSB __m256i __mm256_min_epi8 (__m256i a, __m256i b); 
VPMINSW __m256i__mm256_min_epi16 (__m256i a, __m256i b) 
PMINSW:__m64__mm_min_pi16 (__m64 a,___ m64 b) 
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m512i a,__m512ib); 


mmask32 k,__m512i a,__m512i b); 


mmask16 k,__m256i a, __m256i b); 


mmask16 k,___m128i a,__m128i b); 
m1 28i b); 
mmask8 k,___m128i a,__m128i b); 
m1 28i b); 


INSTRUCTION SET REFERENCE, M-U 


Vol. 2B 4-337 


INSTRUCTION SET REFERENCE, M-U 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 

EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
Additionally: 

#MF (64-bit operations only) If there is a pending x87 FPU exception. 
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PMINSD/PMINSQ—Minimum of Packed Signed Integers 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
66 OF 38 39 /r A VIV SSE4_1 Compare packed signed dword integers in xmm1 and 
PMINSD xmm1, xmm2/m128 xmm_2/m128 and store packed minimum values in 
xmm1. 
VEX.128.66.0F38.WIG 39 /r B VV AVX Compare packed signed dword integers in xmm2 and 
VPMINSD xmm1, xmm2, xmm3/m128 xmm3/m128 and store packed minimum values in 
xmm1. 
VEX.256.66.0F38.WIG 39 /r B VV AVX2 Compare packed signed dword integers in ymm2 and 
VPMINSD ymm1, ymm2, ymm3/m256 ymm3/m128 and store packed minimum values in 
ymm1. 
EVEX.128.66.0F38.W0 39 /r C VV AVX512VL_ | Compare packed signed dword integers in xmm2 and 
VPMINSD xmm1 {k1}{z}, xmm2, AVX512F xmm3/m128 and store packed minimum values in 
xmm3/m128/m32bcst xmm1 under writemask k1. 
EVEX.256.66.0F38.W0 39 /r C VIN AVX512VL | Compare packed signed dword integers in ymm2 and 
VPMINSD ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256 and store packed minimum values in 
ymm3/m256/m32bcst ymm1 under writemask k1. 
EVEX.512.66.0F38.W0 39 /r C VV AVX512F Compare packed signed dword integers in zmm2 and 
VPMINSD zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst and store packed minimum 
zmm3/m512/m32bcst values in zmm1 under writemask k1. 
EVEX.128.66.0F38.W1 39 /r C VV AVX512VL_ | Compare packed signed qword integers in xmm2 and 
VPMINSQ xmm1 {k1}{z}, xmm2, AVX512F xmm3/m128 and store packed minimum values in 
xmm3/m128/m64bcst xmm1 under writemask k1. 
EVEX.256.66.0F38.W1 39 /r C VV AVX512VL_ | Compare packed signed qword integers in ymm2 and 
VPMINSQ ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256 and store packed minimum values in 
ymm3/m256/m64bcst ymm1 under writemask k1. 
EVEX.512.66.0F38.W1 39 /r C VIV AVX512F Compare packed signed qword integers in zmm2 and 
VPMINSQ zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst and store packed minimum 
zmm3/m512/m64bcst values in zmm1 under writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD compare of the packed signed dword or qword integers in the second source operand and the first 
source operand and returns the minimum value for each pair of integers to the destination operand. 


128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination 
register remain unchanged. 


VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination 
register are zeroed. 


VEX.256 encoded version: The second source operand can be an YMM register or a 256-bit memory location. The 
first source and destination operands are YMM registers. Bits (MAXVL-1:256) of the corresponding destination 
register are zeroed. 
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EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register; The second source operand is a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 
32/64-bit memory location. The destination operand is conditionally updated based on writemask k1. 


Operation 


PMINSD (128-bit Legacy SSE version) 
IF DEST[31:0] < SRC[31:0] THEN 
DEST[31:0] := DEST[3 1:0]; 
ELSE 
DEST[31:0] := SRC[3 1:0]; Fl; 
(* Repeat operation for 2nd through 7th words in source and destination operands *) 
IF DEST[127:96] < SRC[127:96] THEN 
DEST[1 27:96] := DEST[127:96]; 
ELSE 
DEST[1 27:96] := SRC[127:96]; Fl; 
DEST[MAXVL-1:128] (Unmodified) 


VPMINSD (VEX.128 encoded version) 
IF SRC1[31:0] < SRC2[31:0] THEN 
DEST[31:0] := SRC1[31:0]; 
ELSE 
DEST[31:0] := SRC2[3 1:0]; FI; 
(* Repeat operation for 2nd through 3rd dwords in source and destination operands *) 
IF SRC1[127:96] < SRC2[127:96] THEN 
DEST[1 27:96] := SRC1[127:96]; 
ELSE 
DEST[1 27:96] := SRC2[127:96]; Fl; 
DEST[MAXVL-1:128] := 0 


VPMINSD (VEX.256 encoded version) 
IF SRC1[31:0] < SRC2[31:0] THEN 
DEST[31:0] := SRC1[31:0]; 
ELSE 
DEST[31:0] := SRC2[3 1:0]; FI; 
(* Repeat operation for 2nd through 7th dwords in source and destination operands *) 
IF SRC1[255:224] < SRC2[255:224] THEN 
DEST[255:224] := SRC1[255:224]; 
ELSE 
DEST[255:224] := SRC2[255:224]; Fl; 
DEST[MAXVL-1:256] := 0 
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VPMINSD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN 
IF SRC1[i+31:i] < SRC2[31:0] 
THEN DEST[i+31:i] = SRC1[i+31:i]; 
ELSE DEST[i+31:i] := SRC2[3 1:0]; 
Fl; 
ELSE 
IF SRC1[i+31:i] < SRC2[i+31:i] 
THEN DEST[i+31:i] = SRC1[i+31:i]; 
ELSE DEST[i+31:i] := SRC2[i+31:i]; 


Fl; 
Fl; 
ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


VPMINSQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory”) 
THEN 
IF SRC1[i+63:i] < SRC2[63:0] 
THEN DEST[i+63:i] = SRC1[i+63:i]; 
ELSE DEST[i+63:i] := SRC2[63:0]; 
Fl; 
ELSE 
IF SRC1[i+63:i] < SRC2[i+63:i] 
THEN DEST[i+63:i] = SRC1[i+63:i]; 
ELSE DEST[i+63:i] := SRC2[i+63:i]; 


Fl; 
Fl; 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


mmask16 k,__m512ia,__m512ib); 
mm512_maskz_min_epi32(__mmask16 k,__m512i a,__m512i b); 


m512i b); 


mm512_mask_min_epi64(__m512is,__ mmask8 k,__m512i a, _m512ib); 


m512ia,__m512ib); 


mmask16 k,__m256i a, __m256i b); 


mm256_maskz_min_epi32(__mmask16 k,__ m256i a, __m256i b); 


mm256_mask_min_epi64(__m256is,___ mmask8 k,__ m256i a, __m256i b); 
m256i a,__m256i b); 


mmask8 k,___m128i a,___m128i b); 


m128i a,__m128i b); 


mm_mask_min_epi64(__m128is,___mmask8 k,__m128i a,__m128i b); 


m128i a,__m128i b); 


VPMINSD __m512i_mm512_min_epi32(__m512i a, ___m512i b); 
VPMINSD __m512i_mm512_mask_min_epi32(__m512is, 
VPMINSD __m512i 

VPMINSQ __m512i_mm512_min_epi64(__m512ia, 
VPMINSQ __m512i 

VPMINSQ __m512i__mm512_maskz_min_epi64(__mmask8 k, 
VPMINSD __m256i __mm256_mask_min_epi32(__m256i s, 
VPMINSD __m256i 

VPMINSQ __m256i 

VPMINSQ __m256i _mm256_maskz_min_epi64(__mmask8 k, 
VPMINSD __m128i __mm_mask_min_epi32(__m128i s, 
VPMINSD __m128i __mm_maskz_min_epi32(__mmask8 k, 
VPMINSQ __m128i 

VPMINSQ __m128i _mm_maskz_min_epu64(__mmask8 k, 
(V)PMINSD __m128i __mm_min_epi32 (__m128i a,___m128i b); 
VPMINSD __m256i__mm256_min_epi32 (__m256i a, 


m256i b); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, M-U 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 

NP OF DA/r' A VIV SSE Compare unsigned byte integers in mm2/m64 and 

PMINUB mm1, mm2/m64 mm 1 and returns minimum values. 

66 OF DA /r A VIV SSE2 Compare packed unsigned byte integers in xmm1 

PMINUB xmm1, xmm2/m128 and xmm2/m1 28 and store packed minimum values 
in xmm1. 

66 OF 38 3A/r A VIV SSE4_1 Compare packed unsigned word integers in 

PMINUW xmm1, xmm2/m128 xmm2/m128 and xmm1 and store packed minimum 
values in xmm1. 

VEX.128.66.0F DA /r B VIV AVX Compare packed unsigned byte integers in xmm2 

VPMINUB xmm1, xmm2, xmm3/m128 and xmm3/m1 28 and store packed minimum values 
in xmm1. 

VEX.128.66.0F38 3A/r B VIV AVX Compare packed unsigned word integers in 

VPMINUW xmm1, xmm2, xmm3/m128 xmm3/m128 and xmm2 and return packed 
minimum values in xmm1. 

VEX.256.66.0F DA /r B VIV AVX2 Compare packed unsigned byte integers in ymm2 

VPMINUB ymm1, ymm2, ymm3/m256 and ymm3/m256 and store packed minimum values 
in ymm1. 

VEX.256.66.0F38 3A/r B VIV AVX2 Compare packed unsigned word integers in 

VPMINUW ymm1, ymm2, ymm3/m256 ymm3/m256 and ymm2 and return packed 
minimum values in ymm1. 

EVEX.128.66.0F DA /r C VIV AVX512VL Compare packed unsigned byte integers in xmm2 

VPMINUB xmm1 {k1}{z}, xmm2, AVX512BW | and xmm3/m128 and store packed minimum values 

xmm3/m128 in xmm1 under writemask k1. 

EVEX.256.66.0F DA /r C VIN AVX512VL Compare packed unsigned byte integers in ymm2 

VPMINUB ymm1 {k1}{z}, ymm2, AVX512BW | and ymm3/m256 and store packed minimum values 

ymm3/m256 in ymm1 under writemask k1. 

EVEX.512.66.0F DA /r C VIV AVX512BW | Compare packed unsigned byte integers in zmm2 

VPMINUB zmm1 {k1}{z}, zmm2, and zmm3/m512 and store packed minimum values 

zmm3/m512 in zmm1 under writemask k1. 

EVEX.128.66.0F38 3A/r C VIV AVX512VL Compare packed unsigned word integers in 

VPMINUW xmm1{k1}{z}, xmm2, AVX512BW | xmm3/m128 and xmm2 and return packed 

xmm3/m128 minimum values in xmm1 under writemask k1. 

EVEX.256.66.0F38 3A/r C VIV AVX512VL Compare packed unsigned word integers in 

VPMINUW ymm1{k1}{z}, ymm2, AVX512BW | ymm3/m256 and ymm2 and return packed 

ymm3/m256 minimum values in ymm1 under writemask k1. 

EVEX.512.66.0F38 3A/r C VIV AVX512BW | Compare packed unsigned word integers in 

VPMINUW zmm1{k1}{z}, zmm2, zmm3/m512 and zmm2 and return packed 

zmm3/m512 minimum values in zmm1 under writemask k1. 

NOTES: 

1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 

Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX 

Registers” in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
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Description 


Performs a SIMD compare of the packed unsigned byte or word integers in the second source operand and the first 
source operand and returns the minimum value for each pair of integers to the destination operand. 

Legacy SSE version PMINUB: The source operand can be an MMX technology register or a 64-bit memory location. 
The destination operand can be an MMX technology register. 

128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination 
register remain unchanged. 

VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination 
register are zeroed. 

VEX.256 encoded version: The second source operand can be an YMM register or a 256-bit memory location. The 
first source and destination operands are YMM registers. 

EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register; The second source operand is a 
ZMM/YMM/XMM register or a 512/256/128-bit memory location. The destination operand is conditionally updated 
based on writemask k1. 


Operation 


PMINUB (for 64-bit operands) 
IF DEST[7:0] < SRC[17:0] THEN 
DEST[7:0] := DEST[7:0]; 
ELSE 
DEST[7:0] := SRC[7:0); FA; 
(* Repeat operation for 2nd through 7th bytes in source and destination operands *) 
IF DEST[63:56] < SRC[63:56] THEN 
DEST[63:56] := DEST[63:56]; 
ELSE 
DEST[63:56] := SRC[63:56); FI; 


PMINUB instruction for 128-bit operands: 
IF DEST[7:0] < SRC[7:0] THEN 
DEST[7:0] := DEST[7:0]; 
ELSE 
DEST[1 5:0] := SRC[7:0]; Fl; 
(* Repeat operation for 2nd through 15th bytes in source and destination operands *) 
IF DEST[127:120] < SRC[127:120] THEN 
DEST[127:120] := DEST[127:1 20]; 
ELSE 
DEST[127:120] := SRC[127:1 20]; Fl; 
DEST[MAXVL-1:128] (Unmodified) 


VPMINUB (VEX.128 encoded version) 
IF SRC1[7:0] < SRC2[7:0] THEN 
DEST[7:0] := SRC1[7:0]; 
ELSE 
DEST[7:0] := SRC2[7:0]; Fl; 
(* Repeat operation for 2nd through 15th bytes in source and destination operands *) 
IF SRC1[127:120] < SRC2[127:120] THEN 
DEST[127:120] := SRC1[127:120]; 
ELSE 
DEST[127:120] := SRC2[127:1 20]; Fl; 
DEST[MAXVL-1:128] := 0 
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VPMINUB (VEX.256 encoded version) 
IF SRC1[7:0] < SRC2[7:0] THEN 
DEST[7:0] := SRC1[7:0]; 
ELSE 
DEST[15:0] := SRC2[7:0]; Fl; 
(* Repeat operation for 2nd through 31st bytes in source and destination operands *) 
IF SRC1[255:248] < SRC2[255:248] THEN 
DEST[255:248] := SRC1[255:248]; 
ELSE 
DEST[255:248] := SRC2[255:248]; Fl; 
DEST[MAXVL-1:256] := 0 


VPMINUB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* THEN 
IF SRC1[i+7:i] < SRC2[i+7:i] 
THEN DEST[i+7:i] = SRC1[i+7:i]; 
ELSE DEST[i+7:i] := SRC2[i+7:i]; 


Fl; 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


PMINUW instruction for 128-bit operands: 
IF DEST[15:0] < SRC[15:0] THEN 
DEST[15:0] := DEST[1 5:0]; 
ELSE 
DEST[15:0] := SRC[1 5:0]; Fl; 
(* Repeat operation for 2nd through 7th words in source and destination operands *) 
IF DEST[127:112] < SRC[127:112] THEN 
DEST[127:112] := DEST[127:112]; 
ELSE 
DEST[127:112] := SRC[127:112]; Fl; 
DEST[MAXVL-1:128] (Unmodified) 


VPMINUW (VEX.128 encoded version) 
IF SRC1[15:0] < SRC2[15:0] THEN 
DEST[15:0] := SRC1[15:0]; 
ELSE 
DEST[15:0] := SRC2[15:0); Fl; 
(* Repeat operation for 2nd through 7th words in source and destination operands *) 
IF SRC1[127:112] < SRC2[127:112] THEN 
DEST[127:112] := SRC1[127:112]; 
ELSE 
DEST[127:112] := SRC2[127:112]; Fl; 
DEST[MAXVL-1:128] := 0 
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INSTRUCTION SET REFERENCE, M-U 


VPMINUW (VEX.256 encoded version) 
IF SRC1[15:0] < SRC2[15:0] THEN 
DEST[15:0] := SRC1[15:0]; 
ELSE 
DEST[15:0] := SRC2[15:0); FI; 
(* Repeat operation for 2nd through 15th words in source and destination operands *) 
IF SRC1[255:240] < SRC2[255:240] THEN 
DEST[255:240] := SRC1[255:240]; 
ELSE 
DEST[255:240] := SRC2[255:240]; Fl; 
DEST[MAXVL-1:256] := 0 


VPMINUW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j :=0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* THEN 
IF SRC1[i+15:i] < SRC2[i+15:i] 
THEN DEST[i+1 5:i] := SRC1[i+15:i]; 
ELSE DEST[i+15:i] := SRC2[i+1 5:1]; 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+15:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPMINUB __m512i_mm512_min_epu8(__m512i a,__m512i b); 
VPMINUB __m512i_mm512_mask_min_epu8(__m512is,__ mmask64 k,__m512i a,__m512ib); 


VPMINUB __m512i_mm512_maskz_min_epu8(__mmask64 k,___m512i a,__m512i b); 

VPMINUW __m512i_mm512_min_epu16(__m512ia,__m512i b); 

VPMINUW __m512i_mm512_mask_min_epu16(__m512is,__ mmask32 k,__m512i a,__m512i b); 
VPMINUW __m512i__mm512_maskz_min_epu16(__mmask32 k,___m512i a,__m512i b); 


VPMINUB __m256i __mm256_mask_min_epu8(__m256i s,___ mmask32 k,__ m256i a, __m256i b); 


VPMINUB __m256i __mm256_maskz_min_epu8(__mmask32 k,___m256i a, ___ m256i b); 
VPMINUW __m256i__mm256_mask_min_epu16(__m256is,__ mmask16 k,___ m256i a,___ m256i b); 
VPMINUW __m256i__mm256_maskz_min_epu16(__mmask16 k,___ m256i a, __ m256i b); 


VPMINUB __m128i _mm_mask_min_epu8(__m128i s,__ mmask16 k, __m128i a,___m128i b); 


VPMINUB __m128i __mm_maskz_min_epu8(__mmask16 k,___m128i a,__m128i b); 
VPMINUW __m128i__mm_mask_min_epu16(__m128is,__ mmask8 k,__m128i a,__m128i b); 
VPMINUW __m128i __mm_maskz_min_epu16(__mmask8 k,__m128i a,__m128i b); 


(V)PMINUB __m128i __mm_min_epu8 (__m128i a,__m128i b) 
(V)PMINUW __m128i _mm_min_epu16 (__m128i a, __m128i b); 
VPMINUB __m256i__mm256_min_epu8 (__m256i a,___m256i b) 
VPMINUW __m256i__mm256_min_epu16 (__m256i a, ___m256i b); 
PMINUB: __m64 _m_min_pu8 (__m64 a,__m64 b) 
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SIMD Floating-Point Exceptions 
None 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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PMINUD/PMINUQ—Minimum of Packed Unsigned Integers 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
66 OF 38 3B /r A VIV SSE4_1 Compare packed unsigned dword integers in xmm1 and 
PMINUD xmm1, xmm2/m128 xmm2/m128 and store packed minimum values in xmm1. 
VEX.128.66.0F38.WIG 3B /r B VIV AVX Compare packed unsigned dword integers in xmm2 and 
VPMINUD xmm1, xmm2z, xmm3/m128 and store packed minimum values in xmm1. 
xmm3/m128 
VEX.256.66.0F38.WIG 3B /r B VIV AVX2 Compare packed unsigned dword integers in ymm2 and 
VPMINUD ymm1, ymm2, ymm3/m256 and store packed minimum values in ymm1. 
ymm3/m256 
EVEX.128.66.0F38.W0 3B /r C VIV AVX512VL | Compare packed unsigned dword integers in xmm2 and 
VPMINUD xmm1 {k1}{z}, xmm2, AVX512F xmm3/m1 28/m32bcst and store packed minimum values 
xmm3/m128/m32bcst in xmm1 under writemask k1. 
EVEX.256.66.0F38.W0 3B /r C VIV AVX512VL | Compare packed unsigned dword integers in ymm2 and 
VPMINUD ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m32bcst and store packed minimum values 
ymm3/m256/m32bcst in ymm1 under writemask k1. 
EVEX.512.66.0F38.W0 3B /r C VIV AVX512F Compare packed unsigned dword integers in zmme and 
VPMINUD zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst and store packed minimum values 
zmm3/m512/m32bcst in zmm1 under writemask k1. 
EVEX.128.66.0F38.W1 3B /r C VIV AVX512VL | Compare packed unsigned qword integers in xmm2 and 
VPMINUQ xmm1 {k1}{z}, xmm2, AVX512F xmm3/m128/m64bcst and store packed minimum values 
xmm3/m128/m64bcst in xmm1 under writemask k1. 
EVEX.256.66.0F38.W1 3B /r C VIV AVX512VL | Compare packed unsigned qword integers in ymm2 and 
VPMINUQ ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m64bcst and store packed minimum values 
ymm3/m256/m64bcst in ymm1 under writemask k1. 
EVEX.512.66.0F38.W1 3B /r C VIV AVX512F Compare packed unsigned qword integers in zmme and 
VPMINUQ zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst and store packed minimum values 
zmm3/m512/m64bcst in zmm1 under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD compare of the packed unsigned dword/qword integers in the second source operand and the first 
source operand and returns the minimum value for each pair of integers to the destination operand. 


128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination 
register remain unchanged. 


VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination 
register are zeroed. 


VEX.256 encoded version: The second source operand can be an YMM register or a 256-bit memory location. The 
first source and destination operands are YMM registers. Bits (MAXVL-1:256) of the corresponding destination 
register are zeroed. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register; The second source operand is a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 
32/64-bit memory location. The destination operand is conditionally updated based on writemask k1. 
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Operation 


PMINUD (128-bit Legacy SSE version) 
PMINUD instruction for 128-bit operands: 
IF DEST[31:0] < SRC[31:0] THEN 
DEST[31:0] := DEST[31:0]; 
ELSE 
DEST[31:0] := SRC[31:0]; Fl; 
(* Repeat operation for 2nd through 7th words in source and destination operands *) 
IF DEST[127:96] < SRC[127:96] THEN 
DEST[1 27:96] := DEST[127:96]; 
ELSE 
DEST[1 27:96] := SRC[127:96]; Fl; 
DEST[MAXVL-1:128] (Unmodified) 


VPMINUD (VEX.128 encoded version) 
VPMINUD instruction for 128-bit operands: 
IF SRC1[31:0] < SRC2[31:0] THEN 
DEST[31:0] := SRC1[31:0]; 
ELSE 
DEST[31:0] := SRC2[31:0]; Fl; 
(* Repeat operation for 2nd through 3rd dwords in source and destination operands *) 
IF SRC1[127:96] < SRC2[127:96] THEN 
DEST[1 27:96] := SRC1[127:96]; 
ELSE 
DEST[127:96] := SRC2[127:96]; Fl; 
DEST[MAXVL-1:128] := 0 


VPMINUD (VEX.256 encoded version) 
VPMINUD instruction for 128-bit operands: 
IF SRC1[31:0] < SRC2[31:0] THEN 
DEST[31:0] := SRC1[31:0]; 
ELSE 
DEST[31:0] := SRC2[31:0]; Fl; 
(* Repeat operation for 2nd through 7th dwords in source and destination operands *) 
IF SRC1[255:224] < SRC2[255:224] THEN 
DEST[255:224] := SRC1[255:224]; 
ELSE 
DEST[255:224] := SRC2[255:224]; Fl; 
DEST[MAXVL-1:256] := 0 
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VPMINUD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
IF SRC1[i+31:i] < SRC2[31:0] 
THEN DEST[i+31:i] := SRC1[i+31:i]; 
ELSE DEST[i+31:i] := SRC2[31:0]; 
Fl; 
ELSE 
IF SRC1[i+31:i] < SRC2[i+31:i] 
THEN DEST[i+31:i] := SRC1[i+31:i]; 
ELSE DEST[i+31:i] := SRC2[i+31:i]; 


Fl; 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


VPMINUQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
IF SRC1[i+63:i] < SRC2[63:0] 
THEN DEST[i+63:i] := SRC1[i+63:i]; 
ELSE DEST[i+63:i] := SRC2[63:0]; 
Fl; 
ELSE 
IF SRC1[i+63:i] < SRC2[i+63:i] 
THEN DEST[i+63:i] := SRC1[i+63:i]; 
ELSE DEST[i+63:i] := SRC2[i+63:i]; 


Fl; 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VPMINUD __m512i_mm512_min_epu32(__m512ia,__m512ib); 
VPMINUD __m512i_mm512_mask_min_epu32(__m512is,__mmask16 k, 
VPMINUD __m512i__mm512_maskz_min_epu32(__mmask16 k,___m512i a, 
VPMINUQ __m512i__mm512_min_epu64(__m512i a,__m512ib); 


m512ia, 
m512i b); 


VPMINUQ __m512i__mm512_mask_min_epu64(__m512i s, __mmask8 k,___m512i a,_m512i b); 


VPMINUQ __m512i_mm512_maskz_min_epu64(__mmask8 k, 
VPMINUD __m256i __mm256_mask_min_epu32(__m256i s, 
VPMINUD __m256i __mm256_maskz_min_epu32(__mmask16 k, 


m512ia,__m512ib); 


m256i a, _m256i b); 


VPMINUQ __m256i _mm256_mask_min_epu64(__m256i s, __mmask8 k, __m256i a, __m256i b); 


VPMINUQ __m256i __mm256_maskz_min_epu64(___mmask8 k, __m256i a, __m256i b); 
VPMINUD __m128i__mm_mask_min_epu32(__m128is,___mmask8 k,___m128i a,__m128i b); 
VPMINUD __m128i__mm_maskz_min_epu32(__mmask8 k,___m128i a, ___m128i b); 
VPMINUQ __m128i __mm_mask_min_epu64(__m128i s,___mmask8 k, __m128i a, ___m128i b); 
VPMINUQ __m128i__mm_maskz_min_epu64(__mmask8 k, __m128i a, __m128i b); 
(V)PMINUD __m128i__mm_min_epu32 (__m128i a,__m128i b); 

VPMINUD __m256i__mm256_min_epu32 (__m256i a,__m256i b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


m512i b); 


mmask16 k,__m256i a, __m256i b); 
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Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 


PMINUD/PMINUQ—Minimum of Packed Unsigned Integers 


Vol.2B 4-351 


INSTRUCTION SET REFERENCE, M-U 


PMOVMSKB—Move Byte Mask 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 

Support | Flag 
NP OF D7 /r RM |V/V SSE Move a byte mask of mm to reg. The upper 
PMOVMSKB reg, mm bits of r32 or r64 are zeroed 
66 OF D7 /r RM |V/V SSE2 Move a byte mask of xmm to reg. The upper 
PMOVMSKB reg, xmm bits of r32 or r64 are zeroed 
VEX.128.66.0F.WIG D7 /r RM | V/V AVX Move a byte mask of xmm17 to reg. The upper 
VPMOVMSKB reg, xmm1 bits of r32 or r64 are filled with zeros. 
VEX.256.66.0F.WIG D7 /r RM |V/V AVX2 Move a 32-bit mask of ymm7 to reg. The 
VPMOVMSKB reg, ymm1 upper bits of r64 are filled with zeros. 
NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Creates a mask made up of the most significant bit of each byte of the source operand (second operand) and stores 
the result in the low byte or word of the destination operand (first operand). 


The byte mask is 8 bits for 64-bit source operand, 16 bits for 128-bit source operand and 32 bits for 256-bit source 


operand. The destination operand is a general-purpose register. 


In 64-bit mode, the instruction can access additional registers (XMM8-XMM15, R8-R15) when used with a REX.R 
prefix. The default operand size is 64-bit in 64-bit mode. 


Legacy SSE version: The source operand is an MMX technology register. 


128-bit Legacy SSE version: The source operand is an XMM register. 


VEX.128 encoded version: The source operand is an XMM register. 


VEX.256 encoded version: The source operand is a YMM register. 


Note: VEX.vvvv is reserved and must be 1111b. 


Operation 


PMOVMSKB (with 64-bit source operand and r32) 
r32[0] := SRC[7]; 
r32[1] := SRC[15]; 
(* Repeat operation for bytes 2 through 6 *) 
r32[7] := SRC[63]; 
r32[31:8] := ZERO_FILL; 


(V)PMOVMSKB (with 128-bit source operand and r32) 
r32[0] := SRC[7]; 
r32[1] := SRC[15]; 
(* Repeat operation for bytes 2 through 14 *) 
r32[15] := SRC[127]; 
r32[31:16] := ZERO_FILL; 
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VPMOVMSKB (with 256-bit source operand and r32) 
r32[0] := SRC[7]; 

r32[1] := SRC[15]; 

(* Repeat operation for bytes 3rd through 31*) 
r32[31] := SRC[255]; 


PMOVMSKB (with 64-bit source operand and r64) 
r64[0] := SRC[7]; 
r64[1] := SRC[15]; 
(* Repeat operation for bytes 2 through 6 *) 
r64[7] := SRC[63]; 
r64[63:8] := ZERO_FILL; 


(V)PMOVMSKB (with 128-bit source operand and r64) 
r64[0] := SRC[7]; 
r64[1] := SRC[15]; 
(* Repeat operation for bytes 2 through 14 *) 
r64[15] := SRC[127]; 
r64[63:16] := ZERO_FILL; 


VPMOVMSKB (with 256-bit source operand and r64) 
r64[0] := SRC[7]; 

r64[1] := SRC[15]; 

(* Repeat operation for bytes 2 through 31*) 

r64[31] := SRC[255]; 

r64[63:32] := ZERO_FILL; 


Intel C/C++ Compiler Intrinsic Equivalent 


PMOVMSKB: int __mm_movemask_pi8(__m64 a) 
(V)PMOVMSKB: int __mm_movemask_epi8 (__m128i a) 
VPMOVMSKB: int __mm256_movemask_epi8 (__m256i a) 
Flags Affected 

None. 


Numeric Exceptions 
None. 


Other Exceptions 


See Table 2-24, “Type 7 Class Exception Conditions”; additionally: 


#UD If VEX.vvvv # 1111B. 
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PMOVSX—Packed Move with Sign Extend 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support Flag 
66 Of 38 20 /r A VIV SSE4_1 Sign extend 8 packed 8-bit integers in the low 8 bytes 
PMOVSXBW xmm1, xmm2/m64 of xmm2/m64 to 8 packed 16-bit integers in xmm1. 
66 Of 38 21 /r A VIV SSE4_1 Sign extend 4 packed 8-bit integers in the low 4 bytes 
PMOVSXBD xmm1, xmm2/m32 of xmm2/m32 to 4 packed 32-bit integers in xmm1. 
66 Of 38 22 /r A VIV SSE4_1 Sign extend 2 packed 8-bit integers in the low 2 bytes 
PMOVSXBQ xmm1, xmm2/m16 of xmm2/m16 to 2 packed 64-bit integers in xmm1. 
66 Of 38 23/r A VIV SSE4_1 Sign extend 4 packed 16-bit integers in the low 8 bytes 
PMOVSXWD xmm1, xmm2/m64 of xmm2/m64 to 4 packed 32-bit integers in xmm1. 
66 Of 38 24 /r A VIV SSE4_1 Sign extend 2 packed 16-bit integers in the low 4 bytes 
PMOVSXWQ xmm1, xmm2/m32 of xmm2/m32 to 2 packed 64-bit integers in xmm1. 
66 Of 38 25 /r A VIV SSE4_1 Sign extend 2 packed 32-bit integers in the low 8 bytes 
PMOVSXDQ xmm1, xmm2/m64 of xmm2/m64 to 2 packed 64-bit integers in xmm1. 
VEX.128.66.0F38.WIG 20 /r A VIV AVX Sign extend 8 packed 8-bit integers in the low 8 bytes 
VPMOVSXBW xmm1, xmm2/m64 of xmm2/m64 to 8 packed 16-bit integers in xmm1. 
VEX.128.66.0F38.WIG 21 /r A VIV AVX Sign extend 4 packed 8-bit integers in the low 4 bytes 
VPMOVSXBD xmm1, xmm2/m32 of xmm2/m32 to 4 packed 32-bit integers in xmm1. 
VEX.128.66.0F38.WIG 22 /r A VIV AVX Sign extend 2 packed 8-bit integers in the low 2 bytes 
VPMOVSXBQ xmm1, xmm2/m16 of xmm2/m16 to 2 packed 64-bit integers in xmm1. 
VEX.128.66.0F38.WIG 23 /r A VIV AVX Sign extend 4 packed 16-bit integers in the low 8 bytes 
VPMOVSXWD xmm1, xmm2/m64 of xmm2/m64 to 4 packed 32-bit integers in xmm1. 
VEX.128.66.0F38.WIG 24 /r A VIV AVX Sign extend 2 packed 16-bit integers in the low 4 bytes 
VPMOVSXWQ xmm1, xmm2/m32 of xmm2/m32 to 2 packed 64-bit integers in xmm1. 
VEX.128.66.0F38.WIG 25 /r A VIV AVX Sign extend 2 packed 32-bit integers in the low 8 bytes 
VPMOVSXDQ xmm1, xmm2/m64 of xmm2/m64 to 2 packed 64-bit integers in xmm1. 
VEX.256.66.0F38.WIG 20 /r A VIV AVX2 Sign extend 16 packed 8-bit integers in xmm2/m128 to 
VPMOVSXBW ymm1, xmm2/m128 16 packed 16-bit integers in ymm1. 
VEX.256.66.0F38.WIG 21 /r A VV AVX2 Sign extend 8 packed 8-bit integers in the low 8 bytes 
VPMOVSXBD ymm1, xmm2/m64 of xmm2/m64 to 8 packed 32-bit integers in ymm1. 
VEX.256.66.0F38.WIG 22 /r A VIV AVX2 Sign extend 4 packed 8-bit integers in the low 4 bytes 
VPMOVSXBQ ymm1, xmm2/m32 of xmm2/m32 to 4 packed 64-bit integers in ymm1. 
VEX.256.66.0F38.WIG 23 /r A VV AVX2 Sign extend 8 packed 16-bit integers in the low 16 
VPMOVSXWD ymm1, xmm2/m128 bytes of xmm2/m1 28 to 8 packed 32-bit integers in 
ymm1. 
VEX.256.66.0F38.WIG 24 /r A VIV AVX2 Sign extend 4 packed 16-bit integers in the low 8 bytes 
VPMOVSXWQ ymm1, xmm2/m64 of xmm2/m64 to 4 packed 64-bit integers in ymm1. 
VEX.256.66.0F38.WIG 25 /r A VIN AVX2 Sign extend 4 packed 32-bit integers in the low 16 
VPMOVSXDQ ymm1, xmm2/m128 bytes of xmm2/m128 to 4 packed 64-bit integers in 
ymm1. 
EVEX.128.66.0F38.WIG 20 /r B VIV AVX512VL_ | Sign extend 8 packed 8-bit integers in xmm2/m64 to 8 
VPMOVSXBW xmm1 {k1}{Z}, AVX512BW | packed 16-bit integers in zmm1. 
xmm2/m64 
EVEX.256.66.0F38.WIG 20 /r B VIV AVX512VL_ | Sign extend 16 packed 8-bit integers in xmm2/m128 to 
VPMOVSXBW ymm1 {k1}{z}, AVX512BW | 16 packed 16-bit integers in ymm1. 
xmm2/m128 
EVEX.512.66.0F38.WIG 20 /r B VIV AVX512BW | Sign extend 32 packed 8-bit integers in ymm2/m256 to 
VPMOVSXBW zmm1 {k1}{Z}, 32 packed 16-bit integers in zmm1. 
ymm2/m256 
EVEX.128.66.0F38.WIG 21 /r C VIV AVX512VL | Sign extend 4 packed 8-bit integers in the low 4 bytes 
VPMOVSXBD xmm1 {k1}{z}, AVX512F of xmm2/m32 to 4 packed 32-bit integers in xmm1 
xmm2/m32 subject to writemask k1. 
4-354 Vol. 2B PMOVSX—Packed Move with Sign Extend 


INSTRUCTION SET REFERENCE, M-U 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support Flag 
EVEX.256.66.0F38.WIG 21 /r C VIV AVX512VL_ | Sign extend 8 packed 8-bit integers in the low 8 bytes 
VPMOVSXBD ymm1 {k1}{Z}, AVX512F of xmm2/m64 to 8 packed 32-bit integers in ymm1 
xmm2/m64 subject to writemask k1. 
EVEX.512.66.0F38.WIG 21 /r C VIV AVX512F Sign extend 16 packed 8-bit integers in the low 16 
VPMOVSXBD zmm1 {k1}{Z}, bytes of xmm2/m128 to 16 packed 32-bit integers in 
xmm2/m128 zmm1 subject to writemask k1. 
EVEX.128.66.0F38.WIG 22 /r D VIV AVX512VL_ | Sign extend 2 packed 8-bit integers in the low 2 bytes 
VPMOVSXBQ xmm1 {k1}{Z}, AVX512F of xmm2/m16 to 2 packed 64-bit integers in xmm1 
xmm2/m16 subject to writemask k1. 
EVEX.256.66.0F38.WIG 22 /r D VIV AVX512VL_ | Sign extend 4 packed 8-bit integers in the low 4 bytes 
VPMOVSXBQ ymm1 {k1}{z}, AVX512F of xmm2/m32 to 4 packed 64-bit integers in ymm1 
xmm2/m32 subject to writemask k1. 
EVEX.512.66.0F38.WIG 22 /r D VIV AVX512F Sign extend 8 packed 8-bit integers in the low 8 bytes 
VPMOVSXBQ zmm1 {k1}{Z}, of xmm2/m64 to 8 packed 64-bit integers in zmm1 
xmm2/m64 subject to writemask k1. 
EVEX.128.66.0F38.WIG 23 /r B VIV AVX512VL_ | Sign extend 4 packed 16-bit integers in the low 8 bytes 
VPMOVSXWD xmm1 {k1}{z}, AVX512F of ymm2/mem to 4 packed 32-bit integers in xmm1 
xmm2/m64 subject to writemask k1. 
EVEX.256.66.0F38.WIG 23 /r B VIV AVX512VL_ | Sign extend 8 packed 16-bit integers in the low 16 
VPMOVSXWD ymm1 {k1}{Z}, AVX512F bytes of ynm2/m128 to 8 packed 32-bit integers in 
xmm2/m128 ymm1 subject to writemask k1. 
EVEX.512.66.0F38.WIG 23 /r B VIV AVX512F Sign extend 16 packed 16-bit integers in the low 32 
VPMOVSXWD zmm1 {k1}{Z}, bytes of ynm2/m256 to 16 packed 32-bit integers in 
ymm2/m256 zmm1 subject to writemask k1. 
EVEX.128.66.0F38.WIG 24 /r C VIV AVX512VL_ | Sign extend 2 packed 16-bit integers in the low 4 bytes 
VPMOVSXWQ xmm1 {k1}{Z}, AVX512F of xmm2/m32 to 2 packed 64-bit integers in xmm1 
xmm2/m32 subject to writemask k1. 
EVEX.256.66.0F38.WIG 24 /r C VIV AVX512VL_ | Sign extend 4 packed 16-bit integers in the low 8 bytes 
VPMOVSXWQ ymm1 {k1}{z}, AVX512F of xmm2/m64 to 4 packed 64-bit integers in ymm1 
xmm2/m64 subject to writemask k1. 
EVEX.512.66.0F38.WIG 24 /r C VIV AVX512F Sign extend 8 packed 16-bit integers in the low 16 
VPMOVSXWQ zmm1 {k1}{Z}, bytes of xmm2/m128 to 8 packed 64-bit integers in 
xmm2/m128 zmm1 subject to writemask k1. 
EVEX.128.66.0F38.W0 25 /r B VIV AVX512VL_ | Sign extend 2 packed 32-bit integers in the low 8 bytes 
VPMOVSXDQ xmm1 {k1}{Z}, AVX512F of xmm2/m64 to 2 packed 64-bit integers in zmm1 
xmm2/m64 using writemask k1. 
EVEX.256.66.0F38.W0 25 /r B VIV AVX512VL_ | Sign extend 4 packed 32-bit integers in the low 16 
VPMOVSXDQ ymm1 {k1}{Z}, AVX512F bytes of xmm2/m128 to 4 packed 64-bit integers in 
xmm2/m128 zmm1 using writemask k1. 
EVEX.512.66.0F38.W0 25 /r B VIV AVX512F Sign extend 8 packed 32-bit integers in the low 32 


VPMOVSXDQ zmm1 {k1}{z}, 
ymm2/m256 


bytes of ynm2/m256 to 8 packed 64-bit integers in 
zmm1 using writemask k1. 
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Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Half Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
C Quarter Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
D Eighth Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Legacy and VEX encoded versions: Packed byte, word, or dword integers in the low bytes of the source operand 
(second operand) are sign extended to word, dword, or quadword integers and stored in packed signed bytes the 
destination operand. 

128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding destination register remain unchanged. 


VEX.128 and EVEX.128 encoded versions: Bits (MAXVL-1:128) of the corresponding destination register are 
zeroed. 

VEX.256 and EVEX.256 encoded versions: Bits (MAXVL-1:256) of the corresponding destination register are 
zeroed. 

EVEX encoded versions: Packed byte, word or dword integers starting from the low bytes of the source operand 
(second operand) are sign extended to word, dword or quadword integers and stored to the destination operand 
under the writemask. The destination register is XMM, YMM or ZMM Register. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 


Operation 


Packed_Sign_Extend_BYTE_to_WORD(DEST, SRC) 
DEST[15:0] := SignExtend(SRC[7:0)); 

DEST[31:16] := SignExtend(SRC[15:8)); 

DEST[47:32] := SignExtend(SRC[23:16)]); 
DEST[63:48] := SignExtend(SRC[31:24)); 
DEST[79:64] := SignExtend(SRC[39:32)); 
DEST[95:80] := SignExtend(SRC[47:40)); 

DEST[11 1:96] := SignExtend(SRC[55:48)); 
DEST[127:112] := SignExtend(SRC[63:56)); 


Packed_Sign_Extend_BYTE_to_DWORD(DEST, SRC) 
DEST[31:0] := SignExtend(SRC[7:0]); 

DEST[63:32] := SignExtend(SRC[15:8)); 

DEST[95:64] := SignExtend(SRC[23:16)]); 

DEST[1 27:96] := SignExtend(SRC[3 1:24); 


Packed_Sign_Extend_BYTE_to_QWORD(DEST, SRC) 
DEST[63:0] := SignExtend(SRC[7:0)); 
DEST[127:64] := SignExtend(SRC[15:8)); 


Packed_Sign_Extend_WORD_to_DWORD(DEST, SRC) 
DEST[31:0] := SignExtend(SRC[15:0)); 

DEST[63:32] := SignExtend(SRC[31:16)); 

DEST[95:64] := SignExtend(SRC[47:32]); 

DEST[127:96] := SignExtend(SRC[63:48)); 


Packed_Sign_Extend_WORD_to_QWORD(DEST, SRC) 
DEST[63:0] := SignExtend(SRC[1 5:0)); 
DEST[127:64] := SignExtend(SRC[31:16]); 
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Packed_Sign_Extend_DWORD_to_QWORD(DEST, SRC) 
DEST[63:0] := SignExtend(SRC[31:0)); 
DEST[127:64] := SignExtend(SRC[63:32)); 


VPMOVSXBW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
Packed_Sign_Extend_BYTE_to_WORD(TMP_DEST[127:0], SRC[63:0]) 
IF VL >= 256 
Packed_Sign_Extend_BYTE_to_WORD(TMP_DEST[255:128], SRC[127:64]) 


Fl; 

IFVL>=512 
Packed_Sign_Extend_BYTE_to_WORD(TMP_DEST[383:256], SRC[191:128]) 
Packed_Sign_Extend_BYTE_to_WORD(TMP_DEST[51 1:384], SRC[255:192]) 


Fl; 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = TEMP_DEST[i+1 5:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPMOVSXBD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
Packed_Sign_Extend_BYTE_to_DWORD(TMP_DEST[1 27:0], SRC[31:0]) 
IF VL >= 256 
Packed_Sign_Extend_BYTE_to_DWORD(TMP_DEST[255:128], SRC[63:32]) 


Fl; 
IF VL >= 512 
Packed_Sign_Extend_BYTE_to_DWORD(TMP_DEST[383:256], SRC[95:64]) 
Packed_Sign_Extend_BYTE_to_DWORD(TMP_DEST[51 1:384], SRC[127:96]) 
Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TEMP_DEST[i+31:i] 
ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPMOVSXBQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
Packed_Sign_Extend_BYTE_to_QWORD(TMP_DEST[1 27:0], SRC[15:0]) 
IF VL >= 256 
Packed_Sign_Extend_BYTE_to_QWORD(TMP_DEST[255:1 28], SRC[31:16]) 


Fl; 
IF VL >=512 
Packed_Sign_Extend_BYTE_to_QWORD(TMP_DEST[383:256], SRC[47:32]) 
Packed_Sign_Extend_BYTE_to_QWORD(TMP_DEST[51 1:384], SRC[63:48]) 
Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TEMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPMOVSXWD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
Packed_Sign_Extend_WORD_to_DWORD(TMP_DEST[1 27:0], SRC[63:0]) 
IF VL >= 256 
Packed_Sign_Extend_WORD_to_DWORD(TMP_DEST[255:1 28], SRC[127:64]) 


Fl; 

IF VL>=512 
Packed_Sign_Extend_WORD_to_DWORD(TMP_DEST[383:256], SRC[191:128]) 
Packed_Sign_Extend_WORD_to_DWORD(TMP_DEST[51 1:384], SRC[256:192]) 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TEMP_DEST[i+31:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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VPMOVSXWQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
Packed_Sign_Extend_WORD_to_QWORD(TMP_DEST[1 27:0], SRC[31:0]) 
IF VL >= 256 
Packed_Sign_Extend_WORD_to_QWORD(TMP_DEST[255:1 28], SRC[63:32]) 


Fl; 

IFVL>=512 
Packed_Sign_Extend_WORD_to_QWORD(TMP_DEST[383:256], SRC[95:64]) 
Packed_Sign_Extend_WORD_to_QWORD(TMP_DEST[51 1:384], SRC[127:96]) 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TEMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPMOVSXDQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
Packed_Sign_Extend_DWORD_to_QWORD(TEMP_DEST[1 27:0], SRC[63:0]) 
IF VL >= 256 
Packed_Sign_Extend_DWORD_to_QWORD(TEMP_DEST[255:1 28], SRC[127:64]) 


Fl; 
IF VL >= 512 
Packed_Sign_Extend_DWORD_to_QWORD(TEMP_DEST[383:256], SRC[191:128]) 
Packed_Sign_Extend_DWORD_to_QWORD(TEMP_DEST[51 1:384], SRC[255:192]) 
Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TEMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPMOVSXBW (VEX.256 encoded version) 
Packed_Sign_Extend_BYTE_to_WORD(DEST[127:0], SRC[63:0]) 
Packed_Sign_Extend_BYTE_to_WORD(DEST[255:1 28], SRC[127:64]) 
DEST[MAXVL-1:256] := 0 
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VPMOVSXBD (VEX.256 encoded version) 
Packed_Sign_Extend_BYTE_to_DWORD(DEST[1 27:0], SRC[31:0]) 
Packed_Sign_Extend_BYTE_to_DWORD(DEST[255:1 28], SRC[63:32]) 
DEST[MAXVL-1:256] := 0 


VPMOVSXBQ (VEX.256 encoded version) 
Packed_Sign_Extend_BYTE_to_QWORD(DEST[1 27:0], SRC[15:0]) 
Packed_Sign_Extend_BYTE_to_QWORD(DEST[255:1 28], SRC[31:16]) 
DEST[MAXVL-1:256] := 0 


VPMOVSXWD (VEX.256 encoded version) 
Packed_Sign_Extend_WORD_to_DWORD(DEST[1 27:0], SRC[63:0]) 
Packed_Sign_Extend_WORD_to_DWORD(DEST[255:1 28], SRC[127:64]) 
DEST[MAXVL-1:256] := 0 


VPMOVSXWQ (VEX.256 encoded version) 
Packed_Sign_Extend_WORD_to_QWORD(DEST[1 27:0], SRC[31:0]) 
Packed_Sign_Extend_WORD_to_QWORD(DEST[255:1 28], SRC[63:32]) 
DEST[MAXVL-1:256] := 0 


VPMOVSXDQ (VEX.256 encoded version) 
Packed_Sign_Extend_DWORD_to_QWORD(DEST[1 27:0], SRC[63:0]) 
Packed_Sign_Extend_DWORD_to_QWORD(DEST[255:1 28], SRC[127:64]) 
DEST[MAXVL-1:256] := 0 


VPMOVSXBW (VEX.128 encoded version) 
Packed_Sign_Extend_BYTE_to_WORDDEST[1 27:0], SRC[127:0]() 
DEST[MAXVL-1:128] := 0 


VPMOVSXBD (VEX.128 encoded version) 
Packed_Sign_Extend_BYTE_to_DWORD(DEST[1 27:0], SRC[127:0]) 
DEST[MAXVL-1:128] := 0 


VPMOVSXBQ (VEX.128 encoded version) 
Packed_Sign_Extend_BYTE_to_QWORD(DEST[1 27:0], SRC[127:0]) 
DEST[MAXVL-1:128] := 0 


VPMOVSXWD (VEX.128 encoded version) 
Packed_Sign_Extend_WORD_to_DWORD(DEST[1 27:0], SRC[127:0]) 
DEST[MAXVL-1:128] := 0 


VPMOVSXWQ (VEX.128 encoded version) 
Packed_Sign_Extend_WORD_to_QWORD(DEST[127:0], SRC[127:0]) 
DEST[MAXVL-1:128] := 0 


VPMOVSXDQ (VEX.128 encoded version) 
Packed_Sign_Extend_DWORD_to_QWORD(DEST[1 27:0], SRC[127:0]) 
DEST[MAXVL-1:128] := 0 


PMOVSXBW 
Packed_Sign_Extend_BYTE_to_WORD(DEST[1 27:0], SRC[127:0]) 
DEST[MAXVL-1:128] (Unmodified) 
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PMOVSXBD 


Packed_Sign_Extend_BYTE_to_DWORD(DEST[127:0], SRC[127:0]) 


DEST[MAXVL-1:1 28] (Unmodified) 


PMOVSXBQ 


Packed_Sign_Extend_BYTE_to_QWORD(DEST[127:0], SRC[127:0)) 
DEST[MAXVL-1:1 28] (Unmodified) 


PMOVSXWD 


Packed_Sign_€xtend_WORD_to_DWORD(DEST[127:0], SRC[127:0]) 


DEST[MAXVL-1:1 28] (Unmodified) 


PMOVSXWQ 


Packed_Sign_Extend_WORD_to_QWORD(DEST[127:0], SRC[127:0)) 


DEST[MAXVL-1:1 28] (Unmodified) 


PMOVSXDQ 


Packed_Sign_Extend_DWORD_to_QWORD(DEST[1 27:0], SRC[127:0]) 


DEST[MAXVL-1:1 28] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VPMOVSXBW __m512i_mm512_cvtepi8_epi16(__m512i a); 

VPMOVSXBW __m512i_mm512_mask_cvtepi8_epi16(__m512i a,__ mmask32 k,___m512i b); 
VPMOVSXBW __m512i_mm512_maskz_cvtepi8_epi16(__ mmask32 k, __m512i b); 
VPMOVSXBD __m512i_mm512_cvtepi8_epi32(__m512i a); 

VPMOVSXBD __m512i_mm512_mask_cvtepi8_epi32(__m512i a,__ mmask16 k,___m512i b); 
VPMOVSXBD __m512i_mm512_maskz_cvtepi8_epi32(__ mmask16 k, __m512i b); 
VPMOVSXBQ __m512i__mm512_cvtepi8_epi64(__m512i a); 

VPMOVSXBQ __m512i_mm512_mask_cvtepi8_epi64(__m512i a,__mmask8 k, __m512i b); 
VPMOVSXBQ __m512i_mm512_maskz_cvtepi8_epi64(_mmask8 k, __m512i a); 
VPMOVSXDQ __m512i_mm512_cvtepi32_epi64(__m512i a); 

VPMOVSXDQ __m512i__mm512_mask_cvtepi32_epi64(__m512i a, __ mmask8 k, __m512i b); 
VPMOVSXDQ __m512i__mm512_maskz_cvtepi32_epi64(__mmask8 k, __m512i a); 
VPMOVSXWD __m512i_mm512_cvtepi16_epi32(__m512i a); 

VPMOVSXWD __m512i_mm512_mask_cvtepi16_epi32(__m512i a,__mmask16 k,__m512i b); 
VPMOVSXWD __m512i_mm512_maskz_cvtepi16_epi32(__mmask16 k, __m512i a); 
VPMOVSXWQ __m512i__mm512_cvtepi16_epi64(__m512i a); 

VPMOVSXWQ __m512i__mm512_mask_cvtepi16_epi64(__m512i a,___ mmask8 k, __m512i b); 
VPMOVSXWQ __m512i _mm512_maskz_cvtepi16_epi64(__mmask8 k, __m512i a); 
VPMOVSXBW __m256i__mm256_cvtepi8_epi16(__m256i a); 

VPMOVSXBW __m256i _mm256_mask_cvtepi8_epi16(__m256i a,__ mmask16 k, __m256i b); 
VPMOVSXBW __m256i __mm256_maskz_cvtepi8_epi16(__ mmask16 k, __m256i b); 
VPMOVSXBD __m256i_mm256_cvtepi8_epi32(__m256i a); 

VPMOVSXBD __m256i__mm256_mask_cvtepi8_epi32(__m256i a,__ mmask8 k, __m256i b); 
VPMOVSXBD __m256i__mm256_maskz_cvtepi8_epi32(__mmask8 k, __m256i b); 
VPMOVSXBQ __m256i __mm256_cvtepi8_epi64(__m256i a); 

VPMOVSXBQ __m256i __mm256_mask_cvtepi8_epi64(__m256i a,__mmask8 k, __m256i b); 
VPMOVSXBQ __m256i __mm256_maskz_cvtepi8_epi64(_mmask8 k, __m256i a); 
VPMOVSXDQ __m256i __mm256_cvtepi32_epi64(__m256i a); 

VPMOVSXDQ __m256i _mm256_mask_cvtepi32_epi64(__m256i a, __mmask8 k, __m256i b); 
VPMOVSXDQ __m256i __mm256_maskz_cvtepi32_epi64(__mmask8 k, __m256i a); 
VPMOVSXWD __m256i_mm256_cvtepi16_epi32(__m256i a); 

VPMOVSXWD __m256i__mm256_mask_cvtepi16_epi32(__m256i a,__ mmask16 k, __m256i b); 
VPMOVSXWD __m256i__mm256_maskz_cvtepi16_epi32(__mmask16 k, __m256i a); 
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VPMOVSXWQ __m256i _mm256_cvtepi16_epi64(__m256i a); 

VPMOVSXWQ __m256i _mm256_mask_cvtepi16_epi64(__m256i a, __ mmask8 k, __m256i b); 
VPMOVSXWQ __m256i _mm256_maskz_cvtepi16_epi64(__mmask8 k, __m256i a); 
VPMOVSXBW __m128i _mm_mask_cvtepi8_epi16(__m128i a,__ mmask8 k, __m128i b); 
VPMOVSXBW __m128i __mm_maskz_cvtepi8_epi16(__ mmask8 k, __m128i b); 

VPMOVSXBD __m128i_mm_mask_cvtepi8_epi32(__m128i a,__ mmask8 k,___m128i b); 


VPMOVSXBD __m128i_mm_maskz_cvtepi8_epi32(__mmask8 k, __m128i b); 
VPMOVSXBQ __m128i __mm_mask_cvtepi8_epi64(__m128i a, __mmask8 k, __m128i b); 
VPMOVSXBQ __m128i _mm_maskz_cvtepi8_epi64(__mmask8 k, __m128i a); 
VPMOVSXDQ __m128i __mm_mask_cvtepi32_epi64(__m128i a, __mmask8 k, __m128i b); 
VPMOVSXDQ __m128i __mm_maskz_cvtepi32_epi64(__mmask8 k, __m128i a); 
VPMOVSXWD __m128i__mm_mask_cvtepi16_epi32(__m128i a,__ mmask16 k, __m128i b); 


VPMOVSXWD __m128i _mm_maskz_cvtepi16_epi32(__mmask16 k, __m128i a); 
VPMOVSXWQ __m128i _mm_mask_cvtepi16_epi64(__m128i a, __mmask8 k, __m128i b); 
VPMOVSXWQ __m128i _mm_maskz_cvtepi16_epi64(__mmask8 k, __m128i a); 
PMOVSXBW __m128i _mm_ cvtepi8_epi16 (__m128i a); 

PMOVSXBD __m128i __mm_ cvtepi8_epi32 (__m128i a); 

PMOVSXBQ __m128i __mm_cvtepi8_epi64 (__m128i a); 

PMOVSXWD __m128i __mm_ cvtepi16_epi32 (__m128i a); 

PMOVSXWQ __m128i __mm_ cvtepi16_epi64 (__m128i a); 

PMOVSXDQ __m128i__mm_ cvtepi32_epi64 (__m128i a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-51, “Type E5 Class Exception Conditions”. 
Additionally: 

#UD If VEX.vvvv != 1111B, or EVEX.vvvv != 1111B. 
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VPMOVZXDQ ymm1, xmm2/m128 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 

66 Of 38 30 /r A VIV SSE4_1 Zero extend 8 packed 8-bit integers in the low 8 

PMOVZXBW xmm1, xmm2/m64 bytes of xmm2/m64 to 8 packed 16-bit integers in 
xmm1. 

66 Of 38 31 /r A VIV SSE4_1 Zero extend 4 packed 8-bit integers in the low 4 

PMOVZXBD xmm1, xmm2/m32 bytes of xmm2/m32 to 4 packed 32-bit integers in 
xmm1. 

66 Of 38 32 /r A VIV SSE4_1 Zero extend 2 packed 8-bit integers in the low 2 

PMOVZXBQ xmm1, xmm2/m16 bytes of xmm2/m16 to 2 packed 64-bit integers in 
xmm1. 

66 Of 38 33 /r A VIV SSE4_1 Zero extend 4 packed 16-bit integers in the low 8 

PMOVZXWD xmm1, xmm2/m64 bytes of xmm2/m64 to 4 packed 32-bit integers in 
xmm1. 

66 Of 38 34 /r A VIV SSE4_1 Zero extend 2 packed 16-bit integers in the low 4 

PMOVZXWQ xmm1, xmm2/m32 bytes of xmm2/m32 to 2 packed 64-bit integers in 
xmm1. 

66 Of 38 35 /r A VIV SSE4_1 Zero extend 2 packed 32-bit integers in the low 8 

PMOVZXDQ xmm1, xmm2/m64 bytes of xmm2/m64 to 2 packed 64-bit integers in 
xmm1. 

VEX.128.66.0F38.WIG 30 /r A VIV AVX Zero extend 8 packed 8-bit integers in the low 8 

VPMOVZXBW xmm1, xmm2/m64 bytes of xmm2/m64 to 8 packed 16-bit integers in 
xmm1. 

VEX.128.66.0F38.WIG 31 /r A VIV AVX Zero extend 4 packed 8-bit integers in the low 4 

VPMOVZXBD xmm1, xmm2/m32 bytes of xmm2/m32 to 4 packed 32-bit integers in 
xmm1. 

VEX.128.66.0F38.WIG 32 /r A VIV AVX Zero extend 2 packed 8-bit integers in the low 2 

VPMOVZXBQ xmm1, xmm2/m16 bytes of xmm2/m16 to 2 packed 64-bit integers in 
xmm1. 

VEX.128.66.0F38.WIG 33 /r A VIV AVX Zero extend 4 packed 16-bit integers in the low 8 

VPMOVZXWD xmm1, xmm2/m64 bytes of xmm2/m64 to 4 packed 32-bit integers in 
xmm1. 

VEX.128.66.0F38.WIG 34 /r A VIV AVX Zero extend 2 packed 16-bit integers in the low 4 

VPMOVZXWQ xmm1, xmm2/m32 bytes of xmm2/m32 to 2 packed 64-bit integers in 
xmm1. 

VEX.128.66.0F 38.WIG 35 /r A VIV AVX Zero extend 2 packed 32-bit integers in the low 8 

VPMOVZXDQ xmm1, xmm2/m64 bytes of xmm2/m64 to 2 packed 64-bit integers in 
xmm1. 

VEX.256.66.0F38.WIG 30 /r A VIV AVX2 Zero extend 16 packed 8-bit integers in 

VPMOVZXBW ymm1, xmm2/m128 xmm2/m128 to 16 packed 16-bit integers in ymm1. 

VEX.256.66.0F38.WIG 31 /r A VIV AVX2 Zero extend 8 packed 8-bit integers in the low 8 

VPMOVZXBD ymm1, xmm2/m64 bytes of xmm2/m64 to 8 packed 32-bit integers in 
ymm1. 

VEX.256.66.0F38.WIG 32 /r A VIV AVX2 Zero extend 4 packed 8-bit integers in the low 4 

VPMOVZXBQ ymm1, xmm2/m32 bytes of xmm2/m32 to 4 packed 64-bit integers in 
ymm1. 

VEX.256.66.0F38.WIG 33 /r A VIV AVX2 Zero extend 8 packed 16-bit integers xmm2/m128 

VPMOVZXWD ymm1, xmm2/m128 to 8 packed 32-bit integers in ymm1. 

VEX.256.66.0F38.WIG 34 /r A VIV AVX2 Zero extend 4 packed 16-bit integers in the low 8 

VPMOVZXWQ ymm1, xmm2/m64 bytes of xmm2/m64 to 4 packed 64-bit integers in 
xmm1. 

VEX.256.66.0F38.WIG 35 /r A VIV AVX2 Zero extend 4 packed 32-bit integers in 


xmm2/m128 to 4 packed 64-bit integers in ymm1. 
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VPMOVZXWQ zmm1 {k1}{Z}, 
xmm2/m128 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F38 30.WIG /r B VIV AVX512VL_ | Zero extend 8 packed 8-bit integers in the low 8 
VPMOVZXBW xmm1 {k1}{z}, xmm2/m64 AVX512BW | bytes of xmm2/m64 to 8 packed 16-bit integers in 
xmm1. 
EVEX.256.66.0F38.WIG 30 /r B VV AVX512VL_ | Zero extend 16 packed 8-bit integers in 
VPMOVZXBW ymm1 {k1}{z}, AVX512BW | xmm2/m128 to 16 packed 16-bit integers in ymm1. 
xmm2/m128 
EVEX.512.66.0F38.WIG 30 /r B VV AVX512BW | Zero extend 32 packed 8-bit integers in 
VPMOVZXBW zmm1 {k1}{Z}, ymm2/m256 to 32 packed 16-bit integers in zmm1. 
ymm2/m256 
EVEX.128.66.0F38.WIG 31 /r C VIV AVX512VL_ | Zero extend 4 packed 8-bit integers in the low 4 
VPMOVZXBD xmm1 {k1}{z}, xmm2/m32 AVX512F bytes of xmm2/m32 to 4 packed 32-bit integers in 
xmm1 subject to writemask k1. 
EVEX.256.66.0F38.WIG 31 /r C VV AVX512VL | Zero extend 8 packed 8-bit integers in the low 8 
VPMOVZXBD ymm1 {k1}{z}, xmm2/m64 AVX512F bytes of xmm2/m64 to 8 packed 32-bit integers in 
ymm1 subject to writemask k1. 
EVEX.512.66.0F38.WIG 31 /r C VIV AVX512F Zero extend 16 packed 8-bit integers in 
VPMOVZXBD zmm1 {k1}{z}, xmm2/m128 to 16 packed 32-bit integers in zmm1 
xmm2/m128 subject to writemask k1. 
EVEX.128.66.0F38.WIG 32 /r D VIV AVX512VL_ | Zero extend 2 packed 8-bit integers in the low 2 
VPMOVZXBQ xmm1 {k1}{z}, xmm2/m16 AVX512F bytes of xmm2/m16 to 2 packed 64-bit integers in 
xmm1 subject to writemask k1. 
EVEX.256.66.0F38.WIG 32 /r D VIV AVX512VL | Zero extend 4 packed 8-bit integers in the low 4 
VPMOVZXBQ ymm1 {k1}{z}, xmm2/m32 AVX512F bytes of xmm2/m32 to 4 packed 64-bit integers in 
ymm1 subject to writemask k1. 
EVEX.512.66.0F38.WIG 32 /r D VIV AVX512F Zero extend 8 packed 8-bit integers in the low 8 
VPMOVZXBQ zmm1 {k1}{z}, xmm2/m64 bytes of xmm2/m64 to 8 packed 64-bit integers in 
zmm1 subject to writemask k1. 
EVEX.1 28.66.0F38.WIG 33 /r B VIV AVX512VL | Zero extend 4 packed 16-bit integers in the low 8 
VPMOVZXWD xmm1 {k1}{z}, xmm2/m64 AVX512F bytes of xmm2/m64 to 4 packed 32-bit integers in 
xmm1 subject to writemask k1. 
EVEX.256.66.0F38.WIG 33 /r B VIV AVX512VL | Zero extend 8 packed 16-bit integers in 
VPMOVZXWD ymm1 {k1}{Z}, AVX512F xmm2/m1 28 to 8 packed 32-bit integers in zmm1 
xmm2/m128 subject to writemask k1. 
EVEX.512.66.0F38.WIG 33 /r B VIV AVX512F Zero extend 16 packed 16-bit integers in 
VPMOVZXWD zmm1 {k1}{z}, ymm2/m256 to 16 packed 32-bit integers in zmm1 
ymm2/m256 subject to writemask k1. 
EVEX.1 28.66.0F38.WIG 34 /r C VIV AVX512VL_ | Zero extend 2 packed 16-bit integers in the low 4 
VPMOVZXWQ xmm1 {k1}{z}, xmm2/m32 AVX512F bytes of xmm2/m32 to 2 packed 64-bit integers in 
xmm1 subject to writemask k1. 
EVEX.256.66.0F38.WIG 34 /r C VV AVX512VL_ | Zero extend 4 packed 16-bit integers in the low 8 
VPMOVZXWQ ymm1 {k1}{z}, xmm2/m64 AVX512F bytes of xmm2/m64 to 4 packed 64-bit integers in 
ymm1 subject to writemask k1. 
EVEX.512.66.0F38.WIG 34 /r € VIN AVX512F Zero extend 8 packed 16-bit integers in 


xmm2/m1 28 to 8 packed 64-bit integers in zmm1 
subject to writemask k1. 
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Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F38.W0 35 /r B VIV AVX512VL_ | Zero extend 2 packed 32-bit integers in the low 8 
VPMOVZXDQ xmm1 {k1}{z}, xmm2/m64 AVX512F bytes of xmm2/m64 to 2 packed 64-bit integers in 

zmm1 using writemask k1. 

EVEX.256.66.0F38.W0 35 /r B VIV AVX512VL | Zero extend 4 packed 32-bit integers in 
VPMOVZXDQ ymm1 {k1}{z}, AVX512F xmm2/m128 to 4 packed 64-bit integers in zmm1 
xmm2/m128 using writemask k1. 
EVEX.512.66.0F38.W0 35 /r B VV AVX512F Zero extend 8 packed 32-bit integers in 
VPMOVZXDQ zmm1 {k1}{Z}, ymm2/m256 to 8 packed 64-bit integers in zmm1 
ymm2/m256 using writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Half Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
C Quarter Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
D Eighth Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Legacy, VEX and EVEX encoded versions: Packed byte, word, or dword integers starting from the low bytes of the 
source operand (second operand) are zero extended to word, dword, or quadword integers and stored in packed 
signed bytes the destination operand. 

128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding destination register remain unchanged. 
VEX.128 encoded version: Bits (MAXVL-1:128) of the corresponding destination register are zeroed. 

VEX.256 encoded version: Bits (MAXVL-1:256) of the corresponding destination register are zeroed. 


EVEX encoded versions: Packed dword integers starting from the low bytes of the source operand (second 
operand) are zero extended to quadword integers and stored to the destination operand under the writemask.The 
destination register is XMM, YMM or ZMM Register. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 


Operation 


Packed_Zero_Extend_BYTE_to_WORD(DEST, SRC) 
DEST[15:0] := ZeroExtend(SRC[7:0)); 

DEST[31:16] := ZeroExtend(SRC[1 5:8); 

DEST[47:32] := ZeroExtend(SRC[23:16)); 
DEST[63:48] := ZeroExtend(SRC[31:24)); 
DEST[79:64] := ZeroExtend(SRC[39:32]) 
DEST[95:80] := ZeroExtend(SRC[47:40)); 
DEST[1 11:96] := ZeroExtend(SRC[55:48)); 
DEST[127:112] := ZeroExtend(SRC[63:56]); 


fi 


Packed_Zero_Extend_BYTE_to_DWORD(DEST, SRC) 
DEST[31:0] := ZeroExtend(SRC[7:0)); 

DEST[63:32] := ZeroExtend(SRC[1 5:8); 

DEST[95:64] := ZeroExtend(SRC[23:16)); 

DEST[1 27:96] := ZeroExtend(SRC[31:24)); 
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Packed_Zero_Extend_BYTE_to_QWORD(DEST, SRC) 
DEST[63:0] := ZeroExtend(SRC[7:0)); 
DEST[1 27:64] := ZeroExtend(SRC[1 5:8); 


Packed_Zero_Extend_WORD_to_DWORD(DEST, SRC) 
DEST[31:0] := ZeroExtend(SRC[1 5:0); 

DEST[63:32] := ZeroExtend(SRC[31:16)]); 

DEST[95:64] := ZeroExtend(SRC[47:32]); 

DEST[1 27:96] := ZeroExtend(SRC[63:48)); 


Packed_Zero_Extend_WORD_to_QWORD(DEST, SRC) 
DEST[63:0] := ZeroExtend(SRC[1 5:0); 
DEST[1 27:64] := ZeroExtend(SRC[31:16)]); 


Packed_Zero_Extend_DWORD_to_QWORD(DEST, SRC) 
DEST[63:0] := ZeroExtend(SRC[31:0)); 
DEST[1 27:64] := ZeroExtend(SRC[63:32)); 


VPMOVZXBW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
Packed_Zero_Extend_BYTE_to_WORD(TMP_DEST[1 27:0], SRC[63:0]) 
IF VL >= 256 
Packed_Zero_Extend_BYTE_to_WORD(TMP_DEST[255:1 28], SRC[127:64]) 


Fl; 

IF VL >=512 
Packed_Zero_Extend_BYTE_to_WORD(TMP_DEST[383:256], SRC[191:128]) 
Packed_Zero_Extend_BYTE_to_WORD(TMP_DEST[51 1:384], SRC[255:192]) 


Fl; 
FOR j :=0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = TEMP_DEST[i+15:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+1 5:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPMOVZXBD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
Packed_Zero_Extend_BYTE_to_DWORD(TMP_DEST[1 27:0], SRC[31:0]) 
IF VL >= 256 
Packed_Zero_Extend_BYTE_to_DWORD(TMP_DEST[255:128], SRC[63:32]) 


Fl; 

IF VL >=512 
Packed_Zero_Extend_BYTE_to_DWORD(TMP_DEST[383:256], SRC[95:64]) 
Packed_Zero_Extend_BYTE_to_DWORD(TMP_DEST[51 1:384], SRC[127:96]) 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
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IF k1[j] OR *no writemask* 
THEN DEST{i+31:i] = TEMP_DEST[i+31:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPMOVZXBQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
Packed_Zero_Extend_BYTE_to_QWORD(TMP_DEST[1 27:0], SRC[15:0]) 
IF VL >= 256 
Packed_Zero_Extend_BYTE_to_QWORD(TMP_DEST[255:1 28], SRC[31:16]) 


Fl; 

IF VL>=512 
Packed_Zero_Extend_BYTE_to_QWORD(TMP_DEST[383:256], SRC[47:32]) 
Packed_Zero_Extend_BYTE_to_QWORD(TMP_DEST[51 1:384], SRC[63:48}) 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TEMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPMOVZXWD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
Packed_Zero_Extend_WORD_to_DWORD(TMP_DEST[1 27:0], SRC[63:0]) 
IF VL >= 256 
Packed_Zero_Extend_WORD_to_DWORD(TMP_DEST[255:1 28], SRC[127:64]) 


Fl; 

IFVL>=512 
Packed_Zero_Extend_WORD_to_DWORD(TMP_DEST[383:256], SRC[191:128]) 
Packed_Zero_Extend_WORD_to_DWORD(TMP_DEST[51 1:384], SRC[256:192]) 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TEMP_DEST[i+31:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
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DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPMOVZXWQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
Packed_Zero_Extend_WORD_to_QWORD(TMP_DEST[1 27:0], SRC[31:0]) 
IF VL >= 256 
Packed_Zero_Extend_WORD_to_QWORD(TMP_DEST[255:128], SRC[63:32]) 


Fl; 

IF VL >=512 
Packed_Zero_Extend_WORD_to_QWORD(TMP_DEST[383:256], SRC[95:64]) 
Packed_Zero_Extend_WORD_to_QWORD(TMP_DEST[51 1:384], SRC[127:96]) 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TEMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPMOVZXDQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
Packed_Zero_Extend_DWORD_to_QWORD(TEMP_DEST[1 27:0], SRC[63:0]) 
IF VL >= 256 
Packed_Zero_Extend_DWORD_to_QWORD(TEMP_DEST[255:1 28], SRC[127:64]) 


Fl; 

IF VL >=512 
Packed_Zero_Extend_DWORD_to_QWORD(TEMP_DEST[383:256], SRC[191:128]) 
Packed_Zero_Extend_DWORD_to_QWORD(TEMP_DEST[51 1:384], SRC[255:192]) 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TEMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


4-368 Vol. 2B 


PMOVZX—Packed Move with Zero Extend 


VPMOVZXBW (VEX.256 encoded version) 
Packed_Zero_Extend_BYTE_to_WORD(DEST[127:0], SRC[63:0]) 
Packed_Zero_Extend_BYTE_to_WORD(DEST[255:1 28], SRC[127:64]) 
DEST[MAXVL-1:256] := 0 


VPMOVZXBD (VEX.256 encoded version) 
Packed_Zero_Extend_BYTE_to_DWORD(DEST[1 27:0], SRC[31:0]) 
Packed_Zero_Extend_BYTE_to_DWORD(DEST[255:1 28], SRC[63:32]) 
DEST[MAXVL-1:256] := 0 


VPMOVZXBQ (VEX.256 encoded version) 
Packed_Zero_Extend_BYTE_to_QWORD(DEST[1 27:0], SRC[15:0]) 
Packed_Zero_Extend_BYTE_to_QWORD(DEST[255:1 28], SRC[31:16]) 
DEST[MAXVL-1:256] := 0 


VPMOVZXWD (VEX.256 encoded version) 
Packed_Zero_Extend_WORD_to_DWORD(DEST[1 27:0], SRC[63:0]) 
Packed_Zero_Extend_WORD_to_DWORD(DEST[255:1 28], SRC[127:64]) 
DEST[MAXVL-1:256] := 0 


VPMOVZXWQ (VEX.256 encoded version) 
Packed_Zero_Extend_WORD_to_QWORD(DEST[1 27:0], SRC[31:0]) 
Packed_Zero_Extend_WORD_to_QWORD(DEST[255:128], SRC[63:32]) 
DEST[MAXVL-1:256] := 0 


VPMOVZXDQ (VEX.256 encoded version) 
Packed_Zero_Extend_DWORD_to_QWORD(DEST[1 27:0], SRC[63:0]) 
Packed_Zero_Extend_DWORD_to_QWORD(DEST[255:1 28], SRC[127:64]) 
DEST[MAXVL-1:256] := 0 


VPMOVZXBW (VEX.128 encoded version) 
Packed_Zero_Extend_BYTE_to_WORD() 
DEST[MAXVL-1:128] := 0 


VPMOVZXBD (VEX.128 encoded version) 
Packed_Zero_Extend_BYTE_to_DWORD() 
DEST[MAXVL-1:128] := 0 


VPMOVZXBQ (VEX.128 encoded version) 
Packed_Zero_Extend_BYTE_to_QWORD() 
DEST[MAXVL-1:128] := 0 


VPMOVZXWD (VEX.128 encoded version) 
Packed_Zero_Extend_WORD_to_DWORD() 
DEST[MAXVL-1:128] := 0 


VPMOVZXWQ (VEX.128 encoded version) 
Packed_Zero_Extend_WORD_to_QWORD() 
DEST[MAXVL-1:128] := 0 


VPMOVZXDQ (VEX.128 encoded version) 
Packed_Zero_Extend_DWORD_to_QWORD() 
DEST[MAXVL-1:1 28] := 0 
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PMOVZXBW 


Packed_Zero_Extend_BYTE_to_WORD() 


DEST[MAXVL-1:128] (Unmodified) 


PMOVZXBD 


Packed_Zero_Extend_BYTE_to_DWORD() 
DEST[MAXVL-1:128] (Unmodified) 


PMOVZXBQ 


Packed_Zero_Extend_BYTE_to_QWORD() 


DEST[MAXVL-1:128] (Unmodified) 


PMOVZXWD 


Packed_Zero_Extend_WORD_to_DWORD() 


DEST[MAXVL-1:128] (Unmodified) 


PMOVZXWQ 


Packed_Zero_Extend_WORD_to_QWORD() 


DEST[MAXVL-1:128] (Unmodified) 


PMOVZXDQ 


Packed_Zero_Extend_DWORD_to_QWORD() 


DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VPMOVZXBW __m512i_mm512_cvtepu8_epi16(__m256i a); 

VPMOVZXBW __m512i_mm512_mask_cvtepu8_epi16(__m512i a,__ mmask32 k, __m256i b); 
VPMOVZXBW __m512i_mm512_maskz_cvtepu8_epi16(__mmask32 k, __m256i b); 
VPMOVZXBD __m512i_mm512_cvtepu8_epi32(__m128i a); 

VPMOVZXBD __m512i_mm512_mask_cvtepu8_epi32(__m512i a,__ mmask16 k,___m128i b); 
VPMOVZXBD __m512i__mm512_maskz_cvtepu8_epi32(__mmask16 k, __m128i b); 
VPMOVZXBQ __m512i__mm512_cvtepu8_epi64(__m128i a); 

VPMOVZXBQ __m512i __mm512_mask_cvtepu8_epi64(__m512i a,___mmask8 k, __m128i b); 
VPMOVZXBQ __m512i __mm512_maskz_cvtepu8_epi64(__mmask8 k, __m128i a); 
VPMOVZXDQ ___m512i_mm512_cvtepu32_epi64(__m256i a); 

VPMOVZXDQ __m512i_mm512_mask_cvtepu32_epi64(__m512i a,__mmask8 k, __m256i b); 
VPMOVZXDQ __m512i__mm512_maskz_cvtepu32_epi64(__mmask8 k, __m256i a); 
VPMOVZXWD __m512i_mm512_cvtepu16_epi32(__m128i a); 

VPMOVZXWD __m512i_mm512_mask_cvtepu16_epi32(__m512i a,__ mmask16 k,___m128i b); 
VPMOVZXWD __m512i_mm512_maskz_cvtepu16_epi32(__mmask16 k, __m128i a); 
VPMOVZXWQ __m512i__mm512_cvtepu16_epi64(__m256i a); 

VPMOVZXWQ __m512i__mm512_mask_cvtepu16_epi64(__m512i a, ___mmask8 k, __m256i b); 
VPMOVZXWQ __m512i__mm512_maskz_cvtepu16_epi64(__mmask8 k, __m256i a); 
VPMOVZXBW __m256i __mm256_cvtepu8_epi16(__m256i a); 

VPMOVZXBW __m256i _mm256_mask_cvtepu8_epi16(__m256i a,__ mmask16 k, __m128i b); 
VPMOVZXBW __m256i __mm256_maskz_cvtepu8_epi16(__mmask16 k, __m128i b); 
VPMOVZXBD __m256i__mm256_cvtepu8_epi32(__m128i a); 

VPMOVZXBD __m256i __mm256_mask_cvtepu8_epi32(__m256i a,__ mmask8 k, __m128i b); 
VPMOVZXBD __m256i__mm256_maskz_cvtepu8_epi32(__mmask8 k, __m128i b); 
VPMOVZXBQ __m256i __mm256_cvtepu8_epi64(__m128i a); 

VPMOVZXBQ __m256i __mm256_mask_cvtepu8_epi64(__m256i a, ___mmask8 k, __m128i b); 
VPMOVZXBQ __m256i __mm256_maskz_cvtepu8_epi64(__mmask8 k, __m128i a); 
VPMOVZXDQ __m256i__mm256_cvtepu32_epi64(__m128i a); 

VPMOVZXDQ __m256i __mm256_mask_cvtepu32_epi64(__m256i a, ___mmask8 k, __m128i b); 
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VPMOVZXDQ __m256i__mm256_maskz_cvtepu32_epi64(__ mmask8 k, 
VPMOVZXWD __m256i__mm256_cvtepu16_epi32(__m128i a); 
VPMOVZXWD __m256i __mm256_mask_cvtepu16_epi32(__m256i a,__ mmask16 k, __m128i b); 
VPMOVZXWD __m256i __mm256_maskz_cvtepu16_epi32(__mmask16 k,__m128i a); 
VPMOVZXWQ __m256i __mm256_cvtepu16_epi64(__m128i a); 

VPMOVZXWQ __m256i __mm256_mask_cvtepu16_epi64(__m256i a, ___mmask8 k, __m128i b); 
VPMOVZXWQ __m256i __mm256_maskz_cvtepu16_epi64(__mmask8 k, __m128i a); 
VPMOVZXBW __m128i _mm_mask_cvtepu8_epi16(__m128i a,__ mmask8 k, __m128i b); 
VPMOVZXBW __m128i _mm_maskz_cvtepu8_epi16(__mmask8 k, __m128i b); 

VPMOVZXBD __m128i __mm_mask_cvtepu8_epi32(__m128i a,__ mmask8 k, __m128i b); 
VPMOVZXBD __m128i __mm_maskz_cvtepu8_epi32(__mmask8 k, __m128i b); 

VPMOVZXBQ __m128i _mm_mask_cvtepu8_epi64(__m128i a, __ mmask8 k, __m128i b); 
VPMOVZXBQ __m128i _mm_maskz_cvtepu8_epi64(__mmask8 k, __m128i a); 

VPMOVZXDQ __m128i _mm_mask_cvtepu32_epi64(__m128i a, __ mmask8 k, __m128i b); 
VPMOVZXDQ __m128i _mm_maskz_cvtepu32_epi64(__mmask8 k, __m128i a); 
VPMOVZXWD __m128i __mm_mask_cvtepu16_epi32(__m128i a,__ mmask16 k,___m128i b); 
VPMOVZXWD __m128i__mm_maskz_cvtepu16_epi32(__mmask8 k, __m128i a); 
VPMOVZXWQ __m128i __mm_mask_cvtepu16_epi64(__m128i a, __mmask8 k, __m128i b); 
VPMOVZXWQ __m128i __mm_maskz_cvtepu16_epi64(__mmask8 k, __m128i a); 

PMOVZXBW __m128i__mm_cvtepu8_epi16 (__m128i a); 

PMOVZXBD __m128i__mm_cvtepu8_epi32 (__m128i a); 

PMOVZXBQ __m128i__mm_ cvtepu8_epi64 (__m128i a); 

PMOVZXWD __m128i_mm_cvtepu16_epi32 (__m128i a); 

PMOVZXWQ __m128i __mm_cvtepu16_epi64 (__m128i a); 

PMOVZXDQ __m128i__mm_cvtepu32_epi64 (__m128i a); 


m128i a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-22, “Type 5 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-51, “Type E5 Class Exception Conditions”. 
Additionally: 

#UD If VEX.vvvv != 1111B, or EVEX.vvvv != 1111B. 
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Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
66 OF 38 28 /r A VIV SSE4_1 Multiply packed signed doubleword integers in xmm1 by 
PMULDQ xmm1, xmm2/m128 packed signed doubleword integers in xmm2/m1 28, and 
store the quadword results in xmm1. 
VEX.128.66.0F38.WIG 28 /r B VIV AVX Multiply packed signed doubleword integers in xmm2 by 
VPMULDQ xmm1, xmm2, packed signed doubleword integers in xmm3/m1 28, and 
xmm3/m128 store the quadword results in xmm1. 
VEX.256.66.0F38.WIG 28 /r B VIV AVX2 Multiply packed signed doubleword integers in ymm2 by 
VPMULDQ ymm1, ymm2, packed signed doubleword integers in ymm3/m256, and 
ymm3/m256 store the quadword results in ymm1. 
EVEX.128.66.0F38.W1 28 /r C VIV AVX512VL | Multiply packed signed doubleword integers in xmm2 by 
VPMULDQ xmm1 {k1}{z}, xmm2, AVX512F packed signed doubleword integers in 
xmm3/m1 28/m64bcst xmm3/m128/m64bcst, and store the quadword results in 
xmm_1 using writemask k1. 
EVEX.256.66.0F38.W1 28 /r C VIV AVX512VL | Multiply packed signed doubleword integers in ymm2 by 
VPMULDQ ymm1 {k1}{z}, ymm2, AVX512F packed signed doubleword integers in 
ymm3/m256/m64bcst ymm3/m256/m64bcst, and store the quadword results in 
ymm1 using writemask k1. 
EVEX.512.66.0F38.W1 28 /r C VIV AVX512F Multiply packed signed doubleword integers in zmm2 by 
VPMULDQ zmm1 {k1}{z}, zmm2, packed signed doubleword integers in 
zmm3/m512/m64bcst zmm3/m512/m64bcst, and store the quadword results in 
zmm1 using writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Cc Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Multiplies packed signed doubleword integers in the even-numbered (zero-based reference) elements of the first 
source operand with the packed signed doubleword integers in the corresponding elements of the second source 
operand and stores packed signed quadword results in the destination operand. 


128-bit Legacy SSE version: The input signed doubleword integers are taken from the even-numbered elements of 
the source operands, i.e. the first (low) and third doubleword element. For 128-bit memory operands, 128 bits are 
fetched from memory, but only the first and third doublewords are used in the computation. The first source 
operand and the destination XMM operand is the same. The second source operand can be an XMM register or 128- 
bit memory location. Bits (MAXVL-1:128) of the corresponding destination register remain unchanged. 


VEX.128 encoded version: The input signed doubleword integers are taken from the even-numbered elements of 
the source operands, i.e., the first (low) and third doubleword element. For 128-bit memory operands, 128 bits are 
fetched from memory, but only the first and third doublewords are used in the computation.The first source 
operand and the destination operand are XMM registers. The second source operand can be an XMM register or 
128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination register are zeroed. 


VEX.256 encoded version: The input signed doubleword integers are taken from the even-numbered elements of 

the source operands, i.e. the first, 3rd, Sth, 7th doubleword element. For 256-bit memory operands, 256 bits are 

fetched from memory, but only the four even-numbered doublewords are used in the computation. The first source 
operand and the destination operand are YMM registers. The second source operand can be a YMM register or 256- 
bit memory location. Bits (MAXVL-1:256) of the corresponding destination ZMM register are zeroed. 
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EVEX encoded version: The input signed doubleword integers are taken from the even-numbered elements of the 
source operands. The first source operand is a ZMM/YMM/XMM registers. The second source operand can be an 
ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 64- 
bit memory location. The destination is a ZMM/YMM/XMM register, and updated according to the writemask at 64- 
bit granularity. 


Operation 


VPMULDQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN DEST[i+63:i] := SignExtend64( SRC1[i+31:i]) * SignExtend64( SRC2[31:0]) 
ELSE DEST[i+63:i] := SignExtend64( SRC1[i+31:i]) * SignExtend64( SRC2[i+31:i]) 


Fl; 
ELSE 

IF *merging-masking* ;merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPMULDQ (VEX.256 encoded version) 

DEST[63:0] := SignExtend64( SRC1[31:0]) * SignExtend64( SRC2[31:0]) 
DEST[127:64] := SignExtend64( SRC1[95:64]) * SignExtend64( SRC2[95:64]) 
DEST[191:128] := SignExtend64( SRC1[159:128]) * SignExtend64( SRC2[159:128}) 
DEST[255:192] := SignExtend64( SRC1[223:192]) * SignExtend64( SRC2[223:192]) 
DEST[MAXVL-1:256] := 0 


VPMULDQ (VEX.128 encoded version) 

DEST[63:0] := SignExtend64( SRC1[31:0]) * SignExtend64( SRC2[31:0]) 
DEST[127:64] := SignExtend64( SRC1[95:64]) * SignExtend64( SRC2[95:64]) 
DEST[MAXVL-1:128] := 0 


PMULDQ (128-bit Legacy SSE version) 

DEST[63:0] := SignExtend64( DEST[31:0]) * SignExtend64( SRC[31:0]) 
DEST[127:64] := SignExtend64( DEST[95:64]) * SignExtend64( SRC[95:64]) 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VPMULDQ __m512i__mm512_mul_epi32(__m512i a, __m512i b); 


VPMULDQ __m512i__mm512_mask_mul_epi32(__m512i s, __mmask8 k,___m512i a, __m512i b); 
VPMULDQ __m512i__mm512_maskz_mul_epi32(__mmask8 k,___m512i a, ___m512i b); 
VPMULDQ __m256i _mm256_mask_mul_epi32(__m256i s,___mmask8 k, __m256i a, __m256i b); 


VPMULDQ __m256i _mm256_mask_mul_epi32(__mmask8 k, __m256i a, __m256i b); 
VPMULDQ __m128i _mm_mask_mul_epi32(__m128i s,___mmask8 k,___m128i a, __m128i b); 
VPMULDQ __m128i _mm_mask_mul_epi32(__mmask8 k, __m128i a, ___m128i b); 
(V)PMULDQ __m128i __mm_mul_epi32(__m128i a, __m128i b); 

VPMULDQ __m256i _mm256_mul_epi32(__m256i a, __m256i b); 
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SIMD Floating-Point Exceptions 
None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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PMULHRSW — Packed Multiply High with Round and Scale 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

NP OF 38 OB /r’ A VIV SSSE3 Multiply 16-bit signed words, scale and round 

PMULHRSW mm1, mm2/m64 signed doublewords, pack high 16 bits to 
mm1,. 

66 OF 38 OB /r A VIV SSSE3 Multiply 16-bit signed words, scale and round 

PMULHRSW xmm1, xmm2/m128 signed doublewords, pack high 16 bits to 
xmm1. 

VEX.128.66.0F38.WIG OB /r B VIV AVX Multiply 16-bit signed words, scale and round 

VPMULHRSW xmm1, xmm2, xmm3/m128 signed doublewords, pack high 16 bits to 
xmm1. 

VEX.256.66.0F38.WIG OB /r B VIV AVX2 Multiply 16-bit signed words, scale and round 

VPMULHRSW ymm1, ymm2, ymm3/m256 signed doublewords, pack high 16 bits to 
ymm1. 

EVEX.128.66.0F38.WIG OB /r C VIV AVX512VL | Multiply 16-bit signed words, scale and round 

VPMULHRSW xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | signed doublewords, pack high 16 bits to 
xmm1 under writemask k1. 

EVEX.256.66.0F38.WIG OB /r C VIV AVX512VL_ | Multiply 16-bit signed words, scale and round 

VPMULHRSW ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | signed doublewords, pack high 16 bits to 
ymm1 under writemask k1. 

EVEX.512.66.0F38.WIG OB /r C VIV AVX512BW | Multiply 16-bit signed words, scale and round 

VPMULHRSW zmm1 {k1}{z}, zmm2, zmm3/m512 signed doublewords, pack high 16 bits to 
zmm1 under writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


PMULHRSW multiplies vertically each signed 16-bit integer from the destination operand (first operand) with the 
corresponding signed 16-bit integer of the source operand (second operand), producing intermediate, signed 32- 
bit integers. Each intermediate 32-bit integer is truncated to the 18 most significant bits. Rounding is always 
performed by adding 1 to the least significant bit of the 18-bit intermediate result. The final result is obtained by 
selecting the 16 bits immediately to the right of the most significant bit of each 18-bit intermediate result and 
packed to the destination operand. 


When the source operand is a 128-bit memory operand, the operand must be aligned on a 16-byte boundary ora 
general-protection exception (#GP) will be generated. 


In 64-bit mode and not encoded with VEX/EVEX, use the REX prefix to access XMM8-XMM15 registers. 


Legacy SSE version 64-bit operand: Both operands can be MMX registers. The second source operand is an MMX 
register or a 64-bit memory location. 
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128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding YMM destina- 
tion register remain unchanged. 

VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the destination YMM register are 
zeroed. 


VEX.256 encoded version: The second source operand can be an YMM register or a 256-bit memory location. The 
first source and destination operands are YMM registers. 

EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location. The destination operand is a ZMM/YMM/XMM 
register conditionally updated with writemask k1. 


Operation 


PMULHRSW (with 64-bit operands) 
temp0[31:0] = INT32 ((DEST[15:0] * SRC[15:0]) >>14) + 1; 
temp1[31:0] = INT32 ((DEST[31:16] * SRC[31:16]) >>14) + 1; 
temp2[31:0] = INT32 ((DEST[47:32] * SRC[47:32]) >> 14) + 1; 
temp3[31:0] = INT32 ((DEST[63:48] * SRc[63:48]) >> 14) + 1; 
DEST[15:0] = tempO[16:1]; 
DEST[31:16] = temp1[16:1]; 
DEST[47:32] = temp2[16:1]; 
DEST[63:48] = temp3[16:1]; 


PMULHRSW (with 128-bit operand) 
temp0[31:0] = INT32 ((DEST[15:0] * SRC[15:0]) >>14) + 1; 
temp1[31:0] = INT32 ((DEST[31:16] * SRC[31:16]) >>14) + 1 
temp2[31:0] = INT32 ((DEST[47:32] * SRC[47:32]) >>14) + 1 
temp3[31:0] = INT32 ((DEST[63:48] * SRC[63:48]) >>14) + 1; 
temp4[31:0] = INT32 ((DEST[79:64] * SRC[79:64]) >>14) + 1 
temp5[31:0] = INT32 ((DEST[95:80] * SRC[95:80]) >>14) + 1; 
temp6[31:0] = INT32 ((DEST[1 11:96] * SRC[111:96]) >>14) + 1; 
temp7[31:0] = INT32 ((DEST[127:112] * SRC[127:112) >>14) + 1; 
DEST[15:0] = tempO[16:1]; 
DEST[31:16] = temp1[16:1]; 
DEST[47:32] = temp2[16:1]; 
DEST[63:48] = temp3[16:1]; 
DEST[79:64] = temp4[1 6:1]; 
DEST[95:80] = temp5[16:1]; 
DEST[1 11:96] = temp6[16:1]; 
DEST[127:112] = temp7[16:1]; 


VPMULHRSW (VEX.128 encoded version) 
tempO[31:0] := INT32 ((SRC1[15:0] * SRC2[15:0]) >>14) + 1 


temp5[31:0] := INT32 ((SRC1[95:80] * SRC2[95:80]) >>14) + 1 
temp6[31:0] := INT32 ((SRC1[1 11:96] * SRC2[111:96]) >>14) + 1 
temp7[31:0] := INT32 ((SRC1[127:112] * SRC2[127:112) >>14) + 1 
DEST[15:0] := tempO[16:1] 

DEST[31:16] := temp1[16:1] 

DEST[47:32] := temp2[16:1] 


temp1[31:0] := INT32 ((SRC1[31:16] * SRC2[31:16]) >>14) +1 
temp2[31:0] := INT32 ((SRC1[47:32] * SRC2[47:32]) >>14) +1 
temp3[31:0] := INT32 ((SRC1[63:48] * SRC2[63:48]) >>14) + 1 
temp4[31:0] := INT32 ((SRC1[79:64] * SRC2[79:64]) >>14) + 1 
( 
( 
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DEST[63:48] := temp3[16:1] 
DEST[79:64] := temp4[16:1] 
DEST[95:80] := temp5[16:1] 
DEST[111:96] := temp6[16:1] 
DEST[127:112] := temp7[16:1] 
DEST[MAXVL-1:128] := 0 


VPMULHRSW (VEX.256 encoded version) 
temp0[31:0] := INT32 ((SRC1[15:0] * SRC2[15:0]) >>14) + 1 
temp1[31:0] := INT32 ((SRC1[31:16] * SRC2[31:16]) >>14 
temp2[31:0] := INT32 ((SRC1[47:32] * SRC2[47:32]) >>14 
temp3[31:0] := INT32 ((SRC1[63:48] * SRC2[63:48]) >>14 
temp4[31:0] := INT32 ((SRC1[79:64] * SRC2[79:64]) >>14) +1 
temp5[31:0] := INT32 ((SRC1[95:80] * SRC2[95:80]) >>14) + 1 

( 

( 

( 

( 


+] 
+4 
+] 


Sea SPS aS 


temp6[31:0] := INT32 ((SRC1[111:96] * SRC2[111:96]) >>14) +1 
temp7[31:0] := INT32 ((SRC1[127:112] * SRC2[127:112) >>14) +1 
temp8[31:0] := INT32 ((SRC1[143:128] * SRC2[143:128]) >>14) + 1 
temp9[31:0] := INT32 ((SRC1[159:144] * SRC2[159:144]) >>14) +1 
temp10[31:0] := INT32 ((SRC1[75:160] * SRC2[175:160]) >>14) +1 
temp11[31:0] := INT32 ((SRC1[191:176] * SRC2[191:176]) >>14) +1 
temp12[31:0] := INT32 ((SRC1[207:192] * SRC2[207:192]) >>14) +1 
temp13[31:0] := INT32 ((SRC1[223:208] * SRC2[223:208]) >>14) +1 
(( ) )+1 
(( 


EEE ae 


temp14[31:0] := INT32 ((SRC1[239:224] * SRC2[239:224]) >>14 
temp15[31:0] := INT32 ((SRC1[255:240] * SRC2[255:240) >>14) +1 


DEST[15:0] := tempO[16:1] 
DEST[31:16] := temp1[16:1] 
DEST[47:32] := temp2[16:1] 
DEST[63:48] := temp3[16:1] 
DEST[79:64] := temp4[16:1] 
DEST[95:80] := temp5[16:1] 
DEST[1 11:96] := temp6[16:1] 
DEST[127:112] := temp7[16:1] 
DEST[143:128] := temp8[16:1] 
DEST[159:144] := temp9[16:1] 
DEST[175:160] := temp10[16:1] 
DEST[191:1 76] := temp11[16:1] 
DEST[207:192] := temp12[16:1] 
DEST[223:208] := temp13[16:1] 
DEST[239:224] := temp14[16:1] 
DEST[255:240] := temp15[16:1] 
DEST[MAXVL-1:256] := 0 


VPMULHRSW (EVEX encoded version) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN 
temp[31:0] := ((SRC1[i+15:i] * SRC2[i+15:i]) >>14) + 1 
DEST[i+1 5:i] = tmp[16:1] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
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ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 
VPMULHRSW __m512i_mm512_mulhrs_epi16(__m512i a,__m512ib); 

VPMULHRSW __m512i_mm512_mask_mulhrs_epi16(__m512i s,__ mmask32 k,___m512i a,__m512ib); 
VPMULHRSW __m512i_mm512_maskz_mulhrs_epi16(__mmask32 k,___m512i a,__m512i b); 
VPMULHRSW __m256i__mm256_mask_mulhrs_epi16(__m256i s,__ mmask16 k,__ m256i a,___m256i b); 
VPMULHRSW __m256i __mm256_maskz_mulhrs_epi16(__mmask16 k, __m256i a,__m256i b); 
VPMULHRSW __m128i__mm_mask_mulhrs_epi16(__m128i s,___ mmask8 k, __m128i a, ___m128i b); 
VPMULHRSW __m128i__mm_maskz_mulhrs_epi16(__mmask8 k,___m128i a, ___m128i b); 

PMULHRSW: __m64 _mm_mulhrs_pi16 (__m64 a,__m64 b) 

(V)PMULHRSW: __m128i__mm_mulhrs_epi16 (__m128i a, 
VPMULHRSW:__m256i __mm256_mulhrs_epi16 (__m256i a, 


m128i b) 
m256i b) 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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PMULHUW—Multiply Packed Unsigned Integers and Store High Result 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

NP OF €4 /r' A VIV SSE Multiply the packed unsigned word integers in 

PMULHUW mm1, mm2/m64 mm1 register and mm2/m64, and store the 
high 16 bits of the results in mm7. 

66 OF E4/r A VIV SSE2 Multiply the packed unsigned word integers in 

PMULHUW xmm1, xmm2/m128 xmm1 and xmm2/m128, and store the high 
16 bits of the results in xmm7. 

VEX.128.66.0F.WIG E4 /r B VV AVX Multiply the packed unsigned word integers in 

VPMULHUW xmm1, xmm2, xmm3/m128 xmm2 and xmm3/m128, and store the high 
16 bits of the results in xmm7. 

VEX.256.66.0F.WIG E4 /r B VV AVX2 Multiply the packed unsigned word integers in 

VPMULHUW ymm1, ymm2, ymm3/m256 ymmeé and ymm3/m256, and store the high 
16 bits of the results in ymm7. 

EVEX.128.66.0F.WIG E4 /r C VV AVX512VL | Multiply the packed unsigned word integers in 

VPMULHUW xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm2 and xmm3/m1 28, and store the high 
16 bits of the results in xmm1 under 
writemask k1. 

EVEX.256.66.0F.WIG E4 /r C VIV AVX512VL | Multiply the packed unsigned word integers in 

VPMULHUW ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm2 and ymm3/m256, and store the high 
16 bits of the results in ymm1 under 
writemask k1. 

EVEX.512.66.0F.WIG E4 /r C VV AVX512BW | Multiply the packed unsigned word integers in 

VPMULHUW zmm1 {k1}{z}, zmm2, zmm3/m512 zmme2 and zmm3/m51 2, and store the high 16 
bits of the results in zmm1 under writemask 
k1, 

NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD unsigned multiply of the packed unsigned word integers in the destination operand (first operand) 
and the source operand (second operand), and stores the high 16 bits of each 32-bit intermediate results in the 
destination operand. (Figure 4-12 shows this operation when using 64-bit operands.) 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE version 64-bit operand: The source operand can be an MMX technology register or a 64-bit memory 
location. The destination operand is an MMX technology register. 


128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding YMM destina- 
tion register remain unchanged. 
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VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the destination YMM register are 
zeroed. VEX.L must be 0, otherwise the instruction will #UD. 


VEX.256 encoded version: The second source operand can be an YMM register or a 256-bit memory location. The 
first source and destination operands are YMM registers. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location. The destination operand is a ZMM/YMM/XMM 
register conditionally updated with writemask k1. 


SRC x3 x2 x1 x0 
DEST Y3 Y2 Y1 YO 

TEMP | Z3=X3* Y3 Z2 =X2«Y2 Z1=X1#Y1 Z0 = XO * YO 
DEST 23[31:16] | Z2[31:16] | 21[31:16]] Z0[31:16] 


Figure 4-12. PMULHUW and PMULHW Instruction Operation Using 64-bit Operands 


Operation 


PMULHUW (with 64-bit operands) 
TEMPO[31:0] := DEST[15:0] * SRC[15:0]; (* Unsigned multiplication *) 
TEMP1[31:0] := DEST[31:16] * SRC[31:16]; 
TEMP2[31:0] := DEST[47:32] * SRC[47:32]; 
TEMP3[31:0] := DEST[63:48] * SRC[63:48]; 
DEST[15:0] := TEMPO[31:16]; 
DEST[31:16] := TEMP1[31:16]; 
DEST[47:32] := TEMP2[31:16]; 
DEST[63:48] := TEMP3[31:16]; 


PMULHUW (with 128-bit operands) 
TEMPO[31:0] := DEST[15:0] * SRC[15:0]; (* Unsigned multiplication *) 
TEMP1[31:0] := DEST[31:16] * SRC[31:16]; 
TEMP2[31:0] := DEST[47:32] * SRC[47:32]; 
TEMP3[31:0] := DEST[63:48] * SRC[63:48]; 
TEMP4[31:0] := DEST[79:64] * SRC[79:64]; 
TEMP5[31:0] := DEST[95:80] * SRC[95:80]; 
TEMP6[31:0] := DEST[11 1:96] * SRC[1 11:96]; 
TEMP7[31:0] := DEST[127:112] * SRC[127:112]; 
DEST[15:0] := TEMPO[31:16]; 
DEST[31:16] := TEMP1[31:16]; 
DEST[47:32] := TEMP2[31:16]; 
DEST[63:48] := TEMP3[31:16]; 
DEST[79:64] := TEMP4[31:16]; 
DEST[95:80] := TEMP5[31:16]; 
DEST[1 11:96] := TEMP6[31:16]; 
DEST[127:112] := TEMP7[31:16]; 
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VPMULHUW (VEX.128 encoded version) 
TEMPO[31:0] := SRC1[15:0] * SRC2[15:0) 
TEMP 1[31:0] := SRC1[31:16] * SRC2[31:16] 
TEMP2[31:0] := SRC1[47:32] * SRC2[47:32] 
TEMP3[31:0] := SRC1[63:48] * SRC2[63:48] 
TEMP4[3 1:0] := SRC1[79:64] * SRC2[79:64] 
TEMP5[3 1:0] := SRC1[95:80] * SRC2[95:80] 
TEMP6[31:0] := SRC1[111:96] * SRC2[1 11:96] 
TEMP7[31:0] := SRC1[127:112] * SRC2[127:112] 
DEST[15:0] := TEMPO[31:16] 

DEST[31:16] := TEMP1[31:16] 

DEST[47:32] := TEMP2[31:16] 

DEST[63:48] := TEMP3[31:16] 

DEST[79:64] := TEMP4[31:16] 

DEST[95:80] := TEMP5[31:16] 

DEST[11 1:96] := TEMP6[31:16] 
DEST[127:112] := TEMP7[31:16] 
DEST[MAXVL-1:128] := 0 


PMULHUW (VEX.256 encoded version) 
TEMPO[31:0] := SRC1[15:0] * SRC2[15:0] 

TEMP 1[31:0] := SRC1[31:16] * SRC2[31:16] 
TEMP2[31:0] := SRC1[47:32] * SRC2[47:32] 
TEMP3[3 1:0] := SRC1[63:48] * SRC2[63:48] 
TEMP4[3 1:0] := SRC1[79:64] * SRC2[79:64] 
TEMP5[3 1:0] := SRC1[95:80] * SRC2[95:80] 
TEMP6[31:0] := SRC1[111:96] * SRC2[1 11:96] 
TEMP7[31:0] := SRC1[127:112] * SRC2[127:112] 
TEMP8[31:0] := SRC1[143:128] * SRC2[143:128] 
TEMP9[3 1:0] := SRC1[159:144] * SRC2[159:144] 
TEMP 10[31:0] := SRC1[175:160] * SRC2[175:160] 
TEMP1 1[31:0] := SRC1[191:176] * SRC2[191:176] 
TEMP 1 2[31:0] := SRC1[207:192] * SRC2[207:192] 
TEMP 1 3[31:0] := SRC1[223:208] * SRC2[223:208] 
TEMP 14[31:0] := SRC1[239:224] * SRC2[239:224] 
TEMP 15[31:0] := SRC1[255:240] * SRC2[255:240] 
DEST[15:0] := TEMPO[31:16] 

DEST[31:16] := TEMP1[31:16] 

DEST[47:32] := TEMP2[31:16] 

DEST[63:48] := TEMP3[31:16] 

DEST[79:64] := TEMP4[31:16] 

DEST[95:80] := TEMP5[31:16] 

DEST[11 1:96] := TEMP6[31:16] 

DEST[127:112] := TEMP7[31:16] 

DEST[143:128] := TEMP8[31:16] 

DEST[159:144] := TEMP9[31:16] 

DEST[175:160] := TEMP10[31:16] 

DEST[191:1 76] := TEMP11[31:16] 

DEST[207:192] := TEMP12[31:16] 

DEST[223:208] := TEMP13[31:16] 

DEST[239:224] := TEMP14[31:16] 

DEST[255:240] := TEMP15[31:16] 
DEST[MAXVL-1:256] := 0 
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PMULHUW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j :=0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN 
temp[31:0] := SRC1[i+15:i] * SRC2[i+15:i] 
DEST[i+1 5:i] = tmp[31:16] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+1 5:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPMULHUW __m512i_mm512_mulhi_epu16(__m512i a,__m512i b); 


VPMULHUW __m512i_mm512_mask_mulhi_epu16(__m512is,__ mmask32 k,__m512i a,__m512ib); 
VPMULHUW __m512i_mm512_maskz_mulhi_epu16(__mmask32 k,__m512ia,__m512i b); 
VPMULHUW __m256i_mm256_mask_mulhi_epu16(__m256i s,__ mmask16 k,__ m256i a, __m256i b); 


VPMULHUW __m256i __mm256_maskz_mulhi_epu16(__mmask16 k,___ m256i a, ___ m256i b); 
VPMULHUW __m128i__mm_mask_mulhi_epu16(__m128is,__ mmask8 k,__m128i a,__m128i b); 
VPMULHUW __m128i__mm_maskz_mulhi_epu16(__mmask8 k, __m128i a,__m128i b); 
PMULHUW:__m64 _mm_mulhi_pu16(__m64 a, ___m64 b) 

(V)PMULHUW:__m128i __mm_mulhi_epu16 (__m128i a, ___m128i b) 
VPMULHUW:__m256i__mm256_mulhi_epu16 (__m256i a, __m256i b) 


Flags Affected 
None. 


Numeric Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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PMULHW—Multiply Packed Signed Integers and Store High Result 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

NP OF €5 /r' A VIV MMX Multiply the packed signed word integers in mm17 

PMULHW mm, mm/m64 register and mm2/m64, and store the high 16 
bits of the results in mm7. 

66 OF E5 /r A VIV SSE2 Multiply the packed signed word integers in 

PMULHW xmm1, xmm2/m128 xmm1 and xmm2/m128, and store the high 16 
bits of the results in xmm17. 

VEX.128.66.0F.WIG E5 /r B VIV AVX Multiply the packed signed word integers in 

VPMULHW xmm1, xmm2, xmm3/m128 xmm2 and xmm3/m128, and store the high 16 
bits of the results in xmm1. 

VEX.256.66.0F.WIG E5 /r B VIV AVX2 Multiply the packed signed word integers in 

VPMULHW ymm1, ymm2, ymm3/m256 ymme and ymm3/m256, and store the high 16 
bits of the results in ymm7. 

EVEX.128.66.0F.WIG E5 /r C VIV AVX512VL_ | Multiply the packed signed word integers in 

VPMULHW xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm2 and xmm3/m128, and store the high 16 
bits of the results in xmm1 under writemask k1. 

EVEX.256.66.0F.WIG E5 /r C VIV AVX512VL_ | Multiply the packed signed word integers in 

VPMULHW ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm2 and ymm3/m256, and store the high 16 
bits of the results in ymm1 under writemask k1. 

EVEX.512.66.0F.WIG E5 /r C VIV AVX512BW | Multiply the packed signed word integers in 

VPMULHW zmm1 {k1}{z}, zmm2, zmm3/m512 zmme2 and zmm3/m512, and store the high 16 
bits of the results in zmm1 under writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD signed multiply of the packed signed word integers in the destination operand (first operand) and 
the source operand (second operand), and stores the high 16 bits of each intermediate 32-bit result in the destina- 
tion operand. (Figure 4-12 shows this operation when using 64-bit operands.) 


n 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE version 64-bit operand: The source operand can be an MMX technology register or a 64-bit memory 
location. The destination operand is an MMX technology register. 


128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding YMM destina- 
tion register remain unchanged. 


VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the destination YMM register are 
zeroed. VEX.L must be 0, otherwise the instruction will #UD. 
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INSTRUCTION SET REFERENCE, M-U 


VEX.256 encoded version: The second source operand can be an YMM register or a 256-bit memory location. The 


first source and destination operands are YMM registers. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location. The destination operand is a ZMM/YMM/XMM 


register conditionally updated with writemask k1. 


Operation 


PMULHW (with 64-bit operands) 
TEMPO[31:0] := DEST[15:0] * SRC[15:0]; (* Signed multiplication *) 
TEMP 1[31:0] := DEST[31:16] * SRC[31:16]; 
TEMP2[31:0] := DEST[47:32] * SRC[47:32]; 
TEMP3[31:0] := DEST[63:48] * SRC[63:48]; 
DEST[15:0] := TEMPO[31:16]; 
DEST[31:16] := TEMP1[31:16]; 
DEST[47:32] := TEMP2[31:16]; 
DEST[63:48] := TEMP3[31:16]; 


PMULHW (with 128-bit operands) 
TEMPO[31:0] := DEST[15:0] * SRC[15:0]; (* Signed multiplication *) 
TEMP1[31:0] := DEST[31:16] * SRC[31:16]; 
TEMP2[31:0] := DEST[47:32] * SRC[47:32]; 
TEMP3[31:0] := DEST[63:48] * SRC[63:48]; 
TEMP4[31:0] := DEST[79:64] * SRC[79:64]; 
TEMP5[31:0] := DEST[95:80] * SRC[95:80]; 
TEMP6[31:0] := DEST[11 1:96] * SRC[1 11:96]; 
TEMP7[31:0] := DEST[127:112] * SRC[127:112]; 
DEST[15:0] := TEMPO[31:16]; 
DEST[31:16] := TEMP1[31:16]; 
DEST[47:32] := TEMP2[31:16]; 
DEST[63:48] := TEMP3[31:16]; 
DEST[79:64] := TEMP4[31:16]; 
DEST[95:80] := TEMP5[31:16]; 
DEST[111:96] := TEMP6[3 1:16]; 
DEST[127:112] := TEMP7[31:16]; 


VPMULHW (VEX.128 encoded version) 
TEMPO[31:0] := SRC1[15:0] * SRC2[15:0] (*Signed Multiplication*) 
TEMP 1[31:0] := SRC1[31:16] * SRC2[31:16] 
TEMP2[31:0] := SRC1[47:32] * SRC2[47:32] 
TEMP3[31:0] := SRC1[63:48] * SRC2[63:48] 
TEMP4[3 1:0] := SRC1[79:64] * SRC2[79:64] 
TEMP5[31:0] := SRC1[95:80] * SRC2[95:80] 
TEMP6[3 1:0] := SRC1[111:96] * SRC2[1 11:96] 
TEMP7[31:0] := SRC1[127:112] * SRC2[127:112] 
DEST[15:0] := TEMPO[31:16] 

DEST[31:16] := TEMP1[31:16] 

DEST[47:32] := TEMP2[31:16] 

DEST[63:48] := TEMP3[31:16] 

DEST[79:64] := TEMP4[31:16] 

DEST[95:80] := TEMP5[31:16] 

DEST[1 11:96] := TEMP6[31:16] 

DEST[127:112] := TEMP7[31:16] 
DEST[MAXVL-1:128] := 0 
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PMULHW (VEX.256 encoded version) 
TEMPO[31:0] := SRC1[15:0] * SRC2[15:0] (*Signed Multiplication*) 
TEMP 1[31:0] := SRC1[31:16] * SRC2[31:16] 
TEMP2[31:0] := SRC1[47:32] * SRC2[47:32] 
TEMP3[31:0] := SRC1[63:48] * SRC2[63:48] 
TEMP4[3 1:0] := SRC1[79:64] * SRC2[79:64] 
TEMP5[3 1:0] := SRC1[95:80] * SRC2[95:80] 
TEMP6[31:0] := SRC1[111:96] * SRC2[1 11:96] 
TEMP7[31:0] := SRC1[127:112] * SRC2[127:112] 
TEMP8[31:0] := SRC1[143:128] * SRC2[143:128] 
TEMP9[3 1:0] := SRC1[159:144] * SRC2[159:144] 
TEMP 10[31:0] := SRC1[175:160] * SRC2[175:160] 
TEMP 1 1[31:0] := SRC1[191:176] * SRC2[191:176] 
TEMP 1 2[31:0] := SRC1[207:192] * SRC2[207:192] 
TEMP 1 3[31:0] := SRC1[223:208] * SRC2[223:208] 
TEMP 14[31:0] := SRC1[239:224] * SRC2[239:224] 
TEMP 15[31:0] := SRC1[255:240] * SRC2[255:240] 
DEST[15:0] := TEMPO[31:16] 

DEST[31:16] := TEMP1[31:16] 

DEST[47:32] := TEMP2[31:16] 

DEST[63:48] := TEMP3[31:16] 

DEST[79:64] := TEMP4[31:16] 

DEST[95:80] := TEMP5[31:16] 

DEST[111:96] := TEMP6[31:16] 

DEST[127:112] := TEMP7[31:16] 

DEST[143:128] := TEMP8[31:16] 

DEST[159:144] := TEMP9[31:16] 

DEST[175:160] := TEMP10[31:16] 

DEST[191:1 76] := TEMP11[31:16] 

DEST[207:192] := TEMP12[31:16] 

DEST[223:208] := TEMP13[31:16] 

DEST[239:224] := TEMP14[31:16] 

DEST[255:240) := TEMP15[31:16] 
DEST[MAXVL-1:256] := 0 


PMULHW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN 
temp[31:0] := SRC1[i+15:i] * SRC2[i+15:i] 
DEST[i+15:i] := tmp[31:16] 


ELSE 

IF *merging-masking* ;merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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Vol.2B 4-385 


INSTRUCTION SET REFERENCE, M-U 


Intel C/C++ Compiler Intrinsic Equivalent 

VPMULHW __m512i__mm512_mulhi_epi16(__m512i a, ___m512i b); 

VPMULHW __m512i__mm512_mask_mulhi_epi16(__m512is,___ mmask32 k,__m512i a,__m512i b); 
VPMULHW __m512i__mm512_maskz_mulhi_epi16(__ mmask32 k,__m512i a,__m512ib); 
VPMULHW __m256i _mm256_mask_mulhi_epi16(__m256i s,__ mmask16 k,__ m256i a, __ m256i b); 
VPMULHW __m256i __mm256_maskz_mulhi_epi16(__ mmask16 k,__ m256i a, ___m256i b); 
VPMULHW __m128i __mm_mask_mulhi_epi16(__m128i s,___ mmask8 k,___m128i a,__m128i b); 
VPMULHW __m128i __mm_maskz_mulhi_epi16(__mmask8 k,___m128i a,__m128i b); 
PMULHW:__m64 __mm_mulhi_pi16 (__m64 m1,__ m64 m2) 
(V)PMULHW:__m128i__mm_mulhi_epi16 (__m128i a,__m128ib) 

VPMULHW:__m256i __mm256_mulhi_epi16 (__m256i a, __m256i b) 


Flags Affected 
None. 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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PMULLD/PMULLQ—Multiply Packed Integers and Store Low Result 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 

66 OF 38 40 /r A VIV SSE4_1 Multiply the packed dword signed integers in xmm1 and 
PMULLD xmm1, xmm2/m128 xmm2/m128 and store the low 32 bits of each product in 

xmm1. 
VEX.128.66.0F38.WIG 40 /r B VIN AVX Multiply the packed dword signed integers in xmm2 and 
VPMULLD xmm1, xmm2z, xmm3/m128 and store the low 32 bits of each product in 
xmm3/m128 xmm1. 
VEX.256.66.0F38.WIG 40 /r B VV AVX2 Multiply the packed dword signed integers in ymm2 and 
VPMULLD ymm1, ymm2, ymm3/m256 and store the low 32 bits of each product in 
ymm3/m256 ymm1. 
EVEX.128.66.0F38.W0 40 /r C VV AVX512VL | Multiply the packed dword signed integers in xmm2 and 
VPMULLD xmm1 {k1}{z}, xmm2, AVX512F xmm3/m128/m32bcst and store the low 32 bits of each 
xmm3/m128/m32bcst product in xmm1 under writemask k1. 
EVEX.256.66.0F38.W0 40 /r C VIV AVX512VL | Multiply the packed dword signed integers in ymm2 and 
VPMULLD ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m32bcst and store the low 32 bits of each 
ymm3/m256/m32bcst product in ymm1 under writemask k1. 
EVEX.512.66.0F38.W0 40 /r C VV AVX512F Multiply the packed dword signed integers in zmm2 and 
VPMULLD zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst and store the low 32 bits of each 
zmm3/m512/m32bcst product in zmm1 under writemask k1. 
EVEX.128.66.0F38.W1 40 /r C VV AVX512VL | Multiply the packed qword signed integers in xmm2 and 
VPMULLOQ xmm1 {k1}{z}, xmm2, AVX512DQ | xmm3/m128/m64bcst and store the low 64 bits of each 
xmm3/m128/m64bcst product in xmm1 under writemask k1. 
EVEX.256.66.0F38.W1 40 /r C VIV AVX512VL | Multiply the packed qword signed integers in ymm2 and 
VPMULLQ ymm1 {k1}{z}, ymm2, AVX512DQ | ymm3/m256/m64bcst and store the low 64 bits of each 
ymm3/m256/m64bcst product in ymm1 under writemask k1. 
EVEX.512.66.0F38.W1 40 /r a VIN AVX512DQ | Multiply the packed qword signed integers in zmm2 and 
VPMULLO zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst and store the low 64 bits of each 
zmm3/m512/m64bcst product in zmm1 under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD signed multiply of the packed signed dword/qword integers from each element of the first source 
operand with the corresponding element in the second source operand. The low 32/64 bits of each 64/128-bit 
intermediate results are stored to the destination operand. 

128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding ZMM destina- 
tion register remain unchanged. 

VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding ZMM register 
are zeroed. 


VEX.256 encoded version: The first Source operand is a YMM register; The second source operand is a YMM register 
or 256-bit memory location. Bits (MAXVL-1:256) of the corresponding destination ZMM register are zeroed. 
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EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand is a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 
32/64-bit memory location. The destination operand is conditionally updated based on writemask k1. 


Operation 


VPMULLQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b == 1) AND (SRC2 *is memory*) 
THEN Temp[1 27:0] := SRC1[i+63:i] * SRC2[63:0] 
ELSE Temp[1 27:0] := SRC1[i+63:i] * SRC2[i+63:i] 
Fl; 
DEST[i+63:i] = Temp[63:0] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPMULLD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN Temp[63:0] := SRC1[i+31:i] * SRC2[31:0] 
ELSE Temp[63:0] := SRC1[i+31:i] * SRC2[i+31:i] 
Fl; 
DEST[i+31:i] = Temp[31:0] 
ELSE 
IF *merging-masking* ; merging-masking 
*DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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VPMULLD (VEX.256 encoded version) 
Temp0[63:0] := SRC1[31:0] * SRC2[31:0] 

Temp1 [63:0] := SRC1[63:32] * SRC2[63:32] 
Temp2[63:0] := SRC1[95:64] * SRC2[95:64] 
Temp3[63:0] := SRC1[127:96] * SRC2[127:96] 
Temp4[63:0] := SRC1[159:128] * SRC2[159:128] 
Temp5[63:0] := SRC1[191:160] * SRC2[191:160] 
Temp6[63:0] := SRC1[223:192] * SRC2[223:192] 
Temp7[63:0] := SRC1[255:224] * SRC2[255:224] 


DEST[31:0] := TempO0[31:0] 
DEST[63:32] = Temp1[31:0] 
DEST[95:64] = Temp2[31:0] 
DEST[127:96] := Temp3[31:0] 
DEST[159:128] = Temp4[31:0] 
DEST[191:160] = Temp5[31:0] 
DEST[223:192] = Temp6[31:0] 
DEST[255:224] := Temp7[31:0] 
DEST[MAXVL-1:256] := 0 


VPMULLD (VEX.128 encoded version) 
TempO[63:0] := SRC1[31:0] * SRC2[31:0] 
Temp1 [63:0] := SRC1[63:32] * SRC2[63:32] 
Temp2[63:0] := SRC1[95:64] * SRC2[95:64] 
Temp3[63:0] := SRC1[127:96] * SRC2[127:96] 
DEST[31:0] := Temp0[31:0] 

DEST[63:32] := Temp1[31:0] 

DEST[95:64] := Temp2[31:0] 

DEST[127:96] := Temp3[31:0] 
DEST[MAXVL-1:128] := 0 


PMULLD (128-bit Legacy SSE version) 
Temp0[63:0] := DEST[31:0] * SRC[31:0] 
Temp1[63:0] := DEST[63:32] * SRC[63:32] 
Temp2[63:0] := DEST[95:64] * SRC[95:64] 
Temp3[63:0] := DEST[127:96] * SRC[127:96] 
DEST[31:0] := TempO[31:0] 

DEST[63:32] := Temp1[31:0] 

DEST[95:64] := Temp2[31:0] 

DEST[127:96] := Temp3[31:0] 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


INSTRUCTION SET REFERENCE, M-U 


VPMULLD __m512i_mm512_mullo_epi32(__m512i a,__m512i b); 

VPMULLD __m512i_mm512_mask_mullo_epi32(__m512is,__ mmask16 k,__m512i a, ___m512i b); 
VPMULLD __m512i_mm512_maskz_mullo_epi32(__ mmask16 k,__m512i a,__m512i b); 
VPMULLD __m256i__mm256_mask_mullo_epi32(__m256is,__ mmask8 k,__ m256i a, __ m256i b); 
VPMULLD __m256i__mm256_maskz_mullo_epi32(__mmask8 k,__ m256i a, ___ m256i b); 
VPMULLD __m128i__mm_mask_mullo_epi32(__m128is,__ mmask8 k,___m128i a, __m128i b); 
VPMULLD __m128i__mm_maskz_mullo_epi32(__mmask8 k, __m128i a,__m128i b); 

VPMULLD __m256i__mm256_mullo_epi32(__m256i a, __ m256i b); 

PMULLD __m128i __mm_mullo_epi32(__m128i a,__m128i b); 

VPMULLQ __m512i__mm512_mullo_epi64(__m512i a,__m512i b); 

VPMULLQ __m512i__mm512_mask_mullo_epi64(__m512is, __mmask8 k,__m512i a, ___m512i b); 
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VPMULLQ __m512i __mm512_maskz_mullo_epi64(_mmask8 k, __m512i a, ___m512i b); 
VPMULLQ __m256i _mm256_mullo_epi64( m256i b); 

VPMULLQ __m256i _mm256_mask_mullo_epi64(__m256i s,___mmask8 k, __m256i a, __m256i b); 
VPMULLQ __m256i _mm256_maskz_mullo_epi64(_mmask8 k, __m256i a, __m256i b); 
VPMULLQ __m128i _mm_mullo_epi64( m1 28i b); 

VPMULLQ __m128i _mm_mask_mullo_epi64( mmask8 k, __m128i a,__m128i b); 
VPMULLQ __m128i __mm_maskz_mullo_epi64(_mmask8 k, __m128i a, __m128i b); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 


4-390 Vol. 2B 


PMULLD/PMULLQ—Multiply Packed Integers and Store Low Result 


INSTRUCTION SET REFERENCE, M-U 


PMULLW—Multiply Packed Signed Integers and Store Low Result 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

NP OF DS /r' A VIV MMX Multiply the packed signed word integers in 

PMULLW mm, mm/m64 mm 1 register and mm2/m64, and store the low 
16 bits of the results in mm7. 

66 OF D5 /r A VIV SSE2 Multiply the packed signed word integers in 

PMULLW xmm1, xmm2/m128 xmm1 and xmm2/m128, and store the low 16 
bits of the results in xmm7. 

VEX.128.66.0F.WIG D5 /r B VIN AVX Multiply the packed dword signed integers in 

VPMULLW xmm1, xmm2, xmm3/m128 xmmeé and xmm3/m128 and store the low 32 
bits of each product in xmm7. 

VEX.256.66.0F.WIG D5 /r B VIV AVX2 Multiply the packed signed word integers in 

VPMULLW ymm1, ymm2, ymm3/m256 ymmeé and ymm3/m256, and store the low 16 
bits of the results in ymm7. 

EVEX.128.66.0F.WIG D5 /r C VIV AVX512VL | Multiply the packed signed word integers in 

VPMULLW xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm2 and xmm3/m128, and store the low 16 
bits of the results in xmm1 under writemask k1. 

EVEX.256.66.0F.WIG D5 /r C VIV AVX512VL | Multiply the packed signed word integers in 

VPMULLW ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm2 and ymm3/m256, and store the low 16 
bits of the results in ymm1 under writemask k1. 

EVEX.512.66.0F.WIG D5 /r C VIV AVX512BW | Multiply the packed signed word integers in 

VPMULLW zmm1 {k1}{z}, zmm2, zmm3/m512 zmme2 and zmm3/m512, and store the low 16 
bits of the results in zmm1 under writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD signed multiply of the packed signed word integers in the destination operand (first operand) and 
the source operand (second operand), and stores the low 16 bits of each intermediate 32-bit result in the destina- 
tion operand. (Figure 4-12 shows this operation when using 64-bit operands.) 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE version 64-bit operand: The source operand can be an MMX technology register or a 64-bit memory 
location. The destination operand is an MMX technology register. 


128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding YMM destina- 
tion register remain unchanged. 


VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the destination YMM register are 
zeroed. VEX.L must be 0, otherwise the instruction will #UD. 
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VEX.256 encoded version: The second source operand can be an YMM register or a 256-bit memory location. The 
first source and destination operands are YMM registers. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand is a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location. The destination operand is conditionally updated 
based on writemask k1. 


SRC x3 x2 x1 x0 
DEST l vs | v2 | v1 | vo | 

TEMP | Z3=X3* Y3 Z2 = X2 * Y2 Z1=X1*Y1 ZO = X0 « YO 
DEST 23[15:0] | Z2[15:0] | Z1[15:0] | Z0[15:0] 


Figure 4-13. PMULLU Instruction Operation Using 64-bit Operands 


Operation 


PMULLW (with 64-bit operands) 
TEMPO[31:0] := DEST[15:0] * SRC[15:0]; (* Signed multiplication *) 
TEMP1[31:0] := DEST[31:16] * SRC[31:16]; 
TEMP2[31:0] := DEST[47:32] * SRC[47:32]; 
TEMP3[31:0] := DEST[63:48] * SRC[63:48]; 
DEST[15:0] := TEMPO[15:0); 
DEST[31:16] := TEMP1[15:0]; 
DEST[47:32] := TEMP2[15:0]; 
DEST[63:48] := TEMP3[15:0]; 


PMULLW (with 128-bit operands) 
TEMPO[31:0] := DEST[15:0] * SRC[15:0]; (* Signed multiplication *) 
TEMP 1[31:0] := DEST[31:16] * SRC[31:16]; 
TEMP2[31:0] := DEST[47:32] * SRC[47:32]; 
TEMP3[31:0] := DEST[63:48] * SRC[63:48]; 
TEMP4[31:0] := DEST[79:64] * SRC[79:64]; 
TEMP5[31:0] := DEST[95:80] * SRC[95:80]; 
TEMP6[31:0] := DEST[111:96] * SRC[111:96]; 
TEMP7[31:0] := DEST[127:112] * SRC[127:112]; 
DEST[15:0] := TEMPO[15:0); 
DEST[31:16] := TEMP1[15:0]; 
DEST[47:32] := TEMP2[15:0]; 
DEST[63:48] := TEMP3[15:0]; 
DEST[79:64] := TEMP4[15:0]; 
DEST[95:80] := TEMP5[15:0]; 
DEST[111:96] := TEMP6[1 5:0); 
DEST[127:112] := TEMP7[15:0}; 
DEST[MAXVL-1:256] := 0 
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VPMULLW (VEX.128 encoded version) 
Temp0[31:0] := SRC1[15:0] * SRC2[15:0] 
Temp1[31:0] := SRC1[31:16] * SRC2[31:16] 
Temp2[31:0] := SRC1[47:32] * SRC2[47:32] 
Temp3[31:0] := SRC1[63:48] * SRC2[63:48] 
Temp4[31:0] := SRC1[79:64] * SRC2[79:64] 
Temp5[31:0] := SRC1[95:80] * SRC2[95:80] 
Temp6[31:0] := SRC1[111:96] * SRC2[1 11:96] 
Temp7[31:0] := SRC1[127:112] * SRC2[127:112] 
DEST[15:0] := TempO[15:0] 

DEST[31:16] := Temp1[15:0] 

DEST[47:32] := Temp2[15:0] 

DEST[63:48] := Temp3[15:0] 

DEST[79:64] := Temp4[15:0] 

DEST[95:80] := Temp5[15:0] 

DEST[11 1:96] := Temp6[15:0] 

DEST[127:112] := Temp7[15:0] 
DEST[MAXVL-1:128] := 0 


PMULLW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN 
temp[31:0] := SRC1[i+15:i] * SRC2[i+15:i] 
DEST[i+1 5:i] = temp[1 5:0] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 

VPMULLW __m512i_mm512_mullo_epi16(__m512ia,__m512i b); 

VPMULLW __m512i_mm512_mask_mullo_epi16(__m512is,__ mmask32 k,___m512ia,__m512ib); 
VPMULLW __m512i_mm512_maskz_mullo_epi16(__ mmask32 k,__m512i a,__m512ib); 
VPMULLW __m256i__mm256_mask_mullo_epi16(__m256is,__ mmask16 k,___ m256i a,__m256i b); 
VPMULLW __m256i__mm256_maskz_mullo_epi16(___ mmask16 k,__ m256i a, __m256i b); 
VPMULLW __m128i__mm_mask_mullo_epi16(__m128is,__ mmask8 k,___m128i a, __m128i b); 
VPMULLW __m128i__mm_maskz_mullo_epi16(__mmask8 k, __m128i a,__m128i b); 

PMULLW: __m64 _mm_mullo_pi16(__m64 m1,__m64 m2) 


(V)PMULLW: __m128i__mm_mullo_epi16 (__m128i a, ___m128i b) 
VPMULLW:__m256i__mm256_mullo_epi16 (__m256i a, ___m256i b); 
Flags Affected 

None. 
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SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

NP OF F4 /r' A VIV SSE2 Multiply unsigned doubleword integer in mm7 by 

PMULUDQ mm1, mm2/m64 unsigned doubleword integer in mm2/m64, and 
store the quadword result in mm17. 

66 OF F4 /r A VIV SSE2 Multiply packed unsigned doubleword integers in 

PMULUDQ xmm1, xmm2/m128 xmm1 by packed unsigned doubleword integers 
in xmm2/m1 28, and store the quadword results 
in xmm1. 

VEX.128.66.0F.WIG F4 /r B VIV AVX Multiply packed unsigned doubleword integers in 

VPMULUDQ xmm1, xmm2, xmm3/m128 xmm_e by packed unsigned doubleword integers 
in xmm3/m1 28, and store the quadword results 
in xmm1. 

VEX.256.66.0F.WIG F4 /r B VIV AVX2 Multiply packed unsigned doubleword integers in 

VPMULUDQ ymm1, ymm2, ymm3/m256 ymm_e by packed unsigned doubleword integers 
in ymm3/m256, and store the quadword results 
in ymm1. 

EVEX.128.66.0F.W1 F4 /r Cc VIV AVX512VL_ | Multiply packed unsigned doubleword integers in 

VPMULUDQ xmm1 {k1}{z}, xmm2, AVX512F xmme2 by packed unsigned doubleword integers 

xmm3/m128/m64bcst in xmm3/m128/m64bcst, and store the 
quadword results in xmm1 under writemask k1. 

EVEX.256.66.0F.W1 F4 /r @ VIV AVX512VL_ | Multiply packed unsigned doubleword integers in 

VPMULUDQ ymm1 {k1}{z}, ymm2, AVX512F ymm_e by packed unsigned doubleword integers 

ymm3/m256/m64bcst in ymm3/m256/m64bcst, and store the 
quadword results in ymm1 under writemask k1. 

EVEX.512.66.0F.W1 F4 /r @ VIV AVX512F Multiply packed unsigned doubleword integers in 


VPMULUDQ zmm1 {k1}{z}, zmm2, 
zmm3/m512/m64bcst 


zmme by packed unsigned doubleword integers 
in zmm3/m512/m64bcst, and store the 
quadword results in zmm1 under writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 


Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Multiplies the first operand (destination operand) by the second operand (source operand) and stores the result in 
the destination operand. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE version 64-bit operand: The source operand can be an unsigned doubleword integer stored in the low 
doubleword of an MMX technology register or a 64-bit memory location. The destination operand can be an 
unsigned doubleword integer stored in the low doubleword an MMX technology register. The result is an unsigned 
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quadword integer stored in the destination an MMX technology register. When a quadword result is too large to be 
represented in 64 bits (overflow), the result is wrapped around and the low 64 bits are written to the destination 
element (that is, the carry is ignored). 


For 64-bit memory operands, 64 bits are fetched from memory, but only the low doubleword is used in the compu- 
tation. 


128-bit Legacy SSE version: The second source operand is two packed unsigned doubleword integers stored in the 
first (low) and third doublewords of an XMM register or a 128-bit memory location. For 128-bit memory operands, 
128 bits are fetched from memory, but only the first and third doublewords are used in the computation. The first 
source operand is two packed unsigned doubleword integers stored in the first and third doublewords of an XMM 
register. The destination contains two packed unsigned quadword integers stored in an XMM register. Bits (MAXVL- 
1:128) of the corresponding YMM destination register remain unchanged. 


VEX.128 encoded version: The second source operand is two packed unsigned doubleword integers stored in the 
first (low) and third doublewords of an XMM register or a 128-bit memory location. For 128-bit memory operands, 
128 bits are fetched from memory, but only the first and third doublewords are used in the computation. The first 
source operand is two packed unsigned doubleword integers stored in the first and third doublewords of an XMM 
register. The destination contains two packed unsigned quadword integers stored in an XMM register. Bits (MAXVL- 
1:128) of the destination YMM register are zeroed. 

VEX.256 encoded version: The second source operand is four packed unsigned doubleword integers stored in the 
first (low), third, fifth and seventh doublewords of a YMM register or a 256-bit memory location. For 256-bit 
memory operands, 256 bits are fetched from memory, but only the first, third, fifth and seventh doublewords are 
used in the computation. The first source operand is four packed unsigned doubleword integers stored in the first, 
third, fifth and seventh doublewords of an YMM register. The destination contains four packed unaligned quadword 
integers stored in an YMM register. 

EVEX encoded version: The input unsigned doubleword integers are taken from the even-numbered elements of 
the source operands. The first source operand is a ZMM/YMM/XMM registers. The second source operand can be an 
ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 64- 
bit memory location. The destination is a ZMM/YMM/XMM register, and updated according to the writemask at 64- 
bit granularity. 


Operation 


PMULUDQ (with 64-Bit operands) 
DEST[63:0] := DEST[31:0] * SRC[31:0]; 


PMULUDQ (with 128-Bit operands) 
DEST[63:0] := DEST[31:0] * SRC[31:0]; 
DEST[127:64] := DEST[95:64] * SRC[95:64]; 


VPMULUDQ (VEX.128 encoded version) 
DEST[63:0] := SRC1[31:0] * SRC2[31:0] 
DEST[127:64] := SRC1[95:64] * SRC2[95:64] 
DEST[MAXVL-1:128] := 0 


VPMULUDQ (VEX.256 encoded version) 
DEST[63:0] := SRC1[31:0] * SRC2[31:0] 
DEST[127:64] := SRC1[95:64] * SRC2[95:64 
DEST[191:128] := SRC1[159:128] * SRC2[159:128] 
DEST[255:192] := SRC1[223:192] * SRC2[223:192] 
DEST[MAXVL-1:256] := 0 
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VPMULUDQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN DEST[i+63:i] = ZeroExtend64( SRC1[i+31:i]) * ZeroExtend64( SRC2[31:0] ) 
ELSE DEST[i+63:i] := ZeroExtend64( SRC1[i+31:i]) * ZeroExtend64( SRC2[i+31:i] ) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
VPMULUDQ __m512i__mm512_mul_epu32(__m512i a, ___m512i b); 


VPMULUDQ __m512i__mm512_mask_mul_epu32(__m512i s, __mmask8 k, __m512i a, ___m512i b); 
VPMULUDQ __m512i __mm512_maskz_mul_epu32(__mmask8 k, __m512i a,__m512i b); 
VPMULUDQ __m256i _mm256_mask_mul_epu32(__m256i s, __mmask8 k, __m256i a, __m256i b); 


VPMULUDQ __m256i _mm256_maskz_mul_epu32(__mmask8 k, __m256i a, __m256i b); 
VPMULUDQ __m128i _mm_mask_mul_epu32(__m128i s,___mmask8 k, __m128i a, __m128i b); 


VPMULUDQ __m128i _mm_maskz_mul_epu32(__mmask8 k, __m128i a, __m128i b); 
PMULUDQ:__m64 _mm_mul_su32 (__m64 a, ___m64 b) 
(V)PMULUDQ:__m128i __mm_mul_epu32 (__m128i a, __m128i b) 


VPMULUDQ:__m256i__mm256_mul_epu32(__m256i a, __m256i b); 


Flags Affected 
None. 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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POP—Pop a Value from the Stack 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
8F /0 POP r/m16 M Valid Valid Pop top of stack into m16; increment stack 
pointer. 
8F /0 POP r/m32 M N.E. Valid Pop top of stack into m32, increment stack 
pointer. 
8F /0 POP r/m64 M Valid N.E. Pop top of stack into m64; increment stack 
pointer. Cannot encode 32-bit operand size. 
58+ rw POP r16 O Valid Valid Pop top of stack into r76; increment stack 
pointer. 
58+ rd POP r32 0 N.E. Valid Pop top of stack into r32; increment stack 
pointer. 
58+ rd POP r64 O Valid N.E. Pop top of stack into r64; increment stack 
pointer. Cannot encode 32-bit operand size. 
1F POP DS ZO | Invalid Valid Pop top of stack into DS; increment stack 
pointer. 
07 POP ES ZO | Invalid Valid Pop top of stack into ES; increment stack 
pointer. 
17 POP SS ZO | Invalid Valid Pop top of stack into SS; increment stack 
pointer. 
OF Al POP FS ZO | Valid Valid Pop top of stack into FS; increment stack 
pointer by 16 bits. 
OF Al POP FS ZO |N.E. Valid Pop top of stack into FS; increment stack 
pointer by 32 bits. 
OF Al POP FS ZO ‘| Valid N.E. Pop top of stack into FS; increment stack 
pointer by 64 bits. 
OF AQ POP GS ZO | Valid Valid Pop top of stack into GS; increment stack 
pointer by 16 bits. 
OF AQ POP GS ZO |N.E. Valid Pop top of stack into GS; increment stack 
pointer by 32 bits. 
OF AQ POP GS ZO | Valid N.E. Pop top of stack into GS; increment stack 
pointer by 64 bits. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
O opcode + rd (w) NA NA NA 
ZO NA NA NA NA 
Description 


Loads the value from the top of the stack to the location specified with the destination operand (or explicit opcode) 
and then increments the stack pointer. The destination operand can be a general-purpose register, memory loca- 
tion, or segment register. 


Address and operand sizes are determined and used as follows: 


e Address size. The D flag in the current code-segment descriptor determines the default address size; it may be 
overridden by an instruction prefix (67H). 
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The address size is used only when writing to a destination operand in memory. 


° Operand size. The D flag in the current code-segment descriptor determines the default operand size; it may 
be overridden by instruction prefixes (66H or REX.W). 


The operand size (16, 32, or 64 bits) determines the amount by which the stack pointer is incremented (2, 4 
or 8). 

¢ Stack-address size. Outside of 64-bit mode, the B flag in the current stack-segment descriptor determines the 
size of the stack pointer (16 or 32 bits); in 64-bit mode, the size of the stack pointer is always 64 bits. 


The stack-address size determines the width of the stack pointer when reading from the stack in memory and 
when incrementing the stack pointer. (As stated above, the amount by which the stack pointer is incremented 
is determined by the operand size.) 


If the destination operand is one of the segment registers DS, ES, FS, GS, or SS, the value loaded into the register 
must be a valid segment selector. In protected mode, popping a segment selector into a segment register automat- 
ically causes the descriptor information associated with that segment selector to be loaded into the hidden 
(shadow) part of the segment register and causes the selector and the descriptor information to be validated (see 
the “Operation” section below). 


A NULL value (0000-0003) may be popped into the DS, ES, FS, or GS register without causing a general protection 
fault. However, any subsequent attempt to reference a segment whose corresponding segment register is loaded 
with a NULL value causes a general protection exception (#GP). In this situation, no memory reference occurs and 
the saved value of the segment register is NULL. 


The POP instruction cannot pop a value into the CS register. To load the CS register from the stack, use the RET 
instruction. 


If the ESP register is used as a base register for addressing a destination operand in memory, the POP instruction 
computes the effective address of the operand after it increments the ESP register. For the case of a 16-bit stack 

where ESP wraps to OH as a result of the POP instruction, the resulting location of the memory write is processor- 
family-specific. 


The POP ESP instruction increments the stack pointer (ESP) before data at the old top of stack is written into the 
destination. 


Loading the SS register with a POP instruction suppresses or inhibits some debug exceptions and inhibits interrupts 
on the following instruction boundary. (The inhibition ends after delivery of an exception or the execution of the 
next instruction.) This behavior allows a stack pointer to be loaded into the ESP register with the next instruction 
(POP ESP) before an event can be delivered. See Section 6.8.3, “Masking Exceptions and Interrupts When 
Switching Stacks,” in Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. Intel recom- 
mends that software use the LSS instruction to load the SS register and ESP together. 


In 64-bit mode, using a REX prefix in the form of REX.R permits access to additional registers (R8-R15). When in 
64-bit mode, POPs using 32-bit operands are not encodable and POPs to DS, ES, SS are not valid. See the 
summary chart at the beginning of this section for encoding data and limits. 


Operation 
IF StackAddrSize = 32 
THEN 
IF OperandSize = 32 
THEN 
DEST := SS:ESP; (* Copy a doubleword *) 
ESP := ESP + 4; 


ELSE (* OperandSize = 16*) 
DEST := SS:ESP; (* Copy a word *) 
ESP := ESP + 2; 


Fl; 
ELSE IF StackAddrSize = 64 
THEN 
IF OperandSize = 64 
THEN 
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DEST := SS:RSP; (* Copy quadword *) 
RSP := RSP + 8; 

ELSE (* OperandSize = 16*) 
DEST := SS:RSP; (* Copy a word *) 


RSP := RSP + 2; 
FI; 
FI; 
ELSE StackAddrSize = 16 
THEN 
IF OperandSize = 16 
THEN 
DEST := SS:SP; (* Copy a word *) 
SP := SP + 2; 
ELSE (* OperandSize = 32 *) 
DEST := SS:SP; (* Copy a doubleword *) 
SP := SP + 4; 
FI; 


Fl; 


Loading a segment register while in protected mode results in special actions, as described in the following listing. 
These checks are performed on the segment selector and the segment descriptor it points to. 


64-BIT_MODE 
IF FS, or GS is loaded with non-NULL selector; 
THEN 
IF segment selector index is outside descriptor table limits 
OR segment is not a data or readable code segment 
OR ((segment is a data or nonconforming code segment) 
AND ((RPL > DPL) or (CPL > DPL)) 
THEN #GP(selector); 
IF segment not marked present 
THEN #NP(selector); 
ELSE 
SegmentRegister := segment selector; 
SegmentRegister := segment descriptor; 


Fl; 
Fl; 
IF FS, or GS is loaded with a NULL selector; 
THEN 
SegmentRegister := segment selector; 
SegmentRegister := segment descriptor; 
Fl; 


PREOTECTED MODE OR COMPATIBILITY MODE; 


IF SS is loaded; 
THEN 
IF segment selector is NULL 
THEN #GP(0); 
Fl; 
IF segment selector index is outside descriptor table limits 
or segment selector’s RPL # CPL 
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or segment is not a writable data segment 


or DPL# CPL 
THEN #GP(selector); 
Fl; 
IF segment not marked present 
THEN #SS(selector); 
ELSE 


Fl; 
Fl; 


SS := segment selector; 
SS := segment descriptor; 


IF DS, ES, FS, or GS is loaded with non-NULL selector; 


THEN 


IF segment selector index is outside descriptor table limits 
or segment is not a data or readable code segment 
or ((segment is a data or nonconforming code segment) 
and ((RPL > DPL) or (CPL > DPL)) 


THEN #GP(selector); 
Fl; 
IF segment not marked present 
THEN #NP(selector); 
ELSE 


Fl; 
Fl; 


SegmentRegister := segment selector; 
SegmentRegister := segment descriptor; 


IF DS, ES, FS, or GS is loaded with a NULL selector 


THEN 


SegmentRegister := segment selector; 
SegmentRegister := segment descriptor; 


Fl; 


Flags Affected 


None. 


Protected Mode Exceptions 


#GP(0) 


#GP(selector) 


If attempt is made to load SS register with NULL segment selector. 
If the destination operand is in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If segment selector index is outside descriptor table limits. 

If the SS register is being loaded and the segment selector's RPL and the segment descriptor’s 
DPL are not equal to the CPL. 

If the SS register is being loaded and the segment pointed to is a 

non-writable data segment. 

If the DS, ES, FS, or GS register is being loaded and the segment pointed to is not a data or 
readable code segment. 

If the DS, ES, FS, or GS register is being loaded and the segment pointed to is a data or 
nonconforming code segment, but both the RPL and the CPL are greater than the DPL. 
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#SS(0) 


#SS(selector) 
#NP 


#PF(fault-code) 
#AC(0) 


#UD 


If the current top of stack is not within the stack segment. 
If a memory operand effective address is outside the SS segment limit. 
If the SS register is being loaded and the segment pointed to is marked not present. 


If the DS, ES, FS, or GS register is being loaded and the segment pointed to is marked not 
present. 


If a page fault occurs. 


If an unaligned memory reference is made while the current privilege level is 3 and alignment 
checking is enabled. 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP 
#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) 
#PF(fault-code) 
#AC(0) 

#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a page fault occurs. 

If an unaligned memory reference is made while alignment checking is enabled. 

If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same as for protected mode exceptions. 


64-Bit Mode Exceptions 


#GP(0) 
#SS(0) 
#GP(selector) 


#AC(0) 
#PF(fault-code) 
#NP 

#UD 
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If the memory address is in a non-canonical form. 
If the stack address is in a non-canonical form. 
If the descriptor is outside the descriptor table limit. 


If the FS or GS register is being loaded and the segment pointed to is not a data or readable 
code segment. 


If the FS or GS register is being loaded and the segment pointed to is a data or nonconforming 
code segment, but both the RPL and the CPL are greater than the DPL. 


If an unaligned memory reference is made while alignment checking is enabled. 

If a page fault occurs. 

If the FS or GS register is being loaded and the segment pointed to is marked not present. 
If the LOCK prefix is used. 

If the DS, ES, or SS register is being loaded. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
61 POPA ZO | Invalid Valid Pop DI, SI, BP, BX, DX, CX, and AX. 
61 POPAD ZO | Invalid Valid Pop EDI, ESI, EBP, EBX, EDX, ECX, and EAX. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Pops doublewords (POPAD) or words (POPA) from the stack into the general-purpose registers. The registers are 
loaded in the following order: EDI, ESI, EBP, EBX, EDX, ECX, and EAX (if the operand-size attribute is 32) and DI, 
SI, BP, BX, DX, CX, and AX (if the operand-size attribute is 16). (These instructions reverse the operation of the 
PUSHA/PUSHAD instructions.) The value on the stack for the ESP or SP register is ignored. Instead, the ESP or SP 
register is incremented after each register is loaded. 


The POPA (pop all) and POPAD (pop all double) mnemonics reference the same opcode. The POPA instruction is 
intended for use when the operand-size attribute is 16 and the POPAD instruction for when the operand-size attri- 
bute is 32. Some assemblers may force the operand size to 16 when POPA is used and to 32 when POPAD is used 
(using the operand-size override prefix [66H] if necessary). Others may treat these mnemonics as synonyms 
(POPA/POPAD) and use the current setting of the operand-size attribute to determine the size of values to be 
popped from the stack, regardless of the mnemonic used. (The D flag in the current code segment’s segment 
descriptor determines the operand-size attribute. ) 


This instruction executes as described in non-64-bit modes. It is not valid in 64-bit mode. 


Operation 


IF 64-Bit Mode 
THEN 
#UD; 
ELSE 
IF OperandSize = 32 (* Instruction = POPAD *) 
THEN 
EDI := Pop(); 
ESI := Pop(); 
EBP := Pop(); 
Increment ESP by 4; (* Skip next 4 bytes of stack *) 
EBX := Pop(); 
EDX := Pop(); 
ECX := Pop(); 
EAX := Pop(); 
ELSE (* OperandSize = 16, instruction = POPA *) 
DI := Pop(); 
SI := Pop(); 
BP := Pop(); 
Increment ESP by 2; (* Skip next 2 bytes of stack *) 


Fl; 
Fl; 
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Flags Affected 
None. 


Protected Mode Exceptions 


#SS(0) If the starting or ending stack address is not within the stack segment. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If an unaligned memory reference is made while the current privilege level is 3 and alignment 
checking is enabled. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#SS If the starting or ending stack address is not within the stack segment. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#SS(0) If the starting or ending stack address is not within the stack segment. 
#PF(fault-code) If a page fault occurs. 

#AC(0) If an unaligned memory reference is made while alignment checking is enabled. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same as for protected mode exceptions. 


64-Bit Mode Exceptions 
#UD If in 64-bit mode. 


4-404 Vol. 2B POPA/POPAD—Pop All General-Purpose Registers 


POPCNT — Return the Count of Number of Bits Set to 1 


INSTRUCTION SET REFERENCE, M-U 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
F3 OF B8 /r POPCNT 176, r/m16 RM _ | Valid Valid POPCNT on r/m16 
F3 OF B8 /r POPCNT 132, r/m32 RM_ | Valid Valid POPCNT on r/m32 
F3 REX.W OF B8 /r POPCNT 164, r/m64 RM_ | Valid N.E. POPCNT on r/m64 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


This instruction calculates the number of bits set to 1 in the second operand (source) and returns the count in the 
first operand (a destination register). 


Operation 


Count = 0; 

For (i=0; i < OperandSize; i++) 

{ IF (SRC[ i] = 1) //i’th bit 
THEN Count++; Fl; 


} 
DEST := Count; 


Flags Affected 
OF, SF, ZF, AF, CF, PF are all cleared. ZF is set if SRC = 0, otherwise ZF is cleared. 


Intel C/C++ Compiler Intrinsic Equivalent 
POPCNT: 
POPCNT: 


int __mm_popcnt_u32(unsigned int a); 


int64_t __mm_popcnt_u64(unsigned __int64 a); 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS or GS segments. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF (fault-code) For a page fault. 

#AC(0) If an unaligned memory reference is made while the current privilege level is 3 and alignment 
checking is enabled. 

#UD If CPUID.01H:ECX.POPCNT [Bit 23] = 0. 


If LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP(0) If any part of the operand lies outside of the effective address space from 0 to OFFFFH. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#UD If CPUID.01H:ECX.POPCNT [Bit 23] = 0. 


If LOCK prefix is used. 
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Virtual 8086 Mode Exceptions 


#GP(0) If any part of the operand lies outside of the effective address space from 0 to OFFFFH. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF (fault-code) For a page fault. 

#AC(0) If an unaligned memory reference is made while alignment checking is enabled. 

#UD If CPUID.O1H:ECX.POPCNT [Bit 23] = 0. 


If LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in Protected Mode. 


64-Bit Mode Exceptions 


#GP(0) If the memory address is in a non-canonical form. 

#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#PF (fault-code) For a page fault. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If CPUID.01H:ECX.POPCNT [Bit 23] = 0. 


If LOCK prefix is used. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
9D POPF ZO | Valid Valid Pop top of stack into lower 16 bits of EFLAGS. 
9D POPFD ZO |NE. Valid Pop top of stack into EFLAGS. 
9D POPFQ ZO ‘| Valid N.E. Pop top of stack and zero-extend into RFLAGS. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Pops a doubleword (POPFD) from the top of the stack (if the current operand-size attribute is 32) and stores the 
value in the EFLAGS register, or pops a word from the top of the stack (if the operand-size attribute is 16) and 
stores it in the lower 16 bits of the EFLAGS register (that is, the FLAGS register). These instructions reverse the 
operation of the PUSHF/PUSHFD/PUSHFQ instructions. 


The POPF (pop flags) and POPFD (pop flags double) mnemonics reference the same opcode. The POPF instruction 
is intended for use when the operand-size attribute is 16; the POPFD instruction is intended for use when the 
operand-size attribute is 32. Some assemblers may force the operand size to 16 for POPF and to 32 for POPFD. 
Others may treat the mnemonics as synonyms (POPF/POPFD) and use the setting of the operand-size attribute to 
determine the size of values to pop from the stack. 


The effect of POPF/POPFD on the EFLAGS register changes, depending on the mode of operation. See Table 4-21 
and the key below for details. 


When operating in protected, compatibility, or 64-bit mode at privilege level 0 (or in real-address mode, the equiv- 
alent to privilege level 0), all non-reserved flags in the EFLAGS register except RF‘, VIP, VIF, and VM may be modi- 
fied. VIP, VIF and VM remain unaffected. 


When operating in protected, compatibility, or 64-bit mode with a privilege level greater than 0, but less than or 

equal to IOPL, all flags can be modified except the IOPL field and RF, IF, VIP, VIF, and VM; these remain unaffected. 
The AC and ID flags can only be modified if the operand-size attribute is 32. The interrupt flag (IF) is altered only 
when executing at a level at least as privileged as the IOPL. If a POPF/POPFD instruction is executed with insuffi- 
cient privilege, an exception does not occur but privileged bits do not change. 


When operating in virtual-8086 mode (EFLAGS.VM = 1) without the virtual-8086 mode extensions (CR4.VME = 0), 
the POPF/POPFD instructions can be used only if IOPL = 3; otherwise, a general-protection exception (#GP) 
occurs. If the virtual-8086 mode extensions are enabled (CR4.VME = 1), POPF (but not POPFD) can be executed in 
virtual-8086 mode with IOPL < 3. 


(The protected-mode virtual-interrupt feature — enabled by setting CR4.PVI — affects the CLI and STI instructions 
in the same manner as the virtual-8086 mode extensions. POPF, however, is not affected by CR4.PVI.) 


In 64-bit mode, the mnemonic assigned is POPFQ (note that the 32-bit operand is not encodable). POPFQ pops 64 
bits from the stack. Reserved bits of RFLAGS (including the upper 32 bits of RFLAGS) are not affected. 


See Chapter 3 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for more informa- 
tion about the EFLAGS registers. 


1. RF is always zero after the execution of POPF. This is because POPF, like all instructions, clears RF as it begins to execute. 
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Table 4-21. Effect of POPF/POPFD on the EFLAGS Register 


Flags 
Mode ie cpt opt | 21 | 20] 19 | 18| 17116|14]1312/11/10)91/8]7|/61|4) 2] 0 | Notes 
ID | vip | vie | AC | VM | RE | NT | IOPL | OF | DF IF | TE | SF| ZF | AF | PF | CF 
Real-Address 16 0 |/03/N)N/)NINI/I NI] O S 
Mode 
(CRO.PE = 0) 32 o0/o03/S)/N/N] S/N] 0/5 S sis isisilsisisislis 
16 0 1/03/N)/N/NIN/IN]I OJ] S S sisilsilsisisisIisls 
Protected, 
Compatibility, 16 13) <cPL| N|/ N/|NININ] OJ] S N s|s Mes isisisis|s 
sa ni 16 1-3.}2CPL| N| N|NI|NI/|N1]0O/]S N sisilsilsislisisisl¢s 
odes 
32.64 | 0/03/S|/nN]/N/S]N] 0] 5 S Sisisisilsisislisls 
(CRO.PE = 1 32,64 | 1-3)<cPL) S| N/N/]S/N/O/S N 5s |S BNM Sis isisi|s is 
EFLAGS.VM = 0) 
32,64 | 1-3 /2cPL| S| N| NI] S|NI]O]S N sisisisilsisisisles 
16 3 | om | x | x I xc | oe | oe | oe oe | oes se Il oe I oe | oe | se Se |) oe | ae I x 1 
Virtual-8086 
(CRO.PE = 1 16 3 3 |NIN]INININ] OJ} S N Sisisisilsisis|islisg 
EFLAGS.VM = 1 32 3 | oe | x | x | xl xl «i xl Xx xe ll 5c |) Se se | Se Se ll xe oe I 1 
CR4.VME = 0) 
32 3 3 |s|niniS|TNi]O]S N sisisIilslsisislslgs 
16 3/02 }nN | N/]swi ne] ne f}or] sc | nx | sr} sei} nei sr} se] se) se} sv) sp] 28 
VME x}|x}x}x}x|x]x x |x ial x |x |x | x | x | x 
(CRO.PE = 1 16 3 3 |NI|N]I|NININ] OO] S sisilslsislslislsls 
EFLAGS.VM = 1 ; 
CR4.VME = 1) 32 3 | om | x | x | xe | xe] se ee | Oe OL se |) oe I oe |e | oe 8 |) oe | oe | x 
32 3 3 |}s|n{i|NIS|NI]O]S N sisisilslslisilslisl¢g 
NOTES: 


1. #GP fault - no flag update 
2. #GP fault with no flag update if VIP=1 in EFLAGS register and IF=1 in FLAGS value on stack 
3. #GP fault with no flag update if TF=1 in FLAGS value on stack 


Key 
Ss Updated from stack 
SV Updated from IF (bit 9) in FLAGS value on stack 
N No change in value 
No EFLAGS update 
0 Value is cleared 
Operation 
IF EFLAGS.VM = 0 (* Not in Virtual-8086 Mode *) 
THEN IF CPL = 0 OR CRO.PE = 0 
THEN 


IF OperandSize = 32; 
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THEN 
EFLAGS := Pop(); (* 32-bit pop *) 


(* All non-reserved flags except RF, VIP, VIF, and VM can be modified; 
VIP, VIF, VM, and all reserved bits are unaffected. RF is cleared. *) 


ELSE IF (Operandsize = 64) 
RFLAGS = Pop(); (* 64-bit pop *) 


(* All non-reserved flags except RF, VIP, VIF, and VM can be modified; 
VIP, VIF, VM, and all reserved bits are unaffected. RF is cleared. *) 
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ELSE (* OperandSize = 16 *) 
EFLAGS[1 5:0] := Pop(); (* 16-bit pop *) 
(* All non-reserved flags can be modified. *) 


FI; 
ELSE (* CPL >0 *) 
IF OperandSize = 32 
THEN 
IF CPL > IOPL 
THEN 
EFLAGS := Pop(); (* 32-bit pop *) 
(* All non-reserved bits except IF, IOPL, VIP, VIF, VM and RF can be modified; 
IF, IOPL, VIP, VIF, VM and all reserved bits are unaffected; RF is cleared. *) 
ELSE 
EFLAGS := Pop(); (* 32-bit pop *) 
(* All non-reserved bits except IOPL, VIP, VIF, VM and RF can be modified; 
IOPL, VIP, VIF, VM and all reserved bits are unaffected; RF is cleared. *) 
Fl; 
ELSE IF (Operandsize = 64) 
IF CPL > IOPL 
THEN 
RFLAGS := Pop(); (* 64-bit pop *) 
(* All non-reserved bits except IF, IOPL, VIP, VIF, VM and RF can be modified; 
IF, IOPL, VIP, VIF, VM and all reserved bits are unaffected; RF is cleared. *) 
ELSE 
RFLAGS := Pop(); (* 64-bit pop *) 
(* All non-reserved bits except IOPL, VIP, VIF, VM and RF can be modified; 
IOPL, VIP, VIF, VM and all reserved bits are unaffected; RF is cleared. *) 
Fl; 
ELSE (* OperandSize = 16 *) 
EFLAGS[15:0] := Pop(); (* 16-bit pop *) 
(* All non-reserved bits except IOPL can be modified; IOPL and all 
reserved bits are unaffected. *) 
Fl; 
Fl; 
ELSE (* In virtual-8086 mode *) 
IF IOPL = 3 
THEN 
IF OperandSize = 32 
THEN 


EFLAGS := Pop(); 
(* All non-reserved bits except IOPL, VIP, VIF, VM, and RF can be modified; 
VIP, VIF, VM, IOPL and all reserved bits are unaffected. RF is cleared. *) 
ELSE 
EFLAGS[15:0] := Pop(); FI; 
(* All non-reserved bits except IOPL can be modified; IOPL and all reserved bits are unaffected. *) 
Fl; 
ELSE (* IOPL < 3 *) 
IF (Operandsize = 32) OR (CR4.VME = 0) 
THEN #GP(0); (* Trap to virtual-8086 monitor. *) 
ELSE (* Operandsize = 16 and CR4.VME = 1 *) 
tempFLAGS := Pop(); 
IF (EFLAGS.VIP = 1 AND tempFLAGS[9] = 1) OR tempFLAGS[8] = 1 
THEN #GP(0); 
ELSE 
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EFLAGS.VIF := tempFLAGS[9]; 

EFLAGS[15:0] := tempFLAGS; 

(* All non-reserved bits except IOPL and IF can be modified; 
IOPL, IF, and all reserved bits are unaffected. *) 

FI; 
FI; 
Fl; 
FI; 


Flags Affected 


All flags may be affected; see the Operation section for details. 


Protected Mode Exceptions 


#SS(0) If the top of stack is not within the stack segment. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If an unaligned memory reference is made while CPL = 3 and alignment checking is enabled. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#SS If the top of stack is not within the stack segment. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#GP(0) If IOPL < 3 and VME is not enabled. 
If IOPL < 3 and the 32-bit operand size is used. 
If IOPL < 3, EFLAGS.VIP = 1, and bit 9 (IF) is set in the FLAGS value on the stack. 
If IOPL < 3 and bit 8 (TF) is set in the FLAGS value on the stack. 
If an attempt is made to execute the POPF/POPFD instruction with an operand-size override 


prefix. 
#SS(0) If the top of stack is not within the stack segment. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If an unaligned memory reference is made while alignment checking is enabled. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same as for protected mode exceptions. 


64-Bit Mode Exceptions 


#SS(0) If the stack address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

NP OF €B /r' A VIN MMX Bitwise OR of mm/m64 and mm. 

POR mm, mm/m64 

66 OF EB /r A VIN SSE2 Bitwise OR of xmm2/m128 and xmm1. 

POR xmm1, xmm2/m128 

VEX.128.66.0F.WIG EB /r B VIN AVX Bitwise OR of xmm2/m128 and xmm3. 

VPOR xmm1, xmm2, xmm3/m128 

VEX.256.66.0F.WIG EB /r B VN AVX2 Bitwise OR of ynm2/m256 and ymm3. 

VPOR ymm1, ymm2, ymm3/m256 

EVEX.128.66.0F.WO EB /r C VIV AVX512VL | Bitwise OR of packed doubleword integers in 

VPORD xmm1 {k1}{z}, xmm2, xmm3/m128/m32bcst AVX512F | xmm2 and xmm3/m128/m32bcst using 
writemask k1. 

EVEX.256.66.0F.WO EB /r C VIV AVX512VL | Bitwise OR of packed doubleword integers in 

VPORD ymm1 {k1}{z}, ymm2, ymm3/m256/m32bcst AVX512F | ymm2 and ymm3/m256/m32bcst using 
writemask k1. 

EVEX.512.66.0F.WO EB /r C VIV AVX512F | Bitwise OR of packed doubleword integers in 

VPORD zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst zmme2 and zmm3/m512/m32bcst using 
writemask k1. 

EVEX.128.66.0F.W1 EB /r C VIV AVX512VL | Bitwise OR of packed quadword integers in 

VPORQ xmm1 {k1}{z}, xmm2, xmm3/m128/m64bcst AVX512F | xmm2 and xmm3/m128/m64bcst using 
writemask k1. 

EVEX.256.66.0F.W1 EB /r C VIV AVX512VL | Bitwise OR of packed quadword integers in 

VPORQ ymm1 {k1}{Z}, ymm2, ymm3/m256/m64bcst AVX512F | ymm2 and ymm3/m256/m64bcst using 
writemask k1. 

EVEX.512.66.0F.W1 EB /r C VIV AVX512F | Bitwise OR of packed quadword integers in 

VPORQ zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst zmme2 and zmm3/m512/m64bcst using 
writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a bitwise logical OR operation on the source operand (second operand) and the destination operand (first 
operand) and stores the result in the destination operand. Each bit of the result is set to 1 if either or both of the 
corresponding bits of the first and second operands are 1; otherwise, it is set to 0. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 
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Legacy SSE version: The source operand can be an MMX technology register or a 64-bit memory location. The 
destination operand is an MMX technology register. 


128-bit Legacy SSE version: The second source operand is an XMM register or a 128-bit memory location. The first 
source and destination operands can be XMM registers. Bits (MAXVL-1:128) of the corresponding YMM destination 
register remain unchanged. 

VEX.128 encoded version: The second source operand is an XMM register or a 128-bit memory location. The first 
source and destination operands can be XMM registers. Bits (MAXVL-1:128) of the destination YMM register are 
zeroed. 

VEX.256 encoded version: The second source operand is an YMM register or a 256-bit memory location. The first 
source and destination operands can be YMM registers. 

EVEX encoded version: The first source operand is a ZMM/YMM/XMM register. The second source operand can be a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 
32/64-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally updated with 
writemask ki at 32/64-bit granularity. 


Operation 


POR (64-bit operand) 
DEST := DEST OR SRC 


POR (128-bit Legacy SSE version) 
DEST := DEST OR SRC 
DEST[MAXVL-1:128] (Unmodified) 


VPOR (VEX.128 encoded version) 
DEST := SRC1 OR SRC2 
DEST[MAXVL-1:128] := 0 


VPOR (VEX.256 encoded version) 
DEST := SRC1 OR SRC2 
DEST[MAXVL-1:256] := 0 


VPORD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN DEST[i+31:i] = SRC1[i+31:i] BITWISE OR SRC2[31:0] 
ELSE DEST[i+31:i] := SRC1[i+31:i] BITWISE OR SRC2[i+31:i] 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
*DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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VPORD __m512i_mm512_or_epi32(__m512ia,__m512i b); 

VPORD __m512i_mm512_mask_or_epi32(__m512is,__mmask16 k,_m512i a, 
VPORD __m512i_mm512_maskz_or_epi32(__mmask16 k,___m512i a, __m512i b); 

VPORD __m256i __mm256_or_epi32(__m256i a, ___m256i b); 

VPORD __m256i__mm256_mask_or_epi32(__m256is, _mmask8 k,__ m256i a,__ m256i b,); 
VPORD __m256i__mm256_maskz_or_epi32(__mmask8 k,___ m256i a, ___ m256i b); 

VPORD __m128i_mm_or_epi32(__m128i a,__m128i b); 
VPORD __m128i __mm_mask_or_epi32(__m128is,___ mmask8 k, 
VPORD __m128i __mm_maskz_or_epi32(__mmask8 k,___m128i a,__m128i b); 

VPORQ __m512i_mm512_or_epi64(__m512i a, ___m512i b); 

VPORQ __m512i_mm512_mask_or_epi64(__m512is,___ mmask8 k,__m512i a, ___m512i b); 
VPORQ __m512i_mm512_maskz_or_epi64(__mmask8 k, __m512i a, ___m512i b); 

VPORQ __m256i _mm256_or_epi64(__m256i a, int imm); 

VPORQ __m256i __mm256_mask_or_epi64(__m256i s,___mmask8 k, 
VPORQ __m256i _mm256_maskz_or_epi64(__mmask8 k,___m256i a, 
VPORQ __m128i__mm_or_epi64(__m128i a, __m128i b); 

VPORQ __m128i _mm_mask_or_epi64(__m128i s, __mmask8 k, __m128i a, __m128i b); 
VPORQ __m128i __mm_maskz_or_epi64(__mmask8 k, __m128i a, ___m128i b); 

POR __m64_mm_or_si64(__m64 m1,__m64 m2) 

(V)POR: __m128i __mm_or_si128(__m128i m1,_m128i m2) 

VPOR: m256i_mm256_or_si256 (__m25Gi a,__m256i b) 


m512i b); 


m128i a,__m128ib); 


m256i a, 
m256i b); 


m256i b); 


Flags Affected 


None. 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 


POR—Bitwise Logical OR 


INSTRUCTION SET REFERENCE, M-U 


Vol.2B 4-413 


INSTRUCTION SET REFERENCE, M-U 


PREFETCHh—Prefetch Data Into Caches 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

OF 18/1 PREFETCHTO m8 M Valid Valid Move data from m8 closer to the processor 
using TO hint. 

OF 18/2 PREFETCHT1 m8 M Valid Valid Move data from m8 closer to the processor 
using T1 hint. 

OF 18/3 PREFETCHT2 m8 M Valid Valid Move data from m8 closer to the processor 
using T2 hint. 

OF 18/0 PREFETCHNTA m8 M Valid Valid Move data from m8 closer to the processor 
using NTA hint. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Fetches the line of data from memory that contains the byte specified with the source operand to a location in the 
cache hierarchy specified by a locality hint: 


¢ TO (temporal data)—prefetch data into all levels of the cache hierarchy. 

¢ T1 (temporal data with respect to first level cache misses)—prefetch data into level 2 cache and higher. 

¢ T2 (temporal data with respect to second level cache misses)—prefetch data into level 3 cache and higher, or 
an implementation-specific choice. 

¢ NTA (non-temporal data with respect to all cache levels)—prefetch data into non-temporal cache structure and 
into a location close to the processor, minimizing cache pollution. 


The source operand is a byte memory location. (The locality hints are encoded into the machine level instruction 
using bits 3 through 5 of the ModR/M byte.) 


If the line selected is already present in the cache hierarchy at a level closer to the processor, no data movement 
occurs. Prefetches from uncacheable or WC memory are ignored. 


The PREFETCHA instruction is merely a hint and does not affect program behavior. If executed, this instruction 
moves data closer to the processor in anticipation of future use. 


The implementation of prefetch locality hints is implementation-dependent, and can be overloaded or ignored by a 
processor implementation. The amount of data prefetched is also processor implementation-dependent. It will, 
however, be a minimum of 32 bytes. Additional details of the implementation-dependent locality hints are 
described in Section 7.4 of Intel® 64 and IA-32 Architectures Optimization Reference Manual. 


It should be noted that processors are free to speculatively fetch and cache data from system memory regions that 
are assigned a memory-type that permits speculative reads (that is, the WB, WC, and WT memory types). A 
PREFETCHA instruction is considered a hint to this speculative behavior. Because this speculative fetching can occur 
at any time and is not tied to instruction execution, a PREFETCHA instruction is not ordered with respect to the 
fence instructions (MFENCE, SFENCE, and LFENCE) or locked memory references. A PREFETCHA instruction is also 
unordered with respect to CLFLUSH and CLFLUSHOPT instructions, other PREFETCHA instructions, or any other 
general instruction. It is ordered with respect to serializing instructions such as CPUID, WRMSR, OUT, and MOV CR. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 
FETCH (m8); 
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Intel C/C++ Compiler Intrinsic Equivalent 
void __mm_prefetch(char *p, int i) 


The argument “*p” gives the address of the byte (and corresponding cache line) to be prefetched. The value “i” 
gives a constant (_MM_HINT_TO, _MM_HINT_T1, _MM_HINT_T2, or _MM_HINT_NTA) that specifies the type of 
prefetch operation to be performed. 


Numeric Exceptions 
None. 


Exceptions (All Operating Modes) 
#UD If the LOCK prefix is used. 
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PREFETCHW—Prefetch Data into Caches in Anticipation of a Write 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En Mode Feature 
Support Flag 
OF OD /1 A VIV PREFETCHW | Move data from m8 closer to the processor in anticipation of a 
PREFETCHW m8 write. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Fetches the cache line of data from memory that contains the byte specified with the source operand to a location 
in the 1st or 2nd level cache and invalidates other cached instances of the line. 


The source operand is a byte memory location. If the line selected is already present in the lowest level cache and 
is already in an exclusively owned state, no data movement occurs. Prefetches from non-writeback memory are 
ignored. 


The PREFETCHW instruction is merely a hint and does not affect program behavior. If executed, this instruction 
moves data closer to the processor and invalidates other cached copies in anticipation of the line being written to 
in the future. 


The characteristic of prefetch locality hints is implementation-dependent, and can be overloaded or ignored by a 
processor implementation. The amount of data prefetched is also processor implementation-dependent. It will, 
however, be a minimum of 32 bytes. Additional details of the implementation-dependent locality hints are 
described in Section 7.4 of Intel® 64 and IA-32 Architectures Optimization Reference Manual. 


It should be noted that processors are free to speculatively fetch and cache data with exclusive ownership from 
system memory regions that permit such accesses (that is, the WB memory type). A PREFETCHW instruction is 
considered a hint to this speculative behavior. Because this speculative fetching can occur at any time and is not 
tied to instruction execution, a PREFETCHW instruction is not ordered with respect to the fence instructions 
(MFENCE, SFENCE, and LFENCE) or locked memory references. A PREFETCHW instruction is also unordered with 
respect to CLFLUSH and CLFLUSHOPT instructions, other PREFETCHW instructions, or any other general instruction 


It is ordered with respect to serializing instructions such as CPUID, WRMSR, OUT, and MOV CR. 
This instruction's operation is the same in non-64-bit modes and 64-bit mode. 


Operation 
FETCH_WITH_EXCLUSIVE_OWNERSHIP (m8); 


Flags Affected 
All flags are affected. 


C/C++ Compiler Intrinsic Equivalent 


void _m_prefetchw( void * ); 


Protected Mode Exceptions 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 
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Virtual-8086 Mode Exceptions 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
#UD If the LOCK prefix is used. 


64-Bit Mode Exceptions 
#UD If the LOCK prefix is used. 
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PSADBW—Compute Sum of Absolute Differences 


NOTES: 


Opcode/ Op/ | 64/32 bit | CPUID Feature | Description 
Instruction En |Mode Flag 
Support 
NP OF F6 /r' A VIN SSE Computes the absolute differences of the 
PSADBW mm1, mm2/m64 packed unsigned byte integers from mm2 
/m64 and mm/1; differences are then summed 
to produce an unsigned word integer result. 
66 OF F6 /r A VIN SSE2 Computes the absolute differences of the 
PSADBW xmm1, xmm2/m128 packed unsigned byte integers from xmm2 
/m128 and xmm1; the 8 low differences and 8 
high differences are then summed separately 
to produce two unsigned word integer results. 
VEX.128.66.0F.WIG F6 /r B VIN AVX Computes the absolute differences of the 
VPSADBW xmm1, xmm2, xmm3/m128 packed unsigned byte integers from xmm3 
/m128 and xmm2, the 8 low differences and 8 
high differences are then summed separately 
to produce two unsigned word integer results. 
VEX.256.66.0F.WIG F6 /r B VIN AVX2 Computes the absolute differences of the 
VPSADBW ymm1, ymm2, ymm3/m256 packed unsigned byte integers from ymm3 
/m256 and ymm_2; then each consecutive 8 
differences are summed separately to produce 
four unsigned word integer results. 
EVEX.128.66.0F.WIG F6 /r C VIN AVX512VL Computes the absolute differences of the 
VPSADBW xmm1, xmm2, xmm3/m128 AVX512BW packed unsigned byte integers from xmm3 
/m128 and xmm2; then each consecutive 8 
differences are summed separately to produce 
two unsigned word integer results. 
EVEX.256.66.0F.WIG F6 /r C VIN AVX512VL Computes the absolute differences of the 
VPSADBW ymm1, ymm2, ymm3/m256 AVX512BW packed unsigned byte integers from ymm3 
/m256 and ymmc2; then each consecutive 8 
differences are summed separately to produce 
four unsigned word integer results. 
EVEX.512.66.0F.WIG F6 /r C VN AVX512BW Computes the absolute differences of the 
VPSADBW zmm1, zmm2, zmm3/m512 packed unsigned byte integers from zmm3 
/m512 and zmmd2; then each consecutive 8 
differences are summed separately to produce 
eight unsigned word integer results. 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv ModRM:r/m (r) NA 
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Description 


Computes the absolute value of the difference of 8 unsigned byte integers from the source operand (second 
operand) and from the destination operand (first operand). These 8 differences are then summed to produce an 
unsigned word integer result that is stored in the destination operand. Figure 4-14 shows the operation of the 
PSADBW instruction when using 64-bit operands. 


When operating on 64-bit operands, the word integer result is stored in the low word of the destination operand, 
and the remaining bytes in the destination operand are cleared to all Os. 


When operating on 128-bit operands, two packed results are computed. Here, the 8 low-order bytes of the source 
and destination operands are operated on to produce a word result that is stored in the low word of the destination 
operand, and the 8 high-order bytes are operated on to produce a word result that is stored in bits 64 through 79 
of the destination operand. The remaining bytes of the destination operand are cleared. 


For 256-bit version, the third group of 8 differences are summed to produce an unsigned word in bits[143:128] of 
the destination register and the fourth group of 8 differences are summed to produce an unsigned word in 
bits[207:192] of the destination register. The remaining words of the destination are set to 0. 


For 512-bit version, the fifth group result is stored in bits [271:256] of the destination. The result from the sixth 
group is stored in bits [335:320]. The results for the seventh and eighth group are stored respectively in bits 
[399:384] and bits [463:447], respectively. The remaining bits in the destination are set to 0. 


In 64-bit mode and not encoded by VEX/EVEX prefix, using a REX prefix in the form of REX.R permits this instruc- 
tion to access additional registers (XMM8-XMM15). 


Legacy SSE version: The source operand can be an MMX technology register or a 64-bit memory location. The 
destination operand is an MMX technology register. 


128-bit Legacy SSE version: The first source operand and destination register are XMM registers. The second 
source operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding ZMM 
destination register remain unchanged. 


VEX.128 and EVEX.128 encoded versions: The first source operand and destination register are XMM registers. The 
second source operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding 
ZMM register are zeroed. 


VEX.256 and EVEX.256 encoded versions: The first source operand and destination register are YMM registers. The 
second source operand is an YMM register or a 256-bit memory location. Bits (MAXVL-1:256) of the corresponding 
ZMM register are zeroed. 


EVEX.512 encoded version: The first source operand and destination register are ZMM registers. The second 
source operand is a ZMM register or a 512-bit memory location. 


SRC X7 X6 X5 x4 | X3 X2 x1 X0 


DEST; y7 Y6 Y5 Y4 Y3 Y2 v1 YO 


TEMP | ABS(x7:Y7)| ABS(X6:Y6)| ABS(X5:Y5) | ABS(X4:Y4)] ABS(X3:Y3)| ABS(X2:Y2) | ABS(X1:Y1) | ABS(X0:Y0) 


DEST) 00H 00H 00H 00H | 00H OOH | SUM(TEMP7...TEMPO) 


Figure 4-14. PSADBW Instruction Operation Using 64-bit Operands 
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Operation 

VPSADBW (EVEX encoded versions) 

VL = 128, 256,512 

TEMPO := ABS(SRC1[7:0] - SRC2[7:0]) 

(* Repeat operation for bytes 1 through 15 *) 
TEMP15 := ABS(SRC1[127:120] - SRC2[127:120)) 
DEST[15:0] := SUM(TEMPO:TEMP7) 

DEST[63:16] := OOOOOOO00000H 

DEST[79:64] := SUM(TEMP8:TEMP15) 

DEST[1 27:80] := OOOOOO00000H 


IF VL >= 256 
(* Repeat operation for bytes 16 through 31*) 
TEMP31 := ABS(SRC1[255:248] - SRC2[255:248]) 
DEST[143:128] := SUM(TEMP16:TEMP23) 
DEST[191:144] := QOOOOO000000H 
DEST[207:192] := SUM(TEMP24:TEMP31) 
DEST[223:208] := QOOOO000000H 

Fl; 

IF VL >= 512 

(* Repeat operation for bytes 32 through 63%) 
TEMP63 := ABS(SRC1[511:504] - SRC2[511:504]) 
DEST[271:256] := SUM(TEMPO:TEMP7) 
DEST[319:272] := QOOOOO000000H 
DEST[335:320] := SUM(TEMP8:TEMP15) 
DEST[383:336] := QOOOO000000H 
DEST[399:384] := SUM(TEMP16:TEMP23) 
DEST[447:400] := QOOOOO000000H 
DEST[463:448] := SUM(TEMP24:TEMP31) 
DEST[511:464] := QOOOOO00000H 

Fl; 

DEST[MAXVL-1:VL] := 0 


VPSADBW (VEX.256 encoded version) 
TEMPO := ABS(SRC1[7:0] - SRC2[7:0]) 

(* Repeat operation for bytes 2 through 30%) 
TEMP31 := ABS(SRC1[255:248] - SRC2[255:248]) 
DEST[15:0] := SUM(TEMPO:TEMP7) 
DEST[63:16] := OOOOOOO00000H 
DEST[79:64] := SUM(TEMP8:TEMP15) 
DEST[1 27:80] := OOOOOO00000H 
DEST[143:128] := SUM(TEMP16:TEMP23) 
DEST[191:144] := QOOOOO000000H 
DEST[207:192] := SUM(TEMP24:TEMP31) 
DEST[223:208] := OOOOOO00000H 
DEST[MAXVL-1:256] := 0 
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VPSADBW (VEX.128 encoded version) 

TEMPO := ABS(SRC1[7:0] - SRC2[7:0]) 

(* Repeat operation for bytes 2 through 14 *) 
TEMP15 := ABS(SRC1[127:120] - SRC2[127:120)]) 
DEST[15:0] := SUM(TEMPO:TEMP7) 

DEST[63:16] := OOOOOO000000H 

DEST[79:64] := SUM(TEMP8:TEMP15) 

DEST[1 27:80] := OOOOOOO0000H 
DEST[MAXVL-1:128] := 0 


PSADBW (128-bit Legacy SSE version) 

TEMPO := ABS(DEST[7:0] - SRC[7:0]) 

(* Repeat operation for bytes 2 through 14 *) 
TEMP15 := ABS(DEST[1 27:1 20] - SRC[127:120]) 
DEST[15:0] := SUM(TEMPO:TEMP7) 

DEST[63:16] := OOOOOOO00000H 

DEST[79:64] := SUM(TEMP8:TEMP15) 

DEST[1 27:80] := OOOOO000000 
DEST[MAXVL-1:128] (Unmodified) 


PSADBW (64-bit operand) 

TEMPO := ABS(DEST[7:0] - SRC[7:0]) 

(* Repeat operation for bytes 2 through 6 *) 
TEMP7 := ABS(DEST[63:56] - SRC[63:56]) 
DEST[15:0] := SUM(TEMPO:TEMP7) 
DEST[63:16] := OOOOOOO00000H 


Intel C/C++ Compiler Intrinsic Equivalent 


VPSADBW __m512i_mm512_sad_epu8(__m512i a, 
PSADBW:__m64 _mm_sad_pu8(__m64 a,__m64 b) 
(V)PSADBW:__m128i __mm_sad_epu8(__m128i a,___m128i b) 
VPSADBW:__m256i__mm256_sad_epu8(__m256i a,__ m256i b) 


m512i b) 


Flags Affected 
None. 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


INSTRUCTION SET REFERENCE, M-U 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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PSHUFB — Packed Shuffle Bytes 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 

Support | Flag 
NP OF 38 00 /r’ A VV SSSE3 Shuffle bytes in mm7 according to contents of 
PSHUFB mm1, mm2/m64 mme/m64. 
66 OF 38 00 /r A VIN SSSE3 Shuffle bytes in xmm7 according to contents of 
PSHUFB xmm1, xmm2/m128 xmme/m1 28. 
VEX.128.66.0F38.WIG 00 /r B VN AVX Shuffle bytes in xmm2 according to contents of 
VPSHUFB xmm1, xmm2, xmm3/m128 xmm3/m1 28. 
VEX.256.66.0F38.WIG 00 /r B VIN AVX2 Shuffle bytes in ymm2 according to contents of 
VPSHUFB ymm1, ymm2, ymm3/m256 ymm3/m256. 
EVEX.128.66.0F38.WIG 00 /r C VV AVX512VL | Shuffle bytes in xmm2 according to contents of 
VPSHUFB xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm3/m128 under write mask k1. 
EVEX.256.66.0F38.WIG 00 /r C VV AVX512VL | Shuffle bytes in ymm2 according to contents of 
VPSHUFB ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm3/m256 under write mask k1. 
EVEX.512.66.0F38.WIG 00 /r C VV AVX512BW | Shuffle bytes in zmm_2 according to contents of 
VPSHUFB zmm1 {k1}{z}, zmm2, zmm3/m512 zmm3/m512 under write mask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


PSHUFB performs in-place shuffles of bytes in the destination operand (the first operand) according to the shuffle 
control mask in the source operand (the second operand). The instruction permutes the data in the destination 
operand, leaving the shuffle mask unaffected. If the most significant bit (bit[7]) of each byte of the shuffle control 
mask is set, then constant zero is written in the result byte. Each byte in the shuffle control mask forms an index 
to permute the corresponding byte in the destination operand. The value of each index is the least significant 4 bits 
(128-bit operation) or 3 bits (64-bit operation) of the shuffle control byte. When the source operand is a 128-bit 
memory operand, the operand must be aligned on a 16-byte boundary or a general-protection exception (#GP) will 
be generated. 


In 64-bit mode and not encoded with VEX/EVEX, use the REX prefix to access XMM8-XMM15 registers. 
Legacy SSE version 64-bit operand: Both operands can be MMX registers. 


128-bit Legacy SSE version: The first source operand and the destination operand are the same. Bits (MAXVL- 
1:128) of the corresponding YMM destination register remain unchanged. 


VEX.128 encoded version: The destination operand is the first operand, the first source operand is the second 
operand, the second source operand is the third operand. Bits (MAXVL-1:128) of the destination YMM register are 
zeroed. 


VEX.256 encoded version: Bits (255:128) of the destination YMM register stores the 16-byte shuffle result of the 
upper 16 bytes of the first source operand, using the upper 16-bytes of the second source operand as control mask. 
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The value of each index is for the high 128-bit lane is the least significant 4 bits of the respective shuffle control 
byte. The index value selects a source data element within each 128-bit lane. 

EVEX encoded version: The second source operand is an ZMM/YMM/XMM register or an 512/256/128-bit memory 
location. The first source operand and destination operands are ZMM/YMM/XMM registers. The destination is condi- 
tionally updated with writemask k1. 


EVEX and VEX encoded version: Four/two in-lane 128-bit shuffles. 


Operation 


PSHUFB (with 64 bit operands) 
TEMP := DEST 
fori=Oto7{ 
if (SRC[(i * 8)+7] = 1 ) then 
DEST[(i*8)+7...(i*8)+0] := 0; 
else 
index[2..0] := SRC[(i*8)+2 .. (i*8)+0]; 
DEST[(i*8)+7...(i*8)+0] := TEMP[(index*8+7)..(index*8+0)]; 
endif; 


} 


PSHUFB (with 128 bit operands) 
TEMP := DEST 
fori=Oto 15{ 
if (SRC[(i * 8)+7] = 1) then 
DEST[(i*8)+7..(i*8)+0] := 0; 
else 
index[3..0] := SRC[(i*8)+3 .. (i*8)+0]; 
DEST[(i*8)+7..(i*8)+0] := TEMP[(index*8+7)..(index*8+0)]; 
endif 
} 


VPSHUFB (VEX.128 encoded version) 
fori=Oto 15{ 
if (SRC2[(i * 8)+7] = 1) then 
DEST[(i*8)+7..(i*8)+0] := 0; 
else 
index[3..0] := SRC2[(i*8)+3 .. (i*8)+0]; 
DEST[(i*8)+7..(i*8)+0] := SRC1[(index*8+7)..(index*8+0)]; 
endif 


} 
DEST[MAXVL-1:128] := 0 


VPSHUFB (VEX.256 encoded version) 
fori=Oto15{ 
if (SRC2[(i * 8)+7] == 1 ) then 
DEST[(i*8)+7..(i*8)+0] := 0; 
else 
index[3..0] := SRC2[(i*8)+3 .. (i*8)+0]; 
DEST[(i*8)+7..(i*8)+0] := SRC1[(index*8+7)..(index*8+0)]; 
endif 
if (SRC2[128 + (i * 8)+7] == 1 ) then 
DEST[128 + (i*8)+7..(i*8)+0] := 0; 
else 
index[3..0] := SRC2[128 + (i*8)+3 .. (i*8)+0]; 
DEST[128 + (i*8)+7..(i*8)+0] := SRC1[128 + (index*8+7)..(index*8+0)]; 
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endif 
} 
VPSHUFB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
jmask := (KL-1) & ~OxF // 0x00, 0x10, 0x30 depending on the VL 
FOR j =O TOKL-1 // dest 
IF kI[ i ] or no_masking 
index := src.byte[ j ]; 
IF index & 0x80 
Dest.byte[ j ] := 0; 
ELSE 
index := (index & OXF) + (j & jmask); // 16-element in-lane lookup 
Dest.byte[ j ] := src.byte[ index J; 
ELSE if zeroing 
Dest.byte[ j ] := 0; 
DEST[MAXVL-1:VL] := 0; 


MM2 
07H 07H FFH 80H 01H 00H 00H 00H 
MM1 
04H 01H 07H 03H 02H 02H FFH 01H 
04H 04H 00H 00H FFH 01H 01H 01H 


Figure 4-15. PSHUFB with 64-Bit Operands 


Intel C/C++ Compiler Intrinsic Equivalent 
VPSHUFB __m512i__mm512_shuffle_epi8(__m512i a,__m512i b); 


VPSHUFB __m512i__mm512_mask_shuffle_epi8(__m512is, _ mmask64 k,___m512i a,__m512i b); 
VPSHUFB __m512i __mm512_maskz_shuffle_epi8(__mmask64 k,__m512ia,__m512i b); 
VPSHUFB __m256i __mm256_mask_shuffle_epi8(__m256i s, _ mmask32 k,__ m256i a,___m256i b); 


VPSHUFB __m256i _mm256_maskz_shuffle_epi8(__mmask32 k,___ m256i a, ___ m256i b); 
VPSHUFB __m128i _mm_mask_shuffle_epi8(__m128i s,___ mmask16 k,__m128i a, __m128i b); 
VPSHUFB __m128i __mm_maskz_shuffle_epi8(__mmask16 k,__m128i a, ___m128i b); 
PSHUFB: __m64__mm_shuffle_pi8 (__m64 a,__m64 b) 

(V)PSHUFB: __m128i__mm_shuffle_epi8 (__m128i a,__m128i b) 
VPSHUFB:__m256i__mm256_shuffle_epi8(__m256i a, ___m256i b) 


SIMD Floating-Point Exceptions 


None. 
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Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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PSHUFD—Shuffle Packed Doublewords 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
66 OF 70 /rib A VIV SSE2 Shuffle the doublewords in xmm2/m128 based on 
PSHUFD xmm1, xmm2/m128, imm8 the encoding in imm8 and store the result in xmm1. 
VEX.128.66.0F.WIG 70 /r ib A VIN AVX Shuffle the doublewords in xmm2/m128 based on 
VPSHUFD xmm1, xmm2/m128, imm8 the encoding in imm8 and store the result in xmm1. 
VEX.256.66.0F.WIG 70 /r ib A VIV AVX2 Shuffle the doublewords in ymm2/m256 based on 
VPSHUFD ymm1, ymm2/m256, imm8 the encoding in imm8 and store the result in ymm1. 
EVEX.128.66.0F.WO 70 /r ib B VV AVX512VL | Shuffle the doublewords in xmm2/m128/m32bcst 
VPSHUFD xmm1 {k1}{z}, xmm2/m128/m32bcst, AVX512F | based on the encoding in imm8 and store the result 
imm8 in xmm1 using writemask k1. 
EVEX.256.66.0F.WO 70 /r ib B VIN AVX512VL | Shuffle the doublewords in ynm2/m256/m32bcst 
VPSHUFD ymm1 {k1}{z}, ymm2/m256/m32bcst, AVX512F | based on the encoding in imm8 and store the result 
imm8 in ymm1 using writemask k1. 
EVEX.512.66.0F.WO 70 /r ib B VIN AVX512F | Shuffle the doublewords in zmm2/m51 2/m32bcst 
VPSHUFD zmm1 {k1}{z}, zmm2/m51 2/m32bcst, based on the encoding in imm8 and store the result 
imm8 in zmm1 using writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) imm8 NA 
B Full ModRM:reg (w) ModRM:r/m (r) Imm8s NA 
Description 


Copies doublewords from source operand (second operand) and inserts them in the destination operand (first 
operand) at the locations selected with the order operand (third operand). Figure 4-16 shows the operation of the 
256-bit VPSHUFD instruction and the encoding of the order operand. Each 2-bit field in the order operand selects 
the contents of one doubleword location within a 128-bit lane and copy to the target element in the destination 
operand. For example, bits 0 and 1 of the order operand targets the first doubleword element in the low and high 
128-bit lane of the destination operand for 256-bit VPSHUFD. The encoded value of bits 1:0 of the order operand 
(see the field encoding in Figure 4-16) determines which doubleword element (from the respective 128-bit lane) of 
the source operand will be copied to doubleword 0 of the destination operand. 


For 128-bit operation, only the low 128-bit lane are operative. The source operand can be an XMM register or a 
128-bit memory location. The destination operand is an XMM register. The order operand is an 8-bit immediate. 
Note that this instruction permits a doubleword in the source operand to be copied to more than one doubleword 
location in the destination operand. 
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SRC X7 X6 X5 X4 | x3 X2 x1 X0 
DEST Y7 Y6 Y5 Y4 Y3 Y2 Y1 YO 


qi ae Encoding 0OB - XO 
of Fields in 01B-X5 ORDER recuse Gin 
ORDER  10B - X6 of Fields in - 


ORDER _ 10B - X2 
Operand 11B - X7 7654321 0 Operand 11B-X3 


Figure 4-16. 256-bit VPSHUFD Instruction Operation 


The source operand can be an XMM register or a 128-bit memory location. The destination operand is an XMM 
register. The order operand is an 8-bit immediate. Note that this instruction permits a doubleword in the source 
operand to be copied to more than one doubleword location in the destination operand. 


In 64-bit mode and not encoded in VEX/EVEX, using REX.R permits this instruction to access XMM8-XMM15. 


128-bit Legacy SSE version: Bits (MAXVL-1:128) of the corresponding YMM destination register remain 
unchanged. 

VEX.128 encoded version: The source operand can be an XMM register or a 128-bit memory location. The destina- 
tion operand is an XMM register. Bits (MAXVL-1:128) of the corresponding ZMM register are zeroed. 

VEX.256 encoded version: The source operand can be an YMM register or a 256-bit memory location. The destina- 
tion operand is an YMM register. Bits (MAXVL-1:256) of the corresponding ZMM register are zeroed. Bits (255- 
1:128) of the destination stores the shuffled results of the upper 16 bytes of the source operand using the imme- 
diate byte as the order operand. 

EVEX encoded version: The source operand can be an ZMM/YMM/XMM register, a 512/256/128-bit memory loca- 
tion, or a 512/256/128-bit vector broadcasted from a 32-bit memory location. The destination operand is a 
ZMM/YMM/XMM register updated according to the writemask. 

Each 128-bit lane of the destination stores the shuffled results of the respective lane of the source operand using 
the immediate byte as the order operand. 


Note: EVEX.vvvv and VEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 


Operation 


PSHUFD (128-bit Legacy SSE version) 
DEST[31:0] := (SRC >> (ORDER[1:0] * 32))[31:0); 
DEST[63:32] := (SRC >> (ORDER[3:2] * 32))[31:0]; 
DEST[95:64] := (SRC >> (ORDER[5:4] * 32))[31:0]; 
DEST[127:96] := (SRC >> (ORDER[7:6] * 32))[31:0]; 
DEST[MAXVL-1:128] (Unmodified) 


VPSHUFD (VEX.128 encoded version) 
DEST[31:0] := (SRC >> (ORDER[1:0] * 32))[31:0]; 
DEST[63:32] := (SRC >> (ORDER[3:2] * 32))[31:0]; 
DEST[95:64] := (SRC >> (ORDER[5:4] * 32))[31:0]; 
DEST[127:96] := (SRC >> (ORDER[7:6] * 32))[31:0]; 
DEST[MAXVL-1:128] := 0 
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VPSHUFD (VEX.256 encoded version) 

DEST[31:0] := (SRC[127:0] >> (ORDER[1:0] * 32))[31:0); 
DEST[63:32] := (SRC[127:0] >> (ORDER[3:2] * 32))[31:0]; 
DEST[95:64] := (SRC[127:0] >> (ORDER[5:4] * 32))[31:0]; 
DEST[127:96] := (SRC[127:0] >> (ORDER[7:6] * 32))[31:0]; 
DEST[159:128] := (SRC[255:128] >> (ORDER[1:0] * 32))[31:0]; 
DEST[191:160] := (SRC[255:128] >> (ORDER[3:2] * 32))[31:0]; 
DEST[223:192] := (SRC[255:128] >> (ORDER[S:4] * 32))[31:0]; 
DEST[255:224] := (SRC[255:128] >> (ORDER[7:6] * 32))[31:0]; 
DEST[MAXVL-1:256] := 0 


Se TSCM SM 


VPSHUFD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF (EVEX.b = 1) AND (SRC *is memory’) 
THEN TMP_SRC[i+31:i] = SRC[31:0] 
ELSE TMP_SRC[i+31:i] := SRC[i+31:i] 
Fl; 
ENDFOR; 
IF VL >= 128 
TMP_DEST[31:0] := (TMP_SRC[1 27:0] >> (ORDER[1:0] * 32))[31:0]; 
TMP_DEST[63:32] := (TMP_SRC[1 27:0] >> (ORDER[3:2] * 32))[31:0]; 
TMP_DEST[95:64] := (TMP_SRC[1 27:0] >> (ORDER[5:4] * 32))[31:0]; 
TMP_DEST[127:96] := (TMP_SRC[127:0] >> (ORDER[7:6] * 32))[31:0]; 


Fl; 
IF VL >= 256 
TMP_DEST[159:1 28] := (TMP_SRC[255:128] >> (ORDER[1:0] * 32))[31:0]; 
TMP_DEST[191:160] := (TMP_SRC[255:128] >> (ORDER[3:2] * 32))[31:0]; 
TMP_DEST[223:192] := (TMP_SRC[255:128] >> (ORDER[5:4] * 32))[31:0]; 
TMP_DEST[255:224] := (TMP_SRC[255:128] >> (ORDER[7:6] * 32))[31:0]; 
Fl; 
IF VL >=512 
TMP_DEST[287:256] := (TMP_SRC[383:256] >> (ORDER[1:0] * 32))[31:0]; 
TMP_DEST[319:288] := (TMP_SRC[383:256] >> (ORDER[3:2] * 32))[31:0]; 
TMP_DEST[351:320] := (TMP_SRC[383:256] >> (ORDER[5:4] * 32))[31:0]; 
TMP_DEST[383:352] := (TMP_SRC[383:256] >> (ORDER[7:6] * 32))[31:0]; 
TMP_DEST[415:384] := (TMP_SRC[511:384] >> (ORDER[1:0] * 32))[31:0]; 
TMP_DEST[447:416] := (TMP_SRC[511:384] >> (ORDER[3:2] * 32))[31:0]; 
TMP_DEST[479:448] := (TMP_SRC[511:384] >> (ORDER[5:4] * 32))[31:0]; 
TMP_DEST[51 1:480] := (TMP_SRC[511:384] >> (ORDER[7:6] * 32))[31:0]; 
Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
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DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 

VPSHUFD __m512i__mm512_shuffle_epi32(__m512i a, int n); 

VPSHUFD __m512i_mm512_mask_shuffle_epi32(__m512is,___mmask16 k,__m512ia, int n); 
VPSHUFD __m512i_mm512_maskz_shuffle_epi32(__mmask16 k,__m512ia, int n ); 
VPSHUFD __m256i __mm256_mask_shuffle_epi32(__m256i s,__ mmask8 k,__ m256i a, int n ); 
VPSHUFD __m256i__mm256_maskz_shuffle_epi32(___mmask8 k, __ m256i a, int n ); 

VPSHUFD __m128i __mm_mask_shuffle_epi32(__m128is,__ mmask8 k,__m128i a, int n); 
VPSHUFD __m128i __mm_maskz_shuffle_epi32(__mmask8 k,___m128i a, int n); 
(V)PSHUFD:__m128i __mm_shuffle_epi32(__m128i a, int n) 

VPSHUFD:__m256i __mm256_shuffle_epi32(__m256i a, const int n) 


Flags Affected 
None. 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded instruction, see Table 2-50, “Type E4NF Class Exception Conditions”. 
Additionally: 
#UD If VEX.vvvv # 1111B or EVEX.vvvv # 1111B. 
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PSHUFHW-—Shuffle Packed High Words 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
F3 OF 70 /rib A VIV SSE2 Shuffle the high words in xmm2/m128 based 


on the encoding in imm8 and store the result in 
xmm1. 


PSHUFHW xmm17, xmm2/m128, imm8 


VEX.128.F3.0F.WIG 70 /r ib A VIV AVX 
VPSHUFHW xmm1, xmm2/m128, imm8 


Shuffle the high words in xmm2/m128 based 
on the encoding in imm8 and store the result in 
xmm1. 


VEX.256.F3.0F.WIG 70 /r ib A VIN AVX2 
VPSHUFHW ymm1, ymm2/m256, imm8 


Shuffle the high words in ymm2/m256 based 
on the encoding in imm8 and store the result in 
ymm1. 


EVEX.128.F3.0F.WIG 70 /r ib B VN 
VPSHUFHW xmm1 {k1}{z}, xmm2/m1 28, imm8 


AVX512VL | Shuffle the high words in xmm2/m1 28 based 
AVX512BW | on the encoding in imm8 and store the result in 
xmm1 under write mask k1. 

AVX512VL | Shuffle the high words in ymm2/m256 based 
AVX512BW | on the encoding in imm8 and store the result in 
ymm1 under write mask k1. 

AVX512BW | Shuffle the high words in zmm2/m512 based 
on the encoding in imm8 and store the result in 
zmm1 under write mask k1. 


EVEX.256.F3.0F.WIG 70 /r ib B VN 
VPSHUFHW ymm1 {k1}{z}, ymm2/m256, imm8 


EVEX.512.F3.0F.WIG 70 /r ib B VV 
VPSHUFHW zmm1 {k1}{z}, zmm2/m512, imm8 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) imm8 NA 
B Full Mem ModRM:reg (w) ModRM:r/m (r) Imm8s NA 
Description 


Copies words from the high quadword of a 128-bit lane of the source operand and inserts them in the high quad- 
word of the destination operand at word locations (of the respective lane) selected with the immediate operand. 
This 256-bit operation is similar to the in-lane operation used by the 256-bit VPSHUFD instruction, which is illus- 
trated in Figure 4-16. For 128-bit operation, only the low 128-bit lane is operative. Each 2-bit field in the immediate 
operand selects the contents of one word location in the high quadword of the destination operand. The binary 
encodings of the immediate operand fields select words (0, 1, 2 or 3, 4) from the high quadword of the source 
operand to be copied to the destination operand. The low quadword of the source operand is copied to the low 
quadword of the destination operand, for each 128-bit lane. 


Note that this instruction permits a word in the high quadword of the source operand to be copied to more than one 
word location in the high quadword of the destination operand. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


128-bit Legacy SSE version: The destination operand is an XMM register. The source operand can be an XMM 
register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding YMM destination register remain 
unchanged. 


VEX.128 encoded version: The destination operand is an XMM register. The source operand can be an XMM register 
or a 128-bit memory location. Bits (MAXVL-1:128) of the destination YMM register are zeroed. VEX.vvvv is 
reserved and must be 1111b, VEX.L must be 0, otherwise the instruction will #UD. 


VEX.256 encoded version: The destination operand is an YMM register. The source operand can be an YMM register 
or a 256-bit memory location. 


4-430 Vol. 2B PSHUFHW—Shuffle Packed High Words 


INSTRUCTION SET REFERENCE, M-U 


EVEX encoded version: The destination operand is a ZMM/YMM/XMM registers. The source operand can be a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location. The destination is updated according to the 
writemask. 


Note: In VEX encoded versions, VEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Operation 


PSHUFHW (128-bit Legacy SSE version) 
DEST[63:0] := SRC[63:0] 

DEST[79:64] := (SRC >> (imm[1:0] *16))[79:64] 
DEST[95:80] := (SRC >> (imm[3:2] * 16))[79:64] 
DEST[111:96] := (SRC >> (imm[5:4] * 16))[79:64] 
DEST[127:112] := (SRC >> (imm[7:6] * 16))[79:64] 
DEST[MAXVL-1:1 28] (Unmodified) 


VPSHUFHW (VEX.128 encoded version) 
DEST[63:0] := SRC1[63:0] 

DEST[79:64] := (SRC1 >> (imm[1:0] *16))[79:64] 
DEST[95:80] := (SRC1 >> (imm[3:2] * 16))[79:64] 
DEST[111:96] := (SRC1 >> (imm[5:4] * 16))[79:64] 
DEST[127:112] := (SRC1 >> (imm[7:6] * 16))[79:64] 
DEST[MAXVL-1:128] := 0 


VPSHUFHW (VEX.256 encoded version) 

DEST[63:0] := SRC1[63:0] 

DEST[79:64] := (SRC1 >> (imm[1:0] *16))[79:64] 
DEST[95:80] := (SRC1 >> (imm[3:2] * 16))[79:64] 
DEST[111:96] := (SRC1 >> (imm[5:4] * 16))[79:64] 
DEST[127:112] := (SRC1 >> (imm[7:6] * 16))[79:64] 
DEST[191:128] := SRC1[191:128] 

DEST[207192] := (SRC1 >> (imm[1:0] *16))[207:192] 
DEST[223:208] := (SRC1 >> (imm[3:2] * 16))[207:192] 
DEST[239:224] := (SRC1 >> (imm[5:4] * 16))[207:192] 
DEST[255:240] := (SRC1 >> (imm[7:6] * 16))[207:192] 
DEST[MAXVL-1:256] := 0 


VPSHUFHW (EVEX encoded versions) 

(KL, VL) = (8, 128), (16, 256), (32, 512) 

IF VL >= 128 
TMP_DEST[63:0] := SRC1[63:0] 
TMP_DEST[79:64] := (SRC1 >> (imm[1:0] *16))[79:64] 
TMP_DEST[95:80] := (SRC1 >> (imm[3:2] * 16))[79:64] 
TMP_DEST[11 1:96] := (SRC1 >> (imm[5:4] * 16))[79:64] 
TMP_DEST[127:112] := (SRC1 >> (imm[7:6] * 16))[79:64] 

Fl; 

IF VL >= 256 
TMP_DEST[191:128] := SRC1[191:128] 
TMP_DEST[207:192] := (SRC1 >> (imm[1:0] *16))[207:192] 
TMP_DEST[223:208] := (SRC1 >> (imm[3:2] * 16))[207:192] 
TMP_DEST[239:224] := (SRC1 >> (imm[5:4] * 16))[207:192] 
TMP_DEST[255:240] := (SRC1 >> (imm[7:6] * 16))[207:192] 

Fl; 

IF VL >= 512 
TMP_DEST[319:256] := SRC1[319:256] 
TMP_DEST[335:320] := (SRC1 >> (imm[1:0] *16))[335:320] 


aan nN 
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TMP_DEST[351:336] := (SRC1 >> (imm[3:2] * 16))[335:320] 
TMP_DEST[367:352] := (SRC1 >> (imm[5:4] * 16))[335:320] 
TMP_DEST[383:368] := (SRC1 >> (imm[7:6] * 16))[335:320] 
TMP_DEST[447:384] := SRC1[447:384] 

TMP_DEST[463:448] := (SRC1 >> (imm[1:0] *16) 
TMP_DEST[479:464] := (SRC1 >> (imm[3:2] * 16 
TMP_DEST[495:480] := (SRC1 >> (imm[5:4] * 16 
TMP_DEST[51 1:496] := (SRC1 >> (imm[7:6] * 16 


[463:448] 
)[463:448] 
)[463:448] 
)[463:448] 


i am 
SS re are a 


Fl; 


FOR j :=0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST{[i+1 5:i] = TMP_DEST[i+15:i]; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{i+1 5:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 

VPSHUFHW __m512i_mm512_shufflehi_epi16(__m512i a, int n); 

VPSHUFHW __m512i_mm512_mask_shufflehi_epi16(__m512is,__mmask16 k,__m512ia, int n); 
VPSHUFHW __m512i_mm512_maskz_shufflehi_epi16(__mmask16 k,__m512ia, int n); 
VPSHUFHW __m256i__mm256_mask_shufflehi_epi16(__m256i s,__ mmask8 k,__ m256i a, int n ); 
VPSHUFHW __m256i__mm256_maskz_shufflehi_epi16(__mmask8 k,___ m256i a, int n ); 
VPSHUFHW __m128i __mm_mask_shufflehi_epi1 6(__m128i s,__ mmask8 k, __m128i a, int n); 
VPSHUFHW __m128i __mm_maskz_shufflehi_epi16(__ mmask8 k, __m128i a, int n); 
(V)PSHUFHW:__m128i __mm_shufflehi_epi1 6(__m128i a, int n) 

VPSHUFHW:__m256i _mm256_shufflehi_epi1 6(__m256i a, const int n) 


Flags Affected 
None. 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 

EVEX-encoded instruction, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
Additionally: 

#UD If VEX.vvvv != 1111B, or EVEX.vvvv != 1111B. 
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PSHUFLW—Shuffle Packed Low Words 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
F2 OF 70 /rib A VIV SSE2 Shuffle the low words in xmm2/m128 based on 


the encoding in imm@ and store the result in 
xmm1. 


PSHUFLW xmm1, xmm2/m128, imm8& 


VEX.128.F2.0F.WIG 70 /r ib A VIV AVX 
VPSHUFLW xmm1, xmm2/m128, imm8 


Shuffle the low words in xmm2/m128 based on 
the encoding in imm8 and store the result in 
xmm1. 


VEX.256.F2.0F.WIG 70 /r ib A VV AVX2 
VPSHUFLW ymm17, ymm2/m256, imm8 


Shuffle the low words in ynm2/m256 based on 
the encoding in imm8 and store the result in 
ymm1. 


EVEX.128.F2.0F.WIG 70 /r ib B VV 
VPSHUFLW xmm1 {k1}{z}, xmm2/m1 28, imm8 


AVX512VL_ | Shuffle the low words in xmm2/m1 28 based on 
AVX512BW | the encoding in imm8 and store the result in 
xmm1 under write mask k1. 


EVEX.256.F2.0F.WIG 70 /r ib B VV 
VPSHUFLW ymm1 {k1}{z}, ymm2/m256, imm8 


AVX512VL | Shuffle the low words in ymm2/m256 based on 
AVX512BW | the encoding in imm8 and store the result in 
ymm1 under write mask k1. 


EVEX.512.F2.0F.WIG 70 /r ib B VIN AVX512BW | Shuffle the low words in zmm2/m512 based on 
VPSHUFLW zmm1 {k1}{z}, zmm2/m512, imm8 the encoding in imm8 and store the result in 


zmm1 under write mask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) imm8 NA 
B Full Mem ModRM:reg (w) ModRM:r/m (r) Imms NA 
Description 


Copies words from the low quadword of a 128-bit lane of the source operand and inserts them in the low quadword 
of the destination operand at word locations (of the respective lane) selected with the immediate operand. The 
256-bit operation is similar to the in-lane operation used by the 256-bit VPSHUFD instruction, which is illustrated 
in Figure 4-16. For 128-bit operation, only the low 128-bit lane is operative. Each 2-bit field in the immediate 
operand selects the contents of one word location in the low quadword of the destination operand. The binary 
encodings of the immediate operand fields select words (0, 1, 2 or 3) from the low quadword of the source operand 
to be copied to the destination operand. The high quadword of the source operand is copied to the high quadword 
of the destination operand, for each 128-bit lane. 


Note that this instruction permits a word in the low quadword of the source operand to be copied to more than one 
word location in the low quadword of the destination operand. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


128-bit Legacy SSE version: The destination operand is an XMM register. The source operand can be an XMM 
register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding YMM destination register remain 
unchanged. 


VEX.128 encoded version: The destination operand is an XMM register. The source operand can be an XMM register 
or a 128-bit memory location. Bits (MAXVL-1:128) of the destination YMM register are zeroed. 

VEX.256 encoded version: The destination operand is an YMM register. The source operand can be an YMM register 
or a 256-bit memory location. 


EVEX encoded version: The destination operand is a ZMM/YMM/XMM registers. The source operand can be a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location. The destination is updated according to the 
writemask. 
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Note: In VEX encoded versions, VEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Operation 


PSHUFLW (128-bit Legacy SSE version) 
DEST[15:0] := (SRC >> (imm[1:0] *16))[15:0] 
DEST[31:16] := (SRC >> (imm[3:2] * 16))[15:0] 
DEST[47:32] := (SRC >> (imm[5:4] * 16))[15:0] 
DEST[63:48] := (SRC >> (imm[7:6] * 16))[15:0] 
DEST[127:64] := SRC[127:64] 
DEST[MAXVL-1:128] (Unmodified) 


VPSHUFLW (VEX.128 encoded version) 
DEST[15:0] := (SRC1 >> (imm[1:0] *16))[15:0] 
DEST[31:16] := (SRC1 >> (imm[3:2] * 16))[15:0] 
DEST[47:32] := (SRC1 >> (imm[5:4] * 16))[15:0] 
DEST[63:48] := (SRC1 >> (imm[7:6] * 16))[15:0] 
DEST[127:64] := SRC[127:64] 
DEST[MAXVL-1:128] := 0 


VPSHUFLW (VEX.256 encoded version) 
DEST[15:0] := (SRC1 >> (imm[1:0] *16))[15:0] 
DEST[31:16] := (SRC1 >> (imm[3:2] * 16))[15:0] 
DEST[47:32] := (SRC1 >> (imm[5:4] * 16))[15:0] 
DEST[63:48] := (SRC1 >> (imm[7:6] * 16))[15:0] 
DEST[127:64] := SRC1[127:64] 
DEST[143:128] := (SRC1 >> (imm[1:0] *16) 
DEST[159:144] := (SRC1 >> (imm[3:2] * 16 
DEST[175:160] := (SRC1 >> (imm[5:4] * 16 
DEST[191:176] := (SRC1 >> (imm[7:6] * 16 
DEST[255:192] := SRC1[255:192] 
DEST[MAXVL-1:256] := 0 


— 


[143:128] 
)[143:128] 
)[143:128] 
)[143:128] 


Sa a 


VPSHUFLW (EVEX.U1.512 encoded version) 

(KL, VL) = (8, 128), (16, 256), (32, 512) 

IF VL >= 128 
TMP_DEST[15:0] := (SRC1 >> (imm[1:0] *16))[15:0] 
TMP_DEST[31:16] := (SRC1 >> (imm[3:2] * 16))[15:0] 
TMP_DEST[47:32] := (SRC1 >> (imm[5:4] * 16))[15:0] 
TMP_DEST[63:48] := (SRC1 >> (imm[7:6] * 16))[15:0] 
TMP_DEST[127:64] := SRC1[127:64] 

Fl; 

IF VL >= 256 
TMP_DEST[143:1 28] := (SRC1 >> (imm[1:0] *16))[143:128] 
TMP_DEST[159:144] := (SRC1 >> (imm[3:2] * 16))[143:128] 
TMP_DEST[175:160] := (SRC1 >> (imm[5:4] * 16))[143:128] 
TMP_DEST[191:176] := (SRC1 >> (imm[7:6] * 16))[143:128] 
TMP_DEST[255:192] := SRC1[255:192] 

Fl; 

IF VL >= 512 
TMP_DEST[271:256] := 
TMP_DEST[287:272] := 


ie 


SRC1 >> (imm{[1:0] *16) 
SRC1 >> (imm[3:2] * 16 
TMP_DEST[303:288] := (SRC1 >> (imm[5:4] * 16 
TMP_DEST[319:304] := (SRC1 >> (imm[7:6] * 16 
TMP_DEST[383:320] := SRC1[383:320] 


[271:256] 
)[271:256] 
)[271:256] 
)[271:256] 


ann ons 
ee ey) 
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TMP_DEST[399:384] := (SRC1 >> (imm[1:0] *16))[399:384] 
TMP_DEST[415:400] := (SRC1 >> (imm[3:2] * 16))[399:384] 
TMP_DEST[431:416] := (SRC1 >> (imm[5:4] * 16))[399:384] 
TMP_DEST[447:432] := (SRC1 >> (imm[7:6] * 16))[399:384] 


TMP_DEST[51 1:448] := SRC1[511:448] 
Fl; 


FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+15:i] = TMP_DEST[i+15:i]; 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
VPSHUFLW __m512i__mm512_shufflelo_epi16(__m512i a, int n); 
VPSHUFLW __m512i__mm512_mask_shufflelo_epi16(__m512is, 


VPSHUFLW __m256i __mm256_mask_shufflelo_epi16(__m256i s, 


VPSHUFLW __m128i __mm_mask_shufflelo_epi16(__m128i s, 


(V)PSHUFLW:__m128i __mm_shufflelo_epi16(__m128i a, int n) 
VPSHUFLW:__m256i__mm256_shufflelo_epi16(__m256i a, const int n) 


Flags Affected 
None. 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


mmask16 k,__m512ia, int n); 
VPSHUFLW __m512i__mm512_maskz_shufflelo_epi16(__mmask16 k,__m512i a, int n); 
mmask8 k,___m256i a, int n ); 
VPSHUFLW __m256i __mm256_maskz_shufflelo_epi16(__mmask8 k,__ m256i a, int n ); 
mmask8 k, 
VPSHUFLW __m128i __mm_maskz_shufflelo_epi16(__mmask8 k, __m128i a, int n); 


m128i a, int n); 


INSTRUCTION SET REFERENCE, M-U 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 


Additionally: 


#UD If VEX.vvvv != 1111B, or EVEX.vvvv != 1111B. 
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PSHUFW-—Shuffle Packed Words 


PSHUFW mm1, mm2/m64, imm8 


Opcode/ Op/ | 64-Bit Compat/ |Description 
Instruction En |Mode Leg Mode 
NP OF 70 /rib RMI | Valid Valid Shuffle the words in mm2/m64 based on the 


encoding in imm8 and store the result in mm7. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMI ModRM:reg (w) ModRM:r/m (r) imm8 NA 
Description 


Copies words from the source operand (second operand) and inserts them in the destination operand (first 
operand) at word locations selected with the order operand (third operand). This operation is similar to the opera- 
tion used by the PSHUFD instruction, which is illustrated in Figure 4-16. For the PSHUFW instruction, each 2-bit 
field in the order operand selects the contents of one word location in the destination operand. The encodings of the 
order operand fields select words from the source operand to be copied to the destination operand. 


The source operand can be an MMX technology register or a 64-bit memory location. The destination operand is an 
MMX technology register. The order operand is an 8-bit immediate. Note that this instruction permits a word in the 
source operand to be copied to more than one word location in the destination operand. 


In 64-bit mode, using a REX prefix in the form of REX.R permits this instruction to access additional registers 


(XMM8-XMM15). 


Operation 


DEST[15:0] := (SRC >> (ORDER[1:0] * 16))[15:0]; 
DEST[31:16] := (SRC >> (ORDER[3:2] * 16))[15:0]; 
DEST[47:32] := (SRC >> (ORDER[5:4] * 16))[15:0]; 
DEST[63:48] := (SRC >> (ORDER[7:6] * 16))[15:0]; 


Intel C/C++ Compiler Intrinsic Equivalent 


PSHUFW: 


Flags Affected 
None. 


Numeric Exceptions 


None. 


Other Exceptions 
See Table 22-7, “Exception Conditions for SIMD/MMX Instructions with Memory Reference” in the Inte/® 64 and 


IA-32 Architectures Software Developer’s Manual, Volume 3A. 
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m64 _mm_shuffle_pi16(__m64 a, int n) 
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PSIGNB/PSIGNW/PSIGND — Packed SIGN 
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Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

NP OF 38 08 /r’ RM | V/V SSSE3 Negate/zero/preserve packed byte integers in 

PSIGNB mm1, mm2/m64 mm1 depending on the corresponding sign in 
mm2/m64. 

66 OF 38 08 /r RM | V/V SSSE3 Negate/zero/preserve packed byte integers in 

PSIGNB xmm1, xmm2/m128 Xmm1 depending on the corresponding sign in 
xmm2/m1 28. 

NP OF 38 09 /r’ RM | V/V SSSE3 Negate/zero/preserve packed word integers 

PSIGNW mm1, mm2/m64 in mm1 depending on the corresponding sign 
in mm2/m128. 

66 OF 38 09 /r RM | V/V SSSE3 Negate/zero/preserve packed word integers 

PSIGNW xmm1, xmm2/m128 in xmm1 depending on the corresponding sign 
in xmm2/m128. 

NP OF 38 OA /r! RM | V/V SSSE3 Negate/zero/preserve packed doubleword 

PSIGND mm1, mm2/m64 integers in mm7 depending on the 
corresponding sign in mm2/m128. 

66 OF 38 OA /r RM | V/V SSSE3 Negate/zero/preserve packed doubleword 

PSIGND xmm1, xmm2/m128 integers in xmm1 depending on the 
corresponding sign in xmm2/m128. 

VEX.128.66.0F38.WIG 08 /r RVM | V/V AVX Negate/zero/preserve packed byte integers in 

VPSIGNB xmm1, xmm2, xmm3/m128 Xmm_2 depending on the corresponding sign in 
xmm3/m1 28. 

VEX.128.66.0F38.WIG 09 /r RVM | V/V AVX Negate/zero/preserve packed word integers 

VPSIGNW xmm1, xmm2, xmm3/m128 in xmme2 depending on the corresponding sign 
in xmm3/m128. 

VEX.128.66.0F38.WIG OA /r RVM | V/V AVX Negate/zero/preserve packed doubleword 

VPSIGND xmm1, xmm2, xmm3/m128 integers in xmm2 depending on the 
corresponding sign in xmm3/m128. 

VEX.256.66.0F38.WIG 08 /r RVM | V/V AVX2 Negate packed byte integers in ymm2 if the 

VPSIGNB ymm1, ymm2, ymm3/m256 corresponding sign in ymm3/m256 is less 
than zero. 

VEX.256.66.0F38.WIG 09 /r RVM | V/V AVX2 Negate packed 16-bit integers in ymm2 if the 

VPSIGNW ymm1, ymm2, ymm3/m256 corresponding sign in ymm3/m256 is less 
than zero. 

VEX.256.66.0F38.WIG OA /r RVM | V/V AVX2 Negate packed doubleword integers in ymm2 

VPSIGND ymm1, ymm2, ymm3/m256 if the corresponding sign in ymm3/m256 is 
less than zero. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
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Description 


(V)PSIGNB/(V)PSIGNW/(V)PSIGND negates each data element of the destination operand (the first operand) if the 
signed integer value of the corresponding data element in the source operand (the second operand) is less than 
zero. If the signed integer value of a data element in the source operand is positive, the corresponding data 
element in the destination operand is unchanged. If a data element in the source operand is zero, the corre- 
sponding data element in the destination operand is set to zero. 


(V)PSIGNB operates on signed bytes. (V)PSIGNW operates on 16-bit signed words. (V)PSIGND operates on signed 
32-bit integers. 

Legacy SSE instructions: Both operands can be MMxX registers. In 64-bit mode, use the REX prefix to access addi- 
tional registers. 

128-bit Legacy SSE version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding YMM destina- 
tion register remain unchanged. 

VEX.128 encoded version: The first source and destination operands are XMM registers. The second source 
operand is an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the destination YMM register are 
zeroed. VEX.L must be 0, otherwise instructions will #UD. 


VEX.256 encoded version: The first source and destination operands are YMM registers. The second source 
operand is an YMM register or a 256-bit memory location. 


Operation 
def byte_sign(control, input_val): 
if control<O: 
return negate(input_val) 
elif control==0: 
return 0 
return input_val 


def word_sign(control, input_val): 
if control<O: 
return negate(input_val) 
elif control==0: 
return 0 
return input_val 


def dword_sign(control, input_val): 
if control<O: 
return negate(input_val) 
elif control==0: 
return 0 
return input_val 


PSIGNB srcdest, src // MMX 64-bit operands 
VL=64 
KL := VL/8 
for iin O..KL-1: 
srcdest.byte[i] := byte_sign(src.byte[i], srcdest.byte[i]) 


PSIGNW srcdest, src // MMX 64-bit operands 


VL=64 
KL := VL/16 
FOR i in O...KL-1: 


srcdest.word[i] := word_sign(src.word[i], srcdest.word[i]) 
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PSIGND srcdest, src // MMX 64-bit operands 
VL=64 
KL := VL/32 
FOR i in O...KL-1: 
srcdest.dword{i] := dword_sign(src.dword[i], srcdest.dword[i]) 


PSIGNB srcdest, src // SSE 128-bit operands 
VL=128 
KL := VL/8 
FOR i in O...KL-1: 
srcdest.byte[i] := byte_sign(src.byte[i], srcdest.byte[i]) 


PSIGNW srcdest, src // SSE 128-bit operands 
VL=128 
KL := VL/16 
FOR i in O...KL-1: 
srcdest.word[i] := word_sign(src.word[i], srcdest.word[i]) 


PSIGND srcdest, src // SSE 128-bit operands 
VL=128 
KL := VL/32 
FOR i in O...KL-1: 
srcdest.dword{i] := dword_sign(src.dword[i], srcdest.dword[i]) 


VPSIGNB dest, src1, src2_ // AVX 128-bit or 256-bit operands 
VL=(128,256) 
KL := VL/8 
FOR i in O...KL-1: 

dest.byte[i] := byte_sign(src2.byte[i], src1.byte[i]) 
DEST[MAXVL-1:VL] := 0 


VPSIGNW dest, src1, src2_ // AVX 128-bit or 256-bit operands 
VL=(128,256) 
KL := VL/16 
FOR i in O...KL-1: 

dest.word[i] := word_sign(src2.word[i], src1.word[i]) 
DEST[MAXVL-1:VL] := 0 


VPSIGND dest, src1, src2.  // AVX 128-bit or 256-bit operands 
VL=(128,256) 
KL := VL/32 
FOR i in O...KL-1: 

dest.dword[i] := dword_sign(src2.dword{i], src1.dword[i]) 
DEST[MAXVL-1:VL] := 0 


PSIGNB/PSIGNW/PSIGND — Packed SIGN 
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Intel C/C++ Compiler Intrinsic Equivalent 


PSIGNB: m64 _mm_sign_pi8 (__m64 a,__m64 b) 
(V)PSIGNB: m128i __mm_sign_epi8 (__m128i a, ___m128i b) 
VPSIGNB: m256i_mm256_sign_epi8 (__m256i a,___m256i b) 
PSIGNW: m64 _mm_sign_pi16 (_m64a,__m64 b) 
(V)PSIGNW: m128i __mm_sign_epi16 (__m128i a, __m128i b) 
VPSIGNW: m256i_mm256_sign_epi16 (__m256i a,__m256i b) 
PSIGND: m64 _mm_sign_pi32 (__m64 a,__m64 b) 
(V)PSIGND: m128i __mm_sign_epi32 (__m128i a,__m128i b) 
VPSIGND: m256i __mm256_sign_epi32 (__m256i a,___m256i b) 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 


See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 


#UD If VEX.L = 1. 
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PSIGNB/PSIGNW/PSIGND — Packed SIGN 


PSLLDQ—Shift Double Quadword Left Logical 


INSTRUCTION SET REFERENCE, M-U 


Opcode/ Op/ |64/32 bit | CPUID Description 
Instruction En Mode Feature 

Support | Flag 
66 OF 73/7 ib A VN SSE2 Shift xmm7 left by imm8 bytes while shifting 
PSLLDQ xmm1, imm8 in Os. 
VEX.128.66.0F.WIG 73 /7 ib B VN AVX Shift xmm2 left by imm8 bytes while shifting 
VPSLLDQ xmm1, xmm2, imm8 in Os and store result in xmm17. 
VEX.256.66.0F.WIG 73 /7 ib B VV AVX2 Shift ymm2 left by imm8 bytes while shifting 
VPSLLDQ ymm1, ymm2, imm8 in Os and store result in ymm17. 
EVEX.128.66.0F.WIG 73 /7 ib C VV AVX512VL | Shift xmm2/m128 left by imm8 bytes while 
VPSLLDQ xmm1,xmme2/ m128, imm8 AVX512BW | shifting in Os and store result in xmm1. 
EVEX.256.66.0F.WIG 73 /7 ib C VN AVX512VL | Shift ymnm2/m256 left by imm8 bytes while 
VPSLLDQ ymm1, ymm2/m256, imm8 AVX512BW | shifting in Os and store result in ymm1. 
EVEX.512.66.0F.WIG 73 /7 ib C VN AVX512BW | Shift zmm2/m512 left by imm8 bytes while 
VPSLLDQ zmm1, zmm2/m512, imm8 shifting in Os and store result in zmm1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (r, w) imm8 NA NA 
B NA VEX.vvvv (w) ModRM:r/m (r) imm8 NA 
C Full Mem EVEX.vvvv (w) ModRM:r/m (R) Imm8 NA 
Description 


Shifts the destination operand (first operand) to the left by the number of bytes specified in the count operand 
(second operand). The empty low-order bytes are cleared (set to all Os). If the value specified by the count operand 
is greater than 15, the destination operand is set to all Os. The count operand is an 8-bit immediate. 

128-bit Legacy SSE version: The source and destination operands are the same. Bits (MAXVL-1:128) of the corre- 
sponding YMM destination register remain unchanged. 


VEX.128 encoded version: The source and destination operands are XMM registers. Bits (MAXVL-1:128) of the 
destination YMM register are zeroed. 


VEX.256 encoded version: The source operand is YMM register. The destination operand is an YMM register. Bits 
(MAXVL-1:256) of the corresponding ZMM register are zeroed. The count operand applies to both the low and high 
128-bit lanes. 

EVEX encoded versions: The source operand is a ZMM/YMM/XMM register or a 512/256/128-bit memory location. 
The destination operand is a ZMM/YMM/XMM register. The count operand applies to each 128-bit lanes. 


Operation 

VPSLLDQ (EVEX.U1.512 encoded version) 
TEMP := COUNT 

IF (TEMP > 15) THEN TEMP := 16; Fl 
DEST[127:0] := SRC[127:0] << (TEMP * 8) 
DEST[255:1 28] := SRC[255:128] << (TEMP * 8) 
DEST[383:256] := SRC[383:256] << (TEMP * 8) 
DEST[511:384] := SRC[511:384] << (TEMP * 8) 
DEST[MAXVL-1:512] := 0 
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VPSLLDQ (VEX.256 and EVEX.256 encoded version) 
TEMP := COUNT 

IF (TEMP > 15) THEN TEMP := 16; FI 

DEST[127:0] := SRC[127:0] << (TEMP * 8) 
DEST[255:128] := SRC[255:128] << (TEMP * 8) 
DEST[MAXVL-1:256] := 0 


VPSLLDQ (VEX.128 and EVEX.128 encoded version) 
TEMP := COUNT 

IF (TEMP > 15) THEN TEMP := 16; FI 

DEST := SRC << (TEMP * 8) 

DEST[MAXVL-1:128] := 0 


PSLLDQ(128-bit Legacy SSE version) 
TEMP := COUNT 

IF (TEMP > 15) THEN TEMP := 16; Fl 
DEST := DEST << (TEMP * 8) 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


(V)PSLLDQ:__m128i _mm_slli_si128 (__m128i a, int imm) 
VPSLLDQ:__m256i _mm256_slli_si256 (__m256i a, const int imm) 
VPSLLDQ __m512i_mm512_bslli_epi128 (__m512i a, const int imm) 


Flags Affected 


None. 


Numeric Exceptions 


None. 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-24, “Type 7 Class Exception Conditions”. 
EVEX-encoded instruction, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En Mode Feature 

Support | Flag 
NP OF F1 /r' A VN MMX Shift words in mm left mm/m64 while shifting in 
PSLLW mm, mm/m64 Os. 
66 OF F1 /r A VIV SSE2 Shift words in xmm7 left by xmm2/m128 while 
PSLLW xmm1, xmm2/m128 shifting in Os. 
NP OF 71 /6 ib B VIN MMX Shift words in mm left by imm8 while shifting in 
PSLLW mm1, imm8 Os. 
66 OF 71 /6 ib B VIN SSE2 Shift words in xmm7 left by imm8 while shifting 
PSLLW xmm1, imm8 in Os. 
NP OF Fe /r' A VIV MMX Shift doublewords in mm left by mm/m64 while 
PSLLD mm, mm/m64 shifting in Os. 
66 OF Fe /r A VIV SSE2 Shift doublewords in xmm7 left by xmm2/m128 
PSLLD xmm1, xmm2/m128 while shifting in Os. 
NP OF 72 /6 ib! B VIV MMX Shift doublewords in mm left by imm8 while 
PSLLD mm, imm8 shifting in Os. 
66 OF 72 /6 ib B VIV SSE2 Shift doublewords in xmm7 left by imm8 while 
PSLLD xmm1, imm8 shifting in Os. 
NP OF F3 /r' A VIV MMX Shift quadword in mm left by mm/m64 while 
PSLLO mm, mm/m64 shifting in Os. 
66 OF F3 /r A VIV SSE2 Shift quadwords in xmm7 left by xmm2/m128 
PSLLO xmm1, xmm2/m128 while shifting in Os. 
NP OF 73 /6 ib! B VIV MMX Shift quadword in mm left by imm8 while 
PSLLO mm, imm8 shifting in Os. 
66 OF 73 /6 ib B VIV SSE2 Shift quadwords in xmm7 left by imm8 while 
PSLLO xmm1, imm8 shifting in Os. 
VEX.128.66.0F.WIG F1 /r C VIN AVX Shift words in xmm2 left by amount specified in 
VPSLLW xmm1, xmme2, xmm3/m128 xmm3/m128 while shifting in Os. 
VEX.128.66.0F.WIG 71 /6 ib D VIV AVX Shift words in xmm2 left by imm8 while shifting 
VPSLLW xmm1, xmm2, imm8 in Os. 
VEX.128.66.0F.WIG F2 /r C VIV AVX Shift doublewords in xmm2 left by amount 
VPSLLD xmm1, xmm2, xmm3/m128 specified in xmm3/m128 while shifting in Os. 
VEX.128.66.0F.WIG 72 /6 ib D VIV AVX Shift doublewords in xmm2 left by imm8 while 
VPSLLD xmm1, xmm2, imm8 shifting in Os. 
VEX.128.66.0F.WIG F3 /r G VIV AVX Shift quadwords in xmm2 left by amount 
VPSLLOQ xmm1, xmm2, xmm3/m128 specified in xmm3/m128 while shifting in Os. 
VEX.128.66.0F.WIG 73 /6 ib D VIV AVX Shift quadwords in xmm2 left by imm8 while 
VPSLLQ xmm1, xmm2, imm8 shifting in Os. 
VEX.256.66.0F.WIG F1 /r C VN AVX2 Shift words in ymm2 left by amount specified in 
VPSLLW ymm 1, ymm2, xmm3/m128 xmm3/m128 while shifting in Os. 
VEX.256.66.0F.WIG 71 /6 ib D VV AVX2 Shift words in ymm2 left by imm8 while shifting 


VPSLLW ymm7, ymm2, imm8 


in Os. 
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VEX.256.66.0F.WIG Fe /r VIV AVX2 Shift doublewords in ymm2 left by amount 

VPSLLD ymm1, ymm2, xmm3/m128 specified in xmm3/m128 while shifting in Os. 

VEX.256.66.0F.WIG 72 /6 ib VIV AVX2 Shift doublewords in ymm2 left by imm8 while 

VPSLLD ymm1, ymm2, imm8 shifting in Os. 

VEX.256.66.0F.WIG F3 /r VIV AVX2 Shift quadwords in ymm2 left by amount 

VPSLLO ymm1, ymm2, xmm3/m128 specified in xmm3/m128 while shifting in Os. 

VEX.256.66.0F.WIG 73 /6 ib VIV AVX2 Shift quadwords in ymm2 left by imm8 while 

VPSLLOQ ymm1, ymm2, imm8 shifting in Os. 

EVEX.128.66.0F.WIG F1 /r VIV AVX512VL | Shift words in xmm2 left by amount specified in 

VPSLLW xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm3/m128 while shifting in Os using 
writemask k1. 

EVEX.256.66.0F.WIG F1 /r VIV AVX512VL | Shift words in ymmz2 left by amount specified in 

VPSLLW ymm1 {k1}{z}, ymm2, xmm3/m128 AVX512BW | xmm3/m128 while shifting in Os using 
writemask k1. 

EVEX.512.66.0F.WIG F1 /r VV AVX512BW | Shift words in zmm2 left by amount specified in 

VPSLLW zmm1 {k1}{z}, zmm2, xmm3/m128 xmm3/m128 while shifting in Os using 
writemask k1. 

EVEX.128.66.0F.WIG 71 /6 ib VV AVX512VL | Shift words in xmm2/m128 left by imm8 while 

VPSLLW xmm1 {k1}{z}, xmm2/m1 28, imm8 AVX512BW | shifting in Os using writemask k1. 

EVEX.256.66.0F.WIG 71 /6 ib VV AVX512VL | Shift words in ymm2/m256 left by imm8 while 

VPSLLW ymm1 {k1}{z}, ymm2/m256, imm8 AVX512BW | shifting in Os using writemask k1. 

EVEX.512.66.0F.WIG 71 /6 ib VV AVX512BW | Shift words in zmm2/m512 left by imm8 while 

VPSLLW zmm1 {k1}{z}, zmm2/m512, imm8 shifting in O using writemask k1. 

EVEX.128.66.0F.WO Fe /r VIV AVX512VL | Shift doublewords in xmmz left by amount 

VPSLLD xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512F | specified in xmm3/m1 28 while shifting in Os 
under writemask k1. 

EVEX.256.66.0F.WO Fe /r VIV AVX512VL | Shift doublewords in ymm2 left by amount 

VPSLLD ymm1 {k1}{z}, ymm2, xmm3/m128 AVX512F | specified in xmm3/m128 while shifting in Os 
under writemask k1. 

EVEX.512.66.0F.WO Fe /r VIV AVX512F | Shift doublewords in zmm2 left by amount 

VPSLLD zmm1 {k1}{z}, zmm2, xmm3/m128 specified in xmm3/m128 while shifting in Os 
under writemask k1. 

EVEX.128.66.0F.WO 72 /6 ib VV AVX512VL | Shift doublewords in xmm2/m128/m32bcst left 

VPSLLD xmm1 {k1}{z}, xmm2/m128/m32bcst, AVX512F | by imm8 while shifting in Os using writemask k1. 

imm8 

EVEX.256.66.0F.WO 72 /6 ib VV AVX512VL | Shift doublewords in ymm2/m256/m32bcst left 

VPSLLD ymm1 {k1}{z}, ymnm2/m256/m32bcst, AVX512F | by imm8 while shifting in Os using writemask k1. 

imm8 

EVEX.512.66.0F.WO 72 /6 ib VV AVX512F | Shift doublewords in zmm2/m51 2/m32bcst left 

VPSLLD zmm1 {k1}{z}, zmm2/m512/m32bcst, by imm8 while shifting in Os using writemask k1. 

imm8 

EVEX.128.66.0F.W1 F3 /r VIV AVX512VL | Shift quadwords in xmm2 left by amount 

VPSLLOQ xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512F | specified in xmm3/m1 28 while shifting in Os 
using writemask k1. 

EVEX.256.66.0F.W1 F3 /r VIV AVX512VL | Shift quadwords in ymm2 left by amount 

VPSLLQ ymm1 {k1}{z}, ymm2, xmm3/m128 AVX512F | specified in xmm3/m1 28 while shifting in Os 
using writemask k1. 

EVEX.512.66.0F.W1 F3 /r VIV AVX512F | Shift quadwords in zmm2 left by amount 


VPSLLQ zmm1 {k1}{z}, zmm2, xmm3/m128 


specified in xmm3/m128 while shifting in Os 
using writemask k1. 
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EVEX.128.66.0F.W1 73 /6 ib F VV AVX512VL | Shift quadwords in xmm2/m128/m64bcst left 
VPSLLQ xmm1 {k1}{z}, xmm2/m1 28/m64bcst, AVX512F | by imm8 while shifting in Os using writemask k1. 
imm8 

EVEX.256.66.0F.W1 73 /6 ib F VV AVX512VL | Shift quadwords in ynm2/m256/m64bcst left 
VPSLLQ ymm1 {k1}{z}, ymm2/m256/m64bcst, AVX512F | by imm8 while shifting in Os using writemask k1. 
imm8 

EVEX.512.66.0F.W1 73 /6 ib F VV AVX512F | Shift quadwords in zmm2/m512/m64bcst left 
VPSLLQ zmm1 {k1}{z}, zmm2/m51 2/m64bcst, by imm8 while shifting in Os using writemask k1. 
imm8 

NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:r/m (r, w) imm8 NA NA 
C NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
D NA VEX.vvvv (w) ModRM:r/m (r) imm8 NA 
E Full Mem EVEX.vvvv (w) ModRM:r/m (R) Imm8s NA 
F Full EVEX.vvvv (w) ModRM:r/m (R) Imm8s8 NA 
G Mem128 ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Shifts the bits in the individual data elements (words, doublewords, or quadword) in the destination operand (first 
operand) to the left by the number of bits specified in the count operand (second operand). As the bits in the data 
elements are shifted left, the empty low-order bits are cleared (set to 0). If the value specified by the count 
operand is greater than 15 (for words), 31 (for doublewords), or 63 (for a quadword), then the destination operand 
is set to all Os. Figure 4-17 gives an example of shifting words in a 64-bit operand. 


Pre Shit X3 x2 x1 X0 
Shift Left | 
with Zero 
Extension | i 
eg X3 << COUNT | X2 << COUNT | X1 << COUNT | X0 << COUNT 


Figure 4-17. PSLLW, PSLLD, and PSLLQ Instruction Operation Using 64-bit Operand 


The (V)PSLLW instruction shifts each of the words in the destination operand to the left by the number of bits spec- 
ified in the count operand; the (V)PSLLD instruction shifts each of the doublewords in the destination operand; and 
the (V)PSLLQ instruction shifts the quadword (or quadwords) in the destination operand. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE instructions 64-bit operand: The destination operand is an MMX technology register; the count 
operand can be either an MMX technology register or an 64-bit memory location. 
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128-bit Legacy SSE version: The destination and first source operands are XMM registers. Bits (MAXVL-1:128) of 
the corresponding YMM destination register remain unchanged. The count operand can be either an XMM register 
or a 128-bit memory location or an 8-bit immediate. If the count operand is a memory address, 128 bits are loaded 
but the upper 64 bits are ignored. 

VEX.128 encoded version: The destination and first source operands are XMM registers. Bits (MAXVL-1:128) of the 
destination YMM register are zeroed. The count operand can be either an XMM register or a 128-bit memory loca- 
tion or an 8-bit immediate. If the count operand is a memory address, 128 bits are loaded but the upper 64 bits are 
ignored. 

VEX.256 encoded version: The destination operand is a YMM register. The source operand is a YMM register or a 
memory location. The count operand can come either from an XMM register or a memory location or an 8-bit imme- 
diate. Bits (MAXVL-1:256) of the corresponding ZMM register are zeroed. 

EVEX encoded versions: The destination operand is a ZMM register updated according to the writemask. The count 
operand is either an 8-bit immediate (the immediate count version) or an 8-bit value from an XMM register or a 
memory location (the variable count version). For the immediate count version, the source operand (the second 
operand) can be a ZMM register, a 512-bit memory location or a 512-bit vector broadcasted from a 32/64-bit 
memory location. For the variable count version, the first source operand (the second operand) is a ZMM register, 
the second source operand (the third operand, 8-bit variable count) can be an XMM register or a memory location. 
Note: In VEX/EVEX encoded versions of shifts with an immediate count, vvvv of VEX/EVEX encode the destination 
register, and VEX.B/EVEX.B + ModRM.r/m encodes the source register. 


Note: For shifts with an immediate count (VEX.128.66.0F 71-73 /6, or EVEX.128.66.0F 71-73 /6), 
VEX.vvvv/EVEX.vvvv encodes the destination register. 


Operation 


PSLLW (with 64-bit operand) 
IF (COUNT > 15) 
THEN 
DEST[64:0] := QOOOODD0D0000000H; 
ELSE 
DEST[15:0] := ZeroExtend(DEST[15:0] << COUNT); 
(* Repeat shift operation for 2nd and 3rd words *) 
DEST[63:48] := ZeroExtend(DEST[63:48] << COUNT); 
Fl; 


PSLLD (with 64-bit operand) 

IF (COUNT > 31) 

THEN 
DEST[64:0] := QOOOOOOO00000000H; 

ELSE 
DEST[31:0] := ZeroExtend(DEST[31:0] << COUNT); 
DEST[63:32] := ZeroExtend(DEST[63:32] << COUNT); 

Fl; 


PSLLQ (with 64-bit operand) 
IF (COUNT > 63) 
THEN 
DEST[64:0] := QOOOODD0O0000000H; 
ELSE 
DEST := ZeroExtend(DEST << COUNT); 
Fl; 


LOGICAL_LEFT_SHIFT_WORDS(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0); 

IF (COUNT > 15) 

THEN 
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DEST[127:0] := OOOOOOOODDDDD0000000000000000000H 
ELSE 
DEST[15:0] := ZeroExtend(SRC[1 5:0] << COUNT); 
(* Repeat shift operation for 2nd through 7th words *) 
DEST[127:1 12] := ZeroExtend(SRC[127:112] << COUNT); 
Fl; 


LOGICAL_LEFT_SHIFT_DWORDS1(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 31) 
THEN 

DEST[31:0] := 0 
ELSE 

DEST[31:0] := ZeroExtend(SRC[31:0] << COUNT); 
Fl; 


LOGICAL_LEFT_SHIFT_DWORDS(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 31) 
THEN 
DEST[127:0] := OOOOOOOODDDDD0000000000000000000H 
ELSE 
DEST[31:0] := ZeroExtend(SRC[31:0] << COUNT); 
(* Repeat shift operation for 2nd through 3rd words *) 
DEST[1 27:96] := ZeroExtend(SRC[127:96] << COUNT); 
Fl; 


LOGICAL_LEFT_SHIFT_QWORDS1 (SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 63) 
THEN 

DEST[63:0] := O 
ELSE 

DEST[63:0] := ZeroExtend(SRC[63:0] << COUNT); 
Fl; 


LOGICAL_LEFT_SHIFT_QWORDS(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 63) 
THEN 
DEST[127:0] := OOOOOOOODDDDD0000000000000000000H 
ELSE 
DEST[63:0] := ZeroExtend(SRC[63:0] << COUNT); 
DEST[1 27:64] := ZeroExtend(SRC[127:64] << COUNT); 
Fl; 
LOGICAL_LEFT_SHIFT_WORDS_256b(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 15) 
THEN 
DEST[1 27:0] := OOOOOOOODDDD00000000000000000000H 
DEST[255:1 28] := OOOOOOOODDDD00000000000000000000H 
ELSE 
DEST[15:0] := ZeroExtend(SRC[1 5:0] << COUNT); 
(* Repeat shift operation for 2nd through 15th words *) 
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DEST[255:240] := ZeroExtend(SRC[255:240] << COUNT); 
Fl; 


LOGICAL_LEFT_SHIFT_DWORDS_256b(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 31) 
THEN 
DEST[127:0] := OOOOOODDDDD000000000000000000000H 
DEST[255:1 28] := OOOOOODDDDD000000000000000000000H 
ELSE 
DEST[31:0] := ZeroExtend(SRC[31:0] << COUNT); 
(* Repeat shift operation for 2nd through 7th words *) 
DEST[255:224] := ZeroExtend(SRC[255:224] << COUNT); 


Fl; 


LOGICAL_LEFT_SHIFT_QWORDS_256b(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 63) 
THEN 
DEST[127:0] := 00000000000000000000000000000000H 
DEST[255:128] := 00000000000000000000000000000000H 
ELSE 
DEST[63:0] := ZeroExtend(SRC[63:0] << COUNT); 
DEST[127:64] := ZeroExtend(SRC[127:64] << COUNT) 
DEST[191:128] = ZeroExtend(SRC[191:128] << COUNT); 
DEST[255:192] := ZeroExtend(SRC[255:1 92] << COUNT); 


Fl; 


VPSLLW (EVEX versions, xmm/m128) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
IF VL= 128 
TMP_DEST[127:0] := LOGICAL_LEFT_SHIFT_WORDS_128b(SRC1[127:0], SRC2) 


Fl; 
IF VL = 256 
TMP_DEST[255:0] := LOGICAL_LEFT_SHIFT_WORDS_256b(SRC1[255:0], SRC2) 


Fl; 

IF VL=512 
TMP_DEST[255:0] := LOGICAL_LEFT_SHIFT_WORDS_256b(SRC1[255:0], SRC2) 
TMP_DEST[51 1:256] := LOGICAL_LEFT_SHIFT_WORDS_256b(SRC1[51 1:256], SRC2) 


Fl; 


FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = TMP_DEST[i+15:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] = 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPSLLW (EVEX versions, imm8) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 


IF VL=128 
TMP_DEST[127:0] := LOGICAL_LEFT_SHIFT_WORDS_128b(SRC1[1 27:0], imm8) 
Fl; 
IF VL = 256 
TMP_DEST[255:0] := LOGICAL_RIGHT_SHIFT_WORDS_256b(SRC1[255:0], imm8) 
Fl; 
IF VL=512 
TMP_DEST[255:0] := LOGICAL_LEFT_SHIFT_WORDS_256b(SRC1[255:0], imm8) 
TMP_DEST[51 1:256] := LOGICAL_LEFT_SHIFT_WORDS_256b(SRC1[511:256], imm8) 
Fl; 


FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = TMP_DEST[i+15:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] = 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPSLLW (ymm, ymm, xmm/m1 28) - VEX.256 encoding 
DEST[255:0] := LOGICAL_LEFT_SHIFT_WORDS_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0; 


VPSLLW (ymm, imm8) - VEX.256 encoding 
DEST[255:0] := LOGICAL_LEFT_SHIFT_WORD_256b(SRC1, imm8) 
DEST[MAXVL-1:256] := 0; 


VPSLLW (xmm, xmm, xmm/m1 28) - VEX.128 encoding 
DEST[127:0] := LOGICAL_LEFT_SHIFT_WORDS(SRC1, SRC2) 
DEST[MAXVL-1:128] := 0 


VPSLLW (xmm, imm8) - VEX.128 encoding 


DEST[127:0] := LOGICAL_LEFT_SHIFT_WORDS(SRC1, imm8) 
DEST[MAXVL-1:128] := 0 
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PSLLW (xmm, xmm, xmm/m128) 
DEST[127:0] := LOGICAL_LEFT_SHIFT_WORDS(DEST, SRC) 
DEST[MAXVL-1:128] (Unmodified) 


PSLLW (xmm, imm8) 
DEST[127:0] := LOGICAL_LEFT_SHIFT_WORDS(DEST, imm8) 
DEST[MAXVL-1:128] (Unmodified) 


VPSLLD (EVEX versions, imm8) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC1 *is memory’) 
THEN DEST[i+31:i] = LOGICAL_LEFT_SHIFT_DWORDS1(SRC1 [31:0], imm8) 
ELSE DEST[i+31:i] := LOGICAL_LEFT_SHIFT_DWORDS1(SRC1[i+31:i], imm8) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPSLLD (EVEX versions, xmm/m128) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF VL= 128 
TMP_DEST[127:0] := LOGICAL_LEFT_SHIFT_DWORDS_128b(SRC1[127:0], SRC2) 


Fl; 
IF VL = 256 
TMP_DEST[255:0] := LOGICAL_LEFT_SHIFT_DWORDS_256b(SRC1[255:0], SRC2) 


Fl; 

IF VL=512 
TMP_DEST[255:0] := LOGICAL_LEFT_SHIFT_DWORDS_256b(SRC1[255:0], SRC2) 
TMP_DEST[51 1:256] := LOGICAL_LEFT_SHIFT_DWORDS_256b(SRC1[511:256], SRC2) 


Fl; 


FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPSLLD (ymm, ymm, xmm/m1 28) - VEX.256 encoding 
DEST[255:0] := LOGICAL_LEFT_SHIFT_DWORDS_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0; 


VPSLLD (ymm, imm8) - VEX.256 encoding 
DEST[255:0] := LOGICAL_LEFT_SHIFT_DWORDS_256b(SRC1, imm8) 
DEST[MAXVL-1:256] := 0; 


VPSLLD (xmm, xmm, xmm/m1 28) - VEX.128 encoding 
DEST[127:0] := LOGICAL_LEFT_SHIFT_DWORDS(SRC1, SRC2) 
DEST[MAXVL-1:128] := 0 


VPSLLD (xmm, imm8) - VEX.128 encoding 
DEST[127:0] := LOGICAL_LEFT_SHIFT_DWORDS(SRC1, imms) 
DEST[MAXVL-1:128] := 0 


PSLLD (xmm, xmm, xmm/m128) 
DEST[127:0] := LOGICAL_LEFT_SHIFT_DWORDS(DEST, SRC) 
DEST[MAXVL-1:128] (Unmodified) 


PSLLD (xmm, imm8) 
DEST[127:0] := LOGICAL_LEFT_SHIFT_DWORDS(DEST, imms) 
DEST[MAXVL-1:128] (Unmodified) 


VPSLLQ (EVEX versions, imm8) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC1 *is memory*) 
THEN DEST[i+63:i] := LOGICAL_LEFT_SHIFT_QWORDS1(SRC1 [63:0], imm8) 
ELSE DEST[i+63:i] := LOGICAL_LEFT_SHIFT_QWORDS1(SRC1[i+63:i], imm8) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


VPSLLQ (EVEX versions, xmm/m128) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF VL= 128 
TMP_DEST[127:0] := LOGICAL_LEFT_SHIFT_QWORDS_128b(SRC1[127:0], SRC2) 


Fl; 
IF VL = 256 
TMP_DEST[255:0] := LOGICAL_LEFT_SHIFT_QWORDS_256b(SRC1[255:0], SRC2) 


Fl; 

IF VL=512 
TMP_DEST[255:0] := LOGICAL_LEFT_SHIFT_QWORDS_256b(SRC1[255:0], SRC2) 
TMP_DEST[51 1:256] := LOGICAL_LEFT_SHIFT_QWORDS_256b(SRC1[51 1:256], SRC2) 


Fl; 
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FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPSLLQ (ymm, ymm, xmm/m128) - VEX.256 encoding 
DEST[255:0] := LOGICAL_LEFT_SHIFT_QWORDS_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0; 


VPSLLQ (ymm, imm8) - VEX.256 encoding 
DEST[255:0] := LOGICAL_LEFT_SHIFT_QWORDS_256b(SRC1, imm8) 
DEST[MAXVL-1:256] := 0; 


VPSLLQ (xmm, xmm, xmm/m1 28) - VEX.128 encoding 
DEST[127:0] := LOGICAL_LEFT_SHIFT_QWORDS(SRC1, SRC2) 
DEST[MAXVL-1:128] := 0 


VPSLLQ (xmm, imm8) - VEX.128 encoding 
DEST[127:0] := LOGICAL_LEFT_SHIFT_QWORDS(SRC1, imm8) 
DEST[MAXVL-1:128] := 0 


PSLLQ (xmm, xmm, xmm/m128) 
DEST[127:0] := LOGICAL_LEFT_SHIFT_QWORDS(DEST, SRC) 
DEST[MAXVL-1:128] (Unmodified) 


PSLLQ (xmm, imm8) 
DEST[127:0] := LOGICAL_LEFT_SHIFT_QWORDS(DEST, imm8) 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalents 

VPSLLD __m512i__mm512_slli_epi32(__m512i a, unsigned int imm); 

VPSLLD __m512i__mm512_mask_slli_epi32(__m512is,__ mmask16 k,___m512i a, unsigned int imm); 
VPSLLD __m512i__mm512_maskz_slli_epi32(__ mmask16 k, __m512i a, unsigned int imm); 
VPSLLD __m256i __mm256_mask_slli_epi32(__m256is, _ mmask8 k, __m256i a, unsigned int imm); 
VPSLLD __m256i _mm256_maskz_slli_epi32(__ mmask8 k, __m256i a, unsigned int imm); 

VPSLLD __m128i_mm_mask_slli_epi32(__m128is,__ mmask8 k, __m128i a, unsigned int imm); 
VPSLLD __m128i_mm_maskz_slli_epi32(__mmask8 k, __m128i a, unsigned int imm); 

VPSLLD __m512i_mm512_sll_epi32(__m512i a,__m128i cnt); 

VPSLLD __m512i_mm512_mask_sll_epi32(__m512is,__mmask16 k,___m512i a,__m128i cnt); 
VPSLLD __m512i__mm512_maskz_sll_epi32(__mmask16 k,__m512i a,__m128i cnt); 

VPSLLD __m256i__mm256_mask_sll_epi32(__m256i s,___ mmask8 k,__ m256i a,__m128i cnt); 
VPSLLD __m256i _mm256_maskz_sll_epi32(__mmask8 k,___ m256i a, __m128i cnt); 

VPSLLD __m128i __mm_mask_sll_epi32(__m128is,___ mmask8 k,___m128i a,__m128i cnt); 
VPSLLD __m128i_mm_maskz_sll_epi32(__mmask8 k,___m128i a,__m128i cnt); 
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mm512_mask_slli_epi64(__m512i a, unsigned int imm); 


m512i 


mm512_mask_slli_epi64(__m512is,__ mmask8 k, __m512i a, unsigned int imm); 


m512i 


mm512_maskz_slli_epi64(__ mmask8 k,___m512i a, unsigned int imm); 


m256i 


m256i 


mm256_mask_slli_epi64(__m256is,__ mmask8 k, __m256i a, unsigned int imm); 
mm256_maskz_slli_epi64(__ mmask8 k, __m256i a, unsigned int imm); 


m128i 


mm_mask_slli_epi64(__m128is,__ mmask8 k, __m128i a, unsigned int imm); 


m128i 


mm_maskz_slli_epi64(__ mmask8 k, __m128i a, unsigned int imm); 


m512i 


mm512_mask_sll_epi64(__m512i a, __m128i cnt); 


m512i 


mm512_mask_sll_epi64(__m512is,__mmask8 k,__m512i a,__m128i cnt); 


m512i 


mm512_maskz_sll_epi64(__ mmask8 k,___m512ia,__m128i cnt); 


m256i 


m256i 


mm256_mask_sll_epi64(__m256is,___ mmask8 k,__ m256i a, ___m128i cnt); 
mm256_maskz_sll_epi64(__ mmask8 k,__ m256i a,__m128i cnt); 


m128i 


mm_mask_sll_epi64(__m128is,__ mmask8 k,___m128i a,__m128i cnt); 


m128i 


mm_maskz_sll_epi64(__ mmask8 k,___m128i a,__m128i cnt); 


m512i 


mm512_slli_epi16(__m512i a, unsigned int imm); 


m512i 


mm512_mask_slli_epi16(__m512is,__ mmask32 k,___m512i a, unsigned int imm); 


m512i 


mm512_maskz_slli_epi16(__ mmask32 k, __m512i a, unsigned int imm); 


m256i 


m256i 


mm256_mask_slli_epi16(__m256is,__ mmask16 k, __m256i a, unsigned int imm); 
mm256_maskz_slli_epi16(__ mmask16 k, __m256i a, unsigned int imm); 


m128i 


mm_mask_slli_epi16(__m128is,__ mmask8 k, __m128i a, unsigned int imm); 


m128i 


mm_maskz_slli_epi16(__ mmask8 k, __m128i a, unsigned int imm); 


m512i 


mm512_sll_epi16(__m512i a,__m128i cnt); 


m512i 


mm512_mask_sll_epi16(__m512is,__ mmask32 k,__m512i a,__m128i cnt); 


m512i 


mm512_maskz_sll_epi16(__mmask32 k,__m512ia,__m128i cnt); 


m256i 


m256i 


mm256_mask_sll_epi16(__m256is,__ mmask16 k,__ m256i a, ___m128i cnt); 
mm256_maskz_sll_epi16(__mmask16 k,__ m256i a,__m128i cnt); 


m128i 


mm_mask_sll_epi16(__m128is,__ mmask8 k, __m128i a,__m128i cnt); 


m128i 


mm_maskz_sll_epi16(__mmask8 k,___m128i a,__m128i cnt); 


PSLLW:__m64 _mm_slli_pi16 (__m64 m, int count) 


PSLLW:__m64 _mm_sll_pi16(__m64 m, __m64 count) 


(V)PSLLW:__m128i __mm_slli_epi16(__m64 m, int count) 


(V)PSLLW:__m128i _mm_sll_epi16(__m128i m, 


m1 28i count) 


VPSLLW:__m256i __mm256_slli_epi16 (__m256i m, int count) 


VPSLLW:__m256i __mm256_sll_epi16 (__m256i m, 


m1 28i count) 


PSLLD:__m64 _mm_slli_pi32(__m64 m, int count) 


PSLLD:__m64 _mm_sll_pi32(__m64 m, __m64 count) 


(V)PSLLD:__m128i __mm_slli_epi32(__m128i m, int count) 
(V)PSLLD:__m128i __mm_sll_epi32(__m128i m,___m128i count) 


VPSLLD:__m256i __mm256_slli_epi32 (__m256i m, int count) 


VPSLLD:__m256i __mm256_sll_epi32 (__m256i m, 


m1 28i count) 


PSLLQ:__m64 _mm_slli_si64(__m64 m, int count) 


PSLLQ:__m64 _mm_sll_si64(__m64 m, __m64 count) 


(V)PSLLQ;__m128i _mm_slli_epi64(__m128i m, int count) 
(V)PSLLQ:;__m128i _mm_sll_epi64(__m128i m, __m128i count) 
VPSLLQ:;__m256i__mm256_slli_epi64 (__m256i m, int count) 


VPSLLQ:__m256i __mm256_sll_epi64 (__m256i m, 


Flags Affected 


None. 


m1 28i count) 


Numeric Exceptions 


None. 
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Other Exceptions 
VEX-encoded instructions: 


Syntax with RM/RVM operand encoding (A/C in the operand encoding table), see Table 2-21, “Type 4 Class 
Exception Conditions”. 


Syntax with MI/VMI operand encoding (B/D in the operand encoding table), see Table 2-24, “Type 7 Class 
Exception Conditions”. 


EVEX-encoded VPSLLW (E in the operand encoding table), see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF 
Class Exception Conditions”. 


EVEX-encoded VPSLLD/Q: 


Syntax with Memi28 tuple type (G in the operand encoding table), see Exceptions Type E4NF.nb in 
Table 2-50, “Type E4NF Class Exception Conditions”. 


Syntax with Full tuple type (F in the operand encoding table), see Table 2-49, “Type E4 Class Exception Condi- 
tions”. 
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Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En Mode Feature 
Support | Flag 
NP OF €1 /r' A VIV MMX Shift words in mm right by mm/m64 while shifting 
PSRAW mm, mm/m64 in sign bits. 
66 OF E1 /r A VIV SSE2 Shift words in xmm7 right by xmm2/m128 while 
PSRAW xmm1, xmm2/m128 shifting in sign bits. 
NP OF 71 /4 ib! B VIV MMX Shift words in mm right by imm8 while shifting in 
PSRAW mm, imm8 sign bits 
66 OF 71 /4 ib B VIV SSE2 Shift words in xmm7 right by imm8 while shifting 
PSRAW xmm1, imm8 in sign bits 
NP OF €2 /r' A VV MMX Shift doublewords in mm right by mm/m64 while 
PSRAD mm, mm/m64 shifting in sign bits. 
66 OF E2 /r A VIV SSE2 Shift doubleword in xmm7 right by xmm2 /m128 
PSRAD xmm1, xmm2/m128 while shifting in sign bits. 
NP OF 72 /4 ib! B VV MMX Shift doublewords in mm right by imm8 while 
PSRAD mm, imm8 shifting in sign bits. 
66 OF 72 /4 ib B VIV SSE2 Shift doublewords in xmm17 right by imm8 while 
PSRAD xmm1, imm8 shifting in sign bits. 
VEX.128.66.0F.WIG E11 /r C VV AVX Shift words in xmm2 right by amount specified in 
VPSRAW xmm1, xmm2, xmm3/m128 xmm3/m128 while shifting in sign bits. 
VEX.128.66.0F.WIG 71 /4 ib D VIV AVX Shift words in xmm2 right by imm8 while shifting 
VPSRAW xmm1, xmm2, imm8 in sign bits. 
VEX.128.66.0F.WIG E2 /r C VV AVX Shift doublewords in xmm2 right by amount 
VPSRAD xmm1, xmm2, xmm3/m128 specified in xmm3/m128 while shifting in sign 
bits. 
VEX.128.66.0F.WIG 72 /4 ib D VV AVX Shift doublewords in xmm2 right by imm8 while 
VPSRAD xmm1, xmm2, imm8 shifting in sign bits. 
VEX.256.66.0F.WIG E1 /r C VIV AVX2 Shift words in ymm2 right by amount specified in 
VPSRAW ymm1, ymm2, xmm3/m128 xmm3/m128 while shifting in sign bits. 
VEX.256.66.0F.WIG 71 /4 ib D VIV AVX2 Shift words in ymm2 right by imm8 while shifting 
VPSRAW ymm1, ymm2, imm8 in sign bits. 
VEX.256.66.0F.WIG E2 /r C VIV AVX2 Shift doublewords in ymm2 right by amount 
VPSRAD ymm1, ymm2, xmm3/m128 specified in xmm3/m128 while shifting in sign 
bits. 
VEX.256.66.0F.WIG 72 /4 ib D VIV AVX2 Shift doublewords in ymm2 right by imm8 while 
VPSRAD ymm1, ymm2, imm8 shifting in sign bits. 
EVEX.128.66.0F.WIG E1 /r G VIV AVX512VL | Shift words in xmm_2 right by amount specified in 
VPSRAW xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm3/m128 while shifting in sign bits using 
writemask k1. 
EVEX.256.66.0F.WIG E1 /r G VIV AVX512VL | Shift words in ymm_2 right by amount specified in 
VPSRAW ymm1 {k1}{z}, ymm2, xmm3/m128 AVX512BW | xmm3/m128 while shifting in sign bits using 
writemask k1. 
EVEX.512.66.0F.WIG E11 /r G VIV AVX512BW | Shift words in zmm2 right by amount specified in 


VPSRAW zmm1 {k1}{z}, zmm2, xmm3/m128 


xmm3/m128 while shifting in sign bits using 
writemask k1. 
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EVEX.128.66.0F.WIG 71 /4 ib VV AVX512VL | Shift words in xmm2/m128 right by imm8 while 

VPSRAW xmm1 {k1}{z}, xmm2/m1 28, imm8 AVX512BW | shifting in sign bits using writemask k1. 

EVEX.256.66.0F.WIG 71 /4 ib VIV AVX512VL | Shift words in ymm2/m256 right by imm8 while 

VPSRAW ymm1 {k1}{z}, ymnm2/m256, imm8 AVX512BW | shifting in sign bits using writemask k1. 

EVEX.512.66.0F.WIG 71 /4 ib VV AVX512BW | Shift words in zmm2/m512 right by imm8 while 

VPSRAW zmm1 {k1}{z}, zmm2/m512, imm8 shifting in sign bits using writemask k1. 

EVEX.128.66.0F.WO E2 /r VIV AVX512VL | Shift doublewords in xmm_2 right by amount 

VPSRAD xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512F | specified in xmm3/m128 while shifting in sign bits 
using writemask k1. 

EVEX.256.66.0F.WO E2 /r VIV AVX512VL | Shift doublewords in ymm2 right by amount 

VPSRAD ymm1 {k1}{z}, ymm2, xmm3/m128 AVX512F | specified in xmm3/m128 while shifting in sign bits 
using writemask k1. 

EVEX.512.66.0F.WO E2 /r VV AVX512F | Shift doublewords in zmm2 right by amount 

VPSRAD zmm1 {k1}{z}, zmm2, xmm3/m128 specified in xmm3/m1 28 while shifting in sign bits 
using writemask k1. 

EVEX.128.66.0F.WO 72 /4 ib VV AVX512VL | Shift doublewords in xmm2/m128/m32bcst right 

VPSRAD xmm1 {k1}{z}, xmm2/m128/m32bcst, AVX512F — | by imm8 while shifting in sign bits using 

imm8 writemask k1. 

EVEX.256.66.0F.WO 72 /4 ib VV AVX512VL | Shift doublewords in ynm2/m256/m32bcst right 

VPSRAD ymm1 {k1}{z}, ymm2/m256/m32bcst, AVX512F | by imm8 while shifting in sign bits using 

imm8 writemask k1. 

EVEX.512.66.0F.WO 72 /4 ib VV AVX512F _ | Shift doublewords in zmm2/m51 2/m32bcst right 

VPSRAD zmm1 {k1}{z}, zmm2/m512/m32bcst, by imm8 while shifting in sign bits using 

imm8 writemask k1. 

EVEX.128.66.0F.W1 E2 /r VIV AVX512VL_ | Shift quadwords in xmm2 right by amount 

VPSRAQ xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512F — | specified in xmm3/m128 while shifting in sign bits 
using writemask k1. 

EVEX.256.66.0F.W1 E2 /r VIV AVX512VL_ | Shift quadwords in ymme2 right by amount 

VPSRAQ ymm1 {k1}{z}, ymm2, xmm3/m128 AVX512F _ | specified in xmm3/m1 28 while shifting in sign bits 
using writemask k1. 

EVEX.512.66.0F.W1 E2 /r VIV AVX512F | Shift quadwords in zmm2 right by amount 

VPSRAQ zmm1 {k1}{z}, zmm2, xmm3/m128 specified in xmm3/m1 28 while shifting in sign bits 
using writemask k1. 

EVEX.128.66.0F.W1 72 /4 ib VV AVX512VL | Shift quadwords in xmm2/m128/m64bcst right by 

VPSRAQ xmm_1 {k1}{z}, xmm2/m128/m64bcst, AVX512F — | imm8 while shifting in sign bits using writemask 

imm8 k1. 

EVEX.256.66.0F.W1 72 /4 ib VV AVX512VL | Shift quadwords in ynm2/m256/m64bcst right by 

VPSRAQ ymm1 {k1}{z}, ynm2/m256/m64bcst, AVX512F — | imm8 while shifting in sign bits using writemask 

imm8 k1. 

EVEX.512.66.0F.W1 72 /4 ib VV AVX512F — | Shift quadwords in zmm2/m512/m64bcst right by 


VPSRAQ zmm1 {k1}{z}, zmm2/m512/m64bcst, 
imm8 


imm8 while shifting in sign bits using writemask 
k1, 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” in 
the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 
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Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:r/m (r, w) imm8 NA NA 
C NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
D NA VEX.vvvv (w) ModRM:r/m (r) imm8 NA 
E Full Mem EVEX.vvvv (w) ModRM:r/m (R) Imm8 NA 
F Full EVEX.vvvv (w) ModRM:r/m (R) Imm8s NA 
G Mem128 ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Shifts the bits in the individual data elements (words, doublewords or quadwords) in the destination operand (first 
operand) to the right by the number of bits specified in the count operand (second operand). As the bits in the data 
elements are shifted right, the empty high-order bits are filled with the initial value of the sign bit of the data 
element. If the value specified by the count operand is greater than 15 (for words), 31 (for doublewords), or 63 (for 
quadwords), each destination data element is filled with the initial value of the sign bit of the element. (Figure 4-18 
gives an example of shifting words in a 64-bit operand.) 


Shift Right 
with Sign 
Extension 


Post ott | x3 >> COUNT | X2>> COUNT] X1>> COUNT | X0 >> COUNT 


Figure 4-18. PSRAW and PSRAD Instruction Operation Using a 64-bit Operand 


Note that only the first 64-bits of a 128-bit count operand are checked to compute the count. If the second source 
operand is a memory address, 128 bits are loaded. 


The (V)PSRAW instruction shifts each of the words in the destination operand to the right by the number of bits 
specified in the count operand, and the (V)PSRAD instruction shifts each of the doublewords in the destination 
operand. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE instructions 64-bit operand: The destination operand is an MMX technology register; the count 
operand can be either an MMX technology register or an 64-bit memory location. 


128-bit Legacy SSE version: The destination and first source operands are XMM registers. Bits (MAXVL-1:128) of 
the corresponding YMM destination register remain unchanged. The count operand can be either an XMM register 
or a 128-bit memory location or an 8-bit immediate. If the count operand is a memory address, 128 bits are loaded 
but the upper 64 bits are ignored. 


VEX.128 encoded version: The destination and first source operands are XMM registers. Bits (MAXVL-1:128) of the 
destination YMM register are zeroed. The count operand can be either an XMM register or a 128-bit memory loca- 
tion or an 8-bit immediate. If the count operand is a memory address, 128 bits are loaded but the upper 64 bits are 
ignored. 


VEX.256 encoded version: The destination operand is a YMM register. The source operand is a YMM register or a 
memory location. The count operand can come either from an XMM register or a memory location or an 8-bit 
immediate. Bits (MAXVL-1:256) of the corresponding ZMM register are zeroed. 
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EVEX encoded versions: The destination operand is a ZMM register updated according to the writemask. The count 
operand is either an 8-bit immediate (the immediate count version) or an 8-bit value from an XMM register or a 
memory location (the variable count version). For the immediate count version, the source operand (the second 
operand) can be a ZMM register, a 512-bit memory location or a 512-bit vector broadcasted from a 32/64-bit 
memory location. For the variable count version, the first source operand (the second operand) is a ZMM register, 
the second source operand (the third operand, 8-bit variable count) can be an XMM register or a memory location. 


Note: In VEX/EVEX encoded versions of shifts with an immediate count, vvvv of VEX/EVEX encode the destination 
register, and VEX.B/EVEX.B + ModRM.r/m encodes the source register. 


Note: For shifts with an immediate count (VEX.128.66.0F 71-73 /4, EVEX.128.66.0F 71-73 /4), 


VEX.vvvv/EVEX.vvvv encodes the destination register. 


Operation 


PSRAW (with 64-bit operand) 
IF (COUNT > 15) 
THEN COUNT := 16; 
Fl; 
DEST[15:0] := Sign€xtend(DEST[15:0] >> COUNT); 
(* Repeat shift operation for 2nd and 3rd words *) 
DEST[63:48] := SignExtend(DEST[63:48] >> COUNT); 


PSRAD (with 64-bit operand) 
IF (COUNT > 31) 
THEN COUNT := 32; 
Fl; 
DEST[31:0] := SignExtend(DEST[31:0] >> COUNT); 
DEST[63:32] := SignExtend(DEST[63:32] >> COUNT); 


ARITHMETIC_RIGHT_SHIFT_DWORDS1(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 31) 
THEN 
DEST[31:0] := SignBit 
ELSE 
DEST[31:0] := SignExtend(SRC[31:0] >> COUNT); 
Fl; 


ARITHMETIC_RIGHT_SHIFT_QWORDS1(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 63) 
THEN 
DEST[63:0] := SignBit 
ELSE 
DEST[63:0] := SignExtend(SRC[63:0] >> COUNT); 
Fl; 


ARITHMETIC_RIGHT_SHIFT_WORDS_256b(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0); 
IF (COUNT > 15) 

THEN  COUNT:= 16; 


Fl; 
DEST[15:0] := SignExtend(SRC[1 5:0] >> COUNT); 

(* Repeat shift operation for 2nd through 15th words *) 
DEST[255:240] := SignExtend(SRC[255:240] >> COUNT); 
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ARITHMETIC_RIGHT_SHIFT_DWORDS_256b(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0); 
IF (COUNT > 31) 

THEN COUNT := 32; 


Fl; 
DEST[31:0] := SignExtend(SRC[31:0] >> COUNT); 

(* Repeat shift operation for 2nd through 7th words *) 
DEST[255:224] := SignExtend(SRC[255:224] >> COUNT); 


ARITHMETIC_RIGHT_SHIFT_QWORDS(SRC, COUNT_SRC, VL) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 63) 

THEN COUNT := 64; 
Fl; 
DEST[63:0] := SignExtend(SRC[63:0] >> COUNT); 

(* Repeat shift operation for 2nd through 7th words *) 
DEST[VL-1:VL-64] := SignExtend(SRC[VL-1:VL-64] >> COUNT); 


ARITHMETIC_RIGHT_SHIFT_WORDS(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 15) 

THEN COUNT := 16; 
Fl; 
DEST[15:0] := SignExtend(SRC[1 5:0] >> COUNT); 

(* Repeat shift operation for 2nd through 7th words *) 
DEST[127:112] := SignExtend(SRC[127:112] >> COUNT); 


ARITHMETIC_RIGHT_SHIFT_DWORDS(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 31) 

THEN COUNT := 32; 
Fl; 
DEST[31:0] := SignExtend(SRC[31:0] >> COUNT); 

(* Repeat shift operation for 2nd through 3rd words *) 
DEST[1 27:96] := SignExtend(SRC[1 27:96] >> COUNT); 
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VPSRAW (EVEX versions, xmm/m1 28) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
IF VL= 128 
TMP_DEST[127:0] := ARITHMETIC_RIGHT_SHIFT_WORDS_128b(SRC1[127:0], SRC2) 


Fl; 
IF VL = 256 
TMP_DEST[255:0] := ARITHMETIC_RIGHT_SHIFT_WORDS_256b(SRC1[255:0], SRC2) 


Fl; 

IF VL=512 
TMP_DEST[255:0] := ARITHMETIC_RIGHT_SHIFT_WORDS_256b(SRC1[255:0], SRC2) 
TMP_DEST[511:256] := ARITHMETIC_RIGHT_SHIFT_WORDS_256b(SRC1[511:256], SRC2) 


Fl; 


FOR j :=0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = TMP_DEST[i+15:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] = 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPSRAW (EVEX versions, imm8) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
IF VL= 128 
TMP_DEST[127:0] := ARITHMETIC_RIGHT_SHIFT_WORDS_128b(SRC1[127:0], imm8) 


Fl; 
IF VL = 256 
TMP_DEST[255:0] := ARITHMETIC_RIGHT_SHIFT_WORDS_256b(SRC1[255:0], imm8) 


Fl; 

IF VL=512 
TMP_DEST[255:0] := ARITHMETIC_RIGHT_SHIFT_WORDS_256b(SRC1[255:0], imm8) 
TMP_DEST[511:256] := ARITHMETIC_RIGHT_SHIFT_WORDS_256b(SRC1[511:256], imms8) 


Fl; 


FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = TMP_DEST[i+15:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] = 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPSRAW (ymm, ymm, xmm/m1 28) - VEX 
DEST[255:0] := ARITHMETIC_RIGHT_SHIFT_WORDS_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0 


VPSRAW (ymm, imm8) - VEX 
DEST[255:0] := ARITHMETIC_RIGHT_SHIFT_WORDS_256b(SRC1, imm8) 
DEST[MAXVL-1:256] := 0 


VPSRAW (xmm, xmm, xmm/m1 28) - VEX 
DEST[127:0] := ARITHMETIC_RIGHT_SHIFT_WORDS(SRC1, SRC2) 
DEST[MAXVL-1:128] := 0 


VPSRAW (xmm, imm8) - VEX 
DEST[127:0] := ARITHMETIC_RIGHT_SHIFT_WORDS(SRC1, imm8) 
DEST[MAXVL-1:128] := 0 


PSRAW (xmm, xmm, xmm/m1 28) 
DEST[127:0] := ARITHMETIC_RIGHT_SHIFT_WORDS(DEST, SRC) 
DEST[MAXVL-1:128] (Unmodified) 


PSRAW (xmm, imm8) 
DEST[127:0] := ARITHMETIC_RIGHT_SHIFT_WORDS(DEST, imm8) 
DEST[MAXVL-1:128] (Unmodified) 


VPSRAD (EVEX versions, imm8) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC1 *is memory*) 
THEN DEST[i+31:i] = ARITHMETIC_RIGHT_SHIFT_DWORDS1(SRC1 [31:0], imm8) 
ELSE DEST[i+31:i] := ARITHMETIC_RIGHT_SHIFT_DWORDS1(SRC1[i+31:i], imm8) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPSRAD (EVEX versions, xmm/m128) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF VL= 128 
TMP_DEST[127:0] := ARITHMETIC_RIGHT_SHIFT_DWORDS_128b(SRC1[1 27:0], SRC2) 
Fl; 
IF VL = 256 
TMP_DEST[255:0] := ARITHMETIC_RIGHT_SHIFT_DWORDS_256b(SRC1[255:0], SRC2) 
Fl; 
IF VL=512 
TMP_DEST[255:0] := ARITHMETIC_RIGHT_SHIFT_DWORDS_256b(SRC1[255:0], SRC2) 
TMP_DEST[511:256] := ARITHMETIC_RIGHT_SHIFT_DWORDS_256b(SRC1[51 1:256], SRC2) 
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Fl; 


FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPSRAD (ymm, ymm, xmm/m1 28) - VEX 
DEST[255:0] := ARITHMETIC_RIGHT_SHIFT_DWORDS_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0 


VPSRAD (ymm, imm8) - VEX 
DEST[255:0] := ARITHMETIC_RIGHT_SHIFT_DWORDS_256b(SRC1, imm8) 
DEST[MAXVL-1:256] := 0 


VPSRAD (xmm, xmm, xmm/m1 28) - VEX 
DEST[127:0] := ARITHMETIC_RIGHT_SHIFT_DWORDS(SRC1, SRC2) 
DEST[MAXVL-1:128] := 0 


VPSRAD (xmm, imm8) - VEX 
DEST[127:0] := ARITHMETIC_RIGHT_SHIFT_DWORDS(SRC1, imm8) 
DEST[MAXVL-1:128] := 0 


PSRAD (xmm, xmm, xmm/m128) 
DEST[1 27:0] := ARITHMETIC_RIGHT_SHIFT_DWORDS(DEST, SRC) 
DEST[MAXVL-1:128] (Unmodified) 


PSRAD (xmm, imm8) 
DEST[127:0] := ARITHMETIC_RIGHT_SHIFT_DWORDS(DEST, imm8) 
DEST[MAXVL-1:128] (Unmodified) 


VPSRAQ (EVEX versions, imm8) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC1 *is memory’) 
THEN DEST[i+63:i] = ARITHMETIC_RIGHT_SHIFT_QWORDS1(SRC1[63:0], imm8) 
ELSE DEST[i+63:i] := ARITHMETIC_RIGHT_SHIFT_QWORDS 1 (SRC1[i+63:i], imm8) 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 


DEST[i+63:i] := 0 
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Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPSRAQ (EVEX versions, xmm/m1 28) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
TMP_DEST[VL-1:0] := ARITHMETIC_RIGHT_SHIFT_QWORDS(SRC1[VL-1:0], SRC2, VL) 


FOR j :=OTO7 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 

VPSRAD __m512i_mm512_srai_epi32(__m512i a, unsigned int imm); 
VPSRAD __m512i_mm512_mask_srai_epi32(__m512is,__ mmask16 k,__m512i a, unsigned int imm); 
VPSRAD __m512i_mm512_maskz_srai_epi32(__mmask16 k,___m512i a, unsigned int imm); 
VPSRAD __m256i __mm256_mask_srai_epi32(__m256i s,___ mmask8 k, __ m256i a, unsigned int imm); 
VPSRAD __m256i__mm256_maskz_srai_epi32(__mmask8 k, __m256i a, unsigned int imm); 

VPSRAD __m128i__mm_mask_srai_epi32(__m128i s,__ mmask8 k, __m128i a, unsigned int imm); 
VPSRAD __m128i __mm_maskz_srai_epi32(__mmask8 k, __m128i a, unsigned int imm); 

VPSRAD __m512i_mm512_sra_epi32(__m512i a, __m128i cnt); 

VPSRAD __m512i_mm512_mask_sra_epi32(__m512is,__ mmask16 k,__m512ia,__m128i cnt); 
VPSRAD __m512i_mm512_maskz_sra_epi32(__mmask16 k,__m512i a,__m128i cnt); 

VPSRAD __m256i__mm256_mask_sra_epi32(__m256is,__ mmask8 k,___ m256i a, ___m128i cnt); 
VPSRAD __m256i__mm256_maskz_sra_epi32(__mmask8 k,__ m256i a, ___m128i cnt); 

VPSRAD __m128i__mm_mask_sra_epi32(__m128i s,___ mmask8 k,___m128i a, __m128i cnt); 
VPSRAD __m128i__mm_maskz_sra_epi32(__mmask8 k,__m128i a,__m128i cnt); 

VPSRAQ __m512i_mm512_srai_epi64(__m512i a, unsigned int imm); 

VPSRAQ __m512i__mm512_mask_srai_epi64(__m512i s, __ mmask8 k, __m512i a, unsigned int imm) 
VPSRAQ __m512i__mm512_maskz_srai_epi64(_mmask8 k, __m512i a, unsigned int imm) 

VPSRAQ __m256i _mm256_mask_srai_epi64(__m256i s, __ mmask8 k, __m256i a, unsigned int imm); 
VPSRAQ __m256i _mm256_maskz_srai_epi64(__mmask8 k, __m256i a, unsigned int imm); 

VPSRAQ __m128i __mm_mask_srai_epi64(__m128i s, __mmask8 k, __m128i a, unsigned int imm); 
VPSRAQ __m128i __mm_maskz_srai_epi64(__mmask8 k, __m128i a, unsigned int imm); 

VPSRAQ __m512i_mm512_sra_epi64(__m512i a, __m128i cnt); 

VPSRAQ __m512i__mm512_mask_sra_epi64(__m512is, __ mmask8 k, __m512i a,__m128i cnt) 
VPSRAQ __m512i_mm512_maskz_sra_epi64(__mmask8 k, __m512i a,__m128i cnt) 

VPSRAQ __m256i _mm256_mask_sra_epi64(__m256i s,___ mmask8 k, __m256i a, __m128i cnt); 
VPSRAQ __m256i _mm256_maskz_sra_epi64(__mmask8 k, __m256i a, __m128i cnt); 

VPSRAQ __m128i __mm_mask_sra_epi64(__m128i s, __mmask8 k, __m128i a, __m128i cnt); 
VPSRAQ __m128i __mm_maskz_sra_epi64(__mmask8 k, __m128i a, ___m128i cnt); 

VPSRAW __m512i_mm512_srai_epi16(__m512i a, unsigned int imm); 
VPSRAW __m512i_mm512_mask_srai_epi16(__m512is,___ mmask32 k, 


m512i a, unsigned int imm); 
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VPSRAW __m512i_mm512_maskz_srai_epi16(__mmask32 k, __m512i a, unsigned int imm); 


VPSRAW __m256i __mm256_mask_srai_epi16(__m256i s, 


mmask16 k, __m256i a, unsigned int imm); 


VPSRAW __m256i__mm256_maskz_srai_epi16(__mmask16 k, __m256i a, unsigned int imm); 


VPSRAW __m128i __mm_mask_srai_epi16(__m128is, 


mmask8 k, __m128i a, unsigned int imm); 


VPSRAW __m128i__mm_maskz_srai_epi16(__mmask8 k, 


m1 28i a, unsigned int imm); 


VPSRAW __m512i_mm512_sra_epi16( 
VPSRAW __m512i_mm512_mask_sra_epi16(__m512is, 


m512ia,__m128i cnt); 


mmask16 k,__m512ia,__m128i cnt); 


VPSRAW __m512i_mm512_maskz_sra_epi16(__mmask16 k,___m512i a,__m128i cnt); 


VPSRAW __m256i__mm256_mask_sra_epi16(__m256is, 


mmask8 k,__ m256i a,__m128i cnt); 


VPSRAW __m256i__mm256_maskz_sra_epi16(__mmask8 k,___ m256i a,__m128i cnt); 


VPSRAW __m128i__mm_mask_sra_epi1 6( 


m128is,__mmask8 k,___m128i a,__m128i cnt); 


VPSRAW __m128i __mm_maskz_sra_epi16(__mmask8 k, 


m128i a,__m128i cnt); 


PSRAW:__m64 _mm_srai_pi16 (__m64 m, int count) 


PSRAW:__m64 _mm_sra_pi16 (__m64 m, 


m64 count) 


(V)PSRAW:__m128i __mm_srai_epi16( 


(V)PSRAW:__m128i __mm_sra_epi16( 


m128i m, int count) 
m128i m, ___m128i count) 


VPSRAW:__m256i __mm256_srai_epi16 (__m256i m, int count) 


VPSRAW:__m256i __mm256_sra_epi16 ( 


m256i m, __m128i count) 


PSRAD:__m64 _mm_srai_pi32 (__m64 m, int count) 


PSRAD:__m64 _mm_sra_pi32 (__m64 m, 
(V)PSRAD:__m128i __mm_srai_epi32 ( 


(V)PSRAD:__m128i __mm_sra_epi32 ( 


VPSRAD:__m256i __mm256_srai_epi32 ( 


m64 count) 


m128i m, int count) 
m128i m, 


m1 28i count) 
m256i m, int count) 


VPSRAD:__m256i __mm256_sra_epi32 ( 


Flags Affected 
None. 


Numeric Exceptions 
None. 


Other Exceptions 
VEX-encoded instructions: 


m256i m, __m128i count) 


Syntax with RM/RVM operand encoding (A/C in the operand encoding table), see Table 2-21, “Type 4 Class 


Exception Conditions”. 


Syntax with MI/VMI operand encoding (B/D in the operand encoding table), see Table 2-24, “Type 7 Class 


Exception Conditions”. 


EVEX-encoded VPSRAW (E in the operand encoding table), see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF 


Class Exception Conditions”. 


EVEX-encoded VPSRAD/Q: 


Syntax with Memi28 tuple type (G in the operand encoding table), see Exceptions Type E4NF.nb in 
Table 2-50, “Type E4NF Class Exception Conditions”. 


Syntax with Full tuple type (F in the operand encoding table), see Table 2-49, “Type E4 Class Exception Condi- 


tions”. 
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Opcode/ Op/ |64/32 bit | CPUID Description 
Instruction En Mode Feature 

Support | Flag 
66 OF 73 /3 ib A VIV SSE2 Shift xmm7 right by imm8 while shifting in Os. 
PSRLDQ xmm17, imm8 
VEX.128.66.0F.WIG 73 /3 ib B VN AVX Shift xmm2 right by imm8 bytes while shifting in 
VPSRLDQ xmm1, xmm2, imm8 Os. 
VEX.256.66.0F.WIG 73 /3 ib B VN AVX2 Shift ymm7 right by imm8 bytes while shifting in 
VPSRLDQ ymm1, ymm2, imm8 Os. 
EVEX.128.66.0F.WIG 73 /3 ib C VN AVX512VL_ | Shift xmm2/m128 right by imm8 bytes while 
VPSRLDQ xmm1, xmm2/m1 28, imm8 AVX512BW | shifting in Os and store result in xmm1. 
EVEX.256.66.0F.WIG 73 /3 ib C VN AVX512VL_ | Shift ymnm2/m256 right by imm8 bytes while 
VPSRLDQ ymm1, ymm2/m256, imm8 AVX512BW | shifting in Os and store result in ymm1. 
EVEX.512.66.0F.WIG 73 /3 ib C VIN AVX512BW | Shift zmm2/m512 right by imm8 bytes while 
VPSRLDQ zmm1, zmm2/m512, imm8 shifting in Os and store result in zmm1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (r, w) imm8s NA NA 
B NA VEX.vvvv (w) ModRM:r/m (r) imm8 NA 
C Full Mem EVEX.vvvv (w) ModRM:r/m (R) Imm8 NA 
Description 


Shifts the destination operand (first operand) to the right by the number of bytes specified in the count operand 
(second operand). The empty high-order bytes are cleared (set to all Os). If the value specified by the count 
operand is greater than 15, the destination operand is set to all Os. The count operand is an 8-bit immediate. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


128-bit Legacy SSE version: The source and destination operands are the same. Bits (MAXVL-1:128) of the corre- 
sponding YMM destination register remain unchanged. 


VEX.128 encoded version: The source and destination operands are XMM registers. Bits (MAXVL-1:128) of the 
destination YMM register are zeroed. 


VEX.256 encoded version: The source operand is a YMM register. The destination operand is a YMM register. The 
count operand applies to both the low and high 128-bit lanes. 


VEX.256 encoded version: The source operand is YMM register. The destination operand is an YMM register. Bits 
(MAXVL-1:256) of the corresponding ZMM register are zeroed. The count operand applies to both the low and high 
128-bit lanes. 


EVEX encoded versions: The source operand is a ZMM/YMM/XMM register or a 512/256/128-bit memory location. 
The destination operand is a ZMM/YMM/XMM register. The count operand applies to each 128-bit lanes. 


Note: VEX.vvvv/EVEX.vvvv encodes the destination register. 
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Operation 

VPSRLDQ (EVEX.512 encoded version) 
TEMP := COUNT 

IF (TEMP > 15) THEN TEMP := 16; FI 
DEST[127:0] := SRC[127:0] >> (TEMP * 8) 
DEST[255:128] := SRC[255:128] >> (TEMP * 8) 
DEST[383:256] := SRC[383:256] >> (TEMP * 8) 
DEST[511:384] := SRC[511:384] >> (TEMP * 8) 
DEST[MAXVL-1:512] := 0; 


VPSRLDQ (VEX.256 and EVEX.256 encoded version) 
TEMP := COUNT 

IF (TEMP > 15) THEN TEMP := 16; FI 

DEST[127:0] := SRC[127:0] >> (TEMP * 8) 
DEST[255:128] := SRC[255:128] >> (TEMP * 8) 
DEST[MAXVL-1:256] := 0; 


VPSRLDQ (VEX.128 and EVEX.128 encoded version) 
TEMP := COUNT 

IF (TEMP > 15) THEN TEMP := 16; FI 

DEST := SRC >> (TEMP * 8) 

DEST[MAXVL-1:128] := 0; 


PSRLDQ(128-bit Legacy SSE version) 
TEMP := COUNT 

IF (TEMP > 15) THEN TEMP := 16; Fl 
DEST := DEST >> (TEMP * 8) 
DEST[MAXVL- 1:1 28] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalents 


(V)PSRLDQ __m128i _mm_srli_si128 (__m128i a, int imm) 
VPSRLDQ __m256i__mm256_bsrli_epi128 (__m256i, const int) 
VPSRLDQ __m512i__mm512_bsrli_epi128 (__m512i, int) 


Flags Affected 
None. 


Numeric Exceptions 
None. 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-24, “Type 7 Class Exception Conditions”. 
EVEX-encoded instruction, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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Opcode/ Op/ |64/32 bit | CPUID Description 
Instruction En Mode Feature 

Support | Flag 
NP OF D1 /r' A VIV MMX Shift words in mmright by amount specified in 
PSRLW mm, mm/m64 mm/m64 while shifting in Os. 
66 OF D1 /r A VIV SSE2 Shift words in xmm7 right by amount 
PSRLW xmm1, xmm2/m128 specified in xmm2/m1 28 while shifting in Os. 
NP OF 71 /2 ib! B VIV MMX Shift words in mmright by imm8 while shifting 
PSRLW mm, imm8 in Os. 
66 OF 71 /2 ib B VIV SSE2 Shift words in xmm7 right by imm8 while 
PSRLW xmm1, imm8 shifting in Os. 
NP OF D2 /r' A VV MMX Shift doublewords in mm right by amount 
PSRLD mm, mm/m64 specified in mm/m64 while shifting in Os. 
66 OF D2 /r A VIV SSE2 Shift doublewords in xmm7 right by amount 
PSRLD xmm1, xmm2/m128 specified in xmm2 /m128 while shifting in Os. 
NP OF 72/2 ib! B VIV MMX Shift doublewords in mm right by imm8 while 
PSRLD mm, imm8 shifting in Os. 
66 OF 72 /2 ib B VIV SSE2 Shift doublewords in xmm7 right by imm8 
PSRLD xmm1, imm8 while shifting in Os. 
NP OF D3 /r' A VN MMX Shift mm right by amount specified in 
PSRLQ mm, mm/m64 mm/m64 while shifting in Os. 
66 OF D3 /r A VV SSE2 Shift quadwords in xmm7 right by amount 
PSRLO xmm1, xmm2/m128 specified in xmm2/m128 while shifting in Os. 
NP OF 73/2 ib! B VIV MMX Shift mm right by imm8 while shifting in Os. 
PSRLOQ mm, imm8 
66 OF 73 /2 ib B VIV SSE2 Shift quadwords in xmm7 right by imm8 while 
PSRLO xmm1, imm8 shifting in Os. 
VEX.128.66.0F.WIG D1 /r C VV AVX Shift words in xmm2 right by amount 
VPSRLW xmm1, xmm2, xmm3/m128 specified in xmm3/m128 while shifting in Os. 
VEX.128.66.0F.WIG 71 /2 ib D VV AVX Shift words in xmm_2 right by imm8 while 
VPSRLW xmm1, xmm2, imm8 shifting in Os. 
VEX.128.66.0F.WIG D2 /r C VV AVX Shift doublewords in xmm2 right by amount 
VPSRLD xmm1, xmm2, xmm3/m128 specified in xmm3/m128 while shifting in Os. 
VEX.128.66.0F.WIG 72 /2 ib D VIV AVX Shift doublewords in xmm2 right by imm8 
VPSRLD xmm1, xmm2, imm8 while shifting in Os. 
VEX.128.66.0F.WIG D3 /r C VIV AVX Shift quadwords in xmm2 right by amount 
VPSRLO xmm1, xmm2, xmm3/m128 specified in xmm3/m128 while shifting in Os. 
VEX.128.66.0F.WIG 73 /2 ib D VIV AVX Shift quadwords in xmm2 right by imm8 while 
VPSRLQ xmm1, xmm2z, imm8 shifting in Os. 
VEX.256.66.0F.WIG D1 /r C VIN AVX2 Shift words in ymm2 right by amount specified 
VPSRLW ymm 1, ymm2, xmm3/m128 in xmm3/m128 while shifting in Os. 
VEX.256.66.0F.WIG 71 /2 ib D VV AVX2 Shift words in ymme2 right by imm8 while 


VPSRLW ymm7, ymm2, imm8 


shifting in Os. 
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VEX.256.66.0F.WIG D2 /r VIV AVX2 Shift doublewords in ymm2 right by amount 

VPSRLD ymm1, ymm2, xmm3/m128 specified in xmm3/m128 while shifting in Os. 

VEX.256.66.0F.WIG 72 /2 ib VV AVX2 Shift doublewords in ymm2 right by imm8 

VPSRLD ymm1, ymm2, imm8 while shifting in Os. 

VEX.256.66.0F.WIG D3 /r VIV AVX2 Shift quadwords in ymm2 right by amount 

VPSRLO ymm1, ymm2, xmm3/m128 specified in xmm3/m128 while shifting in Os. 

VEX.256.66.0F.WIG 73 /2 ib VV AVX2 Shift quadwords in ymm2 right by imm8 while 

VPSRLO ymm1, ymm2, imm8 shifting in Os. 

EVEX.128.66.0F.WIG D1 /r VIV AVX512VL | Shift words in xmm2 right by amount specified 

VPSRLW xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | in xmm3/m128 while shifting in Os using 
writemask k1. 

EVEX.256.66.0F.WIG D1 /r VIV AVX512VL | Shift words in ymm2 right by amount specified 

VPSRLW ymm1 {k1}{z}, ymm2, xmm3/m128 AVX512BW | in xmm3/m128 while shifting in Os using 
writemask k1. 

EVEX.512.66.0F.WIG D1 /r VIV AVX512BW | Shift words in zmm2 right by amount specified 

VPSRLW zmm1 {k1}{z}, zmm2, xmm3/m128 in xmm3/m128 while shifting in Os using 
writemask k1. 

EVEX.128.66.0F.WIG 71 /2 ib VV AVX512VL_ | Shift words in xmm2/m128 right by imm8 

VPSRLW xmm1 {k1}{z}, xmm2/m128, imm8 AVX512BW | while shifting in Os using writemask k1. 

EVEX.256.66.0F.WIG 71 /2 ib VV AVX512VL | Shift words in ymm2/m256 right by imm8 

VPSRLW ymm1 {k1}{z}, ynm2/m256, imm8 AVX512BW | while shifting in Os using writemask k1. 

EVEX.512.66.0F.WIG 71 /2 ib VV AVX512BW | Shift words in zmm2/m512 right by imm8 

VPSRLW zmm1 {k1}{z}, zmm2/m51 2, imm8 while shifting in Os using writemask k1. 

EVEX.128.66.0F.WO D2 /r VIV AVX512VL | Shift doublewords in xmm_2 right by amount 

VPSRLD xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512F specified in xmm3/m128 while shifting in Os 
using writemask k1. 

EVEX.256.66.0F.WO D2 /r VIV AVX512VL | Shift doublewords in ymm_2 right by amount 

VPSRLD ymm1 {k1}{z}, ynm2, xmm3/m128 AVX512F specified in xmm3/m1 28 while shifting in Os 
using writemask k1. 

EVEX.512.66.0F.WO D2 /r VIV AVX512F Shift doublewords in zmm2 right by amount 

VPSRLD zmm1 {k1}{z}, zmm2, xmm3/m128 specified in xmm3/m1 28 while shifting in Os 
using writemask k1. 

EVEX.128.66.0F.WO 72 /2 ib VV AVX512VL_ | Shift doublewords in xmm2/m128/m32bcst 

VPSRLD xmm1 {k1}{z}, xmm2/m1 28/m32bcst, AVX512F right by imm8 while shifting in Os using 

imm8 writemask k1. 

EVEX.256.66.0F.WO 72 /2 ib VV AVX512VL_ | Shift doublewords in ynm2/m256/m32bcst 

VPSRLD ymm1 {k1}{z}, ynm2/m256/m32bcst, AVX512F right by imm8 while shifting in Os using 

imm8 writemask k1. 

EVEX.512.66.0F,.WO 72 /2 ib VV AVX512F Shift doublewords in zmm2/m512/m32bcst 

VPSRLD zmm1 {k1}{z}, zmm2/m512/m32bcst, right by imm8 while shifting in Os using 

imm8 writemask k1. 

EVEX.128.66.0F.W1 D3 /r VIV AVX512VL | Shift quadwords in xmm2 right by amount 

VPSRLQ xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512F specified in xmm3/m128 while shifting in Os 
using writemask k1. 

EVEX.256.66.0F.W1 D3 /r VIN AVX512VL | Shift quadwords in ymme right by amount 

VPSRLQ ymm1 {k1}{z}, ymm2, xmm3/m128 AVX512F specified in xmm3/m1 28 while shifting in Os 
using writemask k1. 

EVEX.512.66.0F.W1 D3 /r VIV AVX512F Shift quadwords in zmm2 right by amount 


VPSRLQ zmm1 {k1}{z}, zmm2, xmm3/m1 28 


specified in xmm3/m1 28 while shifting in Os 
using writemask k1. 
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EVEX.128.66.0F.W1 73 /2 ib F VV AVX512VL | Shift quadwords in xmm2/m128/m64bcst 
VPSRLQ xmm1 {k1}{z}, xmm2/m128/m64bcst, AVX512F right by imm8 while shifting in Os using 
imm8 writemask k1. 

EVEX.256.66.0F.W1 73 /2 ib F VV AVX512VL | Shift quadwords in ynm2/m256/m64bcst 
VPSRLQ ymm1 {k1}{z}, ymnm2/m256/m64bcst, AVX512F right by imm8 while shifting in Os using 
imm8 writemask k1. 

EVEX.512.66.0F.W1 73 /2 ib F VV AVX512F Shift quadwords in zmm2/m512/m64bcst 
VPSRLQ zmm1 {k1}{z}, zmm2/m512/m64bcst, right by imm8 while shifting in Os using 
imm8 writemask k1. 

NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:r/m (r, w) imm8 NA NA 
C NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
D NA VEX.vvvv (w) ModRM:r/m (r) imm8 NA 
E Full Mem EVEX.vvvv (w) ModRM:r/m (R) Imm8s NA 
F Full EVEX.vvvv (w) ModRM:r/m (R) Imm8s NA 
G Mem128 ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Shifts the bits in the individual data elements (words, doublewords, or quadword) in the destination operand (first 
operand) to the right by the number of bits specified in the count operand (second operand). As the bits in the data 
elements are shifted right, the empty high-order bits are cleared (set to 0). If the value specified by the count 
operand is greater than 15 (for words), 31 (for doublewords), or 63 (for a quadword), then the destination operand 
is set to all Os. Figure 4-19 gives an example of shifting words in a 64-bit operand. 


Note that only the low 64-bits of a 128-bit count operand are checked to compute the count. 


oe x3 x2 x1 x0 
Shift Right | 
with Zero 
Extension | | 
ers X3 >> COUNT | X2 >> COUNT | X1 >> COUNT | X0 >> COUNT 


Figure 4-19. PSRLW, PSRLD, and PSRLQ Instruction Operation Using 64-bit Operand 


The (V)PSRLW instruction shifts each of the words in the destination operand to the right by the number of bits 
specified in the count operand; the (V)PSRLD instruction shifts each of the doublewords in the destination operand; 
and the PSRLQ instruction shifts the quadword (or quadwords) in the destination operand. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE instruction 64-bit operand: The destination operand is an MMX technology register; the count operand 
can be either an MMX technology register or an 64-bit memory location. 
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128-bit Legacy SSE version: The destination operand is an XMM register; the count operand can be either an XMM 
register or a 128-bit memory location, or an 8-bit immediate. If the count operand is a memory address, 128 bits 
are loaded but the upper 64 bits are ignored. Bits (MAXVL-1:128) of the corresponding YMM destination register 
remain unchanged. 

VEX.128 encoded version: The destination operand is an XMM register; the count operand can be either an XMM 
register or a 128-bit memory location, or an 8-bit immediate. If the count operand is a memory address, 128 bits 
are loaded but the upper 64 bits are ignored. Bits (MAXVL-1:128) of the destination YMM register are zeroed. 
VEX.256 encoded version: The destination operand is a YMM register. The source operand is a YMM register or a 
memory location. The count operand can come either from an XMM register or a memory location or an 8-bit imme- 
diate. Bits (MAXVL-1:256) of the corresponding ZMM register are zeroed. 

EVEX encoded versions: The destination operand is a ZMM register updated according to the writemask. The count 
operand is either an 8-bit immediate (the immediate count version) or an 8-bit value from an XMM register or a 
memory location (the variable count version). For the immediate count version, the source operand (the second 
operand) can be a ZMM register, a 512-bit memory location or a 512-bit vector broadcasted from a 32/64-bit 
memory location. For the variable count version, the first source operand (the second operand) is a ZMM register, 
the second source operand (the third operand, 8-bit variable count) can be an XMM register or a memory location. 
Note: In VEX/EVEX encoded versions of shifts with an immediate count, vvvv of VEX/EVEX encode the destination 
register, and VEX.B/EVEX.B + ModRM.r/m encodes the source register. 


Note: For shifts with an immediate count (VEX.128.66.0F 71-73 /2, or EVEX.128.66.0F 71-73 /2), 
VEX.vvvv/EVEX.vvvv encodes the destination register. 


Operation 


PSRLW (with 64-bit operand) 
IF (COUNT > 15) 
THEN 
DEST[64:0] := OOOOOOOD00000000H 
ELSE 
DEST[15:0] := ZeroExtend(DEST[1 5:0] >> COUNT); 
(* Repeat shift operation for 2nd and 3rd words *) 
DEST[63:48] := ZeroExtend(DEST[63:48] >> COUNT); 
Fl; 


PSRLD (with 64-bit operand) 

IF (COUNT > 31) 

THEN 
DEST[64:0] := QOOOOOOO00000000H 

ELSE 
DEST[31:0] := ZeroExtend(DEST[31:0] >> COUNT); 
DEST[63:32] := ZeroExtend(DEST[63:32] >> COUNT); 

Fl; 


PSRLQ (with 64-bit operand) 
IF (COUNT > 63) 
THEN 
DEST[64:0] := OOOOOD0D00000000H 
ELSE 
DEST := ZeroExtend(DEST >> COUNT); 
Fl; 
LOGICAL_RIGHT_SHIFT_DWORDS1(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 31) 
THEN 
DEST[31:0] := 0 
ELSE 
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DEST[31:0] := ZeroExtend(SRC[31:0] >> COUNT); 
Fl; 


LOGICAL_RIGHT_SHIFT_QWORDS1(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 63) 
THEN 
DEST[63:0] := 0 
ELSE 
DEST[63:0] := ZeroExtend(SRC[63:0] >> COUNT); 
Fl; 
LOGICAL_RIGHT_SHIFT_WORDS_256b(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 15) 
THEN 
DEST[255:0] := 0 
ELSE 
DEST[15:0] := ZeroExtend(SRC[1 5:0] >> COUNT); 
(* Repeat shift operation for 2nd through 15th words *) 
DEST[255:240] := ZeroExtend(SRC[255:240] >> COUNT); 


Fl; 


LOGICAL_RIGHT_SHIFT_WORDS(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 15) 
THEN 
DEST[127:0] := OOOOOOOODDDD00000000000000000000H 
ELSE 
DEST[15:0] := ZeroExtend(SRC[1 5:0] >> COUNT); 
(* Repeat shift operation for 2nd through 7th words *) 
DEST[127:1 12] := ZeroExtend(SRC[127:112] >> COUNT); 
Fl; 


LOGICAL_RIGHT_SHIFT_DWORDS_256b(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 31) 
THEN 
DEST[255:0] := 0 
ELSE 
DEST[31:0] := ZeroExtend(SRC[31:0] >> COUNT); 
(* Repeat shift operation for 2nd through 3rd words *) 
DEST[255:224] := ZeroExtend(SRC[255:224] >> COUNT); 
Fl; 


LOGICAL_RIGHT_SHIFT_DWORDS(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 31) 
THEN 
DEST[127:0] := OOOOOOOODDDD00000000000000000000H 
ELSE 
DEST[31:0] := ZeroExtend(SRC[31:0] >> COUNT); 
(* Repeat shift operation for 2nd through 3rd words *) 
DEST[1 27:96] := ZeroExtend(SRC[127:96] >> COUNT); 
Fl; 
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LOGICAL_RIGHT_SHIFT_QWORDS_256b(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 
IF (COUNT > 63) 
THEN 
DEST[255:0] := 0 
ELSE 
DEST[63:0] := ZeroExtend(SRC[63:0] >> COUNT); 
DEST[127:64] := ZeroExtend(SRC[1 27:64] >> COUNT); 
DEST[191:128] := ZeroExtend(SRC[191:128] >> COUNT); 
DEST[255:192] := ZeroExtend(SRC[255:192] >> COUNT); 
Fl; 


LOGICAL_RIGHT_SHIFT_QWORDS(SRC, COUNT_SRC) 
COUNT := COUNT_SRC[63:0]; 

IF (COUNT > 63) 

THEN 


DEST[127:0] := OOOOOOODDDDD00000000000000000000H 


ELSE 
DEST[63:0] := ZeroExtend(SRC[63:0] >> COUNT); 
DEST[127:64] := ZeroExtend(SRC[1 27:64] >> COUNT); 
Fl; 


VPSRLW (EVEX versions, xmm/m1 28) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 


IF VL= 128 
TMP_DEST[127:0] := LOGICAL_RIGHT_SHIFT_WORDS_128b(SRC1[127:0], SRC2) 
Fl; 
IF VL = 256 
TMP_DEST[255:0] := LOGICAL_RIGHT_SHIFT_WORDS_256b(SRC1[255:0], SRC2) 
Fl; 
IFVL=512 
TMP_DEST[255:0] := LOGICAL_RIGHT_SHIFT_WORDS_256b(SRC1[255:0], SRC2) 
TMP_DEST[51 1:256] := LOGICAL_RIGHT_SHIFT_WORDS_256b(SRC1[511:256], SRC2) 
Fl; 


FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST{i+1 5:i] := TMP_DEST[i+1 5:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+1 5:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] = 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPSRLW (EVEX versions, imm8) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
IF VL= 128 
TMP_DEST[127:0] := LOGICAL_RIGHT_SHIFT_WORDS_128b(SRC1[127:0], imm8) 


Fl; 
IF VL = 256 
TMP_DEST[255:0] := LOGICAL_RIGHT_SHIFT_WORDS_256b(SRC1[255:0], imm8) 


Fl; 

IF VL=512 
TMP_DEST[255:0] := LOGICAL_RIGHT_SHIFT_WORDS_256b(SRC1[255:0], imm8) 
TMP_DEST[51 1:256] := LOGICAL_RIGHT_SHIFT_WORDS_256b(SRC1[511:256], imm8) 


Fl; 


FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST{i+1 5:i] = TMP_DEST[i+15:i] 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] = 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPSRLW (ymm, ymm, xmm/m1 28) - VEX.256 encoding 
DEST[255:0] := LOGICAL_RIGHT_SHIFT_WORDS_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0; 


VPSRLW (ymm, imm8) - VEX.256 encoding 
DEST[255:0] := LOGICAL_RIGHT_SHIFT_WORDS_256b(SRC1, imm8) 
DEST[MAXVL-1:256] := 0; 


VPSRLW (xmm, xmm, xmm/m128) - VEX.128 encoding 
DEST[127:0] := LOGICAL_RIGHT_SHIFT_WORDS(SRC1, SRC2) 
DEST[MAXVL-1:128] := 0 


VPSRLW (xmm, imm8) - VEX.128 encoding 
DEST[127:0] := LOGICAL_RIGHT_SHIFT_WORDS(SRC1, imm8) 
DEST[MAXVL-1:128] := 0 


PSRLW (xmm, xmm, xmm/m128) 
DEST[127:0] := LOGICAL_RIGHT_SHIFT_WORDS(DEST, SRC) 
DEST[MAXVL-1:128] (Unmodified) 


PSRLW (xmm, imm8) 


DEST[127:0] := LOGICAL_RIGHT_SHIFT_WORDS(DEST, imms) 
DEST[MAXVL-1:1 28] (Unmodified) 
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VPSRLD (EVEX versions, xmm/m128) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF VL= 128 
TMP_DEST[127:0] := LOGICAL_RIGHT_SHIFT_DWORDS_128b(SRC1[127:0], SRC2) 
Fl; 
IF VL = 256 
TMP_DEST[255:0] := LOGICAL_RIGHT_SHIFT_DWORDS_256b(SRC1[255:0], SRC2) 
Fl; 
IF VL=512 
TMP_DEST[255:0] := LOGICAL_RIGHT_SHIFT_DWORDS_256b(SRC1[255:0], SRC2) 
TMP_DEST[51 1:256] := LOGICAL_RIGHT_SHIFT_DWORDS_256b(SRC1[51 1:256], SRC2) 
Fl; 


FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPSRLD (EVEX versions, imm8) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC1 *is memory’) 
THEN DEST[i+31:i] = LOGICAL_RIGHT_SHIFT_DWORDS1(SRC1[31:0], imm8) 
ELSE DEST[i+31:i] := LOGICAL_RIGHT_SHIFT_DWORDS1(SRC1[i+31:i], imm8) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPSRLD (ymm, ymm, xmm/m128) - VEX.256 encoding 
DEST[255:0] := LOGICAL_RIGHT_SHIFT_DWORDS_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0; 


VPSRLD (ymm, imm8) - VEX.256 encoding 


DEST[255:0] := LOGICAL_RIGHT_SHIFT_DWORDS_256b(SRC1, imm8) 
DEST[MAXVL-1:256] := 0; 
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VPSRLD (xmm, xmm, xmm/m1 28) - VEX.128 encoding 
DEST[127:0] := LOGICAL_RIGHT_SHIFT_DWORDS(SRC1, SRC2) 
DEST[MAXVL-1:128] := 0 


VPSRLD (xmm, imm8) - VEX.128 encoding 
DEST[1 27:0] := LOGICAL_RIGHT_SHIFT_DWORDS(SRC1, imms) 
DEST[MAXVL-1:128] := 0 


PSRLD (xmm, xmm, xmm/m128) 
DEST[1 27:0] := LOGICAL_RIGHT_SHIFT_DWORDS(DEST, SRC) 
DEST[MAXVL-1:128] (Unmodified) 


PSRLD (xmm, imm8) 
DEST[127:0] := LOGICAL_RIGHT_SHIFT_DWORDS(DEST, imms) 
DEST[MAXVL-1:128] (Unmodified) 


VPSRLQ (EVEX versions, xmm/m128) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


TMP_DEST[255:0] := LOGICAL_RIGHT_SHIFT_QWORDS_256b(SRC1[255:0], SRC2) 
TMP_DEST[511:256] := LOGICAL_RIGHT_SHIFT_QWORDS_256b(SRC1[51 1:256], SRC2) 


IF VL= 128 

TMP_DEST[127:0] := LOGICAL_RIGHT_SHIFT_QWORDS_128b(SRC1[127:0], SRC2) 
Fl; 
IF VL = 256 

TMP_DEST[255:0] := LOGICAL_RIGHT_SHIFT_QWORDS_256b(SRC1[255:0], SRC2) 
Fl; 
IF VL=512 

TMP_DEST[255:0] := LOGICAL_RIGHT_SHIFT_QWORDS_256b(SRC1[255:0], SRC2) 

TMP_DEST[51 1:256] := LOGICAL_RIGHT_SHIFT_QWORDS_256b(SRC1[511:256], SRC2) 
Fl; 
FOR j := 0 TO KL-1 

i:=j* 64 

IF k1[j] OR *no writemask* 

THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 

Fl; 

ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPSRLQ (EVEX versions, imm8) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC1 *is memory’) 
THEN DEST[i+63:i] = LOGICAL_RIGHT_SHIFT_QWORDS1(SRC1[63:0], imm8) 
ELSE DEST[i+63:i] := LOGICAL_RIGHT_SHIFT_QWORDS1(SRC1[i+63:i], imm8) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPSRLQ (ymm, ymm, xmm/m1 28) - VEX.256 encoding 
DEST[255:0] := LOGICAL_RIGHT_SHIFT_QWORDS_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0; 


VPSRLQ (ymm, imm8) - VEX.256 encoding 

DEST[255:0] := LOGICAL_RIGHT_SHIFT_QWORDS_256b(SRC1, imm8) 
DEST[MAXVL-1:256] := 0; 

VPSRLQ (xmm, xmm, xmm/m1 28) - VEX.128 encoding 
DEST[127:0] := LOGICAL_RIGHT_SHIFT_QWORDS(SRC1, SRC2) 
DEST[MAXVL-1:128] := 0 


VPSRLQ (xmm, imm8) - VEX.128 encoding 
DEST[127:0] := LOGICAL_RIGHT_SHIFT_QWORDS(SRC1, imm8) 
DEST[MAXVL-1:128] := 0 


PSRLQ (xmm, xmm, xmm/m128) 
DEST[1 27:0] := LOGICAL_RIGHT_SHIFT_QWORDS(DEST, SRC) 
DEST[MAXVL-1:128] (Unmodified) 


PSRLQ (xmm, imm8) 
DEST[127:0] := LOGICAL_RIGHT_SHIFT_QWORDS(DEST, imm8) 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalents 

VPSRLD __m512i__mm512_srli_epi32(__m512i a, unsigned int imm); 

VPSRLD __m512i__mm512_mask_srli_epi32(__m512i s,__ mmask16 k,___m512i a, unsigned int imm); 
VPSRLD __m512i__mm512_maskz_srli_epi32(__mmask16 k, __m512i a, unsigned int imm); 
VPSRLD __m256i __mm256_mask_srli_epi32(__m256i s,___ mmask8 k, __ m256i a, unsigned int imm); 
VPSRLD __m256i _mm256_maskz_srli_epi32(__mmask8 k, __m256i a, unsigned int imm); 

VPSRLD __m128i _mm_mask_srli_epi32(__m128i s,___ mmask8 k, __m128i a, unsigned int imm); 
VPSRLD __m128i _mm_maskz_srli_epi32(__mmask8 k, __m128i a, unsigned int imm); 

VPSRLD __m512i_mm512_srl_epi32(__m512i a, ___m128i cnt); 

VPSRLD __m512i_mm512_mask_srl_epi32(__m512is,__ mmask16 k,__m512ia,__m128i cnt); 
VPSRLD __m512i__mm512_maskz_srl_epi32(__mmask16 k,__m512i a, ___m128i cnt); 

VPSRLD __m256i __mm256_mask_srl_epi32(__m256i s,__ mmask8 k,___ m256i a, __m128i cnt); 
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VPSRLD __m256i __mm256_maskz_srl_epi32(__mmask8 k,__ m256i a, 
mmask8 k,___m128i a,__m128i cnt); 


VPSRLD __m128i _mm_mask_srl_epi32(__m128is, 
VPSRLD __m128i __mm_maskz_srl_epi32(__mmask8 k, 


m128i a, 


VPSRLQ __m512i_mm512_srli_epi64(__m512i a, unsigned int imm); 
VPSRLQ ___m512i__mm512_mask_srli_epi64(__m512is, __ mmask8 k, 
VPSRLQ ___m512i__mm512_mask_srli_epi64(__mmask8 k, __m512i a, unsigned int imm); 
VPSRLQ ___m256i __mm256_mask_srli_epi64(__m256i s,___ mmask8 k, 
VPSRLQ __m256i _mm256_maskz_srli_epi64(___mmask8 k, __m256i a, unsigned int imm); 

m1 28i a, unsigned int imm); 
m1 28i a, unsigned int imm); 


VPSRLQ ___m128i__mm_mask_srli_epi64(__m128i s,__mmask8 k, 
VPSRLQ __m128i__mm_maskz_srli_epi64(__mmask8 k, 
VPSRLQ__m512i_mm512_srl_epi64(__m512i a, __m128i cnt); 


VPSRLQ ___m512i__mm512_mask_srl_epi64(__m512i s,___mmask8 k, __m512i a, ___m128i cnt); 
VPSRLQ___m512i_mm512_mask_srl_epi64(__mmask8 k,__m512i a, 
VPSRLQ ___m256i _mm256_mask_srl_epi64(__m256i s,___mmask8 k, __m256i a, ___m128i cnt); 
m256i a, 
VPSRLQ ___m128i __mm_mask_srl_epi64(__m128i s, __mmask8 k, __m128i a, __m128i cnt); 


VPSRLQ __m256i __mm256_maskz_srl_epi64(__mmask8 k, 


VPSRLQ __m128i __mm_maskz_srl_epi64(__mmask8 k, __m128i a, 


VPSRLW __m512i__mm512_srli_epi16(__m512i a, unsigned int imm); 

VPSRLW __m512i__mm512_mask_srli_epi16(__m512i s,__ mmask32 k,___m512i a, unsigned int imm); 
VPSRLW __m512i __mm512_maskz_srli_epi16(__mmask32 k,__m512i a, unsigned int imm); 
VPSRLW __m256i _mm256_mask_srli_epi16(__m256i s,__ mmask16 k, __ m256i a, unsigned int imm); 
m256i a, unsigned int imm); 

m1 28i a, unsigned int imm); 
VPSRLW __m128i _mm_maskz_srli_epi16(__mmask8 k, __m128i a, unsigned int imm); 


VPSRLW __m256i _mm256_maskz_srli_epi16(__mmask16 k, 
VPSRLW __m128i __mm_mask_srli_epi16(__m128i s, 


mmask8 k, 


VPSRLW __m512i__mm512_srl_epi16(__m512ia,__m128i cnt); 


VPSRLW __m512i__mm512_mask_srl_epi16(__m512is,__ mmask32 k,__m512i a, _m128i cnt); 
m512i a, 
VPSRLW __m256i __mm256_mask_srl_epi16(__m256i s,__ mmask16 k,___ m256i a, __m128i cnt); 
mmask16 a, 
mmask8 k,__m128i a, __m128i cnt); 
m128i a,__m128i cnt); 


VPSRLW __m512i__mm512_maskz_srl_epi16(__mmask32 k, 


VPSRLW __m256i __mm256_maskz_srl_epi16(__mmask8 k, 
VPSRLW __m128i _mm_mask_srl_epi16(__m128i s, 
VPSRLW __m128i _mm_maskz_srl_epi16(___mmask8 k, 
PSRLW:__m64 _mm_srli_pi16(__m64 m, int count) 
PSRLW:__m64 _mm_srl_pi16 (__m64 m, __m64 count) 
(V)PSRLW:__m128i __mm_srli_epi16 (__m128i m, int count) 
(V)PSRLW:__m128i __mm_srl_epi16 (__m128i m, __m128i count) 
VPSRLW:__m256i __mm256_srli_epi16 (__m256i m, int count) 
VPSRLW:__m256i__mm256_srl_epi16 (__m256i m, __m128i count) 
PSRLD:__m64 _mm_srli_pi32 (__m64 m, int count) 

PSRLD:__m64 _mm_srl_pi32 (__m64 m, __m64 count) 
(V)PSRLD:__m128i __mm_srli_epi32 (__m128i m, int count) 
(V)PSRLD:__m128i __mm_srl_epi32 (__m128i m,___m128i count) 
VPSRLD:__m256i__mm256_srli_epi32 (__m256i m, int count) 
VPSRLD:__m256i__mm256_srl_epi32 (__m256i m,___m128i count) 
PSRLQ:__m64 _mm_srli_si64 (__m64 m, int count) 

PSRLQ:__m64 _mm_srl_si64 (__m64 m, __m64 count) 
(V)PSRLQ:__m128i _mm_srli_epi64 (__m128i m, int count) 
(V)PSRLQ:__m128i _mm_srl_epi64 (__m128i m, __m128i count) 
VPSRLQ:__m256i _mm256_srli_epi64 (__m256i m, int count) 
VPSRLQ:__m256i _mm256_srl_epi64 (__m256i m, __m128i count) 


Flags Affected 
None. 
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m512i a, unsigned int imm); 


m256i a, unsigned int imm); 
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Numeric Exceptions 


None. 


Other Exceptions 
VEX-encoded instructions: 


Syntax with RM/RVM operand encoding (A/C in the operand encoding table), see Table 2-21, “Type 4 Class Excep- 
tion Conditions”. 


Syntax with MI/VMI operand encoding (B/D in the operand encoding table), see Table 2-24, “Type 7 Class Excep- 
tion Conditions”. 


EVEX-encoded VPSRLW (E in the operand encoding table), see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF 
Class Exception Conditions”. 


EVEX-encoded VPSRLD/Q: 


Syntax with Mem128 tuple type (G in the operand encoding table), see Exceptions Type E4NF.nb in Table 2-50, 
“Type E4NF Class Exception Conditions”. 


Syntax with Full tuple type (F in the operand encoding table), see Table 2-49, “Type E4 Class Exception Conditions”. 
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Opcode/ Op/ |64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

NP OF F8 /r' A VIV MMX Subtract packed byte integers in mm/m64 

PSUBB mm, mm/m64 from packed byte integers in mm. 

66 OF F8 /r A VIV SSE2 Subtract packed byte integers in xmm2/m128 

PSUBB xmm1, xmm2/m128 from packed byte integers in xmm1. 

NP OF F9 /r' A VIV MMX Subtract packed word integers in mm/m64 

PSUBW mm, mm/m64 from packed word integers in mm. 

66 OF F9 /r A VIV SSE2 Subtract packed word integers in 

PSUBW xmm1, xmm2/m128 xmm2/m128 from packed word integers in 
xmm1. 

NP OF FA /r' A VIV MMX Subtract packed doubleword integers in 

PSUBD mm, mm/m64 mm/m64 from packed doubleword integers in 
mm. 

66 OF FA /r A VIV SSE2 Subtract packed doubleword integers in 

PSUBD xmm1, xmm2/m128 xmm2/mem128 from packed doubleword 
integers in xmm1. 

VEX.128.66.0F.WIG F8 /r B VIV AVX Subtract packed byte integers in xmm3/m128 

VPSUBB xmm1, xmm2, xmm3/m128 from xmm2. 

VEX.128.66.0F.WIG F9 /r B VIV AVX Subtract packed word integers in 

VPSUBW xmm1, xmm2, xmm3/m128 xmm3/m128 from xmm2. 

VEX.128.66.0F.WIG FA /r B VIV AVX Subtract packed doubleword integers in 

VPSUBD xmm1, xmm2, xmm3/m128 xmm3/m128 from xmme2. 

VEX.256.66.0F.WIG F8 /r B VIV AVX2 Subtract packed byte integers in ymm3/m256 

VPSUBB ymm17, ymm2, ymm3/m256 from ymm2. 

VEX.256.66.0F.WIG F9 /r B VIV AVX2 Subtract packed word integers in 

VPSUBW ymm1, ymm2, ymm3/m256 ymm3/m256 from ymm2. 

VEX.256.66.0F.WIG FA /r B VIV AVX2 Subtract packed doubleword integers in 

VPSUBD ymm17, ymm2, ymm3/m256 ymm3/m256 from ymm2. 

EVEX.128.66.0F.WIG F8 /r C VIV AVX512VL_ | Subtract packed byte integers in xmm3/m128 

VPSUBB xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | from xmm2 and store in xmm1 using 
writemask k1. 

EVEX.256.66.0F.WIG F8 /r Cc VIV AVX512VL_ | Subtract packed byte integers in ymm3/m256 

VPSUBB ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | from ymm2 and store in ymm1 using 
writemask k1. 

EVEX.512.66.0F.WIG F8 /r C VIV AVX512BW | Subtract packed byte integers in zmm3/m512 

VPSUBB zmm1 {k1}{z}, zmm2, zmm3/m512 from zmm2 and store in zmm1 using 
writemask k1. 

EVEX.128.66.0F.WIG F9 /r a VIV AVX512VL_ | Subtract packed word integers in 

VPSUBW xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm3/m128 from xmmz and store in xmm1 
using writemask k1. 

EVEX.256.66.0F.WIG F9 /r C VIV AVX512VL_ | Subtract packed word integers in 

VPSUBW ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm3/m256 from ymm2 and store in ymm1 
using writemask k1. 

EVEX.512.66.0F.WIG F9 /r C VIN AVX512BW | Subtract packed word integers in 


VPSUBW zmm1 {k1}{z}, zmm2, zmm3/m512 


zmm3/m512 from zmm2 and store in zmm1 
using writemask k1. 
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EVEX.128.66.0F.WO FA /r D VIV AVX512VL_ | Subtract packed doubleword integers in 

VPSUBD xmm1 {k1}{z}, xmm2, xmm3/m1 28/m32bcst AVX512F — | xmm3/m128/m32bcst from xmm2 and store 
in xmm1 using writemask k1. 

EVEX.256.66.0F.WO FA /r D VIV AVX512VL_ | Subtract packed doubleword integers in 

VPSUBD ymm1 {k1}{z}, ymm2, ymm3/m256/m32bcst AVX512F — | ymm3/m256/m32bcst from ymm2 and store 
in ymm1 using writemask k1. 

EVEX.512.66.0F.WO FA /r D VIV AVX512F — | Subtract packed doubleword integers in 

VPSUBD zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst zmm3/m512/m32bcst from zmm_2 and store 
in zmm1 using writemask k1 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” in 
the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
D Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD subtract of the packed integers of the source operand (second operand) from the packed integers 
of the destination operand (first operand), and stores the packed integer results in the destination operand. See 
Figure 9-4 in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for an illustration of a 
SIMD operation. Overflow is handled with wraparound, as described in the following paragraphs. 


The (V)PSUBB instruction subtracts packed byte integers. When an individual result is too large or too small to be 
represented in a byte, the result is wrapped around and the low 8 bits are written to the destination element. 


The (V)PSUBW instruction subtracts packed word integers. When an individual result is too large or too small to be 
represented in a word, the result is wrapped around and the low 16 bits are written to the destination element. 


The (V)PSUBD instruction subtracts packed doubleword integers. When an individual result is too large or too small 
to be represented in a doubleword, the result is wrapped around and the low 32 bits are written to the destination 
element. 


Note that the (V)PSUBB, (V)PSUBW, and (V)PSUBD instructions can operate on either unsigned or signed (two's 
complement notation) packed integers; however, it does not set bits in the EFLAGS register to indicate overflow 
and/or a carry. To prevent undetected overflow conditions, software must control the ranges of values upon which 
it operates. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE version 64-bit operand: The destination operand must be an MMX technology register and the source 
operand can be either an MMX technology register or a 64-bit memory location. 
128-bit Legacy SSE version: The second source operand is an XMM register or a 128-bit memory location. The first 


source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM desti- 
nation register remain unchanged. 


VEX.128 encoded version: The second source operand is an XMM register or a 128-bit memory location. The first 
source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the destination YMM register 
are zeroed. 
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VEX.256 encoded versions: The second source operand is an YMM register or an 256-bit memory location. The first 
source operand and destination operands are YMM registers. Bits (MAXVL-1:256) of the corresponding ZMM 
register are zeroed. 

EVEX encoded VPSUBD: The second source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory loca- 
tion or a 512/256/128-bit vector broadcasted from a 32/64-bit memory location. The first source operand and 
destination operands are ZMM/YMM/XMM registers. The destination is conditionally updated with writemask k1. 
EVEX encoded VPSUBB/W: The second source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory 
location. The first source operand and destination operands are ZMM/YMM/XMM registers. The destination is condi- 
tionally updated with writemask k1. 


Operation 


PSUBB (with 64-bit operands) 
DEST[7:0] := DEST[7:0] — SRC[7:0]; 
(* Repeat subtract operation for 2nd through 7th byte *) 
DEST[63:56] := DEST[63:56] — SRC[63:56]; 


PSUBW (with 64-bit operands) 
DEST[15:0] := DEST[15:0] — SRC[15:0]; 
(* Repeat subtract operation for 2nd and 3rd word *) 
DEST[63:48] := DEST[63:48] — SRC[63:48]; 


PSUBD (with 64-bit operands) 
DEST[31:0] := DEST[31:0] — SRC[31:0]; 
DEST[63:32] := DEST[63:32] — SRC[63:32]; 


PSUBD (with 128-bit operands) 
DEST[31:0] := DEST[31:0] — SRC[31:0]; 
(* Repeat subtract operation for 2nd and 3rd doubleword *) 
DEST[127:96] := DEST[127:96] — SRC[1 27:96]; 


VPSUBB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] = SRC1[i+7:i] - SRC2[i+7:i] 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] = 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


VPSUBW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = SRC1[i+15:i] - SRC2[i+15:i] 
ELSE 
IF *merging-masking* ; merging-masking 
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THEN *DEST[i+15:i] remains unchanged* 
; zeroing-masking 


ELSE *zeroing-masking* 
DEST[i+15:i] = 0 
Fl 
Fl; 
ENDFOR; 
DEST[MAXVL-1:VL] := 0 


VPSUBD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 

i:=j* 32 

IF k1[j] OR *no writemask* THEN 


IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN DEST[i+31:i] := SRC1[i+31:i] - SRC2[31:0] 
ELSE DEST[i+31:i] = SRC1[i+31:i] - SRC2[i+31:i] 


Fl; 
ELSE 
IF *merging-masking* 


ELSE *zeroing-masking* 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR; 
DEST[MAXVL-1:VL] := 0 


VPSUBB (VEX.256 encoded version) 

DEST[7:0] := SRC1[7:0]-SRC2[7:0] 

DEST[15:8] := SRC1[15:8]-SRC2[1 5:8] 
DEST[23:16] := SRC1[23:16]-SRC2[23:16] 
DEST[31:24] := SRC1[31:24]-SRC2[31:24] 
DEST[39:32] := SRC1[39:32]-SRC2[39:32] 
DEST[47:40] := SRC1[47:40]-SRC2[47:40] 
DEST[55:48] := SRC1[55:48]-SRC2[55:48] 
DEST[63:56] := SRC1[63:56]-SRC2[63:56] 
DEST[7 1:64] := SRC1[71:64]-SRC2[7 1:64] 
DEST[79:72] := SRC1[79:72]-SRC2[79:72] 
DEST[87:80] := SRC1[87:80]-SRC2[87:80] 
DEST[95:88] := SRC1[95:88]-SRC2[95:88] 
DEST[103:96] := SRC1[103:96]-SRC2[103:96] 
DEST[111:104] := SRC1[111:104]-SRC2[111:104] 
DEST[119:112] := SRC1[119:112]-SRC2[119:112] 
DEST[127:120] := SRC1[127:120]-SRC2[127:120] 
DEST[135:128] := SRC1[135:128]-SRC2[1 35:1 28] 
DEST[143:136] := SRC1[143:136]-SRC2[1 43:1 36] 
DEST[151:144] := SRC1[151:144]-SRC2[151:144] 
DEST[159:152] := SRC1[159:152]-SRC2[159:152] 
DEST[167:160] := SRC1[167:160]-SRC2[167:160] 
DEST[175:168] := SRC1[175:168]-SRC2[175:168] 
DEST[183:1 76] := SRC1[183:176]-SRC2[1 83:1 76] 
DEST[191:184] := SRC1[191:184]-SRC2[191:184] 
DEST[199:192] := SRC1[199:192]-SRC2[199:192] 
DEST[207:200] := SRC1[207:200]-SRC2[207:200] 
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; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
; zeroing-masking 
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DEST[215:208] := SRC1[215:208]-SRC2[215:208] 
DEST[223:216] = SRC1[223:216]-SRC2[223:216] 
DEST[231:224] := SRC1[231:224]-SRC2[231:224] 
DEST[239:232] := SRC1[239:232]-SRC2[239:232] 
DEST[247:240] := SRC1[247:240]-SRC2[247:240] 
DEST[255:248] := SRC1[255:248]-SRC2[255:248] 
DEST[MAXVL-1:256] := 0 


VPSUBB (VEX.128 encoded version) 

DEST[7:0] := SRC1[7:0]-SRC2[7:0] 

DEST[15:8] := SRC1[15:8]-SRC2[1 5:8] 
DEST[23:16] := SRC1[23:16]-SRC2[23:16] 
DEST[31:24] := SRC1[31:24]-SRC2[31:24] 
DEST[39:32] := SRC1[39:32]-SRC2[39:32] 
DEST[47:40] := SRC1[47:40]-SRC2[47:40] 
DEST[55:48] := SRC1[55:48]-SRC2[55:48] 
DEST[63:56] := SRC1[63:56]-SRC2[63:56] 
DEST[7 1:64] := SRC1[71:64]-SRC2[7 1:64] 
DEST[79:72] := SRC1[79:72]-SRC2[79:72] 
DEST[87:80] := SRC1[87:80]-SRC2[87:80] 
DEST[95:88] := SRC1[95:88]-SRC2[95:88] 
DEST[103:96] := SRC1[103:96]-SRC2[103:96] 
DEST[111:104] := SRC1[111:104]-SRC2[111:104] 
DEST[119:112] := SRC1[119:112]-SRC2[119:112] 
DEST[127:120] := SRC1[1 27:1 20]-SRC2[1 27:1 20] 
DEST[MAXVL-1:128] := 0 


PSUBB (128-bit Legacy SSE version) 
DEST[7:0] := DEST[7:0]-SRC[7:0] 

DEST[15:8] := DEST[15:8]-SRC[1 5:8] 
DEST[23:16] := DEST[23:16]-SRC[23:16] 
DEST[31:24] := DEST[31:24]-SRC[31:24] 
DEST[39:32] := DEST[39:32]-SRC[39:32] 
DEST[47:40] := DEST[47:40]-SRC[47:40] 
DEST[55:48] := DEST[55:48]-SRC[55:48] 
DEST[63:56] := DEST[63:56]-SRC[63:56] 
DEST[7 1:64] := DEST[71:64]-SRC[7 1:64] 
DEST[79:7 2] := DEST[79:72]-SRC[79:72] 
DEST[87:80] := DEST[87:80]-SRC[87:80] 
DEST[95:88] := DEST[95:88]-SRC[95:88] 
DEST[103:96] := DEST[103:96]-SRC[103:96] 
DEST[111:104] := DEST[111:104]-SRC[111:104] 
DEST[119:112] := DEST[119:112]-SRC[119:112] 
DEST[127:120] := DEST[127:120]-SRC[127:120] 
DEST[MAXVL-1:128] (Unmodified) 


VPSUBW (VEX.256 encoded version) 
DEST[15:0] := SRC1[15:0]-SRC2[1 5:0] 
DEST[31:16] := SRC1[31:16]-SRC2[31:16] 
DEST[47:32] := SRC1[47:32]-SRC2[47:32] 
DEST[63:48] := SRC1[63:48]-SRC2[63:48] 
DEST[79:64] := SRC1[79:64]-SRC2[79:64] 
DEST[95:80] := SRC1[95:80]-SRC2[95:80] 
DEST[1 11:96] := SRC1[111:96]-SRC2[1 11:96] 
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DEST[127:112] = SRC1[127:112]-SRC2[127:112] 
DEST[143:128] = SRC1[143:128]-SRC2[143:128] 
DEST[159:144] := SRC1[159:144]-SRC2[159:144] 
DEST[175:160] = SRC1[175:160]-SRC2[175:160] 
DEST[191:176] = SRC1[191:176]-SRC2[191:176] 
DEST[207:192] := SRC1207:192]-SRC2[207:192] 
DEST[223:208] := SRC1[223:208]-SRC2[223:208] 
DEST[239:224] := SRC1[239:224]-SRC2[239:224] 
DEST[255:240] := SRC1[255:240]-SRC2[255:240] 
DEST[MAXVL-1:256] := 0 


VPSUBW (VEX.128 encoded version) 
DEST[15:0] := SRC1[15:0]-SRC2[15:0] 
DEST[31:16] := SRC1[31:16]-SRC2[31:16] 
DEST[47:32] := SRC1[47:32]-SRC2[47:32] 
DEST[63:48] := SRC1[63:48]-SRC2[63:48] 
DEST[79:64] := SRC1[79:64]-SRC2[79:64] 
DEST[95:80] := SRC1[95:80]-SRC2[95:80] 

DEST[1 11:96] := SRC1[111:96]-SRC2[1 11:96] 
DEST[127:112] := SRC1[127:112]-SRC2[127:112] 
DEST[MAXVL-1:128] := 0 


PSUBW (128-bit Legacy SSE version) 
DEST[15:0] := DEST[15:0]-SRC[1 5:0] 
DEST[31:16] := DEST[31:16]-SRC[31:16] 
DEST[47:32] := DEST[47:32]-SRC[47:32] 
DEST[63:48] := DEST[63:48]-SRC[63:48] 
DEST[79:64] := DEST[79:64]-SRC[79:64] 
DEST[95:80] := DEST[95:80]-SRC[95:80] 
DEST[111:96] := DEST[111:96]-SRC[1 11:96] 
DEST[127:112] := DEST[127:112]-SRC[127:112] 
DEST[MAXVL-1:128] (Unmodified) 


VPSUBD (VEX.256 encoded version) 
DEST[31:0] := SRC1[31:0]-SRC2[31:0] 
DEST[63:32] := SRC1[63:32]-SRC2[63:32] 
DEST[95:64] := SRC1[95:64]-SRC2[95:64] 
DEST[127:96] := SRC1[127:96]-SRC2[1 27:96] 
DEST[159:128] := SRC1[159:128]-SRC2[159:128] 
DEST[191:160] := SRC1[191:160]-SRC2[191:160] 
DEST[223:192] := SRC1[223:192]-SRC2[223:192] 
DEST[255:224] := SRC1[255:224]-SRC2[255:224] 
DEST[MAXVL-1:256] := 0 


VPSUBD (VEX.128 encoded version) 
DEST[31:0] := SRC1[31:0]-SRC2[31:0] 
DEST[63:32] := SRC1[63:32]-SRC2[63:32] 
DEST[95:64] := SRC1[95:64]-SRC2[95:64] 
DEST[127:96] := SRC1[127:96]-SRC2[1 27:96] 
DEST[MAXVL-1:128] := 0 


PSUBD (128-bit Legacy SSE version) 


DEST[31:0] := DEST[31:0]-SRC[31:0] 
DEST[63:32] = DEST[63:32]-SRC[63:32] 
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DEST[95:64] := DEST[95:64]-SRC[95:64] 
DEST[127:96] := DEST[127:96]-SRC[127:96] 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalents 
VPSUBB __m512i_mm512_sub_epi8(__m512i a,__m512i b); 


VPSUBB __m512i_mm512_mask_sub_epi8(__m512is,__ mmask64 k,___m512i a,__m512i b); 
VPSUBB __m512i_mm512_maskz_sub_epi8(__mmask64 k,__m512ia,__m512i b); 
VPSUBB __m256i __mm256_mask_sub_epi8(__m256i s,___ mmask32 k,___m256i a, __m256i b); 


VPSUBB __m256i__mm256_maskz_sub_epi8(__mmask32 k,___ m256i a, __ m256i b); 

VPSUBB __m128i _mm_mask_sub_epi8(__m128i s,__ mmask16 k,___m128i a,__m128i b); 
VPSUBB __m128i __mm_maskz_sub_epi8(__mmask16 k,__m128i a, __m128i b); 

VPSUBW __m512i_mm512_sub_epi16(__m512i a,__m512i b); 

VPSUBW __m512i_mm512_mask_sub_epi16(__m512is,___mmask32 k,__m512ia,__m512i b); 


VPSUBW __m512i_mm512_maskz_sub_epi16(__mmask32 k,__m512i a,__m512ib); 
VPSUBW __m256i __mm256_mask_sub_epi16(__m256is,__ mmask16 k,___ m256i a, __m256i b); 
VPSUBW __m256i __mm256_maskz_sub_epi16(__mmask16 k,__ m256i a, ___m256i b); 


VPSUBW __m128i__mm_mask_sub_epi16(__m128is,___ mmask8 k,___m128i a,__m128i b); 
VPSUBW __m128i __mm_maskz_sub_epi16(__mmask8 k, __m128i a,__m128i b); 
VPSUBD __m512i_mm512_sub_epi32(__m512i a, ___m512i b); 


VPSUBD __m512i_mm512_mask_sub_epi32(__m512is,__ mmask16 k,__m512i a, ___m512i b); 
VPSUBD __m512i_mm512_maskz_sub_epi32(__mmask16 k,__m512i a, __m512i b); 
VPSUBD __m256i __mm256_mask_sub_epi32(__m256i s,___ mmask8 k,__ m256i a, __ m256i b); 


VPSUBD __m256i__mm256_maskz_sub_epi32(__mmask8 k,__ m256i a, __m256i b); 
VPSUBD __m128i __mm_mask_sub_epi32(__m128i s,___ mmask8 k,__m128i a,__m128i b); 
VPSUBD __m128i __mm_maskz_sub_epi32(__mmask8 k,___m128i a,__m128i b); 
PSUBB:__m64 _mm_sub_pi8(__m64 m1,__m64 m2) 

(V)PSUBB:__m128i __mm_sub_epi8 (__m128i a, ___m128i b) 

VPSUBB:__m256i __mm256_sub_epi8 (__m256i a,__m256i b) 
PSUBW:__m64__mm_sub_pi16(__m64 m1,__ m64 m2) 

(V)PSUBW:__m128i __mm_sub_epi16 (__m128i a,__m128i b) 

VPSUBW:__m256i _mm256_sub_epi16 (__m256i a, __m256i b) 

PSUBD:__m64 _mm_sub_pi32(__m64 m1,__m64 m2) 

(V)PSUBD:__m128i __mm_sub_epi32 (__m128i a,__m128i b) 

VPSUBD:__m256i _mm256_sub_epi32 (__m256i a, __m256i b) 


Flags Affected 
None. 


Numeric Exceptions 
None. 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 

EVEX-encoded VPSUBD, see Table 2-49, “Type E4 Class Exception Conditions”. 

EVEX-encoded VPSUBB/W, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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PSUBQ—Subtract Packed Quadword Integers 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
NP OF FB /r' A VIV SSE2 Subtract quadword integer in mm7 from mm2 
PSUBQ mm1, mm2/m64 /m64. 
66 OF FB /r A VIV SSE2 Subtract packed quadword integers in xmm17 
PSUBQ xmm1, xmm2/m128 from xmmé /m128. 
VEX.128.66.0F.WIG FB/r B VIV AVX Subtract packed quadword integers in 
VPSUBQ xmm1, xmm2, xmm3/m128 xmm3/m128 from xmme. 
VEX.256.66.0F.WIG FB /r B VIV AVX2 Subtract packed quadword integers in 
VPSUBQ ymm1, ymm2, ymm3/m256 ymm3/m256 from ymm2. 
EVEX.128.66.0F.W1 FB /r C VIV AVX512VL | Subtract packed quadword integers in 
VPSUBQ xmm1 {k1}{z}, xmm2, xmm3/m128/m64bcst AVX512F | xmm3/m128/m64bcst from xmm2z and store 
in xmm1 using writemask k1. 
EVEX.256.66.0F.W1 FB /r C VIV AVX512VL | Subtract packed quadword integers in 
VPSUBQ ymm1 {k1}{z}, ymm2, ymm3/m256/m64bcst AVX512F | ymm3/m256/m64bcst from ymm2 and store 
in ymm1 using writemask k1. 
EVEX.512.66.0F.W1 FB/r C VIV AVX512F | Subtract packed quadword integers in 
VPSUBQ zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst zmm3/m512/m64bcst from zmm_2 and store 
in zmm1 using writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Subtracts the second operand (source operand) from the first operand (destination operand) and stores the result 
in the destination operand. When packed quadword operands are used, a SIMD subtract is performed. When a 
quadword result is too large to be represented in 64 bits (overflow), the result is wrapped around and the low 64 
bits are written to the destination element (that is, the carry is ignored). 


Note that the (V)PSUBQ instruction can operate on either unsigned or signed (two’s complement notation) inte- 
gers; however, it does not set bits in the EFLAGS register to indicate overflow and/or a carry. To prevent undetected 
overflow conditions, software must control the ranges of the values upon which it operates. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE version 64-bit operand: The source operand can be a quadword integer stored in an MMX technology 
register or a 64-bit memory location. 


128-bit Legacy SSE version: The second source operand is an XMM register or a 128-bit memory location. The first 
source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM desti- 
nation register remain unchanged. 
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VEX.128 encoded version: The second source operand is an XMM register or a 128-bit memory location. The first 
source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the destination YMM register 


are zeroed. 


VEX.256 encoded versions: The second source operand is an YMM register or an 256-bit memory location. The first 
source operand and destination operands are YMM registers. Bits (MAXVL-1:256) of the corresponding ZMM 


register are zeroed. 


EVEX encoded VPSUBQ: The second source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory loca- 
tion or a 512/256/128-bit vector broadcasted from a 32/64-bit memory location. The first source operand and 
destination operands are ZMM/YMM/XMM registers. The destination is conditionally updated with writemask k1. 


Operation 


PSUBQ (with 64-Bit operands) 
DEST[63:0] := DEST[63:0] — SRC[63:0]; 


PSUBQ (with 128-Bit operands) 
DEST[63:0] := DEST[63:0] — SRC[63:0]; 
DEST[127:64] := DEST[127:64] — SRC[127:64]; 


VPSUBQ (VEX.128 encoded version) 
DEST[63:0] := SRC1[63:0]-SRC2[63:0] 
DEST[127:64] := SRC1[127:64]-SRC2[1 27:64] 
DEST[MAXVL-1:128] := 0 


VPSUBQ (VEX.256 encoded version) 
DEST[63:0] := SRC1[63:0]-SRC2[63:0] 
DEST[127:64] := SRC1[127:64]-SRC2[1 27:64] 
DEST[191:128] := SRC1[191:128]-SRC2[191:128] 
DEST[255:192] := SRC1[255:192]-SRC2[255:192] 
DEST[MAXVL-1:256] := 0 


VPSUBQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN DEST[i+63:i] := SRC1[i+63:i] - SRC2[63:0] 
ELSE DEST[i+63:i] := SRC1[i+63:i] - SRC2[i+63:i] 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalents 

VPSUBQ __m512i __mm512_sub_epi64(__m512i a,__m512i b); 
VPSUBQ __m512i __mm512_mask_sub_epi64(__m512i s,___mmask8 k, 
VPSUBQ __m512i __mm512_maskz_sub_epi64(__mmask8 k, __m512i a, 
VPSUBQ __m256i _mm256_mask_sub_epi64(__m256i s,___mmask8 k, 
VPSUBQ __m256i _mm256_maskz_sub_epi64(__mmask8 k, __m256i a, 
VPSUBQ __m128i _mm_mask_sub_epi64(__m128i s, ___mmask8 k, 
VPSUBQ __m128i _mm_maskz_sub_epi64(__mmask8 k,__m128i a, 
PSUBQ:__m64 _mm_sub_si64(__m64 m1, __m64 m2) 
(V)PSUBQ:__m128i _mm_sub_epi64(__m128i m1,_m128i m2) 
VPSUBQ:__m256i __mm256_sub_epi64(__m256i m1,__m256i m2) 


m512ia,__m512i b); 
m512i b); 

m256i a,__m256i b); 
m256i b); 

m128i a,__m128i b); 

m1 28i b); 


Flags Affected 
None. 


Numeric Exceptions 


None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded VPSUBQ, see Table 2-49, “Type E4 Class Exception Conditions”. 
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PSUBSB/PSUBSW-—Subtract Packed Signed Integers with Signed Saturation 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
NP OF €8 /r' A VIV MMX Subtract signed packed bytes in mm/m64 from 
PSUBSB mm, mm/m64 signed packed bytes in mm and saturate results. 
66 OF E8 /r A VIV SSE2 Subtract packed signed byte integers in 
PSUBSB xmm1, xmm2/m128 xmm_2/m1 28 from packed signed byte integers 
in xmm1 and saturate results. 
NP OF €9 /r' A VIV MMX Subtract signed packed words in mm/m64 from 
PSUBSW mm, mm/m64 signed packed words in mm and saturate 
results. 
66 OF E9 /r A VIV SSE2 Subtract packed signed word integers in 
PSUBSW xmm1, xmm2/m128 xmm2/m128 from packed signed word integers 
in xmm1 and saturate results. 
VEX.128.66.0F.WIG E8 /r B VIV AVX Subtract packed signed byte integers in 
VPSUBSB xmm1, xmm2, xmm3/m128 xmm3/m128 from packed signed byte integers 
in xmm2 and saturate results. 
VEX.128.66.0F.WIG E9 /r B VIV AVX Subtract packed signed word integers in 
VPSUBSW xmm1, xmm2, xmm3/m128 xmm3/m1 28 from packed signed word integers 
in xmm2 and saturate results. 
VEX.256.66.0F.WIG E8 /r B VIV AVX2 Subtract packed signed byte integers in 
VPSUBSB ymm1, ymm2, ymm3/m256 ymm3/m256 from packed signed byte integers 
in ymm2 and saturate results. 
VEX.256.66.0F.WIG E9 /r B VIV AVX2 Subtract packed signed word integers in 
VPSUBSW ymm1, ymm2, ymm3/m256 ymm3/m256 from packed signed word integers 
in ymm2 and saturate results. 
EVEX.128.66.0F.WIG E8 /r C VIV AVX512VL | Subtract packed signed byte integers in 
VPSUBSB xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm3/m128 from packed signed byte integers 
in xmm2 and saturate results and store in 
xmm1 using writemask k1. 
EVEX.256.66.0F.WIG E8 /r C VIV AVX512VL | Subtract packed signed byte integers in 
VPSUBSB ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm3/m256 from packed signed byte integers 
in ymme2 and saturate results and store in 
ymm1 using writemask k1. 
EVEX.512.66.0F.WIG E8 /r C VIV AVX512BW | Subtract packed signed byte integers in 
VPSUBSB zmm1 {k1}{z}, zmm2, zmm3/m512 zmm3/m512 from packed signed byte integers 
in zmm2 and saturate results and store inzmm1 
using writemask k1. 
EVEX.128.66.0F.WIG E9 /r C VIN AVX512VL | Subtract packed signed word integers in 
VPSUBSW xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm3/m128 from packed signed word integers 
in xmm2 and saturate results and store in 
xmm1 using writemask k1. 
EVEX.256.66.0F.WIG E9 /r C VIV AVX512VL | Subtract packed signed word integers in 
VPSUBSW ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm3/m256 from packed signed word integers 


in ymme2 and saturate results and store in 
ymm1 using writemask k1. 
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EVEX.512.66.0F.WIG E9 /r Cc VIV AVX512BW | Subtract packed signed word integers in 
VPSUBSW zmm1 {k1}{z}, zmm2, zmm3/m512 zmm3/m512 from packed signed word integers 
inzmm2 and saturate results and store inzmm1 
using writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD subtract of the packed signed integers of the source operand (second operand) from the packed 
signed integers of the destination operand (first operand), and stores the packed integer results in the destination 
operand. See Figure 9-4 in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for an 
illustration of a SIMD operation. Overflow is handled with signed saturation, as described in the following para- 
graphs. 


The (V)PSUBSB instruction subtracts packed signed byte integers. When an individual byte result is beyond the 
range of a signed byte integer (that is, greater than 7FH or less than 80H), the saturated value of 7FH or 80H, 
respectively, is written to the destination operand. 


The (V)PSUBSW instruction subtracts packed signed word integers. When an individual word result is beyond the 
range of a signed word integer (that is, greater than 7FFFH or less than 8000H), the saturated value of 7FFFH or 
8000H, respectively, is written to the destination operand. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE version 64-bit operand: The destination operand must be an MMX technology register and the source 
operand can be either an MMX technology register or a 64-bit memory location. 

128-bit Legacy SSE version: The second source operand is an XMM register or a 128-bit memory location. The first 
source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM desti- 
nation register remain unchanged. 

VEX.128 encoded version: The second source operand is an XMM register or a 128-bit memory location. The first 
source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the destination YMM register 
are zeroed. 

VEX.256 encoded versions: The second source operand is an YMM register or an 256-bit memory location. The first 
source operand and destination operands are YMM registers. Bits (MAXVL-1:256) of the corresponding ZMM 
register are zeroed. 

EVEX encoded version: The second source operand is an ZMM/YMM/XMM register or an 512/256/128-bit memory 


location. The first source operand and destination operands are ZMM/YMM/XMM registers. The destination is condi- 
tionally updated with writemask k1. 


Operation 

PSUBSB (with 64-bit operands) 
DEST[7:0] := SaturateToSignedByte (DEST[7:0] — SRC (7:0); 
(* Repeat subtract operation for 2nd through 7th bytes *) 
DEST[63:56] := SaturateToSignedByte (DEST[63:56] — SRC[63:56] ); 
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PSUBSW (with 64-bit operands) 
DEST[15:0] := SaturateToSignedword (DEST[1 5:0] — SRC[15:0] ); 
(* Repeat subtract operation for 2nd and 7th words *) 
DEST[63:48] := SaturateToSignedword (DEST[63:48] — SRC[63:48] ); 


VPSUBSB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8; 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SaturateToSignedByte (SRC1[i+7:i] - SRC2[i+7:i]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] := 0; 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


VPSUBSW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = SaturateToSignedWord (SRC1[i+15:i] - SRC2[i+1 5:i]) 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] := 0; 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0; 


VPSUBSB (VEX.256 encoded version) 

DEST[7:0] := SaturateToSignedByte (SRC1[7:0] - SRC2[7:0)); 

(* Repeat subtract operation for 2nd through 31th bytes *) 

DEST[255:248] := SaturateToSignedByte (SRC1[255:248] - SRC2[255:248}); 
DEST[MAXVL-1:256] := 0; 


VPSUBSB (VEX.128 encoded version) 

DEST[7:0] := SaturateToSignedByte (SRC1[7:0] - SRC2[7:0)); 

(* Repeat subtract operation for 2nd through 14th bytes *) 

DEST[127:120] := SaturateToSignedByte (SRC1[127:120] - SRC2[127:120}); 
DEST[MAXVL-1:1 28] := 0; 


PSUBSB (128-bit Legacy SSE Version) 

DEST[7:0] := SaturateToSignedByte (DEST[7:0] - SRC[7:0)); 

(* Repeat subtract operation for 2nd through 14th bytes *) 
DEST[127:120] := SaturateToSignedByte (DEST[127:120] - SRC[127:120)); 
DEST[MAXVL-1:128] (Unmodified); 
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VPSUBSW (VEX.256 encoded version) 

DEST[15:0] := SaturateToSignedword (SRC1[15:0] - SRC2[15:0}); 

(* Repeat subtract operation for 2nd through 15th words *) 

DEST[255:240] := SaturateToSignedWord (SRC1[255:240] - SRC2[255:240)); 
DEST[MAXVL-1:256] := 0; 


VPSUBSW (VEX.128 encoded version) 

DEST[15:0] := SaturateToSignedword (SRC1[15:0] - SRC2[15:0}); 

(* Repeat subtract operation for 2nd through 7th words *) 

DEST[127:112] := SaturateToSignedWord (SRC1[127:112] - SRC2[127:112)]); 
DEST[MAXVL-1:1 28] := 0; 


PSUBSW (128-bit Legacy SSE Version) 

DEST[15:0] := SaturateToSignedword (DEST[1 5:0] - SRC[15:0]); 

(* Repeat subtract operation for 2nd through 7th words *) 

DEST[127:112] := SaturateToSignedWord (DEST[127:112] - SRC[127:112]); 
DEST[MAXVL-1:128] (Unmodified); 


Intel C/C++ Compiler Intrinsic Equivalents 
VPSUBSB __m512i_mm512_subs_epi8(__m512i a,__m512i b); 
VPSUBSB __m512i_mm512_mask_subs_epi8(__m512is,__mmask64 k,___m512ia,__m512i b); 


VPSUBSB __m512i_mm512_maskz_subs_epi8(__mmask64 k,__m512i a,__m512i b); 
VPSUBSB __m256i__mm256_mask_subs_epi8(__m256is,__ mmask32 k,___m256i a, ___ m256i b); 
VPSUBSB __m256i__mm256_maskz_subs_epi8(__ mmask32 k,__ m256i a, ___m256i b); 


VPSUBSB __m128i__mm_mask_subs_epi8(__m128i s,__ mmask16 k,__m128i a, ___m128i b); 
VPSUBSB __m128i __mm_maskz_subs_epi8(__mmask16 k,__m128i a,___m128i b); 
VPSUBSW __m512i_mm512_subs_epi16(__m512i a,__m512i b); 

VPSUBSW __m512i_mm512_mask_subs_epi16(__m512is,__ mmask32 k,__m512ia, 
VPSUBSW __m512i_mm512_maskz_subs_epi16(__mmask32 k,__m512ia,__m512i b); 
VPSUBSW __m256i__mm256_mask_subs_epi16(__m256i s,__ mmask16 k,___ m256i a, 
VPSUBSW __m256i __mm256_maskz_subs_epi16(__ mmask16 k,__ m256i a, ___m256i b); 
VPSUBSW __m128i __mm_mask_subs_epi16(__m128is,__ mmask8 k, __m128i a,__m128i b); 
VPSUBSW __m128i __mm_maskz_subs_epi16(__mmask8 k, __m128i a,__m128i b); 
PSUBSB:__m64 _mm_subs_pi8(__m64 m1,__m64 m2) 
(V)PSUBSB:__m128i__mm_subs_epi8(__m128i m1,__m128i m2) 

VPSUBSB:__m256i __mm256_subs_epi8(__m256i m1, __ m256i m2) 

PSUBSW:__m64 _mm_subs_pi16(__m64 m1, ___ m64 m2) 

(V)PSUBSW:__m128i __mm_subs_epi16(__m128i m1,__m128i m2) 

VPSUBSW:__m256i __mm256_subs_epi16(__m256i m1,__ m256i m2) 


m512i b); 


m256i b); 


Flags Affected 
None. 


Numeric Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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PSUBUSB/PSUBUSW-—Subtract Packed Unsigned Integers with Unsigned Saturation 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
NP OF D8 /r' A VIV MMX Subtract unsigned packed bytes in mm/m64 
PSUBUSB mm, mm/m64 from unsigned packed bytes in mm and 
saturate result. 
66 OF D8 /r A VIV SSE2 Subtract packed unsigned byte integers in 
PSUBUSB xmm1, xmm2/m128 xmm2/m128 from packed unsigned byte 
integers in xmm1 and saturate result. 
NP OF D9 /r' A VIV MMX Subtract unsigned packed words in mm/m64 
PSUBUSW mm, mm/m64 from unsigned packed words in mm and 
saturate result. 
66 OF D9 /r A VIV SSE2 Subtract packed unsigned word integers in 
PSUBUSW xmm1, xmm2/m128 xmm2/m128 from packed unsigned word 
integers in xmm17 and saturate result. 
VEX.128.66.0F.WIG D8 /r B VIV AVX Subtract packed unsigned byte integers in 
VPSUBUSB xmm1, xmm2, xmm3/m128 xmm3/m128 from packed unsigned byte 
integers in xmm2 and saturate result. 
VEX.128.66.0F.WIG D9 /r B VIV AVX Subtract packed unsigned word integers in 
VPSUBUSW xmm1, xmm2, xmm3/m128 xmm3/m128 from packed unsigned word 
integers in xmm2 and saturate result. 
VEX.256.66.0F.WIG D8 /r B VIV AVX2 Subtract packed unsigned byte integers in 
VPSUBUSB ymm1, ymm2, ymm3/m256 ymm3/m256 from packed unsigned byte 
integers in ymm2 and saturate result. 
VEX.256.66.0F.WIG D9 /r B VIV AVX2 Subtract packed unsigned word integers in 
VPSUBUSW ymm1, ymm2, ymm3/m256 ymm3/m256 from packed unsigned word 
integers in ymm2 and saturate result. 
EVEX.128.66.0F.WIG D8 /r C VIV AVX512VL | Subtract packed unsigned byte integers in 
VPSUBUSB xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm3/m128 from packed unsigned byte 
integers in xmm2, saturate results and store 
in xmm1 using writemask k1. 
EVEX.256.66.0F.WIG D8 /r C VIV AVX512VL | Subtract packed unsigned byte integers in 
VPSUBUSB ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm3/m256 from packed unsigned byte 
integers in ymm2, saturate results and store 
in ymm1 using writemask k1. 
EVEX.512.66.0F.WIG D8 /r C VIV AVX512BW | Subtract packed unsigned byte integers in 
VPSUBUSB zmm1 {k1}{z}, zmm2, zmm3/m512 zmm3/m512 from packed unsigned byte 
integers in zmm2, saturate results and store 
in zmm1 using writemask k1. 
EVEX.128.66.0F.WIG D9 /r C VIV AVX512VL | Subtract packed unsigned word integers in 
VPSUBUSW xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm3/m128 from packed unsigned word 
integers in xmme2 and saturate results and 
store in xmm1 using writemask k1. 
EVEX.256.66.0F.WIG D9 /r C VV AVX512VL | Subtract packed unsigned word integers in 
VPSUBUSW ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm3/m256 from packed unsigned word 


integers in ymm2, saturate results and store 
in ymm1 using writemask k1. 
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EVEX.512.66.0F.WIG D9 /r C VIV AVX512BW | Subtract packed unsigned word integers in 
VPSUBUSW zmm1 {k1}{z}, zmm2, zmm3/m512 zmm3/m512 from packed unsigned word 
integers in zmm2, saturate results and store 
in zmm1 using writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD subtract of the packed unsigned integers of the source operand (second operand) from the 
packed unsigned integers of the destination operand (first operand), and stores the packed unsigned integer 
results in the destination operand. See Figure 9-4 in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1, for an illustration of a SIMD operation. Overflow is handled with unsigned saturation, as 
described in the following paragraphs. 


These instructions can operate on either 64-bit or 128-bit operands. 


The (V)PSUBUSB instruction subtracts packed unsigned byte integers. When an individual byte result is less than 
zero, the saturated value of OOH is written to the destination operand. 


The (V)PSUBUSW instruction subtracts packed unsigned word integers. When an individual word result is less than 
zero, the saturated value of OOOOH is written to the destination operand. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE version 64-bit operand: The destination operand must be an MMX technology register and the source 
operand can be either an MMX technology register or a 64-bit memory location. 

128-bit Legacy SSE version: The second source operand is an XMM register or a 128-bit memory location. The first 
source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM desti- 
nation register remain unchanged. 

VEX.128 encoded version: The second source operand is an XMM register or a 128-bit memory location. The first 


source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the destination YMM register 
are zeroed. 


VEX.256 encoded versions: The second source operand is an YMM register or an 256-bit memory location. The first 
source operand and destination operands are YMM registers. Bits (MAXVL-1:256) of the corresponding ZMM 
register are zeroed. 

EVEX encoded version: The second source operand is an ZMM/YMM/XMM register or an 512/256/128-bit memory 


location. The first source operand and destination operands are ZMM/YMM/XMM registers. The destination is condi- 
tionally updated with writemask k1. 


Operation 
PSUBUSB (with 64-bit operands) 
DEST[7:0] := SaturateToUnsignedByte (DEST[7:0] — SRC (7:0] ); 
(* Repeat add operation for 2nd through 7th bytes *) 
DEST[63:56] := SaturateToUnsignedByte (DEST[63:56] — SRC[63:56]; 
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PSUBUSW (with 64-bit operands) 
DEST[15:0] := SaturateToUnsignedWord (DEST[15:0] — SRC[15:0] ); 
(* Repeat add operation for 2nd and 3rd words *) 
DEST[63:48] := SaturateToUnsignedWord (DEST[63:48] — SRC[63:48] ); 


VPSUBUSB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8; 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] = SaturateToUnsignedByte (SRC1[i+7:i] - SRC2[i+7:i]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] := 0; 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0; 


VPSUBUSW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j* 16; 
IF k1[j] OR *no writemask* 
THEN DEST{i+1 5:i] = SaturateToUnsignedWord (SRC1[i+15:i] - SRC2[i+15:i]) 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] := 0; 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0; 


VPSUBUSB (VEX.256 encoded version) 

DEST[7:0] := SaturateToUnsignedByte (SRC1[7:0] - SRC2[7:0)); 

(* Repeat subtract operation for 2nd through 31st bytes *) 

DEST[255:148] := SaturateToUnsignedByte (SRC1[255:248] - SRC2[255:248)); 
DEST[MAXVL-1:256] := 0; 


VPSUBUSB (VEX.128 encoded version) 

DEST[7:0] := SaturateToUnsignedByte (SRC1[7:0] - SRC2[7:0)); 

(* Repeat subtract operation for 2nd through 14th bytes *) 

DEST[127:120] := SaturateToUnsignedByte (SRC1[127:120] - SRC2[127:120)); 
DEST[MAXVL-1:128] := 0 


PSUBUSB (128-bit Legacy SSE Version) 

DEST[7:0] := SaturateToUnsignedByte (DEST[7:0] - SRC[7:0]); 

(* Repeat subtract operation for 2nd through 14th bytes *) 

DEST[1 27:1 20] := SaturateToUnsignedByte (DEST[127:120] - SRC[127:120)); 
DEST[MAXVL-1:128] (Unmodified) 
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VPSUBUSW (VEX.256 encoded version) 

DEST[15:0] := SaturateToUnsignedWord (SRC1[15:0] - SRC2[15:0)); 

(* Repeat subtract operation for 2nd through 15th words *) 

DEST[255:240] := SaturateToUnsignedword (SRC1[255:240] - SRC2[255:240)); 
DEST[MAXVL-1:256] := 0; 


VPSUBUSW (VEX.128 encoded version) 

DEST[15:0] := SaturateToUnsignedwWord (SRC1[15:0] - SRC2[15:0)); 

(* Repeat subtract operation for 2nd through 7th words *) 

DEST[127:112] := SaturateToUnsignedword (SRC1[127:112] - SRC2[127:112]); 
DEST[MAXVL-1:128] := 0 


PSUBUSW (128-bit Legacy SSE Version) 

DEST[15:0] := SaturateToUnsignedword (DEST[1 5:0] - SRC[15:0)); 

(* Repeat subtract operation for 2nd through 7th words *) 

DEST[127:112] := SaturateToUnsignedword (DEST[127:1 12] - SRC[127:112]); 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalents 

VPSUBUSB __m512i__mm512_subs_epu8(__m512i a,__m512ib); 

VPSUBUSB __m512i__mm512_mask_subs_epu8(__m512is,__ mmask64 k,___m512i a,__m512i b); 
VPSUBUSB __m512i_mm512_maskz_subs_epu8(__mmask64 k,__m512i a,__m512i b); 
VPSUBUSB __m256i __mm256_mask_subs_epu8(__m256i s,__ mmask32 k,___ m256i a, __ m256i b); 
VPSUBUSB __m256i __mm256_maskz_subs_epu8(__mmask32 k,___ m256i a, __ m256i b); 
VPSUBUSB __m128i__mm_mask_subs_epu8(__m128i s,___mmask16 k,__m128i a,__m128i b); 
VPSUBUSB __m128i __mm_maskz_subs_epu8(__mmask16 k,___m128i a,__m128i b); 
VPSUBUSW __m512i_mm512_subs_epu16(__m512i a,__m512i b); 

VPSUBUSW __m512i__mm512_mask_subs_epu16(__m512is,__ mmask32 k,__m512i a, 
VPSUBUSW __m512i__mm512_maskz_subs_epu16(__mmask32 k,__m512i a, __m512i b); 
VPSUBUSW __m256i _mm256_mask_subs_epu16(__m256is,__ mmask16 k,___m256i a, 
VPSUBUSW __m256i __mm256_maskz_subs_epu16(___mmask16 k,___ m256i a, __m256i b); 
VPSUBUSW __m128i __mm_mask_subs_epu16(__m128is,__ mmask8 k,___m128i a,__m128i b); 
VPSUBUSW __m128i __mm_maskz_subs_epu16(_mmask8 k,___m128i a,__m128i b); 
PSUBUSB:__m64 _mm_subs_pu8(__m64 m1,_m64 m2) 

(V)PSUBUSB:__m128i __mm_subs_epu8(__m128i m1,_m128i m2) 
VPSUBUSB:__m256i__mm256_subs_epu8(__m256i m1,__ m256i m2) 
PSUBUSW:__m64__mm_subs_pu16(__m64 m1,__m64 m2) 

(V)PSUBUSW:__m128i __mm_subs_epu16(__m128im1,__m128i m2) 
VPSUBUSW:__m256i__mm256_subs_epu16(__m256i m1,__ m256i m2) 


m512i b); 


m256i b); 


Flags Affected 
None. 


Numeric Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
66 OF 38 17 /r RM | V/V SSE4_1 Set ZF if xmm2/m128 AND xmm1 result is all 
PTEST xmm1, xmm2/m128 Os. Set CF if xmm2/m128 AND NOT xmm1 
result is all Os. 
VEX.128.66.0F38.WIG 17 /r RM |V/V AVX Set ZF and CF depending on bitwise AND and 
VPTEST xmm1, xmm2/m128 ANDN of sources. 
VEX.256.66.0F38.WIG 17 /r RM | V/V AVX Set ZF and CF depending on bitwise AND and 
VPTEST ymm1, ymm2/m256 ANDN of sources. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r) ModRM:r/m (r) NA NA 
Description 


PTEST and VPTEST set the ZF flag if all bits in the result are O of the bitwise AND of the first source operand (first 
operand) and the second source operand (second operand). VPTEST sets the CF flag if all bits in the result are 0 of 
the bitwise AND of the second source operand (second operand) and the logical NOT of the destination operand. 


The first source register is specified by the ModR/M reg field. 


128-bit versions: The first source register is an XMM register. The second source register can be an XMM register 
or a 128-bit memory location. The destination register is not modified. 


VEX.256 encoded version: The first source register is a YMM register. The second source register can be a YMM 
register or a 256-bit memory location. The destination register is not modified. 


Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 


(V)PTEST (128-bit version) 

IF (SRC[127:0] BITWISE AND DEST[127:0] = 0) 
THEN ZF := 1; 
ELSE ZF := 0; 

IF (SRC[127:0] BITWISE AND NOT DEST[127:0] = 0) 
THEN CF := 1; 
ELSE CF := 0; 

DEST (unmodified) 

AF := OF := PF := SF := 0; 


VPTEST (VEX.256 encoded version) 

IF (SRC[255:0] BITWISE AND DEST[255:0] = 0) THEN ZF := 1; 
ELSE ZF := 0; 

IF (SRC[255:0] BITWISE AND NOT DEST[255:0] = 0) THEN CF := 1; 
ELSE CF := 0; 

DEST (unmodified) 

AF := OF := PF := SF := 0; 
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Intel C/C++ Compiler Intrinsic Equivalent 


PTEST 
int__mm_testz_si128 (__m128is1,__m128is2); 
int__mm_testc_si128 (__m128is1,__m128i s2); 


int__mm_testnzc_sil128 (__m128is1,__m128i s2); 
VPTEST 

int_mm256_testz_si256 (__m256i s1,__ m256i s2); 
int_mm256_testc_si256 (__m256is1,___m256i s2); 


int_mm256_testnzc_si256 (__m256is1,___m256i s2); 
int_mm_testz_sil128 (__m128is1,__m128i s2); 

m1 28i s2); 

m1 28i s2); 


int__mm_testc_si1 28 (__m128i s1, 


int__mm_testnzc_si128 (__m128i s1, 


Flags Affected 


The OF, AF, PF, SF flags are cleared and the ZF, CF flags are set according to the operation. 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 


#UD If VEX.vvvv # 1111B. 
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PTWRITE - Write Data to a Processor Trace Packet 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
F3 REX.W OF AE /4 RM |V/N.E Reads the data from r64/m64 to encode into a 
PTWRITE r64/m64 PTW packet if dependencies are met (see 
details below). 
F3 OF AE /4 RM | V/V Reads the data from r32/m32 to encode into a 
PTWRITE r32/m32 PTW packet if dependencies are met (see 
details below). 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:rm (r) NA NA NA 
Description 


This instruction reads data in the source operand and sends it to the Intel Processor Trace hardware to be encoded 
in a PTW packet if TriggerEn, ContextEn, FilterEn, and PTWEn are all set to 1. For more details on these values, see 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3C, Section 32.2.2, “Software Trace 
Instrumentation with PTWRITE”. The size of data is 64-bit if using REX.W in 64-bit mode, otherwise 32-bits of data 
are copied from the source operand. 


Note: The instruction will #UD if prefix 66H is used. 


Operation 
IF (IA32_RTIT_STATUS.TriggerEn & IA32_RTIT_STATUS.Context€n & IA32_RTIT_STATUS.FilterEn & IA32_RTIT_CTL.PTWEn) = 1 
PTW.PayloadBytes := Encoded payload size; 
PTW.IP := IA32_RTIT_CTL.FUPonPTW 
IF IA32_RTIT_CTL.FUPonPTW = 1 
Insert FUP packet with IP of PTWRITE; 
Fl; 
Fl; 


Flags Affected 
None. 


Other Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS or GS segments. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF (fault-code) For a page fault. 

#AC(0) If an unaligned memory reference is made while the current privilege level is 3 and alignment 
checking is enabled. 

#UD If CPUID.(EAX=14H, ECX=0):EBX.PTWRITE [Bit 4] = 0. 


If LOCK prefix is used. 
If 66H prefix is used. 
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Real-Address Mode Exceptions 


#GP(0) If any part of the operand lies outside of the effective address space from 0 to OFFFFH. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#UD If CPUID.(EAX=14H, ECX=0):EBX.PTWRITE [Bit 4] = 0. 


If LOCK prefix is used. 
If 66H prefix is used. 


Virtual 8086 Mode Exceptions 


#GP(0) If any part of the operand lies outside of the effective address space from 0 to OFFFFH. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF (fault-code) For a page fault. 

#AC(0) If an unaligned memory reference is made while alignment checking is enabled. 

#UD If CPUID.(EAX=14H, ECX=0):EBX.PTWRITE [Bit 4] = 0. 


If LOCK prefix is used. 
If 66H prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in Protected Mode. 


64-Bit Mode Exceptions 


#GP(0) If the memory address is in a non-canonical form. 

#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#PF (fault-code) For a page fault. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If CPUID.(EAX=14H, ECX=0):EBX.PTWRITE [Bit 4] = 0. 


If LOCK prefix is used. 
If 66H prefix is used. 
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xmm3/m128/m64bcst 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
NP OF 68 /r' A VV MMX Unpack and interleave high-order bytes from 
PUNPCKHBW mm, mm/m64 mm and mm/m64 into mm. 
66 OF 68 /r A VIV SSE2 Unpack and interleave high-order bytes from 
PUNPCKHBW xmm1, xmm2/m128 xmm1 and xmm2/m128 into xmm1. 
NP OF 69 /r' A VIV MMX Unpack and interleave high-order words from 
PUNPCKHWD mm, mm/m64 mm and mm/m64 into mm. 
66 OF 69 /r A VIV SSE2 Unpack and interleave high-order words from 
PUNPCKHWD xmm1, xmm2/m128 xmm1 and xmm2/m128 into xmm1. 
NP OF 6A /r' A VIV MMX Unpack and interleave high-order 
PUNPCKHDQ mm, mm/m64 doublewords from mm and mm/m64 into mm. 
66 OF 6A /r A VIV SSE2 Unpack and interleave high-order 
PUNPCKHDQ xmm1, xmm2/m128 doublewords from xmm1 and xmm2/m128 
into xmm1. 
66 OF 6D /r A VIV SSE2 Unpack and interleave high-order quadwords 
PUNPCKHQDQ xmm1, xmm2/m128 from xmm17 and xmm2/m128 into xmm1. 
VEX.128.66.0F.WIG 68/r B VIV AVX Interleave high-order bytes from xmm2 and 
VPUNPCKHBW xmm1,xmm2, xmm3/m128 xmm3/m128 into xmm1. 
VEX.128.66.0F.WIG 69/r B VV AVX Interleave high-order words from xmm2 and 
VPUNPCKHWD xmm1,xmm2, xmm3/m128 xmm3/m128 into xmm1. 
VEX.128.66.0F.WIG 6A/r B VIV AVX Interleave high-order doublewords from 
VPUNPCKHDQ xmm1, xmm2, xmm3/m128 xmmeé and xmm3/m128 into xmm1. 
VEX.128.66.0F.WIG 6D/r B VIV AVX Interleave high-order quadword from xmm2 
VPUNPCKHQDQ xmm7, xmm2, xmm3/m128 and xmm3/m128 into xmm1 register. 
VEX.256.66.0F.WIG 68 /r B VIV AVX2 Interleave high-order bytes from ymm2 and 
VPUNPCKHBW ymm1, ymm2, ymm3/m256 ymm3/m256 into ymm1 register. 
VEX.256.66.0F.WIG 69 /r B VN AVX2 Interleave high-order words from ymm2 and 
VPUNPCKHWD ymm17, ymm2, ymm3/m256 ymm3/m256 into ymm1 register. 
VEX.256.66.0F.WIG 6A /r B VV AVX2 Interleave high-order doublewords from 
VPUNPCKHDQ ymm7, ymm2, ynm3/m256 ymme2 and ymm3/m256 into ymm1 register. 
VEX.256.66.0F.WIG 6D /r B VIN AVX2 Interleave high-order quadword from ymm2 
VPUNPCKHQDQ ymm1, ymm2, ymm3/m256 and ymm3/m256 into ymm1 register. 
EVEX.128.66.0F.WIG 68 /r C VIN AVX512VL | Interleave high-order bytes from xmm2 and 
VPUNPCKHBW xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm3/m128 into xmm1 register using k1 
write mask. 
EVEX.128.66.0F.WIG 69 /r C VIN AVX512VL | Interleave high-order words from xmme2 and 
VPUNPCKHWD xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm3/m128 into xmm1 register using k1 
write mask. 
EVEX.128.66.0F.WO 6A /r D VIV AVX512VL | Interleave high-order doublewords from 
VPUNPCKHDQ xmm1 {k1}{z}, xmm2, AVX512F = | xmm2 and xmm3/m128/m32bcst into xmm1 
xmm3/m128/m32bcst register using k1 write mask. 
EVEX.128.66.0F.W1 6D /r D VIN AVX512VL | Interleave high-order quadword from xmm2 
VPUNPCKHQDQ xmm1 {k1}{z}, xmm2, AVX512F | and xmm3/m128/m64bcst into xmm1 


register using k1 write mask. 
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EVEX.256.66.0F.WIG 68 /r VIV AVX512VL | Interleave high-order bytes from ymm2 and 
VPUNPCKHBW ymm1 {k1}{z}, ynm2, ymm3/m256 AVX512BW | ymm3/m256 into ymm1 register using k1 
write mask. 
EVEX.256.66.0F.WIG 69 /r VIV AVX512VL | Interleave high-order words from ymm2 and 
VPUNPCKHWD ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm3/m256 into ymm1 register using k1 
write mask. 
EVEX.256.66.0F.WO 6A /r VIV AVX512VL | Interleave high-order doublewords from 
VPUNPCKHDQ ymm1 {k1}{z}, ymm2, AVX512F = | ymm2 and ymm3/m256/m32bcst into ymm1 
ymm3/m256/m32bcst register using k1 write mask. 
EVEX.256.66.0F.W1 6D /r VV AVX512VL | Interleave high-order quadword from ymm2 
VPUNPCKHQDQ ymm1 {k1}{z}, ymm2, AVX512F — | and ymm3/m256/m64bcst into ymm1 
ymm3/m256/m64bcst register using k1 write mask. 
EVEX.512.66.0F.WIG 68/r VIV AVX512BW | Interleave high-order bytes from zmm2 and 
VPUNPCKHBW zmm1 {k1}{z}, zmm2, zmm3/m512 zmm3/m512 into zmm1 register. 
EVEX.512.66.0F.WIG 69/r VIV AVX512BW | Interleave high-order words from zmm2 and 
VPUNPCKHWD zmm1 {k1}{z}, zmm2, zmm3/m512 zmm3/m512 into zmm1 register. 
EVEX.512.66.0F.WO 6A /r VIV AVX512F | Interleave high-order doublewords from 
VPUNPCKHDQ zmm1 {k1}{z}, zmm2, zmm2 and zmm3/m512/m32bcst into zmm1 
zmm3/m512/m32bcst register using k1 write mask. 
EVEX.512.66.0F.W1 6D /r VIV AVX512F | Interleave high-order quadword from zmm2 
VPUNPCKHQDQ zmm1 {k1}{z}, zmm2, and zmm3/m51 2/m64bcst into zmm1 register 
zmm3/m512/m64bcst using k1 write mask. 
NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
D Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Unpacks and interleaves the high-order data elements (bytes, words, doublewords, or quadwords) of the destina- 
tion operand (first operand) and source operand (second operand) into the destination operand. Figure 4-20 shows 
the unpack operation for bytes in 64-bit operands. The low-order data elements are ignored. 
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SRC} Y7 | Y6 | Y5| Y4 | Y3 | Y2 | Y1| YO X7 | X6 | X5| X4 | X3 | X2 | X1 | XO | DEST 


DEST] Y7 | X7 | Y6 | X6| Y5 | X5 | Y4 | X4 


Figure 4-20. PUNPCKHBW Instruction Operation Using 64-bit Operands 


255 31 0 255 31 0 


SRC] Y7 | Y6 | Y5| Y4 | Y3 | Y2 | Y1 | YO X7 | X6 | XS} X4 | X3 | X2 | X1 | XO 


5 oS 4 
y—~ {™~ i> 
ces rDev ef ve fe 


Figure 4-21. 256-bit VPUNPCKHDQ Instruction Operation 


When the source data comes from a 64-bit memory operand, the full 64-bit operand is accessed from memory, but 
the instruction uses only the high-order 32 bits. When the source data comes from a 128-bit memory operand, an 
implementation may fetch only the appropriate 64 bits; however, alignment to a 16-byte boundary and normal 
segment checking will still be enforced. 


The (V)PUNPCKHBW instruction interleaves the high-order bytes of the source and destination operands, the 
(V)PUNPCKHWD instruction interleaves the high-order words of the source and destination operands, the 
(V)PUNPCKHDQ instruction interleaves the high-order doubleword (or doublewords) of the source and destination 
operands, and the (V)PUNPCKHQDQ instruction interleaves the high-order quadwords of the source and destina- 
tion operands. 


These instructions can be used to convert bytes to words, words to doublewords, doublewords to quadwords, and 
quadwords to double quadwords, respectively, by placing all Os in the source operand. Here, if the source operand 
contains all Os, the result (stored in the destination operand) contains zero extensions of the high-order data 
elements from the original value in the destination operand. For example, with the (V)PUNPCKHBW instruction the 
high-order bytes are zero extended (that is, unpacked into unsigned word integers), and with the (V)PUNPCKHWD 
instruction, the high-order words are zero extended (unpacked into unsigned doubleword integers). 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE versions 64-bit operand: The source operand can be an MMX technology register or a 64-bit memory 
location. The destination operand is an MMX technology register. 


128-bit Legacy SSE versions: The second source operand is an XMM register or a 128-bit memory location. The 
first source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM 
destination register remain unchanged. 


VEX.128 encoded versions: The second source operand is an XMM register or a 128-bit memory location. The first 
source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the destination YMM register 
are zeroed. 


VEX.256 encoded version: The second source operand is an YMM register or an 256-bit memory location. The first 
source operand and destination operands are YMM registers. 
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EVEX encoded VPUNPCKHDQ/QDQ: The second source operand is a ZMM/YMM/XMM register, a 512/256/128-bit 
memory location or a 512/256/128-bit vector broadcasted from a 32/64-bit memory location. The first source 
operand and destination operands are ZMM/YMM/XMM registers. The destination is conditionally updated with 


writemask k1. 


EVEX encoded VPUNPCKHWD/BW: The second source operand is a ZMM/YMM/XMM register, a 512/256/128-bit 
memory location. The first source operand and destination operands are ZMM/YMM/XMM registers. The destination 


is conditionally updated with writemask k1. 


Operation 


PUNPCKHBW instruction with 64-bit operands: 


DEST[7:0] := DEST[39:32]; 
DEST[15:8] := SRC[39:32]; 
DEST[23:16] := DEST[47:40]; 
DEST[31:24] := SRC[47:40]; 
DEST[39:32] := DEST[55:48]; 
DEST[47:40] := SRC[55:48]; 
DEST[55:48] := DEST[63:56]; 
DEST[63:56] := SRC[63:56]; 


PUNPCKHW instruction with 64-bit operands: 


DEST[15:0] := DEST[47:32]; 
DEST[31:16] := SRC[47:32]; 
DEST[47:32] := DEST[63:48]; 
DEST[63:48] := SRC[63:48]; 


PUNPCKHDQ instruction with 64-bit operands: 


DEST[31:0] := DEST[63:32]; 
DEST[63:32] := SRC[63:32]; 


INTERLEAVE_HIGH_BYTES_512b (SRC1, SRC2) 


TMP_DEST[255:0] := INTERLEAVE_HIGH_BYTES_256b(SRC1[255:0], SRC[255:0]) 
TMP_DEST[51 1:256] := INTERLEAVE_HIGH_BYTES_256b(SRC1[51 1:256], SRC[511:256]) 


INTERLEAVE_HIGH_BYTES_256b (SRC1, SRC2) 


DEST[7:0] = SRC1[71:64] 
DEST[15:8] := SRC2[71:64] 
DEST[23:16] = SRC1[79:72] 
DEST[31:24] = SRC2[79:72] 
DEST[39:32] = SRC1[87:80] 
DEST[47:40] = SRC2[87:80] 
DEST[55:48] = SRC1[95:88] 
DEST[63:56] = SRC2[95:88] 
DEST[71:64] := SRC1[103:96] 
DEST[79:72] := SRC2[103:96] 


DEST[87:80] = SRC1[111:104] 
DEST[95:88] = SRC2[111:104] 
DEST[103:96] := SRC1[119:112] 
DEST[111:104] := SRC2[119:112] 
DEST[119:112] = SRC1[127:120] 
DEST[127:120] := SRC2[127:120] 
DEST[135:128] = SRC1[199:192] 
DEST[143:136] := SRC2[199:192] 
DEST[151:144] := SRC1[207:200] 
DEST[159:152] := SRC2[207:200] 
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DEST[167:160] := SRC1[215:208] 
DEST[175:168] := SRC2[215:208] 
DEST[183:176] := SRC1[223:216] 
DEST[191:184] := SRC2[223:216] 
DEST[199:192] := SRC1[231:224] 
DEST[207:200] := SRC2[231:224] 
DEST[215:208] := SRC1[239:232] 
DEST[223:216] := SRC2[239:232] 
DEST[231:224] := SRC1[247:240] 
DEST[239:232] := SRC2[247:240] 
DEST[247:240] := SRC1[255:248] 
DEST[255:248] := SRC2[255:248] 


INTERLEAVE_HIGH_BYTES (SRC1, SRC2) 
DEST[7:0] = SRC1[71:64] 
DEST[15:8] := SRC2[71:64] 
DEST[23:16] = SRC1[79:72] 
DEST[31:24] = SRC2[79:72] 
DEST[39:32] := SRC1[87:80] 
DEST[47:40] := SRC2[87:80] 
DEST[55:48] := SRC1[95:88] 
DEST[63:56] = SRC2[95:88] 
DEST[71:64] := SRC1[103:96] 
DEST[79:72] := SRC2[103:96] 
DEST[87:80] := SRC1[111:104] 
DEST[95:88] = SRC2[111:104] 
DEST[103:96] := SRC1[119:112] 
DEST[111:104] := SRC2[119:112] 
DEST[119:112] := SRC1[127:120] 
DEST[127:120] := SRC2[127:120] 


INTERLEAVE_HIGH_WORDS_512b (SRC1, SRC2) 
TMP_DEST[255:0] := INTERLEAVE_HIGH_WORDS_256b(SRC1[255:0], SRC[255:0]) 
TMP_DEST[51 1:256] := INTERLEAVE_HIGH_WORDS_256b(SRC1[511:256], SRC[511:256]) 


INTERLEAVE_HIGH_WORDS_256b(SRC1, SRC2) 
DEST[15:0] := SRC1[79:64] 
DEST[31:16] = SRC2[79:64] 
DEST[47:32] = SRC1[95:80] 
DEST[63:48] = SRC2[95:80] 
DEST[79:64] := SRC1[111:96] 
DEST[95:80] := SRC2[111:96] 
DEST[111:96] := SRC1[127:112] 
DEST[127:112] = SRC2[127:112] 
DEST[143:128] := SRC1[207:192] 
DEST[159:144] := SRC2[207:192] 
DEST[175:160] := SRC1[223:208] 
DEST[191:176] := SRC2[223:208] 
DEST[207:192] := SRC1[239:224] 
DEST[223:208] := SRC2[239:224] 
DEST[239:224] := SRC1[255:240] 
DEST[255:240] := SRC2[255:240] 


INTERLEAVE_HIGH_WORDS (SRC1, SRC2) 
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DEST[15:0] := SRC1[79:64] 
DEST[31:16] = SRC2[79:64] 
DEST[47:32] = SRC1[95:80] 
DEST[63:48] = SRC2[95:80] 
DEST[79:64] := SRC1[111:96] 
DEST[95:80] := SRC2[111:96] 
DEST[111:96] := SRC1[127:112] 
DEST[127:112] := SRC2[127:112] 


INTERLEAVE_HIGH_DWORDS_512b (SRC1, SRC2) 
TMP_DEST[255:0] := INTERLEAVE_HIGH_DWORDS_256b(SRC1[255:0], SRC2[255:0)]) 
TMP_DEST[51 1:256] := INTERLEAVE_HIGH_DWORDS_256b(SRC1[51 1:256], SRC2[511:256]) 


INTERLEAVE_HIGH_DWORDS_256D(SRC1, SRC2) 
DEST[31:0] := SRC1[95:64] 

DEST[63:32] = SRC2[95:64] 

DEST[95:64] := SRC1[127:96] 

DEST[127:96] := SRC2[127:96] 

DEST[159:128] := SRC1[223:192] 
DEST[191:160] := SRC2[223:192] 
DEST[223:192] := SRC1[255:224] 
DEST[255:224] := SRC2[255:224] 


INTERLEAVE_HIGH_DWORDS(SRC1, SRC2) 
DEST[31:0] := SRC1[95:64] 

DEST[63:32] = SRC2[95:64] 

DEST[95:64] := SRC1[127:96] 
DEST[127:96] := SRC2[127:96] 


INTERLEAVE_HIGH_QWORDS_51 2b (SRC1, SRC2) 
TMP_DEST[255:0] := INTERLEAVE_HIGH_QWORDS_256b(SRC1[255:0], SRC2[255:0]) 
TMP_DEST[51 1:256] := INTERLEAVE_HIGH_QWORDS_256b(SRC1[511:256], SRC2[511:256]) 


INTERLEAVE_HIGH_QWORDS_256b(SRC1, SRC2) 
DEST[63:0] := SRC1[127:64] 

DEST[127:64] := SRC2[127:64] 

DEST[191:128] = SRC1[255:192] 
DEST[255:192] := SRC2[255:192] 


INTERLEAVE_HIGH_QWORDS(SRC1, SRC2) 
DEST[63:0] := SRC1[127:64] 
DEST[127:64] := SRC2[127:64] 


PUNPCKHBW (128-bit Legacy SSE Version) 
DEST[127:0] := INTERLEAVE_HIGH_BYTES(DEST, SRC) 
DEST[255:127] (Unmodified) 


VPUNPCKHBW (VEX.128 encoded version) 
DEST[127:0] := INTERLEAVE_HIGH_BYTES(SRC1, SRC2) 
DEST[MAXVL-1:127] := 0 


VPUNPCKHBW (VEX.256 encoded version) 


DEST[255:0] := INTERLEAVE_HIGH_BYTES_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0 
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VPUNPCKHBW (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
IF VL= 128 
TMP_DEST[VL-1:0] := INTERLEAVE_HIGH_BYTES(SRC1[VL-1:0], SRC2[VL-1:0]) 


Fl; 
IF VL = 256 

TMP_DEST[VL-1:0] := INTERLEAVE_HIGH_BYTES_256b(SRC1[VL-1:0], SRC2[VL-1:0]) 
Fl; 
IFVL=512 

TMP_DEST[VL-1:0] := INTERLEAVE_HIGH_BYTES_51 2b(SRC1[VL-1:0], SRC2[VL-1:0]) 
Fl; 


FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] = TMP_DEST[i+7:i] 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


PUNPCKHWD (128-bit Legacy SSE Version) 
DEST[127:0] := INTERLEAVE_HIGH_WORDS(DEST, SRC) 
DEST[255:127] (Unmodified) 


VPUNPCKHWD (VEX.128 encoded version) 
DEST[127:0] := INTERLEAVE_HIGH_WORDS(SRC1, SRC2) 
DEST[MAXVL-1:127] := 0 


VPUNPCKHWD (VEX.256 encoded version) 
DEST[255:0] := INTERLEAVE_HIGH_WORDS_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0 


VPUNPCKHWD (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
IF VL = 128 
TMP_DEST[VL-1:0] := INTERLEAVE_HIGH_WORDS(SRC1[VL-1:0], SRC2[VL-1:0]) 


Fl; 
IF VL = 256 

TMP_DEST[VL-1:0] := INTERLEAVE_HIGH_WORDS_256b(SRC1[VL-1:0], SRC2[VL-1:0]) 
Fl; 
IF VL=512 

TMP_DEST[VL-1:0] := INTERLEAVE_HIGH_WORDS_512b(SRC1[VL-1:0], SRC2[VL-1:0]) 
Fl; 


FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
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THEN DEST[i+15:i] = TMP_DEST[i+1 5:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


PUNPCKHDQ (128-bit Legacy SSE Version) 
DEST[127:0] := INTERLEAVE_HIGH_DWORDS(DEST, SRC) 
DEST[255:127] (Unmodified) 


VPUNPCKHDQ (VEX.128 encoded version) 
DEST[127:0] := INTERLEAVE_HIGH_DWORDS(SRC1, SRC2) 
DEST[MAXVL-1:127] := 0 


VPUNPCKHDQ (VEX.256 encoded version) 
DEST[255:0] := INTERLEAVE_HIGH_DWORDS_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0 


VPUNPCKHDQ (EVEX.512 encoded version) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN TMP_SRC2[i+31:i] = SRC2[31:0] 
ELSE TMP_SRC2[i+31:i] = SRC2[i+31:i] 
Fl; 
ENDFOR; 
IF VL= 128 
TMP_DEST[VL-1:0] := INTERLEAVE_HIGH_DWORDS(SRC1[VL-1:0], TMP_SRC2[VL-1:0]) 
Fl; 
IF VL = 256 
TMP_DEST[VL-1:0] := INTERLEAVE_HIGH_DWORDS_256b(SRC1[VL-1:0], TMP_SRC2[VL-1:0]) 
Fl; 
IF VL=512 
TMP_DEST[VL-1:0] := INTERLEAVE_HIGH_DWORDS_512b(SRC1[VL-1:0], TMP_SRC2[VL-1:0]) 
Fl; 


FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST{[i+31:i] := TMP_DEST[i+31:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
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DEST[MAXVL-1:VL] := 0 


PUNPCKHQDQ (128-bit Legacy SSE Version) 
DEST[127:0] := INTERLEAVE_HIGH_QWORDS(DEST, SRC) 
DEST[MAXVL-1:128] (Unmodified) 


VPUNPCKHQDQ (VEX.128 encoded version) 
DEST[1 27:0] := INTERLEAVE_HIGH_QWORDS(SRC1, SRC2) 
DEST[MAXVL-1:128] := 0 


VPUNPCKHQDQ (VEX.256 encoded version) 
DEST[255:0] := INTERLEAVE_HIGH_QWORDS_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0 


VPUNPCKHQDQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j:= 0 TO KL-1 
i:=j*64 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN TMP_SRC2[i+63:i] := SRC2[63:0] 
ELSE TMP_SRC2[i+63:i] := SRC2[i+63:i] 
Fl; 
ENDFOR; 
IF VL= 128 
TMP_DEST[VL-1:0] := INTERLEAVE_HIGH_QWORDS(SRC1[VL-1:0], TMP_SRC2[VL-1:0]) 
Fl; 
IF VL = 256 
TMP_DEST[VL-1:0] := INTERLEAVE_HIGH_QWORDS_256b(SRC1[VL-1:0], TMP_SRC2[VL-1:0]) 
Fl; 
IF VL=512 
TMP_DEST[VL-1:0] := INTERLEAVE_HIGH_QWORDS_512b(SRC1[VL-1:0], TMP_SRC2[VL-1:0]) 
Fl; 


FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 
VPUNPCKHBW __m512i_mm512_unpackhi_epi8(__m512i a, 
VPUNPCKHBW __m512i__mm512_mask_unpackhi_epi8(__m512is,__ mmask64 k,__m512i a, ___m512i b); 
VPUNPCKHBW __m512i_mm512_maskz_unpackhi_epi8(___ mmask64 k,__m512i a, __m512i b); 
VPUNPCKHBW __m256i __mm256_mask_unpackhi_epi8(__m256i s,__ mmask32 k,_ m256i a, __m256i b); 
VPUNPCKHBW __m256i__mm256_maskz_unpackhi_epi8(___mmask32 k,__ m256i a, __m256i b); 
VPUNPCKHBW __m128i __mm_mask_unpackhi_epi8(v s,__ mmask16 k,___m128i a, ___m128i b); 


m512i b); 
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VPUNPCKHBW __m128i __mm_maskz_unpackhi_epi8(__mmask16 k, __m128i a, 
VPUNPCKHWD __m512i_mm512_unpackhi_epi16(__m512i a,__m512i b); 
VPUNPCKHWD __m512i_mm512_mask_unpackhi_epi16(__m512i s,__ mmask32 k, 
VPUNPCKHWD __m512i_mm512_maskz_unpackhi_epi16(__mmask32 k,___m512i a, 
VPUNPCKHWD __m256i__mm256_mask_unpackhi_epi16(__m256i s,__ mmask16 k,__ m256i a, 
VPUNPCKHWD __m256i __mm256_maskz_unpackhi_epi16(__mmask16 k,__ m256i a, __m256i b); 
VPUNPCKHWD __m128i__mm_mask_unpackhi_epi16(v s,__ mmask8 k,__m128i a, ___m128i b); 
VPUNPCKHWD __m128i__mm_maskz_unpackhi_epi16(__mmask8 k, __m128i a,__m128i b); 
VPUNPCKHDQ __m512i_mm512_unpackhi_epi32(__m512i a, ___m512i b); 

VPUNPCKHDQ __m512i__mm512_mask_unpackhi_epi32(__m512i s,___mmask16 k,__m512i a, ___m512i b); 
VPUNPCKHDQ __m512i __mm512_maskz_unpackhi_epi32(__mmask16 k, __m512i a, __m512i b); 
VPUNPCKHDQ __m256i__mm256_mask_unpackhi_epi32(__m512i s,___mmask8 k, __m512i a, __m512i b); 
VPUNPCKHDQ __m256i __mm256_maskz_unpackhi_epi32(_mmask8 k, __m512i a, _m512i b); 
VPUNPCKHDQ __m128i __mm_mask_unpackhi_epi32(__m512i s,___mmask8 k,__m512i a, ___m512i b); 
VPUNPCKHDQ __m128i __mm_maskz_unpackhi_epi32(__mmask8 k, __m512i a, ___m512i b); 
VPUNPCKHQDQ __m512i__mm512_unpackhi_epi64(__m512i a, __m512i b); 


m128i b); 


m512ia, 
m512i b); 


m512i b); 


m256i b); 


VPUNPCKHQDQ __m512i__mm512_mask_unpackhi_epi64(__m512i s, __mmask8 k,___m512i a, __m512i b); 
VPUNPCKHQDQ __m512i__mm512_maskz_unpackhi_epi64(_mmask8 k,___m512i a, ___m512i b); 
VPUNPCKHQDQ __m256i _mm256_mask_unpackhi_epi64(__m512i s, _ mmask8 k,___m512i a, ___m512i b); 


VPUNPCKHQDQ __m256i _mm256_maskz_unpackhi_epi64(__mmask8 k, __m512i a, __m512i b); 
VPUNPCKHQDQ __m128i _mm_mask_unpackhi_epi64(__m512i s,___mmask8 k, __m512i a,__m512i b); 
VPUNPCKHQDQ __m128i _mm_maskz_unpackhi_epi64(__mmask8 k, __m512i a, ___m512i b); 
PUNPCKHBW:__m64 _mm_unpackhi_pi8(__m64 m1, ___ m64 m2) 

(V)PUNPCKHBW:__m128i _mm_unpackhi_epi8(__m128i m1, ___m128i m2) 
VPUNPCKHBW:__m256i_mm256_unpackhi_epi8(__m256i m1, ___ m256i m2) 
PUNPCKHWD:__m64 _mm_unpackhi_pi16(__m64 m1,__m64 m2) 

(V)PUNPCKHWD:__m128i __mm_unpackhi_epi16(__m128i m1,__m128i m2) 
VPUNPCKHWD:__m256i _mm256_unpackhi_epi16(__m256i m1,__m256i m2) 
PUNPCKHDQ:__m64 _mm_unpackhi_pi32(__m64 m1, ___m64 m2) 

(V)PUNPCKHDQ:__m128i _mm_unpackhi_epi32(__m128i m1, ___m128i m2) 
VPUNPCKHDQ:__m256i _mm256_unpackhi_epi32(__m256i m1, ___m256i m2) 
(V)PUNPCKHQDQ:__m128i _mm_unpackhi_epi64 (__m128i a, __m128i b) 
VPUNPCKHQDQ:__m256i __mm256_unpackhi_epi64 (__m256i a, __m256i b) 


Flags Affected 
None. 


Numeric Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded VPUNPCKHQDQ/QDQ, see Table 2-50, “Type E4NF Class Exception Conditions”. 


EVEX-encoded VPUNPCKHBW/WD, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Condi- 
tions”. 
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PUNPCKLBW/PUNPCKLWD/PUNPCKLDQ/PUNPCKLQDQ—Unpack Low Data 


xmm3/m128/m64bcst 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
NP OF 60 /r’ A VV MMX Interleave low-order bytes from mm and 
PUNPCKLBW mm, mm/m32 mm/m32 into mm. 
66 OF 60 /r A VV SSE2 Interleave low-order bytes from xmm7 and 
PUNPCKLBW xmm1, xmm2/m128 xmme/m128 into xmm1. 
NP OF 61 /r' A VV MMX Interleave low-order words from mm and 
PUNPCKLWD mm, mm/m32 mm/m32 into mm. 
66 OF 61 /r A VV SSE2 Interleave low-order words from xmm7 and 
PUNPCKLWD xmm1, xmm2/m128 xmm2/m128 into xmm1. 
NP OF 62 /r' A VV MMX Interleave low-order doublewords from mm 
PUNPCKLDQ mm, mm/m32 and mm/m32 into mm. 
66 OF 62 /r A VIN SSE2 Interleave low-order doublewords from xmm1 
PUNPCKLDQ xmm1, xmm2/m128 and xmm2/m128 into xmm1. 
66 OF 6C /r A VIV SSE2 Interleave low-order quadword from xmm1 
PUNPCKLOQDQ xmm1, xmm2/m128 and xmm2/m128 into xmm1 register. 
VEX.128.66.0F.WIG 60/r B VIV AVX Interleave low-order bytes from xmm2 and 
VPUNPCKLBW xmm1,xmm2, xmm3/m128 xmm3/m128 into xmm1. 
VEX.128.66.0F.WIG 61/r B VN AVX Interleave low-order words from xmm2 and 
VPUNPCKLWD xmm1.xmm2, xmm3/m128 xmm3/m128 into xmm1. 
VEX.128.66.0F.WIG 62/r B VV AVX Interleave low-order doublewords from xmm2 
VPUNPCKLDQ xmm1, xmm2, xmm3/m128 and xmm3/m128 into xmm1. 
VEX.128.66.0F.WIG 6C/r B VIV AVX Interleave low-order quadword from xmm2 
VPUNPCKLQDQ xmm1, xmm2, xmm3/m128 and xmm3/m128 into xmm1 register. 
VEX.256.66.0F.WIG 60 /r B VIV AVX2 Interleave low-order bytes from ymm2 and 
VPUNPCKLBW ymm1, ymm2, ymm3/m256 ymm3/m256 into ymm1 register. 
VEX.256.66.0F.WIG 61 /r B VIV AVX2 Interleave low-order words from ymm2 and 
VPUNPCKLWD ymm1, ymm2, ymm3/m256 ymm3/m256 into ymm1 register. 
VEX.256.66.0F.WIG 62 /r B VIV AVX2 Interleave low-order doublewords from ymm2 
VPUNPCKLDQ ymm1, ymm2, ymm3/m256 and ymm3/m256 into ymm1 register. 
VEX.256.66.0F.WIG 6C /r B VV AVX2 Interleave low-order quadword from ymm2 
VPUNPCKLQDQ ymm1, ymm2, ymm3/m256 and ymm3/m256 into ymm1 register. 
EVEX.128.66.0F.WIG 60 /r C VIV AVX512VL | Interleave low-order bytes from xmm2 and 
VPUNPCKLBW xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm3/m128 into xmm1 register subject to 
write mask k1. 
EVEX.128.66.0F.WIG 61 /r c VIN AVX512VL | Interleave low-order words from xmm2 and 
VPUNPCKLWD xmm1 {k1}{z}, xmm2, xmm3/m128 AVX512BW | xmm3/m128 into xmm1 register subject to 
write mask k1. 
EVEX.128.66.0F.W0 62 /r D VIN AVX512VL | Interleave low-order doublewords from xmm2 
VPUNPCKLDQ xmm1 {k1}{z}, xmm2, AVX512F | and xmm3/m128/m32bcst into xmm1 
xmm3/m128/m32bcst register subject to write mask k1. 
EVEX.128.66.0F.W1 6C /r D VIV AVX512VL | Interleave low-order quadword from zmm2 
VPUNPCKLQDQ xmm1 {k1}{z}, xmm2, AVX512F | and zmm3/m512/m64bcst into zmm1 


register subject to write mask k1. 
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EVEX.256.66.0F.WIG 60 /r VIV AVX512VL | Interleave low-order bytes from ymm2 and 
VPUNPCKLBW ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm3/m256 into ymm1 register subject to 
write mask k1. 
EVEX.256.66.0F.WIG 61 /r VIV AVX512VL | Interleave low-order words from ymm2 and 
VPUNPCKLWD ymm1 {k1}{z}, ymm2, ymm3/m256 AVX512BW | ymm3/m256 into ymm1 register subject to 
write mask k1. 
EVEX.256.66.0F.WO 62 /r VIV AVX512VL | Interleave low-order doublewords from ymm2 
VPUNPCKLDQ ymm1 {k1}{z}, ymm2, AVX512F | and ymm3/m256/m32bcst into ymm1 
ymm3/m256/m32bcst register subject to write mask k1. 
EVEX.256.66.0F.W1 6C /r VIV AVX512VL | Interleave low-order quadword from ymm2 
VPUNPCKLQDQ ymm1 {k1}{z}, ymm2, AVX512F | and ymm3/m256/m64bcst into ymm1 
ymm3/m256/m64bcst register subject to write mask k1. 
EVEX.512.66.0F.WIG 60/r VV AVX512BW | Interleave low-order bytes from zmm2 and 
VPUNPCKLBW zmm1 {k1}{z}, zmm2, zmm3/m512 zmm3/m512 into zmm1 register subject to 
write mask k1. 
EVEX.512.66.0F.WIG 61/r VV AVX512BW | Interleave low-order words from zmm2 and 
VPUNPCKLWD zmm1 {k1}{z}, zmm2, zmm3/m512 zmm3/m512 into zmm1 register subject to 
write mask k1. 
EVEX.512.66.0F.W0 62 /r VV AVX512F | Interleave low-order doublewords from zmm2 
VPUNPCKLDQ zmm1 {k1}{z}, zmm2, and zmm3/m51 2/m32bcst into zmm1 
zmm3/m512/m32bcst register subject to write mask k1. 
EVEX.512.66.0F.W1 6C /r VIV AVX512F _ | Interleave low-order quadword from zmm2 
VPUNPCKLQDQ zmm1 {k1}{z}, zmm2, and zmm3/m512/m64bcst into zmm1 
zmm3/m512/m64bcst register subject to write mask k1. 
NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
D Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Unpacks and interleaves the low-order data elements (bytes, words, doublewords, and quadwords) of the destina- 
tion operand (first operand) and source operand (second operand) into the destination operand. (Figure 4-22 
shows the unpack operation for bytes in 64-bit operands.). The high-order data elements are ignored. 
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SRC} Y7 | Y6 | Y5| Y4 | Y3 | Y2 | Y1 | YO X7 | X6 | X5| X4 | X3 | X2 | X1 | XO | DEST 


DEST] Y3 | X3 | Y2 | X2| Y1 | X1 | YO | XO 


Figure 4-22. PUNPCKLBW Instruction Operation Using 64-bit Operands 


255 310 255 31 0 
SRC} Y7 | Y6 | Y5| Y4 | Y3 | Y2 | Y1 | Yo X7 | X6 | X5| X4 | X3 | X2 | X1 | XO 
55 0 


DEST] Y5 | X5 | Y4 | X4] Y1 | X1 | YO | XO 


Figure 4-23. 256-bit VPUNPCKLDQ Instruction Operation 


When the source data comes from a 128-bit memory operand, an implementation may fetch only the appropriate 
64 bits; however, alignment to a 16-byte boundary and normal segment checking will still be enforced. 


The (V)PUNPCKLBW instruction interleaves the low-order bytes of the source and destination operands, the 
(V)PUNPCKLWD instruction interleaves the low-order words of the source and destination operands, the 
(V)PUNPCKLDQ instruction interleaves the low-order doubleword (or doublewords) of the source and destination 
operands, and the (V)PUNPCKLQDQ instruction interleaves the low-order quadwords of the source and destination 
operands. 


These instructions can be used to convert bytes to words, words to doublewords, doublewords to quadwords, and 
quadwords to double quadwords, respectively, by placing all Os in the source operand. Here, if the source operand 
contains all Os, the result (stored in the destination operand) contains zero extensions of the high-order data 
elements from the original value in the destination operand. For example, with the (V)PUNPCKLBW instruction the 
high-order bytes are zero extended (that is, unpacked into unsigned word integers), and with the (V)PUNPCKLWD 
instruction, the high-order words are zero extended (unpacked into unsigned doubleword integers). 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE versions 64-bit operand: The source operand can be an MMX technology register or a 32-bit memory 
location. The destination operand is an MMX technology register. 


128-bit Legacy SSE versions: The second source operand is an XMM register or a 128-bit memory location. The 
first source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM 
destination register remain unchanged. 


VEX.128 encoded versions: The second source operand is an XMM register or a 128-bit memory location. The first 
source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the destination YMM register 
are zeroed. 


VEX.256 encoded version: The second source operand is an YMM register or an 256-bit memory location. The first 
source operand and destination operands are YMM registers. Bits (MAXVL-1:256) of the corresponding ZMM 
register are zeroed. 
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EVEX encoded VPUNPCKLDQ/QDQ: The second source operand is a ZMM/YMM/XMM register, a 512/256/128-bit 
memory location or a 512/256/128-bit vector broadcasted from a 32/64-bit memory location. The first source 
operand and destination operands are ZMM/YMM/XMM registers. The destination is conditionally updated with 


writemask k1. 


EVEX encoded VPUNPCKLWD/BW: The second source operand is a ZMM/YMM/XMM register, a 512/256/128-bit 
memory location. The first source operand and destination operands are ZMM/YMM/XMM registers. The destination 


is conditionally updated with writemask k1. 


Operation 


PUNPCKLBW instruction with 64-bit operands: 
DEST[63:56] := SRC[31:24]; 
DEST[55:48] := DEST[31:24]; 
DEST[47:40] := SRC[23:16]; 
DEST[39:32] := DEST[23:16]; 
DEST[31:24] := SRC[15:8]; 
DEST[23:16] := DEST[15:8); 
DEST[15:8] := SRC[7:0]; 
DEST[7:0] := DEST[7:0]; 


PUNPCKLWD instruction with 64-bit operands: 
DEST[63:48] := SRC[31:16]; 
DEST[47:32] := DEST[31:16]; 
DEST[31:16] := SRC[15:0); 
DEST[15:0] := DEST[15:0); 


PUNPCKLDQ instruction with 64-bit operands: 
DEST[63:32] := SRC[31:0]; 
DEST[31:0] := DEST[3 1:0); 
INTERLEAVE_BYTES_512b (SRC1, SRC2) 
TMP_DEST[255:0] := INTERLEAVE_BYTES_256b(SRC1[255:0], SRC[255:0]) 
TMP_DEST[51 1:256] := INTERLEAVE_BYTES_256b(SRC1[51 1:256], SRC[511:256]) 


INTERLEAVE_BYTES_256b (SRC1, SRC2) 
DEST[7:0] = SRC1[7:0] 
DEST[15:8] := SRC2[7:0] 
DEST[23:16] = SRC1[15:8] 
DEST[31:24] = SRC2[15:8] 
DEST[39:32] = SRC1[23:16] 
DEST[47:40] := SRC2[23:16] 
DEST[55:48] = SRC1[31:24] 
DEST[63:56] = SRC2[31:24] 
DEST[7 1:64] = SRC1[39:32] 
DEST[79:72] := SRC2[39:32] 
DEST[87:80] = SRC1[47:40] 
DEST[95:88] = SRC2[47:40] 
DEST[103:96] := SRC1[55:48] 
DEST[111:104] := SRC2[55:48] 
DEST[119:112] = SRC1[63:56] 
DEST[127:120] := SRC2[63:56] 
DEST[135:128] := SRC1[135:128] 
DEST[143:136] := SRC2[135:128] 
DEST[151:144] := SRC1[143:136] 
DEST[159:152] := SRC2[143:136] 
DEST[167:160] := SRC1[151:144] 
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DEST[175:168] := SRC2[151:144] 
DEST[183:176] := SRC1[159:152] 
DEST[191:184] := SRC2[159:152] 
DEST[199:192] := SRC1[167:160] 
DEST[207:200] := SRC2[167:160] 
DEST[215:208] := SRC1[175:168] 
DEST[223:216] := SRC2[175:168] 
DEST[231:224] := SRC1[183:176] 
DEST[239:232] := SRC2[183:176] 
DEST[247:240] := SRC1[191:184] 
DEST[255:248] := SRC2[191:184] 


INTERLEAVE_BYTES (SRC1, SRC2) 
DEST[7:0] = SRC1[7:0] 
DEST[15:8] := SRC2[7:0] 
DEST[23:16] := SRC1[15:8] 
DEST[31:24] := SRC2[15:8] 
DEST[39:32] = SRC1[23:16] 
DEST[47:40] = SRC2[23:16] 
DEST[55:48] := SRC1[31:24] 
DEST[63:56] = SRC2[31:24] 
DEST[7 1:64] := SRC1[39:32] 
DEST[79:72] := SRC2[39:32] 
DEST[87:80] = SRC1[47:40] 
DEST[95:88] = SRC2[47:40] 
DEST[103:96] := SRC1[55:48] 
DEST[111:104] := SRC2[55:48] 
DEST[119:112] := SRC1[63:56] 
DEST[127:120] := SRC2[63:56] 


INTERLEAVE_WORDS_512b (SRC1, SRC2) 


TMP_DEST[255:0] := INTERLEAVE_WORDS_256b(SRC1[255:0], SRC[255:0]) 
TMP_DEST[51 1:256] := INTERLEAVE_WORDS_256b(SRC1[51 1:256], SRC[51 1:256]) 


INTERLEAVE_WORDS_256b(SRC1, SRC2) 
DEST[15:0] := SRC1[15:0] 
DEST[31:16] = SRC2[15:0] 
DEST[47:32] = SRC1[31:16] 
DEST[63:48] = SRC2[31:16] 
DEST[79:64] := SRC1[47:32] 
DEST[95:80] := SRC2[47:32] 
DEST[111:96] := SRC1[63:48] 
DEST[127:112] := SRC2[63:48] 
DEST[143:128] := SRC1[143:128] 
DEST[159:144] := SRC2[143:128] 
DEST[175:160] := SRC1[159:144] 
DEST[191:176] := SRC2[159:144] 
DEST[207:192] := SRC1[175:160] 
DEST[223:208] := SRC2[175:160] 
DEST[239:224] := SRC1[191:176] 
DEST[255:240] := SRC2[191:176] 


INTERLEAVE_WORDS (SRC1, SRC2) 
DEST[15:0] := SRC1[15:0] 
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DEST[31:16] = SRC2[15:0] 
DEST[47:32] = SRC1[31:16] 
DEST[63:48] = SRC2[31:16] 
DEST[79:64] = SRC1[47:32] 
DEST[95:80] = SRC2[47:32] 
DEST[111:96] := SRC1[63:48] 
DEST[127:112] = SRC2[63:48] 


INTERLEAVE_DWORDS_51 2b (SRC1, SRC2) 
TMP_DEST[255:0] := INTERLEAVE_DWORDS_256b(SRC1[255:0], SRC2[255:0]) 
TMP_DEST[51 1:256] := INTERLEAVE_DWORDS_256b(SRC1[511:256], SRC2[511:256]) 


INTERLEAVE_DWORDS_256b(SRC1, SRC2) 
DEST[31:0] := SRC1[31:0] 

DEST[63:32] = SRC2[31:0] 

DEST[95:64] := SRC1[63:32] 
DEST[127:96] := SRC2[63:32] 
DEST[159:128] := SRC1[159:128] 
DEST[191:160] := SRC2[159:128] 
DEST[223:192] := SRC1[191:160] 
DEST[255:224] := SRC2[191:160] 


INTERLEAVE_DWORDS(SRC1, SRC2) 
DEST[31:0] := SRC1[31:0] 

DEST[63:32] = SRC2[31:0] 

DEST[95:64] := SRC1[63:32] 

DEST[127:96] := SRC2[63:32] 

INTERLEAVE_QWORDS_512b (SRC1, SRC2) 

TMP_DEST[255:0] := INTERLEAVE_QWORDS_256b(SRC1[255:0], SRC2[255:0]) 
TMP_DEST[511:256] := INTERLEAVE_QWORDS_256b(SRC1[511:256], SRC2[511:256]) 


INTERLEAVE_QWORDS_256b(SRC1, SRC2) 
DEST[63:0] := SRC1[63:0] 

DEST[127:64] := SRC2[63:0] 
DEST[191:128] = SRC1[191:128] 
DEST[255:192] := SRC2[191:128] 


INTERLEAVE_QWORDS(SRC1, SRC2) 
DEST[63:0] := SRC1[63:0] 
DEST[127:64] := SRC2[63:0] 


PUNPCKLBW 
DEST[127:0] := INTERLEAVE_BYTES(DEST, SRC) 
DEST[255:127] (Unmodified) 


VPUNPCKLBW (VEX.128 encoded instruction) 
DEST[127:0] := INTERLEAVE_BYTES(SRC1, SRC2) 
DEST[MAXVL-1:127] := 0 


VPUNPCKLBW (VEX.256 encoded instruction) 


DEST[255:0] := INTERLEAVE_BYTES_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0 
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VPUNPCKLBW (EVEX.512 encoded instruction) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
IF VL= 128 
TMP_DEST[VL-1:0] := INTERLEAVE_BYTES(SRC1[VL-1:0], SRC2[VL-1:0]) 


Fl; 
IF VL = 256 

TMP_DEST[VL-1:0] := INTERLEAVE_BYTES_256b(SRC1[VL-1:0], SRC2[VL-1:0]) 
Fl; 
IFVL=512 

TMP_DEST[VL-1:0] := INTERLEAVE_BYTES_512b(SRC1[VL-1:0], SRC2[VL-1:0]) 
Fl; 


FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] = TMP_DEST[i+7:i] 


ELSE 

IF *merging-masking* ; mMerging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
DEST[51 1:0] := INTERLEAVE_BYTES_512b(SRC1, SRC2) 


PUNPCKLWD 
DEST[127:0] := INTERLEAVE_WORDS(DEST, SRC) 
DEST[255:127] (Unmodified) 


VPUNPCKLWD (VEX.128 encoded instruction) 
DEST[127:0] := INTERLEAVE_WORDS(SRC1, SRC2) 
DEST[MAXVL-1:127] := 0 


VPUNPCKLWD (VEX.256 encoded instruction) 
DEST[255:0] := INTERLEAVE_WORDS_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0 


VPUNPCKLWD (EVEX.512 encoded instruction) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
IF VL= 128 
TMP_DEST[VL-1:0] := INTERLEAVE_WORDS(SRC1[VL-1:0], SRC2[VL-1:0]) 


Fl; 
IF VL = 256 

TMP_DEST[VL-1:0] := INTERLEAVE_WORDS_256b(SRC1[VL-1:0], SRC2[VL-1:0]) 
Fl; 
IF VL=512 

TMP_DEST[VL-1:0] := INTERLEAVE_WORDS_512b(SRC1[VL-1:0], SRC2[VL-1:0]) 
Fl; 


FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
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THEN DEST[i+15:i] = TMP_DEST[i+1 5:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
DEST[51 1:0] := INTERLEAVE_WORDS_512b(SRC1, SRC2) 


PUNPCKLDQ 
DEST[127:0] := INTERLEAVE_DWORDS(DEST, SRC) 
DEST[MAXVL-1:128] (Unmodified) 


VPUNPCKLDQ (VEX.128 encoded instruction) 
DEST[127:0] := INTERLEAVE_DWORDS(SRC1, SRC2) 
DEST[MAXVL-1:128] := 0 


VPUNPCKLDQ (VEX.256 encoded instruction) 
DEST[255:0] := INTERLEAVE_DWORDS_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0 


VPUNPCKLDQ (EVEX encoded instructions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN TMP_SRC2[i+31:i] = SRC2[31:0] 
ELSE TMP_SRC2[i+31:i] = SRC2[i+31:i] 
Fl; 
ENDFOR; 
IF VL= 128 


TMP_DEST[VL-1:0] := INTERLEAVE_DWORDS(SRC1[VL-1:0], TMP_SRC2[VL-1:0]) 


Fl; 
IF VL = 256 


TMP_DEST[VL-1:0] := INTERLEAVE_DWORDS_256b(SRC1[VL-1:0], TMP_SRC2[VL-1:0]) 


Fl; 
IF VL=512 


TMP_DEST[VL-1:0] := INTERLEAVE_DWORDS_512b(SRC1[VL-1:0], TMP_SRC2[VL-1:0]) 


Fl; 


FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST{[i+31:i] := TMP_DEST[i+31:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 


Fl; 
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ENDFOR 
DEST51 1:0] := INTERLEAVE_DWORDS_512b(SRC1, SRC2) 
DEST[MAXVL-1:VL] := 0 


PUNPCKLQDQ 
DEST[127:0] := INTERLEAVE_QWORDS(DEST, SRC) 
DEST[MAXVL-1:1 28] (Unmodified) 


VPUNPCKLQDQ (VEX.128 encoded instruction) 
DEST[1 27:0] := INTERLEAVE_QWORDS(SRC1, SRC2) 
DEST[MAXVL-1:128] := 0 


VPUNPCKLQDQ (VEX.256 encoded instruction) 
DEST[255:0] := INTERLEAVE_QWORDS_256b(SRC1, SRC2) 
DEST[MAXVL-1:256] := 0 


VPUNPCKLQDQ (EVEX encoded instructions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j:= 0 TO KL-1 
i:=j* 64 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN TMP_SRC2[i+63:i] := SRC2[63:0] 
ELSE TMP_SRC2[i+63:i] := SRC2[i+63:i] 
Fl; 
ENDFOR; 
IF VL= 128 
TMP_DEST[VL-1:0] := INTERLEAVE_QWORDS(SRC1[VL-1:0], TMP_SRC2[VL-1:0]) 
Fl; 
IF VL = 256 
TMP_DEST[VL-1:0] := INTERLEAVE_QWORDS_256b(SRC1[VL-1:0], TMP_SRC2[VL-1:0]) 
Fl; 
IF VL=512 
TMP_DEST[VL-1:0] := INTERLEAVE_QWORDS_512b(SRC1[VL-1:0], TMP_SRC2[VL-1:0]) 
Fl; 


FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 

VPUNPCKLBW __m512i_mm512_unpacklo_epi8(__m512i a,__m512ib); 
VPUNPCKLBW __m512i_mm512_mask_unpacklo_epi8(__m512is,__mmask64 k,___m512i a,__m512i b); 
VPUNPCKLBW __m512i_mm512_maskz_unpacklo_epi8(__mmask64 k,__m512i a,__m512ib); 
VPUNPCKLBW __m256i__mm256_mask_unpacklo_epi8(__m256i s,__ mmask32 k,__ m256i a, 


m256i b); 
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VPUNPCKLBW __m256i__mm256_maskz_unpacklo_epi8(__mmask32 k,__ m256i a, ___m256i b); 
VPUNPCKLBW __m128i __mm_mask_unpacklo_epi8(v s,__ mmask16 k, __m128i a,__m128i b); 
VPUNPCKLBW __m128i __mm_maskz_unpacklo_epi8(__mmask16 k,___m128i a,__m128i b); 
VPUNPCKLWD __m512i_mm512_unpacklo_epi16(__m512i a,__m512i b); 

VPUNPCKLWD __m512i_mm512_mask_unpacklo_epi16(__m512is,__mmask32 k,__m512i a, 
VPUNPCKLWD __m512i__mm512_maskz_unpacklo_epi16(__ mmask32 k,___m512i a,__m512i b); 
VPUNPCKLWD __m256i__mm256_mask_unpacklo_epi16(__m256is,__ mmask16 k, __ m256i a, 
VPUNPCKLWD __m256i _mm256_maskz_unpacklo_epi16(__mmask16 k,___ m256i a, __ m256i b); 
VPUNPCKLWD __m128i_mm_mask_unpacklo_epi16(v s,__ mmask8 k, __m128i a,__m128i b); 
VPUNPCKLWD __m128i _mm_maskz_unpacklo_epi16(__mmask8 k, __m128i a, ___m128i b); 
VPUNPCKLDQ __m512i__mm512_unpacklo_epi32(__m512i a, ___m512i b); 

VPUNPCKLDQ __m512i__mm512_mask_unpacklo_epi32(__m512is, __mmask16 k,__m512ia,_m512i b); 


m512i b); 


m256i b); 


VPUNPCKLDQ __m512i__mm512_maskz_unpacklo_epi32(__mmask16 k,___m512i a, _m512i b); 
VPUNPCKLDQ __m256i _mm256_mask_unpacklo_epi32(__m256i s, __mmask8 k, __m256i a, __m256i b); 
VPUNPCKLDQ __m256i _mm256_maskz_unpacklo_epi32(__mmask8 k, __m256i a, __m256i b); 


VPUNPCKLDQ __m128i __mm_mask_unpacklo_epi32(v s,___mmask8 k, __m128i a, ___m128i b); 
VPUNPCKLDQ __m128i __mm_maskz_unpacklo_epi32(__mmask8 k, __m128i a, __m128i b); 
VPUNPCKLQDQ __m512i__mm512_unpacklo_epi64(__m512i a, __m512i b); 

VPUNPCKLQDQ __m512i_mm512_mask_unpacklo_epi64(__m512is,__mmask8 k,__m512i a, 
VPUNPCKLQDQ __m512i__mm512_maskz_unpacklo_epi64(_mmask8 k, __m512i a, __m512i b); 
VPUNPCKLQDQ __m256i __mm256_mask_unpacklo_epi64(__m256is,___ mmask8 k, __ m256i a, 
VPUNPCKLQDQ __m256i _mm256_maskz_unpacklo_epi64(__mmask8 k, __m256i a, __m256i b); 
VPUNPCKLQDQ __m128i _mm_mask_unpacklo_epi64(__m128i s, __mmask8 k, __m128i a, ___m128i b); 
VPUNPCKLQDQ __m128i _mm_maskz_unpacklo_epi64(__mmask8 k, __m128i a, __m128i b); 
PUNPCKLBW:__m64 _mm_unpacklo_pi8 (__m64 m1,__m64 m2) 

(V)PUNPCKLBW:__m1 28i __mm_unpacklo_epi8 (__m128i m1,__m128i m2) 

VPUNPCKLBW:__m256i _mm256_unpacklo_epi8 (__m256i m1,___ m256i m2) 

PUNPCKLWD:__m64 _mm_unpacklo_pi16 (__m64 m1,__m64 m2) 

(V)PUNPCKLWD:__m128i __mm_unpacklo_epi16 (__m128i m1,__m128i m2) 

VPUNPCKLWD:__m256i __mm256_unpacklo_epi16 (__m256i m1,__ m256i m2) 

PUNPCKLDQ:__m64 _mm_unpacklo_pi32 (__m64 m1,_m64 m2) 

(V)PUNPCKLDQ:__m128i _mm_unpacklo_epi32 (__m128i m1, __m128i m2) 

VPUNPCKLDQ:__m256i __mm256_unpacklo_epi32 (__m256i m1, ___m256i m2) 
(V)PUNPCKLQDQ:__m128i _mm_unpacklo_epi64 (__m128i m1,_m128i m2) 
VPUNPCKLQDQ:__m256i _mm256_unpacklo_epi64 (__m256i m1, __m256i m2) 


m512i b); 


m256i b); 


Flags Affected 
None. 


Numeric Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded VPUNPCKLDQ/QDQ, see Table 2-50, “Type E4NF Class Exception Conditions”. 


EVEX-encoded VPUNPCKLBW/WD, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Condi- 
tions”. 


4-520 Vol. 2B PUNPCKLBW/PUNPCKLWD/PUNPCKLDQ/PUNPCKLQDQ—Unpack Low Data 


PUSH—Push Word, Doubleword or Quadword Onto the Stack 


INSTRUCTION SET REFERENCE, M-U 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

FF /6 PUSH r/m16 M Valid Valid Push r/m76. 

FF /6 PUSH r/m32 M N.E. Valid Push r/m32. 

FF /6 PUSH r/m64 M Valid N.E. Push r/m64. 

50+rw PUSH r76 O Valid Valid Push r76. 

50+rd PUSH r32 6) N.E. Valid Push r32. 

50+rd PUSH r64 6) Valid N.E. Push r64. 

6A ib PUSH imm8 | Valid Valid Push immé. 

68 iw PUSH imm16 | Valid Valid Push imm16. 

68 id PUSH imm32 | Valid Valid Push imm32. 

OE PUSH CS ZO | Invalid Valid Push CS. 

16 PUSH SS ZO | Invalid Valid Push SS. 

1E PUSH DS ZO | Invalid Valid Push DS. 

06 PUSH ES ZO | Invalid Valid Push ES. 

OF AO PUSH FS ZO | Valid Valid Push FS. 

OF A8 PUSH GS ZO_ | Valid Valid Push GS. 

NOTES: 

* See IA-32 Architecture Compatibility section below. 

Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
O opcode + rd (r) NA NA NA 
| imm8/16/32 NA NA NA 
ZO NA NA NA NA 
Description 


Decrements the stack pointer and then stores the source operand on the top of the stack. Address and operand 
sizes are determined and used as follows: 


PUSH—Push Word, Doubleword or Quadword Onto the Stack 


Address size. The D flag in the current code-segment descriptor determines the default address size; it may be 
overridden by an instruction prefix (67H). 


The address size is used only when referencing a source operand in memory. 


Operand size. The D flag in the current code-segment descriptor determines the default operand size; it may 
be overridden by instruction prefixes (66H or REX.W). 


The operand size (16, 32, or 64 bits) determines the amount by which the stack pointer is decremented (2, 4 
or 8). 


If the source operand is an immediate of size less than the operand size, a sign-extended value is pushed on 
the stack. If the source operand is a segment register (16 bits) and the operand size is 64-bits, a zero- 
extended value is pushed on the stack; if the operand size is 32-bits, either a zero-extended value is pushed 
on the stack or the segment selector is written on the stack using a 16-bit move. For the last case, all recent 
Intel Core and Intel Atom processors perform a 16-bit move, leaving the upper portion of the stack location 
unmodified. 
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¢ Stack-address size. Outside of 64-bit mode, the B flag in the current stack-segment descriptor determines the 
size of the stack pointer (16 or 32 bits); in 64-bit mode, the size of the stack pointer is always 64 bits. 


The stack-address size determines the width of the stack pointer when writing to the stack in memory and 
when decrementing the stack pointer. (As stated above, the amount by which the stack pointer is 
decremented is determined by the operand size.) 


If the operand size is less than the stack-address size, the PUSH instruction may result in a misaligned stack 
pointer (a stack pointer that is not aligned on a doubleword or quadword boundary). 


The PUSH ESP instruction pushes the value of the ESP register as it existed before the instruction was executed. If 
a PUSH instruction uses a memory operand in which the ESP register is used for computing the operand address, 
the address of the operand is computed before the ESP register is decremented. 


If the ESP or SP register is 1 when the PUSH instruction is executed in real-address mode, a stack-fault exception 
(#SS) is generated (because the limit of the stack segment is violated). Its delivery encounters a second stack- 
fault exception (for the same reason), causing generation of a double-fault exception (#DF). Delivery of the 
double-fault exception encounters a third stack-fault exception, and the logical processor enters shutdown mode. 
See the discussion of the double-fault exception in Chapter 6 of the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 3A. 


IA-32 Architecture Compatibility 


For IA-32 processors from the Intel 286 on, the PUSH ESP instruction pushes the value of the ESP register as it 
existed before the instruction was executed. (This is also true for Intel 64 architecture, real-address and virtual- 
8086 modes of IA-32 architecture.) For the Intel® 8086 processor, the PUSH SP instruction pushes the new value 
of the SP register (that is the value after it has been decremented by 2). 


Operation 


(* See Description section for possible sign-extension or zero-extension of source operand and for *) 
(* a case in which the size of the memory store may be smaller than the instruction’s operand size *) 
IF StackAddrSize = 64 
THEN 
IF OperandSize = 64 
THEN 
RSP := RSP - 8; 
Memory[SS:RSP] := SRC; (* push quadword *) 
ELSE IF OperandSize = 32 
THEN 
RSP := RSP - 4; 
Memory[SS:RSP] := SRC; (* push dword *) 
ELSE (* OperandSize = 16 *) 
RSP := RSP - 2; 
Memory[SS:RSP] := SRC; (* push word *) 
Fl; 


ELSE IF StackAddrSize = 32 
THEN 
IF OperandSize = 64 
THEN 
ESP := ESP - 8; 
Memory[SS:€SP] := SRG (* push quadword *) 
ELSE IF OperandSize = 32 
THEN 
ESP := ESP - 4; 
Memory[SS:€SP] := SRC; (* push dword *) 
ELSE (* OperandSize = 16 *) 
ESP := ESP - 2; 
Memory[SS:€SP] := SRC; (* push word *) 
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Fl; 
ELSE (* StackAddrSize = 16 *) 
IF OperandSize = 32 


THEN 
SP := SP - 4; 
Memory[SS:SP] := SRC; (* push dword *) 
ELSE (* OperandSize = 16 *) 
SP := SP - 2; 
Memory[SS:SP] := SRC; (* push word *) 
Fl; 
FI; 
Flags Affected 
None. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 

If the new value of the SP or ESP register is outside the stack segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(0) If the memory address is in a non-canonical form. 

#SS(0) If the stack address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


If the PUSH is of CS, SS, DS, or ES. 
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PUSHA/PUSHAD—Push All General-Purpose Registers 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
60 PUSHA ZO | Invalid Valid Push AX, CX, DX, BX, original SP, BP, SI, and DI. 
60 PUSHAD ZO | Invalid Valid Push EAX, ECX, EDX, EBX, original ESP, EBP, 
ESI, and EDI. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Pushes the contents of the general-purpose registers onto the stack. The registers are stored on the stack in the 
following order: EAX, ECX, EDX, EBX, ESP (original value), EBP, ESI, and EDI (if the current operand-size attribute 
is 32) and AX, CX, DX, BX, SP (original value), BP, SI, and DI (if the operand-size attribute is 16). These instruc- 
tions perform the reverse operation of the POPA/POPAD instructions. The value pushed for the ESP or SP register is 
its value before prior to pushing the first register (see the “Operation” section below). 


The PUSHA (push all) and PUSHAD (push all double) mnemonics reference the same opcode. The PUSHA instruc- 
tion is intended for use when the operand-size attribute is 16 and the PUSHAD instruction for when the operand- 
size attribute is 32. Some assemblers may force the operand size to 16 when PUSHA is used and to 32 when 
PUSHAD is used. Others may treat these mnemonics as synonyms (PUSHA/PUSHAD) and use the current setting 
of the operand-size attribute to determine the size of values to be pushed from the stack, regardless of the 
mnemonic used. 


In the real-address mode, if the ESP or SP register is 1, 3, or 5 when PUSHA/PUSHAD executes: an #SS exception 
is generated but not delivered (the stack error reported prevents #SS delivery). Next, the processor generates a 
#DF exception and enters a shutdown state as described in the #DF discussion in Chapter 6 of the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 3A. 


This instruction executes as described in compatibility mode and legacy mode. It is not valid in 64-bit mode. 


Operation 
IF 64-bit Mode 


THEN #UD 
Fl; 


IF OperandSize = 32 (* PUSHAD instruction *) 
THEN 
Temp := (ESP); 
Push(EAX); 


Push(EDI); 
ELSE (* OperandSize = 16, PUSHA instruction *) 
Temp := (SP); 
Push(AX); 
Push(CX); 
Push(DX); 
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Push(BX); 
Push(Temp); 
Push(BP); 
Push(Sl); 
Push(Dl); 

FI; 

Flags Affected 

None. 


Protected Mode Exceptions 


#SS(0) If the starting or ending stack address is outside the stack segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If an unaligned memory reference is made while the current privilege level is 3 and alignment 
checking is enabled. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#GP If the ESP or SP register contains 7, 9, 11, 13, or 15. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If the ESP or SP register contains 7, 9, 11, 13, or 15. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If an unaligned memory reference is made while alignment checking is enabled. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#UD If in 64-bit mode. 
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PUSHF/PUSHFD/PUSHFQ—Push EFLAGS Register onto the Stack 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
9C PUSHF ZO | Valid Valid Push lower 16 bits of EFLAGS. 
9C PUSHFD ZO |N.E. Valid Push EFLAGS. 
9C PUSHFQ ZO | Valid N.E. Push RFLAGS. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Decrements the stack pointer by 4 (if the current operand-size attribute is 32) and pushes the entire contents of 
the EFLAGS register onto the stack, or decrements the stack pointer by 2 (if the operand-size attribute is 16) and 
pushes the lower 16 bits of the EFLAGS register (that is, the FLAGS register) onto the stack. These instructions 
reverse the operation of the POPF/POPFD instructions. 


When copying the entire EFLAGS register to the stack, the VM and RF flags (bits 16 and 17) are not copied; instead, 
the values for these flags are cleared in the EFLAGS image stored on the stack. See Chapter 3 of the Intel® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 1, for more information about the EFLAGS register. 


The PUSHF (push flags) and PUSHFD (push flags double) mnemonics reference the same opcode. The PUSHF 
instruction is intended for use when the operand-size attribute is 16 and the PUSHFD instruction for when the 
operand-size attribute is 32. Some assemblers may force the operand size to 16 when PUSHF is used and to 32 
when PUSHFD is used. Others may treat these mnemonics as synonyms (PUSHF/PUSHFD) and use the current 
setting of the operand-size attribute to determine the size of values to be pushed from the stack, regardless of the 
mnemonic used. 


In 64-bit mode, the instruction’s default operation is to decrement the stack pointer (RSP) by 8 and pushes RFLAGS 
on the stack. 16-bit operation is supported using the operand size override prefix 66H. 32-bit operand size cannot 
be encoded in this mode. When copying RFLAGS to the stack, the VM and RF flags (bits 16 and 17) are not copied; 
instead, values for these flags are cleared in the RFLAGS image stored on the stack. 


When operating in virtual-8086 mode (EFLAGS.VM = 1) without the virtual-8086 mode extensions (CR4.VME = 0), 
the PUSHF/PUSHFD instructions can be used only if IOPL = 3; otherwise, a general-protection exception (#GP) 
occurs. If the virtual-8086 mode extensions are enabled (CR4.VME = 1), PUSHF (but not PUSHFD) can be executed 
in virtual-8086 mode with IOPL < 3. 


(The protected-mode virtual-interrupt feature — enabled by setting CR4.PVI — affects the CLI and STI instructions 
in the same manner as the virtual-8086 mode extensions. PUSHF, however, is not affected by CR4.PVI.) 


In the real-address mode, if the ESP or SP register is 1 when PUSHF/PUSHFD instruction executes: an #SS excep- 
tion is generated but not delivered (the stack error reported prevents #SS delivery). Next, the processor generates 
a #DF exception and enters a shutdown state as described in the #DF discussion in Chapter 6 of the Intel® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 3A. 


Operation 


IF (PE = 0) or (PE = 1 and ((VM = 0) or (VM= 1 and IOPL = 3))) 
(* Real-Address Mode, Protected mode, or Virtual-8086 mode with IOPL equal to 3 *) 
THEN 
IF OperandSize = 32 
THEN 
push (EFLAGS AND OOFCFFFFH); 
(* VM and RF bits are cleared in image stored on the stack *) 
ELSE 
push (EFLAGS); (* Lower 16 bits only *) 
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Fl; 


ELSE IF 64-bit MODE (* In 64-bit Mode *) 
IF OperandSize = 64 
THEN 
push (RFLAGS AND 00000000_OOFCFFFFH); 
(* VM and RF bits are cleared in image stored on the stack; *) 
ELSE 
push (EFLAGS); (* Lower 16 bits only *) 
Fl; 


ELSE (* In Virtual-8086 Mode with IOPL less than 3 *) 
IF (CR4.VME = 0) OR (OperandSize = 32) 
THEN #GP(0); (* Trap to virtual-8086 monitor *) 
ELSE 
tempFLAGS = EFLAGS[1 5:0]; 
tempFLAGS[9] = tempFLAGS[1 9]; (* VIF replaces IF *) 
tempFlags[1 3:12] = 3; (* IOPL is set to 3 in image stored on the stack *) 
push (tempFLAGS); 
Fl; 
Fl; 


Flags Affected 
None. 


Protected Mode Exceptions 


#SS(0) If the new value of the ESP register is outside the stack segment boundary. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If an unaligned memory reference is made while CPL = 3 and alignment checking is enabled. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If the I/O privilege level is less than 3. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If an unaligned memory reference is made while alignment checking is enabled. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If the stack address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If an unaligned memory reference is made while CPL = 3 and alignment checking is enabled. 
#UD If the LOCK prefix is used. 
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PXOR—Logical Exclusive OR 


Opcode*/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 

Support | Flag 
NP OF EF /r! A VV MMX Bitwise XOR of mm/m64 and mm. 
PXOR mm, mm/m64 
66 OF EF /r A VIN SSE2 Bitwise XOR of xmm2/m128 and xmm1. 
PXOR xmm1, xmm2/m128 
VEX.128.66.0F.WIG EF /r B VV AVX Bitwise XOR of xmm3/m128 and xmm2. 
VPXOR xmm1, xmm2, xmm3/m128 
VEX.256.66.0F.WIG EF /r B VV AVX2 Bitwise XOR of ymm3/m256 and ymm2. 
VPXOR ymm1, ymm2, ymm3/m256 
EVEX.128.66.0F.WO EF /r C VIV AVX512VL | Bitwise XOR of packed doubleword integers in 
VPXORD xmm1 {k1}{z}, xmm2, xmm3/m128/m32bcst AVX512F | xmme and xmm3/m128 using writemask k1. 
EVEX.256.66.0F.WO EF /r C VIV AVX512VL | Bitwise XOR of packed doubleword integers in 
VPXORD ymm1 {k1}{z}, ymm2, ymm3/m256/m32bcst AVX512F | ymme and ymm3/m256 using writemask k1. 
EVEX.512.66.0F.WO EF /r C VIV AVX512F | Bitwise XOR of packed doubleword integers in 


VPXORD zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst zmme2 and zmm3/m512/m32bcst using 


writemask k1. 


EVEX.128.66.0F.W1 EF /r C VIV AVX512VL | Bitwise XOR of packed quadword integers in 
VPXORQ xmm1 {k1}{z}, xmm2, AVX512F | xmm2 and xmm3/m128 using writemask k1. 
xmm3/m128/m64bcst 

EVEX.256.66.0F.W1 EF /r C VIV AVX512VL | Bitwise XOR of packed quadword integers in 
VPXORQ ymm1 {k1}{z}, ymm2, ymm3/m256/m64bcst AVX512F | ymme and ymm3/m256 using writemask k1. 
EVEX.512.66.0F.W1 EF /r C VIV AVX512F | Bitwise XOR of packed quadword integers in 


VPXORQ zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst zmm2 and zmm3/m512/m64bcst using 


writemask k1. 


NOTES: 


1. See note in Section 2.4, “AVX and SSE Instruction Exception Specification” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2A and Section 22.25.3, “Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers” 
in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a bitwise logical exclusive-OR (XOR) operation on the source operand (second operand) and the destina- 
tion operand (first operand) and stores the result in the destination operand. Each bit of the result is 1 if the corre- 
sponding bits of the two operands are different; each bit is 0 if the corresponding bits of the operands are the same. 


In 64-bit mode and not encoded with VEX/EVEX, using a REX prefix in the form of REX.R permits this instruction to 
access additional registers (XMM8-XMM15). 


Legacy SSE instructions 64-bit operand: The source operand can be an MMX technology register or a 64-bit 
memory location. The destination operand is an MMX technology register. 
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128-bit Legacy SSE version: The second source operand is an XMM register or a 128-bit memory location. The first 
source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM desti- 


nation register remain unchanged. 


VEX.128 encoded version: The second source operand is an XMM register or a 128-bit memory location. The first 
source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the destination YMM register 


are zeroed. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. The upper bits (MAXVL-1:256) of the 


corresponding register destination are zeroed. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 
32/64-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally updated with 


writemask k1. 


Operation 


PXOR (64-bit operand) 
DEST := DEST XOR SRC 


PXOR (128-bit Legacy SSE version) 
DEST := DEST XOR SRC 
DEST[MAXVL-1:128] (Unmodified) 


VPXOR (VEX.128 encoded version) 
DEST := SRC1 XOR SRC2 
DEST[MAXVL-1:128] := 0 


VPXOR (VEX.256 encoded version) 
DEST := SRC1 XOR SRC2 
DEST[MAXVL-1:256] := 0 


VPXORD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN DEST{i+31:i] = SRC1[i+31:i] BITWISE XOR SRC2[31:0] 
ELSE DEST[i+31:i] := SRC1[i+31:i] BITWISE XOR SRC2[i+31:i] 


Fl; 
ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[31:0] := 0 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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VPXORQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN DEST[i+63:i] := SRC1[i+63:i] BITWISE XOR SRC2[63:0] 
ELSE DEST[i+63:i] := SRC1[i+63:i] BITWISE XOR SRC2[i+63:i] 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[63:0] := 0 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 

VPXORD __m512i_mm512_xor_epi32(__m512ia,__m512ib) 

VPXORD __m512i_mm512_mask_xor_epi32(__m512i s,__ mmask16 m, ___m512i a,__m512ib) 
VPXORD __m512i_mm512_maskz_xor_epi32(__mmask16 m,_m512ia,__m512i b) 
VPXORD __m256i__mm256_xor_epi32(__m256i a, ___m256i b) 

VPXORD __m256i__mm256_mask_xor_epi32(__m256i s,___ mmask8 m, __m256i a, 
VPXORD __m256i__mm256_maskz_xor_epi32(__mmask8 m,___m256i a,___ m256i b) 
VPXORD __m128i__mm_xor_epi32(__m128i a,___m128i b) 

VPXORD __m128i__mm_mask_xor_epi32(__m128is,__ mmask8 m, ___m128i a,__m128i b) 


m256i b) 


VPXORD __m128i__mm_maskz_xor_epi32(__mmask16 m, __m128i a,__m128i b) 
VPXORQ __m512i__mm512_xor_epi64(__m512i a, __m512i b); 
VPXORQ __m512i__mm512_mask_xor_epi64(__m512is, __mmask8 m,_m512ia,__m512i b); 


VPXORQ __m512i__mm512_maskz_xor_epi64(__mmask8 m, __m512i a,__m512i b); 

VPXORQ __m256i __mm256_xor_epi64(__m256i a, __m256i b); 

VPXORQ __m256i _mm256_mask_xor_epi64(__m256i s, __ mmask8 m, __m256i a, __m256i b); 
VPXORQ __m256i _mm256_maskz_xor_epi64(__mmask8 m, __m256i a,__m256i b); 

VPXORQ __m128i __mm_xor_epi64(__m128i a, __m128i b); 
VPXORQ __m128i _mm_mask_xor_epi64(__m128i s,___mmask8 m, 
VPXORQ __m128i _mm_maskz_xor_epi64(__mmask8 m, ___m128i a, 
PXOR:__m64 __mm_xor_si64 (__m64 m1,__m64 m2) 
(V)PXOR:__m128i __mm_xor_si128 (__m128i a,__m128i b) 
VPXOR:__m256i __mm256_xor_si256 (__m256i a,__ m256i b) 


m128i a,__m128i b); 
m128i b); 


Flags Affected 
None. 


Numeric Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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Opcode** Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

DO /2 RCL r/m&, 1 M1 | Valid Valid Rotate 9 bits (CF, r/m8) left once. 

REX + DO /2 RCL r/m8*, 1 M1 | Valid N.E. Rotate 9 bits (CF, r/m8) left once. 

D2 /2 RCL r/m8, CL MC | Valid Valid Rotate 9 bits (CF, r/m8) left CL times. 

REX + D2 /2 RCL r/m8*, CL MC | Valid N.E. Rotate 9 bits (CF, r/m8) left CL times. 

CO /2 ib RCL r/m8, imm8 MI | Valid Valid Rotate 9 bits (CF, r/m8) left imm8 times. 

REX + CO /2 ib RCL r/m8*, imm8 MI | Valid N.E. Rotate 9 bits (CF, r/m8) left imm8 times. 

D1 /2 RCL r/m16, 1 M1 | Valid Valid Rotate 17 bits (CF, r/m76) left once. 

D3 /2 RCL r/m76, CL MC | Valid Valid Rotate 17 bits (CF, r/m76) left CL times. 

C1 /2 ib RCL r/m16, imm8 MI | Valid Valid Rotate 17 bits (CF, r/m76) left imm8 times. 

D1 /2 RCL r/m32, 1 M1 | Valid Valid Rotate 33 bits (CF, r/m32) left once. 

REX.W + D1 /2 RCL r/m64, 1 M1 | Valid N.E. Rotate 65 bits (CF, r/m64) left once. Uses a 6 
bit count. 

D3 /2 RCL r/m32, CL MC | Valid Valid Rotate 33 bits (CF, r/m32) left CL times. 

REX.W + D3 /2 RCL r/m64, CL MC | Valid N.E. Rotate 65 bits (CF, r/m64) left CL times. Uses a 
6 bit count. 

C1 /2 ib RCL r/m32, imm8 MI | Valid Valid Rotate 33 bits (CF, r/m32) left imm8 times. 

REX.W + C1 /2 ib RCL r/m64, imm8 MI | Valid N.E. Rotate 65 bits (CF, r/m64) left imm8 times. 
Uses a 6 bit count. 

DO /3 RCR r/m&, 1 M1 | Valid Valid Rotate 9 bits (CF, r/m8) right once. 

REX + DO /3 RCR r/m8*, 1 M1 | Valid N.E. Rotate 9 bits (CF, r/m8) right once. 

D2 /3 RCR r/m8, CL MC | Valid Valid Rotate 9 bits (CF, r/m8) right CL times. 

REX + D2 /3 RCR r/m8*, CL MC | Valid N.E. Rotate 9 bits (CF, r/m8) right CL times. 

CO /3 ib RCR r/m8, imm8 MI | Valid Valid Rotate 9 bits (CF, r/m8) right imm8 times. 

REX + CO /3 ib RCR r/m8&*, imm8 MI | Valid N.E. Rotate 9 bits (CF, r/m8) right imm8 times. 

D1 /3 RCR r/m16, 1 M1 | Valid Valid Rotate 17 bits (CF, r/m76) right once. 

D3 /3 RCR r/m76, CL MC | Valid Valid Rotate 17 bits (CF, r/m76) right CL times. 

C1 /3 ib RCR r/m16, imm8& MI | Valid Valid Rotate 17 bits (CF, r/m16) right imm8 times. 

D1 /3 RCR r/m32, 1 M1 | Valid Valid Rotate 33 bits (CF, r/m32) right once. Uses a6 
bit count. 

REX.W + D1 /3 RCR r/m64, 1 M1 | Valid N.E. Rotate 65 bits (CF, r/m64) right once. Uses a6 
bit count. 

D3 /3 RCR r/m32, CL MC | Valid Valid Rotate 33 bits (CF, r/m32) right CL times. 

REX.W + D3 /3 RCR r/m64, CL MC | Valid N.E. Rotate 65 bits (CF, r/m64) right CL times. Uses 
a 6 bit count. 

C1 /3 ib RCR r/m32, imm8& MI | Valid Valid Rotate 33 bits (CF, r/m32) right imm8 times. 

REX.W + C1 /3 ib RCR r/m64, inmm8& MI | Valid N.E. Rotate 65 bits (CF, r/m64) right imm8 times. 
Uses a 6 bit count. 

DO /O ROL r/m8, 1 M1 | Valid Valid Rotate 8 bits r/m8 left once. 

REX + DO /0 ROL r/m8*, 1 M1 | Valid N.E. Rotate 8 bits r/m8 left once 

D2 /0 ROL r/m8, CL MC | Valid Valid Rotate 8 bits r/m8 left CL times. 

REX + D2 /0 ROL r/m8*, CL MC | Valid N.E. Rotate 8 bits r/m8 left CL times. 

CO /0 ib ROL r/m8, imm8 MI | Valid Valid Rotate 8 bits r/m8 left imm8 times. 
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Opcode** Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

REX + CO /0 ib ROL r/m8*, imm8 MI Valid N.E. Rotate 8 bits r/m8 left imm8 times. 

D1 /0 ROL r/m16, 1 M1 | Valid Valid Rotate 16 bits r/m76 left once. 

D3 /0 ROL r/m76, CL MC | Valid Valid Rotate 16 bits r/m76 left CL times. 

C1 /0 ib ROL r/m16, imm8 MI Valid Valid Rotate 16 bits r/m76 left immé8 times. 

D1 /0 ROL r/m32, 1 M1 | Valid Valid Rotate 32 bits r/m32 left once. 

REX.W + D1 /0 ROL r/m64, 1 M1 | Valid N.E. Rotate 64 bits r/m64 left once. Uses a 6 bit 
count. 

D3 /0 ROL r/m32, CL MC | Valid Valid Rotate 32 bits r/m32 left CL times. 

REX.W + D3 /0 ROL r/m64, CL MC _ | Valid N.E. Rotate 64 bits r/m64 left CL times. Uses a 6 
bit count. 

C1 /0 ib ROL r/m32, imm8 MI Valid Valid Rotate 32 bits r/m32 left immé8 times. 

REX.W + C1 /0 ib ROL r/m64, imm8 MI Valid N.E. Rotate 64 bits r/m64 left imm8 times. Uses a 
6 bit count. 

DO /1 ROR r/m&, 1 M1 | Valid Valid Rotate 8 bits r/m right once. 

REX + DO/1 ROR r/m8*, 1 M1 | Valid N.E. Rotate 8 bits r/m8 right once. 

D2/1 ROR r/m8, CL MC | Valid Valid Rotate 8 bits r/m8 right CL times. 

REX + D2 /1 ROR r/m8*, CL MC | Valid N.E. Rotate 8 bits r/m8 right CL times. 

CO /1 ib ROR r/m8, imm8& MI Valid Valid Rotate 8 bits r/m16 right imm& times. 

REX + CO /1 ib ROR r/m8*, imm8& MI Valid N.E. Rotate 8 bits r/m16 right imm& times. 

D1/1 ROR r/m16, 1 M1 | Valid Valid Rotate 16 bits r/m76 right once. 

D3 /1 ROR r/m16, CL MC | Valid Valid Rotate 16 bits r/m76 right CL times. 

C1/1 ib ROR r/m16, imm8 MI Valid Valid Rotate 16 bits r/m16 right imm& times. 

D1/1 ROR r/m32, 1 M1 | Valid Valid Rotate 32 bits r/m32 right once. 

REX.W + D1 /1 ROR r/m64, 1 M1 | Valid N.E. Rotate 64 bits r/m64 right once. Uses a 6 bit 
count. 

D3/1 ROR r/m32, CL MC | Valid Valid Rotate 32 bits r/m32 right CL times. 

REX.W + D3 /1 ROR r/m64, CL MC | Valid N.E. Rotate 64 bits r/m64 right CL times. Uses a 6 
bit count. 

C1/1 ib ROR r/m32, imm8& MI Valid Valid Rotate 32 bits r/m32 right imm& times. 

REX.W+C1/1 ib ROR r/m64, imm8& MI Valid N.E. Rotate 64 bits r/m64 right imm8 times. Uses a 
6 bit count. 


NOTES: 


* In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 
** See IA-32 Architecture Compatibility section below. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M1 ModRM:r/m (w) 1 NA NA 
MC ModRM:r/m (w) CL NA NA 
MI ModRM:r/m (w) imm8 NA NA 
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Description 


Shifts (rotates) the bits of the first operand (destination operand) the number of bit positions specified in the 
second operand (count operand) and stores the result in the destination operand. The destination operand can be 
a register or a memory location; the count operand is an unsigned integer that can be an immediate or a value in 
the CL register. The count is masked to 5 bits (or 6 bits if in 64-bit mode and REX.W = 1). 


The rotate left (ROL) and rotate through carry left (RCL) instructions shift all the bits toward more-significant bit 
positions, except for the most-significant bit, which is rotated to the least-significant bit location. The rotate right 
(ROR) and rotate through carry right (RCR) instructions shift all the bits toward less significant bit positions, except 
for the least-significant bit, which is rotated to the most-significant bit location. 


The RCL and RCR instructions include the CF flag in the rotation. The RCL instruction shifts the CF flag into the 
least-significant bit and shifts the most-significant bit into the CF flag. The RCR instruction shifts the CF flag into the 
most-significant bit and shifts the least-significant bit into the CF flag. For the ROL and ROR instructions, the orig- 
inal value of the CF flag is not a part of the result, but the CF flag receives a copy of the bit that was shifted from 
one end to the other. 


The OF flag is defined only for the 1-bit rotates; it is undefined in all other cases (except RCL and RCR instructions 
only: a zero-bit rotate does nothing, that is affects no flags). For left rotates, the OF flag is set to the exclusive OR 
of the CF bit (after the rotate) and the most-significant bit of the result. For right rotates, the OF flag is set to the 
exclusive OR of the two most-significant bits of the result. 


In 64-bit mode, using a REX prefix in the form of REX.R permits access to additional registers (R8-R15). Use of 
REX.W promotes the first operand to 64 bits and causes the count operand to become a 6-bit counter. 


IA-32 Architecture Compatibility 


The 8086 does not mask the rotation count. However, all other IA-32 processors (starting with the Intel 286 
processor) do mask the rotation count to 5 bits, resulting in a maximum count of 31. This masking is done in all 
operating modes (including the virtual-8086 mode) to reduce the maximum execution time of the instructions. 


Operation 


(* RCL and RCR instructions *) 

SIZE := OperandSize; 

CASE (determine count) OF 
SIZE := 8: tempCOUNT := (COUNT AND 1FH) MOD 9; 
SIZE := 16: | tempCOUNT := (COUNT AND 1FH) MOD 17; 
SIZE := 32: = tempCOUNT := COUNT AND 1FH; 
SIZE := 64: — tempCOUNT := COUNT AND 3FH; 

ESAC; 


(* RCL instruction operation *) 
WHILE (tempCOUNT # 0) 
DO 
tempCF := MSB(DEST); 
DEST := (DEST * 2) + CF; 
CF := tempCF; 
tempCOUNT := tempCOUNT - 1; 
OD; 

ELIHW; 

IF (COUNT & COUNTMASK) = 1 
THEN OF := MSB(DEST) XOR CF; 
ELSE OF is undefined; 

Fl; 
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(* RCR instruction operation *) 
IF (COUNT & COUNTMASK) = 1 
THEN OF := MSB(DEST) XOR CF; 
ELSE OF is undefined; 
Fl; 
WHILE (tempCOUNT # 0) 
DO 
tempCF := LSB(SRC); 
DEST := (DEST / 2) + (CF * 25/28); 
CF := tempCF; 
tempCOUNT := tempCOUNT - 1; 
OD; 


(* ROL and ROR instructions *) 
IF OperandSize = 64 
THEN COUNTMASK = 3FH; 
ELSE COUNTMASK = 1FH; 
Fl; 


(* ROL instruction operation *) 


tempCOUNT := (COUNT & COUNTMASK) MOD SIZE 


WHILE (tempCOUNT # 0) 
DO 
tempCF := MSB(DEST); 
DEST := (DEST * 2) + tempCF; 
tempCOUNT := tempCOUNT - 1; 
OD; 
ELIHW; 
IF (COUNT & COUNTMASK) # 0 
THEN CF := LSB(DEST); 
Fl; 
IF (COUNT & COUNTMASK) = 1 
THEN OF := MSB(DEST) XOR CF; 
ELSE OF is undefined; 
Fl; 


(* ROR instruction operation *) 


tempCOUNT := (COUNT & COUNTMASK) MOD SIZE 


WHILE (tempCOUNT + 0) 
DO 
tempCF := LSB(SRC); 
DEST := (DEST / 2) + (tempCF « 25!26), 
tempCOUNT := tempCOUNT - 1; 
OD; 
ELIHW; 
IF (COUNT & COUNTMASK) # 0 
THEN CF := MSB(DEST); 
Fl; 
IF (COUNT & COUNTMASK) = 1 
THEN OF := MSB(DEST) XOR MSB — 1(DEST); 
ELSE OF is undefined; 
Fl; 
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Flags Affected 


If the masked count is 0, the flags are not affected. If the masked count is 1, then the OF flag is affected, otherwise 
(masked count is greater than 1) the OF flag is undefined. The CF flag is affected when the masked count is non- 
zero. The SF, ZF, AF, and PF flags are always unaffected. 


Protected Mode Exceptions 

#GP(0) If the source operand is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the source operand is located in a nonwritable segment. 
If the memory address is in a non-canonical form. 
#PF(fault-code) If a page fault occurs. 


#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#UD If the LOCK prefix is used. 
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RCPPS—Compute Reciprocals of Packed Single-Precision Floating-Point Values 


Opcode*/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
NP OF 53 /r RM | V/V SSE Computes the approximate reciprocals of the 
RCPPS xmm1, xmm2/m128 packed single-precision floating-point values 
in xmm2/m128 and stores the results in 
xmm1. 
VEX.128.0F.WIG 53 /r RM | V/V AVX Computes the approximate reciprocals of 
VRCPPS xmm1, xmm2/m128 packed single-precision values in xmm2/mem 
and stores the results in xmm1. 
VEX.256.0F.WIG 53 /r RM |V/V AVX Computes the approximate reciprocals of 
VRCPPS ymm1, ymm2/m256 packed single-precision values in ynm2/mem 
and stores the results in ymm7. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Performs a SIMD computation of the approximate reciprocals of the four packed single-precision floating-point 
values in the source operand (second operand) stores the packed single-precision floating-point results in the 
destination operand. The source operand can be an XMM register or a 128-bit memory location. The destination 
operand is an XMM register. See Figure 10-5 in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1, for an illustration of a SIMD single-precision floating-point operation. 


The relative error for this approximation is: 


[Relative Error| < 1.5 * 2-1¢ 


The RCPPS instruction is not affected by the rounding control bits in the MXCSR register. When a source value is a 
0.0, an ~ of the sign of the source value is returned. A denormal source value is treated as a 0.0 (of the same sign). 
Tiny results (see Section 4.9.1.5, “Numeric Underflow Exception (#U)” in Intel® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 1) are always flushed to 0.0, with the sign of the operand. (Input values greater 
than or equal to |1.11111111110100000000000B«2!2°| are guaranteed to not produce tiny results; input values 
less than or equal to |1.00000000000110000000001B*2!2°| are guaranteed to produce tiny results, which are in 
turn flushed to 0.0; and input values in between this range may or may not produce tiny results, depending on the 
implementation.) When a source value is an SNaN or QNaN, the SNaN is converted to a QNaN or the source QNaN 
is returned. 


In 64-bit mode, using a REX prefix in the form of REX.R permits this instruction to access additional registers 
(XMM8-XMM15). 

128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
YMM register destination are unmodified. 

VEX.128 encoded version: the first source operand is an XMM register or 128-bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding YMM register destination are 
zeroed. 

VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 


Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 
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Operation 


RCPPS (128-bit Legacy SSE version) 
DEST[31:0] := APPROXIMATE(1/SRC[31:0]) 
DEST[63:32] := APPROXIMATE(1/SRC[63:32]) 
DEST[95:64] := APPROXIMATE(1/SRC[95:64]) 
DEST[127:96] := APPROXIMATE(1/SRC[1 27:96]) 
DEST[MAXVL-1:1 28] (Unmodified) 


VRCPPS (VEX.128 encoded version) 
DEST[31:0] := APPROXIMATE(1/SRC[31:0]) 
DEST[63:32] := APPROXIMATE(1/SRC[63:32]) 
DEST[95:64] := APPROXIMATE(1/SRC[95:64]) 
DEST[127:96] := APPROXIMATE(1/SRC[127:96]) 
DEST[MAXVL-1:128] := 0 


VRCPPS (VEX.256 encoded version) 

DEST[31:0] := APPROXIMATE(1/SRC[31:0]) 
DEST[63:32] := APPROXIMATE(1/SRC[63:32]) 
DEST[95:64] := APPROXIMATE(1/SRC[95:64]) 
DEST[127:96] := APPROXIMATE(1/SRC[127:96]) 
DEST[159:128] := APPROXIMATE(1/SRC[159:128]) 
DEST[191:160] := APPROXIMATE(1/SRC[191:160]) 
DEST[223:192] := APPROXIMATE(1/SRC[223:192]) 
DEST[255:224] := APPROXIMATE(1/SRC[255:224]) 


a on 


Intel C/C++ Compiler Intrinsic Equivalent 


RCCPS: m128_mm_rcp_ps(__m128 a) 
RCPPS: m256 __mm256_rcp_ps (__m256 a); 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.vvvv # 1111B. 
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RCPSS—Compute Reciprocal of Scalar Single-Precision Floating-Point Values 


Opcode*/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
F3 OF 53 /r RM | V/V SSE Computes the approximate reciprocal of the 


scalar single-precision floating-point value in 
xmm2/m3z2 and stores the result in xmm1. 


RCPSS xmm17, xmm2/m32 


VEX.LIG.F3.0F.WIG 53 /r RVM | V/V AVX 
VRCPSS xmm1, xmm2, xmm3/m32 


Computes the approximate reciprocal of the 
scalar single-precision floating-point value in 
xmm3/m32 and stores the result in xmm7. 
Also, upper single precision floating-point 
values (bits[127:32]) from xmm2 are copied to 


xmm1[127:32]. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Computes of an approximate reciprocal of the low single-precision floating-point value in the source operand 
(second operand) and stores the single-precision floating-point result in the destination operand. The source 
operand can be an XMM register or a 32-bit memory location. The destination operand is an XMM register. The 
three high-order doublewords of the destination operand remain unchanged. See Figure 10-6 in the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 1, for an illustration of a scalar single-precision floating- 
point operation. 


The relative error for this approximation is: 


[Relative Error| < 1.5 * 2-!¢ 


The RCPSS instruction is not affected by the rounding control bits in the MXCSR register. When a source value is a 
0.0, an ~ of the sign of the source value is returned. A denormal source value is treated as a 0.0 (of the same sign). 
Tiny results (see Section 4.9.1.5, “Numeric Underflow Exception (#U)” in Intel® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 1) are always flushed to 0.0, with the sign of the operand. (Input values greater 
than or equal to |1.11111111110100000000000B«2!2°| are guaranteed to not produce tiny results; input values 
less than or equal to |1.00000000000110000000001B*2!2°| are guaranteed to produce tiny results, which are in 
turn flushed to 0.0; and input values in between this range may or may not produce tiny results, depending on the 
implementation.) When a source value is an SNaN or QNaN, the SNaN is converted to a QNaN or the source QNaN 
is returned. 


In 64-bit mode, using a REX prefix in the form of REX.R permits this instruction to access additional registers 
(XMM8-XMM15). 


128-bit Legacy SSE version: The first source operand and the destination operand are the same. Bits (MAXVL- 
1:32) of the corresponding YMM destination register remain unchanged. 


VEX.128 encoded version: Bits (MAXVL-1:128) of the destination YMM register are zeroed. 


Operation 


RCPSS (128-bit Legacy SSE version) 
DEST[31:0] := APPROXIMATE(1/SRC[31:0]) 
DEST[MAXVL-1:32] (Unmodified) 
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VRCPSS (VEX.128 encoded version) 
DEST[31:0] := APPROXIMATE(1/SRC2[31:0]) 
DEST[1 27:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
RCPSS: m128 _mm_rcp_ss(__m128 a) 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


See Table 2-22, “Type 5 Class Exception Conditions”. 
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RDFSBASE/RDGSBASE—Read FS/GS Segment Base 


Opcode/ Op/ |64/32- |CPUID Fea- | Description 
Instruction En bit ture Flag 

Mode 
F3 OF AE /0 M VA FSGSBASE _ | Load the 32-bit destination register with the FS 
RDFSBASE r32 base address. 
F3 REX.W OF AE /O M VA FSGSBASE _ | Load the 64-bit destination register with the FS 
RDFSBASE r64 base address. 
F3 OF AE /1 M V/I FSGSBASE _ | Load the 32-bit destination register with the GS 
RDGSBASE r32 base address. 
F3 REX.W OF AE /1 M VA FSGSBASE _ | Load the 64-bit destination register with the GS 
RDGSBASE r64 base address. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Loads the general-purpose register indicated by the modR/M:r/m field with the FS or GS segment base address. 


The destination operand may be either a 32-bit or a 64-bit general-purpose register. The REX.W prefix indicates the 
operand size is 64 bits. If no REX.W prefix is used, the operand size is 32 bits; the upper 32 bits of the source base 
address (for FS or GS) are ignored and upper 32 bits of the destination register are cleared. 


This instruction is supported only in 64-bit mode. 


Operation 
DEST := FS/GS segment base address; 


Flags Affected 
None 


C/C++ Compiler Intrinsic Equivalent 


RDFSBASE: unsigned int __readfsbase_u32(void ); 
RDFSBASE: unsigned __int64 _readfsbase_u64(void ); 
RDGSBASE: unsigned int __readgsbase_u32(void ); 
RDGSBASE: unsigned __int64 _readgsbase_u64(void ); 


Protected Mode Exceptions 
#UD The RDFSBASE and RDGSBASE instructions are not recognized in protected mode. 


Real-Address Mode Exceptions 
#UD The RDFSBASE and RDGSBASE instructions are not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The RDFSBASE and RDGSBASE instructions are not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
#UD The RDFSBASE and RDGSBASE instructions are not recognized in compatibility mode. 
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64-Bit Mode Exceptions 
#UD If the LOCK prefix is used. 
If CR4.FSGSBASE[bit 16] = 0. 
If CPUID.0O7H.OH: EBX.FSGSBASE[bit 0] = 0. 
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RDMSR—Read from Model Specific Register 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
OF 32 RDMSR ZO | Valid Valid Read MSR specified by ECX into EDX:EAX. 
NOTES: 


* See IA-32 Architecture Compatibility section below. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Reads the contents of a 64-bit model specific register (MSR) specified in the ECX register into registers EDX:EAX. 
(On processors that support the Intel 64 architecture, the high-order 32 bits of RCX are ignored.) The EDX register 
is loaded with the high-order 32 bits of the MSR and the EAX register is loaded with the low-order 32 bits. (On 
processors that support the Intel 64 architecture, the high-order 32 bits of each of RAX and RDX are cleared.) If 
fewer than 64 bits are implemented in the MSR being read, the values returned to EDX:EAX in unimplemented bit 
locations are undefined. 


This instruction must be executed at privilege level 0 or in real-address mode; otherwise, a general protection 
exception #GP(0) will be generated. Specifying a reserved or unimplemented MSR address in ECX will also cause a 
general protection exception. 


The MSRs control functions for testability, execution tracing, performance-monitoring, and machine check errors. 
Chapter 2, “Model-Specific Registers (MSRs)” of the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 4, lists all the MSRs that can be read with this instruction and their addresses. Note that each 
processor family has its own set of MSRs. 


The CPUID instruction should be used to determine whether MSRs are supported (CPUID.01H:EDX[5] =1) before 
using this instruction. 


IA-32 Architecture Compatibility 


The MSRs and the ability to read them with the RDMSR instruction were introduced into the IA-32 Architecture with 
the Pentium processor. Execution of this instruction by an IA-32 processor earlier than the Pentium processor 
results in an invalid opcode exception #UD. 


See “Changes to Instruction Behavior in VMX Non-Root Operation” in Chapter 25 of the Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 3C, for more information about the behavior of this instruction in 
VMX non-root operation. 


Operation 
EDX:EAX := MSR[ECX]; 


Flags Affected 
None. 


Protected Mode Exceptions 


#GP(0) If the current privilege level is not 0. 
If the value in ECX specifies a reserved or unimplemented MSR address. 
#UD If the LOCK prefix is used. 
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Real-Address Mode Exceptions 
#GP If the value in ECX specifies a reserved or unimplemented MSR address. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#GP(0) The RDMSR instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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RDPID—Read Processor ID 


Opcode/ Op/ |64/32- | CPUID Description 
Instruction En bit Feature Flag 
Mode 
F3 OF C7 /7 R N.E/V | RDPID Read IA32_TSC_AUX into r32. 
RDPID r32 
F3 OF C7 /7 R V/N.E. | RDPID Read IA32_TSC_AUX into r64. 
RDPID r64 
Instruction Operand Encoding! 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
R ModRM:r/m (w) NA NA NA 
Description 


Reads the value of the IA32_TSC_AUX MSR (address C0000103H) into the destination register. The value of CS.D 
and operand-size prefixes (66H and REX.W) do not affect the behavior of the RDPID instruction. 


Operation 


DEST := IA32_TSC_AUX 


Flags Affected 
None. 


Protected Mode Exceptions 
If the LOCK prefix is used. 
If CPUID.7H.0:ECX.RDPID[bit 22] = 0. 


#UD 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


Same exceptions as in protected mode. 


1.ModRM.MOD = 011B required 
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Opcode* Instruction Op/ |64/32bit | CPUID Description 
En |Mode Feature 
Support | Flag 
NP OF 01 EE RDPKRU ZO |V/V OSPKE Reads PKRU into EAX. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 

Description 


Reads the value of PKRU into EAX and clears EDX. ECX must be 0 when RDPKRU is executed; otherwise, a general- 


protection exception (#GP) occurs. 


RDPKRU can be executed only if CR4.PKE = 1; otherwise, an invalid-opcode exception (#UD) occurs. Software can 
discover the value of CR4.PKE by examining CPUID.(EAX=07H,ECX=0H):ECX.OSPKE [bit 4]. 


On processors that support the Intel 64 Architecture, the high-order 32-bits of RCX are ignored and the high-order 


32-bits of RDX and RAX are cleared. 


Operation 


IF (ECX = 0) 
THEN 
EAX := PKRU; 
EDX := 0; 
ELSE #GP(0); 
Fl; 


Flags Affected 
None. 


C/C++ Compiler Intrinsic Equivalent 
RDPKRU: uint32_t _rdpkru_u32(void); 


Protected Mode Exceptions 


#GP(0) If ECX # 0. 
#UD If the LOCK prefix is used. 
If CR4.PKE = O. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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RDPMC—Read Performance-Monitoring Counters 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 33 RDPMC ZO | Valid Valid Read performance-monitoring counter 
specified by ECX into EDX:EAX. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Reads the contents of the performance monitoring counter (PMC) specified in ECX register into registers EDX:EAX. 
(On processors that support the Intel 64 architecture, the high-order 32 bits of RCX are ignored.) The EDX register 
is loaded with the high-order 32 bits of the PMC and the EAX register is loaded with the low-order 32 bits. (On 
processors that support the Intel 64 architecture, the high-order 32 bits of each of RAX and RDX are cleared.) If 
fewer than 64 bits are implemented in the PMC being read, unimplemented bits returned to EDX:EAX will have 
value zero. 


The width of PMCs on processors supporting architectural performance monitoring (CPUID.OAH:EAX[7:0] #0) are 
reported by CPUID.OAH:EAX[23:16]. On processors that do not support architectural performance monitoring 
(CPUID.OAH:EAX[7:0]=0), the width of general-purpose performance PMCs is 40 bits, while the widths of special- 
purpose PMCs are implementation specific. 


Use of ECX to specify a PMC depends on whether the processor supports architectural performance monitoring: 


¢ If the processor does not support architectural performance monitoring (CPUID.OAH:EAX[7:0]=0), ECX[30:0] 
specifies the index of the PMC to be read. Setting ECX[31] selects “fast” read mode if supported. In this mode, 
RDPMC returns bits 31:0 of the PMC in EAX while clearing EDX to zero. 


¢ If the processor does support architectural performance monitoring (CPUID.OAH:EAX[7:0] #0), ECX[31:16] 
specifies type of PMC while ECX[15:0] specifies the index of the PMC to be read within that type. The following 
PMC types are currently defined: 


— General-purpose counters use type 0. The index x (to read IA32_PMCx) must be less than the value 
enumerated by CPUID.OAH.EAX[15:8] (thus ECX[15:8] must be zero). 


— Fixed-function counters use type 4000H. The index x (to read IA32_FIXED_CTRx) can be used if either 
CPUID.OAH.EDX[4:0] > x or CPUID.OAH.ECX[x] = 1 (thus ECX[15:5] must be 0). 


— Performance metrics use type 2000H. This type can be used only if 
IA32_PERF_CAPABILITIES.PERF_METRICS_AVAILABLE[bit 15]=1. For this type, the index in ECX[15:0] is 
implementation specific. 


Specifying an unsupported PMC encoding will cause a general protection exception #GP(0). For PMC details see 
Chapter 19, “Performance Monitoring”, in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3B. 


When in protected or virtual 8086 mode, the Performance-monitoring Counters Enabled (PCE) flag in register 
CR4 restricts the use of the RDPMC instruction. When the PCE flag is set, the RDPMC instruction can be executed 
at any privilege level; when the flag is clear, the instruction can only be executed at privilege level 0. (When in real- 
address mode, the RDPMC instruction is always enabled.) The PMCs can also be read with the RDMSR instruction, 
when executing at privilege level 0. 


The RDPMC instruction is not a serializing instruction; that is, it does not imply that all the events caused by the 
preceding instructions have been completed or that events caused by subsequent instructions have not begun. If 
an exact event count is desired, software must insert a serializing instruction (Such as the CPUID instruction) 
before and/or after the RDPMC instruction. 


Performing back-to-back fast reads are not guaranteed to be monotonic. To guarantee monotonicity on back-to- 
back reads, a serializing instruction must be placed between the two RDPMC instructions. 
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The RDPMC instruction can execute in 16-bit addressing mode or virtual-8086 mode; however, the full contents of 
the ECX register are used to select the PMC, and the event count is stored in the full EAX and EDX registers. The 
RDPMC instruction was introduced into the IA-32 Architecture in the Pentium Pro processor and the Pentium 
processor with MMX technology. The earlier Pentium processors have PMCs, but they must be read with the RDMSR 
instruction. 


Operation 
MSCB = Most Significant Counter Bit (* Model-specific *) 


IF (((CR4.PCE = 1) or (CPL = O) or (CRO.PE = 0)) and (ECX indicates a supported counter)) 
THEN 
EAX := counter[31:0]; 
EDX := ZeroExtend(counter[MSCB:32]); 
ELSE (* ECX is not valid or CR4.PCE is O and CPL is 1, 2, or 3 and CRO.PE is 1 *) 
#GP(0); 
FI; 


Flags Affected 
None. 


Protected Mode Exceptions 


#GP(0) If the current privilege level is not O and the PCE flag in the CR4 register is clear. 
If an invalid performance counter index is specified. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#GP If an invalid performance counter index is specified. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If the PCE flag in the CR4 register is clear. 
If an invalid performance counter index is specified. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(0) If the current privilege level is not 0 and the PCE flag in the CR4 register is clear. 
If an invalid performance counter index is specified. 
#UD If the LOCK prefix is used. 
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RDRAND—Read Random Number 


Opcode*/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 

Support | Flag 
NFx OF C7 /6 M VIN RDRAND _ | Read a 16-bit random number and store in the 
RDRAND r16 destination register. 
NFx OF C7 /6 M VIV RDRAND _ | Read a 32-bit random number and store in the 
RDRAND r32 destination register. 
NFx REX.W + OF C7 /6 M VAI RDRAND _ | Read a 64-bit random number and store in the 
RDRAND r64 destination register. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Loads a hardware generated random value and store it in the destination register. The size of the random value is 
determined by the destination register size and operating mode. The Carry Flag indicates whether a random value 
is available at the time the instruction is executed. CF=1 indicates that the data in the destination is valid. Other- 
wise CF=0 and the data in the destination operand will be returned as zeros for the specified width. All other flags 
are forced to 0 in either situation. Software must check the state of CF=1 for determining if a valid random value 
has been returned, otherwise it is expected to loop and retry execution of RDRAND (see Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 1, Section 7.3.17, “Random Number Generator Instructions”). 
This instruction is available at all privilege levels. 

In 64-bit mode, the instruction's default operation size is 32 bits. Using a REX prefix in the form of REX.B permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bit oper- 
ands. See the summary chart at the beginning of this section for encoding data and limits. 


Operation 


IF HwW_RND_GEN.ready = 1 
THEN 
CASE of 
osize is 64: DEST[63:0] := HW_RND_GEN.data; 
osize is 32: DEST[31:0] := HW_RND_GEN.data; 
osize is 16: DEST[15:0] := HW_RND_GEN.data; 
ESAC 
CF := 1; 
ELSE 
CASE of 
osize is 64: DEST[63:0] := 0; 
osize is 32: DEST[31:0] := 0; 
osize is 16: DEST[15:0] := 0; 
ESAC 


FI 
OF, SF, ZF, AF, PF := 0; 


Flags Affected 


The CF flag is set according to the result (see the “Operation” section above). The OF, SF, ZF, AF, and PF flags are 
set to 0. 
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Intel C/C++ Compiler Intrinsic Equivalent 


RDRAND: int _rdrand16_step( unsigned short * ); 
RDRAND: int __rdrand32_step( unsigned int * ); 
RDRAND: int __rdrand64_step( unsigned __int64 *); 


Protected Mode Exceptions 
#UD If the LOCK prefix is used. 
If CPUID.OLH:ECX.RDRAND[bit 30] = 0. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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RDSEED—Read Random SEED 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
NFx OF C7 /7 M VIV RDSEED Read a 16-bit NIST SP800-90B & C compliant random value and 
RDSEED r16 store in the destination register. 
NFx OF C7 /7 M VIV RDSEED Read a 32-bit NIST SP800-90B & C compliant random value and 
RDSEED r32 store in the destination register. 
NFx REX.W + OF C7 /7 M VAI RDSEED Read a 64-bit NIST SP800-90B & C compliant random value and 
RDSEED r64 store in the destination register. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Loads a hardware generated random value and store it in the destination register. The random value is generated 
from an Enhanced NRBG (Non Deterministic Random Bit Generator) that is compliant to NIST SP800-90B and NIST 
SP800-90C in the XOR construction mode. The size of the random value is determined by the destination register 
size and operating mode. The Carry Flag indicates whether a random value is available at the time the instruction 
is executed. CF=1 indicates that the data in the destination is valid. Otherwise CF=0 and the data in the destination 
operand will be returned as zeros for the specified width. All other flags are forced to 0 in either situation. Software 
must check the state of CF=1 for determining if a valid random seed value has been returned, otherwise it is 
expected to loop and retry execution of RDSEED (see Section 1.2). 


The RDSEED instruction is available at all privilege levels. The RDSEED instruction executes normally either inside 
or outside a transaction region. 


In 64-bit mode, the instruction's default operation size is 32 bits. Using a REX prefix in the form of REX.B permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bit oper- 
ands. See the summary chart at the beginning of this section for encoding data and limits. 


Operation 


IF HW_NRND_GEN.ready = 1 
THEN 
CASE of 
osize is 64: DEST[63:0] := HW_NRND_GEN.data; 
osize is 32: DEST[31:0] := HW_NRND_GEN.data; 
osize is 16: DEST[15:0] := HW_NRND_GEN.data; 
ESAC; 
CF := 1; 
ELSE 
CASE of 
osize is 64: DEST[63:0] := 0; 
osize is 32: DEST[31:0] := 0; 
osize is 16: DEST[15:0] := 0; 
ESAC; 
CF := 0; 
Fl; 


OF, SF, ZF, AF, PF := 0; 
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Flags Affected 


The CF flag is set according to the result (see the "Operation" section above). The OF, SF, ZF, AF, and PF flags 
are set to 0. 


C/C++ Compiler Intrinsic Equivalent 


RDSEED int __rdseed16_step( unsigned short * ); 
RDSEED int __rdseed32_step( unsigned int * ); 
RDSEED int __rdseed64_step( unsigned __int64 *); 


Protected Mode Exceptions 
#UD If the LOCK prefix is used. 
If CPUID.(EAX=07H, ECX=0H):EBX.RDSEED[bit 18] = 0. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 
If CPUID.(EAX=07H, ECX=0H):EBX.RDSEED[bit 18] = 0. 


Virtual-8086 Mode Exceptions 
#UD If the LOCK prefix is used. 
If CPUID.(EAX=07H, ECX=0H):EBX.RDSEED[bit 18] = 0. 


Compatibility Mode Exceptions 
#UD If the LOCK prefix is used. 
If CPUID.(EAX=07H, ECX=0H):EBX.RDSEED[bit 18] = 0. 


64-Bit Mode Exceptions 
#UD If the LOCK prefix is used. 
If CPUID.(EAX=07H, ECX=0H):EBX.RDSEED[bit 18] = 0. 
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Opcode/ Op/ | 64/32 CPUID Description 
Instruction En | bitMode | Feature 
Support | Flag 
F3 OF 1€/1 (mod=11) R VIN CET_SS Copy low 32 bits of shadow stack pointer (SSP) to r32. 
RDSSPD r32 
F3 REX.W OF 1E/1 (mod=11) | R VINE. CET_SS Copies shadow stack pointer (SSP) to r64. 
RDSSPQ r64 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
R ModRM:r/m (w) NA NA NA 


Description 


Copies the current shadow stack pointer (SSP) register to the register destination. This opcode is a NOP when CET 
shadow stacks are not enabled and on processors that do not support CET. 


Operation 
IFCPL=3 
IF CR4.CET & IA32_U_CET.SH_STK_EN 
IF (operand size is 64 bit) 


THEN 
Dest := SSP; 
ELSE 
Dest := SSP[31:0]; 
Fl; 
Fl; 
ELSE 


IF CR4.CET & IA32_S_CET.SH_STK_EN 
IF (operand size is 64 bit) 


THEN 
Dest := SSP; 
ELSE 
Dest := SSP[31:0]; 
Fl; 
Fl; 
Fl; 
Flags Affected 
None. 


C/C++ Compiler Intrinsic Equivalent 


RDSSPD = ___int32 _rdsspd_i32(void); 
RDSSPQ __int64 _rdsspq_i64(void); 


Protected Mode Exceptions 
None. 
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Real-Address Mode Exceptions 
None. 


Virtual-8086 Mode Exceptions 
None. 


Compatibility Mode Exceptions 
None. 


64-Bit Mode Exceptions 
None. 
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RDTSC—Read Time-Stamp Counter 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 31 RDTSC ZO | Valid Valid Read time-stamp counter into EDX:EAX. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Reads the current value of the processor’s time-stamp counter (a 64-bit MSR) into the EDX:EAX registers. The EDX 
register is loaded with the high-order 32 bits of the MSR and the EAX register is loaded with the low-order 32 bits. 
(On processors that support the Intel 64 architecture, the high-order 32 bits of each of RAX and RDX are cleared.) 


The processor monotonically increments the time-stamp counter MSR every clock cycle and resets it to 0 whenever 
the processor is reset. See “Time Stamp Counter” in Chapter 17 of the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 3B, for specific details of the time stamp counter behavior. 


The time stamp disable (TSD) flag in register CR4 restricts the use of the RDTSC instruction as follows. When the 
flag is clear, the RDTSC instruction can be executed at any privilege level; when the flag is set, the instruction can 
only be executed at privilege level 0. 


The time-stamp counter can also be read with the RDMSR instruction, when executing at privilege level 0. 


The RDTSC instruction is not a serializing instruction. It does not necessarily wait until all previous instructions 

have been executed before reading the counter. Similarly, subsequent instructions may begin execution before the 

read operation is performed. The following items may guide software seeking to order executions of RDTSC: 

¢ If software requires RDTSC to be executed only after all previous instructions have executed and all previous 
loads are globally visible, it can execute LFENCE immediately before RDTSC. 

¢ If software requires RDTSC to be executed only after all previous instructions have executed and all previous 
loads and stores are globally visible, it can execute the sequence MFENCE;LFENCE immediately before RDTSC. 


¢ If software requires RDTSC to be executed prior to execution of any subsequent instruction (including any 
memory accesses), it can execute the sequence LFENCE immediately after RDTSC. 


This instruction was introduced by the Pentium processor. 


See “Changes to Instruction Behavior in VMX Non-Root Operation” in Chapter 25 of the Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 3C, for more information about the behavior of this instruction in 
VMX non-root operation. 


Operation 


IF (CR4.TSD = 0) or (CPL = 0) or (CRO.PE = 0) 
THEN EDX:E€AX := TimeStampCounter; 
ELSE (* CR4.TSD = 1 and (CPL = 1, 2, or 3) and CRO.PE = 1 *) 
#GP(0); 
Fl; 


Flags Affected 
None. 


1. Aload is considered to become globally visible when the value to be loaded is determined. 
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Protected Mode Exceptions 


#GP(0) If the TSD flag in register CR4 is set and the CPL is greater than 0. 


#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#GP(0) If the TSD flag in register CR4 is set. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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RDTSCP—Read Time-Stamp Counter and Processor ID 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 01 FO RDTSCP ZO ‘| Valid Valid Read 64-bit time-stamp counter and 
IA32_TSC_AUX value into EDX:EAX and ECX. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Reads the current value of the processor’s time-stamp counter (a 64-bit MSR) into the EDX:EAX registers and also 
reads the value of the IA32_TSC_AUX MSR (address C0000103H) into the ECX register. The EDX register is loaded 
with the high-order 32 bits of the IA32_TSC MSR; the EAX register is loaded with the low-order 32 bits of the 
IA32_TSC MSR; and the ECX register is loaded with the low-order 32-bits of IA32_TSC_AUX MSR. On processors 
that support the Intel 64 architecture, the high-order 32 bits of each of RAX, RDX, and RCX are cleared. 


The processor monotonically increments the time-stamp counter MSR every clock cycle and resets it to 0 whenever 
the processor is reset. See “Time Stamp Counter” in Chapter 17 of the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 3B, for specific details of the time stamp counter behavior. 


The time stamp disable (TSD) flag in register CR4 restricts the use of the RDTSCP instruction as follows. When the 
flag is clear, the RDTSCP instruction can be executed at any privilege level; when the flag is set, the instruction can 
only be executed at privilege level 0. 


The RDTSCP instruction is not a serializing instruction, but it does wait until all previous instructions have executed 

and all previous loads are globally visible.! But it does not wait for previous stores to be globally visible, and subse- 

quent instructions may begin execution before the read operation is performed. The following items may guide 

software seeking to order executions of RDTSCP: 

¢ If software requires RDTSCP to be executed only after all previous stores are globally visible, it can execute 
MFENCE immediately before RDTSCP. 


¢ If software requires RDTSCP to be executed prior to execution of any subsequent instruction (including any 
memory accesses), it can execute LFENCE immediately after RDTSCP. 


See “Changes to Instruction Behavior in VMX Non-Root Operation” in Chapter 25 of the Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 3C, for more information about the behavior of this instruction in 
VMX non-root operation. 


Operation 
IF (CR4.TSD = 0) or (CPL = 0) or (CRO.PE = 0) 
THEN 
EDX:EAX := TimeStampCounter; 
ECX := IA32_TSC_AUX[31:0]; 
ELSE (* CR4.TSD = 1 and (CPL = 1, 2, or 3) and CRO.PE = 1 *) 
#GP(0); 
Fl; 


Flags Affected 
None. 


1. Aload is considered to become globally visible when the value to be loaded is determined. 
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Protected Mode Exceptions 
#GP(0) 
#UD If the LOCK prefix is used. 

If CPUID.80000001H:EDX.RDTSCP[bit 27] = 0. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 
If CPUID.80000001H:EDX.RDTSCP[bit 27] = 0. 


Virtual-8086 Mode Exceptions 
#GP(0) If the TSD flag in register CR4 is set. 
#UD If the LOCK prefix is used. 
If CPUID.80000001H:EDX.RDTSCP[bit 27] = 0. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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REP/REPE/REPZ/REPNE/REPNZ—Repeat String Operation Prefix 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

F3 6C REP INS m8, DX ZO | Valid Valid Input (E)CX bytes from port DX into ES:[(€)DI]. 

F3 6C REP INS m8, DX ZO | Valid N.E. Input RCX bytes from port DX into [RDI]. 

F3 6D REP INS m176, DX ZO ‘| Valid Valid Input (E)CX words from port DX into ES:[(E)DI.] 

F3 6D REP INS m32, DX ZO ‘| Valid Valid Input (E)CX doublewords from port DX into 
ES:[(E)DI]. 

F3 6D REP INS r/m32, DX ZO | Valid N.E. Input RCX default size from port DX into [RDI]. 

F3 A4 REP MOVS m8, m8 ZO_ | Valid Valid Move (€)CX bytes from DS:[(E)S!] to ES:[(E)DI]. 

F3 REX.W A4 REP MOVS m8, m8 ZO_ | Valid N.E. Move RCX bytes from [RSI] to [RDI]. 

F3A5 REP MOVS m16, m16 ZO_ | Valid Valid Move (€)CX words from DS:[(E)SI] to ES:[(E)DI]. 

F3 A5 REP MOVS m32, m32 ZO ‘| Valid Valid Move (€)CX doublewords from DS:[(E)SI] to 
ES:[(E)DI]. 

F3 REX.W A5 REP MOVS m64, m64 ZO_ | Valid N.E. Move RCX quadwords from [RSI] to [RDI]. 

F3 6E REP OUTS DX, r/m8& ZO | Valid Valid Output (E)CX bytes from DS:[(E)SI] to port DX. 

F3 REX.W 6E REP OUTS Dx, r/m8* ZO | Valid N.E. Output RCX bytes from [RSI] to port DX. 

F3 6F REP OUTS DX, r/m16 ZO ‘| Valid Valid Output (E)CX words from DS:[(E)SI] to port DX. 

F3 6F REP OUTS DX, r/m32 ZO ‘| Valid Valid Output (E)CX doublewords from DS:[(€)SI] to 
port DX. 

F3 REX.W 6F REP OUTS DX, r/m32 ZO | Valid N.E. Output RCX default size from [RSI] to port DX. 

F3 AC REP LODS AL ZO | Valid Valid Load (E)CX bytes from DS:[(E)SI] to AL. 

F3 REX.W AC REP LODS AL ZO | Valid N.E. Load RCX bytes from [RSI] to AL. 

F3 AD REP LODS AX ZO | Valid Valid Load (E)CX words from DS:[(E)SI] to AX. 

F3 AD REP LODS EAX ZO_ | Valid Valid Load (E)CX doublewords from DS:[(E)SI] to 
EAX. 

F3 REX.W AD REP LODS RAX ZO_ | Valid N.E. Load RCX quadwords from [RSI] to RAX. 

F3 AA REP STOS m8 ZO_ | Valid Valid Fill (E)CX bytes at ES:[(€)DI] with AL. 

F3 REX.W AA REP STOS m8 ZO_ | Valid N.E. Fill RCX bytes at [RDI] with AL. 

F3 AB REP STOS m16 ZO_ | Valid Valid Fill (E)CX words at ES:[(€)DI] with AX. 

F3 AB REP STOS m32 ZO_ | Valid Valid Fill (E)CX doublewords at ES:[(E)DI] with EAX. 

F3 REX.W AB REP STOS m64 ZO_ | Valid N.E. Fill RCX quadwords at [RDI] with RAX. 

F3 A6 REPE CMPS m8, m8 ZO | Valid Valid Find nonmatching bytes in ES:[(€)DI] and 
DS:[(E)SI]. 

F3 REX.W A6 REPE CMPS m8, m8 ZO | Valid N.E. Find non-matching bytes in [RDI] and [RSI]. 

F3 A7 REPE CMPS m16, m16 ZO | Valid Valid Find nonmatching words in ES:[(€)D!] and 
DS:[(E)SI]. 

F3 A7 REPE CMPS m32, m32 ZO | Valid Valid Find nonmatching doublewords in ES:[(€)DI] 
and DS:[(€)SI]. 

F3 REX.W A7 REPE CMPS m64, m64 ZO | Valid N.E. Find non-matching quadwords in [RDI] and 
[RSI]. 

F3 AE REPE SCAS m8 ZO | Valid Valid Find non-AL byte starting at ES:[(€)DI]. 

F3 REX.W AE REPE SCAS m8 ZO ‘| Valid N.E. Find non-AL byte starting at [RDI]. 

F3 AF REPE SCAS m16 ZO | Valid Valid Find non-AX word starting at ES:[(E)DI]. 

F3 AF REPE SCAS m32 ZO | Valid Valid Find non-EAX doubleword starting at 
ES:[(E)DI]. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

F3 REX.W AF REPE SCAS m64 ZO | Valid N.E. Find non-RAX quadword starting at [RDI]. 

F2 A6 REPNE CMPS m8, m8 ZO ‘| Valid Valid Find matching bytes in ES:[(E)DI] and DS:[(E)SI). 

F2 REX.W A6 REPNE CMPS m8, m8 ZO | Valid N.E. Find matching bytes in [RDI] and [RSI]. 

F2 A7 REPNE CMPS m16, m16 ZO | Valid Valid Find matching words in ES:[(€)DI] and 
DS:[(E)SI]. 

F2 A7 REPNE CMPS m32, m32 ZO | Valid Valid Find matching doublewords in ES:[(€)DI] and 
DS:[(E)SI1]. 

F2 REX.W A7 REPNE CMPS m64, m64 ZO ‘| Valid N.E. Find matching doublewords in [RDI] and [RSI]. 

F2 AE REPNE SCAS m8 ZO_ ‘| Valid Valid Find AL, starting at ES:[(€)DI]. 

F2 REX.W AE REPNE SCAS m8 ZO_ ‘| Valid N.E. Find AL, starting at [RDI]. 

F2 AF REPNE SCAS m16 ZO_ | Valid Valid Find AX, starting at ES:[(E)DI]. 

F2 AF REPNE SCAS m32 ZO_ ‘| Valid Valid Find EAX, starting at ES:[(E)DI]. 

F2 REX.W AF REPNE SCAS m64 ZO_ ‘| Valid N.E. Find RAX, starting at [RDI]. 

NOTES: 

* In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Repeats a string instruction the number of times specified in the count register or until the indicated condition of 
the ZF flag is no longer met. The REP (repeat), REPE (repeat while equal), REPNE (repeat while not equal), REPZ 
(repeat while zero), and REPNZ (repeat while not zero) mnemonics are prefixes that can be added to one of the 
string instructions. The REP prefix can be added to the INS, OUTS, MOVS, LODS, and STOS instructions, and the 
REPE, REPNE, REPZ, and REPNZ prefixes can be added to the CMPS and SCAS instructions. (The REPZ and REPNZ 
prefixes are synonymous forms of the REPE and REPNE prefixes, respectively.) The F3H prefix is defined for the 
following instructions and undefined for the rest: 


¢ F3H as REP/REPE/REPZ for string and input/output instruction. 
¢ F3H is a mandatory prefix for POPCNT, LZCNT, and ADOX. 


The REP prefixes apply only to one string instruction at a time. To repeat a block of instructions, use the LOOP 
instruction or another looping construct. All of these repeat prefixes cause the associated instruction to be repeated 
until the count in register is decremented to 0. See Table 4-22. 


Table 4-22. Repeat Prefixes 


Repeat Prefix Termination Condition 1* Termination Condition 2 
REP RCX or (E)CX = 0 None 

REPE/REPZ RCX or (E)CX = 0 ZF=0 

REPNE/REPNZ RCX or (E)CX = 0 ZF=1 

NOTES: 


* Count register is CX, ECX or RCX by default, depending on attributes of the operating modes. 
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The REPE, REPNE, REPZ, and REPNZ prefixes also check the state of the ZF flag after each iteration and terminate 
the repeat loop if the ZF flag is not in the specified state. When both termination conditions are tested, the cause 
of a repeat termination can be determined either by testing the count register with a JECXZ instruction or by 
testing the ZF flag (with a JZ, JNZ, or JNE instruction). 


When the REPE/REPZ and REPNE/REPNZ prefixes are used, the ZF flag does not require initialization because both 
the CMPS and SCAS instructions affect the ZF flag according to the results of the comparisons they make. 


A repeating string operation can be suspended by an exception or interrupt. When this happens, the state of the 
registers is preserved to allow the string operation to be resumed upon a return from the exception or interrupt 
handler. The source and destination registers point to the next string elements to be operated on, the EIP register 
points to the string instruction, and the ECX register has the value it held following the last successful iteration of 
the instruction. This mechanism allows long string operations to proceed without affecting the interrupt response 
time of the system. 


When a fault occurs during the execution of a CMPS or SCAS instruction that is prefixed with REPE or REPNE, the 
EFLAGS value is restored to the state prior to the execution of the instruction. Since the SCAS and CMPS instruc- 
tions do not use EFLAGS as an input, the processor can resume the instruction after the page fault handler. 


Use the REP INS and REP OUTS instructions with caution. Not all I/O ports can handle the rate at which these 
instructions execute. Note that a REP STOS instruction is the fastest way to initialize a large block of memory. 


In 64-bit mode, the operand size of the count register is associated with the address size attribute. Thus the default 
count register is RCX; REX.W has no effect on the address size and the count register. In 64-bit mode, if 67H is 
used to override address size attribute, the count register is ECX and any implicit source/destination operand will 
use the corresponding 32-bit index register. See the summary chart at the beginning of this section for encoding 
data and limits. 


REP INS may read from the I/O port without writing to the memory location if an exception or VM exit occurs due 
to the write (e.g. #PF). If this would be problematic, for example because the I/O port read has side-effects, soft- 
ware should ensure the write to the memory location does not cause an exception or VM exit. 


Operation 
IF AddressSize = 16 
THEN 
Use CX for CountReg; 


Implicit Source/Dest operand for memory use of SI/DI; 
ELSE IF AddressSize = 64 
THEN Use RCX for CountReg; 
Implicit Source/Dest operand for memory use of RSI/RDI; 
ELSE 
Use ECX for CountReg; 
Implicit Source/Dest operand for memory use of ESI/EDI; 
Fl; 
WHILE CountReg # 0 
DO 
Service pending interrupts (if any); 
Execute associated string instruction; 
CountReg := (CountReg - 1); 
IF CountReg = 0 
THEN exit WHILE loop; FI; 
IF (Repeat prefix is REPZ or REPE) and (ZF = 0) 
or (Repeat prefix is REPNZ or REPNE) and (ZF = 1) 
THEN exit WHILE loop; FI; 
OD; 


Flags Affected 
None; however, the CMPS and SCAS instructions do set the status flags in the EFLAGS register. 
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Exceptions (All Operating Modes) 
Exceptions may be generated by an instruction associated with the prefix. 


64-Bit Mode Exceptions 
#GP(0) If the memory address is in a non-canonical form. 
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RET—Return from Procedure 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
C3 RET ZO | Valid Valid Near return to calling procedure. 
CB RET ZO | Valid Valid Far return to calling procedure. 
C2 iw RET imm16 | Valid Valid Near return to calling procedure and pop 


imm16 bytes from stack. 


CA iw RET imm16 | Valid Valid Far return to calling procedure and pop imm16 
bytes from stack. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
| imm16 NA NA NA 
Description 


Transfers program control to a return address located on the top of the stack. The address is usually placed on the 
stack by a CALL instruction, and the return is made to the instruction that follows the CALL instruction. 


The optional source operand specifies the number of stack bytes to be released after the return address is popped; 
the default is none. This operand can be used to release parameters from the stack that were passed to the called 
procedure and are no longer needed. It must be used when the CALL instruction used to switch to a new procedure 
uses a call gate with a non-zero word count to access the new procedure. Here, the source operand for the RET 
instruction must specify the same number of bytes as is specified in the word count field of the call gate. 


The RET instruction can be used to execute three different types of returns: 


¢ Near return — Areturn to a calling procedure within the current code segment (the segment currently pointed 
to by the CS register), sometimes referred to as an intrasegment return. 


¢ Far return — A return to a calling procedure located in a different segment than the current code segment, 
sometimes referred to as an intersegment return. 


¢ Inter-privilege-level far return — A far return to a different privilege level than that of the currently 
executing program or procedure. 


The inter-privilege-level return type can only be executed in protected mode. See the section titled “Calling Proce- 
dures Using Call and RET” in Chapter 6 of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 1, for detailed information on near, far, and inter-privilege-level returns. 


When executing a near return, the processor pops the return instruction pointer (offset) from the top of the stack 
into the EIP register and begins program execution at the new instruction pointer. The CS register is unchanged. 


When executing a far return, the processor pops the return instruction pointer from the top of the stack into the EIP 
register, then pops the segment selector from the top of the stack into the CS register. The processor then begins 
program execution in the new code segment at the new instruction pointer. 


The mechanics of an inter-privilege-level far return are similar to an intersegment return, except that the 
processor examines the privilege levels and access rights of the code and stack segments being returned to deter- 
mine if the control transfer is allowed to be made. The DS, ES, FS, and GS segment registers are cleared by the RET 
instruction during an inter-privilege-level return if they refer to segments that are not allowed to be accessed at the 
new privilege level. Since a stack switch also occurs on an inter-privilege level return, the ESP and SS registers are 
loaded from the stack. 


If parameters are passed to the called procedure during an inter-privilege level call, the optional source operand 
must be used with the RET instruction to release the parameters on the return. Here, the parameters are released 
both from the called procedure’s stack and the calling procedure’s stack (that is, the stack being returned to). 


In 64-bit mode, the default operation size of this instruction is the stack-address size, i.e. 64 bits. This applies to 
near returns, not far returns; the default operation size of far returns is 32 bits. 
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Refer to Chapter 6, “Procedure Calls, Interrupts, and Exceptions” and Chapter 18, “Control-Flow Enforcement Tech- 
nology (CET)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 for CET details. 


Instruction ordering. Instructions following a far return may be fetched from memory before earlier instructions 
complete execution, but they will not execute (even speculatively) until all instructions prior to the far return have 
completed execution (the later instructions may execute before data stored by the earlier instructions have become 
globally visible). 


Unlike near indirect CALL and near indirect JMP, the processor will not speculatively execute the next sequential 
instruction after a near RET unless that instruction is also the target of a jump or is a target in a branch predictor. 


Operation 


(* Near return *) 
IF instruction = near return 
THEN; 
IF OperandSize = 32 
THEN 
IF top 4 bytes of stack not within stack limits 
THEN #SS(0); Fl; 
EIP := Pop(); 
IF ShadowStackEnabled(CPL) 
tempSsEIP = ShadowStackPop4B(); 
IF EIP = TempSsEIP 
THEN #CP(NEAR_RET); Fl; 
Fl; 
ELSE 
IF OperandSize = 64 
THEN 
IF top 8 bytes of stack not within stack limits 
THEN #SS(0); FI; 
RIP := Pop(); 
IF ShadowStackEnabled(CPL) 
tempSsEIP = ShadowStackPop8B(); 
IF RIP != tempSsE€IP 
THEN #CP(NEAR_RET); Fl; 
Fl; 
ELSE (* OperandSize = 16 *) 
IF top 2 bytes of stack not within stack limits 
THEN #SS(0); Fl; 
tempEIP := Pop(); 
tempElP := tempElP AND OOOOFFFFH; 
IF tempElP not within code segment limits 
THEN #GP(0); FI; 
EIP := tempEIP; 
IF ShadowStackEnabled(CPL) 
tempSsEip = ShadowStackPop4B(); 
IF EIP != tempSsEIP 
THEN #CP(NEAR_RET); Fl; 
Fl; 
Fl; 
Fl; 


IF instruction has immediate operand 
THEN (* Release parameters from stack *) 
IF StackAddressSize = 32 
THEN 


4-564 Vol. 2B RET—Return from Procedure 


INSTRUCTION SET REFERENCE, M-U 


ESP := ESP + SRC; 


ELSE 
IF StackAddressSize = 64 
THEN 
RSP := RSP + SRC; 
ELSE (* StackAddressSize = 16 *) 
SP := SP + SRC; 
Fl; 


Fl; 
Fl; 
Fl; 


(* Real-address mode or virtual-8086 mode *) 
IF ((PE = 0) or (PE = 1 AND VM = 1)) and instruction = far return 
THEN 
IF OperandSize = 32 
THEN 
IF top 8 bytes of stack not within stack limits 
THEN #SS(0); FI; 
EIP := Pop(); 
CS := Pop(); (* 32-bit pop, high-order 16 bits discarded *) 
ELSE (* OperandSize = 16 *) 
IF top 4 bytes of stack not within stack limits 
THEN #SS(0); FI; 
tempElP := Pop(); 
tempEIP := tempEIP AND OOOOFFFFH; 
IF tempElP not within code segment limits 
THEN #GP(0); Fl; 
EIP := tempEIP; 
CS := Pop(); (* 16-bit pop *) 
Fl; 
IF instruction has immediate operand 
THEN (* Release parameters from stack *) 
SP := SP + (SRC AND FFFFH); 
Fl; 
Fl; 


(* Protected mode, not virtual-8086 mode *) 
IF (PE = 1 and VM = O and IA32_EFER.LMA = 0) and instruction = far return 


THEN 
IF OperandSize = 32 
THEN 
IF second doubleword on stack is not within stack limits 
THEN #SS(0); FI; 
ELSE (* OperandSize = 16 *) 
IF second word on stack is not within stack limits 
THEN #SS(0); Fl; 
Fl; 


IF return code segment selector is NULL 
THEN #GP(0); Fl; 
IF return code segment selector addresses descriptor beyond descriptor table limit 
THEN #GP(selector); Fl; 
Obtain descriptor to which return code segment selector points from descriptor table; 
IF return code segment descriptor is not a code segment 
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THEN #GP(selector); FI; 
IF return code segment selector RPL < CPL 
THEN #GP(selector); Fl; 
IF return code segment descriptor is conforming 
and return code segment DPL > return code segment selector RPL 
THEN #GP(selector); Fl; 
IF return code segment descriptor is non-conforming and return code 
segment DPL # return code segment selector RPL 
THEN #GP(selector); Fl; 
IF return code segment descriptor is not present 
THEN #NP(selector); FI: 
IF return code segment selector RPL > CPL 
THEN GOTO RETURN-TO-OUTER-PRIVILEGE-LEVEL; 
ELSE GOTO RETURN-TO-SAME-PRIVILEGE-LEVEL; 
Fl; 
Fl; 


RETURN-TO-SAME-PRIVILEGE-LEVEL: 


IF the return instruction pointer is not within the return code segment limit 


THEN #GP(0); Fl; 
IF OperandSize = 32 
THEN 
EIP := Pop(); 
CS := Pop(); (* 32-bit pop, high-order 16 bits discarded *) 
ELSE (* OperandSize = 16 *) 
EIP := Pop(); 
EIP := EIP AND OOOOFFFFH; 
CS := Pop(); (* 16-bit pop *) 
Fl; 
IF instruction has immediate operand 
THEN (* Release parameters from stack *) 
IF StackAddressSize = 32 
THEN 
ESP := ESP + SRC; 
ELSE (* StackAddressSize = 16 *) 
SP := SP + SRC; 
Fl; 
Fl; 
IF ShadowStackEnabled(CPL) 
(* SSP must be 8 byte aligned *) 
IF SSP AND 0x7 != 0 
THEN #CP(FAR-RET/IRET); Fl; 
tempSsCS = shadow_stack_load 8 bytes from SSP+16; 
tempSsLIP = shadow_stack_load 8 bytes from SSP+8; 
prevSSP = shadow_stack_load 8 bytes from SSP; 
SSP = SSP + 24; 


(* do a 64 bit-compare to check if any bits beyond bit 15 are set *) 


tempCS = CS; (* zero pad to 64 bit *) 
IF tempCs != tempSsCS 
THEN #CP(FAR-RET/IRET); FI; 
(* do a 64 bit-compare; pad CSBASE+RIP with O for 32 bit LIP*) 
IF CSBASE + RIP != tempSsLIP 
THEN #CP(FAR-RET/IRET); Fl; 
(* prevSSP must be 4 byte aligned *) 
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IF prevSSP AND 0x3 != 0 
THEN #CP(FAR-RET/IRET); Fl; 
(* In legacy mode SSP must be in low 4GB *) 
IF prevSSP[63:32] != 0 
THEN #GP(0); Fl; 
SSP := prevSSP 
Fl; 


RETURN-TO-OUTER-PRIVILEGE-LEVEL: 
IF top (16 + SRC) bytes of stack are not within stack limits (OperandSize = 32) 
or top (8 + SRC) bytes of stack are not within stack limits (OQperandSize = 16) 
THEN #SS(0); Fl; 
Read return segment selector; 
IF stack segment selector is NULL 
THEN #GP(0); Fl; 
IF return stack segment selector index is not within its descriptor table limits 
THEN #GP(selector); FI; 
Read segment descriptor pointed to by return segment selector; 
IF stack segment selector RPL # RPL of the return code segment selector 
or stack segment is not a writable data segment 
or stack segment descriptor DPL # RPL of the return code segment selector 
THEN #GP(selector); Fl; 
IF stack segment not present 
THEN #SS(StackSegmentSelector); Fl; 
IF the return instruction pointer is not within the return code segment limit 
THEN #GP(0); Fl; 
IF OperandSize = 32 
THEN 
EIP := Pop(); 
CS := Pop(); (* 32-bit pop, high-order 16 bits discarded; segment descriptor loaded *) 
CS(RPL) := ReturnCodeSegmentSelector(RPL); 
IF instruction has immediate operand 
THEN (* Release parameters from called procedure’s stack *) 
IF StackAddressSize = 32 
THEN 
ESP := ESP + SRC; 
ELSE (* StackAddressSize = 16 *) 
SP := SP + SRC; 
Fl; 
Fl; 
temp€SP := Pop(); 
tempSS := Pop(); (* 32-bit pop, high-order 16 bits discarded; seg. descriptor loaded *) 
ELSE (* OperandSize = 16 *) 
EIP := Pop(); 
EIP := EIP AND OOOOFFFFH; 
CS := Pop(); (* 16-bit pop; segment descriptor loaded *) 
CS(RPL) := ReturnCodeSegmentSelector(RPL); 
IF instruction has immediate operand 
THEN (* Release parameters from called procedure’s stack *) 
IF StackAddressSize = 32 
THEN 
ESP := ESP + SRC; 
ELSE (* StackAddressSize = 16 *) 
SP := SP + SRC; 
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Fl; 
Fl; 
temp€ESP := Pop(); 
tempSS := Pop(); (* 16-bit pop; segment descriptor loaded *) 
Fl; 
IF ShadowStackEnabled(CPL) 
(* check if 8 byte aligned *) 
IF SSP AND 0x7 != 0 
THEN #CP(FAR-RET/IRET); Fl; 
IF ReturnCodeSegmentSelector(RPL) !=3 
THEN 
tempSsCS = shadow_stack_load 8 bytes from SSP+16; 
tempSsLIP = shadow_stack_load 8 bytes from SSP+8; 
tempSSP = shadow_stack_load 8 bytes from SSP; 
SSP = SSP + 24; 
(* Do 64 bit compare to detect bits beyond 15 being set *) 
tempCS = CS; (* zero extended to 64 bit *) 
IF tempCs != tempSsCS 
THEN #CP(FAR-RET/IRET); FI; 
(* Do 64 bit compare; pad CSBASE+RIP with O for 32 bit LA *) 
IF CSBASE + RIP != tempSsLIP 
THEN #CP(FAR-RET/IRET); FI; 
(* check if 4 byte aligned *) 
IF tempSSP AND 0x3 != 0 
THEN #CP(FAR-RET/IRET); FI; 
Fl; 
Fl; 
tempOldCPL = CPL; 


CPL := ReturnCodeSegmentSelector(RPL); 
ESP := tempESP; 
SS := tempSS; 
tempOldSSP = SSP; 
IF ShadowStackEnabled(CPL) 
IF CPL = 3 
THEN tempSSP := IA32_PL3_SSP; Fl; 
IF tempSSP[63:32] != 0 
THEN #GP(0); Fl; 
SSP := tempSSP 
Fl; 
(* Now past all faulting points; safe to free the token. The token free is done using the old SSP 
* and using a supervisor override as old CPL was a supervisor privilege level *) 
IF ShadowStackEnabled(tempOldCPL) 
expected_token_value = tempOldSSP | BUSY_BIT (* busy bit - bit position O - must be set *) 
new_token_value = tempOldSSP (* clear the busy bit *) 
shadow_stack_lock_cmpxchg8b(tempOldSSP, new_token_value, expected_token_value) 
Fl; 
Fl; 


FOR each SegReg in (ES, FS, GS, and DS) 
DO 
tempDesc := descriptor cache for SegReg (* hidden part of segment register *) 
IF (SegmentSelector == NULL) OR (tempDesc(DPL) < CPL AND tempDesc(Type) is (data or non-conforming code))) 
THEN (* Segment register invalid *) 
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SegmentSelector := 0; (*Segment selector becomes null*) 
Fl; 
OD; 


IF instruction has immediate operand 
THEN (* Release parameters from calling procedure’s stack *) 
IF StackAddressSize = 32 
THEN 
ESP := ESP + SRC; 
ELSE (* StackAddressSize = 16 *) 
SP := SP + SRC; 
Fl; 
Fl; 


(* IA-32e Mode *) 
IF (PE = 1 and VM = 0 and IA32_EFER.LMA = 1) and instruction = far return 


THEN 
IF OperandSize = 32 
THEN 
IF second doubleword on stack is not within stack limits 
THEN #SS(0); FI; 
IF first or second doubleword on stack is not in canonical space 
THEN #SS(0); FI; 
ELSE 
IF OperandSize = 16 
THEN 
IF second word on stack is not within stack limits 
THEN #SS(0); FI; 
IF first or second word on stack is not in canonical space 
THEN #SS(0); FI; 
ELSE (* OperandSize = 64 *) 
IF first or second quadword on stack is not in canonical space 
THEN #SS(0); FI; 
Fl 
Fl; 


IF return code segment selector is NULL 
THEN GP(0); Fl; 
IF return code segment selector addresses descriptor beyond descriptor table limit 
THEN GP(selector); Fl; 
IF return code segment selector addresses descriptor in non-canonical space 
THEN GP(selector); Fl; 
Obtain descriptor to which return code segment selector points from descriptor table; 
IF return code segment descriptor is not a code segment 
THEN #GP(selector); Fl; 
IF return code segment descriptor has L-bit = 1 and D-bit = 1 
THEN #GP(selector); Fl; 
IF return code segment selector RPL < CPL 
THEN #GP(selector); Fl; 
IF return code segment descriptor is conforming 
and return code segment DPL > return code segment selector RPL 
THEN #GP(selector); Fl; 
IF return code segment descriptor is non-conforming 
and return code segment DPL # return code segment selector RPL 
THEN #GP(selector); Fl; 
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IF return code segment descriptor is not present 
THEN #NP(selector); FI: 
IF return code segment selector RPL > CPL 
THEN GOTO IA-32E-MODE-RETURN-TO-OUTER-PRIVILEGE-LEVEL; 
ELSE GOTO IA-32E-MODE-RETURN-TO-SAME-PRIVILEGE-LEVEL; 
Fl; 
Fl; 


IA-32E-MODE-RETURN-TO-SAME-PRIVILEGE-LEVEL: 
IF the return instruction pointer is not within the return code segment limit 
THEN #GP(0); Fl; 
IF the return instruction pointer is not within canonical address space 
THEN #GP(0); Fl; 
IF OperandSize = 32 
THEN 
EIP := Pop(); 
CS := Pop(); (* 32-bit pop, high-order 16 bits discarded *) 
ELSE 
IF OperandSize = 16 
THEN 
EIP := Pop(); 
EIP := EIP AND OOOOFFFFH; 
CS := Pop(); (* 16-bit pop *) 
ELSE (* OperandSize = 64 *) 
RIP := Pop(); 
CS := Pop(); (* 64-bit pop, high-order 48 bits discarded *) 
Fl; 
Fl; 
IF instruction has immediate operand 
THEN (* Release parameters from stack *) 
IF StackAddressSize = 32 
THEN 
ESP := ESP + SRC; 
ELSE 
IF StackAddressSize = 16 
THEN 
SP := SP + SRC; 
ELSE (* StackAddressSize = 64 *) 
RSP := RSP + SRC; 
Fl; 
Fl; 
Fl; 
IF ShadowStackEnabled(CPL) 
IF SSP AND 0x7 != 0 (* check if aligned to 8 bytes *) 
THEN #CP(FAR-RET/IRET); Fl; 
tempSsCS = shadow_stack_load 8 bytes from SSP+16; 
tempSsLIP = shadow_stack_load 8 bytes from SSP+8; 
tempSSP = shadow_stack_load 8 bytes from SSP; 
SSP = SSP + 24; 
tempCS = CS; (* zero padded to 64 bit *) 
IF tempCS != tempSsCS (* 64 bit compare; CS zero padded to 64 bits *) 
THEN #CP(FAR-RET/IRET); Fl; 
IF CSBASE + RIP != tempSsLIP (* 64 bit compare *) 
THEN #CP(FAR-RET/IRET); Fl; 
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IF tempSSP AND Ox3 != 0 (* check if aligned to 4 bytes *) 
THEN #CP(FAR-RET/IRET); Fl; 
IF (CS.L = O AND tempSSP[63:32] != 0) OR 
(CS.L = 1 AND tempSSP is not canonical relative to the current paging mode) 
THEN #GP(0); Fl; 
SSP := tempSSP 
Fl; 


IA-32€-MODE-RETURN-TO-OUTER-PRIVILEGE-LEVEL: 
IF top (16 + SRC) bytes of stack are not within stack limits (OperandSize = 32) 
or top (8 + SRC) bytes of stack are not within stack limits (OQperandSize = 16) 
THEN #SS(0); Fl; 
IF top (16 + SRC) bytes of stack are not in canonical address space (OperandSize =32) 
or top (8 + SRC) bytes of stack are not in canonical address space (OperandSize = 16) 
or top (32 + SRC) bytes of stack are not in canonical address space (OperandSize = 64) 
THEN #SS(0); Fl; 
Read return stack segment selector; 
IF stack segment selector is NULL 
THEN 
IF new CS descriptor L-bit = 0 
THEN #GP(selector); 
IF stack segment selector RPL = 3 
THEN #GP(selector); 


Fl; 
IF return stack segment descriptor is not within descriptor table limits 
THEN #GP(selector); Fl; 
IF return stack segment descriptor is in non-canonical address space 
THEN #GP(selector); Fl; 
Read segment descriptor pointed to by return segment selector; 
IF stack segment selector RPL # RPL of the return code segment selector 
or stack segment is not a writable data segment 
or stack segment descriptor DPL # RPL of the return code segment selector 
THEN #GP(selector); Fl; 
IF stack segment not present 
THEN #SS(StackSegmentSelector); Fl; 
IF the return instruction pointer is not within the return code segment limit 
THEN #GP(0); Fl: 
IF the return instruction pointer is not within canonical address space 
THEN #GP(0); Fl; 
IF OperandSize = 32 
THEN 
EIP := Pop(); 
CS := Pop(); (* 32-bit pop, high-order 16 bits discarded, segment descriptor loaded *) 
CS(RPL) := ReturnCodeSegmentSelector(RPL); 
IF instruction has immediate operand 
THEN (* Release parameters from called procedure’s stack *) 
IF StackAddressSize = 32 


THEN 
ESP := ESP + SRC; 
ELSE 
IF StackAddressSize = 16 
THEN 
SP := SP + SRC; 


ELSE (* StackAddressSize = 64 *) 
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RSP := RSP + SRC; 
Fl; 
Fl; 
Fl; 
temp€ESP := Pop(); 
tempSS := Pop(); (* 32-bit pop, high-order 16 bits discarded, segment descriptor loaded *) 
ELSE 
IF OperandSize = 16 
THEN 
EIP := Pop(); 
EIP := EIP AND OOOOFFFFH; 
CS := Pop(); (* 16-bit pop; segment descriptor loaded *) 
CS(RPL) := ReturnCodeSegmentSelector(RPL); 
IF instruction has immediate operand 
THEN (* Release parameters from called procedure’s stack *) 
IF StackAddressSize = 32 
THEN 
ESP := ESP + SRC; 
ELSE 
IF StackAddressSize = 16 
THEN 
SP := SP + SRC; 
ELSE (* StackAddressSize = 64 *) 
RSP := RSP + SRC; 
Fl; 
Fl; 
Fl; 
tempESP := Pop(); 
tempSS := Pop(); (* 16-bit pop; segment descriptor loaded *) 
ELSE (* OperandSize = 64 *) 
RIP := Pop(); 
CS := Pop(); (* 64-bit pop; high-order 48 bits discarded; seg. descriptor loaded *) 
CS(RPL) := ReturnCodeSegmentSelector(RPL); 
IF instruction has immediate operand 
THEN (* Release parameters from called procedure’s stack *) 
RSP := RSP + SRC; 
Fl; 
tempESP := Pop(); 
tempSS := Pop(); (* 64-bit pop; high-order 48 bits discarded; seg. desc. loaded *) 
Fl; 
Fl; 


IF ShadowStackEnabled(CPL) 
(* check if 8 byte aligned *) 
IF SSP AND 0x7 != 0 
THEN #CP(FAR-RET/IRET); FI; 
IF ReturnCodeSegmentSelector(RPL) !=3 
THEN 
tempSsCS = shadow_stack_load 8 bytes from SSP+16; 
tempSsLIP = shadow_stack_load 8 bytes from SSP+8; 
tempSSP = shadow_stack_load 8 bytes from SSP; 
SSP = SSP + 24; 
(* Do 64 bit compare to detect bits beyond 15 being set *) 
tempCS = CS; (* zero padded to 64 bit *) 
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IF tempCs != tempSsCS 
THEN #CP(FAR-RET/IRET); Fl; 
(* Do 64 bit compare; pad CSBASE+RIP with O for 32 bit LIP *) 
IF CSBASE + RIP != tempSsLIP 
THEN #CP(FAR-RET/IRET); Fl; 
(* check if 4 byte aligned *) 
IF tempSSP AND Ox3 != 0 
THEN #CP(FAR-RET/IRET); FI; 
Fl; 
Fl; 
tempOldCPL = CPL; 
CPL := ReturnCodeSegmentSelector(RPL); 
ESP := tempESP; 
SS := tempSS; 
tempOldSSP = SSP; 
IF ShadowStackEnabled(CPL) 
IF CPL = 3 
THEN tempSSP := [A32_PL3_SSP; Fl; 
IF (CS.L = O AND tempSSP[63:32] != 0) OR 
(CS.L = 1 AND tempSSP is not canonical relative to the current paging mode) 
THEN #GP(0); Fl; 
SSP := tempSSP 
Fl; 
(* Now past all faulting points; safe to free the token. The token free is done using the old SSP 
* and using a supervisor override as old CPL was a supervisor privilege level *) 
IF ShadowStackEnabled(tempOldCPL) 
expected_token_value = tempOldSSP | BUSY_BIT (* busy bit - bit position O - must be set *) 
new_token_value = tempOldSSP (* clear the busy bit *) 
shadow_stack_lock_cmpxchg8b(tempOldSSP, new_token_value, expected_token_value) 
Fl; 


FOR each of segment register (ES, FS, GS, and DS) 
DO 
IF segment register points to data or non-conforming code segment 
and CPL > segment descriptor DPL; (* DPL in hidden part of segment register *) 
THEN SegmentSelector := 0; (* SegmentSelector invalid *) 
Fl; 
OD; 


IF instruction has immediate operand 
THEN (* Release parameters from calling procedure’s stack *) 
IF StackAddressSize = 32 
THEN 
ESP := ESP + SRC; 
ELSE 
IF StackAddressSize = 16 
THEN 
SP := SP + SRC; 
ELSE (* StackAddressSize = 64 *) 
RSP := RSP + SRC; 
Fl; 
Fl; 
Fl; 
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Flags Affected 
None. 


Protected Mode Exceptions 


#GP(0) 


#GP(selector) 


#SS(0) 


#NP(selector) 
#PF(fault-code) 
#AC(0) 
#CP(Far-RET/IRET) 


If the return code or stack segment selector is NULL. 
If the return instruction pointer is not within the return code segment limit. 


If returning to 32-bit or compatibility mode and the previous SSP from shadow stack (when 
returning to CPL <3) or from IA32_PL3_SSP (returning to CPL 3) is beyond 4GB. 


If the RPL of the return code segment selector is less then the CPL. 
If the return code or stack segment selector index is not within its descriptor table limits. 
If the return code segment descriptor does not indicate a code segment. 


If the return code segment is non-conforming and the segment selector’s DPL is not equal to 
the RPL of the code segment’s segment selector 


If the return code segment is conforming and the segment selector’s DPL greater than the RPL 
of the code segment’s segment selector 


If the stack segment is not a writable data segment. 
If the stack segment selector RPL is not equal to the RPL of the return code segment selector. 


If the stack segment descriptor DPL is not equal to the RPL of the return code segment 
selector. 


If the top bytes of stack are not within stack limits. 

If the return stack segment is not present. 

If the return code segment is not present. 

If a page fault occurs. 

If an unaligned memory access occurs when the CPL is 3 and alignment checking is enabled. 


If the previous SSP from shadow stack (when returning to CPL <3) or from IA32_PL3_SSP 
(returning to CPL 3) is not 4 byte aligned. 


If return instruction pointer from stack and shadow stack do not match. 


Real-Address Mode Exceptions 


#GP 
#SS 


If the return instruction pointer is not within the return code segment limit 
If the top bytes of stack are not within stack limits. 


Virtual-8086 Mode Exceptions 


#GP(0) 
#SS(0) 
#PF(fault-code) 
#AC(0) 


If the return instruction pointer is not within the return code segment limit 
If the top bytes of stack are not within stack limits. 

If a page fault occurs. 

If an unaligned memory access occurs when alignment checking is enabled. 


Compatibility Mode Exceptions 
Same as 64-bit mode exceptions. 
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64-Bit Mode Exceptions 
#GP(0) If the return instruction pointer is non-canonical. 
If the return instruction pointer is not within the return code segment limit. 
If the stack segment selector is NULL going back to compatibility mode. 
If the stack segment selector is NULL going back to CPL3 64-bit mode. 
If a NULL stack segment selector RPL is not equal to CPL going back to non-CPL3 64-bit mode. 
If the return code segment selector is NULL. 


If returning to 32-bit or compatibility mode and the previous SSP from shadow stack (when 
returning to CPL <3) or from IA32_PL3_SSP (returning to CPL 3) is beyond 4GB. 


#GP(selector) If the proposed segment descriptor for a code segment does not indicate it is a code segment. 
If the proposed new code segment descriptor has both the D-bit and L-bit set. 


If the DPL for a nonconforming-code segment is not equal to the RPL of the code segment 
selector. 


If CPL is greater than the RPL of the code segment selector. 


If the DPL of a conforming-code segment is greater than the return code segment selector 
RPL. 


If a segment selector index is outside its descriptor table limits. 

If a segment descriptor memory address is non-canonical. 

If the stack segment is not a writable data segment. 

If the stack segment descriptor DPL is not equal to the RPL of the return code segment 


selector. 

If the stack segment selector RPL is not equal to the RPL of the return code segment selector. 
#SS(0) If an attempt to pop a value off the stack violates the SS limit. 

If an attempt to pop a value off the stack causes a non-canonical address to be referenced. 
#NP(selector) If the return code or stack segment is not present. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 


current privilege level is 3. 


#CP(Far-RET/IRET) If the previous SSP from shadow stack (when returning to CPL <3) or from IA32_PL3_SSP 
(returning to CPL 3) is not 4 byte aligned. 


If return instruction pointer from stack and shadow stack do not match. 
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RORX — Rotate Right Logical Without Affecting Flags 


Opcode/ Op/ | 64/32 | CPUID Description 
Instruction En -bit Feature 

Mode | Flag 
VEX.LZ.F2.0F3A.WO FO /r ib RMI | V/V BMI2 Rotate 32-bit r/m32 right imm8 times without affecting arithmetic 
RORX r32, r/m32, imm8 flags. 
VEX.LZ.F2.0F3A.W1 FO /r ib RMI | V/N.E. | BMI2 Rotate 64-bit r/m64 right imm8 times without affecting arithmetic 
RORX r64, r/m64, imm8 flags. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMI ModRM:reg (w) ModRM:r/m (r) Imm8s NA 
Description 


Rotates the bits of second operand right by the count value specified in imm8 without affecting arithmetic flags. 


The RORX instruction does not read or write the arithmetic flags. 


This instruction is not supported in real mode and virtual-8086 mode. The operand size is always 32 bits if not in 
64-bit mode. In 64-bit mode operand size 64 requires VEX.W1. VEX.W1 is ignored in non-64-bit modes. An attempt 


to execute this instruction with VEX.L not equal to 0 will cause #UD. 


Operation 


IF (OperandSize = 32) 

y := imm8 AND 1FH; 

DEST := (SRC >> y) | (SRC << (32-y)); 
ELSEIF (OperandSize = 64 ) 

y = imm8 AND 3FH; 

DEST := (SRC >> y) | (SRC << (64-y)); 
FI; 


Flags Affected 
None 


Intel C/C++ Compiler Intrinsic Equivalent 
Auto-generated from high-level language. 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-29, “Type 13 Class Exception Conditions”. 
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ROUNDPD — Round Packed Double Precision Floating-Point Values 


Opcode*/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

66 OF 3A 09 /r ib RMI | V/V SSE4_1 Round packed double precision floating-point 

ROUNDPD xmm1, xmm2/m128, imm8 values in xmm2/m1 28 and place the result in 
xmm1. The rounding mode is determined by 
immé. 

VEX.128.66.0F3A.WIG 09 /r ib RMI | V/V AVX Round packed double-precision floating-point 

VROUNDPD xmm1, xmm2/m128, imm8 values in xmm2/m128 and place the result in 
xmm1. The rounding mode is determined by 
immé. 

VEX.256.66.0F3A.WIG 09 /r ib RMI | V/V AVX Round packed double-precision floating-point 

VROUNDPD ymm1, ymm2/m256, imm8 values in ynm2/m256 and place the result in 
ymm1. The rounding mode is determined by 
immé. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMI ModRM:reg (w) ModRM:r/m (r) imm8 NA 
Description 


Round the 2 double-precision floating-point values in the source operand (second operand) using the rounding 
mode specified in the immediate operand (third operand) and place the results in the destination operand (first 
operand). The rounding process rounds each input floating-point value to an integer value and returns the integer 
result as a double-precision floating-point value. 


The immediate operand specifies control fields for the rounding operation, three bit fields are defined and shown in 
Figure 4-24. Bit 3 of the immediate byte controls processor behavior for a precision exception, bit 2 selects the 
source of rounding mode control. Bits 1:0 specify a non-sticky rounding-mode value (Table 4-23 lists the encoded 
values for rounding-mode field). 


The Precision Floating-Point Exception is signaled according to the immediate operand. If any source operand is an 
SNaN then it will be converted to a QNaN. If DAZ is set to ‘1 then denormals will be converted to zero before 
rounding. 


128-bit Legacy SSE version: The second source can be an XMM register or 128-bit memory location. The destina- 
tion is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding YMM 
register destination are unmodified. 


VEX.128 encoded version: the source operand second source operand or a 128-bit memory location. The destina- 
tion operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding YMM register destination are 
zeroed. 


VEX.256 encoded version: The source operand is a YMM register or a 256-bit memory location. The destination 
operand is a YMM register. 


Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 
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3210 


Reserved 


P — Precision Mask; 0: normal, 1: inexact 
RS — Rounding select; 1: MXCSR.RC, 0: Imm8.RC 


RC — Rounding mode 


Figure 4-24. Bit Control Fields of Immediate Byte for ROUNDxx Instruction 


Table 4-23. Rounding Modes and Encoding of Rounding Control (RC) Field 


Rounding RC Field | Description 

Mode Setting 

Round to OOB Rounded result is the closest to the infinitely precise result. If two values are equally close, the result is 
nearest (even) the even value (i.e., the integer value with the least-significant bit of zero). 

Round down 01B Rounded result is closest to but no greater than the infinitely precise result. 

(toward —co) 

Round up 10B Rounded result is closest to but no less than the infinitely precise result. 

(toward +o) 

Round toward | 11B Rounded result is closest to but no greater in absolute value than the infinitely precise result. 

zero (Truncate) 


Operation 


IF (imm[2] = ‘1) 
THEN = // rounding mode is determined by MXCSR.RC 
DEST[63:0] := ConvertDPFPTolnteger_M(SRC[63:0}); 
DEST[1 27:64] := ConvertDPFPTolnteger_M(SRC[127:64}); 
ELSE // rounding mode is determined by IMM8.RC 
DEST[63:0] := ConvertDPFPTolnteger_Imm(SRC[63:0)); 
DEST[1 27:64] := ConvertDPFPTolnteger_Imm(SRC[1 27:64); 
Fl 


ROUNDPD (128-bit Legacy SSE version) 

DEST[63:0] := RoundTolnteger(SRC[63:0]], ROUND_CONTROL) 
DEST[127:64] := RoundTolnteger(SRC[127:64]], ROUND_CONTROL) 
DEST[MAXVL-1:128] (Unmodified) 


VROUNDPD (VEX.128 encoded version) 

DEST[63:0] := RoundTolnteger(SRC[63:0]], ROUND_CONTROL) 
DEST[127:64] := RoundTolnteger(SRC[127:64]], ROUND_CONTROL) 
DEST[MAXVL-1:128] := 0 


VROUNDPD (VEX.256 encoded version) 

DEST[63:0] := RoundTolnteger(SRC[63:0], ROUND_CONTROL) 
DEST[127:64] := RoundTolnteger(SRC[127:64]], ROUND_CONTROL) 
DEST[191:128] := RoundTolnteger(SRC[191:128]], ROUND_CONTROL) 
DEST[255:192] := RoundTolnteger(SRC[255:192] ], ROUND_CONTROL) 
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Intel C/C++ Compiler Intrinsic Equivalent 
m128 _mm_round_pd(__m128d s1, int iRoundMode); 
m128 _mm_floor_pd(__m128d s1); 
m128 _mm_ceil_pd(__m128d s1) 
m256 __mm256_round_pd(__m256d s1, int iRoundMode); 
m256 __mm256_floor_pd(__m256d s1); 
m256 _mm256_ceil_pd(__m256d s1) 


SIMD Floating-Point Exceptions 
Invalid (signaled only if SRC = SNaN) 


Precision (signaled only if imm[3] = ‘0; if imm[3] = ‘1, then the Precision Mask in the MXSCSR is ignored and preci- 
sion exception is not signaled.) 


Note that Denormal is not signaled by ROUNDPD. 


Other Exceptions 
See Table 2-19, “Type 2 Class Exception Conditions”; additionally: 
#UD If VEX.vvvv # 1111B. 
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ROUNDPS — Round Packed Single Precision Floating-Point Values 


Opcode*/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

66 OF 3A 08 RMI | V/V SSE4_1 Round packed single precision floating-point 

/r ib values in xmm2/m128 and place the result in 

ROUNDPS xmm1, xmm2/m128, imm8 xmm1. The rounding mode is determined by 
immé. 

VEX.128.66.0F3A.WIG 08 /r ib RMI | V/V AVX Round packed single-precision floating-point 

VROUNDPS xmm17, xmm2/m128, imm8 values in xmm2/m128 and place the result in 
xmm1. The rounding mode is determined by 
immé. 

VEX.256.66.0F3A.WIG 08 /r ib RMI | V/V AVX Round packed single-precision floating-point 

VROUNDPS ymm1, ynm2/m256, imm8 values in ymm2/m256 and place the result in 
ymm1. The rounding mode is determined by 
immé. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMI ModRM:reg (w) ModRM:r/m (r) imm8 NA 
Description 


Round the 4 single-precision floating-point values in the source operand (second operand) using the rounding 
mode specified in the immediate operand (third operand) and place the results in the destination operand (first 
operand). The rounding process rounds each input floating-point value to an integer value and returns the integer 
result as a single-precision floating-point value. 


The immediate operand specifies control fields for the rounding operation, three bit fields are defined and shown in 
Figure 4-24. Bit 3 of the immediate byte controls processor behavior for a precision exception, bit 2 selects the 
source of rounding mode control. Bits 1:0 specify a non-sticky rounding-mode value (Table 4-23 lists the encoded 
values for rounding-mode field). 


The Precision Floating-Point Exception is signaled according to the immediate operand. If any source operand is an 
SNaN then it will be converted to a QNaN. If DAZ is set to ‘1 then denormals will be converted to zero before 
rounding. 


128-bit Legacy SSE version: The second source can be an XMM register or 128-bit memory location. The destina- 
tion is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding YMM 
register destination are unmodified. 


VEX.128 encoded version: the source operand second source operand or a 128-bit memory location. The destina- 
tion operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding YMM register destination are 
zeroed. 


VEX.256 encoded version: The source operand is a YMM register or a 256-bit memory location. The destination 
operand is a YMM register. 


Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 
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Operation 


IF (imm[2] = ‘1) 

THEN = // rounding mode is determined by MXCSR.RC 
DEST[31:0] := ConvertSPFPTolnteger_M(SRC[31:0)); 
DEST[63:32] := ConvertSPFPTolnteger_M(SRC[63:32]); 
DEST[95:64] := ConvertSPFPTolnteger_M(SRC[95:64)); 
DEST[1 27:96] := ConvertSPFPTolnteger_M(SRC[127:96]); 

ELSE // rounding mode is determined by IMM8.RC 
DEST[31:0] := ConvertSPFPTolnteger_Imm(SRC[31:0]); 
DEST[63:32] := ConvertSPFPTolnteger_Imm(SRC[63:32]); 
DEST[95:64] := ConvertSPFPTolnteger_Imm(SRC[95:64}); 
DEST[1 27:96] := ConvertSPFPTolnteger_Imm(SRC[127:96]); 

Fl; 


ROUNDPS(1 28-bit Legacy SSE version) 

DEST[31:0] := RoundTolnteger(SRC[31:0], ROUND_CONTROL) 
DEST[63:32] := RoundTolnteger(SRC[63:32], ROUND_CONTROL) 
DEST[95:64] := RoundTolnteger(SRC[95:64]], ROUND_CONTROL) 
DEST[127:96] := RoundTolnteger(SRC[127:96]], ROUND_CONTROL) 
DEST[MAXVL-1:128] (Unmodified) 


VROUNDPS (VEX.128 encoded version) 

DEST[31:0] := RoundTolnteger(SRC[31:0], ROUND_CONTROL) 
DEST[63:32] := RoundTolnteger(SRC[63:32], ROUND_CONTROL) 
DEST[95:64] := RoundTolnteger(SRC[95:64]], ROUND_CONTROL) 
DEST[127:96] := RoundTolnteger(SRC[127:96]], ROUND_CONTROL) 
DEST[MAXVL-1:128] := 0 


VROUNDPS (VEX.256 encoded version) 

DEST[31:0] := RoundTolnteger(SRC[31:0], ROUND_CONTROL) 
DEST[63:32] := RoundTolnteger(SRC[63:32], ROUND_CONTROL) 
DEST[95:64] := RoundTolnteger(SRC[95:64]], ROUND_CONTROL) 
DEST[127:96] := RoundTolnteger(SRC[127:96]], ROUND_CONTROL) 


DEST[159:128] := RoundTolnteger(SRC[159:128]], ROUND_CONTROL) 
DEST[191:160] := RoundTolnteger(SRC[191:160]], ROUND_CONTROL) 
DEST[223:192] := RoundTolnteger(SRC[223:1 92] ], ROUND_CONTROL) 
DEST[255:224] := RoundTolnteger(SRC[255:224] ], ROUND_CONTROL) 


Intel C/C++ Compiler Intrinsic Equivalent 


m128 _mm_round_ps(__m128 s1, int iRoundMode); 


m128 _mm_floor_ps(__m128 s1); 


m128 _mm_ceil_ps(__m128 s1) 

m256 __mm256_round_ps(__m256 s1, int iRoundMode); 
m256 _mm256_floor_ps(__m256 s1); 

m256 __mm256_ceil_ps(__m256 s1) 
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SIMD Floating-Point Exceptions 
Invalid (signaled only if SRC = SNaN) 


Precision (signaled only if imm[3] = ‘0; if imm[3] = ‘1, then the Precision Mask in the MXSCSR is ignored and preci- 
sion exception is not signaled.) 


Note that Denormal is not signaled by ROUNDPS. 


Other Exceptions 
See Table 2-19, “Type 2 Class Exception Conditions”; additionally: 
#UD If VEX.vvvv # 1111B. 
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ROUNDSD — Round Scalar Double Precision Floating-Point Values 


Opcode*/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
66 OF 3A OB /r ib RMI | V/V SSE4_1 Round the low packed double precision 
ROUNDSD xmm1, xmm2/m64, imm8 floating-point value in xmm2/m64 and place 


the result in xmm1. The rounding mode is 
determined by immé. 


VEX.LIG.66.0F3A.WIG OB /r ib RVMI | V/V AVX Round the low packed double precision 
VROUNDSD xmm1, xmm2, xmm3/m64, imm8 floating-point value in xmm3/m64 and place 
the result in xmm1. The rounding mode is 
determined by imm8. Upper packed double 
precision floating-point value (bits[127:64]) 
from xmm_2 is copied to xmm1[1 27:64]. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMI ModRM:reg (w) ModRM:r/m (r) imm8 NA 
RVMI ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8 
Description 


Round the DP FP value in the lower qword of the source operand (second operand) using the rounding mode spec- 
ified in the immediate operand (third operand) and place the result in the destination operand (first operand). The 
rounding process rounds a double-precision floating-point input to an integer value and returns the integer result 
as a double precision floating-point value in the lowest position. The upper double precision floating-point value in 
the destination is retained. 


The immediate operand specifies control fields for the rounding operation, three bit fields are defined and shown in 
Figure 4-24. Bit 3 of the immediate byte controls processor behavior for a precision exception, bit 2 selects the 
source of rounding mode control. Bits 1:0 specify a non-sticky rounding-mode value (Table 4-23 lists the encoded 
values for rounding-mode field). 


The Precision Floating-Point Exception is signaled according to the immediate operand. If any source operand is an 
SNaN then it will be converted to a QNaN. If DAZ is set to ‘1 then denormals will be converted to zero before 
rounding. 

128-bit Legacy SSE version: The first source operand and the destination operand are the same. Bits (MAXVL- 
1:64) of the corresponding YMM destination register remain unchanged. 


VEX.128 encoded version: Bits (MAXVL-1:128) of the destination YMM register are zeroed. 


Operation 


IF (imm[2] = ‘1) 
THEN = // rounding mode is determined by MXCSR.RC 
DEST[63:0] := ConvertDPFPTolnteger_M(SRC[63:0)); 
ELSE // rounding mode is determined by IMM8.RC 
DEST[63:0] := ConvertDPFPTolnteger_Imm(SRC[63:0)); 
Fl; 
DEST[127:63] remains unchanged ; 


ROUNDSD (128-bit Legacy SSE version) 


DEST[63:0] := RoundTolnteger(SRC[63:0], ROUND_CONTROL) 
DEST[MAXVL-1:64] (Unmodified) 
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VROUNDSD (VEX.128 encoded version) 

DEST[63:0] := RoundTolnteger(SRC2[63:0], ROUND_CONTROL) 
DEST[127:64] := SRC1[127:64] 

DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


ROUNDSD: __m128d mm_round_sd(__m128d dst, __m128d s1, int iRoundMode); 
__m128d mm_floor_sd(__m128d dst,__m128d s1); 
__m128d mm_ceil_sd(__m128d dst, ___m128d s1); 


SIMD Floating-Point Exceptions 
Invalid (signaled only if SRC = SNaN) 


Precision (signaled only if imm[3] = ‘0; if imm[3] = ‘1, then the Precision Mask in the MXSCSR is ignored and preci- 
sion exception is not signaled.) 


Note that Denormal is not signaled by ROUNDSD. 


Other Exceptions 
See Table 2-20, “Type 3 Class Exception Conditions”. 
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ROUNDSS — Round Scalar Single Precision Floating-Point Values 


Opcode*/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
66 OF 3A OA /r ib RMI | V/V SSE4_1 Round the low packed single precision 


floating-point value in xmm2/m32 and place 
the result in xmm1. The rounding mode is 
determined by immé. 


ROUNDSS xmm17, xmm2/m32, imm8 


Round the low packed single precision 
floating-point value in xmm3/m32 and place 
the result in xmm1. The rounding mode is 
determined by imm@. Also, upper packed 
single precision floating-point values 
(bits[127:32]) from xmm2 are copied to 


VEX.LIG.66.0F3A.WIG OA /r ib RVMI | V/V AVX 
VROUNDSS xmm1, xmm2, xmm3/m32, imm8 


xmm1[127:32]. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMI ModRM:reg (w) ModRM:r/m (r) imm8 NA 
RVMI ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8s 
Description 


Round the single-precision floating-point value in the lowest dword of the source operand (second operand) using 
the rounding mode specified in the immediate operand (third operand) and place the result in the destination 
operand (first operand). The rounding process rounds a single-precision floating-point input to an integer value 
and returns the result as a single-precision floating-point value in the lowest position. The upper three single-preci- 
sion floating-point values in the destination are retained. 


The immediate operand specifies control fields for the rounding operation, three bit fields are defined and shown in 
Figure 4-24. Bit 3 of the immediate byte controls processor behavior for a precision exception, bit 2 selects the 
source of rounding mode control. Bits 1:0 specify a non-sticky rounding-mode value (Table 4-23 lists the encoded 
values for rounding-mode field). 

The Precision Floating-Point Exception is signaled according to the immediate operand. If any source operand is an 
SNaN then it will be converted to a QNaN. If DAZ is set to ‘1 then denormals will be converted to zero before 
rounding. 

128-bit Legacy SSE version: The first source operand and the destination operand are the same. Bits (MAXVL- 
1:32) of the corresponding YMM destination register remain unchanged. 


VEX.128 encoded version: Bits (MAXVL-1:128) of the destination YMM register are zeroed. 


Operation 
IF (imm[2] = ‘1) 
THEN = // rounding mode is determined by MXCSR.RC 
DEST[31:0] := ConvertSPFPTolnteger_M(SRC[31:0)); 
ELSE // rounding mode is determined by IMM8.RC 
DEST[31:0] := ConvertSPFPTolnteger_Imm(SRC[31:0]); 
Fl; 
DEST[127:32] remains unchanged ; 


ROUNDSS (128-bit Legacy SSE version) 
DEST[31:0] := RoundTolnteger(SRC[3 1:0], ROUND_CONTROL) 
DEST[MAXVL-1:32] (Unmodified) 
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VROUNDSS (VEX.128 encoded version) 

DEST[31:0] := RoundTolnteger(SRC2[3 1:0], ROUND_CONTROL) 
DEST[127:32] := SRC1[127:32] 

DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


ROUNDSS: __m128 mm_round_ss(__m128 dst,__m128 s1, int iRoundMode); 
__m128 mm_floor_ss(__m128 dst,__m128 s1); 
__m128 mm_ceil_ss(__m128 dst, _m128 s1); 


SIMD Floating-Point Exceptions 
Invalid (signaled only if SRC = SNaN) 


Precision (signaled only if imm[3] = ‘0; if imm[3] = ‘1, then the Precision Mask in the MXSCSR is ignored and preci- 
sion exception is not signaled.) 


Note that Denormal is not signaled by ROUNDSS. 


Other Exceptions 
See Table 2-20, “Type 3 Class Exception Conditions”. 
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RSM—Resume from System Management Mode 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF AA RSM ZO | Valid Valid Resume operation of interrupted program. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Returns program control from system management mode (SMM) to the application program or operating-system 
procedure that was interrupted when the processor received an SMM interrupt. The processor’s state is restored 
from the dump created upon entering SMM. If the processor detects invalid state information during state restora- 
tion, it enters the shutdown state. The following invalid information can cause a shutdown: 


° Any reserved bit of CR4 is set to 1. 
¢ = Any illegal combination of bits in CRO, such as (PG=1 and PE=0) or (NW=1 and CD=0). 


¢ (Intel Pentium and Intel486™ processors only.) The value stored in the state dump base field is not a 32-KByte 
aligned address. 


The contents of the model-specific registers are not affected by a return from SMM. 
The SMM state map used by RSM supports resuming processor context for non-64-bit modes and 64-bit mode. 


See Chapter 31, “System Management Mode,” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3C, for more information about SMM and the behavior of the RSM instruction. 


Operation 


ReturnFromSMM; 
IF (IA-32e mode supported) or (CPUID DisplayFamily_DisplayModel = OGH_OCH ) 
THEN 
ProcessorState := Restore(SMMDump(lA-32e SMM STATE MAP)); 
Else 
ProcessorState := Restore(SMMDump(Non-32-Bit-Mode SMM STATE MAP)); 
Fl 


Flags Affected 
All. 


Protected Mode Exceptions 
#UD If an attempt is made to execute this instruction when the processor is not in SMM. 
If the LOCK prefix is used. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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RSQRTPS—Compute Reciprocals of Square Roots of Packed Single-Precision Floating-Point 
Values 


Opcode*/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
NP OF 52 /r RM | V/V SSE Computes the approximate reciprocals of the 
RSORTPS xmm1, xmm2/m128 square roots of the packed single-precision 


floating-point values in xmm2/m128 and 
stores the results in xmm1. 


VEX.128.0F.WIG 52 /r RM | V/V AVX Computes the approximate reciprocals of the 
VRSQRTPS xmm1, xmm2/m128 square roots of packed single-precision values 
in xmm2/mem and stores the results in xmm17. 
VEX.256.0F.WIG 52 /r RM | V/V AVX Computes the approximate reciprocals of the 
VRSQRTPS ymm1, ymm2/m256 square roots of packed single-precision values 


in ynm2/mem and stores the results in ymm7. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Performs a SIMD computation of the approximate reciprocals of the square roots of the four packed single-preci- 
sion floating-point values in the source operand (second operand) and stores the packed single-precision floating- 
point results in the destination operand. The source operand can be an XMM register or a 128-bit memory location. 
The destination operand is an XMM register. See Figure 10-5 in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1, for an illustration of a SIMD single-precision floating-point operation. 


The relative error for this approximation is: 


[Relative Error] < 1.5 * 2-!¢ 


The RSQRTPS instruction is not affected by the rounding control bits in the MXCSR register. When a source value is 
a 0.0, an ~ of the sign of the source value is returned. A denormal source value is treated as a 0.0 (of the same 
sign). When a source value is a negative value (other than —0.0), a floating-point indefinite is returned. When a 
source value is an SNaN or QNaN, the SNaN is converted to a QNaN or the source QNaN is returned. 


In 64-bit mode, using a REX prefix in the form of REX.R permits this instruction to access additional registers 
(XMM8-XMM15). 

128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
YMM register destination are unmodified. 

VEX.128 encoded version: the first source operand is an XMM register or 128-bit memory location. The destination 
operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding YMM register destination are 
zeroed. 

VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 


Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 
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Operation 


RSQRTPS (128-bit Legacy SSE version) 

DEST[31:0] := APPROXIMATE(1/SOQRT(SRC[31:0])) 
DEST[63:32] := APPROXIMATE(1/SQRT(SRC1[63:32])) 
DEST[95:64] := APPROXIMATE(1/SQRT(SRC1[95:64])) 
DEST[127:96] := APPROXIMATE(1/SQRT(SRC2[127:96])) 
DEST[MAXVL-1:128] (Unmodified) 


VRSQRTPS (VEX.128 encoded version) 

DEST[31:0] := APPROXIMATE(1/SOQRT(SRC[31:0])) 
DEST[63:32] := APPROXIMATE(1/SQRT(SRC1[63:32])) 
DEST[95:64] := APPROXIMATE(1/SQRT(SRC1[95:64])) 
DEST[127:96] := APPROXIMATE(1/SQRT(SRC2[1 27:96])) 
DEST[MAXVL-1:128] := 0 


VRSQRTPS (VEX.256 encoded version) 

DEST[31:0] := APPROXIMATE(1/SORT(SRC[31:0])) 
DEST[63:32] := APPROXIMATE(1/SQRT(SRC1[63:32])) 
DEST[95:64] := APPROXIMATE(1/SQRT(SRC1[95:64)])) 
DEST[127:96] := APPROXIMATE(1/SQRT(SRC2[1 27:96])) 
DEST[159:128] := APPROXIMATE(1/SORT(SRC2[159:128]) 
DEST[191:160] := APPROXIMATE(1/SORT(SRC2[191:160]) 
DEST[223:192] := APPROXIMATE(1/SORT(SRC2[223:192]) 
DEST[255:224] := APPROXIMATE(1/SORT(SRC2[255:224]) 


a on 
Sara Tr hw 


Intel C/C++ Compiler Intrinsic Equivalent 


RSQRTPS: m128 _mm_rsqrt_ps(__m128 a) 
RSQRTPS: m256 _mm256_rsqrt_ps (__m256 a); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.vvvv # 1111B. 
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RSQRTSS—Compute Reciprocal of Square Root of Scalar Single-Precision Floating-Point Value 


Opcode*/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
F3 OF 52 /r RM |V/V SSE Computes the approximate reciprocal of the 
RSQRTSS xmm1, xmm2/m32 square root of the low single-precision 


floating-point value in xmm2/m32 and stores 
the results in xmm17. 


VEX.LIG.F3.0F.WIG 52 /r RVM | V/V AVX Computes the approximate reciprocal of the 
VRSQRTSS xmm1, xmm2, xmm3/m32 square root of the low single precision 
floating-point value in xmm3/m32 and stores 
the results in xmm7. Also, upper single 
precision floating-point values (bits[127:32]) 
from xmm2 are copied to xmm1[127:32]. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Computes an approximate reciprocal of the square root of the low single-precision floating-point value in the 
source operand (second operand) stores the single-precision floating-point result in the destination operand. The 
source operand can be an XMM register or a 32-bit memory location. The destination operand is an XMM register. 
The three high-order doublewords of the destination operand remain unchanged. See Figure 10-6 in the Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 1, for an illustration of a scalar single-precision 
floating-point operation. 


The relative error for this approximation is: 


[Relative Error] < 1.5 * 2-1@ 


The RSQRTSS instruction is not affected by the rounding control bits in the MXCSR register. When a source value is 
a 0.0, an ~ of the sign of the source value is returned. A denormal source value is treated as a 0.0 (of the same 
sign). When a source value is a negative value (other than —0.0), a floating-point indefinite is returned. When a 
source value is an SNaN or QNaN, the SNaN is converted to a QNaN or the source QNaN is returned. 


In 64-bit mode, using a REX prefix in the form of REX.R permits this instruction to access additional registers 
(XMM8-XMM15). 


128-bit Legacy SSE version: The first source operand and the destination operand are the same. Bits (MAXVL- 
1:32) of the corresponding YMM destination register remain unchanged. 


VEX.128 encoded version: Bits (MAXVL-1:128) of the destination YMM register are zeroed. 


Operation 


RSQRTSS (128-bit Legacy SSE version) 
DEST[31:0] := APPROXIMATE(1/SQRT(SRC2[31:0])) 
DEST[MAXVL-1:32] (Unmodified) 


VRSQRTSS (VEX.128 encoded version) 
DEST[31:0] := APPROXIMATE(1/SQRT(SRC2[31:0])) 
DEST[1 27:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 
RSQRTSS: m128_mm_rsqrt_ss(__m128 a) 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 
See Table 2-22, “Type 5 Class Exception Conditions”. 
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RSTORSSP—Restore Saved Shadow Stack Pointer 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
F3 OF 01 /5 (mod!=11, /5, M VIV CET_SS Restore SSP. 
memory only) 
RSTORSSP m64 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r, w) NA NA NA 
Description 


Restores SSP from the shadow-stack-restore token pointed to by m64. If the SSP restore was successful then the 
instruction replaces the shadow-stack-restore token with a previous-ssp token. The instruction sets the CF flag to 
indicate whether the SSP address recorded in the shadow-stack-restore token that was processed was 4 byte 
aligned, i.e., whether an alignment hole was created when the restore-shadow-stack token was pushed on this 
shadow stack. 

Following RSTORSSP if a restore-shadow-stack token needs to be saved on the previous shadow stack, use the 
SAVEPREVSSP instruction. 

If pushing a restore-shadow-stack token on the previous shadow stack is not required, the previous-ssp token can 
be popped using the INCSSPQ instruction. If the CF flag was set to indicate presence of an alignment hole, an addi- 
tional INCSSPD instruction is needed to advance the SSP past the alignment hole. 


Operation 
IF CPL = 3 
IF (CR4.CET & IA32_U_CET.SH_STK_EN) = 0 
THEN #UD; Fl; 
ELSE 
IF (CR4.CET & IA32_S_CET.SH_STK_EN) = 0 
THEN #UD; Fl; 
Fl; 


SSP_LA = Linear_Address(mem operand) 
IF SSP_LA not aligned to 8 bytes 
THEN #GP(0); Fl; 


previous_ssp_token = SSP | (IA32_EFER.LMA AND CS.L) | 0x02 

Start Atomic Execution 

restore_ssp_token = Locked shadow_stack_load 8 bytes from SSP_LA 
fault = 0 


IF ((restore_ssp_token & 0x03) != (IA32_EFER.LMA & CS.L)) 
THEN fault = 1; Fl; (* If L flag in token does not match IA32_EFER.LMA & CS.L or bit 1 is not O *) 


IF ((IA32_EFER.LMA AND CS.L) = 0 AND restore_ssp_token[63:32] != 0) 
THEN fault = 1; Fl; (* If compatibility/legacy mode and SSP to be restored not below 4G *) 


TMP = restore_ssp_token & ~Ox01 


TMP = (TMP - 8) 
TMP = TMP & ~Ox07 
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IF TMP != SSP_LA 
THEN fault = 1; Fl; (* If address in token does not match the requested top of stack *) 


TMP = (fault == 0) ? previous_ssp_token : restore_ssp_token 
shadow_stack_store 8 bytes of TMP to SSP_LA and release lock 
End Atomic Execution 


IF fault == 
THEN #CP(RSTORSSP); FI; 


SSP = SSP_LA 


// Set the CF if the SSP in the restore token was 4 byte aligned, i.e., there is an alignment hole 
RFLAGS.CF = (restore_ssp_token & 0x04) ? 1:0; 
RFLAGS.ZF,PF,AF,OF,SF := 0; 


Flags Affected 


CF is set to indicate if the shadow stack pointer in the restore token was 4 byte aligned, else it is cleared. ZF, 
PF, AF, OF, and SF are cleared. 


C/C++ Compiler Intrinsic Equivalent 
RSTORSSP void _rstorssp(void *); 


Protected Mode Exceptions 
#UD If the LOCK prefix is used. 
If CR4.CET = 0. 
IF CPL = 3 and IA32_U_CET.SH_STK_EN = 0. 
IF CPL < 3 and IA32_S_CET.SH_STK_EN = 0. 
#GP(0) If linear address of memory operand not 8 byte aligned. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If destination is located in a non-writeable segment. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 


selector. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#CP(rstorssp) If L bit in token does not match (IA32_EFER.LMA & CS.L). 


If address in token does not match linear address of memory operand. 
If in 32-bit or compatibility mode and the address in token is not below 4G. 
#PF(fault-code) If a page fault occurs. 


Real-Address Mode Exceptions 
#UD The RSTORSSP instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The RSTORSSP instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same as protected mode exceptions. 
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64-Bit Mode Exceptions 

#UD If the LOCK prefix is used. 
If CR4.CET = 0. 
If CPL = 3 and JA32_U_CET.SH_STK_EN = 0. 
If CPL < 3 and IA32_S_CET.SH_STK_EN = 0. 


#GP(0) If linear address of memory operand not 8 byte aligned. 

If a memory address is in a non-canonical form. 
#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#CP(rstorssp) If L bit in token does not match (IA32_EFER.LMA & CS.L). 


If address in token does not match linear address of memory operand. 
#PF(fault-code) If a page fault occurs. 
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SAHF—Store AH into Flags 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
SE SAHF ZO | Invalid* Valid Loads SF, ZF, AF, PF, and CF from AH into 
EFLAGS register. 
NOTES: 


* Valid in specific steppings. See Description section. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Loads the SF, ZF, AF, PF, and CF flags of the EFLAGS register with values from the corresponding bits in the AH 
register (bits 7, 6, 4, 2, and 0, respectively). Bits 1, 3, and 5 of register AH are ignored; the corresponding reserved 
bits (1, 3, and 5) in the EFLAGS register remain as shown in the “Operation” section below. 


This instruction executes as described above in compatibility mode and legacy mode. It is valid in 64-bit mode only 
if CPUID.80000001H:ECX.LAHF-SAHF[bit 0] = 1. 


Operation 


IF |A-64 Mode 
THEN 
IF CPUID.8B0000001H.ECX[0] = 1; 
THEN 
RFLAGS(SF:ZF:0:AF:0:PF:1:CF) := AH; 
ELSE 
#UD; 
Fl 
ELSE 
EFLAGS(SF:ZF:0:AF:0:PF:1:CF) := AH; 
Fl; 


Flags Affected 


The SF, ZF, AF, PF, and CF flags are loaded with values from the AH register. Bits 1, 3, and 5 of the EFLAGS register 
are unaffected, with the values remaining 1, 0, and 0, respectively. 


Protected Mode Exceptions 
None. 


Real-Address Mode Exceptions 
None. 


Virtual-8086 Mode Exceptions 
None. 


Compatibility Mode Exceptions 
None. 
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64-Bit Mode Exceptions 
#UD If CPUID.80000001H.ECX[0] = 0. 
If the LOCK prefix is used. 
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SAL/SAR/SHL/SHR—Shift 
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Opcode*** Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
DO /4 SAL r/m&, 1 M1 | Valid Valid Multiply r/m8 by 2, once. 
REX + DO /4 SAL r/m8**, 1 M1 | Valid N.E. Multiply r/m8 by 2, once. 
D2 /4 SAL r/m8, CL MC | Valid Valid Multiply r/m8 by 2, CL times. 
REX + D2 /4 SAL r/m8**, CL MC | Valid N.E. Multiply r/m8 by 2, CL times. 
CO /4 ib SAL r/m8, imm8 MI Valid Valid Multiply r/m8 by 2, imm8 times. 
REX + CO /4 ib SAL r/m8**, imm8 MI Valid N.E. Multiply r/m8 by 2, imm8 times. 
D1 /4 SAL r/m16, 1 M1 | Valid Valid Multiply r/m76 by 2, once. 
D3 /4 SAL r/m16, CL MC | Valid Valid Multiply r/m76 by 2, CL times. 
C1 /4 ib SAL r/m16, imm8 MI Valid Valid Multiply r/m76 by 2, imm8 times. 
D1 /4 SAL r/m32, 1 M1 | Valid Valid Multiply r/m32 by 2, once. 
REX.W + D1 /4 SAL r/m64, 1 M1 | Valid N.E. Multiply r/m64 by 2, once. 
D3 /4 SAL r/m32, CL MC | Valid Valid Multiply r/m32 by 2, CL times. 
REX.W + D3 /4 SAL r/m64, CL MC | Valid N.E. Multiply r/m64 by 2, CL times. 
C1 /4 ib SAL r/m32, imm8 MI Valid Valid Multiply r/m32 by 2, imm8 times. 
REX.W + C1 /4 ib SAL r/m64, imm8 MI Valid N.E. Multiply r/m64 by 2, imm8 times. 
DO /7 SAR r/m&, 1 M1 | Valid Valid Signed divide* r/m8 by 2, once. 
REX + DO /7 SAR r/m8**, 1 M1 | Valid N.E. Signed divide* r/m8 by 2, once. 
D2 /7 SAR r/m8, CL MC | Valid Valid Signed divide* r/m8 by 2, CL times. 
REX + D2 /7 SAR r/m8**, CL MC | Valid N.E. Signed divide* r/m8 by 2, CL times. 
CO /7 ib SAR r/m8, imm8 MI Valid Valid Signed divide* r/m8 by 2, imm8 times. 
REX + CO /7 ib SAR r/m8**, imm8 MI Valid N.E. Signed divide* r/m8 by 2, imm8 times. 
D1 /7 SAR r/m16,1 M1 | Valid Valid Signed divide* r/m76 by 2, once. 
D3 /7 SAR r/m76, CL MC | Valid Valid Signed divide* r/m76 by 2, CL times. 
C1/7 ib SAR r/m16, imm8 MI Valid Valid Signed divide* r/m16 by 2, imm8 times. 
D1 /7 SAR r/m32, 1 M1 | Valid Valid Signed divide* r/m32 by 2, once. 
REX.W + D1 /7 SAR r/m64, 1 M1 | Valid N.E. Signed divide* r/m64 by 2, once. 
D3 /7 SAR r/m32, CL MC | Valid Valid Signed divide* r/m32 by 2, CL times. 
REX.W + D3 /7 SAR r/m64, CL MC | Valid N.E. Signed divide* r/m64 by 2, CL times. 
C1/7 ib SAR r/m32, imm8 MI Valid Valid Signed divide* r/m32 by 2, imm8 times. 
REX.W + C1 /7 ib SAR r/m64, imm8 MI Valid N.E. Signed divide* r/m64 by 2, imm8 times 
DO /4 SHL r/m8, 1 M1 | Valid Valid Multiply r/m8 by 2, once. 
REX + DO /4 SHL r/m8**, 1 M1 | Valid N.E. Multiply r/m8 by 2, once. 
D2 /4 SHL r/m8, CL MC | Valid Valid Multiply r/m8 by 2, CL times. 
REX + D2 /4 SHL r/m8**, CL MC | Valid N.E. Multiply r/m8 by 2, CL times. 
CO /4 ib SHL r/m8, imm8& MI Valid Valid Multiply r/m8 by 2, imm8 times. 
REX + CO /4 ib SHL r/m8**, imm8& MI Valid N.E. Multiply r/m8 by 2, imm8 times. 
D1 /4 SHL r/m16,1 M1 | Valid Valid Multiply r/m76 by 2, once. 
D3 /4 SHL r/m16, CL MC | Valid Valid Multiply r/m76 by 2, CL times. 
C1 /4 ib SHL r/m16, imm8& MI Valid Valid Multiply r/m76 by 2, imm8 times. 
D1 /4 SHL r/m32,1 M1 | Valid Valid Multiply r/m32 by 2, once. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
REX.W + D1 /4 SHL r/m64,1 M1 | Valid N.E. Multiply r/m64 by 2, once. 
D3 /4 SHL r/m32, CL MC | Valid Valid Multiply r/m32 by 2, CL times. 
REX.W + D3 /4 SHL r/m64, CL MC | Valid N.E. Multiply r/m64 by 2, CL times. 
C1 /4 ib SHL r/m32, imm8& MI Valid Valid Multiply r/m32 by 2, imm8 times. 
REX.W + C1 /4 ib SHL r/m64, imm8& MI Valid N.E. Multiply r/m64 by 2, imm8 times. 
DO/5 SHR r/m&,1 M1 | Valid Valid Unsigned divide r/m8 by 2, once. 
REX + DO/5 SHR r/m8**, 1 M1 | Valid N.E. Unsigned divide r/m8 by 2, once. 
D2/5 SHR r/m8, CL MC | Valid Valid Unsigned divide r/m8 by 2, CL times. 
REX +D2/5 SHR r/m8**, CL MC | Valid N.E. Unsigned divide r/m8 by 2, CL times. 
CO /5 ib SHR r/m&, imm8 MI Valid Valid Unsigned divide r/m8 by 2, imm8 times. 
REX + CO /5 ib SHR r/m8**, imm8 MI Valid N.E. Unsigned divide r/m8 by 2, imm8 times. 
D1/5 SHR r/m16, 1 M1 | Valid Valid Unsigned divide r/m16 by 2, once. 
D3 /5 SHR r/m16, CL MC | Valid Valid Unsigned divide r/m76 by 2, CL times 
C1/5 ib SHR r/m16, imm8 MI Valid Valid Unsigned divide r/m16 by 2, imm8 times. 
D1/5 SHR r/m32, 1 M1 | Valid Valid Unsigned divide r/m32 by 2, once. 
REX.W+D1/5 SHR r/m64, 1 M1 | Valid N.E. Unsigned divide r/m64 by 2, once. 
D3 /5 SHR r/m32, CL MC | Valid Valid Unsigned divide r/m32 by 2, CL times. 
REX.W + D3 /5 SHR r/m64, CL MC | Valid N.E. Unsigned divide r/m64 by 2, CL times. 
C1/5 ib SHR r/m32, imm8 MI Valid Valid Unsigned divide r/m32 by 2, imm8 times. 
REX.W + (C1 /5 ib SHR r/m64, imm8 MI Valid N.E. Unsigned divide r/m64 by 2, imm8 times. 


NOTES: 


* Not the same form of division as IDIV; rounding is toward negative infinity. 
** In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 
***See IA-32 Architecture Compatibility section below. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M1 ModRM:r/m (r, w) 1 NA NA 
MC ModRM:r/m (r, w) CL NA NA 
MI ModRM:r/m (r, w) imm8 NA NA 
Description 


Shifts the bits in the first operand (destination operand) to the left or right by the number of bits specified in the 
second operand (count operand). Bits shifted beyond the destination operand boundary are first shifted into the CF 
flag, then discarded. At the end of the shift operation, the CF flag contains the last bit shifted out of the destination 
operand. 


The destination operand can be a register or a memory location. The count operand can be an immediate value or 
the CL register. The count is masked to 5 bits (or 6 bits if in 64-bit mode and REX.W is used). The count range is 
limited to 0 to 31 (or 63 if 64-bit mode and REX.W is used). A special opcode encoding is provided for a count of 1. 


The shift arithmetic left (SAL) and shift logical left (SHL) instructions perform the same operation; they shift the 
bits in the destination operand to the left (toward more significant bit locations). For each shift count, the most 
significant bit of the destination operand is shifted into the CF flag, and the least significant bit is cleared (see 
Figure 7-7 in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1). 
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The shift arithmetic right (SAR) and shift logical right (SHR) instructions shift the bits of the destination operand to 
the right (toward less significant bit locations). For each shift count, the least significant bit of the destination 
operand is shifted into the CF flag, and the most significant bit is either set or cleared depending on the instruction 
type. The SHR instruction clears the most significant bit (see Figure 7-8 in the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 1); the SAR instruction sets or clears the most significant bit to correspond 
to the sign (most significant bit) of the original value in the destination operand. In effect, the SAR instruction fills 
the empty bit position’s shifted value with the sign of the unshifted value (see Figure 7-9 in the Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 1). 


The SAR and SHR instructions can be used to perform signed or unsigned division, respectively, of the destination 
operand by powers of 2. For example, using the SAR instruction to shift a signed integer 1 bit to the right divides 
the value by 2. 


Using the SAR instruction to perform a division operation does not produce the same result as the IDIV instruction. 
The quotient from the IDIV instruction is rounded toward zero, whereas the “quotient” of the SAR instruction is 
rounded toward negative infinity. This difference is apparent only for negative numbers. For example, when the 
IDIV instruction is used to divide -9 by 4, the result is -2 with a remainder of -1. If the SAR instruction is used to 
shift -9 right by two bits, the result is -3 and the “remainder” is +3; however, the SAR instruction stores only the 
most significant bit of the remainder (in the CF flag). 


The OF flag is affected only on 1-bit shifts. For left shifts, the OF flag is set to 0 if the most-significant bit of the 
result is the same as the CF flag (that is, the top two bits of the original operand were the same); otherwise, it is 
set to 1. For the SAR instruction, the OF flag is cleared for all 1-bit shifts. For the SHR instruction, the OF flag is set 
to the most-significant bit of the original operand. 


In 64-bit mode, the instruction’s default operation size is 32 bits and the mask width for CL is 5 bits. Using a REX 
prefix in the form of REX.R permits access to additional registers (R8-R15). Using a REX prefix in the form of REX.W 
promotes operation to 64-bits and sets the mask width for CL to 6 bits. See the summary chart at the beginning of 
this section for encoding data and limits. 


IA-32 Architecture Compatibility 


The 8086 does not mask the shift count. However, all other IA-32 processors (starting with the Intel 286 processor) 
do mask the shift count to 5 bits, resulting in a maximum count of 31. This masking is done in all operating modes 
(including the virtual-8086 mode) to reduce the maximum execution time of the instructions. 


Operation 
IF 64-Bit Mode and using REX.W 
THEN 
countMASK := 3FH; 
ELSE 


countMASK := 1FH; 
FI 


tempCOUNT := (COUNT AND countMASK); 
tempDEST := DEST; 
WHILE (tempCOUNT # 0) 
DO 
IF instruction is SAL or SHL 
THEN 
CF := MSB(DEST); 
ELSE (* Instruction is SAR or SHR *) 
CF := LSB(DEST); 
Fl; 
IF instruction is SAL or SHL 
THEN 
DEST := DEST * 2; 
ELSE 
IF instruction is SAR 
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THEN 
DEST := DEST / 2; (* Signed divide, rounding toward negative infinity *) 
ELSE (* Instruction is SHR *) 
DEST := DEST / 2; (* Unsigned divide *) 
Fl; 
Fl; 
tempCOUNT := tempCOUNT - 1; 
OD; 


(* Determine overflow for the various instructions *) 
IF (COUNT and countMASK) = 1 


THEN 
IF instruction is SAL or SHL 
THEN 
OF := MSB(DEST) XOR CF; 
ELSE 
IF instruction is SAR 
THEN 
OF := 0; 
ELSE (* Instruction is SHR *) 
OF := MSB(tempDEST); 
Fl; 
Fl; 
ELSE IF (COUNT AND countMASK) = 0 
THEN 


All flags unchanged; 
ELSE (* COUNT not 1 or 0 *) 
OF := undefined; 
Fl; 
Fl; 


Flags Affected 


The CF flag contains the value of the last bit shifted out of the destination operand; it is undefined for SHL and SHR 
instructions where the count is greater than or equal to the size (in bits) of the destination operand. The OF flag is 
affected only for 1-bit shifts (see “Description” above); otherwise, it is undefined. The SF, ZF, and PF flags are set 
according to the result. If the count is 0, the flags are not affected. For a non-zero count, the AF flag is undefined. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 
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Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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Opcode/ Op/ 64/32 | CPUID Description 
Instruction En -bit Feature 
Mode | Flag 
VEX.LZ.F3.0F38.W0 F7 /r RMV | V/V BMI2 Shift r/m32 arithmetically right with count specified in r32b. 
SARX r32a, r/m32, r32b 
VEX.LZ.66.0F38.W0 F7 /r RMV | V/V BMI2 Shift r/m32 logically left with count specified in r32b. 
SHLX 32a, r/m32, r32b 
VEX.LZ.F2.0F38.W0 F7 /r RMV | V/V BMI2 Shift r/m32 logically right with count specified in r32b. 
SHRX r32a, r/m32, r32b 
VEX.LZ.F3.0F38.W1 F7 /r RMV | V/N.E. | BMI2 Shift r/m64 arithmetically right with count specified in r64b. 
SARX r64a, r/m64, r64b 
VEX.LZ.66.0F38.W1 F7 /r RMV | V/N.E. | BMI2 Shift r/m64 logically left with count specified in r64b. 
SHLX r64a, r/m64, r64b 
VEX.LZ.F2.0F38.W1 F7 /r RMV | V/N.E. | BMI2 Shift r/m64 logically right with count specified in r64b. 
SHRX r64a, r/m64, r64b 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RMV ModRM:reg (w) ModRM:r/m (r) VEX.vvvv (r) NA 
Description 


Shifts the bits of the first source operand (the second operand) to the left or right by a COUNT value specified in the 
second source operand (the third operand). The result is written to the destination operand (the first operand). 
The shift arithmetic right (SARX) and shift logical right (SHRX) instructions shift the bits of the destination operand 
to the right (toward less significant bit locations), SARX keeps and propagates the most significant bit (sign bit) 
while shifting. 

The logical shift left (SHLX) shifts the bits of the destination operand to the left (toward more significant bit loca- 
tions). 

This instruction is not supported in real mode and virtual-8086 mode. The operand size is always 32 bits if not in 


64-bit mode. In 64-bit mode operand size 64 requires VEX.W1. VEX.W1 is ignored in non-64-bit modes. An 
attempt to execute this instruction with VEX.L not equal to 0 will cause #UD. 


If the value specified in the first source operand exceeds OperandSize -1, the COUNT value is masked. 
SARX,SHRX, and SHLX instructions do not update flags. 


Operation 


TEMP := SRC1; 
IF VEX.W1 and CS.L = 1 
THEN 
countMASK := 3FH; 
ELSE 
countMASK := 1FH; 
Fl 
COUNT := (SRC2 AND countMASK) 


DEST[OperandSize -1] = TEMP[OperandSize -1]; 
DO WHILE (COUNT + 0) 
IF instruction is SHLX 
THEN 
DEST[] := DEST *2; 
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ELSE IF instruction is SHRX 
THEN 
DEST[] := DEST /2; //unsigned divide 
ELSE /1 SARX 
DEST{[] := DEST /2; // signed divide, round toward negative infinity 
Fl; 
COUNT := COUNT - 1; 
OD 


Flags Affected 
None. 


Intel C/C++ Compiler Intrinsic Equivalent 
Auto-generated from high-level language. 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-29, “Type 13 Class Exception Conditions”. 
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SAVEPREVSSP—Save Previous Shadow Stack Pointer 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En | bitMode | Feature 
Support | Flag 
F3 OF 01 EA (mod!=11, /5, ZO | V/V CET_SS Save a restore-shadow-stack token on previous shadow stack. 
RM=010) 
SAVEPREVSSP 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Push a restore-shadow-stack token on the previous shadow stack at the next 8 byte aligned boundary. The 
previous SSP is obtained from the previous-ssp token at the top of the current shadow stack. 


Operation 
IF CPL = 3 
IF (CR4.CET & IA32_U_CET.SH_STK_EN) = 0 
THEN #UD; FI; 
ELSE 
IF (CR4.CET & IA32_S_CET.SH_STK_EN) = 0 
THEN #UD; FI; 
Fl; 


IF SSP not aligned to 8 bytes 

THEN #GP(0); Fl; 
(* Pop the “previous-ssp” token from current shadow stack *) 
previous_ssp_token = ShadowStackPop8B(SSP) 


(* If the CF flag indicates there was a alignment hole on current shadow stack then pop that alignment hole *) 
(* Note that the alignment hole must be zero and can be present only when in legacy/compatibility mode *) 
IF RFLAGS.CF == 1 AND (IA32_EFER.LMA AND CS.L) 


#GP(0) 

FI; 

IF RFLAGS.CF == 
must_be_zero = ShadowStackPop4B(SSP) 
IF must_be_zero != 0 THEN #GP(0) 

FI; 


(* Previous SSP token must have the bit 1 set *) 
IF ((previous_ssp_token & Ox02) == 0) 
THEN #GP(0); (* bit 1 was 0 *) 


IF ((IA32_EFER.LMA AND CS.L) = 0 AND previous_ssp_token [63:32] != 0) 
THEN #GP(0); Fl; (* If compatibility/legacy mode and SSP not in 4G *) 


(* Save Prev SSP from previous_ssp_token to the old shadow stack at next 8 byte aligned address *) 
old_SSP = previous_ssp_token & ~0x03 

temp := (old_SSP | (IA32_EFER.LMA & CS.L)); 

Shadow_stack_store 4 bytes of 0 to (old_SSP - 4) 

old_SSP := old_SSP & ~0x07; 
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Shadow_stack_store 8 bytes of temp to (old_SSP - 8) 


Flags Affected 


None. 


C/C++ Compiler Intrinsic Equivalent 


SAVEPREVSSP 


void _saveprevssp(void); 


Protected Mode Exceptions 


#UD 


#GP(0) 


#PF(fault-code) 


If the LOCK prefix is used. 

If CR4.CET = 0. 

IF CPL = 3 and IA32_U_CET.SH_STK_EN = 0. 
IF CPL < 3 and IA32_S_CET.SH_STK_EN = 0. 
If SSP not 8 byte aligned. 

If alignment hole on shadow stack is not 0. 


If bit 1 of the previous-ssp token is not set to 1. 


If in 32-bit/compatibility mode and SSP recorded in previous-ssp token is beyond 4G. 


If a page fault occurs. 


Real-Address Mode Exceptions 


#UD 


Virtual-8086 Mode Exceptions 


#UD 


Compatibility Mode Exceptions 
Same as protected mode exceptions. 


64-Bit Mode Exceptions 


#UD 


#GP(0) 


#PF(fault-code) 
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If the LOCK prefix is used. 

If CR4.CET = 0. 

If CPL = 3 and JA32_U_CET.SH_STK_EN = 0. 
If CPL < 3 and IA32_S_CET.SH_STK_EN = 0. 
If SSP not 8 byte aligned. 

If carry flag is set. 


If bit 1 of the previous-ssp token is not set to 1. 


If a page fault occurs. 


The SAVEPREVSSP instruction is not recognized in real-address mode. 


The SAVEPREVSSP instruction is not recognized in virtual-8086 mode. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

1C ib SBB AL, imm8 | Valid Valid Subtract with borrow imm8 from AL. 

1D iw SBB AX, imm16 | Valid Valid Subtract with borrow imm16 from AX. 

1D id SBB EAX, imm32 | Valid Valid Subtract with borrow imm32 from EAX. 

REX.W + 1D id SBB RAX, imm32 | Valid N.E. Subtract with borrow sign-extended imm.32 
to 64-bits from RAX. 

80 /3 ib SBB r/m8, imm8 MI Valid Valid Subtract with borrow imm8 from r/m8. 

REX + 80 /3 ib SBB r/m8*, imm8 MI Valid N.E. Subtract with borrow imm8 from r/m8. 

81 /3 iw SBB r/m16, imm16 MI Valid Valid Subtract with borrow imm16 from r/m76. 

81 /3 id SBB r/m32, imm32 MI Valid Valid Subtract with borrow imm32 from r/m32. 

REX.W + 81 /3 id SBB r/m64, imm32 MI Valid N.E. Subtract with borrow sign-extended imm32 to 
64-bits from r/m64. 

83 /3 ib SBB r/m16, imm8 MI | Valid Valid Subtract with borrow sign-extended imm8 
from r/m16. 

83 /3 ib SBB r/m32, imm8 MI Valid Valid Subtract with borrow sign-extended imm8 
from r/m32. 

REX.W + 83 /3 ib SBB r/m64, imm8 MI | Valid N.E. Subtract with borrow sign-extended imm8 
from r/m64. 

18 /r SBB r/m&, r8 MR | Valid Valid Subtract with borrow r8 from r/mé. 

REX + 18 /r SBB r/m8*, r8 MR | Valid N.E. Subtract with borrow r8 from r/mé8. 

19/r SBB r/m16, r16 MR | Valid Valid Subtract with borrow r716 from r/m16. 

19/r SBB r/m32, r32 MR | Valid Valid Subtract with borrow r32 from r/m32. 

REX.W + 19 /r SBB r/m64, r64 MR | Valid N.E. Subtract with borrow r64 from r/m64. 

1A/r SBB r8, r/m8& RM_ | Valid Valid Subtract with borrow r/m8 from ré. 

REX + 1A/r SBB r8*, r/m8* RM_ | Valid N.E. Subtract with borrow r/m8 from ré. 

1B/r SBB r16, r/m16 RM_ | Valid Valid Subtract with borrow r/m76 from r76. 

1B/r SBB r32, r/m32 RM_ | Valid Valid Subtract with borrow r/m32 from r32. 

REX.W + 1B /r SBB r64, r/m64 RM_ | Valid N.E. Subtract with borrow r/m64 from r64. 

NOTES: 


* In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
| AL/AX/EAX/RAX imm8/16/32 NA NA 
MI ModRM:r/m (w) imm8/16/32 NA NA 
MR ModRM:r/m (w) ModRM:reg (r) NA NA 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
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Description 


Adds the source operand (second operand) and the carry (CF) flag, and subtracts the result from the destination 
operand (first operand). The result of the subtraction is stored in the destination operand. The destination operand 
can be a register or a memory location; the source operand can be an immediate, a register, or a memory location. 
(However, two memory operands cannot be used in one instruction.) The state of the CF flag represents a borrow 
from a previous subtraction. 


When an immediate value is used as an operand, it is sign-extended to the length of the destination operand 
format. 


The SBB instruction does not distinguish between signed or unsigned operands. Instead, the processor evaluates 
the result for both data types and sets the OF and CF flags to indicate a borrow in the signed or unsigned result, 
respectively. The SF flag indicates the sign of the signed result. 


The SBB instruction is usually executed as part of a multibyte or multiword subtraction in which a SUB instruction 
is followed by a SBB instruction. 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


Operation 
DEST := (DEST - (SRC + CF)); 


Intel C/C++ Compiler Intrinsic Equivalent 


SBB: extern unsigned char _subborrow_u8(unsigned char c_in, unsigned char src1, unsigned char src2, unsigned char *diff_out); 
ie extern unsigned char _subborrow_u16(unsigned char c_in, unsigned short src1, unsigned short src2, unsigned short 
*diff_out); 

SBB: extern unsigned char _subborrow_u32(unsigned char c_in, unsigned int src1, unsigned char int, unsigned int *diff_out); 
SBB extern unsigned char _subborrow_u64(unsigned char c_in, unsigned __int64 src1, unsigned __int64 src2, unsigned 


__int64 *diff_out); 


Flags Affected 
The OF, SF, ZF, AF, PF, and CF flags are set according to the result. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 
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Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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SCAS/SCASB/SCASW/SCASD—Scan String 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

AE SCAS m8 ZO ‘| Valid Valid Compare AL with byte at ES:(€)DI or RDI, then 
set status flags.* 

AF SCAS m16 ZO ‘| Valid Valid Compare AX with word at ES:(€)DI or RDI, then 
set status flags.* 

AF SCAS m32 ZO ‘| Valid Valid Compare EAX with doubleword at ES(E)DI or 
RDI then set status flags.* 

REX.W + AF SCAS m64 ZO | Valid N.E. Compare RAX with quadword at RDI or EDI 
then set status flags. 

AE SCASB ZO ‘| Valid Valid Compare AL with byte at ES:(E)DI or RDI then 
set status flags.* 

AF SCASW ZO ‘| Valid Valid Compare AX with word at ES:(€)DI or RDI then 
set status flags.* 

AF SCASD ZO ‘| Valid Valid Compare EAX with doubleword at ES:(E)DI or 
RDI then set status flags.* 

REX.W + AF SCASQ ZO_ ‘| Valid N.E. Compare RAX with quadword at RDI or EDI 
then set status flags. 


NOTES: 


* |n 64-bit mode, only 64-bit (RDI) and 32-bit (EDI) address sizes are supported. In non-64-bit mode, only 32-bit (EDI) and 16-bit (Dl) 
address sizes are supported. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


In non-64-bit modes and in default 64-bit mode: this instruction compares a byte, word, doubleword or quadword 
specified using a memory operand with the value in AL, AX, or EAX. It then sets status flags in EFLAGS recording 
the results. The memory operand address is read from ES:(E)DI register (depending on the address-size attribute 
of the instruction and the current operational mode). Note that ES cannot be overridden with a segment override 
prefix. 


At the assembly-code level, two forms of this instruction are allowed. The explicit-operand form and the no-oper- 
ands form. The explicit-operand form (specified using the SCAS mnemonic) allows a memory operand to be speci- 
fied explicitly. The memory operand must be a symbol that indicates the size and location of the operand value. The 
register operand is then automatically selected to match the size of the memory operand (AL register for byte 
comparisons, AX for word comparisons, EAX for doubleword comparisons). The explicit-operand form is provided 
to allow documentation. Note that the documentation provided by this form can be misleading. That is, the 
memory operand symbol must specify the correct type (size) of the operand (byte, word, or doubleword) but it 
does not have to specify the correct location. The location is always specified by ES:(E)DI. 


The no-operands form of the instruction uses a short form of SCAS. Again, ES:(E)DI is assumed to be the memory 
operand and AL, AX, or EAX is assumed to be the register operand. The size of operands is selected by the 
mnemonic: SCASB (byte comparison), SCASW (word comparison), or SCASD (doubleword comparison). 


After the comparison, the (E)DI register is incremented or decremented automatically according to the setting of 

the DF flag in the EFLAGS register. If the DF flag is 0, the (E)DI register is incremented; if the DF flag is 1, the (E)DI 
register is decremented. The register is incremented or decremented by 1 for byte operations, by 2 for word oper- 
ations, and by 4 for doubleword operations. 


SCAS, SCASB, SCASW, SCASD, and SCASQ can be preceded by the REP prefix for block comparisons of ECX bytes, 
words, doublewords, or quadwords. Often, however, these instructions will be used in a LOOP construct that takes 
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some action based on the setting of status flags. See “REP/REPE/REPZ /REPNE/REPNZ—Repeat String Operation 
Prefix” in this chapter for a description of the REP prefix. 


In 64-bit mode, the instruction’s default address size is 64-bits, 32-bit address size is supported using the prefix 
67H. Using a REX prefix in the form of REX.W promotes operation on doubleword operand to 64 bits. The 64-bit no- 
operand mnemonic is SCASQ. Address of the memory operand is specified in either RDI or EDI, and 
AL/AX/EAX/RAX may be used as the register operand. After a comparison, the destination register is incremented 
or decremented by the current operand size (depending on the value of the DF flag). See the summary chart at the 
beginning of this section for encoding data and limits. 


Operation 
Non-64-bit Mode: 


IF (Byte comparison) 
THEN 
temp := AL-— SRG 
SetStatusFlags(temp); 
THEN IF DF = 0 
THEN (€)DI := (E)DI + 1; 
ELSE (E)DI := (€)DI - 1; FI; 
ELSE IF (Word comparison) 


THEN 
temp := AX — SRC; 
SetStatusFlags(temp); 
IF DF =0 
THEN (€)DI := (E)DI + 2; 
ELSE (E)DI := (€)DI - 2; Fl; 
Fl; 
ELSE IF (Doubleword comparison) 
THEN 
temp := EAX - SRC; 
SetStatusFlags(temp); 
IF DF = 0 
THEN (€)DI := (E)DI + 4; 
ELSE (E)DI := (€)DI - 4; Fl; 
Fl; 
FI; 
64-bit Mode: 
IF (Byte cmparison) 
THEN 
temp := AL-— SRG 
SetStatusFlags(temp); 


THEN IF DF = 0 
THEN (RJE)DI := (RJE)DI + 1; 
ELSE (RIE)DI := (RJE)DI - 1; FA; 
ELSE IF (Word comparison) 


THEN 
temp := AX — SRC; 
SetStatusFlags(temp); 
IF DF =0 
THEN (RJE)DI := (RJE)DI + 2; 
ELSE (RIE)DI := (RJE)DI - 2; FA; 
Fl; 
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ELSE IF (Doubleword comparison) 
THEN 
temp := EAX - SRC; 
SetStatusFlags(temp); 
IF DF =O 
THEN (RIE)DI := (RIJE)DI + 4; 
ELSE (RIE)DI := (RIE)DI - 4; FI; 
FI; 
ELSE IF (Quadword comparison using REX.W ) 
THEN 
temp := RAX — SRC; 
SetStatusFlags(temp); 
IF DF =0 
THEN (RIE)DI := (RIE)DI + 8; 
ELSE (RIE)DI := (RIE)DI - 8; 
FI; 
Fl; 


Flags Affected 
The OF, SF, ZF, AF, PF, and CF flags are set according to the temporary result of the comparison. 


Protected Mode Exceptions 
#GP(0) If a memory operand effective address is outside the limit of the ES segment. 
If the ES register contains a NULL segment selector. 
If an illegal memory operand effective address in the ES segment is given. 
#PF(fault-code) If a page fault occurs. 


#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 


#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


SCAS/SCASB/SCASW/SCASD—Scan String Vol.2B 4-613 


INSTRUCTION SET REFERENCE, M-U 


SERIALIZE — Serialize Instruction Execution 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
NP OF 01 E8 ZO VIN SERIALIZE Serialize instruction fetch and execution. 
SERIALIZE 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA NA 
Description 


Serializes instruction execution. Before the next instruction is fetched and executed, the SERIALIZE instruction 
ensures that all modifications to flags, registers, and memory by previous instructions are completed, draining all 
buffered writes to memory. This instruction is also a serializing instruction as defined in the section “Serializing 
Instructions” in Chapter 8 of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


SERIALIZE does not modify registers, arithmetic flags, or memory. 


Operation 
Wait_On_Fetch_And_Execution_Of_Next_Instruction_Until(preceding_instructions_complete_and_preceding_stores_globally_visible); 


Intel C/C++ Compiler Intrinsic Equivalent 
SERIALIZE void _serialize(void); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
#UD If the LOCK prefix is used. 
If CPUID.O7H.OH:EDX.SERIALIZE[bit 14] = 0. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En _ |Mode Leg Mode 
OF 97 SETA r/m8 M Valid Valid Set byte if above (CF=0 and ZF=0). 
REX + OF 97 SETA r/m8* M Valid N.E. Set byte if above (CF=0 and ZF=0). 
OF 93 SETAE r/m8 M Valid Valid Set byte if above or equal (CF=0). 
REX + OF 93 SETAE r/m8* M Valid N.E. Set byte if above or equal (CF=0). 
OF 92 SETB r/m8 M Valid Valid Set byte if below (CF=1). 
REX + OF 92 SETB r/m8* M Valid N.E. Set byte if below (CF=1). 
OF 96 SETBE r/m8 M Valid Valid Set byte if below or equal (CF=1 or ZF=1). 
REX + OF 96 SETBE r/m8* M Valid N.E. Set byte if below or equal (CF=1 or ZF=1). 
OF 92 SETC r/m8 M Valid Valid Set byte if carry (CF=1). 
REX + OF 92 SETC r/ma* M Valid N.E. Set byte if carry (CF=1). 
OF 94 SETE r/m8 M Valid Valid Set byte if equal (ZF=1). 
REX + OF 94 SETE r/m8* M Valid N.E. Set byte if equal (ZF=1). 
OF SF SETG r/m8 M Valid Valid Set byte if greater (ZF=0 and SF=OF). 
REX + OF SF SETG r/m8* M Valid N.E. Set byte if greater (ZF=0 and SF=OF). 
OF 9D SETGE r/m8 M Valid Valid Set byte if greater or equal (SF=OF). 
REX + OF 9D SETGE r/m8* M Valid N.E. Set byte if greater or equal (SF=OF). 
OF SC SETL r/m8 M Valid Valid Set byte if less (SF4 OF). 
REX + OF 9C SETL r/m8* M Valid N.E. Set byte if less (SF4 OF). 
OF SE SETLE r/m8 M Valid Valid Set byte if less or equal (ZF=1 or SF4 OF). 
REX + OF 9E SETLE r/m8* M Valid N.E. Set byte if less or equal (ZF=1 or SF4 OF). 
OF 96 SETNA r/m8 M Valid Valid Set byte if not above (CF=1 or ZF=1). 
REX + OF 96 SETNA r/m8* M Valid N.E. Set byte if not above (CF=1 or ZF=1). 
OF 92 SETNAE r/m8& M Valid Valid Set byte if not above or equal (CF=1). 
REX + OF 92 SETNAE r/m8* M Valid N.E. Set byte if not above or equal (CF=1). 
OF 93 SETNB r/m8 M Valid Valid Set byte if not below (CF=0). 
REX + OF 93 SETNB r/m8* M Valid N.E. Set byte if not below (CF=0). 
OF 97 SETNBE r/m8 M Valid Valid Set byte if not below or equal (CF=0 and 
ZF=0). 
REX + OF 97 SETNBE r/m8* M Valid N.E. Set byte if not below or equal (CF=0 and 
ZF=0). 
OF 93 SETNC r/m8 M Valid Valid Set byte if not carry (CF=0). 
REX + OF 93 SETNC r/m8* M Valid N.E. Set byte if not carry (CF=0). 
OF 95 SETNE r/m8 M Valid Valid Set byte if not equal (ZF=0). 
REX + OF 95 SETNE r/m8* M Valid N.E. Set byte if not equal (ZF=0). 
OF 9E SETNG r/m8 M Valid Valid Set byte if not greater (ZF=1 or SF# OF) 
REX + OF 9E SETNG r/m8* M Valid N.E. Set byte if not greater (ZF=1 or SF# OF). 
OF 9C SETNGE r/m8& M Valid Valid Set byte if not greater or equal (SF# OF). 
REX + OF 9C SETNGE r/m8* M Valid N.E. Set byte if not greater or equal (SF# OF). 
OF 9D SETNL r/m8 M Valid Valid Set byte if not less (SF=OF). 
REX + OF 9D SETNL r/m8* M Valid N.E. Set byte if not less (SF=OF). 
OF SF SETNLE r/m8 M Valid Valid Set byte if not less or equal (ZF=0 and SF=OF). 
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Instruction Operand Encoding 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
REX + OF SF SETNLE r/m8* M Valid N.E. Set byte if not less or equal (ZF=0 and SF=OF). 
OF 91 SETNO r/m8& M Valid Valid Set byte if not overflow (OF=0). 
REX + OF 91 SETNO r/m8* M Valid N.E. Set byte if not overflow (OF=0). 
OF 9B SETNP r/m8 M Valid Valid Set byte if not parity (PF=0). 
REX + OF 9B SETNP r/me* M Valid N.E. Set byte if not parity (PF=0). 
OF 99 SETNS r/m8 M Valid Valid Set byte if not sign (SF=0). 
REX + OF 99 SETNS r/m8* M Valid N.E. Set byte if not sign (SF=0). 
OF 95 SETNZ r/m8 M Valid Valid Set byte if not zero (ZF=0). 
REX + OF 95 SETNZ r/m8* M Valid N.E. Set byte if not zero (ZF=0). 
OF 90 SETO r/m8 M Valid Valid Set byte if overflow (OF=1) 
REX + OF 90 SETO r/m8* M Valid N.E. Set byte if overflow (OF=1). 
OF 9A SETP r/m8 M Valid Valid Set byte if parity (PF=1). 
REX + OF 9A SETP r/m8* M Valid N.E. Set byte if parity (PF=1). 
OF 9A SETPE r/m8 M Valid Valid Set byte if parity even (PF=1). 
REX + OF 9A SETPE r/m8* M Valid N.E. Set byte if parity even (PF=1). 
OF 9B SETPO r/m8 M Valid Valid Set byte if parity odd (PF=0). 
REX + OF 9B SETPO r/m8* M Valid N.E. Set byte if parity odd (PF=0). 
OF 98 SETS r/m8 M Valid Valid Set byte if sign (SF=1). 
REX + OF 98 SETS r/m8* M Valid N.E. Set byte if sign (SF=1). 
OF 94 SETZ r/m8 M Valid Valid Set byte if zero (ZF=1). 
REX + OF 94 SETZ r/m8* M Valid N.E. Set byte if zero (ZF=1). 
NOTES: 
* In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Sets the destination operand to 0 or 1 depending on the settings of the status flags (CF, SF, OF, ZF, and PF) in the 
EFLAGS register. The destination operand points to a byte register or a byte in memory. The condition code suffix 
(cc) indicates the condition being tested for. 


The terms “above” and “below” are associated with the CF flag and refer to the relationship between two unsigned 
integer values. The terms “greater” and “less” are associated with the SF and OF flags and refer to the relationship 
between two signed integer values. 


Many of the SETcc instruction opcodes have alternate mnemonics. For example, SETG (set byte if greater) and 
SETNLE (set if not less or equal) have the same opcode and test for the same condition: ZF equals 0 and SF equals 
OF. These alternate mnemonics are provided to make code more intelligible. Appendix B, “EFLAGS Condition 
Codes,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, shows the alternate 
mnemonics for various test conditions. 


Some languages represent a logical one as an integer with all bits set. This representation can be obtained by 
choosing the logically opposite condition for the SETcc instruction, then decrementing the result. For example, to 
test for overflow, use the SETNO instruction, then decrement the result. 
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The reg field of the ModR/M byte is not used for the SETCC instruction and those opcode bits are ignored by the 
processor. 


In IA-64 mode, the operand size is fixed at 8 bits. Use of REX prefix enable uniform addressing to additional byte 
registers. Otherwise, this instruction’s operation is the same as in legacy mode and compatibility mode. 


Operation 


IF condition 
THEN DEST := 1; 
ELSE DEST := 0; 
Fl; 


Flags Affected 
None. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If a page fault occurs. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#UD If the LOCK prefix is used. 


SETcc—Set Byte on Condition Vol.2B 4-617 


INSTRUCTION SET REFERENCE, M-U 


SETSSBSY—Mark Shadow Stack Busy 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 

F3 OF 01 E8 ZO VIV CET_SS Set busy flag in supervisor shadow stack token reference by 
SETSSBSY IA32_PLO_SSP. 

Instruction Operand Encoding 

Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


The SETSSBSY instruction verifies the presence of a non-busy supervisor shadow stack token at the address in the 
IA32_PLO_SSP MSR and marks it busy. Following successful execution of the instruction, the SSP is set to the value 
of the IA32_PLO_SSP MSR. 


Operation 

IF (CR4.CET = 0) 
THEN #UD; FI; 

IF (IA32_S_CET.SH_STK_EN = 0) 
THEN #UD; FI; 

IF CPL >O 
THEN GP(0); Fl; 


SSP_LA = IA32_PLO_SSP 
If SSP_LA not aligned to 8 bytes 
THEN #GP(0); FI; 


expected_token_value = SSP_LA (* busy bit must not be set *) 

new_token_value = SSP_LA | BUSY_BIT (* set busy bit; bit position O *) 

IF shadow_stack_lock_cmpxchg8B(SSP_LA, new_token_value, expected_token_value) != expected_token_value 
THEN #CP(SETSSBSY); FI; 

SSP = SSP_LA 


Flags Affected 


None. 


C/C++ Compiler Intrinsic Equivalent 
SETSSBSY void _setssbsy(void); 


Protected Mode Exceptions 
#UD If the LOCK prefix is used. 
If CR4.CET = 0. 
IF IA32_S_CET.SH_STK_EN = 0. 


#GP(0) If IA32_PLO_SSP not aligned to 8 bytes. 
If CPL is not 0. 
#CP(setssbsy) If busy bit in token is set. 


If in 32-bit or compatibility mode, and the address in token is not below 4G. 


#PF(fault-code) If a page fault occurs. 
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Real-Address Mode Exceptions 
#UD The SETSSBSY instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The SETSSBSY instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same as protected mode exceptions. 


64-Bit Mode Exceptions 
Same as protected mode exceptions. 
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SFENCE—Store Fence 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
NP OF AE F8 SFENCE ZO | Valid Valid Serializes store operations. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Orders processor execution relative to all memory stores prior to the SFENCE instruction. The processor ensures 
that every store prior to SFENCE is globally visible before any store after SFENCE becomes globally visible. The 
SFENCE instruction is ordered with respect to memory stores, other SFENCE instructions, MFENCE instructions, 
and any serializing instructions (such as the CPUID instruction). It is not ordered with respect to memory loads or 
the LFENCE instruction. 


Weakly ordered memory types can be used to achieve higher processor performance through such techniques as 
out-of-order issue, write-combining, and write-collapsing. The degree to which a consumer of data recognizes or 
knows that the data is weakly ordered varies among applications and may be unknown to the producer of this data. 
The SFENCE instruction provides a performance-efficient way of ensuring store ordering between routines that 
produce weakly-ordered results and routines that consume this data. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Specification of the instruction's opcode above indicates a ModR/M byte of F8. For this instruction, the processor 
ignores the r/m field of the ModR/M byte. Thus, SFENCE is encoded by any opcode of the form OF AE Fx, where x is 
in the range 8-F. 


Operation 


Wait_On_Following_Stores_Until(preceding_stores_globally_visible); 


Intel C/C++ Compiler Intrinsic Equivalent 


void _mm_sfence(void) 


Exceptions (All Operating Modes) 
#UD If CPUID.01H:EDX.SSE[bit 25] = 0. 
If the LOCK prefix is used. 
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SGDT—Store Global Descriptor Table Register 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
OF 01 /0 SGDT m M Valid Valid Store GDTR to m. 
NOTES: 


* See IA-32 Architecture Compatibility section below. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Stores the content of the global descriptor table register (GDTR) in the destination operand. The destination 
operand specifies a memory location. 


In legacy or compatibility mode, the destination operand is a 6-byte memory location. If the operand-size attribute 
is 16 or 32 bits, the 16-bit limit field of the register is stored in the low 2 bytes of the memory location and the 32- 
bit base address is stored in the high 4 bytes. 


In 64-bit mode, the operand size is fixed at 8+2 bytes. The instruction stores an 8-byte base and a 2-byte limit. 


SGDT is useful only by operating-system software. However, it can be used in application programs without causing 
an exception to be generated if CR4.UMIP = 0. See “LGDT/LIDT—Load Global/Interrupt Descriptor Table Register” 
in Chapter 3, Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A, for information on 
loading the GDTR and IDTR. 


IA-32 Architecture Compatibility 


The 16-bit form of the SGDT is compatible with the Intel 286 processor if the upper 8 bits are not referenced. The 
Intel 286 processor fills these bits with 1s; processor generations later than the Intel 286 processor fill these bits 
with Os. 


Operation 


IF instruction is SGDT 
IF OperandSize =16 or OperandSize = 32 (* Legacy or Compatibility Mode *) 
THEN 
DEST[O:15] := GDTR(Limit); 
DEST[16:47] := GDTR(Base); (* Full 32-bit base address stored *) 
Fl; 
ELSE (* 64-bit Mode *) 
DEST[O:15] := GDTR(Limit); 
DEST[16:79] := GDTR(Base); (* Full 64-bit base address stored *) 
Fl; 
Fl; 


Flags Affected 
None. 
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Protected Mode Exceptions 


#UD 
#GP(0) 


#SS(0) 
#PF(fault-code) 
#AC(0) 


If the LOCK prefix is used. 
If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If CR4.UMIP = 1 and CPL > O. 

If a memory operand effective address is outside the SS segment limit. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made while CPL = 3. 


Real-Address Mode Exceptions 


#UD 
#GP 
#SS 


If the LOCK prefix is used. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 


Virtual-8086 Mode Exceptions 


#UD 
#GP(0) 


#SS(0) 
#PF(fault-code) 
#AC(0) 


If the LOCK prefix is used. 

If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If CR4.UMIP = 1. 

If a memory operand effective address is outside the SS segment limit. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) 
#UD 
#GP(0) 


#PF(fault-code) 
#AC(0) 
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If a memory address referencing the SS segment is in a non-canonical form. 

If the LOCK prefix is used. 

If the memory address is in a non-canonical form. 

If CR4.UMIP = 1 and CPL > O. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made while CPL = 3. 


SGDT—Store Global Descriptor Table Register 


INSTRUCTION SET REFERENCE, M-U 


SHA1RNDS4—Perform Four Rounds of SHA1 Operation 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
NP OF 3A CC /r ib RMI VN SHA Performs four rounds of SHA1 operation operating on SHA1 state 
SHA1RNDS4 xmm1, (A,B,C,D) from xmm1, with a pre-computed sum of the next 4 
xmm2/m1 28, imm8 round message dwords and state variable E from xmm2/m1 28. 
The immediate byte controls logic functions and round constants. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
RMI ModRM:reg (r, w) ModRM:r/m (r) Imm8 
Description 


The SHAIRNDS4 instruction performs four rounds of SHA1 operation using an initial SHA1 state (A,B,C,D) from the 
first operand (which is a source operand and the destination operand) and some pre-computed sum of the next 4 
round message dwords, and state variable E from the second operand (a source operand). The updated SHA1 state 
(A,B,C,D) after four rounds of processing is stored in the destination operand. 


Operation 


SHA1RNDS4 
The function f() and Constant K are dependent on the value of the immediate. 


IF (imm8[1:0] = 0 ) 
THEN f() := f0(), K = Kg; 
ELSE IF ( imm8[1:0] = 1 ) 
THEN f() := 1(), K = Ky; 
ELSE IF ( imm8[1:0] = 2 ) 
THEN f() := 2(), K = Kp; 
ELSE IF ( imm8[1:0] = 3 ) 
THEN f() := £3(), K = K3; 
Fl; 


A:= SRC1[127:96]; 
B := SRC1[95:64]; 
C:= SRC1[63:32]; 

D := SRC1[31:0]; 

WoE := SRC2[127:96]; 
Wy := SRC2[95:64]; 
We := SRC2[63:32]; 
W3 := SRC2[31:0]; 


Round i = O operation: 
A_1:=f (B,C, D) + (A ROL 5) +WoE +K; 
1A 
ROL 30; 


FORi=1to3 
A_(i +1) := f (BLi, Ci, D_i) + (A_i ROL 5) +W;+ €_i +k; 
B_(i+1):= Ai; 
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ENDFOR 


DEST[127:96] = A_4; 
DEST[95:64] := B_4; 
DEST[63:32] := C_4; 
DEST[31:0] := D_4; 


Intel C/C++ Compiler Intrinsic Equivalent 
SHA1RNDS4: ___m128i__mm_shalrnds4_epu32(__m128i,__m128i, const int); 


Flags Affected 
None 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”. 
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SHA1NEXTE—Calculate SHA1 State Variable E after Four Rounds 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support Flag 
NP OF 38 C8 /r RM VV SHA Calculates SHA1 state variable E after four rounds of operation 
SHA1NEXTE xmm1, from the current SHA1 state variable A in xmm1. The calculated 
xmm2/m1 28 value of the SHA1 state variable E is added to the scheduled 
dwords in xmm2/m1 28, and stored with some of the scheduled 
dwords in xmm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
RM ModRM:reg (r, w) ModRM:r/m (r) NA 
Description 


The SHA1INEXTE calculates the SHA1 state variable E after four rounds of operation from the current SHA1 state 
variable A in the destination operand. The calculated value of the SHA1 state variable E is added to the source 


operand, which contains the scheduled dwords. 


Operation 
SHA1NEXTE 


TMP := (SRC1[127:96] ROL 30); 


DEST[127:96] := SRC2[127:96] + TMP; 
DEST[95:64] := SRC2[95:64]; 
DEST[63:32] := SRC2[63:32]; 
DEST[31:0] := SRC2[31:0]; 


Intel C/C++ Compiler Intrinsic Equivalent 
SHA1NEXTE: __m128i__mm_sha1nexte_epu32(__m128i,__m128i); 


Flags Affected 
None 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


" 


See Table 2-21, “Type 4 Class Exception Conditions”. 
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SHA1MSG1—Perform an Intermediate Calculation for the Next Four SHA1 Message Dwords 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 

Support | Flag 
NP OF 38 C9 /r RM VV SHA Performs an intermediate calculation for the next four SHA1 
SHA1MSG1 xmm1, message dwords using previous message dwords from xmm1 and 
xmm2/m128 xmm2/m1 28, storing the result in xmm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
RM ModRM:reg (r, w) ModRM:r/m (r) NA 
Description 


The SHA1MSG1 instruction is one of two SHA1 message scheduling instructions. The instruction performs an inter- 
mediate calculation for the next four SHA1 message dwords. 


Operation 
SHA1MSG1 


WO := SRC1[127:96] ; 
W1 := SRC1[95:64]; 
W2 := SRC1[63: 32]; 
W3 := SRC1[31: 0]; 
W4 := SRC2[127:96] ; 
W5 := SRC2[95:64]; 


DEST[127:96] := W2 XOR WO; 
DEST[95:64] := W3 XOR W1; 
DEST[63:32] := W4 XOR W2; 
DEST[31:0] := W5 XOR W3; 


Intel C/C++ Compiler Intrinsic Equivalent 
SHA1MSG1:__m128i_mm_shailmsg1_epu32(__m128i, ___m128i); 


Flags Affected 
None 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”. 
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SHA1MSG2—Perform a Final Calculation for the Next Four SHA1 Message Dwords 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
NP OF 38 CA /r RM VIN SHA Performs the final calculation for the next four SHA1 message 
SHA1MSG2 xmm1, dwords using intermediate results from xmm1 and the previous 
xmm2/m128 message dwords from xmm2/m1 28, storing the result in xmm1. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 
RM ModRM:reg (r, w) ModRM:r/m (r) NA 
Description 


The SHA1MSGz2 instruction is one of two SHA1 message scheduling instructions. The instruction performs the final 


calculation to derive the next four SHA1 message dwords. 


Operation 
SHA1MSG2 


W13 := SRC2[95:64] ; 
W14 := SRC2[63: 32]; 

W15 := SRC2[31: 0]; 

W16 := (SRC1[127:96] XOR W13 ) ROL 1; 
W17 := (SRC1[95:64] XOR W14) ROL 1; 
W18 := (SRC1[63: 32] XOR W15) ROL 1; 
W19 := (SRC1[31; 0] XOR W16) ROL 1; 


DEST[127:96] := W16; 
DEST[95:64] := W17; 
DEST[63:32] := W18; 
DEST[31:0] := W19; 


Intel C/C++ Compiler Intrinsic Equivalent 


SHA1MSG2: __m128i__mm_shalmsg2_epu32(__m128i,__m128i); 


Flags Affected 
None 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”. 
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SHA256RNDS2—Perform Two Rounds of SHA256 Operation 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
NP OF 38 CB /r RMI VIV SHA Perform 2 rounds of SHA256 operation using an initial SHAZ56 
SHA256RNDS2 xmm1, state (C,D,G,H) from xmm1, an initial SHAZ56 state (A,B,E,F) from 
xmm2/m1 28, <XMMO> xmm2/m128, and a pre-computed sum of the next 2 round mes- 
sage dwords and the corresponding round constants from the 
implicit operand XMMO, storing the updated SHA256 state 
(A,B,E,F) result in xmm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
RMI ModRM:reg (r, w) ModRM:r/m (r) Implicit XMMO (r) 
Description 


The SHA256RNDS2 instruction performs 2 rounds of SHA256 operation using an initial SHA256 state (C,D,G,H) 
from the first operand, an initial SHA256 state (A,B,E,F) from the second operand, and a pre-computed sum of the 
next 2 round message dwords and the corresponding round constants from the implicit operand xmm0O. Note that 
only the two lower dwords of XMMO are used by the instruction. 


The updated SHA256 state (A,B,E,F) is written to the first operand, and the second operand can be used as the 
updated state (C,D,G,H) in later rounds. 


Operation 
SHA256RNDS2 


A_0:= SRC2[127:96]; 
B_O:= SRC2[95:64]; 
C_0:= SRC1[127:96]; 
D_0O:= SRC1[95:64]; 
E_0:= SRC2[63:32]; 
F_O:= SRC2[31:0]; 
G_O:= SRC1[63:32]; 
H_O := SRC1[31:0]; 
WKg := XMMO[31: OJ; 
WK, := XMMO[63: 32]; 


FORi=Oto1 
A_(i +1) := Ch (E_i, F_i, G_i) +,( €_i) +WKj+ H_i + Maj(A_i, B_i, C_i) +Z9( A_i); 
B_(i+1):= ALi: 
C_(i+1):=Bi; 
D_(i+1):= Ci: 
€_(i +1) := Ch (E_i, F_i, G_i) +2,( €_i) +WK;+ H_i + D_i; 
F_(i+1):=€4; 
G_(i +1) := F_i; 
H_(i+1):= Gi: 
ENDFOR 


DEST[127:96] = A_2; 
DEST[95:64] := B_2; 
DEST[63:32] := €_2; 
DEST[31:0] = F_2; 


4-628 Vol. 2B SHA256RNDS2—Perform Two Rounds of SHA256 Operation 


INSTRUCTION SET REFERENCE, M-U 


Intel C/C++ Compiler Intrinsic Equivalent 
SHA256RNDS2:___m128i_mm_sha256rnds2_epu32(__m128i,__m128i,__m128i); 


Flags Affected 
None 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”. 
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SHA256MSG1—Perform an Intermediate Calculation for the Next Four SHA256 Message 
Dwords 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 

Support | Flag 
NP OF 38 CC /r RM VV SHA Performs an intermediate calculation for the next four SHAZ256 
SHA256MSG1 xmm1, message dwords using previous message dwords from xmm1 and 
xmm2/m128 xmm2/m128, storing the result in xmm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 
RM ModRM:reg (r, w) ModRM:r/m (r) NA 
Description 


The SHA256MSG1 instruction is one of two SHA256 message scheduling instructions. The instruction performs an 
intermediate calculation for the next four SHA256 message dwords. 


Operation 
SHA256MSG1 


W4 := SRC2[31: 0]; 
W3 := SRC1[127:96] ; 
W2 := SRC1[95:64]; 
W1 := SRC1[63: 32]; 
WO := SRC1[31: 0]; 


DEST[127:96] := W3 + 6o( W4); 
DEST[95:64] := W2 + o9( W3); 
DEST[63:32] := W1 + o9( W2); 
DEST[31:0] := WO + o9( W1); 


Intel C/C++ Compiler Intrinsic Equivalent 
SHA256MSG1:__m128i_mm_sha256msg1_epu32(__m128i, __m128i); 


Flags Affected 
None 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”. 
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SHA256MSG2—Perform a Final Calculation for the Next Four SHA256 Message Dwords 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
NP OF 38 CD /r RM VN SHA Performs the final calculation for the next four SHA256 message 
SHA256MSC@2 xmm1, dwords using previous message dwords from xmm1 and 
xmm2/m128 xmm2/m1 28, storing the result in xmm1. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 
RM ModRM:reg (r, w) ModRM:r/m (r) NA 
Description 


The SHA256MSGz2 instruction is one of two SHA2 message scheduling instructions. The instruction performs the 
final calculation for the next four SHA256 message dwords. 


Operation 
SHA256MSG2 


W14 := SRC2[95:64] ; 
W15 := SRC2[127:96] ; 


W16 := SRC1[31: 0] + o,( W14) ; 
W17 := SRC1[63: 32] + o)( W15); 
W18 := SRC1[95: 64] + o)( W16); 
W19 := SRC1[127: 96] + o,( W17) ; 


DEST[127:96] := W19; 
DEST[95:64] = W18; 
DEST[63:32] = W17; 
DEST[31:0] := W16; 


Intel C/C++ Compiler Intrinsic Equivalent 


SHA256MSG2 :__m128i__mm_sha256msg2_epu32( 


Flags Affected 
None 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


m1 28i, 


See Table 2-21, “Type 4 Class Exception Conditions”. 
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SHLD—Double Precision Shift Left 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

OF A4 /r ib SHLD r/m16, r16, imm8 MRI | Valid Valid Shift r/m76 to left imm8 places while shifting 
bits from r76 in from the right. 

OF AS /r SHLD r/m16, r16, CL MRC | Valid Valid Shift r/m76 to left CL places while shifting bits 
from r16 in from the right. 

OF A4 /r ib SHLD r/m32, r32, imm8 MRI | Valid Valid Shift r/m32 to left imm8 places while shifting 
bits from r32 in from the right. 

REX.W + OF A4 /r ib SHLD r/m64, r64, imm8 MRI | Valid N.E. Shift r/m64 to left imm8 places while shifting 
bits from r64 in from the right. 

OF AS /r SHLD r/m32, r32, CL MRC | Valid Valid Shift r/m32 to left CL places while shifting bits 
from r32 in from the right. 

REX.W + OF A5 /r SHLD r/m64, r64, CL MRC | Valid N.E. Shift r/m64 to left CL places while shifting 
bits from r64 in from the right. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MRI ModRM:r/m (w) ModRM:reg (r) imm8s NA 
MRC ModRM:r/m (w) ModRM:reg (r) cL NA 

Description 


The SHLD instruction is used for multi-precision shifts of 64 bits or more. 


The instruction shifts the first operand (destination operand) to the left the number of bits specified by the third 
operand (count operand). The second operand (source operand) provides bits to shift in from the right (starting 
with bit 0 of the destination operand). 


The destination operand can be a register or a memory location; the source operand is a register. The count 
operand is an unsigned integer that can be stored in an immediate byte or in the CL register. If the count operand 
is CL, the shift count is the logical AND of CL and a count mask. In non-64-bit modes and default 64-bit mode; only 
bits 0 through 4 of the count are used. This masks the count to a value between 0 and 31. If a count is greater than 
the operand size, the result is undefined. 


If the count is 1 or greater, the CF flag is filled with the last bit shifted out of the destination operand. For a 1-bit 
shift, the OF flag is set if a sign change occurred; otherwise, it is cleared. If the count operand is 0, flags are not 
affected. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits 
(upgrading the count mask to 6 bits). See the summary chart at the beginning of this section for encoding data and 
limits. 


Operation 


IF (In 64-Bit Mode and REX.W = 1) 
THEN COUNT := COUNT MOD 64; 
ELSE COUNT := COUNT MOD 32; 

Fl 

SIZE := OperandSize; 

IF COUNT = 0 
THEN 

No operation; 
ELSE 
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IF COUNT > SIZE 
THEN (* Bad parameters *) 
DEST is undefined; 
CF, OF, SF, ZF, AF, PF are undefined; 
ELSE (* Perform the shift *) 
CF := BIT[DEST, SIZE - COUNT]; 
(* Last bit shifted out on exit *) 
FOR i := SIZE - 1 DOWN TO COUNT 


DO 
Bit(DEST, i) := Bit(DEST, i - COUNT); 
OD; 
FOR i := COUNT - 1 DOWN TO 0 
DO 
BIT[DEST, i] := BIT[SRC, i - COUNT + SIZE}; 
OD; 
Fl; 
Fl; 
Flags Affected 


If the count is 1 or greater, the CF flag is filled with the last bit shifted out of the destination operand and the SF, 
ZF, and PF flags are set according to the value of the result. For a 1-bit shift, the OF flag is set if a sign change 
occurred; otherwise, it is cleared. For shifts greater than 1 bit, the OF flag is undefined. If a shift occurs, the AF flag 
is undefined. If the count operand is 0, the flags are not affected. If the count is greater than the operand size, the 
flags are undefined. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF AC /r ib SHRD r/m16, r16, imm8 MRI | Valid Valid Shift r/m76 to right imm8 places while 
shifting bits from r76 in from the left. 
OF AD /r SHRD r/m16, 716, CL MRC | Valid Valid Shift r/m76 to right CL places while shifting 
bits from r76 in from the left. 
OF AC /r ib SHRD r/m32, r32, imm8 MRI | Valid Valid Shift r/m32 to right imm8 places while 
shifting bits from r32 in from the left. 
REX.W + OF AC /r ib SHRD r/m64, r64, imm8 MRI | Valid N.E. Shift r/m64 to right imm8 places while 
shifting bits from r64 in from the left. 
OF AD /r SHRD r/m32, r32, CL MRC | Valid Valid Shift r/m32 to right CL places while shifting 
bits from r32 in from the left. 
REX.W + OF AD /r SHRD r/m64, r64, CL MRC | Valid N.E. Shift r/m64 to right CL places while shifting 
bits from 64 in from the left. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MRI ModRM:r/m (w) ModRM:reg (r) imm8s NA 
MRC ModRM:r/m (w) ModRM:reg (r) CL NA 
Description 


The SHRD instruction is useful for multi-precision shifts of 64 bits or more. 


The instruction shifts the first operand (destination operand) to the right the number of bits specified by the third 
operand (count operand). The second operand (source operand) provides bits to shift in from the left (starting with 
the most significant bit of the destination operand). 


The destination operand can be a register or a memory location; the source operand is a register. The count 
operand is an unsigned integer that can be stored in an immediate byte or the CL register. If the count operand is 
CL, the shift count is the logical AND of CL and a count mask. In non-64-bit modes and default 64-bit mode, the 
width of the count mask is 5 bits. Only bits 0 through 4 of the count register are used (masking the count to a value 
between 0 and 31). If the count is greater than the operand size, the result is undefined. 


If the count is 1 or greater, the CF flag is filled with the last bit shifted out of the destination operand. For a 1-bit 
shift, the OF flag is set if a sign change occurred; otherwise, it is cleared. If the count operand is 0, flags are not 
affected. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits 
(upgrading the count mask to 6 bits). See the summary chart at the beginning of this section for encoding data and 
limits. 


Operation 


IF (In 64-Bit Mode and REX.W = 1) 
THEN COUNT := COUNT MOD 64; 
ELSE COUNT := COUNT MOD 32; 

Fl 

SIZE := OperandSize; 

IF COUNT = 0 
THEN 

No operation; 
ELSE 


SHRD—Double Precision Shift Right Vol.2B 4-635 


INSTRUCTION SET REFERENCE, M-U 


IF COUNT > SIZE 
THEN (* Bad parameters *) 
DEST is undefined; 
CF, OF, SF, ZF, AF, PF are undefined; 
ELSE (* Perform the shift *) 
CF := BIT[DEST, COUNT - 1]; (* Last bit shifted out on exit *) 
FOR i := 0 TO SIZE - 1 - COUNT 


DO 
BIT[DEST, i] := BIT[DEST, i + COUNT]; 
OD; 
FOR i := SIZE - COUNT TO SIZE - 1 
DO 
BIT[DEST,i] := BIT[SRC, i + COUNT - SIZE]; 
OD; 
Fl; 
Fl; 
Flags Affected 


If the count is 1 or greater, the CF flag is filled with the last bit shifted out of the destination operand and the SF, ZF, 
and PF flags are set according to the value of the result. For a 1-bit shift, the OF flag is set if a sign change occurred; 
otherwise, it is cleared. For shifts greater than 1 bit, the OF flag is undefined. If a shift occurs, the AF flag is unde- 
fined. If the count operand is 0, the flags are not affected. If the count is greater than the operand size, the flags 

are undefined. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


SHRD—Double Precision Shift Right Vol.2B 4-637 


INSTRUCTION SET REFERENCE, M-U 


SHUFPD—Packed Interleave Shuffle of Pairs of Double-Precision Floating-Point Values 


Opcode/ Op/ 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 

66 OF C6 /r ib A VV SSE2 Shuffle two pairs of double-precision floating-point 

SHUFPD xmm1, xmm2/m128, imm8 values from xmm1 and xmm2/m128 using imm8 to 
select from each pair, interleaved result is stored in 
xmm1. 

VEX.128.66.0F.WIG C6 /r ib B VN AVX Shuffle two pairs of double-precision floating-point 

VSHUFPD xmm1, xmm2, xmm3/m128, values from xmm_2 and xmm3/m128 using imm8 to 

imm8 select from each pair, interleaved result is stored in 
xmm1. 

VEX.256.66.0F.WIG C6 /r ib B VN AVX Shuffle four pairs of double-precision floating-point 

VSHUFPD ymm1, ymm2, ymm3/m256, values from ymm2 and ymm3/m256 using imm8 to 

imm8s select from each pair, interleaved result is stored in 
xmm1. 

EVEX.128.66.0F.W1 C6 /r ib C VIN AVX512VL | Shuffle two paris of double-precision floating-point 

VSHUFPD xmm1{k1}{z}, xmm2, AVX512F values from xmm2 and xmm3/m128/m64bcst using 

xmm3/m128/m64bcst, imm8 imm8 to select from each pair. store interleaved 
results in xmm1 subject to writemask k1. 

EVEX.256.66.0F.W1 C6 /r ib C VN AVX512VL | Shuffle four paris of double-precision floating-point 

VSHUFPD ymm1{k1}{z}, ymm2, AVX512F values from ymm2 and ymm3/m256/m64bcst using 

ymm3/m256/m64bcst, imm8 imm8 to select from each pair. store interleaved 
results in ymm1 subject to writemask k1. 

EVEX.512.66.0F.W1 C6 /r ib C VN AVX512F Shuffle eight paris of double-precision floating-point 

VSHUFPD zmm1{k1}{z}, zmm2, values from zmm2 and zmm3/m512/m64bcst using 

zmm3/m512/m64bcst, imm8 imm8 to select from each pair. store interleaved 
results in zmm1 subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) Imm8 NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) Imm8 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
Description 


Selects a double-precision floating-point value of an input pair using a bit control and move to a designated 
element of the destination operand. The low-to-high order of double-precision element of the destination operand 
is interleaved between the first source operand and the second source operand at the granularity of input pair of 
128 bits. Each bit in the imm8 byte, starting from bit 0, is the select control of the corresponding element of the 
destination to received the shuffled result of an input pair. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 
64-bit memory location The destination operand is a ZMM/YMM/XMM register updated according to the writemask. 
The select controls are the lower 8/4/2 bits of the imm8 byte. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. The select controls are the bit 3:0 
of the imm8 byte, imm8[7:4) are ignored. 


VEX.128 encoded version: The first source operand is a XMM register. The second source operand can be a XMM 
register or a 128-bit memory location. The destination operand is a XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. The select controls are the bit 1:0 of the imm8 byte, 
imm8[7:2) are ignored. 
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128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation operand and the first source operand is the same and is an XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are unmodified. The select controls are the bit 1:0 of the imm8 byte, 


imm8[7:2) are ignored. 


SRC1 X3 X2 x1 X0 
SRC2 Y3 2 Y1 YO 
DEST Y2 or Y3 X2 or X3 YO or Y1 XO or X1 


Figure 4-25. 256-bit VSHUFPD Operation of Four Pairs of DP FP Values 


Operation 


VSHUFPD (EVEX encoded versions when SRC2 is a vector register) 


(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF IMMO[O] = 0 
THEN TMP_DEST[63:0] := SRC1[63:0] 
ELSE TMP_DEST[63:0] := SRC1[127:64] Fl; 
IF IMMO[1] = 0 
THEN TMP_DEST[127:64] := SRC2[63:0] 
ELSE TMP_DEST[127:64] = SRC2[127:64] Fl; 
IF VL >= 256 
IF IMMO[2] = 0 
THEN TMP_DEST[191:128] := SRC1[191:128] 
ELSE TMP_DEST[191:128] := SRC1[255:192] Fl; 
IF IMMO[3] = 0 
THEN TMP_DEST[255:192] := SRC2[191:128] 
ELSE TMP_DEST[255:192] := SRC2[255:192] Fl; 


Fl; 
IF VL >= 512 
IF IMMO[4] = 0 
THEN TMP_DEST[319:256] := SRC1[319:256] 
ELSE TMP_DEST[319:256] := SRC1[383:320] Fl; 
IF IMMO[5] = 0 
THEN TMP_DEST[383:320] := SRC2[319:256] 
ELSE TMP_DEST[383:320] := SRC2[383:320] Fl; 
IF IMMO[6] = 0 
THEN TMP_DEST[447:384] := SRC1[447:384] 
ELSE TMP_DEST[447:384] := SRC1[511:448] Fl; 
IF IMMO[7] = 0 
THEN TMP_DEST[51 1:448] := SRC2[447:384] 
ELSE TMP_DEST[51 1:448] := SRC2[511:448] Fl; 
Fl; 
FOR j:= 0 TO KL-1 


i:=j* 64 

IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
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IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VSHUFPD (EVEX encoded versions when SRC2 is memory) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j :=0 TO KL-1 
i:=j* 64 
IF (EVEX.b = 1) 
THEN TMP_SRC2[i+63:i] := SRC2[63:0] 
ELSE TMP_SRC2[i+63:i] := SRC2[i+63:i] 
Fl; 
ENDFOR; 
IF IMMO[O] = O 
THEN TMP_DEST[63:0] := SRC1[63:0] 
ELSE TMP_DEST[63:0] := SRC1[127:64] Fl; 
IF IMMO[1] = 0 
THEN TMP_DEST[1 27:64] := TMP_SRC2[63:0] 
ELSE TMP_DEST[127:64] := TMP_SRC2[127:64] Fl; 
IF VL >= 256 
IF IMMO[2] = 0 
THEN TMP_DEST[191:128] := SRC1[191:128] 
ELSE TMP_DEST[191:128] := SRC1[255:192] FI; 
IF IMMO[3] = 0 
THEN TMP_DEST[255:192] := TMP_SRC2[191:128] 
ELSE TMP_DEST[255:192] := TMP_SRC2[255:192] Fl; 


Fl; 
IF VL >=512 
IF IMMO[4] = O 
THEN TMP_DEST[319:256] := SRC1[319:256] 
ELSE TMP_DEST[319:256] := SRC1[383:320] Fl; 
IF IMMO[5] = 0 
THEN TMP_DEST[383:320] := TMP_SRC2[319:256] 
ELSE TMP_DEST[383:320] := TMP_SRC2[383:320] Fl; 
IF IMMO[6] = O 
THEN TMP_DEST[447:384] := SRC1[447:384] 
ELSE TMP_DEST[447:384] := SRC1[511:448] Fl; 
IF IMMO[7] = 0 
THEN TMP_DEST[51 1:448] := TMP_SRC2[447:384] 
ELSE TMP_DEST[51 1:448] := TMP_SRC2[51 1:448] Fl; 
Fl; 
FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
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ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VSHUFPD (VEX.256 encoded version) 
IF IMMO[O] = 0 
THEN DEST[63:0] := SRC1[63:0] 
ELSE DEST[63:0] := SRC1[127:64] Fl; 
IF IMMO[1] = 0 
THEN DEST[1 27:64] := SRC2[63:0] 
ELSE DEST[127:64] := SRC2[127:64] Fl; 
IF IMMO[2] = 0 
THEN DEST[191:128] := SRC1[191:128] 
ELSE DEST[191:128] := SRC1[255:192] Fl; 
IF IMMO[3] = 0 
THEN DEST[255:192] := SRC2[191:128] 
ELSE DEST[255:192] := SRC2[255:192] Fl; 
DEST[MAXVL-1:256] (Unmodified) 


VSHUFPD (VEX.128 encoded version) 
IF IMMO[O] = 0 
THEN DEST[63:0] := SRC1[63:0] 
ELSE DEST[63:0] := SRC1[127:64] Fl; 
IF IMMO[1] = 0 
THEN DEST[127:64] := SRC2[63:0] 
ELSE DEST[1 27:64] := SRC2[127:64] Fl; 
DEST[MAXVL-1:128] := 0 


VSHUFPD (128-bit Legacy SSE version) 
IF IMMO[O] = 0 
THEN DEST[63:0] := SRC1[63:0] 
ELSE DEST[63:0] := SRC1[127:64] Fl; 
IF IMMO[1] = 0 
THEN DEST[127:64] := SRC2[63:0] 
ELSE DEST[127:64] := SRC2[127:64] Fl; 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VSHUFPD __m512d_mm512_shuffle_pd(__m512da,__m512db, int imm); 
VSHUFPD __m512d_mm512_mask_shuffle_pd(__m512ds,__mmask8 k, 


VSHUFPD __m256d_mm256_shuffle_pd (__m256d a,___m256d b, const int select); 
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m512da,__m512db, int imm); 
VSHUFPD __m512d_mm512_maskz_shuffle_pd(__mmask8 k,__m512da,_m512d 5, int imm); 


VSHUFPD __m256d_mm256_mask_shuffle_pd(__m256d s,__ mmask8 k,__ m256d a,__ m256d b, int imm); 


VSHUFPD __m256d _mm256_maskz_shuffle_pd(__mmask8 k, 
SHUFPD __m128d_mm_shuffle_pd (__m128d a,__m128d b, const int select); 
VSHUFPD __m128d __mm_mask_shuffle_pd(__m128ds,__ mmask8 k, 
VSHUFPD __m128d __mm_maskz_shuffle_pd(__ mmask8 k, __m128d a, 
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m256d a,__m256d b, int imm); 


m128d a,__m128d b, int imm); 
m128d b, int imm); 
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SIMD Floating-Point Exceptions 
None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-50, “Type E4NF Class Exception Conditions”. 
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SHUFPS—Packed Interleave Shuffle of Quadruplets of Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
NP OF C6 /r ib A VIN SSE Select from quadruplet of single-precision floating- 
SHUFPS xmm1, xmm3/m128, imm8 point values in xmm1 and xmm2/m1 28 using imm8, 
interleaved result pairs are stored in xmm1. 
VEX.128.0F.WIG C6 /r ib B VV AVX Select from quadruplet of single-precision floating- 
VSHUFPS xmm1, xmm2, point values in xmm1 and xmm2/m128 using imm8, 
xmm3/m1 28, imm8 interleaved result pairs are stored in xmm1. 
VEX.256.0F.WIG C6 /r ib B VIN AVX Select from quadruplet of single-precision floating- 
VSHUFPS ymm1, ymm2, point values in ymm2 and ymm3/m256 using imm8, 
ymm3/m256, imm8 interleaved result pairs are stored in ymm1. 
EVEX.128.0F.WO C6 /r ib C VIV AVX512VL | Select from quadruplet of single-precision floating- 
VSHUFPS xmm1{k1}{z}, xmm_2, AVX512F point values in xmm1 and xmm2/m1 28 using imm8, 
xmm3/m128/m32bcst, imm8 interleaved result pairs are stored in xmm1, subject to 
writemask k1. 
EVEX.256.0F.WO C6 /r ib C VIV AVX512VL | Select from quadruplet of single-precision floating- 
VSHUFPS ymm1{k1}{z}, ymm2, AVX512F point values in ymm2 and ymm3/m256 using imm8, 
ymm3/m256/m32bcst, imm8 interleaved result pairs are stored in ymm1, subject to 
writemask k1. 
EVEX.512.0F.WO C6 /r ib C VIN AVX512F Select from quadruplet of single-precision floating- 
VSHUFPS zmm1{k1}{z}, zmm2, point values in zmm2 and zmm3/m512 using immés, 
zmm3/m51 2/m32bcst, imm8 interleaved result pairs are stored in zmm1, subject to 
writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) Imm8 NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) Imm8s 
Cc Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imms 
Description 


Selects a single-precision floating-point value of an input quadruplet using a two-bit control and move to a desig- 
nated element of the destination operand. Each 64-bit element-pair of a 128-bit lane of the destination operand is 
interleaved between the corresponding lane of the first source operand and the second source operand at the gran- 
ularity 128 bits. Each two bits in the imm8 byte, starting from bit 0, is the select control of the corresponding 
element of a 128-bit lane of the destination to received the shuffled result of an input quadruplet. The two lower 
elements of a 128-bit lane in the destination receives shuffle results from the quadruple of the first source operand. 
The next two elements of the destination receives shuffle results from the quadruple of the second source operand. 


EVEX encoded versions: The first source operand is a ZMM/YMM/XMM register. The second source operand can be 
a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 
32-bit memory location. The destination operand is aZMM/YMM/XMM register updated according to the writemask. 
Imm8[7:0] provides 4 select controls for each applicable 128-bit lane of the destination. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. Imm8[7:0] provides 4 select 
controls for the high and low 128-bit of the destination. 


VEX.128 encoded version: The first source operand is a XMM register. The second source operand can be a XMM 
register or a 128-bit memory location. The destination operand is a XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. Imm8[7:0] provides 4 select controls for each element of 
the destination. 
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128-bit Legacy SSE version: The source can be an XMM register or an 128-bit memory location. The destination is 
not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding ZMM 
register destination are unmodified. Imm8[7:0] provides 4 select controls for each element of the destination. 


speci) X7 X6 X5 x4 X3 X2 x1 x0 
SRC Y7 Y6 Y Y4 3 Y2 Y1 YO 


DEST] Y7..Y4 | Y7..Y4 | X7..X4] X7..X4]Y3.YO | Y3..YO | x3..xo | X3.. X0 


Figure 4-26. 256-bit VSHUFPS Operation of Selection from Input Quadruplet and Pair-wise Interleaved Result 


Operation 


Select4(SRC, control) { 
CASE (control[1:0]) OF 

0: TMP := SRC[31:0]; 

1: TMP := SRC[63:32]; 

2: TMP :=SRC[95:64]; 
3: TMP := SRC[127:96]; 
ESAC; 
RETURN TMP 
} 


VPSHUFPS (EVEX encoded versions when SRC2 is a vector register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


TMP_DEST[31:0] := Select4(SRC1[127:0], imm8[1:0)); 
TMP_DEST[63:32] := Select4(SRC1[127:0], imm8[3:2]); 
TMP_DEST[95:64] := Select4(SRC2[1 27:0], imm8[5:4]); 
TMP_DEST[127:96] := Select4(SRC2[1 27:0], imm8[7:6)); 
IF VL >= 256 
TMP_DEST[159:1 28] := Select4 
TMP_DEST[191:160] := Select4 
TMP_DEST[223:192] := Select4 
TMP_DEST[255:224] := Select4 
Fl; 
IF VL >=512 
TMP_DEST[287:256] := Select4 
TMP_DEST[319:288] := Select4 
TMP_DEST[351:320] := Select4 
TMP_DEST[383:352] := Select4 
TMP_DEST[415:384] := Select4 
TMP_DEST[447:416] := Select4 
TMP_DEST[479:448] := Select4 
TMP_DEST[51 1:480] := Select4 
Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 


SRC1[255:128], imm8[1:0]) 
SRC1[255:128], imm8[3:2)); 
) 


SRC2[255:128], imm8[5:4] 
SRC2[255:128], imm8[7:6] 


a a am 


SRC1[383:256], imm8[1:0]) 
SRC1[383:256], imm8[3:2]) 
SRC2[383:256], imm8[5:4]) 
SRC2[383:256], imm8[7:6]); 
) 
) 
) 
) 


SRC1[511:384], imm8[1:0] 
SRC1[511:384], imm8[3:2] 
SRC2[511:384], imm8[5:4] 
SRC2[511:384], imm8[7:6] 


A a a po 
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THEN DEST[i+31:i] := TMP_DEST[i+31:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPSHUFPS (EVEX encoded versions when SRC2 is memory) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF (EVEX.b = 1) 
THEN TMP_SRC2[i+31:i] = SRC2[31:0] 
ELSE TMP_SRC2[i+31:i] = SRC2[i+31:i] 
Fl; 
ENDFOR; 
TMP_DEST[31:0] := Select4(SRC1[127:0], imm8[1:0}); 
TMP_DEST[63:32] := Select4(SRC1[1 27:0], imm8[3:2]); 
TMP_DEST[95:64] := Select4(TMP_SRC2[1 27:0], imm8[5:4}); 
TMP_DEST[1 27:96] := Select4(TMP_SRC2[1 27:0], imm8[7:6]); 
IF VL >= 256 
TMP_DEST[159:1 28] := Select4(SRC1[255:128], imm8[1:0]); 
TMP_DEST[191:160] := Select4(SRC1[255:128], imm8[3:2]); 
TMP_DEST[223:1 92] := Select4(TMP_SRC2[255:1 28], imm8[5:4]); 
TMP_DEST[255:224] := Select4(TMP_SRC2[255:1 28], imm8[7:6]); 
Fl; 
IF VL >= 512 
TMP_DEST[287:256] := Select4(SRC1[383:256], imm8[1:0]); 
TMP_DEST[31 9:288] := Select4(SRC1[383:256], imm8[3:2]); 
TMP_DEST[351:320] := Select4(TMP_SRC2[383:256], imm8[5:4]); 
TMP_DEST[383:352] := Select4(TMP_SRC2[383:256], imm8[7:6]); 
TMP_DEST[415:384] := Select4(SRC1[511:384], imm8[1:0]); 
TMP_DEST[447:416] := Select4(SRC1[511:384], imm8[3:2]); 
TMP_DEST[479:448] := Select4(TMP_SRC2[51 1:384], imm8[5:4]); 
TMP_DEST[51 1:480] := Select4(TMP_SRC2[51 1:384], imm8[7:6]); 
Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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VSHUFPS (VEX.256 encoded version) 

DEST[31:0] := Select4(SRC1[127:0], imm8[1:0}); 
DEST[63:32] := Select4(SRC1[127:0], imm8[3:2]); 
DEST[95:64] := Select4(SRC2[127:0], imm8[5:4)); 
DEST[127:96] := Select4(SRC2[127:0], imm8[7:6]); 
DEST[159:128] := Select4(SRC1[255:128], imm8[1:0)), 
DEST[191:160] := Select4(SRC1[255:1 28], imm8[3:2)); 
DEST[223:192] := Select4(SRC2[255:1 28], imm8[5:4]), 
DEST[255:224] := Select4(SRC2[255:1 28], imm8[7:6]) 
DEST[MAXVL-1:256] := 0 


VSHUFPS (VEX.128 encoded version) 
DEST[31:0] := Select4(SRC1[127:0], imm8[1:0}); 
DEST[63:32] := Select4(SRC1[127:0], imm8[3:2]); 
DEST[95:64] := Select4(SRC2[1 27:0], imm8[5:4)); 
DEST[127:96] := Select4(SRC2[127:0], imm8[7:6]); 
DEST[MAXVL-1:128] := 0 


SHUFPS (128-bit Legacy SSE version) 
DEST[31:0] := Select4(SRC1[127:0], imm8[1:0)); 
DEST[63:32] := Select4(SRC1[127:0], imm8[3:2]); 
DEST[95:64] := Select4(SRC2[127:0], imm8[5:4]); 
DEST[127:96] := Select4(SRC2[1 27:0], imm8[7:6]); 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VSHUFPS __m512_mm512_shuffle_ps(__m512 a,__m512 b, int imm); 

VSHUFPS __m512_mm512_mask_shuffle_ps(__m512s,__ mmask16 k,__m512 a,__m512 b, int imm); 
VSHUFPS __m512_mm512_maskz_shuffle_ps(__mmask16 k,__m512 a,__m512 b, int imm); 
VSHUFPS __m256 _mm256_shuffle_ps (_m256 a,__m256 b, const int select); 
VSHUFPS __m256 _mm256_mask_shuffle_ps(__m256 s,__ mmask8 k,__m256 a, 
VSHUFPS __m256 _mm256_maskz_shuffle_ps(__mmask8 k,___m256 a, 
SHUFPS __m128 _mm_shuffle_ps (_m128 a,__m128b, const int select); 

VSHUFPS __m128 _mm_mask_shuffle_ps(__m128 s,__ mmask8 k,___m128 a,__m128, int imm); 
VSHUFPS __m128 _mm_maskz_shuffle_ps(__mmask8 k,___m128 a,__m128, int imm); 


m256 b, int imm); 
m256 b, int imm); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-50, “Type E4NF Class Exception Conditions”. 
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SIDT—Store Interrupt Descriptor Table Register 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 01/1 SIDT m M Valid Valid Store IDTR to m. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Stores the content the interrupt descriptor table register (IDTR) in the destination operand. The destination 
operand specifies a 6-byte memory location. 


In non-64-bit modes, the 16-bit limit field of the register is stored in the low 2 bytes of the memory location and 
the 32-bit base address is stored in the high 4 bytes. 


In 64-bit mode, the operand size fixed at 8+2 bytes. The instruction stores 8-byte base and 2-byte limit values. 


SIDT is only useful in operating-system software; however, it can be used in application programs without causing 
an exception to be generated if CR4.UMIP = 0. See “LGDT/LIDT—Load Global/Interrupt Descriptor Table Register” 
in Chapter 3, Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A, for information on 
loading the GDTR and IDTR. 


IA-32 Architecture Compatibility 


The 16-bit form of SIDT is compatible with the Intel 286 processor if the upper 8 bits are not referenced. The Intel 
286 processor fills these bits with 1s; processor generations later than the Intel 286 processor fill these bits with 
Os. 


Operation 


IF instruction is SIDT 
THEN 
IF OperandSize =16 or OperandSize = 32 (* Legacy or Compatibility Mode *) 
THEN 
DEST[O:1 5] := IDTR(Limit); 
DEST[16:47] := IDTR(Base); Fl; (* Full 32-bit base address stored *) 
ELSE (* 64-bit Mode *) 
DEST[0:15] := IDTR(Limit); 
DEST[16:79] := IDTR(Base); (* Full 64-bit base address stored *) 
Fl; 
Fl; 


Flags Affected 
None. 
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Protected Mode Exceptions 


#GP(0) 


#SS(0) 
#PF(fault-code) 
#AC(0) 

#UD 


If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If CR4.UMIP = 1 and CPL > O. 

If a memory operand effective address is outside the SS segment limit. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made while CPL = 3. 
If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP 
#SS 
#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand effective address is outside the SS segment limit. 
If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) 


#SS(0) 
#PF(fault-code) 
#AC(0) 

#UD 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If CR4.UMIP = 1. 

If a memory operand effective address is outside the SS segment limit. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made. 

If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) 
#UD 
#GP(0) 


#PF(fault-code) 
#AC(0) 
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If a memory address referencing the SS segment is in a non-canonical form. 

If the LOCK prefix is used. 

If the memory address is in a non-canonical form. 

If CR4.UMIP = 1 and CPL > O. 

If a page fault occurs. 

If alignment checking is enabled and an unaligned memory reference is made while CPL = 3. 
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SLDT—Store Local Descriptor Table Register 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 00 /0 SLDT r/m16 M Valid Valid Stores segment selector from LDTR in r/m76. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Stores the segment selector from the local descriptor table register (LDTR) in the destination operand. The desti- 
nation operand can be a general-purpose register or a memory location. The segment selector stored with this 
instruction points to the segment descriptor (located in the GDT) for the current LDT. This instruction can only be 
executed in protected mode. 


Outside IA-32e mode, when the destination operand is a 32-bit register, the 16-bit segment selector is copied into 
the low-order 16 bits of the register. The high-order 16 bits of the register are cleared for the Pentium 4, Intel Xeon, 
and P6 family processors. They are undefined for Pentium, Intel486, and Intel386 processors. When the destina- 
tion operand is a memory location, the segment selector is written to memory as a 16-bit quantity, regardless of 
the operand size. 


In compatibility mode, when the destination operand is a 32-bit register, the 16-bit segment selector is copied into 
the low-order 16 bits of the register. The high-order 16 bits of the register are cleared. When the destination 
operand is a memory location, the segment selector is written to memory as a 16-bit quantity, regardless of the 
operand size. 


In 64-bit mode, using a REX prefix in the form of REX.R permits access to additional registers (R8-R15). The 
behavior of SLDT with a 64-bit register is to zero-extend the 16-bit selector and store it in the register. If the desti- 
nation is memory and operand size is 64, SLDT will write the 16-bit selector to memory as a 16-bit quantity, 
regardless of the operand size. 


Operation 
DEST := LDTR(SegmentSelector); 


Flags Affected 
None. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 


selector. 
If CR4.UMIP = 1 and CPL > O. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while CPL = 3. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD The SLDT instruction is not recognized in real-address mode. 
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Virtual-8086 Mode Exceptions 
#UD The SLDT instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the memory address is in a non-canonical form. 
If CR4.UMIP = 1 and CPL > 0. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while CPL = 3. 
#UD If the LOCK prefix is used. 
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SMSW-—Store Machine Status Word 


Opcode* Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

OF 01 /4 SMSW r/m16 M Valid Valid Store machine status word to r/m76. 

OF 01 /4 SMSW r32/m16 M Valid Valid Store machine status word in low-order 16 
bits of r32/m16; high-order 16 bits of r32 are 
undefined. 

REX.W + OF 01 /4 SMSW 1r64/m16 M Valid Valid Store machine status word in low-order 16 
bits of r64/m16; high-order 16 bits of r32 are 
undefined. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Stores the machine status word (bits 0 through 15 of control register CRO) into the destination operand. The desti- 
nation operand can be a general-purpose register or a memory location. 


In non-64-bit modes, when the destination operand is a 32-bit register, the low-order 16 bits of register CRO are 
copied into the low-order 16 bits of the register and the high-order 16 bits are undefined. When the destination 
operand is a memory location, the low-order 16 bits of register CRO are written to memory as a 16-bit quantity, 
regardless of the operand size. 


In 64-bit mode, the behavior of the SMSW instruction is defined by the following examples: 
° SMSW ri6 operand size 16, store CRO[15:0] in r16 

¢ SMSW r32 operand size 32, zero-extend CRO[31:0], and store in r32 

¢ SMSW r64 operand size 64, zero-extend CRO[63:0], and store in r64 

¢ SMSW m1i16 operand size 16, store CRO[15:0] in m16 

° SMSW m16 operand size 32, store CRO[15:0] in m16 (not m32) 

¢ SMSW mi16 operands size 64, store CRO[15:0] in m16 (not m64) 


SMSW is only useful in operating-system software. However, it is not a privileged instruction and can be used in 
application programs if CR4.UMIP = 0. It is provided for compatibility with the Intel 286 processor. Programs and 
procedures intended to run on IA-32 and Intel 64 processors beginning with the Intel386 processors should use the 
MOV CR instruction to load the machine status word. 


See “Changes to Instruction Behavior in VMX Non-Root Operation” in Chapter 25 of the Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 3C, for more information about the behavior of this instruction in 
VMX non-root operation. 


Operation 


DEST := CRO[15:0]; 
(* Machine status word *) 


Flags Affected 
None. 
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Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 


selector. 
If CR4.UMIP = 1 and CPL > 0. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while CPL = 3. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If CR4.UMIP = 1. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the memory address is in a non-canonical form. 
If CR4.UMIP = 1 and CPL > 0. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while CPL = 3. 
#UD If the LOCK prefix is used. 
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SQRTPD—Square Root of Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
66 OF 51 /r A VIV SSE2 Computes Square Roots of the packed double-precision 
SQRTPD xmm1, xmm2/m128 floating-point values in xmm2/m128 and stores the result 
in xmm1. 
VEX.128.66.0F.WIG 51 /r A VIV AVX Computes Square Roots of the packed double-precision 
VSQRTPD xmm1, xmm2/m128 floating-point values in xmm2/m128 and stores the result 
in xmm1. 
VEX.256.66.0F.WIG 51 /r A VIV AVX Computes Square Roots of the packed double-precision 
VSQRTPD ymm1, ymm2/m256 floating-point values in ymm2/m256 and stores the result 
in ymm1. 
EVEX.128.66.0F.W1 51 /r B VIV AVX512VL | Computes Square Roots of the packed double-precision 
VSQRTPD xmm1 {k1}{Z}, AVX512F floating-point values in xmm2/m128/m64bcst and stores 
xmm2/m128/m64bcst the result in xmm1 subject to writemask k1. 
EVEX.256.66.0F.W1 51 /r B VIV AVX512VL | Computes Square Roots of the packed double-precision 
VSQRTPD ymm1 {k1}{Z}, AVX512F floating-point values in ynm2/m256/m64bcst and stores 
ymm2/m256/m64bcst the result in ymm1 subject to writemask k1. 
EVEX.512.66.0F.W1 51 /r B VIV AVX512F Computes Square Roots of the packed double-precision 
VSQRTPD zmm1 {k1}{Z}, floating-point values in zmm2/m512/m64bcst and stores 
zmm2/m512/m64bcst{er} the result in zmm1 subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Performs a SIMD computation of the square roots of the two, four or eight packed double-precision floating-point 
values in the source operand (the second operand) stores the packed double-precision floating-point results in the 
destination operand (the first operand). 


EVEX encoded versions: The source operand is aZMM/YMM/XMM register, a 512/256/128-bit memory location, or 
a 512/256/128-bit vector broadcasted from a 64-bit memory location. The destination operand is a 
ZMM/YMM/XMM register updated according to the writemask. 


VEX.256 encoded version: The source operand is a YMM register or a 256-bit memory location. The destination 
operand is a YMM register. The upper bits (MAXVL-1:256) of the corresponding ZMM register destination are 
zeroed. 


VEX.128 encoded version: the source operand second source operand or a 128-bit memory location. The destina- 
tion operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding ZMM register destination are 
zeroed. 


128-bit Legacy SSE version: The second source can be an XMM register or 128-bit memory location. The destina- 
tion is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding ZMM 
register destination are unmodified. 


Note: VEX.vvvv and EVEX.vvvwv are reserved and must be 1111b otherwise instructions will #UD. 
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Operation 


VSQRTPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) AND (SRC *is register*) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC *is memory*) 
THEN DEST[i+63:i] := SOQRT(SRC[63:0]) 
ELSE DEST[i+63:i] := SOQRT(SRC[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VSQRTPD (VEX.256 encoded version) 
DEST[63:0] := SQRT(SRC[63:0)]) 
DEST[127:64] := SQRT(SRC[127:64]) 
DEST[191:128] := SQRT(SRC[191:128]) 
DEST[255:192] := SQRT(SRC[255:1 92]) 
DEST[MAXVL-1:256] := 0 


VSQRTPD (VEX.128 encoded version) 
DEST[63:0] := SQRT(SRC[63:0]) 
DEST[127:64] := SQRT(SRC[127:64]) 
DEST[MAXVL-1:128] := 0 


SQRTPD (128-bit Legacy SSE version) 
DEST[63:0] := SQRT(SRC[63:0]) 
DEST[127:64] := SORT(SRC[127:64]) 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VSQRTPD __m512d_mm512_sqrt_round_pd(__m512d a, int r); 

VSQRTPD __m512d_mm512_mask_sqrt_round_pd(__m512d s,___mmask8 k,___m512d a, int r); 
VSQRTPD __m512d_mm512_maskz_sqrt_round_pd(__mmask8 k,__m512d a, int r); 
VSQRTPD __m256d __mm256_sqrt_pd (__m256d a); 

VSQRTPD __m256d __mm256_mask_sqrt_pd(__m256d s,___mmask8 k,___m256d a, int 1); 
VSQRTPD __m256d __mm256_maskz_sqrt_pd( ___mmask8 k, __m256d a, int r); 

SQRTPD __m128d_mm_sqrt_pd (__m128d a); 

VSQRTPD __m128d __mm_mask_sqrt_pd(__m128d s, __mmask8 k, __m128d a, int r); 
VSQRTPD __m128d _mm_maskz_sqrt_pd(__mmask8 k, __m128d a, int r); 
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SIMD Floating-Point Exceptions 
Invalid, Precision, Denormal 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-19, “Type 2 Class Exception Conditions”; additionally: 
#UD If VEX.vvvv != 1111B. 

EVEX-encoded instruction, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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SQRTPS—Square Root of Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
NP OF 51 /r A VIV SSE Computes Square Roots of the packed single-precision 
SQRTPS xmm1, xmm2/m128 floating-point values in xmm2/m128 and stores the result in 
xmm1. 
VEX.128.0F.WIG 51 /r A VIV AVX Computes Square Roots of the packed single-precision 
VSQRTPS xmm1, xmm2/m128 floating-point values in xmm2/m128 and stores the result in 
xmm1. 
VEX.256.0F.WIG 51/r A VIV AVX Computes Square Roots of the packed single-precision 
VSQRTPS ymm1, ymm2/m256 floating-point values in ymm2/m256 and stores the result in 
ymm1. 
EVEX.128.0F.WO 51 /r B VIV AVX512VL_ | Computes Square Roots of the packed single-precision 
VSQRTPS xmm1 {k1}{Z}, AVX512F floating-point values in xmm2/m128/m32bcst and stores 
xmm2/m1 28/m32bcst the result in xmm1 subject to writemask k1. 
EVEX.256.0F.WO 51 /r B VIV AVX512VL_ | Computes Square Roots of the packed single-precision 
VSQRTPS ymm1 {k1}{Z}, AVX512F floating-point values in ymm2/m256/m32bcst and stores 
ymm2/m256/m32bcst the result in ymm1 subject to writemask k1. 
EVEX.512.0F.WO 51/r B VIV AVX512F Computes Square Roots of the packed single-precision 
VSQRTPS zmm1 {k1}{z}, floating-point values in zmm2/m512/m32bcst and stores 
zmm2/m512/m32bcst{er} the result in zmm1 subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Performs a SIMD computation of the square roots of the four, eight or sixteen packed single-precision floating-point 
values in the source operand (second operand) stores the packed single-precision floating-point results in the 
destination operand. 


EVEX.512 encoded versions: The source operand is aZMM/YMM/XMM register, a 512/256/128-bit memory location 


or a 512/256/128-bit vector broadcasted from a 32-bit memory location. The destination operand is a 
ZMM/YMM/XMM register updated according to the writemask. 

VEX.256 encoded version: The source operand is a YMM register or a 256-bit memory location. The destination 
operand is a YMM register. The upper bits (MAXVL-1:256) of the corresponding ZMM register destination are 
zeroed. 

VEX.128 encoded version: the source operand second source operand or a 128-bit memory location. The destina- 
tion operand is an XMM register. The upper bits (MAXVL-1:128) of the corresponding ZMM register destination are 
zeroed. 

128-bit Legacy SSE version: The second source can be an XMM register or 128-bit memory location. The destina- 
tion is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding ZMM 
register destination are unmodified. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 
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Operation 


VSQRTPS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) AND (SRC *is register*) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC *is memory*) 
THEN DEST[i+31:i] = SOQRT(SRC[31:0]) 
ELSE DEST[i+31:i] := SQRT(SRC[i+3 1:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VSQRTPS (VEX.256 encoded version) 
DEST[31:0] := SQRT(SRC[31:0]) 
DEST[63:32] := SQRT(SRC[63:32]) 
DEST[95:64] := SQRT(SRC[95:64}) 
DEST[127:96] := SQRT(SRC[127:96]) 
DEST[159:1 28] := SQRT(SRC[159:1 28] 
DEST[191:160] := SQRT(SRC[191:160] 
DEST[223:192] := SQRT(SRC[223:192] 
DEST[255:224] := SQRT(SRC[255:224] 


a) 


VSQRTPS (VEX.128 encoded version) 
DEST[31:0] := SQRT(SRC[31:0]) 
DEST[63:32] := SQRT(SRC[63:32]) 
DEST[95:64] := SQRT(SRC[95:64}) 
DEST[127:96] := SQRT(SRC[127:96]) 
DEST[MAXVL-1:128] := 0 


SQRTPS (128-bit Legacy SSE version) 
DEST[31:0] := SQRT(SRC[31:0]) 
DEST[63:32] := SQRT(SRC[63:32]) 
DEST[95:64] := SQRT(SRC[95:64}) 
DEST[127:96] := SORT(SRC[127:96]) 
DEST[MAXVL-1:1 28] (Unmodified) 
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Intel C/C++ Compiler Intrinsic Equivalent 


VSQRTPS __m512_mm512_sqrt_round_ps(__m512 a, int r); 

VSQRTPS __m512_mm512_mask_sqrt_round_ps(__m512 s,__mmask16 k,__m512 a, int r); 
VSQRTPS __m512_mm512_maskz_sqrt_round_ps(_mmask16 k,__m512 a, int r); 
VSQRTPS __m256 __mm256_sqrt_ps (__m256 a); 

VSQRTPS __m256 __mm256_mask_sqrt_ps(__m256 s,___mmask8 k, __m256 a, int r); 
VSQRTPS __m256 __mm256_maskz_sqrt_ps(___mmask8 k, __m256 a, int r); 

SQRTPS __m128 _mm_sqrt_ps (__m128 a); 

VSQRTPS __m128_mm_mask_sqrt_ps(__m128 s,___mmask8 k,___m128 a, int r); 

VSQRTPS __m128 _mm_maskz_sqrt_ps(__mmask8 k, __m128 a, int r); 


SIMD Floating-Point Exceptions 
Invalid, Precision, Denormal 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-19, “Type 2 Class Exception Conditions”; additionally: 
#UD If VEX.vvvv != 1111B. 

EVEX-encoded instruction, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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SQRTSD—Compute Square Root of Scalar Double-Precision Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
F2 OF 51/r A VIV SSE2 Computes square root of the low double-precision floating- 
SQRTSD xmm1,xmm2/m64 point value in xmm2/m64 and stores the results in xmm1. 
VEX.LIG.F2.0F.WIG 51/r B VIV AVX Computes square root of the low double-precision floating- 
VSQRTSD xmm1,xmm_2, point value in xmm3/m64 and stores the results in xmm1. 
xmm3/m64 Also, upper double-precision floating-point value 
(bits[127:64]) from xmm_2 is copied to xmm1[127:64]. 
EVEX.LLIG.F2.0F.W1 51/r C VIV AVX512F Computes square root of the low double-precision floating- 
VSQRTSD xmm1 {k1}{z}, xmm2, point value in xmm3/m64 and stores the results in xmm1 
xmm3/m64{er} under writemask k1. Also, upper double-precision floating- 
point value (bits[127:64]) from xmm2z is copied to 
xmm1[127:64]. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Computes the square root of the low double-precision floating-point value in the second source operand and stores 
the double-precision floating-point result in the destination operand. The second source operand can be an XMM 
register or a 64-bit memory location. The first source and destination operands are XMM registers. 


128-bit Legacy SSE version: The first source operand and the destination operand are the same. The quadword at 
bits 127:64 of the destination operand remains unchanged. Bits (MAXVL-1:64) of the corresponding destination 
register remain unchanged. 


VEX.128 and EVEX encoded versions: Bits 127:64 of the destination operand are copied from the corresponding 
bits of the first source operand. Bits (MAXVL-1:128) of the destination register are zeroed. 

EVEX encoded version: The low quadword element of the destination operand is updated according to the 
writemask. 


Software should ensure VSQRTSD is encoded with VEX.L=0. Encoding VSQRTSD with VEX.L=1 may encounter 
unpredictable behavior across different processor generations. 
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Operation 


VSQRTSD (EVEX encoded version) 
IF (EVEX.b = 1) AND (SRC2 *is register*) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := SQRT(SRC2[63:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


VSQRTSD (VEX.128 encoded version) 
DEST[63:0] := SQRT(SRC2[63:0]) 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


SQRTSD (128-bit Legacy SSE version) 
DEST[63:0] := SQRT(SRC[63:0]) 
DEST[MAXVL-1:64] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VSQRTSD __m128d _mm_sqrt_round_sd(__m128d a, ___m128d, int r); 

VSQRTSD __m128d __mm_mask_sqrt_round_sd(__m128d s,__mmask8 k,___m128d a,__m128db, int r); 
VSQRTSD __m128d _mm_maskz_sqrt_round_sd(__mmask8 k, __m128d a, ___m128d, int r); 

SQRTSD __m128d_mm_sqrt_sd (__m128d a,__m128d b) 


SIMD Floating-Point Exceptions 
Invalid, Precision, Denormal 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-47, “Type E3 Class Exception Conditions”. 
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SQRTSS—Compute Square Root of Scalar Single-Precision Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
F3 OF 51 /r A VIV SSE Computes square root of the low single-precision floating-point 
SQRTSS xmm1, xmm2/m32 value in xmm2/m32 and stores the results in xmm1. 
VEX.LIG.F3.0F.WIG 51 /r B VIV AVX Computes square root of the low single-precision floating-point 
VSQRTSS xmm1, xmm2, value in xmm3/m32 and stores the results in xmm1. Also, 
xmm3/m32 upper single-precision floating-point values (bits[127:32]) from 
xmme2 are copied to xmm1[127:32]. 
EVEX.LLIG.F3.0F.WO 51 /r C VIV AVX512F | Computes square root of the low single-precision floating-point 
VSQRTSS xmm1 {k1}{z}, xmm2, value in xmm3/m32 and stores the results in xmm1 under 
xmm3/m32{er} writemask k1. Also, upper single-precision floating-point values 
(bits[127:32]) from xmm2 are copied to xmm1[127:32]. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Computes the square root of the low single-precision floating-point value in the second source operand and stores 
the single-precision floating-point result in the destination operand. The second source operand can be an XMM 
register or a 32-bit memory location. The first source and destination operands is an XMM register. 


128-bit Legacy SSE version: The first source operand and the destination operand are the same. Bits (MAXVL- 


1:32) of the corresponding YMM destination register remain unchanged. 


VEX.128 and EVEX encoded versions: Bits 127:32 of the destination operand are copied from the corresponding 


bits of the first source operand. Bits (MAXVL-1:128) of the destination ZMM register are zeroed. 


EVEX encoded version: The low doubleword element of the destination operand is updated according to the 


writemask. 


Software should ensure VSQRTSS is encoded with VEX.L=0. Encoding VSQRTSS with VEX.L=1 may encounter 
unpredictable behavior across different processor generations. 
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Operation 


VSQRTSS (EVEX encoded version) 
IF (EVEX.b = 1) AND (SRC2 *is register*) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DE€ST[31:0] := SQRT(SRC2[31:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[31:0] := 0 
Fl; 


Fl; 
DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


VSQRTSS (VEX.128 encoded version) 
DEST[31:0] := SQRT(SRC2[31:0]) 
DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


SQRTSS (128-bit Legacy SSE version) 
DEST[31:0] := SQRT(SRC2[31:0]) 
DEST[MAXVL-1:32] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VSQRTSS __m128 _mm_sqrt_round_ss(__m128 a, ___m128, int r); 

VSQRTSS __m128 _mm_mask_sqrt_round_ss(__m128 s,__mmask8 k,___m128 a,__m128, int r); 
VSQRTSS __m128 _mm_maskz_sqrt_round_ss(___mmask8 k, __m128 a,__m128 b, int r); 
SQRTSS __m128 __mm_sqrt_ss(__m128 a) 


SIMD Floating-Point Exceptions 
Invalid, Precision, Denormal 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-47, “Type E3 Class Exception Conditions”. 
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STAC—Set AC Flag in EFLAGS Register 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En Mode Feature 
Support | Flag 
NP OF 01 CB ZO VIV SMAP Set the AC flag in the EFLAGS register. 
STAC 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Sets the AC flag bit in EFLAGS register. This may enable alignment checking of user-mode data accesses. This 
allows explicit supervisor-mode data accesses to user-mode pages even if the SMAP bit is set in the CR4 register. 


This instruction's operation is the same in non-64-bit modes and 64-bit mode. Attempts to execute STAC when 
CPL > 0 cause #UD. 


Operation 


EFLAGS.AC := 1; 


Flags Affected 
AC set. Other flags are unaffected. 


Protected Mode Exceptions 
#UD If the LOCK prefix is used. 
If the CPL > 0. 
If CPUID.(EAX=07H, ECX=0H):EBX.SMAP[bit 20] = 0. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 
If CPUID.(EAX=07H, ECX=0H):EBX.SMAP[bit 20] = 0. 


Virtual-8086 Mode Exceptions 
#UD The STAC instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
#UD If the LOCK prefix is used. 
If the CPL > 0. 
If CPUID.(EAX=07H, ECX=0H):EBX.SMAP[bit 20] = 0. 


64-Bit Mode Exceptions 
#UD If the LOCK prefix is used. 
If the CPL > 0. 
If CPUID.(EAX=07H, ECX=0H):EBX.SMAP[bit 20] = 0. 
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STC—Set Carry Flag 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
F9 STC ZO | Valid Valid Set CF flag. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Sets the CF flag in the EFLAGS register. Operation is the same in all modes. 


Operation 
CF := 1; 


Flags Affected 


The CF flag is set. The OF, ZF, SF, AF, and PF flags are unaffected. 


Exceptions (All Operating Modes) 


#UD 
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Opcode Instruction Op/ | 64-bit Compat/ |Description 
En |Mode Leg Mode 
FD STD ZO | Valid Valid Set DF flag. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Sets the DF flag in the EFLAGS register. When the DF flag is set to 1, string operations decrement the index regis- 
ters (ESI and/or EDI). Operation is the same in all modes. 


Operation 
DF := 1; 


Flags Affected 


The DF flag is set. The CF, OF, ZF, SF, AF, and PF flags are unaffected. 


Exceptions (All Operating Modes) 


#UD 


STD—Set Direction Flag 


If the LOCK prefix is used. 
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STl—Set Interrupt Flag 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
FB STI ZO | Valid Valid Set interrupt flag; external, maskable 
interrupts enabled at the end of the next 
instruction. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


In most cases, STI sets the interrupt flag (IF) in the EFLAGS register. This allows the processor to respond to mask- 
able hardware interrupts. 


If IF = 0, maskable hardware interrupts remain inhibited on the instruction boundary following an execution of STI. 
(The delayed effect of this instruction is provided to allow interrupts to be enabled just before returning from a 
procedure or subroutine. For instance, if an STI instruction is followed by an RET instruction, the RET instruction is 
allowed to execute before external interrupts are recognized. No interrupts can be recognized if an execution of CLI 
immediately follow such an execution of STI.) The inhibition ends after delivery of another event (e.g., exception) 
or the execution of the next instruction. 


The IF flag and the STI and CLI instructions do not prohibit the generation of exceptions and nonmaskable inter- 
rupts (NMIs). However, NMIs (and system-management interrupts) may be inhibited on the instruction boundary 
following an execution of STI that begins with IF = 0. 


Operation is different in two modes defined as follows: 
* PVI mode (protected-mode virtual interrupts): CRO.PE = 1, EFLAGS.VM = 0, CPL = 3, and CR4.PVI = 1; 
* VME mode (virtual-8086 mode extensions): CRO.PE = 1, EFLAGS.VM = 1, and CR4.VME = 1. 


If IOPL < 3, EFLAGS.VIP = 1, and either VME mode or PVI mode is active, STI sets the VIF flag in the EFLAGS 
register, leaving IF unaffected. 


Table 4-24 indicates the action of the STI instruction depending on the processor operating mode, IOPL, CPL, and 
EFLAGS.VIP. 


Table 4-24. Decision Table for STI Results 


Mode IOPL EFLAGS.VIP STI Result 
Real-address x! X IF=1 
Protected, not PVI@ oe x ied 
<CPL x #GP fault 
3 x IF =1 
Protected, PVI3 re 0 VIF = 1 
1 #GP fault 
Virtual-8086, not VME? : * a 
0-2 X #GP fault 
3 X IF =1 
Virtual-8086, VME? a ft) VIF = 1 
1 #GP fault 


NOTES: 
1. X = This setting has no effect on instruction operation. 
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2. For this table, “protected mode” applies whenever CRO.PE = 1 and EFLAGS.VM = 0; it includes compatibility mode and 64-bit mode. 


3. PVI mode and virtual-8086 mode each imply CPL = 3. 


Operation 


IF CRO.PE = O (* Executing in real-address mode *) 
THEN IF := 1; (* Set Interrupt Flag *) 
ELSE 
IF IOPL > CPL (* CPL = 3 if EFLAGS.VM = 1 *) 
THEN IF := 1; (* Set Interrupt Flag *) 


ELSE 
IF VME mode OR PVI mode 
THEN 
IF EFLAGS.VIP = 0 
THEN VIF := 1; (* Set Virtual Interrupt Flag *) 
ELSE #GP(0); 
Fl; 
ELSE #GP(0); 
Fl; 
Fl; 
FI; 
Flags Affected 


Either the IF flag or the VIF flag is set to 1. Other flags are unaffected. 


Protected Mode Exceptions 


#GP(0) If CPL is greater than IOPL and PVI mode is not active. 


If CPL is greater than IOPL and EFLAGS.VIP = 1. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If IOPLis less than 3 and VME mode is not active. 
If IOPLis less than 3 and EFLAGS.VIP = 1. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 


STl—Set Interrupt Flag 


Vol.2B 4-667 


INSTRUCTION SET REFERENCE, M-U 


STMXCSR—Store MXCSR Register State 


Opcode*/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
NP OF AE /3 M VIV SSE Store contents of MXCSR register to m32. 
STMXCSR m32 
VEX.LZ.OF.WIG AE /3 M VV AVX Store contents of MXCSR register to m32. 
VSTMXCSR m32 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Stores the contents of the MXCSR control and status register to the destination operand. The destination operand 
is a 32-bit memory location. The reserved bits in the MXCSR register are stored as Os. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


VEX.L must be 0, otherwise instructions will #UD. 


Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 
m32 := MXCSR; 


Intel C/C++ Compiler Intrinsic Equivalent 


_mm_getcsr(void) 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 
See Table 2-22, “Type 5 Class Exception Conditions”; additionally: 


#UD 
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STOS/STOSB/STOSW/STOSD/STOSQ—Store String 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
AA STOS m8 NA | Valid Valid For legacy mode, store AL at address ES:(E)DI; 
For 64-bit mode store AL at address RDI or 
EDI. 
AB STOS m16 NA | Valid Valid For legacy mode, store AX at address ES:(€)DI; 
For 64-bit mode store AX at address RDI or 
EDI. 
AB STOS m32 NA | Valid Valid For legacy mode, store EAX at address 
ES:(€)DI; For 64-bit mode store EAX at address 
RDI or EDI. 
REX.W + AB STOS m64 NA | Valid N.E. Store RAX at address RDI or EDI. 
AA STOSB NA | Valid Valid For legacy mode, store AL at address ES:(E)DI; 
For 64-bit mode store AL at address RDI or 
EDI. 
AB STOSW NA | Valid Valid For legacy mode, store AX at address ES:(€)DI; 
For 64-bit mode store AX at address RDI or 
EDI. 
AB STOSD NA | Valid Valid For legacy mode, store EAX at address 
ES:(€)DI; For 64-bit mode store EAX at address 
RDI or EDI. 
REX.W + AB STOSQ NA | Valid N.E. Store RAX at address RDI or EDI. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
NA NA NA NA NA 
Description 


In non-64-bit and default 64-bit mode; stores a byte, word, or doubleword from the AL, AX, or EAX register 
(respectively) into the destination operand. The destination operand is a memory location, the address of which is 
read from either the ES:EDI or ES:DI register (depending on the address-size attribute of the instruction and the 
mode of operation). The ES segment cannot be overridden with a segment override prefix. 


At the assembly-code level, two forms of the instruction are allowed: the “explicit-operands” form and the “no- 
operands” form. The explicit-operands form (specified with the STOS mnemonic) allows the destination operand to 
be specified explicitly. Here, the destination operand should be a symbol that indicates the size and location of the 
destination value. The source operand is then automatically selected to match the size of the destination operand 
(the AL register for byte operands, AX for word operands, EAX for doubleword operands). The explicit-operands 
form is provided to allow documentation; however, note that the documentation provided by this form can be 
misleading. That is, the destination operand symbol must specify the correct type (size) of the operand (byte, 
word, or doubleword), but it does not have to specify the correct location. The location is always specified by the 
ES:(E)DI register. These must be loaded correctly before the store string instruction is executed. 


The no-operands form provides “short forms” of the byte, word, doubleword, and quadword versions of the STOS 
instructions. Here also ES:(E)DI is assumed to be the destination operand and AL, AX, or EAX is assumed to be the 
source operand. The size of the destination and source operands is selected by the mnemonic: STOSB (byte read 
from register AL), STOSW (word from AX), STOSD (doubleword from EAX). 


After the byte, word, or doubleword is transferred from the register to the memory location, the (E)DI register is 
incremented or decremented according to the setting of the DF flag in the EFLAGS register. If the DF flag is 0, the 
register is incremented; if the DF flag is 1, the register is decremented (the register is incremented or decremented 
by 1 for byte operations, by 2 for word operations, by 4 for doubleword operations). 
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NOTE: To improve performance, more recent processors support modifications to the processor’s operation during 
the string store operations initiated with STOS and STOSB. See Section 7.3.9.3 in the Intel® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 1 for additional information on fast-string operation. 


In 64-bit mode, the default address size is 64 bits, 32-bit address size is supported using the prefix 67H. Using a 
REX prefix in the form of REX.W promotes operation on doubleword operand to 64 bits. The promoted no-operand 
mnemonic is STOSQ. STOSQ (and its explicit operands variant) store a quadword from the RAX register into the 
destination addressed by RDI or EDI. See the summary chart at the beginning of this section for encoding data and 


limits. 


The STOS, STOSB, STOSW, STOSD, STOSQ instructions can be preceded by the REP prefix for block stores of ECX 
bytes, words, or doublewords. More often, however, these instructions are used within a LOOP construct because 
data needs to be moved into the AL, AX, or EAX register before it can be stored. See “REP/REPE/REPZ 
/REPNE/REPNZ—Repeat String Operation Prefix” in this chapter for a description of the REP prefix. 


Operation 
Non-64-bit Mode: 


IF (Byte store) 
THEN 
DEST := AL; 
THEN IF DF = 0 
THEN (€)DI := (E)DI + 1; 
ELSE (E)DI := (€)DI - 1; 
FI; 
ELSE IF (Word store) 
THEN 
DEST := AX; 
THEN IF DF = 0 
THEN (€)DI := (E)DI + 2; 
ELSE (E)DI := (€)DI - 2; 
FI; 
FI; 
ELSE IF (Doubleword store) 
THEN 
DEST := EAX; 
THEN IF DF = 0 
THEN (€)DI := (E)DI + 4; 
ELSE (E)DI := (€)DI - 4; 
FI; 
FI; 
Fl; 


64-bit Mode: 


IF (Byte store) 
THEN 
DEST := AL; 
THEN IF DF = 0 
THEN (RJE)DI := (RJE)DI + 1; 
ELSE (RIE)DI := (RIE)DI - 1; 
FI; 
ELSE IF (Word store) 
THEN 
DEST := AX; 
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THEN IF DF = 0 
THEN (RIE)DI := (RIE)DI + 2; 
ELSE (RIE)DI := (RIE)DI - 2; 


Fl; 
Fl; 
ELSE IF (Doubleword store) 
THEN 
DEST := EAX; 
THEN IF DF = 0 
THEN (RJE)DI := (RJE)DI + 4; 
ELSE (RIE)DI := (RJE)DI - 4; 
Fl; 
Fl; 
ELSE IF (Quadword store using REX.W ) 
THEN 
DEST := RAX; 
THEN IF DF = 0 
THEN (RJE)DI := (RIE)DI + 8; 
ELSE (RIE)DI := (RJE)DI - 8; 
Fl; 
Fl; 
FI; 
Flags Affected 
None. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the limit of the ES segment. 
If the ES register contains a NULL segment selector. 

#PF(fault-code) If a page fault occurs. 


#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#GP If a memory operand effective address is outside the ES segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the ES segment limit. 
#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 
#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 


#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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STR—Store Task Register 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 00/1 STR r/m16 M Valid Valid Stores segment selector from TR in r/m16. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Stores the segment selector from the task register (TR) in the destination operand. The destination operand can be 
a general-purpose register or a memory location. The segment selector stored with this instruction points to the 
task state segment (TSS) for the currently running task. 


When the destination operand is a 32-bit register, the 16-bit segment selector is copied into the lower 16 bits of the 
register and the upper 16 bits of the register are cleared. When the destination operand is a memory location, the 
segment selector is written to memory as a 16-bit quantity, regardless of operand size. 


In 64-bit mode, operation is the same. The size of the memory operand is fixed at 16 bits. In register stores, the 
2-byte TR is zero extended if stored to a 64-bit register. 


The STR instruction is useful only in operating-system software. It can only be executed in protected mode. 


Operation 
DEST := TR(SegmentSelector); 


Flags Affected 
None. 


Protected Mode Exceptions 


#GP(0) If the destination is a memory operand that is located in a non-writable segment or if the 
effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 


selector. 
If CR4.UMIP = 1 and CPL > O. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If a page fault occurs. 
#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD The STR instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The STR instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 


#GP(0) If the memory address is in a non-canonical form. 
If CR4.UMIP = 1 and CPL > O. 

#SS(0) If the stack address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

2C ib SUB AL, imm& | Valid Valid Subtract imm8 from AL. 

2D iw SUB AX, imm16 | Valid Valid Subtract imm16 from AX. 

2D id SUB EAX, imm32 | Valid Valid Subtract imm32 from EAX. 

REX.W + 2D id SUB RAX, imm32 | Valid N.E. Subtract imm32 sign-extended to 64-bits 
from RAX. 

80/5 ib SUB r/m8, imm8& MI Valid Valid Subtract imm8 from r/m8. 

REX + 80/5 ib SUB r/m8*, imm8 MI Valid N.E. Subtract imm8 from r/m8. 

81/5 iw SUB r/m16, imm16 MI Valid Valid Subtract imm16 from r/m76. 

81/5 id SUB r/m32, imm32 MI Valid Valid Subtract imm32 from r/m32. 

REX.W + 81 /5 id SUB r/m64, imm32 MI Valid N.E. Subtract imm32 sign-extended to 64-bits 
from r/m64, 

83 /5 ib SUB r/m16, imm8 MI Valid Valid Subtract sign-extended imm8 from r/m16. 

83/5 ib SUB r/m32, imm8 MI Valid Valid Subtract sign-extended imm8 from r/m32. 

REX.W + 83 /5 ib SUB r/m64, imm8 MI Valid N.E. Subtract sign-extended imm8 from r/m64. 

28 /r SUB r/m8, r8 MR | Valid Valid Subtract r8 from r/m8. 

REX + 28 /r SUB r/m8&*, r8* MR | Valid N.E. Subtract r8 from r/m8. 

29/r SUB r/m16, r16 MR | Valid Valid Subtract 776 from r/m16. 

29/r SUB r/m32, r32 MR | Valid Valid Subtract r32 from r/m32. 

REX.W + 29 /r SUB r/m64, r64 MR_ | Valid N.E. Subtract r64 from r/m64. 

2A/r SUB r8, r/m8 RM _ | Valid Valid Subtract r/m8 from ré. 

REX + 2A/r SUB r8*, r/m8* RM _ | Valid N.E. Subtract r/m8 from ré. 

2B/r SUB r16, r/m16 RM _ | Valid Valid Subtract r/m16 from r716. 

2B/r SUB r32, r/m32 RM _ | Valid Valid Subtract r/m32 from r32. 

REX.W + 2B /r SUB r64, r/m64 RM _ | Valid N.E. Subtract r/m64 from r64. 

NOTES: 


* |n 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
| AL/AX/EAX/RAX imm8/16/32 NA NA 
MI ModRM:r/m (r, w) imm8/16/32 NA NA 
MR ModRM:r/m (r, w) ModRM:reg (r) NA NA 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
Description 


Subtracts the second operand (source operand) from the first operand (destination operand) and stores the result 
in the destination operand. The destination operand can be a register or a memory location; the source operand 
can be an immediate, register, or memory location. (However, two memory operands cannot be used in one 
instruction.) When an immediate value is used as an operand, it is sign-extended to the length of the destination 


operand format. 
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The SUB instruction performs integer subtraction. It evaluates the result for both signed and unsigned integer 
operands and sets the OF and CF flags to indicate an overflow in the signed or unsigned result, respectively. The SF 
flag indicates the sign of the signed result. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. 


Operation 
DEST := (DEST - SRC); 


Flags Affected 
The OF, SF, ZF, AF, PF, and CF flags are set according to the result. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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SUBPD—Subtract Packed Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
66 OF 5C /r A VIV SSE2 Subtract packed double-precision floating-point values 
SUBPD xmm1, xmm2/m128 in xmm2/mem from xmm1 and store result in xmm1. 
VEX.128.66.0F.WIG 5C /r B VIV AVX Subtract packed double-precision floating-point values 
VSUBPD xmm1,xmm2, xmm3/m128 in xmm3/mem from xmm2 and store result in xmm1. 
VEX.256.66.0F.WIG 5C /r B VIV AVX Subtract packed double-precision floating-point values 
VSUBPD ymm1, ymm2, ymm3/m256 in ymm3/mem from ymm2 and store result in ymm1. 
EVEX.128.66.0F.W1 5C /r C VIV AVX512VL | Subtract packed double-precision floating-point values 
VSUBPD xmm1 {k1}{z}, xmm2, AVX512F from xmm3/m128/m64bcst to xmm_z and store result 
xmm3/m128/m64bcst in xmm1 with writemask k1. 
EVEX.256.66.0F.W1 5C /r C VIV AVX512VL | Subtract packed double-precision floating-point values 
VSUBPD ymm1 {k1}{z}, ymm2, AVX512F from ymm3/m256/m64bcst to ymm_z and store result 
ymm3/m256/m64bcst in ymm1 with writemask k1. 
EVEX.512.66.0F.W1 5C /r C VIV AVX512F Subtract packed double-precision floating-point values 
VSUBPD zmm1 {k1}{z}, zmm2, from zmm3/m512/m64bcst to zmm2 and store result in 
zmm3/m512/m64bcst{er} zmm1 with writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 

A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 

B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 

C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 

Description 


Performs a SIMD subtract of the two, four or eight packed double-precision floating-point values of the second 
Source operand from the first Source operand, and stores the packed double-precision floating-point results in the 
destination operand. 


VEX.128 and EVEX.128 encoded versions: The second source operand is an XMM register or an 128-bit memory 
location. The first source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the corre- 
sponding destination register are zeroed. 


VEX.256 and EVEX.256 encoded versions: The second source operand is an YMM register or an 256-bit memory 
location. The first source operand and destination operands are YMM registers. Bits (MAXVL-1:256) of the corre- 
sponding destination register are zeroed. 


EVEX.512 encoded version: The second source operand is a ZMM register, a 512-bit memory location or a 512-bit 
vector broadcasted from a 64-bit memory location. The first source operand and destination operands are ZMM 
registers. The destination operand is conditionally updated according to the writemask. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper Bits (MAXVL-1:128) of the corresponding 
register destination are unmodified. 
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Operation 


VSUBPD (EVEX encoded versions) when src2 operand is a vector register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 


FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := SRC1[i+63:i] - SRC2[i+63:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[63:0] := 0 
Fl; 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VSUBPD (EVEX encoded versions) when src2 operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) 
THEN = DEST[i+63:i] := SRC1[i+63:i] - SRC2[63:0); 
ELSE EST[i+63:i] = SRC1[i+63:i] - SRC2[i+63:i]; 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[63:0] := 0 
Fl; 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VSUBPD (VEX.256 encoded version) 

DEST[63:0] := SRC1[63:0] - SRC2[63:0] 
DEST[127:64] := SRC1[127:64] - SRC2[127:64] 
DEST[191:128] := SRC1[191:1 28] - SRC2[191:128] 
DEST[255:192] := SRC1[255:192] - SRC2[255:192] 
DEST[MAXVL-1:256] := 0 
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VSUBPD (VEX.128 encoded version) 
DEST[63:0] := SRC1[63:0] - SRC2[63:0] 
DEST[127:64] := SRC1[127:64] - SRC2[127:64] 
DEST[MAXVL-1:128] := 0 


SUBPD (128-bit Legacy SSE version) 
DEST[63:0] := DEST[63:0] - SRC[63:0] 
DEST[127:64] := DEST[127:64] - SRC[127:64] 
DEST[MAXVL-1:1 28] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VSUBPD __m512d_mm512_sub_pd (__m512d a, __m512db); 

VSUBPD __m512d_mm512_mask_sub_pd (_m512ds,__mmask8 k,__m512d a, 
VSUBPD __m512d_mm512_maskz_sub_pd (__mmask8 k,__m512d a,__m512d b); 
VSUBPD __m512d_mm512_sub_round_pd (__m512da,__m512db, int); 


m512d b); 
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VSUBPD __m512d_mm512_mask_sub_round_pd (__m512ds,__ mmask8k,___m512d a,__m512d 5, int); 


VSUBPD __m512d_mm512_maskz_sub_round_pd (__mmask8 k,___m512d a, 
VSUBPD __m256d __mm256_sub_pd (__m256d a, __m256d b); 

VSUBPD __m256d __mm256_mask_sub_pd (__m256ds,___ mmask8 k,___ m256d a, 
VSUBPD __m256d __mm256_maskz_sub_pd (__mmask8 k,__ m256d a, ___m256d b); 
SUBPD __m128d_mm_sub_pd (__m128d a,__m128d b); 

VSUBPD __m128d_mm_mask_sub_pd (__m128ds,__mmask8 k,___m128d a,__m128d b); 
VSUBPD __m128d_mm_maskz_sub_pd (__mmask8 k,__m128d a,__m128d b); 


m512d b, int); 


m256d b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
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SUBPS—Subtract Packed Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
NP OF 5C /r A VIV SSE Subtract packed single-precision floating-point values 
SUBPS xmm1, xmm2/m128 in xmm2/mem from xmm1 and store result in xmm1. 
VEX.128.0F.WIG SC /r B VIV AVX Subtract packed single-precision floating-point values 
VSUBPS xmm1,xmm2, xmm3/m128 in xmm3/mem from xmm2 and stores result in xmm1. 
VEX.256.0F.WIG SC /r B VIV AVX Subtract packed single-precision floating-point values 
VSUBPS ymm1, ymm2, ymm3/m256 in ymm3/mem from ymmz2 and stores result in ymm1. 
EVEX.128.0F.WO 5C /r C VIV AVX512VL_ | Subtract packed single-precision floating-point values 
VSUBPS xmm1 {k1}{z}, xmm2, AVX512F from xmm3/m128/m32bcst to xmm_2 and stores 
xmm3/m128/m32bcst result in xmm1 with writemask k1. 
EVEX.256.0F.WO 5C /r C VIV AVX512VL_ | Subtract packed single-precision floating-point values 
VSUBPS ymm1 {k1}{z}, ymm2, AVX512F from ymm3/m256/m32bcst to ymm2 and stores 
ymm3/m256/m32bcst result in ymm1 with writemask k1. 
EVEX.512.0F.WO 5C /r C VIV AVX512F Subtract packed single-precision floating-point values 
VSUBPS zmm1 {k1}{z}, zmm2, in zmm3/m512/m32bcst from zmm_2 and stores result 
zmm3/m512/m32bcst{er} in zmm1 with writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD subtract of the packed single-precision floating-point values in the second Source operand from 
the First Source operand, and stores the packed single-precision floating-point results in the destination operand. 


VEX.128 and EVEX.128 encoded versions: The second source operand is an XMM register or an 128-bit memory 
location. The first source operand and destination operands are XMM registers. Bits (MAXVL-1:128) of the corre- 
sponding destination register are zeroed. 


VEX.256 and EVEX.256 encoded versions: The second source operand is an YMM register or an 256-bit memory 
location. The first source operand and destination operands are YMM registers. Bits (MAXVL-1:256) of the corre- 
sponding destination register are zeroed. 


EVEX.512 encoded version: The second source operand is a ZMM register, a 512-bit memory location or a 512-bit 
vector broadcasted from a 32-bit memory location. The first source operand and destination operands are ZMM 
registers. The destination operand is conditionally updated according to the writemask. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper Bits (MAXVL-1:128) of the corresponding 
register destination are unmodified. 
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Operation 


VSUBPS (EVEX encoded versions) when src2 operand is a vector register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 


FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC1[i+31:i] - SRC2[i+31:i] 


ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[31:0] := 0 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


VSUBPS (EVEX encoded versions) when src2 operand is a memory source 
(KL, VL) = (4, 128), (8, 256),(16, 512) 
FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) 
THEN — DEST[i+31:i] := SRC1[i+31:i] - SRC2[3 1:0]; 
ELSE DEST[i+31:i] := SRC1[i+31:i] - SRC2[i+31:i]; 
Fl; 
ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[31:0] := 0 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


VSUBPS (VEX.256 encoded version) 

DEST[31:0] := SRC1[31:0] - SRC2[31:0] 
DEST[63:32] := SRC1[63:32] - SRC2[63:32] 
DEST[95:64] := SRC1[95:64] - SRC2[95:64] 
DEST[127:96] := SRC1[127:96] - SRC2[127:96] 
DEST[159:128] := SRC1[159:1 28] - SRC2[159:128] 
DEST[191:160] := SRC1[191:160] - SRC2[191:160] 
DEST[223:192] := SRC1[223:192] - SRC2[223:192] 
DEST[255:224] := SRC1[255:224] - SRC2[255:224]. 
DEST[MAXVL-1:256] := 0 
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VSUBPS (VEX.128 encoded version) 
DEST[31:0] := SRC1[31:0] - SRC2[31:0] 
DEST[63:32] := SRC1[63:32] - SRC2[63:32] 
DEST[95:64] := SRC1[95:64] - SRC2[95:64] 
DEST[127:96] := SRC1[127:96] - SRC2[127:96] 
DEST[MAXVL-1:128] := 0 


SUBPS (128-bit Legacy SSE version) 
DEST[31:0] := SRC1[31:0] - SRC2[31:0] 
DEST[63:32] := SRC1[63:32] - SRC2[63:32] 
DEST[95:64] := SRC1[95:64] - SRC2[95:64] 
DEST[127:96] := SRC1[127:96] - SRC2[127:96] 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VSUBPS __m512 _mm512_sub_ps (_m512 a,__m512 b); 

VSUBPS __m512 _mm512_mask_sub_ps (_m512s,__mmask16k,__m512 a, 
VSUBPS __m512 _mm512_maskz_sub_ps (__mmask16 k,__m512 a,__m512 b); 

VSUBPS __m512_mm512_sub_round_ps (__m512 a,__m512 b, int); 

VSUBPS __m512 _mm512_mask_sub_round_ps (__m512 s,__mmask16k,__m512 a,__m512 5, int); 
VSUBPS __m512 __mm512_maskz_sub_round_ps (__mmask16 k,__m512 a,__m512 b, int); 

VSUBPS __m256 __mm256_sub_ps (__m256 a,__m256 b); 

VSUBPS __m256 _mm256_mask_sub_ps (__m256 s,__ mmask8 k,___ m256 a,__m256 b); 

VSUBPS __m256 _mm256_maskz_sub_ps (__mmask16 k,__m256 a,__m256 b); 

SUBPS __m128_mm_sub_ps (_m128a,__m128 b); 

VSUBPS __m128 _mm_mask_sub_ps (__m128s,__mmask8 k,__m128 a,__m128 b); 

VSUBPS __m128 __mm_maskz_sub_ps (__mmask16 k,__m128 a,__m128 b); 


m512 b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 


4-682 Vol. 2B SUBPS—Subtract Packed Single-Precision Floating-Point Values 


INSTRUCTION SET REFERENCE, M-U 


SUBSD—Subtract Scalar Double-Precision Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
F2 OF 5C /r A VIV SSE2 Subtract the low double-precision floating-point value in 
SUBSD xmm1, xmm2/m64 xmm2/m64 from xmm1 and store the result in xmm1. 
VEX.LIG.F2.0F.WIG 5C /r B VIV AVX Subtract the low double-precision floating-point value in 
VSUBSD xmm1,xmm2, xmm3/m64 xmm3/m64 from xmm2 and store the result in xmm1. 
EVEX.LLIG.F2.0F.W1 5C /r C VIV AVX512F | Subtract the low double-precision floating-point value in 
VSUBSD xmm1 {k1}{z}, xmm_2, xmm3/m64 from xmm_2 and store the result in xmm1 
xmm3/m64{er} under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Subtract the low double-precision floating-point value in the second source operand from the first source operand 
and stores the double-precision floating-point result in the low quadword of the destination operand. 


The second source operand can be an XMM register or a 64-bit memory location. The first source and destination 
operands are XMM registers. 


128-bit Legacy SSE version: The destination and first source operand are the same. Bits (MAXVL-1:64) of the 
corresponding destination register remain unchanged. 


VEX.128 and EVEX encoded versions: Bits (127:64) of the XMM register destination are copied from corresponding 
bits in the first source operand. Bits (MAXVL-1:128) of the destination register are zeroed. 


EVEX encoded version: The low quadword element of the destination operand is updated according to the 
writemask. 


Software should ensure VSUBSD is encoded with VEX.L=0. Encoding VSUBSD with VEX.L=1 may encounter unpre- 
dictable behavior across different processor generations. 
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Operation 


VSUBSD (EVEX encoded version) 
IF (SRC2 *is register*) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[O0] or *no writemask* 
THEN DEST[63:0] := SRC1[63:0] - SRC2[63:0] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


VSUBSD (VEX.128 encoded version) 
DEST[63:0] := SRC1[63:0] - SRC2[63:0] 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


SUBSD (128-bit Legacy SSE version) 
DEST[63:0] := DEST[63:0] - SRC[63:0] 
DEST[MAXVL-1:64] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VSUBSD __m128d _mm_mask_sub_sd (__m128ds,__mmask8 k, 


VSUBSD __m128d _mm_sub_round_sd (__m128d a,__m128d 5, int); 


m128d a,__m128d b); 
VSUBSD __m128d _mm_maskz_sub_sd (__mmask8 k,___m128d a,__m128d b); 


VSUBSD __m128d _mm_mask_sub_round_sd (__m128ds,__ mmask8 k,__m128da,_m128d, int); 


VSUBSD __m128d _mm_maskz_sub_round_sd (__mmask8 k, 
SUBSD __m128d_mm_sub_sd (__m128d a,_m128d b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 


m128d a,__m128d, int); 


VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 
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SUBSS—Subtract Scalar Single-Precision Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
F3 OF 5C /r A VIV SSE Subtract the low single-precision floating-point value in 
SUBSS xmm1, xmm2/m32 xmm2/m32 from xmm1 and store the result in xmm1. 
VEX.LIG.F3.0F.WIG 5C /r B VIV AVX Subtract the low single-precision floating-point value in 
VSUBSS xmm1,xmm2, xmm3/m32 xmm3/m32 from xmmc2 and store the result in xmm1. 
EVEX.LLIG.F3.0F.WO 5C /r C VIN AVX512F | Subtract the low single-precision floating-point value in 
VSUBSS xmm1 {k1}{z}, xmm2, xmm3/m32 from xmmz2 and store the result in xmm1 
xmm3/m32{er} under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Subtract the low single-precision floating-point value from the second source operand and the first source operand 
and store the double-precision floating-point result in the low doubleword of the destination operand. 


The second source operand can be an XMM register or a 32-bit memory location. The first source and destination 
operands are XMM registers. 


128-bit Legacy SSE version: The destination and first source operand are the same. Bits (MAXVL-1:32) of the 
corresponding destination register remain unchanged. 


VEX.128 and EVEX encoded versions: Bits (127:32) of the XMM register destination are copied from corresponding 
bits in the first source operand. Bits (MAXVL-1:128) of the destination register are zeroed. 


EVEX encoded version: The low doubleword element of the destination operand is updated according to the 
writemask. 


Software should ensure VSUBSS is encoded with VEX.L=0. Encoding VSUBSD with VEX.L=1 may encounter unpre- 
dictable behavior across different processor generations. 
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Operation 


VSUBSS (EVEX encoded version) 
IF (SRC2 *is register*) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN = DEST[31:0] := SRC1[31:0] - SRC2[31:0] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[1 27:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


VSUBSS (VEX.128 encoded version) 
DEST[31:0] := SRC1[31:0] - SRC2[31:0] 
DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


SUBSS (128-bit Legacy SSE version) 
DEST[31:0] := DEST[31:0] - SRC[31:0] 
DEST[MAXVL-1:32] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 
VSUBSS __m128_mm_mask_sub_ss (__m128 s,___mmask8 k, 


VSUBSS __m128_mm_sub_round_ss (__m128 a,__m128, int); 


m128 a,__m128 b); 
VSUBSS __m128_mm_maskz_sub_ss (__mmask8 k,__m128 a,__m128 b); 


VSUBSS __m128_mm_mask_sub_round_ss (__m128s,__ mmask8 k,___m128 a,__m128, int); 


VSUBSS __m128_mm_maskz_sub_round_ss (__mmask8 k,___m128 a, 


SUBSS __m128 _mm_sub_ss (_m128a,__m128 b); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 


m128 b, int); 


VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 
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SWAPGS—Swap GS Base Register 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 01 F8 SWAPGS ZO | Valid Invalid Exchanges the current GS base register value 
with the value contained in MSR address 
C0000102H. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


SWAPGS exchanges the current GS base register value with the value contained in MSR address CO000102H 
(IA32_KERNEL_GS_BASE). The SWAPGS instruction is a privileged instruction intended for use by system soft- 
ware. 


When using SYSCALL to implement system calls, there is no kernel stack at the OS entry point. Neither is there a 
straightforward method to obtain a pointer to kernel structures from which the kernel stack pointer could be read. 
Thus, the kernel cannot save general purpose registers or reference memory. 


By design, SWAPGS does not require any general purpose registers or memory operands. No registers need to be 
saved before using the instruction. SWAPGS exchanges the CPL 0 data pointer from the IA32_KERNEL_GS_ BASE 
MSR with the GS base register. The kernel can then use the GS prefix on normal memory references to access 
kernel data structures. Similarly, when the OS kernel is entered using an interrupt or exception (where the kernel 
stack is already set up), SWAPGS can be used to quickly get a pointer to the kernel data structures. 


The IA32_KERNEL_GS_BASE MSR itself is only accessible using RDMSR/WRMSR instructions. Those instructions 
are only accessible at privilege level 0. The WRMSR instruction ensures that the IA32_KERNEL_GS_ BASE MSR 
contains a canonical address. 


Operation 


IF CS.L4 1 (* Not in 64-Bit Mode *) 
THEN 
#UD; FI; 


IF CPL#0 
THEN #GP(0); Fl; 


tmp := GS.base; 
GS.base := [A32_KERNEL_GS_BASE; 
IA32_KERNEL_GS_BASE := tmp; 


Flags Affected 


None 


Protected Mode Exceptions 
#UD If Mode 4 64-Bit. 


Real-Address Mode Exceptions 
#UD If Mode 4 64-Bit. 


Virtual-8086 Mode Exceptions 
#UD If Mode 4 64-Bit. 


SWAPGS—Swap GS Base Register Vol.2B 4-687 


INSTRUCTION SET REFERENCE, M-U 
Compatibility Mode Exceptions 
#UD If Mode # 64-Bit. 


64-Bit Mode Exceptions 
#GP(0) If CPL #0. 
#UD If the LOCK prefix is used. 
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SYSCALL—Fast System Call 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 05 SYSCALL ZO | Valid Invalid Fast call to privilege level O system 
procedures. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


SYSCALL invokes an OS system-call handler at privilege level 0. It does so by loading RIP from the IA32_LSTAR 
MSR (after saving the address of the instruction following SYSCALL into RCX). (The WRMSR instruction ensures 
that the IA32_LSTAR MSR always contain a canonical address.) 


SYSCALL also saves RFLAGS into Rii and then masks RFLAGS using the IA32_FMASK MSR (MSR address 
C0000084H); specifically, the processor clears in RFLAGS every bit corresponding to a bit that is set in the 
IA32_FMASK MSR. 


SYSCALL loads the CS and SS selectors with values derived from bits 47:32 of the IA32_STAR MSR. However, the 
CS and SS descriptor caches are not loaded from the descriptors (in GDT or LDT) referenced by those selectors. 
Instead, the descriptor caches are loaded with fixed values. See the Operation section for details. It is the respon- 
sibility of OS software to ensure that the descriptors (in GDT or LDT) referenced by those selector values corre- 
spond to the fixed values loaded into the descriptor caches; the SYSCALL instruction does not ensure this 
correspondence. 


The SYSCALL instruction does not save the stack pointer (RSP). If the OS system-call handler will change the stack 
pointer, it is the responsibility of software to save the previous value of the stack pointer. This might be done prior 
to executing SYSCALL, with software restoring the stack pointer with the instruction following SYSCALL (which will 
be executed after SYSRET). Alternatively, the OS system-call handler may save the stack pointer and restore it 
before executing SYSRET. 


When shadow stacks are enabled at a privilege level where the SYSCALL instruction is invoked, the SSP is saved to 
the IA32_PL3_SSP MSR. If shadow stacks are enabled at privilege level 0, the SSP is loaded with 0. Refer to 
Chapter 6, “Procedure Calls, Interrupts, and Exceptions” and Chapter 18, “Control-Flow Enforcement Technology 
(CET)” in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 for additional CET details. 


Instruction ordering. Instructions following a SYSCALL may be fetched from memory before earlier instructions 
complete execution, but they will not execute (even speculatively) until all instructions prior to the SYSCALL have 
completed execution (the later instructions may execute before data stored by the earlier instructions have 
become globally visible). 


Operation 


IF (CS.L # 1 ) or (IA32_EFER.LMA # 1) or (IA32_EFER.SCE # 1) 

(* Not in 64-Bit Mode or SYSCALL/SYSRET not enabled in [A32_EFER *) 
THEN #UD; 

Fl; 


RCX := RIP; (* Will contain address of next instruction *) 
RIP := [A32_LSTAR; 

R11 := RFLAGS; 

RFLAGS := RFLAGS AND NOT(IA32_FMASK); 


CS.Selector := IA32_STAR[47:32] AND FFFCH (* Operating system provides CS; RPL forced to 0 *) 
(* Set rest of CS to a fixed value *) 
CS.Base := 0; (* Flat segment *) 
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CS.Limit := FFFFFH; (* With 4-KByte granularity, implies a 4-GByte limit *) 
CS.Type := 11; (* Execute/read code, accessed *) 

CS.S:= 1; 

CS.DPL := 0; 

CS.P := 1; 

CS.L:= 1; (* Entry is to 64-bit mode *) 

CS.D := 0; (* Required if CS.L = 1 *) 

CS.G:= 1; (* 4-KByte granularity *) 


IF ShadowStackEnabled(CPL) 
THEN (* adjust so bits 63:N get the value of bit N-1, where N is the CPU's maximum linear-address width *) 
IA32_PL3_SSP := LA_adjust(SSP); 
(* With shadow stacks enabled the system call is supported from Ring 3 to Ring O *) 
(* OS supporting Ring O to Ring 0 system calls or Ring 1/2 to ring O system call *) 
(* Must preserve the contents of [A32_PL3_SSP to avoid losing ring 3 state *) 
Fl; 


CPL := 0; 


IF ShadowStackEnabled(CPL) 
SSP := 0; 

FI; 

IF EndbranchEnabled(CPL) 
IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH 
IA32_S_CET.SUPPRESS = 0 


Fl; 

SS.Selector := IA32_STAR[47:32] + 8; (* SS just above CS *) 

(* Set rest of SS to a fixed value *) 

SS.Base := 0; (* Flat segment *) 

SS.Limit := FFFFFH; (* With 4-KByte granularity, implies a 4-GByte limit *) 
SS.Type := 3; (* Read/write data, accessed *) 
SSS := 1; 

SS.DPL := 0; 

SS.P := 1; 

SS.B := 1; (* 32-bit stack segment *) 
SS.G:= 1; (* 4-KByte granularity *) 
Flags Affected 

All. 


Protected Mode Exceptions 
#UD The SYSCALL instruction is not recognized in protected mode. 


Real-Address Mode Exceptions 
#UD The SYSCALL instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The SYSCALL instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
#UD The SYSCALL instruction is not recognized in compatibility mode. 
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64-Bit Mode Exceptions 
#UD If IA32_EFER.SCE = 0. 
If the LOCK prefix is used. 
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SYSENTER—Fast System Call 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 34 SYSENTER ZO | Valid Valid Fast call to privilege level O system 
procedures. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Executes a fast call to a level O system procedure or routine. SYSENTER is a companion instruction to SYSEXIT. The 
instruction is optimized to provide the maximum performance for system calls from user code running at privilege 
level 3 to operating system or executive procedures running at privilege level 0. 


When executed in IA-32e mode, the SYSENTER instruction transitions the logical processor to 64-bit mode; other- 
wise, the logical processor remains in protected mode. 


Prior to executing the SYSENTER instruction, software must specify the privilege level 0 code segment and code 
entry point, and the privilege level 0 stack segment and stack pointer by writing values to the following MSRs: 


° IA32_SYSENTER_CS (MSR address 174H) — The lower 16 bits of this MSR are the segment selector for the 
privilege level 0 code segment. This value is also used to determine the segment selector of the privilege level 
0 stack segment (see the Operation section). This value cannot indicate a null selector. 


® IA32_SYSENTER_EIP (MSR address 176H) — The value of this MSR is loaded into RIP (thus, this value 
references the first instruction of the selected operating procedure or routine). In protected mode, only 
bits 31:0 are loaded. 


° IA32_SYSENTER_ESP (MSR address 175H) — The value of this MSR is loaded into RSP (thus, this value 
contains the stack pointer for the privilege level 0 stack). This value cannot represent a non-canonical address. 
In protected mode, only bits 31:0 are loaded. 


These MSRs can be read from and written to using RDMSR/WRMSR. The WRMSR instruction ensures that the 
IA32_SYSENTER_EIP and IA32_SYSENTER_ESP MSRs always contain canonical addresses. 


While SYSENTER loads the CS and SS selectors with values derived from the IA32_SYSENTER_CS MSR, the CS and 
SS descriptor caches are not loaded from the descriptors (in GDT or LDT) referenced by those selectors. Instead, 
the descriptor caches are loaded with fixed values. See the Operation section for details. It is the responsibility of 
OS software to ensure that the descriptors (in GDT or LDT) referenced by those selector values correspond to the 
fixed values loaded into the descriptor caches; the SYSENTER instruction does not ensure this correspondence. 


The SYSENTER instruction can be invoked from all operating modes except real-address mode. 


The SYSENTER and SYSEXIT instructions are companion instructions, but they do not constitute a call/return pair. 
When executing a SYSENTER instruction, the processor does not save state information for the user code (e.g., the 
instruction pointer), and neither the SYSENTER nor the SYSEXIT instruction supports passing parameters on the 
stack. 


To use the SYSENTER and SYSEXIT instructions as companion instructions for transitions between privilege level 3 
code and privilege level 0 operating system procedures, the following conventions must be followed: 


° The segment descriptors for the privilege level 0 code and stack segments and for the privilege level 3 code and 
stack segments must be contiguous in a descriptor table. This convention allows the processor to compute the 
segment selectors from the value entered in the SYSENTER_CS_MSR MSR. 


° The fast system call “stub” routines executed by user code (typically in shared libraries or DLLs) must save the 
required return IP and processor state information if a return to the calling procedure is required. Likewise, the 
operating system or executive procedures called with SYSENTER instructions must have access to and use this 
saved return and state information when returning to the user code. 
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The SYSENTER and SYSEXIT instructions were introduced into the IA-32 architecture in the Pentium II processor. 
The availability of these instructions on a processor is indicated with the SYSENTER/SYSEXIT present (SEP) feature 
flag returned to the EDX register by the CPUID instruction. An operating system that qualifies the SEP flag must 
also qualify the processor family and model to ensure that the SYSENTER/SYSEXIT instructions are actually 
present. For example: 


IF CPUID SEP bit is set 
THEN IF (Family = 6) and (Model < 3) and (Stepping < 3) 
THEN 
SYSENTER/SYSEXIT_Not_Supported; FI; 
ELSE 
SYSENTER/SYSEXIT_Supported; Fl; 
Fl; 


When the CPUID instruction is executed on the Pentium Pro processor (model 1), the processor returns a the SEP 
flag as set, but does not support the SYSENTER/SYSEXIT instructions. 


When shadow stacks are enabled at privilege level where SYSENTER instruction is invoked, the SSP is saved to the 
IA32_PL3_SSP MSR. If shadow stacks are enabled at privilege level 0, the SSP is loaded with 0. Refer to Chapter 
6, “Procedure Calls, Interrupts, and Exceptions” and Chapter 18, “Control-Flow Enforcement Technology (CET)” in 
the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 for additional CET details. 


Instruction ordering. Instructions following a SYSENTER may be fetched from memory before earlier instructions 
complete execution, but they will not execute (even speculatively) until all instructions prior to the SYSENTER have 
completed execution (the later instructions may execute before data stored by the earlier instructions have 
become globally visible). 


Operation 
IF CRO.PE = 0 OR IA32_SYSENTER_CS[15:2] = 0 THEN #GP(0); Fl; 


RFLAGS.VM := 0; (* Ensures protected mode execution *) 
RFLAGS.IF := 0; (* Mask interrupts *) 
IF in IA-32e mode 

THEN 


RSP := IA32_SYSENTER_ESP; 
RIP := IA32_SYSENTER_EIP; 
ELSE 
ESP := IA32_SYSENTER_ESP[31:0]; 
EIP := [A32_SYSENTER_EIP[31:0]; 
Fl; 


CS.Selector := IA32_SYSENTER_CS[15:0] AND FFFCH; 
(* Operating system provides CS; RPL forced to 0 *) 
(* Set rest of CS to a fixed value *) 


CS.Base := 0; (* Flat segment *) 
CS.Limit := FFFFFH; (* With 4-KByte granularity, implies a 4-GByte limit *) 
CS.Type := 11; (* Execute/read code, accessed *) 
CSS := 1; 
CS.DPL := 0; 
CS.P := 1; 
IF in IA-32e mode 
THEN 
CS.L:= 1; (* Entry is to 64-bit mode *) 
CS.D := 0; (* Required if CS.L = 1 *) 
ELSE 
CS.L := 0; 
CS.D:= 1; (* 32-bit code segment*) 
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FI; 
CS.G := 1; (* 4-KByte granularity *) 


IF ShadowStackEnabled(CPL) 
THEN 
IF IA32_EFER.LMA = 0 
THEN IA32_PL3_SSP := SSP; 
ELSE (* adjust so bits 63:N get the value of bit N-1, where N is the CPU's maximum linear-address width *) 
IA32_PL3_SSP := LA_adjust(SSP); 
FI; 
FI; 


CPL := 0; 


IF ShadowStackEnabled(CPL) 
SSP := 0; 

FI; 

IF EndbranchEnabled(CPL) 
IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH 
IA32_S_CET.SUPPRESS = 0 


FI; 

SS.Selector := CS.Selector + 8; (* SS just above CS *) 

(* Set rest of SS to a fixed value *) 

SS.Base := 0; (* Flat segment *) 

SS.Limit := FFFFFH; (* With 4-KByte granularity, implies a 4-GByte limit *) 
SS.Type := 3; (* Read/write data, accessed *) 
SSS := 1; 

SS.DPL := 0; 

SSP := 1; 

SS.B := 1; (* 32-bit stack segment*) 

SS.G := 1; (* 4-KByte granularity *) 
Flags Affected 


VM, IF (see Operation above) 


Protected Mode Exceptions 
#GP(0) If IA32_SYSENTER_CS[15:2] = 0. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#GP The SYSENTER instruction is not recognized in real-address mode. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 35 SYSEXIT ZO | Valid Valid Fast return to privilege level 3 user code. 
REX.W + OF 35 SYSEXIT ZO | Valid Valid Fast return to 64-bit mode privilege level 3 
user code. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Executes a fast return to privilege level 3 user code. SYSEXIT is a companion instruction to the SYSENTER instruc- 
tion. The instruction is optimized to provide the maximum performance for returns from system procedures 
executing at protections levels 0 to user procedures executing at protection level 3. It must be executed from code 
executing at privilege level 0. 


With a 64-bit operand size, SYSEXIT remains in 64-bit mode; otherwise, it either enters compatibility mode (if the 
logical processor is in IA-32e mode) or remains in protected mode (if it is not). 


Prior to executing SYSEXIT, software must specify the privilege level 3 code segment and code entry point, and the 

privilege level 3 stack segment and stack pointer by writing values into the following MSR and general-purpose 

registers: 

° IA32_SYSENTER_CS (MSR address 174H) — Contains a 32-bit value that is used to determine the segment 
selectors for the privilege level 3 code and stack segments (see the Operation section) 


¢ RDX — The canonical address in this register is loaded into RIP (thus, this value references the first instruction 
to be executed in the user code). If the return is not to 64-bit mode, only bits 31:0 are loaded. 


°¢ ECX — The canonical address in this register is loaded into RSP (thus, this value contains the stack pointer for 
the privilege level 3 stack). If the return is not to 64-bit mode, only bits 31:0 are loaded. 


The IA32_SYSENTER_CS MSR can be read from and written to using RDMSR and WRMSR. 


While SYSEXIT loads the CS and SS selectors with values derived from the IA32_SYSENTER_CS MSR, the CS and 
SS descriptor caches are not loaded from the descriptors (in GDT or LDT) referenced by those selectors. Instead, 
the descriptor caches are loaded with fixed values. See the Operation section for details. It is the responsibility of 
OS software to ensure that the descriptors (in GDT or LDT) referenced by those selector values correspond to the 
fixed values loaded into the descriptor caches; the SYSEXIT instruction does not ensure this correspondence. 


The SYSEXIT instruction can be invoked from all operating modes except real-address mode and virtual-8086 
mode. 


The SYSENTER and SYSEXIT instructions were introduced into the IA-32 architecture in the Pentium II processor. 
The availability of these instructions on a processor is indicated with the SYSENTER/SYSEXIT present (SEP) feature 
flag returned to the EDX register by the CPUID instruction. An operating system that qualifies the SEP flag must 
also qualify the processor family and model to ensure that the SYSENTER/SYSEXIT instructions are actually 
present. For example: 


IF CPUID SEP bit is set 
THEN IF (Family = 6) and (Model < 3) and (Stepping < 3) 
THEN 
SYSENTER/SYSEXIT_Not_Supported; FI; 
ELSE 
SYSENTER/SYSEXIT_Supported; FI; 
Fl; 
When the CPUID instruction is executed on the Pentium Pro processor (model 1), the processor returns a the SEP 
flag as set, but does not support the SYSENTER/SYSEXIT instructions. 
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When shadow stacks are enabled at privilege level 3 the instruction loads SSP with value from IA32_PL3_SSP MSR. 
Refer to Chapter 6, “Procedure Calls, Interrupts, and Exceptions” and Chapter 18, “Control-Flow Enforcement Tech- 
nology (CET)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 for additional CET 


details. 


Instruction ordering. Instructions following a SYSEXIT may be fetched from memory before earlier instructions 
complete execution, but they will not execute (even speculatively) until all instructions prior to the SYSEXIT have 
completed execution (the later instructions may execute before data stored by the earlier instructions have become 


globally visible). 


Operation 


IF IA32_SYSENTER_CS[1 5:2] = 0 OR CRO.PE = 0 OR CPL 4 0 THEN #GP(0); FI; 


IF operand size is 64-bit 


THEN _ (* Return to 64-bit mode *) 


RSP := RCX; 
RIP := RDX; 


ELSE (* Return to protected mode or compatibility mode *) 


RSP := ECX; 
RIP := EDX; 
Fl; 


IF operand size is 64-bit 


(* Operating system provides CS; RPL forced to 3 *) 


THEN CS.Selector := [A32_SYSENTER_CS[15:0] + 32; 
ELSE CS.Selector := IA32_SYSENTER_CS[15:0] + 16; 


Fl; 

CS.Selector := CS.Selector OR 3; 

(* Set rest of CS to a fixed value *) 
CS.Base := 0; 

CS.Limit := FFFFFH; 

CS.Type := 11; 

CSS := 1; 

CS.DPL := 3; 

CSP := 1; 

IF operand size is 64-bit 


THEN = (* return to 64-bit mode *) 


(* RPL forced to 3 *) 


(* Flat segment *) 
(* With 4-KByte granularity, implies a 4-GByte limit *) 
(* Execute/read code, accessed *) 


(* 64-bit code segment *) 
(* Required if CS.L = 1 *) 


ELSE (* return to protected mode or compatibility mode *) 


CS.L:= 1; 
CS.D := 0; 
CS.L := 0; 
CS.D := 1; 

Fl; 

CS.G:= 1; 

CPL := 3; 


IF ShadowStackEnabled(CPL) 
THEN SSP := [A32_PL3_SSP; 
FI; 


SS.Selector := CS.Selector + 8; 

(* Set rest of SS to a fixed value *) 
SS.Base := 0; 

SS.Limit := FFFFFH; 

SS.Type := 3; 

SS.S := 1; 

SS.DPL := 3; 
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(* 4-KByte granularity *) 


(* SS just above CS *) 
(* Flat segment *) 


(* With 4-KByte granularity, implies a 4-GByte limit *) 
(* Read/write data, accessed *) 
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SSP := 1; 

SS.B := 1; (* 32-bit stack segment*) 
SS.G := 1; (* 4-KByte granularity *) 
Flags Affected 

None. 


Protected Mode Exceptions 


#GP(0) If IA32_SYSENTER_CS[15:2] = 0. 
If CPL#0. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP The SYSEXIT instruction is not recognized in real-address mode. 


#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) The SYSEXIT instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(0) If IA32_SYSENTER_CS = 0. 

If CPL#0. 

If RCX or RDX contains a non-canonical address. 
#UD If the LOCK prefix is used. 
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SYSRET—Return From Fast System Call 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 07 SYSRET ZO | Valid Invalid Return to compatibility mode from fast 
system call 
REX.W + OF 07 SYSRET ZO | Valid Invalid Return to 64-bit mode from fast system call 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


SYSRET is a companion instruction to the SYSCALL instruction. It returns from an OS system-call handler to user 

code at privilege level 3. It does so by loading RIP from RCX and loading RFLAGS from R11.! With a 64-bit operand 
size, SYSRET remains in 64-bit mode; otherwise, it enters compatibility mode and only the low 32 bits of the regis- 
ters are loaded. 


SYSRET loads the CS and SS selectors with values derived from bits 63:48 of the IA32_STAR MSR. However, the CS 
and SS descriptor caches are not loaded from the descriptors (in GDT or LDT) referenced by those selectors. 
Instead, the descriptor caches are loaded with fixed values. See the Operation section for details. It is the respon- 
sibility of OS software to ensure that the descriptors (in GDT or LDT) referenced by those selector values corre- 
spond to the fixed values loaded into the descriptor caches; the SYSRET instruction does not ensure this 
correspondence. 


The SYSRET instruction does not modify the stack pointer (ESP or RSP). For that reason, it is necessary for software 
to switch to the user stack. The OS may load the user stack pointer (if it was saved after SYSCALL) before executing 
SYSRET; alternatively, user code may load the stack pointer (if it was saved before SYSCALL) after receiving control 
from SYSRET. 


If the OS loads the stack pointer before executing SYSRET, it must ensure that the handler of any interrupt or 
exception delivered between restoring the stack pointer and successful execution of SYSRET is not invoked with the 
user stack. It can do so using approaches such as the following: 


¢ External interrupts. The OS can prevent an external interrupt from being delivered by clearing EFLAGS.IF 
before loading the user stack pointer. 


¢ Nonmaskable interrupts (NMIs). The OS can ensure that the NMI handler is invoked with the correct stack by 
using the interrupt stack table (IST) mechanism for gate 2 (NMI) in the IDT (see Section 6.14.5, “Interrupt 
Stack Table,” in Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A). 


® General-protection exceptions (#GP). The SYSRET instruction generates #GP(0) if the value of RCX is not 
canonical. The OS can address this possibility using one or more of the following approaches: 


— Confirming that the value of RCX is canonical before executing SYSRET. 
— Using paging to ensure that the SYSCALL instruction will never save a non-canonical value into RCX. 
— Using the IST mechanism for gate 13 (#GP) in the IDT. 


When shadow stacks are enabled at privilege level 3 the instruction loads SSP with value from IA32_PL3_SSP MSR. 
Refer to Chapter 6, “Procedure Calls, Interrupts, and Exceptions” and Chapter 18, “Control-Flow Enforcement Tech- 
nology (CET)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 for additional CET 
details. 


1. Regardless of the value of R11, the RF and VM flags are always O in RFLAGS after execution of SYSRET. In addition, all reserved bits 
in RFLAGS retain the fixed values. 
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Instruction ordering. Instructions following a SYSRET may be fetched from memory before earlier instructions 
complete execution, but they will not execute (even speculatively) until all instructions prior to the SYSRET have 
completed execution (the later instructions may execute before data stored by the earlier instructions have 
become globally visible). 


Operation 


IF (CS.L# 1) or (IA32_EFER.LMA # 1) or (IA32_EFERSCE ¥ 1) 

(* Not in 64-Bit Mode or SYSCALL/SYSRET not enabled in IA32_EFER *) 
THEN #UD; Fl; 

IF (CPL # 0) THEN #GP(O); Fl: 


IF (operand size is 64-bit) 
THEN (* Return to 64-Bit Mode *) 
IF (RCX is not canonical) THEN #GP(0); 
RIP := RCX; 
ELSE (* Return to Compatibility Mode *) 
RIP := ECX; 
FI; 
RFLAGS := (R11 & 3C7FD7H) | 2; (* Clear RF, VM, reserved bits; set bit 1 *) 


IF (operand size is 64-bit) 
THEN CS.Selector := [A32_STAR[63:48]+16; 
ELSE CS.Selector := I[A32_STAR[63:48]; 
FI; 
CS.Selector := CS.Selector OR 3; (* RPL forced to 3 *) 
(* Set rest of CS to a fixed value *) 
CS.Base := 0; (* Flat segment *) 
CS.Limit := FFFFFH; (* With 4-KByte granularity, implies a 4-GByte limit *) 
CS.Type := 11; (* Execute/read code, accessed *) 
CSS := 1; 
CS.DPL := 3; 
CS.P := 1; 
IF (operand size is 64-bit) 
THEN (* Return to 64-Bit Mode *) 


CS.L:= 1; (* 64-bit code segment *) 
CS.D := 0; (* Required if CS.L = 1 *) 
ELSE (* Return to Compatibility Mode *) 
CS.L:= 0; (* Compatibility mode *) 
CS.D:= 1; (* 32-bit code segment *) 
FI; 
CS.G := 1; (* 4-KByte granularity *) 
CPL := 3; 


IF ShadowStackEnabled(CPL) 
SSP := [A32_PL3_SSP; 
FI; 


SS.Selector := (IA32_STAR[63:48]+8) OR 3; (* RPL forced to 3 *) 
(* Set rest of SS to a fixed value *) 


SS.Base := 0; (* Flat segment *) 

SS.Limit := FFFFFH; (* With 4-KByte granularity, implies a 4-GByte limit *) 
SS.Type := 3; (* Read/write data, accessed *) 

SSS := 1; 

SS.DPL := 3; 

SSP := 1; 

SS.B := 1; (* 32-bit stack segment*) 
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SS.G:= 1; 
Flags Affected 
All. 


(* 4-KByte granularity *) 


Protected Mode Exceptions 


#UD 


The SYSRET instruction is not recognized in protected mode. 


Real-Address Mode Exceptions 


#UD 


The SYSRET instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 


#UD 


The SYSRET instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 


#UD 


The SYSRET instruction is not recognized in compatibility mode. 


64-Bit Mode Exceptions 


#UD 


#GP(0) 
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If the LOCK prefix is used. 

If CPL40. 

If the return is to 64-bit mode and RCX contains a non-canonical address. 


SYSRET—Return From Fast System Call 


TEST—Logical Compare 


INSTRUCTION SET REFERENCE, M-U 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

A8 ib TEST AL, imm8 | Valid Valid AND imm8 with AL; set SF, ZF, PF according to 
result. 

AS iw TEST AX, imm16 | Valid Valid AND imm76 with AX; set SF, ZF, PF according 
to result. 

AQ id TEST EAX, imm32 | Valid Valid AND imm32 with EAX; set SF, ZF, PF according 
to result. 

REX.W + AQ id TEST RAX, imm32 | Valid N.E. AND imm32 sign-extended to 64-bits with 
RAX; set SF, ZF, PF according to result. 

F6 /O ib TEST r/m8, imm8 MI Valid Valid AND imm8 with r/m&; set SF, ZF, PF according 
to result. 

REX + F6 /O ib TEST r/m8*, imm8 MI Valid N.E. AND imm8 with r/m&; set SF, ZF, PF according 
to result. 

F7 /0 iw TEST r/m16, imm16 MI | Valid Valid AND imm16 with r/m76; set SF, ZF, PF 
according to result. 

F7 /0 id TEST r/m32, imm32 MI | Valid Valid AND imm32 with r/m32; set SF, ZF, PF 
according to result. 

REX.W + F7 /O id TEST r/m64, imm32 MI Valid N.E. AND imm32 sign-extended to 64-bits with 
r/m64; set SF, ZF, PF according to result. 

84 /r TEST r/m8, r8 MR | Valid Valid AND r8 with r/m&; set SF, ZF, PF according to 
result. 

REX + 84 /r TEST r/m8*, r8* MR | Valid N.E. AND r8 with r/m&; set SF, ZF, PF according to 
result. 

85 /r TEST r/m16, r16 MR | Valid Valid AND r76 with r/m16; set SF, ZF, PF according 
to result. 

85 /r TEST r/m32, r32 MR | Valid Valid AND r32 with r/m32, set SF, ZF, PF according 
to result. 

REX.W + 85 /r TEST r/m64, r64 MR | Valid N.E. AND r64 with r/m64; set SF, ZF, PF according 
to result. 

NOTES: 


* In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
| AL/AX/EAX/RAX imm8/16/32 NA NA 
MI ModRM:r/m (r) imm8/16/32 NA NA 
MR ModRM:r/m (r) ModRM:reg (r) NA NA 
Description 


Computes the bit-wise logical AND of first operand (source 1 operand) and the second operand (source 2 operand) 
and sets the SF, ZF, and PF status flags according to the result. The result is then discarded. 


In 64-bit mode, using a REX prefix in the form of REX.R permits access to additional registers (R8-R15). Using a 
REX prefix in the form of REX.W promotes operation to 64 bits. See the summary chart at the beginning of this 


section for encoding data and limits. 
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Operation 


TEMP := SRC1 AND SRC2; 
SF = MSB(TEMP); 


IF TEMP = 0 
THEN ZF := 1; 
ELSE ZF := 0; 
Fl: 
PF := BitwiseXNOR(TEMP[0:7)); 
CF := 0; 
OF := 0; 


(* AF is undefined *) 


Flags Affected 


The OF and CF flags are set to 0. The SF, ZF, and PF flags are set according to the result (see the “Operation” section 
above). The state of the AF flag is undefined. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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TPAUSE—Timed PAUSE 


Opcode / Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
66 OF AE /6 A VIV WAITPKG | Directs the processor to enter an implementation- 
TPAUSE r32, <edx>, <eax> dependent optimized state until the TSC reaches the value 
in EDX:EAX. 


Instruction Operand Encoding! 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (r) NA NA NA 
Description 


TPAUSE instructs the processor to enter an implementation-dependent optimized state. There are two such opti- 
mized states to choose from: light-weight power/performance optimized state, and improved power/performance 
optimized state. The selection between the two is governed by the explicit input register bit{0] source operand. 


TPAUSE is available when CPUID.7.0:ECX.WAITPKG[bit 5] is enumerated as 1. TPAUSE may be executed at any 
privilege level. This instruction’s operation is the same in non-64-bit modes and in 64-bit mode. 


Unlike PAUSE, the TPAUSE instruction will not cause an abort when used inside a transactional region, described in 
the chapter Chapter 16, “Programming with Intel® Transactional Synchronization Extensions,” of the Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 1. 

The input register contains information such as the preferred optimized state the processor should enter as 
described in the following table. Bits other than bit 0 are reserved and will result in #GP if non-zero. 


Table 4-25. TPAUSE Input Register Bit Definitions 


Bit Value State Name Wakeup Time Power Savings Other Benefits 

bit[O] = 0 CO.2 Slower Larger Improves performance of the other SMT thread(s) 
on the same core. 

bit[O] = 1 CO.1 Faster Smaller NA 

bits[31:1] NA NA NA Reserved 


The instruction execution wakes up when the time-stamp counter reaches or exceeds the implicit EDX:EAX 64-bit 
input value. 


Prior to executing the TPAUSE instruction, an operating system may specify the maximum delay it allows the 
processor to suspend its operation. It can do so by writing TSC-quanta value to the following 32-bit MSR 
(IA32_UMWAIT_CONTROL at MSR index E1H): 


° = 1A32_UMWAIT_CONTROL[31:2] — Determines the maximum time in TSC-quanta that the processor can reside 
in either CO.1 or CO.2. A zero value indicates no maximum time. The maximum time value is a 32-bit value 
where the upper 30 bits come from this field and the lower two bits are zero. 


¢ IA32_UMWAIT_CONTROL[1] — Reserved. 


¢ = =1A32_UMWAIT_CONTROL[0] — CO.2 is not allowed by the OS. Value of “1” means all CO.2 requests revert to 
Cco.1. 


If the processor that executed a TPAUSE instruction wakes due to the expiration of the operating system time-limit, 
the instructions sets RFLAGS.CF; otherwise, that flag is cleared. 


The following additional events cause the processor to exit the implementation-dependent optimized state: a store 
to the read-set range within the transactional region, an NMI or SMI, a debug exception, a machine check excep- 
tion, the BINIT# signal, the INIT# signal, and the RESET# signal. 


1. The Mod field of the ModR/M byte must have value 11B. 
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Other implementation-dependent events may cause the processor to exit the implementation-dependent opti- 
mized state proceeding to the instruction following TPAUSE. In addition, an external interrupt causes the processor 
to exit the implementation-dependent optimized state regardless of whether maskable-interrupts are inhibited 
(EFLAGS.IF =0). It should be noted that if maskable-interrupts are inhibited execution will proceed to the instruc- 


tion following TPAUSE. 


Operation 
os_deadline := TSC+(IA32_MWAIT_CONTROL[31:2]<<2) 
instr_deadline := UINT64(EDX:EAX) 


IF os_deadline < instr_deadline: 
deadline := os_deadline 
using_os_deadline := 1 

ELSE: 
deadline := instr_deadline 


using_os_deadline := 0 


WHILE TSC < deadline: 
implementation_dependent_optimized_state(Source register, deadline, |A32_UMWAIT_CONTROL[0]) 


IF using_os_deadline AND TSC > deadline: 


RFLAGS.CF := 1 
ELSE: 
RFLAGS.CF := 0 


RFLAGS.AF,PF,SF,ZF,OF := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
TPAUSE uint8_t _tpause(uint32_t control, uint64_t counter); 


Numeric Exceptions 
None. 


Exceptions (All Operating Modes) 


#GP(0) If src[31:1] != 0. 
If CR4.TSD = 1 and CPL != 0. 
#UD If CPUID.7.0:ECX.WAITPKG[bit 5]=0. 
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TZCNT — Count the Number of Trailing Zero Bits 


Opcode/ Op/ | 64/32 | CPUID Description 
Instruction En -bit Feature 

Mode Flag 
F3 OF BC /r A VIV BMI1 Count the number of trailing zero bits in r/m76, return result in r76. 
TZCNT 16, r/m16 
F3 OF BC /r A VIV BMI1 Count the number of trailing zero bits in r/m32, return result in r32. 
TZCNT r32, r/m32 
F3 REX.W OF BC /r A V/N.E. BMI1 Count the number of trailing zero bits in r/m64, return result in r64. 
TZCNT r64, r/m64 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
A ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


TZCNT counts the number of trailing least significant zero bits in source operand (second operand) and returns the 
result in destination operand (first operand). TZCNT is an extension of the BSF instruction. The key difference 
between TZCNT and BSF instruction is that TZCNT provides operand size as output when source operand is zero 
while in the case of BSF instruction, if source operand is zero, the content of destination operand are undefined. On 
processors that do not support TZCNT, the instruction byte encoding is executed as BSF. 


Operation 

temp := 0 

DEST := 0 

DO WHILE ( (temp < OperandSize) and (SRC[ temp] = 0) ) 


temp := temp +1 
DEST := DEST+ 1 
OD 


IF DEST = OperandSize 


CF := 1 
ELSE 
CF :=0 
Fl 
IF DEST =O 
ZF :=1 
ELSE 
ZF :=0 
Fl 
Flags Affected 


ZF is set to 1 in case of zero output (least significant bit of the source is set), and to 0 otherwise, CF is set to 1 if 
the input was zero and cleared otherwise. OF, SF, PF and AF flags are undefined. 


Intel C/C++ Compiler Intrinsic Equivalent 
TZCNT: unsigned __int32 _tzcnt_u32(unsigned __int32 src); 
TZCNT: unsigned __int64_tzcnt_u64(unsigned __int64 src); 
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Protected Mode Exceptions 


#GP(0) 


#SS(0) 
#PF (fault-code) 
#AC(0) 


#UD 


For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 


If the DS, ES, FS, or GS register is used to access memory and it contains a null segment 
selector. 


For an illegal address in the SS segment. 
For a page fault. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP(0) 
#SS(0) 
#UD 


If any part of the operand lies outside of the effective address space from 0 to OFFFFH. 
For an illegal address in the SS segment. 
If LOCK prefix is used. 


Virtual 8086 Mode Exceptions 


#GP(0) 
#SS(0) 
#PF (fault-code) 
#AC(0) 


#UD 


If any part of the operand lies outside of the effective address space from 0 to OFFFFH. 
For an illegal address in the SS segment. 
For a page fault. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in Protected Mode. 


64-Bit Mode Exceptions 


#GP(0) 
#SS(0) 
#PF (fault-code) 
#AC(0) 


#UD 
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If the memory address is in a non-canonical form. 
If a memory address referencing the SS segment is in a non-canonical form. 
For a page fault. 


If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 


If LOCK prefix is used. 
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UCOMISD—Unordered Compare Scalar Double-Precision Floating-Point Values and Set EFLAGS 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
66 OF 2E /r A VV SSE2 Compare low double-precision floating-point values in 
UCOMISD xmm1, xmm2/m64 xmm1 and xmm2/mem64 and set the EFLAGS flags 
accordingly. 
VEX.LIG.66.0F.WIG 2E /r A VIV AVX Compare low double-precision floating-point values in 
VUCOMISD xmm1, xmm2/m64 xmm1 and xmm2/mem64 and set the EFLAGS flags 
accordingly. 
EVEX.LLIG.66.0F.W1 2E /r B VIV AVX512F | Compare low double-precision floating-point values in 
VUCOMISD xmm1, xmm2/m64{sae} xmm1 and xmm2/m64 and set the EFLAGS flags 
accordingly. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r) ModRM:r/m (r) NA NA 
B Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Performs an unordered compare of the double-precision floating-point values in the low quadwords of operand 1 
(first operand) and operand 2 (second operand), and sets the ZF, PF, and CF flags in the EFLAGS register according 
to the result (unordered, greater than, less than, or equal). The OF, SF and AF flags in the EFLAGS register are set 
to 0. The unordered result is returned if either source operand is a NaN (QNaN or SNaN). 

Operand 1 is an XMM register; operand 2 can be an XMM register or a 64 bit memory 

location. 

The UCOMISD instruction differs from the COMISD instruction in that it signals a SIMD floating-point invalid oper- 
ation exception (#1) only when a source operand is an SNaN. The COMISD instruction signals an invalid operation 
exception only if a source operand is either an SNaN or a QNaN. 

The EFLAGS register is not updated if an unmasked SIMD floating-point exception is generated. 

Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, otherwise instructions will #UD. 


Software should ensure VCOMISD is encoded with VEX.L=0. Encoding VCOMISD with VEX.L=1 may encounter 
unpredictable behavior across different processor generations. 


Operation 


(V)UCOMISD (all versions) 
RESULT := UnorderedCompare(DEST[63:0] <> SRC[63:0)) { 
(* Set EFLAGS *) CASE (RESULT) OF 
UNORDERED: ZF,PF,CF := 111; 
GREATER_THAN: ZF,PF,CF := 000; 
LESS_ THAN: ZF,PF,CF := 001; 
EQUAL: ZF,PF,CF := 100; 
ESAC; 
OF, AF, SF := 0; } 
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Intel C/C++ Compiler Intrinsic Equivalent 
VUCOMISD int _mm_comi_round_sd(__m128d a, __m128d b, int imm, int sae); 


UCOMISD int 


mm 


ucomieq_sd(__m128d a,__m128d b) 


UCOMISD int 


mm 


ucomilt_sd(__m128d a,__m128d b) 


UCOMISD int 


mm 


UCOMISD int 


mm 


ucomile_sd(__m128d a,__m128d b) 
ucomigt_sd(__m128d a,___m128d b) 


UCOMISD int 


mm 


ucomige_sd(__m128da,___m128d b) 


UCOMISD int 


_—mm_! 


ucomineq_sd(__m128d a,__m128d b) 


SIMD Floating-Point Exceptions 


Invalid (if SNaN operands), Denormal 


Other Exceptions 


VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”; additionally: 


#UD 


If VEX.vvvv != 1111B. 


EVEX-encoded instructions, see Table 2-48, “Type E3NF Class Exception Conditions”. 
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UCOMISS—Unordered Compare Scalar Single-Precision Floating-Point Values and Set EFLAGS 
Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
NP OF 2E /r A VN SSE 
UCOMISS xmm1, xmm2/m32 


Compare low single-precision floating-point values in 
xmm1 and xmm2/mem32 and set the EFLAGS flags 
accordingly. 
Compare low single-precision floating-point values in 
xmm1 and xmm2/mem32 and set the EFLAGS flags 
accordingly. 
AVX512F | Compare low single-precision floating-point values in 
xmm1 and xmm2/mem32 and set the EFLAGS flags 
accordingly. 


VEX.LIG.OF.WIG 2E /r A VIV AVX 
VUCOMISS xmm1, xmm2/m32 


EVEX.LLIG.OF.WO 2€E /r B VN 
VUCOMISS xmm1, xmm2/m32{sae} 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r) ModRM:r/m (r) NA NA 
B Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Compares the single-precision floating-point values in the low doublewords of operand 1 (first operand) and 
operand 2 (second operand), and sets the ZF, PF, and CF flags in the EFLAGS register according to the result (unor- 
dered, greater than, less than, or equal). The OF, SF and AF flags in the EFLAGS register are set to 0. The unor- 
dered result is returned if either source operand is a NaN (QNaN or SNaN). 

Operand 1 is an XMM register; operand 2 can be an XMM register or a 32 bit memory location. 

The UCOMISS instruction differs from the COMISS instruction in that it signals a SIMD floating-point invalid opera- 
tion exception (#1) only if a source operand is an SNaN. The COMISS instruction signals an invalid operation excep- 
tion when a source operand is either a QNaN or SNaN. 

The EFLAGS register is not updated if an unmasked SIMD floating-point exception is generated. 

Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b, otherwise instructions will #UD. 


Software should ensure VCOMISS is encoded with VEX.L=0. Encoding VCOMISS with VEX.L=1 may encounter 
unpredictable behavior across different processor generations. 


Operation 


(V)UCOMISS (all versions) 
RESULT := UnorderedCompare(DEST[31:0] <> SRC[31:0]) { 
(* Set EFLAGS *) CASE (RESULT) OF 
UNORDERED: ZF,PF,CF := 111; 
GREATER_THAN: ZF,PF,CF := 000; 
LESS_ THAN: ZF,PF,CF := 001; 
EQUAL: ZF,PF,CF := 100; 
ESAC; 
OF, AF, SF := 0; } 
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Intel C/C++ Compiler Intrinsic Equivalent 


VUCOMISS 
UCOMISS 
UCOMISS 
UCOMISS 
UCOMISS 
UCOMISS 
UCOMISS 


int 
int 
int 
int 
int 
int 
int 


mm. 


comi_round_ss(__m128 a,__m128 b, int imm, int sae); 


mm. 


ucomieq_ss(__m128 a,__m128 b); 


mm. 


ucomilt_ss(__m128 a, __m128 b); 


mm. 


ucomile_ss(__m128 a,__m128 b); 


mm. 


ucomigt_ss(__m128 a, ___m128 b); 


mm. 


ucomige_ss(__m128 a,__m128 b); 


_mm_! 


ucomineq_ss(__m128 a,___m128 b); 


SIMD Floating-Point Exceptions 


Invalid (if SNaN Operands), Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”; additionally: 


#UD 


If VEX.vvvv != 1111B. 


EVEX-encoded instructions, see Table 2-48, “Type E3NF Class Exception Conditions”. 
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UD—Undefined Instruction 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
OF FF /r UDOT r32, r/m32 RM _ | Valid Valid Raise invalid opcode exception. 
OF B9 /r UD1 r32, r/m32 RM_ | Valid Valid Raise invalid opcode exception. 
OF OB UD2 ZO | Valid Valid Raise invalid opcode exception. 
NOTES: 


1. Some processors decode the UDO instruction without a ModR/M byte. As a result, those processors would deliver an invalid-opcode 
exception instead of a fault on instruction fetch when the instruction with a ModR/M byte (and any implied bytes) would cross a page 
or segment boundary. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
RM ModRM:reg (r) ModRM:r/m (r) NA NA 
Description 


Generates an invalid opcode exception. This instruction is provided for software testing to explicitly generate an 
invalid opcode exception. The opcodes for this instruction are reserved for this purpose. 


Other than raising the invalid opcode exception, this instruction has no effect on processor state or memory. 


Even though it is the execution of the UD instruction that causes the invalid opcode exception, the instruction 
pointer saved by delivery of the exception references the UD instruction (and not the following instruction). 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


#UD (* Generates invalid opcode exception *); 


Flags Affected 
None. 


Exceptions (All Operating Modes) 
#UD Raises an invalid opcode exception in all operating modes. 
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UMONITOR—User Level Set Up Monitor Address 


Opcode / Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
F3 OF AE /6 A VIV WAITPKG_ | Sets up a linear address range to be monitored by 
UMONITOR r16/r32/r64 hardware and activates the monitor. The address range 
should be a write-back memory caching type. The 
address is contained in r16/r32/r64. 


Instruction Operand Encoding! 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (r) NA NA NA 
Description 


The UMONITOR instruction arms address monitoring hardware using an address specified in the source register 
(the address range that the monitoring hardware checks for store operations can be determined by using the 
CPUID monitor leaf function, EAX=05H). A store to an address within the specified address range triggers the 
monitoring hardware. The state of monitor hardware is used by UMWAIT. 


The content of the source register is an effective address. By default, the DS segment is used to create a linear 
address that is monitored. Segment overrides can be used. The address range must use memory of the write-back 
type. Only write-back memory is guaranteed to correctly trigger the monitoring hardware. Additional information 
on determining what address range to use in order to prevent false wake-ups is described in Chapter 8, “Multiple- 
Processor Management” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 


The UMONITOR instruction is ordered as a load operation with respect to other memory transactions. The instruc- 
tion is subject to the permission checking and faults associated with a byte load. Like a load, UMONITOR sets the 
A-bit but not the D-bit in page tables. 


UMONITOR and UMWAIT are available when CPUID.7.0:ECX.WAITPKG[bit 5] is enumerated as 1. UMONITOR and 
UMWAIT may be executed at any privilege level. Except for the width of the source register, the instruction’s oper- 
ation is the same in non-64-bit modes and in 64-bit mode. 


UMONITOR does not interoperate with the legacy MWAIT instruction. If UMONITOR was executed prior to executing 
MWAIT and following the most recent execution of the legacy MONITOR instruction, MWAIT will not enter an opti- 
mized state. Execution will continue to the instruction following MWAIT. 


The UMONITOR instruction causes a transactional abort when used inside a transactional region. 
The width of the source register (16b, 32b or 64b) is determined by the effective addressing width, which is 


affected in the standard way by the machine mode settings and 67 prefix. 
Operation 


UMONITOR sets up an address range for the monitor hardware using the content of source register as an effective 
address and puts the monitor hardware in armed state. A store to the specified address range will trigger the 
monitor hardware. 


Intel C/C++ Compiler Intrinsic Equivalent 
UMONITOR void _umonitor(void *address); 


Numeric Exceptions 


None 


1. The Mod field of the ModR/M byte must have value 11B. 
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Protected Mode Exceptions 


#GP(0) If the specified segment is not SS and the source register is outside the specified segment 
limit. 
If the specified segment register contains a NULL segment selector. 
#SS(0) If the specified segment is SS and the source register is outside the SS segment limit. 
#PF(fault-code) For a page fault. 
#UD If CPUID.7.0:ECX.WAITPKG[bit 5]=0. 


Real Address Mode Exceptions 


#GP If the specified segment is not SS and the source register is outside of the effective address 
space from 0 to FFFFH. 

#SS If the specified segment is SS and the source register is outside of the effective address space 
from 0 to FFFFH. 

#UD If CPUID.7.0:ECX.WAITPKG[bit 5]=0. 


Virtual 8086 Mode Exceptions 


Same exceptions as in real address mode; additionally: 
#PF(fault-code) For a page fault. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(0) If the specified segment is not SS and the linear address is in non-canonical form. 
#SS(0) If the specified segment is SS and the source register is in non-canonical form. 
#PF(fault-code) For a page fault. 

#UD If CPUID.7.0:ECX.WAITPKG[bit 5]=0. 
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Opcode / Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
F2 OF AE /6 A VIV WAITPKG_ | A hint that allows the processor to stop instruction 
UMWAIT r32, <edx>, <eax> execution and enter an implementation-dependent 
optimized state until occurrence of a class of events. 


Instruction Operand Encoding! 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (r) NA NA NA 
Description 


UMWAIT instructs the processor to enter an implementation-dependent optimized state while monitoring a range 
of addresses. The optimized state may be either a light-weight power/performance optimized state or an improved 
power/performance optimized state. The selection between the two states is governed by the explicit input register 
bit[O] source operand. 


UMWAIT is available when CPUID.7.0:ECX.WAITPKG[bit 5] is enumerated as 1. UMWAIT may be executed at any 
privilege level. This instruction’s operation is the same in non-64-bit modes and in 64-bit mode. 


The input register contains information such as the preferred optimized state the processor should enter as 
described in the following table. Bits other than bit 0 are reserved and will result in #GP if nonzero. 


Table 4-26. UMWAIT Input Register Bit Definitions 


Bit Value | State Name | Wakeup Time | Power Savings | Other Benefits 

bitj0o]}=O0 | C02 Slower Larger Improves performance of the other SMT thread(s) on the same core. 
bit[O] = 1 CO.1 Faster Smaller NA 

bits[31:1] | NA NA NA Reserved 


The instruction wakes up when the time-stamp counter reaches or exceeds the implicit EDX: EAX 64-bit input value 
(if the monitoring hardware did not trigger beforehand). 


Prior to executing the UMWAIT instruction, an operating system may specify the maximum delay it allows the 
processor to suspend its operation. It can do so by writing TSC-quanta value to the following 32bit MSR 
(IA32_UMWAIT_CONTROL at MSR index E1H): 


e = TA32_UMWAIT_CONTROL[31:2] — Determines the maximum time in TSC-quanta that the processor can reside 
in either CO.1 or CO.2. A zero value indicates no maximum time. The maximum time value is a 32-bit value 
where the upper 30 bits come from this field and the lower two bits are zero. 


¢ [A32_UMWAIT_CONTROL[1] — Reserved. 


¢ TA32_UMWAIT_CONTROL[0] — CO.2 is not allowed by the OS. Value of “1” means all CO.2 requests revert to 
Co.1. 


If the processor that executed a UMWAIT instruction wakes due to the expiration of the operating system time- 
limit, the instructions sets RFLAGS.CF; otherwise, that flag is cleared. 


The UMWAIT instruction causes a transactional abort when used inside a transactional region. 


The UMWAIT instruction operates with the UMONITOR instruction. The two instructions allow the definition of an 
address at which to wait (UMONITOR) and an implementation-dependent optimized operation to perform while 
waiting (UMWAIT). The execution of UMWAIT is a hint to the processor that it can enter an implementation-depen- 
dent-optimized state while waiting for an event or a store operation to the address range armed by UMONITOR. The 
UMWATT instruction will not wait (will not enter an implementation-dependent optimized state) if any of the 


1. The Mod field of the ModR/M byte must have value 11B. 
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following instructions were executed before UMWAIT and after the most recent execution of UMONITOR: IRET, 
MONITOR, SYSEXIT, SYSRET, and far RET (the last if it is changing CPL). 


The following additional events cause the processor to exit the implementation-dependent optimized state: a store 
to the address range armed by the UMONITOR instruction, an NMI or SMI, a debug exception, a machine check 
exception, the BINIT# signal, the INIT# signal, and the RESET# signal. Other implementation-dependent events 
may also cause the processor to exit the implementation-dependent optimized state. 

In addition, an external interrupt causes the processor to exit the implementation-dependent optimized state 
regardless of whether maskable-interrupts are inhibited (EFLAGS.IF =0). 

Following exit from the implementation-dependent-optimized state, control passes to the instruction after the 
UMWAITT instruction. A pending interrupt that is not masked (including an NMI or an SMI) may be delivered before 
execution of that instruction. 

Unlike the HLT instruction, the UMWAIT instruction does not restart at the UMWAIT instruction following the 
handling of an SMI. 

If the preceding UMONITOR instruction did not successfully arm an address range or if UMONITOR was not 
executed prior to executing UMWAIT and following the most recent execution of the legacy MONITOR instruction 


(UMWAIT does not interoperate with MONITOR), then the processor will not enter an optimized state. Execution 
will continue to the instruction following UMWAIT. 


A store to the address range armed by the UMONITOR instruction will cause the processor to exit UMWAIT if either 
the store was originated by other processor agents or the store was originated by a non-processor agent. 


Operation 
os_deadline := TSC+(l[A32_MWAIT_CONTROL[31:2]<<2) 
instr_deadline := UINT64(EDX:EAX) 


IF os_deadline < instr_deadline: 
deadline := os_deadline 
using_os_deadline := 1 

ELSE: 
deadline := instr_deadline 
using_os_deadline := 0 


WHILE monitor hardware armed AND TSC < deadline: 
implementation_dependent_optimized_state(Source register, deadline, IA32_UMWAIT_CONTROL[O] ) 


IF using_os_deadline AND TSC > deadline: 


RFLAGS.CF := 1 
ELSE: 
RFLAGS.CF := 0 


RFLAGS.AF,PF,SF,ZF,OF := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
UMWAIT uint8_t _umwait(uint32_t control, uint64_t counter); 


Numeric Exceptions 
None 


Exceptions (All Operating Modes) 


#GP(0) If src[31:1] != 0. 
If CR4.TSD = 1 and CPL != 0. 
#UD If CPUID.7.0:ECX.WAITPKG[bit 5]=0. 
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UNPCKHPD—Unpack and Interleave High Packed Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
66 OF 15 /r A VIV SSE2 Unpacks and Interleaves double-precision floating-point 
UNPCKHPD xmm1, xmm2/m128 values from high quadwords of xmm1 and 
xmm2/m1 28. 
VEX.128.66.0F.WIG 15 /r B VIV AVX Unpacks and Interleaves double-precision floating-point 
VUNPCKHPD xmm1,xmm2, values from high quadwords of xmm2 and 
xmm3/m128 xmm3/m1 28. 
VEX.256.66.0F.WIG 15 /r B VIV AVX Unpacks and Interleaves double-precision floating-point 
VUNPCKHPD ymm1,ymme2, values from high quadwords of ymm2 and 
ymm3/m256 ymm3/m256. 
EVEX.128.66.0F.W1 15 /r C VIV AVX512VL_ | Unpacks and Interleaves double precision floating-point 
VUNPCKHPD xmm1 {k1}{z}, xmm2, AVX512F values from high quadwords of xmm2 and 
xmm3/m1 28/m64bcst xmm3/m128/m64bcst subject to writemask k1. 
EVEX.256.66.0F.W1 15 /r C VIV AVX512VL_ | Unpacks and Interleaves double precision floating-point 
VUNPCKHPD ymm1 {k1}{z}, ymm2, AVX512F values from high quadwords of ymm2 and 
ymm3/m256/m64bcst ymm3/m256/m64bcst subject to writemask k1. 
EVEX.512.66.0F.W1 15 /r C VIV AVX512F Unpacks and Interleaves double-precision floating-point 
VUNPCKHPD zmm1 {k1}{z}, zmm2, values from high quadwords of zmm2 and 
zmm3/m512/m64bcst zmm3/m512/m64bcst subject to writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs an interleaved unpack of the high double-precision floating-point values from the first source operand and 
the second source operand. See Figure 4-15 in the Intel® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 2B. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. When unpacking from a memory operand, an implementation may fetch 
only the appropriate 64 bits; however, alignment to 16-byte boundary and normal segment checking will still be 
enforced. 


VEX.128 encoded version: The first source operand is a XMM register. The second source operand can be a XMM 
register or a 128-bit memory location. The destination operand is a XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 


EVEX.512 encoded version: The first source operand is a ZMM register. The second source operand is a ZMM 
register, a 512-bit memory location, or a 512-bit vector broadcasted from a 64-bit memory location. The destina- 
tion operand is a ZMM register, conditionally updated using writemask k1. 


EVEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM 
register, a 256-bit memory location, or a 256-bit vector broadcasted from a 64-bit memory location. The destina- 
tion operand is a YMM register, conditionally updated using writemask k1. 

EVEX.128 encoded version: The first source operand is a XMM register. The second source operand is a XMM 
register, a 128-bit memory location, or a 128-bit vector broadcasted from a 64-bit memory location. The destina- 
tion operand is a XMM register, conditionally updated using writemask k1. 
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Operation 


VUNPCKHPD (EVEX encoded versions when SRC2 is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF VL >= 128 

TMP_DEST[63:0] := SRC1[127:64] 

TMP_DEST[127:64] := SRC2[127:64] 
Fl; 
IF VL >= 256 

TMP_DEST[191:128] := SRC1[255:192] 

TMP_DEST[255:1 92] := SRC2[255:192] 
Fl; 
IF VL >= 512 

TMP_DEST[319:256] := SRC1[383:320] 

TMP_DEST[383:320] := SRC2[383:320] 

TMP_DEST[447:384] := SRC1[511:448] 

TMP_DEST[51 1:448] := SRC2[511:448] 
Fl; 
FOR j := 0 TO KL-1 

i:=j* 64 

IF k1[j] OR *no writemask* 

THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 

Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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VUNPCKHPD (EVEX encoded version when SRC2 is memory) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF (EVEX.b = 1) 
THEN TMP_SRC2[i+63:i] := SRC2[63:0] 
ELSE TMP_SRC2[i+63:i] := SRC2[i+63:i] 
Fl; 
ENDFOR; 
IF VL >= 128 
TMP_DEST[63:0] := SRC1[127:64] 
TMP_DEST[127:64] := TMP_SRC2[127:64] 
Fl; 
IF VL >= 256 
TMP_DEST[191:128] := SRC1[255:192] 
TMP_DEST[255:192] := TMP_SRC2[255:192] 
Fl; 
IF VL >=512 
TMP_DEST[319:256] := SRC1[383:320] 
TMP_DEST[383:320] := TMP_SRC2[383:320] 
TMP_DEST[447:384] := SRC1[51 1:448] 
TMP_DEST[51 1:448] := TMP_SRC2[51 1:448] 
Fl; 


FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VUNPCKHPD (VEX.256 encoded version) 
DEST[63:0] := SRC1[127:64] 

DEST[127:64] := SRC2[127:64] 
DEST[191:128] := SRC1[255:192] 
DEST[255:192] := SRC2[255:192] 
DEST[MAXVL-1:256] := 0 


VUNPCKHPD (VEX.128 encoded version) 
DEST[63:0] := SRC1[127:64] 

DEST[127:64] := SRC2[127:64] 
DEST[MAXVL-1:128] := 0 


UNPCKHPD (128-bit Legacy SSE version) 
DEST[63:0] := SRC1[127:64] 

DEST[127:64] := SRC2[127:64] 
DEST[MAXVL-1:128] (Unmodified) 
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Intel C/C++ Compiler Intrinsic Equivalent 


VUNPCKHPD __m512d_mm512_unpackhi_pd(__m512d a,__m512d b); 

VUNPCKHPD __m512d_mm512_mask_unpackhi_pd(__m512ds,__ mmask8 k,__m512d a, 
VUNPCKHPD __m512d_mm512_maskz_unpackhi_pd(__mmask8 k,__m512da,__m512d b); 
VUNPCKHPD __m256d _mm256_unpackhi_pd(__m256d a, ___m256d b) 


VUNPCKHPD __m256d _mm256_mask_unpackhi_pd(__m256ds,__ mmask8 k,__m256d a,__ m256d b); 


VUNPCKHPD __m256d _mm256_maskz_unpackhi_pd(__mmask8 k,___ m256d a, ___m256d b); 
UNPCKHPD __m128d __mm_unpackhi_pd(__m128d a,__m128d b) 
VUNPCKHPD __m128d __mm_mask_unpackhi_pd(__m128ds,__ mmask8 k,__m128da,__m128d b); 


VUNPCKHPD __m128d _mm_maskz_unpackhi_pd(__mmask8 k,___m128d a,_m128d b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


" 


Non-EVEX-encoded instructions, see Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded instructions, see Table 2-50, “Type E4NF Class Exception Conditions”. 
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UNPCKHPS—Unpack and Interleave High Packed Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
NP OF 15 /r A VV SSE Unpacks and Interleaves single-precision floating-point 
UNPCKHPS xmm1, xmm2/m128 values from high quadwords of xmm1 and xmm2/m128. 
VEX.128.0F.WIG 15 /r B VIV AVX Unpacks and Interleaves single-precision floating-point 
VUNPCKHPS xmm1, xmm2, values from high quadwords of xmm2 and xmm3/m128. 
xmm3/m128 
VEX.256.0F.WIG 15 /r B VIV AVX Unpacks and Interleaves single-precision floating-point 
VUNPCKHPS ymm1, ymm2, values from high quadwords of ymm2 and ymm3/m256. 
ymm3/m256 
EVEX.128.0F.WO 15 /r C VIV AVX512VL | Unpacks and Interleaves single-precision floating-point 
VUNPCKHPS xmm1 {k1}{z}, xmm2, AVX512F values from high quadwords of xmm2 and 
xmm3/m1 28/m32bcst xmm3/m128/m32bcst and write result to xmm1 subject to 
writemask k1. 
EVEX.256.0F.WO 15 /r C VIV AVX512VL | Unpacks and Interleaves single-precision floating-point 
VUNPCKHPS ymm1 {k1}{z}, ymm2, AVX512F values from high quadwords of ymm2 and 
ymm3/m256/m32bcst ymm3/m256/m32bcst and write result to ymm1 subject to 
writemask k1. 
EVEX.512.0F.WO 15 /r C VIV AVX512F Unpacks and Interleaves single-precision floating-point 
VUNPCKHPS zmm1 {k1}{z}, zmm2, values from high quadwords of zmm2 and 
zmm3/m512/m32bcst zmm3/m512/m32bcst and write result to zmm1 subject to 
writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs an interleaved unpack of the high single-precision floating-point values from the first source operand and 
the second source operand. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. When unpacking from a memory operand, an implementation may fetch 
only the appropriate 64 bits; however, alignment to 16-byte boundary and normal segment checking will still be 
enforced. 

VEX.128 encoded version: The first source operand is a XMM register. The second source operand can be a XMM 


register or a 128-bit memory location. The destination operand is a XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


VEX.256 encoded version: The second source operand is an YMM register or an 256-bit memory location. The first 
source operand and destination operands are YMM registers. 
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srci] x7 X6 X5 x4 X3 X2 x1 x0 
SRc2] 7 Y6 Y5 Y4 Y3 Y2 Y1 YO 
Dest] 7 X7 Y6 X6 Y3 X3 Y2 X2 


Figure 4-27. VUNPCKHPS Operation 


EVEX.512 encoded version: The first source operand is a ZMM register. The second source operand is a ZMM 
register, a 512-bit memory location, or a 512-bit vector broadcasted from a 32-bit memory location. The destina- 


tion operand is a ZMM register, conditionally updated using writemask k1. 


EVEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM 
register, a 256-bit memory location, or a 256-bit vector broadcasted from a 32-bit memory location. The destina- 


tion operand is a YMM register, conditionally updated using writemask k1. 


EVEX.128 encoded version: The first source operand is a XMM register. The second source operand is a XMM 
register, a 128-bit memory location, or a 128-bit vector broadcasted from a 32-bit memory location. The destina- 


tion operand is a XMM register, conditionally updated using writemask k1. 


Operation 


VUNPCKHPS (EVEX encoded version when SRC2 is a register) 


(KL, VL) = (4, 128), (8, 256), (16, 512) 

IF VL >= 128 
TMP_DEST[31:0] := SRC1[95:64] 
TMP_DEST[63:32] := SRC2[95:64] 
TMP_DEST[95:64] := SRC1[127:96] 
TMP_DEST[127:96] := SRC2[127:96] 

Fl; 

IF VL >= 256 
TMP_DEST[159:128] := SRC1[223:192] 
TMP_DEST[191:160] := SRC2[223:192] 
TMP_DEST[223:192] := SRC1[255:224] 
TMP_DEST[255:224] := SRC2[255:224] 

Fl; 

IF VL >= 512 
TMP_DEST[287:256] := SRC1[351:320] 
TMP_DEST[319:288] := SRC2[351:320] 
TMP_DEST[351:320] := SRC1[383:352] 
TMP_DEST[383:352] := SRC2[383:352] 
TMP_DEST[415:384] := SRC1[479:448] 
TMP_DEST[447:416] := SRC2[479:448] 
TMP_DEST[479:448] := SRC1[511:480] 
TMP_DEST[51 1:480] := SRC2[511:480] 

Fl; 
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FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VUNPCKHPS (EVEX encoded version when SRC2 is memory) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF (EVEX.b = 1) 
THEN TMP_SRC2{[i+31:i] := SRC2[31:0] 
ELSE TMP_SRC2[i+31:i] := SRC2[i+31:i] 
Fl; 
ENDFOR; 
IF VL >= 128 
TMP_DEST[31:0] := SRC1[95:64] 
TMP_DEST[63:32] := TMP_SRC2[95:64] 
TMP_DEST[95:64] := SRC1[127:96] 
TMP_DEST[127:96] := TMP_SRC2[127:96] 
Fl; 
IF VL >= 256 
TMP_DEST[159:1 28] := SRC1[223:192] 
TMP_DEST[191:160] := TMP_SRC2[223:192] 
TMP_DEST[223:192] := SRC1[255:224] 
TMP_DEST[255:224] := TMP_SRC2[255:224] 
Fl; 
IF VL >=512 
TMP_DEST[287:256] := SRC1[351:320] 
TMP_DEST[319:288] := TMP_SRC2[351:320] 
TMP_DEST[351:320] := SRC1[383:352] 
TMP_DEST[383:352] := TMP_SRC2[383:352] 
TMP_DEST[415:384] := SRC1[479:448] 
TMP_DEST[447:416] := TMP_SRC2[479:448] 
TMP_DEST[479:448] := SRC1[51 1:480] 
TMP_DEST[51 1:480] := TMP_SRC2[511:480] 
Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 


DEST[i+31:i] := 0 


4-722 Vol. 2B UNPCKHPS—Unpack and Interleave High Packed Single-Precision Floating-Point Values 


Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VUNPCKHPS (VEX.256 encoded version) 
DEST[31:0] := SRC1[95:64] 

DEST[63:32] := SRC2[95:64] 

DEST[95:64] := SRC1[127:96] 
DEST[127:96] := SRC2[127:96] 
DEST[159:128] := SRC1[223:192] 
DEST[191:160] := SRC2[223:192] 
DEST[223:192] := SRC1[255:224] 
DEST[255:224] := SRC2[255:224] 
DEST[MAXVL-1:256] := 0 


VUNPCKHPS (VEX.128 encoded version) 
DEST[31:0] := SRC1[95:64] 

DEST[63:32] := SRC2[95:64] 

DEST[95:64] := SRC1[127:96] 

DEST[1 27:96] := SRC2[127:96] 
DEST[MAXVL-1:128] := 0 


UNPCKHPS (128-bit Legacy SSE version) 
DEST[31:0] := SRC1[95:64] 

DEST[63:32] := SRC2[95:64] 

DEST[95:64] := SRC1[127:96] 
DEST[127:96] := SRC2[127:96] 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VUNPCKHPS __m512 _mm512_unpackhi_ps( 


VUNPCKHPS __m512 _mm512_mask_unpackhi_ps( 


mmask16 k, 


VUNPCKHPS __m512 _mm512_maskz_unpackhi_ps( 


VUNPCKHPS __m256 _mm256_unpackhi_ps (__m256 a, 


VUNPCKHPS __m256 _mm256_mask_unpackhi_ps( 


VUNPCKHPS __m256 _mm256_maskz_unpackhi_ps( 


UNPCKHPS __m128 _mm_unpackhi_ps (__m128 a, __m128 b); 
VUNPCKHPS __m128 _mm_mask_unpackhi_ps(__m128 s,__ mmask8 k, 


VUNPCKHPS __m128 _mm_maskz_unpackhi_ps( 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
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m512a,__m512 b); 


mmask16 k,__m512a,__m512 b); 


mmask8 k,__m256 a,__m256 b); 
m256 a, 


m256 b); 


m128 a,__m128 b); 


mmask8 k,__m128 a,__m128 b); 


Non-EVEX-encoded instructions, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-50, “Type E4NF Class Exception Conditions”. 
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UNPCKLPD—Unpack and Interleave Low Packed Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
66 OF 14 /r A VIV SSE2 Unpacks and Interleaves double-precision floating-point 
UNPCKLPD xmm1, xmm2/m128 values from low quadwords of xmm1 and xmm2/m128. 
VEX.128.66.0F.WIG 14 /r B VIV AVX Unpacks and Interleaves double-precision floating-point 
VUNPCKLPD xmm1,xmmz, values from low quadwords of xmm2 and xmm3/m128. 
xmm3/m128 
VEX.256.66.0F.WIG 14 /r B VIV AVX Unpacks and Interleaves double-precision floating-point 
VUNPCKLPD ymm1,ymm2, values from low quadwords of ymm2 and ymm3/m256. 
ymm3/m256 
EVEX.128.66.0F.W1 14 /r C VIV AVX512VL_ | Unpacks and Interleaves double precision floating-point 
VUNPCKLPD xmm1 {k1}{z}, xmm2, AVX512F values from low quadwords of xmm2 and 
xmm3/m1 28/m64bcst xmm3/m128/m64bcst subject to write mask k1. 
EVEX.256.66.0F.W1 14 /r C VV AVX512VL_ | Unpacks and Interleaves double precision floating-point 
VUNPCKLPD ymm1 {k1}{z}, ymm2, AVX512F values from low quadwords of ymm2 and 
ymm3/m256/m64bcst ymm3/m256/m64bcst subject to write mask k1. 
EVEX.512.66.0F.W1 14 /r C VIV AVX512F Unpacks and Interleaves double-precision floating-point 
VUNPCKLPD zmm1 {k1}{z}, zmm2, values from low quadwords of zmm2 and 
zmm3/m512/m64bcst zmm3/m512/m64bcst subject to write mask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 

A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 

B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 

C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 

Description 


Performs an interleaved unpack of the low double-precision floating-point values from the first source operand and 
the second source operand. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. When unpacking from a memory operand, an implementation may fetch 
only the appropriate 64 bits; however, alignment to 16-byte boundary and normal segment checking will still be 
enforced. 


VEX.128 encoded version: The first source operand is a XMM register. The second source operand can be a XMM 
register or a 128-bit memory location. The destination operand is a XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 


EVEX.512 encoded version: The first source operand is a ZMM register. The second source operand is a ZMM 
register, a 512-bit memory location, or a 512-bit vector broadcasted from a 64-bit memory location. The destina- 
tion operand is a ZMM register, conditionally updated using writemask k1. 


EVEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM 
register, a 256-bit memory location, or a 256-bit vector broadcasted from a 64-bit memory location. The destina- 
tion operand is a YMM register, conditionally updated using writemask k1. 


EVEX.128 encoded version: The first source operand is an XMM register. The second source operand is a XMM 
register, a 128-bit memory location, or a 128-bit vector broadcasted from a 64-bit memory location. The destina- 
tion operand is a XMM register, conditionally updated using writemask k1. 
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Operation 


VUNPCKLPD (EVEX encoded versions when SRC2 is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF VL >= 128 
TMP_DEST[63:0] := SRC1[63:0] 
TMP_DEST[127:64] := SRC2[63:0] 
Fl; 
IF VL >= 256 
TMP_DEST[191:128] := SRC1[191:128] 
TMP_DEST[255:1 92] := SRC2[191:128] 
Fl; 
IF VL >= 512 
TMP_DEST[319:256] := SRC1[319:256] 
TMP_DEST[383:320] := SRC2[319:256] 
TMP_DEST[447:384] := SRC1[447:384] 
TMP_DEST[51 1:448] := SRC2[447:384] 
Fl; 


FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VUNPCKLPD (EVEX encoded version when SRC2 is memory) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF (EVEX.b = 1) 
THEN TMP_SRC2[i+63:i] := SRC2[63:0] 
ELSE TMP_SRC2[i+63:i] := SRC2[i+63:i] 
Fl; 
ENDFOR; 
IF VL >= 128 
TMP_DEST[63:0] := SRC1[63:0] 
TMP_DEST[127:64] := TMP_SRC2[63:0] 
Fl; 
IF VL >= 256 
TMP_DEST[191:128] := SRC1[191:128] 
TMP_DEST[255:192] := TMP_SRC2[191:128] 
Fl; 
IF VL >=512 
TMP_DEST[319:256] := SRC1[319:256] 
TMP_DEST[383:320] := TMP_SRC2[319:256] 
TMP_DEST[447:384] := SRC1[447:384] 
TMP_DEST[51 1:448] := TMP_SRC2[447:384] 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VUNPCKLPD (VEX.256 encoded version) 
DEST[63:0] := SRC1[63:0] 

DEST[127:64] := SRC2[63:0] 
DEST[191:128] := SRC1[191:128] 
DEST[255:192] := SRC2[191:128] 
DEST[MAXVL-1:256] := 0 


VUNPCKLPD (VEX.128 encoded version) 
DEST[63:0] := SRC1[63:0] 

DEST[127:64] := SRC2[63:0] 
DEST[MAXVL-1:128] := 0 


UNPCKLPD (128-bit Legacy SSE version) 
DEST[63:0] := SRC1[63:0] 

DEST[127:64] := SRC2[63:0] 
DEST[MAXVL-1:128] (Unmodified) 
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Intel C/C++ Compiler Intrinsic Equivalent 


VUNPCKLPD __m512d_mm512_unpacklo_pd(__m512d a,__m512d b); 

VUNPCKLPD __m512d_mm512_mask_unpacklo_pd(__m512ds,__mmask8 k,__m512da, 
VUNPCKLPD __m512d_mm512_maskz_unpacklo_pd(__mmask8 k,__m512d a,__m512d b); 
VUNPCKLPD __m256d __mm256_unpacklo_pd(__m256d a, ___ m256d b) 


VUNPCKLPD __m256d __mm256_mask_unpacklo_pd(__m256d s,__ mmask8 k,__ m256d a,___m256d b); 


VUNPCKLPD __m256d __mm256_maskz_unpacklo_pd(__mmask8 k, 
UNPCKLPD __m128d_mm_unpacklo_pd(__m128d a,_m128d b) 

VUNPCKLPD __m128d __mm_mask_unpacklo_pd(__m128d s,___mmask8 k, 
VUNPCKLPD __m128d __mm_maskz_unpacklo_pd(__mmask8 k,___m128d a, 


m256d a,___m256d b); 


m128d a, 
m128d b); 


m128d b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


" 


Non-EVEX-encoded instructions, see Table 2-21, “Type 4 Class Exception Conditions”. 


EVEX-encoded instructions, see Table 2-50, “Type E4NF Class Exception Conditions”. 
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UNPCKLPS—Unpack and Interleave Low Packed Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
NP OF 14 /r A VIV SSE Unpacks and Interleaves single-precision floating-point 
UNPCKLPS xmm1, xmm2/m128 values from low quadwords of xmm1 and xmm2/m128. 
VEX.128.0F.WIG 14 /r B VIV AVX Unpacks and Interleaves single-precision floating-point 
VUNPCKLPS xmm1,xmm_2, values from low quadwords of xmm2 and xmm3/m128. 
xmm3/m128 
VEX.256.0F.WIG 14 /r B VIV AVX Unpacks and Interleaves single-precision floating-point 
VUNPCKLPS values from low quadwords of ymm2 and ymm3/m256. 
ymm1,ymm2,ymm3/m256 
EVEX.128.0F.WO 14 /r C VIV AVX512VL_ | Unpacks and Interleaves single-precision floating-point 
VUNPCKLPS xmm1 {k1}{z}, xmm2, AVX512F values from low quadwords of xmm2 and xmm3/mem and 
xmm3/m1 28/m32bcst write result to xmm1 subject to write mask k1. 
EVEX.256.0F.WO 14 /r C VIV AVX512VL_ | Unpacks and Interleaves single-precision floating-point 
VUNPCKLPS ymm1 {k1}{z}, ymm2, AVX512F values from low quadwords of ymm2 and ymm3/mem and 
ymm3/m256/m32bcst write result to ymm1 subject to write mask k1. 
EVEX.512.0F.WO 14 /r C VV AVX512F Unpacks and Interleaves single-precision floating-point 
VUNPCKLPS zmm1 {k1}{z}, zmm2, values from low quadwords of zmm2 and 
zmm3/m512/m32bcst zmm3/m512/m32bcst and write result to zmm1 subject 

to write mask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs an interleaved unpack of the low single-precision floating-point values from the first source operand and 
the second source operand. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
ZMM register destination are unmodified. When unpacking from a memory operand, an implementation may fetch 
only the appropriate 64 bits; however, alignment to 16-byte boundary and normal segment checking will still be 
enforced. 


VEX.128 encoded version: The first source operand is a XMM register. The second source operand can be a XMM 
register or a 128-bit memory location. The destination operand is a XMM register. The upper bits (MAXVL-1:128) of 
the corresponding ZMM register destination are zeroed. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand can be a YMM 
register or a 256-bit memory location. The destination operand is a YMM register. 
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SRC1 


SRC2 


DEST] 


X7 X6 X5 x4 X3 X2 x1 XO 
Y7 Y6 Y5 Y3 Y2 Y1 YO 
Y5 X5 Y4 x4 Y1 x1 YO XO 


Figure 4-28. VUNPCKLPS Operation 


EVEX.512 encoded version: The first source operand is a ZMM register. The second source operand is a ZMM 
register, a 512-bit memory location, or a 512-bit vector broadcasted from a 32-bit memory location. The destina- 


tion operand is a ZMM register, conditionally updated using writemask k1. 


EVEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM 
register, a 256-bit memory location, or a 256-bit vector broadcasted from a 32-bit memory location. The destina- 


tion operand is a YMM register, conditionally updated using writemask k1. 


EVEX.128 encoded version: The first source operand is an XMM register. The second source operand is a XMM 
register, a 128-bit memory location, or a 128-bit vector broadcasted from a 32-bit memory location. The destina- 


tion operand is a XMM register, conditionally updated using writemask k1. 


Operation 


VUNPCKLPS (EVEX encoded version when SRC2 is a ZMM register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


IF VL >= 128 


TMP_DEST[31:0] := SRC1[31:0] 


TMP_DEST[63:32] := SRC2[31:0] 
TMP_DEST[95:64] := SRC1[63:32] 
TMP_DEST[127:96] := SRC2[63:32] 


Fl; 
IF VL >= 256 


TMP_DEST[159:1 28] := SRC1[159:128] 
TMP_DEST[191:160] := SRC2[159:128] 
TMP_DEST[223:192] := SRC1[191:160] 
TMP_DEST[255:224] := SRC2[191:160] 


Fl; 
IF VL >=512 


TMP_DEST[287:256] := SRC1[287:256] 
TMP_DEST[319:288] := SRC2[287:256] 
TMP_DEST[351:320] := SRC1[319:288] 
TMP_DEST[383:352] := SRC2[319:288] 
TMP_DEST[415:384] := SRC1[415:384] 
TMP_DEST[447:416] := SRC2[415:384] 
TMP_DEST[479:448] := SRC1[447:416] 
TMP_DEST[51 1:480] := SRC2[447:416] 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
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IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VUNPCKLPS (EVEX encoded version when SRC2 is memory) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
j:=j* 31 
IF (EVEX.b = 1) 
THEN TMP_SRC2{[i+31:i] := SRC2[31:0] 
ELSE TMP_SRC2[i+31:i] = SRC2[i+31:i] 
Fl; 
ENDFOR; 
IF VL >= 128 
TMP_DEST[31:0] := SRC1[31:0] 
TMP_DEST[63:32] := TMP_SRC2[31:0] 
TMP_DEST[95:64] := SRC1[63:32] 
TMP_DEST[1 27:96] := TMP_SRC2[63:32] 
Fl; 
IF VL >= 256 
TMP_DEST[159:1 28] := SRC1[159:128] 
TMP_DEST[191:160] := TMP_SRC2[159:128] 
TMP_DEST[223:192] := SRC1[191:160] 
TMP_DEST[255:224] := TMP_SRC2[191:160] 
Fl; 
IF VL >=512 
TMP_DEST[287:256] := SRC1[287:256] 
TMP_DEST[319:288] := TMP_SRC2[287:256] 
TMP_DEST[351:320] := SRC1[319:288] 
TMP_DEST[383:352] := TMP_SRC2[319:288] 
TMP_DEST[415:384] := SRC1[415:384] 
TMP_DEST[447:416] := TMP_SRC2[415:384] 
TMP_DEST[479:448] := SRC1[447:416] 
TMP_DEST[51 1:480] := TMP_SRC2[447:416] 
Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 


Fl; 
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ENDFOR 
DEST[MAXVL-1:VL] := 0 


UNPCKLPS (VEX.256 encoded version) 
DEST[31:0] := SRC1[31:0] 

DEST[63:32] := SRC2[31:0] 

DEST[95:64] := SRC1[63:32] 
DEST[127:96] := SRC2[63:32] 
DEST[159:128] := SRC1[159:128] 
DEST[191:160] := SRC2[159:128] 
DEST[223:192] := SRC1[191:160] 
DEST[255:224] := SRC2[191:160] 
DEST[MAXVL-1:256] := 0 


VUNPCKLPS (VEX.128 encoded version) 
DEST[31:0] := SRC1[31:0] 

DEST[63:32] := SRC2[31:0] 

DEST[95:64] := SRC1[63:32] 
DEST[127:96] := SRC2[63:32] 
DEST[MAXVL-1:128] := 0 


UNPCKLPS (128-bit Legacy SSE version) 
DEST[31:0] := SRC1[31:0] 

DEST[63:32] := SRC2[31:0] 

DEST[95:64] := SRC1[63:32] 
DEST[127:96] := SRC2[63:32] 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VUNPCKLPS __m512 _mm512_unpacklo_ps( 


m512a, 


VUNPCKLPS __m512 _mm512_mask_unpacklo_ps( 
VUNPCKLPS __m512 _mm512_maskz_unpacklo_ps( 


VUNPCKLPS __m256 __mm256_unpacklo_ps ( 


VUNPCKLPS __m256 __mm256_mask_unpacklo_ps( 


VUNPCKLPS __m256 __mm256_maskz_unpacklo_ps(__mmask8 k, 


UNPCKLPS __m128_mm_unpacklo_ps (_m128a,__m128 b); 
VUNPCKLPS __m128 __mm_mask_unpacklo_ps( 


mmask8 k,__m128 a, 


VUNPCKLPS __m128 __mm_maskz_unpacklo_ps( 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


m128 a,__m128b); 
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m512 b); 


mmask16 k,__m512 a,__m512 b); 


mmask8 k,__m256 a,__m256 b); 
m256 a,__m256 b); 


m128 b); 


Non-EVEX-encoded instructions, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-50, “Type E4NF Class Exception Conditions”. 
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5.1 TERNARY BIT VECTOR LOGIC TABLE 


VPTERNLOGD/VPTERNLOGQ instructions operate on dword/qword elements and take three bit vectors of the 
respective input data elements to form a set of 32/64 indices, where each 3-bit value provides an index into an 8- 
bit lookup table represented by the imm8 byte of the instruction. The 256 possible values of the immé8 byte is 
constructed as a 16x16 boolean logic table. The 16 rows of the table uses the lower 4 bits of imm8 as row index. 
The 16 columns are referenced by imm8[7:4]. The 16 columns of the table are present in two halves, with 8 
columns shown in Table 5-10 for the column index value between 0:7, followed by Table 5-11 showing the 8 
columns corresponding to column index 8:15. This section presents the two-halves of the 256-entry table using a 
short-hand notation representing simple or compound boolean logic expressions with three input bit source data. 


The three input bit source data will be denoted with the capital letters: A, B, C; where A represents a bit from the 
first source operand (also the destination operand), B and C represent a bit from the 2nd and 3rd source operands. 


Each map entry takes the form of a logic expression consisting of one of more component expressions. Each 
component expression consists of either a unary or binary boolean operator and associated operands. Each binary 
boolean operator is expressed in lowercase letters, and operands concatenated after the logic operator. The unary 
operator ‘not’ is expressed using ‘!’. Additionally, the conditional expression “A?B:C” expresses a result returning B 
if A is set, returning C otherwise. 

A binary boolean operator is followed by two operands, e.g. andAB. For a compound binary expression that contain 
commutative components and comprising the same logic operator, the 2nd logic operator is omitted and three 
operands can be concatenated in sequence, e.g. andABC. When the 2nd operand of the first binary boolean expres- 
sion comes from the result of another boolean expression, the 2nd boolean expression is concatenated after the 
uppercase operand of the first logic expression, e.g. norBnandAC. When the result is independent of an operand, 
that operand is omitted in the logic expression, e.g. zeros or norCB. 

The 3-input expression “majorABC” returns 0 if two or more input bits are 0, returns 1 if two or more input bits are 
1. The 3-input expression “minorABC” returns 1 if two or more input bits are 0, returns O if two or more input bits 
are 1. 

The building-block bit logic functions used in Table 5-10 and Table 5-11 include: 

* Constants: TRUE (1), FALSE (0); 

¢ Unary function: Not (!); 

° Binary functions: and, nand, or, nor, xor, xnor; 

* Conditional function: Select (?:); 


¢ Tertiary functions: major, minor. 
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Table 5-10. Low 8 columns of the 16x16 Map of VPTERNLOG Boolean Logic Operations 


Imm [7:4] 
[3:0] | OH 1H 2H 3H 4H 5H 6H 7H 
OOH | FALSE andAnorBC norBnandAC_ | andA!B norCnandBA | andA!C andAxorBC andAnandBC 
O1H_ | norABC norCB norBxorAC A?!B:norBC norCxorBA A?!C:norBC A?xorBC:norB | A?nandBC:no 
C rBC 
02H _ | andCnorBA norBxnorAC | andC!B norBnorAC C?norBA:and | C?norBA:A C?!B:andBA C7IB:A 
BA 
03H _ | norBA norBandAC C7IB:norBA IB C?norBA:xnor | A?IC:!B A?xorBC:!B A?nandBC:!B 
BA 
04H _ | andBnorAC norCxnorBA | B?norAC:and | B?norAC:A andBIC norCnorBA B?!C:andAC B7IC:A 
AC 
O5H_ | norCA norCandBA B?norAC:xnor | A?!B:IC B?!IC:norAC IC A?xorBC:!C A?nandBC:!c 
AC 
OGH | norAxnorBC | A?norBC:xorB | B?norAC:C xorBorAC C?norBA:B xorCorBA xorCB B?IC:orAC 
C 
O7H_ | norAandBC minorABC C7IB:IA nandBorAC B?ICIA nandCorBA A?xorBC:nan | nandCB 
dBC 
O8H | norAnandBC | A?norBC:and | andCxorBA A?!B:andBC andBxorAC A?z!C:andBC A?xorBC:and | xorAandBC 
BC BC 
O9H_ | norAxorBC A?norBC:xnor | C?xorBA:norB | A7!B:xnorBC | B?xorAC:norA | A?!C:xnorBC | xnorABC A?nandBC:xn 
BC A C orBC 
OAH | andClA A?norBC:C andCnandBA | A?!B:C C7IA:andBA xorCA xorCandBA A?nandBC:C 
OBH_ | C?!A:norBA C7IA:IB C?nandBA:no | C?nandBA:!B_ | B?xorAC:!A B?xorAC:nan | C?nandBA:xn | nandBxnorAC 
rBA dAC orBA 
OCH | andBlA A?norBC:B B?!A:andAC xorBA andBnandAC | A?!C:B xorBandAC A?nandBc:B 
ODH_ | B?lIA:norAC B?IA:IC B?IA:xnorAC_ | C?xorBA:nan | B?nandAC:no | B?nandAC:!IC | B?nandAC:xn | nandCxnorBA 
dBA rAC orAC 
OEH_ | norAnorBC xorAorBC B?IA:C A?!B:orBC C7IA:B A?!C:orBC B?nandAC:C — | A?nandBC:or 
BC 
OFH | JA nandAorBC C?nandBA:!A | nandBA B?nandAC:lA | nandCA nandAxnorBC | nandABC 


Table 5-11 shows the half of 256-entry map corresponding to column index values 8:15. 
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Table 5-11. Low 8 columns of the 16x16 Map of VPTERNLOG Boolean Logic Operations 


Imm [7:4] 
[3:0] | 08H O9H OAH OBH OCH ODH OEH OFH 
OOH _ | andABC andAxnorBC | andCA B?andAC:A andBA C?andBA:A andAorBC A 
O1H_ | A?andBC:nor | B?andAC!c A?C:norBC C?A:IB A?B:norBC B?PA:IC xnorAorBC orAnorBC 
BC 
02H | andCxnorBA | B?andAC:xor | B?andAC:C B?andAC:orA | C?xnorBA:an_ | B?A:xorAC B?A:C B?A:orAC 
AC C dBA 
03H _ | A?andBC:!B xnorBandAC | A?C!B nandBnandA | xnorBA B?A:nandAC | A?orBC:!B orA!B 
C 
O4H | andBxnorAC | C?andBA:xor | B?xnorAC:an | B?xnorAC:A C?andBA:B C?andBA:orB | C?A:B C?A:orBA 
BA dAC A 
O5H_= | A?andBC!c XnorCandBA | xnorCA C?A:nandBA | A?B:!C nandCnandB_ | A?orBC:!C orA!IC 
A 
O6H_ | A?andBC:xor | xorABC A?C:xorBC B?xnorAC:orA | A?B:xorBC C?xnorBA:orB | A?orBC:xorBC | orAxorBC 
BC C A 
O7H | xnorAandBC | A?xnorBC:na | A?C:inandBC | nandBxorAC | A?B:nandBC | nandCxorBA | A?orBCnandB | orAnandBC 
ndBC C 
08H | andCB ArxnorBC:an | andCorAB B?C:A andBorAC C?B:A majorABC orAandBC 
dBC 
O9H_ | B?C:norAC XnorcB XnorCorBA C?orBA:!B XnorBorAC B?orAC!IC A?orBC:xnorB | orAxnorBC 
C 
OAH | A?andBC:C A?xnorBC:C C B?C:orAC A?B:C B?orAC:xorAC | orCandBA orCA 
OBH | B?CiA B?C:nandAC — | orCnorBA orC!B B?orACA B?orAC:nand | orCxnorBA nandBnorAC 
AC 
OCH | A?andBC:B A?xnorBC:B | A?C:B C?orBA:xorBA | B C?B:orBA orBandAC orBA 
ODH | C?BIA C?B:nandBA C?orBA:!A C?orBA:nand_ | orBnorAC orB!IC orBxnorAC nandCnorBA 
BA 
OEH | A?andBC:orB | A?xnorBC:orB | A?C:orBC orCxorBA A?B:orBC orBxorAC orCB orABC 
C C 
OFH | nandAnandB | nandAxorBC | orClA orCnandBA orBIA orBnandAC nandAnorBC_ | TRUE 
C 


Table 5-10 and Table 5-11 translate each of the possible value of the imm&8 byte to a Boolean expression. These 
tables can also be used by software to translate Boolean expressions to numerical constants to form the imm8s 
value needed to construct the VPTERNLOG syntax. There is a unique set of three byte constants (FOH, CCH, AAH) 
that can be used for this purpose as input operands in conjunction with the Boolean expressions defined in those 
tables. The reverse mapping can be expressed as: 


Result_imm8 = Table_Lookup_Entry( OFOH, OCCH, OAAH) 
Table_Lookup_Entry is the Boolean expression defined in Table 5-10 and Table 5-11. 
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5.2 INSTRUCTIONS (V-Z) 


Chapter 5 continues an alphabetical discussion of Intel® 64 and IA-32 instructions (V-Z). See also: Chapter 3, 
“Instruction Set Reference, A-L,” in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
2A, and Chapter 4, “Instruction Set Reference, M-U,” in the Inte/® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 2B. 
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VALIGND/VALIGNQ—Align Doubleword/Quadword Vectors 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F3A.WO 03 /r ib A VIV AVX512VL | Shift right and merge vectors xmm_2 and 
VALIGND xmm1 {k1}{z}, xmm2, AVX512F xmm3/m128/m32bcst with double-word granularity 
xmm3/m128/m32bcst, imm8 using imm8 as number of elements to shift, and store the 
final result in xmm1, under writemask. 
EVEX.128.66.0F3A.W1 03 /r ib A VIV AVX512VL | Shift right and merge vectors xmm_2 and 
VALIGNQ xmm1 {k1}{z}, xmm_2, AVX512F xmm3/m128/m64bcst with quad-word granularity using 
xmm3/m128/m64bcst, imm8 imm8 as number of elements to shift, and store the final 
result in xmm1, under writemask. 
EVEX.256.66.0F3A.WO 03 /r ib A VIV AVX512VL | Shift right and merge vectors ymm2 and 
VALIGND ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m32bcst with double-word granularity 
ymm3/m256/m32bcst, imm8 using imm8 as number of elements to shift, and store the 
final result in ymm1, under writemask. 
EVEX.256.66.0F3A.W1 03 /r ib A VIV AVX512VL | Shift right and merge vectors ymm2 and 
VALIGNQ ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m64bcst with quad-word granularity using 
ymm3/m256/m64bcst, imm8 imm8 as number of elements to shift, and store the final 
result in ymm1, under writemask. 
EVEX.512.66.0F3A.WO 03 /r ib A VIV AVX512F Shift right and merge vectors zmm2 and 
VALIGND zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst with double-word granularity 
zmm3/m51 2/m32bcst, imm8 using imm8 as number of elements to shift, and store the 
final result in zmm1, under writemask. 
EVEX.512.66.0F3A.W1 03 /r ib A VIV AVX512F Shift right and merge vectors zmm2 and 
VALIGNQ zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst with quad-word granularity using 
zmm3/m512/m64bcst, imm8 imm8 as number of elements to shift, and store the final 
result in zmm1, under writemask. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Concatenates and shifts right doubleword/quadword elements of the first source operand (the second operand) 
and the second source operand (the third operand) into a 1024/512/256-bit intermediate vector. The low 
512/256/128-bit of the intermediate vector is written to the destination operand (the first operand) using the 
writemask ki. The destination and first source operands are ZMM/YMM/XMM registers. The second source operand 
can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted 
from a 32/64-bit memory location. 
This instruction is writemasked, so only those elements with the corresponding bit set in vector mask register k1 


are computed and stored into zmm1. Elements in zmmi with the corresponding bit clear in ki retain their previous 
values (merging-masking) or are set to 0 (zeroing-masking). 


VALIGND/VALIGNQ—Align Doubleword/Quadword Vectors 
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Operation 


VALIGND (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


IF (SRC2 *is memory*) (AND EVEX.b = 1) 
THEN 
FOR j := 0 TO KL-1 
i:=j* 32 
src[i+3 1:1] := SRC2[31:0] 
ENDFOR; 
ELSE src := SRC2 
Fl 
; Concatenate sources 
tmp[VL-1:0] := src[VL-1:0] 
tmp[2VL-1:VL] := SRC1[VL-1:0] 
; Shift right doubleword elements 
IF VL= 128 
THEN SHIFT = imm8[1:0] 
ELSE 
IF VL = 256 
THEN SHIFT = imm8[2:0] 
ELSE SHIFT = imm8[3:0] 
Fl 
Fl; 
tmp[2VL-1:0] := tmp[2VL-1:0] >> (32*SHIFT) 
; Apply writemask 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST{[i+31:i] := tmp[i+31:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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VALIGNQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256),(8, 512) 
IF (SRC2 *is memory*) (AND EVEX.b = 1) 
THEN 
FOR j := 0 TO KL-1 
i:=j* 64 
src[i+63:i] := SRC2[63:0] 
ENDFOR; 
ELSE src := SRC2 
Fl 
; Concatenate sources 
tmp[VL-1:0] := src[VL-1:0] 
tmp[2VL-1:VL] := SRC1[VL-1:0] 
; Shift right quadword elements 
IF VL= 128 
THEN SHIFT = imm8[0] 
ELSE 
IF VL = 256 
THEN SHIFT = imm8[1:0] 
ELSE SHIFT = imm8[2:0] 
Fl 
Fl; 
tmp[2VL-1:0] := tmp[2VL-1:0] >> (64*SHIFT) 
; Apply writemask 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := tmp[i+63:i] 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VALIGND __m512i_mm512_alignr_epi32(__m512ia,___m512i 5, int cnt); 

VALIGND __m512i_mm512_mask_alignr_epi32(__m512is,__mmask16k,___m512i a, 
VALIGND __m512i_mm512_maskz_alignr_epi32(__mmask16 k,___m512ia,__m512ib, int cnt); 
VALIGND __m256i __mm256_mask_alignr_epi32(__m256is,__ mmask8 k,___ m256i a,__ m256i b, int cnt); 
VALIGND __m256i _mm256_maskz_alignr_epi32(__mmask8 k,___ m256i a,__ m256i b, int cnt); 
VALIGND __m128i __mm_mask_alignr_epi32(__m128is,__ mmask8 k,___m128ia,__m128i, int cnt); 
VALIGND __m128i __mm_maskz_alignr_epi32(__mmask8 k,___m128i a, ___m128i b, int cnt); 

VALIGNQ __m512i_mm512_alignr_epi64(__m512i a, __m512i b, int cnt); 

VALIGNQ __m512i_mm512_mask_alignr_epi64(__m512is,__ mmask8 k, __m512i a,__m512ib, int cnt); 
VALIGNQ __m512i __mm512_maskz_alignr_epi64(_mmask8 k, __m512i a,__m512ib, int cnt); 
VALIGNQ __m256i__mm256_mask_alignr_epi64(__m256i s, __mmask8 k, __m256i a,___m256i b, int cnt); 
VALIGNQ __m256i __mm256_maskz_alignr_epi64(__mmask8 k, __m256i a,__m256i b, int cnt); 
VALIGNQ __m128i __mm_mask_alignr_epi64(__m128i s,___mmask8 k, __m128i a, ___m128i b, int cnt); 
VALIGNQ __m128i __mm_maskz_alignr_epi64(__mmask8 k, __m128i a, ___m128i, int cnt); 


m512ib, int cnt); 


Exceptions 
See Table 2-50, “Type E4NF Class Exception Conditions”. 
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VBLENDMPD/VBLENDMPS—Blend Float64/Float32 Vectors Using an OpMask Control 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.66.0F38.W1 65 /r A VV AVX512VL | Blend double-precision vector xmm_2 and double-precision 
VBLENDMPD xmm1 {k1}{Z}, AVX512F vector xmm3/m128/m64bcst and store the result in xmm1, 
xmm_2, xmm3/m128/m64bcst under control mask. 
EVEX.256.66.0F38.W1 65 /r A VIV AVX512VL | Blend double-precision vector ymm2 and double-precision 
VBLENDMPD ymm1 {k1}{Z}, AVX512F vector ymm3/m256/m64bcst and store the result in ymm1, 
ymm_2, ymm3/m256/m64bcst under control mask. 
EVEX.512.66.0F38.W1 65 /r A VIV AVX512F Blend double-precision vector zmm2 and double-precision 
VBLENDMPD zmm1 {k1}{z}, vector zmm3/m512/m64bcst and store the result in zmm1, 
zmm2, zmm3/m512/m64bcst under control mask. 
EVEX.128.66.0F38.W0O 65 /r A VIV AVX512VL | Blend single-precision vector xmm2 and single-precision 
VBLENDMPS xmm1 {k1}{Z}, AVX512F vector xmm3/m128/m32bcst and store the result in xmm1, 
xmm2, xmm3/m1 28/m32bcst under control mask. 
EVEX.256.66.0F38.W0 65 /r A VIV AVX512VL | Blend single-precision vector ymm2 and single-precision 
VBLENDMPS ymm1 {k1}{Z}, AVX512F vector ymm3/m256/m32bcst and store the result in ymm1, 
ymm_2, ymm3/m256/m32bcst under control mask. 
EVEX.512.66.0F38.W0 65 /r A VIV AVX512F Blend single-precision vector zmme2 and single-precision 
VBLENDMPS zmm1 {k1}{Z}, vector zmm3/m512/m32bcst using k1 as select control and 
zmm2, zmm3/m512/m32bcst store the result in zmm1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs an element-by-element blending between float64/float32 elements in the first source operand (the 
second operand) with the elements in the second source operand (the third operand) using an opmask register as 
select control. The blended result is written to the destination register. 


The destination and first source operands are ZMM/YMM/XMM registers. The second source operand can be a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 64- 
bit memory location. 


The opmask register is not used as a writemask for this instruction. Instead, the mask is used as an element 
selector: every element of the destination is conditionally selected between first source or second source using the 
value of the related mask bit (0 for first source operand, 1 for second source operand). 


If EVEX.z is set, the elements with corresponding mask bit value of 0 in the destination operand are zeroed. 
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Operation 

VBLENDMPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no controlmask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
DEST[i+63:i] = SRC2[63:0] 
ELSE 
DEST[i+63:i] := SRC2[i+63:i] 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN DEST{[i+63:i] = SRC1[i+63:i] 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl; 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 

VBLENDMPS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no controlmask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
DEST[i+31:i] = SRC2[31:0] 
ELSE 
DEST[i+31:i] := SRC2[i+31:i] 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN DEST{[i+31:i] = SRC1[i+31:i] 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl; 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VBLENDMPD 
VBLENDMPD 
VBLENDMPD 
VBLENDMPS 
VBLENDMPS 
VBLENDMPS 


m512d_mm512_mask_blend_pd(__mmask8 k,___m512da,__m512d b); 


m256d __mm256_mask_blend_pd(__mmask8 k,__ m256d a,___ m256d b); 
m128d __mm_mask_blend_pd(__mmask8 k,___m128da,__m128d b); 


m512_mm512_mask_blend_ps(__mmask16 k,__m512 a,__m512 b); 


m256 _mm256_mask_blend_ps(__mmask8 k,___m256 a, ___m256 b); 


m128 __mm_mask_blend_ps(__mmask8 k,__m128 a,__m128 b); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-49, “Type E4 Class Exception Conditions”. 


VBLENDMPD/VBLENDMPS—Blend Float64/Float32 Vectors Using an OpMask Control 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-11 


INSTRUCTION SET REFERENCE, V-Z 


VBROADCAST—Load with Broadcast Floating-Point Data 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Feature 

Mode Flag 

Support 
VEX.128.66.0F38.WO 18 /r A VIV AVX Broadcast single-precision floating-point element in 
VBROADCASTSS xmm1, m32 mem to four locations in xmm1. 
VEX.256.66.0F38.W0O 18 /r A VIV AVX Broadcast single-precision floating-point element in 
VBROADCASTSS ymm1, m32 mem to eight locations in ymm1. 
VEX.256.66.0F38.W0 19 /r A VIV AVX Broadcast double-precision floating-point element in 
VBROADCASTSD ymm1, m64 mem to four locations in ymm1. 
VEX.256.66.0F38.W0 1A /r A VIV AVX Broadcast 128 bits of floating-point data in mem to 
VBROADCASTF128 ymm1, m128 low and high 128-bits in ymm1. 
VEX.128.66.0F38.W0 18/r A VIV AVX2 Broadcast the low single-precision floating-point 
VBROADCASTSS xmm1, xmm2 element in the source operand to four locations in 

xmm1. 

VEX.256.66.0F38.W0 18 /r A VV AVX2 Broadcast low single-precision floating-point element 
VBROADCASTSS ymm1, xmm2 in the source operand to eight locations in ymm1. 
VEX.256.66.0F38.W0 19 /r A VIV AVX2 Broadcast low double-precision floating-point element 
VBROADCASTSD ymm1, xmm2 in the source operand to four locations in ymm1. 
EVEX.256.66.0F38.W1 19 /r B VIV AVX512VL | Broadcast low double-precision floating-point element 
VBROADCASTSD ymm1 {k1}{z}, AVX512F in xmm2/m64 to four locations in ymm1 using 
xmm2/m64 writemask k1. 
EVEX.512.66.0F38.W1 19 /r B VIV AVX512F Broadcast low double-precision floating-point element 
VBROADCASTSD zmm1 {k1}{Z}, in xmm2/m64 to eight locations in zmm1 using 
xmm2/m64 writemask k1. 
EVEX.256.66.0F38.W0 19 /r C VIV AVX512VL | Broadcast two single-precision floating-point elements 
VBROADCASTF32X2 ymm1 {k1}{Z}, AVX512DQ | in xmm2/m64 to locations in ymm1 using writemask 
xmm2/m64 k1. 
EVEX.512.66.0F38.W0 19 /r C VIN AVX512DQ | Broadcast two single-precision floating-point elements 
VBROADCASTF32X2 zmm1 {k1}{Z}, in xmm2/m64 to locations in zmm1 using writemask 
xmm2/m64 k1. 
EVEX.128.66.0F38.W0 18 /r B VIV AVX512VL | Broadcast low single-precision floating-point element 
VBROADCASTSS xmm1 {k1}{z}, AVX512F in xmm2/m32 to all locations in xmm1 using 
xmm2/m32 writemask k1. 
EVEX.256.66.0F38.W0 18 /r B VIV AVX512VL | Broadcast low single-precision floating-point element 
VBROADCASTSS ymm1 {k1}{z}, AVX512F in xmm2/m32 to all locations in ymm1 using 
xmm2/m32 writemask k1. 
EVEX.512.66.0F38.W0 18 /r B VIV AVX512F Broadcast low single-precision floating-point element 
VBROADCASTSS zmm1 {k1}{Z}, in xmm2/m32 to all locations in zmm1 using 
xmm2/m32 writemask k1. 
EVEX.256.66.0F38.W0 1A /r D VIV AVX512VL | Broadcast 128 bits of 4 single-precision floating-point 
VBROADCASTF32X4 ymm1 {k1}{z}, AVX512F data in mem to locations in ymm1 using writemask k1. 
m128 
EVEX.512.66.0F38.W0 1A /r D VIV AVX512F Broadcast 128 bits of 4 single-precision floating-point 
VBROADCASTF32X4 zmm1 {k1}{Z}, data in mem to locations in zmm1 using writemask k1. 
m128 
EVEX.256.66.0F38.W1 1A /r C VIV AVX512VL | Broadcast 128 bits of 2 double-precision floating-point 
VBROADCASTF64X2 ymm1 {k1}{Z}, AVX512DQ | data in mem to locations in ymm1 using writemask k1. 


mi28 
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Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Feature 

Mode Flag 

Support 
EVEX.512.66.0F38.W1 1A /r C VIN AVX512DQ | Broadcast 128 bits of 2 double-precision floating-point 
VBROADCASTF64X2 zmm1 {k1}{Z}, data in mem to locations in zmm1 using writemask k1. 
m128 
EVEX.512.66.0F38.W0 1B /r E VIN AVX512DQ | Broadcast 256 bits of 8 single-precision floating-point 
VBROADCASTF32X8 zmm1 {k1}{Z}, data in mem to locations in zmm1 using writemask k1. 
m256 
EVEX.512.66.0F38.W1 1B /r D VIV AVX512F Broadcast 256 bits of 4 double-precision floating-point 
VBROADCASTF64X4 zmm1 {k1}{Z}, data in mem to locations in zmm1 using writemask k1. 
m256 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
C Tuple2 ModRM:reg (w) ModRM:r/m (r) NA NA 
D Tuple4 ModRM:reg (w) ModRM:r/m (r) NA NA 
E Tuple8 ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


VBROADCASTSD/VBROADCASTSS/VBROADCASTF128 load floating-point values as one tuple from the source 
operand (second operand) in memory and broadcast to all elements of the destination operand (first operand). 


VEX256-encoded versions: The destination operand is a YMM register. The source operand is either a 32-bit, 64- 
bit, or 128-bit memory location. Register source encodings are reserved and will #UD. Bits (MAXVL-1:256) of the 
destination register are zeroed. 


EVEX-encoded versions: The destination operand is a ZMM/YMM/XMM register and updated according to the 
writemask ki. The source operand is either a 32-bit, 64-bit memory location or the low doubleword/quadword 
element of an XMM register. 
VBROADCASTF32X2/VBROADCASTF32X4/VBROADCASTF64X2/VBROADCASTF32X8/VBROADCASTF64X4 load 
floating-point values as tuples from the source operand (the second operand) in memory or register and broadcast 
to all elements of the destination operand (the first operand). The destination operand is a YMM/ZMM register 
updated according to the writemask ki. The source operand is either a register or 64-bit/128-bit/256-bit memory 
location. 

VBROADCASTSD and VBROADCASTF128,F32x4 and F64x2 are only supported as 256-bit and 512-bit wide 
versions and up. VBROADCASTSS is supported in 128-bit, 256-bit and 512-bit wide versions. F32x8 and F64x4 are 
only supported as 512-bit wide versions. 


VBROADCASTF32X2/VBROADCASTF32X4/VBROADCASTF32X8 have 32-bit granularity. VBROADCASTF64X2 and 
VBROADCASTF64X4 have 64-bit granularity. 


Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 


If VBROADCASTSD or VBROADCASTF128 is encoded with VEX.L= 0, an attempt to execute the instruction encoded 
with VEX.L= 0 will cause an #UD exception. 
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DES] xo x0 x0 x0 x0 x0 XO x0 


Figure 5-1. VBROADCASTSS Operation (VEX.256 encoded version) 


m32 x0 


DES ) 0 0 ) Xo Xo Xo XO 


Figure 5-2. VBROADCASTSS Operation (VEX.128-bit version) 


m64 xo 
X0 x0 X0 X0 


Figure 5-3. VBROADCASTSD Operation (VEX.256-bit version) 


DEST| 


m128 xO 


XO x 


DEST| 0 


Figure 5-4. VBROADCASTF1 28 Operation (VEX.256-bit version) 
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m256 


XO 


DEST| xo 


XO 


Figure 5-5. VBROADCASTF64X4 Operation (512-bit version with writemask all 1s) 


Operation 


VBROADCASTSS (128 bit version VEX and legacy) 
temp := SRC[31:0] 

DEST[31:0] := temp 

DEST[63:32] := temp 

DEST[95:64] := temp 

DEST[127:96] := temp 

DEST[MAXVL-1:128] := 0 


VBROADCASTSS (VEX.256 encoded version) 
temp := SRC[31:0] 
DEST[31:0] := temp 
DEST[63:32] := temp 
DEST[95:64] := temp 
DEST[127:96] := temp 
DEST[159:1 28] := temp 
DEST[191:160] := temp 
DEST[223:192] := temp 
DEST[255:224] := temp 
DEST[MAXVL-1:256] := 0 


VBROADCASTSS (EVEX encoded versions) 
(KL, VL) (4, 128), (8, 256),= (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC[31:0] 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VBROADCASTSD (VEX.256 encoded version) 
temp := SRC[63:0] 

DEST[63:0] := temp 

DEST[127:64] := temp 

DEST[191:128] := temp 

DEST[255:192] := temp 

DEST[MAXVL-1:256] := 0 


VBROADCASTSD (EVEX encoded versions) 
(KL, VL) = (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = SRC[63:0] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VBROADCASTF32x2 (EVEX encoded versions) 
(KL, VL) = (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
n:= (j mod 2) * 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC[n+31:n] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VBROADCASTF1 28 (VEX.256 encoded version) 
temp := SRC[127:0] 

DEST[127:0] := temp 

DEST[255:1 28] := temp 

DEST[MAXVL-1:256] := 0 
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VBROADCASTF32X4 (EVEX encoded versions) 
(KL, VL) = (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
n:= (j modulo 4) * 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC[n+31:n] 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VBROADCASTF64X2 (EVEX encoded versions) 
(KL, VL) = (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
n:= (j modulo 2) * 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = SRC[n+63:n] 


ELSE 

IF *merging-masking* ; mMerging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] = 0 
Fl 
Fl; 
ENDFOR; 


VBROADCASTF32X8 (EVEX.U1.512 encoded version) 
FOR j:=0TO15 
i:=j* 32 
n:= (j modulo 8) * 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC[n+31:n] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 


VBROADCASTF64X4 (EVEX.512 encoded version) 
FOR j :=OTO7 
i:=j* 64 
n:= (j modulo 4) * 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = SRC[n+63:n] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VBROADCASTF32x2 __m512_mm512_broadcast_f32x2(__m128 a); 
VBROADCASTF32x2 __m512 _mm512_mask_broadcast_f32x2(__m512 s,__mmask16 k, 
VBROADCASTF32x2 __m512_mm512_maskz_broadcast_f32x2(__mmask16 k,__m128 a); 
VBROADCASTF32x2 __m256 _mm256_broadcast_f32x2(__m128 a); 

VBROADCASTF32x2 __m256 __mm256_mask_broadcast_f32x2(__m256 s,__ mmask8 k,__m128 a); 
VBROADCASTF32x2 __m256 __mm256_maskz_broadcast_f32x2(__mmask8 k,__m128 a); 
VBROADCASTF32x4 __m512_mm512_broadcast_f32x4(__m128 a); 
VBROADCASTF32x4 __m512 _mm512_mask_broadcast_f32x4(__m512 s,__mmask16 k, 
VBROADCASTF32x4 __m512_mm512_maskz_broadcast_f32x4(__mmask16 k,__m128 a); 
VBROADCASTF32x4 __m256 _mm256_broadcast_f32x4(__m128 a); 

VBROADCASTF32x4 __m256 _mm256_mask_broadcast_f32x4(__m256 s,___ mmask8 k,__m128 a); 
VBROADCASTF32x4 __m256 _mm256_maskz_broadcast_f32x4(__mmask8 k,___m128 a); 
VBROADCASTF32x8 __m512_mm512_broadcast_f32x8(__m256 a); 
VBROADCASTF32x8 __m512 _mm512_mask_broadcast_f32x8(__m512 s,__mmask16 k, 
VBROADCASTF32x8 __m512_mm512_maskz_broadcast_f32x8(__mmask16 k,___m256 a); 
VBROADCASTF64x2 __m512d_mm512_broadcast_f64x2(__m128d a); 

VBROADCASTF64x2 __m512d_mm512_mask_broadcast_f64x2(__m512ds,__mmask8 k,__m128d a); 
VBROADCASTF64x2 __m512d_mm512_maskz_broadcast_f64x2(__mmask8 k,__m128d a); 
VBROADCASTF64x2 __m256d_mm256_broadcast_f64x2(__m128d a); 
VBROADCASTF64x2 __m256d __mm256_mask_broadcast_f64x2(__m256d s, 
VBROADCASTF64x2 __m256d __mm256_maskz_broadcast_f64x2(__mmask8 k, 
VBROADCASTF64x4 __m512d_mm512_broadcast_f64x4(__m256d a); 
VBROADCASTF64x4 __m512d_mm512_mask_broadcast_f64x4(__m512ds,__mmask8 k,__m256d a); 
VBROADCASTF64x4 __m512d_mm512_maskz_broadcast_f64x4(__mmask8 k,__m256d a); 
VBROADCASTSD __m512d_mm512_broadcastsd_pd(__m128d a); 
VBROADCASTSD __m512d_mm512_mask_broadcastsd_pd(__m512d s, 
VBROADCASTSD __m512d_mm512_maskz_broadcastsd_pd(__mmask8 k, 
VBROADCASTSD __m256d __mm256_broadcastsd_pd(__m128d a); 
VBROADCASTSD __m256d __mm256_mask_broadcastsd_pd(__m256d s,__ mmask8 k,__m128d a); 
VBROADCASTSD __m256d __mm256_maskz_broadcastsd_pd(__mmask8 k, __m128d a); 
VBROADCASTSD __m256d __mm256_broadcast_sd(double *a); 

VBROADCASTSS __m512 _mm512_broadcastss_ps(__m128 a); 

VBROADCASTSS __m512 _mm512_mask_broadcastss_ps(__m512 s,__mmask16 k,__m128 a); 
VBROADCASTSS __m512 _mm512_maskz_broadcastss_ps(__mmask16 k,___m128 a); 
VBROADCASTSS __m256 _mm256_broadcastss_ps(__m128 a); 
VBROADCASTSS __m256 _mm256_mask_broadcastss_ps(__m256 s, 
VBROADCASTSS __m256 __mm256_maskz_broadcastss_ps(__mmask8 k, 


m128 a); 


m128 a); 


m256 a); 


mmask8 k, __m128d a); 
m128d a); 


mmask8 k, 
m128d a); 


m1 28d a); 


mmask8 k, 
m128 a); 


m128 a); 
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VBROADCASTSS __m128 _mm_broadcastss_ps(__m128 a); 

VBROADCASTSS __m128 __mm_mask_broadcastss_ps(__m128s,__mmask8 k,__m128 a); 
VBROADCASTSS __m128 __mm_maskz_broadcastss_ps(__mmask8 k,___m128 a); 
VBROADCASTSS __m128_mm_broadcast_ss(float *a); 

VBROADCASTSS __m256 __mm256_broadcast_ss(float *a); 

VBROADCASTF128 __m256 _mm256_broadcast_ps(__m128 * a); 

VBROADCASTF128 __m256d _mm256_broadcast_pd(__m1 28d * a); 


Exceptions 

VEX-encoded instructions, see Table 2-23, “Type 6 Class Exception Conditions”. 

EVEX-encoded instructions, see Table 2-53, “Type E6 Class Exception Conditions”. 

Additionally: 

#UD If VEX.L = 0 for VBROADCASTSD or VBROADCASTF128. 
If EVEX.L’L = 0 for VBROADCASTSD/VBROADCASTF32X2/VBROADCASTF32X4/VBROADCASTF64X2. 
If EVEX.L’L < 10b for VBROADCASTF32X8/VBROADCASTF64X4. 
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VCOMPRESSPD-—Store Sparse Packed Double-Precision Floating-Point Values into Dense 


Memory 

Opcode/ Op/ | 64/32 CPUID Description 

Instruction En bit Mode | Feature 

Support | Flag 

EVEX.128.66.0F38.W1 8A /r A VIV AVX512VL | Compress packed double-precision floating-point 

VCOMPRESSPD xmm1/m128 {k1}{z}, AVX512F values from xmm2 to xmm1/m128 using writemask 

xmm2 k1. 

EVEX.256.66.0F38.W1 8A /r A VIV AVX512VL | Compress packed double-precision floating-point 

VCOMPRESSPD ymm1/m256 {k1}{Z}, AVX512F values from ymm2 to ymm1/m256 using writemask 

ymm2 k1. 

EVEX.512.66.0F38.W1 8A /r A VIV AVX512F Compress packed double-precision floating-point 

VCOMPRESSPD zmm1/m512 {k1}{Z}, values from zmm_2 using control mask k1 to 

zmm2 zmm1/m512. 

Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:r/m (w) ModRM:reg (r) NA NA 

Description 


Compress (store) up to 8 double-precision floating-point values from the source operand (the second operand) as 
a contiguous vector to the destination operand (the first operand) The source operand is aZMM/YMM/XMM register, 
the destination operand can be a ZMM/YMM/XMM register or a 512/256/128-bit memory location. 

The opmask register ki selects the active elements (partial vector or possibly non-contiguous if less than 8 active 
elements) from the source operand to compress into a contiguous vector. The contiguous vector is written to the 
destination starting from the low element of the destination operand. 

Memory destination version: Only the contiguous vector is written to the destination memory location. EVEX.z 
must be zero. 

Register destination version: If the vector length of the contiguous vector is less than that of the input vector in the 
source operand, the upper bits of the destination register are unmodified if EVEX.z is not set, otherwise the upper 
bits are zeroed. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Note that the compressed displacement assumes a pre-scaling (N) corresponding to the size of one single element 
instead of the size of the full vector. 


Operation 


VCOMPRESSPD (EVEX encoded versions) store form 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
SIZE := 64 
k:=0 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
DEST[k+SIZE-1:k] := SRC[i+63:i] 
k:=k+ SIZE 
Fl; 


ENDFOR 
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VCOMPRESSPD (EVEX encoded versions) reg-reg form 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
SIZE := 64 
k:=0 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
DEST[k+SIZE-1:k] := SRC[i+63:i] 
k:=k + SIZE 
Fl; 
ENDFOR 
IF *merging-masking* 
THEN *DEST[VL-1:k] remains unchanged* 
ELSE DEST[VL-1:k] := 0 
Fl 
DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCOMPRESSPD __m512d_mm512_mask_compress_pd(__m512ds,__ mmask8 k,__m512d a); 
VCOMPRESSPD __m512d_mm512_maskz_compress_pd(__mmask8 k,___m512d a); 
VCOMPRESSPD void __mm512_mask_compressstoreu_pd( void * d,__ mmask8 k,___m512d a); 
VCOMPRESSPD __m256d_mm256_mask_compress_pd(__m256ds,__ mmask8 k,___ m256d a); 
VCOMPRESSPD __m256d__mm256_maskz_compress_pd(__mmask8 k, __m256d a); 
VCOMPRESSPD void _mm256_mask_compressstoreu_pd( void * d,__ mmask8 k, __ m256d a); 
VCOMPRESSPD __m128d_mm_mask_compress_pd(__m128ds,__ mmask8 k,___m128d a); 
VCOMPRESSPD __m128d_mm_maskz_compress_pd(__mmask8 k,___m128d a); 
VCOMPRESSPD void _mm_mask_compressstoreu_pd( void * d,__ mmask8 k,___m128d a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


EVEX-encoded instructions, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”; 
additionally: 


#UD If EVEX.vvvv != 1111B. 
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VCOMPRESSPS-—Store Sparse Packed Single-Precision Floating-Point Values into Dense Memory 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F38.W0O 8A /r A VIV AVX512VL | Compress packed single-precision floating-point 
VCOMPRESSPS xmm1/m128 {k1}{z}, AVX512F values from xmm2 to xmm1/m128 using writemask 
xmm2 k1. 
EVEX.256.66.0F38.W0 8A /r A VIV AVX512VL | Compress packed single-precision floating-point 
VCOMPRESSPS ymm1/m256 {k1}{Z}, AVX512F values from ymm2 to ymm1/m256 using writemask 
ymm2 k1. 
EVEX.512.66.0F38.W0 8A /r A VIV AVX512F Compress packed single-precision floating-point 
VCOMPRESSPS zmm1/m512 {k1}{z}, values from zmm_2 using control mask k1 to 
zmm2 zmmi/m512. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Compress (stores) up to 16 single-precision floating-point values from the source operand (the second operand) to 
the destination operand (the first operand). The source operand is a ZMM/YMM/XMM register, the destination 
operand can be a ZMM/YMM/XMM register or a 512/256/128-bit memory location. 

The opmask register k1 selects the active elements (a partial vector or possibly non-contiguous if less than 16 
active elements) from the source operand to compress into a contiguous vector. The contiguous vector is written to 
the destination starting from the low element of the destination operand. 

Memory destination version: Only the contiguous vector is written to the destination memory location. EVEX.z 
must be zero. 

Register destination version: If the vector length of the contiguous vector is less than that of the input vector in the 
source operand, the upper bits of the destination register are unmodified if EVEX.z is not set, otherwise the upper 
bits are zeroed. 

EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Note that the compressed displacement assumes a pre-scaling (N) corresponding to the size of one single element 
instead of the size of the full vector. 


Operation 


VCOMPRESSPS (EVEX encoded versions) store form 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
SIZE := 32 
k:=0 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
DEST[k+SIZE-1:k] := SRC[i+31:i] 
k:=k+ SIZE 
Fl; 


ENDFOR; 
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VCOMPRESSPS (EVEX encoded versions) reg-reg form 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
SIZE := 32 
k:=0 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
DEST[k+SIZE-1:k] := SRC[i+31:i] 
k:=k + SIZE 
Fl; 
ENDFOR 
IF *merging-masking* 
THEN *DEST[VL-1:k] remains unchanged* 
ELSE DEST[VL-1:k] := 0 
Fl 
DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCOMPRESSPS __m512_mm512_mask_compress_ps(__m512s,__ mmask16 k,__m512 a); 
VCOMPRESSPS __m512_mm512_maskz_compress_ps(__mmask16 k,___m512 a); 
VCOMPRESSPS void _mm512_mask_compressstoreu_ps( void * d,__ mmask16 k,__m512 a); 
VCOMPRESSPS __m256 _mm256_mask_compress_ps(__m256s,__ mmask8 k,___m256 a); 
VCOMPRESSPS __m256 __mm256_maskz_compress_ps(__mmask8 k, __m256 a); 
VCOMPRESSPS void _mm256_mask_compressstoreu_ps( void * d,__ mmask8 k,___m256 a); 
VCOMPRESSPS __m128_mm_mask_compress_ps(__m128s,__ mmask8 k,__m128 a); 
VCOMPRESSPS __m128_mm_maskz_compress_ps(__mmask8 k, __m128 a); 
VCOMPRESSPS void _mm_mask_compressstoreu_ps( void * d,__ mmask8 k,___m128 a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


EVEX-encoded instructions, see Exceptions Type E4.nb. in Table 2-49, “Type E4 Class Exception Conditions”; 
additionally: 


#UD If EVEX.vvvv != 1111B. 


VCOMPRESSPS—Store Sparse Packed Single-Precision Floating-Point Values into Dense Memory Vol. 2C 5-23 


INSTRUCTION SET REFERENCE, V-Z 


VCVTNE2PS2BF 16—Convert Two Packed Single Data to One Packed BF16 Data 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 

Support 
EVEX.128.F2.0F38.W0 72 /r A VIV AVX512VL Convert packed single data from xmm2 and 
VCVTNE2PS2BF16 xmm1{k1}{Z}, AVX512_BF16 xmm3/m128/m32bcst to packed BF16 data in 
xmm2, xmm3/m1 28/m32bcst xmm1 with writemask k1. 
EVEX.256.F2.0F38.W0 72 /r A VIV AVX512VL Convert packed single data from ymm2 and 
VCVTNE2PS2BF16 ymm1{k1}{2}, AVX512_BF16 ymm3/m256/m32bcst to packed BF16 data in 
ymme2, ymm3/m256/m32bcst ymm1 with writemask k1. 
EVEX.512.F2.0F38.W0 72 /r A VIV AVX512F Convert packed single data from zmm2 and 
VCVTNE2PS2BF16 zmm1{k1}{z}, AVX512_BF16 zmm3/m512/m32bcst to packed BF16 data in 
zmm2, zmm3/m512/m32bcst zmm1 with writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Converts two SIMD registers of packed single data into a single register of packed BF16 data. 
This instruction does not support memory fault suppression. 
This instruction uses “Round to nearest (even)” rounding mode. Output denormals are always flushed to zero and 


input denormals are always treated as zero. MXCSR is not consulted nor updated. No floating-point exceptions are 
generated. 


Operation 


VCVTNE2PS2BF16 dest, src1, src2 
VL = (128, 256, 512) 
KL = VL/16 


origdest := dest 
FOR i := 0 to KL-1: 
IF k1[ i] or *no writemask*: 
IFi < KL/2: 
IF src2 is memory and evex.b == 1: 
= src2.fp32[0] 
ELSE: 
= src2.fp32[ i] 
ELSE: 
= srcl.fp32[ i-KL/2] 


// See VCVTNEPS2BF 16 for definition of convert helper function 
dest.word[i] := convert_fp32_to_bfloat16(t) 


ELSE IF *zeroing*: 
dest.word[ i ]:= 0 
ELSE: // Merge masking, dest element unchanged 
dest.word{ i ]:= origdest.word[ i ] 
DEST[MAXVL-1:VL] := 0 


5-24 Vol. 2C VCVTNE2PS2BF16—Convert Two Packed Single Data to One Packed BF16 Data 


Intel C/C++ Compiler Intrinsic Equivalent 
VCVTNE2PS2BF16 __m128bh __mm_cvtne2ps_pbh (__m128, __m128); 


VCVTNE2PS2BF16 __m128bh __mm_mask_cvtne2ps_pbh (__m128bh, __mmask8, 
VCVTNE2PS2BF16 __m128bh _mm_maskz_cvtne2ps_pbh (__mmask8, __m128,__m128); 


VCVTNE2PS2BF16 __m256bh __mm256_cvtne2zps_pbh (__m256, __m256); 


VCVTNE2PS2BF16 __m256bh __mm256_mask_cvtne2ps_pbh (__m256bh, __ mmask16, 
VCVTNE2PS2BF16 __m256bh __mm256_maskz_cvtne2ps_ pbh (__mmask16, 


VCVTNE2PS2BF16 __m512bh_mm512_cvtne2ps_pbh (__m512,___m512); 


VCVTNE2PS2BF16 __m512bh_mm512_mask_cvtne2ps_pbh (__m512bh, __ mmask32, 


VCVTNE2PS2BF16 __m512bh __mm512_maskz_cvtne2ps_pbh (__mmask32, 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Table 2-50, “Type E4NF Class Exception Conditions”. 


VCVTNE2PS2BF16—Convert Two Packed Single Data to One Packed BF16 Data 


INSTRUCTION SET REFERENCE, V-Z 


m128,__m128); 


m256, __m256); 


m512,__m512); 


Vol.2C 5-25 


INSTRUCTION SET REFERENCE, V-Z 


VCVTNEPS2BF 16—Convert Packed Single Data to Packed BF16 Data 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 

Support 
EVEX.128.F3.0F38.W0 72 /r A VIV AVX512VL Convert packed single data from xmm2/m128 
VCVTNEPS2BF16 xmm1{k1}{Z}, AVX512_BF16 to packed BF16 data in xmm1 with writemask 
xmm2/m128/m32bcst k1, 
EVEX.256.F3.0F38.W0 72 /r A VIV AVX512VL Convert packed single data from ymm2/m256 
VCVTNEPS2BF16 xmm1{k1}{Z}, AVX512_BF16 to packed BF16 data in xmm1 with writemask 
ymm2/m256/m32bcst k1. 
EVEX.512.F3.0F38.W0 72 /r A VIV AVX512F Convert packed single data from zmm2/m512 
VCVTNEPS2BF16 ymm1{k1}{Z}, AVX512_BF16 to packed BF16 data in ymm1 with writemask 
zmm2/m512/m32bcst k1, 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts one SIMD register of packed single data into a single register of packed BF16 data. 


This instruction uses “Round to nearest (even)” rounding mode. Output denormals are always flushed to zero and 
input denormals are always treated as zero. MXCSR is not consulted nor updated. 


As the instruction operand encoding table shows, the EVEX.vvvv field is not used for encoding an operand. 
EVEX.vvvv is reserved and must be 0b1111 otherwise instructions will #UD. 


Operation 


Define convert_fp32_to_bfloat1 6(x): 

IF x is zero or denormal: 
dest[15] := x[31] // sign preserving zero (denormal go to zero) 
dest[14:0] := 0 

ELSE IF x is infinity: 
dest[15:0] := x[31:16] 

ELSE IF x is NAN: 
dest[15:0] := x[31:16] // truncate and set MSB of the mantissa to force QNAN 
dest[6] := 1 

ELSE // normal number 
LSB := x[16] 
rounding_bias ‘= OxOO007FFF + LSB 
temp[31:0] := x[31:0] + rounding_bias // integer add 
dest[15:0] := temp[31:16] 

RETURN dest 


5-26 Vol. 2C VCVTNEPS2BF16—Convert Packed Single Data to Packed BF16 Data 


VCVTNEPS2BF16 dest, src 
VL = (128, 256, 512) 
KL =VL/16 


origdest := dest 
FOR i := 0 to KL/2-1: 
IF k1[ i] or *no writemask*: 
IF src is memory and evex.b == 1: 
t:= src.fp32[0] 
ELSE: 
= src.fp32[ i] 


dest.word[i] ‘= convert_fp32_to_bfloat16(t) 


ELSE IF *zeroing*: 
dest.word[ i]:= 0 
ELSE: // Merge masking, dest element unchanged 
dest.word[ i] := origdest.word[ i ] 
DEST[MAXVL-1:VL/2] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTNEPS2BF16 __m128bh __mm_cvtneps_pbh (__m128); 

VCVTNEPS2BF16 __m128bh _mm_mask_cvtneps_pbh (__m128bh, ___mmask8,__m128); 
VCVTNEPS2BF16 __m128bh __mm_maskz_cvtneps_pbh (__mmask8, __m128); 
VCVTNEPS2BF16 __m128bh __mm256_cvtneps_pbh (__m256); 

VCVTNEPS2BF16 __m128bh __mm256_mask_cvtneps_pbh (__m128bh, __mmask8, __m256); 
VCVTNEPS2BF16 __m128bh _mm256_maskz_cvtneps_pbh (__mmask8, __m256); 
VCVTNEPS2BF16 __m256bh __mm512_cvtneps_pbh (__m512); 

VCVTNEPS2BF16 __m256bh __mm512_mask_cvtneps_pbh (__m256bh, __mmask16, 
VCVTNEPS2BF16 __m256bh __mm512_maskz_cvtneps_pbh (__mmask16, __m512); 


m512); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Table 2-49, “Type E4 Class Exception Conditions”. 


VCVTNEPS2BF16—Convert Packed Single Data to Packed BF16 Data 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-27 


INSTRUCTION SET REFERENCE, V-Z 


VCVTPD2QQ—Convert Packed Double-Precision Floating-Point Values to Packed Quadword 


Integers 

Opcode/ Op/ | 64/32 CPUID Description 

Instruction En bit Mode | Feature 

Support | Flag 

EVEX.128.66.0F.W1 7B /r A VIV AVX512VL_ | Convert two packed double-precision floating-point values from 

VCVTPD2QQ xmm1 {k1}{Z}, AVX512DQ | xmm2/m128/m64bcst to two packed quadword integers in 

xmm2/m128/m64bcst xmm1 with writemask k1. 

EVEX.256.66.0F.W1 7B /r A VIN AVX512VL_ | Convert four packed double-precision floating-point values from 

VCVTPD2QQ ymm1 {k1}{Z}, AVX512DQ | ymm2/m256/m64bcst to four packed quadword integers in 

ymm2/m256/m64bcst ymm1 with writemask k1. 

EVEX.512.66.0F.W1 7B /r A VN AVX512DQ_ | Convert eight packed double-precision floating-point values 

VCVTPD2QQ zmm1 {k1}{Z}, from zmm2/m512/m64bcst to eight packed quadword integers 

zmm2/m512/m64bcst{er} in zmm1 with writemask k1. 

Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 

Description 


Converts packed double-precision floating-point values in the source operand (second operand) to packed quad- 
word integers in the destination operand (first operand). 


EVEX encoded versions: The source operand is a ZMM/YMM/XMM register or a 512/256/128-bit memory location. 
The destination operation is a ZMM/YMM/XMM register conditionally updated with writemask k1. 


When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MKCSR 
register or the embedded rounding control bits. If a converted result cannot be represented in the destination 
format, the floating-point invalid exception is raised, and if this exception is masked, the indefinite integer value 
(2-1, where w represents the number of bits in the destination format) is returned. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


5-28 Vol. 2C VCVTPD2QQ—Convert Packed Double-Precision Floating-Point Values to Packed Quadword Integers 


INSTRUCTION SET REFERENCE, V-Z 


Operation 


VCVTPD2QQ (EVEX encoded version) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL == 512) AND (EVEX.b == 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 


FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
Convert_Double_Precision_Floating_Point_To_QuadInteger(SRC[i+63:i]) 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTPD2QQ (EVEX encoded version) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b == 1) 
THEN 
DEST[i+63:i] = Convert_Double_Precision_Floating_Point_To_QuadInteger(SRC[63:0}) 
ELSE 
DEST[i+63:i] := Convert_Double_Precision_Floating_Point_To_QuadInteger(SRC[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTPD2QQ—Convert Packed Double-Precision Floating-Point Values to Packed Quadword Integers 


Vol.2C 5-29 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTPD2QQ __m512i__mm512_cvtpd_epi64(__m512d a); 

VCVTPD2QQ __m512i_mm512_mask_cvtpd_epi64(__m512is,__ mmask8 k, 
VCVTPD2QQ __m512i__mm512_maskz_cvtpd_epi64(__mmask8 k, __m512d a); 

VCVTPD2QQ __m512i__mm512_cvt_roundpd_epi64(_m512d a, int r); 

VCVTPD2QQ __m512i__mm512_mask_cvt_roundpd_epi64(_m512is,___mmask8 k,___m512d a, int r); 
VCVTPD2QQ __m512i __mm512_maskz_cvt_roundpd_epi64(__mmask8 k, __m512d a, int r); 
VCVTPD2QQ __m256i _mm256_mask_cvtpd_epi64(__m256i s, __ mmask8 k, __m256d a); 
VCVTPD2QQ __m256i _mm256_maskz_cvtpd_epi64(_mmask8 k, __m256d a); 

VCVTPD2QQ __m128i __mm_mask_cvtpd_epi64(__m128is, _mmask8 k, __m128d a); 

VCVTPD2QQ __m128i _mm_maskz_cvtpd_epi64(__mmask8 k, __m128d a); 

VCVTPD2QQ __m256i __mm256_cvtpd_epi64 (__m256d src) 

VCVTPD2QQ __m128i _mm_cvtpd_epi64 (__m128d src) 


m512d a); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 


5-30 Vol. 2C VCVTPD2QQ—Convert Packed Double-Precision Floating-Point Values to Packed Quadword Integers 


INSTRUCTION SET REFERENCE, V-Z 


VCVTPD2UDQ—Convert Packed Double-Precision Floating-Point Values to Packed Unsigned 
Doubleword Integers 


Opcode Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.0F.W1 79 /r A VIV AVX512VL_ | Convert two packed double-precision floating-point 
VCVTPD2UDQ xmm1 {k1}{z}, AVX512F values in xmm2/m128/m64bcst to two unsigned 
xmm2/m128/m64bcst doubleword integers in xmm1 subject to writemask k1. 
EVEX.256.0F.W1 79 /r A VIV AVX512VL_ | Convert four packed double-precision floating-point 
VCVTPD2UDQ xmm1 {k1}{z}, AVX512F values in ymnm2/m256/m64bcst to four unsigned 
ymm2/m256/m64bcst doubleword integers in xmm1 subject to writemask k1. 
EVEX.512.0F.W1 79 /r A VV AVX512F Convert eight packed double-precision floating-point 
VCVTPD2UDQ ymm1 {k1}{Z}, values in zmm2/m512/m64bcst to eight unsigned 
zmm2/m512/m64bcst{er} doubleword integers in ymm1 subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts packed double-precision floating-point values in the source operand (the second operand) to packed 
unsigned doubleword integers in the destination operand (the first operand). 

When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MKCSR 
register or the embedded rounding control bits. If a converted result cannot be represented in the destination 
format, the floating-point invalid exception is raised, and if this exception is masked, the integer value 2” - 1 is 
returned, where w represents the number of bits in the destination format. 

The source operand is aZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector 
broadcasted from a 64-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally 
updated with writemask k1. The upper bits (MAXVL-1:256) of the corresponding destination are zeroed. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


VCVTPD2UDQ—Convert Packed Double-Precision Floating-Point Values to Packed Unsigned Doubleword Integers Vol. 2C 5-31 


INSTRUCTION SET REFERENCE, V-Z 


Operation 


VCVTPD2UDQ (EVEX encoded versions) when src2 operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 


FOR j := 0 TO KL-1 


i:=j* 32 
k:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
DEST[i+31:i] := 
Convert_Double_Precision_Floating_Point_To_UlInteger(SRC[k+63:k]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0 


VCVTPD2UDQ (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
k:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
Convert_Double_Precision_Floating_Point_To_Ulnteger(SRC[63:0]) 
ELSE 
DEST[i+31:i] := 
Convert_Double_Precision_Floating_Point_To_UInteger(SRC[k+63:k]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0 


5-32 Vol. 2C VCVTPD2UDQ—Convert Packed Double-Precision Floating-Point Values to Packed Unsigned Doubleword Integers 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTPD2UDQ __m256i __mm512_cvtpd_epu32(__m512d a); 

VCVTPD2UDQ __m256i __mm512_mask_cvtpd_epu32(__m256i s, __mmask8 k, __m512d a); 
VCVTPD2UDQ __m256i__mm512_maskz_cvtpd_epu32(__mmask8 k, __m512d a); 
VCVTPD2UDQ __m256i__mm512_cvt_roundpd_epu32(__m512da, int 1); 


VCVTPD2UDQ __m256i __mm512_mask_cvt_roundpd_epu32(__m256i s, __mmask8 k,___m512d a, int r); 


VCVTPD2UDQ __m256i __mm512_maskz_cvt_roundpd_epu32(__mmask8 k,__m512da, int 1); 
VCVTPD2UDQ __m128i __mm256_mask_cvtpd_epu32(__m128i s, __mmask8 k, __m256d a); 
VCVTPD2UDQ __m128i __mm256_maskz_cvtpd_epu32(__mmask8 k, __m256d a); 
VCVTPD2UDQ __m128i _mm_mask_cvtpd_epu32(__m128i s,__mmask8 k, __m128d a); 
VCVTPD2UDQ __m128i _mm_maskz_cvtpd_epu32(__mmask8 k, __m128d a); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 


EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 


#UD If EVEX.vvvv != 1111B. 


VCVTPD2UDQ—Convert Packed Double-Precision Floating-Point Values to Packed Unsigned Doubleword Integers 


Vol. 2C 5-33 


INSTRUCTION SET REFERENCE, V-Z 


VCVTPD2UQQ—Convert Packed Double-Precision Floating-Point Values to Packed Unsigned 
Quadword Integers 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.66.0F.W1 79 /r A VV AVX512VL_ | Convert two packed double-precision floating-point values from 
VCVTPD2UQQ xmm1 {k1}{2}, AVX512DQ | xmm2/mem to two packed unsigned quadword integers in 
xmm2/m128/m64bcst xmm1 with writemask k1. 
EVEX.256.66.0F.W1 79 /r A VV AVX512VL_ | Convert fourth packed double-precision floating-point values 
VCVTPD2UQQ ymm1 {k1}{z}, AVX512DQ_ | from ymm2/mem to four packed unsigned quadword integers 
ymm2/m256/m64bcst in ymm1 with writemask k1. 
EVEX.512.66.0F.W1 79 /r A VN AVX512DQ_ | Convert eight packed double-precision floating-point values 
VCVTPD2UQQ zmm1 {k1}{Z}, from zmm2/mem to eight packed unsigned quadword integers 
zmm2/m512/m64bcst{er} in zmm1 with writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts packed double-precision floating-point values in the source operand (second operand) to packed 
unsigned quadword integers in the destination operand (first operand). 


When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MKCSR 
register or the embedded rounding control bits. If a converted result cannot be represented in the destination 
format, the floating-point invalid exception is raised, and if this exception is masked, the integer value 2“ - 1 is 
returned, where w represents the number of bits in the destination format. 

The source operand is a ZMM/YMM/XMM register or a 512/256/128-bit memory location. The destination operation 
is a ZMM/YMM/XMM register conditionally updated with writemask k1. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


5-34 Vol. 2C VCVTPD2UQQ—Convert Packed Double-Precision Floating-Point Values to Packed Unsigned Quadword Integers 


Operation 


VCVTPD2UQQ (EVEX encoded versions) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL == 512) AND (EVEX.b == 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 


FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
Convert_Double_Precision_Floating_Point_To_UQuadInteger(SRC[i+63:i]) 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTPD2UQQ (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b == 1) 
THEN 
DEST[i+63:i] := 
Convert_Double_Precision_Floating_Point_To_UQuadInteger(SRC[63:0]) 
ELSE 
DEST[i+63:i] := 
Convert_Double_Precision_Floating_Point_To_UQuadInteger(SRC[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTPD2UQQ—Convert Packed Double-Precision Floating-Point Values to Packed Unsigned Quadword Integers 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-35 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTPD2UQQ __m512i_mm512_cvtpd_epu64(__m512d a); 

VCVTPD2UQQ __m512i_mm512_mask_cvtpd_epu64(__m512is,___mmask8 k,___m512d a); 
VCVTPD2UQQ __m512i_mm512_maskz_cvtpd_epu64(__mmask8 k, __m512d a); 
VCVTPD2UQQ __m512i__mm512_cvt_roundpd_epu64(__m512da, int r); 

VCVTPD2UQQ __m512i_mm512_mask_cvt_roundpd_epu64(__m512is, __mmask8 k,___m512d a, int r); 
VCVTPD2UQQ __m512i_mm512_maskz_cvt_roundpd_epu64( __mmask8 k, __m512d a, int r); 
VCVTPD2UQQ __m256i _mm256_mask_cvtpd_epu64(__m256i s,___mmask8 k, __m256d a); 
VCVTPD2UQQ __m256i _mm256_maskz_cvtpd_epu64(__mmask8 k, __m256d a); 
VCVTPD2UQQ __m128i __mm_mask_cvtpd_epu64(__m128i s, __ mmask8 k, __m128d a); 
VCVTPD2UQQ __m128i _mm_maskz_cvtpd_epu64(__mmask8 k, __m128d a); 

VCVTPD2UQQ __m256i _mm256_cvtpd_epu64 (__m256d src) 

VCVTPD2UQQ __m128i __mm_cvtpd_epu64 (__m128d src) 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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VCVTPH2PS—Convert 16-bit FP values to Single-Precision FP values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
VEX.128.66.0F38.W0 13 /r A VIV F16C Convert four packed half precision (16-bit) floating- 
VCVTPH2PS xmm1, xmm2/m64 point values in xmm2/m64 to packed single-precision 
floating-point value in xmm1. 
VEX.256.66.0F38.W0 13 /r A VIV F16C Convert eight packed half precision (16-bit) floating- 
VCVTPH2PS ymm1, xmm2/m128 point values in xmm2/m1 28 to packed single- 
precision floating-point value in ymm1. 
EVEX.128.66.0F38.W0 13 /r B VIV AVX512VL | Convert four packed half precision (16-bit) floating- 
VCVTPH2PS xmm1 {k1}{z}, xmm2/m64 AVX512F point values in xmm2/m64 to packed single-precision 
floating-point values in xmm1. 
EVEX.256.66.0F38.W0 13 /r B VIV AVX512VL | Convert eight packed half precision (16-bit) floating- 
VCVTPH2PS ymm1 {k1}{z}, AVX512F point values in xmm2/m1 28 to packed single- 
xmm2/m128 precision floating-point values in ymm1. 
EVEX.512.66.0F38.W0 13 /r B VIN AVX512F Convert sixteen packed half precision (16-bit) 
VCVTPH2PS zmm1 {k1}{Z}, floating-point values in ymm2/m256 to packed 
ymm2/m256 {sae} single-precision floating-point values in zmm1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Half Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts packed half precision (16-bits) floating-point values in the low-order bits of the source operand (the 
second operand) to packed single-precision floating-point values and writes the converted values into the destina- 


tion operand (the first operand). 


If case of a denormal operand, the correct normal result is returned. MXCSR.DAZ is ignored and is treated as if it 
0. No denormal exception is reported on MXCSR. 


VEX.128 version: The source operand is a XMM register or 64-bit memory location. The destination operand is a 
XMM register. The upper bits (MAXVL-1:128) of the corresponding destination register are zeroed. 


VEX.256 version: The source operand is a XMM register or 128-bit memory location. The destination operand is a 
YMM register. Bits (MAXVL-1:256) of the corresponding destination register are zeroed. 


EVEX encoded versions: The source operand is a YMM/XMM/XMM (low 64-bits) register or a 256/128/64-bit 
memory location. The destination operand is aZMM/YMM/XMM register conditionally updated with writemask k1. 


The diagram below illustrates how data is converted from four packed half precision (in 64 bits) to four single preci- 


sion (in 128 bits) FP values. 


Note: VEX.vvvv and EVEX.vvvv are reserved (must be 1111b). 


VCVTPH2PS—Convert 16-bit FP values to Single-Precision FP values 


Vol. 2C 5-37 


INSTRUCTION SET REFERENCE, V-Z 


VCVTPH2PS xmm1, xmm2/mem64, immé& 
127 96 95 64 +63 48 47 32 31 16 15 0 
VH3 VH2 VH1 VHO xmm2/mem64 
convert convert 
convert convert 
127 96 95 64 63 3231 0 
VS3 VS2 vs1 vso xmm1 


Figure 5-6. VCVTPH2PS (128-bit Version) 


Operation 
vCvt_h2s(SRC1[15:0]) 


{ 
RETURN Cvt_Half_Precision_To_Single_Precision(SRC1[15:0]); 


} 


VCVTPH2PS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 

i:=j* 32 

k:=j* 16 

IF k1[j] OR *no writemask* 

THEN DEST[i+31:i] = 
vCvt_h2s(SRC[k+1 5:k]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTPH2PS (VEX.256 encoded version) 

DEST[31:0] := vCvt_h2s(SRC1[15:0)); 

DEST[63:32] := vCvt_h2s(SRC1[31:16)); 

DEST[95:64] := vCvt_h2s(SRC1[47:32]); 
DEST[127:96] := vCvt_h2s(SRC1[63:48)); 
DEST[159:128] := vCvt_h2s(SRC1[79:64)]); 
DEST[191:160] := vCvt_h2s(SRC1[95:80)]); 
DEST[223:192] := vCvt_h2s(SRC1[111:96]); 
DEST[255:224] := vCvt_h2s(SRC1[127:112]); 
DEST[MAXVL-1:256] := 0 
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VCVTPH2PS (VEX.128 encoded version) 
DEST[31:0] := vCvt_h2s(SRC1[15:0)); 
DEST[63:32] := vCvt_h2s(SRC1[31:16)); 
DEST[95:64] := vCvt_h2s(SRC1[47:32]); 
DEST[127:96] := vCvt_h2s(SRC1[63:48]); 
DEST[MAXVL-1:128] := 0 


Flags Affected 
None 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTPH2PS 


m512 


mm512_cvtph_ps( 


m256i a); 


VCVTPH2PS 


m512 


mm512_mask_cvtph_ps( 


VCVTPH2PS 


m512 


mm512_maskz_cvtph_ps( 


VCVTPH2PS 


m512 


mm512_cvt_roundph_ps( 


VCVTPH2PS 


m512 


mm512_mask_cvt_roundph_ps(__m512 s, 


m512s, 
mmask16 k, 
m256i a, int sae); 


INSTRUCTION SET REFERENCE, V-Z 


mmask16 k, 
m256i a); 


m256i a); 


mmask16 k, __m256i a, int sae); 


VCVTPH2PS 


m512 


mm512_maskz_cvt_roundph_ps( 


mmask16 k,___m256i a, int sae); 


VCVTPH2PS 


m256 


mm256_mask_cvtph_ps( 


VCVTPH2PS 


m256 


m256 s, 


mmask8 k, __m128i a); 


mm256_maskz_cvtph_ps(__mmask8 k, __m128i a); 


VCVTPH2PS 


m128 


mm_mask_cvtph_ps(__m128 s, 


VCVTPH2PS 


m128 


VCVTPH2PS 


m128 


mmask8 k, __m128i a); 


mm_maskz_cvtph_ps(__mmask8 k, __m128i a); 
mm_cvtph_ps (__m128i m1); 


VCVTPH2PS 


m256 


mm256_cvtph_ps ( 


m128i m1) 


SIMD Floating-Point Exceptions 


Invalid 


Other Exceptions 


VEX-encoded instructions, see Table 2-26, “Type 11 Class Exception Conditions” (do not report #AC). 


EVEX-encoded instructions, see Table 2-60, “Type E11 Class Exception Conditions”. 


Additionally: 
#UD 
#UD 


If VEX.W=1. 


If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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VCVTPS2PH—Convert Single-Precision FP value to 16-bit FP value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
VEX.128.66.0F3A.WO 1D /r ib A VIV F16C Convert four packed single-precision floating-point values 
VCVTPS2PH xmm1/m64, xmm2, in xmm2 to packed half-precision (16-bit) floating-point 
imm8s values in xmm1/m64. Imm8 provides rounding controls. 
VEX.256.66.0F3A.WO 1D /r ib A VIV F16C Convert eight packed single-precision floating-point values 
VCVTPS2PH xmm1/m128, ymm2, in ymm2 to packed half-precision (16-bit) floating-point 
imm8 values in xmm1/m128. Imm8 provides rounding controls. 
EVEX.128.66.0F3A.WO 1D /r ib B VIV AVX512VL | Convert four packed single-precision floating-point values 
VCVTPS2PH xmm1/m64 {k1}{Z}, AVX512F in xmm_2 to packed half-precision (16-bit) floating-point 
xmme2, imm8 values in xmm1/m64. Imm8 provides rounding controls. 
EVEX.256.66.0F3A.WO 1D /r ib B VIV AVX512VL | Convert eight packed single-precision floating-point values 
VCVTPS2PH xmm1/m1 28 {k1}{z}, AVX512F in ymm2 to packed half-precision (16-bit) floating-point 
ymme2, imm8 values in xmm1/m128. Imm8 provides rounding controls. 
EVEX.512.66.0F3A.WO 1D /r ib B VIV AVX512F Convert sixteen packed single-precision floating-point 
VCVTPS2PH ymm1/m256 {k1}{z}, values in zmm_2 to packed half-precision (16-bit) floating- 
zmme{sae}, imm8 point values in ymm1/m256. Imm8 provides rounding 
controls. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (w) ModRM:reg (r) Imm8 NA 
B Half Mem ModRM:r/m (w) ModRM:reg (r) Imm8s NA 
Description 


Convert packed single-precision floating values in the source operand to half-precision (16-bit) floating-point 
values and store to the destination operand. The rounding mode is specified using the immediate field (imm8). 


Underflow results (i.e., tiny results) are converted to denormals. MXCSR.FTZ is ignored. If a source element is 
denormal relative to the input format with DM masked and at least one of PM or UM unmasked; a SIMD exception 
will be raised with DE, UE and PE set. 


VCVTPS2PH xmm 1/mem64, xmm2, imm8& 
127 96 95 64 «63 32.031 0 
VS3 Vvs2 vs1 vso xmm2 
rt 
convert convert conve convert 
127 96 95 64 63 48 47 32 31 16 15 0 
VH3 VH2 VH1 VHO xmm1/mem64 


Figure 5-7. VCVTPS2PH (128-bit Version) 


The immediate byte defines several bit fields that control rounding operation. The effect and encoding of the RC 


field are listed in Table 5-12. 
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Table 5-12. Immediate Byte Encoding for 16-bit Floating-Point Conversion Instructions 


INSTRUCTION SET REFERENCE, V-Z 


Bits Field Name/value Description Comment 

Imm{1:0] RC=00B Round to nearest even If Imm[2] = 0 
RC=01B Round down 
RC=10B Round up 
RC=11B Truncate 

Imm[2] MS1=0 Use imm[1:0] for rounding Ignore MXCSR.RC 
MS1=1 Use MXCSR.RC for rounding 

Imm{7:3] Ignored Ignored by processor 


VEX.128 version: The source operand is a XMM register. The destination operand is a XMM register or 64-bit 
memory location. If the destination operand is a register then the upper bits (MAXVL-1:64) of corresponding 


register are zeroed. 


VEX.256 version: The source operand is a YMM register. The destination operand is a XMM register or 128-bit 
memory location. If the destination operand is a register, the upper bits (MAXVL-1:128) of the corresponding desti- 


nation register are zeroed. 


Note: VEX.vvvv and EVEX.vvvv are reserved (must be 1111b). 


EVEX encoded versions: The source operand is a ZMM/YMM/XMM register. The destination operand is a 


YMM/XMM/XMM (low 64-bits) register or a 256/128/64-bit memory location, conditionally updated with writemask 
k1. Bits (MAXVL-1:256/128/64) of the corresponding destination register are zeroed. 


Operation 
vCvt_s2h(SRC1[31:0]) 


{ 
IF Imm[2] = 0 


THEN — ; using Imm[1:0] for rounding control, see Table 5-12 


RETURN Cvt_Single_Precision_To_Half_Precision_FP_Imm(SRC1[31:0)); 
ELSE —; using MXCSR.RC for rounding control 
RETURN Cvt_Single_Precision_To_Half_Precision_FP_Mxcsr(SRC1[31:0]); 


Fl; 
} 


VCVTPS2PH (EVEX encoded versions) when dest is a register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TOKL-1 
i:=j*16 
k:=j* 32 


IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = 


vCvt_s2h(SRC[k+31:k]) 


ELSE 


IF *merging-masking* 
THEN *DEST{i+15:i] remains unchanged* 


ELSE 


; merging-masking 


; zeroing-masking 


DEST[i+15:i] := 0 


Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL/2] := 0 
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VCVTPS2PH (EVEX encoded versions) when dest is memory 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j*16 
k:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = 
vCvt_s2h(SRC[k+31:k]) 
ELSE 
*DEST[i+15:i] remains unchanged* —_; merging-masking 
Fl; 
ENDFOR 


VCVTPS2PH (VEX.256 encoded version) 

DEST[15:0] := vCvt_s2h(SRC1[31:0)); 

DEST[31:16] := vCvt_s2h(SRC1[63:32)); 

DEST[47:32] := vCvt_s2h(SRC1[95:64)); 

DEST[63:48] := vCvt_s2h(SRC1[127:96)); 

DEST[79:64] := vCvt_s2h(SRC1[159:128)); 
DEST[95:80] := vCvt_s2h(SRC1[191:160)); 

DEST[1 11:96] := vCvt_s2h(SRC1[223:192]); 
DEST[127:112] := vCvt_s2h(SRC1[255:224]); 
DEST[MAXVL-1:128] := 0 


VCVTPS2PH (VEX.128 encoded version) 
DEST[15:0] := vCvt_s2h(SRC1[31:0)); 
DEST[31:16] := vCvt_s2h(SRC1[63:32)); 
DEST[47:32] := vCvt_s2h(SRC1[95:64)); 
DEST[63:48] := vCvt_s2h(SRC1[127:96]); 
DEST[MAXVL-1:64] := 0 


Flags Affected 
None 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTPS2PH __m256i_mm512_cvtps_ph(__m512 a); 

VCVTPS2PH __m256i_mm512_mask_cvtps_ph(__m256i s,___ mmask16 k,__m512 a); 
VCVTPS2PH __m256i_mm512_maskz_cvtps_ph(__mmask16 k,_m512 a); 

VCVTPS2PH __m256i_mm512_cvt_roundps_ph(__m512 a, const int imm); 

VCVTPS2PH __m256i__mm512_mask_cvt_roundps_ph(__m256is, __mmask16 k,_m512 a, const int imm); 
VCVTPS2PH __m256i__mm512_maskz_cvt_roundps_ph(__mmask16 k,__m512 a, const int imm); 
VCVTPS2PH __m128i__mm256_mask_cvtps_ph(__m128i s,__ mmask8 k,__m256 a); 
VCVTPS2PH __m128i __mm256_maskz_cvtps_ph(__mmask8 k,__m256 a); 

VCVTPS2PH __m128i __mm_mask_cvtps_ph(__m128i s, __ mmask8 k,__m128 a); 

VCVTPS2PH __m128i __mm_maskz_cvtps_ph(__mmask8 k,__m128 a); 

VCVTPS2PH __m128i__mm_cvtps_ph (__m128 m1, const int imm); 

VCVTPS2PH __m128i __mm256_cvtps_ph(__m256 m1, const int imm); 


SIMD Floating-Point Exceptions 
Invalid, Underflow, Overflow, Precision, Denormal (if MXCSR.DAZ=0); 
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Other Exceptions 
VEX-encoded instructions, see Table 2-26, “Type 11 Class Exception Conditions” (do not report #AC); 
EVEX-encoded instructions, see Table 2-60, “Type E11 Class Exception Conditions”. 


Additionally: 
#UD If VEX.W=1. 
#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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VCVTPS2UDQ—Convert Packed Single-Precision Floating-Point Values to Packed Unsigned 
Doubleword Integer Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support Flag 
EVEX.128.0F.WO 79 /r A VIV AVX512VL | Convert four packed single precision floating-point 
VCVTPS2UDQ xmm1 {k1}{z}, AVX512F values from xmm2/m128/m32bcst to four packed 
xmme2/m1 28/m32bcst unsigned doubleword values in xmm1 subject to 
writemask k1. 
EVEX.256.0F.WO 79 /r A VIV AVX512VL | Convert eight packed single precision floating-point 
VCVTPS2UDQ ymm1 {k1}{Z}, AVX512F values from ymm2/m256/m32bcst to eight packed 
ymm2/m256/m32bcst unsigned doubleword values in ymm1 subject to 
writemask k1. 
EVEX.512.0F.WO 79 /r A VIV AVX512F Convert sixteen packed single-precision floating-point 
VCVTPS2UDQ zmm1 {k1}{2}, values from zmm2/m512/m32bcst to sixteen packed 
zmm2/m512/m32bcst{er} unsigned doubleword values in zmm1 subject to 
writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts sixteen packed single-precision floating-point values in the source operand to sixteen unsigned double- 
word integers in the destination operand. 

When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MKCSR 
register or the embedded rounding control bits. If a converted result cannot be represented in the destination 
format, the floating-point invalid exception is raised, and if this exception is masked, the integer value 2“ - 1 is 
returned, where w represents the number of bits in the destination format. 


The source operand is aZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector 
broadcasted from a 32-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally 
updated with writemask k1. 


Note: EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 
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Operation 


VCVTPS2UDQ (EVEX encoded versions) when src operand is a register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 


FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
Convert_Single_Precision_Floating_Point_To_UlInteger(SRC[i+31:i]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTPS2UDQ (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no * 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
Convert_Single_Precision_Floating_Point_To_UlInteger(SRC[31:0]) 
ELSE 
DEST[i+31:i] := 
Convert_Single_Precision_Floating_Point_To_Ulnteger(SRC[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VCVTPS2UDQ __m512i__mm512_cvtps_epu32(__m512 a); 

VCVTPS2UDQ __m512i __mm512_mask_cvtps_epu32(__m512i s,___mmask16 k,__m512 a); 
VCVTPS2UDQ __m512i __mm512_maskz_cvtps_epu32(__mmask16 k,___m512 a); 
VCVTPS2UDQ __m512i __mm512_cvt_roundps_epu32(__m512 a, int r); 

VCVTPS2UDQ __m512i __mm512_mask_cvt_roundps_epu32(__m512is,___mmask16 k,__m512 a, int r); 
VCVTPS2UDQ __m512i__mm512_maskz_cvt_roundps_epu32(__mmask16 k,___m512 a, int 1); 
VCVTPS2UDQ __m256i __mm256_cvtps_epu32(__m256d a); 

VCVTPS2UDQ __m256i _mm256_mask_cvtps_epu32(__m256i s,___mmask8 k, __m256 a); 
VCVTPS2UDQ __m256i _mm256_maskz_cvtps_epu32(__mmask8 k, __m256 a); 
VCVTPS2UDQ __m128i _mm_cvtps_epu32(__m128 a); 

VCVTPS2UDQ __m128i _mm_mask_cvtps_epu32(__m128i s, __mmask8 k, __m128 a); 
VCVTPS2UDQ __m128i __mm_maskz_cvtps_epu32(__mmask8 k, __m128 a); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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VCVTPS2QQ—Convert Packed Single Precision Floating-Point Values to Packed Signed 
Quadword Integer Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F.WO 7B /r A VIV AVX512VL_ | Convert two packed single precision floating-point values from 
VCVTPS2QQ xmm1 {k1}{z}, AVX512DQ | xmm2/m64/m32bcst to two packed signed quadword values in 
xmm2/m64/m32bcst xmm1 subject to writemask k1. 
EVEX.256.66.0F.WO 7B /r A VIV AVX512VL_ | Convert four packed single precision floating-point values from 
VCVTPS2QQ ymm1 {k1}{Z}, AVX512DQ | xmm2/m128/m32bcst to four packed signed quadword values 
xmme2/m128/m32bcst in ymm1 subject to writemask k1. 
EVEX.512.66.0F.W0 7B /r A VN AVX512DQ | Convert eight packed single precision floating-point values from 
VCVTPS2QQ zmm1 {k1}{z}, ymm2/m256/m32bcst to eight packed signed quadword values 
ymm2/m256/m32bcst{er} in zmm1 subject to writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Half ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts eight packed single-precision floating-point values in the source operand to eight signed quadword inte- 
gers in the destination operand. 


When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MXCSR 
register or the embedded rounding control bits. If a converted result cannot be represented in the destination 

format, the floating-point invalid exception is raised, and if this exception is masked, the indefinite integer value 
(2“-1, where w represents the number of bits in the destination format) is returned. 


The source operand is a YMM/XMM/XMM (low 64- bits) register or a 256/128/64-bit memory location. The destina- 
tion operation is a ZMM/YMM/XMM register conditionally updated with writemask k1. 


Note: EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


VCVTPS2QQ—Convert Packed Single Precision Floating-Point Values to Packed Signed Quadword Integer Values 


Vol.2C 5-47 


INSTRUCTION SET REFERENCE, V-Z 


Operation 

VCVTPS2QQ (EVEX encoded versions) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 

IF (VL == 512) AND (EVEX.b == 1) 


THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 
Fl; 
FOR j :=0 TO KL-1 
i:=j* 64 
k:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
Convert_Single_Precision_To_QuadInteger(SRC[k+31:k]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTPS2QQ (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
k:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b == 1) 
THEN 
DEST[i+63:i] := 
Convert_Single_Precision_To_QuadInteger(SRC[31:0]) 
ELSE 
DEST[i+63:i] := 
Convert_Single_Precision_To_QuadInteger(SRC[k+31:k]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 
mm512_cvtps_epi64(__m512 a); 


VCVTPS2QQ 
VCVTPS2QQ 
VCVTPS2QQ 
VCVTPS2QQ 
VCVTPS2QQ 
VCVTPS2QQ 
VCVTPS2QQ 
VCVTPS2QQ 
VCVTPS2QQ 
VCVTPS2QQ 
VCVTPS2QQ 
VCVTPS2QQ 


m512i 


m512i 


mm512_mask_cvtps_epi64(__m512is,__ mmask16 k, 


INSTRUCTION SET REFERENCE, V-Z 


m512 a); 


m512i 


mm512_maskz_cvtps_epi64(__ mmask16 k,__m512 a); 


m512i 


m512i 


mm512_cvt_roundps_epi64(__m512 a, intr); 
mm512_mask_cvt_roundps_epi64(__m512is,__ mmask16 k,__m512 a4, intr); 


m512i 


mm512_maskz_cvt_roundps_epi64(__mmask16 k, 


m512 a, int r); 


m256i 


mm256_cvtps_epi64(__m256 a); 


m256i 


mm256_mask_cvtps_epi64(__m256i s, 


mmask8 k,___m256 a); 


m256i 


mm256_maskz_cvtps_epi64(__ mmask8 k, 


m256 a); 


m128i 


mm_cvtps_epi64(__m128 a); 


m128i 


m128i 


mm_mask_cvtps_epi64( 
mm_maskz_cvtps_epi64( 


m128is,__mmask8 k,__m128 a); 
mmask8 k,___m128 a); 


SIMD Floating-Point Exceptions 


Invalid, Precision 


Other Exceptions 


EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”; additionally: 


#UD 


If EVEX.vvvv != 1111B. 


VCVTPS2QQ—Convert Packed Single Precision Floating-Point Values to Packed Signed Quadword Integer Values 


Vol.2C 5-49 


INSTRUCTION SET REFERENCE, V-Z 


VCVTPS2UQQ—Convert Packed Single Precision Floating-Point Values to Packed Unsigned 
Quadword Integer Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.66.0F.WO 79 /r A VIN AVX512VL | Convert two packed single precision floating-point values from 
VCVTPS2UQQ xmm1 {k1}{Z}, AVX512DQ | zmm2/m64/m32bcst to two packed unsigned quadword values 
xmm2/m64/m32bcst in zmm1 subject to writemask k1. 
EVEX.256.66.0F.WO 79 /r A VIV AVX512VL | Convert four packed single precision floating-point values from 
VCVTPS2UQQ ymm1 {k1}{2Z}, AVX512DQ | xmm2/m128/m32bcst to four packed unsigned quadword 
xmm2/m128/m32bcst values in ymm1 subject to writemask k1. 
EVEX.512.66.0F.W0 79 /r A VIN AVX512DQ | Convert eight packed single precision floating-point values from 
VCVTPS2UQQ zmm1 {k1}{Z}, ymm2/m256/m32bcst to eight packed unsigned quadword 
ymm2/m256/m32bcst{er} values in zmm1 subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Half ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts up to eight packed single-precision floating-point values in the source operand to unsigned quadword 
integers in the destination operand. 

When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MKCSR 
register or the embedded rounding control bits. If a converted result cannot be represented in the destination 
format, the floating-point invalid exception is raised, and if this exception is masked, the integer value 2“ - 1 is 
returned, where w represents the number of bits in the destination format. 


The source operand is a YMM/XMM/XMM (low 64- bits) register or a 256/128/64-bit memory location. The destina- 
tion operation is a ZMM/YMM/XMM register conditionally updated with writemask k1. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 
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INSTRUCTION SET REFERENCE, V-Z 


Operation 

VCVTPS2UQQ (EVEX encoded versions) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 

IF (VL == 512) AND (EVEX.b == 1) 


THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 
Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
k:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
Convert_Single_Precision_To_UQuadInteger(SRC[k+31:k]) 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTPS2UQQ (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
k:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b == 1) 
THEN 
DEST[i+63:i] := 
Convert_Single_Precision_To_UQuadInteger(SRC[31:0]) 
ELSE 
DEST[i+63:i] := 
Convert_Single_Precision_To_UQuadInteger(SRC[k+31:k]) 
Fl; 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTPS2UQQ—Convert Packed Single Precision Floating-Point Values to Packed Unsigned Quadword Integer Values Vol. 2C 5-51 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTPS2UQQ __m512i_mm512_cvtps_epu64(__m512 a); 

VCVTPS2UQQ __m512i_mm512_mask_cvtps_epu64(__m512is,__ mmask16 k, 
VCVTPS2UQQ __m512i_mm512_maskz_cvtps_epu64(__mmask16 k,__m512 a); 
VCVTPS2UQQ___m512i_mm512_cvt_roundps_epu64(__m512 a, intr); 

VCVTPS2UQQ __m512i_mm512_mask_cvt_roundps_epu64(__m512is,__mmask16 k,__m512 a, int r); 


m512 a); 


VCVTPS2UQQ __m512i_mm512_maskz_cvt_roundps_epu64(__mmask16 k,__m512 a, int r); 
VCVTPS2UQQ __m256i __mm256_cvtps_epu64(__m256 a); 
VCVTPS2UQQ __m256i __mm256_mask_cvtps_epu64(__m256i s, __ mmask8 k, __m256 a); 


VCVTPS2UQQ __m256i __mm256_maskz_cvtps_epu64(__mmask8 k, __m256 a); 
VCVTPS2UQQ __m128i __mm_cvtps_epu64(__m128 a); 

VCVTPS2UQQ __m128i __mm_mask_cvtps_epu64(__m128is,___mmask8 k, __m128 a); 
VCVTPS2UQQ __m128i __mm_maskz_cvtps_epu64(__mmask8 k, __m128 a); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTQQ2PD—Convert Packed Quadword Integers to Packed Double-Precision Floating-Point 


Values 
Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.F3.0F.W1 E6 /r A VIV AVX512VL_ | Convert two packed quadword integers from 
VCVTQQ2PD xmm1 {k1}{Z}, AVX512DQ | xmm2/m128/m64bcst to packed double-precision floating- 
xmm2/m128/m64bcst point values in xmm1 with writemask k1. 
EVEX.256.F3.0F.W1 E6 /r A VIV AVX512VL_ | Convert four packed quadword integers from 
VCVTQQ2PD ymm1 {k1}{2}, AVX512DQ_ | ymm2/m256/m64bcst to packed double-precision floating- 
ymm2/m256/m64bcst point values in ymm1 with writemask k1. 
EVEX.512.F3.0F.W1 €6 /r A VV AVX512DQ_ | Convert eight packed quadword integers from 
VCVTQQ2PD zmm1 {k1}{Z}, zmm2/m512/m64bcst to eight packed double-precision 
zmm2/m512/m64bcst{er} floating-point values in zmm1 with writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts packed quadword integers in the source operand (second operand) to packed double-precision floating- 


point values in the destination operand (first operand). 


The source operand is a ZMM/YMM/XMM register or a 512/256/128-bit memory location. The destination operation 


is a ZMM/YMM/XMM register conditionally updated with writemask k1. 
EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Operation 


VCVTQQ2PD (EVEX2 encoded versions) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL == 512) AND (EVEX.b == 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 


FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
Convert_QuadInteger_To_Double_Precision_Floating_Point(SRC[i+63:i]) 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTQQ2PD—Convert Packed Quadword Integers to Packed Double-Precision Floating-Point Values 


Vol. 2C 5-53 


INSTRUCTION SET REFERENCE, V-Z 


VCVTQQ2PD (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b == 1) 
THEN 
DEST[i+63:i] := 
Convert_Quadinteger_To_Double_Precision_Floating_Point(SRC[63:0]) 
ELSE 
DEST[i+63:i] := 
Convert_QuadInteger_To_Double_Precision_Floating_Point(SRC[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTQQ2PD __m512d_mm512_cvtepi64_pd(__m512i a); 

VCVTQQ2PD __m512d_mm512_mask_cvtepi64_pd(__m512ds,__mmask16 k,__m512i a); 
VCVTQQ2PD __m512d_mm512_maskz_cvtepi64_pd(_mmask16 k,___m512i a); 

VCVTQQ2PD __m512d_mm512_cvt_roundepi64_pd(__m512i a, int r); 

VCVTQQ2PD __m512d_mm512_mask_cvt_roundepi64_pd(__m512ds,__ mmask8 k,___m512i a, int r); 
VCVTQQ2PD __m512d_mm512_maskz_cvt_roundepi64_pd(__mmask8 k,__m512i a, int r); 
VCVTQQ2PD __m256d_mm256_mask_cvtepi64_pd(__m256ds,__ mmask8 k, __m256i a); 
VCVTQQ2PD __m256d __mm256_maskz_cvtepi64_pd(__mmask8 k,___m256i a); 

VCVTQQ2PD __m128d __mm_mask_cvtepi64_pd(__m128ds,__ mmask8 k, __m128i a); 

VCVTQQ2PD __m128d _mm_maskz_cvtepi64_pd(__mmask8 k, __m128i a); 


SIMD Floating-Point Exceptions 
Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTQQ2PS—Convert Packed Quadword Integers to Packed Single-Precision Floating-Point 


Values 

Opcode/ Op/ | 64/32 CPUID Description 

Instruction En bit Mode | Feature 

Support | Flag 

EVEX.128.0F.W1 5B /r A VIV AVX512VL | Convert two packed quadword integers from xmm2/mem to 

VCVTQQ2PS xmm1 {k1}{Z}, AVX512DQ | packed single-precision floating-point values in xmm1 with 

xmm2/m128/m64bcst writemask k1. 

EVEX.256.0F.W1 5B /r A VIV AVX512VL | Convert four packed quadword integers from ymm2/mem to 

VCVTQQ2PS xmm1 {k1}{Z}, AVX512DQ | packed single-precision floating-point values in xmm1 with 

ymm2/m256/m64bcst writemask k1. 

EVEX.512.0F.W1 5B /r A VN AVX512DQ_ | Convert eight packed quadword integers from zmm2/mem to 

VCVTQQ2PS ymm1 {k1}{Z}, eight packed single-precision floating-point values in ymm1 with 

zmm2/m512/m64bcst{er} writemask k1. 

Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 

Description 


Converts packed quadword integers in the source operand (second operand) to packed single-precision floating- 


point values in the destination operand (first operand). 


The source operand is a ZMM/YMM/XMM register or a 512/256/128-bit memory location. The destination operation 
is a YMM/XMM/XMM (lower 64 bits) register conditionally updated with writemask k1. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Operation 


VCVTQQ2PS (EVEX encoded versions) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 
i:=j* 64 
k:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[k+31:k] := 
Convert_QuadInteger_To_Single_Precision_Floating_Point(SRC[i+63:i]) 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST[k+31:k] remains unchanged* 
ELSE ; zeroing-masking 

DEST[k+31:k] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0 


VCVTQQ2PS—Convert Packed Quadword Integers to Packed Single-Precision Floating-Point Values 


Vol.2C 5-55 


INSTRUCTION SET REFERENCE, V-Z 


VCVTQQ2PS (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
k:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b == 1) 


THEN 
DEST[k+31:k] := 
Convert_QuadInteger_To_Single_Precision_Floating_Point(SRC[63:0]) 
ELSE 
DEST[k+31:k] := 
Convert_QuadInteger_To_Single_Precision_Floating_Point(SRC[i+63:i]) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[k+31:k] remains unchanged* 
ELSE ; zeroing-masking 

DEST[k+31:k] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTQQ2PS __m256 _mm512_cvtepi64_ps(__m512i a); 

VCVTQQ2PS __m256 _mm512_mask_cvtepi64_ps(__m256 s,__ mmask16 k, 
VCVTQQ2PS __m256_mm512_maskz_cvtepi64_ps(__ mmask16 k,___m512i a); 

VCVTQQ2PS __m256 _mm512_cvt_roundepi64_ps(_m512i a, int r); 

VCVTQQ2PS __m256 _mm512_mask_cvt_roundepi_ps(__m256s,__ mmask8 k,___m512i a, int r); 
VCVTQQ2PS __m256 _mm512_maskz_cvt_roundepi64_ps(__mmask8 k, __m512i a, int r); 
VCVTQQ2PS __m128 _mm256_cvtepi64_ps(__m256i a); 

VCVTQQ2PS __m128 _mm256_mask_cvtepi64_ps(__m128s,__mmask8 k, 
VCVTQQ2PS __m128 _mm256_maskz_cvtepi64_ps(_ mmask8 k, __ m256i a); 
VCVTQQ2PS __m128_mm_cvtepi64_ps(__m128i a); 

VCVTQQ2PS __m128 _mm_mask_cvtepi64_ps(__m128s,__ mmask8 k, __m128i a); 
VCVTQQ2PS __m128_mm_maskz_cvtepi64_ps(__ mmask8 k, __m128i a); 


m512i a); 


m256i a); 


SIMD Floating-Point Exceptions 
Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTSD2USI—Convert Scalar Double-Precision Floating-Point Value to Unsigned Doubleword 


Integer 
Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.LLIG.F2.0F.WO 79 /r A VIN AVX512F Convert one double-precision floating-point value from 
VCVTSD2USI r32, xmm1/m64{er} xmm1/m64 to one unsigned doubleword integer r32. 
EVEX.LLIG.F2.0F.W1 79 /r A VINE." AVX512F Convert one double-precision floating-point value from 
VCVTSD2USI r64, xmm1/m64{er} xmm1/m64 to one unsigned quadword integer zero- 
extended into r64. 
NOTES: 


1. EVEX.W1 in non-64 bit is ignored; the instructions behaves as if the WO version is used. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Fixed ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts a double-precision floating-point value in the source operand (the second operand) to an unsigned 
doubleword integer in the destination operand (the first operand). The source operand can be an XMM register or 
a 64-bit memory location. The destination operand is a general-purpose register. When the source operand is an 
XMM register, the double-precision floating-point value is contained in the low quadword of the register. 

When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MXCSR 
register or the embedded rounding control bits. If a converted result cannot be represented in the destination 
format, the floating-point invalid exception is raised, and if this exception is masked, the integer value 2“ - 1 is 
returned, where w represents the number of bits in the destination format. 


Operation 


VCVTSD2USI (EVEX encoded version) 
IF (SRC *is register*) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 

IF 64-Bit Mode and OperandSize = 64 
THEN DEST[63:0] := Convert_Double_Precision_Floating_Point_To_Ulnteger(SRC[63:0)); 
ELSE DEST[31:0] := Convert_Double_Precision_Floating_Point_To_UlInteger(SRC[63:0}); 


Fl 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTSD2USI unsigned int __mm_cvtsd_u32(__m128d); 

VCVTSD2USI unsigned int __mm_cvt_roundsd_u32(__m128d, int r); 
VCVTSD2USI unsigned __int64__mm_cvtsd_u64(__m128d); 
VCVTSD2USI unsigned __int64 __mm_cvt_roundsd_u64(__m1 28d, int r); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-48, “Type E3NF Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTSS2USI—Convert Scalar Single-Precision Floating-Point Value to Unsigned Doubleword 


Integer 
Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.LLIG.F3.0F.WO 79 /r A VIV AVX512F | Convert one single-precision floating-point value from 
VCVTSS2USI r32, xmm1/m32{er} xmm1/m32 to one unsigned doubleword integer in r32. 
EVEX.LLIG.F3.0F.W1 79 /r A VINE. AVX512F | Convert one single-precision floating-point value from 
VCVTSS2USI r64, xmm1/m32{er} xmm1/m32 to one unsigned quadword integer in r64. 
NOTES: 


1. EVEX.W1 in non-64 bit is ignored; the instructions behaves as if the WO version is used. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Fixed ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts a single-precision floating-point value in the source operand (the second operand) to an unsigned double- 
word integer (or unsigned quadword integer if operand size is 64 bits) in the destination operand (the first 
operand). The source operand can be an XMM register or a memory location. The destination operand is a general- 
purpose register. When the source operand is an XMM register, the single-precision floating-point value is contained 
in the low doubleword of the register. 


When a conversion is inexact, the value returned is rounded according to the rounding control bits in the MKCSR 
register or the embedded rounding control bits. If a converted result cannot be represented in the destination 
format, the floating-point invalid exception is raised, and if this exception is masked, the integer value 2“ - 1 is 
returned, where w represents the number of bits in the destination format. 


VEX.W1 and EVEX.W1 versions: promotes the instruction to produce 64-bit data in 64-bit mode. 
Note: EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 


VCVTSS2USI (EVEX encoded version) 
IF (SRC *is register*) AND (EVEX.b = 1) 


THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 
Fl; 
IF 64-bit Mode and OperandSize = 64 
THEN 
DEST[63:0] := Convert_Single_Precision_Floating_Point_To_Ulnteger(SRC[31:0]); 
ELSE 
DEST[31:0] := Convert_Single_Precision_Floating_Point_To_Ulnteger(SRC[31:0]); 
Fl; 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTSS2USI unsigned _mm_cvtss_u32(__m128 a); 

VCVTSS2USI unsigned _mm_cvt_roundss_u32(__m128 a, int r); 
VCVTSS2USI unsigned __int64_mm_cvtss_u64(__m128 a); 
VCVTSS2USI unsigned __int64 __mm_cvt_roundss_u64(__m128 a, int r); 
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INSTRUCTION SET REFERENCE, V-Z 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-48, “Type E3NF Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE 


WV-Z 


VCVTTPD2QQ—Convert with Truncation Packed Double-Precision Floating-Point Values to 
Packed Quadword Integers 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.128.66.0F.W1 7A /r A VIV AVX512VL | Convert two packed double-precision floating-point values from 
VCVTTPD2QQ xmm1 {k1}{Z}, AVX512DQ | zmm2/m128/m64bcst to two packed quadword integers in 
xmm2/m128/m64bcst zmm1 using truncation with writemask k1. 
EVEX.256.66.0F.W1 7A /r A VIV AVX512VL | Convert four packed double-precision floating-point values 
VCVTTPD2QQ ymm1 {k1}{Z}, AVX512DQ | from ymm2/m256/m64bcst to four packed quadword integers 
ymm2/m256/m64bcst in ymm1 using truncation with writemask k1. 
EVEX.512.66.0F.W1 7A /r A VN AVX512DQ_ | Convert eight packed double-precision floating-point values 
VCVTTPD2QQ zmm1 {k1}{z}, from zmm2/m512 to eight packed quadword integers in zmm1 
zmm2/m512/m64bcst{sae} using truncation with writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts with truncation packed double-precision floating-point values in the source operand (second operand) to 
packed quadword integers in the destination operand (first operand). 


EVEX encoded versions: The source operand is a ZMM/YMM/XMM register or a 512/256/128-bit memory location. 
The destination operand is aZMM/YMM/XMM register conditionally updated with writemask k1. 


When a conversion is inexact, a truncated (round toward zero) value is returned. If a converted result cannot be 
represented in the destination format, the floating-point invalid exception is raised, and if this exception is masked, 
the indefinite integer value (2“-1, where w represents the number of bits in the destination format) is returned. 


Note: EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 


VCVTTPD2QQ (EVEX encoded version) when src operand is a register 


(KL, VL) = (2, 128), (4, 256), (8 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 


512) 


Convert_Double_Precision_Floating_Point_To_QuadInteger_Truncate(SRC[i+63:i]) 


ELSE 


IF *merging-masking* 
THEN *DEST[i+63:i] remains unchanged* 


ELSE 


DEST[i+63:i] := 0 


Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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; merging-masking 


; zeroing-masking 
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VCVTTPD2QQ (EVEX encoded version) when src operand is a memory source 


(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j*64 


IF k1[j] OR *no writemask* 


THEN 


IF (EVEX.b == 1) 


Fl; 


ELSE 


IF *merging-masking* 


Fl 


Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTTPD2QQ 
VCVTTPD2QQ 
VCVTTPD2QQ 
VCVTTPD2QQ 
VCVTTPD2QQ 
VCVTTPD2QQ 
VCVTTPD2QQ 
VCVTTPD2QQ 
VCVTTPD2QQ 
VCVTTPD2QQ 


THEN 


DEST[i+63:i] := 


ELSE 


Convert_Double_Precision_Floating_Point_To_QuadInteger_Truncate(SRC[63:0]) 


DEST[i+63:i] := Convert_Double_Precision_Floating_Point_To_QuadInteger_Truncate(SRC[i+63:i]) 


; Merging-masking 


THEN *DEST{[i+63:i] remains unchanged* 


ELSE 


DEST[i+63:i] := 0 


; zeroing-masking 


m512i_mm512_cvttpd_epi64(_m512d a); 


mask_cvttpd_epi64(__m512is,__ mmask8 k,__m512d a); 


m512d a); 


mmask8 k,__m512d a, int sae); 


m512d a, int sae); 


mask_cvttpd_epi64(__ m256i s,___ mmask8 k,___ m256d a); 


m128d a); 


m512i_mm512 
m512i_mm512_maskz_cvttpd_epi64(__mmask8 k, 
m512i_mm512_cvtt_roundpd_epi64(__m512d a, int sae); 
m512i_mm512_mask_cvtt_roundpd_epi64(__m512is, 
m512i_mm512_maskz_cvtt_roundpd_epi64(__mmask8 k, 
m256i_mm256 

m256i__mm256_maskz_cvttpd_epi64(__ mmask8 k,___ m256d a); 
m128i_mm_mask_cvttpd_epi64(__m128is,__ mmask8 k, 
m128i_mm_maskz_cvttpd_epi64(__mmask8 k, 


m128d a); 


SIMD Floating-Point Exceptions 


Invalid, Precision 


Other Exceptions 


EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 


#UD 


If EVEX.vvvv != 1111B. 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTTPD2UDQ—Convert with Truncation Packed Double-Precision Floating-Point Values to 
Packed Unsigned Doubleword Integers 


Opcode Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.128.0F.W1 78 /r A VIV AVX512VL_ | Convert two packed double-precision floating-point values 
VCVTTPD2UDQ xmm1 {k1}{z}, AVX512F in xmm2/m128/m64bcst to two unsigned doubleword 
xmm_2/m1 28/m64bcst integers in xmm1 using truncation subject to writemask 
k1. 
EVEX.256.0F.W1 78 02 /r A VIN AVX512VL_ | Convert four packed double-precision floating-point 
VCVTTPD2UDQ xmm1 {k1}{z}, AVX512F values in ymm2/m256/m64bcst to four unsigned 
ymm2/m256/m64bcst doubleword integers in xmm1 using truncation subject to 
writemask k1. 
EVEX.512.0F.W1 78 /r A VIV AVX512F Convert eight packed double-precision floating-point 
VCVTTPD2UDQ ymm1 {k1}{z}, values in zmm2/m512/m64bcst to eight unsigned 
zmm2/m512/m64bcst{sae} doubleword integers in ymm1 using truncation subject to 
writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts with truncation packed double-precision floating-point values in the source operand (the second operand) 
to packed unsigned doubleword integers in the destination operand (the first operand). 


When a conversion is inexact, a truncated (round toward zero) value is returned. If a converted result cannot be 
represented in the destination format, the floating-point invalid exception is raised, and if this exception is masked, 
the integer value 2 - 1 is returned, where w represents the number of bits in the destination format. 


The source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector 
broadcasted from a 64-bit memory location. The destination operand is a YMM/XMM/XMM (low 64 bits) register 
conditionally updated with writemask k1. The upper bits (MAXVL-1:256) of the corresponding destination are 
zeroed. 


Note: EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 
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INSTRUCTION SET REFERENCE, V-Z 


Operation 

VCVTTPD2UDQ (EVEX encoded versions) when src2 operand is a register 
(KL, VL) = (2, 128), (4, 256),(8, 512) 

FOR j := 0 TO KL-1 


i:=j* 32 
k:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
DEST[i+31:i] := 
Convert_Double_Precision_Floating_Point_To_Ulnteger_Truncate(SRC[k+63:k]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0 


VCVTTPD2UDQ (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256),(8, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
k:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
Convert_Double_Precision_Floating_Point_To_Ulnteger_Truncate(SRC[63:0]) 
ELSE 
DEST[i+31:i] := 
Convert_Double_Precision_Floating_Point_To_Ulnteger_Truncate(SRC[k+63:k]) 
Fl; 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0 


VCVTTPD2UDQ—Convert with Truncation Packed Double-Precision Floating-Point Values to Packed Unsigned Doubleword Integers 


Vol.2C 5-63 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTTPD2UDQ __m256i_mm512_cvttpd_epu32(__m512d a); 

VCVTTPD2UDQ __m256i__mm512_mask_cvttpd_epu32(__m256i s,___mmask8 k, 
VCVTTPD2UDQ __m256i__mm512_maskz_cvttpd_epu32(__mmask8 k, __m512d a); 

VCVTTPD2UDQ __m256i __mm512_cvtt_roundpd_epu32(__m512d a, int sae); 

VCVTTPD2UDQ __m256i__mm512_mask_cvtt_roundpd_epu32(__m256i s,__mmask8 k,___m512d a, int sae); 
VCVTTPD2UDQ __m256i__mm512_maskz_cvtt_roundpd_epu32(__mmask8 k, __m512d a, int sae); 
VCVTTPD2UDQ __m128i __mm256_mask_cvttpd_epu32(__m128i s,___mmask8 k, __m256d a); 
VCVTTPD2UDQ __m128i _mm256_maskz_cvttpd_epu32(__mmask8 k, __m256d a); 

VCVTTPD2UDQ __m128i _mm_mask_cvttpd_epu32(__m128i s,___mmask8 k, __m128d a); 

VCVTTPD2UDQ __m128i __mm_maskz_cvttpd_epu32(__mmask8 k, __m128d a); 


m512d a); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTTPD2UQQ—Convert with Truncation Packed Double-Precision Floating-Point Values to 
Packed Unsigned Quadword Integers 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F.W1 78 /r A VIV AVX512VL Convert two packed double-precision floating-point values 
VCVTTPD2UQQ xmm1 {k1}{z}, AVX512DQ_ | from xmm2/m128/m64bcst to two packed unsigned 
xmm2/m128/m64bcst quadword integers in xmm1 using truncation with 
writemask k1. 
EVEX.256.66.0F.W1 78 /r A VIV AVX512VL Convert four packed double-precision floating-point values 
VCVTTPD2UQQ ymm1 {k1}{z}, AVX512DQ_ | from ymm2/m256/m64bcst to four packed unsigned 
ymm2/m256/m64bcst quadword integers in ymm1 using truncation with 
writemask k1. 
EVEX.512.66.0F.W1 78 /r A VN AVX512DQ | Convert eight packed double-precision floating-point values 
VCVTTPD2UQQ zmm1 {k1}{Z}, from zmm2/mem to eight packed unsigned quadword 
zmm2/m512/m64bcst{sae} integers in zmm1 using truncation with writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts with truncation packed double-precision floating-point values in the source operand (second operand) to 
packed unsigned quadword integers in the destination operand (first operand). 


When a conversion is inexact, a truncated (round toward zero) value is returned. If a converted result cannot be 
represented in the destination format, the floating-point invalid exception is raised, and if this exception is masked, 
the integer value 2“ - 1 is returned, where w represents the number of bits in the destination format. 


EVEX encoded versions: The source operand is a ZMM/YMM/XMM register or a 512/256/128-bit memory location. 
The destination operation is a ZMM/YMM/XMM register conditionally updated with writemask k1. 


Note: EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 


VCVTTPD2UQQ (EVEX encoded versions) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 


Convert_Double_Precision_Floating_Point_To_UQuadInteger_Truncate(SRC[i+63:i]) 


ELSE 


IF *merging-masking* 


ELSE 


DEST[i+63:i] := 0 


Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
; zeroing-masking 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTTPD2UQQ (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b == 1) 
THEN 
DEST[i+63:i] := 
Convert_Double_Precision_Floating_Point_To_UQuadInteger_Truncate(SRC[63:0]) 
ELSE 
DEST[i+63:i] := 
Convert_Double_Precision_Floating_Point_To_UQuadInteger_Truncate(SRC[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] = 0 
Intel C/C++ Compiler Intrinsic Equivalent 


VCVTTPD2UQQ _mm<size>[_mask[z]]_cvtt[_round]pd_epu64 


VCVTTPD2UQQ __m512i_mm512_cvttpd_epu64(__m512d a); 

VCVTTPD2UQQ __m512i_mm512_mask_cvttpd_epu64(__m512is,__ mmask8 k,___m512d a); 
VCVTTPD2UQQ __m512i__mm512_maskz_cvttpd_epu64( __mmask8 k, __m512d a); 

VCVTTPD2UQQ __m512i__mm512_cvtt_roundpd_epu64(__m512d a, int sae); 

VCVTTPD2UQQ __m512i __mm512_mask_cvtt_roundpd_epu64(__m512is,___mmask8 k, __m512d a, int sae); 
VCVTTPD2UQQ __m512i _mm512_maskz_cvtt_roundpd_epu64( __mmask8 k, __m512d a, int sae); 
VCVTTPD2UQQ __m256i _mm256_mask_cvttpd_epu64(__m256i s,___mmask8 k, __m256d a); 
VCVTTPD2UQQ __m256i __mm256_maskz_cvttpd_epu64( __mmask8 k, __m256d a); 

VCVTTPD2UQQ __m128i__mm_mask_cvttpd_epu64(__m128i s,__mmask8 k, __m128d a); 

VCVTTPD2UQQ __m128i __mm_maskz_cvttpd_epu64(__mmask8 k, __m128d a); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTTPS2UDQ—Convert with Truncation Packed Single-Precision Floating-Point Values to 
Packed Unsigned Doubleword Integer Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support Flag 
EVEX.128.0F.WO 78 /r A VV AVX512VL | Convert four packed single precision floating-point 
VCVTTPS2UDQ xmm1 {k1}{z}, AVX512F values from xmm2/m128/m32bcst to four packed 
xmme2/m128/m32bcst unsigned doubleword values in xmm1 using 
truncation subject to writemask k1. 
EVEX.256.0F.WO 78 /r A VV AVX512VL | Convert eight packed single precision floating-point 
VCVTTPS2UDQ ymm1 {k1}{z}, AVX512F values from ymm2/m256/m32bcst to eight packed 
ymm2/m256/m32bcst unsigned doubleword values in ymm1 using 
truncation subject to writemask k1. 
EVEX.512.0F.WO 78 /r A VV AVX512F Convert sixteen packed single-precision floating- 
VCVTTPS2UDQ zmm1 {k1}{Z}, point values from zmm2/m512/m32bcst to sixteen 
zmm2/m512/m32bcst{sae} packed unsigned doubleword values in zmm1 using 
truncation subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts with truncation packed single-precision floating-point values in the source operand to sixteen unsigned 
doubleword integers in the destination operand. 


When a conversion is inexact, a truncated (round toward zero) value is returned. If a converted result cannot be 
represented in the destination format, the floating-point invalid exception is raised, and if this exception is masked, 
the integer value 2“ - 1 is returned, where w represents the number of bits in the destination format. 


EVEX encoded versions: The source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory location or 
a 512/256/128-bit vector broadcasted from a 32-bit memory location. The destination operand is a 
ZMM/YMM/XMM register conditionally updated with writemask k1. 


Note: EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Operation 


VCVTTPS2UDQ (EVEX encoded versions) when src operand is a register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 


Convert_Single_Precision_Floating_Point_To_Ulnteger_Truncate(SRC[i+31:i]) 


ELSE 


IF *merging-masking* 
THEN *DEST{[i+31:i] remains unchanged* 


ELSE 


DEST[i+31:i] := 0 


Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VCVTTPS2UDQ—Convert with Truncation Packed Single-Precision Floating-Point Values to Packed Unsigned Doubleword Integer Val- 


; merging-masking 


; zeroing-masking 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTTPS2UDQ (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
Convert_Single_Precision_Floating_Point_To_Ulnteger_Truncate(SRC[31:0]) 
ELSE 
DEST[i+31:i] := 
Convert_Single_Precision_Floating_Point_To_Ulnteger_Truncate(SRC[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTTPS2UDQ __m512i_mm512_cvttps_epu32(__m512 a); 

VCVTTPS2UDQ __m512i__mm512_mask_cvttps_epu32(__m512is, __mmask16 k,___m512 a); 
VCVTTPS2UDQ __m512i__mm512_maskz_cvttps_epu32(__mmask16 k,___m512 a); 

VCVTTPS2UDQ __m512i_mm512_cvtt_roundps_epu32(__m512 a, int sae); 

VCVTTPS2UDQ __m512i__mm512_mask_cvtt_roundps_epu32(__m512is, _mmask16 k,__m512 a, int sae); 
VCVTTPS2UDQ __m512i__mm512_maskz_cvtt_roundps_epu32(__mmask16 k,___m512 a, int sae); 
VCVTTPS2UDQ __m256i _mm256_mask_cvttps_epu32(__m256i s,___mmask8 k, __m256 a); 
VCVTTPS2UDQ __m256i _mm256_maskz_cvttps_epu32(__mmask8 k, __m256 a); 

VCVTTPS2UDQ __m128i _mm_mask_cvttps_epu32(__m128i s,___mmask8 k, __m128 a); 

VCVTTPS2UDQ __m128i__mm_maskz_cvttps_epu32(__mmask8 k, __m128 a); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTTPS2QQ—Convert with Truncation Packed Single Precision Floating-Point Values to 
Packed Signed Quadword Integer Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.128.66.0F.W0 7A /r A VN AVX512VL | Convert two packed single precision floating-point values from 
VCVTTPS2QQ xmm1 {k1}{Z}, AVX512DQ | xmm2/m64/m32bcst to two packed signed quadword values in 
xmm2/m64/m32bcst xmm1 using truncation subject to writemask k1. 
EVEX.256.66.0F.WO 7A /r A VN AVX512VL | Convert four packed single precision floating-point values from 
VCVTTPS2QQ ymm1 {k1}{Z}, AVX512DQ | xmm2/m128/m32bcst to four packed signed quadword values 
xmme2/m128/m32bcst in ymm1 using truncation subject to writemask k1. 
EVEX.512.66.0F.W0 7A /r A VN AVX512DQ_ | Convert eight packed single precision floating-point values from 
VCVTTPS2QQ zmm1 {k1}{Z}, ymm2/m256/m32bcst to eight packed signed quadword values 
ymm2/m256/m32bcst{sae} in zmm1 using truncation subject to writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Half ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts with truncation packed single-precision floating-point values in the source operand to eight signed quad- 
word integers in the destination operand. 


When a conversion is inexact, a truncated (round toward zero) value is returned. If a converted result cannot be 
represented in the destination format, the floating-point invalid exception is raised, and if this exception is masked, 
the indefinite integer value (2-1, where w represents the number of bits in the destination format) is returned. 


EVEX encoded versions: The source operand is a YMM/XMM/XMM (low 64 bits) register or a 256/128/64-bit 
memory location. The destination operation is a vector register conditionally updated with writemask k1. 


Note: EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Operation 


VCVTTPS2QQ (EVEX encoded versions) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j= 0 TOKL-1 
i:=j*64 
k:=j* 32 


IF k1[j] OR *no writemask* 


THEN DEST[i+63:i] := 


Convert_Single_Precision_To_QuadInteger_Truncate(SRC[k+31:k]) 


ELSE 


IF *merging-masking* 
THEN *DEST{[i+63:i] remains unchanged* 


ELSE 


DEST[i+63:i] := 0 


Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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; Merging-masking 


; zeroing-masking 
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VCVTTPS2QQ (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
k:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b == 1) 
THEN 
DEST[i+63:i] := 
Convert_Single_Precision_To_QuadInteger_Truncate(SRC[31:0]) 
ELSE 
DEST[i+63:i] := 
Convert_Single_Precision_To_QuadInteger_Truncate(SRC[k+31:k]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTTPS2QQ __m512i_mm512_cvttps_epi64(__m256 a); 

VCVTTPS2QQ __m512i_mm512_mask_cvttps_epi64(_m512is,___mmask16 k, __m256 a); 
VCVTTPS2QQ __m512i _mm512_maskz_cvttps_epi64(__mmask16 k, __m256 a); 

VCVTTPS2QQ __m512i__mm512_cvtt_roundps_epi64(__m256 a, int sae); 

VCVTTPS2QQ __m512i_mm512_mask_cvtt_roundps_epi64(__m512is,__ mmask16 k,___m256 a, int sae); 
VCVTTPS2QQ __m512i _mm512_maskz_cvtt_roundps_epi64(__mmask16 k, __m256 a, int sae); 
VCVTTPS2QQ __m256i__mm256_mask_cvttps_epi64(_m256i s,___ mmask8 k, __m128 a); 

VCVTTPS2QQ __m256i __mm256_maskz_cvttps_epi64(__mmask8 k, __m128 a); 

VCVTTPS2QQ __m128i __mm_mask_cvttps_epi64(__m128i s,__mmask8 k, __m128 a); 

VCVTTPS2QQ __m128i _mm_maskz_cvttps_epi64(__mmask8 k, __m128 a); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTTPS2UQQ—Convert with Truncation Packed Single Precision Floating-Point Values to 
Packed Unsigned Quadword Integer Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.128.66.0F.WO 78 /r A VIV AVX512VL Convert two packed single precision floating-point values 
VCVTTPS2UQQ xmm1 {k1}{z}, AVX512DQ from xmm2/m64/m32bcst to two packed unsigned quadword 
xmm2/m64/m32bcst values in xmm1 using truncation subject to writemask k1. 
EVEX.256.66.0F.WO 78 /r A VIV AVX512VL Convert four packed single precision floating-point values 
VCVTTPS2UQQ ymm1 {k1}{Z}, AVX512DQ from xmm2/m128/m32bcst to four packed unsigned 
xmm2/m128/m32bcst quadword values in ymm1 using truncation subject to 
writemask k1. 
EVEX.512.66.0F.W0O 78 /r A VN AVX512DQ Convert eight packed single precision floating-point values 
VCVTTPS2UQQ zmm1 {k1}{Z}, from ymm2/m256/m32bcst to eight packed unsigned 
ymm2/m256/m32bcst{sae} quadword values in zmm1 using truncation subject to 
writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Half ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts with truncation up to eight packed single-precision floating-point values in the source operand to 
unsigned quadword integers in the destination operand. 


When a conversion is inexact, a truncated (round toward zero) value is returned. If a converted result cannot be 
represented in the destination format, the floating-point invalid exception is raised, and if this exception is masked, 
the integer value 2“ - 1 is returned, where w represents the number of bits in the destination format. 


EVEX encoded versions: The source operand is a YMM/XMM/XMM (low 64 bits) register or a 256/128/64-bit 
memory location. The destination operation is a vector register conditionally updated with writemask k1. 


Note: EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Operation 


VCVTTPS2UQQ (EVEX encoded versions) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 
i:=j* 64 
k:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 


Convert_Single_Precision_To_UQuadInteger_Truncate(SRC[k+31:k]) 


ELSE 


IF *merging-masking* 


; merging-masking 


THEN *DEST{[i+63:i] remains unchanged* 


ELSE 


; zeroing-masking 


DEST[i+63:i] = 0 


Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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VCVTTPS2UQQ (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
k:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b == 1) 
THEN 
DEST[i+63:i] := 
Convert_Single_Precision_To_UQuadInteger_Truncate(SRC[31:0]) 
ELSE 
DEST[i+63:i] := 
Convert_Single_Precision_To_UQuadInteger_Truncate(SRC[k+31:k]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTTPS2UQQ 
VCVTTPS2UQQ 
VCVTTPS2UQQ 
VCVTTPS2UQQ 
VCVTTPS2UQQ 
VCVTTPS2UQQ 
VCVTTPS2UQQ 
VCVTTPS2UQQ 
VCVTTPS2UQQ 
VCVTTPS2UQQ 
VCVTTPS2UQQ 


_mm<size>[_mask[z]]_cvttL_round]ps_epu64 


m512i_mm512_cvttps_epu64(__m256 a); 


m512i_mm512_mask_cvttps_epu64(__m512is,__mmask16 k,__m256 a); 


m512i_mm512_maskz_cvttps_epu64(___mmask16 k,__m256 a); 


m512i_mm512_cvtt_roundps_epu64(__m256 a, int sae); 


m512i_mm512_mask_cvtt_roundps_epu64(__m512is,__mmask16 k,___m256 4, int sae); 
m512i_mm512_maskz_cvtt_roundps_epu64(__mmask16 k,__m256 a, int sae); 


m256i__mm256_mask_cvttps_epu64(__m256is,__ mmask8 k,__m128 a); 


m256i __mm256_maskz_cvttps_epu64(__ mmask8 k,___m128 a); 


m128i __mm_mask_cvttps_epu64(__m128is,__ mmask8 k,__m128 a); 


m128i_mm_maskz_cvttps_epu64(__ mmask8 k,___m128 a); 


SIMD Floating-Point Exceptions 


Invalid, Precision 


Other Exceptions 


EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”; additionally: 


#UD 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTTSD2USI—Convert with Truncation Scalar Double-Precision Floating-Point Value to 
Unsigned Integer 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.LLIG.F2.0F.WO 78 /r A VN AVX512F Convert one double-precision floating-point value from 
VCVTTSD2USI r32, xmm1/m64{sae} xmm1/m64 to one unsigned doubleword integer r32 
using truncation. 
EVEX.LLIG.F2.0F.W1 78 /r A VINE. AVX512F Convert one double-precision floating-point value from 
VCVTTSD2USI r64, xmm1/m64{sae} xmm1/m64 to one unsigned quadword integer zero- 
extended into r64 using truncation. 


NOTES: 
1. For this specific instruction, EVEX.W in non-64 bit is ignored; the instructions behaves as if the WO version is 
used. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Fixed ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts with truncation a double-precision floating-point value in the source operand (the second operand) to an 
unsigned doubleword integer (or unsigned quadword integer if operand size is 64 bits) in the destination operand 
(the first operand). The source operand can be an XMM register or a 64-bit memory location. The destination 
operand is a general-purpose register. When the source operand is an XMM register, the double-precision floating- 
point value is contained in the low quadword of the register. 

When a conversion is inexact, a truncated (round toward zero) value is returned. If a converted result cannot be 
represented in the destination format, the floating-point invalid exception is raised, and if this exception is masked, 
the integer value 2“ - 1 is returned, where w represents the number of bits in the destination format. 


EVEX.W1 version: promotes the instruction to produce 64-bit data in 64-bit mode. 


Operation 


VCVTTSD2USI (EVEX encoded version) 

IF 64-Bit Mode and OperandSize = 64 
THEN DEST[63:0] := Convert_Double_Precision_Floating_Point_To_Ulnteger_Truncate(SRC[63:0}); 
ELSE DEST[31:0] := Convert_Double_Precision_Floating_Point_To_UInteger_Truncate(SRC[63:0)); 


Fl 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTTSD2USI unsigned int __mm_cvttsd_u32(__m1 28d); 

VCVTTSD2USI unsigned int __mm_cvtt_roundsd_u32(__m1282d, int sae); 
VCVTTSD2USI unsigned __int64_mm_cvttsd_u64(__m1 28d); 
VCVTTSD2USI unsigned __int64 __mm_cvtt_roundsd_u64(__m128d, int sae); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-48, “Type E3NF Class Exception Conditions”. 
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VCVTTSS2US!I—Convert with Truncation Scalar Single-Precision Floating-Point Value to 
Unsigned Integer 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.LLIG.F3.0F.WO 78 /r A VIN AVX512F Convert one single-precision floating-point value from 
VCVTTSS2USI r32, xmm1/m32{sae} xmm1/m32 to one unsigned doubleword integer in 
r32 using truncation. 
EVEX.LLIG.F3.0F.W1 78 /r A VINE." AVX512F Convert one single-precision floating-point value from 
VCVTTSS2USI r64, xmm1/m32{sae} xmm1/m32 to one unsigned quadword integer in r64 
using truncation. 


NOTES: 


1. For this specific instruction, EVEX.W in non-64 bit is ignored; the instructions behaves as if the WO version is 
used. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Fixed ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts with truncation a single-precision floating-point value in the source operand (the second operand) to an 
unsigned doubleword integer (or unsigned quadword integer if operand size is 64 bits) in the destination operand 
(the first operand). The source operand can be an XMM register or a memory location. The destination operand is 
a general-purpose register. When the source operand is an XMM register, the single-precision floating-point value 
is contained in the low doubleword of the register. 

When a conversion is inexact, a truncated (round toward zero) value is returned. If a converted result cannot be 
represented in the destination format, the floating-point invalid exception is raised, and if this exception is masked, 
the integer value 2 - 1 is returned, where w represents the number of bits in the destination format. 

EVEX.W1 version: promotes the instruction to produce 64-bit data in 64-bit mode. 


Note: EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 


VCVTTSS2USI (EVEX encoded version) 
IF 64-bit Mode and OperandSize = 64 
THEN 
DEST[63:0] := Convert_Single_Precision_Floating_Point_To_UInteger_Truncate(SRC[3 1:0)); 
ELSE 
DEST[31:0] := Convert_Single_Precision_Floating_Point_To_UlInteger_Truncate(SRC[31:0)); 


Fl; 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTTSS2USI unsigned int __mm_cvttss_u32(__m128 a); 

VCVTTSS2USI unsigned int__mm_cvtt_roundss_u32(__m128 a, int sae); 
VCVTTSS2USI unsigned __int64__mm_cvttss_u64(__m128 a); 
VCVTTSS2USI unsigned __int64 _mm_cvtt_roundss_u64(__m128 a, int sae); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-48, “Type E3NF Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTUDQ2PD—Convert Packed Unsigned Doubleword Integers to Packed Double-Precision 


Floating-Point Values 


writemask k1. 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.F3.0F.W0 7A /r A VIV AVX512VL Convert two packed unsigned doubleword integers 
VCVTUDQ2PD xmm1 {k1}{Z}, AVX512F from ymm2/m64/m32bcst to packed double-precision 
xmm2/m64/m32bcst floating-point values in zmm1 with writemask k1. 
EVEX.256.F3.0F.W0 7A /r A VIV AVX512VL Convert four packed unsigned doubleword integers 
VCVTUDQ2PD ymm1 {k1}{Z}, AVX512F from xmm2/m128/m32bcst to packed double- 
xmme2/m128/m32bcst precision floating-point values in zmm1 with 

writemask k1. 

EVEX.512.F3.0F.W0 7A /r A VIV AVX512F Convert eight packed unsigned doubleword integers 
VCVTUDQ2PD zmm1 {k1}{z}, from ymm2/m256/m32bcst to eight packed double- 
ymm2/m256/m32bcst precision floating-point values in zmm1 with 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Half ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts packed unsigned doubleword integers in the source operand (second operand) to packed double-preci- 


sion floating-point values in the destination operand (first operand). 


The source operand is a YMM/XMM/XMM (low 64 bits) register, a 256/128/64-bit memory location or a 
256/128/64-bit vector broadcasted from a 32-bit memory location. The destination operand is a ZMM/YMM/XMM 


register conditionally updated with writemask k1. 
Attempt to encode this instruction with EVEX embedded rounding is ignored. 
Note: EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 


VCVTUDQ2PD (EVEX encoded versions) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 

i:=j* 64 

k:=j* 32 

IF k1[j] OR *no writemask* 

THEN DEST[i+63:i] := 
Convert_Ulnteger_To_Double_Precision_Floating_Point(SRC[k+31:k]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VCVTUDQ2PD (EVEX encoded versions) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
k:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
Convert_Ulnteger_To_Double_Precision_Floating_Point(SRC[31:0]) 
ELSE 
DEST[i+63:i] := 
Convert_Ulnteger_To_Double_Precision_Floating_Point(SRC[k+31:k]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTUDQ2PD 


m512d 


mm512_cvtepu32_pd(__m256i a); 


VCVTUDQ2PD 


m512d 


mm512_mask_cvtepu32_pd(__m512ds,__mmask8 k,___m256i a); 


VCVTUDQ2PD 


m512d 


mm512_maskz_cvtepu32_pd(__mmask8 k, __m256i a); 


VCVTUDQ2PD 


m256d 


VCVTUDQ2PD 


m256d 


mm256_cvtepu32_pd(__m128i a); 
mm256_mask_cvtepu32_pd(__m256ds,__ mmask8 k, __m128i a); 


VCVTUDQ2PD 


m256d 


mm256_maskz_cvtepu32_pd(__mmask8 k, __m128i a); 


VCVTUDQ2PD __| 


m128d 


_mm_cvtepu32_pd(__m128i a); 
VCVTUDQ2PD __m128d_mm_mask_cvtepu32_pd(__m128ds, 


mmask8 k, __m128i a); 


VCVTUDQ2PD __m128d _mm_maskz_cvtepu32_pd(__mmask8 k, 


m128i a); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


EVEX-encoded instructions, see Table 2-51, “Type E5 Class Exception Conditions”; additionally: 
If EVEX.vvvv != 1111B. 


#UD 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTUDQ2PS—Convert Packed Unsigned Doubleword Integers to Packed Single-Precision 


Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.F2.0F.W0 7A /r A VIV AVX512VL | Convert four packed unsigned doubleword integers from 
VCVTUDQ2PS xmm1 {k1}{Z}, AVX512F xmm2/m128/m32bcst to packed single-precision 
xmm2/m128/m32bcst floating-point values in xmm1 with writemask k1. 
EVEX.256.F2.0F.W0 7A /r A VIV AVX512VL | Convert eight packed unsigned doubleword integers 
VCVTUDQ2PS ymm1 {k1}{z}, AVX512F from ymm2/m256/m32bcst to packed single-precision 
ymm2/m256/m32bcst floating-point values in zmm1 with writemask k1. 
EVEX.512.F2.0F.W0 7A /r A VIV AVX512F Convert sixteen packed unsigned doubleword integers 
VCVTUDQ2PS zmm1 {k1}{2}, from zmm2/m512/m32bcst to sixteen packed single- 
zmm2/m512/m32bcst{er} precision floating-point values in zmm1 with writemask 

k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts packed unsigned doubleword integers in the source operand (second operand) to single-precision 
floating-point values in the destination operand (first operand). 
The source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 32-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally 


updated with writemask k1. 


Note: EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 


VCVTUDQ2PS (EVEX encoded version) when src operand is a register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


IF (VL = 512) AND (EVEX.b = 1) 


THEN 


SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 


ELSE 


SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 


FOR j := 0 TOKL-1 
i:=j* 32 


IF k1[j] OR *no writemask* 


THEN DEST[i+31:i] := 


Convert_Ulnteger_To_Single_Precision_Floating_Point(SRC[i+31:i]) 


ELSE 


IF *merging-masking* 
THEN *DEST{[i+31:i] remains unchanged* 
; zeroing-masking 


ELSE 


DEST[i+31:i] := 0 


Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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; merging-masking 
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VCVTUDQ2PS (EVEX encoded version) when src operand is a memory source 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
Convert_Ulnteger_To_Single_Precision_Floating_Point(SRC[31:0]) 
ELSE 
DEST[i+31:i] := 
Convert_Ulnteger_To_Single_Precision_Floating_Point(SRC[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTUDQ2PS 
VCVTUDQ2PS 
VCVTUDQ2PS 
VCVTUDQ2PS 
VCVTUDQ2PS 
VCVTUDQ2PS 
VCVTUDQ2PS 
VCVTUDQ2PS 
VCVTUDQ2PS 
VCVTUDQ2PS 


m512 


mm512_cvtepu32_ps(__m512i a); 


m512 


mm512_mask_cvtepu32_ps(__m512s,__ mmask16k,___m512i a); 


m512 


mm512_maskz_cvtepu32_ps(__mmask16 k,__m512i a); 


m512 


mm512_cvt_roundepu32_ps(__m512ia, int r); 


m512 


mm512_mask_cvt_roundepu32_ps(__m512s,__ mmask16 k,___m512i a, intr); 


m512 


mm512_maskz_cvt_roundepu32_ps(__mmask16 k,___m512i a, int r); 


m256 


mm256_cvtepu32_ps(__m256i a); 


m256 


mm256_mask_cvtepu32_ps(__m256s,__ mmask8 k,___ m256i a); 


m256 


mm256_maskz_cvtepu32_ps(__mmask8 k, __m256i a); 


_m128 _| 


mm_cvtepu32_ps(__m128i a); 


VCVTUDQ2PS __m128 _mm_mask_cvtepu32_ps(__m128s,__mmask8 k, __m128i a); 
VCVTUDQ2PS __m128 _mm_maskz_cvtepu32_ps(_mmask8 k, __m128i a); 


SIMD Floating-Point Exceptions 


Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
If EVEX.vvvv != 1111B. 


#UD 


5-78 Vol. 2C 


VCVTUDQ2PS—Convert Packed Unsigned Doubleword Integers to Packed Single-Precision Floating-Point Values 


INSTRUCTION SET REFERENCE, V-Z 


VCVTUQQ2PD—Convert Packed Unsigned Quadword Integers to Packed Double-Precision 


Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support Flag 
EVEX.128.F3.0F.W1 7A /r A VIV AVX512VL Convert two packed unsigned quadword integers from 
VCVTUQQ2PD xmm1 {k1}{Z}, AVX512DQ xmm2/m128/m64bcst to two packed double-precision 
xmm2/m128/m64bcst floating-point values in xmm1 with writemask k1. 
EVEX.256.F3.0F.W1 7A /r A VIV AVX512VL Convert four packed unsigned quadword integers from 
VCVTUQQ2PD ymm1 {k1}{z}, AVX512DQ ymm2/m256/m64bcst to packed double-precision floating- 
ymm2/m256/m64bcst point values in ymm1 with writemask k1. 
EVEX.512.F3.0F.W1 7A /r A VV AVX512DQ Convert eight packed unsigned quadword integers from 
VCVTUQQ2PD zmm1 {k1}{z}, zmm2/m512/m64bcst to eight packed double-precision 
zmm2/m512/m64bcst{er} floating-point values in zmm1 with writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts packed unsigned quadword integers in the source operand (second operand) to packed double-precision 


floating-point values in the destination operand (first operand). 


The source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector 
broadcasted from a 64-bit memory location. The destination operand is a ZMM/YMM/XMM register conditionally 


updated with writemask k1. 
Note: EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 


VCVTUQQ2PD (EVEX encoded version) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL == 512) AND (EVEX.b == 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 


FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
Convert_UQuadInteger_To_Double_Precision_Floating_Point(SRC[i+63:i]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] :-= 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VCVTUQQ2PD—Convert Packed Unsigned Quadword Integers to Packed Double-Precision Floating-Point Values 


Vol.2C 5-79 


INSTRUCTION SET REFERENCE, V-Z 


VCVTUQQ2PD (EVEX encoded version) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b == 1) 
THEN 
DEST[i+63:i] := 
Convert_UQuadInteger_To_Double_Precision_Floating_Point(SRC[63:0]) 
ELSE 
DEST[i+63:i] := 
Convert_UQuadInteger_To_Double_Precision_Floating_Point(SRC[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTUQQ2PD __m512d_mm512_cvtepu64_ps(_m512i a); 
VCVTUQQ2PD __m512d_mm512_mask_cvtepu64_ps(__m512ds,__mmask8 k, __m512i a); 
VCVTUQQ2PD __m512d_mm512_maskz_cvtepu64_ps(___mmask8 k, __m512i a); 
VCVTUQQ2PD __m512d_mm512_cvt_roundepu64_ps(__m512i a, int r); 
VCVTUQQ2PD __m512d_mm512_mask_cvt_roundepu64_ps(__m512ds, 
VCVTUQQ2PD __m512d_mm512_maskz_cvt_roundepu64_ps(__mmask8 k, 
VCVTUQQ2PD __m256d __mm256_cvtepu64_ps(__m256i a); 
VCVTUQQ2PD __m256d __mm256_mask_cvtepu64_ps(__m256d s,__mmask8 k, __m256i a); 
VCVTUQQ2PD __m256d __mm256_maskz_cvtepu64_ps(___mmask8 k, __m256i a); 
VCVTUQQ2PD __m128d __mm_cvtepu64_ps(__m128i a); 
VCVTUQQ2PD __m128d _mm_mask_cvtepu64_ps(__m128d s, 
VCVTUQQ2PD __m128d _mm_maskz_cvtepu64_ps(__mmask8 k, 


mmask8 k,___m512i a, int r); 
m512i a, int r); 


mmask8 k, 
m128i a); 


m128i a); 


SIMD Floating-Point Exceptions 


Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTUQQ2PS—Convert Packed Unsigned Quadword Integers to Packed Single-Precision 
Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.F2.0F.W1 7A /r A VIN AVX512VL Convert two packed unsigned quadword integers from 
VCVTUQQ2PS xmm1 {k1}{Z}, AVX512DQ_ | xmm2/m128/m64bcst to packed single-precision floating- 
xmm2/m128/m64bcst point values in zmm1 with writemask k1. 
EVEX.256.F2.0F.W1 7A /r A VIN AVX512VL Convert four packed unsigned quadword integers from 
VCVTUQQ2PS xmm1 {k1}{Z}, AVX512DQ_ =| ymm2/m256/m64bcst to packed single-precision floating- 
ymm2/m256/m64bcst point values in xmm1 with writemask k1. 
EVEX.512.F2.0F.W1 7A /r A VIN AVX512DQ_ | Convert eight packed unsigned quadword integers from 
VCVTUQQ2PS ymm1 {k1}{2Z}, zmm2/m512/m64bcst to eight packed single-precision 
zmm2/m512/m64bcst{er} floating-point values in zmm1 with writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts packed unsigned quadword integers in the source operand (second operand) to single-precision floating- 
point values in the destination operand (first operand). 


EVEX encoded versions: The source operand is a ZMM/YMM/XMM register or a 512/256/128-bit memory location. 
The destination operand is a YMM/XMM/XMM (low 64 bits) register conditionally updated with writemask k1. 


Note: EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Operation 


VCVTUQQ2PS (EVEX encoded version) when src operand is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 


FOR j := 0 TO KL-1 
i:=j* 32 
k:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST{[i+31:i] = 
Convert_UQuadInteger_To_Single_Precision_Floating_Point(SRC[k+63:k]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0 
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VCVTUQQ2PS (EVEX encoded version) when src operand is a memory source 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
k:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
Convert_UQuadInteger_To_Single_Precision_Floating_Point(SRC[63:0]) 
ELSE 
DEST[i+31:i] := 
Convert_UQuadInteger_To_Single_Precision_Floating_Point(SRC[k+63:k]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTUQQ2PS __m256 __mm512_cvtepu64_ps(_m512i a); 

VCVTUQQ2PS __m256 __mm512_mask_cvtepu64_ps(__m256 s,__mmask8 k, __m512i a); 
VCVTUQQ2PS __m256 __mm512_maskz_cvtepu64_ps(__mmask8 k, __m512i a); 
VCVTUQQ2PS __m256 __mm512_cvt_roundepu64_ps(__m512ia, int r); 

VCVTUQQ2PS __m256 __mm512_mask_cvt_roundepu64_ps(__m256 s,___mmask8 k, __m512ia, int r); 
VCVTUQQ2PS __m256 __mm512_maskz_cvt_roundepu64_ps(__mmask8 k,___m512i a, int r); 
VCVTUQQ2PS __m128_mm256_cvtepu64_ps( __m256i a); 

VCVTUQQ2PS __m128 _mm256_mask_cvtepu64_ps(__m128s,__mmask8 k, __m256i a); 
VCVTUQQ2PS __m128 _mm256_maskz_cvtepu64_ps(__mmask8 k, __m256i a); 
VCVTUQQ2PS __m128 _mm_cvtepu64_ps(__m128i a); 

VCVTUQQ2PS __m128_mm_mask_cvtepu64_ps(__m128 s,__mmask8 k, __m128i a); 
VCVTUQQ2PS __m128 __mm_maskz_cvtepu64_ps(___mmask8 k, __m128i a); 


SIMD Floating-Point Exceptions 
Precision 


Other Exceptions 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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VCVTUSI2SD—Convert Unsigned Integer to Scalar Double-Precision Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.LLIG.F2.0F.WO 7B /r A VIV AVX512F | Convert one unsigned doubleword integer from 
VCVTUSI2SD xmm1, xmm2, r/m32 r/m32 to one double-precision floating-point value in 
xmm1. 
EVEX.LLIG.F2.0F.W1 7B /r A VINE. AVX512F | Convert one unsigned quadword integer from r/m64 
VCVTUSI2SD xmm1, xmmc2, r/m64{er} to one double-precision floating-point value in xmm1. 
NOTES: 


1. For this specific instruction, EVEX.W in non-64 bit is ignored; the instructions behaves as if the WO version is 
used. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Converts an unsigned doubleword integer (or unsigned quadword integer if operand size is 64 bits) in the second 
source operand to a double-precision floating-point value in the destination operand. The result is stored in the low 
quadword of the destination operand. When conversion is inexact, the value returned is rounded according to the 
rounding control bits in the MXCSR register. 


The second source operand can be a general-purpose register or a 32/64-bit memory location. The first source and 
destination operands are XMM registers. Bits (127:64) of the XMM register destination are copied from corre- 
sponding bits in the first source operand. Bits (MAXVL-1:128) of the destination register are zeroed. 


EVEX.W1 version: promotes the instruction to use 64-bit input value in 64-bit mode. 
EVEX.WO0 version: attempt to encode this instruction with EVEX embedded rounding is ignored. 


Operation 


VCVTUSI2SD (EVEX encoded version) 
IF (SRC2 *is register*) AND (EVEX.b = 1) 


THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 
Fl; 
IF 64-Bit Mode And OperandSize = 64 
THEN 
DEST[63:0] := Convert_Ulnteger_To_Double_Precision_Floating_Point(SRC2[63:0}); 
ELSE 
DEST[63:0] := Convert_UInteger_To_Double_Precision_Floating_Point(SRC2[31:0]); 
Fl; 


DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] = 0 
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INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 
VCVTUSI2SD ___m128d _mm_cvtu32_sd(__m128d s, unsigned a); 


VCVTUSI2SD ___m128d_mm_cvtu64_sd(__m128ds, unsigned __int64 a); 
VCVTUSI2SD __m128d_mm_cvt_roundu64_sd(__m128d ss, unsigned __int64 a, int r); 


SIMD Floating-Point Exceptions 
Precision 


Other Exceptions 


See Table 2-48, “Type E3NF Class Exception Conditions” if W1, else see Table 2-59, “Type ELONF Class Exception 
Conditions”. 
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INSTRUCTION SET REFERENCE, V-Z 


VCVTUSI2SS—Convert Unsigned Integer to Scalar Single-Precision Floating-Point Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 

EVEX.LLIG.F3.0F.WO 7B /r A VIV AVX512F | Convert one signed doubleword integer from r/m32 to 

VCVTUSI2SS xmm1, xmm2, r/m32{er} one single-precision floating-point value in xmm1. 

EVEX.LLIG.F3.0F.W1 7B /r A VINE. AVX512F | Convert one signed quadword integer from r/m64 to 

VCVTUSI2SS xmm1, xmm2, r/m64{er} one single-precision floating-point value in xmm1. 
NOTES: 


1. For this specific instruction, EVEX.W in non-64 bit is ignored; the instructions behaves as if the WO version is 
used. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Converts a unsigned doubleword integer (or unsigned quadword integer if operand size is 64 bits) in the source 
operand (second operand) to a single-precision floating-point value in the destination operand (first operand). The 
source operand can be a general-purpose register or a memory location. The destination operand is an XMM 
register. The result is stored in the low doubleword of the destination operand. When a conversion is inexact, the 
value returned is rounded according to the rounding control bits in the MXCSR register or the embedded rounding 
control bits. 


The second source operand can be a general-purpose register or a 32/64-bit memory location. The first source and 
destination operands are XMM registers. Bits (127:32) of the XMM register destination are copied from corre- 
sponding bits in the first source operand. Bits (MAXVL-1:128) of the destination register are zeroed. 


EVEX.W1 version: promotes the instruction to use 64-bit input value in 64-bit mode. 


Operation 


VCVTUSI2SS (EVEX encoded version) 
IF (SRC2 *is register*) AND (EVEX.b = 1) 


THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 
Fl; 
IF 64-Bit Mode And OperandSize = 64 
THEN 
DEST[31:0] := Convert_Ulnteger_To_Single_Precision_Floating_Point(SRC[63:0)); 
ELSE 
DEST[31:0] := Convert_Ulnteger_To_Single_Precision_Floating_Point(SRC[31:0)); 
Fl; 


DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] = 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VCVTUSI2SS __m128_mm_cvtu32_ss(__m128 s, unsigned a); 

VCVTUSI2SS __m128_mm_cvt_roundu32_ss(__m128 s, unsigned a, int r); 
VCVTUSI2SS __m128_mm_cvtu64_ss(__m128s, unsigned __int64 a); 
VCVTUSI2SS __m128_mm_cvt_roundu64_ss(__m128s, unsigned __int64 a, int r); 
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INSTRUCTION SET REFERENCE, V-Z 


SIMD Floating-Point Exceptions 
Precision 


Other Exceptions 


See Table 2-48, “Type E3NF Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, V-Z 


VDBPSADBW—Double Block Packed Sum-Absolute-Differences (SAD) on Unsigned Bytes 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F3A.WO 42 /r ib A VIV AVX512VL Compute packed SAD word results of unsigned bytes in 
VDBPSADBW xmm1 {k1}{z}, xmm2, AVX512BW | dword block from xmm_2 with unsigned bytes of dword 
xmm3/m128, imm8 blocks transformed from xmm3/m128 using the shuffle 


controls in imm8. Results are written to xmm1 under the 
writemask k1. 


EVEX.256.66.0F3A.WO 42 /r ib A VV AVX512VL Compute packed SAD word results of unsigned bytes in 
VDBPSADBW ymm1 {k1}{z}, ymm2, AVX512BW | dword block from ymm2 with unsigned bytes of dword 
ymm3/m256, imm8 blocks transformed from ymm3/m256 using the shuffle 


controls in imms. Results are written to ymm1 under the 
writemask k1. 


EVEX.512.66.0F3A.WO 42 /r ib A VIV AVX512BW_ | Compute packed SAD word results of unsigned bytes in 
VDBPSADBW zmm1 {k1}{z}, zmm2, dword block from zmm2 with unsigned bytes of dword 
zmm3/m51 2, imm8 blocks transformed from zmm3/m512 using the shuffle 


controls in imm8. Results are written to zmm1 under the 
writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8 
Description 


Compute packed SAD (sum of absolute differences) word results of unsigned bytes from two 32-bit dword 
elements. Packed SAD word results are calculated in multiples of qword superblocks, producing 4 SAD word results 
in each 64-bit superblock of the destination register. 


Within each super block of packed word results, the SAD results from two 32-bit dword elements are calculated as 
follows: 


¢ The lower two word results are calculated each from the SAD operation between a sliding dword element within 
a qword superblock from an intermediate vector with a stationary dword element in the corresponding qword 
superblock of the first source operand. The intermediate vector, see “Tmp1” in Figure 5-8, is constructed from 
the second source operand the imm8 byte as shuffle control to select dword elements within a 128-bit lane of 
the second source operand. The two sliding dword elements in a qword superblock of Tmpi are located at byte 
offset 0 and 1 within the superblock, respectively. The stationary dword element in the qword superblock from 
the first source operand is located at byte offset 0. 


¢ The next two word results are calculated each from the SAD operation between a sliding dword element within 
a qword superblock from the intermediate vector Tmp1 with a second stationary dword element in the corre- 
sponding qword superblock of the first source operand. The two sliding dword elements in a qword superblock 
of Tmpi are located at byte offset 2and 3 within the superblock, respectively. The stationary dword element in 
the qword superblock from the first source operand is located at byte offset 4. 


¢ The intermediate vector is constructed in 128-bits lanes. Within each 128-bit lane, each dword element of the 
intermediate vector is selected by a two-bit field within the imm8 byte on the corresponding 128-bits of the 
second source operand. The imm§8 byte serves as dword shuffle control within each 128-bit lanes of the inter- 
mediate vector and the second source operand, similarly to PSHUFD. 


The first source operand is a ZMM/YMM/XMM register. The second source operand is a ZMM/YMM/XMM register, or 
a 512/256/128-bit memory location. The destination operand is conditionally updated based on writemask k1 at 
16-bit word granularity. 
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127+128*n 95+128*n 63+128*n 31+128*n 128*n 
128-bit Lane of Src2 Dw3 Dw2 Dw1 DWO 
OOB: DWO 
01B: DW1 
imm8 shuffle control 10B: Dw2 
11B: DW3 
7 5 3 0 
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VDBPSADBW—Double Block Packed Sum-Absolute-Differences (SAD) on Unsigned Bytes 


Figure 5-8. 64-bit Super Block of SAD Operation in VDBPSADBW 


Operation 


VDBPSADBW (EVEX encoded versions) 

(KL, VL) = (8, 128), (16, 256), (32, 512) 

Selection of quadruplets: 

FOR! =0 to VL step 128 
TMP1[I+31:1] := select (SRC2[I+127: I], imm8[1:0]) 
TMP1[I+63: I+32] := select (SRC2[I+127: I], imm8[3:2]) 
TMP1[I+95: I+64] := select (SRC2[I+127: I], imm8[5:4]) 
TMP1[I+127: |+96] := select (SRC2[I+127: I], imm8[7:6]) 

END FOR 


SAD of quadruplets: 


FOR | =0 to VL step 64 
TMP_DEST[I+15:1] := ABS(SRC1[I+7: I] - TMP1[I+7: I]) + 
ABS(SRC1[I+15: 1+8]- TMP 1[I+15: 1+8]) + 
ABS(SRC1[I+23: 1+16]- TMP1[I+23: 1+16]) + 
ABS(SRC1[I+31: 1+24]- TMP1[I+31: 1+24]) 


TMP_DEST[I+31: I+16] := ABS(SRC1[I+7: 1] - TMP1[I+15: I+8]) + 
ABS(SRC1[I+15: 1+8]- TMP1[I+23: 1+16]) + 
ABS(SRC1[I+23: 1+16]- TMP1[I+31: 1+24]) + 
ABS(SRC1[I+31: 1+24]- TMP1[I+39: I1+32]) 

TMP_DEST[I+47: I+32] := ABS(SRC1[I+39: +32] - TMP1[I+23: 1+16]) + 
ABS(SRC1[I+47: 1+40]- TMP1[I+31: 1+24]) + 
ABS(SRC1[I+55: 1+48]- TMP1[I+39: 1+32]) + 
ABS(SRC1[I+63: 1+56]- TMP 1[I+47: 1+ 40]) 


TMP_DEST[I+63: I+48] := ABS(SRC1[I+39: +32] - TMP1[I+31: 1+24]) + 
ABS(SRC1[I+47: 1+40] - TMP1[I+39: 1+32]) + 
ABS(SRC1[I+55: 1+48] - TMP1[I+47: 1+40]) + 
ABS(SRC1[I+63: 1+56] - TMP1[I+55: 1+48]) 
ENDFOR 


FOR j := OTOKL-1 
i= j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = TMP_DEST[i+15:i] 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+15:i] = O 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 
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INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VDBPSADBW 
VDBPSADBW 
VDBPSADBW 
VDBPSADBW 
VDBPSADBW 
VDBPSADBW 
VDBPSADBW 
VDBPSADBW 
VDBPSADBW 


SIMD Floating-Point Exceptions 


None 


m512i 


mm512 


m512ia,__m512ib int immé8); 


m512i 


mm512 


mask_dbsad_epu8(__m512is, 


mmask32 m,__m512i a,__m512i b int imm8); 


m512i 


mm512 


maskz_dbsad_epu8(__mmask32 m,___m512i a,__m512i b int immé8); 


m256i 


mm256 


m256i a, 


m256i 


mm256 


mask_dbsad_epu8(__m256i s, 


m256i b int imm8); 
mmask16 m, __m256i a,__m256i b int imm8); 


m256i 


mm256 


maskz_dbsad_epu8(__mmask16 m, __m256i a,___m256i b int imm8); 


m1 28i 


mm_dbsad_epu8( 


m128i a, 


m128i 


mm_mask_dbsad_epu8( 


m1 28i b int immés); 
m128i s,__mmask8 m, 


m128i a,__m128i b int imm8); 


m128i 


mm_maskz_dbsad_epu8(__mmask8 m, 


m128i a,__m128i b int imm8); 


Other Exceptions 


See Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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VDPBF16PS—Dot Product of BF16 Pairs Accumulated into Packed Single Precision 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
EVEX.128.F3.0F38.W0 52 /r A VN AVX512VL Multiply BF16 pairs from xmme2 and 
VDPBF16PS xmm1{k1}{z}, xmm_2, AVX512_BF16 xmm3/m128, and accumulate the resulting 
xmm3/m128/m32bcst packed single precision results in xmm1 with 
writemask k1. 
EVEX.256.F3.0F38.W0 52 /r A VIN AVX512VL Multiply BF16 pairs from ymm2 and 
VDPBF16PS ymm1{k1}{z}, ymm2, AVX512_BF16 ymm3/m256, and accumulate the resulting 
ymm3/m256/m32bcst packed single precision results in ymm1 with 
writemask k1. 
EVEX.512.F3.0F38.W0 52 /r A VIV AVX512F Multiply BF16 pairs from zmm2 and 
VDPBF16PS zmm1{k1}{z}, zmm2, AVX512_BF16 zmm3/m512, and accumulate the resulting 
zmm3/m512/m32bcst packed single precision results in zmm1 with 
writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction performs a SIMD dot-product of two BF16 pairs and accumulates into a packed single precision 


register. 


“Round to nearest even” rounding mode is used when doing each accumulation of the FMA. Output denormals are 
always flushed to zero and input denormals are always treated as zero. MXCSR is not consulted nor updated. 


NaN propagation priorities are described in Table 5-1. 


Table 5-1. NaN Propagation Priorities 


NaN Priority | Description Comments 
1 src1 low is NaN . 
Lower part has priority over upper part, i.e., it overrides the upper part. 

2 src2 low is NaN 

3 src1 high is NaN 

— Upper part may be overridden if lower has NaN. 
4 src2 high is NaN 
5 srcdest is NaN Dest is propagated if no NaN is encountered by srcz. 
Operation 


Define make_fp32(x): 
// The x parameter is bfloat16. Pack it in to upper 16b of a dword. The bit pattern is a legal fp32 value. Return that bit pattern. 


dword := 0 


dword[31:16] := x 


RETURN dword 


VDPBF16PS—Dot Product of BF16 Pairs Accumulated into Packed Single Precision 
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VDPBF16PS srcdest, src1, src2 
VL = (128, 256, 512) 
KL = VL/32 


origdest := srcdest 
FOR i:= 0 to KL-1: 
IF k1[ i] or *no writemask*: 


IF src2 is memory and evex.b == 1: 


t:= src2.dword[0] 
ELSE: 
= src2.dword[ i ] 


// FP32 FMA with daz in, ftz out and RNE rounding. MXCSR neither consulted nor updated. 


srcdest.fp32[ i ] += make_fp32(src1.bfloat16[2*i+1]) * make_fp32(t.bfloat[1]) 
srcdest.fp32[ i ] += make_fp32(src1.bfloat16[2*i+0]) * make_fp32(t.bfloat[0]) 


ELSE IF *zeroing*: 
srcdest.dword[ i ]:= 0 


ELSE: // merge masking, dest element unchanged 
srcdest.dword[ i ] := origdest.dword[ i ] 


srcdest[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
VDPBF16PS __m128 __mm_dpbf16_ps( 


VDPBF16PS __m128_mm_mask_dpbf16_ps( 


VDPBF16PS __m128_mm_maskz_dpbf16_ps( 


VDPBF16PS __m256 __mm256_dpbf16_ps( 


VDPBF16PS __m256 __mm256_mask_dpbf16_ps( 


m128bh, __m128bh); 
mmask8, 
mmask8, _m128,___m128bh, ___m128bh); 
m256bh, __m256bh); 


m128bh, __m128bh); 


mmask8, __m256bh, __m256bh); 


VDPBF16PS __m256 __mm256_maskz_dpbf16_ps( 


mmask8, __m256, 


VDPBF16PS __m512 _mm512_dpbf16_ps( 


VDPBF16PS __m512_mm512_mask_dpbf16_ps( 


m256bh, __m256bh); 
m512bh,___m512bh); 
mmask16,__.m512bh,___m512bh); 


VDPBF16PS __m512_mm512_maskz_dpbf16_ps( 


mmask16, 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


m512,__m512bh, __m512bh); 


See Table 2-49, “Type E4 Class Exception Conditions”. 
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VEXPANDPD—Load Sparse Packed Double-Precision Floating-Point Values from Dense Memory 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F38.W1 88 /r A VIV AVX512VL | Expand packed double-precision floating-point values 
VEXPANDPD xmm1 {k1}{Z}, AVX512F from xmm2/m128 to xmm1 using writemask k1. 
xmm2/m128 
EVEX.256.66.0F38.W1 88 /r A VIV AVX512VL | Expand packed double-precision floating-point values 
VEXPANDPD ymm1 {k1}{z}, ymm2/m256 AVX512F from ymm2/m256 to ymm1 using writemask k1. 
EVEX.512.66.0F38.W1 88 /r A VIV AVX512F Expand packed double-precision floating-point values 
VEXPANDPD zmm1 {k1}{z}, zmm2/m512 from zmm2/m512 to zmm1 using writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Expand (load) up to 8/4/2, contiguous, double-precision floating-point values of the input vector in the source 
operand (the second operand) to sparse elements in the destination operand (the first operand) selected by the 
writemask k1. 

The destination operand is a ZMM/YMM/XMM register, the source operand can be a ZMM/YMM/XMM register or a 
512/256/128-bit memory location. 

The input vector starts from the lowest element in the source operand. The writemask register k1 selects the desti- 
nation elements (a partial vector or sparse elements if less than 8 elements) to be replaced by the ascending 
elements in the input vector. Destination elements not selected by the writemask ki are either unmodified or 
zeroed, depending on EVEX.z. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Note that the compressed displacement assumes a pre-scaling (N) corresponding to the size of one single element 
instead of the size of the full vector. 


Operation 


VEXPANDPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
k:=0 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
DEST[i+63:i] := SRC[k+63:k]; 
k:=k+64 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VEXPANDPD 
VEXPANDPD 
VEXPANDPD 
VEXPANDPD 
VEXPANDPD 
VEXPANDPD 
VEXPANDPD 
VEXPANDPD 
VEXPANDPD 
VEXPANDPD 
VEXPANDPD 
VEXPANDPD 


m512d 


mm512_mask_expand_pd(__m512ds,__ mmask8 k,__m512d a); 


m512d 


mm512_maskz_expand_pd(__mmask8 k,___m512d a); 


m512d 


mm512_mask_expandloadu_pd(__m512ds, __mmask8 k, void * a); 


m512d 


mm512_maskz_expandloadu_pd(__mmask8 k, void * a); 


m256d 


mm256_mask_expand_pd(__m256ds,__ mmask8 k,___ m256d a); 


m256d 


mm256_maskz_expand_pd(__mmask8 k, __m256d a); 


m256d 


mm256_mask_expandloadu_pd(_m256d s,___ mmask8 k, void * a); 


m256d 


mm256_maskz_expandloadu_pd(__mmask8 k, void * a); 


m128d 


mm_mask_expand_pd(__m128ds,__ mmask8 k,___m128d a); 


m128d 


mm_maskz_expand_pd(__mmask8 k, __m128d a); 


m128d 


m128d 


mm_mask_expandloadu_pd(__m128d s,___mmask8 k, void * a); 
mm_maskz_expandloadu_pd(__ mmask8 k, void * a); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


See Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”; additionally: 


#UD 
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VEXPANDPS—Load Sparse Packed Single-Precision Floating-Point Values from Dense Memory 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F38.W0 88 /r A VV AVX512VL | Expand packed single-precision floating-point values 
VEXPANDPS xmm1 {k1}{z}, xmm2/m128 AVX512F from xmm2/m128 to xmm1 using writemask k1. 
EVEX.256.66.0F38.W0 88 /r A VV AVX512VL | Expand packed single-precision floating-point values 
VEXPANDPS ymm1 {k1}{z}, ynm2/m256 AVX512F from ymm2/m256 to ymm1 using writemask k1. 
EVEX.512.66.0F38.W0 88 /r A VV AVX512F Expand packed single-precision floating-point values 
VEXPANDPS zmm1 {k1}{z}, zmm2/m512 from zmm2/m512 to zmm1 using writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Expand (load) up to 16/8/4, contiguous, single-precision floating-point values of the input vector in the source 
operand (the second operand) to sparse elements of the destination operand (the first operand) selected by the 


writemask k1. 


The destination operand is a ZMM/YMM/XMM register, the source operand can be a ZMM/YMM/XMM register or a 


512/256/128-bit memory location. 


The input vector starts from the lowest element in the source operand. The writemask k1 selects the destination 
elements (a partial vector or sparse elements if less than 16 elements) to be replaced by the ascending elements 
in the input vector. Destination elements not selected by the writemask ki are either unmodified or zeroed, 


depending on EVEX.z. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 
Note that the compressed displacement assumes a pre-scaling (N) corresponding to the size of one single element 


instead of the size of the full vector. 


Operation 


VEXPANDPS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
k:=0 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
DEST[i+31:i] = SRC[k+31:k]; 
k:=k+32 
ELSE 
IF *merging-masking* 


ELSE 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
; zeroing-masking 
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Intel C/C++ Compiler Intrinsic Equivalent 


VEXPANDPS __m512 __mm512_mask_expand_ps(__m512s,__ mmask16 k,__m512 a); 
VEXPANDPS __m512_mm512_maskz_expand_ps(__mmask16 k,___m512 a); 
VEXPANDPS __m512 _mm512_mask_expandloadu_ps(__m512 s,___ mmask16 k, void * a); 
VEXPANDPS __m512 _mm512_maskz_expandloadu_ps(___mmask16 k, void * a); 
VEXPANDPD __m256 _mm256_mask_expand_ps(__m256s,__ mmask8 k,___m256 a); 
VEXPANDPD __m256 _mm256_maskz_expand_ps(__mmask8 k,___m256 a); 
VEXPANDPD __m256 _mm256_mask_expandloadu_ps(__m256 s,___ mmask8 kK, void * a); 
VEXPANDPD __m256 _mm256_maskz_expandloadu_ps(__mmask8 Kk, void * a); 
VEXPANDPD __m128 _mm_mask_expand_ps(__m128s,__ mmask8 k,___m128 a); 
VEXPANDPD __m128 _mm_maskz_expand_ps(__mmask8 k,___m128 a); 

VEXPANDPD __m128 _mm_mask_expandloadu_ps(__m128 s,___mmask8 kK, void * a); 
VEXPANDPD __m128 _mm_maskz_expandloadu_ps( ___mmask8 k, void * a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


See Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 00 /4 VERR r/m16 M Valid Valid Set ZF=1 if segment specified with r/m76 can 
be read. 
OF 00/5 VERW r/m16 M Valid Valid Set ZF=1 if segment specified with r/m16 can 
be written. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Verifies whether the code or data segment specified with the source operand is readable (VERR) or writable 
(VERW) from the current privilege level (CPL). The source operand is a 16-bit register or a memory location that 
contains the segment selector for the segment to be verified. If the segment is accessible and readable (VERR) or 
writable (VERW), the ZF flag is set; otherwise, the ZF flag is cleared. Code segments are never verified as writable. 
This check cannot be performed on system segments. 


To set the ZF flag, the following conditions must be met: 


¢ The segment selector is not NULL. 


° The selector must denote a descriptor within the bounds of the descriptor table (GDT or LDT). 


¢ The selector must denote the descriptor of a code or data segment (not that of a system segment or gate). 


¢ For the VERR instruction, the segment must be readable. 


¢ For the VERW instruction, the segment must be a writable data segment. 


e If the segment is not a conforming code segment, the segment’s DPL must be greater than or equal to (have 
less or the same privilege as) both the CPL and the segment selector's RPL. 


The validation performed is the same as is performed when a segment selector is loaded into the DS, ES, FS, or GS 
register, and the indicated access (read or write) is performed. The segment selector's value cannot result in a 
protection exception, enabling the software to anticipate possible segment access problems. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. The operand size is fixed at 16 bits. 


Operation 
IF SRC(Offset) > (GDTR(Limit) or (LDTR(Limit)) 


THEN ZF := 0; Fl; 


Read segment descriptor; 


IF SegmentDescriptor(DescriptorT ype) = O (* System segment *) 
or (SegmentDescriptor(Type) # conforming code segment) 
and (CPL > DPL) or (RPL > DPL) 


THEN 


ELSE 


IF (Instruction = VERR) and (Segment readable)) 
or ((Instruction = VERW) and (Segment writable)) 


Fl; 
Fl; 


VERR/VERW—Verify a Segment for Reading or Writing 


THEN 
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Flags Affected 
The ZF flag is set to 1 if the segment is accessible and readable (VERR) or writable (VERW); otherwise, it is set to 0. 


Protected Mode Exceptions 
The only exceptions generated for these instructions are those related to illegal addressing of the source operand. 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD The VERR and VERW instructions are not recognized in real-address mode. 
If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#UD The VERR and VERW instructions are not recognized in virtual-8086 mode. 
If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used. 
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VEXTRACTF128/VEXTRACTF32x4/VEXTRACTF64x2/VEXTRACTF32x8/VEXTRACTF64x4—Extr 
act Packed Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
VEX.256.66.0F3A.WO 19 /r ib A VIV AVX Extract 128 bits of packed floating-point values 
VEXTRACTF128 xmm1/m128, ymm2, from ymm2 and store results in xmm1/m128. 
imm8 
EVEX.256.66.0F3A.WO 19 /r ib C VIV AVX512VL | Extract 128 bits of packed single-precision floating- 
VEXTRACTF32X4 xmm1/m1 28 {k1}{z}, AVX512F point values from ymm2 and store results in 
ymm_2, imm8 xmm1/m128 subject to writemask k1. 
EVEX.512.66.0F3A.WO 19 /r ib C VIV AVX512F Extract 128 bits of packed single-precision floating- 
VEXTRACTF32x4 xmm1/m1 28 {k1}{z}, point values from zmm2 and store results in 
zmm2, imm8 xmm1/m128 subject to writemask k1. 
EVEX.256.66.0F3A.W1 19 /r ib B VIV AVX512VL | Extract 128 bits of packed double-precision 
VEXTRACTF64X2 xmm1/m128 {k1}{2}, AVX512DQ | floating-point values from ymme2 and store results 
ymm_2, imm8 in xmm1/m128 subject to writemask k1. 
EVEX.512.66.0F3A.W1 19 /r ib B VV AVX512DQ | Extract 128 bits of packed double-precision 
VEXTRACTF64X2 xmm1/m128 {k1}{z}, floating-point values from zmm2 and store results 
zmm2, imm8 in xmm1/m128 subject to writemask k1. 
EVEX.512.66.0F3A.WO 1B /r ib D VIN AVX512DQ | Extract 256 bits of packed single-precision floating- 
VEXTRACTF32X8 ymm1/m256 {k1}{Z}, point values from zmm2 and store results in 
zmm2, imm8 ymm1/m256 subject to writemask k1. 
EVEX.512.66.0F3A.W1 1B /r ib C VIV AVX512F Extract 256 bits of packed double-precision 
VEXTRACTF64x4 ymm1/m256 {k1}{z}, floating-point values from zmm2 and store results 
zmme2, imm8 in ymm1/m256 subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (w) ModRM:reg (r) Imm8s NA 
B Tuple2 ModRM:r/m (w) ModRM:reg (r) Imm8s NA 
C Tuple4 ModRM:r/m (w) ModRM:reg (r) Imm8s NA 
D Tuple8 ModRM:r/m (w) ModRM:reg (r) Imm8s NA 
Description 


VEXTRACTF128/VEXTRACTF32x4 and VEXTRACTF64x2 extract 128-bits of single-precision floating-point values 
from the source operand (the second operand) and store to the low 128-bit of the destination operand (the first 
operand). The 128-bit data extraction occurs at an 128-bit granular offset specified by imm8[0] (256-bit) or 
imm8[1:0] as the multiply factor. The destination may be either a vector register or an 128-bit memory location. 
VEXTRACTF32x4: The low 128-bit of the destination operand is updated at 32-bit granularity according to the 
writemask. 


VEXTRACTF32x8 and VEXTRACTF64x4 extract 256-bits of double-precision floating-point values from the source 
operand (second operand) and store to the low 256-bit of the destination operand (the first operand). The 256-bit 
data extraction occurs at an 256-bit granular offset specified by imm8[0] (256-bit) or imm8[0] as the multiply 
factor The destination may be either a vector register or a 256-bit memory location. 


VEXTRACTF64x4: The low 256-bit of the destination operand is updated at 64-bit granularity according to the 
writemask. 


VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 
The high 6 bits of the immediate are ignored. 


If VEXTRACTF128 is encoded with VEX.L= 0, an attempt to execute the instruction encoded with VEX.L= 0 will 
cause an #UD exception. 
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Operation 


VEXTRACTF32x4 (EVEX encoded versions) when destination is a register 
VL = 256,512 
IF VL = 256 
CASE (imm8[0]) OF 
0: TMP_DEST[127:0] := SRC1[127:0] 
1: TMP_DEST[127:0] := SRC1[255:128] 
ESAC. 
Fl; 
IF VL=512 
CASE (imm8[1:0]) OF 
00: TMP_DEST[127:0] := SRC1[127:0] 
01: TMP_DEST[127:0] := SRC1[255:128] 
10: TMP_DEST[127:0] := SRC1[383:256] 
11: TMP_DEST[127:0] := SRC1[511:384] 
ESAC. 
Fl; 
FOR j :=O0TO3 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:128] := 0 


VEXTRACTF32x4 (EVEX encoded versions) when destination is memory 
VL = 256,512 
IF VL = 256 
CASE (imm8[0]) OF 
0: TMP_DEST[127:0] := SRC1[127:0] 
1: TMP_DEST[127:0] := SRC1[255:128] 
ESAC. 
Fl; 
IF VL=512 
CASE (imm8[1:0]) OF 
00: TMP_DEST[127:0] := SRC1[127:0] 
01: TMP_DEST[127:0] := SRC1[255:128] 
10: TMP_DEST[127:0] := SRC1[383:256] 
11: TMP_DEST[127:0] := SRC1[511:384] 
ESAC. 
Fl; 


FOR j :=0TO3 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST{[i+31:i] := TMP_DEST[i+31:i] 
ELSE *DEST[i+31:i] remains unchanged* ; Merging-masking 
Fl; 
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ENDFOR 


VEXTRACTF64x2 (EVEX encoded versions) when destination is a register 
VL = 256,512 
IF VL = 256 
CASE (imm8[0]) OF 
0: TMP_DEST[127:0] := SRC1[127:0] 
1: TMP_DEST[1 27:0] := SRC1[255:128] 
ESAC. 
Fl; 
IF VL=512 
CASE (imm8[1:0]) OF 
00: TMP_DEST[1 27:0] := SRC1[127:0] 
01: TMP_DEST[127:0] := SRC1[255:128] 
10: TMP_DEST[1 27:0] := SRC1[383:256] 
11: TMP_DEST[1 27:0] := SRC1[511:384] 
ESAC. 
Fl; 


FOR j:=OTO1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:128] := 0 


VEXTRACTF64x2 (EVEX encoded versions) when destination is memory 
VL = 256, 512 
IF VL = 256 
CASE (imm8[0]) OF 
0: TMP_DEST[127:0] := SRC1[127:0] 
1: TMP_DEST[1 27:0] := SRC1[255:128] 
ESAC. 
Fl; 
IF VL=512 
CASE (imm8[1:0]) OF 
00: TMP_DEST[1 27:0] := SRC1[127:0] 
01: TMP_DEST[127:0] := SRC1[255:128] 
10: TMP_DEST[1 27:0] := SRC1[383:256] 
11: TMP_DEST[1 27:0] := SRC1[511:384] 
ESAC. 
Fl; 


FOR j :=0TO1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
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ELSE *DEST[i+63:i] remains unchanged* ; Merging-masking 
Fl; 
ENDFOR 


VEXTRACTF32x8 (EVEX.U1.512 encoded version) when destination is a register 
VL=512 
CASE (imm8[0]) OF 
0: TMP_DEST[255:0] := SRC1[255:0] 
1: TMP_DEST[255:0] := SRC1[511:256] 
ESAC. 


FOR j :=OTO7 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:256] := 0 


VEXTRACTF32x8 (EVEX.U1.512 encoded version) when destination is memory 
CASE (imm8[0]) OF 

0: TMP_DEST[255:0] := SRC1[255:0] 

1: TMP_DEST[255:0] := SRC1[511:256] 
ESAC. 


FOR j :=OTO7 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 
ELSE *DEST[i+31:i] remains unchanged* ; mMerging-masking 
Fl; 
ENDFOR 


VEXTRACTF64x4 (EVEX.512 encoded version) when destination is a register 
VL=512 
CASE (imm8[0]) OF 
0: TMP_DEST[255:0] := SRC1[255:0] 
1: TMP_DEST[255:0] := SRC1[511:256] 
ESAC. 


FOR j:=0T03 
i:=j*64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
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DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:256] := 0 


VEXTRACTF64x4 (EVEX.512 encoded version) when destination is memory 


CASE (imm8[0]) OF 
0: TMP_DEST[255:0] := SRC1[255:0] 
1: TMP_DEST[255:0] := SRC1[511:256] 
ESAC. 


FOR j:=OTO3 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE ; merging-masking 
*DEST[i+63:i] remains unchanged* 
Fl; 
ENDFOR 


VEXTRACTF128 (memory destination form) 
CASE (imm8[0]) OF 

0: DEST[127:0] := SRC1[127:0] 

1: DEST[127:0] := SRC1[255:128] 
ESAC. 


VEXTRACTF1 28 (register destination form) 
CASE (imm8[0]) OF 
0: DEST[127:0] := SRC1[127:0] 
1: DEST[127:0] := SRC1[255:128] 
ESAC. 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VEXTRACTF32x4___m128_mm512_extractf32x4_ps(__m512 a, const int nidx); 
VEXTRACTF32x4___m128_mm512_mask_extractf32x4_ps(__m128 s,___ mmask8 k, 
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m512 a, const int nidx); 


VEXTRACTF32x4___m128_mm512_maskz_extractf32x4_ps(__mmask8 k,__m512 a, const int nidx); 


VEXTRACTF32x4 ___m128_mm256_extractf32x4_ps(__m256 a, const int nidx); 


VEXTRACTF32x4___m128_mm256_mask_extractf32x4_ps(__m128 s,___ mmask8 k,___m256 a, const int nidx); 
VEXTRACTF32x4___m128_mm256_maskz_extractf32x4_ps(__mmask8 k,__m256 a, const int nidx); 


VEXTRACTF32x8 __m256_mm512_extractf32x8_ps(__m512 a, const int nidx); 
VEXTRACTF32x8 __m256 __mm512_mask_extractf32x8_ps(__m256 s,___ mmask8 k, 


m512 a, const int nidx); 


VEXTRACTF32x8 __m256 _mm512_maskz_extractf32x8_ps(__mmask8 k,__m512 a, const int nidx); 


VEXTRACTF64x2 __m128d_mm512_extractf64x2_pd(__m512d a, const int nidx); 


VEXTRACTF64x2 
VEXTRACTF64x2 
VEXTRACTF64x2 
VEXTRACTF64x2 
VEXTRACTF64x2 
VEXTRACTF64x4 
VEXTRACTF64x4 
VEXTRACTF64x4 


m128d 


mm512 


mask_extractf64x2_pd(__m128ds,__ mmask8 k,__m512d a, const int nidx); 


m128d 


mm512 


maskz_extractf64x2_pd(__mmask8 k,___m512d a, const int nidx); 


m128d 


mm256 


extractf64x2_pd(__m256d a, const int nidx); 


m128d 


mm256 


mask_extractf64x2_pd(__m128ds,__ mmask8 k,___m256d a, const int nidx); 


m128d 


mm256 


maskz_extractf64x2_pd(__mmask8 k, __m256d a, const int nidx); 


m256d 


mm512 


extractf64x4_pd(__m512d a, const int nidx); 


m256d 


mm512 


m256d 


mm512 


mask_extractf64x4_pd(__m256ds,__ mmask8 k,__m512d a, const int nidx); 
maskz_extractf64x4_pd(__mmask8 k,___m512d a, const int nidx); 


VEXTRACTF128 ___m128 _mm256_extractf128_ps (__m256 a, int offset); 
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VEXTRACTF128 ___m128d_mm256_extractf128_pd (__m256d a, int offset); 
VEXTRACTF128 __m128i_mm256_extractf128_si256(__m256i a, int offset); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
VEX-encoded instructions, see Table 2-23, “Type 6 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-54, “Type E6NF Class Exception Conditions”. 


Additionally: 
#UD IF VEX.L = 0. 
#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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VEXTRACTI1 28/VEXTRACTI32x4/VEXTRACTI64x2/VEXTRACTI32x8/VEXTRACTI64x4—Extract 


packed Integer Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
VEX.256.66.0F3A.WO 39 /r ib A VV AVX2 Extract 128 bits of integer data from ymm2 and 
VEXTRACTI128 xmm1/m128, ymm2, store results in xmm1/m1 28. 
imm8 
EVEX.256.66.0F3A.WO 39 /r ib C VV AVX512VL_ | Extract 128 bits of double-word integer values 
VEXTRACTI3Z2X4 xmm1/m128 {k1}{Z}, AVX512F from ymmz and store results in xmm1/m128 
ymm_2, imm8 subject to writemask k1. 
EVEX.512.66.0F3A.WO 39 /r ib C VV AVX512F Extract 128 bits of double-word integer values 
VEXTRACTI32x4 xmm1/m1 28 {k1}{z}, from zmm2 and store results in xmm1/m128 
zmm2, imm8 subject to writemask k1. 
EVEX.256.66.0F3A.W1 39 /r ib B VV AVX512VL_ | Extract 128 bits of quad-word integer values from 
VEXTRACTI64X2 xmm1/m128 {k1}{2}, AVX512DQ | ymm2 and store results in xmm1/m128 subject to 
ymm_2, imm8 writemask k1. 
EVEX.512.66.0F3A.W1 39 /r ib B VN AVX512DQ_ | Extract 128 bits of quad-word integer values from 
VEXTRACTI64X2 xmm1/m128 {k1}{z}, zmme2 and store results in xmm1/m128 subject to 
zmm_2, imm8 writemask k1. 
EVEX.512.66.0F3A.WO 3B /r ib D VV AVX512DQ_ | Extract 256 bits of double-word integer values 
VEXTRACTI3Z2X8 ymm1/m256 {k1}{z}, from zmm2 and store results in ymm1/m256 
zmm2, imm8 subject to writemask k1. 
EVEX.512.66.0F3A.W1 3B /r ib C VV AVX512F Extract 256 bits of quad-word integer values from 
VEXTRACTI64x4 ymm1/m256 {k1}{zZ}, zmmez and store results in ymm1/m256 subject to 
zmm_2, imm8 writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:r/m (w) ModRM:reg (r) Imm8s NA 
B Tuple2 ModRM:r/m (w) ModRM:reg (r) Imm8 NA 
C Tuple4 ModRM:r/m (w) ModRM:reg (r) Imm8s NA 
D Tuple8 ModRM:r/m (w) ModRM:reg (r) Imm8 NA 
Description 


VEXTRACTI128/VEXTRACTI32x4 and VEXTRACTI64x2 extract 128-bits of doubleword integer values from the 
source operand (the second operand) and store to the low 128-bit of the destination operand (the first operand). 
The 128-bit data extraction occurs at an 128-bit granular offset specified by imm8[0] (256-bit) or imm8[1:0] as 
the multiply factor. The destination may be either a vector register or an 128-bit memory location. 


VEXTRACTI32x4: The low 128-bit of the destination operand is updated at 32-bit granularity according to the 


writemask. 


VEXTRACTI64x2: The low 128-bit of the destination operand is updated at 64-bit granularity according to the 


writemask. 


VEXTRACTI32x8 and VEXTRACTI64x4 extract 256-bits of quadword integer values from the source operand (the 
second operand) and store to the low 256-bit of the destination operand (the first operand). The 256-bit data 
extraction occurs at an 256-bit granular offset specified by imm8[0] (256-bit) or imm8[0] as the multiply factor 
The destination may be either a vector register or a 256-bit memory location. 


VEXTRACTI32x8: The low 256-bit of the destination operand is updated at 32-bit granularity according to the 


writemask. 
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VEXTRACTI64x4: The low 256-bit of the destination operand is updated at 64-bit granularity according to the 
writemask. 


VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 
The high 7 bits (6 bits in EVEX.512) of the immediate are ignored. 


If VEXTRACTI128 is encoded with VEX.L= 0, an attempt to execute the instruction encoded with VEX.L= 0 will 
cause an #UD exception. 


Operation 


VEXTRACTI32x4 (EVEX encoded versions) when destination is a register 
VL = 256,512 
IF VL = 256 
CASE (imm8[0]) OF 
0: TMP_DEST[127:0] := SRC1[127:0] 
1: TMP_DEST[127:0] := SRC1[255:128] 
ESAC. 
Fl; 
IF VL=512 
CASE (imm8[1:0]) OF 
00: TMP_DEST[1 27:0] := SRC1[127:0] 
01: TMP_DEST[127:0] := SRC1[255:128] 
10: TMP_DEST[127:0] := SRC1[383:256] 
11: TMP_DEST[127:0] := SRC1[511:384] 
ESAC. 
Fl; 
FOR j :=0 TO 3 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:128] := 0 


VEXTRACTI32x4 (EVEX encoded versions) when destination is memory 
VL = 256,512 
IF VL = 256 
CASE (imm8[0]) OF 
0: TMP_DEST[127:0] := SRC1[127:0] 
1: TMP_DEST[127:0] := SRC1[255:128] 
ESAC. 
Fl; 
IF VL=512 
CASE (imm8[1:0]) OF 
00: TMP_DEST[1 27:0] := SRC1[127:0] 
01: TMP_DEST[127:0] := SRC1[255:128] 
10: TMP_DEST[127:0] := SRC1[383:256] 
11: TMP_DEST[127:0] := SRC1[51 1:384] 
ESAC. 
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Fl; 


FOR j :=O0TO3 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 
ELSE *DEST[i+31:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR 


VEXTRACTI64x2 (EVEX encoded versions) when destination is a register 
VL = 256,512 
IF VL = 256 
CASE (imm8[0]) OF 
0: TMP_DEST[127:0] := SRC1[127:0] 
1: TMP_DEST[1 27:0] := SRC1[255:128] 
ESAC. 
Fl; 
IF VL=512 
CASE (imm8[1:0]) OF 
00: TMP_DEST[1 27:0] := SRC1[127:0] 
01: TMP_DEST[127:0] := SRC1[255:1 28] 
10: TMP_DEST[1 27:0] := SRC1[383:256] 
11: TMP_DEST[1 27:0] := SRC1[511:384] 
ESAC. 
Fl; 


FOR j:=OTO1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:128] := 0 
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VEXTRACTI64x2 (EVEX encoded versions) when destination is memory 
VL = 256,512 
IF VL = 256 
CASE (imm8[0]) OF 
0: TMP_DEST[127:0] := SRC1[127:0] 
1: TMP_DEST[127:0] := SRC1[255:128] 
ESAC. 
Fl; 
IF VL=512 
CASE (imm8[1:0]) OF 
00: TMP_DEST[1 27:0] := SRC1[127:0] 
01: TMP_DEST[127:0] := SRC1[255:128] 
10: TMP_DEST[127:0] := SRC1[383:256] 
11: TMP_DEST[127:0] := SRC1[511:384] 
ESAC. 
Fl; 


FOR j :=0OTO1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE *DEST[i+63:i] remains unchanged* ; Merging-masking 
Fl; 
ENDFOR 


VEXTRACTI32x8 (EVEX.U1.512 encoded version) when destination is a register 
VL=512 
CASE (imm8[0]) OF 
0: TMP_DEST[255:0] := SRC1[255:0] 
1: TMP_DEST[255:0] := SRC1[511:256] 
ESAC. 


FOR j :=OTO7 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:256] := 0 
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VEXTRACTI32x8 (EVEX.U1.512 encoded version) when destination is memory 
CASE (imm8[0]) OF 

0: TMP_DEST[255:0] := SRC1[255:0] 

1: TMP_DEST[255:0] := SRC1[511:256] 
ESAC. 


FOR j:=OTO7 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 
ELSE *DEST[i+31:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR 


VEXTRACTI64x4 (EVEX.512 encoded version) when destination is a register 
VL=512 
CASE (imm8[0]) OF 
0: TMP_DEST[255:0] := SRC1[255:0] 
1: TMP_DEST[255:0] := SRC1[511:256] 
ESAC. 


FOR j:=OTO3 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:256] := 0 


VEXTRACTI64x4 (EVEX.512 encoded version) when destination is memory 
CASE (imm8[0]) OF 
0: TMP_DEST[255:0] := SRC1[255:0] 
1: TMP_DEST[255:0] := SRC1[511:256] 
ESAC. 
FOR j:=OTO3 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE *DEST[i+63:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR 
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VEXTRACTI1 28 (memory destination form) 
CASE (imm8[0]) OF 

0: DEST[127:0] := SRC1[127:0] 

1: DEST[1 27:0] := SRC1[255:128] 
ESAC. 


VEXTRACTI1 28 (register destination form) 
CASE (imm8[0]) OF 
0: DEST[127:0] := SRC1[127:0] 
1: DEST[1 27:0] := SRC1[255:128] 
ESAC. 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VEXTRACTI32x4 __m128i_mm512_extracti32x4_epi32(__m512i a, const int nidx); 

VEXTRACTI32x4 __m128i__mm512_mask_extracti32x4_epi32(__m128is,__ mmask8 k, __m512i a, const int nidx); 
VEXTRACTI32x4 __m128i_mm512_maskz_extracti32x4_epi32(__mmask8 k,__m512i a, const int nidx); 
VEXTRACTI32x4 ___m128i__mm256_extracti32x4_epi32(__m256i a, const int nidx); 

VEXTRACTI32x4 __m128i__mm256_mask_extracti32x4_epi32(__m128i s,__ mmask8 k, __m256i a, const int nidx); 
VEXTRACTI32x4 __m128i __mm256_maskz_extracti32x4_epi32(__mmask8 k, __ m256i a, const int nidx); 
VEXTRACTI32x8 __m256i_mm512_extracti32x8_epi32(__m512i a, const int nidx); 

VEXTRACTI32x8 __m256i_mm512_mask_extracti32x8_epi32(__m256is,__ mmask8 k, __m512i a, const int nidx); 
VEXTRACTI32x8 __m256i_mm512_maskz_extracti32x8_epi32(__mmask8 k,__m512i a, const int nidx); 
VEXTRACTI64x2 __m128i_mm512_extracti64x2_epi64(__m512i a, const int nidx); 

VEXTRACTI64x2 __ m128i_mm512_mask_extracti64x2_epi64(__m128i s,__ mmask8 k, __m512i a, const int nidx); 
VEXTRACTI64x2 __m128i_mm512_maskz_extracti64x2_epi64(__ mmask8 k, __m512i a, const int nidx); 
VEXTRACTI64x2 __m128i_mm256_extracti64x2_epi64(__m256i a, const int nidx); 

VEXTRACTI64x2 __m128i_mm256_mask_extracti64x2_epi64(__m128is,__ mmask8 k, __m256i a, const int nidx); 
VEXTRACTI64x2 __m128i_mm256_maskz_extracti64x2_epi64(__ mmask8 k, __ m256i a, const int nidx); 
VEXTRACTI64x4 _ m256i_mm512_extracti64x4_epi64(__m512i a, const int nidx); 

VEXTRACTI64x4 __ m256i_mm512_mask_extracti64x4_epi64(__m25Gis,__ mmask8 k, __m512i a, const int nidx); 
VEXTRACTI64x4 __m256i__mm512_maskz_extracti64x4_epi64(__ mmask8 k, __m512i a, const int nidx); 
VEXTRACTI128 __m128i_mm256_extracti128_si256(__m256i a, int offset); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
VEX-encoded instructions, see Table 2-23, “Type 6 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-54, “Type E6NF Class Exception Conditions”. 


Additionally: 
#UD IF VEX.L = 0. 
#UD If VEX.vvvv != 1111B or EVEX.vvvv != 1111B. 
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VFIXUPIMMPD—Fix Up Special Packed Float64 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.66.0F3A.W1 54 /r ib A VIV AVX512VL | Fix up special numbers in float64 vector xmm1, float64 
VFIXUPIMMPD xmm1 {k1}{z}, xmm2, AVX512F vector xmm_2 and int64 vector xmm3/m128/m64bcst 
xmm3/m128/m64bcst, imm8 and store the result in xmm1, under writemask. 
EVEX.256.66.0F3A.W1 54 /r ib A VV AVX512VL | Fix up special numbers in float64 vector ymm1, float64 
VFIXUPIMMPD ymm1 {k1}{z}, ymm2, AVX512F vector ymm_2 and int64 vector ymm3/m256/m64bcst 
ymm3/m256/m64bcst, imm8 and store the result in ymm1, under writemask. 
EVEX.512.66.0F3A.W1 54 /r ib A VV AVX512F Fix up elements of float64 vector in zmm2 using int64 
VFIXUPIMMPD zmm1 {k1}{z}, zmm2, vector table in zmm3/m512/m64bcst, combine with 
zmm3/m512/m64bcst{sae}, imm8 preserved elements from zmm1, and store the result in 

zmm1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) Imm8 
Description 


Perform fix-up of quad-word elements encoded in double-precision floating-point format in the first source operand 
(the second operand) using a 32-bit, two-level look-up table specified in the corresponding quadword element of 
the second source operand (the third operand) with exception reporting specifier imm8. The elements that are 
fixed-up are selected by mask bits of 1 specified in the opmask k1. Mask bits of 0 in the opmask k1 or table 
response action of 0000b preserves the corresponding element of the first operand. The fixed-up elements from 
the first source operand and the preserved element in the first operand are combined as the final results in the 
destination operand (the first operand). 


The destination and the first source operands are ZMM/YMM/XMM registers. The second source operand can be a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 64- 
bit memory location. 


The two-level look-up table perform a fix-up of each DP FP input data in the first source operand by decoding the 
input data encoding into 8 token types. A response table is defined for each token type that converts the input 
encoding in the first source operand with one of 16 response actions. 


This instruction is specifically intended for use in fixing up the results of arithmetic calculations involving one source 
so that they match the spec, although it is generally useful for fixing up the results of multiple-instruction 
sequences to reflect special-number inputs. For example, consider rcp(0). Input 0 to rcp, and you should get INF 
according to the DX10 spec. However, evaluating rcp via Newton-Raphson, where x=approx(1/0), yields an incor- 
rect result. To deal with this, VFIXUPIMMPD can be used after the N-R reciprocal sequence to set the result to the 
correct value (i.e. INF when the input is 0). 


If MXCSR.DAZ is not set, denormal input elements in the first source operand are considered as normal inputs and 
do not trigger any fixup nor fault reporting. 


Imm is used to set the required flags reporting. It supports #ZE and #IE fault reporting (see details below). 


MXCSR mask bits are ignored and are treated as if all mask bits are set to masked response). If any of the imm8 
bits is set and the condition met for fault reporting, MXCSR.IE or MXCSR.ZE might be updated. 


This instruction is writemasked, so only those elements with the corresponding bit set in vector mask register ki 
are computed and stored into zmm1. Elements in the destination with the corresponding bit clear in k1 retain their 
previous values or are set to 0. 
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Operation 


enum TOKEN_TYPE 

{ 
QNAN_TOKEN := 0, 
SNAN_TOKEN := 1, 
ZERO_VALUE_TOKEN := 2, 
POS_ONE_VALUE_TOKEN := 3, 
NEG_INF_TOKEN := 4, 
POS_INF_TOKEN := 5, 
NEG_VALUE_TOKEN := 6, 
POS_VALUE_TOKEN := 7 

} 


FIXUPIMM_DP (dest[63:0], src1[63:0],tbl3[63:0], imm8 [7:0]){ 
tsrc[63:0] := ((src1 [62:52] = 0) AND (MXCSR.DAZ =1)) ? 0.0 : src1[63:0] 
CASE(tsrc[63:0] of TOKEN_TYPE) { 
QNAN_TOKEN: j := 0; 
SNAN_TOKEN: j := 1; 
ZERO_VALUE_TOKEN: j := 2; 
POS_ONE_VALUE_TOKEN: j := 3; 
NEG_INF_TOKEN: j := 4; 
POS_INF_TOKEN: j := 5; 
NEG_VALUE_TOKEN: j := 6; 
POS_VALUE_TOKEN: j := 7; 

} ; end source special CASE(tsrc...) 


; The required response from src3 table is extracted 
token_response[3:0] = tbl3[3+4*j:4*j]; 


CASE(token_response[3:0)) { 
0000: dest[63:0] := dest[63:0]; ; preserve content of DEST 
0001: dest[63:0] := tsrc[63:0); ; pass through src1 normal input value, denormal as zero 
0010: dest[63:0] := QNaN(tsrc[63:0)); 
0011: dest[63:0] := QNAN_Indefinite; 
0100: dest[63:0] := -INF; 
0101: dest[63:0] := +INF; 
0110: dest[63:0] := tsrc.sign? -INF : +INF; 
0111: dest[63:0] := -0; 
1000: dest[63:0] := +0; 
1001: dest[63:0] := -1; 
1010: dest[63:0] := +1; 
1011: dest[63:0] := %; 
1100: dest[63:0] := 90.0; 
1101: dest[63:0] := Pl/2; 
1110: dest[63:0] := MAX_FLOAT; 
1111: dest[63:0] := -MAX_FLOAT; 
} ; end of token_response CASE 
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; The required fault reporting from immé8 is extracted 
; TOKENs are mutually exclusive and TOKENs priority defines the order. 
; Multiple faults related to a single token can occur simultaneously. 
IF (tsrc[63:0] of TOKEN_TYPE: ZERO_VALUE_TOKEN) AND imm8[0] then set #ZE; 
IF (tsrc[63:0] of TOKEN_TYPE: ZERO_VALUE_TOKEN) AND imm8[1] then set #IE; 
IF (tsrc[63:0] of TOKEN_TYPE: ONE_VALUE_TOKEN) AND imm8[2] then set #ZE; 
IF (tsrc[63:0] of TOKEN_TYPE: ONE_VALUE_TOKEN) AND imm8[3] then set #IE; 
IF (tsrc[63:0] of TOKEN_TYPE: SNAN_TOKEN) AND imm8[4] then set #IE; 
IF (tsrc[63:0] of TOKEN_TYPE: NEG_INF_TOKEN) AND imm8[5] then set #IE; 
IF (tsrc[63:0] of TOKEN_TYPE: NEG_VALUE_TOKEN) AND imm8[6] then set #IE; 
IF (tsrc[63:0] of TOKEN_TYPE: POS_INF_TOKEN) AND imm8[7] then set #IE; 
; end fault reporting 

return dest[63:0]; 

} ;end of FIXUPIMM_DP() 


ee ee ee ee 


VFIXUPIMMPD 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j:= O TOKL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN 
DEST[i+63:i] := FIXUPIMM_DP(DEST[i+63:i], SRC1[i+63:i], SRC2[63:0], imm8 [7:0]) 
ELSE 
DEST[i+63:i] := FIXUPIMM_DP(DEST[i+63:i], SRC1 [i+63:i], SRC2[i+63:i], imm8 [7:0]) 
Fl; 
ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE DEST[i+63:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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Immediate Control Description: 


|7| 6] 5 4] 3] 2 1/0 
+INF> #IE 
- VE > #IE 

- INF> #IE 
SNaN> #IE 
ONE > #IE 
ONE > #ZE 
ZERO > #15 
ZERO >  —f2E 


Figure 5-9. VFIXUPIMMPD Immediate Control Description 


Intel C/C++ Compiler Intrinsic Equivalent 


VFIXUPIMMPD __m512d_mm512_fixupimm_pd(__m512d a, ___m512i tbl, int imm); 

VFIXUPIMMPD __m512d_mm512_mask_fixupimm_pd(__m512d s,___mmask8 k,__m512da,__m512i tbl, int imm); 
VFIXUPIMMPD __m512d_mm512_maskz_fixupimm_pd(__mmask8 k,__m512da,__m512i tbl, int imm); 
VFIXUPIMMPD __m512d_mm512_fixupimm_round_pd(__m512da,__m512i tbl, int imm, int sae); 

VFIXUPIMMPD __m512d_mm512_mask_fixupimm_round_pd(__m512ds,__ mmask8 k,__m512d a,__m512z tbl, int imm, int sae); 
VFIXUPIMMPD __m512d_mm512_maskz_fixupimm_round_pd(__mmask8 k,__m512d a,__m512i tbl, int imm, int sae); 
VFIXUPIMMPD __m256d_mm256_fixupimm_pd(__m256d a, m256d b,___ m256i c, int imm8); 

VFIXUPIMMPD __m256d__mm256_mask_fixupimm_pd(__m256d a,__mmask8 k,__m256d b,__ m256i c, int imm8); 
VFIXUPIMMPD __m256d __mm256_maskz_fixupimm_pd(__mmask8 k,__m256d a,__m256d b,___m256i c, int imm8); 
VFIXUPIMMPD __m128d _mm_fixupimm_pd(__m128d a,__m128d b,__m128ic, int imm8); 

VFIXUPIMMPD __m128d __mm_mask_fixupimm_pd(__m128d a, ___mmask8 k,__m128d b, __m128i_c, int imm8); 
VFIXUPIMMPD __m128d __mm_maskz_fixupimm_pd(__mmask8 k,___m128d a,__m128db, 128ic, int imm8); 


SIMD Floating-Point Exceptions 


Zero, Invalid 


Other Exceptions 
See Table 2-46, “Type E2 Class Exception Conditions”. 
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VFIXUPIMMPS—Fix Up Special Packed Float32 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.66.0F3A.WO 54 /r A VIV AVX512VL | Fix up special numbers in float32 vector xmm1, float32 
VFIXUPIMMPS xmm1 {k1}{z}, xmm2, AVX512F vector xmm_2 and int32 vector xmm3/m128/m32bcst 
xmm3/m128/m32bcst, imm8 and store the result in xmm1, under writemask. 
EVEX.256.66.0F3A.WO 54 /r A VIV AVX512VL | Fix up special numbers in float32 vector ymm1, float32 
VFIXUPIMMPS ymm1 {k1}{z}, ymm2, AVX512F vector ymm_2 and int32 vector ymm3/m256/m32bcst 
ymm3/m256/m32bcst, imm8 and store the result in ymm1, under writemask. 
EVEX.512.66.0F3A.WO 54 /r ib A VIV AVX512F Fix up elements of float32 vector in zmm2 using int32 
VFIXUPIMMPS zmm1 {k1}{z}, zmm2, vector table in zmm3/m512/m32bcst, combine with 
zmm3/m51 2/m32bcst{sae}, imm8 preserved elements from zmm1, and store the result in 

zmm1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
Description 


Perform fix-up of doubleword elements encoded in single-precision floating-point format in the first source operand 
(the second operand) using a 32-bit, two-level look-up table specified in the corresponding doubleword element of 
the second source operand (the third operand) with exception reporting specifier imm8. The elements that are 
fixed-up are selected by mask bits of 1 specified in the opmask k1. Mask bits of 0 in the opmask k1 or table 
response action of 0000b preserves the corresponding element of the first operand. The fixed-up elements from 
the first source operand and the preserved element in the first operand are combined as the final results in the 
destination operand (the first operand). 


The destination and the first source operands are ZMM/YMM/XMM registers. The second source operand can be a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 64- 
bit memory location. 


The two-level look-up table perform a fix-up of each SP FP input data in the first source operand by decoding the 
input data encoding into 8 token types. A response table is defined for each token type that converts the input 
encoding in the first source operand with one of 16 response actions. 


This instruction is specifically intended for use in fixing up the results of arithmetic calculations involving one source 
so that they match the spec, although it is generally useful for fixing up the results of multiple-instruction 
sequences to reflect special-number inputs. For example, consider rcp(0). Input 0 to rcp, and you should get INF 
according to the DX10 spec. However, evaluating rcp via Newton-Raphson, where x=approx(1/0), yields an incor- 
rect result. To deal with this, VFIXUPIMMPS can be used after the N-R reciprocal sequence to set the result to the 
correct value (i.e. INF when the input is 0). 


If MXCSR.DAZ is not set, denormal input elements in the first source operand are considered as normal inputs and 
do not trigger any fixup nor fault reporting. 


Imm8 is used to set the required flags reporting. It supports #ZE and #IE fault reporting (see details below). 
MXCSR.DAZ is used and refer to zmm2 only (i.e. zmm1 is not considered as zero in case MXCSR.DAZ is set). 


MXCSR mask bits are ignored and are treated as if all mask bits are set to masked response). If any of the imm8& 
bits is set and the condition met for fault reporting, MXCSR.IE or MXCSR.ZE might be updated. 
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Operation 


enum TOKEN_TYPE 

{ 
QNAN_TOKEN := 0, 
SNAN_TOKEN := 1, 
ZERO_VALUE_TOKEN := 2, 
POS_ONE_VALUE_TOKEN := 3, 
NEG_INF_TOKEN := 4, 
POS_INF_TOKEN := 5, 
NEG_VALUE_TOKEN := 6, 
POS_VALUE_TOKEN := 7 

} 


FIXUPIMM_SP ( dest[31:0], src1[31:0],tbI3[3 1:0], imms [7:0])f{ 
tsrc[31:0] := ((src1[30:23] = 0) AND (MXCSR.DAZ =1)) ? 0.0 : src1[31:0] 
CASE(tsrc[31:0] of TOKEN_TYPE) { 
QNAN_TOKEN: j := 0; 
SNAN_TOKEN: j := 1; 
ZERO_VALUE_TOKEN: j := 2; 
POS_ONE_VALUE_TOKEN: j := 3; 
NEG_INF_TOKEN: j := 4; 
POS_INF_TOKEN: j := 5; 
NEG_VALUE_TOKEN: j := 6; 
POS_VALUE_TOKEN: j := 7; 

} ; end source special CASE(tsrc...) 


; The required response from src3 table is extracted 
token_response[3:0] = tbl3[3+4*j:4*j]; 


CASE(token_response[3:0)) { 
0000: dest[31:0] := dest[31:0]; ; preserve content of DEST 
0001: dest[31:0] := tsrc[31:0]; ; pass through src1 normal input value, denormal as zero 
0010: dest[31:0] := QNaN(tsrc[3 1:0); 
0011: dest[31:0] := QNAN_Indefinite; 
0100: dest[31:0] := -INF; 
0101: dest[31:0] := +INF; 
0110: dest[31:0] := tsrc.sign? -INF : +INF; 
0111: dest[31:0] := -0; 
1000: dest[31:0] := +0; 
1001: dest[31:0] := -1; 
1010: dest[31:0] := +1; 
1011: dest[31:0] := % 
1100: dest[31:0] := 90.0; 
1101: dest[31:0] := Pl/2; 
1110: dest[31:0] := MAX_FLOAT; 
1111: dest[3 1:0] := -MAX_FLOAT; 
} ; end of token_response CASE 
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; The required fault reporting from immé8 is extracted 
; TOKENs are mutually exclusive and TOKENs priority defines the order. 
; Multiple faults related to a single token can occur simultaneously. 
IF (tsrc[31:0] of TOKEN_TYPE: ZERO_VALUE_TOKEN) AND imm8[0] then set #ZE; 
IF (tsrc[31:0] of TOKEN_TYPE: ZERO_VALUE_TOKEN) AND imm8[1] then set #IE; 
IF (tsrc[31:0] of TOKEN_TYPE: ONE_VALUE_TOKEN) AND imm8[2] then set #ZE; 
IF (tsrc[31:0] of TOKEN_TYPE: ONE_VALUE_TOKEN) AND imm8[3] then set #IE; 
IF (tsrc[31:0] of TOKEN_TYPE: SNAN_TOKEN) AND imm8[4] then set #IE; 
IF (tsrc[31:0] of TOKEN_TYPE: NEG_INF_TOKEN) AND imm8[5] then set #IE; 
IF (tsrc[31:0] of TOKEN_TYPE: NEG_VALUE_TOKEN) AND imm8[6] then set #IE; 
IF (tsrc[31:0] of TOKEN_TYPE: POS_INF_TOKEN) AND imm8[7] then set #IE; 
; end fault reporting 

return dest[3 1:0]; 

} ; end of FIXUPIMM_SP() 


VFIXUPIMMPS (EVEX) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN 
DEST[i+31:i] := FIXUPIMM_SP(DEST[i+31:i], SRC1[i+3 1:1], SRC2[31:0], imm8 [7:0]) 
ELSE 
DEST[i+31:i] := FIXUPIMM_SP(DEST[i+3 1:1], SRC1[i+31:i], SRC2[i+31:i], imm8 [7:0]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE DEST[i+31:i] := 0 ; zeroing-masking 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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Immediate Control Description: 


+ INF > #1IE 
= VED #1IE 


SNaN > #1IE 


- INF > #1IE 


ONE > #1E 


ONE > #ZE 


ZERO > eT Ey 


ZERO > #ZE 


7] 6] 5 4) 3] 2] 1] 0 


Figure 5-10. VFIXUPIMMPS Immediate Control Description 


Intel C/C++ Compiler Intrinsic Equivalent 


VFIXUPIMMPS 


m512 


mm512_fixupimm_ps(__m512 a,__m512i tbl, int imm); 


VFIXUPIMMPS 


m512 


mm512_mask_fixupimm_ps(__m512 s, 


VFIXUPIMMPS 


m512 


mmask16 k,__m512 a,__m512i tbl, int imm); 


VFIXUPIMMPS 


m512 


mm512_maskz_fixupimm_ps( 


mmask16 k,__m512 a,__m512i tbl, int imm); 


mm512_fixupimm_round_ps(__m512 a,__m512i tbl, int imm, int sae); 


VFIXUPIMMPS 


m512 


mm512_mask_fixupimm_round_ps(__m512 s,__mmask16 k,__m512 a,__m512i tbl, int imm, int sae); 


VFIXUPIMMPS 


m512 


mm512_maskz_fixupimm_round_ps(_mmask16 k, 


m512 a,__m512i tbl, int imm, int sae); 


VFIXUPIMMPS 


m256 


mm256_fixupimm_ps(__m256 a, 


VFIXUPIMMPS 


m256 


m256 b,___m256i c, int imm8); 


mm256_mask_fixupimm_ps(__m256 a,___ mmask8 k,__m256 b,___ m256i, int imm8); 


VFIXUPIMMPS 


m256 


mm256_maskz_fixupimm_ps( 


mmask8 k,__m256 a,__m256b, _ m256i c, int imm8); 


VFIXUPIMMPS 


_mi128 


_mm_fixupimm_ps(__m128 a,__m128 b, 128i, int imms); 


VFIXUPIMMPS __m128 _mm_mask_fixupimm_ps(__m128 a, ___mmask8 k,__m128 b,___m128i_c, int imm8); 


VFIXUPIMMPS __m128 __mm_maskz_fixupimm_ps(__mmask8 k, 


SIMD Floating-Point Exceptions 


Zero, Invalid 


Other Exceptions 
See Table 2-46, “Type E2 Class Exception Conditions”. 
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VFIXUPIMMSD—Fix Up Special Scalar Float64 Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.LLIG.66.0F3A.W1 55 /r ib A VIV AVX512F Fix up a float64 number in the low quadword element of 
VFIXUPIMMSD xmm1 {k1}{Z}, xmm_2 using scalar int32 table in xmm3/m64 and store the 
xmm2, xmm3/m64{sae}, imm8 result in xmm1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
Description 


Perform a fix-up of the low quadword element encoded in double-precision floating-point format in the first source 
operand (the second operand) using a 32-bit, two-level look-up table specified in the low quadword element of the 
second source operand (the third operand) with exception reporting specifier imm8. The element that is fixed-up 
is selected by mask bit of 1 specified in the opmask ki. Mask bit of 0 in the opmask ki or table response action of 
0000b preserves the corresponding element of the first operand. The fixed-up element from the first source 
operand or the preserved element in the first operand becomes the low quadword element of the destination 
operand (the first operand). Bits 127:64 of the destination operand is copied from the corresponding bits of the 
first source operand. The destination and first source operands are XMM registers. The second source operand can 
be a XMM register or a 64- bit memory location. 

The two-level look-up table perform a fix-up of each DP FP input data in the first source operand by decoding the 
input data encoding into 8 token types. A response table is defined for each token type that converts the input 
encoding in the first source operand with one of 16 response actions. 

This instruction is specifically intended for use in fixing up the results of arithmetic calculations involving one source 
so that they match the spec, although it is generally useful for fixing up the results of multiple-instruction 
sequences to reflect special-number inputs. For example, consider rcp(0). Input 0 to rcp, and you should get INF 
according to the DX10 spec. However, evaluating rcp via Newton-Raphson, where x=approx(1/0), yields an incor- 
rect result. To deal with this, VFIXUPIMMPD can be used after the N-R reciprocal sequence to set the result to the 
correct value (i.e. INF when the input is 0). 

If MXCSR.DAZ is not set, denormal input elements in the first source operand are considered as normal inputs and 
do not trigger any fixup nor fault reporting. 


Imm8 is used to set the required flags reporting. It supports #ZE and #IE fault reporting (see details below). 
MXCSR.DAZ is used and refer to zmm2 only (i.e. zmm1 is not considered as zero in case MXCSR.DAZ is set). 


MXCSR mask bits are ignored and are treated as if all mask bits are set to masked response). If any of the imm8& 
bits is set and the condition met for fault reporting, MXCSR.IE or MXCSR.ZE might be updated. 


Operation 

enum TOKEN_TYPE 

{ 
QNAN_TOKEN := 0, 
SNAN_TOKEN := 1, 
ZERO_VALUE_TOKEN := 2, 
POS_ONE_VALUE_TOKEN := 3, 
NEG_INF_TOKEN := 4, 
POS_INF_TOKEN := 5, 
NEG_VALUE_TOKEN := 6, 
POS_VALUE_TOKEN := 7 
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FIXUPIMM_DP (dest[63:0], src1[63:0],tbl3[63:0], imm8 [7:0]){ 
tsrc[63:0] := ((src1 [62:52] = 0) AND (MXCSR.DAZ =1)) ? 0.0 : src1[63:0] 
CASE(tsrc[63:0] of TOKEN_TYPE) { 
QNAN_TOKEN: j := 0; 
SNAN_TOKEN: j := 1; 
ZERO_VALUE_TOKEN: j := 2; 
POS_ONE_VALUE_TOKEN: j := 3; 
NEG_INF_TOKEN: j := 4; 
POS_INF_TOKEN: j := 5; 
NEG_VALUE_TOKEN: j := 6; 
POS_VALUE_TOKEN: j := 7; 

} ; end source special CASE(tsrc...) 


; The required response from src3 table is extracted 
token_response[3:0] = tbl3[3+4*j:4*j]; 


CASE(token_response[3:0)) { 
0000: dest[63:0] := dest[63:0] ; preserve content of DEST 
0001: dest[63:0] := tsrc[63:0); ; pass through src1 normal input value, denormal as zero 
0010: dest[63:0] := QNaN(tsrc[63:0)); 
0011: dest[63:0] := QNAN_Indefinite; 
0100:dest[63:0] := -INF; 
0101: dest[63:0] := +INF; 
0110: dest[63:0] := tsrc.sign? -INF : +INF; 
0111: dest[63:0] := -0; 
1000: dest[63:0] := +0; 
1001: dest[63:0] := -1; 
1010: dest[63:0] := +1; 
1011: dest[63:0] := %; 
1100: dest[63:0] := 90.0; 
1101: dest[63:0] := Pl/2; 
1110: dest[63:0] := MAX_FLOAT; 
1111: dest[63:0] := -MAX_FLOAT; 
} ; end of token_response CASE 


; The required fault reporting from imm8 is extracted 
; TOKENs are mutually exclusive and TOKENs priority defines the order. 
; Multiple faults related to a single token can occur simultaneously. 
IF (tsrc[63:0] of TOKEN_TYPE: ZERO_VALUE_TOKEN) AND imm8[0] then set #ZE; 
IF (tsrc[63:0] of TOKEN_TYPE: ZERO_VALUE_TOKEN) AND imm8[1] then set #IE; 
IF (tsrc[63:0] of TOKEN_TYPE: ONE_VALUE_TOKEN) AND imm8[2] then set #ZE; 
IF (tsrc[63:0] of TOKEN_TYPE: ONE_VALUE_TOKEN) AND imm8{[3] then set #lE; 
IF (tsrc[63:0] of TOKEN_TYPE: SNAN_TOKEN) AND imm8[4] then set #IE; 
IF (tsrc[63:0] of TOKEN_TYPE: NEG_INF_TOKEN) AND imm8[5] then set #IE; 
IF (tsrc[63:0] of TOKEN_TYPE: NEG_VALUE_TOKEN) AND imm8[6] then set #IE; 
IF (tsrc[63:0] of TOKEN_TYPE: POS_INF_TOKEN) AND imm8[7] then set #IE; 
; end fault reporting 

return dest[63:0]; 

} ; end of FIXUPIMM_DP() 
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VFIXUPIMMSD (EVEX encoded version) 
IF k1[0] OR *no writemask* 
THEN DEST[63:0] := FIXUPIMM_DP(DEST[63:0], SRC1[63:0], SRC2[63:0], imm8 [7:0]) 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE DEST[63:0] := 0 ; zeroing-masking 
Fl 
Fl; 
DEST[1 27:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


Immediate Control Description: 


+INF> #IE 
- VE > #IE 
- INF> #IE 
SNaN> #IE 
ONE > #IE 
ONE > #2ZE 
ZERO > #18 
ZEROD #2ZE 


Figure 5-11. VFIXUPIMMSD Immediate Control Description 


Intel C/C++ Compiler Intrinsic Equivalent 


VFIXUPIMMSD __m128d _mm_fixupimm_sd(__m128d a, __m128i tbl, int imm); 

VFIXUPIMMSD __m128d __mm_mask_fixupimm_sd(__m128d s,__ mmask8 k,__m128d a, ___m128i tbl, int imm); 
VFIXUPIMMSD __m128d __mm_maskz_fixupimm_sd(__mmask8 k,__m128d a, __m128i tbl, int imm); 

VFIXUPIMMSD __m128d __mm_fixupimm_round_sd(__m128d a, __m128i tbl, int imm, int sae); 

VFIXUPIMMSD __m128d __mm_mask_fixupimm_round_sd(__m128d s,__mmask8 k,__m128d a, __m128i tbl, int imm, int sae); 
VFIXUPIMMSD __m128d __mm_maskz_fixupimm_round_sd(__mmask8 k,__m128d a, ___m128i tbl, int imm, int sae); 


SIMD Floating-Point Exceptions 


Zero, Invalid 


Other Exceptions 
See Table 2-47, “Type E3 Class Exception Conditions”. 
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VFIXUPIMMSS—Fix Up Special Scalar Float32 Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.LLIG.66.0F3A.WO 55 /r ib A VIV AVX512F | Fix upa float32 number in the low doubleword element 
VFIXUPIMMSS xmm1 {k1}{z}, xmm2, in xmm_z using scalar int32 table in xmm3/m32 and store 
xmm3/m32{sae}, imm8 the result in xmm1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) Imms 
Description 


Perform a fix-up of the low doubleword element encoded in single-precision floating-point format in the first source 
operand (the second operand) using a 32-bit, two-level look-up table specified in the low doubleword element of 
the second source operand (the third operand) with exception reporting specifier imm8. The element that is fixed- 
up is selected by mask bit of 1 specified in the opmask k1. Mask bit of 0 in the opmask ki or table response action 
of 0000b preserves the corresponding element of the first operand. The fixed-up element from the first source 
operand or the preserved element in the first operand becomes the low doubleword element of the destination 
operand (the first operand) Bits 127:32 of the destination operand is copied from the corresponding bits of the first 
source operand. The destination and first source operands are XMM registers. The second source operand can be a 
XMM register or a 32-bit memory location. 

The two-level look-up table perform a fix-up of each SP FP input data in the first source operand by decoding the 
input data encoding into 8 token types. A response table is defined for each token type that converts the input 
encoding in the first source operand with one of 16 response actions. 

This instruction is specifically intended for use in fixing up the results of arithmetic calculations involving one source 
so that they match the spec, although it is generally useful for fixing up the results of multiple-instruction 
sequences to reflect special-number inputs. For example, consider rcp(0). Input 0 to rcp, and you should get INF 
according to the DX10 spec. However, evaluating rcp via Newton-Raphson, where x=approx(1/0), yields an incor- 
rect result. To deal with this, VFIXUPIMMPD can be used after the N-R reciprocal sequence to set the result to the 
correct value (i.e. INF when the input is 0). 

If MXCSR.DAZ is not set, denormal input elements in the first source operand are considered as normal inputs and 
do not trigger any fixup nor fault reporting. 


Imm8 is used to set the required flags reporting. It supports #ZE and #IE fault reporting (see details below). 
MXCSR.DAZ is used and refer to zmm2 only (i.e. zmm1 is not considered as zero in case MXCSR.DAZ is set). 


MXCSR mask bits are ignored and are treated as if all mask bits are set to masked response). If any of the imm8 
bits is set and the condition met for fault reporting, MXCSR.IE or MXCSR.ZE might be updated. 


Operation 

enum TOKEN_TYPE 

{ 
QNAN_TOKEN := 0, 
SNAN_TOKEN := 1, 
ZERO_VALUE_TOKEN := 2, 
POS_ONE_VALUE_TOKEN := 3, 
NEG_INF_TOKEN := 4, 
POS_INF_TOKEN := 5, 
NEG_VALUE_TOKEN := 6, 
POS_VALUE_TOKEN := 7 
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FIXUPIMM_SP (dest[3 1:0], src1[31:0],tbI3[31:0], imm8 [7:0])f{ 
tsrc[31:0] := ((src1[30:23] = 0) AND (MXCSR.DAZ =1)) ? 0.0 : src1[31:0] 
CASE(tsrc[63:0] of TOKEN_TYPE) { 
QNAN_TOKEN: j := 0; 
SNAN_TOKEN: j := 1; 
ZERO_VALUE_TOKEN: j := 2; 
POS_ONE_VALUE_TOKEN: j := 3; 
NEG_INF_TOKEN: j := 4; 
POS_INF_TOKEN: j := 5; 
NEG_VALUE_TOKEN: j := 6; 
POS_VALUE_TOKEN: j := 7; 

} ; end source special CASE(tsrc...) 


; The required response from src3 table is extracted 
token_response[3:0] = tbl3[3+4*j:4*j]; 


CASE(token_response[3:0)) { 
0000: dest[31:0] := dest[31:0]; ; preserve content of DEST 
0001: dest[31:0] := tsrc[31:0]; ; pass through src1 normal input value, denormal as zero 
0010: dest[31:0] := QNaN(tsrc[3 1:0); 
0011: dest[31:0] := QNAN_Indefinite; 
0100: dest[31:0] := -INF; 
0101: dest[31:0] := +INF; 
0110: dest[31:0] := tsrc.sign? -INF : +INF; 
0111: dest[31:0] := -0; 
1000: dest[31:0] := +0; 
1001: dest[31:0] := -1; 
1010: dest[31:0] := +1; 
1011: dest[31:0] := % 
1100: dest[31:0] := 90.0; 
1101: dest[31:0] := Pl/2; 
1110: dest[31:0] := MAX_FLOAT; 
1111: dest[31:0] := -MAX_FLOAT; 
} ; end of token_response CASE 


; The required fault reporting from immé8 is extracted 
; TOKENs are mutually exclusive and TOKENs priority defines the order. 
; Multiple faults related to a single token can occur simultaneously. 
IF (tsrc[31:0] of TOKEN_TYPE: ZERO_VALUE_TOKEN) AND imm8[0] then set #ZE; 
IF (tsrc[31:0] of TOKEN_TYPE: ZERO_VALUE_TOKEN) AND imm8[1] then set #IE; 
IF (tsrc[31:0] of TOKEN_TYPE: ONE_VALUE_TOKEN) AND imm8[2] then set #ZE; 
IF (tsrc[31:0] of TOKEN_TYPE: ONE_VALUE_TOKEN) AND imm8[3] then set #IE; 
IF (tsrc[31:0] of TOKEN_TYPE: SNAN_TOKEN) AND imm8[4] then set #IE; 
IF (tsrc[31:0] of TOKEN_TYPE: NEG_INF_TOKEN) AND imm8[5] then set #IE; 
IF (tsrc[31:0] of TOKEN_TYPE: NEG_VALUE_TOKEN) AND imm8[6] then set #IE; 
IF (tsrc[31:0] of TOKEN_TYPE: POS_INF_TOKEN) AND imm8[7] then set #IE; 
; end fault reporting 

return dest[3 1:0]; 

} ; end of FIXUPIMM_SP() 


VFIXUPIMMSS—Fix Up Special Scalar Float32 Value Vol.2C 5-123 


INSTRUCTION SET REFERENCE, V-Z 


VFIXUPIMMSS (EVEX encoded version) 
IF k1[0] OR *no writemask* 


THEN DEST[31:0] := FIXUPIMM_SP(DEST[31:0], SRC1[31:0], SRC2[31:0], imm8 [7:0]) 


ELSE 
IF *merging-masking* 


THEN *DEST[31:0] remains unchanged* 


ELSE DEST[31:0] := 0 
Fl 
Fl; 
DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


Immediate Control Description: 


; merging-masking 


; zeroing-masking 


+ INF > 
- VE > 
- INF > 
SNaN > 
ONE > 
ONE > 
ZERO > 
ZERO > 


#1E 
#1E 
#1IE 
#1IE 
#1E 
#ZE 
#1E 
#ZE 


Figure 5-12. VFIXUPIMMSS Immediate Control Description 


Intel C/C++ Compiler Intrinsic Equivalent 


VFIXUPIMMSS __m128 _mm_fixupimm_ss(__m128 a, 


m1 28i tbl, int imm); 


VFIXUPIMMSS __m128 _mm_mask_fixupimm_ss(__m128 s,__ mmask8 k,__m128 a, __m128i tbl, int imm); 


VFIXUPIMMSS __m128 __mm_maskz_fixupimm_ss( __mmask8 k, 


m128 a, __m128i tbl, int imm); 


VFIXUPIMMSS __m128 _mm_fixupimm_round_ss(__m128 a, __m128i tbl, int imm, int sae); 


VFIXUPIMMSS __m128 _mm_mask_fixupimm_round_ss(__m128 s, 
VFIXUPIMMSS __m128 _mm_maskz_fixupimm_round_ss(__mmask8 k, 


SIMD Floating-Point Exceptions 


Zero, Invalid 


Other Exceptions 


mmask8 k,__m128 a,__m128i tbl, int imm, int sae); 
m128 a,__m128i tbl, int imm, int sae); 


See Table 2-47, “Type E3 Class Exception Conditions”. 
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VFMADD132PD/VFMADD213PD/VFMADD231PD—Fused Multiply-Add of Packed Double- 
Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
VEX.128.66.0F38.W1 98 /r A VIV FMA Multiply packed double-precision floating-point 
VFMADD132PD xmm1, xmme2, values from xmm1 and xmm3/mem, add to xmm2 
xmm3/m128 and put result in xmm1. 
VEX.128.66.0F38.W1 A8 /r A VIV FMA Multiply packed double-precision floating-point 
VFMADD213PD xmm1, xmm2, values from xmm1 and xmme2, add to xmm3/mem 
xmm3/m128 and put result in xmm1. 
VEX.128.66.0F38.W1 B8 /r A VIV FMA Multiply packed double-precision floating-point 
VFMADD231PD xmm1, xmme2, values from xmm2 and xmm3/mem, add to xmm1 
xmm3/m128 and put result in xmm1. 
VEX.256.66.0F38.W1 98 /r A VIV FMA Multiply packed double-precision floating-point 
VFMADD132PD ymm1, ymm2, values from ymm1 and ymm3/mem, add to ymm2 
ymm3/m256 and put result in ymm1. 
VEX.256.66.0F38.W1 A8 /r A VIV FMA Multiply packed double-precision floating-point 
VFMADD213PD ymm1, ymm2, values from ymm1 and ymm2, add to ymm3/mem 
ymm3/m256 and put result in ymm1. 
VEX.256.66.0F38.W1 B8 /r A VIV FMA Multiply packed double-precision floating-point 
VFMADD231PD ymm1, ymm2, values from ymm2 and ymm3/mem, add to ymm1 
ymm3/m256 and put result in ymm1. 
EVEX.128.66.0F38.W1 98 /r B VIV AVX512VL | Multiply packed double-precision floating-point 
VFMADD132PD xmm1 {k1}{z}, xmm2, AVX512F values from xmm1 and xmm3/m128/m64bcst, add 
xmm3/m128/m64bcst to xmm2 and put result in xmm1. 
EVEX.128.66.0F38.W1 A8 /r B VIV AVX512VL | Multiply packed double-precision floating-point 
VFMADD213PD xmm1 {k1}{z}, xmm2, AVX512F values from xmm1 and xmm2, add to 
xmm3/m128/m64bcst xmm3/m128/m64bcst and put result in xmm1. 
EVEX.128.66.0F38.W1 B8 /r B VIV AVX512VL | Multiply packed double-precision floating-point 
VFMADD231PD xmm1 {k1}{z}, xmm_2, AVX512F values from xmm2 and xmm3/m128/m64bcst, add 
xmm3/m128/m64bcst to xmm1 and put result in xmm1. 
EVEX.256.66.0F38.W1 98 /r B VIV AVX512VL | Multiply packed double-precision floating-point 
VFMADD132PD ymm1 {k1}{z}, ymm2, AVX512F values from ymm1 and ymm3/m256/m64bcst, add 
ymm3/m256/m64bcst to ymm2 and put result in ymm1. 
EVEX.256.66.0F38.W1 A8 /r B VIV AVX512VL | Multiply packed double-precision floating-point 
VFMADD213PD ymm1 {k1}{z}, ymm2, AVX512F values from ymm1 and ymm2, add to 
ymm3/m256/m64bcst ymm3/m256/m64bcst and put result in ymm1. 
EVEX.256.66.0F38.W1 B8 /r B VIV AVX512VL | Multiply packed double-precision floating-point 
VFMADD231PD ymm1 {k1}{z}, ymm2, AVX512F values from ymm2 and ymm3/m256/m64bcst, add 
ymm3/m256/m64bcst to ymm1 and put result in ymm1. 
EVEX.512.66.0F38.W1 98 /r B VIV AVX512F Multiply packed double-precision floating-point 
VFMADD132PD zmm1 {k1}{z}, zmm2, values from zmm1 and zmm3/m512/m64bcst, add 
zmm3/m512/m64bcst{er} to zmm2 and put result in zmm1. 
EVEX.512.66.0F38.W1 A8 /r B VIV AVX512F Multiply packed double-precision floating-point 
VFMADD213PD zmm1 {k1}{z}, zmm2, values from zmm1 and zmm2, add to 
zmm3/m512/m64bcst{er} zmm3/m512/m64bcst and put result in zmm1. 
EVEX.512.66.0F38.W1 B8 /r B VIV AVX512F Multiply packed double-precision floating-point 
VFMADD231PD zmm1 {k1}{z}, zmm2, values from zmm2 and zmm3/m512/m64bcst, add 
zmm3/m512/m64bcst{er} to zmm1 and put result in zmm1. 
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Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a set of SIMD multiply-add computation on packed double-precision floating-point values using three 
source operands and writes the multiply-add results in the destination operand. The destination operand is also the 
first source operand. The second operand must be a SIMD register. The third source operand can be a SIMD 
register or a memory location. 


VFMADD132PD: Multiplies the two, four or eight packed double-precision floating-point values from the first source 
operand to the two, four or eight packed double-precision floating-point values in the third source operand, adds 

the infinite precision intermediate result to the two, four or eight packed double-precision floating-point values in 
the second source operand, performs rounding and stores the resulting two, four or eight packed double-precision 
floating-point values to the destination operand (first source operand). 


VFMADD213PD: Multiplies the two, four or eight packed double-precision floating-point values from the second 
source operand to the two, four or eight packed double-precision floating-point values in the first source operand, 
adds the infinite precision intermediate result to the two, four or eight packed double-precision floating-point 
values in the third source operand, performs rounding and stores the resulting two, four or eight packed double- 
precision floating-point values to the destination operand (first source operand). 


VFMADD231PD: Multiplies the two, four or eight packed double-precision floating-point values from the second 
source to the two, four or eight packed double-precision floating-point values in the third source operand, adds the 
infinite precision intermediate result to the two, four or eight packed double-precision floating-point values in the 
first source operand, performs rounding and stores the resulting two, four or eight packed double-precision 
floating-point values to the destination operand (first source operand). 


EVEX encoded versions: The destination operand (also first source operand) is a ZMM register and encoded in 
reg_field. The second source operand is a ZMM register and encoded in EVEX.vvvv. The third source operand is a 
ZMM register, a 512-bit memory location, or a 512-bit vector broadcasted from a 64-bit memory location. The 
destination operand is conditionally updated with write mask k1. 


VEX.256 encoded version: The destination operand (also first source operand) is a YMM register and encoded in 
reg_field. The second source operand is a YMM register and encoded in VEX.vvvv. The third source operand is a 
YMM register or a 256-bit memory location and encoded in rm_field. 


VEX.128 encoded version: The destination operand (also first source operand) is a XMM register and encoded in 
reg_field. The second source operand is a XMM register and encoded in VEX.vvvv. The third source operand is a 
XMM register or a 128-bit memory location and encoded in rm_field. The upper 128 bits of the YMM destination 
register are zeroed. 
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Operation 


In the operations below, “*” and “+” symbols represent multiplication and addition with infinite precision inputs and outputs (no 


rounding). 


VFMADD132PD DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 64%i; 
DEST[n+63:n] := RoundFPControl_MXCSR(DEST[n+63:n]*SRC3[n+63:n] + SRC2[n+63:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFMADD213PD DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 64%; 
DEST[n+63:n] := RoundFPControl_MXCSR(SRC2[n+63:n]*DEST[n+63:n] + SRC3[n+63:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFMADD231PD DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 64%; 
DEST[n+63:n] := RoundFPControl_MXCSR(SRC2[n+63:n]*SRC3[n+63:n] + DEST[n+63:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 
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VFMADD132PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
RoundFPControl(DEST[i+63:i]*SRC3[i+63:i] + SRC2[i+63:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMADD132PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(DEST[i+63:i]*SRC3[63:0] + SRC2[i+63:i]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(DEST[i+63:i]*SRC3[i+63:i] + SRC2[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


5-128 Vol. 2C VFMADD1 32PD/VFMADD213PD/VFMADD231PD—Fused Multiply-Add of Packed Double-Precision Floating-Point Values 


INSTRUCTION SET REFERENCE, V-Z 


VFMADD213PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
RoundFPControl(SRC2[i+63:i]*DEST[i+63:i] + SRC3[i+63:i]) 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMADD213PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*DEST[i+63:i] + SRC3[63:0]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*DEST[i+63:i] + SRC3[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VFMADD231PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
RoundFPControl(SRC2[i+63:i]*SRC3[i+63:i] + DEST[i+63:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMADD231PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*SRC3[63:0] + DEST[i+63:i]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*SRC3[i+63:i] + DEST[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VFMADDxxxPD __m512d_mm512_fmadd_pd(__m512da,__m512db,__m512d c); 

VFMADDxxxPD __m512d_mm512_fmadd_round_pd(__m512da,__m512db,__m512d, int r); 
VFMADDxxxPD __m512d_mm512_mask_fmadd_pd(__m512d a, ___mmask8 k,__m512db,_m512d c); 
VFMADDxxxPD __m512d_mm512_maskz_fmadd_pd(__mmask8 k,__m512da,__m512db,__m512dc); 
VFMADDxxxPD __m512d_mm512_mask3_fmadd_pd(__m512da,__m512db,__m512dc,__mmask8 k); 
VFMADDxxxPD __m512d_mm512_mask_fmadd_round_pd(__m512d a,__mmask8 k, 
VFMADDxxxPD __m512d_mm512_maskz_fmadd_round_pd(__mmask8 k,__m512da,__m512d b, 
VFMADDxxxPD __m512d_mm512_mask3_fmadd_round_pd(__m512da,__m512db,__m512dc, 
VFMADDxxxPD __m256d __mm256_mask_fmadd_pd(__m256d a, __mmask8 k,__m256d b, __m256d c); 
VFMADDxxxPD __m256d__mm256_maskz_fmadd_pd(__mmask8 k,__m256d a,__m256d b,__ m256d c); 
VFMADDxxxPD __m256d_mm256_mask3_fmadd_pd(__m256d a,__m256d b,__ m256dc,___ mmask8 k); 
VFMADDxxxPD __m128d _mm_mask_fmadd_pd(__m128d a,__mmask8 k,__m128db,__m128d c); 
VFMADDxxxPD __m128d _mm_maskz_fmadd_pd(__mmask8 k,___m128d a,__m128db,__m128d c); 
VFMADDxxxPD __m128d _mm_mask3_fmadd_pd(__m128d a,__m128d b,__m128d c,___mmask8 k); 
VFMADDxxxPD __m128d _mm_fmadd_pd (__m128d a,__m128db,__m128d c); 

VFMADDxxxPD __m256d_mm256_fmadd_pd (__m256d a,__m256d b,___m256d c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 


VFMADD132PD/VFMADD213PD/VFMADD231PD—Fused Multiply-Add of Packed Double-Precision Floating-Point Values 


m512db,__m512dc, intr); 
m512dc, int r); 
mmask§8 k, int r); 
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VFMADD132PS/VFMADD213PS/VFMADD231PS—Fused Multiply-Add of Packed Single- 


Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
VEX.128.66.0F38.WO 98 /r A VV FMA Multiply packed single-precision floating-point values 
VFMADD132PS xmm1, xmm2, from xmm1 and xmm3/mem, add to xmm2 and put 
xmm3/m128 result in xmm1. 
VEX.128.66.0F38.W0O A8 /r A VV FMA Multiply packed single-precision floating-point values 
VFMADD213PS xmm1, xmm2, from xmm1 and xmmz, add to xmm3/mem and put 
xmm3/m128 result in xmm1. 
VEX.128.66.0F38.WO B8 /r A VV FMA Multiply packed single-precision floating-point values 
VFMADD231PS xmm1, xmme2, from xmm2 and xmm3/mem, add to xmm1 and put 
xmm3/m128 result in xmm1. 
VEX.256.66.0F38.WO 98 /r A VV FMA Multiply packed single-precision floating-point values 
VFMADD132PS ymm1, ymm2, from ymm1 and ymm3/mem, add to ymm2 and put 
ymm3/m256 result in ymm1. 
VEX.256.66.0F38.W0O A8 /r A VV FMA Multiply packed single-precision floating-point values 
VFMADD213PS ymm1, ymm2, from ymm1 and ymm2, add to ymm3/mem and put 
ymm3/m256 result in ymm1. 
VEX.256.66.0F38.0 B8 /r A VV FMA Multiply packed single-precision floating-point values 
VFMADD231PS ymm1, ymm2, from ymm2 and ymm3/mem, add to ymm1 and put 
ymm3/m256 result in ymm1. 
EVEX.128.66.0F38.W0 98 /r B VIV AVX512VL | Multiply packed single-precision floating-point values 
VFMADD132PS xmm1 {k1}{z}, xmm2, AVX512F from xmm1 and xmm3/m128/m32bcst, add to 
xmm3/m1 28/m32bcst xmm_2 and put result in xmm1. 
EVEX.128.66.0F38.W0 A8 /r B VIV AVX512VL | Multiply packed single-precision floating-point values 
VFMADD213PS xmm1 {k1}{z}, xmm2, AVX512F from xmm1 and xmm2, add to 
xmm3/m1 28/m32bcst xmm3/m128/m32bcst and put result in xmm1. 
EVEX.128.66.0F38.W0 B8 /r B VIV AVX512VL | Multiply packed single-precision floating-point values 
VFMADD231PS xmm1 {k1}{z}, xmm2, AVX512F from xmm_2 and xmm3/m128/m32bcst, add to 
xmm3/m1 28/m32bcst xmm1 and put result in xmm1. 
EVEX.256.66.0F38.W0 98 /r B VIV AVX512VL | Multiply packed single-precision floating-point values 
VFMADD132PS ymm1 {k1}{z}, ymm2, AVX512F from ymm1 and ymm3/m256/m32bcst, add to 
ymm3/m256/m32bcst ymm_2 and put result in ymm1. 
EVEX.256.66.0F38.W0 A8 /r B VIV AVX512VL | Multiply packed single-precision floating-point values 
VFMADD213PS ymm1 {k1}{z}, ymm2, AVX512F from ymm1 and ymm2, add to 
ymm3/m256/m32bcst ymm3/m256/m32bcst and put result in ymm1. 
EVEX.256.66.0F38.W0 B8 /r B VIV AVX512VL | Multiply packed single-precision floating-point values 
VFMADD231PS ymm1 {k1}{z}, ymm2, AVX512F from ymm2 and ymm3/m256/m32bcst, add to 
ymm3/m256/m32bcst ymm1 and put result in ymm1. 
EVEX.512.66.0F38.W0 98 /r B VIV AVX512F Multiply packed single-precision floating-point values 
VFMADD132PS zmm1 {k1}{z}, zmm2, from zmm1 and zmm3/m512/m32bcst, add to 
zmm3/m51 2/m32bcst{er} zmmez and put result in zmm1. 
EVEX.512.66.0F38.W0 A8 /r B VIV AVX512F Multiply packed single-precision floating-point values 
VFMADD213PS zmm1 {k1}{z}, zmm2, from zmm1 and zmm2, add to 
zmm3/m51 2/m32bcst{er} zmm3/m512/m32bcst and put result in zmm1. 
EVEX.512.66.0F38.W0 B8 /r B VIV AVX512F Multiply packed single-precision floating-point values 


VFMADD231PS zmm1 {k1}{z}, zmm2, 
zmm3/m512/m32bcst{er} 


from zmm2 and zmm3/m512/m32bcst, add to 
zmm1 and put result in zmm1. 
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Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a set of SIMD multiply-add computation on packed single-precision floating-point values using three 
source operands and writes the multiply-add results in the destination operand. The destination operand is also the 
first source operand. The second operand must be a SIMD register. The third source operand can be a SIMD 
register or a memory location. 


VFMADD132PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the first 
source operand to the four, eight or sixteen packed single-precision floating-point values in the third source 
operand, adds the infinite precision intermediate result to the four, eight or sixteen packed single-precision 
floating-point values in the second source operand, performs rounding and stores the resulting four, eight or 
sixteen packed single-precision floating-point values to the destination operand (first source operand). 


VFMADD213PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the second 
source operand to the four, eight or sixteen packed single-precision floating-point values in the first source 
operand, adds the infinite precision intermediate result to the four, eight or sixteen packed single-precision 
floating-point values in the third source operand, performs rounding and stores the resulting the four, eight or 
sixteen packed single-precision floating-point values to the destination operand (first source operand). 


VFMADD231PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the second 
source operand to the four, eight or sixteen packed single-precision floating-point values in the third source 
operand, adds the infinite precision intermediate result to the four, eight or sixteen packed single-precision 
floating-point values in the first source operand, performs rounding and stores the resulting four, eight or sixteen 
packed single-precision floating-point values to the destination operand (first source operand). 


EVEX encoded versions: The destination operand (also first source operand) is a ZMM register and encoded in 
reg_field. The second source operand is a ZMM register and encoded in EVEX.vvvv. The third source operand is a 
ZMM register, a 512-bit memory location, or a 512-bit vector broadcasted from a 32-bit memory location. The 
destination operand is conditionally updated with write mask k1. 


VEX.256 encoded version: The destination operand (also first source operand) is a YMM register and encoded in 
reg_field. The second source operand is a YMM register and encoded in VEX.vvvv. The third source operand is a 
YMM register or a 256-bit memory location and encoded in rm_field. 


VEX.128 encoded version: The destination operand (also first source operand) is a XMM register and encoded in 
reg_field. The second source operand is a XMM register and encoded in VEX.vvvv. The third source operand is a 
XMM register or a 128-bit memory location and encoded in rm_field. The upper 128 bits of the YMM destination 
register are zeroed. 
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Operation 


In the operations below, “*” and “+” symbols represent multiplication and addition with infinite precision inputs and outputs (no 
rounding). 


VFMADD132PS DEST, SRC2, SRC3 
IF (VEX.128) THEN 
MAXNUM := 4 
ELSEIF (VEX.256) 
MAXNUM := 8 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 32%; 
DEST[n+31:n] := RoundFPControl_MXCSR(DEST[n+31 :n]*SRC3[n+31:n] + SRC2[n+31:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFMADD213PS DEST, SRC2, SRC3 
IF (VEX.128) THEN 
MAXNUM := 4 
ELSEIF (VEX.256) 
MAXNUM := 8 
Fl 
For i= 0 to MAXNUM-1 { 
n:= 32%; 
DEST[n+31:n] := RoundFPControl_MXCSR(SRC2[n+31 :n]*DEST[n+31:n] + SRC3[n+31:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:1 28] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFMADD231PS DEST, SRC2, SRC3 
IF (VEX.128) THEN 
MAXNUM := 4 
ELSEIF (VEX.256) 
MAXNUM := 8 
Fl 
For i= 0 to MAXNUM-1 { 
n:= 32%; 
DEST[n+31:n] := RoundFPControl_MXCSR(SRC2[n+31 :n]*SRC3[n+31:n] + DEST[n+31:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:1 28] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 
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VFMADD132PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
RoundFPControl(DEST[i+3 1 :i]*SRC3[i+31:i] + SRC2[i+31:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMADD132PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(DEST[i+3 1:i]*SRC3[3 1:0] + SRC2[i+31:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(DEST[i+31:i]*SRC3[i+3 1:1] + SRC2[i+3 1:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VFMADD213PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
RoundFPControl(SRC2[i+31:i]*DEST[i+31:i] + SRC3[i+31:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMADD213PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+3 1:i]*DEST[i+31:i] + SRC3[31:0]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*DEST[i+31:i] + SRC3[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VFMADD231PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
RoundFPControl(SRC2[i+31:i]*SRC3[i+31:i] + DEST[i+31:i]) 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMADD231PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*SRC3[3 1:0] + DEST[i+31:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*SRC3[i+3 1:i] + DEST[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VFMADDxxxPS __m512_mm512_fmadd_ps(__m512 a,__m512b,__m512 c); 

VFMADDxxxPS __m512_mm512_fmadd_round_ps(__m512 a,__m512b,__m512¢, int r); 

VFMADDxxxPS __m512 _mm512_mask_fmadd_ps(__m512 a,__mmask16 k,__m512b,__m512 c); 
VFMADDxxxPS __m512_mm512_maskz_fmadd_ps(__mmask16 k,__m512 a,__m512b,__m512 c); 
VFMADDxxxPS __m512_mm512_mask3_fmadd_ps(__m512 a,__m512b,__m512c,__mmask16 k); 
VFMADDxxxPS __m512_mm512_mask_fmadd_round_ps(__m512 a,__mmask16k,__m512b,__m512c, int r); 
VFMADDxxxPS __m512_mm512_maskz_fmadd_round_ps(__mmask16 k,__m512a,__m512b,__m512., intr); 
VFMADDxxxPS __m512_mm512_mask3_fmadd_round_ps(__m512 a,__m512b,__m512c,__mmask16 k, int r); 
VFMADDxxxPS __m256 _mm256_mask_fmadd_ps(__m256 a,__ mmask8 k,__m256 b,__m256 c); 
VFMADDxxxPS __m256 __mm256_maskz_fmadd_ps(__mmask8 k,__m256 a,__m256b,__m256 c); 
VFMADDxxxPS __m256 __mm256_mask3_fmadd_ps(__m256 a,__m256b,__m256 c,__ mmask8 k); 
VFMADDxxxPS __m128 _mm_mask_fmadd_ps(__m128 a,__ mmask8 k,__m128b,__m128 c); 

VFMADDxxxPS __m128_mm_maskz_fmadd_ps(__mmask8 k,__m128a,__m128b,__m128 c); 

VFMADDxxxPS __m128 _mm_mask3_fmadd_ps(__m128 a,__m128b,_m128c,__mmask8 k); 

VFMADDxxxPS __m128 _mm_fmadd_ps (_m128a,__m128b,__m128 c); 

VFMADDxxxPS __m256_mm256_fmadd_ps (_m256a,__m256b,__m256 c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
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VFMADD132SD/VFMADD213SD/VFMADD231SD—Fused Multiply-Add of Scalar Double- 
Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
VEX.LIG.66.0F38.W1 99 /r A VV FMA Multiply scalar double-precision floating-point value 
VFMADD132SD xmm1, xmm2, from xmm1 and xmm3/m64, add to xmm2 and put 
xmm3/m64 result in xmm1. 
VEX.LIG.66.0F38.W1 AQ /r A VIN FMA Multiply scalar double-precision floating-point value 
VFMADD213SD xmm1, xmm2, from xmm1 and xmm2, add to xmm3/m64 and put 
xmm3/m64 result in xmm1. 
VEX.LIG.66.0F38.W1 B9 /r A VV FMA Multiply scalar double-precision floating-point value 
VFMADD231SD xmm1, xmm2, from xmm_2 and xmm3/m64, add to xmm1 and put 
xmm3/m64 result in xmm1. 
EVEX.LLIG.66.0F38.W1 99 /r B VIV AVX512F Multiply scalar double-precision floating-point value 
VFMADD132SD xmm1 {k1}{z}, xmm2z, from xmm1 and xmm3/m64, add to xmm2 and put 
xmm3/m64{er} result in xmm1. 
EVEX.LLIG.66.0F38.W1 A9 /r B VIV AVX512F Multiply scalar double-precision floating-point value 
VFMADD213SD xmm1 {k1}{z}, xmm2z, from xmm1 and xmm2, add to xmm3/m64 and put 
xmm3/m64{er} result in xmm1. 
EVEX.LLIG.66.0F38.W1 B9 /r B VIV AVX512F Multiply scalar double-precision floating-point value 
VFMADD231SD xmm1 {k1}{z}, xmm2z, from xmm2 and xmm3/m64, add to xmm1 and put 
xmm3/m64{er} result in xmm1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Tuple1 Scalar ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD multiply-add computation on the low double-precision floating-point values using three source 
operands and writes the multiply-add result in the destination operand. The destination operand is also the first 
source operand. The first and second operand are XMM registers. The third source operand can be an XMM register 
or a 64-bit memory location. 


VFMADD132SD: Multiplies the low double-precision floating-point value from the first source operand to the low 
double-precision floating-point value in the third source operand, adds the infinite precision intermediate result to 
the low double-precision floating-point values in the second source operand, performs rounding and stores the 
resulting double-precision floating-point value to the destination operand (first source operand). 


VFMADD213SD: Multiplies the low double-precision floating-point value from the second source operand to the low 
double-precision floating-point value in the first source operand, adds the infinite precision intermediate result to 
the low double-precision floating-point value in the third source operand, performs rounding and stores the 
resulting double-precision floating-point value to the destination operand (first source operand). 


VFMADD231SD: Multiplies the low double-precision floating-point value from the second source to the low double- 
precision floating-point value in the third source operand, adds the infinite precision intermediate result to the low 
double-precision floating-point value in the first source operand, performs rounding and stores the resulting 
double-precision floating-point value to the destination operand (first source operand). 


VEX.128 and EVEX encoded version: The destination operand (also first source operand) is encoded in reg_field. 
The second source operand is encoded in VEX.vvvv/EVEX.vvvv. The third source operand is encoded in rm_field. 
Bits 127:64 of the destination are unchanged. Bits MAXVL-1:128 of the destination register are zeroed. 


EVEX encoded version: The low quadword element of the destination is updated according to the writemask. 
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Operation 


In the operations below, “*” and “+” symbols represent multiplication and addition with infinite precision inputs and outputs (no 
rounding). 


VFMADD132SD DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := RoundFPControl(DEST[63:0]*SRC3[63:0] + SRC2[63:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := DEST[127:64] 
DEST[MAXVL-1:128] := 0 


VFMADD213SD DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := RoundFPControl(SRC2[63:0]*DEST[63:0] + SRC3[63:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := DEST[127:64] 
DEST[MAXVL-1:128] := 0 
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VFMADD231SD DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := RoundFPControl(SRC2[63:0]*SRC3[63:0] + DEST[63:0]) 


ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := DEST[127:64] 
DEST[MAXVL-1:128] := 0 


VFMADD132SD DEST, SRC2, SRC3 (VEX encoded version) 

DEST[63:0] := MAXVL-1:128RoundFPControl_MXCSR(DEST[63:0]*SRC3[63:0] + SRC2[63:0]) 
DEST[127:63] := DEST[127:63] 

DEST[MAXVL-1:128] = 0 


VFMADD213SD DEST, SRC2, SRC3 (VEX encoded version) 

DEST[63:0] := RoundFPControl_MXCSR(SRC2[63:0]*DEST[63:0] + SRC3[63:0]) 
DEST[127:63] := DEST[127:63] 

DEST[MAXVL-1:128] := 0 


VFMADD231SD DEST, SRC2, SRC3 (VEX encoded version) 

DEST[63:0] := RoundFPControl_MXCSR(SRC2[63:0]*SRC3[63:0] + DEST[63:0]) 
DEST[127:63] := DEST[127:63] 

DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VFMADDxxxSD __m128d_mm_fmadd_round_sd(__m128d a,__m128db,__m128d.c, int r); 

VFMADDxxxSD __m128d_mm_mask_fmadd_sd(__m128d a,__ mmask8 k,_m128d b,___m128d c); 
VFMADDxxxSD __m128d __mm_maskz_fmadd_sd(__mmask8 k,___m128d a,__m128db, ___m128d c); 
VFMADDxxxSD __m128d _mm_mask3_fmadd_sd(__m128d a,__m128db,__m128dc,___ mmask8 k); 
VFMADDxxxSD __m128d __mm_mask_fmadd_round_sd(__m128d a, ___mmask8 k,__m128db,__m128d, int r); 
VFMADDxxxSD __m128d __mm_maskz_fmadd_round_sd(__mmask8 k,__m128da,__m128db,__m128dc, int r); 
VFMADDxxxSD __m128d __mm_mask3_fmadd_round_sd(__m128d a,__m128db,__m128dc,__mmask8 k, int r); 
VFMADDxxxSD __m128d_mm_fmadd_sd (__m128d a,__m128db,___m128d c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 
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VFMADD132SS/VFMADD213SS/VFMADD231SS—Fused Multiply-Add of Scalar Single-Precision 
Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
VEX.LIG.66.0F38.W0 99 /r A VIV FMA Multiply scalar single-precision floating-point value 
VFMADD132SS xmm1, xmm2, from xmm1 and xmm3/m32, add to xmm_2 and put 
xmm3/m32 result in xmm1. 
VEX.LIG.66.0F38.W0 AQ /r A VIV FMA Multiply scalar single-precision floating-point value 
VFMADD213SS xmm1, xmm2, from xmm1 and xmm2, add to xmm3/m32 and put 
xmm3/m32 result in xmm1. 
VEX.LIG.66.0F38.W0 B9 /r A VIV FMA Multiply scalar single-precision floating-point value 
VFMADD231SS xmm1, xmm2, from xmm_2 and xmm3/m32, add to xmm1 and put 
xmm3/m32 result in xmm1. 
EVEX.LLIG.66.0F38.W0 99 /r B VIV AVX512F Multiply scalar single-precision floating-point value 
VFMADD132SS xmm1 {k1}{z}, xmm2, from xmm1 and xmm3/m32, add to xmm_2 and put 
xmm3/m32{er} result in xmm1. 
EVEX.LLIG.66.0F38.W0 AQ /r B VIV AVX512F Multiply scalar single-precision floating-point value 
VFMADD213SS xmm1 {k1}{z}, xmm2, from xmm1 and xmm2, add to xmm3/m32 and put 
xmm3/m32{er} result in xmm1. 
EVEX.LLIG.66.0F38.W0 B9 /r B VIV AVX512F Multiply scalar single-precision floating-point value 
VFMADD231SS xmm1 {k1}{z}, xmm2, from xmm2 and xmm3/m32, add to xmm1 and put 
xmm3/m32{er} result in xmm1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Tuple1 Scalar ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD multiply-add computation on single-precision floating-point values using three source operands 
and writes the multiply-add results in the destination operand. The destination operand is also the first source 
operand. The first and second operands are XMM registers. The third source operand can be a XMM register or a 32- 
bit memory location. 


VFMADD132SS: Multiplies the low single-precision floating-point value from the first source operand to the low 
single-precision floating-point value in the third source operand, adds the infinite precision intermediate result to 
the low single-precision floating-point value in the second source operand, performs rounding and stores the 
resulting single-precision floating-point value to the destination operand (first source operand). 


VFMADD213SS: Multiplies the low single-precision floating-point value from the second source operand to the low 
single-precision floating-point value in the first source operand, adds the infinite precision intermediate result to 
the low single-precision floating-point value in the third source operand, performs rounding and stores the 
resulting single-precision floating-point value to the destination operand (first source operand). 


VFMADD231SS: Multiplies the low single-precision floating-point value from the second source operand to the low 
single-precision floating-point value in the third source operand, adds the infinite precision intermediate result to 
the low single-precision floating-point value in the first source operand, performs rounding and stores the resulting 
single-precision floating-point value to the destination operand (first source operand). 


VEX.128 and EVEX encoded version: The destination operand (also first source operand) is encoded in reg_field. 
The second source operand is encoded in VEX.vvvv/EVEX.vvvv. The third source operand is encoded in rm_field. 
Bits 127:32 of the destination are unchanged. Bits MAXVL-1:128 of the destination register are zeroed. 
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EVEX encoded version: The low doubleword element of the destination is updated according to the writemask. 


Compiler tools may optionally support a complementary mnemonic for each instruction mnemonic listed in the 
opcode/instruction column of the summary table. The behavior of the complementary mnemonic in situations 
involving NANs are governed by the definition of the instruction mnemonic defined in the opcode/instruction 


column. 


Operation 


In the operations below, “*” and “+” symbols represent multiplication and addition with infinite precision inputs and outputs (no 


rounding). 


VFMADD132SS DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 

IF k1[0] or *no writemask* 
THEN = DEST[31:0] := RoundFPControl(DEST[31:0]*SRC3[31:0] + SRC2[31:0]) 
ELSE 


IF *merging-masking* ;Merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 


THEN DEST[31:0] := 0 
Fl; 
Fl; 
DEST[1 27:32] := DEST[127:32] 
DEST[MAXVL-1:1 28] := 0 


VFMADD213SS DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 

IF k1[0] or *no writemask* 
THEN = DEST[31:0] := RoundFPControl(SRC2[31:0]*DEST[31:0] + SRC3[31:0]) 
ELSE 


IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 


THEN DEST[31:0] := 0 
Fl; 
Fl; 
DEST[1 27:32] := DEST[127:32] 
DEST[MAXVL-1:1 28] := 0 
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VFMADD231SS DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 

IF k1[0] or *no writemask* 
THEN = DEST[31:0] := RoundFPControl(SRC2[31:0]*SRC3[31:0] + DEST[31:0]) 
ELSE 


IF *merging-masking* ; merging-masking 
THEN *DEST[31:0]] remains unchanged* 
ELSE ; zeroing-masking 


THEN DEST[31:0] := 0 
Fl; 
Fl; 
DEST[1 27:32] := DEST[1 27:32] 
DEST[MAXVL-1:128] := 0 


VFMADD132SS DEST, SRC2, SRC3 (VEX encoded version) 

DEST[31:0] := RoundFPControl_MXCSR(DEST[31:0]*SRC3[31:0] + SRC2[31:0]) 
DEST[127:32] := DEST[127:32] 

DEST[MAXVL-1:128] := 0 


VFMADD213SS DEST, SRC2, SRC3 (VEX encoded version) 

DEST[31:0] := RoundFPControl_MXCSR(SRC2[31:0]*DEST[31:0] + SRC3[31:0]) 
DEST[127:32] := DEST[127:32] 

DEST[MAXVL-1:128] := 0 


VFMADD231SS DEST, SRC2, SRC3 (VEX encoded version) 

DEST[31:0] := RoundFPControl_MXCSR(SRC2[31:0]*SRC3[31:0] + DEST[31:0]) 
DEST[127:32] := DEST[127:32] 

DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VFMADDxxxSS __m128_mm_fmadd_round_ss(__m128 a,__m128b,__m128 c, int r); 
VFMADDxxxSS __m128_mm_mask_fmadd_ss(__m128 a,__mmask8 k,_m128b,__m128 c); 
VFMADDxxxSS __m128 _mm_maskz_fmadd_ss(__mmask8 k,__m128 a,__m128b,__m128 c); 
VFMADDxxxSS __m128_mm_mask3_fmadd_ss(__m128 a,__m128b,__m128c,__mmask8 k); 
VFMADDxxxSS __m128 __mm_mask_fmadd_round_ss(__m128 a, ___mmask8 k,__m128 b, 
VFMADDxxxSS __m128 _mm_maskz_fmadd_round_ss(__mmask8 k,__m128 a,__m128b, 
VFMADDxxxSS __m128_mm_mask3_fmadd_round_ss(__m128 a,__m128b,__m128c, 
VFMADDxxxSS __m128_mm_fmadd_ss (_m128a,__m128b,__m128 c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 


m128 c, int r); 
m128 ¢, intr); 
mmask8 k, int r); 
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VFMADDSUB132PD/VFMADDSUB2 1 3PD/VFMADDSUB231PD—Fused Multiply-Alternating 
Add/Subtract of Packed Double-Precision Floating-Point Values 


ymm_2, ymm3/m256/m64bcst 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
VEX.128.66.0F38.W1 96 /r A VV FMA Multiply packed double-precision floating-point values 
VFMADDSUB132PD xmm1, xmm2, from xmm1 and xmm3/mem, add/subtract elements in 
xmm3/m128 xmm2 and put result in xmm1. 
VEX.128.66.0F38.W1 A6 /r A VIV FMA Multiply packed double-precision floating-point values 
VFMADDSUB213PD xmm1, xmm2, from xmm1 and xmm2, add/subtract elements in 
xmm3/m128 xmm3/mem and put result in xmm1. 
VEX.128.66.0F38.W1 B6 /r A VIV FMA Multiply packed double-precision floating-point values 
VFMADDSUB231PD xmm1, xmm2, from xmm2 and xmm3/mem, add/subtract elements in 
xmm3/m128 xmm1 and put result in xmm1. 
VEX.256.66.0F38.W1 96 /r A VIV FMA Multiply packed double-precision floating-point values 
VFMADDSUB132PD ymm1, ymm2, from ymm1 and ymm3/mem, add/subtract elements in 
ymm3/m256 ymme and put result in ymm1. 
VEX.256.66.0F38.W1 A6 /r A VIV FMA Multiply packed double-precision floating-point values 
VFMADDSUB213PD ymm1, ymm2, from ymm1 and ymm2, add/subtract elements in 
ymm3/m256 ymm3/mem and put result in ymm1. 
VEX.256.66.0F38.W1 B6 /r A VV FMA Multiply packed double-precision floating-point values 
VFMADDSUB231PD ymm1, ymm2, from ymm2 and ymm3/mem, add/subtract elements in 
ymm3/m256 ymm1 and put result in ymm1. 
EVEX.128.66.0F38.W1 A6 /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMADDSUB213PD xmm1 {k1}{Z}, AVX512F from xmm1 and xmmz, add/subtract elements in 
xmm2, xmm3/m128/m64bcst xmm3/m128/m64bcst and put result in xmm1 subject to 
writemask k1. 
EVEX.128.66.0F38.W1 B6 /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMADDSUB231PD xmm1 {k1}{Z}, AVX512F from xmm_2 and xmm3/m128/m64bcst, add/subtract 
xmm2, xmm3/m128/m64bcst elements in xmm1 and put result in xmm1 subject to 
writemask k1. 
EVEX.128.66.0F38.W1 96 /r B VV AVX512VL | Multiply packed double-precision floating-point values 
VFMADDSUB132PD xmm1 {k1}{Z}, AVX512F from xmm1 and xmm3/m128/m64bcst, add/subtract 
xmm2, xmm3/m128/m64bcst elements in xmm_2 and put result in xmm1 subject to 
writemask k1. 
EVEX.256.66.0F38.W1 A6 /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMADDSUB213PD ymm1 {k1}{z}, AVX512F from ymm1 and ymm2, add/subtract elements in 
ymm_2, ymm3/m256/m64bcst ymm3/m256/m64bcst and put result in ymm1 subject to 
writemask k1. 
EVEX.256.66.0F38.W1 B6 /r B VV AVX512VL | Multiply packed double-precision floating-point values 
VFMADDSUB231PD ymm1 {k1}{z}, AVX512F from ymm2 and ymm3/m256/m64bcst, add/subtract 
ymm_2, ymm3/m256/m64bcst elements in ymm1 and put result in ymm1 subject to 
writemask k1. 
EVEX.256.66.0F38.W1 96 /r B VV AVX512VL | Multiply packed double-precision floating-point values 
VFMADDSUB132PD ymm1 {k1}{z}, AVX512F from ymm1 and ymm3/m256/m64bcst, add/subtract 


elements in ymm2 and put result in ymm1 subject to 
writemask k1. 
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Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.512.66.0F38.W1 AG /r B VIV AVX512F Multiply packed double-precision floating-point values 
VFMADDSUB213PD zmm1 {k1}{Z}, from zmm1and zmmz, add/subtract elements in 
zmm2, zmm3/m512/m64bcst{er} zmm3/m512/m64bcst and put result in zmm1 subject to 
writemask k1. 
EVEX.512.66.0F38.W1 B6 /r B VIV AVX512F Multiply packed double-precision floating-point values 
VFMADDSUB231PD zmm1 {k1}{z}, from zmm2 and zmm3/m512/m64bcst, add/subtract 
zmm2, zmm3/m512/m64bcst{er} elements in zmm1 and put result in zmm1 subject to 
writemask k1. 
EVEX.512.66.0F38.W1 96 /r B VIV AVX512F Multiply packed double-precision floating-point values 
VFMADDSUB132PD zmm1 {k1}{z}, from zmm1 and zmm3/m512/m64bcst, add/subtract 
zmm2, zmm3/m51 2/m64bcst{er} elements in zmm_2 and put result in zmm1 subject to 
writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


VFMADDSUB132PD: Multiplies the two, four, or eight packed double-precision floating-point values from the first 
source operand to the two or four packed double-precision floating-point values in the third source operand. From 
the infinite precision intermediate result, adds the odd double-precision floating-point elements and subtracts the 
even double-precision floating-point values in the second source operand, performs rounding and stores the 
resulting two or four packed double-precision floating-point values to the destination operand (first source 
operand). 


VFMADDSUB213PD: Multiplies the two, four, or eight packed double-precision floating-point values from the 
second source operand to the two or four packed double-precision floating-point values in the first source operand. 
From the infinite precision intermediate result, adds the odd double-precision floating-point elements and subtracts 
the even double-precision floating-point values in the third source operand, performs rounding and stores the 
resulting two or four packed double-precision floating-point values to the destination operand (first source 
operand). 


VFMADDSUB231PD: Multiplies the two, four, or eight packed double-precision floating-point values from the 
second source operand to the two or four packed double-precision floating-point values in the third source operand. 
From the infinite precision intermediate result, adds the odd double-precision floating-point elements and subtracts 
the even double-precision floating-point values in the first source operand, performs rounding and stores the 
resulting two or four packed double-precision floating-point values to the destination operand (first source 
operand). 

EVEX encoded versions: The destination operand (also first source operand) and the second source operand are 
ZMM/YMM/XMM register. The third source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory loca- 
tion or a 512/256/128-bit vector broadcasted from a 64-bit memory location. The destination operand is condition- 
ally updated with write mask k1. 


VEX.256 encoded version: The destination operand (also first source operand) is a YMM register and encoded in 
reg_field. The second source operand is a YMM register and encoded in VEX.vvvv. The third source operand is a 
YMM register or a 256-bit memory location and encoded in rm_field. 
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VEX.128 encoded version: The destination operand (also first source operand) is a XMM register and encoded in 
reg_field. The second source operand is a XMM register and encoded in VEX.vvvv. The third source operand is a 
XMM register or a 128-bit memory location and encoded in rm_field. The upper 128 bits of the YMM destination 
register are zeroed. 

Compiler tools may optionally support a complementary mnemonic for each instruction mnemonic listed in the 
opcode/instruction column of the summary table. The behavior of the complementary mnemonic in situations 
involving NANs are governed by the definition of the instruction mnemonic defined in the opcode/instruction 
column. 


Operation 


In the operations below, “*” and “-” symbols represent multiplication and subtraction with infinite precision inputs and outputs (no 
rounding). 


VFMADDSUB132PD DEST, SRC2, SRC3 
IF (VEX.128) THEN 
DEST[63:0] := RoundFPControl_MXCSR(DEST[63:0]*SRC3[63:0] - SRC2[63:0]) 
DEST[127:64] := RoundFPControl_MXCSR(DEST[127:64]*SRC3[1 27:64] + SRC2[127:64]) 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[63:0] := RoundFPControl_MXCSR(DEST[63:0]*SRC3[63:0] - SRC2[63:0]) 
DEST[127:64] := RoundFPControl_MXCSR(DEST[127:64]*SRC3[1 27:64] + SRC2[127:64]) 
DEST[191:128] := RoundFPControl_MXCSR(DEST[191:128]*SRC3[191:128] - SRC2[191:128}) 
DEST[255:192] := RoundFPControl_MXCSR(DEST[255:192]*SRC3[255:1 92] + SRC2[255:192] 
FI 


VFMADDSUB213PD DEST, SRC2, SRC3 
IF (VEX.128) THEN 
DEST[63:0] := RoundFPControl_MXCSR(SRC2[63:0]*DEST[63:0] - SRC3[63:0]) 
DEST[127:64] := RoundFPControl_MXCSR(SRC2[127:64]*DEST[1 27:64] + SRC3[127:64]) 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[63:0] := RoundFPControl_MXCSR(SRC2[63:0]*DEST[63:0] - SRC3[63:0]) 
DEST[127:64] := RoundFPControl_MXCSR(SRC2[127:64]*DEST[1 27:64] + SRC3[127:64]) 
DEST[191:128] := RoundFPControl_MXCSR(SRC2[191:128]*DEST[191:128] - SRC3[191:128]) 
DEST[255:192] := RoundFPControl_MXCSR(SRC2[255:1 92]*DEST[255:192] + SRC3[255:192] 
FI 


VFMADDSUB231PD DEST, SRC2, SRC3 
IF (VEX.128) THEN 
DEST[63:0] := RoundFPControl_MXCSR(SRC2[63:0]*SRC3[63:0] - DEST[63:0]) 
DEST[127:64] := RoundFPControl_MXCSR(SRC2[127:64]*SRC3[1 27:64] + DEST[127:64]) 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[63:0] := RoundFPControl_MXCSR(SRC2[63:0]*SRC3[63:0] - DEST[63:0]) 
DEST[127:64] := RoundFPControl_MXCSR(SRC2[127:64]*SRC3[1 27:64] + DEST[127:64]) 
DEST[191:128] := RoundFPControl_MXCSR(SRC2[191:128]*SRC3[191:128] - DEST[191:128}) 
DEST[255:192] = RoundFPControl_MXCSR(SRC2[255:192]*SRC3[255:1 92] + DEST[255:192] 
FI 


VFMADDSUB1 32PD/VFMADDSUB21 3PD/VFMADDSUB231PD—Fused Multiply-Alternating Add/Subtract of Packed Double-Precision Vol.2C 5-147 


INSTRUCTION SET REFERENCE, V-Z 


VFMADDSUB132PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN DEST[i+63:i] := 
RoundFPControl(DEST[i+63:i]*SRC3[i+63:i] - SRC2[i+63:i]) 
ELSE DEST[i+63:i] := 
RoundFPControl(DEST[i+63:i]*SRC3[i+63:i] + SRC2[i+63:i]) 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


5-148 Vol. 2C VFMADDSUB1 32PD/VFMADDSUB21 3PD/VFMADDSUB231PD—Fused Multiply-Alternating Add/Subtract of Packed Double-Precision 


INSTRUCTION SET REFERENCE, V-Z 


VFMADDSUB132PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 


(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] = 
RoundFPControl_MXCSR(DEST[i+63:i]*SRC3[63:0] - SRC2[i+63:i]) 
ELSE 
DEST[i+63:i] = 
RoundFPControl_MXCSR(DEST[i+63:i]*SRC3[i+63:i] - SRC2[i+63:i]) 
Fl; 
ELSE 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] = 
RoundFPControl_MXCSR(DEST[i+63:i]*SRC3[63:0] + SRC2[i+63:i]) 
ELSE 
DEST[i+63:i] = 
RoundFPControl_MXCSR(DEST[i+63:i]*SRC3[i+63:i] + SRC2[i+63:i]) 
Fl; 
Fl 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 


VFMADDSUB213PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN DEST[i+63:i] := 
RoundFPControl(SRC2[i+63:i]*DEST[i+63:i] - SRC3[i+63:i]) 
ELSE DEST[i+63:i] := 
RoundFPControl(SRC2[i+63:i]*DEST[i+63:i] + SRC3[i+63:i]) 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


5-150 Vol. 2C VFMADDSUB1 32PD/VFMADDSUB21 3PD/VFMADDSUB231PD—Fused Multiply-Alternating Add/Subtract of Packed Double-Precision 


VFMADDSUB213PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 


(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] = 
RoundFPControl_MXCSR(SRC2[i+63:i]*DEST[i+63:i] - SRC3[63:0]) 
ELSE 
DEST[i+63:i] = 
RoundFPControl_MXCSR(SRC2[i+63:i]*DEST[i+63:i] - SRC3[i+63:i]) 
Fl; 
ELSE 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] = 
RoundFPControl_MXCSR(SRC2[i+63:i]*DEST[i+63:i] + SRC3[63:0]) 
ELSE 
DEST[i+63:i] = 
RoundFPControl_MXCSR(SRC2[i+63:i]*DEST[i+63:i] + SRC3[i+63:i]) 
Fl; 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VFMADDSUB1 32PD/VFMADDSUB21 3PD/VFMADDSUB231PD—Fused Multiply-Alternating Add/Subtract of Packed Double-Precision 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-151 


INSTRUCTION SET REFERENCE, V-Z 


VFMADDSUB231PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN DEST[i+63:i] := 
RoundFPControl(SRC2[i+63:i]*SRC3[i+63:i] - DEST[i+63:i]) 
ELSE DEST[i+63:i] = 
RoundFPControl(SRC2[i+63:i]*SRC3[i+63:i] + DEST[i+63:i]) 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 


VFMADDSUB231PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 


(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] = 
RoundFPControl_MXCSR(SRC2[i+63:i]*SRC3[63:0] - DEST[i+63:i]) 
ELSE 
DEST[i+63:i] = 
RoundFPControl_MXCSR(SRC2[i+63:i]*SRC3[i+63:i] - DEST[i+63:i]) 
Fl; 
ELSE 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] = 
RoundFPControl_MXCSR(SRC2[i+63:i]*SRC3[63:0] + DEST[i+63:i]) 
ELSE 
DEST[i+63:i] = 
RoundFPControl_MXCSR(SRC2[i+63:i]*SRC3[i+63:i] + DEST[i+63:i]) 
Fl; 
Fl 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VFMADDSUB1 32PD/VFMADDSUB21 3PD/VFMADDSUB231PD—Fused Multiply-Alternating Add/Subtract of Packed Double-Precision Vol.2C 5-153 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VFMADDSUBxxxPD __m512d_mm512_fmaddsub_pd(__m512da,__m512db,__m512dc); 

VFMADDSUBxxxPD __m512d_mm512_fmaddsub_round_pd(__m512d a,__m512db,__m512dc, int r); 

VFMADDSUBxxxPD __m512d_mm512_mask_fmaddsub_pd(__m512d a,__ mmask8 k,__m512db,___m512d c); 
VFMADDSUBxxxPD __m512d_mm512_maskz_fmaddsub_pd(__mmask8 k,__m512da,__m512db,__m512d c); 
VFMADDSUBxxxPD __m512d_mm512_mask3_fmaddsub_pd(__m512d a,__m512db,__m512dc,__mmask8 k); 
VFMADDSUBxxxPD __m512d_mm512_mask_fmaddsub_round_pd(__m512d a,__mmask8 k,__m512db,__m512dc, int r); 
VFMADDSUBxxxPD __m512d_mm512_maskz_fmaddsub_round_pd(__mmask8 k,__m512da,__m512db,__m512dc, intr); 
VFMADDSUBxxxPD __m512d_mm512_mask3_fmaddsub_round_pd(__m512da,__m512db,__m512dc,__ mmask8 k, int r); 
VFMADDSUBxxxPD __m256d __mm256_mask_fmaddsub_pd(__m256d a,__ mmask8 k,___ m256d b,__ m256d c); 
VFMADDSUBxxxPD __m256d __mm256_maskz_fmaddsub_pd(__mmask8 k,__ m256d a,__m256d b,___m256d c); 
VFMADDSUBxxxPD __m256d__mm256_mask3_fmaddsub_pd(__m256d a,__m256d b,__m256dc,___mmask8 k); 
VFMADDSUBxxxPD __m128d _mm_mask_fmaddsub_pd(__m128d a,___mmask8 k,__m128d b,___m128d c); 
VFMADDSUBxxxPD __m128d __mm_maskz_fmaddsub_pd(__mmask8 k,__m128d a,__m128db,__m128d c); 
VFMADDSUBxxxPD __m128d __mm_mask3_fmaddsub_pd(__m128d a,__m128db,__m128dc,__mmask8 k); 
VFMADDSUBxxxPD __m128d _mm_fmaddsub_pd (__m128d a,__m128d b,__m128d c); 

VFMADDSUBxxxPD __m256d_mm256_fmaddsub_pd (__m256d a,___m256d b, __m256d c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 


5-154 Vol. 2C VFMADDSUB1 32PD/VFMADDSUB21 3PD/VFMADDSUB231PD—Fused Multiply-Alternating Add/Subtract of Packed Double-Precision 


INSTRUCTION SET REFERENCE, V-Z 


VFMADDSUB132PS/VFMADDSUB213PS/VFMADDSUB231PS—Fused Multiply-Alternating 
Add/Subtract of Packed Single-Precision Floating-Point Values 


VFMADDSUB132PS zmm1 {k1}{Z}, 
zmm2, zmm3/m51 2/m32bcst{er} 


VFMADDSUB1 32PS/VFMADDSUB2 1 3PS/VFMADDSUB231PS—Fused Multiply-Alternating Add/Subtract of Packed Single-Precision 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
VEX.128.66.0F38.W0 96 /r A VIV FMA Multiply packed single-precision floating-point values from 
VFMADDSUB132PS xmm1, xmm2, xmm1 and xmm3/mem, add/subtract elements in xmm2 
xmm3/m128 and put result in xmm1. 
VEX.128.66.0F38.W0 A6 /r A VIV FMA Multiply packed single-precision floating-point values from 
VFMADDSUB213PS xmm1, xmm2, xmm1 and xmm2, add/subtract elements in xmm3/mem 
xmm3/m128 and put result in xmm1. 
VEX.128.66.0F38.W0 B6 /r A VIV FMA Multiply packed single-precision floating-point values from 
VFMADDSUB231PS xmm1, xmm2, xmm_2 and xmm3/mem, add/subtract elements in xmm1 
xmm3/m128 and put result in xmm1. 
VEX.256.66.0F38.W0 96 /r A VIV FMA Multiply packed single-precision floating-point values from 
VFMADDSUB132PS ymm1, ymme2, ymm1 and ymm3/mem, add/subtract elements in ymm2 
ymm3/m256 and put result in ymm1. 
VEX.256.66.0F38.W0 A6 /r A VIV FMA Multiply packed single-precision floating-point values from 
VFMADDSUB213PS ymm1, ymm2, ymm1 and ymm2, add/subtract elements in ymnm3/mem 
ymm3/m256 and put result in ymm1. 
VEX.256.66.0F38.W0 B6 /r A VIV FMA Multiply packed single-precision floating-point values from 
VFMADDSUB231PS ymm1, ymm2, ymme2 and ymm3/mem, add/subtract elements in ymm1 
ymm3/m256 and put result in ymm1. 
EVEX.128.66.0F38.W0 A6 /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFMADDSUB213PS xmm1 {k1}{2}, AVX512F xmm1 and xmmd2, add/subtract elements in 
xmm2, xmm3/m128/m32bcst xmm3/m128/m32bcst and put result in xmm1 subject to 
writemask k1. 
EVEX.128.66.0F38.W0 B6 /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFMADDSUB231PS xmm1 {k1}{Z}, AVX512F xmme and xmm3/m128/m32bcst, add/subtract elements 
xmm2, xmm3/m128/m32bcst in xmm1 and put result in xmm1 subject to writemask k1. 
EVEX.128.66.0F38.W0 96 /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFMADDSUB132PS xmm1 {k1}{z}, AVX512F xmm1 and xmm3/m128/m32bcst, add/subtract elements 
xmm2, xmm3/m128/m32bcst in zmm2 and put result in xmm1 subject to writemask k1. 
EVEX.256.66.0F38.W0 A6 /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFMADDSUB213PS ymm1 {k1}{Z}, AVX512F ymm1 and ymm2, add/subtract elements in 
ymm_2, ymm3/m256/m32bcst ymm3/m256/m32bcst and put result in ymm1 subject to 
writemask k1. 
EVEX.256.66.0F38.W0 B6 /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFMADDSUB231PS ymm1 {k1}{Z}, AVX512F ymme2 and ymm3/m256/m32bcst, add/subtract elements 
ymm_2, ymm3/m256/m32bcst in ymm1 and put result in ymm1 subject to writemask k1. 
EVEX.256.66.0F38.W0 96 /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFMADDSUB132PS ymm1 {k1}{Z}, AVX512F ymm1 and ymm3/m256/m32bcst, add/subtract elements 
ymm_2, ymm3/m256/m32bcst in ymme2 and put result in ymm1 subject to writemask k1. 
EVEX.512.66.0F38.W0 A6 /r B VIV AVX512F Multiply packed single-precision floating-point values from 
VFMADDSUB213PS zmm1 {k1}{Z}, zmm1 and zmm2, add/subtract elements in 
zmm2, zmm3/m51 2/m32bcst{er} zmm3/m512/m32bcst and put result in zmm1 subject to 
writemask k1. 
EVEX.512.66.0F38.W0O B6 /r B VIV AVX512F Multiply packed single-precision floating-point values from 
VFMADDSUB231PS zmm1 {k1}{Z}, zmme2 and zmm3/m512/m32bcst, add/subtract elements 
zmm2, zmm3/m51 2/m32bcst{er} in zmm1 and put result in zmm1 subject to writemask k1. 
EVEX.512.66.0F38.W0O 96 /r B VIV AVX512F Multiply packed single-precision floating-point values from 


zmm1 and zmm3/m512/m32bcst, add/subtract elements 
in zmm2 and put result in zmm1 subject to writemask k1. 


Vol.2C 5-155 


INSTRUCTION SET REFERENCE, V-Z 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


VFMADDSUB132PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the first 
source operand to the corresponding packed single-precision floating-point values in the third source operand. 
From the infinite precision intermediate result, adds the odd single-precision floating-point elements and subtracts 
the even single-precision floating-point values in the second source operand, performs rounding and stores the 
resulting packed single-precision floating-point values to the destination operand (first source operand). 


VFMADDSUB213PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the 
second source operand to the corresponding packed single-precision floating-point values in the first source 
operand. From the infinite precision intermediate result, adds the odd single-precision floating-point elements and 
subtracts the even single-precision floating-point values in the third source operand, performs rounding and stores 
the resulting packed single-precision floating-point values to the destination operand (first source operand). 


VFMADDSUB231PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the 
second source operand to the corresponding packed single-precision floating-point values in the third source 
operand. From the infinite precision intermediate result, adds the odd single-precision floating-point elements and 
subtracts the even single-precision floating-point values in the first source operand, performs rounding and stores 
the resulting packed single-precision floating-point values to the destination operand (first source operand). 


EVEX encoded versions: The destination operand (also first source operand) and the second source operand are 
ZMM/YMM/XMM register. The third source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory loca- 
tion or a 512/256/128-bit vector broadcasted from a 32-bit memory location. The destination operand is condition- 
ally updated with write mask k1. 


VEX.256 encoded version: The destination operand (also first source operand) is a YMM register and encoded in 
reg_field. The second source operand is a YMM register and encoded in VEX.vvvv. The third source operand is a 
YMM register or a 256-bit memory location and encoded in rm_field. 


VEX.128 encoded version: The destination operand (also first source operand) is a XMM register and encoded in 
reg_field. The second source operand is a XMM register and encoded in VEX.vvvv. The third source operand is a 
XMM register or a 128-bit memory location and encoded in rm_field. The upper 128 bits of the YMM destination 
register are zeroed. 


Compiler tools may optionally support a complementary mnemonic for each instruction mnemonic listed in the 
opcode/instruction column of the summary table. The behavior of the complementary mnemonic in situations 
involving NANs are governed by the definition of the instruction mnemonic defined in the opcode/instruction 
column. 
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INSTRUCTION SET REFERENCE, V-Z 


Operation 


In the operations below, “*” and “+” symbols represent multiplication and addition with infinite precision inputs and outputs (no 
rounding). 


VFMADDSUB132PS DEST, SRC2, SRC3 
IF (VEX.128) THEN 
MAXNUM :=2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM -1{ 
n:= 64%i; 
DEST[n+31:n] := RoundFPControl_MXCSR(DEST[n+31 :n]*SRC3[n+3 1:n] - SRC2[n+31:n]) 
DEST[nN+63:n+32] := RoundFPControl_MXCSR(DEST[n+63:n+32]*SRC3[n+63:n+32] + SRC2[n+63:n+32]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFMADDSUB213PS DEST, SRC2, SRC3 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM -1{ 
n:= 64%; 
DEST[n+31:n] := RoundFPControl_MXCSR(SRC2[n+31 :n]*DEST[n+31:n] - SRC3[n+31:n]) 
DEST[n+63:n+32] := RoundFPControl_MXCSR(SRC2[n+63:n+32]*DEST[n+63:n+32] + SRC3[n+63:n+32)) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:1 28] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 
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VFMADDSUB231PS DEST, SRC2, SRC3 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM -1{ 
n:= 64%; 
DEST[n+31:n] := RoundFPControl_MXCSR(SRC2[n+31 :n]*SRC3[n+31:n] - DEST[n+31:n]) 
DEST[n+63:n+32] :=RoundFPControl_MXCSR(SRC2[n+63:n+32]*SRC3[n+63:n+32] + DEST[n+63:n+32]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:1 28] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFMADDSUB132PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) (4, 128), (8, 256),= (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN DEST[i+31:i] := 
RoundFPControl(DEST[i+31:i]*SRC3[i+31:i] - SRC2[i+3 1:i]) 
ELSE DEST[i+31:i] = 
RoundFPControl(DEST[i+31:i]*SRC3[i+31:i] + SRC2[i+31:i]) 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 


VFMADDSUB132PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 


(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] = 
RoundFPControl_MXCSR(DEST[i+3 1 :i]*SRC3[3 1:0] - SRC2[i+31:i]) 
ELSE 
DEST[i+31:i] = 
RoundFPControl_MXCSR(DEST[i+3 1 :i]*SRC3[i+3 1:i] - SRC2[i+31:i]) 
Fl; 
ELSE 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] = 
RoundFPControl_MXCSR(DEST[i+3 1 :i]*SRC3[3 1:0] + SRC2[i+31:i]) 
ELSE 
DEST[i+31:i] = 
RoundFPControl_MXCSR(DEST[i+3 1 :i]*SRC3[i+3 1:i] + SRC2[i+3 1:i]) 
Fl; 
Fl 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VFMADDSUB213PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN DEST[i+31:i] := 
RoundFPControl(SRC2[i+31:i]*DEST[i+31:i] - SRC3[i+3 1:i]) 
ELSE DEST[i+31:i] := 
RoundFPControl(SRC2[i+31:i]*DEST[i+31:i] + SRC3[i+31:i]) 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMADDSUB213PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*DEST[i+31:i] - SRC3[31:0]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*DEST[i+31:i] - SRC3[i+3 1:i]) 
Fl; 
ELSE 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*DEST[i+31:i] + SRC3[31:0]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+3 1:i]*DEST[i+31:i] + SRC3[i+31:i]) 
Fl; 
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Fl 
ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


INSTRUCTION SET REFERENCE, V-Z 


VFMADDSUB231PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 


(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN DEST[i+31:i] = 
RoundFPControl(SRC2[i+31:i]*SRC3[i+31:i] - DEST[i+31:i]) 
ELSE DEST[i+31:i] := 
RoundFPControl(SRC2[i+31:i]*SRC3[i+31:i] + DEST[i+31:i]) 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VFMADDSUB231PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*SRC3[3 1:0] - DEST[i+31:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*SRC3[i+31:i] - DEST[i+3 1:i]) 
Fl; 
ELSE 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*SRC3[3 1:0] + DEST[i+31:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*SRC3[i+31:i] + DEST[i+31:i]) 
Fl; 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VFMADDSUBxxxPS 
VFMADDSUBxxxPS 
VFMADDSUBxxxPS 
VFMADDSUBxxxPS 
VFMADDSUBxxxPS 
VFMADDSUBxxxPS 
VFMADDSUBxxxPS 
VFMADDSUBxxxPS 
VFMADDSUBxxxPS 
VFMADDSUBxxxPS 
VFMADDSUBxxxPS 
VFMADDSUBxxxPS 
VFMADDSUBxxxPS 
VFMADDSUBxxxPS 
VFMADDSUBxxxPS 


m512 


mm512_fmaddsub_ps(__m512 a,__m512b,__m512 c); 


m512 


mm512_fmaddsub_round_ps(__m512 a,__m512b,__m512c, int r); 


m512 


mm512_mask_fmaddsub_ps(__m512 a,__mmask16 k,__m512b,__m512 c); 


m512 


m512 


mm512_maskz_fmaddsub_ps(__mmask16 k,__m512a,__m512b,__m512c); 
mm512_mask3_fmaddsub_ps(__m512 a,__m512b,__m512c,__mmask16 k); 


m512 


mm512_mask_fmaddsub_round_ps(__m512 a,__mmask16 k,__m512b,__m512¢, intr); 


m512 


mm512_maskz_fmaddsub_round_ps(__mmask16 k,__m512a,__m512b,__m512¢, intr); 


m512 


mm512_mask3_fmaddsub_round_ps(__m512 a,__m512b,__m512c,__mmask16 k, int r); 


m256 


mm256_mask_fmaddsub_ps(__m256 a,__mmask8 k,__m256 b,__m256 c); 


m256 


mm256_maskz_fmaddsub_ps(__mmask8 k,__m256 a,__m256 b,__m256 c); 


m256 


mi28 


mm256_mask3_fmaddsub_ps(__m256 a,__m256b,__m256c,__ mmask8 k); 
mm_mask_fmaddsub_ps(__m128 a,__mmask8 k,__m128b,__m128 c); 


mi28 


mm_maskz_fmaddsub_ps(__mmask8 k,__m128 a,__m128b,__m128 c); 


mi28 


mm_mask3_fmaddsub_ps(__m128 a,__m128b,__m128 c,___mmask8 k); 


_m128 
VFMADDSUBxxxPS __m256 _mm256_fmaddsub_ps (__m256 a, 


_mm_fmaddsub_ps (__m128 a,__m128b,__m128 c); 
m256 b,__m256 c); 


SIMD Floating-Point Exceptions 


Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 


VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, V-Z 


VFMSUBADD132PD/VFMSUBADD21 3PD/VFMSUBADD231PD—Fused Multiply-Alternating 
Subtract/Add of Packed Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
VEX.128.66.0F38.W1 97 /r A VV FMA Multiply packed double-precision floating-point values 
VFMSUBADD132PD xmm1, xmm2, from xmm1 and xmm3/mem, subtract/add elements 
xmm3/m128 in xmm_2 and put result in xmm1. 
VEX.128.66.0F38.W1 A7 /r A VV FMA Multiply packed double-precision floating-point values 
VFMSUBADD213PD xmm1, xmm2, from xmm1 and xmm2, subtract/add elements in 
xmm3/m128 xmm3/mem and put result in xmm1. 
VEX.128.66.0F38.W1 B7 /r A VV FMA Multiply packed double-precision floating-point values 
VFMSUBADD231PD xmm1, xmm2, from xmm2 and xmm3/mem, subtract/add elements 
xmm3/m128 in xmm1 and put result in xmm1. 
VEX.256.66.0F38.W1 97 /r A VV FMA Multiply packed double-precision floating-point values 
VFMSUBADD132PD ymm1, ymm2, from ymm1 and ymm3/mem, subtract/add elements 
ymm3/m256 in ymm2 and put result in ymm1. 
VEX.256.66.0F38.W1 A7 /r A VV FMA Multiply packed double-precision floating-point values 
VFMSUBADD213PD ymm1, ymm2, from ymm1 and ymm2, subtract/add elements in 
ymm3/m256 ymm3/mem and put result in ymm1. 
VEX.256.66.0F38.W1 B7 /r A VV FMA Multiply packed double-precision floating-point values 
VFMSUBADD231PD ymm1, ymm2, from ymm2 and ymm3/mem, subtract/add elements 
ymm3/m256 in ymm1 and put result in ymm1. 
EVEX.128.66.0F38.W1 97 /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMSUBADD132PD xmm1 {k1}{Z}, AVX512F from xmm1 and xmm3/m128/m64bcst, subtract/add 
xmm2, xmm3/m128/m64bcst elements in xmm_2 and put result in xmm1 subject to 
writemask k1. 
EVEX.128.66.0F38.W1 A7 /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMSUBADD213PD xmm1 {k1}{Z}, AVX512F from xmm1 and xmm2, subtract/add elements in 
xmm2, xmm3/m128/m64bcst xmm3/m128/m64bcst and put result in xmm1 
subject to writemask k1. 
EVEX.128.66.0F38.W1 B7 /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMSUBADD231PD xmm1 {k1}{Z}, AVX512F from xmm_2 and xmm3/m128/m64bcst, subtract/add 
xmm2, xmm3/m128/m64bcst elements in xmm1 and put result in xmm1 subject to 
writemask k1. 
EVEX.256.66.0F38.W1 97 /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMSUBADD132PD ymm1 {k1}{z}, AVX512F from ymm1 and ymm3/m256/m64bcst, subtract/add 
ymm2, ymm3/m256/m64bcst elements in ymm2 and put result in ymm1 subject to 
writemask k1. 
EVEX.256.66.0F38.W1 A7 /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMSUBADD213PD ymm1 {k1}{z}, AVX512F from ymm1 and ymm2, subtract/add elements in 
ymme2, ymm3/m256/m64bcst ymm3/m256/m64bcst and put result in ymm1 
subject to writemask k1. 
EVEX.256.66.0F38.W1 B7 /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMSUBADD231PD ymm1 {k1}{z}, AVX512F from ymm2 and ymm3/m256/m64bcst, subtract/add 


ymm2, ymm3/m256/m64bcst 


elements in ymm1 and put result in ymm1 subject to 
writemask k1. 
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INSTRUCTION SET REFERENCE, V-Z 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.512.66.0F38.W1 97 /r B VV AVX512F Multiply packed double-precision floating-point values 
VFMSUBADD132PD zmm1 {k1}{z}, from zmm1 and zmm3/m512/m64bcst, subtract/add 
zmm2, zmm3/m512/m64bcst{er} elements in zmme2 and put result in zmm1 subject to 
writemask k1. 
EVEX.512.66.0F38.W1 A7 /r B VV AVX512F Multiply packed double-precision floating-point values 
VFMSUBADD213PD zmm1 {k1}{z}, from zmm1 and zmm2, subtract/add elements in 
zmm2, zmm3/m51 2/m64bcst{er} zmm3/m512/m64bcst and put result inzmm1 subject 
to writemask k1. 
EVEX.512.66.0F38.W1 B7 /r B VV AVX512F Multiply packed double-precision floating-point values 
VFMSUBADD231PD zmm1 {k1}{Z}, from zmm2 and zmm3/m512/m64bcst, subtract/add 
zmm2, zmm3/m51 2/m64bcst{er} elements in zmm1 and put result in zmm1 subject to 
writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


VFMSUBADD132PD: Multiplies the two, four, or eight packed double-precision floating-point values from the first 
source operand to the two or four packed double-precision floating-point values in the third source operand. From 
the infinite precision intermediate result, subtracts the odd double-precision floating-point elements and adds the 
even double-precision floating-point values in the second source operand, performs rounding and stores the 
resulting two or four packed double-precision floating-point values to the destination operand (first source 
operand). 


VFMSUBADD213PD: Multiplies the two, four, or eight packed double-precision floating-point values from the 
second source operand to the two or four packed double-precision floating-point values in the first source operand. 
From the infinite precision intermediate result, subtracts the odd double-precision floating-point elements and 
adds the even double-precision floating-point values in the third source operand, performs rounding and stores the 
resulting two or four packed double-precision floating-point values to the destination operand (first source 
operand). 


VFMSUBADD231PD: Multiplies the two, four, or eight packed double-precision floating-point values from the 
second source operand to the two or four packed double-precision floating-point values in the third source 
operand. From the infinite precision intermediate result, subtracts the odd double-precision floating-point 
elements and adds the even double-precision floating-point values in the first source operand, performs rounding 
and stores the resulting two or four packed double-precision floating-point values to the destination operand (first 
source operand). 


EVEX encoded versions: The destination operand (also first source operand) and the second source operand are 
ZMM/YMM/XMM register. The third source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory loca- 
tion or a 512/256/128-bit vector broadcasted from a 64-bit memory location. The destination operand is condition- 
ally updated with write mask k1. 
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INSTRUCTION SET REFERENCE, V-Z 


VEX.256 encoded version: The destination operand (also first source operand) is a YMM register and encoded in 
reg_field. The second source operand is a YMM register and encoded in VEX.vvvv. The third source operand is a 
YMM register or a 256-bit memory location and encoded in rm_field. 


VEX.128 encoded version: The destination operand (also first source operand) is a XMM register and encoded in 
reg_field. The second source operand is a XMM register and encoded in VEX.vvvv. The third source operand is a 
XMM register or a 128-bit memory location and encoded in rm_field. The upper 128 bits of the YMM destination 
register are zeroed. 

Compiler tools may optionally support a complementary mnemonic for each instruction mnemonic listed in the 
opcode/instruction column of the summary table. The behavior of the complementary mnemonic in situations 
involving NANs are governed by the definition of the instruction mnemonic defined in the opcode/instruction 
column. 


Operation 


In the operations below, “*” and “+” symbols represent multiplication and addition with infinite precision inputs and outputs (no 
rounding). 


VFMSUBADD132PD DEST, SRC2, SRC3 
IF (VEX.128) THEN 
DEST[63:0] := RoundFPControl_MXCSR(DEST[63:0]*SRC3[63:0] + SRC2[63:0]) 
DEST[127:64] := RoundFPControl_MXCSR(DEST[127:64]*SRC3[1 27:64] - SRC2[127:64]) 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[63:0] := RoundFPControl_MXCSR(DEST[63:0]*SRC3[63:0] + SRC2[63:0]) 
DEST[127:64] := RoundFPControl_MXCSR(DEST[127:64]*SRC3[1 27:64] - SRC2[127:64]) 
DEST[191:128] := RoundFPControl_MXCSR(DEST[191:128]*SRC3[191:128] + SRC2[191:128]) 
DEST[255:192] := RoundFPControl_MXCSR(DEST[255:192]*SRC3[255:1 92] - SRC2[255:192] 
Fl 


VFMSUBADD213PD DEST, SRC2, SRC3 
IF (VEX.128) THEN 
DEST[63:0] := RoundFPControl_MXCSR(SRC2[63:0]*DEST[63:0] + SRC3[63:0]) 
DEST[127:64] := RoundFPControl_MXCSR(SRC2[127:64]*DEST[127:64] - SRC3[127:64]) 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[63:0] := RoundFPControl_MXCSR(SRC2[63:0]*DEST[63:0] + SRC3[63:0]) 
DEST[127:64] := RoundFPControl_MXCSR(SRC2[127:64]*DEST[1 27:64] - SRC3[127:64]) 
DEST[191:128] := RoundFPControl_MXCSR(SRC2[191:128]*DEST[191:128] + SRC3[191:128}) 
DEST[255:192] := RoundFPControl_MXCSR(SRC2[255:192]*DEST[255:1 92] - SRC3[255:192] 
Fl 


VFMSUBADD231PD DEST, SRC2, SRC3 
IF (VEX.128) THEN 
DEST[63:0] := RoundFPControl_MXCSR(SRC2[63:0]*SRC3[63:0] + DEST[63:0]) 
DEST[127:64] := RoundFPControl_MXCSR(SRC2[127:64]*SRC3[1 27:64] - DEST[127:64]) 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[63:0] := RoundFPControl_MXCSR(SRC2[63:0]*SRC3[63:0] + DEST[63:0]) 
DEST[127:64] := RoundFPControl_MXCSR(SRC2[127:64]*SRC3[1 27:64] - DEST[127:64]) 
DEST[191:128] := RoundFPControl_MXCSR(SRC2[191:128]*SRC3[191:128] + DEST[191:128]) 
DEST[255:192] := RoundFPControl_MXCSR(SRC2[255:192]*SRC3[255:192] - DEST[255:192] 
Fl 
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VFMSUBADD132PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN DEST[i+63:i] := 
RoundFPControl(DEST[i+63:i]*SRC3[i+63:i] + SRC2[i+63:i]) 
ELSE DEST[i+63:i] := 
RoundFPControl(DEST[i+63:i]*SRC3[i+63:i] - SRC2[i+63:i]) 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 


VFMSUBADD132PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(DEST[i+63:i]*SRC3[63:0] + SRC2[i+63:i]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(DEST[i+63:i]*SRC3[i+63:i] + SRC2[i+63:i]) 
Fl; 
ELSE 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(DEST[i+63:i]*SRC3[63:0] - SRC2[i+63:i]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(DEST[i+63:i]*SRC3[i+63:i] - SRC2[i+63:i]) 
Fl; 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


5-168 Vol. 2C VFMSUBADD 1 32PD/VFMSUBADD21 3PD/VFMSUBADD231PD—Fused Multiply-Alternating Subtract/Add of Packed Double-Precision 


INSTRUCTION SET REFERENCE, V-Z 


VFMSUBADD213PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN DEST[i+63:i] := 
RoundFPControl(SRC2[i+63:i]*DEST[i+63:i] + SRC3[i+63:i]) 
ELSE DEST[i+63:i] := 
RoundFPControl(SRC2[i+63:i]*DEST[i+63:i] - SRC3[i+63:i]) 
Fl 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMSUBADD132PD/VFMSUBADD21 3PD/VFMSUBADD231PD—Fused Multiply-Alternating Subtract/Add of Packed Double-Precision Vol.2C 5-169 


INSTRUCTION SET REFERENCE, V-Z 


VFMSUBADD213PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*DEST[i+63:i] + SRC3[63:0]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*DEST[i+63:i] + SRC3[i+63:i]) 
Fl; 
ELSE 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*DEST[i+63:i] - SRC3[63:0]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*DEST[i+63:i] - SRC3[i+63:i]) 
Fl; 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


5-170 Vol. 2C VFMSUBADD 1 32PD/VFMSUBADD2 1 3PD/VFMSUBADD231PD—Fused Multiply-Alternating Subtract/Add of Packed Double-Precision 


INSTRUCTION SET REFERENCE, V-Z 


VFMSUBADD231PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN DEST[i+63:i] := 
RoundFPControl(SRC2[i+63:i]*SRC3[i+63:i] + DEST[i+63:i]) 
ELSE DEST[i+63:i] := 
RoundFPControl(SRC2[i+63:i]*SRC3[i+63:i] - DEST[i+63:i]) 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMSUBADD132PD/VFMSUBADD21 3PD/VFMSUBADD231PD—Fused Multiply-Alternating Subtract/Add of Packed Double-Precision Vol.2C 5-171 


INSTRUCTION SET REFERENCE, V-Z 


VFMSUBADD231PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*SRC3[63:0] + DEST[i+63:i]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*SRC3[i+63:i] + DEST[i+63:i]) 
Fl; 
ELSE 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*SRC3[63:0] - DEST[i+63:i]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*SRC3[i+63:i] - DEST[i+63:i]) 
Fl; 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


5-172 Vol. 2C VFMSUBADD 1 32PD/VFMSUBADD21 3PD/VFMSUBADD231PD—Fused Multiply-Alternating Subtract/Add of Packed Double-Precision 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VFMSUBADDxxxPD 
VFMSUBADDxxxPD 
VFMSUBADDxxxPD 
VFMSUBADDxxxPD 
VFMSUBADDxxxPD 
VFMSUBADDxxxPD 
VFMSUBADDxxxPD 
VFMSUBADDxxxPD 
VFMSUBADDxxxPD 
VFMSUBADDxxxPD 
VFMSUBADDxxxPD 
VFMSUBADDxxxPD 
VFMSUBADDxxxPD 
VFMSUBADDxxxPD 
VFMSUBADDxxxPD 


m512d 


mm512_fmsubadd_pd(__m512da,__m512db,_m512d c); 


m512d 


mm512_fmsubadd_round_pd(__m512da,__m512db,__m512dc, int r); 


m512d 


mm512_mask_fmsubadd_pd(__m512d a,__mmask8 k,__m512db,__m512d c); 


m512d 


mm512_maskz_fmsubadd_pd(__mmask8 k,__m512da,__m512db,__m512dc); 


m512d 


mm512_mask3_fmsubadd_pd(__m512da,__m512db,__m512dc,__ mmask8 k); 


m512d 


mm512_mask_fmsubadd_round_pd(__m512da,__ mmask8 k,__m512db,__m512dc, intr); 


m512d 


mm512_maskz_fmsubadd_round_pd(__mmask8 k,__m512da,__m512db,__m512dc, int r); 


m512d 


mm512_mask3_fmsubadd_round_pd(__m512da,__m512db,__m512dc,__mmask8 k, int r); 


m256d 


mm256_mask_fmsubadd_pd(__m256d a,___ mmask8 k,__m256d b, __m256d c); 


m256d 


mm256_maskz_fmsubadd_pd(__mmask8 k,__m256d a,__m256d b,___ m256d c); 


m256d 


mm256_mask3_fmsubadd_pd(__m256d a,__m256db,__ m256dc,___ mmask8 k); 


m128d 


mm_mask_fmsubadd_pd(__m128d a,__ mmask8 k,__m128db,__m128d c); 


m128d 


mm_maskz_fmsubadd_pd(__mmask8 k,__m128da,__m128db,___m128d c); 


m128d 


mm_mask3_fmsubadd_pd(__m128d a,__m128d b,__m128dc, __mmask8 k); 


__m128d 


_mm_fmsubadd_pd (__m128d a,__m128db,___m128d c); 
VFMSUBADDxxxPD __m256d __mm256_fmsubadd_pd (__m256d a, 


m256d b,__m256d c); 


SIMD Floating-Point Exceptions 


Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 


VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 


VFMSUBADD132PD/VFMSUBADD21 3PD/VFMSUBADD231PD—Fused Multiply-Alternating Subtract/Add of Packed Double-Precision 


Vol.2C 5-173 


INSTRUCTION SET REFERENCE, V-Z 


VFMSUBADD132PS/VFMSUBADD21 3PS/VFMSUBADD231PS—Fused Multiply-Alternating 
Subtract/Add of Packed Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
VEX.128.66.0F38.W0O 97 /r A VV FMA Multiply packed single-precision floating-point values from 
VFMSUBADD132PS xmm1, xmm2, xmm1 and xmm3/mem, subtract/add elements in xmm2 
xmm3/m128 and put result in xmm1. 
VEX.128.66.0F38.W0O A7 /r A VV FMA Multiply packed single-precision floating-point values from 
VFMSUBADD213PS xmm1, xmm2, xmm1 and xmm2, subtract/add elements in xmm3/mem 
xmm3/m128 and put result in xmm1. 
VEX.128.66.0F38.W0O B7 /r A VIV FMA Multiply packed single-precision floating-point values from 
VFMSUBADD231PS xmm1, xmm2, xmm2 and xmm3/mem, subtract/add elements in xmm1 
xmm3/m128 and put result in xmm1. 
VEX.256.66.0F38.WO 97 /r A VIV FMA Multiply packed single-precision floating-point values from 
VFMSUBADD132PS ymm1, ymm2, ymm1 and ymm3/mem, subtract/add elements in ymnm2 
ymm3/m256 and put result in ymm1. 
VEX.256.66.0F38.W0O A7 /r A VIV FMA Multiply packed single-precision floating-point values from 
VFMSUBADD213PS ymm1, ymm2, ymm1 and ymm2, subtract/add elements in ymm3/mem 
ymm3/m256 and put result in ymm1. 
VEX.256.66.0F38.W0 B7 /r A VV FMA Multiply packed single-precision floating-point values from 
VFMSUBADD231PS ymm1, ymm2, ymme2 and ymm3/mem, subtract/add elements in ymm1 
ymm3/m256 and put result in ymm1. 
EVEX.128.66.0F38.W0 97 /r B VV AVX512VL | Multiply packed single-precision floating-point values from 
VFMSUBADD132PS xmm1 {k1}{z}, AVX512F xmm1 and xmm3/m128/m32bcst, subtract/add elements 
xmm2, xmm3/m128/m32bcst in xmm2 and put result in xmm1 subject to writemask k1. 
EVEX.128.66.0F38.W0 A7 /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFMSUBADD213PS xmm1 {k1}{z}, AVX512F xmm1 and xmm2, subtract/add elements in 
xmm2, xmm3/m128/m32bcst xmm3/m128/m32bcst and put result in xmm1 subject to 
writemask k1. 
EVEX.128.66.0F38.W0 B7 /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFMSUBADD231PS xmm1 {k1}{z}, AVX512F xmme2 and xmm3/m128/m32bcst, subtract/add elements 
xmm2, xmm3/m128/m32bcst in xmm1 and put result in xmm1 subject to writemask k1. 
EVEX.256.66.0F38.W0 97 /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFMSUBADD132PS ymm1 {k1}{Z}, AVX512F ymm1 and ymm3/m256/m32bcst, subtract/add elements 
ymm2, ymm3/m256/m32bcst in ymmd2 and put result in ymm1 subject to writemask k1. 
EVEX.256.66.0F38.W0 A7 /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFMSUBADD213PS ymm1 {k1}{Z}, AVX512F ymm1 and ymmd2, subtract/add elements in 
ymm2, ymm3/m256/m32bcst ymm3/m256/m32bcst and put result in ymm1 subject to 
writemask k1. 
EVEX.256.66.0F38.W0 B7 /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFMSUBADD231PS ymm1 {k1}{Z}, AVX512F ymme2 and ymm3/m256/m32bcst, subtract/add elements 
ymm2, ymm3/m256/m32bcst in ymm1 and put result in ymm1 subject to writemask k1. 
EVEX.512.66.0F38.W0 97 /r B VIV AVX512F Multiply packed single-precision floating-point values from 
VFMSUBADD132PS zmm1 {k1}{Z}, zmm1 and zmm3/m512/m32bcst, subtract/add elements 
zmm2, zmm3/m51 2/m32bcst{er} in zmm2 and put result in zmm1 subject to writemask k1. 
EVEX.512.66.0F38.W0 A7 /r B VV AVX512F Multiply packed single-precision floating-point values from 
VFMSUBADD213PS zmm1 {k1}{Z}, zmm1 and zmmcz, subtract/add elements in 
zmm2, zmm3/m512/m32bcst{er} zmm3/m512/m32bcst and put result in zmm1 subject to 
writemask k1. 
EVEX.512.66.0F38.W0 B7 /r B VV AVX512F Multiply packed single-precision floating-point values from 


VFMSUBADD231PS zmm1 {k1}{2}, 
zmm2, zmm3/m51 2/m32bcst{er} 


5-174 Vol. 2C 


zmme2 and zmm3/m512/m32bcst, subtract/add elements 
in zmm1 and put result in zmm1 subject to writemask k1. 


VFMSUBADD132PS/VFMSUBADD213PS/VFMSUBADD231PS—Fused Multiply-Alternating Subtract/Add of Packed Single-Precision 


INSTRUCTION SET REFERENCE, V-Z 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


VFMSUBADD132PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the first 
source operand to the corresponding packed single-precision floating-point values in the third source operand. 
From the infinite precision intermediate result, subtracts the odd single-precision floating-point elements and adds 
the even single-precision floating-point values in the second source operand, performs rounding and stores the 
resulting packed single-precision floating-point values to the destination operand (first source operand). 


VFMSUBADD213PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the 
second source operand to the corresponding packed single-precision floating-point values in the first source 
operand. From the infinite precision intermediate result, subtracts the odd single-precision floating-point elements 
and adds the even single-precision floating-point values in the third source operand, performs rounding and stores 
the resulting packed single-precision floating-point values to the destination operand (first source operand). 


VFMSUBADD231PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the 
second source operand to the corresponding packed single-precision floating-point values in the third source 
operand. From the infinite precision intermediate result, subtracts the odd single-precision floating-point elements 
and adds the even single-precision floating-point values in the first source operand, performs rounding and stores 
the resulting packed single-precision floating-point values to the destination operand (first source operand). 


EVEX encoded versions: The destination operand (also first source operand) and the second source operand are 
ZMM/YMM/XMM register. The third source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory loca- 
tion or a 512/256/128-bit vector broadcasted from a 32-bit memory location. The destination operand is condition- 
ally updated with write mask k1. 


VEX.256 encoded version: The destination operand (also first source operand) is a YMM register and encoded in 
reg_field. The second source operand is a YMM register and encoded in VEX.vvvv. The third source operand is a 
YMM register or a 256-bit memory location and encoded in rm_field. 


VEX.128 encoded version: The destination operand (also first source operand) is a XMM register and encoded in 
reg_field. The second source operand is a XMM register and encoded in VEX.vvvv. The third source operand is a 
XMM register or a 128-bit memory location and encoded in rm_field. The upper 128 bits of the YMM destination 
register are zeroed. 


Compiler tools may optionally support a complementary mnemonic for each instruction mnemonic listed in the 
opcode/instruction column of the summary table. The behavior of the complementary mnemonic in situations 
involving NANs are governed by the definition of the instruction mnemonic defined in the opcode/instruction 
column. 


VFMSUBADD132PS/VFMSUBADD213PS/VFMSUBADD231PS—Fused Multiply-Alternating Subtract/Add of Packed Single-Precision Vol.2C 5-175 


INSTRUCTION SET REFERENCE, V-Z 


Operation 


In the operations below, “*” and “+” symbols represent multiplication and addition with infinite precision inputs and outputs (no 
rounding). 


VFMSUBADD132PS DEST, SRC2, SRC3 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM -1{ 
n:= 64%; 
DEST[n+31:n] := RoundFPControl_MXCSR(DEST[n+31 :n]*SRC3[n+31:n] + SRC2[n+31:n]) 
DEST[n+63:n+32] := RoundFPControl_MXCSR(DEST[n+63:n+32]*SRC3[n+63:n+32] -SRC2[n+63:n+32)) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFMSUBADD213PS DEST, SRC2, SRC3 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM -1{ 
n:= 64%; 
DEST[n+31:n] := RoundFPControl_MXCSR(SRC2[n+31 :n}*DEST[n+31:n] +SRC3[n+3 1:n)J) 
DEST[n+63:n+32] := RoundFPControl_MXCSR(SRC2[n+63:n+32]*DEST[n+63:n+32] -SRC3[n+63:n+32]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:1 28] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFMSUBADD231PS DEST, SRC2, SRC3 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM -1{ 
n:= 64%; 
DEST[n+31:n] := RoundFPControl_MXCSR(SRC2[n+31 :n]*SRC3[n+31:n] + DEST[n+31:n]) 
DEST[n+63:n+32] := RoundFPControl_MXCSR(SRC2[n+63:n+32]*SRC3[n+63:n+32] -DEST[n+63:n+32]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:1 28] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


5-176 Vol. 2C VFMSUBADD132PS/VFMSUBADD213PS/VFMSUBADD231PS—Fused Multiply-Alternating Subtract/Add of Packed Single-Precision 


VFMSUBADD132PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 


(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN DEST[i+31:i] = 
RoundFPControl(DEST[i+3 1 :i]*SRC3[i+31:i] + SRC2[i+31:i]) 
ELSE DEST[i+31:i] := 
RoundFPControl(DEST[i+3 1 :i]*SRC3[i+31:i] - SRC2[i+31:i]) 
Fl 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VFMSUBADD132PS/VFMSUBADD2 1 3PS/VFMSUBADD231PS—Fused Multiply-Alternating Subtract/Add of Packed Single-Precision 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-177 


INSTRUCTION SET REFERENCE, V-Z 


VFMSUBADD132PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(DEST[i+31:i]*SRC3[3 1:0] + SRC2[i+31:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(DEST[i+31:i]*SRC3[i+31:i] + SRC2[i+31:i]) 
Fl; 
ELSE 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(DEST[i+31:i]*SRC3[3 1:0] - SRC2[i+31:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(DEST[i+31:i]*SRC3[i+31:i] - SRC2[i+31:i]) 
Fl; 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 


VFMSUBADD213PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN DEST[i+31:i] = 
RoundFPControl(SRC2[i+31:i]*DEST[i+31:i] + SRC3[i+31:i]) 
ELSE DEST[i+31:i] := 
RoundFPControl(SRC2[i+31:i]*DEST[i+31:i] - SRC3[i+3 1:i]) 
Fl 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMSUBADD132PS/VFMSUBADD213PS/VFMSUBADD231PS—Fused Multiply-Alternating Subtract/Add of Packed Single-Precision Vol.2C 5-179 


INSTRUCTION SET REFERENCE, V-Z 


VFMSUBADD213PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*DEST[i+31:i] + SRC3[31:0]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*DEST[i+31:i] + SRC3[i+31:i]) 
Fl; 
ELSE 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+3 1:i]*DEST[i+31:i] - SRC3[i+31:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*DEST[i+31:i] - SRC3[31:0]) 
Fl; 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VFMSUBADD231PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN DEST[i+31:i] = 
RoundFPControl(SRC2[i+31:i]*SRC3[i+31:i] + DEST[i+31:i]) 
ELSE DEST[i+31:i] := 
RoundFPControl(SRC2[i+31:i]*SRC3[i+31:i] - DEST[i+31:i]) 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 


VFMSUBADD231PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF j *is even* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*SRC3[3 1:0] + DEST[i+31:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*SRC3[i+31:i] + DEST[i+31:i]) 
Fl; 
ELSE 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*SRC3[3 1:0] - DEST[i+31:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*SRC3[i+31:i] - DEST[i+3 1:i]) 
Fl; 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VFMSUBADDxxxPS 
VFMSUBADDxxxPS 
VFMSUBADDxxxPS 
VFMSUBADDxxxPS 
VFMSUBADDxxxPS 
VFMSUBADDxxxPS 
VFMSUBADDxxxPS 
VFMSUBADDxxxPS 
VFMSUBADDxxxPS 
VFMSUBADDxxxPS 
VFMSUBADDxxxPS 
VFMSUBADDxxxPS 
VFMSUBADDxxxPS 
VFMSUBADDxxxPS 
VFMSUBADDxxxPS 


m512 


mm512_fmsubadd_ps(__m512 a,__m512b,__m512 c); 


m512 


mm512_fmsubadd_round_ps(__m512 a,__m512b,__m512¢, intr); 


m512 


mm512_mask_fmsubadd_ps(__m512 a,__mmask16k,__m512b,__m512 c); 


m512 


mm512 


m512 


maskz_fmsubadd_ps(__mmask16 k,__m512 a,__m512b,__m512 c); 


mm512_mask3_fmsubadd_ps(__m512 a,__m512b,__m512c,__mmask16 k); 


m512 


mm512_mask_fmsubadd_round_ps(__m512 a,__mmask16 k,__m512b,__m512, int r); 


m512 


mm512_maskz_fmsubadd_round_ps(__mmask16 k,__m512a,__m512b,__m512c, intr); 


m512 


mm512_mask3_fmsubadd_round_ps(__m512 a,__m512b,__m512 c,__mmask16 k, int r); 


m256 


mm256_mask_fmsubadd_ps(__m256 a,__mmask8k,__m256 b,__m256 c); 


m256 


mm256_maskz_fmsubadd_ps(__mmask8 k,__m256 a,__m256b,__m256 c); 


m256 


mi28 


mm256_mask3_fmsubadd_ps(__m256 a,__m256b,__m256c,__ mmask8 k); 
mm_mask_fmsubadd_ps(__m128 a,__ mmask8 k,__m128b,__m128 c); 


mi28 


mm_maskz_fmsubadd_ps(__mmask8 k,__m128 a,__m128b,__m128 c); 


mi28 


mm_mask3_fmsubadd_ps(__m128 a,__m128b,__m128c, ___mmask8 k); 


_m128 
VFMSUBADDxxxPS __m256 __mm256_fmsubadd_ps (__m256 a, 


_mm_fmsubadd_ps (__m128 a,__m128b,__m128c); 
m256 b,__m256 c); 


SIMD Floating-Point Exceptions 


Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 


VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 


VFMSUBADD132PS/VFMSUBADD213PS/VFMSUBADD231PS—Fused Multiply-Alternating Subtract/Add of Packed Single-Precision 


Vol.2C 5-183 


INSTRUCTION SET REFERENCE, V-Z 


VFMSUB132PD/VFMSUB213PD/VFMSUB231PD—Fused Multiply-Subtract of Packed Double- 
Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
VEX.128.66.0F38.W1 9A /r A VIV FMA Multiply packed double-precision floating-point values 
VFMSUB132PD xmm1, xmm2, from xmm1 and xmm3/mem, subtract xmm2 and put 
xmm3/m128 result in xmm1. 
VEX.128.66.0F38.W1 AA /r A VIV FMA Multiply packed double-precision floating-point values 
VFMSUB213PD xmm1, xmm2, from xmm1 and xmmz, subtract xmm3/mem and put 
xmm3/m128 result in xmm1. 
VEX.128.66.0F38.W1 BA /r A VIV FMA Multiply packed double-precision floating-point values 
VFMSUB231PD xmm1, xmm2, from xmm_2 and xmm3/mem, subtract xmm1 and put 
xmm3/m128 result in xmm1. 
VEX.256.66.0F38.W1 9A /r A VIV FMA Multiply packed double-precision floating-point values 
VFMSUB132PD ymm1, ymm2, from ymm1 and ymm3/mem, subtract ymm2 and put 
ymm3/m256 result in ymm1. 
VEX.256.66.0F38.W1 AA /r A VIV FMA Multiply packed double-precision floating-point values 
VFMSUB213PD ymm1, ymm2, from ymm1 and ymm2, subtract ynm3/mem and put 
ymm3/m256 result in ymm1. 
VEX.256.66.0F38.W1 BA /r A VIV FMA Multiply packed double-precision floating-point values 
VFMSUB231PD ymm1, ymm2, from ymm2 and ymm3/mem, subtract ymm1 and put 
ymm3/m256 result in ymm1.S 
EVEX.128.66.0F38.W1 9A /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMSUB132PD xmm1 {k1}{Z}, AVX512F from xmm1 and xmm3/m128/m64bcst, subtract xmm2 
xmm2, xmm3/m128/m64bcst and put result in xmm1 subject to writemask k1. 
EVEX.128.66.0F38.W1 AA /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMSUB213PD xmm1 {k1}{z}, AVX512F from xmm1 and xmmz, subtract xmm3/m128/m64bcst 
xmm2, xmm3/m128/m64bcst and put result in xmm1 subject to writemask k1. 
EVEX.128.66.0F38.W1 BA /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMSUB231PD xmm1 {k1}{z}, AVX512F from xmm_2 and xmm3/m128/m64bcst, subtract xmm1 
xmm2, xmm3/m128/m64bcst and put result in xmm1 subject to writemask k1. 
EVEX.256.66.0F38.W1 9A /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMSUB132PD ymm1 {k1}{Z}, AVX512F from ymm1 and ymm3/m256/m64bcst, subtract ymm2 
ymme2, ymm3/m256/m64bcst and put result in ymm1 subject to writemask k1. 
EVEX.256.66.0F38.W1 AA /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMSUB213PD ymm1 {k1}{Z}, AVX512F from ymm1 and ymm2, subtract ynm3/m256/m64bcst 
ymm2, ymm3/m256/m64bcst and put result in ymm1 subject to writemask k1. 
EVEX.256.66.0F38.W1 BA /r B VIV AVX512VL | Multiply packed double-precision floating-point values 
VFMSUB231PD ymm1 {k1}{Z}, AVX512F from ymm_2 and ymm3/m256/m64bcst, subtract ymm1 
ymme2, ymm3/m256/m64bcst and put result in ymm1 subject to writemask k1. 
EVEX.512.66.0F38.W1 9A /r B VIV AVX512F Multiply packed double-precision floating-point values 
VFMSUB132PD zmm1 {k1}{Z}, from zmm1 and zmm3/m512/m64bcst, subtract zmm2 
zmm2, zmm3/m512/m64bcst{er} and put result in zmm1 subject to writemask k1. 
EVEX.512.66.0F38.W1 AA /r B VIV AVX512F Multiply packed double-precision floating-point values 
VFMSUB213PD zmm1 {k1}{Z}, from zmm1 and zmm2, subtract zmm3/m512/m64bcst 
zmm2, zmm3/m512/m64bcst{er} and put result in zmm1 subject to writemask k1. 
EVEX.512.66.0F38.W1 BA /r B VIV AVX512F Multiply packed double-precision floating-point values 


VFMSUB231PD zmm1 {k1}{z}, 
zmm2, zmm3/m512/m64bcst{er} 


from zmm2 and zmm3/m512/m64bcst, subtract zmm1 
and put result in zmm1 subject to writemask k1. 
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INSTRUCTION SET REFERENCE, V-Z 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a set of SIMD multiply-subtract computation on packed double-precision floating-point values using three 
source operands and writes the multiply-subtract results in the destination operand. The destination operand is 
also the first source operand. The second operand must be a SIMD register. The third source operand can be a 
SIMD register or a memory location. 


VFMSUB132PD: Multiplies the two, four or eight packed double-precision floating-point values from the first source 
operand to the two, four or eight packed double-precision floating-point values in the third source operand. From 
the infinite precision intermediate result, subtracts the two, four or eight packed double-precision floating-point 
values in the second source operand, performs rounding and stores the resulting two, four or eight packed double- 
precision floating-point values to the destination operand (first source operand). 


VFMSUB213PD: Multiplies the two, four or eight packed double-precision floating-point values from the second 
source operand to the two, four or eight packed double-precision floating-point values in the first source operand. 
From the infinite precision intermediate result, subtracts the two, four or eight packed double-precision floating- 
point values in the third source operand, performs rounding and stores the resulting two, four or eight packed 
double-precision floating-point values to the destination operand (first source operand). 


VFMSUB231PD: Multiplies the two, four or eight packed double-precision floating-point values from the second 
source to the two, four or eight packed double-precision floating-point values in the third source operand. From the 
infinite precision intermediate result, subtracts the two, four or eight packed double-precision floating-point values 
in the first source operand, performs rounding and stores the resulting two, four or eight packed double-precision 
floating-point values to the destination operand (first source operand). 


EVEX encoded versions: The destination operand (also first source operand) and the second source operand are 
ZMM/YMM/XMM register. The third source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory loca- 
tion or a 512/256/128-bit vector broadcasted from a 64-bit memory location. The destination operand is condition- 
ally updated with write mask k1. 


VEX.256 encoded version: The destination operand (also first source operand) is a YMM register and encoded in 
reg_field. The second source operand is a YMM register and encoded in VEX.vvvv. The third source operand is a 
YMM register or a 256-bit memory location and encoded in rm_field. 


VEX.128 encoded version: The destination operand (also first source operand) is a XMM register and encoded in 
reg_field. The second source operand is a XMM register and encoded in VEX.vvvv. The third source operand is a 
XMM register or a 128-bit memory location and encoded in rm_field. The upper 128 bits of the YMM destination 
register are zeroed. 
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Operation 


In the operations below, “*” and “-” symbols represent multiplication and subtraction with infinite precision inputs and outputs (no 
rounding). 


VFMSUB132PD DEST, SRC2, SRC3 (VEX encoded versions) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 64%; 
DEST[n+63:n] := RoundFPControl_MXCSR(DEST[n+63:n]*SRC3[n+63:n] - SRC2[n+63:n)) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFMSUB213PD DEST, SRC2, SRC3 (VEX encoded versions) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i= 0 to MAXNUM-1 { 
n:= 64%; 
DEST[n+63:n] := RoundFPControl_MXCSR(SRC2[n+63:n]*DEST[n+63:n] - SRC3[n+63:n)) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFMSUB231PD DEST, SRC2, SRC3 (VEX encoded versions) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i= 0 to MAXNUM-1 { 
n:= 64%; 
DEST[n+63:n] := RoundFPControl_MXCSR(SRC2[n+63:n]*SRC3[n+63:n] - DEST[n+63:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:1 28] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 
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VFMSUB132PD DEST, SRC2, SRC3 (EVEX encoded versions, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
RoundFPControl(DEST[i+63:i]*SRC3[i+63:i] - SRC2[i+63:i]) 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMSUB132PD DEST, SRC2, SRC3 (EVEX encoded versions, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(DEST[i+63:i]*SRC3[63:0] - SRC2[i+63:i]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(DEST[i+63:i]*SRC3[i+63:i] - SRC2[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VFMSUB213PD DEST, SRC2, SRC3 (EVEX encoded versions, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
RoundFPControl(SRC2[i+63:i]*DEST[i+63:i] - SRC3[i+63:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMSUB213PD DEST, SRC2, SRC3 (EVEX encoded versions, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*DEST[i+63:i] - SRC3[63:0]) 
+31:i]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*DEST[i+63:i] - SRC3[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VFMSUB231PD DEST, SRC2, SRC3 (EVEX encoded versions, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
RoundFPControl(SRC2[i+63:i]*SRC3[i+63:i] - DEST[i+63:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMSUB231PD DEST, SRC2, SRC3 (EVEX encoded versions, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*SRC3[63:0] - DEST[i+63:i]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(SRC2[i+63:i]*SRC3[i+63:i] - DEST[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VFMSUBxxxPD __m512d_mm512_fmsub_pd(__m512da,__m512db,__m512dc); 

VFMSUBxxxPD __m512d_mm512_fmsub_round_pd(__m512da,__m512db,__m512dc, int r); 

VFMSUBxxxPD __m512d_mm512_mask_fmsub_pd(__m512da,__ mmask8 k,__m512db,__m512d c); 
VFMSUBxxxPD __m512d_mm512_maskz_fmsub_pd(__mmask8 k,__m512da,__m512db,__m512d c); 
VFMSUBxxxPD __m512d_mm512_mask3_fmsub_pd(__m512da,__m512db,__m512dc,__mmask8 k); 
VFMSUBxxxPD __m512d_mm512_mask_fmsub_round_pd(__m512d a,__mmask8k,__m512db,__m512dc, int r); 
VFMSUBxxxPD __m512d_mm512_maskz_fmsub_round_pd(__mmask8 k,___m512da,__m512db,__m512dc, intr); 
VFMSUBxxxPD __m512d_mm512_mask3_fmsub_round_pd(__m512da,__m512db,__m512dc,___mmask8 k, int r); 
VFMSUBxxxPD __m256d_mm256_mask_fmsub_pd(__m256d a,__ mmask8 k,__ m256d b,__ m256d c); 
VFMSUBxxxPD __m256d _mm256_maskz_fmsub_pd(__mmask8 k,___ m256d a,__m256d b,___m256d c); 
VFMSUBxxxPD __m256d_mm256_mask3_fmsub_pd(__m256d a,__m256d b,__m256d c,___mmask8 k); 
VFMSUBxxxPD __m128d _mm_mask_fmsub_pd(__m128d a,__mmask8 k,__m128d b,___m128d c); 

VFMSUBxxxPD __m128d _mm_maskz_fmsub_pd(__mmask8 k,__m128d a,__m128d b,___m128d c); 
VFMSUBxxxPD __m128d _mm_mask3_fmsub_pd(__m128d a,__m128db,__m128dc,__mmask8 k); 
VFMSUBxxxPD __m128d_mm_fmsub_pd (__m128da,_m128db,__m128d c); 

VFMSUBxxxPD __m256d_mm256_fmsub_pd (__m256d a,__m256d b, __m256d c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
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VFMSUB132PS/VFMSUB2 1 3PS/VFMSUB231PS—Fused Multiply-Subtract of Packed Single- 
Precision Floating-Point Values 


VFMSUB231PS zmm1 {k1}{Z}, 
zmm2, zmm3/m51 2/m32bcst{er} 


Opcode/ Op/E | 64/32 CPUID Description 
Instruction n bitMode | Feature 

Support Flag 
VEX.128.66.0F38.W0 9A /r A VIV FMA Multiply packed single-precision floating-point values 
VFMSUB132PS xmm1, xmm2, from xmm1 and xmm3/mem, subtract xmm_2 and put 
xmm3/m128 result in xmm1. 
VEX.128.66.0F38.W0 AA /r A VIV FMA Multiply packed single-precision floating-point values 
VFMSUB213PS xmm1, xmm2, from xmm1 and xmm2z, subtract xmm3/mem and put 
xmm3/m128 result in xmm1. 
VEX.128.66.0F38.W0 BA /r A VIV FMA Multiply packed single-precision floating-point values 
VFMSUB231PS xmm1, xmm2, from xmm2 and xmm3/mem, subtract xmm1 and put 
xmm3/m128 result in xmm1. 
VEX.256.66.0F38.W0 9A /r A VIV FMA Multiply packed single-precision floating-point values 
VFMSUB132PS ymm1, ymm2, from ymm1 and ymm3/mem, subtract ymm2 and put 
ymm3/m256 result in ymm1. 
VEX.256.66.0F38.W0 AA /r A VIV FMA Multiply packed single-precision floating-point values 
VFMSUB213PS ymm1, ymm2, from ymm1 and ymm2, subtract ymm3/mem and put 
ymm3/m256 result in ymm1. 
VEX.256.66.0F38.0 BA /r A VIV FMA Multiply packed single-precision floating-point values 
VFMSUB231PS ymm1, ymm2, from ymm2 and ymm3/mem, subtract ymm1 and put 
ymm3/m256 result in ymm1. 
EVEX.128.66.0F38.W0 JA /r B VIV AVX512VL | Multiply packed single-precision floating-point values 
VFMSUB132PS xmm1 {k1}{z}, AVX512F from xmm1 and xmm3/m128/m32bcst, subtract 
xmm2, xmm3/m128/m32bcst xmme2 and put result in xmm1. 
EVEX.128.66.0F38.WO AA /r B VIV AVX512VL | Multiply packed single-precision floating-point values 
VFMSUB213PS xmm1 {k1}{z}, AVX512F from xmm1 and xmmz, subtract 
xmm2, xmm3/m128/m32bcst xmm3/m128/m32bcst and put result in xmm1. 
EVEX.128.66.0F38.W0 BA /r B VIV AVX512VL | Multiply packed single-precision floating-point values 
VFMSUB231PS xmm1 {k1}{z}, AVX512F from xmm2 and xmm3/m128/m32bcst, subtract 
xmm2, xmm3/m128/m32bcst xmm1 and put result in xmm1. 
EVEX.256.66.0F38.W0 JA /r B VIV AVX512VL | Multiply packed single-precision floating-point values 
VFMSUB132PS ymm1 {k1}{z}, AVX512F from ymm1 and ymm3/m256/m32bcst, subtract 
ymm_2, ymm3/m256/m32bcst ymm_2 and put result in ymm1. 
EVEX.256.66.0F38.W0 AA /r B VIV AVX512VL | Multiply packed single-precision floating-point values 
VFMSUB213PS ymm1 {k1}{z}, AVX512F from ymm1 and ymm2, subtract 
ymm_2, ymm3/m256/m32bcst ymm3/m256/m32bcst and put result in ymm1. 
EVEX.256.66.0F38.W0 BA /r B VIV AVX512VL | Multiply packed single-precision floating-point values 
VFMSUB231PS ymm1 {k1}{z}, AVX512F from ymm2 and ymm3/m256/m32bcst, subtract 
ymm_2, ymm3/m256/m32bcst ymm1 and put result in ymm1. 
EVEX.512.66.0F38.W0 JA /r B VIV AVX512F Multiply packed single-precision floating-point values 
VFMSUB132PS zmm1 {k1}{Z}, from zmm1 and zmm3/m512/m32bcst, subtract zmm2 
zmm2, zmm3/m51 2/m32bcst{er} and put result in zmm1. 
EVEX.512.66.0F38.W0 AA /r B VIV AVX512F Multiply packed single-precision floating-point values 
VFMSUB213PS zmm1 {k1}{Z}, from zmm1 and zmm2, subtract zmm3/m512/m32bcst 
zmm2, zmm3/m51 2/m32bcst{er} and put result in zmm1. 
EVEX.512.66.0F38.W0 BA /r B VIV AVX512F Multiply packed single-precision floating-point values 


from zmm2 and zmm3/m512/m32bcst, subtract zmm1 
and put result in zmm1. 
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Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a set of SIMD multiply-subtract computation on packed single-precision floating-point values using three 
source operands and writes the multiply-subtract results in the destination operand. The destination operand is 
also the first source operand. The second operand must be a SIMD register. The third source operand can be a 
SIMD register or a memory location. 


VFMSUB132PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the first 
source operand to the four, eight or sixteen packed single-precision floating-point values in the third source 
operand. From the infinite precision intermediate result, subtracts the four, eight or sixteen packed single-precision 
floating-point values in the second source operand, performs rounding and stores the resulting four, eight or 
sixteen packed single-precision floating-point values to the destination operand (first source operand). 


VFMSUB213PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the second 
source operand to the four, eight or sixteen packed single-precision floating-point values in the first source 
operand. From the infinite precision intermediate result, subtracts the four, eight or sixteen packed single-precision 
floating-point values in the third source operand, performs rounding and stores the resulting four, eight or sixteen 
packed single-precision floating-point values to the destination operand (first source operand). 


VFMSUB231PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the second 

source to the four, eight or sixteen packed single-precision floating-point values in the third source operand. From 
the infinite precision intermediate result, subtracts the four, eight or sixteen packed single-precision floating-point 
values in the first source operand, performs rounding and stores the resulting four, eight or sixteen packed single- 
precision floating-point values to the destination operand (first source operand). 


EVEX encoded versions: The destination operand (also first source operand) and the second source operand are 
ZMM/YMM/XMM register. The third source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory loca- 
tion or a 512/256/128-bit vector broadcasted from a 32-bit memory location. The destination operand is condition- 
ally updated with write mask k1. 


VEX.256 encoded version: The destination operand (also first source operand) is a YMM register and encoded in 
reg_field. The second source operand is a YMM register and encoded in VEX.vvvv. The third source operand is a 
YMM register or a 256-bit memory location and encoded in rm_field. 


VEX.128 encoded version: The destination operand (also first source operand) is a XMM register and encoded in 
reg_field. The second source operand is a XMM register and encoded in VEX.vvvv. The third source operand is a 
XMM register or a 128-bit memory location and encoded in rm_field. The upper 128 bits of the YMM destination 
register are zeroed. 
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Operation 


In the operations below, “*” and “-” symbols represent multiplication and subtraction with infinite precision inputs and outputs (no 


rounding). 


VFMSUB132PS DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 32%; 
DEST[n+31:n] := RoundFPControl_MXCSR(DEST[n+31 :n]*SRC3[n+3 1:n] - SRC2[n+31:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFMSUB213PS DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 32%; 
DEST[n+31:n] := RoundFPControl_MXCSR(SRC2[n+31 :n]*DEST[n+31:n] - SRC3[n+31:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:1 28] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFMSUB231PS DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 32%; 
DEST[n+31:n] := RoundFPControl_MXCSR(SRC2[n+31 :n]*SRC3[n+31:n] - DEST[n+31:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 
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VFMSUB132PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] := 
RoundFPControl(DEST[i+31:i]*SRC3[i+31:i] - SRC2[i+3 1:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMSUB132PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(DEST[i+31:i]*SRC3[3 1:0] - SRC2[i+31:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(DEST[i+3 1:i]*SRC3[i+3 1:1] - SRC2[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VFMSUB213PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
RoundFPControl_MXCSR(SRC2[i+3 1:i]*DEST[i+3 1:i] - SRC3[i+31:i]) 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMSUB213PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+3 1:i]*DEST[i+3 1:i] - SRC3[31:0]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+3 1:i]*DEST[i+3 1:i] - SRC3[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VFMSUB231PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+3 1:i]*SRC3[i+31:i] - DEST[i+3 1:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFMSUB231PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+31:i]*SRC3[3 1:0] - DEST[i+31:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(SRC2[i+3 1:i]*SRC3[i+31:i] - DEST[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VFMSUBxxxPS __m512_mm512_fmsub_ps(__m512 a,__m512b,__m512 c); 

VFMSUBxxxPS __m512_mm512_fmsub_round_ps(__m512 a,__m512b,__m512¢, intr); 
VFMSUBxxxPS __m512_mm512_mask_fmsub_ps(__m512 a,__ mmask16k,__m512b,__m512 c); 
VFMSUBxxxPS __m512_mm512_maskz_fmsub_ps(__mmask16 k,__m512 a,__m512b,__m512 c); 
VFMSUBxxxPS __m512_mm512_mask3_fmsub_ps(__m512 a,__m512b,__m512 c,__mmask16 k); 
VFMSUBxxxPS __m512_mm512_mask_fmsub_round_ps(__m512 a,__mmask16k,__m512b, 


VFMSUBxxxPS __m256 _mm256_mask_fmsub_ps(__m256 a,__ mmask8 k,__m256 b,__m256 c); 
VFMSUBxxxPS __m256 __mm256_maskz_fmsub_ps(__mmask8 k,__m256 a,__m256 b,__m256 c); 
VFMSUBxxxPS __m256 _mm256_mask3_fmsub_ps(__m256 a,__m256 b,__m256 c,__ mmask8 k); 
VFMSUBxxxPS __m128 _mm_mask_fmsub_ps(__m128 a,__mmask8 k,__m128b,__m128 c); 
VFMSUBxxxPS __m128 _mm_maskz_fmsub_ps(__mmask8 k,_m128 a,__m128b,__m128 c); 
VFMSUBxxxPS __m128 _mm_mask3_fmsub_ps(__m128a,__m128b,__m128c,__mmask8 k); 
VFMSUBxxxPS __m128 _mm_fmsub_ps (__m128a,__m128b,__m128 c); 

VFMSUBxxxPS __m256 __mm256_fmsub_ps (_m256 a,__m256 b,__m256 c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
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m512 ¢, intr); 
VFMSUBxxxPS __m512_mm512_maskz_fmsub_round_ps(__mmask16 k,__m512 a,__m512b,__m512¢, int r); 
VFMSUBxxxPS __m512_mm512_mask3_fmsub_round_ps(__m512 a,__m512b,__m512c,__mmask16 k, int r); 
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VFMSUB132SD/VFMSUB213SD/VFMSUB231SD—Fused Multiply-Subtract of Scalar Double- 
Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
VEX.LIG.66.0F38.W1 9B /r A VIV FMA Multiply scalar double-precision floating-point value from 
VFMSUB132SD xmm1, xmm2, xmm1 and xmm3/m64, subtract xmm2 and put result in 
xmm3/m64 xmm1. 
VEX.LIG.66.0F38.W1 AB /r A VIV FMA Multiply scalar double-precision floating-point value from 
VFMSUB213SD xmm1, xmm2, xmm1 and xmmd2, subtract xmm3/m64 and put result in 
xmm3/m64 xmm1. 
VEX.LIG.66.0F38.W1 BB /r A VIN FMA Multiply scalar double-precision floating-point value from 
VFMSUB231SD xmm1, xmm2, xmme2 and xmm3/m64, subtract xmm1 and put result in 
xmm3/m64 xmm1. 
EVEX.LLIG.66.0F38.W1 9B /r B VIV AVX512F | Multiply scalar double-precision floating-point value from 
VFMSUB132SD xmm1 {k1}{Z}, xmm1 and xmm3/m64, subtract xmm2 and put result in 
xmm2, xmm3/m64{er} xmm1. 
EVEX.LLIG.66.0F38.W1 AB /r B VIV AVX512F | Multiply scalar double-precision floating-point value from 
VFMSUB213SD xmm1 {k1}{Z}, xmm1 and xmmd2, subtract xmm3/m64 and put result in 
xmm2, xmm3/m64{er} xmm1. 
EVEX.LLIG.66.0F38.W1 BB /r B VIV AVX512F | Multiply scalar double-precision floating-point value from 
VFMSUB231SD xmm1 {k1}{Z}, xmm_2 and xmm3/m64, subtract xmm1 and put result in 
xmm2, xmm3/m64{er} xmm1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Tuple1 Scalar ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD multiply-subtract computation on the low packed double-precision floating-point values using 
three source operands and writes the multiply-subtract result in the destination operand. The destination operand 
is also the first source operand. The second operand must be a XMM register. The third source operand can be a 
XMM register or a 64-bit memory location. 


VFMSUB132SD: Multiplies the low packed double-precision floating-point value from the first source operand to the 
low packed double-precision floating-point value in the third source operand. From the infinite precision interme- 
diate result, subtracts the low packed double-precision floating-point values in the second source operand, 
performs rounding and stores the resulting packed double-precision floating-point value to the destination operand 
(first source operand). 


VFMSUB213SD: Multiplies the low packed double-precision floating-point value from the second source operand to 
the low packed double-precision floating-point value in the first source operand. From the infinite precision inter- 
mediate result, subtracts the low packed double-precision floating-point value in the third source operand, 
performs rounding and stores the resulting packed double-precision floating-point value to the destination operand 
(first source operand). 


VFMSUB231SD: Multiplies the low packed double-precision floating-point value from the second source to the low 
packed double-precision floating-point value in the third source operand. From the infinite precision intermediate 
result, subtracts the low packed double-precision floating-point value in the first source operand, performs 
rounding and stores the resulting packed double-precision floating-point value to the destination operand (first 
source operand). 


VEX.128 and EVEX encoded version: The destination operand (also first source operand) is encoded in reg_field. 
The second source operand is encoded in VEX. vvvv/EVEX.vvvv. The third source operand is encoded in rm_field. 
Bits 127:64 of the destination are unchanged. Bits MAXVL-1:128 of the destination register are zeroed. 
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EVEX encoded version: The low quadword element of the destination is updated according to the writemask. 


Compiler tools may optionally support a complementary mnemonic for each instruction mnemonic listed in the 
opcode/instruction column of the summary table. The behavior of the complementary mnemonic in situations 
involving NANs are governed by the definition of the instruction mnemonic defined in the opcode/instruction 


column. 


Operation 


In the operations below, “*” and “-" symbols represent multiplication and subtraction with infinite precision inputs and outputs (no 


rounding). 


VFMSUB132SD DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := RoundFPControl(DEST[63:0]*SRC3[63:0] - SRC2[63:0]) 


ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := DEST[127:64] 
DEST[MAXVL-1:128] := 0 


VFMSUB213SD DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := RoundFPControl(SRC2[63:0]*DEST[63:0] - SRC3[63:0]) 


ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := DEST[127:64] 
DEST[MAXVL-1:128] := 0 
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VFMSUB231SD DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 

IF k1[0] or *no writemask* 
THEN DEST[63:0] := RoundFPControl(SRC2[63:0]*SRC3[63:0] - DEST[63:0]) 
ELSE 


IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 


THEN DEST[63:0] := 0 
Fl; 
Fl; 
DEST[1 27:64] := DEST[1 27:64] 
DEST[MAXVL-1:128] := 0 


VFMSUB132SD DEST, SRC2, SRC3 (VEX encoded version) 

DEST[63:0] := RoundFPControl_MXCSR(DEST[63:0]*SRC3[63:0] - SRC2[63:0]) 
DEST[127:64] := DEST[127:64] 

DEST[MAXVL-1:128] := 0 


VFMSUB213SD DEST, SRC2, SRC3 (VEX encoded version) 

DEST[63:0] := RoundFPControl_MXCSR(SRC2[63:0]*DEST[63:0] - SRC3[63:0]) 
DEST[127:64] := DEST[127:64] 

DEST[MAXVL-1:128] := 0 


VFMSUB231SD DEST, SRC2, SRC3 (VEX encoded version) 

DEST[63:0] := RoundFPControl_MXCSR(SRC2[63:0]*SRC3[63:0] - DEST[63:0]) 
DEST[127:64] := DEST[127:64] 

DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VFMSUBxxxSD __m128d_mm_fmsub_round_sd(__m128d a,_m128db,__m128d., int r); 

VFMSUBxxxSD __m128d __mm_mask_fmsub_sd(__m128d a,___mmask8 k,__m128d b,___m128d c); 
VFMSUBxxxSD __m128d _mm_maskz_fmsub_sd(__mmask8 k,__m128d a,__m128db,__m128d c); 
VFMSUBxxxSD __m128d _mm_mask3_fmsub_sd(__m128d a,__m128db,__m128dc,__ mmask8 k); 


VFMSUBxxxSD __m128d_mm_mask_fmsub_round_sd(__m128d a, ___mmask8 k,__m128db,__m128dc, int r); 


VFMSUBxxxSD __m128d __mm_maskz_fmsub_round_sd(__mmask8 k,___m128da,__m128d b, 
VFMSUBxxxSD __m128d _mm_mask3_fmsub_round_sd(__m128d a,__m128db,__m128dc, 
VFMSUBxxxSD __m128d_mm_fmsub_sd (__m128d a,__m128d b,__m128d c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 


m128d ¢, int r); 
mmask8 k, int r); 
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VFMSUB132SS/VFMSUB213SS/VFMSUB231SS—Fused Multiply-Subtract of Scalar Single- 
Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
VEX.LIG.66.0F38.W0O 9B /r A VIV FMA Multiply scalar single-precision floating-point value from 
VFMSUB132SS xmm1, xmm2, xmm1 and xmm3/m32, subtract xmm2 and put result in 
xmm3/m32 xmm1. 
VEX.LIG.66.0F38.W0 AB /r A VIV FMA Multiply scalar single-precision floating-point value from 
VFMSUB213SS xmm1, xmm2, xmm1 and xmmd2, subtract xmm3/m32 and put result in 
xmm3/m32 xmm1. 
VEX.LIG.66.0F38.WO BB /r A VIV FMA Multiply scalar single-precision floating-point value from 
VFMSUB231SS xmm1, xmm2, xmme2 and xmm3/m32, subtract xmm1 and put result in 
xmm3/m32 xmm1. 
EVEX.LLIG.66.0F38.W0 9B /r B VIV AVX512F Multiply scalar single-precision floating-point value from 
VFMSUB132SS xmm1 {k1}{Z}, xmm1 and xmm3/m32, subtract xmm2 and put result in 
xmme2, xmm3/m32{er} xmm1. 
EVEX.LLIG.66.0F38.W0 AB /r B VIV AVX512F Multiply scalar single-precision floating-point value from 
VFMSUB213SS xmm1 {k1}{Z}, xmm1 and xmmd2, subtract xmm3/m32 and put result in 
xmme2, xmm3/m32{er} xmm1. 
EVEX.LLIG.66.0F38.W0 BB /r B VIV AVX512F Multiply scalar single-precision floating-point value from 
VFMSUB231SS xmm1 {k1}{z}, xmme2 and xmm3/m32, subtract xmm1 and put result in 
xmm2, xmm3/m32{er} xmm1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Tuple1 Scalar ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD multiply-subtract computation on the low packed single-precision floating-point values using 
three source operands and writes the multiply-subtract result in the destination operand. The destination operand 
is also the first source operand. The second operand must be a XMM register. The third source operand can be a 
XMM register or a 32-bit memory location. 


VFMSUB132SS: Multiplies the low packed single-precision floating-point value from the first source operand to the 
low packed single-precision floating-point value in the third source operand. From the infinite precision interme- 
diate result, subtracts the low packed single-precision floating-point values in the second source operand, 
performs rounding and stores the resulting packed single-precision floating-point value to the destination operand 
(first source operand). 


VFMSUB213SS: Multiplies the low packed single-precision floating-point value from the second source operand to 
the low packed single-precision floating-point value in the first source operand. From the infinite precision interme- 
diate result, subtracts the low packed single-precision floating-point value in the third source operand, performs 
rounding and stores the resulting packed single-precision floating-point value to the destination operand (first 
source operand). 


VFMSUB231SS: Multiplies the low packed single-precision floating-point value from the second source to the low 
packed single-precision floating-point value in the third source operand. From the infinite precision intermediate 
result, subtracts the low packed single-precision floating-point value in the first source operand, performs rounding 
and stores the resulting packed single-precision floating-point value to the destination operand (first source 
operand). 


VEX.128 and EVEX encoded version: The destination operand (also first source operand) is encoded in reg_field. 
The second source operand is encoded in VEX.vvvv/EVEX.vvvv. The third source operand is encoded in rm_field. 
Bits 127:32 of the destination are unchanged. Bits MAXVL-1:128 of the destination register are zeroed. 
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EVEX encoded version: The low doubleword element of the destination is updated according to the writemask. 
Compiler tools may optionally support a complementary mnemonic for each instruction mnemonic listed in the 
opcode/instruction column of the summary table. The behavior of the complementary mnemonic in situations 
involving NANs are governed by the definition of the instruction mnemonic defined in the opcode/instruction 
column. 


Operation 


In the operations below, “*” and “-” symbols represent multiplication and subtraction with infinite precision inputs and outputs (no 
rounding). 


VFMSUB132SS DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[31:0] := RoundFPControl(DEST[31:0]*SRC3[3 1:0] - SRC2[31:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[127:32] := DEST[127:32] 
DEST[MAXVL-1:128] := 0 


VFMSUB213SS DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[31:0] := RoundFPControl(SRC2[31:0]*DEST[31:0] - SRC3[31:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[1 27:32] := DEST[127:32] 
DEST[MAXVL-1:128] := 0 
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VFMSUB231SS DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 

IF k1[0] or *no writemask* 
THEN = DEST[31:0] := RoundFPControl(SRC2[3 1:0]*SRC3[63:0] - DEST[31:0]) 
ELSE 


IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 


THEN DEST[31:0] := 0 
Fl; 
Fl; 
DEST[1 27:32] := DEST[127:32] 
DEST[MAXVL-1:1 28] := 0 


VFMSUB132SS DEST, SRC2, SRC3 (VEX encoded version) 

DEST[31:0] := RoundFPControl_MXCSR(DEST[31:0]*SRC3[31:0] - SRC2[31:0]) 
DEST[127:32] := DEST[127:32] 

DEST[MAXVL-1:128] = 0 


VFMSUB213SS DEST, SRC2, SRC3 (VEX encoded version) 

DEST[31:0] := RoundFPControl_MXCSR(SRC2[31:0]*DEST[31:0] - SRC3[31:0]) 
DEST[127:32] := DEST[127:32] 

DEST[MAXVL-1:128] = 0 


VFMSUB231SS DEST, SRC2, SRC3 (VEX encoded version) 

DEST[31:0] := RoundFPControl_MXCSR(SRC2[31:0]*SRC3[31:0] - DEST[31:0]) 
DEST[127:32] := DEST[127:32] 

DEST[MAXVL-1:128] = 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VFMSUBxxxSS __m128_mm_fmsub_round_ss(__m128 a,__m128b,__m128c, int r); 

VFMSUBxxxSS __m128_mm_mask_fmsub_ss(__m128 a,__mmask8 k,__m128 b,__m128 c); 
VFMSUBxxxSS __m128 _mm_maskz_fmsub_ss(__mmask8 k,_m128 a,__m128b,__m128 c); 
VFMSUBxxxSS __m128_mm_mask3_fmsub_ss(__m128 a,__m128b,__m128c,__mmask8 k); 
VFMSUBxxxSS __m128 __mm_mask_fmsub_round_ss(__m128 a,__ mmask8 k,__m128b,__m128c, int r); 
VFMSUBxxxSS __m128 __mm_maskz_fmsub_round_ss(__mmask8 k,__m128 a,__m128b,__m128c, intr); 
VFMSUBxxxSS __m128 _mm_mask3_fmsub_round_ss(__m128 a,__m128b,__m128c,__mmask8 k, int r); 
VFMSUBxxxSS __m128_mm_fmsub_ss (_m128a,__m128b,__m128 c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 
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VFNMADD132PD/VFNMADD213PD/VFNMADD231PD—Fused Negative Multiply-Add of Packed 
Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
VEX.128.66.0F38.W1 9C /r A VIV FMA Multiply packed double-precision floating-point values from 
VFNMADD132PD xmm1, xmm2, xmm1 and xmm3/mem, negate the multiplication result 
xmm3/m128 and add to xmm2 and put result in xmm1. 
VEX.128.66.0F38.W1 AC /r A VIV FMA Multiply packed double-precision floating-point values from 
VFNMADD213PD xmm1, xmm2, xmm1 and xmm2, negate the multiplication result and add 
xmm3/m128 to xmm3/mem and put result in xmm1. 
VEX.128.66.0F38.W1 BC /r A VIV FMA Multiply packed double-precision floating-point values from 
VFNMADD231PD xmm1, xmm2, xmme2 and xmm3/mem, negate the multiplication result 
xmm3/m128 and add to xmm1 and put result in xmm1. 
VEX.256.66.0F38.W1 9C /r A VIV FMA Multiply packed double-precision floating-point values from 
VFNMADD132PD ymm1, ymm2, ymm1 and ymm3/mem, negate the multiplication result and 
ymm3/m256 add to ymm2 and put result in ymm1. 
VEX.256.66.0F38.W1 AC /r A VIV FMA Multiply packed double-precision floating-point values from 
VFNMADD213PD ymm1, ymm2, ymm1 and ymm2, negate the multiplication result and add 
ymm3/m256 to ymm3/mem and put result in ymm1. 
VEX.256.66.0F38.W1 BC /r A VIV FMA Multiply packed double-precision floating-point values from 
VFNMADD231PD ymm1, ymm2, ymm2 and ymm3/mem, negate the multiplication result and 
ymm3/m256 add to ymm1 and put result in ymm1. 
EVEX.128.66.0F38.W1 SC /r B VV AVX512VL | Multiply packed double-precision floating-point values from 
VFNMADD132PD xmm0 {k1}{z}, AVX512F xmm1 and xmm3/m128/m64bcst, negate the 
xmm1, xmm2/m128/m64bcst multiplication result and add to xmm2 and put result in 
xmm1. 
EVEX.128.66.0F38.W1 AC /r B VIV AVX512VL | Multiply packed double-precision floating-point values from 
VFNMADD213PD xmm1 {k1}{Z}, AVX512F xmm1 and xmm2, negate the multiplication result and add 
xmm2, xmm3/m128/m64bcst to xmm3/m128/m64bcst and put result in xmm1. 
EVEX.128.66.0F38.W1 BC /r B VV AVX512VL | Multiply packed double-precision floating-point values from 
VFNMADD231PD xmm1 {k1}{Z}, AVX512F xmme2 and xmm3/m1 28/m64bcst, negate the 
xmm2, xmm3/m128/m64bcst multiplication result and add to xmm1 and put result in 
xmm1. 
EVEX.256.66.0F38.W1 SC /r B VV AVX512VL | Multiply packed double-precision floating-point values from 
VFNMADD132PD ymm1 {k1}{Z}, AVX512F ymm1 and ymm3/m256/m64bcst, negate the 
ymm2, ymm3/m256/m64bcst multiplication result and add to ymm2 and put result in 
ymm1. 
EVEX.256.66.0F38.W1 AC /r B VV AVX512VL | Multiply packed double-precision floating-point values from 
VFNMADD213PD ymm1 {k1}{Z}, AVX512F ymm1 and ymm2, negate the multiplication result and add 
ymm2, ymm3/m256/m64bcst to ymm3/m256/m64bcst and put result in ymm1. 
EVEX.256.66.0F38.W1 BC /r B VV AVX512VL | Multiply packed double-precision floating-point values from 
VFNMADD231PD ymm1 {k1}{Z}, AVX512F ymme and ymm3/m256/m64bcst, negate the 
ymme2, ymm3/m256/m64bcst multiplication result and add to ymm1 and put result in 
ymm1. 
EVEX.512.66.0F38.W1 SC /r B VV AVX512F Multiply packed double-precision floating-point values from 
VFNMADD132PD zmm1 {k1}{z}, zmm1 and zmm3/m512/m64bcst, negate the multiplication 
zmm2, zmm3/m512/m64bcst{er} result and add to zmm2 and put result in zmm1. 
EVEX.512.66.0F38.W1 AC /r B VV AVX512F Multiply packed double-precision floating-point values from 
VFNMADD213PD zmm1 {k1}{z}, zmm1 and zmmz, negate the multiplication result and add 
zmm2, zmm3/m512/m64bcst{er} to zmm3/m512/m64bcst and put result in zmm1. 
EVEX.512.66.0F38.W1 BC /r B VV AVX512F Multiply packed double-precision floating-point values from 


VFNMADD231PD zmm1 {k1}{Z}, 
zmm2, zmm3/m51 2/m64bcst{er} 


zmme2 and zmm3/m512/m64bcst, negate the multiplication 
result and add to zmm1 and put result in zmm1. 
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Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


VFNMADD132PD: Multiplies the two, four or eight packed double-precision floating-point values from the first 
source operand to the two, four or eight packed double-precision floating-point values in the third source operand, 
adds the negated infinite precision intermediate result to the two, four or eight packed double-precision floating- 
point values in the second source operand, performs rounding and stores the resulting two, four or eight packed 
double-precision floating-point values to the destination operand (first source operand). 


VFNMADD213PD: Multiplies the two, four or eight packed double-precision floating-point values from the second 
source operand to the two, four or eight packed double-precision floating-point values in the first source operand, 
adds the negated infinite precision intermediate result to the two, four or eight packed double-precision floating- 
point values in the third source operand, performs rounding and stores the resulting two, four or eight packed 
double-precision floating-point values to the destination operand (first source operand). 


VFNMADD231PD: Multiplies the two, four or eight packed double-precision floating-point values from the second 
source to the two, four or eight packed double-precision floating-point values in the third source operand, the 
negated infinite precision intermediate result to the two, four or eight packed double-precision floating-point 
values in the first source operand, performs rounding and stores the resulting two, four or eight packed double- 
precision floating-point values to the destination operand (first source operand). 


EVEX encoded versions: The destination operand (also first source operand) and the second source operand are 
ZMM/YMM/XMM register. The third source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory loca- 
tion or a 512/256/128-bit vector broadcasted from a 64-bit memory location. The destination operand is condition- 
ally updated with write mask k1. 

VEX.256 encoded version: The destination operand (also first source operand) is a YMM register and encoded in 
reg_field. The second source operand is a YMM register and encoded in VEX.vvvv. The third source operand is a 
YMM register or a 256-bit memory location and encoded in rm_field. 


VEX.128 encoded version: The destination operand (also first source operand) is a XMM register and encoded in 
reg_field. The second source operand is a XMM register and encoded in VEX.vvvv. The third source operand is a 
XMM register or a 128-bit memory location and encoded in rm_field. The upper 128 bits of the YMM destination 
register are zeroed. 


Operation 


In the operations below, “*” and “-” symbols represent multiplication and subtraction with infinite precision inputs and outputs (no 
rounding). 
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VFNMADD132PD DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i= 0 to MAXNUM-1 { 
n:= 64%; 
DEST[n+63:n] := RoundFPControl_MXCSR(-(DEST[n+63:n]*SRC3[n+63:n]) + SRC2[n+63:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFNMADD213PD DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i= 0 to MAXNUM-1 { 
n:= 64%; 
DEST[n+63:n] := RoundFPControl_MXCSR(-(SRC2[n+63:n]*DEST[n+63:n]) + SRC3[n+63:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFNMADD231PD DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i= 0 to MAXNUM-1 { 
n:= 64%; 
DEST[n+63:n] := RoundFPControl_MXCSR(-(SRC2[n+63:n]*SRC3[n+63:n]) + DEST[n+63:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 
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VFNMADD132PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
RoundFPControl(-(DEST[i+63:i]*SRC3[i+63:i]) + SRC2[i+63:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFNMADD132PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(-(DEST[i+63:i]*SRC3[63:0]) + SRC2[i+63:i]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(-(DEST[i+63:i]*SRC3[i+63:i]) + SRC2[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VFNMADD213PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
RoundFPControl(-(SRC2[i+63:i]*DEST[i+63:i]) + SRC3[i+63:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFNMADD213PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(-(SRC2[i+63:i]*DEST[i+63:i]) + SRC3[63:0]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(-(SRC2[i+63:i]*DEST[i+63:i]) + SRC3[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VFNMADD231PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
RoundFPControl(-(SRC2[i+63:i]*SRC3[i+63:i]) + DEST[i+63:i]) 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VFNMADD231PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(-(SRC2[i+63:i]*SRC3[63:0]) + DEST[i+63:i]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(-(SRC2[i+63:i]*SRC3[i+63:i]) + DEST[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VFNMADD132PD/VFNMADD21 3PD/VFNMADD231PD—Fused Negative Multiply-Add of Packed Double-Precision Floating-Point Val- 


Vol.2C 5-209 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VFNMADDxxxPD __m512d_mm512_fnmadd_pd(__m512da,__m512db,___m512dc); 

VFNMADDxxxPD __m512d_mm512_fnmadd_round_pd(__m512da,__m512db,__m512dc, int r); 

VFNMADDxxxPD __m512d_mm512_mask_fnmadd_pd(__m512d a,__ mmask8 k,__m512db,_m512d c); 
VFNMADDxxxPD __m512d_mm512_maskz_fnmadd_pd(__mmask8 k,__m512da,__m512db,__m512d c); 
VFNMADDxxxPD __m512d_mm512_mask3_fnmadd_pd(__m512da,__m512db,__m512dc,__ mmask8 k); 
VFNMADDxxxPD __m512d_mm512_mask_fnmadd_round_pd(__m512d a,__mmask8k,_m512db,__m512dc, int r); 
VFNMADDxxxPD __m512d_mm512_maskz_fnmadd_round_pd(__mmask8 k,__m512da,__m512db,__m512dc, int r); 
VFNMADDxxxPD __m512d_mm512_mask3_fnmadd_round_pd(__m512da,__m512db,__m512dc,___mmask8 k, int r); 
VFNMADDxxxPD __m256d_mm256_mask_fnmadd_pd(__m256d a, ___ mmask8 k,__ m256d b,___m256d c); 
VFNMADDxxxPD __m256d __mm256_maskz_fnmadd_pd(__mmask8 k,__m256d a,__m256db,__ m256d c); 
VFNMADDxxxPD __m256d__mm256_mask3_fnmadd_pd(__m256d a,__ m256d b,__ m256dc,___ mmask8 k); 
VFNMADDxxxPD __m128d __mm_mask_fnmadd_pd(__m128d a,__ mmask8 k,__m128d b,___m128d c); 
VFNMADDxxxPD __m128d __mm_maskz_fnmadd_pd(__mmask8 k,___m128d a,__m128d b,___m128d c); 
VFNMADDxxxPD __m128d __mm_mask3_fnmadd_pd(__m128d a,__m128d b,_m128d c, __mmask8 k); 
VFNMADDxxxPD __m128d_mm_fnmadd_pd (__m128d a,__m128db,__m128d c); 

VFNMADDxxxPD __m256d_mm256_fnmadd_pd (__m256d a,__m256d b,___m256d c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, V-Z 


VFNMADD132PS/VFNMADD213PS/VFNMADD231PS—Fused Negative Multiply-Add of Packed 
Single-Precision Floating-Point Values 


VFNMADD231PS zmm1 {k1}{Z}, 
zmm2, zmm3/m51 2/m32bcst{er} 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
VEX.128.66.0F38.W0 SC /r A VIV FMA Multiply packed single-precision floating-point values from 
VFNMADD132PS xmm1, xmm2, xmm1 and xmm3/mem, negate the multiplication result 
xmm3/m128 and add to xmm_2 and put result in xmm1. 
VEX.128.66.0F38.W0 AC /r A VIV FMA Multiply packed single-precision floating-point values from 
VFNMADD213PS xmm1, xmm_2, xmm1 and xmm2, negate the multiplication result and add 
xmm3/m128 to xmm3/mem and put result in xmm1. 
VEX.128.66.0F38.W0 BC /r A VIV FMA Multiply packed single-precision floating-point values from 
VFNMADD231PS xmm1, xmm2, xmm2 and xmm3/mem, negate the multiplication result 
xmm3/m128 and add to xmm1 and put result in xmm1. 
VEX.256.66.0F38.W0 SC /r A VIV FMA Multiply packed single-precision floating-point values from 
VFNMADD132PS ymm1, ymm2, ymm1 and ymm3/mem, negate the multiplication result 
ymm3/m256 and add to ymm2 and put result in ymm1. 
VEX.256.66.0F38.W0 AC /r A VIV FMA Multiply packed single-precision floating-point values from 
VFNMADD213PS ymm1, ymm2, ymm1 and ymm2, negate the multiplication result and add 
ymm3/m256 to ymm3/mem and put result in ymm1. 
VEX.256.66.0F38.0 BC /r A VIV FMA Multiply packed single-precision floating-point values from 
VFNMADD231PS ymm1, ymm2, ymm2 and ymm3/mem, negate the multiplication result and 
ymm3/m256 add to ymm1 and put result in ymm1. 
EVEX.128.66.0F38.WO SC /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFNMADD132PS xmm1 {k1}{Z}, AVX512F xmm1 and xmm3/m128/m32bcst, negate the multiplication 
xmm2, xmm3/m128/m32bcst result and add to xmm2 and put result in xmm1. 
EVEX.128.66.0F38.WO AC /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFNMADD213PS xmm1 {k1}{Z}, AVX512F xmm1 and xmm_2, negate the multiplication result and add 
xmm2, xmm3/m128/m32bcst to xmm3/m128/m32bcst and put result in xmm1. 
EVEX.128.66.0F38.WO BC /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFNMADD231PS xmm1 {k1}{Z}, AVX512F xmme2 and xmm3/m128/m32bcst, negate the multiplication 
xmm2, xmm3/m128/m32bcst result and add to xmm1 and put result in xmm1. 
EVEX.256.66.0F38.WO SC /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFNMADD132PS ymm1 {k1}{Z}, AVX512F ymm1 and ymm3/m256/m3 2bcst, negate the multiplication 
ymm_2, ymm3/m256/m32bcst result and add to ymm2 and put result in ymm1. 
EVEX.256.66.0F38.WO AC /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFNMADD213PS ymm1 {k1}{Z}, AVX512F ymm1 and ymm2, negate the multiplication result and add 
ymme2, ymm3/m256/m32bcst to ymm3/m256/m32bcst and put result in ymm1. 
EVEX.256.66.0F38.WO BC /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFNMADD231PS ymm1 {k1}{Z}, AVX512F ymme and ymm3/m256/m3 2bcst, negate the multiplication 
ymm_2, ymm3/m256/m32bcst result and add to ymm1 and put result in ymm1. 
EVEX.512.66.0F38.WO SC /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFNMADD132PS zmm1 {k1}{Z}, AVX512F zmm1 and zmm3/m51 2/m32bcst, negate the multiplication 
zmm2, zmm3/m51 2/m32bcst{er} result and add to zmm2 and put result in zmm1. 
EVEX.512.66.0F38.WO AC /r B VIV AVX512F Multiply packed single-precision floating-point values from 
VFNMADD213PS zmm1 {k1}{Z}, zmm1 and zmm2, negate the multiplication result and add 
zmm2, zmm3/m51 2/m32bcst{er} to zmm3/m512/m32bcst and put result in zmm1. 
EVEX.512.66.0F38.WO BC /r B VIV AVX512F Multiply packed single-precision floating-point values from 


zmme2 and zmm3/m51 2/m32bcst, negate the multiplication 
result and add to zmm1 and put result in zmm1. 
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INSTRUCTION SET REFERENCE, V-Z 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


VFNMADD132PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the first 
source operand to the four, eight or sixteen packed single-precision floating-point values in the third source 
operand, adds the negated infinite precision intermediate result to the four, eight or sixteen packed single-precision 
floating-point values in the second source operand, performs rounding and stores the resulting four, eight or 
sixteen packed single-precision floating-point values to the destination operand (first source operand). 


VFNMADD213PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the second 
source operand to the four, eight or sixteen packed single-precision floating-point values in the first source 
operand, adds the negated infinite precision intermediate result to the four, eight or sixteen packed single-precision 
floating-point values in the third source operand, performs rounding and stores the resulting the four, eight or 
sixteen packed single-precision floating-point values to the destination operand (first source operand). 


VFNMADD231PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the second 
source operand to the four, eight or sixteen packed single-precision floating-point values in the third source 
operand, adds the negated infinite precision intermediate result to the four, eight or sixteen packed single-precision 
floating-point values in the first source operand, performs rounding and stores the resulting four, eight or sixteen 
packed single-precision floating-point values to the destination operand (first source operand). 

EVEX encoded versions: The destination operand (also first source operand) and the second source operand are 
ZMM/YMM/XMM register. The third source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory loca- 
tion or a 512/256/128-bit vector broadcasted from a 32-bit memory location. The destination operand is condition- 
ally updated with write mask k1. 

VEX.256 encoded version: The destination operand (also first source operand) is a YMM register and encoded in 
reg_field. The second source operand is a YMM register and encoded in VEX.vvvv. The third source operand is a 
YMM register or a 256-bit memory location and encoded in rm_field. 

VEX.128 encoded version: The destination operand (also first source operand) is a XMM register and encoded in 
reg_field. The second source operand is a XMM register and encoded in VEX.vvvv. The third source operand is a 
XMM register or a 128-bit memory location and encoded in rm_field. The upper 128 bits of the YMM destination 
register are zeroed. 


Operation 


In the operations below, “*” and “+” symbols represent multiplication and addition with infinite precision inputs and outputs (no 
rounding). 


VFNMADD132PS DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 32%; 
DEST[n+31:n] := RoundFPControl_MXCSR(- (DEST[n+31:n]*SRC3[n+3 1 :n]) + SRC2[n+31:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:1 28] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 
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VFNMADD213PS DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 32%; 
DEST[n+31:n] := RoundFPControl_MXCSR(- (SRC2[n+31:n]*DEST[n+31:n]) + SRC3[n+31:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFNMADD231PS DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 32%; 
DEST[n+31:n] := RoundFPControl_MXCSR(- (SRC2[n+31:n]*SRC3[n+31:n]) + DEST[n+31:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFNMADD132PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
RoundFPControl(-(DEST[i+3 1 :i]*SRC3[i+31:i]) + SRC2[i+31:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


INSTRUCTION SET REFERENCE, V-Z 
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VFNMADD132PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(-(DEST[i+31:i]*SRC3[31:0]) + SRC2[i+31:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(-(DEST[i+3 1 :i]*SRC3[i+31:i]) + SRC2[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VFNMADD213PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 


THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 
Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] := 
RoundFPControl(-(SRC2[i+3 1 :i]*DEST[i+31:i]) + SRC3[i+31:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VFNMADD213PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(-(SRC2[i+31 :iJ*DEST[i+3 1:i]) + SRC3[31:0]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(-(SRC2[i+3 1 :i]*DEST[i+31:i]) + SRC3[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VFNMADD231PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
RoundFPControl(-(SRC2[i+31:i]*SRC3[i+31:i]) + DEST[i+31:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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VFNMADD231PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(-(SRC2[i+31:i]*SRC3[31:0]) + DEST[i+31:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(-(SRC2[i+3 1 :i]*SRC3[i+31:i]) + DEST[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VFNMADDxxxPS __m512_mm512_fnmadd_ps(__m512 a,__m512b,__m512c); 

VFNMADDxxxPS __m512_mm512_fnmadd_round_ps(__m512 a,__m512b,__m512¢, intr); 

VFNMADDxxxPS __m512_mm512_mask_fnmadd_ps(__m512 a,__mmask16 k,__m512b,__m512 c); 
VFNMADDxxxPS __m512_mm512_maskz_fnmadd_ps(__mmask16 k,__m512a,__m512b,__m512 c); 
VFNMADDxxxPS __m512_mm512_mask3_fnmadd_ps(__m512 a,__m512b,__m512c,__mmask16 k); 
VFNMADDxxxPS __m512_mm512_mask_fnmadd_round_ps(__m512 a,__mmask16k,__m512b,__m512, int r); 
VFNMADDxxxPS __m512_mm512_maskz_fnmadd_round_ps(__mmask16 k,__m512 a,__m512b,__m512¢, intr); 
VFNMADDxxxPS __m512_mm512_mask3_fnmadd_round_ps(__m512 a,__m512b,__m512c,__mmask16 k, int r); 
VFNMADDxxxPS __m256 __mm256_mask_fnmadd_ps(__m256 a, ___mmask8 k,__m256 b, __m256 c); 
VFNMADDxxxPS __m256 _mm256_maskz_fnmadd_ps(__mmask8 k,__m256 a,__m256b,__m256 c); 
VFNMADDxxxPS __m256 __mm256_mask3_fnmadd_ps(__m256 a,__m256 b,__m256 c,__mmask8 k); 
VFNMADDxxxPS __m128_mm_mask_fnmadd_ps(__m128 a,__mmask8 k,__m128b,__m128 c); 

VFNMADDxxxPS __m128 _mm_maskz_fnmadd_ps(__mmask8 k,__m128a,__m128b,__m128 c); 
VFNMADDxxxPS __m128 _mm_mask3_fnmadd_ps(__m128 a,__m128b,__m128c,___mmask8 k); 
VFNMADDxxxPS __m128_mm_fnmadd_ps (__m128 a,__m128b,__m128 c); 

VFNMADDxxxPS __m256 __mm256_fnmadd_ps (__m256 a,__m256 b,_m256 c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
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VFNMADD132SD/VFNMADD213SD/VFNMADD231SD—Fused Negative Multiply-Add of Scalar 


Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
VEX.LIG.66.0F38.W1 SD /r A VIN FMA Multiply scalar double-precision floating-point value from 
VFNMADD132SD xmm1, xmm2z, xmm1 and xmm3/mem, negate the multiplication result and 
xmm3/m64 add to xmm2 and put result in xmm1. 
VEX.LIG.66.0F38.W1 AD /r A VIV FMA Multiply scalar double-precision floating-point value from 
VFNMADD213SD xmm1, xmm2, xmm1 and xmm2, negate the multiplication result and add to 
xmm3/m64 xmm3/mem and put result in xmm1. 
VEX.LIG.66.0F38.W1 BD /r A VIV FMA Multiply scalar double-precision floating-point value from 
VFNMADD231SD xmm1, xmm2, xmm2 and xmm3/mem, negate the multiplication result and 
xmm3/m64 add to xmm1 and put result in xmm1. 
EVEX.LLIG.66.0F38.W1 9D /r B VIV AVX512F Multiply scalar double-precision floating-point value from 
VFNMADD132SD xmm1 {k1}{Z}, xmm1 and xmm3/m64, negate the multiplication result and 
xmm2, xmm3/m64{er} add to xmm2 and put result in xmm1. 
EVEX.LLIG.66.0F38.W1 AD /r B VIV AVX512F Multiply scalar double-precision floating-point value from 
VFNMADD213SD xmm1 {k1}{Z}, xmm1 and xmm2, negate the multiplication result and add to 
xmm2, xmm3/m64{er} xmm3/m64 and put result in xmm1. 
EVEX.LLIG.66.0F38.W1 BD /r B VIV AVX512F Multiply scalar double-precision floating-point value from 
VFNMADD231SD xmm1 {k1}{Z}, xmm2 and xmm3/m64, negate the multiplication result and 
xmm2, xmm3/m64{er} add to xmm1 and put result in xmm1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Tuple1 Scalar ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


VFNMADD132SD: Multiplies the low packed double-precision floating-point value from the first source operand to 
the low packed double-precision floating-point value in the third source operand, adds the negated infinite preci- 
sion intermediate result to the low packed double-precision floating-point values in the second source operand, 
performs rounding and stores the resulting packed double-precision floating-point value to the destination operand 
(first source operand). 


VFNMADD213SD: Multiplies the low packed double-precision floating-point value from the second source operand 
to the low packed double-precision floating-point value in the first source operand, adds the negated infinite preci- 
sion intermediate result to the low packed double-precision floating-point value in the third source operand, 
performs rounding and stores the resulting packed double-precision floating-point value to the destination operand 
(first source operand). 


VFNMADD231SD: Multiplies the low packed double-precision floating-point value from the second source to the low 
packed double-precision floating-point value in the third source operand, adds the negated infinite precision inter- 
mediate result to the low packed double-precision floating-point value in the first source operand, performs 
rounding and stores the resulting packed double-precision floating-point value to the destination operand (first 
source operand). 

VEX.128 and EVEX encoded version: The destination operand (also first source operand) is encoded in reg_field. 


The second source operand is encoded in VEX.vvvv/EVEX.vvvv. The third source operand is encoded in rm_field. 
Bits 127:64 of the destination are unchanged. Bits MAXVL-1:128 of the destination register are zeroed. 
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EVEX encoded version: The low quadword element of the destination is updated according to the writemask. 
Compiler tools may optionally support a complementary mnemonic for each instruction mnemonic listed in the 
opcode/instruction column of the summary table. The behavior of the complementary mnemonic in situations 
involving NANs are governed by the definition of the instruction mnemonic defined in the opcode/instruction 
column. 


Operation 


In the operations below, “*” and “+” symbols represent multiplication and addition with infinite precision inputs and outputs (no 
rounding). 


VFNMADD132SD DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := RoundFPControl(-(DEST[63:0]*SRC3[63:0]) + SRC2[63:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := DEST[127:64] 
DEST[MAXVL-1:128] := 0 


VFNMADD213SD DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := RoundFPControl(-(SRC2[63:0]*DEST[63:0]) + SRC3[63:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := DEST[127:64] 
DEST[MAXVL-1:128] := 0 
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VFNMADD231SD DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN = DEST[63:0] := RoundFPControl(-(SRC2[63:0]*SRC3[63:0]) + DEST[63:0]) 


ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := DEST[127:64] 
DEST[MAXVL-1:128] := 0 


VFNMADD132SD DEST, SRC2, SRC3 (VEX encoded version) 

DEST[63:0] := RoundFPControl_MXCSR(- (DEST[63:0]*SRC3[63:0]) + SRC2[63:0]) 
DEST[127:64] := DEST[127:64] 

DEST[MAXVL-1:128] := 0 


VFNMADD213SD DEST, SRC2, SRC3 (VEX encoded version) 

DEST[63:0] := RoundFPControl_MXCSR(- (SRC2[63:0]*DEST[63:0]) + SRC3[63:0]) 
DEST[127:64] := DEST[127:64] 

DEST[MAXVL-1:128] := 0 


VFNMADD231SD DEST, SRC2, SRC3 (VEX encoded version) 

DEST[63:0] := RoundFPControl_MXCSR(- (SRC2[63:0]*SRC3[63:0]) + DEST[63:0]) 
DEST[127:64] := DEST[127:64] 

DEST[MAXVL-1:128] = 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VFNMADDxxxSD __m128d __mm_fnmadd_round_sd(__m128d a,__m128db,__m128dc, int r); 

VFNMADDxxxSD __m128d _mm_mask_fnmadd_sd(__m128d a, ___mmask8 k,__m128d b,__m128d c); 
VFNMADDxxxSD __m128d _mm_maskz_fnmadd_sd(__mmask8 k,__m128d a,_m128db, ___m128d c); 
VFNMADDxxxSD __m128d _mm_mask3_fnmadd_sd(__m128d a,__m128db,__m128dc,__mmask8 k); 
VFNMADDxxxSD __m128d _mm_mask_fnmadd_round_sd(__m128d a, ___ mmask8 k,__m128db,__m128dc, int r); 
VFNMADDxxxSD __m128d _mm_maskz_fnmadd_round_sd(__mmask8 k,__m128da,__m128db,__m128d, int r); 
VFNMADDxxxSD __m128d _mm_mask3_fnmadd_round_sd(__m128d a,__m128db,__m128dc,__mmask8 k, int r); 
VFNMADDxxxSD __m128d _mm_fnmadd_sd (__m128da,__m128db,__m128d c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 
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VFNMADD132SS/VFNMADD213SS/VFNMADD231SS—Fused Negative Multiply-Add of Scalar 
Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
VEX.LIG.66.0F38.W0 9D /r A VIV FMA Multiply scalar single-precision floating-point value from 
VFNMADD132SS xmm1, xmm2, xmm1 and xmm3/m32, negate the multiplication result 
xmm3/m32 and add to xmm2 and put result in xmm1. 
VEX.LIG.66.0F38.W0 AD /r A VIV FMA Multiply scalar single-precision floating-point value from 
VFNMADD213SS xmm1, xmm2, xmm1 and xmm2, negate the multiplication result and 
xmm3/m32 add to xmm3/m32 and put result in xmm1. 
VEX.LIG.66.0F38.W0 BD /r A VIV FMA Multiply scalar single-precision floating-point value from 
VFNMADD231SS xmm1, xmm2, xmme2 and xmm3/m32, negate the multiplication result 
xmm3/m32 and add to xmm1 and put result in xmm1. 
EVEX.LLIG.66.0F38.W0 9D /r B VIV AVX512F Multiply scalar single-precision floating-point value from 
VFNMADD132SS xmm1 {k1}{Z}, xmm1 and xmm3/m32, negate the multiplication result 
xmm2, xmm3/m32{er} and add to xmm2 and put result in xmm1. 
EVEX.LLIG.66.0F38.W0 AD /r B VV AVX512F Multiply scalar single-precision floating-point value from 
VFNMADD213SS xmm1 {k1}{Z}, xmm1 and xmm2, negate the multiplication result and 
xmm2, xmm3/m32{er} add to xmm3/m32 and put result in xmm1. 
EVEX.LLIG.66.0F38.W0 BD /r B VIV AVX512F Multiply scalar single-precision floating-point value from 
VFNMADD231SS xmm1 {k1}{Z}, xmme2 and xmm3/m32, negate the multiplication result 
xmm2, xmm3/m32{er} and add to xmm1 and put result in xmm1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Tuple1 Scalar ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


VFNMADD132SS: Multiplies the low packed single-precision floating-point value from the first source operand to 
the low packed single-precision floating-point value in the third source operand, adds the negated infinite precision 
intermediate result to the low packed single-precision floating-point value in the second source operand, performs 
rounding and stores the resulting packed single-precision floating-point value to the destination operand (first 
source operand). 


VFNMADD213SS: Multiplies the low packed single-precision floating-point value from the second source operand to 
the low packed single-precision floating-point value in the first source operand, adds the negated infinite precision 
intermediate result to the low packed single-precision floating-point value in the third source operand, performs 
rounding and stores the resulting packed single-precision floating-point value to the destination operand (first 
source operand). 


VFNMADD231SS: Multiplies the low packed single-precision floating-point value from the second source operand to 
the low packed single-precision floating-point value in the third source operand, adds the negated infinite precision 
intermediate result to the low packed single-precision floating-point value in the first source operand, performs 
rounding and stores the resulting packed single-precision floating-point value to the destination operand (first 
source operand). 

VEX.128 and EVEX encoded version: The destination operand (also first source operand) is encoded in reg_field. 


The second source operand is encoded in VEX.vvvv/EVEX.vvvv. The third source operand is encoded in rm_field. 
Bits 127:32 of the destination are unchanged. Bits MAXVL-1:128 of the destination register are zeroed. 
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EVEX encoded version: The low doubleword element of the destination is updated according to the writemask. 


Compiler tools may optionally support a complementary mnemonic for each instruction mnemonic listed in the 
opcode/instruction column of the summary table. The behavior of the complementary mnemonic in situations 
involving NANs are governed by the definition of the instruction mnemonic defined in the opcode/instruction 


column. 


Operation 


In the operations below, “*” and “+” symbols represent multiplication and addition with infinite precision inputs and outputs (no 


rounding). 


VFNMADD132SS DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN = DEST[31:0] := RoundFPControl(-(DEST[3 1:0]*SRC3[31:0]) + SRC2[31:0]) 


ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[1 27:32] := DEST[127:32] 
DEST[MAXVL-1:128] := 0 


VFNMADD213SS DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN = DEST[31:0] := RoundFPControl(-(SRC2[31:0]*DEST[31:0]) + SRC3[31:0]) 


ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[1 27:32] := DEST[127:32] 
DEST[MAXVL-1:128] := 0 
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VFNMADD231SS DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[31:0] := RoundFPControl(-(SRC2[3 1:0]*SRC3[63:0]) + DEST[31:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[1 27:32] := DEST[127:32] 
DEST[MAXVL-1:128] := 0 


VFNMADD132SS DEST, SRC2, SRC3 (VEX encoded version) 

DEST[31:0] := RoundFPControl_MXCSR(- (DEST[31:0]*SRC3[31:0]) + SRC2[31:0]) 
DEST[127:32] := DEST[127:32] 

DEST[MAXVL-1:128] := 0 


VFNMADD213SS DEST, SRC2, SRC3 (VEX encoded version) 

DEST[31:0] := RoundFPControl_MXCSR(- (SRC2[31:0]*DEST[31:0]) + SRC3[31:0]) 
DEST[127:32] := DEST[127:32] 

DEST[MAXVL-1:128] := 0 


VFNMADD2315S DEST, SRC2, SRC3 (VEX encoded version) 

DEST[31:0] := RoundFPControl_MXCSR(- (SRC2[31:0]*SRC3[31:0]) + DEST[31:0]) 
DEST[127:32] := DEST[127:32] 

DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VFNMADDxxxSS __m128 _mm_fnmadd_round_ss(__m128 a,__m128b,__m128, int 1); 

VFNMADDxxxSS __m128 _mm_mask_fnmadd_ss(__m128 a,__mmask8 k,__m128b,__m128 c); 
VFNMADDxxxSS __m128 _mm_maskz_fnmadd_ss(__mmask8 k,_m128 a,__m128b,__m128 c); 
VFNMADDxxxSS __m128 _mm_mask3_fnmadd_ss(__m128 a,__m128b,__m128c,__mmask8 k); 
VFNMADDxxxSS __m128 _mm_mask_fnmadd_round_ss(__m128 a,__mmask8 k,__m128b,__m128 c, intr); 
VFNMADDxxxSS __m128 _mm_maskz_fnmadd_round_ss(__mmask8 k,__m128a,__m128b,__m128c, int r); 
VFNMADDxxxSS __m128 _mm_mask3_fnmadd_round_ss(__m128 a,__m128b,__m128c,__mmask8 k, int r); 
VFNMADDxxxSS __m128 __mm_fnmadd_ss (__m128 a,__m128b,__m128 c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 
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VFNMSUB132PD/VFNMSUB213PD/VFNMSUB231PD—Fused Negative Multiply-Subtract of 
Packed Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
VEX.128.66.0F38.W1 9E /r A VIV FMA Multiply packed double-precision floating-point values from 
VFNMSUB132PD xmm1, xmm2, xmm1 and xmm3/mem, negate the multiplication result 
xmm3/m128 and subtract xmm_2 and put result in xmm1. 
VEX.128.66.0F38.W1 AE /r A VIV FMA Multiply packed double-precision floating-point values from 
VFNMSUB213PD xmm1, xmm2, xmm1 and xmmd2, negate the multiplication result and 
xmm3/m128 subtract xmm3/mem and put result in xmm1. 
VEX.128.66.0F38.W1 BE /r A VIV FMA Multiply packed double-precision floating-point values from 
VFNMSUB231PD xmm1, xmm2, xmme2 and xmm3/mem, negate the multiplication result 
xmm3/m128 and subtract xmm1 and put result in xmm1. 
VEX.256.66.0F38.W1 9E /r A VIV FMA Multiply packed double-precision floating-point values from 
VFNMSUB132PD ymm1, ymm2, ymm1 and ymm3/mem, negate the multiplication result and 
ymm3/m256 subtract ymm_2 and put result in ymm1. 
VEX.256.66.0F38.W1 AE /r A VIV FMA Multiply packed double-precision floating-point values from 
VFNMSUB213PD ymm1, ymm2, ymm1 and ymm2, negate the multiplication result and 
ymm3/m256 subtract ymm3/mem and put result in ymm1. 
VEX.256.66.0F38.W1 BE /r A VIV FMA Multiply packed double-precision floating-point values from 
VFNMSUB231PD ymm1, ymm2, ymme2 and ymm3/mem, negate the multiplication result and 
ymm3/m256 subtract ymm1 and put result in ymm1. 
EVEX.128.66.0F38.W1 9E /r B VIV AVX512VL | Multiply packed double-precision floating-point values from 
VFNMSUB132PD xmm1 {k1}{Z}, AVX512F xmm1 and xmm3/m128/m64bcst, negate the 
xmm2, xmm3/m128/m64bcst multiplication result and subtract xmm_2 and put result in 
xmm1. 
EVEX.128.66.0F38.W1 AE /r B VIV AVX512VL | Multiply packed double-precision floating-point values from 
VFNMSUB213PD xmm1 {k1}{Z}, AVX512F xmm1 and xmm2, negate the multiplication result and 
xmm2, xmm3/m128/m64bcst subtract xmm3/m128/m64bcst and put result in xmm1. 
EVEX.128.66.0F38.W1 BE /r B VIV AVX512VL | Multiply packed double-precision floating-point values from 
VFNMSUB231PD xmm1 {k1}{Z}, AVX512F xmme2 and xmm3/m128/m64bcst, negate the 
xmm2, xmm3/m128/m64bcst multiplication result and subtract xmm1 and put result in 
xmm1. 
EVEX.256.66.0F38.W1 9E /r B VIV AVX512VL | Multiply packed double-precision floating-point values from 
VFNMSUB132PD ymm1 {k1}{Z}, AVX512F ymm1 and ymm3/m256/m64bcst, negate the 
ymmc2, ymm3/m256/m64bcst multiplication result and subtract ymm_2 and put result in 
ymm1. 
EVEX.256.66.0F38.W1 AE /r B VIV AVX512VL | Multiply packed double-precision floating-point values from 
VFNMSUB213PD ymm1 {k1}{Z}, AVX512F ymm1 and ymmz2, negate the multiplication result and 
ymm_2, ymm3/m256/m64bcst subtract ymm3/m256/m64bcst and put result in ymm1. 
EVEX.256.66.0F38.W1 BE /r B VIV AVX512VL | Multiply packed double-precision floating-point values from 
VFNMSUB231PD ymm1 {k1}{Z}, AVX512F ymme2 and ymm3/m256/m64bcst, negate the 
ymm2, ymm3/m256/m64bcst multiplication result and subtract ymm1 and put result in 
ymm1. 
EVEX.512.66.0F38.W1 9E /r B VIV AVX512F Multiply packed double-precision floating-point values from 
VFNMSUB132PD zmm1 {k1}{z}, zmm1 and zmm3/m512/m64bcst, negate the multiplication 
zmm2, zmm3/m51 2/m64bcst{er} result and subtract zmm2 and put result in zmm1. 
EVEX.512.66.0F38.W1 AE /r B VIV AVX512F Multiply packed double-precision floating-point values from 
VFNMSUB213PD zmm1 {k1}{z}, zmm1 and zmm2, negate the multiplication result and 
zmm2, zmm3/m51 2/m64bcst{er} subtract zmm3/m512/m64bcst and put result in zmm1. 
EVEX.512.66.0F38.W1 BE /r B VIV AVX512F Multiply packed double-precision floating-point values from 
VFNMSUB231PD zmm1 {k1}{z}, zmme2 and zmm3/m512/m64bcst, negate the multiplication 
zmm2, zmm3/m51 2/m64bcst{er} result and subtract zmm1 and put result in zmm1. 
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Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


VFNMSUB132PD: Multiplies the two, four or eight packed double-precision floating-point values from the first 
source operand to the two, four or eight packed double-precision floating-point values in the third source operand. 
From negated infinite precision intermediate results, subtracts the two, four or eight packed double-precision 
floating-point values in the second source operand, performs rounding and stores the resulting two, four or eight 
packed double-precision floating-point values to the destination operand (first source operand). 


VFNMSUB213PD: Multiplies the two, four or eight packed double-precision floating-point values from the second 
source operand to the two, four or eight packed double-precision floating-point values in the first source operand. 
From negated infinite precision intermediate results, subtracts the two, four or eight packed double-precision 
floating-point values in the third source operand, performs rounding and stores the resulting two, four or eight 
packed double-precision floating-point values to the destination operand (first source operand). 


VFNMSUB231PD: Multiplies the two, four or eight packed double-precision floating-point values from the second 
source to the two, four or eight packed double-precision floating-point values in the third source operand. From 
negated infinite precision intermediate results, subtracts the two, four or eight packed double-precision floating- 
point values in the first source operand, performs rounding and stores the resulting two, four or eight packed 
double-precision floating-point values to the destination operand (first source operand). 


EVEX encoded versions: The destination operand (also first source operand) and the second source operand are 
ZMM/YMM/XMM register. The third source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory loca- 
tion or a 512/256/128-bit vector broadcasted from a 64-bit memory location. The destination operand is condition- 
ally updated with write mask k1. 

VEX.256 encoded version: The destination operand (also first source operand) is a YMM register and encoded in 
reg_field. The second source operand is a YMM register and encoded in VEX.vvvv. The third source operand is a 
YMM register or a 256-bit memory location and encoded in rm_field. 

VEX.128 encoded version: The destination operand (also first source operand) is a XMM register and encoded in 
reg_field. The second source operand is a XMM register and encoded in VEX.vvvv. The third source operand is a 
XMM register or a 128-bit memory location and encoded in rm_field. The upper 128 bits of the YMM destination 
register are zeroed. 


Operation 


In the operations below, “*” and “-” symbols represent multiplication and subtraction with infinite precision inputs and outputs (no 
rounding). 


VFNMSUB132PD DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i= 0 to MAXNUM-1 { 
n:= 64%; 
DEST[n+63:n] := RoundFPControl_MXCSR( - (DEST[n+63:n]*SRC3[n+63:n)) - SRC2[n+63:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 
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VFNMSUB213PD DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 64%; 
DEST[n+63:n] := RoundFPControl_MXCSR( - (SRC2[n+63:n]*DEST[n+63:n]) - SRC3[n+63:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFNMSUB231PD DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 64%; 
DEST[n+63:n] := RoundFPControl_MXCSR( - (SRC2[n+63:n]*SRC3[n+63:n)) - DEST[n+63:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFNMSUB132PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
RoundFPControl(-(DEST[i+63:i]*SRC3[i+63:i]) - SRC2[i+63:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


INSTRUCTION SET REFERENCE, V-Z 
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VFNMSUB132PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(-(DEST[i+63:i]*SRC3[63:0]) - SRC2[i+63:i]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(-(DEST[i+63:i]*SRC3[i+63:i]) - SRC2[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VFNMSUB213PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
RoundFPControl(-(SRC2[i+63:i]*DEST[i+63:i]) - SRC3[i+63:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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VFNMSUB213PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(-(SRC2[i+63:i]*DEST[i+63:i]) - SRC3[63:0]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(-(SRC2[i+63:i]*DEST[i+63:i]) - SRC3[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VFNMSUB231PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := 
RoundFPControl(-(SRC2[i+63:i]*SRC3[i+63:i]) - DEST[i+63:i]) 
ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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VFNMSUB231PD DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+63:i] := 
RoundFPControl_MXCSR(-(SRC2[i+63:i]*SRC3[63:0]) - DEST[i+63:i]) 
ELSE 
DEST[i+63:i] := 
RoundFPControl_MXCSR(-(SRC2[i+63:i]*SRC3[i+63:i]) - DEST[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VFNMSUBxxxPD __m512d_mm512_fnmsub_pd(__m512da,__m512d b, 
VFNMSUBxxxPD __m512d_mm512_fnmsub_round_pd(__m512da,__m512db,__m512dc, int r); 

VFNMSUBxxxPD __m512d_mm512_mask_fnmsub_pd(__m512da,__mmask8k,__m512db,__m512d c); 
VFNMSUBxxxPD __m512d_mm512_maskz_fnmsub_pd(__mmask8 k,__m512da,__m512db,__m512d c); 
VFNMSUBxxxPD __m512d_mm512_mask3_fnmsub_pd(__m512d a,__m512db,__m512dc,___mmask8 k); 
VFNMSUBxxxPD __m512d_mm512_mask_fnmsub_round_pd(__m512d a,__mmask8 k,__m512db,__m512dc, int r); 
VFNMSUBxxxPD __m512d_mm512_maskz_fnmsub_round_pd(__mmask8 k,__m512da,__m512db,__m512dc, intr); 
VFNMSUBxxxPD __m512d_mm512_mask3_fnmsub_round_pd(__m512da,__m512db,__m512dc,__mmask8 k, int r); 
VFNMSUBxxxPD __m256d__mm256_mask_fnmsub_pd(__m256d a,__mmask8 k,__m256d b,___ m256d c); 
VFNMSUBxxxPD __m256d__mm256_maskz_fnmsub_pd(__mmask8 k,__ m256d a,__m256d b,___m256d c); 
VFNMSUBxxxPD __m256d __mm256_mask3_fnmsub_pd(__m256d a,__m256d b,__m256d c,___mmask8 k); 
VFNMSUBxxxPD __m128d __mm_mask_fnmsub_pd(__m128d a, ___mmask8 k,__m128d b,___m128d c); 
VFNMSUBxxxPD __m128d __mm_maskz_fnmsub_pd(__mmask8 k,__m128d a,__m128db,__m128d c); 
VFNMSUBxxxPD __m128d_mm_mask3_fnmsub_pd(__m128d a,__m128db,__m128dc,__ mmask8 k); 
VFNMSUBxxxPD __m128d __mm_fnmsub_pd (__m128d a,__m128d b,__m128d c); 

VFNMSUBxxxPD __m256d_mm256_fnmsub_pd (__m256d a,__m256db, __ m256d c); 


m512d c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
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VFNMSUB132PS/VFNMSUB213PS/VFNMSUB231PS—Fused Negative Multiply-Subtract of 
Packed Single-Precision Floating-Point Values 


VFNMSUB231PS zmm1 {k1}{Z}, 
zmm2, zmm3/m51 2/m32bcstf{er} 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
VEX.128.66.0F38.W0 SE /r A VIV FMA Multiply packed single-precision floating-point values from 
VFNMSUB132PS xmm1, xmm2, xmm1 and xmm3/mem, negate the multiplication result and 
xmm3/m128 subtract xmme2 and put result in xmm1. 
VEX.128.66.0F38.W0 AE /r A VIV FMA Multiply packed single-precision floating-point values from 
VFNMSUB213PS xmm1, xmm2, xmm1 and xmmd2, negate the multiplication result and 
xmm3/m128 subtract xmm3/mem and put result in xmm1. 
VEX.128.66.0F38.W0 BE /r A VV FMA Multiply packed single-precision floating-point values from 
VFNMSUB231PS xmm1, xmm2, xmm2 and xmm3/mem, negate the multiplication result and 
xmm3/m128 subtract xmm1 and put result in xmm1. 
VEX.256.66.0F38.W0 SE /r A VIV FMA Multiply packed single-precision floating-point values from 
VFNMSUB132PS ymm1, ymm2, ymm1 and ymm3/mem, negate the multiplication result and 
ymm3/m256 subtract ymm_2 and put result in ymm1. 
VEX.256.66.0F38.W0 AE /r A VV FMA Multiply packed single-precision floating-point values from 
VFNMSUB213PS ymm1, ymm2, ymm1 and ymm2, negate the multiplication result and 
ymm3/m256 subtract ymm3/mem and put result in ymm1. 
VEX.256.66.0F38.0 BE /r A VIV FMA Multiply packed single-precision floating-point values from 
VFNMSUB231PS ymm1, ymm2, ymme2 and ymm3/mem, negate the multiplication result and 
ymm3/m256 subtract ymm1 and put result in ymm1. 
EVEX.128.66.0F38.WO SE /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFNMSUB132PS xmm1 {k1}{Z}, AVX512F xmm1 and xmm3/m128/m32bcst, negate the multiplication 
xmm2, xmm3/m128/m32bcst result and subtract xmm_2 and put result in xmm1. 
EVEX.128.66.0F38.W0 AE /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFNMSUB213PS xmm1 {k1}{Z}, AVX512F xmm1 and xmmd2, negate the multiplication result and 
xmm2, xmm3/m128/m32bcst subtract xmm3/m128/m32bcst and put result in xmm1. 
EVEX.128.66.0F38.WO BE /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFNMSUB231PS xmm1 {k1}{Z}, AVX512F xmm2 and xmm3/m128/m32bcst, negate the multiplication 
xmm2, xmm3/m128/m32bcst result subtract add to xmm1 and put result in xmm1. 
EVEX.256.66.0F38.WO SE /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFNMSUB132PS ymm1 {k1}{Z}, AVX512F ymm1 and ymm3/m256/m32bcst, negate the multiplication 
ymm_2, ymm3/m256/m32bcst result and subtract ymm2 and put result in ymm1. 
EVEX.256.66.0F38.W0 AE /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFNMSUB213PS ymm1 {k1}{Z}, AVX512F ymm1 and ymm2, negate the multiplication result and 
ymm_2, ymm3/m256/m32bcst subtract ynm3/m256/m32bcst and put result in ymm1. 
EVEX.256.66.0F38.WO BE /r B VIV AVX512VL | Multiply packed single-precision floating-point values from 
VFNMSUB231PS ymm1 {k1}{Z}, AVX512F ymme and ymm3/m256/m32bcst, negate the multiplication 
ymm_2, ymm3/m256/m32bcst result subtract add to ymm1 and put result in ymm1. 
EVEX.512.66.0F38.WO SE /r B VV AVX512F Multiply packed single-precision floating-point values from 
VFNMSUB132PS zmm1 {k1}{z}, zmm1 and zmm3/m512/m32bcst, negate the multiplication 
zmm2, zmm3/m51 2/m32bcst{er} result and subtract zmm2 and put result in zmm1. 
EVEX.512.66.0F38.W0O AE /r B VV AVX512F Multiply packed single-precision floating-point values from 
VFNMSUB213PS zmm1 {k1}{z}, zmm1 and zmm2, negate the multiplication result and 
zmm2, zmm3/m51 2/m32bcst{er} subtract zmm3/m512/m32bcst and put result in zmm1. 
EVEX.512.66.0F38.WO BE /r B VV AVX512F Multiply packed single-precision floating-point values from 


zmme2 and zmm3/m512/m32bcst, negate the multiplication 
result subtract add to zmm1 and put result in zmm1. 
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Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


VFNMSUB132PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the first 
source operand to the four, eight or sixteen packed single-precision floating-point values in the third source 
operand. From negated infinite precision intermediate results, subtracts the four, eight or sixteen packed single- 
precision floating-point values in the second source operand, performs rounding and stores the resulting four, eight 
or sixteen packed single-precision floating-point values to the destination operand (first source operand). 


VFNMSUB213PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the second 
source operand to the four, eight or sixteen packed single-precision floating-point values in the first source 
operand. From negated infinite precision intermediate results, subtracts the four, eight or sixteen packed single- 
precision floating-point values in the third source operand, performs rounding and stores the resulting four, eight 
or sixteen packed single-precision floating-point values to the destination operand (first source operand). 


VFNMSUB231PS: Multiplies the four, eight or sixteen packed single-precision floating-point values from the second 
source to the four, eight or sixteen packed single-precision floating-point values in the third source operand. From 
negated infinite precision intermediate results, subtracts the four, eight or sixteen packed single-precision floating- 
point values in the first source operand, performs rounding and stores the resulting four, eight or sixteen packed 
single-precision floating-point values to the destination operand (first source operand). 


EVEX encoded versions: The destination operand (also first source operand) and the second source operand are 
ZMM/YMM/XMM register. The third source operand is a ZMM/YMM/XMM register, a 512/256/128-bit memory loca- 
tion or a 512/256/128-bit vector broadcasted from a 32-bit memory location. The destination operand is condition- 
ally updated with write mask k1. 

VEX.256 encoded version: The destination operand (also first source operand) is a YMM register and encoded in 
reg_field. The second source operand is a YMM register and encoded in VEX.vvvv. The third source operand is a 
YMM register or a 256-bit memory location and encoded in rm_field. 

VEX.128 encoded version: The destination operand (also first source operand) is a XMM register and encoded in 
reg_field. The second source operand is a XMM register and encoded in VEX.vvvv. The third source operand is a 
XMM register or a 128-bit memory location and encoded in rm_field. The upper 128 bits of the YMM destination 
register are zeroed. 


Operation 


In the operations below, “*” and “-” symbols represent multiplication and subtraction with infinite precision inputs and outputs (no 
rounding). 


VFNMSUB132PS DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i= 0 to MAXNUM-1 { 
n:= 32%; 
DEST[n+31:n] := RoundFPControl_MXCSR( - (DEST[n+31:n]*SRC3[n+31:n]) - SRC2[n+31:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


5-230 Vol.2C —=VFNMSUB132PS/VFNMSUB213PS/VFNMSUB231PS—Fused Negative Multiply-Subtract of Packed Single-Precision Floating-Point Val- 


VFNMSUB213PS DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 32%; 
DEST[n+31:n] := RoundFPControl_MXCSR( - (SRC2[n+31:n]*DEST[n+31:n]) - SRC3[n+31:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFNMSUB231PS DEST, SRC2, SRC3 (VEX encoded version) 
IF (VEX.128) THEN 
MAXNUM := 2 
ELSEIF (VEX.256) 
MAXNUM := 4 
Fl 
For i = 0 to MAXNUM-1 { 
n:= 32%; 
DEST[n+31:n] := RoundFPControl_MXCSR( - (SRC2[n+31:n]*SRC3[n+31:n]) - DEST[n+31:n]) 
} 
IF (VEX.128) THEN 
DEST[MAXVL-1:128] := 0 
ELSEIF (VEX.256) 
DEST[MAXVL-1:256] := 0 
Fl 


VFNMSUB132PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
RoundFPControl(-(DEST[i+3 1 :i]*SRC3[i+31:i]) - SRC2[i+3 1:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


INSTRUCTION SET REFERENCE, V-Z 
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VFNMSUB132PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(-(DEST[i+3 1 :i]*SRC3[3 1:0]) - SRC2[i+3 1:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(-(DEST[i+31 :i]*SRC3[i+31:i]) - SRC2[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VFNMSUB213PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
RoundFPControl_MXCSR(-(SRC2[i+3 1 :i]*DEST[i+31:i]) - SRC3[i+31:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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VFNMSUB213PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(-(SRC2[i+3 1 :i]*DEST[i+31:i]) - SRC3[31:0]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(-(SRC2[i+3 1 :i]*DEST[i+31:i]) - SRC3[i+3 1:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VFNMSUB231PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a register) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
RoundFPControl_MXCSR(-(SRC2[i+3 1:i]*SRC3[i+31:i]) - DEST[i+31:i]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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VFNMSUB231PS DEST, SRC2, SRC3 (EVEX encoded version, when src3 operand is a memory source) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) 
THEN 
DEST[i+31:i] := 
RoundFPControl_MXCSR(-(SRC2[i+3 1:i]*SRC3[3 1:0]) - DEST[i+31:i]) 
ELSE 
DEST[i+31:i] := 
RoundFPControl_MXCSR(-(SRC2[i+3 1 :i]*SRC3[i+31:i]) - DEST[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VFNMSUBxxxPS __m512_mm512_fnmsub_ps(__m512 a,__m512b,__m512 c); 

VFNMSUBxxxPS __m512_mm512_fnmsub_round_ps(__m512 a,__m512b,__m512¢, intr); 

VFNMSUBxxxPS __m512_mm512_mask_fnmsub_ps(__m512 a,__mmask16k,__m512b,__m512 c); 
VFNMSUBxxxPS __m512_mm512_maskz_fnmsub_ps(__mmask16 k,__m512 a,__m512b,__m512 c); 
VFNMSUBxxxPS __m512_mm512_mask3_fnmsub_ps(__m512 a,__m512b,__m512 c,__mmask16 k); 
VFNMSUBxxxPS __m512_mm512_mask_fnmsub_round_ps(__m512 a,__mmask16k,__m512b,__m512., intr); 
VFNMSUBxxxPS __m512_mm512_maskz_fnmsub_round_ps(__mmask16 k,__m512a,__m512b,__m512,¢, intr); 
VFNMSUBxxxPS __m512_mm512_mask3_fnmsub_round_ps(__m512 a,__m512b,__m512c,__mmask16 kK, int r); 
VFNMSUBxxxPS __m256 __mm256_mask_fnmsub_ps(__m256 a,__ mmask8 k,__m256 b,__m256 c); 
VFNMSUBxxxPS __m256 _mm256_maskz_fnmsub_ps(__mmask8 k,__m256 a,__m256 b,__m256 c); 
VFNMSUBxxxPS __m256 _mm256_mask3_fnmsub_ps(__m256 a,__m256 b,__ m256c,__ mmask8 k); 
VFNMSUBxxxPS __m128 _mm_mask_fnmsub_ps(__m128 a,__mmask8 k,__m128b,_m128 c); 

VFNMSUBxxxPS __m128 _mm_maskz_fnmsub_ps(__mmask8 k,__m128a,__m128b,__m128 c); 
VFNMSUBxxxPS __m128_mm_mask3_fnmsub_ps(__m128 a,__m128b,__m128c,__mmask8 k); 
VFNMSUBxxxPS __m128_mm_fnmsub_ps (__m128 a,__m128b,__m128 c); 

VFNMSUBxxxPS __m256 _mm256_fnmsub_ps (__m256 a,__m256b,__m256 c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-19, “Type 2 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-46, “Type E2 Class Exception Conditions”. 
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VFNMSUB132SD/VFNMSUB213SD/VFNMSUB231SD—Fused Negative Multiply-Subtract of 
Scalar Double-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
VEX.LIG.66.0F38.W1 9F /r A VIV FMA Multiply scalar double-precision floating-point value from 
VFNMSUB132SD xmm1, xmm2, xmm1 and xmm3/mem, negate the multiplication result and 
xmm3/m64 subtract xmm2 and put result in xmm1. 
VEX.LIG.66.0F38.W1 AF /r A VIV FMA Multiply scalar double-precision floating-point value from 
VFNMSUB213SD xmm1, xmm2, xmm1 and xmm2, negate the multiplication result and 
xmm3/m64 subtract xmm3/mem and put result in xmm1. 
VEX.LIG.66.0F38.W1 BF /r A VIV FMA Multiply scalar double-precision floating-point value from 
VFNMSUB231SD xmm1, xmm2, xmme2 and xmm3/mem, negate the multiplication result and 
xmm3/m64 subtract xmm1 and put result in xmm1. 
EVEX.LLIG.66.0F38.W1 SF /r B VIV AVX512F Multiply scalar double-precision floating-point value from 
VFNMSUB132SD xmm1 {k1}{Z}, xmm1 and xmm3/m64, negate the multiplication result and 
xmm2, xmm3/m64{er} subtract xmm2 and put result in xmm1. 
EVEX.LLIG.66.0F38.W1 AF /r B VIV AVX512F Multiply scalar double-precision floating-point value from 
VFNMSUB213SD xmm1 {k1}{Z}, xmm1 and xmm2, negate the multiplication result and 
xmm2, xmm3/m64{er} subtract xmm3/m64 and put result in xmm1. 
EVEX.LLIG.66.0F38.W1 BF /r B VIV AVX512F Multiply scalar double-precision floating-point value from 
VFNMSUB231SD xmm1 {k1}{zZ}, xmme2 and xmm3/m64, negate the multiplication result and 
xmm2, xmm3/m64{er} subtract xmm1 and put result in xmm1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Tuple1 Scalar ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


VFNMSUB132SD: Multiplies the low packed double-precision floating-point value from the first source operand to 
the low packed double-precision floating-point value in the third source operand. From negated infinite precision 
intermediate result, subtracts the low double-precision floating-point value in the second source operand, performs 
rounding and stores the resulting packed double-precision floating-point value to the destination operand (first 
source operand). 


VFNMSUB213SD: Multiplies the low packed double-precision floating-point value from the second source operand 
to the low packed double-precision floating-point value in the first source operand. From negated infinite precision 
intermediate result, subtracts the low double-precision floating-point value in the third source operand, performs 
rounding and stores the resulting packed double-precision floating-point value to the destination operand (first 
source operand). 


VFNMSUB231SD: Multiplies the low packed double-precision floating-point value from the second source to the low 
packed double-precision floating-point value in the third source operand. From negated infinite precision interme- 
diate result, subtracts the low double-precision floating-point value in the first source operand, performs rounding 
and stores the resulting packed double-precision floating-point value to the destination operand (first source 
operand). 

VEX.128 and EVEX encoded version: The destination operand (also first source operand) is encoded in reg_field. 
The second source operand is encoded in VEX.vvvv/EVEX.vvvv. The third source operand is encoded in rm_field. 
Bits 127:64 of the destination are unchanged. Bits MAXVL-1:128 of the destination register are zeroed. 
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EVEX encoded version: The low quadword element of the destination is updated according to the writemask. 
Compiler tools may optionally support a complementary mnemonic for each instruction mnemonic listed in the 
opcode/instruction column of the summary table. The behavior of the complementary mnemonic in situations 
involving NANs are governed by the definition of the instruction mnemonic defined in the opcode/instruction 
column. 


Operation 


In the operations below, “*” and “-” symbols represent multiplication and subtraction with infinite precision inputs and outputs (no 
rounding). 


VFNMSUB132SD DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := RoundFPControl(-(DEST[63:0]*SRC3[63:0]) - SRC2[63:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := DEST[127:64] 
DEST[MAXVL-1:128] := 0 


VFNMSUB213SD DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := RoundFPControl(-(SRC2[63:0]*DEST[63:0]) - SRC3[63:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := DEST[127:64] 
DEST[MAXVL-1:128] := 0 


5-236 Vol.2C © VFNMSUB132SD/VFNMSUB213SD/VFNMSUB231SD—Fused Negative Multiply-Subtract of Scalar Double-Precision Floating-Point Val- 


INSTRUCTION SET REFERENCE, V-Z 


VFNMSUB231SD DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := RoundFPControl(-(SRC2[63:0]*SRC3[63:0]) - DEST[63:0]) 


ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := DEST[127:64] 
DEST[MAXVL-1:128] := 0 


VFNMSUB132SD DEST, SRC2, SRC3 (VEX encoded version) 

DEST[63:0] := RoundFPControl_MXCSR(- (DEST[63:0]*SRC3[63:0]) - SRC2[63:0]) 
DEST[127:64] := DEST[127:64] 

DEST[MAXVL-1:128] := 0 


VFNMSUB2135SD DEST, SRC2, SRC3 (VEX encoded version) 

DEST[63:0] := RoundFPControl_MXCSR(- (SRC2[63:0]*DEST[63:0]) - SRC3[63:0]) 
DEST[127:64] := DEST[127:64] 

DEST[MAXVL-1:128] = 0 


VFNMSUB231SD DEST, SRC2, SRC3 (VEX encoded version) 

DEST[63:0] := RoundFPControl_MXCSR(- (SRC2[63:0]*SRC3[63:0]) - DEST[63:0]) 
DEST[127:64] := DEST[127:64] 

DEST[MAXVL-1:128] = 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VFNMSUBxxxSD __m128d _mm_fnmsub_round_sd(__m128d a,__m128db,__m128d, int r); 

VFNMSUBxxxSD __m128d _mm_mask_fnmsub_sd(__m128d a,__mmask8 k,__m128d b,__m128d c); 
VFNMSUBxxxSD __m128d _mm_maskz_fnmsub_sd(__mmask8 k,__m128da,__m128db,__m128d c); 
VFNMSUBxxxSD __m128d _mm_mask3_fnmsub_sd(__m128d a,__m128db,__m128dc,__ mmask8 k); 
VFNMSUBxxxSD __m128d _mm_mask_fnmsub_round_sd(__m128d a,__mmask8 k,_m128db,__m128dc, int r); 
VFNMSUBxxxSD __m128d _mm_maskz_fnmsub_round_sd(__mmask8 k,___m128d a,__m128d b,__m128dc, int r); 
VFNMSUBxxxSD __m128d _mm_mask3_fnmsub_round_sd(__m128d a,__m128db,___m128dc, ___mmask8 k, int r); 
VFNMSUBxxxSD __m128d _mm_fnmsub_sd (__m128d a,__m128db,_m128d c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 
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VFNMSUB132SS/VFNMSUB213SS/VFNMSUB231SS—Fused Negative Multiply-Subtract of 
Scalar Single-Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
VEX.LIG.66.0F38.W0 9F /r A VIV FMA Multiply scalar single-precision floating-point value from 
VFNMSUB132SS xmm1, xmm2, xmm1 and xmm3/m32, negate the multiplication result and 
xmm3/m32 subtract xmm2 and put result in xmm1. 
VEX.LIG.66.0F38.W0 AF /r A VIV FMA Multiply scalar single-precision floating-point value from 
VFNMSUB213SS xmm1, xmm2, xmm1 and xmm2, negate the multiplication result and 
xmm3/m32 subtract xmm3/m32 and put result in xmm1. 
VEX.LIG.66.0F38.W0 BF /r A VIV FMA Multiply scalar single-precision floating-point value from 
VFNMSUB231SS xmm1, xmm2, xmm2 and xmm3/m32, negate the multiplication result and 
xmm3/m32 subtract xmm1 and put result in xmm1. 
EVEX.LLIG.66.0F38.WO SF /r B VIV AVX512F Multiply scalar single-precision floating-point value from 
VFNMSUB132SS xmm1 {k1}{Z}, xmm1 and xmm3/m32, negate the multiplication result and 
xmm2, xmm3/m32{er} subtract xmm2 and put result in xmm1. 
EVEX.LLIG.66.0F38.WO AF /r B VIV AVX512F Multiply scalar single-precision floating-point value from 
VFNMSUB213SS xmm1 {k1}{Z}, xmm1 and xmm2, negate the multiplication result and 
xmm2, xmm3/m32{er} subtract xmm3/m32 and put result in xmm1. 
EVEX.LLIG.66.0F38.WO BF /r B VIV AVX512F Multiply scalar single-precision floating-point value from 
VFNMSUB231SS xmm1 {k1}{zZ}, xmme2 and xmm3/m32, negate the multiplication result and 
xmme2, xmm3/m32{er} subtract xmm1 and put result in xmm1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Tuple1 Scalar ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


VFNMSUB132SS: Multiplies the low packed single-precision floating-point value from the first source operand to 
the low packed single-precision floating-point value in the third source operand. From negated infinite precision 
intermediate result, the low single-precision floating-point value in the second source operand, performs rounding 
and stores the resulting packed single-precision floating-point value to the destination operand (first source 
operand). 


VFNMSUB213SS: Multiplies the low packed single-precision floating-point value from the second source operand to 
the low packed single-precision floating-point value in the first source operand. From negated infinite precision 
intermediate result, the low single-precision floating-point value in the third source operand, performs rounding 
and stores the resulting packed single-precision floating-point value to the destination operand (first source 
operand). 


VFNMSUB231SS: Multiplies the low packed single-precision floating-point value from the second source to the low 
packed single-precision floating-point value in the third source operand. From negated infinite precision interme- 
diate result, the low single-precision floating-point value in the first source operand, performs rounding and stores 
the resulting packed single-precision floating-point value to the destination operand (first source operand). 


VEX.128 and EVEX encoded version: The destination operand (also first source operand) is encoded in reg_field. 
The second source operand is encoded in VEX. vvvv/EVEX.vvvv. The third source operand is encoded in rm_field. 
Bits 127:32 of the destination are unchanged. Bits MAXVL-1:128 of the destination register are zeroed. 


EVEX encoded version: The low doubleword element of the destination is updated according to the writemask. 


Compiler tools may optionally support a complementary mnemonic for each instruction mnemonic listed in the 
opcode/instruction column of the summary table. The behavior of the complementary mnemonic in situations 
involving NANs are governed by the definition of the instruction mnemonic defined in the opcode/instruction 
column. 
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Operation 


In the operations below, “*” and “-” symbols represent multiplication and subtraction with infinite precision inputs and outputs (no 
rounding). 


VFNMSUB132SS DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN = DEST[31:0] := RoundFPControl(-(DEST[3 1:0]*SRC3[31:0]) - SRC2[31:0]) 


ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[1 27:32] := DEST[127:32] 
DEST[MAXVL-1:128] := 0 


VFNMSUB213SS DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN = DEST[31:0] := RoundFPControl(-(SRC2[31:0]*DEST[31:0]) - SRC3[31:0]) 


ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[1 27:32] := DEST[127:32] 
DEST[MAXVL-1:128] := 0 
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VFNMSUB231SS DEST, SRC2, SRC3 (EVEX encoded version) 
IF (EVEX.b = 1) and SRC3 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] or *no writemask* 
THEN DEST[31:0] := RoundFPControl(-(SRC2[3 1:0]*SRC3[63:0]) - DEST[31:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[1 27:32] := DEST[127:32] 
DEST[MAXVL-1:128] := 0 


VFNMSUB132SS DEST, SRC2, SRC3 (VEX encoded version) 
DEST[31:0] := RoundFPControl_MXCSR(- (DEST[31:0]*SRC3[31:0]) - SRC2[31:0]) 
DEST[127:32] := DEST[127:32] 

DEST[MAXVL-1:128] := 0 


VFNMSUB2135S DEST, SRC2, SRC3 (VEX encoded version) 
DEST[31:0] := RoundFPControl_MXCSR(- (SRC2[31:0]*DEST[31:0]) - SRC3[31:0]) 
DEST[127:32] := DEST[127:32] 

DEST[MAXVL-1:128] := 0 


VFNMSUB2315SS DEST, SRC2, SRC3 (VEX encoded version) 
DEST[31:0] := RoundFPControl_MXCSR(- (SRC2[31:0]*SRC3[31:0]) - DEST[31:0]) 
DEST[127:32] := DEST[127:32] 

DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VFNMSUBxxxSS __m128 _mm_fnmsub_round_ss(__m128 a,__m128b,__m128c, intr); 

VFNMSUBxxxSS __m128 _mm_mask_fnmsub_ss(__m128 a,__mmask8 k,__m128b,__m128 c); 
VFNMSUBxxxSS __m128 _mm_maskz_fnmsub_ss(__mmask8 k,__m128a,__m128b,__m128 c); 
VFNMSUBxxxSS __m128 _mm_mask3_fnmsub_ss(__m128 a,__m128b,__m128 c,__mmask8 k); 
VFNMSUBxxxSS __m128 _mm_mask_fnmsub_round_ss(__m128 a,__ mmask8 k,__m128b,__m128, int r); 
VFNMSUBxxxSS __m128 _mm_maskz_fnmsub_round_ss(__mmask8 k,__m128a,__m128b,__m128c, intr); 
VFNMSUBxxxSS __m128 _mm_mask3_fnmsub_round_ss(__m128 a,__m128b,__m128c,__mmask8 k, int r); 
VFNMSUBxxxSS __m128 __mm_fnmsub_ss (__m128 a,__m128b,__m128 c); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal 


Other Exceptions 
VEX-encoded instructions, see Table 2-20, “Type 3 Class Exception Conditions”. 


EVEX-encoded instructions, see Table 2-47, “Type E3 Class Exception Conditions”. 
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VFPCLASSPD—Tests Types Of a Packed Float64 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F3A.W1 66/rib | A VIV AVX512VL | Tests the input for the following categories: NaN, +0, -0, 
VFPCLASSPD k2 {k1}, AVX512DQ | +lInfinity, -Infinity, denormal, finite negative. The immediate 
xmm2/m128/m64bcst, imm8 field provides a mask bit for each of these category tests. The 
masked test results are OR-ed together to form a mask result. 
EVEX.256.66.0F3A.W1 66/rib | A VIV AVX512VL | Tests the input for the following categories: NaN, +0, -0, 
VFPCLASSPD k2 {k1}, AVX512DQ | +lInfinity, -Infinity, denormal, finite negative. The immediate 
ymm2/m256/m64bcst, imm8 field provides a mask bit for each of these category tests. The 
masked test results are OR-ed together to form a mask result. 
EVEX.512.66.0F3A.W1 66 /rib | A VIN AVX512DQ | Tests the input for the following categories: NaN, +0, -0, 
VFPCLASSPD k2 {k1}, +Infinity, -Infinity, denormal, finite negative. The immediate 
zmm2/m512/m64bcst, imm8 field provides a mask bit for each of these category tests. The 
masked test results are OR-ed together to form a mask result. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


The FPCLASSPD instruction checks the packed double precision floating point values for special categories, speci- 
fied by the set bits in the imm8 byte. Each set bit in imm8 specifies a category of floating-point values that the 
input data element is classified against. The classified results of all specified categories of an input value are ORed 
together to form the final boolean result for the input element. The result of each element is written to the corre- 
sponding bit in a mask register k2 according to the writemask k1. Bits [MAX_KL-1:8/4/2] of the destination are 
cleared. 


The classification categories specified by imm8 are shown in Figure 5-13. The classification test for each category 
is listed in Table 5-13. 


7 6 5 4 3 2 1 0 


SNaN Neg. Finite | Denormal Neg. INF +INF Neg. 0 +0 QNaN 


Figure 5-13. Imm8 Byte Specifier of Special Case FP Values for VFPCLASSPD/SD/PS/SS 


Table 5-13. Classifier Operations for VFPCLASSPD/SD/PS/SS 


Bits Imm8[0] Imm8[1] Imm8[2] Imm8[3] Imm8[4] Imm8s[5] Imm8[6] Imm8[7] 

Category | QNAN PosZero NegZero PosINF NegINF Denormal Negative SNAN 

Classifier | Checks for | Checks for | Checks for- | Checks for | Checks for - | Checks for Checks for Checks for 
QNaN +0 0 +INF INF Denormal Negative finite SNaN 


The source operand is aZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector 
broadcasted from a 64-bit memory location. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 
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Operation 
CheckFPClassDP (tsrc[63:0], imm8[7:0]){ 


//* Start checking the source operand for special type *// 
NegNum := tsrc[63]; 
IF (tsrc[62:52]=07FFh) Then ExpAllOnes := 1; Fl; 
IF (tsrc[62:52]=Oh) Then ExpAllZeros := 1; 
IF (ExpAllZeros AND MXCSR.DAZ) Then 
MantAllZeros := 1; 
ELSIF (tsrc[51:0]=O0h) Then 
MantAllZeros := 1; 
Fl; 
ZeroNumber := ExpAllZeros AND MantAllZeros 
SignalingBit := tsrc[51]; 


sNaN_res := ExpAllOnes AND NOT(MantAllZeros) AND NOT(SignalingBit); // sNaN 
qNaN_res := ExpAllOnes AND NOT(MantAllZeros) AND SignalingBit; // qNaN 
Pzero_res := NOT(NegNum) AND ExpAllZeros AND MantaAllZeros; // +0 
Nzero_res := NegNum AND ExpAllZeros AND MantAllZeros; // -0 

Pinf_res := NOT(NegNum) AND ExpAllOnes AND MantAllZeros; // +Inf 

Ninf_res := NegNum AND ExpAllOnes AND MantAllZeros; // -Inf 

Denorm_res := ExpAllZeros AND NOT(MantAllZeros); // denorm 

FinNeg_res := NegNum AND NOT(ExpAllOnes) AND NOT(ZeroNumber); // -finite 


bResult = ( imm8[0] AND qNaN_res ) OR (imm8[1] AND Pzero_res ) OR 
(imm8[2] AND Nzero_res ) OR ( imm8[3] AND Plinf_res ) OR 
(imm8[4] AND Ninf_res ) OR (imm8[5] AND Denorm_res ) OR 
(imm8[6] AND FinNeg_res ) OR ( imm8[7] AND sNaN_res ); 
Return bResult; 
}//* end of CheckFPClassDP() *// 


VFPCLASSPD (EVEX Encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b == 1) AND (SRC *is memory*) 
THEN 
DEST{[j] := CheckFPClassDP(SRC1 [63:0], imm8[7:0]); 
ELSE 
DEST{[j] := CheckFPClassDP(SRC1 [i+63:i], imm8[7:0}); 
Fl; 
ELSE DEST{j] := 0 ; zeroing-masking only 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VFPCLASSPD __mmask8 _mm512_fpclass_pd_mask(__m512d a, int c); 

VFPCLASSPD __mmask8 _mm512_mask_fpclass_pd_mask(__mmask8 m,__m512d a, int c) 
VFPCLASSPD __mmask8 _mm256_fpclass_pd_mask(__m256d a, int c) 

VFPCLASSPD __mmask8 _mm256_mask_fpclass_pd_mask(__mmask8 m,___m256d a, int c) 
VFPCLASSPD __mmask8 _mm_fpclass_pd_mask(__m128d a, int c) 
VFPCLASSPD __mmask8 _mm_mask_fpclass_pd_mask(__mmask8 m, 


m128d a, int c) 


SIMD Floating-Point Exceptions 


None 

Other Exceptions 

See Table 2-49, “Type E4 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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VFPCLASSPS—Tests Types Of a Packed Float32 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F3A.WO 66 /rib | A VIV AVX512VL | Tests the input for the following categories: NaN, +0, -0, 
VFPCLASSPS k2 {k1}, AVX512DQ | +lnfinity, -Infinity, denormal, finite negative. The immediate 
xmme2/m1 28/m32bcst, imm8 field provides a mask bit for each of these category tests. The 
masked test results are OR-ed together to form a mask result. 
EVEX.256.66.0F3A.WO0 66 /rib | A VIV AVX512VL | Tests the input for the following categories: NaN, +0, -0, 
VFPCLASSPS k2 {k1}, AVX512DQ | +lnfinity, -Infinity, denormal, finite negative. The immediate 
ymm2/m256/m32bcst, imm8 field provides a mask bit for each of these category tests. The 
masked test results are OR-ed together to form a mask result. 
EVEX.512.66.0F3A.W0 66 /rib | A VIN AVX512DQ | Tests the input for the following categories: NaN, +0, -0, 
VFPCLASSPS k2 {k1}, +Infinity, -Infinity, denormal, finite negative. The immediate 
zmm2/m512/m32bcst, imm8 field provides a mask bit for each of these category tests. The 
masked test results are OR-ed together to form a mask result. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


The FPCLASSPS instruction checks the packed single-precision floating point values for special categories, specified 
by the set bits in the imm8 byte. Each set bit in imm8 specifies a category of floating-point values that the input 
data element is classified against. The classified results of all specified categories of an input value are ORed 
together to form the final boolean result for the input element. The result of each element is written to the corre- 
sponding bit in a mask register k2 according to the writemask k1. Bits [MAX_KL-1:16/8/4] of the destination are 


cleared. 


The classification categories specified by imm8 are shown in Figure 5-13. The classification test for each category 


is listed in Table 5-13. 


The source operand is aZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector 
broadcasted from a 32-bit memory location. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Operation 


CheckFPClassSP (tsrc[31:0], imm8[7:0])f{ 


//* Start checking the source operand for special type *// 


NegNum := tsrc[31]; 


IF (tsrc[30:23]=OFFh) Then ExpAllOnes := 1; Fl; 
IF (tsrc[30:23]=0h) Then ExpAllZeros := 1; 
IF (ExpAllZeros AND MXCSR.DAZ) Then 


MantAllZeros := 1; 
ELSIF (tsrc[22:0]=0h) Then 
MantAllZeros := 1; 

Fl; 


ZeroNumber= ExpAllZeros AND MantAllZeros 


SignalingBit= tsrc[22]; 


sNaN_res := ExpAllOnes AND NOT(MantAllZeros) AND NOT(SignalingBit); // sNaN 
qNaN_res := ExpAllOnes AND NOT(MantAllZeros) AND SignalingBit; // qNaN 
Pzero_res := NOT(NegNum) AND ExpAllZeros AND MantAllZeros; // +0 
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Nzero_res := NegNum AND ExpAllZeros AND MantAllZeros; // -0 

Pinf_res := NOT(NegNum) AND ExpAllOnes AND MantAllZeros; // +Inf 

Ninf_res := NegNum AND ExpAllOnes AND MantAllZeros; // -Inf 

Denorm_res := ExpAllZeros AND NOT(MantAllZeros); // denorm 

FinNeg_res := NegNum AND NOT(ExpAllOnes) AND NOT(ZeroNumber); // -finite 


bResult = ( imm8[0] AND qNaN_res ) OR (imm8[1] AND Pzero_res ) OR 
(imm8[2] AND Nzero_res ) OR ( imm8[3] AND Pinf_res ) OR 
(imm8[4] AND Ninf_res ) OR ( imm8[5] AND Denorm_res ) OR 
(imm8[6] AND FinNeg_res ) OR ( imm8[7] AND sNalN_res ); 
Return bResult; 
}//* end of CheckSPClassSP() *// 


VFPCLASSPS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b == 1) AND (SRC *is memory’) 
THEN 
DEST{[j] := CheckFPClassDP(SRC1 [31:0], imm8[7:0}]); 
ELSE 
DEST{[j] := CheckFPClassDP(SRC1 [i+31:i], imm8[7:0}); 
Fl; 
ELSE DEST{j] := 0 ; zeroing-masking only 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VFPCLASSPS __mmask16 _mm512_fpclass_ps_mask(__m512 a, int c); 
VFPCLASSPS __mmask16 __mm512_mask_fpclass_ps_mask(__mmask16 m, 
VFPCLASSPS __mmask8 _mm256_fpclass_ps_mask(__m256 a, int c) 
VFPCLASSPS __mmask8 _mm256_mask_fpclass_ps_mask(__mmask8 m, 
VFPCLASSPS __mmask8 _mm_fpclass_ps_mask(__m128 a, int c) 
VFPCLASSPS __mmask8 _mm_mask_fpclass_ps_mask(__mmask8 m, 


m512 a, int c) 


m256 a, int c) 


m128 a, int c) 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-49, “Type E4 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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VFPCLASSSD—Tests Types Of a Scalar Float64 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support Flag 
EVEX.LLIG.66.0F3A.W1 67 /rib | A VIN AVX512DQ | Tests the input for the following categories: NaN, +0, -0, 
VFPCLASSSD k2 {k1}, +Infinity, -Infinity, denormal, finite negative. The immediate 
xmm2/m64, imm8 field provides a mask bit for each of these category tests. The 
masked test results are OR-ed together to form a mask result. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


The FPCLASSSD instruction checks the low double precision floating point value in the source operand for special 
categories, specified by the set bits in the imm8 byte. Each set bit in imm8 specifies a category of floating-point 
values that the input data element is classified against. The classified results of all specified categories of an input 
value are ORed together to form the final boolean result for the input element. The result is written to the low bit in 
a mask register k2 according to the writemask k1. Bits MAX_KL-1: 1 of the destination are cleared. 

The classification categories specified by imm8 are shown in Figure 5-13. The classification test for each category 
is listed in Table 5-13. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Operation 
CheckFPClassDP (tsrc[63:0], imm8[7:0]){ 


NegNum := tsrc[63]; 
IF (tsrc[62:52]=07FFh) Then ExpAllOnes := 1; Fl; 
IF (tsrc[62:52]=0h) Then ExpAllZeros := 1; 
IF (ExpAllZeros AND MXCSR.DAZ) Then 
MantAllZeros := 1; 
ELSIF (tsrc[51:0]=O0h) Then 
MantAllZeros := 1; 
Fl; 
ZeroNumber := ExpAllZeros AND MantAllZeros 
SignalingBit := tsrc[5 1]; 


sNaN_res := ExpAllOnes AND NOT(MantAllZeros) AND NOT(SignalingBit); // sNaN 
qNaN_res := ExpAllOnes AND NOT(MantAllZeros) AND SignalingBit; // qNaN 
Pzero_res := NOT(NegNum) AND ExpAllZeros AND MantAllZeros; // +0 
Nzero_res := NegNum AND ExpAllZeros AND MantAllZeros; // -0 

Pinf_res := NOT(NegNum) AND ExpAllOnes AND MantAllZeros; // +Inf 

Ninf_res := NegNum AND ExpAllOnes AND MantAllZeros; // -Inf 

Denorm_res := ExpAllZeros AND NOT(MantAllZeros); // denorm 

FinNeg_res := NegNum AND NOT(ExpAllOnes) AND NOT(ZeroNumber); // -finite 


bResult = ( imm8[0] AND qNaN_res ) OR (imm8[1] AND Pzero_res ) OR 
(imm8[2] AND Nzero_res ) OR ( imm8[3] AND Plinf_res ) OR 
(imm8[4] AND Ninf_res ) OR ( imm8[5] AND Denorm_res ) OR 
(imm8[6] AND FinNeg_res ) OR ( imm8[7] AND sNaN_res ); 
Return bResult; 
}//* end of CheckFPClassDP() *// 
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VFPCLASSSD (EVEX encoded version) 


IF k1[0] OR *no writemask* 
THEN DEST[O] := 
CheckFPClassDP(SRC1 [63:0], imm8[7:0]) 
ELSE DEST[O] := 0 ; zeroing-masking only 
Fl; 


DEST[MAX_KL-1:1] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VFPCLASSSD __mmask8 _mm_fpclass_sd_mask(__m128d a, int c) 
VFPCLASSSD __mmask8 _mm_mask_fpclass_sd_mask(__mmask8 m,__m128d a, int c) 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-53, “Type E6 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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VFPCLASSSS—Tests Types Of a Scalar Float32 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.LLIG.66.0F3A.WO 67 /r A VIN AVX512DQ | Tests the input for the following categories: NaN, +0, -0, 
VFPCLASSSS k2 {k1}, +lInfinity, -Infinity, denormal, finite negative. The immediate 
xmm2/m32, imm8 field provides a mask bit for each of these category tests. The 
masked test results are OR-ed together to form a mask result. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


The FPCLASSSS instruction checks the low single-precision floating point value in the source operand for special 
categories, specified by the set bits in the imm8 byte. Each set bit in imm8 specifies a category of floating-point 
values that the input data element is classified against. The classified results of all specified categories of an input 
value are ORed together to form the final boolean result for the input element. The result is written to the low bit in 
a mask register k2 according to the writemask k1. Bits MAX_KL-1: 1 of the destination are cleared. 


The classification categories specified by imm8 are shown in Figure 5-13. The classification test for each category 


is listed in Table 5-13. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Operation 


CheckFPClassSP (tsrc[31:0], imm8[7:0])<{ 


//* Start checking the source operand for special type *// 


NegNum := tsrc[31]; 


IF (tsrc[30:23]=OFFh) Then ExpAllOnes := 1; Fl; 
IF (tsrc[30:23]=0h) Then ExpAllZeros := 1; 
IF (ExpAllZeros AND MXCSR.DAZ) Then 


MantAllZeros := 1; 


ELSIF (tsrc[22:0]=0h) Then 


MantAllZeros := 1; 
Fl; 


ZeroNumber= ExpAllZeros AND MantAllZeros 


SignalingBit= tsrc[22]; 


sNaN_res := ExpAllOnes AND NOT(MantAllZeros) AND NOT(SignalingBit); // sNaN 
qNaN_res := ExpAllOnes AND NOT(MantAllZeros) AND SignalingBit; // qNaN 
Pzero_res := NOT(NegNum) AND ExpAllZeros AND MantaAllZeros; // +0 
Nzero_res := NegNum AND ExpAllZeros AND MantAllZeros; // -0 

Pinf_res := NOT(NegNum) AND ExpAllOnes AND MantAllZeros; // +Inf 

Ninf_res := NegNum AND ExpAllOnes AND MantAllZeros; // -Inf 

Denorm_res := ExpAllZeros AND NOT(MantAllZeros); // denorm 

FinNeg_res := NegNum AND NOT(ExpAllOnes) AND NOT(ZeroNumber); // -finite 


bResult = ( imm8[0] AND qNaN_res ) OR (imm8[1] AND Pzero_res ) OR 
(imm8[2] AND Nzero_res ) OR ( imm8[3] AND Pinf_res ) OR 
(imm8[4] AND Ninf_res ) OR (imm8[5] AND Denorm_res ) OR 
(imm8[6] AND FinNeg_res ) OR ( imm8[7] AND sNaN_res ); 


Return bResult; 
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}//* end of CheckSPClassSP() *// 


VFPCLASSSS (EVEX encoded version) 


IF k1[0] OR *no writemask* 
THEN DEST[O] := 
CheckFPClassSP(SRC1 [31:0], imm8[7:0]) 
ELSE DEST[O] := 0 ; zeroing-masking only 
Fl; 


DEST[MAX_KL-1:1] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VFPCLASSSS __mmask8 _mm_fpclass_ss_mask(__m128 a, int c) 
VFPCLASSSS __mmask8 _mm_mask_fpclass_ss_mask(__mmask8 m, 


m128 a, int c) 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-53, “Type E6 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 


VFPCLASSSS—Tests Types Of a Scalar Float32 Values Vol.2C 5-249 


INSTRUCTION SET REFERENCE, V-Z 


VGATHERDPD/VGATHERQPD — Gather Packed DP FP Values Using Signed Dword/Qword Indices 


Opcode/ Op/ | 64/3 | CPUID Description 
Instruction En 2-bit | Feature 
Mode | Flag 

VEX.128.66.0F38.W1 92 /r RMV | V/V AVX2 Using dword indices specified in vm32x, gather double-pre- 

VGATHERDPD xmm1, vm32x, xmm2 cision FP values from memory conditioned on mask speci- 
fied by xmm2. Conditionally gathered elements are merged 
into xmm1. 

VEX.128.66.0F38.W1 93 /r RMV | V/V AVX2 Using qword indices specified in vm64x, gather double-pre- 

VGATHERQPD xmm1, vm64x, xmm2 cision FP values from memory conditioned on mask speci- 
fied by xmm2. Conditionally gathered elements are merged 
into xmm1. 

VEX.256.66.0F38.W1 92 /r RMV | V/V AVX2 Using dword indices specified in vm32x, gather double-pre- 

VGATHERDPD ymm1, vm32x, ymm2 cision FP values from memory conditioned on mask speci- 
fied by ymmz. Conditionally gathered elements are merged 
into ymm1. 

VEX.256.66.0F38.W1 93 /r RMV | V/V AVX2 Using qword indices specified in vm64y, gather double-pre- 

VGATHERQPD ymm17, vm64y, ymm2 cision FP values from memory conditioned on mask speci- 
fied by ymm2. Conditionally gathered elements are merged 
into ymm1. 


Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 


RMV ModRM:reg (r,w) BaseReg (R): VSIB:base, VEX.vvvv (r, w) NA 
VectorReg(R): VSIB:index 


Description 


The instruction conditionally loads up to 2 or 4 double-precision floating-point values from memory addresses 
specified by the memory operand (the second operand) and using qword indices. The memory operand uses the 
VSIB form of the SIB byte to specify a general purpose register operand as the common base, a vector register for 
an array of indices relative to the base and a constant scale factor. 


The mask operand (the third operand) specifies the conditional load operation from each memory address and the 
corresponding update of each data element of the destination operand (the first operand). Conditionality is speci- 
fied by the most significant bit of each data element of the mask register. If an element’s mask bit is not set, the 

corresponding element of the destination register is left unchanged. The width of data element in the destination 

register and mask register are identical. The entire mask register will be set to zero by this instruction unless the 
instruction causes an exception. 


Using dword indices in the lower half of the mask register, the instruction conditionally loads up to 2 or 4 double- 
precision floating-point values from the VSIB addressing memory operand, and updates the destination register. 


This instruction can be suspended by an exception if at least one element is already gathered (i.e., if the exception 
is triggered by an element other than the rightmost one with its mask bit set). When this happens, the destination 
register and the mask operand are partially updated; those elements that have been gathered are placed into the 
destination register and have their mask bits set to zero. If any traps or interrupts are pending from already gath- 
ered elements, they will be delivered in lieu of the exception; in this case, EFLAG.RF is set to one so an instruction 
breakpoint is not re-triggered when the instruction is continued. 


If the data size and index size are different, part of the destination register and part of the mask register do not 
correspond to any elements being gathered. This instruction sets those parts to zero. It may do this to one or both 
of those registers even if the instruction triggers an exception, and even if the instruction triggers the exception 
before gathering any elements. 
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VEX.128 version: The instruction will gather two double-precision floating-point values. For dword indices, only the 
lower two indices in the vector index register are used. 


VEX.256 version: The instruction will gather four double-precision floating-point values. For dword indices, only the 
lower four indices in the vector index register are used. 


Note that: 


If any pair of the index, mask, or destination registers are the same, this instruction results a #UD fault. 


The values may be read from memory in any order. Memory ordering with other instructions follows the Intel- 
64 memory-ordering model. 


Faults are delivered in a right-to-left manner. That is, if a fault is triggered by an element and delivered, all 
elements closer to the LSB of the destination will be completed (and non-faulting). Individual elements closer 
to the MSB may or may not be completed. If a given element triggers multiple faults, they are delivered in the 
conventional order. 

Elements may be gathered in any order, but faults must be delivered in a right-to-left order; thus, elements to 
the left of a faulting one may be gathered before the fault is delivered. A given implementation of this 
instruction is repeatable - given the same input values and architectural state, the same set of elements to the 
left of the faulting one will be gathered. 


This instruction does not perform AC checks, and so will never deliver an AC fault. 
This instruction will cause a #UD if the address size attribute is 16-bit. 
This instruction will cause a #UD if the memory operand is encoded without the SIB byte. 


This instruction should not be used to access memory mapped I/O as the ordering of the individual loads it does 
is implementation specific, and some implementations may use loads larger than the data element size or load 
elements an indeterminate number of times. 

The scaled index may require more bits to represent than the address bits used by the processor (e.g., in 32- 


bit mode, if the scale is greater than one). In this case, the most significant bits beyond the number of address 
bits are ignored. 
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Operation 


DEST := SRC1; 

BASE_ADDR: base register encoded in VSIB addressing; 
VINDEX: the vector index register encoded by VSIB addressing; 
SCALE: scale factor encoded by SIB:[7:6]; 

DISP: optional 1, 4 byte displacement; 

MASK := SRC3; 


VGATHERDPD (VEX.128 version) 
MASK[MAXVL-1:128] := 0; 


FOR j :=Oto1 
i:=j* 64; 
IF MASK[63+i] THEN 
MASK{[i +63:i] := FFFFFFFF_FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{i +63:i] := 0; 
Fl; 
ENDFOR 
FOR j :=Oto 1 
k:=j * 32; 
i:=j* 64; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX[k+31 :k])*SCALE + DISP; 
IF MASK[63+i] THEN 
DEST[i +63:i] == FETCH_64BITS(DATA_ADDR); // a fault exits the instruction 
Fl; 
MASK{i +63: i] := 0; 
ENDFOR 


DEST[MAXVL-1:128] := 0; 


VGATHERQPD (VEX.128 version) 
MASK[MAXVL-1:128] := 0; 
FOR j :=Oto1 
i:=j* 64; 
IF MASK[63+i] THEN 
MASK{[i +63:i] := FFFFFFFF_FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{i +63:i] := 0; 
Fl; 
ENDFOR 
FOR j :=Oto1 
i:=j* 64; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX1[i+63:i])*SCALE + DISP; 
IF MASK[63+i] THEN 
DEST[i +63:i] = FETCH_64BITS(DATA_ADDR); // a fault exits this instruction 
Fl; 
MASK{i +63: i] := 0; 
ENDFOR 
DEST[MAXVL-1:128] := 0; 
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VGATHERQPD (VEX.256 version) 
MASK[MAXVL-1:256] := 0; 
FOR j :=0 to3 
i:=j* 64; 
IF MASK[63+i] THEN 
MASK{i +63:i] := FFFFFFFF_FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{[i +63:i] := 0; 
Fl; 
ENDFOR 
FOR j :=0 to3 
i:=j* 64; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX1 [i+63:i])*SCALE + DISP; 
IF MASK[63+i] THEN 
DEST[i +63:i] = FETCH_64BITS(DATA_ADDR); // a fault exits the instruction 
Fl; 
MASK[i +63: i] := 0; 
ENDFOR 
DEST[MAXVL-1:256] := 0; 


VGATHERDPD (VEX.256 version) 
MASK[MAXVL-1:256] := 0; 


FOR j :=0 to3 
i:=j* 64; 
IF MASK[63+i] THEN 
MASK{i +63:i] := FFFFFFFF_FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{[i +63:i] := 0; 
Fl; 
ENDFOR 
FOR j :=0 to3 
k:= | * 32; 
i:=j* 64; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX1 [k+31:k])*SCALE + DISP; 
IF MASK[63+i] THEN 
DEST[i +63:i] = FETCH_64BITS(DATA_ADDR); // a fault exits the instruction 
Fl; 
MASK{i +63:i] := 0; 
ENDFOR 


DEST[MAXVL-1:256] := 0; 
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Intel C/C++ Compiler Intrinsic Equivalent 


VGATHERDPD: __m128d _mm_i32gather_pd (double const * base, 


VGATHERDPD: 
scale); 


VGATHERDPD: 


VGATHERDPD: 
scale); 


VGATHERQPD: __m128d __mm_i64gather_pd (double const * base, 


VGATHEROQPD: 
scale); 


VGATHEROQPD: 


VGATHEROQPD: 
scale); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


m128d_mm_mask_i32gather_pd (__m128d src, double const * base, __m128i index, 


m256d __mm256_mask_i32gather_pd (__m256d src, double const * base, __m128i index, 


m128d_mm_mask_i64gather_pd (__m128d src, double const * base, __m128i index, 


m256d_mm256_i64gather_pd (double const * base, 
m256d _mm256_mask_i64gather_pd (__m256d src, double const * base, __m256i index, 


m1 28i index, const int scale); 


m128d mask, const int 


m256d_mm256_i32gather_pd (double const * base, __m128i index, const int scale); 


m256d mask, const int 


m1 28i index, const int scale); 


m128d mask, const int 


m256i index, const int scale); 


m256d mask, const int 


See Table 2-27, “Type 12 Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, V-Z 


VGATHERDPS/VGATHEROPS — Gather Packed SP FP values Using Signed Dword/Qword Indices 


Opcode/ Op/ | 64/32 | CPUID Description 
Instruction En -bit Feature 
Mode | Flag 

VEX.128.66.0F38.W0 92 /r A VIV AVX2 Using dword indices specified in vm32x, gather single-preci- 

VGATHERDPS xmm1, vm32x, xmm2 sion FP values from memory conditioned on mask specified 
by xmm_e. Conditionally gathered elements are merged into 
xmm1. 

VEX.128.66.0F38.W0 93 /r A VIV AVX2 Using qword indices specified in vm64x, gather single-preci- 

VGATHEROPS xmm1, vm64x, xmm2 sion FP values from memory conditioned on mask specified 
by xmm_e. Conditionally gathered elements are merged into 
xmm1. 

VEX.256.66.0F38.W0 92 /r A VIV AVX2 Using dword indices specified in vm32y, gather single-preci- 

VGATHERDPS ymm1, vm32y, ymm2 sion FP values from memory conditioned on mask specified 
by ymm2. Conditionally gathered elements are merged into 
ymm1. 

VEX.256.66.0F38.W0 93 /r A VIV AVX2 Using qword indices specified in vm64y, gather single-preci- 

VGATHEROPS xmm1, vm64y, xmm2 sion FP values from memory conditioned on mask specified 
by xmm_e. Conditionally gathered elements are merged into 
xmm1. 


Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 


A ModRM:reg (r,w) BaseReg (R): VSIB:base, VEX.vvvv (r, w) NA 
VectorReg(R): VSIB:index 


Description 


The instruction conditionally loads up to 4 or 8 single-precision floating-point values from memory addresses spec- 
ified by the memory operand (the second operand) and using dword indices. The memory operand uses the VSIB 
form of the SIB byte to specify a general purpose register operand as the common base, a vector register for an 
array of indices relative to the base and a constant scale factor. 


The mask operand (the third operand) specifies the conditional load operation from each memory address and the 
corresponding update of each data element of the destination operand (the first operand). Conditionality is speci- 
fied by the most significant bit of each data element of the mask register. If an element’s mask bit is not set, the 

corresponding element of the destination register is left unchanged. The width of data element in the destination 
register and mask register are identical. The entire mask register will be set to zero by this instruction unless the 
instruction causes an exception. 


Using qword indices, the instruction conditionally loads up to 2 or 4 single-precision floating-point values from the 
VSIB addressing memory operand, and updates the lower half of the destination register. The upper 128 or 256 bits 
of the destination register are zero’ed with qword indices. 


This instruction can be suspended by an exception if at least one element is already gathered (i.e., if the exception 
is triggered by an element other than the rightmost one with its mask bit set). When this happens, the destination 
register and the mask operand are partially updated; those elements that have been gathered are placed into the 
destination register and have their mask bits set to zero. If any traps or interrupts are pending from already gath- 
ered elements, they will be delivered in lieu of the exception; in this case, EFLAG.RF is set to one so an instruction 
breakpoint is not re-triggered when the instruction is continued. 


If the data size and index size are different, part of the destination register and part of the mask register do not 
correspond to any elements being gathered. This instruction sets those parts to zero. It may do this to one or both 
of those registers even if the instruction triggers an exception, and even if the instruction triggers the exception 
before gathering any elements. 


VGATHERDPS/VGATHERQPS — Gather Packed SP FP values Using Signed Dword/Qword Indices Vol.2C 5-255 


INSTRUCTION SET REFERENCE, V-Z 


VEX.128 version: For dword indices, the instruction will gather four single-precision floating-point values. For 
qword indices, the instruction will gather two values and zero the upper 64 bits of the destination. 


VEX.256 version: For dword indices, the instruction will gather eight single-precision floating-point values. For 
qword indices, the instruction will gather four values and zero the upper 128 bits of the destination. 


Note that: 
e If any pair of the index, mask, or destination registers are the same, this instruction results a UD fault. 


¢ The values may be read from memory in any order. Memory ordering with other instructions follows the Intel- 
64 memory-ordering model. 

¢ Faults are delivered in a right-to-left manner. That is, if a fault is triggered by an element and delivered, all 
elements closer to the LSB of the destination will be completed (and non-faulting). Individual elements closer 
to the MSB may or may not be completed. If a given element triggers multiple faults, they are delivered in the 
conventional order. 

¢ Elements may be gathered in any order, but faults must be delivered in a right-to-left order; thus, elements to 
the left of a faulting one may be gathered before the fault is delivered. A given implementation of this 
instruction is repeatable - given the same input values and architectural state, the same set of elements to the 
left of the faulting one will be gathered. 

¢ This instruction does not perform AC checks, and so will never deliver an AC fault. 

¢ This instruction will cause a #UD if the address size attribute is 16-bit. 

¢ This instruction will cause a #UD if the memory operand is encoded without the SIB byte. 


¢ This instruction should not be used to access memory mapped I/O as the ordering of the individual loads it does 
is implementation specific, and some implementations may use loads larger than the data element size or load 
elements an indeterminate number of times. 

¢ The scaled index may require more bits to represent than the address bits used by the processor (e.g., in 32- 
bit mode, if the scale is greater than one). In this case, the most significant bits beyond the number of address 
bits are ignored. 


Operation 


DEST := SRC1; 

BASE_ADDR: base register encoded in VSIB addressing; 
VINDEX: the vector index register encoded by VSIB addressing; 
SCALE: scale factor encoded by SIB:[7:6]; 

DISP: optional 1, 4 byte displacement; 

MASK := SRC3; 
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VGATHERDPS (VEX.128 version) 
MASK[MAXVL-1:128] := 0; 
FOR j :=0 to3 
i:=j* 32; 
IF MASK[31 +i] THEN 
MASK{i +31:i] := FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{i +31:i] := 0; 
Fl; 
ENDFOR 
FOR j := 0 to3 
i:=j* 32; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX[i+31:i])*SCALE + DISP; 
IF MASK[31 +i] THEN 
DEST{i +31:i] = FETCH_32BITS(DATA_ADDR); // a fault exits the instruction 
Fl; 
MASK{i +31:i] = 0; 
ENDFOR 
DEST[MAXVL-1:1 28] := 0; 


VGATHEROPS (VEX.128 version) 
MASK[MAXVL-1:64] := 0; 
FOR j :=0 to3 
i:=j* 32; 
IF MASK[31 +i] THEN 
MASK{i +31:i] := FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{i +31:i] = 0; 
Fl; 
ENDFOR 
FOR j :=Oto1 
k:=j* 64; 
i:=j* 32; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX1 [k+63:k])*SCALE + DISP; 
IF MASK[31 +i] THEN 
DEST{i +31:i] = FETCH_32BITS(DATA_ADDR); // a fault exits the instruction 
Fl; 
MASK{i +31:i] = 0; 
ENDFOR 
DEST[MAXVL-1:64] := 0; 


VGATHERDPS/VGATHERQPS — Gather Packed SP FP values Using Signed Dword/Qword Indices 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-257 


INSTRUCTION SET REFERENCE, V-Z 


VGATHERDPS (VEX.256 version) 
MASK[MAXVL-1:256] := 0; 
FOR j :=Oto7 
i:=j* 32; 
IF MASK[31 +i] THEN 
MASK{[i +31:i] := FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{i +31:i] = 0; 
Fl; 
ENDFOR 
FOR j :=Oto7 
i:=j* 32; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX1[i+31:i])*SCALE + DISP; 
IF MASK[31 +i] THEN 
DEST{i +31:i] = FETCH_32BITS(DATA_ADDR); // a fault exits the instruction 
Fl; 
MASK{i +31:i] = 0; 
ENDFOR 
DEST[MAXVL-1:256] := 0; 


VGATHEROPS (VEX.256 version) 
MASK[MAXVL-1:128] := 0; 
FOR j :=Oto7 
i:=j* 32; 
IF MASK[31 +i] THEN 
MASK{i +31:i] := FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{i +31:i] = 0; 
Fl; 
ENDFOR 
FOR j :=O0 to3 
k:=j* 64; 
i:=j* 32; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX1[k+63:k])*SCALE + DISP; 
IF MASK[31 +i] THEN 
DEST{i +31:i] = FETCH_32BITS(DATA_ADDR); // a fault exits the instruction 
Fl; 
MASK{i +31:i] = 0; 
ENDFOR 
DEST[MAXVL-1:128] := 0; 
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Intel C/C++ Compiler Intrinsic Equivalent 
VGATHERDPS: __m128_mm_i32gather_ps (float const * base, 


VGATHERDPS: m256 __mm256_i32gather_ps (float const * base, 


scale); 
VGATHERQPS: __m128_mm_i64gather_ps (float const * base, 


VGATHEROPS: m128_mm256_i64gather_ps (float const * base, 


scale); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-27, “Type 12 Class Exception Conditions”. 
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m1 28i index, const int scale); 
VGATHERDPS: m128 _mm_mask_i32gather_ps (__m128 src, float const * base, _m128i index, 


m256i index, const int scale); 
VGATHERDPS: m256 _mm256_mask_i32gather_ps (__m256 src, float const * base, 


m1 28i index, const int scale); 
VGATHEROPS: m128 __mm_mask_i64gather_ps (__m128 src, float const * base, __m128i index, 


m256i index, const int scale); 
VGATHEROPS: m128 _mm256_mask_i64gather_ps (__m128 src, float const * base, 
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m128 mask, const int scale); 


m256 mask, const int 


m128 mask, const int scale); 


m128 mask, const int 
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VGATHERDPS/VGATHERDPD—Gather Packed Single, Packed Double with Signed Dword 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F38.W0 92 /vsib A VV AVX512VL | Using signed dword indices, gather single-precision floating- 
VGATHERDPS xmm1 {k1}, vm32x AVX512F point values from memory using k1 as completion mask. 
EVEX.256.66.0F38.W0 92 /vsib A VV AVX512VL | Using signed dword indices, gather single-precision floating- 
VGATHERDPS ymm1 {k1}, vm32y AVX512F point values from memory using k1 as completion mask. 
EVEX.512.66.0F38.W0 92 /vsib A VV AVX512F Using signed dword indices, gather single-precision floating- 
VGATHERDPS zmm1 {k1}, vm32z point values from memory using k1 as completion mask. 
EVEX.128.66.0F38.W1 92 /vsib A VV AVX512VL | Using signed dword indices, gather float64 vector into 
VGATHERDPD xmm1 {k1}, AVX512F float64 vector xmm1 using k1 as completion mask. 
vm32x 
EVEX.256.66.0F38.W1 92 /vsib A VV AVX512VL | Using signed dword indices, gather float64 vector into 
VGATHERDPD ymm1 {k1}, AVX512F float64 vector ymm1 using k1 as completion mask. 
vm32x 
EVEX.512.66.0F38.W1 92 /vsib A VV AVX512F Using signed dword indices, gather float64 vector into 
VGATHERDPD zmm1 {k1}, vm32y float64 vector zmm1 using k1 as completion mask. 


Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 


BaseReg (R): VSIB:base, 
VectorReg(R): VSIB:index 


A Tuple1 Scalar ModRM:reg (w) NA NA 


Description 


A set of single-precision/double-precision faulting-point memory locations pointed by base address BASE_ADDR 
and index vector V_INDEX with scale SCALE are gathered. The result is written into a vector register. The elements 
are specified via the VSIB (i.e., the index register is a vector register, holding packed indices). Elements will only be 
loaded if their corresponding mask bit is one. If an element’s mask bit is not set, the corresponding element of the 
destination register is left unchanged. The entire mask register will be set to zero by this instruction unless it trig- 
gers an exception. 


This instruction can be suspended by an exception if at least one element is already gathered (i.e., if the exception 
is triggered by an element other than the right most one with its mask bit set). When this happens, the destination 
register and the mask register (k1) are partially updated; those elements that have been gathered are placed into 
the destination register and have their mask bits set to zero. If any traps or interrupts are pending from already 
gathered elements, they will be delivered in lieu of the exception; in this case, EFLAG.RF is set to one so an instruc- 
tion breakpoint is not re-triggered when the instruction is continued. 


If the data element size is less than the index element size, the higher part of the destination register and the mask 
register do not correspond to any elements being gathered. This instruction sets those higher parts to zero. It may 
update these unused elements to one or both of those registers even if the instruction triggers an exception, and 
even if the instruction triggers the exception before gathering any elements. 


Note that: 


¢ The values may be read from memory in any order. Memory ordering with other instructions follows the Intel- 
64 memory-ordering model. 


¢ Faults are delivered in a right-to-left manner. That is, if a fault is triggered by an element and delivered, all 
elements closer to the LSB of the destination zmm will be completed (and non-faulting). Individual elements 
closer to the MSB may or may not be completed. If a given element triggers multiple faults, they are delivered 
in the conventional order. 


¢ Elements may be gathered in any order, but faults must be delivered in a right-to left order; thus, elements to 
the left of a faulting one may be gathered before the fault is delivered. A given implementation of this 
instruction is repeatable - given the same input values and architectural state, the same set of elements to the 
left of the faulting one will be gathered. 
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¢ This instruction does not perform AC checks, and so will never deliver an AC fault. 
° Not valid with 16-bit effective addresses. Will deliver a #UD fault. 
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Note that the presence of VSIB byte is enforced in this instruction. Hence, the instruction will #UD fault if 


ModRM.rm is different than 100b. 


This instruction has special disp8*N and alignment rules. N is considered to be the size of a single vector element. 


The scaled index may require more bits to represent than the address bits used by the processor (e.g., in 32-bit 
mode, if the scale is greater than one). In this case, the most significant bits beyond the number of address bits are 


ignored. 


The instruction will #UD fault if the destination vector zmm1 is the same as index vector VINDEX. The instruction 


will #UD fault if the kO mask register is specified. 


Operation 


BASE_ADDR stands for the memory operand base address (a GPR); may not exist 


VINDEX stands for the memory operand vector of indices (a vector register) 
SCALE stands for the memory operand scalar (1, 2, 4 or 8) 
DISP is the optional 1 or 4 byte displacement 


VGATHERDPS (EVEX encoded version) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1{j] 
THEN DEST[i+31:i] = 
MEM[BASE_ADDR + 
SignExtend(VINDEX[i+31:i]) * SCALE + DISP] 
k1[j] := 0 
ELSE *DEST[i+31:i] := remains unchanged* 
Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 
DEST[MAXVL-1:VL] := 0 


VGATHERDPD (EVEX encoded version) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
k:=j* 32 
IF k1{j] 
THEN DEST[i+63:i] = MEM[BASE_ADDR + 
SignExtend(VINDEX[k+31:k]) * SCALE + DISP] 
k1[j] := 0 
ELSE *DEST[i+63:i] := remains unchanged* 
Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 
DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VGATHERDPD 
VGATHERDPD 
VGATHERDPD 
VGATHERDPD 
VGATHERDPS 
VGATHERDPS 
VGATHERDPS 


GATHERDPS __m128_mm_mmask_i32gather_ps(__m128 s,__ mmask8 k, 


m512d_mm512_i32gather_pd(__m256i vdx, void * base, int scale); 


m512d_mm512_mask_i32gather_pd(__m512ds,___ mmask8 k, __m256i vdx, void * base, int scale); 
m256d_mm256_mmask_i32gather_pd(__m256ds,__ mmask8 k, __m128i vdx, void * base, int scale); 


m128d_mm_mmask_i32gather_pd(__m128ds,__ mmask8 k, __m128i vdx, void * base, int scale); 


m512_mm512_i32gather_ps(__m512i vdx, void * base, int scale); 


m512_mm512_mask_i32gather_ps(__m512s,__ mmask16 k,__m512i vdx, void * base, int scale); 


m256 _mm256_mmask_i32gather_ps(__m256 s,__ mmask8 k,__m256i vdx, void * base, int scale); 


m1 28i vdx, void * base, int scale); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-61, “Type E12 Class Exception Conditions”. 
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VGATHERQPS/VGATHERQPD—Gather Packed Single, Packed Double with Signed Qword Indices 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.128.66.0F38.W0 93 /vsib A VIV AVX512VL_ | Using signed qword indices, gather single-precision 
VGATHEROPS xmm1 {k1}, vm64x AVX512F floating-point values from memory using k1 as completion 
mask. 
EVEX.256.66.0F38.W0 93 /vsib A VIV AVX512VL_ | Using signed qword indices, gather single-precision 
VGATHERQPS xmm1 {k1}, vm64y AVX512F floating-point values from memory using k1 as completion 
mask. 
EVEX.512.66.0F38.W0 93 /vsib A VIV AVX512F Using signed qword indices, gather single-precision 
VGATHERQPS ymm1 {k1}, vm64z floating-point values from memory using k1 as completion 
mask. 
EVEX.128.66.0F38.W1 93 /vsib A VIV AVX512VL_ | Using signed qword indices, gather float64 vector into 
VGATHERQPD xmm1 {k1}, vm64x AVX512F float64 vector xmm1 using k1 as completion mask. 
EVEX.256.66.0F38.W1 93 /vsib A VIV AVX512VL_ | Using signed qword indices, gather float64 vector into 
VGATHERQPD ymm1 {k1}, vm64y AVX512F float64 vector ymm1 using k1 as completion mask. 
EVEX.512.66.0F38.W1 93 /vsib A VIV AVX512F Using signed qword indices, gather float64 vector into 
VGATHERQPD zmm1 {k1}, vm64z float64 vector zmm1 using k1 as completion mask. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
BaseReg (R): VSIB:base, 
A Tuple1 Scalar ModRM:reg (w) aoe VSIB:index NA NA 
Description 


A set of 8 single-precision/double-precision faulting-point memory locations pointed by base address BASE_ADDR 
and index vector V_INDEX with scale SCALE are gathered. The result is written into vector a register. The elements 
are specified via the VSIB (i.e., the index register is a vector register, holding packed indices). Elements will only 

be loaded if their corresponding mask bit is one. If an element’s mask bit is not set, the corresponding element of 
the destination register is left unchanged. The entire mask register will be set to zero by this instruction unless it 

triggers an exception. 


This instruction can be suspended by an exception if at least one element is already gathered (i.e., if the exception 
is triggered by an element other than the rightmost one with its mask bit set). When this happens, the destination 
register and the mask register (k1) are partially updated; those elements that have been gathered are placed into 
the destination register and have their mask bits set to zero. If any traps or interrupts are pending from already 
gathered elements, they will be delivered in lieu of the exception; in this case, EFLAG.RF is set to one so an instruc- 
tion breakpoint is not re-triggered when the instruction is continued. 


If the data element size is less than the index element size, the higher part of the destination register and the mask 
register do not correspond to any elements being gathered. This instruction sets those higher parts to zero. It may 
update these unused elements to one or both of those registers even if the instruction triggers an exception, and 
even if the instruction triggers the exception before gathering any elements. 


Note that: 


¢ The values may be read from memory in any order. Memory ordering with other instructions follows the Intel- 
64 memory-ordering model. 


¢ Faults are delivered in a right-to-left manner. That is, if a fault is triggered by an element and delivered, all 
elements closer to the LSB of the destination zmm will be completed (and non-faulting). Individual elements 
closer to the MSB may or may not be completed. If a given element triggers multiple faults, they are delivered 
in the conventional order. 
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¢ Elements may be gathered in any order, but faults must be delivered in a right-to left order; thus, elements to 
the left of a faulting one may be gathered before the fault is delivered. A given implementation of this 
instruction is repeatable - given the same input values and architectural state, the same set of elements to the 
left of the faulting one will be gathered. 

¢ This instruction does not perform AC checks, and so will never deliver an AC fault. 

* Not valid with 16-bit effective addresses. Will deliver a #UD fault. 


Note that the presence of VSIB byte is enforced in this instruction. Hence, the instruction will #UD fault if 
ModRM.rm is different than 100b. 


This instruction has special disp8*N and alignment rules. N is considered to be the size of a single vector element. 
The scaled index may require more bits to represent than the address bits used by the processor (e.g., in 32-bit 
mode, if the scale is greater than one). In this case, the most significant bits beyond the number of address bits are 
ignored. 


The instruction will #UD fault if the destination vector zmm1 is the same as index vector VINDEX. The instruction 
will #UD fault if the kO mask register is specified. 


Operation 


BASE_ADDR stands for the memory operand base address (a GPR); may not exist 
VINDEX stands for the memory operand vector of indices (a ZMM register) 
SCALE stands for the memory operand scalar (1, 2, 4 or 8) 

DISP is the optional 1 or 4 byte displacement 


VGATHERQPS (EVEX encoded version) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 


i:=j* 32 
k:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = 
MEM[BASE_ADDR + (VINDEX[k+63:k]) * SCALE + DISP] 
k1[j] :=0 
ELSE *DEST[i+31:i] := remains unchanged* 
Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 
DEST[MAXVL-1:VL/2] := 0 


VGATHERQPD (EVEX encoded version) 


(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] := MEM[BASE_ADDR + (VINDEX[i+63:i]) * SCALE + DISP] 
k1[j] = 0 
ELSE *DEST[i+63:i] := remains unchanged* 
Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 
DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VGATHERQPD 
VGATHERQPD 
VGATHERQPD 
VGATHERQPD 
VGATHERQPS 
VGATHERQPS 
VGATHERQPS 
VGATHERQPS 


m512d 


mm512_i64gather_pd(__m512i vdx, void * base, int scale); 


m512d 


m256d 


mm512_mask_i64gather_pd(__m512ds,__mmask8 k,___m512i vdx, void * base, int scale); 
mm256_mask_i64gather_pd(__m256d s,__ mmask8 k, __ m256i vdx, void * base, int scale); 


m128d 


mm_mask_i64gather_pd(__m128ds,__ mmask8 k,__m128i vdx, void * base, int scale); 


m256 


mm512_i64gather_ps(_m512i vdx, void * base, int scale); 


m256 


mm512_mask_i64gather_ps(__m256 s,__ mmask16 k,___m512i vdx, void * base, int scale); 


m128 


mm256_mask_i64gather_ps(__m128 s,__ mmask8 k,___ m256i vdx, void * base, int scale); 


m128 


mm_mask_i64gather_ps(__m128s,__mmask8 k,__m128i vdx, void * base, int scale); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-61, “Type E12 Class Exception Conditions”. 
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VGETEXPPD—Convert Exponents of Packed DP FP Values to DP FP Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F38.W1 42 /r | A VIV AVX512VL | Convert the exponent of packed double-precision floating-point 
VGETEXPPD xmm1 {k1}{z}, AVX512F values in the source operand to DP FP results representing 
xmm2/m1 28/m64bcst unbiased integer exponents and stores the results in the 
destination register. 
EVEX.256.66.0F38.W1 42 /r | A VIV AVX512VL | Convert the exponent of packed double-precision floating-point 
VGETEXPPD ymm1 {k1}{Z}, AVX512F values in the source operand to DP FP results representing 
ymm2/m256/m64bcst unbiased integer exponents and stores the results in the 
destination register. 
EVEX.512.66.0F38.W1 42 /r | A VIV AVX512F Convert the exponent of packed double-precision floating-point 
VGETEXPPD zmm1 {k1}{Z}, values in the source operand to DP FP results representing 
zmm2/m512/m64bcst{sae} unbiased integer exponents and stores the results in the 
destination under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Extracts the biased exponents from the normalized DP FP representation of each qword data element of the source 
operand (the second operand) as unbiased signed integer value, or convert the denormal representation of input 
data to unbiased negative integer values. Each integer value of the unbiased exponent is converted to double- 
precision FP value and written to the corresponding qword elements of the destination operand (the first operand) 
as DP FP numbers. 


The destination operand is aZMM/YMM/XMM register and updated under the writemask. The source operand can 
be a ZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector broadcasted from 
a 64-bit memory location. 


EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Each GETEXP operation converts the exponent value into a FP number (permitting input value in denormal repre- 
sentation). Special cases of input values are listed in Table 5-14. 


The formula is: 
GETEXP(x) = floor(log>(|x|)) 
Notation floor(x) stands for the greatest integer not exceeding real number x. 


Table 5-14. VGETEXPPD/SD Special Cases 


Input Operand Result Comments 

srcl = NaN QNaN(src1) 

0 < [src1| < INF floor(loga(|src1])) = z mina a #DE 
| src1| = +INF +INF 

|src1]=0 -INF 


5-266 Vol. 2C VGETEXPPD—Convert Exponents of Packed DP FP Values to DP FP Values 


INSTRUCTION SET REFERENCE, V-Z 


Operation 


NormalizeExp TinyDPFP(SRC[63:0]) 
{ 
// \bit is the hidden integral bit of a FP number. In case of denormal number it has the value of ZERO. 
Src.Jbit := 0; 
Dst.exp := 1; 
Dst.fraction := SRC[51:0]; 
WHILE(Src.Jbit = 0) 


{ 
Src.Jbit := Dst.fraction[51]; // Get the fraction MSB 
Dst.fraction := Dst.fraction << 1; // One bit shift left 
Dst.exp-- ; // Decrement the exponent 
} 
Dst.fraction := 0; // zero out fraction bits 
Dst.sign := 1; // Return negative sign 
TMP[63:0] := MXCSR.DAZ? 0: (Dst.sign << 63) OR (Dst.exp << 52) OR (Dst.fraction) ; 
Return (TMP[63:0}); 
} 
Convert€xpDPFP(SRC[63:0]) 
{ 
Src.sign := 0; // Zero out sign bit 
Src.exp := SRC[62:52]; 
Src.fraction := SRC[51:0); 
// Check for NaN 
IF (SRC = NaN) 
IF (SRC = SNAN ) SET IE; 
Return QNAN(SRC); 
} 
// Check for +INF 
IF (Src = +INF) RETURN (Src); 
// check if zero operand 
IF ((Src.exp = 0) AND ((Src.fraction = 0) OR (MXCSR.DAZ = 1))) Return (-INF); 
} 
ELSE // check if denormal operand (notice that MXCSR.DAZ = 0) 
{ 
IF ((Src.exp = 0) AND (Src.fraction != 0)) 
{ 
TMP[63:0] := NormalizeExpTinyDPFP(SRC[63:0)) ; // Get Normalized Exponent 
Set #DE 
} 
ELSE // exponent value is correct 
TMP[63:0] := (Src.sign << 63) OR (Src.exp << 52) OR (Src.fraction) ; 
} 
TMP := SAR(TMP, 52); // Shift Arithmetic Right 
TMP := TMP - 1023; // Subtract Bias 
Return Cvtl2D(TMP); // Convert INT to Double-Precision FP number 
} 
} 
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VGETEXPPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC *is memory’) 
THEN 
DEST[i+63:i] := 
Convert€xpDPFP(SRC[63:0]) 
ELSE 
DEST[i+63:i] := 
Convert€xpDPFP(SRC[i+63:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VGETEXPPD __m512d_mm512_getexp_pd(__m512d a); 

VGETEXPPD __m512d_mm512_mask_getexp_pd(__m512ds,__mmask8 k,__m512d a); 
VGETEXPPD __m512d_mm512_maskz_getexp_pd(__mmask8 k,___m512d a); 

VGETEXPPD __m512d_mm512_getexp_round_pd(__m512d a, int sae); 

VGETEXPPD __m512d_mm512_mask_getexp_round_pd(__m512ds,__mmask8 k,___m512d a, int sae); 
VGETEXPPD __m512d_mm512_maskz_getexp_round_pd(__mmask8 k,___m512d a, int sae); 
VGETEXPPD __m256d _mm256_getexp_pd(__m256d a); 

VGETEXPPD __m256d _mm256_mask_getexp_pd(__m256d s,__ mmask8 k,___ m256d a); 
VGETEXPPD __m256d _mm256_maskz_getexp_pd(__mmask8 k,___ m256d a); 

VGETEXPPD __m128d _mm_getexp_pd(__m128d a); 

VGETEXPPD __m128d_mm_mask_getexp_pd(__m128ds,___ mmask8 k,___m128d a); 
VGETEXPPD __m128d _mm_maskz_getexp_pd(__mmask8 k, __m128d a); 


SIMD Floating-Point Exceptions 
Invalid, Denormal 


Other Exceptions 
See Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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VGETEXPPS—Convert Exponents of Packed SP FP Values to SP FP Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F38.W0 42 /r A VIV AVX512VL | Convert the exponent of packed single-precision floating-point 
VGETEXPPS xmm1 {k1}{Z}, AVX512F values in the source operand to SP FP results representing 
xmme2/m128/m32bcst unbiased integer exponents and stores the results in the 
destination register. 
EVEX.256.66.0F38.W0 42 /r A VIV AVX512VL | Convert the exponent of packed single-precision floating-point 
VGETEXPPS ymm1 {k1}{z}, AVX512F values in the source operand to SP FP results representing 
ymm2/m256/m32bcst unbiased integer exponents and stores the results in the 
destination register. 
EVEX.512.66.0F38.W0 42 /r A VIV AVX512F Convert the exponent of packed single-precision floating-point 
VGETEXPPS zmm1 {k1}{Z}, values in the source operand to SP FP results representing 
zmm2/m512/m32bcst{sae} unbiased integer exponents and stores the results in the 
destination register. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Extracts the biased exponents from the normalized SP FP representation of each dword element of the source 
operand (the second operand) as unbiased signed integer value, or convert the denormal representation of input 
data to unbiased negative integer values. Each integer value of the unbiased exponent is converted to single-preci- 
sion FP value and written to the corresponding dword elements of the destination operand (the first operand) as SP 
FP numbers. 


The destination operand is a ZMM/YMM/XMM register and updated under the writemask. The source operand can 
be a ZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector broadcasted from 
a 32-bit memory location. 


EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Each GETEXP operation converts the exponent value into a FP number (permitting input value in denormal repre- 
sentation). Special cases of input values are listed in Table 5-15. 


The formula is: 
GETEXP(x) = floor(logs(|x|)) 
Notation floor(x) stands for maximal integer not exceeding real number x. 


Software usage of VGETEXPxx and VGETMANTxx instructions generally involve a combination of GETEXP operation 
and GETMANT operation (see VGETMANTPD). Thus VGETEXPxx instruction do not require software to handle SIMD 
FP exceptions. 


Table 5-15. VGETEXPPS/SS Special Cases 
Input Operand Result Comments 
srcl = NaN QNaN(src1) 


If (SRC = SNaN) then #IE 


0 < |src1| < INF floor(loga(|src1|)) If (SRC = denormal) then #DE 
| src1| = +INF +INF 
| src1| =O -INF 


VGETEXPPS—Convert Exponents of Packed SP FP Values to SP FP Values Vol.2C 5-269 


INSTRUCTION SET REFERENCE, V-Z 


Figure 5-14 illustrates the VGETEXPPS functionality on input values with normalized representation. 


31] 30] 29} 28] 27] 26} 25] 24 | 23} 22] 21] 20} 19| 18] 17| 16] 15] 14] 13] 1211/10} 9} 8} 7} 6} 5} 4) 3} 2} 1] 0 


Src = 2M 


SAR Src, 23 = 080h 


-Bias 


Tmp - Bias = 1 


Cvt_PI2PS(01h) = 2°0 


Figure 5-14. VGETEXPPS Functionality On Normal Input values 


Operation 


NormalizeExpTinySPFP(SRC[31:0]) 
{ 
// \bit is the hidden integral bit of a FP number. In case of denormal number it has the value of ZERO. 
Src.Jbit := 0; 
Dst.exp := 1; 
Dst.fraction := SRC[22:0); 
WHILE(Src.Jbit = 0) 


{ 
Src.Jbit := Dst.fraction[22]; // Get the fraction MSB 
Dst.fraction := Dst.fraction << 1; // One bit shift left 
Dst.exp- ; // Decrement the exponent 

} 

Dst.fraction := 0; // zero out fraction bits 

Dst.sign := 1; // Return negative sign 


TMP[31:0] := MXCSR.DAZ? 0: (Dst.sign << 31) OR (Dst.exp << 23) OR (Dst.fraction) ; 
Return (TMP[31:0)); 
} 
ConvertE€xpSPFP(SRC[31:0]) 
{ 
Src.sign := 0; // Zero out sign bit 
Src.exp := SRC[30:23]; 
Src.fraction := SRC[22:0); 
// Check for NaN 
IF (SRC = NaN) 
{ 
IF (SRC = SNAN ) SET IE; 
Return QNAN(SRC); 


} 
// Check for +INF 
IF (Src = +INF) RETURN (Src); 


// check if zero operand 
IF ((Src.exp = 0) AND ((Src.fraction = 0) OR (MXCSR.DAZ = 1))) Return (-INF); 


ELSE // check if denormal operand (notice that MXCSR.DAZ = 0) 
{ 
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IF ((Src.exp = 0) AND (Src.fraction != 0)) 


{ 
TMP[31:0] := NormalizeExpTinySPFP(SRC[31:0)) ; // Get Normalized Exponent 
Set #DE 

} 

ELSE // exponent value is correct 

{ 
TMP[31:0] := (Src.sign << 31) OR (Src.exp << 23) OR (Src.fraction) ; 

} 

TMP := SAR(TMP, 23); // Shift Arithmetic Right 

TMP := TMP - 127; // Subtract Bias 

Return Cvtl2S(TMP); // Convert INT to Single-Precision FP number 


} 


VGETEXPPS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC *is memory*) 
THEN 
DEST[i+31:i] := 
ConvertE€xpSPFP(SRC[31:0]) 
ELSE 
DEST[i+31:i] := 
Convert€xpSPFP(SRC[i+31:i]) 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VGETEXPPS 


m512 


mm512_getexp_ps(__m512 a); 


VGETEXPPS 


m512 


mm512_mask_getexp_ps(__m512s, 


VGETEXPPS 


m512 


mm512_maskz_getexp_ps( 


VGETEXPPS 


m512 


mm512_getexp_round_ps( 


VGETEXPPS 


m512 


mm512_mask_getexp_round_ps( 


VGETEXPPS 


m512 


mm512_maskz_getexp_round_ps( 


mmask16 k,__m512 a); 


mmask16 k,__m512 a); 
m512 a, int sae); 
m512s,__mmask16 k,__m512 a, int sae); 


mmask16 k,__m512 a, int sae); 


VGETEXPPS 


m256 


mm256_getexp_ps(__m256 a); 


VGETEXPPS 


m256 


mm256_mask_getexp_ps(__m256 s, 


VGETEXPPS 


m256 


mm256_maskz_getexp_ps( 


VGETEXPPS 


m128 


mm_getexp_ps(__m128 a); 


VGETEXPPS 


mi28 


mm_mask_getexp_ps( 


mmask8 k, 


mmask8 k, 
m256 a); 


m256 a); 


m128s,__mmask8 k,___m128 a); 


VGETEXPPS 


m128 


mm_maskz_getexp_ps( 


mmask8 k, 


SIMD Floating-Point Exceptions 


Invalid, Denormal 


Other Exceptions 
See Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
If EVEX.vvvv != 1111B. 


#UD 
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VGETEXPSD—Convert Exponents of Scalar DP FP Values to DP FP Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.LLIG.66.0F38.W1 43 /r A VV AVX512F | Convert the biased exponent (bits 62:52) of the low double- 
VGETEXPSD xmm1 {k1}{Z}, precision floating-point value in xmm3/m64 to a DP FP value 
xmm2, xmm3/m64{sae} representing unbiased integer exponent. Stores the result to 
the low 64-bit of xmm1 under the writemask k1 and merge 
with the other elements of xmm2. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Extracts the biased exponent from the normalized DP FP representation of the low qword data element of the 
source operand (the third operand) as unbiased signed integer value, or convert the denormal representation of 
input data to unbiased negative integer values. The integer value of the unbiased exponent is converted to double- 
precision FP value and written to the destination operand (the first operand) as DP FP numbers. Bits (127:64) of 
the XMM register destination are copied from corresponding bits in the first source operand. 


The destination must be a XMM register, the source operand can be a XMM register or a float64 memory location. 


If writemasking is used, the low quadword element of the destination operand is conditionally updated depending 
on the value of writemask register k1. If writemasking is not used, the low quadword element of the destination 
operand is unconditionally updated. 


Each GETEXP operation converts the exponent value into a FP number (permitting input value in denormal repre- 
sentation). Special cases of input values are listed in Table 5-14. 


The formula is: 
GETEXP(x) = floor(logo(|x|)) 
Notation floor(x) stands for maximal integer not exceeding real number x. 


Operation 
// NormalizeExpTinyDPFP(SRC[63:0)) is defined in the Operation section of VGETEXPPD 


// ConvertExpDPFP(SRC[63:0)) is defined in the Operation section of VGETEXPPD 


VGETEXPSD (EVEX encoded version) 


IF k1[0] OR *no writemask* 
THEN DEST[63:0] := 
Convert€xpDPFP(SRC2[63:0]) 
ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[63:0] := 0 
Fl 


Fl; 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VGETEXPSD 


m128d 


mm. 


getexp_sd(__m128da,__m128d b); 


VGETEXPSD 


m128d 


mm 


mask_getexp_sd(__m128ds,__mmask8 k,___m128da,__m128d b); 


VGETEXPSD 


m128d 


mm. 


maskz_getexp_sd(__mmask8 k,__m128d a,__m128d b); 


VGETEXPSD 


m128d 


mm. 


getexp_round_sd(__m128da,__m128d, int sae); 


VGETEXPSD 


m128d 


mm. 


mask_getexp_round_sd(__m128d s,__mmask8 k,__m128d a,__m128d b, int sae); 


VGETEXPSD 


m128d 


mm. 


maskz_getexp_round_sd(__mmask8 k,__m128da,_m128db, int sae); 


SIMD Floating-Point Exceptions 


Invalid, Denormal 


Other Exceptions 
See Table 2-47, “Type E3 Class Exception Conditions”. 
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VGETEXPSS—Convert Exponents of Scalar SP FP Values to SP FP Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support Flag 
EVEX.LLIG.66.0F38.W0 43 /r A VV AVX512F Convert the biased exponent (bits 30:23) of the low single- 
VGETEXPSS xmm1 {k1}{z}, xmm2, precision floating-point value in xmm3/m32 to a SP FP 
xmm3/m32{sae} value representing unbiased integer exponent. Stores the 
result to xmm1 under the writemask k1 and merge with the 
other elements of xmme2. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Extracts the biased exponent from the normalized SP FP representation of the low doubleword data element of the 
source operand (the third operand) as unbiased signed integer value, or convert the denormal representation of 
input data to unbiased negative integer values. The integer value of the unbiased exponent is converted to single- 
precision FP value and written to the destination operand (the first operand) as SP FP numbers. Bits (127:32) of 
the XMM register destination are copied from corresponding bits in the first source operand. 

The destination must be a XMM register, the source operand can be a XMM register or a float32 memory location. 


If writemasking is used, the low doubleword element of the destination operand is conditionally updated depending 
on the value of writemask register k1. If writemasking is not used, the low doubleword element of the destination 
operand is unconditionally updated. 


Each GETEXP operation converts the exponent value into a FP number (permitting input value in denormal repre- 
sentation). Special cases of input values are listed in Table 5-15. 

The formula is: 

GETEXP(x) = floor(logo(|x|)) 

Notation floor(x) stands for maximal integer not exceeding real number x. 

Software usage of VGETEXPxx and VGETMANTxx instructions generally involve a combination of GETEXP operation 


and GETMANT operation (see VGETMANTPD). Thus VGETEXPxx instruction do not require software to handle SIMD 
FP exceptions. 


Operation 


// NormalizeExpTinySPFP(SRC[31:0]) is defined in the Operation section of VGETEXPPS 
// ConvertExpSPFP(SRC[31:0]) is defined in the Operation section of VGETEXPPS 


VGETEXPSS (EVEX encoded version) 
IF k1[0] OR *no writemask* 
THEN DEST[31:0] := 
Convert€xpDPFP(SRC2[31:0]) 


ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[31:0]:= 0 
Fl 
Fl; 
ENDFOR 


DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] = 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


mi28 a,__m128b); 


mmask8 k,__m128a,__m128 b); 


m128s,__mmask8 k,__m128a,__m128b, int sae); 


VGETEXPSS __m128_mm m128 b); 

VGETEXPSS __m128_mm_mask_getexp_ss(__m128s,__ mmask8 k, 
VGETEXPSS __m128_mm_maskz_getexp_ss( 

VGETEXPSS __m128_mm_getexp_round_ss(__m128 a,__m128}, int sae); 
VGETEXPSS __m128_mm_mask_getexp_round_ss( 

VGETEXPSS __m128_mm_maskz_getexp_round_ss( 


mmask8 k,__m128 a,__m128 b, int sae); 


SIMD Floating-Point Exceptions 


Invalid, Denormal 


Other Exceptions 


See Table 2-47, “Type E3 Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, V-Z 


VGETMANTPD—Extract Float64 Vector of Normalized Mantissas from Float64 Vector 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.128.66.0F3A.W1 26 /r ib A VIN AVX512VL | Get Normalized Mantissa from float64 vector 
VGETMANTPD xmm1 {k1}{Z}, AVX512F xmm_2/m128/m64bcst and store the result in xmm1, using 
xmm2/m128/m64bcst, imm8 immé for sign control and mantissa interval normalization, 
under writemask. 
EVEX.256.66.0F3A.W1 26 /r ib A VV AVX512VL | Get Normalized Mantissa from float64 vector 
VGETMANTPD ymm1 {k1}{Z}, AVX512F ymm2/m256/m64bcst and store the result in ymm1, using 
ymm2/m256/m64bcst, imm8 immé for sign control and mantissa interval normalization, 
under writemask. 
EVEX.512.66.0F3A.W1 26 /r ib A VIN AVX512F Get Normalized Mantissa from float64 vector 
VGETMANTPD zmm1 {k1}{z}, zmm2/m512/m64bcst and store the result in zmm1, using 
zmm2/m512/m64bcst{sae}, imm8 for sign control and mantissa interval normalization, 
imm8 under writemask. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) Imm8s NA 
Description 


Convert double-precision floating values in the source operand (the second operand) to DP FP values with the 
mantissa normalization and sign control specified by the imm§8 byte, see Figure 5-15. The converted results are 
written to the destination operand (the first operand) using writemask ki. The normalized mantissa is specified by 
interv (imm8[1:0]) and the sign control (sc) is specified by bits 3:2 of the immediate byte. 


The destination operand is a ZMM/YMM/XMM register updated under the writemask. The source operand can be a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector broadcasted from a 64- 
bit memory location. 


7 6 5 4 3 2 1 0 
imm8 Must Be Zero Sign Control (SC) Normaiization Interval 
Z Imm8[1:0] = 00b : Interval is [ 1, 2) 
Imm8[3:2] = 00b : sign(SRC) Imm8[1:0] = 01b : Interval is [1/2, 2) 
Imm8[3:2] = 01b:0 Imm8[1:0] = 10b : Interval is [ 1/2, 1) 
Imm8[3] = 1b : qNan_Indefinite if sign(SRC) != 0, regardless of imm8[2]. Imm8[1:0] = 11b : Interval is [3/4, 3/2) 


Figure 5-15. Imm8 Controls for VGETMANTPD/SD/PS/SS 


For each input DP FP value x, The conversion operation is: 


GetMant(x) = +£2‘|x.significand| 
where: 


1 <= |x.significand| < 2 


Unbiased exponent k can be either 0 or -1, depending on the interval range defined by interv, the range of the 
significand and whether the exponent of the source is even or odd. The sign of the final result is determined by sc 
and the source sign. The encoded value of imm8[1:0] and sign control are shown in Figure 5-15. 
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Each converted DP FP result is encoded according to the sign control, the unbiased exponent k (adding bias) anda 
mantissa normalized to the range specified by interv. 


The GetMant() function follows Table 5-16 when dealing with floating-point special numbers. 


This instruction is writemasked, so only those elements with the corresponding bit set in vector mask register ki 
are computed and stored into the destination. Elements in zmmi with the corresponding bit clear in ki retain their 
previous values. 


Note: EVEX.vvvv is reserved and must be 1111b; otherwise instructions will #UD. 


Table 5-16. GetMant() Special Float Values Behavior 


Input Result Exceptions / Comments 
NaN QNaN(SRC) Ignore interv 
If (SRC = SNaN) then #IE 
+0 1.0 Ignore interv 
+0 1.0 Ignore interv 
-0 IF (SC[O]) THEN +1.0 Ignore interv 
ELSE -1.0 
- IF (SC[1]) THEN {QNaN_Indefinite} Ignore interv 
ELSE { If (SC[1]) then #IE 
IF (SC[O]) THEN +1.0 
ELSE -1.0 
negative SC[1] ? QNaN_Indefinite : Getmant(SRC)' If (SC[1]) then #IE 
NOTES: 


1. In case SC[1]==0, the sign of Getmant(SRC) is declared according to SC[O}. 


Operation 


def getmant_fp64(src, sign_control, normalization_interval): 

bias := 1023 
dst.sign := sign_control[O] ? 0: src.sign 
signed_one := sign_control[O] ? +1.0:-1.0 
dst.exp := src.exp 
dst.fraction := src.fraction 
zero := (dst.exp = 0) and ((dst.fraction = 0) or (MXCSR.DAZ=1)) 
denormal := (dst.exp = 0) and (dst.fraction != 0) and (MXCSR.DAZ=0) 
infinity := (dst.exp = Ox7FF) and (dst.fraction = 0) 
nan := (dst.exp = Ox7FF) and (dst.fraction != 0) 
src_signaling := src.fraction[51] 
snan := nan and (src_signaling = 0) 
positive := (src.sign = 0) 
negative := (src.sign = 1) 
if nan: 

if snan: 

MXCSRLIE := 1 
return qnan(src) 


if positive and (zero or infinity): 
return 1.0 
if negative: 
if zero: 
return signed_one 
if infinity: 
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if sign_control[1]: 
MXCSR.IE := 1 
return QNaN_Indefinite 
return signed_one 
if sign_control[1]: 
MXCSR.IE := 1 
return QNaN_Indefinite 


if denormal: 
jbit =O 
dst.exp := bias 
while jbit = 0: 


jbit = dst.fraction[51] 

dst.fraction := dst.fraction << 1 

dst.exp : = dst.exp - 1 
MXCSR.DE := 1 


unbiased_exp := dst.exp - bias 

odd_exp := unbiased_exp[0] 

signaling_bit := dst.fraction[51] 

if normalization_interval = ObOO: 
dst.exp := bias 

else if normalization_interval = Ob01: 
dst.exp := odd_exp ? bias-1 : bias 

else if normalization_interval = 0b10: 
dst.exp := bias-1 

else if normalization_interval = 0b11: 
dst.exp := signaling_bit ? bias-1 : bias 

return dst 


VGETMANTPD (EVEX encoded versions) 
VGETMANTPD dest{k1}, src, imm8 

VL = 128, 256, or 512 

KL:= VL/64 

sign_control := imm8[3:2] 
normalization_interval := imm8[1:0] 


FOR i := 0 to KL-1: 
IF k1[i] or *no writemask*: 
IF SRC is memory and (EVEX.b = 1): 
tsrc := src.double[0] 
ELSE: 
tsrc := src.double{i] 
DEST.double[i] := getmant_fp64(tsrc, sign_control, normalization_interval) 
ELSE IF *zeroing*: 
DEST.double[i] := 0 
//else DEST.double[i] remains unchanged 


DEST[MAX_VL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VGETMANTPD 
VGETMANTPD 
VGETMANTPD 
VGETMANTPD 
VGETMANTPD 
VGETMANTPD 
VGETMANTPD 
VGETMANTPD 
VGETMANTPD 
VGETMANTPD 
VGETMANTPD 
VGETMANTPD 


m512d 


mm512 


getmant_pd( 


m512d 


mm512 


mask_getmant_pd( 


m512d a, enum intv, enum sgn); 


m512ds,__mmask8 k,__m512d a, enum intv, enum sgn); 


m512d 


mm512 


maskz_getmant_pd( 


mmask8 k, __m512d a, enum intv, enum sgn); 


m512d 


mm512 


getmant_round_pd( 


m512d 


mm512 


mask_getmant_round_pd( 


m512d a, enum intv, enum sgn, int r); 
m512ds,__mmask8 k,__m512d a, enum intv, enum sgn, int r); 


m512d 


mm512 


maskz_getmant_round_pd( 


mmask8 k,___m512d a, enum intv, enum sgn, int r); 


m256d 


mm256 


getmant_pd( 


m256d 


mm256_mask_getmant_pd( 


m256d a, enum intv, enum sgn); 


m256d s,__ mmask8 k,__ m256d a, enum intv, enum sgn); 


m256d 


mm256_maskz_getmant_pd( 


mmask8 k, __m256d a, enum intv, enum sgn); 


m128d 


mm_getmant_pd( 


m128d 


mm_mask_getmant_pd( 


m1 28d a, enum intv, enum sgn); 


m128d 


mm_maskz_getmant_pd( 


m128ds,__mmask8 k,___m128d a, enum intv, enum sgn); 
mmask8 k,___m128d a, enum intv, enum sgn); 


SIMD Floating-Point Exceptions 


Denormal, Invalid 


Other Exceptions 


See Table 2-46, “Type E2 Class Exception Conditions”; additionally: 


#UD 
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VGETMANTPS—E€Extract Float32 Vector of Normalized Mantissas from Float32 Vector 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F3A.WO 26 /rib | A VIN AVX512VL | Get normalized mantissa from float32 vector 
VGETMANTPS xmm1 {k1}{Z}, AVX512F xmm2/m128/m32bcst and store the result in xmm1, using 
xmm2/m128/m32bcst, imm8 immé for sign control and mantissa interval normalization, 
under writemask. 
EVEX.256.66.0F3A.WO 26 /rib | A VIN AVX512VL | Get normalized mantissa from float32 vector 
VGETMANTPS ymm1 {k1}{z}, AVX512F ymm2/m256/m32bcst and store the result in ymm1, using 
ymm2/m256/m32bcst, imm8 immé for sign control and mantissa interval normalization, 
under writemask. 
EVEX.512.66.0F3A.WO 26 /rib | A VIV AVX512F Get normalized mantissa from float32 vector 
VGETMANTPS zmm1 {k1}{Z}, zmm2/m512/m32bcst and store the result in zmm1, using 
zmm2/m512/m32bcst{sae}, immé for sign control and mantissa interval normalization, 
imm8 under writemask. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) Imm8s NA 
Description 


Convert single-precision floating values in the source operand (the second operand) to SP FP values with the 
mantissa normalization and sign control specified by the imm§8 byte, see Figure 5-15. The converted results are 
written to the destination operand (the first operand) using writemask ki. The normalized mantissa is specified by 
interv (imm8[1:0]) and the sign control (sc) is specified by bits 3:2 of the immediate byte. 


The destination operand is a ZMM/YMM/XMM register updated under the writemask. The source operand can be a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector broadcasted from a 32- 
bit memory location. 


For each input SP FP value x, The conversion operation is: 
GetMant(x) = +£2‘|x.significand| 
where: 


1 <= |x.significand| < 2 


Unbiased exponent k can be either 0 or -1, depending on the interval range defined by interv, the range of the 
significand and whether the exponent of the source is even or odd. The sign of the final result is determined by sc 
and the source sign. The encoded value of imm8[1:0] and sign control are shown in Figure 5-15. 


Each converted SP FP result is encoded according to the sign control, the unbiased exponent k (adding bias) anda 
mantissa normalized to the range specified by interv. 


The GetMant() function follows Table 5-16 when dealing with floating-point special numbers. 


This instruction is writemasked, so only those elements with the corresponding bit set in vector mask register ki 
are computed and stored into the destination. Elements in zmmi with the corresponding bit clear in k1 retain their 
previous values. 


Note: EVEX.vvvv is reserved and must be 1111b, VEX.L must be 0; otherwise instructions will #UD. 
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Operation 


def getmant_fp32(src, sign_control, normalization_interval): 

bias := 127 
dst.sign := sign_control[O] ? 0: src.sign 
signed_one := sign_control[O] ? +1.0:-1.0 
dst.exp := src.exp 
dst.fraction := src.fraction 
zero := (dst.exp = 0) and ((dst.fraction = 0) or (MXCSR.DAZ=1)) 
denormal := (dst.exp = 0) and (dst.fraction != 0) and (MXCSR.DAZ=0) 
infinity := (dst.exp = OxFF) and (dst.fraction = 0) 
nan := (dst.exp = OxFF) and (dst.fraction != 0) 
src_signaling := src.fraction[22] 
snan := nan and (src_signaling = 0) 
positive := (src.sign = 0) 
negative := (src.sign = 1) 
if nan: 

if snan: 

MXCSRLIE := 1 
return qnan(src) 


if positive and (zero or infinity): 
return 1.0 
if negative: 
if zero: 
return signed_one 
if infinity: 
if sign_control[1]: 
MXCSR.IE := 1 
return QNaN_Indefinite 
return signed_one 
if sign_control[1]: 
MXCSR.IE := 1 
return QNaN_Indefinite 


if denormal: 
jbit = 0 
dst.exp := bias 
while jbit = 0: 


jbit := dst.fraction[22] 

dst.fraction := dst.fraction << 1 

dst.exp : = dst.exp - 1 
MXCSR.DE := 1 


unbiased_exp := dst.exp - bias 

odd_exp := unbiased_exp[0] 

signaling_bit := dst.fraction[22] 

if normalization_interval = ObOO: 
dst.exp := bias 

else if normalization_interval = O0b0O1: 
dst.exp := odd_exp ? bias-1 : bias 

else if normalization_interval = 0b10: 
dst.exp := bias-1 

else if normalization_interval = 0b11: 
dst.exp := signaling_bit ? bias-1 : bias 
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return dst 


VGETMANTPS (EVEX encoded versions) 
VGETMANTPS dest{k1}, src, imm8 

VL = 128, 256, or 512 

KL:= VL/32 

sign_control := imm8[3:2] 
normalization_interval := imm8[1:0] 


FOR i := 0 to KL-1: 
IF k1[i] or *no writemask*: 
IF SRC is memory and (EVEX.b = 1): 
tsrc := src.float[O] 
ELSE: 
tsrc := src.float[i] 


DEST. float[i] := getmant_fp32(tsrc, sign_control, normalization_interval) 


ELSE IF *zeroing*: 
DEST. float[i] := 0 
//else DEST.float[i] remains unchanged 


DEST[MAX_VL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VGETMANTPS __m512_mm512_getmant_ps(__m512 a, enum intv, enum sgn); 


VGETMANTPS __m512_mm512_mask_getmant_ps(__m512 s,__ mmask16 k, 
VGETMANTPS __m512_mm512_maskz_getmant_ps(__mmask16 k, 


INSTRUCTION SET REFERENCE, V-Z 


m512 a, enum intv, enum sgn; 
m512 a, enum intv, enum sgn); 
VGETMANTPS __m512_mm512_getmant_round_ps(__m512 a, enum intv, enum sgn, int r); 


VGETMANTPS __m512_mm512_mask_getmant_round_ps(__m512 s,__ mmask16 k,__m512 a, enum intv, enum sgn, int r); 
VGETMANTPS __m512_mm512_maskz_getmant_round_ps(__mmask16 k,___m512 a, enum intv, enum sgn, int r); 


VGETMANTPS __m256 _mm256_getmant_ps(_m256 a, enum intv, enum sgn); 
m256 a, enum intv, enum sgn); 


mmask8 k, 


VGETMANTPS __m256_mm256_mask_getmant_ps(__m256 s, 


VGETMANTPS __m256 __mm256_maskz_getmant_ps(__mmask8 k,__ m256 a, enum intv, enum sgn); 


VGETMANTPS __m128_mm_getmant_ps(__m128 a, enum intv, enum sgn); 


VGETMANTPS __m128_mm_mask_getmant_ps(__m128 s,__ mmask8 k,___m128 a, enum intv, enum sgn); 


VGETMANTPS __m128_mm_maskz_getmant_ps(__mmask8 k,___m128 a, enum intv, enum sgn); 


SIMD Floating-Point Exceptions 
Denormal, Invalid 


Other Exceptions 
See Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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VGETMANTSD—Extract Float64 of Normalized Mantissas from Float64 Scalar 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.LLIG.66.0F3A.W1 27 /r ib A VIN AVX512F | Extract the normalized mantissa of the low float64 
VGETMANTSD xmm1 {k1}{z}, xmm2, element in xmm3/m64 using imm8 for sign control and 
xmm3/m64{sae}, imm8 mantissa interval normalization. Store the mantissa to 
xmm1 under the writemask k1 and merge with the 
other elements of xmm2. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Convert the double-precision floating values in the low quadword element of the second source operand (the third 
operand) to DP FP value with the mantissa normalization and sign control specified by the imm8 byte, see 

Figure 5-15. The converted result is written to the low quadword element of the destination operand (the first 
operand) using writemask k1. Bits (127:64) of the XMM register destination are copied from corresponding bits in 
the first source operand. The normalized mantissa is specified by interv (imm8[1:0]) and the sign control (sc) is 
specified by bits 3:2 of the immediate byte. 


The conversion operation is: 


GetMant(x) = £2*|x.significand| 
where: 


1 <= |x.significand| < 2 


Unbiased exponent k can be either 0 or -1, depending on the interval range defined by interv, the range of the 
significand and whether the exponent of the source is even or odd. The sign of the final result is determined by sc 
and the source sign. The encoded value of imm8[1:0] and sign control are shown in Figure 5-15. 


The converted DP FP result is encoded according to the sign control, the unbiased exponent k (adding bias) anda 
mantissa normalized to the range specified by interv. 


The GetMant() function follows Table 5-16 when dealing with floating-point special numbers. 


If writemasking is used, the low quadword element of the destination operand is conditionally updated depending 
on the value of writemask register k1. If writemasking is not used, the low quadword element of the destination 
operand is unconditionally updated. 
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// getmant_fp64(src, sign_control, normalization_interval) is defined in the operation section of VGETMANTPD 


VGETMANTSD (EVEX encoded version) 
SignCtrl[1:0] := IMM8[3:2]; 


Interv[1:0] := IMM8[1:0]; 


IF k1[0] OR *no writemask* 
THEN DEST[63:0] := 
getmant_fp64(src, sign_control, normalization_interval) 


ELSE 


IF *merging-masking* 


ELSE 


Fl 
Fl; 


; merging-masking 
THEN *DEST[63:0] remains unchanged* 
; zeroing-masking 


DEST[63:0] := 0 


DEST[127:64] := SRC1[127:64] 


DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VGETMANTSD 
VGETMANTSD 
VGETMANTSD 
VGETMANTSD 
VGETMANTSD 
VGETMANTSD 


m128d 


mm 


m128d 


mm 


getmant_sd(__m128d a,__m128 b, enum intv, enum sgn); 
mask_getmant_sd(__m128d s,__ mmask8 k,__m128d a, _m128d b, enum intv, enum sgn); 


m128d 


mm. 


maskz_getmant_sd(__mmask8 k,__m128 a, ___m128d b, enum intv, enum sgn); 


m128d 


mm. 


getmant_round_sd(__m128d a,__m128 b, enum intv, enum sgn, int r); 


m128d 


mm. 


mask_getmant_round_sd( 


m128ds,__mmask8 k,___m128d a,__m128d b, enum intv, enum sgn, int r); 


m128d 


mm. 


maskz_getmant_round_sd( 


mmask8 k,___m128d a,__m128d b, enum intv, enum sgn, int r); 


SIMD Floating-Point Exceptions 


Denormal, Invalid 


Other Exceptions 
See Table 2-47, “Type E3 Class Exception Conditions”. 
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VGETMANTSS—Extract Float32 Vector of Normalized Mantissa from Float32 Vector 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.LLIG.66.0F3A.WO 27 /r ib A VV AVX512F Extract the normalized mantissa from the low float32 
VGETMANTSS xmm1 {k1}{z}, xmm2, element of xmm3/m32 using immé8 for sign control and 
xmm3/m32{sae}, imm8 mantissa interval normalization, store the mantissa to 
xmm1 under the writemask k1 and merge with the 
other elements of xmm2. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Convert the single-precision floating values in the low doubleword element of the second source operand (the third 
operand) to SP FP value with the mantissa normalization and sign control specified by the imm§8 byte, see 

Figure 5-15. The converted result is written to the low doubleword element of the destination operand (the first 
operand) using writemask k1. Bits (127:32) of the XMM register destination are copied from corresponding bits in 
the first source operand. The normalized mantissa is specified by interv (imm8[1:0]) and the sign control (sc) is 
specified by bits 3:2 of the immediate byte. 


The conversion operation is: 


GetMant(x) = £2*|x.significand| 
where: 


1 <= |x.significand| < 2 


Unbiased exponent k can be either 0 or -1, depending on the interval range defined by interv, the range of the 
significand and whether the exponent of the source is even or odd. The sign of the final result is determined by sc 
and the source sign. The encoded value of imm8[1:0] and sign control are shown in Figure 5-15. 


The converted SP FP result is encoded according to the sign control, the unbiased exponent k (adding bias) and a 
mantissa normalized to the range specified by interv. 


The GetMant() function follows Table 5-16 when dealing with floating-point special numbers. 


If writemasking is used, the low doubleword element of the destination operand is conditionally updated depending 
on the value of writemask register k1. If writemasking is not used, the low doubleword element of the destination 
operand is unconditionally updated. 
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// getmant_fp32(src, sign_control, normalization_interval) is defined in the operation section of VGETMANTPS 


VGETMANTSS (EVEX encoded version) 
SignCtrl[1:0] := IMM8[3:2]; 


Interv[1:0] := IMM8[1:0]; 


IF k1[0] OR *no writemask* 


THEN DEST[31:0] := 


getmant_fp32(src, sign_control, normalization_interval) 


ELSE 


IF *merging-masking* 


ELSE 


Fl 
Fl; 


; merging-masking 
THEN *DEST[31:0] remains unchanged* 
; zeroing-masking 


DEST[31:0] := 0 


DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VGETMANTSS 
VGETMANTSS 
VGETMANTSS 
VGETMANTSS 
VGETMANTSS 
VGETMANTSS 


getmant_ss(__m128 a,__m128 b, enum intv, enum sgn); 
mask_getmant_ss(__m128s,__mmask8 k,__m128 a,__m128 b, enum intv, enum sgn); 


m128 b, enum intv, enum sgn); 


getmant_round_ss(_m128 a,__m128 b, enum intv, enum sgn, int r); 


m128s,__mmask8 k,__m128 a, 


mi28_mm 

mi28_mm 

m128 _mm_maskz_getmant_ss(__mmask8 k,__m128 a, 
mi28_mm 

m128 _mm_mask_getmant_round_ss( 

m128 __mm_maskz_getmant_round_ss( 


mmask8 k,___m128 a,__m128 b, enum intv, enum sgn, int r); 


SIMD Floating-Point Exceptions 


Denormal, Invalid 


Other Exceptions 
See Table 2-47, “Type E3 Class Exception Conditions”. 


VGETMANTSS—Extract Float32 Vector of Normalized Mantissa from Float32 Vector 


m128 b, enum intv, enum sgn, int r); 
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VINSERTF 1 28/VINSERTF32x4/VINSERTF64x2/VINSERTF32x8/VINSERTF64x4—Insert Packed 
Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
VEX.256.66.0F3A.WO 18 /r ib A VIV AVX Insert 128 bits of packed floating-point values from 
VINSERTF128 ymm1, ymm2, xmm3/m128 and the remaining values from ymm2 
xmm3/m1 28, imm8 into ymm1. 
EVEX.256.66.0F3A.WO 18 /r ib C VIV AVX512VL | Insert 128 bits of packed single-precision floating- 
VINSERTF32X4 ymm1 {k1}{z}, ymm2, AVX512F point values from xmm3/m128 and the remaining 
xmm3/m128, imm8 values from ymm_2 into ymm1 under writemask k1. 
EVEX.512.66.0F3A.WO 18 /r ib C VIV AVX512F Insert 128 bits of packed single-precision floating- 
VINSERTF32X4 zmm1 {k1}{z}, zmm2, point values from xmm3/m128 and the remaining 
xmm3/m128, imm8 values from zmm2 into zmm1 under writemask k1. 
EVEX.256.66.0F3A.W1 18 /r ib B VIV AVX512VL | Insert 128 bits of packed double-precision floating- 
VINSERTF64X2 ymm1 {k1}{z}, ymm2, AVX512DQ | point values from xmm3/m128 and the remaining 
xmm3/m128, imm8 values from ymm_2 into ymm1 under writemask k1. 
EVEX.512.66.0F3A.W1 18 /r ib B VV AVX512DQ | Insert 128 bits of packed double-precision floating- 
VINSERTF64X2 zmm1 {k1}{z}, zmm2, point values from xmm3/m128 and the remaining 
xmm3/m128, imm8 values from zmm2 into zmm1 under writemask k1. 
EVEX.512.66.0F3A.WO 1A /r ib D VIN AVX512DQ | Insert 256 bits of packed single-precision floating- 
VINSERTF32X8 zmm1 {k1}{z}, zmm2, point values from ymm3/m256 and the remaining 
ymm3/m256, imm8 values from zmm_2 into zmm1 under writemask k1. 
EVEX.512.66.0F3A.W1 1A /r ib C VIV AVX512F Insert 256 bits of packed double-precision floating- 
VINSERTF64X4 zmm1 {k1}{z}, zmm2, point values from ymm3/m256 and the remaining 
ymm3/m256, imm8 values from zmm_2 into zmm1 under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) Imm8 
B Tuple2 ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s8 
C Tuple4 ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
D Tuple8 ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
Description 


VINSERTF128/VINSERTF32x4 and VINSERTF64x2 insert 128-bits of packed floating-point values from the second 
source operand (the third operand) into the destination operand (the first operand) at an 128-bit granularity offset 
multiplied by imm8[0] (256-bit) or imm8[1:0]. The remaining portions of the destination operand are copied from 
the corresponding fields of the first source operand (the second operand). The second source operand can be either 
an XMM register or a 128-bit memory location. The destination and first source operands are vector registers. 


VINSERTF32x4: The destination operand is a ZMM/YMM register and updated at 32-bit granularity according to the 
writemask. The high 6/7 bits of the immediate are ignored. 


VINSERTF64x2: The destination operand is a ZMM/YMM register and updated at 64-bit granularity according to the 
writemask. The high 6/7 bits of the immediate are ignored. 


VINSERTF32x8 and VINSERTF64x4 inserts 256-bits of packed floating-point values from the second source operand 
(the third operand) into the destination operand (the first operand) at a 256-bit granular offset multiplied by 
imm8[0]. The remaining portions of the destination are copied from the corresponding fields of the first source 
operand (the second operand). The second source operand can be either an YMM register or a 256-bit memory 
location. The high 7 bits of the immediate are ignored. The destination operand is a ZMM register and updated at 
32/64-bit granularity according to the writemask. 
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Operation 


VINSERTF32x4 (EVEX encoded versions) 
(KL, VL) = (8, 256), (16, 512) 
TEMP_DEST[VL-1:0] := SRC1[VL-1:0] 
IF VL = 256 
CASE (imm8[0]) OF 
0: TMP_DEST[127:0] := SRC2[127:0] 
1: TMP_DEST[255:128] := SRC2[127:0] 
ESAC. 
Fl; 
IF VL= 512 
CASE (imm8[1:0]) OF 
00: TMP_DEST[127:0] := SRC2[127:0] 
01: TMP_DEST[255:1 28] := SRC2[127:0] 
10: TMP_DEST[383:256] := SRC2[127:0] 
11: TMP_DEST[51 1:384] := SRC2[127:0] 
ESAC. 
Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VINSERTF64x2 (EVEX encoded versions) 
(KL, VL) = (4, 256), (8, 512) 
TEMP_DEST[VL-1:0] := SRC1[VL-1:0] 
IF VL = 256 
CASE (imm8[0]) OF 
0: TMP_DEST[127:0] := SRC2[127:0] 
1: TMP_DEST[255:128] := SRC2[127:0] 
ESAC. 
Fl; 
IF VL= 512 
CASE (imm8[1:0]) OF 
00: TMP_DEST[127:0] := SRC2[127:0] 
01: TMP_DEST[255:1 28] := SRC2[127:0] 
10: TMP_DEST[383:256] := SRC2[127:0] 
11: TMP_DEST[51 1:384] := SRC2[127:0] 
ESAC. 
Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
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IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VINSERTF32x8 (EVEX.U1.512 encoded version) 
TEMP_DEST[VL-1:0] := SRC1[VL-1:0] 
CASE (imm8[0]) OF 
0: TMP_DEST[255:0] := SRC2[255:0] 
1: TMP_DEST[511:256] := SRC2[255:0] 
ESAC. 


FOR j:=0TO015 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VINSERTF64x4 (EVEX.512 encoded version) 
VL=512 
TEMP_DEST[VL-1:0] := SRC1[VL-1:0] 
CASE (imm8[0]) OF 

0: TMP_DEST[255:0] := SRC2[255:0] 

1: TMP_DEST[511:256] := SRC2[255:0] 
ESAC. 


FOR j :=OTO7 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VINSERTF128 (VEX encoded version) 
TEMP[255:0] := SRC1[255:0] 
CASE (imm8[0]) OF 

0: TEMP[1 27:0] := SRC2[127:0] 

1: TEMP[255:128] := SRC2[127:0] 
ESAC 
DEST := TEMP 


Intel C/C++ Compiler Intrinsic Equivalent 


VINSERTF32x4 ___m512_mm512_insertf32x4(__m512 a,__m128b, int imm); 

VINSERTF32x4 __m512 _mm512_mask_insertf32x4(__m512 s,__mmask16 k,__m512 a,__m128 5, int imm); 
VINSERTF32x4 __m512 __mm512_maskz_insertf32x4(__mmask16 k,__m512 a,__m128, int imm); 
VINSERTF32x4 ___m256 _mm256_insertf32x4(__m256 a,__m128b, int imm); 

VINSERTF32x4 __m256 __mm256_mask_insertf32x4(__m256 s,__ mmask8 k,__ m256 a,__m128 }, int imm); 
VINSERTF32x4 __m256 _mm256_maskz_insertf32x4(__mmask8 k,__m256 a,__m128 b, int imm); 
VINSERTF32x8 __m512_mm512_insertf32x8(__m512 a,__m256 b, int imm); 

VINSERTF32x8 __m512_mm512_mask_insertf32x8(__m512 s,__mmask16 k,__m512 a,__m256 b, int imm); 
VINSERTF32x8 __m512_mm512_maskz_insertf32x8(__mmask16 k,__m512 a,__m256 b, int imm); 
VINSERTF64x2 __m512d_mm512_insertf64x2(__m512da,__m128d b, int imm); 

VINSERTF64x2 __m512d_mm512_mask_insertf64x2(__m512ds,__mmask8 k,__m512da,__m128d , int imm); 
VINSERTF64x2 __m512d_mm512_maskz_insertf64x2(__mmask8 k,__m512da,__m128d 5, int imm); 
VINSERTF64x2 _ m256d_mm256_insertf64x2(__m256d a,___m128d b, int imm); 

VINSERTF64x2 __m256d_mm256_mask_insertf64x2(__m256d s,__ mmask8 k,__ m256d a,__m128d b, int imm); 
VINSERTF64x2 _ m256d_mm256_maskz_insertf64x2(__mmask8 k,__ m256d a, __m128d 5, int imm); 
VINSERTF64x4 _ m512d_mm512_insertf64x4(__m512da,__m256d b, int imm); 

VINSERTF64x4 __m512d_mm512_mask_insertf64x4(__m512ds,__mmask8 k,__m512da,__m256d b, int imm); 
VINSERTF64x4 _ m512d_mm512_maskz_insertf64x4(__mmask8 k,__m512da,__m256d b, int imm); 
VINSERTF128 __m256 __mm256_insertf128_ps (_m256 a,__m128b, int offset); 

VINSERTF128 __m256d_mm256_insertf128_pd (__m256d a,__m128d }, int offset); 

VINSERTF128 __m256i __mm256_insertf128_si256 (_m256ia,__m128i}, int offset); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

VEX-encoded instruction, see Table 2-23, “Type 6 Class Exception Conditions”; additionally: 
#UD If VEX.L = 0. 

EVEX-encoded instruction, see Table 2-54, “Type E6NF Class Exception Conditions”. 
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VINSERTI1 28/VINSERTI32xX4/VINSERTI64x2/VINSERTI32x8/VINSERTI64x4—Insert Packed 


Integer Values 
Opcode/ Op/ 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 

VEX.256.66.0F3A.WO 38 /r ib A VIV AVX2 Insert 128 bits of integer data from xmm3/m128 and 
VINSERTI128 ymm1, ymm2, the remaining values from ymm_2 into ymm1. 
xmm3/m128, imm8 
EVEX.256.66.0F3A.WO 38 /r ib C VIV AVX512VL | Insert 128 bits of packed doubleword integer values 
VINSERTI32X4 ymm1 {k1}{z}, ymm2, AVX512F from xmm3/m128 and the remaining values from 
xmm3/m1 28, imm8 ymm_2 into ymm1 under writemask k1. 
EVEX.512.66.0F3A.WO 38 /r ib C VIV AVX512F Insert 128 bits of packed doubleword integer values 
VINSERTI32X4 zmm1 {k1}{z}, zmm2, from xmm3/m128 and the remaining values from 
xmm3/m128, imm8 zmm_2 into zmm1 under writemask k1. 
EVEX.256.66.0F3A.W1 38 /r ib B VIV AVX512VL | Insert 128 bits of packed quadword integer values 
VINSERTI64X2 ymm1 {k1}{z}, ymm2, AVX512DQ_ | from xmm3/m128 and the remaining values from 
xmm3/m128, imm8 ymm_2 into ymm1 under writemask k1. 
EVEX.512.66.0F3A.W1 38 /r ib B VIN AVX512DQ | Insert 128 bits of packed quadword integer values 
VINSERTI64X2 zmm1 {k1}{z}, zmm2, from xmm3/m128 and the remaining values from 
xmm3/m128, imm8 zmm_2 into zmm1 under writemask k1. 
EVEX.512.66.0F3A.WO 3A /r ib D VIN AVX512DQ | Insert 256 bits of packed doubleword integer values 
VINSERTI32X8 zmm1 {k1}{z}, zmm2, from ymm3/m256 and the remaining values from 
ymm3/m256, imm8 zmmcz into zmm1 under writemask k1. 
EVEX.512.66.0F3A.W1 3A /r ib C VIV AVX512F Insert 256 bits of packed quadword integer values 
VINSERTI64X4 zmm1 {k1}{z}, zmm2, from ymm3/m256 and the remaining values from 
ymm3/m256, imm8 zmm_2 into zmm1 under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) Imms 
B Tuple2 ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
C Tuple4 ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8 
D Tuple8 ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
Description 


VINSERTI32x4 and VINSERTI64x2 inserts 128-bits of packed integer values from the second source operand (the 
third operand) into the destination operand (the first operand) at an 128-bit granular offset multiplied by imm8[0] 
(256-bit) or imm8[1:0]. The remaining portions of the destination are copied from the corresponding fields of the 
first source operand (the second operand). The second source operand can be either an XMM register or a 128-bit 
memory location. The high 6/7bits of the immediate are ignored. The destination operand is a ZMM/YMM register 
and updated at 32 and 64-bit granularity according to the writemask. 


VINSERTI32x8 and VINSERTI64x4 inserts 256-bits of packed integer values from the second source operand (the 
third operand) into the destination operand (the first operand) at a 256-bit granular offset multiplied by imm8[0]. 
The remaining portions of the destination are copied from the corresponding fields of the first source operand (the 
second operand). The second source operand can be either an YMM register or a 256-bit memory location. The 
upper bits of the immediate are ignored. The destination operand is a ZMM register and updated at 32 and 64-bit 
granularity according to the writemask. 


VINSERTI128 inserts 128-bits of packed integer data from the second source operand (the third operand) into the 
destination operand (the first operand) at a 128-bit granular offset multiplied by imm8[0]. The remaining portions 
of the destination are copied from the corresponding fields of the first source operand (the second operand). The 
second source operand can be either an XMM register or a 128-bit memory location. The high 7 bits of the imme- 
diate are ignored. VEX.L must be 1, otherwise attempt to execute this instruction with VEX.L=0 will cause #UD. 
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VINSERTI32x4 (EVEX encoded versions) 
(KL, VL) = (8, 256), (16, 512) 
TEMP_DEST[VL-1:0] := SRC1[VL-1:0] 
IF VL = 256 
CASE (imm8[0]) OF 
0: TMP_DEST[127:0] := SRC2[127:0] 
1: TMP_DEST[255:128] := SRC2[127:0] 
ESAC. 
Fl; 
IF VL= 512 
CASE (imm8[1:0]) OF 
00: TMP_DEST[127:0] := SRC2[127:0] 
01: TMP_DEST[255:1 28] := SRC2[127:0] 
10: TMP_DEST[383:256] := SRC2[127:0] 
11: TMP_DEST[51 1:384] := SRC2[127:0] 
ESAC. 
Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VINSERTI64x2 (EVEX encoded versions) 
(KL, VL) = (4, 256), (8, 512) 
TEMP_DEST[VL-1:0] := SRC1[VL-1:0] 
IF VL = 256 
CASE (imm8[0]) OF 
0: TMP_DEST[127:0] := SRC2[127:0] 
1: TMP_DEST[255:128] := SRC2[127:0] 
ESAC. 
Fl; 
IF VL= 512 
CASE (imm8[1:0]) OF 
00: TMP_DEST[127:0] := SRC2[127:0] 
01: TMP_DEST[255:1 28] := SRC2[127:0] 
10: TMP_DEST[383:256] := SRC2[127:0] 
11: TMP_DEST[51 1:384] := SRC2[127:0] 
ESAC. 
Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
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IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VINSERTI32x8 (EVEX.U1.512 encoded version) 
TEMP_DEST[VL-1:0] := SRC1[VL-1:0] 
CASE (imm8[0]) OF 
0: TMP_DEST[255:0] := SRC2[255:0] 
1: TMP_DEST[511:256] := SRC2[255:0] 
ESAC. 


FOR j:=0TO015 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VINSERTI64x4 (EVEX.512 encoded version) 
VL=512 
TEMP_DEST[VL-1:0] := SRC1[VL-1:0] 
CASE (imm8[0]) OF 

0: TMP_DEST[255:0] := SRC2[255:0] 

1: TMP_DEST[511:256] := SRC2[255:0] 
ESAC. 


FOR j :=OTO7 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VINSERTI128 
TEMP[255:0] = SRC1[255:0] 
CASE (imm8[0]) OF 

0: TEMP[127:0] := SRC2[127:0] 

1: TEMP[255:128] := SRC2[127:0] 
ESAC 
DEST := TEMP 


Intel C/C++ Compiler Intrinsic Equivalent 


VINSERTI32x4 __mm512i _inserti32x4(__m512i a,__m128ib, int imm); 

VINSERTI32x4 __mm512i_mask_inserti32x4(__m512is,__ mmask16 k,__m512ia,__m128i b, int imm); 
VINSERTI32x4 __mm512i_maskz_inserti32x4(__ mmask16 k,__m512i a, ___m128i, int imm); 

VINSERTI32x4 __m256i __mm256_inserti32x4(__m256i a,__m128ib, int imm); 

VINSERTI32x4 __m256i__mm256_mask_inserti32x4(__m256is,__ mmask8 k,__ m25Gi a,___m128i, int imm); 
VINSERTI32x4 __m256i __mm256_maskz_inserti32x4(__ mmask8 k,___ m256i a,___m128ib, int imm); 
VINSERTI32x8 __m512i_mm512_inserti32x8(__m512i a, ___m256ib, int imm); 

VINSERTI32x8 __m512i_mm512_mask_inserti32x8(__m512is,__ mmask16 k,___m512ia,__m256i b, int imm); 
VINSERTI32x8 __m512i_mm512_maskz_inserti32x8(___mmask16 k,__m512i a,__ m256i b, int imm); 
VINSERTI64x2 __ m512i_mm512_inserti64x2(__m512i a,__m128ib, int imm); 

VINSERTI64x2 __ m512i_mm512_mask_inserti64x2(__m512is,__ mmask8 k,__m512i a, __m128i, int imm); 
VINSERTI64x2 __ m512i_mm512_maskz_inserti64x2(__ mmask8 k,__ m512i a,__m128ib, int imm); 
VINSERTI64x2 __ m256i_mm256_inserti64x2(__ m256i a,___m128ib, int imm); 

VINSERTI64x2 __ m256i_mm256_mask_inserti64x2(__m256i s,__ mmask8 k,___ m256i a, __m128i }, int imm); 
VINSERTI64x2 __ m256i_mm256_maskz_inserti64x2(__ mmask8 k, __ m256i a, __m128ib, int imm); 
VINSERTI64x4 _mm512_inserti64x4(__m512i a,__m256i b, int imm); 

VINSERTI64x4 _mm512_mask_inserti64x4(__m512is,__ mmask8 k,___m512i a, ___m256i b, int imm); 
VINSERTI64x4 _mm512_maskz_inserti64x4(__ mmask m,___m512i a,__m256i b, int imm); 

VINSERTI128 __m256i __mm256_insertf128_si256 (__m256i a,__m128i, int offset); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

VEX-encoded instruction, see Table 2-23, “Type 6 Class Exception Conditions”; additionally: 
#UD If VEX.L = 0. 

EVEX-encoded instruction, see Table 2-54, “Type E6NF Class Exception Conditions”. 
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VMASKMOV—Conditional SIMD Packed Loads and Stores 


Opcode/ Op/ | 64/32-bit | CPUID Description 
Instruction En |Mode Feature 

Flag 
VEX.128.66.0F38.W0 2C /r RVM | V/V AVX Conditionally load packed single-precision values from 
VMASKMOVPS xmm1, xmm2, m128 m128 using mask in xmm2 and store in xmm17. 
VEX.256.66.0F38.W0 2C /r RVM | V/V AVX Conditionally load packed single-precision values from 
VMASKMOVPS ymm1, ymm2, m256 m256 using mask in ymm2 and store in ymm17. 
VEX.128.66.0F38.W0 2D /r RVM | V/V AVX Conditionally load packed double-precision values from 
VMASKMOVPD xmm1, xmm2, m128 m128 using mask in xmm2 and store in xmm17. 
VEX.256.66.0F38.W0 2D /r RVM | V/V AVX Conditionally load packed double-precision values from 
VMASKMOVPD ymm1, ymm2, m256 m256 using mask in ymm2 and store in ymm1. 
VEX.128.66.0F38.W0 2€E /r MVR | V/V AVX Conditionally store packed single-precision values from 
VMASKMOVPS m128, xmm1, xmm2 xmmé using mask in xmm/. 
VEX.256.66.0F38.W0 2€E /r MVR | V/V AVX Conditionally store packed single-precision values from 
VMASKMOVPS m256, ymm1, ymm2 ymm_2 using mask in ymm7. 
VEX.128.66.0F38.WO 2F /r MVR | V/V AVX Conditionally store packed double-precision values from 
VMASKMOVPD m128, xmm1, xmm2 xmmé using mask in xmm/. 
VEX.256.66.0F38.W0 2F /r MVR | V/V AVX Conditionally store packed double-precision values from 
VMASKMOVPD m256, ymm1, ymm2 ymmeé using mask in ymm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
MVR ModRM:r/m (w) VEX.vvvv (r) ModRM:reg (r) NA 

Description 


Conditionally moves packed data elements from the second source operand into the corresponding data element of 
the destination operand, depending on the mask bits associated with each data element. The mask bits are speci- 
fied in the first source operand. 


The mask bit for each data element is the most significant bit of that element in the first source operand. If a mask 
is 1, the corresponding data element is copied from the second source operand to the destination operand. If the 
mask is 0, the corresponding data element is set to zero in the load form of these instructions, and unmodified in 
the store form. 


The second source operand is a memory address for the load form of these instruction. The destination operand is 
a memory address for the store form of these instructions. The other operands are both XMM registers (for 
VEX.128 version) or YMM registers (for VEX.256 version). 


Faults occur only due to mask-bit required memory accesses that caused the faults. Faults will not occur due to 
referencing any memory location if the corresponding mask bit for that memory location is 0. For example, no 
faults will be detected if the mask bits are all zero. 


Unlike previous MASKMOV instructions (MASKMOVQ and MASKMOVDQU), a nontemporal hint is not applied to 
these instructions. 

Instruction behavior on alignment check reporting with mask bits of less than all 1s are the same as with mask bits 
of all is. 


VMASKMOV should not be used to access memory mapped I/O and un-cached memory as the access and the 
ordering of the individual loads or stores it does is implementation specific. 
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In cases where mask bits indicate data should not be loaded or stored paging A and D bits will be set in an imple- 
mentation dependent way. However, A and D bits are always set for pages where data is actually loaded/stored. 


Note: for load forms, the first source (the mask) is encoded in VEX.vvvv; the second source is encoded in rm_field, 


and the destination register is encoded in reg_field. 


Note: for store forms, the first source (the mask) is encoded in VEX.vvvv; the second source register is encoded in 


reg_field, and the destination memory location is encoded in rm_field. 


Operation 


VMASKMOVPS -1 28-bit load 

DEST[31:0] := IF (SRC1[31]) Load_32(mem) ELSE 0 
DEST[63:32] := IF (SRC1[63]) Load_32(mem + 4) ELSE 0 
DEST[95:64] := IF (SRC1[95]) Load_32(mem + 8) ELSE 0 
DEST[127:97] := IF (SRC1[127]) Load_32(mem + 12) ELSE O 
DEST[MAXVL-1:128] := 0 


VMASKMOVPS - 256-bit load 

DEST[31:0] := IF (SRC1[31]) Load_32(mem) ELSE O 
DEST[63:32] := IF (SRC1[63]) Load_32(mem + 4) ELSE 0 
DEST[95:64] := IF (SRC1[95]) Load_32(mem + 8) ELSE 0 
DEST[127:96] := IF (SRC1[127]) Load_32(mem + 12) ELSE O 
DEST[159:128] := IF (SRC1[159]) Load_32(mem + 16) ELSE O 
DEST[191:160] := IF (SRC1[191]) Load_32(mem + 20) ELSE O 
DEST[223:192] := IF (SRC1[223]) Load_32(mem + 24) ELSE O 
DEST[255:224] := IF (SRC1[255]) Load_32(mem + 28) ELSE O 


VMASKMOVPD - 128-bit load 

DEST[63:0] := IF (SRC1[63]) Load_64(mem) ELSE O 
DEST[127:64] := IF (SRC1[127]) Load_64(mem + 16) ELSE O 
DEST[MAXVL-1:128] := 0 


VMASKMOVPD - 256-bit load 

DEST[63:0] := IF (SRC1[63]) Load_64(mem) ELSE O 
DEST[127:64] := IF (SRC1[127]) Load_64(mem + 8) ELSE 0 
DEST[195:128] := IF (SRC1[191]) Load_64(mem + 16) ELSE O 
DEST[255:196] := IF (SRC1[255]) Load_64(mem + 24) ELSE 0 


VMASKMOVPS - 128-bit store 

IF (SRC1[31]) DEST[31:0] := SRC2[31:0] 

IF (SRC1[63]) DEST[63:32] := SRC2[63:32] 

IF (SRC1[95]) DEST[95:64] = SRC2[95:64] 

IF (SRC1[127]) DEST[127:96] := SRC2[127:96] 


VMASKMOVPS - 256-bit store 

IF (SRC1[31]) DEST[31:0] := SRC2[31:0] 

IF (SRC1[63]) DEST[63:32] = SRC2[63:32] 

IF (SRC1[95]) DEST[95:64] := SRC2[95:64] 

IF (SRC1[127]) DEST[127:96] := SRC2[127:96] 

IF (SRC1[159]) DEST[159:128] :-=SRC2[159:128] 
IF (SRC1[191]) DEST[191:160] := SRC2[191:160] 
IF (SRC1[223]) DEST[223:192] := SRC2[223:192] 
IF (SRC1[255]) DEST[255:224] := SRC2[255:224] 


a) 
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VMASKMOVPD - 128-bit store 
IF (SRC1[63]) DEST[63:0] := SRC2[63:0] 
IF (SRC1[127]) DEST[127:64] = SRC2[127:64] 


VMASKMOVPD - 256-bit store 

IF (SRC1[63]) DEST[63:0] := SRC2[63:0] 

IF (SRC1[127]) DEST[127:64] = SRC2[127:64] 

IF (SRC1[191]) DEST[191:128] := SRC2[191:128] 
IF (SRC1[255]) DEST[255:1 92] := SRC2[255:192] 


Intel C/C++ Compiler Intrinsic Equivalent 


m256 _mm256_maskload_ps(float const *a, 


void _mm256_maskstore_ps(float *a, 
m256d __mm256_maskload_pd(double *a, 


void _mm256_maskstore_pd(double *a, 


__m128 _mm_maskload_ps(float const *a, 


void _mm_maskstore_ps(float *a, 


m128d _mm_maskload_pd(double const *a, __m128i mask); 


void +_mm_maskstore_pd(double *a, 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


m256i mask, 
m256i mask); 
m256i mask, 
m128i mask) 


m128i mask, 


m128i mask, 


See Table 2-23, “Type 6 Class Exception Conditions” (No AC# reported for any mask bit combinations); 


additionally: 
#UD If VEX.W = 1. 
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VP2INTERSECTD/VP2INTERSECTQ—Compute Intersection Between DWORDS/QUADWORDS to a 


Pair of Mask Registers 


Opcode/ Op/ | 64/32 CPUID Feature Flag Description 
Instruction En bit Mode 
Support 
EVEX.NDS.128.F2.0F38.W0 68 /r A VIV AVX512VL Store, in an even/odd pair of mask registers, 
VP2INTERSECTD k1+1, xmm2, AVX512_VP2INTERSECT | the indicators of the locations of value 
xmm3/m128/m32bcst matches between dwords in 
xmm3/m128/m32bcst and xmm2. 
EVEX.NDS.256.F2.0F38.W0 68 /r A VIV AVX512VL Store, in an even/odd pair of mask registers, 
VP2INTERSECTD k1+1, ymm2, AVX512_VP2INTERSECT | the indicators of the locations of value 
ymm3/m256/m32bcst matches between dwords in 
ymm3/m256/m32bcst and ymm2. 
EVEX.NDS.512.F2.0F38.W0 68 /r A VIV AVX512F Store, in an even/odd pair of mask registers, 
VP2INTERSECTD k1+1, zmm2, AVX512_VP2INTERSECT | the indicators of the locations of value 
zmm3/m512/m32bcst matches between dwords in 
zmm3/m512/m32bcst and zmm_2. 
EVEX.NDS.128.F2.0F38.W1 68 /r A VIV AVX512VL Store, in an even/odd pair of mask registers, 
VP2INTERSECTQ k1+1, xmm2, AVX512_VP2INTERSECT | the indicators of the locations of value 
xmm3/m128/m64bcst matches between quadwords in 
xmm3/m128/m64bcst and xmm2. 
EVEX.NDS.256.F2.0F38.W1 68 /r A VIV AVX512VL Store, in an even/odd pair of mask registers, 
VP2INTERSECTQ k1+1, ymm2, AVX512_VP2INTERSECT | the indicators of the locations of value 
ymm3/m256/m64bcst matches between quadwords in 
ymm3/m256/m64bcst and ymmz. 
EVEX.NDS.512.F2.0F38.W1 68 /r A VIV AVX512F Store, in an even/odd pair of mask registers, 
VP2INTERSECTQ k1+1, zmm2, AVX512_VP2INTERSECT | the indicators of the locations of value 
zmm3/m512/m64bcst matches between quadwords in 
zmm3/m512/m64bcst and zmm2. 
Instruction Operand Encoding 
Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction writes an even/odd pair of mask registers. The mask register destination indicated in the 
MODRM.REG field is used to form the basis of the register pair. The low bit of that field is masked off (set to zero) 
to create the first register of the pair. 


EVEX.aaa and EVEX.z must be zero. 
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Operation 


VP2INTERSECTD destmask, src1, src2 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


// dest_mask_reg_id is the register id specified in the instruction for destmask 
dest_base := dest_mask_reg_id & ~1 


// maskregs[ ] is an array representing the mask registers 
maskregs[dest_base+O][MAX_KL-1:0] := 0 
maskregs[dest_base+1 ][MAX_KL-1:0] := 0 


FOR i := 0 to KL-1: 
FOR j := 0 to KL-1: 
match := (src1.dword[i] == src2.dword[j]) 
maskregs[dest_base+O].bit[i] |= match 
maskregs[dest_base+1 ].bit[j] |= match 


VP2INTERSECTQ destmask, src1, src2 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


// dest_mask_reg_id is the register id specified in the instruction for destmask 
dest_base := dest_mask_reg_id & ~1 


// maskregs[ ] is an array representing the mask registers 
maskregs[dest_base+O][MAX_KL-1:0] := 0 
maskregs[dest_base+1 ][MAX_KL-1:0] := 0 


FOR i = 0 to KL-1: 
FOR j = 0 to KL-1: 
match := (src1.qword[i] == src2.qword[j]) 
maskregs[dest_base+O].bit[i] |= match 
maskregs[dest_base+1 ].bit[j] |= match 


Intel C/C++ Compiler Intrinsic Equivalent 


VP2INTERSECTD void _mm_2intersect_epi32(__m128i,__m128i,__ mmask8 *,___ mmask8 *); 
VP2INTERSECTD void __mm256_2intersect_epi32(__m256i,__m256i,___ mmask8 *, __ mmask8 *); 
VP2INTERSECTD void __mm512_2intersect_epi32(__m512i,__m512i,__ mmask16 *, __ mmask16 *); 
VP2INTERSECTQ void __mm_2intersect_epi64(__m128i, __m128i, __ mmask8 *, __mmask8 *); 
VP2INTERSECTQ void __mm256_2intersect_epi64(__m256i,___ m256i,___ mmask8 *, __mmask8 *); 
VP2INTERSECTQ void _mm512_2intersect_epi64(__m512i,___m512i,___mmask8 *, __mmask8 *); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Table 2-50, “Type E4NF Class Exception Conditions”. 
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Opcode/ Op/ 64/32 | CPUID Description 
Instruction En -bit Feature 
Mode | Flag 
VEX.128.66.0F3A.W0 02 /r ib RVMI | V/V AVX2 Select dwords from xmm2 and xmm3/m128 from 
VPBLENDD xmm1, xmm2, xmm3/m128, imm8 mask specified in imm8 and store the values into 
xmm1. 
VEX.256.66.0F3A.WO O2 /r ib RVMI | V/V AVX2 Select dwords from ymm2 and ymm3/m256 from 
VPBLENDD ymm1, ymm2, ymm3/m256, imm8 mask specified in imm8 and store the values into 
ymm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RVMI ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) Imm8 
Description 


Dword elements from the source operand (second operand) are conditionally written to the destination operand 
(first operand) depending on bits in the immediate operand (third operand). The immediate bits (bits 7:0) forma 
mask that determines whether the corresponding word in the destination is copied from the source. If a bit in the 
mask, corresponding to a word, is “1", then the word is copied, else the word is unchanged. 


VEX.128 encoded version: The second source operand can be an XMM register or a 128-bit memory location. The 
first source and destination operands are XMM registers. Bits (MAXVL-1:128) of the corresponding YMM register 


are zeroed. 


VEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM register 
or a 256-bit memory location. The destination operand is a YMM register. 


Operation 
VPBLENDD (VEX.256 encoded version) 


IF (imm8[0] == 1) THEN DEST[31:0] := SRC2[31:0] 


ELSE DEST[31:0] := SRC1[31:0] 


IF (imm8[1] == 1) THEN DEST[63:32] := SRC2[63:32] 


ELSE DEST[63:32] := SRC1[63:32] 


IF (imm8[2] == 1) THEN DEST[95:64] := SRC2[95:64] 


ELSE DEST[95:64] := SRC1[95:64] 


IF (imm8[3] == 1) THEN DEST[127:96] := SRC2[127:96] 


ELSE DEST[1 27:96] := SRC1[127:96] 


IF (imm8[4] == 1) THEN DEST[159:128] := SRC2[159:128] 


ELSE DEST[159:1 28] := SRC1[159:128] 


IF (imm8[5] == 1) THEN DEST[191:160] := SRC2[191:160] 


ELSE DEST[191:160] := SRC1[191:160] 


IF (imm8[6] == 1) THEN DEST[223:192] := SRC2[223:192] 


ELSE DEST[223:192] := SRC1[223:192] 


IF (imm8[7] == 1) THEN DEST[255:224] := SRC2[255:224] 


ELSE DEST[255:224] := SRC1[255:224] 
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VPBLENDD (VEX.128 encoded version) 

IF (imm8[0] == 1) THEN DEST[31:0] := SRC2[31:0] 
ELSE DEST[31:0] := SRC1[31:0] 

IF (imm8[1] == 1) THEN DEST[63:32] := SRC2[63:32] 
ELSE DEST[63:32] := SRC1[63:32] 

IF (imm8[2] == 1) THEN DEST[95:64] := SRC2[95:64] 
ELSE DEST[95:64] := SRC1[95:64] 

IF (imm8[3] == 1) THEN DEST[127:96] := SRC2[127:96] 
ELSE DEST[1 27:96] := SRC1[127:96] 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
VPBLENDD: m128i_mm_blend_epi32 (__m128i v1,__m128i v2, const int mask) 
VPBLENDD: m256i _mm256_blend_epi32 (__m256i v1, 


m256i v2, const int mask) 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.W = 1. 
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VPBLENDMB/VPBLENDMW-—Blend Byte/Word Vectors Using an Opmask Control 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.128.66.0F38.WO 66 /r A VV AVX512VL | Blend byte integer vector xmm2 and byte vector 
VPBLENDMB xmm1 {k1}{Z}, AVX512BW | xmm3/m128 and store the result in xmm1, under control 
xmm2, xmm3/m128 mask. 
EVEX.256.66.0F38.WO 66 /r A VV AVX512VL | Blend byte integer vector ymm2 and byte vector 
VPBLENDMB ymm1 {k1}{Z}, AVX512BW | ymm3/m256 and store the result in ymm1, under control 
ymm2, ymm3/m256 mask. 
EVEX.512.66.0F38.WO 66 /r A VIV AVX512BW | Blend byte integer vector zmm2 and byte vector 
VPBLENDMB zmm1 {k1}{Z}, zmm3/m512 and store the result in zmm1, under control 
zmme2, zmm3/m512 mask. 
EVEX.128.66.0F38.W1 66 /r A VV AVX512VL | Blend word integer vector xmm2 and word vector 
VPBLENDMW xmm1 {k1}{z}, AVX512BW | xmm3/m128 and store the result in xmm1, under control 
xmm2, xmm3/m128 mask. 
EVEX.256.66.0F38.W1 66 /r A VV AVX512VL_ | Blend word integer vector ymm2 and word vector 
VPBLENDMW ymm1 {k1}{zZ}, AVX512BW | ymm3/m256 and store the result in ymm1, under control 
ymm2, ymm3/m256 mask. 
EVEX.512.66.0F38.W1 66 /r A VIV AVX512BW | Blend word integer vector zmm2 and word vector 
VPBLENDMW zmm1 {k1}{z}, zmm3/m512 and store the result in zmm1, under control 
zmm2, zmm3/m512 mask. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs an element-by-element blending of byte/word elements between the first source operand byte vector 
register and the second source operand byte vector from memory or register, using the instruction mask as 
selector. The result is written into the destination byte vector register. 


The destination and first source operands are ZMM/YMM/XMM registers. The second source operand can be a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit memory location. 


The mask is not used as a writemask for this instruction. Instead, the mask is used as an element selector: every 
element of the destination is conditionally selected between first source or second source using the value of the 
related mask bit (0 for first source, 1 for second source). 
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Operation 


VPBLENDMB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 


FOR j :=0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN DEST{i+7:i] := SRC2[i+7:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN DEST[i+7:i] := SRC1[i+7:i] 
ELSE ; zeroing-masking 

DEST[i+7:i] := 0 
Fl; 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0; 


VPBLENDMW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j :=0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST{i+1 5:i] = SRC2[i+15:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN DEST{i+1 5:i] = SRC1[i+ 153i] 
ELSE ; zeroing-masking 

DEST[i+15:i] := 0 
Fl; 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPBLENDMB __m512i_mm512_mask_blend_epi8(__mmask64 m,__m512i a,__m512i b); 
VPBLENDMB __m256i __mm256_mask_blend_epi8(__mmask32 m, ___m256i a, __m256i b); 
VPBLENDMB __m128i _mm_mask_blend_epi8(__mmask16 m, __m128i a, __m128i b); 
VPBLENDMW __m512i_mm512_mask_blend_epi16(__mmask32 m,__m512ia,_m512ib); 
VPBLENDMW __m256i _mm256_mask_blend_epi16(__mmask16 m,__m256i a, __m256i b); 
VPBLENDMW __m128i _mm_mask_blend_epi16(__mmask8 m, __m128i a, ___m128i b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-49, “Type E4 Class Exception Conditions”. 


5-304 Vol. 2C 


VPBLENDMB/VPBLENDMW-—Blend Byte/Word Vectors Using an Opmask Control 


INSTRUCTION SET REFERENCE, V-Z 


VPBLENDMD/VPBLENDMQ—Blend Int32/Int64 Vectors Using an OpMask Control 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F38.W0 64 /r A VIV AVX512VL | Blend doubleword integer vector xmm2 and doubleword 
VPBLENDMD xmm1 {k1}{Z}, AVX512F vector xmm3/m128/m32bcst and store the result in 
xmm_2, xmm3/m1 28/m32bcst xmm1, under control mask. 
EVEX.256.66.0F38.W0 64 /r A VIV AVX512VL | Blend doubleword integer vector ymm2 and doubleword 
VPBLENDMD ymm1 {k1}{z}, ymm2, AVX512F vector ymm3/m256/m32bcst and store the result in 
ymm3/m256/m32bcst ymm1, under control mask. 
EVEX.512.66.0F38.W0O 64 /r A VIV AVX512F Blend doubleword integer vector zmm2 and doubleword 
VPBLENDMD zmm1 {k1}{z}, zmm2, vector zmm3/m512/m32bcst and store the result in 
zmm3/m512/m32bcst zmm1, under control mask. 
EVEX.128.66.0F38.W1 64 /r A VIV AVX512VL | Blend quadword integer vector xmm2 and quadword 
VPBLENDMQ xmm1 {k1}{z}, AVX512F vector xmm3/m128/m64bcst and store the result in 
xmm_2, xmm3/m128/m64bcst xmm1, under control mask. 
EVEX.256.66.0F38.W1 64 /r A VIV AVX512VL | Blend quadword integer vector ymm2 and quadword 
VPBLENDMQ ymm1 {k1}{z}, AVX512F vector ymm3/m256/m64bcst and store the result in 
ymm_2, ymm3/m256/m64bcst ymm1, under control mask. 
EVEX.512.66.0F38.W1 64 /r A VIV AVX512F Blend quadword integer vector zmm2 and quadword 
VPBLENDMQ zmm1 {k1}{z}, zmm2, vector zmm3/m512/m64bcst and store the result in 
zmm3/m512/m64bcst zmm1, under control mask. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs an element-by-element blending of dword/qword elements between the first source operand (the second 
operand) and the elements of the second source operand (the third operand) using an opmask register as select 
control. The blended result is written into the destination. 


The destination and first source operands are ZMM registers. The second source operand can be a ZMM register, a 
512-bit memory location or a 512-bit vector broadcasted from a 32-bit memory location. 


The opmask register is not used as a writemask for this instruction. Instead, the mask is used as an element 
selector: every element of the destination is conditionally selected between first source or second source using the 
value of the related mask bit (0 for the first source operand, 1 for the second source operand). 


If EVEX.z is set, the elements with corresponding mask bit value of 0 in the destination operand are zeroed. 


VPBLENDMD/VPBLENDMQ—Blend Int32/Int64 Vectors Using an OpMask Control 
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Operation 

VPBLENDMD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no controlmask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
DEST[i+31:i] = SRC2[31:0] 
ELSE 
DEST[i+31:i] = SRC2[i+31:i] 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN DEST{[i+31:i] = SRC1[i+31:i] 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl; 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0; 


VPBLENDMD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no controlmask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
DEST[i+31:i] = SRC2[31:0] 
ELSE 
DEST[i+31:i] := SRC2[i+31:i] 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN DEST{[i+31:i] = SRC1[i+31:i] 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl; 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VPBLENDMD __m512i__mm512_mask_blend_epi32(__mmask16 k,___m512ia,__m512i b); 
m256i a,__m256i b); 
VPBLENDMD __m128i__mm_mask_blend_epi32(__mmask8 m, __m128i a, ___m128i b); 

m512ia,__m512ib); 
VPBLENDMQ __m256i _mm256_mask_blend_epi64(__mmask8 m, __m256i a, __m256i b); 
VPBLENDMQ __m128i _mm_mask_blend_epi64(__mmask8 m, __m128i a, 


VPBLENDMD __m256i__mm256_mask_blend_epi32(__mmask8 m, 


VPBLENDMQ __m512i__mm512_mask_blend_epi64(__mmask8 k, 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-49, “Type E4 Class Exception Conditions”. 
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VPBROADCASTB/W/D/Q—Load with Broadcast Integer Data from General Purpose Register 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Feature 

Mode Flag 

Support 
EVEX.128.66.0F38.W0 7A /r A VIV AVX512VL_ | Broadcast an 8-bit value from a GPR to all bytes in the 
VPBROADCASTB xmm1 {k1}{Z}, reg AVX512BW | 128-bit destination subject to writemask k1. 
EVEX.256.66.0F38.W0 7A /r A VIV AVX512VL_ | Broadcast an 8-bit value from a GPR to all bytes in the 
VPBROADCASTB ymm1 {k1}{z}, reg AVX512BW | 256-bit destination subject to writemask k1. 
EVEX.512.66.0F38.W0O 7A /r A VIV AVX512BW | Broadcast an 8-bit value from a GPR to all bytes in the 
VPBROADCASTB zmm1 {k1}{Z}, reg 512-bit destination subject to writemask k1. 
EVEX.128.66.0F38.W0 7B /r A VIV AVX512VL_ | Broadcast a 16-bit value from a GPR to all words in the 
VPBROADCASTW xmm1 {k1}{Z}, reg AVX512BW | 128-bit destination subject to writemask k1. 
EVEX.256.66.0F38.W0 7B /r A VIV AVX512VL_ | Broadcast a 16-bit value from a GPR to all words in the 
VPBROADCASTW ymm1 {k1}{z}, reg AVX512BW | 256-bit destination subject to writemask k1. 
EVEX.512.66.0F38.W0 7B /r A VIV AVX512BW | Broadcast a 16-bit value from a GPR to all words in the 
VPBROADCASTW zmm1 {k1}{2}, reg 512-bit destination subject to writemask k1. 
EVEX.128.66.0F38.W0O 7C /r A VIV AVX512VL_ | Broadcast a 32-bit value from a GPR to all double-words 
VPBROADCASTD xmm1 {k1}{z}, r32 AVX512F in the 128-bit destination subject to writemask k1. 
EVEX.256.66.0F38.W0O 7C /r A VIV AVX512VL_ | Broadcast a 32-bit value from a GPR to all double-words 
VPBROADCASTD ymm1 {k1}{z}, r32 AVX512F in the 256-bit destination subject to writemask k1. 
EVEX.512.66.0F38.WO 7C /r A VIV AVX512F Broadcast a 32-bit value from a GPR to all double-words 
VPBROADCASTD zmm1 {k1}{2}, r32 in the 512-bit destination subject to writemask k1. 
EVEX.128.66.0F38.W1 7C /r A VINE. AVX512VL_ | Broadcast a 64-bit value from a GPR to all quad-words in 
VPBROADCASTQ xmm1 {k1}{z}, r64 AVX512F the 128-bit destination subject to writemask k1. 
EVEX.256.66.0F38.W1 7C /r A VINE. AVX512VL_ | Broadcast a 64-bit value from a GPR to all quad-words in 
VPBROADCASTQ ymm1 {k1}{z}, r64 AVX512F the 256-bit destination subject to writemask k1. 
EVEX.512.66.0F38.W1 7C /r A VINE. AVX512F Broadcast a 64-bit value from a GPR to all quad-words in 
VPBROADCASTQ zmm1 {k1}{z}, r64 the 512-bit destination subject to writemask k1. 


NOTES: 


1. EVEX.W in non-64 bit is ignored; the instructions behaves as if the WO version is used. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Broadcasts a 8-bit, 16-bit, 32-bit or 64-bit value from a general-purpose register (the second operand) to all the 
locations in the destination vector register (the first operand) using the writemask k1. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 
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Operation 


VPBROADCASTB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SRC[7:0] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+7:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPBROADCASTW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = SRC[15:0] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPBROADCASTD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC[31:0] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPBROADCASTQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = SRC[63:0] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPBROADCASTB __m512i_mm512_mask_set1_epi8(__m512is,__ mmask64 k, int a); 
VPBROADCASTB __m512i_mm512_maskz_set1_epi8(__mmask64 k, int a); 
VPBROADCASTB __m256i__mm256_mask_set1_epi8(__m256i s,__ mmask32 k, int a); 
VPBROADCASTB __m256i__mm256_maskz_set1_epi8(__mmask32 k, int a); 
VPBROADCASTB __m128i_mm_mask_set1_epi8(__m128is,__ mmask16 k, int a); 
VPBROADCASTB __m128i__mm_maskz_set1_epi8(__mmask16 kK, int a); 
VPBROADCASTD __m512i_mm512_mask_set1_epi32(__m512is,__mmask16 kK, int a); 
VPBROADCASTD __m512i_mm512_maskz_set1_epi32(__mmask16 k, int a); 
VPBROADCASTD __m256i__mm256_mask_set1_epi32(__m256is,__ mmask8 k, int a); 
VPBROADCASTD __m256i __mm256_maskz_set1_epi32(__mmask8 k, int a); 
VPBROADCASTD __m128i __mm_mask_set1_epi32(__m128i s, __mmask8 k, int a); 
VPBROADCASTD __m128i_mm_maskz_set1_epi32(__mmask8 k, int a); 
VPBROADCASTQ __m512i__mm512_mask_set1_epi64(__m512i s,___mmask8 k, __int64 a); 
VPBROADCASTQ __m512i_mm512_maskz_set1_epi64(__mmask8 k, __int64 a); 
VPBROADCASTQ __m256i__mm256_mask_set1_epi64(__m256i s,___ mmask8 k, __int64 a); 
VPBROADCASTQ __m256i__mm256_maskz_set1_epi64(_mmask8 k, __int64 a); 
VPBROADCASTQ __m128i __mm_mask_set1_epi64(__m128i s,__mmask8 k, __int64 a); 
VPBROADCASTQ __m128i__mm_maskz_set1_epi64(__mmask8 k, __int64 a); 
VPBROADCASTW __m512i_mm512_mask_set1_epi16(__m512is, __ mmask32 k, int a); 
VPBROADCASTW __m512i_mm512_maskz_set1_epi16(__mmask32 k, int a); 
VPBROADCASTW __m256i_mm256_mask_set1_epi16(__m256i s,___ mmask16 kK, int a); 
VPBROADCASTW __m256i__mm256_maskz_set1_epi16(__mmask16 k, int a); 
VPBROADCASTW __m128i_mm_mask_set1_epi16(__m128i s,___ mmask8 k, int a); 
VPBROADCASTW __m128i __mm_maskz_set1_epi16(__mmask8 k, int a); 


Exceptions 


EVEX-encoded instructions, see Table 2-55, “Type E7NM Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support Flag 
VEX.128.66.0F38.W0 78 /r A VIV AVX2 Broadcast a byte integer in the source operand 
VPBROADCASTB xmm1, xmm2/m8 to sixteen locations in xmm1. 
VEX.256.66.0F38.W0 78 /r A VIV AVX2 Broadcast a byte integer in the source operand 
VPBROADCASTB ymm1, xmm2/m8 to thirty-two locations in ymm1. 
EVEX.128.66.0F38.W0 78 /r B VV AVX512VL_ | Broadcast a byte integer in the source operand 
VPBROADCASTB xmm1{k1}{z}, xmm2/m8 AVX512BW | to locations in xmm1 subject to writemask k1. 
EVEX.256.66.0F38.W0O 78 /r B VIV AVX512VL | Broadcast a byte integer in the source operand 
VPBROADCASTB ymm1{k1}{z}, xmm2/m8 AVX512BW | to locations in ymm1 subject to writemask k1. 
EVEX.512.66.0F38.W0O 78 /r B VIV AVX512BW | Broadcast a byte integer in the source operand 
VPBROADCASTB zmm1{k1}{z}, xmm2/m8 to 64 locations in zmm1 subject to writemask 
k1. 
VEX.128.66.0F38.W0 79 /r A VIV AVX2 Broadcast a word integer in the source 
VPBROADCASTW xmm1, xmm2/m16 operand to eight locations in xmm1. 
VEX.256.66.0F38.W0 79 /r A VIV AVX2 Broadcast a word integer in the source 
VPBROADCASTW ymm1, xmm2/m16 operand to sixteen locations in ymm1. 
EVEX.128.66.0F38.W0O 79 /r B VIV AVX512VL_ | Broadcast a word integer in the source 
VPBROADCASTW xmm1{k1}{z}, xmm2/m16 AVX512BW | operand to locations in xmm1 subject to 
writemask k1. 
EVEX.256.66.0F38.W0 79 /r B VIV AVX512VL_ | Broadcast a word integer in the source 
VPBROADCASTW ymm1{k1}{z}, xmm2/m16 AVX512BW | operand to locations in ymm1 subject to 
writemask k1. 
EVEX.512.66.0F38.W0 79 /r B VIV AVX512BW | Broadcast a word integer in the source 
VPBROADCASTW zmm1{k1}{z}, xmm2/m16 operand to 32 locations in zmm1 subject to 
writemask k1. 
VEX.128.66.0F38.W0 58 /r A VIV AVX2 Broadcast a dword integer in the source 
VPBROADCASTD xmm1, xmm2/m32 operand to four locations in xmm1. 
VEX.256.66.0F38.W0 58 /r A VIV AVX2 Broadcast a dword integer in the source 
VPBROADCASTD ymm1, xmm2/m32 operand to eight locations in ymm1. 
EVEX.128.66.0F38.W0 58 /r B VIV AVX512VL_ | Broadcast a dword integer in the source 
VPBROADCASTD xmm1 {k1}{z}, xmm2/m32 AVX512F operand to locations in xmm1 subject to 
writemask k1. 
EVEX.256.66.0F38.W0 58 /r B VIV AVX512VL_ | Broadcast a dword integer in the source 
VPBROADCASTD ymm1 {k1}{z}, xmm2/m32 AVX512F operand to locations in ymm1 subject to 
writemask k1. 
EVEX.512.66.0F38.W0 58 /r B VIV AVX512F Broadcast a dword integer in the source 
VPBROADCASTD zmm1 {k1}{z}, xmm2/m32 operand to locations in zmm1 subject to 
writemask k1. 
VEX.128.66.0F38.W0 59 /r A VIV AVX2 Broadcast a qword element in source operand 
VPBROADCASTQ xmm1, xmm2/m64 to two locations in xmm1. 
VEX.256.66.0F38.W0 59 /r A VIV AVX2 Broadcast a qword element in source operand 
VPBROADCASTQ ymm1, xmm2/m64 to four locations in ymm1. 
EVEX.128.66.0F38.W1 59 /r B VIV AVX512VL_ | Broadcast a qword element in source operand 
VPBROADCASTQ xmm1 {k1}{z}, xmm2/m64 AVX512F to locations in xmm1 subject to writemask k1. 
EVEX.256.66.0F38.W1 59 /r B VIV AVX512VL_ | Broadcast a qword element in source operand 
VPBROADCASTQ ymm1 {k1}{z}, xmm2/m64 AVX512F to locations in ymm1 subject to writemask k1. 
EVEX.512.66.0F38.W1 59 /r B VIV AVX512F Broadcast a qword element in source operand 
VPBROADCASTQ zmm1 {k1}{z}, xmm2/m64 to locations in zmm1 subject to writemask k1. 
EVEX.128.66.0F38.W0 59 /r C VIN AVX512VL_ | Broadcast two dword elements in source 
VBROADCASTI32x2 xmm1 {k1}{z}, xmm2/m64 AVX512DQ_ | operand to locations in xmm1 subject to 
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Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 

EVEX.256.66.0F38.W0 59 /r C VIN AVX512VL | Broadcast two dword elements in source 

VBROADCASTI32x2 ymm1 {k1}{z}, xmm2/m64 AVX512DQ | operand to locations in ymm1 subject to 
writemask k1. 

EVEX.512.66.0F38.W0 59 /r C VV AVX512DQ | Broadcast two dword elements in source 

VBROADCASTI32x2 zmm1 {k1}{z}, xmm2/m64 operand to locations in zmm1 subject to 
writemask k1. 

VEX.256.66.0F38.W0 5A /r A VIV AVX2 Broadcast 128 bits of integer data in mem to 

VBROADCASTI128 ymm1, m128 low and high 128-bits in ymm1. 

EVEX.256.66.0F38.W0 5A /r D VIV AVX512VL | Broadcast 128 bits of 4 doubleword integer 

VBROADCASTI32X4 ymm1 {k1}{z}, m128 AVX512F data in mem to locations in ymm1 using 
writemask k1. 

EVEX.512.66.0F38.W0 5A /r D VIV AVX512F Broadcast 128 bits of 4 doubleword integer 

VBROADCASTI32X4 zmm1 {k1}{z}, m128 data in mem to locations in zmm1 using 
writemask k1. 

EVEX.256.66.0F38.W1 5A /r C VIV AVX512VL_ | Broadcast 128 bits of 2 quadword integer data 

VBROADCASTI64X2 ymm1 {k1}{z}, m128 AVX512DQ | inmem to locations in ymm1 using writemask 
k1, 

EVEX.512.66.0F38.W1 5A /r C VIV AVX512DQ | Broadcast 128 bits of 2 quadword integer data 

VBROADCASTI64X2 zmm1 {k1}{z}, m128 in mem to locations in zmm1 using writemask 
k1, 

EVEX.512.66.0F38.W0 5B /r E VIV AVX512DQ | Broadcast 256 bits of 8 doubleword integer 

VBROADCASTI32X8 zmm1 {k1}{z}, m256 data in mem to locations in zmm1 using 
writemask k1. 

EVEX.512.66.0F38.W1 5B /r D VIV AVX512F Broadcast 256 bits of 4 quadword integer data 

VBROADCASTI64X4 zmm1 {k1}{z}, m256 in mem to locations in zmm1 using writemask 
k1, 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) NA NA 
B Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
C Tuple2 ModRM:reg (w) ModRM:r/m (r) NA NA 
D Tuple4 ModRM:reg (w) ModRM:r/m (r) NA NA 
E Tuple8 ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Load integer data from the source operand (the second operand) and broadcast to all elements of the destination 


operand (the first operand). 


VEX256-encoded VPBROADCASTB/W/D/Q: The source operand is 8-bit, 16-bit, 32-bit, 64-bit memory location or 
the low 8-bit, 16-bit 32-bit, 64-bit data in an XMM register. The destination operand is a YMM register. 
VPBROADCASTI128 support the source operand of 128-bit memory location. Register source encodings for 
VPBROADCASTI128 is reserved and will #UD. Bits (MAXVL-1:256) of the destination register are zeroed. 
EVEX-encoded VPBROADCASTD/Q: The source operand is a 32-bit, 64-bit memory location or the low 32-bit, 64- 
bit data in an XMM register. The destination operand is a ZMM/YMM/XMM register and updated according to the 
writemask k1. 
VPBROADCASTI32X4 and VPBROADCASTI64X4: The destination operand is a ZMM register and updated according 
to the writemask k1. The source operand is 128-bit or 256-bit memory location. Register source encodings for 
VBROADCASTI32X4 and VBROADCASTI64X4 are reserved and will #UD. 
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Note: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 
If VPBROADCASTI128 is encoded with VEX.L= 0, an attempt to execute the instruction encoded with VEX.L= 0 will 


cause an #UD exception. 


DEST| XO 


XO 


XO 


XO 


XO 


XO 


XO 


XO 


Figure 5-16. VPBROADCASTD Operation (VEX.256 encoded version) 


m32 x0 
DES 0) 0) 0 0) 0) Xo a) 0) 
Figure 5-17. VPBROADCASTD Operation (128-bit version) 
m64 [ x | 
DEST| xo Xo xo xo 
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Figure 5-18. VPBROADCASTQ Operation (256-bit version) 
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m128 


DEST| xo 


Figure 5-19. VBROADCASTI128 Operation (256-bit version) 


m256 


DES xO 


Figure 5-20. VBROADCASTI256 Operation (512-bit version) 


Operation 


VPBROADCASTB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN DEST{i+7:i] := SRC[7:0] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPBROADCASTW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] = SRC[15:0] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPBROADCASTD (128 bit version) 
temp := SRC[31:0] 

DEST[31:0] := temp 

DEST[63:32] := temp 

DEST[95:64] := temp 

DEST[127:96] := temp 
DEST[MAXVL-1:128] := 0 


VPBROADCASTD (VEX.256 encoded version) 
temp := SRC[31:0] 
DEST[31:0] := temp 
DEST[63:32] := temp 
DEST[95:64] := temp 
DEST[127:96] := temp 
DEST[159:1 28] := temp 
DEST[191:160] := temp 
DEST[223:192] := temp 
DEST[255:224] := temp 
DEST[MAXVL-1:256] := 0 


VPBROADCASTD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i= j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] := SRC[31:0] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPBROADCASTQ (VEX.256 encoded version) 
temp := SRC[63:0] 

DEST[63:0] := temp 

DEST[127:64] := temp 

DEST[191:128] := temp 

DEST[255:192] := temp 

DEST[MAXVL-1:256] := 0 


VPBROADCASTQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = SRC[63:0] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
VBROADCASTI32x2 (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 

i:=j* 32 

n:= (j mod 2) * 32 

IF k1[j] OR *no writemask* 

THEN DEST[i+31:i] = SRC[n+31:n] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VBROADCASTI1 28 (VEX.256 encoded version) 
temp := SRC[127:0] 

DEST[127:0] := temp 

DEST[255:1 28] := temp 

DEST[MAXVL-1:256] := 0 
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VBROADCASTI32X4 (EVEX encoded versions) 
(KL, VL) = (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
n:= (j modulo 4) * 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC[n+31:n] 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VBROADCASTI64X2 (EVEX encoded versions) 
(KL, VL) = (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
n:= (j modulo 2) * 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = SRC[n+63:n] 


ELSE 

IF *merging-masking* ; mMerging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] = 0 
Fl 
Fl; 
ENDFOR; 


VBROADCASTI32X8 (EVEX.U1.512 encoded version) 
FOR j:=0TO15 
i:=j* 32 
n:= (j modulo 8) * 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SRC[n+31:n] 


ELSE 

IF *merging-masking* ;merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VBROADCASTI64X4 (EVEX.512 encoded version) 
FOR j :=OTO7 
i:=j* 64 
n:= (j modulo 4) * 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = SRC[n+63:n] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPBROADCASTB __m512i_mm512_broadcastb_epi8(__m128i a); 

VPBROADCASTB __m512i_mm512_mask_broadcastb_epi8(__m512is,__ mmask64 k,___m128i a); 
VPBROADCASTB __m512i_mm512_maskz_broadcastb_epi8(__ mmask64 k,__m128i a); 
VPBROADCASTB __m256i__mm256_broadcastb_epi8(__m1 28i a); 

VPBROADCASTB __m256i__mm256_mask_broadcastb_epi8(__m256i s,__ mmask32 k,___m128i a); 
VPBROADCASTB __m256i__mm256_maskz_broadcastb_epi8(__mmask32 k,__m128i a); 
VPBROADCASTB __m128i__mm_mask_broadcastb_epi8(__m128i s,__ mmask16 k,__m128i a); 
VPBROADCASTB __m128i__mm_maskz_broadcastb_epi8(__mmask16 k,___m128i a); 
VPBROADCASTB __m128i__mm_broadcastb_epi8(__m128i a); 

VPBROADCASTD __m512i_mm512_broadcastd_epi32(__m128i a); 

VPBROADCASTD __m512i_mm512_mask_broadcastd_epi32(__m512is,__ mmask16 k,___m128i a); 
VPBROADCASTD __m512i_mm512_maskz_broadcastd_epi32(__ mmask16 k, __m128i a); 
VPBROADCASTD __m256i__mm256_broadcastd_epi32(__m128i a); 

VPBROADCASTD __m256i __mm256_mask_broadcastd_epi32(__m256i s,___ mmask8 k, 
VPBROADCASTD __m256i__mm256_maskz_broadcastd_epi32(__mmask8 k, __m128i a); 
VPBROADCASTD __m128i _mm_broadcastd_epi32(__m128i a); 

VPBROADCASTD __m128i __mm_mask_broadcastd_epi32(__m128i s,___mmask8 k,___m128i a); 
VPBROADCASTD __m128i_mm_maskz_broadcastd_epi32(__mmask8 k, __m128i a); 
VPBROADCASTQ __m512i_mm512_broadcastq_epi64( __m128i a); 

VPBROADCASTQ __m512i_mm512_mask_broadcastq_epi64(__m512i s,___mmask8 k, __m128i a); 
VPBROADCASTQ __m512i_mm512_maskz_broadcastq_epi64(_mmask8 k, __m128i a); 
VPBROADCASTQ __m256i __mm256_broadcastq_epi64(__m128i a); 

VPBROADCASTQ __m256i__mm256_mask_broadcastq_epi64(__m256i s, ___mmask8 k, __m128i a); 
VPBROADCASTQ __m256i _mm256_maskz_broadcastq_epi64(__mmask8 k, __m128i a); 
VPBROADCASTQ __m128i __mm_broadcastq_epi64(__m128i a); 

VPBROADCASTQ __m128i __mm_mask_broadcastq_epi64(__m128is,__ mmask8 k, 
VPBROADCASTQ __m128i __mm_maskz_broadcastq_epi64(__mmask8 k, __m128i a); 
VPBROADCASTW __m512i_mm512_broadcastw_epi16(__m128i a); 

VPBROADCASTW __m512i_mm512_mask_broadcastw_epi16(__m512is,__ mmask32 k, __m128i a); 
VPBROADCASTW __m512i_mm512_maskz_broadcastw_epi16(__mmask32 k,___m128i a); 
VPBROADCASTW __m256i __mm256_broadcastw_epi16(__m128i a); 

VPBROADCASTW __m256i __mm256_mask_broadcastw_epi16(__m256i s,__ mmask16 k, 
VPBROADCASTW __m256i __mm256_maskz_broadcastw_epi16(__mmask16 k,___m128i a); 
VPBROADCASTW __m128i __mm_broadcastw_epi16(__m128i a); 

VPBROADCASTW __m128i_mm_mask_broadcastw_epi16(__m128is,__ mmask8 k, __m128i a); 
VPBROADCASTW __m128i _mm_maskz_broadcastw_epi16(___mmask8 k, _m128i a); 
VBROADCASTI32x2 __m512i_mm512_broadcast_i32x2(__m128i a); 


m1 28i a); 


m128i a); 


m1 28i a); 


5-318 Vol. 2C VPBROADCAST—Load Integer and Broadcast 


VBROADCASTI32x2 __m512i 


INSTRUCTION SET REFERENCE, V-Z 


mm512_mask_broadcast_i32x2(__m512is,__ mmask16 k,__m128i a); 


VBROADCASTI32x2 __m512i 


mm512_maskz_broadcast_i32x2(___mmask16 k,___m128i a); 


VBROADCASTI32x2 __m256i 


mm256_broadcast_i32x2(__m128i a); 


VBROADCASTI32x2 __m256i __mm256_mask_broadcast_i32x2(__m256i s,__ mmask8 k,__m128i a); 
VBROADCASTI32x2 __m256i __mm256_maskz_broadcast_i32x2(__mmask8 k, __m128i a); 
VBROADCASTI32x2 __m128i __mm_broadcast_i32x2(__m128i a); 
VBROADCASTI32x2 __m128i __mm_mask_broadcast_i32x2(__m128i s,__ mmask8 k, 
VBROADCASTI32x2 __m128i __mm_maskz_broadcast_i32x2(__mmask8 k, __m128i a); 
VBROADCASTI32x4 __m512i_mm512_broadcast_i32x4(__m128i a); 


m128i a); 


VBROADCASTI32x4 __m512i__mm512_mask_broadcast_i32x4(__m512is,__ mmask16 k,__m128i a); 


VBROADCASTI32x4 __m512i_mm512_maskz_broadcast_i32x4(__mmask16 k, __m128i a); 
VBROADCASTI32x4 __m256i__mm256_broadcast_i32x4(__m128i a); 

VBROADCASTI32x4 __m256i _mm256_mask_broadcast_i32x4(__m256i s,___ mmask8 k,___m128i a); 
VBROADCASTI32x4 __m256i __mm256_maskz_broadcast_i32x4(__mmask8 k, __m128i a); 
VBROADCASTI32x8 __m512i_mm512_broadcast_i32x8(__m256i a); 


VBROADCASTI32x8 __m512i__mm512_mask_broadcast_i32x8(__m512i s,___ mmask16 k,___m256i a); 


VBROADCASTI32x8 __m512i_mm512_maskz_broadcast_i32x8(__mmask16 k, __m256i a); 
VBROADCASTI64x2 __m512i_mm512_broadcast_i64x2(__m128i a); 

VBROADCASTI64x2 __ m512i_mm512_mask_broadcast_i64x2(__m512i s,__ mmask8 k,___m128i a); 
VBROADCASTI64x2 _ m512i_mm512_maskz_broadcast_i64x2(__mmask8 k, __m128i a); 
VBROADCASTI64x2 __m256i__mm256_broadcast_i64x2(__m128i a); 

VBROADCASTI64x2 __ m256i __mm256_mask_broadcast_i64x2(__m256i s,___ mmask8 k,__m128i a); 
VBROADCASTI64x2 __ m256i __mm256_maskz_broadcast_i64x2(__mmask8 k, __m128i a); 
VBROADCASTI64x4 __ _m512i_mm512_broadcast_i64x4(__m256i a); 

VBROADCASTI64x4 _ m512i__mm512_mask_broadcast_i64x4(__m512i s,___ mmask8 k, __ m256i a); 
VBROADCASTI64x4 _—_m512i_mm512_maskz_broadcast_i64x4(__mmask8 k, __m256i a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instructions, see Table 2-23, “Type 6 Class Exception Conditions”. 


EVEX-encoded instructions, syntax with reg/mem operand, see Table 2-53, “Type E6 Class Exception Conditions”. 


Additionally: 

#UD If VEX.L = 0 for VPBROADCASTQ, VPBROADCASTI128. 
If EVEX.L’L = 0 for VBROADCASTI32X4/VBROADCASTI64X2. 
If EVEX.L’L < 10b for VBROADCASTI32X8/VBROADCASTI64X4. 
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VPBROADCASTM—Broadcast Mask to Vector Register 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support Flag 
EVEX.128.F3.0F38.W1 2A /r RM VIV AVX512VL | Broadcast low byte value in k1 to two locations in xmm1. 
VPBROADCASTMB2Q xmm1, k1 AVX512CD 
EVEX.256.F3.0F38.W1 2A /r RM VIV AVX512VL | Broadcast low byte value in k1 to four locations in ymm1. 
VPBROADCASTMB2Q ymm1, k1 AVX512CD 
EVEX.512.F3.0F38.W1 2A /r RM VIV AVX512CD | Broadcast low byte value in k1 to eight locations in zmm1. 
VPBROADCASTMB2Q zmm1, k1 
EVEX.128.F3.0F38.W0 3A /r RM VIV AVX512VL | Broadcast low word value in k1 to four locations in xmm1. 
VPBROADCASTMW2D xmm1, k1 AVX512CD 
EVEX.256.F3.0F38.W0 3A /r RM VIV AVX512VL | Broadcast low word value in k1 to eight locations in ymm1. 
VPBROADCASTMW2D ymm1, k1 AVX512CD 
EVEX.512.F3.0F38.W0 3A /r RM VV AVX512CD | Broadcast low word value in k1 to sixteen locations in 
VPBROADCASTMW2D zmm1, k1 zmm1. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Broadcasts the zero-extended 64/32 bit value of the low byte/word of the source operand (the second operand) to 
each 64/32 bit element of the destination operand (the first operand). The source operand is an opmask register. 
The destination operand is a ZMM register (EVEX.512), YMM register (EVEX.256), or XMM register (EVEX.128). 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Operation 


VPBROADCASTMB2Q 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 

i:= j*64 

DEST[i+63:i] := ZeroExtend(SRC[7:0]) 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPBROADCASTMW2D 
(KL, VL) = (4, 128), (8, 256),(16, 512) 
FOR j := 0 TOKL-1 

i:= j*32 

DEST[i+31:i] := ZeroExtend(SRC[15:0]) 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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VPBROADCASTMB2Q __m512i_mm512_broadcastmb_epi64(__mmask8); 
VPBROADCASTMW2D __m512i_mm512_broadcastmw_epi32(__mmask16); 
VPBROADCASTMB2Q __m256i__mm256_broadcastmb_epi64(___mmask8); 
VPBROADCASTMW2D __m256i __mm256_broadcastmw_epi32(__mmask8); 
VPBROADCASTMB2Q __m128i __mm_broadcastmb_epi64( ___mmask8); 
VPBROADCASTMW2D __m128i__mm_broadcastmw_epi32(__mmask8); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


EVEX-encoded instruction, see Table 2-54, “Type E6NF Class Exception Conditions”. 
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VPCMPB/VPCMPUB—Compare Packed Byte Values Into Mask 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F3A.WO 3F /r ib A VIV AVX512VL_ | Compare packed signed byte values in xmm3/m128 and 
AVX512BW | xmmz using bits 2:0 of imm8 as a comparison predicate 
VPCMPB k1 {k2}, xmm2, with writemask k2 and leave the result in mask register 
xmm3/m128, imm8 k1, 
EVEX.256.66.0F3A.WO 3F /r ib A VV AVX512VL_ | Compare packed signed byte values in ymm3/m256 and 
AVX512BW | ymm2 using bits 2:0 of imm8 as a comparison predicate 
VPCMPB k1 {k2}, ymm2, with writemask k2 and leave the result in mask register 
ymm3/m256, imm8 k1. 
EVEX.512.66.0F3A.WO 3F /r ib A VIN AVX512BW | Compare packed signed byte values in zmm3/m512 and 
VPCMPB k1 {k2}, zmm2, zmm_2 using bits 2:0 of imm8 as a comparison predicate 
zmm3/m51 2, imm8 with writemask k2 and leave the result in mask register 
k1. 
EVEX.128.66.0F3A.WO 3€ /r ib A VIV AVX512VL_ | Compare packed unsigned byte values in xmm3/m128 
AVX512BW | and xmm2 using bits 2:0 of imm8 as a comparison 
VPCMPUB k1 {k2}, xmm2, predicate with writemask k2 and leave the result in mask 
xmm3/m128, imm8 register k1. 
EVEX.256.66.0F3A.WO 3€ /r ib A VIV AVX512VL_ | Compare packed unsigned byte values in ymm3/m256 
AVX512BW | and ymm2 using bits 2:0 of imm8 as a comparison 
VPCMPUB k1 {k2}, ymm2, predicate with writemask k2 and leave the result in mask 
ymm3/m256, imm8 register k1. 
EVEX.512.66.0F3A.WO 3€ /r ib A VV AVX512BW | Compare packed unsigned byte values in zmm3/m512 
VPCMPUB k1 {k2}, zmm2, and zmm2 using bits 2:0 of imm8 as a comparison 
zmm3/m512, imm8 predicate with writemask k2 and leave the result in mask 
register k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (w) vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD compare of the packed byte values in the second source operand and the first source operand and 
returns the results of the comparison to the mask destination operand. The comparison predicate operand (imme- 
diate byte) specifies the type of comparison performed on each pair of packed values in the two source operands. 
The result of each comparison is a single mask bit result of 1 (comparison true) or 0 (comparison false). 


VPCMPB performs a comparison between pairs of signed byte values. 
VPCMPUB performs a comparison between pairs of unsigned byte values. 


The first source operand (second operand) is a ZMM/YMM/XMM register. The second source operand can be a 
ZMM/YMM/XMM register or a 512/256/128-bit memory location. The destination operand (first operand) is a mask 
register k1. Up to 64/32/16 comparisons are performed with results written to the destination operand under the 
writemask k2. 
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The comparison predicate operand is an 8-bit immediate: bits 2:0 define the type of comparison to be performed. 
Bits 3 through 7 of the immediate are reserved. Compiler can implement the pseudo-op mnemonic listed in Table 
5-17. 


Table 5-17. Pseudo-Op and VPCMP* Implementation 


Pseudo-Op PCMPM Implementation 
VPCMPEQ* reg7, reg2, reg3 VPCMP* reg1, reg2, reg3, O 
VPCMPLT* reg1, reg2, reg3 VPCMP*reg1, reg2, reg3, 1 
VPCMPLE* reg1, reg2, reg3 VPCMP* reg1, reg2, reg3, 2 
VPCMPNEOQ* reg1, reg2, reg3 VPCMP* reg1, reg2, reg3, 4 
VPPCMPNLT* reg1, reg2, reg3 VPCMP* reg1, reg2, reg3, 5 
VPCMPNLE* reg1, reg2, reg3 VPCMP* reg1, reg2, reg3, 6 
Operation 
CASE (COMPARISON PREDICATE) OF 
O: OP := EQ; 
1: OP := LT; 
2: OP := LE; 
3: OP := FALSE; 
4: OP := NEQ; 
5: OP := NLT; 
6: OP := NLE; 
7: OP := TRUE; 
ESAC; 


VPCMPB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 


i:=j*8 
IF k2[j] OR *no writemask* 
THEN 
CMP := SRC1[i+7:i] OP SRC2[i+7:i]; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; FI; 
ELSE DEST{[j] = 0 ; zeroing-masking onlyFl; 
Fl; 
ENDFOR 


DEST[MAX_KL-1:KL] := 0 
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VPCMPUB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 


i:=j*8 
IF k2[j] OR *no writemask* 
THEN 
CMP := SRC1[i+7:i] OP SRC2[i+7:i]; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; Fl; 
ELSE DEST{[j] = 0 ; zeroing-masking onlyFl; 
Fl; 
ENDFOR 


DEST[MAX_KL-1:KL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPCMPB __mmask64 _mm512_cmp_epi8_mask(__m512i a, __m512i b, int cmp); 

VPCMPB __mmask64 _mm512_mask_cmp_epi8_mask(___mmask64 m,__m512i a, ___m512ib, int cmp); 

VPCMPB __mmask32 _mm256_cmp_epi8_mask(__m256i a, __ m256i b, int cmp); 

VPCMPB __mmask32 _mm256_mask_cmp_epi8_mask( ___mmask32 m,__m256i a, __m256i b, int cmp); 

VPCMPB __mmask16 _mm_cmp_epi8_mask(__m128i a,___m128i b, int cmp); 

VPCMPB __mmask16 _mm_mask_cmp_epi8_mask(__mmask16 m,__m128i a, ___m128i b, int cmp); 

VPCMPB __mmask64 _mm512_cmp[eq|gelgt|le|lt|neq]_epi8_mask(_m512i a,__m512ib); 

VPCMPB __mmask64 _mm512_mask_cmp[eq|gelgtlle|ItIneq]_epi8_mask(__mmask64 m,_m512i a,__m512i b); 
VPCMPB __mmask32 _mm256_cmp[eq|gelgt|le|lt|neq]_epi8_mask( __m256i a, __m256i b); 

VPCMPB __mmask32 _mm256_mask_cmp[eq|gelgtlle|It|neq]_epi8_mask(__mmask32 m,__m256i a,__ m256i b); 
VPCMPB __mmask16 _mm_cmpfeq|ge|gt|le|lt|neq]_epi8_mask(__m128i a, ___m128i b); 

VPCMPB __mmask16 _mm_mask_cmp[eq|gel|gtlle|It|neq]_epi8_mask(__mmask16 m, ___m128i a,__m128i b); 

VPCMPUB __mmask64_mm512_cmp_epu8_mask(__m512ia,__m512ib, int cmp); 

VPCMPUB __mmask64 __mm512_mask_cmp_epu8_mask(__mmask64 m,_m512i a,__m512i, int cmp); 

VPCMPUB __mmask32 _mm256_cmp_epu8_mask(__m256i a,__ m256i b, int cmp); 

VPCMPUB __mmask32 _mm256_mask_cmp_epu8_mask(__mmask32 m,__m256i a,__ m256i b, int cmp); 

VPCMPUB __mmask16 _mm_cmp_epu8_mask(__m128i a,__m128ib, int cmp); 

VPCMPUB __mmask16 _mm_mask_cmp_epu8_mask(__mmask16 m, __m128i a, ___m128i, int cmp); 

VPCMPUB __mmask64_mm512_cmpf[eq|ge|gtlle|It|neq]_epu8_mask(__m512i a,__m512i b, int cmp); 

VPCMPUB __mmask64 __mm512_mask_cmp[eq|ge|gt|le|lt|neq]_epu8_mask(___ mmask64 m,__m512i a,__m512ib, int cmp); 
VPCMPUB __mmask32 _mm256_cmp[eq|ge|gtlle|It|neq]_epu8_mask(__m256i a, ___ m256i b, int cmp); 

VPCMPUB __mmask32 _mm256_mask_cmp[eq|ge|gt|le|lt|neq]_epu8_mask(_mmask32 m,__m256i a, ___m256i b, int cmp); 
VPCMPUB __mmask16 _mm_cmp[eq|gelgtlle|It|Ineq]_epu8_mask(__m128i a,__m128i b, int cmp); 

VPCMPUB __mmask16 _mm_mask_cmp[eq|ge|gt|le|lt|neq]_epu8_mask(___mmask16 m,__m128i a,__m128i b, int cmp); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 


5-324 Vol. 2C VPCMPB/VPCMPUB—Compare Packed Byte Values Into Mask 


INSTRUCTION SET REFERENCE, V-Z 


VPCMPD/VPCMPUD—Compare Packed Integer Values into Mask 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 

EVEX.128.66.0F3A.WO 1F /r ib A VIV AVX512VL | Compare packed signed doubleword integer values in 

VPCMPD k1 {k2}, xmm2, AVX512F xmm3/m128/m32bcst and xmm2z using bits 2:0 of imm8 

xmm3/m128/m32bcst, imm8 as a comparison predicate with writemask k2 and leave 
the result in mask register k1. 

EVEX.256.66.0F3A.WO 1F /r ib A VIV AVX512VL | Compare packed signed doubleword integer values in 

VPCMPD k1 {k2}, ymm2, AVX512F ymm3/m256/m32bcst and ymmz using bits 2:0 of imm8 

ymm3/m256/m32bcst, imm8 as a comparison predicate with writemask k2 and leave 
the result in mask register k1. 

EVEX.512.66.0F3A.WO 1F /r ib A VIV AVX512F Compare packed signed doubleword integer values in 

VPCMPD k1 {k2}, zmm2, zmm2 and zmm3/m512/m32bcst using bits 2:0 of imm8 

zmm3/m512/m32bcst, imm8 as a comparison predicate. The comparison results are 
written to the destination k1 under writemask k2. 

EVEX.128.66.0F3A.WO 1€ /r ib A VIV AVX512VL | Compare packed unsigned doubleword integer values in 

VPCMPUD k1 {k2}, xmm2, AVX512F xmm3/m128/m32bcst and xmm2z using bits 2:0 of imm8 

xmm3/m128/m32bcst, imm8 as a comparison predicate with writemask k2 and leave 
the result in mask register k1. 

EVEX.256.66.0F3A.WO 1€ /r ib A VIV AVX512VL | Compare packed unsigned doubleword integer values in 

VPCMPUD k1 {k2}, ymm2, AVX512F ymm3/m256/m32bcst and ymmz using bits 2:0 of imm8 

ymm3/m256/m32bcst, imm8 as a comparison predicate with writemask k2 and leave 
the result in mask register k1. 

EVEX.512.66.0F3A.WO 1€ /r ib A VIV AVX512F Compare packed unsigned doubleword integer values in 

VPCMPUD k1 {k2}, zmm2, zmme2 and zmm3/m512/m32bcst using bits 2:0 of imm8 

zmm3/m512/m32bcst, imm8 as a comparison predicate. The comparison results are 
written to the destination k1 under writemask k2. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
Description 


Performs a SIMD compare of the packed integer values in the second source operand and the first source operand 
and returns the results of the comparison to the mask destination operand. The comparison predicate operand 
(immediate byte) specifies the type of comparison performed on each pair of packed values in the two source oper- 
ands. The result of each comparison is a single mask bit result of 1 (comparison true) or 0 (comparison false). 


VPCMPD/VPCMPUD performs a comparison between pairs of signed/unsigned doubleword integer values. 
The first source operand (second operand) is a ZMM/YMM/XMM register. The second source operand can be a 
ZMM/YMM/XMM register or a 512/256/128-bit memory location or a 512-bit vector broadcasted from a 32-bit 


memory location. The destination operand (first operand) is a mask register k1. Up to 16/8/4 comparisons are 
performed with results written to the destination operand under the writemask k2. 


The comparison predicate operand is an 8-bit immediate: bits 2:0 define the type of comparison to be performed. 
Bits 3 through 7 of the immediate are reserved. Compiler can implement the pseudo-op mnemonic listed in Table 
5-17. 
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INSTRUCTION SET REFERENCE, V-Z 


Operation 


CASE (COMPARISON PREDICATE) OF 
O: OP := EQ; 
1: OP := LT; 
2: OP :=LE; 
3: OP := FALSE; 
4: OP := NEQ; 
5: OP := NLT; 
6: OP := NLE; 
7: OP := TRUE; 
ESAC; 


VPCMPD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k2[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN CMP := SRC1[i+31:i] OP SRC2[31:0]; 
ELSE CMP := SRC1[i+31:i] OP SRC2[i+31:i]; 
Fl; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; FA; 
ELSE DEST{[j] := 0 ; zeroing-masking onlyFl; 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


VPCMPUD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k2[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN CMP := SRC1[i+31:i] OP SRC2[31:0]; 
ELSE CMP := SRC1[i+31:i] OP SRC2[i+31:i]; 
Fl; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; FA; 
ELSE DEST{[j] := 0 ; zeroing-masking onlyFl; 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 
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VPCMPD/VPCMPUD—Compare Packed Integer Values into Mask 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VPCMPD __mmask16 __mm512_cmp_epi32_mask(__m512i a,__m512ib, int imm); 

VPCMPD __mmask16 _mm512_mask_cmp_epi32_mask(__mmask16 k,___m512i a,__m512ib, int imm); 
VPCMPD __mmask16 _mm512_cmpfeq|lge|gtlle|lt|neq]_epi32_mask(_m512i a,__m512i b); 

VPCMPD __mmask16 _mm512_mask_cmp[eq|ge|gt|le|lt|neq]_epi32_mask(__mmask16 k,___m512i a,__m512i b); 
VPCMPUD __mmask16 _mm512_cmp_epu32_mask(__m512ia,__m512i, int imm); 

VPCMPUD __mmask16 __mm512_mask_cmp_epu32_mask(__mmask16 k,__m512i a,__m512ib, int imm); 
VPCMPUD __mmask16 _mm512_cmp[eq|gelgt|le|Itjneq]_epu32_mask(__m512i a,__m512ib); 


VPCMPUD __mmask16 __mm512_mask_cmpf[eq|ge|gtlle|lt|neq]_epu32_mask(__mmask16 k,__m512i a,__m512i b); 
VPCMPD __mmask8 _mm256_cmp_epi32_mask(__m256i a,__m256ib, int imm); 

VPCMPD __mmask8 _mm256_mask_cmp_epi32_mask(__mmask8 k,___m256i a, __ m256i b, int imm); 

VPCMPD __mmask8 _mm256_cmpfeq|ge|gt|le|lt|neq]_epi32_mask(__m256i a, __m256i b); 

VPCMPD __mmask8 _mm256_mask_cmp[eq|gelgt|le|ltIneq]_epi32_mask(__mmask8 k, __ m256i a, __m256i b); 
VPCMPUD __mmask8 __mm256_cmp_epu32_mask(__m256i a,__ m256i b, int imm); 

VPCMPUD __mmask8 _mm256_mask_cmp_epu32_mask(__mmask8 k, __ m256i a,__m256i b, int imm); 
VPCMPUD __mmask8 _mm256_cmp[eq|gelgtlle|Itineq]_epu32_mask(__m256i a, ___m256i b); 

VPCMPUD __mmask8 _mm256_mask_cmp[eq|ge|gtlle|lt|neq]_epu32_mask(__mmask8 k,___m256i a, __ m256i b); 
VPCMPD __mmask8 _mm_cmp_epi32_mask(__m128i a,__m128ib, int imm); 

VPCMPD __mmask8 _mm_mask_cmp_epi32_mask(__mmask8 k, __m128i a, ___m128i b, int imm); 

VPCMPD __mmask8 _mm_cmpfeaq|lge|gtlle|lt|neq]_epi32_mask(___m128i a,__m128i b); 

VPCMPD __mmask8 _mm_mask_cmp[eq|ge|gtle|lt|neq]_epi32_mask(__mmask8 k, __m128i a,__m128i b); 


VPCMPUD __mmask8 _mm_cmp_epu32_mask(__m128i a, __m128i b, int imm); 

VPCMPUD __mmask8 _mm_mask_cmp_epu32_mask(__mmask8 k, __m128i a,__m128ib, int imm); 
VPCMPUD __mmask8 _mm_cmp[eq|gelgtlle|Itineq]_epu32_mask(__m128i a,__m128i b); 

VPCMPUD __mmask8 _mm_mask_cmp[eq|lge|gtlle|lt|neq]_epu32_mask(__mmask8 k, __m128i a, ___m128i b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, V-Z 


VPCMPQ/VPCMPUQ—Compare Packed Integer Values into Mask 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 

EVEX.128.66.0F3A.W1 1F /r ib A VIV AVX512VL | Compare packed signed quadword integer values in 

VPCMPQ k1 {k2}, xmm2, AVX512F xmm3/m128/m64bcst and xmm_z using bits 2:0 of imm8 

xmm3/m128/m64bcst, imm8 as a comparison predicate with writemask k2 and leave 
the result in mask register k1. 

EVEX.256.66.0F3A.W1 1F /r ib A VIV AVX512VL | Compare packed signed quadword integer values in 

VPCMPQ k1 {k2}, ymm2, AVX512F ymm3/m256/m64bcst and ymmz using bits 2:0 of imm8 

ymm3/m256/m64bcst, imm8 as a comparison predicate with writemask k2 and leave 
the result in mask register k1. 

EVEX.512.66.0F3A.W1 1F /r ib A VIV AVX512F Compare packed signed quadword integer values in 

VPCMPQ k1 {k2}, zmm2, zmm3/m512/m64bcst and zmm2 using bits 2:0 of imm8 

zmm3/m512/m64bcst, imm8 as a comparison predicate with writemask k2 and leave 
the result in mask register k1. 

EVEX.128.66.0F3A.W1 1€ /r ib A VIV AVX512VL | Compare packed unsigned quadword integer values in 

VPCMPUQ k1 {k2}, xmm2, AVX512F xmm3/m128/m64bcst and xmmz using bits 2:0 of imm8 

xmm3/m1 28/m64bcst, imm8 as a comparison predicate with writemask k2 and leave 
the result in mask register k1. 

EVEX.256.66.0F3A.W1 1€ /r ib A VIV AVX512VL | Compare packed unsigned quadword integer values in 

VPCMPUQ k1 {k2}, ymm2, AVX512F ymm3/m256/m64bcst and ymmz using bits 2:0 of imm8 

ymm3/m256/m64bcst, imm8 as a comparison predicate with writemask k2 and leave 
the result in mask register k1. 

EVEX.512.66.0F3A.W1 1€ /r ib A VIV AVX512F Compare packed unsigned quadword integer values in 

VPCMPUQ k1 {k2}, zmm2, zmm3/m512/m64bcst and zmm_2 using bits 2:0 of imm8 

zmm3/m512/m64bcst, imm8 as a comparison predicate with writemask k2 and leave 
the result in mask register k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imms 
Description 


Performs a SIMD compare of the packed integer values in the second source operand and the first source operand 
and returns the results of the comparison to the mask destination operand. The comparison predicate operand 
(immediate byte) specifies the type of comparison performed on each pair of packed values in the two source oper- 
ands. The result of each comparison is a single mask bit result of 1 (comparison true) or 0 (comparison false). 


VPCMPQ/VPCMPUQ performs a comparison between pairs of signed/unsigned quadword integer values. 
The first source operand (second operand) is a ZMM/YMM/XMM register. The second source operand can be a 
ZMM/YMM/XMM register or a 512/256/128-bit memory location or a 512-bit vector broadcasted from a 64-bit 


memory location. The destination operand (first operand) is a mask register k1. Up to 8/4/2 comparisons are 
performed with results written to the destination operand under the writemask k2. 


The comparison predicate operand is an 8-bit immediate: bits 2:0 define the type of comparison to be performed. 
Bits 3 through 7 of the immediate are reserved. Compiler can implement the pseudo-op mnemonic listed in Table 
5-17. 
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Operation 


CASE (COMPARISON PREDICATE) OF 
O: OP := EQ; 
1: OP := LT; 
2: OP :=LE; 
3: OP := FALSE; 
4: OP := NEQ; 
5: OP := NLT; 
6: OP := NLE; 
7: OP := TRUE; 
ESAC; 


VPCMPQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k2[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN CMP := SRC1[i+63:i] OP SRC2[63:0]; 
ELSE CMP := SRC1[i+63:i] OP SRC2[i+63:i); 


Fl; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; FI; 
ELSE DEST{[j] := 0 ; zeroing-masking only 
Fl; 
ENDFOR 


DEST[MAX_KL-1:KL] := 0 


VPCMPUQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k2[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN CMP := SRC1[i+63:i] OP SRC2[63:0]; 
ELSE CMP := SRC1[i+63:i] OP SRC2[i+63:i); 


Fl; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; FI; 
ELSE DEST{[j] := 0 ; zeroing-masking only 
Fl; 
ENDFOR 


DEST[MAX_KL-1:KL] := 0 


VPCMPQ/VPCMPUQ—Compare Packed Integer Values into Mask 


INSTRUCTION SET REFERENCE, V-Z 


Vol. 2C 5-329 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VPCMPQ __mmask8 _mm512_cmp_epi64_mask(__m512i a, __m512i b, int imm); 

VPCMPQ __mmask8 __mm512_mask_cmp_epi64_mask(__mmask8 k, __m512i a, __m512ib, int imm); 
VPCMPQ __mmask8 _mm512_cmp[eq|gelgtlle|Itineq]_epi64_mask(__m512i a, ___m512i b); 
VPCMPQ __mmask8 _mm512_mask_cmpf[eq|lge|gt|le|lt|neq]_epi64_mask(__mmask8 k, __m512i a, 
VPCMPUQ __mmask8 __mm512_cmp_epu64_mask(__m512i a, __m512ib, int imm); 

VPCMPUQ __mmask8 _mm512_mask_cmp_epu64_mask(__mmask8 k,___m512i a, __m512i b, int imm); 
VPCMPUQ __mmask8 _mm512_cmpfeq|ge|gt|le|lt|neq]_epu64_mask(__m512i a,__m512i b); 


m512i b); 


VPCMPUQ __mmask8 _mm512_mask_cmp[eq|gel|gtlle|ItIneq]_epu64_mask(__mmask8 k,___m512i a,__m512ib); 
VPCMPQ __mmask8 _mm256_cmp_epi64_mask(__m256i a, __m256i b, int imm); 

VPCMPQ __mmask8 _mm256_mask_cmp_epi64_mask(__mmask8 k, __m256i a, __m256i b, int imm); 

VPCMPQ __mmask8 _mm256_cmp[eq|gelgtlle|Itineq]_epi64_mask(__m256i a, __ m256i b); 

VPCMPQ __mmask8 _mm256_mask_cmp[eq|lge|gt|le|lt|neq]_epi64_mask(__mmask8 k, __ m256i a, ___m256i b); 
VPCMPUQ __mmask8 _mm256_cmp_epu64_mask(__m256i a, __m256i b, int imm); 

VPCMPUQ __mmask8 _mm256_mask_cmp_epu64_mask(__mmask8 k, __m256i a, __m256i b, int imm); 
VPCMPUQ __mmask8 _mm256_cmpfeq|ge|gt|le|lt|neq]_epu64_mask(__m256i a, _ m256i b); 

VPCMPUQ __mmask8 _mm256_mask_cmp[eq|ge|gtlle|It|neq]_epu64_mask(__mmask8 k, __ m256i a, ___m256i b); 


VPCMPQ __mmask8 _mm_cmp_epi64_mask(__m128i a, __m128i , int imm); 
VPCMPQ __mmask8 _mm_mask_cmp_epi64_mask(__mmask8 k, __m128i a, __m128i b, int imm); 
VPCMPQ __mmask8 _mm_cmp[eq|lge|gtlle|ItIneq]_epi64_mask(__m128i a,__m128i b); 

VPCMPQ __mmask8 _mm_mask_cmp[eq|ge|gtlle|lt|neq]_epi64_mask(__mmask8 k, __m128i a,__m128i b); 
VPCMPUQ __mmask8 _mm_cmp_epu64_mask(__m128i a, __m128i b, int imm); 

VPCMPUQ __mmask8 _mm_mask_cmp_epu64_mask(__mmask8 k, __m128i a, __m128ib, int imm); 
VPCMPUQ __mmask8 _mm_cmpfeq|lge|gtlle|lt|neq]_epu64_mask(__m128i a, __m128i b); 
VPCMPUQ __mmask8 _mm_mask_cmp[eq|ge|gt|le|ItIneq]_epu64_mask(__mmask8 k, __m128i a, 


m128i b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 


5-330 Vol. 2C VPCMPQ/VPCMPUQ—Compare Packed Integer Values into Mask 


INSTRUCTION SET REFERENCE, V-Z 


VPCMPW/VPCMPUW—Compare Packed Word Values Into Mask 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F3A.W1 3F /r ib A VIV AVX512VL_ | Compare packed signed word integers in xmm3/m128 
AVX512BW | and xmm2 using bits 2:0 of imm8 as a comparison 
VPCMPW k1 {k2}, xmm2, predicate with writemask k2 and leave the result in 
xmm3/m128, imm8 mask register k1. 
EVEX.256.66.0F3A.W1 3F /r ib A VIV AVX512VL_ | Compare packed signed word integers in ymm3/m256 
AVX512BW | and ymm2 using bits 2:0 of imm8 as a comparison 
VPCMPW k1 {k2}, ymm2, predicate with writemask k2 and leave the result in 
ymm3/m256, imm8 mask register k1. 
EVEX.512.66.0F3A.W1 3F /r ib A VIV AVX512BW | Compare packed signed word integers in zmm3/m512 
VPCMPW k1 {k2}, zmm2, and zmmz using bits 2:0 of imm8 as a comparison 
zmm3/m512, imm8 predicate with writemask k2 and leave the result in 
mask register k1. 
EVEX.128.66.0F3A.W1 3€ /r ib A VIV AVX512VL_ | Compare packed unsigned word integers in xmm3/m128 
AVX512BW | and xmm2 using bits 2:0 of imm8 as a comparison 
VPCMPUW k1 {k2}, xmm2, predicate with writemask k2 and leave the result in 
xmm3/m128, imm8 mask register k1. 
EVEX.256.66.0F3A.W1 3€ /r ib A VIV AVX512VL_ | Compare packed unsigned word integers in ymm3/m256 
AVX512BW | and ymm2 using bits 2:0 of imm8 as a comparison 
VPCMPUW k1 {k2}, ymm2, predicate with writemask k2 and leave the result in 
ymm3/m256, imm8 mask register k1. 
VPCMPUW k1 {k2}, zmm2, A VIV AVX512BW | Compare packed unsigned word integers inzmm3/m512 
zmm3/m51 2, imm8 and zmmz using bits 2:0 of imm8 as a comparison 
predicate with writemask k2 and leave the result in 
mask register k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (w) vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a SIMD compare of the packed integer word in the second source operand and the first source operand 
and returns the results of the comparison to the mask destination operand. The comparison predicate operand 
(immediate byte) specifies the type of comparison performed on each pair of packed values in the two source oper- 
ands. The result of each comparison is a single mask bit result of 1 (comparison true) or 0 (comparison false). 


VPCMPW performs a comparison between pairs of signed word values. 
VPCMPUW performs a comparison between pairs of unsigned word values. 


The first source operand (second operand) is a ZMM/YMM/XMM register. The second source operand can be a 
ZMM/YMM/XMM register or a 512/256/128-bit memory location. The destination operand (first operand) is a mask 
register k1. Up to 32/16/8 comparisons are performed with results written to the destination operand under the 
writemask k2. 


The comparison predicate operand is an 8-bit immediate: bits 2:0 define the type of comparison to be performed. 
Bits 3 through 7 of the immediate are reserved. Compiler can implement the pseudo-op mnemonic listed in Table 
5-17. 


VPCMPW/VPCMPUW—Compare Packed Word Values Into Mask Vol.2C 5-331 


INSTRUCTION SET REFERENCE, V-Z 


Operation 


CASE (COMPARISON PREDICATE) OF 
O: OP := EQ; 
1: OP := LT; 
2: OP :=LE; 
3: OP := FALSE; 
4: OP := NEQ; 
5: OP := NLT; 
6: OP := NLE; 
7: OP := TRUE; 
ESAC; 


VPCMPW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 


i:=j*16 
IF k2[j] OR *no writemask* 
THEN 
ICMP := SRC1[i+15:i] OP SRC2[i+15:i]; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; FA; 
ELSE DEST{[j] = 0 ; zeroing-masking only 
Fl; 
ENDFOR 


DEST[MAX_KL-1:KL] := 0 


VPCMPUW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 


i:=j*16 
IF k2[j] OR *no writemask* 
THEN 
CMP := SRC1[i+15:i] OP SRC2[i+1 5:1]; 
IF CMP = TRUE 
THEN DEST{j] := 1; 
ELSE DEST{j] := 0; FA; 
ELSE DEST{[j] = 0 ; zeroing-masking only 
Fl; 
ENDFOR 


DEST[MAX_KL-1:KL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VPCMPW __mmask32 _mm512_cmp_epi16_mask(__m512i a, ___m512i, int cmp); 

VPCMPW __mmask32 _mm512_mask_cmp_epi16_mask(__mmask32 m,__m512i a,__m512ib, int cmp); 
VPCMPW __mmask16 _mm256_cmp_epi16_mask(__m256i a, __ m256i b, int cmp); 

VPCMPW __mmask16 _mm256_mask_cmp_epi16_mask(__mmask16 m,___m256i a,___m256i b, int cmp); 
VPCMPW __mmask8 _mm_cmp_epi16_mask(__m128i a,__m128ib, int cmp); 

VPCMPW __mmask8 _mm_mask_cmp_epi16_mask(__mmask8 m, __m128i a,__m128ib, int cmp); 
VPCMPW __mmask32 _mm512_cmpfeq|lge|gtle|lt|neq]_epi16_mask(_m512i a,__m512i b); 


VPCMPW __mmask32 _mm512_mask_cmp[eq|gelgt|le|lt|neq]_epi16_mask(__ mmask32 m,_m512i a, ___m512i b); 
VPCMPW __mmask16 _mm256_cmpfeq|lge|gtlle|lt|neq]_epi16_mask(_ m256i a, __m256i b); 

VPCMPW __mmask16 _mm256_mask_cmp[eq|gelgtle|lt|neq]_epi16_mask(__mmask16 m,___m256i a, __m256i b); 
VPCMPW __mmask8 _mm_cmpfeaq|lge|gtlle|lt|neq]_epi1 6_mask(_m128i a, __m128i b); 

VPCMPW __mmask8 _mm_mask_cmp[eq|ge|gt|le|lt|neq]_epi16_mask(__mmask8 m,__m128i a, ___m128i b); 


VPCMPUW __mmask32 _mm512_cmp_epu16_mask(__m512ia,__m512ib, int cmp); 
VPCMPUW __mmask32 _mm512_mask_cmp_epu16_mask(__mmask32 m,__m512ia, 
VPCMPUW __mmask16 _mm256_cmp_epu16_mask(__m256i a,__ m256i b, int cmp); 
VPCMPUW __mmask16 __mm256_mask_cmp_epu16_mask(_mmask16 m,__m256i a, 
VPCMPUW __mmask8 _mm_cmp_epu16_mask(__m128i a, ___m128i b, int cmp); 
VPCMPUW __mmask8 _mm_mask_cmp_epu16_mask(__mmask8 m,__m128i a, 
VPCMPUW __mmask32 _mm512_cmp[eq|gelgtlle|It|neq]_epu16_mask(__m512ia, 


m512i b, int cmp); 


m256i b, int cmp); 


m1 28i b, int cmp); 
m512i b, int cmp); 


VPCMPUW __mmask32 _mm512_mask_cmp[eq|ge|gtlle|lt|neq]_epu16_mask(_mmask32 m,_m512i a,__m512ib, int cmp); 
VPCMPUW __mmask16 __mm256_cmpf[eq|gelgtlle|It|neq]_epu16_mask(__m256i a, ___m256i b, int cmp); 
VPCMPUW __mmask16 __mm256_mask_cmp[eq|ge|gtle|lt|neq]_epu16_mask(__mmask16 m,___m256i a, ___m256i b, int cmp); 


VPCMPUW __mmask8 _mm_cmp[eq|gelgtlle|itineq]_epu16_mask(__m128i a,__m128i b, int cmp); 


VPCMPUW __mmask8 _mm_mask_cmp[eq|ge|gtle|It|neq]_epu16_mask(__mmask8 m, __m128i a,__m128ib, int cmp); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 


VPCMPW/VPCMPUW—Compare Packed Word Values Into Mask Vol. 2C 5-333 


INSTRUCTION SET REFERENCE, V-Z 


VPCOMPRESSB/VCOMPRESSW —Store Sparse Packed Byte/Word Integer Values into Dense 


Memory/Register 
Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
EVEX.128.66.0F38.W0 63 /r A VIV AVX512_VBMI2 Compress up to 128 bits of packed byte values 
VPCOMPRESSB m1 28{k1}, xmm1 AVX512VL from xmm1 to m128 with writemask k1. 
EVEX.128.66.0F38.W0 63 /r B VIV AVX512_VBMI2 Compress up to 128 bits of packed byte values 
VPCOMPRESSB xmm1{k1}{z}, xmm2 AVX512VL from xmm2 to xmm1 with writemask k1. 
EVEX.256.66.0F38.W0 63 /r A VIV AVX512_VBMI2 Compress up to 256 bits of packed byte values 
VPCOMPRESSB m256{k1}, ymm1 AVX512VL from ymm1 to m256 with writemask k1. 
EVEX.256.66.0F38.W0 63 /r B VIV AVX512_VBMI2 Compress up to 256 bits of packed byte values 
VPCOMPRESSB ymm1{k1}{z}, ymm2 AVX512VL from ymm_2 to ymm1 with writemask k1. 
EVEX.512.66.0F38.W0 63 /r A VIV AVX512_VBMI2 Compress up to 512 bits of packed byte values 
VPCOMPRESSB m51 2{k1}, zmm1 from zmm1 to m512 with writemask k1. 
EVEX.512.66.0F38.W0 63 /r B VIV AVX512_VBMI2 Compress up to 512 bits of packed byte values 
VPCOMPRESSB zmm1{k1}{z}, zmm2 from zmm2 to zmm1 with writemask k1. 
EVEX.128.66.0F38.W1 63 /r A VIV AVX512_VBMI2 Compress up to 128 bits of packed word values 
VPCOMPRESSW m128{k1}, xmm1 AVX512VL from xmm1 to m128 with writemask k1. 
EVEX.128.66.0F38.W1 63 /r B VIV AVX512_VBMI2 Compress up to 128 bits of packed word values 
VPCOMPRESSW xmm1{k1}{z}, xmm2 AVX512VL from xmm2 to xmm1 with writemask k1. 
EVEX.256.66.0F38.W1 63 /r A VIV AVX512_VBMI2 Compress up to 256 bits of packed word values 
VPCOMPRESSW m256{k1}, ymm1 AVX512VL from ymm1 to m256 with writemask k1. 
EVEX.256.66.0F38.W1 63 /r B VIV AVX512_VBMI2 Compress up to 256 bits of packed word values 
VPCOMPRESSW ymm1{k1}{z}, ymm2 AVX512VL from ymm2 to ymm1 with writemask k1. 
EVEX.512.66.0F38.W1 63 /r A VIV AVX512_VBMI2 Compress up to 512 bits of packed word values 
VPCOMPRESSW m512{k1}, zmm1 from zmm1 to m512 with writemask k1. 
EVEX.512.66.0F38.W1 63 /r B VIV AVX512_VBMI2 Compress up to 512 bits of packed word values 
VPCOMPRESSW zmm1{k1}{z}, zmm2 from zmm2 to zmm1 with writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:r/m (w) ModRM:reg (r) NA NA 
B NA ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Compress (stores) up to 64 byte values or 32 word values from the source operand (second operand) to the desti- 
nation operand (first operand), based on the active elements determined by the writemask operand. Note: 
EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Moves up to 512 bits of packed byte values from the source operand (second operand) to the destination operand 
(first operand). This instruction is used to store partial contents of a vector register into a byte vector or single 
memory location using the active elements in operand writemask. 


Memory destination version: Only the contiguous vector is written to the destination memory location. EVEX.z 
must be zero. 


Register destination version: If the vector length of the contiguous vector is less than that of the input vector in the 
source operand, the upper bits of the destination register are unmodified if EVEX.z is not set, otherwise the upper 
bits are zeroed. 


This instruction supports memory fault suppression. 


5-334 Vol. 2C VPCOMPRESSB/VCOMPRESSW —Store Sparse Packed Byte/Word Integer Values into Dense Memory/Register 


INSTRUCTION SET REFERENCE, V-Z 


Note that the compressed displacement assumes a pre-scaling (N) corresponding to the size of one single element 


instead of the size of the full vector. 


Operation 


VPCOMPRESSB store form 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
k:=0 
FOR j := 0 TO KL-1: 
IF k1[j] OR *no writemask*: 
DEST.byte[k] := SRC.byte[j] 
k:=k+1 


VPCOMPRESSB reg-reg form 

(KL, VL) = (16, 128), (32, 256), (64, 512) 
k:=0 

FOR j := 0 TOKL-1: 

IF k1[j] OR *no writemask*: 
DEST.byte[k] := SRC.byte[j] 
k:i=k+1 

IF *merging-masking*: 
*DEST[VL-1:k*8] remains unchanged* 
ELSE DEST[VL-1:k*8] := 0 
DEST[MAX_VL-1:VL] := 0 


VPCOMPRESSW store form 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
k:=0 
FOR j := 0 TOKL-1: 
IF k1[j] OR *no writemask*: 
DEST.word[k] := SRC.word[j] 
k:i=k+1 


VPCOMPRESSW reg-reg form 

(KL, VL) = (8, 128), (16, 256), (32, 512) 
k:=0 

FOR j := 0 TOKL-1: 

IF k1[j] OR *no writemask*: 
DEST.word[k] := SRC.word[j] 
k:i=k+1 

IF *merging-masking*: 
*DEST[VL-1:k*16] remains unchanged* 
ELSE DEST[VL-1:k*16] := 0 
DEST[MAX_VL-1:VL] := 0 


VPCOMPRESSB/VCOMPRESSW —Store Sparse Packed Byte/Word Integer Values into Dense Memory/Register 


Vol. 2C 5-335 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VPCOMPRESSB __m128i_mm_mask_compress_epi8(__m128i, _ mmask16, __m128i); 
VPCOMPRESSB __m128i __mm_maskz_compress_epi8(__mmask16, __m128i); 
VPCOMPRESSB __m256i __mm256_mask_compress_epi8(__m256i,__ mmask32, __m256i); 
VPCOMPRESSB __m256i __mm256_maskz_compress_epi8(__mmask32, __m256i); 
VPCOMPRESSB __m512i__mm512_mask_compress_epi8(__m512i,__ mmask64,___m512i); 
VPCOMPRESSB __m512i__mm512_maskz_compress_epi8(__mmask64, __m512i); 
VPCOMPRESSB void _mm_mask_compressstoreu_epi8(void*, _ mmask16,___m128i); 
VPCOMPRESSB void _mm256_mask_compressstoreu_epi8(void*, _ mmask32, __m256i); 
VPCOMPRESSB void __mm512_mask_compressstoreu_epi8(void*, _ mmask64,___m512i); 
VPCOMPRESSW __m128i _mm_mask_compress_epi16(__m128i, __ mmask8, __m128i); 
VPCOMPRESSW __m128i _mm_maskz_compress_epi16(__mmask8, __m128i); 


VPCOMPRESSW __m256i _mm256_mask_compress_epi16(__m256i,__ mmask16, __ m256i); 
VPCOMPRESSW __m256i _mm256_maskz_compress_epi16(__mmask16, __m256i); 
VPCOMPRESSW __m512i _mm512_mask_compress_epi16(__m512i,__ mmask32,___m512i); 


VPCOMPRESSW __m512i _mm512_maskz_compress_epi16(__mmask32, __m512i); 
VPCOMPRESSW void _mm_mask_compressstoreu_epil6(void*, _ mmask8, _m128i); 
VPCOMPRESSW void _mm256_mask_compressstoreu_epi16(void*, _ mmask16, __m256i); 
VPCOMPRESSW void _mm512_mask_compressstoreu_epi16(void*, _ mmask32, __m512ii); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Table 2-49, “Type E4 Class Exception Conditions”. 


5-336 Vol. 2C VPCOMPRESSB/VCOMPRESSW —Store Sparse Packed Byte/Word Integer Values into Dense Memory/Register 


INSTRUCTION SET REFERENCE, V-Z 


VPCOMPRESSD-—Store Sparse Packed Doubleword Integer Values into Dense Memory/Register 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.66.0F38.WO 8B /r A VIV AVX512VL | Compress packed doubleword integer values from 
VPCOMPRESSD xmm1/m128 {k1}{z}, xmm2 AVX512F xmme2 to xmm1/m128 using controlmask k1. 
EVEX.256.66.0F38.WO 8B /r A VIV AVX512VL | Compress packed doubleword integer values from 
VPCOMPRESSD ymm1/m256 {k1}{z}, ymnm2 AVX512F ymme2 to ymm1/m256 using controlmask k1. 
EVEX.512.66.0F38.W0O 8B /r A VIV AVX512F Compress packed doubleword integer values from 
VPCOMPRESSD zmm1/m512 {k1}{z}, zmm2 zmme2 to zmm1/m512 using controlmask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Compress (store) up to 16/8/4 doubleword integer values from the source operand (second operand) to the desti- 
nation operand (first operand). The source operand is aZMM/YMM/XMM register, the destination operand can bea 
ZMM/YMM/XMM register or a 512/256/128-bit memory location. 

The opmask register ki selects the active elements (partial vector or possibly non-contiguous if less than 16 active 
elements) from the source operand to compress into a contiguous vector. The contiguous vector is written to the 
destination starting from the low element of the destination operand. 

Memory destination version: Only the contiguous vector is written to the destination memory location. EVEX.z 
must be zero. 


Register destination version: If the vector length of the contiguous vector is less than that of the input vector in the 
source operand, the upper bits of the destination register are unmodified if EVEX.z is not set, otherwise the upper 
bits are zeroed. 

Note: EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Note that the compressed displacement assumes a pre-scaling (N) corresponding to the size of one single element 
instead of the size of the full vector. 


Operation 


VPCOMPRESSD (EVEX encoded versions) store form 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
SIZE := 32 
k:=0 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no controlmask* 
THEN 
DEST[k+SIZE-1:k] := SRC[i+31:i] 
k:=k + SIZE 
Fl; 


ENDFOR; 


VPCOMPRESSD—Store Sparse Packed Doubleword Integer Values into Dense Memory/Register Vol. 2C 5-337 


INSTRUCTION SET REFERENCE, V-Z 


VPCOMPRESSD (EVEX encoded versions) reg-reg form 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
SIZE := 32 
k:=0 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no controlmask* 
THEN 
DEST[k+SIZE-1:k] := SRC[i+31:i] 
k:=k+ SIZE 
Fl; 
ENDFOR 
IF *merging-masking* 
THEN *DEST[VL-1:k] remains unchanged* 
ELSE DEST[VL-1:k] := 0 
Fl 
DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPCOMPRESSD __m512i_mm512_mask_compress_epi32(__m512is,__ mmask16 c,__m512i a); 
VPCOMPRESSD __m512i_mm512_maskz_compress_epi32(__mmask16 c,__m512i a); 
VPCOMPRESSD void __mm512_mask_compressstoreu_epi32(void * a,__ mmask16c,__m512is); 
VPCOMPRESSD __m256i__mm256_mask_compress_epi32(__m256i s,__ mmask8 c,___ m256i a); 
VPCOMPRESSD __m256i __mm256_maskz_compress_epi32(__mmask8 c,___m256i a); 
VPCOMPRESSD void __mm256_mask_compressstoreu_epi32(void * a,__ mmask8 c,__ m256i s); 
VPCOMPRESSD __m128i__mm_mask_compress_epi32(__m128i s,__mmask8 c,__m128i a); 
VPCOMPRESSD __m128i _mm_maskz_compress_epi32(__mmask8 c, __m128i a); 
VPCOMPRESSD void _mm_mask_compressstoreu_epi32(void * a,__ mmask8 c,___m128i s); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 


5-338 Vol. 2C VPCOMPRESSD—Store Sparse Packed Doubleword Integer Values into Dense Memory/Register 


INSTRUCTION SET REFERENCE, V-Z 


VPCOMPRESSQ-—Store Sparse Packed Quadword Integer Values into Dense Memory/Register 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F38.W1 8B /r A VIV AVX512VL | Compress packed quadword integer values from 
VPCOMPRESSQ xmm1/m1 28 {k1}{z}, xmm2 AVX512F xmm2 to xmm1/m128 using controlmask k1. 
EVEX.256.66.0F38.W1 8B /r A VIV AVX512VL | Compress packed quadword integer values from 
VPCOMPRESSQ ymm1/m256 {k1}{z}, ymm2 AVX512F ymme2 to ymm1/m256 using controlmask k1. 
EVEX.512.66.0F38.W1 8B /r A VV AVX512F Compress packed quadword integer values from 
VPCOMPRESSQ zmm1/m512 {k1}{z}, zmm2 zmm_2 to zmm1/m512 using controlmask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Compress (stores) up to 8/4/2 quadword integer values from the source operand (second operand) to the destina- 
tion operand (first operand). The source operand is a ZMM/YMM/XMM register, the destination operand can be a 
ZMM/YMM/XMM register or a 512/256/128-bit memory location. 

The opmask register ki selects the active elements (partial vector or possibly non-contiguous if less than 8 active 
elements) from the source operand to compress into a contiguous vector. The contiguous vector is written to the 
destination starting from the low element of the destination operand. 

Memory destination version: Only the contiguous vector is written to the destination memory location. EVEX.z 
must be zero. 

Register destination version: If the vector length of the contiguous vector is less than that of the input vector in the 
source operand, the upper bits of the destination register are unmodified if EVEX.z is not set, otherwise the upper 
bits are zeroed. 

Note: EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Note that the compressed displacement assumes a pre-scaling (N) corresponding to the size of one single element 
instead of the size of the full vector. 


Operation 


VPCOMPRESSQ (EVEX encoded versions) store form 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
SIZE := 64 
k:=0 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no controlmask* 
THEN 
DEST[k+SIZE-1:k] := SRC[i+63:i] 
k:=k + SIZE 
Fl; 


ENFOR 


VPCOMPRESSQ—Store Sparse Packed Quadword Integer Values into Dense Memory/Register Vol. 2C 5-339 


INSTRUCTION SET REFERENCE, V-Z 


VPCOMPRESSQ (EVEX encoded versions) reg-reg form 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
SIZE := 64 
k:=0 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no controlmask* 
THEN 
DEST[k+SIZE-1:k] := SRC[i+63:i] 
k:=k+SIZE 
Fl; 
ENDFOR 
IF *merging-masking* 
THEN *DEST[VL-1:k] remains unchanged* 
ELSE DEST[VL-1:k] := 0 
Fl 
DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPCOMPRESSQ __m512i__mm512_mask_compress_epi64(__m512i s,___mmask8 c,___m512i a); 
VPCOMPRESSQ __m512i_mm512_maskz_compress_epi64(__mmask8 c, __m512i a); 
VPCOMPRESSQ void _mm512_mask_compressstoreu_epi64(void * a, __mmask8 c,_m512i s); 
VPCOMPRESSQ __m256i __mm256_mask_compress_epi64(__m256i s,___mmask8 c, __m256i a); 
VPCOMPRESSQ __m256i __mm256_maskz_compress_epi64(__mmask8 c, __m256i a); 
VPCOMPRESSQ void _mm256_mask_compressstoreu_epi64(void * a, __mmask8 c, ___m256i s); 
VPCOMPRESSQ __m128i __mm_mask_compress_epi64(__m128i s,___mmask8 c, __m128i a); 
VPCOMPRESSQ __m128i __mm_maskz_compress_epi64(__mmask8 c, __m128i a); 
VPCOMPRESSQ void _mm_mask_compressstoreu_epi64(void * a,___ mmask8 c, __m128i s); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 


5-340 Vol. 2C VPCOMPRESSQ—Store Sparse Packed Quadword Integer Values into Dense Memory/Register 


INSTRUCTION SET REFERENCE, V-Z 


VPCONFLICTD/Q—Detect Conflicts Within a Vector of Packed Dword/Qword Values into Dense 
Memory/ Register 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F38.WO C4 /r A VIV AVX512VL Detect duplicate double-word values in 
VPCONFLICTD xmm1 {k1}{z}, AVX512CD xmm2/m128/m32bcst using writemask k1. 
xmm2/m128/m32bcst 
EVEX.256.66.0F38.WO C4 /r A VIV AVX512VL Detect duplicate double-word values in 
VPCONFLICTD ymm1 {k1}{Z}, AVX512CD ymm2/m256/m32bcst using writemask k1. 
ymm2/m256/m32bcst 
EVEX.512.66.0F38.W0O C4 /r A VIV AVX512CD Detect duplicate double-word values in 
VPCONFLICTD zmm1 {k1}{Z}, zmm2/m512/m32bcst using writemask k1. 
zmm2/m512/m32bcst 
EVEX.128.66.0F38.W1 C4 /r A VIV AVX512VL Detect duplicate quad-word values in 
VPCONFLICTQ xmm1 {k1}{2}, AVX512CD xmm2/m128/m64bcst using writemask k1. 
xmm2/m128/m64bcst 
EVEX.256.66.0F38.W1 C4 /r A VIV AVX512VL Detect duplicate quad-word values in 
VPCONFLICTQ ymm1 {k1}{Z}, AVX512CD ymm2/m256/m64bcst using writemask k1. 
ymm2/m256/m64bcst 
EVEX.512.66.0F38.W1 C4 /r A VIV AVX512CD Detect duplicate quad-word values in 
VPCONFLICTQ zmm1 {k1}{Z}, zmm2/m512/m64bcst using writemask k1. 
zmm2/m512/m64bcst 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Test each dword/qword element of the source operand (the second operand) for equality with all other elements in 
the source operand closer to the least significant element. Each element’s comparison results form a bit vector, 
which is then zero extended and written to the destination according to the writemask. 


EVEX.512 encoded version: The source operand is a ZMM register, a 512-bit memory location, or a 512-bit vector 
broadcasted from a 32/64-bit memory location. The destination operand is a ZMM register, conditionally updated 
using writemask k1. 


EVEX.256 encoded version: The source operand is a YMM register, a 256-bit memory location, or a 256-bit vector 
broadcasted from a 32/64-bit memory location. The destination operand is a YMM register, conditionally updated 
using writemask k1. 


EVEX.128 encoded version: The source operand is a XMM register, a 128-bit memory location, or a 128-bit vector 
broadcasted from a 32/64-bit memory location. The destination operand is a XMM register, conditionally updated 
using writemask k1. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


VPCONFLICTD/Q—Detect Conflicts Within a Vector of Packed Dword/Qword Values into Dense Memory/ Register Vol.2C 5-341 


INSTRUCTION SET REFERENCE, V-Z 


Operation 


VPCONFLICTD 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j*32 
IF MaskBit(j) OR *no writemask*THEN 
FOR k := 0 TOj-1 
m := k*32 
IF ((SRC[i+31:i] = SRC[m+31:m])) THEN 
DEST[i+k] := 1 
ELSE 
DEST[i+k] := 0 
Fl 
ENDFOR 
DEST[i+31:i+j] := 0 
ELSE 
IF *merging-masking* THEN 
*DEST[i+31:i] remains unchanged* 
ELSE 
DEST[i+31:i] := 0 
Fl 
Fl 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPCONFLICTQ 
(KL, VU) = (2, 128), (4, 256), (8, 512) 
FOR j= OTOKL-1 


i:= j*64 
IF MaskBit(j) OR *no writemask*THEN 
FOR k:= 0 TOj-1 
m := k*64 
IF ((SRC[i+63:i] = SRC[m+63:m])) THEN 
DEST[i+k] := 1 
ELSE 
DEST[i+k] := 0 
Fl 
ENDFOR 
DEST[i+63:i+j] := 0 
ELSE 


IF *merging-masking* THEN 
*DEST[i+63:i] remains unchanged* 
ELSE 
DEST[i+63:i] = 0 
Fl 
Fl 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


5-342 Vol. 2C VPCONFLICTD/Q—Detect Conflicts Within a Vector of Packed Dword/Qword Values into Dense Memory/ Register 


Intel C/C++ Compiler Intrinsic Equivalent 


VPCONFLICTD __m512i_mm512_conflict_epi32(__m512i a); 

VPCONFLICTD __m512i_mm512_mask_conflict_epi32(__m512is,__mmask16 m, 
VPCONFLICTD __m512i_mm512_maskz_conflict_epi32(__mmask16 m, ___m512i a); 
VPCONFLICTQ __m512i_mm512_conflict_epi64(__m512i a); 

VPCONFLICTQ __m512i_mm512_mask_conflict_epi64(__m512i s,__mmask8 m, __m512i a); 
VPCONFLICTQ __m512i_mm512_maskz_conflict_epi64(__mmask8 m, __m512i a); 
VPCONFLICTD __m256i_mm256_conflict_epi32(__m256i a); 

VPCONFLICTD __m256i_mm256_mask_conflict_epi32(__m256i s,__ mmask8 m, __m256i a); 
VPCONFLICTD __m256i_mm256_maskz_conflict_epi32(__mmask8 m, ___m256i a); 
VPCONFLICTQ __m256i__mm256_conflict_epi64(__m256i a); 

VPCONFLICTQ __m256i__mm256_mask_conflict_epi64(__m256i s,__ mmask8 m, __m256i a); 
VPCONFLICTQ __m256i __mm256_maskz_conflict_epi64(__mmask8 m, __m256i a); 
VPCONFLICTD __m128i_mm_conflict_epi32(__m128i a); 


m512i a); 


VPCONFLICTD __m128i__mm_mask_conflict_epi32(__m128i s,__ mmask8 m, __m128i a); 
VPCONFLICTD __m128i_mm_maskz_conflict_epi32(__mmask8 m, __m128i a); 
VPCONFLICTQ __m128i_mm_conflict_epi64(_m128i a); 

VPCONFLICTQ __m128i __mm_mask_conflict_epi64(__m128i s,___ mmask8 m, __m128i a); 


VPCONFLICTQ __m128i__mm_maskz_conflict_epi64(__mmask8 m, __m128i a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Table 2-50, “Type E4NF Class Exception Conditions”. 


VPCONFLICTD/Q—Detect Conflicts Within a Vector of Packed Dword/Qword Values into Dense Memory/ Register 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-343 


INSTRUCTION SET REFERENCE, V-Z 


VPDPBUSD — Multiply and Add Unsigned and Signed Bytes 


Opcode/ Op/ | 64/32 CPUID Feature Description 
Instruction En | bitMode | Flag 
Support 
VEX.128.66.0F38.WO 50 /r A VV AVX-VNNI Multiply groups of 4 pairs of signed bytes in 
VPDPBUSD xmm1, xmm2, xmm3/m1 28 with corresponding unsigned bytes of 
xmm3/m128 xmm2, summing those products and adding them 
to doubleword result in xmm1. 
VEX.256.66.0F38.W0 50 /r A VIV AVX-VNNI Multiply groups of 4 pairs of signed bytes in 
VPDPBUSD ymm1, ymm2, ymm3/m256 with corresponding unsigned bytes of 
ymm3/m256 ymm2, summing those products and adding them 
to doubleword result in ymm1. 
EVEX.128.66.0F38.W0 50 /r B VIV AVX512_VNNI Multiply groups of 4 pairs of signed bytes in 
VPDPBUSD xmm1{k1}{z}, xmm2, AVX512VL xmm3/m128/m32bcst with corresponding 
xmm3/m1 28/m32bcst unsigned bytes of xmm2, summing those products 
and adding them to doubleword result in xmm1 
under writemask k1. 
EVEX.256.66.0F38.W0 50 /r B VIN AVX512_VNNI Multiply groups of 4 pairs of signed bytes in 
VPDPBUSD ymm1{k1}{z}, ymm2, AVX512VL ymm3/m256/m32bcst with corresponding 
ymm3/m256/m32bcst unsigned bytes of ymm2, summing those products 
and adding them to doubleword result in ymm1 
under writemask k1. 
EVEX.512.66.0F38.W0 50 /r B VIV AVX512_VNNI Multiply groups of 4 pairs of signed bytes in 
VPDPBUSD zmm1{k1}{z}, zmm2, zmm3/m512/m32bcst with corresponding 
zmm3/m512/m32bcst unsigned bytes of zmm2, summing those products 
and adding them to doubleword result in zmm1 
under writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Multiplies the individual unsigned bytes of the first source operand by the corresponding signed bytes of the second 
source operand, producing intermediate signed word results. The word results are then summed and accumulated 
in the destination dword element size operand. 


This instruction supports memory fault suppression. 
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VPDPBUSD — Multiply and Add Unsigned and Signed Bytes 


Operation 


VPDPBUSD dest, src1, src2 (VEX encoded versions) 
VL=(128, 256) 
KL=VL/32 


ORIGDEST := DEST 
FOR i := 0 TO KL-1: 


// Extending to 16b 
// srclextend := ZERO_EXTEND 
// src2extend := SIGN_EXTEND 


p1word := srclextend(SRC1.byte[4*i+0]) * src2extend(SRC2.byte[4*i+0]) 
p2word := srclextend(SRC1.byte[4*i+1]) * src2extend(SRC2.byte[4*i+1]) 
p3word := srclextend(SRC1.byte[4*i+2]) * src2extend(SRC2.byte[4*i+2]) 
p4word := srclextend(SRC1.byte[4*i+3]) * src2extend(SRC2.byte[4*i+3]) 
DEST.dword[i] := ORIGDEST.dword[i] + p1 word + p2word + p3word + p4word 


DEST[MAX_VL-1:VL] := 0 


VPDPBUSD dest, src1, src2 (EVEX encoded versions) 
(KL,VL)=(4,1 28), (8,256), (16,512) 
ORIGDEST := DEST 
FOR i := 0 TOKL-1: 
IF k1[i] or *no writemask*: 
// Byte elements of SRC1 are zero-extended to 16b and 
// byte elements of SRC2 are sign extended to 16b before multiplication. 
IF SRC2 is memory and EVEX.b == 1: 
t:= SRC2.dword[0] 
ELSE: 
t:= SRC2.dword{i] 
p1word := ZERO_EXTEND(SRC1.byte[4*i]) * SIGN_EXTEND(t.byte[0]) 
p2word := ZERO_EXTEND(SRC1.byte[4*i+1]) * SIGN_EXTEND(t.byte[1 J) 
p3word := ZERO_EXTEND(SRC1.byte[4*i+2]) * SIGN_EXTEND(t.byte[2]) 
p4word := ZERO_EXTEND(SRC1.byte[4*i+3]) * SIGN_EXTEND(t.byte[3]) 
DEST.dword[i] := ORIGDEST.dword[i] + p1 word + p2word + p3word + p4word 
ELSE IF *zeroing*: 
DEST.dword[i] := 0 
ELSE:  // Merge masking, dest element unchanged 
DEST.dword[i] := ORIGDEST.dword{i] 
DEST[MAX_VL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPDPBUSD __m128i __mm_dpbusd_avx_epi32(__m128i,___m128i,___m128i); 

VPDPBUSD __m128i __mm_dpbusd_epi32(__m128i, __m128i, __m128i); 

VPDPBUSD __m128i __mm_mask_dpbusd_epi32(__m128i,___mmask8,___m128i, __m128i); 
VPDPBUSD __m128i__mm_maskz_dpbusd_epi32(__mmask8, __m128i,__m128i,__m128i); 
VPDPBUSD __m256i__mm256_dpbusd_avx_epi32(__m256i,__ m256i, __ m256i); 

VPDPBUSD __m256i __mm256_dpbusd_epi32(__m256i, __m256i, __m256i); 

VPDPBUSD __m256i__mm256_mask_dpbusd_epi32(__m256i,__ mmask8, __ m256i,__ m256i); 
VPDPBUSD __m256i__mm256_maskz_dpbusd_epi32(__mmask8,___ m256i,__ m256i, __ m256i); 
VPDPBUSD __m512i_mm512_dpbusd_epi32(__m512i,__m512i,__m512i); 

VPDPBUSD __m512i_mm512_mask_dpbusd_epi32(__m512i,__ mmask16,__ m512i,___ m512i); 
VPDPBUSD __m512i_mm512_maskz_dpbusd_epi32(__mmask16,__.m512i,__m512i,__m512i); 


VPDPBUSD — Multiply and Add Unsigned and Signed Bytes 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-345 


INSTRUCTION SET REFERENCE, V-Z 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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VPDPBUSDS — Multiply and Add Unsigned and Signed Bytes with Saturation 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 

VEX.128.66.0F38.W0 51 /r A VIV AVX-VNNI Multiply groups of 4 pairs signed bytes in 

VPDPBUSDS xmm1, xmm2, xmm3/m1 28 with corresponding unsigned 

xmm3/m128 bytes of xmm2, summing those products and 
adding them to doubleword result, with signed 
saturation in xmm1. 

VEX.256.66.0F38.W0 51 /r A VIV AVX-VNNI Multiply groups of 4 pairs signed bytes in 

VPDPBUSDS ymm1, ymm2, ymm3/m256 with corresponding unsigned 

ymm3/m256 bytes of ymm2, summing those products and 
adding them to doubleword result, with signed 
saturation in ymm1. 

EVEX.128.66.0F38.W0 51 /r B VIV AVX512_VNNI Multiply groups of 4 pairs signed bytes in 

VPDPBUSDS xmm1{k1}{z}, xmm2, AVX512VL xmm3/m128/m32bcst with corresponding 

xmm3/m128/m32bcst unsigned bytes of xmm2, summing those 
products and adding them to doubleword 
result, with signed saturation in xmm1, under 
writemask k1. 

EVEX.256.66.0F38.W0 51 /r B VV AVX512_VNNI Multiply groups of 4 pairs signed bytes in 

VPDPBUSDS ymm1{k1}{z}, ymm2, AVX512VL ymm3/m256/m32bcst with corresponding 

ymm3/m256/m32bcst unsigned bytes of ymm2, summing those 
products and adding them to doubleword 
result, with signed saturation in ymm1, under 
writemask k1. 

EVEX.512.66.0F38.W0 51 /r B VN AVX512_VNNI Multiply groups of 4 pairs signed bytes in 

VPDPBUSDS zmm1{k1}{z}, zmm2, zmm3/m512/m32bcst with corresponding 

zmm3/m512/m32bcst unsigned bytes of zmm2, summing those 
products and adding them to doubleword 
result, with signed saturation in zmm1, under 
writemask k1. 

Instruction Operand Encoding 
Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Multiplies the individual unsigned bytes of the first source operand by the corresponding signed bytes of the second 
source operand, producing intermediate signed word results. The word results are then summed and accumulated 
in the destination dword element size operand. If the intermediate sum overflows a 32b signed number the result 
is saturated to either Ox7FFF_FFFF for positive numbers of 0x8000_0000 for negative numbers. 


This instruction supports memory fault suppression. 
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Operation 


VPDPBUSDS dest, src1, src2 (VEX encoded versions) 
VL=(128, 256) 
KL=VL/32 


ORIGDEST := DEST 
FOR i := 0 TO KL-1: 


// Extending to 16b 
// srclextend := ZERO_EXTEND 
// src2extend := SIGN_EXTEND 


p1word := srclextend(SRC1.byte[4*i+0]) * src2extend(SRC2.byte[4*i+0]) 
p2word := srclextend(SRC1.byte[4*i+1]) * src2extend(SRC2.byte[4*i+1]) 
p3word := srclextend(SRC1.byte[4*i+2]) * src2extend(SRC2.byte[4*i+2]) 
p4word := srclextend(SRC1.byte[4*i+3]) * src2extend(SRC2.byte[4*i+3]) 
DEST.dword{i] := SIGNED_DWORD_SATURATE(ORIGDEST.dword[i] + p1 word + p2word + p3word + p4word) 


DEST[MAX_VL-1:VL] := 0 


VPDPBUSDS dest, src1, src2 (EVEX encoded versions) 
(KL,VL)=(4,1 28), (8,256), (16,512) 
ORIGDEST := DEST 
FOR i :=0 TOKL-1: 
IF k1[i] or *no writemask*: 
// Byte elements of SRC1 are zero-extended to 16b and 
// byte elements of SRC2 are sign extended to 16b before multiplication. 
IF SRC2 is memory and EVEX.b == 1: 
t:= SRC2.dword[0] 
ELSE: 
t:= SRC2.dword{i] 
p1word := ZERO_EXTEND(SRC1.byte[4*i]) * SIGN_EXTEND(t.byte[0]) 
p2word := ZERO_EXTEND(SRC1 .byte[4*i+1]) * SIGN_EXTEND(t.byte[1 J) 
p3word := ZERO_EXTEND(SRC1.byte[4*i+2]) * SIGN_EXTEND(t.byte[2]) 
p4word := ZERO_EXTEND(SRC1.byte[4*i+3]) *SIGN_EXTEND(t.byte[3]) 
DEST.dword{i] := SIGNED_DWORD_SATURATE(ORIGDEST.dword{[i] + p1 word + p2word + p3word + p4word) 
ELSE IF *zeroing*: 
DEST.dword[i] := 0 
ELSE:  // Merge masking, dest element unchanged 
DEST.dword[i] := ORIGDEST.dword[i] 
DEST[MAX_VL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPDPBUSDS __m128i __mm_dpbusds_avx_epi32(__m128i,___m128i, __m128i); 

VPDPBUSDS __m128i __mm_dpbusds_epi32(__m128i, __m128i, ___m128i); 

VPDPBUSDS __m128i__mm_mask_dpbusds_epi32(__m128i, __ mmask8, ___m128i, __m128i); 
VPDPBUSDS __m128i __mm_maskz_dpbusds_epi32(__mmask8, __m128i,__m128i,___m128i); 
VPDPBUSDS __m256i __mm256_dpbusds_avx_epi32(__m256i,___ m256i, __m256i); 

VPDPBUSDS __m256i__mm256_dpbusds_epi32(__m256i, __m256i, __m256i); 

VPDPBUSDS __m256i__mm256_mask_dpbusds_epi32(__m256i,__ mmask8, __ m256i, __ m256i); 
VPDPBUSDS __m256i__mm256_maskz_dpbusds_epi32(__mmask8,___ m256i,__ m256i,___ m256i); 
VPDPBUSDS __m512i_mm512_dpbusds_epi32(__m512i,__m512i,__m512i); 

VPDPBUSDS __m512i_mm512_mask_dpbusds_epi32(__m512i,__ mmask16,___m512i,___m512i); 
VPDPBUSDS __m512i_mm512_maskz_dpbusds_epi32(__mmask16,___m512i,__m512i,__m512i); 
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SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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VPDPWSSD — Multiply and Add Signed Word Integers 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
VEX.128.66.0F38.W0 52 /r A VIV AVX-VNNI Multiply groups of 2 pairs signed words in 
VPDPWSSD xmm1, xmm2, xmm3/m128 with corresponding signed words 
xmm3/m128 of xmm2, summing those products and adding 
them to doubleword result in xmm1. 
VEX.256.66.0F38.W0 52 /r A VIV AVX-VNNI Multiply groups of 2 pairs signed words in 
VPDPWSSD ymm1, ymm2, ymm3/m256 with corresponding signed words 
ymm3/m256 of ymm2, summing those products and adding 
them to doubleword result in ymm1. 
EVEX.128.66.0F38.W0 S82 /r B VIV AVX512_VNNI Multiply groups of 2 pairs signed words in 
VPDPWSSD xmm1{k1}{z}, xmm2, AVX512VL xmm3/m128/m32bcst with corresponding 
xmm3/m1 28/m32bcst signed words of xmm2, summing those 


products and adding them to doubleword result 
in xmm1, under writemask k1. 


EVEX.256.66.0F38.W0 82 /r B VIV AVX512_VNNI Multiply groups of 2 pairs signed words in 
VPDPWSSD ymm1{k1}{z}, ymm2, AVX512VL ymm3/m256/m32bcst with corresponding 
ymm3/m256/m32bcst signed words of ymm2, summing those 


products and adding them to doubleword result 
in ymm1, under writemask k1. 


EVEX.512.66.0F38.W0 82 /r B VIV AVX512_VNNI Multiply groups of 2 pairs signed words in 
VPDPWSSD zmm1{k1}{z}, zmm2, zmm3/m512/m32bcst with corresponding 
zmm3/m512/m32bcst signed words of zmm2, summing those 


products and adding them to doubleword result 
in zmm1, under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Multiplies the individual signed words of the first source operand by the corresponding signed words of the second 
source operand, producing intermediate signed, doubleword results. The adjacent doubleword results are then 


summed and accumulated in the destination operand. 
This instruction supports memory fault suppression. 


Operation 


VPDPWSSD dest, src1, src2 (VEX encoded versions) 
VL=(128, 256) 


KL=VL/32 
ORIGDEST := DEST 
FOR i := 0 TO KL-1: 


p1dword := SIGN_EXTEND(SRC1.word[2*i+0]) * SIGN_EXTEND(SRC2.word[2*i+0] ) 
p2dword := SIGN_EXTEND(SRC1.word[2*i+1]) * SIGN_EXTEND(SRC2.word[2*i+1] ) 
DEST.dword{i] := ORIGDEST.dword[i] + p1dword + p2dword 

DEST[MAX_VL-1:VL] := 0 
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VPDPWSSD dest, src1, src2 (EVEX encoded versions) 
(KL,VL)=(4,1 28), (8,256), (16,512) 
ORIGDEST := DEST 
FOR i :=0 TO KL-1: 
IF k1[i] or *no writemask*: 
IF SRC2 is memory and EVEX.b == 1: 
t:= SRC2.dword[0] 
ELSE: 
t:= SRC2.dword{i] 
p1dword := SIGN_EXTEND(SRC1.word[2*i]) * SIGN_EXTEND(t.word[0]) 
p2dword := SIGN_EXTEND(SRC1.word[2*i+1]) * SIGN_EXTEND(t.word{[1]) 
DEST.dword[i] := ORIGDEST.dword[i] + p1dword + p2dword 
ELSE IF *zeroing*: 
DEST.dword[i] := 0 
ELSE: // Merge masking, dest element unchanged 
DEST.dword[i] := ORIGDEST.dword{i] 
DEST[MAX_VL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPDPWSSD __m128i__mm_dpwssd_avx_epi32(__m128i,__m128i, __m128i); 

VPDPWSSD __m128i __mm_dpwssd_epi32(__m128i,___m128i,___m128i); 

VPDPWSSD __m128i__mm_mask_dpwssd_epi32(__m128i,___ mmask8, __m128i,___m128i); 
VPDPWSSD __m128i __mm_maskz_dpwssd_epi32(__mmask8, __m128i,__m128i,__m128i); 
VPDPWSSD __m256i__mm256_dpwssd_avx_epi32(__m256i,___ m256i, __ m256i); 

VPDPWSSD __m256i__mm256_dpwssd_epi32(__m256i,___m256i,___m256i); 

VPDPWSSD __m256i__mm256_mask_dpwssd_epi32(__m256i,__ mmask8, __ m256i,___ m256i); 
VPDPWSSD __m256i __mm256_maskz_dpwssd_epi32(__mmask8,___m256i,__ m256i,__ m256i); 
VPDPWSSD __m512i_mm512_dpwssd_epi32(__m512i,__m512i,__m512i); 

VPDPWSSD __m512i_mm512_mask_dpwssd_epi32(__m512i,__ mmask16,___m512i,__m512i); 
VPDPWSSD __m512i_mm512_maskz_dpwssd_epi32(__mmask16,___m512i,__m512i,__m512i); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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VPDPWSSDS — Multiply and Add Signed Word Integers with Saturation 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 

VEX.128.66.0F38.W0 53 /r A VIV AVX-VNNI Multiply groups of 2 pairs of signed words in 

VPDPWSSDS xmm1, xmm2z, xmm3/m128 with corresponding signed words 

xmm3/m128 of xmm2, summing those products and adding 
them to doubleword result in xmm1, with 
signed saturation. 

VEX.256.66.0F38.W0 53 /r A VIV AVX-VNNI Multiply groups of 2 pairs of signed words in 

VPDPWSSDS ymm1, ymm2, ymm3/m256 with corresponding signed words 

ymm3/m256 of ymm2, summing those products and adding 
them to doubleword result in ymm1, with 
signed saturation. 

EVEX.128.66.0F38.W0 53 /r B VIV AVX512_VNNI Multiply groups of 2 pairs of signed words in 

VPDPWSSDS xmm1{k1}{z}, xmm2, AVX512VL xmm3/m1 28/m32bcst with corresponding 

xmm3/m1 28/m32bcst signed words of xmm2, summing those 
products and adding them to doubleword result 
in xmm1, with signed saturation, under 
writemask k1. 

EVEX.256.66.0F38.W0 53 /r B VIV AVX512_VNNI Multiply groups of 2 pairs of signed words in 

VPDPWSSDS ymm1{k1}{z}, ymm2, AVX512VL ymm3/m256/m32bcst with corresponding 

ymm3/m256/m32bcst signed words of ymm2, summing those 
products and adding them to doubleword result 
in ymm1, with signed saturation, under 
writemask k1. 

EVEX.512.66.0F38.W0 53 /r B VIN AVX512_VNNI Multiply groups of 2 pairs of signed words in 

VPDPWSSDS zmm1{k1}{z}, zmm2, zmm3/m512/m32bcst with corresponding 

zmm3/m512/m32bcst signed words of zmm2, summing those 
products and adding them to doubleword result 
in zmm1, with signed saturation, under 
writemask k1. 

Instruction Operand Encoding 
Op/En | Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Multiplies the individual signed words of the first source operand by the corresponding signed words of the second 
source operand, producing intermediate signed, doubleword results. The adjacent doubleword results are then 
summed and accumulated in the destination operand. If the intermediate sum overflows a 32b signed number, the 
result is saturated to either Ox7FFF_FFFF for positive numbers of 0x8000_0000 for negative numbers. 


This instruction supports memory fault suppression. 
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VPDPWSSDS — Multiply and Add Signed Word Integers with Saturation 


Operation 


VPDPWSSDS dest, src1, src2 (VEX encoded versions) 
VL=(128, 256) 


KL=VL/32 
ORIGDEST := DEST 
FOR i := 0 TO KL-1: 


p1dword := SIGN_EXTEND(SRC1.word[2*i+0]) * SIGN_EXTEND(SRC2.word[2*i+0]) 

p2dword := SIGN_EXTEND(SRC1.word[2*i+1]) * SIGN_EXTEND(SRC2.word[2*i+1]) 

DEST.dword[i] := SIGNED_DWORD_SATURATE(ORIGDEST.dword[i] + p1dword + p2dword) 
DEST[MAX_VL-1:VL] := 0 


VPDPWSSDS dest, src1, src2 (EVEX encoded versions) 
(KL,VL)=(4,1 28), (8,256), (16,512) 
ORIGDEST := DEST 
FOR i :=0 TOKL-1: 
IF k1[i] or *no writemask*: 
IF SRC2 is memory and EVEX.b == 1: 
t:= SRC2.dword[0] 
ELSE: 
t:= SRC2.dword{i] 
p1dword := SIGN_EXTEND(SRC1.word[2*i]) * SIGN_EXTEND(t.word[0]) 
p2dword := SIGN_EXTEND(SRC1.word[2*i+1]) * SIGN_EXTEND(t.word[1]) 
DEST.dword{i] := SIGNED_DWORD_SATURATE(ORIGDEST.dword[i] + p1dword + p2dword) 
ELSE IF *zeroing*: 
DEST.dword[i] := 0 
ELSE:  // Merge masking, dest element unchanged 
DEST.dword[i] := ORIGDEST.dword{[i] 
DEST[MAX_VL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPDPWSSDS __m128i _mm_dpwssds_avx_epi32(__m128i,__m128i, __m128i); 

VPDPWSSDS __m128i __mm_dpwssds_epi32(__m128i,___m128i, __m128i); 

VPDPWSSDS __m128i __mm_mask_dpwssd_epi32(__m128i, __ mmask8,___m128i, __m128i); 
VPDPWSSDS __m128i _mm_maskz_dpwssd_epi32(__mmask8, __m128i,___m128i,___m128i); 
VPDPWSSDS __m256i __mm256_dpwssds_avx_epi32(__m256i,__ m256i, __ m256i); 
VPDPWSSDS __m256i__mm256_dpwssd_epi32(__m256i,___m256i, __m256i); 

VPDPWSSDS __m256i __mm256_mask_dpwssd_epi32(__m256i,__ mmask8,___m256i, __m256i); 
VPDPWSSDS __m256i __mm256_maskz_dpwssd_epi32(__mmask8, __ m256i,__ m256i, __ m256i); 
VPDPWSSDS __m512i_mm512_dpwssd_epi32(__m512i,__m512i,__m512ii); 

VPDPWSSDS __m512i__mm512_mask_dpwssd_epi32(__m512i,__ mmask16,___m512i,___m512i); 
VPDPWSSDS __m512i__mm512_maskz_dpwssd_epi32(__mmask16,___m512i,__m512i,___m512i); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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Ui 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions’ 
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INSTRUCTION SET REFERENCE, V-Z 


VPERM2F 128 — Permute Floating-Point Values 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En Mode Feature 
Support | Flag 
VEX.256.66.0F3A.WO 06 /r ib RVMI | V/V AVX Permute 128-bit floating-point fields in ymm2 
VPERM2F128 ymm17, ymm2, ymm3/m256, imm8 and ymm3/mem using controls from imm8 and 
store result in ymm17. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RVMI ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) imm8 
Description 


Permute 128 bit floating-point-containing fields from the first source operand (second operand) and second source 
operand (third operand) using bits in the 8-bit immediate and store results in the destination operand (first 
operand). The first source operand is a YMM register, the second source operand is a YMM register or a 256-bit 
memory location, and the destination operand is a YMM register. 


SRC2 Y1 Yo 
a 
DEST XO, X1, YO, or Y1 XO, X1, YO, or Y1 


Figure 5-21. VPERM2F128 Operation 
Imm8[1:0] select the source for the first destination 128-bit field, imm8[5:4] select the source for the second 


destination field. If imm8[3] is set, the low 128-bit field is zeroed. If imm8[7] is set, the high 128-bit field is zeroed. 
VEX.L must be 1, otherwise the instruction will #UD. 
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Operation 


VPERM2F128 
CASE IMM8[1:0] of 

0: DEST[127:0] := SRC1[127:0] 

1: DEST[127:0] := SRC1[255:128] 
2: DEST[127:0] = SRC2[127:0] 

3: DEST[127:0] = SRC2[255:128] 
ESAC 


CASE IMM8[5:4] of 

0: DEST[255:128] = SRC1[127:0] 

1: DEST[255:1 28] := SRC1[255:128] 
2: DEST[255:128] = SRC2[127:0] 

3; DEST[255:128] := SRC2[255:128] 
ESAC 

IF (imm8[3]) 

DEST[127:0] := 0 

FI 


IF (imm8[7]) 
DEST[MAXVL-1:128] := 0 
FI 


Intel C/C++ Compiler Intrinsic Equivalent 


VPERM2F128: m256 __mm256_permute2f128_ps (__m256 a,__m256 b, int control) 
VPERM2F128: m256d _mm256_permute2f128_pd (__m256d a, _m256d b, int control) 
VPERM2F128: m256i__mm256_permute2f128_si256 (__m256i a,___m256i b, int control) 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Table 2-23, “Type 6 Class Exception Conditions”; additionally: 
#UD If VEX.L = 0 

If VEX.W = 1. 


VPERM2F128 — Permute Floating-Point Values 


INSTRUCTION SET REFERENCE, V-Z 
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INSTRUCTION SET REFERENCE, V-Z 


VPERM21128 — Permute Integer Values 


Opcode/ Op/ 64/32 | CPUID Description 
Instruction En -bit Feature 
Mode _ | Flag 
VEX.256.66.0F3A.WO 46 /r ib RVMI | V/V AVX2 Permute 128-bit integer data in ymm2 and 
VPERM21128 ymm1, ymm2, ymm3/m256, imm8& ymm3/mem using controls from imm8 and 
store result in ymm/7. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RVMI ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) Imm8 
Description 


Permute 128 bit integer data from the first source operand (second operand) and second source operand (third 
operand) using bits in the 8-bit immediate and store results in the destination operand (first operand). The first 
source operand is a YMM register, the second source operand is a YMM register or a 256-bit memory location, and 
the destination operand is a YMM register. 


SRC2 Y1 YO 
DEST X0, X1, YO, or Y1 XO, X1, YO, or Y1 


Figure 5-22. VPERM2I128 Operation 
Imm8[1:0] select the source for the first destination 128-bit field, imm8[5:4] select the source for the second 


destination field. If imm8[3] is set, the low 128-bit field is zeroed. If imm8[7] is set, the high 128-bit field is zeroed. 
VEX.L must be 1, otherwise the instruction will #UD. 
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Operation 


VPERM21128 
CASE IMM8[1:0] of 

0: DEST[127:0] = SRC1[127:0] 

1: DEST[127:0] := SRC1[255:128] 

2: DEST[127:0] = SRC2[127:0] 

3: DEST[127:0] = SRC2[255:128] 
ESAC 

CASE IMM8[5:4] of 

0: DEST[255:128] = SRC1[127:0] 

1: DEST[255:1 28] := SRC1[255:128] 
2: DEST[255:128] = SRC2[127:0] 

3; DEST[255:128] = SRC2[255:128] 
ESAC 

IF (imm8[3]) 

DEST[127:0] := 0 

Fl 


IF (imm8[7]) 
DEST[255:128] := 0 
Fl 


Intel C/C++ Compiler Intrinsic Equivalent 


VPERM21128:__m256i__mm256_permute2x128_si256 (__m256i a,__ m256i b, int control) 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-23, “Type 6 Class Exception Conditions”; additionally: 
#UD If VEX.L = 0, 

If VEX.W = 1. 


VPERM21128 — Permute Integer Values 
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Vol.2C 5-357 
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VPERMB—Permute Packed Bytes Elements 


Opcode/ Op/ | 64/32 CPUIDFeature | Description 
Instruction En | bitMode | Flag 
Support 
EVEX.128.66.0F38.W0 8D /r A VV AVX512VL Permute bytes in xmm3/m1 28 using byte indexes in 
VPERMB xmm1 {k1}{z}, xmm2, AVX512_VBMI | xmm2 and store the result in xmm1 using writemask 
xmm3/m128 k1, 
EVEX.256.66.0F38.W0 8D /r A VIV AVX512VL Permute bytes in ymm3/m256 using byte indexes in 
VPERMB ymm1 {k1}{z}, ymm2, AVX512_VBMI | ymm2 and store the result in ymm1 using writemask 
ymm3/m256 k1. 
EVEX.512.66.0F38.W0 8D /r A VV AVX512_VBMI | Permute bytes in zmm3/m512 using byte indexes in 
VPERMB zmm1 {k1}{z}, zmm2, zmmcz and store the result in zmm1 using writemask 
zmm3/m512 k1, 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Copies bytes from the second source operand (the third operand) to the destination operand (the first operand) 
according to the byte indices in the first source operand (the second operand). Note that this instruction permits a 
byte in the source operand to be copied to more than one location in the destination operand. 


Only the low 6(EVEX.512)/5(EVEX.256)/4(EVEX.128) bits of each byte index is used to select the location of the 
source byte from the second source operand. 


The first source operand is a ZMM/YMM/XMM register. The second source operand can be a ZMM/YMM/XMM reg- 
ister, a 512/256/128-bit memory location. The destination operand is a ZMM/YMM/XMM register updated at byte 
granularity by the writemask k1. 


Operation 


VPERMB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 


IF VL = 128: 
n:= 3; 

ELSE IF VL = 256: 
ni=4; 

ELSE IF VL = 512: 
n:=5; 

Fl; 

FOR j := 0 TO KL-1: 


id = SRC1[j*8 + n: j*8]; // location of the source byte 
IF k1[j] OR *no writemask* THEN 

DEST[j*8 + 7: j*8] = SRC2[id*8 +7: id*8]; 
ELSE IF zeroing-masking THEN 


DESTI[j*8 + 7: j*8] := 0; 
*ELSE 


DESTI[j*8 + 7: j*8] remains unchanged* 


Fl 
ENDFOR 
DEST[MAX_VL-1:VL] := 0; 


Intel C/C++ Compiler Intrinsic Equivalent 


VPERMB __m512i_mm512_permutexvar_epi8(__m512i idx, 
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m512i a); 


\VPERMB—Permute Packed Bytes Elements 


VPERMB 


m512i 


INSTRUCTION SET REFERENCE, V-Z 


mm512_mask_permutexvar_epi8(__m512is,__ mmask64 k,___m512i idx, __m512i a); 


VPERMB 


m512i 


mm512_maskz_permutexvar_epi8(__mmask64 k,__m512i idx, ___m512i a); 


VPERMB 


m256i 


mm256_permutexvar_epi8(__m256i idx, __m256i a); 


VPERMB 


m256i 


mm256_mask_permutexvar_epi8(__m256i s,__ mmask32 k,___ m256i idx, __m256i a); 


VPERMB 


m256i 


mm256_maskz_permutexvar_epi8(__mmask32 k,___ m256i idx, __ m256i a); 


VPERMB __. 


VPERMB __m128i __mm_mask_permutexvar_epi8(__m128i s, 


m128i _1 


mm_permutexvar_epi8(__m128i idx, __m128i a); 


mmask16 k,__m128i idx, __m128i a); 


VPERMB __m128i __mm_maskz_permutexvar_epi8(__mmask16 k, 


m128i idx, __m128i a); 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 


See Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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VPERMD/VPERMW—Permute Packed Doublewords/Words Elements 


Opcode/ Op/ 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
VEX.256.66.0F38.W0 36 /r A VIV AVX2 Permute doublewords in ymm3/m256 using indices in 
VPERMD ymm1, ymm2, ymm3/m256 ymm_2 and store the result in ymm1. 
EVEX.256.66.0F38.W0 36 /r B VIN AVX512VL_ | Permute doublewords in ymm3/m256/m32bcst using 
VPERMD ymm1 {k1}{z}, ymm2, AVX512F indexes in ymme2 and store the result in ymm1 using 
ymm3/m256/m32bcst writemask k1. 
EVEX.512.66.0F38.W0 36 /r B VV AVX512F Permute doublewords in zmm3/m512/m32bcst using 
VPERMD zmm1 {k1}{z}, zmm2, indices in zmm2 and store the result in zmm1 using 
zmm3/m512/m32bcst writemask k1. 
EVEX.128.66.0F38.W1 8D /r C VIV AVX512VL_ | Permute word integers in xmm3/m128 using indexes 
VPERMW xmm1 {k1}{z}, xmm2, AVX512BW | inxmm2 and store the result in xmm1 using writemask 
xmm3/m128 k1, 
EVEX.256.66.0F38.W1 8D /r C VV AVX512VL_ | Permute word integers in ymm3/m256 using indexes 
VPERMW ymm1 {k1}{z}, ymm2, AVX512BW | inymm2 and store the result in ymm1 using writemask 
ymm3/m256 k1, 
EVEX.512.66.0F38.W1 8D /r C VV AVX512BW | Permute word integers in zmm3/m512 using indexes 
VPERMW zmm1 {k1}{z}, zmm2, in zmm2 and store the result in zmm1 using writemask 
zmm3/m512 k1, 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 

A NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 

B Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 

C Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 

Description 


Copies doublewords (or words) from the second source operand (the third operand) to the destination operand (the 
first operand) according to the indices in the first source operand (the second operand). Note that this instruction 
permits a doubleword (word) in the source operand to be copied to more than one location in the destination 
operand. 


VEX.256 encoded VPERMD: The first and second operands are YMM registers, the third operand can be a YMM 
register or memory location. Bits (MAXVL-1:256) of the corresponding destination register are zeroed. 


EVEX encoded VPERMD: The first and second operands are ZMM/YMM registers, the third operand can be a 
ZMM/YMM register, a 512/256-bit memory location or a 512/256-bit vector broadcasted from a 32-bit memory 
location. The elements in the destination are updated using the writemask k1. 


VPERMW: first and second operands are ZMM/YMM/XMM registers, the third operand can be a ZMM/YMM/XMM 
register, or a 512/256/128-bit memory location. The destination is updated using the writemask k1. 


EVEX.128 encoded versions: Bits (MAXVL-1:128) of the corresponding ZMM register are zeroed. 
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Operation 


VPERMD (EVEX encoded versions) 
(KL, VL) = (8, 256), (16, 512) 
IF VL = 256 THEN n:= 2; Fl; 
IF VL = 512 THEN n:= 3; Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
id := 32*SRC1[i+n:i] 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN DEST[i+31:i] = SRC2[31:0]; 
ELSE DEST[i+31:i] := SRC2[id+31:id]; 


Fl; 
ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPERMD (VEX.256 encoded version) 

DEST[31:0] := (SRC2[255:0] >> (SRC1[2:0] * 32))[31:0]; 
DEST[63:32] := (SRC2[255:0] >> (SRC1[34:32] * 32))[31:0]; 
DEST[95:64] := (SRC2[255:0] >> (SRC1[66:64] * 32))[31:0]; 
DEST[127:96] := (SRC2[255:0] >> (SRC1[98:96] * 32))[31:0]; 
DEST[159:1 28] := (SRC2[255:0] >> (SRC1[130:128] * 32))[31:0]; 
DEST[191:160] := (SRC2[255:0] >> (SRC1[162:160] * 32))[31:0]; 
DEST[223:192] := (SRC2[255:0] >> (SRC1[194:192] * 32))[31:0]; 
DEST[255:224] := (SRC2[255:0] >> (SRC1[226:224] * 32))[31:0]; 
DEST[MAXVL-1:256] := 0 


~~ YS YH 


VPERMW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
IF VL = 128 THEN n:= 2; Fl; 
IF VL = 256 THEN n:= 3; Fl; 
IF VL = 512 THEN n:= 4; Fl; 
FOR j := 0 TO KL-1 

i:=j*16 

id := 16*SRC1[i+n:i] 

IF k1[j] OR *no writemask* 

THEN DEST[i+1 5:i] := SRC2[id+1 5:id] 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPERMD/VPERMW—Permute Packed Doublewords/Words Elements 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-361 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VPERMD __m512i_mm512_permutexvar_epi32(__m512i idx, __m512i a); 

VPERMD __m512i_mm512_mask_permutexvar_epi32(__m512is,__mmask16 k,__m512i idx, __m512i a); 
VPERMD __m512i_mm512_maskz_permutexvar_epi32(__mmask16 k,__m512i idx, __m512i a); 
VPERMD __m256i__mm256_permutexvar_epi32(__m256i idx, __ m256i a); 

VPERMD __m256i__mm256_mask_permutexvar_epi32(__m256i s,__ mmask8 k, __m256i idx, __ m256i a); 
VPERMD __m256i_mm256_maskz_permutexvar_epi32(__mmask8 k, __m256i idx, __ m256i a); 

VPERMW __m512i_mm512_permutexvar_epi16(__m512i idx, __m512i a); 

VPERMW __m512i_mm512_mask_permutexvar_epi16(__m512i s,__ mmask32 k,__m512i idx, ___m512i a); 
VPERMW __m512i_mm512_maskz_permutexvar_epi16(__mmask32 k,__m512i idx, ___m512i a); 
VPERMW __m256i__mm256_permutexvar_epi16(__m256i idx, __m256i a); 

VPERMW __m256i__mm256_mask_permutexvar_epi16(__m256i s,__ mmask16 k, __ m256i idx, __m256i a); 
VPERMW __m256i__mm256_maskz_permutexvar_epi16(__mmask16 k,__m256i idx, _ m256i a); 
VPERMW __m128i 


_mm_permutexvar_epi16(__m128i idx, __m128i a); 
VPERMW __m128i __mm_mask_permutexvar_epi16(__m128i s,___mmask8 k, 


VPERMW __m128i__mm_maskz_permutexvar_epi16(__mmask8 k, 


m1 28i idx, __m128i a); 
m128i idx, __m128i a); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded VPERMD, see Table 2-50, “Type E4NF Class Exception Conditions”. 
EVEX-encoded VPERMW, see Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 


Additionall 
#UD 
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y: 


If VEX.L = 0. 
If EVEX.L’L = 0 for VPERMD. 


VPERMD/VPERMW—Permute Packed Doublewords/Words Elements 
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VPERMI2B—Full Permute of Bytes from Two Tables Overwriting the Index 


Opcode/ Op/ | 64/32 CPUID Feature Description 
Instruction En | bitMode | Flag 

Support 
EVEX.128.66.0F38.W0O 75 /r A VIV AVX512VL Permute bytes in xmm3/m128 and xmm_2 using 
VPERMIZB xmm1 {k1}{z}, xmm2, AVX512_VBMI byte indexes in xmm1 and store the byte results 
xmm3/m128 in xmm1 using writemask k1. 
EVEX.256.66.0F38.W0 75 /r A VIV AVX512VL Permute bytes in ymm3/m256 and ymme2 using 
VPERMI2B ymm1 {k1}{z}, ymm2, AVX512_VBMI byte indexes in ymm1 and store the byte results 
ymm3/m256 in ymm1 using writemask k1. 
EVEX.512.66.0F38.W0 75 /r A VIV AVX512_VBMI Permute bytes in zmm3/m512 and zmme2 using 
VPERMI2ZB zmm1 {k1}{z}, zmm2, byte indexes in zmm1 and store the byte results 
zmm3/m512 in zmm1 using writemask k1. 


Instruction Operand Encoding 


Op/En | Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Permutes byte values in the second operand (the first source operand) and the third operand (the second source 
operand) using the byte indices in the first operand (the destination operand) to select byte elements from the 
second or third source operands. The selected byte elements are written to the destination at byte granularity 
under the writemask k1. 

The first and second operands are ZMM/YMM/XMM registers. The first operand contains input indices to select 
elements from the two input tables in the 2nd and 3rd operands. The first operand is also the destination of the 
result. The third operand can be a ZMM/YMM/XMM register, or a 512/256/128-bit memory location. In each index 
byte, the id bit for table selection is bit 6/5/4, and bits [5:0]/[4:0]/[3:0] selects element within each input table. 


Note that these instructions permit a byte value in the source operands to be copied to more than one location in 
the destination operand. Also, the same tables can be reused in subsequent iterations, but the index elements are 
overwritten. 


Bits (MAX_VL-1:256/128) of the destination are zeroed for VL=256,128. 
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Operation 


VPERMIZ2B (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
IF VL = 128: 
id := 3; 
ELSE IF VL = 256: 
id:=4; 
ELSE IF VL = 512: 
id:=5; 
Fl; 
TMP_DEST[VL-1:0] := DEST[VL-1:0]; 
FOR j :=0 TO KL-1 
off := 8*SRC1[j*8 + id: j*8] ; 
IF k1[j] OR *no writemask*: 
DEST[j*8 + 7: j*8] = TMP_DEST[j*8+id+1 ]? SRC2[off+ 7:off] : SRC1[off+7:off]; 
ELSE IF *zeroing-masking* 
DEST[j*8 + 7: j*8] := 0; 
*ELSE 
DEST[j*8 + 7: j*8] remains unchanged* 
Fl; 
ENDFOR 
DEST[MAX_VL-1:VL] := 0; 


Intel C/C++ Compiler Intrinsic Equivalent 


VPERMI2B____m512i_mm512_permutex2var_epi8(__m512i a,__m512i idx, __m512i b); 
VPERMI2B __m512i_mm512_mask2_permutex2var_epi8(__m512i a,__m512i idx, __ mmask64 k,__m512i b); 


VPERMI2B __m512i_mm512_maskz_permutex2var_epi8(__mmask64 k,___m512i a,__m512i idx, __m512i b); 
VPERMI2B __m256i__mm256_permutex2var_epi8(__m256i a, __ m256i idx, __m256i b); 

VPERMI2B __m256i_mm256_mask2_permutex2var_epi8(__m256i a,__ m256i idx, __ mmask32 k, __m256i b); 
VPERMI2B __ m256i__mm256_maskz_permutex2var_epi8(__mmask32 k,__ m256i a,__ m256Gi idx, __ m256i b); 


VPERMI2B __m128i__mm_permutex2var_epi8(__m128i a, __m128i idx, __m128i b); 
VPERMI2B __m128i__mm_mask2_permutex2var_epi8(__m128i a,__m128i idx, __ mmask16 k, __m128i b); 
VPERMI2B __m128i __mm_maskz_permutex2var_epi8(__mmask16 k,___m128i a, __m128i idx, __m128i b); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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VPERMI2W/D/Q/PS/PD—Full Permute From Two Tables Overwriting the Index 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 

EVEX.128.66.0F38.W1 75 /r A VV AVX512VL_ | Permute word integers from two tables in 

VPERMI2W xmm1 {k1}{z}, xmm2, AVX512BW | xmm3/m128 and xmm_z using indexes in xmm1 and 

xmm3/m128 store the result in xmm1 using writemask k1. 

EVEX.256.66.0F38.W1 75 /r A VV AVX512VL_ | Permute word integers from two tables in 

VPERMI2W ymm1 {k1}{z}, ymm2, AVX512BW | ymm3/m256 and ymm_2 using indexes in ymm1 and 

ymm3/m256 store the result in ymm1 using writemask k1. 

EVEX.512.66.0F38.W1 75 /r A VV AVX512BW | Permute word integers from two tables in 

VPERMI2W zmm1 {k1}{z}, zmm2, zmm3/m512 and zmm2 using indexes in zmm1 and 

zmm3/m512 store the result in zmm1 using writemask k1. 

EVEX.128.66.0F38.W0O 76 /r B VV AVX512VL_ | Permute double-words from two tables in 

VPERMI2ZD xmm1 {k1}{z}, xmm2, AVX512F xmm3/m1 28/m32bcst and xmm2 using indexes in 

xmm3/m128/m32bcst xmm_1 and store the result in xmm1 using writemask 
k1. 

EVEX.256.66.0F38.W0 76 /r B VIV AVX512VL_ | Permute double-words from two tables in 

VPERMI2ZD ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m32bcst and ymmz using indexes in 

ymm3/m256/m32bcst ymm1 and store the result in ymm1 using writemask 
k1. 

EVEX.512.66.0F38.W0 76 /r B VIN AVX512F Permute double-words from two tables in 

VPERMI2ZD zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst and zmmz using indices in 

zmm3/m512/m32bcst zmm1 and store the result in zmm1 using writemask 
k1. 

EVEX.128.66.0F38.W1 76 /r B VIV AVX512VL_ | Permute quad-words from two tables in 

VPERMI2Q xmm1 {k1}{z}, xmm2, AVX512F xmm3/m128/m64bcst and xmm_z using indexes in 

xmm3/m128/m64bcst xmm_1 and store the result in xmm1 using writemask 
k1. 

EVEX.256.66.0F38.W1 76 /r B VIV AVX512VL_ | Permute quad-words from two tables in 

VPERMI2Q ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m64bcst and ymmz using indexes in 

ymm3/m256/m64bcst ymm1 and store the result in ymm1 using writemask 
k1. 

EVEX.512.66.0F38.W1 76 /r B VIV AVX512F Permute quad-words from two tables in 

VPERMI2Q zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst and zmm2 using indices in 

zmm3/m512/m64bcst zmm1 and store the result in zmm1 using writemask 
k1. 

EVEX.128.66.0F38.WO 77 /r B VIV AVX512VL_ | Permute single-precision FP values from two tables in 

VPERMI2PS xmm1 {k1}{z}, xmm2, AVX512F xmm3/m1 28/m32bcst and xmm2 using indexes in 

xmm3/m128/m32bcst xmm_1 and store the result in xmm1 using writemask 
k1. 

EVEX.256.66.0F38.W0O 77 /r B VV AVX512VL_ | Permute single-precision FP values from two tables in 

VPERMI2ZPS ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m32bcst and ymmz using indexes in 

ymm3/m256/m32bcst ymm1 and store the result in ymm1 using writemask 
k1. 

EVEX.512.66.0F38.W0O 77 /r B VIV AVX512F Permute single-precision FP values from two tables in 

VPERMI2PS zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst and zmmz using indices in 

zmm3/m512/m32bcst zmm1 and store the result in zmm1 using writemask 


k1. 
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Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F38.W1 77 /r B VIV AVX512VL_ | Permute double-precision FP values from two tables in 
VPERMI2PD xmm1 {k1}{z}, xmm2, AVX512F xmm3/m128/m64bcst and xmmz using indexes in 
xmm3/m1 28/m64bcst xmm1 and store the result in xmm1 using writemask 
k1. 
EVEX.256.66.0F38.W1 77 /r B VIV AVX512VL_ | Permute double-precision FP values from two tables in 
VPERMI2PD ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m64bcst and ymm2z using indexes in 
ymm3/m256/m64bcst ymm1 and store the result in ymm1 using writemask 
k1, 
EVEX.512.66.0F38.W1 77 /r B VIV AVX512F Permute double-precision FP values from two tables in 
VPERMI2PD zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst and zmm_2 using indices in 
zmm3/m512/m64bcst zmm1 and store the result in zmm1 using writemask 
k1, 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (r,w) EVEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Permutes 16-bit/32-bit/64-bit values in the second operand (the first source operand) and the third operand (the 
second source operand) using indices in the first operand to select elements from the second and third operands. 
The selected elements are written to the destination operand (the first operand) according to the writemask k1. 
The first and second operands are ZMM/YMM/XMM registers. The first operand contains input indices to select 
elements from the two input tables in the 2nd and 3rd operands. The first operand is also the destination of the 
result. 

D/Q/PS/PD element versions: The second source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit 
memory location or a 512/256/128-bit vector broadcasted from a 32/64-bit memory location. Broadcast from the 
low 32/64-bit memory location is performed if EVEX.b and the id bit for table selection are set (selecting table_2). 
Dword/PS versions: The id bit for table selection is bit 4/3/2, depending on VL=512, 256, 128. Bits 
[3:0]/[2:0]/[1:0] of each element in the input index vector select an element within the two source operands, If 
the id bit is 0, table_1 (the first source) is selected; otherwise the second source operand is selected. 

Qword/PD versions: The id bit for table selection is bit 3/2/1, and bits [2:0]/[1:0] /bit 0 selects element within each 
input table. 

Word element versions: The second source operand can be a ZMM/YMM/XMM register, or a 512/256/128-bit 
memory location. The id bit for table selection is bit 5/4/3, and bits [4:0]/[3:0]/[2:0] selects element within each 
input table. 

Note that these instructions permit a 16-bit/32-bit/64-bit value in the source operands to be copied to more than 
one location in the destination operand. Note also that in this case, the same table can be reused for example for a 
second iteration, while the index elements are overwritten. 


Bits (MAXVL-1:256/128) of the destination are zeroed for VL=256,128. 
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Operation 


VPERMI2W (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
IF VL= 128 
id:=2 
Fl; 
IF VL = 256 
id:=3 
Fl; 
IF VL= 512 
id :=4 
Fl; 
TMP_DEST := DEST 
FOR j := 0 TO KL-1 
i:=j*16 
off := 16*TMP_DEST[i+id:i] 
IF k1[j] OR *no writemask* 


THEN 
DEST[i+1 5:i]=TMP_DEST[i+id+ 1] ? SRC2[off+1 S:off] 
: SRC1[off+1 5:off] 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPERMI2D/VPERMI2PS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF VL= 128 
id:=1 
Fl; 
IF VL = 256 
id:=2 
Fl; 
IF VL= 512 
id:=3 
Fl; 
TMP_DEST := DEST 
FOR j := 0 TO KL-1 
i:=j* 32 
off := 32*TMP_DEST[i+id:i] 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN 
DEST[i+31:i] = TMP_DEST[i+id+1] ? SRC2[31:0] 
: SRC1[off+31:off] 
ELSE 
DEST[i+31:i] = TMP_DEST[i+id+1] ? SRC2[off+31:off] 
: SRC1[off+31:off] 


VPERMI2W/D/Q/PS/PD—Full Permute From Two Tables Overwriting the Index 


INSTRUCTION SET REFERENCE, V-Z 


Vol. 2C 5-367 


INSTRUCTION SET REFERENCE, V-Z 


Fl 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPERMI2Q/VPERMIZPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8 512) 
IF VL= 128 
id:=0 
Fl; 
IF VL = 256 
id:=1 
Fl; 
IF VL=512 
id:=2 
Fl; 
TMP_DEST:= DEST 
FOR j := 0 TO KL-1 
i:=j* 64 
off := 64*TMP_DEST[i+id:i] 
IF k1[j] OR *no writemask* 


THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
DEST[i+63:i] = TMP_DEST[i+id+1] ? SRC2[63:0] 
: SRC1[off+63:off] 
ELSE 
DEST[i+63:i] := TMP_DEST[i+id+1] ? SRC2[off+63:off] 
: SRC1[off+63:off] 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VPERMI2D __m512i_mm512_permutex2var_epi32(__m512i a,__m512i idx,__m512i b); 

VPERMI2D __m512i_mm512_mask_permutex2var_epi32(__m512i a,__ mmask16 k,__m512i idx, __m512i b); 
VPERMI2D __m512i_mm512_mask2_permutex2var_epi32(__m512i a,__m512i idx, ___ mmask16 k,___m512i b); 
VPERMI2D __m512i_mm512_maskz_permutex2var_epi32(__mmask16 k,__m512ia,__m512i idx, __m512i b); 
VPERMI __m256i__mm256_permutex2var_epi32(__m256i a,__ m256i idx, __m256i b); 

VPERMI2D __m256i__mm256_mask_permutex2var_epi32(__m256i a,__ mmask8 k,__ m256i idx, __m256i b); 
VPERMI2D __ m256i_mm256_mask2_permutex2var_epi32(__m256i a, ___ m256i idx, __ mmask8 k, __m256i b); 
VPERMI2D __m256i__mm256_maskz_permutex2var_epi32(__mmask8 k,__ m256i a,___ mM256i idx, __m256i b); 


VPERMI2D __m128i_mm_permutex2var_epi32(__m128i a, ___m128i idx, __m128i b); 

VPERMI2D __m128i__mm_mask_permutex2var_epi32(__m128i a,__mmask8 k,___m128i idx, __m128i b); 
VPERMI2D __m128i__mm_mask2_permutex2var_epi32(__m128i a, __m128i idx, __ mmask8 k, __m128i b); 
VPERMI2D __m128i__mm_maskz_permutex2var_epi32(__mmask8 k,___m128i a,__m128i idx, __m128i b); 
VPERMI2PD __m512d_mm512_permutex2var_pd(__m512d a,__m512i idx,__m512d b); 

VPERMI2PD __m512d_mm512_mask_permutex2var_pd(__m512d a,__ mmask8 k,___m512i idx,__m512d b); 
VPERMI2PD __m512d_mm512_mask2_permutex2var_pd(__m512da,__m512i idx, ___mmask8 k,__m512d b); 
VPERMI2PD __m512d_mm512_maskz_permutex2var_pd(__mmask8 k,__m512d a,__m512i idx, __m512d b); 
VPERMI2PD __m256d_mm256_permutex2var_pd(__m256d a, ___ m256i idx, __ m256d b); 

VPERMI2PD __m256d __mm256_mask_permutex2var_pd(__m256d a, ___ mmask8 k, __ m256i idx, ___ m256d b); 
VPERMI2PD __m256d __mm256_mask2_permutex2var_pd(__m256d a, ___ m256i idx, __ mmask8 k, __ m256d b); 
VPERMI2PD __m256d __mm256_maskz_permutex2var_pd(__mmask8 k,___ m256d a, __m256i idx, __m256d b); 
VPERMI2PD __m128d_mm_permutex2var_pd(__m128d a, __m128i idx, __m128d b); 

VPERMI2PD __m128d _mm_mask_permutex2var_pd(__m128d a,__ mmask8 k,___m128i idx, __m128d b); 
VPERMI2PD __m128d_mm_mask2_permutex2var_pd(__m128d a, __m128i idx, __ mmask8 k,__m128d b); 
VPERMI2PD __m128d __mm_maskz_permutex2var_pd(__mmask8 k,___m128d a,__m128i idx, __m128d b); 
VPERMI2PS __m512_mm512_permutex2var_ps(__m512 a,__m512i idx,__m512 b); 

VPERMI2PS __m512_mm512_mask_permutex2var_ps(__m512 a,__mmask16 k,___m512i idx, __m512 b); 
VPERMI2PS __m512_mm512_mask2_permutex2var_ps(__m512 a,__m512i idx, __ mmask16 k,__m512 b); 
VPERMI2PS ___m512_mm512_maskz_permutex2var_ps(__mmask16 k,__m512 a,__m512i idx,__m512 b); 
VPERMI2PS ___m256 __mm256_permutex2var_ps(__m256 a, ___ m256i idx,___m256 b); 

VPERMI2PS __m256 _mm256_mask_permutex2var_ps(__m256 a,__ mmask8 k, __m256i idx, __ m256 b); 
VPERMI2PS __m256 __mm256_mask2_permutex2var_ps(__m256 a,__ m256i idx, _ mmask8 k,___m256 b); 
VPERMI2PS __m256 __mm256_maskz_permutex2var_ps(__mmask8 k,__m256 a,__ m256i idx, __m256 b); 


VPERMI2PS ___m128 __mm_permutex2var_ps(__m128 a, 
VPERMI2PS __m128 __mm_mask_permutex2var_ps(__m128 a,__ mmask8 k,___m128i idx, ___m128 b); 

VPERMI2PS __m128 _mm_mask2_permutex2var_ps(__m128 a,__m128i idx, _ mmask8 k,__m128 b); 
VPERMI2PS __m128 _mm_maskz_permutex2var_ps(__mmask8 k,__m128 a,__m128i idx, __m128 b); 
VPERMI2Q___m512i__mm512_permutex2var_epi64(__m512i a,__m512i idx, __m512i b); 


m1 28i idx, __m128 b); 


VPERMI2Q___m512i__mm512_mask_permutex2var_epi64(__m512i a, __mmask8 k, __m512i idx, __m512i b); 
VPERMI2Q___m512i _mm512_mask2_permutex2var_epi64(__m512i a, __m512i idx, __mmask8 k, __m512i b); 
VPERMI2Q___m512i__mm512_maskz_permutex2var_epi64(__mmask8 k, __m512i a,__m512i idx, __m512i b); 
VPERMI2Q_ __m256i _mm256_permutex2var_epi64(__m256i a, __m256i idx, __m256i b); 

VPERMI2Q __m256i _mm256_mask_permutex2var_epi64(__m256i a, __mmask8 k, __m256i idx, __m256i b); 
VPERMI2Q __m256i _mm256_mask2_permutex2var_epi64(__m256i a, __m256i idx, __mmask8 k, __m256i b); 
VPERMI2Q __m256i __mm256_maskz_permutex2var_epi64(__mmask8 k, __m256i a, __m256i idx, __m256i b); 
VPERMI2Q __m128i _mm_permutex2var_epi64(__m128i a, __m128i idx, __m128i b); 

VPERMI2Q __m128i _mm_mask_permutex2var_epi64(__m128i a, ___mmask8 k, __m128i idx, __m128i b); 
VPERMI2Q __m128i __mm_mask2_permutex2var_epi64(__m128i a, __m128i idx, __ mmask8 k, __m128i b); 


VPERMI2Q __m128i _mm_maskz_permutex2var_epi64(__mmask8 k, __m128i a, __m128i idx, __m128i b); 
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VPERMI2W __m512i 


mm512_permutex2var_epil16(__m512i a,___m512i idx, ___m512ib); 


VPERMI2W __m512i 


mm512_mask_permutex2var_epi16(__m512i a,__ mmask32 k,__m512i idx, ___m512ib); 


VPERMI2W __m512i 


mm512_mask2_permutex2var_epi16(__m512i a,__m512i idx, __ mmask32 k,___m512ib); 


VPERMI2W __m512i 


VPERMI2W __m256i 


mm512_maskz_permutex2var_epi16(__mmask32 k,__m512i a,__m512i idx, __m512i b); 
mm256_permutex2var_epi16(__m256i a,__ m256i idx, __ m256i b); 


VPERMI2W __m256i 


mm256_mask_permutex2var_epi16(__m256i a,__ mmask16 k,__ m256i idx, __ m256i b); 


VPERMI2W __m256i 


mm256_mask2_permutex2var_epi16(__m256i a,__ m256i idx,__ mmask16 k, __m256i b); 


VPERMI2W __m256i 


mm256_maskz_permutex2var_epi16(__mmask16 k,__ m256i a,__ m256i idx, __m256i b); 


VPERMI2W __m128i _| 


VPERMI2W __m128i 


mm_permutex2var_epi16(__m128i a, ___m128i idx, __m128i b); 
mm_mask_permutex2var_epi16(__m128i a, ___mmask8 k, __m128i idx, 


m128i b); 


VPERMI2W __m128i 


mm_mask2_permutex2var_epi16(__m128i a,__m128i idx, ___ mmask8 k, __m128i b); 


VPERMI2W __m128i 


mm_maskz_permutex2var_epi16(__mmask8 k, __m128i a,__m128i idx, __m128i b); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


VPERMI2D/Q/PS/PD: See Table 2-50, “Type E4NF Class Exception Conditions”. 
VPERMI2W: See Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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VPERMILPD—Permute In-Lane of Pairs of Double-Precision Floating-Point Values 


Description 


Permute double-precision floating-point values in 
xmmz using controls from xmm3/m1 28 and store 
result in xmm1. 


Permute double-precision floating-point values in 
ymmcz using controls from ymm3/m256 and store 
result in ymm1. 


Permute double-precision floating-point values in 
xmmz using control from xmm3/m128/m64bcst 
and store the result in xmm1 using writemask k1. 


Permute double-precision floating-point values in 
ymmcz using control from ymm3/m256/m64bcst 
and store the result in ymm1 using writemask k1. 


Permute double-precision floating-point values in 
zmm_z using control from zmm3/m512/m64bcst 
and store the result in zmm1 using writemask k1. 
Permute double-precision floating-point values in 
xmm2/m128 using controls from immés. 

Permute double-precision floating-point values in 
ymm2/m256 using controls from immés. 

Permute double-precision floating-point values in 
xmm2/m128/m64bcst using controls from imm8 
and store the result in xmm1 using writemask k1. 


Permute double-precision floating-point values in 
ymm2/m256/m64bcst using controls from imm8 
and store the result in ymm1 using writemask k1. 


Opcode/ Op/En | 64/32 CPUID 

Instruction bit Mode | Feature 
Support Flag 

VEX.128.66.0F38.WO OD /r A VIV AVX 

VPERMILPD xmm1, xmm2, xmm3/m128 

VEX.256.66.0F38.WO OD /r A VIV AVX 

VPERMILPD ymm1, ymm2, ymm3/m256 

EVEX.128.66.0F38.W1 OD /r C VIV AVX512VL 

VPERMILPD xmm1 {k1}{z}, xmm_2, AVX512F 

xmm3/m128/m64bcst 

EVEX.256.66.0F38.W1 OD /r C VIV AVX512VL 

VPERMILPD ymm1 {k1}{z}, ymm2, AVX512F 

ymm3/m256/m64bcst 

EVEX.512.66.0F38.W1 OD /r C VIV AVX512F 

VPERMILPD zmm1 {k1}{z}, zmm2, 

zmm3/m512/m64bcst 

VEX.128.66.0F3A.WO 05 /r ib B VIV AVX 

VPERMILPD xmm1, xmm2/m1 28, imm8 

VEX.256.66.0F3A.WO 05 /r ib B VIV AVX 

VPERMILPD ymm1, ymm2/m256, imm8 

EVEX.128.66.0F3A.W1 05 /r ib D VIV AVX512VL 

VPERMILPD xmm1 {k1}{z}, AVX512F 

xmm2/m128/m64bcst, imm8 

EVEX.256.66.0F3A.W1 05 /r ib D VIV AVX512VL 

VPERMILPD ymm1 {k1}{z}, AVX512F 

ymm2/m256/m64bcst, imm8 

EVEX.512.66.0F3A.W1 05 /r ib D VIV AVX512F 

VPERMILPD zmm1 {k1}{Z}, 

zmm2/m512/m64bcst, imm8 


Permute double-precision floating-point values in 
zmm2/m512/m64bcst using controls from imm8 
and store the result in zmm1 using writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
B NA ModRM:reg (w) ModRM:r/m (r) NA NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
D Full ModRM:reg (w) ModRM:r/m (r) NA NA 
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Description 
(variable control version) 


Permute pairs of double-precision floating-point values in the first source operand (second operand), each using a 
1-bit control field residing in the corresponding quadword element of the second source operand (third operand). 
Permuted results are stored in the destination operand (first operand). 


The control bits are located at bit 0 of each quadword element (see Figure 5-24). Each control determines which of 
the source element in an input pair is selected for the destination element. Each pair of source elements must lie in 
the same 128-bit region as the destination. 


EVEX version: The second source operand (third operand) is a ZMM/YMM/XMM register, a 512/256/128-bit 
memory location or a 512/256/128-bit vector broadcasted from a 64-bit memory location. Permuted results are 
written to the destination under the writemask. 


SRC1 X3 X2 x1 x0 


DEST| X2..X3 X2..X3 X0..X1 X0..X1 


Figure 5-23. VPERMILPD Operation 


VEX.256 encoded version: Bits (MAXVL-1:256) of the corresponding ZMM register are zeroed. 


Bit 
255 194 193 127 66 65 63 2 1 
3 3 
2 2 
ignored sel ef ee et 
Control Field 4 Control Field 2 Control Field1 


Figure 5-24. VPERMILPD Shuffle Control 


(immediate control version) 

Permute pairs of double-precision floating-point values in the first source operand (second operand), each pair 
using a 1-bit control field in the imm8 byte. Each element in the destination operand (first operand) use a separate 
control bit of the imm8 byte. 

VEX version: The source operand is a YMM/XMM register or a 256/128-bit memory location and the destination 
operand is a YMM/XMM register. Imm8 byte provides the lower 4/2 bit as permute control fields. 


EVEX version: The source operand (second operand) is a ZMM/YMM/XMM register, a 512/256/128-bit memory 
location or a 512/256/128-bit vector broadcasted from a 64-bit memory location. Permuted results are written to 
the destination under the writemask. Imm8 byte provides the lower 8/4/2 bit as permute control fields. 


Note: For the imm8 versions, VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instruction will 
#UD. 
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Operation 


VPERMILPD (EVEX immediate versions) 
(KL, VL) = (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF (EVEX.b = 1) AND (SRC1 *is memory*) 
THEN TMP_SRC1[i+63:i] = SRC1[63:0]; 
ELSE TMP_SRC1[i+63:i] := SRC1[i+63:i]; 
Fl; 
ENDFOR; 
IF (imm8[O] = 0 
IF (imm8[O] = 1 
IF (imm8[1] = 0 
IF (imm8[1] = 1 
IF VL >= 256 
IF (imm8[2] = 0 
IF (imm8[2] = 1 
IF (imm8[3] = 0 
IF (imm8[3] = 1 


THEN TMP_DEST[63:0] := SRC1[63:0]; Fl; 

THEN TMP_DEST[63:0] := TMP_SRC1[127:64]; FI; 
THEN TMP_DEST[127:64] := TMP_SRC1[63:0]; Fl; 
THEN TMP_DEST[127:64] := TMP_SRC1[1 27:64]; Fl; 


~~ Pro = 


THEN TMP_DEST[191:128] := TMP_SRC1[191:128]; Fl; 
THEN TMP_DEST[191:128] := TMP_SRC1[255:192]; Fl; 
THEN TMP_DEST[255:192] := TMP_SRC1[191:128]; Fl; 
THEN TMP_DEST[255:192] := TMP_SRC1[255:192]; Fl; 


~~ Fa ws a 


Fl; 
IFVL>=512 

IF (imm8[4] = 0 
IF (imm8[4] = 1 
IF (imm8[5] = 0 
IF (imm8[5] = 1 
IF (imm8[6] = 0 
IF ( 
IF ( 
IF ( 


THEN TMP_DEST[319:256] := TMP_SRC1[319:256]; Fl; 
THEN TMP_DEST[319:256] := TMP_SRC1[383:320]; Fl; 
THEN TMP_DEST[383:320] := TMP_SRC1[319:256]; Fl; 
THEN TMP_DEST[383:320] := TMP_SRC1[383:320]; Fl; 
THEN TMP_DEST[447:384] := TMP_SRC1[447:384]; Fl; 
THEN TMP_DEST[447:384] := TMP_SRC1[511:448]; Fl; 
THEN TMP_DEST[51 1:448] := TMP_SRC1[447:384]; Fl; 
THEN TMP_DEST[51 1:448] := TMP_SRC1[511:448]; Fl; 


imm8[6] = 1 
imm8[7] = 0 
imm8[7] = 1 


Ne 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPERMILPD (256-bit immediate version) 

IF (imm8[O] = 0) THEN DEST[63:0] := SRC1[63:0] 

IF (imm8[O] = 1) THEN DEST[63:0] := SRC1[127:64] 

IF (imm8[1] = 0) THEN DEST[1 27:64] := SRC1[63:0] 

IF (imm8[1] = 1) THEN DEST[1 27:64] := SRC1[127:64] 

IF (imm8[2] = 0) THEN DEST[191:128] := SRC1[191:128] 

IF (imm8[2] = 1) THEN DEST[191:128] := SRC1[255:192] 
) 
) 


Solin fin, Gi ilimins igi’ gis 


IF (imm8[3] = 0) THEN DEST[255:192] := SRC1[191:128] 
IF (imm8[3] = 1) THEN DEST[255:192] := SRC1[255:192] 
DEST[MAXVL-1:256] := 0 
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VPERMILPD (128-bit immediate version) 

IF (imm8[0] = 0) THEN DEST[63:0] := SRC1[63:0] 

IF (imm8[0] = 1) THEN DEST[63:0] := SRC1[127:64] 

IF (imm8[1] = 0) THEN DEST[127:64] := SRC1[63:0] 

IF (imm8[1] = 1) THEN DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


VPERMILPD (EVEX variable versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF (EVEX.b = 1) AND (SRC2 *is memory”) 
THEN TMP_SRC2{[i+63:i] := SRC2[63:0]; 
ELSE TMP_SRC2[i+63:i] = SRC2[i+63:i]; 
Fl; 
ENDFOR; 


IF (TMP_SRC2[1] = 0) THEN TMP_DEST[63:0] := SRC1[63:0]; Fl; 

IF (TMP_SRC2[1] = 1) THEN TMP_DEST[63:0] := SRC1[127:64]; Fl; 

IF (TMP_SRC2[65] = 0) THEN TMP_DEST[127:64] := SRC1[63:0]; Fl; 

IF (TMP_SRC2[65] = 1) THEN TMP_DEST[127:64] := SRC1[127:64]; FI; 

IF VL >= 256 
IF (TMP_SRC2[129] = 0 
IF (TMP_SRC2[129] = 1 
IF (TMP_SRC2[193] = 0 
IF (TMP_SRC2[193] = 1 


THEN TMP_DEST[191:128] := SRC1[191:128]; Fl; 
THEN TMP_DEST[191:128] := SRC1[255:192]; Fl; 
THEN TMP_DEST[255:1 92] := SRC1[191:128]; Fl; 
THEN TMP_DEST[255:192] := SRC1[255:192]; Fl; 


YS Hw => 


Fl; 
IF VL >=512 
IF (TMP_SRC2[257] = 0 
IF (TMP_SRC2[257] = 1 
IF (TMP_SRC2[321] = 0 
IF (TMP_SRC2[321] = 1 
IF (TMP_SRC2[385] = 0 
IF ( 
IF ( 
IF ( 


THEN TMP_DEST[319:256] := SRC1[319:256]; Fl; 
THEN TMP_DEST[319:256] := SRC1[383:320]; Fl; 
THEN TMP_DEST[383:320] := SRC1[319:256]; Fl; 
THEN TMP_DEST[383:320] := SRC1[383:320]; Fl; 
THEN TMP_DEST[447:384] := SRC1[447:384]; Fl; 
THEN TMP_DEST[447:384] := SRC1[511:448]; Fl; 
THEN TMP_DEST[51 1:448] := SRC1[447:384]; Fl; 
THEN TMP_DEST[51 1:448] := SRC1[511:448]; Fl; 


TMP_SRC2[385] = 1 
TMP_SRC2[449] = 0 
TMP_SRC2[449] = 1 


YS Ds DS DS 


Fl; 


FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPERMILPD (256-bit variable version) 
IF (SRC2[1] = 0) THEN DEST[63:0] := SRC1[63:0] 


IF 
IF 
IF 
IF 
IF 
IF 


fan a, on igeamns. spmns poo 


SRC2[1] = 1) THEN DEST[63:0] := SRC1[127:64] 
SRC2[65] = 0) THEN DEST[127:64] := SRC1[63:0] 
SRC2[65] = 1) THEN DEST[127:64] = SRC1[127:64] 
SRC2[129] = 0) THEN DEST[191:128] := SRC1[191:128] 
SRC2[129] = 1) THEN DEST[191:128] := SRC1[255:192] 
SRC2[193] = 0) THEN DEST[255:192] := SRC1[191:128] 


IF (SRC2[193] = 1) THEN DEST[255:192] := SRC1[255:192] 
DEST[MAXVL-1:256] := 0 


VPERMILPD (128-bit variable version) 

IF (SRC2[1] = 0) THEN DEST[63:0] := SRC1[63:0] 

IF (SRC2[1] = 1) THEN DEST[63:0] := SRC1[127:64] 

IF (SRC2[65] = 0) THEN DEST[127:64] := SRC1[63:0] 

IF (SRC2[65] = 1) THEN DEST[1 27:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPERMILPD 
VPERMILPD 
VPERMILPD 
VPERMILPD 
VPERMILPD 
VPERMILPD 
VPERMILPD 
VPERMILPD 
VPERMILPD 
VPERMILPD 
VPERMILPD 
VPERMILPD 
VPERMILPD 
VPERMILPD 
VPERMILPD 
VPERMILPD 
VPERMILPD 


m512d 


mm512_permute_pd(__m512d a, int imm); 


m512d 


mm512_mask_permute_pd(__m512ds,__mmask8 k,__m512d a, int imm); 


m512d 


mm512_maskz_permute_pd(__mmask8 k, __m512d a, int imm); 


m256d 


mm256_mask_permute_pd(__m256d s,__ mmask8 k,___m256d a, int imm); 


m256d 


mm256_maskz_permute_pd(__mmask8 k, __m256d a, int imm); 
mmask8 k,___m128d a, int imm); 


mm_maskz_permute_pd(__mmask8 k, __m128d a, int imm); 


m512d a); 


m128d_mm_mask_permute_pd(__m128d s, 
m128d 
m512d_mm512_permutevar_pd(__m512ii, 
m512d 


mm512_mask_permutevar_pd(__m512ds,__mmask8 k,__m512ii,__m512d a); 


m512d 


mm512_maskz_permutevar_pd(__mmask8 k,___m512ii,__m512d a); 


m256d 


mm256_mask_permutevar_pd(__m256d s,__ mmask8 k,__ m256d i,__ m256d a); 


m256d 


m128d 


mm256_maskz_permutevar_pd(__mmask8 k,___ m256d i,__ m256d a); 
mm_mask_permutevar_pd(__m128ds,__mmask8 k,__m128di,__m128d a); 


m128d 


mm_maskz_permutevar_pd(__ mmask8 k,___m128di,___m128d a); 


m128d 


mm_permute_pd (__m128d a, int control) 


m256d 


mm256_permute_pd (__m256d a, int control) 


__mi128d 


_mm_permutevar_pd (__m128d a, 
VPERMILPD __m256d_mm256_permutevar_pd (__m256d a, 


m1 28i control); 
m256i control); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”; additionally: 


#UD 


If VEX.W = 1. 


EVEX-encoded instruction, see Table 2-50, “Type E4NF Class Exception Conditions”; additionally: 


#UD 


If either (E)VEX.vvvv != 1111B and with imm8. 
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VPERMILPS—Permute In-Lane of Quadruples of Single-Precision Floating-Point Values 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
VEX.128.66.0F38.W0O OC /r A VIV AVX Permute single-precision floating-point values in 
VPERMILPS xmm1, xmm2, xmm3/m128 xmmcz using controls from xmm3/m128 and 
store result in xmm1. 
VEX.128.66.0F3A.WO 04 /r ib B VIV AVX Permute single-precision floating-point values in 
VPERMILPS xmm1, xmm2/m1 28, imm8 xmm2/m1 28 using controls from imm8 and store 
result in xmm1. 
VEX.256.66.0F38.WO OC /r A VIV AVX Permute single-precision floating-point values in 
VPERMILPS ymm1, ymm2, ymm3/m256 ymmcz using controls from ymm3/m256 and 
store result in ymm1. 
VEX.256.66.0F3A.WO 04 /r ib B VIV AVX Permute single-precision floating-point values in 
VPERMILPS ymm1, ymm2/m256, imm8 ymm2/m256 using controls from imm8 and store 
result in ymm1. 
EVEX.128.66.0F38.WO OC /r C VIV AVX512VL | Permute single-precision floating-point values 
VPERMILPS xmm1 {k1}{z}, xmm2, AVX512F xmmz using control from xmm3/m128/m32bcst 
xmm3/m1 28/m32bcst and store the result in xmm1 using writemask k1. 
EVEX.256.66.0F38.W0O OC /r C VIV AVX512VL | Permute single-precision floating-point values 
VPERMILPS ymm1 {k1}{z}, ymm2, AVX512F ymmcz using control from ymm3/m256/m32bcst 
ymm3/m256/m32bcst and store the result in ymm1 using writemask k1. 
EVEX.512.66.0F38.W0O OC /r C VIV AVX512F Permute single-precision floating-point values 
VPERMILPS zmm1 {k1}{z}, zmm2, zmmce using control from zmm3/m512/m32bcst 
zmm3/m512/m32bcst and store the result in zmm1 using writemask k1. 
EVEX.128.66.0F3A.WO 04 /r ib D VIV AVX512VL | Permute single-precision floating-point values 
VPERMILPS xmm1 {k1}{Z}, AVX512F xmm2/m128/m32bcst using controls from imm8 
xmm2/m1 28/m3 2bcst, imm8 and store the result in xmm1 using writemask k1. 
EVEX.256.66.0F3A.WO 04 /r ib D VIV AVX512VL | Permute single-precision floating-point values 
VPERMILPS ymm1 {k1}{Z}, AVX512F ymm2/m256/m32bcst using controls from imm8 
ymm2/m256/m32bcst, imm8 and store the result in ymm1 using writemask k1. 
EVEX.512.66.0F3A.WO 04 /r D VIV AVX512F Permute single-precision floating-point values 
ibVPERMILPS zmm1 {k1}{Z}, zmm2/m512/m32bcst using controls from imm8 
zmm2/m512/m32bcst, imm8 and store the result in zmm1 using writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
B NA ModRM:reg (w) ModRM:r/m (r) NA NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
D Full ModRM:reg (w) ModRM:r/m (r) NA NA 
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Description 
(variable control version) 


Permute quadruples of single-precision floating-point values in the first source operand (second operand), each 
quadruplet using a 2-bit control field in the corresponding dword element of the second source operand. Permuted 
results are stored in the destination operand (first operand). 


The 2-bit control fields are located at the low two bits of each dword element (see Figure 5-26). Each control deter- 
mines which of the source element in an input quadruple is selected for the destination element. Each quadruple of 
source elements must lie in the same 128-bit region as the destination. 


EVEX version: The second source operand (third operand) is a ZMM/YMM/XMM register, a 512/256/128-bit 
memory location or a 512/256/128-bit vector broadcasted from a 32-bit memory location. Permuted results are 
written to the destination under the writemask. 


SRC1 


DEST] X7.. X4 | X7..X4 | X7..X4] X7..X4]X3..X0 | X3..X0 | x3..x0 | X3.. X0 


Figure 5-25. VPERMILPS Operation 


Bit 
255 226 225224 63 34.3332 3 1 0 
ignored sel atte ignored sel ignored sel 
Control Field 7 Control Field 2 Control Field 1 


Figure 5-26. VPERMILPS Shuffle Control 


(immediate control version) 


Permute quadruples of single-precision floating-point values in the first source operand (second operand), each 
quadruplet using a 2-bit control field in the imm8 byte. Each 128-bit lane in the destination operand (first operand) 
use the four control fields of the same imm8 byte. 


VEX version: The source operand is a YMM/XMM register or a 256/128-bit memory location and the destination 
operand is a YMM/XMM register. 


EVEX version: The source operand (second operand) is a ZMM/YMM/XMM register, a 512/256/128-bit memory 
location or a 512/256/128-bit vector broadcasted from a 32-bit memory location. Permuted results are written to 
the destination under the writemask. 


Note: For the imm§8 version, VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instruction will 
#UD. 
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Operation 


Select4(SRC, control) { 
CASE (control[1:0]) OF 

O: TMP := SRC[31:0]; 

1: TMP := SRC[63:32]; 

2: TMP :=SRC[95:64]; 
3: TMP := SRC[127:96]; 
ESAC; 
RETURN TMP 
! 


VPERMILPS (EVEX immediate versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF (EVEX.b = 1) AND (SRC1 *is memory*) 
THEN TMP_SRC1[i+31:i] := SRC1[31:0]; 
ELSE TMP_SRC1[i+31:i] = SRC1[i+31:i]; 
Fl; 
ENDFOR; 


TMP_DEST[31:0] := Select4(TMP_SRC1[127:0], imm8[1:0)); 
TMP_DEST[63:32] := Select4(TMP_SRC1[127:0], imm8[3:2]); 
TMP_DEST[95:64] := Select4(TMP_SRC1[127:0], imm8[5:4]); 
TMP_DEST[127:96] := Select4(TMP_SRC1[127:0], imm8[7:6)); Fl; 


IF VL >= 256 


TMP_DEST[159:1 28] := Select4(TMP_SRC1[255:1 28], imm8[1:0] 
TMP_DEST[191:160] := Select4(TMP_SRC1[255:1 28], imm8[3:2] 
TMP_DEST[223:192] := Select4(TMP_SRC1[255:1 28], imm8[5:4] 
TMP_DEST[255:224] := Select4(TMP_SRC1[255:1 28], imm8[7:6] 


Fl; 
IF VL >=512 
TMP_DEST[287:256] := Select4 
TMP_DEST[319:288] := Select4 
TMP_DEST[351:320] := Select4 
TMP_DEST[383:352] := Select4 
TMP_DEST[415:384] := Select4 
TMP_DEST[447:416] := Select4 
TMP_DEST[479:448] := Select4 
TMP_DEST[51 1:480] := Select4 
Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 
ELSE 
IF *merging-masking* 


a ee a 


TMP_SRC1[383:256], imm8[1:0] 
TMP_SRC1[383:256], imm8[3:2] 
TMP_SRC1[383:256], imm8[5:4] 
TMP_SRC1[383:256], imm8[7:6] 
TMP_SRC1[511:384], imm8[1:0] 
TMP_SRC1[511:384], imm8[3:2] 
TMP_SRC1[511:384], imm8[5:4] 
TMP_SRC1[511:384], imm8[7:6] 


; Fl; 
; Fl; 
; Fl; 
; Fl; 


a) 


; Fl; 
; Fl; 
; Fl; 
; Fl; 
; Fl; 
; Fl; 
; Fl; 
; Fl 


a ) 


THEN *DEST[i+31:i] remains unchanged* 


ELSE DEST[i+31:i] := 0 
Fl; 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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VPERMILPS (256-bit immediate version) 
DEST[31:0] := Select4(SRC1[1 27:0], imm8[1:0]); 
DEST[63:32] := Select4(SRC1[127:0], imm8[3:2)); 
DEST[95:64] := Select4(SRC1[127:0], imm8[5:4]); 
DEST[127:96] := Select4(SRC1[127:0], imm8[7:6]); 
DEST[159:128] := Select4(SRC1[255:128], imm8[1:0]), 
DEST[191:160] := Select4(SRC1[255:1 28], imm8[3:2]); 
DEST[223:192] := Select4(SRC1[255:128], imm8[5:4]), 
DEST[255:224] := Select4(SRC1[255:1 28], imm8[7:6]), 


VPERMILPS (128-bit immediate version) 
DEST[31:0] := Select4(SRC1[127:0], imm8[1:0)); 
DEST[63:32] := Select4(SRC1[127:0], imm8[3:2)); 
DEST[95:64] := Select4(SRC1[127:0], imm8[5:4)); 
DEST[127:96] := Select4(SRC1[127:0], imm8[7:6]); 
DEST[MAXVL-1:128] := 0 


VPERMILPS (EVEX variable versions) 
(KL, VL) = (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN TMP_SRC2[i+31:i] = SRC2[3 1:0]; 
ELSE TMP_SRC2[i+31:i] := SRC2[i+31:i]; 
Fl; 
ENDFOR; 
TMP_DEST[31:0] := Select4(SRC1[127:0], TMP_SRC2[1:0)); 
TMP_DEST[63:32] := Select4(SRC1[127:0], TMP_SRC2[33:32]); 
TMP_DEST[95:64] := Select4(SRC1[127:0], TMP_SRC2[65:64)); 
TMP_DEST[127:96] := Select4(SRC1[127:0], TMP_SRC2[97:96]); 
IF VL >= 256 
TMP_DEST[159:1 28] := Select4(SRC1[255:128], TMP_SRC2[1 29:1 28)); 
TMP_DEST[191:160] := Select4(SRC1[255:128], TMP_SRC2[161:160)); 
) 
) 


o 


TMP_DEST[223:192] := Select4(SRC1[255:128], TMP_SRC2[193:192] 
TMP_DEST[255:224] := Select4(SRC1[255:128], TMP_SRC2[225:224] 
Fl; 
IFVL>=512 
TMP_DEST[287:256] := Select4(SRC1[383:256], TMP_SRC2[257:256]) 
TMP_DEST[319:288] := Select4(SRC1[383:256], TMP_SRC2[289:288]) 
TMP_DEST[351:320] := Select4(SRC1[383:256], TMP_SRC2[321:320)); 
TMP_DEST[383:352] := Select4(SRC1[383:256], TMP_SRC2[353:352]); 
) 
) 
) 
) 


oi 


o 


o 


TMP_DEST[415:384] := Select4(SRC1[511:384], TMP_SRC2[385:384] 
TMP_DEST[447:416] := Select4(SRC1[511:384], TMP_SRC2[41 7:416] 
TMP_DEST[479:448] := Select4(SRC1[511:384], TMP_SRC2[449:448] 
TMP_DEST[51 1:480] := Select4(SRC1[511:384], TMP_SRC2[481:480] 
Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 
ELSE 
IF *merging-masking* 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE DEST[i+31:i] := 0 ;zeroing-masking 


o 


o 


o 


oi 
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Fl; 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPERMILPS (256-bit variable version) 

DEST[31:0] := Select4(SRC1[127:0], SRC2[1:0)); 
DEST[63:32] := Select4(SRC1[127:0], SRC2[33:32]); 
DEST[95:64] := Select4(SRC1[127:0], SRC2[65:64)); 
DEST[127:96] := Select4(SRC1[127:0], SRC2[97:96)); 
DEST[159:128] := Select4(SRC1[255:1 28], SRC2[129:128] 
DEST[191:160] := Select4(SRC1[255:1 28], SRC2[161:160] 
DEST[223:192] := Select4(SRC1[255:1 28], SRC2[193:192] 
DEST[255:224] := Select4(SRC1[255:1 28], SRC2[225:224] 
DEST[MAXVL-1:256] := 0 


i" 


In 


in 


a) 


VPERMILPS (128-bit variable version) 

DEST[31:0] := Select4(SRC1[127:0], SRC2[1:0)); 
DEST[63:32] := Select4(SRC1[127:0], SRC2[33:32]); 
DEST[95:64] :=Select4(SRC1[127:0], SRC2[65:64)); 
DEST[127:96] := Select4(SRC1[127:0], SRC2[97:96)); 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPERMILPS __m512_mm512_permute_ps(__m512 a, int imm); 

VPERMILPS __m512_mm512_mask_permute_ps(__m512 s,__ mmask16 k,___m512 a, int imm); 
VPERMILPS __m512_mm512_maskz_permute_ps(__mmask16 k,__m512 a, int imm); 
VPERMILPS __m256 _mm256_mask_permute_ps(__m256 s,__ mmask8 k, __m256 a, int imm); 
VPERMILPS __m256 _mm256_maskz_permute_ps(__mmask8 k,___m256 a, int imm); 
VPERMILPS __m128_mm_mask_permute_ps(__m128 s,__ mmask8 k, __m128 a, int imm); 
VPERMILPS __m128_mm_maskz_permute_ps(___mmask8 k,__m128 a, int imm); 
VPERMILPS __m512_mm512_permutevar_ps(__m512ii,__m512 a); 

VPERMILPS __m512_mm512_mask_permutevar_ps(__m512s,__ mmask16 k,_m512ii, 
VPERMILPS __m512_mm512_maskz_permutevar_ps(__ mmask16 k,__m512ii,__m512 a); 
VPERMILPS __m256_mm256_mask_permutevar_ps(__m256 s,__ mmask8 k,___m256 i,__ m256 a); 
VPERMILPS __m256_mm256_maskz_permutevar_ps(__ mmask8 k,__ m256 i, ___m256 a); 
VPERMILPS __m128_mm_mask_permutevar_ps(__m128s,__ mmask8 k,__m128i,__m128 a); 
VPERMILPS __m128_mm_maskz_permutevar_ps(__ mmask8 k,__m128i,__m128 a); 

VPERMILPS __m128_mm_permute_ps (__m128 a, int control); 

VPERMILPS __m256_mm256_permute_ps (__m256 a, int control); 

VPERMILPS __m128_mm_permutevar_ps (__m128 a, __m128i control); 

VPERMILPS __m256 __mm256_permutevar_ps (__m256 a, __m256i control); 


m512 a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.W = 1. 

EVEX-encoded instruction, see Table 2-50, “Type E4NF Class Exception Conditions”; additionally: 
#UD If either (E)VEX.vvvv != 1111B and with imm8. 
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VPERMPD—Permute Double-Precision Floating-Point Elements 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 

Support | Flag 
VEX.256.66.0F3A.W1 01 /r ib A VIV AVX2 Permute double-precision floating-point elements in 
VPERMPD ymm1, ymm2/m256, imm8 ymm2/m256 using indices in imm8 and store the 

result in ymm1. 

EVEX.256.66.0F3A.W1 01 /r ib B VIV AVX512VL | Permute double-precision floating-point elements in 
VPERMPD ymm1 {k1}{z}, AVX512F ymm2/m256/m64bcst using indexes in imm8 and 
ymm2/m256/m64bcst, imm8 store the result in ymm1 subject to writemask k1. 
EVEX.512.66.0F3A.W1 01 /r ib B VIV AVX512F Permute double-precision floating-point elements in 
VPERMPD zmm1 {k1}{Z}, zmm2/m512/m64bcst using indices in imm8 and 
zmm2/m512/m64bcst, imm8 store the result in zmm1 subject to writemask k1. 
EVEX.256.66.0F38.W1 16 /r C VIV AVX512VL | Permute double-precision floating-point elements in 
VPERMPD ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m64bcst using indexes in ymm2 and 
ymm3/m256/m64bcst store the result in ymm1 subject to writemask k1. 
EVEX.512.66.0F38.W1 16 /r C VIV AVX512F Permute double-precision floating-point elements in 
VPERMPD zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst using indices in zmm2 and 
zmm3/m512/m64bcst store the result in zmm1 subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) Imm8s NA 
B Full ModRM:reg (w) ModRM:r/m (r) Imm8s NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


The imm§8 version: Copies quadword elements of double-precision floating-point values from the source operand 
(the second operand) to the destination operand (the first operand) according to the indices specified by the imme- 
diate operand (the third operand). Each two-bit value in the immediate byte selects a qword element in the source 
operand. 


VEX version: The source operand can be a YMM register or a memory location. Bits (MAXVL-1:256) of the corre- 
sponding destination register are zeroed. 


In EVEX.512 encoded version, The elements in the destination are updated using the writemask k1 and the imm8& 
bits are reused as control bits for the upper 256-bit half when the control bits are coming from immediate. The 
source operand can be a ZMM register, a 512-bit memory location or a 512-bit vector broadcasted from a 64-bit 
memory location. 


The imm§8 versions: VEX.vvvv and EVEX.vvvv are reserved and must be 1111b otherwise instructions will #UD. 


The vector control version: Copies quadword elements of double-precision floating-point values from the second 
source operand (the third operand) to the destination operand (the first operand) according to the indices in the 
first source operand (the second operand). The first 3 bits of each 64 bit element in the index operand selects which 
quadword in the second source operand to copy. The first and second operands are ZMM registers, the third 
operand can be a ZMM register, a 512-bit memory location or a 512-bit vector broadcasted from a 64-bit memory 
location. The elements in the destination are updated using the writemask k1. 


Note that this instruction permits a qword in the source operand to be copied to multiple locations in the destination 
operand. 

If VPERMPD is encoded with VEX.L= 0, an attempt to execute the instruction encoded with VEX.L= 0 will cause an 
#UD exception. 
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Operation 


VPERMPD (EVEX - imm8 control forms) 
(KL, VL) = (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF (EVEX.b = 1) AND (SRC *is memory’) 
THEN TMP_SRC[i+63:i] := SRC[63:0); 
ELSE TMP_SRC[i+63:i] := SRC[i+63:i]; 
Fl; 
ENDFOR; 


TMP_DEST[63:0] := (TMP_SRC[256:0] >> (IMM8[1:0] * 64))[63:0); 
TMP_DEST[1 27:64] := (TMP_SRC[256:0] >> (IMM8[3:2] * 64))[63:0]; 
TMP_DEST[191:1 28] := (TMP_SRC[256:0] >> (IMM8[5:4] * 64))[63:0]; 
TMP_DEST[255:1 92] := (TMP_SRC[256:0] >> (IMM8[7:6] * 64))[63:0]; 
IF VL >= 512 
TMP_DEST[319:256] := 
TMP_DEST[383:320] := 
TMP_DEST[447:384] := 
TMP_DEST[51 1:448] := 
Fl; 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 ;zeroing-masking 


TMP_SRC[511:256] >> 
TMP_SRC[511:256] >> 
TMP_SRC[511:256] >> 
TMP_SRC[511:256] >> 


IMM8[1:0] * 64 
IMM8[3:2] * 64 


))[63:0]; 

) 
IMM8[5:4] * 64) 

) 


[63:0]; 
[63:0]; 


IMM8[7:6] * 64))[63:0]; 


EX ~~ 
~~ pa gam 
TS Teh UM 


Fl; 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPERMPD (EVEX - vector control forms) 
(KL, VL) = (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN TMP_SRC2{[i+63:i] := SRC2[63:0]; 
ELSE TMP_SRC2[i+63:i] = SRC2[i+63:i]; 
Fl; 
ENDFOR; 


IF VL = 256 
TMP_DEST[63:0] := (TMP_SRC2[255:0] >> (SRC1[1:0] * 64))[63:0]; 
TMP_DEST[127:64] := (TMP_SRC2[255:0] >> (SRC1[65:64] * 64))[63:0]; 
TMP_DEST[191:128] := (TMP_SRC2[255:0] >> (SRC1[129:128] * 64))[63:0]; 
TMP_DEST[255:192] := (TMP_SRC2[255:0] >> (SRC1[193:192] * 64))[63:0]; 
Fl; 
IF VL=512 
TMP_DEST[63:0] := (TMP_SRC2[511:0] >> (SRC1[2:0] * 64))[63:0]; 
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TMP_DEST[127:64] = (TMP_SRC2[511:0] >> (SRC1[66:64] * 64))[63:0]; 
TMP_DEST[191:128] := (TMP_SRC2[51 1:0] >> (SRC1[130:128] * 64))[63:0]; 
TMP_DEST[255:192] := (TMP_SRC2[511:0] >> (SRC1[194:192] * 64))[63:0]; 
TMP_DEST[319:256] := (TMP_SRC2[51 1:0] >> (SRC1[258:256] * 64))[63:0]; 
TMP_DEST[383:320] := (TMP_SRC2[511:0] >> (SRC1[322:320] * 64))[63:0]; 
TMP_DEST[447:384] := (TMP_SRC2[511:0] >> (SRC1[386:384] * 64))[63:0]; 
TMP_DEST[511:448] := (TMP_SRC2[511:0] >> (SRC1[450:448] * 64))[63:0]; 


(pm py pm, gta 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 :zeroing-masking 
Fl; 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPERMPD (VEX.256 encoded version) 

DEST[63:0] := (SRC[255:0] >> (IMM8[1:0] * 64))[63:0); 
DEST[127:64] := (SRC[255:0] >> (IMM8[3:2] * 64))[63:0]; 
DEST[191:128] := (SRC[255:0] >> (IMM8[5:4] * 64))[63:0); 
DEST[255:192] := (SRC[255:0] >> (IMM8[7:6] * 64))[63:0); 
DEST[MAXVL-1:256] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPERMPD __m512d_mm512_permutex_pd(__m512d a, int imm); 
VPERMPD __m512d _mm512_mask_permutex_pd(__m512ds,__mmask16 k,__m512d a, int imm); 
VPERMPD __m512d_mm512_maskz_permutex_pd(__mmask16 k,__m512d a, int imm); 
VPERMPD __m512d_mm512_permutexvar_pd(__m512ii,__m512d a); 

VPERMPD __m512d_mm512_mask_permutexvar_pd(__m512ds,__ mmask16k,__m512ii, 
VPERMPD __m512d_mm512_maskz_permutexvar_pd(___mmask16 k,___m512ii,__m512d a); 
VPERMPD __m256d _mm256_permutex_epi64(__m256d a, int imm); 

VPERMPD __m256d _mm256_mask_permutex_epi64(__m256i s,___ mmask8 k,__ m256d a, int imm); 
VPERMPD __m256d _mm256_maskz_permutex_epi64(__ mmask8 k, __ m256d a, int imm); 
VPERMPD __m256d _mm256_permutexvar_epi64(__m256i i,__ m256d a); 
VPERMPD __m256d __mm256_mask_permutexvar_epi64(__m256i s,___mmask8 k, 
VPERMPD __m256d _mm256_maskz_permutexvar_epi64(__ mmask8 k, __ m256i i, 


m512d a); 


m256i i, 
m256d a); 


m256d a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.L = 0. 

If VEX.vvvv != 1111B. 
EVEX-encoded instruction, see Table 2-50, “Type E4NF Class Exception Conditions”; additionally: 
#UD If encoded with EVEX.128. 

If EVEX.vvvv != 1111B and with imm8s. 
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VPERMPS—Permute Single-Precision Floating-Point Elements 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
VEX.256.66.0F38.W0O 16 /r A VIV AVX2 Permute single-precision floating-point elements in 
VPERMPS ymm1, ymm2, ymm3/m256 using indices in ymm2 and store the result in 
ymm3/m256 ymm1. 
EVEX.256.66.0F38.W0 16 /r B VIV AVX512VL | Permute single-precision floating-point elements in 
VPERMPS ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m32bcst using indexes in ymm2 and store 
ymm3/m256/m32bcst the result in ymm1 subject to write mask k1. 
EVEX.512.66.0F38.W0 16 /r B VIV AVX512F Permute single-precision floating-point values in 
VPERMPS zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst using indices in zmm2 and store the 
zmm3/m512/m32bcst result in zmm1 subject to write mask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Copies doubleword elements of single-precision floating-point values from the second source operand (the third 
operand) to the destination operand (the first operand) according to the indices in the first source operand (the 
second operand). Note that this instruction permits a doubleword in the source operand to be copied to more than 
one location in the destination operand. 


VEX.256 versions: The first and second operands are YMM registers, the third operand can be a YMM register or 
memory location. Bits (MAXVL-1:256) of the corresponding destination register are zeroed. 
EVEX encoded version: The first and second operands are ZMM registers, the third operand can be a ZMM register, 


a 512-bit memory location or a 512-bit vector broadcasted from a 32-bit memory location. The elements in the 
destination are updated using the writemask k1. 


If VPERMPS is encoded with VEX.L= 0, an attempt to execute the instruction encoded with VEX.L= 0 will cause an 
#UD exception. 


Operation 


VPERMPS (EVEX forms) 
(KL, VL) (8, 256),= (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN TMP_SRC2{[i+31:i] := SRC2[31:0]; 
ELSE TMP_SRC2[i+31:i] = SRC2[i+3 1:1]; 
Fl; 
ENDFOR; 


IF VL = 256 
TMP_DEST[31:0] := (TMP_SRC2[255:0] >> (SRC1[2:0] * 32))[31:0]; 
TMP_DEST[63:32] := (TMP_SRC2[255:0] >> (SRC1[34:32] * 32))[31:0]; 
TMP_DEST[95:64] := (TMP_SRC2[255:0] >> (SRC1[66:64] * 32))[31:0]; 
TMP_DEST[127:96] = (TMP_SRC2[255:0] >> (SRC1[98:96] * 32))[31:0]; 
TMP_DEST[159:128] := (TMP_SRC2[255:0] >> (SRC1[130:128] * 32))[31:0]; 
TMP_DEST[191:160] := (TMP_SRC2[255:0] >> (SRC1[162:160] * 32))[31:0]; 
TMP_DEST[223:192] := (TMP_SRC2[255:0] >> (SRC1[193:192] * 32))[31:0]; 

( ( 


~~ YS YH 
STS lCU SU 


TMP_DEST[255:224] := (TMP_SRC2[255:0] >> (SRC1[226:224] * 32))[31:0]; 
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Fl; 
IF VL=512 
TMP_DEST[31:0] := (TMP_SRC2[51 1:0] >> (SRC1[3:0] * 32))[31:0]; 
TMP_DEST[63:32] := (TMP_SRC2[51 1:0] >> (SRC1[35:32] * 32))[31:0]; 
TMP_DEST[95:64] := (TMP_SRC2[51 1:0] >> (SRC1[67:64] * 32))[31:0]; 
TMP_DEST[127:96] := (TMP_SRC2[51 1:0] >> (SRC1[99:96] * 32))[31:0]; 
TMP_DEST[159:1 28] := (TMP_SRC2[51 1:0] >> (SRC1[131:128] * 32 
TMP_DEST[191:160] := (TMP_SRC2[51 1:0] >> (SRC1[163:160] * 32 
TMP_DEST[223:192] := (TMP_SRC2[51 1:0] >> (SRC1[195:192] * 32 
TMP_DEST[255:224] := (TMP_SRC2[51 1:0] >> (SRC1[227:224] * 32 
TMP_DEST[287:256] := (TMP_SRC2[51 1:0] >> (SRC1[259:256] * 32 
TMP_DEST[319:288] := (TMP_SRC2[51 1:0] >> (SRC1[291:288] * 32 
TMP_DEST[351:320] := (TMP_SRC2[51 1:0] >> (SRC1[323:320] * 32 
TMP_DEST[383:352] := (TMP_SRC2[51 1:0] >> (SRC1[355:352] * 32 
TMP_DEST[415:384] := (TMP_SRC2[51 1:0] >> (SRC1[387:384] * 32 
TMP_DEST[447:416] := (TMP_SRC2[51 1:0] >> (SRC1[419:416] * 32 
TMP_DEST[479:448] :=(TMP_SRC2[51 1:0] >> (SRC1[451:448] * 32) 
TMP_DEST[51 1:480] := (TMP_SRC2[51 1:0] >> (SRC1[483:480] * 32 
Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 :zeroing-masking 


[31:0]; 
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Fl; 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPERMPS (VEX.256 encoded version) 

DEST[31:0] := (SRC2[255:0] >> (SRC1[2:0] * 32))[31:0]; 
DEST[63:32] := (SRC2[255:0] >> (SRC1[34:32] * 32))[31:0]; 
DEST[95:64] := (SRC2[255:0] >> (SRC1[66:64] * 32))[31:0]; 
DEST[127:96] := (SRC2[255:0] >> (SRC1[98:96] * 32))[31:0]; 
DEST[159:128] := (SRC2[255:0] >> (SRC1[130:128] * 32))[31:0]; 
DEST[191:160] := (SRC2[255:0] >> (SRC1[162:160] * 32))[31:0]; 
DEST[223:192] := (SRC2[255:0] >> (SRC1[194:192] * 32))[31:0]; 
DEST[255:224] := (SRC2[255:0] >> (SRC1[226:224] * 32))[31:0]; 
DEST[MAXVL-1:256] := 0 
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)[3 1:0]; 
)[3 1:0]; 
)[3 1:0]; 
)[3 1:0]; 
)[3 1:0]; 
)[3 1:0]; 
)[3 1:0]; 
)[3 1:0]; 
)[3 1:0]; 
)[3 1:0]; 


)[3 1:0]; 
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Intel C/C++ Compiler Intrinsic Equivalent 


VPERMPS __m512 _mm512_permutexvar_ps(__m512ii,___m512 a); 

VPERMPS __m512_mm512_mask_permutexvar_ps(__m512s,__ mmask16 k,___m512ii, 
VPERMPS __m512_mm512_maskz_permutexvar_ps(__ mmask16 k,__m512ii,__m512 a); 
VPERMPS __m256 _mm256_permutexvar_ps(__m256 i,__ m256 a); 

VPERMPS __m256 __mm256_mask_permutexvar_ps(__m256 s,__ mmask8 k,__m256i,__m256 a); 
VPERMPS __m256 _mm256_maskz_permutexvar_ps(_mmask8 k,__m256 i, __m256 a); 


m512 a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 

Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.L = 0. 

EVEX-encoded instruction, see Table 2-50, “Type E4NF Class Exception Conditions”. 
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VPERMQ—Qwords Element Permutation 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 

Support | Flag 
VEX.256.66.0F3A.W1 00 /r ib A VIV AVX2 Permute qwords in ymm2/m256 using indices in 
VPERMQ ymm1, ymm2/m256, imm8 immé8 and store the result in ymm1. 
EVEX.256.66.0F3A.W1 O00 /r ib B VIV AVX512VL | Permute qwords in ymm2/m256/m64bcst using 
VPERMQ ymm1 {k1}{z}, AVX512F indexes in imm8 and store the result in ymm1. 
ymm2/m256/m64bcst, imm8 
EVEX.512.66.0F3A.W1 O00 /r ib B VIV AVX512F Permute qwords in zmm2/m51 2/m64bcst using 
VPERMQ zmm1 {k1}{Z}, indices in imm8 and store the result in zmm1. 
zmm2/m512/m64best, imm8 
EVEX.256.66.0F38.W1 36 /r C VIV AVX512VL_ | Permute qwords in ymm3/m256/m64bcst using 
VPERMQ ymm1 {k1}{z}, ymm2, AVX512F indexes in ymm2 and store the result in ymm1. 
ymm3/m256/m64bcst 
EVEX.512.66.0F38.W1 36 /r C VIV AVX512F Permute qwords in zmm3/m51 2/m64bcst using 
VPERMQ zmm1 {k1}{z}, zmm2, indices in zmm2 and store the result in zmm1. 
zmm3/m512/m64bcst 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) ModRM:r/m (r) Imm8s NA 
B Full ModRM:reg (w) ModRM:r/m (r) Imm8s NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


The imm8 version: Copies quadwords from the source operand (the second operand) to the destination operand 
(the first operand) according to the indices specified by the immediate operand (the third operand). Each two-bit 
value in the immediate byte selects a qword element in the source operand. 


VEX version: The source operand can be a YMM register or a memory location. Bits (MAXVL-1:256) of the corre- 
sponding destination register are zeroed. 


In EVEX.512 encoded version, The elements in the destination are updated using the writemask k1 and the imms 
bits are reused as control bits for the upper 256-bit half when the control bits are coming from immediate. The 
source operand can be a ZMM register, a 512-bit memory location or a 512-bit vector broadcasted from a 64-bit 
memory location. 


Immediate control versions: VEX.vvvv and EVEX.vvvwv are reserved and must be 1111b otherwise instructions will 
#UD. 


The vector control version: Copies quadwords from the second source operand (the third operand) to the destina- 
tion operand (the first operand) according to the indices in the first source operand (the second operand). The first 
3 bits of each 64 bit element in the index operand selects which quadword in the second source operand to copy. 
The first and second operands are ZMM registers, the third operand can be a ZMM register, a 512-bit memory loca- 
tion or a 512-bit vector broadcasted from a 64-bit memory location. The elements in the destination are updated 
using the writemask k1. 


Note that this instruction permits a qword in the source operand to be copied to multiple locations in the destination 
operand. 


If VPERMPQ is encoded with VEX.L= 0 or EVEX.128, an attempt to execute the instruction will cause an #UD excep- 
tion. 
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Operation 


VPERMQ (EVEX - imm8 control forms) 
(KL, VL) = (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF (EVEX.b = 1) AND (SRC *is memory’) 
THEN TMP_SRC[i+63:i] := SRC[63:0); 
ELSE TMP_SRC[i+63:i] := SRC[i+63:i]; 
Fl; 
ENDFOR; 
TMP_DEST[63:0] := (TMP_SRC[255:0] >> (IMM8[1:0] * 64))[63:0); 
TMP_DEST[127:64] := (TMP_SRC[255:0] >> (IMM8[3:2] * 64))[63:0]; 
TMP_DEST[191:128] := (TMP_SRC[255:0] >> (IMM8[5:4] * 64))[63:0]; 
TMP_DEST[255:192] := (TMP_SRC[255:0] >> (IMM8[7:6] * 64))[63:0]; 
IF VL >=512 
TMP_DEST[319:256] := 
TMP_DEST[383:320] := 
TMP_DEST[447:384] := 
TMP_DEST[51 1:448] := 
Fl; 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 ;zeroing-masking 


TMP_SRC[511:256] >> 
TMP_SRC[511:256] >> 
TMP_SRC[511:256] >> 
TMP_SRC[511:256] >> 


IMM8[1:0] * 64) 
IMM8[3:2] * 64) 
IMM8[5:4] * 64) 
IMM8[7:6] * 64) 


[63:0]; 
[63:0]; 
[63:0]; 
[63:0]; 


ee a 
~~ as 
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Fl; 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPERMQ (EVEX - vector control forms) 
(KL, VL) = (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN TMP_SRC2[i+63:i] = SRC2[63:0); 
ELSE TMP_SRC2[i+63:i] = SRC2[i+63:i); 
Fl; 
ENDFOR; 
IF VL = 256 
TMP_DEST[63:0] := (TMP_SRC2[255:0] >> (SRC1[1:0] * 64))[63:0]; 
TMP_DEST[127:64] := (TMP_SRC2[255:0] >> (SRC1[65:64] * 64))[63:0); 
TMP_DEST[191:1 28] := (TMP_SRC2[255:0] >> (SRC1[129:128] * 64))[63:0]; 
TMP_DEST[255:192] := (TMP_SRC2[255:0] >> (SRC1[193:192] * 64))[63:0]; 
Fl; 
IF VL=512 
TMP_DEST[63:0] := (TMP_SRC2[51 1:0] >> (SRC1[2:0] * 64))[63:0]; 
TMP_DEST[127:64] := (TMP_SRC2[51 1:0] >> (SRC1[66:64] * 64))[63:0); 
TMP_DEST[191:1 28] := (TMP_SRC2[51 1:0] >> (SRC1[130:128] * 64))[63:0]; 
TMP_DEST[255:192] := (TMP_SRC2[51 1:0] >> (SRC1[194:192] * 64))[63:0]; 
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TMP_DEST[319:256] := 
TMP_DEST[383:320] := 
TMP_DEST[447:384] := 
TMP_DEST[51 1:448] := 


Fl; 


FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 


Fl; 
ENDFOR 


TMP_SRC2[51 1:0] >> (SRC1[258:256] * 64 
TMP_SRC2[51 1:0] >> (SRC1[322:320] * 64 
TMP_SRC2[51 1:0] >> (SRC1[386:384] * 64 
TMP_SRC2[51 1:0] >> (SRC1[450:448] * 64 


my, pom pm 
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)[63:0]; 
)[63:0]; 
)[63:0]; 
)[63:0]; 


YS Saree wa 


IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE 


Fl; 


; zeroing-masking 


DEST[i+63:i] := 0 :zeroing-masking 


DEST[MAXVL-1:VL] := 0 


VPERMQ (VEX.256 encoded version) 

DEST[63:0] := (SRC[255:0] >> (IMM8[1:0] * 64))[63:0); 
DEST[127:64] := (SRC[255:0] >> (IMM8[3:2] * 64))[63:0]; 
DEST[191:128] := (SRC[255:0] >> (IMM8[5:4] * 64))[63:0); 
DEST[255:192] := (SRC[255:0] >> (IMM8[7:6] * 64))[63:0); 
DEST[MAXVL-1:256] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPERMQ 
VPERMQ 
VPERMQ 
VPERMQ 
VPERMQ 
VPERMQ 
VPERMQ 
VPERMQ 
VPERMQ 
VPERMQ 
VPERMQ 
VPERMQ 


m512i 


mm512 


permutex_epi64(__m512i a, int imm); 


m512i 


mm512 


mask_permutex_epi64(__m512is,__ mmask8 k,___m512i a, int imm); 


m512i 


mm512 


maskz_permutex_epi64(__ mmask8 k,__m512i a, int imm); 


m512i 


mm512 


permutexvar_epi64(__m512i a,__m512ib); 


m512i 


mm512 


mask_permutexvar_epi64(__m512is,__ mmask8 k,__m512i a,__m512i b); 


m512i 


mm512 


maskz_permutexvar_epi64(__ mmask8 k,__m512i a,__m512i b); 


m256i 


mm256 


permutex_epi64(__m256i a, int imm); 


m256i 


mm256 


mask_permutex_epi64(__m256i s,__ mmask8 k, __ m256i a, int imm); 


m256i 


mm256 


maskz_permutex_epi64(__ mmask8 k, __ m256i a, int imm); 


m256i 


mm256 


permutexvar_epi64(__ m256i a, ___m256i b); 


m256i 


mm256 


m256i 


mm256 


mask_permutexvar_epi64(__m256is,__ mmask8 k,___ m256i a, __ m256i b); 
maskz_permutexvar_epi64(__ mmask8 k, __ m256i a, ___m256i b); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”; additionally: 


#UD 


#UD 


If VEX.L = 0. 

If VEX.vvvv != 1111B. 

EVEX-encoded instruction, see Table 2-50, “Type E4NF Class Exception Conditions”; additionally: 
If encoded with EVEX.128. 

If EVEX.vvvv != 1111B and with imm8s. 
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VPERMT2B—Full Permute of Bytes from Two Tables Overwriting a Table 


Opcode/ Op | 64/32 CPUID Feature | Description 
Instruction / bit Mode | Flag 

En | Support 
EVEX.128.66.0F38.W0 7D /r A VIN AVX512VL Permute bytes in xmm3/m128 and xmm1 using byte 
VPERMT2B xmm1 {k1}{z}, xmm2, AVX512_VBMI_ | indexes in xmm2 and store the byte results in xmm1 
xmm3/m128 using writemask k1. 
EVEX.256.66.0F38.W0 7D /r A VIV AVX512VL Permute bytes in ymm3/m256 and ymm1 using byte 
VPERMT2B ymm1 {k1}{z}, ymm2, AVX512_VBMI | indexes in ymm2 and store the byte results in ymm1 
ymm3/m256 using writemask k1. 
EVEX.512.66.0F38.W0 7D /r A VV AVX512_VBMI_ | Permute bytes in zmm3/m512 and zmm1 using byte 
VPERMT2B zmm1 {k1}{z}, zmm2, indexes in zmm_2 and store the byte results in zmm1 
zmm3/m512 using writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Permutes byte values from two tables, comprising of the first operand (also the destination operand) and the third 
operand (the second source operand). The second operand (the first source operand) provides byte indices to 
select byte results from the two tables. The selected byte elements are written to the destination at byte granu- 
larity under the writemask k1. 


The first and second operands are ZMM/YMM/XMM registers. The second operand contains input indices to select 
elements from the two input tables in the 1st and 3rd operands. The first operand is also the destination of the 
result. The second source operand can be a ZMM/YMM/XMM register, or a 512/256/128-bit memory location. In 
each index byte, the id bit for table selection is bit 6/5/4, and bits [5:0]/[4:0]/[3:0] selects element within each 
input table. 


Note that these instructions permit a byte value in the source operands to be copied to more than one location in 
the destination operand. Also, the second table and the indices can be reused in subsequent iterations, but the first 
table is overwritten. 


Bits (MAX_VL-1:256/128) of the destination are zeroed for VL=256,128. 
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Operation 


VPERMTZ2B (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
IF VL = 128: 
id := 3; 
ELSE IF VL = 256: 
id := 4; 
ELSE IF VL = 512: 
id := 5; 
Fl; 
TMP_DEST[VL-1:0] := DEST[VL-1:0]; 
FOR j := 0 TO KL-1 
off := 8*SRC1[j*8 + id: j*8] ; 
IF k1[j] OR *no writemask*: 
DEST[j*8 + 7: j*8] = SRC1[j*8+id+1]? SRC2[off+7:off] : TMP_DEST[off+7:off]; 
ELSE IF *zeroing-masking* 
DEST[j*8 + 7: j*8] := 0; 
*ELSE 
DEST[j*8 + 7: j*8] remains unchanged* 
Fl; 
ENDFOR 
DEST[MAX_VL-1:VL] := 0; 


Intel C/C++ Compiler Intrinsic Equivalent 


VPERMT2B __m512i_mm512_permutex2var_epi8(__m512i a,__m512i idx, __m512i b); 

VPERMT2B __m512i_mm512_mask_permutex2var_epi8(__m512i a,__mmask64 k,__m512i idx, __m512i b); 
VPERMT2B __m512i_mm512_maskz_permutex2var_epi8(__mmask64 k,__m512i a,__m512i idx,___m512ib); 
VPERMT2B __m256i_mm256_permutex2var_epi8(__m256i a,_ m256i idx, __m256i b); 

VPERMT2B __m256i__mm256_mask_permutex2var_epi8(__m256i a,__mmask32 k,___ m256i idx, __m256i b); 
VPERMT2B __m256i__mm256_maskz_permutex2var_epi8(__mmask32 k,__ m25Gi a, __m256i idx, __m256i b); 
VPERMT2B __m128i_mm_permutex2var_epi8(__m128i a,__m128i idx, __m128i b); 

VPERMT2B __m128i__mm_mask_permutex2var_epi8(__m128i a,__ mmask16 k,___m128i idx, __m128i b); 
VPERMT2B __m128i __mm_maskz_permutex2var_epi8(__mmask16 k,___m128i a,__m128i idx, __m128i b); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


See Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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VPERMT2W/D/Q/PS/PD—Full Permute from Two Tables Overwriting one Table 


VPERMT2PD zmm1 {k1}{z}, 
zmm2, zmm3/m512/m64bcst 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F38.W1 7D /r A VIV AVX512VL_ | Permute word integers from two tables in xmm3/m128 
VPERMT2W xmm1 {k1}{z}, xmm_2, AVX512BW | and xmm1 using indexes in xmm2 and store the result in 
xmm3/m128 xmm_1 using writemask k1. 
EVEX.256.66.0F38.W1 7D /r A VIV AVX512VL_ | Permute word integers from two tables in ymm3/m256 
VPERMT2W ymm1 {k1}{z}, ymm2, AVX512BW | and ymm!1 using indexes in ymm2 and store the result in 
ymm3/m256 ymm1 using writemask k1. 
EVEX.512.66.0F38.W1 7D /r A VIV AVX512BW | Permute word integers from two tables in zmm3/m512 
VPERMT2W zmm1 {k1}{z}, zmm2, and zmm1 using indexes in zmm2 and store the result in 
zmm3/m512 zmm1 using writemask k1. 
EVEX.128.66.0F38.WO 7E /r B VV AVX512VL_ | Permute double-words from two tables in 
VPERMT2D xmm1 {k1}{z}, xmm2, AVX512F xmm3/m128/m32bcst and xmm1 using indexes in xmm2 
xmm3/m1 28/m32bcst and store the result in xmm1 using writemask k1. 
EVEX.256.66.0F38.W0 7E /r B VIN AVX512VL_ | Permute double-words from two tables in 
VPERMT2D ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m32bcst and ymm1 using indexes in ymm2 
ymm3/m256/m32bcst and store the result in ymm1 using writemask k1. 
EVEX.512.66.0F38.WO 7E /r B VIN AVX512F Permute double-words from two tables in 
VPERMT2D zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst and zmm1 using indices in zmm2 
zmm3/m512/m32bcst and store the result in zmm1 using writemask k1. 
EVEX.128.66.0F38.W1 7E /r B VIV AVX512VL_ | Permute quad-words from two tables in 
VPERMT2Q xmm1 {k1}{z}, xmm2, AVX512F xmm3/m128/m64bcst and xmm1 using indexes in xmm2 
xmm3/m1 28/m64bcst and store the result in xmm1 using writemask k1. 
EVEX.256.66.0F38.W1 7E /r B VIV AVX512VL_ | Permute quad-words from two tables in 
VPERMT2Q ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m64bcst and ymm1 using indexes in ymm2 
ymm3/m256/m64bcst and store the result in ymm1 using writemask k1. 
EVEX.512.66.0F38.W1 7E /r B VIV AVX512F Permute quad-words from two tables in 
VPERMT2Q zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst and zmm1 using indices in zmm2 
zmm3/m512/m64bcst and store the result in zmm1 using writemask k1. 
EVEX.128.66.0F38.WO 7F /r B VIV AVX512VL_ | Permute single-precision FP values from two tables in 
VPERMT2PS xmm1 {k1}{Z}, AVX512F xmm3/m128/m32bcst and xmm1 using indexes in xmm2 
xmm2, xmm3/m128/m32bcst and store the result in xmm1 using writemask k1. 
EVEX.256.66.0F38.W0O 7F /r B VIV AVX512VL_ | Permute single-precision FP values from two tables in 
VPERMT2PS ymm1 {k1}{Z}, AVX512F ymm3/m256/m32bcst and ymm1 using indexes in ymm2 
ymme2, ymm3/m256/m32bcst and store the result in ymm1 using writemask k1. 
EVEX.512.66.0F38.W0O 7F /r B VIV AVX512F Permute single-precision FP values from two tables in 
VPERMT2PS zmm1 {k1}{Z}, zmm3/m512/m32bcst and zmm1 using indices in zmm2 
zmm2, zmm3/m512/m32bcst and store the result in zmm1 using writemask k1. 
EVEX.128.66.0F38.W1 7F /r B VIV AVX512VL_ | Permute double-precision FP values from two tables in 
VPERMT2PD xmm1 {k1}{z}, AVX512F xmm3/m128/m64bcst and xmm1 using indexes in xmm2 
xmm2, xmm3/m128/m64bcst and store the result in xmm1 using writemask k1. 
EVEX.256.66.0F38.W1 7F /r B VIV AVX512VL_ | Permute double-precision FP values from two tables in 
VPERMT2PD ymm1 {k1}{z}, AVX512F ymm3/m256/m64bcst and ymm1 using indexes in ymm2 
ymm2, ymm3/m256/m64bcst and store the result in ymm1 using writemask k1. 
EVEX.512.66.0F38.W1 7F /r B VIV AVX512F Permute double-precision FP values from two tables in 


zmm3/m512/m64bcst and zmm1 using indices in zmm2 
and store the result in zmm1 using writemask k1. 
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Instruction Operand Encoding 


Op/En | Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (r,w) EVEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Permutes 16-bit/32-bit/64-bit values in the first operand and the third operand (the second source operand) using 
indices in the second operand (the first source operand) to select elements from the first and third operands. The 
selected elements are written to the destination operand (the first operand) according to the writemask k1. 


The first and second operands are ZMM/YMM/XMM registers. The second operand contains input indices to select 
elements from the two input tables in the 1st and 3rd operands. The first operand is also the destination of the 
result. 

D/Q/PS/PD element versions: The second source operand can be a ZMM/YMM/XMM register, a 512/256/128-bit 
memory location or a 512/256/128-bit vector broadcasted from a 32/64-bit memory location. Broadcast from the 
low 32/64-bit memory location is performed if EVEX.b and the id bit for table selection are set (selecting table_2). 
Dword/PS versions: The id bit for table selection is bit 4/3/2, depending on VL=512, 256, 128. Bits 
[3:0]/[2:0]/[1:0] of each element in the input index vector select an element within the two source operands, If 
the id bit is 0, table_1 (the first source) is selected; otherwise the second source operand is selected. 

Qword/PD versions: The id bit for table selection is bit 3/2/1, and bits [2:0]/[1:0] /bit 0 selects element within each 
input table. 

Word element versions: The second source operand can be a ZMM/YMM/XMM register, or a 512/256/128-bit 
memory location. The id bit for table selection is bit 5/4/3, and bits [4:0]/[3:0]/[2:0] selects element within each 
input table. 

Note that these instructions permit a 16-bit/32-bit/64-bit value in the source operands to be copied to more than 
one location in the destination operand. Note also that in this case, the same index can be reused for example for 
a second iteration, while the table elements being permuted are overwritten. 


Bits (MAXVL-1:256/128) of the destination are zeroed for VL=256,128. 


Operation 


VPERMT2W (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
IF VL= 128 

id:=2 
Fl; 
IF VL = 256 

id:=3 
Fl; 
IF VL= 512 

id:=4 
Fl; 
TMP_DEST := DEST 
FOR j := 0 TO KL-1 

i:=j*16 

off = 16*SRC1[itid:i] 

IF k1[j] OR *no writemask* 

THEN 
DEST[i+1 5:i]=SRC1[i+id+1] ? SRC2[off+1 5:off] 
: TMP_DEST[off+1 5S:off] 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE ; zeroing-masking 
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DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPERMT2D/VPERMTZ2PS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF VL= 128 
id:=1 
Fl; 
IF VL = 256 
id:=2 
Fl; 
IF VL=512 
id:=3 
Fl; 
TMP_DEST := DEST 
FOR j := 0 TO KL-1 
i:=j* 32 
off := 32*SRC1[itid:i] 
IF k1[j] OR *no writemask* 


THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
DEST[i+31:i] = SRC1[i+id+1] ? SRC2[31:0] 
: TMP_DEST[off+31:off] 
ELSE 
DEST[i+31:i] = SRC1[i+id+1] ? SRC2[off+3 1:off] 
: TMP_DEST[off+31:off] 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPERMT2Q/VPERMT2PD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8 512) 
IF VL= 128 
id:=0 
Fl; 
IF VL = 256 
id:=1 
Fl; 
IF VL=512 
id:=2 
Fl; 
TMP_DEST:= DEST 
FOR j :=0 TO KL-1 
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i:=j*64 


off := 64*SRC1[itid:i] 
IF k1[j] OR *no writemask* 
THEN 


ELSE 


Fl; 
ENDFOR 


IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN 
DEST[i+63:i] = SRC1[i+id+1] ? SRC2[63:0] 
: TMP_DEST[off+63:0ff] 
ELSE 
DEST[i+63:i] = SRC1[i+id+1] ? SRC2[off+63:off] 
: TMP_DEST[off+63:0ff] 
Fl 


IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPERMT2D 


m512i_mm512_permutex2var_epi32(__m512i a, 


VPERMT2D 


m512i_mm512_mask_permutex2var_epi32(__m512ia, 


VPERMT2D 


m512i_mm512_mask2_permutex2var_epi32(__m512i a, 


VPERMT2D 


m512i_mm512_maskz_permutex2var_epi32(__mmask16 k,__m512ia, 


VPERMT2D 


m256i__mm256_permutex2var_epi32(__m256i a, 


VPERMT2D 


VPERMT2D 


VPERMT2D 


VPERMT2D __m128i __mm_permutex2var_epi32(__m128i a, 


VPERMT2D 


m128i __mm_mask_permutex2var_epi32(__m128i a, 


VPERMT2D 


m128i __mm_mask2_permutex2var_epi32(__m128i a, 


VPERMT2D __m128i __mm_maskz_permutex2var_epi32(__mmask8 k, 


VPERMT2PD 
VPERMT2PD 
VPERMT2PD 
VPERMT2PD 
VPERMT2PD 
VPERMT2PD 
VPERMT2PD 
VPERMT2PD 
VPERMT2PD 
VPERMT2PD 
VPERMT2PD 
VPERMT2PD 
VPERMT2PS 
VPERMT2PS 
VPERMT2PS 
VPERMT2PS 
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m512d_mm512_permutex2var_pd(__m512da,__m512i idx, 
m512d_mm512_mask_permutex2var_pd(__m512da,__ mmask8 k, 
m512d_mm512_mask2_permutex2var_pd(__m512d a, 
m512d_mm512_maskz_permutex2var_pd(__mmask8 k, 
m256d _mm256_permutex2var_pd(__m256d a, ___ m256i idx, 
m256d __mm256_mask_permutex2var_pd(__m256d a, ___ mmask8 k, 
m256d __mm256_mask2_permutex2var_pd(__m256d a, 
m256d __mm256_maskz_permutex2var_pd(__mmask8 k, 
m1 28i idx, 
m128d _mm_mask_permutex2var_pd(__m128d a,__ mmask8 k,__m128i idx, 


__m128d _mm_permutex2var_pd(__m128d a, 


m128d_mm_mask2_permutex2var_pd(__m128d a, 
m128d __mm_maskz_permutex2var_pd(__mmask8 k, 
m512_mm512_permutex2var_ps(__m512 a, 


m512i idx, 
mmask16 k,___m512i idx, 
mmask16 k,___m512i b); 
m512i idx, 


m256i idx, 
m256i_mm256_mask_permutex2var_epi32(__m256i a, 
m256i_mm256_mask2_permutex2var_epi32(__m256i a, 
m256i __mm256_maskz_permutex2var_epi32(__mmask8 k, 
m1 28i idx, 


m512i idx, 
m512_mm512_mask_permutex2var_ps(__m512 a,__mmask16 k,___m512i idx, 
m512_mm512_mask2_permutex2var_ps(__m512 a, 
m512_mm512_maskz_permutex2var_ps(__mmask16 k,__m512 a, 


INSTRUCTION SET REFERENCE, V-Z 


m512i b); 


m512i b); 


m256i idx, __m256i b); 
mmask8 k, __m256i b); 


m256i b); 


m128i b); 
m128i b); 
m128i a, __m128i idx, __m128ib); 


m512i idx, __m512d b); 
m512i idx, __mmask8 k,___m512d b); 
m512da,__m512i idx, 


m512d b); 


m256i idx, __m256d b); 
m256i idx, ___ mmask8 k, __m256d b); 
m256d a,__ m256i idx, 


m256d b); 


m1 28d b); 
mmask8 k, __m128d b); 
m128d b); 


m512 b); 


m512 b); 
m512 b); 
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VPERMT2PS __m256 _mm256_permutex2var_ps(__m256 a, ___ m256i idx, __m256 b); 

VPERMT2PS __m256_mm256_mask_permutex2var_ps(__m256 a,___ mmask8 k, __ m256i idx, __m256 b); 
VPERMT2PS __m256_mm256_mask2_permutex2var_ps(__m256 a,__ m256i idx, __ mmask8 k,__ M256 b); 
VPERMT2PS __m256_mm256_maskz_permutex2var_ps(__mmask8 k,__m256 a, ___m256i idx, __m256 b); 
VPERMT2PS __m128_mm_permutex2var_ps(__m128 a,__m128i idx, __m128 b); 

VPERMT2PS __m128_mm_mask_permutex2var_ps(__m128 a,___ mmask8 k,__m128i idx, __m128 b); 
VPERMT2PS __m128_mm_mask2_permutex2var_ps(__m128 a, __m128i idx, __ mmask8 k,___m128 b); 
VPERMT2PS __m128_mm_maskz_permutex2var_ps(__mmask8 k,__m128 a,_m128i idx,__m128 b); 
VPERMT2Q __m512i_mm512_permutex2var_epi64(__m512i a, ___m512i idx, __m512i b); 

VPERMT2Q __m512i_mm512_mask_permutex2var_epi64(__m512i a, ___ mmask8 k, __m512i idx, __m512i b); 
VPERMT2Q __m512i_mm512_mask2_permutex2var_epi64(__m512i a, ___m512i idx, __ mmask8 k, __m512i b); 
VPERMT2Q __m512i_mm512_maskz_permutex2var_epi64(__mmask8 k, __m512i a,__m512i idx, __m512i b); 
VPERMT2Q __m256i__mm256_permutex2var_epi64(__m256i a, __m256i idx, __m256i b); 

VPERMT2Q __m256i __mm256_mask_permutex2var_epi64(__m256i a, __ mmask8 k, __m256i idx, __m256i b); 
VPERMT2Q __m256i __mm256_mask2_permutex2var_epi64(__m256i a, __m256i idx, __ mmask8 k, __m256i b); 
VPERMT2Q __m256i __mm256_maskz_permutex2var_epi64(__mmask8 k, __m256i a, ___m256i idx, __m256i b); 
VPERMT2Q __m128i __mm_permutex2var_epi64(__m128i a, ___m128i idx, __m128i b); 

VPERMT2Q __m128i __mm_mask_permutex2var_epi64(__m128i a, __mmask8 k, __m128i idx, __m128i b); 
VPERMT2Q __m128i __mm_mask2_permutex2var_epi64(__m128i a, ___m128i idx, __mmask8 k, __m128i b); 
VPERMT2Q __m128i __mm_maskz_permutex2var_epi64(__mmask8 k, __m128i a, ___m128i idx, __m128i b); 
VPERMT2W __m512i_mm512_permutex2var_epi16(__m512i a,__m512i idx, ___m512i b); 

VPERMT2W __m512i_mm512_mask_permutex2var_epi16(__m512i a,__ mmask32 k,___m512i idx, ___m512i b); 
VPERMT2W __m512i_mm512_mask2_permutex2var_epi16(__m512i a,__m512i idx, _ mmask32 k,__m512i b); 
VPERMT2W __m512i_mm512_maskz_permutex2var_epi16(__mmask32 k,__m512ia,__m512i idx, __m512ib); 
VPERMT2W __m256i_mm256_permutex2var_epi16(__m256i a,___ m256i idx, __m256i b); 

VPERMT2W __m256i__mm256_mask_permutex2var_epi16(__m256i a,__ mmask16 k, __m256i idx, __m256i b); 
VPERMT2W __m256i_mm256_mask2_permutex2var_epi16(__m256i a,___ m256i idx, _ mmask16 k, __m256i b); 
VPERMT2W __m256i_mm256_maskz_permutex2var_epi16(__mmask16 k,__ m256i a, __ m256i idx, __m256i b); 
VPERMT2W __m128i_mm_permutex2var_epi16(__m128i a, ___m128i idx, __m128i b); 


VPERMT2W __m128i__mm_mask_permutex2var_epi16(__m128i a, 
VPERMT2W __m128i__mm_mask2_permutex2var_epi16(__m128i a, 


mmask8 k, __m128i idx, __m128i b); 
m128i idx, ___ mmask8 k, __m128i b); 


VPERMT2W __m128i__mm_maskz_permutex2var_epi16(__mmask8 k, __m128i a, 


m128i idx, __m128i b); 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 
VPERMT2D/Q/PS/PD: See Table 2-50, “Type E4NF Class Exception Conditions”. 
VPERMT2W: See Exceptions Type E4NF.nb in Table 2-50, “Type E4NF Class Exception Conditions”. 
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VPERMT2W/D/Q/PS/PD—Full Permute from Two Tables Overwriting one Table 


VPEXPANDB/VPEXPANDW — Expand Byte/Word Values 


INSTRUCTION SET REFERENCE, V-Z 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
EVEX.128.66.0F38.W0 62 /r A VIV AVX512_VBMI2 Expands up to 128 bits of packed byte values 
VPEXPANDB xmm1{k1}{z}, m128 AVX512VL from m128 to xmm1 with writemask k1. 
EVEX.128.66.0F38.W0 62 /r B VIV AVX512_VBMI2 Expands up to 128 bits of packed byte values 
VPEXPANDB xmm1{k1}{z}, xmm2 AVX512VL from xmm_2 to xmm1 with writemask k1. 
EVEX.256.66.0F38.W0 62 /r A VIV AVX512_VBMI2 Expands up to 256 bits of packed byte values 
VPEXPANDB ymm1{k1}{z}, m256 AVX512VL from m256 to ymm1 with writemask k1. 
EVEX.256.66.0F38.W0 62 /r B VIV AVX512_VBMI2 Expands up to 256 bits of packed byte values 
VPEXPANDB ymm1{k1}{z}, ymm2 AVX512VL from ymm_2 to ymm1 with writemask k1. 
EVEX.512.66.0F38.W0 62 /r A VIV AVX512_VBMI2 Expands up to 512 bits of packed byte values 
VPEXPANDB zmm1{k1}{z}, m512 from m512 to zmm1 with writemask k1. 
EVEX.512.66.0F38.W0 62 /r B VIV AVX512_VBMI2 Expands up to 512 bits of packed byte values 
VPEXPANDB zmm1{k1}{z}, zmm2 from zmm2 to zmm1 with writemask k1. 
EVEX.128.66.0F38.W1 62 /r A VIV AVX512_VBMI2 Expands up to 128 bits of packed word values 
VPEXPANDW xmm1{k1}{z}, m128 AVX512VL from m128 to xmm1 with writemask k1. 
EVEX.128.66.0F38.W1 62 /r B VIV AVX512_VBMI2 Expands up to 128 bits of packed word values 
VPEXPANDW xmm1{k1}{z}, xmm2 AVX512VL from xmm_2 to xmm1 with writemask k1. 
EVEX.256.66.0F38.W1 62 /r A VIV AVX512_VBMI2 Expands up to 256 bits of packed word values 
VPEXPANDW ymm1{k1}{z}, m256 AVX512VL from m256 to ymm1 with writemask k1. 
EVEX.256.66.0F38.W1 62 /r B VIV AVX512_VBMI2 Expands up to 256 bits of packed word values 
VPEXPANDW ymm1{k1}{z}, ymm2 AVX512VL from ymm_2 to ymm1 with writemask k1. 
EVEX.512.66.0F38.W1 62 /r A VIV AVX512_VBMIl2 Expands up to 512 bits of packed word values 
VPEXPANDW zmm1{k1}{z}, m512 from m512 to zmm1 with writemask k1. 
EVEX.512.66.0F38.W1 62 /r B VIV AVX512_VBMI2 Expands up to 512 bits of packed byte integer 
VPEXPANDW zmm1{k1}{z}, zmm2 values from zmm2 to zmm1 with writemask 
k1. 
Instruction Operand Encoding 
Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Expands (loads) up to 64 byte integer values or 32 word integer values from the source operand (memory 
operand) to the destination operand (register operand), based on the active elements determined by the 


writemask operand. 


Note: EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


VPEXPANDB/VPEXPANDW — Expand Byte/Word Values 
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Moves 128, 256 or 512 bits of packed byte integer values from the source operand (memory operand) to the desti- 
nation operand (register operand). This instruction is used to load from an int8 vector register or memory location 
while inserting the data into sparse elements of destination vector register using the active elements pointed out 


by the operand writemask. 
This instruction supports memory fault suppression. 


Note that the compressed displacement assumes a pre-scaling (N) corresponding to the size of one single element 


instead of the size of the full vector. 


Operation 


VPEXPANDB 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
k:=0 
FOR j := 0 TOKL-1: 
IF k1[j] OR *no writemask*: 
DEST.byte[j] := SRC.byte[k]; 
k:=k+1 
ELSE: 
IF *merging-masking*: 
*DEST.byte[j] remains unchanged* 
ELSE: ; zeroing-masking 
DEST.byte[j] := 0 
DEST[MAX_VL-1:VL] := 0 


VPEXPANDW 
(KL, VL) = (8,128), (16,256), (32, 512) 
k:=0 
FOR j :=0 TO KL-1: 
IF k1[j] OR *no writemask*: 
DEST.word[j] := SRC.word[k]; 
k:=k+1 
ELSE: 
IF *merging-masking*: 
*DEST.word[j] remains unchanged* 
ELSE: ; zeroing-masking 
DEST.word[j] := 0 
DEST[MAX_VL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VPEXPAND 


m128i 


mm_mask_expand_epi8(__m128i,___ mmask16, __m128i); 


VPEXPAND 


m128i 


mm_maskz_expand_epi8(__mmask16, __m128i); 


VPEXPAND 


m128i 


mm_mask_expandloadu_epi8(__m128i,__ mmask16, const void"); 


VPEXPAND 


m128i 


mm_maskz_expandloadu_epi8(__mmask16, const void"); 


VPEXPAND 


m256i 


mm256_mask_expand_epi8(__m256i,__ mmask32, __ m256i); 


VPEXPAND 


m256i 


mm256_maskz_expand_epi8(__mmask32, __m256i); 


VPEXPAND 


m256i 


mm256_mask_expandloadu_epi8(__m256i, __ mmask32, const void"); 


VPEXPAND 


m256i 


mm256_maskz_expandloadu_epi8(__mmask32, const void*); 


VPEXPAND 


m512i 


mm512_mask_expand_epi8(__m512i,__ mmask64, __m512i); 


VPEXPAND 


m512i 


mm512_maskz_expand_epi8(__mmask64, __m512i); 


VPEXPAND 


m512i 


mm512_mask_expandloadu_epi8(__m512i, __ mmask64, const void"); 


VPEXPAND 


m512i 


mm512_maskz_expandloadu_epi8(__mmask64, const void*); 


VPEXPANDW 
VPEXPANDW 
VPEXPANDW 
VPEXPANDW 
VPEXPANDW 
VPEXPANDW 
VPEXPANDW 
VPEXPANDW 
VPEXPANDW 
VPEXPANDW 
VPEXPANDW 
VPEXPANDW 


m1 28i 


mm_mask_expand_epi16(__m128i,__ mmask8,__m128i); 


m1 28i 


mm_maskz_expand_epi16(__mmask8, __m128i); 


m128i 


mm_mask_expandloadu_epi16(__m128i, __ mmask8, const void’); 


m1 28i 


mm_maskz_expandloadu_epi16(__mmask8, const void *); 


m256i 


mm256_mask_expand_epil16(__m256i,__ mmask16, __m256i); 


m256i 


mm256_maskz_expand_epi16(__mmask16, __m256i); 


m256i 


mm256_mask_expandloadu_epi16(__m256i, __ mmask16, const void"); 


m256i 


mm256_maskz_expandloadu_epi16(__mmask16, const void’); 


m512i 


mm512_mask_expand_epi16(__m512i,___ mmask32, __m512i); 


m512i 


mm512_maskz_expand_epi16(__mmask32, __m512i); 


m512i 


mm512_mask_expandloadu_epi16(__m512i, __ mmask32, const void"); 


m512i 


mm512_maskz_expandloadu_epi16(__mmask32, const void’); 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 


See Table 2-49, “Type E4 Class Exception Conditions”. 


VPEXPANDB/VPEXPANDW — Expand Byte/Word Values 
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VPEXPANDD—Load Sparse Packed Doubleword Integer Values from Dense Memory / Register 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support Flag 
EVEX.128.66.0F38.W0 89 /r A VIV AVX512VL_ | Expand packed double-word integer values from 
VPEXPANDD xmm1 {k1}{z}, AVX512F xmm2/m128 to xmm1 using writemask k1. 
xmm2/m128 
EVEX.256.66.0F38.W0 89 /r A VIV AVX512VL | Expand packed double-word integer values from 
VPEXPANDD ymm1 {k1}{Z}, AVX512F ymm2/m256 to ymm1 using writemask k1. 
ymm2/m256 
EVEX.512.66.0F38.W0 89 /r A VIV AVX512F Expand packed double-word integer values from 
VPEXPANDD zmm1 {k1}{Z}, zmm2/m512 to zmm1 using writemask k1. 
zmm2/m512 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Expand (load) up to 16 contiguous doubleword integer values of the input vector in the source operand (the second 
operand) to sparse elements in the destination operand (the first operand), selected by the writemask ki. The 
destination operand is a ZMM register, the source operand can be a ZMM register or memory location. 

The input vector starts from the lowest element in the source operand. The opmask register k1 selects the destina- 
tion elements (a partial vector or sparse elements if less than 8 elements) to be replaced by the ascending 
elements in the input vector. Destination elements not selected by the writemask k1 are either unmodified or 
zeroed, depending on EVEX.z. 


Note: EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Note that the compressed displacement assumes a pre-scaling (N) corresponding to the size of one single element 
instead of the size of the full vector. 


Operation 


VPEXPANDD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 


k:=0 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
DEST[i+31:i] = SRC[k+3 1:k]; 
k:=k+32 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VPEXPANDD 
VPEXPANDD 
VPEXPANDD 
VPEXPANDD 
VPEXPANDD 
VPEXPANDD 
VPEXPANDD 
VPEXPANDD 
VPEXPANDD 
VPEXPANDD 
VPEXPANDD 
VPEXPANDD 


m512i 


mm512_mask_expandloadu_epi32(__m512is,__mmask16 k, void * a); 


m512i 


mm512_maskz_expandloadu_epi32(__mmask16 k, void * a); 


m512i 


mm512_mask_expand_epi32(__m512is, __mmask16 k,__m512i a); 


m512i 


mm512 


m256i 


maskz_expand_epi32(__mmask16 k,__m512i a); 


mm256_mask_expandloadu_epi32(__m256i s, __ mmask8 k, void * a); 


m256i 


mm256_maskz_expandloadu_epi32(__mmask8 kK, void * a); 


m256i 


mm256_mask_expand_epi32(__m256i s,___mmask8 k, __m256i a); 


m256i 


mm256_maskz_expand_epi32(__mmask8 k, __m256i a); 


m1 28i 


mm_mask_expandloadu_epi32(__m128is,__ mmask8 kK, void * a); 


m1 28i 


mm_maskz_expandloadu_epi32(__mmask8 kK, void * a); 


m128i 


m1 28i 


mm_mask_expand_epi32(__m128i s,__ mmask8 k, __m128i a); 
mm_maskz_expand_epi32(__mmask8 k, __m128i a); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”; 


additionally: 


#UD 


VPEXPANDD—Load Sparse Packed Doubleword Integer Values from Dense Memory / Register 


If EVEX.vvvv != 1111B. 
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VPEXPANDQ—Load Sparse Packed Quadword Integer Values from Dense Memory / Register 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.66.0F38.W1 89 /r A VIV AVX512VL | Expand packed quad-word integer values from 
VPEXPANDQ xmm1 {k1}{z}, xmm2/m128 AVX512F xmm2/m128 to xmm1 using writemask k1. 
EVEX.256.66.0F38.W1 89 /r A VIV AVX512VL | Expand packed quad-word integer values from 
VPEXPANDQ ymm1 {k1}{z}, ymm2/m256 AVX512F ymm2/m256 to ymm1 using writemask k1. 
EVEX.512.66.0F38.W1 89 /r A VIV AVX512F Expand packed quad-word integer values from 
VPEXPANDQ zmm1 {k1}{z}, zmm2/m512 zmm2/m512 to zmm1 using writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Expand (load) up to 8 quadword integer values from the source operand (the second operand) to sparse elements 
in the destination operand (the first operand), selected by the writemask k1. The destination operand is a ZMM 
register, the source operand can be a ZMM register or memory location. 

The input vector starts from the lowest element in the source operand. The opmask register k1 selects the destina- 
tion elements (a partial vector or sparse elements if less than 8 elements) to be replaced by the ascending 
elements in the input vector. Destination elements not selected by the writemask k1 are either unmodified or 
zeroed, depending on EVEX.z. 

Note: EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


Note that the compressed displacement assumes a pre-scaling (N) corresponding to the size of one single element 
instead of the size of the full vector. 


Operation 


VPEXPANDQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
k:=0 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
DEST[i+63:i] = SRC[k+63:k]; 
k:=k+64 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VPEXPANDQ 
VPEXPANDQ 
VPEXPANDQ 
VPEXPANDQ 
VPEXPANDQ 
VPEXPANDQ 
VPEXPANDQ 
VPEXPANDQ 
VPEXPANDQ 
VPEXPANDQ 
VPEXPANDQ 
VPEXPANDQ 


m512i 


mm512_mask_expandloadu_epi64(__m512is,__ mmask8 k, void * a); 


m512i 


mm512_maskz_expandloadu_epi64(__ mmask8 k, void * a); 


m512i 


mm512_mask_expand_epi64(__m512is,___mmask8 k,__m512i a); 


m512i 


mm512 


m256i 


maskz_expand_epi64(__mmask8 k,___m512i a); 


mm256_mask_expandloadu_epi64(__m256is,__ mmask8 k, void * a); 


m256i 


mm256_maskz_expandloadu_epi64(__ mmask8 k, void * a); 


m256i 


mm256_mask_expand_epi64(__m256i s,___ mmask8 k,___m256i a); 


m256i 


mm256_maskz_expand_epi64(__mmask8 k, __m256i a); 


m128i 


mm_mask_expandloadu_epi64(__m128i s,__ mmask8 kK, void * a); 


m128i 


mm_maskz_expandloadu_epi64(__ mmask8 k, void * a); 


m128i 


m128i 


mm_mask_expand_epi64(__m128i s,__ mmask8 k, __m128i a); 
mm_maskz_expand_epi64(__ mmask8 k, __m128i a); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


EVEX-encoded instruction, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”; 


additionally: 


#UD 


VPEXPANDQ—Load Sparse Packed Quadword Integer Values from Dense Memory / Register 


If EVEX.vvvv != 1111B. 
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VPGATHERDD/VPGATHERQD — Gather Packed Dword Values Using Signed Dword/Qword 
Indices 


Opcode/ Op/ | 64/32 | CPUID Description 
Instruction En -bit Feature 
Mode Flag 

VEX.128.66.0F38.W0 90 /r RMV | V/V AVX2 Using dword indices specified in vm32x, gather dword val- 

VPGATHERDD xmm1, vm32x, xmm2 ues from memory conditioned on mask specified by 
xmmez. Conditionally gathered elements are merged into 
xmm1. 

VEX.128.66.0F38.W0O 91 /r RMV | V/V AVX2 Using qword indices specified in vm64x, gather dword val- 

VPGATHERQD xmm17, vm64x, xmm2 ues from memory conditioned on mask specified by 
xmmez. Conditionally gathered elements are merged into 
xmm1. 

VEX.256.66.0F38.W0 90 /r RMV | V/V AVX2 Using dword indices specified in vm32y, gather dword 

VPGATHERDD ymm1, vm32y, ymm2 from memory conditioned on mask specified by ymm2. 
Conditionally gathered elements are merged into ymm1. 

VEX.256.66.0F38.W0 91 /r RMV | V/V AVX2 Using qword indices specified in vm64y, gather dword val- 

VPGATHERQD xmm1, vm64y, xmm2 ues from memory conditioned on mask specified by 
xmmez. Conditionally gathered elements are merged into 
xmm1. 


Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 


RMV ModRM:reg (r,w) BaseReg (R): VSIB:base, VEX.vvvv (r, w) NA 
VectorReg(R): VSIB:index 


Description 


The instruction conditionally loads up to 4 or 8 dword values from memory addresses specified by the memory 
operand (the second operand) and using dword indices. The memory operand uses the VSIB form of the SIB byte 
to specify a general purpose register operand as the common base, a vector register for an array of indices relative 
to the base and a constant scale factor. 


The mask operand (the third operand) specifies the conditional load operation from each memory address and the 
corresponding update of each data element of the destination operand (the first operand). Conditionality is speci- 
fied by the most significant bit of each data element of the mask register. If an element’s mask bit is not set, the 

corresponding element of the destination register is left unchanged. The width of data element in the destination 

register and mask register are identical. The entire mask register will be set to zero by this instruction unless the 
instruction causes an exception. 


Using qword indices, the instruction conditionally loads up to 2 or 4 qword values from the VSIB addressing 
memory operand, and updates the lower half of the destination register. The upper 128 or 256 bits of the destina- 
tion register are zero’ed with qword indices. 


This instruction can be suspended by an exception if at least one element is already gathered (i.e., if the exception 
is triggered by an element other than the rightmost one with its mask bit set). When this happens, the destination 
register and the mask operand are partially updated; those elements that have been gathered are placed into the 
destination register and have their mask bits set to zero. If any traps or interrupts are pending from already gath- 
ered elements, they will be delivered in lieu of the exception; in this case, EFLAG.RF is set to one so an instruction 
breakpoint is not re-triggered when the instruction is continued. 


If the data size and index size are different, part of the destination register and part of the mask register do not 
correspond to any elements being gathered. This instruction sets those parts to zero. It may do this to one or both 
of those registers even if the instruction triggers an exception, and even if the instruction triggers the exception 
before gathering any elements. 


VEX.128 version: For dword indices, the instruction will gather four dword values. For qword indices, the instruction 
will gather two values and zero the upper 64 bits of the destination. 
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VEX.256 version: For dword indices, the instruction will gather eight dword values. For qword indices, the instruc- 
tion will gather four values and zero the upper 128 bits of the destination. 


Note that: 


If any pair of the index, mask, or destination registers are the same, this instruction results a UD fault. 


The values may be read from memory in any order. Memory ordering with other instructions follows the Intel- 
64 memory-ordering model. 


Faults are delivered in a right-to-left manner. That is, if a fault is triggered by an element and delivered, all 
elements closer to the LSB of the destination will be completed (and non-faulting). Individual elements closer 
to the MSB may or may not be completed. If a given element triggers multiple faults, they are delivered in the 
conventional order. 


Elements may be gathered in any order, but faults must be delivered in a right-to-left order; thus, elements to 
the left of a faulting one may be gathered before the fault is delivered. A given implementation of this 
instruction is repeatable - given the same input values and architectural state, the same set of elements to the 
left of the faulting one will be gathered. 


This instruction does not perform AC checks, and so will never deliver an AC fault. 
This instruction will cause a #UD if the address size attribute is 16-bit. 
This instruction will cause a #UD if the memory operand is encoded without the SIB byte. 


This instruction should not be used to access memory mapped I/O as the ordering of the individual loads it does 
is implementation specific, and some implementations may use loads larger than the data element size or load 
elements an indeterminate number of times. 


The scaled index may require more bits to represent than the address bits used by the processor (e.g., in 32- 
bit mode, if the scale is greater than one). In this case, the most significant bits beyond the number of address 
bits are ignored. 


Operation 


DEST := SRC1; 

BASE_ADDR: base register encoded in VSIB addressing; 
VINDEX: the vector index register encoded by VSIB addressing; 
SCALE: scale factor encoded by SIB:[7:6]; 

DISP: optional 1, 4 byte displacement; 

MASK := SRC3; 


VPGATHERDD (VEX.128 version) 
MASK[MAXVL-1:128] := 0; 
FOR j= 0 to 3 


i:=j* 32; 
IF MASK[31 +i] THEN 
MASK{i +31:i] := FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{i +31:i] := 0; 
Fl; 
ENDFOR 
FOR j := 0 to3 
i:=j* 32; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX[i+31:i])*SCALE + DISP; 
IF MASK[31 +i] THEN 
DEST{i +31:i] = FETCH_32BITS(DATA_ADDR); // a fault exits the instruction 
Fl; 
MASK{i +31:i] = 0; 
ENDFOR 
DEST[MAXVL-1:1 28] := 0; 
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VPGATHERQD (VEX.128 version) 
MASK[MAXVL-1:64] := 0; 


FOR j =O to3 
i:=j* 32; 
IF MASK[31 +i] THEN 
MASK{[i +31:i] := FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{i +31:i] = 0; 
Fl; 
ENDFOR 
FOR j :=O to 1 
k:=j* 64; 
i:=j* 32; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX1[k+63:k])*SCALE + DISP; 
IF MASK[31 +i] THEN 
DEST{i +31:i] = FETCH_32BITS(DATA_ADDR); // a fault exits the instruction 
Fl; 
MASK{i +31:i] = 0; 
ENDFOR 


DEST[MAXVL-1:64] := 0; 


VPGATHERDD (VEX.256 version) 
MASK[MAXVL-1:256] := 0; 
FOR j :=Oto7 
i:=j* 32; 
IF MASK[31 +i] THEN 
MASK{[i +31:i] := FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{i +31:i] = 0; 
Fl; 
ENDFOR 
FOR j :=Oto7 
i:=j* 32; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX1[i+31:i])*SCALE + DISP; 
IF MASK[31 +i] THEN 
DEST[i +31:i] = FETCH_32BITS(DATA_ADDR); // a fault exits the instruction 
Fl; 
MASK{i +31:i] = 0; 
ENDFOR 
DEST[MAXVL-1:256] := 0; 
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VPGATHERQD (VEX.256 version) 
MASK[MAXVL-1:128] := 0; 


FOR j :=Oto7 
i:=j* 32; 
IF MASK[31 +i] THEN 
MASK{i +31:i] := FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{i +31:i] := 0; 
Fl; 
ENDFOR 
FOR j :=0 to3 
k:=j* 64; 
i:=j* 32; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX1 [k+63:k])*SCALE + DISP; 
IF MASK[31 +i] THEN 
DEST{i +31:i] = FETCH_32BITS(DATA_ADDR); // a fault exits the instruction 
Fl; 
MASK{i +31:i] = 0; 
ENDFOR 


DEST[MAXVL-1:128] := 0; 


Intel C/C++ Compiler Intrinsic Equivalent 

VPGATHERDD: __m128i__mm_i32gather_epi32 (int const * base, __m128i index, const int scale); 

VPGATHERDD: __m128i __mm_mask_i32gather_epi32 (__m128i src, int const * base, __m128i index, __m128i mask, const int scale); 
VPGATHERDD: __ m256i_mm256_i32gather_epi32 ( int const * base, __m256i index, const int scale); 


VPGATHERDD: __ m256i_mm256_mask_i32gather_epi32 (__m256i src, int const * base, __m256i index, 
scale); 


VPGATHERQD: __m128i __mm_i64gather_epi32 (int const * base, __m128i index, const int scale); 
VPGATHERQD: __m128i __mm_mask_i64gather_epi32 (__m128i src, int const * base, 
VPGATHERQD: __m128i __mm256_i64gather_epi32 (int const * base, __m256i index, const int scale); 


VPGATHERQD: __m128i__mm256_mask_i64gather_epi32 (__m128i src, int const * base, __m256i index, 
scale); 


m256i mask, const int 


m128i index, __m128i mask, const int scale); 


m128i mask, const int 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-27, “Type 12 Class Exception Conditions”. 
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VPGATHERDD/VPGATHERDQ—Gather Packed Dword, Packed Qword with Signed Dword Indices 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.66.0F38.W0 90 /vsib A VV AVX512VL | Using signed dword indices, gather dword values from 
VPGATHERDD xmm1 {k1}, vm32x AVX512F memory using writemask k1 for merging-masking. 
EVEX.256.66.0F38.W0 90 /vsib A VV AVX512VL | Using signed dword indices, gather dword values from 
VPGATHERDD ymm1 {k1}, vm32y AVX512F memory using writemask k1 for merging-masking. 
EVEX.512.66.0F38.W0 90 /vsib A VIV AVX512F Using signed dword indices, gather dword values from 
VPGATHERDD zmm1 {k1}, vm32z memory using writemask k1 for merging-masking. 
EVEX.128.66.0F38.W1 90 /vsib A VV AVX512VL | Using signed dword indices, gather quadword values from 
VPGATHERDQ xmm1 {k1}, vm32x AVX512F memory using writemask k1 for merging-masking. 
EVEX.256.66.0F38.W1 90 /vsib A VV AVX512VL | Using signed dword indices, gather quadword values from 
VPGATHERDQ ymm1 {k1}, vm32x AVX512F memory using writemask k1 for merging-masking. 
EVEX.512.66.0F38.W1 90 /vsib A VIV AVX512F Using signed dword indices, gather quadword values from 
VPGATHERDQ zmm1 {k1}, vm32y memory using writemask k1 for merging-masking. 


Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 


BaseReg (R): VSIB:base, 
VectorReg(R): VSIB:index 


A Tuple1 Scalar ModRM:reg (w) NA NA 


Description 


A set of 16 or 8 doubleword/quadword memory locations pointed to by base address BASE_ADDR and index vector 
VINDEX with scale SCALE are gathered. The result is written into vector zmm1. The elements are specified via the 
VSIB (i.e., the index register is a zmm, holding packed indices). Elements will only be loaded if their corresponding 
mask bit is one. If an element’s mask bit is not set, the corresponding element of the destination register (zmm1) 
is left unchanged. The entire mask register will be set to zero by this instruction unless it triggers an exception. 


This instruction can be suspended by an exception if at least one element is already gathered (i.e., if the exception 
is triggered by an element other than the rightmost one with its mask bit set). When this happens, the destination 
register and the mask register (k1) are partially updated; those elements that have been gathered are placed into 
the destination register and have their mask bits set to zero. If any traps or interrupts are pending from already 
gathered elements, they will be delivered in lieu of the exception; in this case, EFLAG.RF is set to one so an instruc- 
tion breakpoint is not re-triggered when the instruction is continued. 

If the data element size is less than the index element size, the higher part of the destination register and the mask 
register do not correspond to any elements being gathered. This instruction sets those higher parts to zero. It may 
update these unused elements to one or both of those registers even if the instruction triggers an exception, and 
even if the instruction triggers the exception before gathering any elements. 

Note that: 


¢ The values may be read from memory in any order. Memory ordering with other instructions follows the Intel- 
64 memory-ordering model. 


¢ Faults are delivered in a right-to-left manner. That is, if a fault is triggered by an element and delivered, all 
elements closer to the LSB of the destination zmm will be completed (and non-faulting). Individual elements 
closer to the MSB may or may not be completed. If a given element triggers multiple faults, they are delivered 
in the conventional order. 

¢ Elements may be gathered in any order, but faults must be delivered in a right-to-left order; thus, elements to 
the left of a faulting one may be gathered before the fault is delivered. A given implementation of this 
instruction is repeatable - given the same input values and architectural state, the same set of elements to the 
left of the faulting one will be gathered. 


¢ This instruction does not perform AC checks, and so will never deliver an AC fault. 
* Not valid with 16-bit effective addresses. Will deliver a #UD fault. 
¢ These instructions do not accept zeroing-masking since the 0 values in k1 are used to determine completion. 
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Note that the presence of VSIB byte is enforced in this instruction. Hence, the instruction will #UD fault if 
ModRM.rm is different than 100b. 


This instruction has the same disp8*N and alignment rules as for scalar instructions (Tuple 1). 


The instruction will #UD fault if the destination vector zmm1 is the same as index vector VINDEX. The instruction 
will #UD fault if the kO mask register is specified. 

The scaled index may require more bits to represent than the address bits used by the processor (e.g., in 32-bit 
mode, if the scale is greater than one). In this case, the most significant bits beyond the number of address bits are 
ignored. 


Operation 


BASE_ADDR stands for the memory operand base address (a GPR); may not exist 
VINDEX stands for the memory operand vector of indices (a ZMM register) 
SCALE stands for the memory operand scalar (1, 2, 4 or 8) 

DISP is the optional 1 or 4 byte displacement 


VPGATHERDD (EVEX encoded version) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1{j] 
THEN DEST[i+31:i] := MEM[BASE_ADDR + 
SignExtend(VINDEX[i+31:i]) * SCALE + DISP]), 1) 
k1{j] := 0 
ELSE *DEST[i+31:i] := remains unchanged* ; Only merging masking is allowed 
Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 
DEST[MAXVL-1:VL] := 0 


VPGATHERDQ (EVEX encoded version) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
k:=j* 32 
IF k1{j] 
THEN DEST[i+63:i] := 
MEM[BASE_ADDR + SignExtend(VINDEX[k+31:k]) * SCALE + DISP]) 
k1{j] := 0 
ELSE *DEST[i+63:i] := remains unchanged* ; Only merging masking is allowed 
Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 
DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VPGATHERDD __m512i_mm512_i32gather_epi32(__m512i vdx, void * base, int scale); 

VPGATHERDD __m512i_mm512_mask_i32gather_epi32(__m512is,__mmask16 k,__m512i vdx, void * base, int scale); 
VPGATHERDD __m256i__mm256_mmask_i32gather_epi32(__m256i s,___ mmask8 k, __ m256i vdx, void * base, int scale); 
VPGATHERDD __m128i __mm_mmask_i32gather_epi32(__m128is,___mmask8 k, __m128i vdx, void * base, int scale); 
VPGATHERDQ __m512i__mm512_i32logather_epi64(__m256i vdx, void * base, int scale); 

VPGATHERDQ __m512i__mm512_mask_i32logather_epi64(__m512is, __mmask8 k, __m256i vdx, void * base, int scale); 
VPGATHERDQ __m256i __mm256_mmask_i32logather_epi64(__m256i s,___mmask8 k, __m128i vdx, void * base, int scale); 
VPGATHERDQ __m128i __mm_mmask_i32gather_epi64(__m128i s,___mmask8 k, __m128i vdx, void * base, int scale); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-61, “Type E12 Class Exception Conditions”. 
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VPGATHERDQ/VPGATHERQQ — Gather Packed Qword Values Using Signed Dword/Qword 
Indices 


Opcode/ Op/ | 64/32 | CPUID Description 
Instruction En -bit Feature 
Mode | Flag 

VEX.128.66.0F38.W1 90 /r A VIV AVX2 Using dword indices specified in vm32x, gather qword val- 

VPGATHERDQ xmm17, vm32x, xmm2 ues from memory conditioned on mask specified by 
xmme. Conditionally gathered elements are merged into 
xmm1. 

VEX.128.66.0F38.W1 91 /r A VIV AVX2 Using qword indices specified in vm64x, gather qword val- 

VPGATHERQQ xmm1, vm64x, xmm2 ues from memory conditioned on mask specified by 
xmmez. Conditionally gathered elements are merged into 
xmm1. 

VEX.256.66.0F38.W1 90 /r A VIV AVX2 Using dword indices specified in vm32x, gather qword val- 

VPGATHERDQ ymm1, vm32x, ymnm2 ues from memory conditioned on mask specified by 
ymm_z. Conditionally gathered elements are merged into 
ymm1. 

VEX.256.66.0F38.W1 91 /r A VIV AVX2 Using qword indices specified in vm64y, gather qword val- 

VPGATHERQQ ymm17, vm64y, ymm2 ues from memory conditioned on mask specified by 
ymme. Conditionally gathered elements are merged into 
ymm1. 


Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 


A ModRM:reg (r,w) BaseReg (R): VSIB:base, VEX.vvvv (r, w) NA 
VectorReg(R): VSIB:index 


Description 


The instruction conditionally loads up to 2 or 4 qword values from memory addresses specified by the memory 
operand (the second operand) and using qword indices. The memory operand uses the VSIB form of the SIB byte 
to specify a general purpose register operand as the common base, a vector register for an array of indices relative 
to the base and a constant scale factor. 


The mask operand (the third operand) specifies the conditional load operation from each memory address and the 
corresponding update of each data element of the destination operand (the first operand). Conditionality is speci- 
fied by the most significant bit of each data element of the mask register. If an element’s mask bit is not set, the 

corresponding element of the destination register is left unchanged. The width of data element in the destination 

register and mask register are identical. The entire mask register will be set to zero by this instruction unless the 
instruction causes an exception. 


Using dword indices in the lower half of the mask register, the instruction conditionally loads up to 2 or 4 qword 
values from the VSIB addressing memory operand, and updates the destination register. 


This instruction can be suspended by an exception if at least one element is already gathered (i.e., if the exception 
is triggered by an element other than the rightmost one with its mask bit set). When this happens, the destination 
register and the mask operand are partially updated; those elements that have been gathered are placed into the 
destination register and have their mask bits set to zero. If any traps or interrupts are pending from already gath- 
ered elements, they will be delivered in lieu of the exception; in this case, EFLAG.RF is set to one so an instruction 
breakpoint is not re-triggered when the instruction is continued. 


If the data size and index size are different, part of the destination register and part of the mask register do not 
correspond to any elements being gathered. This instruction sets those parts to zero. It may do this to one or both 
of those registers even if the instruction triggers an exception, and even if the instruction triggers the exception 
before gathering any elements. 


VEX.128 version: The instruction will gather two qword values. For dword indices, only the lower two indices in the 
vector index register are used. 
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VEX.256 version: The instruction will gather four qword values. For dword indices, only the lower four indices in the 
vector index register are used. 


Note that: 
e If any pair of the index, mask, or destination registers are the same, this instruction results a UD fault. 


¢ The values may be read from memory in any order. Memory ordering with other instructions follows the Intel- 
64 memory-ordering model. 

¢ Faults are delivered in a right-to-left manner. That is, if a fault is triggered by an element and delivered, all 
elements closer to the LSB of the destination will be completed (and non-faulting). Individual elements closer 
to the MSB may or may not be completed. If a given element triggers multiple faults, they are delivered in the 
conventional order. 

¢ Elements may be gathered in any order, but faults must be delivered in a right-to-left order; thus, elements to 
the left of a faulting one may be gathered before the fault is delivered. A given implementation of this 
instruction is repeatable - given the same input values and architectural state, the same set of elements to the 
left of the faulting one will be gathered. 

¢ This instruction does not perform AC checks, and so will never deliver an AC fault. 

¢ This instruction will cause a #UD if the address size attribute is 16-bit. 

¢ This instruction will cause a #UD if the memory operand is encoded without the SIB byte. 

¢ This instruction should not be used to access memory mapped I/O as the ordering of the individual loads it does 
is implementation specific, and some implementations may use loads larger than the data element size or load 
elements an indeterminate number of times. 

¢ The scaled index may require more bits to represent than the address bits used by the processor (e.g., in 32- 


bit mode, if the scale is greater than one). In this case, the most significant bits beyond the number of address 
bits are ignored. 


Operation 


DEST := SRC1; 

BASE_ADDR: base register encoded in VSIB addressing; 
VINDEX: the vector index register encoded by VSIB addressing; 
SCALE: scale factor encoded by SIB:[7:6]; 

DISP: optional 1, 4 byte displacement; 

MASK := SRC3; 


VPGATHERDQ (VEX.128 version) 
MASK[MAXVL-1:128] := 0; 


FOR j :=O to 1 
i:=j* 64; 
IF MASK[63+i] THEN 
MASK{[i +63:i] := FFFFFFFF_FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{i +63:i] := 0; 
Fl; 
ENDFOR 
FOR j :=O to 1 
k:=j * 32; 
i:=j* 64; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX[k+31 :k])*SCALE + DISP; 
IF MASK[63+i] THEN 
DEST{[i +63:i] = FETCH_64BITS(DATA_ADDR); // a fault exits the instruction 
Fl; 
MASK{[i +63:i] := 0; 
ENDFOR 


DEST[MAXVL-1:128] := 0; 
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MASK[MAXVL-1:1 28] := 0; 
FOR j :=Oto1 
i:=j* 64; 
IF MASK[63+i] THEN 
MASK{i +63:i] := FFFFFFFF_FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{[i +63:i] := 0; 
Fl; 
ENDFOR 
FOR j :=Oto1 
i:=j* 64; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX1 [i+63:i])*SCALE + DISP; 
IF MASK[63+i] THEN 
DEST[i +63:i] = FETCH_64BITS(DATA_ADDR); // a fault exits the instruction 
Fl; 
MASK{i +63:i] := 0; 
ENDFOR 
DEST[MAXVL-1:1 28] := 0; 


VPGATHERQQ (VEX.256 version) 
MASK[MAXVL-1:256] := 0; 
FOR j :=0 to3 
i:=j* 64; 
IF MASK[63+i] THEN 
MASK{i +63:i] := FFFFFFFF_FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{[i +63:i] := 0; 
Fl; 
ENDFOR 
FOR j :=0 to3 
i:=j* 64; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX1 [i+63:i])*SCALE + DISP; 
IF MASK[63+i] THEN 
DEST[i +63:i] = FETCH_64BITS(DATA_ADDR); // a fault exits the instruction 
Fl; 
MASK{[i +63:i] := 0; 
ENDFOR 
DEST[MAXVL-1:256] := 0; 


VPGATHERDQ (VEX.256 version) 
MASK[MAXVL-1:256] := 0; 
FOR j :=0 to3 
i:=j* 64; 
IF MASK[63+i] THEN 
MASK{i +63:i] := FFFFFFFF_FFFFFFFFH; // extend from most significant bit 
ELSE 
MASK{i +63:i] := 0; 
Fl; 
ENDFOR 
FOR j :=0 to3 
k:=j * 32; 
i:=j* 64; 
DATA_ADDR := BASE_ADDR + (SignExtend(VINDEX1 [k+31:k])*SCALE + DISP; 
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IF MASK[63+i] THEN 


DEST[i +63:i] = FETCH_64BITS(DATA_ADDR); // a fault exits the instruction 


Fl; 


MASK[i +63:i] := O; 


ENDFOR 


DEST[MAXVL-1:256] := 0; 


Intel C/C++ Compiler Intrinsic Equivalent 
VPGATHERDQ: __m128i __mm_i32gather_epi64 (__int64 const * base, 


VPGATHERDQ: __m128i __mm_mask_i32gather_epi64 (__m128i src, 


scale); 
VPGATHERDQ: 


int scale); 
VPGATHERQQ: __| 
VPGATHERQQ: 


m128i __mm_i64gather_epi64 (__int64 const * base, 
m128i __mm_mask_i64gather_epi64 (__m128i src, __int64 const * base, 


scale); 
VPGATHERQQ: 


VPGATHERQQ: 


int scale); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


m1 28i index, const int scale); 


int64 const * base, __m128i index, __m128i mask, const int 


m256i__mm256_i32gather_epi64 (__int64 const * base, _m128i index, const int scale); 
VPGATHERDQ: __m256i __mm256_mask_i32gather_epi64 (__m256i src, 


int64 const * base, __m128i index, __ m256i mask, const 


m1 28i index, const int scale); 


m1 28i index, __m128i mask, const int 


m256i_mm256_i64gather_epi64 __(int64 const * base, _ m256i index, const int scale); 
m256i __mm256_mask_i64gather_epi64 (__m256i src, 


int64 const * base, __m256i index, __m256i mask, const 


See Table 2-27, “Type 12 Class Exception Conditions”. 


5-414 Vol. 2C 


VPGATHERDQ/VPGATHERQQ — Gather Packed Qword Values Using Signed Dword/Qword Indices 


INSTRUCTION SET REFERENCE, V-Z 


VPGATHERQD/VPGATHERQQ—Gather Packed Dword, Packed Qword with Signed Qword Indices 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F38.W0 91 /vsib A VIV AVX512VL | Using signed qword indices, gather dword values from 
VPGATHERQD xmm1 {k1}, vm64x AVX512F memory using writemask k1 for merging-masking. 
EVEX.256.66.0F38.W0 91 /vsib A VIV AVX512VL | Using signed qword indices, gather dword values from 
VPGATHERQD xmm1 {k1}, vm64y AVX512F memory using writemask k1 for merging-masking. 
EVEX.512.66.0F38.W0 91 /vsib A VIV AVX512F Using signed qword indices, gather dword values from 
VPGATHERQD ymm1 {k1}, vm64z memory using writemask k1 for merging-masking. 
EVEX.128.66.0F38.W1 91 /vsib A VIV AVX512VL | Using signed qword indices, gather quadword values from 
VPGATHERQQ xmm1 {k1}, vm64x AVX512F memory using writemask k1 for merging-masking. 
EVEX.256.66.0F38.W1 91 /vsib A VIV AVX512VL | Using signed qword indices, gather quadword values from 
VPGATHERQQ ymm1 {k1}, vm64y AVX512F memory using writemask k1 for merging-masking. 
EVEX.512.66.0F38.W1 91 /vsib A VIV AVX512F Using signed qword indices, gather quadword values from 
VPGATHERQQ zmm1 {k1}, vm64z memory using writemask k1 for merging-masking. 


Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 


BaseReg (R): VSIB:base, 
VectorReg(R): VSIB:index 


A Tuple1 Scalar ModRM:reg (w) NA NA 


Description 


A set of 8 doubleword/quadword memory locations pointed to by base address BASE_ADDR and index vector 
VINDEX with scale SCALE are gathered. The result is written into a vector register. The elements are specified via 
the VSIB (i.e., the index register is a vector register, holding packed indices). Elements will only be loaded if their 
corresponding mask bit is one. If an element’s mask bit is not set, the corresponding element of the destination 
register is left unchanged. The entire mask register will be set to zero by this instruction unless it triggers an excep- 
tion. 


This instruction can be suspended by an exception if at least one element is already gathered (i.e., if the exception 
is triggered by an element other than the rightmost one with its mask bit set). When this happens, the destination 
register and the mask register (k1) are partially updated; those elements that have been gathered are placed into 
the destination register and have their mask bits set to zero. If any traps or interrupts are pending from already 
gathered elements, they will be delivered in lieu of the exception; in this case, EFLAG.RF is set to one so an instruc- 
tion breakpoint is not re-triggered when the instruction is continued. 


If the data element size is less than the index element size, the higher part of the destination register and the mask 
register do not correspond to any elements being gathered. This instruction sets those higher parts to zero. It may 
update these unused elements to one or both of those registers even if the instruction triggers an exception, and 
even if the instruction triggers the exception before gathering any elements. 


Note that: 


¢ The values may be read from memory in any order. Memory ordering with other instructions follows the Intel- 
64 memory-ordering model. 


¢ Faults are delivered in a right-to-left manner. That is, if a fault is triggered by an element and delivered, all 
elements closer to the LSB of the destination zmm will be completed (and non-faulting). Individual elements 
closer to the MSB may or may not be completed. If a given element triggers multiple faults, they are delivered 
in the conventional order. 


¢ Elements may be gathered in any order, but faults must be delivered in a right-to-left order; thus, elements to 
the left of a faulting one may be gathered before the fault is delivered. A given implementation of this 
instruction is repeatable - given the same input values and architectural state, the same set of elements to the 
left of the faulting one will be gathered. 


VPGATHERQD/VPGATHERQQ—Gather Packed Dword, Packed Qword with Signed Qword Indices Vol.2C 5-415 


INSTRUCTION SET REFERENCE, V-Z 


°® This instruction does not perform AC checks, and so will never deliver an AC fault. 
* Not valid with 16-bit effective addresses. Will deliver a #UD fault. 
¢ These instructions do not accept zeroing-masking since the 0 values in k1 are used to determine completion. 


Note that the presence of VSIB byte is enforced in this instruction. Hence, the instruction will #UD fault if 
ModRM.rm is different than 100b. 


This instruction has the same disp8*N and alignment rules as for scalar instructions (Tuple 1). 


The instruction will #UD fault if the destination vector zmm1 is the same as index vector VINDEX. The instruction 
will #UD fault if the kO mask register is specified. 

The scaled index may require more bits to represent than the address bits used by the processor (e.g., in 32-bit 
mode, if the scale is greater than one). In this case, the most significant bits beyond the number of address bits are 
ignored. 


Operation 


BASE_ADDR stands for the memory operand base address (a GPR); may not exist 
VINDEX stands for the memory operand vector of indices (a ZMM register) 
SCALE stands for the memory operand scalar (1, 2, 4 or 8) 

DISP is the optional 1 or 4 byte displacement 


VPGATHERQD (EVEX encoded version) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 


i:=j* 32 
k:=j* 64 
IF k1{j] 

THEN DEST[i+31:i] := MEM[BASE_ADDR + (VINDEX[k+63:k]) * SCALE + DISP}), 1) 

k1[j] := 0 

ELSE *DEST[i+31:i] = remains unchanged* ; Only merging masking is allowed 

Fl; 
ENDFOR 


k1[MAX_KL-1:KL] := 0 
DEST[MAXVL-1:VL/2] := 0 


VPGATHERQQ (EVEX encoded version) 
(KL, VL) = (2, 64), (4, 128), (8, 256) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1{j] 
THEN DEST[i+63:i] := 
MEM[BASE_ADDR + (VINDEX[i+63:i]) * SCALE + DISP]) 
k1{j] := 0 
ELSE *DEST[i+63:i] := remains unchanged* ; Only merging masking is allowed 
Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 
DEST[MAXVL-1:VL] := 0 


5-416 Vol. 2C VPGATHERQD/VPGATHERQQ—Gather Packed Dword, Packed Qword with Signed Qword Indices 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VPGATHERQD 
VPGATHERQD 
VPGATHERQD 
VPGATHERQD 
VPGATHERQQ 
VPGATHERQQ 
VPGATHERQQ 
VPGATHERQQ 


m256i 


mm512_i64gather_epi32(__m512i vdx, void * base, int scale); 


m256i 


m1 28i 


mm512_mask_i64gather_epi32lo(__m256is,___ mmask8 k,___m512i vdx, void * base, int scale); 
mm256_mask_i64gather_epi32lo(__m128is,___ mmask8 k, __ m256i vdx, void * base, int scale); 


m128i 


mm_mask_i64gather_epi32(__m128is,__mmask8 k, __m128i vdx, void * base, int scale); 


m512i 


mm512_i64gather_epi64(__m512i vdx, void * base, int scale); 


m512i 


mm512_mask_i64gather_epi64(__m512is,__ mmask8 k,___m512i vdx, void * base, int scale); 


m256i 


mm256_mask_i64gather_epi64(__m256i s,___ mmask8 k, __ m256i vdx, void * base, int scale); 


m128i 


mm_mask_i64gather_epi64(__m128i s,__ mmask8 k,___m128i vdx, void * base, int scale); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-61, “Type E12 Class Exception Conditions”. 


VPGATHERQD/VPGATHERQQ—Gather Packed Dword, Packed Qword with Signed Qword Indices Vol.2C 5-417 


INSTRUCTION SET REFERENCE, V-Z 


VPLZCNTD/Q—Count the Number of Leading Zero Bits for Packed Dword, Packed Qword Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F38.W0 44 /r A VIV AVX512VL_ | Count the number of leading zero bits in each dword 
VPLZCNTD xmm1 {k1}{z}, AVX512CD | element of xmm2/m128/m32bcst using writemask k1. 
xmm2/m128/m32bcst 
EVEX.256.66.0F38.W0 44 /r A VIV AVX512VL_ | Count the number of leading zero bits in each dword 
VPLZCNTD ymm1 {k1}{Z}, AVX512CD | element of ymm2/m256/m32bcst using writemask k1. 
ymm2/m256/m32bcst 
EVEX.512.66.0F38.W0 44 /r A VIV AVX512CD_ | Count the number of leading zero bits in each dword 
VPLZCNTD zmm1 {k1}{z}, element of zmm2/m512/m32bcst using writemask k1. 
zmm2/m512/m32bcst 
EVEX.128.66.0F38.W1 44 /r A VIV AVX512VL_ | Count the number of leading zero bits in each qword 
VPLZCNTQ xmm1 {k1}{Z}, AVX512CD | element of xmm2/m128/m64bcst using writemask k1. 
xmm2/m128/m64bcst 
EVEX.256.66.0F38.W1 44 /r A VIV AVX512VL_ | Count the number of leading zero bits in each qword 
VPLZCNTQ ymm1 {k1}{2}, AVX512CD | element of ynm2/m256/m64bcst using writemask k1. 
ymm2/m256/m64bcst 
EVEX.512.66.0F38.W1 44 /r A VIV AVX512CD_ | Count the number of leading zero bits in each qword 
VPLZCNTQ zmm1 {k1}{Z}, element of zmm2/m512/m64bcst using writemask k1. 
zmm2/m512/m64bcst 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Counts the number of leading most significant zero bits in each dword or qword element of the source operand (the 
second operand) and stores the results in the destination register (the first operand) according to the writemask. 
If an element is zero, the result for that element is the operand size of the element. 


EVEX.512 encoded version: The source operand is a ZMM register, a 512-bit memory location, or a 512-bit vector 
broadcasted from a 32/64-bit memory location. The destination operand is a ZMM register, conditionally updated 
using writemask k1. 


EVEX.256 encoded version: The source operand is a YMM register, a 256-bit memory location, or a 256-bit vector 
broadcasted from a 32/64-bit memory location. The destination operand is a YMM register, conditionally updated 
using writemask k1. 


EVEX.128 encoded version: The source operand is a XMM register, a 128-bit memory location, or a 128-bit vector 
broadcasted from a 32/64-bit memory location. The destination operand is a XMM register, conditionally updated 
using writemask k1. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


5-418 Vol. 2C VPLZCNTD/Q—Count the Number of Leading Zero Bits for Packed Dword, Packed Qword Values 


Operation 


VPLZCNTD 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j*32 
IF MaskBit(j) OR *no writemask* 
THEN 
temp := 32 
DEST[i+31:i] := 0 
WHILE (temp > 0) AND (SRC[i+temp-1] = 0) 
DO 
temp := temp - 1 
DEST[i+31:i] = DEST[i+31:i] + 1 
OD 
ELSE 
IF *merging-masking* 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE DEST[i+31:i] := 0 
Fl 
Fl 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPLZCNTQ 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:= j*64 
IF MaskBit(j) OR *no writemask* 
THEN 
temp := 64 
DEST[i+63:i] := 0 
WHILE (temp > 0) AND (SRC[i+temp-1] = 0) 
DO 
temp := temp - 1 
DEST[i+63:i] := DEST[i+63:i] + 1 
OD 
ELSE 
IF *merging-masking* 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE DEST[i+63:i] := 0 
Fl 
Fl 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPLZCNTD/Q—Count the Number of Leading Zero Bits for Packed Dword, Packed Qword Values 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-419 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VPLZCNTD __m512i_mm512_lzcnt_epi32(__m512i a); 


VPLZCNTD __m512i_mm512_mask_Izcnt_epi32(__m512is,__mmask16 m, ___m512i a); 
VPLZCNTD __m512i_mm512_maskz_lzcnt_epi32(__ mmask16 m, __m512i a); 
VPLZCNTQ __m512i_mm512_lzcnt_epi64(__m512i a); 

VPLZCNTQ __m512i__mm512_mask_Izcnt_epi64(__m512i s,___ mmask8 m, __m512i a); 
VPLZCNTQ __m512i__mm512_maskz_Izcnt_epi64(__mmask8 m, __m512i a); 
VPLZCNTD __m256i __mm256_Izcnt_epi32(__m256i a); 

VPLZCNTD __m256i __mm256_mask_Izcnt_epi32(__m256i s,___ mmask8 m, __m256i a); 
VPLZCNTD __m256i__mm256_maskz_lzcnt_epi32(__mmask8 m, __m256i a); 
VPLZCNTQ __m256i __mm256_lIzcnt_epi64(__m256i a); 

VPLZCNTQ __m256i _mm256_mask_Izcnt_epi64(__m256i s, __mmask8 m, __m256i a); 
VPLZCNTQ __m256i__mm256_maskz_Izcnt_epi64(__mmask8 m, __m256i a); 
VPLZCNTD __m128i __mm_lIzcnt_epi32(__m128i a); 

VPLZCNTD __m128i __mm_mask_Izcnt_epi32(__m128is,___ mmask8 m, __m128i a); 
VPLZCNTD __m128i __mm_maskz_lzcnt_epi32(__mmask8 m, __m128i a); 

VPLZCNTQ __m128i __mm_Izcnt_epi64(__m128i a); 

VPLZCNTQ __m128i __mm_mask_Izcnt_epi64(__m128i s, __ mmask8 m, __m128i a); 


VPLZCNTQ __m128i __mm_maskz_lzcnt_epi64(__mmask8 m, __m128i a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 


5-420 Vol. 2C VPLZCNTD/Q—Count the Number of Leading Zero Bits for Packed Dword, Packed Qword Values 


INSTRUCTION SET REFERENCE, V-Z 


VPMADD52HUQ—Packed Multiply of Unsigned 52-bit Unsigned Integers and Add High 52-bit 
Products to 64-bit Accumulators 


Opcode/ Op/ | 32/64 CPUID Description 
Instruction En | bit Mode 
Support 
EVEX.128.66.0F38.W1 BS /r A VIV AVX512_IFMA Multiply unsigned 52-bit integers in xmm2 and 
VPMADD52HUQ xmm1 {k1}{z}, xmm2, AVX512VL xmm3/m128 and add the high 52 bits of the 104- 
xmm3/m128/m64bcst bit product to the qword unsigned integers in 
xmm1 using writemask k1. 
EVEX.256.66.0F38.W1 BS /r A VIV AVX512_IFMA Multiply unsigned 52-bit integers in ymm2 and 
VPMADD52HUQ ymm1 {k1}{z}, ymm2, AVX512VL ymm3/m256 and add the high 52 bits of the 104- 
ymm3/m256/m64bcst bit product to the qword unsigned integers in 
ymm1 using writemask k1. 
EVEX.512.66.0F38.W1 BS /r A VIV AVX512_IFMA Multiply unsigned 52-bit integers in zmm2 and 
VPMADD52HUQ zmm1 {k1}{z}, zmm2, zmm3/m512 and add the high 52 bits of the 104- 
zmm3/m512/m64bcst bit product to the qword unsigned integers in 
zmm1 using writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m(r) NA 
Description 


Multiplies packed unsigned 52-bit integers in each qword element of the first source operand (the second oper- 
and) with the packed unsigned 52-bit integers in the corresponding elements of the second source operand (the 
third operand) to form packed 104-bit intermediate results. The high 52-bit, unsigned integer of each 104-bit 
product is added to the corresponding qword unsigned integer of the destination operand (the first operand) 


under the writemask k1. 


The first source operand is a ZMM/YMM/XMM register. The second source operand can be a ZMM/YMM/XMM reg- 
ister, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 64-bit memory loca- 
tion. The destination operand is a ZMM/YMM/XMM register conditionally updated with writemask k1 at 64-bit 


granularity. 
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INSTRUCTION SET REFERENCE, V-Z 


Operation 


VPMADDS52HUQ (EVEX encoded) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j = 0 TOKL-1 
i:=j* 64; 
IF k1[j] OR *no writemask* THEN 
IF src2 is Memory AND EVEX.b=1 THEN 
tsrc2[63:0] := ZeroExtend64(src2[51:0]); 
ELSE 
tsrc2[63:0] := ZeroExtend64(src2[i+5 1:i]; 
Fl; 
Temp128[127:0] := ZeroExtend64(src1 [i+51:i]) * tsrc2[63:0]; 
Temp2[63:0] := DEST[i+63:i] + ZeroExtend64(temp128[103:52)) ; 
DEST[i+63:i] = Temp2[63:0]; 
ELSE 
IF *zeroing-masking* THEN 
DEST[i+63:i] := 0; 
ELSE *merge-masking* 
DEST[i+63:i] is unchanged; 
Fl; 
Fl; 
ENDFOR 
DEST[MAX_VL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
VPMADDS2HUQ __m512i __mm512_madd52hi_epu64(__m512i a,__m512i b, __m512i c); 
VPMADDS2HUQ __m512i __mm512_mask_madd52hi_epu64(__m512is, __mmask8 k,___m512ia,__m512i b, ___m512i c); 


VPMADD52HUQ __m512i_mm512_maskz_madd52hi_epu64(__mmask8 k,___m512i a,__m512i b, ___m512i c); 
VPMADDS52HUQ __m256i _mm256_madd52hi_epu64(__m256i a, __ m256i b, __m256i c); 

VPMADD52HUQ __m256i _mm256_mask_madd52hi_epu64(__m256i s,___ mmask8 k, __m256i a, __m256i b, __m256i c); 
VPMADD52HUQ __m256i__mm256_maskz_madd52hi_epu64(__mmask8 k, __m256i a, __m256i b, __m256i c); 


VPMADD52HUQ __m128i__mm_madd52hi_epu64(__m128i a,__m128i b, __m128i c); 
VPMADD52HUQ __m128i __mm_mask_madd52hi_epu64(__m128i s,___mmask8 k, __m128i a, __m128i b,__m128i c); 
VPMADD52HUQ __m128i __mm_maskz_madd52hi_epu64(__mmask8 k, __m128i a,__m128i b, __m128i c); 


Flags Affected 


None. 


SIMD Floating-Point Exceptions 


None 
Other Exceptions 


See Table 2-49, “Type E4 Class Exception Conditions”. 


5-422 Vol. 2C VPMADD52HUQ—Packed Multiply of Unsigned 52-bit Unsigned Integers and Add High 52-bit Products to 64-bit Accumulators 


INSTRUCTION SET REFERENCE, V-Z 


VPMADD52LUQ—Packed Multiply of Unsigned 52-bit Integers and Add the Low 52-bit Products 
to Qword Accumulators 


Opcode/ Op/En | 32/64 CPUID Description 
Instruction bit Mode 
Support 
EVEX.128.66.0F38.W1 B4 /r A VIV AVX512_IFMA Multiply unsigned 52-bit integers in xmme2 and 
VPMADD52LUQ xmm1 {k1}{Z}, AVX512VL xmm3/m1 28 and add the low 52 bits of the 104-bit 
xmm2,xmm3/m128/m64bcst product to the qword unsigned integers in xmm1 
using writemask k1. 
EVEX.256.66.0F38.W1 B4 /r A VIV AVX512_IFMA Multiply unsigned 52-bit integers in ymm2 and 
VPMADD52LUQ ymm1 {k1}{z}, AVX512VL ymm3/m256 and add the low 52 bits of the 104-bit 
ymm_2, ymm3/m256/m64bcst product to the qword unsigned integers in ymm1 
using writemask k1. 
EVEX.512.66.0F38.W1 B4 /r A VIV AVX512_IFMA Multiply unsigned 52-bit integers in zmm2 and 
VPMADD52LUQ zmm1 {k1}{Z}, zmm3/m512 and add the low 52 bits of the 104-bit 
zmm2,zmm3/m512/m64bcst product to the qword unsigned integers in zmm1 
using writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m(r) NA 
Description 


Multiplies packed unsigned 52-bit integers in each qword element of the first source operand (the second oper- 
and) with the packed unsigned 52-bit integers in the corresponding elements of the second source operand (the 
third operand) to form packed 104-bit intermediate results. The low 52-bit, unsigned integer of each 104-bit 
product is added to the corresponding qword unsigned integer of the destination operand (the first operand) 


under the writemask k1. 


The first source operand is a ZMM/YMM/XMM register. The second source operand can be a ZMM/YMM/XMM reg- 
ister, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 64-bit memory loca- 
tion. The destination operand is a ZMM/YMM/XMM register conditionally updated with writemask k1 at 64-bit 


granularity. 
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INSTRUCTION SET REFERENCE, V-Z 


Operation 


VPMADD52LUQ (EVEX encoded) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TOKL-1 
i:=j* 64; 
IF k1[j] OR *no writemask* THEN 
IF src2 is Memory AND EVEX.b=1 THEN 
tsrc2[63:0] := ZeroExtend64(src2[51:0]); 
ELSE 
tsrc2[63:0] := ZeroExtend64(src2[i+5 1:1]; 
Fl; 
Temp128[127:0] := ZeroExtend64(src1 [i+51:i]) * tsrc2[63:0); 
Temp2[63:0] := DEST[i+63:i] + ZeroExtend64(temp1 28[51:0)) ; 
DEST[i+63:i] = Temp2[63:0]; 
ELSE 
IF *zeroing-masking* THEN 
DEST[i+63:i] := 0; 
ELSE *merge-masking* 
DEST[i+63:i] is unchanged; 
Fl; 
Fl; 
ENDFOR 


DEST[MAX_VL-1:VL] := 0; 


Intel C/C++ Compiler Intrinsic Equivalent 

VPMADDS52LUQ __m512i_mm512_madd52lo_epu64(__m512ia,__m512ib,_m512i c); 

VPMADD52LUQ __m512i__mm512_mask_madd52lo_epu64(__m512is, __mmask8 k,__m512ia,__m512i b,__m512i c); 
VPMADD52LUQ __m512i__mm512_maskz_madd52lo_epu64(__mmask8 k, __m512i a,__m512ib,___m512i c); 
VPMADD52LUQ __m256i__mm256_madd52lo_epu64(__m256i a,___m256i b, __m256i c); 

VPMADD52LUQ __m256i __mm256_mask_madd52lo_epu64(__m256i s, __ mmask8 k,___m256i a, ___m256i b, __m256i c); 


VPMADD52LUQ __m256i __mm256_maskz_madd52lo_epu64(__mmask8 k, __m256i a, __m256i b, __m256i c); 
VPMADD52LUQ __m128i __mm_madd52lo_epu64(__m128i a,__m128i b, __m128i c); 

VPMADD52LUQ __m128i __mm_mask_madd52lo_epu64(__m128i s,___mmask8 k, __m128i a,__m128i b, __m128i c); 
VPMADD52LUQ __m128i__mm_maskz_madd52lo_epu64(__mmask8 k, __m128i a,__m128i b, __m128i c); 

Flags Affected 

None. 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


See Table 2-49, “Type E4 Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, V-Z 


VPMASKMOV — Conditional SIMD Integer Packed Loads and Stores 


Opcode/ Op/ | 64/32 | CPUID Description 
Instruction En -bit Feature 

Mode | Flag 
VEX.128.66.0F38.W0 8C /r RVM | V/V AVX2 Conditionally load dword values from m728 using mask 
VPMASKMOVD xmm1, xmm2, m128 in xmm2 and store in xmm1. 
VEX.256.66.0F38.W0 8C /r RVM | V/V AVX2 Conditionally load dword values from m256 using mask 
VPMASKMOVD ymm17, ymm2, m256 in ymm2 and store in ymm1. 
VEX.128.66.0F38.W1 8C /r RVM | V/V AVX2 Conditionally load qword values from m728 using mask 
VPMASKMOVQ xmm1, xmm2, m128 in xmm2 and store in xmm1. 
VEX.256.66.0F38.W1 8C /r RVM | V/V AVX2 Conditionally load qword values from m256 using mask 
VPMASKMOVQ ymm7, ymm2, m256 in ymm2 and store in ymm1. 
VEX.128.66.0F38.W0 8E /r MVR | V/V AVX2 Conditionally store dword values from xmm2 using 
VPMASKMOVD m128, xmm1, xmm2 mask in xmm1. 
VEX.256.66.0F38.W0 8E /r MVR | V/V AVX2 Conditionally store dword values from ymm2 using 
VPMASKMOVD m256, ymm1, ynm2 mask in ymm17. 
VEX.128.66.0F38.W1 8E /r MVR | V/V AVX2 Conditionally store qword values from xmm2 using 
VPMASKMOVQ m128, xmm1, xmm2 mask in xmm7. 
VEX.256.66.0F38.W1 8E /r MVR | V/V AVX2 Conditionally store qword values from ymm2 using 
VPMASKMOVQ m256, ymm1, ymm2 mask in ymm17. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RVM ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
MVR ModRM:r/m (w) VEX.vvvv (r) ModRM:reg (r) NA 

Description 


Conditionally moves packed data elements from the second source operand into the corresponding data element 
of the destination operand, depending on the mask bits associated with each data element. The mask bits are 
specified in the first source operand. 


The mask bit for each data element is the most significant bit of that element in the first source operand. If a mask 
is 1, the corresponding data element is copied from the second source operand to the destination operand. If the 
mask is 0, the corresponding data element is set to zero in the load form of these instructions, and unmodified in 
the store form. 


The second source operand is a memory address for the load form of these instructions. The destination operand 
is a memory address for the store form of these instructions. The other operands are either XMM registers (for 
VEX.128 version) or YMM registers (for VEX.256 version). 


Faults occur only due to mask-bit required memory accesses that caused the faults. Faults will not occur due to 
referencing any memory location if the corresponding mask bit for that memory location is 0. For example, no 
faults will be detected if the mask bits are all zero. 


Unlike previous MASKMOV instructions (MASKMOVQ and MASKMOVDQU), a nontemporal hint is not applied to 
these instructions. 


Instruction behavior on alignment check reporting with mask bits of less than all 1s are the same as with mask bits 
of all 1s. 
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INSTRUCTION SET REFERENCE, V-Z 


VMASKMOV should not be used to access memory mapped I/O as the ordering of the individual loads or stores it 
does is implementation specific. 

In cases where mask bits indicate data should not be loaded or stored paging A and D bits will be set in an imple- 
mentation dependent way. However, A and D bits are always set for pages where data is actually loaded/stored. 
Note: for load forms, the first source (the mask) is encoded in VEX.vvvv; the second source is encoded in rm_field, 
and the destination register is encoded in reg_field. 


Note: for store forms, the first source (the mask) is encoded in VEX.vvvv; the second source register is encoded in 
reg_field, and the destination memory location is encoded in rm_field. 


Operation 


VPMASKMOVD - 256-bit load 

DEST[31:0] := IF (SRC1[31]) Load_32(mem) ELSE 0 
DEST[63:32] := IF (SRC1[63]) Load_32(mem + 4) ELSE O 
DEST[95:64] := IF (SRC1[95]) Load_32(mem + 8) ELSE 0 
DEST[127:96] := IF (SRC1[127]) Load_32(mem + 12) ELSE O 
DEST[159:128] := IF (SRC1[159]) Load_32(mem + 16) ELSE 0 
DEST[191:160] := IF (SRC1[191]) Load_32(mem + 20) ELSE 0 
DEST[223:192] := IF (SRC1[223]) Load_32(mem + 24) ELSE 0 
DEST[255:224] := IF (SRC1[255]) Load_32(mem + 28) ELSE 0 


VPMASKMOVD -128-bit load 

DEST[31:0] := IF (SRC1[31]) Load_32(mem) ELSE 0 
DEST[63:32] := IF (SRC1[63]) Load_32(mem + 4) ELSE O 
DEST[95:64] := IF (SRC1[95]) Load_32(mem + 8) ELSE 0 
DEST[127:97] := IF (SRC1[127]) Load_32(mem + 12) ELSE O 
DEST[MAXVL-1:128] := 0 


VPMASKMOVQ - 256-bit load 

DEST[63:0] := IF (SRC1[63]) Load_64(mem) ELSE O 
DEST[127:64] := IF (SRC1[127]) Load_64(mem + 8) ELSE 0 
DEST[195:128] := IF (SRC1[191]) Load_64(mem + 16) ELSE 0 
DEST[255:196] := IF (SRC1[255]) Load_64(mem + 24) ELSE 0 


VPMASKMOVQ - 128-bit load 

DEST[63:0] := IF (SRC1[63]) Load_64(mem) ELSE 0 
DEST[127:64] := IF (SRC1[127]) Load_64(mem + 16) ELSE O 
DEST[MAXVL-1:128] := 0 


VPMASKMOVD - 256-bit store 

IF (SRC1[31]) DEST[31:0] := SRC2[31:0] 

IF (SRC1[63]) DEST[63:32] = SRC2[63:32] 

IF (SRC1[95]) DEST[95:64] := SRC2[95:64] 

IF (SRC1[127]) DEST[127:96] := SRC2[127:96] 

IF (SRC1[159]) DEST[159:1 28] :-=SRC2[159:128] 
IF (SRC1[191]) DEST[191:160] := SRC2[191:160] 
IF (SRC1[223]) DEST[223:1 92] := SRC2[223:192] 
IF (SRC1[255]) DEST[255:224] := SRC2[255:224] 


a a) 
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VPMASKMOVD - 128-bit store 
IF (SRC1[31]) DEST[31:0] := SRC2[31:0] 

IF (SRC1[63]) DEST[63:32] = SRC2[63:32] 

IF (SRC1[95]) DEST[95:64] := SRC2[95:64] 

IF (SRC1[127]) DEST[127:96] := SRC2[127:96] 


VPMASKMOVQ - 256-bit store 
IF (SRC1[63]) DEST[63:0] := SRC2[63:0] 

IF (SRC1[127]) DEST[127:64] :=SRC2[127:64] 

IF (SRC1[191]) DEST[191:128] := SRC2[191:128] 
IF (SRC1[255]) DEST[255:192] := SRC2[255:192] 


VPMASKMOVQ - 128-bit store 

IF (SRC1[63]) DEST[63:0] := SRC2[63:0] 

IF (SRC1[127]) DEST[127:64] :=SRC2[127:64] 

Intel C/C++ Compiler Intrinsic Equivalent 

VPMASKMOVD: __m256i _mm256_maskload_epi32(int const *a, __m256i mask) 
VPMASKMOVD: void _mm256_maskstore_epi32(int *a,__m256i mask, __m256i b) 
VPMASKMOVQ: __m256i _mm256_maskload_epi64(__int64 const *a, __m256i mask); 
VPMASKMOVQ: void +_mm256_maskstore_epi64(__int64 *a,___ m256i mask, __m256d b); 
VPMASKMOVD: __m128i__mm_maskload_epi32(int const *a,__m128i mask) 
VPMASKMOVD: void +_mm_maskstore_epi32(int *a,__m128i mask, __m128 b) 
VPMASKMOVQ: __m128i __mm_maskload_epi64(__int cont *a, __m128i mask); 
VPMASKMOVQ: void +=_mm_maskstore_epi64(__int64 *a,__m128i mask, __m128i b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


INSTRUCTION SET REFERENCE, V-Z 


See Table 2-23, “Type 6 Class Exception Conditions” (No AC# reported for any mask bit combinations). 
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INSTRUCTION SET REFERENCE, V-Z 


VPMOVB2M/VPMOVW2M/VPMOVD2M/VPMOVQ2M—Convert a Vector Register to a Mask 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.F3.0F38.W0 29 /r RM VIV AVX512VL | Sets each bit ink1 to 1 or O based on the value of the most 
VPMOVBeM k1, xmm1 AVX512BW | significant bit of the corresponding byte in XMM1. 
EVEX.256.F3.0F38.W0 29 /r RM VIV AVX512VL_ | Sets each bit in k1 to 1 or O based on the value of the most 
VPMOVBeM k1, ymm1 AVX512BW | significant bit of the corresponding byte in YMM1. 
EVEX.512.F3.0F38.W0 29 /r RM VIV AVX512BW | Sets each bit in k1 to 1 or O based on the value of the most 
VPMOVB2M k1, zmm1 significant bit of the corresponding byte in ZMM1. 
EVEX.128.F3.0F38.W1 29 /r RM VIV AVX512VL_ | Sets each bit in k1 to 1 or O based on the value of the most 
VPMOVWeM k1, xmm1 AVX512BW | significant bit of the corresponding word in XMM1. 
EVEX.256.F3.0F38.W1 29 /r RM VIV AVX512VL_ | Sets each bit in k1 to 1 or O based on the value of the most 
VPMOVWe2M k1, ymm1 AVX512BW | significant bit of the corresponding word in YMM1. 
EVEX.512.F3.0F38.W1 29 /r RM VIV AVX512BW | Sets each bit in k1 to 1 or O based on the value of the most 
VPMOVWeM k1, zmm1 significant bit of the corresponding word in ZMM1. 
EVEX.128.F3.0F38.W0 39 /r RM VIV AVX512VL_ | Sets each bit ink1 to 1 or O based on the value of the most 
VPMOVD2M k1, xmm1 AVX512DQ_ | significant bit of the corresponding doubleword in XMM1. 
EVEX.256.F3.0F38.W0 39 /r RM VIV AVX512VL | Sets each bit in k1 to 1 or O based on the value of the most 
VPMOVD2M k1, ymm1 AVX512DQ_ | significant bit of the corresponding doubleword in YMM1. 
EVEX.512.F3.0F38.W0 39 /r RM VN AVX512DQ_ | Sets each bit in k1 to 1 or O based on the value of the most 
VPMOVD2M k1, zmm1 significant bit of the corresponding doubleword in ZMM1. 
EVEX.128.F3.0F38.W1 39 /r RM VIV AVX512VL_ | Sets each bit in k1 to 1 or O based on the value of the most 
VPMOVQ2M k1, xmm1 AVX512DQ_ | significant bit of the corresponding quadword in XMM1. 
EVEX.256.F3.0F38.W1 39 /r RM VIV AVX512VL | Sets each bit in k1 to 1 or O based on the value of the most 
VPMOVQ2M k1, ymm1 AVX512DQ_ | significant bit of the corresponding quadword in YMM1. 
EVEX.512.F3.0F38.W1 39 /r RM VIN AVX512DQ | Sets each bit in k1 to 1 or O based on the value of the most 
VPMOVQ2M k1, zmm1 significant bit of the corresponding quadword in ZMM1. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts a vector register to a mask register. Each element in the destination register is set to 1 or O depending on 


the value of most significant bit of the corresponding element in the source register. 


The source operand is a ZMM/YMM/XMM register. The destination operand is a mask register. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 
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VPMOVB2M/VPMOVW2M/VPMOVD2M/VPMOVQ2M—Convert a Vector Register to a Mask 


Operation 


VPMOVB2M (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
IF SRC[i+7] 
THEN -DEST{[j] := 1 
ELSE DEST{[j] := 0 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


VPMOVWeM (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF SRC[i+15] 
THEN -DEST[j] := 1 
ELSE DEST[j] := 0 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


VPMOVD2M (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF SRC[i+31] 
THEN DEST{[j] := 1 
ELSE DEST{[j] := 0 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


VPMOVQ2M (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF SRC[i+63] 
THEN -DEST{[j] := 1 
ELSE DEST{[j] := 0 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-429 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalents 


VPMPOVB2M __mmask64 _mm512_movepi8_mask(__m512i ); 
VPMPOVD2M __mmask16 __mm512_movepi32_mask(__m512i); 
VPMPOVQ2M __mmask8 _mm512_movepi64_mask(__m512i ); 
VPMPOVW2M __mmask32 _mm512_movepi16_mask(__m512i ); 
VPMPOVB2M __mmask32 _mm256_movepi8_mask(__m256i ); 
VPMPOVD2M __mmask8 _mm256_movepi32_mask(__m256i ); 
VPMPOVQ2M __mmask8 _mm256_movepi64_mask( __m256i ); 
VPMPOVW2M __mmask16 _mm256_movepi16_mask(__m256i ); 
VPMPOVB2M __mmask16 _mm_movepi8_mask(__m128i ); 
VPMPOVD2M __mmask8 _mm_movepi32_mask(__m128i ); 
VPMPOVQ2M __mmask8 _mm_movepi64_mask( __m128i ); 
VPMPOVW2M __mmask8 _mm_movepi16_mask(__m128i ); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Table 2-55, “Type E7NM Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 


5-430 Vol. 2C VPMOVB2M/VPMOVW2M/VPMOVD2M/VPMOVQ2M—Convert a Vector Register to a Mask 
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VPMOVDB/VPMOVSDB/VPMOVUSDB—Down Convert DWord to Byte 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 

EVEX.128.F3.0F38.W0 31 /r A VIV AVX512VL | Converts 4 packed double-word integers from xmm2 

VPMOVDB xmm1/m32 {k1}{z}, xmm2 AVX512F into 4 packed byte integers in xmm1/m32 with 
truncation under writemask k1. 

EVEX.128.F3.0F38.W0 21 /r A VIV AVX512VL | Converts 4 packed signed double-word integers from 

VPMOVSDB xmm1/m32 {k1}{z}, xmm2 AVX512F Xmm_z into 4 packed signed byte integers in 
xmm1/m32 using signed saturation under writemask 
k1. 

EVEX.128.F3.0F38.W0 11 /r A VIV AVX512VL | Converts 4 packed unsigned double-word integers 

VPMOVUSDB xmm1/m32 {k1}{z}, AVX512F from xmm_2 into 4 packed unsigned byte integers in 

xmm2 xmm1/m32 using unsigned saturation under 
writemask k1. 

EVEX.256.F3.0F38.W0 31 /r A VIV AVX512VL | Converts 8 packed double-word integers from ymm2 

VPMOVDB xmm1/m64 {k1}{z}, ynm2 AVX512F into 8 packed byte integers in xmm1/m64 with 
truncation under writemask k1. 

EVEX.256.F3.0F38.W0 21 /r A VIV AVX512VL | Converts 8 packed signed double-word integers from 

VPMOVSDB xmm1/m64 {k1}{z}, ymm2 AVX512F ymm_2 into 8 packed signed byte integers in 
xmm1/m64 using signed saturation under writemask 
k1. 

EVEX.256.F3.0F38.W0 11 /r A VIV AVX512VL | Converts 8 packed unsigned double-word integers 

VPMOVUSDB xmm1/m64 {k1}{z}, ymm2 AVX512F from ymm_2 into 8 packed unsigned byte integers in 
xmm1/m64 using unsigned saturation under 
writemask k1. 

EVEX.512.F3.0F38.W0 31 /r A VIV AVX512F Converts 16 packed double-word integers from zmm2 

VPMOVDB xmm1/m128 {k1}{z}, zmm2 into 16 packed byte integers in xmm1/m128 with 
truncation under writemask k1. 

EVEX.512.F3.0F38.W0 21 /r A VIV AVX512F Converts 16 packed signed double-word integers 

VPMOVSDB xmm1/m128 {k1}{z}, zmm2 from zmm2 into 16 packed signed byte integers in 
xmm1/m128 using signed saturation under 
writemask k1. 

EVEX.512.F3.0F38.W0 11 /r A VIV AVX512F Converts 16 packed unsigned double-word integers 

VPMOVUSDB xmm1/m128 {k1}{z}, from zmm2 into 16 packed unsigned byte integers in 

zmm2 xmm1/m128 using unsigned saturation under 
writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Quarter Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


VPMOVDB down converts 32-bit integer elements in the source operand (the second operand) into packed bytes 
using truncation. VPMOVSDB converts signed 32-bit integers into packed signed bytes using signed saturation. 
VPMOVUSDB convert unsigned double-word values into unsigned byte values using unsigned saturation. 


The source operand is a ZMM/YMM/XMM register. The destination operand is a XMM register or a 128/64/32-bit 
memory location. 


Down-converted byte elements are written to the destination operand (the first operand) from the least-significant 
byte. Byte elements of the destination operand are updated according to the writemask. Bits (MAXVL-1:128/64/32) 
of the register destination are zeroed. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 
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Operation 


VPMOVDB instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TOKL-1 
i:=j*8 
m:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] = TruncateDoublewordToByte (SRC[m+31:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/4] := 0; 


VPMOVDB instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TOKL-1 
i:=j*8 
m:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] = TruncateDoublewordToByte (SRC[m+31:m]) 
ELSE *DEST[i+7:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR 


VPMOVSDB instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TOKL-1 
i:=j*8 
m:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SaturateSignedDoubleWordToByte (SRC[m+31:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/4] := 0; 
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VPMOVSDB instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
m:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SaturateSignedDoublewordToByte (SRC[m+31:m]) 
ELSE *DEST[i+7:i] remains unchanged* ; Merging-masking 
Fl; 
ENDFOR 


VPMOVUSDB instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
m:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SaturateUnsignedDoubleWordToByte (SRC[m+31:m]) 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/4] := 0; 


VPMOVUSDB instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
m:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SaturateUnsignedDoubleWordToByte (SRC[m+31:m]) 
ELSE *DEST[i+7:i] remains unchanged* ; Merging-masking 
Fl; 
ENDFOR 
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Intel C/C++ Compiler Intrinsic Equivalents 


VPMOVDB __m128i_mm512_cvtepi32_epi8(_m512i a); 

VPMOVDB __m128i_mm512_mask_cvtepi32_epi8(__m128is,__ mmask16 k, 
VPMOVDB __m128i_mm512_maskz_cvtepi32_epi8(__ mmask16 k,___m512i a); 
VPMOVDB void __mm512_mask_cvtepi32_storeu_epi8(void * d,__ mmask16 k, 
VPMOVSDB __m128i__mm512_cvtsepi32_epi8(__m512i a); 

VPMOVSDB __m128i __mm512_mask_cvtsepi32_epi8(__m128is,___ mmask16 k, 
VPMOVSDB __m128i__mm512_maskz_cvtsepi32_epi8(__ mmask16 k, __m512i a); 
VPMOVSDB void __mm512_mask_cvtsepi32_storeu_epi8(void * d,__ mmask16 k, __m512i a); 
VPMOVUSDB __m128i_mm512_cvtusepi32_epi8(__m512i a); 


m512i a); 


m512i a); 


m512i a); 


VPMOVUSDB __m128i_mm512_mask_cvtusepi32_epi8(__m128is,__ mmask16 k, __m512i a); 
VPMOVUSDB __m128i_mm512_maskz_cvtusepi32_epi8(__ mmask16 k, __m512i a); 
VPMOVUSDB void __mm512_mask_cvtusepi32_storeu_epi8(void * d,__ mmask16 k,__m512i a); 
VPMOVUSDB __m128i __mm256_cvtusepi32_epi8(__m256i a); 

VPMOVUSDB __m128i_mm256_mask_cvtusepi32_epi8(__m128i a,__ mmask8 k, __m256i b); 


VPMOVUSDB __m128i __mm256_maskz_cvtusepi32_epi8(__mmask8 k, __m256i b); 
VPMOVUSDB void _mm256_mask_cvtusepi32_storeu_epi8(void * , _ mmask8 k, __m256i b); 
VPMOVUSDB __m128i__mm_cvtusepi32_epi8(__m128i a); 

VPMOVUSDB __m128i__mm_mask_cvtusepi32_epi8(__m128i a,__ mmask8 k,___m128i b); 
VPMOVUSDB __m128i __mm_maskz_cvtusepi32_epi8(__ mmask8 k, __m128i b); 


VPMOVUSDB void _mm_mask_cvtusepi32_storeu_epi8(void * ,__ mmask8 k, __m128i b); 
VPMOVSDB __m128i__mm256_cvtsepi32_epi8(__m256i a); 
VPMOVSDB __m128i__mm256_mask_cvtsepi32_epi8(__m128i a,__ mmask8 k, __m256i b); 


VPMOVSDB __m128i__mm256_maskz_cvtsepi32_epi8(__mmask8 k, __m256i b); 


VPMOVSDB void _mm256_mask_cvtsepi32_storeu_epi8(void * , _ mmask8 k, __ m256i b); 
VPMOVSDB __m128i__mm_cvtsepi32_epi8(__m128i a); 
VPMOVSDB __m128i __mm_mask_cvtsepi32_epi8(__m128i a,__ mmask8 k, __m128i b); 


VPMOVSDB __m128i __mm_maskz_cvtsepi32_epi8(___mmask8 k, __m128i b); 
VPMOVSDB void _mm_mask_cvtsepi32_storeu_epi8(void *, _ mmask8 k, __m128i b); 
VPMOVDB __m128i _mm256_cvtepi32_epi8(__m256i a); 


VPMOVDB __m128i_mm256_mask_cvtepi32_epi8(__m128i a,__mmask8 k, __ m256i b); 
VPMOVDB __m128i_mm256_maskz_cvtepi32_epi8(___mmask8 k, __m256i b); 
VPMOVDB void _mm256_mask_cvtepi32_storeu_epi8(void * , __ mmask8 k, __ m256i b); 
VPMOVDB __m128i _mm_cvtepi32_epi8(__m128i a); 

VPMOVDB __m128i_mm_mask_cvtepi32_epi8(__m128i a,__mmask8 k, __m128i b); 
VPMOVDB __m128i_mm_maskz_cvtepi32_epi8(__mmask8 k, __m128i b); 

VPMOVDB void _mm_mask_cvtepi32_storeu_epi8(void * ,__ mmask8 k, __m128i b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Table 2-53, “Type E6 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 


5-434 Vol. 2C VPMOVDB/VPMOVSDB/VPMOVUSDB—Down Convert DWord to Byte 


INSTRUCTION SET REFERENCE, V-Z 


VPMOVDW/VPMOVSDW/VPMOVUSDW—Down Convert DWord to Word 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.F3.0F38.W0 33 /r A VIV AVX512VL | Converts 4 packed double-word integers from 
VPMOVDW xmm1/m64 {k1}{z}, xmm2 AVX512F xmm_2 into 4 packed word integers in xmm1/m64 

with truncation under writemask k1. 

EVEX.128.F3.0F38.W0 23 /r A VIV AVX512VL | Converts 4 packed signed double-word integers 
VPMOVSDW xmm1/m64 {k1}{z}, xmm2 AVX512F from xmm_2 into 4 packed signed word integers in 


ymm1/m64 using signed saturation under 
writemask k1. 

EVEX.128.F3.0F38.W0 13 /r A VIV AVX512VL | Converts 4 packed unsigned double-word integers 
VPMOVUSDW xmm1/m64 {k1}{z}, xmm2 AVX512F from xmm_2 into 4 packed unsigned word integers 
in xmm1/m64 using unsigned saturation under 
writemask k1. 


EVEX.256.F3.0F38.W0 33 /r A VIV AVX512VL | Converts 8 packed double-word integers from 
VPMOVDW xmm1/m128 {k1}{z}, ymm2 AVX512F ymm_e into 8 packed word integers in xmm1/m128 
with truncation under writemask k1. 
EVEX.256.F3.0F38.W0 23 /r A VIV AVX512VL | Converts 8 packed signed double-word integers 
VPMOVSDW xmm1/m128 {k1}{z}, ymm2 AVX512F from ymm_2 into 8 packed signed word integers in 


xmm1/m128 using signed saturation under 
writemask k1. 


EVEX.256.F3.0F38.W0 13 /r A VIV AVX512VL | Converts 8 packed unsigned double-word integers 
VPMOVUSDW xmm1/m128 {k1}{z}, AVX512F from ymm_2 into 8 packed unsigned word integers 
ymm2 in xmm1/m128 using unsigned saturation under 
writemask k1. 
EVEX.512.F3.0F38.W0 33 /r A VIV AVX512F Converts 16 packed double-word integers from 
VPMOVDW ymm1/m256 {k1}{z}, zmm2 zmm_z into 16 packed word integers in 
ymm1/m256 with truncation under writemask k1. 
EVEX.512.F3.0F38.W0 23 /r A VIV AVX512F Converts 16 packed signed double-word integers 
VPMOVSDW ymm1/m256 {k1}{z}, zmm2 from zmm2 into 16 packed signed word integers in 


ymm1/m256 using signed saturation under 
writemask k1. 


EVEX.512.F3.0F38.W0 13 /r A VIV AVX512F Converts 16 packed unsigned double-word integers 
VPMOVUSDW ymm1/m256 {k1}{z}, from zmm_2 into 16 packed unsigned word integers 
zmm2 in ynm1/m256 using unsigned saturation under 


writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Half Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


VPMOVDW down converts 32-bit integer elements in the source operand (the second operand) into packed words 
using truncation. VPMOVSDW converts signed 32-bit integers into packed signed words using signed saturation. 
VPMOVUSDW convert unsigned double-word values into unsigned word values using unsigned saturation. 


The source operand is a ZMM/YMM/XMM register. The destination operand is a YMM/XMM/XMM register or a 
256/128/64-bit memory location. 


Down-converted word elements are written to the destination operand (the first operand) from the least-significant 
word. Word elements of the destination operand are updated according to the writemask. Bits (MAXVL- 
1:256/128/64) of the register destination are zeroed. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


VPMOVDW/VPMOVSDW/VPMOVUSDW—Down Convert DWord to Word Vol.2C 5-435 


INSTRUCTION SET REFERENCE, V-Z 


Operation 


VPMOVDW instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
m:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST{i+15:i] = TruncateDoublewordToWord (SRC[m+31:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0; 


VPMOVDW instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TOKL-1 
i:=j*16 
m:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST{i+15:i] = TruncateDoublewordToWord (SRC[m+31:m]) 
ELSE 
*DEST[i+15:i] remains unchanged* —_; merging-masking 
Fl; 
ENDFOR 


VPMOVSDW instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TOKL-1 
i:=j* 16 
m:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+1 5:i] := SaturateSignedDoubleWordToWord (SRC[m+31:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0; 


5-436 Vol. 2C VPMOVDW/VPMOVSDW/VPMOVUSDW—Down Convert DWord to Word 


INSTRUCTION SET REFERENCE, V-Z 


VPMOVSDW instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
m:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST{i+15:i] := SaturateSignedDoublewordToWord (SRC[m+31:m]) 
ELSE 
*DEST[i+15:i] remains unchanged* —_ ; merging-masking 
Fl; 
ENDFOR 


VPMOVUSDW instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TOKL-1 
i:=j*16 
m:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST{i+1 5:i] := SaturateUnsignedDoubleWordToWord (SRC[m+31:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0; 


VPMOVUSDW instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
m:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST{i+15:i] := SaturateUnsignedDoubleWordToWord (SRC[m+31:m]) 
ELSE 
*DEST[i+15:i] remains unchanged* —_; merging-masking 
Fl; 
ENDFOR 


VPMOVDW/VPMOVSDW/VPMOVUSDW—Down Convert DWord to Word Vol.2C 5-437 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalents 
VPMOVDW __m256i_mm512_cvtepi32_epil16(__m512i a); 


VPMOVDW __m256i__mm512_mask_cvtepi32_epi16(__m256i s,___ mmask16 k,___m512i a); 
VPMOVDW __m256i_mm512_maskz_cvtepi32_epi16(__mmask16 k,___m512i a); 
VPMOVDW void _mm512_mask_cvtepi32_storeu_epi16(void * d,__ mmask16 k,___m512i a); 
VPMOVSDW __m256i_mm512_cvtsepi32_epi16(__m512i a); 

VPMOVSDW __m256i_mm512_mask_cvtsepi32_epi16(__m256is,__ mmask16 k,___m512i a); 
VPMOVSDW __m256i_mm512_maskz_cvtsepi32_epi16(__ mmask16 k,__m512i a); 
VPMOVSDW void _mm512_mask_cvtsepi32_storeu_epi16(void * d,__ mmask16 k, __m512i a); 


VPMOVUSDW __m256i_mm512_cvtusepi32_epi16 __m512i a); 


VPMOVUSDW __m256i_mm512_mask_cvtusepi32_epi16(__m256is,__ mmask16 k, __m512i a); 
VPMOVUSDW __m256i_mm512_maskz_cvtusepi32_epi16(__mmask16 k,___m512i a); 
VPMOVUSDW void __mm512_mask_cvtusepi32_storeu_epi16(void * d,__ mmask16 k, __m512i a); 
VPMOVUSDW __m128i_mm256_cvtusepi32_epi16(__m256i a); 

VPMOVUSDW __m128i__mm256_mask_cvtusepi32_epi16(__m128i a,__mmask8 k, __m256i b); 


VPMOVUSDW __m128i__mm256_maskz_cvtusepi32_epi16(__ mmask8 k, __ m256i b); 
VPMOVUSDW void _mm256_mask_cvtusepi32_storeu_epi16(void * ,__ mmask8 k, __ m256i b); 
VPMOVUSDW __m128i __mm_cvtusepi32_epi16(__m128i a); 

VPMOVUSDW __m128i __mm_mask_cvtusepi32_epi16(__m128i a,___mmask8 k, 
VPMOVUSDW __m128i __mm_maskz_cvtusepi32_epi16(__mmask8 k, _m128i b); 


m128i b); 


VPMOVUSDW void _mm_mask_cvtusepi32_storeu_epi16(void * ,__ mmask8 k, __m128i b); 
VPMOVSDW __m128i_mm256_cvtsepi32_epi16(__m256i a); 
VPMOVSDW __m128i__mm256_mask_cvtsepi32_epi16(__m128i a,___ mmask8 k, __m256i b); 


VPMOVSDW __m128i__mm256_maskz_cvtsepi32_epi16(__ mmask8 k, __ m256i b); 
VPMOVSDW void __mm256_mask_cvtsepi32_storeu_epi16(void *,___ mmask8 k, __m256i b); 
VPMOVSDW __m128i__mm_cvtsepi32_epi16(__m128i a); 

VPMOVSDW __m128i__mm_mask_cvtsepi32_epi16(__m128i a,__mmask8 k, 
VPMOVSDW __m128i__mm_maskz_cvtsepi32_epi16(__ mmask8 k, __m128i b); 


m128i b); 


VPMOVSDW void _mm_mask_cvtsepi32_storeu_epi16(void *, __ mmask8 k, __m128i b); 
VPMOVDW __m128i__mm256_cvtepi32_epi16(__m256i a); 
VPMOVDW __m128i __mm256_mask_cvtepi32_epi16(__m128i a, __ mmask8 k, __m256i b); 


VPMOVDW __m128i_mm256_maskz_cvtepi32_epi16(__mmask8 k, __ m256i b); 
VPMOVDW void _mm256_mask_cvtepi32_storeu_epi16(void *,__ mmask8 k, __m256i b); 
VPMOVDW __m128i_mm_cvtepi32_epi16(__m128i a); 


VPMOVDW __m128i _mm_mask_cvtepi32_epi16(__m128i a,__ mmask8 k, __m128i b); 
VPMOVDW __m128i __mm_maskz_cvtepi32_epi16(__ mmask8 k, __m128i b); 
VPMOVDW void _mm_mask_cvtepi32_storeu_epi16(void *, __ mmask8 k, __m128i b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Table 2-53, “Type E6 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 


5-438 Vol. 2C VPMOVDW/VPMOVSDW/VPMOVUSDW—Down Convert DWord to Word 


INSTRUCTION SET REFERENCE, V-Z 


VPMOVM2B/VPMOVM2W/VPMOVM2D/VPMOVM2Q—Convert a Mask Register to a Vector 


Register 
Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.F3.0F38.W0 28 /r RM VIV AVX512VL | Sets each byte in XMM1 to all 1’s or all O's based on the value 
VPMOVM2B xmm1, k1 AVX512BW | of the corresponding bit in k1. 
EVEX.256.F3.0F38.W0 28 /r RM VIV AVX512VL | Sets each byte in YMM1 to all 1's or all O's based on the value 
VPMOVM2B ymm1, k1 AVX512BW | of the corresponding bit in k1. 
EVEX.512.F3.0F38.W0 28 /r RM VIV AVX512BW | Sets each byte in ZMM1 to all 1's or all O's based on the value 
VPMOVM2B zmm1, k1 of the corresponding bit in k1. 
EVEX.128.F3.0F38.W1 28 /r RM VIN AVX512VL_ | Sets each word in XMM1 to all 1's or all O's based on the value 
VPMOVM2W xmm1, k1 AVX512BW | of the corresponding bit in k1. 
EVEX.256.F3.0F38.W1 28 /r RM VV AVX512VL_ | Sets each word in YMM1 to all 1’s or all O's based on the value 
VPMOVM2W ymm1, k1 AVX512BW | of the corresponding bit in k1. 
EVEX.512.F3.0F38.W1 28 /r RM VIN AVX512BW | Sets each word in ZMM1 to all 1’s or all O's based on the value 
VPMOVM2W zmm1, k1 of the corresponding bit in k1. 
EVEX.128.F3.0F38.W0 38 /r RM VIN AVX512VL_ | Sets each doubleword in XMM1 to all 1's or all O’s based on the 
VPMOVM2D xmm1, k1 AVX512DQ_ | value of the corresponding bit in k1. 
EVEX.256.F3.0F38.W0 38 /r RM VIN AVX512VL_ | Sets each doubleword in YMM1 to all 1’s or all O's based on the 
VPMOVM2D ymm1, k1 AVX512DQ_ | value of the corresponding bit in k1. 
EVEX.512.F3.0F38.W0 38 /r RM VN AVX512DQ_ | Sets each doubleword in ZMM1 to all 1's or all O’s based on the 
VPMOVM2D zmm1, k1 value of the corresponding bit in k1. 
EVEX.128.F3.0F38.W1 38 /r RM VIV AVX512VL | Sets each quadword in XMM1 to all 1's or all O’s based on the 
VPMOVM2Q xmm1, k1 AVX512DQ_ | value of the corresponding bit in k1. 
EVEX.256.F3.0F38.W1 38 /r RM VIV AVX512VL | Sets each quadword in YMM1 to all 1’s or all O's based on the 
VPMOVM2Q ymm1, k1 AVX512DQ_ | value of the corresponding bit in k1. 
EVEX.512.F3.0F38.W1 38 /r RM VV AVX512DQ | Sets each quadword in ZMM1 to all 1's or all O's based on the 
VPMOVM2Q zmm1, k1 value of the corresponding bit in k1. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Converts a mask register to a vector register. Each element in the destination register is set to all 1’s or all 0's 
depending on the value of the corresponding bit in the source mask register. 


The source operand is a mask register. The destination operand is a ZMM/YMM/XMM register. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


VPMOVM2B/VPMOVM2W/VPMOVM2D/VPMOVM2Q—Convert a Mask Register to a Vector Register 


Vol. 2C 5-439 


INSTRUCTION SET REFERENCE, V-Z 


Operation 


VPMOVM2B (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j :=0 TO KL-1 
i:=j*8 
IF SRC[j] 
THEN — DEST[i+7:i] := -1 
ELSE DEST[i+7:i] := 0 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPMOVM2W (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j :=0 TO KL-1 
i:=j*16 
IF SRC[j] 
THEN = DEST[i+15:i] = -1 
ELSE DEST[i+15:i] := 0 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPMOVM2D (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF SRC[j] 
THEN —DEST[i+31:i] := -1 
ELSE DEST[i+31:i] := 0 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VPMOVM2Q (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF SRC[j] 
THEN  DEST[i+63:i] := -1 
ELSE DEST[i+63:i] := 0 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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VPMOVM2B/VPMOVM2W/VPMOVM2D/VPMOVM2Q—Convert a Mask Register to a Vector Register 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalents 


VPMOVM2B __m512i_mm512_movm_epi8(__mmask64 ); 
VPMOVM2D __m512i_mm512_movm_epi32(__mmask8 ); 
VPMOVM2Q __m512i__mm512_movm_epi64(__mmask16 ); 
VPMOVM2W __m512i_mm512_movm_epi16(__mmask3z2 ); 
VPMOVM2B __m256i__mm256_movm_epi8(__mmask3z2 ); 
VPMOVM2D __m256i_mm256_movm_epi32(__mmask8 ); 
VPMOVM2Q __m256i __mm256_movm_epi64(__mmasks8 ); 
VPMOVM2W __m256i __mm256_movm_epi16(__mmask16 ); 
VPMOVM2B __m128i__mm_movm_epi8(__mmask16 ); 
VPMOVM2D __m128i __mm_movm_epi32(__mmaské8 ); 
VPMOVM2Q __m128i __mm_movm_epi64(__mmask8 ); 
VPMOVM2W __m128i__mm_movm_epi16(__mmasks8 ); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Table 2-55, “Type E7NM Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 


VPMOVM2B/VPMOVM2W/VPMOVM2D/VPMOVM2Q—Convert a Mask Register to a Vector Register Vol.2C 5-441 


INSTRUCTION SET REFERENCE, V-Z 


VPMOVQB/VPMOVSQB/VPMOVUSQB—Down Convert QWord to Byte 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 

EVEX.128.F3.0F38.W0 32 /r A VIV AVX512VL | Converts 2 packed quad-word integers from xmm2 

VPMOVQB xmm1/m16 {k1}{z}, xmm2 AVX512F into 2 packed byte integers in xmm1/m76 with 
truncation under writemask k1. 

EVEX.128.F3.0F38.W0 22 /r A VIV AVX512VL | Converts 2 packed signed quad-word integers from 

VPMOVSQB xmm1/m16 {k1}{z}, xmm2 AVX512F xmm_z into 2 packed signed byte integers in 
xmm1/m16 using signed saturation under writemask 
k1. 

EVEX.128.F3.0F38.W0 12 /r A VIV AVX512VL | Converts 2 packed unsigned quad-word integers 

VPMOVUSQB xmm1/m16 {k1}{z}, xmm2 AVX512F from xmm_2 into 2 packed unsigned byte integers in 
xmm1/m16 using unsigned saturation under 
writemask k1. 

EVEX.256.F3.0F38.W0 32 /r A VIV AVX512VL | Converts 4 packed quad-word integers from ymm2 

VPMOVQB xmm1/m32 {k1}{z}, ymm2 AVX512F into 4 packed byte integers in xmm1/m32 with 
truncation under writemask k1. 

EVEX.256.F3.0F38.W0 22 /r A VIV AVX512VL | Converts 4 packed signed quad-word integers from 

VPMOVSQB xmm1/m32 {k1}{z}, ymm2 AVX512F ymm_2 into 4 packed signed byte integers in 
xmm1/m32 using signed saturation under writemask 
k1. 

EVEX.256.F3.0F38.W0 12 /r A VIV AVX512VL | Converts 4 packed unsigned quad-word integers 

VPMOVUSQB xmm1/m32 {k1}{z}, ymm2 AVX512F from ymm_2 into 4 packed unsigned byte integers in 
xmm1/m32 using unsigned saturation under 
writemask k1. 

EVEX.512.F3.0F38.W0 32 /r A VIV AVX512F Converts 8 packed quad-word integers from zmm2 

VPMOVQB xmm1/m64 {k1}{z}, zmm2 into 8 packed byte integers in xmm1/m64 with 
truncation under writemask k1. 

EVEX.512.F3.0F38.W0 22 /r A VIV AVX512F Converts 8 packed signed quad-word integers from 

VPMOVSQB xmm1/m64 {k1}{z}, zmm2 zmm_2 into 8 packed signed byte integers in 
xmm1/m64 using signed saturation under writemask 
k1. 

EVEX.512.F3.0F38.W0 12 /r A VIV AVX512F Converts 8 packed unsigned quad-word integers 

VPMOVUSQB xmm1/m64 {k1}{z}, zmm2 from zmm2 into 8 packed unsigned byte integers in 
xmm1/m64 using unsigned saturation under 
writemask k1. 

Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Eighth Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


VPMOVQB down converts 64-bit integer elements in the source operand (the second operand) into packed byte 
elements using truncation. VPMOVSQB converts signed 64-bit integers into packed signed bytes using signed satu- 
ration. VPMOVUSQB convert unsigned quad-word values into unsigned byte values using unsigned saturation. The 
source operand is a vector register. The destination operand is an XMM register or a memory location. 


Down-converted byte elements are written to the destination operand (the first operand) from the least-significant 
byte. Byte elements of the destination operand are updated according to the writemask. Bits (MAXVL-1:64) of the 


destination are zeroed. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


5-442 Vol. 2C 


VPMOVQB/VPMOVSQB/VPMOVUSQB—Down Convert Qword to Byte 


Operation 


VPMOVQB instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
m :=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST{i+7:i] = TruncateQuadWordToByte (SRC[m+63:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/8] := 0; 


VPMOVQB instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TOKL-1 
i:=j*8 
m :=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] = TruncateQuadWordToByte (SRC[m+63:m]) 
ELSE 
*DEST[i+7:i] remains unchanged* ; Merging-masking 
Fl; 
ENDFOR 


VPMOVSQB instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
m :=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SaturateSignedQuadWordToByte (SRC[m+63:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/8] := 0; 
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INSTRUCTION SET REFERENCE, V-Z 


VPMOVSQB instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TOKL-1 
i:=j*8 
m:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SaturateSignedQuadWordToByte (SRC[m+63:m]) 
ELSE 
*DEST[i+7:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR 


VPMOVUSQB instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TOKL-1 
i:=j*8 
m:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SaturateUnsignedQuadwordToByte (SRC[m+63:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/8] := 0; 


VPMOVUSQB instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TOKL-1 
i:=j*8 
m:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SaturateUnsignedQuadwordToByte (SRC[m+63:m]) 
ELSE 
*DEST[i+7:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR 


5-444 Vol. 2C VPMOVQB/VPMOVSQB/VPMOVUSQB—Down Convert Qword to Byte 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalents 
VPMOVQB __m128i __mm512_cvtepi64_epi8(_m512i a); 


VPMOVQB __m128i__mm512_mask_cvtepi64_epi8(__m128i s,__ mmask8 k, 
VPMOVQB __m128i __mm512_maskz_cvtepi64_epi8(___mmask8 k, __m512i a); 


m512i a); 


VPMOVOQB void _mm512_mask_cvtepi64_storeu_epi8(void * d,___mmask8 k, __m512i a); 
VPMOVSQB __m128i__mm512_cvtsepi64_epi8(__m512i a); 
VPMOVSQB __m128i__mm512_mask_cvtsepi64_epi8(__m128i s,___mmask8 k, __m512i a); 


VPMOVSQB __m128i__mm512_maskz_cvtsepi64_epi8(__mmask8 k, __m512i a); 
VPMOVSQB void __mm512_mask_cvtsepi64_storeu_epi8(void * d,___mmask8 k, __m512i a); 
VPMOVUSQB __m128i __mm512_cvtusepi64_epi8( __m512i a); 

VPMOVUSQB __m128i_mm512_mask_cvtusepi64_epi8(__m128is,__ mmask8 k, 
VPMOVUSQB __m128i__mm512_maskz_cvtusepi64_epi8(_mmask8 k, __m512i a); 


m512i a); 


VPMOVUSQB void __mm512_mask_cvtusepi64_storeu_epi8(void * d,__ mmask8 k, __m512i a); 
VPMOVUSQB __m128i__mm256_cvtusepi64_epi8(__m256i a); 
VPMOVUSQB __m128i __mm256_mask_cvtusepi64_epi8(__m128i a, ___mmask8 k, __m256i b); 


VPMOVUSQB __m128i __mm256_maskz_cvtusepi64_epi8(__mmask8 k, __m256i b); 
VPMOVUSQB void _mm256_mask_cvtusepi64_storeu_epi8(void * , __ mmask8 k, __m256i b); 
VPMOVUSQB __m128i__mm_cvtusepi64_epi8(__m128i a); 


VPMOVUSQB __m128i __mm_mask_cvtusepi64_epi8(__m128i a, __ mmask8 k, __m128i b); 
VPMOVUSQB __m128i __mm_maskz_cvtusepi64_epi8(_mmask8 k, __m128i b); 
VPMOVUSQB void _mm_mask_cvtusepi64_storeu_epi8(void * , __ mmask8 k, __m128i b); 


VPMOVSQB __m128i__mm256_cvtsepi64_epi8(__m256i a); 

VPMOVSQB __m128i__mm256_mask_cvtsepi64_epi8(__m128i a, __ mmask8 k, __m256i b); 
VPMOVSQB __m128i __mm256_maskz_cvtsepi64_epi8(__mmask8 k, __m256i b); 
VPMOVSQB void __mm256_mask_cvtsepi64_storeu_epi8(void * , __ mmask8 k, __m256i b); 
VPMOVSQB __m128i __mm_cvtsepi64_epi8(__m128i a); 

VPMOVSQB __m128i __mm_mask_cvtsepi64_epi8(__m128i a, __mmask8 k, __m128i b); 
VPMOVSQB __m128i __mm_maskz_cvtsepi64_epi8(__mmask8 k, __m128i b); 

VPMOVSQB void _mm_mask_cvtsepi64_storeu_epi8(void * , __ mmask8 k, __m128i b); 
VPMOVOQB __m128i __mm256_cvtepi64_epi8(__m256i a); 

VPMOVQB __m128i __mm256_mask_cvtepi64_epi8(__m128i a,__mmask8 k, 
VPMOVQB __m128i _mm256_maskz_cvtepi64_epi8(___mmask8 k, __m256i b); 
VPMOVOQB void _mm256_mask_cvtepi64_storeu_epi8(void * ,___mmask8 k, __m256i b); 
VPMOVQB __m128i __mm_cvtepi64_epi8(__m128i a); 

VPMOVQB __m128i __mm_mask_cvtepi64_epi8(__m128i a,__mmask8 k, 
VPMOVQB __m128i _mm_maskz_cvtepi64_epi8(_mmask8 k, __m128i b); 
VPMOVOQB void _mm_mask_cvtepi64_storeu_epi8(void * , _ mmask8 k, __m128i b); 


m256i b); 


m128i b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Table 2-53, “Type E6 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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INSTRUCTION SET REFERENCE, V-Z 


VPMOVQD/VPMOVSQD/VPMOVUSQD—Down Convert QWord to DWord 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.F3.0F38.W0 35 /r A VIV AVX512VL | Converts 2 packed quad-word integers from xmm2 
VPMOVQD xmm1/m128 {k1}{z}, xmm2 AVX512F into 2 packed double-word integers in xmm1/m128 

with truncation subject to writemask k1. 

EVEX.128.F3.0F38.W0 25 /r A VIV AVX512VL | Converts 2 packed signed quad-word integers from 
VPMOVSQD xmm1/m64 {k1}{z}, xmm2 AVX512F xmm_2 into 2 packed signed double-word integers 


in xmm1/m64 using signed saturation subject to 

writemask k1. 

EVEX.128.F3.0F38.W0 15 /r A VIV AVX512VL | Converts 2 packed unsigned quad-word integers 

VPMOVUSQD xmm1/m64 {k1}{z}, xmm2 AVX512F from xmm_2 into 2 packed unsigned double-word 

integers in xmm1/m64 using unsigned saturation 
subject to writemask k1. 


EVEX.256.F3.0F38.W0 35 /r A VIV AVX512VL | Converts 4 packed quad-word integers from ymm2 
VPMOVQD xmm1/m128 {k1}{z}, ynm2 AVX512F into 4 packed double-word integers in xmm1/m128 
with truncation subject to writemask k1. 
EVEX.256.F3.0F38.W0 25 /r A VIV AVX512VL | Converts 4 packed signed quad-word integers from 
VPMOVSQD xmm1/m128 {k1}{z}, ymm2 AVX512F ymm_e into 4 packed signed double-word integers in 


xmm1/m128 using signed saturation subject to 
writemask k1. 

EVEX.256.F3.0F38.W0 15 /r A VIV AVX512VL | Converts 4 packed unsigned quad-word integers 
VPMOVUSQD xmm1/m128 {k1}{z}, ynm2 AVX512F from ymm_2 into 4 packed unsigned double-word 
integers in xmm1/m128 using unsigned saturation 
subject to writemask k1. 


EVEX.512.F3.0F38.W0 35 /r A VIV AVX512F Converts 8 packed quad-word integers from zmm2 
VPMOVQD ymm1/m256 {k1}{z}, zmm2 into 8 packed double-word integers in ynm1/m256 
with truncation subject to writemask k1. 
EVEX.512.F3.0F38.W0 25 /r A VIV AVX512F Converts 8 packed signed quad-word integers from 
VPMOVSQD ymm1/m256 {k1}{z}, zmm2 zmm_2 into 8 packed signed double-word integers in 


ymm1/m256 using signed saturation subject to 
writemask k1. 

EVEX.512.F3.0F38.W0 15 /r A VIV AVX512F Converts 8 packed unsigned quad-word integers 
VPMOVUSQD ymm1/m256 {k1}{z}, zmm2 from zmm2 into 8 packed unsigned double-word 
integers in ymm1/m256 using unsigned saturation 
subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Half Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


VPMOVQW down converts 64-bit integer elements in the source operand (the second operand) into packed double- 
words using truncation. VPMOVSQW converts signed 64-bit integers into packed signed doublewords using signed 
saturation. VPMOVUSQW convert unsigned quad-word values into unsigned double-word values using unsigned 
saturation. 


The source operand is a ZMM/YMM/XMM register. The destination operand is a YMM/XMM/XMM register or a 
256/128/64-bit memory location. 


Down-converted doubleword elements are written to the destination operand (the first operand) from the least- 
significant doubleword. Doubleword elements of the destination operand are updated according to the writemask. 
Bits (MAXVL-1:256/128/64) of the register destination are zeroed. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 
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INSTRUCTION SET REFERENCE, V-Z 


Operation 


VPMOVQD instruction (EVEX encoded version) reg-reg form 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
m :=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TruncateQuadWordToDWord (SRC[m+63:m]) 
ELSE *zeroing-masking* ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL/2] := 0; 


VPMOVQD instruction (EVEX encoded version) memory form 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
m :=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TruncateQuadwordToDWord (SRC[m+63:m]) 
ELSE *DEST[i+31:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR 


VPMOVSQD instruction (EVEX encoded version) reg-reg form 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TOKL-1 
i:=j* 32 
m :=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = SaturateSignedQuadWordToDWord (SRC[m+63:m]) 


ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0; 
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VPMOVSQD instruction (EVEX encoded version) memory form 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
m:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] := SaturateSignedQuadWordToDWord (SRC[m+63:m]) 
ELSE *DEST[i+31:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR 


VPMOVUSQD instruction (EVEX encoded version) reg-reg form 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TOKL-1 
i:=j* 32 
m:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] := SaturateUnsignedQuadWordToDWord (SRC[m+63:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0; 


VPMOVUSQD instruction (EVEX encoded version) memory form 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TOKL-1 
i:=j* 32 
m:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] := SaturateUnsignedQuadWordToDWord (SRC[m+63:m]) 
ELSE *DEST[i+31:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR 
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Intel C/C++ Compiler Intrinsic Equivalents 


VPMOVQD __m256i__mm512_cvtepi64_epi32(__m512i a); 

VPMOVQD __m256i_mm512_mask_cvtepi64_epi32(__m256i s,___ mmask8 k, 
VPMOVQD __m256i__mm512_maskz_cvtepi64_epi32(_mmask8 k, __m512i a); 

VPMOVQD void __mm512_mask_cvtepi64_storeu_epi32(void * d,__mmask8 k, __m512i a); 
VPMOVSQD __m256i __mm512_cvtsepi64_epi32(__m512i a); 

VPMOVSQD __m256i__mm512_mask_cvtsepi64_epi32(__m256i s,___mmask8 k, __m512i a); 
VPMOVSQD __m256i__mm512_maskz_cvtsepi64_epi32(_mmask8 k, __m512i a); 


m512i a); 


VPMOVSQD void __mm512_mask_cvtsepi64_storeu_epi32(void * d,___mmask8 k, __m512i a); 
VPMOVUSQD __m256i__mm512_cvtusepi64_epi32(_m512i a); 
VPMOVUSQD __m256i__mm512_mask_cvtusepi64_epi32(__m256i s, __mmask8 k, __m512i a); 


VPMOVUSQD __m256i __mm512_maskz_cvtusepi64_epi32(__mmask8 k, __m512i a); 
VPMOVUSQD void _mm512_mask_cvtusepi64_storeu_epi32(void * d,__ mmask8 k, __m512i a); 
VPMOVUSQD __m128i __mm256_cvtusepi64_epi32(__m256i a); 

VPMOVUSQD __m128i__mm256_mask_cvtusepi64_epi32(__m128i a,__mmask8 k, 
VPMOVUSQD __m128i _mm256_maskz_cvtusepi64_epi32(__mmask8 k, __m256i b); 
VPMOVUSQD void _mm256_mask_cvtusepi64_storeu_epi32(void * ,__ mmask8 k, __m256i b); 
VPMOVUSQD __m128i __mm_cvtusepi64_epi32(__m128i a); 

VPMOVUSQD __m128i __mm_mask_cvtusepi64_epi32(__m128i a,__ mmask8 k, 
VPMOVUSQD __m128i _mm_maskz_cvtusepi64_epi32(__mmask8 k, __m128i b); 


m256i b); 


m128i b); 


VPMOVUSQD void _mm_mask_cvtusepi64_storeu_epi32(void * , __ mmask8 k, __m128i b); 
VPMOVSQD __m128i __mm256_cvtsepi64_epi32(__m256i a); 
VPMOVSQD __m128i __mm256_mask_cvtsepi64_epi32(__m128i a, ___mmask8 k, __m256i b); 


VPMOVSQD __m128i__mm256_maskz_cvtsepi64_epi32(__mmask8 k, __m256i b); 
VPMOVSQD void _mm256_mask_cvtsepi64_storeu_epi32(void * , __ mmask8 k, __m256i b); 
VPMOVSQD __m128i__mm_cvtsepi64_epi32(__m128i a); 

VPMOVSQD __m128i __mm_mask_cvtsepi64_epi32(__m128i a,__ mmask8 k, 
VPMOVSQD __m128i__mm_maskz_cvtsepi64_epi32(__mmask8 k, __m128i b); 
VPMOVSQD void _mm_mask_cvtsepi64_storeu_epi32(void * ,__ mmask8 k, __m128i b); 
VPMOVQD __m128i __mm256_cvtepi64_epi32(__m256i a); 

VPMOVQD __m128i __mm256_mask_cvtepi64_epi32(__m128i a, __mmask8 k, __m256i b); 
VPMOVQD __m128i__mm256_maskz_cvtepi64_epi32(___mmask8 k, __m256i b); 


m128i b); 


VPMOVQD void _mm256_mask_cvtepi64_storeu_epi32(void * , __mmask8 k, __m256i b); 
VPMOVQD __m128i __mm_cvtepi64_epi32(__m128i a); 
VPMOVQD __m128i __mm_mask_cvtepi64_epi32(__m128i a,__ mmask8 k, __m128i b); 


VPMOVQD __m128i _mm_maskz_cvtepi64_epi32(__mmask8 k, __m128i b); 
VPMOVQD void _mm_mask_cvtepi64_storeu_epi32(void * , _ mmask8 k, __m128i b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Table 2-53, “Type E6 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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VPMOVQW/VPMOVSQW/VPMOVUSQW—Down Convert QWord to Word 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 

EVEX.128.F3.0F38.W0 34 /r A VIV AVX512VL | Converts 2 packed quad-word integers from xmm2 

VPMOVQW xmm1/m32 {k1}{z}, xmm2 AVX512F into 2 packed word integers in xmm1/m32 with 
truncation under writemask k1. 

EVEX.128.F3.0F38.W0 24 /r A VIV AVX512VL | Converts 8 packed signed quad-word integers from 

VPMOVSQW xmm1/m32 {k1}{z}, xmm2 AVX512F zmm_2 into 8 packed signed word integers in 
xmm1/m32 using signed saturation under writemask 
k1. 

EVEX.128.F3.0F38.W0 14 /r A VIV AVX512VL | Converts 2 packed unsigned quad-word integers from 

VPMOVUSQW xmm1/m32 {k1}{z}, xmm2 AVX512F Xmm_z into 2 packed unsigned word integers in 
xmm1/m32 using unsigned saturation under 
writemask k1. 

EVEX.256.F3.0F38.W0 34 /r A VIV AVX512VL | Converts 4 packed quad-word integers from ymm2 

VPMOVQW xmm1/m64 {k1}{z}, ymm2 AVX512F into 4 packed word integers in xmm1/m64 with 
truncation under writemask k1. 

EVEX.256.F3.0F38.W0 24 /r A VIV AVX512VL | Converts 4 packed signed quad-word integers from 

VPMOVSQW xmm1/m64 {k1}{z}, ymm2 AVX512F ymm_2 into 4 packed signed word integers in 
xmm1/m64 using signed saturation under writemask 
k1. 

EVEX.256.F3.0F38.W0 14 /r A VIV AVX512VL | Converts 4 packed unsigned quad-word integers from 

VPMOVUSQW xmm1/m64 {k1}{2}, ymm2 AVX512F ymm_2 into 4 packed unsigned word integers in 
xmm1/m64 using unsigned saturation under 
writemask k1. 

EVEX.512.F3.0F38.W0 34 /r A VIV AVX512F Converts 8 packed quad-word integers from zmm2 

VPMOVQW xmm1/m128 {k1}{z}, zmm2 into 8 packed word integers in xmm1/m128 with 
truncation under writemask k1. 

EVEX.512.F3.0F38.W0 24 /r A VIV AVX512F Converts 8 packed signed quad-word integers from 

VPMOVSQW xmm1/m128 {k1}{z}, zmm2 zmm_2 into 8 packed signed word integers in 
xmm1/m128 using signed saturation under 
writemask k1. 

EVEX.512.F3.0F38.W0 14 /r A VIV AVX512F Converts 8 packed unsigned quad-word integers from 

VPMOVUSQW xmm1/m128 {k1}{z}, zmm_2 into 8 packed unsigned word integers in 

zmm2 xmm1/m128 using unsigned saturation under 
writemask k1. 

Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Quarter Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


VPMOVQW down converts 64-bit integer elements in the source operand (the second operand) into packed words 
using truncation. VPMOVSQW converts signed 64-bit integers into packed signed words using signed saturation. 
VPMOVUSQW convert unsigned quad-word values into unsigned word values using unsigned saturation. 


The source operand is a ZMM/YMM/XMM register. The destination operand is a XMM register or a 128/64/32-bit 


memory location. 


Down-converted word elements are written to the destination operand (the first operand) from the least-significant 
word. Word elements of the destination operand are updated according to the writemask. Bits (MAXVL- 
1:128/64/32) of the register destination are zeroed. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 
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VPMOVQW/VPMOVSQW/VPMOVUSQW—Down Convert QWord to Word 


Operation 


VPMOVQW instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
m :=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+15:i] = TruncateQuadWordToWord (SRC[m+63:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/4] := 0; 


VPMOVQW instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
m :=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST{i+15:i] = TruncateQuadWordToWord (SRC[m+63:m]) 
ELSE 
*DEST[i+15:i] remains unchanged* —_ ; merging-masking 
Fl; 
ENDFOR 


VPMOVSQW instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
m :=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST{i+15:i] = SaturateSignedQuadWordToWord (SRC[m+63:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/4] := 0; 
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VPMOVSQW instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TOKL-1 
i:=j*16 
m:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+15:i] := SaturateSignedQuadwordToWord (SRC[m+63:m]) 
ELSE 
*DEST[i+15:i] remains unchanged* —_; merging-masking 
Fl; 
ENDFOR 


VPMOVUSQW instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TOKL-1 
i:=j*16 
m:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+15:i] := SaturateUnsignedQuadWordToWord (SRC[m+63:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+15:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/4] := 0; 


VPMOVUSQW instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
m:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+15:i] := SaturateUnsignedQuadWordToWord (SRC[m+63:m]) 
ELSE 
*DEST[i+15:i] remains unchanged* —_; merging-masking 
Fl; 
ENDFOR 
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INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalents 
VPMOVQW __m128i __mm512_cvtepi64_epi16(__m512i a); 


VPMOVQW __m128i __mm512_mask_cvtepi64_epi16(__m128i s, __ mmask8 k, __m512i a); 
VPMOVQW __m128i __mm512_maskz_cvtepi64_epi16(_mmask8 k, __m512i a); 
VPMOVQW void __mm512_mask_cvtepi64_storeu_epi16(void * d,__ mmask8 k, __m512i a); 


VPMOVSQW __m128i__mm512_cvtsepi64_epi16(__m512i a); 
VPMOVSQW __m128i__mm512_mask_cvtsepi64_epi16(__m128i s,__ mmask8 k, __m512i a); 
VPMOVSQW __m128i__mm512_maskz_cvtsepi64_epi16(__mmask8 k, __m512i a); 


VPMOVSQW void __mm512_mask_cvtsepi64_storeu_epi1 6(void * d,___mmask8 k, __m512i a); 
VPMOVUSQW __m128i__mm512_cvtusepi64_epi16(__m512i a); 
VPMOVUSQW __m128i__mm512_mask_cvtusepi64_epi16(__m128i s,___ mmask8 k, __m512i a); 


VPMOVUSQW __m128i__mm512_maskz_cvtusepi64_epi16(__mmask8 k, __m512i a); 


VPMOVUSQW void _mm512_mask_cvtusepi64_storeu_epil 6(void * d, __ mmask8 k, __m512i a); 
VPMOVUSQD __m128i __mm256_cvtusepi64_epi32(__m256i a); 
VPMOVUSQD __m128i __mm256_mask_cvtusepi64_epi32(__m128i a,___mmask8 k, __m256i b); 


VPMOVUSQD __m128i _mm256_maskz_cvtusepi64_epi32(__mmask8 k, __m256i b); 
VPMOVUSQD void _mm256_mask_cvtusepi64_storeu_epi32(void * ,__ mmask8 k, __m256i b); 
VPMOVUSQD __m128i __mm_cvtusepi64_epi32(__m128i a); 

VPMOVUSQD __m128i __mm_mask_cvtusepi64_epi32(__m128i a,__ mmask8 k, 
VPMOVUSQD __m128i _mm_maskz_cvtusepi64_epi32(__mmask8 k, __m128i b); 


m128i b); 


VPMOVUSQD void _mm_mask_cvtusepi64_storeu_epi32(void * , __ mmask8 k, __m128i b); 
VPMOVSQD __m128i __mm256_cvtsepi64_epi32(__m256i a); 
VPMOVSQD __m128i __mm256_mask_cvtsepi64_epi32(__m128i a, ___mmask8 k, __m256i b); 


VPMOVSQD __m128i__mm256_maskz_cvtsepi64_epi32(__mmask8 k, __m256i b); 
VPMOVSQD void _mm256_mask_cvtsepi64_storeu_epi32(void * , __ mmask8 k, __m256i b); 
VPMOVSQD __m128i__mm_cvtsepi64_epi32(__m128i a); 

VPMOVSQD __m128i __mm_mask_cvtsepi64_epi32(__m128i a,__ mmask8 k, 
VPMOVSQD __m128i__mm_maskz_cvtsepi64_epi32(__mmask8 k, __m128i b); 
VPMOVSQD void _mm_mask_cvtsepi64_storeu_epi32(void * ,__ mmask8 k, __m128i b); 
VPMOVQD __m128i __mm256_cvtepi64_epi32(__m256i a); 

VPMOVQD __m128i __mm256_mask_cvtepi64_epi32(__m128i a, __mmask8 k, __m256i b); 
VPMOVQD __m128i__mm256_maskz_cvtepi64_epi32(___mmask8 k, __m256i b); 


m128i b); 


VPMOVQD void _mm256_mask_cvtepi64_storeu_epi32(void * , __mmask8 k, __m256i b); 
VPMOVQD __m128i __mm_cvtepi64_epi32(__m128i a); 
VPMOVQD __m128i __mm_mask_cvtepi64_epi32(__m128i a,__ mmask8 k, __m128i b); 


VPMOVQD __m128i _mm_maskz_cvtepi64_epi32(__mmask8 k, __m128i b); 
VPMOVQD void _mm_mask_cvtepi64_storeu_epi32(void * , _ mmask8 k, __m128i b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Table 2-53, “Type E6 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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VPMOVWB/VPMOVSWB/VPMOVUSWB—Down Convert Word to Byte 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.F3.0F38.W0 30 /r A VIV AVX512VL_ | Converts 8 packed word integers from xmm2 into 8 
VPMOVWB xmm1/m64 {k1}{z}, xmm2 AVX512BW | packed bytes in xmm1/m64 with truncation under 
writemask k1. 
EVEX.128.F3.0F38.W0 20 /r A VIV AVX512VL_ | Converts 8 packed signed word integers from xmm2 
VPMOVSWB xmm1/m64 {k1}{z}, AVX512BW | into 8 packed signed bytes in xmm1/m64 using 
xmm2 signed saturation under writemask k1. 
EVEX.128.F3.0F38.W0 10 /r A VIV AVX512VL_ | Converts 8 packed unsigned word integers from 
VPMOVUSWB xmm1/m64 {k1}{z}, AVX512BW | xmm2 into 8 packed unsigned bytes in 8mm1/m64 
xmm2 using unsigned saturation under writemask k1. 
EVEX.256.F3.0F38.W0 30 /r A VIV AVX512VL_ | Converts 16 packed word integers from ymm2 into 
VPMOVWB xmm1/m128 {k1}{z}, AVX512BW | 16 packed bytes in xmm1/m128 with truncation 
ymm2 under writemask k1. 
EVEX.256.F3.0F38.W0 20 /r A VIV AVX512VL_ | Converts 16 packed signed word integers from ymm2 
VPMOVSWB xmm1/m128 {k1}{z}, AVX512BW | into 16 packed signed bytes in xmm1/m128 using 
ymm2 signed saturation under writemask k1. 
EVEX.256.F3.0F38.W0 10 /r A VIV AVX512VL_ | Converts 16 packed unsigned word integers from 
VPMOVUSWB xmm1/m128 {k1}{z}, AVX512BW | ymm2into 16 packed unsigned bytes in xmm1/m128 
ymm2 using unsigned saturation under writemask k1. 
EVEX.512.F3.0F38.W0 30 /r A VIV AVX512BW | Converts 32 packed word integers from zmm2 into 
VPMOVWB ymm1/m256 {k1}{z}, 32 packed bytes in ymm1/m256 with truncation 
zmm2 under writemask k1. 
EVEX.512.F3.0F38.W0 20 /r A VIV AVX512BW | Converts 32 packed signed word integers from zmm2 
VPMOVSWB ymm1/m256 {k1}{z}, into 32 packed signed bytes in ymm1/m256 using 
zmm2 signed saturation under writemask k1. 
EVEX.512.F3.0F38.W0 10 /r A VIV AVX512BW | Converts 32 packed unsigned word integers from 
VPMOVUSWB ymm1/m256 {k1}{z}, zmm2z into 32 packed unsigned bytes in ynm1/m256 
zmm2 using unsigned saturation under writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Half Mem ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


VPMOVWB down converts 16-bit integers into packed bytes using truncation. VPMOVSWEB converts signed 16-bit 
integers into packed signed bytes using signed saturation. VPMOVUSWB convert unsigned word values into 
unsigned byte values using unsigned saturation. 


The source operand is aZMM/YMM/XMM register. The destination operand is a YMM/XMM/XMM register or a 


256/128/64-bit memory location. 


Down-converted byte elements are written to the destination operand (the first operand) from the least-significant 
byte. Byte elements of the destination operand are updated according to the writemask. Bits (MAXVL- 


1:256/128/64) of the register destination are zeroed. 


Note: EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 
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Operation 


VPMOVWB instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j:=O TOKI-1 
i:=j*8 
m:=j* 16 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] = TruncatewordToByte (SRC[m+15:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] = 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0; 


VPMOVWB instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j:=O TOKI-1 
i:=j*8 
m:=j* 16 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] = TruncateWordToByte (SRC[m+15:m]) 
ELSE 
*DEST[i+7:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR 


VPMOVSWB instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j :=O TOKI-1 
i:=j*8 
m:=j* 16 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SaturateSignedWordToByte (SRC[m+15:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] = 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0; 
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VPMOVSWEB instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TOKI-1 
i:=j*8 
m:=j* 16 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] = SaturateSignedWordToByte (SRC[m+15:m]) 
ELSE 
*DEST[i+7:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR 


VPMOVUSWB instruction (EVEX encoded versions) when dest is a register 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TOKI-1 
i:=j*8 
m:=j* 16 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SaturateUnsignedWordToByte (SRC[m+15:m]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+7:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+7:i] = 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL/2] := 0; 


VPMOVUSWB instruction (EVEX encoded versions) when dest is memory 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TOKI-1 
i:=j*8 
m:=j* 16 
IF k1[j] OR *no writemask* 
THEN DEST[i+7:i] := SaturateUnsignedWordToByte (SRC[m+15:m]) 
ELSE 
*DEST[i+7:i] remains unchanged* ; merging-masking 
Fl; 
ENDFOR 
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Intel C/C++ Compiler Intrinsic Equivalents 


VPMOVUSWB __m256i_mm512_cvtusepi16_epi8(__m512i a); 

VPMOVUSWB __m256i__mm512_mask_cvtusepi16_epi8(__m256i a,___ mmask32 k, 
VPMOVUSWB __m256i__mm512_maskz_cvtusepi16_epi8(__ mmask32 k,___m512ib); 
VPMOVUSWB void _mm512_mask_cvtusepi16_storeu_epi8(void *,__ mmask32 k, __m512ib); 
VPMOVSWB __m256i__mm512_cvtsepi16_epi8(__m512i a); 

VPMOVSWB __m256i_mm512_mask_cvtsepi16_epi8(__m256i a,__ mmask32 k,__m512i b); 
VPMOVSWB __m256i __mm512_maskz_cvtsepi16_epi8(__ mmask32 k, __m512i b); 
VPMOVSWB void _mm512_mask_cvtsepi16_storeu_epi8(void * ,__ mmask32 k,__m512i b); 
VPMOVWB __m256i_mm512_cvtepi16_epi8(__m512i a); 

VPMOVWB __m256i_mm512_mask_cvtepi16_epi8(__m256i a, ___ mmask32 k, 
VPMOVWB __m256i_mm512_maskz_cvtepi16_epi8(___mmask32 k,___m512i b); 
VPMOVWB void __mm512_mask_cvtepi16_storeu_epi8(void * , _ mmask32 k,___m512i b); 
VPMOVUSWB __m128i__mm256_cvtusepi16_epi8(__m256i a); 

VPMOVUSWB __m128i __mm256_mask_cvtusepi16_epi8(__m128i a,__ mmask16 k, 
VPMOVUSWB __m128i__mm256_maskz_cvtusepi16_epi8(__mmask16 k, __m256i b); 
VPMOVUSWB void _mm256_mask_cvtusepi16_storeu_epi8(void *,__ mmask16 k, __m256i b); 
VPMOVUSWB __m128i__mm_cvtusepi16_epi8(__m1 283 a); 

VPMOVUSWB __m128i __mm_mask_cvtusepi16_epi8(__m128i a,__ mmask8 k, __m128i b); 
VPMOVUSWB __m128i __mm_maskz_cvtusepi16_epi8(__mmask8 k, __m128i b); 
VPMOVUSWB void _mm_mask_cvtusepi16_storeu_epi8(void *, _ mmask8 k,___m128i b); 
VPMOVSWB __m128i __mm256_cvtsepi16_epi8(__m256i a); 

VPMOVSWB __m128i__mm256_mask_cvtsepi16_epi8(__m128i a,__ mmask16 k,__ m256i b); 
VPMOVSWB __m128i __mm256_maskz_cvtsepi16_epi8(__ mmask16 k, __m256i b); 


m512i b); 


m512i b); 


m256i b); 


VPMOVSWB void _mm256_mask_cvtsepi16_storeu_epi8(void * ,__ mmask16 k, __m256i b); 
VPMOVSWB __m128i __mm_cvtsepi16_epi8(__m128i a); 
VPMOVSWB __m128i__mm_mask_cvtsepi16_epi8(__m128i a,__ mmask8 k, __m128i b); 


VPMOVSWB __m128i __mm_maskz_cvtsepi16_epi8(___mmask8 k, __m128i b); 
VPMOVSWB void _mm_mask_cvtsepi16_storeu_epi8(void *,__ mmask8 k, __m128i b); 
VPMOVWB __m128i_mm256_cvtepi16_epi8(__m256i a); 

VPMOVWB __m128i__mm256_mask_cvtepi16_epi8(__m128i a,__ mmask16 k, 
VPMOVWB __m128i_mm256_maskz_cvtepi16_epi8(__ mmask16 k, __m256i b); 
VPMOVWB void _mm256_mask_cvtepi16_storeu_epi8(void * , _ mmask16 k, __m256i b); 
VPMOVWB __m128i_mm_cvtepi16_epi8(__m128i a); 

VPMOVWB __m128i __mm_mask_cvtepi16_epi8(__m128i a,___ mmask8 k, 
VPMOVWB __m128i __mm_maskz_cvtepi16_epi8(__ mmask8 k, __m128i b); 
VPMOVWB void _mm_mask_cvtepi16_storeu_epi8(void * ,__ mmask8 k, __m128i b); 


m256i b); 


m128i b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Table 2-53, “Type E6 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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VPMULTISHIFTQB - Select Packed Unaligned Bytes from Quadword Sources 


Opcode / Op/ | 64/32 CPUID Feature | Description 
Instruction En bitMode | Flag 

Support 
EVEX.128.66.0F38.W1 83 /r A VIV AVX512_VBMI | Select unaligned bytes from qwords in 
VPMULTISHIFTQB xmm1 {k1}{z}, AVX512VL xmm3/m128/m64bcst using control bytes in 
xmm2,xmm3/m128/m64bcst xmm_2, write byte results to xmm1 under k1. 
EVEX.256.66.0F38.W1 83 /r A VIV AVX512_VBMI | Select unaligned bytes from qwords in 
VPMULTISHIFTQB ymm1 {k1}{z}, AVX512VL ymm3/m256/m64bcst using control bytes in 
ymm2,ymm3/m256/m64bcst ymm2, write byte results to ymm1 under k1. 
EVEX.512.66.0F38.W1 83 /r A VIV AVX512_VBMI | Select unaligned bytes from qwords in 
VPMULTISHIFTQB zmm1 {k1}{Z}, zmm3/m512/m64bcst using control bytes in 
zmm2,zmm3/m512/m64bcst zmme2, write byte results to zmm1 under k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction selects eight unaligned bytes from each input qword element of the second source operand (the 
third operand) and writes eight assembled bytes for each qword element in the destination operand (the first 
operand). Each byte result is selected using a byte-granular shift control within the corresponding qword element 
of the first source operand (the second operand). Each byte result in the destination operand is updated under the 
writemask k1. 


Only the low 6 bits of each control byte are used to select an 8-bit slot to extract the output byte from the qword 
data in the second source operand. The starting bit of the 8-bit slot can be unaligned relative to any byte boundary 
and is extracted from the input qword source at the location specified in the low 6-bit of the control byte. If the 8- 
bit slot would exceed the qword boundary, the out-of-bound portion of the 8-bit slot is wrapped back to start from 
bit 0 of the input qword element. 


The first source operand is a ZMM/YMM/XMM register. The second source operand can be a ZMM/YMM/XMM reg- 
ister, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 64-bit memory loca- 
tion. The destination operand is a ZMM/YMM/XMM register. 
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Operation 


INSTRUCTION SET REFERENCE, V-Z 


VPMULTISHIFTQB DEST, SRC1, SRC2 (EVEX encoded version) 
(KL, VL) = (2, 128),(4, 256), (8, 512) 


FOR i := 0 TO KL-1 


IF EVEX.b=1 AND src2 is memory THEN 
tcur := src2.qword[0]; //broadcasting 


ELSE 


tcur := src2.qword[i]; 


Fl; 
FOR j:=Oto7 


ctrl := src1.qword[i].byte[j] & 63; 
FOR k := 0 to 7 
res,bit[k] := tcur.bit[ (ctrl+k) mod 64 J; 


ENDFOR 


IF k1[i*8+j] or no writemask THEN 
DEST.qword[i].byte[j] := res; 

ELSE IF zeroing-masking THEN 
DEST.qword[i].byte[j] := 0; 


ENDFOR 
ENDFOR 


DEST.qword[MAX_VL-1:VL] := 0; 


Intel C/C++ Compiler Intrinsic Equivalent 


VPMULTISHIFTQB 
VPMULTISHIFTQB 
VPMULTISHIFTQB 
VPMULTISHIFTQB 
VPMULTISHIFTQB 
VPMULTISHIFTQB 
VPMULTISHIFTQB 


VPMULTISHIFTQB __m128i __mm_mask_multishift_epi64_epi8(__m128i s, 
VPMULTISHIFTQB __m128i __mm_maskz_multishift_epi64_epi8(__mmask8 k,__m128i a, 


m512i_mm512_multishift_epi64_epi8(__m512i a,__m512ib); 
m512i_mm512_mask_multishift_epi64_epi8(__m512i s,__ mmask64 k,__m512i a,_m512ib); 
m512i_mm512_maskz_multishift_epi64_epi8(__ mmask64 k,___m512i a,__m512i b); 
m256i__mm256_multishift_epi64_epi8(__ m256i a,___ m256i b); 
m256i__mm256_mask_multishift_epi64_epi8(__m256i s,__ mmask32 k,__ m256i a,___m256i b); 
m256i_mm256_maskz_multishift_epi64_epi8(__ mmask32 k, __ m256i a,__m256i b); 
__m128i_mm_multishift_epi64_epi8(__m128i a, ___m128i b); 


mmask8 k,___m128i a,__m128i b); 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 


m128i b); 


See Table 2-50, “Type E4NF Class Exception Conditions”. 
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VPOPCNT — Return the Count of Number of Bits Set to 1 in BYTE/WORD/DWORD/QWORD 


Opcode/ Op/ | 64/32 CPUID Feature Flag Description 
Instruction En bit Mode 
Support 
EVEX.128.66.0F38.W0 54 /r A VIV AVX512_BITALG Counts the number of bits set to one in 
VPOPCNTB xmm1{k1}{Z}, AVX512VL xmm2/m128 and puts the result in xmm1 with 
xmm2/m128 writemask k1. 
EVEX.256.66.0F38.W0 54 /r A VV AVX512_BITALG Counts the number of bits set to one in 
VPOPCNTB ymm1{k1}{Z}, AVX512VL ymm2/m256 and puts the result in ymm1 with 
ymm2/m256 writemask k1. 
EVEX.512.66.0F38.W0 54 /r A VV AVX512_BITALG Counts the number of bits set to one in 
VPOPCNTB zmm1{k1}{Z}, zmm2/m512 and puts the result in zmm1 with 
zmm2/m512 writemask k1. 
EVEX.128.66.0F38.W1 54 /r A VV AVX512_BITALG Counts the number of bits set to one in 
VPOPCNTW xmm1{k1}{Z}, AVX512VL xmm_2/m128 and puts the result in xmm1 with 
xmm2/m128 writemask k1. 
EVEX.256.66.0F38.W1 54 /r A VIV AVX512_BITALG Counts the number of bits set to one in 
VPOPCNTW ymm1{k1}{Z}, AVX512VL ymm2/m256 and puts the result in ymm1 with 
ymm2/m256 writemask k1. 
EVEX.512.66.0F38.W1 54 /r A VV AVX512_BITALG Counts the number of bits set to one in 
VPOPCNTW zmm1{k1}{z}, zmm2/m512 and puts the result in zmm1 with 
zmm2/m512 writemask k1. 
EVEX.128.66.0F38.W0 55 /r B VIN AVX512_VPOPCNTDQ | Counts the number of bits set to one in 
VPOPCNTD xmm1{k1}{Z}, AVX512VL xmm2/m128/m32bcst and puts the result in 
xmm2/m1 28/m32bcst xmm1 with writemask k1. 
EVEX.256.66.0F38.W0 55 /r B VIN AVX512_VPOPCNTDQ | Counts the number of bits set to one in 
VPOPCNTD ymm1{k1}{Z}, AVX512VL ymm2/m256/m32bcst and puts the result in 
ymm2/m256/m32bcst ymm1 with writemask k1. 
EVEX.512.66.0F38.W0 55 /r B VIN AVX512_VPOPCNTDQ | Counts the number of bits set to one in 
VPOPCNTD zmm1{k1}{Z}, zmm2/m512/m32bcst and puts the result in 
zmm2/m512/m32bcst zmm1 with writemask k1. 
EVEX.128.66.0F38.W1 55 /r B VV AVX512_VPOPCNTDQ | Counts the number of bits set to one in 
VPOPCNTQ xmm1{k1}{2}, AVX512VL xmm2/m128/m32bcst and puts the result in 
xmme2/m1 28/m64bcst xmm1 with writemask k1. 
EVEX.256.66.0F38.W1 55 /r B VV AVX512_VPOPCNTDQ | Counts the number of bits set to one in 
VPOPCNTQ ymm1{k1}{2}, AVX512VL ymm2/m256/m32bcst and puts the result in 
ymm2/m256/m64bcst ymm1 with writemask k1. 
EVEX.512.66.0F38.W1 55 /r B VV AVX512_VPOPCNTDQ | Counts the number of bits set to one in 
VPOPCNTQ zmm1{k1}{z}, zmm2/m512/m64bcst and puts the result in 
zmm2/m512/m64bcst zmm1 with writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (w) ModRM:r/m (r) NA NA 
B Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


This instruction counts the number of bits set to one in each byte, word, dword or qword element of its source (e.g., 
zmm2 or memory) and places the results in the destination register (Zmm1). This instruction supports memory 


fault suppression. 
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VPOPCNT — Return the Count of Number of Bits Set to 1 in BYTE/WORD/DWORD/QWORD 


Operation 


VPOPCNTB 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TOKL-1: 
IF MaskBit(j) OR *no writemask*: 
DEST.byte[j] := POPCNT(SRC.byte[j]) 
ELSE IF *merging-masking*: 
*DEST.byte[j] remains unchanged* 
ELSE: 
DEST.byte[j] := 0 
DEST[MAX_VL-1:VL] := 0 


VPOPCNTW 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TOKL-1: 
IF MaskBit(j) OR *no writemask*: 
DEST.word[j] := POPCNT(SRC.word[j]) 
ELSE IF *merging-masking*: 
*DEST.word[j] remains unchanged* 
ELSE: 
DEST.word[j] := 0 
DEST[MAX_VL-1:VL] := 0 


VPOPCNTD 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TOKL-1: 
IF MaskBit(j) OR *no writemask*: 
IF SRC is broadcast memop: 
t:= SRC.dword[0] 
ELSE: 
t:= SRC.dword[j] 
DEST.dword[j] := POPCNT(t) 
ELSE IF *merging-masking*: 
*DEST..dword[j] remains unchanged* 
ELSE: 
DEST..dword[j] := 0 
DEST[MAX_VL-1:VL] := 0 


VPOPCNTQ 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TOKL-1: 
IF MaskBit(j) OR *no writemask*: 
IF SRC is broadcast memop: 
t:= SRC.qword[0] 
ELSE: 
t:= SRC.qword[j] 
DEST.qword[j] := POPCNT(t) 
ELSE IF *merging-masking*: 
*DEST..qword{[j] remains unchanged* 
ELSE: 
DEST..qword[j] := 0 
DEST[MAX_VL-1:VL] := 0 


VPOPCNT — Return the Count of Number of Bits Set to 1 in BYTE/WORD/DWORD/QWORD 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-461 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VPOPCNTW __m128i__mm_popcnt_epi16(__m1 28i); 

VPOPCNTW __m128i __mm_mask_popcnt_epi16(__m128i,__ mmask8, 
VPOPCNTW __m128i_mm_maskz_popcnt_epi16(__mmask8, __m128i); 

VPOPCNTW __m256i__mm256_popcnt_epi16(__m256i); 

VPOPCNTW __m256i__mm256_mask_popcnt_epi16(__m256i,__ mmask16, __ m256i); 
VPOPCNTW __m256i__mm256_maskz_popcnt_epi16(__mmask16, __m256i); 
VPOPCNTW __m512i_mm512_popcnt_epi16(__m51 2); 

VPOPCNTW __m512i_mm512_mask_popcnt_epi16(__m512i,__ mmask32, 
VPOPCNTW __m512i _mm512_maskz_popcnt_epi16(__mmask32, __m512i); 
VPOPCNTQ __m128i _mm_popcnt_epi64(__m1 28i); 

VPOPCNTQ __m128i _mm_mask_popcnt_epi64(__m128i,___ mmask8, __m128i); 
VPOPCNTQ __m128i _mm_maskz_popcnt_epi64(__mmask8, __m128i); 
VPOPCNTQ __m256i _mm256_popcnt_epi64(__m256i); 

VPOPCNTQ __m256i _mm256_mask_popcnt_epi64(__m256i,___mmask8, 
VPOPCNTQ __m256i _mm256_maskz_popcnt_epi64(__mmask8, __m256i); 
VPOPCNTQ __m512i _mm512_popcnt_epi64(__m512i); 

VPOPCNTQ __m512i _mm512_mask_popcnt_epi64(__m512i,__ mmask8, __m512i); 
VPOPCNTQ __m512i _mm512_maskz_popcnt_epi64(__mmask8, __m512i); 
VPOPCNTD __m128i _mm_popcnt_epi32(__m128i); 

VPOPCNTD __m128i _mm_mask_popcnt_epi32(__m128i, __ mmask8, 
VPOPCNTD __m128i _mm_maskz_popcnt_epi32(__mmask8, __m128i); 

VPOPCNTD __m256i _mm256_popcnt_epi32(__m256i); 

VPOPCNTD __m256i _mm256_mask_popcnt_epi32(__m256i, _ mmask8, __m256i); 
VPOPCNTD __m256i _mm256_maskz_popcnt_epi32(__mmask8, __m256i); 
VPOPCNTD __m512i _mm512_popcnt_epi32(__m512i); 

VPOPCNTD __m512i _mm512_mask_popcnt_epi32(__m512i, _ mmask16, 
VPOPCNTD __m512i _mm512_maskz_popcnt_epi32(__mmask16, __m512i); 
VPOPCNTB __m128i _mm_popcnt_epi8(__m128i); 

VPOPCNTB __m128i _mm_mask_popcnt_epi8(__m128i, __ mmask16, __m128i); 
VPOPCNTB __m128i _mm_maskz_popcnt_epi8(__mmask16, __m128i); 
VPOPCNTB __m256i _mm256_popcnt_epi8(__m256i); 

VPOPCNTB __m256i _mm256_mask_popcnt_epi8(__m256i,__ mmask32, 
VPOPCNTB ___m256i _mm256_maskz_popcnt_epi8(__mmask32, __m256i); 
VPOPCNTB __m512i _mm512_popcnt_epi8(__m51 2i); 

VPOPCNTB__m512i _mm512_mask_popcnt_epi8(__m512i,__ mmask64, __m512i); 
VPOPCNTB __m512i _mm512_maskz_popcnt_epi8(__mmask64, __m512i); 


m1 28i); 


m512i); 


m256i); 


m1 28i); 


m512i); 


m256i); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 


See Type E4. 
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VPROLD/VPROLVD/VPROLQ/VPROLVQ—Bit Rotate Left 


INSTRUCTION SET REFERENCE, V-Z 


Opcode/ Op/€En 64/32 CPUID Description 
Instruction bitMode | Feature 

Support | Flag 
EVEX.128.66.0F38.W0 15 /r B VIV AVX512VL | Rotate doublewords in xmm2 left by count in the 
VPROLVD xmm1 {k1}{z}, xmm2, AVX512F corresponding element of xmm3/m128/m32bcst. 
xmm3/m128/m32bcst Result written to xmm1 under writemask k1. 
EVEX.128.66.0F.WO 72 /1 ib A VV AVX512VL | Rotate doublewords in xmm2/m128/m3 2bcst left 
VPROLD xmm1 {k1}{z}, AVX512F by immé. Result written to xmm1 using 
xmm2/m128/m32bcst, imm8 writemask k1. 
EVEX.128.66.0F38.W1 15 /r B VIV AVX512VL | Rotate quadwords in xmmz left by count in the 
VPROLVQ xmm1 {k1}{z}, xmm2, AVX512F corresponding element of xmm3/m128/m64bcst. 
xmm3/m128/m64bcst Result written to xmm1 under writemask k1. 
EVEX.128.66.0F.W1 72 /1 ib A VIV AVX512VL | Rotate quadwords in xmm2/m128/m64bcst left 
VPROLQ xmm1 {k1}{Z}, AVX512F by immé. Result written to xmm1 using 
xmm2/m128/m64bcst, imm8 writemask k1. 
EVEX.256.66.0F38.W0 15 /r B VIV AVX512VL | Rotate doublewords in ymm2 left by count in the 
VPROLVD ymm1 {k1}{z}, ymm2, AVX512F corresponding element of ymm3/m256/m32bcst. 
ymm3/m256/m32bcst Result written to ymm1 under writemask k1. 
EVEX.256.66.0F.WO 72 /1 ib A VIV AVX512VL | Rotate doublewords in ymm2/m256/m32bcst left 
VPROLD ymm1 {k1}{z}, AVX512F by immé. Result written to ymm1 using 
ymm2/m256/m32bcst, imm8 writemask k1. 
EVEX.256.66.0F38.W1 15 /r B VIV AVX512VL | Rotate quadwords in ymm2 left by count in the 
VPROLVQ ymm1 {k1}{z}, ymm2, AVX512F corresponding element of ymm3/m256/m64bcst. 
ymm3/m256/m64bcst Result written to ymm1 under writemask k1. 
EVEX.256.66.0F.W1 72/1 ib A VIV AVX512VL | Rotate quadwords in ymm2/m256/m64bcst left 
VPROLQ ymm1 {k1}{Z}, AVX512F by imm8. Result written to ymm1 using 
ymm2/m256/m64bcst, imm8 writemask k1. 
EVEX.512.66.0F38.W0 15 /r B VIV AVX512F Rotate left of doublewords in zmm2 by count in 
VPROLVD zmm1 {k1}{z}, zmm2, the corresponding element of 
zmm3/m512/m32bcst zmm3/m512/m32bcst. Result written to zmm1 

using writemask k1. 

EVEX.512.66.0F.WO 72 /1 ib A VIN AVX512F Rotate left of doublewords in 
VPROLD zmm1 {k1}{Z}, zmm3/m512/m32bcst by imms. Result written to 
zmm2/m51 2/m32bcst, imm8 zmm1 using writemask k1. 
EVEX.512.66.0F38.W1 15 /r B VIV AVX512F Rotate quadwords in zmm2 left by count in the 
VPROLVQ zmm1 {k1}{z}, zmm2, corresponding element of zmm3/m512/m64bcst. 
zmm3/m512/m64bcst Result written to zmm1under writemask k1. 
EVEX.512.66.0F.W1 72 /1 ib A VIV AVX512F Rotate quadwords in zmm2/m512/m64bcst left 
VPROLQ zmm1 {k1}{Z}, by immé. Result written to zmm1 using 
zmm2/m512/m64bcst, imm8 writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full VEX.vvvv (w) ModRM:r/m (R) Imms NA 
B Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
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INSTRUCTION SET REFERENCE, V-Z 


Description 


Rotates the bits in the individual data elements (doublewords, or quadword) in the first source operand to the left 
by the number of bits specified in the count operand. If the value specified by the count operand is greater than 31 
(for doublewords), or 63 (for a quadword), then the count operand modulo the data size (32 or 64) is used. 


EVEX.128 encoded version: The destination operand is a XMM register. The source operand is a XMM register or a 
memory location (for immediate form). The count operand can come either from an XMM register or a memory 
location or an 8-bit immediate. Bits (MAXVL-1:128) of the corresponding ZMM register are zeroed. 


EVEX.256 encoded version: The destination operand is a YMM register. The source operand is a YMM register or a 
memory location (for immediate form). The count operand can come either from an XMM register or a memory 
location or an 8-bit immediate. Bits (MAXVL-1:256) of the corresponding ZMM register are zeroed. 


EVEX.512 encoded version: The destination operand is a ZMM register updated according to the writemask. For the 
count operand in immediate form, the source operand can be a ZMM register, a 512-bit memory location or a 512- 
bit vector broadcasted from a 32/64-bit memory location, the count operand is an 8-bit immediate. For the count 
operand in variable form, the first source operand (the second operand) is a ZMM register and the counter operand 
(the third operand) is a ZMM register, a 512-bit memory location or a 512-bit vector broadcasted from a 32/64-bit 
memory location. 


Operation 


LEFT_ROTATE_DWORDS(SRC, COUNT_SRC) 
COUNT := COUNT_SRC modulo 32; 
DEST[31:0] := (SRC << COUNT) | (SRC >> (32 - COUNT); 


LEFT_ROTATE_QWORDS(SRC, COUNT_SRC) 
COUNT := COUNT_SRC modulo 64; 
DEST[63:0] := (SRC << COUNT) | (SRC >> (64 - COUNT); 


VPROLD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC1 *is memory’) 
THEN DEST{[i+31:i] = LEFT_ROTATE_DWORDS(SRC1[3 1:0], imm8) 
ELSE DEST[i+31:i] := LEFT_ROTATE_DWORDS(SRC1[i+31:i], imm8) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPROLVD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN DEST[i+31:i] = LEFT_ROTATE_DWORDS(SRC1[i+31:i], SRC2[31:0]) 
ELSE DEST[i+31:i] := LEFT_ROTATE_DWORDS(SRC1[i+31:i], SRC2[i+31:i]) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPROLQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC1 *is memory*) 
THEN DEST[i+63:i] = LEFT_ROTATE_QWORDS(SRC1 [63:0], imm8) 
ELSE DEST[i+63:i] := LEFT_ROTATE_QWORDS(SRC1[i+63:i], imm8) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPROLVQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN DEST[i+63:i] = LEFT_ROTATE_QWORDS(SRC1[i+63:i], SRC2[63:0]) 
ELSE DEST[i+63:i] := LEFT_ROTATE_QWORDS(SRC1[i+63:i], SRC2[i+63:i]) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPROLD __m512i_mm512_rol_epi32(__m512i a, int imm); 

VPROLD __m512i_mm512_mask_rol_epi32(__m512i a,__mmask16 k,___m512ib, int imm); 
VPROLD __m512i_mm512_maskz_rol_epi32(__mmask16 k,__m512ia, int imm); 

VPROLD __m256i_mm256_rol_epi32(__m256i a, int imm); 

VPROLD __m256i __mm256_mask_rol_epi32(__m256i a,__ mmask8 k, 
VPROLD __m256i __mm256_maskz_rol_epi32(__mmask8 k, 
VPROLD __m128i __mm_rol_epi32(__m128i a, int imm); 
VPROLD __m128i__mm_mask_rol_epi32(__m128i a,__ mmask8 k, __m128i b, int imm); 
VPROLD __m128i__mm_maskz_rol_epi32(__mmask8 k,___m128i a, int imm); 

VPROLQ __m512i_mm512_rol_epi64(__m512i a, int imm); 

VPROLQ __m512i_mm512_mask_rol_epi64(__m512i a, ___mmask8 k, __m512ib, int imm); 
VPROLQ __m512i__mm512_maskz_rol_epi64(__mmask8 k, __m512i a, int imm); 

VPROLQ __m256i__mm256_rol_epi64(__m256i a, int imm); 

VPROLQ __m256i __mm256_mask_rol_epi64(__m256i a, __mmask8 k, __m256i b, int imm); 
VPROLQ __m256i _mm256_maskz_rol_epi64(_mmask8 k, __m256i a, int imm); 

VPROLQ __m128i__mm_rol_epi64(__m128i a, int imm); 

VPROLQ __m128i __mm_mask_rol_epi64(__m128i a, __mmask8 k, 
VPROLQ __m128i __mm_maskz_rol_epi64(__mmask8 k, __m128i a, int imm); 

VPROLVD __m512i_mm512_rolv_epi32(__m512i a,__m512i cnt); 

VPROLVD __m512i_mm512_mask_rolv_epi32(__m512i a,__ mmask16 k,__m512ib,___m512i cnt); 
VPROLVD __m512i_mm512_maskz_rolv_epi32(__mmask16 k,__m512i a, _m512i cnt); 
VPROLVD __m256i__mm256_rolv_epi32(__m256i a,__ m256i cnt); 

VPROLVD __m256i __mm256_mask_rolv_epi32(__m256i a,__ mmask8 k,___ m256i b, __m256i cnt); 
VPROLVD __m256i __mm256_maskz_rolv_epi32(__mmask8 k,___ m256i a, __m256i cnt); 

VPROLVD __m128i__mm_rolv_epi32(__m128i a,__m128i cnt); 

VPROLVD __m128i __mm_mask_rolv_epi32(__m128i a,__mmask8 k,__m128i b,___m128i cnt); 
VPROLVD __m128i__mm_maskz_rolv_epi32(__mmask8 k,___m128i a,__m128i cnt); 

VPROLVQ __m512i_mm512_rolv_epi64(__m512i a,__m512i cnt); 

VPROLVQ __m512i_mm512_mask_rolv_epi64(__m512i a,___mmask8 k, __m512i b,__m512i cnt); 
VPROLVQ __m512i_mm512_maskz_rolv_epi64(__mmask8 k,___m512i a, ___m512i cnt); 

VPROLVQ __m256i__mm256_rolv_epi64(__m256i a, ___m256i cnt); 

VPROLVQ __m256i__mm256_mask_rolv_epi64(__m256i a, ___mmask8 k, __m256i b, __m256i cnt); 
VPROLVQ __m256i__mm256_maskz_rolv_epi64(__mmask8 k, __m256i a, __m256i cnt); 

VPROLVQ __m128i __mm_rolv_epi64(__m128i a, __m128i cnt); 


m256i b, int imm); 
m256i a, int imm); 


m1 28i b, int imm); 
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INSTRUCTION SET REFERENCE, V-Z 


VPROLVQ __m128i __mm_mask_rolv_epi64(__m128i a, ___mmask8 k, __m128i b, 
VPROLVQ __m128i __mm_maskz_rolv_epi64(__mmask8 k, __m128i a, 


m128i cnt); 
m1 28i cnt); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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VPRORD/VPRORVD/VPRORQ/VPRORVQ—Bit Rotate Right 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support Flag 
EVEX.128.66.0F38.W0 14 /r B VIV AVX512VL | Rotate doublewords in xmm2 right by count in 
VPRORVD xmm1 {k1}z}, xmm2, AVX512F the corresponding element of 
xmm3/m1 28/m32bcst xmm3/m128/m32bcst, store result using 
writemask k1. 
EVEX.128.66.0F.WO 72 /0 ib A VV AVX512VL | Rotate doublewords in xmm2/m128/m32bcst 
VPRORD xmm1 {k1}{Z}, AVX512F right by immé8, store result using writemask k1. 
xmm2/m128/m32bcst, imm8 
EVEX.128.66.0F38.W1 14 /r B VIV AVX512VL | Rotate quadwords in xmm_2 right by count in the 
VPRORVQ xmm1 {k1}{z}, xmm2, AVX512F corresponding element of xmm3/m128/m64bcst, 
xmm3/m1 28/m64bcst store result using writemask k1. 
EVEX.128.66.0F.W1 72 /0 ib A VIV AVX512VL | Rotate quadwords in xmm2/m128/m64best right 
VPRORQ xmm1 {k1}{z}, AVX512F by immé8, store result using writemask k1. 
xmm2/m128/m64bcst, imm8 
EVEX.256.66.0F38.W0 14 /r B VIV AVX512VL | Rotate doublewords in ymmd2 right by count in 
VPRORVD ymm1 {k1}{z}, ymm2, AVX512F the corresponding element of 
ymm3/m256/m32bcst ymm3/m256/m32bcst, store using result 
writemask k1. 
EVEX.256.66.0F.WO 72 /0 ib A VV AVX512VL | Rotate doublewords in ymm2/m256/m32bcst 
VPRORD ymm1 {k1}{z}, AVX512F right by immé8, store result using writemask k1. 
ymm2/m256/m32bcst, imm8 
EVEX.256.66.0F38.W1 14 /r B VIV AVX512VL | Rotate quadwords in ymm2 right by count in the 
VPRORVQ ymm1 {k1}{z}, ymm2, AVX512F corresponding element of ynm3/m256/m64bcst, 
ymm3/m256/m64bcst store result using writemask k1. 
EVEX.256.66.0F.W1 72 /0 ib A VIV AVX512VL | Rotate quadwords in ynm2/m256/m64best right 
VPRORQ ymm1 {k1}{Z}, AVX512F by immé8, store result using writemask k1. 
ymm2/m256/m64bcst, imm8 
EVEX.512.66.0F38.W0 14 /r B VV AVX512F Rotate doublewords in zmm2 right by count in 
VPRORVD zmm1 {k1}{z}, zmm2, the corresponding element of 
zmm3/m512/m32bcst zmm3/m512/m32bcst, store result using 
writemask k1. 
EVEX.512.66.0F.W0 72 /0 ib A VIN AVX512F Rotate doublewords in zmm2/m512/m32bcst 
VPRORD zmm1 {k1}{Z}, right by immé8, store result using writemask k1. 
zmm2/m512/m32bcst, imm8 
EVEX.512.66.0F38.W1 14 /r B VIV AVX512F Rotate quadwords in zmm2 right by count in the 
VPRORVQ zmm1 {k1}{z}, zmm2, corresponding element of zmm3/m512/m64bcst, 
zmm3/m512/m64bcst store result using writemask k1. 
EVEX.512.66.0F.W1 72 /0 ib A VIV AVX512F Rotate quadwords in zmm2/m512/m64bcst right 
VPRORQ zmm1 {k1}{Z}, by immé8, store result using writemask k1. 
zmm2/m512/m64bcst, imm8 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full VEX.vvvv (w) ModRM:r/m (R) Imm8s NA 
B Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
5-468 Vol. 2C VPRORD/VPRORVD/VPRORQ/VPRORVQ—Bit Rotate Right 


INSTRUCTION SET REFERENCE, V-Z 


Description 


Rotates the bits in the individual data elements (doublewords, or quadword) in the first source operand to the right 
by the number of bits specified in the count operand. If the value specified by the count operand is greater than 31 
(for doublewords), or 63 (for a quadword), then the count operand modulo the data size (32 or 64) is used. 


EVEX.128 encoded version: The destination operand is a XMM register. The source operand is a XMM register or a 
memory location (for immediate form). The count operand can come either from an XMM register or a memory 
location or an 8-bit immediate. Bits (MAXVL-1:128) of the corresponding ZMM register are zeroed. 


EVEX.256 encoded version: The destination operand is a YMM register. The source operand is a YMM register or a 
memory location (for immediate form). The count operand can come either from an XMM register or a memory 
location or an 8-bit immediate. Bits (MAXVL-1:256) of the corresponding ZMM register are zeroed. 


EVEX.512 encoded version: The destination operand is a ZMM register updated according to the writemask. For the 
count operand in immediate form, the source operand can be a ZMM register, a 512-bit memory location or a 512- 
bit vector broadcasted from a 32/64-bit memory location, the count operand is an 8-bit immediate. For the count 
operand in variable form, the first source operand (the second operand) is a ZMM register and the counter operand 
(the third operand) is a ZMM register, a 512-bit memory location or a 512-bit vector broadcasted from a 32/64-bit 
memory location. 


Operation 


RIGHT_ROTATE_DWORDS(SRC, COUNT_SRC) 
COUNT := COUNT_SRC modulo 32; 
DEST[31:0] := (SRC >> COUNT) | (SRC << (32 - COUNT); 


RIGHT_ROTATE_QWORDS(SRC, COUNT_SRC) 
COUNT := COUNT_SRC modulo 64; 
DEST[63:0] := (SRC >> COUNT) | (SRC << (64 - COUNT); 


VPRORD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC1 *is memory*) 
THEN DEST[i+31:i] = RIGHT_ROTATE_DWORDS( SRC1[31:0], imm8) 
ELSE DEST[i+31:i] := RIGHT_ROTATE_DWORDS(SRC1[i+31:i], imm8) 


Fl; 
ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPRORVD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN DEST[i+31:i] = RIGHT_ROTATE_DWORDS(SRC1[i+31:i], SRC2[31:0]) 
ELSE DEST[i+31:i] := RIGHT_ROTATE_DWORDS(SRC1[i+31:i], SRC2[i+3 1:i]) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VPRORQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC1 *is memory’) 
THEN DEST[i+63:i] = RIGHT_ROTATE_QWORDS(SRC1[63:0], imm8) 
ELSE DEST[i+63:i] := RIGHT_ROTATE_QWORDS(SRC1[i+63:i], imm8]) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 
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VPRORVQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 


THEN DEST[i+63:i] := RIGHT_ROTATE_QWORDS(SRC1[i+63:i], SRC2[63:0]) 
ELSE DEST[i+63:i] = RIGHT_ROTATE_QWORDS(SRC1[i+63:i], SRC2[i+63:i]) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPRORD __m512i_mm512_ror_epi32(__m512i a, int imm); 
VPRORD __m512i_mm512_mask_ror_epi32(__m512i a, 


VPRORD __m512i__mm512_maskz_ror_epi32(__mmask16 k, 


VPRORD __m256i __mm256_ror_epi32(__m256i a, int imm); 
VPRORD __m256i __mm256_mask_ror_epi32(__m256i a, 


VPRORD __m128i __mm_ror_epi32(__m128i a, int imm); 


VPRORD __m128i __mm_mask_ror_epi32(__m128i a,___mmask8 k, __m128ib, int imm); 
VPRORD __m128i __mm_maskz_ror_epi32(__mmask8 k, __m128i a, int imm); 


VPRORQ __m512i_mm512_ror_epi64(__m512i a, int imm); 
VPRORQ __m512i_mm512_mask_ror_epi64(__m512i a, 


VPRORQ __m512i_mm512_maskz_ror_epi64(__mmask8 k, 


VPRORQ __m256i__mm256_ror_epi64(__m256i a, int imm); 
VPRORQ __m256i__mm256_mask_ror_epi64(__m256i a, 


VPRORQ __m256i __mm256_maskz_ror_epi64(__mmask8 k, 


VPRORQ __m128i__mm_ror_epi64(__m128i a, int imm); 


VPRORQ __m128i__mm_mask_ror_epi64(__m128i a, __mmask8 k, 
VPRORQ __m128i __mm_maskz_ror_epi64(__mmask8 k, __m128i a, int imm); 

m512i cnt); 

mmask16 k,__m512ib,___m512i cnt); 
VPRORVD __m512i_mm512_maskz_rorv_epi32(__mmask16 k, 
VPRORVD __m256i_mm256_rorv_epi32(__m256i a, __ m256i cnt); 


VPRORVD __m512i_mm512_rorv_epi32(__m512ia, 
VPRORVD __m512i_mm512_mask_rorv_epi32(__m512i a, 


VPRORVD __m256i__mm256_mask_rorv_epi32(__m256i a, 


VPRORVD __m256i__mm256_maskz_rorv_epi32(__mmask8 k, __m256i a, 
VPRORVD __m128i__mm_rorv_epi32(__m128i a, __m128i cnt); 
mmask8 k,___m128i b, __m128i cnt); 


VPRORVD __m128i__mm_mask_rorv_epi32(__m128i a, 
VPRORVD __m128i__mm_maskz_rorv_epi32(__mmask8 k, 
VPRORVQ __m512i_mm512_rorv_epi64(__m512i a, 
VPRORVQ __m512i_mm512_mask_rorv_epi64(__m512i a, 


VPRORVQ __m512i_mm512_maskz_rorv_epi64(__mmask8 k, __m512i a, 
m256i cnt); 
mmask8 k,___m256i b, __m256i cnt); 


VPRORVQ __m256i__mm256_rorv_epi64(__m256i a, 
VPRORVQ __m256i__mm256_mask_rorv_epi64(__m256i a, 


VPRORVQ __m256i _mm256_maskz_rorv_epi64(__mmask8 k, 
m1 28i cnt); 


VPRORVQ __m128i __mm_rorv_epi64(__m128i a, 
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mmask16 k,___m512ib, int imm); 
m512i a, int imm); 


mmask8 k, __m256i b, int imm); 
VPRORD __m256i __mm256_maskz_ror_epi32(__mmask8 k, __m256i a, int imm); 


m512i b, int imm); 
m512i a, int imm); 


mmask8 k, __m256i b, int imm); 
m256i a, int imm); 


m128i b, int imm); 


m512i cnt); 
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VPRORVQ __m128i _mm_mask_rorv_epi64(__m128i a, __mmask8 k, __m128i b, __m128i cnt); 
VPRORVQ __m128i _mm_maskz_rorv_epi64(__mmask8 k, __m128i a, __m128i cnt); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 


5-472 Vol. 2C VPRORD/VPRORVD/VPRORQ/VPRORVQ—Bit Rotate Right 


INSTRUCTION SET REFERENCE, V-Z 


VPSCATTERDD/VPSCATTERDQ/VPSCATTERQD/VPSCATTERQQ—Scatter Packed Dword, Packed 
Qword with Signed Dword, Signed Qword Indices 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F38.W0 AO /vsib A VIV AVX512VL | Using signed dword indices, scatter dword values to 
VPSCATTERDD vm32x {k1}, xmm1 AVX512F memory using writemask k1. 
EVEX.256.66.0F38.W0 AO /vsib A VIV AVX512VL | Using signed dword indices, scatter dword values to 
VPSCATTERDD vm32y {k1}, ymm1 AVX512F memory using writemask k1. 
EVEX.512.66.0F38.W0 AO /vsib A VIV AVX512F Using signed dword indices, scatter dword values to 
VPSCATTERDD vm32z {k1}, zmm1 memory using writemask k1. 
EVEX.128.66.0F38.W1 AO /vsib A VIV AVX512VL_ | Using signed dword indices, scatter qword values to 
VPSCATTERDQ vm32x {k1}, xmm1 AVX512F memory using writemask k1. 
EVEX.256.66.0F38.W1 AO /vsib A VIV AVX512VL_ | Using signed dword indices, scatter qword values to 
VPSCATTERDQ vm32x {k1}, ymm1 AVX512F memory using writemask k1. 
EVEX.512.66.0F38.W1 AO /vsib A VIV AVX512F Using signed dword indices, scatter qword values to 
VPSCATTERDQ vm32y {k1}, zmm1 memory using writemask k1. 
EVEX.128.66.0F38.W0 A1 /vsib A VIV AVX512VL | Using signed qword indices, scatter dword values to 
VPSCATTERQD vm64x {k1}, xmm1 AVX512F memory using writemask k1. 
EVEX.256.66.0F38.W0 Al /vsib A VIV AVX512VL | Using signed qword indices, scatter dword values to 
VPSCATTERQD vm64y {k1}, xmm1 AVX512F memory using writemask k1. 
EVEX.512.66.0F38.W0 Al /vsib A VIV AVX512F Using signed qword indices, scatter dword values to 
VPSCATTERQD vm64z {k1}, ymm1 memory using writemask k1. 
EVEX.128.66.0F38.W1 A1 /vsib A VIV AVX512VL_ | Using signed qword indices, scatter qword values to 
VPSCATTERQQ vm64x {k1}, xmm1 AVX512F memory using writemask k1. 
EVEX.256.66.0F38.W1 A1 /vsib A VIV AVX512VL_ | Using signed qword indices, scatter qword values to 
VPSCATTERQQ vm64y {k1}, ymm1 AVX512F memory using writemask k1. 
EVEX.512.66.0F38.W1 Al /vsib A VIV AVX512F Using signed qword indices, scatter qword values to 
VPSCATTERQQ vm64z {k1}, zmm1 memory using writemask k1. 


Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 


BaseReg (R): VSIB:base, 
VectorReg(R): VSIB:index 


A Tuple1 Scalar ModRM:reg (r) NA NA 


Description 


Stores up to 16 elements (8 elements for qword indices) in doubleword vector or 8 elements in quadword vector to 
the memory locations pointed by base address BASE_ADDR and index vector VINDEX, with scale SCALE. The 
elements are specified via the VSIB (i.e., the index register is a vector register, holding packed indices). Elements 
will only be stored if their corresponding mask bit is one. The entire mask register will be set to zero by this instruc- 
tion unless it triggers an exception. 


This instruction can be suspended by an exception if at least one element is already scattered (i.e., if the exception 
is triggered by an element other than the rightmost one with its mask bit set). When this happens, the destination 
register and the mask register are partially updated. If any traps or interrupts are pending from already scattered 
elements, they will be delivered in lieu of the exception; in this case, EFLAG.RF is set to one so an instruction 
breakpoint is not re-triggered when the instruction is continued. 


Note that: 

¢ Only writes to overlapping vector indices are guaranteed to be ordered with respect to each other (from LSB to 
MSB of the source registers). Note that this also include partially overlapping vector indices. Writes that are not 
overlapped may happen in any order. Memory ordering with other instructions follows the Intel-64 memory 
ordering model. Note that this does not account for non-overlapping indices that map into the same physical 
address locations. 
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¢ If two or more destination indices completely overlap, the “earlier” write(s) may be skipped. 

¢ Faults are delivered in a right-to-left manner. That is, if a fault is triggered by an element and delivered, all 
elements closer to the LSB of the destination ZMM will be completed (and non-faulting). Individual elements 
closer to the MSB may or may not be completed. If a given element triggers multiple faults, they are delivered 
in the conventional order. 


¢ Elements may be scattered in any order, but faults must be delivered in a right-to left order; thus, elements to 
the left of a faulting one may be gathered before the fault is delivered. A given implementation of this 
instruction is repeatable - given the same input values and architectural state, the same set of elements to the 
left of the faulting one will be gathered. 


¢ This instruction does not perform AC checks, and so will never deliver an AC fault. 
* Not valid with 16-bit effective addresses. Will deliver a #UD fault. 


¢ If this instruction overwrites itself and then takes a fault, only a subset of elements may be completed before 
the fault is delivered (as described above). If the fault handler completes and attempts to re-execute this 
instruction, the new instruction will be executed, and the scatter will not complete. 

Note that the presence of VSIB byte is enforced in this instruction. Hence, the instruction will #UD fault if 

ModRM.rm is different than 100b. 


This instruction has special disp8*N and alignment rules. N is considered to be the size of a single vector element. 


The scaled index may require more bits to represent than the address bits used by the processor (e.g., in 32-bit 
mode, if the scale is greater than one). In this case, the most significant bits beyond the number of address bits are 
ignored. 

The instruction will #UD fault if the kO mask register is specified. 


The instruction will #UD fault if EVEX.Z = 1. 


Operation 


BASE_ADDR stands for the memory operand base address (a GPR); may not exist 
VINDEX stands for the memory operand vector of indices (a ZMM register) 
SCALE stands for the memory operand scalar (1, 2, 4 or 8) 

DISP is the optional 1 or 4 byte displacement 


VPSCATTERDD (EVEX encoded versions) 
(KL, VL)= (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN MEM[BASE_ADDR +SignExtend(VINDEX[i+31:i]) * SCALE + DISP] := SRC[i+31:i] 
k1[j] := 0 


Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 


VPSCATTERDQ (EVEX encoded versions) 
(KL, VL)= (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 

i:=j* 64 

k:=j* 32 

IF k1[j] OR *no writemask* 

THEN MEM[BASE_ADDR +SignExtend(VINDEX[k+31:k]) * SCALE + DISP] := SRC[i+63:i] 
k1[j] := 0 

Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 


5-474 Vol. 2C VPSCATTERDD/VPSCATTERDQ/VPSCATTERQD/VPSCATTERQQ—Scatter Packed Dword, Packed Qword with Signed Dword, Signed 


INSTRUCTION SET REFERENCE, V-Z 


VPSCATTERQD (EVEX encoded versions) 
(KL, VL)= (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 

i:=j* 32 

k:=j* 64 

IF k1[j] OR *no writemask* 

THEN MEM[BASE_ADDR + (VINDEX[k+63:k]) * SCALE + DISP] := SRC[i+31:i] 
k1[j] := 0 


Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 


VPSCATTERQQ (EVEX encoded versions) 
(KL, VL)= (2, 128), (4, 256), (8, 512) 
FOR j:= 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN MEM[BASE_ADDR + (VINDEX[j+63;j]) * SCALE + DISP] := SRC[i+63:i] 
Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPSCATTERDD void __mm512_i32scatter_epi32(void * base,___m512i vdx,__m512i a, int scale); 
VPSCATTERDD void _mm256_i32scatter_epi32(void * base, __ m256i vdx,___ m256i a, int scale); 
VPSCATTERDD void _mm_i32scatter_epi32(void * base,___m128i vdx, __m128i a, int scale); 
VPSCATTERDD void _mm512_mask_i32scatter_epi32(void * base, _ mmask16 k,___m512i vdx, 
VPSCATTERDD void _mm256_mask_i32scatter_epi32(void * base, _ mmask8 k,___ m256i vdx, __m256i a, int scale); 
VPSCATTERDD void _mm_mask_i32scatter_epi32(void * base, __ mmask8 k,___m128i vdx, __m128i a, int scale); 
VPSCATTERDQ void _mm512_i32scatter_epi64(void * base, ___ m256i vdx,___m512i a, int scale); 

VPSCATTERDQ void _mm256_i32scatter_epi64(void * base, __m128i vdx, __m256i a, int scale); 

VPSCATTERDQ void _mm_i32scatter_epi64(void * base, __m128i vdx, __m128i a, int scale); 

VPSCATTERDQ void _mm512_mask_i32scatter_epi64(void * base, __ mmask8 k, __m256i vdx,___m512i a, int scale); 
VPSCATTERDQ void _mm256_mask_i32scatter_epi64(void * base, __ mmask8 k, __m128i vdx, __m256i a, int scale); 
VPSCATTERDQ void _mm_mask_i32scatter_epi64(void * base, __mmask8 k, __m128i vdx, __m128i a, int scale); 
VPSCATTERQD void _mm512_i64scatter_epi32(void * base, ___m512i vdx, __m256i a, int scale); 

VPSCATTERQD void _mm256_i64scatter_epi32(void * base, ___m256i vdx, __m128i a, int scale); 

VPSCATTERQD void _mm_i64scatter_epi32(void * base, __m128i vdx, __m128i a, int scale); 

VPSCATTERQD void _mm512_mask_i64scatter_epi32(void * base, __ mmask8 k, __m512i vdx, __m256i a, int scale); 
VPSCATTERQD void _mm256_mask_i64scatter_epi32(void * base, __ mmask8 k, __m256i vdx, __m128i a, int scale); 
VPSCATTERQD void _mm_mask_i64scatter_epi32(void * base, __mmask8 k, __m128i vdx, __m128i a, int scale); 
VPSCATTERQQ void __mm512_i64scatter_epi64(void * base, __m512i vdx, __m512i a, int scale); 

VPSCATTERQQ void __mm256_i64scatter_epi64(void * base, __m256i vdx, __m256i a, int scale); 

VPSCATTERQQ void __mm_i64scatter_epi64(void * base, ___m128i vdx, __m128i a, int scale); 

VPSCATTERQQ void __mm512_mask_i64scatter_epi64(void * base, __ mmask8 k, __m512i vdx, __m512i a, int scale); 
VPSCATTERQQ void __mm256_mask_i64scatter_epi64(void * base, __mmask8 k, __m256i vdx, __m256i a, int scale); 
VPSCATTERQQ void __mm_mask_i64scatter_epi64(void * base, _ mmask8 k, __m128i vdx, __m128i a, int scale); 


m512i a, int scale); 


SIMD Floating-Point Exceptions 
None 
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Other Exceptions 
See Table 2-61, “Type E12 Class Exception Conditions”. 
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Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
EVEX.128.66.0F3A.W1 70 /r /ib A VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHLDW xmm1{k1}{z}, xmm2, AVX512VL extract result shifted to the left by constant 
xmm3/m128, imm8 value in imm8 into xmm1. 
EVEX.256.66.0F3A.W1 70 /r /ib A VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHLDW ymm1{k1}{z}, ymm2, AVX512VL extract result shifted to the left by constant 
ymm3/m256, imm8 value in imm8 into ymm1. 
EVEX.512.66.0F3A.W1 70 /r /ib A VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHLDW zmm1{k1}{z}, zmm2, extract result shifted to the left by constant 
zmm3/m51 2, imm8 value in imm8 into zmm1. 
EVEX.128.66.0F3A.WO 71 /r /ib B VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHLDD xmm1{k1}{z}, xmm2, AVX512VL extract result shifted to the left by constant 
xmm3/m128/m32bcst, imm8 value in imm8 into xmm1. 
EVEX.256.66.0F3A.WO 71 /r /ib B VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHLDD ymm1{k1}{z}, ymm2, AVX512VL extract result shifted to the left by constant 
ymm3/m256/m32bcst, imm8 value in imm8 into ymm1. 
EVEX.512.66.0F3A.WO 71 /r /ib B VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHLDD zmm1{k1}{z}, zmm2, extract result shifted to the left by constant 
zmm3/m512/m32bcst, imm8 value in imm8 into zmm1. 
EVEX.128.66.0F3A.W1 71 /r /ib B VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHLDQ xmm1{k1}{z}, xmm2, AVX512VL extract result shifted to the left by constant 
xmm3/m128/m64bcst, imm8 value in imm8 into xmm1. 
EVEX.256.66.0F3A.W1 71 /r /ib B VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHLDQ ymm1{k1}{z}, ymm2, AVX512VL extract result shifted to the left by constant 
ymm3/m256/m64bcst, imm8 value in imm8 into ymm1. 
EVEX.512.66.0F3A.W1 71 /r /ib B VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHLDQ zmm1{k1}{z}, zmm2, extract result shifted to the left by constant 
zmm3/m512/m64bcst, imm8 value in imm8 into zmm1. 
Instruction Operand Encoding 
Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) immé (r) 
B Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) immé (r) 

Description 

Concatenate packed data, extract result shifted to the left by constant value. 

This instruction supports memory fault suppression. 

VPSHLD — Concatenate and Shift Packed Data Left Logical Vol.2C 5-477 


INSTRUCTION SET REFERENCE, V-Z 


Operation 


VPSHLDW DEST, SRC2, SRC3, imm8 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j :=0 TOKL-1: 
IF MaskBit(j) OR *no writemask*: 
tmp := concat(SRC2.word[j], SRC3.word[j]) << (imm8 & 15) 
DEST.word[j] := tmp.word[1] 
ELSE IF *zeroing*: 
DEST.word[j] := 0 
*ELSE DEST.word[j] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 


VPSHLDD DEST, SRC2, SRC3, imm8 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1: 
IF SRC3 is broadcast memop: 
tsrc3 := SRC3.dword[0] 
ELSE: 
tsrc3 := SRC3.dword{[j] 
IF MaskBit(j) OR *no writemask*: 
tmp := concat(SRC2.dword[j], tsrc3) << (imm8 & 31) 
DEST.dword{[j] := tmp.dword[1] 
ELSE IF *zeroing*: 
DEST.dword{j] := 0 
*ELSE DEST.dword[j] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 


VPSHLDQ DEST, SRC2, SRC3, imm8 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TOKL-1: 
IF SRC3 is broadcast memop: 
tsrc3 := SRC3.qword[0] 
ELSE: 
tsrc3 := SRC3.qword|[j] 
IF MaskBit(j) OR *no writemask*: 
tmp := concat(SRC2.qword[j], tsrc3) << (imm8 & 63) 
DEST.qword{[j] := tmp.qword[1] 
ELSE IF *zeroing*: 
DEST.qword[j] := 0 
*ELSE DEST.qword[j] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 


5-478 Vol. 2C VPSHLD — Concatenate and Shift Packed Data Left Logical 


Intel C/C++ Compiler Intrinsic Equivalent 


VPSHLDD __m128i _mm_shldi_epi32(__m128i, __m128i, int); 

VPSHLDD __m128i__mm_mask_shldi_epi32(__m128i,__ mmask8, __m128i,___m128i, int); 
VPSHLDD __m128i __mm_maskz_shldi_epi32(__mmask8, __m128i,__m128i, int); 

VPSHLDD __m256i __mm256_shldi_epi32(__m256i, __m256i, int); 

VPSHLDD __m256i_mm256_mask_shldi_epi32(__m256i,__ mmask8,__ m256i,___ m256i, int); 
VPSHLDD __m256i __mm256_maskz_shldi_epi32(__mmask8, _ m256i, __ m256i, int); 
VPSHLDD __m512i__mm512_shldi_epi32(__m512i, ___m512i, int); 

VPSHLDD __m512i_mm512_mask_shldi_epi32(__m512i,__ mmask16,___m512i,___m512i, int); 
VPSHLDD __m512i_mm512_maskz_shldi_epi32(__mmask16,__m512i,__m512i, int); 
VPSHLDQ __m128i _mm_shldi_epi64(__m128i, __m128i, int); 

VPSHLDQ __m128i _mm_mask_shldi_epi64(__m128i, __ mmask8, __m128i, __m128i, int); 
VPSHLDQ __m128i _mm_maskz_shldi_epi64(__mmask8, __m128i, __m128i, int); 

VPSHLDQ __m256i __mm256_shldi_epi64(__m256i, __m256i, int); 

VPSHLDQ __m256i _mm256_mask_shldi_epi64(__m256i, __mmask8, __m256i, __m256i, int); 
VPSHLDQ __m256i _mm256_maskz_shldi_epi64(__mmask8, __m256i, __m256i, int); 
VPSHLDQ __m512i __mm512_shldi_epi64(__m512i, __m512i, int); 

VPSHLDQ __m512i_mm512_mask_shldi_epi64(__m512i, __mmask8, __m512i, __m512i, int); 
VPSHLDQ __m512i _mm512_maskz_shldi_epi64(__mmask8, __m512i, __m512i, int); 
VPSHLDW __m128i__mm_shldi_epi16(__m128i, __m128i, int); 

VPSHLDW __m128i__mm_mask_shldi_epi16(__m128i,__ mmask8, __m128i,___m128i, int); 
VPSHLDW __m128i __mm_maskz_shldi_epi16(__mmask8,___m128i,__m128i, int); 

VPSHLDW __m256i __mm256_shldi_epi16(__m256i, __m256i, int); 

VPSHLDW __m256i_mm256_mask_shlidi_epi16(__m256i,__ mmask16, __ m256i, __ m256i, int); 
VPSHLDW __m256i __mm256_maskz_shldi_epi16(__mmask16,___ m256i, __ m256i, int); 
VPSHLDW __m512i__mm512_shldi_epi16(__m512i, __m512i, int); 

VPSHLDW __m512i_mm512_mask_shldi_epi16(__m512i,__ mmask32,___m512i,___m512i, int); 
VPSHLDW __m512i_mm512_maskz_shldi_epi16(__mmask32,___m512i,__m512i, int); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Type E4. 


VPSHLD — Concatenate and Shift Packed Data Left Logical 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-479 


INSTRUCTION SET REFERENCE, V-Z 


VPSHLDV — Concatenate and Variable Shift Packed Data Left Logical 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
EVEX.128.66.0F38.W1 70 /r A VIN AVX512_VBMI2 Concatenate xmm1 and xmm2, extract result 
VPSHLDVW xmm1{k1}{z}, xmm2, AVX512VL shifted to the left by value in xmm3/m1 28 into 
xmm3/m128 xmm1. 
EVEX.256.66.0F38.W1 70 /r A VIV AVX512_VBMI2 Concatenate ymm1 and ymm2, extract result 
VPSHLDVW ymm1{k1}{z}, ymm2, AVX512VL shifted to the left by value in xmm3/m256 into 
ymm3/m256 ymm1. 
EVEX.512.66.0F38.W1 70 /r A VIN AVX512_VBMI2 Concatenate zmm1 and zmm2, extract result 
VPSHLDVW zmm1{k1}{z}, zmm2, shifted to the left by value in zmm3/m512 into 
zmm3/m512 zmm1. 
EVEX.128.66.0F38.W0 71 /r B VIN AVX512_VBMI2 Concatenate xmm1 and xmm2, extract result 
VPSHLDVD xmm1{k1}{z}, xmm_2, AVX512VL shifted to the left by value in xmm3/m1 28 into 
xmm3/m128/m32bcst xmm1. 
EVEX.256.66.0F38.W0 71 /r B VIV AVX512_VBMI2 Concatenate ymm1 and ymm2, extract result 
VPSHLDVD ymm1{k1}{z}, ymm2, AVX512VL shifted to the left by value in xmm3/m256 into 
ymm3/m256/m32bcst ymm1. 
EVEX.512.66.0F38.W0 71 /r B VIN AVX512_VBMI2 Concatenate zmm1 and zmm2, extract result 
VPSHLDVD zmm1{k1}{z}, zmm2, shifted to the left by value in zmm3/m512 into 
zmm3/m512/m32bcst zmm1. 
EVEX.128.66.0F38.W1 71 /r B VIN AVX512_VBMI2 Concatenate xmm1 and xmm2, extract result 
VPSHLDVQ xmm1{k1}{z}, xmm2, AVX512VL shifted to the left by value in xmm3/m1 28 into 
xmm3/m128/m64bcst xmm1. 
EVEX.256.66.0F38.W1 71 /r B VIV AVX512_VBMI2 Concatenate ymm1 and ymm2, extract result 
VPSHLDVQ ymm1{k1}{z}, ymm2, AVX512VL shifted to the left by value in xmm3/m256 into 
ymm3/m256/m64bcst ymm1. 
EVEX.512.66.0F38.W1 71 /r B VIN AVX512_VBMI2 Concatenate zmm1 and zmm2, extract result 
VPSHLDVQ zmm1{k1}{z}, zmm2, shifted to the left by value in zmm3/m512 into 
zmm3/m512/m64bcst zmm1. 
Instruction Operand Encoding 
Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Concatenate packed data, extract result shifted to the left by variable value. 


This instruction supports memory fault suppression. 


5-480 Vol. 2C 


VPSHLDV — Concatenate and Variable Shift Packed Data Left Logical 


Operation 


FUNCTION concat(a,b): 

IF words: 
d.word[1] :=a 
d.word[O] := b 
return d 

ELSE IF dwords: 
q.dword[1] :=a 
q.dword[0] := b 
return q 

ELSE IF qwords: 
o.qword[1] :=a 
o.qword[0] := b 
return o 


VPSHLDVW DEST, SRC2, SRC3 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TOKL-1: 
IF MaskBit(j) OR *no writemask*: 
tmp := concat(DEST.word[j], SRC2.word[j]) << (SRC3.word[j] & 15) 
DEST.word{j] := tmp.word[1] 
ELSE IF *zeroing*: 
DEST.word[j] := 0 
*ELSE DEST.word[j] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 


VPSHLDVD DEST, SRC2, SRC3 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TOKL-1: 
IF SRC3 is broadcast memop: 
tsrc3 := SRC3.dword[0] 
ELSE: 
tsrc3 := SRC3.dword|j] 
IF MaskBit(j) OR *no writemask*: 
tmp := concat(DEST.dword[j], SRC2.dword[j]) << (tsrc3 & 31) 
DEST.dword{j] := tmp.dword[1] 
ELSE IF *zeroing*: 
DEST.dword[j] := 0 
*ELSE DEST.dword[j] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 


VPSHLDV — Concatenate and Variable Shift Packed Data Left Logical 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-481 


INSTRUCTION SET REFERENCE, V-Z 


VPSHLDVQ DEST, SRC2, SRC3 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=O TOKL-1: 
IF SRC3 is broadcast memop: 
tsrc3 := SRC3.qword[0] 
ELSE: 
tsrc3 := SRC3.qword{[j] 
IF MaskBit(j) OR *no writemask*: 
tmp := concat(DEST.qword[j], SRC2.qword[j]) << (tsrc3 & 63) 
DEST.qword{j] := tmp.qword[1] 
ELSE IF *zeroing*: 
DEST.qword[j] := 0 
*ELSE DEST.qword[j] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPSHLDVW __m128i __mm_shldv_epi16(__m128i, __m128i,___m128i); 

VPSHLDVW __m128i__mm_mask_shldv_epi16(__m128i,__ mmask8,___m128i, __m128i); 
VPSHLDVW __m128i __mm_maskz_shldv_epi16(__mmask8, __m128i,___m128i, __m128i); 
VPSHLDVW __m256i _mm256_shldv_epi16(__m256i, __ m256i, __m256i); 

VPSHLDVW __m256i__mm256_mask_shldv_epil16(__m256i,__ mmask16, __ m256i, __ m256i); 
VPSHLDVW __m256i __mm256_maskz_shldv_epi16(__mmask16,__m256i,___ m256i, __ m256i); 
VPSHLDVQ___m512i) _mm512_shldv_epi64(__m512i,__m512i,__m512i); 

VPSHLDVQ __m512) _mm512_mask_shldv_epi64(__m512i, __ mmask8, ___m512i,___m512i); 
VPSHLDVQ __m512i) _mm512_maskz_shldv_epi64(__mmask8, __m512i,__m512i,___m512i); 
VPSHLDVW __m128i _mm_shldv_epi16(__m128i, __m128i, __m128i); 

VPSHLDVW __m128i _mm_mask_shldv_epi16(__m128i,__ mmask8, __m128i,___m128i); 
VPSHLDVW __m128i _mm_maskz_shldv_epi16(__mmask8, __m128i,__m128i,__m128i); 
VPSHLDVW __m256i _mm256_shIdv_epi16(__m256i, __m256i, __m256i); 

VPSHLDVW __m256i _mm256_mask_shldv_epi16(__m256i,___ mmask16, __ m256i, __ m256i); 
VPSHLDVW __m256i _mm256_maskz_shldv_epi16(__mmask16,__ m256i,___ m256i,___ m256i); 
VPSHLDVW __m512i _mm512_shIdv_epi16(__m512i, __m512i,___m512i); 

VPSHLDVW __m512i _mm512_mask_shldv_epi16(__m512i,__ mmask32,___m512i,__m512i); 
VPSHLDVW __m512i _mm512_maskz_shldv_epi16(__mmask32,___m512i,___m512i,__m512i); 
VPSHLDVD __m128i _mm_shldv_epi32(__m128i, __m128i, __m128i); 

VPSHLDVD __m128i _mm_mask_shldv_epi32(__m128i, __ mmask8, __m128i, __m128i); 
VPSHLDVD __m128i _mm_maskz_shldv_epi32(__mmask8, __m128i, __m128i, __m128i); 
VPSHLDVD __m256i _mm256_shIdv_epi32(__m256i, __m256i, __m256i); 

VPSHLDVD __m256i _mm256_mask_shldv_epi32(__m256i,__ mmask8, __m256i,__ m256i); 
VPSHLDVD __m256i _mm256_maskz_shldv_epi32(__mmask8,__m256i,__ m256i, __ m256i); 
VPSHLDVD __m512i _mm512_shldv_epi32(__m512i,___m512i, __m512i); 

VPSHLDVD __m512i _mm512_mask_shldv_epi32(__m512i,__ mmask16,__m512i,___m512i); 
VPSHLDVD __m512i _mm512_maskz_shldv_epi32(__mmask16,___m512i,__m512i,__m512i); 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Type E4. 
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VPSHRD — Concatenate and Shift Packed Data Right Logical 


INSTRUCTION SET REFERENCE, V-Z 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
EVEX.128.66.0F3A.W1 72 /r /ib A VV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHRDW xmm1{k1}{z}, xmm2, AVX512VL extract result shifted to the right by constant 
xmm3/m128, imm8 value in imm8 into xmm1. 
EVEX.256.66.0F3A.W1 72 /r /ib A VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHRDW ymm1{k1}{z}, ymm2, AVX512VL extract result shifted to the right by constant 
ymm3/m256, imm8 value in imm8 into ymm1. 
EVEX.512.66.0F3A.W1 72 /r /ib A VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHRDW zmm1{k1}{z}, zmm2, extract result shifted to the right by constant 
zmm3/m512, imm8 value in imm8 into zmm1. 
EVEX.128.66.0F3A.WO 73 /r /ib B VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHRDD xmm1{k1}{z}, xmm2z, AVX512VL extract result shifted to the right by constant 
xmm3/m128/m32bcst, imm8 value in imm8 into xmm1. 
EVEX.256.66.0F3A.WO 73 /r /ib B VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHRDD ymm1{k1}{z}, ymm2, AVX512VL extract result shifted to the right by constant 
ymm3/m256/m32bcst, imm8 value in imm8 into ymm1. 
EVEX.512.66.0F3A.WO 73 /r /ib B VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHRDD zmm1{k1}{z}, zmm2, extract result shifted to the right by constant 
zmm3/m512/m32bcst, imm8 value in imm8 into zmm1. 
EVEX.128.66.0F3A.W1 73 /r /ib B VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHRDQ xmm1{k1}{z}, xmm2, AVX512VL extract result shifted to the right by constant 
xmm3/m128/m64bcst, imm8 value in imm8 into xmm1. 
EVEX.256.66.0F3A.W1 73 /r /ib B VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHRDQ ymm1{k1}{z}, ymm2, AVX512VL extract result shifted to the right by constant 
ymm3/m256/m64bcst, imm8 value in imm8 into ymm1. 
EVEX.512.66.0F3A.W1 73 /r /ib B VIV AVX512_VBMI2 Concatenate destination and source operands, 
VPSHRDQ zmm1{k1}{z}, zmm2, extract result shifted to the right by constant 
zmm3/m512/m64bcst, imm8 value in imm8 into zmm1. 
Instruction Operand Encoding 
Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) immé (r) 
B Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) immé (r) 

Description 

Concatenate packed data, extract result shifted to the right by constant value. 

This instruction supports memory fault suppression. 

VPSHRD — Concatenate and Shift Packed Data Right Logical Vol.2C 5-483 


INSTRUCTION SET REFERENCE, V-Z 


Operation 


VPSHRDW DEST, SRC2, SRC3, imm8 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1: 

IF MaskBit(j) OR *no writemask*: 


DEST.word[j] := concat(SRC3.word[j], SRC2.word[j]) >> (imm8 & 15) 


ELSE IF *zeroing*: 
DEST.word[j] := 0 
*ELSE DEST.word[j] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 


VPSHRDD DEST, SRC2, SRC3, imm8 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TOKL-1: 
IF SRC3 is broadcast memop: 
tsrc3 := SRC3.dword[0] 
ELSE: 
tsrc3 := SRC3.dword|j] 
IF MaskBit(j) OR *no writemask*: 
DEST.dword{j] := concat(tsrc3, SRC2.dword{j]) >> (imm8 & 31) 
ELSE IF *zeroing*: 
DEST.dword{j] := 0 
*ELSE DEST.dword[j] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 


VPSHRDQ DEST, SRC2, SRC3, imm8 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TOKL-1: 
IF SRC3 is broadcast memop: 
tsrc3 := SRC3.qword[0] 
ELSE: 
tsrc3 := SRC3.qword{[j] 
IF MaskBit(j) OR *no writemask*: 
DEST.qword[j] := concat(tsrc3, SRC2.qword[j]) >> (imm8 & 63) 
ELSE IF *zeroing*: 
DEST.qword{j] := 0 
*ELSE DEST.qword[j] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 


5-484 Vol. 2C 


VPSHRD — Concatenate and Shift Packed Data Right Logical 


Intel C/C++ Compiler Intrinsic Equivalent 


VPSHRDQ __m128i _mm_shrdi_epi64(__m128i, __m128i, int); 
VPSHRDQ __m128i _mm_mask_shrdi_epi64(__m128i, __ mmask8, 
VPSHRDQ __m128i _mm_maskz_shrdi_epi64(__mmask8, __m128i, __m128i, int); 
VPSHRDQ __m256i _mm256_shrdi_epi64(__m256i, __m256i, int); 


VPSHRDQ __m256i _mm256_mask_shrdi_epi64(__m256i, __mmask8, __m256i, __m256i, int); 
m256i,__ m256i, int); 


VPSHRDQ __m256i _mm256_maskz_shrdi_epi64(__mmask8, 
VPSHRDQ __m512i _mm512_shrdi_epi64(__m512i, __m512i, int); 
VPSHRDQ __m512i _mm512_mask_shrdi_epi64(__m512i, __ mmask8, 


m512i, 


VPSHRDQ __m512i _mm512_maskz_shrdi_epi64(__mmask8, __m512i, __m512i, int); 


VPSHRDD __m128i __mm_shrdi_epi32(__m128i, __m128i, int); 


VPSHRDD __m128i __mm_mask_shrdi_epi32(__m128i,__ mmask8, __m128i,__m128i, int); 


VPSHRDD __m128i __mm_maskz_shrdi_epi32(__mmask8, ___m128i, 
VPSHRDD __m256i _mm256_shrdi_epi32(__m256i, __m256i, int); 
VPSHRDD __m256i__mm256_mask_shrdi_epi32(__m256i,__ mmask8, __m256i, 
VPSHRDD __m256i __mm256_maskz_shrdi_epi32(__mmask8, __m256i, 
VPSHRDD __m512i __mm512_shrdi_epi32(__m512i, __m512i, int); 

VPSHRDD __m512i_mm512_mask_shrdi_epi32(__m512i,__ mmask16,___m512i, 


m1 28i, int); 


VPSHRDD __m512i_mm512_maskz_shrdi_epi32(__mmask16, __m512i, 
VPSHRDW __m128i__mm_shrdi_epi16(__m128i, __m128i, int); 
VPSHRDW __m128i __mm_mask_shrdi_epi16(__m128i,__ mmask8, __m128i, 


VPSHRDW __m128i __mm_maskz_shrdi_epi16(__mmask8, __m128i,___m128i, int); 
VPSHRDW __m256i __mm256_shrdi_epi16(__m256i, __m256i, int); 


VPSHRDW __m256i_mm256_mask_shrdi_epi16(__m256i,__ mmask16,___ m256i, __m256i, int); 
m256i, int); 


VPSHRDW __m256i__mm256_maskz_shrdi_epi16(__mmask16, __m256i, 
VPSHRDW __m512i__mm512_shrdi_epi16(__m512i, __m512i, int); 

VPSHRDW __m512i__mm512_mask_shrdi_epi16(__m512i,___ mmask32, 
VPSHRDW __m512i_mm512_maskz_shrdi_epi16(__mmask32,___m512i, 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Type E4. 


VPSHRD — Concatenate and Shift Packed Data Right Logical 


m128i,__m128i, int); 


m256i, int); 


m512i, int); 


m1 28i, int); 


m512i,__m512i, int); 
m51 2i, int); 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-485 


INSTRUCTION SET REFERENCE, V-Z 


VPSHRDV — Concatenate and Variable Shift Packed Data Right Logical 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
EVEX.128.66.0F38.W1 72 /r A VIN AVX512_VBMI2 Concatenate xmm1 and xmm2, extract result 
VPSHRDVW xmm1{k1}{z}, xmm2, AVX512VL shifted to the right by value in xmm3/m128 
xmm3/m128 into xmm1. 
EVEX.256.66.0F38.W1 72 /r A VIV AVX512_VBMI2 Concatenate ymm1 and ymm2, extract result 
VPSHRDVW ymm1{k1}{z}, ymm2, AVX512VL shifted to the right by value in xmm3/m256 
ymm3/m256 into ymm1. 
EVEX.512.66.0F38.W1 72 /r A VIN AVX512_VBMI2 Concatenate zmm1 and zmm2, extract result 
VPSHRDVW zmm1{k1}{z}, zmm2, shifted to the right by value in zmm3/m512 
zmm3/m512 into zmm1. 
EVEX.128.66.0F38.W0 73 /r B VIN AVX512_VBMI2 Concatenate xmm1 and xmm2, extract result 
VPSHRDVD xmm1{k1}{z}, xmm2, AVX512VL shifted to the right by value in xmm3/m128 
xmm3/m128/m32bcst into xmm1. 
EVEX.256.66.0F38.W0 73 /r B VIV AVX512_VBMI2 Concatenate ymm1 and ymm2, extract result 
VPSHRDVD ymm1{k1}{z}, ymm2, AVX512VL shifted to the right by value in xmm3/m256 
ymm3/m256/m32bcst into ymm1. 
EVEX.512.66.0F38.W0 73 /r B VIN AVX512_VBMI2 Concatenate zmm1 and zmm2, extract result 
VPSHRDVD zmm1{k1}{z}, zmm2, shifted to the right by value in zmm3/m512 
zmm3/m512/m32bcst into zmm1. 
EVEX.128.66.0F38.W1 73 /r B VIN AVX512_VBMI2 Concatenate xmm1 and xmm2, extract result 
VPSHRDVQ xmm1{k1}{z}, xmm2, AVX512VL shifted to the right by value in xmm3/m128 
xmm3/m128/m64bcst into xmm1. 
EVEX.256.66.0F38.W1 73 /r B VIV AVX512_VBMI2 Concatenate ymm1 and ymm2, extract result 
VPSHRDVQ ymm1{k1}{z}, ymm2, AVX512VL shifted to the right by value in xmm3/m256 
ymm3/m256/m64bcst into ymm1. 
EVEX.512.66.0F38.W1 73 /r B VIN AVX512_VBMI2 Concatenate zmm1 and zmm2, extract result 
VPSHRDVQ zmm1{k1}{z}, zmm2, shifted to the right by value in zmm3/m512 
zmm3/m512/m64bcst into zmm1. 
Instruction Operand Encoding 
Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Concatenate packed data, extract result shifted to the right by variable value. 
This instruction supports memory fault suppression. 
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Operation 


VPSHRDVW DEST, SRC2, SRC3 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1: 

IF MaskBit(j) OR *no writemask*: 


DEST.word[j] := concat(SRC2.word[j], DEST.word[j]) >> (SRC3.word[j] & 15) 


ELSE IF *zeroing*: 
DEST.word[j] := 0 
*ELSE DEST.word[j] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 


VPSHRDVD DEST, SRC2, SRC3 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TOKL-1: 
IF SRC3 is broadcast memop: 
tsrc3 := SRC3.dword[0] 
ELSE: 
tsrc3 := SRC3.dword|j] 
IF MaskBit(j) OR *no writemask*: 
DEST.dword[j] := concat(SRC2.dword{j], DEST.dword[j]) >> (tsrc3 & 31) 
ELSE IF *zeroing*: 
DEST.dword[j] := 0 
*ELSE DEST.dword[j] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 


VPSHRDVQ DEST, SRC2, SRC3 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TOKL-1: 
IF SRC3 is broadcast memop: 
tsrc3 := SRC3.qword[0] 
ELSE: 
tsrc3 := SRC3.qword|j] 
IF MaskBit(j) OR *no writemask*: 
DEST.qword[j] := concat(SRC2.qword[j], DEST.qword[j]) >> (tsrc3 & 63) 
ELSE IF *zeroing*: 
DEST.qword[j] := 0 
*ELSE DEST.qword[j] remains unchanged* 
DEST[MAX_VL-1:VL] := 0 


VPSHRDV — Concatenate and Variable Shift Packed Data Right Logical 
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Intel C/C++ Compiler Intrinsic Equivalent 


VPSHRDVQ ___m128i _mm_shrdv_epi64(__m128i, m128i); 

VPSHRDVQ __m128i _mm_mask_shrdv_epi64(__m128i, __ mmask8, __m128i, __m128i); 
VPSHRDVQ __m128i _mm_maskz_shrdv_epi64( m128i,__m128i,__m128i); 
VPSHRDVQ ___m256i _mm256_shrdv_epi64( m256i, __m256i); 

VPSHRDVQ __m256i _mm256_mask_shrdv_epi64( mmask8,___m256i,__ m256i); 
VPSHRDVQ ___m256i _mm256_maskz_shrdv_epi64(__mmask8, __m256i,__m256i, __m256i); 
VPSHRDVQ__m512i _mm512_shrdv_epi64( m512i,___m512i); 

VPSHRDVQ ___m512i _mm512_mask_shrdv_epi64( mmask8, _m512i,__m512i); 
VPSHRDVQ___m512i _mm512_maskz_shrdv_epi64(__mmask8, __m512i,__m512i,__m512i); 
VPSHRDVD __m128i __mm_shrdv_epi32( m128i); 

VPSHRDVD __m128i __mm_mask_shrdv_epi32( mmask8, __m128i,__m128i); 
VPSHRDVD __m128i__mm_maskz_shrdv_epi32( m128i,__m128i,__m128i); 
VPSHRDVD __m256i __mm256_shrdv_epi32(__m256i, __m256i, __m256i); 

VPSHRDVD __m256i __mm256_mask_shrdv_epi32( mmask8,__m256i,__ m256i); 
VPSHRDVD __m256i__mm256_maskz_shrdv_epi32( m256i,__ m256i,___ m256i); 
VPSHRDVD __m512i__mm512_shrdv_epi32(__m512i,___m512i, ___m512i); 

VPSHRDVD __m512i_mm512_mask_shrdv_epi32( mmask16,__m512i,___m512i); 
VPSHRDVD __m512i_mm512_maskz_shrdv_epi32(__mmask16,___m512i,__m512i,___m512i); 
VPSHRDVW __m128i__mm_shrdv_epi16(__m128i, m1 28i); 

VPSHRDVW __m128i __mm_mask_shrdv_epi16( mmask8, __m128i,__m128i); 
VPSHRDVW __m128i__mm_maskz_shrdv_epi16( m128i,__m128i,__m128i); 
VPSHRDVW __m256i _mm256 m256i,__m256i); 

VPSHRDVW __m256i _mm256_mask_shrdv_epi16( mmask16,__m256i,___ m256i); 
VPSHRDVW __m256i __mm256_maskz_shrdv_epi16(__mmask16,__ m256i,__ m256i,__ m256i); 
VPSHRDVW __m512i__mm512 m512i,__m512i); 

VPSHRDVW __m512i_mm512_mask_shrdv_epi16( mmask32,__m512i,__m512i); 
VPSHRDVW __m512i_mm512_maskz_shrdv_epi16(__mmask32,___m512i,__m512i,__m512i); 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 


See Type E4. 
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INSTRUCTION SET REFERENCE, V-Z 


VPSHUFBITQMB — Shuffle Bits from Quadword Elements Using Byte Indexes into Mask 


Opcode/ Op/ 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
EVEX.128.66.0F38.WO 8F /r A VIV AVX512_BITALG Extract values in xmm2 using control bits of 
VPSHUFBITOMB k1{k2}, xmm2, AVX512VL xmm3/m128 with writemask k2 and leave the 
xmm3/m128 result in mask register k1. 
EVEX.256.66.0F38.WO 8F /r A VIV AVX512_BITALG Extract values in ymm2 using control bits of 
VPSHUFBITOMB k1{k2}, ymm2, AVX512VL ymm3/m256 with writemask k2 and leave the 
ymm3/m256 result in mask register k1. 
EVEX.512.66.0F38.WO 8F /r A VIV AVX512_BITALG Extract values in zmm_2 using control bits of 
VPSHUFBITOMB k1{k2}, zmm2, zmm3/m51 2 with writemask k2 and leave the 
zmm3/m512 result in mask register k1. 
Instruction Operand Encoding 
Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


The VPSHUFBITQMB instruction performs a bit gather select using second source as control and first source as 
data. Each bit uses 6 control bits (2nd source operand) to select which data bit is going to be gathered (first source 
operand). A given bit can only access 64 different bits of data (first 64 destination bits can access first 64 data bits, 
second 64 destination bits can access second 64 data bits, etc.). 

Control data for each output bit is stored in 8 bit elements of SRC2, but only the 6 least significant bits of each 
element are used. 


This instruction uses write masking (zeroing only). This instruction supports memory fault suppression. 


The first source operand is a ZMM register. The second source operand is a ZMM register or a memory location. The 
destination operand is a mask register. 


Operation 


VPSHUFBITQMB DEST, SRC1, SRC2 
(KL, VL) = (16,128), (32,256), (64, 512) 
FOR i := 0 TO KL/8-1: //Qword 
FOR j := 0 to 7: // Byte 
IF k2[i*8+j] or *no writemask*: 
m := SRC2.qword{[i].byte[j] & Ox3F 
k1[i*8+j] = SRC1.qword[i].bit[m] 
ELSE: 
k1[i*8+j] := 0 
k1[MAX_KL-1:KL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPSHUFBITQMB __mmask16 _mm_bitshuffle_epi64_mask(__m128i, 


m128i); 


VPSHUFBITQMB __mmask16 _mm_mask_bitshuffle_epi64_mask(__mmask16, __m128i, __m128i); 
VPSHUFBITQMB __mmask32 _mm256_bitshuffle_epi64_mask(__m256i, __m256i); 

VPSHUFBITQMB __mmask32 _mm256_mask_bitshuffle_epi64_mask(__mmask32, __m256i, __m256i); 
VPSHUFBITQMB __mmask64 __mm512_bitshuffle_epi64_mask(__m512i, __m512i); 

VPSHUFBITQMB __mmask64 _mm512_mask_bitshuffle_epi64_mask(__mmask64, __m512i,___m512i); 
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VPSLLVW/VPSLLVD/VPSLLVQ—Variable Bit Shift Left Logical 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
VEX.128.66.0F38.W0O 47 /r A VV AVX2 Shift doublewords in xmm2 left by amount specified in 
VPSLLVD xmm1, xmm2, xmm3/m128 the corresponding element of xmm3/m1 28 while 
shifting in Os. 
VEX.128.66.0F38.W1 47 /r A VV AVX2 Shift quadwords in xmmz left by amount specified in 
VPSLLVQ xmm1, xmm2, xmm3/m128 the corresponding element of xmm3/m1 28 while 
shifting in Os. 
VEX.256.66.0F38.W0O 47 /r A VV AVX2 Shift doublewords in ymm2 left by amount specified in 
VPSLLVD ymm1, ymm2, ymm3/m256 the corresponding element of ymm3/m256 while 
shifting in Os. 
VEX.256.66.0F38.W1 47 /r A VV AVX2 Shift quadwords in ymm2 left by amount specified in 
VPSLLVQ ymm1, ymm2, ymm3/m256 the corresponding element of ymm3/m256 while 
shifting in Os. 
EVEX.128.66.0F38.W1 12 /r B VIV AVX512VL_ | Shift words in xmm2 left by amount specified in the 
VPSLLVW xmm1 {k1}{z}, xmm_2, AVX512BW | corresponding element of xmm3/m128 while shifting 
xmm3/m128 in Os using writemask k1. 
EVEX.256.66.0F38.W1 12 /r B VIV AVX512VL_ | Shift words in ymm2 left by amount specified in the 
VPSLLVW ymm1 {k1}{z}, ymm2, AVX512BW | corresponding element of ymm3/m256 while shifting 
ymm3/m256 in Os using writemask k1. 
EVEX.512.66.0F38.W1 12 /r B VIV AVX512BW | Shift words in zmm2 left by amount specified in the 
VPSLLVW zmm1 {k1}{z}, zmm2, corresponding element of zmm3/m512 while shifting 
zmm3/m512 in Os using writemask k1. 
EVEX.128.66.0F38.W0 47 /r C VIV AVX512VL_ | Shift doublewords in xmmz left by amount specified in 
VPSLLVD xmm1 {k1}{z}, xmm2, AVX512F the corresponding element of xmm3/m128/m32bcst 
xmm3/m1 28/m32bcst while shifting in Os using writemask k1. 
EVEX.256.66.0F38.W0 47 /r C VIV AVX512VL_ | Shift doublewords in ymm2 left by amount specified in 
VPSLLVD ymm1 {k1}{z}, ymm2, AVX512F the corresponding element of ymm3/m256/m32bcst 
ymm3/m256/m32bcst while shifting in Os using writemask k1. 
EVEX.512.66.0F38.W0 47 /r C VIV AVX512F Shift doublewords in zmm_2 left by amount specified in 
VPSLLVD zmm1 {k1}{z}, zmm2, the corresponding element of zmm3/m512/m32bcst 
zmm3/m512/m32bcst while shifting in Os using writemask k1. 
EVEX.128.66.0F38.W1 47 /r C VIV AVX512VL_ | Shift quadwords in xmm2 left by amount specified in 
VPSLLVQ xmm1 {k1}{z}, xmm2, AVX512F the corresponding element of xmm3/m128/m64bcst 
xmm3/m1 28/m64bcst while shifting in Os using writemask k1. 
EVEX.256.66.0F38.W1 47 /r C VIV AVX512VL_ | Shift quadwords in ymm2 left by amount specified in 
VPSLLVQ ymm1 {k1}{z}, ymm2, AVX512F the corresponding element of ymm3/m256/m64bcst 
ymm3/m256/m64bcst while shifting in Os using writemask k1. 
EVEX.512.66.0F38.W1 47 /r C VIV AVX512F Shift quadwords in zmm2 left by amount specified in 
VPSLLVQ zmm1 {k1}{z}, zmm2, the corresponding element of zmm3/m512/m64bcst 
zmm3/m512/m64bcst while shifting in Os using writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
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INSTRUCTION SET REFERENCE, V-Z 


Description 


Shifts the bits in the individual data elements (words, doublewords or quadword) in the first source operand to the 
left by the count value of respective data elements in the second source operand. As the bits in the data elements 
are shifted left, the empty low-order bits are cleared (set to 0). 


The count values are specified individually in each data element of the second source operand. If the unsigned 
integer value specified in the respective data element of the second source operand is greater than 15 (for word), 
31 (for doublewords), or 63 (for a quadword), then the destination data element are written with 0. 

VEX.128 encoded version: The destination and first source operands are XMM registers. The count operand can be 
either an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination register 
are zeroed. 

VEX.256 encoded version: The destination and first source operands are YMM registers. The count operand can be 
either an YMM register or a 256-bit memory. Bits (MAXVL-1:256) of the corresponding ZMM register are zeroed. 
EVEX encoded VPSLLVD/Q: The destination and first source operands are ZMM/YMM/XMM registers. The count 
operand can be either a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512-bit vector broad- 
casted from a 32/64-bit memory location. The destination is conditionally updated with writemask k1. 

EVEX encoded VPSLLVW: The destination and first source operands are ZMM/YMM/XMM registers. The count 
operand can be either a ZMM/YMM/XMM register, a 512/256/128-bit memory location. The destination is condition- 
ally updated with writemask k1. 


Operation 


VPSLLVW (EVEX encoded version) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 


FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+15:i] = ZeroExtend(SRC1[i+15:i] << SRC2[i+15:i]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0; 


VPSLLVW/VPSLLVD/VPSLLVQ—Variable Bit Shift Left Logical Vol.2C 5-491 


INSTRUCTION SET REFERENCE, V-Z 


VPSLLVD (VEX.128 version) 
COUNT_O := SRC2[31 : 0] 
(* Repeat Each COUNT_i for the 2nd through 4th dwords of SRC2*) 
COUNT_3 := SRC2[127 : 96]; 
IF COUNT_O < 32 THEN 
DEST[31:0] := ZeroExtend(SRC1[31:0] << COUNT_O); 
ELSE 
DEST[31:0] := 0; 
(* Repeat shift operation for 2nd through 4th dwords *) 
IF COUNT_3 < 32 THEN 
DEST[1 27:96] := ZeroExtend(SRC1[127:96] << COUNT_3); 
ELSE 
DEST[127:96] := 0; 
DEST[MAXVL-1:128] := 0; 


VPSLLVD (VEX.256 version) 
COUNT_O := SRC2[31 : OJ; 
(* Repeat Each COUNT_i for the 2nd through 7th dwords of SRC2*) 
COUNT_7 := SRC2[255 : 224]; 
IF COUNT_O < 32 THEN 
DEST[31:0] := ZeroExtend(SRC1[31:0] << COUNT_O); 
ELSE 
DEST[31:0] := 0; 
(* Repeat shift operation for 2nd through 7th dwords *) 
IF COUNT_7 < 32 THEN 
DEST[255:224] := ZeroExtend(SRC1[255:224] << COUNT_7); 
ELSE 
DEST[255:224] := 0; 
DEST[MAXVL-1:256] := 0; 


VPSLLVD (EVEX encoded version) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN DEST[i+31:i] = ZeroExtend(SRC1[i+31:i] << SRC2[31:0]) 
ELSE DEST[i+31:i] := ZeroExtend(SRC1[i+31:i] << SRC2[i+31:i]) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0; 


5-492 Vol. 2C 


VPSLLVW/VPSLLVD/VPSLLVQ—Variable Bit Shift Left Logical 


VPSLLVQ (VEX.128 version) 

COUNT_O := SRC2[63 : 0]; 

COUNT_1 := SRC2[127 : 64]; 

IF COUNT_O < 64THEN 

DEST[63:0] := ZeroExtend(SRC1[63:0] << COUNT_O); 
ELSE 

DEST[63:0] := 0; 

IF COUNT_1 < 64 THEN 

DEST[1 27:64] := ZeroExtend(SRC1[127:64] << COUNT_1); 
ELSE 

DEST[127:96] := 0; 

DEST[MAXVL-1:1 28] := 0; 


VPSLLVQ (VEX.256 version) 
COUNT_O := SRC2[63 : 0]; 
(* Repeat Each COUNT_i for the 2nd through 4th dwords of SRC2*) 
COUNT_3 := SRC2[255 : 192]; 
IF COUNT_O < G4THEN 
DEST[63:0] := ZeroExtend(SRC1[63:0] << COUNT_O); 
ELSE 
DEST[63:0] := 0; 
(* Repeat shift operation for 2nd through 4th dwords *) 
IF COUNT_3 < 64 THEN 
DEST[255:192] := ZeroExtend(SRC1[255:192] << COUNT_3); 
ELSE 
DEST[255:192] := 0; 
DEST[MAXVL-1:256] := 0; 


VPSLLVQ (EVEX encoded version) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN DEST[i+63:i] := ZeroExtend(SRC1[i+63:i] << SRC2[63:0]) 
ELSE DEST[i+63:i] := ZeroExtend(SRC1[i+63:i] << SRC2[i+63:i]) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0; 
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Intel C/C++ Compiler Intrinsic Equivalent 


VPSLLVW 
VPSLLVW 
VPSLLVW 
VPSLLVW 
VPSLLVW 
VPSLLVW 
VPSLLVW 
VPSLLVD 
VPSLLVD 
VPSLLVD 
VPSLLVD 
VPSLLVD 
VPSLLVD 
VPSLLVD 
VPSLLVQ 
VPSLLVQ 
VPSLLVQ 
VPSLLVD 
VPSLLVD 
VPSLLVD 
VPSLLVD 
VPSLLVD 
VPSLLVQ 


m512i_mm512_sllv_epi16(__m512i a,__m512i cnt); 
m512i_mm512_mask_sllv_epi16(__m512is,__ mmask32 k,__m512i a,__m512i cnt); 
m512i_mm512_maskz_sllv_epi16(__mmask32 k, __m512ia,__m512i cnt); 
m256i_mm256_mask_sllv_epi16(__m256i s,__ mmask16 k,___ m256i a,__ m256i cnt); 
m256i__mm256_maskz_sllv_epi16(__mmask16 k, __ m256i a,__ m256i cnt); 
m128i_mm_mask_sllv_epi16(__m128is,__ mmask8 k,___m128i a,__m128i cnt); 
m128i_mm_maskz_sllv_epi16(__mmask8 k,___m128i a,__m128i cnt); 
m512i_mm512_sllv_epi32(__m512i a,__m512i cnt); 


m512i 


m512i 


mm512_mask_sllv_epi32(__m512is,__ mmask16 k,___m512ia,__m512i cnt); 
mm512_maskz_sllv_epi32(__mmask16 k,__m512i a,__m512i cnt); 


m256i 


mm256_mask_sllv_epi32(__m256is,__ mmask8 k,___ m256i a,___ m256i cnt); 


m256i 


mm256_maskz_sllv_epi32(__mmask8 k,__ m256i a,__ m256i cnt); 


m128i 


mm_mask_sllv_epi32(__m128is,__ mmask8 k,___m128i a,__m128i cnt); 


m128i 


mm_maskz_sllv_epi32(__mmask8 k,__m128i a, __m128i cnt); 


m512i 


mm512_sllv_epi64(__m512i a,__m512i cnt); 


m512i 


mm512_mask_sllv_epi64(__m512is,__ mmask8 k,___m512i a,__m512i cnt); 
mm512_maskz_sllv_epi64(__mmask8 k,__m512i a, __m512i cnt); 


mmask8 k,___m256i a, __m256i cnt); 


mm256_maskz_sllv_epi64(__ mmask8 k,__ m256i a,__ m256i cnt); 


mm_mask_sllv_epi64(__m128is,__ mmask8 k,___m128i a,__m128i cnt); 


m128i a,__m128i cnt); 


m512i 
m256i__mm256_mask_sllv_epi64(__m256i s, 
m256i 

m128i 

m128i __mm_maskz_sllv_epi64(__mmask8 k, 
m256i_mm256_sllv_epi32 (__m256i m, 


m256i count) 


m256i 


m256i count) 


mm256_sllv_epi64 (__m256i m, 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
VEX-encoded instructions, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded VPSLLVD/VPSLLVQ, see Table 2-49, “Type E4 Class Exception Conditions”. 

EVEX-encoded VPSLLVW, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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VPSLLVW/VPSLLVD/VPSLLVQ—Variable Bit Shift Left Logical 


INSTRUCTION SET REFERENCE, V-Z 


VPSRAVW/VPSRAVD/VPSRAVQ—Variable Bit Shift Right Arithmetic 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
VEX.128.66.0F38.W0 46 /r A VIV AVX2 Shift doublewords in xmm_2 right by amount specified 
VPSRAVD xmm1, xmm2, xmm3/m128 in the corresponding element of xmm3/m128 while 
shifting in sign bits. 
VEX.256.66.0F38.W0 46 /r A VIV AVX2 Shift doublewords in ymm2 right by amount specified 
VPSRAVD ymm1, ymm2, ymm3/m256 in the corresponding element of ymm3/m256 while 
shifting in sign bits. 
EVEX.128.66.0F38.W1 11 /r B VIV AVX512VL_ | Shift words in xmm2 right by amount specified in the 
VPSRAVW xmm1 {k1}{z}, xmm2, AVX512BW | corresponding element of xmm3/m1 28 while shifting 
xmm3/m128 in sign bits using writemask k1. 
EVEX.256.66.0F38.W1 11 /r B VIV AVX512VL_ | Shift words in ymm2 right by amount specified in the 
VPSRAVW ymm1 {k1}{z}, ymm2, AVX512BW | corresponding element of ymm3/m256 while shifting 
ymm3/m256 in sign bits using writemask k1. 
EVEX.512.66.0F38.W1 11 /r B VIV AVX512BW | Shift words in zmm_2 right by amount specified in the 
VPSRAVW zmm1 {k1}{z}, zmm2, corresponding element of zmm3/m512 while shifting 
zmm3/m512 in sign bits using writemask k1. 
EVEX.128.66.0F38.W0O 46 /r C VIV AVX512VL_ | Shift doublewords in xmm2 right by amount specified 
VPSRAVD xmm1 {k1}{z}, xmm2, AVX512F in the corresponding element of 
xmm3/m128/m32bcst xmm3/m128/m32bcst while shifting in sign bits 
using writemask k1. 
EVEX.256.66.0F38.W0 46 /r C VIV AVX512VL_ | Shift doublewords in ymm2 right by amount specified 
VPSRAVD ymm1 {k1}{z}, ymm2, AVX512F in the corresponding element of 
ymm3/m256/m32bcst ymm3/m256/m32bcst while shifting in sign bits 
using writemask k1. 
EVEX.512.66.0F38.W0 46 /r C VIV AVX512F Shift doublewords in zmm2 right by amount specified 
VPSRAVD zmm1 {k1}{z}, zmm2, in the corresponding element of 
zmm3/m512/m32bcst zmm3/m512/m32bcst while shifting in sign bits using 
writemask k1. 
EVEX.128.66.0F38.W1 46 /r C VIV AVX512VL_ | Shift quadwords in xmm2 right by amount specified 
VPSRAVQ xmm1 {k1}{z}, xmm2, AVX512F in the corresponding element of 
xmm3/m128/m64bcst xmm3/m128/m64bcst while shifting in sign bits 
using writemask k1. 
EVEX.256.66.0F38.W1 46 /r C VIV AVX512VL_ | Shift quadwords in ymm2 right by amount specified 
VPSRAVQ ymm1 {k1}{z}, ymm2, AVX512F in the corresponding element of 
ymm3/m256/m64bcst ymm3/m256/m64bcst while shifting in sign bits 
using writemask k1. 
EVEX.512.66.0F38.W1 46 /r C VIV AVX512F Shift quadwords in zmm_2 right by amount specified in 
VPSRAVQ zmm1 {k1}{z}, zmm2, the corresponding element of zmm3/m512/m64bcst 
zmm3/m512/m64bcst while shifting in sign bits using writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
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INSTRUCTION SET REFERENCE, V-Z 


Description 


Shifts the bits in the individual data elements (word/doublewords/quadword) in the first source operand (the 
second operand) to the right by the number of bits specified in the count value of respective data elements in the 
second source operand (the third operand). As the bits in the data elements are shifted right, the empty high-order 
bits are set to the MSB (sign extension). 


The count values are specified individually in each data element of the second source operand. If the unsigned 
integer value specified in the respective data element of the second source operand is greater than 15 (for words), 
31 (for doublewords), or 63 (for a quadword), then the destination data element is filled with the corresponding 
sign bit of the source element. 


VEX.128 encoded version: The destination and first source operands are XMM registers. The count operand can be 
either an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination register 
are zeroed. 

VEX.256 encoded version: The destination and first source operands are YMM registers. The count operand can be 
either an YMM register or a 256-bit memory. Bits (MAXVL-1:256) of the corresponding destination register are 
zeroed. 

EVEX.512/256/128 encoded VPSRAVD/W: The destination and first source operands are ZMM/YMM/XMM registers. 
The count operand can be either a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128- 
bit vector broadcasted from a 32/64-bit memory location. The destination is conditionally updated with writemask 
k1. 

EVEX.512/256/128 encoded VPSRAVQ: The destination and first source operands are ZMM/YMM/XMM registers. 
The count operand can be either a ZMM/YMM/XMM register, a 512/256/128-bit memory location. The destination is 
conditionally updated with writemask k1. 


Operation 


VPSRAVW (EVEX encoded version) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 


FOR j := 0 TO KL-1 


i:=j*16 
IF k1[j] OR *no writemask* 
THEN 
COUNT := SRC2[i+3:i] 
IF COUNT < 16 
THEN = DEST[i+15:i] := SignExtend(SRC1[i+15:i] >> COUNT) 
ELSE 
FORK :=0T015 
DEST[i+k] := SRC1[i+15] 
ENDFOR; 
Fl 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{i+1 5:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0; 
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VPSRAVD (VEX.128 version) 
COUNT_O := SRC2[31 : 0] 

(* Repeat Each COUNT_i for the 2nd through 4th dwords of SRC2*) 
COUNT_3 := SRC2[127 : 96]; 
DEST[31:0] := SignExtend(SRC1[31:0] >> COUNT_0); 

(* Repeat shift operation for 2nd through 4th dwords *) 
DEST[1 27:96] := SignExtend(SRC1[127:96] >> COUNT_3); 
DEST[MAXVL-1:1 28] := 0; 


VPSRAVD (VEX.256 version) 
COUNT_O := SRC2[31 : 0]; 

(* Repeat Each COUNT_i for the 2nd through 8th dwords of SRC2*) 
COUNT_7 := SRC2[255 : 224]; 
DEST[31:0] := SignExtend(SRC1[31:0] >> COUNT_O); 

(* Repeat shift operation for 2nd through 7th dwords *) 
DEST[255:224] := SignExtend(SRC1[255:224] >> COUNT_7); 
DEST[MAXVL-1:256] := 0; 


VPSRAVD (EVEX encoded version) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 


THEN 
COUNT := SRC2[4:0] 
IF COUNT < 32 
THEN — DEST[i+31:i] := SignExtend(SRC1[i+31:i] >> COUNT) 
ELSE 
FOR k := 0 TO 31 
DEST[i+k] := SRC1[i+31] 
ENDFOR; 
Fl 
ELSE 
COUNT := SRC2[i+4:i] 
IF COUNT < 32 
THEN — DEST[i+31:i] := SignExtend(SRC1[i+31:i] >> COUNT) 
ELSE 
FOR k := 0 TO 31 
DEST[i+k] := SRC1[i+31] 
ENDFOR; 
Fl 
Fl; 
ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[31:0] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0; 
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Vol.2C 5-497 


INSTRUCTION SET REFERENCE, V-Z 


VPSRAVQ (EVEX encoded version) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN 
COUNT := SRC2[5:0] 
IF COUNT < 64 
THEN — DEST[i+63:i] := SignExtend(SRC1[i+63:i] >> COUNT) 
ELSE 
FOR k := 0 T0 63 
DEST[i+k] := SRC1[i+63] 
ENDFOR; 
Fl 
ELSE 
COUNT := SRC2[i+5:i] 
IF COUNT < 64 
THEN —DEST[i+63:i] := SignExtend(SRC1[i+63:i] >> COUNT) 
ELSE 
FOR k := 0 T0 63 
DEST[i+k] := SRC1[i+63] 
ENDFOR; 
Fl 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[63:0] := 0 
Fl 
Fl; 
ENDFOR; 
DEST[MAXVL-1:VL] := 0; 
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INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VPSRAVD __m512i 


mm512_srav_epi32(__m512i a, ___m512i cnt); 


VPSRAVD __m512i 


mm512_mask_srav_epi32(__m512i s,__ mmask16 m, 


VPSRAVD __m512i 


m512ia,__m512i cnt); 


mm512_maskz_srav_epi32(__mmask16 m,__m512i a, ___m512i cnt); 


VPSRAVD __m256i 


mm256_srav_epi32(__m256i a, __ m256i cnt); 


VPSRAVD __m256i 


mm256_mask_srav_epi32(__m256i s,__ mmask8 m,___ m256i a, __m256i cnt); 


VPSRAVD __m256i 


mm256_maskz_srav_epi32(__mmask8 m,__m256i a, __ m256i cnt); 


VPSRAVD __m128i 


VPSRAVD __m128i 


mm_srav_epi32(__m128i a, __m128i cnt); 


VPSRAVD __m128i 


VPSRAVQ __m512i 


VPSRAVQ __m512i 


VPSRAVQ __m512i 


VPSRAVQ __m256i 


VPSRAVQ __m256i 


mm_mask_srav_epi32(__m128is,__ mmask8 m, __m128i a, _m128i cnt); 
mm_maskz_srav_epi32(__mmask8 m,__m128i a, __m128i cnt); 
mm512_srav_epi64(__m512ia,__m512i cnt); 
mm512_mask_srav_epi64(__m512is,__ mmask8 m,___m512i a, __m512i cnt); 
mm512_maskz_srav_epi64(__ mmask8 m,___m512i a,_m512i cnt); 
mm256_srav_epi64(__m256i a, __ m256i cnt); 
mm256_mask_srav_epi64(__m256i s,__ mmask8 m, __m256i a, ___m256i cnt); 


VPSRAVQ __m256i 


mm256_maskz_srav_epi64(__mmask8 m,___m256i a, __m256i cnt); 


VPSRAVQ __m128i 


VPSRAVQ __m128i 


mm_srav_epi64(__m128i a, __m128i cnt); 
mm_mask_srav_epi64(__m128is,__ mmask8 m,__m128i a,__m128i cnt); 


VPSRAVQ __m128i 


VPSRAVW __m512i 


VPSRAVW __m512i 


mm_maskz_srav_epi64(__mmask8 m, __m128i a,__m128i cnt); 
mm512_srav_epi16(__m512ia,__m512i cnt); 
mm512_mask_srav_epi16(__m512is,__ mmask32 m,__m512i a, _m512i cnt); 


VPSRAVW __m512i 


mm512_maskz_srav_epi16(__mmask32 m,__m512i a, ___m512i cnt); 


VPSRAVW __m256i 


mm256_srav_epi16(__m256i a, ___ m256i cnt); 


VPSRAVW __m256i 


VPSRAVW __m256i 


mm256_mask_srav_epi16(__m256i s,___ mmask16 m,___m256i a, ___m256i cnt); 
mm256_maskz_srav_epi16(__mmask16 m,__m256i a, __m256i cnt); 


VPSRAVW __m128i 


mm_srav_epil16(__m128i a, __m128i cnt); 


VPSRAVW __m128i 


mm_mask_srav_epi16(__m128is,__ mmask8 m, __m128i a,__m128i cnt); 


VPSRAVW __m128i 


mm_maskz_srav_epi32(__mmask8 m,_m128i a, ___m128i cnt); 


VPSRAVD __m256i 


mm256_srav_epi32 (__m256i m, __m256i count) 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


Non-EVEX-encoded instruction, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instruction, see Table 2-49, “Type E4 Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, V-Z 


VPSRLVW/VPSRLVD/VPSRLVQ—Variable Bit Shift Right Logical 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
VEX.128.66.0F38.W0 45 /r A VIV AVX2 Shift doublewords in xmm2 right by amount specified 
VPSRLVD xmm1, xmm2, xmm3/m128 in the corresponding element of xmm3/m128 while 
shifting in Os. 
VEX.128.66.0F38.W1 45 /r A VIV AVX2 Shift quadwords in xmm_2 right by amount specified in 
VPSRLVQ xmm1, xmm2, xmm3/m128 the corresponding element of xmm3/m1 28 while 
shifting in Os. 
VEX.256.66.0F38.W0 45 /r A VIV AVX2 Shift doublewords in ymm2 right by amount specified 
VPSRLVD ymm1, ymm2, ymm3/m256 in the corresponding element of ymm3/m256 while 
shifting in Os. 
VEX.256.66.0F38.W1 45 /r A VIV AVX2 Shift quadwords in ymm_2 right by amount specified in 
VPSRLVQ ymm1, ymm2, ymm3/m256 the corresponding element of ynm3/m256 while 
shifting in Os. 
EVEX.128.66.0F38.W1 10 /r B VIV AVX512VL_ | Shift words in xmm2 right by amount specified in the 
VPSRLVW xmm1 {k1}{z}, xmme2, AVX512BW | corresponding element of xmm3/m128 while shifting 
xmm3/m128 in Os using writemask k1. 
EVEX.256.66.0F38.W1 10 /r B VIV AVX512VL_ | Shift words in ymm_2 right by amount specified in the 
VPSRLVW ymm1 {k1}{z}, ymm2, AVX512BW | corresponding element of ymm3/m256 while shifting 
ymm3/m256 in Os using writemask k1. 
EVEX.512.66.0F38.W1 10 /r B VIV AVX512BW | Shift words in zmm2 right by amount specified in the 
VPSRLVW zmm1 {k1}{z}, zmm2, corresponding element of zmm3/m512 while shifting 
zmm3/m512 in Os using writemask k1. 
EVEX.128.66.0F38.W0 45 /r C VIV AVX512VL_ | Shift doublewords in xmm_2 right by amount specified 
VPSRLVD xmm1 {k1}{z}, xmm2, AVX512F in the corresponding element of xmm3/m128/m32bcst 
xmm3/m1 28/m32bcst while shifting in Os using writemask k1. 
EVEX.256.66.0F38.W0 45 /r C VIV AVX512VL_ | Shift doublewords in ymm_2 right by amount specified 
VPSRLVD ymm1 {k1}{z}, ymm2, AVX512F in the corresponding element of ynm3/m256/m32bcst 
ymm3/m256/m32bcst while shifting in Os using writemask k1. 
EVEX.512.66.0F38.W0 45 /r C VIV AVX512F Shift doublewords in zmm2 right by amount specified 
VPSRLVD zmm1 {k1}{z}, zmm2, in the corresponding element of zmm3/m512/m32bcst 
zmm3/m512/m32bcst while shifting in Os using writemask k1. 
EVEX.128.66.0F38.W1 45 /r C VIV AVX512VL_ | Shift quadwords in xmm2 right by amount specified in 
VPSRLVQ xmm1 {k1}{z}, xmm2, AVX512F the corresponding element of xmm3/m128/m64bcst 
xmm3/m128/m64bcst while shifting in Os using writemask k1. 
EVEX.256.66.0F38.W1 45 /r C VIV AVX512VL_ | Shift quadwords in ymm2 right by amount specified in 
VPSRLVQ ymm1 {k1}{z}, ymm2, AVX512F the corresponding element of ynm3/m256/m64bcst 
ymm3/m256/m64bcst while shifting in Os using writemask k1. 
EVEX.512.66.0F38.W1 45 /r C VIV AVX512F Shift quadwords in zmm2 right by amount specified in 
VPSRLVQ zmm1 {k1}{z}, zmm2, the corresponding element of zmm3/m512/m64bcst 
zmm3/m512/m64bcst while shifting in Os using writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
B Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
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INSTRUCTION SET REFERENCE, V-Z 


Description 


Shifts the bits in the individual data elements (words, doublewords or quadword) in the first source operand to the 
right by the count value of respective data elements in the second source operand. As the bits in the data elements 
are shifted right, the empty high-order bits are cleared (set to 0). 

The count values are specified individually in each data element of the second source operand. If the unsigned 
integer value specified in the respective data element of the second source operand is greater than 15 (for word), 
31 (for doublewords), or 63 (for a quadword), then the destination data element are written with 0. 

VEX.128 encoded version: The destination and first source operands are XMM registers. The count operand can be 
either an XMM register or a 128-bit memory location. Bits (MAXVL-1:128) of the corresponding destination register 
are zeroed. 

VEX.256 encoded version: The destination and first source operands are YMM registers. The count operand can be 
either an YMM register or a 256-bit memory. Bits (MAXVL-1:256) of the corresponding ZMM register are zeroed. 
EVEX encoded VPSRLVD/Q: The destination and first source operands are ZMM/YMM/XMM registers. The count 
operand can be either a ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512-bit vector broad- 
casted from a 32/64-bit memory location. The destination is conditionally updated with writemask k1. 

EVEX encoded VPSRLVW: The destination and first source operands are ZMM/YMM/XMM registers. The count 
operand can be either a ZMM/YMM/XMM register, a 512/256/128-bit memory location. The destination is condition- 
ally updated with writemask k1. 


Operation 


VPSRLVW (EVEX encoded version) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 


FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN DEST[i+15:i] = ZeroExtend(SRC1[i+15:i] >> SRC2[i+15:i]) 


ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{i+15:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+15:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0; 


VPSRLVD (VEX.128 version) 
COUNT_O := SRC2[31 : 0] 

(* Repeat Each COUNT_i for the 2nd through 4th dwords of SRC2*) 
COUNT_3 := SRC2[127 : 96]; 
IF COUNT_O < 32 THEN 

DEST[31:0] := ZeroExtend(SRC1[31:0] >> COUNT_O); 
ELSE 

DEST[31:0] := 0; 

(* Repeat shift operation for 2nd through 4th dwords *) 
IF COUNT_3 < 32 THEN 

DEST[1 27:96] := ZeroExtend(SRC1[127:96] >> COUNT_3); 
ELSE 

DEST[1 27:96] := 0; 
DEST[MAXVL-1:1 28] := 0; 
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VPSRLVD (VEX.256 version) 
COUNT_O := SRC2[31 : OJ; 
(* Repeat Each COUNT_i for the 2nd through 7th dwords of SRC2*) 
COUNT_7 := SRC2[255 : 224]; 
IF COUNT_O < 32 THEN 
DEST[31:0] := ZeroExtend(SRC1[31:0] >> COUNT_0); 
ELSE 
DEST[31:0] := 0; 
(* Repeat shift operation for 2nd through 7th dwords *) 
IF COUNT_7 < 32 THEN 
DEST[255:224] := ZeroExtend(SRC1[255:224] >> COUNT_7); 
ELSE 
DEST[255:224] := 0; 
DEST[MAXVL-1:256] := 0; 


VPSRLVD (EVEX encoded version) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN DEST[i+31:i] = ZeroExtend(SRC1[i+31:i] >> SRC2[31:0]) 
ELSE DEST[i+31:i] := ZeroExtend(SRC1[i+31:i] >> SRC2[i+31:i]) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0; 


VPSRLVQ (VEX.128 version) 
COUNT_O := SRC2[63 : 0]; 
COUNT_1 := SRC2[127 : 64]; 
IF COUNT_O < 64 THEN 
DEST[63:0] := ZeroExtend(SRC1[63:0] >> COUNT_O); 
ELSE 
DEST[63:0] := 0; 
IF COUNT_1 < 64 THEN 
DEST[127:64] := ZeroExtend(SRC1[127:64] >> COUNT_1); 
ELSE 
DEST[127:64] := 0; 
DEST[MAXVL-1:128] := 0; 
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VPSRLVQ (VEX.256 version) 
COUNT_O := SRC2[63 : 0]; 
(* Repeat Each COUNT_i for the 2nd through 4th dwords of SRC2*) 
COUNT_3 := SRC2[255 : 192]; 
IF COUNT_O < 64 THEN 
DEST[63:0] := ZeroExtend(SRC1[63:0] >> COUNT_O); 
ELSE 
DEST[63:0] := 0; 
(* Repeat shift operation for 2nd through 4th dwords *) 
IF COUNT_3 < 64 THEN 
DEST[255:1 92] := ZeroExtend(SRC1[255:192] >> COUNT_3); 
ELSE 
DEST[255:192] := 0; 
DEST[MAXVL-1:256] := 0; 


VPSRLVQ (EVEX encoded version) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN DEST[i+63:i] := ZeroExtend(SRC1[i+63:i] >> SRC2[63:0]) 
ELSE DEST[i+63:i] := ZeroExtend(SRC1[i+63:i] >> SRC2[i+63:i]) 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 

DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0; 
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INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VPSRLVW 
VPSRLVW 
VPSRLVW 
VPSRLVW 
VPSRLVW 
VPSRLVW 
VPSRLVW 
VPSRLVW 
VPSRLVD 
VPSRLVD 
VPSRLVD 
VPSRLVD 
VPSRLVD 
VPSRLVD 
VPSRLVD 
VPSRLVQ 
VPSRLVQ 
VPSRLVQ 
VPSRLVQ 
VPSRLVQ 
VPSRLVQ 
VPSRLVQ 
VPSRLVQ 
VPSRLVD 
VPSRLVQ 


m512i 


mm512_srlv_epi16(__m512i a, __m512i cnt); 


m512i 


mm512_mask_srlv_epi16(__m512is,___ mmask32 k,__m512i a,__m512i cnt); 


m512i 


mm512_maskz_srlv_epi16(__mmask32 k,___m512i a,__m512i cnt); 


m256i 


mm256_mask_srlv_epi16(__m256i s,__ mmask16 k,__ m256i a, __m256i cnt); 


m256i 


mm256_maskz_srlv_epi16(__mmask16 k,__ m256i a, __m256i cnt); 


m128i 


mm_mask_srlv_epi16(__m128i s,___ mmask8 k,__m128i a, ___m128i cnt); 


m1 28i 


mm_maskz_srlv_epi16(__mmask8 k,___m128i a,__m128i cnt); 


m256i 


mm256_srlv_epi32 (__m256i m, __m256i count) 


m512i 


mm512_srlv_epi32(__m512i a, __m512i cnt); 


m512i_mm512_mask_srlv_epi32(__m512is,__ mmask16 k,__m512ia,__m512i cnt); 
m512i_mm512_maskz_srlv_epi32(__mmask16 k,__m512ia,__m512i cnt); 
m256i__mm256_mask_srlv_epi32(__m256is,__ mmask8 k,__ m256i a, __ m256i cnt); 
m256i__mm256_maskz_srlv_epi32(__mmask8 k,___ m256i a, __ m256i cnt); 

m128i __mm_mask_srlv_epi32(__m128i s,__ mmask8 k,___m128i a, ___m128i cnt); 
m128i__mm_maskz_srlv_epi32(__mmask8 k,__m128i a, __m128i cnt); 
m512i_mm512_srlv_epi64(__m512ia,___m512i cnt); 
m512i_mm512_mask_srlv_epi64(__m512is,__ mmask8 k,__m512ia,___m512i cnt); 
m512i_mm512_maskz_srlv_epi64(__ mmask8 k,__ m512ia,___m512i cnt); 

m256i __mm256_mask_srlv_epi64(__m256is,__ mmask8 k,___ m256i a, __ m256i cnt); 
m256i __mm256_maskz_srlv_epi64(__ mmask8 k,___ m256i a, __ m256i cnt); 

m128i __mm_mask_srlv_epi64(__m128i s,__ mmask8 k,__m128i a, ___m128i cnt); 
m128i __mm_maskz_srlv_epi64(___mmask8 k,__m128i a, ___m128i cnt); 

m256i __mm256_srlv_epi64 (__m256i m, __m256i count) 
m128i_mm_srlv_epi32(__m128i a,__m128i cnt); 
m128i_mm_srlv_epi64(__m128i a,___m128i cnt); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
VEX-encoded instructions, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded VPSRLVD/Q, see Table 2-49, “Type E4 Class Exception Conditions”. 


EVEX-encoded VPSRLVW, see Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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VPSRLVW/VPSRLVD/VPSRLVQ—Variable Bit Shift Right Logical 


INSTRUCTION SET REFERENCE, V-Z 


VPTERNLOGD/VPTERNLOGQ—Bitwise Ternary Logic 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F3A.WO 25 /r ib A VIV AVX512VL | Bitwise ternary logic taking xmm1, xmme2 and 
VPTERNLOGD xmm1 {k1}{z}, xmm2, AVX512F xmm3/m128/m32bcst as source operands and writing 
xmm3/m128/m32bcst, imm8 the result to xmm1 under writemask k1 with dword 


granularity. The immediate value determines the specific 
binary function being implemented. 


EVEX.256.66.0F3A.WO 25 /r ib A VIV AVX512VL | Bitwise ternary logic taking ymm1, ymm2 and 
VPTERNLOGD ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m32bcst as source operands and writing 
ymm3/m256/m32bcst, imm8 the result to ymm1 under writemask k1 with dword 


granularity. The immediate value determines the specific 
binary function being implemented. 


EVEX.512.66.0F3A.WO 25 /r ib A VIV AVX512F Bitwise ternary logic taking zmm1, zmm2 and 
VPTERNLOGD zmm1 {k1}{z}, zmm2, zmm3/m512/m32bcst as source operands and writing 
zmm3/m512/m32bcst, imm8 the result to zmm1 under writemask k1 with dword 


granularity. The immediate value determines the specific 
binary function being implemented. 


EVEX.128.66.0F3A.W1 25 /r ib A VIV AVX512VL | Bitwise ternary logic taking xmm1, xmme2 and 
VPTERNLOGQ xmm1 {k1}{z}, xmm_2, AVX512F xmm3/m128/m64bcst as source operands and writing 
xmm3/m128/m64bcst, imm8 the result to xmm1 under writemask k1 with qword 


granularity. The immediate value determines the specific 
binary function being implemented. 


EVEX.256.66.0F3A.W1 25 /r ib A VV AVX512VL | Bitwise ternary logic taking ymm1, ymm2 and 
VPTERNLOGQ ymm1 {k1}{z}, ymm2, AVX512F ymm3/m256/m64bcst as source operands and writing 
ymm3/m256/m64bcst, imm8 the result to ymm1 under writemask k1 with qword 


granularity. The immediate value determines the specific 
binary function being implemented. 


EVEX.512.66.0F3A.W1 25 /r ib A VIV AVX512F Bitwise ternary logic taking zmm1, zmm2 and 
VPTERNLOGQ zmm1 {k1}{z}, zmm2, zmm3/m512/m64bcst as source operands and writing 
zmm3/m512/m64bcst, imm8 the result to zmm1 under writemask k1 with qword 


granularity. The immediate value determines the specific 
binary function being implemented. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
Description 


VPTERNLOGD/Q takes three bit vectors of 512-bit length (in the first, second and third operand) as input data to 
form a set of 512 indices, each index is comprised of one bit from each input vector. The imm8 byte specifies a 
boolean logic table producing a binary value for each 3-bit index value. The final 512-bit boolean result is written 
to the destination operand (the first operand) using the writemask k1 with the granularity of doubleword element 
or quadword element into the destination. 


The destination operand is a ZMM (EVEX.512)/YMM (EVEX.256)/XMM (EVEX.128) register. The first source 
operand is a ZMM/YMM/XMM register. The second source operand can be a ZMM/YMM/XMM register, a 
512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 32/64-bit memory location The 
destination operand is a ZMM register conditionally updated with writemask k1. 
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Table 5-18 shows two examples of Boolean functions specified by immediate values OxE2 and OxE4, with the look 
up result listed in the fourth column following the three columns containing all possible values of the 3-bit index. 


Table 5-18. Examples of VPTERNLOGD/Q Imm8 Boolean Function and Input Index Values 


VPTERNLOGD reg1, reg2, src3, OxE2 Bit Result with | VPTERNLOGD reg1, reg2, src3, OxE4 Bit Result with 
Bit(reg1) Bit(req2) Bit(src3) ImmB=OxE2 | Bitiregl) Bit(reg2) —_| Bit(src3) Immne=OxEt 

0 0 0 0 0 0 0 0 

0 0 1 1 0 0 1 0 

0 1 0 0 0 1 0 1 

0 1 1 0 0 1 1 0 

1 0 0 0 1 0 0 0 

1 0 1 1 1 0 1 1 

1 1 0 1 1 1 0 1 

1 1 1 1 1 1 1 1 


Specifying different values in imm8 will allow any arbitrary three-input Boolean functions to be implemented in 
software using VPTERNLOGD/Q. Table 5-10 and Table 5-11 provide a mapping of all 256 possible imm8 values to 
various Boolean expressions. 


Operation 

VPTERNLOGD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 


i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
FOR k := 0 TO 31 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN DEST{j][k] := imm[(DEST[i+k] << 2) + (SRC1[i+k ] << 1) + SRC2[k J] 
ELSE DESTI[j][k] := imm[(DEST[i+k] << 2) + (SRC1[ i+k ] << 1) + SRC2[ i+k J] 
Fl; 
; table lookup of immediate bellow; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31 +i:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[31 +i:i] := O 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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VPTERNLOGQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 


i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
FOR k := 0 TO 63 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN DEST{j][k] := imm[(DEST[i+k] << 2) + (SRC1[i+k ] << 1) + SRC2[ k J] 
ELSE DEST{j][k] := imm[(DEST[i+k] << 2) + (SRC1[i+k ] << 1) + SRC2[ i+k J] 
Fl; ; table lookup of immediate bellow; 
ELSE 
IF *merging-masking* ; Merging-masking 
THEN *DEST[63+i:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[63+i:i] := 0 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 


VPTERNLOGD __m512i_mm512_ternarylogic_epi32(__m512i a,__m512ib, int imm); 
VPTERNLOGD __m512i_mm512_mask_ternarylogic_epi32(__m512is,__ mmask16 m,__m512i a,_m512ib, int imm); 


VPTERNLOGD __m512i_mm512_maskz_ternarylogic_epi32(__mmask m,_m512i a,__m512i, int imm); 
VPTERNLOGD __m256i_mm256_ternarylogic_epi32(__m256i a,___m256i b, int imm); 
VPTERNLOGD __m256i_mm256_mask_ternarylogic_epi32(__m256i s,__ mmask8 m, __m256i a, __m256i b, int imm); 


VPTERNLOGD __m256i_mm256_maskz_ternarylogic_epi32(__mmask8 m, __m256i a,__m256i b, int imm); 
VPTERNLOGD __m128i_mm_ternarylogic_epi32(__m128i a,__m128ib, int imm); 

VPTERNLOGD __m128i __mm_mask_ternarylogic_epi32(__m128i s,__ mmask8 m, __m128i a,__m128ib, int imm); 
VPTERNLOGD __m128i __mm_maskz_ternarylogic_epi32(__ mmask8 m, __m128i a,__m128i b, int imm); 
VPTERNLOGQ __m512i_mm512_ternarylogic_epi64(__m512i a,__m512ib, int imm); 

VPTERNLOGQ __m512i_mm512_mask_ternarylogic_epi64(__m512is,__ mmask8 m,___m512i a,__m512ib, int imm); 
VPTERNLOGQ __m512i_mm512_maskz_ternarylogic_epi64(__ mmask8 m, ___m512i a,__m512ib, int imm); 
VPTERNLOGQ __m256i_mm256_ternarylogic_epi64(__m256i a, ___ m256i b, int imm); 

VPTERNLOGQ __m256i__mm256_mask_ternarylogic_epi64(__m256is,__ mmask8 m, __m256i a,__m256i b, int imm); 
VPTERNLOGQ __m256i__mm256_maskz_ternarylogic_epi64(__ mmask8 m, __m256i a, __m256i b, int imm); 
VPTERNLOGQ __m128i_mm_ternarylogic_epi64(__m128i a, __m128i b, int imm); 

VPTERNLOGQ __m128i __mm_mask_ternarylogic_epi64(__m128is,__ mmask8 m, ___m128i a,__m128i b, int imm); 
VPTERNLOGQ __m128i__mm_maskz_ternarylogic_epi64(__ mmask8 m, __m128i a,__m128i }, int imm); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-49, “Type E4 Class Exception Conditions”. 
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VPTESTMB/VPTESTMW/VPTESTMD/VPTESTMQ—Logical AND and Set Mask 


VPTESTMB k2 {k1}, xmm2, 
xmm3/m128 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F38.W0 26 /r A VIV AVX512VL Bitwise AND of packed byte integers in xmm2 and 


AVX512BW | xmm3/m128 and set mask k2 to reflect the zero/non-zero 
status of each element of the result, under writemask k1. 


EVEX.256.66.0F38.W0 26 /r 
VPTESTMB k2 {k1}, ymm2, 
ymm3/m256 


A VIV AVX512VL Bitwise AND of packed byte integers in ymm2 and 
AVX512BW | ymm3/m256 and set mask k2 to reflect the zero/non-zero 
status of each element of the result, under writemask k1. 


EVEX.512.66.0F38.W0O 26 /r 
VPTESTMB k2 {k1}, zmm2, 
zmm3/m512 


A VIV AVX512BW | Bitwise AND of packed byte integers in zmm2 and 
zmm3/m512 and set mask k2 to reflect the zero/non-zero 
status of each element of the result, under writemask k1. 


EVEX.128.66.0F38.W1 26 /r 
VPTESTMW k2 {k1}, xmm_z, 
xmm3/m128 


A VIV AVX512VL Bitwise AND of packed word integers in xmm2 and 
AVX512BW | xmm3/m128 and set mask k2 to reflect the zero/non-zero 
status of each element of the result, under writemask k1. 


EVEX.256.66.0F38.W1 26 /r 
VPTESTMW k2 {k1}, ymm_2, 
ymm3/m256 
EVEX.512.66.0F38.W1 26 /r 
VPTESTMW k2 {k1}, zmm2, 
zmm3/m512 


A VIV AVX512VL Bitwise AND of packed word integers in ymm2 and 
AVX512BW | ymm3/m256 and set mask k2 to reflect the zero/non-zero 
status of each element of the result, under writemask k1. 
A VV AVX512BW | Bitwise AND of packed word integers in zmm2 and 
zmm3/m512 and set mask k2 to reflect the zero/non-zero 
status of each element of the result, under writemask k1. 


EVEX.128.66.0F38.W0 27 /r B VIV AVX512VL Bitwise AND of packed doubleword integers in xmm2 and 

VPTESTMD k2 {k1}, xmm2, AVX512F xmm3/m128/m32bcst and set mask k2 to reflect the 

xmm3/m128/m32bcst zero/non-zero status of each element of the result, under 
writemask k1. 

EVEX.256.66.0F38.W0 27 /r B VIV AVX512VL Bitwise AND of packed doubleword integers in ymm2 and 

VPTESTMD k2 {k1}, ymm2, AVX512F ymm3/m256/m32bcst and set mask k2 to reflect the 

ymm3/m256/m32bcst zero/non-zero status of each element of the result, under 
writemask k1. 

EVEX.512.66.0F38.W0 27 /r B VIV AVX512F Bitwise AND of packed doubleword integers in zmm2 and 

VPTESTMD k2 {k1}, zmm2, zmm3/m512/m32bcst and set mask k2 to reflect the 

zmm3/m512/m32bcst zero/non-zero status of each element of the result, under 


writemask k1. 


EVEX.128.66.0F38.W1 27 /r 
VPTESTMQ k2 {k1}, xmm2, 
xmm3/m128/m64bcst 


B VIV AVX512VL Bitwise AND of packed quadword integers in xmm_2 and 
AVX512F xmm3/m128/m64bcst and set mask k2 to reflect the 
zero/non-zero status of each element of the result, under 
writemask k1. 


EVEX.256.66.0F38.W1 27 /r 
VPTESTMQ k2 {k1}, ymm2, 
ymm3/m256/m64bcst 


B VIV AVX512VL Bitwise AND of packed quadword integers in ymm2 and 
AVX512F ymm3/m256/m64bcst and set mask k2 to reflect the 
zero/non-zero status of each element of the result, under 
writemask k1. 


EVEX.512.66.0F38.W1 27 /r 
VPTESTMQ k2 {k1}, zmm2, 
zmm3/m512/m64bcst 


B VIV AVX512F Bitwise AND of packed quadword integers in zmm2 and 
zmm3/m512/m64bcst and set mask k2 to reflect the 
zero/non-zero status of each element of the result, under 
writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
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Description 


Performs a bitwise logical AND operation on the first source operand (the second operand) and second source 


operand (the third operand) and stores the result in the destination operand (the first operand) under the 
writemask. Each bit of the result is set to 1 if the bitwise AND of the corresponding elements of the first and second 


src operands is non-zero; otherwise it is set to 0. 


INSTRUCTION SET REFERENCE, V-Z 


VPTESTMD/VPTESTMQ: The first source operand is a ZMM/YMM/XMM register. The second source operand can be a 
ZMM/YMM/XMM register, a 512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 


32/64-bit memory location. The destination operand is a mask register updated under the writemask. 


VPTESTMB/VPTESTMW: The first source operand is a ZMM/YMM/XMM register. The second source operand can be a 
ZMM/YMM/XMM register or a 512/256/128-bit memory location. The destination operand is a mask register 


updated under the writemask. 


Operation 


VPTESTMB (EVEX encoded versions) 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
IF k1[j] OR *no writemask* 
THEN — DEST{j] := (SRC1[i+7:i] BITWISE AND SRC2[i+7:i] != 0)? 1 : 0; 
ELSE DEST{j] = 0 ; zeroing-masking only 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


VPTESTMW (EVEX encoded versions) 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF k1[j] OR *no writemask* 
THEN — DEST{[j] = (SRC1[i+15:i] BITWISE AND SRC2[i+15:i] != 0)? 1 : 0; 
ELSE DEST{[j] = 0 ; zeroing-masking only 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


VPTESTMD (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 


THEN DEST{j] := (SRC1[i+31:i] BITWISE AND SRC2[31:0] != 0)? 1 : 0; 
ELSE DEST{j] = (SRC1[i+31:i] BITWISE AND SRC2[i+31:i] != 0)? 1 : 0; 


Fl; 
ELSE DEST{j] := 0 ; zeroing-masking only 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 
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VPTESTMQ (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN DEST{j] := (SRC1[i+63:i] BITWISE AND SRC2[63:0] != 0)? 1 : 0; 
ELSE DEST{j] := (SRC1[i+63:i] BITWISE AND SRC2[i+63:i] != 0)? 1 : 0; 
Fl; 
ELSE DEST{j] := 0 ; zeroing-masking only 
Fl; 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


Intel C/C++ Compiler Intrinsic Equivalents 


VPTESTMB __mmask64_mm512_test_epi8_mask(__m512i a,__m512i b); 
VPTESTMB __mmask64 __mm512_mask_test_epi8_mask(__mmask64, 
VPTESTMW __mmask32 __mm512_test_epi16_mask(__m512ia,__m512i b); 
VPTESTMW __mmask32 _mm512_mask_test_epi16_mask(__mmask32, 
VPTESTMD __mmask16 __mm512_test_epi32_mask(__m512i a,__m512ib); 

VPTESTMD __mmask16 __mm512_mask_test_epi32_mask(__mmask16,___m512i a, 
VPTESTMQ __mmask8 _mm512_test_epi64_mask(__m512i a, __m512i b); 

VPTESTMQ __mmask8 _mm512_mask_test_epi64_mask(__mmask8, __m512i a, 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
VPTESTMD/Q: See Table 2-49, “Type E4 Class Exception Conditions”. 


m512ia,__m512ib); 


m512ia,__m512ib); 


m512i b); 


VPTESTMB/W: See Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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VPTESTNMB/W/D/Q—Logical NAND and Set 


INSTRUCTION SET REFERENCE, V-Z 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode 
Support 
EVEX.128.F3.0F38.W0 26 /r A VIV AVX512VL Bitwise NAND of packed byte integers in xmm2 and 
VPTESTNMB k2 {k1!, xmm2, AVX512BW | xmm3/m128 and set mask k2 to reflect the zero/non-zero 
xmm3/m128 status of each element of the result, under writemask k1. 
EVEX.256.F3.0F38.W0 26 /r A VIV AVX512VL Bitwise NAND of packed byte integers in ymm2 and 
VPTESTNMB k2 {k1!, ymme2, AVX512BW | ymm3/m256 and set mask k2 to reflect the zero/non-zero 
ymm3/m256 status of each element of the result, under writemask k1. 
EVEX.512.F3.0F38.W0 26 /r A VIV AVX512F Bitwise NAND of packed byte integers in zmm2 and 
VPTESTNMB k2 {k1}!, zmm2, AVX512BW | zmm3/m512 and set mask k2 to reflect the zero/non-zero 
zmm3/m512 status of each element of the result, under writemask k1. 
EVEX.128.F3.0F38.W1 26 /r A VIV AVX512VL Bitwise NAND of packed word integers in xmm2 and 
VPTESTNMW k2 {k1}, xmme2, AVX512BW | xmm3/m128 and set mask k2 to reflect the zero/non-zero 
xmm3/m1 28 status of each element of the result, under writemask k1. 
EVEX.256.F3.0F38.W1 26 /r A VIV AVX512VL Bitwise NAND of packed word integers in ymm2 and 
VPTESTNMW k2 {k1}, ymm2, AVX512BW | ymm3/m256 and set mask k2 to reflect the zero/non-zero 
ymm3/m256 status of each element of the result, under writemask k1. 
EVEX.512.F3.0F38.W1 26 /r A VIV AVX512F Bitwise NAND of packed word integers in zmm2 and 
VPTESTNMW k2 {k1}, zmm2, AVX512BW | zmm3/m512 and set mask k2 to reflect the zero/non-zero 
zmm3/m512 status of each element of the result, under writemask k1. 
EVEX.128.F3.0F38.W0 27 /r B VIV AVX512VL Bitwise NAND of packed doubleword integers in xmm2 and 
VPTESTNMD k2 {k1}, xmm2, AVX512F xmm3/m128/m32bcst and set mask k2 to reflect the 
xmm3/m128/m32bcst zero/non-zero status of each element of the result, under 
writemask k1. 
EVEX.256.F3.0F38.W0 27 /r B VIV AVX512VL Bitwise NAND of packed doubleword integers in ymm2 and 
VPTESTNMD k2 {k1}, ymm2, AVX512F ymm3/m256/m32bcst and set mask k2 to reflect the 
ymm3/m256/m32bcst zero/non-zero status of each element of the result, under 
writemask k1. 
EVEX.512.F3.0F38.W0 27 /r B VIV AVX512F Bitwise NAND of packed doubleword integers in zmm2 and 
VPTESTNMD k2 {k1}, zmm2, zmm3/m512/m32bcst and set mask k2 to reflect the 
zmm3/m512/m32bcst zero/non-zero status of each element of the result, under 
writemask k1. 
EVEX.128.F3.0F38.W1 27 /r B VIV AVX512VL Bitwise NAND of packed quadword integers in xmm2 and 
VPTESTNMQ k2 {k1}, xmm2, AVX512F xmm3/m128/m64bcst and set mask k2 to reflect the 
xmm3/m128/m64bcst zero/non-zero status of each element of the result, under 
writemask k1. 
EVEX.256.F3.0F38.W1 27 /r B VIV AVX512VL Bitwise NAND of packed quadword integers in ymm2 and 
VPTESTNMQ k2 {k1}, ymm2, AVX512F ymm3/m256/m64bcst and set mask k2 to reflect the 
ymm3/m256/m64bcst zero/non-zero status of each element of the result, under 
writemask k1. 
EVEX.512.F3.0F38.W1 27 /r B VIV AVX512F Bitwise NAND of packed quadword integers in zmm2 and 


VPTESTNMQ k2 {k1}, zmm2, 
zmm3/m512/m64bcst 


zmm3/m512/m64bcst and set mask k2 to reflect the 
zero/non-zero status of each element of the result, under 
writemask k1. 
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Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full Mem ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
B Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a bitwise logical NAND operation on the byte/word/doubleword/quadword element of the first source 
operand (the second operand) with the corresponding element of the second source operand (the third operand) 
and stores the logical comparison result into each bit of the destination operand (the first operand) according to the 
writemask k1. Each bit of the result is set to 1 if the bitwise AND of the corresponding elements of the first and 


second src operands is zero; otherwise it is set to 0. 


EVEX encoded VPTESTNMD/Q: The first source operand is a ZMM/YMM/XMM registers. The second source operand 
can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location, or a 512/256/128-bit vector broadcasted 


from a 32/64-bit memory location. The destination is updated according to the writemask. 


EVEX encoded VPTESTNMB/W: The first source operand is a ZMM/YMM/XMM registers. The second source operand 
can be a ZMM/YMM/XMM register, a 512/256/128-bit memory location. The destination is updated according to the 


writemask. 


Operation 


VPTESTNMB 
(KL, VL) = (16, 128), (32, 256), (64, 512) 
FOR j := 0 TO KL-1 
i:=j*8 
IF MaskBit(j) OR *no writemask* 
THEN 


DEST[j] = (SRC1[i+7:i] BITWISE AND SRC2[i+7:i] == 0)? 1:0 


ELSE DEST{j] := 0; zeroing masking only 
Fl 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


VPTESTNMW 
(KL, VL) = (8, 128), (16, 256), (32, 512) 
FOR j := 0 TO KL-1 
i:=j*16 
IF MaskBit(j) OR *no writemask* 
THEN 


DEST[j] := (SRC1[i+15:i] BITWISE AND SRC2[i+15:i] == 0)? 1:0 


ELSE DEST{j] := 0; zeroing masking only 
Fl 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 
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VPTESTNMD 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:= j*32 
IF MaskBit(j) OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 


THEN DEST[i+31:i] := (SRC1[i+31:i] BITWISE AND SRC2[31:0] == 0)? 1:0 
ELSE DEST{j] := (SRC1[i+31:i] BITWISE AND SRC2[i+31:i] == 0)? 1:0 


Fl 
ELSE DEST{[j] := 0; zeroing masking only 
Fl 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


VPTESTNMQ 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i= j*64 
IF MaskBit(j) OR *no writemask* 
THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 


THEN DEST{j] := (SRC1[i+63:i] BITWISE AND SRC2[63:0] == 0)? 1 : 0; 
ELSE DEST{j] := (SRC1[i+63:i] BITWISE AND SRC2[i+63:i] == 0)? 1 : 0; 


Fl; 
ELSE DEST{[j] := 0; zeroing masking only 
Fl 
ENDFOR 
DEST[MAX_KL-1:KL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VPTESTNMB __mmask64 _mm512_testn_epi8_mask(__m512i a,__m512ib); 
VPTESTNMB __mmask64 _mm512_mask_testn_epi8_mask(__mmask64, __m512ia, 
VPTESTNMB __mmask32 _mm256_testn_epi8_mask(__m256i a, __ m256i b); 
VPTESTNMB __mmask32 _mm256_mask_testn_epi8_mask(__mmask32, _ m256i a, 
VPTESTNMB __mmask16 _mm_testn_epi8_mask(__m128i a, __m128i b); 


VPTESTNMB __mmask16 _mm_mask_testn_epi8_mask(__mmask16, 


VPTESTNMW __mmask32 _mm512_testn_epil16_mask(__m512ia,__m512i b); 
VPTESTNMW __mmask32 _mm512_mask_testn_epi16_mask(__mmask32,__m512ia, 
VPTESTNMW __mmask16 _mm256_testn_epi16_mask(__m256i a, __m256i b); 
VPTESTNMW __mmask16 _mm256_mask_testn_epi16_mask(__mmask16,___m256i a, 
VPTESTNMW __mmask8 _mm_testn_epi16_mask(__m128i a, ___m128i b); 


VPTESTNMW __mmask8 _mm_mask_testn_epi16_mask(__mmask8, 


VPTESTNMD __mmask16 _mm512_testn_epi32_mask(__m512i a,__m512ib); 
VPTESTNMD __mmask16 _mm512_mask_testn_epi32_mask(__mmask16, 
VPTESTNMD __mmask8 _mm256_testn_epi32_mask(__m256i a, __ m256i b); 
VPTESTNMD __mmask8 _mm256_mask_testn_epi32_mask(__mmask8, __m256i a, 
VPTESTNMD __mmask8 _mm_testn_epi32_mask(__m128i a, ___m128i b); 


VPTESTNMD __mmask8 _mm_mask_testn_epi32_mask(__mmask8, 


VPTESTNMQ __mmask8 _mm512_testn_epi64_mask(__m512i a, ___m512i b); 
VPTESTNMQ __mmask8 _mm512_mask_testn_epi64_mask(__mmask8, __m512i a, 
VPTESTNMQ __mmask8 _mm256_testn_epi64_mask(__m256i a, __m256i b); 
VPTESTNMQ __mmask8 _mm256_mask_testn_epi64_mask(__mmask8, __m256i a, 
VPTESTNMQ __mmask8 _mm_testn_epi64_mask(__m128i a, __m128i b); 
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m512ia,__m512ib); 
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VPTESTNMQ __mmask8 _mm_mask_testn_epi64_mask(__mmask8, __m128i a, __m128i b); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
VPTESTNMD/VPTESTNMQ: See Table 2-49, “Type E4 Class Exception Conditions”. 
VPTESTNMB/VPTESTNMW: See Exceptions Type E4.nb in Table 2-49, “Type E4 Class Exception Conditions”. 
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VRANGEPD—Range Restriction Calculation For Packed Pairs of Float64 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.128.66.0F3A.W1 50 /r ib A VV AVX512VL_ | Calculate two RANGE operation output value from 2 pairs 
VRANGEPD xmm1 {k1}{z}, xmm2, AVX512DQ_ | of double-precision floating-point values in xmm2 and 
xmm3/m128/m64bcst, imm8 xmm3/m128/m32bcst, store the results to xmm1 under 
the writemask k1.Imm8 specifies the comparison and sign 
of the range operation. 
EVEX.256.66.0F3A.W1 50 /r ib A VV AVX512VL_ | Calculate four RANGE operation output value from 4pairs 
VRANGEPD ymm1 {k1}{z}, ymm2, AVX512DQ_ | of double-precision floating-point values in ymm2 and 
ymm3/m256/m64bcst, imm8 ymm3/m256/m32bcst, store the results to ymm1 under 
the writemask k1.Imm8 specifies the comparison and sign 
of the range operation. 
EVEX.512.66.0F3A.W1 50 /r ib A VV AVX512DQ_ | Calculate eight RANGE operation output value from 8 
VRANGEPD zmm1 {k1}{z}, zmm2, pairs of double-precision floating-point values in zmm2 
zmm3/m512/m64bcst{sae}, imm8 and zmm3/m512/m32bcst, store the results to zmm1 
under the writemask k1. Imm8 specifies the comparison 
and sign of the range operation. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
Description 


This instruction calculates 2/4/8 range operation outputs from two sets of packed input double-precision FP values 
in the first source operand (the second operand) and the second source operand (the third operand). The range 
outputs are written to the destination operand (the first operand) under the writemask k1. 


Bits7:4 of imm8 byte must be zero. The range operation output is performed in two parts, each configured by a 
two-bit control field within imm8[3:0]: 


° Imm8[1:0] specifies the initial comparison operation to be one of max, min, max absolute value or min 
absolute value of the input value pair. Each comparison of two input values produces an intermediate result 
that combines with the sign selection control (Imm8[3:2]) to determine the final range operation output. 


¢ Imm8[3:2] specifies the sign of the range operation output to be one of the following: from the first input 
value, from the comparison result, set or clear. 


The encodings of Imm8[1:0] and Imm8[3:2] are shown in Figure 5-27. 


imm8 


6 5 4 


Must Be Zero 


2 1 0 


Sign Control (SC) 


Compare Operation Select 


Immg[3:2] = 00b : Select sign(SRC1) 


Imm8[3:2] = 01b : Select sign(Compare_Result) 


Imm8[3:2] = 10b : Set sign to 0 
Imm8[3:2] = 11b: Set sign to 1 


Imm8[1:0] = 00b : Select Min value 
Imm8[1:0] = 01b : Select Max value 
Imm8[1:0] = 10b : Select Min-Abs value 
Imm8[1:0] = 11b : Select Max-Abs value 


Figure 5-27. Imm8 Controls for VRANGEPD/SD/PS/SS 
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When one or more of the input value is a NAN, the comparison operation may signal invalid exception (IE). Details 
with one of more input value is NAN is listed in Table 5-19. If the comparison raises an IE, the sign select control 
(Imm8[3:2] has no effect to the range operation output, this is indicated also in Table 5-19. 


When both input values are zeros of opposite signs, the comparison operation of MIN/MAX in the range compare 
operation is slightly different from the conceptually similar FP MIN/MAX operation that are found in the instructions 
VMAXPD/VMINPD. The details of MIN/MAX/MIN_ABS/MAX_ABS operation for VRANGEPD/PS/SD/SS for magni- 
tude-0, opposite-signed input cases are listed in Table 5-20. 


Additionally, non-zero, equal-magnitude with opposite-sign input values perform MIN_ABS or MAX_ABS compar- 


ison operation with result listed in Table 5-21. 


Table 5-19. Signaling of Comparison Operation of One or More NaN Input Values and Effect of Imm8[3:2] 


Src Sre2 Result IE Signaling Due to Comparison Imm8[3:2] Effect to Range Output 

sNaN1 sNaN2 Quiet(sNaN1) Yes Ignored 

sNaN1 qNaN2 Quiet(sNaN1) Yes Ignored 

sNaN1 Norm2 Quiet(sNaN1) Yes Ignored 

qNaN1 sNaN2 Quiet(sNaN2) Yes Ignored 

qNaN1 qNaN2 qNaN1 No Applicable 

qNaN1 Norm2 Norm2 No Applicable 

Norm1 sNaN2 Quiet(sNaN2) Yes Ignored 

Norm1 qNaN2 Norm1 No Applicable 

Table 5-20. Comparison Result for Opposite-Signed Zero Cases for MIN, MIN_ABS and MAX, MAX_ABS 

MIN and MIN_ABS MAX and MAX_ABS 

Src Sre2 Result Src Src2 Result 

+0 -0 -0 +0 -0 +0 

-0 +0 -0 -0 +0 +0 


Table 5-21. Comparison Result of Equal-Magnitude Input Cases for MIN_ABS and MAX_ABS, (|a] = |b], a>0, b<O) 


MIN_ABS ([a| = |b], a>0, b<O) MAX_ABS (|a] = [b], a>0, b<0O) 
Src Src2 Result Src Srce2 Result 
a b b a b a 
b a b b a a 
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Operation 
RangeDP(SRC1[63:0], SRC2[63:0], CmpOpCtl[1:0], SignSelCtI[1 :0]) 
{ 

// Check if SNAN and report IE, see also Table 5-19 

IF (SRC1 = SNAN) THEN RETURN (QNAN(SRC1), set IE); 

IF (SRC2 = SNAN) THEN RETURN (QNAN(SRC2), set IE); 


Src1.exp := SRC1[62:52]; 

Src1.fraction := SRC1[51:0); 

IF ((Src1.exp = O ) and (Src1.fraction != 0)) THEN// Src1 is a denormal number 
IF DAZ THEN Src1.fraction := 0; 
ELSE IF (SRC2 <> QNAN) Set DE; FI; 

Fl; 


Sre2.exp := SRC2[62:52]; 

Src2.fraction := SRC2[51:0); 

IF ((Src2.exp = O) and (Src2.fraction !=0 )) THEN// Src2 is a denormal number 
IF DAZ THEN Src2.fraction := 0; 
ELSE IF (SRC1 <> QNAN) Set DE; FI; 

Fl; 


IF (SRC2 = QNAN) THEN{TMP[63:0] := SRC1[63:0]} 
ELSE IF(SRC1 = QNAN) THEN{TMP[63:0] := SRC2[63:0]} 
ELSE IF (Both SRC1, SRC2 are magnitude-0 and opposite-signed) TMP[63:0] := from Table 5-20 
ELSE IF (Both SRC1, SRC2 are magnitude-equal and opposite-signed and CmpOpCtl[1:0] > 01) TMP[63:0] := from Table 5-21 
ELSE 

Case(CmpOpCtl[1:0]) 

00: TMP[63:0] := (SRC1[63:0] < SRC2[63:0]) ? SRC1[63:0] : SRC2[63:0]; 

01: TMP[63:0] := (SRC1[63:0] < SRC2[63:0]) ? SRC2[63:0] : SRC1[63:0]; 

10: TMP[63:0] := (ABS(SRC1[63:0]) < ABS(SRC2[63:0])) ? SRC1[63:0] : SRC2[63:0]; 

11: TMP[63:0] := (ABS(SRC1[63:0]) < ABS(SRC2[63:0])) ? SRC2[63:0] : SRC1[63:0]; 

ESAC; 
Fl; 


Case(SignSelCtl[1:0]) 
00: dest := (SRC1[63] << 63) OR (TMP[62:0));// Preserve Src1 sign bit 
01: dest := TMP[63:0];// Preserve sign of compare result 
10: dest := (0 << 63) OR (TMP[62:0));// Zero out sign bit 
11: dest := (1 << 63) OR (TMP[62:0));// Set the sign bit 
ESAC; 
RETURN dest[63:0]; 
} 


CmpOpcCtl[1:0]= imm8[1:0]; 
SignSelCtl[1:0]=imm8[3:2]; 
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VRANGEPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b == 1) AND (SRC2 *is memory*) 
THEN DEST[i+63:i] = RangeDP (SRC1[i+63:i], SRC2[63:0], CmpOpCtl[1:0], SignSelCtI[1:0)); 
ELSE DEST[i+63:i] := RangeDP (SRC1[i+63:i], SRC2[i+63:i], CmpOpCtl[1 :0], SignSelCtl[1:0}); 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] = 0 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


The following example describes a common usage of this instruction for checking that the input operand is bound- 
ed between +1023. 


VRANGEPD zmm_dst, zmm_src, zmm_1023, 02h; 


Where: 
zmm_dst is the destination operand. 
zmm_src is the input operand to compare against £1023 (this is SRC1). 
zmm_1023 is the reference operand, contains the value of 1023 (and this is SRC2). 
IMM=02(imm8[1:0]='10) selects the Min Absolute value operation with selection of SRC1.sign. 


In case |zmm_src| < 1023 (i.e. SRC1 is smaller than 1023 in magnitude), then its value will be written into 
zmm_dst. Otherwise, the value stored in zmm_dst will get the value of 1023 (received on zmm_1i023, which is 
SRC2). 

However, the sign control (imm8[3:2]='00) instructs to select the sign of SRC1 received from zmm_src. So, even 
in the case of |Zmm_src| = 1023, the selected sign of SRC1 is kept. 

Thus, if zmm_src < -1023, the result of VRANGEPD will be the minimal value of -1023 while if zmm_src > +1023, 
the result of VRANGE will be the maximal value of +1023. 
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Intel C/C++ Compiler Intrinsic Equivalent 


VRANGEPD __m512d_mm512_range_pd(__m512da, 
VRANGEPD __m512d_mm512_range_round_pd (__m512d a, 


VRANGEPD __m256d_mm256_range_pd (__m256d a, 


VRANGEPD __m128d_mm_maskz_range_pd (__mmask8 k, 


SIMD Floating-Point Exceptions 


Invalid, Denormal 


Other Exceptions 
See Table 2-46, “Type E2 Class Exception Conditions”. 
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m512d b, int imm); 

m512d b, int imm, int sae); 

VRANGEPD __m512d_mm512_mask_range_pd (__m512 ds,___mmask8 k,___m512d a,__m512d b, int imm); 
VRANGEPD __m512d_mm512_mask_range_round_pd (__m512ds, 
VRANGEPD __m512d_mm512_maskz_range_pd (__mmask8 k,___m512d a,__m512d b, int imm); 
VRANGEPD __m512d_mm512_maskz_range_round_pd (__mmask8 k, 
m256d b, int imm); 
VRANGEPD __m256d _mm256_mask_range_pd (__m256ds,__ mmask8 k,__ m256d a, 
VRANGEPD __m256d_mm256_maskz_range_pd (__mmask8 k,__ m256d a, 
VRANGEPD __m128d_mm_range_pd (__m128 a,__m128d, int imm); 
VRANGEPD __m128d_mm_mask_range_pd (__m128 s,___mmask8 k,__m128d a, ___m128d b, int imm); 
m1 28d b, int imm); 


mmask8 k,__m512da, 


m512d b, int imm, int sae); 


m256d b, int imm); 
m256d b, int imm); 


m128d a, 
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m512d b, int imm, int sae); 
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VRANGEPS—Range Restriction Calculation For Packed Pairs of Float32 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.66.0F3A.WO 50 /r ib A VIV AVX512VL | Calculate four RANGE operation output value from 4 pairs 
VRANGEPS xmm1 {k1}{z}, xmm2, AVX512DQ_ | of single-precision floating-point values in xmm2 and 
xmm3/m128/m32bcst, imm8 xmm3/m128/m32bcst, store the results to xmm1 under 


the writemask k1.Imm8 specifies the comparison and sign 
of the range operation. 


EVEX.256.66.0F3A.WO 50 /r ib A VIV AVX512VL | Calculate eight RANGE operation output value from 8 pairs 
VRANGEPS ymm1 {k1}{z}, ymm2, AVX512DQ_ | of single-precision floating-point values in ymm2 and 
ymm3/m256/m32bcst, imm8 ymm3/m256/m32bcst, store the results to ymm1 under 


the writemask k1.Imm8 specifies the comparison and sign 
of the range operation. 


EVEX.512.66.0F3A.WO 50 /r ib A VIN AVX512DQ | Calculate 16 RANGE operation output value from 16 pairs 
VRANGEPS zmm1 {k1}{z}, zmm2, of single-precision floating-point values in zmm2 and 
zmm3/m512/m32bcst{sae}, imm8 zmm3/m512/m32bcst, store the results to zmm1 under 


the writemask k1.Imm8 specifies the comparison and sign 
of the range operation. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
Description 


This instruction calculates 4/8/16 range operation outputs from two sets of packed input single-precision FP values 
in the first source operand (the second operand) and the second source operand (the third operand). The range 
outputs are written to the destination operand (the first operand) under the writemask k1. 


Bits7:4 of imm8 byte must be zero. The range operation output is performed in two parts, each configured by a 
two-bit control field within imm8[3:0]: 
° Imm8[1:0] specifies the initial comparison operation to be one of max, min, max absolute value or min 


absolute value of the input value pair. Each comparison of two input values produces an intermediate result that 
combines with the sign selection control (Imm8[3:2]) to determine the final range operation output. 


° Imm8[3:2] specifies the sign of the range operation output to be one of the following: from the first input 
value, from the comparison result, set or clear. 

The encodings of Imm8[1:0] and Imm8[3:2] are shown in Figure 5-27. 

When one or more of the input value is a NAN, the comparison operation may signal invalid exception (IE). Details 


with one of more input value is NAN is listed in Table 5-19. If the comparison raises an IE, the sign select control 
(Imm8[3:2]) has no effect to the range operation output, this is indicated also in Table 5-19. 


When both input values are zeros of opposite signs, the comparison operation of MIN/MAX in the range compare 
operation is slightly different from the conceptually similar FP MIN/MAX operation that are found in the instructions 
VMAXPD/VMINPD. The details of MIN/MAX/MIN_ABS/MAX_ABS operation for VRANGEPD/PS/SD/SS for magni- 
tude-0, opposite-signed input cases are listed in Table 5-20. 


Additionally, non-zero, equal-magnitude with opposite-sign input values perform MIN_ABS or MAX_ABS compar- 
ison operation with result listed in Table 5-21. 
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Operation 
RangeSP(SRC1[31:0], SRC2[31:0], CmpOpCtl[1:0], SignSelCti[1:0]) 
{ 

// Check if SNAN and report IE, see also Table 5-19 

IF (SRC1=SNAN) THEN RETURN (QNAN(SRC1), set IE); 

IF (SRC2=SNAN) THEN RETURN (QNAN(SRC2), set IE); 


Src1.exp := SRC1[30:23]; 

Src1.fraction := SRC1[22:0); 

IF ((Src1.exp = O ) and (Src1.fraction != 0 )) THEN// Src1 is a denormal number 
IF DAZ THEN Src1.fraction := 0; 
ELSE IF (SRC2 <> QNAN) Set DE; FI; 

Fl; 

Src2.exp := SRC2[30:23); 

Srce2.fraction := SRC2[22:0]; 

IF ((Src2.exp = O ) and (Src2.fraction != 0 )) THEN// Src2 is a denormal number 
IF DAZ THEN Src2.fraction := 0; 
ELSE IF (SRC1 <> QNAN) Set DE; FI; 

Fl; 


IF (SRC2 = QNAN) THEN{TMP[31:0] := SRC1[31:0]} 
ELSE IF(SRC1 = QNAN) THEN{TMP[31:0] := SRC2[31:0]} 
ELSE IF (Both SRC1, SRC2 are magnitude-O and opposite-signed) TMP[31:0] := from Table 5-20 
ELSE IF (Both SRC1, SRC2 are magnitude-equal and opposite-signed and CmpOpCtl[1:0] > 01) TMP[31:0] := from Table 5-21 
ELSE 
Case(CmpOpCtl[1:0]) 
00: TMP[31:0] := (SRC1[31:0] < SRC2[31:0]) ? SRC1[31:0] : SRC2[31:0]; 
01: TMP[31:0] := (SRC1[31:0] < SRC2[31:0]) ? SRC2[31:0] : SRC1[31:0]; 
10: TMP[31:0] := (ABS(SRC1[31:0]) < ABS(SRC2[31:0])) ? SRC1[31:0] : SRC2[3 1:0]; 
11: TMP[31:0] := (ABS(SRC1[31:0]) < ABS(SRC2[31:0])) ? SRC2[31:0] : SRC1[31:0]; 
ESAC; 
Fl; 
Case(SignSelCtl[1:0]) 
OO: dest := (SRC1[31] << 31) OR (TMP[30:0));// Preserve Src1 sign bit 
01: dest := TMP[31:0];// Preserve sign of compare result 
10: dest := (0 << 31) OR (TMP[30:0));// Zero out sign bit 
11: dest := (1 << 31) OR (TMP[30:0));// Set the sign bit 
ESAC; 
RETURN dest[31:0]; 
} 


CmpOpcCtl[1:0]= imm8[1:0]; 
SignSelCtl[1:0]=imm8[3:2]; 
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VRANGEPS 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b == 1) AND (SRC2 *is memory*) 
THEN DEST[i+31:i] = RangeSP (SRC1[i+31:i], SRC2[31:0], CmpOpCtl[1:0], SignSelCtI[1:0]); 
ELSE DEST[i+31:i] := RangeSP (SRC1[i+31:i], SRC2[i+31:i], CmpOpCtl[1:0], SignSelCti[1:0}); 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] = 0 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


The following example describes a common usage of this instruction for checking that the input operand is bound- 
ed between +150. 


VRANGEPS zmm_dst, zmm_src, zmm_1i50, 02h; 


Where: 

zmm_dst is the destination operand. 

zmm_src is the input operand to compare against +150. 

zmm_1i50 is the reference operand, contains the value of 150. 

IMM=02(imm8[1:0]="10) selects the Min Absolute value operation with selection of srci.sign. 


In case |zmm_src| < 150, then its value will be written into zmm_dst. Otherwise, the value stored in zmm_dst 
will get the value of 150 (received on zmm_i50). 


However, the sign control (imm8[3:2]=’00) instructs to select the sign of SRC1 received from zmm_src. So, even 
in the case of |Zmm_src| = 150, the selected sign of SRC1 is kept. 


Thus, if zmm_src < -150, the result of VRANGEPS will be the minimal value of -150 while if zmm_src > +150, 
the result of VRANGE will be the maximal value of +150. 
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Intel C/C++ Compiler Intrinsic Equivalent 
VRANGEPS __m512_mm512_range_ps (__m512 a, 


VRANGEPS __m512_mm512_mask_range_ps (__m512s, 
VRANGEPS __m512_mm512_mask_range_round_ps (_m512s, 


VRANGEPS __m512_mm512_maskz_range_ps (__mmask16 k,__m512 a, 
VRANGEPS __m512_mm512_maskz_range_round_ps (__mmask16 k, 
m256 b, int imm); 
mmask8 k, 
VRANGEPS __m256 __mm256_maskz_range_ps (__mmask8 k,__m256 a, 
VRANGEPS __m128_mm_range_ps (__m128 a, ___m128, int imm); 

VRANGEPS __m128_mm_mask_range_ps (__m128s,__ mmask8 k,__m128 a, 
mi128 a, 


VRANGEPS __m256 _mm256_range_ps (__m256 a, 
VRANGEPS __m256 _mm256_mask_range_ps (__m256 s, 


VRANGEPS __m128_mm_maskz_range_ps (__mmask8 k, 


SIMD Floating-Point Exceptions 


Invalid, Denormal 


Other Exceptions 
See Table 2-46, “Type E2 Class Exception Conditions”. 
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m512 b, int imm); 

VRANGEPS __m512_mm512_range_round_ps (__m512 a,_m512 5, int imm, int sae); 

mmask16 k,__m512 a,__m512 b, int imm); 

m512 b, int imm, int sae); 
m512 b, int imm); 

m512 b, int imm, int sae); 


m256 b, int imm); 
m256 b, int imm); 


m128 b, int imm); 
m128 b, int imm); 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-523 


INSTRUCTION SET REFERENCE, V-Z 


VRANGESD—Range Restriction Calculation From a pair of Scalar Float64 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.LLIG.66.0F3A.W1 51 /r A VIN AVX512DQ_ | Calculate a RANGE operation output value from 2 double- 
VRANGESD xmm1 {k1}{Z}, precision floating-point values in xmm2 and xmm3/m64, 
xmm2, xmm3/m64{sae}, imm8 store the output to xmm1 under writemask. Imm8 specifies 
the comparison and sign of the range operation. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
Description 


This instruction calculates a range operation output from two input double-precision FP values in the low qword 
element of the first source operand (the second operand) and second source operand (the third operand). The 
range output is written to the low qword element of the destination operand (the first operand) under the 
writemask k1. 


Bits7:4 of imm8 byte must be zero. The range operation output is performed in two parts, each configured by a 
two-bit control field within imm8[3:0]: 


° Imm8[1:0] specifies the initial comparison operation to be one of max, min, max absolute value or min 
absolute value of the input value pair. Each comparison of two input values produces an intermediate result that 
combines with the sign selection control (Imm8[3:2]) to determine the final range operation output. 

° Imm8[3:2] specifies the sign of the range operation output to be one of the following: from the first input 
value, from the comparison result, set or clear. 


The encodings of Imm8[1:0] and Imm8[3:2] are shown in Figure 5-27. 
Bits 128:63 of the destination operand are copied from the respective element of the first source operand. 


When one or more of the input value is a NAN, the comparison operation may signal invalid exception (IE). Details 
with one of more input value is NAN is listed in Table 5-19. If the comparison raises an IE, the sign select control 
(Imm8[3:2] has no effect to the range operation output, this is indicated also in Table 5-19. 


When both input values are zeros of opposite signs, the comparison operation of MIN/MAX in the range compare 
operation is slightly different from the conceptually similar FP MIN/MAX operation that are found in the instructions 
VMAXPD/VMINPD. The details of MIN/MAX/MIN_ABS/MAX_ABS operation for VRANGEPD/PS/SD/SS for magni- 
tude-0, opposite-signed input cases are listed in Table 5-20. 

Additionally, non-zero, equal-magnitude with opposite-sign input values perform MIN_ABS or MAX_ABS compar- 
ison operation with result listed in Table 5-21. 
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Operation 
RangeDP(SRC1[63:0], SRC2[63:0], CmpOpCtl[1:0], SignSelCtI[1 :0]) 
{ 

// Check if SNAN and report IE, see also Table 5-19 

IF (SRC1 = SNAN) THEN RETURN (QNAN(SRC1), set IE); 

IF (SRC2 = SNAN) THEN RETURN (QNAN(SRC2), set IE); 


Src1.exp := SRC1[62:52]; 

Src1.fraction := SRC1[51:0); 

IF ((Src1.exp = O ) and (Src1.fraction != 0)) THEN// Src1 is a denormal number 
IF DAZ THEN Src1.fraction := 0; 
ELSE IF (SRC2 <> QNAN) Set DE; FI; 

Fl; 


Sre2.exp := SRC2[62:52]; 

Src2.fraction := SRC2[51:0); 

IF ((Src2.exp = O) and (Src2.fraction !=0 )) THEN// Src2 is a denormal number 
IF DAZ THEN Src2.fraction := 0; 
ELSE IF (SRC1 <> QNAN) Set DE; FI; 

Fl; 


IF (SRC2 = QNAN) THEN{TMP[63:0] := SRC1[63:0]} 
ELSE IF(SRC1 = QNAN) THEN{TMP[63:0] := SRC2[63:0]} 
ELSE IF (Both SRC1, SRC2 are magnitude-0 and opposite-signed) TMP[63:0] := from Table 5-20 
ELSE IF (Both SRC1, SRC2 are magnitude-equal and opposite-signed and CmpOpCtl[1:0] > 01) TMP[63:0] := from Table 5-21 
ELSE 

Case(CmpOpCtl[1:0]) 

00: TMP[63:0] := (SRC1[63:0] < SRC2[63:0]) ? SRC1[63:0] : SRC2[63:0]; 

01: TMP[63:0] := (SRC1[63:0] < SRC2[63:0]) ? SRC2[63:0] : SRC1[63:0]; 

10: TMP[63:0] := (ABS(SRC1[63:0]) < ABS(SRC2[63:0])) ? SRC1[63:0] : SRC2[63:0]; 

11: TMP[63:0] := (ABS(SRC1[63:0]) < ABS(SRC2[63:0])) ? SRC2[63:0] : SRC1[63:0]; 

ESAC; 
Fl; 


Case(SignSelCtl[1:0]) 
00: dest := (SRC1[63] << 63) OR (TMP[62:0));// Preserve Src1 sign bit 
01: dest := TMP[63:0];// Preserve sign of compare result 
10: dest := (0 << 63) OR (TMP[62:0));// Zero out sign bit 
11: dest := (1 << 63) OR (TMP[62:0));// Set the sign bit 
ESAC; 
RETURN dest[63:0]; 
} 


CmpOpcCtl[1:0]= imm8[1:0]; 
SignSelCtl[1:0]=imm8[3:2]; 
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VRANGESD 
IF k1[0] OR *no writemask* 
THEN DEST[63:0] := RangeDP (SRC1[63:0], SRC2[63:0], CmpOpCtl[1:0], SignSelCtl[1:0]); 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[63:0] = 0 
Fl; 
Fl; 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


The following example describes a common usage of this instruction for checking that the input operand is bound- 
ed between +1023. 


VRANGESD xmm_dst, xmm_src, xmm_1023, 02h; 


Where: 

xmm_dst is the destination operand. 

xmm_src is the input operand to compare against +1023. 

xmm_1023 is the reference operand, contains the value of 1023. 

IMM=02(imm8[1:0]=’10) selects the Min Absolute value operation with selection of srci.sign. 


In case |xmm_src| < 1023, then its value will be written into xmm_dst. Otherwise, the value stored in xmm_dst 
will get the value of 1023 (received on xmm_1i023). 

However, the sign control (imm8[3:2]=’00) instructs to select the sign of SRC1 received from xmm_src. So, even 
in the case of |xmm_src| = 1023, the selected sign of SRC1 is kept. 

Thus, if xmm_src < -1023, the result of VRANGEPD will be the minimal value of -1023while if xmm_src > +1023, 
the result of VRANGE will be the maximal value of +1023. 


Intel C/C++ Compiler Intrinsic Equivalent 


VRANGESD __m128d_mm_range_sd (__m128d a, ___m128d, int imm); 

VRANGESD __m128d_mm_range_round_sd (__m128d a, ___m128d }, int imm, int sae); 

VRANGESD __m128d _mm_mask_range_sd (__m128d s,___mmask8 k,___m128d a,__m128d b, int imm); 

VRANGESD __m128d _mm_mask_range_round_sd (__m128d s,___mmask8 k,___m128d a, __m128d b, int imm, int sae); 
VRANGESD __m128d __mm_maskz_range_sd (__mmask8 k,__m128d a, ___m128db, int imm); 

VRANGESD __m128d _mm_maskz_range_round_sd (__mmask8 k, __m128d a,__m128d b, int imm, int sae); 


SIMD Floating-Point Exceptions 


Invalid, Denormal 


Other Exceptions 
See Table 2-47, “Type E3 Class Exception Conditions”. 
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VRANGESS—Range Restriction Calculation From a Pair of Scalar Float32 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.LLIG.66.0F3A.WO 51 /r A VIV AVX512DQ_ | Calculate a RANGE operation output value from 2 single- 
VRANGESS xmm1 {k1}{z}, precision floating-point values in xmm2 and xmm3/m32, 
xmm2, xmm3/m32{sae}, imm8 store the output to xmm1 under writemask. Imm8 specifies 
the comparison and sign of the range operation. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction calculates a range operation output from two input single-precision FP values in the low dword 
element of the first source operand (the second operand) and second source operand (the third operand). The 
range output is written to the low dword element of the destination operand (the first operand) under the 
writemask k1. 

Bits7:4 of imm8 byte must be zero. The range operation output is performed in two parts, each configured by a 
two-bit control field within imm8[3:0]: 


¢ Imm8[1:0] specifies the initial comparison operation to be one of max, min, max absolute value or min 
absolute value of the input value pair. Each comparison of two input values produces an intermediate result 
that combines with the sign selection control (Imm8[3:2]) to determine the final range operation output. 


¢ Imm8[3:2] specifies the sign of the range operation output to be one of the following: from the first input 
value, from the comparison result, set or clear. 

The encodings of Imm8[1:0] and Imm8[3:2] are shown in Figure 5-27. 

Bits 128:31 of the destination operand are copied from the respective elements of the first source operand. 

When one or more of the input value is a NAN, the comparison operation may signal invalid exception (IE). Details 


with one of more input value is NAN is listed in Table 5-19. If the comparison raises an IE, the sign select control 
(Imm8[3:2]) has no effect to the range operation output, this is indicated also in Table 5-19. 


When both input values are zeros of opposite signs, the comparison operation of MIN/MAX in the range compare 
operation is slightly different from the conceptually similar FP MIN/MAX operation that are found in the instructions 
VMAXPD/VMINPD. The details of MIN/MAX/MIN_ABS/MAX_ABS operation for VRANGEPD/PS/SD/SS for magni- 
tude-0, opposite-signed input cases are listed in Table 5-20. 


Additionally, non-zero, equal-magnitude with opposite-sign input values perform MIN_ABS or MAX_ABS compar- 
ison operation with result listed in Table 5-21. 
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Operation 
RangeSP(SRC1[31:0], SRC2[31:0], CmpOpCtl[1:0], SignSelCtI[1:0]) 
{ 

// Check if SNAN and report IE, see also Table 5-19 

IF (SRC1=SNAN) THEN RETURN (QNAN(SRC1), set IE); 

IF (SRC2=SNAN) THEN RETURN (QNAN(SRC2), set IE); 


Src1.exp := SRC1[30:23]; 

Src1.fraction := SRC1[22:0); 

IF ((Src1.exp = 0 ) and (Src1.fraction != 0 )) THEN// Src1 is a denormal number 
IF DAZ THEN Src1.fraction := 0; 
ELSE IF (SRC2 <> QNAN) Set DE; FI; 

Fl; 

Src2.exp := SRC2[30:23]; 

Src2.fraction := SRC2[22:0]; 

IF ((Src2.exp = 0 ) and (Src2.fraction != 0 )) THEN// Src2 is a denormal number 
IF DAZ THEN Src2.fraction := 0; 
ELSE IF (SRC1 <> QNAN) Set DE; FI; 

Fl; 


IF (SRC2 = QNAN) THEN{TMP[31:0] := SRC1[31:0]} 
ELSE IF(SRC1 = QNAN) THEN{TMP[31:0] := SRC2[31:0]} 
ELSE IF (Both SRC1, SRC2 are magnitude-0 and opposite-signed) TMP[31:0] := from Table 5-20 
ELSE IF (Both SRC1, SRC2 are magnitude-equal and opposite-signed and CmpOpCtl[1:0] > 01) TMP[31:0] := from Table 5-21 
ELSE 
Case(CmpOpCtl[1:0]) 
00: TMP[31:0] := (SRC1[31:0] < SRC2[31:0]) ? SRC1[31:0] : SRC2[31:0]; 
01: TMP[31:0] := (SRC1[31:0] < SRC2[31:0]) ? SRC2[31:0] : SRC1[31:0]; 
10: TMP[31:0] := (ABS(SRC1[31:0]) < ABS(SRC2[31:0])) ? SRC1[31:0] : SRC2[3 1:0]; 
11: TMP[31:0] := (ABS(SRC1[31:0]) < ABS(SRC2[31:0])) ? SRC2[31:0] : SRC1[31:0]; 
ESAC; 
Fl; 
Case(SignSelCtl[1:0]) 
00: dest := (SRC1[31] << 31) OR (TMP[30:0]);// Preserve Src1 sign bit 
01: dest := TMP[31:0];// Preserve sign of compare result 
10: dest := (0 << 31) OR (TMP[30:0));// Zero out sign bit 
11: dest := (1 << 31) OR (TMP[30:0));// Set the sign bit 
ESACG; 
RETURN dest[31:0]; 
} 


CmpOpcCtl[1:0]= imm8[1:0]; 
SignSelCtl[1:0]=imm8[3:2]; 
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VRANGESS 
IF k1[0] OR *no writemask* 
THEN DEST[31:0] := RangeSP (SRC1[31:0], SRC2[31:0], CmpOpCtl[1:0], SignSelCti[1:0)); 
ELSE 
IF *merging-masking* ;Merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[31:0] = 0 
Fl; 
Fl; 
DEST[1 27:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


The following example describes a common usage of this instruction for checking that the input operand is 
bounded between +150. 


VRANGESS zmm_dst, zmm_src, zmm_150, 02h; 


Where: 

xmm_dst is the destination operand. 

xmm_src is the input operand to compare against +150. 

xmm_150 is the reference operand, contains the value of 150. 

IMM=02(imm8[1:0]="10) selects the Min Absolute value operation with selection of srci.sign. 


In case |xmm_src] < 150, then its value will be written into zmm_dst. Otherwise, the value stored in xmm_dst 
will get the value of 150 (received on zmm_1i50). 

However, the sign control (imm8[3:2]='00) instructs to select the sign of SRC1 received from xmm_src. So, even 
in the case of |xmm_src| = 150, the selected sign of SRC1 is kept. 

Thus, if xmm_src < -150, the result of VRANGESS will be the minimal value of -150 while if xmm_src > +150, 
the result of VRANGE will be the maximal value of +150. 


Intel C/C++ Compiler Intrinsic Equivalent 


VRANGESS __m128_mm_range_ss (__m128 a, ___m128 b, int imm); 

VRANGESS __m128_mm_range_round_ss (__m128 a,_m128, int imm, int sae); 

VRANGESS __m128_mm_mask_range_ss (__m128 s,___mmask8 k,__m128 a,__m128 b, int imm); 
VRANGESS __m128 _mm_mask_range_round_ss (__m128 s,___mmask8 k,__m128 a,__m128 b, int imm, int sae); 
VRANGESS __m128_mm_maskz_range_ss (__mmask8 k, __m128 a, ___m128 b, int imm); 

VRANGESS __m128_mm_maskz_range_round_ss (__mmask8 k,__m128 a,__m128 b, int imm, int sae); 


SIMD Floating-Point Exceptions 


Invalid, Denormal 


Other Exceptions 
See Table 2-47, “Type E3 Class Exception Conditions”. 
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VRCP14PD—Compute Approximate Reciprocals of Packed Float64 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.66.0F38.W1 4C /r A VN AVX512VL_ | Computes the approximate reciprocals of the packed double- 
VRCP14PD xmm1 {k1}{z}, AVX512F precision floating-point values in xmm2/m128/m64bcst and 
xmm2/m128/m64bcst stores the results in xmm1. Under writemask. 
EVEX.256.66.0F38.W1 4C /r A VN AVX512VL_ | Computes the approximate reciprocals of the packed double- 
VRCP14PD ymm1 {k1}{z}, AVX512F precision floating-point values in ymm2/m256/m64bcst and 
ymm2/m256/m64bcst stores the results in ymm1. Under writemask. 
EVEX.512.66.0F38.W1 4C /r A VIV AVX512F Computes the approximate reciprocals of the packed double- 
VRCP14PD zmm1 {k1}{z}, precision floating-point values in zmm2/m512/m64bcst and 
zmm2/m512/m64bcst stores the results in zmm1. Under writemask. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


This instruction performs a SIMD computation of the approximate reciprocals of eight/four/two packed double- 
precision floating-point values in the source operand (the second operand) and stores the packed double-precision 
floating-point results in the destination operand. The maximum relative error for this approximation is less than 27 
14 


The source operand can be a ZMM register, a 512-bit memory location, or a 512-bit vector broadcasted from a 64- 
bit memory location. The destination operand is a ZMM register conditionally updated according to the writemask. 


The VRCP14PD instruction is not affected by the rounding control bits in the MXCSR register. When a source value 
is a 0.0, an ~ with the sign of the source value is returned. A denormal source value will be treated as zero only in 
case of DAZ bit set in MXCSR. Otherwise it is treated correctly (i.e. not as a 0.0). Underflow results are flushed to 
zero only in case of FTZ bit set in MXCSR. Otherwise it will be treated correctly (i.e. correct underflow result is 
written) with the sign of the operand. When a source value is a SNaN or QNaN, the SNaN is converted to a QNaN or 
the source QNaN is returned. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 
MXCSR exception flags are not affected by this instruction and floating-point exceptions are not reported. 


Table 5-22. VRCP14PD/VRCP14SD Special Cases 


Input value Result value Comments 

0<x< 271024 INF Very small denormal 

-2°1024 <x <9 -INF Very small denormal 

X > 21022 Underflow Up to 18 bits of fractions are returned* 
X < -21022 -Underflow Up to 18 bits of fractions are returned* 
X=2n 2 

X=-27 -2" 


* in this case the mantissa is shifted right by one or two bits 


A numerically exact implementation of VRCP14xx can be found at https://software.intel.com/en-us/articles/refer- 
ence-implementations-for-IA-approximation-instructions-vrcp14-vrsgrt14-vrcp28-vrsqrt28-vexp2. 
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Operation 


VRCP14PD ((EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 


FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC *is memory*) 
THEN DEST[i+63:i] := APPROXIMATE(1.0/SRC[63:0]); 
ELSE DEST[i+63:i] := APPROXIMATE(1.0/SRC[i+63:i]); 


Fl; 
ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] :-= 0 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 

VRCP14PD __m512d_mm512_rcp14_pd(__m512d a); 
VRCP14PD __m512d_mm512_mask_rcp14_pd(__m512ds, 
VRCP14PD __m512d_mm512_maskz_rcp14_pd(__mmask8 k, 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-49, “Type E4 Class Exception Conditions”. 
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mmask8 k, 
m512d a); 
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VRCP14SD—Compute Approximate Reciprocal of Scalar Float64 Value 


Opcode/ Op | 64/32 CPUID Description 
Instruction /En | bitMode | Feature 
Support | Flag 
EVEX.LLIG.66.0F38.W1 4D /r A VIV AVX512F | Computes the approximate reciprocal of the scalar double- 
VRCP14SD xmm1 {k1}{z}, xmm2, precision floating-point value in xmm3/m64 and stores the 
xmm3/m64 result in xmm1 using writemask k1. Also, upper double- 
precision floating-point value (bits[127:64]) from xmm_2 is 
copied to xmm1[127:64]. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction performs a SIMD computation of the approximate reciprocal of the low double-precision floating- 
point value in the second source operand (the third operand) stores the result in the low quadword element of the 
destination operand (the first operand) according to the writemask k1. Bits (127:64) of the XMM register destina- 
tion are copied from corresponding bits in the first source operand (the second operand). The maximum relative 
error for this approximation is less than 2"!4. The source operand can be an XMM register or a 64-bit memory loca- 


tion. The destination operand is an XMM register. 


The VRCP14SD instruction is not affected by the rounding control bits in the MXCSR register. When a source value 
is a 0.0, an ~ with the sign of the source value is returned. A denormal source value will be treated as zero only in 
case of DAZ bit set in MXCSR. Otherwise it is treated correctly (i.e. not as a 0.0). Underflow results are flushed to 
zero only in case of FTZ bit set in MXCSR. Otherwise it will be treated correctly (i.e. correct underflow result is 
written) with the sign of the operand. When a source value is a SNaN or QNaN, the SNaN is converted to a QNaN or 
the source QNaN is returned. See Table 5-22 for special-case input values. 


MXCSR exception flags are not affected by this instruction and floating-point exceptions are not reported. 


A numerically exact implementation of VRCP14xx can be found at: 


https://software.intel.com/en-us/articles/reference-implementations-for-IA-approximation-instructions-vrcp14- 


vrsgrti4-vrcp28-vrsqrt28-vexp2. 


Operation 


VRCP14SD (EVEX version) 
IF k1[0] OR *no writemask* 


THEN DEST[63:0] := APPROXIMATE(1.0/SRC2[63:0)); 


ELSE 
IF *merging-masking* 


ELSE 
DEST[63:0] := 0 
Fl; 
Fl; 
DEST[1 27:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


5-532 Vol.2C 


; merging-masking 
THEN *DEST[63:0] remains unchanged* 
; zeroing-masking 
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Intel C/C++ Compiler Intrinsic Equivalent 

VRCP14SD __m128d_mm_rcp14_sd(__m128da,__m128d b); 

VRCP14SD __m128d_mm_mask_rcp14_sd(__m128ds,__ mmask8 k,__ m128d a, 
VRCP14SD __m128d _mm_maskz_rcp14_sd(__mmask8 k,___m128d a,_m128d b); 


m128d b); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-51, “Type E5 Class Exception Conditions”. 
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VRCP14PS—Compute Approximate Reciprocals of Packed Float32 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.128.66.0F38.W0 4C /r A VIV AVX512VL_ | Computes the approximate reciprocals of the packed single- 
VRCP14PS xmm1 {k1}{z}, AVX512F precision floating-point values in xmm2/m128/m32bcst and 
xmm2/m128/m32bcst stores the results in xmm1. Under writemask. 
EVEX.256.66.0F38.W0 4C /r A VV AVX512VL_ | Computes the approximate reciprocals of the packed single- 
VRCP14PS ymm1 {k1}{z}, AVX512F precision floating-point values in ymm2/m256/m32bcst and 
ymm2/m256/m32bcst stores the results in ymm1. Under writemask. 
EVEX.512.66.0F38.W0O 4C /r A VV AVX512F Computes the approximate reciprocals of the packed single- 
VRCP14PS zmm1 {k1}{Z}, precision floating-point values in zmm2/m512/m32bcst and 
zmm2/m512/m32bcst stores the results in zmm1. Under writemask. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


This instruction performs a SIMD computation of the approximate reciprocals of the packed single-precision 
floating-point values in the source operand (the second operand) and stores the packed single-precision floating- 
point results in the destination operand (the first operand). The maximum relative error for this approximation is 
less than 2714, 


The source operand can be a ZMM register, a 512-bit memory location or a 512-bit vector broadcasted from a 32- 
bit memory location. The destination operand is a ZMM register conditionally updated according to the writemask. 


The VRCP14PS instruction is not affected by the rounding control bits in the MXCSR register. When a source value 
is a 0.0, an -~ with the sign of the source value is returned. A denormal source value will be treated as zero only in 
case of DAZ bit set in MXCSR. Otherwise it is treated correctly (i.e. not as a 0.0). Underflow results are flushed to 
zero only in case of FTZ bit set in MXCSR. Otherwise it will be treated correctly (i.e. correct underflow result is 
written) with the sign of the operand. When a source value is a SNaN or QNaN, the SNaN is converted to a QNaN or 
the source QNaN is returned. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 
MXCSR exception flags are not affected by this instruction and floating-point exceptions are not reported. 


Table 5-23. VRCP14PS/VRCP14SS Special Cases 


Input value Result value Comments 

O<X<2128 INF Very small denormal 

2128 x ¢-0 -INF Very small denormal 

X > 2126 Underflow Up to 18 bits of fractions are returned* 
X < -2126 -Underflow Up to 18 bits of fractions are returned* 
X=2n 2" 

X=-27 -2" 


* in this case the mantissa is shifted right by one or two bits 


A numerically exact implementation of VRCP14xx can be found at: 


https://software.intel.com/en-us/articles/reference-implementations-for-IA-approximation-instructions-vrcp14- 
vrsqrti4-vrcp28-vrsqrt28-vexp2. 
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Operation 


VRCP14PS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC *is memory’) 
THEN DEST[i+31:i] = APPROXIMATE(1.0/SRC[31:0]); 
ELSE DEST[i+31:i] := APPROXIMATE(1.0/SRC[i+31:i]); 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VRCP14PS___m512_mm512_rcp14_ps(__m512 a); 
VRCP14PS___m512_mm512_mask_rcp14_ps(__m512s, 


VRCP14PS __m256_mm256_rcp14_ps(__m256 a); 
VRCP14PS___m256 __mm512_mask_rcp14_ps(__m256 s, 


mmask8 k, 


VRCP14PS __m256 __mm512_maskz_rcp14_ps(__ mmask8 k, __m256 a); 


VRCP14PS __m128_mm_rcp14_ps(__m128 a); 
VRCP14PS __m128_mm_mask_rcp14_ps(__m128 s,__mmask8 k, 
VRCP14PS __m128_mm_maskz_rcp14_ps(__mmask8 k, __m128 a); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-49, “Type E4 Class Exception Conditions”. 
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mmask16 k, 
VRCP14PS __m512_mm512_maskz_rcp14_ps(__ mmask16 k,___m512 a); 


m128 a); 
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VRCP14SS—Compute Approximate Reciprocal of Scalar Float32 Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support Flag 
EVEX.LLIG.66.0F38.W0 4D /r A VV AVX512F | Computes the approximate reciprocal of the scalar single- 
VRCP14SS xmm1 {k1}{z}, xmm2, precision floating-point value in xmm3/m32 and stores the 
xmm3/m32 results in xmm1 using writemask k1. Also, upper double- 
precision floating-point value (bits[127:32]) from xmm2 is 
copied to xmm1[1 27:32]. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction performs a SIMD computation of the approximate reciprocal of the low single-precision floating- 
point value in the second source operand (the third operand) and stores the result in the low quadword element of 
the destination operand (the first operand) according to the writemask k1. Bits (127:32) of the XMM register desti- 
nation are copied from corresponding bits in the first source operand (the second operand). The maximum relative 
error for this approximation is less than 27!4. The source operand can be an XMM register or a 32-bit memory loca- 
tion. The destination operand is an XMM register. 


The VRCP14SS instruction is not affected by the rounding control bits in the MXCSR register. When a source value 
is a 0.0, an ~ with the sign of the source value is returned. A denormal source value will be treated as zero only in 
case of DAZ bit set in MXCSR. Otherwise it is treated correctly (i.e. not as a 0.0). Underflow results are flushed to 
zero only in case of FTZ bit set in MXCSR. Otherwise it will be treated correctly (i.e. correct underflow result is 
written) with the sign of the operand. When a source value is a SNaN or QNaN, the SNaN is converted to a QNaN or 
the source QNaN is returned. See Table 5-23 for special-case input values. 


MXCSR exception flags are not affected by this instruction and floating-point exceptions are not reported. 


A numerically exact implementation of VRCP14xx can be found at https://software.intel.com/en-us/articles/refer- 
ence-implementations-for-IA-approximation-instructions-vrcp14-vrsqrt14-vrcp28-vrsqrt28-vexp2. 


Operation 
VRCP14SS (EVEX version) 
IF k1[0] OR *no writemask* 
THEN DEST[31:0] := APPROXIMATE(1.0/SRC2[31:0)); 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[31:0] := 0 
Fl; 
Fl; 


DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 
VRCP14SS___m128_mm_rcp14_ss(__m128a,__m128 b); 

VRCP14SS_ __m128 _mm_mask_rcp14_ss(__m128s,__mmask8 k,__m128 a,__m128 b); 
VRCP14SS __m128 _mm_maskz_rcp14_ss(__mmask8 k,__m128 a,__m128 b); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-51, “Type E5 Class Exception Conditions”. 
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VREDUCEPD—Perform Reduction Transformation on Packed Float64 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F3A.W156/rib | A VV AVX512VL_ | Perform reduction transformation on packed double-precision 
VREDUCEPD xmm1 {k1}{z}, AVX512DQ_ | floating point values in xmm2/m128/m32bcst by subtracting 
xmm2/m128/m64bcst, imm8 a number of fraction bits specified by the immé8 field. Stores 
the result in xmm1 register under writemask k1. 
EVEX.256.66.0F3A.W156/rib | A VV AVX512VL_ | Perform reduction transformation on packed double-precision 
VREDUCEPD ymm1 {k1}{z}, AVX512DQ_ | floating point values in ymm2/m256/m32bcst by subtracting 
ymm2/m256/m64bcst, imm8 a number of fraction bits specified by the immé8 field. Stores 
the result in ymm1 register under writemask k1. 
EVEX.512.66.0F3A.W1 56 /rib | A VV AVX512DQ_ | Perform reduction transformation on double-precision floating 
VREDUCEPD zmm1 {k1}{Z}, point values in zmm2/m512/m32bcst by subtracting a 
zmm2/m512/m64bcst{sae}, number of fraction bits specified by the imm8 field. Stores the 
imm8 result in zmm1 register under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) Imm8 NA 
Description 


Perform reduction transformation of the packed binary encoded double-precision FP values in the source operand 
(the second operand) and store the reduced results in binary FP format to the destination operand (the first 
operand) under the writemask k1. 


The reduction transformation subtracts the integer part and the leading M fractional bits from the binary FP source 
value, where M is a unsigned integer specified by imm8[7:4], see Figure 5-28. Specifically, the reduction transfor- 
mation can be expressed as: 


dest = src —- (ROUND(2™*src))*2™: 


where “Round()” treats “src”, “2”, and their product as binary FP numbers with normalized significand and bi- 
ased exponents. 


The magnitude of the reduced result can be expressed by considering src= 2P*man2, 
where ‘manz2’ is the normalized significand and ‘p’ is the unbiased exponent 

Then if RC = RNE: 0<=|Reduced Result|<=2?"™-1 

Then if RC # RNE: 0<=|Reduced Result|<2?-™ 


This instruction might end up with a precision exception set. However, in case of SPE set (i.e. Suppress Precision 
Exception, which is imm8[3]=1), no precision exception is reported. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


7 6 5 4 3 2 1 0 


imm8 Fixed point length SPE RS Round Control Override 


Suppress Precision Exception: Imm8[3] Imm8[1:0] = 00b : Round nearest even 
Imm8[3] = Ob : Use MXCSR exception mask — Round Select: Imm8[2] Imm8[1:0] = 01b : Round down 
Imm8[3] = 1b : Suppress Imm8[2] = Ob : Use Imm8[1:0] Imm8{[1:0] = 10b : Round up 

Immé[2] = 1b: Use MXCSR Imm8[1:0] = 11b : Truncate 


Imm8[7:4] : Number of fixed points to subtract 


Figure 5-28. Imm8 Controls for VREDUCEPD/SD/PS/SS 
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Handling of special case of input values are listed in Table 5-24. 


Table 5-24. VREDUCEPD/SD/PS/SS Special Cases 


Round Mode Returned value 
\Srel|<2™! RNE Srcl 
RPI, Src1 > O Round (Src1-2"") * 
RPI, Src1 < O Src 
RNI, Src1 2 0 Src 
|Srel] <2™ RNI, Src1 < O Round (Src1+2™) * 
eee NOT RNI +0.0 
Dest = £0 (Srcl!=INF) RNI -0.0 
Srcl = +INF any +0.0 
Src l= +NAN n/a QNaN(Src1) 


* Round control = (imm8.MS1)? MXCSR.RC: imm8.RC 


Operation 


ReduceArgumentDP(SRC[63:0], imm8[7:0]) 
{ 
// Check for NaN 
IF (SRC [63:0] = NAN) THEN 
RETURN (Convert SRC[63:0] to QNaN); FI; 
M := imm8[7:4]; // Number of fraction bits of the normalized significand to be subtracted 
RC := imm8[1:0];// Round Control for ROUND() operation 
RC source := imm[2]; 
SPE := imm[3];// Suppress Precision Exception 
TMP[63:0] := 2™ {ROUND(2™*SRC[63:0], SPE, RC_source, RC)}; // ROUND() treats SRC and 2" as standard binary FP values 
TMP[63:0] := SRC[63:0] - TMP[63:0]; // subtraction under the same RC,SPE controls 
RETURN TMP[63:0]; // binary encoded FP with biased exponent and normalized significand 
} 


VREDUCEPD 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b == 1) AND (SRC *is memory’) 
THEN DEST[i+63:i] = ReduceArgumentDP(SRC[63:0], imm8[7:0]); 
ELSE DEST[i+63:i] := ReduceArgumentDP(SRC[i+63:i], imm8[7:0]); 


Fl; 
ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] = 0 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 
VREDUCEPD __m512d_mm512_mask_reduce_pd( 


VREDUCEPD __m512d_mm512_mask_reduce_pd( 


VREDUCEPD __m512d_mm512_maskz_reduce_pd( 


VREDUCEPD __m256d __mm256_mask_reduce_pd( 
VREDUCEPD __m256d __mm256_mask_reduce_pd( 


VREDUCEPD __m256d __mm256_maskz_reduce_pd( 


m512d a, int imm, int sae) 

m512ds,__mmask8 k,__m512d a, int imm, int sae) 
mmask8 k,__m512d a, int imm, int sae) 

m256d a, int imm) 

m256d s,__ mmask8 k,___m256d a, int imm) 


m256d a, int imm) 


VREDUCEPD __m128d_mm_mask_reduce_pd(__m128d a, int imm) 


VREDUCEPD __m128d_mm_mask_reduce_pd(__m128d s, 
VREDUCEPD __m128d __mm_maskz_reduce_pd(__mmask8 k, 


SIMD Floating-Point Exceptions 


Invalid, Precision 


mmask8 k, 
m128d a, int imm) 


m128d a, int imm) 


If SPE is enabled, precision exception is not reported (regardless of MXCSR exception mask). 


Other Exceptions 


See Table 2-46, “Type E2 Class Exception Conditions”; additionally: 


#UD If EVEX.vvvv != 1111B. 
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VREDUCESD—Perform a Reduction Transformation on a Scalar Float64 Value 


Opcode/ Op/ | 64/32bit | CPUID Description 
Instruction En Mode Feature 

Support Flag 
EVEX.LLIG.66.0F3A.W1 57 A VIV AVX512D | Performa reduction transformation ona scalar double-precision 
VREDUCESD xmm1 {k1}{z}, Q floating point value in xmm3/m64 by subtracting a number of 
xmm_2, xmm3/m64{sae}, fraction bits specified by the imm8 field. Also, upper double 
imm8/r precision floating-point value (bits[127:64]) from xmm2 are 

copied to xmm1[127:64]. Stores the result in xmm1 register. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Perform a reduction transformation of the binary encoded double-precision FP value in the low qword element of 
the second source operand (the third operand) and store the reduced result in binary FP format to the low qword 
element of the destination operand (the first operand) under the writemask k1. Bits 127:64 of the destination 
operand are copied from respective qword elements of the first source operand (the second operand). 

The reduction transformation subtracts the integer part and the leading M fractional bits from the binary FP source 
value, where M is a unsigned integer specified by imm8[7:4], see Figure 5-28. Specifically, the reduction transfor- 
mation can be expressed as: 

dest = src - (ROUND(2™*src))*2™; 

where “Round()” treats “src”, “2™”, and their product as binary FP numbers with normalized significand and bi- 
ased exponents. 


The magnitude of the reduced result can be expressed by considering src= 2?*manz2, 

where ‘man2’ is the normalized significand and ‘p’ is the unbiased exponent 

Then if RC = RNE: 0<=|Reduced Result|<=2?°™-1 

Then if RC # RNE: 0<=|Reduced Result|<2?-™ 

This instruction might end up with a precision exception set. However, in case of SPE set (i.e. Suppress Precision 
Exception, which is imm8[3]=1), no precision exception is reported. 

The operation is write masked. 

Handling of special case of input values are listed in Table 5-24. 


Operation 
ReduceArgumentDP(SRC[63:0], imm8[7:0]) 
{ 
// Check for NaN 
IF (SRC [63:0] = NAN) THEN 
RETURN (Convert SRC[63:0] to QNaN); FI; 
M := imm8[7:4]; // Number of fraction bits of the normalized significand to be subtracted 
RC := imm8[1:0];// Round Control for ROUND() operation 
RC source := imm[2]; 
SPE := imm[3];// Suppress Precision Exception 
TMP[63:0] := 2™ *{ROUND(2*SRC[63:0], SPE, RC_source, RC)}; // ROUND() treats SRC and 2" as standard binary FP values 
TMP[63:0] := SRC[63:0] - TMP[63:0]; // subtraction under the same RC,SPE controls 
RETURN TMP[63:0]; // binary encoded FP with biased exponent and normalized significand 
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VREDUCESD 
IF k1[0] or *no writemask* 
THEN  DEST[63:0] := ReduceArgumentDP(SRC2[63:0], imm8[7:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] = 0 
Fl; 


Fl; 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
VREDUCESD __m128d_mm_mask_reduce_sd(__m128da,__m128d, int imm, int sae) 


VREDUCESD __m128d _mm_mask_reduce_sd(__m128d s,___ mmask16 k,__m128d a,_m128d, int imm, int sae) 
VREDUCESD __m128d _mm_maskz_reduce_sd(__mmask16 k,__m128d a,__m128d, int imm, int sae) 


SIMD Floating-Point Exceptions 
Invalid, Precision 
If SPE is enabled, precision exception is not reported (regardless of MXCSR exception mask). 


Other Exceptions 
See Table 2-47, “Type E3 Class Exception Conditions”. 
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VREDUCEPS—Perform Reduction Transformation on Packed Float32 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F3A.WO 56 /r ib A VIV AVX512VL Perform reduction transformation on packed single-precision 
VREDUCEPS xmm1 {k1}{z}, AVX512DQ_ | floating point values in xmm2/m1 28/m32bcst by subtracting 
xmm2/m128/m32bcst, imm8 a number of fraction bits specified by the immé8 field. Stores 
the result in xmm1 register under writemask k1. 
EVEX.256.66.0F3A.WO 56 /r ib A VIV AVX512VL Perform reduction transformation on packed single-precision 
VREDUCEPS ymm1 {k1}{z}, AVX512DQ_ | floating point values in ymm2/m256/m3 2bcst by subtracting 
ymm2/m256/m32bcst, imm8 a number of fraction bits specified by the immé8 field. Stores 
the result in ymm1 register under writemask k1. 
EVEX.512.66.0F3A.W0 56 /rib | A VIN AVX512DQ_ | Perform reduction transformation on packed single-precision 
VREDUCEPS zmm1 {k1}{Z}, floating point values in zmm2/m512/m32bcst by subtracting 
zmm2/m512/m32bcst{sae}, a number of fraction bits specified by the immé8 field. Stores 
imm8 the result in zmm1 register under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) Imm8 NA 
Description 


Perform reduction transformation of the packed binary encoded single-precision FP values in the source operand 
(the second operand) and store the reduced results in binary FP format to the destination operand (the first 
operand) under the writemask k1. 


The reduction transformation subtracts the integer part and the leading M fractional bits from the binary FP source 
value, where M is a unsigned integer specified by imm8[7:4], see Figure 5-28. Specifically, the reduction transfor- 
mation can be expressed as: 

dest = src - (ROUND(2™*src))*2™; 

where “Round()” treats “sre”, “2™”, and their product as binary FP numbers with normalized significand and bi- 
ased exponents. 

The magnitude of the reduced result can be expressed by considering src= 2P*man2, 

where ‘man2’ is the normalized significand and ‘p’ is the unbiased exponent 

Then if RC = RNE: 0<=|Reduced Result|<=2?°™-1 


Then if RC # RNE: 0<=|Reduced Result|<2?-™ 


This instruction might end up with a precision exception set. However, in case of SPE set (i.e. Suppress Precision 
Exception, which is imm8[3]=1), no precision exception is reported. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 
Handling of special case of input values are listed in Table 5-24. 


VREDUCEPS—Perform Reduction Transformation on Packed Float32 Values Vol.2C 5-543 


INSTRUCTION SET REFERENCE, V-Z 


Operation 


ReduceArgumentSP(SRC[3 1:0], imm8[7:0]) 
{ 

// Check for NaN 

IF (SRC [31:0] = NAN) THEN 

RETURN (Convert SRC[31:0] to QNaN); FI 

M := imm8[7:4]; // Number of fraction bits of the normalized significand to be subtracted 

RC := imm8[1:0];// Round Control for ROUND() operation 

RC source := imm[2]; 

SPE := imm{[3];// Suppress Precision Exception 

TMP[31:0] := 2™ *{ROUND(2"*SRC[31:0], SPE, RC_source, RC)}; // ROUND() treats SRC and 2" as standard binary FP values 

TMP[3 1:0] := SRC[31:0] - TMP[31:0]; // subtraction under the same RC,SPE controls 
RETURN TMP[31:0]; // binary encoded FP with biased exponent and normalized significand 
} 


VREDUCEPS 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b == 1) AND (SRC *is memory”) 
THEN DEST[i+31:i] = ReduceArgumentSP(SRC[31:0], imm8[7:0)); 
ELSE DEST[i+31:i] := ReduceArgumentSP(SRC[i+31 :i], imm8[7:0)); 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] = 0 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VREDUCEPS _ m512_mm512_mask_reduce_ps(__m512 a, int imm, int sae) 

VREDUCEPS _ m512 _mm512_mask_reduce_ps(__m512 s,__ mmask16 k,__m512 a, int imm, int sae) 
VREDUCEPS _ _m512 __mm512_maskz_reduce_ps(__mmask16 k,__m512 a, int imm, int sae) 
VREDUCEPS __m256 _mm256_mask_reduce_ps(_m256 a, int imm) 

VREDUCEPS __m256 _mm256_mask_reduce_ps(__m256 s,___ mmask8 k,__ m256 a, int imm) 
VREDUCEPS __m256 __mm256_maskz_reduce_ps(__mmask8 k,___m256 a, int imm) 

VREDUCEPS __m128 __mm_mask_reduce_ps(_m128 a, int imm) 

VREDUCEPS __m128 __mm_mask_reduce_ps(__m128s,___mmask8 k,__m128 a, int imm) 
VREDUCEPS __m128 __mm_maskz_reduce_ps(__mmask8 k,___m128 a, int imm) 


SIMD Floating-Point Exceptions 

Invalid, Precision 

If SPE is enabled, precision exception is not reported (regardless of MXCSR exception mask). 
Other Exceptions 


See Table 2-46, “Type E2 Class Exception Conditions”; additionally: 
#UD If EVEX.vvvv != 1111B. 
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VREDUCESS—Perform a Reduction Transformation on a Scalar Float32 Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.LLIG.66.0F3A.WO 57 /r A VIN AVX512DQ_ | Performa reduction transformation on a scalar single-precision 
/ib floating point value in xmm3/m32 by subtracting a number of 
VREDUCESS xmm1 {k1}{Z}, fraction bits specified by the immé8 field. Also, upper single 
xmm2, xmm3/m32{sae}, precision floating-point values (bits[127:32]) from xmm2 are 
imm8 copied to xmm1[127:32]. Stores the result in xmm1 register. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Perform a reduction transformation of the binary encoded single-precision FP value in the low dword element of the 
second source operand (the third operand) and store the reduced result in binary FP format to the low dword 
element of the destination operand (the first operand) under the writemask k1. Bits 127:32 of the destination 
operand are copied from respective dword elements of the first source operand (the second operand). 

The reduction transformation subtracts the integer part and the leading M fractional bits from the binary FP source 
value, where M is a unsigned integer specified by imm8[7:4], see Figure 5-28. Specifically, the reduction transfor- 
mation can be expressed as: 

dest = src - (ROUND(2™*src))*2™; 

where “Round()” treats “src”, “2™”, and their product as binary FP numbers with normalized significand and bi- 
ased exponents. 

The magnitude of the reduced result can be expressed by considering src= 2?*manz2, 


where ‘man2’ is the normalized significand and ‘p’ is the unbiased exponent 
Then if RC = RNE: 0<=|Reduced Result|<=2?°™-1 
Then if RC # RNE: 0<=|Reduced Result|<2?"™ 


This instruction might end up with a precision exception set. However, in case of SPE set (i.e. Suppress Precision 
Exception, which is imm8[3]=1), no precision exception is reported. 


Handling of special case of input values are listed in Table 5-24. 


Operation 
ReduceArgumentSP(SRC[3 1:0], imm8[7:0]) 
{ 
// Check for NaN 
IF (SRC [31:0] = NAN) THEN 
RETURN (Convert SRC[31:0] to QNaN); FI 
M := imm8[7:4]; // Number of fraction bits of the normalized significand to be subtracted 
RC := imm8[1:0];// Round Control for ROUND() operation 
RC source := imm[2]; 
SPE := imm[3];// Suppress Precision Exception 
TMP[31:0] := 2™ *{ROUND(2™*SRC[31:0], SPE, RC_source, RC)}; // ROUND() treats SRC and 2" as standard binary FP values 
TMP[31:0] := SRC[31:0] - TMP[31:0]; // subtraction under the same RC,SPE controls 
RETURN TMP[31:0]; // binary encoded FP with biased exponent and normalized significand 
} 
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VREDUCESS 
IF k1[0] or *no writemask* 
THEN  DEST[31:0] := ReduceArgumentSP(SRC2[3 1:0], imm8[7:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] = 0 
Fl; 


Fl; 
DEST[127:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
VREDUCESS __m128 _mm_mask_reduce_ss(__m128 a,__m128 b, int imm, int sae) 


VREDUCESS __m128_mm_mask_reduce_ss(__m128s,__mmask16k,__m128 a, 
VREDUCESS __m128 _mm_maskz_reduce_ss(__mmask16 k,__m128 a, 


m128 b, int imm, int sae) 
m128 b, int imm, int sae) 


SIMD Floating-Point Exceptions 
Invalid, Precision 


If SPE is enabled, precision exception is not reported (regardless of MXCSR exception mask). 


Other Exceptions 
See Table 2-47, “Type E3 Class Exception Conditions”. 
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INSTRUCTION SET REFERENCE, V-Z 


VRNDSCALEPD—Round Packed Float64 Values To Include A Given Number Of Fraction Bits 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F3A.W1 09 /r ib A VIV AVX512VL | Rounds packed double-precision floating point values in 
VRNDSCALEPD xmm1 {k1}{Z}, AVX512F xmm2/m128/m64bcst to a number of fraction bits 
xmme2/m128/m64bcst, imm8 specified by the immé® field. Stores the result in xmm1 
register. Under writemask. 
EVEX.256.66.0F3A.W1 09 /r ib A VIV AVX512VL | Rounds packed double-precision floating point values in 
VRNDSCALEPD ymm1 {k1}{z}, AVX512F ymm2/m256/m64bcst to a number of fraction bits 
ymm2/m256/m64bcst, imm8 specified by the immé® field. Stores the result in ymm1 
register. Under writemask. 
EVEX.512.66.0F3A.W1 09 /r ib A VIV AVX512F Rounds packed double-precision floating-point values in 
VRNDSCALEPD zmm1 {k1}{Z}, zmm2/m512/m64bcst to a number of fraction bits 
zmm2/m512/m64bcst{sae}, imm8 specified by the immé® field. Stores the result in zmm1 
register using writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) Imm8s NA 
Description 


Round the double-precision floating-point values in the source operand by the rounding mode specified in the 
immediate operand (see Figure 5-29) and places the result in the destination operand. 


The destination operand (the first operand) is a ZMM/YMM/XMM register conditionally updated according to the 
writemask. The source operand (the second operand) can be a ZMM/YMM/XMM register, a 512/256/128-bit 
memory location, or a 512/256/128-bit vector broadcasted from a 64-bit memory location. 


The rounding process rounds the input to an integral value, plus number bits of fraction that are specified by 
imm8[7:4] (to be included in the result) and returns the result as a double-precision floating-point value. 


It should be noticed that no overflow is induced while executing this instruction (although the source is scaled by 
the imm8[7:4] value). 


The immediate operand also specifies control fields for the rounding operation, three bit fields are defined and 
shown in the “Immediate Control Description” figure below. Bit 3 of the immediate byte controls the processor 
behavior for a precision exception, bit 2 selects the source of rounding mode control. Bits 1:0 specify a non-sticky 
rounding-mode value (Immediate control table below lists the encoded values for rounding-mode field). 


The Precision Floating-Point Exception is signaled according to the immediate operand. If any source operand is an 
SNaN then it will be converted to a QNaN. If DAZ is set to ‘1 then denormals will be converted to zero before 
rounding. 


The sign of the result of this instruction is preserved, including the sign of zero. 
The formula of the operation on each data element for VRNDSCALEPD is 
ROUND(x) = 2™*Round_to_INT(x*2™, round_ctrl), 
round_ctrl = imm[3:0]; 
M=imm[7:4]; 
The operation of x*2™ is computed as if the exponent range is unlimited (i.e. no overflow ever occurs). 


VRNDSCALEPD—Round Packed Float64 Values To Include A Given Number Of Fraction Bits Vol.2C 5-547 


INSTRUCTION SET REFERENCE, V-Z 


VRNDSCALEPD is a more general form of the VEX-encoded VROUNDPD instruction. In VROUNDPD, the formula of 
the operation on each element is 


ROUND(x) = Round_to_INT(x, round_ctrl), 
round_ctrl = imm[3:0]; 


Note: EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


7 6 5 4 3 2 1 0 


imm8 Fixed point length SPE RS Round Control Override 


Suppress Precision Exception: Imm8[3] Immef1 0] = 00b : Round nearest even 


Imm8[7:4] : Number of fixed points to preserve Imm8[3] = Ob : Use MXCSR exception mask —_ Round Select: Imm8[2] Imm8[1:0] = 01b : Round down 
Imm8[3] = 1b : Suppress Imm8[2] = Ob : Use Imm8[1:0] Imm8[1:0] = 10b : Round up 
imme[2)=:1bs Use MACSR Imm8[1:0] = 11b: Truncate 


Figure 5-29. Imm8 Controls for VRNDSCALEPD/SD/PS/SS 


Handling of special case of input values are listed in Table 5-25. 


Table 5-25. VRNDSCALEPD/SD/PS/SS Special Cases 


Returned value 
Src1=+inf Src 
Src1=+NAN Src1 converted to QNAN 
Src1=+0 Src 
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Operation 


RoundTolntegerDP(SRC[63:0], imm8[7:0)) { 
if (imm8[2] = 1) 


rounding_direction := MXCSR:RC ; get round control from MXCSR 
else 

rounding_direction := imm8[1:0] ; get round control from imm8[1:0] 
Fl 
M := imm8[7:4] ; get the scaling factor 


case (rounding_direction) 

00: TMP[63:0] := round_to_nearest_even integer(2*SRC[63:0]) 
01: TMP[63:0] := round_to_equal_or_smaller. integer(2™*SRC[63:0]) 
10: TMP[63:0] := round_to_equal_or_larger. integer(2"*SRC[63:0]) 


11: TMP[63:0] := round_to_nearest_smallest. magnitude_integer(2™*SRC[63:0]) 


ESAC 
Dest[63:0] := 2""* TMP[63:0] : scale down back to 2™ 


if (imm8[3] = 0) Then ; check SPE 
if (SRC[63:0] != Dest[63:0]) Then ; check precision lost 
set_precision() ; set #PE 
Fl; 
Fl; 
return(Dest[63:0]) 
} 


VRNDSCALEPD (EVEX encoded versions) 

(KL, VL) = (2, 128), (4, 256), (8, 512) 

IF *src is a memory operand* 
THEN TMP_SRC := BROADCAST64(SRC, VL, k1) 
ELSE TMP_SRC := SRC 

Fl; 


FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = RoundTolntegerDP((TMP_SRC[i+63:i], imm8[7:0]) 
ELSE 


IF *merging-masking* ; mMerging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


VRNDSCALEPD 


m512d 


mm512_roundscale_pd(__m512d a, int imm); 


VRNDSCALEPD 


m512d 


mm512_roundscale_round_pd(__m512d a, int imm, int sae); 


VRNDSCALEPD 


m512d 


mm512_mask_roundscale_pd(__m512ds,__mmask8 k,__m512d a, int imm); 


VRNDSCALEPD 


m512d 


VRNDSCALEPD 


m512d 


mm512_mask_roundscale_round_pd(__m512ds,__mmask8 k,__m512d a, int imm, int sae); 
mm512_maskz_roundscale_pd(__mmask8 k,___m512d a, int imm); 


VRNDSCALEPD 


m512d 


mm512_maskz_roundscale_round_pd(__mmask8 k,___m512d a, int imm, int sae); 


VRNDSCALEPD 


m256d 


mm256_roundscale_pd(__m256d a, int imm); 


VRNDSCALEPD 


m256d 


mm256_mask_roundscale_pd(__m256d s,__ mmask8 k,__ m256d a, int imm); 


VRNDSCALEPD 


m256d 


mm256_maskz_roundscale_pd(__mmask8 k, __ m256d a, int imm); 


VRNDSCALEPD __ 


m128d 


mm_roundscale_pd(__m128d a, int imm); 


VRNDSCALEPD __m128d _mm_mask_roundscale_pd(__m128d s,___ mmask8 k,___m128d a, int imm); 
VRNDSCALEPD __m128d _mm_maskz_roundscale_pd(__mmask8 k, __m128d a, int imm); 


SIMD Floating-Point Exceptions 


Invalid, Precision 


If SPE is enabled, precision exception is not reported (regardless of MXCSR exception mask). 


Other Exceptions 


See Table 2-46, “Type E2 Class Exception Conditions”. 
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VRNDSCALESD—Round Scalar Float64 Value To Include A Given Number Of Fraction Bits 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
EVEX.LLIG.66.0F3A.W1 OB /r ib A VV AVX512F | Rounds scalar double-precision floating-point value in 
VRNDSCALESD xmm1 {k1}{z}, xmm2, xmm3/m64 to a number of fraction bits specified by the 
xmm3/m64{sae}, imm8 immé field. Stores the result in xmm1 register. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) Imm8s 
Description 


Rounds a double-precision floating-point value in the low quadword (see Figure 5-29) element of the second 
source operand (the third operand) by the rounding mode specified in the immediate operand and places the result 
in the corresponding element of the destination operand (the first operand) according to the writemask. The quad- 
word element at bits 127:64 of the destination is copied from the first source operand (the second operand). 


The destination and first source operands are XMM registers, the 2nd source operand can be an XMM register or 
memory location. Bits MAXVL-1:128 of the destination register are cleared. 


The rounding process rounds the input to an integral value, plus number bits of fraction that are specified by 
imm8[7:4] (to be included in the result) and returns the result as a double-precision floating-point value. 


It should be noticed that no overflow is induced while executing this instruction (although the source is scaled by 
the imm8[7:4] value). 


The immediate operand also specifies control fields for the rounding operation, three bit fields are defined and 
shown in the “Immediate Control Description” figure below. Bit 3 of the immediate byte controls the processor 
behavior for a precision exception, bit 2 selects the source of rounding mode control. Bits 1:0 specify a non-sticky 
rounding-mode value (Immediate control table below lists the encoded values for rounding-mode field). 


The Precision Floating-Point Exception is signaled according to the immediate operand. If any source operand is an 
SNaN then it will be converted to a QNaN. If DAZ is set to ‘1 then denormals will be converted to zero before 
rounding. 


The sign of the result of this instruction is preserved, including the sign of zero. 


The formula of the operation for VRNDSCALESD is 
ROUND(x) = 2™*Round_to_INT(x*2™, round_ctrl), 
round_ctrl = imm[3:0]; 
M=imm[7:4]; 
The operation of x*2™ is computed as if the exponent range is unlimited (i.e. no overflow ever occurs). 


VRNDSCALESD is a more general form of the VEX-encoded VROUNDSD instruction. In VROUNDSD, the formula of 
the operation is 


ROUND(x) = Round_to_INT(x, round_ctrl), 
round_ctrl = imm[3:0]; 


EVEX encoded version: The source operand is a XMM register or a 64-bit memory location. The destination operand 


is a XMM register. 
Handling of special case of input values are listed in Table 5-25. 
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Operation 


RoundTolntegerDP(SRC[63:0], imm8[7:0)) { 
if (imm8[2] = 1) 


rounding_direction := MXCSR:RC ; get round control from MXCSR 
else 

rounding_direction := imm8[1:0] ; get round control from imm8[1:0] 
Fl 
M := imm8[7:4] ; get the scaling factor 


case (rounding_direction) 

00: TMP[63:0] := round_to_nearest_even integer(2*SRC[63:0]) 

01: TMP[63:0] := round_to_equal_or_smaller. integer(2"*SRC[63:0]) 

10: TMP[63:0] := round_to_equal_or_larger. integer(2*SRC[63:0]) 

11: TMP[63:0] := round_to_nearest_smallest magnitude_integer(2™*SRC[63:0]) 
ESAC 


Dest[63:0] := 2""* TMP[63:0] : scale down back to 2™ 


if (imm8[3] = 0) Then; check SPE 
if (SRC[63:0] != Dest[63:0]) Then ; check precision lost 
set_precision() ; set #PE 
Fl; 
Fl; 
return(Dest[63:0]) 
} 


VRNDSCALESD (EVEX encoded version) 
IF k1[0] or *no writemask* 
THEN  DEST[63:0] := RoundTolntegerDP(SRC2[63:0], Zero_upper_imm[7:0]) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VRNDSCALESD __m128d_mm_roundscale_sd (__m128d a,__m128d b, int imm); 

VRNDSCALESD __m128d _mm_roundscale_round_sd (__m128d a,__m128d, int imm, int sae); 

VRNDSCALESD __m128d __mm_mask_roundscale_sd (__m128d s,___ mmask8 k,__m128d a,_m128d b, int imm); 
VRNDSCALESD __m128d __mm_mask_roundscale_round_sd (__m128ds,__ mmask8 k,__m128da,__m128d b, int imm, int sae); 
VRNDSCALESD __m128d _mm_maskz_roundscale_sd (__mmask8 k,__m128da,__m128d, int imm); 

VRNDSCALESD __m128d __mm_maskz_roundscale_round_sd (__mmask8 k,__m128d a,_m128d b, int imm, int sae); 


SIMD Floating-Point Exceptions 
Invalid, Precision 


If SPE is enabled, precision exception is not reported (regardless of MXCSR exception mask). 


Other Exceptions 
See Table 2-47, “Type E3 Class Exception Conditions”. 
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VRNDSCALEPS—Round Packed Float32 Values To Include A Given Number Of Fraction Bits 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F3A.WO 08 /r ib A VIV AVX512VL | Rounds packed single-precision floating point values in 
VRNDSCALEPS xmm1 {k1}{Z}, AVX512F xmm2/m128/m32bcst to a number of fraction bits 
xmme2/m128/m32bcst, imm8 specified by the immé8 field. Stores the result in xmm1 
register. Under writemask. 
EVEX.256.66.0F3A.WO 08 /r ib A VIV AVX512VL | Rounds packed single-precision floating point values in 
VRNDSCALEPS ymm1 {k1}{Z}, AVX512F ymm2/m256/m32bcst to a number of fraction bits 
ymm2/m256/m32bcst, imm8 specified by the immé& field. Stores the result in ymm1 
register. Under writemask. 
EVEX.512.66.0F3A.WO 08 /r ib A VIV AVX512F Rounds packed single-precision floating-point values in 
VRNDSCALEPS zmm1 {k1}{z}, zmm2/m512/m32bcst to a number of fraction bits 
zmm2/m512/m32bcst{sae}, imm8 specified by the immé® field. Stores the result in zmm1 
register using writemask. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) Imm8 NA 
Description 


Round the single-precision floating-point values in the source operand by the rounding mode specified in the 
immediate operand (see Figure 5-29) and places the result in the destination operand. 


The destination operand (the first operand) is a ZMM register conditionally updated according to the writemask. 
The source operand (the second operand) can be a ZMM register, a 512-bit memory location, or a 512-bit vector 
broadcasted from a 32-bit memory location. 


The rounding process rounds the input to an integral value, plus number bits of fraction that are specified by 
imm8[7:4] (to be included in the result) and returns the result as a single-precision floating-point value. 


It should be noticed that no overflow is induced while executing this instruction (although the source is scaled by 
the imm8[7:4] value). 


The immediate operand also specifies control fields for the rounding operation, three bit fields are defined and 
shown in the “Immediate Control Description” figure below. Bit 3 of the immediate byte controls the processor 
behavior for a precision exception, bit 2 selects the source of rounding mode control. Bits 1:0 specify a non-sticky 
rounding-mode value (Immediate control table below lists the encoded values for rounding-mode field). 


The Precision Floating-Point Exception is signaled according to the immediate operand. If any source operand is an 
SNaN then it will be converted to a QNaN. If DAZ is set to ‘1 then denormals will be converted to zero before 
rounding. 


The sign of the result of this instruction is preserved, including the sign of zero. 


The formula of the operation on each data element for VRNDSCALEPS is 
ROUND(x) = 2™*Round_to_INT(x*2™, round_ctrl), 
round_ctrl = imm[3:0]; 
M=imm[7:4]; 
The operation of x*2™ is computed as if the exponent range is unlimited (i.e. no overflow ever occurs). 


VRNDSCALEPS is a more general form of the VEX-encoded VROUNDPS instruction. In VROUNDPS, the formula of 
the operation on each element is 


ROUND(x) = Round_to_INT(x, round_ctrl), 
round_ctrl = imm[3:0]; 
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Note: EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


Handling of special case of input values are listed in Table 5-25. 


Operation 


RoundTolntegerSP(SRC[3 1:0], imm8[7:0]) { 
if (imm8[2] = 1) 


rounding_direction := MXCSR:RC ; get round control from MXCSR 
else 

rounding_direction := imm8[1:0] ; get round control from imm8[1:0] 
Fl 
M := imm8[7:4] ; get the scaling factor 


case (rounding_direction) 

00: TMP[31:0] := round_to_nearest_even integer(2*SRC[31:0]) 
01: TMP[31:0] := round_to_equal_or_smaller integer(2™*SRC[31:0]) 
10: TMP[31:0] := round_to_equal_or_larger. integer(2*SRC[31:0]) 
11: TMP[31:0] := round_to_nearest_smallest magnitude_integer(2™*SRC[31:0]) 
ESAC; 


Dest[31:0] := 2"* TMP[31:0] : scale down back to 2™ 
if (imm8[3] = 0) Then ; check SPE 
if (SRC[31:0] != Dest[31:0]) Then ; check precision lost 
set_precision() ; set #PE 
Fl; 
Fl; 
return(Dest[3 1:0]) 
} 


VRNDSCALEPS (EVEX encoded versions) 

(KL, VL) = (4, 128), (8, 256), (16, 512) 

IF *src is a memory operand* 
THEN TMP_SRC := BROADCAST32(SRC, VL, k1) 
ELSE TMP_SRC := SRC 

Fl; 


FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] := RoundTolntegerSP(TMP_SRC[i+31:i]), imm8[7:0]) 
ELSE 


IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl; 
Fl; 
ENDFOR; 


DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VRNDSCALEPS __m512_mm512_roundscale_ps(__m512 a, int imm); 
VRNDSCALEPS __m512_mm512_roundscale_round_ps(__m512 a, int imm, int sae); 


VRNDSCALEPS __m512_mm512_mask_roundscale_ps(__m512 s,__ mmask16 k,__m512 a, int imm); 
m512 a, int imm, int sae); 


VRNDSCALEPS __m512_mm512_mask_roundscale_round_ps(__m512 s,__mmask16 k, 
VRNDSCALEPS __m512_mm512_maskz_roundscale_ps(__mmask16 k,__m512 a, int imm); 
VRNDSCALEPS __m512_mm512_maskz_roundscale_round_ps(__mmask16 k, 
VRNDSCALEPS __m256 __mm256_roundscale_ps(__m256 a, int imm); 
VRNDSCALEPS __m256 __mm256_mask_roundscale_ps(__m256 s,__ mmask8 k,___m256 a, int imm); 
VRNDSCALEPS __m256 _mm256_maskz_roundscale_ps(__mmask8 k, __m256 a, int imm); 
VRNDSCALEPS __m128_mm_roundscale_ps(_m256 a, int imm); 

VRNDSCALEPS __m128_mm_mask_roundscale_ps(__m128s, __ mmask8 k,__m128 a, int imm); 
VRNDSCALEPS __m128_mm_maskz_roundscale_ps(__mmask8 k,___m128 a, int imm); 


SIMD Floating-Point Exceptions 


Invalid, Precision 


If SPE is enabled, precision exception is not reported (regardless of MXCSR exception mask). 


Other Exceptions 
See Table 2-46, “Type E2 Class Exception Conditions”. 
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VRNDSCALESS—Round Scalar Float32 Value To Include A Given Number Of Fraction Bits 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.LLIG.66.0F3A.WO OA /r ib A VIV AVX512F | Rounds scalar single-precision floating-point value in 
VRNDSCALESS xmm1 {k1}{z}, xmm2, xmm3/m32 to a number of fraction bits specified by the 
xmm3/m32{sae}, imm8 imm8 field. Stores the result in xmm1 register under 
writemask. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Rounds the single-precision floating-point value in the low doubleword element of the second source operand (the 
third operand) by the rounding mode specified in the immediate operand (see Figure 5-29) and places the result in 
the corresponding element of the destination operand (the first operand) according to the writemask. The double- 
word elements at bits 127:32 of the destination are copied from the first source operand (the second operand). 


The destination and first source operands are XMM registers, the 2nd source operand can be an XMM register or 
memory location. Bits MAXVL-1:128 of the destination register are cleared. 


The rounding process rounds the input to an integral value, plus number bits of fraction that are specified by 
imm8[7:4] (to be included in the result) and returns the result as a single-precision floating-point value. 


It should be noticed that no overflow is induced while executing this instruction (although the source is scaled by 
the imm8[7:4] value). 


The immediate operand also specifies control fields for the rounding operation, three bit fields are defined and 
shown in the “Immediate Control Description” figure below. Bit 3 of the immediate byte controls the processor 
behavior for a precision exception, bit 2 selects the source of rounding mode control. Bits 1:0 specify a non-sticky 
rounding-mode value (Immediate control tables below lists the encoded values for rounding-mode field). 


The Precision Floating-Point Exception is signaled according to the immediate operand. If any source operand is an 
SNaN then it will be converted to a QNaN. If DAZ is set to ‘1 then denormals will be converted to zero before 
rounding. 


The sign of the result of this instruction is preserved, including the sign of zero. 


The formula of the operation for VRNDSCALESS is 
ROUND(x) = 2™*Round_to_INT(x*2™, round_ctrl), 
round_ctrl = imm[3:0]; 
M=imm[7:4]; 
The operation of x*2™ is computed as if the exponent range is unlimited (i.e. no overflow ever occurs). 


VRNDSCALESS is a more general form of the VEX-encoded VROUNDSS instruction. In VROUNDSS, the formula of 
the operation on each element is 


ROUND(x) = Round_to_INT(x, round_ctrl), 
round_ctrl = imm[3:0]; 


EVEX encoded version: The source operand is a XMM register or a 32-bit memory location. The destination operand 
is a XMM register. 


Handling of special case of input values are listed in Table 5-25. 
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Operation 


RoundTolntegerSP(SRC[3 1:0], imm8[7:0]) { 
if (imm8[2] = 1) 


rounding_direction := MXCSR:RC ; get round control from MXCSR 
else 

rounding_direction := imm8[1:0] ; get round control from imm8[1:0] 
Fl 
M := imm8[7:4] ; get the scaling factor 


case (rounding_direction) 

00: TMP[31:0] := round_to_nearest_even integer(2*SRC[31:0]) 

01: TMP[31:0] := round_to_equal_or_smaller. integer(2™*SRC[31:0]) 

10: TMP[31:0] := round_to_equal_or_larger. integer(2"*SRC[31:0]) 

11: TMP[31:0] := round_to_nearest_smallest. magnitude_integer(2™*SRC[31:0]) 
ESAC; 


Dest[31:0] := 2"* TMP[31:0] : scale down back to 2™ 
if (imm8[3] = 0) Then ; check SPE 
if (SRC[31:0] != Dest[31:0]) Then ; check precision lost 
set_precision() ; set #PE 
Fl; 
Fl; 
return(Dest[31:0]) 
} 


VRNDSCALESS (EVEX encoded version) 
IF k1[0] or *no writemask* 
THEN = DEST[31:0] := RoundTolntegerSP(SRC2[31:0], Zero_upper_imm[7:0]) 


ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[1 27:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VRNDSCALESS __m128 _mm_roundscale_ss (__m128 a,__m128b, int imm); 

VRNDSCALESS __m128 _mm_roundscale_round_ss (__m128 a,__m128, int imm, int sae); 

VRNDSCALESS __m128 __mm_mask_roundscale_ss (__m128s,__ mmask8 k,___m128 a,__m128, int imm); 
VRNDSCALESS __m128 _mm_mask_roundscale_round_ss (__m128 s,__mmask8 k,__m128 a,__m128 b, int imm, int sae); 
VRNDSCALESS __m128 _mm_maskz_roundscale_ss (__mmask8 k,__m128 a,__m128 b, int imm); 

VRNDSCALESS __m128 _mm_maskz_roundscale_round_ss (__mmask8 k,__m128 a,__m128 b, int imm, int sae); 


SIMD Floating-Point Exceptions 
Invalid, Precision 
If SPE is enabled, precision exception is not reported (regardless of MXCSR exception mask). 


Other Exceptions 
See Table 2-47, “Type E3 Class Exception Conditions”. 
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VRSQRT14PD—Compute Approximate Reciprocals of Square Roots of Packed Float64 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.128.66.0F38.W1 4€ /r A VIV AVX512VL | Computes the approximate reciprocal square roots of the 
VRSQRT14PD xmm1 {k1}{2Z}, AVX512F packed double-precision floating-point values in 
xmm2/m128/m64bcst xmm2/m128/m64bcst and stores the results in xmm1. 
Under writemask. 
EVEX.256.66.0F38.W1 4€ /r A VV AVX512VL | Computes the approximate reciprocal square roots of the 
VRSQRT14PD ymm1 {k1}{2}, AVX512F packed double-precision floating-point values in 
ymm2/m256/m64bcst ymm2/m256/m64bcst and stores the results in ymm1. 
Under writemask. 
EVEX.512.66.0F38.W1 4€ /r A VIV AVX512F Computes the approximate reciprocal square roots of the 
VRSQRT14PD zmm1 {k1}{Z}, packed double-precision floating-point values in 
zmm2/m512/m64bcst zmm2/m512/m64bcst and stores the results in zmm1 
under writemask. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


This instruction performs a SIMD computation of the approximate reciprocals of the square roots of the eight 
packed double-precision floating-point values in the source operand (the second operand) and stores the packed 
double-precision floating-point results in the destination operand (the first operand) according to the writemask. 
The maximum relative error for this approximation is less than 2714, 


EVEX.512 encoded version: The source operand can be a ZMM register, a 512-bit memory location, or a 512-bit 
vector broadcasted from a 64-bit memory location. The destination operand is a ZMM register, conditionally 
updated using writemask k1. 


EVEX.256 encoded version: The source operand is a YMM register, a 256-bit memory location, or a 256-bit vector 
broadcasted from a 64-bit memory location. The destination operand is a YMM register, conditionally updated using 
writemask k1. 


EVEX.128 encoded version: The source operand is a XMM register, a 128-bit memory location, or a 128-bit vector 
broadcasted from a 64-bit memory location. The destination operand is a XMM register, conditionally updated using 
writemask k1. 


The VRSQRT14PD instruction is not affected by the rounding control bits in the MXCSR register. When a source 
value is a 0.0, an ~ with the sign of the source value is returned. When the source operand is an + then +ZERO 
value is returned. A denormal source value is treated as zero only if DAZ bit is set in MXCSR. Otherwise it is treated 
correctly and performs the approximation with the specified masked response. When a source value is a negative 
value (other than 0.0) a floating-point QNaN_indefinite is returned. When a source value is an SNaN or QNaN, the 
SNaN is converted to a QNaN or the source QNaN is returned. 


MXCSR exception flags are not affected by this instruction and floating-point exceptions are not reported. 
Note: EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


A numerically exact implementation of VRSQRT14xx can be found at https://software.intel.com/en-us/arti- 
cles/reference-implementations-for-IA-approximation-instructions-vrcp14-vrsqrt14-vrcp28-vrsgrt28-vexp2. 
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Operation 


VRSQRT14PD (EVEX encoded versions) 


(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 

i:=j* 64 

IF k1[j] OR *no writemask* THEN 


IF (EVEX.b = 1) AND (SRC *is memory*) 
THEN DEST[i+63:i] = APPROXIMATE(1.0/ SORT(SRC[63:0])); 
ELSE DEST[i+63:i] = APPROXIMATE(1.0/ SORT(SRC[i+63:i])); 


Fl; 
ELSE 
IF *merging-masking* 


; merging-masking 


THEN *DEST{[i+63:i] remains unchanged* 


ELSE 
DEST[i+63:i] := 0 
Fl; 
Fl; 
ENDFOR; 
DEST[MAXVL-1:VL] := 0 


; zeroing-masking 


Table 5-26. VRSQRT14PD Special Cases 


INSTRUCTION SET REFERENCE, V-Z 


Intel C/C++ Compiler Intrinsic Equivalent 


Input value Result value Comments 

Any denormal Normal Cannot generate overflow 
X= 2-en Qn 

X<0 QNaN_Indefinite | Including -INF 

X=-0 -INF 

X=+0 +INF 

X = +INF +0 


VRSQRT14PD __m512d_mm512_rsqrt14_pd(__m512d a); 

VRSQRT14PD __m512d __mm512_mask_rsqrt14_pd(__m512ds,___mmask8 k,__m512d a); 
VRSQRT14PD __m512d __mm512_maskz_rsqrt14_pd(___mmask8 k, __m512d a); 
VRSQRT14PD __m256d __mm256_rsqrt14_pd(__m256d a); 

VRSQRT14PD __m256d _mm512_mask_rsqrt14_pd(__m256d s, __ mmask8 k, __m256d a); 
VRSQRT14PD __m256d _mm512_maskz_rsqrt14_pd(___mmask8 k, __m256d a); 
VRSQRT14PD __m128d _mm_rsqrt14_pd(__m128d a); 

VRSQRT14PD __m128d _mm_mask_rsqrt14_pd(__m128d s, __mmask8 k, __m128d a); 
VRSQRT14PD __m128d _mm_maskz_rsqrt14_pd(__mmask8 k, __m128d a); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


See Table 2-49, “Type E4 Class Exception Conditions”. 
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VRSQRT14SD—Compute Approximate Reciprocal of Square Root of Scalar Float64 Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.LLIG.66.0F38.W1 4F /r A VIV AVX512F | Computes the approximate reciprocal square root of the 
VRSQRT14SD xmm1 {k1}{z}, scalar double-precision floating-point value in xmm3/m64 
xmm2, xmm3/m64 and stores the result in the low quadword element of xmm1 
using writemask k1. Bits[127:64] of xmmz is copied to 
xmm1[127:64]. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Computes the approximate reciprocal of the square roots of the scalar double-precision floating-point value in the 
low quadword element of the source operand (the second operand) and stores the result in the low quadword 
element of the destination operand (the first operand) according to the writemask. The maximum relative error for 
this approximation is less than 2°!4. The source operand can be an XMM register or a 32-bit memory location. The 
destination operand is an XMM register. 


Bits (127:64) of the XMM register destination are copied from corresponding bits in the first source operand. Bits 
(MAXVL-1:128) of the destination register are zeroed. 


The VRSQRT14SD instruction is not affected by the rounding control bits in the MXCSR register. When a source 
value is a 0.0, an - with the sign of the source value is returned. When the source operand is an + then +ZERO 
value is returned. A denormal source value is treated as zero only if DAZ bit is set in MXCSR. Otherwise it is treated 
correctly and performs the approximation with the specified masked response. When a source value is a negative 
value (other than 0.0) a floating-point QNaN_indefinite is returned. When a source value is an SNaN or QNaN, the 
SNaN is converted to a QNaN or the source QNaN is returned. 


MXCSR exception flags are not affected by this instruction and floating-point exceptions are not reported. 
A nee tically € exact IPI Smien talon of pie cet ener can a found at hetps: Lisoftware, intel. com/en- usfartie 
| | t : 


Operation 
VRSQRT14SD (EVEX version) 
IF k1[0] or *no writemask* 
THEN DEST[63:0] := APPROXIMATE(1.0/ SQRT(SRC2[63:0])) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[63:0] := 0 
Fl; 


Fl; 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 
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Table 5-27. VRSQRT14SD Special Cases 


Input value Result value Comments 

Any denormal Normal Cannot generate overflow 
X= 2-en 2n 

xX<0 QNaN_Indefinite | Including -INF 

X=-0 -INF 

X=+0 +INF 

X = +INF +0 


Intel C/C++ Compiler Intrinsic Equivalent 

VRSQRT14SD __m128d _mm_rsqrt14_sd(__m128d a, __m128d b); 

VRSQRT14SD __m128d _mm_mask_rsqrt14_sd(__m128d s, __mmask8 k, __m128d a, __m128d b); 
VRSQRT14SD __m128d __mm_maskz_rsqrt14_sd(__mmask8d m, __m128d a, ___m128d b); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-51, “Type E5 Class Exception Conditions”. 
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VRSQRT14PS—Compute Approximate Reciprocals of Square Roots of Packed Float32 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.128.66.0F38.W0O 4€ /r A VV AVX512VL_ | Computes the approximate reciprocal square roots of the 
VRSQRT14PS xmm1 {k1}{Z}, AVX512F packed single-precision floating-point values in 
xmm2/m128/m32bcst xmm2/m128/m32bcst and stores the results in xmm1. 
Under writemask. 
EVEX.256.66.0F38.W0O 4€ /r A VIV AVX512VL_ | Computes the approximate reciprocal square roots of the 
VRSQRT14PS ymm1 {k1}{2Z}, AVX512F packed single-precision floating-point values in 
ymm2/m256/m32bcst ymm2/m256/m32bcst and stores the results in ymm1. 
Under writemask. 
EVEX.512.66.0F38.W0 4€ /r A VV AVX512F Computes the approximate reciprocal square roots of the 
VRSQRT14PS zmm1 {k1}{Z}, packed single-precision floating-point values in 
zmm2/m512/m32bcst zmm2/m512/m32bcst and stores the results in zmm1. Under 
writemask. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


This instruction performs a SIMD computation of the approximate reciprocals of the square roots of 16 packed 
single-precision floating-point values in the source operand (the second operand) and stores the packed single- 
precision floating-point results in the destination operand (the first operand) according to the writemask. The 
maximum relative error for this approximation is less than 2744. 


EVEX.512 encoded version: The source operand can be a ZMM register, a 512-bit memory location or a 512-bit 
vector broadcasted from a 32-bit memory location. The destination operand is a ZMM register, conditionally 
updated using writemask k1. 


EVEX.256 encoded version: The source operand is a YMM register, a 256-bit memory location, or a 256-bit vector 
broadcasted from a 32-bit memory location. The destination operand is a YMM register, conditionally updated using 
writemask k1. 


EVEX.128 encoded version: The source operand is a XMM register, a 128-bit memory location, or a 128-bit vector 
broadcasted from a 32-bit memory location. The destination operand is a XMM register, conditionally updated using 
writemask k1. 


The VRSQRT14PS instruction is not affected by the rounding control bits in the MXCSR register. When a source 
value is a 0.0, an ~ with the sign of the source value is returned. When the source operand is an +o then +ZERO 
value is returned. A denormal source value is treated as zero only if DAZ bit is set in MXCSR. Otherwise it is treated 
correctly and performs the approximation with the specified masked response. When a source value is a negative 
value (other than 0.0) a floating-point QNaN_indefinite is returned. When a source value is an SNaN or QNaN, the 
SNaN is converted to a QNaN or the source QNaN is returned. 


MXCSR exception flags are not affected by this instruction and floating-point exceptions are not reported. 
Note: EVEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


A numerically exact implementation of VRSQRT14xx can be found at https://software.intel.com/en-us/arti- 
cles/reference-implementations-for-IA-approximation-instructions-vrcp14-vrsqrt14-vrcp28-vrsgrt28-vexp2. 
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Operation 


VRSQRT14PS (EVEX encoded versions) 


(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 

i:=j* 32 

IF k1[j] OR *no writemask* THEN 


IF (EVEX.b = 1) AND (SRC *is memory*) 
THEN DEST[i+31:i] = APPROXIMATE(1.0/ SORT(SRC[31:0])); 
ELSE DEST[i+31:i] = APPROXIMATE(1.0/ SORT(SRC[i+3 1 :i])) 


Fl; 
ELSE 
IF *merging-masking* 


; merging-masking 


THEN *DEST{[i+31:i] remains unchanged* 


ELSE 
DEST[i+31:i] := 0 
Fl; 
Fl; 
ENDFOR; 
DEST[MAXVL-1:VL] := 0 


; zeroing-masking 


Table 5-28. VRSQRT14PS Special Cases 


INSTRUCTION SET REFERENCE, V-Z 


Input value Result value Comments 
Any denormal Normal Cannot generate overflow 
X=2en a 
xX<0 QNaN_Indefinite | Including -INF 
X=-0 -INF 
X=+0 +INF 
X = +INF +0 
Intel C/C++ Compiler Intrinsic Equivalent 
VRSQRT14PS __m512 __mm512_rsqrt14_ps(_m512 a); 


VRSQRT14PS __m512 _mm512_mask_rsqrt14_ps(__m512s, 


mmask16 k,__m512 a); 


mmask16 k, 


VRSQRT14PS __m512 _mm512_maskz_rsqrt14_ps( 
VRSQRT14PS __m256 _mm256_rsqrt14_ps( 


m512 a); 
m256 a); 


VRSQRT14PS __m256 _mm256_mask_rsqrt14_ps(__m256 s, 


mmask8 k,___m256 a); 


VRSQRT14PS __m256 __mm256_maskz_rsqrt14_ps( 


mmask8 k, __m256 a); 


VRSQRT14PS __m128 _mm_rsqrt14_ps( 


m128 a); 


VRSQRT14PS __m128 _mm_mask_rsqrt14_ps(__m128 s,___mmask8 k, __m128 a); 


VRSQRT14PS __m128 _mm_maskz_rsqrt14_ps( 


mmask8 k,___m128 a); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 


See Table 2-21, “Type 4 Class Exception Conditions”. 
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VRSQRT14SS—Compute Approximate Reciprocal of Square Root of Scalar Float32 Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.LLIG.66.0F38.WO 4F /r A VIV AVX512F | Computes the approximate reciprocal square root of the 
VRSQRT14SS xmm1 {k1}{z}, scalar single-precision floating-point value in xmm3/m32 
xmm2, xmm3/m32 and stores the result in the low doubleword element of 
xmm1 using writemask k1. Bits[127:32] of xmmz is copied 
to xmm1[127:32]. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Computes of the approximate reciprocal of the square root of the scalar single-precision floating-point value in the 
low doubleword element of the source operand (the second operand) and stores the result in the low doubleword 
element of the destination operand (the first operand) according to the writemask. The maximum relative error for 
this approximation is less than 2°!4. The source operand can be an XMM register or a 32-bit memory location. The 
destination operand is an XMM register. 


Bits (127:32) of the XMM register destination are copied from corresponding bits in the first source operand. Bits 
(MAXVL-1:128) of the destination register are zeroed. 


The VRSQRT14SS instruction is not affected by the rounding control bits in the MXCSR register. When a source 
value is a 0.0, an - with the sign of the source value is returned. When the source operand is an ~, zero with the 
sign of the source value is returned. A denormal source value is treated as zero only if DAZ bit is set in MXCSR. 
Otherwise it is treated correctly and performs the approximation with the specified masked response. When a 
source value is a negative value (other than 0.0) a floating-point indefinite is returned. When a source value is an 
SNaN or QNaN, the SNaN is converted to a QNaN or the source QNaN is returned. 


MXCSR exception flags are not affected by this instruction and floating-point exceptions are not reported. 
A aeime tically € exact IPI Sn entation of pee emery can i found at hetps: Lisoftware. intel. com/en- usfartie 
| | t : 


Operation 


VRSQRT14SS (EVEX version) 
IF k1[0] or *no writemask* 
THEN DEST[31:0] := APPROXIMATE(1.0/ SQRT(SRC2[31:0])) 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
THEN DEST[31:0] := 0 
Fl; 


Fl; 
DEST[1 27:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 
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Table 5-29. VRSQRT14SS Special Cases 


INSTRUCTION SET REFERENCE, V-Z 


Input value Result value Comments 

Any denormal Normal Cannot generate overflow 
X= 2-en 2n 

xX<0 QNaN_Indefinite | Including -INF 

X=-0 -INF 

X=+0 +INF 

X = +INF +0 


Intel C/C++ Compiler Intrinsic Equivalent 

VRSQRT14SS __m128 _mm_rsqrt14_ss(__m128 a, ___m128 b); 
VRSQRT14SS __m128 _mm_mask_rsqrt14_ss(__m128 s, __mmask8 k, 
VRSQRT14SS __m128 _mm_maskz_rsqrt14_ss(__mmask8 k,__m128 a, 


m128 a, 
m128 b); 


m128 b); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-51, “Type E5 Class Exception Conditions”. 
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VSCALEFPD—Scale Packed Float64 Values With Float64 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F38.W1 2C /r A VIV AVX512VL | Scale the packed double-precision floating-point values in 
VSCALEFPD xmm1 {k1}{z}, xmm2, AVX512F xmmcz using values from xmm3/m128/m64bcst. Under 
xmm3/m128/m64bcst writemask k1. 
EVEX.256.66.0F38.W1 2C /r A VIV AVX512VL | Scale the packed double-precision floating-point values in 
VSCALEFPD ymm1 {k1}{z}, ymm2, AVX512F ymmcz using values from ymm3/m256/m64bcst. Under 
ymm3/m256/m64bcst writemask k1. 
EVEX.512.66.0F38.W1 2C /r A VIV AVX512F Scale the packed double-precision floating-point values in 
VSCALEFPD zmm1 {k1}{z}, zmm2, zmm_2 using values from zmm3/m512/m64bcst. Under 
zmm3/m512/m64bcst{er} writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a floating-point scale of the packed double-precision floating-point values in the first source operand by 
multiplying it by 2 power of the double-precision floating-point values in second source operand. 


The equation of this operation is given by: 
zmm1 := zmm2*2"loor(zmm3)_ 
Floor(zmm3) means maximum integer value < zmm3. 


If the result cannot be represented in double precision, then the proper overflow response (for positive scaling 
operand), or the proper underflow response (for negative scaling operand) is issued. The overflow and underflow 
responses are dependent on the rounding mode (for IEEE-compliant rounding), as well as on other settings in 
MXCSR (exception mask bits, FTZ bit), and on the SAE bit. 


The first source operand is a ZMM/YMM/XMM register. The second source operand is a ZMM/YMM/XMM register, a 
512/256/128-bit memory location or a 512/256/128-bit vector broadcasted from a 64-bit memory location. The 
destination operand is a ZMM/YMM/XMM register conditionally updated with writemask k1. 


Handling of special-case input values are listed in Table 5-30 and Table 5-31. 


Table 5-30. VSCALEFPD/SD/PS/SS Special Cases 


Srce2 Set IE 
+NaN +inf -Inf 0/Denorm/Norm 
Src1_ | +QNaN QNaN(Src1) +INF +0 QNaN(Src1) IF either source is SNAN 
+SNaN QNaN(Src1) QNaN(Src1) QNaN(Src1) QNaN(Src1) YES 
+Inf QNaN(Src2) Src QNaN_Indefinite | Src1 IF Src2 is SNAN or -INF 
+0 QNaN(Src2) QNaN_Indefinite | Src1 Src IF Src2 is SNAN or +INF 
Denorm/Norm | QNaN(Src2) +INF (Src1 sign) +0 (Src sign) Compute Result IF Src2 is SNAN 
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Table 5-31. Additional VSCALEFPD/SD Special Cases 


INSTRUCTION SET REFERENCE, V-Z 


Special Case Returned value Faults 
|result| < 271074 +0 or +Min-Denormal (Src1 sign) Underflow 
result] > 21024 +INF (Src1 sign) or +Max-normal (Src1 sign) Overflow 
Operation 
SCALE(SRC1, SRC2) 


{ 

TMP_SRC2 := SRC2 

TMP_SRC1 := SRC1 

IF (SRC2 is denormal AND MXCSR.DAZ) THEN TMP_SRC2=0 

IF (SRC1 is denormal AND MXCSR.DAZ) THEN TMP_SRC1=0 

/* SRC2 is a 64 bits floating-point value */ 

DEST[63:0] := TMP_SRC1[63:0] * POW(2, Floor(TMP_SRC2[63:0])) 


} 
VSCALEFPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
IF (VL = 512) AND (EVEX.b = 1) AND (SRC2 *is register*) 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory”) 
THEN DEST[i+63:i] = SCALE(SRC1[i+63:i], SRC2[63:0)); 
ELSE DEST[i+63:i] := SCALE(SRC1[i+63:i], SRC2[i+63:i]); 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VSCALEFPD __m512d_mm512_scalef_round_pd(__m512d a, 
VSCALEFPD __m512d_mm512_mask_scalef_round_pd(__m512ds, 


VSCALEFPD __m512d_mm512_scalef_pd(__m512da,__m512d b); 


m512d b, int rounding); 
mmask8 k, 
VSCALEFPD __m512d_mm512_maskz_scalef_round_pd(__mmask8 k,__m512d a, 


m512da,__m512d, int rounding); 
m512d b, int rounding); 


VSCALEFPD __m512d_mm512_mask_scalef_pd(__m512ds,__mmask8 k,__m512da,__m512d b); 


VSCALEFPD __m512d_mm512_maskz_scalef_pd(__mmask8 k, 
VSCALEFPD __m256d_mm256_scalef_pd(__m256d a,__ m256d b); 
VSCALEFPD __m256d _mm256_mask_scalef_pd(__m256d s, 
VSCALEFPD __m256d __mm256_maskz_scalef_pd(__mmask8 k, 
VSCALEFPD __m128d _mm_scalef_pd(__m128d a, __m128d b); 


mmask8 k,__m256d a, 
m256d a,__m256d b); 


m512da,__m512d b); 


m256d b); 


VSCALEFPD __m128d __mm_mask_scalef_pd(__m128ds,__ mmask8 k,__m128d a,___m128d b); 


VSCALEFPD __m128d __mm_maskz_scalef_pd(__mmask8 k, 


SIMD Floating-Point Exceptions 


Overflow, Underflow, Invalid, Precision, Denormal (for Src1). 


Denormal is not reported for Src2. 


Other Exceptions 
See Table 2-46, “Type E2 Class Exception Conditions”. 
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m128d a,__m128d b); 


VSCALEFPD—Scale Packed Float64 Values With Float64 Values 
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VSCALEFSD—Scale Scalar Float64 Values With Float64 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.LLIG.66.0F38.W1 2D /r A VIV AVX512F | Scale the scalar double-precision floating-point values in 
VSCALEFSD xmm1 {k1}{z}, xmm_2, xmmz using the value from xmm3/m64. Under writemask 
xmm3/m64{er} k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a floating-point scale of the packed double-precision floating-point value in the first source operand by 
multiplying it by 2 power of the double-precision floating-point value in second source operand. 


The equation of this operation is given by: 

xmm1 := xmm2*2floor(xmm3)_ 

Floor(xmm3) means maximum integer value < xmm3. 

If the result cannot be represented in double precision, then the proper overflow response (for positive scaling 
operand), or the proper underflow response (for negative scaling operand) is issued. The overflow and underflow 


responses are dependent on the rounding mode (for IEEE-compliant rounding), as well as on other settings in 
MXCSR (exception mask bits, FTZ bit), and on the SAE bit. 


EVEX encoded version: The first source operand is an XMM register. The second source operand is an XMM register 
or a memory location. The destination operand is an XMM register conditionally updated with writemask k1. 


Handling of special-case input values are listed in Table 5-30 and Table 5-31. 


Operation 


SCALE(SRC1, SRC2) 
{ 
; Check for denormal operands 
TMP_SRC2 := SRC2 
TMP_SRC1 := SRC1 
IF (SRC2 is denormal AND MXCSR.DAZ) THEN TMP_SRC2=0 
IF (SRC1 is denormal AND MXCSR.DAZ) THEN TMP_SRC1=0 
/* SRC2 is a 64 bits floating-point value */ 
DEST[63:0] := TMP_SRC1[63:0] * POW(2, Floor(TMP_SRC2[63:0])) 
} 
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VSCALEFSD (EVEX encoded version) 
IF (EVEX.b= 1) and SRC2 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] OR *no writemask* 
THEN DEST[63:0] := SCALE(SRC1[63:0], SRC2[63:0]) 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[63:0] := 0 
Fl 
Fl; 
DEST[127:64] := SRC1[127:64] 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 

VSCALEFSD __m128d_mm_scalef_round_sd(__m128d a,__m128d b, int); 

VSCALEFSD __m128d __mm_mask_scalef_round_sd(__m128d s,___mmask8 k,__m128d a,__m128d , int); 
VSCALEFSD __m128d __mm_maskz_scalef_round_sd(__mmask8 k,___m128d a,__m128d b, int); 


SIMD Floating-Point Exceptions 


Overflow, Underflow, Invalid, Precision, Denormal (for Src1). 
Denormal is not reported for Src2. 


Other Exceptions 
See Table 2-47, “Type E3 Class Exception Conditions”. 
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VSCALEFPS—Scale Packed Float32 Values With Float32 Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 

Support | Flag 
EVEX.128.66.0F38.WO 2C /r A VIV AVX512VL | Scale the packed single-precision floating-point values in 
VSCALEFPS xmm1 {k1}{z}, xmm2, AVX512F xmmz using values from xmm3/m128/m32bcst. Under 
xmm3/m128/m32bcst writemask k1. 
EVEX.256.66.0F38.WO 2C /r A VIV AVX512VL | Scale the packed single-precision values in ymm2 using 
VSCALEFPS ymm1 {k1}{z}, ymm2, AVX512F floating point values from ymm3/m256/m32bcst. Under 
ymm3/m256/m32bcst writemask k1. 
EVEX.512.66.0F38.W0O 2C /r A VIV AVX512F Scale the packed single-precision floating-point values in 
VSCALEFPS zmm1 {k1}{z}, zmm2, zmm_2 using floating-point values from 
zmm3/m51 2/m32bcst{er} zmm3/m51 2/m32bcst. Under writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a floating-point scale of the packed single-precision floating-point values in the first source operand by 
multiplying it by 2 power of the float32 values in second source operand. 


The equation of this operation is given by: 


zmm1 := zmm2*2‘loor(zmms3) 
Floor(zmm3) means maximum integer value < zmm3. 


If the result cannot be represented in single precision, then the proper overflow response (for positive scaling 
operand), or the proper underflow response (for negative scaling operand) is issued. The overflow and underflow 
responses are dependent on the rounding mode (for IEEE-compliant rounding), as well as on other settings in 
MXCSR (exception mask bits, FTZ bit), and on the SAE bit. 

EVEX.512 encoded version: The first source operand is a ZMM register. The second source operand is a ZMM 
register, a 512-bit memory location or a 512-bit vector broadcasted from a 32-bit memory location. The destina- 
tion operand is a ZMM register conditionally updated with writemask k1. 

EVEX.256 encoded version: The first source operand is a YMM register. The second source operand is a YMM 
register, a 256-bit memory location, or a 256-bit vector broadcasted from a 32-bit memory location. The destina- 
tion operand is a YMM register, conditionally updated using writemask k1. 

EVEX.128 encoded version: The first source operand is an XMM register. The second source operand is a XMM 
register, a 128-bit memory location, or a 128-bit vector broadcasted from a 32-bit memory location. The destina- 
tion operand is a XMM register, conditionally updated using writemask k1. 


Handling of special-case input values are listed in Table 5-30 and Table 5-32. 


Table 5-32. Additional VSCALEFPS/SS Special Cases 


Special Case Returned value Faults 
|result| < 27149 +0 or +Min-Denormal (Src1 sign) Underflow 
result] 2 2128 +INF (Src1 sign) or +Max-normal (Src1 sign) Overflow 
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Operation 


SCALE(SRC1, SRC2) 
; Check for denormal operands 
TMP_SRC2 := SRC2 
TMP_SRC1 := SRC1 
IF (SRC2 is denormal AND MXCSR.DAZ) THEN TMP_SRC2=0 
IF (SRC1 is denormal AND MXCSR.DAZ) THEN TMP_SRC1=0 
/* SRC2 is a 32 bits floating-point value */ 
DEST[31:0] := TMP_SRC1[31:0] * POW(2, Floor(TMP_SRC2[31:0])) 
} 


VSCALEFPS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
IF (VL = 512) AND (EVEX.b = 1) AND (SRC2 *is register*) 


THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 
Fl; 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN DEST{[i+31:i] = SCALE(SRC1[i+31:i], SRC2[31:0)); 
ELSE DEST[i+31:i] := SCALE(SRC1[i+31:i], SRC2[i+31:i]); 
Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0; 


Intel C/C++ Compiler Intrinsic Equivalent 


VSCALEFPS __m512_mm512_scalef_round_ps(__m512 a,__m512 b, int rounding); 
VSCALEFPS __m512 _mm512_mask_scalef_round_ps(__m512 s,__ mmask16 k, 
VSCALEFPS __m512 _mm512_maskz_scalef_round_ps(__mmask16 k,__m512 a, 
VSCALEFPS __m512_mm512_scalef_ps(__m512 a,__m512 b); 

VSCALEFPS __m512_mm512_mask_scalef_ps(__m512s,__mmask16 k,__m512 a,__m512 b); 
VSCALEFPS __m512 _mm512_maskz_scalef_ps(__mmask16 k,__m512 a,__m512 b); 
VSCALEFPS __m256 _mm256_scalef_ps(__m256 a,__m256 b); 

VSCALEFPS __m256 __mm256_mask_scalef_ps(__m256 s,__ mmask8 k,__m256 a,__m256 b); 
VSCALEFPS __m256 _mm256_maskz_scalef_ps(__mmask8 k,__m256 a,__m256 b); 
VSCALEFPS __m128 _mm_scalef_ps(__m128 a,__m128 b); 

VSCALEFPS __m128 _mm_mask_scalef_ps(__m128s,__mmask8k,__m128 a,__m128 b); 
VSCALEFPS __m128 _mm_maskz_scalef_ps(__mmask8 k,__m128 a,__m128 b); 


SIMD Floating-Point Exceptions 


Overflow, Underflow, Invalid, Precision, Denormal (for Src1). 
Denormal is not reported for Src2. 


m512 a,__m512 5, int rounding); 
m512 b, int rounding); 
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Other Exceptions 
See Table 2-46, “Type E2 Class Exception Conditions”. 
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VSCALEFSS—Scale Scalar Float32 Value With Float32 Value 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 

EVEX.LLIG.66.0F38.W0 2D /r A VIV AVX512F | Scale the scalar single-precision floating-point value in 
VSCALEFSS xmm1 {k1}{z}, xmm2, xmmcz using floating-point value from xmm3/m32. Under 
xmm3/m32{er} writemask k1. 

Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 

A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 


Description 


Performs a floating-point scale of the scalar single-precision floating-point value in the first source operand by 
multiplying it by 2 power of the float32 value in second source operand. 


The equation of this operation is given by: 
xmm1 := xmm2*2floor(xmm3) | 
Floor(xmm3) means maximum integer value < xmm3. 


If the result cannot be represented in single precision, then the proper overflow response (for positive scaling 
operand), or the proper underflow response (for negative scaling operand) is issued. The overflow and underflow 
responses are dependent on the rounding mode (for IEEE-compliant rounding), as well as on other settings in 


MXCSR (exception mask bits, FTZ bit), and on the SAE bit. 


EVEX encoded version: The first source operand is an XMM register. The second source operand is an XMM register 
or a memory location. The destination operand is an XMM register conditionally updated with writemask k1. 


Handling of special-case input values are listed in Table 5-30 and Table 5-32. 
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Operation 


SCALE(SRC1, SRC2) 
{ 
; Check for denormal operands 
TMP_SRC2 := SRC2 
TMP_SRC1 := SRC1 
IF (SRC2 is denormal AND MXCSR.DAZ) THEN TMP_SRC2=0 
IF (SRC1 is denormal AND MXCSR.DAZ) THEN TMP_SRC1=0 
/* SRC2 is a 32 bits floating-point value */ 
DEST[31:0] := TMP_SRC1[31:0] * POW(2, Floor(TMP_SRC2[31:0])) 
} 


VSCALEFSS (EVEX encoded version) 
IF (EVEX.b= 1) and SRC2 *is a register* 
THEN 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(EVEX.RC); 
ELSE 
SET_ROUNDING_MODE_FOR_THIS_INSTRUCTION(MXCSR.RC); 


Fl; 
IF k1[0] OR *no writemask* 
THEN DEST[31:0] := SCALE(SRC1[31:0], SRC2[31:0]) 
ELSE 
IF *merging-masking* ;merging-masking 
THEN *DEST[31:0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[31:0] := 0 
Fl 
Fl; 
DEST[1 27:32] := SRC1[127:32] 
DEST[MAXVL-1:128] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
VSCALEFSS __m128_mm_scalef_round_ss(__m128 a,__m128 b, int); 


VSCALEFSS __m128 _mm_mask_scalef_round_ss(__m128 s,__mmask8 k,__m128 a,__m128 }, int); 
VSCALEFSS __m128 _mm_maskz_scalef_round_ss(__mmask8 k,__m128 a,__m128 }, int); 


SIMD Floating-Point Exceptions 


Overflow, Underflow, Invalid, Precision, Denormal (for Src1). 
Denormal is not reported for Src2. 


Other Exceptions 
See Table 2-47, “Type E3 Class Exception Conditions”. 
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VSCATTERDPS/VSCATTERDPD/VSCATTERQPS/VSCATTERQPD—Scatter Packed Single, Packed 
Double with Signed Dword and Qword Indices 


Opcode/ Op/E | 64/32 CPUID Description 
Instruction n bit Mode | Feature 

Support | Flag 
EVEX.128.66.0F38.W0 A2 /vsib A VIV AVX512VL | Using signed dword indices, scatter single-precision 
VSCATTERDPS vm3ex {k1}, xmm1 AVX512F floating-point values to memory using writemask k1. 
EVEX.256.66.0F38.W0 A2 /vsib A VIV AVX512VL | Using signed dword indices, scatter single-precision 
VSCATTERDPS vm32y {k1}, ymm1 AVX512F floating-point values to memory using writemask k1. 
EVEX.512.66.0F38.W0 A2 /vsib A VIV AVX512F Using signed dword indices, scatter single-precision 
VSCATTERDPS vm32z {k1}, zmm1 floating-point values to memory using writemask k1. 
EVEX.128.66.0F38.W1 A2 /vsib A VIV AVX512VL | Using signed dword indices, scatter double-precision 
VSCATTERDPD vm32x {k1}, xmm1 AVX512F floating-point values to memory using writemask k1. 
EVEX.256.66.0F38.W1 A2 /vsib A VIV AVX512VL | Using signed dword indices, scatter double-precision 
VSCATTERDPD vm32x {k1}, ymm1 AVX512F floating-point values to memory using writemask k1. 
EVEX.512.66.0F38.W1 A2 /vsib A VIV AVX512F Using signed dword indices, scatter double-precision 
VSCATTERDPD vm32y {k1}, zmm1 floating-point values to memory using writemask k1. 
EVEX.128.66.0F38.W0 A3 /vsib A VIV AVX512VL | Using signed qword indices, scatter single-precision 
VSCATTERQPS vm64x {k1}, xmm1 AVX512F floating-point values to memory using writemask k1. 
EVEX.256.66.0F38.W0 A3 /vsib A VIV AVX512VL | Using signed qword indices, scatter single-precision 
VSCATTERQPS vm64y {k1}, xmm1 AVX512F floating-point values to memory using writemask k1. 
EVEX.512.66.0F38.W0 A3 /vsib A VIV AVX512F Using signed qword indices, scatter single-precision 
VSCATTERQPS vm64z {k1}, ymm1 floating-point values to memory using writemask k1. 
EVEX.128.66.0F38.W1 A3 /vsib A VIV AVX512VL | Using signed qword indices, scatter double-precision 
VSCATTERQPD vm64x {k1}, xmm1 AVX512F floating-point values to memory using writemask k1. 
EVEX.256.66.0F38.W1 A3 /vsib A VIV AVX512VL | Using signed qword indices, scatter double-precision 
VSCATTERQPD vm64y {k1}, ymm1 AVX512F floating-point values to memory using writemask k1. 
EVEX.512.66.0F38.W1 A3 /vsib A VIV AVX512F Using signed qword indices, scatter double-precision 
VSCATTERQPD vm64z {k1}, zmm1 floating-point values to memory using writemask k1. 


Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 


BaseReg (R): VSIB:base, 
VectorReg(R): VSIB:index 


A Tuple1 Scalar ModRM:reg (r) NA NA 


Description 


Stores up to 16 elements (or 8 elements) in doubleword/quadword vector zmm1i to the memory locations pointed 
by base address BASE_ADDR and index vector VINDEX, with scale SCALE. The elements are specified via the VSIB 
(i.e., the index register is a vector register, holding packed indices). Elements will only be stored if their corre- 
sponding mask bit is one. The entire mask register will be set to zero by this instruction unless it triggers an excep- 
tion. 


This instruction can be suspended by an exception if at least one element is already scattered (i.e., if the exception 
is triggered by an element other than the rightmost one with its mask bit set). When this happens, the destination 
register and the mask register (ki) are partially updated. If any traps or interrupts are pending from already scat- 
tered elements, they will be delivered in lieu of the exception; in this case, EFLAG.RF is set to one so an instruction 
breakpoint is not re-triggered when the instruction is continued. 


Note that: 


* Only writes to overlapping vector indices are guaranteed to be ordered with respect to each other (from LSB to 
MSB of the source registers). Note that this also include partially overlapping vector indices. Writes that are not 
overlapped may happen in any order. Memory ordering with other instructions follows the Intel-64 memory 
ordering model. Note that this does not account for non-overlapping indices that map into the same physical 
address locations. 
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¢ If two or more destination indices completely overlap, the “earlier” write(s) may be skipped. 

¢ Faults are delivered in a right-to-left manner. That is, if a fault is triggered by an element and delivered, all 
elements closer to the LSB of the destination zmm will be completed (and non-faulting). Individual elements 
closer to the MSB may or may not be completed. If a given element triggers multiple faults, they are delivered 
in the conventional order. 


¢ Elements may be scattered in any order, but faults must be delivered in a right-to left order; thus, elements to 
the left of a faulting one may be scattered before the fault is delivered. A given implementation of this 
instruction is repeatable - given the same input values and architectural state, the same set of elements to the 
left of the faulting one will be scattered. 


¢ This instruction does not perform AC checks, and so will never deliver an AC fault. 
° Not valid with 16-bit effective addresses. Will deliver a #UD fault. 


¢ If this instruction overwrites itself and then takes a fault, only a subset of elements may be completed before 
the fault is delivered (as described above). If the fault handler completes and attempts to re-execute this 
instruction, the new instruction will be executed, and the scatter will not complete. 

Note that the presence of VSIB byte is enforced in this instruction. Hence, the instruction will #UD fault if 

ModRM.rm is different than 100b. 


This instruction has special disp8*N and alignment rules. N is considered to be the size of a single vector element. 
The scaled index may require more bits to represent than the address bits used by the processor (e.g., in 32-bit 
mode, if the scale is greater than one). In this case, the most significant bits beyond the number of address bits are 
ignored. 


The instruction will #UD fault if the kO mask register is specified. 


Operation 


BASE_ADDR stands for the memory operand base address (a GPR); may not exist 
VINDEX stands for the memory operand vector of indices (a ZMM register) 
SCALE stands for the memory operand scalar (1, 2, 4 or 8) 

DISP is the optional 1 or 4 byte displacement 


VSCATTERDPS (EVEX encoded versions) 
(KL, VL)= (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
j:=j* 32 
IF k1[j] OR *no writemask* 
THEN MEM[BASE_ADDR +SignExtend(VINDEX[i+31:i]) * SCALE + DISP] := 
SRC[i+3 1:1] 
k1{j] := 0 
Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 


VSCATTERDPD (EVEX encoded versions) 
(KL, VL)= (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
k:=j* 32 
IF k1[j] OR *no writemask* 
THEN MEM[BASE_ADDR +SignExtend(VINDEX[k+31 :k]) * SCALE + DISP] := 
SRC[i+63:i] 
k1{j] := 0 
Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 
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VSCATTERQPS (EVEX encoded versions) 
(KL, VL)= (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
k:=j* 64 
IF k1[j] OR *no writemask* 
THEN MEM[BASE_ADDR + (VINDEX[k+63:k]) * SCALE + DISP] := 
SRC[i+31:i] 
k1[j] :=0 
Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 


VSCATTERQPD (EVEX encoded versions) 
(KL, VL)= (2, 128), (4, 256), (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN MEM[BASE_ADDR + (VINDEX[i+63:i]) * SCALE + DISP] := 
SRC[i+63:i] 
k1[j] :=0 
Fl; 
ENDFOR 
k1[MAX_KL-1:KL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 


VSCATTERDPD void __mm512_i32scatter_pd(void * base, _ m256i vdx,__m512d a, int scale); 
VSCATTERDPD void __mm512_mask_i32scatter_pd(void * base, __ mmask8 k, __m256i vdx, 
VSCATTERDPS void __mm512_i32scatter_ps(void * base,__m512i vdx,__m512 a, int scale); 

VSCATTERDPS void __mm512_mask_i32scatter_ps(void * base,__ mmask16 k,__m512i vdx,_m512 a, int scale); 
VSCATTERQPD void __mm512_i64scatter_pd(void * base, ___m512i vdx,__m512d a, int scale); 

VSCATTERQPD void __mm512_mask_i64scatter_pd(void * base, __mmask8 k, __m512i vdx, 
VSCATTEROPS void __mm512_i64scatter_ps(void * base, __m512i vdx, __m256 a, int scale); 
VSCATTEROPS void _mm512_mask_i64scatter_ps(void * base, __mmask8 k, __m512i vdx, 
VSCATTERDPD void _mm256_i32scatter_pd(void * base, ___m128i vdx,___m256d a, int scale); 
VSCATTERDPD void _mm256_mask_i32scatter_pd(void * base, __ mmask8 k, __m128i vdx, 
VSCATTERDPS void _mm256_i32scatter_ps(void * base,__ m256i vdx,___m256 a, int scale); 

VSCATTERDPS void _mm256_mask_i32scatter_ps(void * base, __ mmask8 k,___ m256i vdx,___m256 a, int scale); 
VSCATTERQPD void __mm256_i64scatter_pd(void * base, __ m256i vdx, __m256d a, int scale); 

VSCATTERQPD void _mm256_mask_i64scatter_pd(void * base, __mmask8 k, __m256i vdx, 
VSCATTEROPS void __mm256_i64scatter_ps(void * base, __m256i vdx, __m128 a, int scale); 
VSCATTEROPS void _mm256_mask_i64scatter_ps(void * base, __mmask8 k, __m256i vdx, 
VSCATTERDPD void _mm_i32scatter_pd(void * base, __m128i vdx,___m128d a, int scale); 
VSCATTERDPD void _mm_mask_i32scatter_pd(void * base, __ mmask8 k,___m128i vdx,___m128d a, int scale); 
VSCATTERDPS void _mm_i32scatter_ps(void * base,__m128i vdx,__m128 a, int scale); 

VSCATTERDPS void _mm_mask_i32scatter_ps(void * base, __ mmask8 k,___m128i vdx, 
VSCATTERQPD void _mm_i64scatter_pd(void * base, __m128i vdx, __m128d a, int scale); 
VSCATTERQPD void _mm_mask_i64scatter_pd(void * base, __mmask8 k, __m128i vdx, 
VSCATTEROPS void __mm_i64scatter_ps(void * base, __m128i vdx,___m128 a, int scale); 
VSCATTEROPS void _mm_mask_i64scatter_ps(void * base, __mmask8 k, __m128i vdx, 


m512d a, int scale); 


m512d a, int scale); 


m256 a, int scale); 


m256d a, int scale); 


m256d a, int scale); 


m128 a, int scale); 


m128 a, int scale); 


m128d a, int scale); 


m128 a, int scale); 
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SIMD Floating-Point Exceptions 
Invalid, Overflow, Underflow, Precision, Denormal 


Other Exceptions 
See Table 2-61, “Type E12 Class Exception Conditions”. 
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VSHUFF32x4/VSHUFF64x2/VSHUFI32x4/VSHUFI64x2—Shuffle Packed Values at 128-bit 


Granularity 
Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.256.66.0F3A.WO 23 /r ib A VIV AVX512VL_ | Shuffle 128-bit packed single-precision floating-point 
VSHUFF32X4 ymm1{k1}{z}, ymm2, AVX512F values selected by imm8 from ymm2 and 
ymm3/m256/m32bcst, imm8 ymm3/m256/m32bcst and place results in ymm1 
subject to writemask k1. 
EVEX.512.66.0F3A.WO 23 /r ib A VIV AVX512F Shuffle 128-bit packed single-precision floating-point 
VSHUFF32x4 zmm1{k1}{z}, zmm2, values selected by imm8 from zmm2 and 
zmm3/m512/m32bcst, imm8 zmm3/m512/m32bcst and place results in zmm1 
subject to writemask k1. 
EVEX.256.66.0F3A.W1 23 /r ib A VIV AVX512VL_ | Shuffle 128-bit packed double-precision floating-point 
VSHUFF64X2 ymm1{k1}{z}, ymm2, AVX512F values selected by imm8 from ymm2 and 
ymm3/m256/m64bcst, imm8 ymm3/m256/m64bcst and place results in ymm1 
subject to writemask k1. 
EVEX.512.66.0F3A.W1 23 /r ib A VIV AVX512F Shuffle 128-bit packed double-precision floating-point 
VSHUFF64x2 zmm1{k1}{z}, zmm2, values selected by imm8 from zmm2 and 
zmm3/m512/m64bcst, imm8 zmm3/m512/m64bcst and place results in zmm1 
subject to writemask k1. 
EVEX.256.66.0F3A.WO 43 /r ib A VIV AVX512VL_ | Shuffle 128-bit packed double-word values selected by 
VSHUFI32X4 ymm1{k1}{z}, ymm2, AVX512F imm8 from ymm2 and ymm3/m256/m32bcst and place 
ymm3/m256/m32bcst, imm8 results in ymm1 subject to writemask k1. 
EVEX.512.66.0F3A.WO 43 /r ib A VIV AVX512F Shuffle 128-bit packed double-word values selected by 
VSHUFI32x4 zmm1{k1}{z}, zmm2, imm8 from zmm2 and zmm3/m512/m32bcst and place 
zmm3/m512/m32bcst, imm8 results in zmm1 subject to writemask k1. 
EVEX.256.66.0F3A.W1 43 /r ib A VIV AVX512VL_ | Shuffle 128-bit packed quad-word values selected by 
VSHUFI64X2 ymm1{k1}{z}, ymm2, AVX512F imm8 from ymm2 and ymm3/m256/m64bcst and place 
ymm3/m256/m64bcst, imm8 results in ymm1 subject to writemask k1. 
EVEX.512.66.0F3A.W1 43 /r ib A VIV AVX512F Shuffle 128-bit packed quad-word values selected by 
VSHUFI64x2 zmm1{k1}{z}, zmm2, imm8 from zmm2 and zmm3/m512/m64bcst and place 
zmm3/m512/m64bcst, imm8 results in zmm1 subject to writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


256-bit Version: Moves one of the two 128-bit packed single-precision floating-point values from the first source 

operand (second operand) into the low 128-bit of the destination operand (first operand); moves one of the two 

packed 128-bit floating-point values from the second source operand (third operand) into the high 128-bit of the 
destination operand. The selector operand (third operand) determines which values are moved to the destination 
operand. 


512-bit Version: Moves two of the four 128-bit packed single-precision floating-point values from the first source 
operand (second operand) into the low 256-bit of each double qword of the destination operand (first operand); 
moves two of the four packed 128-bit floating-point values from the second source operand (third operand) into 
the high 256-bit of the destination operand. The selector operand (third operand) determines which values are 
moved to the destination operand. 


The first source operand is a vector register. The second source operand can be a ZMM register, a 512-bit memory 
location or a 512-bit vector broadcasted from a 32/64-bit memory location. The destination operand is a vector 
register. 


The writemask updates the destination operand with the granularity of 32/64-bit data elements. 
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Operation 


Select2(SRC, control) { 
CASE (control[0]) OF 
O: TMP := SRC[127:0]; 
1: TMP := SRC[255:128); 
ESAC; 
RETURN TMP 
} 


Select4(SRC, control) { 
CASE (control[1:0]) OF 
O: TMP := SRC[127:0]; 
1: TMP := SRC[255:128); 
2: TMP := SRC[383:256]; 
3: TMP := SRC[511:384]; 
ESAC; 
RETURN TMP 
} 


VSHUFF32x4 (EVEX versions) 
(KL, VL) = (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN TMP_SRC2[i+31:i] = SRC2[31:0] 
ELSE TMP_SRC2[i+31:i] = SRC2[i+31:i] 
Fl; 
ENDFOR; 
IF VL = 256 
TMP_DEST[127:0] := Select2(SRC1[255:0], imm8[0}); 
TMP_DEST[255:1 28] := Select2(SRC2[255:0], imm8[1]); 
Fl; 
IF VL= 512 
TMP_DEST[127:0] := Select4(SRC1[51 1:0], imm8[1:0}); 
TMP_DEST[255:1 28] := Select4(SRC1[51 1:0], imm8[3:2]); 
TMP_DEST[383:256] := Select4(TMP_SRC2[51 1:0], imm8[5:4}); 
TMP_DEST[51 1:384] := Select4(TMP_SRC2[51 1:0], imm8[7:6]); 
Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
THEN DEST[i+31:i] := 0 
Fl; 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 


VSHUFF32x4/VSHUFF64x2/VSHUFI32x4/VSHUFI64x2—Shuffle Packed Values at 128-bit Granularity 


INSTRUCTION SET REFERENCE, V-Z 


Vol.2C 5-581 


INSTRUCTION SET REFERENCE, V-Z 


VSHUFF64x2 (EVEX 512-bit version) 
(KL, VL) = (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN TMP_SRC2[i+63:i] = SRC2[63:0] 
ELSE TMP_SRC2[i+63:i] := SRC2[i+63:i] 
Fl; 
ENDFOR; 
IF VL = 256 
TMP_DEST[127:0] := Select2(SRC1[255:0], imm8[0}); 
TMP_DEST[255:1 28] := Select2(SRC2[255:0], imm8[1]); 
Fl; 
IF VL=512 
TMP_DEST[127:0] := Select4(SRC1[51 1:0], imm8[1:0}); 
TMP_DEST[255:1 28] := Select4(SRC1[51 1:0], imm8[3:2]); 
TMP_DEST[383:256] := Select4(TMP_SRC2[51 1:0], imm8[5:4}); 
TMP_DEST[51 1:384] := Select4(TMP_SRC2[51 1:0], imm8[7:6]); 


Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
THEN DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VSHUFI32x4 (EVEX 512-bit version) 
(KL, VL) = (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF (EVEX.b = 1) AND (SRC2 *is memory’) 
THEN TMP_SRC2[i+31:i] = SRC2[31:0] 
ELSE TMP_SRC2[i+31:i] := SRC2[i+31:i] 
Fl; 
ENDFOR; 
IF VL = 256 
TMP_DEST[127:0] := Select2(SRC1[255:0], imm8[0}); 
TMP_DEST[255:1 28] := Select2(SRC2[255:0], imm8[1]); 
Fl; 
IF VL=512 
TMP_DEST[127:0] := Select4(SRC1[51 1:0], imm8[1:0}); 
TMP_DEST[255:1 28] := Select4(SRC1[51 1:0], imm8[3:2]); 
TMP_DEST[383:256] := Select4(TMP_SRC2[51 1:0], imm8[5:4}); 
TMP_DEST[51 1:384] := Select4(TMP_SRC2[51 1:0], imm8[7:6]); 
Fl; 
FOR j := 0 TO KL-1 
i:=j* 32 
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IF k1[j] OR *no writemask* 
THEN DEST[i+31:i] = TMP_DEST[i+31:i] 


ELSE 

IF *merging-masking* ;merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

THEN DEST[i+31:i] := 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VSHUFI64x2 (EVEX 512-bit version) 
(KL, VL) = (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF (EVEX.b = 1) AND (SRC2 *is memory*) 
THEN TMP_SRC2[i+63:i] = SRC2[63:0] 
ELSE TMP_SRC2[i+63:i] := SRC2[i+63:i] 
Fl; 
ENDFOR; 
IF VL = 256 
TMP_DEST[127:0] := Select2(SRC1[255:0], imm8[0}); 
TMP_DEST[255:1 28] := Select2(SRC2[255:0], imm8[1]); 
Fl; 
IF VL=512 
TMP_DEST[127:0] := Select4(SRC1[51 1:0], imm8[1:0)); 
TMP_DEST[255:1 28] := Select4(SRC1[51 1:0], imm8[3:2]); 
TMP_DEST[383:256] := Select4(TMP_SRC2[51 1:0], imm8[5:4}); 
TMP_DEST[51 1:384] := Select4(TMP_SRC2[51 1:0], imm8[7:6]); 
Fl; 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* 
THEN DEST[i+63:i] = TMP_DEST[i+63:i] 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 
THEN DEST[i+63:i] := 0 
Fl 
Fl; 
ENDFOR 
DEST[MAXVL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 


VSHUFI32x4 __m512i_mm512_shuffle_i32x4(__m512ia,__m512i b, int imm); 

VSHUFI32x4 __m512i_mm512_mask_shuffle_i32x4(__m512is,__mmask16 k,__m512ia,__m512i b, int imm); 
VSHUFI32x4 __m512i_mm512_maskz_shuffle_i32x4(__mmask16 k,__m512ia,__m512i b, int imm); 
VSHUFI32x4 __m256i__mm256_shuffle_i32x4(__m256i a,__ m256i b, int imm); 

VSHUFI32x4 __m256i__mm256_mask_shuffle_i32x4(__m256i s,___mmask8 k,__ m256i a, __ m256i b, int imm); 
VSHUFI32x4 __m256i__mm256_maskz_shuffle_i32x4(__mmask8 k,__ m256i a,___m256i b, int imm); 
VSHUFF32x4 ___m512 _mm512_shuffle_f32x4(__m512 a,__m512 b, int imm); 

VSHUFF32x4 __m512 _mm512_mask_shuffle_f32x4(__m512 s,__ mmask16 k,__m512 a,__m512 b, int imm); 
VSHUFF32x4 __m512 _mm512_maskz_shuffle_f32x4(__mmask16 k,__m512 a,__m512 b, int imm); 
VSHUFI64x2 __ m512i_mm512_shuffle_i64x2(__m512ia,__m512i b, int imm); 

VSHUFI64x2 _ m512i_mm512_mask_shuffle_i64x2(__m512is,__mmask8 k,__m512i b,___m512i b, int imm); 
VSHUFI64x2 __m512i_mm512_maskz_shuffle_i64x2(__mmask8 k,__m512i a,__m512ib, int imm); 
VSHUFF64x2 _ m512d_mm512_shuffle_f64x2(__m512d a,__m512db, int imm); 

VSHUFF64x2 __m512d_mm512_mask_shuffle_f64x2(__m512ds,__mmask8 k,__m512da,__m512db, int imm); 
VSHUFF64x2 _ m512d_mm512_maskz_shuffle_f64x2(__ mmask8 k,__m512d a,__m512db, int imm); 


SIMD Floating-Point Exceptions 


None 


Other Exceptions 
See Table 2-50, “Type E4NF Class Exception Conditions”; additionally: 


#UD 
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VTESTPD/VTESTPS—Packed Bit Test 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 

VEX.128.66.0F38.WO OE /r RM |V/V AVX Set ZF and CF depending on sign bit AND and 

VTESTPS xmm1, xmm2/m128 ANDN of packed single-precision floating-point 
SOUIces. 

VEX.256.66.0F38.WO OE /r RM |V/V AVX Set ZF and CF depending on sign bit AND and 

VTESTPS ymm17, ymm2/m256 ANDN of packed single-precision floating-point 
SOUIces. 

VEX.128.66.0F38.WO OF /r RM |V/V AVX Set ZF and CF depending on sign bit AND and 

VTESTPD xmm1, xmm2/m128 ANDN of packed double-precision floating-point 
SOUICeS. 

VEX.256.66.0F38.WO OF /r RM |V/V AVX Set ZF and CF depending on sign bit AND and 

VTESTPD ymm1, ymm2/m256 ANDN of packed double-precision floating-point 
SOUICeS. 

Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r) ModRM:r/m (r) NA NA 
Description 


VTESTPS performs a bitwise comparison of all the sign bits of the packed single-precision elements in the first 
source operation and corresponding sign bits in the second source operand. If the AND of the source sign bits with 
the dest sign bits produces all zeros, the ZF is set else the ZF is clear. If the AND of the source sign bits with the 
inverted dest sign bits produces all zeros the CF is set else the CF is clear. An attempt to execute VTESTPS with 
VEX.W=1 will cause #UD. 


VTESTPD performs a bitwise comparison of all the sign bits of the double-precision elements in the first source 
operation and corresponding sign bits in the second source operand. If the AND of the source sign bits with the dest 
sign bits produces all zeros, the ZF is set else the ZF is clear. If the AND the source sign bits with the inverted dest 
sign bits produces all zeros the CF is set else the CF is clear. An attempt to execute VTESTPS with VEX.W=1 will 
cause #UD. 

The first source register is specified by the ModR/M reg field. 

128-bit version: The first source register is an XMM register. The second source register can be an XMM register or 
a 128-bit memory location. The destination register is not modified. 

VEX.256 encoded version: The first source register is a YMM register. The second source register can be a YMM 
register or a 256-bit memory location. The destination register is not modified. 


Note: In VEX-encoded versions, VEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. 


VTESTPD/VTESTPS—Packed Bit Test Vol.2C 5-585 


INSTRUCTION SET REFERENCE, V-Z 


Operation 


VTESTPS (128-bit version) 

TEMP[1 27:0] := SRC[127:0] AND DEST[127:0] 

IF (TEMP[31] = TEMP[63] = TEMP[95] = TEMP[127] = 0) 
THEN ZF := 1; 
ELSE ZF := 0; 


TEMP[1 27:0] := SRC[127:0] AND NOT DEST[127:0] 

IF (TEMP[31] = TEMP[63] = TEMP[95] = TEMP[127] = 0) 
THEN CF := 1; 
ELSE CF := 0; 

DEST (unmodified) 

AF := OF := PF := SF := 0; 


VTESTPS (VEX.256 encoded version) 

TEMP[255:0] := SRC[255:0] AND DEST[255:0] 

IF (TEMP[31] = TEMP[63] = TEMP[95] = TEMP[127]= TEMP[160] =TEMP[191] = TEMP[224] = TEMP[255] = 0) 
THEN ZF := 1; 
ELSE ZF := 0; 


TEMP[255:0] := SRC[255:0] AND NOT DEST[255:0] 

IF (TEMP[31] = TEMP[63] = TEMP[95] = TEMP[127]= TEMP[160] =TEMP[191] = TEMP[224] = TEMP[255] = 0) 
THEN CF := 1; 
ELSE CF := 0; 

DEST (unmodified) 

AF := OF := PF := SF := 0; 


VTESTPD (128-bit version) 
TEMP[1 27:0] := SRC[127:0] AND DEST[127:0] 
IF ( TEMP[63] = TEMP[127] = 0) 

THEN ZF := 1; 

ELSE ZF := 0; 


TEMP[1 27:0] := SRC[127:0] AND NOT DEST[127:0] 
IF ( TEMP[63] = TEMP[127] = 0) 
THEN CF := 1; 
ELSE CF := 0; 
DEST (unmodified) 
AF := OF := PF := SF := 0; 


VTESTPD (VEX.256 encoded version) 

TEMP[255:0] := SRC[255:0] AND DEST[255:0] 

IF (TEMP[63] = TEMP[1 27] = TEMP[191] = TEMP[255] = 0) 
THEN ZF := 1; 
ELSE ZF := 0; 


TEMP[255:0] := SRC[255:0] AND NOT DEST[255:0] 

IF (TEMP[63] = TEMP[1 27] = TEMP[191] = TEMP[255] = 0) 
THEN CF := 1; 
ELSE CF := 0; 

DEST (unmodified) 

AF := OF := PF := SF := 0; 
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Intel C/C++ Compiler Intrinsic Equivalent 


VTESTPS 
int_mm256_testz_ps (_m256 s1,__m256 s2); 
int__mm256_testc_ps (_m256 s1,__m256 s2); 
m128 s2); 
int__mm_testz_ps (_m128s1,__m128 s2); 


int_mm256_testnzc_ps (__m256 s1, 


int__mm_testc_ps (__m128s1,__m128s2); 


int__mm_testnzc_ps (_m128s1,__m128 s2); 


VTESTPD 
int_mm256_testz_pd (__m256ds1,__m256d s2); 
int_mm256_testc_pd (__m256d s1,__m256d s2); 
int__mm256_testnzc_pd (__m256d s1,__m256d s2); 
m128d s2); 
m128d s2); 
m128d s2); 


int__mm_testz_pd (__m128d s1, 


int__mm_testc_pd (__m128d s1, 


int__mm_testnzc_pd (__m128d s1, 


Flags Affected 
The OF, AF, PF, SF flags are cleared and the ZF, CF flags are set according to the operation. 


SIMD Floating-Point Exceptions 
None. 


Other Exceptions 
See Table 2-21, “Type 4 Class Exception Conditions”; additionally: 
#UD If VEX.vvvv # 1111B. 

If VEX.W = 1 for VTESTPS or VTESTPD. 
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VZEROALL—Zero XMM, YMM and ZMM Registers 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
VEX.256.0F.WIG 77 ZO |V/IV AVX Zero some of the XMM, YMM and ZMM 
VZEROALL registers. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


In 64-bit mode, the instruction zeroes XMMO-XMM15, YMMO-YMM15, and ZMMO-ZMM15. Outside 64-bit mode, it 
zeroes only XMMO-XMM7, YMMO-YMM7, and ZMMO-ZMM7. VZEROALL does not modify ZMM16-ZMM31. 


Note: VEX.vvvv is reserved and must be 1111b, otherwise instructions will #UD. In Compatibility and legacy 32-bit 
mode only the lower 8 registers are modified. 


Operation 

simd_reg_file[][] is a two dimensional array representing the SIMD register file containing all the overlapping xmm, ymm and zmm 
registers present in that implementation. The major dimension is the register number: O for xmmO, ymmO and zmm0O; 1 for xmm1, 
ymm1, and zmm1; etc. The minor dimension size is the width of the implemented SIMD state measured in bits. On a machine 
supporting Intel AVX-512, the width is 512. 


VZEROALL (VEX.256 encoded version) 
IF (64-bit mode) 
limit :=15 
ELSE 
limit := 7 
FOR i in O.. limit: 
simd_reg_file[iJ[MAXVL-1:0] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
VZEROALL: _mm256_zeroall() 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 


" 


See Table 2-25, “Type 8 Class Exception Conditions”. 
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VZEROUPPER—Zero Upper Bits of YMM and ZMM Registers 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
VEX.128.0F.WIG 77 ZO |V/V AVX Zero bits in positions 128 and higher of some 
VZEROUPPER YMM and ZMM registers. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


In 64-bit mode, the instruction zeroes the bits in positions 128 and higher in YMMO-YMM15 and ZMMO-ZMM15. 
Outside 64-bit mode, it zeroes those bits only in YMMO-YMM7 and ZMMO-ZMM7. VZEROUPPER does not modify the 
lower 128 bits of these registers and it does not modify ZMM16-ZMM31. 

This instruction is recommended when transitioning between AVX and legacy SSE code; it will eliminate perfor- 
mance penalties caused by false dependencies. 

Note: VEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. In Compatibility and legacy 32-bit 
mode only the lower 8 registers are modified. 


Operation 

simd_reg_file[][] is a two dimensional array representing the SIMD register file containing all the overlapping xmm, ymm and zmm 
registers present in that implementation. The major dimension is the register number: O for xmmO, ymmO and zmm0O; 1 for xmm1, 
ymm1, and zmm1; etc. The minor dimension size is the width of the implemented SIMD state measured in bits. 


VZEROUPPER 

IF (64-bit mode) 
limit :=15 

ELSE 
limit := 7 

FOR iin O.. limit: 
simd_reg_file[i][/MAXVL-1:1 28] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
VZEROUPPER: _mm256_zeroupper() 


SIMD Floating-Point Exceptions 


None. 


Other Exceptions 


" 


See Table 2-25, “Type 8 Class Exception Conditions”. 
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WAIT/FWAIT—Wait 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
9B WAIT ZO | Valid Valid Check pending unmasked floating-point 
exceptions. 
9B FWAIT ZO | Valid Valid Check pending unmasked floating-point 
exceptions. 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Causes the processor to check for and handle pending, unmasked, floating-point exceptions before proceeding. 
(FWAIT is an alternate mnemonic for WAIT.) 


This instruction is useful for synchronizing exceptions in critical sections of code. Coding a WAIT instruction after a 
floating-point instruction ensures that any unmasked floating-point exceptions the instruction may raise are 
handled before the processor can modify the instruction’s results. See the section titled “Floating-Point Exception 
Synchronization” in Chapter 8 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, 


for more information on using the WAIT/FWAIT instruction. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


CheckForPendingUnmaskedFloatingPointExceptions; 


FPU Flags Affected 
The CO, C1, C2, and C3 flags are undefined. 


Floating-Point Exceptions 


None. 


Protected Mode Exceptions 
If CRO.MP[bit 1] = 1 and CRO.TS[bit 3] = 1. 
If the LOCK prefix is used. 


#NM 
#UD 


Real-Address Mode Exceptions 


Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 


Same exceptions as in protected mode. 


Compatibility Mode Exceptions 


Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


Same exceptions as in protected mode. 
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WBINVD—Write Back and Invalidate Cache 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 09 WBINVD ZO ‘| Valid Valid Write back and flush Internal caches; initiate 
writing-back and flushing of external caches. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Writes back all modified cache lines in the processor’s internal cache to main memory and invalidates (flushes) the 
internal caches. The instruction then issues a special-function bus cycle that directs external caches to also write 
back modified data and another bus cycle to indicate that the external caches should be invalidated. 


After executing this instruction, the processor does not wait for the external caches to complete their write-back 
and flushing operations before proceeding with instruction execution. It is the responsibility of hardware to respond 
to the cache write-back and flush signals. The amount of time or cycles for WBINVD to complete will vary due to 
size and other factors of different cache hierarchies. As a consequence, the use of the WBINVD instruction can have 
an impact on logical processor interrupt/event response time. Additional information of WBINVD behavior in a 
cache hierarchy with hierarchical sharing topology can be found in Chapter 2 of the Inte/® 64 and IA-32 Architec- 
tures Software Developer’s Manual, Volume 3A. 


The WBINVD instruction is a privileged instruction. When the processor is running in protected mode, the CPL of a 
program or procedure must be 0 to execute this instruction. This instruction is also a serializing instruction (see 
“Serializing Instructions” in Chapter 8 of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3A). 


In situations where cache coherency with main memory is not a concern, software can use the INVD instruction. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


IA-32 Architecture Compatibility 


The WBINVD instruction is implementation dependent, and its function may be implemented differently on future 
Intel 64 and IA-32 processors. The instruction is not supported on IA-32 processors earlier than the Intel486 
processor. 


Operation 


WriteBack(InternalCaches); 
Flush(InternalCaches); 
SignalWriteBack(ExternalCaches); 
SignalFlush(ExternalCaches); 
Continue; (* Continue execution *) 


Intel C/C++ Compiler Intrinsic Equivalent 
WBINVD void _wbinvd(void); 


Flags Affected 
None. 


Protected Mode Exceptions 
#GP(0) If the current privilege level is not 0. 
#UD If the LOCK prefix is used. 
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Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#GP(0) WBINVD cannot be executed at the virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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WBNOINVD—Write Back and Do Not Invalidate Cache 


Opcode / Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
F3 OF 09 ZO |V/V WBNOINVD | Write back and do not flush internal caches; 
WBNOINVD initiate writing-back without flushing of external 
caches. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA NA 
Description 


The WBNOINVD instruction writes back all modified cache lines in the processor’s internal cache to main memory 
but does not invalidate (flush) the internal caches. 


After executing this instruction, the processor does not wait for the external caches to complete their write-back 
operation before proceeding with instruction execution. It is the responsibility of hardware to respond to the cache 
write-back signal. The amount of time or cycles for WBNOINVD to complete will vary due to size and other factors 
of different cache hierarchies. As a consequence, the use of the WBNOINVD instruction can have an impact on 
logical processor interrupt/event response time. 


The WBNOINVD instruction is a privileged instruction. When the processor is running in protected mode, the CPL of 
a program or procedure must be 0 to execute this instruction. This instruction is also a serializing instruction (see 
“Serializing Instructions” in Chapter 8 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3A). 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 


Operation 


WriteBack(InternalCaches); 
Continue; (* Continue execution *) 


Intel C/C++ Compiler Intrinsic Equivalent 
WBNOINVD void _wbnoinvd(void); 


Flags Affected 
None. 


Protected Mode Exceptions 
#GP(0) If the current privilege level is not 0. 
#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#GP(0) WBNOINVD cannot be executed at the virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


WBNOINVD—Write Back and Do Not Invalidate Cache Vol.2C 5-593 


INSTRUCTION SET REFERENCE, V-Z 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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WRFSBASE/WRGSBASE—Write FS/GS Segment Base 


Opcode/ Op/ |64/32- | CPUID Fea- | Description 
Instruction En bit ture Flag 

Mode 
F3 OF AE/2 M V/I FSGSBASE | Load the FS base address with the 32-bit value in 
WRFSBASE r32 the source register. 
F3 REX.W OF AE /2 M V/I FSGSBASE | Load the FS base address with the 64-bit value in 
WRFSBASE r64 the source register. 
F3 OF AE /3 M V/I FSGSBASE | Load the GS base address with the 32-bit value in 
WRGSBASE r32 the source register. 
F3 REX.W OF AE /3 M VAI FSGSBASE | Load the GS base address with the 64-bit value in 
WRGSBASE r64 the source register. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Loads the FS or GS segment base address with the general-purpose register indicated by the modR/M:r/m field. 


The source operand may be either a 32-bit or a 64-bit general-purpose register. The REX.W prefix indicates the 
operand size is 64 bits. If no REX.W prefix is used, the operand size is 32 bits; the upper 32 bits of the source 
register are ignored and upper 32 bits of the base address (for FS or GS) are cleared. 


This instruction is supported only in 64-bit mode. 


Operation 
FS/GS segment base address := SRC; 


Flags Affected 
None 


C/C++ Compiler Intrinsic Equivalent 


WRFSBASE: void _writefsbase_u32( unsigned int ); 

WRFSBASE: _writefsbase_u64( unsigned __int64 ); 
WRGSBASE: void _writegsbase_u32( unsigned int ); 
WRGSBASE: _writegsbase_u64( unsigned __int64 ); 


Protected Mode Exceptions 
#UD The WRFSBASE and WRGSBASE instructions are not recognized in protected mode. 


Real-Address Mode Exceptions 
#UD The WRFSBASE and WRGSBASE instructions are not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The WRFSBASE and WRGSBASE instructions are not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
#UD The WRFSBASE and WRGSBASE instructions are not recognized in compatibility mode. 
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64-Bit Mode Exceptions 
#UD If the LOCK prefix is used. 
If CR4.FSGSBASE[bit 16] = 0. 
If CPUID.0O7H.OH: EBX.FSGSBASE[bit 0] = 0 
#GP(0) If the source register contains a non-canonical address. 
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WRMSR—Write to Model Specific Register 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
OF 30 WRMSR ZO | Valid Valid Write the value in EDX:EAX to MSR specified 
by ECX. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Writes the contents of registers EDX:EAX into the 64-bit model specific register (MSR) specified in the ECX register. 
(On processors that support the Intel 64 architecture, the high-order 32 bits of RCX are ignored.) The contents of 
the EDX register are copied to high-order 32 bits of the selected MSR and the contents of the EAX register are 
copied to low-order 32 bits of the MSR. (On processors that support the Intel 64 architecture, the high-order 32 
bits of each of RAX and RDX are ignored.) Undefined or reserved bits in an MSR should be set to values previously 
read. 


This instruction must be executed at privilege level 0 or in real-address mode; otherwise, a general protection 
exception #GP(0) is generated. Specifying a reserved or unimplemented MSR address in ECX will also cause a 
general protection exception. The processor will also generate a general protection exception if software attempts 
to write to bits in a reserved MSR. 


When the WRMSR instruction is used to write to an MTRR, the TLBs are invalidated. This includes global entries 
(see “Translation Lookaside Buffers (TLBs)” in Chapter 3 of the Inte/® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 3A). 


MSRs control functions for testability, execution tracing, performance-monitoring and machine check errors. 
Chapter 2, “Model-Specific Registers (MSRs)” of the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 4, lists all MSRs that can be written with this instruction and their addresses. Note that each 
processor family has its own set of MSRs. 


The WRMSR instruction is a serializing instruction (see “Serializing Instructions” in Chapter 8 of the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 3A). Note that WRMSR to the IA32_TSC_DEADLINE 
MSR (MSR index 6E0H) and the X2APIC MSRs (MSR indices 802H to 83FH) are not serializing. 


The CPUID instruction should be used to determine whether MSRs are supported (CPUID.01H:EDX[5] =1) before 
using this instruction. 
IA-32 Architecture Compatibility 


The MSRs and the ability to read them with the WRMSR instruction were introduced into the IA-32 architecture with 
the Pentium processor. Execution of this instruction by an IA-32 processor earlier than the Pentium processor 
results in an invalid opcode exception #UD. 


Operation 
MSR[ECX] := EDX:EAX; 


Flags Affected 
None. 
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Protected Mode Exceptions 


#GP(0) 


#UD 


If the current privilege level is not 0. 
If the value in ECX specifies a reserved or unimplemented MSR address. 
If the value in EDX:EAX sets bits that are reserved in the MSR specified by ECX. 


If the source register contains a non-canonical address and ECX specifies one of the following 
MSRs: IA32_DS_AREA, IA32_FS_BASE, IA32_GS_BASE, IA32_KERNEL_GS_ BASE, 
IA32_LSTAR, IA32_SYSENTER_EIP, IA32_SYSENTER_ESP. 


If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP 


#UD 


If the value in ECX specifies a reserved or unimplemented MSR address. 
If the value in EDX:EAX sets bits that are reserved in the MSR specified by ECX. 


If the source register contains a non-canonical address and ECX specifies one of the following 
MSRs: IA32_DS_AREA, IA32_FS_BASE, IA32_GS_BASE, IA32_KERNEL_GS_ BASE, 
IA32_LSTAR, IA32_SYSENTER_EIP, IA32_SYSENTER_ESP. 


If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) 


The WRMSR instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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Opcode/ Op/ |64/32bit | CPUID Description 
Instruction En |Mode Feature 
Support | Flag 
NP OF 01 EF ZO |VV OSPKE Writes EAX into PKRU. 
WRPKRU 
Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Writes the value of EAX into PKRU. ECX and EDX must be 0 when WRPKRU is executed; otherwise, a general- 


protection exception (#GP) occurs. 


WRPKRU can be executed only if CR4.PKE = 1; otherwise, an invalid-opcode exception (#UD) occurs. Software can 
discover the value of CR4.PKE by examining CPUID.(EAX=07H,ECX=0H):ECX.OSPKE [bit 4]. 


On processors that support the Intel 64 Architecture, the high-order 32-bits of RCX, RDX and RAX are ignored. 


WRPKRU will never execute speculatively. Memory accesses affected by PKRU register will not execute (even spec- 
ulatively) until all prior executions of WRPKRU have completed execution and updated the PKRU register. 


Operation 


IF (ECX = 0 AND EDX = 0) 
THEN PKRU := EAX; 
ELSE #GP(0); 

Fl; 


Flags Affected 
None. 


C/C++ Compiler Intrinsic Equivalent 


WRPKRU: void _wrpkru(uint32_t); 


Protected Mode Exceptions 


#GP(0) If ECX # 0. 
If EDX # 0. 

#UD If the LOCK prefix is used 
If CR4.PKE = 0. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


WRPKRU—Write Data to User Page Key Register 


Vol.2C 5-599 


INSTRUCTION SET REFERENCE, V-Z 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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Opcode/ 
Instruction 


Op/ 
En 


64/32 CPUID 
bitMode | Feature 
Support | Flag 


Description 


OF 38 F6 '(11):rrr:bbb 
WRSSD m32, r32 


MR 


VN CET_SS 


Write 4 bytes to shadow stack. 


REX.W OF 38 F6 !(11):rr 
WRSSQ m64, r64 


r:bbb MR 


V/N.E. CET_SS 


Write 8 bytes to shadow stack. 


Instruction Operand Encoding 


Op/En 


Operand 1 


Operand 2 


Operand 3 


Operand 4 


MR 


ModRM:r/m (w) 


ModRM:reg (r) 


NA 


NA 


Description 


Writes bytes in register source to the shadow stack. 


Operation 
IF CPL = 3 


IF (CR4.CET & IA32_U_CET.SH_STK_EN) = 0 


THEN #UD; Fl; 


IF (IA32_U_CET.WR_SHSTK_EN) = 0 


THEN #UD; Fl; 
ELSE 


IF (CR4.CET & IA32_S_CET.SH_STK_EN) = 0 


THEN #UD; Fl; 


IF (IA32_S_CET.WR_SHSTK_EN) = 0 


THEN #UD; Fl; 
Fl; 


DEST_LA = Linear_Address(mem operand) 


IF (operand size is 64 bit) 
THEN 


(* Destination not 8B aligned *) 


IF DEST_LA[2:0] 
THEN GP(0); 


Fl; 


Shadow_stack_store 8 bytes of SRC to DEST_LA; 


ELSE 


(* Destination not 4B aligned *) 


IF DEST_LA[1:0] 
THEN GP(0); 


Fl; 


Shadow_stack_store 4 bytes of SRC[31:0] to DEST_LA; 


Fl; 


Flags Affected 


None. 


C/C++ Compiler Intrinsic Equivalent 


WRSSD void _wrssd(__int32, void *); 
WRSSQ void __wrssq(__int64, void *); 
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Protected Mode Exceptions 


#UD 


#GP(0) 


#SS(0) 
#PF(fault-code) 


If the LOCK prefix is used. 

If CR4.CET = 0. 

If CPL = 3 and JA32_U_CET.SH_STK_EN = 0. 

If CPL < 3 and IA32_S_CET.SH_STK_EN = 0. 

If CPL = 3 and IA32_U_CET.WR_SHSTK_EN = 0. 

If CPL < 3 and IA32_S_CET.WR_SHSTK_EN = 0. 

If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If destination is located in a non-writeable segment. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If linear address of destination is not 4 byte aligned. 
If a memory operand effective address is outside the SS segment limit. 


If a page fault occurs if destination is not a user shadow stack when CPL3 and not a supervisor 
shadow stack when CPL < 3. 


Other terminal and non-terminal faults. 


Real-Address Mode Exceptions 


#UD 


The WRSS instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 


#UD 


The WRSS instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 


#UD 


#PF(fault-code) 


If the LOCK prefix is used. 

If CR4.CET = 0. 

If CPL = 3 and JA32_U_CET.SH_STK_EN = 0. 

If CPL < 3 and IA32_S_CET.SH_STK_EN = 0. 

If CPL = 3 and IA32_U_CET.WR_SHSTK_EN = 0. 
If CPL < 3 and IA32_S_CET.WR_SHSTK_EN = 0. 


If a page fault occurs if destination is not a user shadow stack when CPL3 and not a supervisor 
shadow stack when CPL < 3. 


Other terminal and non-terminal faults. 


64-Bit Mode Exceptions 


#UD 


#GP(0) 


#PF(fault-code) 
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If the LOCK prefix is used. 

If CR4.CET = 0. 

If CPL = 3 and JA32_U_CET.SH_STK_EN = 0. 

If CPL < 3 and IA32_S_CET.SH_STK_EN = 0. 

If CPL = 3 and IA32_U_CET.WR_SHSTK_EN = 0. 

If CPL < 3 and IA32_S_CET.WR_SHSTK_EN = 0. 

If a memory address is in a non-canonical form. 

If linear address of destination is not 4 byte aligned. 


If a page fault occurs if destination is not a user shadow stack when CPL3 and not a supervisor 
shadow stack when CPL < 3. 


Other terminal and non-terminal faults. 
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WRUSSD m32, r32 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
66 OF 38 F5 !(11):rrr:bbb MR | V/V CET_SS Write 4 bytes to shadow stack. 


66 REX.W OF 38 F5 '(11):rrr:bbb MR 
WRUSSQ m64, r64 


VINE. CET_SS 


Write 8 bytes to shadow stack. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MR ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Writes bytes in register source to a user shadow stack page. The WRUSS instruction can be executed only if CPL = 
0, however the processor treats its shadow-stack accesses as user accesses. 


Operation 
IF CR4.CET = 0 
THEN #UD; Fl: 
IF CPL >0O 
THEN #GP(0); Fl; 
DEST_LA = Linear_Address(mem operand) 
IF (operand size is 64 bit) 
THEN 
(* Destination not 8B aligned *) 
IF DEST_LA[2:0] 
THEN GP(0); Fl; 


Shadow_stack_store 8 bytes of SRC to DEST_LA as user-mode access; 


ELSE 
(* Destination not 4B aligned *) 
IF DEST_LA[1:0] 
THEN GP(0); Fl; 


Shadow_stack_store 4 bytes of SRC[31:0] to DEST_LA as user-mode access; 


Fl; 


Flags Affected 


None. 


C/C++ Compiler Intrinsic Equivalent 


WRUSSD — void _wrussd(__int32, void *); 
WRUSSQ void __wrussq(__int64, void *); 


WRUSSD/WRUSSQ—Write to User Shadow Stack 


Vol. 2C 5-603 


INSTRUCTION SET REFERENCE, V-Z 


Protected Mode Exceptions 


#UD If the LOCK prefix is used. 
If CR4.CET = 0. 
#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If destination is located in a non-writeable segment. 


If the DS, ES, FS, or GS register is used to access memory and it contains a NULL segment 
selector. 


If linear address of destination is not 4 byte aligned. 

If CPL is not O. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 
#PF(fault-code) If destination is not a user shadow stack. 

Other terminal and non-terminal faults. 


Real-Address Mode Exceptions 
#UD The WRUSS instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The WRUSS instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 


#UD If the LOCK prefix is used. 
If CR4.CET = 0. 
#GP(0) If a memory address is in a non-canonical form. 


If linear address of destination is not 4 byte aligned. 

If CPL is not 0. 
#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#PF(fault-code) If destination is not a user shadow stack. 

Other terminal and non-terminal faults. 


64-Bit Mode Exceptions 


#UD If the LOCK prefix is used. 
If CR4.CET = 0. 
#GP(0) If a memory address is in a non-canonical form. 


If linear address of destination is not 4 byte aligned. 
If CPL is not 0. 

#PF(fault-code) If destination is not a user shadow stack. 
Other terminal and non-terminal faults. 
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XACQUIRE/XRELEASE — Hardware Lock Elision Prefix Hints 


Opcode/Instruction 64/32bit | CPUID Description 
Mode Feature 
Support | Flag 
Fe VIN HLE! A hint used with an “XACQUIRE-enabled” instruction to start lock 
XACQUIRE elision on the instruction memory operand address. 
F3 VIN HLE A hint used with an “XRELEASE-enabled” instruction to end lock 
XRELEASE elision on the instruction memory operand address. 
NOTES: 


1. Software is not required to check the HLE feature flag to use XACQUIRE or XRELEASE, as they are treated as regular prefix if HLE 
feature flag reports 0. 


Description 


The XACQUIRE prefix is a hint to start lock elision on the memory address specified by the instruction and the 
XRELEASE prefix is a hint to end lock elision on the memory address specified by the instruction. 


The XACQUIRE prefix hint can only be used with the following instructions (these instructions are also referred to 

as XACQUIRE-enabled when used with the XACQUIRE prefix): 

¢ Instructions with an explicit LOCK prefix (FOH) prepended to forms of the instruction where the destination 
operand is a memory operand: ADD, ADC, AND, BTC, BTR, BTS, CMPXCHG, CMPXCHG8B, DEC, INC, NEG, NOT, 
OR, SBB, SUB, XOR, XADD, and XCHG. 

¢ The XCHG instruction either with or without the presence of the LOCK prefix. 


The XRELEASE prefix hint can only be used with the following instructions (also referred to as XRELEASE-enabled 
when used with the XRELEASE prefix): 


¢ Instructions with an explicit LOCK prefix (FOH) prepended to forms of the instruction where the destination 
operand is a memory operand: ADD, ADC, AND, BTC, BTR, BTS, CMPXCHG, CMPXCHG8B, DEC, INC, NEG, NOT, 
OR, SBB, SUB, XOR, XADD, and XCHG. 

¢ The XCHG instruction either with or without the presence of the LOCK prefix. 


¢ The “MOV mem, reg” (Opcode 88H/89H) and “MOV mem, imm” (Opcode C6H/C7H) instructions. In these 
cases, the XRELEASE is recognized without the presence of the LOCK prefix. 


The lock variables must satisfy the guidelines described in Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1, Section 16.3.3, for elision to be successful, otherwise an HLE abort may be signaled. 


If an encoded byte sequence that meets XACQUIRE/XRELEASE requirements includes both prefixes, then the HLE 
semantic is determined by the prefix byte that is placed closest to the instruction opcode. For example, an F3F2C6 
will not be treated as a XRELEASE-enabled instruction since the F2H (XACQUIRE) is closest to the instruction 
opcode C6. Similarly, an F2F3F0 prefixed instruction will be treated as a XRELEASE-enabled instruction since F3H 
(XRELEASE) is closest to the instruction opcode. 
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Intel 64 and IA-32 Compatibility 
The effect of the XACQUIRE/XRELEASE prefix hint is the same in non-64-bit modes and in 64-bit mode. 


For instructions that do not support the XACQUIRE hint, the presence of the F2H prefix behaves the same way as 
prior hardware, according to 


¢ REPNE/REPNZ semantics for string instructions, 

¢ Serve as SIMD prefix for legacy SIMD instructions operating on XMM register 
* Cause #UD if prepending the VEX prefix. 

¢ Undefined for non-string instructions or other situations. 


For instructions that do not support the XRELEASE hint, the presence of the F3H prefix behaves the same way as in 
prior hardware, according to 


® REP/REPE/REPZ semantics for string instructions, 

¢ Serve as SIMD prefix for legacy SIMD instructions operating on XMM register 
* Cause #UD if prepending the VEX prefix. 

¢ Undefined for non-string instructions or other situations. 


Operation 
XACQUIRE 
IF XACQUIRE-enabled instruction 
THEN 
IF (HLE_NEST_COUNT < MAX_HLE_NEST_COUNT) THEN 
HLE_NEST_COUNT++ 
IF (HLE_NEST_COUNT = 1) THEN 
HLE_ACTIVE := 1 
IF 64-bit mode 
THEN 
restartRIP := instruction pointer of the XACQUIRE-enabled instruction 
ELSE 
restartElP := instruction pointer of the XACQUIRE-enabled instruction 
Fl; 
Enter HLE Execution (* record register state, start tracking memory state *) 
Fl; (* HLE_NEST_COUNT = 1%) 
IF ElisionBufferAvailable 
THEN 
Allocate elision buffer 
Record address and data for forwarding and commit checking 
Perform elision 
ELSE 
Perform lock acquire operation transactionally but without elision 
Fl; 
ELSE (* HLE_NEST_COUNT = MAX_HLE_NEST_COUNT *) 
GOTO HLE_ABORT_PROCESSING 
Fl; 
ELSE 
Treat instruction as non-XACQUIRE F2H prefixed legacy instruction 
Fl; 
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XRELEASE 


IF XRELEASE-enabled instruction 
THEN 
IF (HLE_LNEST_COUNT > 0) 
THEN 
HLE_NEST_COUNT-- 
IF lock address matches in elision buffer THEN 
IF lock satisfies address and value requirements THEN 
Deallocate elision buffer 
ELSE 
GOTO HLE_ABORT_PROCESSING 
Fl; 
Fl; 
IF (HLE_LNEST_COUNT = 0) 
THEN 
IF NoAllocatedElisionBuffer 
THEN 
Try to commit transactional execution 
IF fail to commit transactional execution 
THEN 
GOTO HLE_ABORT_PROCESSING; 
ELSE (* commit success *) 
HLE_ACTIVE := 0 
Fl; 
ELSE 
GOTO HLE_ABORT_PROCESSING 
Fl; 
Fl; 
Fl; (* HLE_NEST_COUNT > 0 *) 
ELSE 
Treat instruction as non-XRELEASE F3H prefixed legacy instruction 
Fl; 


(* For any HLE abort condition encountered during HLE execution *) 
HLE_ABORT_PROCESSING: 
HLE_ACTIVE := 0 
HLE_NEST_COUNT := 0 
Restore architectural register state 
Discard memory updates performed in transaction 
Free any allocated lock elision buffers 
IF 64-bit mode 
THEN 
RIP := restartRIP 
ELSE 
EIP := restartElP 
Fl; 
Execute and retire instruction at RIP (or EIP) and ignore any HLE hint 
END 
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SIMD Floating-Point Exceptions 
None 


Other Exceptions 
#GP(0) If the use of prefix causes instruction length to exceed 15 bytes. 
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XABORT — Transactional Abort 


Opcode/Instruction Op/ | 64/32bit | CPUID Description 
En Mode Feature 
Support | Flag 
C6 F8 ib A VIV RTM Causes an RTM abort if in RTM execution 
XABORT imm8 


Instruction Operand Encoding 


Op/En Operand 1 Operand2 Operand3 Operand4 
A imm8 NA NA NA 
Description 


XABORT forces an RTM abort. Following an RTM abort, the logical processor resumes execution at the fallback 
address computed through the outermost XBEGIN instruction. The EAX register is updated to reflect an XABORT 
instruction caused the abort, and the imm8 argument will be provided in bits 31:24 of EAX. 


Operation 
XABORT 
IF RTM_ACTIVE = 0 
THEN 
Treat as NOP; 
ELSE 
GOTO RTM_ABORT_PROCESSING; 
Fl; 


(* For any RTM abort condition encountered during RTM execution *) 
RTM_ABORT_PROCESSING: 
Restore architectural register state; 
Discard memory updates performed in transaction; 
Update EAX with status and XABORT argument; 
RTM_NEST_COUNT:= 0; 
RTM_ACTIVE:= 0; 
IF 64-bit Mode 
THEN 
RIP:= fallbackRIP; 
ELSE 
EIP := fallbackEIP; 
Fl; 
END 


Flags Affected 
None 


Intel C/C++ Compiler Intrinsic Equivalent 
XABORT: void _xabort( unsigned int); 


SIMD Floating-Point Exceptions 
None 
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Other Exceptions 
#UD CPUID.(EAX=7, ECX=0):EBX.RTM[bit 11] = 0. 
If LOCK prefix is used. 
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XADD—€xchange and Add 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 

En |Mode Leg Mode 
OF CO /r XADD r/m8&, r8 MR | Valid Valid Exchange r8 and r/m8&; load sum into r/m8. 
REX + OF CO /r XADD r/m8*, r8* MR | Valid N.E. Exchange r8 and r/m8; load sum into r/m8. 
OF C1 /r XADD r/m16, r16 MR | Valid Valid Exchange r76 and r/m16; load sum into r/m76. 
OF C1 /r XADD r/m32, r32 MR | Valid Valid Exchange r32 and r/m32,; load sum into r/m32. 
REX.W + OF C1 /r XADD r/m64, r64 MR | Valid N.E. Exchange r64 and r/m64; load sum into r/m64. 
NOTES: 


* In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MR ModRM:r/m (r, w) ModRM:reg (r, w) NA NA 
Description 


Exchanges the first operand (destination operand) with the second operand (source operand), then loads the sum 
of the two values into the destination operand. The destination operand can be a register or a memory location; the 
source operand is a register. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. 


IA-32 Architecture Compatibility 


IA-32 processors earlier than the Intel486 processor do not recognize this instruction. If this instruction is used, 
you should provide an equivalent code sequence that runs on earlier processors. 


Operation 


TEMP := SRC + DEST; 
SRC := DEST; 
DEST := TEMP; 


Flags Affected 


The CF, PF, AF, SF, ZF, and OF flags are set according to the result of the addition, which is stored in the destination 
operand. 


Protected Mode Exceptions 

#GP(0) If the destination is located in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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Opcode/Instruction Op/ | 64/32bit | CPUID Description 
En Mode Feature 
Support | Flag 

C7 F8 A VIN RTM Specifies the start of an RTM region. Provides a 16-bit relative 
XBEGIN rel16 offset to compute the address of the fallback instruction address at 

which execution resumes following an RTM abort. 
C7 F8 A VIV RTM Specifies the start of an RTM region. Provides a 32-bit relative 
XBEGIN rel32 offset to compute the address of the fallback instruction address at 

which execution resumes following an RTM abort. 

Instruction Operand Encoding 
Op/En Operand 1 Operand2 Operand3 Operand4 
A Offset NA NA NA 
Description 


The XBEGIN instruction specifies the start of an RTM code region. If the logical processor was not already in trans- 
actional execution, then the XBEGIN instruction causes the logical processor to transition into transactional execu- 
tion. The XBEGIN instruction that transitions the logical processor into transactional execution is referred to as the 
outermost XBEGIN instruction. The instruction also specifies a relative offset to compute the address of the fallback 
code path following a transactional abort. (Use of the 16-bit operand size does not cause this address to be trun- 


cated to 16 bits, unlike a near jump to a relative offset.) 


On an RTM abort, the logical processor discards all architectural register and memory updates performed during 
the RTM execution and restores architectural state to that corresponding to the outermost XBEGIN instruction. The 


fallback address following an abort is computed from the outermost XBEGIN instruction. 


Operation 
XBEGIN 
IF RTM_NEST_COUNT < MAX_RTM_NEST_COUNT 
THEN 
RTM_NEST_COUNT++ 
IF RTM_NEST_COUNT = 1 THEN 
IF 64-bit Mode 
THEN 
IF OperandSize = 16 
THEN fallbackRIP := RIP + SignExtend64(rel1 6); 
ELSE fallbackRIP := RIP + SignExtend64(rel32); 


Fl; 
IF fallbackRIP is not canonical 
THEN #GP(0); 
Fl; 
ELSE 


IF OperandSize = 16 
THEN fallbackEIP := EIP + Sign€xtend32(rel16); 
ELSE fallbackElP := EIP + rel32; 


Fl; 
IF fallbackEIP outside code segment limit 
THEN #GP(0); 
Fl; 
Fl; 
RTM_ACTIVE := 1 


Enter RTM Execution (* record register state, start tracking memory state*) 
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Fl; (* RTM_NEST_COUNT = 1 *) 
ELSE (* RTM_NEST_COUNT = MAX_RTM_NEST_COUNT *) 
GOTO RTM_ABORT_PROCESSING 
Fl; 


(* For any RTM abort condition encountered during RTM execution *) 
RTM_ABORT_PROCESSING: 
Restore architectural register state 
Discard memory updates performed in transaction 
Update EAX with status 
RTM_NEST_COUNT := 0 
RTM_ACTIVE := 0 
IF 64-bit mode 
THEN 
RIP := fallbackRIP 
ELSE 
EIP := fallbackEIP 
Fl; 
END 


Flags Affected 
None 


Intel C/C++ Compiler Intrinsic Equivalent 
XBEGIN: — unsigned int __xbegin( void ); 


SIMD Floating-Point Exceptions 
None 


Protected Mode Exceptions 


#UD CPUID.(EAX=7, ECX=0):EBX.RTM[bit 11]=0. 
If LOCK prefix is used. 
#GP(0) If the fallback address is outside the CS segment. 


Real-Address Mode Exceptions 
#GP(0) If the fallback address is outside the address space OOOOH and FFFFH. 
#UD CPUID.(EAX=7, ECX=0):EBX.RTM[bit 11]=0. 

If LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#GP(0) If the fallback address is outside the address space OOOOH and FFFFH. 
#UD CPUID.(EAX=7, ECX=0):EBX.RTM[bit 11]=0. 

If LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-bit Mode Exceptions 


#UD CPUID.(EAX=7, ECX=0):EBX.RTM[bit 11] = 0. 
If LOCK prefix is used. 
#GP(0) If the fallback address is non-canonical. 
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XCHG—Exchange Register/Memory with Register 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

90+rw XCHG AX, r16 6) Valid Valid Exchange r76 with AX. 

90+rw XCHG r16, AX 6) Valid Valid Exchange AX with r76. 

90+rd XCHG EAX, r32 6) Valid Valid Exchange r32 with EAX. 

REX.W + 90+rd XCHG RAX, r64 6) Valid N.E. Exchange r64 with RAX. 

90+rd XCHG r32, EAX 6) Valid Valid Exchange EAX with r32. 

REX.W + 90+rd XCHG r64, RAX ¢) Valid N.E. Exchange RAX with r64. 

86 /r XCHG r/m8, r8 MR | Valid Valid Exchange r& (byte register) with byte from 
r/m8. 

REX + 86 /r XCHG r/m8&*, r8* MR | Valid N.E. Exchange r& (byte register) with byte from 
r/mé. 

86 /r XCHG r8, r/m8 RM _ | Valid Valid Exchange byte from r/m8 with r8 (byte 
register). 

REX + 86 /r XCHG r8*, r/m8* RM | Valid N.E. Exchange byte from r/m8 with r8 (byte 
register). 

87 /r XCHG r/m16, r16 MR | Valid Valid Exchange r76 with word from r/m16. 

87 /r XCHG 16, r/m16 RM | Valid Valid Exchange word from r/m176 with r76. 

87 /r XCHG r/m32, r32 MR | Valid Valid Exchange r32 with doubleword from r/m32. 

[REXW+87/r ~—~—s*«(|XCHGr/m64,r64——itsé«<*STMRRs«*| Walid «= (NE. ~—_| Exchange r64 with quadword from r/m64._—i 
87 /r XCHG r32, r/m32 RM | Valid Valid Exchange doubleword from r/m32 with r32. 
[REXW+87/r ——S«(|XCHGr64,r/m64——(tsé«**RM«Sd( Valid «= (NE. ~—_| Exchange quadword from r/m64 with 64. _—| 
NOTES: 


* |n 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
6) AX/EAX/RAX (r, w) opcode + rd (r, w) NA NA 
6) opcode + rd (r, w) AX/EAX/RAX (r, w) NA NA 
MR ModRM:r/m (r, w) ModRM:reg (r) NA NA 
RM ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Exchanges the contents of the destination (first) and source (second) operands. The operands can be two general- 
purpose registers or a register and a memory location. If a memory operand is referenced, the processor’s locking 
protocol is automatically implemented for the duration of the exchange operation, regardless of the presence or 
absence of the LOCK prefix or of the value of the IOPL. (See the LOCK prefix description in this chapter for more 
information on the locking protocol.) 


This instruction is useful for implementing semaphores or similar data structures for process synchronization. (See 
“Bus Locking” in Chapter 8 of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A, for 
more information on bus locking.) 


The XCHG instruction can also be used instead of the BSWAP instruction for 16-bit operands. 


In 64-bit mode, the instruction’s default operation size is 32 bits. Using a REX prefix in the form of REX.R permits 
access to additional registers (R8-R15). Using a REX prefix in the form of REX.W promotes operation to 64 bits. See 
the summary chart at the beginning of this section for encoding data and limits. 


5-616 Vol. 2C XCHG—Exchange Register/Memory with Register 


INSTRUCTION SET REFERENCE, V-Z 


NOTE 


XCHG (E)AX, (E)AX (encoded instruction byte is 90H) is an alias for NOP regardless of data size 
prefixes, including REX.W. 


Operation 


TEMP := DEST; 
DEST := SRC; 
SRC := TEMP; 


Flags Affected 
None. 


Protected Mode Exceptions 

#GP(0) If either operand is in a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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XEND — Transactional End 


Opcode/Instruction Op/ | 64/32bit | CPUID Description 
En Mode Feature 
Support | Flag 
NP OF 01 D5 A VN RTM Specifies the end of an RTM code region. 
XEND 


Instruction Operand Encoding 


Op/En Operand 1 Operand2 Operand3 Operand4 
A NA NA NA NA 
Description 


The instruction marks the end of an RTM code region. If this corresponds to the outermost scope (that is, including 
this XEND instruction, the number of XBEGIN instructions is the same as number of XEND instructions), the logical 
processor will attempt to commit the logical processor state atomically. If the commit fails, the logical processor will 
rollback all architectural register and memory updates performed during the RTM execution. The logical processor 
will resume execution at the fallback address computed from the outermost XBEGIN instruction. The EAX register 
is updated to reflect RTM abort information. 


XEND executed outside a transactional region will cause a #GP (General Protection Fault). 


Operation 
XEND 
IF (RTM_ACTIVE = 0) THEN 
SIGNAL #GP 
ELSE 
RTM_NEST_COUNT-- 
IF (RTM_NEST_COUNT = 0) THEN 
Try to commit transaction 
IF fail to commit transactional execution 
THEN 
GOTO RTM_ABORT_PROCESSING; 
ELSE (* commit success *) 
RTM_ACTIVE := 0 
Fl; 
Fl; 
Fl; 


(* For any RTM abort condition encountered during RTM execution *) 
RTM_ABORT_PROCESSING: 
Restore architectural register state 
Discard memory updates performed in transaction 
Update EAX with status 
RTM_NEST_COUNT := 0 
RTM_ACTIVE := 0 
IF 64-bit Mode 
THEN 
RIP := fallbackRIP 
ELSE 
EIP := fallbackElP 
Fl; 
END 
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Flags Affected 
None 


Intel C/C++ Compiler Intrinsic Equivalent 
XEND: void _xend( void ); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


#UD CPUID.(EAX=7, ECX=0):EBX.RTM[bit 11] = 0. 
If LOCK prefix is used. 
#GP(0) If RTM_ACTIVE = 0. 
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XGETBV—Get Value of Extended Control Register 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
NP OF 01 DO XGETBV ZO | Valid Valid Reads an XCR specified by ECX into EDX:EAX. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Reads the contents of the extended control register (XCR) specified in the ECX register into registers EDX:EAX. (On 
processors that support the Intel 64 architecture, the high-order 32 bits of RCX are ignored.) The EDX register is 
loaded with the high-order 32 bits of the XCR and the EAX register is loaded with the low-order 32 bits. (On proces- 
sors that support the Intel 64 architecture, the high-order 32 bits of each of RAX and RDX are cleared.) If fewer 
than 64 bits are implemented in the XCR being read, the values returned to EDX:EAX in unimplemented bit loca- 
tions are undefined. 


XCRO is supported on any processor that supports the XGETBV instruction. If 
CPUID.(EAX=0DH,ECX=1):EAX.XG1[bit 2] = 1, executing XGETBV with ECX = 1 returns in EDX:EAX the logical- 
AND of XCRO and the current value of the XINUSE state-component bitmap. This allows software to discover the 
state of the init optimization used by XSAVEOPT and XSAVES. See Chapter 13, “Managing State Using the XSAVE 
Feature Set,” in Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1. 


Use of any other value for ECX results in a general-protection (#GP) exception. 


Operation 
EDX:EAX := XCR[ECX]; 


Flags Affected 
None. 


Intel C/C++ Compiler Intrinsic Equivalent 
XGETBV: unsigned __int64 _xgetbv( unsigned int); 


Protected Mode Exceptions 


#GP(0) If an invalid XCR is specified in ECX (includes ECX = 1 if 
CPUID.(EAX=0DH,ECX=1):EAX.XGi[bit 2] = 0). 
#UD If CPUID.01H:ECX.XSAVE[bit 26] = 0. 


If CR4.OSXSAVE[bit 18] = 0. 
If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP(0) If an invalid XCR is specified in ECX (includes ECX = 1 if 
CPUID.(EAX=0DH,ECX=1):EAX.XGi[bit 2] = 0). 
#UD If CPUID.01H:ECX.XSAVE[bit 26] = 0. 


If CR4.OSXSAVE[bit 18] = 0. 
If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 
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Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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XLAT/XLATB—Table Look-up Translation 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 

D7 XLAT m8 ZO | Valid Valid Set AL to memory byte DS:[(€)BX + unsigned 
AL]. 

D7 XLATB ZO | Valid Valid Set AL to memory byte DS:[(€)BX + unsigned 
AL]. 

REX.W + D7 XLATB ZO | Valid N.E. Set AL to memory byte [RBX + unsigned AL]. 

Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Locates a byte entry in a table in memory, using the contents of the AL register as a table index, then copies the 
contents of the table entry back into the AL register. The index in the AL register is treated as an unsigned integer. 
The XLAT and XLATB instructions get the base address of the table in memory from either the DS:EBX or the DS:BX 
registers (depending on the address-size attribute of the instruction, 32 or 16, respectively). (The DS segment may 
be overridden with a segment override prefix.) 


At the assembly-code level, two forms of this instruction are allowed: the “explicit-operand” form and the “no- 
operand” form. The explicit-operand form (specified with the XLAT mnemonic) allows the base address of the table 
to be specified explicitly with a symbol. This explicit-operands form is provided to allow documentation; however, 
note that the documentation provided by this form can be misleading. That is, the symbol does not have to specify 
the correct base address. The base address is always specified by the DS:(E)BX registers, which must be loaded 
correctly before the XLAT instruction is executed. 


The no-operands form (XLATB) provides a “short form” of the XLAT instructions. Here also the processor assumes 
that the DS:(E)BX registers contain the base address of the table. 


In 64-bit mode, operation is similar to that in legacy or compatibility mode. AL is used to specify the table index 
(the operand size is fixed at 8 bits). RBX, however, is used to specify the table’s base address. See the summary 
chart at the beginning of this section for encoding data and limits. 


Operation 


IF AddressSize = 16 
THEN 
AL:= (DS:BX + ZeroExtend(AL)); 
ELSE IF (AddressSize = 32) 
AL:= (DS:EBX + ZeroExtend(AL)); FI; 
ELSE (AddressSize = 64) 
AL:= (RBX + ZeroExtend(AL)); 
FI; 


Flags Affected 
None. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 


#PF(fault-code) If a page fault occurs. 
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#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#UD If the LOCK prefix is used. 
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Exclusive OR 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
34 ib XOR AL, imm8 | Valid Valid AL XOR immé. 
35 iw XOR AX, imm16 | Valid Valid AX XOR imm76. 
35 id XOR EAX, imm32 | Valid Valid EAX XOR imm32. 
REX.W + 35 id XOR RAX, imm32 | Valid N.E. RAX XOR imm32 (sign-extended). 
80 /6 ib XOR r/m8, imm8 MI | Valid Valid r/m8 XOR immé. 
REX + 80 /6 ib XOR r/m8*, imm8 MI | Valid N.E. r/m8 XOR immé. 
81 /6 iw XOR r/m16, imm16 MI | Valid Valid r/m16 XOR imm176. 
81 /6 id XOR r/m32, imm32 MI | Valid Valid r/m32 XOR imm3z2. 
REX.W + 81 /6 id XOR r/m64, imm32 MI | Valid N.E. r/m64 XOR imm32 (sign-extended). 
83 /6 ib XOR r/m16, imm8 MI | Valid Valid r/m16 XOR imm6 (sign-extended). 
83 /6 ib XOR r/m32, imm8 MI | Valid Valid r/m32 XOR imm8 (sign-extended). 
REX.W + 83 /6 ib XOR r/m64, imm8 MI | Valid N.E. r/m64 XOR imm8 (sign-extended). 
30 /r XOR r/m8, r8 MR | Valid Valid r/m8 XOR r8. 
REX + 30 /r XOR r/m8*, r8* MR | Valid N.E. r/m8 XOR r8. 
31/r XOR r/m16, r16 MR | Valid Valid r/m16 XOR r16. 
31/r XOR r/m32, r32 MR | Valid Valid r/m32 XOR r32. 
REX.W + 31 /r XOR r/m64, r64 MR | Valid N.E. r/m64 XOR r64. 
32 /r XOR r8, r/m8 RM_ | Valid Valid r8 XOR r/mé. 
REX + 32 /r XOR r8*, r/m8* RM_ | Valid N.E. r8 XOR r/mé. 
33 /r XOR r76, r/m16 RM_ | Valid Valid r16 XOR r/m16. 
33 /r XOR r32, r/m32 RM_ | Valid Valid r32 XOR r/m32. 
REX.W + 33 /r XOR r64, r/m64 RM_ | Valid N.E. r64 XOR r/m64. 
NOTES: 


* In 64-bit mode, r/m8 can not be encoded to access the following byte registers if a REX prefix is used: AH, BH, CH, DH. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
| AL/AX/EAX/RAX imm8/16/32 NA NA 
MI ModRM:r/m (r, w) imm8/16/32 NA NA 
MR ModRM:r/m (r, w) ModRM:reg (r) NA NA 
RM ModRM:reg (r, w) ModRM:r/m (r) NA NA 
Description 


Performs a bitwise exclusive OR (XOR) operation on the destination (first) and source (second) operands and 
stores the result in the destination operand location. The source operand can be an immediate, a register, or a 
memory location; the destination operand can be a register or a memory location. (However, two memory oper- 
ands cannot be used in one instruction.) Each bit of the result is 1 if the corresponding bits of the operands are 
different; each bit is 0 if the corresponding bits are the same. 


This instruction can be used with a LOCK prefix to allow the instruction to be executed atomically. 
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In 64-bit mode, using a REX prefix in the form of REX.R permits access to additional registers (R8-R15). Using a 
REX prefix in the form of REX.W promotes operation to 64 bits. See the summary chart at the beginning of this 
section for encoding data and limits. 


Operation 
DEST := DEST XOR SRC; 


Flags Affected 


The OF and CF flags are cleared; the SF, ZF, and PF flags are set according to the result. The state of the AF flag is 
undefined. 


Protected Mode Exceptions 

#GP(0) If the destination operand points to a non-writable segment. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains a NULL segment selector. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Real-Address Mode Exceptions 


#GP If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS If a memory operand effective address is outside the SS segment limit. 
#UD If the LOCK prefix is used but the destination is not a memory operand. 


Virtual-8086 Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 

#GP(0) If the memory address is in a non-canonical form. 

#PF(fault-code) If a page fault occurs. 

#AC(0) If alignment checking is enabled and an unaligned memory reference is made while the 
current privilege level is 3. 

#UD If the LOCK prefix is used but the destination is not a memory operand. 
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XORPD—Bitwise Logical XOR of Packed Double Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 

Support | Flag 
66 OF 57/r A VIV SSE2 Return the bitwise logical XOR of packed double- 
XORPD xmm1, xmm2/m128 precision floating-point values in xmm1 and xmm2/mem. 
VEX.128.66.0F.WIG 57 /r B VIV AVX Return the bitwise logical XOR of packed double- 
VXORPD xmm1,xmmz, precision floating-point values in xmm2 and xmm3/mem. 
xmm3/m128 
VEX.256.66.0F.WIG 57 /r B VIV AVX Return the bitwise logical XOR of packed double- 
VXORPD ymm1, ymme2, precision floating-point values in ymm2 and ymm3/mem. 
ymm3/m256 
EVEX.128.66.0F.W1 57 /r C VIV AVX512VL_ | Return the bitwise logical XOR of packed double- 
VXORPD xmm1 {k1}{z}, xmm2, AVX512DQ | precision floating-point values in xmm2 and 
xmm3/m1 28/m64bcst xmm3/m128/m64bcst subject to writemask k1. 
EVEX.256.66.0F.W1 57 /r C VIV AVX512VL_ | Return the bitwise logical XOR of packed double- 
VXORPD ymm1 {k1}{z}, ymm2, AVX512DQ_ | precision floating-point values in ymme2 and 
ymm3/m256/m64bcst ymm3/m256/m64bcst subject to writemask k1. 
EVEX.512.66.0F.W1 57 /r C VIN AVX512DQ_ | Return the bitwise logical XOR of packed double- 
VXORPD zmm1 {k1}{z}, zmm2, precision floating-point values in zmm2 and 
zmm3/m512/m64bcst zmm3/m512/m64bcst subject to writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a bitwise logical XOR of the two, four or eight packed double-precision floating-point values from the first 
source operand and the second source operand, and stores the result in the destination operand. 


EVEX.512 encoded version: The first source operand is a ZMM register. The second source operand can be a ZMM 
register or a vector memory location. The destination operand is a ZMM register conditionally updated with 
writemask k1. 


VEX.256 and EVEX.256 encoded versions: The first source operand is a YMM register. The second source operand 
is a YMM register or a 256-bit memory location. The destination operand is a YMM register (conditionally updated 
with writemask k1 in case of EVEX). The upper bits (MAXVL-1:256) of the corresponding ZMM register destination 
are zeroed. 


VEX.128 and EVEX.128 encoded versions: The first source operand is an XMM register. The second source operand 
is an XMM register or 128-bit memory location. The destination operand is an XMM register (conditionally updated 
with writemask k1 in case of EVEX). The upper bits (MAXVL-1:128) of the corresponding ZMM register destination 
are zeroed. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
register destination are unmodified. 
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Operation 


VXORPD (EVEX encoded versions) 
(KL, VL) = (2, 128), (4, 256), (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b == 1) AND (SRC2 *is memory*) 
THEN DEST[i+63:i] = SRC1[i+63:i] BITWISE XOR SRC2[63:0]; 
ELSE DEST[i+63:i] := SRC1[i+63:i] BITWISE XOR SRC2[i+63:i); 


Fl; 
ELSE 

IF *merging-masking* ; Merging-masking 
THEN *DEST{[i+63:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+63:i] = 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VXORPD (VEX.256 encoded version) 

DEST[63:0] := SRC1[63:0] BITWISE XOR SRC2[63:0] 
DEST[127:64] := SRC1[127:64] BITWISE XOR SRC2[1 27:64] 
DEST[191:128] := SRC1[191:128] BITWISE XOR SRC2[191:128] 
DEST[255:192] := SRC1[255:192] BITWISE XOR SRC2[255:192] 
DEST[MAXVL-1:256] := 0 


VXORPD (VEX.128 encoded version) 

DEST[63:0] := SRC1[63:0] BITWISE XOR SRC2[63:0] 
DEST[127:64] := SRC1[127:64] BITWISE XOR SRC2[1 27:64] 
DEST[MAXVL-1:128] := 0 


XORPD (128-bit Legacy SSE version) 

DEST[63:0] := DEST[63:0] BITWISE XOR SRC[63:0] 
DEST[127:64] := DEST[127:64] BITWISE XOR SRC[127:64] 
DEST[MAXVL-1:1 28] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VXORPD __m512d_mm512_xor_pd (__m512d a,__m512db); 


VXORPD __m512d_mm512_mask_xor_pd (__m512d a,__ mmask8 m,___m512d b); 


VXORPD __m512d_mm512_maskz_xor_pd (__mmask8 m, ___m512d a); 
VXORPD __m256d_mm256_xor_pd (__m256d a,___ m256d b); 
VXORPD __m256d__mm256_mask_xor_pd (__m256d a, ___mmask8 m, 
VXORPD __m256d_mm256_maskz_xor_pd (__mmask8 m, __m256d a); 
XORPD __m128d _mm_xor_pd (__m128d a, ___m128d b); 

VXORPD __m128d_mm_mask_xor_pd (__m128d a,___mmask8 m, __m128d b); 
VXORPD __m128d __mm_maskz_xor_pd (__mmask8 m, __m128d a); 


SIMD Floating-Point Exceptions 
None 
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Other Exceptions 
Non-EVEX-encoded instructions, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-49, “Type E4 Class Exception Conditions”. 
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XORPS—Bitwise Logical XOR of Packed Single Precision Floating-Point Values 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
NP OF 57 /r A VV SSE Return the bitwise logical XOR of packed single- 
XORPS xmm1, xmm2/m128 precision floating-point values in xmm1 and 
xmm2/mem. 
VEX.128.0F.WIG 57 /r B VIN AVX Return the bitwise logical XOR of packed single- 
VXORPS xmm1,xmm_2, xmm3/m128 precision floating-point values in xmm2 and 
xmm3/mem. 
VEX.256.0F.WIG 57 /r B VIN AVX Return the bitwise logical XOR of packed single- 
VXORPS ymm1, ymm2, ymm3/m256 precision floating-point values in ymm2 and 
ymm3/mem. 
EVEX.128.0F.WO 57 /r C VV AVX512VL_ | Return the bitwise logical XOR of packed single- 
VXORPS xmm1 {k1}{z}, xmm2, AVX512DQ_ | precision floating-point values in xmm2 and 
xmm3/m128/m32bcst xmm3/m128/m32bcst subject to writemask k1. 
EVEX.256.0F.WO 57 /r C VV AVX512VL_ | Return the bitwise logical XOR of packed single- 
VXORPS ymm1 {k1}{z}, ymm2, AVX512DQ_ | precision floating-point values in ymme2 and 
ymm3/m256/m32bcst ymm3/m256/m32bcst subject to writemask k1. 
EVEX.512.0F.W0 57 /r C VV AVX512DQ_ | Return the bitwise logical XOR of packed single- 
VXORPS zmm1 {k1}{z}, zmm2, precision floating-point values in zmm2 and 
zmm3/m512/m32bcst zmm3/m512/m32bcst subject to writemask k1. 
Instruction Operand Encoding 
Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A NA ModRM:reg (r, w) ModRM:r/m (r) NA NA 
B NA ModRM:reg (w) VEX.vvvv (r) ModRM:r/m (r) NA 
C Full ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Performs a bitwise logical XOR of the four, eight or sixteen packed single-precision floating-point values from the 
first source operand and the second source operand, and stores the result in the destination operand 


EVEX.512 encoded version: The first source operand is a ZMM register. The second source operand can be a ZMM 
register or a vector memory location. The destination operand is a ZMM register conditionally updated with 
writemask k1. 


VEX.256 and EVEX.256 encoded versions: The first source operand is a YMM register. The second source operand 
is a YMM register or a 256-bit memory location. The destination operand is a YMM register (conditionally updated 
with writemask k1 in case of EVEX). The upper bits (MAXVL-1:256) of the corresponding ZMM register destination 
are zeroed. 


VEX.128 and EVEX.128 encoded versions: The first source operand is an XMM register. The second source operand 
is an XMM register or 128-bit memory location. The destination operand is an XMM register (conditionally updated 
with writemask k1 in case of EVEX). The upper bits (MAXVL-1:128) of the corresponding ZMM register destination 
are zeroed. 


128-bit Legacy SSE version: The second source can be an XMM register or an 128-bit memory location. The desti- 
nation is not distinct from the first source XMM register and the upper bits (MAXVL-1:128) of the corresponding 
register destination are unmodified. 
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Operation 


VXORPS (EVEX encoded versions) 
(KL, VL) = (4, 128), (8, 256), (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b == 1) AND (SRC2 *is memory*) 
THEN DEST[i+31:i] = SRC1[i+31:i] BITWISE XOR SRC2[3 1:0); 
ELSE DEST[i+31:i] := SRC1[i+31:i] BITWISE XOR SRC2[i+3 1:1]; 


Fl; 
ELSE 

IF *merging-masking* ; merging-masking 
THEN *DEST{[i+31:i] remains unchanged* 
ELSE *zeroing-masking* ; zeroing-masking 

DEST[i+31:i] = 0 
Fl 
Fl; 
ENDFOR 


DEST[MAXVL-1:VL] := 0 


VXORPS (VEX.256 encoded version) 

DEST[31:0] := SRC1[31:0] BITWISE XOR SRC2[31:0] 
DEST[63:32] := SRC1[63:32] BITWISE XOR SRC2[63:32] 
DEST[95:64] := SRC1[95:64] BITWISE XOR SRC2[95:64] 
DEST[127:96] := SRC1[127:96] BITWISE XOR SRC2[127:96] 
DEST[159:128] := SRC1[159:128] BITWISE XOR SRC2[159:128] 
DEST[191:160] := SRC1[191:160] BITWISE XOR SRC2[191:160] 
DEST[223:192] := SRC1[223:192] BITWISE XOR SRC2[223:192] 
DEST[255:224] := SRC1[255:224] BITWISE XOR SRC2[255:224]. 
DEST[MAXVL-1:256] := 0 


VXORPS (VEX.128 encoded version) 

DEST[31:0] := SRC1[31:0] BITWISE XOR SRC2[31:0] 
DEST[63:32] := SRC1[63:32] BITWISE XOR SRC2[63:32] 
DEST[95:64] := SRC1[95:64] BITWISE XOR SRC2[95:64] 
DEST[127:96] := SRC1[127:96] BITWISE XOR SRC2[127:96] 
DEST[MAXVL-1:128] := 0 


XORPS (128-bit Legacy SSE version) 

DEST[31:0] := SRC1[31:0] BITWISE XOR SRC2[31:0] 
DEST[63:32] := SRC1[63:32] BITWISE XOR SRC2[63:32] 
DEST[95:64] := SRC1[95:64] BITWISE XOR SRC2[95:64] 
DEST[127:96] := SRC1[127:96] BITWISE XOR SRC2[1 27:96] 
DEST[MAXVL-1:128] (Unmodified) 


Intel C/C++ Compiler Intrinsic Equivalent 


VXORPS __m512_mm512_xor_ps (_m512a,__m512 b); 
VXORPS __m512_mm512_mask_xor_ps (__m512 a,__mmask16 m,__m512 b); 
VXORPS __m512_mm512_maskz_xor_ps (__mmask16 m, ___m512 a); 

VXORPS __m256 _mm256_xor_ps (_m256 a,__m256 b); 

VXORPS __m256 __mm256_mask_xor_ps (__m256 a,___mmask8 m,__m256 b); 
VXORPS __m256 __mm256_maskz_xor_ps (__mmask8 m, __m256 a); 

XORPS __m128_mm_xor_ps (__m128 a,__m128 b); 

VXORPS __m128 _mm_mask_xor_ps (__m128 a,___mmask8 m, 


m128 b); 
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VXORPS __m128 __mm_maskz_xor_ps (__mmask8 m, __m128 a); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 


Non-EVEX-encoded instructions, see Table 2-21, “Type 4 Class Exception Conditions”. 
EVEX-encoded instructions, see Table 2-49, “Type E4 Class Exception Conditions”. 
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XRSTOR—Restore Processor Extended States 


Opcode / Op/ | 64/32 bit | CPUID Description 
Instruction En Mode Feature 

Support | Flag 
NP OF AE/5 M VIV XSAVE Restore state components specified by EDX:EAX from 
XRSTOR mem mem. 
NP REX.W + OF AE/5 M V/N.E. XSAVE Restore state components specified by EDX:EAX from 
XRSTOR64 mem Mem. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Performs a full or partial restore of processor state components from the XSAVE area located at the memory 
address specified by the source operand. The implicit EDX:EAX register pair specifies a 64-bit instruction mask. The 
specific state components restored correspond to the bits set in the requested-feature bitmap (RFBM), which is the 
logical-AND of EDX:EAX and XCRO. 


The format of the XSAVE area is detailed in Section 13.4, “XSAVE Area,” of Inte!® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 1. Like FXRSTOR and FXSAVE, the memory format used for x87 state depends 
on a REX.W prefix; see Section 13.5.1, “x87 State” of Intel® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1. 


Section 13.8, “Operation of XRSTOR,” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 

1 provides a detailed description of the operation of the XRSTOR instruction. The following items provide a high- 

level outline: 

° Execution of XRSTOR may take one of two forms: standard and compacted. Bit 63 of the XCOMP_BV field in the 
XSAVE header determines which form is used: value 0 specifies the standard form, while value 1 specifies the 
compacted form. 


* If RFBM[/] = 0, XRSTOR does not update state component i.! 

¢ If RFBM[/] = 1 and bit / is clear in the XSTATE_BV field in the XSAVE header, XRSTOR initializes state 
component /. 

e If RFBM[/] = 1 and XSTATE_BV[/] = 1, XRSTOR loads state component j from the XSAVE area. 

¢ The standard form of XRSTOR treats MXCSR (which is part of state component 1 — SSE) differently from the 


XMM registers. If either form attempts to load MXCSR with an illegal value, a general-protection exception 
(#GP) occurs. 


¢ XRSTOR loads the internal value XRSTOR_INFO, which may be used to optimize a subsequent execution of 
XSAVEOPT or XSAVES. 


* Immediately following an execution of XRSTOR, the processor tracks as in-use (not in initial configuration) any 
state component / for which RFBM[/] = 1 and XSTATE_BV[/] = 1; it tracks as modified any state component 
i for which RFBM[/] = 0. 
Use of a source operand not aligned to 64-byte boundary (for 64-bit and 32-bit modes) results in a general-protec- 
tion (#GP) exception. In 64-bit mode, the upper 32 bits of RDX and RAX are ignored. 


See Section 13.6, “Processor Tracking of XSAVE-Managed State,” of Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1 for discussion of the bitmaps XINUSE and XMODIFIED and of the quantity 
XRSTOR_INFO. 


1. There is an exception if RFBM[1] = 0 and RFBM[2] = 1. In this case, the standard form of XRSTOR will load MXCSR from memory, 
even though MXCSR is part of state component 1 — SSE. The compacted form of XRSTOR does not make this exception. 
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Operation 


RFBM := XCRO AND EDX:EAX; /* bitwise logical AND */ 
COMPMASK := XCOMP_BV field from XSAVE header; 
RSTORMASK := XSTATE_BV field from XSAVE header; 


IF COMPMASK[63] = 0 
THEN 
/* Standard form of XRSTOR */ 
TO_BE_RESTORED := RFBM AND RSTORMASK; 
TO_BE_INITIALIZED := RFBM AND NOT RSTORMASK; 


IF TO_BE_RESTORED[O] = 1 
THEN 
XINUSE[0] := 1; 
load x87 state from legacy region of XSAVE area; 
ELSIF TO_BE_INITIALIZED[O] = 1 
THEN 
XINUSE[0] := 0; 
initialize x87 state; 
Fl; 


IF RFBM[1] = 1 OR RFBM[2] = 1 
THEN load MXCSR from legacy region of XSAVE area; 
Fl; 


IF TO_BE_RESTORED[1] = 1 
THEN 
XINUSE[1] := 1; 
load XMM registers from legacy region of XSAVE area; // this step does not load MXCSR 
ELSIF TO_BE_INITIALIZED[1] = 1 


THEN 
XINUSE[1] := 0; 
set all XMM registers to 0; // this step does not initialize MXCSR 
Fl; 
FOR i:= 2 TO62 
IF TO_BE_RESTORED[i] = 1 
THEN 
XINUSE[i] := 1; 
load XSAVE state component i at offset n from base of XSAVE area; 
//n enumerated by CPUID(EAX=ODH,ECX=i):EBX) 
ELSIF TO_BE_INITIALIZED[i] = 1 
THEN 
XINUSE[i] := 0; 
initialize XSAVE state component i; 
Fl; 
ENDFOR; 
ELSE 


/* Compacted form of XRSTOR */ 
IF CPUID.(EAX=0DH,ECX=1):EAX.XSAVEC[bit 1] = 0 
THEN  /* compacted form not supported */ 
#GP(0); 
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Fl; 


FORMAT = COMPMASK AND 7FFFFFFF_FFFFFFFFH; 
RESTORE_FEATURES = FORMAT AND RFBM; 

TO_BE_RESTORED := RESTORE_FEATURES AND RSTORMASK; 
FORCE_INIT := RFBM AND NOT FORMAT; 

TO_BE_INITIALIZED = (RFBM AND NOT RSTORMASK) OR FORCE_INIT; 


IF TO_BE_RESTORED[O] = 1 
THEN 
XINUSE[0] := 1; 
load x87 state from legacy region of XSAVE area; 
ELSIF TO_BE_INITIALIZED[O] = 1 
THEN 
XINUSE[0] := 0; 
initialize x87 state; 
Fl; 


IF TO_BE_RESTORED[1] = 1 
THEN 
XINUSE[1] := 1; 
load SSE state from legacy region of XSAVE area; // this step loads the XMM registers and MXCSR 
ELSIF TO_BE_INITIALIZED[1] = 1 


THEN 
set all XMM registers to O; 
XINUSE[1] := 0; 
MXCSR := 1F80H; 
Fl; 
NEXT_FEATURE_OFFSET = 576; // Legacy area and XSAVE header consume 576 bytes 
FOR i := 2 TO 62 
IF FORMAT[i] = 1 
THEN 
IF TO_BE_RESTORED[i] = 1 
THEN 
XINUSE[i] := 1; 
load XSAVE state component i at offset NEXT_FEATURE_OFFSET from base of XSAVE area; 
Fl; 
NEXT_FEATURE_OFFSET = NEXT_FEATURE_OFFSET + n(n enumerated by CPUID(EAX=0DH,ECX=i):EAX); 
Fl; 
IF TO_BE_INITIALIZED[i] = 1 
THEN 
XINUSE[i] := 0; 
initialize XSAVE state component i; 
Fl; 
ENDFOR; 


Fl; 

XMODIFIED := NOT RFBM; 

IF in VMX non-root operation 
THEN VMXNR := 1; 


ELSE VMXNR := 0; 
Fl; 
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LAXA := linear address of XSAVE area; 
XRSTOR_INFO := (CPL,|VMXNR,LAXA,COMPMASK); 


Flags Affected 
None. 


Intel C/C++ Compiler Intrinsic Equivalent 
XRSTOR: void _xrstor( void *, unsigned __int64); 
XRSTOR: void _xrstor64( void * , unsigned __int64); 


Protected Mode Exceptions 


#GP(0) 


#SS(0) 
#PF(fault-code) 
#NM 

#UD 


#AC 


If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 


If bit 63 of the XCOMP_BV field of the XSAVE header is 1 and 
CPUID.(EAX=0DH,ECX=1):EAX.XSAVEC[bit 1] = 0. 


If the standard form is executed and a bit in XCRO is 0 and the corresponding bit in the 
XSTATE_BV field of the XSAVE header is 1. 


If the standard form is executed and bytes 23:8 of the XSAVE header are not all zero. 

If the compacted form is executed and a bit in XCRO is 0 and the corresponding bit in the 
XCOMP_BV field of the XSAVE header is 1. 

If the compacted form is executed and a bit in the XCOMP_BV field in the XSAVE header is 0 
and the corresponding bit in the XSTATE_BV field is 1. 

If the compacted form is executed and bytes 63:16 of the XSAVE header are not all zero. 

If attempting to write any reserved bits of the MXCSR register with 1. 

If a memory operand effective address is outside the SS segment limit. 

If a page fault occurs. 

If CRO.TS[bit 3] = 1. 

If CPUID.O1H:ECX.XSAVE[bit 26] = 0. 

If CR4.OSXSAVE[bit 18] = 0. 

If the LOCK prefix is used. 

If this exception is disabled a general protection exception (#GP) is signaled if the memory 
operand is not aligned on a 64-byte boundary, as described above. If the alignment check 
exception (#AC) is enabled (and the CPL is 3), signaling of #AC is not guaranteed and may 
vary with implementation, as follows. In all implementations where #AC is not signaled, a 
general protection exception is signaled in its place. In addition, the width of the alignment 
check may also vary with implementation. For instance, for a given implementation, an align- 
ment check exception might be signaled for a 2-byte misalignment, whereas a general protec- 
tion exception might be signaled for all other misalignments (4-, 8-, or 16-byte 
misalignments). 


Real-Address Mode Exceptions 


#GP 


If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 
If any part of the operand lies outside the effective address space from 0 to FFFFH. 


If bit 63 of the XCOMP_BV field of the XSAVE header is 1 and 
CPUID.(EAX=0DH,ECX=1):EAX.XSAVEC[bit 1] = 0. 


If the standard form is executed and a bit in XCRO is 0 and the corresponding bit in the 
XSTATE_BV field of the XSAVE header is 1. 


If the standard form is executed and bytes 23:8 of the XSAVE header are not all zero. 


If the compacted form is executed and a bit in XCRO is 0 and the corresponding bit in the 
XCOMP_BV field of the XSAVE header is 1. 
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#NM 
#UD 


If the compacted form is executed and a bit in the XCOMP_BV field in the XSAVE header is 0 
and the corresponding bit in the XSTATE_BV field is 1. 


If the compacted form is executed and bytes 63:16 of the XSAVE header are not all zero. 
If attempting to write any reserved bits of the MXCSR register with 1. 

If CRO.TS[bit 3] = 1. 

If CPUID.01H:ECX.XSAVE[bit 26] = 0. 

If CR4.0SXSAVE[bit 18] = 0. 

If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(0) 


#SS(0) 
#PF(fault-code) 
#NM 

#UD 


#AC 
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If a memory address is in a non-canonical form. 
If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 


If bit 63 of the XCOMP_BV field of the XSAVE header is 1 and 
CPUID.(EAX=0DH,ECX=1):EAX.XSAVEC[bit 1] = 0. 


If the standard form is executed and a bit in XCRO is 0 and the corresponding bit in the 
XSTATE_BV field of the XSAVE header is 1. 


If the standard form is executed and bytes 23:8 of the XSAVE header are not all zero. 


If the compacted form is executed and a bit in XCRO is 0 and the corresponding bit in the 
XCOMP_BV field of the XSAVE header is 1. 


If the compacted form is executed and a bit in the XCOMP_BV field in the XSAVE header is 0 
and the corresponding bit in the XSTATE_BV field is 1. 


If the compacted form is executed and bytes 63:16 of the XSAVE header are not all zero. 
If attempting to write any reserved bits of the MXCSR register with 1. 

If a memory address referencing the SS segment is in a non-canonical form. 

If a page fault occurs. 

If CRO.TS[bit 3] = 1. 

If CPUID.01H:ECX.XSAVE[bit 26] = 0. 

If CR4.OSXSAVE[bit 18] = 0. 

If the LOCK prefix is used. 


If this exception is disabled a general protection exception (#GP) is signaled if the memory 
operand is not aligned on a 64-byte boundary, as described above. If the alignment check 
exception (#AC) is enabled (and the CPL is 3), signaling of #AC is not guaranteed and may 
vary with implementation, as follows. In all implementations where #AC is not signaled, a 
general protection exception is signaled in its place. In addition, the width of the alignment 
check may also vary with implementation. For instance, for a given implementation, an align- 
ment check exception might be signaled for a 2-byte misalignment, whereas a general protec- 
tion exception might be signaled for all other misalignments (4-, 8-, or 16-byte 
misalignments). 
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XRSTORS—Restore Processor Extended States Supervisor 


Opcode / Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 

Support | Flag 
NP OF C7 /3 M VIV XSS Restore state components specified by EDX:EAX from 
XRSTORS mem mem. 
NP REX.W + OF C7 /3 M V/N.E. XSS Restore state components specified by EDX:EAX from 
XRSTORS64 mem mem. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Performs a full or partial restore of processor state components from the XSAVE area located at the memory 
address specified by the source operand. The implicit EDX:EAX register pair specifies a 64-bit instruction mask. 
The specific state components restored correspond to the bits set in the requested-feature bitmap (RFBM), which 
is the logical-AND of EDX:EAX and the logical-OR of XCRO with the IA32_XSS MSR. XRSTORS may be executed only 
if CPL = 0. 

The format of the XSAVE area is detailed in Section 13.4, “XSAVE Area,” of Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 1. Like FKRSTOR and FXSAVE, the memory format used for x87 state depends 


on a REX.W prefix; see Section 13.5.1, “x87 State” of Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1. 


Section 13.12, “Operation of XRSTORS,” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 1 provides a detailed description of the operation of the XRSTOR instruction. The following items provide a 
high-level outline: 


° Execution of XRSTORS is similar to that of the compacted form of XRSTOR; XRSTORS cannot restore from an 
XSAVE area in which the extended region is in the standard format (see Section 13.4.3, “Extended Region of an 
XSAVE Area” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1). 


¢ XRSTORS differs from XRSTOR in that it can restore state components corresponding to bits set in the 
IA32_XSS MSR. 


¢ If RFBM[/] = 0, XRSTORS does not update state component i. 


¢ If RFBM[/] = 1 and bit /is clear in the XSTATE_BV field in the XSAVE header, XRSTORS initializes state 
component /. 


¢ If RFBM[/] = 1 and XSTATE_BV[/] = 1, XRSTORS loads state component i from the XSAVE area. 
° If XRSTORS attempts to load MXCSR with an illegal value, a general-protection exception (#GP) occurs. 


¢ XRSTORS loads the internal value XRSTOR_INFO, which may be used to optimize a subsequent execution of 
XSAVEOPT or XSAVES. 


¢ Immediately following an execution of XRSTORS, the processor tracks as in-use (not in initial configuration) 
any state component / for which RFBM[/] = 1 and XSTATE_BV[/] = 1; it tracks as modified any state component 
i for which RFBM[/] = 0. 


Use of a source operand not aligned to 64-byte boundary (for 64-bit and 32-bit modes) results in a general-protec- 
tion (#GP) exception. In 64-bit mode, the upper 32 bits of RDX and RAX are ignored. 


See Section 13.6, “Processor Tracking of XSAVE-Managed State,” of Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1 for discussion of the bitmaps XINUSE and XMODIFIED and of the quantity 
XRSTOR_INFO. 
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Operation 


RFBM := (XCRO OR IA32_XSS) AND EDX:EAX; /* bitwise logical OR and AND */ 
COMPMASK := XCOMP_BV field from XSAVE header; 
RSTORMASK := XSTATE_BV field from XSAVE header; 


FORMAT = COMPMASK AND 7FFFFFFF_FFFFFFFFH; 
RESTORE_FEATURES = FORMAT AND RFBM; 

TO_BE_RESTORED := RESTORE_FEATURES AND RSTORMASK; 
FORCE_INIT := RFBM AND NOT FORMAT; 

TO_BE_INITIALIZED = (RFBM AND NOT RSTORMASK) OR FORCE_INIT; 


IF TO_BE_RESTORED[O] = 1 
THEN 
XINUSE[0] := 1; 
load x87 state from legacy region of XSAVE area; 
ELSIF TO_BE_INITIALIZED[O] = 1 
THEN 
XINUSE[0] := 0; 
initialize x87 state; 
Fl; 


IF TO_BE_RESTORED[1] = 1 
THEN 
XINUSE[1] := 1; 
load SSE state from legacy region of XSAVE area; // this step loads the XMM registers and MXCSR 
ELSIF TO_BE_INITIALIZED[1] = 1 
THEN 
set all XMM registers to O; 
XINUSE[1] := 0; 
MXCSR := 1F80H; 
Fl; 


NEXT_FEATURE_OFFSET = 576; // Legacy area and XSAVE header consume 576 bytes 
FOR i :=2 TO 62 
IF FORMAT{Ii] = 1 
THEN 
IF TO_BE_RESTORED{i] = 1 
THEN 
XINUSE[i] := 1; 
load XSAVE state component i at offset NEXT_FEATURE_OFFSET from base of XSAVE area; 
Fl; 
NEXT_FEATURE_OFFSET = NEXT_FEATURE_OFFSET + n(n enumerated by CPUID(EAX=0DH,ECX=i):EAX); 
Fl; 
IF TO_BE_INITIALIZED[i] = 1 
THEN 
XINUSE[i] := 0; 
initialize XSAVE state component i; 
Fl; 
ENDFOR; 


XMODIFIED := NOT RFBM; 


IF in VMX non-root operation 
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THEN VMXNR := 1; 
ELSE VMXNR := 0; 


Fl; 
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LAXA := linear address of XSAVE area; 
XRSTOR_INFO := (CPL,|VMXNR,LAXA,COMPMASK); 


Flags Affected 
None. 


Intel C/C++ Compiler Intrinsic Equivalent 
XRSTORS: — void _xrstors( void * , unsigned __int64); 
XRSTORS64: void _xrstors64( void * , unsigned __int64); 


Protected Mode Exceptions 


#GP(0) 


#SS(0) 
#PF(fault-code) 
#NM 

#UD 


If CPL > O. 

If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 

If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 

If bit 63 of the XCOMP_BV field of the XSAVE header is 0. 

If a bit in XCRO is 0 and the corresponding bit in the XCOMP_BV field of the XSAVE header is 1. 


If a bit in the XCOMP_BV field in the XSAVE header is 0 and the corresponding bit in the 
XSTATE_BV field is 1. 


If bytes 63:16 of the XSAVE header are not all zero. 

If attempting to write any reserved bits of the MXCSR register with 1. 

If a memory operand effective address is outside the SS segment limit. 

If a page fault occurs. 

If CRO.TS[bit 3] = 1. 

If CPUID.O1H:ECX.XSAVE[bit 26] = 0 or CPUID.(EAX=0DH,ECX=1):EAX.XSS[bit 3] = 0. 
If CR4.OSXSAVE[bit 18] = 0. 

If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#GP 


#NM 
#UD 


If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 

If any part of the operand lies outside the effective address space from 0 to FFFFH. 

If bit 63 of the XCOMP_BV field of the XSAVE header is 0. 

If a bit in XCRO is 0 and the corresponding bit in the XCOMP_BV field of the XSAVE header is 1. 


If a bit in the XCOMP_BV field in the XSAVE header is 0 and the corresponding bit in the 
XSTATE_BV field is 1. 


If bytes 63:16 of the XSAVE header are not all zero. 

If attempting to write any reserved bits of the MXCSR register with 1. 

If CRO.TS[bit 3] = 1. 

If CPUID.01H:ECX.XSAVE[bit 26] = 0 or CPUID.(EAX=0DH,ECX=1):EAX.XSS[bit 3] = 0. 
If CR4.OSXSAVE[bit 18] = 0. 

If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 
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Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(0) 


#SS(0) 
#PF(fault-code) 
#NM 

#UD 
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If CPL > 0. 

If a memory address is in a non-canonical form. 

If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 

If bit 63 of the XCOMP_BV field of the XSAVE header is 0. 

If a bit in XCRO is 0 and the corresponding bit in the XCOMP_BV field of the XSAVE header is 1. 


If a bit in the XCOMP_BV field in the XSAVE header is 0 and the corresponding bit in the 
XSTATE_BV field is 1. 


If bytes 63:16 of the XSAVE header are not all zero. 

If attempting to write any reserved bits of the MXCSR register with 1. 

If a memory address referencing the SS segment is in a non-canonical form. 

If a page fault occurs. 

If CRO.TS[bit 3] = 1. 

If CPUID.01H:ECX.XSAVE[bit 26] = 0 or CPUID.(EAX=0DH,ECX=1):EAX.XSS[bit 3] = 0. 
If CR4.OSXSAVE[bit 18] = 0. 

If the LOCK prefix is used. 
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XSAVE—Save Processor Extended States 


Opcode / Op/ | 64/32 bit | CPUID Description 
Instruction En Mode Feature 

Support | Flag 
NP OF AE /4 M VIV XSAVE Save state components specified by EDX:EAX to mem. 
XSAVE mem 
NP REX.W + OF AE /4 M V/N.E. XSAVE Save state components specified by EDX:EAX to mem. 
XSAVE64 mem 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Performs a full or partial save of processor state components to the XSAVE area located at the memory address 

specified by the destination operand. The implicit EDX:EAX register pair specifies a 64-bit instruction mask. The 

specific state components saved correspond to the bits set in the requested-feature bitmap (RFBM), which is the 
logical-AND of EDX:EAX and XCRO. 


The format of the XSAVE area is detailed in Section 13.4, “XSAVE Area,” of Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 1. Like FKRSTOR and FXSAVE, the memory format used for x87 state depends 
on a REX.W prefix; see Section 13.5.1, “x87 State” of Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1. 


Section 13.7, “Operation of XSAVE,” of Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 
provides a detailed description of the operation of the XSAVE instruction. The following items provide a high-level 
outline: 


* XSAVE saves state component / if and only if RFBM[/] = 1.1 


¢ XSAVE does not modify bytes 511:464 of the legacy region of the XSAVE area (see Section 13.4.1, “Legacy 
Region of an XSAVE Area” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1). 


e XSAVE reads the XSTATE_BV field of the XSAVE header (see Section 13.4.2, “XSAVE Header” of Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 1) and writes a modified value back to memory as 
follows. If RFBM[/] = 1, XSAVE writes XSTATE_BV[/] with the value of XINUSE[/]. (XINUSE is a bitmap by which 
the processor tracks the status of various state components. See Section 13.6, “Processor Tracking of XSAVE- 
Managed State” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1.) If RFBM[/] = 0, 
XSAVE writes XSTATE_BV[/] with the value that it read from memory (it does not modify the bit). XSAVE does 
not write to any part of the XSAVE header other than the XSTATE_BV field. 


¢ XSAVE always uses the standard format of the extended region of the XSAVE area (see Section 13.4.3, 
“Extended Region of an XSAVE Area” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 1). 


Use of a destination operand not aligned to 64-byte boundary (in either 64-bit or 32-bit modes) results ina 
general-protection (#GP) exception. In 64-bit mode, the upper 32 bits of RDX and RAX are ignored. 


1. Anexception is made for MXCSR and MXCSR_MASK, which belong to state component 1 — SSE. XSAVE saves these values to mem- 
ory if either RFBM[1] or RFBM[2] is 1. 
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Operation 


RFBM := XCRO AND EDX:EAX; = /* bitwise logical AND */ 
OLD_BV := XSTATE_BV field from XSAVE header; 


IF RFBM[O] = 1 
THEN store x87 state into legacy region of XSAVE area; 
Fl; 


IF RFBM[1] = 1 
THEN store XMM registers into legacy region of XSAVE area; // this step does not save MXCSR or MXCSR_MASK 
Fl; 


IF RFBM[1] = 1 OR RFBM[2] = 1 
THEN store MXCSR and MXCSR_MASK into legacy region of XSAVE area; 
Fl; 


FOR i := 2 TO 62 
IF RFBM[i] = 1 
THEN save XSAVE state component i at offset n from base of XSAVE area (n enumerated by CPUID(EAX=0DH,ECX=i):EBX); 
FI; 
ENDFOR; 


XSTATE_BV field in XSAVE header := (OLD_BV AND NOT RFBM) OR (XINUSE AND RFBM); 


Flags Affected 
None. 


Intel C/C++ Compiler Intrinsic Equivalent 
XSAVE: void _xsave( void * , unsigned __int64); 
XSAVE: void _xsave64( void * , unsigned __int64); 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#NM If CRO.TS[bit 3] = 1. 

#UD If CPUID.01H:ECX.XSAVE[bit 26] = 0. 


If CR4.OSXSAVE[bit 18] = 0. 
If the LOCK prefix is used. 


#AC If this exception is disabled a general protection exception (#GP) is signaled if the memory 
operand is not aligned on a 64-byte boundary, as described above. If the alignment check 
exception (#AC) is enabled (and the CPL is 3), signaling of #AC is not guaranteed and may 
vary with implementation, as follows. In all implementations where #AC is not signaled, a 
general protection exception is signaled in its place. In addition, the width of the alignment 
check may also vary with implementation. For instance, for a given implementation, an align- 
ment check exception might be signaled for a 2-byte misalignment, whereas a general protec- 
tion exception might be signaled for all other misalignments (4-, 8-, or 16-byte 
misalignments). 
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Real-Address Mode Exceptions 


#GP 


#NM 
#UD 


If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 
If any part of the operand lies outside the effective address space from 0 to FFFFH. 
If CRO.TS[bit 3] = 1. 

If CPUID.O1H:ECX.XSAVE[bit 26] = 0. 

If CR4.0SXSAVE[bit 18] = 0. 

If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(0) 


#SS(0) 
#PF(fault-code) 
#NM 

#UD 


#AC 


If the memory address is in a non-canonical form. 

If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 
If a memory address referencing the SS segment is in a non-canonical form. 

If a page fault occurs. 

If CRO.TS[bit 3] = 1. 

If CPUID.01H:ECX.XSAVE[bit 26] = 0. 

If CR4.OSXSAVE[bit 18] = 0. 

If the LOCK prefix is used. 


If this exception is disabled a general protection exception (#GP) is signaled if the memory 
operand is not aligned on a 64-byte boundary, as described above. If the alignment check 
exception (#AC) is enabled (and the CPL is 3), signaling of #AC is not guaranteed and may 
vary with implementation, as follows. In all implementations where #AC is not signaled, a 
general protection exception is signaled in its place. In addition, the width of the alignment 
check may also vary with implementation. For instance, for a given implementation, an align- 
ment check exception might be signaled for a 2-byte misalignment, whereas a general protec- 
tion exception might be signaled for all other misalignments (4-, 8-, or 16-byte 
misalignments). 
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XSAVEC—Save Processor Extended States with Compaction 


Opcode / Op/ | 64/32 bit | CPUID Description 
Instruction En Mode Feature 

Support | Flag 
NP OF C7 /4 M VIV XSAVEC Save state components specified by EDX:EAX to mem with 
XSAVEC mem compaction. 
NP REX.W + OF C7 /4 M V/N.E. XSAVEC Save state components specified by EDX:EAX to mem with 
XSAVEC64 mem compaction. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Performs a full or partial save of processor state components to the XSAVE area located at the memory address 

specified by the destination operand. The implicit EDX:EAX register pair specifies a 64-bit instruction mask. The 

specific state components saved correspond to the bits set in the requested-feature bitmap (RFBM), which is the 
logical-AND of EDX:EAX and XCRO. 


The format of the XSAVE area is detailed in Section 13.4, “XSAVE Area,” of Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 1. Like FXRSTOR and FXSAVE, the memory format used for x87 state depends 
on a REX.W prefix; see Section 13.5.1, “x87 State” of Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1. 


Section 13.10, “Operation of XSAVEC,” of Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
1 provides a detailed description of the operation of the XSAVEC instruction. The following items provide a high- 
level outline: 


¢ Execution of XSAVEC is similar to that of XSAVE. XSAVEC differs from XSAVE in that it uses compaction and that 
it may use the init optimization. 


* XSAVEC saves state component / if and only if RFBM[/] = 1 and XINUSE[/] = 1.1 (XINUSE is a bitmap by which 
the processor tracks the status of various state components. See Section 13.6, “Processor Tracking of XSAVE- 
Managed State” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1.) 


° XSAVEC does not modify bytes 511:464 of the legacy region of the XSAVE area (see Section 13.4.1, “Legacy 
Region of an XSAVE Area” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1). 


¢ XSAVEC writes the logical AND of RFBM and XINUSE to the XSTATE_BV field of the XSAVE header.2/3 (See 
Section 13.4.2, “XSAVE Header” of Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
1.) XSAVEC sets bit 63 of the XCOMP_BV field and sets bits 62:0 of that field to RFBM[62:0]. XSAVEC does not 
write to any parts of the XSAVE header other than the XSTATE_BV and XCOMP_BV fields. 


° XSAVEC always uses the compacted format of the extended region of the XSAVE area (see Section 13.4.3, 
“Extended Region of an XSAVE Area” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 1). 


Use of a destination operand not aligned to 64-byte boundary (in either 64-bit or 32-bit modes) results in a 
general-protection (#GP) exception. In 64-bit mode, the upper 32 bits of RDX and RAX are ignored. 


1. There is an exception for state component 1 (SSE). MXCSR is part of SSE state, but XINUSE[1] may be 0 even if MXCSR does not 
have its initial value of 1F80H. In this case, XSAVEC saves SSE state as long as RFBM[1] = 1. 


2. Unlike XSAVE and XSAVEOPT, XSAVEC clears bits in the XSTATE_BV field that correspond to bits that are clear in RFBM. 


3. There is an exception for state component 1 (SSE). MXCSR is part of SSE state, but XINUSE[1] may be 0 even if MXCSR does not 
have its initial value of 1F80H. In this case, XSAVEC sets XSTATE_BV[1] to 1 as long as RFBM[1] = 1. 


5-644 Vol. 2C XSAVEC—Save Processor Extended States with Compaction 


INSTRUCTION SET REFERENCE, V-Z 


Operation 


RFBM := XCRO AND EDX:EAX; /* bitwise logical AND */ 
TO_BE_SAVED := RFBM AND XINUSE; _/* bitwise logical AND */ 
If MXCSR # 1F80H AND RFBM[1] 

TO_BE_SAVED[1] = 1; 
Fl; 


IF TO_BE_SAVED[0] = 1 
THEN store x87 state into legacy region of XSAVE area; 
Fl; 


IF TO_BE_SAVED[1] = 1 
THEN store SSE state into legacy region of XSAVE area; // this step saves the XMM registers, MXCSR, and MXCSR_MASK 


Fl; 
NEXT_FEATURE_OFFSET = 576; // Legacy area and XSAVE header consume 576 bytes 
FOR i := 2 TO 62 
IF RFBM[i] = 1 
THEN 
IF TO_BE_SAVED[i] 
THEN save XSAVE state component i at offset NEXT_FEATURE_OFFSET from base of XSAVE area; 
Fl; 
NEXT_FEATURE_OFFSET = NEXT_FEATURE_OFFSET + n (n enumerated by CPUID(EAX=0DH,ECX=i):EAX); 
Fl; 
ENDFOR; 


XSTATE_BV field in XSAVE header := TO_BE_SAVED; 
XCOMP_BV field in XSAVE header := RFBM OR 80000000_O00000000H; 


Flags Affected 
None. 


Intel C/C++ Compiler Intrinsic Equivalent 
XSAVEC: void _xsavec( void * , unsigned __int64); 
XSAVEC64: void_xsavec64( void *, unsigned __int64); 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#NM If CRO.TS[bit 3] = 1. 

#UD If CPUID.OLH:ECX.XSAVE[bit 26] = 0 or CPUID.(EAX=0DH,ECX=1):EAX.XSAVEC[bit 1] = 0. 


If CR4.OSXSAVE[bit 18] = 0. 
If the LOCK prefix is used. 
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#AC 


If this exception is disabled a general protection exception (#GP) is signaled if the memory 
operand is not aligned on a 64-byte boundary, as described above. If the alignment check 
exception (#AC) is enabled (and the CPL is 3), signaling of #AC is not guaranteed and may 
vary with implementation, as follows. In all implementations where #AC is not signaled, a 
general protection exception is signaled in its place. In addition, the width of the alignment 
check may also vary with implementation. For instance, for a given implementation, an align- 
ment check exception might be signaled for a 2-byte misalignment, whereas a general protec- 
tion exception might be signaled for all other misalignments (4-, 8-, or 16-byte 
misalignments). 


Real-Address Mode Exceptions 


#GP 


#NM 
#UD 


If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 

If any part of the operand lies outside the effective address space from 0 to FFFFH. 

If CRO.TS[bit 3] = 1. 

If CPUID.01H:ECX.XSAVE[bit 26] = 0 or CPUID.(EAX=0DH,ECX=1):EAX.XSAVEC[bit 1] = 0. 
If CR4.OSXSAVE[bit 18] = 0. 

If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#GP(0) 
#SS(0) 
#PF(fault-code) 


#NM 
#UD 


#AC 
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If the memory address is in a non-canonical form. 

If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 

If a memory address referencing the SS segment is in a non-canonical form. 

If a page fault occurs. 

If CRO.TS[bit 3] = 1. 

If CPUID.01H:ECX.XSAVE[bit 26] = 0 or CPUID.(EAX=0DH,ECX=1):EAX.XSAVEC[bit 1] = 0. 
If CR4.OSXSAVE[bit 18] = 0. 

If the LOCK prefix is used. 


If this exception is disabled a general protection exception (#GP) is signaled if the memory 
operand is not aligned on a 64-byte boundary, as described above. If the alignment check 
exception (#AC) is enabled (and the CPL is 3), signaling of #AC is not guaranteed and may 
vary with implementation, as follows. In all implementations where #AC is not signaled, a 
general protection exception is signaled in its place. In addition, the width of the alignment 
check may also vary with implementation. For instance, for a given implementation, an align- 
ment check exception might be signaled for a 2-byte misalignment, whereas a general protec- 
tion exception might be signaled for all other misalignments (4-, 8-, or 16-byte 
misalignments). 
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XSAVEOPT—Save Processor Extended States Optimized 


Opcode/ Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 

Support | Flag 
NP OF AE /6 M VIV XSAVEOPT | Save state components specified by EDX:EAX 
XSAVEOPT mem to mem, optimizing if possible. 
NP REX.W + OF AE /6 M VIV XSAVEOPT | Save state components specified by EDX:EAX 
XSAVEOPT64 mem to mem, optimizing if possible. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Performs a full or partial save of processor state components to the XSAVE area located at the memory address 

specified by the destination operand. The implicit EDX:EAX register pair specifies a 64-bit instruction mask. The 

specific state components saved correspond to the bits set in the requested-feature bitmap (RFBM), which is the 
logical-AND of EDX:EAX and XCRO. 


The format of the XSAVE area is detailed in Section 13.4, “XSAVE Area,” of Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 1. Like FKRSTOR and FXSAVE, the memory format used for x87 state depends 
on a REX.W prefix; see Section 13.5.1, “x87 State” of Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1. 


Section 13.9, “Operation of XSAVEOPT,” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 1 provides a detailed description of the operation of the XSAVEOPT instruction. The following items provide 
a high-level outline: 


¢ Execution of XSAVEOPT is similar to that of XSAVE. XSAVEOPT differs from XSAVE in that it may use the init and 
modified optimizations. The performance of XSAVEOPT will be equal to or better than that of XSAVE. 


* XSAVEOPT saves state component / only if RFBM[/] = 1 and XINUSE[/] = 1.1 (XINUSE is a bitmap by which the 
processor tracks the status of various state components. See Section 13.6, “Processor Tracking of XSAVE- 
Managed State”of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1.) Even if both 
bits are 1, XSAVEOPT may optimize and not save state component i if (1) state component / has not been 
modified since the last execution of XRSTOR or XRSTORS; and (2) this execution of XSAVES corresponds to 
that last execution of XRSTOR or XRSTORS as determined by the internal value XRSTOR_INFO (see the 
Operation section below). 


¢ XSAVEOPT does not modify bytes 511:464 of the legacy region of the XSAVE area (see Section 13.4.1, “Legacy 
Region of an XSAVE Area” of Inte!® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1). 


¢ XSAVEOPT reads the XSTATE_BV field of the XSAVE header (see Section 13.4.2, “XSAVE Header” of Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 1) and writes a modified value back to memory 
as follows. If RFBM[/] = 1, XSAVEOPT writes XSTATE_BV[/] with the value of XINUSE[/]. If RFBM[/] = 0, 
XSAVEOPT writes XSTATE_BV[/] with the value that it read from memory (it does not modify the bit). 
XSAVEOPT does not write to any part of the XSAVE header other than the XSTATE_BV field. 


¢ XSAVEOPT always uses the standard format of the extended region of the XSAVE area (see Section 13.4.3, 
“Extended Region of an XSAVE Area” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 1). 


Use of a destination operand not aligned to 64-byte boundary (in either 64-bit or 32-bit modes) will result in a 
general-protection (#GP) exception. In 64-bit mode, the upper 32 bits of RDX and RAX are ignored. 


1. There is an exception made for MXCSR and MXCSR_MASK, which belong to state component 1 — SSE. XSAVEOPT always saves 
these to memory if RFBM[1] = 1 or RFBM[2] = 1, regardless of the value of XINUSE. 
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See Section 13.6, “Processor Tracking of XSAVE-Managed State,” of Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1 for discussion of the bitmap XMODIFIED and of the quantity XRSTOR_INFO. 


Operation 


RFBM := XCRO AND EDX:EAX; = /* bitwise logical AND */ 
OLD_BV := XSTATE_BV field from XSAVE header; 
TO_BE_SAVED := RFBM AND XINUSE; 


IF in VMX non-root operation 
THEN VMXNR := 1; 
ELSE VMXNR := 0; 

Fl; 

LAXA := linear address of XSAVE area; 

IF XRSTOR_INFO = (CPL,VMXNR,LAXA,OOO00000_00000000h) 
THEN TO_BE_SAVED := TO_BE_SAVED AND XMODIFIED; 

Fl; 


IF TO_BE_SAVED[O] = 1 
THEN store x87 state into legacy region of XSAVE area; 
Fl; 


IF TO_BE_SAVED[1] 
THEN store XMM registers into legacy region of XSAVE area; // this step does not save MXCSR or MXCSR_MASK 
Fl; 


IF RFBM[1] = 1 or RFBM[2] = 1 
THEN store MXCSR and MXCSR_MASK into legacy region of XSAVE area; 
Fl; 


FOR i := 2 TO 62 
IF TO_BE_SAVED[i] = 1 
THEN save XSAVE state component i at offset n from base of XSAVE area (n enumerated by CPUID(EAX=0DH,ECX=i):EBX); 
FI; 
ENDFOR; 


XSTATE_BV field in XSAVE header := (OLD_BV AND NOT RFBM) OR (XINUSE AND RFBM); 


Flags Affected 
None. 


Intel C/C++ Compiler Intrinsic Equivalent 
XSAVEOPT: void _xsaveopt( void * , unsigned __int64); 
XSAVEOPT: void_xsaveopt64( void *, unsigned __int64); 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 

#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#NM If CRO.TS[bit 3] = 1. 
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#UD 


#AC 


INSTRUCTION SET REFERENCE, V-Z 


If CPUID.O1LH:ECX.XSAVE[bit 26] = 0 or CPUID.(EAX=0DH,ECX=1):EAX.XSAVEOPT[bit 0] = 
0 


If CR4.OSXSAVE[bit 18] = 0. 
If the LOCK prefix is used. 


If this exception is disabled a general protection exception (#GP) is signaled if the memory 
operand is not aligned on a 64-byte boundary, as described above. If the alignment check 
exception (#AC) is enabled (and the CPL is 3), signaling of #AC is not guaranteed and may 
vary with implementation, as follows. In all implementations where #AC is not signaled, a 
general protection exception is signaled in its place. In addition, the width of the alignment 
check may also vary with implementation. For instance, for a given implementation, an align- 
ment check exception might be signaled for a 2-byte misalignment, whereas a general protec- 
tion exception might be signaled for all other misalignments (4-, 8-, or 16-byte 
misalignments). 


Real-Address Mode Exceptions 


#GP 


#NM 
#UD 


If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 
If any part of the operand lies outside the effective address space from 0 to FFFFH. 
If CRO.TS[bit 3] = 1. 


If CPUID.O1H:ECX.XSAVE[bit 26] = 0 or CPUID.(EAX=0DH,ECX=1):EAX.XSAVEOPT[bit 0] = 
0. 


If CR4.OSXSAVE[bit 18] = 0. 
If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#SS(0) 
#GP(0) 


#PF(fault-code) 


#NM 
#UD 


#AC 


If a memory address referencing the SS segment is in a non-canonical form. 

If the memory address is in a non-canonical form. 

If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 

If a page fault occurs. 

If CRO.TS[bit 3] = 1. 

If CPUID.O1H:ECX.XSAVE[bit 26] = 0 or CPUID.(EAX=0DH,ECX=1):EAX.XSAVEOPT[bit 0] = 
0. 

If CR4.OSXSAVE[bit 18] = 0. 

If the LOCK prefix is used. 

If this exception is disabled a general protection exception (#GP) is signaled if the memory 
operand is not aligned on a 64-byte boundary, as described above. If the alignment check 
exception (#AC) is enabled (and the CPL is 3), signaling of #AC is not guaranteed and may 
vary with implementation, as follows. In all implementations where #AC is not signaled, a 
general protection exception is signaled in its place. In addition, the width of the alignment 
check may also vary with implementation. For instance, for a given implementation, an align- 
ment check exception might be signaled for a 2-byte misalignment, whereas a general protec- 
tion exception might be signaled for all other misalignments (4-, 8-, or 16-byte 
misalignments). 
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XSAVES—Save Processor Extended States Supervisor 


Opcode / Op/ | 64/32 bit | CPUID Description 
Instruction En |Mode Feature 

Support | Flag 
NP OF C7 /5 M VIV XSS Save state components specified by EDX:EAX to 
XSAVES mem mem with compaction, optimizing if possible. 
NP REX.W + OF C7 /5 M V/N.E. XSS Save state components specified by EDX:EAX to 
XSAVES64 mem mem with compaction, optimizing if possible. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Performs a full or partial save of processor state components to the XSAVE area located at the memory address 
specified by the destination operand. The implicit EDX:EAX register pair specifies a 64-bit instruction mask. The 
specific state components saved correspond to the bits set in the requested-feature bitmap (RFBM), the logical- 
AND of EDX:EAX and the logical-OR of XCRO with the IA32_XSS MSR. XSAVES may be executed only if CPL = 0. 


The format of the XSAVE area is detailed in Section 13.4, “XSAVE Area,” of Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 1. Like FXRSTOR and FXSAVE, the memory format used for x87 state depends 
on a REX.W prefix; see Section 13.5.1, “x87 State” of Intel® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1. 


Section 13.11, “Operation of XSAVES,” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
1 provides a detailed description of the operation of the XSAVES instruction. The following items provide a high- 
level outline: 


° Execution of XSAVES is similar to that of XSAVEC. XSAVES differs from XSAVEC in that it can save state 
components corresponding to bits set in the IA32_XSS MSR and that it may use the modified optimization. 


* XSAVES saves state component j only if RFBM[/] = 1 and XINUSE[/] = 1.! (XINUSE is a bitmap by which the 
processor tracks the status of various state components. See Section 13.6, “Processor Tracking of XSAVE- 
Managed State” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1.) Even if both 
bits are 1, XSAVES may optimize and not save state component i if (1) state component / has not been modified 
since the last execution of XRSTOR or XRSTORS; and (2) this execution of XSAVES correspond to that last 
execution of XRSTOR or XRSTORS as determined by XRSTOR_INFO (see the Operation section below). 


¢ XSAVES does not modify bytes 511:464 of the legacy region of the XSAVE area (see Section 13.4.1, “Legacy 
Region of an XSAVE Area” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1). 


* XSAVES writes the logical AND of RFBM and XINUSE to the XSTATE_BV field of the XSAVE header. (See Section 
13.4.2, “XSAVE Header” of Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1.) 
XSAVES sets bit 63 of the XCOMP_BV field and sets bits 62:0 of that field to RFBM[62:0]. XSAVES does not 
write to any parts of the XSAVE header other than the XSTATE_BV and XCOMP_BV fields. 


°  XSAVES always uses the compacted format of the extended region of the XSAVE area (see Section 13.4.3, 
“Extended Region of an XSAVE Area” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 1). 


Use of a destination operand not aligned to 64-byte boundary (in either 64-bit or 32-bit modes) results in a 
general-protection (#GP) exception. In 64-bit mode, the upper 32 bits of RDX and RAX are ignored. 


1. There is an exception for state component 1 (SSE). MXCSR is part of SSE state, but XINUSE[1] may be 0 even if MXCSR does not 
have its initial value of 1F80H. In this case, the init optimization does not apply and XSAVEC will save SSE state as long as RFBM[1] = 
1 and the modified optimization is not being applied. 

2. There is an exception for state component 1 (SSE). MXCSR is part of SSE state, but XINUSE[1] may be 0 even if MXCSR does not 
have its initial value of 1F80H. In this case, XSAVES sets XSTATE_BV[1] to 1 as long as RFBM[1] = 1. 
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See Section 13.6, “Processor Tracking of XSAVE-Managed State,” of Intel® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1 for discussion of the bitmap XMODIFIED and of the quantity XRSTOR_INFO. 


Operation 


RFBM := (XCRO OR IA32_XSS) AND EDX:EAX; /* bitwise logical OR and AND */ 
IF in VMX non-root operation 
THEN VMXNR := 1; 
ELSE VMXNR := 0; 
Fl; 
LAXA := linear address of XSAVE area; 
COMPMASK := RFBM OR 80000000_00000000H; 
TO_BE_SAVED := RFBM AND XINUSE; 
IF XRSTOR_INFO = (CPL,VMXNR,LAXA,COMPMASK) 
THEN TO_BE_SAVED := TO_BE_SAVED AND XMODIFIED; 
Fl; 
IF MXCSR # 1F80H AND RFBM[1] 
THEN TO_BE_SAVED[1] = 1; 
Fl; 


IF TO_BE_SAVED[0] = 1 
THEN store x87 state into legacy region of XSAVE area; 
Fl; 


IF TO_BE_SAVED[1] = 1 
THEN store SSE state into legacy region of XSAVE area; // this step saves the XMM registers, MXCSR, and MXCSR_MASK 
Fl; 


NEXT_FEATURE_OFFSET = 576; // Legacy area and XSAVE header consume 576 bytes 
FOR i := 2 TO 62 
IF RFBM[i] = 1 
THEN 
IF TO_BE_SAVED[i] 
THEN 
save XSAVE state component i at offset NEXT_FEATURE_OFFSET from base of XSAVE area; 
IFi=8 // state component 8 is for PT state 
THEN IA32_RTIT_CTL.Trace€En[bit 0] := 0; 
Fl; 
Fl; 
NEXT_FEATURE_OFFSET = NEXT_FEATURE_OFFSET + n (n enumerated by CPUID(EAX=0DH,ECX=i):EAX); 
Fl; 
ENDFOR; 


NEW_HEADER := RFBM AND XINUSE; 
IF MXCSR # 1F80H AND RFBM[1] 
THEN NEW_HEADER[1] = 1; 
Fl; 
XSTATE_BV field in XSAVE header := NEW_HEADER; 
XCOMP_BV field in XSAVE header := COMPMASK; 


Flags Affected 
None. 
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Intel C/C++ Compiler Intrinsic Equivalent 
XSAVES: void _xsaves( void * , unsigned __int64); 
XSAVES64: void _xsaves64( void * , unsigned __int64); 


Protected Mode Exceptions 

#GP(0) If CPL > 0. 
If a memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 


#SS(0) If a memory operand effective address is outside the SS segment limit. 

#PF(fault-code) If a page fault occurs. 

#NM If CRO.TS[bit 3] = 1. 

#UD If CPUID.01H:ECX.XSAVE[bit 26] = 0 or CPUID.(EAX=0DH,ECX=1):EAX.XSS[bit 3] = 0. 


If CR4.OSXSAVE[bit 18] = 0. 
If the LOCK prefix is used. 


Real-Address Mode Exceptions 

#GP If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 
If any part of the operand lies outside the effective address space from 0 to FFFFH. 

#NM If CRO.TS[bit 3] = 1. 

#UD If CPUID.01H:ECX.XSAVE[bit 26] = 0 or CPUID.(EAX=0DH,ECX=1):EAX.XSS[bit 3] = 0. 
If CR4.OSXSAVE[bit 18] = 0. 
If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
#GP(0) If CPL > 0. 
If the memory address is in a non-canonical form. 
If a memory operand is not aligned on a 64-byte boundary, regardless of segment. 


#SS(0) If a memory address referencing the SS segment is in a non-canonical form. 
#PF(fault-code) If a page fault occurs. 

#NM If CRO.TS[bit 3] = 1. 

#UD If CPUID.01H:ECX.XSAVE[bit 26] = 0 or CPUID.(EAX=0DH,ECX=1):EAX.XSS[bit 3] = 0. 


If CR4.OSXSAVE[bit 18] = 0. 
If the LOCK prefix is used. 
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XSETBV—Set Extended Control Register 


Opcode Instruction Op/ | 64-Bit Compat/ |Description 
En |Mode Leg Mode 
NP OF 01 D1 XSETBV ZO | Valid Valid Write the value in EDX:EAX to the XCR 
specified by ECX. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Writes the contents of registers EDX:EAX into the 64-bit extended control register (XCR) specified in the ECX 
register. (On processors that support the Intel 64 architecture, the high-order 32 bits of RCX are ignored.) The 
contents of the EDX register are copied to high-order 32 bits of the selected XCR and the contents of the EAX 
register are copied to low-order 32 bits of the XCR. (On processors that support the Intel 64 architecture, the high- 
order 32 bits of each of RAX and RDX are ignored.) Undefined or reserved bits in an XCR should be set to values 
previously read. 


This instruction must be executed at privilege level 0 or in real-address mode; otherwise, a general protection 
exception #GP(0) is generated. Specifying a reserved or unimplemented XCR in ECX will also cause a general 
protection exception. The processor will also generate a general protection exception if software attempts to write 
to reserved bits in an XCR. 


Currently, only XCRO is supported. Thus, all other values of ECX are reserved and will cause a #GP(0). Note that 
bit O of XCRO (corresponding to x87 state) must be set to 1; the instruction will cause a #GP(0) if an attempt is 
made to clear this bit. In addition, the instruction causes a #GP(0) if an attempt is made to set XCRO[2] (AVX state) 
while clearing XCRO[1] (SSE state); it is necessary to set both bits to use AVX instructions; Section 13.3, “Enabling 
the XSAVE Feature Set and XSAVE-Enabled Features,” of Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1. 


Operation 
XCR[ECX] := EDX:EAX; 


Flags Affected 
None. 


Intel C/C++ Compiler Intrinsic Equivalent 
XSETBV: void _xsetbv( unsigned int, unsigned __int64); 


Protected Mode Exceptions 
#GP(0) If the current privilege level is not 0. 
If an invalid XCR is specified in ECX. 
If the value in EDX:EAX sets bits that are reserved in the XCR specified by ECX. 
If an attempt is made to clear bit 0 of XCRO. 
If an attempt is made to set XCRO[2:1] to 10b. 
#UD If CPUID.O1H:ECX.XSAVE[bit 26] = 0. 
If CR4.0SXSAVE[bit 18] = 0. 
If the LOCK prefix is used. 
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Real-Address Mode Exceptions 
#GP If an invalid XCR is specified in ECX. 
If the value in EDX:EAX sets bits that are reserved in the XCR specified by ECX. 
If an attempt is made to clear bit 0 of XCRO. 
If an attempt is made to set XCRO[2:1] to 10b. 
#UD If CPUID.01H:ECX.XSAVE[bit 26] = 0. 
If CR4.0OSXSAVE[bit 18] = 0. 
If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 
#GP(0) The XSETBV instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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Opcode/Instruction Op/ | 64/32bit | CPUID Description 
En Mode Feature 

Support | Flag 
NP OF 01 D6 ZO VIV HLE or Test if executing in a transactional region 
XTEST RTM 

Instruction Operand Encoding 
Op/En Operand 1 Operand2 Operand3 Operand4 
ZO NA NA NA NA 
Description 


The XTEST instruction queries the transactional execution status. If the instruction executes inside a transaction- 
ally executing RTM region or a transactionally executing HLE region, then the ZF flag is cleared, else it is set. 


Operation 

XTEST 

IF (RTM_ACTIVE = 1 OR HLE_ACTIVE = 1) 
THEN 


ELSE 
Fl; 


Flags Affected 


The ZF flag is cleared if the instruction is executed transactionally; otherwise it is set to 1. The CF, OF, SF, PF, and 
AF, flags are cleared. 


Intel C/C++ Compiler Intrinsic Equivalent 


XTEST: int __xtest( void ); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
#UD CPUID.(EAX=7, ECX=0):EBX.HLE[bit 4] = 0 and CPUID.(EAX=7, ECX=0):EBX.RTM[bit 11] = 
0. 


If LOCK prefix is used. 
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CHAPTER 6 
SAFER MODE EXTENSIONS REFERENCE 


6.1 OVERVIEW 


This chapter describes the Safer Mode Extensions (SMX) for the Intel 64 and IA-32 architectures. Safer Mode 
Extensions (SMX) provide a programming interface for system software to establish a measured environment 
within the platform to support trust decisions by end users. The measured environment includes: 


* Measured launch of a system executive, referred to as a Measured Launched Environment (MLE)!. The system 
executive may be based on a Virtual Machine Monitor (VMM), a measured VMM is referred to as MVMM2. 


* Mechanisms to ensure the above measurement is protected and stored in a secure location in the platform. 
¢ Protection mechanisms that allow the VMM to control attempts to modify the VMM. 


The measurement and protection mechanisms used by a measured environment are supported by the capabilities 
of an Intel® Trusted Execution Technology (Intel® TXT) platform: 


¢ The SMX are the processor’s programming interface in an Intel TXT platform. 
¢ The chipset in an Intel TXT platform provides enforcement of the protection mechanisms. 


¢ Trusted Platform Module (TPM) 1.2 in the platform provides platform configuration registers (PCRs) to store 
software measurement values. 


6.2 SMX FUNCTIONALITY 


SMX functionality is provided in an Intel 64 processor through the GETSEC instruction via leaf functions. The 
GETSEC instruction supports multiple leaf functions. Leaf functions are selected by the value in EAX at the time 
GETSEC is executed. Each GETSEC leaf function is documented separately in the reference pages with a unique 
mnemonic (even though these mnemonics share the same opcode, OF 37). 


6.2.1 Detecting and Enabling SMX 


Software can detect support for SMX operation using the CPUID instruction. If software executes CPUID with 1 in 
EAX, a value of 1 in bit 6 of ECX indicates support for SMX operation (GETSEC is available), see CPUID instruction 
for the layout of feature flags of reported by CPUID.01H:ECX. 


System software enables SMX operation by setting CR4.SMXE[Bit 14] = 1 before attempting to execute GETSEC. 
Otherwise, execution of GETSEC results in the processor signaling an invalid opcode exception (#UD). 


If the CPUID SMX feature flag is clear (CPUID.01H.ECX[Bit 6] = 0), attempting to set CR4.SMXE[Bit 14] results in 
a general protection exception. 


The IA32_FEATURE_CONTROL MSR (at address 03AH) provides feature control bits that configure operation of 
VMX and SMX. These bits are documented in Table 6-1. 


1. See Intel® Trusted Execution Technology Measured Launched Environment Programming Guide. 


2. AnMVMM is sometimes referred to as a measured launched environment (MLE). See Intel® Trusted Execution Technology Measured 
Launched Environment Programming Guide 
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Table 6-1. Layout of IA32_FEATURE_CONTROL 


Bit Position Description 

0 Lock bit (O = unlocked, 1 = locked). When set to ‘1’ further writes to this MSR are blocked. 

1 Enable VMX in SMX operation. 

2 Enable VMX outside SMX operation. 

7:3 Reserved 

14:8 SENTER Local Function Enables: When set, each bit in the field represents an enable control for a corresponding 
SENTER function. 

15 SENTER Global Enable: Must be set to ‘1’ to enable operation of GETSEC[SENTER]. 

16 Reserved 

17 SGX Launch Control Enable: Must be set to ‘1’ to enable runtime re-configuration of SGX Launch Control via the 
IA32_SGXLEPUBKEYHASHh MSR. 

18 SGX Global Enable: Must be set to ‘1’ to enable Intel SGX leaf functions. 

19 Reserved 

20 LMCE On: When set, system software can program the MSRs associated with LMCE to configure delivery of some 
machine check exceptions to a single logical processor. 

63:21 Reserved 


Bit O is a lock bit. If the lock bit is clear, an attempt to execute VMXON will cause a general-protection exception. 
Attempting to execute GETSEC[SENTER] when the lock bit is clear will also cause a general-protection 
exception. If the lock bit is set, WRMSR to the IA32_FEATURE_CONTROL MSR will cause a general-protection 
exception. Once the lock bit is set, the MSR cannot be modified until a power-on reset. System BIOS can use 
this bit to provide a setup option for BIOS to disable support for VMX, SMX or both VMX and SMX. 


Bit 1 enables VMX in SMX operation (between executing the SENTER and SEXIT leaves of GETSEC). If this bit is 
clear, an attempt to execute VMXON in SMX will cause a general-protection exception if executed in SMX 
operation. Attempts to set this bit on logical processors that do not support both VMX operation (Chapter 6, 
“Safer Mode Extensions Reference”) and SMX operation cause general-protection exceptions. 


Bit 2 enables VMX outside SMX operation. If this bit is clear, an attempt to execute VMXON will cause a general- 
protection exception if executed outside SMX operation. Attempts to set this bit on logical processors that do 
not support VMX operation cause general-protection exceptions. 


Bits 8 through 14 specify enabled functionality of the SENTER leaf function. Each bit in the field represents an 
enable control for a corresponding SENTER function. Only enabled SENTER leaf functionality can be used when 
executing SENTER. 


Bits 15 specify global enable of all SENTER functionalities. 


6.2.2 SMX Instruction Summary 


System software must first query for available GETSEC leaf functions by executing GETSEC[CAPABILITIES]. The 
CAPABILITIES leaf function returns a bit map of available GETSEC leaves. An attempt to execute an unsupported 
leaf index results in an undefined opcode (#UD) exception. 
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6.2.2.1 GETSEC[CAPABILITIES] 


The SMX functionality provides an architectural interface for newer processor generations to extend SMX capabili- 
ties. Specifically, the GETSEC instruction provides a capability leaf function for system software to discover the 
available GETSEC leaf functions that are supported in a processor. Table 6-2 lists the currently available GETSEC 
leaf functions. 


Table 6-2. GETSEC Leaf Functions 


Index (EAX) Leaf function Description 

0 CAPABILITIES Returns the available leaf functions of the GETSEC instruction. 
1 Undefined Reserved 

2 ENTERACCS Enter 

3 EXITAC Exit 

4 SENTER Launch an MLE. 

5 SEXIT Exit the MLE. 

6 PARAMETERS Return SMX related parameter information. 
7 SMCTRL SMX mode control. 

8 WAKEUP Wake up sleeping processors in safer mode. 
9 - (4G-1) Undefined Reserved 


6.2.2.2 GETSEC[ENTERACCS] 


The GETSEC[ENTERACCS] leaf enables authenticated code execution mode. The ENTERACCS leaf function 
performs an authenticated code module load using the chipset public key as the signature verification. ENTERACCS 
requires the existence of an Intel® Trusted Execution Technology capable chipset since it unlocks the chipset 
private configuration register space after successful authentication of the loaded module. The physical base 
address and size of the authenticated code module are specified as input register values in EBX and ECX, respec- 
tively. 

While in the authenticated code execution mode, certain processor state properties change. For this reason, the 


time in which the processor operates in authenticated code execution mode should be limited to minimize impact 
on external system events. 


Upon entry into , the previous paging context is disabled (since the authenticated code module image is specified 
with physical addresses and can no longer rely upon external memory-based page-table structures). 


Prior to executing the GETSEC[ENTERACCS] leaf, system software must ensure the logical processor issuing 
GETSEC[ENTERACCS] is the boot-strap processor (BSP), as indicated by IA32_APIC_BASE.BSP = 1. System soft- 
ware must ensure other logical processors are in a suitable idle state and not marked as BSP. 


The GETSEC[ENTERACCS] leaf may be used by different agents to load different authenticated code modules to 
perform functions related to different aspects of a measured environment, for example system software and 
Intel® TXT enabled BIOS may use more than one authenticated code modules. 


6.2.2.3 GETSEC[EXITAC] 


GETSEC[EXITAC] takes the processor out of . When this instruction leaf is executed, the contents of the authenti- 
cated code execution area are scrubbed and control is transferred to the non-authenticated context defined by a 
near pointer passed with the GETSEC[EXITAC] instruction. 


The authenticated code execution area is no longer accessible after completion of GETSEC[EXITAC]. RBX (or EBX) 
holds the address of the near absolute indirect target to be taken. 
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6.2.2.4 GETSEC(SENTER] 


The GETSEC[SENTER] leaf function is used by the initiating logical processor (ILP) to launch an MLE. 
GETSEC[SENTER] can be considered a superset of the ENTERACCS leaf, because it enters as part of the measured 
environment launch. 


Measured environment startup consists of the following steps: 

¢ the ILP rendezvous the responding logical processors (RLPs) in the platform into a controlled state (At the 
completion of this handshake, all the RLPs except for the ILP initiating the measured environment launch are 
placed in a newly defined SENTER sleep state). 


° Load and authenticate the authenticated code module required by the measured environment, and enter 
authenticated code execution mode. 


°® Verify and lock certain system configuration parameters. 
® Measure the dynamic root of trust and store into the PCRs in TPM. 
¢ Transfer control to the MLE with interrupts disabled. 


Prior to executing the GETSEC[SENTER] leaf, system software must ensure the platform’s TPM is ready for access 
and the ILP is the boot-strap processor (BSP), as indicated by IA32_APIC_BASE.BSP. System software must ensure 
other logical processors (RLPs) are in a suitable idle state and not marked as BSP. 


System software launching a measurement environment is responsible for providing a proper authenticate code 
module address when executing GETSEC[SENTER]. The AC module responsible for the launch of a measured envi- 
ronment and loaded by GETSEC[SENTER] is referred to as SINIT. See Inte/® Trusted Execution Technology 
Measured Launched Environment Programming Guide for additional information on system software requirements 
prior to executing GETSEC[SENTER]. 


6.2.2.5 GETSEC[SEXIT] 


System software exits the measured environment by executing the instruction GETSEC[SEXIT] on the ILP. This 
instruction rendezvous the responding logical processors in the platform for exiting from the measured environ- 
ment. External events (if left masked) are unmasked and Intel® TXT-capable chipset’s private configuration space 
is re-locked. 


6.2.2.6 GETSEC[PARAMETERS] 


The GETSEC[PARAMETERS] leaf function is used to report attributes, options and limitations of SMX operation. 
Software uses this leaf to identify operating limits or additional options. 


The information reported by GETSEC[PARAMETERS] may require executing the leaf multiple times using EBX as an 
index. If the GETSEC[PARAMETERS] instruction leaf or if a specific parameter field is not available, then SMX oper- 
ation should be interpreted to use the default limits of respective GETSEC leaves or parameter fields defined in the 
GETSEC[PARAMETERS] leaf. 


6.2.2.7 GETSEC[SMCTRL] 


The GETSEC[SMCTRL] leaf function is used for providing additional control over specific conditions associated with 
the SMX architecture. An input register is supported for selecting the control operation to be performed. See the 
specific leaf description for details on the type of control provided. 


6.2.2.8 GETSEC(WAKEUP] 


Responding logical processors (RLPs) are placed in the SENTER sleep state after the initiating logical processor 
executes GETSEC[SENTER]. The ILP can wake up RLPs to join the measured environment by using 
GETSEC[WAKEUP]. When the RLPs in SENTER sleep state wake up, these logical processors begin execution at the 
entry point defined in a data structure held in system memory (pointed to by an chipset register LT.MLE.JOIN) in 
TXT configuration space. 
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6.2.3 Measured Environment and SMX 


This section gives a simplified view of a representative life cycle of a measured environment that is launched by a 
system executive using SMX leaf functions. Inte/® Trusted Execution Technology Measured Launched Environment 
Programming Guide provides more detailed examples of using SMX and chipset resources (including chipset regis- 
ters, Trusted Platform Module) to launch an MVMM. 


The life cycle starts with the system executive (an OS, an OS loader, and so forth) loading the MLE and SINIT AC 
module into available system memory. The system executive must validate and prepare the platform for the 
measured launch. When the platform is properly configured, the system executive executes GETSEC[SENTER] on 
the initiating logical processor (ILP) to rendezvous the responding logical processors into an SENTER sleep state, 
the ILP then enters into using the SINIT AC module. In a multi-threaded or multi-processing environment, the 
system executive must ensure that other logical processors are already in an idle loop, or asleep (such as after 
executing HLT) before executing GETSEC[SENTER]. 


After the GETSEC[SENTER] rendezvous handshake is performed between all logical processors in the platform, the 
ILP loads the chipset authenticated code module (SINIT) and performs an authentication check. If the check 
passes, the processor hashes the SINIT AC module and stores the result into TPM PCR 17. It then switches execu- 
tion context to the SINIT AC module. The SINIT AC module will perform a number of platform operations, 
including: verifying the system configuration, protecting the system memory used by the MLE from I/O devices 
capable of DMA, producing a hash of the MLE, storing the hash value in TPM PCR 18, and various other operations. 
When SINIT completes execution, it executes the GETSEC[EXITAC] instruction and transfers control the MLE at the 
designated entry point. 


Upon receiving control from the SINIT AC module, the MLE must establish its protection and isolation controls 
before enabling DMA and interrupts and transferring control to other software modules. It must also wake up the 
RLPs from their SENTER sleep state using the GETSEC[WAKEUP] instruction and bring them into its protection and 
isolation environment. 


While executing in a measured environment, the MVMM can access the Trusted Platform Module (TPM) in locality 2. 
The MVMM has complete access to all TPM commands and may use the TPM to report current measurement values 
or use the measurement values to protect information such that only when the platform configuration registers 
(PCRs) contain the same value is the information released from the TPM. This protection mechanism is known as 
sealing. 


A measured environment shutdown is ultimately completed by executing GETSEC[SEXIT]. Prior to this step system 
software is responsible for scrubbing sensitive information left in the processor caches, system memory. 


6.3 GETSEC LEAF FUNCTIONS 


This section provides detailed descriptions of each leaf function of the GETSEC instruction. GETSEC is available only 
if CPUID.O1H:ECX[Bit 6] = 1. This indicates the availability of SMX and the GETSEC instruction. Before GETSEC can 
be executed, SMX must be enabled by setting CR4.SMXE[Bit 14] = 1. 


A GETSEC leaf can only be used if it is shown to be available as reported by the GETSEC[CAPABILITIES] function. 
Attempts to access a GETSEC leaf index not supported by the processor, or if CR4.SMXE is 0, results in the signaling 
of an undefined opcode exception. 


All GETSEC leaf functions are available in protected mode, including the compatibility sub-mode of IA-32e mode 
and the 64-bit sub-mode of IA-32e mode. Unless otherwise noted, the behavior of all GETSEC functions and inter- 
actions related to the measured environment are independent of IA-32e mode. This also applies to the interpreta- 
tion of register widths! passed as input parameters to GETSEC functions and to register results returned as output 
parameters. 


1. This chapter uses the 64-bit notation RAX, RIP, RSP, RFLAGS, etc. for processor registers because processors that support SMX also 
support Intel 64 Architecture. The MVMM can be launched in IA-32e mode or outside IA-32e mode. The 64-bit notation of processor 
registers also refer to its 32-bit forms if SMX is used in 32-bit environment. In some places, notation such as EAX is used to refer 
specifically to lower 32 bits of the indicated register 
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The GETSEC functions ENTERACCS, SENTER, SEXIT, and WAKEUP require a Intel® TXT capable-chipset to be 
present in the platform. The GETSEC[CAPABILITIES] returned bit vector in position 0 indicates an Intel® TXT- 
capable chipset has been sampled present! by the processor. 


The processor's operating mode also affects the execution of the following GETSEC leaf functions: SMCTRL, ENTER- 
ACCS, EXITAC, SENTER, SEXIT, and WAKEUP. These functions are only allowed in protected mode at CPL = 0. They 
are not allowed while in SMM in order to prevent potential intra-mode conflicts. Further execution qualifications 
exist to prevent potential architectural conflicts (for example: nesting of the measured environment or authenti- 
cated code execution mode). See the definitions of the GETSEC leaf functions for specific requirements. 


For the purpose of performance monitor counting, the execution of GETSEC functions is counted as a single instruc- 
tion with respect to retired instructions. The response by a responding logical processor (RLP) to messages associ- 
ated with GETSEC[SENTER] or GTSEC[SEXIT] is transparent to the retired instruction count on the ILP. 


1. Sampled present means that the processor sent a message to the chipset and the chipset responded that it (a) knows about the 
message and (b) is capable of executing SENTER. This means that the chipset CAN support Intel® TXT, and is configured and WILLING 
to support it. 
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GETSEC[CAPABILITIES] - Report the SMX Capabilities 


Opcode Instruction Description 

NP OF 37 GETSEC[CAPABILITIES] | Report the SMX capabilities. 

(EAX = 0) The capabilities index is input in EBX with the result returned in EAX. 
Description 


The GETSEC[CAPABILITIES] function returns a bit vector of supported GETSEC leaf functions. The CAPABILITIES 
leaf of GETSEC is selected with EAX set to 0 at entry. EBX is used as the selector for returning the bit vector field in 
EAX. GETSEC[CAPABILITIES] may be executed at all privilege levels, but the CR4.SMXE bit must be set or an unde- 
fined opcode exception (#UD) is returned. 


With EBX = 0 upon execution of GETSEC[CAPABILITIES], EAX returns the a bit vector representing status on the 
presence of a Intel® TXT-capable chipset and the first 30 available GETSEC leaf functions. The format of the 
returned bit vector is provided in Table 6-3. 


If bit 0 is set to 1, then an Intel® TXT-capable chipset has been sampled present by the processor. If bits in the range 
of 1-30 are set, then the corresponding GETSEC leaf function is available. If the bit value at a given bit index is 0, 
then the GETSEC leaf function corresponding to that index is unsupported and attempted execution results in a 
#UD. 


Bit 31 of EAX indicates if further leaf indexes are supported. If the Extended Leafs bit 31 is set, then additional leaf 
functions are accessed by repeating GETSEC[CAPABILITIES] with EBX incremented by one. When the most signifi- 
cant bit of EAX is not set, then additional GETSEC leaf functions are not supported; indexing EBX to a higher value 
results in EAX returning zero. 


Table 6-3. GETSEC Capability Result Encoding (EBX = 0) 


Field Bit position Description 

Chipset Present 0 Intel? TXT-capable chipset is present. 
Undefined 1 Reserved 

ENTERACCS 2 GETSEC[ENTERACCS] is available. 
EXITAC 3 GETSEC[EXITAC] is available. 

SENTER 4 GETSEC[SENTER] is available. 

SEXIT 5 GETSEC[SEXIT] is available. 
PARAMETERS 6 GETSEC[PARAMETERS] is available. 
SMCTRL 7 GETSEC[SMCTRL] is available. 
WAKEUP 8 GETSEC[WAKEUP] is available. 
Undefined 30:9 Reserved 

Extended Leafs 31 Reserved for extended information reporting of GETSEC capabilities. 


GETSEC[CAPABILITIES] - Report the SMX Capabilities Vol.2D 6-7 


SAFER MODE EXTENSIONS REFERENCE 


Operation 
IF (CR4.SMXE=0) 
THEN #UD; 
ELSIF (in VMX non-root operation) 
THEN VM Exit (reason="GETSEC instruction”); 
IF (EBX=0) THEN 
BitVector := 0; 
IF (TXT chipset present) 
BitVector[Chipset present] := 1; 
IF (ENTERACCS Available) 
THEN BitVector[ENTERACCS] := 1; 
IF (EXITAC Available) 
THEN BitVector[EXITAC] := 1; 
IF (SENTER Available) 
THEN BitVector[SENTER] := 1; 
IF (SEXIT Available) 
THEN BitVector[SEXIT] := 1; 
IF (PARAMETERS Available) 
THEN BitVector[PARAMETERS] := 1; 
IF (SMCTRL Available) 
THEN BitVector[SMCTRL] := 1; 
IF (WAKEUP Available) 
THEN BitVector[WAKEUP] := 1; 
EAX := BitVector; 
ELSE 
EAX := 0; 
END:;: 


Flags Affected 
None 


Use of Prefixes 


LOCK Causes #UD. 

REP* Cause #UD (includes REPNE/REPNZ and REP/REPE/REPZ). 
Operand size Causes #UD. 

NP 66/F2/F3 prefixes are not allowed. 

Segment overrides Ignored. 

Address size Ignored. 

REX Ignored. 


Protected Mode Exceptions 
#UD IF CR4.SMXE = 0. 


Real-Address Mode Exceptions 
#UD IF CR4.SMXE = 0. 


Virtual-8086 Mode Exceptions 
#UD IF CR4.SMXE = 0. 


Compatibility Mode Exceptions 
#UD IF CR4.SMXE = 0. 
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64-Bit Mode Exceptions 
#UD IF CR4.SMXE = 0. 


VM-exit Condition 
Reason (GETSEC) IF in VMX non-root operation. 
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GETSEC[ENTERACCS] — Execute Authenticated Chipset Code 


Opcode Instruction Description 

NP OF 37 GETSEC[ENTERACCS] | Enter authenticated code execution mode. 

(EAX = 2) EBX holds the authenticated code module physical base address. ECX holds the authenticated 
code module size (bytes). 


Description 


The GETSEC[ENTERACCS] function loads, authenticates and executes an authenticated code module using an 
Intel® TXT platform chipset's public key. The ENTERACCS leaf of GETSEC is selected with EAX set to 2 at entry. 


There are certain restrictions enforced by the processor for the execution of the GETSEC[ENTERACCS] instruction: 


* Execution is not allowed unless the processor is in protected mode or IA-32e mode with CPL = 0 and 
EFLAGS.VM = 0. 


¢ Processor cache must be available and not disabled, that is, CRO.CD and CRO.NW bits must be 0. 


°® For processor packages containing more than one logical processor, CRO.CD is checked to ensure consistency 
between enabled logical processors. 


¢ For enforcing consistency of operation with numeric exception reporting using Interrupt 16, CRO.NE must be 
set. 


e An Intel TXT-capable chipset must be present as communicated to the processor by sampling of the power-on 
configuration capability field after reset. 


¢ The processor can not already be in authenticated code execution mode as launched by a previous 
GETSEC[ENTERACCS] or GETSEC[SENTER] instruction without a subsequent exiting using GETSEC[EXITAC]). 


* To avoid potential operability conflicts between modes, the processor is not allowed to execute this instruction 
if it currently is in SMM or VMX operation. 


° To ensure consistent handling of SIPI messages, the processor executing the GETSEC[ENTERACCS] instruction 
must also be designated the BSP (boot-strap processor) as defined by IA32_APIC_BASE.BSP (Bit 8). 


Failure to conform to the above conditions results in the processor signaling a general protection exception. 
Prior to execution of the ENTERACCS leaf, other logical processors, i.e., RLPs, in the platform must be: 


¢ Idle in a wait-for-SIPI state (as initiated by an INIT assertion or through reset for non-BSP designated 
processors), or 


¢ Inthe SENTER sleep state as initiated by a GETSEC[SENTER] from the initiating logical processor (ILP). 


If other logical processor(s) in the same package are not idle in one of these states, execution of ENTERACCS 
signals a general protection exception. The same requirement and action applies if the other logical processor(s) of 
the same package do not have CRO.CD = 0. 


A successful execution of ENTERACCS results in the ILP entering an authenticated code execution mode. Prior to 
reaching this point, the processor performs several checks. These include: 


¢ Establish and check the location and size of the specified authenticated code module to be executed by the 
processor. 


¢ Inhibit the ILP’s response to the external events: INIT, A20M, NMI and SMI. 
¢ Broadcast a message to enable protection of memory and I/O from other processor agents. 
¢ Load the designated code module into an authenticated code execution area. 


* Isolate the contents of the authenticated code execution area from further state modification by external 
agents. 


¢ Authenticate the authenticated code module. 


¢ Initialize the initiating logical processor state based on information contained in the authenticated code module 
header. 


* Unlock the Intel® TXT-capable chipset private configuration space and TPM locality 3 space. 
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¢ Begin execution in the authenticated code module at the defined entry point. 


The GETSEC[ENTERACCS] function requires two additional input parameters in the general purpose registers EBX 
and ECX. EBX holds the authenticated code (AC) module physical base address (the AC module must reside below 
4 GBytes in physical address space) and ECX holds the AC module size (in bytes). The physical base address and 
size are used to retrieve the code module from system memory and load it into the internal authenticated code 
execution area. The base physical address is checked to verify it is on a modulo-4096 byte boundary. The size is 
verified to be a multiple of 64, that it does not exceed the internal authenticated code execution area capacity (as 
reported by GETSEC[CAPABILITIES]), and that the top address of the AC module does not exceed 32 bits. An error 
condition results in an abort of the authenticated code execution launch and the signaling of a general protection 
exception. 


As an integrity check for proper processor hardware operation, execution of GETSEC[ENTERACCS] will also check 
the contents of all the machine check status registers (as reported by the MSRs IA32_MCi_STATUS) for any valid 
uncorrectable error condition. In addition, the global machine check status register IA32_MCG_STATUS MCIP bit 
must be cleared and the IERR processor package pin (or its equivalent) must not be asserted, indicating that no 
machine check exception processing is currently in progress. These checks are performed prior to initiating the 
load of the authenticated code module. Any outstanding valid uncorrectable machine check error condition present 
in these status registers at this point will result in the processor signaling a general protection violation. 


The ILP masks the response to the assertion of the external signals INIT#, A2Z0M, NMI#, and SMI#. This masking 
remains active until optionally unmasked by GETSEC[EXITAC] (this defined unmasking behavior assumes 
GETSEC[ENTERACCS] was not executed by a prior GETSEC[SENTER]). The purpose of this masking control is to 
prevent exposure to existing external event handlers that may not be under the control of the authenticated code 
module. 


The ILP sets an internal flag to indicate it has entered authenticated code execution mode. The state of the A20M 
pin is likewise masked and forced internally to a de-asserted state so that any external assertion is not recognized 
during authenticated code execution mode. 


To prevent other (logical) processors from interfering with the ILP operating in authenticated code execution mode, 
memory (excluding implicit write-back transactions) access and I/O originating from other processor agents are 
blocked. This protection starts when the ILP enters into authenticated code execution mode. Only memory and I/O 
transactions initiated from the ILP are allowed to proceed. Exiting authenticated code execution mode is done by 
executing GETSEC[EXITAC]. The protection of memory and I/O activities remains in effect until the ILP executes 
GETSEC[EXITAC]. 


Prior to launching the authenticated execution module using GETSEC[ENTERACCS] or GETSEC[SENTER], the 
processor's MTRRs (Memory Type Range Registers) must first be initialized to map out the authenticated RAM 
addresses as WB (writeback). Failure to do so may affect the ability for the processor to maintain isolation of the 
loaded authenticated code module. If the processor detected this requirement is not met, it will signal an Intel® 
TXT reset condition with an error code during the loading of the authenticated code module. 


While physical addresses within the load module must be mapped as WB, the memory type for locations outside of 
the module boundaries must be mapped to one of the supported memory types as returned by GETSEC[PARAME- 
TERS] (or UC as default). 


To conform to the minimum granularity of MTRR MSRs for specifying the memory type, authenticated code RAM 
(ACRAM) is allocated to the processor in 4096 byte granular blocks. If an AC module size as specified in ECX is not 
a multiple of 4096 then the processor will allocate up to the next 4096 byte boundary for mapping as ACRAM with 
indeterminate data. This pad area will not be visible to the authenticated code module as external memory nor can 
it depend on the value of the data used to fill the pad area. 


At the successful completion of GETSEC[ENTERACCS], the architectural state of the processor is partially initialized 
from contents held in the header of the authenticated code module. The processor GDTR, CS, and DS selectors are 
initialized from fields within the authenticated code module. Since the authenticated code module must be relocat- 
able, all address references must be relative to the authenticated code module base address in EBX. The processor 
GDTR base value is initialized to the AC module header field GDTBasePtr + module base address held in EBX and 
the GDTR limit is set to the value in the GDTLimit field. The CS selector is initialized to the AC module header 
SegSel field, while the DS selector is initialized to CS + 8. The segment descriptor fields are implicitly initialized to 
BASE=0, LIMIT=FFFFFh, G=1, D=1, P=1, S=1, read/write access for DS, and execute/read access for CS. The 
processor begins the authenticated code module execution with the EIP set to the AC module header EntryPoint 
field + module base address (EBX). The AC module based fields used for initializing the processor state are checked 
for consistency and any failure results in a shutdown condition. 
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A summary of the register state initialization after successful completion of GETSEC[ENTERACCS] is given for the 
processor in Table 6-4. The paging is disabled upon entry into authenticated code execution mode. The authenti- 
cated code module is loaded and initially executed using physical addresses. It is up to the system software after 
execution of GETSEC[ENTERACCS] to establish a new (or restore its previous) paging environment with an appro- 
priate mapping to meet new protection requirements. EBP is initialized to the authenticated code module base 
physical address for initial execution in the authenticated environment. As a result, the authenticated code can 
reference EBP for relative address based references, given that the authenticated code module must be position 


independent. 


Table 6-4. Register State Initialization after GETSEC[ENTERACCS] 


Register State Initialization Status Comment 
CRO PG<0, AM<-0, WP<-0: Others unchanged Paging, Alignment Check, Write-protection are 
disabled. 
CR4 MCE~0, CET<-0, PCIDE<-0: Others unchanged Machine Check Exceptions, Control-flow 
Enforcement Technology, and Process-context 
Identifiers disabled. 
EFLAGS 00000002H 
IA32_EFER OH IA-32e mode disabled. 
EIP AC.base + EntryPoint AC.base is in EBX as input to GETSEC[ENTERACCS]. 
[EJR]BX Pre-ENTERACCS state: Next [E|R]JIP prior to Carry forward 64-bit processor state across 
GETSEC[ENTERACCS] GETSEC[ENTERACCS]. 
ECX Pre-ENTERACCS state: [31:16]=GDTR.limit; Carry forward processor state across 
[15:0]=CS.sel GETSEC[ENTERACCS]. 
[EJR]DX Pre-ENTERACCS state: Carry forward 64-bit processor state across 
GDTR base GETSEC[ENTERACCS]. 
EBP AC.base 
cs Sel=[SegSel], base=0, limit=FFFFFh, G=1, D=1, 
AR=9BH 
DS Sel=[SegSel] +8, base=0, limit=FFFFFh, G=1, D=1, 
AR=93H 
GDTR Base= AC.base (EBX) + [GDTBasePtr], 
Limit=[GDTLimit] 
DR7 00000400H 
IA32_DEBUGCTL OH 
1A32_MISC_ENABLE | See Table 6-5 for example. The number of initialized fields may change due to 
processor implementation. 
Performance OH 
counters and 
counter control 
registers 


The segmentation related processor state that has not been initialized by GETSEC[ENTERACCS] requires appro- 
priate initialization before use. Since a new GDT context has been established, the previous state of the segment 
selector values held in ES, SS, FS, GS, TR, and LDTR might not be valid. 
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The MSR IA32_EFER is also unconditionally cleared as part of the processor state initialized by ENTERACCS. Since 
paging is disabled upon entering authenticated code execution mode, a new paging environment will have to be 
reestablished in order to establish IA-32e mode while operating in authenticated code execution mode. 


Debug exception and trap related signaling is also disabled as part of GETSEC[ENTERACCS]. This is achieved by 
resetting DR7, TF in EFLAGs, and the MSR IA32_DEBUGCTL. These debug functions are free to be re-enabled once 
supporting exception handler(s), descriptor tables, and debug registers have been properly initialized following 
entry into authenticated code execution mode. Also, any pending single-step trap condition will have been cleared 
upon entry into this mode. 


Performance related counters and counter control registers are cleared as part of execution of ENTERACCS. This 
implies any active performance counters at any time of ENTERACCS execution will be disabled. To reactive the 
processor performance counters, this state must be re-initialized and re-enabled. 


The IA32_MISC_ENABLE MSR is initialized upon entry into authenticated execution mode. Certain bits of this MSR 
are preserved because preserving these bits may be important to maintain previously established platform settings 
(See the footnote for Table 6-5.). The remaining bits are cleared for the purpose of establishing a more consistent 
environment for the execution of authenticated code modules. One of the impacts of initializing this MSR is any 
previous condition established by the MONITOR instruction will be cleared. 


To support the possible return to the processor architectural state prior to execution of GETSEC[ENTERACCS], 
certain critical processor state is captured and stored in the general- purpose registers at instruction completion. 
[E|R]BX holds effective address ([E|RJIP) of the instruction that would execute next after GETSEC[ENTERACCS], 
ECX[15:0] holds the CS selector value, ECX[31:16] holds the GDTR limit field, and [E]R]DX holds the GDTR base 
field. The subsequent authenticated code can preserve the contents of these registers so that this state can be 
manually restored if needed, prior to exiting authenticated code execution mode with GETSEC[EXITAC]. For the 
processor state after exiting authenticated code execution mode, see the description of GETSEC[SEXIT]. 


Table 6-5. IA32_MISC_ENABLE MSR Initialization’ by ENTERACCS and SENTER 


Field Bit position Description 
Fast strings enable 0 Clear to 0. 
FOPCODE compatibility mode 2 Clear to 0. 
enable 
Thermal monitor enable 3 Set to 1 if other thermal monitor capability is not enabled. 
Split-lock disable 4 Clear to 0. 
Bus lock on cache line splits 8 Clear to 0. 
disable 
Hardware prefetch disable 9 Clear to 0. 
GV1/2 legacy enable 15 Clear to 0. 
MONITOR/MWAIT s/m enable 18 Clear to 0. 
Adjacent sector prefetch disable | 19 Clear to 0. 
NOTES: 


1. The number of IA32_MISC_ENABLE fields that are initialized may vary due to processor implementations. 

ENTERACCS (and SENTER) initialize the state of processor thermal throttling such that at least a minimum level is enabled. If thermal 
throttling is already enabled when executing one of these GETSEC leaves, then no change in the thermal throttling control settings 
will occur. If thermal throttling is disabled, then it will be enabled via setting of the thermal throttle control bit 3 as a result of execut- 
ing these GETSEC leaves. 


N 


The IDTR will also require reloading with a new IDT context after entering authenticated code execution mode, 
before any exceptions or the external interrupts INTR and NMI can be handled. Since external interrupts are re- 
enabled at the completion of authenticated code execution mode (as terminated with EXITAC), it is recommended 
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that a new IDT context be established before this point. Until such a new IDT context is established, the 
programmer must take care in not executing an INT n instruction or any other operation that would result in an 
exception or trap signaling. 


Prior to completion of the GETSEC[ENTERACCS] instruction and after successful authentication of the AC module, 
the private configuration space of the Intel TXT chipset is unlocked. The authenticated code module alone can gain 
access to this normally restricted chipset state for the purpose of securing the platform. 


Once the authenticated code module is launched at the completion of GETSEC[ENTERACCS], it is free to enable 
interrupts by setting EFLAGS.IF and enable NMI by execution of IRET. This presumes that it has re-established 
interrupt handling support through initialization of the IDT, GDT, and corresponding interrupt handling code. 


Operation in a Uni-Processor Platform 
(* The state of the internal flag ACMODEFLAG persists across instruction boundary *) 
IF (CR4.SMXE=0) 
THEN #UD; 
ELSIF (in VMX non-root operation) 
THEN VM Exit (reason="GETSEC instruction’); 
ELSIF (GETSEC leaf unsupported) 
THEN #UD; 
ELSIF ((in VMX operation) or 
(CRO.PE=0) or (CRO.CD=1) or (CRO.NW=1) or (CRO.NE=0) or 
CPL>O) or (EFLAGS.VM=1) or 
1A32_APIC_BASE.BSP=0) or 
TXT chipset not present) or 
ACMODEFLAG=1) or (IN_SMM=1)) 
THEN #GP(0); 
IF (GETSEC[PARAMETERS].Parameter_Type = 5, MCA_Handling (bit 6) = 0) 
FOR I = 0 to [A32_MCG_CAP.COUNT-1 DO 
IF (IA32_MC[I]_ STATUS = uncorrectable error) 
THEN #GP(0); 


oan pore eens ee 


OD; 
Fl; 
IF (IA32_MCG_STATUS.MCIP=1) or (IERR pin is asserted) 
THEN #GP(0); 
ACBASE := EBX; 
ACSIZE := ECX; 
IF (((ACBASE MOD 4096) # 0) or ((ACSIZE MOD 64 ) # 0) or (ACSIZE < minimum module size) OR (ACSIZE > authenticated RAM 
capacity)) or (ACBASE+ACSIZE) > (2°32 -1))) 
THEN #GP(0); 
IF (secondary thread(s) CRO.CD = 1) or ((secondary thread(s) NOT(wait-for-SIPI)) and 
(secondary thread(s) not in SENTER sleep state) 
THEN #GP(0); 
Mask SMI, INIT, A20M, and NMI external pin events; 
IA32_MISC_ENABLE := (IA32_MISC_ENABLE & MASK_CONST*) 
(* The hexadecimal value of MASK_CONST may vary due to processor implementations *) 
A20M := 0; 
IA32_DEBUGCTL := 0; 
Invalidate processor TLB(s); 
Drain Outgoing Transactions; 
ACMODEFLAG := 1; 
SignalTXTMessage(ProcessorHold); 
Load the internal ACRAM based on the AC module size; 
(* Ensure that all ACRAM loads hit Write Back memory space *) 
IF (ACRAM memory type + WB) 
THEN TXT-SHUTDOWN(#BadACMMT ype); 
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IF (AC module header version isnot supported) OR (ACRAM[ModuleT ype] + 2) 
THEN TXT-SHUTDOWN(#UnsupportedACM); 

(* Authenticate the AC Module and shutdown with an error if it fails *) 

KEY := GETKEY(ACRAM, ACBASE); 

KEYHASH := HASH(KEY); 

CSKEYHASH := READ(TXT.PUBLIC.KEY); 

IF (KEYHASH # CSKEYHASH) 
THEN TXT-SHUTDOWN(#AuthenticateFail); 

SIGNATURE := DECRYPT(ACRAM, ACBASE, KEY); 

(* The value of SIGNATURE_LEN_CONST is implementation-specific*) 

FOR I=0 to SIGNATURE_LEN_CONST - 1 DO 
ACRAM[SCRATCH.I] := SIGNATURE[I]; 

COMPUTEDSIGNATURE := HASH(ACRAM, ACBASE, ACSIZE); 

FOR I=0 to SIGNATURE_LEN_CONST - 1 DO 
ACRAM[SCRATCH.SIGNATURE_LEN_CONST +I] := COMPUTEDSIGNATURE[I]; 

IF (SIGNATURE # COMPUTEDSIGNATURE) 
THEN TXT-SHUTDOWN(#AuthenticateFail); 

ACMCONTROL := ACRAM[CodeControl]; 

IF (ACMCONTROL.O = 0) and (ACMCONTROL.1 = 1) and (snoop hit to modified line detected on ACRAM load)) 
THEN TXT-SHUTDOWN(#UnexpectedHITM); 

IF (ACMCONTROL reserved bits are set) 
THEN TXT-SHUTDOWN(#BadACMFormat); 

IF (ACRAM[GDTBasePtr] < (ACRAM[HeaderLen] * 4 + Scratch_size)) OR 
((ACRAM[GDTBasePtr] + ACRAM[GDTLimit]) >= ACSIZE)) 
THEN TXT-SHUTDOWN(#BadACMFormat); 

IF (ACMCONTROL.O = 1) and (ACMCONTROL.1 = 1) and (snoop hit to modified line detected on ACRAM load)) 
THEN ACEntryPoint := ACBASE+ACRAM[ErrorEntryPoint]; 

ELSE 
ACEntryPoint := ACBASE+ACRAM[EntryPoint]; 

IF ((ACEntryPoint >= ACSIZE) OR (ACEntryPoint < (ACRAM[HeaderLen] * 4 + Scratch_size)))THEN TXT-SHUTDOWN(#BadACMFormat); 

IF (ACRAM[GDTLimit] & FFFFOOO0Oh) 
THEN TXT-SHUTDOWN(#BadACMFormat); 

IF (ACRAM[SegSel] > (ACRAM[GDTLimit] - 15)) OR (ACRAM[SegSel] < 8)) 
THEN TXT-SHUTDOWN(#BadACMFormat); 

IF (ACRAM[SegSel].Tl=1) OR (ACRAM[SegSel].RPL + 0)) 
THEN TXT-SHUTDOWN(#BadACMFormat); 

CRO.[PG.AM.WP] := 0; 

CR4.MCE := 0; 

EFLAGS := 00000002h; 

IA32_EFER := Oh; 

[E|R]BX := [EJR]IP of the instruction after GETSEC[ENTERACCS]; 

ECX := Pre-GETSEC[ENTERACCS] GDT.limit:CS.sel; 

[EJR]DX := Pre-GETSEC[ENTERACCS] GDT.base; 

EBP := ACBASE; 

GDTR.BASE := ACBASE+ACRAM[GDTBasePtr]; 

GDTR.LIMIT := ACRAM[GDTLimit]; 

CS.SEL := ACRAM[SegSel]; 

CS.BASE := 0; 

CS.LIMIT := FFFFFh; 

CS.G:= 1; 

CS.D:= 1; 

CS.AR := 9Bh; 

DS.SEL := ACRAM[SegSel]+8; 

DS.BASE := 0; 
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DS.LIMIT := FFFFFh; 

DS.G := 1; 

DS.D := 1; 

DS.AR := 93h; 

DR7 := 00000400h; 
IA32_DEBUGCTL := 0; 
SignalTXTMsg(OpenPrivate); 
SignalTXTMsg(OpenLocality3); 
EIP := ACEntryPoint; 

END; 


Flags Affected 
All flags are cleared. 


Use of Prefixes 


LOCK Causes #UD. 

REP* Cause #UD (includes REPNE/REPNZ and REP/REPE/REPZ). 
Operand size Causes #UD. 

NP 66/F2/F3 prefixes are not allowed. 

Segment overrides Ignored. 

Address size Ignored. 

REX Ignored. 


Protected Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[ENTERACCS] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) If CRO.CD = 1 or CRO.NW = 1 or CRO.NE = 0 or CRO.PE = 0 or CPL > O or EFLAGS.VM = 1. 


If a Intel® TXT-capable chipset is not present. 
If in VMX root operation. 


If the initiating processor is not designated as the bootstrap processor via the MSR bit 
IA32_APIC_BASE.BSP. 


If the processor is already in authenticated code execution mode. 

If the processor is in SMM. 

If a valid uncorrectable machine check error is logged in IA32_MC[I]_STATUS. 

If the authenticated code base is not on a 4096 byte boundary. 

If the authenticated code size > processor internal authenticated code area capacity. 
If the authenticated code size is not modulo 64. 

If other enabled logical processor(s) of the same package CRO.CD = 1. 


If other enabled logical processor(s) of the same package are not in the wait-for-SIPI or 
SENTER sleep state. 


Real-Address Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[ENTERACCS] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) GETSEC[ENTERACCS] is not recognized in real-address mode. 
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Virtual-8086 Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[ENTERACCS] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) GETSEC[ENTERACCS] is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
All protected mode exceptions apply. 
#GP IF AC code module does not reside in physical address below 2%32 -1. 


64-Bit Mode Exceptions 
All protected mode exceptions apply. 
#GP IF AC code module does not reside in physical address below 2%32 -1. 


VM-exit Condition 
Reason (GETSEC) IF in VMX non-root operation. 
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GETSEC[EXITAC]—Exit Authenticated Code Execution Mode 


Opcode Instruction Description 

NP OF 37 GETSEC{EXITAC] Exit authenticated code execution mode. 

(EAX=3) RBX holds the Near Absolute Indirect jump target and EDX hold the exit parameter flags. 
Description 


The GETSEC[EXITAC] leaf function exits the ILP out of authenticated code execution mode established by 
GETSEC[ENTERACCS] or GETSEC[SENTER]. The EXITAC leaf of GETSEC is selected with EAX set to 3 at entry. EBX 
(or RBX, if in 64-bit mode) holds the near jump target offset for where the processor execution resumes upon 
exiting authenticated code execution mode. EDX contains additional parameter control information. Currently only 
an input value of 0 in EDX is supported. All other EDX settings are considered reserved and result in a general 
protection violation. 


GETSEC[EXITAC] can only be executed if the processor is in protected mode with CPL = 0 and EFLAGS.VM = 0. The 
processor must also be in authenticated code execution mode. To avoid potential operability conflicts between 
modes, the processor is not allowed to execute this instruction if it is in SMM or in VMX operation. A violation of 
these conditions results in a general protection violation. 


Upon completion of the GETSEC[EXITAC] operation, the processor unmasks responses to external event signals 
INIT#, NMI#, and SMI#. This unmasking is performed conditionally, based on whether the authenticated code 
execution mode was entered via execution of GETSEC[SENTER] or GETSEC[ENTERACCS]. If the processor is in 
authenticated code execution mode due to the execution of GETSEC[SENTER], then these external event signals 
will remain masked. In this case, A20M is kept disabled in the measured environment until the measured environ- 
ment executes GETSEC[SEXIT]. INIT# is unconditionally unmasked by EXITAC. Note that any events that are 
pending, but have been blocked while in authenticated code execution mode, will be recognized at the completion 
of the GETSEC[EXITAC] instruction if the pin event is unmasked. 


The intent of providing the ability to optionally leave the pin events SMI#, and NMI# masked is to support the 
completion of a measured environment bring-up that makes use of VMX. In this envisioned security usage 
scenario, these events will remain masked until an appropriate virtual machine has been established in order to 
field servicing of these events in a safer manner. Details on when and how events are masked and unmasked in 
VMX operation are described in Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3C. It 
should be cautioned that if no VMX environment is to be activated following GETSEC[EXITAC], that these events 
will remain masked until the measured environment is exited with GETSEC[SEXIT]. If this is not desired then the 
GETSEC function SMCTRL(0O) can be used for unmasking SMI# in this context. NMI# can be correspondingly 
unmasked by execution of IRET. 


A successful exit of the authenticated code execution mode requires the ILP to perform additional steps as outlined 
below: 


* Invalidate the contents of the internal authenticated code execution area. 
¢ Invalidate processor TLBs. 

° Clear the internal processor AC Mode indicator flag. 

® Re-lock the TPM locality 3 space. 


* Unlock the Intel® TXT-capable chipset memory and I/O protections to allow memory and I/O activity by other 
processor agents. 


° Perform a near absolute indirect jump to the designated instruction location. 


The content of the authenticated code execution area is invalidated by hardware in order to protect it from further 
use or visibility. This internal processor storage area can no longer be used or relied upon after GETSEC[EXITAC]. 

Data structures need to be re-established outside of the authenticated code execution area if they are to be refer- 
enced after EXITAC. Since addressed memory content formerly mapped to the authenticated code execution area 
may no longer be coherent with external system memory after EXITAC, processor TLBs in support of linear to phys- 
ical address translation are also invalidated. 
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Upon completion of GETSEC[EXITAC] a near absolute indirect transfer is performed with EIP loaded with the 
contents of EBX (based on the current operating mode size). In 64-bit mode, all 64 bits of RBX are loaded into RIP 
if REX.W precedes GETSEC[EXITAC]. Otherwise RBX is treated as 32 bits even while in 64-bit mode. Conventional 
CS limit checking is performed as part of this control transfer. Any exception conditions generated as part of this 
control transfer will be directed to the existing IDT; thus it is recommended that an IDTR should also be established 
prior to execution of the EXITAC function if there is a need for fault handling. In addition, any segmentation related 
(and paging) data structures to be used after EXITAC should be re-established or validated by the authenticated 
code prior to EXITAC. 


In addition, any segmentation related (and paging) data structures to be used after EXITAC need to be re-estab- 
lished and mapped outside of the authenticated RAM designated area by the authenticated code prior to EXITAC. 
Any data structure held within the authenticated RAM allocated area will no longer be accessible after completion 
by EXITAC. 


Operation 

(* The state of the internal flag ACMODEFLAG and SENTERFLAG persist across instruction boundary *) 

IF (CR4.SMXE=0) 

THEN #UD; 

ELSIF (in VMX non-root operation) 

THEN VM Exit (reason="GETSEC instruction’); 

ELSIF (GETSEC leaf unsupported) 

THEN #UD; 

ELSIF ((in VMX operation) or ( (in 64-bit mode) and ( RBX is non-canonical) ) 
(CRO.PE=0) or (CPL>O) or (EFLAGS.VM=1) or 
(ACMODEFLAG=0) or (IN_SMM=1)) or (EDX + 0)) 
THEN #GP(0); 

IF (OperandSize = 32) 

THEN tempEIP := EBX; 

ELSIF (OperandSize = 64) 
THEN tempElIP := RBX; 

ELSE 
tempEIP := EBX AND OOOOFFFFH; 

IF (tempEIP > code segment limit) 

THEN #GP(0); 

Invalidate ACRAM contents; 

Invalidate processor TLB(s); 

Drain outgoing messages; 

SignalTXTMsg(CloseLocality3); 

SignalTXTMsg(LockSMRAM); 

SignalTXTMsg(ProcessorRelease); 

Unmask INIT; 

IF (SENTERFLAG=0) 

THEN Unmask SMI, INIT, NMI, and A2OM pin event; 

ELSEIF (IA32_SMM_MONITOR_CTL[O] = 0) 

THEN Unmask SMI pin event; 

ACMODEFLAG := 0; 

IF IA32_EFER.LMA == 
THEN CR3 := R8; 

EIP := tempEIP; 

END; 


Flags Affected 
None. 
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Use of Prefixes 


LOCK Causes #UD. 

REP* Cause #UD (includes REPNE/REPNZ and REP/REPE/REPZ). 
Operand size Causes #UD. 

NP 66/F2/F3 prefixes are not allowed. 

Segment overrides Ignored. 

Address size Ignored. 

REX.W Sets 64-bit mode Operand size attribute. 


Protected Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[EXITAC] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) If CRO.PE = 0 or CPL>0 or EFLAGS.VM =1. 


If in VMX root operation. 

If the processor is not currently in authenticated code execution mode. 
If the processor is in SMM. 

If any reserved bit position is set in the EDX parameter register. 


Real-Address Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[EXITAC] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) GETSEC[EXITAC] is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[EXITAC] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) GETSEC[EXITAC] is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
All protected mode exceptions apply. 


64-Bit Mode Exceptions 
All protected mode exceptions apply. 
#GP(0) If the target address in RBX is not in a canonical form. 


VM-Exit Condition 
Reason (GETSEC) IF in VMX non-root operation. 
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GETSEC[SENTER]—Enter a Measured Environment 


Opcode Instruction Description 
NP OF 37 GETSEC[SENTER] Launch a measured environment. 
(EAX=4) EBX holds the SINIT authenticated code module physical base address. 


ECX holds the SINIT authenticated code module size (bytes). 
EDX controls the level of functionality supported by the measured environment launch. 


Description 


The GETSEC[SENTER] instruction initiates the launch of a measured environment and places the initiating logical 
processor (ILP) into the authenticated code execution mode. The SENTER leaf of GETSEC is selected with EAX set 
to 4 at execution. The physical base address of the AC module to be loaded and authenticated is specified in EBX. 
The size of the module in bytes is specified in ECX. EDX controls the level of functionality supported by the 
measured environment launch. To enable the full functionality of the protected environment launch, EDX must be 
initialized to zero. 


The authenticated code base address and size parameters (in bytes) are passed to the GETSEC[SENTER] instruc- 
tion using EBX and ECX respectively. The ILP evaluates the contents of these registers according to the rules for the 
AC module address in GETSEC[ENTERACCS]. AC module execution follows the same rules, as set by 
GETSEC[ENTERACCS]. 


The launching software must ensure that the TPM.ACCESS_0.activeLocality bit is clear before executing the 
GETSEC[SENTER] instruction. 


There are restrictions enforced by the processor for execution of the GETSEC[SENTER] instruction: 


° Execution is not allowed unless the processor is in protected mode or IA-32e mode with CPL = 0 and 
EFLAGS.VM = 0. 


¢* Processor cache must be available and not disabled using the CRO.CD and NW bits. 


¢ For enforcing consistency of operation with numeric exception reporting using Interrupt 16, CRO.NE must be 
set. 


¢ An Intel TXT-capable chipset must be present as communicated to the processor by sampling of the power-on 
configuration capability field after reset. 


¢ The processor can not be in authenticated code execution mode or already in a measured environment (as 
launched by a previous GETSEC[ENTERACCS] or GETSEC[SENTER] instruction). 


* To avoid potential operability conflicts between modes, the processor is not allowed to execute this instruction 
if it currently is in SMM or VMX operation. 


* To ensure consistent handling of SIPI messages, the processor executing the GETSEC[SENTER] instruction 
must also be designated the BSP (boot-strap processor) as defined by IA32_APIC_BASE.BSP (Bit 8). 


¢ EDX must be initialized to a setting supportable by the processor. Unless enumeration by the GETSEC[PARAM- 
ETERS] leaf reports otherwise, only a value of zero is supported. 


Failure to abide by the above conditions results in the processor signaling a general protection violation. 


This instruction leaf starts the launch of a measured environment by initiating a rendezvous sequence for all logical 
processors in the platform. The rendezvous sequence involves the initiating logical processor sending a message 
(by executing GETSEC[SENTER]) and other responding logical processors (RLPs) acknowledging the message, 
thus synchronizing the RLP(s) with the ILP. 


In response to a message signaling the completion of rendezvous, RLPs clear the bootstrap processor indicator flag 
(IA32_APIC_BASE.BSP) and enter an SENTER sleep state. In this sleep state, RLPs enter an idle processor condi- 
tion while waiting to be activated after a measured environment has been established by the system executive. 
RLPs in the SENTER sleep state can only be activated by the GETSEC leaf function WAKEUP in a measured environ- 
ment. 
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A successful launch of the measured environment results in the initiating logical processor entering the authenti- 
cated code execution mode. Prior to reaching this point, the ILP performs the following steps internally: 


¢ Inhibit processor response to the external events: INIT, A20M, NMI, and SMI. 

¢ Establish and check the location and size of the authenticated code module to be executed by the ILP. 

* Check for the existence of an Intel® TXT-capable chipset. 

e Verify the current power management configuration is acceptable. 

° Broadcast a message to enable protection of memory and I/O from activities from other processor agents. 
¢ Load the designated AC module into authenticated code execution area. 

¢ Isolate the content of authenticated code execution area from further state modification by external agents. 
¢ Authenticate the AC module. 

¢ Updated the Trusted Platform Module (TPM) with the authenticated code module's hash. 

* Initialize processor state based on the authenticated code module header information. 

* Unlock the Intel® TXT-capable chipset private configuration register space and TPM locality 3 space. 

¢ Begin execution in the authenticated code module at the defined entry point. 


As an integrity check for proper processor hardware operation, execution of GETSEC[SENTER] will also check the 
contents of all the machine check status registers (as reported by the MSRs IA32_MCi_STATUS) for any valid 
uncorrectable error condition. In addition, the global machine check status register IA32_MCG_STATUS MCIP bit 
must be cleared and the IERR processor package pin (or its equivalent) must be not asserted, indicating that no 
machine check exception processing is currently in-progress. These checks are performed twice: once by the ILP 
prior to the broadcast of the rendezvous message to RLPs, and later in response to RLPs acknowledging the rendez- 
vous message. Any outstanding valid uncorrectable machine check error condition present in the machine check 
status registers at the first check point will result in the ILP signaling a general protection violation. If an 
outstanding valid uncorrectable machine check error condition is present at the second check point, then this will 
result in the corresponding logical processor signaling the more severe TXT-shutdown condition with an error code 
of 12. 


Before loading and authentication of the target code module is performed, the processor also checks that the 
current voltage and bus ratio encodings correspond to known good values supportable by the processor. The MSR 
IA32_PERF_STATUS values are compared against either the processor supported maximum operating target 
setting, system reset setting, or the thermal monitor operating target. If the current settings do not meet any of 
these criteria then the SENTER function will attempt to change the voltage and bus ratio select controls in a 
processor-specific manner. This adjustment may be to the thermal monitor, minimum (if different), or maximum 
operating target depending on the processor. 


This implies that some thermal operating target parameters configured by BIOS may be overridden by SENTER. 
The measured environment software may need to take responsibility for restoring such settings that are deemed 
to be safe, but not necessarily recognized by SENTER. If an adjustment is not possible when an out of range setting 
is discovered, then the processor will abort the measured launch. This may be the case for chipset controlled 
settings of these values or if the controllability is not enabled on the processor. In this case it is the responsibility of 
the external software to program the chipset voltage ID and/or bus ratio select settings to known good values 
recognized by the processor, prior to executing SENTER. 


NOTE 


For a mobile processor, an adjustment can be made according to the thermal monitor operating 
target. For a quad-core processor the SENTER adjustment mechanism may result in a more conser- 
vative but non-uniform voltage setting, depending on the pre-SENTER settings per core. 


The ILP and RLPs mask the response to the assertion of the external signals INIT#, A20M, NMI#, and SMI#. The 
purpose of this masking control is to prevent exposure to existing external event handlers until a protected handler 
has been put in place to directly handle these events. Masked external pin events may be unmasked conditionally 
or unconditionally via the GETSEC[EXITAC], GETSEC[SEXIT], GETSEC[SMCTRL] or for specific VMX related opera- 
tions such as a VM entry or the VMXOFF instruction (see respective GETSEC leaves and Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 3C for more details). The state of the A20M pin is masked and 
forced internally to a de-asserted state so that external assertion is not recognized. A20M masking as set by 
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GETSEC[SENTER] is undone only after taking down the measured environment with the GETSEC[SEXIT] instruc- 
tion or processor reset. INTR is masked by simply clearing the EFLAGS.IF bit. It is the responsibility of system soft- 
ware to control the processor response to INTR through appropriate management of EFLAGS. 


To prevent other (logical) processors from interfering with the ILP operating in authenticated code execution mode, 
memory (excluding implicit write-back transactions) and I/O activities originating from other processor agents are 
blocked. This protection starts when the ILP enters into authenticated code execution mode. Only memory and I/O 
transactions initiated from the ILP are allowed to proceed. Exiting authenticated code execution mode is done by 

executing GETSEC[EXITAC]. The protection of memory and I/O activities remains in effect until the ILP executes 

GETSEC[EXITAC]. 


Once the authenticated code module has been loaded into the authenticated code execution area, it is protected 
against further modification from external bus snoops. There is also a requirement that the memory type for the 
authenticated code module address range be WB (via initialization of the MTRRs prior to execution of this instruc- 
tion). If this condition is not satisfied, it is a violation of security and the processor will force a TXT system reset 
(after writing an error code to the chipset LT.ERRORCODE register). This action is referred to as a Intel® TXT reset 
condition. It is performed when it is considered unreliable to signal an error through the conventional exception 
reporting mechanism. 


To conform to the minimum granularity of MTRR MSRs for specifying the memory type, authenticated code RAM 
(ACRAM) is allocated to the processor in 4096 byte granular blocks. If an AC module size as specified in ECX is not 
a multiple of 4096 then the processor will allocate up to the next 4096 byte boundary for mapping as ACRAM with 
indeterminate data. This pad area will not be visible to the authenticated code module as external memory nor can 
it depend on the value of the data used to fill the pad area. 


Once successful authentication has been completed by the ILP, the computed hash is stored in a trusted storage 
facility in the platform. The following trusted storage facility are supported: 


¢  =If the platform register FTM_INTERFACE_ID.[bits 3:0] = 0, the computed hash is stored to the platform’s TPM 
at PCR17 after this register is implicitly reset. PCR17 is a dedicated register for holding the computed hash of 
the authenticated code module loaded and subsequently executed by the GETSEC[SENTER]. As part of this 
process, the dynamic PCRs 18-22 are reset so they can be utilized by subsequently software for registration of 
code and data modules. 


¢ If the platform register FTM_INTERFACE_ID.[bits 3:0] = 1, the computed hash is stored in a firmware trusted 
module (FTM) using a modified protocol similar to the protocol used to write to TPM’s PCR17. 


After successful execution of SENTER, either PCR17 (if FTM is not enabled) or the FTM (if enabled) contains the 
measurement of AC code and the SENTER launching parameters. 


After authentication is completed successfully, the private configuration space of the Intel® TXT-capable chipset is 
unlocked so that the authenticated code module and measured environment software can gain access to this 
normally restricted chipset state. The Intel® TXT-capable chipset private configuration space can be locked later 
by software writing to the chipset LT.CMD.CLOSE-PRIVATE register or unconditionally using the GETSEC[SEXIT] 
instruction. 


The SENTER leaf function also initializes some processor architecture state for the ILP from contents held in the 
header of the authenticated code module. Since the authenticated code module is relocatable, all address refer- 
ences are relative to the base address passed in via EBX. The ILP GDTR base value is initialized to EBX + [GDTBa- 
sePtr] and GDTR limit set to [GDTLimit]. The CS selector is initialized to the value held in the AC module header 
field SegSel, while the DS, SS, and ES selectors are initialized to CS+8. The segment descriptor fields are initialized 
implicitly with BASE=0, LIMIT=FFFFFh, G=1, D=1, P=1, S=1, read/write/accessed for DS, SS, and ES, while 
execute/read/accessed for CS. Execution in the authenticated code module for the ILP begins with the EIP set to 
EBX + [EntryPoint]. AC module defined fields used for initializing processor state are consistency checked with a 
failure resulting in an TXT-shutdown condition. 


Table 6-6 provides a summary of processor state initialization for the ILP and RLP(s) after successful completion of 
GETSEC[SENTER]. For both ILP and RLP(s), paging is disabled upon entry to the measured environment. It is up to 
the ILP to establish a trusted paging environment, with appropriate mappings, to meet protection requirements 
established during the launch of the measured environment. RLP state initialization is not completed until a subse- 
quent wake-up has been signaled by execution of the GETSEC[ WAKEUP] function by the ILP. 
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Table 6-6. Register State Initialization after GETSEC[SENTER] and GETSEC[WAKEUP] 


Register State ILP after GETSEC[SENTER] RLP after GETSEC[WAKEUP] 

CRO PG<0, AM<0, WP<-0; Others unchanged PG<0, CD0, NW<0, AM<0, WP<-0; PE<-1, NE<-1 

CR4 00004000H 00004000H 

EFLAGS 00000002H 00000002H 

IA32_EFER OH 0 

EIP [EntryPoint from MLE header!] ([LT.MLEJOIN + 12] 

EBX Unchanged [SINIT.BASE] Unchanged 

EDX SENTER control flags Unchanged 

EBP SINIT.BASE Unchanged 

cs Sel=[SINIT SegSel], base=0, limit=FFFFFH, G=1, Sel = [LT.MLEJOIN + 8], base = 0, limit = FFFFFH, G = 
D=1, AR=9BH 1,D = 1, AR = SBH 

DS, ES, SS Sel=[SINIT SegSel] +8, base=0, limit=FFFFFA, G=1, | Sel = [LT.MLEJOIN + 8] +8, base = 0, limit = FFFFFH, 
D=1, AR=93H G=1,D=1, AR = 93H 

GDTR Base= SINIT.base (EBX) + [SINIT.GDTBasePtr], Base = [LT.MLEJOIN + 4], Limit = [LT.MLEJOIN] 
Limit=[SINIT.GDTLimit] 

DR7 00000400H 00000400H 

IA32_DEBUGCTL OH OH 

Performance OH OH 

counters and counter 

control registers 

IA32_MISC_ENABLE See Table 6-5 See Table 6-5 

IA32_SMM_MONITOR | Bit 2-0 Bit 20 

_CTL 

NOTES: 


1. See Inte/® Trusted Execution Technology Measured Launched Environment Programming Guide for MLE header 
format. 


Segmentation related processor state that has not been initialized by GETSEC[SENTER] requires appropriate 
initialization before use. Since a new GDT context has been established, the previous state of the segment selector 
values held in FS, GS, TR, and LDTR may no longer be valid. The IDTR will also require reloading with a new IDT 
context after launching the measured environment before exceptions or the external interrupts INTR and NMI can 
be handled. In the meantime, the programmer must take care in not executing an INT n instruction or any other 
condition that would result in an exception or trap signaling. 


Debug exception and trap related signaling is also disabled as part of execution of GETSEC[SENTER]. This is 
achieved by clearing DR7, TF in EFLAGs, and the MSR IA32_DEBUGCTL as defined in Table 6-6. These can be re- 
enabled once supporting exception handler(s), descriptor tables, and debug registers have been properly re-initial- 
ized following SENTER. Also, any pending single-step trap condition will be cleared at the completion of SENTER for 
both the ILP and RLP(s). 


Performance related counters and counter control registers are cleared as part of execution of SENTER on both the 
ILP and RLP. This implies any active performance counters at the time of SENTER execution will be disabled. To 
reactive the processor performance counters, this state must be re-initialized and re-enabled. 


Since MCE along with all other state bits (with the exception of SMXE) are cleared in CR4 upon execution of SENTER 
processing, any enabled machine check error condition that occurs will result in the processor performing the TXT- 
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shutdown action. This also applies to an RLP while in the SENTER sleep state. For each logical processor CR4.MCE 
must be reestablished with a valid machine check exception handler to otherwise avoid an TXT-shutdown under 
such conditions. 


The MSR IA32_EFER is also unconditionally cleared as part of the processor state initialized by SENTER for both the 
ILP and RLP. Since paging is disabled upon entering authenticated code execution mode, a new paging environ- 
ment will have to be re-established if it is desired to enable IA-32e mode while operating in authenticated code 
execution mode. 


The miscellaneous feature control MSR, IA32_MISC_ENABLE, is initialized as part of the measured environment 
launch. Certain bits of this MSR are preserved because preserving these bits may be important to maintain previ- 
ously established platform settings. See the footnote for Table 6-5 The remaining bits are cleared for the purpose 
of establishing a more consistent environment for the execution of authenticated code modules. Among the impact 
of initializing this MSR, any previous condition established by the MONITOR instruction will be cleared. 


Effect of MSR IA32_FEATURE_CONTROL MSR 


Bits 15:8 of the IA32_FEATURE_CONTROL MSR affect the execution of GETSEC[SENTER]. These bits consist of two 
fields: 


¢ Bit 15: a global enable control for execution of SENTER. 


¢ Bits 14:8: a parameter control field providing the ability to qualify SENTER execution based on the level of 
functionality specified with corresponding EDX parameter bits 6:0. 


The layout of these fields in the IA32_FEATURE_CONTROL MSR is shown in Table 6-1. 


Prior to the execution of GETSEC[SENTER], the lock bit of IA32_FEATURE_CONTROL MSR must be bit set to affirm 
the settings to be used. Once the lock bit is set, only a power-up reset condition will clear this MSR. The 
IA32_FEATURE_CONTROL MSR must be configured in accordance to the intended usage at platform initialization. 
Note that this MSR is only available on SMX or VMX enabled processors. Otherwise, IA32_FEATURE_CONTROL is 
treated as reserved. 


The Intel® Trusted Execution Technology Measured Launched Environment Programming Guide provides additional details and 
requirements for programming measured environment software to launch in an Intel TXT platform. 


Operation in a Uni-Processor Platform 
(* The state of the internal flag ACMODEFLAG and SENTERFLAG persist across instruction boundary *) 
GETSEC[SENTER] (ILP only): 
IF (CR4.SMXE=0) 
THEN #UD; 
ELSE IF (in VMX non-root operation) 
THEN VM Exit (reason="GETSEC instruction’); 
ELSE IF (GETSEC leaf unsupported) 
THEN #UD; 
ELSE IF ((in VMX root operation) or 
(CRO.PE=0) or (CRO.CD=1) or (CRO.NW=1) or (CRO.NE=0) or 
(CPL>O) or (EFLAGS.VM=1) or 
(IA32_APIC_BASE.BSP=0) or (TXT chipset not present) or 
(SENTERFLAG=1) or (ACMODEFLAG=1) or (IN_'SMM=1) or 
(TPM interface is not present) or 
(EDX + (SENTER_EDX_support_mask & EDX)) or 
(IA32_FEATURE_CONTROL[0]=0) or (IA32_FEATURE_CONTROL[15]=0) or 
((IA32_FEATURE_CONTROL[1 4:8] & EDX[6:0]) + EDX[6:0])) 
THEN #GP(0); 
IF (GETSEC[PARAMETERS].Parameter_Type = 5, MCA_Handling (bit 6) = 0) 
FOR | = 0 to IA32_MCG_CAP.COUNT-1 DO 
IF IA32_MC[I]_STATUS = uncorrectable error 
THEN #GP(0); 
Fl; 
OD; 
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FI; 

IF (IA32_MCG_STATUS.MCIP=1) or (IERR pin is asserted) 
THEN #GP(0); 

ACBASE := EBX; 

ACSIZE := ECX; 

IF (((ACBASE MOD 4096) + 0) or ((ACSIZE MOD 64) + 0) or (ACSIZE < minimum 
module size) or (ACSIZE > AC RAM capacity) or ((ACBASE+ACSIZE) > (232 -1))) 

THEN #GP(0); 

Mask SMI, INIT, A20M, and NMI external pin events; 

SignalTXTMsg(SENTER); 

DO 

WHILE (no SignalSENTER message); 


TXT_SENTER__MSG_EVENT (ILP & RLP): 
Mask and clear SignalSENTER event; 
Unmask SignalSEXIT event; 
IF (in VMX operation) 
THEN TXT-SHUTDOWN(#lllegalEvent); 
FOR | = 0 to IA32_MCG_CAP.COUNT-1 DO 
IF [A32_MC[I]_ STATUS = uncorrectable error 
THEN TXT-SHUTDOWN(#UnrecovMCError); 
Fl; 
OD; 
IF (IA32_MCG_STATUS.MCIP=1) or (IERR pin is asserted) 
THEN TXT-SHUTDOWN(#UnrecovMCError); 
IF (Voltage or bus ratio status are NOT at a known good state) 
THEN IF (Voltage select and bus ratio are internally adjustable) 
THEN 
Make product-specific adjustment on operating parameters; 
ELSE 
TXT-SHUTDOWN(#illegalVIDBRatio); 
Fl; 


IA32_MISC_ENABLE := (IA32_MISC_ENABLE & MASK_CONST*) 
(* The hexadecimal value of MASK_CONST may vary due to processor implementations *) 
A20M := 0; 

IA32_DEBUGCTL := 0; 

Invalidate processor TLB(s); 

Drain outgoing transactions; 

Clear performance monitor counters and control; 

SENTERFLAG := 1; 

SignalTXTMsg(SENTERAck); 

IF (logical processor is not ILP) 

THEN GOTO RLP_SENTER_ROUTINE; 

(* ILP waits for all logical processors to ACK *) 

DO 
DONE := TXT.READ(LT.STS); 

WHILE (not DONE); 

SignalTXTMsg(SENTERContinue); 

SignalTXTMsg(ProcessorHold); 

FOR I=ACBASE to ACBASE+ACSIZE-1 DO 
ACRAM[I-ACBASE].ADDR := |; 
ACRAM[I-ACBASE].DATA := LOAD(); 

OD; 
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IF (ACRAM memory type + WB) 
THEN TXT-SHUTDOWN(#BadACMMT ype); 

IF (AC module header version is not supported) OR (ACRAM[ModuleType] # 2) 
THEN TXT-SHUTDOWN(#UnsupportedACM); 

KEY := GETKEY(ACRAM, ACBASE); 

KEYHASH := HASH(KEY); 

CSKEYHASH := LT.READ(LT.PUBLIC.KEY); 

IF (KEYHASH # CSKEYHASH) 
THEN TXT-SHUTDOWN(#AuthenticateFail); 

SIGNATURE := DECRYPT(ACRAM, ACBASE, KEY); 

(* The value of SIGNATURE_LEN_CONST is implementation-specific*) 

FOR I=0 to SIGNATURE_LEN_CONST - 1 DO 
ACRAM[SCRATCH.I] := SIGNATURE[I]; 

COMPUTEDSIGNATURE := HASH(ACRAM, ACBASE, ACSIZE); 

FOR I=0 to SIGNATURE_LEN_CONST - 1 DO 
ACRAM[SCRATCH.SIGNATURE_LEN_CONST +I] := COMPUTEDSIGNATURE[I]; 

IF (SIGNATURE # COMPUTEDSIGNATURE) 
THEN TXT-SHUTDOWN(#AuthenticateFail); 

ACMCONTROL := ACRAM[CodeControl]; 

IF (ACMCONTROL.O = 0) and (ACMCONTROL.1 = 1) and (snoop hit to modified line detected on ACRAM load)) 
THEN TXT-SHUTDOWN(#UnexpectedHITM); 

IF (ACMCONTROL reserved bits are set) 
THEN TXT-SHUTDOWN(#BadACMFormat); 

IF ((ACRAM[GDTBasePtr] < (ACRAM[HeaderLen] * 4 + Scratch_size)) OR 
((ACRAM[GDTBasePtr] + ACRAM[GDTLimit]) >= ACSIZE)) 
THEN TXT-SHUTDOWN(#BadACMFormat); 

IF (ACMCONTROL.O = 1) and (ACMCONTROL.1 = 1) and (snoop hit to modified 
line detected on ACRAM load)) 
THEN ACEntryPoint := ACBASE+ACRAM[ErrorEntryPoint]; 

ELSE 
ACEntryPoint := ACBASE+ACRAM[EntryPoint]; 

IF ((ACEntryPoint >= ACSIZE) or (ACEntryPoint < (ACRAM[HeaderLen] * 4 + Scratch_size))) 
THEN TXT-SHUTDOWN(#BadACMFormat); 

IF (ACRAM[SegSel] > (ACRAM[GDTLimit] - 15)) or (ACRAM[SegSel] < 8)) 
THEN TXT-SHUTDOWN(#BadACMFormat); 

IF (ACRAM[SegSel].Tl=1) or (ACRAM[SegSel].RPL+0)) 
THEN TXT-SHUTDOWN(#BadACMFormat); 


IF (FTM_INTERFACE_ID.[3:0] = 1 ) (* Alternate FTM Interface has been enabled *) 
THEN (* TPM_LOC_CTRL_4 is located at OFED44008H, TMP_DATA_BUFFER_4 is located at OFED44080H *) 
WRITE(TPM_LOC_CTRL_4) := 01H; (* Modified HASH.START protocol *) 
(* Write to firmware storage *) 
WRITE(TPM_DATA_BUFFER_4) := SIGNATURE_LEN_CONST + 4; 
FOR I=0 to SIGNATURE_LEN_CONST - 1 DO 
WRITE(TPM_DATA_BUFFER_4 + 2 +1) := ACRAM[SCRATCH1I]; 
WRITE(TPM_DATA_BUFFER_4 + 2 + SIGNATURE_LEN_CONST) := EDX; 
WRITE(FTM.LOC_CTRL) := O6H; (* Modified protocol combining HASH.DATA and HASH.END *) 
ELSE IF (FTM_INTERFACE_ID.[3:0] = 0 ) (* Use standard TPM Interface *) 
ACRAM[SCRATCH.SIGNATURE_LEN_CONST] := EDX; 
WRITE(TPM.HASH.START) := 0; 
FOR I=0 to SIGNATURE_LEN_CONST + 3 DO 
WRITE(TPM.HASH.DATA) := ACRAM[SCRATCH.I]; 
WRITE(TPM.HASH.END) := 0; 
FI; 
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ACMODEFLAG := 1; 
CRO.[PG.AM.WP] := 0; 

CR4 := 00004000h; 

EFLAGS := 00000002h; 
IA32_EFER := 0; 

EBP := ACBASE; 

GDTR.BASE := ACBASE+ACRAM[GDTBasePtr]; 
GDTR.LIMIT := ACRAM[GDTLimit]; 
CS.SEL := ACRAM[SegSel]; 
CS.BASE := 0; 

CS.LIMIT := FFFFFH; 

CS.G:= 1; 

CS.D:= 1; 

CS.AR := 9Bh; 

DS.SEL := ACRAM[SegSel]+8; 
DS.BASE := 0; 

DS.LIMIT := FFFFFh; 

DS.G := 1; 

DS.D := 1; 

DS.AR := 93h; 

SS := DS; 

ES := DS; 

DR7 := 00000400h; 
IA32_DEBUCCTL := 0; 
SignalTXTMsg(UnlockSMRAM); 
SignalTXTMsg(OpenPrivate); 
SignalTXTMsg(OpenLocality3); 
EIP := ACEntryPoint; 

END; 


RLP_SENTER_ROUTINE: (RLP only) 

Mask SMI, INIT, A20M, and NMI external pin events 
Unmask SignalWAKEUP event; 

Wait for SignalSENTERContinue message; 
IA32_APIC_BASE.BSP := 0; 

GOTO SENTER sleep state; 

END; 


Flags Affected 
All flags are cleared. 


Use of Prefixes 


LOCK Causes #UD. 

REP* Cause #UD (includes REPNE/REPNZ and REP/REPE/REPZ). 
Operand size Causes #UD. 

NP 66/F2/F3 prefixes are not allowed. 

Segment overrides Ignored. 

Address size Ignored. 

REX Ignored. 
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Protected Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[SENTER] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) If CRO.CD = 1 or CRO.NW = 1 or CRO.NE = 0 or CRO.PE = O or CPL > O or EFLAGS.VM = 1. 


If in VMX root operation. 


If the initiating processor is not designated as the bootstrap processor via the MSR bit 
IA32_APIC_BASE.BSP. 


If an Intel® TXT-capable chipset is not present. 
If an Intel® TXT-capable chipset interface to TPM is not detected as present. 


If a protected partition is already active or the processor is already in authenticated code 
mode. 


If the processor is in SMM. 
If a valid uncorrectable machine check error is logged in IA32_MC[I]_STATUS. 
If the authenticated code base is not on a 4096 byte boundary. 


If the authenticated code size > processor's authenticated code execution area storage 
capacity. 
If the authenticated code size is not modulo 64. 


Real-Address Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[SENTER] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) GETSEC[SENTER] is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[SENTER] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) GETSEC[SENTER] is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
All protected mode exceptions apply. 
#GP IF AC code module does not reside in physical address below 2%32 -1. 


64-Bit Mode Exceptions 
All protected mode exceptions apply. 
#GP IF AC code module does not reside in physical address below 2%32 -1. 


VM-Exit Condition 
Reason (GETSEC) IF in VMX non-root operation. 
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GETSEC[SEXIT]—Exit Measured Environment 


Opcode Instruction Description 

NP OF 37 GETSEC{SEXIT] Exit measured environment. 
(EAX=5) 

Description 


The GETSEC[SEXIT] instruction initiates an exit of a measured environment established by GETSEC[SENTER]. The 
SEXIT leaf of GETSEC is selected with EAX set to 5 at execution. This instruction leaf sends a message to all logical 
processors in the platform to signal the measured environment exit. 


There are restrictions enforced by the processor for the execution of the GETSEC[SEXIT] instruction: 

¢® Execution is not allowed unless the processor is in protected mode (CRO.PE = 1) with CPL = 0 and EFLAGS.VM 
=0. 

¢ The processor must be in a measured environment as launched by a previous GETSEC[SENTER] instruction, 
but not still in authenticated code execution mode. 

° To avoid potential inter-operability conflicts between modes, the processor is not allowed to execute this 
instruction if it currently is in SMM or in VMX operation. 


¢ To ensure consistent handling of SIPI messages, the processor executing the GETSEC[SEXIT] instruction must 
also be designated the BSP (bootstrap processor) as defined by the register bit IA32_APIC_BASE.BSP (bit 8). 


Failure to abide by the above conditions results in the processor signaling a general protection violation. 


This instruction initiates a sequence to rendezvous the RLPs with the ILP. It then clears the internal processor flag 
indicating the processor is operating in a measured environment. 


In response to a message signaling the completion of rendezvous, all RLPs restart execution with the instruction 
that was to be executed at the time GETSEC[SEXIT] was recognized. This applies to all processor conditions, with 
the following exceptions: 


¢ If an RLP executed HLT and was in this halt state at the time of the message initiated by GETSEC[SEXIT], then 
execution resumes in the halt state. 


¢ If an RLP was executing MWAIT, then a message initiated by GETSEC[SEXIT] causes an exit of the MWAIT state, 
falling through to the next instruction. 


¢ If an RLP was executing an intermediate iteration of a string instruction, then the processor resumes execution 
of the string instruction at the point which the message initiated by GETSEC[SEXIT] was recognized. 


° IfanRLP is still in the SENTER sleep state (never awakened with GETSEC[WAKEUP]), it will be sent to the wait- 
for-SIPI state after first clearing the bootstrap processor indicator flag (IA32_APIC_BASE.BSP) and any 
pending SIPI state. In this case, such RLPs are initialized to an architectural state consistent with having taken 
a soft reset using the INIT# pin. 


Prior to completion of the GETSEC[SEXIT] operation, both the ILP and any active RLPs unmask the response of the 
external event signals INIT#, A20M, NMI#, and SMI#. This unmasking is performed unconditionally to recognize 
pin events which are masked after a GETSEC[SENTER]. The state of A20M is unmasked, as the A20M pin is not 
recognized while the measured environment is active. 


On a successful exit of the measured environment, the ILP re-locks the Intel® TXT-capable chipset private config- 
uration space. GETSEC[SEXIT] does not affect the content of any PCR. 


At completion of GETSEC[SEXIT] by the ILP, execution proceeds to the next instruction. Since EFLAGS and the 
debug register state are not modified by this instruction, a pending trap condition is free to be signaled if previously 
enabled. 
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Operation in a Uni-Processor Platform 
(* The state of the internal flag ACMODEFLAG and SENTERFLAG persist across instruction boundary *) 


GETSEC[SEXIT] (ILP only): 
IF (CR4.SMXE=0) 
THEN #UD; 
ELSE IF (in VMX non-root operation) 
THEN VM Exit (reason="GETSEC instruction”); 
ELSE IF (GETSEC leaf unsupported) 
THEN #UD; 
ELSE IF ((in VMX root operation) or 
(CRO.PE=0) or (CPL>O) or (EFLAGS.VM=1) or 
(IA32_APIC_BASE.BSP=0) or 
(TXT chipset not present) or 
(SENTERFLAG=0) or (ACMODEFLAG=1) or (IN_'SMM=1)) 
THEN #GP(0); 
SignalTXTMsg(SEXIT); 
DO 
WHILE (no SignalSEXIT message); 


TXT_SEXIT_MSG_EVENT (ILP & RLP): 
Mask and clear SignalSEXIT event; 
Clear MONITOR FSM; 
Unmask SignalSENTER event; 
IF (in VMX operation) 
THEN TXT-SHUTDOWN(#lllegalEvent); 
SignalTXTMsg(SEXITAck); 
IF (logical processor is not ILP) 
THEN GOTO RLP_SEXIT_ROUTINE; 
(* ILP waits for all logical processors to ACK *) 
DO 
DONE := READ(LT.STS); 
WHILE (NOT DONE); 
SignalTXTMsg(SEX!T Continue); 
SignalTXTMsg(ClosePrivate); 
SENTERFLAG := 0; 
Unmask SMI, INIT, A2OM, and NMI external pin events; 
END; 


RLP_SEXIT_ROUTINE (RLPs only): 
Wait for SignalSEXITContinue message; 
Unmask SMI, INIT, A2OM, and NMI external pin events; 
IF (prior execution state = HLT) 
THEN reenter HLT state; 
IF (prior execution state = SENTER sleep) 
THEN 
IA32_APIC_BASE.BSP := 0; 
Clear pending SIPI state; 
Call INIT_PROCESSOR_STATE; 
Unmask SIPI event; 
GOTO WAIT-FOR-SIPI; 
Fl; 
END; 
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Flags Affected 
ILP: None. 
RLPs: all flags are modified for an RLP. returning to wait-for-SIPI state, none otherwise. 


Use of Prefixes 


LOCK Causes #UD. 

REP* Cause #UD (includes REPNE/REPNZ and REP/REPE/REPZ). 
Operand size Causes #UD. 

NP 66/F2/F3 prefixes are not allowed. 

Segment overrides Ignored. 

Address size Ignored. 

REX Ignored. 


Protected Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[SEXIT] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) If CRO.PE = 0 or CPL > O or EFLAGS.VM = 1. 


If in VMX root operation. 
If the initiating processor is not designated via the MSR bit IA32_APIC_BASE.BSP. 
If an Intel® TXT-capable chipset is not present. 


If a protected partition is not already active or the processor is already in authenticated code 
mode. 


If the processor is in SMM. 


Real-Address Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[SEXIT] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) GETSEC[SEXIT] is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[SEXIT] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) GETSEC[SEXIT] is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
All protected mode exceptions apply. 


64-Bit Mode Exceptions 
All protected mode exceptions apply. 


VM-Exit Condition 
Reason (GETSEC) IF in VMX non-root operation. 
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Opcode Instruction Description 

NP OF 37 GETSEC[PARAMETERS] | Report the SMX parameters. 

(EAX=6) The parameters index is input in EBX with the result returned in EAX, EBX, and ECX. 
Description 


The GETSEC[PARAMETERS] instruction returns specific parameter information for SMX features supported by the 
processor. Parameter information is returned in EAX, EBX, and ECX, with the input parameter selected using EBX. 


Software retrieves parameter information by searching with an input index for EBX starting at 0, and then reading 
the returned results in EAX, EBX, and ECX. EAX[4:0] is designated to return a parameter type field indicating if a 
parameter is available and what type it is. If EAX[4:0] is returned with 0, this designates a null parameter and indi- 


cates no more parameters are available. 


Table 6-7 defines the parameter types supported in current and future implementations. 


Table 6-7. SMX Reporting Parameters Format 


Parameter 
Type EAX[4:0] | Parameter Description EAX[31:5] EBX[31:0] ECX[31:0] 
0 NULL Reserved (0 returned) Reserved (unmodified) Reserved (unmodified) 
1 Supported AC module Reserved (0 returned) Version comparison mask | Version numbers 
versions supported 
2 Max size of authenticated | Multiply by 32 for size in Reserved (unmodified) Reserved (unmodified) 
code execution area bytes 
3 External memory types Memory type bit mask Reserved (unmodified) Reserved (unmodified) 
supported during AC mode 
4 Selective SENTER EAX[1 4:8] correspond to Reserved (unmodified) Reserved (unmodified) 
functionality control available SENTER function 
disable controls 
5 TXT extensions support TXT Feature Extensions Reserved Reserved 
Flags (see Table 6-8) 
6-31 Undefined Reserved (unmodified) Reserved (unmodified) Reserved (unmodified) 


GETSEC[PARAMETERS]—Report the SMX Parameters 


Vol.2D 6-33 


SAFER MODE EXTENSIONS REFERENCE 


Table 6-8. TXT Feature Extensions Flags 


Bit Definition Description 


5 Processor based Returns 1 if this processor implements a processor-rooted S-CRTM capability and 0 if not (S- 
S-CRTM support CRTM is rooted in BIOS). 

This flag cannot be used to infer whether the chipset supports TXT or whether the 
processor support SMX. 


6 Machine Check Returns 1 if it machine check status registers can be preserved through ENTERACCS and 
Handling SENTER. If this bit is 1, the caller of ENTERACCS and SENTER is not required to clear machine 
check error status bits before invoking these GETSEC leaves. 

If this bit returns O, the caller of ENTERACCS and SENTER must clear all machine check error 
status bits before invoking these GETSEC leaves. 


31:7 Reserved Reserved for future use. Will return 0. 


Supported AC module versions (as defined by the AC module HeaderVersion field) can be determined for a partic- 
ular SMX capable processor by the type 1 parameter. Using EBX to index through the available parameters reported 
by GETSEC[PARAMETERS] for each unique parameter set returned for type 1, software can determine the complete 
list of AC module version(s) supported. 


For each parameter set, EBX returns the comparison mask and ECX returns the available HeaderVersion field 
values supported, after AND'ing the target HeaderVersion with the comparison mask. Software can then determine 
if a particular AC module version is supported by following the pseudo-code search routine given below: 


parameter_search_index= 0 
do { 
EBX= parameter_search_index++ 
EAX=6 
GETSEC 
if (EAX[4:0] = 1) { 
if ((version_query & EBX) = ECX) { 
version_is_supported= 1 
break 


} 


} 
} while (EAX[4:0] + 0) 


If only AC modules with a HeaderVersion of 0 are supported by the processor, then only one parameter set of type 
1 will be returned, as follows: EAX = OOOOOOOI1H, 


EBX = FFFFFFFFH and ECX = OO0OQO0000H. 


The maximum capacity for an authenticated code execution area supported by the processor is reported with the 
parameter type of 2. The maximum supported size in bytes is determined by multiplying the returned size in 
EAX[31:5] by 32. Thus, for a maximum supported authenticated RAM size of 32KBytes, EAX returns with 
00008002H. 


Supportable memory types for memory mapped outside of the authenticated code execution area are reported 
with the parameter type of 3. While is active, as initiated by the GETSEC functions SENTER and ENTERACCS and 
terminated by EXITAC, there are restrictions on what memory types are allowed for the rest of system memory. It 
is the responsibility of the system software to initialize the memory type range register (MTRR) MSRs and/or the 
page attribute table (PAT) to only map memory types consistent with the reporting of this parameter. The reporting 
of supportable memory types of external memory is indicated using a bit map returned in EAX[31:8]. These bit 
positions correspond to the memory type encodings defined for the MTRR MSR and PAT programming. See 

Table 6-9. 


The parameter type of 4 is used for enumerating the availability of selective GETSEC[SENTER] function disable 
controls. If a 1 is reported in bits 14:8 of the returned parameter EAX, then this indicates a disable control capa- 
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bility exists with SENTER for a particular function. The enumerated field in bits 14:8 corresponds to use of the EDX 
input parameter bits 6:0 for SENTER. If an enumerated field bit is set to 1, then the corresponding EDX input 
parameter bit of EDX may be set to 1 to disable that designated function. If the enumerated field bit is 0 or this 
parameter is not reported, then no disable capability exists with the corresponding EDX input parameter for 
SENTER, and EDX bit(s) must be cleared to 0 to enable execution of SENTER. If no selective disable capability for 
SENTER exists as enumerated, then the corresponding bits in the IA32_FEATURE_CONTROL MSR bits 14:8 must 
also be programmed to 1 if the SENTER global enable bit 15 of the MSR is set. This is required to enable future 
extensibility of SENTER selective disable capability with respect to potentially separate software initialization of the 


MSR. 
Table 6-9. External Memory Types Using Parameter 3 
EAX Bit Position Parameter Description 
8 Uncacheable (UC) 
9 Write Combining (WC) 
11:10 Reserved 
12 Write-through (WT) 
13 Write-protected (WP) 
14 Write-back (WB) 
31:15 Reserved 


If the GETSEC[PARAMETERS] leaf or specific parameter is not present for a given SMX capable processor, then 
default parameter values should be assumed. These are defined in Table 6-10. 


Table 6-10. Default Parameter Values 


Parameter Type EAX[4:0] Default Setting Parameter Description 
1 0.0 only Supported AC module versions. 
2 32 KBytes Authenticated code execution area size. 
3 UC only External memory types supported during AC execution mode. 
4 None Available SENTER selective disable controls. 
Operation 


(* example of a processor supporting only a 0.0 HeaderVersion, 32K ACRAM size, memory types UC and WC *) 


IF (CR4.SMXE=0) 
THEN #UD; 


ELSE IF (in VMX non-root operation) 


THEN VM Exit (reason="GETSEC instruction’); 


ELSE IF (GETSEC leaf unsupported) 


THEN #UD; 


(* example of a processor supporting a 0.0 HeaderVersion *) 


IF (EBX=0) THEN 
EAX := 00000001h; 
EBX := FFFFFFFFh; 
ECX := 00000000h; 

ELSE IF (EBX=1) 


(* example of a processor supporting a 32K ACRAM size *) 
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THEN EAX := 00008002h; 
ESE IF (EBX= 2) 
(* example of a processor supporting external memory types of UC and WC *) 
THEN EAX := 00000303h; 
ESE IF (EBX= other value(s) less than unsupported index value) 
(* EAX value varies. Consult Table 6-7 and Table 6-8*) 
ELSE (* unsupported index*) 
EAX := OOO00000h; 
END; 


Flags Affected 
None. 


Use of Prefixes 


LOCK Causes #UD. 

REP* Cause #UD (includes REPNE/REPNZ and REP/REPE/REPZ). 
Operand size Causes #UD. 

NP 66/F2/F3 prefixes are not allowed. 

Segment overrides Ignored. 

Address size Ignored. 

REX Ignored. 


Protected Mode Exceptions 
#UD If CR4.SMXE = 0. 
If GETSEC[PARAMETERS] is not reported as supported by GETSEC[CAPABILITIES]. 


Real-Address Mode Exceptions 
#UD If CR4.SMXE = 0. 
If GETSEC[PARAMETERS] is not reported as supported by GETSEC[CAPABILITIES]. 


Virtual-8086 Mode Exceptions 
#UD If CR4.SMXE = 0. 
If GETSEC[PARAMETERS] is not reported as supported by GETSEC[CAPABILITIES]. 


Compatibility Mode Exceptions 
All protected mode exceptions apply. 


64-Bit Mode Exceptions 
All protected mode exceptions apply. 


VM-Exit Condition 
Reason (GETSEC) IF in VMX non-root operation. 
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GETSEC[SMCTRL]—SMX Mode Control 


Opcode Instruction Description 
NP OF 37 (EAX = 7) | GETSEC[SMCTRL] Perform specified SMX mode control as selected with the input EBX. 
Description 


The GETSEC[SMCTRL] instruction is available for performing certain SMX specific mode control operations. The 
operation to be performed is selected through the input register EBX. Currently only an input value in EBX of 0 is 
supported. All other EBX settings will result in the signaling of a general protection violation. 


If EBX is set to 0, then the SMCTRL leaf is used to re-enable SMI events. SMI is masked by the ILP executing the 
GETSEC[SENTER] instruction (SMI is also masked in the responding logical processors in response to SENTER 
rendezvous messages.). The determination of when this instruction is allowed and the events that are unmasked 
is dependent on the processor context (See Table 6-11). For brevity, the usage of SMCTRL where EBX=0 will be 
referred to as GETSEC[SMCTRL(0)]. 


As part of support for launching a measured environment, the SMI, NMI and INIT events are masked after 
GETSEC[SENTER], and remain masked after exiting authenticated execution mode. Unmasking these events 
should be accompanied by securely enabling these event handlers. These security concerns can be addressed in 
VMX operation by a MVMM. 


The VM monitor can choose two approaches: 


¢ Ina dual monitor approach, the executive software will set up an SMM monitor in parallel to the executive VMM 
(i.e. the MVMM), see Chapter 31, “System Management Mode” of Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 3C. The SMM monitor is dedicated to handling SMI events without compromising 
the security of the MVMM. This usage model of handling SMI while a measured environment is active does not 
require the use of GETSEC[SMCTRL(0)] as event re-enabling after the VMX environment launch is handled 
implicitly and through separate VMX based controls. 


° If a dedicated SMM monitor will not be established and SMIs are to be handled within the measured 
environment, then GETSEC[SMCTRL(0)] can be used by the executive software to re-enable SMI that has been 
masked as a result of SENTER. 


Table 6-11 defines the processor context in which GETSEC[SMCTRL(0)] can be used and which events will be 
unmasked. Note that the events that are unmasked are dependent upon the currently operating processor context. 


Table 6-11. Supported Actions for GETSEC[SMCTRL(0)] 


ILP Mode of Operation SMCTRL execution action 
In VMX non-root operation VM exit 

SENTERFLAG = 0 #GP(0), illegal context 

In authenticated code execution mode #GP(0), illegal context 
(ACMODEFLAG = 1) 

SENTERFLAG = 1, not in VMX operation, not in Unmask SMI 

SMM 


SENTERFLAG = 1, in VMX root operation, not in Unmask SMI if SMM monitor is not configured, otherwise #GP(0) 
SMM 


SENTERFLAG = 1, In VMX root operation, in SMM #GP(0), illegal context 
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Operation 
(* The state of the internal flag ACMODEFLAG and SENTERFLAG persist across instruction boundary *) 
IF (CR4.SMXE=0) 
THEN #UD; 
ELSE IF (in VMX non-root operation) 
THEN VM Exit (reason="GETSEC instruction”); 
ELSE IF (GETSEC leaf unsupported) 
THEN #UD; 
ELSE IF ((CRO.PE=0) or (CPL>O) OR (EFLAGS.VM=1)) 
THEN #GP(0); 
ELSE IF((EBX=0) and (SENTERFLAG=1) and (ACMODEFLAG=0) and (IN_SMM=0) and 
(((in VMX root operation) and (SMM monitor not configured)) or (not in VMX operation)) ) 
THEN unmask SMI; 
ELSE 
#GP(0); 
END 


Flags Affected 
None. 


Use of Prefixes 


LOCK Causes #UD. 

REP* Cause #UD (includes REPNE/REPNZ and REP/REPE/REPZ). 
Operand size Causes #UD. 

NP 66/F2/F3 prefixes are not allowed. 

Segment overrides Ignored. 

Address size Ignored. 

REX Ignored. 


Protected Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[SMCTRL] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) If CRO.PE = 0 or CPL > O or EFLAGS.VM = 1. 


If in VMX root operation. 


If a protected partition is not already active or the processor is currently in authenticated code 
mode. 


If the processor is in SMM. 
If the SMM monitor is not configured. 


Real-Address Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[SMCTRL] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) GETSEC[SMCTRL] is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 


#UD If CR4.SMXE = 0. 
If GETSEC[SMCTRL] is not reported as supported by GETSEC[CAPABILITIES]. 
#GP(0) GETSEC[SMCTRL] is not recognized in virtual-8086 mode. 
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Compatibility Mode Exceptions 
All protected mode exceptions apply. 


64-Bit Mode Exceptions 
All protected mode exceptions apply. 


VM-exit Condition 


Reason (GETSEC) IF in VMX non-root operation. 
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GETSEC[WAKEUP]—Wake up sleeping processors in measured environment 


Opcode Instruction Description 

NP OF 37 GETSEC[WAKEUP] Wake up the responding logical processors from the SENTER sleep state. 
(EAX=8) 

Description 


The GETSEC[WAKEUP] leaf function broadcasts a wake-up message to all logical processors currently in the 
SENTER sleep state. This GETSEC leaf must be executed only by the ILP, in order to wake-up the RLPs. Responding 
logical processors (RLPs) enter the SENTER sleep state after completion of the SENTER rendezvous sequence. 


The GETSEC[WAKEUP] instruction may only be executed: 

¢ Inameasured environment as initiated by execution of GETSEC[SENTER]. 

* Outside of authenticated code execution mode. 

¢ Execution is not allowed unless the processor is in protected mode with CPL = 0 and EFLAGS.VM = 0. 


¢ In addition, the logical processor must be designated as the boot-strap processor as configured by setting 
IA32_APIC_BASE.BSP = 1. 


If these conditions are not met, attempts to execute GETSEC[WAKEUP] result in a general protection violation. 


An RLP exits the SENTER sleep state and start execution in response to a WAKEUP signal initiated by ILP’s execution 
of GETSEC[WAKEUP]. The RLP retrieves a pointer to a data structure that contains information to enable execution 
from a defined entry point. This data structure is located using a physical address held in the Intel® TXT-capable 
chipset configuration register LT.MLE.JOIN. The register is publicly writable in the chipset by all processors and is 
not restricted by the Intel® TXT-capable chipset configuration register lock status. The format of this data structure 
is defined in Table 6-12. 


Table 6-12. RLP MVMM JOIN Data Structure 


Offset Field 

0 GDT limit 

4 CDT base pointer 

8 Segment selector initializer 
12 EIP 


The MLE JOIN data structure contains the information necessary to initialize RLP processor state and permit the 
processor to join the measured environment. The GDTR, LIP, and CS, DS, SS, and ES selector values are initialized 
using this data structure. The CS selector index is derived directly from the segment selector initializer field; DS, 
SS, and ES selectors are initialized to CS+8. The segment descriptor fields are initialized implicitly with BASE = 0, 
LIMIT = FFFFFH,G=1,D=1,P=1,S = 1; read/write/access for DS, SS, and ES; and execute/read/access for 
CS. It is the responsibility of external software to establish a GDT pointed to by the MLE JOIN data structure that 
contains descriptor entries consistent with the implicit settings initialized by the processor (see Table 6-6). Certain 
states from the content of Table 6-12 are checked for consistency by the processor prior to execution. A failure of 
any consistency check results in the RLP aborting entry into the protected environment and signaling an Intel® TXT 
shutdown condition. The specific checks performed are documented later in this section. After successful comple- 
tion of processor consistency checks and subsequent initialization, RLP execution in the measured environment 
begins from the entry point at offset 12 (as indicated in Table 6-12). 
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Operation 
(* The state of the internal flag ACMODEFLAG and SENTERFLAG persist across instruction boundary *) 
IF (CR4.SMXE=0) 
THEN #UD; 
ELSE IF (in VMX non-root operation) 
THEN VM Exit (reason="GETSEC instruction’); 
ELSE IF (GETSEC leaf unsupported) 
THEN #UD; 
ELSE IF ((CRO.PE=0) or (CPL>O) or (EFLAGS.VM=1) or (SENTERFLAG=0) or (ACMODEFLAG=1) or (IN_SMM=0) or (in VMX operation) or 
(IA32_APIC_BASE.BSP=0) or (TXT chipset not present)) 
THEN #GP(0); 
ELSE 
SignalTXTMsg(WAKEUP); 
END; 


RLP_SIPI_WAKEUP_FROM_SENTER_ROUTINE: (RLP only) 
WHILE (no SignalWAKEUP event); 
IF ([A32_SMM_MONITOR_CTL[0] # ILP.IA32_SMM_MONITOR_CTL[0]) 
THEN TXT-SHUTDOWN(#illlegalEvent) 
IF ([A32_SMM_MONITOR_CTL[0] = 0) 
THEN Unmask SMI pin event; 
ELSE 
Mask SMI pin event; 
Mask A20M, and NMI external pin events (unmask INIT); 
Mask SignalWAKEUP event; 
Invalidate processor TLB(s); 
Drain outgoing transactions; 
TempGDTRLIMIT := LOAD(LT.MLE.JOIN); 
TempGDTRBASE := LOAD(LT.MLEJOIN+4); 
TempSegSel := LOAD(LT.MLE.JOIN+8); 
TempElP := LOAD(LT.MLEJOIN+1 2); 
IF (TempGDTLimit & FFFFOOOOh) 
THEN TXT-SHUTDOWN(#BadJOINFormat); 
IF ((TempSegSel > TempGDTRLIMIT-15) or (TempSegSel < 8)) 
THEN TXT-SHUTDOWN(#BadJOINFormat); 
IF ((TempSegSel.Tl=1) or (TempSegSel.RPL+0)) 
THEN TXT-SHUTDOWN(#BadJOINFormat); 
CRO.[PG,CD,NW,AM,WP] := 0; 
CRO.[NE,PE] := 1; 
CR4 := 00004000h; 
EFLAGS := 00000002h; 
IA32_EFER := 0; 
GDTR.BASE := TempGDTRBASE; 
GDTR.LIMIT := TempGDTRLIMIT; 
CS.SEL := TempSegSel; 
CS.BASE := 0; 
CS.LIMIT := FFFFFh; 
CS.G:= 1; 
CS.D:= 1; 
CS.AR := SBh; 
DS.SEL := TempSegSel+8; 
DS.BASE := 0; 
DS.LIMIT := FFFFFh; 
DS.G := 1; 
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DS.D := 1; 

DS.AR := 93h; 

SS := DS; 

ES := DS; 

DR7 := 00000400h; 
IA32_DEBUGCTL := 0; 
EIP := TempElP; 

END; 


Flags Affected 
None. 


Use of Prefixes 
LOCK 

REP* 

Operand size 

NP 

Segment overrides 
Address size 

REX 


Causes #UD. 

Cause #UD (includes REPNE/REPNZ and REP/REPE/REPZ). 
Causes #UD. 

66/F2/F3 prefixes are not allowed. 

Ignored. 

Ignored. 

Ignored. 


Protected Mode Exceptions 


#UD 


#GP(0) 


#UD 


#GP(0) 


If CR4.SMXE = 0. 

If GETSEC[WAKEUP] is not reported as supported by GETSEC[CAPABILITIES]. 
If CRO.PE = 0 or CPL > O or EFLAGS.VM = 1. 

If in VMX operation. 


If a protected partition is not already active or the processor is currently in authenticated code 
mode. 


If the processor is in SMM. 

If CR4.SMXE = 0. 

If GETSEC[WAKEUP] is not reported as supported by GETSEC[CAPABILITIES]. 
GETSEC[WAKEUP] is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 


#UD 


#GP(0) 


If CR4.SMXE = 0. 
If GETSEC[WAKEUP] is not reported as supported by GETSEC[CAPABILITIES]. 
GETSEC[WAKEUP] is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
All protected mode exceptions apply. 


64-Bit Mode Exceptions 
All protected mode exceptions apply. 


VM-exit Condition 
Reason (GETSEC) 
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CHAPTER 7 


INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI" 
PROCESSORS 


This chapter describes the instruction set that is unique to Intel® Xeon Phi™ Processors based on the Knights 
Landing and Knights Mill microarchitectures. The set is not supported in any other Intel processors. Included are 
Intel® AVX-512 instructions. For additional instructions supported on these processors, see Chapter 3, “Instruction 
Set Reference, A-L”, Chapter 4, “Instruction Set Reference, M-U”, and Chapter 5, “Instruction Set Reference, V-Z”. 
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PREFETCHWT1—Prefetch Vector Data Into Caches with Intent to Write and T1 Hint 


Opcode/ Op/ | 64/32 bit | CPUIDFeature | Description 
Instruction En Mode Flag 
Support 
OF OD /2 M VIV PREFETCHWT1 | Move data from m8 closer to the processor using T1 hint 
PREFETCHWT1 m8 with intent to write. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Fetches the line of data from memory that contains the byte specified with the source operand to a location in the 
cache hierarchy specified by an intent to write hint (so that data is brought into ‘Exclusive’ state via a request for 
ownership) and a locality hint: 


e T1 (temporal data with respect to first level cache)—prefetch data into the second level cache. 


The source operand is a byte memory location. (The locality hints are encoded into the machine level instruction 
using bits 3 through 5 of the ModR/M byte. Use of any ModR/M value other than the specified ones will lead to 
unpredictable behavior.) 


If the line selected is already present in the cache hierarchy at a level closer to the processor, no data movement 
occurs. Prefetches from uncacheable or WC memory are ignored. 


The PREFETCHWT1 instruction is merely a hint and does not affect program behavior. If executed, this instruction 
moves data closer to the processor in anticipation of future use. 


The implementation of prefetch locality hints is implementation-dependent, and can be overloaded or ignored by a 
processor implementation. The amount of data prefetched is also processor implementation-dependent. It will, 
however, be a minimum of 32 bytes. Additional details of the implementation-dependent locality hints are 
described in Section 9.5, “Memory Optimization Using Prefetch” of the Intel® 64 and IA-32 Architectures Optimi- 
zation Reference Manual. 


It should be noted that processors are free to speculatively fetch and cache data from system memory regions that 
are assigned a memory-type that permits speculative reads (that is, the WB, WC, and WT memory types). A 
PREFETCHWT1 instruction is considered a hint to this speculative behavior. Because this speculative fetching can 
occur at any time and is not tied to instruction execution, a PREFETCHWT1 instruction is not ordered with respect 
to the fence instructions (MFENCE, SFENCE, and LFENCE) or locked memory references. A PREFETCHWT1 instruc- 
tion is also unordered with respect to CLFLUSH and CLFLUSHOPT instructions, other PREFETCHWT1 instructions, or 
any other general instruction. It is ordered with respect to serializing instructions such as CPUID, WRMSR, OUT, and 
MOV CR. 


This instruction’s operation is the same in non-64-bit modes and 64-bit mode. 

Operation 

PREFETCH(mem, Level, State) Prefetches a byte memory location pointed by ‘mem’ into the cache level specified by ‘Level’; a request 
for exclusive/ownership is done if ‘State’ is 1. Note that the memory location ignore cache line splits. This operation is considered a 
hint for the processor and may be skipped depending on implementation. 


Prefetch (m8, Level = 1, EXCLUSIVE=1); 


Flags Affected 
All flags are affected 


C/C++ Compiler Intrinsic Equivalent 
void __mm_prefetch( char const *, int hint= _MM_HINT_ET1); 
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Protected Mode Exceptions 


#UD If the LOCK prefix is used. 


Real-Address Mode Exceptions 


#UD If the LOCK prefix is used. 


Virtual-8086 Mode Exceptions 


#UD If the LOCK prefix is used. 


Compatibility Mode Exceptions 


#UD If the LOCK prefix is used. 


64-Bit Mode Exceptions 


#UD If the LOCK prefix is used. 
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V4FMADDPS/V4FNMADDPS — Packed Single-Precision Floating-Point Fused Multiply-Add 
(4-iterations) 


Opcode/ Op/ | 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
EVEX.512.F2.0F38.W0 9A /r A VIV AVX512_4FMAPS | Multiply packed single-precision floating-point 
V4FMADDPS zmm1{k1}{z}, zmm2+3, values from source register block indicated by 
m128 zmm_2 by values from m128 and accumulate the 
result in zmm1. 
EVEX.512.F2.0F38.W0 AA /r A VIV AVX512_4FMAPS | Multiply and negate packed single-precision 
V4FNMADDPS zmm1{k1}{Z}, floating-point values from source register block 
zmm2+3,m128 indicated by zmm2 by values from m128 and 
accumulate the result in zmm1. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1_4X ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction computes 4 sequential packed fused single-precision floating-point multiply-add instructions with a 
sequentially selected memory operand in each of the four steps. 


In the above box, the notation of “+3” is used to denote that the instruction accesses 4 source registers based on 
that operand; sources are consecutive, start in a multiple of 4 boundary, and contain the encoded register operand. 
This instruction supports memory fault suppression. The entire memory operand is loaded if any of the 16 lowest 
significant mask bits is set to 1 or if a “no masking” encoding is used. 

The tuple type Tuple1_4X implies that four 32-bit elements (16 bytes) are referenced by the memory operation 
portion of this instruction. 

Rounding is performed at every FMA (fused multiply and add) boundary. Exceptions are also taken sequentially. 
Pre- and post-computational exceptions of the first FMA take priority over the pre- and post-computational excep- 
tions of the second FMA, etc. 
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Operation 
src_reg_id is the 5 bit index of the vector register specified in the instruction as the src1 register. 


define NFMA_PS(kI, vl, dest, k1, msrc, regs_loaded, src_base, posneg): 
tmpdest := dest 


// reg[] is an array representing the SIMD register file. 
FOR j := 0 to regs_loaded-1: 


FOR i:= O to kl-1: 
IF k1[i] or *no writemask*: 
IF posneg = 0: 


tmpdest.single[i] := RoundFPControl_MXCSR(tmpdest.single[i] - reg[src_base + j ].single[i] * msrc.single[j]) 


ELSE: 


tmpdest.single[i] ‘= RoundFPControl_MXCSR(tmpdest.single[i] + reg[src_base + j ].single[i] * msrc.single[j]) 


ELSE IF *zeroing*: 
tmpdest.single[i] := 0 
dest := tmpdst 
dest{MAX_VL-1:VL] := 0 


V4FMADDPS and V4FNMADDPS dest{k1}, src1, msrc (AVX512) 
KL, VL = (16,512) 


regs_loaded := 4 

src_base := src_reg_id & ~3 // for src1 operand 

posneg := 0 if negative form, 1 otherwise 

NFMA_PS(kl, vl, dest, k1, msrc, regs_loaded, src_base, posneg) 


Intel C/C++ Compiler Intrinsic Equivalent 


V4FMADDPS __m512_mm512_4fmadd_ps(__m512,__m512x4,__m128 *); 
V4FMADDPS __m512 _mm512_mask_4fmadd_ps(__m512,__ mmask16,__m512x4,__m128 *); 


V4FMADDPS __m512_mm512_maskz_4fmadd_ps(__mmask16,__m512,__m512x4,_m128*); 
V4FNMADDPS __m512_mm512_4fnmadd_ps(__m512,__m512x4,__m128 *); 

V4FNMADDPS __m512_mm512_mask_4fnmadd_ps(__m512,__ mmask16,__m512x4,__m128 *); 
V4FNMADDPS __m512 _mm512_maskz_4fnmadd_ps(__mmask16,__m512,__m512x4,__m128 *); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal. 


Other Exceptions 

See Type E2; additionally 

#UD If the EVEX broadcast bit is set to 1. 
#UD If the MODRM.mod = 0b11. 
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V4FMADDSS/V4FNMADDSS —Scalar Single-Precision Floating-Point Fused Multiply-Add 
(4-iterations) 


Opcode/ Op/ | 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
EVEX.LLIG.F2.0F38.W0 9B /r A VIV AVX512_4FMAPS | Multiply scalar single-precision floating-point 
V4FMADDSS xmm1{k1}{Z}, values from source register block indicated by 
xmm2+3,m128 xmm_z by values from m128 and accumulate the 
result in xmm1. 
EVEX.LLIG.F2.0F38.W0 AB /r A VIV AVX512_4FMAPS | Multiply and negate scalar single-precision 
V4FNMADDSS xmm1{k1}{Z}, floating-point values from source register block 
xmm2+3, m128 indicated by xmm2 by values from m128 and 
accumulate the result in xmm1. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1_4X ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction computes 4 sequential scalar fused single-precision floating-point multiply-add instructions with a 
sequentially selected memory operand in each of the four steps. 

In the above box, the notation of “+3” is used to denote that the instruction accesses 4 source registers based that 
operand; sources are consecutive, start in a multiple of 4 boundary, and contain the encoded register operand. 
This instruction supports memory fault suppression. The entire memory operand is loaded if the least significant 
mask bit is set to 1 or if a “no masking” encoding is used. 

The tuple type Tuple1_4X implies that four 32-bit elements (16 bytes) are referenced by the memory operation 
portion of this instruction. 

Rounding is performed at every FMA boundary. Exceptions are also taken sequentially. Pre- and post-computa- 
tional exceptions of the first FMA take priority over the pre- and post-computational exceptions of the second FMA, 
etc. 


Operation 
src_reg_id is the 5 bit index of the vector register specified in the instruction as the src1 register. 


define NFMA_SS(vI, dest, k1, msrc, regs_loaded, src_base, posneg): 
tmpdest := dest 
// reg{] is an array representing the SIMD register file. 
IF k1[0] or *no writemask*: 
FOR j := 0 to regs_loaded - 1: 
IF posneg = 0: 
tmpdest.single[0] := RoundFPControl_MXCSR(tmpdest.single[0] - reg[src_base + j ].single[O] * msrc.single[j]) 
ELSE: 
tmpdest.single[O] := RoundFPControl_MXCSR(tmpdest.single[O] + reg[src_base + j ].single[O] * msrc.single[j]) 
ELSE IF *zeroing*: 
tmpdest.single[0] := 0 
dest := tmpdst 
dest[MAX_VL-1:VL] := 0 


7-6 Vol. 2D V4FMADDSS/V4FNMADDSS —Scalar Single-Precision Floating-Point Fused Multiply-Add (4-iterations) 


INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI™ PROCESSORS 


V4FMADDSS and V4FNMADDSS dest{k1}, src1, msrc (AVX512) 
VL=128 


regs_loaded := 4 

src_base := src_reg_id & ~3 // for src1 operand 

posneg := 0 if negative form, 1 otherwise 

NFMA_SS(vI, dest, k1, msrc, regs_loaded, src_base, posneg) 


Intel C/C++ Compiler Intrinsic Equivalent 


V4FMADDSS __m128_mm_4fmadd_ss(__m128,___m128x4,___m128*); 

V4FMADDSS __m128 __mm_mask_4fmadd_ss(__m128, __mmask8,__m128x4,___m128 *); 
V4FMADDSS __m128 _mm_maskz_4fmadd_ss(__mmask8,___m128,___m128x4,__m128 *); 
V4FNMADDSS __m128 _mm_4fnmadd_ss(__m128,__m128x4,__m128 *); 

V4FNMADDSS __m128 _mm_mask_4fnmadd_ss(__m128, __mmask8,___m128x4,__m128 *); 
V4FNMADDSS __m128 _mm_maskz_4fnmadd_ss(__mmask8, ___m128,__m128x4,__m128 *); 


SIMD Floating-Point Exceptions 
Overflow, Underflow, Invalid, Precision, Denormal. 


Other Exceptions 

See Type E2; additionally 

#UD If the EVEX broadcast bit is set to 1. 
#UD If the MODRM.mod = 0b11. 
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VEXP2PD—Approximation to the Exponential 2~x of Packed Double-Precision Floating-Point 
Values with Less Than 2*-23 Relative Error 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.512.66.0F38.W1 C8/r | A VIV AVX512ER | Computes approximations to the exponential 2*x (with less 
VEXP2PD zmm1 {k1}{Z}, than 2°-23 of maximum relative error) of the packed double- 
zmm2/m512/m64bcst {sae} precision floating-point values from zmm2/m512/m64bcst and 
stores the floating-point result in zmm1 with writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (r, w) ModRM:r/m (r) NA NA 
Description 


Computes the approximate base-2 exponential evaluation of the double-precision floating-point values in the 
source operand (the second operand) and stores the results to the destination operand (the first operand) using 
the writemask ki. The approximate base-2 exponential is evaluated with less than 2-23 of relative error. 


Denormal input values are treated as zeros and do not signal #DE, irrespective of MKCSR.DAZ. Denormal results 
are flushed to zeros and do not signal #UE, irrespective of MXCSR.FTZ. 


The source operand is a ZMM register, a 512-bit memory location or a 512-bit vector broadcasted from a 64-bit 
memory location. The destination operand is a ZMM register, conditionally updated using writemask k1. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


A numerically exact implementation of VEXP2xx can be found at https://software.intel.com/en-us/articles/refer- 
ence-implementations-for-IA-approximation-instructions-vrcp14-vrsqrt14-vrcp28-vrsqrt28-vexp2. 


Operation 


VEXP2PD 
(KL, VL) = (8, 512) 
FOR j :=0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC *is memory*) 
THEN DEST[i+63:i] := EXP2_23_DP(SRC[63:0)) 
ELSE DEST[i+63:i] := EXP2_23_DP(SRC[i+63:i]) 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl; 
Fl; 
ENDFOR; 
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Table 6-33. Special Values Behavior 


Source Input Result Comments 

NaN QNaN(src) If (SRC = SNaN) then #1 
+0 +0 

+/-0 1.0f Exact result 

-O +0.0f 

Integral value N 2~ (N) Exact result 


Intel C/C++ Compiler Intrinsic Equivalent 
VEXP2PD __m512d_mm512_exp2a23_round_pd (__m512da, int sae); 


VEXP2PD __m512d_mm512_mask_exp2a23_round_pd (__m512da,__mmask8 m,___m512d, int sae); 
VEXP2PD __m512d_mm512_maskz_exp2a23_round_pd (__mmask8 m,_m512d , int sae); 


SIMD Floating-Point Exceptions 
Invalid (if SNaN input), Overflow 


Other Exceptions 
See Table 2-46, “Type E2 Class Exception Conditions”. 
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VEXP2PS—Approximation to the Exponential 2~x of Packed Single-Precision Floating-Point 
Values with Less Than 2*-23 Relative Error 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.512.66.0F38.WO0 C8 /r | A VIV AVX512ER | Computes approximations to the exponential 2*x (with less 
VEXP2PS zmm1 {k1}{z}, than 2°-23 of maximum relative error) of the packed single- 
zmm2/m512/m32bcst {sae} precision floating-point values from zmm2/m512/m32bcst and 
stores the floating-point result in zmm1 with writemask k1. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (r, w) ModRM:r/m (r) NA NA 
Description 


Computes the approximate base-2 exponential evaluation of the single-precision floating-point values in the source 
operand (the second operand) and store the results in the destination operand (the first operand) using the 
writemask ki. The approximate base-2 exponential is evaluated with less than 2-23 of relative error. 


Denormal input values are treated as zeros and do not signal #DE, irrespective of MKCSR.DAZ. Denormal results 
are flushed to zeros and do not signal #UE, irrespective of MXCSR.FTZ. 


The source operand is a ZMM register, a 512-bit memory location, or a 512-bit vector broadcasted from a 32-bit 
memory location. The destination operand is a ZMM register, conditionally updated using writemask k1. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


A numerically exact implementation of VEXP2xx can be found at https://software.intel.com/en-us/articles/refer- 
ence-implementations-for-IA-approximation-instructions-vrcp14-vrsqrt14-vrcp28-vrsqrt28-vexp2. 


Operation 


VEXP2PS 
(KL, VL) = (16, 512) 
FOR j :=0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC *is memory*) 
THEN DEST{[i+31:i] = EXP2_23_SP(SRC[31:0]) 
ELSE DEST[i+31:i] = EXP2_23_SP(SRC[i+31:i]) 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl; 
Fl; 
ENDFOR; 
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Table 6-34. Special Values Behavior 


Source Input Result Comments 

NaN QNaN(src) If (SRC = SNaN) then #1 
+0 +0 

+/-0 1.0f Exact result 

-O +0.0f 

Integral value N 2~ (N) Exact result 


Intel C/C++ Compiler Intrinsic Equivalent 
VEXP2PS __m512_mm512_exp2a23_round_ps (__m512 a, int sae); 


VEXP2PS __m512_mm512_mask_exp2a23_round_ps (__m512 a,__mmask16 m,_m512 }, int sae); 
VEXP2PS __m512 _mm512_maskz_exp2a23_round_ps (__mmask16 m,__m512 b, int sae); 


SIMD Floating-Point Exceptions 
Invalid (if SNaN input), Overflow 


Other Exceptions 
See Table 2-46, “Type E2 Class Exception Conditions”. 
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VGATHERPFODPS/VGATHERPFOQPS/VGATHERPFODPD/VGATHERPFOQPD-—Sparse Prefetch 
Packed SP/DP Data Values with Signed Dword, Signed Qword Indices Using TO Hint 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.512.66.0F38.W0 C6 /1 /vsib A VV AVX512PF | Using signed dword indices, prefetch sparse byte 
VGATHERPFODPS vm32z {k1} memory locations containing single-precision data 
using opmask k1 and TO hint. 
EVEX.512.66.0F38.W0O C7 /1 /vsib A VV AVX512PF | Using signed qword indices, prefetch sparse byte 
VGATHERPFOQPS vm64z {k1} memory locations containing single-precision data 
using opmask k1 and TO hint. 
EVEX.512.66.0F38.W1 C6 /1 /vsib A VV AVX512PF_ | Using signed dword indices, prefetch sparse byte 
VGATHERPFODPD vm32y {k1} memory locations containing double-precision data 
using opmask k1 and TO hint. 
EVEX.512.66.0F38.W1 C7 /1 /vsib A VV AVX512PF | Using signed qword indices, prefetch sparse byte 
VGATHERPFOQPD vm64z {k1} memory locations containing double-precision data 
using opmask k1 and TO hint. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 


A Tuple1 Scalar BaseReg (R): VSIB:base, NA NA NA 
VectorReg(R): VSIB:index 


Description 


The instruction conditionally prefetches up to sixteen 32-bit or eight 64-bit integer byte data elements. The 
elements are specified via the VSIB (i.e., the index register is an zmm, holding packed indices). Elements will only 
be prefetched if their corresponding mask bit is one. 


Lines prefetched are loaded into to a location in the cache hierarchy specified by a locality hint (TO): 
e TO (temporal data)—prefetch data into the first level cache. 


[PS data] For dword indices, the instruction will prefetch sixteen memory locations. For qword indices, the instruc- 
tion will prefetch eight values. 


[PD data] For dword and qword indices, the instruction will prefetch eight memory locations. 
Note that: 

(1) The prefetches may happen in any order (or not at all). The instruction is a hint. 

(2) The mask is left unchanged. 

(3) Not valid with 16-bit effective addresses. Will deliver a #UD fault. 

(4) No FP nor memory faults may be produced by this instruction. 

(5) Prefetches do not handle cache line splits 

(6) A #UD is signaled if the memory operand is encoded without the SIB byte. 


Operation 


BASE_ADDR stands for the memory operand base address (a GPR); may not exist 

VINDEX stands for the memory operand vector of indices (a vector register) 

SCALE stands for the memory operand scalar (1, 2, 4 or 8) 

DISP is the optional 1, 2 or 4 byte displacement 

PREFETCH(mem, Level, State) Prefetches a byte memory location pointed by ‘mem’ into the cache level specified by ‘Level’; a request 
for exclusive/ownership is done if ‘State’ is 1. Note that the memory location ignore cache line splits. This operation is considered a 
hint for the processor and may be skipped depending on implementation. 
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VGATHERPFODPS (EVEX encoded version) 
(KL, VL) = (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[i+31:i]) * SCALE + DISP], Level=0, RFO = 0) 
Fl; 
ENDFOR 


VGATHERPFODPD (EVEX encoded version) 
(KL, VL) = (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
k:=j* 32 
IF k1{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[k+31:k]) * SCALE + DISP], Level=0, RFO = 0) 
Fl; 
ENDFOR 


VGATHERPFOOQPS (EVEX encoded version) 
(KL, VL) = (8, 256) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[i+63:i]) * SCALE + DISP], Level=0, RFO = 0) 
Fl; 
ENDFOR 


VGATHERPFOQPD (EVEX encoded version) 
(KL, VL) = (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
k :=j* 64 
IF k1{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[k+63:k]) * SCALE + DISP], Level=0, RFO = 0) 
Fl; 
ENDFOR 


Intel C/C++ Compiler Intrinsic Equivalent 


VGATHERPFODPD void __mm512_mask_prefetch_i32gather_pd(__m256i vdx, __mmask8 m, void * base, int scale, int hint); 
VGATHERPFODPS void _mm512_mask_prefetch_i32gather_ps(__m512i vdx,___ mmask16 m, void * base, int scale, int hint); 
VGATHERPFOQPD void _mm512_mask_prefetch_i64gather_pd(__m512i vdx, __ mmask8 m, void * base, int scale, int hint); 
VGATHERPFOOQPS void _mm512_mask_prefetch_i64gather_ps(__m512i vdx, __mmask8 m, void * base, int scale, int hint); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-62, “Type E12NP Class Exception Conditions”. 
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VGATHERPF 1DPS/VGATHERPF 1 QPS/VGATHERPF 1 DPD/VGATHERPF1QPD—Sparse Prefetch 
Packed SP/DP Data Values with Signed Dword, Signed Qword Indices Using T1 Hint 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 

EVEX.512.66.0F38.W0 C6 /2 /vsib A VIV AVX512PF Using signed dword indices, prefetch sparse byte 

VGATHERPF1DPS vm32z {k1} memory locations containing single-precision data using 
opmask k1 and T1 hint. 

EVEX.512.66.0F38.W0 C7 /2 /vsib A VIV AVX512PF Using signed qword indices, prefetch sparse byte 

VGATHERPF1QPS vm64z {k1} memory locations containing single-precision data using 
opmask k1 and T1 hint. 

EVEX.512.66.0F38.W1 C6 /2 /vsib A VIV AVX512PF Using signed dword indices, prefetch sparse byte 

VGATHERPF1DPD vm32y {k1} memory locations containing double-precision data using 
opmask k1 and 11 hint. 

EVEX.512.66.0F38.W1 C7 /2 /vsib A VIV AVX512PF Using signed qword indices, prefetch sparse byte 

VGATHERPF1QPD vm64z {k1} memory locations containing double-precision data using 
opmask k1 and 11 hint. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 


A Tuple1 Scalar BaseReg (R): VSIB:base, NA NA NA 
VectorReg(R): VSIB:index 


Description 


The instruction conditionally prefetches up to sixteen 32-bit or eight 64-bit integer byte data elements. The 
elements are specified via the VSIB (i.e., the index register is an zmm, holding packed indices). Elements will only 
be prefetched if their corresponding mask bit is one. 


Lines prefetched are loaded into to a location in the cache hierarchy specified by a locality hint (T1): 
e T1 (temporal data)—prefetch data into the second level cache. 


[PS data] For dword indices, the instruction will prefetch sixteen memory locations. For qword indices, the instruc- 
tion will prefetch eight values. 


[PD data] For dword and qword indices, the instruction will prefetch eight memory locations. 
Note that: 

(1) The prefetches may happen in any order (or not at all). The instruction is a hint. 

(2) The mask is left unchanged. 

(3) Not valid with 16-bit effective addresses. Will deliver a #UD fault. 

(4) No FP nor memory faults may be produced by this instruction. 

(5) Prefetches do not handle cache line splits 

(6) A #UD is signaled if the memory operand is encoded without the SIB byte. 


Operation 


BASE_ADDR stands for the memory operand base address (a GPR); may not exist 

VINDEX stands for the memory operand vector of indices (a vector register) 

SCALE stands for the memory operand scalar (1, 2, 4 or 8) 

DISP is the optional 1, 2 or 4 byte displacement 

PREFETCH(mem, Level, State) Prefetches a byte memory location pointed by ‘mem’ into the cache level specified by ‘Level’; a request 
for exclusive/ownership is done if ‘State’ is 1. Note that the memory location ignore cache line splits. This operation is considered a 
hint for the processor and may be skipped depending on implementation. 
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VGATHERPF1DPS (EVEX encoded version) 
(KL, VL) = (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[i+31:i]) * SCALE + DISP], Level=1, RFO = 0) 
Fl; 
ENDFOR 


VGATHERPF1DPD (EVEX encoded version) 
(KL, VL) = (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
k:=j* 32 
IF k1{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[k+31:k]) * SCALE + DISP], Level=1, RFO = 0) 
Fl; 
ENDFOR 


VGATHERPF10QPS (EVEX encoded version) 
(KL, VL) = (8, 256) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[i+63:i]) * SCALE + DISP], Level=1, RFO = 0) 
Fl; 
ENDFOR 


VGATHERPF1QPD (EVEX encoded version) 
(KL, VL) = (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
k :=j* 64 
IF k1{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[k+63:k]) * SCALE + DISP], Level=1, RFO = 0) 
Fl; 
ENDFOR 


Intel C/C++ Compiler Intrinsic Equivalent 


VGATHERPF1DPD void __mm512_mask_prefetch_i32gather_pd(__m256i vdx, __mmask8 m, void * base, int scale, int hint); 
VGATHERPF1DPS void __mm512_mask_prefetch_i32gather_ps(__m512i vdx,___ mmask16 m, void * base, int scale, int hint); 
VGATHERPF1QPD void __mm512_mask_prefetch_i64gather_pd(__m512i vdx,___ mmask8 m, void * base, int scale, int hint); 
VGATHERPF1QPS void _mm512_mask_prefetch_i64gather_ps(__m512i vdx, __mmask8 m, void * base, int scale, int hint); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-62, “Type E12NP Class Exception Conditions”. 
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VP4DPWSSDS — Dot Product of Signed Words with Dword Accumulation and Saturation 
(4-iterations) 


Opcode/ Op/ | 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
EVEX.512.F2.0F38.W0 53 /r A VIV AVX512_4VNNIW | Multiply signed words from source register block 
VP4DPWSSDS zmm1{k1}{z}, indicated by zmm2 by signed words from m128 
zmm2+3, m128 and accumulate the resulting dword results with 
signed saturation in zmm1. 


Instruction Operand Encoding 


Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1_4X ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


This instruction computes 4 sequential register source-block dot-products of two signed word operands with 
doubleword accumulation and signed saturation. The memory operand is sequentially selected in each of the four 
steps. 

In the above box, the notation of “+3” is used to denote that the instruction accesses 4 source registers based on 
that operand; sources are consecutive, start in a multiple of 4 boundary, and contain the encoded register operand. 
This instruction supports memory fault suppression. The entire memory operand is loaded if any bit of the lowest 
16-bits of the mask is set to 1 or if a “no masking” encoding is used. 


The tuple type Tuple1_4X implies that four 32-bit elements (16 bytes) are referenced by the memory operation 
portion of this instruction. 


Operation 
src_reg_id is the 5 bit index of the vector register specified in the instruction as the src1 register. 


\VP4DPWSSDS dest, src1, src2 
(KL,VL) = (16,512) 
N:=4 


ORIGDEST := DEST 
src_base := src_reg_id & ~ (N-1) // for src1 operand 


FOR i:= 0 to KL-1: 
IF k1[i] or *no writemask*: 
FOR m:= 0 to N-1: 
t:= SRC2.dword[m] 
p1dword := reg[src_base+m].word[2*i] * t.word[O] 
p2dword := reg[src_base+m].word[2*i+1] * t.word[1] 
DEST.dword[i] := SIGNED_DWORD_SATURATE(DEST.dword[i] + p1dword + p2dword) 
ELSE IF *zeroing*: 
DEST.dword[i] := 0 
ELSE 
DEST.dword[i] := ORIGDEST.dword[i] 
DEST[MAX_VL-1:VL] := 0 
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Intel C/C++ Compiler Intrinsic Equivalent 
VP4DPWSSDS __m512i_mm512_4dpwssds_epi32(__m512i, __m512ix4, __m128i *); 


VP4DPWSSDS __m512i_mm512_mask_4dpwssds_epi32(__m512i,__ mmask16,___m512ix4, __m128i *); 
VP4DPWSSDS __m512i_mm512_maskz_4dpwssds_epi32(__mmask16,___m512i,__m512ix4,__m128i *); 


SIMD Floating-Point Exceptions 


None. 

Other Exceptions 

See Type E4; additionally 

#UD If the EVEX broadcast bit is set to 1. 
#UD If the MODRM.mod = Obi1. 
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VP4DPWSSD — Dot Product of Signed Words with Dword Accumulation (4-iterations) 


Opcode/ Op/ | 64/32 CPUID Feature Description 
Instruction En bitMode | Flag 
Support 
EVEX.512.F2.0F38.W0 52 /r A VIV AVX512_4VNNIW | Multiply signed words from source register block 
VP4DPWSSD zmm1{k1}{z}, zmm2+3, indicated by zmm2 by signed words from m128 
m128 and accumulate resulting signed dwords in zmm1. 
Instruction Operand Encoding 
Op/En Tuple Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1_4X ModRM:reg (r, w) EVEX.vvvv (r) ModRM:r/m (r) NA 


Description 


This instruction computes 4 sequential register source-block dot-products of two signed word operands with 
doubleword accumulation; see Figure 7-1 below. The memory operand is sequentially selected in each of the four 


steps. 


In the above box, the notation of “+3” is used to denote that the instruction accesses 4 source registers based on 
that operand; sources are consecutive, start in a multiple of 4 boundary, and contain the encoded register operand. 


This instruction supports memory fault suppression. The entire memory operand is loaded if any bit of the lowest 
16-bits of the mask is set to 1 or if a “no masking” encoding is used. 

The tuple type Tuple1_4X implies that four 32-bit elements (16 bytes) are referenced by the memory operation 
portion of this instruction. 


Figure 7-1. 
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32b 32b 


Register Source-Block Dot Product of Two Signed Word Operands with Doubleword Accumulation! 


NOTES: 
1. For illustration purposes, one source-block dot product instance is shown out of 
the four. 
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Operation 
src_reg_id is the 5 bit index of the vector register specified in the instruction as the src1 register. 


\VP4DPWSSD dest, src1, src2 
(KL,VL) = (16,512) 
N:= 4 


ORIGDEST := DEST 
src_base != src_reg_id & ~ (N-1) // for src1 operand 


FOR i ‘= 0 to KL-1: 
IF k1[i] or *no writemask*: 
FOR m:= 0 to N-1: 
t:= SRC2.dword[m] 
p1dword := reg[src_base+m].word[2*i] * t.word[0] 
p2dword := reg[src_base+m].word[2*i+1] * t.word[1] 
DEST.dword[i] := DEST.dword[i] + p1dword + p2dword 
ELSE IF *zeroing*: 
DEST.dword[i] := 0 
ELSE 
DEST.dword[i] ‘= ORIGDEST.dword{[i] 
DEST[MAX_VL-1:VL] := 0 


Intel C/C++ Compiler Intrinsic Equivalent 
VP4DPWSSD __m512i_mm512_4dpwssd_epi32(__m512i,__m512ix4, __m128i *); 


VP4DPWSSD __m512i_mm512_mask_4dpwssd_epi32(__m512i,__ mmask16, __m512ix4,__m128i *); 
VP4DPWSSD __m512i__mm512_maskz_4dpwssd_epi32(__mmask16,___m512i,__m512ix4,___m128i *); 


SIMD Floating-Point Exceptions 


None. 

Other Exceptions 

See Type E4; additionally 

#UD If the EVEX broadcast bit is set to 1. 
#UD If the MODRM.mod = Ob11. 
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VRCP28PD—Approximation to the Reciprocal of Packed Double-Precision Floating-Point Values 
with Less Than 2”-28 Relative Error 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.512.66.0F38.W1 CA/r | A VV AVX512ER | Computes the approximate reciprocals ( < 2-28 relative error) 
VRCP28PD zmm1 {k1}{Z}, of the packed double-precision floating-point values in 
zmm2/m512/m64bcst {sae} zmm2/m512/m64bcst and stores the results in zmm1. Under 
writemask. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Computes the reciprocal approximation of the float64 values in the source operand (the second operand) and store 
the results to the destination operand (the first operand). The approximate reciprocal is evaluated with less than 
2-28 of maximum relative error. 

Denormal input values are treated as zeros and do not signal #DE, irrespective of MKCSR.DAZ. Denormal results 
are flushed to zeros and do not signal #UE, irrespective of MXCSR.FTZ. 

If any source element is NaN, the quietized NaN source value is returned for that element. If any source element is 
+o, +0.0 is returned for that element. Also, if any source element is £0.0, +@ is returned for that element. 

The source operand is a ZMM register, a 512-bit memory location or a 512-bit vector broadcasted from a 64-bit 
memory location. The destination operand is a ZMM register, conditionally updated using writemask k1. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


A numerically exact implementation of VRCP28xx can be found at https://software.intel.com/en-us/articles/refer- 
ence-implementations-for-IA-approximation-instructions-vrcp14-vrsqrt14-vrcp28-vrsqrt28-vexp2. 


Operation 


VRCP28PD (EVEX encoded versions) 
(KL, VL) = (8, 512) 


FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC *is memory*) 
THEN DEST{[i+63:i] := RCP_28_DP(1.0/SRC[63:0)); 
ELSE DEST[i+63:i] := RCP_28_DP(1.0/SRC[i+63:i]); 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl; 
Fl; 
ENDFOR; 


7-20 Vol. 2D VRCP28PD—Approximation to the Reciprocal of Packed Double-Precision Floating-Point Values with Less Than 2*-28 Relative Error 


INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI™ PROCESSORS 


Table 6-35. VRCP28PD Special Cases 


Input value Result value Comments 

NAN QNAN(input) If (SRC = SNaN) then #1 

O<X<« 271022 INF Positive input denormal or zero; #Z 

-2°1022 ¢ x ¢.9 -INF Negative input denormal or zero; #Z 

Ko 2'hee +0.0f 

X <2 ee -0.0f 

X= +0 +0.0f 

X = -@ -0.0f 

X=2" an Exact result (unless input/output is a denormal) 
X=-27 -2" Exact result (unless input/output is a denormal) 


Intel C/C++ Compiler Intrinsic Equivalent 


VRCP28PD __m512d_mm512_rcp28_round_pd ( 


m512d a, int sae); 


VRCP28PD __m512d_mm512_mask_rcp28_round_pd(__m512da,__ mmask8 m,___m512d , int sae); 


VRCP28PD __m512d_mm512_maskz_rcp28_round_pd(__mmask8 m, 


m512d b, int sae); 


SIMD Floating-Point Exceptions 
Invalid (if SNaN input), Divide-by-zero 


Other Exceptions 


See Table 2-46, “Type E2 Class Exception Conditions”. 
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VRCP28SD—Approximation to the Reciprocal of Scalar Double-Precision Floating-Point Value 
with Less Than 2”-28 Relative Error 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.LLIG.66.0F38.W1 CB /r A VIV AVX512ER | Computes the approximate reciprocal ( < 2-28 relative 
VRCP28SD xmm1 {k1}{z}, xmm2, error) of the scalar double-precision floating-point value 
xmm3/m64 {sae} in xmm3/m64 and stores the results in xmm1. Under 
writemask. Also, upper double-precision floating-point 
value (bits[127:64]) from xmm2 is copied to 
xmm1[127:64]. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Computes the reciprocal approximation of the low float64 value in the second source operand (the third operand) 
and store the result to the destination operand (the first operand). The approximate reciprocal is evaluated with 
less than 2“-28 of maximum relative error. The result is written into the low float64 element of the destination 
operand according to the writemask k1. Bits 127:64 of the destination is copied from the corresponding bits of the 
first source operand (the second operand). 


A denormal input value is treated as zero and does not signal #DE, irrespective of MKCSR.DAZ. A denormal result 
is flushed to zero and does not signal #UE, irrespective of MXCSR.FTZ. 


If any source element is NaN, the quietized NaN source value is returned for that element. If any source element is 
+o, +0.0 is returned for that element. Also, if any source element is £0.0, +@ is returned for that element. 


The first source operand is an XMM register. The second source operand is an XMM register or a 64-bit memory 
location. The destination operand is a XMM register, conditionally updated using writemask k1. 


A numerically exact implementation of VRCP28xx can be found at https://software.intel.com/en-us/articles/refer- 
ence-implementations-for-IA-approximation-instructions-vrcp14-vrsgqrt14-vrcp28-vrsqrt28-vexp2. 


Operation 
VRCP28SD ((EVEX encoded versions) 


IF k1[0] OR *no writemask* THEN 
DEST[63: 0] := RCP_28_DP(1.0/SRC2[63: 0)); 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63: 0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[63: 0] := 0 
Fl; 
Fl; 
ENDFOR; 


DEST[127:64] := SRC1[127: 64] 
DEST[MAXVL-1:128] := 0 


7-22 Vol. 2D VRCP28SD—Approximation to the Reciprocal of Scalar Double-Precision Floating-Point Value with Less Than 2*-28 Relative Error 


INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI™ PROCESSORS 


Table 6-36. VRCP28SD Special Cases 


Input value Result value Comments 

NAN QNAN(input) If (SRC = SNaN) then #1 

O<X<« 271022 INF Positive input denormal or zero; #Z 

-2°1022 ¢ x ¢.9 -INF Negative input denormal or zero; #Z 

Ko 2'hee +0.0f 

X <2 ee -0.0f 

X= +0 +0.0f 

X = -@ -0.0f 

X=2" an Exact result (unless input/output is a denormal) 
X=-27 -2" Exact result (unless input/output is a denormal) 


Intel C/C++ Compiler Intrinsic Equivalent 
VRCP28SD __m128d_mm_rcp28_round_sd (__m128da,__m128d 5, int sae); 


VRCP28SD __m128d_mm_mask_rcp28_round_sd(__m128ds,__ mmask8 m,__m128d a, __m128d 5, int sae); 
VRCP28SD __m128d __mm_maskz_rcp28_round_sd(__mmask8 m,___m128d a,___m128d b, int sae); 


SIMD Floating-Point Exceptions 
Invalid (if SNaN input), Divide-by-zero 


Other Exceptions 


See Table 2-47, “Type E3 Class Exception Conditions”. 


VRCP28SD—Approximation to the Reciprocal of Scalar Double-Precision Floating-Point Value with Less Than 2*-28 Relative Error 


Vol.2D 7-23 


INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI™ PROCESSORS 


VRCP28PS—Approximation to the Reciprocal of Packed Single-Precision Floating-Point Values 
with Less Than 2~-28 Relative Error 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.512.66.0F38.W0O CA /r A VV AVX512ER_ | Computes the approximate reciprocals ( < 2*-28 relative 
VRCP28PS zmm1 {k1}{Z}, error) of the packed single-precision floating-point values in 
zmm2/m512/m32bcst {sae} zmm2/m512/m32bcst and stores the results in zmm1. Under 
writemask. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Computes the reciprocal approximation of the float32 values in the source operand (the second operand) and store 
the results to the destination operand (the first operand) using the writemask k1. The approximate reciprocal is 
evaluated with less than 2“-28 of maximum relative error prior to final rounding. The final results are rounded to 
< 2-23 relative error before written to the destination. 


Denormal input values are treated as zeros and do not signal #DE, irrespective of MKCSR.DAZ. Denormal results 
are flushed to zeros and do not signal #UE, irrespective of MXCSR.FTZ. 


If any source element is NaN, the quietized NaN source value is returned for that element. If any source element is 
+o, +0.0 is returned for that element. Also, if any source element is £0.0, +@ is returned for that element. 


The source operand is a ZMM register, a 512-bit memory location, or a 512-bit vector broadcasted from a 32-bit 
memory location. The destination operand is a ZMM register, conditionally updated using writemask k1. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


A numerically exact implementation of VRCP28xx can be found at https://software.intel.com/en-us/articles/refer- 
ence-implementations-for-IA-approximation-instructions-vrcp14-vrsqrt14-vrcp28-vrsqrt28-vexp2. 


Operation 


VRCP28PS (EVEX encoded versions) 
(KL, VL) = (16, 512) 


FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC *is memory*) 
THEN DEST[i+31:i] := RCP_28_SP(1.0/SRC[31:0)); 
ELSE DEST[i+31:i] = RCP_28_SP(1.0/SRC[i+31:i]); 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl; 
Fl; 
ENDFOR; 
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INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI™ PROCESSORS 


Table 6-37. VRCP28PS Special Cases 


Input value Result value Comments 

NAN QNAN(input) If (SRC = SNaN) then #1 

O<x<« 27126 INF Positive input denormal or zero; #Z 

-2126<X <9 -INF Negative input denormal or zero; #Z 

Koz +0.0f 

X<.2le6 -0.0f 

X= +0 +0.0f 

X = -@ -0.0f 

X=2" an Exact result (unless input/output is a denormal) 
X=-27 -2" Exact result (unless input/output is a denormal) 


Intel C/C++ Compiler Intrinsic Equivalent 
VRCP28PS __mm512_rcp28_round_ps (__m512 a, int sae); 


VRCP28PS __m512_mm512_mask_rcp28_round_ps(__m512 s,__mmask16 m,_m512 a, int sae); 
VRCP28PS __m512_mm512_maskz_rcp28_round_ps(__mmask16 m,__m512 a, int sae); 


SIMD Floating-Point Exceptions 
Invalid (if SNaN input), Divide-by-zero 


Other Exceptions 


See Table 2-46, “Type E2 Class Exception Conditions”. 


VRCP28PS—Approximation to the Reciprocal of Packed Single-Precision Floating-Point Values with Less Than 2*-28 Relative Error 


Vol.2D 7-25 


INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI™ PROCESSORS 


VRCP28SS—Approximation to the Reciprocal of Scalar Single-Precision Floating-Point Value 
with Less Than 2”-28 Relative Error 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.LLIG.66.0F38.WO CB /r A VIV AVX512ER_ | Computes the approximate reciprocal ( < 2-28 relative 
VRCP28SS xmm1 {k1}{z}, error) of the scalar single-precision floating-point value in 
xmme2, xmm3/m32 {sae} xmm3/m32 and stores the results in xmm1. Under 
writemask. Also, upper 3 single-precision floating-point 
values (bits[127:32]) from xmm2 is copied to 
xmm1[127:32]. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Computes the reciprocal approximation of the low float32 value in the second source operand (the third operand) 
and store the result to the destination operand (the first operand). The approximate reciprocal is evaluated with 
less than 2“-28 of maximum relative error prior to final rounding. The final result is rounded to < 2-23 relative 
error before written into the low float32 element of the destination according to writemask k1. Bits 127:32 of the 
destination is copied from the corresponding bits of the first source operand (the second operand). 


A denormal input value is treated as zero and does not signal #DE, irrespective of MKCSR.DAZ. A denormal result 
is flushed to zero and does not signal #UE, irrespective of MXCSR.FTZ. 


If any source element is NaN, the quietized NaN source value is returned for that element. If any source element is 
+o, +0.0 is returned for that element. Also, if any source element is £0.0, +@ is returned for that element. 

The first source operand is an XMM register. The second source operand is an XMM register or a 32-bit memory 
location. The destination operand is a XMM register, conditionally updated using writemask k1. 


A numerically exact implementation of VRCP28xx can be found at https://software.intel.com/en-us/articles/refer- 
ence-implementations-for-IA-approximation-instructions-vrcp14-vrsgrt14-vrcp28-vrsqrt28-vexp2. 


Operation 
VRCP28SS ((EVEX encoded versions) 
IF k1[0] OR *no writemask* THEN 
DEST[31: 0] := RCP_28_SP(1.0/SRC2[31: 0)); 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31: 0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[31: 0] := 0 
Fl; 
Fl; 
ENDFOR; 


DEST[127:32] := SRC1[127: 32] 
DEST[MAXVL-1:128] := 0 
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INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI™ PROCESSORS 


Table 6-38. VRCP28SS Special Cases 


Input value Result value Comments 

NAN QNAN(input) If (SRC = SNaN) then #1 

O<x<« 27126 INF Positive input denormal or zero; #Z 

-2126<X <9 -INF Negative input denormal or zero; #Z 

Koz +0.0f 

X<.2le6 -0.0f 

X= +0 +0.0f 

X = -@ -0.0f 

X=2" an Exact result (unless input/output is a denormal) 
X=-27 -2" Exact result (unless input/output is a denormal) 


Intel C/C++ Compiler Intrinsic Equivalent 


VRCP28SS __m128 _mm_rcp28_round_ss (__m128a,__m128b, int sae); 
VRCP28SS __m128 _mm_mask_rcp28_round_ss(__m128 s,__ mmask8 m,__m128 a,__m128 , int sae); 
VRCP28SS __m128 _mm_maskz_rcp28_round_ss(__mmask8 m, __m128 a,__m128 , int sae); 


SIMD Floating-Point Exceptions 
Invalid (if SNaN input), Divide-by-zero 


Other Exceptions 


See Table 2-47, “Type E3 Class Exception Conditions”. 


VRCP28SS—Approximation to the Reciprocal of Scalar Single-Precision Floating-Point Value with Less Than 2*-28 Relative Error 


Vol.2D 7-27 


INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI™ PROCESSORS 


VRSQRT28PD—Approximation to the Reciprocal Square Root of Packed Double-Precision 
Floating-Point Values with Less Than 2*-28 Relative Error 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.512.66.0F38.W1 CC /r | A VIV AVX512ER | Computes approximations to the Reciprocal square root (<2*- 
VRSQRT28PD zmm1 {k1}{Z}, 28 relative error) of the packed double-precision floating-point 
zmm2/m512/m64bcst {sae} values from zmm2/m512/m64bcst and stores result in 
zmm1 with writemask k1. 


Instruction Operand Encoding 


Op/En | Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Computes the reciprocal square root of the float64 values in the source operand (the second operand) and store 
the results to the destination operand (the first operand). The approximate reciprocal is evaluated with less than 
2-28 of maximum relative error. 

If any source element is NaN, the quietized NaN source value is returned for that element. Negative (non-zero) 
source numbers, as well as -®, return the canonical NaN and set the Invalid Flag (#1). 


A value of -O must return -® and set the DivByZero flags (#Z). Negative numbers should return NaN and set the 
Invalid flag (#1). Note however that the instruction flush input denormals to zero of the same sign, so negative 
denormals return -® and set the DivByZero flag. 


The source operand is a ZMM register, a 512-bit memory location or a 512-bit vector broadcasted from a 64-bit 
memory location. The destination operand is a ZMM register, conditionally updated using writemask k1. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


A numerically exact implementation of VRSQRT28xx can be found at https://software.intel.com/en-us/arti- 
cles/reference-implementations-for-IA-approximation-instructions-vrcp14-vrsqrt14-vrcp28-vrsgrt28-vexp2. 


Operation 


VRSQRT28PD (EVEX encoded versions) 
(KL, VL) = (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC *is memory*) 
THEN DEST{[i+63:i] := (1.0/ SORT(SRC[63:0))); 
ELSE DEST[i+63:i] := (1.0/ SQRT(SRC[i+63:i])); 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+63:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+63:i] := 0 
Fl; 
Fl; 
ENDFOR; 
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INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI™ PROCESSORS 


Table 6-39. VRSQRT28PD Special Cases 


Input value Result value Comments 

NAN QNAN(input) If (SRC = SNaN) then #1 
X= 2-en 2n 

X<0 QNaN_Indefinite Including -INF 

X = -0 or negative denormal | -INF #Z 

X= +0 or positive denormal | +INF #Z 

X = +INF +0 


Intel C/C++ Compiler Intrinsic Equivalent 


VRSQRT28PD __m512d_mm512_rsqrt28_round_pd(__m512d a, int sae); 
VRSQRT28PD __m512d _mm512_mask_rsqrt28_round_pd(__m512d s,___mmask8 m,__m512d a, int sae); 
VRSQRT28PD __m512d __mm512_maskz_rsqrt28_round_pd(__mmask8 m,__m512d a, int sae); 


SIMD Floating-Point Exceptions 
Invalid (if SNaN input), Divide-by-zero 


Other Exceptions 


See Table 2-46, “Type E2 Class Exception Conditions”. 


VRSQRT28PD—Approximation to the Reciprocal Square Root of Packed Double-Precision Floating-Point Values with Less Than 2*-28 


Vol.2D 7-29 


INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI™ PROCESSORS 


VRSQRT28SD—Approximation to the Reciprocal Square Root of Scalar Double-Precision 
Floating-Point Value with Less Than 2~-28 Relative Error 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support Flag 
EVEX.LLIG.66.0F38.W1 CD /r A VIV AVX512ER_ | Computes approximate reciprocal square root (<2*-28 
VRSQRT28SD xmm1 {k1}{Z}, relative error) of the scalar double-precision floating-point 
xmm_2, xmm3/m64 {sae} value from xmm3/m64 and stores result in xmm1 with 
writemask k1. Also, upper double-precision floating-point 
value (bits[127:64]) from xmm2 is copied to 
xmm1[127:64]. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Computes the reciprocal square root of the low float64 value in the second source operand (the third operand) and 
store the result to the destination operand (the first operand). The approximate reciprocal square root is evaluated 
with less than 2“-28 of maximum relative error. The result is written into the low float64 element of xmm1 
according to the writemask k1. Bits 127:64 of the destination is copied from the corresponding bits of the first source operand (the 
second operand). 


If any source element is NaN, the quietized NaN source value is returned for that element. Negative (non-zero) 
source numbers, as well as -®, return the canonical NaN and set the Invalid Flag (#1). 


A value of -0 must return -® and set the DivByZero flags (#Z). Negative numbers should return NaN and set the 
Invalid flag (#1). Note however that the instruction flush input denormals to zero of the same sign, so negative 
denormals return -® and set the DivByZero flag. 


The first source operand is an XMM register. The second source operand is an XMM register or a 64-bit memory 
location. The destination operand is a XMM register. 


A numerically exact implementation of VRSQRT28xx can be found at https://software.intel.com/en-us/arti- 
cles/reference-implementations-for-IA-approximation-instructions-vrcp14-vrsqrt14-vrcp28-vrsgrt28-vexp2. 


Operation 
VRSQRT28SD (EVEX encoded versions) 


IF k1[0] OR *no writemask* THEN 
DEST[63: 0] := (1.0/ SQRT(SRC[63: 0))); 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[63: 0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[63: 0] := 0 
Fl; 
Fl; 
ENDFOR; 


DEST[127:64] := SRC1[127: 64] 
DEST[MAXVL-1:128] := 0 
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INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI™ PROCESSORS 


Table 6-40. VRSQRT28SD Special Cases 


Input value Result value Comments 

NAN QNAN(input) If (SRC = SNaN) then #1 
X= 2-en 2n 

X<0 QNaN_Indefinite Including -INF 

X =-0 or negative denormal | -INF #Z 

X= +0 or positive denormal | +INF #Z 

X = +INF +0 


Intel C/C++ Compiler Intrinsic Equivalent 


VRSQRT28SD __m128d_mm_rsqrt28_round_sd(__m128d a, __m128d b, int rounding); 
VRSQRT28SD __m128d __mm_mask_rsqrt28_round_sd(__m128ds,___ mmask8 m,__m128d a, __m128d b, int rounding); 
VRSQRT28SD __m128d __mm_maskz_rsqrt28_round_sd( ___mmask8 m,__m128d a, __m128d b, int rounding); 


SIMD Floating-Point Exceptions 
Invalid (if SNaN input), Divide-by-zero 


Other Exceptions 


See Table 2-47, “Type E3 Class Exception Conditions”. 


VRSQRT28SD—Approximation to the Reciprocal Square Root of Scalar Double-Precision Floating-Point Value with Less Than 2*-28 Vol.2D 7-31 


INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI™ PROCESSORS 


VRSQRT28PS—Approximation to the Reciprocal Square Root of Packed Single-Precision 
Floating-Point Values with Less Than 2*-28 Relative Error 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bitMode | Feature 
Support | Flag 
EVEX.512.66.0F38.W0 CC /r A VIV AVX512ER | Computes approximations to the Reciprocal square root 
VRSQRT28PS zmm1 {k1}{Z}, (<2*-28 relative error) of the packed single-precision 
zmm2/m512/m32bcst {sae} floating-point values from zmm2/m512/m32bcst and stores 
result in zmm1 with writemask k1. 


Instruction Operand Encoding 


Op/En | Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Full ModRM:reg (w) ModRM:r/m (r) NA NA 
Description 


Computes the reciprocal square root of the float32 values in the source operand (the second operand) and store 
the results to the destination operand (the first operand). The approximate reciprocal is evaluated with less than 
2-28 of maximum relative error prior to final rounding. The final results is rounded to < 2-23 relative error 
before written to the destination. 


If any source element is NaN, the quietized NaN source value is returned for that element. Negative (non-zero) 
source numbers, as well as -®, return the canonical NaN and set the Invalid Flag (#1). 


A value of -O0 must return -® and set the DivByZero flags (#Z). Negative numbers should return NaN and set the 
Invalid flag (#1). Note however that the instruction flush input denormals to zero of the same sign, so negative 
denormals return -® and set the DivByZero flag. 


The source operand is a ZMM register, a 512-bit memory location, or a 512-bit vector broadcasted from a 32-bit 
memory location. The destination operand is a ZMM register, conditionally updated using writemask k1. 


EVEX.vvvv is reserved and must be 1111b otherwise instructions will #UD. 


A numerically exact implementation of VRSQRT28xx can be found at https://software.intel.com/en-us/arti- 
cles/reference-implementations-for-IA-approximation-instructions-vrcp14-vrsqrt14-vrcp28-vrsgrt28-vexp2. 


Operation 


VRSQRT28PS (EVEX encoded versions) 
(KL, VL) = (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1[j] OR *no writemask* THEN 
IF (EVEX.b = 1) AND (SRC *is memory*) 
THEN DEST{[i+31:i] := (1.0/ SQRT(SRC[31:0])); 
ELSE DEST[i+31:i] := (1.0/ SQRT(SRC[i+31:i])); 


Fl; 
ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[i+31:i] remains unchanged* 
ELSE ; zeroing-masking 
DEST[i+31:i] := 0 
Fl; 
Fl; 
ENDFOR; 
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INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI™ PROCESSORS 


Table 6-41. VRSQRT28PS Special Cases 


Input value Result value Comments 

NAN QNAN(input) If (SRC = SNaN) then #1 
X= aren Qn 

X<0 QNaN_Indefinite Including -INF 

X = -0 or negative denormal -INF #Z 

X = +0 or positive denormal +INF #Z 

X = +INF +0 


Intel C/C++ Compiler Intrinsic Equivalent 


VRSQRT28PS __m512 __mm512_rsqrt28_round_ps(__m512 a, int sae); 
VRSQRT28PS __m512 __mm512_mask_rsqrt28_round_ps(__m512 s,__mmask16 m,__m512 a, int sae); 
VRSQRT28PS __m512 __mm512_maskz_rsqrt28_round_ps(__mmask16 m,__m512 a, int sae); 


SIMD Floating-Point Exceptions 
Invalid (if SNaN input), Divide-by-zero 


Other Exceptions 


See Table 2-46, “Type E2 Class Exception Conditions”. 


VRSQRT28PS—Approximation to the Reciprocal Square Root of Packed Single-Precision Floating-Point Values with Less Than 2*-28 


Vol.2D 7-33 


INSTRUCTION SET REFERENCE UNIQUE TO INTEL® XEON PHI™ PROCESSORS 


VRSQRT28SS—Approximation to the Reciprocal Square Root of Scalar Single-Precision Floating- 
Point Value with Less Than 2-28 Relative Error 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support Flag 
EVEX.LLIG.66.0F38.WO CD /r A VIV AVX512ER | Computes approximate reciprocal square root (<2*-28 
VRSQRT28SS xmm1 {k1}{Z}, relative error) of the scalar single-precision floating-point 
xmm2, xmm3/m32 {sae} value from xmm3/m32 and stores result in xmm1 with 
writemask k1. Also, upper 3 single-precision floating-point 
value (bits[127:32]) from xmm2 is copied to 
xmm1[127:32]. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 
A Tuple1 Scalar ModRM:reg (w) EVEX.vvvv (r) ModRM:r/m (r) NA 
Description 


Computes the reciprocal square root of the low float32 value in the second source operand (the third operand) and 
store the result to the destination operand (the first operand). The approximate reciprocal square root is evaluated 
with less than 24-28 of maximum relative error prior to final rounding. The final result is rounded to < 2“-23 rela- 
tive error before written to the low float32 element of the destination according to the writemask k1. Bits 127:32 of 
the destination is copied from the corresponding bits of the first source operand (the second operand). 


If any source element is NaN, the quietized NaN source value is returned for that element. Negative (non-zero) 
source numbers, as well as -®, return the canonical NaN and set the Invalid Flag (#1). 


A value of -0 must return -® and set the DivByZero flags (#Z). Negative numbers should return NaN and set the 
Invalid flag (#1). Note however that the instruction flush input denormals to zero of the same sign, so negative 
denormals return -® and set the DivByZero flag. 


The first source operand is an XMM register. The second source operand is an XMM register or a 32-bit memory 
location. The destination operand is a XMM register. 


A numerically exact implementation of VRSQRT28xx can be found at https://software.intel.com/en-us/arti- 
cles/reference-implementations-for-IA-approximation-instructions-vrcp14-vrsqrt14-vrcp28-vrsgrt28-vexp2. 


Operation 
VRSQRTZ28SS (EVEX encoded versions) 


IF k1[0] OR *no writemask* THEN 
DEST[31: 0] := (1.0/ SQRT(SRC[31: 0))); 


ELSE 
IF *merging-masking* ; merging-masking 
THEN *DEST[31: 0] remains unchanged* 
ELSE ; zeroing-masking 
DEST[31: 0] := 0 
Fl; 
Fl; 
ENDFOR; 


DEST[127:32] := SRC1[127: 32] 
DEST[MAXVL-1:128] := 0 
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Table 6-42. VRSQRT28SS Special Cases 


Input value Result value Comments 

NAN QNAN(input) If (SRC = SNaN) then #1 
X= 2-en 2n 

X<0 QNaN_Indefinite Including -INF 

X = -0 or negative denormal | -INF #Z 

X = +0 or positive denormal | +INF #Z 

X = +INF +0 


Intel C/C++ Compiler Intrinsic Equivalent 


VRSQRT28SS __m128 _mm_rsqrt28_round_ss(__m128 a, __m128 b, int rounding); 
VRSQRT28SS __m128 __mm_mask_rsqrt28_round_ss(__m128 s,___mmask8 m,__m128 a,_m128 b, int rounding); 
VRSQRT28SS __m128 __mm_maskz_rsqrt28_round_ss(__mmask8 m,__m128 a,__m128 b, int rounding); 


SIMD Floating-Point Exceptions 
Invalid (if SNaN input), Divide-by-zero 


Other Exceptions 


See Table 2-47, “Type E3 Class Exception Conditions”. 
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VSCATTERPFODPS/VSCATTERPFOQPS/VSCATTERPFODPD/VSCATTERPFOQPD—Sparse Prefetch 
Packed SP/DP Data Values with Signed Dword, Signed Qword Indices Using TO Hint with Intent 
to Write 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.512.66.0F38.W0O C6 /5 /vsib A VIV AVX512PF | Using signed dword indices, prefetch sparse byte 
VSCATTERPFODPS vm32z {k1} memory locations containing single-precision data using 
writemask k1 and TO hint with intent to write. 
EVEX.512.66.0F38.W0 C7 /5 /vsib A VIV AVX512PF | Using signed qword indices, prefetch sparse byte 
VSCATTERPFOQPS vm64z {k1} memory locations containing single-precision data using 
writemask k1 and TO hint with intent to write. 
EVEX.512.66.0F38.W1 C6 /5 /vsib A VIV AVX512PF | Using signed dword indices, prefetch sparse byte 
VSCATTERPFODPD vm32y {k1} memory locations containing double-precision data 
using writemask k1 and TO hint with intent to write. 
EVEX.512.66.0F38.W1 C7 /5 /vsib A VIV AVX512PF | Using signed qword indices, prefetch sparse byte 
VSCATTERPFOQPD vm64z {k1} memory locations containing double-precision data 
using writemask k1 and TO hint with intent to write. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 


A Tuple1 Scalar BaseReg (R): VSIB:base, NA NA NA 
VectorReg(R): VSIB:index 


Description 


The instruction conditionally prefetches up to sixteen 32-bit or eight 64-bit integer byte data elements. The 
elements are specified via the VSIB (i.e., the index register is an zmm, holding packed indices). Elements will only 
be prefetched if their corresponding mask bit is one. 


cache lines will be brought into exclusive state (RFO) specified by a locality hint (TO): 
e TO (temporal data)—prefetch data into the first level cache. 


[PS data] For dword indices, the instruction will prefetch sixteen memory locations. For qword indices, the instruc- 
tion will prefetch eight values. 


[PD data] For dword and qword indices, the instruction will prefetch eight memory locations. 
Note that: 

(1) The prefetches may happen in any order (or not at all). The instruction is a hint. 

(2) The mask is left unchanged. 

(3) Not valid with 16-bit effective addresses. Will deliver a #UD fault. 

(4) No FP nor memory faults may be produced by this instruction. 

(5) Prefetches do not handle cache line splits 

(6) A #UD is signaled if the memory operand is encoded without the SIB byte. 


Operation 


BASE_ADDR stands for the memory operand base address (a GPR); may not exist 

VINDEX stands for the memory operand vector of indices (a vector register) 

SCALE stands for the memory operand scalar (1, 2, 4 or 8) 

DISP is the optional 1, 2 or 4 byte displacement 

PREFETCH(mem, Level, State) Prefetches a byte memory location pointed by ‘mem’ into the cache level specified by ‘Level’; a request 
for exclusive/ownership is done if ‘State’ is 1. Note that the memory location ignore cache line splits. This operation is considered a 
hint for the processor and may be skipped depending on implementation. 
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VSCATTERPFODPS (EVEX encoded version) 
(KL, VL) = (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[i+31:i]) * SCALE + DISP], Level=0, RFO = 1) 
Fl; 
ENDFOR 


VSCATTERPFODPD (EVEX encoded version) 
(KL, VL) = (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
k:=j* 32 
IF k1[{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[k+31:k]) * SCALE + DISP], Level=0, RFO = 1) 
Fl; 
ENDFOR 


VSCATTERPFOQPS (EVEX encoded version) 
(KL, VL) = (8, 256) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[i+63:i]) * SCALE + DISP], Level=0, RFO = 1) 
Fl; 
ENDFOR 


VSCATTERPFOQPD (EVEX encoded version) 
(KL, VL) = (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
k :=j* 64 
IF k1{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[k+63:k]) * SCALE + DISP], Level=0, RFO = 1) 
Fl; 
ENDFOR 


Intel C/C++ Compiler Intrinsic Equivalent 
VSCATTERPFODPD void_mm512_prefetch_i32scatter_pd(void *base, _ m256i vdx, int scale, int hint); 


VSCATTERPFODPD void __mm512_mask_prefetch_i32scatter_pd(void *base,__ mmask8 m, ___m256i vd, int scale, int hint); 
VSCATTERPFODPS void __mm512_prefetch_i32scatter_ps(void *base, __m512i vdx, int scale, int hint); 
VSCATTERPFODPS void __mm512_mask_prefetch_i32scatter_ps(void *base,__ mmask16 m,__m512i vdx, int scale, int hint); 


VSCATTERPFOQPD void __mm512_prefetch_i64scatter_pd(void * base, __m512i vdx, int scale, int hint); 
VSCATTERPFOQPD void __mm512_mask_prefetch_i64scatter_pd(void * base, _mmask8 m,___m512i vdx, int scale, int hint); 
VSCATTERPFOOPS void __mm512_prefetch_i64scatter_ps(void * base, __m512i vdx, int scale, int hint); 
VSCATTERPFOOPS void __mm512_mask_prefetch_i64scatter_ps(void * base, __mmask8 m, __m512i vdx, int scale, int hint); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-62, “Type E12NP Class Exception Conditions”. 
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VSCATTERPF 1 DPS/VSCATTERPF1 QPS/VSCATTERPF1 DPD/VSCATTERPF 1QPD—Sparse Prefetch 
Packed SP/DP Data Values with Signed Dword, Signed Qword Indices Using T1 Hint with Intent 
to Write 


Opcode/ Op/ | 64/32 CPUID Description 
Instruction En bit Mode | Feature 
Support | Flag 
EVEX.512.66.0F38.W0 C6 /6 /vsib A VIV AVX512PF | Using signed dword indices, prefetch sparse byte memory 
VSCATTERPF1DPS vm32z {k1} locations containing single-precision data using writemask 
k1 and T1 hint with intent to write. 
EVEX.512.66.0F38.W0 C7 /6 /vsib A VIV AVX512PF | Using signed qword indices, prefetch sparse byte memory 
VSCATTERPF1QPS vm64z {k1} locations containing single-precision data using writemask 
k1 and T1 hint with intent to write. 
EVEX.512.66.0F38.W1 C6 /6 /vsib A VIV AVX512PF | Using signed dword indices, prefetch sparse byte memory 
VSCATTERPF1DPD vm32y {k1} locations containing double-precision data using 
writemask k1 and T1 hint with intent to write. 
EVEX.512.66.0F38.W1 C7 /6 /vsib A VV AVX512PF | Using signed qword indices, prefetch sparse byte memory 
VSCATTERPF1QPD vm64z {k1} locations containing double-precision data using 
writemask k1 and T1 hint with intent to write. 


Instruction Operand Encoding 


Op/En Tuple Type Operand 1 Operand 2 Operand 3 Operand 4 


A Tuple1 Scalar BaseReg (R): VSIB:base, NA NA NA 
VectorReg(R): VSIB:index 


Description 


The instruction conditionally prefetches up to sixteen 32-bit or eight 64-bit integer byte data elements. The 
elements are specified via the VSIB (i.e., the index register is an zmm, holding packed indices). Elements will only 
be prefetched if their corresponding mask bit is one. 


cache lines will be brought into exclusive state (RFO) specified by a locality hint (T1): 
e T1 (temporal data)—prefetch data into the second level cache. 


[PS data] For dword indices, the instruction will prefetch sixteen memory locations. For qword indices, the instruc- 
tion will prefetch eight values. 


[PD data] For dword and qword indices, the instruction will prefetch eight memory locations. 
Note that: 

(1) The prefetches may happen in any order (or not at all). The instruction is a hint. 

(2) The mask is left unchanged. 

(3) Not valid with 16-bit effective addresses. Will deliver a #UD fault. 

(4) No FP nor memory faults may be produced by this instruction. 

(5) Prefetches do not handle cache line splits 

(6) A #UD is signaled if the memory operand is encoded without the SIB byte. 


Operation 


BASE_ADDR stands for the memory operand base address (a GPR); may not exist 

VINDEX stands for the memory operand vector of indices (a vector register) 

SCALE stands for the memory operand scalar (1, 2, 4 or 8) 

DISP is the optional 1, 2 or 4 byte displacement 

PREFETCH(mem, Level, State) Prefetches a byte memory location pointed by ‘mem’ into the cache level specified by ‘Level’; a request 
for exclusive/ownership is done if ‘State’ is 1. Note that the memory location ignore cache line splits. This operation is considered a 
hint for the processor and may be skipped depending on implementation. 
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VSCATTERPF1DPS (EVEX encoded version) 
(KL, VL) = (16, 512) 
FOR j := 0 TO KL-1 
i:=j* 32 
IF k1{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[i+31:i]) * SCALE + DISP], Level=1, RFO = 1) 
Fl; 
ENDFOR 


VSCATTERPF1DPD (EVEX encoded version) 
(KL, VL) = (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
k:=j* 32 
IF k1[j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[k+31:k]) * SCALE + DISP], Level=1, RFO = 1) 
Fl; 
ENDFOR 


VSCATTERPF1QPS (EVEX encoded version) 
(KL, VL) = (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
IF k1{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[i+63:i]) * SCALE + DISP], Level=1, RFO = 1) 
Fl; 
ENDFOR 


VSCATTERPF1QPD (EVEX encoded version) 
(KL, VL) = (8, 512) 
FOR j := 0 TO KL-1 
i:=j* 64 
k :=j* 64 
IF k1{j] 
Prefetch( [BASE_ADDR + SignExtend(VINDEX[k+63:k]) * SCALE + DISP], Level=1, RFO = 1) 
Fl; 
ENDFOR 


Intel C/C++ Compiler Intrinsic Equivalent 
VSCATTERPF1DPD void _mm512_prefetch_i32scatter_pd(void *base, __m256i vdx, int scale, int hint); 


VSCATTERPF1DPD void __mm512_mask_prefetch_i32scatter_pd(void *base,__ mmask8 m, ___m256i vd, int scale, int hint); 
VSCATTERPF1DPS void __mm512_prefetch_i32scatter_ps(void *base, __m512i vdx, int scale, int hint); 
VSCATTERPF1DPS void __mm512_mask_prefetch_i32scatter_ps(void *base,__ mmask16 m,_m512i vdx, int scale, int hint); 


VSCATTERPF1QPD void_mm512_prefetch_i64scatter_pd(void * base, __m512i vdx, int scale, int hint); 
VSCATTERPF1QPD void __mm512_mask_prefetch_i64scatter_pd(void * base, _mmask8 m,___m512i vdx, int scale, int hint); 
VSCATTERPF1QPS void __mm512_prefetch_i64scatter_ps(void *base, __m512i vdx, int scale, int hint); 
VSCATTERPF1QPS void __mm512_mask_prefetch_i64scatter_ps(void *base, __mmask8 m, __m512i vdx, int scale, int hint); 


SIMD Floating-Point Exceptions 
None 


Other Exceptions 
See Table 2-62, “Type E12NP Class Exception Conditions”. 
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APPENDIX A 
OPCODE MAP 


Use the opcode tables in this chapter to interpret IA-32 and Intel 64 architecture object code. Instructions are 
divided into encoding groups: 


e 1-byte, 2-byte and 3-byte opcode encodings are used to encode integer, system, MMX technology, 
SSE/SSE2/SSE3/SSSE3/SSE4, and VMX instructions. Maps for these instructions are given in Table A-2 
through Table A-6. 


¢ Escape opcodes (in the format: ESC character, opcode, ModR/M byte) are used for floating-point instructions. 
The maps for these instructions are provided in Table A-7 through Table A-22. 


NOTE 


All blanks in opcode maps are reserved and must not be used. Do not depend on the operation of 
undefined or blank opcodes. 


A.1 USING OPCODE TABLES 


Tables in this appendix list opcodes of instructions (including required instruction prefixes, opcode extensions in 
associated ModR/M byte). Blank cells in the tables indicate opcodes that are reserved or undefined. Cells marked 
“Reserved-NOP” are also reserved but may behave as NOP on certain processors. Software should not use opcodes 
corresponding blank cells or cells marked “Reserved-NOP” nor depend on the current behavior of those opcodes. 


The opcode map tables are organized by hex values of the upper and lower 4 bits of an opcode byte. For i-byte 
encodings (Table A-2), use the four high-order bits of an opcode to index a row of the opcode table; use the four 
low-order bits to index a column of the table. For 2-byte opcodes beginning with OFH (Table A-3), skip any instruc- 
tion prefixes, the OFH byte (OFH may be preceded by 66H, F2H, or F3H) and use the upper and lower 4-bit values 
of the next opcode byte to index table rows and columns. Similarly, for 3-byte opcodes beginning with OF38H or 
OF3AH (Table A-4), skip any instruction prefixes, OF38H or OF3AH and use the upper and lower 4-bit values of the 
third opcode byte to index table rows and columns. See Section A.2.4, “Opcode Look-up Examples for One, Two, 
and Three-Byte Opcodes.” 


When a ModR/M byte provides opcode extensions, this information qualifies opcode execution. For information on 
how an opcode extension in the ModR/M byte modifies the opcode map in Table A-2 and Table A-3, see Section A.4. 


The escape (ESC) opcode tables for floating point instructions identify the eight high order bits of opcodes at the 
top of each page. See Section A.5. If the accompanying ModR/M byte is in the range of OOH-BFH, bits 3-5 (the top 
row of the third table on each page) along with the reg bits of ModR/M determine the opcode. ModR/M bytes 
outside the range of OOH-BFH are mapped by the bottom two tables on each page of the section. 


A.2 KEY TO ABBREVIATIONS 


Operands are identified by a two-character code of the form Zz. The first character, an uppercase letter, specifies 
the addressing method; the second character, a lowercase letter, specifies the type of operand. 


A.2.1 Codes for Addressing Method 


The following abbreviations are used to document addressing methods: 


A Direct address: the instruction has no ModR/M byte; the address of the operand is encoded in the instruc- 
tion. No base register, index register, or scaling factor can be applied (for example, far JMP (EA)). 


B The VEX.vvvv field of the VEX prefix selects a general purpose register. 
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The reg field of the ModR/M byte selects a control register (for example, MOV (OF20, OF22)). 


The reg field of the ModR/M byte selects a debug register (for example, 
MOV (0F21,0F23)). 


A ModR/M byte follows the opcode and specifies the operand. The operand is either a general-purpose 
register or a memory address. If it is a memory address, the address is computed from a segment register 
and any of the following values: a base register, an index register, a scaling factor, a displacement. 


EFLAGS/RFLAGS Register. 
The reg field of the ModR/M byte selects a general register (for example, AX (000)). 


The VEX.vvvv field of the VEX prefix selects a 128-bit XMM register or a 256-bit YMM register, determined 
by operand type. For legacy SSE encodings this operand does not exist, changing the instruction to 
destructive form. 


Immediate data: the operand value is encoded in subsequent bytes of the instruction. 


The instruction contains a relative offset to be added to the instruction pointer register (for example, JMP 
(OE9), LOOP). 


The upper 4 bits of the 8-bit immediate selects a 128-bit XMM register or a 256-bit YMM register, deter- 
mined by operand type. (the MSB is ignored in 32-bit mode) 


The ModR/M byte may refer only to memory (for example, BOUND, LES, LDS, LSS, LFS, LGS, 
CMPXCHG8B). 


The R/M field of the ModR/M byte selects a packed-quadword, MMX technology register. 


The instruction has no ModR/M byte. The offset of the operand is coded as a word or double word 
(depending on address size attribute) in the instruction. No base register, index register, or scaling factor 
can be applied (for example, MOV (A0-A3)). 


The reg field of the ModR/M byte selects a packed quadword MMX technology register. 


A ModR/M byte follows the opcode and specifies the operand. The operand is either an MMX technology 
register or a memory address. If it is a memory address, the address is computed from a segment register 
and any of the following values: a base register, an index register, a scaling factor, and a displacement. 


The R/M field of the ModR/M byte may refer only to a general register (for example, MOV (OF20-0F23)). 
The reg field of the ModR/M byte selects a segment register (for example, MOV (8C,8E)). 


The R/M field of the ModR/M byte selects a 128-bit XMM register or a 256-bit YMM register, determined by 
operand type. 


The reg field of the ModR/M byte selects a 128-bit XMM register or a 256-bit YMM register, determined by 
operand type. 


A ModR/M byte follows the opcode and specifies the operand. The operand is either a 128-bit XMM register, 
a 256-bit YMM register (determined by operand type), or a memory address. If it is a memory address, the 
address is computed from a segment register and any of the following values: a base register, an index 
register, a scaling factor, and a displacement. 


Memory addressed by the DS:rSI register pair (for example, MOVS, CMPS, OUTS, or LODS). 
Memory addressed by the ES:rDI register pair (for example, MOVS, CMPS, INS, STOS, or SCAS). 


Codes for Operand Type 


The following abbreviations are used to document operand types: 


a 


Two one-word operands in memory or two double-word operands in memory, depending on operand-size 
attribute (used only by the BOUND instruction). 


Byte, regardless of operand-size attribute. 
Byte or word, depending on operand-size attribute. 
Doubleword, regardless of operand-size attribute. 
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dq Double-quadword, regardless of operand-size attribute. 

p 32-bit, 48-bit, or 80-bit pointer, depending on operand-size attribute. 
pd 128-bit or 256-bit packed double-precision floating-point data. 

pi Quadword MMX technology register (for example: mm0O). 

ps 128-bit or 256-bit packed single-precision floating-point data. 

q Quadword, regardless of operand-size attribute. 


qq Quad-Quadword (256-bits), regardless of operand-size attribute. 


Ss 6-byte or 10-byte pseudo-descriptor. 

sd Scalar element of a 128-bit double-precision floating data. 

ss Scalar element of a 128-bit single-precision floating data. 

si Doubleword integer register (for example: eax). 

Vv Word, doubleword or quadword (in 64-bit mode), depending on operand-size attribute. 
Ww Word, regardless of operand-size attribute. 

x dq or qq based on the operand-size attribute. 

y Doubleword or quadword (in 64-bit mode), depending on operand-size attribute. 

Z Word for 16-bit operand-size or doubleword for 32 or 64-bit operand-size. 


A.2.3 Register Codes 
When an opcode requires a specific register as an operand, the register is identified by name (for example, AX, CL, 
or ESI). The name indicates whether the register is 64, 32, 16, or 8 bits wide. 


A register identifier of the form eXX or rXX is used when register width depends on the operand-size attribute. exx 
is used when 16 or 32-bit sizes are possible; rXX is used when 16, 32, or 64-bit sizes are possible. For example: 
eAX indicates that the AX register is used when the operand-size attribute is 16 and the EAX register is used when 
the operand-size attribute is 32. rAX can indicate AX, EAX or RAX. 


When the REX.B bit is used to modify the register specified in the reg field of the opcode, this fact is indicated by 
adding “/x” to the register name to indicate the additional possibility. For example, rCX/r9 is used to indicate that 
the register could either be rCX or r9. Note that the size of r9 in this case is determined by the operand size attri- 
bute (just as for rCX). 


A.2.4 Opcode Look-up Examples for One, Two, and Three-Byte Opcodes 


This section provides examples that demonstrate how opcode maps are used. 


A.2.4.1 One-Byte Opcode Instructions 


The opcode map for 1-byte opcodes is shown in Table A-2. The opcode map for 1-byte opcodes is arranged by row 
(the least-significant 4 bits of the hexadecimal value) and column (the most-significant 4 bits of the hexadecimal 
value). Each entry in the table lists one of the following types of opcodes: 


¢ Instruction mnemonics and operand types using the notations listed in Section A.2 
* Opcodes used as an instruction prefix 


For each entry in the opcode map that corresponds to an instruction, the rules for interpreting the byte following 

the primary opcode fall into one of the following cases: 

¢ AModR/M byte is required and is interpreted according to the abbreviations listed in Section A.1 and Chapter 
2, “Instruction Format,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A. 
Operand types are listed according to notations listed in Section A.2. 
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¢ AModR/M byte is required and includes an opcode extension in the reg field in the ModR/M byte. Use Table A-6 
when interpreting the ModR/M byte. 


e Use of the ModR/M byte is reserved or undefined. This applies to entries that represent an instruction prefix or 
entries for instructions without operands that use ModR/M (for example: 60H, PUSHA; 06H, PUSH ES). 


Example A-1. Look-up Example for 1-Byte Opcodes 
Opcode 030500000000H for an ADD instruction is interpreted using the 1-byte opcode map (Table A-2) as follows: 


¢ = The first digit (0) of the opcode indicates the table row and the second digit (3) indicates the table column. This 
locates an opcode for ADD with two operands. 


¢ The first operand (type Gv) indicates a general register that is a word or doubleword depending on the operand- 
size attribute. The second operand (type Ev) indicates a ModR/M byte follows that specifies whether the 
operand is a word or doubleword general-purpose register or a memory address. 


° The ModR/M byte for this instruction is 05H, indicating that a 32-bit displacement follows (OOOO0000H). The 
reg/opcode portion of the ModR/M byte (bits 3-5) is 000, indicating the EAX register. 


The instruction for this opcode is ADD EAX, mem_op, and the offset of mem_op is OOOOOOOOH. 


Some 1- and 2-byte opcodes point to group numbers (shaded entries in the opcode map table). Group numbers 
indicate that the instruction uses the reg/opcode bits in the ModR/M byte as an opcode extension (refer to Section 
A.4). 


A.2.4.2 Two-Byte Opcode Instructions 


The two-byte opcode map shown in Table A-3 includes primary opcodes that are either two bytes or three bytes in 
length. Primary opcodes that are 2 bytes in length begin with an escape opcode OFH. The upper and lower four bits 
of the second opcode byte are used to index a particular row and column in Table A-3. 


Two-byte opcodes that are 3 bytes in length begin with a mandatory prefix (66H, F2H, or F3H) and the escape 
opcode (OFH). The upper and lower four bits of the third byte are used to index a particular row and column in Table 
A-3 (except when the second opcode byte is the 3-byte escape opcodes 38H or 3AH; in this situation refer to 
Section A.2.4.3). 


For each entry in the opcode map, the rules for interpreting the byte following the primary opcode fall into one of 
the following cases: 


¢ A ModR/M byte is required and is interpreted according to the abbreviations listed in Section A.1 and Chapter 
2, “Instruction Format,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A. 
The operand types are listed according to notations listed in Section A.2. 


¢ AModR/M byte is required and includes an opcode extension in the reg field in the ModR/M byte. Use Table A-6 
when interpreting the ModR/M byte. 


¢ Use of the ModR/M byte is reserved or undefined. This applies to entries that represent an instruction without 
operands that are encoded using ModR/M (for example: OF77H, EMMS). 


Example A-2. Look-up Example for 2-Byte Opcodes 
Look-up opcode OFA4050000000003H for a SHLD instruction using Table A-3. 


° The opcode is located in row A, column 4. The location indicates a SHLD instruction with operands Ev, Gv, and 
Ib. Interpret the operands as follows: 


— Ev: The ModR/M byte follows the opcode to specify a word or doubleword operand. 
— Gv: The reg field of the ModR/M byte selects a general-purpose register. 
— Ib: Immediate data is encoded in the subsequent byte of the instruction. 


° The third byte is the ModR/M byte (05H). The mod and opcode/reg fields of ModR/M indicate that a 32-bit 
displacement is used to locate the first operand in memory and eAX as the second operand. 


° The next part of the opcode is the 32-bit displacement for the destination memory operand (OQOOQ0000H). The 
last byte stores immediate byte that provides the count of the shift (03H). 
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¢ By this breakdown, it has been shown that this opcode represents the instruction: SHLD DS:00000000H, EAX, 
3. 


A.2.4.3 Three-Byte Opcode Instructions 


The three-byte opcode maps shown in Table A-4 and Table A-5 includes primary opcodes that are either 3 or 4 
bytes in length. Primary opcodes that are 3 bytes in length begin with two escape bytes OF38H or OF3A. The upper 
and lower four bits of the third opcode byte are used to index a particular row and column in Table A-4 or Table A-5. 


Three-byte opcodes that are 4 bytes in length begin with a mandatory prefix (66H, F2H, or F3H) and two escape 
bytes (OF38H or OF3AH). The upper and lower four bits of the fourth byte are used to index a particular row and 
column in Table A-4 or Table A-5. 


For each entry in the opcode map, the rules for interpreting the byte following the primary opcode fall into the 
following case: 


° AModR/M byte is required and is interpreted according to the abbreviations listed in A.1 and Chapter 2, 
“Instruction Format,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A. The 
operand types are listed according to notations listed in Section A.2. 


Example A-3. Look-up Example for 3-Byte Opcodes 
Look-up opcode 660F3A0FC108H for a PALIGNR instruction using Table A-5. 


® 66H is a prefix and OF3AH indicate to use Table A-5. The opcode is located in row 0, column F indicating a 
PALIGNR instruction with operands Vdq, Wdq, and Ib. Interpret the operands as follows: 


— Vdq: The reg field of the ModR/M byte selects a 128-bit XMM register. 
— Wddq: The R/M field of the ModR/M byte selects either a 128-bit XMM register or memory location. 
— Ib: Immediate data is encoded in the subsequent byte of the instruction. 
¢ The next byte is the ModR/M byte (C1H). The reg field indicates that the first operand is XMMO. The mod shows 
that the R/M field specifies a register and the R/M indicates that the second operand is XMM1. 
° The last byte is the immediate byte (08H). 
¢ By this breakdown, it has been shown that this opcode represents the instruction: PALIGNR XMMO, XMM1, 8. 


A.2.4.4 VEX Prefix Instructions 


Instructions that include a VEX prefix are organized relative to the 2-byte and 3-byte opcode maps, based on the 
VEX.mmmmm field encoding of implied OF, OF38H, OF3AH, respectively. Each entry in the opcode map of a VEX- 
encoded instruction is based on the value of the opcode byte, similar to non-VEX-encoded instructions. 


A VEX prefix includes several bit fields that encode implied 66H, F2H, F3H prefix functionality (VEX.pp) and 
operand size/opcode information (VEX.L). See chapter 4 for details. 


Opcode tables A2-A6 include both instructions with a VEX prefix and instructions without a VEX prefix. Many entries 
are only made once, but represent both the VEX and non-VEX forms of the instruction. If the VEX prefix is present 
all the operands are valid and the mnemonic is usually prefixed with a “v”. If the VEX prefix is not present the 
VEX.vvvv operand is not available and the prefix “v” is dropped from the mnemonic. 


A few instructions exist only in VEX form and these are marked with a superscript “v”. 


Operand size of VEX prefix instructions can be determined by the operand type code. 128-bit vectors are indicated 
by 'dq', 256-bit vectors are indicated by 'qq', and instructions with operands supporting either 128 or 256-bit, 
determined by VEX.L, are indicated by 'x'. For example, the entry "VMOVUPD Vx,Wx" indicates both VEX.L=0 and 
VEX.L=1 are supported. 
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A.2.5 Superscripts Utilized in Opcode Tables 


Table A-1 contains notes on particular encodings. These notes are indicated in the following opcode maps by super- 
scripts. Gray cells indicate instruction groupings. 


Table A-1. Superscripts Utilized in Opcode Tables 


Superscript Meaning of Symbol 
Symbol 


1A Bits 5, 4, and 3 of ModR/M byte used as an opcode extension (refer to Section A.4, “Opcode Extensions For One-Byte 
And Two-byte Opcodes"). 

1B Use the OFOB opcode (UD2 instruction), the OFB9H opcode (UD1 instruction), or the OFFFH opcode (UDO instruction) 
when deliberately trying to generate an invalid opcode exception (#UD). 

1C Some instructions use the same two-byte opcode. If the instruction has variations, or the opcode represents 


different instructions, the ModR/M byte will be used to differentiate the instruction. For the value of the ModR/M 
byte needed to decode the instruction, see Table A-6. 


The instruction is invalid or not encodable in 64-bit mode. 40 through 4F (single-byte INC and DEC) are REX prefix 
combinations when in 64-bit mode (use FE/FF Grp 4 and 5 for INC and DEC). 


Instruction is only available when in 64-bit mode 


The operand size is forced to a 64-bit operand size when in 64-bit mode (prefixes that change operand size are 
ignored for this instruction in 64-bit mode). 


VEX form only exists. There is no legacy SSE form of the instruction. For Integer GPR instructions it means VEX 
prefix required. 


VEX128 & SSE forms only exist (no VEX256), when can't be inferred from the data size. 


When in 64-bit mode, instruction defaults to 64-bit operand size and cannot encode 32-bit operand size. 
v1 


A.3 ONE, TWO, AND THREE-BYTE OPCODE MAPS 


See Table A-2 through Table A-5 below. The tables are multiple page presentations. Rows and columns with 
sequential relationships are placed on facing pages to make look-up tasks easier. Note that table footnotes are not 
presented on each page. Table footnotes for each table are presented on the last page of the table. 
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Table A-2. One-byte Opcode Map: (OOH — F7H) * 


Gy, Ev AL, 


Eb, Gb Ev, Gv Gb, Eb Gv, Ev AL, rAX, Iz 


Gb, Eb Gv, Ev AL, Ib rAX, Iz 


Eb, Gb Ev, Gv 
INC'e4 general register / REX°® Prefixes 


eBP eSl eDl 


eAX eCxX eDX eBX eSP 
REX REX.B REX.X REX.XB REX.R REX.RB REX.RX REX.RXB 


PUSH* general register 
rAX/r8 rCX/r9 rDX/r10 rBX/r11 rSP/r12 rBP/r13 rSi/r14 rDI/r15 


PUSHA'®4/ POPA'4/ BOUND®4 ARPL'64 SEG=FS SEG=GS Operand Address 


PUSHAD!64 POPAD!®4 Gv, Ma Ew, Gw (Prefix) (Prefix) Size Size 
MOVSxD°64 (Prefix) (Prefix) 


Gv, Ev 
f64 Jb - Short-displacement jump on condition 


NO B/NAE/C NB/AE/NC Z/E NZ/NE 


Immediate Grp fs 


Ey, Iz Eb, Ib'®4 Ey, Ib Eb, Gb Ev, Gv 


Eb, Ib 


XCHG word, double-word or quad-word register with rAX 


NOP 
rSP/r12 rBP/r13 rSi/r14 


PAUSE(F3) 
XCHG r8, rAX BAM 


rDI/r15 


MOVS/B MOVS/W/D/Q CMPS/B CMPS/W/D 
AL, Ob TAX, Ov Ob, AL Ov, rAX erm ~ aie stad 
MOV immediate byte into byte register 


AL/R8B, Ib CLIR9B, Ib DL/R10B, Ib BL/R11B, Ib AH/R12B, Ib CH/R13B, Ib DH/R14B, Ib 
Shift Grp 214 near RET'®4 near RET!©4 Lesi64 Lbs! Grp 1118 - MOV 
ee Gz, Mp Eb, Ib Ey, Iz 


lw 
215, Us Bee lb VEX+2byte VEX+byte 


AAM'®4 AAD'®4 XLAT/ 
Ib Ib XLATB 


BH/R15B, Ib 


Shift Grp 214 


Eb, 1 Ev, 1 Eb, CL Ev, CL 


LOOPNE"4, LOOPE4/ Loopf4 Jrcxz'e4/ 


LOOPNz‘®4 Loopz'64 Jb Jb 
Jb Jb 


LOCK INT1 REPNE REP/REPE 
(Prefix) XACQUIRE XRELEASE 
(Prefix) (Prefix) 
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Table A-2. One-byte Opcode Map: (O8H — FFH) * 


PUSH 2-byte 
csi64 escape 
(Table A-3) 


PUSH POP 
psi64 psi64 


Eb, Gb Gb, Eb AL, rAX, Iz 


SEG=CS DAs!®4 
Eb, Gb Ev, Gv Gb, Eb Gv, Ev AL, rAX, Iz (Prefix) 
CMP SEG=DS AAsi64 
Eb, Gb Ev, Gv Gb, Eb Gv, Ev AL, Ib rAX, Iz (Prefix) 
DEC'®4 general register / REX°® Prefixes 


eAX eCX eDX eBX eSP eBP eSl eDl 
REX.W REX.WB REX.WX REX.WXB REX.WR REX.WRB REX.WRX REX.WRXB 


POP“ into general register 
rAX/r8 rCX/r9 rDX/r10 rBX/r11 rSP/r12 rBP/r13 rSi/r14 rDI/r15 


IMUL PUSH*“4 IMUL INS/ INS/ OUTS/ OUTS/ 
Gy, Ey, Iz Ib Gy, Ev, Ib INSB INSW/ OUTSB OUTSW/ 
Yb, DX INSD DX, Xb OUTSD 
Yz, DX DX, Xz 


ft 


Jec'®4 | Jb- Short displacement jump on condition 


NP/PO LINGE NL/GE NLE/G 


MOV LEA Grp 1A14 pops64 
Ev, Sw Gv, M 


Eb, Gb Ev, Gv Gb, Eb Gv, Ev 


CBW/ CWD/ far CALL'64 FWAIT/ PUSHF/D/Q 464/ | POPF/D/Q 44; 
CWDE/ cCDaQ/ Ap WAIT Fv Fv 
CDQE cao 


STOS/B STOS/W/D/Q LODS/B LODS/W/D/Q SCAS/B SCAS/W/D/Q 


AL, Ib rAX, Iz Yb, AL Yv, rAX AL, Xb rAX, Xv AL, Yb rAX, Yv 


MOV immediate word or double into word, double, or quad register 
rAX/r8, lv rCX/r9, lv rDX/r10, lv rBX/r11, lv rSP/r12, Iv rBP/r13, Iv rSi/r14, lv rDI/r15 , lv 
far RET far RET INT3 IRET/D/Q 


lw 


ESC (Escape to coprocessor instruction set 


near CALL4 
Jz DX, AL DX, eAX 


CLC INC/DEC. INC/DEC. 
Grp AWA Grp 514 


NOTES: 


* All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 
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vmovups 
Vps, Wps 


Table A-3. Two-byte Opcode Map: OOH — 77H (First Byte is OFH) * 


vmovups 
Wps, Vps 


vmovips 
Va, Ha, Mq 
vmovhips 
Vq, Ha, Uq 


vmovips 
Ma, Vq 


vunpcklips 
Vx, Hx, Wx 


SYSCALL°* 


vunpckhps 
Vx, Hx, Wx 


vmovhps”! 

Vdq, Hq, Mq 
vmovihps 

Vdq, Hq, Uq 


OPCODE MAP 


SYSRET°©* 


vmovhps*! 
Mq, Vq 


for) 
o 


vmovupd 
Vpd, Wpd 


vmovupd 
Wpd,Vpd 


vmovipd 
Vq, Hq, Mq 


vmovipd 
Mq, Vq 


vunpckipd 
Vx,Hx,Wx 


vunpckhpd 
Vx,Hx,Wx 


vmovhpd"1 
Vdq, Hq, Mq 


vmovhpd" 
Mq, Vq 


vmovss 
Vx, Hx, Wss 


vmovss 
Wss, Hx, Vss 


vmovslidup 
Vx, Wx 


vmovshdup 
Vx, Wx 


F3 
F2 


vmovsd 
Vx, Hx, Wsd 


vmovmskps 
Gy, Ups 


vmovsd 
Wsd, Hx, Vsd 


vsqrtps 
Vps, Wps 


vmovddup 
Vx, Wx 


B/C/NAE 


vrsqrtps 
Vps, Wps 


CMOVcce, (Gv, Ev) - Conditional Move 


AE/NB/NC 


vrcpps 
Vps, Wps 


SYSENTER 


E/Z 


vandps 
Vps, Hps, Wps 


SYSEXIT 


vandnps 
Vps, Hps, Wps 


vorps 
Vps, Hps, Wps 


GETSEC 


vxorps 
Vps, Hps, Wps 


vmovmskpd 
Gy,Upd 


vsqrtpd 
Vpd, Wpd 


vandpd 
Vpd, Hpd, Wed 


vandnpd 
Vpd, Hpd, Wpd 


vorpd 
Vpd, Hpd, Wed 


vxorpd 
Vpd, Hpd, Wed 


vsqrtss 
Vss, Hss, Wss 


vrsqrtss 
Vss, Hss, Wss 


vrcpss 
Vss, Hss, Wss 


punpcklbw 
Pq, Qd 


vpunpcklbw 
Vx, Hx, Wx 


vsqrtsd 
Vsd, Hsd, Wsd 


punpcklwd 
Pq, Qd 


vpunpcklwd 
Vx, Hx, Wx 


punpckldq 
Pq, Qd 


vpunpckldq 
Vx, Hx, Wx 


packsswb 
Pq, Qq 


vpacksswb 
Vx, Hx, Wx 


pcmpgtb 
Pq, Qq 


vpcmpgtb 
Vx, Hx, Wx 


vpcmpgtw 
Vx, Hx, Wx 


pcmpgtd 
Pq, Qq 


vpcmpgtd 
Vx, Hx, Wx 


packuswb 
Pq, Qq 


vpackuswb 
Vx, Hx, Wx 


pshufw 
Pq, Qaq, Ib 


vpshufd 
Vx, Wx, Ib 


vpshufhw 
Vx, Wx, Ib 


vpshuflw 
Vx, Wx, Ib 


pcmpeqb 
Pq, Qq 


pcmpeqw 
Pq, Qq 


pcmpeqd 
Pq, Qq 


emms 
vzeroupper’ 
vzeroallY 


vpcmpeqb 
Vx, Hx, Wx 


vpcmpeqw 
Vx, Hx, Wx 


vpcmpeqd 
Vx, Hx, Wx 
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vmovaps 
Vps, Wps 


Table A-3. Two-byte Opcode Map: 08H — 7FH (First Byte is OFH) * 


WBINVD 


Reserved-NOP 


vmovaps 
Wps, Vps 


bndidx 


2-byte Illegal 
Opcodes 
up2'8 


bndstx 


bndmov 


bndmov 


bndcl 


bndmk 


bndcu 


cvtpi2ps 
Vps, Qpi 


bndcn 


vmovntps 
Mps, Vps 


cevttps2pi 
Ppi, Wps 


prefetchw(/1) 
Ev 


Reserved-NOP 


cvtps2pi 
Ppi, Wps 


vucomiss 
Vss, Wss 


vcomiss 
Vss, Wss 


vmovapd 
Vpd, Wed 


vmovapd 
Wpd,Vpd 


cvtpi2pd 
Vpd, Qpi 


vmovntpd 
Mpd, Vpd 


evttpd2pi 
Ppi, Wpd 


cvtpd2pi 
Qpi, Wpd 


vucomisd 
Vsd, Wsd 


vcomisd 
Vsd, Wsd 


vevtsi2ss 
Vss, Hss, Ey 


vevttss2si 
Gy, Wss 


vevtss2si 
Gy, Wss 


3-byte escape 
(Table A-4) 


vaddps 
Vps, Hps, Wps 


vmulps 
Vps, Hps, Wps 


vevtsi2sd 
Vsd, Hsd, Ey 
3-byte escape 
(Table A-5) 


vevips2pd 
Vpd, Wps 


vevttsd2si 
Gy, Wsd 


CMOVcc(Gv, Ev) - Conditional Move 


NP/PO 


vevidq2ps 
Vps, Wdq 


LINGE 


vsubps 
Vps, Hps, Wps 


vevtsd2si 
Gy, Wsd 


vminps 
Vps, Hps, Wps 


vdivps 
Vps, Hps, Wps 


vmaxps 
Vps, Hps, Wps 


vaddpd 
Vpd, Hpd, Wed 


vmulpd 
Vpd, Hpd, Wpd 


vevipd2ps 
Vps, Wpd 


vevips2dq 
Vdq, Wps 


vsubpd 
Vpd, Hpd, Wpd 


vminpd 
Vpd, Hpd, Wpd 


vdivpd 
Vpd, Hpd, Wpd 


vmaxpd 
Vpd, Hpd, Wed 


vaddss 
Vss, Hss, Wss 


vmulss 
Vss, Hss, Wss 


vevtss2sd 
Vsd, Hx, Wss 


vevitps2dq 
Vdq, Wps 


vsubss 
Vss, Hss, Wss 


vminss 
Vss, Hss, Wss 


vdivss 
Vss, Hss, Wss 


vmaxss 
Vss, Hss, Wss 


vaddsd 
Vsd, Hsd, Wsd 


punpckhbw 
Pq, Qd 


vmulsd 
Vsd, Hsd, Wsd 


punpckhwd 
Pq, Qd 


vevtsd2ss 
Vss, Hx, Wsd 


punpckhdq 
Pq, Qd 


packssdw 
Pq, Qd 


vsubsd 
Vsd, Hsd, Wsd 


vminsd 
Vsd, Hsd, Wsd 


vdivsd 
Vsd, Hsd, Wsd 


movd/q 
Pd, Ey 


vmaxsd 
Vsd, Hsd, Wsd 


movq 
Pq, Qq 


vpunpckhbw 
Vx, Hx, Wx 


vpunpckhwd 
Vx, Hx, Wx 


vpunpckhdq 
Vx, Hx, Wx 


vpackssdw 
Vx, Hx, Wx 


vpunpcklqdq 
Vx, Hx, Wx 


vpunpckhqdq 
Vx, Hx, Wx 


vmovd/q 
vy, Ey 


vmovdga 
Vx, Wx 


VMREAD 
Ey, Gy 


VMWRITE 
Gy, Ey 


movd/q 
Ey, Pd 


vmovdqu 
Vx, Wx 


movq 
Qq, Pq 


vhaddpd 
Vpd, Hpd, Wed 


vhsubpd 
Vpd, Hpd, Wpd 


vmovd/q 
Ey, Vy 


vmovdga 
Wx,Vx 


vmovq 
Vq, Wq 


vmovdqu 
Wx,Vx 
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vhaddps 
Vps, Hps, Wps 


vhsubps 
Vps, Hps, Wps 


3 
x 


Table A-3. Two-byte Opcode Map: 80H — F7H (First Byte is OFH) * 


Jcc' 
B/CNAE 


B/C/NAE 


vempps 
Vps,Hps,Wps, Ib 


AE/NB/NC 


SETcc, Eb - Byte 
AE/NB/NC 


movnti 
My, Gy 


4 Jz - Long-displacement jump on conditi 


E/Z 


Set on condition 
E/Z 


pinsrw 
Pq,Ry/Mw, |b 


pextrw 
Gd, Nq, Ib 


vshufps 
Vps,Hps,Wps, |b 


vcmppd 
Vpd,Hpd,Wpd, |b 


vpinsrw 
Vdq,Hdq,Ry/Mw, |b 


vpextrw 
Gd, Udq, Ib 


vshufpd 
Vpd,Hpd,Wpd, Ib 


vempss 
Vss,Hss,Wss, |b 


psrlw 
Pq, Qq 


vcmpsd 
Vsd,Hsd,Wsd,|Ib 


psrid 
Pq, Qq 


psrlq 
Pq, Qq 


pmullw 
Pq, Qq 


OPCODE MAP 


pmovmskb 
Gd, Nq 


vaddsubpd 
Vpd, Hpd, Wpd 


vpsrlw 
Vx, Hx, Wx 


vpsrid 
Vx, Hx, Wx 


vpsriq 
Vx, Hx, Wx 


vpmullw 
Vx, Hx, Wx 


movq2dq 
Vdq, Nq 


vpmovmskb 
Gd, Ux 


vaddsubps 
Vps, Hps, Wps 
pavgb 
Pq, Qq 


psraw 
Pq, Qq 


psrad 
Pq, Qq 


pavgw 
Pq, Qq 


pmulhuw 
Pq, Qq 


pmulhw 
Pq, Qq 


movdq2q 
Pq, Uq 


movntq 
Mq, Pq 


vpavgb 
Vx, Hx, Wx 


vpsraw 
Vx, Hx, Wx 


vpsrad 
Vx, Hx, Wx 


vpavgw 
Vx, Hx, Wx 


vpmulhuw 
Vx, Hx, Wx 


vpmulhw 
Vx, Hx, Wx 


vevitpd2dq 
Vx, Wpd 


vmovntdq 
Mx, Vx 


vevidq2pd 
Vx, Wpd 


pmuludg 
Pq, Qq 


pmaddwd 
Pq, Qq 


vevipd2dq 
Vx, Wpd 


psadbw 
Pq, Qq 


maskmovq 
Pq, Nq 


vpmuludq 
Vx, Hx, Wx 


vpmaddwd 
Vx, Hx, Wx 


vpsadbw 
Vx, Hx, Wx 


vmaskmovdqu 
Vdq, Udq 


viddqu 
Vx, Mx 
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Jec!®4, Jz - Long-displacement jump on condition 
Ss NS P/PE NP/PO LINGE NL/GE LE/NG NLE/G 
SETcc, Eb - Byte Set on condition 
Ss NS P/PE NP/PO LINGE NL/GE LE/NG NLE/G 
A PUSH" Pops RSM BTS SHRD SHRD (Grp 15")! IMUL 
GS GS Ev, Gv Ev, Gv, Ib Ev, Gv, CL Gv, Ev 
JMPE Grp 1014 Grp 8'* BTC BSF BSR MOVSX 
(reserved for Invalid Opcode’® Ev, Ib Ev, Gv Gv, Ev Gv, Ev Gv Eb Cv E 
B emulator on IPF) Me Ynew 
F3 POPCNT TZCNT LZCNT 
Gv, Ev Gv, Ev Gv, Ev 
BSWAP 
RAX/EAX/ RCX/ECX/ RDX/EDX/ RBX/EBX/ RSP/ESP/ RBP/EBP/ RSI/ESI/ RDI/EDI/ 
R8/R8D R9/R9D R10/R10D R11/R11D R12/R12D R13/R13D R14/R14D R15/R15D 
Cc 
psubusb psubusw pminub pand paddusb paddusw pmaxub pandn 
Pq, Qq Pq, Qq Pq, Qq Pq, Qq Pq, Qq Pq, Qq Pq, Qq Pq, Qq 
66 vpsubusb vpsubusw vpminub vpand vpaddusb vpaddusw vpmaxub vpandn 
D Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx 
F3 
F2 
psubsb psubsw pminsw por paddsb paddsw pmaxsw pxor 
Pq, Qq Pq, Qq Pq, Qq Pq, Qq Pq, Qq Pq, Qq Pq, Qq Pq, Qq 
66 vpsubsb vpsubsw vpminsw vpor vpaddsb vpaddsw vpmaxsw vpxor 
E Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx 
F3 
F2 
psubb psubw psubd psubq paddb paddw paddd 
Pq, Qq Pq, Qq Pq, Qq Pq, Qq Pq, Qq Pq, Qq Pq, Qq oP 
F 66 vpsubb vpsubw vpsubd vpsubq vpaddb vpaddw vpaddd 
Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx Vx, Hx, Wx 
F2 
NOTES: 


* 
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All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 


Table A-4. Three-byte Opcode Map: OOH — F7H (First Two Bytes are OF 38H) * 


pshufb 
Pq, Qq 


phaddw 
Pq, Qq 


phaddd 
Pq, Qq 


phaddsw 
Pq, Qq 


pmaddubsw 
Pq, Qq 


phsubw 
Pq, Qq 


phsubd 
Pq, Qq 


OPCODE MAP 


phsubsw 
Pq, Qq 


vpshufb 
Vx, Hx, Wx 


pblendvb 
Vdq, Wdq 


vphaddw 
Vx, Hx, Wx 


vphaddd 
Vx, Hx, Wx 


vphaddsw 
Vx, Hx, Wx 
vevtph2ps” 
Vx, Wx, Ib 


vpmaddubsw 
Vx, Hx, Wx 


blendvps 
Vdq, Wdq 


vphsubw 
Vx, Hx, Wx 


blendvpd 
Vdq, Wdq 


vphsubd 
Vx, Hx, Wx 
vpermps” 
Vqa, Haq, Waq 


vphsubsw 
Vx, Hx, Wx 


vpmovsxbw 
Vx, Ux/Mq 


vpmovsxbd 
Vx, Ux/Md 


vpmovsxbq 
Vx, Ux/Mw 


vpmovsxwd 
Vx, Ux/Mq 


vpmovsxwq 
Vx, Ux/Md 


vpmovsxdq 
Vx, Ux/Mq 


vpmovzxbw 
Vx, Ux/Mq 


vpmovzxbd 
Vx, Ux/Md 


vpmovzxbq 
Vx, Ux/Mw 


vpmovzxwd 
Vx, Ux/Mq 


vpmovzxwq 
Vx, Ux/Md 


vpmovzxdq 
Vx, Ux/Mq 


vpermdY 
Vaq, Haq, Waq 


vpcmpgtq 
Vx, Hx, Wx 


vpmulld 
Vx, Hx, Wx 


vphminposuw 
Vdq, Wdq 


vpsrlvd/qY 
Vx, Hx, Wx 


vpsravdY 
Vx, Hx, Wx 


vpsllvd/qY 
Vx, Hx, Wx 


INVEPT 
Gy, Mdq 


INVVPID 
Gy, Mdq 


INVPCID 
Gy, Mdq 


vgatherdd/qY 
Vx,Hx,Wx 


vgatherqd/qY 
Vx,Hx,Wx 


vgatherdps/dY 
Vx,Hx,Wx 


vgatherqps/dY 
Vx,Hx,Wx 


vfimaddsub132ps/dY 
Vx,Hx,Wx 


vfimsubadd132ps/dY 
Vx,Hx,Wx 


vfimaddsub213ps/d¥ 
Vx,Hx,Wx 


vfimsubadd213ps/dY 
Vx,Hx,Wx 


vfimaddsub231ps/dY 
Vx,Hx,Wx 


vfimsubadd231ps/dY 
Vx,Hx,Wx 


ADCX 
Gy, Ey 


ADOX 
Gy, Ey 


MULXY 
By,Gy,rDX,Ey 
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Table A-4. Three-byte Opcode Map: 08H — FFH (First Two Bytes are OF 38H) * 


psignb 
Pq, Qq 


psignw 
Pq, Qq 


psignd 
Pq, Qq 


pmulhrsw 
Pq, Qq 


vpsignb 
Vx, Hx, Wx 


vpsignw 
Vx, Hx, Wx 


vpsignd 
Vx, Hx, Wx 


vpmulhrsw 
Vx, Hx, Wx 


vpermilps” 
Vx,Hx,Wx 


vpermilpdY 
Vx,Hx,Wx 


vtestps” 
Vx, Wx 


vtestpdY 
Vx, Wx 


vbroadcastss” 
Vx, Wd 


vpmuldq 
Vx, Hx, Wx 


vbroadcastsd” Vaqq, 
Wa 


vpcmpeqq 
Vx, Hx, Wx 


\vbroadcastf128” Vqq, 
Mdq 


vmovntdga 
Vx, Mx 


vpackusdw 
Vx, Hx, Wx 


vmaskmovps” 
Vx,Hx,Mx 


vmaskmovpdY 
Vx,Hx,Mx 


vmaskmovpsY 
Mx,Hx,Vx 


vmaskmovpdY 
Mx,Hx,Vx 


vpminsb 
Vx, Hx, Wx 


vpminsd 
Vx, Hx, Wx 


vpminuw 
Vx, Hx, Wx 


vpminud 
Vx, Hx, Wx 


vpmaxsb 
Vx, Hx, Wx 


vpmaxsd 
Vx, Hx, Wx 


vpmaxuw 
Vx, Hx, Wx 


vpmaxud 
Vx, Hx, Wx 


vpbroadcastdY 
Vx, Wx 


vpbroadcastq’ 
Vx, Wx 


vbroadcasti128” 
Vaq, Mdq 


vpbroadcastbY 
Vx, Wx 


vpbroadcastwY 
Vx, Wx 


vpmaskmovd/q" 
Vx,Hx,Mx 


vpmaskmovd/qY 
Mx,Vx,Hx 


vimadd132ps/dY 
Vx, Hx, Wx 


vimadd132ss/d¥ 
Vx, Hx, Wx 


vfmsub132ps/d” 
Vx, Hx, Wx 


vimsub132ss/d” 
Vx, Hx, Wx 


vinmadd132ps/d” 
Vx, Hx, Wx 


vinmadd132ss/d” 
Vx, Hx, Wx 


vinmsub132ps/dY 
Vx, Hx, Wx 


vfnmsub132ss/d” 
Vx, Hx, Wx 


vimadd213ps/dY 
Vx, Hx, Wx 


vimadd213ss/dY 
Vx, Hx, Wx 


vimsub213ps/d” 
Vx, Hx, Wx 


vfimsub213ss/dY 
Vx, Hx, Wx 


vinmadd213ps/d” 
Vx, Hx, Wx 


vinmadd213ss/dY 
Vx, Hx, Wx 


vinmsub213ps/dY 
Vx, Hx, Wx 


vfnmsub213ss/dY 
Vx, Hx, Wx 


vimadd231ps/dY 
Vx, Hx, Wx 


shatnexte 
Vdq,Wdq 


vimadd231ss/dY 
Vx, Hx, Wx 


shaimsg1 
Vdq,Wdq 


vimsub231ps/d” 
Vx, Hx, Wx 


sha1msg2 
Vdgq,Wdq 


vfimsub231ss/dY 
Vx, Hx, Wx 


sha256rnds2 
Vdq,Wdq 


vinmadd231ps/d” 
Vx, Hx, Wx 


sha256msg1 
Vdq,Wdq 


vinmadd231ss/dY 
Vx, Hx, Wx 


sha256msg2 
Vdq,Wdq 


vinmsub231ps/dY 
Vx, Hx, Wx 


vfnmsub231ss/dY 
Vx, Hx, Wx 


VAESIMC 
Vdq, Wdq 


VAESENC 
Vdq,Hdgq,Wdq 


VAESENCLAST 
Vdq,Hdq,Wdq 


VAESDEC 
Vdq,Hdq,Wdq 


VAESDECLAST 
Vdq,Hdq,Wdq 


* All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 
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Table A-5. Three-byte Opcode Map: OOH — F7H (First two bytes are OF 3AH) * 


vpermq” 
Vqq, Waq, Ib 


vpermpd” 
Vaq, Waq, |b 


vpblenddY 
Vx,Hx,Wx, Ib 


vpermilps” 
Vx, Wx, Ib 


vpermilpd” 
Vx, Wx, Ib 


vperm2f128Y 
Vqq,Hqq,Waq,|b 


OPCODE MAP 


vpextrb 
Rd/Mb, Vdq, Ib 


vpextrw 
Rd/Mw, Vdq, Ib 


vpextrd/q 
Ey, Vdq, Ib 


vextractps 
Ed, Vdq, Ib 


vpinsrb 
Vdq,Hdq,Ry/Mb, Ib 


vinsertps 
Vdq,Hdgq,Udq/Md, Ib 


vpinsrd/q 
Vdq,Hdq,Ey,|Ib 


vdpps 
Vx,Hx,Wx, Ib 


vdppd 
Vdq,Hdg,Wdq,Ib 


vmpsadbw 
Vx,Hx,Wx, Ib 


vpclmulqdq 
Vdq,Hdq,Wdq, |b 


vperm2i128” 
Vaqq,Hqq,Waq,lb 


vpcmpestrm 
Vdq, Wag, Ib 


vpcmpestri 
Vdq, Wag, Ib 


vpcmpistrm 
Vdq, Wag, Ib 


vpcmpistri 
Vdq, Wdg, Ib 


Tim) O JO}W]YS |oOlao}n 


Vol.2D A-15 


OPCODE MAP 


Table A-5. Three-byte Opcode Map: 08H — FFH (First Two Bytes are OF 3AH) * 
pix 


vroundps 
Vx,Wx,Ib 


vinsertf128” 
Vqq,Hqq,Waq,lb 


vroundpd 
Vx,Wx, Ib 


vextractf128” 
Wdq,Vqq,lb 


vroundss 
Vss,Wss, Ib 


vroundsd 
Vsd,Wsd,|b 


vblendps 
Vx,Hx,Wx,Ib 


vblendpd 
Vx,Hx,Wx,Ib 
vevtps2phY 
Wx, Vx, Ib 


vpblendw 
Vx,Hx,Wx, Ib 


palignr 
Pq, Qaq, Ib 
vpalignr 
Vx,Hx,Wx,Ib 


vinserti128” 
Vaq,Hqq,Waq, Ib 


vextracti128” 
Wdq,Vqq,lb 


vblendvps” 
Vx,Hx,Wx,Lx 


vblendvpdY 
Vx,Hx,Wx,Lx 


vpblendvbY 
Vx,Hx,Wx,Lx 


shatrnds4 
Vdq,Wdq,Ib 


VAESKEYGEN 
Vdq, Wdgq, Ib 


NOTES: 


* 
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A.4 OPCODE EXTENSIONS FOR ONE-BYTE AND TWO-BYTE OPCODES 


Some 1-byte and 2-byte opcodes use bits 3-5 of the ModR/M byte (the nnn field in Figure A-1) as an extension of 
the opcode. 


mod nnn R/M 


Figure A-1. ModR/M Byte nnn Field (Bits 5, 4, and 3) 


Opcodes that have opcode extensions are indicated in Table A-6 and organized by group number. Group numbers 
(from 1 to 16, second column) provide a table entry point. The encoding for the r/m field for each instruction can 
be established using the third column of the table. 


A.4.1 Opcode Look-up Examples Using Opcode Extensions 


An Example is provided below. 


Example A-4. Interpreting an ADD Instruction 
An ADD instruction with a 1-byte opcode of 80H is a Group 1 instruction: 
¢ Table A-6 indicates that the opcode extension field encoded in the ModR/M byte for this instruction is OOOB. 


° The r/m field can be encoded to access a register (11B) or a memory address using a specified addressing 
mode (for example: mem = OOB, 01B, 10B). 


Example A-5. Looking Up OF01C3H 

Look up opcode OF01C3 for a VMRESUME instruction by using Table A-2, Table A-3 and Table A-6: 
° OF tells us that this instruction is in the 2-byte opcode map. 

* 01 (row O, column 1 in Table A-3) reveals that this opcode is in Group 7 of Table A-6. 


° C3 is the ModR/M byte. The first two bits of C3 are 11B. This tells us to look at the second of the Group 7 rows 
in Table A-6. 


° The Op/Reg bits [5,4,3] are OOOB. This tells us to look in the 000 column for Group 7. 
e Finally, the R/M bits [2,1,0] are 011B. This identifies the opcode as the VMRESUME instruction. 


A.4.2 Opcode Extension Tables 
See Table A-6 below. 
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Table A-6. Opcode Extensions for One- and Two-byte Opcodes by Group Number * 


8F 1A 


CO0,C1 reg, imm SHL/SAL 
DO, D1 reg, 1 
D2, D3 reg, CL 


TEST MUL DIV IDIV 
Ib/Iz AL/rAX AL/rAX AL/rAX 


INC DEC 
Eb Eb 


INC DEC near CALL'4 far CALL near JMP‘64 PUSH%4 
Ev Ev Ev Ev Ev 


SLDT STR LLDT VERR 
Rv/Mw Rv/Mw Ew Ew 


SGDT SIDT LGDT SMSW INVLPG 
Ms Ms Ms Mw/Rv Mb 


F6, F7 


FE 


FF 


VMCALL (001)} MONITOR [XGETBV (000) SWAPGS 
VMLAUNCH (000) — |XSETBV (001) 064/900) 
(010) MWAIT (001) 
VMRESUME | CLAC (010) vNt00) 
(011) VMXOFF| STAC (011) 
(100) ENCLS (111) 


RDTSCP (001) 


ENCLU(111) 


ICMPXCH8B Mq VMPTRLD VMPTRST 
CMPXCHG16B Mq Mq 
Mdq 


VMCLEAR 


RDSEED 


XABORT (000) Ib 


XBEGIN (000) Jz 


psraw 
Nq, Ib 


vpsraw 
Hx, Ux, Ib 


psrid psrad 
Nq, Ib Nq, Ib 


vpsrid vpsrad 
Hx, Ux, Ib Hx,Ux, Ib 


psrlq psl 

Nq, Ib Nq, 

vpsriq vpsridq vps! vpslldq 
Hx, Ux, Ib Hx, Ux, Ib Hx,Ux, Ib Hx,Ux,|Ib 
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Table A-6. Opcode Extensions for One- and Two-byte Opcodes by Group Number * (Contd.) 


Encoding of Bits 5,4,3 of the ModR/M Byte (bits 2,1,0 in parenthesis) 
Opcode Group | Mod 7,6 


fxsave fxrstor Idmxcsr stmxcsr XRSTOR | XSAVEOPT clflush 


lfence mfence sfence 


RDFSBASE | RDGSBASE | WRFSBASE | WRGSBASE 
Ry Ry Ry Ry 


prefetch prefetch prefetch prefetch Reserved NOP 
NTA TO 11 T2 


Reserved NOP 


BLSMSK’ 
VEX.0F38 F3 By, Ey 


NOTES: 


* All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 
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A.5 ESCAPE OPCODE INSTRUCTIONS 


Opcode maps for coprocessor escape instruction opcodes (x87 floating-point instruction opcodes) are in Table A-7 
through Table A-22. These maps are grouped by the first byte of the opcode, from D8-DF. Each of these opcodes 
has a ModR/M byte. If the ModR/M byte is within the range of OOH-BFH, bits 3-5 of the ModR/M byte are used as 
an opcode extension, similar to the technique used for 1-and 2-byte opcodes (see A.4). If the ModR/M byte is 
outside the range of OOH through BFH, the entire ModR/M byte is used as an opcode extension. 


A.5.1 Opcode Look-up Examples for Escape Instruction Opcodes 


Examples are provided below. 


Example A-6. Opcode with ModR/M Byte in the OOH through BFH Range 
DD0504000000H can be interpreted as follows: 


¢ The instruction encoded with this opcode can be located in Section . Since the ModR/M byte (05H) is within the 
OOH through BFH range, bits 3 through 5 (000) of this byte indicate the opcode for an FLD double-real 
instruction (see Table A-9). 


¢ The double-real value to be loaded is at OOO00004H (the 32-bit displacement that follows and belongs to this 
opcode). 


Example A-7. Opcode with ModR/M Byte outside the OOH through BFH Range 
D8C1H can be interpreted as follows: 


¢ This example illustrates an opcode with a ModR/M byte outside the range of OOH through BFH. The instruction 
can be located in Section A.4. 


¢ In Table A-8, the ModR/M byte C1H indicates row C, column 1 (the FADD instruction using ST(0), ST(1) as 
operands). 


A.5.2 Escape Opcode Instruction Tables 


Tables are listed below. 


A.5.2.1 Escape Opcodes with D8 as First Byte 


Table A-7 and A-8 contain maps for the escape instruction opcodes that begin with D8H. Table A-7 shows the map if the ModR/M 
byte is in the range of OOH-BFH. Here, the value of bits 3-5 (the nnn field in Figure A-1) selects the instruction. 


Table A-7. D8 Opcode Map When ModR/M Byte is Within OOH to BFH * 


nnn Field of ModR/M Byte (refer to Figure A.4) 
000B 001B 010B 011B 100B 101B 110B 111B 


FADD FMUL FCOM FCOMP FSUB FSUBR FDIV FDIVR 
single-real single-real single-real single-real single-real single-real single-real single-real 


NOTES: 


* 


All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 
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Table A-8 shows the map if the ModR/M byte is outside the range of OOH-BFH. Here, the first digit of the ModR/M byte selects the 
table row and the second digit selects the column. 


FADD 


Table A-8. D8 Opcode Map When ModR/M Byte is Outside OOH to BFH * 


ST(0),ST(0) 


ST(0),ST(1) 


ST(0),ST(2) 


ST(0),ST(3) 


ST(0),ST(4) 


ST(0),ST(5) 


ST(0),ST(6) 


ST(0),ST(7) 


FCOM 


ST(0),ST(0) 


ST(0),ST(1) 


ST(0),T(2) 


ST(0),ST(3) 


ST(0),ST(4) 


ST(0),ST(5) 


ST(0),ST(6) 


ST(0),ST(7) 


FSUB 


ST(0),ST(0) 


ST(0),ST(1) 


ST(0),ST(2) 


ST(0),ST(3) 


ST(0),ST(4) 


ST(0),ST(5) 


ST(0),ST(6) 


ST(0),ST(7) 


FDIV 


ST(0),ST(0) 


ST(0),ST(1) 


ST(0),ST(2) 


ST(0),ST(3) 


FM 


ST(0),ST(4) 


UL 


ST(0),ST(5) 


ST(0),ST(6) 


ST(0),ST(7) 


ST(0),ST(0) 


ST(0),ST(1) 


ST(0),ST(2) 


ST(0),ST(3) 


ST(0),ST(4) 


ST(0),ST(5) 


ST(0),ST(6) 


ST(0),ST(7) 


FCOMP 


ST(0),ST(0) 


ST(0),ST(1) 


ST(0),T(2) 


ST(0),ST(3) 


ST(0),ST(4) 


ST(0),ST(5) 


ST(0),ST(6) 


ST(0),ST(7) 


FSUBR 


ST(0),ST(0) 


ST(0),ST(1) 


ST(0),ST(2) 


ST(0),ST(3) 


ST(0),ST(4) 


ST(0),ST(5) 


ST(0),ST(6) 


ST(0),ST(7) 


NOTES: 


* 


A.5.2.2 


FDI 


VR 


ST(0),ST(0) 


ST(0),ST(1) 


ST(0),ST(2) 


ST(0),ST(3) 


Escape Opcodes with D9 as First Byte 


Table A-9 and A-10 contain maps for escape instruction opcodes that begin with DOH. Table A-9 shows the map if the ModR/M 
byte is in the range of OOH-BFH. Here, the value of bits 3-5 (the nnn field in Figure A-1) selects the instruction. 


ST(0),ST(4) 


ST(0),ST(5) 


ST(0),ST(6) 


ST(0),ST(7) 


All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 


Table A-9. D9 Opcode Map When ModR/M Byte is Within OOH to BFH * 
nnn Field of ModR/M Byte 
011B 100B 


000B 001B 010B 101B 110B 111B 


FLD FST FSTP FLDENV FLDCW FSTENV FSTCW 
single-real single-real single-real 14/28 bytes 2 bytes 14/28 bytes 2 bytes 
NOTES: 


* 


All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 
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Table A-10 shows the map if the ModR/M byte is outside the range of OOH-BFH. Here, the first digit of the ModR/M byte selects 
the table row and the second digit selects the column. 


ST(0),ST(0) 


Table A-10. D9 Opcode Map When ModR/M Byte is Outside OOH to BFH * 


ST(0),ST(1) 


ST(0),ST(2) 


ST(0),ST(3) 


ST(0),ST(7) 


FNOP 


FCHS 


FTST 


FXAM 


F2XM1 


FPATAN 


FXTRACT 


FPREM1 


FDECSTP 


FINCSTP 


ST(0),ST(1) 


ST(0),ST(2) 


ST(0),ST(3) 


ST(0),ST(5) 


ST(0),ST(6) 


ST(0),ST(7) 


FLDL2T 


FLDL2E 


FLDPI 


FLDLG2 


FLDLN2 


FYL2XP1 


FSQRT 


FSINCOS 


FRNDINT 


FSCALE 


NOTES: 


* All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 


A.5.2.3 Escape Opcodes with DA as First Byte 
Table A-11 and A-12 contain maps for escape instruction opcodes that begin with DAH. Table A-11 shows the map if the ModR/M 
byte is in the range of OOH-BFH. Here, the value of bits 3-5 (the nnn field in Figure A-1) selects the instruction. 
Table A-11. DA Opcode Map When ModR/M Byte is Within OOH to BFH * 
nnn Field of ModR/M Byte 
000B 001B 010B 011B 100B 101B 


110B 111B 


FIADD FIMUL FICOM FICOMP FISUB FISUBR FIDIV FIDIVR 
dword-integer dword-integer dword-integer dword-integer dword-integer dword-integer dword-integer dword-integer 


NOTES: 


* All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 
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Table A-12 shows the map if the ModR/M byte is outside the range of OOH-BFH. Here, the first digit of the ModR/M byte selects 
the table row and the second digit selects the column. 


Table A-12. DA Opcode Map When ModR/M Byte is Outside OOH to BFH * 


FCM 


OVB 


ST(0),ST(0) 


ST(0),ST(1) 


ST(0),ST(2) 


ST(0),ST(3) 


ST(0),ST(4) 


ST(0),ST(5) 


ST(0),ST(6) 


ST(0),ST(7) 


FCMOVBE 


ST(0),ST(0) 


ST(0),ST(1) 


ST(0),ST(2) 


ST(0),ST(3) 


ST(0),ST(4) 


ST(0),ST(5) 


ST(0),ST(6) 


ST(0),ST(7) 


FCM 


OVE 


ST(0),ST(0) 


ST(0),ST(1) 


ST(0),ST(2) 


ST(0),ST(3) 


ST(0),ST(4) 


ST(0),ST(5) 


ST(0),ST(6) 


ST(0),ST(7) 


FCM 


OVU 


ST(0),ST(0) 


ST(0),ST(1) 


ST(0),ST(2) 


ST(0),ST(3) 


ST(0),ST(4) 


ST(0),ST(5) 


ST(0),ST(6) 


ST(0),ST(7) 


FUCOMPP 


NOTES: 


* All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 


A.5.2.4 Escape Opcodes with DB as First Byte 


Table A-13 and A-14 contain maps for escape instruction opcodes that begin with DBH. Table A-13 shows the map if the ModR/M 
byte is in the range of OOH-BFH. Here, the value of bits 3-5 (the nnn field in Figure A-1) selects the instruction. 


Table A-13. DB Opcode Map When ModR/M Byte is Within OOH to BFH * 
nnn Field of ModR/M Byte 


000B 001B 010B 011B 100B 101B 110B 111B 


FILD FISTTP FIST FISTP FLD FSTP 
dword-integer dword-integer dword-integer dword-integer extended-real extended-real 


NOTES: 


* 


All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 
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Table A-14 shows the map if the ModR/M byte is outside the range of OOH-BFH. Here, the first digit of the ModR/M byte selects 
the table row and the second digit selects the column. 


Table A-14. DB Opcode Map When ModR/M Byte is Outside OOH to BFH * 


FCMOVNB 
ST(0),ST(0) | ST(0),ST(1) | ST(0),ST(2) | ST(O),ST(3) | ST(0),ST(4) | ST(O),ST(5) | ST(O),ST(6) | ST(0),ST(7) 
FCMOVNBE 
ST(0),ST(0) | ST(0),ST(1) | ST(O),ST(2) | ST(0),ST(3) | ST(O),ST(4) | ST(O),ST(5) | ST(O),ST(6) | ST(0),ST(7) 
FCLEX FINIT 


ST(0),ST(0) | ST(0),ST(1) | ST(0),ST(2) ST(0),ST(5) | ST(0),ST(6) | ST(0),ST(7) 


FCMOVNE 
ST(0),ST(0) | ST(0),ST(1) | ST(O),ST(2) | ST(0),ST(3) | ST(O),ST(4) | ST(O),ST(5) | ST(O),ST(6) | ST(0),ST(7) 
FCMOVNU 
ST(0),ST(0) | ST(0),ST(1) | ST(O),ST(2) | ST(0),ST(3) | ST(O),ST(4) | ST(O),ST(5) | ST(O),ST(6) | ST(0),ST(7) 
FUCOMI 
ST(0),ST(0) | ST(0),ST(1) | ST(0),ST(2) | ST(0),ST(3) | ST(O),ST(4) | ST(O),ST(5) | ST(O),ST(6) | ST(0),ST(7) 


NOTES: 
* All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 


A.5.2.5 Escape Opcodes with DC as First Byte 


Table A-15 and A-16 contain maps for escape instruction opcodes that begin with DCH. Table A-15 shows the map if the ModR/M 
byte is in the range of OOH-BFH. Here, the value of bits 3-5 (the nnn field in Figure A-1) selects the instruction. 


Table A-15. DC Opcode Map When ModR/M Byte is Within OOH to BFH * 
nnn Field of ModR/M Byte (refer to Figure A-1) 


000B 001B 010B 011B 100B 101B 110B 111B 


FADD FMUL FCOM FCOMP FSUB FSUBR FDIV FDIVR 
double-real double-real double-real double-real double-real double-real double-real double-real 


NOTES: 


* 


All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 
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Table A-16 shows the map if the ModR/M byte is outside the range of OOH-BFH. In this case the first digit of the ModR/M byte 
selects the table row and the second digit selects the column. 


FADD 


Table A-16. DC Opcode Map When ModR/M Byte is Outside OOH to BFH * 


ST(0),ST(0) 


ST(1),ST(0) 


ST(2),ST(0) 


ST(3),ST(0) 


ST(4),ST(0) 


ST(5),ST(0) 


ST(6),ST(0) 


ST(7),ST(0) 


FSUBR 


ST(0),ST(0) 


ST(1),ST(0) 


ST(2),ST(0) 


ST(3),ST(0) 


ST(4),ST(0) 


ST(5),ST(0) 


ST(6),ST(0) 


ST(7),ST(0) 


FDI 


VR 


ST(0),ST(0) 


ST(1),ST(0) 


ST(2),ST(0) 


ST(3),ST(0) 


ST(4),ST(0) 


ST(5),ST(0) 


ST(6),ST(0) 


ST(7),ST(0) 


ST(0),ST(0) 


ST(1),ST(0) 


ST(2),ST(0) 


ST(3),ST(0) 


ST(4),ST(0) 


ST(5),ST(0) 


ST(7),ST(0) 


FS 


UB 


ST(0),ST(0) 


ST(1),ST(0) 


ST(2),ST(0) 


ST(3),ST(0) 


ST(4),ST(0) 


ST(5),ST(0) 


ST(6),ST(0) 


ST(7),ST(0) 


FDIV 


ST(0),ST(0) 


ST(1),ST(0) 


ST(2),ST(0) 


ST(3),ST(0) 


ST(4),ST(0) 


ST(5),ST(0) 


ST(6),ST(0) 


ST(7),ST(0) 


NOTES: 
* All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 


A.5.2.6 Escape Opcodes with DD as First Byte 


Table A-17 and A-18 contain maps for escape instruction opcodes that begin with DDH. Table A-17 shows the map if the ModR/M 
byte is in the range of OOH-BFH. Here, the value of bits 3-5 (the nnn field in Figure A-1) selects the instruction. 


Table A-17. DD Opcode Map When ModR/M Byte is Within OOH to BFH * 
nnn Field of ModR/M Byte 


000B 001B 010B 011B 100B 101B 110B 111B 


FLD FISTTP FST FSTP FRSTOR FSAVE FSTSW 
double-real integer64 double-real double-real 98/108bytes 98/108bytes 2 bytes 
NOTES: 


* 


All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 
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Table A-18 shows the map if the ModR/M byte is outside the range of OOH-BFH. The first digit of the ModR/M byte selects the table 
row and the second digit selects the column. 


Table A-18. DD Opcode Map When ModR/M Byte is Outside OOH to BFH * 


ST(4) ST(5) 


ST(4) ST(5) 


FUCOM 


ST(0),ST(0) ST(1),ST(0) ST(2),ST(0) ST(3),ST(0) ST(4),ST(0) ST(5),ST(0) ST(6),ST(0) ST(7),ST(0) 


NOTES: 


* All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 


A.5.2.7 Escape Opcodes with DE as First Byte 
Table A-19 and A-20 contain opcode maps for escape instruction opcodes that begin with DEH. Table A-19 shows the opcode map 
if the ModR/M byte is in the range of OOH-BFH. In this case, the value of bits 3-5 (the nnn field in Figure A-1) selects the instruc- 
tion. 
Table A-19. DE Opcode Map When ModR/M Byte is Within OOH to BFH * 
nnn Field of ModR/M Byte 
000B 001B 010B 011B 100B 101B 110B 111B 


FIADD FIMUL FICOM FICOMP FISUB FISUBR FIDIV FIDIVR 
word-integer word-integer word-integer word-integer word-integer word-integer word-integer word-integer 


NOTES: 


* 


All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 
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Table A-20 shows the opcode map if the ModR/M byte is outside the range of OOH-BFH. The first digit of the ModR/M byte selects 
the table row and the second digit selects the column. 


Table A-20. DE Opcode Map When ModR/M Byte is Outside OOH to BFH * 


FADDP 


ST(0),ST(0) 


ST(1),ST(0) 


ST(2),ST(0) 


ST(3),ST(0) 


ST(4),ST(0) 


ST(5),ST(0) 


ST(6),ST(0) 


ST(7),ST(0) 


FSUBRP 


ST(0),ST(0) 


ST(1),ST(0) 


ST(2),ST(0) 


ST(3),ST(0) 


ST(4),ST(0) 


ST(5),ST(0) 


ST(6),ST(0) 


ST(7),ST(0) 


FDIVRP 


ST(0),ST(0) 


ST(1),ST(0) 


ST(2),ST(0) 


ST(3),ST(0) 


ST(4),ST(0) 


ST(5),ST(0) 


ST(6),ST(0) 


ST(7),ST(0) 


ST(0),ST(0) 


ST(1),ST(0) 


ST(2),ST(0) 


ST(3),ST(0) 


ST(4),ST(0) 


ST(6),ST(0) 


ST(7),ST(0) 


FCOMPP 


FSUBP 
ST(3),ST(0) ST(4),ST(0) 
FDIVP 
ST(3),ST(0) ST(4),ST(0) 


ST(0),ST(0) | ST(1),ST(O) | ST(2),ST(O) ST(5),ST(0) | ST(6),ST(0) | ST(7),ST(O) 


ST(0),ST(0) 
NOTES: 


* 


ST(1),ST(0) ST(2),ST(0). ST(5),ST(0) ST(6),ST(0) ST(7),ST(0) 


All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 


A.5.2.8 Escape Opcodes with DF As First Byte 


Table A-21 and A-22 contain the opcode maps for escape instruction opcodes that begin with DFH. Table A-21 shows the opcode 
map if the ModR/M byte is in the range of OOH-BFH. Here, the value of bits 3-5 (the nnn field in Figure A-1) selects the instruction. 


Table A-21. DF Opcode Map When ModR/M Byte is Within OOH to BFH * 
nnn Field of ModR/M Byte 


000B 001B 010B 011B 100B 101B 110B 111B 


FILD FISTTP FIST FISTP FBLD FILD FBSTP FISTP 
word-integer word-integer word-integer word-integer packed-BCD qword-integer packed-BCD qword-integer 


NOTES: 


* 


All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 
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Table A-22 shows the opcode map if the ModR/M byte is outside the range of OOH-BFH. The first digit of the ModR/M byte selects 
the table row and the second digit selects the column. 


Table A-22. DF Opcode Map When ModR/M Byte is Outside OOH to BFH © 


FCOMIP 


ST(0),ST(1) ; ST(0),ST(3) ST(0),ST(4) ST(0),ST(5) ST(0),ST(6) ST(0),ST(7) 


FUCOMIP 
ST(0),ST(0) ST(0),ST(1) ; ST(0),ST(3) ST(0),ST(4) ST(0),ST(5) ST(0),ST(6) ST(0),ST(7) 


NOTES: 
* All blanks in all opcode maps are reserved and must not be used. Do not depend on the operation of undefined or reserved locations. 
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APPENDIX B 
INSTRUCTION FORMATS AND ENCODINGS 


This appendix provides machine instruction formats and encodings of IA-32 instructions. The first section describes 
the IA-32 architecture’s machine instruction format. The remaining sections show the formats and encoding of 
general-purpose, MMX, P6 family, SSE/SSE2/SSE3, x87 FPU instructions, and VMX instructions. Those instruction 
formats also apply to Intel 64 architecture. Instruction formats used in 64-bit mode are provided as supersets of 
the above. 


B.1 MACHINE INSTRUCTION FORMAT 


All Intel Architecture instructions are encoded using subsets of the general machine instruction format shown in 
Figure B-1. Each instruction consists of: 


® an opcode 


* aregister and/or address mode specifier consisting of the ModR/M byte and sometimes the scale-index-base 
(SIB) byte (if required) 
¢ adisplacement and an immediate data field (if required) 


76543210 76543210 76543210 
Legacy Prefixes | REX Prefixes [TTTTTTTT TTTTTTTT | TTTTTTTT 


Grp 1,Grp 2, (optional) 
Grp 3, Grp 4 1, 2, or 3 Byte Opcodes (T = Opcode 


7-6 5-3. 2:0 7-6 5-3 2-0 
—_ Mod Reg* R/M_ |Scale Index Base | d32|16|8|None d32|16|8|None 


ModR/M Byte SIB Byte Address Displacement Immediate Data 
NN (4,2, 1 Bytes or None) (4,2,1 Bytes or None) 
Register and/or Address NOTE: 
Mode Specifier 


* The Reg Field may be used as an 
opcode extension field (TTT) and as a 
way to encode diagnostic registers 
(eee). 


Figure B-1. General Machine Instruction Format 


The following sections discuss this format. 


B.1.1 Legacy Prefixes 


The legacy prefixes noted in Figure B-1 include 66H, 67H, F2H and F3H. They are optional, except when F2H, F3H 
and 66H are used in new instruction extensions. Legacy prefixes must be placed before REX prefixes. 


Refer to Chapter 2, “Instruction Format,” in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2A, for more information on legacy prefixes. 
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B.1.2 REX Prefixes 


REX prefixes are a set of 16 opcodes that span one row of the opcode map and occupy entries 40H to 4FH. These 
opcodes represent valid instructions (INC or DEC) in IA-32 operating modes and in compatibility mode. In 64-bit 
mode, the same opcodes represent the instruction prefix REX and are not treated as individual instructions. 


Refer to Chapter 2, “Instruction Format,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2A, for more information on REX prefixes. 


B.1.3 Opcode Fields 


The primary opcode for an instruction is encoded in one to three bytes of the instruction. Within the primary 
opcode, smaller encoding fields may be defined. These fields vary according to the class of operation being 
performed. 


Almost all instructions that refer to a register and/or memory operand have a register and/or address mode byte 
following the opcode. This byte, the ModR/M byte, consists of the mod field (2 bits), the reg field (3 bits; this field 
is sometimes an opcode extension), and the R/M field (3 bits). Certain encodings of the ModR/M byte indicate that 
a second address mode byte, the SIB byte, must be used. 


If the addressing mode specifies a displacement, the displacement value is placed immediately following the 
ModR/M byte or SIB byte. Possible sizes are 8, 16, or 32 bits. If the instruction specifies an immediate value, the 
immediate value follows any displacement bytes. The immediate, if specified, is always the last field of the instruc- 
tion. 


Refer to Chapter 2, “Instruction Format,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2A, for more information on opcodes. 


B.1.4 Special Fields 


Table B-1 lists bit fields that appear in certain instructions, sometimes within the opcode bytes. All of these fields 
(except the d bit) occur in the general-purpose instruction formats in Table B-13. 


Table B-1. Special Fields Within Instruction Encodings 


Field Name Description sat - 

reg General-register specifier (see Table B-4 or B-5). 3 

Ww Specifies if data is byte or full-sized, where full-sized is 16 or 32 bits (see Table B-6). 1 

Ss Specifies sign extension of an immediate field (see Table B-7). 1 
sreg2 Segment register specifier for CS, SS, DS, ES (see Table B-8). 2 
sreg3 Segment register specifier for CS, SS, DS, ES, FS, GS (see Table B-8). 3 
eee Specifies a special-purpose (control or debug) register (see Table B-9). 3 
tttn For conditional instructions, specifies a condition asserted or negated (see Table B-12). 4 

d Specifies direction of data operation (see Table B-11). 1 
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Reg Field (reg) for Non-64-Bit Modes 


INSTRUCTION FORMATS AND ENCODINGS 


The reg field in the ModR/M byte specifies a general-purpose register operand. The group of registers specified is 
modified by the presence and state of the w bit in an encoding (refer to Section B.1.4.3). Table B-2 shows the 

encoding of the reg field when the w bit is not present in an encoding; Table B-3 shows the encoding of the reg field 
when the w bit is present. 


Table B-2. Encoding of reg Field When w Field is Not Present in Instruction 


reg Field Register Selected during Register Selected during 

16-Bit Data Operations 32-Bit Data Operations 
000 AX EAX 
001 CX ECX 
010 DX EDX 
011 BX EBX 
100 SP ESP 
101 BP EBP 
110 Sl ESI 
111 DI EDI 


Table B-3. Encoding of reg Field When w Field is Present in Instruction 


Register Specified by reg Field 
During 16-Bit Data Operations 


reg 


000 
001 
010 
011 
100 
101 
110 
111 


Function of w Field 


When w=0 When w= 1 
AL AX 
CL CX 
DL DX 
BL BX 
AH SP 
CH BP 
DH Sl 
BH DI 


reg 


000 
001 
010 
011 
100 
101 
110 
111 


Register Specified by reg Field 
During 32-Bit Data Operations 
Function of w Field 
When w=0 When w= 1 

AL EAX 

CL ECX 

DL EDX 

BL EBX 

AH ESP 

CH EBP 

DH ESI 

BH EDI 
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B.1.4.2 Reg Field (reg) for 64-Bit Mode 


Just like in non-64-bit modes, the reg field in the ModR/M byte specifies a general-purpose register operand. The 
group of registers specified is modified by the presence of and state of the w bit in an encoding (refer to Section 
B.1.4.3). Table B-4 shows the encoding of the reg field when the w bit is not present in an encoding; Table B-5 
shows the encoding of the reg field when the w bit is present. 


Table B-4. Encoding of reg Field When w Field is Not Present in Instruction 


reg Field Register Selected during Register Selected during Register Selected during 
16-Bit Data Operations 32-Bit Data Operations 64-Bit Data Operations 
000 AX EAX RAX 
001 CX ECX RCX 
010 DX EDX RDX 
011 BX EBX RBX 
100 SP ESP RSP 
101 BP EBP RBP 
110 Sl ESI RSI 
111 DI EDI RDI 


Table B-5. Encoding of reg Field When w Field is Present in Instruction 


Register Specified by reg Field Register Specified by reg Field 
During 16-Bit Data Operations During 32-Bit Data Operations 
Function of w Field Function of w Field 
ve When w =0 When w= 1 a When w=0 When w=1 
000 AL AX 000 AL EAX 
001 CL CX 001 CL ECX 
010 DL DX 010 DL EDX 
011 BL BX 011 BL EBX 
100 AH! SP 100 AH* ESP 
101 CH? BP 101 CH* EBP 
110 DH Sl 110 DH* ESI 
111 BH DI 111 BH* EDI 
NOTES: 


1. AH, CH, DH, BH can not be encoded when REX prefix is used. Such an expression defaults to the low byte. 


B.1.4.3 Encoding of Operand Size (w) Bit 


The current operand-size attribute determines whether the processor is performing 16-bit, 32-bit or 64-bit opera- 
tions. Within the constraints of the current operand-size attribute, the operand-size bit (w) can be used to indicate 
operations on 8-bit operands or the full operand size specified with the operand-size attribute. Table B-6 shows the 
encoding of the w bit depending on the current operand-size attribute. 


Table B-6. Encoding of Operand Size (w) Bit 


w Bit 


Operand Size When 


Operand-Size Attribute is 16 Bits 


8 Bits 
16 Bits 


Operand Size When 


Operand-Size Attribute is 32 Bits 


8 Bits 
32 Bits 
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INSTRUCTION FORMATS AND ENCODINGS 


The sign-extend (s) bit occurs in instructions with immediate data fields that are being extended from 8 bits to 16 


or 32 bits. See Table B-7. 


Table B-7. Encoding of Sign-Extend (s) Bit 


Effect on 8-Bit 
Immediate Data 


Effect on 16- or 32-Bit 
Immediate Data 


0 None 


1 Sign-extend to fill 16-bit or 32-bit destination 


None 


None 


B.1.4.5 Segment Register (sreg) Field 


When an instruction operates on a segment register, the reg field in the ModR/M byte is called the sreg field and is 
used to specify the segment register. Table B-8 shows the encoding of the sreg field. This field is sometimes a 2-bit 
field (Ssreg2) and other times a 3-bit field (sreg3). 


Table B-8. Encoding of the Segment Register (sreg) Field 


2-Bit sreg2 Field Segment Register Selected 3-Bit sreg3 Field Segment Register Selected 
00 ES 000 ES 
01 cs 001 cs 
10 SS 010 Ss 
11 DS 011 DS 
100 FS 
101 GS 
110 Reserved! 
111 Reserved 
NOTES: 


1. Do not use reserved encodings. 


B.1.4.6 Special-Purpose Register (eee) Field 


When control or debug registers are referenced in an instruction they are encoded in the eee field, located in bits 5 
though 3 of the ModR/M byte (an alternate encoding of the sreg field). See Table B-9. 


Table B-9. Encoding of Special-Purpose Register (eee) Field 


eee Control Register Debug Register 
000 CRO DRO 

001 Reserved? DR1 

010 CR2 DR2 

011 CR3 DR3 

100 CR4 Reserved 
101 Reserved Reserved 
110 Reserved DR6 

111 Reserved DR7 


NOTES: 
1. Do not use reserved encodings. 
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B.1.4.7 Condition Test (tttn) Field 


For conditional instructions (such as conditional jumps and set on condition), the condition test field (tttn) is 
encoded for the condition being tested. The ttt part of the field gives the condition to test and the n part indicates 
whether to use the condition (n = 0) or its negation (n = 1). 


¢ For i-byte primary opcodes, the tttn field is located in bits 3, 2, 1, and 0 of the opcode byte. 
° For 2-byte primary opcodes, the tttn field is located in bits 3, 2, 1, and 0 of the second opcode byte. 
Table B-10 shows the encoding of the tttn field. 


Table B-10. Encoding of Conditional Test (tttn) Field 


tttn Mnemonic Condition 
0000 0 Overflow 

0001 NO No overflow 

0010 B, NAE Below, Not above or equal 

0011 NB, AE Not below, Above or equal 

0100 E;Z Equal, Zero 

0101 NE, NZ Not equal, Not zero 

0110 BE, NA Below or equal, Not above 

0111 NBE, A Not below or equal, Above 

1000 S Sign 

1001 NS Not sign 

1010 P, PE Parity, Parity Even 

1011 NP, PO Not parity, Parity Odd 

1100 L, NGE Less than, Not greater than or equal to 
1101 NL, GE Not less than, Greater than or equal to 
1110 LE, NG Less than or equal to, Not greater than 
1111 NLE, G Not less than or equal to, Greater than 


B.1.4.8 Direction (d) Bit 


In many two-operand instructions, a direction bit (d) indicates which operand is considered the source and which 
is the destination. See Table B-11. 


¢ When used for integer instructions, the d bit is located at bit 1 of a 1-byte primary opcode. Note that this bit 
does not appear as the symbol “d” in Table B-13; the actual encoding of the bit as 1 or 0 is given. 


¢ When used for floating-point instructions (in Table B-16), the d bit is shown as bit 2 of the first byte of the 
primary opcode. 


Table B-11. Encoding of Operation Direction (d) Bit 


d Source Destination 
0 reg Field ModR/M or SIB Byte 
1 ModR/M or SIB Byte reg Field 


B.1.5 Other Notes 


Table B-12 contains notes on particular encodings. These notes are indicated in the tables shown in the following 
sections by superscripts. 
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Table B-12. Notes on Instruction Encoding 
Symbol Note 
A value of 11B in bits 7 and 6 of the ModR/M byte is reserved. 
A value of 01B (or 108) in bits 7 and 6 of the ModR/M byte is reserved. 


B.2 GENERAL-PURPOSE INSTRUCTION FORMATS AND ENCODINGS FOR NON- 
64-BIT MODES 


Table B-13 shows machine instruction formats and encodings for general purpose instructions in non-64-bit 
modes. 


Table B-13. General Purpose Instruction Formats and Encodings for Non-64-Bit Modes 


Instruction and Format Encoding 
AAA - ASCII Adjust after Addition 00110111 
AAD - ASCII Adjust AX before Division 1101 0101 : 0000 1010 
AAM - ASCII Adjust AX after Multiply 1101 0100 : 0000 1010 
AAS - ASCII Adjust AL after Subtraction 00111111 
ADC - ADD with Carry 
register1 to register2 0001 O0Ow : 11 reg] reg2 
register2 to register1 0001 001w: 11 reg] reg2 
memory to register 0001 001w: mod reg r/m 
register to memory 0001 O0Ow : mod reg r/m 
immediate to register 1000 OOsw: 11 010 reg: immediate data 
immediate to AL, AX, or EAX 0001 010w: immediate data 
immediate to memory 1000 OOsw : mod 010 r/m: immediate data 
ADD - Add 
register1 to register2 0000 O00w : 11 reg] reg2 
register2 to register1 0000 001w: 11 reg] reg2 
memory to register 0000 001w: mod reg r/m 
register to memory 0000 O00w : mod reg r/m 
immediate to register 1000 OOsw: 11 000 reg: immediate data 
immediate to AL, AX, or EAX 0000 010w: immediate data 
immediate to memory 1000 OOsw : mod 000 r/m: immediate data 
AND - Logical AND 
register1 to register2 0010 O000w: 11 reg] reg2 
register2 to register 0010 001w: 11 reg] reg2 
memory to register 0010 001w: mod reg r/m 
register to memory 0010 O0Ow : mod reg r/m 
immediate to register 1000 OOsw: 11 100 reg: immediate data 
immediate to AL, AX, or EAX 0010 010w: immediate data 
immediate to memory 1000 OOsw : mod 100 r/m: immediate data 
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Table B-13. General Purpose Instruction Formats and Encodings for Non-64-Bit Modes (Contd.) 


Instruction and Format 


Encoding 


ARPL - Adjust RPL Field of Selector 


from register 0110 0011: 11 reg] reg2 
from memory 0110 0011 : mod reg r/m 
BOUND - Check Array Against Bounds 0110 0010: mod’ reg r/m 
BSF - Bit Scan Forward 
register1, register2 0000 1111: 1011 1100: 11 reg] reg2 
memory, register 0000 1111: 1011 1100: mod reg r/m 
BSR - Bit Scan Reverse 
register1, register2 0000 1111: 1011 1101:11 reg] reg2 
memory, register 0000 1111: 1011 1101 :modregr/m 
BSWAP - Byte Swap 0000 1111:1100 1 reg 
BT - Bit Test 
register, immediate 0000 1111: 1011 1010: 11 100 reg: imm8 data 
memory, immediate 0000 1111: 1011 1010: mod 100 r/m: imm8 data 
register1, register2 0000 1111: 10100011:11 reg2 reg] 
memory, reg 0000 1111: 10100011 : mod reg r/m 
BTC - Bit Test and Complement 
register, immediate 0000 1111: 1011 1010: 11 111 reg: imm8 data 
memory, immediate 0000 1111: 1011 1010: mod 111 r/m: imm8 data 
register1, register2 0000 1111: 1011 1011:11 reg2 reg] 
memory, reg 0000 1111: 1011 1011 :modregr/m 
BTR - Bit Test and Reset 
register, immediate 0000 1111: 1011 1010: 11 110 reg: imm8 data 
memory, immediate 0000 1111: 1011 1010: mod 110 r/m: imm8 data 
register1, register2 0000 1111: 1011 0011:11 reg2 reg] 
memory, reg 0000 1111: 1011 0011: mod reg r/m 
BTS - Bit Test and Set 
register, immediate 0000 1111: 1011 1010: 11 101 reg: imm8 data 
memory, immediate 0000 1111: 1011 1010: mod 101 r/m: imm8 data 
register1, register2 0000 1111: 1010 1011:11 reg2 reg] 
memory, reg 0000 1111: 1010 1011: mod reg r/m 
CALL - Call Procedure (in same segment) 
direct 1110 1000: full displacement 
register indirect 1111 1111:11010reg 
memory indirect 1111 1111:mod010r/m 
CALL - Call Procedure (in other segment) 
direct 1001 1010: unsigned full offset, selector 
indirect 1111 1111:mod 011 r/m 
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Table B-13. General Purpose Instruction Formats and Encodings for Non-64-Bit Modes (Contd.) 


Instruction and Format Encoding 

CBW - Convert Byte to Word 1001 1000 

CDQ - Convert Doubleword to Qword 1001 1001 

CLC - Clear Carry Flag 1111 1000 

CLD - Clear Direction Flag 1111 1100 

CLI - Clear Interrupt Flag 1111 1010 

CLTS - Clear Task-Switched Flag in CRO 0000 1111 : 0000 0110 

CMC - Complement Carry Flag 1111 0101 

CMP - Compare Two Operands 

register] with register2 0011 100w: 11 reg1 reg2 


register2 with register] 0011 101w: 11 reg1 reg2 

memory with register 0011 100w: mod reg r/m 

register with memory 0011 101w: mod reg r/m 

immediate with register 1000 OOsw: 11 111 reg: immediate data 


immediate with AL, AX, or EAX 


0011 110w: 


immediate data 


immediate with memory 1000 OOsw : mod 111 r/m: immediate data 
CMPS/CMPSB/CMPSW/CMPSD - Compare String Operands 1010 011w 
CMPXCHG - Compare and Exchange 

register1, register2 0000 1111: 1011 O00w: 11 reg2 reg] 


memory, register 0000 1111: 1011 O0Ow: mod reg r/m 
CPUID - CPU Identification 0000 1111: 10100010 
CWD - Convert Word to Doubleword 1001 1001 
CWDE - Convert Word to Doubleword 1001 1000 
DAA - Decimal Adjust AL after Addition 00100111 
DAS - Decimal Adjust AL after Subtraction 00101111 
DEC - Decrement by 1 

register 1111 111w:11 001 reg 

register (alternate encoding) 0100 1 reg 

memory 1111 111w: mod 001 r/m 
DIV - Unsigned Divide 

AL, AX, or EAX by register 1111 011w:11110reg 

AL, AX, or EAX by memory 1111 011w: mod 110 r/m 
HLT - Halt 11110100 
IDIV - Signed Divide 

AL, AX, or EAX by register 1111 011w: 11111 reg 

AL, AX, or EAX by memory 1111 011w: mod 111 r/m 
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Table B-13. General Purpose Instruction Formats and Encodings for Non-64-Bit Modes (Contd.) 


Instruction and Format 


Encoding 


IMUL - Signed Multiply 


AL, AX, or EAX with register 


1111 011w: 11 101 reg 


AL, AX, or EAX with memory 


1111 011w: mod 101 reg 


register1 with register2 


0000 1111: 1010 1111:11:reg1 reg2 


register with memory 


0000 1111: 1010 1111: modregr/m 


register1 with immediate to register2 


0110 10s1: 11 reg] reg2 : immediate data 


memory with immediate to register 


0110 10s1 : mod reg r/m: immediate data 


IN - Input From Port 


fixed port 


1110 010w: port number 


variable port 


1110 110w 


INC - Increment by 1 


reg 1111 111w: 11 000 reg 
reg (alternate encoding) 0100 Oreg 
memory 1111 111w: mod 000 r/m 
INS - Input from DX Port 0110 110Ww 
INT n - Interrupt Type n 1100 1101: type 
INT - Single-Step Interrupt 3 1100 1100 
INTO - Interrupt 4 on Overflow 1100 1110 


INVD - Invalidate Cache 


0000 1111 : 0000 1000 


INVLPG - Invalidate TLB Entry 


0000 1111 : 0000 0001 : mod 111 r/m 


INVPCID - Invalidate Process-Context Identifier 


0110 0110:0000 1111:0011 1000:1000 0010: mod reg r/m 


IRET/IRETD - Interrupt Return 


1100 1111 


Jcc - Jump if Condition is Met 


8-bit displacement 


0111 tttn: 8-bit displacement 


full displacement 


0000 1111 : 1000 tttn: full displacement 


JCXZ/JECXZ - Jump on CX/ECX Zero 
Address-size prefix differentiates JCXZ 


and JECXZ 


1110 0011 : 8-bit displacement 


JMP - Unconditional Jump (to same segment) 


short 


1110 1011 : 8-bit displacement 


direct 


1110 1001 : full displacement 


register indirect 


1111 1111:11 100 reg 


memory indirect 


11111111 :mod 100 r/m 


JMP - Unconditional Jump (to other segment) 


direct intersegment 


1110 1010: unsigned full offset, selector 


indirect intersegment 


11111111 :mod 101 r/m 


LAHF - Load Flags into AHRegister 
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INSTRUCTION FORMATS AND ENCODINGS 


Table B-13. General Purpose Instruction Formats and Encodings for Non-64-Bit Modes (Contd.) 


Instruction and Format 


Encoding 


LAR - Load Access Rights Byte 


from register 0000 1111 : 0000 0010: 11 reg] reg2 
from memory 0000 1111 : 0000 0010: mod reg r/m 
LDS - Load Pointer to DS 1100 0101 : mod“ reg r/m 
LEA - Load Effective Address 1000 1101 : mod’ reg r/m 
LEAVE - High Level Procedure Exit 1100 1001 
LES - Load Pointer to ES 1100 0100: mod“® reg r/m 
LFS - Load Pointer to FS 0000 1111: 1011 0100: mod’ reg r/m 
LGDT - Load Global Descriptor Table Register 0000 1111 : 0000 0001 : mod’ 010 r/m 
LGS - Load Pointer to GS 0000 1111: 1011 0101 : mod’ reg r/m 
LIDT - Load Interrupt Descriptor Table Register 0000 1111 : 0000 0001 : mod’ 011 r/m 
LLDT - Load Local Descriptor Table Register 
LDTR from register 0000 1111: 0000 0000: 11010 reg 
LDTR from memory 0000 1111 : 0000 0000 : mod 010 r/m 
LMSW - Load Machine Status Word 
from register 0000 1111: 0000 0001:11 110 reg 
from memory 0000 1111 : 0000 0001 : mod 110 r/m 
LOCK - Assert LOCK# Signal Prefix 1111 0000 
LODS/LODSB/LODSW/LODSD - Load String Operand 1010 110w 
LOOP - Loop Count 1110 0010: 8-bit displacement 
LOOPZ/LOOPE - Loop Count while Zero/Equal 1110 0001 : 8-bit displacement 
LOOPNZ/LOOPNE - Loop Count while not Zero/Equal 1110 0000 : 8-bit displacement 
LSL - Load Segment Limit 
from register 0000 1111 : 0000 0011: 11 reg] reg2 
from memory 0000 1111 : 0000 0011 : mod reg r/m 
LSS - Load Pointer to SS 0000 1111: 1011 0010: mod’ reg r/m 
LTR - Load Task Register 
from register 0000 1111 : 0000 0000: 11 011 reg 
from memory 0000 1111 : 0000 0000: mod 011 r/m 
MOV - Move Data 
register1 to register2 1000 100w: 11 reg1 reg2 
register2 to register1 1000 101w: 11 reg! reg2 
memory to reg 1000 101w: mod reg r/m 
reg to memory 1000 100w: mod reg r/m 
immediate to register 1100 011w: 11 000 reg: immediate data 
immediate to register (alternate encoding) 1011 wreg: immediate data 
immediate to memory 1100 011w: mod 000 r/m: immediate data 
memory to AL, AX, or EAX 1010 000w : full displacement 
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Table B-13. General Purpose Instruction Formats and Encodings for Non-64-Bit Modes (Contd.) 


Instruction and Format 


Encoding 


AL, AX, or EAX to memory 


1010 001w: full displacement 


MOV - Move to/from Control Registers 


CRO from register 


0000 1111 : 0010 0010: -- 000 reg 


CR2 from register 


0000 1111 : 0010 0010: -- 010reg 


CR3 from register 


0000 1111: 0010 0010: -- 011 reg 


CR4 from register 


0000 1111: 0010 0010: -- 100 reg 


register from CRO-CR4 


0000 1111 :0010 0000: -- eee reg 


MOV - Move to/from Debug Registers 


DRO-DR3 from register 


0000 1111:0010 0011 : -- eee reg 


DR4-DR5 from register 


0000 1111 :0010 0011 : -- eee reg 


DR6-DR7 from register 


0000 1111 :0010 0011 : -- eee reg 


register from DR6-DR7 


0000 1111 :0010 0001 : -- eee reg 


register from DR4-DR5 


0000 1111 :0010 0001 : -- eee reg 


register from DRO-DR3 


0000 1111 :0010 0001 : -- eee reg 


MOV - Move to/from Segment Registers 


register to segment register 


1000 1110: 11 sreg3 reg 


register to SS 


1000 1110: 11 sreg3 reg 


memory to segment reg 


1000 1110: mod sreg3 r/m 


memory to SS 


1000 1110: mod sreg3 r/m 


segment register to register 


1000 1100: 11 sreg3 reg 


segment register to memory 


1000 1100: mod sreg3 r/m 


MOVBE - Move data after swapping bytes 


memory to register 


0000 1111: 0011 1000:1111 0000: mod reg r/m 


register to memory 


0000 1111: 0011 1000:1111 0001 : mod reg r/m 


MOVS/MOVSB/MOVSW/MOVSD - Move Data from String to 
String 


MOVSX - Move with Sign-Extend 


1010 010w 


memory to reg 


0000 1111: 1011 111w: mod reg r/m 


MOVZX - Move with Zero-Extend 


register2 to register1 


0000 1111: 1011 011w: 11 reg] reg2 


memory to register 


0000 1111: 1011 011w: mod reg r/m 


MUL - Unsigned Multiply 


AL, AX, or EAX with register 


1111 011w:11 100 reg 


AL, AX, or EAX with memory 


1111 011w: mod 100 r/m 


NEG - Two’s Complement Negation 


register 


1111 011w:11011 reg 


memory 


1111 011w: mod 011 r/m 


NOP - No Operation 
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Table B-13. General Purpose Instruction Formats and Encodings for Non-64-Bit Modes (Contd.) 


Instruction and Format 


Encoding 


NOP - Multi-byte No Operation! 


register 


0000 1111 0001 1111: 11 O00 reg 


memory 


0000 1111 0001 1111: mod 000 r/m 


NOT - One’s Complement Negation 


register 


1111 011w:11010reg 


memory 


1111 011w:mod010r/m 


OR - Logical Inclusive OR 


register1 to register2 


0000 100w: 11 reg] reg2 


register2 to register 1 


0000 101w: 11 reg] reg2 


memory to register 


0000 101w: mod reg r/m 


register to memory 


0000 100w : mod reg r/m 


immediate to register 


1000 OOsw: 11 001 reg: immediate data 


immediate to AL, AX, or EAX 


0000 110w: immediate data 


immediate to memory 


1000 OOsw: mod 001 r/m: immediate data 


OUT - Output to Port 


fixed port 1110 011w: port number 
variable port 1110111w 
OUTS - Output to DX Port 0110 111w 


POP - Pop a Word from the Stack 


register 


1000 1111: 11 000 reg 


register (alternate encoding) 


0101 1 reg 


memory 


1000 1111: mod 000 r/m 


POP - Pop a Segment Register from the Stack (Note: CS cannot be sreg2 in this usage.) 


segment register DS, ES 


000 sreg2 111 


segment register SS 


000 sreg2 111 


segment register FS, GS 
POPA/POPAD - Pop All General Registers 


0000 1111: 10 sreg3 001 
01100001 


POPF/POPFD - Pop Stack into FLAGS or EFLAGS Register 


1001 1101 


PUSH - Push Operand onto the Stack 


register 


1111 1111:11110reg 


register (alternate encoding) 


0101 Oreg 


memory 


1111 1111:mod 110 r/m 


immediate 


0110 10sO0 : immediate data 


PUSH - Push Segment Register onto the Stack 


segment register CS,DS,ES,SS 


000 sreg2 110 


segment register FS,GS 


0000 1111: 10 sreg3 000 


PUSHA/PUSHAD - Push All General Registers 


0110 0000 
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Table B-13. General Purpose Instruction Formats and Encodings for Non-64-Bit Modes (Contd.) 


Instruction and Format Encoding 

PUSHF/PUSHFD - Push Flags Register onto the Stack 1001 1100 
RCL - Rotate thru Carry Left 

register by 1 1101 000w: 11 010 reg 

memory by 1 1101 O000w : mod 010 r/m 

register by CL 1101 001w: 11010 reg 

memory by CL 1101 001w: mod 010 r/m 

register by immediate count 1100 000w: 11 010 reg: imm8 data 

memory by immediate count 1100 O00w : mod 010 r/m: imm8 data 


RCR - Rotate thru Carry Right 


register by 1 1101 000w: 11 011 reg 
memory by 1 1101 O00w : mod 011 r/m 
register by CL 1101 001w: 11011 reg 
memory by CL 1101 001w: mod 011 r/m 
register by immediate count 1100 O000w: 11 011 reg: imm8 data 
memory by immediate count 1100 O00w : mod 011 r/m: imm8 data 
RDMSR - Read from Model-Specific Register 0000 1111: 0011 0010 
RDPMC - Read Performance Monitoring Counters 0000 1111 :0011 0011 
RDTSC - Read Time-Stamp Counter 0000 1111 :0011 0001 
RDTSCP - Read Time-Stamp Counter and Processor ID 0000 1111 : 0000 0001: 1111 1001 
REP INS - Input String 1111 0011 :0110 110w 
REP LODS - Load String 1111 0011: 1010 110w 
REP MOVS - Move String 1111 0011: 1010 010w 
REP OUTS - Output String 1111 0011:0110111w 
REP STOS - Store String 1111 0011: 1010 101w 
REPE CMPS - Compare String 11110011: 1010 011w 
REPE SCAS - Scan String 1111 0011:1010 111w 
REPNE CMPS - Compare String 11110010: 1010 011w 
REPNE SCAS - Scan String 1111 0010: 1010 111w 
RET - Return from Procedure (to same segment) 
no argument 1100 0011 
adding immediate to SP 1100 0010: 16-bit displacement 
RET - Return from Procedure (to other segment) 
intersegment 1100 1011 
adding immediate to SP 1100 1010: 16-bit displacement 
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Table B-13. General Purpose Instruction Formats and Encodings for Non-64-Bit Modes (Contd.) 


Instruction and Format Encoding 
ROL - Rotate Left 
register by 1 1101 000w: 11 000 reg 
memory by 1 1101 O00w : mod 000 r/m 
register by CL 1101 001w: 11 000 reg 
memory by CL 1101 001w: mod 000 r/m 
register by immediate count 1100 000w : 11 000 reg: imm8 data 


memory by immediate count 


1100 000w : 


mod 000 r/m: imm8 data 


ROR - Rotate Right 


register by 1 1101 000w: 11 001 reg 

memory by 1 1101 O00w : mod 001 r/m 

register by CL 1101 001w: 11 001 reg 

memory by CL 1101 001w: mod 001 r/m 

register by immediate count 1100 000w : 11 001 reg: imm8 data 


memory by immediate count 1100 O00w : mod 001 r/m: imm8 data 
RSM - Resume from System Management Mode 0000 1111: 1010 1010 
SAHF - Store AH into Flags 1001 1110 


SAL - Shift Arithmetic Left 


same instruction as SHL 


SAR - Shift Arithmetic Right 


register by 1 1101 000w: 11 111 reg 

memory by 1 1101 O000w : mod 111 r/m 

register by CL 1101 001w:11 111 reg 

memory by CL 1101 001w: mod 111 r/m 

register by immediate count 1100 O00w: 11 111 reg: imm8 data 


memory by immediate count 


1100 000w : 


mod 111 r/m:immé8 data 


SBB - Integer Subtraction with Borrow 


register1 to register2 


0001 100w : 


11 reg] reg2 


register2 to register 0001 101w: 11 reg] reg2 

memory to register 0001 101w: mod reg r/m 

register to memory 0001 100w : mod reg r/m 

immediate to register 1000 OOsw: 11 011 reg: immediate data 


immediate to AL, AX, or EAX 


0001 110w: 


immediate data 


immediate to memory 1000 OOsw : mod 011 r/m: immediate data 
SCAS/SCASB/SCASW/SCASD - Scan String 1010 111w 
SETcc - Byte Set on Condition 

register 0000 1111: 1001 tttn: 11 000 reg 

memory 0000 1111: 1001 tttn : mod 000 r/m 
SGDT - Store Global Descriptor Table Register 0000 1111 : 0000 0001 : mod“ 000 r/m 
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Table B-13. General Purpose Instruction Formats and Encodings for Non-64-Bit Modes (Contd.) 


Instruction and Format Encoding 
SHL - Shift Left 
register by 1 1101 000w: 11 100 reg 
memory by 1 1101 O00w: mod 100 r/m 
register by CL 1101 001w:11 100 reg 
memory by CL 1101 001w: mod 100 r/m 
register by immediate count 1100 000w: 11 100 reg: imm8 data 
memory by immediate count 1100 O00w : mod 100 r/m: imm8 data 
SHLD - Double Precision Shift Left 
register by immediate count 0000 1111: 10100100: 11 reg2 reg] : imm8 
memory by immediate count 0000 1111: 10100100: mod reg r/m: imm8 
register by CL 0000 1111: 10100101: 11 reg2 reg] 
memory by CL 0000 1111: 10100101 : mod reg r/m 
SHR - Shift Right 
register by 1 1101 000w: 11 101 reg 
memory by 1 1101 O00w: mod 101 r/m 
register by CL 1101 001w: 11 101 reg 
memory by CL 1101 001w: mod 101 r/m 
register by immediate count 1100 000w: 11 101 reg: imm8 data 
memory by immediate count 1100 O00w : mod 101 r/m: imm8 data 
SHRD - Double Precision Shift Right 
register by immediate count 0000 1111: 1010 1100: 11 reg2 reg] : imm8 
memory by immediate count 0000 1111: 1010 1100: mod reg r/m: imm8 
register by CL 0000 1111: 1010 1101:11 reg2 reg] 
memory by CL 0000 1111: 1010 1101 : mod reg r/m 
SIDT - Store Interrupt Descriptor Table Register 0000 1111 : 0000 0001 : mod’ 001 r/m 
SLDT - Store Local Descriptor Table Register 
to register 0000 1111 : 0000 0000: 11 000 reg 
to memory 0000 1111 : 0000 0000 : mod 000 r/m 
SMSW - Store Machine Status Word 
to register 0000 1111: 0000 0001 : 11 100 reg 
to memory 0000 1111 : 0000 0001 : mod 100 r/m 
STC - Set Carry Flag 1111 1001 
STD - Set Direction Flag 11111101 
STI - Set Interrupt Flag 11111011 
STOS/STOSB/STOSW/STOSD - Store String Data 1010 101w 
STR - Store Task Register 
to register 0000 1111 : 0000 0000: 11 001 reg 
to memory 0000 1111 : 0000 0000 : mod 001 r/m 
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Table B-13. General Purpose Instruction Formats and Encodings for Non-64-Bit Modes (Contd.) 


Instruction and Format 


Encoding 


SUB - Integer Subtraction 


register1 to register2 


0010 100w: 11 reg] reg2 


register2 to register 


0010 101w: 11 reg] reg2 


memory to register 


0010 101w: mod reg r/m 


register to memory 


0010 100w: mod reg r/m 


immediate to register 


1000 OOsw: 11 101 reg: immediate data 


immediate to AL, AX, or EAX 


0010 110w: immediate data 


immediate to memory 


1000 OOsw: mod 101 r/m: immediate data 


TEST - Logical Compare 


register] and register2 


1000 010w: 11 reg1 reg2 


memory and register 


1000 010w: mod reg r/m 


immediate and register 


1111 011w: 11 000 reg: immediate data 


immediate and AL, AX, or EAX 


1010 100w: immediate data 


immediate and memory 


1111 011w: mod 000 r/m: immediate data 


UDO - Undefined instruction 


0000 1111:1111 1111 


UD1 - Undefined instruction 


0000 1111 : 0000 1011 


UD2 - Undefined instruction 


0000 FFFF : 0000 1011 


VERR - Verify a Segment for Reading 


register 0000 1111: 0000 0000:11 100 reg 

memory 0000 1111 : 0000 0000: mod 100 r/m 
VERW - Verify a Segment for Writing 

register 0000 1111: 0000 0000: 11 101 reg 

memory 0000 1111 : 0000 0000: mod 101 r/m 
WAIT - Wait 1001 1011 


WBINVD - Writeback and Invalidate Data Cache 


0000 1111 : 0000 1001 


WRMSR - Write to Model-Specific Register 
XADD - Exchange and Add 


0000 1111 : 0011 0000 


register1, register2 


0000 1111: 1100 000w: 11 reg2 reg] 


memory, reg 


0000 1111: 1100 O00w: mod reg r/m 


XCHG - Exchange Register/Memory with Register 


register] with register2 


1000 011w: 11 reg1 reg2 


AX or EAX with reg 1001 Oreg 
memory with reg 1000 011w: mod reg r/m 
XLAT/XLATB - Table Look-up Translation 11010111 


XOR - Logical Exclusive OR 


register1 to register2 


0011 O0Ow : 11 reg] reg2 


register2 to register1 


0011 001w: 11 reg] reg2 


memory to register 


0011 001w: mod reg r/m 
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Table B-13. General Purpose Instruction Formats and Encodings for Non-64-Bit Modes (Contd.) 


Instruction and Format 


Encoding 


register to memory 


0011 O0Ow : mod reg r/m 


immediate to register 


1000 OOsw: 11 110 reg: immediate data 


immediate to AL, AX, or EAX 


0011 010w: immediate data 


immediate to memory 


1000 OOsw: mod 110 r/m: immediate data 


Prefix Bytes 
address size 01100111 
LOCK 1111 0000 
operand size 01100110 
CS segment override 0010 1110 
DS segment override 00111110 
ES segment override 0010 0110 
FS segment override 01100100 
GS segment override 01100101 
SS segment override 00110110 


NOTES: 


1. The multi-byte NOP instruction does not alter the content of the register and will not issue a memory operation. 


B.2.1 General Purpose Instruction Formats and Encodings for 64-Bit Mode 


Table B-15 shows machine instruction formats and encodings for general purpose instructions in 64-bit mode. 
Table B-14. Special Symbols 


Symbol Application 
S If the value of REX.W. is 1, it overrides the presence of 66H. 
w The value of bit W. in REX is has no effect. 


Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode 


Instruction and Format 


Encoding 


ADC - ADD with Carry 


register1 to register2 


qwordregister1 to qwordregister2 


0100 OROB: 0001 O00w: 11 reg] reg2 
0100 1ROB: 0001 0001: 11 qwordreg] qwordreg2 


register2 to register1 


0100 OROB: 0001 001w: 11 reg] reg2 


qwordregister1 to qwordregister2 


memory to register 


0100 1ROB: 0001 0011: 11 qwordreg] qwordreg2 
0100 ORXB: 0001 001w: mod reg r/m 


memory to qwordregister 


0100 1RXB: 0001 0011 : mod qwordreg r/m 


register to memory 


qwordregister to memory 


0100 ORXB : 0001 O00Ow : mod reg r/m 
0100 1RXB: 0001 0001 : mod qwordreg r/m 


immediate to register 


0100 000B: 1000 OOsw: 11 010 reg: immediate 


immediate to qwordregister 


immediate to qwordregister 


0100 100B: 1000 0001 : 11 010 qwordreg : imm32 
0100 1ROB: 1000 0011: 11 010 qwordreg: imm8 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format 


Encoding 


immediate to AL, AX, or EAX 


0001 010w: immediate data 


immediate to RAX 


0100 1000 : 0000 0101 : imm32 


immediate to memory 


0100 OOXB: 1000 OOsw : mod 010 r/m: immediate 


immediate32 to memory64 


0100 10XB: 1000 0001 : mod 010 r/m: imm32 


immediate8 to memory64 


0100 10XB : 1000 0031 : mod 010 r/m: imm8 


ADD - Add 


register] to register2 


0100 OROB: 0000 000w: 11 reg] reg2 


qwordregister1 to qwordregister2 


0100 1ROB 0000 0000: 11 qwordreg1 qwordreg2 


register2 to register 


0100 OROB: 0000 001w: 11 reg] reg2 


qwordregister1 to qwordregister2 


0100 1ROB 0000 0010: 11 qwordreg1 qwordreg2 


memory to register 


0100 ORXB : 0000 001w: mod reg r/m 


memory64 to qwordregister 


0100 1RXB : 0000 0000 : mod qwordreg r/m 


register to memory 


0100 ORXB : 0000 O00w : mod reg r/m 


qwordregister to memory64 


0100 1RXB: 0000 0011 : mod qwordreg r/m 


immediate to register 


0100 OOO0B: 1000 OOsw: 11 000 reg: immediate data 


immediate32 to qwordregister 


0100 100B: 1000 0001 : 11 010 qwordreg: imm 


immediate to AL, AX, or EAX 


0000 010w: immediate8 


immediate to RAX 


0100 1000 : 0000 0101 : imm32 


immediate to memory 


0100 OOXB: 1000 OOsw : mod 000 r/m: immediate 


immediate32 to memory64 


0100 10XB: 1000 0001 : mod 010 r/m: imm32 


immediate8 to memory64 


0100 10XB: 1000 0011 : mod 010 r/m: imm8 


AND - Logical AND 


register1 to register2 


0100 OROB 0010 000w: 11 reg1 reg2 


qwordregister1 to qwordregister2 


0100 1ROB 0010 0001 : 11 qwordreg1 qwordreg2 


register2 to register 


0100 OROB 0010 001w: 11 reg1 reg2 


register1 to register2 


memory to register 


0100 1ROB 0010 0011 : 11 qwordreg1 qwordreg2 
0100 ORXB 0010 001w: mod reg r/m 


memory64 to qwordregister 


0100 1RXB: 0010 0011 : mod qwordreg r/m 


register to memory 


0100 ORXB : 0010 O00w : mod reg r/m 


qwordregister to memory64 


0100 1RXB: 0010 0001 : mod qwordreg r/m 


immediate to register 


0100 OOOB: 1000 00sw: 11 100 reg: immediate 


immediate32 to qwordregister 


0100 100B 1000 0001 : 11 100 qwordreg: imm32 


immediate to AL, AX, or EAX 


0010 010w: immediate 


immediate32 to RAX 


0100 1000 0010 1001 : imm32 


immediate to memory 


immediate32 to memory64 


0100 OOXB: 1000 OOsw: mod 100 r/m: immediate 
0100 10XB: 1000 0001 : mod 100 r/m: immediate32 


immediate8 to memory64 


0100 10XB : 1000 0011 : mod 100 r/m: imm8 


BSF - Bit Scan Forward 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format 


Encoding 


register1, register2 


0100 OROB 0000 1111: 


1011 1100: 


11 reg] reg2 


qwordregister1, qwordregister2 


0100 1ROB 0000 1111: 
qwordreg2 


1011 1100 


:11 qwordreg1 


memory, register 


0100 ORXB 0000 1111: 


10111100: 


mod reg r/m 


memory64, qwordregister 


0100 1RXB 0000 1111: 


10111100: 


mod qwordreg r/m 


BSR - Bit Scan Reverse 


register1, register2 0100 OROB 0000 1111: 1011 1101: 11 reg] reg2 

qwordregister1, qwordregister2 0100 1ROB 0000 1111: 1011 1101: 11 qwordreg1 
qwordreg2 

memory, register 0100 ORXB 0000 1111: 1011 1101: mod reg r/m 

memory64, qwordregister 0100 1RXB 0000 1111: 1011 1101 : mod qwordreg r/m 


BSWAP - Byte Swap 


0000 1111: 1100 1 reg 


BSWAP - Byte Swap 


0100 100B 0000 1111: 


1100 1 qwordreg 


BT - Bit Test 


register, immediate 


0100 OOOB 0000 1111: 


1011 1010: 


11 100 reg: imm8 


qwordregister, immediate8 


0100 100B 1111: 1011 


1010: 11 100 qwordreg: imm8 data 


memory, immediate 


0100 OOXB 0000 1111: 


1011 1010: 


mod 100 r/m: imm8 


memory64, immediate8 


0100 10XB 0000 1111: 


1011 1010: 


mod 100 r/m: imm8 data 


register1, register2 0100 OROB 0000 1111: 1010 0011: 11 reg2 reg 
qwordregister1, qwordregister2 0100 1ROB 0000 1111 : 1010 0011: 11 qwordreg2 
qwordreg1 
memory, reg 0100 ORXB 0000 1111: 1010 0011 : mod reg r/m 
memory, qwordreg 0100 1RXB 0000 1111: 1010 0011 : mod qwordreg r/m 
BTC - Bit Test and Complement 
register, immediate 0100 OOOB 0000 1111: 1011 1010:11 111 reg: imm8 
qwordregister, immediate8 0100 100B 0000 1111: 1011 1010: 11 111 qwordreg: imm8 
memory, immediate 0100 OOXB 0000 1111: 1011 1010: mod 111 r/m: imm8 
memory64, immediate8 0100 10XB 0000 1111: 1011 1010: mod 111 r/m: imm8 
register1, register2 0100 OROB 0000 1111: 1011 1011: 11 reg2 reg] 
qwordregister1, qwordregister2 0100 1ROB 0000 1111: 1011 1011: 11 qwordreg2 
qwordreg1 
memory, register 0100 ORXB 0000 1111: 1011 1011: mod reg r/m 
memory, qwordreg 0100 1RXB 0000 1111: 1011 1011 : mod qwordreg r/m 
BTR - Bit Test and Reset 
register, immediate 0100 000B 0000 1111: 1011 1010:11 110 reg: imm8 
qwordregister, immediate8 0100 100B 0000 1111: 1011 1010: 11 110 qwordreg: imm8 
memory, immediate 0100 OOXB 0000 1111: 1011 1010: mod 110 r/m: imm8 
memory64, immediate8 0100 10XB 0000 1111: 1011 1010: mod 110 r/m: imm8 
register1, register2 0100 OROB 0000 1111: 1011 0011: 11 reg2 reg] 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format 


Encoding 


qwordregister1, qwordregister2 


0100 1ROB 0000 1111: 1011 0011: 11 qwordreg2 
qwordreg1 


memory, register 


0100 ORXB 0000 1111: 1011 0011 : mod reg r/m 


memory64, qwordreg 


0100 1RXB 0000 1111: 1011 0011 : mod qwordreg r/m 


BTS - Bit Test and Set 


register, immediate 


0100 OOOB 0000 1111: 1011 1010: 11 101 reg: imm8s 


qwordregister, immediate8 


0100 100B 0000 1111: 1011 1010: 11 101 qwordreg: imm8 


memory, immediate 


0100 OOXB 0000 1111: 1011 1010: mod 101 r/m: imm8 


memory64, immediate8 


0100 10XB 0000 1111: 1011 1010: mod 101 r/m: imm8 


register1, register2 


0100 OROB 0000 1111: 1010 1011: 11 reg2 reg! 


qwordregister1, qwordregister2 


0100 1ROB 0000 1111: 1010 1011: 11 qwordreg2 
qwordreg1 


memory, register 


0100 ORXB 0000 1111: 1010 1011 : mod reg r/m 


memory64, qwordreg 


0100 1RXB 0000 1111: 1010 1011 : mod qwordreg r/m 


CALL - Call Procedure (in same segment) 


direct 


1110 1000: displacement32 


register indirect 


0100 WROO” 1111 1111:11 010 reg 


memory indirect 


0100 WOXBY 1111 1111: mod 010 r/m 


CALL - Call Procedure (in other segment) 


indirect 1111 .1111:mod 011 r/m 
indirect 0100 10XB 0100 1000 1111 1111: mod 011 r/m 
CBW - Convert Byte to Word 1001 1000 
CDQ - Convert Doubleword to Qword+ 1001 1001 
CDQE - RAX, Sign-Extend of EAX 0100 1000 1001 1001 
CLC - Clear Carry Flag 1111 1000 
CLD - Clear Direction Flag 1111 1100 
CLI - Clear Interrupt Flag 1111 1010 
CLTS - Clear Task-Switched Flag in CRO 0000 1111 : 0000 0110 
CMC - Complement Carry Flag 11110101 


CMP - Compare Two Operands 


register] with register2 


0100 OROB 0011 100w: 11 reg1 reg2 


qwordregister1 with qwordregister2 


0100 1ROB 0011 1001: 11 qwordreg1 qwordreg2 


register2 with register] 


0100 OROB 0011 101w: 11 reg! reg2 


qwordregister2 with qwordregister1 


0100 1ROB 0011 101w: 11 qwordreg1 qwordreg2 


memory with register 


0100 ORXB 0011 100w: mod reg r/m 


memory64 with qwordregister 


register with memory 


0100 1RXB 0011 1001 : mod qwordreg r/m 
0100 ORXB 0011 101w: mod reg r/m 


qwordregister with memory64 


0100 1RXB 0011 101w1 : mod qwordreg r/m 


immediate with register 


0100 OOOB 1000 OOsw: 11 111 reg: imm 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format 


Encoding 


immediate32 with qwordregister 


0100 100B 1000 0001 : 11 111 qwordreg : imm64 


immediate with AL, AX, or EAX 


0011 110w: imm 


immediate32 with RAX 


0100 1000 0011 1101 : imm32 


immediate with memory 


0100 OOXB 1000 OOsw: mod 111 r/m: imm 


immediate32 with memory64 


0100 1RXB 1000 0001 : mod 111 r/m: imm64 


immediate8 with memory64 


0100 1RXB 1000 0011 : mod 111 r/m: imm8 


CMPS/CMPSB/CMPSW/CMPSD/CMPSQ - Compare String Operands 


compare string operands [ X at DS:(€)SI with Y at €S:(€)DI J 


1010 011w 


qword at address RSI with qword at address RDI 


0100 1000 1010 0111 


CMPXCHG - Compare and Exchange 


register1, register2 


0000 1111: 1011 O00w: 11 reg2 reg] 


byteregister1, byteregister2 0100 OOOB 0000 1111: 1011 0000: 11 bytereg2 reg1 


qwordregister1, qwordregister2 0100 100B 0000 1111: 1011 0001 : 11 qwordreg2 reg] 


memory, register 0000 1111: 1011 O00w: mod reg r/m 


memory8, byteregister 0100 OOXB 0000 1111: 1011 0000: mod bytereg r/m 


memory64, qwordregister 0100 10XB 0000 1111 : 1011 0001 : mod qwordreg r/m 


CPUID - CPU Identification 


0000 1111: 10100010 


CQO - Sign-Extend RAX 


0100 1000 1001 1001 


CWD - Convert Word to Doubleword 


1001 1001 


CWDE - Convert Word to Doubleword 


1001 1000 


DEC - Decrement by 1 


register 


0100 0OOB 1111 111w: 11 001 reg 


qwordregister 


0100 100B 1111 1111:11 001 qwordreg 


memory 


0100 OOXB 1111 111w: mod 001 r/m 


memory64 


0100 10XB 1111 1111: mod 001 r/m 


DIV - Unsigned Divide 
AL, AX, or EAX by register 


0100 OOOB 1111 011w: 11110 reg 


Divide RDX:RAX by qwordregister 


0100 100B 1111 0111: 11 110 qwordreg 


AL, AX, or EAX by memory 


0100 OOXB 1111 011w: mod 110 r/m 


Divide RDX:RAX by memory64 


0100 10XB 1111 0111: mod 110 r/m 


ENTER - Make Stack Frame for High Level Procedure 


1100 1000: 16-bit displacement : 8-bit level (L) 


HLT - Halt 


11110100 


IDIV - Signed Divide 


AL, AX, or EAX by register 


0100 0OOB 1111 011w: 11111 reg 


RDX:RAX by qwordregister 0100 100B 1111 0111:11 111 qwordreg 
AL, AX, or EAX by memory 0100 OOXB 1111 011w: mod 111 r/m 
RDX:RAX by memory64 0100 10XB 1111 0111 :mod 111 r/m 


IMUL - Signed Multiply 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format 


Encoding 


AL, AX, or EAX with register 


0100 000B 1111 011w:11 101 reg 


RDX:RAX := RAX with qwordregister 


0100 100B 1111 0111: 11 101 qwordreg 


AL, AX, or EAX with memory 


0100 OOXB 1111 011w: mod 101 r/m 


RDX:RAX := RAX with memory64 


0100 10XB 1111 0111: mod 101 r/m 


register] with register2 


0000 1111:10101111:11:reg1 reg2 


qwordregister1 := qwordregister1 with qwordregister2 


0100 1ROB 0000 1111: 1010 1111: 11 : qwordreg1 
qwordreg2 


register with memory 


0100 ORXB 0000 1111: 10101111 : mod reg r/m 


qwordregister := qwordregister with memory64 


0100 1RXB 0000 1111: 1010 1111 : mod qwordreg r/m 


register1 with immediate to register2 


0100 OROB 0110 10s1: 11 reg] reg2 : imm 


qwordregister1 := qwordregister2 with sign-extended 
immediate8 


0100 1ROB 0110 1011 : 11 qwordreg1 qwordreg2 : imm8 


qwordregister1 := qwordregister2 with immediate32 


0100 1ROB 0110 1001 : 11 qwordreg1 qwordreg2 : imm32 


memory with immediate to register 


0100 ORXB 0110 10s1 : mod reg r/m: imm 


qwordregister := memory64 with sign-extended immediate8 


0100 1RXB 0110 1011 : mod qwordreg r/m: imm8 


qwordregister := memory64 with immediate32 


0100 1RXB 0110 1001 : mod qwordreg r/m : imm32 


IN - Input From Port 


fixed port 


1110 010w: port number 


variable port 


1110 110w 


INC - Increment by 1 


reg 0100 000B 1111 111w: 11 000 reg 
qwordreg 0100 100B 1111 1111: 11 000 qwordreg 
memory 0100 OOXB 1111 111w: mod 000 r/m 
memory64 0100 10XB 1111 1111: mod 000 r/m 

INS - Input from DX Port 0110 110w 

INT n - Interrupt Type n 1100 1101: type 

INT - Single-Step Interrupt 3 1100 1100 

INTO - Interrupt 4 on Overflow 1100 1110 


INVD - Invalidate Cache 


0000 1111 : 0000 1000 


INVLPG - Invalidate TLB Entry 


0000 1111 : 0000 0001 : mod 111 r/m 


INVPCID - Invalidate Process-Context Identifier 


0110 0110:0000 1111:0011 1000:1000 0010: mod reg r/m 


IRETO - Interrupt Return 


1100 1111 


Jcc - Jump if Condition is Met 


8-bit displacement 


0111 tttn : 8-bit displacement 


displacements (excluding 16-bit relative offsets) 


0000 1111: 1000 tttn : displacement32 


JCXZ/JECXZ - Jump on CX/ECX Zero 
Address-size prefix differentiates JCXZ and JECXZ 


1110 0011 : 8-bit displacement 


JMP - Unconditional Jump (to same segment) 


short 


1110 1011 : 8-bit displacement 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format 


Encoding 


direct 


1110 1001 : displacement32 


register indirect 


0100 WOOB” : 1111 1111: 11 100 reg 


memory indirect 


0100 WOXB™ : 1111 1111: mod 100 r/m 


JMP - Unconditional Jump (to other segment) 


indirect intersegment 


0100 OOXB: 1111 1111: mod 101 r/m 


64-bit indirect intersegment 


0100 10XB: 1111 1111: mod 101 r/m 


LAR - Load Access Rights Byte 


from register 


0100 OROB : 0000 1111 : 0000 0010: 11 regi reg2 


from dwordregister to qwordregister, masked by OOFxFFOOH 


from memory 


0100 WROB: 0000 1111 : 0000 0010: 11 qwordreg1 
dwordreg2 


0100 ORXB : 0000 1111 : 0000 0010: mod reg r/m 


from memory32 to qwordregister, masked by OOFxFFOOH 


0100 WRXB 0000 1111 : 0000 0010: mod r/m 


LEA - Load Effective Address 


in wordregister/dwordregister 


0100 ORXB: 1000 1101 : mod“ reg r/m 


in qwordregister 


0100 1RXB: 1000 1101 : mod4 qwordreg r/m 


LEAVE - High Level Procedure Exit 
LFS - Load Pointer to FS 


1100 1001 


FS:r16/r32 with far pointer from memory 


0100 ORXB : 0000 1111: 1011 0100: mod’ reg r/m 


FS:r64 with far pointer from memory 
LGDT - Load Global Descriptor Table Register 


0100 1RXB: 0000 1111: 1011 0100: mod’ qwordreg r/m 
0100 10XB : 0000 1111 : 0000 0001 : mod’ 010 r/m 


LGS - Load Pointer to GS 


GS:r16/r32 with far pointer from memory 


GS:r64 with far pointer from memory 


0100 ORXB : 0000 1111: 1011 0101 : mod’ reg r/m 
0100 1RXB: 0000 1111: 1011 0101 : mod’ qwordreg r/m 


LIDT - Load Interrupt Descriptor Table Register 


0100 10XB : 0000 1111 : 0000 0001 : mod’ 011 r/m 


LLDT - Load Local Descriptor Table Register 


LDTR from register 


0100 O00B : 0000 1111 : 0000 0000: 11 010 reg 


LDTR from memory 


0100 OOXB :0000 1111 : 0000 0000 : mod 010 r/m 


LMSW - Load Machine Status Word 


from register 


0100 000B : 0000 1111 : 0000 0001 : 11 110 reg 


from memory 


0100 OOXB :0000 1111 : 0000 0001 : mod 110 r/m 


LOCK - Assert LOCK# Signal Prefix 
LODS/LODSB/LODSW/LODSD/LODSQ - Load String Operand 


1111 0000 


at DS:(€)SI to AL/EAX/EAX 


1010 110w 


at (R)SI to RAX 


0100 1000 1010 1101 


LOOP - Loop Count 


if count # O, 8-bit displacement 


1110 0010 


if count # O, RIP + 8-bit displacement sign-extended to 64-bits 


0100 1000 1110 0010 


LOOPE - Loop Count while Zero/Equal 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format 


Encoding 


if count # O & ZF =1, 8-bit displacement 


1110 0001 


if count # 0 & ZF = 1, RIP + 8-bit displacement sign-extended to 
64-bits 


0100 1000 1110 0001 


LOOPNE/LOOPNZ - Loop Count while not Zero/Equal 


if count # O & ZF = O, 8-bit displacement 


1110 0000 


if count # 0 & ZF = 0, RIP + 8-bit displacement sign-extended to 
64-bits 


0100 1000 1110 0000 


LSL - Load Segment Limit 


from register 


0000 1111: 0000 0011: 11 reg] reg2 


from qwordregister 


0100 1ROO 0000 1111 : 0000 0011: 11 qwordreg] reg2 


from memory16 


0000 1111: 0000 0011 : mod reg r/m 


from memory64 


0100 1RXB 0000 1111 : 0000 0011 : mod qwordreg r/m 


LSS - Load Pointer to SS 


SS:r16/r32 with far pointer from memory 


0100 ORXB : 0000 1111: 1011 0010: mod’ reg r/m 


SS:r64 with far pointer from memory 


0100 1WXB: 0000 1111: 1011 0010: mod’ qwordreg r/m 


LTR - Load Task Register 


from register 


0100 OROO : 0000 1111 : 0000 0000: 11 011 reg 


from memory 


0100 OOXB : 0000 1111 : 0000 0000 : mod 011 r/m 


MOV - Move Data 


register1 to register2 


0100 OROB: 1000 100w: 11 reg] reg2 


qwordregister1 to qwordregister2 


0100 1ROB 1000 1001 : 11 qwordeg1 qwordreg2 


register2 to register1 


0100 OROB: 1000 101w: 11 reg] reg2 


qwordregister2 to qwordregister1 


0100 1ROB 1000 1011: 11 qwordreg1 qwordreg2 


memory to reg 


0100 ORXB: 1000 101w: mod reg r/m 


memory64 to qwordregister 


0100 1RXB 1000 1011 : mod qwordreg r/m 


reg to memory 


0100 ORXB: 1000 100w : mod reg r/m 


qwordregister to memory64 


immediate to register 


0100 1RXB 1000 1001 : mod qwordreg r/m 
0100 000B: 1100 011w: 11 000 reg: imm 


immediate32 to qwordregister (zero extend) 


0100 100B 1100 0111: 11 O00 qwordreg: imm32 


immediate to register (alternate encoding) 


0100 000B: 1011 wreg: imm 


immediate64 to qwordregister (alternate encoding) 


0100 100B 1011 1000 reg : imm64 


immediate to memory 


0100 OOXB: 1100 011w: mod 000 r/m: imm 


immediate32 to memory64 (zero extend) 


0100 10XB 1100 0111 : mod 000 r/m: imm32 


memory to AL, AX, or EAX 


0100 0000: 1010 000w : displacement 


memory64 to RAX 0100 1000 1010 0001 : displacement64 
AL, AX, or EAX to memory 0100 0000: 1010 001w: displacement 
RAX to memory64 0100 1000 1010 0011 : displacement64 


MOV - Move to/from Control Registers 


CRO-CR4 from register 


0100 OROB : 0000 1111 : 0010 0010: 11 eee reg (eee = CR#) 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format 


Encoding 


CRx from qwordregister 


0100 1ROB: 0000 1111 :0010 0010: 11 eee qwordreg (Reee 
= CR#) 


register from CRO-CR4 


0100 OROB : 0000 1111 : 0010 0000: 11 eee reg (eee = CR#) 


qwordregister from CRx 


0100 1ROB 0000 1111 :0010 0000: 11 eee qwordreg 
(Reee = CR#) 


MOV - Move to/from Debug Registers 


DRO-DR7 from register 


0000 1111:0010 0011: 11 eee reg (eee = DR#) 


DRO-DR7 from quadregister 


0100 100B 0000 1111 : 0010 0011: 11 eee reg (eee = DR#) 


register from DRO-DR7 


0000 1111 :0010 0001 : 11 eee reg (eee = DR#) 


quadregister from DRO-DR7 


0100 100B 0000 1111 : 0010 0001 : 11 eee quadreg (eee = 
DR#) 


MOV - Move to/from Segment Registers 


register to segment register 


0100 WOOB” : 1000 1110: 11 sreg reg 


register to SS 


0100 000B: 1000 1110: 11 sreg reg 


memory to segment register 


0100 OOXB: 1000 1110: mod sreg r/m 


memory64 to segment register (lower 16 bits) 


0100 10XB 1000 1110: mod sreg r/m 


memory to SS 


0100 OOXB: 1000 1110: mod sreg r/m 


segment register to register 


0100 000B: 1000 1100: 11 sreg reg 


segment register to qwordregister (zero extended) 


0100 100B 1000 1100: 11 sreg qwordreg 


segment register to memory 


0100 OOXB : 1000 1100: mod sreg r/m 


segment register to memory64 (zero extended) 


0100 10XB 1000 1100: mod sreg3 r/m 


MOVBE - Move data after swapping bytes 


memory to register 


0100 ORXB : 0000 1111 :0011 1000:1111 0000: mod reg r/m 


memory64 to qwordregister 


0100 1RXB: 0000 1111 :0011 1000:1111 0000: mod reg r/m 


register to memory 


0100 ORXB :0000 1111 : 0011 1000:1111 0001 : mod reg r/m 


qwordregister to memory64 
MOVS/MOVSB/MOVSW/MOVSD/MOVSQ - Move Data from String 


0100 1RXB :0000 1111 :0011 1000:1111 0001 : mod reg r/m 


to String 


Move data from string to string 


1010 010w 


Move data from string to string (qword) 


0100 1000 1010 0101 


MOVSX/MOVSXD - Move with Sign-Extend 


register2 to register1 


0100 OROB : 0000 1111: 1011 111w: 11 regi reg2 


byteregister2 to qwordregister1 (sign-extend) 


0100 1ROB 0000 1111: 1011 1110: 11 quadreg1 bytereg2 


wordregister2 to qwordregister1 


0100 1ROB 0000 1111 :1011 1111:11 quadreg1 wordreg2 


dwordregister2 to qwordregister1 


0100 1ROB 0110 0011: 11 quadreg1 dwordreg2 


memory to register 


0100 ORXB: 0000 1111: 1011 111w: mod reg r/m 


memory8 to qwordregister (sign-extend) 


0100 1RXB 0000 1111: 1011 1110: mod qwordreg r/m 


memory16 to qwordregister 


0100 1RXB 0000 1111: 1011 1111 : mod qwordreg r/m 


memory32 to qwordregister 
MOVZX - Move with Zero-Extend 


0100 1RXB 0110 0011 : mod qwordreg r/m 
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Instruction and Format 


Encoding 


register2 to register 


0100 OROB : 0000 1111: 1011 011w: 11 reg1 reg2 


dwordregister2 to qwordregister1 


0100 1ROB 0000 1111: 1011 0111: 11 qwordreg1 
dwordreg2 


memory to register 


0100 ORXB : 0000 1111: 1011 011w: mod reg r/m 


memory32 to qwordregister 


0100 1RXB 0000 1111: 1011 0111 : mod qwordreg r/m 


MUL - Unsigned Multiply 


AL, AX, or EAX with register 


0100 000B: 1111 011w:11 100 reg 


RAX with qwordregister (to RDX:RAX) 


0100 100B 1111 0111: 11 100 qwordreg 


AL, AX, or EAX with memory 


0100 OOXB 1111 011w: mod 100 r/m 


RAX with memory64 (to RDX:RAX) 


0100 10XB 1111 0111 : mod 100 r/m 


NEG - Two’s Complement Negation 


register 


qwordregister 


0100 0OOB: 1111 011w: 11011 reg 
0100 100B 1111 0111: 11011 qwordreg 


memory 


0100 OOXB: 1111 011w: mod 011 r/m 


memory64 
NOP - No Operation 


0100 10XB 1111 0111: mod 011 r/m 
1001 0000 


NOT - One’s Complement Negation 


register 


qwordregister 


0100 0OOB: 1111 011w: 11010 reg 
0100 OOOB 1111 0111: 11 010 qwordreg 


memory 


0100 OOXB: 1111 011w: mod 010 r/m 


memory64 


OR - Logical Inclusive OR 


0100 1RXB 1111 0111: mod 010 r/m 


register1 to register2 


0000 100w: 11 reg] reg2 


byteregister1 to byteregister2 


qwordregister1 to qwordregister2 


0100 OROB 0000 1000: 11 bytereg1 bytereg2 
0100 1ROB 0000 1001 : 11 qwordreg1 qwordreg2 


register2 to register 


0000 101w: 11 reg] reg2 


byteregister2 to byteregister1 


0100 OROB 0000 1010: 11 bytereg1 bytereg2 


qwordregister2 to qwordregister1 


0100 OROB 0000 1011 : 11 qwordreg1 qwordreg2 


memory to register 


0000 101w: mod reg r/m 


memory8 to byteregister 


memory8 to qwordregister 


0100 ORXB 0000 1010: mod bytereg r/m 
0100 ORXB 0000 1011 : mod qwordreg r/m 


register to memory 


0000 100w: mod reg r/m 


byteregister to memory8 


qwordregister to memory64 


0100 ORXB 0000 1000: mod bytereg r/m 
0100 1RXB 0000 1001 : mod qwordreg r/m 


immediate to register 


1000 OOsw: 11 001 reg: imm 


immediate8 to byteregister 


0100 O00B 1000 0000: 11 001 bytereg : imm8 


immediate32 to qwordregister 


0100 000B 1000 0001 : 11 001 qwordreg: imm32 


immediate8 to qwordregister 


0100 000B 1000 0011: 11 001 qwordreg : imm8 


immediate to AL, AX, or EAX 


0000 110w: imm 
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Instruction and Format 


Encoding 


immediate64 to RAX 


0100 1000 0000 1101 : imm64 


immediate to memory 


1000 OOsw: mod 001 r/m: imm 


immediate8 to memory8 


0100 OOXB 1000 0000 : mod 001 r/m: imm8 


immediate32 to memory64 


0100 OOXB 1000 0001 : mod 001 r/m: imm32 


immediate8 to memory64 


0100 OOXB 1000 0011 : mod 001 r/m: imm8 


OUT - Output to Port 


fixed port 


1110 011w: port number 


variable port 


1110 111w 


OUTS - Output to DX Port 


output to DX Port 


0110111w 


POP - Pop a Value from the Stack 


wordregister 


0101 0101 :0100 OO0B: 1000 1111: 11 000 regi6 


qwordregister 


0100 WOOB®: 1000 1111: 11 000 reg64 


wordregister (alternate encoding) 


0101 0101 : 0100 O00B: 0101 1 regi6 


qwordregister (alternate encoding) 


0100 WOOB : 0101 1 reg64 


memory64 


0100 WOXBS : 1000 1111 : mod 000 r/m 


memory16 


0101 0101 : 0100 OOXB 1000 1111 : mod 000 r/m 


POP - Pop a Segment Register from the Stack 
(Note: CS cannot be sreg2 in this usage.) 


segment register FS, GS 


0000 1111: 10 sreg3 001 


POPF/POPFQ - Pop Stack into FLAGS/RFLAGS Register 


pop stack to FLAGS register 


0101 0101: 1001 1101 


pop Stack to RFLAGS register 


0100 1000 1001 1101 


PUSH - Push Operand onto the Stack 


wordregister 


0101 0101 :0100 OOOB: 1111 1111:11110regi6 


qwordregister 


wordregister (alternate encoding) 


0100 WOOB®: 1111 1111: 11 110 reg64 
0101 0101 : 0100 O00B: 0101 Oregi6 


qwordregister (alternate encoding) 


0100 WOOBS : 0101 0 reg64 


memory16 0101 0101: 0100 OO0B: 1111 1111:mod110r/m 
memory64 0100 WOOBS: 1111 1111:mod 110 r/m 
immediate8 0110 1010: imm8 

immediate16 0101 0101: 0110 1000: imm16 

immediate64 0110 1000 : imm64 


PUSH - Push Segment Register onto the Stack 


segment register FS,GS 


0000 1111: 10 sreg3 000 


PUSHF/PUSHFD - Push Flags Register onto the Stack 


1001 1100 


RCL - Rotate thru Carry Left 


register by 1 


qwordregister by 1 


0100 000B: 1101 000w: 11 010 reg 
0100 100B 1101 0001: 11 010 qwordreg 
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Instruction and Format 


Encoding 


memory by 1 


0100 OOXB: 1101 O00w : mod 010 r/m 


memory64 by 1 


0100 10XB 1101 0001 : mod 010 r/m 


register by CL 0100 000B: 1101 001w: 11 010 reg 
qwordregister by CL 0100 100B 1101 0011: 11 010 qwordreg 
memory by CL 0100 OOXB: 1101 001w: mod 010 r/m 
memory64 by CL 0100 10XB 1101 0011 : mod 010 r/m 


register by immediate count 


0100 000B: 1100 000w : 11 010 reg: imm 


qwordregister by immediate count 


0100 100B 1100 0001 : 11 010 qwordreg : imm8 


memory by immediate count 


0100 OOXB: 1100 O00w : mod 010 r/m: imm 


memory64 by immediate count 


0100 10XB 1100 0001 : mod 010 r/m: imm8 


RCR - Rotate thru Carry Right 


register by 1 


0100 000B: 1101 000w: 11 011 reg 


qwordregister by 1 


0100 100B 1101 0001: 11 011 qwordreg 


memory by 1 


0100 OOXB: 1101 O00w: mod 011 r/m 


memory64 by 1 


0100 10XB 1101 0001 : mod 011 r/m 


register by CL 0100 000B: 1101 001w: 11 011 reg 
qwordregister by CL 0100 000B 1101 0010: 11 011 qwordreg 
memory by CL 0100 OOXB: 1101 001w: mod 011 r/m 
memory64 by CL 0100 10XB 1101 0011 : mod 011 r/m 


register by immediate count 


0100 000B: 1100 000w: 11 011 reg: imm8 


qwordregister by immediate count 


0100 100B 1100 0001 : 11 011 qwordreg : imm8 


memory by immediate count 


0100 OOXB: 1100 O00w : mod 011 r/m: imm8 


memory64 by immediate count 


0100 10XB 1100 0001 : mod 011 r/m: imm8 


RDMSR - Read from Model-Specific Register 


load ECX-specified register into EDX:EAX 


0000 1111: 0011 0010 


RDPMC - Read Performance Monitoring Counters 


load ECX-specified performance counter into EDX:EAX 


0000 1111: 0011 0011 


RDTSC - Read Time-Stamp Counter 


read time-stamp counter into EDX:EAX 


0000 1111: 0011 0001 


RDTSCP - Read Time-Stamp Counter and Processor ID 


0000 1111 : 0000 0001: 1111 1001 


REP INS - Input String 


REP LODS - Load String 


REP MOVS - Move String 


REP OUTS - Output String 


REP STOS - Store String 
REPE CMPS - Compare String 


REPE SCAS - Scan String 


REPNE CMPS - Compare String 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format Encoding 
REPNE SCAS - Scan String 
RET - Return from Procedure (to same segment) 
no argument 1100 0011 
adding immediate to SP 1100 0010: 16-bit displacement 


RET - Return from Procedure (to other segment) 


intersegment 


1100 1011 


adding immediate to SP 


1100 1010: 16-bit displacement 


ROL - Rotate Left 


register by 1 


0100 O00B 1101 O00w : 


11 000 reg 


byteregister by 1 


0100 OO0B 1101 0000: 


11 000 bytereg 


qwordregister by 1 


0100 100B 1101 0001: 


11 000 qwordreg 


memory by 1 0100 OOXB 1101 O00w : mod 000 r/m 
memory8 by 1 0100 OOXB 1101 0000: mod 000 r/m 
memory64 by 1 0100 10XB 1101 0001 : mod 000 r/m 
register by CL 0100 000B 1101 001w: 11 000 reg 
byteregister by CL 0100 OO0B 1101 0010: 11 000 bytereg 
qwordregister by CL 0100 100B 1101 0011: 11 000 qwordreg 
memory by CL 0100 OOXB 1101 001w: mod 000 r/m 
memory8 by CL 0100 OOXB 1101 0010: mod 000 r/m 
memory64 by CL 0100 10XB 1101 0011 : mod 000 r/m 


register by immediate count 


1100 000w: 11 000 reg 


:imm8s 


byteregister by immediate count 


0100 OO0B 1100 0000: 


11 000 bytereg : imm8 


qwordregister by immediate count 


0100 100B 1100 0001 : 


11 000 bytereg : imm8 


memory by immediate count 


1100 O00w : mod 000 r/m: imm8 


memory8 by immediate count 


0100 OOXB 1100 0000 : 


mod 000 r/m : imm8 


memory64 by immediate count 
ROR - Rotate Right 


0100 10XB 1100 0001 : 


mod 000 r/m : imm8 


register by 1 


0100 OO00B 1101 O00w : 


11 001 reg 


byteregister by 1 


0100 OOOB 1101 0000: 


11 001 bytereg 


qwordregister by 1 


0100 100B 1101 0001: 


11 001 qwordreg 


memory by 1 0100 OOXB 1101 O00w : mod 001 r/m 
memory8 by 1 0100 OOXB 1101 0000: mod 001 r/m 
memory64 by 1 0100 10XB 1101 0001 : mod 001 r/m 
register by CL 0100 000B 1101 001w: 11 001 reg 
byteregister by CL 0100 000B 1101 0010: 11 001 bytereg 
qwordregister by CL 0100 100B 1101 0011: 11 001 qwordreg 
memory by CL 0100 OOXB 1101 001w: mod 001 r/m 
memory8 by CL 0100 OOXB 1101 0010: mod 001 r/m 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format 


Encoding 


memory64 by CL 


0100 10XB 1101 0011 


:mod 001 r/m 


register by immediate count 


0100 OOOB 1100 000w 


:11 001 reg: imm8 


byteregister by immediate count 


0100 OO0B 1100 0000 


:11 001 reg: imm8 


qwordregister by immediate count 


0100 100B 1100 0001 


:11 001 qwordreg : imm8 


memory by immediate count 


0100 OOXB 1100 000w 


: mod 001 r/m: imm8s 


memory8 by immediate count 


0100 OOXB 1100 0000 


:mod 001 r/m: imm8 


memory64 by immediate count 


0100 10XB 1100 0001 


:mod 001 r/m: imm8 


RSM - Resume from System Management Mode 


0000 1111: 1010 1010 


SAL - Shift Arithmetic Left 


same instruction as SHL 


SAR - Shift Arithmetic Right 


register by 1 


0100 O000B 1101 O000w 


:11111 reg 


byteregister by 1 


0100 O000B 1101 0000: 


11111 bytereg 


qwordregister by 1 


0100 100B 1101 0001 


:11111 qwordreg 


memory by 1 0100 OOXB 1101 O00w : mod 111 r/m 
memory8 by 1 0100 OOXB 1101 0000: mod 111 r/m 
memory64 by 1 0100 10XB 1101 0001 : mod 111 r/m 


register by CL 0100 OOOB 1101 001w: 11 111 reg 
byteregister by CL 0100 000B 1101 0010: 11 111 bytereg 
qwordregister by CL 0100 100B 1101 0011: 11 111 qwordreg 
memory by CL 0100 OOXB 1101 001w: mod 111 r/m 
memory8 by CL 0100 OOXB 1101 0010: mod 111 r/m 
memory64 by CL 0100 10XB 1101 0011 : mod 111 r/m 


register by immediate count 


0100 OO0B 1100 000w 


:11111 reg: imm8 


byteregister by immediate count 


0100 O000B 1100 0000: 


11111 bytereg : imm8 


qwordregister by immediate count 


0100 100B 1100 0001 


:11 111 qwordreg : imm8 


memory by immediate count 


memory8 by immediate count 


0100 OOXB 1100 000w : 
0100 OOXB 1100 0000 : 


mod 111 r/m:imm8 


mod 111 r/m:imm8 


memory64 by immediate count 


0100 10XB 1100 0001 


:mod 111 r/m:imm8 


SBB - Integer Subtraction with Borrow 


register to register2 


0100 OROB 0001 100w : 


11 reg] reg2 


byteregister1 to byteregister2 


0100 OROB 0001 1000: 


11 bytereg1 bytereg2 


quadregister1 to quadregister2 


0100 1ROB 0001 1001 


: 11 quadreg1 quadreg2 


register2 to register 1 


0100 OROB 0001 101w: 


11 reg] reg2 


byteregister2 to byteregister1 


0100 OROB 0001 1010: 


11 reg] bytereg2 


byteregister2 to byteregister1 


memory to register 


0100 1ROB 0001 1011: 
0100 ORXB 0001 101w: 


11 reg] bytereg2 


mod reg r/m 


memory8 to byteregister 


0100 ORXB 0001 1010: 


mod bytereg r/m 


memory64 to byteregister 


0100 1RXB 0001 1011: 


mod quadreg r/m 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format Encoding 
register to memory 0100 ORXB 0001 100w: mod reg r/m 
byteregister to memory8 0100 ORXB 0001 1000: mod reg r/m 
quadregister to memory64 0100 1RXB 0001 1001 : mod reg r/m 


immediate to register 


0100 O00B 1000 OOsw : 


11011 reg:imm 


immediate8 to byteregister 


0100 OO0B 1000 0000: 


11011 bytereg : imm8 


immediate32 to qwordregister 


0100 100B 1000 0001 : 


11 011 qwordreg : imm32 


immediate8 to qwordregister 


0100 100B 1000 0011: 


11 011 qwordreg : imm8 


immediate to AL, AX, or EAX 


0100 OO0B 0001 110w: 


imm 


immediate32 to RAL 


0100 1000 0001 1101 


:imm32 


immediate to memory 


0100 OOXB 1000 OOsw : 


mod 011 r/m:imm 


immediate8 to memory8 


0100 OOXB 1000 0000 : 


mod 011 r/m:imm8 


immediate32 to memory64 


0100 10XB 1000 0001 


:mod 011 r/m:imm32 


immediate8 to memory64 


0100 10XB 1000 0011 


:mod 011 r/m:imm8s 


SCAS/SCASB/SCASW/SCASD - Scan String 


scan string 


1010 111w 


scan string (compare AL with byte at RDI) 


0100 1000 1010 1110 


scan string (compare RAX with qword at RDI) 


0100 1000 1010 1111 


SETcc - Byte Set on Condition 


register 0100 000B 0000 1111: 1001 tttn: 11 000 reg 
register 0100 0000 0000 1111: 1001 tttn: 11 000 reg 
memory 0100 OOXB 0000 1111 : 1001 tttn : mod 000 r/m 
memory 0100 0000 0000 1111: 1001 tttn: mod 000 r/m 
SGDT - Store Global Descriptor Table Register 0000 1111 : 0000 0001 : mod’ 000 r/m 
SHL - Shift Left 
register by 1 0100 OO0B 1101 O000w: 11 100 reg 


byteregister by 1 
qwordregister by 1 


0100 OO0B 1101 0000: 


0100 100B 1101 0001 


11 100 bytereg 


:11 100 qwordreg 


memory by 1 0100 OOXB 1101 O00w : mod 100 r/m 
memory8 by 1 0100 OOXB 1101 0000: mod 100 r/m 
memory64 by 1 0100 10XB 1101 0001 : mod 100 r/m 
register by CL 0100 000B 1101 001w: 11 100 reg 
byteregister by CL 0100 000B 1101 0010: 11 100 bytereg 
qwordregister by CL 0100 100B 1101 0011: 11 100 qwordreg 
memory by CL 0100 OOXB 1101 001w: mod 100 r/m 
memory8 by CL 0100 OOXB 1101 0010: mod 100 r/m 
memory64 by CL 0100 10XB 1101 0011 : mod 100 r/m 


register by immediate count 


0100 O00B 1100 000w : 


11 100 reg: imm8 


byteregister by immediate count 
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0100 OOOB 1100 0000: 


11 100 bytereg : imm8 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format 


Encoding 


quadregister by immediate count 


0100 100B 1100 0001 : 


11 100 quadreg : imm8 


memory by immediate count 


0100 OOXB 1100 000w : 


mod 100 r/m: imm8 


memory8 by immediate count 


0100 OOXB 1100 0000 : 


mod 100 r/m: imm8 


memory64 by immediate count 


0100 10XB 1100 0001 


:mod 100 r/m: imm8 


SHLD - Double Precision Shift Left 


register by immediate count 


0100 OROB 0000 1111 


: 1010 0100: 11 reg2 reg] : imm8 


qwordregister by immediate8 


0100 1ROB 0000 1111 
qwordreg1 : imm8 


: 1010 0100: 11 qworddreg2 


memory by immediate count 


0100 ORXB 0000 1111 


: 1010 0100: mod reg r/m: imm8 


memory64 by immediate8 


0100 1RXB 0000 1111 
imm8 


: 1010 0100: mod qwordreg r/m: 


register by CL 0100 OROB 0000 1111: 10100101: 11 reg2 reg 
quadregister by CL 0100 1ROB 0000 1111: 1010 0101: 11 quadreg2 quadreg1 
memory by CL 0100 OOXB 0000 1111: 1010 0101 : mod reg r/m 
memory64 by CL 0100 1RXB 0000 1111: 10100101 : mod quadreg r/m 


SHR - Shift Right 


register by 1 


0100 O000B 1101 O00w : 


11 101 reg 


byteregister by 1 


0100 O00B 1101 0000: 


11 101 bytereg 


qwordregister by 1 


0100 100B 1101 0001 


:11 101 qwordreg 


memory by 1 0100 OOXB 1101 O00w: mod 101 r/m 
memory8 by 1 0100 OOXB 1101 0000: mod 101 r/m 
memory64 by 1 0100 10XB 1101 0001 : mod 101 r/m 
register by CL 0100 OOOB 1101 001w: 11 101 reg 
byteregister by CL 0100 000B 1101 0010: 11 101 bytereg 
qwordregister by CL 0100 100B 1101 0011:11 101 qwordreg 
memory by CL 0100 OOXB 1101 001w: mod 101 r/m 
memory8 by CL 0100 OOXB 1101 0010: mod 101 r/m 
memory64 by CL 0100 10XB 1101 0011 : mod 101 r/m 


register by immediate count 


0100 OOOB 1100 000w : 


11 101 reg: imm8 


byteregister by immediate count 


0100 OOOB 1100 0000: 


11 101 reg: imm8 


qwordregister by immediate count 


0100 100B 1100 0001 


:11 101 reg: imm8 


memory by immediate count 


0100 OOXB 1100 000w : 


mod 101 r/m:imm8 


memory8 by immediate count 


0100 OOXB 1100 0000 : 


mod 101 r/m:imm8 


memory64 by immediate count 


0100 10XB 1100 0001 : 


mod 101 r/m:imm8 


SHRD - Double Precision Shift Right 


register by immediate count 


qwordregister by immediate8 


0100 OROB 0000 1111: 


0100 1ROB 0000 1111: 
qwordreg1 : imm8 


1010 1100: 11 reg2 reg1 :imm8 
1010 1100: 11 qwordreg2 


memory by immediate count 


0100 OOXB 0000 1111: 


1010 1100: mod reg r/m: imm8 


Vol.2D B-33 


INSTRUCTION FORMATS AND ENCODINGS 


Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format 


Encoding 


memory64 by immediate8 


0100 1RXB 0000 1111: 
imm8 


1010 1100: mod qwordreg r/m: 


register by CL 0100 000B 0000 1111: 1010 1101: 11 reg2 reg] 

qwordregister by CL 0100 1ROB 0000 1111: 1010 1101: 11 qwordreg2 
qwordreg1 

memory by CL 0000 1111: 1010 1101: mod reg r/m 

memory64 by CL 0100 1RXB 0000 1111: 1010 1101 : mod qwordreg r/m 


SIDT - Store Interrupt Descriptor Table Register 


0000 1111 : 0000 0001 


‘mod’ 001 r/m 


SLDT - Store Local Descriptor Table Register 


to register 0100 000B 0000 1111 : 0000 0000: 11 000 reg 

to memory 0100 OOXB 0000 1111 : 0000 0000: mod 000 r/m 
SMSW - Store Machine Status Word 

to register 0100 000B 0000 1111 : 0000 0001 : 11 100 reg 

to memory 0100 OOXB 0000 1111 : 0000 0001 : mod 100 r/m 


STC - Set Carry Flag 


1111 1001 


STD - Set Direction Flag 


11111101 


STI - Set Interrupt Flag 


11111011 


STOS/STOSB/STOSW/STOSD/STOSQ - Store String Data 


store string data 


1010 101w 


store string data (RAX at address RDI) 


0100 1000 1010 1011 


STR - Store Task Register 


to register 


0100 OOOB 0000 1111: 


0000 0000: 11 001 reg 


to memory 


0100 OOXB 0000 1111: 


0000 0000: mod 001 r/m 


SUB - Integer Subtraction 


register1 from register2 


0100 OROB 0010 100w 


: 11 reg1 reg2 


byteregister1 from byteregister2 


0100 OROB 0010 1000: 


11 bytereg1 bytereg2 


qwordregister1 from qwordregister2 


register2 from register 


0100 1ROB 0010 1000 
0100 OROB 0010 101w 


:11 qwordreg1 qwordreg2 
:11 reg] reg2 


byteregister2 from byteregister1 


0100 OROB 0010 1010: 


11 bytereg] bytereg2 


qwordregister2 from qwordregister1 


0100 1ROB 0010 1011 


:11 qwordreg1 qwordreg2 


memory from register 


0100 OOXB 0010 101w 


: mod reg r/m 


memory8 from byteregister 


0100 ORXB 0010 1010: 


mod bytereg r/m 


memory64 from qwordregister 


0100 1RXB 0010 1011 


:mod qwordreg r/m 


register from memory 


0100 ORXB 0010 100w 


‘mod reg r/m 


byteregister from memory8 


0100 ORXB 0010 1000: 


mod bytereg r/m 


qwordregister from memory8 


immediate from register 


0100 1RXB 0010 1000: 


0100 O00B 1000 OOsw 


mod qwordreg r/m 


:11 101 reg: imm 


immediate8 from byteregister 


0100 OOOB 1000 0000: 


11 101 bytereg : imm8 


immediate32 from qwordregister 


B-34 Vol. 2D 


0100 100B 1000 0001 : 


11 101 qwordreg : imm32 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format 


Encoding 


immediate8 from qwordregister 


0100 100B 1000 0011: 11 101 qwordreg: imm8 


immediate from AL, AX, or EAX 


0100 O000B 0010 110w: imm 


immediate32 from RAX 


0100 1000 0010 1101 : imm32 


immediate from memory 


0100 OOXB 1000 OOsw : mod 101 r/m: imm 


immediate8 from memory8 0100 OOXB 1000 0000 : mod 101 r/m: imm8 
immediate32 from memory64 0100 10XB 1000 0001 : mod 101 r/m: imm32 
immediate8 from memory64 0100 10XB 1000 0011 : mod 101 r/m: imm8 


SWAPGS - Swap GS Base Register 


Exchanges the current GS base register value for value in MSR 
C0000102H 


0000 1111 0000 0001 


1111 1000 


SYSCALL - Fast System Call 


fast call to privilege level O system procedures 
SYSRET - Return From Fast System Call 


0000 1111 0000 0101 


return from fast system call 


0000 1111 0000 0111 


TEST - Logical Compare 


register1 and register2 


0100 OROB 1000 010w: 


11 reg] reg2 


byteregister1 and byteregister2 


0100 OROB 1000 0100: 


11 bytereg1 bytereg2 


qwordregister1 and qwordregister2 


memory and register 


0100 1ROB 1000 0101 : 
0100 OROB 1000 010w : 


11 qwordreg1 qwordreg2 


mod reg r/m 


memory8 and byteregister 


0100 ORXB 1000 0100: 


mod bytereg r/m 


memory64 and qwordregister 


immediate and register 


0100 1RXB 1000 0101: 
0100 OOOB 1111 O11w: 


mod qwordreg r/m 


11 000 reg: imm 


immediate8 and byteregister 


0100 OOOB 1111 0110: 


11 000 bytereg : imm8 


immediate32 and qwordregister 
immediate and AL, AX, or EAX 


0100 100B 1111 0111: 
0100 OOOB 1010 100w : 


11 000 bytereg : imm8 


imm 


immediate32 and RAX 


0100 1000 1010 1001 : 


imm32 


immediate and memory 


0100 OOXB 1111 011w: 


mod 000 r/m: imm 


immediate8 and memory8 


0100 1000 1111 0110: 


mod 000 r/m : imm8 


immediate32 and memory64 


0100 1000 1111 0111: 


mod 000 r/m: imm32 


UD2 - Undefined instruction 
VERR - Verify a Segment for Reading 


0000 FFFF : 0000 1011 


register 


0100 OOOB 0000 1111: 


0000 0000: 11 100 reg 


memory 


0100 OOXB 0000 1111: 


0000 0000 : mod 100 r/m 


VERW - Verify a Segment for Writing 


register 0100 O00B 0000 1111 : 0000 0000: 11 101 reg 
memory 0100 OOXB 0000 1111 : 0000 0000: mod 101 r/m 
WAIT - Wait 1001 1011 


WBINVD - Writeback and Invalidate Data Cache 


0000 1111 : 0000 1001 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format 


Encoding 


WRMSR - Write to Model-Specific Register 


write EDX:EAX to ECX specified MSR 


0000 1111: 0011 0000 


write RDX[31:0]:RAX[31:0] to RCX specified MSR 


0100 1000 0000 1111 : 0011 0000 


XADD - Exchange and Add 


register1, register2 


0100 OROB 0000 1111: 


1100 000w: 11 reg2 reg 


byteregister1, byteregister2 


0100 OROB 0000 1111: 


1100 0000: 11 bytereg2 bytereg1 


qwordregister1, qwordregister2 


0100 OROB 0000 1111: 
qwordreg1 


1100 0001 : 11 qwordreg2 


memory, register 


0100 ORXB 0000 1111: 


1100 O00w : mod reg r/m 


memory8, bytereg 


0100 1RXB 0000 1111: 


1100 0000: mod bytereg r/m 


memory64, qwordreg 


0100 1RXB 0000 1111: 


1100 0001 : mod qwordreg r/m 


XCHG - Exchange Register/Memory with Register 


register1 with register2 


1000 011w: 11 reg! reg2 


AX or EAX with register 


1001 Oreg 


memory with register 
XLAT/XLATB - Table Look-up Translation 


1000 011w: mod reg r/m 


AL to byte DS:[(€)BX + unsigned AL] 


1101 0111 


AL to byte DS:[RBX + unsigned AL] 
XOR - Logical Exclusive OR 


0100 1000 1101 0111 


register1 to register2 


0100 ORXB 0011 O00w : 


11 reg] reg2 


byteregister1 to byteregister2 


qwordregister1 to qwordregister2 


0100 OROB 0011 0000: 
0100 1ROB 0011 0001 


11 bytereg] bytereg2 


:11 qwordreg1 qwordreg2 


register2 to register1 


0100 OROB 0011 OO1w: 


11 reg] reg2 


byteregister2 to byteregister1 


qwordregister2 to qwordregister1 


0100 OROB 0011 0010: 
0100 1ROB 0011 0011 


11 bytereg1 bytereg2 


:11 qwordreg1 qwordreg2 


memory to register 


0100 ORXB 0011 O0O01w: 


mod reg r/m 


memory8 to byteregister 


0100 ORXB 0011 0010: 


mod bytereg r/m 


memory64 to qwordregister 


0100 1RXB 0011 0011 


: mod qwordreg r/m 


register to memory 


0100 ORXB 0011 O00w : 


mod reg r/m 


byteregister to memory8 


qwordregister to memory8 


0100 ORXB 0011 0000 : 
0100 1RXB 0011 0001 


mod bytereg r/m 


:mod qwordreg r/m 


immediate to register 


0100 O00B 1000 OOsw : 


11110 reg:imm 


immediate8 to byteregister 


immediate32 to qwordregister 


0100 O00B 1000 0000 
0100 100B 1000 0001 : 


:11 110 bytereg : imm8 


11 110 qwordreg : imm32 


immediate8 to qwordregister 


0100 100B 1000 0011: 


11 110 qwordreg : imm8 


immediate to AL, AX, or EAX 


0100 OO0B 0011 010w: 


imm 


immediate to RAX 


0100 1000 0011 0101 


: immediate data 


immediate to memory 


0100 OOXB 1000 OOsw : 


mod 110 r/m:imm 


immediate8 to memory8 


0100 OOXB 1000 0000 : 


mod 110 r/m: imm8 
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Table B-15. General Purpose Instruction Formats and Encodings for 64-Bit Mode (Contd.) 


Instruction and Format 


Encoding 


immediate32 to memory64 


0100 10XB 1000 0001 : mod 110 r/m: imm32 


immediate8 to memory64 


0100 10XB 1000 0011 : mod 110 r/m: imm8 


Prefix Bytes 
address size 01100111 
LOCK 1111 0000 
operand size 01100110 
CS segment override 0010 1110 
DS segment override 00111110 
ES segment override 0010 0110 
FS segment override 01100100 
GS segment override 01100101 
SS segment override 00110110 


B.3 PENTIUM® PROCESSOR FAMILY INSTRUCTION FORMATS AND ENCODINGS 


The following table shows formats and encodings introduced by the Pentium processor family. 


Table B-16. Pentium Processor Family Instruction Formats and Encodings, Non-64-Bit Modes 


Instruction and Format 


Encoding 


CMPXCHG8B - Compare and Exchange 8 Bytes 
EDX:EAX with memory64 


0000 1111: 1100 0111 : mod 001 r/m 


Table B-17. Pentium Processor Family Instruction Formats and Encodings, 64-Bit Mode 


Instruction and Format 


Encoding 


CMPXCHG8B/CMPXCHG16B - Compare and Exchange Bytes 
EDX:EAX with memory64 


0000 1111: 1100 0111 : mod 001 r/m 


RDX:RAX with memory128 


0100 10XB 0000 1111: 11000111 : mod 001 r/m 


B.4 64-BIT MODE INSTRUCTION ENCODINGS FOR SIMD INSTRUCTION 


EXTENSIONS 


Non-64-bit mode instruction encodings for MMX Technology, SSE, SSE2, and SSE3 are covered by applying these 
rules to Table B-19 through Table B-31. Table B-34 lists special encodings (instructions that do not follow the rules 


below). 

1. The REX instruction has no effect: 
* On immediates. 
¢ If both operands are MMX registers. 
* On MMX registers and XMM registers. 


¢ If an MMX register is encoded in the reg field of the ModR/M byte. 
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2. If amemory operand is encoded in the r/m field of the ModR/M byte, REX.X and REX.B may be used for 
encoding the memory operand. 


3. Ifa general-purpose register is encoded in the r/m field of the ModR/M byte, REX.B may be used for register 
encoding and REX.W may be used to encode the 64-bit operand size. 


4. If an XMM register operand is encoded in the reg field of the ModR/M byte, REX.R may be used for register 
encoding. If an XMM register operand is encoded in the r/m field of the ModR/M byte, REX.B may be used for 
register encoding. 


B.5 MMX INSTRUCTION FORMATS AND ENCODINGS 


MMX instructions, except the EMMS instruction, use a format similar to the 2-byte Intel Architecture integer format. 
Details of subfield encodings within these formats are presented below. 


B.5.1 Granularity Field (gg) 


The granularity field (gg) indicates the size of the packed operands that the instruction is operating on. When this 
field is used, it is located in bits 1 and 0 of the second opcode byte. Table B-18 shows the encoding of the gg field. 


Table B-18. Encoding of Granularity of Data Field (gg) 


gg Granularity of Data 
00 Packed Bytes 

01 Packed Words 

10 Packed Doublewords 

11 Quadword 


B.5.2 MMxX Technology and General-Purpose Register Fields (mmxreg and reg) 


When MMxX technology registers (mmxreg) are used as operands, they are encoded in the ModR/M byte in the reg 
field (bits 5, 4, and 3) and/or the R/M field (bits 2, 1, and 0). 


If an MMX instruction operates on a general-purpose register (reg), the register is encoded in the R/M field of the 
ModR/M byte. 


B.5.3 MMxX Instruction Formats and Encodings Table 


Table B-19 shows the formats and encodings of the integer instructions. 


Table B-19. MMX Instruction Formats and Encodings 


Instruction and Format Encoding 

EMMS - Empty MMX technology state 0000 1111:01110111 
MOVD - Move doubleword 

reg to mmxreg 0000 1111:0110 1110: 11 mmxreg reg 

reg from mmxreg 0000 1111:0111 1110: 11 mmxreg reg 

mem to mmxreg 0000 1111:0110 1110: mod mmxreg r/m 

mem from mmxreg 0000 1111:0111 1110: mod mmxreg r/m 
MOVQ - Move quadword 

mmxreg2 to mmxreg1 0000 1111:0110 1111: 11 mmxreg1 mmxreg2 

mmxreg2 from mmxreg1 0000 1111:0111 1111: 11 mmxreg1 mmxreg2 
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Table B-19. MMX Instruction Formats and Encodings (Contd.) 


Instruction and Format 


Encoding 


mem to mmxreg 


0000 1111:0110 1111: mod mmxreg r/m 


mem from mmxreg 


0000 1111:0111 1111: mod mmxreg r/m 


PACKSSDW' - Pack dword to word data (signed with saturat 


ion) 


mmxreg2 to mmxreg1 


0000 1111:0110 1011: 11 mmxreg1 mmxreg2 


memory to mmxreg 


0000 1111:0110 1011: mod mmxreg r/m 


PACKSSWB! - Pack word to byte data (signed with saturatio 


n 


~— 


mmxreg2 to mmxreg1 


0000 1111:0110 0011: 11 mmxreg1 mmxreg2 


memory to mmxreg 


0000 1111:0110 0011: mod mmxreg r/m 


PACKUSWB! - Pack word to byte data (unsigned with saturation) 


mmxreg2 to mmxreg1 


0000 1111:0110 0111: 11 mmxreg1 mmxreg2 


memory to mmxreg 


0000 1111:0110 0111: mod mmxreg r/m 


PADD - Add with wrap-around 


mmxreg2 to mmxreg1 


0000 1111: 1111 11gg: 11 mmxreg1 mmxreg2 


memory to mmxreg 


0000 1111: 1111 11gg: mod mmxreg r/m 


PADDS - Add signed with saturation 


mmxreg2 to mmxreg1 


0000 1111: 1110 11gg: 11 mmxreg1 mmxreg2 


memory to mmxreg 


0000 1111: 1110 11gg: mod mmxreg r/m 


PADDUS - Add unsigned with saturation 


mmxreg2 to mmxreg1 


0000 1111: 1101 11gg: 11 mmxreg1 mmxreg2 


memory to mmxreg 


0000 1111: 1101 11gg: mod mmxreg r/m 


PAND - Bitwise And 


mmxreg2 to mmxreg1 


0000 1111:1101 1011: 11 mmxreg1 mmxreg2 


memory to mmxreg 


0000 1111:1101 1011: mod mmxreg r/m 


PANDN - Bitwise AndNot 


mmxreg2 to mmxreg1 


0000 1111:1101 1111: 11 mmxreg1 mmxreg2 


memory to mmxreg 


PCMPEQ - Packed compare for equality 


0000 1111:1101 1111: mod mmxreg r/m 


mmxreg1 with mmxreg2 


0000 1111:0111 01gg: 11 mmxreg1 mmxreg2 


mmxreg with memory 


0000 1111:0111 01gg: mod mmxreg r/m 


PCMPGT - Packed compare greater (signed) 


mmxreg1 with mmxreg2 


0000 1111:0110 01gg: 11 mmxreg1 mmxreg2 


mmxreg with memory 


0000 1111:0110 01gg: mod mmxreg r/m 


PMADDWD - Packed multiply add 


mmxreg2 to mmxreg1 


0000 1111:1111 0101: 11 mmxreg1 mmxreg2 


memory to mmxreg 


PMULHUW - Packed multiplication, store high word (unsigned) 


0000 1111:1111 0101: mod mmxreg r/m 


mmxreg2 to mmxreg1 


0000 1111: 1110 0100: 11 mmxreg1 mmxreg2 


memory to mmxreg 


0000 1111: 11100100: mod mmxreg r/m 
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Table B-19. MMX Instruction Formats and Encodings (Contd.) 


Instruction and Format 


Encoding 


PMULHW - Packed multiplication, store high word 


mmxreg2 to mmxreg1 


0000 1111:1110 0101: 


11 mmxreg1 mmxreg2 


memory to mmxreg 


0000 1111:1110 0101: 


mod mmxreg r/m 


PMULLW - Packed multiplication, store low word 


mmxreg2 to mmxreg1 


0000 1111:1101 0101: 


11 mmxreg1 mmxreg2 


memory to mmxreg 


0000 1111:1101 0101: 


mod mmxreg r/m 


POR - Bitwise Or 


mmxreg2 to mmxreg1 


0000 1111:1110 1011: 


11 mmxreg1 mmxreg2 


memory to mmxreg 


0000 1111:1110 1011: 


mod mmxreg r/m 


PSLL? - Packed shift left logical 


mmxreg1 by mmxreg2 


0000 1111:1111 O0gg: 


11 mmxreg1 mmxreg2 


mmxreg by memory 


0000 1111:1111 O0gg: 


mod mmxreg r/m 


mmxreg by immediate 


0000 1111:0111 O0gg: 


11 110 mmxreg: imm8 data 


PSRA@ - Packed shift right arithmetic 


mmxreg1 by mmxreg2 


0000 1111:1110 O0gg: 


11 mmxreg1 mmxreg2 


mmxreg by memory 


0000 1111:1110 O0gg: 


mod mmxreg r/m 


mmxreg by immediate 


0000 1111:0111 O0gg: 


11 100 mmxreg: imm8 data 


PSRL? - Packed shift right logical 


mmxreg1 by mmxreg2 


0000 1111:1101 O0gg: 


11 mmxreg1 mmxreg2 


mmxreg by memory 


0000 1111:1101 O0gg: 


mod mmxreg r/m 


mmxreg by immediate 


0000 1111:0111 O0gg: 


11 010 mmxreg: imm8 data 


PSUB - Subtract with wrap-around 


mmxreg2 from mmxreg1 


0000 1111:1111 10gg: 


11 mmxreg1 mmxreg2 


memory from mmxreg 


0000 1111:1111 10gg: 


mod mmxreg r/m 


PSUBS - Subtract signed with saturation 


mmxreg2 from mmxreqg1 


memory from mmxreg 


0000 1111:1110 10gg: 
0000 1111:1110 10gg: 


11 mmxreg1 mmxreg2 


mod mmxreg r/m 


PSUBUS - Subtract unsigned with saturation 


mmxreg2 from mmxreqg1 


0000 1111:1101 10gg: 


11 mmxreg1 mmxreg2 


memory from mmxreg 


0000 1111:1101 10gg: 


mod mmxreg r/m 


PUNPCKH - Unpack high data to next larger type 


mmxreg2 to mmxreg1 


0000 1111:0110 10gg: 


11 mmxreg1 mmxreg2 


memory to mmxreg 


0000 1111:0110 10gg: 


mod mmxreg r/m 


PUNPCKL - Unpack low data to next larger type 


mmxreg2 to mmxreg1 


memory to mmxreg 


0000 1111:0110 O0gg: 
0000 1111:0110 00gg: 


11 mmxreg1 mmxreg2 


mod mmxreg r/m 
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Table B-19. MMX Instruction Formats and Encodings (Contd.) 


Instruction and Format Encoding 
PXOR - Bitwise Xor 
mmxreg2 to mmxreg1 0000 1111:1110 1111: 11 mmxreg1 mmxreg2 
memory to mmxreg 0000 1111:1110 1111: mod mmxreg r/m 


NOTES: 
1. The pack instructions perform saturation from signed packed data of one type to signed or unsigned data of the next smaller type. 


2. The format of the shift instructions has one additional format to support shifting by immediate shift-counts. The shift operations 
are not supported equally for all data types. 


B.6 PROCESSOR EXTENDED STATE INSTRUCTION FORMATS AND ENCODINGS 


Table B-20 shows the formats and encodings for several instructions that relate to processor extended state 
management. 


Table B-20. Formats and Encodings of XSAVE/XRSTOR/XGETBV/XSETBV Instructions 


Instruction and Format Encoding 
XGETBV - Get Value of Extended Control Register 0000 1111:0000 0001: 1101 0000 
XRSTOR - Restore Processor Extended States! 0000 1111:1010 1110: mod’ 101 r/m 
XSAVE - Save Processor Extended States! 0000 1111:1010 1110: mod’ 100 r/m 
XSETBV - Set Extended Control Register 0000 1111:0000 0001: 1101 0001 


NOTES: 
1. For XSAVE and XRSTOR, “mod = 11” is reserved. 


B.7 P6 FAMILY INSTRUCTION FORMATS AND ENCODINGS 


Table B-20 shows the formats and encodings for several instructions that were introduced into the IA-32 architec- 
ture in the P6 family processors. 


Table B-21. Formats and Encodings of P6 Family Instructions 


Instruction and Format Encoding 

CMOVcc - Conditional Move 

register2 to register] 0000 1111:0100 tttn: 11 reg] reg2 

memory to register 0000 1111: 0100 tttn: mod reg r/m 
FCMOVcc - Conditional Move on EFLAG Register Condition Codes 

move if below (B) 11011 010: 11 000 ST(i) 

move if equal (E) 11011 010:11 001 ST(i) 

move if below or equal (BE) 11011010: 11010 ST(i) 

move if unordered (U) 11011010: 11 011 ST(i) 

move if not below (NB) 11011011: 11 000 ST(i) 

move if not equal (NE) 11011 011:11 001 ST(i) 

move if not below or equal (NBE) 11011 011:11 010 ST(i) 
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Table B-21. Formats and Encodings of P6 Family Instructions (Contd.) 


Instruction and Format Encoding 
move if not unordered (NU) 11011 011:11 011 ST(i) 
FCOMI - Compare Real and Set EFLAGS 11011 011:11 110 ST(i) 
FXRSTOR - Restore x87 FPU, MMX, SSE, and SSE2 State 0000 1111:1010 1110: mod’ 001 r/m 
FXSAVE - Save x87 FPU, MMX, SSE, and SSE2 State 0000 1111:1010 1110: mod’ 000 r/m 
SYSENTER - Fast System Call 0000 1111:0011 0100 
SYSEXIT - Fast Return from Fast System Call 0000 1111:0011 0101 


NOTES: 
1. For FXSAVE and FXRSTOR, “mod = 11” is reserved. 


B.8 SSE INSTRUCTION FORMATS AND ENCODINGS 


The SSE instructions use the ModR/M format and are preceded by the OFH prefix byte. In general, operations are 
not duplicated to provide two directions (that is, separate load and store variants). 


The following three tables (Tables B-22, B-23, and B-24) show the formats and encodings for the SSE SIMD 
floating-point, SIMD integer, and cacheability and memory ordering instructions, respectively. Some SSE instruc- 
tions require a mandatory prefix (66H, F2H, F3H) as part of the two-byte opcode. Mandatory prefixes are included 
in the tables. 


Table B-22. Formats and Encodings of SSE Floating-Point Instructions 


Instruction and Format Encoding 

ADDPS—Add Packed Single-Precision Floating-Point Values 

xmmreg2 to xmmreg1 0000 1111:0101 1000:11 xmmreg1 xmmreg2 

mem to xmmreg 0000 1111:0101 1000: mod xmmreg r/m 
ADDSS—Add Scalar Single-Precision Floating-Point Values 

xmmreg2 to xmmreg1 1111 0011:0000 1111:01011000:11 xmmreg1 xmmreg2 

mem to xmmreg 1111 0011:0000 1111:01011000: mod xmmreg r/m 
ANDNPS-—Bitwise Logical AND NOT of Packed Single-Precision Floating-Point Values 

xmmreg2 to xmmreg1 0000 1111:0101 0101:11 xmmreg1 xmmreg2 

mem to xmmreg 0000 1111:0101 0101: mod xmmreg r/m 
ANDPS-—Bitwise Logical AND of Packed Single-Precision Floating-Point Values 

xmmreg2 to xmmreg1 0000 1111:0101 0100:11 xmmreg1 xmmreg2 

mem to xmmreg 0000 1111:0101 0100: mod xmmreg r/m 
CMPPS—Compare Packed Single-Precision Floating-Point Values 

xmmreg2 to xmmreg1, imm8 0000 1111:1100 0010:11 xmmreg1 xmmreg2: imm8 

mem to xmmreg, imm8 0000 1111:1100 0010: mod xmmreg r/m: imm8 


CMPSS—Compare Scalar Single-Precision Floating-Point Values 


xmmreg2 to xmmreg1, imm8 1111 0011:0000 1111:1100 0010:11 xmmreg1 xmmreg2: imm8 

mem to xmmreg, imm8 1111 0011:0000 1111:1100 0010: mod xmmreg r/m: imm8 
COMISS—Compare Scalar Ordered Single-Precision Floating-Point Values and Set EFLAGS 

xmmreg2 to xmmreg1 0000 1111:0010 1111:11 xmmreg1 xmmreg2 

mem to xmmreg 0000 1111:0010 1111: mod xmmreg r/m 
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Table B-22. Formats and Encodings of SSE Floating-Point Instructions (Contd.) 


Instruction and Format 


Encoding 


CVTPI2PS—Convert Packed Doubleword Integers to Packed Single-Precision Floating-Point Values 


mmreg to xmmreg 


0000 1111:0010 1010:11 xmmreg1 mmreg1 


mem to xmmreg 


0000 1111:0010 1010: mod xmmreg r/m 


CVTPS2PI—Convert Packed Single-Precision Floating-Point Values to Packed Doubleword Integers 


xmmreg to mmreg 


0000 1111:0010 1101:11 mmreg1 xmmreg1 


mem to mmreg 


0000 1111:0010 1101: mod mmreg r/m 


CVTSI2SS—Convert Doubleword Integer to Scalar Single-Precision Floating-Point Value 


r32 to xmmreg1 


1111 0011:0000 1111:00101010:11 xmmreg1 132 


mem to xmmreg 


1111 0011:0000 1111:00101010: mod xmmreg r/m 


CVTSS2SI—Convert Scalar Single-Precision Floating-Point Value to Doubleword Integer 


xmmreg to r32 


1111 0011:0000 1111:0010 1101:11 r32 xmmreg 


mem to r32 


1111 0011:0000 1111:0010 1101: mod r32 r/m 


CVTTPS2PI—Convert with Truncation Packed Single-Precision Floating-Point Values to Packed Doubleword Integers 


xmmreg to mmreg 


0000 1111:0010 1100:11 mmreg1 xmmreg1 


mem to mmreg 


0000 1111:0010 1100: mod mmreg r/m 


CVTTSS2SI—Convert with Truncation Scalar Single-Prec 


ision Floating-Point Value to Doubleword Integer 


xmmreg to r32 


1111 0011:0000 1111:0010 1100:11 r32 xmmreg1 


mem to r32 


1111 0011:0000 1111:0010 1100: mod r32 r/m 


DIVPS—Divide Packed Single-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0000 1111:0101 1110:11 xmmreg1 xmmreg2 


mem to xmmreg 


0000 1111:0101 1110: mod xmmreg r/m 


DIVSS—Divide Scalar Single-Precision Floating-Point Val 


ues 


xmmreg2 to xmmreg1 


1111 0011:0000 1111:0101 1110:11 xmmreg1 xmmreg2 


mem to xmmreg 


1111 0011:0000 1111:0101 1110: mod xmmreg r/m 


LDMXCSR—Load MXCSR Register State 


m32 to MXCSR 


0000 1111:1010 1110:mod’ 010 mem 


MAXPS—Return Maximum Packed Single-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0000 1111:0101 1111:11 xmmreg1 xmmreg2 


mem to xmmreg 


0000 1111:0101 1111: mod xmmreg r/m 


MAXSS—Return Maximum Scalar Double-Precision Floating-Point Value 


xmmreg2 to xmmreg1 


1111 0011:0000 1111:0101 1111:11 xmmreg1 xmmreg2 


mem to xmmreg 


1111 0011:0000 1111:0101 1111: mod xmmreg r/m 


MINPS—Return Minimum Packed Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0000 1111:0101 1101:11 xmmreg1 xmmreg2 


mem to xmmreg 


0000 1111:0101 1101: mod xmmreg r/m 


MINSS—Return Minimum Scalar Double-Precision Floating-Point Value 


xmmreg2 to xmmreg1 


1111 0011:0000 1111:0101 1101:11 xmmreg1 xmmreg2 


mem to xmmreg 


1111 0011:0000 1111:0101 1101: mod xmmreg r/m 
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Table B-22. Formats and Encodings of SSE Floating-Point Instructions (Contd.) 


Instruction and Format 


Encoding 


MOVAPS—Move Aligned Packed Single-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0000 1111:0010 1000:11 xmmreg2 xmmreg1 


mem to xmmreg1 


0000 1111:0010 1000: mod xmmreg r/m 


xmmreg1 to xmmreg2 


0000 1111:0010 1001:11 xmmreg1 xmmreg2 


xmmreg1 to mem 


0000 1111:0010 1001: mod xmmreg r/m 


MOVHLPS—Move Packed Single-Precision Floating-Point Values High to Low 


xmmreg2 to xmmreg1 


0000 1111:0001 0010:11 xmmreg1 xmmreg2 


MOVHPS—Move High Packed Single-Precision Floating-Point Values 


mem to xmmreg 


0000 1111:0001 0110: mod xmmreg r/m 


xmmreg to mem 


0000 1111:0001 0111: mod xmmreg r/m 


MOVLHPS—Move Packed Single-Precision Floating-Point Values Low to High 


xmmreg2 to xmmreg1 


0000 1111:00010110:11 xmmreg1 xmmreg2 


MOVLPS—Move Low Packed Single-Precision Floating-Point Values 


mem to xmmreg 


0000 1111:0001 0010: mod xmmreg r/m 


xmmreg to mem 


0000 1111:0001 0011: mod xmmreg r/m 


MOVMSKPS—Extract Packed Single-Precision Floating-Point Sign Mask 


xmmreg to r32 


0000 1111:0101 0000:11 r32 xmmreg 


MOVSS—Move Scalar Single-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


1111 0011:0000 1111:0001 0000:11 xmmreg2 xmmreg1 


mem to xmmreg1 


1111 0011:0000 1111:0001 0000: mod xmmreg r/m 


xmmreg1 to xmmreg2 


1111 0011:0000 1111:0001 0001:11 xmmreg1 xmmreg2 


xmmreg1 to mem 


1111 0011:0000 1111:0001 0001: mod xmmreg r/m 


MOVUPS—Move Unaligned Packed Single-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


mem to xmmreg1 


0000 1111:0001 0000:11 xmmreg2 xmmreg1 
0000 1111:0001 0000: mod xmmreg r/m 


xmmreg1 to xmmreg2 


0000 1111:0001 0001:11 xmmreg1 xmmreg2 


xmmreg1 to mem 


0000 1111:0001 0001: mod xmmreg r/m 


MULPS—Multiply Packed Single-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0000 1111:0101 1001:11 xmmreg1 xmmreg2 


mem to xmmreg 


0000 1111:0101 1001: mod xmmreg r/m 


MULSS—Multiply Scalar Single-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


1111 0011:0000 1111:0101 1001:11 xmmreg1 xmmreg2 


mem to xmmreg 


1111 0011:0000 1111:0101 1001: mod xmmreg r/m 


ORPS—Bitwise Logical OR of Single-Precision Floating-Point Values 


xmmreg2 to xmmreq1 


0000 1111:0101 0110:11 xmmreg1 xmmreg2 


mem to xmmreg 


0000 1111:0101 0110: mod xmmreg r/m 


RCPPS—Compute Reciprocals of Packed Single-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0000 1111:0101 0011:11 xmmreg1 xmmreg2 
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Table B-22. Formats and Encodings of SSE Floating-Point Instructions (Contd.) 


Instruction and Format Encoding 
mem to xmmreg 0000 1111:0101 0011: mod xmmreg r/m 
RCPSS—Compute Reciprocals of Scalar Single-Precision Floating-Point Value 
xmmreg2 to xmmreg1 1111 0011:0000 1111:01010011:11 xmmreg1 xmmreg2 
mem to xmmreg 1111 0011:0000 1111:01010011: mod xmmreg r/m 
RSQRTPS—Compute Reciprocals of Square Roots of Packed Single-Precision Floating-Point Values 
xmmreg2 to xmmreg1 0000 1111:0101 0010:11 xmmreg1 xmmreg2 
mem to xmmreg 0000 1111:0101 0010: mode xmmreg r/m 
RSQRTSS—Compute Reciprocals of Square Roots of Scalar Single-Precision Floating-Point Value 
xmmreg2 to xmmreg1 1111 0011:0000 1111:0101 0010:11 xmmreg1 xmmreg2 
mem to xmmreg 1111 0011:0000 1111:0101 0010: mod xmmreg r/m 
SHUFPS—Shuffle Packed Single-Precision Floating-Point Values 
xmmreg2 to xmmreg1, imm8 0000 1111:1100 0110:11 xmmreg1 xmmreg2: imm8 
mem to xmmreg, imm8 0000 1111:1100 0110: mod xmmreg r/m: imm8 
SQRTPS—Compute Square Roots of Packed Single-Precision Floating-Point Values 
xmmreg2 to xmmreg1 0000 1111:0101 0001:11 xmmreg1 xmmreg2 
mem to xmmreg 0000 1111:0101 0001: mod xmmreg r/m 
SQRTSS—Compute Square Root of Scalar Single-Precision Floating-Point Value 
xmmreg2 to xmmreg1 1111 0011:0000 1111:0101 0001:11 xmmreg1 xmmreg2 
mem to xmmreg 1111 0011:0000 1111:0101 0001:mod xmmreg r/m 
STMXCSR—Store MXCSR Register State 
MXCSR to mem 0000 1111:1010 1110:mod4 011 mem 
SUBPS—Subtract Packed Single-Precision Floating-Point Values 
xmmreg2 to xmmreg1 0000 1111:0101 1100:11 xmmreg1 xmmreg2 
mem to xmmreg 0000 1111:0101 1100:mod xmmreg r/m 
SUBSS—Subtract Scalar Single-Precision Floating-Point Values 
xmmreg2 to xmmreg1 1111 0011:0000 1111:0101 1100:11 xmmreg1 xmmreg2 
mem to xmmreg 1111 0011:0000 1111:0101 1100:mod xmmreg r/m 
UCOMISS—Unordered Compare Scalar Ordered Single-Precision Floating-Point Values and Set EFLAGS 
xmmreg2 to xmmreg1 0000 1111:0010 1110:11 xmmreg1 xmmreg2 
mem to xmmreg 0000 1111:0010 1110: mod xmmreg r/m 
UNPCKHPS—Unpack and Interleave High Packed Single-Precision Floating-Point Values 
xmmreg2 to xmmreg1 0000 1111:0001 0101:11 xmmreg1 xmmreg2 
mem to xmmreg 0000 1111:0001 0101: mod xmmreg r/m 
UNPCKLPS—Unpack and Interleave Low Packed Single-Precision Floating-Point Values 
xmmreg2 to xmmreg1 0000 1111:0001 0100:11 xmmreg1 xmmreg2 
mem to xmmreg 0000 1111:0001 0100: mod xmmreg r/m 
XORPS—Bitwise Logical XOR of Single-Precision Floating-Point Values 
xmmreg2 to xmmreg1 0000 1111:0101 0111:11 xmmreg1 xmmreg2 
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Table B-22. Formats and Encodings of SSE Floating-Point Instructions (Contd.) 


Instruction and Format 


Encoding 


mem to xmmreg 


0000 1111:0101 0111: mod xmmreg r/m 


Table B-23. Formats and Encodings of SSE Integer Instructions 


Instruction and Format 


Encoding 


PAVGB/PAVGW—Average Packed Integers 


mmreg2 to mmreg1 


0000 1111:1110 0000:11 mmreg1 mmreg2 


0000 1111:1110 0011:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:1110 0000: mod mmreg r/m 


0000 1111:1110 0011: mod mmreg r/m 


PEXTRW—Extract Word 


mmreg to reg32, imm8 


0000 1111:1100 0101:11 r32 mmreg: imm8 


PINSRW—Insert Word 


reg32 to mmreg, imm8 


m16 to mmreg, imm8 


0000 1111:1100 0100:11 mmreg r32: imm8 
0000 1111:1100 0100: mod mmreg r/m: imm8 


PMAXSW—Maximum of Packed Signed Word Integers 


mmreg2 to mmreg1 


mem to mmreg 


0000 1111:1110 1110:11 mmreg1 mmreg2 
0000 1111:1110 1110: mod mmreg r/m 


PMAXUB—Maximum of Packed Unsigned Byte Integers 


mmreg2 to mmreg1 


mem to mmreg 


0000 1111:1101 1110:11 mmreg1 mmreg2 
0000 1111:1101 1110: mod mmreg r/m 


PMINSW—Minimum of Packed Signed Word Integers 


mmreg2 to mmreg1 


mem to mmreg 


0000 1111:1110 1010:11 mmreg1 mmreg2 
0000 1111:1110 1010: mod mmreg r/m 


PMINUB—Minimum of Packed Unsigned Byte Integers 


mmreg2 to mmreg1 


0000 1111:1101 1010:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:1101 1010: mod mmreg r/m 


PMOVMSKB—Move Byte Mask To Integer 


mmreg to reg32 


0000 1111:1101 0111:11 r32 mmreg 


PMULHUW—Multiply Packed Unsigned Integers and Store High Result 


mmreg2 to mmreg1 


0000 1111:1110 0100:11 mmreg1 mmreg2 


mem to mmreg 
PSADBW—Compute Sum of Absolute Differences 


0000 1111:1110 0100: mod mmreg r/m 


mmreg2 to mmreg1 


0000 1111:1111 0110:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:1111 0110: mod mmreg r/m 


PSHUFW —Shuffle Packed Words 


mmreg2 to mmreg1, imm8 


0000 1111:0111 0000:11 mmreg1 mmreg2: imm8 


mem to mmreg, imm8 


0000 1111:0111 0000: mod mmreg r/m: imm8 
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Table B-24. Format and Encoding of SSE Cacheability & Memory Ordering Instructions 


Instruction and Format Encoding 

MASKMOVQ-—Store Selected Bytes of Quadword 

mmreg2 to mmreg1 0000 1111:1111 0111:11 mmreg1 mmreg2 
MOVNTPS—Store Packed Single-Precision Floating-Point Values Using Non-Temporal Hint 

xmmreg to mem 0000 1111:0010 1011: mod xmmreg r/m 
MOVNTQ—Store Quadword Using Non-Temporal Hint 

mmreg to mem 0000 1111:1110 0111: mod mmreg r/m 
PREFETCHTO—Prefetch Temporal to All Cache Levels 0000 1111:0001 1000:mod4 001 mem 
PREFETCHT1—Prefetch Temporal to First Level Cache 0000 1111:0001 1000:mod* 010 mem 
PREFETCHT2—Prefetch Temporal to Second Level Cache 0000 1111:0001 1000:mod’ 011 mem 
PREFETCHNTA—Prefetch Non-Temporal to All Cache Levels 0000 1111:0001 1000:mod* 000 mem 
SFENCE—Store Fence 0000 1111:1010 1110:11 111 000 


B.9 SSE2 INSTRUCTION FORMATS AND ENCODINGS 


The SSE2 instructions use the ModR/M format and are preceded by the OFH prefix byte. In general, operations are 
not duplicated to provide two directions (that is, separate load and store variants). 


The following three tables show the formats and encodings for the SSE2 SIMD floating-point, SIMD integer, and 
cacheability instructions, respectively. Some SSE2 instructions require a mandatory prefix (66H, F2H, F3H) as part 
of the two-byte opcode. These prefixes are included in the tables. 


B.9.1 Granularity Field (gg) 


The granularity field (gg) indicates the size of the packed operands that the instruction is operating on. When this 
field is used, it is located in bits 1 and O of the second opcode byte. Table B-25 shows the encoding of this gg field. 


Table B-25. Encoding of Granularity of Data Field (gg) 


gg Granularity of Data 
00 Packed Bytes 

01 Packed Words 

10 Packed Doublewords 

11 Quadword 
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Table B-26. Formats and E 


ncodings of SSE2 Floating-Point Instructions 


Instruction and Format 


Encoding 


ADDPD—Add Packed Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0101 1000:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0101 1000: mod xmmreg r/m 


ADDSD—Add Scalar Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


1111 0010:0000 1111:0101 1000:11 xmmreg1 xmmreg2 


mem to xmmreg 


1111 0010:0000 1111:0101 1000: mod xmmreg r/m 


ANDNPD-—Bitwise Logical AND NOT of Packed Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0101 0101:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0101 0101: mod xmmreg r/m 


ANDPD-—Bitwise Logical AND of Packed Double-Preci 


sion Floating-Point Values 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0101 0100:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0101 0100: mod xmmreg r/m 


CMPPD—Compare Packed Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1, imm8 


mem to xmmreg, imm8 


0110 0110:0000 1111:1100 0010: mod xmmreg r/m: imm8 


CMPSD—Compare Scalar Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1, imm8 


mem to xmmreg, imm8 


11110 010:0000 1111:1100 0010: mod xmmreg r/m: imm8 


COMISD—Compare Scalar Ordered Double-Precision F 


loating-Point Values and Set EFLAGS 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0010 1111:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0010 1111: mod xmmreg r/m 


CVTPI2PD—Convert Packed Doubleword Integers to Packed Double-Precision Floating-Point Values 


mmreg to xmmreg 


0110 0110:0000 1111:0010 1010:11 xmmreg1 mmreg1 


mem to xmmreg 


0110 0110:0000 1111:0010 1010: mod xmmreg r/m 


CVTPD2PI—Convert Packed Double-Precision Floating-Point Values to Packed Doubleword Integers 


xmmreg to mmreg 


mem to mmreg 


0110 0110:0000 1111:0010 1101:11 mmreg1 xmmreg1 
0110 0110:0000 1111:0010 1101: mod mmreg r/m 


CVTSI2SD—Convert Doubleword Integer to Scalar Do 


uble-Precision Floating-Point Value 


r32 to xmmreg1 


1111 0010:0000 1111:0010 1010:11 xmmreg r32 


mem to xmmreg 


1111 0010:0000 1111:0010 1010: mod xmmreg r/m 


CVTSD2SI—Convert Scalar Double-Precision Floating-Point Value to Doubleword Integer 


xmmreg to r32 


1111 0010:0000 1111:0010 1101:11 r32 xmmreg 


mem to r32 


1111 0010:0000 1111:0010 1101: mod r32 r/m 


CVTTPD2PI—Convert with Truncation Packed Double-Precision Floating-Point Values to Packed Doubleword Integers 


xmmreg to mmreg 


mem to mmreg 


0110 0110:0000 1111:0010 1100:11 mmreg xmmreg 
0110 0110:0000 1111:0010 1100: mod mmreg r/m 


CVTTSD2SI—Convert with Truncation Scalar Double-Precision Floating-Point Value to Doubleword Integer 


xmmreg to r32 
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1111 0010:0000 1111:0010 1100:11 r32 xmmreg 


0110 0110:0000 1111:1100 0010:11 xmmreg1 xmmreg2: imm8 


1111 0010:0000 1111:1100 0010:11 xmmreg1 xmmreg2: imm8 


INSTRUCTION FORMATS AND ENCODINGS 


Table B-26. Formats and Encodings of SSE2 Floating-Point Instructions (Contd.) 


Instruction and Format Encoding 
mem to r32 1111 0010:0000 1111:0010 1100: mod r32 r/m 
CVTPD2PS—Covert Packed Double-Precision Floating-Point Values to Packed Single-Precision Floating-Point Values 
xmmreg2 to xmmreg1 0110 0110:0000 1111:0101 1010:11 xmmreg1 xmmreg2 
mem to xmmreg 0110 0110:0000 1111:0101 1010: mod xmmreg r/m 
CVTPS2PD—Covert Packed Single-Precision Floating-Point Values to Packed Double-Precision Floating-Point Values 
xmmreg2 to xmmreg1 0000 1111:0101 1010:11 xmmreg1 xmmreg2 
mem to xmmreg 0000 1111:0101 1010: mod xmmreg r/m 
CVTSD2SS—Covert Scalar Double-Precision Floating-Point Value to Scalar Single-Precision Floating-Point Value 
xmmreg2 to xmmreg1 1111 0010:0000 1111:0101 1010:11 xmmreg1 xmmreg2 
mem to xmmreg 1111 0010:0000 1111:0101 1010: mod xmmreg r/m 
CVTSS2SD—Covert Scalar Single-Precision Floating-Point Value to Scalar Double-Precision Floating-Point Value 
xmmreg2 to xmmreg1 1111 0011:0000 1111:0101 1010:11 xmmreg1 xmmreg2 
mem to xmmreg 1111 0011:00001 111:0101 1010: mod xmmreg r/m 
CVTPD2DQ—Convert Packed Double-Precision Floating-Point Values to Packed Doubleword Integers 
xmmreg2 to xmmreg1 1111 0010:0000 1111:1110 0110:11 xmmreg1 xmmreg2 
mem to xmmreg 1111 0010:0000 1111:1110 0110: mod xmmreg r/m 
CVTTPD2DQ—Convert With Truncation Packed Double-Precision Floating-Point Values to Packed Doubleword Integers 
xmmreg2 to xmmreg1 0110 0110:0000 1111:1110 0110:11 xmmreg1 xmmreg2 
mem to xmmreg 0110 0110:0000 1111:1110 0110: mod xmmreg r/m 
CVTDQ2PD—Convert Packed Doubleword Integers to Packed Single-Precision Floating-Point Values 
xmmreg2 to xmmreg1 1111 0011:0000 1111:1110 0110:11 xmmreg1 xmmreg2 
mem to xmmreg 1111 0011:0000 1111:1110 0110: mod xmmreg r/m 
CVTPS2DQ—Convert Packed Single-Precision Floating-Point Values to Packed Doubleword Integers 
xmmreg2 to xmmreg1 0110 0110:0000 1111:0101 1011:11 xmmreg1 xmmreg2 
mem to xmmreg 0110 0110:0000 1111:0101 1011: mod xmmreg r/m 
CVTTPS2DQ—Convert With Truncation Packed Single-Precision Floating-Point Values to Packed Doubleword Integers 
xmmreg2 to xmmreg1 1111 0011:0000 1111:0101 1011:11 xmmreg1 xmmreg2 
mem to xmmreg 1111 0011:0000 1111:0101 1011: mod xmmreg r/m 
CVTDQ2PS—Convert Packed Doubleword Integers to Packed Double-Precision Floating-Point Values 
xmmreg2 to xmmreg1 0000 1111:0101 1011:11 xmmreg1 xmmreg2 
mem to xmmreg 0000 1111:0101 1011: mod xmmreg r/m 
DIVPD—Divide Packed Double-Precision Floating-Point Values 
xmmreg2 to xmmreg1 0110 0110:0000 1111:0101 1110:11 xmmreg1 xmmreg2 
mem to xmmreg 0110 0110:0000 1111:0101 1110: mod xmmreg r/m 
DIVSD—Divide Scalar Double-Precision Floating-Point Values 
xmmreg2 to xmmreg1 1111 0010:0000 1111:0101 1110:11 xmmreg1 xmmreg2 
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INSTRUCTION FORMATS AND ENCODINGS 


Table B-26. Formats and Encodings of SSE2 Floating-Point Instructions (Contd.) 


Instruction and Format 


Encoding 


mem to xmmreg 


1111 0010:0000 1111:0101 1110: mod xmmreg r/m 


MAXPD—Return Maximum Packed Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0101 1111:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0101 1111: mod xmmreg r/m 


MAXSD—Return Maximum Scalar Double-Precision Fl 


oating-Point Value 


xmmreg2 to xmmreg1 


1111 0010:0000 1111:0101 1111:11 xmmreg1 xmmreg2 


mem to xmmreg 


1111 0010:0000 1111:0101 1111: mod xmmreg r/m 


MINPD—Return Minimum Packed Double-Precision Fl 


oating-Point Values 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0101 1101:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0101 1101: mod xmmreg r/m 


MINSD—Return Minimum Scalar Double-Precision Flo 


ating-Point Value 


xmmreg2 to xmmreg1 


1111 0010:0000 1111:0101 1101:11 xmmreg1 xmmreg2 


mem to xmmreg 


1111 0010:0000 1111:0101 1101: mod xmmreg r/m 


MOVAPD—Move Aligned Packed Double-Precision Flo 


ating-Point Values 


xmmreg1 to xmmreg2 


0110 0110:0000 1111:0010 1001:11 xmmreg2 xmmreg1 


xmmreg1 to mem 


0110 0110:0000 1111:0010 1001: mod xmmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0010 1000:11 xmmreg1 xmmreg2 


mem to xmmreg1 


0110 0110:0000 1111:0010 1000: mod xmmreg r/m 


MOVHPD—Move High Packed Double-Precision Floati 


ng-Point Values 


xmmreg to mem 


0110 0110:0000 1111:0001 0111: mod xmmreg r/m 


mem to xmmreg 


0110 0110:0000 1111:0001 0110: mod xmmreg r/m 


MOVLPD—Move Low Packed Double-Precision Floating-Point Values 


xmmreg to mem 


0110 0110:0000 1111:0001 0011: mod xmmreg r/m 


mem to xmmreg 


0110 0110:0000 1111:0001 0010: mod xmmreg r/m 


MOVMSKPD—E€Extract Packed Double-Precision Floating-Point Sign Mask 


xmmreg to r32 


0110 0110:0000 1111:0101 0000:11 r32 xmmreg 


MOVSD—Move Scalar Double-Precision Floating-Point Values 


xmmreg1 to xmmreg2 


1111 0010:0000 1111:0001 0001:11 xmmreg2 xmmreg1 


xmmreg1 to mem 


1111 0010:0000 1111:0001 0001: mod xmmreg r/m 


xmmreg2 to xmmreg1 


1111 0010:0000 1111:0001 0000:11 xmmreg1 xmmreg2 


mem to xmmreg1 


1111 0010:0000 1111:0001 0000: mod xmmreg r/m 


MOVUPD—Move Unaligned Packed Double-Precision 


Floating-Point Values 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0001 0001:11 xmmreg2 xmmreg1 


mem to xmmreg1 


0110 0110:0000 1111:0001 0001: mod xmmreg r/m 


xmmreg1 to xmmreg2 


xmmreg1 to mem 


0110 0110:0000 1111:0001 0000:11 xmmreg1 xmmreg2 
0110 0110:0000 1111:0001 0000: mod xmmreg r/m 


MULPD—Multiply Packed Double-Precision Floating-P. 


oint Values 


xmmreg2 to xmmreg1 
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0110 0110:0000 1111:0101 1001:11 xmmreg1 xmmreg2 


INSTRUCTION FORMATS AND ENCODINGS 


Table B-26. Formats and Encodings of SSE2 Floating-Point Instructions (Contd.) 


Instruction and Format 


Encoding 


mem to xmmreg 


0110 0110:0000 1111:0101 1001: mod xmmreg r/m 


MULSD—Multiply Scalar Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


1111 0010:00001111:01011001:11 xmmreg1 xmmreg2 


mem to xmmreg 


1111 0010:00001111:01011001: mod xmmreg r/m 


ORPD—Bitwise Logical OR of Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0101 0110:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0101 0110: mod xmmreg r/m 


SHUFPD—Shuffle Packed Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1, imm8 


0110 0110:0000 1111:1100 0110:11 xmmreg1 xmmreg2: imm8 


mem to xmmreg, imm8 


0110 0110:0000 1111:1100 0110: mod xmmreg r/m: imm8 


SQRTPD—Compute Square Roots of Packed Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0101 0001:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0101 0001: mod xmmreg r/m 


SQRTSD—Compute Square Root of Scalar Double-Pre 


cision Floating-Point Value 


xmmreg2 to xmmreg1 


1111 0010:0000 1111:0101 0001:11 xmmreg1 xmmreg2 


mem to xmmreg 


1111 0010:0000 1111:0101 0001: mod xmmreg r/m 


SUBPD—Subtract Packed Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0101 1100:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0101 1100: mod xmmreg r/m 


SUBSD—Subtract Scalar Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


1111 0010:0000 1111:0101 1100:11 xmmreg1 xmmreg2 


mem to xmmreg 


1111 0010:0000 1111:0101 1100: mod xmmreg r/m 


UCOMISD—Unordered Compare Scalar Ordered Doubl 


e-Precision Floating-Point Values and Set EFLAGS 


xmmreg2 to xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0010 1110:11 xmmreg1 xmmreg2 
0110 0110:0000 1111:0010 1110: mod xmmreg r/m 


UNPCKHPD—Unpack and Interleave High Packed Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0001 0101:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0001 0101: mod xmmreg r/m 


UNPCKLPD—Unpack and Interleave Low Packed Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0001 0100:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0001 0100: mod xmmreg r/m 


XORPD—Bitwise Logical OR of Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0101 0111:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0101 0111: mod xmmreg r/m 
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INSTRUCTION FORMATS AND ENCODINGS 


Table B-27. Formats and Encodings of SSE2 Integer Instructions 


Instruction and Format 


Encoding 


MOVD—Move Doubleword 


reg to xmmreg 


0110 0110:0000 1111:0110 1110: 11 xmmreg reg 


reg from xmmreg 


0110 0110:0000 1111:0111 1110: 11 xmmreg reg 


mem to xmmreg 


0110 0110:0000 1111:0110 1110: mod xmmreg r/m 


mem from xmmreg 


0110 0110:0000 1111:0111 1110: mod xmmreg r/m 


MOVDQA—Move Aligned Double Quadword 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0110 1111:11 xmmreg1 xmmreg2 


xmmreg2 from xmmreq1 


0110 0110:0000 1111:0111 1111:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0110 1111: mod xmmreg r/m 


mem from xmmreg 


0110 0110:0000 1111:0111 1111: mod xmmreg r/m 


MOVDQU—Move Unaligned Double Quadword 


xmmreg2 to xmmreg1 


1111 0011:0000 1111:0110 1111:11 xmmreg1 xmmreg2 


xmmreg2 from xmmreg1 


1111 0011:0000 1111:0111 1111:11 xmmreg1 xmmreg2 


mem to xmmreg 


1111 0011:0000 1111:0110 1111: mod xmmreg r/m 


mem from xmmreg 


1111 0011:0000 1111:0111 1111: mod xmmreg r/m 


MOVQ2DQ—Move Quadword from MMX to XMM Register 


mmreg to xmmreg 


1111 0011:0000 1111:1101 0110:11 mmreg1 mmreg2 


MOVDQ2Q—Move Quadword from XMM to MMX Register 


xmmreg to mmreg 


1111 0010:0000 1111:1101 0110:11 mmreg1 mmreg2 


MOVQ—Move Quadword 


xmmreg2 to xmmreg1 


1111 0011:0000 1111:0111 1110: 11 xmmreg1 xmmreg2 


xmmreg2 from xmmreqg1 


0110 0110:0000 1111:1101 0110: 11 xmmreg1 xmmreg2 


mem to xmmreg 


1111 0011:0000 1111:0111 1110: mod xmmreg r/m 


mem from xmmreg 


0110 0110:0000 1111:1101 0110: mod xmmreg r/m 


PACKSSDW'!—Pack Dword To Word Data (signed with saturation) 


xmmreg2 to xmmreg1 


memory to xmmreg 


0110 0110:0000 1111:0110 1011: 11 xmmreg1 xmmreg2 
0110 0110:0000 1111:0110 1011: mod xmmreg r/m 


PACKSSWB—Pack Word To Byte Data (signed with saturation) 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0110 0011: 11 xmmreg1 xmmreg2 


memory to xmmreg 


0110 0110:0000 1111:0110 0011: mod xmmreg r/m 


PACKUSWB—Pack Word To Byte Data (unsigned with saturation) 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0110 0111: 11 xmmreg1 xmmreg2 


memory to xmmreg 


0110 0110:0000 1111:0110 0111: mod xmmreg r/m 


PADDQ—Add Packed Quadword Integers 


mmreg2 to mmreg1 


mem to mmreg 


0000 1111:1101 0100:11 mmreg1 mmreg2 
0000 1111:1101 0100: mod mmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1101 0100:11 xmmreg1 xmmreg2 


mem to xmmreg 
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0110 0110:0000 1111:1101 0100: mod xmmreg r/m 


INSTRUCTION FORMATS AND ENCODINGS 


Table B-27. Formats and Encodings of SSE2 Integer Instructions (Contd.) 


Instruction and Format 


Encoding 


PADD—Add With Wrap-around 


xmmreg2 to xmmreg1 


0110 0110:0000 1111: 1111 11gg: 11 xmmreg1 xmmreg2 


memory to xmmreg 


0110 0110:0000 1111: 1111 11gg: mod xmmreg r/m 


PADDS—Add Signed With Saturation 


xmmreg2 to xmmreg1 


0110 0110:0000 1111: 1110 11gg: 11 xmmreg1 xmmreg2 


memory to xmmreg 


0110 0110:0000 1111: 1110 11gg: mod xmmreg r/m 


PADDUS—Add Unsigned With Saturation 


xmmreg2 to xmmreg1 


0110 0110:0000 1111: 1101 11gg: 11 xmmreg1 xmmreg2 


memory to xmmreg 


0110 0110:0000 1111: 1101 11gg: mod xmmreg r/m 


PAND—Bitwise And 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1101 1011: 11 xmmreg1 xmmreg2 


memory to xmmreg 


0110 0110:0000 1111:1101 1011: mod xmmreg r/m 


PANDN—Bitwise AndNot 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1101 1111: 11 xmmreg1 xmmreg2 


memory to xmmreg 


0110 0110:0000 1111:1101 1111: mod xmmreg r/m 


PAVGB—Average Packed Integers 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:11100 000:11 xmmreg1 xmmreg2 


mem to xmmreg 


01100110:00001111:11100000 mod xmmreg r/m 


PAVGW—Average Packed Integers 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1110 0011:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:1110 0011 mod xmmreg r/m 


PCMPEQ—Packed Compare For Equality 


xmmreg1 with xmmreg2 


0110 0110:0000 1111:0111 01gg: 11 xmmreg1 xmmreg2 


xmmreg with memory 


0110 0110:0000 1111:0111 01gg: mod xmmreg r/m 


PCMPGT—Packed Compare Greater (signed) 


xmmreg1 with xmmreg2 


xmmreg with memory 


0110 0110:0000 1111:0110 01gg: 11 xmmreg1 xmmreg2 
0110 0110:0000 1111:0110 01gg: mod xmmreg r/m 


PEXTRW—Extract Word 


xmmreg to reg32, imm8 


0110 0110:0000 1111:1100 0101:11 r32 xmmreg: imm8 


PINSRW—Insert Word 


reg32 to xmmreg, imm8 


0110 0110:0000 1111:1100 0100:11 xmmreg r32: imm8 


m16 to xmmreg, imm8 


0110 0110:0000 1111:1100 0100: mod xmmreg r/m: imm8 


PMADDWD—Packed Multiply Add 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1111 0101: 11 xmmreg1 xmmreg2 


memory to xmmreg 
PMAXSW—Maximum of Packed Signed Word Integers 


0110 0110:0000 1111:1111 0101: mod xmmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1110 1110:11 xmmreg1 xmmreg2 


mem to xmmreg 


01100110:00001111:11101110: mod xmmreg r/m 
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INSTRUCTION FORMATS AND ENCODINGS 


Table B-27. Formats and Encodings of SSE2 Integer Instructions (Contd.) 


Instruction and Format 


Encoding 


PMAXUB—Maximum of Packed Unsigned Byte Integers 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1101 1110:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:1101 1110: mod xmmreg r/m 


PMINSW—Minimum of Packed Signed Word Integers 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1110 1010:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:1110 1010: mod xmmreg r/m 


PMINUB—Minimum of Packed Unsigned Byte Integers 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1101 1010:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:1101 1010 mod xmmreg r/m 


PMOVMSKB—Move Byte Mask To Integer 


xmmreg to reg32 


0110 0110:0000 1111:1101 0111:11 132 xmmreg 


PMULHUW—Packed multiplication, store high word (unsigned) 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1110 0100: 11 xmmreg1 xmmreg2 


memory to xmmreg 


0110 0110:0000 1111:1110 0100: mod xmmreg r/m 


PMULHW—Packed Multiplication, store high word 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1110 0101: 11 xmmreg1 xmmreg2 


memory to xmmreg 


0110 0110:0000 1111:1110 0101: mod xmmreg r/m 


PMULLW—Packed Multiplication, store low word 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1101 0101: 11 xmmreg1 xmmreg2 


memory to xmmreg 


0110 0110:0000 1111:1101 0101: mod xmmreg r/m 


PMULUDQ—Multiply Packed Unsigned Doubleword Integers 


mmreg2 to mmreg1 


0000 1111:1111 0100:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:1111 0100: mod mmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:00001111:1111 0100:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:00001111:1111 0100: mod xmmreg r/m 


POR—Bitwise Or 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1110 1011: 11 xmmreg1 xmmreg2 


memory to xmmreg 


0110 0110:0000 1111:1110 1011: mod xmmreg r/m 


PSADBW—Compute Sum of Absolute Differences 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1111 0110:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:1111 0110: mod xmmreg r/m 


PSHUFLW—Shuffle Packed Low Words 


xmmreg2 to xmmreg1, imm8 


1111 0010:0000 1111:0111 0000:11 xmmreg1 xmmreg2: imm8 


mem to xmmreg, imm8 


1111 0010:0000 1111:0111 0000:11 mod xmmreg r/m: imm8 


PSHUFHW-—Shuffle Packed High Words 


xmmreg2 to xmmreg1, imm8 


1111 0011:0000 1111:0111 0000:11 xmmreg1 xmmreg2: imm8 


mem to xmmreg, imm8 


1111 0011:0000 1111:0111 0000: mod xmmreg r/m: imm8 


PSHUFD—Shuffle Packed Doublewords 


B-54 Vol. 2D 


INSTRUCTION FORMATS AND ENCODINGS 


Table B-27. Formats and Encodings of SSE2 Integer Instructions (Contd.) 


Instruction and Format 


Encoding 


xmmreg2 to xmmreg1, imm8 


0110 0110:0000 1111:0111 0000:11 xmmreg1 xmmreg2: imm8 


mem to xmmreg, imm8 


0110 0110:0000 1111:0111 0000: mod xmmreg r/m: imm8 


PSLLDQ—Shift Double Quadword Left Logical 


xmmreg, imm8 


0110 0110:0000 1111:0111 0011:11 111 xmmreg: imm8 


PSLL—Packed Shift Left Logical 


xmmreg1 by xmmreg2 


0110 0110:0000 1111:1111 O0gg: 11 xmmreg1 xmmreg2 


xmmreg by memory 


0110 0110:0000 1111:1111 O0gg: mod xmmreg r/m 


xmmreg by immediate 


0110 0110:0000 1111:0111 O0gg: 11 110 xmmreg: imm8 


PSRA—Packed Shift Right Arithmetic 


xmmreg1 by xmmreg2 


0110 0110:0000 1111:1110 O0gg: 11 xmmreg1 xmmreg2 


xmmreg by memory 


0110 0110:0000 1111:1110 O0gg: mod xmmreg r/m 


xmmreg by immediate 


0110 0110:0000 1111:0111 O0gg: 11 100 xmmreg: imm8 


PSRLDQ—Shift Double Quadword Right Logical 


xmmreg, imm8 


0110 0110:00001111:01110011:11 011 xmmreg: imm8 


PSRL—Packed Shift Right Logical 


xmmreg1 by xmmreg2 


0110 0110:0000 1111:1101 O0gg: 11 xmmreg1 xmmreg2 


xmmreg by memory 


0110 0110:0000 1111:1101 O0gg: mod xmmreg r/m 


xmmreg by immediate 


0110 0110:0000 1111:0111 O0gg: 11 010 xmmreg: imm8 


PSUBQ—Subtract Packed Quadword Integers 


mmreg2 to mmreg1 


0000 1111:11111 011:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:1111 1011: mod mmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1111 1011:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:1111 1011: mod xmmreg r/m 


PSUB—Subtract With Wrap-around 


xmmreg2 from xmmreg1 


0110 0110:0000 1111:1111 10gg: 11 xmmreg1 xmmreg2 


memory from xmmreg 
PSUBS—Subtract Signed With Saturation 


0110 0110:0000 1111:1111 10gg: mod xmmreg r/m 


xmmreg2 from xmmreg1 


0110 0110:0000 1111:1110 10gg: 11 xmmreg1 xmmreg2 


memory from xmmreg 


0110 0110:0000 1111:1110 10gg: mod xmmreg r/m 


PSUBUS—Subtract Unsigned With Saturation 


xmmreg2 from xmmreg1 


0000 1111:1101 10gg: 11 xmmreg1 xmmreg2 


memory from xmmreg 


0000 1111:1101 10gg: mod xmmreg r/m 


PUNPCKH—Unpack High Data To Next Larger Type 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0110 10gg:11 xmmreg1 xmmreg2 


mem to xmmreg 
PUNPCKHQDQ—Unpack High Data 


0110 0110:0000 1111:0110 10gg: mod xmmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0110 1101:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0110 1101: mod xmmreg r/m 
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Table B-27. Formats and Encodings of SSE2 Integer Instructions (Contd.) 


Instruction and Format 


Encoding 


PUNPCKL—Unpack Low Data To Next Larger Type 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0110 00gg:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0110 O0gg: mod xmmreg r/m 


PUNPCKLQDQ—Unpack Low Data 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0110 1100:11 xmmreg1 xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0110 1100: mod xmmreg r/m 


PXOR—Bitwise Xor 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1110 1111: 11 xmmreg1 xmmreg2 


memory to xmmreg 


0110 0110:0000 1111:1110 1111: mod xmmreg r/m 


Table B-28. Format and Encoding of SSE2 Cacheability Instructions 


Instruction and Format 
MASKMOVDQU-Store Selected Bytes of Double Qua 


Encoding 
dword 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:1111 0111:11 xmmreg1 xmmreg2 


CLFLUSH—Flush Cache Line 


mem 


0000 1111:1010 1110: mod 111 r/m 


MOVNTPD-—Store Packed Double-Precision Floating-Point Values Using Non-Temporal Hint 


xmmreg to mem 


0110 0110:0000 1111:0010 1011: mod xmmreg r/m 


MOVNTDQ-—Store Double Quadword Using Non-Temporal Hint 


xmmreg to mem 


0110 0110:0000 1111:1110 0111: mod xmmreg r/m 


reg to mem 


MOVNTI-—Store Doubleword Using Non-Temporal Hint 


0000 1111:1100 0011: mod reg r/m 


PAUSE—Spin Loop Hint 


1111 0011:1001 0000 


LFENCE—Load Fence 
MFENCE—Memory Fence 


0000 1111:1010 1110: 11 101 000 


0000 1111:1010 1110: 11 110 000 
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B.10 SSE3 FORMATS AND ENCODINGS TABLE 


The tables in this section provide SSE3 formats and encodings. Some SSE3 instructions require a mandatory prefix 
(66H, F2H, F3H) as part of the two-byte opcode. These prefixes are included in the tables. 


When in IA-32e mode, use of the REX.R prefix permits instructions that use general purpose and XMM registers to 
access additional registers. Some instructions require the REX.W prefix to promote the instruction to 64-bit opera- 
tion. Instructions that require the REX.W prefix are listed (with their opcodes) in Section B.13. 


Table B-29. Formats and Encodings of SSE3 Floating-Point Instructions 


Instruction and Format Encoding 
ADDSUBPD—Add /Sub packed DP FP numbers from XMM2/Mem to XMM1 
xmmreg2 to xmmreg1 01100110:00001111:11010000:11 xmmreg1 xmmreg2 
mem to xmmreg 01100110:00001111:11010000: mod xmmreg r/m 
ADDSUBPS—Add /Sub packed SP FP numbers from XMM2/Mem to XMM1 
xmmreg2 to xmmreg1 11110010:00001111:11010000:11 xmmreg1 xmmreg2 
mem to xmmreg 11110010:00001111:11010000: mod xmmreg r/m 
HADDPD—Add horizontally packed DP FP numbers XMM2/Mem to XMM1 
xmmreg2 to xmmreg1 01100110:00001111:01111100:11 xmmreg1 xmmreg2 
mem to xmmreg 01100110:00001111:01111100: mod xmmreg r/m 
HADDPS—Add horizontally packed SP FP numbers XMM2/Mem to XMM1 
xmmreg2 to xmmreg1 11110010:00001111:01111100:11 xmmreg1 xmmreg2 
mem to xmmreg 11110010:00001111:01111100: mod xmmreg r/m 
HSUBPD—Sub horizontally packed DP FP numbers XMM2/Mem to XMM1 
xmmreg2 to xmmreg1 01100110:00001111:01111101:11 xmmreg1 xmmreg2 
mem to xmmreg 01100110:00001111:01111101: mod xmmreg r/m 
HSUBPS—Sub horizontally packed SP FP numbers XMM2/Mem to XMM1 
xmmreg2 to xmmreg1 11110010:00001111:01111101:11 xmmreg1 xmmreg2 
mem to xmmreg 11110010:00001111:01111101: mod xmmreg r/m 
Table B-30. Formats and Encodings for SSE3 Event Management Instructions 
Instruction and Format Encoding 
MONITOR—Set up a linear address range to be monitored by hardware 
eax, ecx, edx 0000 1111 : 0000 0001:11 001 000 
MWAIT—Wait until write-back store performed within the range specified by the instruction MONITOR 
eax, CX 0000 1111 : 0000 0001:11 001 001 


Table B-31. Formats and Encodings for SSE3 Integer and Move Instructions 


Instruction and Format Encoding 
FISTTP—Store ST in int16 (chop) and pop 
m1 6int 11011 111: mod‘ 001 r/m 
FISTTP—Store ST in int32 (chop) and pop 
m32int 11011 011: mod’ 001 r/m 
FISTTP—Store ST in int64 (chop) and pop 
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Table B-31. Formats and Encodings for SSE3 Integer and Move Instructions (Contd.) 


Instruction and Format 


Encoding 


m64int 11011 101 : mod‘ 001 r/m 
LDDQU—Load unaligned integer 128-bit 
xmm, m128 11110010:00001111:11110000: mod’ xmmreg r/m 


MOVDDUP—Move 64 bits representing one DP data from XM 


M2/Mem to XMM1 and duplicate 


xmmreg2 to xmmreg1 


11110010:00001111:00010010:11 xmmreg1 xmmreg2 


mem to xmmreg 


11110010:00001111:00010010: mod xmmreg r/m 


MOVSHDUP—Move 128 bits representing 4 SP data from XM 


M2/Mem to XMM1 and duplicate high 


xmmreg2 to xmmreg1 


1111001 1:00001111:00010110:11 xmmreg1 xmmreg2 


mem to xmmreg 


1111001 1:00001111:00010110: mod xmmreg r/m 


MOVSLDUP—Move 128 bits representing 4 SP data from XMM2/Mem to XMM1 and duplicate low 


xmmreg2 to xmmreg1 


1111001 1:00001111:00010010:11 xmmreg1 xmmreg2 


mem to xmmreg 


1111001 1:00001111:00010010: mod xmmreg r/m 
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SSSE3 FORMATS AND ENCODING TABLE 


The tables in this section provide SSSE3 formats and encodings. Some SSSE3 instructions require a mandatory 
prefix (66H) as part of the three-byte opcode. These prefixes are included in the table below. 


Table B-32. Formats and Encodings for SSSE3 Instructions 


Instruction and Format 


Encoding 


PABSB—Packed Absolute Value Bytes 


mmreg2 to mmreg1 


0000 1111:0011 1000: 0001 1100:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:0011 1000: 0001 1100: mod mmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1000: 0001 1100:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0001 1100: mod xmmreg r/m 


PABSD—Packed Absolute Value Double Words 


mmreg2 to mmreg1 


0000 1111:0011 1000: 0001 1110:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:0011 1000: 0001 1110: mod mmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1000: 0001 1110:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0001 1110: mod xmmreg r/m 


PABSW—Packed Absolute Value Words 


mmreg2 to mmreg1 


0000 1111:0011 1000: 0001 1101:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:0011 1000: 0001 1101: mod mmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1000: 0001 1101:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0001 1101: mod xmmreg r/m 


PALIGNR—Packed Align Right 


mmreg2 to mmreg1, imm8 


0000 1111:0011 1010: 0000 1111:11 mmreg1 mmreg2: imm8 
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Table B-32. Formats and Encodings for SSSE3 Instructions (Contd.) 


Instruction and Format 


Encoding 


mem to mmreg, imm8 


0000 1111:0011 1010: 0000 1111: mod mmreg r/m: imm8 


xmmreg2 to xmmreg1, imm8 


0110 0110:0000 1111:0011 1010: 0000 1111:11 xmmreg1 
xmmreg2: imm8 


mem to xmmreg, imm8 


0110 0110:0000 1111:0011 1010: 0000 1111: mod xmmreg r/m: 
imm8 


PHADDD—Packed Horizontal Add Double Words 


mmreg2 to mmreg1 


0000 1111:0011 1000: 0000 0010:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:0011 1000: 0000 0010: mod mmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1000: 0000 0010:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0000 0010: mod xmmreg r/m 


PHADDSW—Packed Horizontal Add and Saturate 


mmreg2 to mmreg1 


mem to mmreg 


0000 1111:0011 1000: 0000 0011:11 mmreg1 mmreg2 
0000 1111:0011 1000: 0000 0011: mod mmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1000: 0000 0011:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0000 0011: mod xmmreg r/m 


PHADDW—Packed Horizontal Add Words 


mmreg2 to mmreg1 


0000 1111:0011 1000: 0000 0001:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:0011 1000: 0000 0001: mod mmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1000: 0000 0001:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0000 0001: mod xmmreg r/m 


PHSUBD—Packed Horizontal Subtract Double Words 


mmreg2 to mmreg1 


0000 1111:0011 1000: 0000 0110:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:0011 1000: 0000 0110: mod mmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1000: 0000 0110:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0000 0110: mod xmmreg r/m 


PHSUBSW—Packed Horizontal Subtract and Saturate 


mmreg2 to mmreg1 


0000 1111:0011 1000: 0000 0111:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:0011 1000: 0000 0111: mod mmreg r/m 


xmmreg2 to xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0000 0111:11 xmmreg1 
xmmreg2 


0110 0110:0000 1111:0011 1000: 0000 0111: mod xmmreg r/m 


PHSUBW—Packed Horizontal Subtract Words 


mmreg2 to mmreg1 


0000 1111:0011 1000: 0000 0101:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:0011 1000: 0000 0101: mod mmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1000: 0000 0101:11 xmmreg1 
xmmreg2 
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Table B-32. Formats and Encodings for SSSE3 Instructions (Contd.) 


Instruction and Format 


Encoding 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0000 0101: mod xmmreg r/m 


PMADDUBSW—Multiply and Add Packed Signed and Unsigne 


d Bytes 


mmreg2 to mmreg1 


0000 1111:0011 1000: 0000 0100:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:0011 1000: 0000 0100: mod mmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1000: 0000 0100:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0000 0100: mod xmmreg r/m 


PMULHRSW—Packed Multiply Hign with Round and Scale 


mmreg2 to mmreg1 


0000 1111:0011 1000: 0000 1011:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:0011 1000: 0000 1011: mod mmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1000: 0000 1011:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0000 1011: mod xmmreg r/m 


PSHUFB—Packed Shuffle Bytes 


mmreg2 to mmreg1 


0000 1111:0011 1000: 0000 0000:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:0011 1000: 0000 0000: mod mmreg r/m 


xmmreg2 to xmmreqg1 


0110 0110:0000 1111:0011 1000: 0000 0000:11 xmmreg1 
xmmreg2 


mem to xmmreg 
PSIGNB—Packed Sign Bytes 


0110 0110:0000 1111:0011 1000: 0000 0000: mod xmmreg r/m 


mmreg2 to mmreg1 


0000 1111:0011 1000: 0000 1000:11 mmreg1 mmreg2 


mem to mmreg 


xmmreg2 to xmmreg1 


0000 1111:0011 1000: 0000 1000: mod mmreg r/m 


0110 0110:0000 1111:0011 1000: 0000 1000:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0000 1000: mod xmmreg r/m 


PSIGND—Packed Sign Double Words 


mmreg2 to mmreg1 


0000 1111:0011 1000: 0000 1010:11 mmreg1 mmreg2 


mem to mmreg 


xmmreg2 to xmmreg1 


0000 1111:0011 1000: 0000 1010: mod mmreg r/m 


0110 0110:0000 1111:0011 1000: 0000 1010:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0000 1010: mod xmmreg r/m 


PSIGNW—Packed Sign Words 


mmreg2 to mmreg1 


0000 1111:0011 1000: 0000 1001:11 mmreg1 mmreg2 


mem to mmreg 


0000 1111:0011 1000: 0000 1001: mod mmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1000: 0000 1001:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0000 1001: mod xmmreg r/m 
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AESNI AND PCLMULQDQ INSTRUCTION FORMATS AND ENCODINGS 


Table B-33 shows the formats and encodings for AESNI and PCLMULQDQ instructions. 


B-60 Vol. 2D 


INSTRUCTION FORMATS AND ENCODINGS 


Table B-33. Formats and Encodings of AESNI and PCLMULQDQ Instructions 


Instruction and Format Encoding 
AE€SDEC—Perform One Round of an AES Decryption Flow 
xmmreg2 to xmmreg1 0110 0110:0000 1111:0011 1000:1101 1110:11 xmmreg1 
xmmreg2 
mem to xmmreg 0110 0110:0000 1111:0011 1000:1101 1110: mod xmmreg r/m 
AESDECLAST—Perform Last Round of an AES Decryption Flow 
xmmreg2 to xmmreg1 0110 0110:0000 1111:0011 1000:1101 1111:11 xmmreg1 
xmmreg2 
mem to xmmreg 0110 0110:0000 1111:0011 1000:1101 1111: mod xmmreg r/m 
AE€SENC—Perform One Round of an AES Encryption Flow 
xmmreg2 to xmmreg1 0110 0110:0000 1111:0011 1000:1101 1100:11 xmmreg1 
xmmreg2 
mem to xmmreg 0110 0110:0000 1111:0011 1000:1101 1100: mod xmmreg r/m 
AESENCLAST—Perform Last Round of an AES Encryption Flow 
xmmreg2 to xmmreg1 0110 0110:0000 1111:0011 1000:1101 1101:11 xmmreg1 
xmmreg2 
mem to xmmreg 0110 0110:0000 1111:0011 1000:1101 1101: mod xmmreg r/m 
AESIMC—Perform the AES InvMixColumn Transformation 
xmmreg2 to xmmreg1 0110 0110:0000 1111:0011 1000:1101 1011:11 xmmreg1 
xmmreg2 
mem to xmmreg 0110 0110:0000 1111:0011 1000:1101 1011: mod xmmreg r/m 
AESKEYGENASSIST—AES Round Key Generation Assist 
xmmreg2 to xmmreg1, imm8 0110 0110:0000 1111:0011 1010:1101 1111:11 xmmreg1 
xmmreg2: imm8 
mem to xmmreg, imm8 0110 0110:0000 1111:0011 1010:1101 1111: mod xmmreg r/m: 
imm8 
PCLMULQDQ—Carry-Less Multiplication Quadword 
xmmreg2 to xmmreg1, imm8 0110 0110:0000 1111:0011 1010:0100 0100:11 xmmreg1 
xmmreg2: imm8 
mem to xmmreg, imm8 0110 0110:0000 1111:0011 1010:0100 0100: mod xmmreg r/m: 
imm8 


B.13. SPECIAL ENCODINGS FOR 64-BIT MODE 


The following Pentium, P6, MMX, SSE, SSE2, SSE3 instructions are promoted to 64-bit operation in IA-32e mode 
by using REX.W. However, these entries are special cases that do not follow the general rules (specified in Section 
B.4). 


Table B-34. Special Case Instructions Promoted Using REX.W 
Instruction and Format Encoding 
CMOVcc—Conditional Move 
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Table B-34. Special Case Instructions Promoted Using REX.W (Contd.) 


Instruction and Format 


Encoding 


register2 to register] 


0100 OROB 0000 1111: 0100 tttn: 11 reg1 reg2 


qwordregister2 to qwordregister1 


0100 1ROB 0000 1111: 0100 tttn: 11 qwordreg1 qwordreg2 


memory to register 


0100 ORXB 0000 1111 : 0100 tttn: mod reg r/m 


memory64 to qwordregister 


0100 1RXB 0000 1111 : 0100 tttn : mod qwordreg r/m 


CVTSD2SI—Convert Scalar Double-Precision Floating-Point Value to Doubleword Integer 


xmmreg to r32 


0100 OROB 1111 0010:0000 1111:0010 1101:11 r32 
xmmreg 


xmmreg to r64 


0100 1ROB 1111 0010:0000 1111:0010 1101:11 r64 
xmmreg 


mem64 to r32 


0100 OROXB 1111 0010:0000 1111:0010 1101: mod r32 r/m 


mem64 to r64 


0100 1RXB 1111 0010:0000 1111:0010 1101: mod r64 r/m 


CVTSI2SS—Convert Doubleword Integer to Scalar Single-Precision Floating-Point Value 


r32 to xmmreg1 


0100 OROB 1111 0011:0000 1111:0010 1010:11 xmmreg 
r32 


r64 to xmmreg1 


0100 1ROB 1111 0011:0000 1111:0010 1010:11 xmmreg 
r64 


mem to xmmreg 


0100 ORXB 1111 0011:0000 1111:0010 1010: mod xmmreg 
r/m 


mem64 to xmmreg 


0100 1RXB 1111 0011:0000 1111:0010 1010: mod xmmreg 
r/m 


CVTSI2SD—Convert Doubleword Integer to Scalar Double-Precis 


ion Floating-Point Value 


r32 to xmmreg1 


0100 OROB 1111 0010:0000 1111:0010 1010:11 xmmreg 
r32 


r64 to xmmreg1 


0100 1ROB 1111 0010:0000 1111:0010 1010:11 xmmreg 
r64 


mem to xmmreg 


0100 ORXB 1111 0010:0000 1111:00101 010: mod xmmreg 
r/m 


mem64 to xmmreg 


0100 1RXB 1111 0010:0000 1111:0010 1010: mod xmmreg 
r/m 


CVTSS2SI—Convert Scalar Single-Precision Floating-Point Value 


to Doubleword Integer 


xmmreg to r32 


xmmreg to r64 


0100 OROB 1111 0011:0000 1111:0010 1101:11 r32 
xmmreg 


0100 1ROB 1111 0011:0000 1111:0010 1101:11 r64 
xmmreg 


mem to r32 


0100 ORXB 11110011:00001111:00101101: mod r32 r/m 


mem32 to r64 


0100 1RXB 1111 0011:0000 1111:0010 1101: mod r64 r/m 


CVTTSD2SI—Convert with Truncation Scalar Double-Precision Floating-Point Value to Doubleword Integer 


xmmreg to r32 


0100 OROB 11110010:00001111:00101100:11 r32 xmmreg 


xmmreg to r64 


0100 1ROB 1111 0010:0000 1111:0010 1100:11 r64 
xmmreg 


mem64 to r32 


0100 ORXB 1111 0010:0000 1111:0010 1100: mod r32 r/m 


mem64 to r64 


0100 1RXB 1111 0010:0000 1111:0010 1100: mod r64 r/m 
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Table B-34. Special Case Instructions Promoted Using REX.W (Contd.) 


Instruction and Format Encoding 
CVTTSS2SI—Convert with Truncation Scalar Single-Precision Floating-Point Value to Doubleword Integer 
xmmreg to r32 0100 OROB 1111 0011:0000 1111:0010 1100:11 r32 
xmmreg1 
xmmreg to r64 0100 1ROB 1111 0011:0000 1111:0010 1100:11 r64 
xmmreg1 
mem to r32 0100 ORXB 1111 0011:0000 1111:0010 1100: mod r32 r/m 
mem32 to r64 0100 1RXB 1111 0011:0000 1111:0010 1100: mod r64 r/m 
MOVD/MOVQ—Move doubleword 
reg to mmxreg 0100 OROB 0000 1111:0110 1110: 11 mmxreg reg 
qwordreg to mmxreg 0100 1ROB 0000 1111:0110 1110: 11 mmxreg qwordreg 
reg from mmxreg 0100 OROB 0000 1111:0111 1110: 11 mmxreg reg 
qwordreg from mmxreg 0100 1ROB 0000 1111:0111 1110: 11 mmxreg qwordreg 
mem to mmxreg 0100 ORXB 0000 1111:0110 1110: mod mmxreg r/m 
mem64 to mmxreg 0100 1RXB 0000 1111:0110 1110: mod mmxreg r/m 
mem from mmxreg 0100 ORXB 0000 1111:0111 1110: mod mmxreg r/m 
mem64 from mmxreg 0100 1RXB 0000 1111:0111 1110: mod mmxreg r/m 
mmxreg with memory 0100 ORXB 0000 1111:0110 01gg: mod mmxreg r/m 
MOVMSKPS—Extract Packed Single-Precision Floating-Point Sign Mask 
xmmreg to r32 0100 OROB 0000 1111:0101 0000:11 r32 xmmreg 
xmmreg to r64 0100 1ROB 00001111:01010000:11 r64 xmmreg 
PEXTRW—Extract Word 
mmreg to reg32, imm8 0100 OROB 0000 1111:1100 0101:11 r32 mmreg: imm8 
mmreg to reg64, imm8 0100 1ROB 0000 1111:1100 0101:11 r64 mmreg: imm8 
xmmreg to reg32, imm8 0100 OROB 0110 0110 0000 1111:1100 0101:11 r32 
xmmreg: imm8 
xmmreg to reg64, imm8 0100 1ROB 0110 0110 0000 1111:1100 0101:11 r64 
xmmreg: imm8 
PINSRW—Insert Word 
reg32 to mmreg, imm8 0100 OROB 0000 1111:1100 0100:11 mmreg r32: imm8 
reg64 to mmreg, imm8 0100 1ROB 0000 1111:1100 0100:11 mmreg r64: imm8 
m16 to mmreg, imm8 0100 OROB 0000 1111:1100 0100 mod mmreg r/m: imm8 
m16 to mmreg, imm8 0100 1RXB 0000 1111:11000100 mod mmreg r/m: imm8 
reg32 to xmmreg, imm8 0100 ORXB 0110 0110 0000 1111:1100 0100:11 xmmreg 
r32: imm8 
reg64 to xmmreg, imm8 0100 ORXB 0110 0110 0000 1111:1100 0100:11 xmmreg 
r64: imm8 
m16 to xmmreg, imm8 0100 ORXB 0110 0110 0000 1111:1100 0100 mod xmmreg 
r/m: imm8s 
m16 to xmmreg, imm8 0100 1RXB 0110 0110 0000 1111:1100 0100 mod xmmreg 
r/m: imm8 


PMOVMSKB—Move Byte Mask To Integer 
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Table B-34. Special Case Instructions Promoted Using REX.W (Contd.) 


Instruction and Format 


Encoding 


mmreg to reg32 


0100 ORXB 0000 1111:1101 0111:11 r32 mmreg 


mmreg to reg64 


0100 1ROB 0000 1111:1101 0111:11 r64 mmreg 


xmmreg to reg32 


0100 ORXB 0110 0110 0000 1111:1101 0111:11 r32 mmreg 


xmmreg to reg64 


01100110 0000 1111:1101 0111:11 r64 xmmreg 


B.14 SSE4.1 FORMATS AND ENCODING TABLE 


The tables in this section provide SSE4.1 formats and encodings. Some SSE4.1 instructions require a mandatory 
prefix (66H, F2H, F3H) as part of the three-byte opcode. These prefixes are included in the tables. 


In 64-bit mode, some instructions requires REX.W, the byte sequence of REX.W prefix in the opcode sequence is 


shown. 


Table B-35. Encodings of SSE4.1 instructions 


Instruction and Format 


Encoding 


BLENDPD — Blend Packed Double-Precision Floats 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1010: 0000 1101:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1010: 0000 1101: mod xmmreg r/m 


BLENDPS — Blend Packed Single-Precision Floats 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1010: 0000 1100:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1010: 0000 1100: mod xmmreg r/m 


BLENDVPD — Variable Blend Packed Double-Precision Floats 


xmmreg2 to xmmreg1 <xmmO> 


0110 0110:0000 1111:0011 1000: 0001 0101:11 xmmreg1 
xmmreg2 


mem to xmmreg <xmmO0> 


0110 0110:0000 1111:0011 1000: 0001 0101: mod xmmreg r/m 


BLENDVPS — Variable Blend Packed Single-Precision Floats 


xmmreg2 to xmmreg1 <xmmO0> 


0110 0110:0000 1111:0011 1000: 0001 0100:11 xmmreg1 
xmmreg2 


mem to xmmreg <xmmO0> 


0110 0110:0000 1111:0011 1000: 0001 0100: mod xmmreg r/m 


DPPD — Packed Double-Precision Dot Products 


xmmreg2 to xmmreg1, imm8 


0110 0110:0000 1111:0011 1010: 0100 0001:11 xmmreg1 
xmmreg2: imm8 


mem to xmmreg, imm8 


0110 0110:0000 1111:0011 1010: 0100 0001: mod xmmreg r/m: 
imm8 


DPPS — Packed Single-Precision Dot Products 


xmmreg2 to xmmreg1, imm8 


0110 0110:0000 1111:0011 1010: 0100 0000:11 xmmreg1 
xmmreg2: imm8 


mem to xmmreg, imm8 


0110 0110:0000 1111:0011 1010: 0100 0000: mod xmmreg r/m: 
imm8 


EXTRACTPS — Extract From Packed Single-Precision Floats 


reg from xmmreg , imm8 


0110 0110:0000 1111:0011 1010: 0001 0111:11 xmmreg reg: 
imm8 
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Table B-35. Encodings of SSE4.1 instructions 


Instruction and Format Encoding 
mem from xmmreg , imm8 0110 0110:0000 1111:0011 1010: 0001 0111: mod xmmreg r/m: 
imm8 


INSERTPS — Insert Into Packed Single-Precision Floats 


xmmreg2 to xmmreg1, imm8 0110 0110:0000 1111:0011 1010: 0010 0001:11 xmmreg1 
xmmreg2: imm8 

mem to xmmreg, imm8 0110 0110:0000 1111:0011 1010: 0010 0001: mod xmmreg r/m: 
imm8 


MOVNTDQA — Load Double Quadword Non-temporal Aligned 


m128 to xmmreg 0110 0110:0000 1111:0011 1000: 0010 1010:11 r/m xmmreg2 
MPSADBW — Multiple Packed Sums of Absolute Difference 
xmmreg2 to xmmreg1, imm8 0110 0110:0000 1111:0011 1010: 0100 0010:11 xmmreg1 
xmmreg2: imm8 
mem to xmmreg, imm8 0110 0110:0000 1111:0011 1010: 0100 0010: mod xmmreg r/m: 
imm8 


PACKUSDW — Pack with Unsigned Saturation 


xmmreg2 to xmmreg1 0110 0110:0000 1111:0011 1000: 0010 1011:11 xmmreg1 
xmmreg2 
mem to xmmreg 0110 0110:0000 1111:0011 1000: 0010 1011: mod xmmreg r/m 
PBLENDVB — Variable Blend Packed Bytes 
xmmreg2 to xmmreg1 <xmm0> 0110 0110:0000 1111:0011 1000: 0001 0000:11 xmmreg1 
xmmreg2 
mem to xmmreg <xmm0> 0110 0110:0000 1111:0011 1000: 0001 0000: mod xmmreg r/m 
PBLENDW — Blend Packed Words 
xmmreg2 to xmmreg1, imm8 0110 0110:0000 1111:0011 1010: 0001 1110:11 xmmreg1 
xmmreg2: imm8 
mem to xmmreg, imm8 0110 0110:0000 1111:0011 1010: 0000 1110: mod xmmreg r/m: 
imm8 


PCMPEQQ — Compare Packed Qword Data of Equal 


xmmreg2 to xmmreg1 0110 0110:0000 1111:0011 1000: 0010 1001:11 xmmreg1 
xmmreg2 
mem to xmmreg 0110 0110:0000 1111:0011 1000: 0010 1001: mod xmmreg r/m 


PEXTRB — Extract Byte 


reg from xmmreg , imm8 0110 0110:0000 1111:0011 1010: 0001 0100:11 xmmreg reg: 
imm8 

xmmreg to mem, imm8 0110 0110:0000 1111:0011 1010: 0001 0100: mod xmmreg r/m: 
imm8 


PEXTRD — Extract DWord 


reg from xmmreg, imm8 0110 0110:0000 1111:0011 1010: 0001 0110:11 xmmreg reg: 
imm8 
xmmreg to mem, imm8 0110 0110:0000 1111:0011 1010: 0001 0110: mod 


xmmreg r/m: imm8 
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Table B-35. Encodings of SSE4.1 instructions 


Instruction and Format 


Encoding 


PEXTRQ — Extract QWord 


r64 from xmmreg, imm8 


0110 0110:REX.W:0000 1111:0011 1010: 0001 0110:11 xmmreg 
reg: imm8 


m64 from xmmreg, imm8 


0110 0110:REX.W:0000 1111:0011 1010: 0001 0110: mod 
xmmreg r/m: imm8 


PEXTRW — Extract Word 


reg from xmmreg, imm8 


0110 0110:0000 1111:0011 1010: 0001 0101:11 reg xmmreg: 
imm8 


mem from xmmreg, imm8 


0110 0110:0000 1111:0011 1010: 0001 0101: mod xmmreg r/m: 
imm8 


PHMINPOSUW — Packed Horizontal Word Minimum 


xmmreg2 to xmmreqg1 


0110 0110:0000 1111:0011 1000: 0100 0001:11 xmmreg1 
xmmreg2 


mem to xmmreg 
PINSRB — Extract Byte 


0110 0110:0000 1111:0011 1000: 0100 0001: mod xmmreg r/m 


reg to xmmreg, imm8 


0110 0110:0000 1111:0011 1010: 0010 0000:11 xmmreg reg: 
imm8 


mem to xmmreg, imm8 


0110 0110:0000 1111:0011 1010: 0010 0000: mod xmmreg r/m: 
imm8 


PINSRD — Extract DWord 


reg to xmmreg, imm8 


0110 0110:0000 1111:0011 1010: 0010 0010:11 xmmreg reg: 
imm8 


mem to xmmreg, imm8 


0110 0110:0000 1111:0011 1010: 0010 0010: mod xmmreg r/m: 
imm8 


PINSRQ — Extract QWord 


r64 to xmmreg, imm8 


0110 0110:REX.W:0000 1111:0011 1010:0010 0010:11 xmmreg 
reg: imm8 


m64 to xmmreg, imm8 


0110 0110:REX.W:0000 1111:0011 1010: 0010 0010: mod 
xmmreg r/m: imm8 


PMAXSB — Maximum of Packed Signed Byte Integers 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1000: 0011 1100:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0011 1100: mod xmmreg r/m 


PMAXSD — Maximum of Packed Signed Dword Integers 


xmmreg2 to xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0011 1101:11 xmmreg1 
xmmreg2 


0110 0110:0000 1111:0011 1000: 0011 1101: mod xmmreg r/m 


PMAXUD — Maximum of Packed Unsigned Dword Integers 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 1000: 0011 1111:11 xmmreg1 
xmmreg2 


mem to xmmreg 


0110 0110:0000 1111:0011 1000: 0011 1111: mod xmmreg r/m 


PMAXUW — Maximum of Packed Unsigned Word Integers 
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Table B-35. Encodings of SSE4.1 instructions 


Instruction and Format 


Encoding 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 
xmmreg2 


1000: 0011 1110:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0011 1110: mod xmmreg r/m 


PMINSB — Minimum of Packed Signed Byte Integers 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 
xmmreg2 


1000: 0011 1000:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0011 1000: mod xmmreg r/m 


PMINSD — Minimum of Packed Signed Dword Integers 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 
xmmreg2 


1000: 0011 1001:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0011 1001: mod xmmreg r/m 


PMINUD — Minimum of Packed Unsigned Dword Integers 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 
xmmreg2 


1000: 0011 1011:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0011 1011: mod xmmreg r/m 


PMINUW — Minimum of Packed Unsigned Word Integers 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 
xmmreg2 


1000: 0011 1010:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0011 1010: mod xmmreg r/m 


PMOVSXBD — Packed Move Sign Extend - Byte to Dword 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 
xmmreg2 


1000: 0010 0001:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0010 0001: mod xmmreg r/m 


PMOVSXBQ — Packed Move Sign Extend - Byte to Qword 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 
xmmreg2 


1000: 0010 0010:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0010 0010: mod xmmreg r/m 


PMOVSXBW — Packed Move Sign Extend - Byte to Word 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 
xmmreg2 


1000: 0010 0000:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0010 0000: mod xmmreg r/m 


PMOVSXWD — Packed Move Sign Extend - Word to Dword 


xmmreg2 to xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 
xmmreg2 


0110 0110:0000 1111:0011 


1000: 0010 0011:11 xmmreg1 


1000: 0010 0011: mod xmmreg r/m 


PMOVSXWQ — Packed Move Sign Extend - Word to Qword 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 
xmmreg2 


1000: 0010 0100:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0010 0100: mod xmmreg r/m 


PMOVSXDQ — Packed Move Sign Extend - Dword to Qword 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 
xmmreg2 


1000: 0010 0101:11 xmmreg1 
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Table B-35. Encodings of SSE4.1 instructions 


Instruction and Format 


Encoding 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0010 0101: 


mod xmmreg r/m 


PMOVZXBD — Packed Move Zero Extend - Byte to Dword 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 


xmmreg2 


1000: 0011 0001:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0011 0001: 


mod xmmreg r/m 


PMOVZXBQ — Packed Move Zero Extend - Byte to Qword 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 


xmmreg2 


1000: 0011 0010:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0011 0010: 


mod xmmreg r/m 


PMOVZXBW — Packed Move Zero Extend - Byte to Word 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 


xmmreg2 


1000: 0011 0000:11 xmmreg1 


mem to xmmreg 
PMOVZXWD — Packed Move Zero Extend - Word to Dword 


0110 0110:0000 1111:0011 


1000: 0011 0000: 


mod xmmreg r/m 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 


xmmreg2 


1000: 0011 0011:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0011 0011: 


mod xmmreg r/m 


PMOVZXWQ — Packed Move Zero Extend - Word to Qword 


xmmreg2 to xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


xmmreg2 


0110 0110:0000 1111:0011 


1000: 0011 0100:11 xmmreg1 


1000: 0011 0100: 


mod xmmreg r/m 


PMOVZXDQ — Packed Move Zero Extend - Dword to Qword 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 


xmmreg2 


1000: 0011 0101:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0011 0101: 


mod xmmreg r/m 


PMULDQ — Multiply Packed Signed Dword Integers 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 


xmmreg2 


1000: 0010 1000:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0010 1000: 


mod xmmreg r/m 


PMULLD — Multiply Packed Signed Dword Integers, Store low Result 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 


xmmreg2 


1000: 0100 0000:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0100 0000: 


mod xmmreg r/m 


PTEST — Logical Compare 


xmmreg2 to xmmreg1 


0110 0110:0000 1111:0011 


xmmreg2 


1000: 0001 0111:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1000: 0001 0111: 


mod xmmreg r/m 


ROUNDPD — Round Packed Double-Precision Values 


xmmreg2 to xmmreg1, imm8 


mem to xmmreg, imm8 


0110 0110:0000 1111:0011 1010: 0000 1001:11 xmmreg1 


xmmreg2: imm8 


0110 0110:0000 1111:0011 1010: 0000 1001: 


imms 


mod xmmreg r/m: 
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Table B-35. Encodings of SSE4.1 instructions 


Instruction and Format Encoding 
ROUNDPS — Round Packed Single-Precision Values 
xmmreg2 to xmmreg1, imm8 0110 0110:0000 1111:0011 1010: 0000 1000:11 xmmreg1 
xmmreg2: imm8 
mem to xmmreg, imm8 0110 0110:0000 1111:0011 1010: 0000 1000: mod xmmreg r/m: 
imm8 
ROUNDSD — Round Scalar Double-Precision Value 
xmmreg2 to xmmreg1, imm8 0110 0110:0000 1111:0011 1010: 0000 1011:11 xmmreg1 
xmmreg2: imm8 
mem to xmmreg, imm8 0110 0110:0000 1111:0011 1010: 0000 1011: mod xmmreg r/m: 
imm8 


ROUNDSS — Round Scalar Single-Precision Value 


xmmreg2 to xmmreg1, imm8 0110 0110:0000 1111:0011 1010: 0000 1010:11 xmmreg1 
xmmreg2: imm8 

mem to xmmreg, imm8 0110 0110:0000 1111:0011 1010: 0000 1010: mod xmmreg r/m: 
imm8 


B.15  SSE4.2 FORMATS AND ENCODING TABLE 


The tables in this section provide SSE4.2 formats and encodings. Some SSE4.2 instructions require a mandatory 
prefix (66H, F2H, F3H) as part of the three-byte opcode. These prefixes are included in the tables. In 64-bit mode, 
some instructions requires REX.W, the byte sequence of REX.W prefix in the opcode sequence is shown. 


Table B-36. Encodings of SSE4.2 instructions 


Instruction and Format Encoding 
CRC32 — Accumulate CRC32 
reg2 to reg! 1111 0010:0000 1111:0011 1000: 1111 O00w :11 reg] reg2 
mem to reg 1111 0010:0000 1111:0011 1000: 1111 O00w: mod reg r/m 
bytereg2 to reg! 1111 0010:0100 WROB:0000 1111:0011 1000: 1111 0000 :11 
reg1 bytereg2 
m8 to reg 1111 0010:0100 WROB:0000 1111:0011 1000: 1111 0000: mod 
reg r/m 
qwreg2 to qwreg1 1111 0010:0100 1ROB:0000 1111:0011 1000: 1111 0001 :11 
qwreg1 qwreg2 
mem64 to qwreg 1111 0010:0100 1ROB:0000 1111:0011 1000: 1111 0001 : mod 
qwreg r/m 
PCMPESTRI— Packed Compare Explicit-Length Strings To Index 
xmmreg2 to xmmreg1, imm8 0110 0110:0000 1111:0011 1010: 0110 0001:11 xmmreg1 
xmmreg2: imm8 
mem to xmmreg 0110 0110:0000 1111:0011 1010: 0110 0001: mod xmmreg r/m 
PCMPESTRM— Packed Compare Explicit-Length Strings To Mask 
xmmreg2 to xmmreg1, imm8 0110 0110:0000 1111:0011 1010: 0110 0000:11 xmmreg1 
xmmreg2: imm8 
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Table B-36. Encodings of SSE4.2 instructions 


Instruction and Format 


Encoding 


mem to xmmreg 


0110 0110:0000 1111:0011 


1010: 0110 0000: mod xmmreg r/m 


PCMPISTRI— Packed Compare Implicit-Length String To Index 


xmmreg2 to xmmreg1, imm8 


0110 0110:0000 1111:0011 
xmmreg2: imm8 


1010: 0110 0011:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1010: 0110 0011: mod xmmreg r/m 


PCMPISTRM— Packed Compare Implicit-Length Strings To Mask 


xmmreg2 to xmmreg1, imm8 


0110 0110:0000 1111:0011 
xmmreg2: imm8 


1010: 0110 0010:11 xmmreg1 


mem to xmmreg 


0110 0110:0000 1111:0011 


1010: 0110 0010: mod xmmreg r/m 


PCMPGTQ— Packed Compare Greater Than 


xmmreg to xmmreg 


0110 0110:0000 1111:0011 
xmmreg2 


1000: 0011 0111:11 xmmreg1 


mem to xmmreg 
POPCNT— Return Number of Bits Set to 1 


0110 0110:0000 1111:0011 


1000: 0011 0111: mod xmmreg r/m 


reg2 to reg] 


1111 0011:0000 1111:1011 


1000:11 reg1 reg2 


mem to reg1 


qwreg2 to qwreg1 


1111 0011:0000 1111:1011 


1000:mod reg1 r/m 


1111 0011:0100 1ROB:0000 1111:1011 1000:11 regi reg2 


mem64 to qwreg] 


1111 0011:0100 1ROB:0000 1111:1011 1000:mod reg1 r/m 
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AVX FORMATS AND ENCODING TABLE 


The tables in this section provide AVX formats and encodings. A mixed form of bit/hex/symbolic forms are used to 


express the various bytes: 


The C4/C5 and opcode bytes are expressed in hex notation; the first and second payload byte of VEX, the modR/M 
byte is expressed in combination of bit/symbolic form. The first payload byte of C4 is expressed as combination of 
bits and hex form, with the hex value preceded by an underscore. The VEX bit field to encode upper register 8-15 
uses 1’s complement form, each of those bit field is expressed as lower case notation rxb, instead of RXB. 


The hybrid bit-nibble-byte form is depicted below: 


hex notation 76----3210 hex notation 7-6 5-3 2-0 
cS R srcreg Lp p Opcode byte Mod Reg* R/M 
Two-Byte VEX 
765 4----- (0) 76----3210 hex notation 7-6 5-3 2-0 
C4 RXB O_hex W srcreg L pp Opcode byte Mod Reg R/M 
a; 
mmmmm 


Three-Byte VEX 


Figure B-2. Hybrid Notation of VEX-Encoded Key Instruction Bytes 
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Table B-37. Encodings of AVX instructions 


Instruction and Format 


Encoding 


VBLENDPD — Blend Packed Double-Precision Floats 


xmmreg2 with xmmreg3 into xmmreg1 


C4: rxb0_3: w xmmreg2 001:0D:11 xmmreg1 xmmreg3: imm 


xmmreg2 with mem to xmmreg1 


C4: rxbO_3: w xmmreg2 001:0D:mod xmmreg1 r/m: imm 


ymmreg2 with ymmreg3 into ymmreg1 


C4: rxb0_3: w ymmreg2 101:0D:11 ymmreg1 ymmreg3: imm 


ymmreg2 with mem to ymmreg1 


C4: rxbO_3: w ymmreg2 101:0D:mod ymmreg1 r/m: imm 


VBLENDPS — Blend Packed Single-Precision Floats 


xmmreg2 with xmmreg3 into xmmreg1 


C4: rxbO_3: w xmmreg2 001:0C:11 xmmreg1 xmmreg3: imm 


xmmreg2 with mem to xmmreg1 


C4: rxb0_3: w xmmreg2 001:0C:mod xmmreg1 r/m: imm 


ymmreg2 with ymmreg3 into ymmreg1 


C4: rxb0_3: w ymmreg2 101:0C:11 ymmreg1 ymmreg3: imm 


ymmreg2 with mem to ymmreg1 


C4: rxb0_3: w ymmreg2 101:0C:mod ymmreg1 r/m: imm 


VBLENDVPD — Variable Blend Packed Double-Precision Floats 


xmmreg2 with xmmreg3 into xmmreg1 using xmmreg4 as 
mask 


C4: rxbO_3: 0 xmmreg2 001:4B:11 xmmreg1 xmmreg3: xmmreg4 


xmmreg2 with mem to xmmreg1 using xmmreg4 as mask 


C4: rxb0_3: O xmmreg2 001:4B:mod xmmreg1 r/m: xmmreg4 


ymmreg2 with ymmreg3 into ymmreg1 using ymmreg4 as 
mask 


C4: rxbO_3: 0 ymmreg2 101:4B:11 ymmreg1 ymmreg3: ymmreg4 


ymmreg2 with mem to ymmreg1 using ymmreg4 as mask 


C4: rxb0_3: 0 ymmreg2 101:4B:mod ymmreg1 r/m: ymmreg4 


VBLENDVPS — Variable Blend Packed Single-Precision Floats 


xmmreg2 with xmmreg3 into xmmreg1 using xmmreg4 as 
mask 


C4: rxbO_3: 0 xmmreg2 001:4A:11 xmmreg1 xmmreg3: xmmreg4 


xmmreg2 with mem to xmmreg1 using xmmreg4 as mask 


C4: rxbO_3: 0 xmmreg2 001:4A:mod xmmreg1 r/m: xmmreg4 


ymmreg2 with ymmreg3 into ymmreg1 using ymmreg4 as 
mask 


C4: rxbO_3: 0 ymmreg2 101:4A:11 ymmreg1 ymmreg3: ymmreg4 


ymmreg2 with mem to ymmreg1 using ymmreg4 as mask 


C4: rxb0_3: 0 ymmreg2 101:4A:mod ymmreg1 r/m: ymmreg4 


VDPPD — Packed Double-Precision Dot Products 


xmmreg2 with xmmreg3 into xmmreg1 


C4: rxbO_3: w xmmreg2 001:41:11 xmmreg1 xmmreg3: imm 


xmmreg2 with mem to xmmreg1 


C4: rxbO_3: w xmmreg2 001:41:mod xmmreg1 r/m: imm 


VDPPS — Packed Single-Precision Dot Products 


xmmreg2 with xmmreg3 into xmmreg1 


C4: rxbO_3: w xmmreg2 001:40:11 xmmreg1 xmmreg3: imm 


xmmreg2 with mem to xmmreg1 


C4: rxbO_3: w xmmreg2 001:40:mod xmmreg1 r/m: imm 


ymmreg2 with ymmreg3 into ymmreg1 


ymmreg2 with mem to ymmreg1 


C4: rxbO_3: w ymmreg2 101:40:11 ymmreg1 ymmreg3: imm 
C4: rxb0_3: w ymmreg2 101:40:mod ymmreg1 r/m: imm 


VEXTRACTPS — Extract From Packed Single-Precision Floats 


reg from xmmreqg1 using imm 


mem from xmmreg1 using imm 


C4: rxbO_3: w_F 001:17:11 xmmreg1 reg: imm 
C4: rxbO_3: w_F 001:17:mod xmmreg1 r/m: imm 


VINSERTPS — Insert Into Packed Single-Precision Floats 


use imm to merge xmmreg3 with xmmreg2 into xmmreg1 


C4: rxb0_3: w xmmreg2 001:21:11 xmmreg1 xmmreg3: imm 


use imm to merge mem with xmmreg2 into xmmreg1 


C4: rxb0_3: w xmmreg2 001:21:mod xmmreg1 r/m: imm 


VMOVNTDQA — Load Double Quadword Non-temporal Aligned 


m128 to xmmreg1 


C4: rxbO_2: w_F 001:2A:11 xmmreg1 r/m 
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Instruction and Format 


Encoding 


VMPSADBW — Multiple Packed Sums of Absolute Difference 


xmmreg3 with xmmreg2 into xmmreg1 


C4: rxbO_3: w xmmreg2 001:42:11 xmmreg1 xmmreg3: imm 


m128 with xmmreg2 into xmmreg1 


C4: rxbO_3: w xmmreg2 001:42:mod xmmreg1 r/m: imm 


VPACKUSDW — Pack with Unsigned Saturation 


xmmreg3 and xmmreg2 to xmmreg1 


C4: rxbO_2: w xmmreg2 001:2B:11 xmmreg1 xmmreg3: imm 


m128 and xmmreg2 to xmmreg1 


C4: rxbO_2: w xmmreg2 001:2B:mod xmmreg1 r/m: imm 


VPBLENDVB — Variable Blend Packed Bytes 


xmmreg2 with xmmreg3 into xmmreg1 using xmmreg4 as 
mask 


C4: rxbO_3: w xmmreg2 001:4C:11 xmmreg1 xmmreg3: xmmreg4 


xmmreg2 with mem to xmmreg1 using xmmreg4 as mask 


C4: rxbO_3: w xmmreg2 001:4C:mod xmmreg1 r/m: xmmreg4 


VPBLENDW — Blend Packed Words 


xmmreg2 with xmmreg3 into xmmreg1 


C4: rxbO_3: w xmmreg2 001:0E:11 xmmreg1 xmmreg3: imm 


xmmreg2 with mem to xmmreg1 


C4: rxbO_3: w xmmreg2 001:0E:mod xmmreg1 r/m: imm 


VPCMPEQQ — Compare Packed Qword Data of Equal 


xmmreg2 with xmmreg3 into xmmreg1 


C4: rxbO_2: w xmmreg2 001:29:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:29:mod xmmreg1 r/m: 


VPEXTRB — Extract Byte 


reg from xmmreg1 using imm 


C4: rxbO_3: O_F 001:14:11 xmmreg1 reg: imm 


mem from xmmreg1 using imm 


C4: rxbO_3: O_F 001:14:mod xmmreg1 r/m: imm 


VPEXTRD — Extract DWord 


reg from xmmreg1 using imm 


C4: rxbO_3: O_F 001:16:11 xmmreg1 reg: imm 


mem from xmmreqg1 using imm 


C4: rxbO_3: O_F 001:16:mod xmmreg1 r/m: imm 


VPEXTRQ — Extract QWord 


reg from xmmreg1 using imm 


C4: rxbO_3: 1_F 001:16:11 xmmreg1 reg: imm 


mem from xmmreg1 using imm 


C4: rxbO_3: 1_F 001:16:mod xmmreg1 r/m: imm 


VPEXTRW — Extract Word 


reg from xmmreg1 using imm 


mem from xmmreg1 using imm 


C4: rxbO_3: O_F 001:15:11 xmmreg1 reg: imm 
C4: rxbO0_3: O_F 001:15:mod xmmreg1 r/m: imm 


VPHMINPOSUW — Packed Horizontal Word Minimum 


xmmreg2 to xmmreg1 


C4: rxbO_2: w_F 001:41:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_2: w_F 001:41:mod xmmreg1 r/m 


VPINSRB — Insert Byte 


reg with xmmreg2 to xmmreg1, imm8 


C4: rxbO_3: O xmmreg2 001:20:11 xmmreg1 reg: imm 


mem with xmmreg2 to xmmreg1, imm8 


C4: rxbO_3: O xmmreg2 001:20:mod xmmreg1 r/m: imm 


VPINSRD — Insert DWord 


reg with xmmreg2 to xmmreg1, imm8 


mem with xmmreg2 to xmmreg1, imm8 


C4: rxbO0_3: 0 xmmreg2 001:22:11 xmmreg1 reg: imm 
C4: rxbO_3: 0 xmmreg2 001:22:mod xmmreg1 r/m: imm 


VPINSRQ — Insert QWord 


r64 with xmmreg2 to xmmreg1, imm8 
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C4: rxbO_3: 1 xmmreg2 001:22:11 xmmreg1 reg: imm 


INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format 


Encoding 


m64 with xmmreg2 to xmmreg1, imm8 


C4: rxbO_3: 1 xmmreg2 001:22:mod xmmreg1 r/m: imm 


VPMAXSB — Maximum of Packed Signed Byte Integers 


xmmreg2 with xmmreg3 into xmmreg1 


C4: rxbO_2: w xmmreg2 001:3C:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:3C:mod xmmreg1 r/m 


VPMAXSD — Maximum of Packed Signed Dword Integers 


xmmreg2 with xmmreg3 into xmmreg1 


C4: rxbO_2: w xmmreg2 001:3D:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:3D:mod xmmreg1 r/m 


VPMAXUD — Maximum of Packed Unsigned Dword Integers 


xmmreg2 with xmmreg3 into xmmreg1 


C4: rxbO_2: w xmmreg2 001:3F:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:3F:mod xmmreg1 r/m 


VPMAXUW — Maximum of Packed Unsigned Word Integers 


xmmreg2 with xmmreg3 into xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:3€:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:3E:mod xmmreg1 r/m 


VPMINSB — Minimum of Packed Signed Byte Integers 


xmmreg2 with xmmreg3 into xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:38:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:38:mod xmmreg1 r/m 


VPMINSD — Minimum of Packed Signed Dword Integers 


xmmreg2 with xmmreg3 into xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:39:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:39:mod xmmreg1 r/m 


VPMINUD — Minimum of Packed Unsigned Dword Integers 


xmmreg2 with xmmreg3 into xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:3B:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:3B:mod xmmreg1 r/m 


VPMINUW — Minimum of Packed Unsigned Word Integers 


xmmreg2 with xmmreg3 into xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:3A:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:3A:mod xmmreg1 r/m 


VPMOVSXBD — Packed Move Sign Extend - Byte to Dword 


xmmreg2 to xmmreg1 


C4: rxbO_2: w_F 001:21:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_2: w_F 001:21:mod xmmreg1 r/m 


VPMOVSXBQ — Packed Move Sign Extend - Byte to Qword 


xmmreg2 to xmmreg1 


mem to xmmreg1 


C4: rxbO_2: w_F 001:22:11 xmmreg1 xmmreg2 
C4: rxbO_2: w_F 001:22:mod xmmreg1 r/m 


VPMOVSXBW — Packed Move Sign Extend - Byte to Word 


xmmreg2 to xmmreg1 


mem to xmmreg1 


C4: rxbO_2: w_F 001:20:11 xmmreg1 xmmreg2 
C4: rxbO_2: w_F 001:20:mod xmmreg1 r/m 


VPMOVSXWD — Packed Move Sign Extend - Word to Dword 


xmmreg2 to xmmreg1 


C4: rxbO_2: w_F 001:23:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_2: w_F 001:23:mod xmmreg1 r/m 


VPMOVSXWQ — Packed Move Sign Extend - Word to Qword 


xmmreg2 to xmmreg1 


C4: rxbO_2: w_F 001:24:11 xmmreg1 xmmreg2 
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INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format 


Encoding 


mem to xmmreg1 


C4: rxbO_2: w_F 001:24:mod xmmreg1 r/m 


VPMOVSXDQ — Packed Move Sign Extend - Dword to Qword 


xmmreg2 to xmmreg1 


C4: rxbO_2: w_F 001:25:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_2: w_F 001:25:mod xmmreg1 r/m 


VPMOVZXBD — Packed Move Zero Extend - Byte to Dword 


xmmreg2 to xmmreg1 


C4: rxbO_2: w_F 001:31:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_2: w_F 001:31:mod xmmreg1 r/m 


VPMOVZXBQ — Packed Move Zero Extend - Byte to Qword 


xmmreg2 to xmmreg1 


C4: rxbO_2: w_F 001:32:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_2: w_F 001:32:mod xmmreg1 r/m 


VPMOVZXBW — Packed Move Zero Extend - Byte to Word 


xmmreg2 to xmmreg1 


mem to xmmreg1 


C4: rxbO_2: w_F 001:30:11 xmmreg1 xmmreg2 
C4: rxbO_2: w_F 001:30:mod xmmreg1 r/m 


VPMOVZXWD — Packed Move Zero Extend - Word to Dword 


xmmreg2 to xmmreg1 


mem to xmmreg1 


C4: rxbO_2: w_F 001:33:11 xmmreg1 xmmreg2 
C4: rxbO_2: w_F 001:33:mod xmmreg1 r/m 


VPMOVZXWQ — Packed Move Zero Extend - Word to Qword 


xmmreg2 to xmmreg1 


mem to xmmreg1 


C4: rxbO_2: w_F 001:34:11 xmmreg1 xmmreg2 
C4: rxbO_2: w_F 001:34:mod xmmreg1 r/m 


VPMOVZXDQ — Packed Move Zero Extend - Dword to Qword 


xmmreg2 to xmmreg1 


mem to xmmreg1 


C4: rxbO_2: w_F 001:35:11 xmmreg1 xmmreg2 
C4: rxbO_2: w_F 001:35:mod xmmreg1 r/m 


VPMULDQ — Multiply Packed Signed Dword Integers 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:28:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:28:mod xmmreg1 r/m 


VPMULLD — Multiply Packed Signed Dword Integers, Store low Result 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_2: w xmmreg2 001:40:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:40:mod xmmreg1 r/m 


VPTEST — Logical Compare 


xmmreg2 to xmmreg1 


mem to xmmreg 


C4: rxbO_2: w_F 001:17:11 xmmreg1 xmmreg2 
C4: rxbO_2: w_F 001:17:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


C4: rxbO_2: w_F 101:17:11 ymmreg1 ymmreg2 


mem to ymmreg 
VROUNDPD — Round Packed Double-Precision Values 


C4: rxbO_2: w_F 101:17:mod ymmreg1 r/m 


xmmreg2 to xmmreg1, imm8 


C4: rxbO_3: w_F 001:09:11 xmmreg1 xmmreg2: imm 


mem to xmmreg1, imm8 


C4: rxb0_3: w_F 001:09:mod xmmreg1 r/m: imm 


ymmreg2 to ymmreg1, imm8 


C4: rxbO_3: w_F 101:09:11 ymmreg1 ymmreg2: imm 


mem to ymmreg1, imm8 


C4: rxbO_3: w_F 101:09:mod ymmreg1 r/m: imm 


VROUNDPS — Round Packed Single-Precision Values 
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INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format 


Encoding 


xmmreg2 to xmmreg1, imm8 


C4: rxbO_3: w_F 001:08:11 xmmreg1 xmmreg2: imm 


mem to xmmreg1, imm8 


C4: rxbO_3: w_F 001:08:mod xmmreg1 r/m: imm 


ymmreg2 to ymmreg1, imm8 


C4: rxbO_3: w_F 101:08:11 ymmreg1 ymmreg2: imm 


mem to ymmreg1, imm8 


C4: rxbO_3: w_F 101:08:mod ymmreg1 r/m: imm 


VROUNDSD — Round Scalar Double-Precision Value 


xmmreg2 and xmmreg3 to xmmreg1, imm8 


C4: rxbO_3: w xmmreg2 001:0B:11 xmmreg1 xmmreg3: imm 


xmmreg2 and mem to xmmreg1, imm8 


C4: rxbO_3: w xmmreg2 001:0B:mod xmmreg1 r/m: imm 


VROUNDSS — Round Scalar Single-Precision Value 


xmmreg2 and xmmreg3 to xmmreg1, imm8 


C4: rxbO0_3: w xmmreg2 001:0A:11 xmmreg1 xmmreg3: imm 


xmmreg2 and mem to xmmreg1, imm8 


C4: rxbO_3: w xmmreg2 001:0A:mod xmmreg1 r/m: imm 


VPCMPESTRI — Packed Compare Explicit Length Strings, Ret 


urn Index 


xmmreg2 with xmmreg1, imm8 


mem with xmmreg1, imm8 


C4: rxbO_3: w_F 001:61:11 xmmreg1 xmmreg2: imm 
C4: rxbO_3: w_F 001:61:mod xmmreg1 r/m: imm 


VPCMPESTRM — Packed Compare Explicit Length Strings, Return Mask 


xmmreg2 with xmmreg1, imm8 


mem with xmmreg1, imm8 


C4: rxbO_3: w_F 001:60:11 xmmreg1 xmmreg2: imm 
C4: rxbO_3: w_F 001:60:mod xmmreg1 r/m: imm 


VPCMPGTQ — Compare Packed Data for Greater Than 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:28:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:28:mod xmmreg1 r/m 


VPCMPISTRI — Packed Compare Implicit Length Strings, Return Index 


xmmreg2 with xmmreg1, imm8 


mem with xmmreg1, imm8 


C4: rxbO_3: w_F 001:63:11 xmmreg1 xmmreg2: imm 
C4: rxbO_3: w_F 001:63:mod xmmreg1 r/m: imm 


VPCMPISTRM — Packed Compare Implicit Length Strings, Return Mask 


xmmreg2 with xmmreg1, imm8 


mem with xmmreg, imm8 


C4: rxbO_3: w_F 001:62:11 xmmreg1 xmmreg2: imm 
C4: rxbO_3: w_F 001:62:mod xmmreg1 r/m: imm 


VAESDEC — Perform One Round of an AES Decryption Flow 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_2: w xmmreg2 001:DE:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:DE:mod xmmreg1 r/m 


VAESDECLAST — Perform Last Round of an AES Decryption Flow 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:DF:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:DF:mod xmmreg1 r/m 


VAESENC — Perform One Round of an AES Encryption Flow 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:DC:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:DC:mod xmmreg1 r/m 


VAESENCLAST — Perform Last Round of an AES Encryption Flow 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_2: w xmmreg2 001:DD:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:DD:mod xmmreg1 r/m 


VAESIMC — Perform the AES InvMixColumn Transformation 


xmmreg2 to xmmreg1 


C4: rxbO_2: w_F 001:DB:11 xmmreg1 xmmreg2 
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INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format 


Encoding 


mem to xmmreg1 


C4: rxbO_2: w_F 001:DB:mod xmmreg1 r/m 


VAESKEYGENASSIST — AES Round Key Generation Assist 


xmmreg2 to xmmreg1, imm8 


C4: rxbO_3: w_F 001:DF:11 xmmreg1 xmmreg2: imm 


mem to xmmreg, imm8 


C4: rxbO_3: w_F 001:DF:mod xmmreg1 r/m: imm 


VPABSB — Packed Absolute Value 


xmmreg2 to xmmreg1 


C4: rxbO_2: w_F 001:1C:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_2: w_F 001:1C:mod xmmreg1 r/m 


VPABSD — Packed Absolute Value 


xmmreg2 to xmmreg1 


C4: rxbO_2: w_F 001:1€:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_2: w_F 001:1E:mod xmmreg1 r/m 


VPABSW — Packed Absolute Value 


xmmreg2 to xmmreg1 


mem to xmmreg1 


C4: rxbO_2: w_F 001:1D:11 xmmreg1 xmmreg2 
C4: rxbO_2: w_F 001:1D:mod xmmreg1 r/m 


VPALIGNR — Packed Align Right 


xmmreg2 with xmmreg3 to xmmreg1, imm8 


xmmreg2 with mem to xmmreg1, imm8 


C4: rxbO_3: w xmmreg2 001:DD:11 xmmreg1 xmmreg3: imm 


C4: rxbO_3: w xmmreg2 001:DD:mod xmmreg1 r/m: imm 


VPHADDD — Packed Horizontal Add 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:02:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:02:mod xmmreg1 r/m 


VPHADDW — Packed Horizontal Add 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:01:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:01:mod xmmreg1 r/m 


VPHADDSW — Packed Horizontal Add and Saturate 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:03:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:03:mod xmmreg1 r/m 


VPHSUBD — Packed Horizontal Subtract 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_2: w xmmreg2 001:06:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:06:mod xmmreg1 r/m 


VPHSUBW — Packed Horizontal Subtract 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:05:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:05:mod xmmreg1 r/m 


VPHSUBSW — Packed Horizontal Subtract and Saturate 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:07:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:07:mod xmmreg1 r/m 


VPMADDUBSW — Multiply and Add Packed Signed and Unsigned Bytes 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_2: w xmmreg2 001:04:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:04:mod xmmreg1 r/m 


VPMULHRSW — Packed Multiply High with Round and Scale 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_2: w xmmreg2 001:0B:11 xmmreg1 xmmreg3 
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INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format 


Encoding 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:0B:mod xmmreg1 r/m 


VPSHUFB — Packed Shuffle Bytes 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_2: w xmmreg2 001:00:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:00:mod xmmreg1 r/m 


VPSIGNB — Packed SIGN 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_2: w xmmreg2 001:08:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:08:mod xmmreg1 r/m 


VPSIGND — Packed SIGN 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_2: w xmmreg2 001:0A:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:0A:mod xmmreg1 r/m 


VPSIGNW — Packed SIGN 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_2: w xmmreg2 001:09:11 xmmreg1 xmmreg3 
C4: rxbO_2: w xmmreg2 001:09:mod xmmreg1 r/m 


VADDSUBPD — Packed Double-FP Add/Subtract 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:D0:11 xmmreg1 xmmreg3 
C4: rxbO0_1: w xmmreg2 001:DO:mod xmmreg1 r/m 


xmmreglo2! with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:D0:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


ymmreg2 with ymmreg3 to ymmreg1 


C5: r_xmmreglo2 001:D0:mod xmmreg1 r/m 


C4: rxb0_1: w ymmreg2 101:D0:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 101:DO:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:D0:11 ymmreg1 ymmreglo3 
C5: r_ymmreglo2 101:D0:mod ymmreg1 r/m 


VADDSUBPS — Packed Single-FP Add/Subtract 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 011:D0:11 xmmreg1 xmmreg3 


C4: rxb0_1: w xmmreg2 011:DO:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 011:D0:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 011:D0:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 111:D0:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 111:DO:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 111:D0:11 ymmreg1 ymmreglo3 
C5: r_ymmreglo2 111:D0:mod ymmreg1 r/m 


VHADDPD — Packed Double-FP Horizontal Add 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:7C:11 xmmreg1 xmmreg3 


C4: rxb0_1: w xmmreg2 001:7C:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:7C:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:7C:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:7C:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 101:7C:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 101:7C:11 ymmreg1 ymmreglo3 
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INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format 


Encoding 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:7C:mod ymmreg1 r/m 


VHADDPS — Packed Single-FP Horizontal Add 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 011:7C:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 011:7C:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 011:7C:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 011:7C:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxbO0_1: w ymmreg2 111:7C:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 111:7C:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 111:7C:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 111:7C:mod ymmreg1 r/m 


VHSUBPD — Packed Double-FP Horizontal Subtract 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:7D:11 xmmreg1 xmmreg3 


C4: rxbO_1: w xmmreg2 001:7D:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:7D:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


ymmreg2 with ymmreg3 to ymmreg1 


C5: r_xmmreglo2 001:7D:mod xmmreg1 r/m 


C4: rxb0_1: w ymmreg2 101:7D:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 101:7D:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:7D:11 ymmreg1 ymmreglo3 
C5: r_ymmreglo2 101:7D:mod ymmreg1 r/m 


VHSUBPS — Packed Single-FP Horizontal Subtract 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO0_1: w xmmreg2 011:7D:11 xmmreg1 xmmreg3 


C4: rxbO_1: w xmmreg2 011:7D:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 011:7D:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


ymmreg2 with ymmreg3 to ymmreg1 


C5: r_xmmreglo2 011:7D:mod xmmreg1 r/m 


C4: rxb0_1: w ymmreg2 111:7D:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 111:7D:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 111:7D:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 111:7D:mod ymmreg1 r/m 


VLDDQU — Load Unaligned Integer 128 Bits 


mem to xmmreg1 


mem to xmmreg1 


C4: rxbO_1: w_F 011:FO:mod xmmreg1 r/m 
C5: r_F 011:FO:mod xmmreg1 r/m 


mem to ymmreg1 


C4: rxbO_1: w_F 111:FO:mod ymmreg1 r/m 


mem to ymmreg1 
VMOVDDUP — Move One Double-FP and Duplicate 


C5: r_F 111:FO:mod ymmreg1 r/m 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 011:12:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_1: w_F 011:12:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


C5: r_F 011:12:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 011:12:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


C4: rxbO_1: w_F 111:12:11 ymmreg1 ymmreg2 
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mem to ymmreg1 


C4: rxbO_1: w_F 111:12:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5:r_F 111:12:11 ymmreg1 ymmreglo 


mem to ymmreg1 


C5: r_F 111:12:mod ymmreg1 r/m 


VMOVHLPS — Move Packed Single-Precision Floating-Point Values High to Low 


xmmreg2 and xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 000:12:11 xmmreg1 xmmreg3 


xmmreglo2 and xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 000:12:11 xmmreg1 xmmreglo3 


VMOVSHDUP — Move Packed Single-FP High and Duplicate 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 010:16:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_1: w_F 010:16:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


C5: r_F 010:16:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 010:16:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


mem to ymmreg1 


C4: rxbO_1: w_F 110:16:11 ymmreg1 ymmreg2 
C4: rxbO_1: w_F 110:16:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 110:16:11 ymmreg1 ymmreglo 


mem to ymmreg1 
VMOVSLDUP — Move Packed Single-FP Low and Duplicate 


C5: r_F 110:16:mod ymmreg1 r/m 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 010:12:11 xmmreg1 xmmreg2 


mem to xmmreg1 


xmmreglo to xmmreg1 


C4: rxbO_1: w_F 010:12:mod xmmreg1 r/m 
C5: r_F 010:12:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 010:12:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


mem to ymmreg1 


C4: rxb0_1: w_F 110:12:11 ymmreg1 ymmreg2 
C4: rxbO_1: w_F 110:12:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 110:12:11 ymmreg1 ymmreglo 


mem to ymmreg1 


C5: r_F 110:12:mod ymmreg1 r/m 


VADDPD — Add Packed Double-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:58:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:58:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:58:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:58:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 101:58:11 ymmreg1 ymmreg3 
C4: rxb0_1: w ymmreg2 101:58:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 101:58:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


VADDSD — Add Scalar Double-Precision Floating-Point Values 


C5: r_ymmreglo2 101:58:mod ymmreg1 r/m 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 011:58:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 011:58:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 011:58:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5 r_xmmreglo2 011:58:mod xmmreg1 r/m 


VANDPD — Bitwise Logical AND of Packed Double-Precision Floating-Point Values 
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xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:54:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:54:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:54:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:54:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:54:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 101:54:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 101:54:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:54:mod ymmreg1 r/m 


VANDNPD — Bitwise Logical AND NOT of Packed Double-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:55:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:55:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:55:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:55:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:55:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


ymmreglo2 with ymmreglo3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:55:mod ymmreg1 r/m 
C5: r_ymmreglo2 101:55:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:55:mod ymmreg1 r/m 


VCMPPD — Compare Packed Double-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:C2:11 xmmreg1 xmmreg3: imm 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:C2:mod xmmreg1 r/m: imm 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:C2:11 xmmreg1 xmmreglo3: imm 


C5: r_xmmreglo2 001:C2:mod xmmreg1 r/m: imm 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:C2:11 ymmreg1 ymmreg3: imm 


ymmreg2 with mem to ymmreg1 


ymmreglo2 with ymmreglo3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:C2:mod ymmreg1 r/m: imm 
C5: r_ymmreglo2 101:C2:11 ymmreg1 ymmreglo3: imm 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:C2:mod ymmreg1 r/m: imm 


VCMPSD — Compare Scalar Double-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 011:C2:11 xmmreg1 xmmreg3: imm 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 011:C2:mod xmmreg1 r/m: imm 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 011:C2:11 xmmreg1 xmmreglo3: imm 


C5: r_xmmreglo2 011:C2:mod xmmreg1 r/m: imm 


VCOMISD — Compare Scalar Ordered Double-Precision Floating-Point Values and Set EFLAGS 


xmmreg2 to xmmreg1 


mem to xmmreg1 


C4: rxbO_1: w_F 001:2F:11 xmmreg1 xmmreg2 
C4: rxbO_1: w_F 001:2F:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


C5: r_F 001:2F:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 001:2F:mod xmmreg1 r/m 


VCVTDQ2PD— Convert Packed Dword Integers to Packed Do 


uble-Precision FP Values 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 010:€6:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_1: w_F 010:€6:mod xmmreg1 r/m 
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xmmreglo to xmmreg1 


C5: r_F 010:€6:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 010:€6:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


C4: rxb0_1: w_F 110:€6:11 ymmreg1 ymmreg2 


mem to ymmreg1 


C4: rxbO_1: w_F 110:€6:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 110:€6:11 ymmreg1 ymmreglo 


mem to ymmreg1 


C5: r_F 110:€6:mod ymmreg1 r/m 


VCVTDQ2PS— Convert Packed Dword Integers to Packed Single-Precision FP Values 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 000:5B:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_1: w_F 000:5B:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


C5: r_F 000:5B:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 000:5B:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


mem to ymmreg1 


C4: rxbO_1: w_F 100:5B:11 ymmreg1 ymmreg2 
C4: rxbO_1: w_F 100:5B:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 100:5B:11 ymmreg1 ymmreglo 


mem to ymmreg1 


C5: r_F 100:5B:mod ymmreg1 r/m 


VCVTPD2DQ— Convert Packed Double-Precision FP Values to Packed Dword Integers 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 011:€6:11 xmmreg1 xmmreg2 


mem to xmmreg1 


xmmreglo to xmmreg1 


C4: rxbO_1: w_F 011:€6:mod xmmreg1 r/m 
C5: r_F 011:€6:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 011:€6:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


mem to ymmreg1 


C4: rxb0O_1: w_F 111:€6:11 ymmreg1 ymmreg2 
C4: rxbO_1: w_F 111:€6:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 111:€6:11 ymmreg1 ymmreglo 


mem to ymmreg1 


C5: r_F 111:€6:mod ymmreg1 r/m 


VCVTPD2PS— Convert Packed Double-Precision FP Values to Packed Single-Precision FP Values 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 001:5A:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_1: w_F 001:5A:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


C5: r_F 001:5A:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 001:5A:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


mem to ymmreg1 


C4: rxbO_1: w_F 101:5A:11 ymmreg1 ymmreg2 
C4: rxbO_1: w_F 101:5A:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 101:5A:11 ymmreg1 ymmreglo 


mem to ymmreg1 
VCVTPS2DQ— Convert Packed Single-Precision FP Values to 


C5: r_F 101:5A:mod ymmreg1 r/m 
Packed Dword Integers 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 001:5B:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_1: w_F 001:5B:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


C5: r_F 001:5B:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 001:5B:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


C4: rxbO_1: w_F 101:5B:11 ymmreg1 ymmreg2 
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mem to ymmreg1 


C4: rxbO_1: w_F 101:5B:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 101:5B:11 ymmreg1 ymmreglo 


mem to ymmreg1 


C5: r_F 101:5B:mod ymmreg1 r/m 


VCVTPS2PD— Convert Packed Single-Precision FP Values to 


Packed Double-Precision FP Values 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 000:5A:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxb0_1: w_F 000:5A:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


C5: r_F 000:5A:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 000:5A:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


C4: rxbO_1: w_F 100:5A:11 ymmreg1 ymmreg2 


mem to ymmreg1 


C4: rxbO_1: w_F 100:5A:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 100:5A:11 ymmreg1 ymmreglo 


mem to ymmreg1 


C5: r_F 100:5A:mod ymmreg1 r/m 


VCVTSD2SI— Convert Scalar Double-Precision FP Value to Integer 


xmmreg1 to reg32 


C4: rxbO_1: O_F 011:2D:11 reg xmmreg1 


mem to reg32 


xmmreglo to reg32 


C4: rxb0_1: O_F 011:2D:mod reg r/m 
C5: r_F 011:2D:11 reg xmmreglo 


mem to reg32 


C5: r_F 011:2D:mod reg r/m 


ymmreg1 to reg64 


mem to reg64 


C4: rxbO_1: 1_F 111:2D:11 reg ymmreg1 
C4: rxbO_1: 1_F 111:2D:mod reg r/m 


VCVTSD2SS — Convert Scalar Double-Precision FP Value to Scalar Single-Precision FP Value 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 011:5A:11 xmmreg1 xmmreg3 


C4: rxbO_1: w xmmreg2 011:5A:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 011:5A:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 
VCVTSI2SD— Convert Dword Integer to Scalar Double-Precis 


C5: r_xmmreglo2 011:5A:mod xmmreg1 r/m 


ion FP Value 


xmmreg2 with reg to xmmreg1 


C4: rxbO_1: 0 xmmreg2 011:2A:11 xmmreg1 reg 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: 0 xmmreg2 011:2A:mod xmmreg1 r/m 


xmmreglo2 with reglo to xmmreg1 


C5: r_xmmreglo2 011:2A:11 xmmreg1 reglo 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 011:2A:mod xmmreg1 r/m 


ymmreg2 with reg to ymmreg1 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: 1 ymmreg2 111:2A:11 ymmreg1 reg 
C4: rxb0_1: 1 ymmreg2 111:2A:mod ymmreg1 r/m 


VCVTSS2SD — Convert Scalar Single-Precision FP Value to Scalar Double-Precision FP Value 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 010:5A:11 xmmreg1 xmmreg3 
C4: rxbO_1: w xmmreg2 010:5A:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 010:5A:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 010:5A:mod xmmreg1 r/m 


VCVTTPD2DQ— Convert with Truncation Packed Double-Prec 


ision FP Values to Packed Dword Integers 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 001:€6:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_1: w_F 001:€6:mod xmmreg1 r/m 
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xmmreglo to xmmreg1 


C5: r_F 001:€6:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 001:€6:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


C4: rxb0_1: w_F 101:€6:11 ymmreg1 ymmreg2 


mem to ymmreg1 


C4: rxbO_1: w_F 101:€6:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 101:€6:11 ymmreg1 ymmreglo 


mem to ymmreg1 


C5: r_F 101:€6:mod ymmreg1 r/m 


VCVTTPS2DQ— Convert with Truncation Packed Single-Precision FP Values to Packed Dword Integers 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 010:5B:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_1: w_F 010:5B:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


C5: r_F 010:5B:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 010:5B:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


mem to ymmreg1 


C4: rxbO_1: w_F 110:5B:11 ymmreg1 ymmreg2 
C4: rxbO_1: w_F 110:5B:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 110:5B:11 ymmreg1 ymmreglo 


mem to ymmreg1 


C5: r_F 110:5B:mod ymmreg1 r/m 


VCVTTSD2SI— Convert with Truncation Scalar Double-Precision FP Value to Signed Integer 


xmmreg1 to reg32 


C4: rxbO_1: O_F 011:2C:11 reg xmmreg1 


mem to reg32 


xmmreglo to reg32 


C4: rxbO_1: O_F 011:2C:mod reg r/m 
C5: r_F 011:2C:11 reg xmmreglo 


mem to reg32 


C5: r_F 011:2C:mod reg r/m 


xmmreg1 to reg64 


mem to reg64 


C4: rxbO_1: 1_F 011:2C:11 reg xmmreg1 
C4: rxbO_1: 1_F 011:2C:mod reg r/m 


VDIVPD — Divide Packed Double-Precision Floating-Point Va 


lues 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:5E:11 xmmreg1 xmmreg3 
C4: rxbO_1: w xmmreg2 001:5E:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:5€:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:5€:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:5€:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 101:5E€:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:5€:11 ymmreg1 ymmreglo3 
C5: r_ymmreglo2 101:5€:mod ymmreg1 r/m 


VDIVSD — Divide Scalar Double-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 011:5€:11 xmmreg1 xmmreg3 
C4: rxbO_1: w xmmreg2 011:5€:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 011:5€:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 011:5€:mod xmmreg1 r/m 


VMASKMOVDQU-— Store Selected Bytes of Double Quadword 


xmmreg1 to mem; xmmreg2 as mask 


C4: rxbO_1: w_F 001:F7:11 r/m xmmreg1: xmmreg2 


xmmreg1 to mem; xmmreg2 as mask 


C5: r_F 001:F7:11 r/m xmmreg1: xmmreg2 
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VMAXPD — Return Maximum Packed Double-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:5F:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:5F:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:5F:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:5F:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:5F:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 101:5F:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 101:5F:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:5F:mod ymmreg1 r/m 


VMAXSD — Return Maximum Scalar Double-Precision Floating-Point Value 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 011:5F:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxbO_1: w xmmreg2 011:5F:mod xmmreg1 r/m 


C5: r_xmmreglo2 011:5F:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 011:5F:mod xmmreg1 r/m 


xmmreg2 with xmmreg3 to xmmreg1 


VMINPD — Return Minimum Packed Double-Precision Floating-Point Values 


C4: rxb0_1: w xmmreg2 001:5D:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:5D:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:5D:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:5D:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:5D:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


ymmreglo2 with ymmreglo3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:5D:mod ymmreg1 r/m 


C5: r_ymmreglo2 101:5D:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:5D:mod ymmreg1 r/m 


xmmreg2 with xmmreg3 to xmmreg1 


VMINSD — Return Minimum Scalar Double-Precision Floating-Point Value 


C4: rxbO_1: w xmmreg2 011:5D:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 011:5D:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 011:5D:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 011:5D:mod xmmreg1 r/m 


VMOVAPD — Move Aligned Packed Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


mem to xmmreg1 


C4: rxbO_1: w_F 001:28:11 xmmreg1 xmmreg2 


C4: rxbO_1: w_F 001:28:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


C5: r_F 001:28:11 xmmreg1 xmmreglo 


mem to xmmreg1 


xmmreg1 to xmmreg2 


C5: r_F 001:28:mod xmmreg1 r/m 


C4: rxbO_1: w_F 001:29:11 xmmreg2 xmmreg1 


xmmreg1 to mem 


C4: rxbO_1: w_F 001:29:mod r/m xmmreg1 


xmmreg1 to xmmreglo 


C5: r_F 001:29:11 xmmreglo xmmreg1 


xmmreg1 to mem 


C5: r_F 001:29:mod r/m xmmreg1 


ymmreg2 to ymmreg1 


C4: rxbO_1: w_F 101:28:11 ymmreg1 ymmreg2 


mem to ymmreg1 


C4: rxb0_1: w_F 101:28:mod ymmreg1 r/m 
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ymmreglo to ymmreg1 


C5: r_F 101:28:11 ymmreg1 ymmreglo 


mem to ymmreg1 


C5: r_F 101:28:mod ymmreg1 r/m 


ymmreg1 to ymmreg2 


C4: rxbO_1: w_F 101:29:11 ymmreg2 ymmreg1 


ymmreg1 to mem 


C4: rxb0_1: w_F 101:29:mod r/m ymmreg1 


ymmreg1 to ymmreglo 


C5: r_F 101:29:11 ymmreglo ymmreg1 


ymmreg1 to mem 


C5: r_F 101:29:mod r/m ymmreg1 


VMOVD — Move Doubleword 


reg32 to xmmreg1 


C4: rxbO_1: O_F 001:6€:11 xmmreg1 reg32 


mem32 to xmmreg1 


C4: rxbO_1: O_F 001:6E:mod xmmreg1 r/m 


reg32 to xmmreg1 


C5: r_F 001:6€:11 xmmreg1 reg32 


mem32 to xmmreg1 


C5: r_F 001:6E:mod xmmreg1 r/m 


xmmreg1 to reg32 


xmmreg1 to mem32 


C4: rxbO_1: O_F 001:7€:11 reg32 xmmreg1 
C4: rxbO_1: O_F 001:7E:mod mem32 xmmreg1 


xmmreglo to reg32 


C5: r_F 001:7€:11 reg32 xmmreglo 


xmmreglo to mem32 


VMOVQ — Move Quadword 


C5: r_F 001:7E:mod mem32 xmmreglo 


reg64 to xmmreg1 


C4: rxbO_1: 1_F 001:6€:11 xmmreg1 reg64 


mem64 to xmmreg1 


xmmreg1 to reg64 


C4: rxbO_1: 1_F 001:6E:mod xmmreg1 r/m 
C4: rxbO_1: 1_F 001:7€:11 reg64 xmmreg1 


xmmreg1 to mem64 


C4: rxbO_1: 1_F 001:7E:mod r/m xmmreg1 


VMOVDQA — Move Aligned Double Quadword 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 001:6F:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_1: w_F 001:6F:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


mem to xmmreg1 


C5: r_F 001:6F:11 xmmreg1 xmmreglo 
C5: r_F 001:6F:mod xmmreg1 r/m 


xmmreg1 to xmmreg2 


C4: rxbO_1: w_F 001:7F:11 xmmreg2 xmmreg1 


xmmreg1 to mem 


C4: rxbO_1: w_F 001:7F:mod r/m xmmreg1 


xmmreg1 to xmmreglo 


C5: r_F 001:7F:11 xmmreglo xmmreg1 


xmmreg1 to mem 


C5: r_F 001:7F:mod r/m xmmreg1 


ymmreg2 to ymmreg1 


mem to ymmreg1 


C4: rxb0_1: w_F 101:6F:11 ymmreg1 ymmreg2 
C4: rxbO_1: w_F 101:6F:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 101:6F:11 ymmreg1 ymmreglo 


mem to ymmreg1 


ymmreg1 to ymmreg2 


C5: r_F 101:6F:mod ymmreg1 r/m 
C4: rxb0_1: w_F 101:7F:11 ymmreg2 ymmreg1 


ymmreg1 to mem 


C4: rxbO_1: w_F 101:7F:mod r/m ymmreg1 


ymmreg1 to ymmreglo 


C5: r_F 101:7F:11 ymmreglo ymmreg1 


ymmreg1 to mem 


C5: r_F 101:7F:mod r/m ymmreg1 


VMOVDQU — Move Unaligned Double Quadword 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 010:6F:11 xmmreg1 xmmreg2 
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mem to xmmreg1 


C4: rxbO_1: w_F 010:6F:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


C5: r_F 010:6F:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 010:6F:mod xmmreg1 r/m 


xmmreg1 to xmmreg2 


C4: rxbO_1: w_F 010:7F:11 xmmreg2 xmmreg1 


xmmreg1 to mem 


C4: rxbO_1: w_F 010:7F:mod r/m xmmreg1 


xmmreg1 to xmmreglo 


C5: r_F 010:7F:11 xmmreglo xmmreg1 


xmmreg1 to mem 


C5: r_F 010:7F:mod r/m xmmreg1 


ymmreg2 to ymmreg1 


C4: rxbO_1: w_F 110:6F:11 ymmreg1 ymmreg2 


mem to ymmreg1 


C4: rxbO_1: w_F 110:6F:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 110:6F:11 ymmreg1 ymmreglo 


mem to ymmreg1 


C5: r_F 110:6F:mod ymmreg1 r/m 


ymmreg1 to ymmreg2 


ymmreg1 to mem 


C4: rxbO_1: w_F 110:7F:11 ymmreg2 ymmreg1 
C4: rxbO_1: w_F 110:7F:mod r/m ymmreg1 


ymmreg1 to ymmreglo 


C5: r_F 110:7F:11 ymmreglo ymmreg1 


ymmreg1 to mem 


C5: r_F 110:7F:mod r/m ymmreg1 


VMOVHPD — Move High Packed Double-Precision Floating-Point Value 


xmmreg1 and mem to xmmreg2 


C4: rxb0_1: w xmmreg1 001:16:11 xmmreg2 r/m 


xmmreg1 and mem to xmmreglo2 


xmmreg1 to mem 


C5: r_xmmreg1 001:16:11 xmmreglo2 r/m 
C4: rxbO_1: w_F 001:17:mod r/m xmmreg1 


xmmreglo to mem 


C5: r_F 001:17:mod r/m xmmreglo 


xmmreg1 and mem to xmmreg2 


VMOVLPD — Move Low Packed Double-Precision Floating-Point Value 


C4: rxb0_1: w xmmreg1 001:12:11 xmmreg2 r/m 


xmmreg1 and mem to xmmreglo2 


C5: r_xmmreg1 001:12:11 xmmreglo2 r/m 


xmmreg1 to mem 


xmmreglo to mem 


C4: rxbO_1: w_F 001:13:mod r/m xmmreg1 
C5: r_F 001:13:mod r/m xmmreglo 


VMOVMSKPD — Extract Packed Double-Precision Floating-Point Sign Mask 


xmmreg2 to reg 


C4: rxbO_1: w_F 001:50:11 reg xmmreg1 


xmmreglo to reg 


C5: r_F 001:50:11 reg xmmreglo 


ymmregz to reg 


C4: rxbO_1: w_F 101:50:11 reg ymmreg1 


ymmreglo to reg 
VMOVNTDQ — Store Double Quadword Using Non-Temporal 


C5: r_F 101:50:11 reg ymmreglo 
Hint 


xmmreg1 to mem 


C4: rxbO_1: w_F 001:€7:11 r/m xmmreg1 


xmmreglo to mem 


ymmreg1 to mem 


C5: r_F 001:€7:11 r/m xmmreglo 
C4: rxbO_1: w_F 101:€7:11 r/m ymmreg1 


ymmreglo to mem 


C5: r_F 101:€7:11 r/m ymmreglo 


VMOVNTPD — Store Packed Double-Precision Floating-Point 


Values Using Non-Temporal Hint 


xmmreg1 to mem 


C4: rxbO_1: w_F 001:2B:11 r/m xmmreg1 


xmmreglo to mem 


C5: r_F 001:2B:11 r/m xmmreglo 


ymmreg1 to mem 


C4: rxbO_1: w_F 101:2B:11r/m ymmreg1 
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ymmreglo to mem 


C5: r_F 101:2B:11r/m ymmreglo 


VMOVSD — Move Scalar Double-Precision Floating-Point Value 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 011:10:11 xmmreg1 xmmreg3 


mem to xmmreg1 


C4: rxbO_1: w_F 011:10:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 011:10:11 xmmreg1 xmmreglo3 


mem to xmmreg1 


C5: r_F 011:10:mod xmmreg1 r/m 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 011:11:11 xmmreg1 xmmreg3 


xmmreg1 to mem 


C4: rxbO_1: w_F 011:11:mod r/m xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 011:11:11 xmmreg1 xmmreglo3 


xmmreglo to mem 


C5: r_F 011:11:mod r/m xmmreglo 


VMOVUPD — Move Unaligned Packed Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


mem to xmmreg1 


C4: rxbO_1: w_F 001:10:11 xmmreg1 xmmreg2 
C4: rxbO_1: w_F 001:10:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


C5: r_F 001:10:11 xmmreg1 xmmreglo 


mem to xmmreg1 


ymmreg2 to ymmreg1 


C5: r_F 001:10:mod xmmreg1 r/m 
C4: rxb0_1: w_F 101:10:11 ymmreg1 ymmreg2 


mem to ymmreg1 


C4: rxbO_1: w_F 101:10:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


mem to ymmreg1 


C5: r_F 101:10:11 ymmreg1 ymmreglo 
C5: r_F 101:10:mod ymmreg1 r/m 


xmmreg1 to xmmreg2 


C4: rxbO_1: w_F 001:11:11 xmmreg2 xmmreg1 


xmmreg1 to mem 


xmmreg1 to xmmreglo 


C4: rxbO_1: w_F 001:11:mod r/m xmmreg1 
C5: r_F 001:11:11 xmmreglo xmmreg1 


xmmreg1 to mem 


C5: r_F 001:11:mod r/m xmmreg1 


ymmreg1 to ymmreg2 


ymmreg1 to mem 


C4: rxb0O_1: w_F 101:11:11 ymmreg2 ymmreg1 
C4: rxbO_1: w_F 101:11:mod r/m ymmreg1 


ymmreg1 to ymmreglo 


C5: r_F 101:11:11 ymmreglo ymmreg1 


ymmreg1 to mem 


C5: r_F 101:11:mod r/m ymmreg1 


VMULPD — Multiply Packed Double-Precision Floating-Point 


Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:59:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:59:mod xmmreg1 r/m 


C5: r_xmmreglo2 001:59:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:59:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 101:59:11 ymmreg1 ymmreg3 
C4: rxb0_1: w ymmreg2 101:59:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 101:59:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:59:mod ymmreg1 r/m 


VMULSD — Multiply Scalar Double-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 011:59:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 011:59:mod xmmreg1 r/m 
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xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 011:59:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 011:59:mod xmmreg1 r/m 


VORPD — Bitwise Logical OR of Double-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:56:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:56:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:56:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:56:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:56:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 101:56:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 101:56:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:56:mod ymmreg1 r/m 


VPACKSSWB— Pack with Signed Saturation 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:63:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:63:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:63:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:63:mod xmmreg1 r/m 


VPACKSSDW- Pack with Signed Saturation 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:6B:11 xmmreg1 xmmreg3 
C4: rxb0_1: w xmmreg2 001:6B:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:6B:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 
VPACKUSWB— Pack with Unsigned Saturation 


C5: r_xmmreglo2 001:6B:mod xmmreg1 r/m 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:67:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:67:mod xmmreg1 r/m 


C5: r_xmmreglo2 001:67:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:67:mod xmmreg1 r/m 


VPADDB — Add Packed Integers 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:FC:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:FC:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:FC:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:FC:mod xmmreg1 r/m 


VPADDW — Add Packed Integers 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:FD:11 xmmreg1 xmmreg3 


C4: rxb0_1: w xmmreg2 001:FD:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:FD:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:FD:mod xmmreg1 r/m 


VPADDD — Add Packed Integers 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:FE:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:FE:mod xmmreg1 r/m 
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xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:FE:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:FE:mod xmmreg1 r/m 


VPADDQ — Add Packed Quadword Integers 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:D4:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:D4:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:D4:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:D4:mod xmmreg1 r/m 


VPADDSB — Add Packed Signed Integers with Signed Saturation 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:€C:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:EC:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:€C:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:€C:mod xmmreg1 r/m 


VPADDSW — Add Packed Signed Integers with Signed Saturation 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:€D:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:ED:mod xmmreg1 r/m 


C5: r_xmmreglo2 001:€D:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:ED:mod xmmreg1 r/m 


VPADDUSB — Add Packed Unsigned Integers with Unsigned 


xmmreg2 with xmmreg3 to xmmreg1 


Saturation 


C4: rxb0_1: w xmmreg2 001:DC:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:DC:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:DC:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:DC:mod xmmreg1 r/m 


VPADDUSW — Add Packed Unsigned Integers with Unsigned Saturation 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:DD:11 xmmreg1 xmmreg3 
C4: rxb0_1: w xmmreg2 001:DD:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:DD:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:DD:mod xmmreg1 r/m 


VPAND — Logical AND 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:DB:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:DB:mod xmmreg1 r/m 


C5: r_xmmreglo2 001:DB:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:DB:mod xmmreg1 r/m 


VPANDN — Logical AND NOT 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:DF:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:DF:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:DF:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:DF:mod xmmreg1 r/m 


VPAVGB — Average Packed Integers 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:€0:11 xmmreg1 xmmreg3 
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Instruction and Format 


Encoding 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:€0:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:€0:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:€0:mod xmmreg1 r/m 


VPAVGW — Average Packed Integers 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:E€3:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:E3:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:€3:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:€3:mod xmmreg1 r/m 


VPCMPEQB — Compare Packed Data for Equal 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:74:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:74:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:74:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:74:mod xmmreg1 r/m 


VPCMPEQW — Compare Packed Data for Equal 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:75:11 xmmreg1 xmmreg3 


C4: rxbO_1: w xmmreg2 001:75:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:75:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 
VPCMPEQD — Compare Packed Data for Equal 


C5: r_xmmreglo2 001:75:mod xmmreg1 r/m 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:76:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:76:mod xmmreg1 r/m 


C5: r_xmmreglo2 001:76:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:76:mod xmmreg1 r/m 


VPCMPGTB — Compare Packed Signed Integers for Greater Than 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:64:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:64:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:64:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:64:mod xmmreg1 r/m 


VPCMPGTW — Compare Packed Signed Integers for Greater Than 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:65:11 xmmreg1 xmmreg3 


C4: rxbO_1: w xmmreg2 001:65:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:65:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:65:mod xmmreg1 r/m 


VPCMPGTD — Compare Packed Signed Integers for Greater Than 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:66:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:66:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:66:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:66:mod xmmreg1 r/m 


VPEXTRW — Extract Word 
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INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format 


Encoding 


xmmreg1 to reg using imm 


C4: rxbO_1: O_F 001:C5:11 reg xmmreg1: imm 


xmmreg1 to reg using imm 


C5: r_F 001:C5:11 reg xmmreg1: imm 


VPINSRW — Insert Word 


xmmreg2 with reg to xmmreg1 


C4: rxb0_1: 0 xmmreg2 001:C4:11 xmmreg1 reg: imm 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: 0 xmmreg2 001:C4:mod xmmreg1 r/m: imm 


xmmreglo2 with reglo to xmmreg1 


C5: r_xmmreglo2 001:C4:11 xmmreg1 reglo: imm 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:C4:mod xmmreg1 r/m: imm 


VPMADDWD — Multiply and Add Packed Integers 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:F5:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:F5:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:F5:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 
VPMAXSW — Maximum of Packed Signed Word Integers 


C5: r_xmmreglo2 001:F5:mod xmmreg1 r/m 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:€E:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:EE:mod xmmreg1 r/m 


C5: r_xmmreglo2 001:€€:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:€E:mod xmmreg1 r/m 


VPMAXUB — Maximum of Packed Unsigned Byte Integers 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:DE:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:DE:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:DE:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:DE:mod xmmreg1 r/m 


VPMINSW — Minimum of Packed Signed Word Integers 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:E€A:11 xmmreg1 xmmreg3 
C4: rxbO_1: w xmmreg2 001:EA:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:€A:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:EA:mod xmmreg1 r/m 


VPMINUB — Minimum of Packed Unsigned Byte Integers 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:DA:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:DA:mod xmmreg1 r/m 


C5: r_xmmreglo2 001:DA:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:DA:mod xmmreg1 r/m 


VPMOVMSKB — Move Byte Mask 


xmmreg1 to reg 


C4: rxbO_1: w_F 001:D7:11 reg xmmreg1 


xmmreg1 to reg 


C5: r_F 001:D7:11 reg xmmreg1 


VPMULHUW — Multiply Packed Unsigned Integers and Store 


High Result 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:€4:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:€4:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:€4:11 xmmreg1 xmmreglo3 
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INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format 


Encoding 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:€4:mod xmmreg1 r/m 


VPMULHW — Multiply Packed Signed Integers and Store High Result 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:€5:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:E5:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:€5:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:€5:mod xmmreg1 r/m 


VPMULLW — Multiply Packed Signed Integers and Store Low 


Result 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:D5:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:D5:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:D5:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:D5:mod xmmreg1 r/m 


VPMULUDQ — Multiply Packed Unsigned Doubleword Intege 


xmmreg2 with xmmreg3 to xmmreg1 


rs 


C4: rxbO_1: w xmmreg2 001:F4:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:F4:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:F4:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:F4:mod xmmreg1 r/m 


VPOR — Bitwise Logical OR 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:€B:11 xmmreg1 xmmreg3 
C4: rxb0_1: w xmmreg2 001:EB:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:€B:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 
VPSADBW — Compute Sum of Absolute Differences 


C5: r_xmmreglo2 001:EB:mod xmmreg1 r/m 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:F6:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:F6:mod xmmreg1 r/m 


C5: r_xmmreglo2 001:F6:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:F6:mod xmmreg1 r/m 


xmmreglo2 with mem to xmmreg1 


VPSHUFD — Shuffle Packed Doublewords 


xmmreg2 to xmmreg1 using imm 


C4: rxbO_1: w_F 001:70:11 xmmreg1 xmmreg2: imm 


mem to xmmreg1 using imm 


C4: rxbO_1: w_F 001:70:mod xmmreg1 r/m: imm 


xmmreglo to xmmreg1 using imm 


mem to xmmreg1 using imm 


C5: r_F 001:70:11 xmmreg1 xmmreglo: imm 


C5: r_F 001:70:mod xmmreg1 r/m: imm 


VPSHUFHW — Shuffle Packed High Words 


xmmreg2 to xmmreg1 using imm 


mem to xmmreg1 using imm 


C4: rxbO_1: w_F 010:70:11 xmmreg1 xmmreg2: imm 
C4: rxbO_1: w_F 010:70:mod xmmreg1 r/m: imm 


xmmreglo to xmmreg1 using imm 


C5: r_F 010:70:11 xmmreg1 xmmreglo: imm 


mem to xmmreg1 using imm 


C5: r_F 010:70:mod xmmreg1 r/m: imm 


VPSHUFLW — Shuffle Packed Low Words 


xmmreg2 to xmmreg1 using imm 


C4: rxbO_1: w_F 011:70:11 xmmreg1 xmmreg2: imm 


mem to xmmreg1 using imm 


C4: rxbO_1: w_F 011:70:mod xmmreg1 r/m: imm 
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Instruction and Format 


Encoding 


xmmreglo to xmmreg1 using imm 


C5: r_F 011:70:11 xmmreg1 xmmreglo: imm 


mem to xmmreg1 using imm 


C5: r_F 011:70:mod xmmreg1 r/m: imm 


VPSLLDQ — Shift Double Quadword Left Logical 


xmmreg2 to xmmreg1 using imm 


C4: rxbO_1: w_F 001:73:11 xmmreg1 xmmreg2: imm 


xmmreglo to xmmreg1 using imm 


C5: r_F 001:73:11 xmmreg1 xmmreglo: imm 


VPSLLW — Shift Packed Data Left Logical 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:F1:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:F1:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:F1:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:F1:mod xmmreg1 r/m 


xmmreg2 to xmmreg1 using imm8 


C4: rxbO_1: w_F 001:71:11 xmmreg1 xmmreg2: imm 


xmmreglo to xmmreg1 using imm8 
VPSLLD — Shift Packed Data Left Logical 


C5: r_F 001:71:11 xmmreg1 xmmreglo: imm 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:F2:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:F2:mod xmmreg1 r/m 


C5: r_xmmreglo2 001:F2:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:F2:mod xmmreg1 r/m 


xmmreg2 to xmmreg1 using imm8 


xmmreglo to xmmreg1 using imm8 


C4: rxbO_1: w_F 001:72:11 xmmreg1 xmmreg2: imm 


C5: r_F 001:72:11 xmmreg1 xmmreglo: imm 


VPSLLQ — Shift Packed Data Left Logical 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:F3:11 xmmreg1 xmmreg3 


C4: rxb0_1: w xmmreg2 001:F3:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:F3:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


xmmreg2 to xmmreg1 using imm8 


C5: r_xmmreglo2 001:F3:mod xmmreg1 r/m 


C4: rxbO_1: w_F 001:73:11 xmmreg1 xmmreg2: imm 


xmmreglo to xmmreg1 using imm8 


C5: r_F 001:73:11 xmmreg1 xmmreglo: imm 


VPSRAW — Shift Packed Data Right Arithmetic 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:€1:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:€1:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:€1:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:€1:mod xmmreg1 r/m 


xmmreg2 to xmmreg1 using imm8 


C4: rxbO_1: w_F 001:71:11 xmmreg1 xmmreg2: imm 


xmmreglo to xmmreg1 using imm8 
VPSRAD — Shift Packed Data Right Arithmetic 


C5: r_F 001:71:11 xmmreg1 xmmreglo: imm 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:E€2:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:E2:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:€2:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:€2:mod xmmreg1 r/m 


xmmreg2 to xmmreg1 using imm8 


C4: rxbO_1: w_F 001:72:11 xmmreg1 xmmreg2: imm 
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Instruction and Format 


Encoding 


xmmreglo to xmmreg1 using imm8 


C5: r_F 001:72:11 xmmreg1 xmmreglo: imm 


VPSRLDQ — Shift Double Quadword Right Logical 


xmmreg2 to xmmreg1 using imm8 


C4: rxbO_1: w_F 001:73:11 xmmreg1 xmmreg2: imm 


xmmreglo to xmmreg1 using imm8 


C5: r_F 001:73:11 xmmreg1 xmmreglo: imm 


VPSRLW — Shift Packed Data Right Logical 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:D1:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:D1:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:D1:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:D1:mod xmmreg1 r/m 


xmmreg2 to xmmreg1 using imm8 


C4: rxbO_1: w_F 001:71:11 xmmreg1 xmmreg2: imm 


xmmreglo to xmmreg1 using imm8 


C5: r_F 001:71:11 xmmreg1 xmmreglo: imm 


VPSRLD — Shift Packed Data Right Logical 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:D2:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:D2:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:D2:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:D2:mod xmmreg1 r/m 


xmmreg2 to xmmreg1 using imm8 


C4: rxbO_1: w_F 001:72:11 xmmreg1 xmmreg2: imm 


xmmreglo to xmmreg1 using imm8 
VPSRLQ — Shift Packed Data Right Logical 


C5: r_F 001:72:11 xmmreg1 xmmreglo: imm 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:D3:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:D3:mod xmmreg1 r/m 


C5: r_xmmreglo2 001:D3:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:D3:mod xmmreg1 r/m 


xmmreg2 to xmmreg1 using imm8 


xmmreglo to xmmreg1 using imm8 


C4: rxbO_1: w_F 001:73:11 xmmreg1 xmmreg2: imm 


C5: r_F 001:73:11 xmmreg1 xmmreglo: imm 


VPSUBB — Subtract Packed Integers 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:F8:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:F8:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:F8:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 
VPSUBW — Subtract Packed Integers 


C5: r_xmmreglo2 001:F8:mod xmmreg1 r/m 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:F9:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:F9:mod xmmreg1 r/m 


C5: r_xmmreglo2 001:F9:11 xmmreg1 xmmreglo3 


xmmrelog2 with mem to xmmreg1 


C5: r_xmmreglo2 001:F9:mod xmmreg1 r/m 


VPSUBD — Subtract Packed Integers 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:FA:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:FA:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:FA:11 xmmreg1 xmmreglo3 
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Instruction and Format 


Encoding 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:FA:mod xmmreg1 r/m 


VPSUBQ — Subtract Packed Quadword Integers 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:FB:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:FB:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:FB:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:FB:mod xmmreg1 r/m 


VPSUBSB — Subtract Packed Signed Integers with Signed Saturation 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:€8:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0O_1: w xmmreg2 001:€8:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:€8:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:€8:mod xmmreg1 r/m 


VPSUBSW — Subtract Packed Signed Integers with Signed S 


xmmreg2 with xmmreg3 to xmmreg1 


aturation 


C4: rxbO_1: w xmmreg2 001:€9:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0O_1: w xmmreg2 001:€9:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:€9:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:€9:mod xmmreg1 r/m 


VPSUBUSB — Subtract Packed Unsigned Integers with Unsigned Saturation 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:D8:11 xmmreg1 xmmreg3 
C4: rxb0_1: w xmmreg2 001:D8:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:D8:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:D8:mod xmmreg1 r/m 


VPSUBUSW — Subtract Packed Unsigned Integers with Unsigned Saturation 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0O_1: w xmmreg2 001:D9:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:D9:mod xmmreg1 r/m 


C5: r_xmmreglo2 001:D9:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:D9:mod xmmreg1 r/m 


VPUNPCKHBW — Unpack High Data 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:68:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:68:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:68:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:68:mod xmmreg1 r/m 


VPUNPCKHWD — Unpack High Data 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:69:11 xmmreg1 xmmreg3 


C4: rxb0_1: w xmmreg2 001:69:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:69:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:69:mod xmmreg1 r/m 


VPUNPCKHDQ — Unpack High Data 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:6A:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:6A:mod xmmreg1 r/m 
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xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:6A:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:6A:mod xmmreg1 r/m 


VPUNPCKHQDQ — Unpack High Data 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0O_1: w xmmreg2 001:6D:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:6D:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:6D:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:6D:mod xmmreg1 r/m 


VPUNPCKLBW — Unpack Low Data 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:60:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:60:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:60:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 
VPUNPCKLWD — Unpack Low Data 


C5: r_xmmreglo2 001:60:mod xmmreg1 r/m 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0O_1: w xmmreg2 001:61:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxb0_1: w xmmreg2 001:61:mod xmmreg1 r/m 


C5: r_xmmreglo2 001:61:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:61:mod xmmreg1 r/m 


VPUNPCKLDQ — Unpack Low Data 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:62:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:62:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:62:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:62:mod xmmreg1 r/m 


VPUNPCKLQDQ — Unpack Low Data 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:6C:11 xmmreg1 xmmreg3 


C4: rxbO_1: w xmmreg2 001:6C:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:6C:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:6C:mod xmmreg1 r/m 


VPXOR — Logical Exclusive OR 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:EF:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:EF:mod xmmreg1 r/m 


C5: r_xmmreglo2 001:E€F:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:€F:mod xmmreg1 r/m 


VSHUFPD — Shuffle Packed Double-Precision Floating-Point 


xmmreg2 with xmmreg3 to xmmreg1 using imm8 


Values 


C4: rxbO_1: w xmmreg2 001:C6:11 xmmreg1 xmmreg3: imm 


xmmreg2 with mem to xmmreg1 using imm8 


C4: rxbO_1: w xmmreg2 001:C6:mod xmmreg1 r/m: imm 


xmmreglo2 with xmmreglo3 to xmmreg1 using imm8 


C5: r_xmmreglo2 001:C6:11 xmmreg1 xmmreglo3: imm 


xmmreglo2 with mem to xmmreg1 using imm8 


C5: r_xmmreglo2 001:C6:mod xmmreg1 r/m: imm 


ymmreg2 with ymmreg3 to ymmreg1 using imm8 


C4: rxbO_1: w ymmreg2 101:C6:11 ymmreg1 ymmreg3: imm 


ymmreg2 with mem to ymmreg1 using imm8 


C4: rxb0_1: w ymmreg2 101:C6:mod ymmreg1 r/m: imm 
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ymmreglo2 with ymmreglo3 to ymmreg1 using imm8 


C5: r_ymmreglo2 101:C6:11 ymmreg1 ymmreglo3: imm 


ymmreglo2 with mem to ymmreg1 using imm8 


C5: r_ymmreglo2 101:C6:mod ymmreg1 r/m: imm 


VSQRTPD — Compute Square Roots of Packed Double-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 001:51:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_1: w_F 001:51:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


C5: r_F 001:51:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 001:51:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


C4: rxb0_1: w_F 101:51:11 ymmreg1 ymmreg2 


mem to ymmreg1 


C4: rxbO_1: w_F 101:51:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 101:51:11 ymmreg1 ymmreglo 


mem to ymmreg1 


C5: r_F 101:51:mod ymmreg1 r/m 


VSQRTSD — Compute Square Root of Scalar Double-Precision Floating-Point Value 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 011:51:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 011:51:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 011:51:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 011:51:mod xmmreg1 r/m 


VSUBPD — Subtract Packed Double-Precision Floating-Point 


Values 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:5C:11 xmmreg1 xmmreg3 
C4: rxbO_1: w xmmreg2 001:5C:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:5C:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


ymmreg2 with ymmreg3 to ymmreg1 


C5: r_xmmreglo2 001:5C:mod xmmreg1 r/m 


C4: rxb0_1: w ymmreg2 101:5C:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 101:5C:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:5C:11 ymmreg1 ymmreglo3 
C5: r_ymmreglo2 101:5C:mod ymmreg1 r/m 


VSUBSD — Subtract Scalar Double-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 011:5C:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 011:5C:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 011:5C:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 011:5C:mod xmmreg1 r/m 


VUCOMISD — Unordered Compare Scalar Double-Precision Floating-Point Values and Set EFLAGS 


xmmreg2 with xmmreg1, set EFLAGS 


C4: rxbO_1: w_F xmmreg1 001:2E:11 xmmreg2 


mem with xmmreg1, set EFLAGS 


xmmreglo with xmmreg1, set EFLAGS 


C4: rxbO_1: w_F xmmreg1 001:2E:mod r/m 
C5: r_F xmmreg1 001:2E:11 xmmreglo 


mem with xmmreg1, set EFLAGS 


C5: r_F xmmreg1 001:2E:mod r/m 


VUNPCKHPD — Unpack and Interleave High Packed Double-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:15:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:15:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:15:11 xmmreg1 xmmreglo3 
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xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:15:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:15:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 101:15:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 101:15:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:15:mod ymmreg1 r/m 


VUNPCKHPS — Unpack and Interleave High Packed Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 000:15:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 000:15:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 000:15:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 000:15:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 100:15:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


ymmreglo2 with ymmreglo3 to ymmreg1 


C4: rxb0_1: w ymmreg2 100:15:mod ymmreg1 r/m 
C5: r_ymmreglo2 100:15:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 100:15:mod ymmreg1 r/m 


VUNPCKLPD — Unpack and Interleave Low Packed Double-P 


xmmreg2 with xmmreg3 to xmmreg1 


recision Floating-Point Values 


C4: rxbO_1: w xmmreg2 001:14:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 001:14:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:14:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 001:14:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:14:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


ymmreglo2 with ymmreglo3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:14:mod ymmreg1 r/m 
C5: r_ymmreglo2 101:14:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:14:mod ymmreg1 r/m 


VUNPCKLPS — Unpack and Interleave Low Packed Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 000:14:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 000:14:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 000:14:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 000:14:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 100:14:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


ymmreglo2 with ymmreglo3 to ymmreg1 


C4: rxb0_1: w ymmreg2 100:14:mod ymmreg1 r/m 
C5: r_ymmreglo2 100:14:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 100:14:mod ymmreg1 r/m 


VXORPD — Bitwise Logical XOR for Double-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 001:57:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 001:57:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 001:57:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 001:57:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 101:57:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 101:57:mod ymmreg1 r/m 
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ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 101:57:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 101:57:mod ymmreg1 r/m 


VADDPS — Add Packed Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 000:58:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 000:58:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 000:58:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 000:58:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 100:58:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 100:58:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 100:58:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 100:58:mod ymmreg1 r/m 


VADDSS — Add Scalar Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 010:58:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 010:58:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 010:58:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 010:58:mod xmmreg1 r/m 


VANDPS — Bitwise Logical AND of Packed Single-Precision F 


loating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxb0O_1: w xmmreg2 000:54:11 xmmreg1 xmmreg3 
C4: rxb0_1: w xmmreg2 000:54:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 000:54:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


ymmreg2 with ymmreg3 to ymmreg1 


C5: r_xmmreglo2 000:54:mod xmmreg1 r/m 


C4: rxb0_1: w ymmreg2 100:54:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 100:54:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 100:54:11 ymmreg1 ymmreglo3 
C5: r_ymmreglo2 100:54:mod ymmreg1 r/m 


VANDNPS — Bitwise Logical AND NOT of Packed Single-Prec 


ision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 000:55:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 000:55:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 000:55:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


ymmreg2 with ymmreg3 to ymmreg1 


C5: r_xmmreglo2 000:55:mod xmmreg1 r/m 


C4: rxb0_1: w ymmreg2 100:55:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 100:55:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 100:55:11 ymmreg1 ymmreglo3 
C5: r_ymmreglo2 100:55:mod ymmreg1 r/m 


VCMPPS — Compare Packed Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 000:C2:11 xmmreg1 xmmreg3: imm 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 000:C2:mod xmmreg1 r/m: imm 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 000:C2:11 xmmreg1 xmmreglo3: imm 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 000:C2:mod xmmreg1 r/m: imm 
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ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 100:C2:11 ymmreg1 ymmreg3: imm 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 100:C2:mod ymmreg1 r/m: imm 


ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 100:C2:11 ymmreg1 ymmreglo3: imm 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 100:C2:mod ymmreg1 r/m: imm 


VCMPSS — Compare Scalar Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 010:C2:11 xmmreg1 xmmreg3: imm 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 010:C2:mod xmmreg1 r/m: imm 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 010:C2:11 xmmreg1 xmmreglo3: imm 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 010:C2:mod xmmreg1 r/m: imm 


VCOMISS — Compare Scalar Ordered Single-Precision Floating-Point Values and Set EFLAGS 


xmmreg2 with xmmreg1 


C4: rxbO_1: w_F 000:2F:11 xmmreg1 xmmreg2 


mem with xmmreg1 


xmmreglo with xmmreg1 


C4: rxbO_1: w_F 000:2F:mod xmmreg1 r/m 
C5: r_F 000:2F:11 xmmreg1 xmmreglo 


mem with xmmreg1 


C5: r_F 000:2F:mod xmmreg1 r/m 


VCVTSI2SS — Convert Dword Integer to Scalar Single-Precisi 


xmmreg2 with reg to xmmreg1 


ion FP Value 


C4: rxbO_1: 0 xmmreg2 010:2A:11 xmmreg1 reg 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: 0 xmmreg2 010:2A:mod xmmreg1 r/m 


xmmreglo2 with reglo to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 010:2A:11 xmmreg1 reglo 


C5: r_xmmreglo2 010:2A:mod xmmreg1 r/m 


xmmreg2 with reg to xmmreg1 


C4: rxbO_1: 1 xmmreg2 010:2A:11 xmmreg1 reg 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: 1 xmmreg2 010:2A:mod xmmreg1 r/m 


VCVTSS2SI — Convert Scalar Single-Precision FP Value to Dword Integer 


xmmreg1 to reg 


C4: rxbO_1: O_F 010:2D:11 reg xmmreg1 


mem to reg 


xmmreglo to reg 


C4: rxb0_1: O_F 010:2D:mod reg r/m 
C5: r_F 010:2D:11 reg xmmreglo 


mem to reg 


C5: r_F 010:2D:mod reg r/m 


xmmreg1 to reg 


C4: rxbO_1: 1_F 010:2D:11 reg xmmreg1 


mem to reg 


C4: rxb0_1: 1_F 010:2D:mod reg r/m 


VCVTTSS2SI — Convert with Truncation Scalar Single-Precisi 


on FP Value to Dword Integer 


xmmreg1 to reg 


mem to reg 


C4: rxbO_1: O_F 010:2C:11 reg xmmreg1 
C4: rxbO_1: O_F 010:2C:mod reg r/m 


xmmreglo to reg 


C5: r_F 010:2C:11 reg xmmreglo 


mem to reg 


xmmreg1 to reg 


C5: r_F 010:2C:mod reg r/m 
C4: rxbO_1: 1_F 010:2C:11 reg xmmreg1 


mem to reg 


C4: rxbO_1: 1_F 010:2C:mod reg r/m 


VDIVPS — Divide Packed Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 000:5E:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 000:5E:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 000:5€:11 xmmreg1 xmmreglo3 
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INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format 


Encoding 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 000:5E:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 100:5€:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 100:5E:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 100:5€:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 100:5€:mod ymmreg1 r/m 


VDIVSS — Divide Scalar Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 010:5E:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 010:5E:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 010:5€:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 010:5€:mod xmmreg1 r/m 


VLDMXCSR — Load MXCSR Register 


mem to MXCSR reg 
mem to MXCSR reg 


C4: rxbO_1: w_F 000:AEmod 011 r/m 
C5: r_F 000:AEmod 011 r/m 


VMAXPS — Return Maximum Packed Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 000:5F:11 xmmreg1 xmmreg3 
C4: rxb0_1: w xmmreg2 000:5F:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 000:5F:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


ymmreg2 with ymmreg3 to ymmreg1 


C5: r_xmmreglo2 000:5F:mod xmmreg1 r/m 


C4: rxbO_1: w ymmreg2 100:5F:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 100:5F:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 100:5F:11 ymmreg1 ymmreglo3 
C5: r_ymmreglo2 100:5F:mod ymmreg1 r/m 


VMAXSS — Return Maximum Scalar Single-Precision Floating-Point Value 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 010:5F:11 xmmreg1 xmmreg3 


C4: rxb0_1: w xmmreg2 010:5F:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 010:5F:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 010:5F:mod xmmreg1 r/m 


VMINPS — Return Minimum Packed Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 000:5D:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C4: rxbO_1: w xmmreg2 000:5D:mod xmmreg1 r/m 


C5: r_xmmreglo2 000:5D:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 000:5D:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 100:5D:11 ymmreg1 ymmreg3 
C4: rxb0_1: w ymmreg2 100:5D:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 100:5D:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 100:5D:mod ymmreg1 r/m 


VMINSS — Return Minimum Scalar Single-Precision Floating- 


Point Value 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxb0_1: w xmmreg2 010:5D:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 010:5D:mod xmmreg1 r/m 
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INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format 


Encoding 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 010:5D:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 010:5D:mod xmmreg1 r/m 


VMOVAPS— Move Aligned Packed Single-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 000:28:11 xmmreg1 xmmreg2 


mem to xmmreg1 


C4: rxbO_1: w_F 000:28:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


C5: r_F 000:28:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 000:28:mod xmmreg1 r/m 


xmmreg1 to xmmreg2 


C4: rxbO_1: w_F 000:29:11 xmmreg2 xmmreg1 


xmmreg1 to mem 


C4: rxbO_1: w_F 000:29:mod r/m xmmreg1 


xmmreg1 to xmmreglo 


C5: r_F 000:29:11 xmmreglo xmmreg1 


xmmreg1 to mem 


C5: r_F 000:29:mod r/m xmmreg1 


ymmreg2 to ymmreg1 


mem to ymmreg1 


C4: rxbO_1: w_F 100:28:11 ymmreg1 ymmreg2 


C4: rxb0_1: w_F 100:28:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 100:28:11 ymmreg1 ymmreglo 


mem to ymmreg1 


ymmreg1 to ymmreg2 


C5: r_F 100:28:mod ymmreg1 r/m 


C4: rxbO_1: w_F 100:29:11 ymmreg2 ymmreg1 


ymmreg1 to mem 


C4: rxbO_1: w_F 100:29:mod r/m ymmreg1 


ymmreg1 to ymmreglo 


ymmreg1 to mem 


C5: r_F 100:29:11 ymmreglo ymmreg1 


C5: r_F 100:29:mod r/m ymmreg1 


VMOVHPS — Move High Packed Single-Precision Floating-Po 


int Values 


xmmreg1 with mem to xmmreg2 


xmmreg1 with mem to xmmreglo2 


C4: rxb0_1: w xmmreg1 000:16:mod xmmreg2 r/m 


C5: r_xmmreg1 000:16:mod xmmreglo2 r/m 


xmmreg1 to mem 


C4: rxbO_1: w_F 000:17:mod r/m xmmreg1 


xmmreglo to mem 


C5: r_F 000:17:mod r/m xmmreglo 


VMOVLHPS — Move Packed Single-Precision Floating-Point Values Low to High 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 000:16:11 xmmreg1 xmmreglo3 


VMOVLPS — Move Low Packed Single-Precision Floating-Point Values 


xmmreg1 with mem to xmmreg2 


C4: rxbO_1: w xmmreg1 000:12:mod xmmreg2 r/m 


xmmreg1 with mem to xmmreglo2 


xmmreg1 to mem 


C5: r_xmmreg1 000:12:mod xmmreglo2 r/m 


C4: rxbO_1: w_F 000:13:mod r/m xmmreg1 


xmmreglo to mem 


C5: r_F 000:13:mod r/m xmmreglo 


xmmreg2 to reg 


VMOVMSKPS — Extract Packed Single-Precision Floating-Poi 


nt Sign Mask 
C4: rxbO_1: w_F 000:50:11 reg xmmreg2 


xmmreglo to reg 


C5: r_F 000:50:11 reg xmmreglo 


ymmregz to reg 


C4: rxbO_1: w_F 100:50:11 reg ymmreg2 


ymmreglo to reg 


C5: r_F 100:50:11 reg ymmreglo 


VMOVNTPS — Store Packed Single-Precision Floating-Point Values Using Non-Temporal Hint 


xmmreg1 to mem 


C4: rxbO_1: w_F 000:2B:mod r/m xmmreg1 
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C4: rxbO_1: w xmmreg2 000:16:11 xmmreg1 xmmreg3 


INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format 


Encoding 


xmmreglo to mem 


C5: r_F 000:2B:mod r/m xmmreglo 


ymmreg1 to mem 


C4: rxb0_1: w_F 100:2B:mod r/m ymmreg1 


ymmreglo to mem 


C5: r_F 100:2B:mod r/m ymmreglo 


VMOVSS — Move Scalar Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 010:10:11 xmmreg1 xmmreg3 


mem to xmmreg1 


C4: rxbO_1: w_F 010:10:mod xmmreg1 r/m 


xmmreg2 with xmmreg3 to xmmreg1 


C5: r_xmmreg2 010:10:11 xmmreg1 xmmreg3 


mem to xmmreg1 


C5: r_F 010:10:mod xmmreg1 r/m 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 010:11:11 xmmreg1 xmmreg3 


xmmreg1 to mem 


C4: rxbO_1: w_F 010:11:mod r/m xmmreg1 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 010:11:11 xmmreg1 xmmreglo3 


xmmreglo to mem 


C5: r_F 010:11:mod r/m xmmreglo 


VMOVUPS— Move Unaligned Packed Single-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 000:10:11 xmmreg1 xmmreg2 


mem to xmmreg1 


xmmreglo to xmmreg1 


C4: rxbO_1: w_F 000:10:mod xmmreg1 r/m 
C5: r_F 000:10:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 000:10:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


mem to ymmreg1 


C4: rxb0O_1: w_F 100:10:11 ymmreg1 ymmreg2 
C4: rxbO_1: w_F 100:10:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 100:10:11 ymmreg1 ymmreglo 


mem to ymmreg1 


xmmreg1 to xmmreg2 


C5: r_F 100:10:mod ymmreg1 r/m 
C4: rxbO_1: w_F 000:11:11 xmmreg2 xmmreg1 


xmmreg1 to mem 


C4: rxbO_1: w_F 000:11:mod r/m xmmreg1 


xmmreg1 to xmmreglo 


xmmreg1 to mem 


C5: r_F 000:11:11 xmmreglo xmmreg1 
C5: r_F 000:11:mod r/m xmmreg1 


ymmreg1 to ymmreg2 


C4: rxbO_1: w_F 100:11:11 ymmreg2 ymmreg1 


ymmreg1 to mem 


C4: rxbO_1: w_F 100:11:mod r/m ymmreg1 


ymmreg1 to ymmreglo 


C5: r_F 100:11:11 ymmreglo ymmreg1 


ymmreg1 to mem 


C5: r_F 100:11:mod r/m ymmreg1 


VMULPS — Multiply Packed Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 000:59:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxb0_1: w xmmreg2 000:59:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 000:59:11 xmmreg1 xmmreglo3 


C5: r_xmmreglo2 000:59:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 100:59:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 100:59:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


C5: r_ymmreglo2 100:59:11 ymmreg1 ymmreglo3 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 100:59:mod ymmreg1 r/m 


VMULSS — Multiply Scalar Single-Precision Floating-Point Values 
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INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format 


Encoding 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 010:59:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 010:59:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 010:59:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 010:59:mod xmmreg1 r/m 


VORPS — Bitwise Logical OR of Single-Precision Floating-Poi 


nt Values 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 000:56:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 000:56:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 000:56:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 000:56:mod xmmreg1 r/m 


ymmreg2 with ymmreg3 to ymmreg1 


C4: rxb0_1: w ymmreg2 100:56:11 ymmreg1 ymmreg3 


ymmreg2 with mem to ymmreg1 


C4: rxb0_1: w ymmreg2 100:56:mod ymmreg1 r/m 


ymmreglo2 with ymmreglo3 to ymmreg1 


ymmreglo2 with mem to ymmreg1 


C5: r_ymmreglo2 100:56:11 ymmreg1 ymmreglo3 
C5: r_ymmreglo2 100:56:mod ymmreg1 r/m 


VRCPPS — Compute Reciprocals of Packed Single-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


mem to xmmreg1 


C4: rxbO_1: w_F 000:53:11 xmmreg1 xmmreg2 
C4: rxbO_1: w_F 000:53:mod xmmreg1 r/m 


xmmreglo to xmmreg1 


C5: r_F 000:53:11 xmmreg1 xmmreglo 


mem to xmmreg1 


ymmreg2 to ymmreg1 


C5: r_F 000:53:mod xmmreg1 r/m 
C4: rxbO_1: w_F 100:53:11 ymmreg1 ymmreg2 


mem to ymmreg1 


C4: rxbO_1: w_F 100:53:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


mem to ymmreg1 


C5: r_F 100:53:11 ymmreg1 ymmreglo 
C5: r_F 100:53:mod ymmreg1 r/m 


VRCPSS — Compute Reciprocal of Scalar Single-Precision Flo 


ating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 010:53:11 xmmreg1 xmmreg3 


C4: rxbO_1: w xmmreg2 010:53:mod xmmreg1 r/m 


xmmreglo2 with xmmreglo3 to xmmreg1 


C5: r_xmmreglo2 010:53:11 xmmreg1 xmmreglo3 


xmmreglo2 with mem to xmmreg1 


C5: r_xmmreglo2 010:53:mod xmmreg1 r/m 


VRSQRTPS — Compute Reciprocals of Square Roots of Packed Single-Precision Floating-Point Values 


xmmreg2 to xmmreg1 


C4: rxbO_1: w_F 000:52:11 xmmreg1 xmmreg2 


mem to xmmreg1 


xmmreglo to xmmreg1 


C4: rxbO_1: w_F 000:52:mod xmmreg1 r/m 
C5: r_F 000:52:11 xmmreg1 xmmreglo 


mem to xmmreg1 


C5: r_F 000:52:mod xmmreg1 r/m 


ymmreg2 to ymmreg1 


mem to ymmreg1 


C4: rxbO_1: w_F 100:52:11 ymmreg1 ymmreg2 
C4: rxbO_1: w_F 100:52:mod ymmreg1 r/m 


ymmreglo to ymmreg1 


C5: r_F 100:52:11 ymmreg1 ymmreglo 


mem to ymmreg1 


C5: r_F 100:52:mod ymmreg1 r/m 


VRSQRTSS — Compute Reciprocal of Square Root of Scalar S 


ingle-Precision Floating-Point Value 


xmmreg2 with xmmreg3 to xmmreg1 


C4: rxbO_1: w xmmreg2 010:52:11 xmmreg1 xmmreg3 


xmmreg2 with mem to xmmreg1 


C4: rxbO_1: w xmmreg2 010:52:mod xmmreg1 r/m 
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INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format Encoding 
xmmreglo2 with xmmreglo3 to xmmreg1 C5: r_xmmreglo2 010:52:11 xmmreg1 xmmreglo3 
xmmreglo2 with mem to xmmreg1 C5: r_xmmreglo2 010:52:mod xmmreg1 r/m 

VSHUFPS — Shuffle Packed Single-Precision Floating-Point Values 
xmmreg2 with xmmreg3 to xmmreg1, imm8 C4: rxbO_1: w xmmreg2 000:C6:11 xmmreg1 xmmreg3: imm 
xmmreg2 with mem to xmmreg1, imm8 C4: rxbO_1: w xmmreg2 000:C6:mod xmmreg1 r/m: imm 
xmmreglo2 with xmmreglo3 to xmmreg1, imm8 C5: r_xmmreglo2 000:C6:11 xmmreg1 xmmreglo3: imm 
xmmreglo2 with mem to xmmreg1, imm8 C5: r_xmmreglo2 000:C6:mod xmmreg1 r/m: imm 
ymmreg2 with ymmreg3 to ymmreg1, imm8 C4: rxb0_1: w ymmreg2 100:C6:11 ymmreg1 ymmreg3: imm 
ymmreg2 with mem to ymmreg1, imm8 C4: rxb0_1: w ymmreg2 100:C6:mod ymmreg1 r/m: imm 
ymmreglo2 with ymmreglo3 to ymmreg1, imm8 C5: r_ymmreglo2 100:C6:11 ymmreg1 ymmreglo3: imm 
ymmreglo2 with mem to ymmreg1, imm8 C5: r_ymmreglo2 100:C6:mod ymmreg1 r/m: imm 


VSQRTPS — Compute Square Roots of Packed Single-Precision Floating-Point Values 


xmmreg2 to xmmreg1 C4: rxbO_1: w_F 000:51:11 xmmreg1 xmmreg2 
mem to xmmreg1 C4: rxbO_1: w_F 000:51:mod xmmreg1 r/m 
xmmreglo to xmmreg1 C5: r_F 000:51:11 xmmreg1 xmmreglo 

mem to xmmreg1 C5: r_F 000:51:mod xmmreg1 r/m 

ymmreg2 to ymmreg1 C4: rxbO_1: w_F 100:51:11 ymmreg1 ymmreg2 
mem to ymmreg1 C4: rxbO_1: w_F 100:51:mod ymmreg1 r/m 
ymmreglo to ymmreg1 C5: r_F 100:51:11 ymmreg1 ymmreglo 

mem to ymmreg1 C5: r_F 100:51:mod ymmreg1 r/m 


VSQRTSS — Compute Square Root of Scalar Single-Precision Floating-Point Value 


xmmreg2 with xmmreg3 to xmmreg1 C4: rxb0O_1: w xmmreg2 010:51:11 xmmreg1 xmmreg3 
xmmreg2 with mem to xmmreg1 C4: rxb0_1: w xmmreg2 010:51:mod xmmreg1 r/m 
xmmreglo2 with xmmreglo3 to xmmreg1 C5: r_xmmreglo2 010:51:11 xmmreg1 xmmreglo3 
xmmreglo2 with mem to xmmreg1 C5: r_xmmreglo2 010:51:mod xmmreg1 r/m 
VSTMXCSR — Store MXCSR Register State 
MXCSR to mem C4: rxb0_1: w_F 000:AE:mod 011 r/m 
MXCSR to mem C5: r_F 000:AE:mod 011 r/m 
VSUBPS — Subtract Packed Single-Precision Floating-Point Values 
xmmreg2 with xmmreg3 to xmmreg1 C4: rxbO_1: w xmmreg2 000:5C:11 xmmreg1 xmmreg3 
xmmreg2 with mem to xmmreg1 C4: rxb0_1: w xmmreg2 000:5C:mod xmmreg1 r/m 
xmmreglo2 with xmmreglo3 to xmmreg1 C5: r_xmmreglo2 000:5C:11 xmmreg1 xmmreglo3 
xmmreglo2 with mem to xmmreg1 C5: r_xmmreglo2 000:5C:mod xmmreg1 r/m 
ymmreg2 with ymmreg3 to ymmreg1 C4: rxb0_1: w ymmreg2 100:5C:11 ymmreg1 ymmreg3 
ymmreg2 with mem to ymmreg1 C4: rxb0_1: w ymmreg2 100:5C:mod ymmreg1 r/m 
ymmreglo2 with ymmreglo3 to ymmreg1 C5: r_ymmreglo2 100:5C:11 ymmreg1 ymmreglo3 
ymmreglo2 with mem to ymmreg1 C5: r_ymmreglo2 100:5C:mod ymmreg1 r/m 


VSUBSS — Subtract Scalar Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 C4: rxbO_1: w xmmreg2 010:5C:11 xmmreg1 xmmreg3 
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INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format Encoding 
xmmreg2 with mem to xmmreg1 C4: rxbO_1: w xmmreg2 010:5C:mod xmmreg1 r/m 
xmmreglo2 with xmmreglo3 to xmmreg1 C5: r_xmmreglo2 010:5C:11 xmmreg1 xmmreglo3 
xmmreglo2 with mem to xmmreg1 C5: r_xmmreglo2 010:5C:mod xmmreg1 r/m 


VUCOMISS — Unordered Compare Scalar Single-Precision Floating-Point Values and Set EFLAGS 


xmmreg2 with xmmreg1 C4: rxbO_1: w_F 000:2E:11 xmmreg1 xmmreg2 
mem with xmmreg1 C4: rxbO_1: w_F 000:2E:mod xmmreg1 r/m 
xmmreglo with xmmreg1 C5: r_F 000:2E:11 xmmreg1 xmmreglo 

mem with xmmreg1 C5: r_F 000:2E:mod xmmreg1 r/m 


UNPCKHPS — Unpack and Interleave High Packed Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 C4: rxbO_1: w xmmreg2 000:15:11 xmmreg1 xmmreg3 
xmmreg2 with mem to xmmreg1 C4: rxb0_1: w xmmreg2 000:15mod xmmreg1 r/m 
ymmreg2 with ymmreg3 to ymmreg1 C4: rxb0_1: w ymmreg2 100:15:11 ymmreg1 ymmreg3 
ymmreg2 with mem to ymmreg1 C4: rxb0_1: w ymmreg2 100:15mod ymmreg1 r/m 


UNPCKLPS — Unpack and Interleave Low Packed Single-Precision Floating-Point Value 


xmmreg2 with xmmreg3 to xmmreg1 C4: rxbO_1: w xmmreg2 000:14:11 xmmreg1 xmmreg3 
xmmreg2 with mem to xmmreg1 C4: rxb0_1: w xmmreg2 000:14mod xmmreg1 r/m 
ymmreg2 with ymmreg3 to ymmreg1 C4: rxb0_1: w ymmreg2 100:14:11 ymmreg1 ymmreg3 
ymmreg2 with mem to ymmreg1 C4: rxb0_1: w ymmreg2 100:14mod ymmreg1 r/m 


VXORPS — Bitwise Logical XOR for Single-Precision Floating-Point Values 


xmmreg2 with xmmreg3 to xmmreg1 C4: rxbO_1: w xmmreg2 000:57:11 xmmreg1 xmmreg3 

xmmreg2 with mem to xmmreg1 C4: rxb0_1: w xmmreg2 000:57:mod xmmreg1 r/m 

xmmreglo2 with xmmreglo3 to xmmreg1 C5: r_xmmreglo2 000:57:11 xmmreg1 xmmreglo3 

xmmreglo2 with mem to xmmreg1 C5: r_xmmreglo2 000:57:mod xmmreg1 r/m 

ymmreg2 with ymmreg3 to ymmreg1 C4: rxb0_1: w ymmreg2 100:57:11 ymmreg1 ymmreg3 

ymmreg2 with mem to ymmreg1 C4: rxb0_1: w ymmreg2 100:57:mod ymmreg1 r/m 

ymmreglo2 with ymmreglo3 to ymmreg1 C5: r_ymmreglo2 100:57:11 ymmreg1 ymmreglo3 

ymmreglo2 with mem to ymmreg1 C5: r_ymmreglo2 100:57:mod ymmreg1 r/m 
VBROADCAST —Load with Broadcast 

mem to xmmreg1 C4: rxbO_2: O_F 001:18:mod xmmreg1 r/m 

mem to ymmreg1 C4: rxbO_2: O_F 101:18:mod ymmreg1 r/m 

mem to ymmreg1 C4: rxbO_2: O_F 101:19:mod ymmreg1 r/m 

mem to ymmreg1 C4: rxbO_2: O_F 101:1A:mod ymmreg1 r/m 
VEXTRACTF128 — Extract Packed Floating-Point Values 

ymmreg2 to xmmreg1, imm8 C4: rxbO_3: O_F 001:19:11 xmmreg1 ymmreg2: imm 

ymmreg2 to mem, imm8 C4: rxbO_3: O_F 001:19:mod r/m ymmreg2: imm 
VINSERTF 128 — Insert Packed Floating-Point Values 

xmmreg3 and merge with ymmreg2 to ymmreg1, imm8 C4: rxb0_3: 0 ymmreg2101:18:11 ymmreg1 xmmreg3: imm 

mem and merge with ymmreg2 to ymmreg1, imm8 C4: rxbO_3: 0 ymmreg2 101:18:mod ymmreg1 r/m: imm 


VPERMILPD — Permute Double-Precision Floating-Point Values 
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Instruction and Format Encoding 

xmmreg2 with xmmreg3 to xmmreg1 C4: rxbO_2: 0 xmmreg2 001:0D:11 xmmreg1 xmmreg3 
xmmreg2 with mem to xmmreg1 C4: rxbO_2: 0 xmmreg2 001:0D:mod xmmreg1 r/m 
ymmreg2 with ymmreg3 to ymmreg1 C4: rxbO_2: 0 ymmreg2 101:0D:11 ymmreg1 ymmreg3 
ymmreg2 with mem to ymmreg1 C4: rxbO_2: 0 ymmreg2 101:0D:mod ymmreg1 r/m 
xmmreg2 to xmmreg1, imm C4: rxbO_3: O_F 001:05:11 xmmreg1 xmmreg2: imm 
mem to xmmreg1, imm C4: rxbO_3: O_F 001:05:mod xmmreg1 r/m: imm 
ymmreg2 to ymmreg1, imm C4: rxbO_3: O_F 101:05:11 ymmreg1 ymmreg2: imm 
mem to ymmreg1, imm C4: rxbO_3: O_F 101:05:mod ymmreg1 r/m: imm 

VPERMILPS — Permute Single-Precision Floating-Point Values 
xmmreg2 with xmmreg3 to xmmreg1 C4: rxbO_2: 0 xmmreg2 001:0C:11 xmmreg1 xmmreg3 
xmmreg2 with mem to xmmreg1 C4: rxbO_2: 0 xmmreg2 001:0C:mod xmmreg1 r/m 
xmmreg2 to xmmreg1, imm C4: rxbO_3: O_F 001:04:11 xmmreg1 xmmreg2: imm 
mem to xmmreg1, imm C4: rxbO_3: O_F 001:04:mod xmmreg1 r/m: imm 
ymmreg2 with ymmreg3 to ymmreg1 C4: rxbO_2: 0 ymmreg2 101:0C:11 ymmreg1 ymmreg3 
ymmreg2 with mem to ymmreg1 C4: rxbO_2: 0 ymmreg2 101:0C:mod ymmreg1 r/m 
ymmreg2 to ymmreg1, imm C4: rxbO_3: O_F 101:04:11 ymmreg1 ymmreg2: imm 
mem to ymmreg1, imm C4: rxbO_3: O_F 101:04:mod ymmreg1 r/m: imm 

VPERM2F128 — Permute Floating-Point Values 
ymmreg2 with ymmreg3 to ymmreg1 C4: rxb0_3: 0 ymmreg2 101:06:11 ymmreg1 ymmreg3: imm 
ymmreg2 with mem to ymmreg1 C4: rxb0_3: 0 ymmreg2 101:06:mod ymmreg1 r/m: imm 

VTESTPD/VTESTPS — Packed Bit Test 
xmmreg2 to xmmreg1 C4: rxbO_2: O_F 001:0€:11 xmmreg2 xmmreg1 
mem to xmmreg1 C4: rxbO_2: O_F 001:0E:mod xmmreg2 r/m 
ymmreg2 to ymmreg1 C4: rxbO_2: O_F 101:0€:11 ymmreg2 ymmreg1 
mem to ymmreg1 C4: rxbO_2: O_F 101:0E:mod ymmreg2 r/m 
xmmreg2 to xmmreg1 C4: rxbO_2: O_F 001:0F:11 xmmreg1 xmmreg2: imm 
mem to xmmreg1 C4: rxbO_2: O_F 001:0F:mod xmmreg1 r/m: imm 
ymmreg2 to ymmreg1 C4: rxbO_2: O_F 101:0F:11 ymmreg1 ymmreg2: imm 
mem to ymmreg1 C4: rxbO_2: O_F 101:0F:mod ymmreg1 r/m: imm 

NOTES: 


1. The term “lo” refers to the lower eight registers, 0-7 
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B.17 


FLOATING-POINT INSTRUCTION FORMATS AND ENCODINGS 


Table B-38 shows the five different formats used for floating-point instructions. In all cases, instructions are at 
least two bytes long and begin with the bit pattern 11011. 


Table B-38. General Floating-Point Instruction Formats 


Instruction 
First Byte Second Byte Optional Fields 
1 11011 OPA 1 mod 1 OPB r/m s-i-b disp 
2 11011 MF OPA mod OPB r/m s-i-b disp 
3 11011 d P OPA 1 1 OPB R ST(i) 
4 11011 0 0 1 1 1 1 OP 
5 11011 1 1 1 1 1 OP 
15-11 10 9 8 7 6 5 4 3 210 
MF = Memory Format R XOR d= 0 — Destination OP Source 
00 — 32-bit real R XOR d= 1 — Source OP Destination 
01 — 32-bit integer 
10 — 64-bit real ST(i) = Register stack element / 
11 — 16-bit integer 000 = Stack Top 
P = Pop 


O — Do not pop stack 

1 — Pop stack after operation 
d = Destination 

O — Destination is ST(0) 

1 — Destination is ST(i) 


001 = Second stack element 


111 = €ighth stack element 


The Mod and R/M fields of the ModR/M byte have the same interpretation as the corresponding fields of the integer 
instructions. The SIB byte and disp (displacement) are optionally present in instructions that have Mod and R/M 
fields. Their presence depends on the values of Mod and R/M, as for integer instructions. 


Table B-39 shows the formats and encodings of the floating-point instructions. 


Table B-39. Floating-Point Instruction Formats and Encodings 


Instruction and Format Encoding 

F2XM1 - Compute 257(°) - 1 11011 001: 1111 0000 
FABS - Absolute Value 11011 001: 11100001 
FADD - Add 

ST(0) := ST(0) + 32-bit memory 11011 000 : mod 000 r/m 

ST(0) := ST(O) + 64-bit memory 11011 100: mod 000 r/m 

ST(d) := ST(0) + ST(i) 11011 d0O: 11 000 ST(i) 
FADDP - Add and Pop 

ST(0) := ST(0) + ST(i) 11011 110: 11 000 ST(i) 
FBLD - Load Binary Coded Decimal 11011 111: mod 100 r/m 
FBSTP - Store Binary Coded Decimal and Pop 11011 111:mod 110 r/m 
FCHS - Change Sign 11011 001 : 1110 0000 
FCLEX - Clear Exceptions 11011 011:11100010 


FCOM - Compare Real 
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Table B-39. Floating-Point Instruction Formats and Encodings (Contd.) 


Instruction and Format Encoding 

32-bit memory 11011 000: mod 010 r/m 

64-bit memory 11011 100: mod 010 r/m 

ST(i) 11011 000: 11 010 ST(i) 
FCOMP - Compare Real and Pop 

32-bit memory 11011 000: mod 011 r/m 

64-bit memory 11011 100: mod 011 r/m 

ST(i) 11011 000: 11 011 ST(i) 
FCOMPP - Compare Real and Pop Twice 11011 110:11011 001 
FCOMIP - Compare Real, Set EFLAGS, and Pop 11011 111:11 110 ST(i) 
FCOS - Cosine of ST(0) 11011 001:11111111 
FDECSTP - Decrement Stack-Top Pointer 11011 001:11110110 
FDIV - Divide 

ST(0) := ST(O) + 32-bit memory 11011 000: mod 110 r/m 

ST(0) :=ST(0) + 64-bit memory 11011 100: mod 110 r/m 

ST(d) := ST(O) + ST(i) 11011 d00: 1111 R ST(i) 
FDIVP - Divide and Pop 

ST(0) := ST(0) = ST(i) 11011 110: 1111 1 ST(i) 
FDIVR - Reverse Divide 

ST(0) := 32-bit memory + ST(0) 11011 000: mod 111 r/m 

ST(0) := 64-bit memory + ST(0) 11011 100: mod 111 r/m 

ST(d) := ST(i) + ST(O) 11011 d00: 1111 R ST(i) 
FDIVRP - Reverse Divide and Pop 

ST(0) := ST(i) + ST(0) 11011 110:1111 OST(i) 
FFREE - Free ST(i) Register 11011 101: 1100 0 ST(i) 
FIADD - Add Integer 

ST(0) := ST(O) + 16-bit memory 11011 110: mod 000 r/m 

ST(0) := ST(O) + 32-bit memory 11011 010: mod 000 r/m 
FICOM - Compare Integer 

16-bit memory 11011 110: mod 010 r/m 

32-bit memory 11011 010: mod 010 r/m 
FICOMP - Compare Integer and Pop 

16-bit memory 11011 110: mod 011 r/m 

32-bit memory 11011 010: mod 011 r/m 
FIDIV - Divide 

ST(0) := ST(O) + 16-bit memory 11011 110: mod 110r/m 

ST(0) := ST(O) + 32-bit memory 11011010: mod 110 r/m 
FIDIVR - Reverse Divide 

ST(0) := 16-bit memory + ST(0) 11011 110: mod 111 r/m 
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Table B-39. Floating-Point Instruction Formats and Encodings (Contd.) 


Instruction and Format Encoding 


ST(0) := 32-bit memory + ST(0) 11011010: mod 111 r/m 
FILD - Load Integer 

16-bit memory 11011 111: mod 000 r/m 

32-bit memory 11011 011: mod 000 r/m 

64-bit memory 11011 111: mod 101 r/m 
FIMUL- Multiply 

ST(0) := ST(O) x 16-bit memory 11011 110: mod 001 r/m 

ST(0) := ST(O) x 32-bit memory 11011 010: mod 001 r/m 


FINCSTP - Increment Stack Pointer 11011 001:11110111 


FINIT - Initialize Floating-Point Unit 


FIST - Store Integer 


16-bit memory 11011 111:mod 010 r/m 


32-bit memory 11011 011:mod 010 r/m 


FISTP - Store Integer and Pop 


16-bit memory 11011 111:mod011 r/m 


32-bit memory 11011 011: mod 011 r/m 


64-bit memory 11011 111:mod 111 r/m 


FISUB - Subtract 


ST(0) := ST(O) - 16-bit memory 11011 110: mod 100 r/m 


ST(0) := ST(0) - 32-bit memory 11011010: mod 100 r/m 


FISUBR - Reverse Subtract 


ST(0) := 16-bit memory — ST(0) 11011 110: mod 101 r/m 


ST(0) := 32-bit memory — ST(0) 11011010: mod 101 r/m 


FLD - Load Real 


32-bit memory 11011 001 : mod 000 r/m 


11011 101 : mod 000 r/m 
80-bit memory 11011 011: mod 101 r/m 


64-bit memory 


ST(i) 11011 001 : 11 000 ST(i) 


FLD1 - Load +1.0 into ST(0) 11011 001: 1110 1000 


FLDCW - Load Control Word 11011 001: mod 101 r/m 


FLDENV - Load FPU Environment 11011 001 : mod 100 r/m 


FLDLZ2E - Load log>(e) into ST(0) 11011 001:1110 1010 


FLDL2T - Load loga(10) into ST(0) 11011 001 :1110 1001 


FLDLG2 - Load log; 9(2) into ST(0) 11011 001:1110 1100 


FLDLN2 - Load log,(2) into ST(0) 11011 001:11101101 
FLDPI - Load z into ST(0) 11011 001:1110 1011 


FLDZ - Load +0.0 into ST(0) 11011 001:11101110 


FMUL - Multiply 
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INSTRUCTION FORMATS AND ENCODINGS 


Instruction and Format Encoding 

ST(0) := ST(O) x 32-bit memory 11011 000 : mod 001 r/m 

ST(O) := ST(O) x 64-bit memory 11011 100: mod 001 r/m 

ST(d) := ST(0) x ST(i) 11011 d00: 1100 1 ST(i) 
FMULP - Multiply 

ST(i) == ST(O) x ST(i) 11011 110: 1100 1 ST(i) 
FNOP - No Operation 11011 001 : 1101 0000 
FPATAN - Partial Arctangent 11011 001:1111 0011 
FPREM - Partial Remainder 11011 001:1111 1000 
FPREM1 - Partial Remainder (IEEE) 11011 001:1111 0101 
FPTAN - Partial Tangent 11011 001: 11110010 
FRNDINT - Round to Integer 11011 001:1111 1100 
FRSTOR - Restore FPU State 11011 101: mod 100 r/m 
FSAVE - Store FPU State 11011 101: mod 110r/m 
FSCALE - Scale 11011 001:1111 1101 
FSIN - Sine 11011 001:1111 1110 
FSINCOS - Sine and Cosine 11011 001:1111 1011 
FSQRT - Square Root 11011 001: 1111 1010 
FST - Store Real 

32-bit memory 11011 001 : mod 010 r/m 

64-bit memory 11011 101: mod 010 r/m 

ST(i) 11011 101: 11 010 ST(i) 
FSTCW - Store Control Word 11011 001: mod 111 r/m 
FSTENV - Store FPU Environment 11011 001: mod 110 r/m 
FSTP - Store Real and Pop 

32-bit memory 11011 001 : mod 011 r/m 

64-bit memory 11011 101: mod 011 r/m 

80-bit memory 11011 011: mod 111 r/m 

ST(i) 11011 101: 11011 ST(i) 
FSTSW - Store Status Word into AX 11011 111: 1110 0000 
FSTSW - Store Status Word into Memory 11011 101: mod 111 r/m 
FSUB - Subtract 

ST(0) := ST(O) - 32-bit memory 11011 000: mod 100 r/m 

ST(0O) := ST(O) - 64-bit memory 11011 100: mod 100 r/m 

ST(d) := ST(0) - ST(i) 11011 d00: 1110 R ST(i) 
FSUBP - Subtract and Pop 

ST(0) := ST(0) - ST(i) 11011 110: 11101 ST(i) 
FSUBR - Reverse Subtract 

ST(0) := 32-bit memory - ST(0) 11011 000: mod 101 r/m 
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Table B-39. Floating-Point Instruction Formats and Encodings (Contd.) 


Instruction and Format 


Encoding 


ST(0) := 64-bit memory - ST(0) 


11011 100: mod 101 r/m 


ST(d) := ST(i) - ST(0) 


11011 d00: 1110 R ST(i) 


FSUBRP - Reverse Subtract and Pop 


ST(i) = ST(i) - ST(0) 


11011 110:11100 ST(i) 


FTST - Test 


11011 001: 11100100 


FUCOM - Unordered Compare Real 


11011 101:11100ST(i) 


FUCOMP - Unordered Compare Real and Pop 


11011 101:11101 ST(i) 


FUCOMPP - Unordered Compare Real and Pop Twice 


11011 010: 1110 1001 


FUCOMI - Unorderd Compare Real and Set EFLAGS 


11011 011: 11 101 ST(i) 


FUCOMIP - Unorderd Compare Real, Set EFLAGS, and Pop 


11011 111: 11 101 ST(i) 


FXAM - Examine 11011 001:11100101 
FXCH - Exchange ST(0) and ST(i) 11011 001: 1100 1 ST(i) 
FXTRACT - Extract Exponent and Significand 11011 001:1111 0100 
FYL2X - ST(1) x logo(ST(0)) 11011 001: 11110001 
FYL2XP1 - ST(1) x loga(ST(0) + 1.0) 11011 001:1111 1001 


FWAIT - Wait until FPU Ready 


1001 1011 (same instruction as WAIT) 


B.18 VMX INSTRUCTIONS 


Table B-40 describes virtual-machine extensions (VMX) 


Table B-40. Encodin 


gs for VMX Instructions 


Instruction and Format 


Encoding 


INVEPT—Invalidate Cached EPT Mappings 


Descriptor m128 according to reg 


01100110 00001111 00111000 10000000: mod reg r/m 


INVVPID—Invalidate Cached VPID Mappings 


Descriptor m128 according to reg 


01100110 00001111 00111000 10000001: mod reg r/m 


VMCALL—Call to VM Monitor 


Call VMM: causes VM exit. 


00001111 00000001 11000001 


VMCLEAR—Clear Virtual-Machine Control Structure 


mem32:VMCS_data_ptr 


01100110 00001111 11000111: mod 110 r/m 


mem64:VMCS_data_ptr 


01100110 00001111 11000111: mod 110 r/m 


VMFUNC—Invoke VM Function 


Invoke VM function specified in EAX 


00001111 00000001 11010100 


VMLAUNCH—Launch Virtual Machine 


Launch VM managed by Current_VMCS 


00001111 00000001 11000010 


VMRESUME—Resume Virtual Machine 


Resume VM managed by Current_VMCS 


00001111 00000001 11000011 


VMPTRLD—Load Pointer to Virtual-Machine Control Structure 


mem32 to Current_VMCS_ptr 


00001111 11000111: mod 110 r/m 
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Table B-40. Encodings for VMX Instructions 


Instruction and Format 


Encoding 


mem64 to Current_VMCS_ptr 


00001111 11000111: mod 110 r/m 


VMPTRST—Store Pointer to Virtual-Machine Control Structur 


e 


Current_VMCS_ptr to mem32 


00001111 11000111: mod 111 r/m 


Current_VMCS_ptr to mem64 


00001111 11000111: mod 111 r/m 


VMREAD—Read Field from Virtual-Machine Control Structure 


132 (VMCS_fieldn) to r32 
132 (VMCS_fieldn) to mem32 
164 (VMCS_fieldn) to r64 
164 (VMCS_fieldn) to mem64 


00001111 01111000: 11 reg2 reg1 
00001111 01111000: mod r32 r/m 
00001111 01111000: 11 reg2 reg1 
00001111 01111000: mod r64 r/m 


VMWRITE—Write Field to Virtual-Machine Control Structure 


r32 to r32 (VMCS_fieldn) 
mem32 to r32 (VMCS_fieldn) 
r64 to r64 (VMCS_fieldn) 
mem64 to r64 (VMCS_fieldn) 


00001111 01111001: 11 regi reg2 
00001111 01111001: mod r32 r/m 
00001111 01111001: 11 reg1 reg2 
00001111 01111001: mod r64 r/m 


VMXOFF—Leave VMX Operation 


Leave VMX. 00001111 00000001 11000100 
VMXON—Enter VMX Operation 
Enter VMX. 11110011 000011111 11000111: mod 110 r/m 


B.19 SMX INSTRUCTIONS 


Table B-38 describes Safer Mode extensions (VMX). GETSEC leaf functions are selected by a valid value in EAX on input. 


Table B-41. Encodings for SMX Instructions 


Instruction and Format Encoding 

GETSEC—GETSEC leaf functions are selected by the value in EAX on input 

GETSEC[CAPABILITIES] 00001111 00110111 (EAX= 0) 
GETSEC[ENTERACCS] 00001111 00110111 (EAX= 2) 
GETSEC[EXITAC] 00001111 00110111 (EAX= 3) 
GETSEC[SENTER] 00001111 00110111 (EAX= 4) 
GETSEC[SEXIT] 00001111 00110111 (EAX= 5) 
GETSEC[PARAMETERS] 00001111 00110111 (EAX= 6) 
GETSECISMCTRL] 00001111 00110111 (EAX= 7) 
GETSEC[WAKEUP] 00001111 00110111 (EAX= 8) 
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APPENDIX C 
INTEL® C/C++ COMPILER INTRINSICS AND FUNCTIONAL EQUIVALENTS 


The two tables in this appendix itemize the Intel C/C++ compiler intrinsics and functional equivalents for the Intel 
MMX technology, SSE, SSE2, SSE3, and SSSE3 instructions. 


There may be additional intrinsics that do not have an instruction equivalent. It is strongly recommended that the 
reader reference the compiler documentation for the complete list of supported intrinsics. Please refer to 
http://www. intel.com/support/performancetools/. 


Table C-1 presents simple intrinsics and Table C-2 presents composite intrinsics. Some intrinsics are “composites” 
because they require more than one instruction to implement them. 


Intel C/C++ Compiler intrinsic names reflect the following naming conventions: 
_mm_<intrin_op>_<suffix> 


where: 
<intrin_op> Indicates the intrinsics basic operation; for example, add for addition and sub for subtrac- 
tion 
<suffix> Denotes the type of data operated on by the instruction. The first one or two letters of 


each suffix denotes whether the data is packed (p), extended packed (ep), or scalar (s). 
The remaining letters denote the type: 


Ss single-precision floating point 
d double-precision floating point 
i128 signed 128-bit integer 

i64 signed 64-bit integer 

u64 unsigned 64-bit integer 

i32 signed 32-bit integer 

u32 unsigned 32-bit integer 

i16 signed 16-bit integer 

ul6 unsigned 16-bit integer 

i8 signed 8-bit integer 

u8& unsigned 8-bit integer 


The variable r is generally used for the intrinsic's return value. A number appended to a variable name indicates the 
element of a packed object. For example, rO is the lowest word of r. 


The packed values are represented in right-to-left order, with the lowest value being used for scalar operations. 
Consider the following example operation: 


double a[2] = {1.0, 2.0}; 
__m128d t =_mm_load_pd(a); 
The result is the same as either of the following: 
__m128d t =_mm_set_pd(2.0, 1.0); 
__m128d t =_mm_setr_pd(1.0, 2.0); 
In other words, the XMM register that holds the value t will look as follows: 
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The “scalar” element is 1.0. Due to the nature of the instruction, some intrinsics require their arguments to be 
immediates (constant integer literals). 


To use an intrinsic in your code, insert a line with the following syntax: 


data_type intrinsic_name (parameters) 


Where: 
data_type Is the return data type, which can be either void, int, __m64, __m128, __m128d, or 
__m128i. Only the _mm_empty intrinsic returns void. 


intrinsic_name Is the name of the intrinsic, which behaves like a function that you can use in your C/C++ 
code instead of in-lining the actual instruction. 


parameters Represents the parameters required by each intrinsic. 


C.1 SIMPLE INTRINSICS 


NOTE 


For detailed descriptions of the intrinsics in Table C-1, see the corresponding mnemonic in Chapter 
3, “Instruction Set Reference, A-L” of the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 2A, Chapter 4, “Instruction Set Reference, M-U” of the Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 2B, or Chapter 5, “Instruction Set Reference, V-Z,” 
of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2C. 


Table C-1. Simple Intrinsics 


Mnemonic Intrinsic 
ADDPD m128d __mm_add_pd(__m128d a,___m128d b) 
ADDPS m128 _mm_add_ps(__m128 a,__m128b) 
ADDSD m128d _mm_add_sd(__m128d a, __m128d b) 
ADDSS m128 _mm_add_ss(__m128 a,__m128 b) 
ADDSUBPD m128d __mm_addsub_pd(__m128d a, __m128d b) 
ADDSUBPS m128_mm_addsub_ps(__m128 a,__m128 b) 
AESDEC __m128i _mm_aesdec (__m128i,__m128i) 
AESDECLAST __m128i _mm_aesdeclast (__m128i,___m128i) 
AESENC __m128i _mm_aesenc (__m128i, __m128i) 
AESENCLAST __m128i _mm_aesenclast (__m128i,__m128i) 
AESIMC __m128i _mm_aesimc (__m128i) 
AESKEYGENASSIST __m128i _mm_aesimc (__m128i, const int) 
ANDNPD m128d_mm_andnot_pd(__m128d a,_m128d b) 
ANDNPS m128_mm_andnot_ps(__m128 a,__m128 b) 
ANDPD m128d_mm_and_pd(__m128d a,__m128db) 
ANDPS m128_mm_and_ps(__m128 a,__m128 b) 
BLENDPD m128d_mm_blend_pd(__m128d v1,__m128d v2, const int mask) 
BLENDPS m128_mm_blend_ps(__m128 v1,_m128 v2, const int mask) 
BLENDVPD m128d _mm_blendv_pd(__m128d v1,__m128d v2, __m128d v3) 
BLENDVPS m128_mm_blendv_ps(__m128 v1,__m128 v2,__m128 v3) 
CLFLUSH void _mm_clflush(void const *p) 
CMPPD m128d_mm_cmpeq_pd(__m128d a, ___m128d b) 
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m128d_mm_cmplt_pd(__m128d a,__m128d b) 
m128d_mm_cmple_pd(__m128d a, ___m128d b) 


m128d_mm_cmpgt_pd(__m128d a,__m128d b) 
m128d_mm_cmpge_pd(__m128d a,__m128d b) 
__m128d_mm_cmpneq_pd(__m128d a,__m128d b) 


m128d _mm_cmpnit_pd(__m128d a,__m128d b) 
m128d b) 
__m128d_mm_cmpnge_pd(__m128d a,__m128d b) 
m128d_mm_cmpord_pd(__m128d a,__m128d b) 
__m128d_mm_cmpunord_pd(__m128d a,__m128d b) 
m128d _mm_cmpnle_pd(__m128d a,__m128d b) 


__m128d_mm_cmpngt_pd(__m128d a, 


CMPPS m128 _mm_cmpeq_ps(__m128 a,__m128 b) 
m128 _mm_cmplt_ps(__m128 a,__m128 b) 
m128 _mm_cmple_ps(__m128 a,__m128 b) 


m128 _mm_cmpgt_ps(__m128 a,__m128 b) 

m128 _mm_cmpge_ps(__m128 a,__m128 b) 

m128 __mm_cmpneq_ps(__m128 a,__m128 b) 
m128 __mm_cmpnit_ps(__m128 a,__m128 b) 
m128 _mm_cmpngt_ps(__m128 a,__m128 b) 
m128 __mm_cmpnge_ps(__m128 a,__m128 b) 
m128 _mm_cmpord_ps(__m128 a,__m128 b) 


__m128 _mm_cmpunord_ps(__m128 a,__m128 b) 


m128 b) 


m128 _mm_cmpnle_ps(__m128 a, 


CMPSD m128d_mm_cmpeq_sd(__m128d a, 
m128d_mm_cmplt_sd(__m128d a,__m128d b) 
m128d_mm_cmple_sd(__m128d a, ___m128d b) 
m128d_mm_cmpgt_sd(__m128d a,_m128d b) 


m128d b) 


m128d_mm_cmpge_sd(__m128d a,___m128d b) 
m128 _mm_cmpneq_sd(__m128d a,__m128d b) 
m128 _mm_cmpnit_sd(__m128d a, ___m128d b) 

m128d _mm_cmpnle_sd(__m128d a,___m128d b) 


__m128d_mm_cmpngt_sd(__m128d a,__m128d b) 
m128d b) 
m1 28d b) 
__m128d_mm_cmpunord_sd(__m128d a,___m128d b) 


__m128d_mm_cmpnge_sd(__m128d a, 


m128d _mm_cmpord_sd(__m128d a, 


CMPSS m128 _mm_cmpeq_ss(__m128 a,__m128 b) 
m128 _mm_cmplt_ss(__m128 a,__m128 b) 
m128 __mm_cmple_ss(__m128 a,__m128 b) 


m128 _mm_cmpgt_ss(__m128 a,__m128 b) 
m128 _mm_cmpge_ss(__m128 a,__m128 b) 
m128 __mm_cmpneq_ss(__m128 a,__m128 b) 
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m128 _mm_cmpnit_ss(__m128 a,__m128 b) 
m128 _mm_cmpnle_ss(__m128 a,__m128 b) 
m128 _mm_cmpngt_ss(__m128 a,__m128 b) 
m128 _mm_cmpnge_ss(__m128 a,__m128 b) 
m128_mm_cmpord_ss(__m128 a,__m128 b) 
__m128 _mm_cmpunord_ss(__m128 a,__m128 b) 

COMISD int __mm_comieq_sd(__m128d a,___m128d b) 
int __mm_comilt_sd(__m128d a,_m128d b) 
int __mm_comile_sd(__m128d a,__m128d b) 
int __mm_comigt_sd(__m128d a,___m128d b) 
int __mm_comige_sd(__m128d a,__m128d b) 
int __mm_comineq_sd(__m128d a,_m128d b) 

COMISS int__mm_comieq_ss(__m128 a,__m128 b) 
int __mm_comilt_ss(__m128 a, __m128 b) 
int __mm_comile_ss(__m128 a,__m128 b) 
int __mm_comigt_ss(__m128 a, ___m128 b) 
int__mm_comige_ss(__m128 a,__m128 b) 
int__mm_comineq_ss(__m128 a,__m128 b) 

CRC32 unsigned int __mm_crc32_u8(unsigned int crc, unsigned char data) 
unsigned int _mm_crc32_u16(unsigned int crc, unsigned short data) 
unsigned int _mm_crc32_u32(unsigned int crc, unsigned int data) 
unsigned __int64 _mm_crc32_u64(unsigned __int64 crc, unsigned __int64 data) 

CVTDQ2PD __m128d_mm_cvtepi32_pd(__m128i a) 

CVTDQ2PS __m128_mm_cvtepi32_ps(__m128i a) 

CVTPD2DQ m128i__mm_cvtpd_epi32(__m128d a) 

CVTPD2PI m64 _mm_cvtpd_pi32(__m128d a) 

CVTPD2PS m128 _mm_cvtpd_ps(__m128d a) 

CVTPI2PD __m128d_mm_cvtpi32_pd(__m64 a) 

CVTPI2PS mi28_mm_cvt_pi2ps(__m128 a,__m64 b) 

m128_mm_cvtpi32_ps(__m128 a,__m64 b) 

CVTPS2DQ m128i__mm_cvtps_epi32(__m128 a) 

CVTPS2PD m128d_mm_cvtps_pd(__m128 a) 

CVTPS2PI m64_mm_cvt_ps2pi(__m128 a) 

m64 _mm_cvtps_pi32(__m128 a) 

CVTSD2SI int__mm_cvtsd_si32(__m128d a) 

CVTSD2SS m128_mm_cvtsd_ss(__m128 a,__m128d b) 

CVTSI2SD m128d_mm_cvtsi32_sd(__m128d a, int b) 

CVTSI2SS m128_mm_cvt_si2ss(__m128 a, int b) 

m128_mm_cvtsi32_ss(__m128 a, int b) 

mi28 _mm_cvtsi64_ss(__m128 a,__int64 b) 
CVTSS2SD m128d_mm_cvtss_sd(__m128d a,__m128 b) 
CVTSS2SI int_mm_cvt_ss2si(__m128 a) 


int__mm_cvtss_si32(__m128 a) 
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CVTTPD2DQ m128i __mm_cvttpd_epi32(__m128d a) 
CVTTPD2PI m64 _mm_cvttpd_pi32(__m128d a) 
CVTTPS2DQ m128i __mm_cvttps_epi32(__m128 a) 
CVTTPS2PI m64 _mm_cvtt_ps2pi(__m128 a) 
m64_mm_cvttps_pi32(__m128 a) 
CVTTSD2SI int__mm_cvttsd_si32(__m128d a) 
CVTTSS2SI int__mm_cvtt_ss2si(__m128 a) 
int __mm_cvttss_si32(__m128 a) 
m64_mm_cvtsi32_si64(int i) 
int __mm_cvtsi64_si32(__m64 m) 
DIVPD m128d _mm_div_pd(__m128d a, ___m128d b) 
DIVPS m128_mm_div_ps(__m128 a,__m128 b) 
DIVSD m128d _mm_div_sd(__m128d a, __m128d b) 
DIVSS m128_mm_div_ss(__m128 a,__m128 b) 
DPPD m128d_mm_dp_pd(__m128d a, ___m128d b, const int mask) 
DPPS m128_mm_dp_ps(__m128 a,__m128 b, const int mask) 
EMMS void _mm_empty() 
EXTRACTPS int __mm_extract_ps(__m128 src, const int ndx) 
HADDPD m128d __mm_hadd_pd(__m128d a,___m128d b) 
HADDPS m128 _mm_hadd_ps(__m128 a,__m128 b) 
HSUBPD m128d _mm_hsub_pd(__m128d a, ___m128d b) 
HSUBPS m128 _mm_hsub_ps(__m128 a,__m128 b) 
INSERTPS m128 _mm_insert_ps(__m128 dst, __m128 src, const int ndx) 
LDDQU m128i _mm_lddqu_si1 28(__m128i const *p) 
LDMXCSR __mm_setcsr(unsigned int i) 
LFENCE void _mm_Ifence(void) 
MASKMOVDQU void _mm_maskmoveu_si128(__m128i d, __m128i n, char *p) 
MASKMOVQ void _mm_maskmove_si64(__m64 d, __m64 n, char *p) 
MAXPD m128d _mm_max_pd(__m128d a, __m128d b) 
MAXPS m128 __mm_max_ps(__m128 a,__m128 b) 
MAXSD m128d _mm_max_sd(__m128d a,__m128d b) 
MAXSS m128 _mm_max_ss(__m128 a,__m128 b) 
MFENCE void _mm_mfence(void) 
MINPD m128d _mm_min_pd(__m128d a,__m128d b) 
MINPS m128_mm_min_ps(__m128 a,__m128 b) 
MINSD m128d_mm_min_sd(__m128d a,__m128d b) 
MINSS m128_mm_min_ss(__m128 a,__m128 b) 
MONITOR void _mm_monitor(void const *p, unsigned extensions, unsigned hints) 
MOVAPD m128d_mm_load_pd(double * p) 
void_mm_store_pd(double *p,___m128d a) 
MOVAPS m128 _mm_load_ps(float * p) 


void_mm_store_ps(float *p,__m128 a) 
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MOVD m128i_mm_cvtsi32_si128(int a) 
int__mm_cvtsil128_si32(__m128i a) 
m64 _mm_cvtsi32_si64(int a) 
int__mm_cvtsi64_si32(__m64 a) 
MOVDDUP __m128d_mm_movedup_pd(__m128d a) 
__m128d _mm_loaddup_pd(double const * dp) 
MOVDQA m128i __mm_load_sil28(__m128i * p) 
void_mm_store_si128(__m128i *p,__m128i a) 
MOVDQU m128i _mm_loadu_si128(__m128i * p) 
void_mm_storeu_si128(__m128i *p,__m128i a) 
MOVDQ2Q __m64 __mm_movepi64_pi64(__m128i a) 
MOVHLPS m128 _mm_movehl_ps(__m128 a,___m128 b) 
MOVHPD m128d_mm_loadh_pd(__m128d a, double * p) 
void _mm_storeh_pd(double * p,__m128d a) 
MOVHPS m128_mm_loadh_pi(__m128 a,__m64 * p) 
void _mm_storeh_pi(__m64 * p,__m128 a) 
MOVLPD m128d _mm_loadl_pd(__m128d a, double * p) 
void _mm_storel_pd(double * p,__m128d a) 
MOVLPS m128 _mm_loadl_pi(__m128 a,__m64 *p) 
void_mm_storel_pi(__m64 * p,__m128 a) 
MOVLHPS m128_mm_movelh_ps(__m128 a,_m128 b) 
MOVMSKPD int __mm_movemask_pd(__m128d a) 
MOVMSKPS int __mm_movemask_ps(__m128 a) 
MOVNTDOA m128i __mm_stream_load_si128(__m128i *p) 
MOVNTDQ void_mm_stream_sil28(__m128i * p,__m128i a) 
MOVNTPD void_mm_stream_pd(double * p,__m128d a) 
MOVNTPS void_mm_stream_ps(float * p,__m128 a) 
MOVNTI void_mm_stream_si32(int * p, int a) 
MOVNTQ void_mm_stream_pi(__m64 * p,___m64 a) 
MOVO m128i __mm_loadl_epi64(__m128i * p) 
void_mm_storel_epi64(_m128i * p,__m128i a) 
m128i_mm_move_epi64(__m128i a) 
MOVQ2DQ __m128i __mm_movpi64_epi64(__m64 a) 
MOVSD m128d_mm_load_sd(double * p) 
void_mm_store_sd(double * p,__m128d a) 
m128d_mm_move_sd(__m128d a,__m128d b) 
MOVSHDUP __m128 _mm_movehdup_ps(__m128 a) 
MOVSLDUP __m128_mm_moveldup_ps(__m128 a) 
MOVSS m128 _mm_load_ss(float * p) 


m128 a) 


void_mm_store_ss(float * p, 


m128_mm_move_ss(__m128 a,__m128 b) 
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MOVUPD m128d _mm_loadu_pd(double * p) 
void_mm_storeu_pd(double *p,__m128d a) 
MOVUPS m128 _mm_loadu_ps(float * p) 
void_mm_storeu_ps(float *p,__m128 a) 
MPSADBW __m128i __mm_mpsadbw_epu8(__m128is1,__m128i s2, const int mask) 
MULPD m128d_mm_mul_pd(__m128d a,__m128d b) 
MULPS m128_mm_mul_ss(__m128 a,__m128 b) 
MULSD m128d_mm_mul_sd(__m128da,_m128d b) 
MULSS m128_mm_mul_ss(__m128 a,__m128 b) 
MWAIT void _mm_mwait(unsigned extensions, unsigned hints) 
ORPD m128d_mm_or_pd(__m128d a,_m128d b) 
ORPS m128_mm_or_ps(__m128 a,__m128 b) 
PABSB m64 __mm_abs_pi8 (__m64 a) 
m128i __mm_abs_epi8 (__m128i a) 
PABSD m64 _mm_abs_pi32 (__m64 a) 
m128i__mm_abs_epi32 (__m128i a) 
PABSW m64 __mm_abs_pi16 (__m64 a) 
m128i__mm_abs_epi16 (__m128i a) 
PACKSSWB m128i __mm_packs_epi16(__m128i m1,_m128i m2) 
PACKSSWB m64 __mm_packs_pi16(__m64 m1,__m64 m2) 
PACKSSDW m128i _mm_packs_epi32 (__m128i m1,__m128i m2) 
PACKSSDW m64 __mm_packs_pi32 (__m64 m1,__m64 m2) 
PACKUSDW m128i_mm_packus_epi32(__m128i m1,__m128i m2) 
PACKUSWB m128i_mm_packus_epi16(__m128i m1,__m128i m2) 
PACKUSWB m64 __mm_packs_pu16(__m64 m1,__m64 m2) 
PADDB m128i _mm_add_epi8(__m128i m1,__m128i m2) 
PADDB m64 __mm_add_pi8(__m64 m1,_m64 m2) 
PADDW m128i __mm_add_epi16(__m128i m1, ___m128i m2) 
PADDW m64 _mm_add_pi16(__m64 m1,__ m64 m2) 
PADDD m128i _mm_add_epi32(__m128i m1, _m128i m2) 
PADDD m64 _mm_add_pi32(__m64 m1,__ m64 m2) 
PADDQ m128i__mm_add_epi64(__m128i m1,_m128i m2) 
PADDQ m64 __mm_add_si64(__m64 m1, __m64 m2) 
PADDSB m128i_mm_adds_epi8(__m128i m1,_m128i m2) 
PADDSB m64 __mm_adds_pi8(__m64 m1,__m64 m2) 
PADDSW m128i_mm_adds_epi16(__m128i m1,__m128i m2) 
PADDSW m64 _mm_adds_pi16(__m64 m1,__m64 m2) 
PADDUSB m128i _mm_adds_epu8(__m128i m1,__m128i m2) 
PADDUSB m64 __mm_adds_pu8(__m64 m1,__ m64 m2) 
PADDUSW m128i_mm_adds_epu16(__m128i m1,__m128i m2) 
PADDUSW m64 _mm_adds_pu16(__m64 m1,__m64 m2) 
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PALIGNR m64 __mm_alignr_pi8 (__m64 a,__ m64 5, int n) 
m128i _mm_alignr_epi8 (__m128i a,__m128i, int n) 

PAND m128i _mm_and_si128(__m128i m1,__m128i m2) 
PAND m64 __mm_and_si64(__m64 m1,__m64 m2) 
PANDN m128i_mm_andnot_si128(__m128i m1, ___m128i m2) 
PANDN m64 _mm_andnot_si64(__m64 m1,__m64 m2) 
PAUSE void _mm_pause(void) 
PAVGB m128i _mm_avg_epu8(__m128i a, ___m128i b) 
PAVGB m64 _mm_avg_pu8(__m64 a,__m64 b) 
PAVGW m128i __mm_avg_epu16(__m128i a,__m128i b) 
PAVGW m64 __mm_avg_pu16(__m64 a,_m64 b) 
PBLENDVB m128i _mm_blendv_epi (__m128i v1,__m128i v2, ___m128i mask) 
PBLENDW m128i _mm_blend_epi16(__m128i v1, ___m128i v2, const int mask) 
PCLMULQDQ __m128i _mm_clmulepi64_si128 (__m128i, __m128i, const int) 
PCMPEQB m128i __mm_cmpeq_epi8(__m128i m1,_m128i m2) 
PCMPEQB m64_mm_cmpeq_pi8(__m64 m1,__m64 m2) 
PCMPEQQ m128i _mm_cmpeq_epi64(__m128i a,___m128i b) 
PCMPEQW m128i _mm_cmpeq_epi16 (__m128i m1,__m128i m2) 
PCMPEQW m64__mm_cmpeq_pi16 (__m64 m1,_m64 m2) 
PCMPEQD m128i _mm_cmpeq_epi32(__m128i m1,_m128i m2) 
PCMPEQD m64 __mm_cmpeq_pi32(__m64 m1,__m64 m2) 
PCMPESTRI int __mm_cmpestri (__m128i a, int la,__m128i b, int Ib, const int mode) 


int __mm_cmpestra 


— 


__m128i a, int la,__m128i 5, int Ib, const int mode 


wa 


int __mm_cmpestrc 


— 


—__m128i a, int la,__m128i b, int Ib, const int mode 


na 


int __mm_cmpestro 


— 


__m128i a, int la,__m128i b, int Ib, const int mode 


a 


int __mm_cmpestrs (__m128i a, int la,__m128i b, int Ib, const int mode 


— 
~~ 


int __mm_cmpestrz (__m128i a, int la,__m128i b, int Ib, const int mode) 
PCMPESTRM __m128i _mm_cmpestrm (__m128i a, int la, 


m1 28i b, int Ib, const int mode) 


int __mm_cmpestra (__m128i a, int la,__m128i b, int Ib, const int mode) 


int __mm_cmpestrc (__m128i a, int la,__m128i b, int Ib, const int mode) 


int __mm_cmpestro (__m128i a, int la,__m128ib, int Ib, const int mode) 


int __mm_cmpestrs (__m128i a, int la,___m128i b, int Ib, const int mode 


) 
int __mm_cmpestrz (__m128i a, int la,__m128i b, int lb, const int mode) 


PCMPGTB m128i _mm_cmpgt_epi8 (__m128i m1,__m128i m2) 

PCMPGTB m64 __mm_cmpgt_pi8 (__m64 m1,__m64 m2) 

PCMPGTW m128i _mm_cmpgt_epi16(__m128i m1,__m128i m2) 

PCMPGTW m64 _mm_cmpgt_pi16 (__m64 m1,__m64 m2) 

PCMPGTD m128i _mm_cmpgt_epi32(__m128i m1,__m128i m2) 

PCMPGTD m64 __mm_cmpgt_pi32(__m64 m1,__m64 m2) 

PCMPISTRI __m128i __mm_cmpestrm (__m128i a, int la,__m128i b, int Ib, const int mode) 


int __mm_cmpestra (__m128i a, int la,__m128i b, int Ib, const int mode) 
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int __mm_cmpestrc (__m128i a, int la,__m128i b, int Ib, const int mode) 
int __mm_cmpestro (__m128i a, int la,__m128i b, int Ib, const int mode) 
int __mm_cmpestrs (__m128i a, int la,__m128i b, int Ib, const int mode) 
int __mm_cmpistrz (__m128i a, __m128i b, const int mode) 
PCMPISTRM __m128i __mm_cmpistrm (__m128i a, __m128i b, const int mode) 
int __mm_cmpistra (__m128i a,__m128i b, const int mode) 
int __mm_cmpistrc (__m128i a,__m128i b, const int mode) 
int __mm_cmpistro (__m128i a,__m128i b, const int mode) 
int __mm_cmpistrs (__m128i a,__m128i b, const int mode) 
int __mm_cmpistrz (__m128i a, __m128i b, const int mode) 
PCMPGTQ m128i _mm_cmpgt_epi64(__m128i a, __m128i b) 
PEXTRB int __mm_extract_epi8 (__m128i src, const int ndx) 
PEXTRD int __mm_extract_epi32 (__m128i src, const int ndx) 
PEXTRQ int64 _mm_extract_epi64 (__m128i src, const int ndx) 
PEXTRW int __mm_extract_epi16(__m128i a, int n) 
PEXTRW int __mm_extract_pi16(__m64 a, int n) 
int __mm_extract_epi16 (__m128i src, int ndx) 
PHADDD m64 _mm_hadd_pi32 (__m64 a, ___m64 b) 
m128i_mm_hadd_epi32 (__m128i a,__m128i b) 
PHADDSW m64_mm_hadds_pi16 (__m64 a,__m64 b) 
m128i __mm_hadds_epi16 (__m128i a,__m128i b) 
PHADDW m64 __mm_hadd_pi16 (__m64 a,__m64 b) 
m128i_mm_hadd_epi16 (__m128i a,__m128i b) 
PHMINPOSUW m128i _mm_minpos_epu16(__m128i packed_words) 
PHSUBD m64 _mm_hsub_pi32 (__m64 a,__m64 b) 
m128i __mm_hsub_epi32 (__m128i a,__m128i b) 
PHSUBSW m64__mm_hsubs_pi16 (__m64 a,__m64 b) 
m128i__mm_hsubs_epi16 (__m128i a,__m128i b) 
PHSUBW m64 __mm_hsub_pi16 (__m64 a,__m64 b) 
m128i__mm_hsub_epi16 (__m128i a, ___m128i b) 
PINSRB m128i __mm_insert_epi8(__m128i s1, int s2, const int ndx) 
PINSRD m128i_mm_insert_epi32(__m128i s2, int s, const int ndx) 
PINSRQ m128i __mm_insert_epi64(__m128i s2, __int64 s, const int ndx) 
PINSRW m128i_mm_insert_epi16(__m128i a, int d, int n) 
PINSRW m64 _mm_insert_pi16(__m64 a, int d, int n) 
PMADDUBSW m64 _mm_maddubs_pi16 (__m64 a,__ m64 b) 
__m128i __mm_maddubs_epi16 (__m128i a,__m128i b) 
PMADDWD m128i __mm_madd_epi16(__m128i m1 __m128i m2) 
PMADDWD m64 __mm_madd_pi16(__m64 m1,___ m64 m2) 
PMAXSB m128i_mm_max_epi8(__m128i a,__m128i b) 
PMAXSD m128i _mm_max_epi32(__m128i a, __m128i b) 


Vol.2D C-9 


INTEL® C/C++ COMPILER INTRINSICS AND FUNCTIONAL EQUIVALENTS 


Table C-1. Simple Intrinsics (Contd.) 


Mnemonic Intrinsic 
PMAXSW m128i _mm_max_epi16(__m128i a,__m128i b) 
PMAXSW m64 __mm_max_pi16(__m64 a,_ m64 b) 
PMAXUB m128i __mm_max_epu8(__m128i a, ___m128i b) 
PMAXUB m64 _mm_max_pu8(__m64 a, ___m64 b) 
PMAXUD m128i _mm_max_epu32(__m128i a,__m128i b) 
PMAXUW m128i _mm_max_epu16(__m128i a,__m128i b) 
PMINSB m128i _mm_min_epi8(__m128i a,__m128i b) 
PMINSD m128i _mm_min_epi32(__m128i a,__m128i b) 
PMINSW m128i _mm_min_epi16(__m128i a, __m128i b) 
PMINSW m64 _mm_min_pi16(__m64 a, ___m64 b) 

PMINUB m128i _mm_min_epu8(__m128i a, __m128i b) 
PMINUB m64 __mm_min_pu8(__m64 a, __m64 b) 
PMINUD m128i _mm_min_epu32 (__m128i a, ___m128i b) 
PMINUW m128i_mm_min_epu16 (__m128i a, ___m128i b) 
PMOVMSKB int __mm_movemask_epi8(__m128i a) 
PMOVMSKB int __mm_movemask_pi8(__m64 a) 
PMOVSXBW m128i_mm_ cvtepi8_epi16(__m128i a) 
PMOVSXBD m128i_mm_cvtepi8_epi32(__m128i a) 
PMOVSXBQ m128i__mm_cvtepi8_epi64(__m128i a) 
PMOVSXWD __m128i_mm_cvtepi16_epi32(__m128i a) 
PMOVSXWQ __m128i__mm_cvtepi16_epi64(__m128i a) 
PMOVSXDQ __m128i__mm_cvtepi32_epi64(__m128i a) 
PMOVZXBW __m128i _mm__cvtepu8_epi16(__m128i a) 
PMOVZXBD __m128i_mm_cvtepu8_epi32(__m128i a) 
PMOVZXBQ __m128i__mm_cvtepu8_epi64(__m128i a) 
PMOVZXWD __m128i __mm_cvtepu16_epi32(__m128i a) 
PMOVZXWQ __m128i__mm_cvtepu16_epi64(__m128i a) 
PMOVZXDQ __m128i__mm_cvtepu32_epi64(__m128i a) 
PMULDQ m128i __mm_mul_epi32(__m128i a, __m128i b) 
PMULHRSW m64 __mm_mulhrs_pi16 (__m64 a,_m64 b) 
m128i _mm_mulhrs_epi16 (__m128i a, __m128i b) 
PMULHUW m128i_mm_mulhi_epu16(__m128i a, __m128i b) 
PMULHUW m64 __mm_mulhi_pu16(__m64 a, __ m64 b) 
PMULHW m128i __mm_mulhi_epi16(__m128i m1, __m128i m2) 
PMULHW m64 __mm_mulhi_pi16(__m64 m1,__m64 m2) 
PMULLUD m128i _mm_mullo_epi32(__m128i a,___m128i b) 
PMULLW m128i_mm_mullo_epi16(__m128i m1, _m128i m2) 
PMULLW m64 __mm_mullo_pi16(__m64 m1, _m64 m2) 
PMULUDQ m64 __mm_mul_su32(__m64 m1, __m64 m2) 
m128i_mm_mul_epu32(__m128i m1,__m128i m2) 
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POPCNT int __mm_popcnt_u32(unsigned int a) 
int64_t __mm_popcnt_u64(unsigned __int64 a) 
POR m64 _mm_or_si64(__m64 m1,__m64 m2) 
POR m128i_mm_or_si128(__m128i m1,__m128i m2) 
PREFETCHh void _mm_prefetch(char *a, int sel) 
PSADBW m128i __mm_sad_epu8(__m128i a, ___m128i b) 
PSADBW m64 __mm_sad_pu8(__m64 a,__ m64 b) 
PSHUFB m64 _mm_shuffle_pi8 (__m64 a,__m64 b) 
m128i __mm_shuffle_epi8 (__m128i a,__m128i b) 
PSHUFD m128i __mm_shuffle_epi32(__m128i a, int n) 
PSHUFHW __m128i_mm_shufflehi_epi16(__m128i a, int n) 
PSHUFLW __m128i __mm_shufflelo_epi16(__m128i a, int n) 
PSHUFW m64 _mm_shuffle_pi16(__m64 a, int n) 
PSIGNB m64 _mm_sign_pi8 (__m64 a,__m64 b) 
m128i__mm_sign_epi8 (__m128i a,__m128ib) 
PSIGND m64 _mm_sign_pi32 (__m64 a,__m64 b) 
m128i_mm_sign_epi32 (__m128ia,__m128ib) 
PSIGNW m64_mm_sign_pil6 (__m64 a,__m64 b) 
m128i_mm_sign_epi16 (__m128i a, __m128ib) 
PSLLW m128i_mm_sll_epi16(__m128i m, __m128i count) 
PSLLW m128i_mm_slli_epi16(__m128i m, int count) 
PSLLW m64 _mm_sll_pi16(__m64 m, __m64 count) 
m64 _mm_slli_pi16(__m64 m, int count) 
PSLLD m128i_mm_slli_epi32(__m128i m, int count) 
m128i_mm_sll_epi32(__m128i m, __m128i count) 
PSLLD m64 _mm_slli_pi32(__m64 m, int count) 
m64 _mm_sll_pi32(__m64 m, __m64 count) 
PSLLO m64 _mm_sll_si64(__m64 m, __m64 count) 
m64 _mm_slli_si64(__m64 m, int count) 
PSLLO m128i __mm_sll_epi64(__m128i m, __m128i count) 
m128i_mm_slli_epi64(__m128i m, int count) 
PSLLDQ m128i __mm_slli_sil128(__m128i m, int imm) 
PSRAW m128i _mm_sra_epi16(__m128i m, __m128i count) 
m128i _mm_srai_epi16(__m128i m, int count) 
PSRAW m64 __mm_sra_pil16(__m64 m, __m64 count) 
m64 __mm_srai_pi16(__m64 m, int count) 
PSRAD m128i_mm_sra_epi32 (__m128i m,___m128i count) 
m128i_mm_srai_epi32 (__m128i m, int count) 
PSRAD m64 __mm_sra_pi32 (__m64 m, __m64 count) 
m64 _mm_srai_pi32 (__m64 m, int count) 
PSRLW m128i_mm_srl_epi16 (__m128i m, __m128i count) 
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m128i _mm_srli_epi16 (__m128i m, int count) 
m64 _mm_srl_pi16 (__m64 m, __m64 count) 
m64 _mm_srli_pi16(__m64 m, int count) 
PSRLD m128i __mm_srl_epi32 (__m128i m, __m128i count) 
m128i_mm_srli_epi32 (__m128i m, int count) 
PSRLD m64 __mm_srl_pi32 (__m64 m, __m64 count) 
m64 __mm_srli_pi32 (__m64 m, int count) 
PSRLOQ m128i __mm_srl_epi64 (__m128i m, __m128i count) 
m128i _mm_srli_epi64 (__m128i m, int count) 
PSRLOQ m64 _mm_srl_si64 (__m64 m, __m64 count) 
m64 _mm_srli_si64 (__m64 m, int count) 
PSRLDQ m128i __mm_srli_sil28(__m128i m, int imm) 
PSUBB m128i_mm_sub_epi8(__m128i m1,__m128i m2) 
PSUBB m64 __mm_sub_pi8(__m64 m1,__m64 m2) 
PSUBW m128i __mm_sub_epi16(__m128i m1,__m128i m2) 
PSUBW m64 __mm_sub_pi16(__m64 m1,__m64 m2) 
PSUBD m128i__mm_sub_epi32(__m128i m1,_m128i m2) 
PSUBD m64 _mm_sub_pi32(__m64 m1,__m64 m2) 
PSUBQ m128i _mm_sub_epi64(__m128i m1,__m128i m2) 
PSUBQ m64 _mm_sub_si64(__m64 m1,_m64 m2) 
PSUBSB m128i _mm_subs_epi8(__m128im1,__m128i m2) 
PSUBSB m64 _mm_subs_pi8(__m64 m1, ___m64 m2) 
PSUBSW m128i __mm_subs_epi16(__m128i m1,__m128i m2) 
PSUBSW m64 _mm_subs_pi16(__m64 m1,_m64 m2) 
PSUBUSB m128i _mm_subs_epu8(__m128i m1,_m128i m2) 
PSUBUSB m64 _mm_subs_pu8(__m64 m1,__m64 m2) 
PSUBUSW m128i __mm_subs_epu16(__m128i m1, _m128i m2) 
PSUBUSW m64 __mm_subs_pu16(__m64 m1,__m64 m2) 
PTEST int __mm_testz_sil28(__m128is1,__m128i s2) 
int __mm_testc_si128(__m128i s1,__m128i s2) 
int __mm_testnzc_si128(__m128i s1,__m128i s2) 
PUNPCKHBW m64 _mm_unpackhi_pi8(__m64 m1,__m64 m2) 
PUNPCKHBW __m128i _mm_unpackhi_epi8(__m128i m1,_m128i m2) 
PUNPCKHWD m64 _mm_unpackhi_pi16(__m64 m1,__m64 m2) 
PUNPCKHWD __m128i __mm_unpackhi_epi16(__m128i m1,__m128i m2) 
PUNPCKHDQ m64 _mm_unpackhi_pi32(__m64 m1, __m64 m2) 
PUNPCKHDQ __m128i _mm_unpackhi_epi32(__m128i m1, ___m128i m2) 
PUNPCKHQDQ __m128i _mm_unpackhi_epi64(__m128i m1, ___m128i m2) 
PUNPCKLBW m64 _mm_unpacklo_pi8 (__m64 m1,__m64 m2) 
PUNPCKLBW __m128i _mm_unpacklo_epi8 (__m128i m1,__m128i m2) 
PUNPCKLWD m64 _mm_unpacklo_pi16(__m64 m1,__m64 m2) 
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PUNPCKLWD __m128i __mm_unpacklo_epi16(__m128i m1,_m128i m2) 
PUNPCKLDQ m64 _mm_unpacklo_pi32(__m64 m1,__m64 m2) 
PUNPCKLDQ __m128i _mm_unpacklo_epi32(__m128i m1, ___m128i m2) 
PUNPCKLQDQ __m128i __mm_unpacklo_epi64(__m128i m1, __m128i m2) 
PXOR m64 __mm_xor_si64(__m64 m1,__m64 m2) 

PXOR m128i_mm_xor_si128(__m128i m1, __m128i m2) 
RCPPS m128 _mm_rcp_ps(__m128 a) 
RCPSS m128_mm_rcp_ss(__m128 a) 
ROUNDPD __m128 mm_round_pd(__m128d s1, int iRoundMode) 
__m128 mm_floor_pd(__m128d s1) 
__m128 mm_ceil_pd(__m128d s1) 
ROUNDPS __m128 mm_round_ps(__m128 s1, int iRoundMode) 
__m128 mm_floor_ps(__m128 s1) 
__m128 mm_ceil_ps(__m128 s1) 
ROUNDSD __m128d mm_round_sd(__m128d dst, ___m128d s1, int iRoundMode) 
__m128d mm_floor_sd(__m128d dst,__m128ds1) 
__m128d mm_ceil_sd(__m128d dst, ___m128d s1) 
ROUNDSS __m128 mm_round_ss(__m128 dst, ___m128 s1, int iRoundMode) 
__m128 mm_floor_ss(__m128 dst,__m128 s1) 
__m128 mm_ceil_ss(__m128 dst,__m128 s1) 
RSQRTPS m128 _mm_rsqrt_ps(__m128 a) 
RSQRTSS m128 _mm_rsqrt_ss(__m128 a) 
SFENCE void_mm_sfence(void) 
SHUFPD m128d _mm_shuffle_pd(__m128d a, ___m128d b, unsigned int imm8) 
SHUFPS m128 _mm_shuffle_ps(__m128 a, __m128 b, unsigned int imm8) 
SQRTPD m128d _mm_sqrt_pd(__m128d a) 
SQRTPS m128 _mm_sqrt_ps(__m128 a) 
SQRTSD m128d _mm_sqrt_sd(__m128d a) 
SQRTSS m128 _mm_sqrt_ss(__m128 a) 
STMXCSR _mm_getcsr(void) 
SUBPD m128d_mm_sub_pd(__m128d a,__m128d b) 
SUBPS m128 _mm_sub_ps(__m128 a,__m128 b) 
SUBSD m128d_mm_sub_sd(__m128d a,__m128d b) 
SUBSS m128_mm_sub_ss(__m128 a,__m128 b) 
UCOMISD int__mm_ucomieq_sd(__m128d a,__m128d b) 
int __mm_ucomilt_sd(__m128d a,__m128d b) 
int __mm_ucomile_sd(__m128d a,__m128d b) 
int __mm_ucomigt_sd(__m128d a,__m128d b) 
int __mm_ucomige_sd(__m128d a,__m128d b) 
int __mm_ucomineq_sd(__m128d a,___m128d b) 
UCOMISS int__mm_ucomieq_ss(__m128 a,__m128 b) 
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int__mm_ucomilt_ss(__m128 a,__m128 b) 
int__mm_ucomile_ss(__m128 a,__m128 b) 
int __mm_ucomigt_ss(__m128 a,__m128 b) 


int __mm_ucomige_ss(__m128 a,__m128 b) 


int__mm_ucomineq_ss(__m128 a,__m128 b) 


UNPCKHPD __m128d _mm_unpackhi_pd(__m128d a, ___m128d b) 
UNPCKHPS _—m128 _mm_unpackhi_ps(__m128 a,__m128 b) 
UNPCKLPD __m128d_mm_unpacklo_pd(__m128d a,___m128d b) 
UNPCKLPS __m128_mm_unpacklo_ps(__m128 a,_m128 b) 
XORPD m128d _mm_xor_pd(__m128d a,__m128d b) 
XORPS m128_mm_xor_ps(__m128 a,__m128 b) 


C2 COMPOSITE INTRINSICS 


Table C-2. Composite Intrinsics 


Mnemonic 


Intrinsic 


(composite) 


m128i _mm_set_epi64(__m64 q1,__m64 qO) 


(composite) 


m128i _mm_set_epi32(int i3, int i2, int i1, int iO) 


(composite) 


m128i_mm_set_epi16(short w7,short w6, short w5, short w4, short w3, short w2, 
short w1,short wO) 


(composite) 


m128i _mm_set_epi8(char w15,char w14, char w13, char w12, char w11, char w10, 
char w9, char w8, char w7,char w6, char w5, char w4, char w3, char w2,char w1, char wO) 
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(composite) m128i __mm_set1_epi64(__m64 q) 
(composite) m128i__mm_set1_epi32(int a) 
(composite) m128i __mm_set1_epi16(short a) 
(composite) m128i __mm_set1_epi8(char a) 
(composite) m128i __mm_setr_epi64(__m64 q1,__m64 q0) 
(composite) m128i __mm_setr_epi32(int i3, int i2, int 11, int i0) 
(composite) m128i __mm_setr_epi16(short w7,short w6, short w5, short w4, short w3, short w2, short w, 
short w0) 
(composite) m128i _mm_setr_epi8(char w15,char w14, char w13, char w12, char w11, char w10, 
char w9, char w8,char w7, char w6,char w5, char w4, char w3, char w2,char w1,char wO) 
(composite) m128i__mm_setzero_si128() 
(composite) m128 _mm_set_ps1(float w) 
m128 _mm_set1_ps(float w) 
(composite) __m128cmm_set1_pd(double w) 
(composite) m128d _mm_set_sd(double w) 
(composite) m128d_mm_set_pd(double z, double y) 
(composite) m128_mm_set_ps(float z, float y, float x, float w) 
(composite) m128d_mm_setr_pd(double z, double y) 
(composite) m128_mm_setr_ps(float z, float y, float x, float w) 
(composite) m128d_mm_setzero_pd(void) 
(composite) m128 _mm_setzero_ps(void) 
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MOVSD + shuffle m128d_mm_load_pd(double * p) 
m128d_mm_load1_pd(double *p) 


MOVSS + shuffle m128 _mm_load_ps1 (float * p) 
m128 _mm_load1_ps(float *p) 


MOVAPD + shuffle |__m128d _mm_loadr_pd(double * p) 
MOVAPS + shuffle m128 __mm_loadr_ps(float * p) 
MOVSD + shuffle | void_mm_store1_pd(double *p,__m128d a) 


MOVSS + shuffle | void_mm_store_ps1(float * p,__m128 a) 
void _mm_store1_ps(float *p,__m128 a) 


MOVAPD + shuffle |_mm_storer_pd(double * p,__m128d a) 
MOVAPS + shuffle |_mm_storer_ps(float * p,__m128 a) 
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CHAPTER 1 
ABOUT THIS MANUAL 


The Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A: System Programming Guide, 
Part 1 (order number 253668), the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3B: 
System Programming Guide, Part 2 (order number 253669), the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 3C: System Programming Guide, Part 3 (order number 326019), and the Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 3D:System Programming Guide, Part 4 (order 
number 332831) are part of a set that describes the architecture and programming environment of Intel 64 and IA- 
32 Architecture processors. The other volumes in this set are: 


° Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1: Basic Architecture (order number 
253665). 


° = =Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A, 2B, 2C & 2D: Instruction Set 
Reference (order numbers 253666, 253667, 326018 and 334569). 


° The Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4: Model-Specific Registers 
(order number 335592). 


The Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, describes the basic architecture 
and programming environment of Intel 64 and IA-32 processors. The Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volumes 2A, 2B, 2C & 2D, describe the instruction set of the processor and the opcode struc- 
ture. These volumes apply to application programmers and to programmers who write operating systems or exec- 
utives. The Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 3A, 3B, 3C & 3D, describe 
the operating-system support environment of Intel 64 and IA-32 processors. These volumes target operating- 
system and BIOS designers. In addition, Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
3B, and Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3C address the programming 
environment for classes of software that host operating systems. The Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 4, describes the model-specific registers of Intel 64 and IA-32 processors. 


1.1 INTEL® 64 AND IA-32 PROCESSORS COVERED IN THIS MANUAL 


This manual set includes information pertaining primarily to the most recent Intel 64 and IA-32 processors, which 
include: 


* Pentium® processors 

° P6 family processors 

* Pentium® 4 processors 

* Pentium® M processors 

* Intel® Xeon® processors 

* Pentium® D processors 

* Pentium® processor Extreme Editions 

* 64-bit Intel® Xeon® processors 

* Intel® Core™ Duo processor 

* Intel® Core™ Solo processor 

* Dual-Core Intel® Xeon® processor LV 

* Intel® Core™2 Duo processor 

* Intel® Core™2 Quad processor Q6000 series 
* Intel® xeon® processor 3000, 3200 series 
* Intel® Xeon® processor 5000 series 

* Intel® xeon® processor 5100, 5300 series 
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* Intel® Core™2 Extreme processor X7000 and X6800 series 
* Intel® Core™2 Extreme QX6000 series 

* Intel® Xeon® processor 7100 series 

* Intel® Pentium® Dual-Core processor 

* Intel® Xeon® processor 7200, 7300 series 

* Intel® Core™2 Extreme QX9000 series 

* Intel® Xeon® processor 5200, 5400, 7400 series 

* Intel® Core™2 Extreme processor QX9000 and X9000 series 
* Intel® Core™2 Quad processor Q9000 series 

* Intel® Core™2 Duo processor E8000, T9000 series 


* Intel Atom® processors 200, 300, D400, D500, D2000, N200, N400, N2000, E2000, Z500, Z600, Z2000, 
C1000 series are built from 45 nm and 32 nm processes. 


* Intel® Core™ i7 processor 

* Intel® Core™ i5 processor 

* Intel® Xeon® processor E7-8800/4800/2800 product families 
* Intel® Core™ i7-3930K processor 

* 2nd generation Intel® Core™ i7-2xxx, Intel® Core™ i5-2xxx, Intel® Core™ i3-2xxx processor series 
* Intel® Xeon® processor E3-1200 product family 

* Intel® Xeon® processor E5-2400/1400 product family 

* Intel® Xeon® processor E5-4600/2600/1600 product family 
* 3rd generation Intel® Core™ processors 

* Intel® Xeon® processor E3-1200 v2 product family 

* Intel® Xeon® processor E5-2400/1400 v2 product families 

* Intel® Xeon® processor E5-4600/2600/1600 v2 product families 
* Intel® Xeon® processor E7-8800/4800/2800 v2 product families 
* 4th generation Intel® Core™ processors 

* The Intel® Core™ M processor family 

* Intel® Core™ i7-59xx Processor Extreme Edition 

* Intel® Core™ i7-49xx Processor Extreme Edition 

* Intel® Xeon® processor E3-1200 v3 product family 

* Intel® Xeon® processor E5-2600/1600 v3 product families 

* 5th generation Intel® Core™ processors 

* Intel® Xeon® processor D-1500 product family 

* Intel® Xeon® processor E5 v4 family 

* Intel Atom® processor X7-Z8000 and X5-Z8000 series 

* Intel Atom® processor Z3400 series 

* Intel Atom® processor Z3500 series 

* 6th generation Intel® Core™ processors 

* Intel® Xeon® processor E3-1500m v5 product family 

* 7th generation Intel® Core™ processors 

* Intel® Xeon Phi™ Processor 3200, 5200, 7200 Series 

* Intel® Xeon® Processor Scalable Family 

* 8th generation Intel® Core™ processors 

* Intel® Xeon Phi™ Processor 7215, 7285, 7295 Series 
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* Intel® Xeon® E processors 

* 9th generation Intel® Core™ processors 

* 2nd generation Intel® Xeon® Processor Scalable Family 
* 10th generation Intel® Core™ processors 

* 11th generation Intel® Core™ processors 

* 3rd generation Intel® Xeon® Processor Scalable Family 
* 12th generation Intel® Core™ processors 


P6 family processors are IA-32 processors based on the P6 family microarchitecture. This includes the Pentium® 
Pro, Pentium® II, Pentium® III, and Pentium® III Xeon® processors. 


The Pentium® 4, Pentium® D, and Pentium® processor Extreme Editions are based on the Intel NetBurst® micro- 
architecture. Most early Intel® Xeon® processors are based on the Intel NetBurst® microarchitecture. Intel Xeon 
processor 5000, 7100 series are based on the Intel NetBurst® microarchitecture. 


The Intel® Core™ Duo, Intel® Core™ Solo and dual-core Intel® Xeon® processor LV are based on an improved 
Pentium® M processor microarchitecture. 


The Intel® Xeon® processor 3000, 3200, 5100, 5300, 7200, and 7300 series, Intel® Pentium® dual-core, Intel® 
Core™2 Duo, Intel® Core™2 Quad, and Intel® Core™ 2 Extreme processors are based on Intel® Core™ microarchi- 
tecture. 


The Intel® Xeon® processor 5200, 5400, 7400 series, Intel® Core™2 Quad processor Q9000 series, and Intel® 
Core™2 Extreme processors QX9000, X9000 series, Intel® Core™2 processor E8000 series are based on Enhanced 
Intel® Core™ microarchitecture. 


The Intel Atom® processors 200, 300, D400, D500, D2000, N200, N400, N2000, E2000, Z500, Z600, Z2000, 
C1000 series are based on the Intel Atom® microarchitecture and supports Intel 64 architecture. 


P6 family, Pentium® M, Intel® Core™ Solo, Intel® Core™ Duo processors, dual-core Intel® Xeon® processor LV, 
and early generations of Pentium 4 and Intel Xeon processors support IA-32 architecture. The Intel® Atom™ 
processor Z5xx series support IA-32 architecture. 


The Intel® Xeon® processor 3000, 3200, 5000, 5100, 5200, 5300, 5400, 7100, 7200, 7300, 7400 series, Intel® 
Core™ 2 Duo, Intel® Core™2 Extreme, Intel® Core™2 Quad processors, Pentium® D processors, Pentium® Dual- 
Core processor, newer generations of Pentium 4 and Intel Xeon processor family support Intel® 64 architecture. 


The Intel® Core™ i7 processor and Intel® Xeon® processor 3400, 5500, 7500 series are based on 45 nm Nehalem 
microarchitecture. Westmere microarchitecture is a 32 nm version of the Nehalem microarchitecture. Intel® 
Xeon® processor 5600 series, Intel Xeon processor E7 and various Intel Core i7, i5, i3 processors are based on the 
Westmere microarchitecture. These processors support Intel 64 architecture. 


The Intel® Xeon® processor E5 family, Intel® Xeon® processor E3-1200 family, Intel® Xeon® processor E7- 
8800/4800/2800 product families, Intel® Core™ i7-3930K processor, and 2nd generation Intel® Core™ i7-2xxx, 
Intel® Core™ i5-2xxx, Intel® Core™ i3-2xxx processor series are based on the Sandy Bridge microarchitecture and 
support Intel 64 architecture. 


The Intel® Xeon® processor E7-8800/4800/2800 v2 product families, Intel® Xeon® processor E3-1200 v2 product 
family and 3rd generation Intel® Core™ processors are based on the Ivy Bridge microarchitecture and support 
Intel 64 architecture. 


The Intel® Xeon® processor E5-4600/2600/1600 v2 product families, Intel® Xeon® processor E5-2400/1400 v2 
product families and Intel® Core™ i7-49xx Processor Extreme Edition are based on the Ivy Bridge-E microarchitec- 
ture and support Intel 64 architecture. 


The Intel® Xeon® processor E3-1200 v3 product family and 4th Generation Intel® Core™ processors are based on 
the Haswell microarchitecture and support Intel 64 architecture. 


The Intel® Xeon® processor E5-2600/1600 v3 product families and the Intel® Core™ i7-59xx Processor Extreme 
Edition are based on the Haswell-E microarchitecture and support Intel 64 architecture. 


The Intel Atom® processor Z8000 series is based on the Airmont microarchitecture. 


The Intel Atom® processor Z3400 series and the Intel Atom® processor Z3500 series are based on the Silvermont 
microarchitecture. 


Vol. 3A 1-3 


ABOUT THIS MANUAL 


The Intel® Core™ M processor family, 5th generation Intel® Core™ processors, Intel® Xeon® processor D-1500 
product family and the Intel® Xeon® processor E5 v4 family are based on the Broadwell microarchitecture and 
support Intel 64 architecture. 


The Intel® Xeon® Processor Scalable Family, Intel® Xeon® processor E3-1500m v5 product family and 6th gener- 
ation Intel® Core™ processors are based on the Skylake microarchitecture and support Intel 64 architecture. 


The 7th generation Intel® Core™ processors are based on the Kaby Lake microarchitecture and support Intel 64 
architecture. 


The Intel Atom® processor C series, the Intel Atom® processor X series, the Intel® Pentium® processor J series, 
the Intel® Celeron® processor J series, and the Intel® Celeron® processor N series are based on the Goldmont 
microarchitecture. 


The Intel® Xeon Phi™ Processor 3200, 5200, 7200 Series is based on the Knights Landing microarchitecture and 
supports Intel 64 architecture. 


The Intel® Pentium® Silver processor series, the Intel® Celeron® processor J series, and the Intel® Celeron® 
processor N series are based on the Goldmont Plus microarchitecture. 


The 8th generation Intel® Core™ processors, 9th generation Intel® Core™ processors, and Intel® Xeon® E proces- 
sors are based on the Coffee Lake microarchitecture and support Intel 64 architecture. 


The Intel® Xeon Phi™ Processor 7215, 7285, 7295 Series is based on the Knights Mill microarchitecture and 
supports Intel 64 architecture. 


The 2nd generation Intel® Xeon® Processor Scalable Family is based on the Cascade Lake product and supports 
Intel 64 architecture. 


Some 10th generation Intel® Core™ processors are based on the Ice Lake microarchitecture, and some are based 
on the Comet Lake microarchitecture; both support Intel 64 architecture. 


Some 11th generation Intel® Core™ processors are based on the Tiger Lake microarchitecture, and some are 
based on the Rocket Lake microarchitecture; both support Intel 64 architecture. 


Some 3rd generation Intel® Xeon® Processor Scalable Family processors are based on the Cooper Lake product, 
and some are based on the Ice Lake microarchitecture; both support Intel 64 architecture. 


The 12th generation Intel® Core™ processors supporting Alder Lake performance hybrid architecture support Intel 
64 architecture. 


IA-32 architecture is the instruction set architecture and programming environment for Intel's 32-bit microproces- 
sors. Intel® 64 architecture is the instruction set architecture and programming environment which is the superset 
of Intel’s 32-bit and 64-bit architectures. It is compatible with the IA-32 architecture. 


1.2 OVERVIEW OF THE SYSTEM PROGRAMMING GUIDE 


A description of this manual’s content follows!?: 


Chapter 1 — About This Manual. Gives an overview of all volumes of the Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual. It also describes the notational conventions in these manuals and lists related Intel 
manuals and documentation of interest to programmers and hardware designers. 


Chapter 2 — System Architecture Overview. Describes the modes of operation used by Intel 64 and IA-32 
processors and the mechanisms provided by the architectures to support operating systems and executives, 
including the system-oriented registers and data structures and the system-oriented instructions. The steps neces- 
sary for switching between real-address and protected modes are also identified. 


Chapter 3 — Protected-Mode Memory Management. Describes the data structures, registers, and instructions 
that support segmentation and paging. The chapter explains how they can be used to implement a “flat” (unseg- 
mented) memory model or a segmented memory model. 


Chapter 4 — Paging. Describes the paging modes supported by Intel 64 and IA-32 processors. 


1. Model-Specific Registers have been moved out of this volume and into a separate volume: Intel® 64 and IA-32 Architectures Soft- 
ware Developer's Manual, Volume 4. 
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Chapter 5 — Protection. Describes the support for page and segment protection provided in the Intel 64 and IA- 
32 architectures. This chapter also explains the implementation of privilege rules, stack switching, pointer valida- 
tion, user and supervisor modes. 


Chapter 6 — Interrupt and Exception Handling. Describes the basic interrupt mechanisms defined in the Intel 
64 and IA-32 architectures, shows how interrupts and exceptions relate to protection, and describes how the archi- 
tecture handles each exception type. Reference information for each exception is given in this chapter. Includes 
programming the LINTO and LINT1 inputs and gives an example of how to program the LINTO and LINT1 pins for 
specific interrupt vectors. 


Chapter 7 — Task Management. Describes mechanisms the Intel 64 and IA-32 architectures provide to support 
multitasking and inter-task protection. 


Chapter 8 — Multiple-Processor Management. Describes the instructions and flags that support multiple 
processors with shared memory, memory ordering, and Intel® Hyper-Threading Technology. Includes MP initializa- 
tion for P6 family processors and gives an example of how to use the MP protocol to boot P6 family processors in 
an MP system. 


Chapter 9 — Processor Management and Initialization. Defines the state of an Intel 64 or IA-32 processor 
after reset initialization. This chapter also explains how to set up an Intel 64 or IA-32 processor for real-address 
mode operation and protected- mode operation, and how to switch between modes. 


Chapter 10 — Advanced Programmable Interrupt Controller (APIC). Describes the programming interface 
to the local APIC and gives an overview of the interface between the local APIC and the I/O APIC. Includes APIC bus 
message formats and describes the message formats for messages transmitted on the APIC bus for P6 family and 
Pentium processors. 


Chapter 11 — Memory Cache Control. Describes the general concept of caching and the caching mechanisms 
supported by the Intel 64 or IA-32 architectures. This chapter also describes the memory type range registers 
(MTRRs) and how they can be used to map memory types of physical memory. Information on using the new cache 
control and memory streaming instructions introduced with the Pentium III, Pentium 4, and Intel Xeon processors 
is also given. 


Chapter 12 — Intel® MMX™ Technology System Programming. Describes those aspects of the Intel® MMX™ 
technology that must be handled and considered at the system programming level, including: task switching, 
exception handling, and compatibility with existing system environments. 


Chapter 13 — System Programming For Instruction Set Extensions And Processor Extended States. 
Describes the operating system requirements to support SSE/SSE2/SSE3/SSSE3/SSE4 extensions, including task 
switching, exception handling, and compatibility with existing system environments. The latter part of this chapter 
describes the extensible framework of operating system requirements to support processor extended states. 
Processor extended state may be required by instruction set extensions beyond those of 
SSE/SSE2/SSE3/SSSE3/SSE4 extensions. 


Chapter 14 — Power and Thermal Management. Describes facilities of Intel 64 and IA-32 architecture used for 
power management and thermal monitoring. 


Chapter 15 — Machine-Check Architecture. Describes the machine-check architecture and machine-check 
exception mechanism found in the Pentium 4, Intel Xeon, and P6 family processors. Additionally, a signaling mech- 
anism for software to respond to hardware corrected machine check error is covered. 


Chapter 16 — Interpreting Machine-Check Error Codes. Gives an example of how to interpret the error codes 
for a machine-check error that occurred on a P6 family processor. 


Chapter 17 — Debug, Branch Profile, TSC, and Resource Monitoring Features. Describes the debugging 
registers and other debug mechanism provided in Intel 64 or IA-32 processors. This chapter also describes the 
time-stamp counter. 


Chapter 18 — Last Branch Records. Describes the Last Branch Records (architectural feature). 


Chapter 19 — Performance Monitoring. Describes the Intel 64 and IA-32 architectures’ facilities for monitoring 
performance. 


Chapter 20 — 8086 Emulation. Describes the real-address and virtual-8086 modes of the IA-32 architecture. 


Chapter 21 — Mixing 16-Bit and 32-Bit Code. Describes how to mix 16-bit and 32-bit code modules within the 
same program or task. 
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Chapter 22 — IA-32 Architecture Compatibility. Describes architectural compatibility among IA-32 proces- 
sors. 


Chapter 23 — Introduction to Virtual Machine Extensions. Describes the basic elements of virtual machine 
architecture and the virtual machine extensions for Intel 64 and IA-32 Architectures. 


Chapter 24 — Virtual Machine Control Structures. Describes components that manage VMX operation. These 
include the working-VMCS pointer and the controlling-VMCS pointer. 


Chapter 25 — VMX Non-Root Operation. Describes the operation of a VMX non-root operation. Processor oper- 
ation in VMX non-root mode can be restricted programmatically such that certain operations, events or conditions 
can cause the processor to transfer control from the guest (running in VMX non-root mode) to the monitor software 
(running in VMX root mode). 


Chapter 26 — VM Entries. Describes VM entries. VM entry transitions the processor from the VMM running in VMX 
root-mode to a VM running in VMX non-root mode. VM-Entry is performed by the execution of VMLAUNCH or VMRE- 
SUME instructions. 


Chapter 27 — VM Exits. Describes VM exits. Certain events, operations or situations while the processor is in VMX 
non-root operation may cause VM-exit transitions. In addition, VM exits can also occur on failed VM entries. 


Chapter 28 — VMX Support for Address Translation. Describes virtual-machine extensions that support 
address translation and the virtualization of physical memory. 


Chapter 29 — APIC Virtualization and Virtual Interrupts. Describes the VMCS including controls that enable 
the virtualization of interrupts and the Advanced Programmable Interrupt Controller (APIC). 


Chapter 30 — VMX Instruction Reference. Describes the virtual-machine extensions (VMX). VMX is intended 
for a system executive to support virtualization of processor hardware and a system software layer acting as a host 
to multiple guest software environments. 


Chapter 31 — System Management Mode. Describes Intel 64 and IA-32 architectures’ system management 
mode (SMM) facilities. 


Chapter 32 — Intel® Processor Trace. Describes details of Intel® Processor Trace. 


Chapter 33 — Introduction to Intel® Software Guard Extensions. Provides an overview of the Intel® Soft- 
ware Guard Extensions (Intel® SGX) set of instructions. 


Chapter 34 — Enclave Access Control and Data Structures. Describes Enclave Access Control procedures and 
defines various Intel SGX data structures. 


Chapter 35 — Enclave Operation. Describes enclave creation and initialization, adding pages and measuring an 
enclave, and enclave entry and exit. 


Chapter 36 — Enclave Exiting Events. Describes enclave-exiting events (EEE) and asynchronous enclave exit 
(AEX). 

Chapter 37 — SGX Instruction References. Describes the supervisor and user level instructions provided by 
Intel SGX. 


Chapter 38 — Intel® SGX Interactions with IA32 and Intel® 64 Architecture. Describes the Intel SGX 
collection of enclave instructions for creating protected execution environments on processors supporting IA32 and 
Intel 64 architectures. 


Chapter 39 — Enclave Code Debug and Profiling. Describes enclave code debug processes and options. 


Appendix A — VMX Capability Reporting Facility. Describes the VMX capability MSRs. Support for specific VMX 
features is determined by reading capability MSRs. 


Appendix B — Field Encoding in VMCS. Enumerates all fields in the VMCS and their encodings. Fields are 
grouped by width (16-bit, 32-bit, etc.) and type (guest-state, host-state, etc.). 


Appendix C — VM Basic Exit Reasons. Describes the 32-bit fields that encode reasons for a VM exit. Examples 
of exit reasons include, but are not limited to: software interrupts, processor exceptions, software traps, NMIs, 
external interrupts, and triple faults. 
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1.3 NOTATIONAL CONVENTIONS 


This manual uses specific notation for data-structure formats, for symbolic representation of instructions, and for 
hexadecimal and binary numbers. A review of this notation makes the manual easier to read. 


1.3.1 Bit and Byte Order 


In illustrations of data structures in memory, smaller addresses appear toward the bottom of the figure; addresses 
increase toward the top. Bit positions are numbered from right to left. The numerical value of a set bit is equal to 

two raised to the power of the bit position. Intel 64 and IA-32 processors are “little endian” machines; this means 
the bytes of a word are numbered starting from the least significant byte. Figure 1-1 illustrates these conventions. 


1.3.2 Reserved Bits and Software Compatibility 


In many register and memory layout descriptions, certain bits are marked as reserved. When bits are marked as 
reserved, it is essential for compatibility with future processors that software treat these bits as having a future, 
though unknown, effect. The behavior of reserved bits should be regarded as not only undefined, but unpredict- 
able. Software should follow these guidelines in dealing with reserved bits: 


* Do not depend on the states of any reserved bits when testing the values of registers which contain such bits. 
Mask out the reserved bits before testing. 


* Do not depend on the states of any reserved bits when storing to memory or to a register. 
* Do not depend on the ability to retain information written into any reserved bits. 


¢ When loading a register, always load the reserved bits with the values indicated in the documentation, if any, 
or reload them with values previously read from the same register. 


NOTE 


Avoid any software dependence upon the state of reserved bits in Intel 64 and IA-32 registers. 
Depending upon the values of reserved register bits will make software dependent upon the 
unspecified manner in which the processor handles these bits. Programs that depend upon 
reserved values risk incompatibility with future processors. 


Data Structure 


Highest 4, 24 23. 16 15 8 7 0 <— Bit offset 


Address 


Lowest 
Address 


Byte Offset 


Figure 1-1. Bit and Byte Order 
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1.33 Instruction Operands 


When instructions are represented symbolically, a subset of assembly language is used. In this subset, an instruc- 
tion has the following format: 
label: mnemonic argument1, argument2, argument3 
where: 
¢ A label is an identifier which is followed by a colon. 
¢ Amnemonic is a reserved name for a class of instruction opcodes which have the same function. 


¢ The operands argumenti, argument2, and argument3 are optional. There may be from zero to three 
operands, depending on the opcode. When present, they take the form of either literals or identifiers for data 
items. Operand identifiers are either reserved names of registers or are assumed to be assigned to data items 
declared in another part of the program (which may not be shown in the example). 


When two operands are present in an arithmetic or logical instruction, the right operand is the source and the left 
operand is the destination. 


For example: 


LOADREG: MOV EAX, SUBTOTAL 


In this example LOADREG is a label, MOV is the mnemonic identifier of an opcode, EAX is the destination operand, 
and SUBTOTAL is the source operand. Some assembly languages put the source and destination in reverse order. 


1.3.4 Hexadecimal and Binary Numbers 


Base 16 (hexadecimal) numbers are represented by a string of hexadecimal digits followed by the character H (for 
example, F82EH). A hexadecimal digit is a character from the following set: 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, A, B, C, D, 
E, and F. 


Base 2 (binary) numbers are represented by a string of 1s and Os, sometimes followed by the character B (for 
example, 1010B). The “B” designation is only used in situations where confusion as to the type of number might 
arise. 


1.3.5 Segmented Addressing 


The processor uses byte addressing. This means memory is organized and accessed as a sequence of bytes. 
Whether one or more bytes are being accessed, a byte address is used to locate the byte or bytes memory. The 
range of memory that can be addressed is called an address space. 


The processor also supports segmented addressing. This is a form of addressing where a program may have many 
independent address spaces, called segments. For example, a program can keep its code (instructions) and stack 
in separate segments. Code addresses would always refer to the code space, and stack addresses would always 
refer to the stack space. The following notation is used to specify a byte address within a segment: 


Segment-register: Byte-address 


For example, the following segment address identifies the byte at address FF79H in the segment pointed by the DS 
register: 


DS:FF79H 


The following segment address identifies an instruction address in the code segment. The CS register points to the 
code segment and the EIP register contains the address of the instruction. 


CS:EIP 
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1.3.6 Syntax for CPUID, CR, and MSR Values 


Obtain feature flags, status, and system information by using the CPUID instruction, by checking control register 
bits, and by reading model-specific registers. We are moving toward a single syntax to represent this type of infor- 
mation. See Figure 1-2. 


CPUID Input and Output 


CPUID.01H:EDX.SSE[bit 25] = 1 


Input value for EAX register 


Output register and feature flag or field 
name with bit position(s) 


Value (or range) of output 


Control Register Values 


CR4.OSFXSR)Ibit 9] = 1 


Example CR name 


Feature flag or field name 
with bit position(s) 


Value (or range) of output 


Model-Specific Register Values 


IA32_MISC_ENABLE.ENABLEFOPCODEDbit 2] = 1 
) 


Example MSR name 


Feature flag or field name with bit position(s) 


Value (or range) of output 


Figure 1-2. Syntax for CPUID, CR, and MSR Data Presentation 


1.3.7 Exceptions 


An exception is an event that typically occurs when an instruction causes an error. For example, an attempt to 
divide by zero generates an exception. However, some exceptions, such as breakpoints, occur under other condi- 
tions. Some types of exceptions may provide error codes. An error code reports additional information about the 
error. An example of the notation used to show an exception and error code is shown below: 


#PF(fault code) 


This example refers to a page-fault exception under conditions where an error code naming a type of fault is 
reported. Under some conditions, exceptions which produce error codes may not be able to report an accurate 
code. In this case, the error code is zero, as shown below for a general-protection exception: 


#GP(0) 
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1.4 RELATED LITERATURE 


Literature related to Intel 64 and IA-32 processors is listed and viewable on-line at: 


https://software.intel.com/en-us/articles/intel-sdm 


See also: 


The latest security information on Intel® products: 
https://www.intel.com/content/www/us/en/security-center/default.html 


Software developer resources, guidance and insights for security advisories: 
https://software.intel.com/security-software-guidance/ 


The data sheet for a particular Intel 64 or IA-32 processor 
The specification update for a particular Intel 64 or IA-32 processor 


Intel® C++ Compiler documentation and online help: 
http://software.intel.com/en-us/articles/intel-compilers/ 


Intel® Fortran Compiler documentation and online help: 
http ://software.intel.com/en-us/articles/intel-compilers/ 


Intel® Software Development Tools: 
https://software.intel.com/en-us/intel-sdp-home 


Intel® 64 and IA-32 Architectures Software Developer’s Manual (in one, four or ten volumes): 
https://software.intel.com/en-us/articles/intel-sdm 


Intel® 64 and IA-32 Architectures Optimization Reference Manual: 
https://software.intel.com/en-us/articles/intel-sdm#optimization 


Intel® Trusted Execution Technology Measured Launched Environment Programming Guide: 
http://www. intel.com/content/www/us/en/software-developers/intel-txt-software-development-guide.html 


Intel® Software Guard Extensions (Intel® SGX) Information 
https://software.intel.com/en-us/isa-extensions/intel-sgx 


Developing Multi-threaded Applications: A Platform Consistent Approach: 
https://software.intel.com/sites/default/files/article/147714/51534-developing-multithreaded-applica- 
tions. pdf 


Using Spin-Loops on Intel® Pentium® 4 Processor and Intel® Xeon® Processor: 
https://software.intel.com/sites/default/files/22/30/25602 


Performance Monitoring Unit Sharing Guide 
http://software.intel.com/file/30388 


Literature related to select features in future Intel processors are available at: 


Intel® Architecture Instruction Set Extensions Programming Reference 
https://software.intel.com/en-us/isa-extensions 


More relevant links are: 


Intel® Developer Zone: 

https://software.intel.com/en-us 

Developer centers: 

http://www. intel.com/content/www/us/en/hardware-developers/developer-centers.html 
Processor support general link: 

http://www.intel.com/support/processors/ 

Intel® Hyper-Threading Technology (Intel® HT Technology): 

http://www. intel.com/technology/platform-technology/hyper-threading/index.htm 
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CHAPTER 2 
SYSTEM ARCHITECTURE OVERVIEW 


IA-32 architecture (beginning with the Intel386 processor family) provides extensive support for operating-system 
and system-development software. This support offers multiple modes of operation, which include: 


° Real mode, protected mode, virtual 8086 mode, and system management mode. These are sometimes 
referred to as legacy modes. 


Intel 64 architecture supports almost all the system programming facilities available in IA-32 architecture and 
extends them to a new operating mode (IA-32e mode) that supports a 64-bit programming environment. IA-32e 
mode allows software to operate in one of two sub-modes: 


° 64-bit mode supports 64-bit OS and 64-bit applications 

* Compatibility mode allows most legacy software to run; it co-exists with 64-bit applications under a 64-bit OS. 
The IA-32 system-level architecture includes features to assist in the following operations: 
¢ Memory management 

¢ Protection of software modules 

¢ Multitasking 

* Exception and interrupt handling 

* Multiprocessing 

* Cache management 

¢ Hardware resource and power management 

¢ Debugging and performance monitoring 


This chapter provides a description of each part of this architecture. It also describes the system registers that are 
used to set up and control the processor at the system level and gives a brief overview of the processor’s system- 
level (operating system) instructions. 


Many features of the system-level architecture are used only by system programmers. However, application 
programmers may need to read this chapter and the following chapters in order to create a reliable and secure 
environment for application programs. 


This overview and most subsequent chapters of this book focus on protected-mode operation of the IA-32 architec- 
ture. IA-32e mode operation of the Intel 64 architecture, as it differs from protected mode operation, is also 
described. 


All Intel 64 and IA-32 processors enter real-address mode following a power-up or reset (See Chapter 9, “Processor 
Management and Initialization”). Software then initiates the switch from real-address mode to protected mode. If 
IA-32e mode operation is desired, software also initiates a switch from protected mode to IA-32e mode. 


Z.1 OVERVIEW OF THE SYSTEM-LEVEL ARCHITECTURE 


System-level architecture consists of a set of registers, data structures, and instructions designed to support basic 
system-level operations such as memory management, interrupt and exception handling, task management, and 
control of multiple processors. 


Figure 2-1 provides a summary of system registers and data structures that applies to 32-bit modes. System regis- 
ters and data structures that apply to IA-32e mode are shown in Figure 2-2. 
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Figure 2-2. System-Level Registers and Data Structures in |[A-32e Mode and 4-Level Paging 


2.1.1 Global and Local Descriptor Tables 


When operating in protected mode, all memory accesses pass through either the global descriptor table (GDT) or 
an optional local descriptor table (LDT) as shown in Figure 2-1. These tables contain entries called segment 


descriptors. Segment descriptors provide the base address of segments well as access rights, type, and usage 
information. 
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Each segment descriptor has an associated segment selector. A segment selector provides the software that uses 
it with an index into the GDT or LDT (the offset of its associated segment descriptor), a global/local flag (deter- 
mines whether the selector points to the GDT or the LDT), and access rights information. 


To access a byte in a segment, a segment selector and an offset must be supplied. The segment selector provides 
access to the segment descriptor for the segment (in the GDT or LDT). From the segment descriptor, the processor 
obtains the base address of the segment in the linear address space. The offset then provides the location of the 
byte relative to the base address. This mechanism can be used to access any valid code, data, or stack segment, 
provided the segment is accessible from the current privilege level (CPL) at which the processor is operating. The 
CPL is defined as the protection level of the currently executing code segment. 


See Figure 2-1. The solid arrows in the figure indicate a linear address, dashed lines indicate a segment selector, 
and the dotted arrows indicate a physical address. For simplicity, many of the segment selectors are shown as 
direct pointers to a segment. However, the actual path from a segment selector to its associated segment is always 
through a GDT or LDT. 


The linear address of the base of the GDT is contained in the GDT register (GDTR); the linear address of the LDT is 
contained in the LDT register (LDTR). 


2.1.1.1 Global and Local Descriptor Tables in |A-32e Mode 


GDTR and LDTR registers are expanded to 64-bits wide in both IA-32e sub-modes (64-bit mode and compatibility 
mode). For more information: see Section 3.5.2, “Segment Descriptor Tables in IA-32e Mode.” 


Global and local descriptor tables are expanded in 64-bit mode to support 64-bit base addresses, (16-byte LDT 
descriptors hold a 64-bit base address and various attributes). In compatibility mode, descriptors are not 
expanded. 


2lve System Segments, Segment Descriptors, and Gates 


Besides code, data, and stack segments that make up the execution environment of a program or procedure, the 
architecture defines two system segments: the task-state segment (TSS) and the LDT. The GDT is not considered 
a segment because it is not accessed by means of a segment selector and segment descriptor. TSSs and LDTs have 
segment descriptors defined for them. 


The architecture also defines a set of special descriptors called gates (call gates, interrupt gates, trap gates, and 
task gates). These provide protected gateways to system procedures and handlers that may operate at a different 
privilege level than application programs and most procedures. For example, a CALL to a call gate can provide 
access to a procedure in a code segment that is at the same or a numerically lower privilege level (more privileged) 
than the current code segment. To access a procedure through a call gate, the calling procedure! supplies the 
selector for the call gate. The processor then performs an access rights check on the call gate, comparing the CPL 
with the privilege level of the call gate and the destination code segment pointed to by the call gate. 


If access to the destination code segment is allowed, the processor gets the segment selector for the destination 
code segment and an offset into that code segment from the call gate. If the call requires a change in privilege 
level, the processor also switches to the stack for the targeted privilege level. The segment selector for the new 
stack is obtained from the TSS for the currently running task. Gates also facilitate transitions between 16-bit and 
32-bit code segments, and vice versa. 


2.1.2.1 Gates in IA-32e Mode 


In IA-32e mode, the following descriptors are 16-byte descriptors (expanded to allow a 64-bit base): LDT descrip- 
tors, 64-bit TSSs, call gates, interrupt gates, and trap gates. 


Call gates facilitate transitions between 64-bit mode and compatibility mode. Task gates are not supported in IA- 
32e mode. On privilege level changes, stack segment selectors are not read from the TSS. Instead, they are set to 
NULL. 


1. The word “procedure” is commonly used in this document as a general term for a logical unit or block of code (such as a program, pro- 
cedure, function, or routine). 
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rae is) Task-State Segments and Task Gates 


The TSS (see Figure 2-1) defines the state of the execution environment for a task. It includes the state of general- 
purpose registers, segment registers, the EFLAGS register, the EIP register, and segment selectors with stack 
pointers for three stack segments (one stack for each privilege level). The TSS also includes the segment selector 
for the LDT associated with the task and the base address of the paging-structure hierarchy. 


All program execution in protected mode happens within the context of a task (called the current task). The 
segment selector for the TSS for the current task is stored in the task register. The simplest method for switching 
to a task is to make a call or jump to the new task. Here, the segment selector for the TSS of the new task is given 
in the CALL or JMP instruction. In switching tasks, the processor performs the following actions: 


Stores the state of the current task in the current TSS. 
Loads the task register with the segment selector for the new task. 
Accesses the new TSS through a segment descriptor in the GDT. 


h WN 


Loads the state of the new task from the new TSS into the general-purpose registers, the segment registers, 
the LDTR, control register CR3 (base address of the paging-structure hierarchy), the EFLAGS register, and the 
EIP register. 


5. Begins execution of the new task. 


A task can also be accessed through a task gate. A task gate is similar to a call gate, except that it provides access 
(through a segment selector) to a TSS rather than a code segment. 


2.1.3.1 Task-State Segments in IA-32e Mode 


Hardware task switches are not supported in IA-32e mode. However, TSSs continue to exist. The base address of 
a TSS is specified by its descriptor. 


A 64-bit TSS holds the following information that is important to 64-bit operation: 
¢ Stack pointer addresses for each privilege level 

¢ Pointer addresses for the interrupt stack table 

° Offset address of the 10-permission bitmap (from the TSS base) 


The task register is expanded to hold 64-bit base addresses in IA-32e mode. See also: Section 7.7, “Task Manage- 
ment in 64-bit Mode.” 


2.1.4 Interrupt and Exception Handling 


External interrupts, software interrupts and exceptions are handled through the interrupt descriptor table (IDT). 
The IDT stores a collection of gate descriptors that provide access to interrupt and exception handlers. Like the 
GDT, the IDT is not a segment. The linear address for the base of the IDT is contained in the IDT register (IDTR). 


Gate descriptors in the IDT can be interrupt, trap, or task gate descriptors. To access an interrupt or exception 
handler, the processor first receives an interrupt vector from internal hardware, an external interrupt controller, or 
from software by means of an INT n, INTO, INT3, INT1, or BOUND instruction. The interrupt vector provides an 
index into the IDT. If the selected gate descriptor is an interrupt gate or a trap gate, the associated handler proce- 
dure is accessed in a manner similar to calling a procedure through a call gate. If the descriptor is a task gate, the 
handler is accessed through a task switch. 


2.1.4.1 Interrupt and Exception Handling IA-32e Mode 


In IA-32e mode, interrupt gate descriptors are expanded to 16 bytes to support 64-bit base addresses. This is true 
for 64-bit mode and compatibility mode. 


The IDTR register is expanded to hold a 64-bit base address. Task gates are not supported. 
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2.1.5 Memory Management 


System architecture supports either direct physical addressing of memory or virtual memory (through paging). 
When physical addressing is used, a linear address is treated as a physical address. When paging is used: all code, 
data, stack, and system segments (including the GDT and IDT) can be paged with only the most recently accessed 
pages being held in physical memory. 


The location of pages (sometimes called page frames) in physical memory is contained in the paging structures. 
These structures reside in physical memory (see Figure 2-1 for the case of 32-bit paging). 


The base physical address of the paging-structure hierarchy is contained in control register CR3. The entries in the 
paging structures determine the physical address of the base of a page frame, access rights and memory manage- 
ment information. 


To use this paging mechanism, a linear address is broken into parts. The parts provide separate offsets into the 
paging structures and the page frame. A system can have a single hierarchy of paging structures or several. For 
example, each task can have its own hierarchy. 


2.1.5.1 Memory Management in IA-32e Mode 


In IA-32e mode, physical memory pages are managed by a set of system data structures. In both compatibility 
mode and 64-bit mode, four or five levels of system data structures are used (see Chapter 4, “Paging”). These 
include the following: 


° The page map level 5 (PMLS5) — An entry in the PML5 table contains the physical address of the base of a 
PML4 table, access rights, and memory management information. The base physical address of the PML5 table 
is stored in CR3. The PMLS table is used only with 5-level paging. 


¢ A page map level 4 (PML4) — An entry in a PML4 table contains the physical address of the base of a page 
directory pointer table, access rights, and memory management information. With 4-level paging, there is only 
one PML4 table and its base physical address is stored in CR3. 


° <A set of page directory pointer tables — An entry in a page directory pointer table contains the physical 
address of the base of a page directory table, access rights, and memory management information. 

° Sets of page directories — An entry in a page directory table contains the physical address of the base of a 
page table, access rights, and memory management information. 


° Sets of page tables — An entry in a page table contains the physical address of a page frame, access rights, 
and memory management information. 


2.1.6 System Registers 

To assist in initializing the processor and controlling system operations, the system architecture provides system 

flags in the EFLAGS register and several system registers: 

¢ The system flags and IOPL field in the EFLAGS register control task and mode switching, interrupt handling, 
instruction tracing, and access rights. See also: Section 2.3, “System Flags and Fields in the EFLAGS Register.” 


¢ The control registers (CRO, CR2, CR3, and CR4) contain a variety of flags and data fields for controlling system- 
level operations. Other flags in these registers are used to indicate support for specific processor capabilities 
within the operating system or executive. See also: Section 2.5, “Control Registers” and Section 2.6, “Extended 
Control Registers (Including XCRO).” 


¢ The debug registers (not shown in Figure 2-1) allow the setting of breakpoints for use in debugging programs 
and systems software. See also: Chapter 17, “Debug, Branch Profile, TSC, and Intel® Resource Director 
Technology (Intel® RDT) Features.” 


¢ The GDTR, LDTR, and IDTR registers contain the linear addresses and sizes (limits) of their respective tables. 
See also: Section 2.4, ‘Memory-Management Registers.” 


¢ The task register contains the linear address and size of the TSS for the current task. See also: Section 2.4, 
“Memory-Management Registers.” 


° Model-specific registers (not shown in Figure 2-1). 
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The model-specific registers (MSRs) are a group of registers available primarily to operating-system or executive 
procedures (that is, code running at privilege level 0). These registers control items such as the debug extensions, 
the performance-monitoring counters, the machine- check architecture, and the memory type ranges (MTRRs). 


The number and function of these registers varies among different members of the Intel 64 and IA-32 processor 
families. See also: Section 9.4, “Model-Specific Registers (MSRs),” and Chapter 2, “Model-Specific Registers 
(MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4. 


Most systems restrict access to system registers (other than the EFLAGS register) by application programs. 
Systems can be designed, however, where all programs and procedures run at the most privileged level (privilege 
level 0). In such a case, application programs would be allowed to modify the system registers. 


2.1.6.1 System Registers in |A-32e Mode 


In IA-32e mode, the four system-descriptor-table registers (GDTR, IDTR, LDTR, and TR) are expanded in hardware 
to hold 64-bit base addresses. EFLAGS becomes the 64-bit RFLAGS register. CRO-CR4 are expanded to 64 bits. 
CR8 becomes available. CR8 provides read-write access to the task priority register (TPR) so that the operating 
system can control the priority classes of external interrupts. 


In 64-bit mode, debug registers DRO-DR7 are 64 bits. In compatibility mode, address-matching in DRO-DR3 is 
also done at 64-bit granularity. 


On systems that support IA-32e mode, the extended feature enable register (IA32_EFER) is available. This model- 
specific register controls activation of IA-32e mode and other IA-32e mode operations. In addition, there are 
several model-specific registers that govern IA-32e mode instructions: 


° IA32_KERNEL_GS_BASE — Used by SWAPGS instruction. 
° IA32_LSTAR — Used by SYSCALL instruction. 

° IA32_FMASK — Used by SYSCALL instruction. 

¢ IA32_STAR — Used by SYSCALL and SYSRET instruction. 


2.1.7 Other System Resources 


Besides the system registers and data structures described in the previous sections, system architecture provides 
the following additional resources: 


* Operating system instructions (see also: Section 2.8, “System Instruction Summary”). 
¢ Performance-monitoring counters (not shown in Figure 2-1). 
¢ Internal caches and buffers (not shown in Figure 2-1). 


Performance-monitoring counters are event counters that can be programmed to count processor events such as 
the number of instructions decoded, the number of interrupts received, or the number of cache loads. 


The processor provides several internal caches and buffers. The caches are used to store both data and instruc- 
tions. The buffers are used to store things like decoded addresses to system and application segments and write 
operations waiting to be performed. See also: Chapter 11, “Memory Cache Control.” 


2.2 MODES OF OPERATION 


The IA-32 architecture supports three operating modes and one quasi-operating mode: 


° Protected mode — This is the native operating mode of the processor. It provides a rich set of architectural 
features, flexibility, high performance and backward compatibility to existing software base. 


¢ Real-address mode — This operating mode provides the programming environment of the Intel 8086 
processor, with a few extensions (such as the ability to switch to protected or system management mode). 


¢ System management mode (SMM) — SMM is a standard architectural feature in all IA-32 processors, 
beginning with the Intel386 SL processor. This mode provides an operating system or executive with a 
transparent mechanism for implementing power management and OEM differentiation features. SMM is 
entered through activation of an external system interrupt pin (SMI#), which generates a system management 
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interrupt (SMI). In SMM, the processor switches to a separate address space while saving the context of the 
currently running program or task. SMM-specific code may then be executed transparently. Upon returning 
from SMM, the processor is placed back into its state prior to the SMI. 


° Virtual-8086 mode — In protected mode, the processor supports a quasi-operating mode known as virtual- 
8086 mode. This mode allows the processor execute 8086 software in a protected, multitasking environment. 


Intel 64 architecture supports all operating modes of IA-32 architecture and IA-32e modes: 


® IA-32e mode — In IA-32e mode, the processor supports two sub-modes: compatibility mode and 64-bit 
mode. 64-bit mode provides 64-bit linear addressing and support for physical address space larger than 64 
GBytes. Compatibility mode allows most legacy protected-mode applications to run unchanged. 


Figure 2-3 shows how the processor moves between operating modes. 


SMI# 
Real-Address 
Mode 
Reset 
or 
Reset or a RSM 
] RE=! 
SMI# 
Reset > 
RSM System 
Management 
LME=1, CRO.PG=1* — onary Mode 


A 
See** 
=1 


_ 
~Rsm 
VM=0 VM= 
* See Section 9.8.5 
irtual-8086 See Section 9.8.5.4 


Mode 


Figure 2-3. Transitions Among the Processor's Operating Modes 


The processor is placed in real-address mode following power-up or a reset. The PE flag in control register CRO then 
controls whether the processor is operating in real-address or protected mode. See also: Section 9.9, “Mode 
Switching.” and Section 4.1.2, “Paging-Mode Enabling.” 


The VM flag in the EFLAGS register determines whether the processor is operating in protected mode or virtual- 
8086 mode. Transitions between protected mode and virtual-8086 mode are generally carried out as part of a task 
switch or a return from an interrupt or exception handler. See also: Section 20.2.5, “Entering Virtual-8086 Mode.” 


The LMA bit (IA32_EFER.LMA[bit 10]) determines whether the processor is operating in IA-32e mode. When 
running in IA-32e mode, 64-bit or compatibility sub-mode operation is determined by CS.L bit of the code segment. 
The processor enters into IA-32e mode from protected mode by enabling paging and setting the LME bit 
(IA32_EFER.LME[bit 8]). See also: Chapter 9, “Processor Management and Initialization.” 


The processor switches to SMM whenever it receives an SMI while the processor is in real-address, protected, 
virtual-8086, or IA-32e modes. Upon execution of the RSM instruction, the processor always returns to the mode 
it was in when the SMI occurred. 
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Extended Feature Enable Register 


The IA32_EFER MSR provides several fields related to IA-32e mode enabling and operation. It also provides one 
field that relates to page-access right modification (see Section 4.6, “Access Rights”). The layout of the 
IA32_EFER MSR is shown in Figure 2-4. 


63 1211109 8 7 1 0 


IA32_EFER 


Execute Disable Bit Enable 


IA-32e Mode Active 


IA-32e Mode Enable 


SYSCALL Enable 


Reserved 
Figure 2-4. IA32_EFER MSR Layout 
Table 2-1. IA32_EFER MSR Information 

Bit Description 
0 SYSCALL Enable: IA32_EFER.SCE (R/W) 

Enables SYSCALL/SYSRET instructions in 64-bit mode. 
7 Reserved. 
8 IA-32e Mode Enable: IA32_EFER.LME (R/W) 

Enables I|A-32e mode operation. 
9 Reserved. 
10 IA-32e Mode Active: IA32_EFER.LMA (R) 

Indicates |A-32e mode is active when set. 
11 Execute Disable Bit Enable: IA32_EFER.NXE (R/W) 

Enables page access restriction by preventing instruction fetches from PAE pages with the XD bit set (See Section 4.6). 
63:12 Reserved. 

2.3 SYSTEM FLAGS AND FIELDS IN THE EFLAGS REGISTER 


The system flags and IOPL field of the EFLAGS register control I/O, maskable hardware interrupts, debugging, task 
switching, and the virtual-8086 mode (see Figure 2-5). Only privileged code (typically operating system or execu- 
tive code) should be allowed to modify these bits. 


The system flags and IOPL are: 


TF 


Trap (bit 8) — Set to enable single-step mode for debugging; clear to disable single-step mode. In single- 
step mode, the processor generates a debug exception after each instruction. This allows the execution 
state of a program to be inspected after each instruction. If an application program sets the TF flag using a 
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IF 


IOPL 


NT 


RF 


VM 


POPF, POPFD, or IRET instruction, a debug exception is generated after the instruction that follows the 
POPF, POPFD, or IRET. 


31 22 212019 18 17 16 15 14131211109 876543210 
Reserved (set to 0) VVfalviglols| © folo)s|r}s|ztolalole) 4c 
D ciMlE\°|T] p JElElFlFlF le) OlF| le] te 


ID — Identification Flag 

VIP — Virtual Interrupt Pending 
VIF — Virtual Interrupt Flag 
AC — Alignment Check / Access Control —— 
VM — Virtual-8086 Mode 
RF — Resume Flag 
NT — Nested Task Flag 
IOPL— I/O Privilege Level 
IF — Interrupt Enable Flag 
TF — Trap Flag 


Reserved 


Figure 2-5. System Flags in the EFLAGS Register 


Interrupt enable (bit 9) — Controls the response of the processor to maskable hardware interrupt 
requests (see also: Section 6.3.2, “Maskable Hardware Interrupts”). The flag is set to respond to maskable 
hardware interrupts; cleared to inhibit maskable hardware interrupts. The IF flag does not affect the gener- 
ation of exceptions or nonmaskable interrupts (NMI interrupts). The CPL, IOPL, and the state of the VME 
flag in control register CR4 determine whether the IF flag can be modified by the CLI, STI, POPF, POPFD, 
and IRET. 


I/O privilege level field (bits 12 and 13) — Indicates the I/O privilege level (IOPL) of the currently 
running program or task. The CPL of the currently running program or task must be less than or equal to 
the IOPL to access the I/O address space. The POPF and IRET instructions can modify this field only when 
operating at a CPL of 0. 


The IOPL is also one of the mechanisms that controls the modification of the IF flag and the handling of 
interrupts in virtual-8086 mode when virtual mode extensions are in effect (when CR4.VME = 1). See also: 
Chapter 19, “Input/Output,” in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 1. 


Nested task (bit 14) — Controls the chaining of interrupted and called tasks. The processor sets this flag 
on calls to a task initiated with a CALL instruction, an interrupt, or an exception. It examines and modifies 
this flag on returns from a task initiated with the IRET instruction. The flag can be explicitly set or cleared 
with the POPF/POPFD instructions; however, changing to the state of this flag can generate unexpected 
exceptions in application programs. 


See also: Section 7.4, “Task Linking.” 


Resume (bit 16) — Controls the processor’s response to instruction-breakpoint conditions. When set, this 
flag temporarily disables debug exceptions (#DB) from being generated for instruction breakpoints 
(although other exception conditions can cause an exception to be generated). When clear, instruction 
breakpoints will generate debug exceptions. 


The primary function of the RF flag is to allow the restarting of an instruction following a debug exception 
that was caused by an instruction breakpoint condition. Here, debug software must set this flag in the 
EFLAGS image on the stack just prior to returning to the interrupted program with IRETD (to prevent the 
instruction breakpoint from causing another debug exception). The processor then automatically clears 
this flag after the instruction returned to has been successfully executed, enabling instruction breakpoint 
faults again. 


See also: Section 17.3.1.1, “Instruction-Breakpoint Exception Condition.” 
Virtual-8086 mode (bit 17) — Set to enable virtual-8086 mode; clear to return to protected mode. 
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See also: Section 20.2.1, “Enabling Virtual-8086 Mode.” 


AC Alignment check or access control (bit 18) — If the AM bit is set in the CRO register, alignment 
checking of user-mode data accesses is enabled if and only if this flag is 1. An alignment-check exception 
is generated when reference is made to an unaligned operand, such as a word at an odd byte address ora 
doubleword at an address which is not an integral multiple of four. Alignment-check exceptions are gener- 
ated only in user mode (privilege level 3). Memory references that default to privilege level 0, such as 
segment descriptor loads, do not generate this exception even when caused by instructions executed in 
user-mode. 


The alignment-check exception can be used to check alignment of data. This is useful when exchanging 
data with processors which require all data to be aligned. The alignment-check exception can also be used 
by interpreters to flag some pointers as special by misaligning the pointer. This eliminates overhead of 
checking each pointer and only handles the special pointer when used. 


If the SMAP bit is set in the CR4 register, explicit supervisor-mode data accesses to user-mode pages are 
allowed if and only if this bit is 1. See Section 4.6, “Access Rights.” 


VIF Virtual Interrupt (bit 19) — Contains a virtual image of the IF flag. This flag is used in conjunction with 
the VIP flag. The processor only recognizes the VIF flag when either the VME flag or the PVI flag in control 
register CR4 is set and the IOPL is less than 3. (The VME flag enables the virtual-8086 mode extensions; 
the PVI flag enables the protected-mode virtual interrupts.) 


See also: Section 20.3.3.5, “Method 6: Software Interrupt Handling,” and Section 20.4, “Protected-Mode 
Virtual Interrupts.” 


VIP Virtual interrupt pending (bit 20) — Set by software to indicate that an interrupt is pending; cleared to 
indicate that no interrupt is pending. This flag is used in conjunction with the VIF flag. The processor reads 
this flag but never modifies it. The processor only recognizes the VIP flag when either the VME flag or the 
PVI flag in control register CR4 is set and the IOPL is less than 3. The VME flag enables the virtual-8086 
mode extensions; the PVI flag enables the protected-mode virtual interrupts. 


See Section 20.3.3.5, “Method 6: Software Interrupt Handling,” and Section 20.4, “Protected-Mode Virtual 
Interrupts.” 


ID Identification (bit 21) — The ability of a program or procedure to set or clear this flag indicates support 
for the CPUID instruction. 


2.3.1 System Flags and Fields in I|A-32e Mode 


In 64-bit mode, the RFLAGS register expands to 64 bits with the upper 32 bits reserved. System flags in RFLAGS 
(64-bit mode) or EFLAGS (compatibility mode) are shown in Figure 2-5. 


In IA-32e mode, the processor does not allow the VM bit to be set because virtual-8086 mode is not supported 
(attempts to set the bit are ignored). Also, the processor will not set the NT bit. The processor does, however, allow 
software to set the NT bit (note that an IRET causes a general protection fault in IA-32e mode if the NT bit is set). 


In IA-32e mode, the SYSCALL/SYSRET instructions have a programmable method of specifying which bits are 
cleared in RFLAGS/EFLAGS. These instructions save/restore EFLAGS/RFLAGS. 


2.4 MEMORY-MANAGEMENT REGISTERS 


The processor provides four memory-management registers (GDTR, LDTR, IDTR, and TR) that specify the locations 
of the data structures which control segmented memory management (see Figure 2-6). Special instructions are 
provided for loading and storing these registers. 
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System Table Registers 


47(79) 1615 0 
GDTR 32(64)-bit Linear Base Address 16-Bit Table Limit 
IDTR 32(64)-bit Linear Base Address 16-Bit Table Limit 
System Segment Segment Descriptor Registers (Automatically Loaded) 
Registers 
15 0 Attributes 
eae Seg. Sel. 32(64)-bit Linear Base Address Segment Limit 
LDTR Seg. Sel. 32(64)-bit Linear Base Address Segment Limit 


Figure 2-6. Memory Management Registers 


2.4.1 Global Descriptor Table Register (GDTR) 


The GDTR register holds the base address (32 bits in protected mode; 64 bits in IA-32e mode) and the 16-bit table 
limit for the GDT. The base address specifies the linear address of byte 0 of the GDT; the table limit specifies the 
number of bytes in the table. 


The LGDT and SGDT instructions load and store the GDTR register, respectively. On power up or reset of the 
processor, the base address is set to the default value of 0 and the limit is set to OFFFFH. A new base address must 
be loaded into the GDTR as part of the processor initialization process for protected-mode operation. 


See also: Section 3.5.1, “Segment Descriptor Tables.” 


2.4.2 Local Descriptor Table Register (LDTR) 


The LDTR register holds the 16-bit segment selector, base address (32 bits in protected mode; 64 bits in IA-32e 
mode), segment limit, and descriptor attributes for the LDT. The base address specifies the linear address of byte 
0 of the LDT segment; the segment limit specifies the number of bytes in the segment. See also: Section 3.5.1, 
“Segment Descriptor Tables.” 


The LLDT and SLDT instructions load and store the segment selector part of the LDTR register, respectively. The 
segment that contains the LDT must have a segment descriptor in the GDT. When the LLDT instruction loads a 
segment selector in the LDTR: the base address, limit, and descriptor attributes from the LDT descriptor are auto- 
matically loaded in the LDTR. 


When a task switch occurs, the LDTR is automatically loaded with the segment selector and descriptor for the LDT 
for the new task. The contents of the LDTR are not automatically saved prior to writing the new LDT information 
into the register. 


On power up or reset of the processor, the segment selector and base address are set to the default value of 0 and 
the limit is set to OFFFFH. 


2.4.3 IDTR Interrupt Descriptor Table Register 


The IDTR register holds the base address (32 bits in protected mode; 64 bits in IA-32e mode) and 16-bit table limit 
for the IDT. The base address specifies the linear address of byte O of the IDT; the table limit specifies the number 
of bytes in the table. The LIDT and SIDT instructions load and store the IDTR register, respectively. On power up or 
reset of the processor, the base address is set to the default value of 0 and the limit is set to OFFFFH. The base 
address and limit in the register can then be changed as part of the processor initialization process. 


See also: Section 6.10, “Interrupt Descriptor Table (IDT).” 
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2.4.4 Task Register (TR) 


The task register holds the 16-bit segment selector, base address (32 bits in protected mode; 64 bits in IA-32e 
mode), segment limit, and descriptor attributes for the TSS of the current task. The selector references the TSS 
descriptor in the GDT. The base address specifies the linear address of byte 0 of the TSS; the segment limit speci- 
fies the number of bytes in the TSS. See also: Section 7.2.4, “Task Register.” 


The LTR and STR instructions load and store the segment selector part of the task register, respectively. When the 
LTR instruction loads a segment selector in the task register, the base address, limit, and descriptor attributes from 
the TSS descriptor are automatically loaded into the task register. On power up or reset of the processor, the base 
address is set to the default value of 0 and the limit is set to OFFFFH. 


When a task switch occurs, the task register is automatically loaded with the segment selector and descriptor for 
the TSS for the new task. The contents of the task register are not automatically saved prior to writing the new TSS 
information into the register. 


2.5 CONTROL REGISTERS 


Control registers (CRO, CR1i, CR2, CR3, and CR4; see Figure 2-7) determine operating mode of the processor and 
the characteristics of the currently executing task. These registers are 32 bits in all 32-bit modes and compatibility 
mode. 


In 64-bit mode, control registers are expanded to 64 bits. The MOV CRn instructions are used to manipulate the 

register bits. Operand-size prefixes for these instructions are ignored. The following is also true: 

¢ The control registers can be read and loaded (or modified) using the move-to-or-from-control-registers forms 
of the MOV instruction. In protected mode, the MOV instructions allow the control registers to be read or loaded 
(at privilege level 0 only). This restriction means that application programs or operating-system procedures 
(running at privilege levels 1, 2, or 3) are prevented from reading or loading the control registers. 

¢ Some of the bits in CRO and CR4 are reserved and must be written with zeros. Attempting to set any reserved 
bits in CRO[31:0] is ignored. Attempting to set any reserved bits in CRO[63:32] results in a general-protection 
exception, #GP(0). Attempting to set any reserved bits in CR4 results in a general-protection exception, 
#GP(0). 

¢ All 64 bits of CR2 are writable by software. 

° Reserved bits in CR3[63:MAXPHYADDR] must be zero. Attempting to set any of them results in #GP(0). 

° The MOV CR2 instruction does not check that address written to CR2 is canonical. 


¢ A 64-bit capable processor will retain the upper 32 bits of each control register when transitioning out of IA-32e 
mode. 


* Ona 64-bit capable processor, an execution of MOV to CR outside of 64-bit mode zeros the upper 32 bits of the 
control register. 


° Register CR8 is available in 64-bit mode only. 


The control registers are summarized below, and each architecturally defined control field in these control registers 

is described individually. In Figure 2-7, the width of the register in 64-bit mode is indicated in parenthesis (except 

for CRO). 

¢ CRO — Contains system control flags that control operating mode and states of the processor. 

¢ CR1i — Reserved. 

¢ CR2 — Contains the page-fault linear address (the linear address that caused a page fault). 

¢ CR3 — Contains the physical address of the base of the paging-structure hierarchy and two flags (PCD and 
PWT). Only the most-significant bits (less the lower 12 bits) of the base address are specified; the lower 12 bits 
of the address are assumed to be 0. The first paging structure must thus be aligned to a page (4-KByte) 


boundary. The PCD and PWT flags control caching of that paging structure in the processor’s internal data 
caches (they do not control TLB caching of page-directory information). 


When using the physical address extension, the CR3 register contains the base address of the page-directory- 
pointer table. With 4-level paging and 5-level paging, the CR3 register contains the base address of the PML4 
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table and PMLS table, respectively. If PCIDs are enabled, CR3 has a format different from that illustrated in 
Figure 2-7. See Section 4.5, “4-Level Paging and 5-Level Paging.” 


See also: Chapter 4, “Paging.” 


¢ CR4 — Contains a group of flags that enable several architectural extensions, and indicate operating system or 
executive support for specific processor capabilities. Bits CR4[63:32] can only be used for IA-32e mode only 
features that are enabled after entering 64-bit mode. Bits CR4[63:32] do not have any effect outside of IA-32e 
mode. 


* CR8 — Provides read and write access to the Task Priority Register (TPR). It specifies the priority threshold 
value that operating systems use to control the priority class of external interrupts allowed to interrupt the 
processor. This register is available only in 64-bit mode. However, interrupt filtering continues to apply in 
compatibility mode. 


31 (63) 24 23 22 21 20 19 18 17 16 15 14 #13 #12 «#11 «10 9 8 x 6 5 4 3 2 4 0 
p|cj/p/s/s/, mil a ry pl)e|m/p/p],|tlely 
Reserved K|E]K C/|G/C}]A/S s|V|]M]| CR4 
Te: | ae) oss) ales ! ElefelelelFloji je 
P| P E/E P 
osxsave—_! ‘— FSGSBASE moet 
PCIDE ‘— OSXMMEXCPT 
31 (63) 12 11 5 4 3 2 0 
P| P 
Page-Directory Base c|w CR3 
D/| T 
31 (63) 0 
Page-Fault Linear Address CR2 
31 (63) 0 
CRI 
31 30 29 28 19 18 17 16 15 6 5 4 3 2 1 0 
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Reserved 


Figure 2-7. Control Registers 


The flags in control registers are: 
CRO.PG 


Paging (bit 31 of CRO) — Enables paging when set; disables paging when clear. When paging is 
disabled, all linear addresses are treated as physical addresses. The PG flag has no effect if the PE flag (bit 
0 of register CRO) is not also set; setting the PG flag when the PE flag is clear causes a general-protection 
exception (#GP). See also: Chapter 4, “Paging.” 


On Intel 64 processors, enabling and disabling IA-32e mode operation also requires modifying CRO.PG. 
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CRO.CD 


Cache Disable (bit 30 of CRO) — When the CD and NW flags are clear, caching of memory locations for 
the whole of physical memory in the processor’s internal (and external) caches is enabled. When the CD 
flag is set, caching is restricted as described in Table 11-5. To prevent the processor from accessing and 
updating its caches, the CD flag must be set and the caches must be invalidated so that no cache hits can 
occur. 


See also: Section 11.5.3, “Preventing Caching,” and Section 11.5, “Cache Control.” 


CRO.NW 
Not Write-through (bit 29 of CRO) — When the NW and CD flags are clear, write-back (for Pentium 4, 
Intel Xeon, P6 family, and Pentium processors) or write-through (for Intel486 processors) is enabled for 
writes that hit the cache and invalidation cycles are enabled. See Table 11-5 for detailed information about 
the effect of the NW flag on caching for other settings of the CD and NW flags. 


CRO.AM 
Alignment Mask (bit 18 of CRO) — Enables automatic alignment checking when set; disables alignment 
checking when clear. Alignment checking is performed only when the AM flag is set, the AC flag in the 
EFLAGS register is set, CPL is 3, and the processor is operating in either protected or virtual-8086 mode. 


CRO.WP 
Write Protect (bit 16 of CRO) — When set, inhibits supervisor-level procedures from writing into read- 
only pages; when clear, allows supervisor-level procedures to write into read-only pages (regardless of the 
U/S bit setting; see Section 4.1.3 and Section 4.6). This flag facilitates implementation of the copy-on- 
write method of creating a new process (forking) used by operating systems such as UNIX. This flag must 
be set before software can set CR4.CET, and it cannot be cleared as long as CR4.CET = 1 (see below). 


CRO.NE 
Numeric Error (bit 5 of CRO) — Enables the native (internal) mechanism for reporting x87 FPU errors 
when set; enables the PC-style x87 FPU error reporting mechanism when clear. When the NE flag is clear 
and the IGNNE# input is asserted, x87 FPU errors are ignored. When the NE flag is clear and the IGNNE# 
input is deasserted, an unmasked x87 FPU error causes the processor to assert the FERR# pin to generate 
an external interrupt and to stop instruction execution immediately before executing the next waiting 
floating-point instruction or WAIT/FWAIT instruction. 


The FERR# pin is intended to drive an input to an external interrupt controller (the FERR# pin emulates the 
ERROR# pin of the Intel 287 and Intel 387 DX math coprocessors). The NE flag, IGNNE# pin, and FERR# 
pin are used with external logic to implement PC-style error reporting. Using FERR# and IGNNE# to handle 
floating-point exceptions is deprecated by modern operating systems; this non-native approach also limits 
newer processors to operate with one logical processor active. 


See also: Section 8.7, “Handling x87 FPU Exceptions in Software” in Chapter 8, “Programming with the x87 
FPU,” and Appendix A, “EFLAGS Cross-Reference,” in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1. 


CRO.ET 
Extension Type (bit 4 of CRO) — Reserved in the Pentium 4, Intel Xeon, P6 family, and Pentium proces- 
sors. In the Pentium 4, Intel Xeon, and P6 family processors, this flag is hardcoded to 1. In the Intel386 
and Intel486 processors, this flag indicates support of Intel 387 DX math coprocessor instructions when 
set. 


CRO.TS 
Task Switched (bit 3 of CRO) — Allows the saving of the x87 FPU/MMX/SSE/SSE2/SSE3/SSSE3/SSE4 
context on a task switch to be delayed until an x87 FPU/MMX/SSE/SSE2/SSE3/SSSE3/SSE4 instruction is 
actually executed by the new task. The processor sets this flag on every task switch and tests it when 
executing x87 FPU/MMX/SSE/SSE2/SSE3/SSSE3/SSE4 instructions. 


¢ Ifthe TS flag is set and the EM flag (bit 2 of CRO) is clear, a device-not-available exception (#NM) is 
raised prior to the execution of any x87 FPU/MMX/SSE/SSE2/SSE3/SSSE3/SSE4 instruction; with the 
exception of PAUSE, PREFETCHhA, SFENCE, LFENCE, MFENCE, MOVNTI, CLFLUSH, CRC32, and POPCNT. 
See the paragraph below for the special case of the WAIT/FWAIT instructions. 


¢ Ifthe TS flag is set and the MP flag (bit 1 of CRO) and EM flag are clear, an #NM exception is not raised 
prior to the execution of an x87 FPU WAIT/FWAIT instruction. 
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¢ If the EM flag is set, the setting of the TS flag has no effect on the execution of x87 
FPU/MMX/SSE/SSE2/SSE3/SSSE3/SSE4 instructions. 


Table 2-2 shows the actions taken when the processor encounters an x87 FPU instruction based on the 
settings of the TS, EM, and MP flags. Table 12-1 and 13-1 show the actions taken when the processor 
encounters an MMX/SSE/SSE2/SSE3/SSSE3/SSE4 instruction. 


The processor does not automatically save the context of the x87 FPU, XMM, and MXCSR registers on a 
task switch. Instead, it sets the TS flag, which causes the processor to raise an #NM exception whenever it 
encounters an x87 FPU/MMX/SSE/SSE2/SSE3/SSSE3/SSE4 instruction in the instruction stream for the 
new task (with the exception of the instructions listed above). 


The fault handler for the #NM exception can then be used to clear the TS flag (with the CLTS instruction) 
and save the context of the x87 FPU, XMM, and MXCSR registers. If the task never encounters an x87 
FPU/MMX/SSE/SSE2/SSE3/SSSE3/SSE4 instruction, the x87 FPU/MMX/SSE/SSE2/SSE3/SSSE3/SSE4 
context is never saved. 


Table 2-2. Action Taken By x87 FPU Instructions for Different Combinations of EM, MP, and TS 


CRO Flags x87 FPU Instruction Type 

EM MP TS Floating-Point WAIT/FWAIT 
0 0 0 Execute Execute. 

0) 0 1 #NM Exception Execute. 

0 1 0 Execute Execute. 

0 1 1 #NM Exception #NM exception. 
1 0 0 #NM Exception Execute. 

1 0 1 #NM Exception Execute. 

1 1 0 #NM Exception Execute. 

1 1 1 #NM Exception #NM exception. 

CRO.EM 


Emulation (bit 2 of CRO) — Indicates that the processor does not have an internal or external x87 FPU when set; 
indicates an x87 FPU is present when clear. This flag also affects the execution of 
MMX/SSE/SSE2/SSE3/SSSE3/SSE4 instructions. 


When the EM flag is set, execution of an x87 FPU instruction generates a device-not-available exception 
(#NM). This flag must be set when the processor does not have an internal x87 FPU or is not connected to 
an external math coprocessor. Setting this flag forces all floating-point instructions to be handled by soft- 
ware emulation. Table 9-3 shows the recommended setting of this flag, depending on the IA-32 processor 
and x87 FPU or math coprocessor present in the system. Table 2-2 shows the interaction of the EM, MP, and 
TS flags. 


Also, when the EM flag is set, execution of an MMX instruction causes an invalid-opcode exception (#UD) 
to be generated (see Table 12-1). Thus, if an IA-32 or Intel 64 processor incorporates MMX technology, the 
EM flag must be set to 0 to enable execution of MMX instructions. 


Similarly for SSE/SSE2/SSE3/SSSE3/SSE4 extensions, when the EM flag is set, execution of most 
SSE/SSE2/SSE3/SSSE3/SSE4 instructions causes an invalid opcode exception (#UD) to be generated (see 
Table 13-1). If an IA-32 or Intel 64 processor incorporates the SSE/SSE2/SSE3/SSSE3/SSE4 extensions, 
the EM flag must be set to 0 to enable execution of these extensions. SSE/SSE2/SSE3/SSSE3/SSE4 
instructions not affected by the EM flag include: PAUSE, PREFETCHh, SFENCE, LFENCE, MFENCE, MOVNTI, 
CLFLUSH, CRC32, and POPCNT. 


CRO.MP 


Monitor Coprocessor (bit 1 of CRO) — Controls the interaction of the WAIT (or FWAIT) instruction with 
the TS flag (bit 3 of CRO). If the MP flag is set, a WAIT instruction generates a device-not-available exception 
(#NM) if the TS flag is also set. If the MP flag is clear, the WAIT instruction ignores the setting of the TS flag. 
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Table 9-3 shows the recommended setting of this flag, depending on the IA-32 processor and x87 FPU or 
math coprocessor present in the system. Table 2-2 shows the interaction of the MP, EM, and TS flags. 


CRO.PE 
Protection Enable (bit 0 of CRO) — Enables protected mode when set; enables real-address mode when 
clear. This flag does not enable paging directly. It only enables segment-level protection. To enable paging, 
both the PE and PG flags must be set. 


See also: Section 9.9, “Mode Switching.” 


CR3.PCD 
Page-level Cache Disable (bit 4 of CR3) — Controls the memory type used to access the first paging 
structure of the current paging-structure hierarchy. See Section 4.9, “Paging and Memory Typing”. This bit 
is not used if paging is disabled, with PAE paging, or with 4-level paging? or 5-level paging if CR4.PCIDE=1. 


CR3.PWT 
Page-level Write-Through (bit 3 of CR3) — Controls the memory type used to access the first paging 
structure of the current paging-structure hierarchy. See Section 4.9, “Paging and Memory Typing”. This bit 
is not used if paging is disabled, with PAE paging, or with 4-level paging or 5-level paging if CR4.PCIDE=1. 


CR4.VME 
Virtual-8086 Mode Extensions (bit 0 of CR4) — Enables interrupt- and exception-handling extensions 
in virtual-8086 mode when set; disables the extensions when clear. Use of the virtual mode extensions can 
improve the performance of virtual-8086 applications by eliminating the overhead of calling the virtual- 
8086 monitor to handle interrupts and exceptions that occur while executing an 8086 program and, 
instead, redirecting the interrupts and exceptions back to the 8086 program’s handlers. It also provides 
hardware support for a virtual interrupt flag (VIF) to improve reliability of running 8086 programs in multi- 
tasking and multiple-processor environments. 


See also: Section 20.3, “Interrupt and Exception Handling in Virtual-8086 Mode.” 


CR4.PVI 
Protected-Mode Virtual Interrupts (bit 1 of CR4) — Enables hardware support for a virtual interrupt 
flag (VIF) in protected mode when set; disables the VIF flag in protected mode when clear. 


See also: Section 20.4, “Protected-Mode Virtual Interrupts.” 


CR4.TSD 
Time Stamp Disable (bit 2 of CR4) — Restricts the execution of the RDTSC instruction to procedures 
running at privilege level 0 when set; allows RDTSC instruction to be executed at any privilege level when 
clear. This bit also applies to the RDTSCP instruction if supported (if CPUID.80000001H:EDX[27] = 1). 


CR4.DE 
Debugging Extensions (bit 3 of CR4) — References to debug registers DR4 and DR5 cause an unde- 
fined opcode (#UD) exception to be generated when set; when clear, processor aliases references to regis- 
ters DR4 and DRS for compatibility with software written to run on earlier IA-32 processors. 


See also: Section 17.2.2, “Debug Registers DR4 and DR5.” 


CR4.PSE 
Page Size Extensions (bit 4 of CR4) — Enables 4-MByte pages with 32-bit paging when set; restricts 
32-bit paging to pages of 4 KBytes when clear. 


See also: Section 4.3, “32-Bit Paging.” 


CR4.PAE 
Physical Address Extension (bit 5 of CR4) — When set, enables paging to produce physical addresses 
with more than 32 bits. When clear, restricts physical addresses to 32 bits. PAE must be set before entering 
IA-32e mode. 


See also: Chapter 4, “Paging.” 


CR4.MCE 
Machine-Check Enable (bit 6 of CR4) — Enables the machine-check exception when set; disables the 
machine-check exception when clear. 


2. Earlier versions of this manual used the term “IA-32e paging” to identify 4-level paging. 
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See also: Chapter 15, “Machine-Check Architecture.” 


CR4.PGE 
Page Global Enable (bit 7 of CR4) — (Introduced in the P6 family processors.) Enables the global page 
feature when set; disables the global page feature when clear. The global page feature allows frequently 
used or shared pages to be marked as global to all users (done with the global flag, bit 8, in a page-direc- 
tory-pointer-table entry, a page-directory entry, or a page-table entry). Global pages are not flushed from 
the translation-lookaside buffer (TLB) on a task switch or a write to register CR3. 


When enabling the global page feature, paging must be enabled (by setting the PG flag in control register 
CRO) before the PGE flag is set. Reversing this sequence may affect program correctness, and processor 
performance will be impacted. 


See also: Section 4.10, “Caching Translation Information.” 


CR4.PCE 
Performance-Monitoring Counter Enable (bit 8 of CR4) — Enables execution of the RDPMC instruc- 
tion for programs or procedures running at any protection level when set; RDPMC instruction can be 
executed only at protection level 0 when clear. 


CR4.0SFXSR 
Operating System Support for FXSAVE and FXRSTOR instructions (bit 9 of CR4) — When set, this 
flag: (1) indicates to software that the operating system supports the use of the FXSAVE and FXRSTOR 
instructions, (2) enables the FXSAVE and FXRSTOR instructions to save and restore the contents of the 
XMM and MXCSR registers along with the contents of the x87 FPU and MMX registers, and (3) enables the 
processor to execute SSE/SSE2/SSE3/SSSE3/SSE4 instructions, with the exception of the PAUSE, 
PREFETCHh, SFENCE, LFENCE, MFENCE, MOVNTI, CLFLUSH, CRC32, and POPCNT. 


If this flag is clear, the FKSAVE and FXRSTOR instructions will save and restore the contents of the x87 FPU 
and MMX registers, but they may not save and restore the contents of the XMM and MXCSR registers. Also, 
the processor will generate an invalid opcode exception (#UD) if it attempts to execute any 
SSE/SSE2/SSE3 instruction, with the exception of PAUSE, PREFETCHh, SFENCE, LFENCE, MFENCE, 
MOVNTI, CLFLUSH, CRC32, and POPCNT. The operating system or executive must explicitly set this flag. 


NOTE 


CPUID feature flag FXSR indicates availability of the FKSAVE/FXRSTOR instructions. The OSFXSR 
bit provides operating system software with a means of enabling FKSAVE/FXRSTOR to save/restore 
the contents of the X87 FPU, XMM and MXCSR registers. Consequently OSFXSR bit indicates that 
the operating system provides context switch support for SSE/SSE2/SSE3/SSSE3/SSE4. 


CR4.0SXMMEXCPT 
Operating System Support for Unmasked SIMD Floating-Point Exceptions (bit 10 of CR4) — 
When set, indicates that the operating system supports the handling of unmasked SIMD floating-point 
exceptions through an exception handler that is invoked when a SIMD floating-point exception (#XM) is 
generated. SIMD floating-point exceptions are only generated by SSE/SSE2/SSE3/SSE4.1 SIMD floating- 
point instructions. 


The operating system or executive must explicitly set this flag. If this flag is not set, the processor will 
generate an invalid opcode exception (#UD) whenever it detects an unmasked SIMD floating-point excep- 
tion. 

CR4.UMIP 
User-Mode Instruction Prevention (bit 11 of CR4) — When set, the following instructions cannot be 
executed if CPL > 0: SGDT, SIDT, SLDT, SMSW, and STR. An attempt at such execution causes a general- 
protection exception (#GP). 

CR4.LA57 
57-bit linear addresses (bit 12 of CR4) — When set in IA-32e mode, the processor uses 5-level paging 
to translate 57-bit linear addresses. When clear in IA-32e mode, the processor uses 4-level paging to 
translate 48-bit linear addresses. This bit cannot be modified in IA-32e mode. 


See also: Chapter 4, “Paging.” 
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CR4.VMXE 
VMX-Enable Bit (bit 13 of CR4) — Enables VMX operation when set. See Chapter 23, “Introduction to 
Virtual Machine Extensions.” 


CR4.SMXE 
SMX-Enable Bit (bit 14 of CR4) — Enables SMX operation when set. See Chapter 6, “Safer Mode Exten- 
sions Reference” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2D. 


CR4.FSGSBASE 
FSGSBASE-Enable Bit (bit 16 of CR4) — Enables the instructions RDFSBASE, RDGSBASE, WRFSBASE, 
and WRGSBASE. 


CR4.PCIDE 
PCID-Enable Bit (bit 17 of CR4) — Enables process-context identifiers (PCIDs) when set. See Section 
4.10.1, “Process-Context Identifiers (PCIDs)”. Applies only in IA-32e mode (if IA32_EFER.LMA = 1). 


CR4.0SXSAVE 
XSAVE and Processor Extended States-Enable Bit (bit 18 of CR4) — When set, this flag: (1) indi- 
cates (via CPUID.01H:ECX.OSXSAVE[bit 27]) that the operating system supports the use of the XGETBV, 
XSAVE and XRSTOR instructions by general software; (2) enables the XSAVE and XRSTOR instructions to 
save and restore the x87 FPU state (including MMX registers), the SSE state (XMM registers and MXCSR), 
along with other processor extended states enabled in XCRO; (3) enables the processor to execute XGETBV 
and XSETBV instructions in order to read and write XCRO. See Section 2.6 and Chapter 13, “System 
Programming for Instruction Set Extensions and Processor Extended States”. 


CR4.KL 
Key-Locker-Enable Bit (bit 19 of CR4) — When set, the LOADIWKEY instruction is enabled; in addition, 
if support for the AES Key Locker instructions has been activated by system firmware, 
CPUID.19H:EBX.AESKLE[bit 0] is enumerated as 1 and the AES Key Locker instructions are enabled.? 
When clear, CPUID.19H:EBX.AESKLE[bit 0] is enumerated as 0 and execution of any Key Locker instruction 
causes an invalid-opcode exception (#UD). 


CR4.SMEP 
SMEP-Enable Bit (bit 20 of CR4) — Enables supervisor-mode execution prevention (SMEP) when set. 
See Section 4.6, “Access Rights”. 


CR4.SMAP 
SMAP-Enable Bit (bit 21 of CR4) — Enables supervisor-mode access prevention (SMAP) when set. See 
Section 4.6, “Access Rights.” 


CR4.PKE 
Enable protection keys for user-mode pages (bit 22 of CR4) — 4-level paging and 5-level paging 
associate each user-mode linear address with a protection key. When set, this flag indicates (via 
CPUID.(EAX=07H,ECX=0H):ECX.OSPKE [bit 4]) that the operating system supports use of the PKRU 
register to specify, for each protection key, whether user-mode linear addresses with that protection key 
can be read or written. This bit also enables access to the PKRU register using the RDPKRU and WRPKRU 
instructions. 


CR4.CET 
Control-flow Enforcement Technology (bit 23 of CR4) — Enables control-flow enforcement tech- 
nology when set. See Chapter 18, “Control-flow Enforcement Technology (CET)” of the IA-32 Intel® Archi- 
tecture Software Developer’s Manual, Volume 1. This flag can be set only if CRO.WP is set, and it must be 
clear before CRO.WP can be cleared (see below). 


CR4.PKS 
Enable protection keys for supervisor-mode pages (bit 24 of CR4) — 4-level paging and 5-level 
paging associate each supervisor-mode linear address with a protection key. When set, this flag allows use 
of the IA32_PKRS MSR to specify, for each protection key, whether supervisor-mode linear addresses with 
that protection key can be read or written. 


3. Software can check CPUID.1 9H:EBX.AESKLE[bit 0] after setting CR4.KL to determine whether the AES Key Locker instructions have 
been enabled. Note that some processors may allow enabling of those instructions without activation by system firmware. Some 
processors may not support use of the AES Key Locker instructions in system-management mode (SMM). Those processors enumer- 
ate CPUID.1 9H:EBX.AESKLE[bit 0] as O in SMM regardless of the setting of CR4.KL. 
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CR8.TPL 
Task Priority Level (bit 3:0 of CR8) — This sets the threshold value corresponding to the highest- 
priority interrupt to be blocked. A value of 0 means all interrupts are enabled. This field is available in 64- 
bit mode. A value of 15 means all interrupts will be disabled. 


2.5.1 CPUID Qualification of Control Register Flags 


Not all flags in control register CR4 are implemented on all processors. With the exception of the PCE flag, they can 
be qualified with the CPUID instruction to determine if they are implemented on the processor before they are 
used. 


The CR8 register is available on processors that support Intel 64 architecture. 


2.6 EXTENDED CONTROL REGISTERS (INCLUDING XCRO) 


If CPUID.O1H:ECX.XSAVE[bit 26] is 1, the processor supports one or more extended control registers (XCRs). 
Currently, the only such register defined is XCRO. This register specifies the set of processor state components for 
which the operating system provides context management, e.g. x87 FPU state, SSE state, AVX state. The OS 
programs XCRO to reflect the features for which it provides context management. 


63 9 76543 210 


Reserved (must be 0) 1 


Reserved for XCRO bit vector expansion 
Reserved / Future processor extended states 
PKRU state 
Hi16_ZMM state 
ZMM_Hi256 state 
Opmask state 
BNDCSR state 
BNDREG state 
AVX state 
SSE state 
x87 FPU/MMxX state (must be 1) 


Figure 2-8. XCRO 


Software can access XCRO only if CR4.0SXSAVE[bit 18] = 1. (This bit is also readable as 
CPUID.01H:ECX.OSXSAVE[bit 27].) Software can use CPUID leaf function ODH to enumerate the bits in XCRO that 
the processor supports (see CPUID instruction in Intel® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2A). Each supported state component is represented by a bit in XCRO. System software enables state 
components by loading an appropriate bit mask value into XCRO using the XSETBV instruction. 


As each bit in XCRO (except bit 63) corresponds to a processor state component, XCRO thus provides support for 
up to 63 sets of processor state components. Bit 63 of XCRO is reserved for future expansion and will not represent 
a processor state component. 


Currently, XCRO defines support for the following state components: 
*  XCRO.X87 (bit 0): This bit O must be 1. An attempt to write 0 to this bit causes a #GP exception. 


¢ XCRO.SSE (bit 1): If 1, the XSAVE feature set can be used to manage MXCSR and the XMM registers (XMMO- 
XMM15 in 64-bit mode; otherwise XMMO-XMM7). 


¢ XCRO.AVX (bit 2): If 1, AVX instructions can be executed and the XSAVE feature set can be used to manage the 
upper halves of the YMM registers (YMMO-YMM15 in 64-bit mode; otherwise YMMO-YMM7). 
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¢ XCRO.BNDREG (bit 3): If 1, MPX instructions can be executed and the XSAVE feature set can be used to 
manage the bounds registers BNDO-BND3. 


¢ XCRO.BNDCSR (bit 4): If 1, MPX instructions can be executed and the XSAVE feature set can be used to 
manage the BNDCFGU and BNDSTATUS registers. 


¢ XCRO.opmask (bit 5): If 1, AVX-512 instructions can be executed and the XSAVE feature set can be used to 
manage the opmask registers kO-k7. 


¢ XCRO.ZMM_Hi256 (bit 6): If 1, AVX-512 instructions can be executed and the XSAVE feature set can be used 
to manage the upper halves of the lower ZMM registers (ZMMO-ZMM15 in 64-bit mode; otherwise ZMMO- 
ZMM7). 


¢ = XCRO.Hi16_ZMM (bit 7): If 1, AVX-512 instructions can be executed and the XSAVE feature set can be used to 
manage the upper ZMM registers (ZMM16-ZMM31, only in 64-bit mode). 


¢ XCRO.PKRU (bit 9): If 1, the XSAVE feature set can be used to manage the PKRU register (see Section 2.7). 


An attempt to use XSETBV to write to XCRO results in general-protection exceptions (#GP) if it would do any of the 
following: 


° Set a bit reserved in XCRO for a given processor (as determined by the contents of EAX and EDX after executing 
CPUID with EAX=0DH, ECX= OH). 


° Clear XCRO.x87. 

¢ Clear XCRO.SSE and set XCRO.AVX. 

¢ Clear XCRO.AVX and set any of XCRO.opmask, XCRO.ZMM_Hi256, and XCRO.Hi16_ZMM. 

° Set either XCRO.BNDREG and XCRO.BNDCSR while not setting the other. 

° Set any of XCRO.opmask, XCRO.ZMM_Hi256, and XCRO.Hi16_ZMM while not setting all of them. 
After reset, all bits (except bit 0) in XCRO are cleared to zero; XCRO[O] is set to 1. 


27 PROTECTION-KEY RIGHTS REGISTERS (PKRU AND IA32_PKRS) 


Processors may support either or both of two protection-key rights registers: PKRU for user-mode pages and the 
IA32_PKRS MSR (MSR index 6E1H) for supervisor-mode pages. 4-level paging and 5-level paging associate a 4-bit 
protection key with each page. The protection-key rights registers determine accessibility based on a page’s 
protection key. 


If CPUID.(EAX=07H,ECX=0H):ECX.PKU [bit 3] = 1, the processor supports the protection-key feature for user- 
mode pages. When CR4.PKE = 1, software can use the protection-key rights register for user pages (PKRU) 
to specify the access rights for user-mode pages for each protection key. 

If CPUID.(EAX=07H,ECX=0H):ECX.PKS [bit 31] = 1, the processor supports the protection-key feature for super- 


visor-mode pages. When CR4.PKS = 1, software can use the protection-key rights register for supervisor 
pages (the IA32_PKRS MSR) to specify the access rights for supervisor-mode pages for each protection key. 


31 30 29 28 27 26 25 24 23 22 21 2019 18 17 16 15 1413121110 9 8 7 6 5 4 3 2 1 0 _ Bit Position 
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Figure 2-9. Format of Protection-Key Rights Registers 
The format of each protection-key rights register is given in Figure 2-9. Each contains 16 pairs of disable controls 
to prevent data accesses to linear addresses (user-mode or supervisor-mode, depending on the register) based on 
their protection keys. Each protection key / (0 </ < 15) is associated with two bits in each protection-key rights 
register: 
° Bit 2/, shown as “ADi” (access disable): if set, the processor prevents any data accesses to linear addresses 
(user-mode or supervisor-mode, depending on the register) with protection key /. 
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° Bit 2i+1, shown as “WDi” (write disable): if set, the processor prevents write accesses to linear addresses 
(user-mode or supervisor-mode, depending on the register) with protection key i. 


(Bits 63:32 of the IA32_PKRS MSR are reserved and must be zero.) 


See Section 4.6.2, “Protection Keys,” for details of how the processor uses the protection-key rights registers to 
control accesses to linear addresses. 


Software can read and write PKRU using the RDPKRU and WRPKRU instructions. The IA32_PKRS MSR can be read 
and written with the RDMSR and WRMSR instructions. Writes to the IA32_PKRS MSR using WRMSR are not serial- 
izing. 


2.8 SYSTEM INSTRUCTION SUMMARY 


System instructions handle system-level functions such as loading system registers, managing the cache, 
managing interrupts, or setting up the debug registers. Many of these instructions can be executed only by oper- 
ating-system or executive procedures (that is, procedures running at privilege level 0). Others can be executed at 
any privilege level and are thus available to application programs. 


Table 2-3 lists the system instructions and indicates whether they are available and useful for application programs. 
These instructions are described in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 
2A, 2B, 2C & 2D. 


Table 2-3. Summary of System Instructions 


Useful to Protected from 

Instruction Description Application? Application? 

LLDT Load LDT Register No Yes 
SLDT Store LDT Register No If CR4.UMIP = 1 
LGDT Load GDT Register No Yes 
SGDT Store GDT Register No If CR4.UMIP = 1 
LTR Load Task Register No Yes 

STR Store Task Register No If CR4.UMIP = 1 
LIDT Load IDT Register No Yes 

SIDT Store IDT Register No If CR4.UMIP = 1 
MOV CRn Load and store control registers No Yes 
SMSW Store MSW Yes If CR4.UMIP = 1 
LMSW Load MSW No Yes 

CLTS Clear TS flag in CRO No Yes 
ARPL Adjust RPL Yes!.5 No 

LAR Load Access Rights Yes No 

LSL Load Segment Limit Yes No 
VERR Verify for Reading Yes No 
VERW Verify for Writing Yes No 

MOV DRn Load and store debug registers No Yes 

INVD Invalidate cache, no writeback No Yes 
WBINVD Invalidate cache, with writeback No Yes 
INVLPG Invalidate TLB entry No Yes 

HLT Halt Processor No Yes 
LOCK (Prefix) Bus Lock Yes No 
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Table 2-3. Summary of System Instructions (Contd.) 


Useful to Protected from 
Instruction Description Application? Application? 
RSM Return from system management mode No Yes 
RDMSR2 Read Model-Specific Registers No Yes 
WRMSR?3 Write Model-Specific Registers No Yes 
RDPMC* Read Performance-Monitoring Counter Yes Yes? 
RDTSC3 Read Time-Stamp Counter Yes Yes? 
RDTSCP? Read Serialized Time-Stamp Counter Yes Yes? 
XGETBV Return the state of XCRO Yes No 
XSETBV Enable one or more processor extended states No® Yes 


NOTES: 

1. Useful to application programs running at a CPL of 1 or 2. 

2. The TSD and PCE flags in control register CR4 control access to these instructions by application programs running at a CPL of 3. 

3. These instructions were introduced into the IA-32 Architecture with the Pentium processor. 

4. This instruction was introduced into the IA-32 Architecture with the Pentium Pro processor and the Pentium processor with MMX technol- 
ogy. 

5. This instruction is not supported in 64-bit mode. 

6. Application uses XGETBV to query which set of processor extended states are enabled. 

7. RDTSCP is introduced in Intel Core i7 processor. 


2.8.1 Loading and Storing System Registers 

The GDTR, LDTR, IDTR, and TR registers each have a load and store instruction for loading data into and storing 
data from the register: 

¢ LGDT (Load GDTR Register) — Loads the GDT base address and limit from memory into the GDTR register. 
° SGDT (Store GDTR Register) — Stores the GDT base address and limit from the GDTR register into memory. 
¢ LIDT (Load IDTR Register) — Loads the IDT base address and limit from memory into the IDTR register. 

° SIDT (Store IDTR Register) — Stores the IDT base address and limit from the IDTR register into memory. 


¢ LLDT (Load LDTR Register) — Loads the LDT segment selector and segment descriptor from memory into 
the LDTR. (The segment selector operand can also be located in a general-purpose register. ) 


¢ SLDT (Store LDTR Register) — Stores the LDT segment selector from the LDTR register into memory or a 
general-purpose register. 


¢ LTR (Load Task Register) — Loads segment selector and segment descriptor for a TSS from memory into the 
task register. (The segment selector operand can also be located in a general-purpose register. ) 


¢ STR (Store Task Register) — Stores the segment selector for the current task TSS from the task register into 
memory or a general-purpose register. 


The LMSW (load machine status word) and SMSW (store machine status word) instructions operate on bits 0 
through 15 of control register CRO. These instructions are provided for compatibility with the 16-bit Intel 286 
processor. Programs written to run on 32-bit IA-32 processors should not use these instructions. Instead, they 
should access the control register CRO using the MOV CR instruction. 


The CLTS (clear TS flag in CRO) instruction is provided for use in handling a device-not-available exception (#NM) 
that occurs when the processor attempts to execute a floating-point instruction when the TS flag is set. This 
instruction allows the TS flag to be cleared after the x87 FPU context has been saved, preventing further #NM 
exceptions. See Section 2.5, “Control Registers,” for more information on the TS flag. 


The control registers (CRO, CR1, CR2, CR3, CR4, and CR8) are loaded using the MOV instruction. The instruction 
loads a control register from a general-purpose register or stores the content of a control register in a general- 
purpose register. 
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2.8.2 Verifying of Access Privileges 


The processor provides several instructions for examining segment selectors and segment descriptors to determine 
if access to their associated segments is allowed. These instructions duplicate some of the automatic access rights 
and type checking done by the processor, thus allowing operating-system or executive software to prevent excep- 
tions from being generated. 


The ARPL (adjust RPL) instruction adjusts the RPL (requestor privilege level) of a segment selector to match that of 
the program or procedure that supplied the segment selector. See Section 5.10.4, “Checking Caller Access Privi- 
leges (ARPL Instruction)” for a detailed explanation of the function and use of this instruction. Note that ARPL is not 
supported in 64-bit mode. 


The LAR (load access rights) instruction verifies the accessibility of a specified segment and loads access rights 
information from the segment’s segment descriptor into a general-purpose register. Software can then examine 
the access rights to determine if the segment type is compatible with its intended use. See Section 5.10.1, 

“Checking Access Rights (LAR Instruction)” for a detailed explanation of the function and use of this instruction. 


The LSL (load segment limit) instruction verifies the accessibility of a specified segment and loads the segment 
limit from the segment’s segment descriptor into a general-purpose register. Software can then compare the 
segment limit with an offset into the segment to determine whether the offset lies within the segment. See Section 
5.10.3, “Checking That the Pointer Offset Is Within Limits (LSL Instruction)” for a detailed explanation of the func- 
tion and use of this instruction. 


The VERR (verify for reading) and VERW (verify for writing) instructions verify if a selected segment is readable or 
writable, respectively, at a given CPL. See Section 5.10.2, “Checking Read/Write Rights (VERR and VERW Instruc- 
tions)” for a detailed explanation of the function and use of these instructions. 


2.8.3 Loading and Storing Debug Registers 


Internal debugging facilities in the processor are controlled by a set of 8 debug registers (DRO-DR7). The MOV 
instruction allows setup data to be loaded to and stored from these registers. 


On processors that support Intel 64 architecture, debug registers DRO-DR7 are 64 bits. In 32-bit modes and 
compatibility mode, writes to a debug register fill the upper 32 bits with zeros. Reads return the lower 32 bits. In 
64-bit mode, the upper 32 bits of DR6-DR7 are reserved and must be written with zeros. Writing one to any of the 
upper 32 bits causes an exception, #GP(0). 


In 64-bit mode, MOV DRn instructions read or write all 64 bits of a debug register (operand-size prefixes are 
ignored). All 64 bits of DRO-DR3 are writable by software. However, MOV DRn instructions do not check that 
addresses written to DRO-DR3 are in the limits of the implementation. Address matching is supported only on valid 
addresses generated by the processor implementation. 


2.8.4 Invalidating Caches and TLBs 


The processor provides several instructions for use in explicitly invalidating its caches and TLB entries. The INVD 
(invalidate cache with no writeback) instruction invalidates all data and instruction entries in the internal caches 
and sends a signal to the external caches indicating that they should also be invalidated. 


The WBINVD (invalidate cache with writeback) instruction performs the same function as the INVD instruction, 
except that it writes back modified lines in its internal caches to memory before it invalidates the caches. After 
invalidating the caches local to the executing logical processor or processor core, WBINVD signals caches higher in 
the cache hierarchy (caches shared with the invalidating logical processor or core) to write back any data they have 
in modified state at the time of instruction execution and to invalidate their contents. 


Note, non-shared caches may not be written back nor invalidated. In Figure 2-10 below, if code executing on either 
LPO or LP1 were to execute a WBINVD, the shared L1 and L2 for LPO/LP1 will be written back and invalidated as will 
the shared L3. However, the L1 and L2 caches not shared with LPO and LP1 will not be written back nor invalidated. 
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The INVLPG (invalidate TLB entry) instruction invalidates (flushes) the TLB entry for a specified page. 


2.8.5 Controlling the Processor 


The HLT (halt processor) instruction stops the processor until an enabled interrupt (such as NMI or SMI, which are 
normally enabled), a debug exception, the BINIT# signal, the INIT# signal, or the RESET# signal is received. The 
processor generates a special bus cycle to indicate that the halt mode has been entered. 


Hardware may respond to this signal in a number of ways. An indicator light on the front panel may be turned on. 
An NMI interrupt for recording diagnostic information may be generated. Reset initialization may be invoked (note 
that the BINIT# pin was introduced with the Pentium Pro processor). If any non-wake events are pending during 

shutdown, they will be handled after the wake event from shutdown is processed (for example, A20M# interrupts). 


The LOCK prefix invokes a locked (atomic) read-modify-write operation when modifying a memory operand. This 
mechanism is used to allow reliable communications between processors in multiprocessor systems, as described 
below: 


¢ Inthe Pentium processor and earlier IA-32 processors, the LOCK prefix causes the processor to assert the 
LOCK# signal during the instruction. This always causes an explicit bus lock to occur. 


¢ Inthe Pentium 4, Intel Xeon, and P6 family processors, the locking operation is handled with either a cache lock 
or bus lock. If a memory access is cacheable and affects only a single cache line, a cache lock is invoked and 
the system bus and the actual memory location in system memory are not locked during the operation. Here, 
other Pentium 4, Intel Xeon, or P6 family processors on the bus write-back any modified data and invalidate 
their caches as necessary to maintain system memory coherency. If the memory access is not cacheable 
and/or it crosses a cache line boundary, the processor’s LOCK# signal is asserted and the processor does not 
respond to requests for bus control during the locked operation. 


The RSM (return from SMM) instruction restores the processor (from a context dump) to the state it was in prior to 
a system management mode (SMM) interrupt. 


2.8.6 Reading Performance-Monitoring and Time-Stamp Counters 


The RDPMC (read performance-monitoring counter) and RDTSC (read time-stamp counter) instructions allow 
application programs to read the processor’s performance-monitoring and time-stamp counters, respectively. 
Processors based on Intel NetBurst® microarchitecture have eighteen 40-bit performance-monitoring counters; P6 
family processors have two 40-bit counters. Intel Atom® processors and most of the processors based on the Intel 
Core microarchitecture support two types of performance monitoring counters: programmable performance coun- 
ters similar to those available in the P6 family, and three fixed-function performance monitoring counters. Details 
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of programmable and fixed-function performance monitoring counters for each processor generation are described 
in Chapter 19, “Performance Monitoring”. 


The programmable performance counters can support counting either the occurrence or duration of events. Events 
that can be monitored on programmable counters generally are model specific (except for architectural perfor- 
mance events enumerated by CPUID leaf OAH); they may include the number of instructions decoded, interrupts 
received, or the number of cache loads. Individual counters can be set up to monitor different events. Use the 
system instruction WRMSR to set up values in one of the IA32_PERFEVTSELx MSR, in one of the 45 ESCRs and one 
of the 18 CCCR MSRs (for Pentium 4 and Intel Xeon processors); or in the PerfEvtSelO or the PerfEvtSeli MSR (for 
the P6 family processors). The RDPMC instruction loads the current count from the selected counter into the 
EDX:EAX registers. 


Fixed-function performance counters record only specific events that are defined at: https://perfmon- 
events.intel.com/, and the width/number of fixed-function counters are enumerated by CPUID leaf OAH. 


The time-stamp counter is a model-specific 64-bit counter that is reset to zero each time the processor is reset. If 
not reset, the counter will increment ~9.5 x 101° times per year when the processor is operating at a clock rate 
of 3GHz. At this clock frequency, it would take over 190 years for the counter to wrap around. The RDTSC 
instruction loads the current count of the time-stamp counter into the EDX:EAX registers. 


See Section 19.1, “Performance Monitoring Overview,” and Section 17.17, “Time-Stamp Counter,” for more infor- 
mation about the performance monitoring and time-stamp counters. 


The RDTSC instruction was introduced into the IA-32 architecture with the Pentium processor. The RDPMC instruc- 
tion was introduced into the IA-32 architecture with the Pentium Pro processor and the Pentium processor with 
MMX technology. Earlier Pentium processors have two performance-monitoring counters, but they can be read only 
with the RDMSR instruction, and only at privilege level 0. 


2.8.6.1 Reading Counters in 64-Bit Mode 


In 64-bit mode, RDTSC operates the same as in protected mode. The count in the time-stamp counter is stored in 
EDX:EAX (or RDX[31:0]:RAX[31:0] with RDX[63:32]:RAX[63:32] cleared). 


RDPMC requires an index to specify the offset of the performance-monitoring counter. In 64-bit mode for Pentium 
4 or Intel Xeon processor families, the index is specified in ECX[30:0]. The current count of the performance-moni- 
toring counter is stored in EDX:EAX (or RDX[31:0]:RAX[31:0] with RDX[63:32]:RAX[63:32] cleared). 


2.8.7 Reading and Writing Model-Specific Registers 


The RDMSR (read model-specific register) and WRMSR (write model-specific register) instructions allow a 
processor’s 64-bit model-specific registers (MSRs) to be read and written, respectively. The MSR to be read or 
written is specified by the value in the ECX register. 


RDMSR reads the value from the specified MSR to the EDX:EAX registers; WRMSR writes the value in the EDX:EAX 
registers to the specified MSR. RDMSR and WRMSR were introduced into the IA-32 architecture with the Pentium 
processor. 


See Section 9.4, “Model-Specific Registers (MSRs),” for more information. 


2.8.7.1 Reading and Writing Model-Specific Registers in 64-Bit Mode 


RDMSR and WRMSR require an index to specify the address of an MSR. In 64-bit mode, the index is 32 bits; it is 
specified using ECX. 


2.8.8 Enabling Processor Extended States 


The XSETBV instruction is required to enable OS support of individual processor extended states in XCRO (see 
Section 2.6). 
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PROTECTED-MODE MEMORY MANAGEMENT 


This chapter describes the Intel 64 and IA-32 architecture’s protected-mode memory management facilities, 
including the physical memory requirements, segmentation mechanism, and paging mechanism. 


See also: Chapter 5, “Protection” (for a description of the processor’s protection mechanism) and Chapter 20, 
“8086 Emulation” (for a description of memory addressing protection in real-address and virtual-8086 modes). 


3.1 MEMORY MANAGEMENT OVERVIEW 


The memory management facilities of the IA-32 architecture are divided into two parts: segmentation and paging. 
Segmentation provides a mechanism of isolating individual code, data, and stack modules so that multiple 
programs (or tasks) can run on the same processor without interfering with one another. Paging provides a mech- 
anism for implementing a conventional demand-paged, virtual-memory system where sections of a program's 
execution environment are mapped into physical memory as needed. Paging can also be used to provide isolation 
between multiple tasks. When operating in protected mode, some form of segmentation must be used. There is 
no mode bit to disable segmentation. The use of paging, however, is optional. 


These two mechanisms (segmentation and paging) can be configured to support simple single-program (or single- 
task) systems, multitasking systems, or multiple-processor systems that used shared memory. 


As shown in Figure 3-1, segmentation provides a mechanism for dividing the processor’s addressable memory 
space (called the linear address space) into smaller protected address spaces called segments. Segments can 
be used to hold the code, data, and stack for a program or to hold system data structures (such as a TSS or LDT). 
If more than one program (or task) is running on a processor, each program can be assigned its own set of 
segments. The processor then enforces the boundaries between these segments and ensures that one program 
does not interfere with the execution of another program by writing into the other program's segments. The 
segmentation mechanism also allows typing of segments so that the operations that may be performed on a partic- 
ular type of segment can be restricted. 


All the segments in a system are contained in the processor’s linear address space. To locate a byte in a particular 
segment, a logical address (also called a far pointer) must be provided. A logical address consists of a segment 
selector and an offset. The segment selector is a unique identifier for a segment. Among other things it provides an 
offset into a descriptor table (such as the global descriptor table, GDT) to a data structure called a segment 
descriptor. Each segment has a segment descriptor, which specifies the size of the segment, the access rights and 
privilege level for the segment, the segment type, and the location of the first byte of the segment in the linear 
address space (called the base address of the segment). The offset part of the logical address is added to the base 
address for the segment to locate a byte within the segment. The base address plus the offset thus forms a linear 
address in the processor’s linear address space. 
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Figure 3-1. Segmentation and Paging 


If paging is not used, the linear address space of the processor is mapped directly into the physical address space 
of processor. The physical address space is defined as the range of addresses that the processor can generate on 
its address bus. 


Because multitasking computing systems commonly define a linear address space much larger than it is economi- 
cally feasible to contain all at once in physical memory, some method of “virtualizing” the linear address space is 
needed. This virtualization of the linear address space is handled through the processor’s paging mechanism. 


Paging supports a “virtual memory” environment where a large linear address space is simulated with a small 
amount of physical memory (RAM and ROM) and some disk storage. When using paging, each segment is divided 
into pages (typically 4 KBytes each in size), which are stored either in physical memory or on the disk. The oper- 
ating system or executive maintains a page directory and a set of page tables to keep track of the pages. When a 
program (or task) attempts to access an address location in the linear address space, the processor uses the page 
directory and page tables to translate the linear address into a physical address and then performs the requested 
operation (read or write) on the memory location. 


If the page being accessed is not currently in physical memory, the processor interrupts execution of the program 
(by generating a page-fault exception). The operating system or executive then reads the page into physical 
memory from the disk and continues executing the program. 


When paging is implemented properly in the operating-system or executive, the swapping of pages between phys- 
ical memory and the disk is transparent to the correct execution of a program. Even programs written for 16-bit IA- 
32 processors can be paged (transparently) when they are run in virtual-8086 mode. 


3.2 USING SEGMENTS 


The segmentation mechanism supported by the IA-32 architecture can be used to implement a wide variety of 
system designs. These designs range from flat models that make only minimal use of segmentation to protect 
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programs to multi-segmented models that employ segmentation to create a robust operating environment in 
which multiple programs and tasks can be executed reliably. 


The following sections give several examples of how segmentation can be employed in a system to improve 
memory management performance and reliability. 


3.2.1 Basic Flat Model 


The simplest memory model for a system is the basic “flat model,” in which the operating system and application 

programs have access to a continuous, unsegmented address space. To the greatest extent possible, this basic flat 
model hides the segmentation mechanism of the architecture from both the system designer and the application 

programmer. 


To implement a basic flat memory model with the IA-32 architecture, at least two segment descriptors must be 
created, one for referencing a code segment and one for referencing a data segment (see Figure 3-2). Both of 
these segments, however, are mapped to the entire linear address space: that is, both segment descriptors have 
the same base address value of 0 and the same segment limit of 4 GBytes. By setting the segment limit to 4 
GBytes, the segmentation mechanism is kept from generating exceptions for out of limit memory references, even 
if no physical memory resides at a particular address. ROM (EPROM) is generally located at the top of the physical 
address space, because the processor begins execution at FFFF_FFFOH. RAM (DRAM) is placed at the bottom of the 
address space because the initial base address for the DS data segment after reset initialization is 0. 


3.2.2 Protected Flat Model 


The protected flat model is similar to the basic flat model, except the segment limits are set to include only the 
range of addresses for which physical memory actually exists (see Figure 3-3). A general-protection exception 
(#GP) is then generated on any attempt to access nonexistent memory. This model provides a minimum level of 
hardware protection against some kinds of program bugs. 
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Figure 3-2. Flat Model 
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Figure 3-3. Protected Flat Model 


More complexity can be added to this protected flat model to provide more protection. For example, for the paging 
mechanism to provide isolation between user and supervisor code and data, four segments need to be defined: 
code and data segments at privilege level 3 for the user, and code and data segments at privilege level 0 for the 
supervisor. Usually these segments all overlay each other and start at address 0 in the linear address space. This 
flat segmentation model along with a simple paging structure can protect the operating system from applications, 
and by adding a separate paging structure for each task or process, it can also protect applications from each other. 
Similar designs are used by several popular multitasking operating systems. 


3.2.3 Multi-Segment Model 


A multi-segment model (such as the one shown in Figure 3-4) uses the full capabilities of the segmentation mech- 
anism to provide hardware enforced protection of code, data structures, and programs and tasks. Here, each 
program (or task) is given its own table of segment descriptors and its own segments. The segments can be 
completely private to their assigned programs or shared among programs. Access to all segments and to the 
execution environments of individual programs running on the system is controlled by hardware. 
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Figure 3-4. Multi-Segment Model 


Access checks can be used to protect not only against referencing an address outside the limit of a segment, but 
also against performing disallowed operations in certain segments. For example, since code segments are desig- 
nated as read-only segments, hardware can be used to prevent writes into code segments. The access rights infor- 
mation created for segments can also be used to set up protection rings or levels. Protection levels can be used to 
protect operating-system procedures from unauthorized access by application programs. 


3.2.4 Segmentation in |[A-32e Mode 


In IA-32e mode of Intel 64 architecture, the effects of segmentation depend on whether the processor is running 
in compatibility mode or 64-bit mode. In compatibility mode, segmentation functions just as it does using legacy 
16-bit or 32-bit protected mode semantics. 


In 64-bit mode, segmentation is generally (but not completely) disabled, creating a flat 64-bit linear-address 
space. The processor treats the segment base of CS, DS, ES, SS as zero, creating a linear address that is equal to 
the effective address. The FS and GS segments are exceptions. These segment registers (which hold the segment 
base) can be used as additional base registers in linear address calculations. They facilitate addressing local data 
and certain operating system data structures. 


Note that the processor does not perform segment limit checks at runtime in 64-bit mode. 


3.2.5 Paging and Segmentation 


Paging can be used with any of the segmentation models described in Figures 3-2, 3-3, and 3-4. The processor’s 
paging mechanism divides the linear address space (into which segments are mapped) into pages (as shown in 
Figure 3-1). These linear-address-space pages are then mapped to pages in the physical address space. The 
paging mechanism offers several page-level protection facilities that can be used with or instead of the segment- 
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protection facilities. For example, it lets read-write protection be enforced on a page-by-page basis. The paging 
mechanism also provides two-level user-supervisor protection that can also be specified on a page-by-page basis. 


3.3 PHYSICAL ADDRESS SPACE 


In protected mode, the IA-32 architecture provides a normal physical address space of 4 GBytes (23bytes). This 
is the address space that the processor can address on its address bus. This address space is flat (unsegmented), 
with addresses ranging continuously from 0 to FFFFFFFFH. This physical address space can be mapped to read- 
write memory, read-only memory, and memory mapped I/O. The memory mapping facilities described in this 
chapter can be used to divide this physical memory up into segments and/or pages. 


Starting with the Pentium Pro processor, the IA-32 architecture also supports an extension of the physical address 
space to 276 bytes (64 GBytes); with a maximum physical address of FFFFFFFFFH. This extension is invoked in 
either of two ways: 


e¢ Using the physical address extension (PAE) flag, located in bit 5 of control register CR4. 
e Using the 36-bit page size extension (PSE-36) feature (introduced in the Pentium III processors). 


Physical address support has since been extended beyond 36 bits. See Chapter 4, “Paging” for more information 
about 36-bit physical addressing. 


3.3.1 Intel® 64 Processors and Physical Address Space 


On processors that support Intel 64 architecture (CPUID.80000001H:EDX[29] = 1), the size of the physical 
address range is implementation-specific and indicated by CPUID.80000008H:EAX[bits 7-0]. 


For the format of information returned in EAX, see “CPUID—CPU Identification” in Chapter 3 of the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 2A. See also: Chapter 4, “Paging.” 


3.4 LOGICAL AND LINEAR ADDRESSES 


At the system-architecture level in protected mode, the processor uses two stages of address translation to arrive 
at a physical address: logical-address translation and linear address space paging. 


Even with the minimum use of segments, every byte in the processor’s address space is accessed with a logical 
address. A logical address consists of a 16-bit segment selector and a 32-bit offset (see Figure 3-5). The segment 
selector identifies the segment the byte is located in and the offset specifies the location of the byte in the segment 
relative to the base address of the segment. 


The processor translates every logical address into a linear address. A linear address is a 32-bit address in the 
processor's linear address space. Like the physical address space, the linear address space is a flat (unsegmented), 
232-byte address space, with addresses ranging from 0 to FFFFFFFFH. The linear address space contains all the 
segments and system tables defined for a system. 


To translate a logical address into a linear address, the processor does the following: 


1. Uses the offset in the segment selector to locate the segment descriptor for the segment in the GDT or LDT and 
reads it into the processor. (This step is needed only when a new segment selector is loaded into a segment 
register. ) 


2. Examines the segment descriptor to check the access rights and range of the segment to ensure that the 
segment is accessible and that the offset is within the limits of the segment. 


3. Adds the base address of the segment from the segment descriptor to the offset to form a linear address. 
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Figure 3-5. Logical Address to Linear Address Translation 


If paging is not used, the processor maps the linear address directly to a physical address (that is, the linear 
address goes out on the processor’s address bus). If the linear address space is paged, a second level of address 
translation is used to translate the linear address into a physical address. 


See also: Chapter 4, “Paging.” 


3.4.1 Logical Address Translation in |A-32e Mode 


In IA-32e mode, an Intel 64 processor uses the steps described above to translate a logical address to a linear 
address. In 64-bit mode, the offset and base address of the segment are 64-bits instead of 32 bits. The linear 
address format is also 64 bits wide and is subject to the canonical form requirement. 


Each code segment descriptor provides an L bit. This bit allows a code segment to execute 64-bit code or legacy 
32-bit code by code segment. 


3.4.2 Segment Selectors 


A segment selector is a 16-bit identifier for a segment (see Figure 3-6). It does not point directly to the segment, 
but instead points to the segment descriptor that defines the segment. A segment selector contains the following 
items: 


Index (Bits 3 through 15) — Selects one of 8192 descriptors in the GDT or LDT. The processor multiplies 
the index value by 8 (the number of bytes in a segment descriptor) and adds the result to the base 
address of the GDT or LDT (from the GDTR or LDTR register, respectively). 


TI (table indicator) flag 
(Bit 2) — Specifies the descriptor table to use: clearing this flag selects the GDT; setting this flag 
selects the current LDT. 


Index 


Table Indicator 
0 = GDT 
1 =LDT 
Requested Privilege Level (RPL) 


Figure 3-6. Segment Selector 
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Requested Privilege Level (RPL) 
(Bits 0 and 1) — Specifies the privilege level of the selector. The privilege level can range from 0 to 
3, with 0 being the most privileged level. See Section 5.5, “Privilege Levels”, for a description of the 
relationship of the RPL to the CPL of the executing program (or task) and the descriptor privilege 
level (DPL) of the descriptor the segment selector points to. 


The first entry of the GDT is not used by the processor. A segment selector that points to this entry of the GDT (that 
is, asegment selector with an index of 0 and the TI flag set to 0) is used as a “null segment selector.” The processor 
does not generate an exception when a segment register (other than the CS or SS registers) is loaded with a null 
selector. It does, however, generate an exception when a segment register holding a null selector is used to access 
memory. A null selector can be used to initialize unused segment registers. Loading the CS or SS register with a null 
segment selector causes a general-protection exception (#GP) to be generated. 


Segment selectors are visible to application programs as part of a pointer variable, but the values of selectors are 
usually assigned or modified by link editors or linking loaders, not application programs. 


3.4.3 Segment Registers 


To reduce address translation time and coding complexity, the processor provides registers for holding up to 6 
segment selectors (see Figure 3-7). Each of these segment registers support a specific kind of memory reference 
(code, stack, or data). For virtually any kind of program execution to take place, at least the code-segment (CS), 
data-segment (DS), and stack-segment (SS) registers must be loaded with valid segment selectors. The processor 
also provides three additional data-segment registers (ES, FS, and GS), which can be used to make additional data 
segments available to the currently executing program (or task). 


For a program to access a segment, the segment selector for the segment must have been loaded in one of the 
segment registers. So, although a system can define thousands of segments, only 6 can be available for immediate 
use. Other segments can be made available by loading their segment selectors into these registers during program 
execution. 
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Figure 3-7. Segment Registers 


Every segment register has a “visible” part and a “hidden” part. (The hidden part is sometimes referred to as a 
“descriptor cache” or a “shadow register.”) When a segment selector is loaded into the visible part of a segment 
register, the processor also loads the hidden part of the segment register with the base address, segment limit, and 
access control information from the segment descriptor pointed to by the segment selector. The information cached 
in the segment register (visible and hidden) allows the processor to translate addresses without taking extra bus 
cycles to read the base address and limit from the segment descriptor. In systems in which multiple processors 
have access to the same descriptor tables, it is the responsibility of software to reload the segment registers when 
the descriptor tables are modified. If this is not done, an old segment descriptor cached in a segment register might 
be used after its memory-resident version has been modified. 


Two kinds of load instructions are provided for loading the segment registers: 


1. Direct load instructions such as the MOV, POP, LDS, LES, LSS, LGS, and LFS instructions. These instructions 
explicitly reference the segment registers. 


2. Implied load instructions such as the far pointer versions of the CALL, JMP, and RET instructions, the SYSENTER 
and SYSEXIT instructions, and the IRET, INT n, INTO, INT3, and INT1 instructions. These instructions change 
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the contents of the CS register (and sometimes other segment registers) as an incidental part of their 
operation. 


The MOV instruction can also be used to store the visible part of a segment register in a general-purpose register. 


3.4.4 Segment Loading Instructions in |[A-32e Mode 


Because ES, DS, and SS segment registers are not used in 64-bit mode, their fields (base, limit, and attribute) in 
segment descriptor registers are ignored. Some forms of segment load instructions are also invalid (for example, 
LDS, POP ES). Address calculations that reference the ES, DS, or SS segments are treated as if the segment base 
is zero. 


The processor checks that all linear-address references are in canonical form instead of performing limit checks. 
Mode switching does not change the contents of the segment registers or the associated descriptor registers. 
These registers are also not changed during 64-bit mode execution, unless explicit segment loads are performed. 


In order to set up compatibility mode for an application, segment-load instructions (MOV to Sreg, POP Sreg) work 
normally in 64-bit mode. An entry is read from the system descriptor table (GDT or LDT) and is loaded in the hidden 
portion of the segment register. The descriptor-register base, limit, and attribute fields are all loaded. However, the 
contents of the data and stack segment selector and the descriptor registers are ignored. 


When FS and GS segment overrides are used in 64-bit mode, their respective base addresses are used in the linear 
address calculation: (FS or GS).base + index + displacement. FS.base and GS.base are then expanded to the full 
linear-address size supported by the implementation. The resulting effective address calculation can wrap across 
positive and negative addresses; the resulting linear address must be canonical. 


In 64-bit mode, memory accesses using FS-segment and GS-segment overrides are not checked for a runtime limit 
nor subjected to attribute-checking. Normal segment loads (MOV to Sreg and POP Sreg) into FS and GS load a 
standard 32-bit base value in the hidden portion of the segment register. The base address bits above the standard 
32 bits are cleared to 0 to allow consistency for implementations that use less than 64 bits. 


The hidden descriptor register fields for FS.base and GS.base are physically mapped to MSRs in order to load all 
address bits supported by a 64-bit implementation. Software with CPL = 0 (privileged software) can load all 
supported linear-address bits into FS.base or GS.base using WRMSR. Addresses written into the 64-bit FS.base 
and GS.base registers must be in canonical form. A WRMSR instruction that attempts to write a non-canonical 
address to those registers causes a #GP fault. 


When in compatibility mode, FS and GS overrides operate as defined by 32-bit mode behavior regardless of the 
value loaded into the upper 32 linear-address bits of the hidden descriptor register base field. Compatibility mode 
ignores the upper 32 bits when calculating an effective address. 


A new 64-bit mode instruction, SWAPGS, can be used to load GS base. SWAPGS exchanges the kernel data struc- 
ture pointer from the IA32_KERNEL_GS_BASE MSR with the GS base register. The kernel can then use the GS 
prefix on normal memory references to access the kernel data structures. An attempt to write a non-canonical 
value (using WRMSR) to the IA32_KERNEL_GS_BASE MSR causes a #GP fault. 


3.4.5 Segment Descriptors 


A segment descriptor is a data structure in a GDT or LDT that provides the processor with the size and location of 
a segment, as well as access control and status information. Segment descriptors are typically created by 
compilers, linkers, loaders, or the operating system or executive, but not application programs. Figure 3-8 illus- 
trates the general descriptor format for all types of segment descriptors. 
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31 24 23 22 21 20 19 16 15 141312 11 8 7 ty) 
D A| Seg. D 
Base 31:24 G//|L}/v} Limit |P) P |S] Type Base 23:16 4 
B L} 19:16 Ik 
31 16 15 0 
Base Address 15:00 Segment Limit 15:00 0 
L — 64-bit code segment (IA-32e mode only) 
AVL — Available for use by system software 
BASE — Segment base address 
D/B — Default operation size (0 = 16-bit segment; 1 = 32-bit segment) 
DPL — Descriptor privilege level 
G — Granularity 
LIMIT — Segment Limit 
P — Segment present 
S) — Descriptor type (0 = system; 1 = code or data) 
TYPE — Segment type 


Figure 3-8. Segment Descriptor 


The flags and fields in a segment descriptor are as follows: 


Segment limit field 


Specifies the size of the segment. The processor puts together the two segment limit fields to form 

a 20-bit value. The processor interprets the segment limit in one of two ways, depending on the 

setting of the G (granularity) flag: 

e If the granularity flag is clear, the segment size can range from 1 byte to 1 MByte, in byte incre- 
ments. 

e If the granularity flag is set, the segment size can range from 4 KBytes to 4 GBytes, in 4-KByte 
increments. 


The processor uses the segment limit in two different ways, depending on whether the segment is 
an expand-up or an expand-down segment. See Section 3.4.5.1, “Code- and Data-Segment 
Descriptor Types”, for more information about segment types. For expand-up segments, the offset 
in a logical address can range from 0 to the segment limit. Offsets greater than the segment limit 
generate general-protection exceptions (#GP, for all segments other than SS) or stack-fault excep- 
tions (#SS for the SS segment). For expand-down segments, the segment limit has the reverse 
function; the offset can range from the segment limit plus 1 to FFFFFFFFH or FFFFH, depending on 
the setting of the B flag. Offsets less than or equal to the segment limit generate general-protection 
exceptions or stack-fault exceptions. Decreasing the value in the segment limit field for an expand- 
down segment allocates new memory at the bottom of the segment's address space, rather than at 
the top. IA-32 architecture stacks always grow downwards, making this mechanism convenient for 


expandable stacks. 


Base address fields 


Type field 
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Defines the location of byte 0 of the segment within the 4-GByte linear address space. The 
processor puts together the three base address fields to form a single 32-bit value. Segment base 
addresses should be aligned to 16-byte boundaries. Although 16-byte alignment is not required, 
this alignment allows programs to maximize performance by aligning code and data on 16-byte 
boundaries. 


Indicates the segment or gate type and specifies the kinds of access that can be made to the 
segment and the direction of growth. The interpretation of this field depends on whether the 
descriptor type flag specifies an application (code or data) descriptor or a system descriptor. The 
encoding of the type field is different for code, data, and system descriptors (see Figure 5-1). See 
Section 3.4.5.1, “Code- and Data-Segment Descriptor Types”, for a description of how this field is 
used to specify code and data-segment types. 
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S (descriptor type) flag 
Specifies whether the segment descriptor is for a system segment (S flag is clear) or a code or data 
segment (S flag is set). 


DPL (descriptor privilege level) field 
Specifies the privilege level of the segment. The privilege level can range from 0 to 3, with 0 being 
the most privileged level. The DPL is used to control access to the segment. See Section 5.5, “Priv- 
ilege Levels”, for a description of the relationship of the DPL to the CPL of the executing code 
segment and the RPL of a segment selector. 


P (segment-present) flag 
Indicates whether the segment is present in memory (set) or not present (clear). If this flag is clear, 
the processor generates a segment-not-present exception (#NP) when a segment selector that 
points to the segment descriptor is loaded into a segment register. Memory management software 
can use this flag to control which segments are actually loaded into physical memory at a given 
time. It offers a control in addition to paging for managing virtual memory. 


Figure 3-9 shows the format of a segment descriptor when the segment-present flag is clear. When 
this flag is clear, the operating system or executive is free to use the locations marked “Available” to 
store its own data, such as information regarding the whereabouts of the missing segment. 


D/B (default operation size/default stack pointer size and/or upper bound) flag 
Performs different functions depending on whether the segment descriptor is an executable code 
segment, an expand-down data segment, or a stack segment. (This flag should always be set to 1 
for 32-bit code and data segments and to 0 for 16-bit code and data segments. ) 


Executable code segment. The flag is called the D flag and it indicates the default length for 
effective addresses and operands referenced by instructions in the segment. If the flag is set, 
32-bit addresses and 32-bit or 8-bit operands are assumed; if it is clear, 16-bit addresses and 
16-bit or 8-bit operands are assumed. 

The instruction prefix 66H can be used to select an operand size other than the default, and the 
prefix 67H can be used select an address size other than the default. 


Stack segment (data segment pointed to by the SS register). The flag is called the B (big) 
flag and it specifies the size of the stack pointer used for implicit stack operations (such as 
pushes, pops, and calls). If the flag is set, a 32-bit stack pointer is used, which is stored in the 
32-bit ESP register; if the flag is clear, a 16-bit stack pointer is used, which is stored in the 16- 
bit SP register. If the stack segment is set up to be an expand-down data segment (described in 
the next paragraph), the B flag also specifies the upper bound of the stack segment. 


Expand-down data segment. The flag is called the B flag and it specifies the upper bound of 
the segment. If the flag is set, the upper bound is FFFFFFFFH (4 GBytes); if the flag is clear, the 
upper bound is FFFFH (64 KBytes). 


31 16 15 14 1312 11 87 0 
D . 
Available 0} P |S; Type Available 4 
31 0 
Available 0 


Figure 3-9. Segment Descriptor When Segment-Present Flag Is Clear 


G (granularity) flag 
Determines the scaling of the segment limit field. When the granularity flag is clear, the segment 
limit is interpreted in byte units; when flag is set, the segment limit is interpreted in 4-KByte units. 
(This flag does not affect the granularity of the base address; it is always byte granular.) When the 
granularity flag is set, the twelve least significant bits of an offset are not tested when checking the 
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offset against the segment limit. For example, when the granularity flag is set, a limit of 0 results in 
valid offsets from 0 to 4095. 


L (64-bit code segment) flag 
In IA-32e mode, bit 21 of the second doubleword of the segment descriptor indicates whether a 
code segment contains native 64-bit code. A value of 1 indicates instructions in this code segment 
are executed in 64-bit mode. A value of 0 indicates the instructions in this code segment are 
executed in compatibility mode. If L-bit is set, then D-bit must be cleared. When not in IA-32e mode 
or for non-code segments, bit 21 is reserved and should always be set to 0. 


Available and reserved bits 
Bit 20 of the second doubleword of the segment descriptor is available for use by system software. 


3.4.5.1 Code- and Data-Segment Descriptor Types 


When the S (descriptor type) flag in a segment descriptor is set, the descriptor is for either a code or a data 
segment. The highest order bit of the type field (bit 11 of the second double word of the segment descriptor) then 
determines whether the descriptor is for a data segment (clear) or a code segment (set). 


For data segments, the three low-order bits of the type field (bits 8, 9, and 10) are interpreted as accessed (A), 
write-enable (W), and expansion-direction (E). See Table 3-1 for a description of the encoding of the bits in the 
type field for code and data segments. Data segments can be read-only or read/write segments, depending on the 
setting of the write-enable bit. 


Table 3-1. Code- and Data-Segment Types 


Type Field Descriptor Description 
Decimal 1 10 9 8 Type 
E W A 
0 0 0 0 0 Data Read-Only 
1 0 0 0 1 Data Read-Only, accessed 
2 0 0 1 0 Data Read/Write 
3 0 0 1 1 Data Read/Write, accessed 
4 0 1 0 0 Data Read-Only, expand-down 
5 0 1 0 1 Data Read-Only, expand-down, accessed 
6 0 1 1 0 Data Read/Write, expand-down 
7 0 1 1 1 Data Read/Write, expand-down, accessed 
C R A 
8 1 0 0 0 Code Execute-Only 
9 1 0 0 1 Code Execute-Only, accessed 
10 1 0 1 0 Code Execute/Read 
11 1 0 1 1 Code Execute/Read, accessed 
12 1 1 0 0 Code Execute-Only, conforming 
13 1 1 0 1 Code Execute-Only, conforming, accessed 
14 1 1 1 0 Code Execute/Read, conforming 
15 1 1 1 1 Code Execute/Read, conforming, accessed 


Stack segments are data segments which must be read/write segments. Loading the SS register with a segment 
selector for a nonwritable data segment generates a general-protection exception (#GP). If the size of a stack 
segment needs to be changed dynamically, the stack segment can be an expand-down data segment (expansion- 
direction flag set). Here, dynamically changing the segment limit causes stack space to be added to the bottom of 
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the stack. If the size of a stack segment is intended to remain static, the stack segment may be either an expand- 
up or expand-down type. 


The accessed bit indicates whether the segment has been accessed since the last time the operating-system or 
executive cleared the bit. The processor sets this bit whenever it loads a segment selector for the segment into a 
segment register, assuming that the type of memory that contains the segment descriptor supports processor 
writes. The bit remains set until explicitly cleared. This bit can be used both for virtual memory management and 
for debugging. 


For code segments, the three low-order bits of the type field are interpreted as accessed (A), read enable (R), and 
conforming (C). Code segments can be execute-only or execute/read, depending on the setting of the read-enable 
bit. An execute/read segment might be used when constants or other static data have been placed with instruction 
code in a ROM. Here, data can be read from the code segment either by using an instruction with a CS override 
prefix or by loading a segment selector for the code segment in a data-segment register (the DS, ES, FS, or GS 
registers). In protected mode, code segments are not writable. 


Code segments can be either conforming or nonconforming. A transfer of execution into a more-privileged 
conforming segment allows execution to continue at the current privilege level. A transfer into a nonconforming 
segment at a different privilege level results in a general-protection exception (#GP), unless a call gate or task gate 
is used (see Section 5.8.1, “Direct Calls or Jumps to Code Segments”, for more information on conforming and 
nonconforming code segments). System utilities that do not access protected facilities and handlers for some types 
of exceptions (such as, divide error or overflow) may be loaded in conforming code segments. Utilities that need to 
be protected from less privileged programs and procedures should be placed in nonconforming code segments. 


NOTE 


Execution cannot be transferred by a call or a jump to a less-privileged (numerically higher 
privilege level) code segment, regardless of whether the target segment is a conforming or 
nonconforming code segment. Attempting such an execution transfer will result in a general- 
protection exception. 


All data segments are nonconforming, meaning that they cannot be accessed by less privileged programs or proce- 
dures (code executing at numerically higher privilege levels). Unlike code segments, however, data segments can 
be accessed by more privileged programs or procedures (code executing at numerically lower privilege levels) 
without using a special access gate. 


If the segment descriptors in the GDT or an LDT are placed in ROM, the processor can enter an indefinite loop if 
software or the processor attempts to update (write to) the ROM-based segment descriptors. To prevent this 
problem, set the accessed bits for all segment descriptors placed in a ROM. Also, remove operating-system or 
executive code that attempts to modify segment descriptors located in ROM. 


3.5 SYSTEM DESCRIPTOR TYPES 


When the S (descriptor type) flag in a segment descriptor is clear, the descriptor type is a system descriptor. The 
processor recognizes the following types of system descriptors: 


¢ Local descriptor-table (LDT) segment descriptor. 
° Task-state segment (TSS) descriptor. 

* Call-gate descriptor. 

¢  Interrupt-gate descriptor. 

° Trap-gate descriptor. 

¢ Task-gate descriptor. 


These descriptor types fall into two categories: system-segment descriptors and gate descriptors. System- 
segment descriptors point to system segments (LDT and TSS segments). Gate descriptors are in themselves 
“gates,” which hold pointers to procedure entry points in code segments (call, interrupt, and trap gates) or which 
hold segment selectors for TSS’s (task gates). 
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Table 3-2 shows the encoding of the type field for system-segment descriptors and gate descriptors. Note that 


system descriptors in IA-32e mode are 16 bytes instead of 8 bytes. 


Table 3-2. System-Segment and Gate-Descriptor Types 


Type Field Description 
Decimal 11 10 9 8 32-Bit Mode IA-32e Mode 

0 0 0 0 0 Reserved Reserved 

1 0 0 0 1 16-bit TSS (Available) Reserved 

2 0 0 1 0 LDT LDT 

3 0 0 1 1 16-bit TSS (Busy) Reserved 

4 0 1 0 0 16-bit Call Gate Reserved 

2) 0 1 0 1 Task Gate Reserved 

6 0 1 1 0 16-bit Interrupt Gate Reserved 

7 0 1 1 1 16-bit Trap Gate Reserved 

8 1 0 0 0 Reserved Reserved 

9 1 0 0 1 32-bit TSS (Available) 64-bit TSS (Available) 
10 1 0 1 0 Reserved Reserved 
11 1 0 1 1 32-bit TSS (Busy) 64-bit TSS (Busy) 
12 1 1 0 0 32-bit Call Gate 64-bit Call Gate 
13 1 1 0 1 Reserved Reserved 
14 1 1 1 0 32-bit Interrupt Gate 64-bit Interrupt Gate 
15 1 1 1 1 32-bit Trap Gate 64-bit Trap Gate 


See also: Section 3.5.1, “Segment Descriptor Tables”, and Section 7.2.2, “TSS Descriptor” (for more information 
on the system-segment descriptors); see Section 5.8.3, “Call Gates”, Section 6.11, “IDT Descriptors”, and Section 
7.2.5, “Task-Gate Descriptor” (for more information on the gate descriptors). 


3.5.1 Segment Descriptor Tables 


A segment descriptor table is an arra 
length and can contain up to 8192 (2 


¢ The global descriptor table (GDT) 
¢ The local descriptor tables (LDT) 
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Global Local 
Descriptor Descriptor 
Table (GDT) Table (LDT) 
| t] 
| Tl=0 Tl=1 
Segment 
Selector 
56 56 
48 48 
40 40 
32 32 
24 24 
16 16 
8 8 
First Descriptor in 
GDT is Not Used 0 0 
GDTR Register LDTR Register 
Limit Limit 
Base Address Base Address 
Seg. Sel. 


Figure 3-10. Global and Local Descriptor Tables 


Each system must have one GDT defined, which may be used for all programs and tasks in the system. Optionally, 
one or more LDTs can be defined. For example, an LDT can be defined for each separate task being run, or some or 
all tasks can share the same LDT. 


The GDT is not a segment itself; instead, it is a data structure in linear address space. The base linear address and 
limit of the GDT must be loaded into the GDTR register (see Section 2.4, “Memory-Management Registers”). The 

base address of the GDT should be aligned on an eight-byte boundary to yield the best processor performance. The 
limit value for the GDT is expressed in bytes. As with segments, the limit value is added to the base address to get 
the address of the last valid byte. A limit value of 0 results in exactly one valid byte. Because segment descriptors 
are always 8 bytes long, the GDT limit should always be one less than an integral multiple of eight (that is, 8N - 1). 


The first descriptor in the GDT is not used by the processor. A segment selector to this “null descriptor” does not 
generate an exception when loaded into a data-segment register (DS, ES, FS, or GS), but it always generates a 
general-protection exception (#GP) when an attempt is made to access memory using the descriptor. By initializing 
the segment registers with this segment selector, accidental reference to unused segment registers can be guar- 
anteed to generate an exception. 


The LDT is located in a system segment of the LDT type. The GDT must contain a segment descriptor for the LDT 
segment. If the system supports multiple LDTs, each must have a separate segment selector and segment 
descriptor in the GDT. The segment descriptor for an LDT can be located anywhere in the GDT. See Section 3.5, 
“System Descriptor Types”, for information on the LDT segment-descriptor type. 


An LDT is accessed with its segment selector. To eliminate address translations when accessing the LDT, the 
segment selector, base linear address, limit, and access rights of the LDT are stored in the LDTR register (see 
Section 2.4, “Memory-Management Registers”). 


When the GDTR register is stored (using the SGDT instruction), a 48-bit “pseudo-descriptor” is stored in memory 
(see top diagram in Figure 3-11). To avoid alignment check faults in user mode (privilege level 3), the pseudo- 
descriptor should be located at an odd word address (that is, address MOD 4 is equal to 2). This causes the 
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processor to store an aligned word, followed by an aligned doubleword. User-mode programs normally do not store 
pseudo-descriptors, but the possibility of generating an alignment check fault can be avoided by aligning pseudo- 
descriptors in this way. The same alignment should be used when storing the IDTR register using the SIDT instruc- 
tion. When storing the LDTR or task register (using the SLDT or STR instruction, respectively), the pseudo- 
descriptor should be located at a doubleword address (that is, address MOD 4 is equal to 0). 


47 16 15 0 
32-bit Base Address Limit 


79 16 15 0 
64-bit Base Address Limit 


Figure 3-11. Pseudo-Descriptor Formats 


3.5.2 Segment Descriptor Tables in |A-32e Mode 


In IA-32e mode, a segment descriptor table can contain up to 8192 (213) 8-byte descriptors. An entry in the 
segment descriptor table can be 8 bytes. System descriptors are expanded to 16 bytes (occupying the space of two 
entries). 

GDTR and LDTR registers are expanded to hold 64-bit base address. The corresponding pseudo-descriptor is 80 
bits. (see the bottom diagram in Figure 3-11). 


The following system descriptors expand to 16 bytes: 
— Call gate descriptors (see Section 5.8.3.1, “IA-32e Mode Call Gates”) 
— IDT gate descriptors (see Section 6.14.1, “64-Bit Mode IDT”) 
— LDT and TSS descriptors (see Section 7.2.3, “TSS Descriptor in 64-bit mode”). 
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CHAPTER 4 
PAGING 


Chapter 3 explains how segmentation converts logical addresses to linear addresses. Paging (or linear-address 
translation) is the process of translating linear addresses so that they can be used to access memory or I/O 
devices. Paging translates each linear address to a physical address and determines, for each translation, what 
accesses to the linear address are allowed (the address’s access rights) and the type of caching used for such 
accesses (the address’s memory type). 


Intel-64 processors support four different paging modes. These modes are identified and defined in Section 4.1. 
Section 4.2 gives an overview of the translation mechanism that is used in all modes. Section 4.3, Section 4.4, and 
Section 4.5 discuss the four paging modes in detail. 


Section 4.6 details how paging determines and uses access rights. Section 4.7 discusses exceptions that may be 
generated by paging (page-fault exceptions). Section 4.8 considers data which the processor writes in response to 
linear-address accesses (accessed and dirty flags). 


Section 4.9 describes how paging determines the memory types used for accesses to linear addresses. Section 
4.10 provides details of how a processor may cache information about linear-address translation. Section 4.11 
outlines interactions between paging and certain VMX features. Section 4.12 gives an overview of how paging can 
be used to implement virtual memory. 


4.1 PAGING MODES AND CONTROL BITS 


Paging behavior is controlled by the following control bits: 
¢ The WP and PG flags in control register CRO (bit 16 and bit 31, respectively). 


° The PSE, PAE, PGE, LA57, PCIDE, SMEP, SMAP, PKE, CET, and PKS flags in control register CR4 (bit 4, bit 5, 
bit 7, bit 12, bit 17, bit 20, bit 21, bit 22, bit 23, and bit 24, respectively). 


¢ The LME and NXE flags in the IA32_EFER MSR (bit 8 and bit 11, respectively). 
¢ The AC flag in the EFLAGS register (bit 18). 


¢ The “enable HLAT” VM-execution control (tertiary processor-based VM-execution control bit 1; see Section 
24.6.2, “Processor-Based VM-Execution Controls,” in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 3C). 


Software enables paging by using the MOV to CRO instruction to set CRO.PG. Before doing so, software should 
ensure that control register CR3 contains the physical address of the first paging structure that the processor will 
use for linear-address translation (see Section 4.2) and that that structure is initialized as desired. See Table 4-3, 
Table 4-7, and Table 4-12 for the use of CR3 in the different paging modes. 


Section 4.1.1 describes how the values of CRO.PG, CR4.PAE, CR4.LA57, and IA32_EFER.LME determine whether 
paging is enabled and, if so, which of four paging modes is in use. Section 4.1.2 explains how to manage these bits 
to establish or make changes in paging modes. Section 4.1.3 discusses how CRO.WP, CR4.PSE, CR4.PGE, 
CR4.PCIDE, CR4.SMEP, CR4.SMAP, CR4.PKE, CR4.CET, CR4.PKS, and IA32_EFER.NXE modify the operation of the 
different paging modes. 


4.1.1 Four Paging Modes 


If CRO.PG = 0, paging is not used. The logical processor treats all linear addresses as if they were physical 
addresses. CR4.PAE, CR4.LA57, and IA32_EFER.LME are ignored by the processor, as are CRO.WP, CR4.PSE, 
CR4.PGE, CR4.SMEP, CR4.SMAP, and IA32_EFER.NXE. (CR4.CET is also ignored insofar as it affects linear-address 
access rights.) 


Paging is enabled if CRO.PG = 1. Paging can be enabled only if protection is enabled (CRO.PE = 1). If paging is 
enabled, one of four paging modes is used. The values of CR4.PAE, CR4.LA57, and IA32_EFER.LME determine 
which paging mode is used: 
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° If CR4.PAE = 0, 32-bit paging is used. 32-bit paging is detailed in Section 4.3. 32-bit paging uses CRO.WP, 
CR4.PSE, CR4.PGE, CR4.SMEP, CR4.SMAP, and CR4.CET as described in Section 4.1.3 and Section 4.6. 


° If CR4.PAE = 1 and IA32_EFER.LME = 0, PAE paging is used. PAE paging is detailed in Section 4.4. PAE paging 
uses CRO.WP, CR4.PGE, CR4.SMEP, CR4.SMAP, CR4.CET, and IA32_EFER.NXE as described in Section 4.1.3 and 
Section 4.6. 


* If CR4.PAE = 1, IA32_EFER.LME = 1, and CR4.LA57 = 0, 4-level paging! is used. 4-level paging is detailed 
in Section 4.5 (along with 5-level paging). 4-level paging uses CRO.WP, CR4.PGE, CR4.PCIDE, CR4.SMEP, 
CR4.SMAP, CR4.PKE, CR4.CET, CR4.PKS, and IA32_EFER.NXE as described in Section 4.1.3 and Section 4.6. 


° If CR4.PAE = 1, IA32_EFER.LME = 1, and CR4.LA57 = 1, 5-level paging is used. 5-level paging is detailed in 
Section 4.5 (along with 4-level paging). 5-level paging uses CRO.WP, CR4.PGE, CR4.PCIDE, CR4.SMEP, 
CR4.SMAP, CR4.PKE, CR4.CET, CR4.PKS, and IA32_EFER.NXE as described in Section 4.1.3 and Section 4.6. 


NOTE 


32-bit paging and PAE paging can be used only in legacy protected mode (IA32_EFER.LME = 0). In 
contrast, 4-level paging and 5-level paging can be used only IA-32e mode (IA32_EFER.LME = 1). 


The four paging modes differ with regard to the following details: 
¢ Linear-address width. The size of the linear addresses that can be translated. 
¢  Physical-address width. The size of the physical addresses produced by paging. 


¢ Page size. The granularity at which linear addresses are translated. Linear addresses on the same page are 
translated to corresponding physical addresses on the same page. 


° Support for execute-disable access rights. In some paging modes, software can be prevented from fetching 
instructions from pages that are otherwise readable. 


¢ Support for PCIDs. With 4-level paging and 5-level paging, software can enable a facility by which a logical 
processor caches information for multiple linear-address spaces. The processor may retain cached information 
when software switches between different linear-address spaces. 


* Support for protection keys. With 4-level paging and 5-level paging, each linear address is associated with a 
protection key. Software can use the protection-key rights registers to disable, for each protection key, how 
certain accesses to linear addresses associated with that protection key. 


Table 4-1 illustrates the principal differences between the four paging modes. 


Table 4-1. Properties of Different Paging Modes 


fon ; Supports 

Paging PGin | PAcin | LMEin Las7in | ies. | Baus Page pupports | PCIDs and 
Mode CRO CR4 IA32_EFER | CR4 Width Width! Sizes Disable? ia 
None 9) N/A N/A N/A 32 32 N/A No No 
32-bit 1 0 02 N/A 32 Up to 403 : Sa No No 

4MB 

4KB 5 
PAE 1 1 0) N/A 32 Up to 52 a Yes No 

4KB 
4-level 1 1 1 0) 48 Up to 52 2 MB Yes? Yes’ 

1 GB® 


1. Earlier versions of this manual used the term “IA-32e paging” to identify 4-level paging. 


2. The LMA flag in the IA32_EFER MSR (bit 10) is a status bit that indicates whether the logical processor is in IA-32e mode (and thus 
uses either 4-level paging or 5-level paging). The processor always sets IA32_EFER.LMA to CRO.PG & IA32_EFER.LME. Software can- 
not directly modify [A32_EFER.LMA; an execution of WRMSR to the [A32_EFER MSR ignores bit 10 of its source operand. 
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Table 4-1. Properties of Different Paging Modes (Contd.) 


Be ; Supports 
Paging || PGin | PAEin | LMEin in| oe | Page pubports | PCIDs and 
Mode CRO CR4 IA32_EFER | CR4 Width Width’ Sizes Disable? ae 
4KB 
5-level 1 1 1 1 57 Up to 52 2MB Yes? Yes’ 
1 GB® 
NOTES: 


1. The physical-address width is always bounded by MAXPHYADDR; see Section 4.1.4. 

2. The processor ensures that [A32_EFER.LME must be O if CRO.PG = 1 and CR4.PAE = 0. 

3. 32-bit paging supports physical-address widths of more than 32 bits only for 4-MByte pages and only if the PSE-36 mechanism is 
supported; see Section 4.1.4 and Section 4.3. 

4. 32-bit paging uses 4-MByte pages only if CR4.PSE = 1; see Section 4.3. 

5. Execute-disable access rights are applied only if IA32_EFER.NXE = 1; see Section 4.6. 

6. Processors that support 4-level paging or 5-level paging do not necessarily support 1-GByte pages; see Section 4.1.4. 

7.PCIDs are used only if CR4.PCIDE = 1; see Section 4.10.1. Protection keys are used only if certain conditions hold; see Section 4.6.2. 


Because 32-bit paging and PAE paging are used only in legacy protected mode and because legacy protected mode 
cannot produce linear addresses larger than 32 bits, 32-bit paging and PAE paging translate 32-bit linear 
addresses. 


4-level paging and 5-level paging are used only in IA-32e mode. IA-32e mode has two sub-modes: 


* Compatibility mode. This sub-mode uses only 32-bit linear addresses. In this sub-mode, 4-level paging and 5- 
level paging treat bits 63:32 of such an address as all 0. 


° 64-bit mode. While this sub-mode produces 64-bit linear addresses, the processor enforces canonicality, 
meaning that the upper bits of such an address are identical: bits 63:47 for 4-level paging and bits 63:56 for 
5-level paging. 4-level paging (respectively, 5-level paging) does not use bits 63:48 (respectively, bits 63:57) 
of such addresses. 


4.1.2 Paging-Mode Enabling 


If CRO.PG = 1, a logical processor is in one of four paging modes, depending on the values of CR4.PAE, 
IA32_EFER.LME, and CR4.LA57. Figure 4-1 illustrates how software can enable these modes and make transitions 
between them. The following items identify certain limitations and other details: 

¢ JA32_EFER.LME cannot be modified while paging is enabled (CRO.PG = 1). Attempts to do so using WRMSR 
cause a general-protection exception (#GP(0)). 

¢ Paging cannot be enabled (by setting CRO.PG to 1) while CR4.PAE = 0 and IA32_EFER.LME = 1. Attempts to do 
so using MOV to CRO cause a general-protection exception (#GP(0)). 

* One node in Figure 4-1 is labeled “IA-32e mode.” This node represents either 4-level paging (if CR4.LA57 = 0) 
or 5-level paging (if CR4.LA57 = 1). As noted in the following items, software cannot modify CR4.LA57 
(effecting transition between 4-level paging and 5-level paging) without first disabling paging. 

¢ CR4.PAE and CR4.LA57 cannot be modified while either 4-level paging or 5-level paging is in use (when 
CRO.PG = 1 and IA32_EFER.LME = 1). Attempts to do so using MOV to CR4 cause a general-protection 
exception (#GP(0)). 


* Regardless of the current paging mode, software can disable paging by clearing CRO.PG with MOV to CRO.! 


¢ Software can transition between 32-bit paging and PAE paging by changing the value of CR4.PAE with MOV to 
CR4. 


1. If the logical processor is in 64-bit mode or if CR4.PCIDE = 1, an attempt to clear CRO.PG causes a general-protection exception 
(#GP). Software should transition to compatibility mode and clear CR4.PCIDE before attempting to disable paging. 
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Figure 4-1. Enabling and Changing Paging Modes 


¢ Software cannot transition directly between 4-level paging (or 5-level paging) and any of other paging mode. 
It must first disable paging (by clearing CRO.PG with MOV to CRO), then set CR4.PAE, IA32_EFER.LME, and 
CR4.LA57 to the desired values (with MOV to CR4 and WRMSR), and then re-enable paging (by setting CRO.PG 
with MOV to CRO). As noted earlier, an attempt to modify CR4.PAE, IA32_EFER.LME, or CR.LA57 while 4-level 
paging or 5-level paging is enabled causes a general-protection exception (#GP(0)). 


° VMxX transitions allow transitions between paging modes that are not possible using MOV to CR or WRMSR. This 
is because VMX transitions can load CRO, CR4, and IA32_EFER in one operation. See Section 4.11.1. 


4.1.3 Paging-Mode Modifiers 


Details of how each paging mode operates are determined by the following control bits: 
¢ The WP flag in CRO (bit 16). 


° The PSE, PGE, PCIDE, SMEP, SMAP, PKE, CET, and PKS flags in CR4 (bit 4, bit 7, bit 17, bit 20, bit 21, bit 22, 
bit 23, and bit 24, respectively). 


¢ The NXE flag in the IA32_EFER MSR (bit 11). 
° The “enable HLAT” VM-execution control (tertiary processor-based VM-execution control bit 1). 


CRO.WP allows pages to be protected from supervisor-mode writes. If CRO.WP = O, supervisor-mode write 
accesses are allowed to linear addresses with read-only access rights; if CRO.WP = 1, they are not. (User-mode 
write accesses are never allowed to linear addresses with read-only access rights, regardless of the value of 
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CRO.WP.) Section 4.6 explains how access rights are determined, including the definition of supervisor-mode and 
user-mode accesses. 


CR4.PSE enables 4-MByte pages for 32-bit paging. If CR4.PSE = 0, 32-bit paging can use only 4-KByte pages; if 
CR4.PSE = 1, 32-bit paging can use both 4-KByte pages and 4-MByte pages. See Section 4.3 for more information. 
(PAE paging, 4-level paging, and 5-level paging can use multiple page sizes regardless of the value of CR4.PSE.) 


CR4.PGE enables global pages. If CR4.PGE = 0, no translations are shared across address spaces; if CR4.PGE = 1, 
specified translations may be shared across address spaces. See Section 4.10.2.4 for more information. 


CR4.PCIDE enables process-context identifiers (PCIDs) for 4-level paging and 5-level paging. PCIDs allow a logical 
processor to cache information for multiple linear-address spaces. See Section 4.10.1 for more information. 


CR4.SMEP allows pages to be protected from supervisor-mode instruction fetches. If CR4.SMEP = 1, software 
operating in supervisor mode cannot fetch instructions from linear addresses that are accessible in user mode. 
Section 4.6 explains how access rights are determined, including the definition of supervisor-mode accesses and 
user-mode accessibility. 


CR4.SMAP allows pages to be protected from supervisor-mode data accesses. If CR4.SMAP = 1, software oper- 
ating in supervisor mode cannot access data at linear addresses that are accessible in user mode. Software can 
override this protection by setting EFLAGS.AC. Section 4.6 explains how access rights are determined, including 
the definition of supervisor-mode accesses and user-mode accessibility. 


CR4.PKE and CR4.PKS enable specification of access rights based on protection keys. 4-level paging and 5-level 
paging associate each linear address with a protection key. When CR4.PKE = 1, the PKRU register specifies, for 
each protection key, whether user-mode linear addresses with that protection key can be read or written. When 
CR4.PKS = 1, the IA32_PKRS MSR does the same for supervisor-mode linear addresses. See Section 4.6 for more 
information. 


CR4.CET enables control-flow enforcement technology, including the shadow-stack feature. If CR4.CET = 1, 
certain memory accesses are identified as shadow-stack accesses and certain linear addresses translate to 
shadow-stack pages. Section 4.6 explains how access rights are determined for these accesses and pages. (The 
processor allows CR4.CET to be set only if CRO.WP is also set.) 


IA32_EFER.NXE enables execute-disable access rights for PAE paging, 4-level paging, and 5-level paging. If 
IA32_EFER.NXE = 1, instruction fetches can be prevented from specified linear addresses (even if data reads from 
the addresses are allowed). Section 4.6 explains how access rights are determined. (IA32_EFER.NXE has no effect 
with 32-bit paging. Software that wants to use this feature to limit instruction fetches from readable pages must 
use PAE paging, 4-level paging, or 5-level paging.) 


The “enable HLAT” VM-execution control enables HLAT paging for 4-level paging and 5-level paging. HLAT paging 
does not use control register CR3 to identify the address of the first paging structure used for linear-address trans- 
lation; instead, that structure is located using a field in the virtual-machine control structure (VMCS). In addition, 
HLAT paging interprets certain bits in paging-structure entries differently than ordinary paging. See Section 4.5 for 
details. 


4.1.4 Enumeration of Paging Features by CPUID 


Software can discover support for different paging features using the CPUID instruction: 

¢ PSE: page-size extensions for 32-bit paging. 
If CPUID.01H:EDX.PSE [bit 3] = 1, CR4.PSE may be set to 1, enabling support for 4-MByte pages with 32-bit 
paging (see Section 4.3). 

¢ PAE: physical-address extension. 
If CPUID.O1H:EDX.PAE [bit 6] = 1, CR4.PAE may be set to 1, enabling PAE paging (this setting is also required 
for 4-level paging and 5-level paging). 

¢ PGE: global-page support. 
If CPUID.01H:EDX.PGE [bit 13] = 1, CR4.PGE may be set to 1, enabling the global-page feature (see Section 
4.10.2.4). 


¢ PAT: page-attribute table. 
If CPUID.01H:EDX.PAT [bit 16] = 1, the 8-entry page-attribute table (PAT) is supported. When the PAT is 
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supported, three bits in certain paging-structure entries select a memory type (used to determine type of 
caching used) from the PAT (see Section 4.9.2). 

° PSE-36: page-size extensions with 40-bit physical-address extension. 
If CPUID.01H:EDX.PSE-36 [bit 17] = 1, the PSE-36 mechanism is supported, indicating that translations using 
4-MByte pages with 32-bit paging may produce physical addresses with up to 40 bits (see Section 4.3). 

* PCID: process-context identifiers. 
If CPUID.O1H:ECX.PCID [bit 17] = 1, CR4.PCIDE may be set to 1, enabling process-context identifiers (see 
Section 4.10.1). 

¢ SMEP: supervisor-mode execution prevention. 
If CPUID.(EAX=07H,ECX=0H):EBX.SMEP [bit 7] = 1, CR4.SMEP may be set to 1, enabling supervisor-mode 
execution prevention (see Section 4.6). 

¢ SMAP: supervisor-mode access prevention. 
If CPUID.(EAX=07H,ECX=0H):EBX.SMAP [bit 20] = 1, CR4.SMAP may be set to 1, enabling supervisor-mode 
access prevention (see Section 4.6). 

° PKU: protection keys for user-mode pages. 
If CPUID.(EAX=07H,ECX=0H):ECX.PKU [bit 3] = 1, CR4.PKE may be set to 1, enabling protection keys for 
user-mode pages (see Section 4.6). 

® OSPKE: enabling of protection keys for user-mode pages. 
CPUID.(EAX=07H,ECX=0H):ECX.OSPKE [bit 4] returns the value of CR4.PKE. Thus, protection keys for user- 
mode pages are enabled if this flag is 1 (see Section 4.6). 

* CET: control-flow enforcement technology. 
If CPUID.(EAX=07H,ECX=0H):ECX.CET_SS [bit 7] = 1, CR4.CET may be set to 1, enabling shadow-stack 
pages (see Section 4.6). 

° LA57: 57-bit linear addresses and 5-level paging. 
If CPUID.(EAX=07H,ECX=0):ECX.LA57 [bit 16] = 1, CR4.LA57 may be set to 1, enabling 5-level paging. 

° PKS: protection keys for supervisor-mode pages. 
If CPUID.(EAX=07H,ECX=0H):ECX.PKS [bit 31] = 1, CR4.PKS may be set to 1, enabling protection keys for 
supervisor-mode pages (see Section 4.6). 

¢ NX: execute disable. 
If CPUID.80000001H:EDX.NX [bit 20] = 1, IA32_EFER.NXE may be set to 1, allowing software to disable 
execute access to selected pages (see Section 4.6). (Processors that do not support CPUID function 
80000001H do not allow IA32_EFER.NXE to be set to 1.) 

° Page1GB: 1-GByte pages. 
If CPUID.80000001H:EDX.Page1GB [bit 26] = 1, 1-GByte pages may be supported with 4-level paging and 5- 
level paging (see Section 4.5). 

¢ LM: IA-32e mode support. 
If CPUID.80000001H:EDX.LM [bit 29] = 1, IA32_EFER.LME may be set to 1, enabling IA-32e mode (with either 
4-level paging or 5-level paging). (Processors that do not support CPUID function 80000001H do not allow 
IA32_EFER.LME to be set to 1.) 

¢ CPUID.80000008H:EAX[7:0] reports the physical-address width supported by the processor. (For processors 
that do not support CPUID function 80000008H, the width is generally 36 if CPUID.O1H:EDX.PAE [bit 6] = 1 
and 32 otherwise.) This width is referred to as MAXPHYADDR. MAXPHYADDR is at most 52. 


* CPUID.80000008H:EAX[15:8] reports the linear-address width supported by the processor. Generally, this 
value is reported as follows: 


— If CPUID.80000001H:EDX.LM [bit 29] = 0, the value is reported as 32. 


— If CPUID.80000001H:EDX.LM [bit 29] = 1 and CPUID.(EAX=07H,ECX=0):ECX.LA5S7 [bit 16] = 0, the 
value is reported as 48. 


— If CPUID.(EAX=07H,ECX=0):ECX.LA57 [bit 16] = 1, the value is reported as 57. 
(Processors that do not support CPUID function 80000008H, support a linear-address width of 32.) 
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4.2 HIERARCHICAL PAGING STRUCTURES: AN OVERVIEW 


All four paging modes translate linear addresses using hierarchical paging structures. This section provides an 
overview of their operation. Section 4.3, Section 4.4, Section 4.5, and Section 4.6 provide details for the four 
paging modes. 


Every paging structure is 4096 Bytes in size and comprises a number of individual entries. With 32-bit paging, 
each entry is 32 bits (4 bytes); there are thus 1024 entries in each structure. With the other paging modes, each 
entry is 64 bits (8 bytes); there are thus 512 entries in each structure. (PAE paging includes one exception, a 
paging structure that is 32 bytes in size, containing 4 64-bit entries.) 


The processor uses the upper portion of a linear address to identify a series of paging-structure entries. The last of 
these entries identifies the physical address of the region to which the linear address translates (called the page 
frame). The lower portion of the linear address (called the page offset) identifies the specific address within that 
region to which the linear address translates. 


Each paging-structure entry contains a physical address, which is either the address of another paging structure or 
the address of a page frame. In the first case, the entry is said to reference the other paging structure; in the 
latter, the entry is said to map a page. 


The first paging structure used for any translation is located at the physical address in CR3.! A linear address is 
translated using the following iterative procedure. A portion of the linear address (initially the uppermost bits) 
selects an entry in a paging structure (initially the one located using CR3). If that entry references another paging 
structure, the process continues with that paging structure and with the portion of the linear address immediately 
below that just used. If instead the entry maps a page, the process completes: the physical address in the entry is 
that of the page frame and the remaining lower portion of the linear address is the page offset. 


The following items give an example for each of the four paging modes (each example locates a 4-KByte page 
frame): 


* With 32-bit paging, each paging structure comprises 1024 = 2!° entries. For this reason, the translation 
process uses 10 bits at a time from a 32-bit linear address. Bits 31:22 identify the first paging-structure entry 
and bits 21:12 identify a second. The latter identifies the page frame. Bits 11:0 of the linear address are the 
page offset within the 4-KByte page frame. (See Figure 4-2 for an illustration.) 


* With PAE paging, the first paging structure comprises only 4 = 2? entries. Translation thus begins by using 
bits 31:30 from a 32-bit linear address to identify the first paging-structure entry. Other paging structures 
comprise 512 =2° entries, so the process continues by using 9 bits at a time. Bits 29:21 identify a second 
paging-structure entry and bits 20:12 identify a third. This last identifies the page frame. (See Figure 4-5 for 
an illustration. ) 


* With 4-level paging, each paging structure comprises 512 = 2° entries and translation uses 9 bits at a time 
from a 48-bit linear address. Bits 47:39 identify the first paging-structure entry, bits 38:30 identify a second, 
bits 29:21 a third, and bits 20:12 identify a fourth. Again, the last identifies the page frame. (See Figure 4-8 
for an illustration.) 


e =5-level paging is similar to 4-level paging except that 5-level paging translates 57-bit linear addresses. 
Bits 56:48 identify the first paging-structure entry, while the remaining bits are used as with 4-level paging. 


The translation process in each of the examples above completes by identifying a page frame; the page frame is 
part of the translation of the original linear address. In some cases, however, the paging structures may be 
configured so that the translation process terminates before identifying a page frame. This occurs if the process 
encounters a paging-structure entry that is marked “not present” (because its P flag — bit 0 — is clear) or in which 
a reserved bit is set. In this case, there is no translation for the linear address; an access to that address causes a 
page-fault exception (see Section 4.7). 


In the examples above, a paging-structure entry maps a page with a 4-KByte page frame when only 12 bits remain 
in the linear address; entries identified earlier always reference other paging structures. That may not apply in 
other cases. The following items identify when an entry maps a page and when it references another paging struc- 
ture: 


¢ If more than 12 bits remain in the linear address, bit 7 (PS — page size) of the current paging-structure entry 
is consulted. If the bit is 0, the entry references another paging structure; if the bit is 1, the entry maps a page. 


1. If HLAT paging is in use, a different mechanism is used to identify the first paging structure. See Section 4.5 for more information. 
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e If only 12 bits remain in the linear address, the current paging-structure entry always maps a page (bit 7 is 
used for other purposes). 


If a paging-structure entry maps a page when more than 12 bits remain in the linear address, the entry identifies 
a page frame larger than 4 KBytes. For example, 32-bit paging uses the upper 10 bits of a linear address to locate 
the first paging-structure entry; 22 bits remain. If that entry maps a page, the page frame is 272 Bytes = 4 MBytes. 
32-bit paging can use 4-MByte pages if CR4.PSE = 1. The other paging modes can use 2-MByte pages (regardless 
of the value of CR4.PSE). 4-level paging and 5-level paging can use 1-GByte pages if the processor supports them 
(see Section 4.1.4). 


Paging structures are given different names based on their uses in the translation process. Table 4-2 gives the 
names of the different paging structures. It also provides, for each structure, the source of the physical address 
used to locate it (CR3 or a different paging-structure entry); the bits in the linear address used to select an entry 
from the structure; and details of whether and how such an entry can map a page. 


Table 4-2. Paging Structures in the Different Paging Modes 
Physical 


Paging Structure Paging Mode Address of 
Structure 


Bits Selecting 


Entry Page Mapping 


32-bit, PAE, 4-level 
PML5 table 
N/A (PS must be 0) 


32-bit, PAE 


PML4 table 4-level 


N/A (PS must be 0) 
5-level 


N/A 


Page-directory- 


pointer table N/A (PS must be 0) 


4-level, 5-level 1-GByte page if PS=1 2 


32-bit 4-MByte page if PS=13 
Page directory 


PAE, 4-level, 5-level 2-MByte page if PS=1 


32-bit 
Page table 4-KByte page 
PAE, 4-level, 5-level 


NOTES: 
1. If HLAT paging is in use, a different mechanism is used to identify the first paging structure. See Section 4.5 for more information. 
2. Not all processors support 1-GByte pages; see Section 4.1.4. 


3. 32-bit paging ignores the PS flag in a PDE (and uses the entry to reference a page table) unless CR4.PSE = 1. Not all processors sup- 
port 4-MByte pages with 32-bit paging; see Section 4.1.4. 
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4.3 32-BIT PAGING 


A logical processor uses 32-bit paging if CRO.PG = 1 and CR4.PAE = 0. 32-bit paging translates 32-bit linear 
addresses to 40-bit physical addresses.! Although 40 bits corresponds to 1 TByte, linear addresses are limited to 
32 bits; at most 4 GBytes of linear-address space may be accessed at any given time. 


32-bit paging uses a hierarchy of paging structures to produce a translation for a linear address. CR3 is used to 
locate the first paging-structure, the page directory. Table 4-3 illustrates how CR3 is used with 32-bit paging. 


32-bit paging may map linear addresses to either 4-KByte pages or 4-MByte pages. Figure 4-2 illustrates the 
translation process when it uses a 4-KByte page; Figure 4-3 covers the case of a 4-MByte page. The following 
items describe the 32-bit paging process in more detail as well has how the page size is determined: 


¢ A4-KByte naturally aligned page directory is located at the physical address specified in bits 31:12 of CR3 (see 
Table 4-3). A page directory comprises 1024 32-bit entries (PDEs). A PDE is selected using the physical address 
defined as follows: 


— Bits 39:32 are all 0. 

— Bits 31:12 are from CR3. 

— Bits 11:2 are bits 31:22 of the linear address. 
— Bits 1:0 are 0. 


Because a PDE is identified using bits 31:22 of the linear address, it controls access to a 4-Mbyte region of the 
linear-address space. Use of the PDE depends on CR4.PSE and the PDE’s PS flag (bit 7): 


¢ If CR4.PSE = 1 and the PDE’s PS flag is 1, the PDE maps a 4-MByte page (see Table 4-4). The final physical 
address is computed as follows: 


— Bits 39:32 are bits 20:13 of the PDE. 
— Bits 31:22 are bits 31:22 of the PDE.? 
— Bits 21:0 are from the original linear address. 


° If CR4.PSE = 0 or the PDE’s PS flag is 0, a 4-KByte naturally aligned page table is located at the physical 
address specified in bits 31:12 of the PDE (see Table 4-5). A page table comprises 1024 32-bit entries (PTEs). 
A PTE is selected using the physical address defined as follows: 


— Bits 39:32 are all 0. 

— Bits 31:12 are from the PDE. 

— Bits 11:2 are bits 21:12 of the linear address. 
— Bits 1:0 are O. 


° Because a PTE is identified using bits 31:12 of the linear address, every PTE maps a 4-KByte page (see 
Table 4-6). The final physical address is computed as follows: 


— Bits 39:32 areall 0. 
— Bits 31:12 are from the PTE. 
— Bits 11:0 are from the original linear address. 


If a paging-structure entry’s P flag (bit 0) is O or if the entry sets any reserved bit, the entry is used neither to refer- 
ence another paging-structure entry nor to map a page. There is no translation for a linear address whose transla- 
tion would use such a paging-structure entry; a reference to such a linear address causes a page-fault exception 
(see Section 4.7). 


1. Bits in the range 39:32 are O in any physical address used by 32-bit paging except those used to map 4-MByte pages. If the proces- 
sor does not support the PSE-36 mechanism, this is true also for physical addresses used to map 4-MByte pages. If the processor 
does support the PSE-36 mechanism and MAXPHYADDR < 40, bits in the range 39:MAXPHYADDR are 0 in any physical address used 
to map a 4-MByte page. (The corresponding bits are reserved in PDEs.) See Section 4.1.4 for how to determine MAXPHYADDR and 
whether the PSE-36 mechanism is supported. 


2. The upper bits in the final physical address do not all come from corresponding positions in the PDE; the physical-address bits in the 
PDE are not all contiguous. 
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With 32-bit paging, there are reserved bits only if CR4.PSE = 1: 


¢ If the P flag and the PS flag (bit 7) of a PDE are both 1, the bits reserved depend on MAXPHYADDR, and whether 
the PSE-36 mechanism is supported: ! 


— If the PSE-36 mechanism is not supported, bits 21:13 are reserved. 


— Ifthe PSE-36 mechanism is supported, bits 21:(M-19) are reserved, where M is the minimum of 40 and 
MAXPHYADDR. 


* If the PAT is not supported: 

— Ifthe P flag of a PTE is 1, bit 7 is reserved. 

— Ifthe P flag and the PS flag of a PDE are both 1, bit 12 is reserved. 
(If CR4.PSE = 0, no bits are reserved with 32-bit paging.) 


A reference using a linear address that is successfully translated to a physical address is performed only if allowed 
by the access rights of the translation; see Section 4.6. 


Linear Address 


31 22 21 12 11 0 
Directory Table Offset 
12 4-KByte Page 

10 10 Page Table >} Physical Address 

Page Directory 

| PTE | > 
20 
'—») PDE with PS=0 > 
20 

32 

CR3 


Figure 4-2. Linear-Address Translation to a 4-KByte Page using 32-Bit Paging 


1. See Section 4.1.4 for how to determine MAXPHYADDR and whether the PSE-36 mechanism is supported. 
2. See Section 4.1.4 for how to determine whether the PAT is supported. 
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Linear Address 
31 22 21 0 
Directory Offset 


22 4-MByte Page 


ig. Pas Directory _»| Physical Address 


—3] PDE with PS=1 > 


32 


CR3 


Figure 4-3. Linear-Address Translation to a 4-MByte Page using 32-Bit Paging 


Figure 4-4 gives a summary of the formats of CR3 and the paging-structure entries with 32-bit paging. For the 
paging structure entries, it identifies separately the format of entries that map pages, those that reference other 
paging structures, and those that do neither because they are “not present”; bit O (P) and bit 7 (PS) are high- 
lighted because they determine how such an entry is used. 


31/30/29] 28] 27} 26/25 |24)23i22)21) 20] 19/18) 17)/16]15]i4jizli2ziiijio]a9}ei7ieis5i4/3i2yijoyt | 


Ignored 


Address of page directory’ Ignored 


Bits 31:22 of address Reserved Bits 39:32 of 
of 4MB page frame (must be 0) address@ : Ignored clajo A 
| 
Address of page table Ignored g/A 
n 


onvV|] CONV] OND 
450; Ha0]/ Hav 


PDE: 
Ignored not 


present 
P P 
Address of 4KB page frame Ignored |G/A A 
T 
PTE: 


Ignored not 
present 


Figure 4-4. Formats of CR3 and Paging-Structure Entries with 32-Bit Paging 
NOTES: 
1. CR3 has 64 bits on processors supporting the Intel-64 architecture. These bits are ignored with 32-bit paging. 


2. This example illustrates a processor in which MAXPHYADDR is 36. If this value is larger or smaller, the number of bits reserved in 
positions 20:13 of a PDE mapping a 4-MByte page will change. 
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Table 4-3. Use of CR3 with 32-Bit Paging 


Bit Contents 

Position(s) 

2:0 Ignored 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the page directory during linear- 
address translation (See Section 4.9) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the page directory during linear- 
address translation (see Section 4.9) 

11:5 Ignored 

31:12 Physical address of the 4-KByte aligned page directory used for linear-address translation 

63:32 Ignored (these bits exist only on processors supporting the Intel-64 architecture) 

Table 4-4. Format of a 32-Bit Page-Directory Entry that Maps a 4-MByte Page 

Bit Contents 

Position(s) 

0 (P) Present; must be 1 to map a 4-MByte page 

1 (R/W) Read/write; if 0, writes may not be allowed to the 4-MByte page referenced by this entry (see Section 4.6) 

2 (U/S) User/supervisor; if 0, user-mode accesses are not allowed to the 4-MByte page referenced by this entry (see Section 
4.6) 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the 4-MByte page referenced by 
this entry (see Section 4.9) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the 4-MByte page referenced by 
this entry (see Section 4.9) 

5 (A) Accessed; indicates whether software has accessed the 4-MByte page referenced by this entry (see Section 4.8) 

6 (D) Dirty; indicates whether software has written to the 4-MByte page referenced by this entry (see Section 4.8) 

7 (PS) Page size; must be 1 (otherwise, this entry references a page table; see Table 4-5) 

8 (G) Global; if CR4.PGE = 1, determines whether the translation is global (see Section 4.10); ignored otherwise 

11:9 Ignored 

12 (PAT) If the PAT is supported, indirectly determines the memory type used to access the 4-MByte page referenced by this 
entry (see Section 4.9.2); otherwise, reserved (must be 0)! 

(M-20):13 Bits (M-1):32 of physical address of the 4-MByte page referenced by this entry? 

21:(M-19) Reserved (must be 0) 

31:22 Bits 31:22 of physical address of the 4-MByte page referenced by this entry 

NOTES: 


1. See Section 4.1.4 for how to determine whether the PAT is supported. 


2. If the PSE-36 mechanism is not supported, M is 32, and this row does not apply. If the PSE-36 mechanism is supported, M is the min- 
imum of 40 and MAXPHYADDR (this row does not apply if MAXPHYADDR = 32). See Section 4.1.4 for how to determine MAXPHYA- 
DDR and whether the PSE-36 mechanism is supported. 
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Table 4-5. Format of a 32-Bit Page-Directory Entry that References a Page Table 


Bit Contents 

Position(s) 

0 (P) Present; must be 1 to reference a page table 

1 (R/W) Read/write; if 0, writes may not be allowed to the 4-MByte region controlled by this entry (see Section 4.6) 

2 (U/S) User/supervisor; if 0, user-mode accesses are not allowed to the 4-MByte region controlled by this entry (see Section 
4.6) 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the page table referenced by this 
entry (see Section 4.9) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the page table referenced by this 
entry (see Section 4.9) 

5 (A) Accessed; indicates whether this entry has been used for linear-address translation (see Section 4.8) 

6 Ignored 

7 (PS) If CR4.PSE = 1, must be O (otherwise, this entry maps a 4-MByte page; see Table 4-4); otherwise, ignored 

11:8 Ignored 

31:12 Physical address of 4-KByte aligned page table referenced by this entry 

Table 4-6. Format of a 32-Bit Page-Table Entry that Maps a 4-KByte Page 

Bit Contents 

Position(s) 

0 (P) Present; must be 1 to map a 4-KByte page 

1 (R/W) Read/write; if 0, writes may not be allowed to the 4-KByte page referenced by this entry (see Section 4.6) 

2 (U/S) User/supervisor; if 0, user-mode accesses are not allowed to the 4-KByte page referenced by this entry (see Section 
4.6) 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the 4-KByte page referenced by this 
entry (see Section 4.9) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the 4-KByte page referenced by this 
entry (see Section 4.9) 

5 (A) Accessed; indicates whether software has accessed the 4-KByte page referenced by this entry (see Section 4.8) 

6 (D) Dirty; indicates whether software has written to the 4-KByte page referenced by this entry (see Section 4.8) 

7 (PAT) If the PAT is supported, indirectly determines the memory type used to access the 4-KByte page referenced by this 
entry (see Section 4.9.2); otherwise, reserved (must be 0)! 

8 (G) Global; if CR4.PGE = 1, determines whether the translation is global (see Section 4.10); ignored otherwise 

11:9 Ignored 

31:12 Physical address of the 4-KByte page referenced by this entry 

NOTES: 


1. See Section 4.1.4 for how to determine whether the PAT is supported. 
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4.4 PAE PAGING 


A logical processor uses PAE paging if CRO.PG = 1, CR4.PAE = 1, and IA32_EFER.LME = 0. PAE paging translates 
32-bit linear addresses to 52-bit physical addresses.! Although 52 bits corresponds to 4 PBytes, linear addresses 
are limited to 32 bits; at most 4 GBytes of linear-address space may be accessed at any given time. 


With PAE paging, a logical processor maintains a set of four (4) PDPTE registers, which are loaded from an address 
in CR3. Linear address are translated using 4 hierarchies of in-memory paging structures, each located using one 
of the PDPTE registers. (This is different from the other paging modes, in which there is one hierarchy referenced 
by CR3.) 


Section 4.4.1 discusses the PDPTE registers. Section 4.4.2 describes linear-address translation with PAE paging. 


4.4.1 PDPTE Registers 


When PAE paging is used, CR3 references the base of a 32-Byte page-directory-pointer table. Table 4-7 illus- 
trates how CR3 is used with PAE paging. 


Table 4-7. Use of CR3 with PAE Paging 


Bit Contents 

Position(s) 

4:0 Ignored 

31:5 Physical address of the 32-Byte aligned page-directory-pointer table used for linear-address translation 
63:32 Ignored (these bits exist only on processors supporting the Intel-64 architecture) 


The page-directory-pointer-table comprises four (4) 64-bit entries called PDPTEs. Each PDPTE controls access to a 
1-GByte region of the linear-address space. Corresponding to the PDPTEs, the logical processor maintains a set of 
four (4) internal, non-architectural PDPTE registers, called PDPTEO, PDPTE1, PDPTE2, and PDPTE3. The logical 
processor loads these registers from the PDPTEs in memory as part of certain operations: 


¢ If PAE paging would be in use following an execution of MOV to CRO or MOV to CR4 (see Section 4.1.1) and the 
instruction is modifying any of CRO.CD, CRO.NW, CRO.PG, CR4.PAE, CR4.PGE, CR4.PSE, or CR4.SMEP; then the 
PDPTEs are loaded from the address in CR3. 


¢ If MOV to CR3 is executed while the logical processor is using PAE paging, the PDPTEs are loaded from the 
address being loaded into CR3. 


¢ If PAE paging is in use and a task switch changes the value of CR3, the PDPTEs are loaded from the address in 
the new CR3 value. 


* Certain VMX transitions load the PDPTE registers. See Section 4.11.1. 
Table 4-8 gives the format of a PDPTE. If any of the PDPTEs sets both the P flag (bit 0) and any reserved bit, the 


MOV to CR instruction causes a general-protection exception (#GP(0)) and the PDPTEs are not loaded.? As shown 
in Table 4-8, bits 2:1, 8:5, and 63:MAXPHYADDR are reserved in the PDPTEs. 


1. If MAXPHYADDR < 52, bits in the range 51:MAXPHYADDR will be 0 in any physical address used by PAE paging. (The corresponding 
bits are reserved in the paging-structure entries.) See Section 4.1.4 for how to determine MAXPHYADDR. 


2. Onsome processors, reserved bits are checked even in PDPTEs in which the P flag (bit 0) is 0. 
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Table 4-8. Format of a PAE Page-Directory-Pointer-Table Entry (PDPTE) 


Bit Contents 

Position(s) 

0 (P) Present; must be 1 to reference a page directory 

2:1 Reserved (must be 0) 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the page directory referenced by 
this entry (see Section 4.9) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the page directory referenced by 
this entry (see Section 4.9) 

8:5 Reserved (must be 0) 

11:9 Ignored 


(M-1):12 Physical address of 4-KByte aligned page directory referenced by this entry! 


63:M Reserved (must be 0) 


NOTES: 
1. Mis an abbreviation for MAXPHYADDR, which is at most 52; see Section 4.1.4. 


4.4.2 Linear-Address Translation with PAE Paging 


PAE paging may map linear addresses to either 4-KByte pages or 2-MByte pages. Figure 4-5 illustrates the trans- 
lation process when it produces a 4-KByte page; Figure 4-6 covers the case of a 2-MByte page. The following items 
describe the PAE paging process in more detail as well has how the page size is determined: 


¢ Bits 31:30 of the linear address select a PDPTE register (see Section 4.4.1); this is PDPTE/, where / is the value 
of bits 31:30.! Because a PDPTE register is identified using bits 31:30 of the linear address, it controls access 
to a 1-GByte region of the linear-address space. If the P flag (bit 0) of PDPTE/ is 0, the processor ignores bits 
63:1, and there is no mapping for the 1-GByte region controlled by PDPTE/. A reference using a linear address 
in this region causes a page-fault exception (see Section 4.7). 


° If the P flag of PDPTE/ is 1, 4-KByte naturally aligned page directory is located at the physical address specified 
in bits 51:12 of PDPTE/ (see Table 4-8 in Section 4.4.1). A page directory comprises 512 64-bit entries (PDEs). 
A PDE is selected using the physical address defined as follows: 


— Bits 51:12 are from PDPTE/. 
— Bits 11:3 are bits 29:21 of the linear address. 
— Bits 2:0 are O. 


Because a PDE is identified using bits 31:21 of the linear address, it controls access to a 2-Mbyte region of the 
linear-address space. Use of the PDE depends on its PS flag (bit 7): 


¢ If the PDE’s PS flag is 1, the PDE maps a 2-MByte page (see Table 4-9). The final physical address is computed 
as follows: 


— Bits 51:21 are from the PDE. 
— Bits 20:0 are from the original linear address. 


e If the PDE’s PS flag is 0, a 4-KByte naturally aligned page table is located at the physical address specified in 
bits 51:12 of the PDE (see Table 4-10). A page table comprises 512 64-bit entries (PTEs). A PTE is selected 
using the physical address defined as follows: 


— Bits 51:12 are from the PDE. 


1. With PAE paging, the processor does not use CR3 when translating a linear address (as it does in the other paging modes). It does 
not access the PDPTEs in the page-directory-pointer table during linear-address translation. 


Vol. 3A 4-15 


PAGING 


— Bits 11:3 are bits 20:12 of the linear address. 
— Bits 2:0 are O. 


° Because a PTE is identified using bits 31:12 of the linear address, every PTE maps a 4-KByte page (see 
Table 4-11). The final physical address is computed as follows: 


— Bits 51:12 are from the PTE. 
— Bits 11:0 are from the original linear address. 


If the P flag (bit 0) of a PDE or a PTE is 0 or if a PDE or a PTE Sets any reserved bit, the entry is used neither to 
reference another paging-structure entry nor to map a page. There is no translation for a linear address whose 
translation would use such a paging-structure entry; a reference to such a linear address causes a page-fault 
exception (see Section 4.7). 


The following bits are reserved with PAE paging: 
° If the P flag (bit 0) of a PDE or a PTE is 1, bits 62: MAXPHYADDR are reserved. 
e If the P flag and the PS flag (bit 7) of a PDE are both 1, bits 20:13 are reserved. 
° If IA32_EFER.NXE = 0 and the P flag of a PDE or a PTE is 1, the XD flag (bit 63) is reserved. 
* If the PAT is not supported:! 
— Ifthe P flag of a PTE is 1, bit 7 is reserved. 
— Ifthe P flag and the PS flag of a PDE are both 1, bit 12 is reserved. 


A reference using a linear address that is successfully translated to a physical address is performed only if allowed 
by the access rights of the translation; see Section 4.6. 


Linear Address 
31 30 29 21 20 12 11 0 


Directory Table Offset 


Directory Pointer —» 


12 4-KByte Page 


Page Table Physical Address 
Page Directory 9 
9 \_y | PTE ri 
|_| PDE with PS=0 ie ae 
2 


PDPTE Registers 


40 


——* | PDPTE value 


Figure 4-5. Linear-Address Translation to a 4-KByte Page using PAE Paging 


1. See Section 4.1.4 for how to determine whether the PAT is supported. 
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Linear Address 
31 30 29 21 20 0 
Directory Offset 


Directory 
Pointer 


21  2-MByte Page 


Page Directory —>) Physical Address 


PDPTE Registers 


—~| PDE with PS=1 


— | PDPTE value > 
40 


31 


Figure 4-6. Linear-Address Translation to a 2-MByte Page using PAE Paging 


Table 4-9. Format of a PAE Page-Directory Entry that Maps a 2-MByte Page 


Bit Contents 

Position(s) 

0 (P) Present; must be 1 to map a 2-MByte page 

1 (R/W) Read/write; if 0, writes may not be allowed to the 2-MByte page referenced by this entry (see Section 4.6) 

2 (U/S) User/supervisor; if 0, user-mode accesses are not allowed to the 2-MByte page referenced by this entry (see Section 
46) 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the 2-MByte page referenced by 
this entry (see Section 4.9) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the 2-MByte page referenced by this 
entry (see Section 4.9) 

5 (A) Accessed; indicates whether software has accessed the 2-MByte page referenced by this entry (see Section 4.8) 

6 (D) Dirty; indicates whether software has written to the 2-MByte page referenced by this entry (see Section 4.8) 

7 (PS) Page size; must be 1 (otherwise, this entry references a page table; see Table 4-10) 

8 (G) Global; if CR4.PGE = 1, determines whether the translation is global (see Section 4.10); ignored otherwise 

11:9 Ignored 

12 (PAT) If the PAT is supported, indirectly determines the memory type used to access the 2-MByte page referenced by this 
entry (see Section 4.9.2); otherwise, reserved (must be 0)! 

20:13 Reserved (must be 0) 

(M-1):21 Physical address of the 2-MByte page referenced by this entry 

62:M Reserved (must be 0) 

63 (XD) If IA32_EFER.NXE = 1, execute-disable (if 1, instruction fetches are not allowed from the 2-MByte page controlled by 
this entry; see Section 4.6); otherwise, reserved (must be 0) 

NOTES: 


1. See Section 4.1.4 for how to determine whether the PAT is supported. 
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Table 4-10. Format of a PAE Page-Directory Entry that References a Page Table 


Bit Contents 

Position(s) 

0 (P) Present; must be 1 to reference a page table 

1 (R/W) Read/write; if 0, writes may not be allowed to the 2-MByte region controlled by this entry (see Section 4.6) 

2 (U/S) User/supervisor; if 0, user-mode accesses are not allowed to the 2-MByte region controlled by this entry (see 
Section 4.6) 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the page table referenced by this 
entry (see Section 4.9) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the page table referenced by this 
entry (see Section 4.9) 

5 (A) Accessed; indicates whether this entry has been used for linear-address translation (see Section 4.8) 

6 Ignored 

7 (PS) Page size; must be O (otherwise, this entry maps a 2-MByte page; see Table 4-9) 

11:8 Ignored 

(M-1):12 Physical address of 4-KByte aligned page table referenced by this entry 

62:M Reserved (must be 0) 

63 (XD) If [A32_EFER.NXE = 1, execute-disable (if 1, instruction fetches are not allowed from the 2-MByte region controlled 
by this entry; see Section 4.6); otherwise, reserved (must be 0) 

Table 4-11. Format of a PAE Page-Table Entry that Maps a 4-KByte Page 

Bit Contents 

Position(s) 

0 (P) Present; must be 1 to map a 4-KByte page 

1 (R/W) Read/write; if 0, writes may not be allowed to the 4-KByte page referenced by this entry (see Section 4.6) 

2 (U/S) User/supervisor; if 0, user-mode accesses are not allowed to the 4-KByte page referenced by this entry (see Section 
4.6) 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the 4-KByte page referenced by 
this entry (see Section 4.9) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the 4-KByte page referenced by this 
entry (see Section 4.9) 

5 (A) Accessed; indicates whether software has accessed the 4-KByte page referenced by this entry (see Section 4.8) 

6 (D) Dirty; indicates whether software has written to the 4-KByte page referenced by this entry (see Section 4.8) 

7 (PAT) If the PAT is supported, indirectly determines the memory type used to access the 4-KByte page referenced by this 
entry (see Section 4.9.2); otherwise, reserved (must be 0)! 

8 (G) Global; if CR4.PGE = 1, determines whether the translation is global (see Section 4.10); ignored otherwise 
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Table 4-11. Format of a PAE Page-Table Entry that Maps a 4-KByte Page (Contd.) 


Bit Contents 
Position(s) 
11:9 Ignored 


(M-1):12 Physical address of the 4-KByte page referenced by this entry 


62:M Reserved (must be 0) 


63 (XD) If IA32_EFER.NXE = 1, execute-disable (if 1, instruction fetches are not allowed from the 4-KByte page controlled by 
this entry; see Section 4.6); otherwise, reserved (must be 0) 


NOTES: 
1. See Section 4.1.4 for how to determine whether the PAT is supported. 


Figure 4-7 gives a summary of the formats of CR3 and the paging-structure entries with PAE paging. For the paging 
structure entries, it identifies separately the format of entries that map pages, those that reference other paging 
structures, and those that do neither because they are “not present”; bit O (P) and bit 7 (PS) are highlighted 
because they determine how a paging-structure entry is used. 


serogazesaszi| || | brosezesssziiosacsaaeiolbleseazilol 


Ignored@ Address of page-directory-pointer table Ignored 


3 PDPTE: 
Reserved Address of page directory . present 


PDTPE: 


Ignored not 
present 


PDE: 


Address of 
Reserved 2MB page frame Reserved ‘ : ae 


PDE: 


Reserved Address of page table : page 
table 


PDE: 


Ignored not 
present 


PTE: 
Reserved Address of 4KB page frame : 4KB 
page 
PTE: 


Ignored not 
present 


Figure 4-7. Formats of CR3 and Paging-Structure Entries with PAE Paging 


NOTES: 

1. Mis an abbreviation for MAXPHYADDR. 

2. CR3 has 64 bits only on processors supporting the Intel-64 architecture. These bits are ignored with PAE paging. 
3. Reserved fields must be 0. 

4. If IA32_EFER.NXE = 0 and the P flag of a PDE or a PTE is 1, the XD flag (bit 63) is reserved. 
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4.5 4-LEVEL PAGING AND 5-LEVEL PAGING 


Because the operation of 4-level paging and 5-level paging is very similar, they are described together in this 
section. The following items highlight the distinctions between the two paging modes: 


¢ A logical processor uses 4-level paging if CRO.PG = 1, CR4.PAE = 1, IA32_EFER.LME = 1, and CR4.LA57 = 0. 
4-level paging translates 48-bit linear addresses to 52-bit physical addresses.! Although 52 bits corresponds to 
4 PBytes, linear addresses are limited to 48 bits; at most 256 TBytes of linear-address space may be accessed 
at any given time. 


¢ A logical processor uses 5-level paging if CRO.PG = 1, CR4.PAE = 1, IA32_EFER.LME = 1, and CR4.LA57 = 1. 


5-level paging translates 57-bit linear addresses to 52-bit physical addresses. Thus, 5-level paging supports a 
linear-address space sufficient to access the entire physical-address space. 


4.5.1 Ordinary Paging and HLAT Paging 


There are two forms of 4-level paging and 5-level paging that differ principally with regard to how linear-address 
translation identifies the first paging structure. 


The normal form is called ordinary paging, and it uses CR3 to locate the first paging structure, similar to what is 
done for 32-bit paging. Section 4.5.2 provides details of this use of CR3. 


An alternative form of paging may be used with the VMX feature called hypervisor-managed linear-address trans- 
lation (HLAT). Called HLAT paging, this form is used only in VMX non-root operation and only if the “enable HLAT” 
VM-execution control is 1.4 HLAT paging locates the first paging structure using a VM-execution control field in the 
VMCS called the HLAT pointer (HLATP). Section 4.5.3 provides details. 


Whether HLAT paging is used to translate a specific linear address depends on the address and on the value of a 
VM-execution control field in the VMCS called the HLAT prefix size: 


e If the HLAT prefix size is zero, every linear address is translated using HLAT paging. 
* If the HLAT prefix size is not zero, a linear address is translated using HLAT paging if bit 63 of the address is 1.3 
The address is translated using ordinary paging if bit 63 of the address is 0. 


In some cases, HLAT paging may specify that a translation of a linear address must be restarted. When this occurs, 
the linear address is then translated using ordinary paging (starting with a paging structure identified using CR3). 
The situations leading to this restart are detailed in Section 4.5.4, and additional details of the restart process are 
given in Section 4.5.5. 


4.5.2 Use of CR3 with Ordinary 4-Level Paging and 5-Level Paging 


Ordinary 4-level paging and 5-level paging each translate linear addresses using a hierarchy of in-memory paging 
structures located using the contents of CR3, which is used to locate the first paging structure. For 4-level paging, 
this is the PML4 table, and for 5-level paging it is the PML5 table. Use of CR3 with 4-level paging and 5-level paging 
depends on whether process-context identifiers (PCIDs) have been enabled by setting CR4.PCIDE: 


* Table 4-12 illustrates how CR3 is used with 4-level paging and 5-level paging if CR4.PCIDE = 0. 


Table 4-12. Use of CR3 with 4-Level Paging and 5-level Paging and CR4.PCIDE = 0 


Bit Contents 
Position(s) 
2:0 Ignored 


1. If MAXPHYADDR < 52, bits in the range 51:MAXPHYADDR will be O in any physical address used by 4-level paging. (The correspond- 
ing bits are reserved in the paging-structure entries.) See Section 4.1.4 for how to determine MAXPHYADDR. 

2. HLAT paging is used only with 4-level paging and 5-level paging. It is never used with 32-bit paging or PAE paging, regardless of the 
value of the “enable HLAT” VM-execution control. 

3. This behavior applies if the CPU enumerates a maximum HLAT prefix size of 1 in IA32_VMX_EPT_VPID_CAP[53:48] (see Appendix 
A.10). Behavior when a different value is enumerated is not currently defined. 
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Table 4-12. Use of CR3 with 4-Level Paging and 5-level Paging and CR4.PCIDE = 0 (Contd.) 


Bit Contents 

Position(s) 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the PML4 table or PML5 table 
during linear-address translation (see Section 4.9.2) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the PML4 table or PML5 table during 
linear-address translation (see Section 4.9.2) 

11:5 Ignored 

M-1:12 Physical address of the 4-KByte aligned PML4 table or PML5 table used for linear-address translation! 

63:M Reserved (must be 0) 

NOTES: 


1. Mis an abbreviation for MAXPHYADDR, which is at most 52; see Section 4.1.4. 


¢ Table 4-13 illustrates how CR3 is used with 4-level paging and 5-level paging if CR4.PCIDE = 1. 


Table 4-13. Use of CR3 with 4-Level Paging and 5-Level Paging and CR4.PCIDE = 1 


Bit Contents 
Position(s) 
11:0 PCID (see Section 4.10.1)! 
M-1:12 Physical address of the 4-KByte aligned PML4 table used for linear-address translation@ 
63:M Reserved (must be 0)3 
NOTES: 


1. Section 4.9.2 explains how the processor determines the memory type used to access the PML4 table during linear-address transla- 
tion with CR4.PCIDE = 1. 

2. Mis an abbreviation for MAXPHYADDR, which is at most 52; see Section 4.1.4. 

3. See Section 4.10.4.1 for use of bit 63 of the source operand of the MOV to CR3 instruction. 


After software modifies the value of CR4.PCIDE, the logical processor immediately begins using CR3 as specified 
for the new value. For example, if software changes CR4.PCIDE from 1 to 0, the current PCID immediately changes 
from CR3[11:0] to OOOH (see also Section 4.10.4.1). In addition, the logical processor subsequently determines 
the memory type used to access the PML4 table using CR3.PWT and CR3.PCD, which had been bits 4:3 of the PCID. 


4.5.3 Use of HLATP with HLAT 4-Level Paging and 5-Level Paging 


With HLAT paging, 4-level paging and 5-level paging each translate linear addresses using a hierarchy of in- 
memory paging structures located using the value of HLATP (a VM-execution control field in the VMCS), which is 
used to locate the first paging structure. For 4-level paging, this is the PML4 table, and for 5-level paging it is the 
PMLS table. 


HLATP has the same format as that given for CR3 in Table 4-12, with the exception that bits 2:0 and bits 11:5 are 
reserved and must be zero (these bits are checked by VM entry). HLATP does not contain a PCID value. HLAT 
paging with CR4.PCIDE = 1 uses the PCID value in CR3[11:0]. 
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4.5.4 Linear-Address Translation with 4-Level Paging and 5-Level Paging 


4-level paging and 5-level paging may map linear addresses to 4-KByte pages, 2-MByte pages, or 1-GByte pages. 
Figure 4-8 illustrates the translation process for 4-level paging when it produces a 4-KByte page; Figure 4-9 covers 
the case of a 2-MByte page, and Figure 4-10 the case of a 1-GByte page. (The process for 5-level paging is similar.) 


Linear Address 
47 39 38 30 29 21 20 12 11 0 
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Pointer Table 40 Page Table 


Page-Directory 
Ll PDPTE Ral 
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— | PML4E 
a 
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Figure 4-8. Linear-Address Translation to a 4-KByte Page using 4-Level Paging 


1. Not all processors support 1-GByte pages; see Section 4.1.4. 
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Figure 4-9. Linear-Address Translation to a 2-MByte Page using 4-Level Paging 
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Figure 4-10. Linear-Address Translation to a 1-GByte Page using 4-Level Paging 
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4-level paging and 5-level paging associate with each linear address a protection key. Section 4.6 explains how 
the processor uses the protection key in its determination of the access rights of each linear address. 


The remainder of this section describes the translation process used by 4-level paging and 5-level paging in more 
detail, as well has how the page size and protection key are determined. Because the process used by the two 
paging modes is similar, they are described together, with any differences identified, in the following items: 


With 5-level paging, a 4-KByte naturally aligned PMLS table is located at the physical address specified in 
bits 51:12 of CR3 (see Table 4-12). (4-level paging does not use a PML5 table and omits this step.) A PML5 
table comprises 512 64-bit entries (PML5Es). A PML5E is selected using the physical address defined as follows: 


— Bits 51:12 are from CR3 or HLATP. 
— Bits 11:3 are bits 56:48 of the linear address. 
— Bits 2:0 are all 0. 


Because a PML5E is identified using bits 56:48 of the linear address, it controls access to a 256-TByte region of 
the linear-address space. 


With HLAT paging, if bit 11 of the PML5E is 1, translation is restarted with ordinary paging with a maximum 
page size of 256-TBytes (see Section 4.5.5). Otherwise, the translation process continues as described in the 
next item. 


A 4-KByte naturally aligned PML4 table is located at the physical address specified in bits 51:12 of CR3 (for 4- 
level paging; see Table 4-12) or in bits 51:12 of the PML4E (for 5-level paging; see Table 4-14). A PML4 table 
comprises 512 64-bit entries (PML4Es). A PML4E is selected using the physical address defined as follows: 


— Bits 51:12 are from CR3 or the HLATP (for 4-level paging) or in bits 51:12 of the PML4E (for 5-level 
paging). 

— Bits 11:3 are bits 47:39 of the linear address. 

— Bits 2:0 are all 0. 


Because a PML4E is identified using bits 47:39 of the linear address, it controls access to a 512-GByte region of 
the linear-address space. 


With HLAT paging, if bit 11 of the PML4E is 1, translation is restarted with ordinary paging with a maximum 
page size of 512-GBytes (see Section 4.5.5). Otherwise, the translation process continues as described in the 
next item. 


A 4-KByte naturally aligned page-directory-pointer table is located at the physical address specified in 
bits 51:12 of the PML4E (see Table 4-15). A page-directory-pointer table comprises 512 64-bit entries 
(PDPTEs). A PDPTE is selected using the physical address defined as follows: 


— Bits 51:12 are from the PML4E. 
— Bits 11:3 are bits 38:30 of the linear address. 
— Bits 2:0 are all 0. 


Because a PDPTE is identified using bits 47:30 of the linear address, it controls access to a 1-GByte region of the 
linear-address space. 


With HLAT paging, if bit 11 of the PDPTE is 1, translation is restarted with ordinary paging with a maximum page 
size of 1-GByte (see Section 4.5.5). Otherwise, the translation process continues as described below. 


Use of the PDPTE depends on its PS flag (bit 7):4 


If the PDPTE’s PS flag is 1, the PDPTE maps a 1-GByte page (see Table 4-16). The final physical address is 
computed as follows: 


— Bits 51:30 are from the PDPTE. 
— Bits 29:0 are from the original linear address. 
The linear address’s protection key is the value of bits 62:59 of the PDPTE (see Section 4.6.2). 


The PS flag of a PDPTE is reserved and must be 0 (if the P flag is 1) if 1-GByte pages are not supported. See Section 4.1.4 for how 
to determine whether 1-GByte pages are supported. 
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¢ If the PDPTE’s PS flag is 0, a 4-KByte naturally aligned page directory is located at the physical address 
specified in bits 51:12 of the PDPTE (see Table 4-17). A page directory comprises 512 64-bit entries (PDEs). A 
PDE is selected using the physical address defined as follows: 


— Bits 51:12 are from the PDPTE. 
— Bits 11:3 are bits 29:21 of the linear address. 
— Bits 2:0 are all 0. 


Because a PDE is identified using bits 47:21 of the linear address, it controls access to a 2-MByte region of the 
linear-address space. 


With HLAT paging, if bit 11 of the PDE is 1, translation is restarted with ordinary paging with a maximum page size 
of 2-MBytes (see Section 4.5.5). Otherwise, the translation process continues as described below. 


Use of the PDE depends on its PS flag: 


° Ifthe PDE's PS flag is 1, the PDE maps a 2-MByte page (see Table 4-18). The final physical address is computed 
as follows: 


— Bits 51:21 are from the PDE. 
— Bits 20:0 are from the original linear address. 
The linear address’s protection key is the value of bits 62:59 of the PDE (see Section 4.6.2). 


¢ If the PDE’s PS flag is 0, a 4-KByte naturally aligned page table is located at the physical address specified in 
bits 51:12 of the PDE (see Table 4-19). A page table comprises 512 64-bit entries (PTEs). A PTE is selected 
using the physical address defined as follows: 


— Bits 51:12 are from the PDE. 
— Bits 11:3 are bits 20:12 of the linear address. 
— Bits 2:0 are all 0. 


° Because a PTE is identified using bits 47:12 of the linear address, every PTE maps a 4-KByte page (see 
Table 4-20). 


With HLAT paging, if bit 11 of the PTE is 1, translation is restarted with ordinary paging with a maximum page 
size of 4-KBytes (see Section 4.5.5). Otherwise, the final physical address is computed as follows: 


— Bits 51:12 are from the PTE. 
— Bits 11:0 are from the original linear address. 
The linear address’s protection key is the value of bits 62:59 of the PTE (see Section 4.6.2). 


If a paging-structure entry’s P flag (bit 0) is O or if the entry sets any reserved bit, the entry is used neither to refer- 
ence another paging-structure entry nor to map a page. There is no translation for a linear address whose transla- 
tion would use such a paging-structure entry; a reference to such a linear address causes a page-fault exception 
(see Section 4.7). 


The following bits in a paging-structure entry are reserved with 4-level paging and 5-level paging (assuming that 
the entry’s P flag is 1): 


¢ Bits 51:MAXPHYADDR are reserved in every paging-structure entry. 

¢  =The PS flag is reserved in a PML5E or a PML4E. 

* If 1-GByte pages are not supported, the PS flag is reserved in a PDPTE.! 

¢ If the PS flag in a PDPTE is 1, bits 29:13 of the entry are reserved. 

¢ If the PS flag in a PDE is 1, bits 20:13 of the entry are reserved. 

¢ = If IA32_EFER.NXE = 0, the XD flag (bit 63) is reserved in every paging-structure entry. 


A reference using a linear address that is successfully translated to a physical address is performed only if allowed 
by the access rights of the translation; see Section 4.6. 


1. See Section 4.1.4 for how to determine whether 1-GByte pages are supported. 
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Figure 4-11 gives a summary of the formats of CR3 and the 4-level and 5-level paging-structure entries. For the 

paging structure entries, it identifies separately the format of entries that map pages, those that reference other 
paging structures, and those that do neither because they are “not present”; bit 0 (P) and bit 7 (PS) are highlighted 
because they determine how a paging-structure entry is used. 


Table 4-14. Format of a PML5 Entry (PML5€) that References a PML4 Table 


Bit Contents 

Position(s) 

0 (P) Present; must be 1 to reference a PML4 table 

1 (R/W) Read/write; if 0, writes may not be allowed to the 256-TByte region controlled by this entry (see Section 4.6) 

2 (U/S) User/supervisor; if 0, user-mode accesses are not allowed to the 256-TByte region controlled by this entry (see 
Section 4.6) 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the PML4 table referenced by this 
entry (see Section 4.9.2) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the PML4 table referenced by this 
entry (see Section 4.9.2) 

5 (A) Accessed; indicates whether this entry has been used for linear-address translation (see Section 4.8) 

6 Ignored 

7 (PS) Reserved (must be 0) 

10:8 Ignored 

11 (R) For ordinary paging, ignored; for HLAT paging, restart (if 1, linear-address translation is restarted with ordinary 
paging) 

M-1:12 Physical address of 4-KByte aligned PML4 table referenced by this entry 

51:M Reserved (must be 0) 

62:52 Ignored 

63 (XD) If IA32_EFER.NXE = 1, execute-disable (if 1, instruction fetches are not allowed from the 256-TByte region 
controlled by this entry; see Section 4.6); otherwise, reserved (must be 0) 


Table 4-15. Format of a PML4 Entry (PML4€) that References a Page-Directory-Pointer Table 


Bit Contents 

Position(s) 

0 (P) Present; must be 1 to reference a page-directory-pointer table 

1 (R/W) Read/write; if 0, writes may not be allowed to the 512-GByte region controlled by this entry (see Section 4.6) 

2 (U/S) User/supervisor; if 0, user-mode accesses are not allowed to the 512-GByte region controlled by this entry (see 
Section 4.6) 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the page-directory-pointer table 
referenced by this entry (see Section 4.9.2) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the page-directory-pointer table 
referenced by this entry (see Section 4.9.2) 

5 (A) Accessed; indicates whether this entry has been used for linear-address translation (see Section 4.8) 

6 Ignored 
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Table 4-15. Format of a PML4 Entry (PML4€) that References a Page-Directory-Pointer Table (Contd.) 


Bit Contents 

Position(s) 

7 (PS) Reserved (must be 0) 

10:8 Ignored 

11 (R) For ordinary paging, ignored; for HLAT paging, restart (if 1, linear-address translation is restarted with ordinary 
paging) 

M-1:12 Physical address of 4-KByte aligned page-directory-pointer table referenced by this entry 

51:M Reserved (must be 0) 

62:52 Ignored 

63 (XD) If IA32_EFER.NXE = 1, execute-disable (if 1, instruction fetches are not allowed from the 512-GByte region 
controlled by this entry; see Section 4.6); otherwise, reserved (must be 0) 

Table 4-16. Format of a Page-Directory-Pointer-Table Entry (PDPTE) that Maps a 1-GByte Page 

Bit Contents 

Position(s) 

0 (P) Present; must be 1 to map a 1-GByte page 

1 (R/W) Read/write; if 0, writes may not be allowed to the 1-GByte page referenced by this entry (see Section 4.6) 

2 (U/S) User/supervisor; if 0, user-mode accesses are not allowed to the 1-GByte page referenced by this entry (see Section 
46) 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the 1-GByte page referenced by this 
entry (see Section 4.9.2) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the 1-GByte page referenced by this 
entry (see Section 4.9.2) 

5 (A) Accessed; indicates whether software has accessed the 1-GByte page referenced by this entry (see Section 4.8) 

6 (D) Dirty; indicates whether software has written to the 1-GByte page referenced by this entry (see Section 4.8) 

7 (PS) Page size; must be 1 (otherwise, this entry references a page directory; see Table 4-17) 

8 (G) Global; if CR4.PGE = 1, determines whether the translation is global (see Section 4.10); ignored otherwise 

10:9 Ignored 

11 (R) For ordinary paging, ignored; for HLAT paging, restart (if 1, linear-address translation is restarted with ordinary 
paging) 

12 (PAT) Pisce) determines the memory type used to access the 1-GByte page referenced by this entry (see Section 
4.9.2) 

29:13 Reserved (must be 0) 

(M-1):30 Physical address of the 1-GByte page referenced by this entry 
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Table 4-16. Format of a Page-Directory-Pointer-Table Entry (PDPTE) that Maps a 1-GByte Page (Contd.) 


Bit Contents 

Position(s) 

51:M Reserved (must be 0) 

58:52 Ignored 

62:59 Protection key; if CR4.PKE = 1 or CR4.PKS = 1, this may control the page’s access rights (see Section 4.6.2); otherwise, 
it is ignored and not used to control access rights. 

63 (XD) If IA32_EFER.NXE = 1, execute-disable (if 1, instruction fetches are not allowed from the 1-GByte page controlled by 
this entry; see Section 4.6); otherwise, reserved (must be 0) 

NOTES: 


1. The PAT is supported on all processors that support 4-level paging. 


Table 4-17. Format of a Page-Directory-Pointer-Table Entry (PDPTE) that References a Page Directory 


Bit Contents 

Position(s) 

0 (P) Present; must be 1 to reference a page directory 

1 (R/W) Read/write; if 0, writes may not be allowed to the 1-GByte region controlled by this entry (see Section 4.6) 

2 (U/S) User/supervisor; if 0, user-mode accesses are not allowed to the 1-GByte region controlled by this entry (see Section 
4.6) 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the page directory referenced by 
this entry (see Section 4.9.2) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the page directory referenced by 
this entry (see Section 4.9.2) 

5 (A) Accessed; indicates whether this entry has been used for linear-address translation (see Section 4.8) 

6 Ignored 

7 (PS) Page size; must be O (otherwise, this entry maps a 1-GByte page; see Table 4-16) 

10:8 Ignored 

11 (R) For ordinary paging, ignored; for HLAT paging, restart (if 1, linear-address translation is restarted with ordinary 
paging) 

(M-1):12 Physical address of 4-KByte aligned page directory referenced by this entry 

51:M Reserved (must be 0) 

62:52 Ignored 

63 (XD) If IA32_EFER.NXE = 1, execute-disable (if 1, instruction fetches are not allowed from the 1-GByte region controlled 
by this entry; see Section 4.6); otherwise, reserved (must be 0) 
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Table 4-18. Format of a Page-Directory Entry that Maps a 2-MByte Page 


Bit Contents 

Position(s) 

0 (P) Present; must be 1 to map a 2-MByte page 

1 (R/W) Read/write; if 0, writes may not be allowed to the 2-MByte page referenced by this entry (see Section 4.6) 

2 (U/S) poo if O, User-mode accesses are not allowed to the 2-MByte page referenced by this entry (see Section 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the 2-MByte page referenced by 
this entry (see Section 4.9.2) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the 2-MByte page referenced by 
this entry (see Section 4.9.2) 

5 (A) Accessed; indicates whether software has accessed the 2-MByte page referenced by this entry (see Section 4.8) 

6 (D) Dirty; indicates whether software has written to the 2-MByte page referenced by this entry (see Section 4.8) 

7 (PS) Page size; must be 1 (otherwise, this entry references a page table; see Table 4-19) 

8 (G) Global; if CR4.PGE = 1, determines whether the translation is global (see Section 4.10); ignored otherwise 

10:9 Ignored 

11 (R) For ordinary paging, ignored; for HLAT paging, restart (if 1, linear-address translation is restarted with ordinary 
paging) 

12 (PAT) Indirectly determines the memory type used to access the 2-MByte page referenced by this entry (see Section 
4.9.2) 

20:13 Reserved (must be 0) 


(M-1):21 Physical address of the 2-MByte page referenced by this entry 


51:M Reserved (must be 0) 
58:52 Ignored 
62:59 Protection key; if CR4.PKE = 1 or CR4.PKS = 1, this may control the page's access rights (see Section 4.6.2); 


otherwise, it is ignored and not used to control access rights. 


63 (XD) If IA32_EFER.NXE = 1, execute-disable (if 1, instruction fetches are not allowed from the 2-MByte page controlled by 
this entry; see Section 4.6); otherwise, reserved (must be 0) 
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Table 4-19. Format of a Page-Directory Entry that References a Page Table 


Bit Contents 

Position(s) 

0 (P) Present; must be 1 to reference a page table 

1 (R/W) Read/write; if 0, writes may not be allowed to the 2-MByte region controlled by this entry (see Section 4.6) 

2 (U/S) User/supervisor; if 0, user-mode accesses are not allowed to the 2-MByte region controlled by this entry (see Section 
46) 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the page table referenced by this 
entry (see Section 4.9.2) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the page table referenced by this 
entry (see Section 4.9.2) 

5 (A) Accessed; indicates whether this entry has been used for linear-address translation (see Section 4.8) 

6 Ignored 

7 (PS) Page size; must be 0 (otherwise, this entry maps a 2-MByte page; see Table 4-18) 

10:8 Ignored 

11 (R) For ordinary paging, ignored; for HLAT paging, restart (if 1, linear-address translation is restarted with ordinary 
paging) 

(M-1):12 Physical address of 4-KByte aligned page table referenced by this entry 

51:M Reserved (must be 0) 

62:52 Ignored 

63 (XD) If IA32_EFER.NXE = 1, execute-disable (if 1, instruction fetches are not allowed from the 2-MByte region controlled 
by this entry; see Section 4.6); otherwise, reserved (must be 0) 
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Table 4-20. Format of a Page-Table Entry that Maps a 4-KByte Page 


Bit Contents 

Position(s) 

0 (P) Present; must be 1 to map a 4-KByte page 

1 (R/W) Read/write; if 0, writes may not be allowed to the 4-KByte page referenced by this entry (see Section 4.6) 

2 (U/S) ae if O, user-mode accesses are not allowed to the 4-KByte page referenced by this entry (see Section 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the 4-KByte page referenced by 
this entry (see Section 4.9.2) 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the 4-KByte page referenced by this 
entry (see Section 4.9.2) 

5 (A) Accessed; indicates whether software has accessed the 4-KByte page referenced by this entry (see Section 4.8) 

6 (D) Dirty; indicates whether software has written to the 4-KByte page referenced by this entry (see Section 4.8) 

7 (PAT) Indirectly determines the memory type used to access the 4-KByte page referenced by this entry (see Section 4.9.2) 

8 (G) Global; if CR4.PGE = 1, determines whether the translation is global (see Section 4.10); ignored otherwise 

10:9 Ignored 

11 (R) For ordinary paging, ignored; for HLAT paging, restart (if 1, linear-address translation is restarted with ordinary 
paging) 


(M-1):12 Physical address of the 4-KByte page referenced by this entry 


51:M Reserved (must be 0) 
58:52 Ignored 
62:59 Protection key; if CR4.PKE = 1 or CR4.PKS = 1, this may control the page's access rights (see Section 4.6.2); 


otherwise, it is ignored and not used to control access rights. 


63 (XD) If IA32_EFER.NXE = 1, execute-disable (if 1, instruction fetches are not allowed from the 4-KByte page controlled by 
this entry; see Section 4.6); otherwise, reserved (must be 0) 
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Figure 4-11. Formats of CR3 and Paging-Structure Entries with 4-Level Paging and 5-Level Paging 
NOTES: 
1. Mis an abbreviation for MAXPHYADDR. 
2. Reserved fields must be 0. 
3. If IA32_EFER.NXE = O and the P flag of a paging-structure entry is 1, the XD flag (bit 63) is reserved. 
4. Bit 11 is R (restart) only for HLAT paging; it is ignored for ordinary paging. 
5. The protection key is used only if software has enabled the appropriate feature; see Section 4.6.2. It is ignored otherwise. 
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4.5.5 Restart of HLAT Paging 


As noted in Section 4.5.1, HLAT paging may specify that a translation of a linear address must be restarted. Specif- 
ically, this occurs when HLAT paging encounters a paging-structure entry that sets bit 11 (see Section 4.5.4). 


When this occurs, translation of the linear address is restarted using ordinary paging (starting with a paging struc- 
ture identified using CR3). The restarted translation proceeds just as if the HLAT feature were not enabled. The 
entire linear address is translated again, including those portions that had been used by HLAT paging prior to the 
restart. 


The process of restarting HLAT paging (using ordinary paging) always specifies a maximum page size to be used 
when a resulting translation is cached in the TLBs. This maximum page size depends on the level of the paging- 
structure entry that restarts the translation by setting bit 11; details are given in Section 4.5.4. The page size of 
the translation produced by the restarted process is never greater than this maximum page size. See Section 
4.10.2.2 for more discussion. 


4.6 ACCESS RIGHTS 


There is a translation for a linear address if the processes described in Section 4.3, Section 4.4.2, and Section 4.5 
(depending upon the paging mode) completes and produces a physical address. Whether an access is permitted by 
a translation is determined by the access rights specified by the paging-structure entries controlling the transla- 
tion;! paging-mode modifiers in CRO, CR4, and the IA32_EFER MSR; EFLAGS.AC; and the mode of the access. 


Section 4.6.1 describes how the processor determines the access rights for each linear address. Section 4.6.2 
provides additional information about how protection keys contribute to access-rights determination. (They do so 
only with 4-level paging and 5-level paging, and only if CR4.PKE = 1 or CR4.PKS = 1.) 


NOTE 


If HLAT paging is restarted, permissions are determined only by the access rights specified by the 
paging-structure entries that the subsequent ordinary paging used to translate the linear address. 
The access rights specified by the entries used earlier by HLAT paging do not apply. 


4.6.1 Determination of Access Rights 


Every access to a linear address is either a supervisor-mode access or a user-mode access. For all instruction 
fetches and most data accesses, this distinction is determined by the current privilege level (CPL): accesses made 
while CPL < 3 are supervisor-mode accesses, while accesses made while CPL = 3 are user-mode accesses. 


Some operations implicitly access system data structures with linear addresses; the resulting accesses to those 
data structures are supervisor-mode accesses regardless of CPL. Examples of such accesses include the following: 
accesses to the global descriptor table (GDT) or local descriptor table (LDT) to load a segment descriptor; accesses 
to the interrupt descriptor table (IDT) when delivering an interrupt or exception; and accesses to the task-state 
segment (TSS) as part of a task switch or change of CPL. All these accesses are called implicit supervisor-mode 
accesses regardless of CPL. Other accesses made while CPL < 3 are called explicit supervisor-mode accesses. 


Access rights are also controlled by the mode of a linear address as specified by the paging-structure entries 
controlling the translation of the linear address. If the U/S flag (bit 2) is 0 in at least one of the paging-structure 
entries, the address is a Supervisor-mode address. Otherwise, the address is a user-mode address. 


When the shadow-stack feature of control-flow enforcement technology (CET) is enabled, certain accesses to 
linear addresses are considered shadow-stack accesses (see Section 18.2, “Shadow Stacks”in the Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 1). Like ordinary data accesses, each shadow-stack 
access is defined as being either a user access or a supervisor access. In general, a shadow-stack access is a user 
access if CPL = 3 and a supervisor access if CPL < 3. The WRUSS instruction is an exception; although it can be 
executed only if CPL = 0, the processor treats its shadow-stack accesses as user accesses. 


1. With PAE paging, the PDPTEs do not determine access rights. 
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Shadow-stack accesses are allowed only to shadow-stack addresses. A linear address is a shadow-stack 
address if the following are true of the translation of the linear address: (1) the R/W flag (bit 1) is 0 and the dirty 
flag (bit 6) is 1 in the paging-structure entry that maps the page containing the linear address; and (2) the R/W 
flag is 1 in every other paging-structure entry controlling the translation of the linear address. 


The following items detail how paging determines access rights (only the items noted explicitly apply to shadow- 
stack accesses): 
° For supervisor-mode accesses: 


— Data may be read (implicitly or explicitly) from any supervisor-mode address with a protection key for 
which read access is permitted (see Section 4.6.2). 


— Data reads from user-mode pages. 
Access rights depend on the value of CR4.SMAP: 


¢ If CR4.SMAP = 0, data may be read from any user-mode address with a protection key for which read 
access is permitted (see Section 4.6.2). 


¢ If CR4.SMAP = 1, access rights depend on the value of EFLAGS.AC and whether the access is implicit or 
explicit: 
— If EFLAGS.AC = 1 and the access is explicit, data may be read from any user-mode address with a 
protection key for which read access is permitted (see Section 4.6.2). 


— If EFLAGS.AC = 0 or the access is implicit, data may not be read from any user-mode address. 


— Data writes to supervisor-mode addresses. 
Access rights depend on the value of CRO.WP: 


¢ If CRO.WP = 0, data may be written to any supervisor-mode address with a protection key for which 
write access is permitted (see Section 4.6.2). 


¢ If CRO.WP = 1, data may be written to any supervisor-mode address with a translation for which the 
R/W flag (bit 1) is 1 in every paging-structure entry controlling the translation and with a protection key 
for which write access is permitted (see Section 4.6.2); data may not be written to any supervisor- 
mode address with a translation for which the R/W flag is 0 in any paging-structure entry controlling the 
translation. 


— Data writes to user-mode addresses. 
Access rights depend on the value of CRO.WP: 


¢ If CRO.WP = 0, access rights depend on the value of CR4.SMAP: 


— If CR4.SMAP = 0, data may be written to any user-mode address with a protection key for which 
write access is permitted (see Section 4.6.2). 


— If CR4.SMAP = 1, access rights depend on the value of EFLAGS.AC and whether the access is 
implicit or explicit: 
e If EFLAGS.AC = 1 and the access is explicit, data may be written to any user-mode address 
with a protection key for which write access is permitted (see Section 4.6.2). 
e If EFLAGS.AC = 0 or the access is implicit, data may not be written to any user-mode address. 
¢ If CRO.WP = 1, access rights depend on the value of CR4.SMAP: 


— If CR4.SMAP = 0, data may be written to any user-mode address with a translation for which the 
R/W flag is 1 in every paging-structure entry controlling the translation and with a protection key 
for which write access is permitted (see Section 4.6.2); data may not be written to any user-mode 
address with a translation for which the R/W flag is 0 in any paging-structure entry controlling the 
translation. 


— If CR4.SMAP = 1, access rights depend on the value of EFLAGS.AC and whether the access is 
implicit or explicit: 


e If EFLAGS.AC = 1 and the access is explicit, data may be written to any user-mode address 
with a translation for which the R/W flag is 1 in every paging-structure entry controlling the 
translation and with a protection key for which write access is permitted (see Section 4.6.2); 
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data may not be written to any user-mode address with a translation for which the R/W flag is 
0 in any paging-structure entry controlling the translation. 


e If EFLAGS.AC = 0 or the access is implicit, data may not be written to any user-mode address. 
— Instruction fetches from supervisor-mode addresses. 


¢ For 32-bit paging or if IA32_EFER.NXE = 0, instructions may be fetched from any supervisor-mode 
address. 

¢ For other paging modes with IA32_EFER.NXE = 1, instructions may be fetched from any supervisor- 
mode address with a translation for which the XD flag (bit 63) is 0 in every paging-structure entry 
controlling the translation; instructions may not be fetched from any supervisor-mode address with a 
translation for which the XD flag is 1 in any paging-structure entry controlling the translation. 

— Instruction fetches from user-mode addresses. 
Access rights depend on the values of CR4.SMEP: 


¢ If CR4.SMEP = 0, access rights depend on the paging mode and the value of IA32_EFER.NXE: 


— For 32-bit paging or if IA32_EFER.NXE = 0, instructions may be fetched from any user-mode 
address. 

— For other paging modes with IA32_EFER.NXE = 1, instructions may be fetched from any user- 
mode address with a translation for which the XD flag is 0 in every paging-structure entry 
controlling the translation; instructions may not be fetched from any user-mode address with a 
translation for which the XD flag is 1 in any paging-structure entry controlling the translation. 


¢ If CR4.SMEP = 1, instructions may not be fetched from any user-mode address. 


— Supervisor-mode shadow-stack accesses are allowed only to supervisor-mode shadow-stack addresses 
(see above). 


° For user-mode accesses: 


— Data reads. 
Access rights depend on the mode of the linear address: 


¢ Data may be read from any user-mode address with a protection key for which read access is permitted 
(see Section 4.6.2). 
¢ Data may not be read from any supervisor-mode address. 


— Data writes. 
Access rights depend on the mode of the linear address: 


* Data may be written to any user-mode address with a translation for which the R/W flag is 1 in every 
paging-structure entry controlling the translation and with a protection key for which write access is 
permitted (see Section 4.6.2). 


¢ Data may not be written to any supervisor-mode address. 


— Instruction fetches. 
Access rights depend on the mode of the linear address, the paging mode, and the value of 
IA32_EFER.NXE: 


¢ For 32-bit paging or if IA32_EFER.NXE = 0, instructions may be fetched from any user-mode address. 


¢ For other paging modes with IA32_EFER.NXE = 1, instructions may be fetched from any user-mode 
address with a translation for which the XD flag is 0 in every paging-structure entry controlling the 
translation. 


¢ Instructions may not be fetched from any supervisor-mode address. 


— User-mode shadow-stack accesses made outside enclave mode are allowed only to user-mode shadow- 
stack addresses (see above). User-mode shadow-stack accesses made in enclave mode are treated like 
ordinary data accesses (see above). 


A processor may cache information from the paging-structure entries in TLBs and paging-structure caches (see 
Section 4.10). These structures may include information about access rights. The processor may enforce access 
rights based on the TLBs and paging-structure caches instead of on the paging structures in memory. 
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This fact implies that, if software modifies a paging-structure entry to change access rights, the processor might 
not use that change for a subsequent access to an affected linear address (see Section 4.10.4.3). See Section 
4.10.4.2 for how software can ensure that the processor uses the modified access rights. 


4.6.2 Protection Keys 


4-level paging and 5-level paging associate a 4-bit protection key with each linear address (the protection key 
located in bits 62:59 of the paging-structure entry that mapped the page containing the linear address; see Section 
4.5). Two protection key features control accesses to linear addresses based on their protection keys: 


e If CR4.PKE = 1, the PKRU register determines, for each protection key, whether user-mode addresses with that 
protection key may be read or written. 


e If CR4.PKS = 1, the IA32_PKRS MSR (MSR index 6E1H) determines, for each protection key, whether 
supervisor-mode addresses with that protection key may be read or written. 


32-bit paging and PAE paging do not associate linear addresses with protection keys. For the purposes of Section 
4.6.1, reads and writes are implicitly permitted for all protection keys with either of those paging modes. 


The PKRU register (protection-key rights for user pages) is a 32-bit register with the following format: for each / 
(0 <i< 15), PKRU[2/] is the access-disable bit for protection key / (AD/); PKRU[2/+1] is the write-disable bit 
for protection key j (WD/). The IA32_PKRS MSR has the same format (bits 63:32 of the MSR are reserved and must 
be zero). 


Software can use the RDPKRU and WRPKRU instructions with ECX = 0 to read and write PKRU. In addition, the 
PKRU register is XSAVE-managed state and can thus be read and written by instructions in the XSAVE feature set. 
See Chapter 13, “Managing State Using the XSAVE Feature Set,” of Inte/® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 1 for more information about the XSAVE feature set. 


Software can use the RDMSR and WRMSR instructions to read and write the IA32_PKRS MSR. Writes to the 
IA32_PKRS MSR using WRMSR are not serializing. The IA32_PKRS MSR is not XSAVE-managed. 


How a linear address’s protection key controls access to the address depends on the mode of the linear address: 


e A linear address’s protection key controls only data accesses to the address. It does not in any way affect 
instructions fetches from the address. 


e If CR4.PKE = 0, the protection key of a user-mode address does not control data accesses to the address (for 
the purposes of Section 4.6.1, reads and writes of user-mode addresses are implicitly permitted for all 
protection keys). 


If CR4.PKE = 1, use of the protection key / of a user-mode address depends on the value of the PKRU register: 
— If AD/ = 1, no data accesses are permitted. 
— If WD/ = 1, permission may be denied to certain data write accesses: 

¢ User-mode write accesses are not permitted. 


¢ Supervisor-mode write accesses are not permitted if CRO.WP = 1. (If CRO.WP = 0, WDi does not affect 
supervisor-mode write accesses to user-mode addresses with protection key /.) 


° If CR4.PKS = 0, the protection key of a supervisor-mode address does not control data accesses to the address 
(for the purposes of Section 4.6.1, reads and writes of supervisor-mode addresses are implicitly permitted for 
all protection keys). 


If CR4.PKS = 1, use of the protection key j of a supervisor-mode address depends on the value of the 
IA32_PKRS MSR: 


— If AD/ = 1, no data accesses are permitted. 


— If WD/ = 1, write accesses are not permitted if CRO.WP = 1. (If CRO.WP = 0, IA32_PKRS.WDi does not 
affect write accesses to supervisor-mode addresses with protection key /.) 


Protection keys apply to shadow-stack accesses just as they do to ordinary data accesses. 
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4.7 PAGE-FAULT EXCEPTIONS 


Accesses using linear addresses may cause page-fault exceptions (#PF; exception 14). An access to a linear 
address may cause a page-fault exception for either of two reasons: (1) there is no translation for the linear 
address; or (2) there is a translation for the linear address, but its access rights do not permit the access. 


As noted in Section 4.3, Section 4.4.2, and Section 4.5, there is no translation for a linear address if the translation 
process for that address would use a paging-structure entry in which the P flag (bit 0) is 0 or one that sets a 
reserved bit.! If there is a translation for a linear address, its access rights are determined as specified in Section 
4.6. 


When Intel® Software Guard Extensions (Intel® SGX) are enabled, the processor may deliver exception 14 for 
reasons unrelated to paging. See Section 34.3, “Access-control Requirements” and Section 34.20, “Enclave Page 
Cache Map (EPCM)” in Chapter 34, “Enclave Access Control and Data Structures.” Such an exception is called an 
SGX-induced page fault. The processor uses the error code to distinguish SGX-induced page faults from ordinary 
page faults. 


Figure 4-12 illustrates the error code that the processor provides on delivery of a page-fault exception. The 
following items explain how the bits in the error code describe the nature of the page-fault exception: 
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P 0 The fault was caused by a non-present page. 
1 The fault was caused by a page-level protection violation. 
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W/R 0 The access causing the fault was a read. 
1 The access causing the fault was a write. 


U/S 0 Asupervisor-mode access caused the fault. 
1 A user-mode access caused the fault. 


RSVD 0 The fault was not caused by reserved bit violation. 
1 The fault was caused by a reserved bit set to 1 in some 
paging-structure entry. 


/D 0 The fault was not caused by an instruction fetch. 
1 The fault was caused by an instruction fetch. 


PK 0 The fault was not caused by protection keys. 
1 There was a protection-key violation. 


ss 0 The fault was not caused by a shadow-stack access. 
1 The fault was caused by a shadow-stack access. 


HLAT 0 The fault occurred during ordinary paging or due to access rights. 
1 The fault occurred during HLAT paging. 


SGX O The fault is not related to SGX. 
1 The fault resulted from violation of SGX-specific access-control 
requirements. 


Figure 4-12. Page-Fault Error Code 


¢ =P flag (bit 0). 
This flag is O if there is no translation for the linear address because the P flag was 0 in one of the paging- 
structure entries used to translate that address. 


1. If HLAT paging encounters a paging-structure entry that sets a reserved bit, there is no translation even if the bit 11 of the entry 
indicates a restart. In this case, there is a page fault and the translation is not restarted. 
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© ~W/R (bit 1). 
If the access causing the page-fault exception was a write, this flag is 1; otherwise, it is 0. This flag describes 
the access causing the page-fault exception, not the access rights specified by paging. 


¢ U/S (bit 2). 
If a uSer-mode access caused the page-fault exception, this flag is 1; it is 0 if a supervisor-mode access did so. 
This flag describes the access causing the page-fault exception, not the access rights specified by paging. User- 
mode and supervisor-mode accesses are defined in Section 4.6. 


° RSVD flag (bit 3). 
This flag is 1 if there is no translation for the linear address because a reserved bit was set in one of the paging- 
structure entries used to translate that address. (Because reserved bits are not checked in a paging-structure 
entry whose P flag is 0, bit 3 of the error code can be set only if bit 0 is also set.*) 


Bits reserved in the paging-structure entries are reserved for future functionality. Software developers should 
be aware that such bits may be used in the future and that a paging-structure entry that causes a page-fault 
exception on one processor might not do so in the future. 


¢ I/D flag (bit 4). 
This flag is 1 if (1) the access causing the page-fault exception was an instruction fetch; and (2) either 
(a) CR4.SMEP = 1; or (b) both (i) CR4.PAE = 1 (either PAE paging, 4-level paging, or 5-level paging is in use); 
and (ii) IA32_EFER.NXE = 1. Otherwise, the flag is 0. This flag describes the access causing the page-fault 
exception, not the access rights specified by paging. 


° PK flag (bit 5). 
This flag is 1 only for data accesses and only with 4-level paging and 5-level paging. In these cases, the setting 
depends on the mode of the address being accessed: 


— For accesses to supervisor-mode addresses, the flag is set if (1) CR4.PKS = 1; (2) the linear address has 
protection key /; and (3) the IA32_PKRS MSR (see Section 4.6.2) is such that either (a) AD/ = 1; or (b) the 
following all hold: (i) WD/ = 1; (ii) the access is a write access; and (iii) either CRO.WP = 1 or the access 
causing the page-fault exception was a user-mode access. (Note that this flag may be set on page faults 
due to user-mode accesses to supervisor-mode addresses.) 


— For accesses to user-mode addresses, the flag is set if (1) CR4.PKE = 1; (2) the linear address has 
protection key /; and (3) the PKRU register (see Section 4.6.2) is such that either (a) AD/ = 1; or (b) the 
following all hold: (i) WD/ = 1; (ii) the access is a write access; and (iii) either CRO.WP = 1 or the access 
causing the page-fault exception was a user-mode access. 


° SS (bit 6). 
If the access causing the page-fault exception was a shadow-stack access (including shadow-stack accesses in 
enclave mode), this flag is 1; otherwise, it is 0. This flag describes the access causing the page-fault exception, 
not the access rights specified by paging. 


* HLAT (bit 7). 
This flag is 1 if there is no translation for the linear address using HLAT paging because, in one of the paging- 
structure entries used to translate that address, either the P flag was 0 or a reserved bit was set. An error code 
will set this flag only if it clears bit 0 or sets bit 3. This flag will not be set by a page fault resulting from a 
violation of access rights, nor for one encountered during ordinary paging, including the case in which there has 
been a restart of HLAT paging. 


° SGX flag (bit 15). 
This flag is 1 if the exception is unrelated to paging and resulted from violation of SGX-specific access-control 
requirements. Because such a violation can occur only if there is no ordinary page fault, this flag is set only if 
the P flag (bit 0) is 1 and the RSVD flag (bit 3) and the PK flag (bit 5) are both 0. 


Page-fault exceptions occur only due to an attempt to use a linear address. Failures to load the PDPTE registers 
with PAE paging (see Section 4.4.1) cause general-protection exceptions (#GP(0)) and not page-fault exceptions. 


1. Some past processors had errata for some page faults that occur when there is no translation for the linear address because the P 
flag was 0 in one of the paging-structure entries used to translate that address. Due to these errata, some such page faults pro- 
duced error codes that cleared bit O (P flag) and set bit 3 (RSVD flag). 
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4.8 ACCESSED AND DIRTY FLAGS 


For any paging-structure entry that is used during linear-address translation, bit 5 is the accessed flag. For 
paging-structure entries that map a page (as opposed to referencing another paging structure), bit 6 is the dirty 
flag. These flags are provided for use by memory-management software to manage the transfer of pages and 
paging structures into and out of physical memory. 


Whenever the processor uses a paging-structure entry as part of linear-address translation, it sets the accessed 
flag in that entry (if it is not already set). 


Whenever there is a write to a linear address, the processor sets the dirty flag (if it is not already set) in the paging- 
structure entry that identifies the final physical address for the linear address (either a PTE or a paging-structure 
entry in which the PS flag is 1). 


The previous two paragraphs apply also to HLAT paging. If HLAT paging encounters a paging-structure entry that 
sets bit 11, indicating a restart, the processor will set the accessed flag in that entry; it will not set the dirty flag 
because, if an entry indicates a restart, it does identify the final physical address for the linear address being trans- 
lated. 


NOTE 


If software on one logical processor writes to a page while software on another logical processor 
concurrently clears the R/W flag in the paging-structure entry that maps the page, execution on 
some processors may result in the entry’s dirty flag being set (due to the write on the first logical 
processor) and the entry’s R/W flag being clear (due to the update to the entry on the second 
logical processor). This will never occur on a processor that supports control-flow enforcement 
technology (CET). Specifically, a processor that supports CET will never set the dirty flag ina 
paging-structure entry in which the R/W flag is clear. 


Memory-management software may clear these flags when a page or a paging structure is initially loaded into 
physical memory. These flags are “sticky,” meaning that, once set, the processor does not clear them; only soft- 
ware can clear them. 


A processor may cache information from the paging-structure entries in TLBs and paging-structure caches (see 
Section 4.10). This fact implies that, if software changes an accessed flag or a dirty flag from 1 to 0, the processor 
might not set the corresponding bit in memory on a subsequent access using an affected linear address (see 
Section 4.10.4.3). See Section 4.10.4.2 for how software can ensure that these bits are updated as desired. 


NOTE 


The accesses used by the processor to set these flags may or may not be exposed to the 
processor’s self-modifying code detection logic. If the processor is executing code from the same 
memory area that is being used for the paging structures, the setting of these flags may or may not 
result in an immediate change to the executing code stream. 


4.9 PAGING AND MEMORY TYPING 


The memory type of a memory access refers to the type of caching used for that access. Chapter 11, “Memory 
Cache Control” provides many details regarding memory typing in the Intel-64 and IA-32 architectures. This 
section describes how paging contributes to the determination of memory typing. 


The way in which paging contributes to memory typing depends on whether the processor supports the Page 
Attribute Table (PAT; see Section 11.12).? Section 4.9.1 and Section 4.9.2 explain how paging contributes to 
memory typing depending on whether the PAT is supported. 


1. With PAE paging, the PDPTEs are not used during linear-address translation but only to load the PDPTE registers for some execu- 
tions of the MOV CR instruction (see Section 4.4.1). For this reason, the PDPTEs do not contain accessed flags with PAE paging. 


2. The PAT is supported on Pentium Ill and more recent processor families. See Section 4.1.4 for how to determine whether the PAT is 
supported. 
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4.9.1 Paging and Memory Typing When the PAT is Not Supported (Pentium Pro and Pentium 
ll Processors) 


NOTE 


The PAT is supported on all processors that support 4-level paging or 5-level paging. Thus, this 
section applies only to 32-bit paging and PAE paging. 


If the PAT is not supported, paging contributes to memory typing in conjunction with the memory-type range regis- 
ters (MTRRs) as specified in Table 11-6 in Section 11.5.2.1. 


For any access to a physical address, the table combines the memory type specified for that physical address by the 
MTRRs with a PCD value and a PWT value. The latter two values are determined as follows: 


° For an access to a PDE with 32-bit paging, the PCD and PWT values come from CR3. 
° For an access to a PDE with PAE paging, the PCD and PWT values come from the relevant PDPTE register. 
e For an access to a PTE, the PCD and PWT values come from the relevant PDE. 


¢ For an access to the physical address that is the translation of a linear address, the PCD and PWT values come 
from the relevant PTE (if the translation uses a 4-KByte page) or the relevant PDE (otherwise). 


¢ With PAE paging, the UC memory type is used when loading the PDPTEs (see Section 4.4.1). 


4.9.2 Paging and Memory Typing When the PAT is Supported (Pentium III and More Recent 
Processor Families) 

If the PAT is supported, paging contributes to memory typing in conjunction with the PAT and the memory-type 

range registers (MTRRs) as specified in Table 11-7 in Section 11.5.2.2. 

The PAT is a 64-bit MSR (IA32_PAT; MSR index 277H) comprising eight (8) 8-bit entries (entry / comprises 

bits 8/+7:8/ of the MSR). 


For any access to a physical address, the table combines the memory type specified for that physical address by the 
MTRRs with a memory type selected from the PAT. Table 11-11 in Section 11.12.3 specifies how a memory type is 
selected from the PAT. Specifically, it comes from entry / of the PAT, where / is defined as follows: 
¢ For an access to an entry in a paging structure whose address is in CR3 (e.g., the PML4 table with 4-level 
paging): 
— For 4-level paging or 5-level paging with CR4.PCIDE = 1, /=0. 
— Otherwise, / = 2*PCD+PWT, where the PCD and PWT values come from CR3. 


¢ For an access to a PDE with PAE paging, i = 2*PCD+PWT, where the PCD and PWT values come from the 
relevant PDPTE register. 


° For an access to a paging-structure entry X whose address is in another paging-structure entry Y, / = 
2*PCD+PWT, where the PCD and PWT values come from Y. 


° Foran access to the physical address that is the translation of a linear address, / = 4*PAT+2*PCD+PWT, where 
the PAT, PCD, and PWT values come from the relevant PTE (if the translation uses a 4-KByte page), the relevant 
PDE (if the translation uses a 2-MByte page or a 4-MByte page), or the relevant PDPTE (if the translation uses 
a 1-GByte page). 


* With PAE paging, the WB memory type is used when loading the PDPTEs (see Section 4.4.1).! 


1. Some older IA-32 processors used the UC memory type when loading the PDPTEs. Some processors may use the UC memory type if 
CRO.CD = 1 or if the MTRRs are disabled. These behaviors are model-specific and not architectural. 


4-40 Vol. 3A 


PAGING 


4.9.3 Caching Paging-Related Information about Memory Typing 


A processor may cache information from the paging-structure entries in TLBs and paging-structure caches (see 
Section 4.10). These structures may include information about memory typing. The processor may use memory- 
typing information from the TLBs and paging-structure caches instead of from the paging structures in memory. 


This fact implies that, if software modifies a paging-structure entry to change the memory-typing bits, the 
processor might not use that change for a subsequent translation using that entry or for access to an affected 
linear address. See Section 4.10.4.2 for how software can ensure that the processor uses the modified memory 
typing. 


4.10 CACHING TRANSLATION INFORMATION 


The Intel-64 and IA-32 architectures may accelerate the address-translation process by caching data from the 
paging structures on the processor. Because the processor does not ensure that the data that it caches are always 
consistent with the structures in memory, it is important for software developers to understand how and when the 
processor may cache such data. They should also understand what actions software can take to remove cached 
data that may be inconsistent and when it should do so. This section provides software developers information 
about the relevant processor operation. 


Section 4.10.1 introduces process-context identifiers (PCIDs), which a logical processor may use to distinguish 
information cached for different linear-address spaces. Section 4.10.2 and Section 4.10.3 describe how the 
processor may cache information in translation lookaside buffers (TLBs) and paging-structure caches, respectively. 
Section 4.10.4 explains how software can remove inconsistent cached information by invalidating portions of the 
TLBs and paging-structure caches. Section 4.10.5 describes special considerations for multiprocessor systems. 


4.10.1 Process-Context Identifiers (PCIDs) 


Process-context identifiers (PCIDs) are a facility by which a logical processor may cache information for multiple 
linear-address spaces. The processor may retain cached information when software switches to a different linear- 
address space with a different PCID (e.g., by loading CR3; see Section 4.10.4.1 for details). 


A PCID is a 12-bit identifier. Non-zero PCIDs are enabled by setting the PCIDE flag (bit 17) of CR4. If CR4.PCIDE = 
0, the current PCID is always 000H; otherwise, the current PCID is the value of bits 11:0 of CR3.! Not all proces- 
sors allow CR4.PCIDE to be set to 1; see Section 4.1.4 for how to determine whether this is allowed. 


The processor ensures that CR4.PCIDE can be 1 only in IA-32e mode (thus, 32-bit paging and PAE paging use only 
PCID O00H). In addition, software can change CR4.PCIDE from 0 to 1 only if CR3[11:0] = OOOH. These require- 
ments are enforced by the following limitations on the MOV CR instruction: 


¢ MOV to CR4 causes a general-protection exception (#GP) if it would change CR4.PCIDE from 0 to 1 and either 
IA32_EFER.LMA = 0 or CR3[11:0] # OOOH. 


¢ MOV to CRO causes a general-protection exception if it would clear CRO.PG to 0 while CR4.PCIDE = 1. 


When a logical processor creates entries in the TLBs (Section 4.10.2) and paging-structure caches (Section 
4.10.3), it associates those entries with the current PCID. When using entries in the TLBs and paging-structure 
caches to translate a linear address, a logical processor uses only those entries associated with the current PCID 
(see Section 4.10.2.4 for an exception). 


If CR4.PCIDE = 0, a logical processor does not cache information for any PCID other than OOOH. This is because 
(1) if CR4.PCIDE = 0, the logical processor will associate any newly cached information with the current PCID, 
OOOH; and (2) if MOV to CR4 clears CR4.PCIDE, all cached information is invalidated (see Section 4.10.4.1). 


1. Note that, while HLAT paging (Section 4.5.3) does not use CR3 to locate the first paging structure, it does use the PCID in CR3[1 1:0] 
when CR4.PCIDE = 1. 


Vol. 3A 4-41 


PAGING 


NOTE 


In revisions of this manual that were produced when no processors allowed CR4.PCIDE to be set to 
1, the Section “Caching Translation Information” discussed the caching of translation information 
without any reference to PCIDs. While the section now refers to PCIDs in its specification of this 
caching, this documentation change is not intended to imply any change to the behavior of 
processors that do not allow CR4.PCIDE to be set to 1. 


4.10.2 Translation Lookaside Buffers (TLBs) 


A processor may cache information about the translation of linear addresses in translation lookaside buffers (TLBs). 
In general, TLBs contain entries that map page numbers to page frames; these terms are defined in Section 
4.10.2.1. Section 4.10.2.2 describes how information may be cached in TLBs, and Section 4.10.2.3 gives details of 
TLB usage. Section 4.10.2.4 explains the global-page feature, which allows software to indicate that certain trans- 
lations should receive special treatment when cached in the TLBs. 


4.10.2.1 Page Numbers, Page Frames, and Page Offsets 


Section 4.3, Section 4.4.2, and Section 4.5 give details of how the different paging modes translate linear 
addresses to physical addresses. Specifically, the upper bits of a linear address (called the page number) deter- 
mine the upper bits of the physical address (called the page frame); the lower bits of the linear address (called the 
page offset) determine the lower bits of the physical address. The boundary between the page number and the 
page offset is determined by the page size. Specifically: 


°® 32-bit paging: 
— Ifthe translation does not use a PTE (because CR4.PSE = 1 and the PS flag is 1 in the PDE used), the page 
size is 4 MBytes and the page number comprises bits 31:22 of the linear address. 
— Ifthe translation does use a PTE, the page size is 4 KBytes and the page number comprises bits 31:12 of 
the linear address. 
° PAE paging: 
— Ifthe translation does not use a PTE (because the PS flag is 1 in the PDE used), the page size is 2 MBytes 
and the page number comprises bits 31:21 of the linear address. 


— Ifthe translation does use a PTE, the page size is 4 KBytes and the page number comprises bits 31:12 of 
the linear address. 


¢ 4-level paging and 5-level paging: 


— Ifthe translation does not use a PDE (because the PS flag is 1 in the PDPTE used), the page size is 1 GByte 
and the page number comprises bits 47:30 of the linear address. 


— Ifthe translation does use a PDE but does not uses a PTE (because the PS flag is 1 in the PDE used), the 
page size is 2 MBytes and the page number comprises bits 47:21 of the linear address. 


— Ifthe translation does use a PTE, the page size is 4 KBytes and the page number comprises bits 47:12 of 
the linear address. 


— The page size identified by the preceding items may be reduced if there has been a restart of HLAT paging 
(see Section 4.5.5). Restart of HLAT paging always specifies a maximum page size; this page size is 
determined by the level of the paging-structure entry that caused the restart. The page size used by the 
translation is the minimum of the maximum page size specified by the restart and the page size determined 
by the restarted translation (as specified by the previous items). 


For example, suppose that HLAT paging encounters a PDE that sets bit 11, indicating a restart. As a result, 
the restart uses a maximum page size of 2 MBytes. Suppose that the restarted translation encounters a 
PDPTE that sets bit 7, indicating a 1-GByte page. In this case, the translation produced will have a page size 
of 2 MBytes (the smaller of the two sizes). 
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4.10.2.2 Caching Translations in TLBs 


The processor may accelerate the paging process by caching individual translations in translation lookaside 
buffers (TLBs). Each entry in a TLB is an individual translation. Each translation is referenced by a page number. 
It contains the following information from the paging-structure entries used to translate linear addresses with the 
page number: 


¢ The physical address corresponding to the page number (the page frame). 


¢ The access rights from the paging-structure entries used to translate linear addresses with the page number 
(see Section 4.6): 


— The logical-AND of the R/W flags. 

— The logical-AND of the U/S flags. 

— The logical-OR of the XD flags (necessary only if IA32_EFER.NXE = 1). 
— The protection key (only with 4-level paging and 5-level paging). 


e =6Attributes from a paging-structure entry that identifies the final page frame for the page number (either a PTE 
or a paging-structure entry in which the PS flag is 1): 


— The dirty flag (see Section 4.8). 
— The memory type (see Section 4.9). 


(TLB entries may contain other information as well. A processor may implement multiple TLBs, and some of these 
may be for special purposes, e.g., only for instruction fetches. Such special-purpose TLBs may not contain some of 
this information if it is not necessary. For example, a TLB used only for instruction fetches need not contain infor- 
mation about the R/W and dirty flags.) 


As noted in Section 4.10.1, any TLB entries created by a logical processor are associated with the current PCID. 


Processors need not implement any TLBs. Processors that do implement TLBs may invalidate any TLB entry at any 
time. Software should not rely on the existence of TLBs or on the retention of TLB entries. 


4.10.2.3 Details of TLB Use 


Because the TLBs cache entries only for linear addresses with translations, there can be a TLB entry for a page 
number only if the P flag is 1 and the reserved bits are 0 in each of the paging-structure entries used to translate 
that page number. In addition, the processor does not cache a translation for a page number unless the accessed 
flag is 1 in each of the paging-structure entries used during translation; before caching a translation, the processor 
sets any of these accessed flags that is not already 1. 


Subject to the limitations given in the previous paragraph, the processor may cache a translation for any linear 
address, even if that address is not used to access memory. For example, the processor may cache translations 
required for prefetches and for accesses that result from speculative execution that would never actually occur in 
the executed code path. 


If the page number of a linear address corresponds to a TLB entry associated with the current PCID, the processor 
may use that TLB entry to determine the page frame, access rights, and other attributes for accesses to that linear 
address. In this case, the processor may not actually consult the paging structures in memory. The processor may 
retain a TLB entry unmodified even if software subsequently modifies the relevant paging-structure entries in 
memory. See Section 4.10.4.2 for how software can ensure that the processor uses the modified paging-structure 
entries. 


If the paging structures specify a translation using a page larger than 4 KBytes, some processors may cache 
multiple smaller-page TLB entries for that translation. Each such TLB entry would be associated with a page 
number corresponding to the smaller page size (e.g., bits 47:12 of a linear address with 4-level paging), even 
though part of that page number (e.g., bits 20:12) is part of the offset with respect to the page specified by the 
paging structures. The upper bits of the physical address in such a TLB entry are derived from the physical address 
in the PDE used to create the translation, while the lower bits come from the linear address of the access for which 
the translation is created. There is no way for software to be aware that multiple translations for smaller pages 
have been used for a large page. For example, an execution of INVLPG for a linear address on such a page invali- 
dates any and all smaller-page TLB entries for the translation of any linear address on that page. 
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If software modifies the paging structures so that the page size used for a 4-KByte range of linear addresses 
changes, the TLBs may subsequently contain multiple translations for the address range (one for each page size). 
A reference to a linear address in the address range may use any of these translations. Which translation is used 
may vary from one execution to another, and the choice may be implementation-specific. 


4.10.2.4 Global Pages 


The Intel-64 and IA-32 architectures also allow for global pages when the PGE flag (bit 7) is 1 in CR4. If the G flag 
(bit 8) is 1 in a paging-structure entry that maps a page (either a PTE or a paging-structure entry in which the PS 
flag is 1), any TLB entry cached for a linear address using that paging-structure entry is considered to be global. 
Because the G flag is used only in paging-structure entries that map a page, and because information from such 
entries is not cached in the paging-structure caches, the global-page feature does not affect the behavior of the 
paging-structure caches. 


A logical processor may use a global TLB entry to translate a linear address, even if the TLB entry is associated with 
a PCID different from the current PCID. 


4.10.3. Paging-Structure Caches 


In addition to the TLBs, a processor may cache other information about the paging structures in memory. 


4.10.3.1 Caches for Paging Structures 


A processor may support any or all of the following paging-structure caches: 


° PMLSE cache (5-level paging only). Each PML5E-cache entry is referenced by a 9-bit value and is used for 
linear addresses for which bits 56:40 have that value. The entry contains information from the PML5E used to 
translate such linear addresses: 


— The physical address from the PML5E (the address of the PML4 table). 
— The value of the R/W flag of the PML5E. 

— The value of the U/S flag of the PML5E. 

— The value of the XD flag of the PML5E. 

— The values of the PCD and PWT flags of the PML5E. 

The following items detail how a processor may use the PMLSE cache: 


— Ifthe processor has a PML5E-cache entry for a linear address, it may use that entry when translating the 
linear address (instead of the PMLSE in memory). 


— The processor does not create a PML5E-cache entry unless the P flag is 1 and all reserved bits are 0 in the 
PML5E in memory. 


— The processor does not create a PML5E-cache entry unless the accessed flag is 1 in the PML5E in memory; 
before caching a translation, the processor sets the accessed flag if it is not already 1. 


— The processor may create a PML5E-cache entry even if there are no translations for any linear address that 
might use that entry (e.g., because the P flags are 0 in all entries in the referenced PML4 table). 


— Ifthe processor creates a PML5E-cache entry, the processor may retain it unmodified even if software 
subsequently modifies the corresponding PML5E in memory. 


° PML4E cache (4-level paging and 5-level paging only). The use of the PML4E cache depends on the paging 
mode: 


— For 4-level paging, each PML4E-cache entry is referenced by a 9-bit value and is used for linear addresses 
for which bits 47:39 have that value. 


— For 5-level paging, each PML4E-cache entry is referenced by an 18-bit value and is used for linear 
addresses for which bits 56:39 have that value. 


A PML4E-cache entry contains information from the PML5E and PML4E used to translate the relevant linear 
addresses (for 4-level paging, the PML5E does not apply): 
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— The physical address from the PML4E (the address of the page-directory-pointer table). 
— The logical-AND of the R/W flags in the PML5E and the PML4E. 

— The logical-AND of the U/S flags in the PML5E and the PML4E. 

— The logical-OR of the XD flags in the PML5E and the PML4E. 

— The values of the PCD and PWT flags of the PML4E. 

The following items detail how a processor may use the PML4E cache: 


— Ifthe processor has a PML4E-cache entry for a linear address, it may use that entry when translating the 
linear address (instead of the PML5E and PML4E in memory). 


— The processor does not create a PML4E-cache entry unless the P flags are 1 and all reserved bits are 0 in 
the PML5E and the PML4E in memory. 


— The processor does not create a PML4E-cache entry unless the accessed flags are 1 in the PML5E and the 
PML4E in memory; before caching a translation, the processor sets any accessed flags that are not already 
1. 


— The processor may create a PML4E-cache entry even if there are no translations for any linear address that 
might use that entry (e.g., because the P flags are 0 in all entries in the referenced page-directory-pointer 
table). 


— Ifthe processor creates a PML4E-cache entry, the processor may retain it unmodified even if software 
subsequently modifies the corresponding PML4E in memory. 


* PDPTE cache (4-level paging and 5-level paging only). The use of the PML4E cache depends on the paging 
mode: 


— For 4-level paging, each PDPTE-cache entry is referenced by an 18-bit value and is used for linear 
addresses for which bits 47:30 have that value. 


— For 5-level paging, each PDPTE-cache entry is referenced by a 27-bit value and is used for linear addresses 
for which bits 56:30 have that value. 


A PDPTE-cache entry contains information from the PML5E, PML4E, PDPTE used to translate the relevant linear 
addresses (for 4-level paging, the PML5E does not apply): 


— The physical address from the PDPTE (the address of the page directory). (No PDPTE-cache entry is created 
for a PDPTE that maps a 1-GByte page.) 


— The logical-AND of the R/W flags in the PML5E, PML4E, and PDPTE. 
— The logical-AND of the U/S flags in the PML5E, PML4E, and PDPTE. 
— The logical-OR of the XD flags in the PML5E, PML4E, and PDPTE. 

— The values of the PCD and PWT flags of the PDPTE. 

The following items detail how a processor may use the PDPTE cache: 


— Ifthe processor has a PDPTE-cache entry for a linear address, it may use that entry when translating the 
linear address (instead of the PMLSE, PML4E, and PDPTE in memory). 


— The processor does not create a PDPTE-cache entry unless the P flags are 1, the PS flags are 0, and the 
reserved bits are 0 in the PMLSE, PML4E, and PDPTE in memory. 


— The processor does not create a PDPTE-cache entry unless the accessed flags are 1 in the PMLSE, PML4E 
and PDPTE in memory; before caching a translation, the processor sets any accessed flags that are not 
already 1. 


— The processor may create a PDPTE-cache entry even if there are no translations for any linear address that 
might use that entry. 


— Ifthe processor creates a PDPTE-cache entry, the processor may retain it unmodified even if software 
subsequently modifies the corresponding PMLS5E, PML4E, or PDPTE in memory. 


1. With PAE paging, the PDPTEs are stored in internal, non-architectural registers. The operation of these registers is described in Sec- 
tion 4.4.1 and differs from that described here. 
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° PDE cache. The use of the PDE cache depends on the paging mode: 


— For 32-bit paging, each PDE-cache entry is referenced by a 10-bit value and is used for linear addresses for 
which bits 31:22 have that value. 


— For PAE paging, each PDE-cache entry is referenced by an 11-bit value and is used for linear addresses for 
which bits 31:21 have that value. 


— For 4-level paging, each PDE-cache entry is referenced by a 27-bit value and is used for linear addresses for 
which bits 47:21 have that value. 


— For 5-level paging, each PDE-cache entry is referenced by a 36-bit value and is used for linear addresses for 
which bits 56:21 have that value. 


A PDE-cache entry contains information from the PML5E, PML4E, PDPTE, and PDE used to translate the relevant 
linear addresses (for 32-bit paging and PAE paging, only the PDE applies; for 4-level paging, the PML5E does 
not apply): 


— The physical address from the PDE (the address of the page table). (No PDE-cache entry is created for a 
PDE that maps a page.) 


— The logical-AND of the R/W flags in the PML5E, PML4E, PDPTE, and PDE. 
— The logical-AND of the U/S flags in the PML5E, PML4E, PDPTE, and PDE. 
— The logical-OR of the XD flags in the PML5E, PML4E, PDPTE, and PDE. 

— The values of the PCD and PWT flags of the PDE. 


The following items detail how a processor may use the PDE cache (references below to PMLS5Es, PML4Es, and 
PDPTEs apply only to 4-level paging and to 5-level paging, as appropriate): 


— Ifthe processor has a PDE-cache entry for a linear address, it may use that entry when translating the 
linear address (instead of the PMLSE, PML4E, PDPTE, and PDE in memory). 


— The processor does not create a PDE-cache entry unless the P flags are 1, the PS flags are 0, and the 
reserved bits are 0 in the PMLSE, PML4E, PDPTE, and PDE in memory. 


— The processor does not create a PDE-cache entry unless the accessed flag is 1 in the PML5E, PML4E, PDPTE, 
and PDE in memory; before caching a translation, the processor sets any accessed flags that are not 
already 1. 


— The processor may create a PDE-cache entry even if there are no translations for any linear address that 
might use that entry. 


— Ifthe processor creates a PDE-cache entry, the processor may retain it unmodified even if software subse- 
quently modifies the corresponding PML5E, PML4E, PDPTE, or PDE in memory. 


Information from a paging-structure entry can be included in entries in the paging-structure caches for other 
paging-structure entries referenced by the original entry. For example, if the R/W flag is 0 ina PML4E, then the R/W 
flag will be 0 in any PDPTE-cache entry for a PDPTE from the page-directory-pointer table referenced by that 
PML4E. This is because the R/W flag of each such PDPTE-cache entry is the logical-AND of the R/W flags in the 
appropriate PML4E and PDPTE. 


On processors that support HLAT paging (see Section 4.5.1), each entry in a paging-structure cache indicates 
whether the entry was cached during ordinary paging or HLAT paging. When the processor commences linear- 
address translation using ordinary paging (respectively, HLAT paging), it will use only entries that indicate that they 
were cached during ordinary paging (respectively, HLAT paging). 


Entries that were cached during HLAT paging also include the restart flag (bit 11) of the original paging-structure 
entry. When the processor commences HLAT paging using such an entry, it immediately restarts (using ordinary 
paging) if this cached restart flag is 1. 


The paging-structure caches contain information only from paging-structure entries that reference other paging 
structures (and not those that map pages). Because the G flag is not used in such paging-structure entries, the 
global-page feature does not affect the behavior of the paging-structure caches. 


The processor may create entries in paging-structure caches for translations required for prefetches and for 
accesses that are a result of speculative execution that would never actually occur in the executed code path. 
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As noted in Section 4.10.1, any entries created in paging-structure caches by a logical processor are associated 
with the current PCID. 


A processor may or may not implement any of the paging-structure caches. Software should rely on neither their 
presence nor their absence. The processor may invalidate entries in these caches at any time. Because the 
processor may create the cache entries at the time of translation and not update them following subsequent modi- 
fications to the paging structures in memory, software should take care to invalidate the cache entries appropri- 
ately when causing such modifications. The invalidation of TLBs and the paging-structure caches is described in 
Section 4.10.4. 


4.10.3.2 Using the Paging-Structure Caches to Translate Linear Addresses 


When a linear address is accessed, the processor uses a procedure such as the following to determine the physical 
address to which it translates and whether the access should be allowed: 


¢ Ifthe processor finds a TLB entry that is for the page number of the linear address and that is associated with 
the current PCID (or which is global), it may use the physical address, access rights, and other attributes from 
that entry. 


¢ If the processor does not find a relevant TLB entry, it may use the upper bits of the linear address to select an 
entry from the PDE cache that is associated with the current PCID (Section 4.10.3.1 indicates which bits are 
used in each paging mode). It can then use that entry to complete the translation process (locating a PTE, etc.) 
as if it had traversed the PDE (and, for 4-level paging and 5-level paging, the PDPTE, PML4E, and PMLS5E, as 
appropriate) corresponding to the PDE-cache entry. 


¢ The following items apply when 4-level paging or 5-level paging is used: 


— Ifthe processor does not find a relevant TLB entry or PDE-cache entry, it may use the upper bits of the 
linear address (for 4-level paging, bits 47:30; for 5-level paging, bits 56:30) to select an entry from the 
PDPTE cache that is associated with the current PCID. It can then use that entry to complete the translation 
process (locating a PDE, etc.) as if it had traversed the PDPTE, the PML4E, and (for 5-level paging) the 
PMLS5E corresponding to the PDPTE-cache entry. 


— Ifthe processor does not find a relevant TLB entry, PDE-cache entry, or PDPTE-cache entry, it may use the 
upper bits of the linear address (for 4-level paging, bits 47:39; for 5-level paging, bits 56:39) to select an 
entry from the PML4E cache that is associated with the current PCID. It can then use that entry to complete 
the translation process (locating a PDPTE, etc.) as if it had traversed the corresponding PML4E. 


— With 5-level paging, if the processor does not find a relevant TLB entry, PDE-cache entry, PDPTE-cache 
entry, or PML4E-cache entry, it may use bits 56:48 of the linear address to select an entry from the PML5E 
cache that is associated with the current PCID. It can then use that entry to complete the translation 
process (locating a PML4E, etc.) as if it had traversed the corresponding PML5E. 


(Any of the above steps would be skipped if the processor does not support the cache in question.) 


If the processor does not find a TLB or paging-structure-cache entry for the linear address, it uses the linear 
address to traverse the entire paging-structure hierarchy, as described in Section 4.3, Section 4.4.2, and Section 
4.5. 


4.10.3.3. Multiple Cached Entries for a Single Paging-Structure Entry 


The paging-structure caches and TLBs may contain multiple entries associated with a single PCID and with infor- 
mation derived from a single paging-structure entry. The following items give some examples for 4-level paging: 


¢ Suppose that two PML4Es contain the same physical address and thus reference the same page-directory- 
pointer table. Any PDPTE in that table may result in two PDPTE-cache entries, each associated with a different 
set of linear addresses. Specifically, suppose that the n,"" and n>"" entries in the PML4 table contain the same 
physical address. This implies that the physical address in the m™ PDPTE in the page-directory-pointer table 
would appear in the PDPTE-cache entries associated with both p,; and po, where (py » 9) = nq, (p2 » 9) = no, 
and (p; & 1FFH) = (p> & 1FFH) = m. This is because both PDPTE-cache entries use the same PDPTE, one 
resulting from a reference from the n,"" PML4E and one from the n>" PML4E. 


¢ Suppose that the first PML4E (i.e., the one in position 0) contains the physical address X in CR3 (the physical 
address of the PML4 table). This implies the following: 
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— Any PML4-cache entry associated with linear addresses with 0 in bits 47:39 contains address X. 


— Any PDPTE-cache entry associated with linear addresses with 0 in bits 47:30 contains address X. This is 
because the translation for a linear address for which the value of bits 47:30 is 0 uses the value of 
bits 47:39 (0) to locate a page-directory-pointer table at address X (the address of the PML4 table). It then 
uses the value of bits 38:30 (also 0) to find address X again and to store that address in the PDPTE-cache 
entry. 


— Any PDE-cache entry associated with linear addresses with 0 in bits 47:21 contains address X for similar 
reasons. 


— Any TLB entry for page number 0 (associated with linear addresses with 0 in bits 47:12) translates to page 
frame X » 12 for similar reasons. 


The same PML4E contributes its address X to all these cache entries because the self-referencing nature of the 
entry causes it to be used as a PML4E, a PDPTE, a PDE, and a PTE. 


4.10.4 _Invalidation of TLBs and Paging-Structure Caches 


As noted in Section 4.10.2 and Section 4.10.3, the processor may create entries in the TLBs and the paging-struc- 
ture caches when linear addresses are translated, and it may retain these entries even after the paging structures 
used to create them have been modified. To ensure that linear-address translation uses the modified paging struc- 
tures, software should take action to invalidate any cached entries that may contain information that has since 
been modified. 


4.10.4.1 Operations that Invalidate TLBs and Paging-Structure Caches 


The following instructions invalidate entries in the TLBs and the paging-structure caches: 


INVLPG. This instruction takes a single operand, which is a linear address. The instruction invalidates any TLB 
entries that are for a page number corresponding to the linear address and that are associated with the current 
PCID. It also invalidates any global TLB entries with that page number, regardless of PCID (see Section 
4.10.2.4).! INVLPG also invalidates all entries in all paging-structure caches associated with the current PCID, 
regardless of the linear addresses to which they correspond. 


INVPCID. The operation of this instruction is based on instruction operands, called the INVPCID type and the 
INVPCID descriptor. Four INVPCID types are currently defined: 


— Individual-address. If the INVPCID type is 0, the logical processor invalidates mappings—except global 
translations—associated with the PCID specified in the INVPCID descriptor and that would be used to 
translate the linear address specified in the INVPCID descriptor.2 (The instruction may also invalidate global 
translations, as well as mappings associated with other PCIDs and for other linear addresses.) 


— Single-context. If the INVPCID type is 1, the logical processor invalidates all mappings—except global 
translations—associated with the PCID specified in the INVPCID descriptor. (The instruction may also 
invalidate global translations, as well as mappings associated with other PCIDs.) 


— All-context, including globals. If the INVPCID type is 2, the logical processor invalidates 
mappings—including global translations—associated with all PCIDs. 


— All-context. If the INVPCID type is 3, the logical processor invalidates mappings—except global transla- 
tions—associated with all PCIDs. (The instruction may also invalidate global translations. ) 


See Chapter 3 of the Inte! 64 and IA-32 Architecture Software Developer’s Manual, Volume 2A for details of the 
INVPCID instruction. 


MOV to CRO. The instruction invalidates all TLB entries (including global entries) and all entries in all paging- 
structure caches (for all PCIDs) if it changes the value of CRO.PG from 1 to 0. 


MOV to CR3. The behavior of the instruction depends on the value of CR4.PCIDE: 


If the paging structures map the linear address using a page larger than 4 KBytes and there are multiple TLB entries for that page 
(see Section 4.10.2.3), the instruction invalidates all of them. 
If the paging structures map the linear address using a page larger than 4 KBytes and there are multiple TLB entries for that page 
(see Section 4.10.2.3), the instruction invalidates all of them. 
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— If CR4.PCIDE = 0, the instruction invalidates all TLB entries associated with PCID OOOH except those for 
global pages. It also invalidates all entries in all paging-structure caches associated with PCID OOOH. 


— If CR4.PCIDE = 1 and bit 63 of the instruction’s source operand is 0, the instruction invalidates all TLB 
entries associated with the PCID specified in bits 11:0 of the instruction’s source operand except those for 
global pages. It also invalidates all entries in all paging-structure caches associated with that PCID. It is not 
required to invalidate entries in the TLBs and paging-structure caches that are associated with other PCIDs. 


— If CR4.PCIDE = 1 and bit 63 of the instruction’s source operand is 1, the instruction is not required to 
invalidate any TLB entries or entries in paging-structure caches. 

MOV to CR4. The behavior of the instruction depends on the bits being modified: 

— The instruction invalidates all TLB entries (including global entries) and all entries in all paging-structure 


caches (for all PCIDs) if (1) it changes the value of CR4.PGE;! or (2) it changes the value of the CR4.PCIDE 
from 1 to 0. 


— The instruction invalidates all TLB entries and all entries in all paging-structure caches for the current PCID 
if (1) it changes the value of CR4.PAE; or (2) it changes the value of CR4.SMEP from 0 to 1. 


Task switch. If a task switch changes the value of CR3, it invalidates all TLB entries associated with PCID O000H 
except those for global pages. It also invalidates all entries in all paging-structure caches associated with PCID 
OOOH. 


VMX transitions. See Section 4.11.1. 


The processor is always free to invalidate additional entries in the TLBs and paging-structure caches. The following 
are some examples: 


INVLPG may invalidate TLB entries for pages other than the one corresponding to its linear-address operand. It 
may invalidate TLB entries and paging-structure-cache entries associated with PCIDs other than the current 
PCID. 

INVPCID may invalidate TLB entries for pages other than the one corresponding to the specified linear address. 
It may invalidate TLB entries and paging-structure-cache entries associated with PCIDs other than the 
specified PCID. 

MOV to CRO may invalidate TLB entries even if CRO.PG is not changing. For example, this may occur if either 
CRO.CD or CRO.NW is modified. 

MOV to CR3 may invalidate TLB entries for global pages. If CR4.PCIDE = 1 and bit 63 of the instruction’s source 
operand is 0, it may invalidate TLB entries and entries in the paging-structure caches associated with PCIDs 
other than the PCID it is establishing. It may invalidate entries if CR4.PCIDE = 1 and bit 63 of the instruction’s 
source operand is 1. 


MOV to CR4 may invalidate TLB entries when changing CR4.PSE or when changing CR4.SMEP from 1 to 0. 


On a processor supporting Hyper-Threading Technology, invalidations performed on one logical processor may 
invalidate entries in the TLBs and paging-structure caches used by other logical processors. 


(Other instructions and operations may invalidate entries in the TLBs and the paging-structure caches, but the 
instructions identified above are recommended.) 


In addition to the instructions identified above, page faults invalidate entries in the TLBs and paging-structure 
caches. In particular, a page-fault exception resulting from an attempt to use a linear address will invalidate any 
TLB entries that are for a page number corresponding to that linear address and that are associated with the 
current PCID. It also invalidates all entries in the paging-structure caches that would be used for that linear address 
and that are associated with the current PCID.? These invalidations ensure that the page-fault exception will not 
recur (if the faulting instruction is re-executed) if it would not be caused by the contents of the paging structures 


If CR4.PGE is changing from 0 to 1, there were no global TLB entries before the execution; if CR4.PGE is changing from 1 to O, there 
will be no global TLB entries after the execution. 


Task switches do not occur in |A-32e mode and thus cannot occur with 4-level paging. Since CR4.PCIDE can be set only with 4-level 
paging, task switches occur only with CR4.PCIDE = 0. 


Unlike INVLPG, page faults need not invalidate all entries in the paging-structure caches, only those that would be used to translate 
the faulting linear address. 
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in memory (and if, therefore, it resulted from cached entries that were not invalidated after the paging structures 
were modified in memory). 


As noted in Section 4.10.2, some processors may choose to cache multiple smaller-page TLB entries for a transla- 
tion specified by the paging structures to use a page larger than 4 KBytes. There is no way for software to be aware 
that multiple translations for smaller pages have been used for a large page. The INVLPG instruction and page 
faults provide the same assurances that they provide when a single TLB entry is used: they invalidate all TLB 
entries corresponding to the translation specified by the paging structures. 


4.10.4.2 Recommended Invalidation 
The following items provide some recommendations regarding when software should perform invalidations: 


° If software modifies a paging-structure entry that maps a page (rather than referencing another paging 
structure), it should execute INVLPG for any linear address with a page number whose translation uses that 
paging-structure entry. 


(If the paging-structure entry may be used in the translation of different page numbers — see Section 4.10.3.3 
— software should execute INVLPG for linear addresses with each of those page numbers; alternatively, it could 
use MOV to CR3 or MOV to CR4.) 


e If software modifies a paging-structure entry that references another paging structure, it may use one of the 
following approaches depending upon the types and number of translations controlled by the modified entry: 


— Execute INVLPG for linear addresses with each of the page numbers with translations that would use the 
entry. However, if no page numbers that would use the entry have translations (e.g., because the P flags are 
0 in all entries in the paging structure referenced by the modified entry), it remains necessary to execute 
INVLPG at least once. 


— Execute MOV to CR3 if the modified entry controls no global pages. 
— Execute MOV to CR4 to modify CR4.PGE. 


e If CR4.PCIDE = 1 and software modifies a paging-structure entry that does not map a page or in which the G 
flag (bit 8) is 0, additional steps are required if the entry may be used for PCIDs other than the current one. Any 
one of the following suffices: 


— Execute MOV to CR4 to modify CR4.PGE, either immediately or before again using any of the affected 
PCIDs. For example, software could use different (previously unused) PCIDs for the processes that used the 
affected PCIDs. 


— For each affected PCID, execute MOV to CR3 to make that PCID current (and to load the address of the 
appropriate PML4 table). If the modified entry controls no global pages and bit 63 of the source operand to 
MOV to CR3 was 0, no further steps are required. Otherwise, execute INVLPG for linear addresses with each 
of the page numbers with translations that would use the entry; if no page numbers that would use the 
entry have translations, execute INVLPG at least once. 


° If software using PAE paging modifies a PDPTE, it should reload CR3 with the register’s current value to ensure 
that the modified PDPTE is loaded into the corresponding PDPTE register (see Section 4.4.1). 


e If the nature of the paging structures is such that a single entry may be used for multiple purposes (see Section 
4.10.3.3), software should perform invalidations for all of these purposes. For example, if a single entry might 
serve as both a PDE and PTE, it may be necessary to execute INVLPG with two (or more) linear addresses, one 
that uses the entry as a PDE and one that uses it as a PTE. (Alternatively, software could use MOV to CR3 or 
MOV to CR4.) 


¢ As noted in Section 4.10.2, the TLBs may subsequently contain multiple translations for the address range if 
software modifies the paging structures so that the page size used for a 4-KByte range of linear addresses 
changes. A reference to a linear address in the address range may use any of these translations. 


Software wishing to prevent this uncertainty should not write to a paging-structure entry in a way that would 
change, for any linear address, both the page size and either the page frame, access rights, or other attributes. 
It can instead use the following algorithm: first clear the P flag in the relevant paging-structure entry (e.g., 


1. One execution of INVLPG is sufficient even for a page with size greater than 4 KBytes. 
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PDE); then invalidate any translations for the affected linear addresses (see above); and then modify the 
relevant paging-structure entry to set the P flag and establish modified translation(s) for the new page size. 


Software should clear bit 63 of the source operand to a MOV to CR3 instruction that establishes a PCID that had 
been used earlier for a different linear-address space (e.g., with a different value in bits 51:12 of CR3). This 
ensures invalidation of any information that may have been cached for the previous linear-address space. 


This assumes that both linear-address spaces use the same global pages and that it is thus not necessary to 
invalidate any global TLB entries. If that is not the case, software should invalidate those entries by executing 
MOV to CR4 to modify CR4.PGE. 


4.10.4.3. Optional Invalidation 


The following items describe cases in which software may choose not to invalidate and the potential consequences 
of that choice: 


If a paging-structure entry is modified to change the P flag from O to 1, no invalidation is necessary. This is 
because no TLB entry or paging-structure cache entry is created with information from a paging-structure 
entry in which the P flag is 0.1 


If a paging-structure entry is modified to change the accessed flag from 0 to 1, no invalidation is necessary 
(assuming that an invalidation was performed the last time the accessed flag was changed from 1 to 0). This is 
because no TLB entry or paging-structure cache entry is created with information from a paging-structure 
entry in which the accessed flag is 0. 


If a paging-structure entry is modified to change the R/W flag from 0 to 1, failure to perform an invalidation 
may result in a “spurious” page-fault exception (e.g., in response to an attempted write access) but no other 
adverse behavior. Such an exception will occur at most once for each affected linear address (see Section 
4.10.4.1). 


If CR4.SMEP = 0 and a paging-structure entry is modified to change the U/S flag from 0 to 1, failure to perform 
an invalidation may result in a “spurious” page-fault exception (e.g., in response to an attempted user-mode 
access) but no other adverse behavior. Such an exception will occur at most once for each affected linear 
address (see Section 4.10.4.1). 


If a paging-structure entry is modified to change the XD flag from 1 to 0, failure to perform an invalidation may 
result in a “spurious” page-fault exception (e.g., in response to an attempted instruction fetch) but no other 
adverse behavior. Such an exception will occur at most once for each affected linear address (see Section 
4.10.4.1). 


If a paging-structure entry is modified to change the accessed flag from 1 to O, failure to perform an invali- 
dation may result in the processor not setting that bit in response to a subsequent access to a linear address 
whose translation uses the entry. Software cannot interpret the bit being clear as an indication that such an 
access has not occurred. 


If software modifies a paging-structure entry that identifies the final physical address for a linear address 
(either a PTE or a paging-structure entry in which the PS flag is 1) to change the dirty flag from 1 to 0, failure 
to perform an invalidation may result in the processor not setting that bit in response to a subsequent write to 
a linear address whose translation uses the entry. Software cannot interpret the bit being clear as an indication 
that such a write has not occurred. 


The read of a paging-structure entry in translating an address being used to fetch an instruction may appear to 
execute before an earlier write to that paging-structure entry if there is no serializing instruction between the 
write and the instruction fetch. Note that the invalidating instructions identified in Section 4.10.4.1 are all 
serializing instructions. 


Section 4.10.3.3 describes situations in which a single paging-structure entry may contain information cached 
in multiple entries in the paging-structure caches. Because all entries in these caches are invalidated by any 
execution of INVLPG, it is not necessary to follow the modification of such a paging-structure entry by 
executing INVLPG multiple times solely for the purpose of invalidating these multiple cached entries. (It may be 
necessary to do so to invalidate multiple TLB entries. ) 


If it is also the case that no invalidation was performed the last time the P flag was changed from 1 to O, the processor may use a 
TLB entry or paging-structure cache entry that was created when the P flag had earlier been 1. 
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4.10.4.4 Delayed Invalidation 


Required invalidations may be delayed under some circumstances. Software developers should understand that, 
between the modification of a paging-structure entry and execution of the invalidation instruction recommended in 
Section 4.10.4.2, the processor may use translations based on either the old value or the new value of the paging- 
structure entry. The following items describe some of the potential consequences of delayed invalidation: 


° If a paging-structure entry is modified to change the P flag from 1 to 0, an access to a linear address whose 
translation is controlled by this entry may or may not cause a page-fault exception. 


¢ If a paging-structure entry is modified to change the R/W flag from 0 to 1, write accesses to linear addresses 
whose translation is controlled by this entry may or may not cause a page-fault exception. 


¢ If a paging-structure entry is modified to change the U/S flag from 0 to 1, user-mode accesses to linear 
addresses whose translation is controlled by this entry may or may not cause a page-fault exception. 


¢ If a paging-structure entry is modified to change the XD flag from 1 to 0, instruction fetches from linear 
addresses whose translation is controlled by this entry may or may not cause a page-fault exception. 


As noted in Section 8.1.1, an x87 instruction or an SSE instruction that accesses data larger than a quadword may 
be implemented using multiple memory accesses. If such an instruction stores to memory and invalidation has 
been delayed, some of the accesses may complete (writing to memory) while another causes a page-fault excep- 
tion.! In this case, the effects of the completed accesses may be visible to software even though the overall instruc- 
tion caused a fault. 


In some cases, the consequences of delayed invalidation may not affect software adversely. For example, when 
freeing a portion of the linear-address space (by marking paging-structure entries “not present”), invalidation 
using INVLPG may be delayed if software does not re-allocate that portion of the linear-address space or the 
memory that had been associated with it. However, because of speculative execution (or errant software), there 
may be accesses to the freed portion of the linear-address space before the invalidations occur. In this case, the 
following can happen: 


® Reads can occur to the freed portion of the linear-address space. Therefore, invalidation should not be delayed 
for an address range that has read side effects. 


¢ The processor may retain entries in the TLBs and paging-structure caches for an extended period of time. 
Software should not assume that the processor will not use entries associated with a linear address simply 
because time has passed. 


¢ As noted in Section 4.10.3.1, the processor may create an entry in a paging-structure cache even if there are 
no translations for any linear address that might use that entry. Thus, if software has marked “not present” all 
entries in a page table, the processor may subsequently create a PDE-cache entry for the PDE that references 
that page table (assuming that the PDE itself is marked “present”). 


¢ If software attempts to write to the freed portion of the linear-address space, the processor might not generate 
a page fault. (Such an attempt would likely be the result of a software error.) For that reason, the page frames 
previously associated with the freed portion of the linear-address space should not be reallocated for another 
purpose until the appropriate invalidations have been performed. 


4.10.5 Propagation of Paging-Structure Changes to Multiple Processors 


As noted in Section 4.10.4, software that modifies a paging-structure entry may need to invalidate entries in the 
TLBs and paging-structure caches that were derived from the modified entry before it was modified. In a system 
containing more than one logical processor, software must account for the fact that there may be entries in the 
TLBs and paging-structure caches of logical processors other than the one used to modify the paging-structure 
entry. The process of propagating the changes to a paging-structure entry is commonly referred to as “TLB shoot- 
down.” 


TLB shootdown can be done using memory-based semaphores and/or interprocessor interrupts (IPI). The following 
items describe a simple but inefficient example of a TLB shootdown algorithm for processors supporting the 
Intel-64 and IA-32 architectures: 


1. If the accesses are to different pages, this may occur even if invalidation has not been delayed. 
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1. Begin barrier: Stop all but one logical processor; that is, cause all but one to execute the HLT instruction or to 
enter a spin loop. 


Allow the active logical processor to change the necessary paging-structure entries. 


Allow all logical processors to perform invalidations appropriate to the modifications to the paging-structure 
entries. 


4. Allow all logical processors to resume normal operation. 


Alternative, performance-optimized, TLB shootdown algorithms may be developed; however, software developers 
must take care to ensure that the following conditions are met: 


¢ All logical processors that are using the paging structures that are being modified must participate and perform 
appropriate invalidations after the modifications are made. 


¢ If the modifications to the paging-structure entries are made before the barrier or if there is no barrier, the 
operating system must ensure one of the following: (1) that the affected linear-address range is not used 
between the time of modification and the time of invalidation; or (2) that it is prepared to deal with the conse- 
quences of the affected linear-address range being used during that period. For example, if the operating 
system does not allow pages being freed to be reallocated for another purpose until after the required invalida- 
tions, writes to those pages by errant software will not unexpectedly modify memory that is in use. 


° Software must be prepared to deal with reads, instruction fetches, and prefetch requests to the affected linear- 
address range that are a result of speculative execution that would never actually occur in the executed code 
path. 


When multiple logical processors are using the same linear-address space at the same time, they must coordinate 
before any request to modify the paging-structure entries that control that linear-address space. In these cases, 
the barrier in the TLB shootdown routine may not be required. For example, when freeing a range of linear 
addresses, some other mechanism can assure no logical processor is using that range before the request to free it 
is made. In this case, a logical processor freeing the range can clear the P flags in the PTEs associated with the 
range, free the physical page frames associated with the range, and then signal the other logical processors using 
that linear-address space to perform the necessary invalidations. All the affected logical processors must complete 
their invalidations before the linear-address range and the physical page frames previously associated with that 
range can be reallocated. 


4.11. INTERACTIONS WITH VIRTUAL-MACHINE EXTENSIONS (VMX) 


The architecture for virtual-machine extensions (VMX) includes features that interact with paging. Section 4.11.1 
discusses ways in which VMX-specific control transfers, called VMX transitions specially affect paging. Section 
4.11.2 gives an overview of VMX features specifically designed to support address translation. 


4.11.1 VMX Transitions 


The VMX architecture defines two control transfers called VM entries and VM exits; collectively, these are called 
VMX transitions. VM entries and VM exits are described in detail in Chapter 26 and Chapter 27, respectively, in 
the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3C. The following items identify 
paging-related details: 


¢ VMX transitions modify the CRO and CR4 registers and the IA32_EFER MSR concurrently. For this reason, they 
allow transitions between paging modes that would not otherwise be possible: 


— VM entries allow transitions from 4-level paging directly to either 32-bit paging or PAE paging. 


— VM exits allow transitions from either 32-bit paging or PAE paging directly to 4-level paging or 5-level 
paging. 
¢ VMxX transitions that result in PAE paging load the PDPTE registers (see Section 4.4.1) as follows: 


— VM entries load the PDPTE registers either from the physical address being loaded into CR3 or from the 
virtual-machine control structure (VMCS); see Section 26.3.2.4. 


— VM exits load the PDPTE registers from the physical address being loaded into CR3; see Section 27.5.4. 
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¢ \VMxX transitions invalidate the TLBs and paging-structure caches based on certain control settings. See Section 
26.3.2.5 and Section 27.5.5 in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
3C. 


4.11.2 | VMX Support for Address Translation 


Chapter 28, “VMX Support for Address Translation,” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3C describe two features of the virtual-machine extensions (VMX) that interact directly with 
paging. These are virtual-processor identifiers (VPIDs) and the extended page table mechanism (EPT). 


VPIDs provide a way for software to identify to the processor the address spaces for different “virtual processors.” 
The processor may use this identification to maintain concurrently information for multiple address spaces in its 
TLBs and paging-structure caches, even when non-zero PCIDs are not being used. See Section 28.1 for details. 


When EPT is in use, the addresses in the paging-structures are not used as physical addresses to access memory 
and memory-mapped I/O. Instead, they are treated as guest-physical addresses and are translated through a set 
of EPT paging structures to produce physical addresses. EPT can also specify its own access rights and memory 

typing; these are used on conjunction with those specified in this chapter. See Section 28.3 for more information. 


Both VPIDs and EPT may change the way that a processor maintains information in TLBs and paging structure 
caches and the ways in which software can manage that information. Some of the behaviors documented in Section 
4.10 may change. See Section 28.4 for details. 


4.12 — USING PAGING FOR VIRTUAL MEMORY 


With paging, portions of the linear-address space need not be mapped to the physical-address space; data for the 
unmapped addresses can be stored externally (e.g., on disk). This method of mapping the linear-address space is 
referred to as virtual memory or demand-paged virtual memory. 


Paging divides the linear address space into fixed-size pages that can be mapped into the physical-address space 
and/or external storage. When a program (or task) references a linear address, the processor uses paging to trans- 
late the linear address into a corresponding physical address if such an address is defined. 


If the page containing the linear address is not currently mapped into the physical-address space, the processor 
generates a page-fault exception as described in Section 4.7. The handler for page-fault exceptions typically directs 
the operating system or executive to load data for the unmapped page from external storage into physical memory 
(perhaps writing a different page from physical memory out to external storage in the process) and to map it using 
paging (by updating the paging structures). When the page has been loaded into physical memory, a return from 
the exception handler causes the instruction that generated the exception to be restarted. 


Paging differs from segmentation through its use of fixed-size pages. Unlike segments, which usually are the same 
size as the code or data structures they hold, pages have a fixed size. If segmentation is the only form of address 
translation used, a data structure present in physical memory will have all of its parts in memory. If paging is used, 
a data structure can be partly in memory and partly in disk storage. 


4.13 MAPPING SEGMENTS TO PAGES 


The segmentation and paging mechanisms provide support for a wide variety of approaches to memory manage- 
ment. When segmentation and paging are combined, segments can be mapped to pages in several ways. To imple- 
ment a flat (unsegmented) addressing environment, for example, all the code, data, and stack modules can be 
mapped to one or more large segments (up to 4-GBytes) that share same range of linear addresses (see Figure 3-2 
in Section 3.2.2). Here, segments are essentially invisible to applications and the operating-system or executive. If 
paging is used, the paging mechanism can map a single linear-address space (contained in a single segment) into 
virtual memory. Alternatively, each program (or task) can have its own large linear-address space (contained in its 
own segment), which is mapped into virtual memory through its own paging structures. 


Segments can be smaller than the size of a page. If one of these segments is placed in a page which is not shared 
with another segment, the extra memory is wasted. For example, a small data structure, such as a 1-Byte sema- 


4-54 Vol. 3A 


PAGING 


phore, occupies 4 KBytes if it is placed in a page by itself. If many semaphores are used, it is more efficient to pack 
them into a single page. 


The Intel-64 and IA-32 architectures do not enforce correspondence between the boundaries of pages and 
segments. A page can contain the end of one segment and the beginning of another. Similarly, a segment can 
contain the end of one page and the beginning of another. 


Memory-management software may be simpler and more efficient if it enforces some alignment between page and 
segment boundaries. For example, if a segment which can fit in one page is placed in two pages, there may be 
twice as much paging overhead to support access to that segment. 


One approach to combining paging and segmentation that simplifies memory-management software is to give 
each segment its own page table, as shown in Figure 4-13. This convention gives the segment a single entry in the 
page directory, and this entry provides the access control information for paging the entire segment. 
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Figure 4-13. Memory Management Convention That Assigns a Page Table 
to Each Segment 
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CHAPTER 5 
PROTECTION 


In protected mode, the Intel 64 and IA-32 architectures provide a protection mechanism that operates at both the 
segment level and the page level. This protection mechanism provides the ability to limit access to certain 
segments or pages based on privilege levels (four privilege levels for segments and two privilege levels for pages). 
For example, critical operating-system code and data can be protected by placing them in more privileged 
segments than those that contain applications code. The processor's protection mechanism will then prevent appli- 
cation code from accessing the operating-system code and data in any but a controlled, defined manner. 


Segment and page protection can be used at all stages of software development to assist in localizing and detecting 
design problems and bugs. It can also be incorporated into end-products to offer added robustness to operating 
systems, utilities software, and applications software. 


When the protection mechanism is used, each memory reference is checked to verify that it satisfies various 
protection checks. All checks are made before the memory cycle is started; any violation results in an exception. 
Because checks are performed in parallel with address translation, there is no performance penalty. The protection 
checks that are performed fall into the following categories: 


¢ Limit checks. 

° Type checks. 

° Privilege level checks. 

°* Restriction of addressable domain. 

° Restriction of procedure entry-points. 
¢ Restriction of instruction set. 


All protection violation results in an exception being generated. See Chapter 6, “Interrupt and Exception Handling,” 
for an explanation of the exception mechanism. This chapter describes the protection mechanism and the viola- 
tions which lead to exceptions. 


The following sections describe the protection mechanism available in protected mode. See Chapter 20, “8086 
Emulation,” for information on protection in real-address and virtual-8086 mode. 


5.1 ENABLING AND DISABLING SEGMENT AND PAGE PROTECTION 


Setting the PE flag in register CRO causes the processor to switch to protected mode, which in turn enables the 
segment-protection mechanism. Once in protected mode, there is no control bit for turning the protection mecha- 
nism on or off. The part of the segment-protection mechanism that is based on privilege levels can essentially be 
disabled while still in protected mode by assigning a privilege level of 0 (most privileged) to all segment selectors 
and segment descriptors. This action disables the privilege level protection barriers between segments, but other 
protection checks such as limit checking and type checking are still carried out. 


Page-level protection is automatically enabled when paging is enabled (by setting the PG flag in register CRO). Here 
again there is no mode bit for turning off page-level protection once paging is enabled. However, page-level protec- 
tion can be disabled by performing the following operations: 


¢ Clear the WP flag in control register CRO. 
° Set the read/write (R/W) and user/supervisor (U/S) flags for each page-directory and page-table entry. 
This action makes each page a writable, user page, which in effect disables page-level protection. 
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5.2 FIELDS AND FLAGS USED FOR SEGMENT-LEVEL AND 


PAGE-LEVEL PROTECTION 


The processor’s protection mechanism uses the following fields and flags in the system data structures to control 
access to segments and pages: 


Descriptor type (S) flag — (Bit 12 in the second doubleword of a segment descriptor.) Determines if the 
segment descriptor is for a system segment or a code or data segment. 


Type field — (Bits 8 through 11 in the second doubleword of a segment descriptor.) Determines the type of 
code, data, or system segment. 


Limit field — (Bits 0 through 15 of the first doubleword and bits 16 through 19 of the second doubleword of a 
segment descriptor.) Determines the size of the segment, along with the G flag and E flag (for data segments). 


G flag — (Bit 23 in the second doubleword of a segment descriptor. ) Determines the size of the segment, along 
with the limit field and E flag (for data segments). 


E flag — (Bit 10 in the second doubleword of a data-segment descriptor.) Determines the size of the segment, 
along with the limit field and G flag. 


Descriptor privilege level (DPL) field — (Bits 13 and 14 in the second doubleword of a segment descriptor. ) 
Determines the privilege level of the segment. 


Requested privilege level (RPL) field — (Bits 0 and 1 of any segment selector.) Specifies the requested 
privilege level of a segment selector. 


Current privilege level (CPL) field — (Bits 0 and 1 of the CS segment register.) Indicates the privilege level 
of the currently executing program or procedure. The term current privilege level (CPL) refers to the setting of 
this field. 


User/supervisor (U/S) flag — (Bit 2 of paging-structure entries.) Determines the type of page: user or 
supervisor. 


Read/write (R/W) flag — (Bit 1 of paging-structure entries.) Determines the type of access allowed to a 
page: read-only or read/write. 


Execute-disable (XD) flag — (Bit 63 of certain paging-structure entries.) Determines the type of access 
allowed to a page: executable or not-executable. 


Figure 5-1 shows the location of the various fields and flags in the data-, code-, and system-segment descriptors; 
Figure 3-6 shows the location of the RPL (or CPL) field in a segment selector (or the CS register); and Chapter 4 
identifies the locations of the U/S, R/W, and XD flags in the paging-structure entries. 
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Figure 5-1. Descriptor Fields Used for Protection 
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Many different styles of protection schemes can be implemented with these fields and flags. When the operating 
system creates a descriptor, it places values in these fields and flags in keeping with the particular protection style 
chosen for an operating system or executive. Application programs do not generally access or modify these fields 


and flags. 


The following sections describe how the processor uses these fields and flags to perform the various categories of 


checks described in the introduction to this chapter. 


5.2.1 Code-Segment Descriptor in 64-bit Mode 


Code segments continue to exist in 64-bit mode even though, for address calculations, the segment base is treated 
as zero. Some code-segment (CS) descriptor content (the base address and limit fields) is ignored; the remaining 
fields function normally (except for the readable bit in the type field). 


Code segment descriptors and selectors are needed in IA-32e mode to establish the processor’s operating mode 


and execution privilege-level. The usage is as follows: 
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° IA-32e mode uses a previously unused bit in the CS descriptor. Bit 53 is defined as the 64-bit (L) flag and is 
used to select between 64-bit mode and compatibility mode when IA-32e mode is active (IA32_EFER.LMA = 1). 
See Figure 5-2. 


— If CS.L = 0 and IA-32e mode is active, the processor is running in compatibility mode. In this case, CS.D 
selects the default size for data and addresses. If CS.D = 0, the default data and address size is 16 bits. If 
CS.D = 1, the default data and address size is 32 bits. 


— If CS.L = 1 and IA-32e mode is active, the only valid setting is CS.D = 0. This setting indicates a default 
operand size of 32 bits and a default address size of 64 bits. The CS.L = 1 and CS.D = 1 bit combination is 
reserved for future use and a #GP fault will be generated on an attempt to use a code segment with these 
bits set in IA-32e mode. 


¢ In IA-32e mode, the CS descriptor’s DPL is used for execution privilege checks (as in legacy 32-bit mode). 
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Figure 5-2. Descriptor Fields with Flags used in |A-32e Mode 


5.3 LIMIT CHECKING 


The limit field of a segment descriptor prevents programs or procedures from addressing memory locations outside 
the segment. The effective value of the limit depends on the setting of the G (granularity) flag (see Figure 5-1). For 
data segments, the limit also depends on the E (expansion direction) flag and the B (default stack pointer size 
and/or upper bound) flag. The E flag is one of the bits in the type field when the segment descriptor is for a data- 
segment type. 


When the G flag is clear (byte granularity), the effective limit is the value of the 20-bit limit field in the segment 
descriptor. Here, the limit ranges from 0 to FFFFFH (1 MByte). When the G flag is set (4-KByte page granularity), 
the processor scales the value in the limit field by a factor of 2 (4 KBytes). In this case, the effective limit ranges 
from FFFH (4 KBytes) to FFFFFFFFH (4 GBytes). Note that when scaling is used (G flag is set), the lower 12 bits of 
a segment offset (address) are not checked against the limit; for example, note that if the segment limit is 0, 
offsets 0 through FFFH are still valid. 


For all types of segments except expand-down data segments, the effective limit is the last address that is allowed 
to be accessed in the segment, which is one less than the size, in bytes, of the segment. The processor causes a 
general-protection exception (or, if the segment is SS, a stack-fault exception) any time an attempt is made to 
access the following addresses in a segment: 


¢ A byte at an offset greater than the effective limit 

¢ Aword at an offset greater than the (effective-limit - 1) 

¢ A doubleword at an offset greater than the (effective-limit - 3) 
¢ A quadword at an offset greater than the (effective-limit - 7) 


5-4 Vol. 3A 


PROTECTION 


¢ A double quadword at an offset greater than the (effective limit - 15) 


When the effective limit is FFFFFFFFH (4 GBytes), these accesses may or may not cause the indicated exceptions. 
Behavior is implementation-specific and may vary from one execution to another. 


For expand-down data segments, the segment limit has the same function but is interpreted differently. Here, the 
effective limit specifies the last address that is not allowed to be accessed within the segment; the range of valid 
offsets is from (effective-limit + 1) to FFFFFFFFH if the B flag is set and from (effective-limit + 1) to FFFFH if the B 
flag is clear. An expand-down segment has maximum size when the segment limit is 0. 


Limit checking catches programming errors such as runaway code, runaway subscripts, and invalid pointer calcu- 
lations. These errors are detected when they occur, so identification of the cause is easier. Without limit checking, 
these errors could overwrite code or data in another segment. 


In addition to checking segment limits, the processor also checks descriptor table limits. The GDTR and IDTR regis- 
ters contain 16-bit limit values that the processor uses to prevent programs from selecting a segment descriptors 
outside the respective descriptor tables. The LDTR and task registers contain 32-bit segment limit value (read from 
the segment descriptors for the current LDT and TSS, respectively). The processor uses these segment limits to 
prevent accesses beyond the bounds of the current LDT and TSS. See Section 3.5.1, “Segment Descriptor Tables,” 
for more information on the GDT and LDT limit fields; see Section 6.10, “Interrupt Descriptor Table (IDT),” for more 
information on the IDT limit field; and see Section 7.2.4, “Task Register,” for more information on the TSS segment 
limit field. 


5.3.1 Limit Checking in 64-bit Mode 


In 64-bit mode, the processor does not perform runtime limit checking on code or data segments. However, the 
processor does check descriptor-table limits. 


5.4 TYPE CHECKING 


Segment descriptors contain type information in two places: 
¢ The S (descriptor type) flag. 
¢ The type field. 


The processor uses this information to detect programming errors that result in an attempt to use a segment or 
gate in an incorrect or unintended manner. 


The S flag indicates whether a descriptor is a system type or a code or data type. The type field provides 4 addi- 
tional bits for use in defining various types of code, data, and system descriptors. Table 3-1 shows the encoding of 
the type field for code and data descriptors; Table 3-2 shows the encoding of the field for system descriptors. 


The processor examines type information at various times while operating on segment selectors and segment 
descriptors. The following list gives examples of typical operations where type checking is performed (this list is not 
exhaustive): 


° When a segment selector is loaded into a segment register — Certain segment registers can contain only 
certain descriptor types, for example: 


— The CS register only can be loaded with a selector for a code segment. 


— Segment selectors for code segments that are not readable or for system segments cannot be loaded into 
data-segment registers (DS, ES, FS, and GS). 


— Only segment selectors of writable data segments can be loaded into the SS register. 
¢ When a segment selector is loaded into the LDTR or task register — For example: 

— The LDTR can only be loaded with a selector for an LDT. 

— The task register can only be loaded with a segment selector for a TSS. 


° When instructions access segments whose descriptors are already loaded into segment registers — 
Certain segments can be used by instructions only in certain predefined ways, for example: 


— No instruction may write into an executable segment. 
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— No instruction may write into a data segment if it is not writable. 
— No instruction may read an executable segment unless the readable flag is set. 


¢ When an instruction operand contains a segment selector — Certain instructions can access segments 
or gates of only a particular type, for example: 


— A far CALL or far JMP instruction can only access a segment descriptor for a conforming code segment, 
nonconforming code segment, call gate, task gate, or TSS. 


— The LLDT instruction must reference a segment descriptor for an LDT. 
— The LTR instruction must reference a segment descriptor for a TSS. 


— The LAR instruction must reference a segment or gate descriptor for an LDT, TSS, call gate, task gate, code 
segment, or data segment. 


— The LSL instruction must reference a segment descriptor for a LDT, TSS, code segment, or data segment. 
— IDT entries must be interrupt, trap, or task gates. 
* During certain internal operations — For example: 


— Ona far call or far jump (executed with a far CALL or far JMP instruction), the processor determines the 
type of control transfer to be carried out (call or jump to another code segment, a call or jump through a 
gate, or a task switch) by checking the type field in the segment (or gate) descriptor pointed to by the 
segment (or gate) selector given as an operand in the CALL or JMP instruction. If the descriptor type is for 
a code segment or call gate, a call or jump to another code segment is indicated; if the descriptor type is for 
a TSS or task gate, a task switch is indicated. 


— Onacall or jump through a call gate (or on an interrupt- or exception-handler call through a trap or 
interrupt gate), the processor automatically checks that the segment descriptor being pointed to by the 
gate is for a code segment. 


— On acall or jump to a new task through a task gate (or on an interrupt- or exception-handler call to a new 
task through a task gate), the processor automatically checks that the segment descriptor being pointed to 
by the task gate is for a TSS. 


— On acall or jump to a new task by a direct reference to a TSS, the processor automatically checks that the 
segment descriptor being pointed to by the CALL or JMP instruction is for a TSS. 


— Onreturn from a nested task (initiated by an IRET instruction), the processor checks that the previous task 
link field in the current TSS points to a TSS. 


5.4.1 Null Segment Selector Checking 


Attempting to load a null segment selector (see Section 3.4.2, “Segment Selectors”) into the CS or SS segment 
register generates a general-protection exception (#GP). A null segment selector can be loaded into the DS, ES, 
FS, or GS register, but any attempt to access a segment through one of these registers when it is loaded with a null 
segment selector results ina #GP exception being generated. Loading unused data-segment registers with a null 
segment selector is a useful method of detecting accesses to unused segment registers and/or preventing 
unwanted accesses to data segments. 


5.4.1.1 NULL Segment Checking in 64-bit Mode 


In 64-bit mode, the processor does not perform runtime checking on NULL segment selectors. The processor does 
not cause a #GP fault when an attempt is made to access memory where the referenced segment register has a 
NULL segment selector. 


5.5 PRIVILEGE LEVELS 


The processor’s segment-protection mechanism recognizes 4 privilege levels, numbered from 0 to 3. The greater 
numbers mean lesser privileges. Figure 5-3 shows how these levels of privilege can be interpreted as rings of 
protection. 
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The center (reserved for the most privileged code, data, and stacks) is used for the segments containing the critical 
software, usually the kernel of an operating system. Outer rings are used for less critical software. (Systems that 
use only 2 of the 4 possible privilege levels should use levels 0 and 3.) 


Protection Rings 


Operating 
System 
Kernel 


Operating System 
Services A Level 1 


Applications 


Figure 5-3. Protection Rings 


The processor uses privilege levels to prevent a program or task operating at a lesser privilege level from accessing 
a segment with a greater privilege, except under controlled situations. When the processor detects a privilege level 
violation, it generates a general-protection exception (#GP). 


To carry out privilege-level checks between code segments and data segments, the processor recognizes the 
following three types of privilege levels: 


Current privilege level (CPL) — The CPL is the privilege level of the currently executing program or task. It 
is stored in bits O and 1 of the CS and SS segment registers. Normally, the CPL is equal to the privilege level of 
the code segment from which instructions are being fetched. The processor changes the CPL when program 
control is transferred to a code segment with a different privilege level. The CPL is treated slightly differently 
when accessing conforming code segments. Conforming code segments can be accessed from any privilege 
level that is equal to or numerically greater (less privileged) than the DPL of the conforming code segment. 
Also, the CPL is not changed when the processor accesses a conforming code segment that has a different 
privilege level than the CPL. 


Descriptor privilege level (DPL) — The DPLis the privilege level of a segment or gate. It is stored in the DPL 
field of the segment or gate descriptor for the segment or gate. When the currently executing code segment 
attempts to access a segment or gate, the DPL of the segment or gate is compared to the CPL and RPL of the 
segment or gate selector (as described later in this section). The DPL is interpreted differently, depending on 
the type of segment or gate being accessed: 


— Data segment — The DPL indicates the numerically highest privilege level that a program or task can have 
to be allowed to access the segment. For example, if the DPL of a data segment is 1, only programs running 
at a CPL of 0 or 1 can access the segment. 


— Nonconforming code segment (without using a call gate) — The DPL indicates the privilege level that 
a program or task must be at to access the segment. For example, if the DPL of a nonconforming code 
segment is 0, only programs running at a CPL of 0 can access the segment. 


— Call gate — The DPL indicates the numerically highest privilege level that the currently executing program 
or task can be at and still be able to access the call gate. (This is the same access rule as for a data 
segment.) 


— Conforming code segment and nonconforming code segment accessed through a call gate — The 
DPL indicates the numerically lowest privilege level that a program or task can have to be allowed to access 
the segment. For example, if the DPL of a conforming code segment is 2, programs running at a CPL of 0 or 
1 cannot access the segment. 
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— TSS — The DPL indicates the numerically highest privilege level that the currently executing program or 
task can be at and still be able to access the TSS. (This is the same access rule as for a data segment. ) 


Requested privilege level (RPL) — The RPL is an override privilege level that is assigned to segment 
selectors. It is stored in bits 0 and 1 of the segment selector. The processor checks the RPL along with the CPL 
to determine if access to a segment is allowed. Even if the program or task requesting access to a segment has 
sufficient privilege to access the segment, access is denied if the RPL is not of sufficient privilege level. That is, 
if the RPL of a segment selector is numerically greater than the CPL, the RPL overrides the CPL, and vice versa. 
The RPL can be used to ensure that privileged code does not access a segment on behalf of an application 
program unless the program itself has access privileges for that segment. See Section 5.10.4, “Checking Caller 
Access Privileges (ARPL Instruction),” for a detailed description of the purpose and typical use of the RPL. 


Privilege levels are checked when the segment selector of a segment descriptor is loaded into a segment register. 
The checks used for data access differ from those used for transfers of program control among code segments; 
therefore, the two kinds of accesses are considered separately in the following sections. 


5.6 PRIVILEGE LEVEL CHECKING WHEN ACCESSING DATA SEGMENTS 


To access operands in a data segment, the segment selector for the data segment must be loaded into the data- 
segment registers (DS, ES, FS, or GS) or into the stack-segment register (SS). (Segment registers can be loaded 
with the MOV, POP, LDS, LES, LFS, LGS, and LSS instructions.) Before the processor loads a segment selector into 
a segment register, it performs a privilege check (see Figure 5-4) by comparing the privilege levels of the currently 
running program or task (the CPL), the RPL of the segment selector, and the DPL of the segment’s segment 
descriptor. The processor loads the segment selector into the segment register if the DPL is numerically greater 
than or equal to both the CPL and the RPL. Otherwise, a general-protection fault is generated and the segment 
register is not loaded. 
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Figure 5-4. Privilege Check for Data Access 


Figure 5-5 shows four procedures (located in codes segments A, B, C, and D), each running at different privilege 
levels and each attempting to access the same data segment. 


1. 


The procedure in code segment A is able to access data segment E using segment selector E1, because the CPL 
of code segment A and the RPL of segment selector E1 are equal to the DPL of data segment E. 


The procedure in code segment B is able to access data segment E using segment selector E2, because the CPL 
of code segment B and the RPL of segment selector E2 are both numerically lower than (more privileged) than 
the DPL of data segment E. A code segment B procedure can also access data segment E using segment 
selector E1. 


The procedure in code segment C is not able to access data segment E using segment selector E3 (dotted line), 
because the CPL of code segment C and the RPL of segment selector E3 are both numerically greater than (less 
privileged) than the DPL of data segment E. Even if a code segment C procedure were to use segment selector 
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E1 or E2, such that the RPL would be acceptable, it still could not access data segment E because its CPL is not 
privileged enough. 


4. The procedure in code segment D should be able to access data segment E because code segment D’s CPL is 
numerically less than the DPL of data segment E. However, the RPL of segment selector E3 (which the code 
segment D procedure is using to access data segment E) is numerically greater than the DPL of data segment 
E, so access is not allowed. If the code segment D procedure were to use segment selector Ei or E2 to access 
the data segment, access would be allowed. 
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Figure 5-5. Examples of Accessing Data Segments From Various Privilege Levels 


As demonstrated in the previous examples, the addressable domain of a program or task varies as its CPL changes. 
When the CPL is 0, data segments at all privilege levels are accessible; when the CPL is 1, only data segments at 
privilege levels 1 through 3 are accessible; when the CPL is 3, only data segments at privilege level 3 are acces- 
sible. 


The RPL of a segment selector can always override the addressable domain of a program or task. When properly 
used, RPLs can prevent problems caused by accidental (or intensional) use of segment selectors for privileged data 
segments by less privileged programs or procedures. 


It is important to note that the RPL of a segment selector for a data segment is under software control. For 
example, an application program running at a CPL of 3 can set the RPL for a data- segment selector to 0. With the 
RPL set to 0, only the CPL checks, not the RPL checks, will provide protection against deliberate, direct attempts to 
violate privilege-level security for the data segment. To prevent these types of privilege-level-check violations, a 
program or procedure can check access privileges whenever it receives a data-segment selector from another 
procedure (see Section 5.10.4, “Checking Caller Access Privileges (ARPL Instruction)”). 


5.6.1 Accessing Data in Code Segments 


In some instances it may be desirable to access data structures that are contained in a code segment. The 
following methods of accessing data in code segments are possible: 


¢ Load a data-segment register with a segment selector for a nonconforming, readable, code segment. 
° Load a data-segment register with a segment selector for a conforming, readable, code segment. 


e Use a code-segment override prefix (CS) to read a readable, code segment whose selector is already loaded in 
the CS register. 


The same rules for accessing data segments apply to method 1. Method 2 is always valid because the privilege 
level of a conforming code segment is effectively the same as the CPL, regardless of its DPL. Method 3 is always 
valid because the DPL of the code segment selected by the CS register is the same as the CPL. 
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5.7 PRIVILEGE LEVEL CHECKING WHEN LOADING THE SS REGISTER 


Privilege level checking also occurs when the SS register is loaded with the segment selector for a stack segment. 
Here all privilege levels related to the stack segment must match the CPL; that is, the CPL, the RPL of the stack- 
segment selector, and the DPL of the stack-segment descriptor must be the same. If the RPL and DPL are not equal 
to the CPL, a general-protection exception (#GP) is generated. 


5.8 PRIVILEGE LEVEL CHECKING WHEN TRANSFERRING PROGRAM CONTROL 
BETWEEN CODE SEGMENTS 


To transfer program control from one code segment to another, the segment selector for the destination code 
segment must be loaded into the code-segment register (CS). As part of this loading process, the processor exam- 
ines the segment descriptor for the destination code segment and performs various limit, type, and privilege 
checks. If these checks are successful, the CS register is loaded, program control is transferred to the new code 
segment, and program execution begins at the instruction pointed to by the EIP register. 


Program control transfers are carried out with the JMP, CALL, RET, SYSENTER, SYSEXIT, SYSCALL, SYSRET, INT n, 
and IRET instructions, as well as by the exception and interrupt mechanisms. Exceptions, interrupts, and the IRET 
instruction are special cases discussed in Chapter 6, “Interrupt and Exception Handling.” This chapter discusses 
only the JMP, CALL, RET, SYSENTER, SYSEXIT, SYSCALL, and SYSRET instructions. 

A JMP or CALL instruction can reference another code segment in any of four ways: 

¢ The target operand contains the segment selector for the target code segment. 


¢ The target operand points to a call-gate descriptor, which contains the segment selector for the target code 
segment. 


¢ The target operand points to a TSS, which contains the segment selector for the target code segment. 


° The target operand points to a task gate, which points to a TSS, which in turn contains the segment selector for 
the target code segment. 


The following sections describe first two types of references. See Section 7.3, “Task Switching,” for information on 
transferring program control through a task gate and/or TSS. 


The SYSENTER and SYSEXIT instructions are special instructions for making fast calls to and returns from operating 
system or executive procedures. These instructions are discussed in Section 5.8.7, “Performing Fast Calls to 
System Procedures with the SYSENTER and SYSEXIT Instructions.” 


The SYCALL and SYSRET instructions are special instructions for making fast calls to and returns from operating 
system or executive procedures in 64-bit mode. These instructions are discussed in Section 5.8.8, “Fast System 
Calls in 64-Bit Mode.” 


5.8.1 Direct Calls or Jumps to Code Segments 


The near forms of the JMP, CALL, and RET instructions transfer program control within the current code segment, 
so privilege-level checks are not performed. The far forms of the JMP, CALL, and RET instructions transfer control 
to other code segments, so the processor does perform privilege-level checks. 


When transferring program control to another code segment without going through a call gate, the processor 
examines four kinds of privilege level and type information (see Figure 5-6): 


¢ The CPL. (Here, the CPL is the privilege level of the calling code segment; that is, the code segment that 
contains the procedure that is making the call or jump.) 
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Figure 5-6. Privilege Check for Control Transfer Without Using a Gate 


¢ The DPL of the segment descriptor for the destination code segment that contains the called procedure. 
¢ The RPL of the segment selector of the destination code segment. 


¢ The conforming (C) flag in the segment descriptor for the destination code segment, which determines whether 
the segment is a conforming (C flag is set) or nonconforming (C flag is clear) code segment. See Section 
3.4.5.1, “Code- and Data-Segment Descriptor Types,” for more information about this flag. 


The rules that the processor uses to check the CPL, RPL, and DPL depends on the setting of the C flag, as described 
in the following sections. 


5.8.1.1 Accessing Nonconforming Code Segments 


When accessing nonconforming code segments, the CPL of the calling procedure must be equal to the DPL of the 

destination code segment; otherwise, the processor generates a general-protection exception (#GP). For example 

in Figure 5-7: 

* Code segment C is a nonconforming code segment. A procedure in code segment A can call a procedure in code 
segment C (using segment selector C1) because they are at the same privilege level (CPL of code segment A is 
equal to the DPL of code segment C). 


° A procedure in code segment B cannot call a procedure in code segment C (using segment selector C2 or C1) 
because the two code segments are at different privilege levels. 
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Figure 5-7. Examples of Accessing Conforming and Nonconforming Code Segments From Various Privilege Levels 


The RPL of the segment selector that points to a nonconforming code segment has a limited effect on the privilege 
check. The RPL must be numerically less than or equal to the CPL of the calling procedure for a successful control 
transfer to occur. So, in the example in Figure 5-7, the RPLs of segment selectors Ci and C2 could legally be set to 
0, 1, or 2, but not to 3. 


When the segment selector of a nonconforming code segment is loaded into the CS register, the privilege level field 
is not changed; that is, it remains at the CPL (which is the privilege level of the calling procedure). This is true, even 
if the RPL of the segment selector is different from the CPL. 


5.8.1.2 Accessing Conforming Code Segments 


When accessing conforming code segments, the CPL of the calling procedure may be numerically equal to or 
greater than (less privileged) the DPL of the destination code segment; the processor generates a general-protec- 
tion exception (#GP) only if the CPL is less than the DPL. (The segment selector RPL for the destination code 
segment is not checked if the segment is a conforming code segment. ) 


In the example in Figure 5-7, code segment D is a conforming code segment. Therefore, calling procedures in both 
code segment A and B can access code segment D (using either segment selector Di or D2, respectively), because 
they both have CPLs that are greater than or equal to the DPL of the conforming code segment. For conforming 
code segments, the DPL represents the numerically lowest privilege level that a calling procedure may 
be at to successfully make a call to the code segment. 


(Note that segments selectors D1 and D2 are identical except for their respective RPLs. But since RPLs are not 
checked when accessing conforming code segments, the two segment selectors are essentially interchangeable.) 


When program control is transferred to a conforming code segment, the CPL does not change, even if the DPL of 
the destination code segment is less than the CPL. This situation is the only one where the CPL may be different 
from the DPL of the current code segment. Also, since the CPL does not change, no stack switch occurs. 


Conforming segments are used for code modules such as math libraries and exception handlers, which support 
applications but do not require access to protected system facilities. These modules are part of the operating 
system or executive software, but they can be executed at numerically higher privilege levels (less privileged 
levels). Keeping the CPL at the level of a calling code segment when switching to a conforming code segment 
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prevents an application program from accessing nonconforming code segments while at the privilege level (DPL) of 
a conforming code segment and thus prevents it from accessing more privileged data. 


Most code segments are nonconforming. For these segments, program control can be transferred only to code 
segments at the same level of privilege, unless the transfer is carried out through a call gate, as described in the 
following sections. 


5.8.2 Gate Descriptors 


To provide controlled access to code segments with different privilege levels, the processor provides special set of 
descriptors called gate descriptors. There are four kinds of gate descriptors: 


° Call gates 
° Trap gates 
° Interrupt gates 
° Task gates 


Task gates are used for task switching and are discussed in Chapter 7, “Task Management”. Trap and interrupt 
gates are special kinds of call gates used for calling exception and interrupt handlers. The are described in Chapter 
6, “Interrupt and Exception Handling.” This chapter is concerned only with call gates. 


5.8.3 Call Gates 


Call gates facilitate controlled transfers of program control between different privilege levels. They are typically 
used only in operating systems or executives that use the privilege-level protection mechanism. Call gates are also 
useful for transferring program control between 16-bit and 32-bit code segments, as described in Section 21.4, 
“Transferring Control Among Mixed-Size Code Segments.” 


Figure 5-8 shows the format of a call-gate descriptor. A call-gate descriptor may reside in the GDT or in an LDT, but 
not in the interrupt descriptor table (IDT). It performs six functions: 


¢ It specifies the code segment to be accessed. 
¢ It defines an entry point for a procedure in the specified code segment. 
¢ It specifies the privilege level required for a caller trying to access the procedure. 


31 16 15 141312 11 87 6 54 ) 
D Type 
Offset in Segment 31:16 P| P | ope | eat ta 
L jol4 | 1 (0 | 0 
31 16 15 0 
Segment Selector Offset in Segment 15:00 0 


DPL. Descriptor Privilege Level 
P Gate Valid 


Figure 5-8. Call-Gate Descriptor 


° If a stack switch occurs, it specifies the number of optional parameters to be copied between stacks. 


¢ It defines the size of values to be pushed onto the target stack: 16-bit gates force 16-bit pushes and 32-bit 
gates force 32-bit pushes. 


¢ It specifies whether the call-gate descriptor is valid. 


The segment selector field in a call gate specifies the code segment to be accessed. The offset field specifies the 
entry point in the code segment. This entry point is generally to the first instruction of a specific procedure. The DPL 
field indicates the privilege level of the call gate, which in turn is the privilege level required to access the selected 
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procedure through the gate. The P flag indicates whether the call-gate descriptor is valid. (The presence of the code 
segment to which the gate points is indicated by the P flag in the code segment’s descriptor.) The parameter count 
field indicates the number of parameters to copy from the calling procedures stack to the new stack if a stack 
switch occurs (see Section 5.8.5, “Stack Switching”). The parameter count specifies the number of words for 16- 
bit call gates and doublewords for 32-bit call gates. 


Note that the P flag in a gate descriptor is normally always set to 1. If it is set to 0, a not present (#NP) exception 
is generated when a program attempts to access the descriptor. The operating system can use the P flag for special 
purposes. For example, it could be used to track the number of times the gate is used. Here, the P flag is initially 

set to 0 causing a trap to the not-present exception handler. The exception handler then increments a counter and 
sets the P flag to 1, so that on returning from the handler, the gate descriptor will be valid. 


5.8.3.1 IA-32e Mode Call Gates 


Call-gate descriptors in 32-bit mode provide a 32-bit offset for the instruction pointer (EIP); 64-bit extensions 
double the size of 32-bit mode call gates in order to store 64-bit instruction pointers (RIP). See Figure 5-9: 


¢ The first eight bytes (bytes 7:0) of a 64-bit mode call gate are similar but not identical to legacy 32-bit mode 
call gates. The parameter-copy-count field has been removed. 


¢ Bytes 11:8 hold the upper 32 bits of the target-segment offset in canonical form. A general-protection 
exception (#GP) is generated if software attempts to use a call gate with a target offset that is not in canonical 
form. 


¢ 16-byte descriptors may reside in the same descriptor table with 16-bit and 32-bit descriptors. A type field, 
used for consistency checking, is defined in bits 12:8 of the 64-bit descriptor’s highest dword (cleared to zero). 
A general-protection exception (#GP) results if an attempt is made to access the upper half of a 64-bit mode 
descriptor as a 32-bit mode descriptor. 


31 131211109 8 7 0 
Type 
Reserved Reserved 12 
0) o| o| 0 | 0 
31 0 
Offset in Segment 63:31 8 
31 16 1514131211 87 0) 
D Type 
Offset in Segment 31:16 P] P hd 0 4 
L jo|1 | 1 jo 0 
31 16 15 0 
Segment Selector Offset in Segment 15:00 0 
DPL._ Descriptor Privilege Level 
P Gate Valid 


Figure 5-9. Call-Gate Descriptor in I[A-32e Mode 


° Target code segments referenced by a 64-bit call gate must be 64-bit code segments (CS.L = 1, CS.D = 0). If 
not, the reference generates a general-protection exception, #GP (CS selector). 

* Only 64-bit mode call gates can be referenced in IA-32e mode (64-bit mode and compatibility mode). The 
legacy 32-bit mode call gate type (OCH) is redefined in IA-32e mode as a 64-bit call-gate type; no 32-bit call- 
gate type exists in IA-32e mode. 
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¢ Ifa far call references a 16-bit call gate type (04H) in IA-32e mode, a general-protection exception (#GP) is 
generated. 


When a call references a 64-bit mode call gate, actions taken are identical to those taken in 32-bit mode, with the 
following exceptions: 


¢ Stack pushes are made in eight-byte increments. 
¢ A 64-bit RIP is pushed onto the stack. 
¢ Parameter copying is not performed. 


Use a matching far-return instruction size for correct operation (returns from 64-bit calls must be performed with 
a 64-bit operand-size return to process the stack correctly). 


5.8.4 Accessing a Code Segment Through a Call Gate 


To access a call gate, a far pointer to the gate is provided as a target operand in a CALL or JMP instruction. The 
segment selector from this pointer identifies the call gate (see Figure 5-10); the offset from the pointer is required, 
but not used or checked by the processor. (The offset can be set to any value.) 


When the processor has accessed the call gate, it uses the segment selector from the call gate to locate the 
segment descriptor for the destination code segment. (This segment descriptor can be in the GDT or the LDT.) It 
then combines the base address from the code-segment descriptor with the offset from the call gate to form the 
linear address of the procedure entry point in the code segment. 


As shown in Figure 5-11, four different privilege levels are used to check the validity of a program control transfer 
through a call gate: 


¢ The CPL (current privilege level). 

¢ The RPL (requestor's privilege level) of the call gate’s selector. 

¢ The DPL (descriptor privilege level) of the call gate descriptor. 

¢ The DPL of the segment descriptor of the destination code segment. 

The C flag (conforming) in the segment descriptor for the destination code segment is also checked. 


Far Pointer to Call Gate 


Segment Selector Offset 
Required but not used by processor 


Descriptor Table 


> Offset 


Call-Gate 
Segment Selector Offset Descriptor 


'_y»| Base Base | Code-Segment 
+ Base Descriptor 


Yy 


Procedure 
Entry Point 


Figure 5-10. Call-Gate Mechanism 
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Figure 5-11. Privilege Check for Control Transfer with Call Gate 


The privilege checking rules are different depending on whether the control transfer was initiated with a CALL ora 
JMP instruction, as shown in Table 5-1. 
Table 5-1. Privilege Check Rules for Call Gates 
Instruction Privilege Check Rules 
CALL CPL < call gate DPL; RPL < call gate DPL 


Destination conforming code segment DPL < CPL 


Destination nonconforming code segment DPL < CPL 
JMP CPL < call gate DPL; RPL < call gate DPL 


Destination conforming code segment DPL < CPL 


Destination nonconforming code segment DPL = CPL 


The DPL field of the call-gate descriptor specifies the numerically highest privilege level from which a calling proce- 
dure can access the call gate; that is, to access a call gate, the CPL of a calling procedure must be equal to or less 
than the DPL of the call gate. For example, in Figure 5-15, call gate A has a DPL of 3. So calling procedures at all 
CPLs (0 through 3) can access this call gate, which includes calling procedures in code segments A, B, and C. Call 
gate B has a DPL of 2, so only calling procedures at a CPL or O, 1, or 2 can access call gate B, which includes calling 
procedures in code segments B and C. The dotted line shows that a calling procedure in code segment A cannot 
access Call gate B. 


The RPL of the segment selector to a call gate must satisfy the same test as the CPL of the calling procedure; that 
is, the RPL must be less than or equal to the DPL of the call gate. In the example in Figure 5-15, a calling procedure 
in code segment C can access call gate B using gate selector B2 or B1, but it could not use gate selector B3 to 
access Call gate B. 


If the privilege checks between the calling procedure and call gate are successful, the processor then checks the 
DPL of the code-segment descriptor against the CPL of the calling procedure. Here, the privilege check rules vary 
between CALL and JMP instructions. Only CALL instructions can use call gates to transfer program control to more 
privileged (numerically lower privilege level) nonconforming code segments; that is, to nonconforming code 
segments with a DPL less than the CPL. A JMP instruction can use a call gate only to transfer program control to a 
nonconforming code segment with a DPL equal to the CPL. CALL and JMP instruction can both transfer program 
control to a more privileged conforming code segment; that is, to a conforming code segment with a DPL less than 
or equal to the CPL. 


5-16 Vol. 3A 


PROTECTION 


If a call is made to a more privileged (numerically lower privilege level) nonconforming destination code segment, 
the CPL is lowered to the DPL of the destination code segment and a stack switch occurs (see Section 5.8.5, “Stack 
Switching”). If a call or jump is made to a more privileged conforming destination code segment, the CPL is not 
changed and no stack switch occurs. 


Code Gate Selector A > Call 
Segment A RPL=3) Gate A 
CPL=3 Gate Selector B3 | — — — — % DPL=3 
RPL=3 | 
Lowest Privilege | 
2 x 
Code Call 
Segment B Gate Selector B1 Gate B 
CPL=2 y|DPL=2 
Code 
Segment C Gate Selector B2 
CPL=1 RPS 
No Stack Stack Switch 
Switch Occurs Occurs 
Y Y 
Code Code 
Segment D Segment E 
DPL=0 DPL=0 
Conforming Nonconforming 
0] Highest Privilege Code Segment Code Segment 


Figure 5-12. Example of Accessing Call Gates At Various Privilege Levels 


Call gates allow a single code segment to have procedures that can be accessed at different privilege levels. For 
example, an operating system located in a code segment may have some services which are intended to be used 
by both the operating system and application software (such as procedures for handling character I/O). Call gates 
for these procedures can be set up that allow access at all privilege levels (0 through 3). More privileged call gates 
(with DPLs of 0 or 1) can then be set up for other operating system services that are intended to be used only by 
the operating system (such as procedures that initialize device drivers). 


5.8.5 Stack Switching 


Whenever a call gate is used to transfer program control to a more privileged nonconforming code segment (that 
is, when the DPL of the nonconforming destination code segment is less than the CPL), the processor automatically 
switches to the stack for the destination code segment’s privilege level. This stack switching is carried out to 
prevent more privileged procedures from crashing due to insufficient stack space. It also prevents less privileged 
procedures from interfering (by accident or intent) with more privileged procedures through a shared stack. 


Each task must define up to 4 stacks: one for applications code (running at privilege level 3) and one for each of 

the privilege levels 2, 1, and 0 that are used. (If only two privilege levels are used [3 and O], then only two stacks 
must be defined.) Each of these stacks is located in a separate segment and is identified with a segment selector 
and an offset into the stack segment (a stack pointer). 


The segment selector and stack pointer for the privilege level 3 stack is located in the SS and ESP registers, respec- 
tively, when privilege-level-3 code is being executed and is automatically stored on the called procedure’s stack 
when a stack switch occurs. 


Pointers to the privilege level 0, 1, and 2 stacks are stored in the TSS for the currently running task (see 

Figure 7-2). Each of these pointers consists of a segment selector and a stack pointer (loaded into the ESP 
register). These initial pointers are strictly read-only values. The processor does not change them while the task is 
running. They are used only to create new stacks when calls are made to more privileged levels (numerically lower 
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privilege levels). These stacks are disposed of when a return is made from the called procedure. The next time the 
procedure is called, a new stack is created using the initial stack pointer. (The TSS does not specify a stack for priv- 
ilege level 3 because the processor does not allow a transfer of program control from a procedure running at a CPL 
of 0, 1, or 2 to a procedure running at a CPL of 3, except on a return.) 


The operating system is responsible for creating stacks and stack-segment descriptors for all the privilege levels to 
be used and for loading initial pointers for these stacks into the TSS. Each stack must be read/write accessible (as 
specified in the type field of its segment descriptor) and must contain enough space (as specified in the limit field) 
to hold the following items: 


¢ The contents of the SS, ESP, CS, and EIP registers for the calling procedure. 
¢ The parameters and temporary variables required by the called procedure. 
¢ The EFLAGS register and error code, when implicit calls are made to an exception or interrupt handler. 


The stack will need to require enough space to contain many frames of these items, because procedures often call 
other procedures, and an operating system may support nesting of multiple interrupts. Each stack should be large 
enough to allow for the worst case nesting scenario at its privilege level. 


(If the operating system does not use the processor’s multitasking mechanism, it still must create at least one TSS 
for this stack-related purpose. ) 


When a procedure call through a call gate results in a change in privilege level, the processor performs the following 
steps to switch stacks and begin execution of the called procedure at a new privilege level: 


1. Uses the DPL of the destination code segment (the new CPL) to select a pointer to the new stack (segment 
selector and stack pointer) from the TSS. 


2. Reads the segment selector and stack pointer for the stack to be switched to from the current TSS. Any limit 
violations detected while reading the stack-segment selector, stack pointer, or stack-segment descriptor cause 
an invalid TSS (#TS) exception to be generated. 


3. Checks the stack-segment descriptor for the proper privileges and type and generates an invalid TSS (#TS) 
exception if violations are detected. 


4. Temporarily saves the current values of the SS and ESP registers. 
Loads the segment selector and stack pointer for the new stack in the SS and ESP registers. 


Pushes the temporarily saved values for the SS and ESP registers (for the calling procedure) onto the new stack 
(see Figure 5-13). 


7. Copies the number of parameter specified in the parameter count field of the call gate from the calling 
procedure’s stack to the new stack. If the count is 0, no parameters are copied. 


Pushes the return instruction pointer (the current contents of the CS and EIP registers) onto the new stack. 


Loads the segment selector for the new code segment and the new instruction pointer from the call gate into 
the CS and EIP registers, respectively, and begins execution of the called procedure. 


See the description of the CALL instruction in Chapter 3, Instruction Set Reference, in the IA-32 Intel Architecture 
Software Developer’s Manual, Volume 2, for a detailed description of the privilege level checks and other protection 
checks that the processor performs on a far call through a call gate. 
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Figure 5-13. Stack Switching During an Interprivilege-Level Call 


The parameter count field in a call gate specifies the number of data items (up to 31) that the processor should 
copy from the calling procedure’s stack to the stack of the called procedure. If more than 31 data items need to be 
passed to the called procedure, one of the parameters can be a pointer to a data structure, or the saved contents 
of the SS and ESP registers may be used to access parameters in the old stack space. The size of the data items 
passed to the called procedure depends on the call gate size, as described in Section 5.8.3, “Call Gates.” 


5.8.5.1 Stack Switching in 64-bit Mode 


Although protection-check rules for call gates are unchanged from 32-bit mode, stack-switch changes in 64-bit 
mode are different. 


When stacks are switched as part of a 64-bit mode privilege-level change through a call gate, a new SS (stack 
segment) descriptor is not loaded; 64-bit mode only loads an inner-level RSP from the TSS. The new SS is forced 
to NULL and the SS selector’s RPL field is forced to the new CPL. The new SS is set to NULL in order to handle 
nested far transfers (far CALL, INTn, interrupts and exceptions). The old SS and RSP are saved on the new stack. 


On a subsequent far RET, the old SS is popped from the stack and loaded into the SS register. See Table 5-2. 


Table 5-2. 64-Bit-Mode Stack Layout After Far CALL with CPL Change 


32-bit Mode IA-32e mode 
Old SS Selector +12 +24 Old SS Selector 
Old ESP +8 +16 Old RSP 
CS Selector +4 +8 Old CS Selector 
EIP 0 ESP RSP 0 RIP 
< 4Bytes > < 8 Bytes > 


In 64-bit mode, stack operations resulting from a privilege-level-changing far call or far return are eight-bytes wide 
and change the RSP by eight. The mode does not support the automatic parameter-copy feature found in 32-bit 
mode. The call-gate count field is ignored. Software can access the old stack, if necessary, by referencing the old 
stack-segment selector and stack pointer saved on the new process stack. 


In 64-bit mode, far RET is allowed to load a NULL SS under certain conditions. If the target mode is 64-bit mode 
and the target CPL + 3, IRET allows SS to be loaded with a NULL selector. If the called procedure itself is inter- 
rupted, the NULL SS is pushed on the stack frame. On the subsequent far RET, the NULL SS on the stack acts as a 
flag to tell the processor not to load a new SS descriptor. 
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5.8.6 Returning from a Called Procedure 


The RET instruction can be used to perform a near return, a far return at the same privilege level, and a far return 
to a different privilege level. This instruction is intended to execute returns from procedures that were called with 
a CALL instruction. It does not support returns from a JMP instruction, because the JMP instruction does not save a 
return instruction pointer on the stack. 


A near return only transfers program control within the current code segment; therefore, the processor performs 
only a limit check. When the processor pops the return instruction pointer from the stack into the EIP register, it 
checks that the pointer does not exceed the limit of the current code segment. 


On a far return at the same privilege level, the processor pops both a segment selector for the code segment being 
returned to and a return instruction pointer from the stack. Under normal conditions, these pointers should be 
valid, because they were pushed on the stack by the CALL instruction. However, the processor performs privilege 
checks to detect situations where the current procedure might have altered the pointer or failed to maintain the 
stack properly. 


A far return that requires a privilege-level change is only allowed when returning to a less privileged level (that is, 
the DPL of the return code segment is numerically greater than the CPL). The processor uses the RPL field from the 
CS register value saved for the calling procedure (see Figure 5-13) to determine if a return to a numerically higher 
privilege level is required. If the RPL is numerically greater (less privileged) than the CPL, a return across privilege 
levels occurs. 


The processor performs the following steps when performing a far return to a calling procedure (see Figures 6-2 
and 6-4 in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for an illustration of the 
stack contents prior to and after a return): 


1. Checks the RPL field of the saved CS register value to determine if a privilege level change is required on the 
return. 


2. Loads the CS and EIP registers with the values on the called procedure’s stack. (Type and privilege level checks 
are performed on the code-segment descriptor and RPL of the code- segment selector.) 


3. (If the RET instruction includes a parameter count operand and the return requires a privilege level change.) 
Adds the parameter count (in bytes obtained from the RET instruction) to the current ESP register value (after 
popping the CS and EIP values), to step past the parameters on the called procedure’s stack. The resulting 
value in the ESP register points to the saved SS and ESP values for the calling procedure’s stack. (Note that the 
byte count in the RET instruction must be chosen to match the parameter count in the call gate that the calling 
procedure referenced when it made the original call multiplied by the size of the parameters.) 


4. (If the return requires a privilege level change.) Loads the SS and ESP registers with the saved SS and ESP 
values and switches back to the calling procedure’s stack. The SS and ESP values for the called procedure’s 
stack are discarded. Any limit violations detected while loading the stack-segment selector or stack pointer 
cause a general-protection exception (#GP) to be generated. The new stack-segment descriptor is also checked 
for type and privilege violations. 


5. (If the RET instruction includes a parameter count operand.) Adds the parameter count (in bytes obtained from 
the RET instruction) to the current ESP register value, to step past the parameters on the calling procedure’s 
stack. The resulting ESP value is not checked against the limit of the stack segment. If the ESP value is beyond 
the limit, that fact is not recognized until the next stack operation. 


6. (If the return requires a privilege level change.) Checks the contents of the DS, ES, FS, and GS segment 
registers. If any of these registers refer to segments whose DPL is less than the new CPL (excluding conforming 
code segments), the segment register is loaded with a null segment selector. 


See the description of the RET instruction in Chapter 4 of the Inte/® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 2B, for a detailed description of the privilege level checks and other protection checks that 
the processor performs on a far return. 


5.8.7 Performing Fast Calls to System Procedures with the 
SYSENTER and SYSEXIT Instructions 


The SYSENTER and SYSEXIT instructions were introduced into the IA-32 architecture in the Pentium II processors 
for the purpose of providing a fast (low overhead) mechanism for calling operating system or executive procedures. 
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SYSENTER is intended for use by user code running at privilege level 3 to access operating system or executive 
procedures running at privilege level 0. SYSEXIT is intended for use by privilege level 0 operating system or exec- 
utive procedures for fast returns to privilege level 3 user code. SYSENTER can be executed from privilege levels 3, 
2, 1, or 0; SYSEXIT can only be executed from privilege level 0. 


The SYSENTER and SYSEXIT instructions are companion instructions, but they do not constitute a call/return pair. 
This is because SYSENTER does not save any state information for use by SYSEXIT on a return. 


The target instruction and stack pointer for these instructions are not specified through instruction operands. 
Instead, they are specified through parameters entered in MSRs and general-purpose registers. 


For SYSENTER, target fields are generated using the following sources: 

° Target code segment — Reads this from IA32_SYSENTER_CS. 

° Target instruction — Reads this from IA32_SYSENTER_EIP. 

¢ Stack segment — Computed by adding 8 to the value in IA32_SYSENTER_CS. 

¢ Stack pointer — Reads this from the IA32_SYSENTER_ESP. 

For SYSEXIT, target fields are generated using the following sources: 

° Target code segment — Computed by adding 16 to the value in the IA32_SYSENTER_CS. 
° Target instruction — Reads this from EDX. 

¢ Stack segment — Computed by adding 24 to the value in IA32_SYSENTER_CS. 

¢ Stack pointer — Reads this from ECX. 


The SYSENTER and SYSEXIT instructions perform “fast” calls and returns because they force the processor into a 
predefined privilege level 0 state when SYSENTER is executed and into a predefined privilege level 3 state when 
SYSEXIT is executed. By forcing predefined and consistent processor states, the number of privilege checks ordi- 
narily required to perform a far call to another privilege levels are greatly reduced. Also, by predefining the target 
context state in MSRs and general-purpose registers eliminates all memory accesses except when fetching the 
target code. 


Any additional state that needs to be saved to allow a return to the calling procedure must be saved explicitly by 
the calling procedure or be predefined through programming conventions. 


5.8.7.1 SYSENTER and SYSEXIT Instructions in IA-32e Mode 


For Intel 64 processors, the SYSENTER and SYSEXIT instructions are enhanced to allow fast system calls from user 
code running at privilege level 3 (in compatibility mode or 64-bit mode) to 64-bit executive procedures running at 
privilege level 0. IA32_SYSENTER_EIP MSR and IA32_SYSENTER_ESP MSR are expanded to hold 64-bit addresses. 
If IA-32e mode is inactive, only the lower 32-bit addresses stored in these MSRs are used. The WRMSR instruction 
ensures that the addresses stored in these MSRs are canonical. Note that, in 64-bit mode, IA32_SYSENTER_CS 
must not contain a NULL selector. 


When SYSENTER transfers control, the following fields are generated and bits set: 

° Target code segment — Reads non-NULL selector from IA32_SYSENTER_CS. 

° New CS attributes — CS base = 0, CS limit = FFFFFFFFH. 

° Target instruction — Reads 64-bit canonical address from IA32_SYSENTER_EIP. 
¢ Stack segment — Computed by adding 8 to the value from IA32_SYSENTER_CS. 
¢ Stack pointer — Reads 64-bit canonical address from IA32_SYSENTER_ESP. 

° New SS attributes — SS base = 0, SS limit = FFFFFFFFH. 


When the SYSEXIT instruction transfers control to 64-bit mode user code using REX.W, the following fields are 
generated and bits set: 


¢ Target code segment — Computed by adding 32 to the value in IA32_SYSENTER_CS. 
¢ New CS attributes — L-bit = 1 (go to 64-bit mode). 

° Target instruction — Reads 64-bit canonical address in RDX. 

¢ Stack segment — Computed by adding 40 to the value of IA32_SYSENTER_CS. 
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¢ Stack pointer — Update RSP using 64-bit canonical address in RCX. 


When SYSEXIT transfers control to compatibility mode user code when the operand size attribute is 32 bits, the 
following fields are generated and bits set: 


° Target code segment — Computed by adding 16 to the value in IA32_SYSENTER_CS. 
° New CS attributes — L-bit = 0 (go to compatibility mode). 

* Target instruction — Fetch the target instruction from 32-bit address in EDX. 

° Stack segment — Computed by adding 24 to the value in IA32_SYSENTER_CS. 

¢ Stack pointer — Update ESP from 32-bit address in ECX. 


5.8.8 Fast System Calls in 64-Bit Mode 


The SYSCALL and SYSRET instructions are designed for operating systems that use a flat memory model (segmen- 
tation is not used). The instructions, along with SYSENTER and SYSEXIT, are suited for IA-32e mode operation. 
SYSCALL and SYSRET, however, are not supported in compatibility mode (or in protected mode). Use CPUID to 
check if SYSCALL and SYSRET are available (CPUID.80000001H.EDX[bit 11] = 1). 


SYSCALL is intended for use by user code running at privilege level 3 to access operating system or executive 
procedures running at privilege level 0. SYSRET is intended for use by privilege level 0 operating system or execu- 
tive procedures for fast returns to privilege level 3 user code. 


Stack pointers for SYSCALL/SYSRET are not specified through model specific registers. The clearing of bits in 
RFLAGS is programmable rather than fixed. SYSCALL/SYSRET save and restore the RFLAGS register. 


For SYSCALL, the processor saves RFLAGS into R11 and the RIP of the next instruction into RCX; it then gets the 
privilege-level 0 target code segment, instruction pointer, stack segment, and flags as follows: 


° Target code segment — Reads a non-NULL selector from IA32_STAR[47:32]. 


* Target instruction pointer — Reads a 64-bit address from IA32_LSTAR. (The WRMSR instruction ensures 
that the value of the IA32_LSTAR MSR is canonical.) 


¢ Stack segment — Computed by adding 8 to the value in IA32_STAR[47:32]. 


¢ Flags — The processor sets RFLAGS to the logical-AND of its current value with the complement of the value in 
the IA32_FMASK MSR. 


When SYSRET transfers control to 64-bit mode user code using REX.W, the processor gets the privilege level 3 
target code segment, instruction pointer, stack segment, and flags as follows: 


° Target code segment — Reads a non-NULL selector from IA32_STAR[63:48] + 16. 
* Target instruction pointer — Copies the value in RCX into RIP. 

° Stack segment — JA32_STAR[63:48] + 8. 

¢ EFLAGS — Loaded from R11. 


When SYSRET transfers control to 32-bit mode user code using a 32-bit operand size, the processor gets the priv- 
ilege level 3 target code segment, instruction pointer, stack segment, and flags as follows: 


° Target code segment — Reads a non-NULL selector from IA32_STAR[63:48]. 
* Target instruction pointer — Copies the value in ECX into EIP. 

° Stack segment — IA32_STAR[63:48] + 8. 

¢ EFLAGS — Loaded from R11. 


It is the responsibility of the OS to ensure the descriptors in the GDT/LDT correspond to the selectors loaded by 
SYSCALL/SYSRET (consistent with the base, limit, and attribute values forced by the instructions). 


See Figure 5-14 for the layout of IA32_STAR, IA32_LSTAR and IA32_FMASK. 
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63 32 31 0 
Reserved SYSCALL EFLAGS Mask 
1A32_FMASK 
63 0 


Target RIP for 64-bit Mode Calling Program 


IA32_LSTAR 


63 48 47 32 31 0 


SYSRET CS and SS | SYSCALL CS and SS Reserved 


1A32_STAR 


Figure 5-14. MSRs Used by SYSCALL and SYSRET 


The SYSCALL instruction does not save the stack pointer, and the SYSRET instruction does not restore it. It is likely 
that the OS system-call handler will change the stack pointer from the user stack to the OS stack. If so, it is the 
responsibility of software first to save the user stack pointer. This might be done by user code, prior to executing 
SYSCALL, or by the OS system-call handler after SYSCALL. 


Because the SYSRET instruction does not modify the stack pointer, it is necessary for software to switch back to the 
user stack. The OS may load the user stack pointer (if it was saved after SYSCALL) before executing SYSRET; alter- 
natively, user code may load the stack pointer (if it was saved before SYSCALL) after receiving control from 
SYSRET. 


If the OS loads the stack pointer before executing SYSRET, it must ensure that the handler of any interrupt or 
exception delivered between restoring the stack pointer and successful execution of SYSRET is not invoked with the 
user stack. It can do so using approaches such as the following: 


¢ External interrupts. The OS can prevent an external interrupt from being delivered by clearing EFLAGS.IF 
before loading the user stack pointer. 


¢ Nonmaskable interrupts (NMIs). The OS can ensure that the NMI handler is invoked with the correct stack by 
using the interrupt stack table (IST) mechanism for gate 2 (NMI) in the IDT (see Section 6.14.5, “Interrupt 
Stack Table”). 


° General-protection exceptions (#GP). The SYSRET instruction generates #GP(0) if the value of RCX is not 
canonical. The OS can address this possibility using one or more of the following approaches: 


— Confirming that the value of RCX is canonical before executing SYSRET. 
— Using paging to ensure that the SYSCALL instruction will never save a non-canonical value into RCX. 
— Using the IST mechanism for gate 13 (#GP) in the IDT. 


= PRIVILEGED INSTRUCTIONS 


Some of the system instructions (called “privileged instructions”) are protected from use by application programs. 
The privileged instructions control system functions (such as the loading of system registers). They can be 

executed only when the CPL is 0 (most privileged). If one of these instructions is executed when the CPL is not 0, 
a general-protection exception (#GP) is generated. The following system instructions are privileged instructions: 


¢ LGDT — Load GDT register. 
¢ LLDT — Load LDT register. 
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¢ LTR — Load task register. 

¢ LIDT — Load IDT register. 

¢ MOV (control registers) — Load and store control registers. 
¢ LMSW — Load machine status word. 

* CLTS — Clear task-switched flag in register CRO. 

¢ MOV (debug registers) — Load and store debug registers. 
¢ —INVD — Invalidate cache, without writeback. 

¢ WBINVD — Invalidate cache, with writeback. 

¢ INVLPG —Invalidate TLB entry. 

¢ HLT— Halt processor. 

® RDMSR — Read Model-Specific Registers. 

¢ WRMSR —Write Model-Specific Registers. 

* RDPMC — Read Performance-Monitoring Counter. 

¢ RDTSC — Read Time-Stamp Counter. 


Some of the privileged instructions are available only in the more recent families of Intel 64 and IA-32 processors 
(see Section 22.13, “New Instructions In the Pentium and Later IA-32 Processors”). 


The PCE and TSD flags in register CR4 (bits 4 and 2, respectively) enable the RDPMC and RDTSC instructions, 
respectively, to be executed at any CPL. 


5.10 POINTER VALIDATION 


When operating in protected mode, the processor validates all pointers to enforce protection between segments 
and maintain isolation between privilege levels. Pointer validation consists of the following checks: 


Checking access rights to determine if the segment type is compatible with its use. 
Checking read/write rights. 

Checking if the pointer offset exceeds the segment limit. 

Checking if the supplier of the pointer is allowed to access the segment. 


OTe Gs Nee 


Checking the offset alignment. 


The processor automatically performs first, second, and third checks during instruction execution. Software must 
explicitly request the fourth check by issuing an ARPL instruction. The fifth check (offset alignment) is performed 
automatically at privilege level 3 if alignment checking is turned on. Offset alignment does not affect isolation of 

privilege levels. 


5.10.1 Checking Access Rights (LAR Instruction) 


When the processor accesses a segment using a far pointer, it performs an access rights check on the segment 
descriptor pointed to by the far pointer. This check is performed to determine if type and privilege level (DPL) of the 
segment descriptor are compatible with the operation to be performed. For example, when making a far call in 
protected mode, the segment-descriptor type must be for a conforming or nonconforming code segment, a call 
gate, a task gate, ora TSS. Then, if the call is to a nonconforming code segment, the DPL of the code segment must 
be equal to the CPL, and the RPL of the code segment’s segment selector must be less than or equal to the DPL. If 
type or privilege level are found to be incompatible, the appropriate exception is generated. 


To prevent type incompatibility exceptions from being generated, software can check the access rights of a 
segment descriptor using the LAR (load access rights) instruction. The LAR instruction specifies the segment 
selector for the segment descriptor whose access rights are to be checked and a destination register. The instruc- 
tion then performs the following operations: 


1. Check that the segment selector is not null. 
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2. Checks that the segment selector points to a segment descriptor that is within the descriptor table limit (GDT 
or LDT). 


3. Checks that the segment descriptor is a code, data, LDT, call gate, task gate, or TSS segment-descriptor type. 


If the segment is not a conforming code segment, checks if the segment descriptor is visible at the CPL (that 
is, if the CPL and the RPL of the segment selector are less than or equal to the DPL). 


5. If the privilege level and type checks pass, loads the second doubleword of the segment descriptor into the 
destination register (masked by the value OOFXFFOOH, where X indicates that the corresponding 4 bits are 
undefined) and sets the ZF flag in the EFLAGS register. If the segment selector is not visible at the current 
privilege level or is an invalid type for the LAR instruction, the instruction does not modify the destination 
register and clears the ZF flag. 


Once loaded in the destination register, software can perform additional checks on the access rights information. 


5.10.2 Checking Read/Write Rights (VERR and VERW Instructions) 


When the processor accesses any code or data segment it checks the read/write privileges assigned to the 
segment to verify that the intended read or write operation is allowed. Software can check read/write rights using 
the VERR (verify for reading) and VERW (verify for writing) instructions. Both these instructions specify the 
segment selector for the segment being checked. The instructions then perform the following operations: 


1. Check that the segment selector is not null. 


2. Checks that the segment selector points to a segment descriptor that is within the descriptor table limit (GDT 
or LDT). 


Checks that the segment descriptor is a code or data-segment descriptor type. 


If the segment is not a conforming code segment, checks if the segment descriptor is visible at the CPL (that 
is, if the CPL and the RPL of the segment selector are less than or equal to the DPL). 


5. Checks that the segment is readable (for the VERR instruction) or writable (for the VERW) instruction. 


The VERR instruction sets the ZF flag in the EFLAGS register if the segment is visible at the CPL and readable; the 
VERW sets the ZF flag if the segment is visible and writable. (Code segments are never writable.) The ZF flag is 
cleared if any of these checks fail. 


5.10.3. Checking That the Pointer Offset Is Within Limits (LSL Instruction) 


When the processor accesses any segment it performs a limit check to ensure that the offset is within the limit of 
the segment. Software can perform this limit check using the LSL (load segment limit) instruction. Like the LAR 
instruction, the LSL instruction specifies the segment selector for the segment descriptor whose limit is to be 
checked and a destination register. The instruction then performs the following operations: 


1. Check that the segment selector is not null. 


2. Checks that the segment selector points to a segment descriptor that is within the descriptor table limit (GDT 
or LDT). 


3. Checks that the segment descriptor is a code, data, LDT, or TSS segment-descriptor type. 


If the segment is not a conforming code segment, checks if the segment descriptor is visible at the CPL (that 
is, if the CPL and the RPL of the segment selector less than or equal to the DPL). 


5. Ifthe privilege level and type checks pass, loads the unscrambled limit (the limit scaled according to the setting 
of the G flag in the segment descriptor) into the destination register and sets the ZF flag in the EFLAGS register. 
If the segment selector is not visible at the current privilege level or is an invalid type for the LSL instruction, 
the instruction does not modify the destination register and clears the ZF flag. 


Once loaded in the destination register, software can compare the segment limit with the offset of a pointer. 


Vol. 3A 5-25 


PROTECTION 


5.10.4 Checking Caller Access Privileges (ARPL Instruction) 


The requestor’s privilege level (RPL) field of a segment selector is intended to carry the privilege level of a calling 
procedure (the calling procedure’s CPL) to a called procedure. The called procedure then uses the RPL to determine 
if access to a segment is allowed. The RPL is said to “weaken” the privilege level of the called procedure to that of 
the RPL. 


Operating-system procedures typically use the RPL to prevent less privileged application programs from accessing 
data located in more privileged segments. When an operating-system procedure (the called procedure) receives a 
segment selector from an application program (the calling procedure), it sets the segment selector’s RPL to the 
privilege level of the calling procedure. Then, when the operating system uses the segment selector to access its 
associated segment, the processor performs privilege checks using the calling procedure’s privilege level (stored in 
the RPL) rather than the numerically lower privilege level (the CPL) of the operating-system procedure. The RPL 
thus ensures that the operating system does not access a segment on behalf of an application program unless that 
program itself has access to the segment. 


Figure 5-15 shows an example of how the processor uses the RPL field. In this example, an application program 
(located in code segment A) possesses a segment selector (segment selector D1) that points to a privileged data 
structure (that is, a data structure located in a data segment D at privilege level 0). 


The application program cannot access data segment D, because it does not have sufficient privilege, but the oper- 
ating system (located in code segment C) can. So, in an attempt to access data segment D, the application 
program executes a call to the operating system and passes segment selector D1 to the operating system as a 
parameter on the stack. Before passing the segment selector, the (well behaved) application program sets the RPL 
of the segment selector to its current privilege level (which in this example is 3). If the operating system attempts 
to access data segment D using segment selector D1, the processor compares the CPL (which is now 0 following 
the call), the RPL of segment selector D1, and the DPL of data segment D (which is 0). Since the RPL is greater than 
the DPL, access to data segment D is denied. The processor’s protection mechanism thus protects data segment D 
from access by the operating system, because application program’s privilege level (represented by the RPL of 
segment selector B) is greater than the DPL of data segment D. 


Passed as a 
parameter on 
the stack. 
Application Program \ 
Code Call 
Segment A Gate Selector B_ |»! Gate B _\ _| Segment Sel. D1 
CPL=3 RPL=3 RPL=3 
DPL=3 
Lowest Privilege 
Access 
not 
allowed 
- 
y 
; Code | =—— Data 
eens Segment C| | Segment Sel. D2 | | Segment D 
ystem = RPL=0 
DPL=0 = 
Access DEO 
0 | Highest Privilege allowed 


Figure 5-15. Use of RPL to Weaken Privilege Level of Called Procedure 
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Now assume that instead of setting the RPL of the segment selector to 3, the application program sets the RPL to 
0 (segment selector D2). The operating system can now access data segment D, because its CPL and the RPL of 
segment selector D2 are both equal to the DPL of data segment D. 


Because the application program is able to change the RPL of a segment selector to any value, it can potentially use 
a procedure operating at a numerically lower privilege level to access a protected data structure. This ability to 
lower the RPL of a segment selector breaches the processor’s protection mechanism. 


Because a called procedure cannot rely on the calling procedure to set the RPL correctly, operating-system proce- 
dures (executing at numerically lower privilege-levels) that receive segment selectors from numerically higher 
privilege-level procedures need to test the RPL of the segment selector to determine if it is at the appropriate level. 
The ARPL (adjust requested privilege level) instruction is provided for this purpose. This instruction adjusts the RPL 
of one segment selector to match that of another segment selector. 


The example in Figure 5-15 demonstrates how the ARPL instruction is intended to be used. When the operating- 
system receives segment selector D2 from the application program, it uses the ARPL instruction to compare the 
RPL of the segment selector with the privilege level of the application program (represented by the code-segment 
selector pushed onto the stack). If the RPL is less than application program’s privilege level, the ARPL instruction 
changes the RPL of the segment selector to match the privilege level of the application program (segment selector 
D1). Using this instruction thus prevents a procedure running at a numerically higher privilege level from 
accessing numerically lower privilege-level (more privileged) segments by lowering the RPL of a segment selector. 


Note that the privilege level of the application program can be determined by reading the RPL field of the segment 
selector for the application-program’s code segment. This segment selector is stored on the stack as part of the call 
to the operating system. The operating system can copy the segment selector from the stack into a register for 
use as an operand for the ARPL instruction. 


5.10.5 Checking Alignment 


When the CPL is 3, alignment of memory references can be checked by setting the AM flag in the CRO register and 
the AC flag in the EFLAGS register. Unaligned memory references generate alignment exceptions (#AC). The 
processor does not generate alignment exceptions when operating at privilege level 0, 1, or 2. See Table 6-7 fora 
description of the alignment requirements when alignment checking is enabled. 


5.11 PAGE-LEVEL PROTECTION 


Page-level protection can be used alone or applied to segments. When page-level protection is used with the flat 
memory model, it allows supervisor code and data (the operating system or executive) to be protected from user 
code and data (application programs). It also allows pages containing code to be write protected. When the 
segment- and page-level protection are combined, page-level read/write protection allows more protection granu- 
larity within segments. 


With page-level protection (as with segment-level protection) each memory reference is checked to verify that 
protection checks are satisfied. All checks are made before the memory cycle is started, and any violation prevents 
the cycle from starting and results in a page-fault exception being generated. Because checks are performed in 
parallel with address translation, there is no performance penalty. 


The processor performs two page-level protection checks: 
¢ Restriction of addressable domain (supervisor and user modes). 
° Page type (read only or read/write). 


Violations of either of these checks results in a page-fault exception being generated. See Chapter 6, “Interrupt 
14—Page-Fault Exception (#PF),” for an explanation of the page-fault exception mechanism. This chapter 
describes the protection violations which lead to page-fault exceptions. 
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5.11.1 Page-Protection Flags 


Protection information for pages is contained in two flags in a paging-structure entry (see Chapter 4): the 
read/write flag (bit 1) and the user/supervisor flag (bit 2). The protection checks use the flags in all paging struc- 
tures. 


5.11.2 Restricting Addressable Domain 


The page-level protection mechanism allows restricting access to pages based on two privilege levels: 


® Supervisor mode (U/S flag is 0)—(Most privileged) For the operating system or executive, other system 
software (such as device drivers), and protected system data (such as page tables). 


e User mode (U/S flag is 1)—(Least privileged) For application code and data. 


The segment privilege levels map to the page privilege levels as follows. If the processor is currently operating at 
a CPL of 0, 1, or 2, it is in Supervisor mode; if it is operating at a CPL of 3, it is in user mode. When the processor is 
in supervisor mode, it can access all pages; when in user mode, it can access only user-level pages. (Note that the 
WP flag in control register CRO modifies the supervisor permissions, as described in Section 5.11.3, “Page Type.”) 


Note that to use the page-level protection mechanism, code and data segments must be set up for at least two 
segment-based privilege levels: level 0 for supervisor code and data segments and level 3 for user code and data 
segments. (In this model, the stacks are placed in the data segments.) To minimize the use of segments, a flat 
memory model can be used (see Section 3.2.1, “Basic Flat Model”). 


Here, the user and supervisor code and data segments all begin at address zero in the linear address space and 
overlay each other. With this arrangement, operating-system code (running at the supervisor level) and application 
code (running at the user level) can execute as if there are no segments. Protection between operating-system and 
application code and data is provided by the processor’s page-level protection mechanism. 


5.11.3. Page Type 


The page-level protection mechanism recognizes two page types: 
® Read-only access (R/W flag is 0). 
° Read/write access (R/W flag is 1). 


When the processor is in supervisor mode and the WP flag in register CRO is clear (its state following reset initial- 
ization), all pages are both readable and writable (write-protection is ignored). When the processor is in user mode, 
it can write only to user-mode pages that are read/write accessible. User-mode pages which are read/write or 
read-only are readable; supervisor-mode pages are neither readable nor writable from user mode. A page-fault 
exception is generated on any attempt to violate the protection rules. 


Starting with the P6 family, Intel processors allow user-mode pages to be write-protected against supervisor-mode 
access. Setting CRO.WP = 1 enables supervisor-mode sensitivity to write protected pages. If CRO.WP = 1, read- 
only pages are not writable from any privilege level. This supervisor write-protect feature is useful for imple- 
menting a “copy-on-write” strategy used by some operating systems, such as UNIX*, for task creation (also called 
forking or spawning). When a new task is created, it is possible to copy the entire address space of the parent task. 
This gives the child task a complete, duplicate set of the parent's segments and pages. An alternative copy-on- 
write strategy saves memory space and time by mapping the child's segments and pages to the same segments 
and pages used by the parent task. A private copy of a page gets created only when one of the tasks writes to the 
page. By using the WP flag and marking the shared pages as read-only, the supervisor can detect an attempt to 
write to a page, and can copy the page at that time. 


5.11.4 Combining Protection of Both Levels of Page Tables 


For any one page, the protection attributes of its page-directory entry (first-level page table) may differ from those 
of its page-table entry (second-level page table). The processor checks the protection for a page in both its page- 
directory and the page-table entries. Table 5-3 shows the protection provided by the possible combinations of 
protection attributes when the WP flag is clear. 
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5.11.5 Overrides to Page Protection 


The following types of memory accesses are checked as if they are privilege-level 0 accesses, regardless of the CPL 
at which the processor is currently operating: 


¢ Access to segment descriptors in the GDT, LDT, or IDT. 


¢ Access to an inner-privilege-level stack during an inter-privilege-level call or a call to in exception or interrupt 
handler, when a change of privilege level occurs. 


5.12 COMBINING PAGE AND SEGMENT PROTECTION 


When paging is enabled, the processor evaluates segment protection first, then evaluates page protection. If the 
processor detects a protection violation at either the segment level or the page level, the memory access is not 

carried out and an exception is generated. If an exception is generated by segmentation, no paging exception is 
generated. 


Page-level protections cannot be used to override segment-level protection. For example, a code segment is by 
definition not writable. If a code segment is paged, setting the R/W flag for the pages to read-write does not make 
the pages writable. Attempts to write into the pages will be blocked by segment-level protection checks. 


Page-level protection can be used to enhance segment-level protection. For example, if a large read-write data 
segment is paged, the page-protection mechanism can be used to write-protect individual pages. 


Table 5-3. Combined Page-Directory and Page-Table Protection 


Page-Directory Entry Page-Table Entry Combined Effect 

Privilege Access Type Privilege Access Type Privilege Access Type 
User Read-Only User Read-Only User Read-Only 
User Read-Only User Read-Write User Read-Only 
User Read-Write User Read-Only User Read-Only 
User Read-Write User Read-Write User Read/Write 
User Read-Only Supervisor Read-Only Supervisor Read/Write* 
User Read-Only Supervisor Read-Write Supervisor Read/Write* 
User Read-Write Supervisor Read-Only Supervisor Read/Write* 
User Read-Write Supervisor Read-Write Supervisor Read/Write 
Supervisor Read-Only User Read-Only Supervisor Read/Write* 
Supervisor Read-Only User Read-Write Supervisor Read/Write* 
Supervisor Read-Write User Read-Only Supervisor Read/Write* 
Supervisor Read-Write User Read-Write Supervisor Read/Write 
Supervisor Read-Only Supervisor Read-Only Supervisor Read/Write* 
Supervisor Read-Only Supervisor Read-Write Supervisor Read/Write* 
Supervisor Read-Write Supervisor Read-Only Supervisor Read/Write* 
Supervisor Read-Write Supervisor Read-Write Supervisor Read/Write 
NOTE: 


* If CRO.WP = 1, access type is determined by the R/W flags of the page-directory and page-table entries. IF CRO.WP = 0, supervisor 
privilege permits read-write access. 
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5.13 PAGE-LEVEL PROTECTION AND EXECUTE-DISABLE BIT 


In addition to page-level protection offered by the U/S and R/W flags, paging structures used with PAE paging, 4- 
level paging,! and 5-level paging provide the execute-disable bit (see Chapter 4, “Paging”). This bit offers addi- 
tional protection for data pages. 


An Intel 64 or IA-32 processor with the execute-disable bit capability can prevent data pages from being used by 
malicious software to execute code. This capability is provided in: 


¢ 32-bit protected mode with PAE enabled. 
e = JTA-32e mode. 


While the execute-disable bit capability does not introduce new instructions, it does require operating systems to 
use a PAE-enabled environment and establish a page-granular protection policy for memory pages. 


If the execute-disable bit of a memory page is set, that page can be used only as data. An attempt to execute code 
from a memory page with the execute-disable bit set causes a page-fault exception. 


The execute-disable capability is not supported with 32-bit paging. Existing page-level protection mechanisms (see 
Section 5.11, “Page-Level Protection”) continue to apply to memory pages independent of the execute-disable 
setting. 


5.13.1. Detecting and Enabling the Execute-Disable Capability 


Software can detect the presence of the execute-disable capability using the CPUID instruction. 
CPUID.80000001H:EDX.NX [bit 20] = 1 indicates the capability is available. 


If the capability is available, software can enable it by setting IA32_EFER.NXE[bit 11] to 1. IA32_EFER is available 
if CPUID.80000001H.EDX[bit 20 or 29] = 1. 


If the execute-disable capability is not available, a write to set IA32_EFER.NXE produces a #GP exception. See 
Table 5-4. 


Table 5-4. Extended Feature Enable MSR (IA32_EFER) 


63:12 11 10 9 8 7:1 0 
Reserved Execute-disable bit | |A-32e mode Reserved IA-32e mode Reserved SysCall enable (SCE) 
enable (NXE) active (LMA) enable (LME) 


5.13.2 Execute-Disable Page Protection 


The execute-disable bit in the paging structures enhances page protection for data pages. Instructions cannot be 
fetched from a memory page if IA32_EFER.NXE =1 and the execute-disable bit is set in any of the paging-structure 
entries used to map the page. Table 5-5 lists the valid usage of a page in relation to the value of execute-disable bit 
(bit 63) of the corresponding entry in each level of the paging structures. Execute-disable protection can be acti- 

vated using the execute-disable bit at any level of the paging structure, irrespective of the corresponding entry in 
other levels. When execute-disable protection is not activated, the page can be used as code or data. 


1. Earlier versions of this manual used the term “IA-32e paging” to identify 4-level paging. 
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Table 5-5. Page Level Protection Matrix with Execute-Disable Bit Capability with 4-Level Paging 


Execute Disable Bit Value (Bit 63) Valid Usage 
PML4 PDP PDE PTE 

Bit 63 = 1 . % i Data 

is Bit 63 = 1 * i Data 

* 5 Bit 63 = 1 : Data 

= id . Bit 63 = 1 Data 

Bit 63 = 0 Bit 63 =O Bit 63 = 0 Bit 63 = 0 Data/Code 
NOTES: 


* Value not checked. 


In legacy PAE-enabled mode, Table 5-6 and Table 5-7 show the effect of setting the execute-disable bit for code 
and data pages. 


Table 5-6. 4-KByte Page Level Protection Matrix with Execute-Disable Bit Capability with PAE Paging 


Execute Disable Bit Value (Bit 63) Valid Usage 
PDE PTE 

Bit 63 = 1 * Data 

: Bit 63 = 1 Data 

Bit 63 = 0 Bit 63 = 0 Data/Code 
NOTE: 


* Value not checked. 


Table 5-7. 2-MByte Page Level Protection with Execute-Disable Bit Capability with PAE Paging 


Execute Disable Bit Value (Bit 63) Valid Usage 
PDE 

Bit 63 = 1 Data 

Bit 63 =O Data/Code 


5.13.3. Reserved Bit Checking 


The processor enforces reserved bit checking in paging data structure entries. The bits being checked varies with 
paging mode and may vary with the size of physical address space. 


Table 5-8 shows the reserved bits that are checked when the execute disable bit capability is enabled (CR4.PAE = 1 
and IA32_EFER.NXE = 1). Table 5-8 and Table 5-9 show the following paging modes: 


* Non-PAE 4-KByte paging: 4-KByte-page only paging (CR4.PAE = 0, CR4.PSE = 0). 
° PSE36: 4-KByte and 4-MByte pages (CR4.PAE = 0, CR4.PSE = 1). 
¢ PAE: 4-KByte and 2-MByte pages (CR4.PAE = 1, CR4.PSE = X). 


The reserved bit checking depends on the physical address size supported by the implementation, which is 
reported in CPUID.80000008H. See the table note. 
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Table 5-8. Page Level Protection Matrix with Execute-Disable Bit Capability Enabled 


Mode Paging Mode Check Bits 
32-bit 4-KByte paging (non-PAE) No reserved bits checked 
PSE36 - PDE, 4-MByte page Bit [21] 
PSE36 - PDE, 4-KByte page No reserved bits checked 
PSE36 - PTE No reserved bits checked 
PAE - PDP table entry Bits [63:MAXPHYADDR] & [8:5] & [2:1] * 
PAE - PDE, 2-MByte page Bits [62:MAXPHYADDR] & [20:13] * 
PAE - PDE, 4-KByte page Bits [62:MAXPHYADDR] * 
PAE - PTE Bits [62:MAXPHYADDR] * 
64-bit PML5E Bits [5 1:MAXPHYADDR] * 
PML4E Bits [5 1:MAXPHYADDR] * 
PDPTE Bits [5 1:MAXPHYADDR] * 
PDE, 2-MByte page Bits [51:MAXPHYADDR] & [20:13] * 
PDE, 4-KByte page Bits [51:MAXPHYADDR] * 
PTE Bits [51:MAXPHYADDR] * 
NOTES: 


* MAXPHYADDR is the maximum physical address size and is indicated by CPUID.BO000008H:EAX [bits 7-0]. 


If execute disable bit capability is not enabled or not available, reserved bit checking in 64-bit mode includes bit 63 
and additional bits. This and reserved bit checking for legacy 32-bit paging modes are shown in Table 5-10. 


Table 5-9. Reserved Bit Checking With Execute-Disable Bit Capability Not Enabled 


Mode Paging Mode Check Bits 
32-bit KByte paging (non-PAE) No reserved bits checked 
PSE36 - PDE, 4-MByte page Bit [21] 
PSE36 - PDE, 4-KByte page No reserved bits checked 
PSE36 - PTE No reserved bits checked 
PAE - PDP table entry Bits [63:MAXPHYADDR] & [8:5] & [2:1]* 
PAE - PDE, 2-MByte page Bits [63:MAXPHYADDR] & [20:13]* 
PAE - PDE, 4-KByte page Bits [63:-MAXPHYADDR]* 
PAE - PTE Bits [63:MAXPHYADDR]* 
64-bit PML5E Bit [63], bits [51:MAXPHYADDR]* 
PML4E Bit [63], bits [51:MAXPHYADDR]* 
PDPTE Bit [63], bits [51:MAXPHYADDR]* 
PDE, 2-MByte page Bit [63], bits [51:MAXPHYADDR] & [20:1 3]* 
PDE, 4-KByte page Bit [63], bits [51:MAXPHYADDR]* 
PTE Bit [63], bits [51:MAXPHYADDR]* 
NOTES: 


* MAXPHYADDR is the maximum physical address size and is indicated by CPUID.BO000008H:EAX [bits 7-0]. 


5.13.4 Exception Handling 


When execute disable bit capability is enabled (IA32_EFER.NXE = 1), conditions for a page fault to occur include 
the same conditions that apply to an Intel 64 or IA-32 processor without execute disable bit capability plus the 
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following new condition: an instruction fetch to a linear address that translates to physical address in a memory 
page that has the execute-disable bit set. 


An Execute Disable Bit page fault can occur at all privilege levels. It can occur on any instruction fetch, including 
(but not limited to): near branches, far branches, CALL/RET/INT/IRET execution, sequential instruction fetches, 
and task switches. The execute-disable bit in the page translation mechanism is checked only when: 


¢ = JTA32_EFER.NXE = 1. 
¢ The instruction translation look-aside buffer (ITLB) is loaded with a page that is not already present in the ITLB. 
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CHAPTER 6 
INTERRUPT AND EXCEPTION HANDLING 


This chapter describes the interrupt and exception-handling mechanism when operating in protected mode on an 
Intel 64 or IA-32 processor. Most of the information provided here also applies to interrupt and exception mecha- 
nisms used in real-address, virtual-8086 mode, and 64-bit mode. 


Chapter 20, “8086 Emulation,” describes information specific to interrupt and exception mechanisms in real- 
address and virtual-8086 mode. Section 6.14, “Exception and Interrupt Handling in 64-bit Mode,” describes infor- 
mation specific to interrupt and exception mechanisms in IA-32e mode and 64-bit sub-mode. 


6.1 INTERRUPT AND EXCEPTION OVERVIEW 


Interrupts and exceptions are events that indicate that a condition exists somewhere in the system, the processor, 
or within the currently executing program or task that requires the attention of a processor. They typically result in 
a forced transfer of execution from the currently running program or task to a special software routine or task 
called an interrupt handler or an exception handler. The action taken by a processor in response to an interrupt or 
exception is referred to as servicing or handling the interrupt or exception. 


Interrupts occur at random times during the execution of a program, in response to signals from hardware. System 
hardware uses interrupts to handle events external to the processor, such as requests to service peripheral devices. 
Software can also generate interrupts by executing the INT rn instruction. 


Exceptions occur when the processor detects an error condition while executing an instruction, such as division by 
zero. The processor detects a variety of error conditions including protection violations, page faults, and internal 
machine faults. The machine-check architecture of the Pentium 4, Intel Xeon, P6 family, and Pentium processors 
also permits a machine-check exception to be generated when internal hardware errors and bus errors are 
detected. 


When an interrupt is received or an exception is detected, the currently running procedure or task is suspended 
while the processor executes an interrupt or exception handler. When execution of the handler is complete, the 
processor resumes execution of the interrupted procedure or task. The resumption of the interrupted procedure or 
task happens without loss of program continuity, unless recovery from an exception was not possible or an inter- 
rupt caused the currently running program to be terminated. 


This chapter describes the processor’s interrupt and exception-handling mechanism, when operating in protected 
mode. A description of the exceptions and the conditions that cause them to be generated is given at the end of this 
chapter. 


6.2 EXCEPTION AND INTERRUPT VECTORS 


To aid in handling exceptions and interrupts, each architecturally defined exception and each interrupt condition 
requiring special handling by the processor is assigned a unique identification number, called a vector number. The 
processor uses the vector number assigned to an exception or interrupt as an index into the interrupt descriptor 
table (IDT). The table provides the entry point to an exception or interrupt handler (see Section 6.10, “Interrupt 
Descriptor Table (IDT)”). 


The allowable range for vector numbers is 0 to 255. Vector numbers in the range 0 through 31 are reserved by the 
Intel 64 and IA-32 architectures for architecture-defined exceptions and interrupts. Not all of the vector numbers 
in this range have a currently defined function. The unassigned vector numbers in this range are reserved. Do not 
use the reserved vector numbers. 


Vector numbers in the range 32 to 255 are designated as user-defined interrupts and are not reserved by the Intel 
64 and IA-32 architecture. These interrupts are generally assigned to external I/O devices to enable those devices 
to send interrupts to the processor through one of the external hardware interrupt mechanisms (see Section 6.3, 
“Sources of Interrupts”). 
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Table 6-1 shows vector number assignments for architecturally defined exceptions and for the NMI interrupt. This 
table gives the exception type (see Section 6.5, “Exception Classifications”) and indicates whether an error code is 
saved on the stack for the exception. The source of each predefined exception and the NMI interrupt is also given. 


6.3 SOURCES OF INTERRUPTS 


The processor receives interrupts from two sources: 
¢ External (hardware generated) interrupts. 
° Software-generated interrupts. 


6.3.1 External Interrupts 


External interrupts are received through pins on the processor or through the local APIC. The primary interrupt pins 
on Pentium 4, Intel Xeon, P6 family, and Pentium processors are the LINT[1:0] pins, which are connected to the 
local APIC (see Chapter 10, “Advanced Programmable Interrupt Controller (APIC)”). When the local APIC is 
enabled, the LINT[1:0] pins can be programmed through the APIC’s local vector table (LVT) to be associated with 
any of the processor's exception or interrupt vectors. 


When the local APIC is global/hardware disabled, these pins are configured as INTR and NMI pins, respectively. 
Asserting the INTR pin signals the processor that an external interrupt has occurred. The processor reads from the 
system bus the interrupt vector number provided by an external interrupt controller, such as an 8259A (see Section 
6.2, “Exception and Interrupt Vectors”). Asserting the NMI pin signals a non-maskable interrupt (NMI), which is 
assigned to interrupt vector 2. 


Table 6-1. Protected-Mode Exceptions and Interrupts 


Vector | Mnemonic | Description Type Error Source 
Code 
0 #DE Divide Error Fault No DIV and IDIV instructions. 
#DB Debug Exception Fault/ Trap No Instruction, data, and I/O breakpoints; 

single-step; and others. 

2 - NMI Interrupt Interrupt No Nonmaskable external interrupt. 

3 #BP Breakpoint Trap No INT3 instruction. 

4 HOF Overflow Trap No INTO instruction. 

5 #BR BOUND Range Exceeded Fault No BOUND instruction. 

6 #UD Invalid Opcode (Undefined Opcode) Fault No UD instruction or reserved opcode. 

7 #NM Device Not Available (No Math Fault No Floating-point or WAIT/FWAIT instruction. 

Coprocessor) 
8 #DF Double Fault Abort Yes Any instruction that can generate an 
(zero) exception, an NMI, or an INTR. 
9 Coprocessor Segment Overrun Fault No Floating-point instruction. ! 
(reserved) 

10 #TS Invalid TSS Fault Yes Task switch or TSS access. 

11 #NP Segment Not Present Fault Yes Loading segment registers or accessing 
system segments. 

12 #SS Stack-Segment Fault Fault Yes Stack operations and SS register loads. 

13 #GP General Protection Fault Yes Any memory reference and other 
protection checks. 

14 HPF Page Fault Fault Yes Any memory reference. 
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Table 6-1. Protected-Mode Exceptions and Interrupts (Contd.) 


Vector | Mnemonic | Description Type Error Source 
Code 
15 _ (Intel reserved. Do not use.) No 
16 #MF x87 FPU Floating-Point Error (Math | Fault No x87 FPU floating-point or WAIT/FWAIT 
Fault) instruction. 
17 #AC Alignment Check Fault Yes Any data reference in memory.¢ 
(Zero) 

18 #MC Machine Check Abort No Error codes (if any) and source are model 
dependent. 

19 #XM SIMD Floating-Point Exception Fault No SSE/SSE2/SSE3 floating-point 
instructions* 

20 #VE Virtualization Exception Fault No EPT violations? 

21 #CP Control Protection Exception Fault Yes RET, IRET, RSTORSSP, and SETSSBSY 
instructions can generate this exception. 
When CET indirect branch tracking is 
enabled, this exception can be generated 
due to a missing ENDBRANCH instruction 
at target of an indirect call or jump. 

22-31 |— Intel reserved. Do not use. 

32-255 | — User Defined (Non-reserved) Interrupt External interrupt or INT n instruction. 

Interrupts 
NOTES: 


1. Processors after the Intel386 processor do not generate this exception. 

2. This exception was introduced in the Intel486 processor. 

3. This exception was introduced in the Pentium processor and enhanced in the P6 family processors. 

4. This exception was introduced in the Pentium Ill processor. 

5. This exception can occur only on processors that support the 1-setting of the “EPT-violation #VE" VM-execution control. 


The processor’s local APIC is normally connected to a system-based I/O APIC. Here, external interrupts received at 
the I/O APIC’s pins can be directed to the local APIC through the system bus (Pentium 4, Intel Core Duo, Intel Core 
2, Intel Atom, and Intel Xeon processors) or the APIC serial bus (P6 family and Pentium processors). The I/O APIC 
determines the vector number of the interrupt and sends this number to the local APIC. When a system contains 
multiple processors, processors can also send interrupts to one another by means of the system bus (Pentium 4, 
Intel Core Duo, Intel Core 2, Intel Atom, and Intel Xeon processors) or the APIC serial bus (P6 family and Pentium 
processors). 


The LINT[1:0] pins are not available on the Intel486 processor and earlier Pentium processors that do not contain 
an on-chip local APIC. These processors have dedicated NMI and INTR pins. With these processors, external inter- 
rupts are typically generated by a system-based interrupt controller (8259A), with the interrupts being signaled 
through the INTR pin. 


Note that several other pins on the processor can cause a processor interrupt to occur. However, these interrupts 
are not handled by the interrupt and exception mechanism described in this chapter. These pins include the 
RESET#, FLUSH#, STPCLK#, SMI#, R/S#, and INIT# pins. Whether they are included on a particular processor is 
implementation dependent. Pin functions are described in the data books for the individual processors. The SMI# 
pin is described in Chapter 31, “System Management Mode.” 


6.3.2 Maskable Hardware Interrupts 


Any external interrupt that is delivered to the processor by means of the INTR pin or through the local APIC is called 
a maskable hardware interrupt. Maskable hardware interrupts that can be delivered through the INTR pin include 
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all IA-32 architecture defined interrupt vectors from O through 255; those that can be delivered through the local 
APIC include interrupt vectors 16 through 255. 


The IF flag in the EFLAGS register permits all maskable hardware interrupts to be masked as a group (see Section 
6.8.1, “Masking Maskable Hardware Interrupts”). Note that when interrupts 0 through 15 are delivered through the 
local APIC, the APIC indicates the receipt of an illegal vector. 


6.3.3 Software-Generated Interrupts 


The INT rn instruction permits interrupts to be generated from within software by supplying an interrupt vector 
number as an operand. For example, the INT 35 instruction forces an implicit call to the interrupt handler for inter- 
rupt 35. 


Any of the interrupt vectors from 0 to 255 can be used as a parameter in this instruction. If the processor’s 
predefined NMI vector is used, however, the response of the processor will not be the same as it would be from an 
NMI interrupt generated in the normal manner. If vector number 2 (the NMI vector) is used in this instruction, the 
NMI interrupt handler is called, but the processor’s NMI-handling hardware is not activated. 


Interrupts generated in software with the INT rn instruction cannot be masked by the IF flag in the EFLAGS register. 


6.4 SOURCES OF EXCEPTIONS 


The processor receives exceptions from three sources: 
¢ Processor-detected program-error exceptions. 

° Software-generated exceptions. 

¢ Machine-check exceptions. 


6.4.1 Program-Error Exceptions 


The processor generates one or more exceptions when it detects program errors during the execution in an appli- 
cation program or the operating system or executive. Intel 64 and IA-32 architectures define a vector number for 
each processor-detectable exception. Exceptions are classified as faults, traps, and aborts (see Section 6.5, 
“Exception Classifications”). 


6.4.2 Software-Generated Exceptions 


The INTO, INT1, INT3, and BOUND instructions permit exceptions to be generated in software. These instructions 
allow checks for exception conditions to be performed at points in the instruction stream. For example, INT3 causes 
a breakpoint exception to be generated. 


The INT nr instruction can be used to emulate exceptions in software; but there is a limitation.! If INT n provides a 
vector for one of the architecturally-defined exceptions, the processor generates an interrupt to the correct vector 
(to access the exception handler) but does not push an error code on the stack. This is true even if the associated 
hardware-generated exception normally produces an error code. The exception handler will still attempt to pop an 
error code from the stack while handling the exception. Because no error code was pushed, the handler will pop off 
and discard the EIP instead (in place of the missing error code). This sends the return to the wrong location. 


6.4.3 Machine-Check Exceptions 


The P6 family and Pentium processors provide both internal and external machine-check mechanisms for checking 
the operation of the internal chip hardware and bus transactions. These mechanisms are implementation depen- 


1. The INT ninstruction has opcode CD following by an immediate byte encoding the value of n. In contrast, INT1 has opcode F1 and 
INT3 has opcode CC. 
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dent. When a machine-check error is detected, the processor signals a machine-check exception (vector 18) and 
returns an error code. 


See Chapter 6, “Interrupt 18—Machine-Check Exception (#MC)” and Chapter 15, “Machine-Check Architecture,” 
for more information about the machine-check mechanism. 


6.5 EXCEPTION CLASSIFICATIONS 


Exceptions are classified as faults, traps, or aborts depending on the way they are reported and whether the 
instruction that caused the exception can be restarted without loss of program or task continuity. 


¢ Faults — A fault is an exception that can generally be corrected and that, once corrected, allows the program 
to be restarted with no loss of continuity. When a fault is reported, the processor restores the machine state to 
the state prior to the beginning of execution of the faulting instruction. The return address (saved contents of 
the CS and EIP registers) for the fault handler points to the faulting instruction, rather than to the instruction 
following the faulting instruction. 


¢ Traps — Atrap is an exception that is reported immediately following the execution of the trapping instruction. 
Traps allow execution of a program or task to be continued without loss of program continuity. The return 
address for the trap handler points to the instruction to be executed after the trapping instruction. 


¢ Aborts — An abort is an exception that does not always report the precise location of the instruction causing 
the exception and does not allow a restart of the program or task that caused the exception. Aborts are used to 
report severe errors, such as hardware errors and inconsistent or illegal values in system tables. 


NOTE 


One exception subset normally reported as a fault is not restartable. Such exceptions result in loss 
of some processor state. For example, executing a POPAD instruction where the stack frame 
crosses over the end of the stack segment causes a fault to be reported. In this situation, the 
exception handler sees that the instruction pointer (CS:EIP) has been restored as if the POPAD 
instruction had not been executed. However, internal processor state (the general-purpose 
registers) will have been modified. Such cases are considered programming errors. An application 
causing this class of exceptions should be terminated by the operating system. 


6.6 PROGRAM OR TASK RESTART 


To allow the restarting of program or task following the handling of an exception or an interrupt, all exceptions 
(except aborts) are guaranteed to report exceptions on an instruction boundary. All interrupts are guaranteed to be 
taken on an instruction boundary. 


For fault-class exceptions, the return instruction pointer (saved when the processor generates an exception) points 
to the faulting instruction. So, when a program or task is restarted following the handling of a fault, the faulting 
instruction is restarted (re-executed). Restarting the faulting instruction is commonly used to handle exceptions 
that are generated when access to an operand is blocked. The most common example of this type of fault is a page- 
fault exception (#PF) that occurs when a program or task references an operand located on a page that is not in 
memory. When a page-fault exception occurs, the exception handler can load the page into memory and resume 
execution of the program or task by restarting the faulting instruction. To ensure that the restart is handled trans- 
parently to the currently executing program or task, the processor saves the necessary registers and stack pointers 
to allow a restart to the state prior to the execution of the faulting instruction. 


For trap-class exceptions, the return instruction pointer points to the instruction following the trapping instruction. 
If a trap is detected during an instruction which transfers execution, the return instruction pointer reflects the 
transfer. For example, if a trap is detected while executing a JMP instruction, the return instruction pointer points 
to the destination of the JMP instruction, not to the next address past the JMP instruction. All trap exceptions allow 
program or task restart with no loss of continuity. For example, the overflow exception is a trap exception. Here, 
the return instruction pointer points to the instruction following the INTO instruction that tested EFLAGS.OF (over- 
flow) flag. The trap handler for this exception resolves the overflow condition. Upon return from the trap handler, 
program or task execution continues at the instruction following the INTO instruction. 
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The abort-class exceptions do not support reliable restarting of the program or task. Abort handlers are designed 
to collect diagnostic information about the state of the processor when the abort exception occurred and then shut 
down the application and system as gracefully as possible. 


Interrupts rigorously support restarting of interrupted programs and tasks without loss of continuity. The return 
instruction pointer saved for an interrupt points to the next instruction to be executed at the instruction boundary 
where the processor took the interrupt. If the instruction just executed has a repeat prefix, the interrupt is taken 
at the end of the current iteration with the registers set to execute the next iteration. 


The ability of a P6 family processor to speculatively execute instructions does not affect the taking of interrupts by 
the processor. Interrupts are taken at instruction boundaries located during the retirement phase of instruction 
execution; so they are always taken in the “in-order” instruction stream. See Chapter 2, “Intel® 64 and IA-32 
Architectures,” in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, for more infor- 
mation about the P6 family processors’ microarchitecture and its support for out-of-order instruction execution. 


Note that the Pentium processor and earlier IA-32 processors also perform varying amounts of prefetching and 
preliminary decoding. With these processors as well, exceptions and interrupts are not signaled until actual “in- 
order” execution of the instructions. For a given code sample, the signaling of exceptions occurs uniformly when 
the code is executed on any family of IA-32 processors (except where new exceptions or new opcodes have been 
defined). 


6.7 NONMASKABLE INTERRUPT (NMI) 


The nonmaskable interrupt (NMI) can be generated in either of two ways: 
¢ External hardware asserts the NMI pin. 


¢ The processor receives a message on the system bus (Pentium 4, Intel Core Duo, Intel Core 2, Intel Atom, and 
Intel Xeon processors) or the APIC serial bus (P6 family and Pentium processors) with a delivery mode NMI. 


When the processor receives a NMI from either of these sources, the processor handles it immediately by calling 
the NMI handler pointed to by interrupt vector number 2. The processor also invokes certain hardware conditions 
to ensure that no other interrupts, including NMI interrupts, are received until the NMI handler has completed 
executing (see Section 6.7.1, “Handling Multiple NMIs”). 


Also, when an NMI is received from either of the above sources, it cannot be masked by the IF flag in the EFLAGS 
register. 


It is possible to issue a maskable hardware interrupt (through the INTR pin) to vector 2 to invoke the NMI interrupt 
handler; however, this interrupt will not truly be an NMI interrupt. A true NMI interrupt that activates the 
processor’s NMI-handling hardware can only be delivered through one of the mechanisms listed above. 


6.7.1 Handling Multiple NMIs 


While an NMI interrupt handler is executing, the processor blocks delivery of subsequent NMIs until the next execu- 
tion of the IRET instruction. This blocking of NMIs prevents nested execution of the NMI handler. It is recommended 
that the NMI interrupt handler be accessed through an interrupt gate to disable maskable hardware interrupts (see 
Section 6.8.1, “Masking Maskable Hardware Interrupts”). 


An execution of the IRET instruction unblocks NMIs even if the instruction causes a fault. For example, if the IRET 
instruction executes with EFLAGS.VM = 1 and IOPL of less than 3, a general-protection exception is generated (see 
Section 20.2.7, “Sensitive Instructions”). In such a case, NMIs are unmasked before the exception handler is 
invoked. 


6.8 ENABLING AND DISABLING INTERRUPTS 


The processor inhibits the generation of some interrupts, depending on the state of the processor and of the IF and 
RF flags in the EFLAGS register, as described in the following sections. 
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6.8.1 Masking Maskable Hardware Interrupts 


The IF flag can disable the servicing of maskable hardware interrupts received on the processor’s INTR pin or 
through the local APIC (see Section 6.3.2, “Maskable Hardware Interrupts”). When the IF flag is clear, the 
processor inhibits interrupts delivered to the INTR pin or through the local APIC from generating an internal inter- 
rupt request; when the IF flag is set, interrupts delivered to the INTR or through the local APIC pin are processed 
as normal external interrupts. 


The IF flag does not affect non-maskable interrupts (NMIs) delivered to the NMI pin or delivery mode NMI 
messages delivered through the local APIC, nor does it affect processor generated exceptions. As with the other 
flags in the EFLAGS register, the processor clears the IF flag in response to a hardware reset. 


The fact that the group of maskable hardware interrupts includes the reserved interrupt and exception vectors 0 
through 32 can potentially cause confusion. Architecturally, when the IF flag is set, an interrupt for any of the 
vectors from 0 through 32 can be delivered to the processor through the INTR pin and any of the vectors from 16 
through 32 can be delivered through the local APIC. The processor will then generate an interrupt and call the 
interrupt or exception handler pointed to by the vector number. So for example, it is possible to invoke the page- 
fault handler through the INTR pin (by means of vector 14); however, this is not a true page-fault exception. It is 
an interrupt. As with the INT rn instruction (see Section 6.4.2, “Software-Generated Exceptions”), when an inter- 
rupt is generated through the INTR pin to an exception vector, the processor does not push an error code on the 
stack, so the exception handler may not operate correctly. 


The IF flag can be set or cleared with the STI (set interrupt-enable flag) and CLI (clear interrupt-enable flag) 
instructions, respectively. These instructions may be executed only if the CPL is equal to or less than the IOPL. A 
general-protection exception (#GP) is generated if they are executed when the CPL is greater than the IOPL.? If 
IF = 0, maskable hardware interrupts remain inhibited on the instruction boundary following an execution of STI.? 
The inhibition ends after delivery of another event (e.g., exception) or the execution of the next instruction. 


The IF flag is also affected by the following operations: 


¢ The PUSHF instruction stores all flags on the stack, where they can be examined and modified. The POPF 
instruction can be used to load the modified flags back into the EFLAGS register. 


¢ Task switches and the POPF and IRET instructions load the EFLAGS register; therefore, they can be used to 
modify the setting of the IF flag. 


¢ =When an interrupt is handled through an interrupt gate, the IF flag is automatically cleared, which disables 
maskable hardware interrupts. (If an interrupt is handled through a trap gate, the IF flag is not cleared.) 


See the descriptions of the CLI, STI, PUSHF, POPF, and IRET instructions in Chapter 3, “Instruction Set Reference, 
A-L,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A, and Chapter 4, “Instruc- 
tion Set Reference, M-U,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2B, for a 
detailed description of the operations these instructions are allowed to perform on the IF flag. 


6.8.2 Masking Instruction Breakpoints 


The RF (resume) flag in the EFLAGS register controls the response of the processor to instruction-breakpoint condi- 
tions (see the description of the RF flag in Section 2.3, “System Flags and Fields in the EFLAGS Register”). 


When set, it prevents an instruction breakpoint from generating a debug exception (#DB); when clear, instruction 
breakpoints will generate debug exceptions. The primary function of the RF flag is to prevent the processor from 
going into a debug exception loop on an instruction-breakpoint. See Section 17.3.1.1, “Instruction-Breakpoint 
Exception Condition,” for more information on the use of this flag. 


As noted in Section 6.8.3, execution of the MOV or POP instruction to load the SS register suppresses any instruc- 
tion breakpoint on the next instruction (just as if EFLAGS.RF were 1). 


2. The effect of the IOPL on these instructions is modified slightly when the virtual mode extension is enabled by setting the VME flag 
in control register CR4: see Section 20.3, “Interrupt and Exception Handling in Virtual-8086 Mode.” Behavior is also impacted by the 
PVI flag: see Section 20.4, “Protected-Mode Virtual Interrupts.” 


3. Nonmaskable interrupts and system-management interrupts may also be inhibited on the instruction boundary following such an 
execution of STI. 
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6.8.3 Masking Exceptions and Interrupts When Switching Stacks 


To switch to a different stack segment, software often uses a pair of instructions, for example: 


MOV SS, AX 
MOV ESP, StackTop 


(Software might also use the POP instruction to load SS and ESP.) 


If an interrupt or exception occurs after the new SS segment descriptor has been loaded but before the ESP register 
has been loaded, these two parts of the logical address into the stack space are inconsistent for the duration of the 
interrupt or exception handler (assuming that delivery of the interrupt or exception does not itself load a new stack 
pointer). 


To account for this situation, the processor prevents certain events from being delivered after execution of a MOV 
to SS instruction or a POP to SS instruction. The following items provide details: 


¢ Any instruction breakpoint on the next instruction is suppressed (as if EFLAGS.RF were 1). 


¢ Any data breakpoint on the MOV to SS instruction or POP to SS instruction is inhibited until the instruction 
boundary following the next instruction. 


¢ Any single-step trap that would be delivered following the MOV to SS instruction or POP to SS instruction 
(because EFLAGS.TF is 1) is suppressed. 


¢ The suppression and inhibition ends after delivery of an exception or the execution of the next instruction. 


¢ If a sequence of consecutive instructions each loads the SS register (using MOV or POP), only the first is 
guaranteed to inhibit or suppress events in this way. 


Intel recommends that software use the LSS instruction to load the SS register and ESP together. The problem 
identified earlier does not apply to LSS, and the LSS instruction does not inhibit events as detailed above. 


6.9 PRIORITIZATION OF CONCURRENT EVENTS 


If more than one event is pending at an instruction boundary (between execution of instructions), the processor 
services them in a predictable order. Table 6-2 shows the priority among classes of event sources. 


Table 6-2. Priority Among Concurrent Events 
Priority Description 


1 (Highest) Hardware Reset and Machine Checks 
- RESET 
- Machine Check (#MC) 


2 Trap on Task Switch 
- T flag in TSS is set (HDB) 


3 External Hardware Interventions 
- FLUSH 

- STOPCLK 

- SMI 

- INIT 


4 Traps on the Previous Instruction 
- Trap-class Debug Exceptions (#DB due to TF flag set or data/I-O breakpoint) 


Nonmaskable Interrupts (NMI) ? 


Maskable Hardware Interrupts 


Fault-class Debug Exceptions (#DB due to instruction breakpoint) 
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Table 6-2. Priority Among Concurrent Events (Contd.) 


Priority Description 

8 Faults from Fetching Next Instruction 
- Code-Segment Limit Violation (#GP) 
- Code Page Fault (#PF) 


- Control protection exception due to missing ENDBRANCH at target of an indirect call or jump (#CP) 


9 (Lowest) Faults from Decoding the Next Instruction 
- Instruction length > 15 bytes (#GP) 

- Invalid Opcode (#UD) 

- Coprocessor Not Available (#NM) 


NOTE 
1. The Intel® 486 processor and earlier processors group nonmaskable and maskable interrupts in the same priority class. 


The processor first services a pending event from the class which has the highest priority, transferring execution to 
the first instruction of the handler. Lower priority exceptions are discarded; lower priority interrupts are held 
pending. Discarded exceptions may be re-generated when the event handler returns execution to the point in the 
program or task where the original event occurred. While the priority among the classes listed in Table 6-2 is 
consistent across processor implementations, the priority of events within a class is implementation-dependent 
and may vary from processor to processor. 


Table 6-2 specifies the prioritization of events that may be pending at an instruction boundary. It does not specify 
the prioritization of faults that arise during instruction execution or event delivery (these include #BR, #TS, #NP, 

#SS, #GP, #PF, #AC, #MF, #XM, #VE, or #CP). It also does not apply to the events generated by the “Call to Inter- 
rupt Procedure” instructions (INT n, INTO, INT3, and INT1), as these events are integral to the execution of those 
instructions and do not occur between instructions. 


6.10 INTERRUPT DESCRIPTOR TABLE (IDT) 


The interrupt descriptor table (IDT) associates each exception or interrupt vector with a gate descriptor for the 
procedure or task used to service the associated exception or interrupt. Like the GDT and LDTs, the IDT is an array 
of 8-byte descriptors (in protected mode). Unlike the GDT, the first entry of the IDT may contain a descriptor. To 
form an index into the IDT, the processor scales the exception or interrupt vector by eight (the number of bytes in 
a gate descriptor). Because there are only 256 interrupt or exception vectors, the IDT need not contain more than 
256 descriptors. It can contain fewer than 256 descriptors, because descriptors are required only for the interrupt 
and exception vectors that may occur. All empty descriptor slots in the IDT should have the present flag for the 
descriptor set to 0. 


The base addresses of the IDT should be aligned on an 8-byte boundary to maximize performance of cache line 
fills. The limit value is expressed in bytes and is added to the base address to get the address of the last valid byte. 
A limit value of 0 results in exactly 1 valid byte. Because IDT entries are always eight bytes long, the limit should 
always be one less than an integral multiple of eight (that is, 8N - 1). 


The IDT may reside anywhere in the linear address space. As shown in Figure 6-1, the processor locates the IDT 
using the IDTR register. This register holds both a 32-bit base address and 16-bit limit for the IDT. 


The LIDT (load IDT register) and SIDT (store IDT register) instructions load and store the contents of the IDTR 
register, respectively. The LIDT instruction loads the IDTR register with the base address and limit held in a 
memory operand. This instruction can be executed only when the CPL is 0. It normally is used by the initialization 
code of an operating system when creating an IDT. An operating system also may use it to change from one IDT to 
another. The SIDT instruction copies the base and limit value stored in IDTR to memory. This instruction can be 
executed at any privilege level. 


If a vector references a descriptor beyond the limit of the IDT, a general-protection exception (#GP) is generated. 
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NOTE 


Because interrupts are delivered to the processor core only once, an incorrectly configured IDT 
could result in incomplete interrupt handling and/or the blocking of interrupt delivery. 

IA-32 architecture rules need to be followed for setting up IDTR base/limit/access fields and each 
field in the gate descriptors. The same apply for the Intel 64 architecture. This includes implicit 
referencing of the destination code segment through the GDT or LDT and accessing the stack. 


IDTR Register 
47 16 15 0 


IDT Base Address IDT Limit 


| Interrupt 


Descriptor Table (IDT 
>(F) p (IDT) 


Gate for 

Interrupt #n (n-1)*8 
Gate for 

Interrupt #3 16 
Gate for 

Interrupt #2 8 
Gate for 

______y Interrupt #1 0 
31 0 


Figure 6-1. Relationship of the IDTR and IDT 


6.11 IDT DESCRIPTORS 


The IDT may contain any of three kinds of gate descriptors: 
° Task-gate descriptor 

¢ Interrupt-gate descriptor 

* Trap-gate descriptor 


Figure 6-2 shows the formats for the task-gate, interrupt-gate, and trap-gate descriptors. The format of a task 
gate used in an IDT is the same as that of a task gate used in the GDT or an LDT (see Section 7.2.5, “Task-Gate 
Descriptor”). The task gate contains the segment selector for a TSS for an exception and/or interrupt handler task. 


Interrupt and trap gates are very similar to call gates (see Section 5.8.3, “Call Gates”). They contain a far pointer 
(segment selector and offset) that the processor uses to transfer program execution to a handler procedure in an 
exception- or interrupt-handler code segment. These gates differ in the way the processor handles the IF flag in the 
EFLAGS register (see Section 6.12.1.3, “Flag Usage By Exception- or Interrupt-Handler Procedure”). 
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Figure 6-2. IDT Gate Descriptors 
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INTERRUPT AND EXCEPTION HANDLING 


The processor handles calls to exception- and interrupt-handlers similar to the way it handles calls with a CALL 
instruction to a procedure or a task. When responding to an exception or interrupt, the processor uses the excep- 
tion or interrupt vector as an index to a descriptor in the IDT. If the index points to an interrupt gate or trap gate, 
the processor calls the exception or interrupt handler in a manner similar to a CALL to a call gate (see Section 
5.8.2, “Gate Descriptors,” through Section 5.8.6, “Returning from a Called Procedure”). If index points to a task 
gate, the processor executes a task switch to the exception- or interrupt-handler task in a manner similar to a CALL 
to a task gate (see Section 7.3, “Task Switching”). 
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6.12.1 €xception- or Interrupt-Handler Procedures 


An interrupt gate or trap gate references an exception- or interrupt-handler procedure that runs in the context of 
the currently executing task (see Figure 6-3). The segment selector for the gate points to a segment descriptor for 
an executable code segment in either the GDT or the current LDT. The offset field of the gate descriptor points to 

the beginning of the exception- or interrupt-handling procedure. 


Destination 
IDT Code Segment 
Interrupt 
Offset Procedure 
Interrupt Interrupt or ala cel 
Vector Trap Gate 
> 
Segment Selector 
GDT or LDT 
Base 
Address 
j Segment 
Descriptor 


Figure 6-3. Interrupt Procedure Call 
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When the processor performs a call to the exception- or interrupt-handler procedure: 


If the handler procedure is going to be executed at a numerically lower privilege level, a stack switch occurs. 
When the stack switch occurs: 


a. The segment selector and stack pointer for the stack to be used by the handler are obtained from the TSS 
for the currently executing task. On this new stack, the processor pushes the stack segment selector and 
stack pointer of the interrupted procedure. 


b. The processor then saves the current state of the EFLAGS, CS, and EIP registers on the new stack (see 
Figure 6-4). 


c. If an exception causes an error code to be saved, it is pushed on the new stack after the EIP value. 
If the handler procedure is going to be executed at the same privilege level as the interrupted procedure: 


a. The processor saves the current state of the EFLAGS, CS, and EIP registers on the current stack (see Figure 
6-4). 


b. If an exception causes an error code to be saved, it is pushed on the current stack after the EIP value. 


Stack Usage with No 
Privilege-Level Change 
Interrupted Procedure’s 
and Handler’s Stack 


~x—— ESP Before 
EFLAGS Transfer to Handler 
CS 
EIP 
ErrorCode «ESP After 
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Stack Usage with 
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Interrupted Procedure’s 


Stack Handler’s Stack 
+<——\ESP Before 

Transfer to Handler ss 

ESP 
EFLAGS 
cS 
EIP 
ESP After——»|__ Error Code 
Transfer to Handler 


Figure 6-4. Stack Usage on Transfers to Interrupt and Exception-Handling Routines 


To return from an exception- or interrupt-handler procedure, the handler must use the IRET (or IRETD) instruction. 
The IRET instruction is similar to the RET instruction except that it restores the saved flags into the EFLAGS 
register. The IOPL field of the EFLAGS register is restored only if the CPLis 0. The IF flag is changed only if the CPL 
is less than or equal to the IOPL. See Chapter 3, “Instruction Set Reference, A-L,” of the Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 2A, for a description of the complete operation performed by the 
IRET instruction. 


If a stack switch occurred when calling the handler procedure, the IRET instruction switches back to the interrupted 
procedure’s stack on the return. 
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6.12.1.1 Shadow Stack Usage on Transfers to Interrupt and Exception Handling Routines 


When the processor performs a call to the exception- or interrupt-handler procedure: 


If the handler procedure is going to be execute at a numerically lower privilege level, a shadow stack switch 
occurs. When the shadow stack switch occurs: 


a. 


On a transfer from privilege level 3, if shadow stacks are enabled at privilege level 3 then the SSP is saved 
to the IA32_PL3_SSP MSR. 


If shadow stacks are enabled at the privilege level where the handler will execute then the shadow stack for 
the handler is obtained from one of the following MSRs based on the privilege level at which the handler 
executes. 


¢ JA32_PL2_SSP if handler executes at privilege level 2. 
¢ JA32_PL1_SSP if handler executes at privilege level 1. 
¢ JA32_PLO_SSP if handler executes at privilege level 0. 


The SSP obtained is then verified to ensure it points to a valid supervisory shadow stack that is not currently 
active by verifying a supervisor shadow stack token at the address pointed to by the SSP. The operations 
performed to verify and acquire the supervisor shadow stack token by making it busy are as described in 
Section 18.2.3 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1. 


On this new shadow stack, the processor pushes the CS, LIP (CS.base + EIP), and SSP of the interrupted 
procedure if the interrupted procedure was executing at privilege level less than 3; see Figure 6-5. 


If the handler procedure is going to be executed at the same privilege level as the interrupted procedure and 
shadow stacks are enabled at current privilege level: 


a. 


The processor saves the current state of the CS, LIP (CS.base + EIP), and SSP registers on the current 
shadow stack; see Figure 6-5. 
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Figure 6-5. Shadow Stack Usage on Transfers to Interrupt and Exception-Handling Routines 


To return from an exception- or interrupt-handler procedure, the handler must use the IRET (or IRETD) instruction. 


When executing a return from an interrupt or exception handler from the same privilege level as the interrupted 
procedure, the processor performs these actions to enforce return address protection: 


¢ Restores the CS and EIP registers to their values prior to the interrupt or exception. 
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If shadow stack is enabled: 


— Compares the values on shadow stack at address SSP+8 (the LIP) and SSP+16 (the CS) to the CS and 
(CS.base + EIP) popped from the stack and causes a control protection exception (#CP(FAR-RET/IRET)) if 
they do not match. 


— Pops the top-of-stack value (the SSP prior to the interrupt or exception) from shadow stack into SSP 
register. 


When executing a return from an interrupt or exception handler from a different privilege level than the interrupted 
procedure, the processor performs the actions below. 


If shadow stack is enabled at current privilege level: 
— If SSP is not aligned to 8 bytes then causes a control protection exception (#CP(FAR-RET/IRET)). 
— If privilege level of the procedure being returned to is less than 3 (returning to supervisor mode): 


¢ Compares the values on shadow stack at address SSP+8 (the LIP) and SSP+16 (the CS) to the CS and 
(CS.base + EIP) popped from the stack and causes a control protection exception (#CP(FAR-RET/IRET)) 
if they do not match. 


* Temporarily saves the top-of-stack value (the SSP of the procedure being returned to) internally. 


— Ifa busy supervisor shadow stack token is present at address SSP+24, then marks the token free using 
operations described in section Section 18.2.3 of the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1. 


— Ifthe privilege level of the procedure being returned to is less than 3 (returning to supervisor mode), 
restores the SSP register from the internally saved value. 


— Ifthe privilege level of the procedure being returned to is 3 (returning to user mode) and shadow stack is 
enabled at privilege level 3, then restores the SSP register with value of IA32_PL3_SSP MSR. 


6.12.1.2 Protection of Exception- and Interrupt-Handler Procedures 


The privilege-level protection for exception- and interrupt-handler procedures is similar to that used for ordinary 
procedure calls when called through a call gate (see Section 5.8.4, “Accessing a Code Segment Through a Call 
Gate”). The processor does not permit transfer of execution to an exception- or interrupt-handler procedure in a 
less privileged code segment (numerically greater privilege level) than the CPL. 


An attempt to violate this rule results in a general-protection exception (#GP). The protection mechanism for 
exception- and interrupt-handler procedures is different in the following ways: 


Because interrupt and exception vectors have no RPL, the RPL is not checked on implicit calls to exception and 
interrupt handlers. 


The processor checks the DPL of the interrupt or trap gate only if an exception or interrupt is generated with an 
INT n, INT3, or INTO instruction.* Here, the CPL must be less than or equal to the DPL of the gate. This 
restriction prevents application programs or procedures running at privilege level 3 from using a software 
interrupt to access critical exception handlers, such as the page-fault handler, providing that those handlers are 
placed in more privileged code segments (numerically lower privilege level). For hardware-generated interrupts 
and processor-detected exceptions, the processor ignores the DPL of interrupt and trap gates. 


Because exceptions and interrupts generally do not occur at predictable times, these privilege rules effectively 
impose restrictions on the privilege levels at which exception and interrupt- handling procedures can run. Either of 
the following techniques can be used to avoid privilege-level violations. 


The exception or interrupt handler can be placed in a conforming code segment. This technique can be used for 
handlers that only need to access data available on the stack (for example, divide error exceptions). If the 
handler needs data from a data segment, the data segment needs to be accessible from privilege level 3, which 
would make it unprotected. 


The handler can be placed in a nonconforming code segment with privilege level 0. This handler would always 
run, regardless of the CPL that the interrupted program or task is running at. 


This check is not performed by execution of the INT1 instruction (opcode F1); it would be performed by execution of INT 1 (opcode 
CD 01). 
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6.12.1.3 Flag Usage By Exception- or Interrupt-Handler Procedure 


When accessing an exception or interrupt handler through either an interrupt gate or a trap gate, the processor 

clears the TF flag in the EFLAGS register after it saves the contents of the EFLAGS register on the stack. (On calls 
to exception and interrupt handlers, the processor also clears the VM, RF, and NT flags in the EFLAGS register, after 
they are saved on the stack.) Clearing the TF flag prevents instruction tracing from affecting interrupt response and 
ensures that no single-step exception will be delivered after delivery to the handler. A subsequent IRET instruction 
restores the TF (and VM, RF, and NT) flags to the values in the saved contents of the EFLAGS register on the stack. 


The only difference between an interrupt gate and a trap gate is the way the processor handles the IF flag in the 
EFLAGS register. When accessing an exception- or interrupt-handling procedure through an interrupt gate, the 
processor clears the IF flag to prevent other interrupts from interfering with the current interrupt handler. A subse- 
quent IRET instruction restores the IF flag to its value in the saved contents of the EFLAGS register on the stack. 
Accessing a handler procedure through a trap gate does not affect the IF flag. 


6.12.2 Interrupt Tasks 


When an exception or interrupt handler is accessed through a task gate in the IDT, a task switch results. Handling 
an exception or interrupt with a separate task offers several advantages: 


¢ The entire context of the interrupted program or task is saved automatically. 


¢ Anew TSS permits the handler to use a new privilege level 0 stack when handling the exception or interrupt. If 
an exception or interrupt occurs when the current privilege level 0 stack is corrupted, accessing the handler 
through a task gate can prevent a system crash by providing the handler with a new privilege level 0 stack. 


¢ The handler can be further isolated from other tasks by giving it a separate address space. This is done by 
giving it a separate LDT. 


The disadvantage of handling an interrupt with a separate task is that the amount of machine state that must be 
saved on a task switch makes it slower than using an interrupt gate, resulting in increased interrupt latency. 


A task gate in the IDT references a TSS descriptor in the GDT (see Figure 6-6). A switch to the handler task is 
handled in the same manner as an ordinary task switch (see Section 7.3, “Task Switching”). The link back to the 
interrupted task is stored in the previous task link field of the handler task’s TSS. If an exception caused an error 
code to be generated, this error code is copied to the stack of the new task. 


When exception- or interrupt-handler tasks are used in an operating system, there are actually two mechanisms 
that can be used to dispatch tasks: the software scheduler (part of the operating system) and the hardware sched- 
uler (part of the processor's interrupt mechanism). The software scheduler needs to accommodate interrupt tasks 
that may be dispatched when interrupts are enabled. 


Vol. 3A 6-17 


INTERRUPT AND EXCEPTION HANDLING 


6.13 


NOTE 


Because IA-32 architecture tasks are not re-entrant, an interrupt-handler task must disable 
interrupts between the time it completes handling the interrupt and the time it executes the IRET 
instruction. This action prevents another interrupt from occurring while the interrupt task’s TSS is 
still marked busy, which would cause a general-protection (#GP) exception. 


TSS for Interrupt- 
IDT Handling Task 


Interrupt 


Vector Task Gate 


TSS Selector TSS 
Base 
GDT Address 


— TSS Descriptor 


Figure 6-6. Interrupt Task Switch 


ERROR CODE 


When an exception condition is related to a specific segment selector or IDT vector, the processor pushes an error 
code onto the stack of the exception handler (whether it is a procedure or task). The error code has the format 
shown in Figure 6-7. The error code resembles a segment selector; however, instead of a TI flag and RPL field, the 
error code contains 3 flags: 


EXT 


IDT 


TI 


External event (bit 0) — When set, indicates that the exception occurred during delivery of an 
event external to the program, such as an interrupt or an earlier exception.” The bit is cleared if the 
exception occurred during delivery of a software interrupt (INT n, INT3, or INTO). 


Descriptor location (bit 1) — When set, indicates that the index portion of the error code refers 
to a gate descriptor in the IDT; when clear, indicates that the index refers to a descriptor in the GDT 
or the current LDT. 


GDT/LDT (bit 2) — Only used when the IDT flag is clear. When set, the TI flag indicates that the 
index portion of the error code refers to a segment or gate descriptor in the LDT; when clear, it indi- 
cates that the index refers to a descriptor in the current GDT. 


5. The bit is also set if the exception occurred during delivery of INT1. 
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Figure 6-7. Error Code 


The segment selector index field provides an index into the IDT, GDT, or current LDT to the segment or gate 
selector being referenced by the error code. In some cases the error code is null (all bits are clear except possibly 
EXT). A null error code indicates that the error was not caused by a reference to a specific segment or that a null 
segment selector was referenced in an operation. 


The format of the error code is different for page-fault exceptions (#PF). See the “Interrupt 14—Page-Fault Excep- 
tion (#PF)” section in this chapter. 


The format of the error code is different for control protection exceptions (#CP). See the “Interrupt 21—Control 
Protection Exception (#CP)” section in this chapter. 


The error code is pushed on the stack as a doubleword or word (depending on the default interrupt, trap, or task 
gate size). To keep the stack aligned for doubleword pushes, the upper half of the error code is reserved. Note that 
the error code is not popped when the IRET instruction is executed to return from an exception handler, so the 
handler must remove the error code before executing a return. 


Error codes are not pushed on the stack for exceptions that are generated externally (with the INTR or LINT[1:0] 
pins) or the INT rn instruction, even if an error code is normally produced for those exceptions. 


6.14 EXCEPTION AND INTERRUPT HANDLING IN 64-BIT MODE 


In 64-bit mode, interrupt and exception handling is similar to what has been described for non-64-bit modes. The 
following are the exceptions: 


¢ All interrupt handlers pointed by the IDT are in 64-bit code (this does not apply to the SMI handler). 
° The size of interrupt-stack pushes is fixed at 64 bits; and the processor uses 8-byte, zero extended stores. 


¢ The stack pointer (SS:RSP) is pushed unconditionally on interrupts. In legacy modes, this push is conditional 
and based on a change in current privilege level (CPL). 


¢ The new SS is set to NULL if there is a change in CPL. 

¢ _IRET behavior changes. 

¢ There is a new interrupt stack-switch mechanism and a new interrupt shadow stack-switch mechanism. 
¢ The alignment of interrupt stack frame is different. 


6.14.1 64-Bit Mode IDT 


Interrupt and trap gates are 16 bytes in length to provide a 64-bit offset for the instruction pointer (RIP). The 64- 
bit RIP referenced by interrupt-gate descriptors allows an interrupt service routine to be located anywhere in the 
linear-address space. See Figure 6-8. 
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Figure 6-8. 64-Bit IDT Gate Descriptors 


In 64-bit mode, the IDT index is formed by scaling the interrupt vector by 16. The first eight bytes (bytes 7:0) of a 
64-bit mode interrupt gate are similar but not identical to legacy 32-bit interrupt gates. The type field (bits 11:8 in 
bytes 7:4) is described in Table 3-2. The Interrupt Stack Table (IST) field (bits 4:0 in bytes 7:4) is used by the stack 
switching mechanisms described in Section 6.14.5, “Interrupt Stack Table.” Bytes 11:8 hold the upper 32 bits of 
the target RIP (interrupt segment offset) in canonical form. A general-protection exception (#GP) is generated if 
software attempts to reference an interrupt gate with a target RIP that is not in canonical form. 


The target code segment referenced by the interrupt gate must be a 64-bit code segment (CS.L = 1, CS.D = 0). If 
the target is not a 64-bit code segment, a general-protection exception (#GP) is generated with the IDT vector 
number reported as the error code. 


Only 64-bit interrupt and trap gates can be referenced in IA-32e mode (64-bit mode and compatibility mode). 
Legacy 32-bit interrupt or trap gate types (OEH or OFH) are redefined in IA-32e mode as 64-bit interrupt and trap 
gate types. No 32-bit interrupt or trap gate type exists in IA-32e mode. If a reference is made to a 16-bit interrupt 
or trap gate (06H or 07H), a general-protection exception (#GP(0)) is generated. 


6.14.2 64-Bit Mode Stack Frame 


In legacy mode, the size of an IDT entry (16 bits or 32 bits) determines the size of interrupt-stack-frame pushes. 
SS:ESP is pushed only on a CPL change. In 64-bit mode, the size of interrupt stack-frame pushes is fixed at eight 
bytes. This is because only 64-bit mode gates can be referenced. 64-bit mode also pushes SS:RSP unconditionally, 
rather than only on a CPL change. 


When shadow stacks are enabled at the interrupt handler’s privilege level and the interrupted procedure was not 
executing at a privilege level 3, then the processor pushes the CS:LIP:SSP of the interrupted procedure on the 
shadow stack of the interrupt handler (where LIP is the linear address of the return address). 


Aside from error codes, pushing SS:RSP unconditionally presents operating systems with a consistent interrupt- 
stackframe size across all interrupts. Interrupt service-routine entry points that handle interrupts generated by the 
INTn instruction or external INTR# signal can push an additional error code place-holder to maintain consistency. 


In legacy mode, the stack pointer may be at any alignment when an interrupt or exception causes a stack frame to 
be pushed. This causes the stack frame and succeeding pushes done by an interrupt handler to be at arbitrary 
alignments. In IA-32e mode, the RSP is aligned to a 16-byte boundary before pushing the stack frame. The stack 
frame itself is aligned on a 16-byte boundary when the interrupt handler is called. The processor can arbitrarily 
realign the new RSP on interrupts because the previous (possibly unaligned) RSP is unconditionally saved on the 
newly aligned stack. The previous RSP will be automatically restored by a subsequent IRET. 


6-20 Vol. 3A 


INTERRUPT AND EXCEPTION HANDLING 


Aligning the stack permits exception and interrupt frames to be aligned on a 16-byte boundary before interrupts 
are re-enabled. This allows the stack to be formatted for optimal storage of 16-byte XMM registers, which enables 
the interrupt handler to use faster 16-byte aligned loads and stores (MOVAPS rather than MOVUPS) to save and 
restore XMM registers. 


Although the RSP alignment is always performed when LMA = 1, it is only of consequence for the kernel-mode case 
where there is no stack switch or IST used. For a stack switch or IST, the OS would have presumably put suitably 
aligned RSP values in the TSS. 


6.14.3. IRET in lA-32e Mode 


In IA-32e mode, IRET executes with an 8-byte operand size. There is nothing that forces this requirement. The 
stack is formatted in such a way that for actions where IRET is required, the 8-byte IRET operand size works 
correctly. 


Because interrupt stack-frame pushes are always eight bytes in IA-32e mode, an IRET must pop eight byte items 
off the stack. This is accomplished by preceding the IRET with a 64-bit operand-size prefix. The size of the pop is 
determined by the address size of the instruction. The SS/ESP/RSP size adjustment is determined by the stack 
size. 


IRET pops SS:RSP unconditionally off the interrupt stack frame only when it is executed in 64-bit mode. In compat- 
ibility mode, IRET pops SS:RSP off the stack only if there is a CPL change. This allows legacy applications to 
execute properly in compatibility mode when using the IRET instruction. 64-bit interrupt service routines that exit 
with an IRET unconditionally pop SS:RSP off of the interrupt stack frame, even if the target code segment is 
running in 64-bit mode or at CPL = O. This is because the original interrupt always pushes SS:RSP. 


When shadow stacks are enabled and the target privilege level is not 3, the CS:LIP from the shadow stack frame is 
compared to the return linear address formed by CS:EIP from the stack. If they do not match then the processor 
caused a control protection exception (#CP(FAR-RET/IRET)), else the processor pops the SSP of the interrupted 
procedure from the shadow stack. If the target privilege level is 3 and shadow stacks are enabled at privilege level 
3, then the SSP for the interrupted procedure is restored from the IA32_PL3_SSP MSR. 


In IA-32e mode, IRET is allowed to load a NULL SS under certain conditions. If the target mode is 64-bit mode and 
the target CPL + 3, IRET allows SS to be loaded with a NULL selector. As part of the stack switch mechanism, an 
interrupt or exception sets the new SS to NULL, instead of fetching a new SS selector from the TSS and loading the 
corresponding descriptor from the GDT or LDT. The new SS selector is set to NULL in order to properly handle 
returns from subsequent nested far transfers. If the called procedure itself is interrupted, the NULL SS is pushed 
on the stack frame. On the subsequent IRET, the NULL SS on the stack acts as a flag to tell the processor not to 
load a new SS descriptor. 


6.14.4 Stack Switching in IA-32e Mode 


The IA-32 architecture provides a mechanism to automatically switch stack frames in response to an interrupt. The 
64-bit extensions of Intel 64 architecture implement a modified version of the legacy stack-switching mechanism 
and an alternative stack-switching mechanism called the interrupt stack table (IST). 


In IA-32 modes, the legacy IA-32 stack-switch mechanism is unchanged. In IA-32e mode, the legacy stack-switch 
mechanism is modified. When stacks are switched as part of a 64-bit mode privilege-level change (resulting from 
an interrupt), a new SS descriptor is not loaded. IA-32e mode loads only an inner-level RSP from the TSS. The new 
SS selector is forced to NULL and the SS selector’s RPL field is set to the new CPL. The new SS is set to NULL in 
order to handle nested far transfers (far CALL, INT, interrupts and exceptions). The old SS and RSP are saved on 
the new stack (Figure 6-9). On the subsequent IRET, the old SS is popped from the stack and loaded into the SS 
register. 


In summary, a stack switch in IA-32e mode works like the legacy stack switch, except that a new SS selector is not 
loaded from the TSS. Instead, the new SS is forced to NULL. 
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Legacy Mode Stack Usage with IA-32e Mode 
Privilege-Level Change 
Handler’s Stack Handler’s Stack 

+20 Ss ss +40 

+16 ESP RSP +32 

+12 EFLAGS RFLAGS +24 

+8 cs cs +16 

+4 EIP RIP +8 

0 Error Code ~x— Stack Pointer After —> Error Code 0 

Transfer to Handler 


Figure 6-9. IA-32e Mode Stack Usage After Privilege Level Change 


6.14.5 Interrupt Stack Table 


In IA-32e mode, a new interrupt stack table (IST) mechanism is available as an alternative to the modified legacy 
stack-switching mechanism described above. This mechanism unconditionally switches stacks when it is enabled. 

It can be enabled on an individual interrupt-vector basis using a field in the IDT entry. This means that some inter- 
rupt vectors can use the modified legacy mechanism and others can use the IST mechanism. 


The IST mechanism is only available in IA-32e mode. It is part of the 64-bit mode TSS. The motivation for the IST 
mechanism is to provide a method for specific interrupts (such as NMI, double-fault, and machine-check) to always 
execute on a known good stack. In legacy mode, interrupts can use the task-switch mechanism to set up a known- 
good stack by accessing the interrupt service routine through a task gate located in the IDT. However, the legacy 
task-switch mechanism is not supported in IA-32e mode. 


The IST mechanism provides up to seven IST pointers in the TSS. The pointers are referenced by an interrupt-gate 
descriptor in the interrupt-descriptor table (IDT); see Figure 6-8. The gate descriptor contains a 3-bit IST index 
field that provides an offset into the IST section of the TSS. Using the IST mechanism, the processor loads the value 
pointed by an IST pointer into the RSP. 


When an interrupt occurs, the new SS selector is forced to NULL and the SS selector’s RPL field is set to the new 
CPL. The old SS, RSP, RFLAGS, CS, and RIP are pushed onto the new stack. Interrupt processing then proceeds as 
normal. If the IST index is zero, the modified legacy stack-switching mechanism described above is used. 


To support this stack-switching mechanism with shadow stacks enabled, the processor provides an MSR, 
IA32_INTERRUPT_SSP_TABLE, to program the linear address of a table of seven shadow stack pointers that are 
selected using the IST index from the gate descriptor. To switch to a shadow stack selected from the interrupt 
shadow stack table pointed to by the IA32_INTERRUPT_SSP_TABLE, the processor requires that the shadow stack 
addresses programmed into this table point to a supervisor shadow stack token; see Figure 6-10. 
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Figure 6-10. Interrupt Shadow Stack Table 


6.15 EXCEPTION AND INTERRUPT REFERENCE 


The following sections describe conditions which generate exceptions and interrupts. They are arranged in the 
order of vector numbers. The information contained in these sections are as follows: 


Exception Class — Indicates whether the exception class is a fault, trap, or abort type. Some exceptions can 
be either a fault or trap type, depending on when the error condition is detected. (This section is not applicable 
to interrupts.) 


Description — Gives a general description of the purpose of the exception or interrupt type. It also describes 
how the processor handles the exception or interrupt. 


Exception Error Code — Indicates whether an error code is saved for the exception. If one is saved, the 
contents of the error code are described. (This section is not applicable to interrupts.) 


Saved Instruction Pointer — Describes which instruction the saved (or return) instruction pointer points to. 
It also indicates whether the pointer can be used to restart a faulting instruction. 


Program State Change — Describes the effects of the exception or interrupt on the state of the currently 
running program or task and the possibilities of restarting the program or task without loss of continuity. 
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Interrupt O—Divide Error Exception (#DE) 


Exception Class Fault. 


Description 


Indicates the divisor operand for a DIV or IDIV instruction is 0 or that the result cannot be represented in the 
number of bits specified for the destination operand. 


Exception Error Code 
None. 


Saved Instruction Pointer 


Saved contents of CS and EIP registers point to the instruction that generated the exception. 


Program State Change 


A program-state change does not accompany the divide error, because the exception occurs before the faulting 
instruction is executed. 
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Interrupt 1—Debug Exception (#DB) 


Exception Class Trap or Fault. The exception handler can distinguish between traps or faults by exam- 
ining the contents of DR6 and the other debug registers. 


Description 


Indicates that one or more of several debug-exception conditions has been detected. Whether the exception is a 
fault or a trap depends on the condition (see Table 6-3). See Chapter 17, “Debug, Branch Profile, TSC, and Intel® 
Resource Director Technology (Intel® RDT) Features,” for detailed information about the debug exceptions. 


Table 6-3. Debug Exception Conditions and Corresponding Exception Classes 


Exception Condition Exception Class 
Instruction fetch breakpoint Fault 

Data read or write breakpoint Trap 

I/O read or write breakpoint Trap 

General detect condition (in conjunction with in-circuit emulation) Fault 
Single-step Trap 
Task-switch Trap 

Execution of INT1! Trap 
NOTES: 


1. Hardware vendors may use the INT1 instruction for hardware debug. For that reason, Intel recommends software vendors instead 
use the INT3 instruction for software breakpoints. 


Exception Error Code 
None. An exception handler can examine the debug registers to determine which condition caused the exception. 


Saved Instruction Pointer 
Fault — Saved contents of CS and EIP registers point to the instruction that generated the exception. 


Trap — Saved contents of CS and EIP registers point to the instruction following the instruction that generated the 
exception. 


Program State Change 


Fault — A program-state change does not accompany the debug exception, because the exception occurs before 
the faulting instruction is executed. The program can resume normal execution upon returning from the debug 
exception handler. 


Trap — A program-state change does accompany the debug exception, because the instruction or task switch being 
executed is allowed to complete before the exception is generated. However, the new state of the program is not 
corrupted and execution of the program can continue reliably. 


The following items detail the treatment of debug exceptions on the instruction boundary following execution of the 
MOV or the POP instruction that loads the SS register: 


¢ If EFLAGS.TF is 1, no single-step trap is generated. 


¢ If the instruction encounters a data breakpoint, the resulting debug exception is delivered after completion of 
the instruction after the MOV or POP. This occurs even if the next instruction is INT n, INT3, or INTO. 


e = Any instruction breakpoint on the instruction after the MOV or POP is suppressed (as if EFLAGS.RF were 1). 


Any debug exception inside an RTM region causes a transactional abort and, by default, redirects control flow to the 
fallback instruction address. If advanced debugging of RTM transactional regions has been enabled, any transac- 
tional abort due to a debug exception instead causes execution to roll back to just before the XBEGIN instruction 
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and then delivers a #DB. See Section 16.3.7, “RTM-Enabled Debugger Support,” of Inte/® 64 and IA-32 Architec- 
tures Software Developer’s Manual, Volume 1. 
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Interrupt 2—NMI Interrupt 


Exception Class Not applicable. 


Description 


The nonmaskable interrupt (NMI) is generated externally by asserting the processor’s NMI pin or through an NMI 
request set by the I/O APIC to the local APIC. This interrupt causes the NMI interrupt handler to be called. 


Exception Error Code 
Not applicable. 


Saved Instruction Pointer 


The processor always takes an NMI interrupt on an instruction boundary. The saved contents of CS and EIP regis- 
ters point to the next instruction to be executed at the point the interrupt is taken. See Section 6.5, “Exception 
Classifications,” for more information about when the processor takes NMI interrupts. 


Program State Change 


The instruction executing when an NMI interrupt is received is completed before the NMI is generated. A program 
or task can thus be restarted upon returning from an interrupt handler without loss of continuity, provided the 
interrupt handler saves the state of the processor before handling the interrupt and restores the processor’s state 
prior to a return. 
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Interrupt 3—Breakpoint Exception (#BP) 


Exception Class Trap. 


Description 


Indicates that a breakpoint instruction (INT3, opcode CC) was executed, causing a breakpoint trap to be gener- 
ated. Typically, a debugger sets a breakpoint by replacing the first opcode byte of an instruction with the opcode for 
the INT3 instruction. (The INT3 instruction is one byte long, which makes it easy to replace an opcode in a code 
segment in RAM with the breakpoint opcode.) The operating system or a debugging tool can use a data segment 
mapped to the same physical address space as the code segment to place an INT3 instruction in places where it is 
desired to call the debugger. 


With the P6 family, Pentium, Intel486, and Intel386 processors, it is more convenient to set breakpoints with the 
debug registers. (See Section 17.3.2, “Breakpoint Exception (#BP)—Interrupt Vector 3,” for information about the 
breakpoint exception.) If more breakpoints are needed beyond what the debug registers allow, the INT3 instruction 
can be used. 


Any breakpoint exception inside an RTM region causes a transactional abort and, by default, redirects control flow 
to the fallback instruction address. If advanced debugging of RTM transactional regions has been enabled, any 
transactional abort due to a break exception instead causes execution to roll back to just before the XBEGIN 
instruction and then delivers a debug exception (#DB) — nota breakpoint exception. See Section 16.3.7, “RTM- 
Enabled Debugger Support,” of Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1. 


A breakpoint exception can also be generated by executing the INT rn instruction with an operand of 3. The action 
of this instruction (INT 3) is slightly different than that of the INT3 instruction (see “INT n/INTO/INT3/INT1—Call to 
Interrupt Procedure” in Chapter 3 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
2A). 


Exception Error Code 
None. 


Saved Instruction Pointer 
Saved contents of CS and EIP registers point to the instruction following the INT3 instruction. 


Program State Change 


Even though the EIP points to the instruction following the breakpoint instruction, the state of the program is 
essentially unchanged because the INT3 instruction does not affect any register or memory locations. The 
debugger can thus resume the suspended program by replacing the INT3 instruction that caused the breakpoint 
with the original opcode and decrementing the saved contents of the EIP register. Upon returning from the 
debugger, program execution resumes with the replaced instruction. 
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Interrupt 4—Overflow Exception (#OF) 


Exception Class Trap. 


Description 


Indicates that an overflow trap occurred when an INTO instruction was executed. The INTO instruction checks the 
state of the OF flag in the EFLAGS register. If the OF flag is set, an overflow trap is generated. 


Some arithmetic instructions (such as the ADD and SUB) perform both signed and unsigned arithmetic. These 
instructions set the OF and CF flags in the EFLAGS register to indicate signed overflow and unsigned overflow, 
respectively. When performing arithmetic on signed operands, the OF flag can be tested directly or the INTO 
instruction can be used. The benefit of using the INTO instruction is that if the overflow exception is detected, an 
exception handler can be called automatically to handle the overflow condition. 


Exception Error Code 


None. 


Saved Instruction Pointer 


The saved contents of CS and EIP registers point to the instruction following the INTO instruction. 


Program State Change 


Even though the EIP points to the instruction following the INTO instruction, the state of the program is essentially 
unchanged because the INTO instruction does not affect any register or memory locations. The program can thus 
resume normal execution upon returning from the overflow exception handler. 
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Interrupt 5—BOUND Range Exceeded Exception (#BR) 


Exception Class Fault. 


Description 


Indicates that a BOUND-range-exceeded fault occurred when a BOUND instruction was executed. The BOUND 
instruction checks that a signed array index is within the upper and lower bounds of an array located in memory. If 
the array index is not within the bounds of the array, a BOUND-range-exceeded fault is generated. 


Exception Error Code 
None. 


Saved Instruction Pointer 


The saved contents of CS and EIP registers point to the BOUND instruction that generated the exception. 


Program State Change 


A program-state change does not accompany the bounds-check fault, because the operands for the BOUND 
instruction are not modified. Returning from the BOUND-range-exceeded exception handler causes the BOUND 
instruction to be restarted. 
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Interrupt 6—Invalid Opcode Exception (#UD) 


Exception Class Fault. 


Description 
Indicates that the processor did one of the following things: 
¢ Attempted to execute an invalid or reserved opcode. 


¢ Attempted to execute an instruction with an operand type that is invalid for its accompanying opcode; for 
example, the source operand for a LES instruction is not a memory location. 


e Attempted to execute an MMX or SSE/SSE2/SSE3 instruction on an Intel 64 or IA-32 processor that does not 
support the MMX technology or SSE/SSE2/SSE3/SSSE3 extensions, respectively. CPUID feature flags MMX (bit 
23), SSE (bit 25), SSE2 (bit 26), SSE3 (ECX, bit 0), SSSE3 (ECX, bit 9) indicate support for these extensions. 

e Attempted to execute an MMX instruction or SSE/SSE2/SSE3/SSSE3 SIMD instruction (with the exception of 
the MOVNTI, PAUSE, PREFETCHh, SFENCE, LFENCE, MFENCE, CLFLUSH, MONITOR, and MWAIT instructions) 
when the EM flag in control register CRO is set (1). 

¢ Attempted to execute an SSE/SE2/SSE3/SSSE3 instruction when the OSFXSR bit in control register CR4 is 
clear (0). Note this does not include the following SSE/SSE2/SSE3 instructions: MASKMOVQ, MOVNTQ, 
MOVNTI, PREFETCHA, SFENCE, LFENCE, MFENCE, and CLFLUSH; or the 64-bit versions of the PAVGB, PAVGW, 
PEXTRW, PINSRW, PMAXSW, PMAXUB, PMINSW, PMINUB, PMOVMSKB, PMULHUW, PSADBW, PSHUFW, PADDQ, 
PSUBQ, PALIGNR, PABSB, PABSD, PABSW, PHADDD, PHADDSW, PHADDW, PHSUBD, PHSUBSW, PHSUBW, 
PMADDUBSM, PMULHRSW, PSHUFB, PSIGNB, PSIGND, and PSIGNW. 

¢ Attempted to execute an SSE/SSE2/SSE3/SSSE3 instruction on an Intel 64 or IA-32 processor that caused a 
SIMD floating-point exception when the OSXMMEXCPT bit in control register CR4 is clear (0). 

e Executed a UDO, UD1 or UD2 instruction. Note that even though it is the execution of the UDO, UD1 or UD2 
instruction that causes the invalid opcode exception, the saved instruction pointer will still points at the UDO, 
UD1 or UD2 instruction. 

° Detected a LOCK prefix that precedes an instruction that may not be locked or one that may be locked but the 
destination operand is not a memory location. 

e Attempted to execute an LLDT, SLDT, LTR, STR, LSL, LAR, VERR, VERW, or ARPL instruction while in real- 
address or virtual-8086 mode. 


¢ Attempted to execute the RSM instruction when not in SMM mode. 


In Intel 64 and IA-32 processors that implement out-of-order execution microarchitectures, this exception is not 
generated until an attempt is made to retire the result of executing an invalid instruction; that is, decoding and 
speculatively attempting to execute an invalid opcode does not generate this exception. Likewise, in the Pentium 
processor and earlier IA-32 processors, this exception is not generated as the result of prefetching and preliminary 
decoding of an invalid instruction. (See Section 6.5, “Exception Classifications,” for general rules for taking of inter- 
rupts and exceptions.) 


The opcodes D6 and F1 are undefined opcodes reserved by the Intel 64 and IA-32 architectures. These opcodes, 
even though undefined, do not generate an invalid opcode exception. 


Exception Error Code 
None. 


Saved Instruction Pointer 


The saved contents of CS and EIP registers point to the instruction that generated the exception. 
Program State Change 


A program-state change does not accompany an invalid-opcode fault, because the invalid instruction is not 
executed. 
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Interrupt 7—Device Not Available Exception (#NM) 


Exception Class Fault. 


Description 
Indicates one of the following things: 
The device-not-available exception is generated by either of three conditions: 


¢ The processor executed an x87 FPU floating-point instruction while the EM flag in control register CRO was set 
(1). See the paragraph below for the special case of the WAIT/FWAIT instruction. 


¢ The processor executed a WAIT/FWAIT instruction while the MP and TS flags of register CRO were set, 
regardless of the setting of the EM flag. 


¢ The processor executed an x87 FPU, MMX, or SSE/SSE2/SSE3 instruction (with the exception of MOVNTI, 
PAUSE, PREFETCHh, SFENCE, LFENCE, MFENCE, and CLFLUSH) while the TS flag in control register CRO was set 
and the EM flag is clear. 


The EM flag is set when the processor does not have an internal x87 FPU floating-point unit. A device-not-available 
exception is then generated each time an x87 FPU floating-point instruction is encountered, allowing an exception 
handler to call floating-point instruction emulation routines. 


The TS flag indicates that a context switch (task switch) has occurred since the last time an x87 floating-point, 
MMX, or SSE/SSE2/SSE3 instruction was executed; but that the context of the x87 FPU, XMM, and MXCSR registers 
were not saved. When the TS flag is set and the EM flag is clear, the processor generates a device-not-available 
exception each time an x87 floating-point, MMX, or SSE/SSE2/SSE3 instruction is encountered (with the exception 
of the instructions listed above). The exception handler can then save the context of the x87 FPU, XMM, and MXCSR 
registers before it executes the instruction. See Section 2.5, “Control Registers,” for more information about the TS 
flag. 


The MP flag in control register CRO is used along with the TS flag to determine if WAIT or FWAIT instructions should 
generate a device-not-available exception. It extends the function of the TS flag to the WAIT and FWAIT instruc- 
tions, giving the exception handler an opportunity to save the context of the x87 FPU before the WAIT or FWAIT 
instruction is executed. The MP flag is provided primarily for use with the Intel 286 and Intel386 DX processors. For 
programs running on the Pentium 4, Intel Xeon, P6 family, Pentium, or Intel486 DX processors, or the Intel 487 SX 
coprocessors, the MP flag should always be set; for programs running on the Intel486 SX processor, the MP flag 
should be clear. 


Exception Error Code 
None. 


Saved Instruction Pointer 


The saved contents of CS and EIP registers point to the floating-point instruction or the WAIT/FWAIT instruction 
that generated the exception. 


Program State Change 


A program-state change does not accompany a device-not-available fault, because the instruction that generated 
the exception is not executed. 


If the EM flag is set, the exception handler can then read the floating-point instruction pointed to by the EIP and call 
the appropriate emulation routine. 


If the MP and TS flags are set or the TS flag alone is set, the exception handler can save the context of the x87 FPU, 
clear the TS flag, and continue execution at the interrupted floating-point or WAIT/FWAIT instruction. 
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Interrupt 8—Double Fault Exception (#DF) 


Exception Class Abort. 


Description 


Indicates that the processor detected a second exception while calling an exception handler for a prior exception. 
Normally, when the processor detects another exception while trying to call an exception handler, the two excep- 
tions can be handled serially. If, however, the processor cannot handle them serially, it signals the double-fault 
exception. To determine when two faults need to be signalled as a double fault, the processor divides the excep- 
tions into three classes: benign exceptions, contributory exceptions, and page faults (see Table 6-4). 


Table 6-4. Interrupt and Exception Classes 
Class Vector Number Description 


Benign Exceptions and Interrupts 1 Debug 

2 NMI Interrupt 

3 Breakpoint 

4 Overflow 

5 BOUND Range Exceeded 
6 Invalid Opcode 

7 Device Not Available 

9 Coprocessor Segment Overrun 
16 Floating-Point Error 

17 Alignment Check 

18 Machine Check 

19 SIMD floating-point 

All INT n 

All INTR 

0 

10 

11 

12 

13 


Divide Error 

Invalid TSS 

Segment Not Present 
Stack Fault 

General Protection 


Contributory Exceptions 


21 Control Protection 


Page Faults 14 Page Fault 
20 Virtualization Exception 


Table 6-5 shows the various combinations of exception classes that cause a double fault to be generated. A double- 
fault exception falls in the abort class of exceptions. The program or task cannot be restarted or resumed. The 
double-fault handler can be used to collect diagnostic information about the state of the machine and/or, when 
possible, to shut the application and/or system down gracefully or restart the system. 
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A segment or page fault may be encountered while prefetching instructions; however, this behavior is outside the 
domain of Table 6-5. Any further faults generated while the processor is attempting to transfer control to the appro- 
priate fault handler could still lead to a double-fault sequence. 


Table 6-5. Conditions for Generating a Double Fault 


; ; Second Exception 
First Exception : : 
Benign Contributory Page Fault 
Benign Handle Exceptions Serially Handle Exceptions Serially Handle Exceptions Serially 
Contributory Handle Exceptions Serially Generate a Double Fault Handle Exceptions Serially 
Page Fault Handle Exceptions Serially Generate a Double Fault Generate a Double Fault 
Double Fault Handle Exceptions Serially Enter Shutdown Mode Enter Shutdown Mode 


If another contributory or page fault exception occurs while attempting to call the double-fault handler, the 
processor enters shutdown mode. This mode is similar to the state following execution of an HLT instruction. In this 
mode, the processor stops executing instructions until an NMI interrupt, SMI interrupt, hardware reset, or INIT# is 
received. The processor generates a special bus cycle to indicate that it has entered shutdown mode. Software 
designers may need to be aware of the response of hardware when it goes into shutdown mode. For example, hard- 
ware may turn on an indicator light on the front panel, generate an NMI interrupt to record diagnostic information, 
invoke reset initialization, generate an INIT initialization, or generate an SMI. If any events are pending during 
shutdown, they will be handled after an wake event from shutdown is processed (for example, A20M# interrupts). 


If a shutdown occurs while the processor is executing an NMI interrupt handler, then only a hardware reset can 
restart the processor. Likewise, if the shutdown occurs while executing in SMM, a hardware reset must be used to 
restart the processor. 


Exception Error Code 
Zero. The processor always pushes an error code of 0 onto the stack of the double-fault handler. 


Saved Instruction Pointer 


The saved contents of CS and EIP registers are undefined. 


Program State Change 


A program-state following a double-fault exception is undefined. The program or task cannot be resumed or 
restarted. The only available action of the double-fault exception handler is to collect all possible context informa- 
tion for use in diagnostics and then close the application and/or shut down or reset the processor. 


If the double fault occurs when any portion of the exception handling machine state is corrupted, the handler 
cannot be invoked and the processor must be reset. 
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Interrupt 9—Coprocessor Segment Overrun 


Exception Class Abort. (Intel reserved; do not use. Recent IA-32 processors do not generate this 
exception.) 


Description 


Indicates that an Intel386 CPU-based systems with an Intel 387 math coprocessor detected a page or segment 
violation while transferring the middle portion of an Intel 387 math coprocessor operand. The P6 family, Pentium, 
and Intel486 processors do not generate this exception; instead, this condition is detected with a general protec- 
tion exception (#GP), interrupt 13. 


Exception Error Code 
None. 


Saved Instruction Pointer 


The saved contents of CS and EIP registers point to the instruction that generated the exception. 


Program State Change 


A program-state following a coprocessor segment-overrun exception is undefined. The program or task cannot 
be resumed or restarted. The only available action of the exception handler is to save the instruction pointer and 
reinitialize the x87 FPU using the FNINIT instruction. 


Vol. 3A 6-35 


INTERRUPT AND EXCEPTION HANDLING 


Interrupt 10—Invalid TSS Exception (#TS) 


Exception Class Fault. 


Description 


Indicates that there was an error related to a TSS. Such an error might be detected during a task switch or during 
the execution of instructions that use information from a TSS. Table 6-6 shows the conditions that cause an invalid 
TSS exception to be generated. 


Table 6-6. Invalid TSS Conditions 


Error Code Index 


Invalid Condition 


TSS segment selector index 


The TSS segment limit is less than 67H for 32-bit TSS or less than 2CH for 16-bit TSS. 


TSS segment selector index 


During an IRET task switch, the TI flag in the TSS segment selector indicates the LDT. 


TSS segment selector index 


During an IRET task switch, the TSS segment selector exceeds descriptor table limit. 


TSS segment selector index 


During an IRET task switch, the busy flag in the TSS descriptor indicates an inactive task. 


TSS segment selector index 


During a task switch, an attempt to access data in a TSS results in a limit violation or 
canonical fault. 


TSS segment selector index 


During an IRET task switch, the backlink is a NULL selector. 


TSS segment selector index 


TSS segment selector index 


During an IRET task switch, the backlink points to a descriptor which is not a busy TSS. 
The new TSS descriptor is beyond the GDT limit. 


TSS segment selector index 


The new TSS selector is null on an attempt to lock the new TSS. 


TSS segment selector index 


TSS segment selector index 


The new TSS selector has the TI bit set on an attempt to lock the new TSS. 


The new TSS descriptor is not an available TSS descriptor on an attempt to lock the new 
TSS. 


LDT segment selector index 


LDT not valid or not present. 


Stack segment selector index 


The stack segment selector exceeds descriptor table limit. 


Stack segment selector index 


The stack segment selector is NULL. 


Stack segment selector index 


The stack segment descriptor is a non-data segment. 


Stack segment selector index 


The stack segment is not writable. 


Stack segment selector index 


The stack segment DPL +# CPL. 


Stack segment selector index 


Code segment selector index 


The stack segment selector RPL # CPL. 


The code segment selector exceeds descriptor table limit. 


Code segment selector index 


The code segment selector is NULL. 


Code segment selector index 


The code segment descriptor is not a code segment type. 


Code segment selector index 


The nonconforming code segment DPL + CPL. 


Code segment selector index 


The conforming code segment DPL is greater than CPL. 


Data segment selector index 


The data segment selector exceeds the descriptor table limit. 


Data segment selector index 


The data segment descriptor is not a readable code or data type. 


Data segment selector index 


The data segment descriptor is a nonconforming code type and RPL > DPL. 


Data segment selector index 


TSS segment selector index 


The data segment descriptor is a nonconforming code type and CPL > DPL. 


The TSS segment descriptor/upper descriptor is beyond the GDT segment limit. 


TSS segment selector index 


The TSS segment descriptor is not an available TSS type. 


TSS segment selector index 
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Table 6-6. Invalid TSS Conditions (Contd.) 


Error Code Index Invalid Condition 
TSS segment selector index The TSS segment upper descriptor is not the correct type. 
TSS segment selector index The TSS segment descriptor contains a non-canonical base. 


This exception can generated either in the context of the original task or in the context of the new task (see Section 
7.3, “Task Switching”). Until the processor has completely verified the presence of the new TSS, the exception is 
generated in the context of the original task. Once the existence of the new TSS is verified, the task switch is 
considered complete. Any invalid-TSS conditions detected after this point are handled in the context of the new 
task. (A task switch is considered complete when the task register is loaded with the segment selector for the new 
TSS and, if the switch is due to a procedure call or interrupt, the previous task link field of the new TSS references 
the old TSS.) 


The invalid-TSS handler must be a task called using a task gate. Handling this exception inside the faulting TSS 
context is not recommended because the processor state may not be consistent. 


Exception Error Code 


An error code containing the segment selector index for the segment descriptor that caused the violation is pushed 
onto the stack of the exception handler. If the EXT flag is set, it indicates that the exception was caused by an event 
external to the currently running program (for example, if an external interrupt handler using a task gate 
attempted a task switch to an invalid TSS). 


Saved Instruction Pointer 


If the exception condition was detected before the task switch was carried out, the saved contents of CS and EIP 
registers point to the instruction that invoked the task switch. If the exception condition was detected after the task 
switch was carried out, the saved contents of CS and EIP registers point to the first instruction of the new task. 


Program State Change 


The ability of the invalid-TSS handler to recover from the fault depends on the error condition than causes the fault. 
See Section 7.3, “Task Switching,” for more information on the task switch process and the possible recovery 
actions that can be taken. 


If an invalid TSS exception occurs during a task switch, it can occur before or after the commit-to-new-task point. 
If it occurs before the commit point, no program state change occurs. If it occurs after the commit point (when the 
segment descriptor information for the new segment selectors have been loaded in the segment registers), the 
processor will load all the state information from the new TSS before it generates the exception. During a task 
switch, the processor first loads all the segment registers with segment selectors from the TSS, then checks their 
contents for validity. If an invalid TSS exception is discovered, the remaining segment registers are loaded but not 
checked for validity and therefore may not be usable for referencing memory. The invalid TSS handler should not 
rely on being able to use the segment selectors found in the CS, SS, DS, ES, FS, and GS registers without causing 
another exception. The exception handler should load all segment registers before trying to resume the new task; 
otherwise, general-protection exceptions (#GP) may result later under conditions that make diagnosis more diffi- 
cult. The Intel recommended way of dealing situation is to use a task for the invalid TSS exception handler. The task 
switch back to the interrupted task from the invalid-TSS exception-handler task will then cause the processor to 
check the registers as it loads them from the TSS. 
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Interrupt 11—Segment Not Present (#NP) 


Exception Class Fault. 


Description 


Indicates that the present flag of a segment or gate descriptor is clear. The processor can generate this exception 
during any of the following operations: 


¢ While attempting to load CS, DS, ES, FS, or GS registers. [Detection of a not-present segment while loading the 
SS register causes a stack fault exception (#SS) to be generated.] This situation can occur while performing a 
task switch. 


¢ While attempting to load the LDTR using an LLDT instruction. Detection of a not-present LDT while loading the 
LDTR during a task switch operation causes an invalid-TSS exception (#TS) to be generated. 


¢ When executing the LTR instruction and the TSS is marked not present. 
¢ While attempting to use a gate descriptor or TSS that is marked segment-not-present, but is otherwise valid. 


An operating system typically uses the segment-not-present exception to implement virtual memory at the 
segment level. If the exception handler loads the segment and returns, the interrupted program or task resumes 
execution. 


A not-present indication in a gate descriptor, however, does not indicate that a segment is not present (because 
gates do not correspond to segments). The operating system may use the present flag for gate descriptors to 
trigger exceptions of special significance to the operating system. 


A contributory exception or page fault that subsequently referenced a not-present segment would cause a double 
fault (#DF) to be generated instead of #NP. 


Exception Error Code 


An error code containing the segment selector index for the segment descriptor that caused the violation is pushed 
onto the stack of the exception handler. If the EXT flag is set, it indicates that the exception resulted from either: 


* an external event (NMI or INTR) that caused an interrupt, which subsequently referenced a not-present 
segment 


® a benign exception that subsequently referenced a not-present segment 


The IDT flag is set if the error code refers to an IDT entry. This occurs when the IDT entry for an interrupt being 
serviced references a not-present gate. Such an event could be generated by an INT instruction or a hardware 
interrupt. 


Saved Instruction Pointer 


The saved contents of CS and EIP registers normally point to the instruction that generated the exception. If the 
exception occurred while loading segment descriptors for the segment selectors in a new TSS, the CS and EIP 
registers point to the first instruction in the new task. If the exception occurred while accessing a gate descriptor, 
the CS and EIP registers point to the instruction that invoked the access (for example a CALL instruction that refer- 
ences a call gate). 


Program State Change 


If the segment-not-present exception occurs as the result of loading a register (CS, DS, SS, ES, FS, GS, or LDTR), 
a program-state change does accompany the exception because the register is not loaded. Recovery from this 
exception is possible by simply loading the missing segment into memory and setting the present flag in the 
segment descriptor. 


If the segment-not-present exception occurs while accessing a gate descriptor, a program-state change does not 
accompany the exception. Recovery from this exception is possible merely by setting the present flag in the gate 
descriptor. 


If a segment-not-present exception occurs during a task switch, it can occur before or after the commit-to-new- 
task point (see Section 7.3, “Task Switching”). If it occurs before the commit point, no program state change 
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occurs. If it occurs after the commit point, the processor will load all the state information from the new TSS 
(without performing any additional limit, present, or type checks) before it generates the exception. The segment- 
not-present exception handler should not rely on being able to use the segment selectors found in the CS, SS, DS, 
ES, FS, and GS registers without causing another exception. (See the Program State Change description for “Inter- 
rupt 10—Invalid TSS Exception (#TS)” in this chapter for additional information on how to handle this situation.) 
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Interrupt 12—Stack Fault Exception (#SS) 


Exception Class Fault. 


Description 


Indicates that one of the following stack related conditions was detected: 


¢ A limit violation is detected during an operation that refers to the SS register. Operations that can cause a limit 
violation include stack-oriented instructions such as POP, PUSH, CALL, RET, IRET, ENTER, and LEAVE, as well as 
other memory references which implicitly or explicitly use the SS register (for example, MOV AX, [BP+6] or 
MOV AX, SS:[EAX+6]). The ENTER instruction generates this exception when there is not enough stack space 
for allocating local variables. 


¢ A not-present stack segment is detected when attempting to load the SS register. This violation can occur 
during the execution of a task switch, a CALL instruction to a different privilege level, a return to a different 
privilege level, an LSS instruction, or a MOV or POP instruction to the SS register. 


¢ Acanonical violation is detected in 64-bit mode during an operation that reference memory using the stack 
pointer register containing a non-canonical memory address. 


Recovery from this fault is possible by either extending the limit of the stack segment (in the case of a limit viola- 
tion) or loading the missing stack segment into memory (in the case of a not-present violation. 


In the case of a canonical violation that was caused intentionally by software, recovery is possible by loading the 
correct canonical value into RSP. Otherwise, a canonical violation of the address in RSP likely reflects some register 
corruption in the software. 


Exception Error Code 


If the exception is caused by a not-present stack segment or by overflow of the new stack during an inter-privilege- 
level call, the error code contains a segment selector for the segment that caused the exception. Here, the excep- 
tion handler can test the present flag in the segment descriptor pointed to by the segment selector to determine 
the cause of the exception. For a normal limit violation (on a stack segment already in use) the error code is set to 
0. 


Saved Instruction Pointer 


The saved contents of CS and EIP registers generally point to the instruction that generated the exception. 
However, when the exception results from attempting to load a not-present stack segment during a task switch, the 
CS and EIP registers point to the first instruction of the new task. 


Program State Change 


A program-state change does not generally accompany a stack-fault exception, because the instruction that gener- 
ated the fault is not executed. Here, the instruction can be restarted after the exception handler has corrected the 
stack fault condition. 


If a stack fault occurs during a task switch, it occurs after the commit-to-new-task point (see Section 7.3, “Task 
Switching”). Here, the processor loads all the state information from the new TSS (without performing any addi- 
tional limit, present, or type checks) before it generates the exception. The stack fault handler should thus not rely 
on being able to use the segment selectors found in the CS, SS, DS, ES, FS, and GS registers without causing 
another exception. The exception handler should check all segment registers before trying to resume the new 
task; otherwise, general protection faults may result later under conditions that are more difficult to diagnose. (See 
the Program State Change description for “Interrupt 10—Invalid TSS Exception (#TS)” in this chapter for additional 
information on how to handle this situation.) 
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Interrupt 13—General Protection Exception (#GP) 


Exception Class Fault. 


Description 


Indicates that the processor detected one of a class of protection violations called “general-protection violations.” 
The conditions that cause this exception to be generated comprise all the protection violations that do not cause 
other exceptions to be generated (such as, invalid-TSS, segment-not-present, stack-fault, or page-fault excep- 
tions). The following conditions cause general-protection exceptions to be generated: 


Exceeding the segment limit when accessing the CS, DS, ES, FS, or GS segments. 


Exceeding the segment limit when referencing a descriptor table (except during a task switch or a stack 
switch). 


Transferring execution to a segment that is not executable. 
Writing to a code segment or a read-only data segment. 
Reading from an execute-only code segment. 


Loading the SS register with a segment selector for a read-only segment (unless the selector comes from a TSS 
during a task switch, in which case an invalid-TSS exception occurs). 


Loading the SS, DS, ES, FS, or GS register with a segment selector for a system segment. 

Loading the DS, ES, FS, or GS register with a segment selector for an execute-only code segment. 
Loading the SS register with the segment selector of an executable segment or a null segment selector. 
Loading the CS register with a segment selector for a data segment or a null segment selector. 
Accessing memory using the DS, ES, FS, or GS register when it contains a null segment selector. 
Switching to a busy task during a call or jump to a TSS. 


Using a segment selector on a non-IRET task switch that points to a TSS descriptor in the current LDT. TSS 
descriptors can only reside in the GDT. This condition causes a #TS exception during an IRET task switch. 


Violating any of the privilege rules described in Chapter 5, “Protection.” 


Exceeding the instruction length limit of 15 bytes (this only can occur when redundant prefixes are placed 
before an instruction). 


Loading the CRO register with a set PG flag (paging enabled) and a clear PE flag (protection disabled). 
Loading the CRO register with a set NW flag and a clear CD flag. 
Referencing an entry in the IDT (following an interrupt or exception) that is not an interrupt, trap, or task gate. 


Attempting to access an interrupt or exception handler through an interrupt or trap gate from virtual-8086 
mode when the handler’s code segment DPL is greater than 0. 


Attempting to write a 1 into a reserved bit of CR4. 


Attempting to execute a privileged instruction when the CPL is not equal to 0 (see Section 5.9, “Privileged 
Instructions,” for a list of privileged instructions). 


Attempting to execute SGDT, SIDT, SLDT, SMSW, or STR when CR4.UMIP = 1 and the CPL is not equal to 0. 
Writing to a reserved bit in an MSR. 
Accessing a gate that contains a null segment selector. 


Executing the INT n instruction when the CPL is greater than the DPL of the referenced interrupt, trap, or task 
gate. 


The segment selector in a call, interrupt, or trap gate does not point to a code segment. 


The segment selector operand in the LLDT instruction is a local type (TI flag is set) or does not point to a 
segment descriptor of the LDT type. 


The segment selector operand in the LTR instruction is local or points to a TSS that is not available. 
The target code-segment selector for a call, jump, or return is null. 
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¢ If the PAE and/or PSE flag in control register CR4 is set and the processor detects any reserved bits in a page- 
directory-pointer-table entry set to 1. These bits are checked during a write to control registers CRO, CR3, or 
CR4 that causes a reloading of the page-directory-pointer-table entry. 


¢ Attempting to write a non-zero value into the reserved bits of the MXCSR register. 


° Executing an SSE/SSE2/SSE3 instruction that attempts to access a 128-bit memory location that is not aligned 
on a 16-byte boundary when the instruction requires 16-byte alignment. This condition also applies to the stack 
segment. 


A program or task can be restarted following any general-protection exception. If the exception occurs while 
attempting to call an interrupt handler, the interrupted program can be restartable, but the interrupt may be lost. 


Exception Error Code 


The processor pushes an error code onto the exception handler's stack. If the fault condition was detected while 
loading a segment descriptor, the error code contains a segment selector to or IDT vector number for the 
descriptor; otherwise, the error code is 0. The source of the selector in an error code may be any of the following: 


¢ An operand of the instruction. 

¢ Aselector from a gate which is the operand of the instruction. 
¢ A selector from a TSS involved in a task switch. 

¢ IDT vector number. 


Saved Instruction Pointer 


The saved contents of CS and EIP registers point to the instruction that generated the exception. 


Program State Change 


In general, a program-state change does not accompany a general-protection exception, because the invalid 
instruction or operation is not executed. An exception handler can be designed to correct all of the conditions that 
cause general-protection exceptions and restart the program or task without any loss of program continuity. 


If a general-protection exception occurs during a task switch, it can occur before or after the commit-to-new-task 
point (see Section 7.3, “Task Switching”). If it occurs before the commit point, no program state change occurs. If 
it occurs after the commit point, the processor will load all the state information from the new TSS (without 
performing any additional limit, present, or type checks) before it generates the exception. The general-protection 
exception handler should thus not rely on being able to use the segment selectors found in the CS, SS, DS, ES, FS, 
and GS registers without causing another exception. (See the Program State Change description for “Interrupt 
10—Invalid TSS Exception (#TS)” in this chapter for additional information on how to handle this situation. ) 


General Protection Exception in 64-bit Mode 

The following conditions cause general-protection exceptions in 64-bit mode: 

¢ If the memory address is in a non-canonical form. 

¢ If asegment descriptor memory address is in non-canonical form. 

e If the target offset in a destination operand of a call or jmp is in a non-canonical form. 
° If acode segment or 64-bit call gate overlaps non-canonical space. 


¢ If the code segment descriptor pointed to by the selector in the 64-bit gate doesn't have the L-bit set and the 
D-bit clear. 


e If the EFLAGS.NT bit is set in IRET. 

e If the stack segment selector of IRET is null when going back to compatibility mode. 

e If the stack segment selector of IRET is null going back to CPL3 and 64-bit mode. 

¢ If a null stack segment selector RPL of IRET is not equal to CPL going back to non-CPL3 and 64-bit mode. 
° If the proposed new code segment descriptor of IRET has both the D-bit and the L-bit set. 
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If the segment descriptor pointed to by the segment selector in the destination operand is a code segment and 
it has both the D-bit and the L-bit set. 


If the segment descriptor from a 64-bit call gate is in non-canonical space. 

If the DPL from a 64-bit call-gate is less than the CPL or than the RPL of the 64-bit call-gate. 
If the type field of the upper 64 bits of a 64-bit call gate is not 0. 

If an attempt is made to load a null selector in the SS register in compatibility mode. 

If an attempt is made to load null selector in the SS register in CPL3 and 64-bit mode. 


If an attempt is made to load a null selector in the SS register in non-CPL3 and 64-bit mode where RPL is not 
equal to CPL. 


If an attempt is made to clear CRO.PG while IA-32e mode is enabled. 
If an attempt is made to set a reserved bit in CR3, CR4 or CR8. 
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Interrupt 14—Page-Fault Exception (HPF) 


Exception Class Fault. 


Description 


Indicates that, with paging enabled (the PG flag in the CRO register is set), the processor detected one of the 
following conditions while using the page-translation mechanism to translate a linear address to a physical 
address: 


The P (present) flag in a page-directory or page-table entry needed for the address translation is clear, 
indicating that a page table or the page containing the operand is not present in physical memory. 


The procedure does not have sufficient privilege to access the indicated page (that is, a procedure running in 
user mode attempts to access a supervisor-mode page). If the SMAP flag is set in CR4, a page fault may also 
be triggered by code running in supervisor mode that tries to access data at a user-mode address. If either the 
PKE flag or the PKS flag is set in CR4, the protection-key rights registers may cause page faults on data 
accesses to linear addresses with certain protection keys. 


Code running in user mode attempts to write to a read-only page. If the WP flag is set in CRO, the page fault 
will also be triggered by code running in supervisor mode that tries to write to a read-only page. 


An instruction fetch to a linear address that translates to a physical address in a memory page with the 
execute-disable bit set (for information about the execute-disable bit, see Chapter 4, “Paging”). If the SMEP 
flag is set in CR4, a page fault will also be triggered by code running in supervisor mode that tries to fetch an 
instruction from a user-mode address. 


One or more reserved bits in paging-structure entry are set to 1. See description below of RSVD error code flag. 


A shadow-stack access is made to a page that is not a shadow-stack page. See Section 18.2, “Shadow Stacks” 
in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 and Chapter 4.6, “Access 
Rights.” 


An enclave access violates one of the specified access-control requirements. See Section 34.3, “Access-control 
Requirements” and Section 34.20, “Enclave Page Cache Map (EPCM)” in Chapter 34, “Enclave Access Control 
and Data Structures.” In this case, the exception is called an SGX-induced page fault. The processor uses the 
error code (below) to distinguish SGX-induced page faults from ordinary page faults. 


The exception handler can recover from page-not-present conditions and restart the program or task without any 
loss of program continuity. It can also restart the program or task after a privilege violation, but the problem that 
caused the privilege violation may be uncorrectable. 


See also: Section 4.7, “Page-Fault Exceptions.” 


Exception Error Code 


Yes (special format). The processor provides the page-fault handler with two items of information to aid in diag- 
nosing the exception and recovering from it: 


An error code on the stack. The error code for a page fault has a format different from that for other exceptions 

(see Figure 6-11). The processor establishes the bits in the error code as follows: 

— P flag (bit 0). 
This flag is O if there is no translation for the linear address because the P flag was 0 in one of the paging- 
structure entries used to translate that address. 

— WYR (bit 1). 
If the access causing the page-fault exception was a write, this flag is 1; otherwise, it is 0. This flag 
describes the access causing the page-fault exception, not the access rights specified by paging. 

— U/S (bit 2). 
If a user-mode access caused the page-fault exception, this flag is 1; it is 0 if a supervisor-mode access did 
so. This flag describes the access causing the page-fault exception, not the access rights specified by 
paging. 
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RSVD flag (bit 3). 
This flag is 1 if there is no translation for the linear address because a reserved bit was set in one of the 
paging-structure entries used to translate that address. 


I/D flag (bit 4). 
This flag is 1 if the access causing the page-fault exception was an instruction fetch. This flag describes the 
access causing the page-fault exception, not the access rights specified by paging. 


PK flag (bit 5). 
This flag is 1 if the access causing the page-fault exception was a data access to a linear address with a 
protection key for which the protection-key rights registers disallow access. 


SS (bit 6). 

If the access causing the page-fault exception was a shadow-stack access (including shadow-stack 
accesses in enclave mode), this flag is 1; otherwise, it is 0. This flag describes the access causing the page- 
fault exception, not the access rights specified by paging. 


HLAT (bit 7). 

This flag is 1 if there is no translation for the linear address using HLAT paging because, in one of the 
paging-structure entries used to translate that address, either the P flag was O or a reserved bit was set. An 
error code will set this flag only if it clears bit 0 or sets bit 3. This flag will not be set by a page fault resulting 
from a violation of access rights, nor for one encountered during ordinary paging, including the case in 
which there has been a restart of HLAT paging. 


SGX flag (bit 15). 

This flag is 1 if the exception is unrelated to paging and resulted from violation of SGX-specific access- 
control requirements. Because such a violation can occur only if there is no ordinary page fault, this flag is 
set only if the P flag (bit 0) is 1 and the RSVD flag (bit 3) and the PK flag (bit 5) are both 0. 


See Section 4.6, “Access Rights” and Section 4.7, “Page-Fault Exceptions” for more information about page- 
fault exceptions and the error codes that they produce. 


Vol. 3A 6-45 


INTERRUPT AND EXCEPTION HANDLING 


31 


5 


Sss|> 
Md} 
Qi] = 
GASY| & 
sin} ™ 
YM} > 
dlo 


va 
g = 
Reserved x Reserved Pa 


P 0 The fault was caused by a non-present page. 
1 The fault was caused by a page-level protection violation. 


The access causing the fault was a read. 
The access causing the fault was a write. 
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U/S 0 A supervisor-mode access caused the fault. 
1 A user-mode access caused the fault. 


RSVD___O The fault was not caused by reserved bit violation. 
1 The fault was caused by a reserved bit set to 1 in some 
paging-structure entry. 


V/D 0 The fault was not caused by an instruction fetch. 
1 The fault was caused by an instruction fetch. 


PK 0 The fault was not caused by protection keys. 
1 There was a protection-key violation. 


Ss 0 The fault was not caused by a shadow-stack access. 
1 The fault was caused by a shadow-stack access. 


HLAT O The fault occurred during ordinary paging or due to access rights. 
The fault occurred during HLAT paging. 


= 


SGX 0 The fault is not related to SGX. 
The fault resulted from violation of SGX-specific access-control 
requirements. 


= 


Figure 6-11. Page-Fault Error Code 


¢ The contents of the CR2 register. The processor loads the CR2 register with the 32-bit linear address that 
generated the exception. The page-fault handler can use this address to locate the corresponding page 
directory and page-table entries. Another page fault can potentially occur during execution of the page-fault 
handler; the handler should save the contents of the CR2 register before a second page fault can occur.® If a 
page fault is caused by a page-level protection violation, the access flag in the page-directory entry is set when 
the fault occurs. The behavior of IA-32 processors regarding the access flag in the corresponding page-table 
entry is model specific and not architecturally defined. 


Saved Instruction Pointer 


The saved contents of CS and EIP registers generally point to the instruction that generated the exception. If the 
page-fault exception occurred during a task switch, the CS and EIP registers may point to the first instruction of the 
new task (as described in the following “Program State Change” section). 


Program State Change 


A program-state change does not normally accompany a page-fault exception, because the instruction that causes 
the exception to be generated is not executed. After the page-fault exception handler has corrected the violation 
(for example, loaded the missing page into memory), execution of the program or task can be resumed. 


6. Processors update CR2 whenever a page fault is detected. If a second page fault occurs while an earlier page fault is being deliv- 
ered, the faulting linear address of the second fault will overwrite the contents of CR2 (replacing the previous address). These 
updates to CR2 occur even if the page fault results in a double fault or occurs during the delivery of a double fault. 
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When a page-fault exception is generated during a task switch, the program-state may change, as follows. During 
a task switch, a page-fault exception can occur during any of following operations: 


¢ While writing the state of the original task into the TSS of that task. 

¢ While reading the GDT to locate the TSS descriptor of the new task. 

¢ While reading the TSS of the new task. 

¢ While reading segment descriptors associated with segment selectors from the new task. 

¢ While reading the LDT of the new task to verify the segment registers stored in the new TSS. 


In the last two cases the exception occurs in the context of the new task. The instruction pointer refers to the first 
instruction of the new task, not to the instruction which caused the task switch (or the last instruction to be 
executed, in the case of an interrupt). If the design of the operating system permits page faults to occur during 
task-switches, the page-fault handler should be called through a task gate. 


If a page fault occurs during a task switch, the processor will load all the state information from the new TSS 
(without performing any additional limit, present, or type checks) before it generates the exception. The page-fault 
handler should thus not rely on being able to use the segment selectors found in the CS, SS, DS, ES, FS, and GS 
registers without causing another exception. (See the Program State Change description for “Interrupt 10—Invalid 
TSS Exception (#TS)” in this chapter for additional information on how to handle this situation.) 


Additional Exception-Handling Information 


Special care should be taken to ensure that an exception that occurs during an explicit stack switch does not cause 
the processor to use an invalid stack pointer (SS:ESP). Software written for 16-bit IA-32 processors often use a 
pair of instructions to change to a new stack, for example: 


MOV SS, AX 
MOV SP, StackTop 


When executing this code on one of the 32-bit IA-32 processors, it is possible to get a page fault, general-protec- 
tion fault (#GP), or alignment check fault (#AC) after the segment selector has been loaded into the SS register 
but before the ESP register has been loaded. At this point, the two parts of the stack pointer (SS and ESP) are 
inconsistent. The new stack segment is being used with the old stack pointer. 


The processor does not use the inconsistent stack pointer if the exception handler switches to a well defined stack 
(that is, the handler is a task or a more privileged procedure). However, if the exception handler is called at the 
same privilege level and from the same task, the processor will attempt to use the inconsistent stack pointer. 


In systems that handle page-fault, general-protection, or alignment check exceptions within the faulting task (with 
trap or interrupt gates), software executing at the same privilege level as the exception handler should initialize a 
new stack by using the LSS instruction rather than a pair of MOV instructions, as described earlier in this note. 
When the exception handler is running at privilege level 0 (the normal case), the problem is limited to procedures 
or tasks that run at privilege level 0, typically the kernel of the operating system. 
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Interrupt 16—x87 FPU Floating-Point Error (#MF) 


Exception Class Fault. 


Description 


Indicates that the x87 FPU has detected a floating-point error. The NE flag in the register CRO must be set for an 
interrupt 16 (floating-point error exception) to be generated. (See Section 2.5, “Control Registers,” for a detailed 
description of the NE flag.) 


NOTE 
SIMD floating-point exceptions (#XM) are signaled through interrupt 19. 


While executing x87 FPU instructions, the x87 FPU detects and reports six types of floating-point error conditions: 
¢ Invalid operation (#1) 
— Stack overflow or underflow (#IS) 
— Invalid arithmetic operation (#IA) 
° Divide-by-zero (#Z) 
¢ Denormalized operand (#D) 
° Numeric overflow (#0) 
° Numeric underflow (#U) 
¢  Inexact result (precision) (#P) 


Each of these error conditions represents an x87 FPU exception type, and for each of exception type, the x87 FPU 
provides a flag in the x87 FPU status register and a mask bit in the x87 FPU control register. If the x87 FPU detects 
a floating-point error and the mask bit for the exception type is set, the x87 FPU handles the exception automati- 
cally by generating a predefined (default) response and continuing program execution. The default responses have 
been designed to provide a reasonable result for most floating-point applications. 


If the mask for the exception is clear and the NE flag in register CRO is set, the x87 FPU does the following: 
1. Sets the necessary flag in the FPU status register. 


2. Waits until the next “waiting” x87 FPU instruction or WAIT/FWAIT instruction is encountered in the program’s 
instruction stream. 


3. Generates an internal error signal that cause the processor to generate a floating-point exception (#MF). 


Prior to executing a waiting x87 FPU instruction or the WAIT/FWAIT instruction, the x87 FPU checks for pending x87 
FPU floating-point exceptions (as described in step 2 above). Pending x87 FPU floating-point exceptions are 
ignored for “non-waiting” x87 FPU instructions, which include the FNINIT, FNCLEX, FNSTSW, FNSTSW AX, FNSTCW, 
FNSTENV, and FNSAVE instructions. Pending x87 FPU exceptions are also ignored when executing the state 
management instructions FXSAVE and FXRSTOR. 


All of the x87 FPU floating-point error conditions can be recovered from. The x87 FPU floating-point-error exception 
handler can determine the error condition that caused the exception from the settings of the flags in the x87 FPU 
status word. See “Software Exception Handling” in Chapter 8 of the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1, for more information on handling x87 FPU floating-point exceptions. 


Exception Error Code 
None. The x87 FPU provides its own error information. 


Saved Instruction Pointer 


The saved contents of CS and EIP registers point to the floating-point or WAIT/FWAIT instruction that was about to 
be executed when the floating-point-error exception was generated. This is not the faulting instruction in which the 
error condition was detected. The address of the faulting instruction is contained in the x87 FPU instruction pointer 
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register. See Section 8.1.8, “x87 FPU Instruction and Data (Operand) Pointers” in Chapter 8 of the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 1, for more information about information the FPU saves 
for use in handling floating-point-error exceptions. 


Program State Change 


A program-state change generally accompanies an x87 FPU floating-point exception because the handling of the 
exception is delayed until the next waiting x87 FPU floating-point or WAIT/FWAIT instruction following the faulting 
instruction. The x87 FPU, however, saves sufficient information about the error condition to allow recovery from the 
error and re-execution of the faulting instruction if needed. 


In situations where non- x87 FPU floating-point instructions depend on the results of an x87 FPU floating-point 
instruction, a WAIT or FWAIT instruction can be inserted in front of a dependent instruction to force a pending x87 
FPU floating-point exception to be handled before the dependent instruction is executed. See “x87 FPU Exception 
Synchronization” in Chapter 8 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, 
for more information about synchronization of x87 floating-point-error exceptions. 
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Interrupt 17—Alignment Check Exception (#AC) 


Exception Class Fault. 


Description 


Indicates that the processor detected an unaligned memory operand when alignment checking was enabled. Align- 
ment checks are only carried out in data (or stack) accesses (not in code fetches or system segment accesses). An 
example of an alignment-check violation is a word stored at an odd byte address, or a doubleword stored at an 
address that is not an integer multiple of 4. Table 6-7 lists the alignment requirements various data types recog- 
nized by the processor. 


Table 6-7. Alignment Requirements by Data Type 
Data Type Address Must Be Divisible By 
Word 


Doubleword 


Single-precision floating-point (32-bits) 
Double-precision floating-point (64-bits) 
Double extended-precision floating-point (80-bits) 


Quadword 


an 


Double quadword 
Segment Selector 
32-bit Far Pointer 
48-bit Far Pointer 
32-bit Pointer 
GDTR, IDTR, LDTR, or Task Register Contents 4 

FSTENV/FLDENV Save Area 4 or 2, depending on operand size 
FSAVE/FRSTOR Save Area 4 or 2, depending on operand size 

Bit String 2 or 4 depending on the operand-size attribute. 


BBN NY S| DO O O Ff LF LY 


Note that the alignment check exception (#AC) is generated only for data types that must be aligned on word, 
doubleword, and quadword boundaries. A general-protection exception (#GP) is generated 128-bit data types that 
are not aligned on a 16-byte boundary. 


To enable alignment checking, the following conditions must be true: 

¢ AM flag in CRO register is set. 

°* AC flag in the EFLAGS register is set. 

¢ The CPL is 3 (including virtual-8086 mode). 

Alignment-check exceptions (#AC) are generated only when operating at privilege level 3 (user mode). Memory 


references that default to privilege level 0, such as segment descriptor loads, do not generate alignment-check 
exceptions, even when caused by a memory reference made from privilege level 3. 


Storing the contents of the GDTR, IDTR, LDTR, or task register in memory while at privilege level 3 can generate 
an alignment-check exception. Although application programs do not normally store these registers, the fault can 
be avoided by aligning the information stored on an even word-address. 


The FXSAVE/XSAVE and FXRSTOR/XRSTOR instructions save and restore a 512-byte data structure, the first byte 
of which must be aligned on a 16-byte boundary. If the alignment-check exception (#AC) is enabled when 
executing these instructions (and CPL is 3), a misaligned memory operand can cause either an alignment-check 
exception or a general-protection exception (#GP) depending on the processor implementation (see “FXSAVE-Save 
x87 FPU, MMX, SSE, and SSE2 State” and “FXRSTOR-Restore x87 FPU, MMX, SSE, and SSE2 State” in Chapter 3 
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of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A; see “XSAVE—Save Processor 
Extended States” and “XRSTOR—Restore Processor Extended States” in Chapter 5 of the Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 2C). 


The MOVDQU, MOVUPS, and MOVUPD instructions perform 128-bit unaligned loads or stores. The LDDQU instruc- 
tions loads 128-bit unaligned data. They do not generate general-protection exceptions (#GP) when operands are 
not aligned on a 16-byte boundary. If alignment checking is enabled, alignment-check exceptions (#AC) may or 
may not be generated depending on processor implementation when data addresses are not aligned on an 8-byte 
boundary. 


FSAVE and FRSTOR instructions can generate unaligned references, which can cause alignment-check faults. 
These instructions are rarely needed by application programs. 


Exception Error Code 


Yes. The error code is null; all bits are clear except possibly bit 0 — EXT; see Section 6.13. EXT is set if the #AC is 
recognized during delivery of an event other than a software interrupt (see “INT n/INTO/INT3/INT1—Call to Inter- 
rupt Procedure” in Chapter 3 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A). 


Saved Instruction Pointer 
The saved contents of CS and EIP registers point to the instruction that generated the exception. 


Program State Change 
A program-state change does not accompany an alignment-check fault, because the instruction is not executed. 
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Interrupt 18—Machine-Check Exception (#MC) 


Exception Class Abort. 


Description 


Indicates that the processor detected an internal machine error or a bus error, or that an external agent detected 
a bus error. The machine-check exception is model-specific, available on the Pentium and later generations of 
processors. The implementation of the machine-check exception is different between different processor families, 
and these implementations may not be compatible with future Intel 64 or IA-32 processors. (Use the CPUID 
instruction to determine whether this feature is present.) 


Bus errors detected by external agents are signaled to the processor on dedicated pins: the BINIT# and MCERR# 
pins on the Pentium 4, Intel Xeon, and P6 family processors and the BUSCHK# pin on the Pentium processor. When 
one of these pins is enabled, asserting the pin causes error information to be loaded into machine-check registers 
and a machine-check exception is generated. 


The machine-check exception and machine-check architecture are discussed in detail in Chapter 15, “Machine- 
Check Architecture.” Also, see the data books for the individual processors for processor-specific hardware infor- 
mation. 


Exception Error Code 


None. Error information is provided by machine-check MSRs. 


Saved Instruction Pointer 


For the Pentium 4 and Intel Xeon processors, the saved contents of extended machine-check state registers are 
directly associated with the error that caused the machine-check exception to be generated (see Section 15.3.1.2, 
“TA32_MCG_STATUS MSR,” and Section 15.3.2.6, “IA32_MCG Extended Machine Check State MSRs”). 


For the P6 family processors, if the EIPV flag in the MCG_STATUS MSR is set, the saved contents of CS and EIP 
registers are directly associated with the error that caused the machine-check exception to be generated; if the flag 
is clear, the saved instruction pointer may not be associated with the error (see Section 15.3.1.2, 
“TA32_MCG_STATUS MSR"). 


For the Pentium processor, contents of the CS and EIP registers may not be associated with the error. 


Program State Change 
The machine-check mechanism is enabled by setting the MCE flag in control register CR4. 


For the Pentium 4, Intel Xeon, P6 family, and Pentium processors, a program-state change always accompanies a 
machine-check exception, and an abort class exception is generated. For abort exceptions, information about the 
exception can be collected from the machine-check MSRs, but the program cannot generally be restarted. 


If the machine-check mechanism is not enabled (the MCE flag in control register CR4 is clear), a machine-check 
exception causes the processor to enter the shutdown state. 
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Interrupt 19—SIMD Floating-Point Exception (#XM) 


Exception Class Fault. 


Description 


Indicates the processor has detected an SSE/SSE2/SSE3 SIMD floating-point exception. The appropriate status 
flag in the MXCSR register must be set and the particular exception unmasked for this interrupt to be generated. 


There are six classes of numeric exception conditions that can occur while executing an SSE/ SSE2/SSE3 SIMD 
floating-point instruction: 


¢ Invalid operation (#1) 

* Divide-by-zero (#Z) 

¢ Denormal operand (#D) 

¢ Numeric overflow (#0) 

¢ Numeric underflow (#U) 

¢  Inexact result (Precision) (#P) 


The invalid operation, divide-by-zero, and denormal-operand exceptions are pre-computation exceptions; that is, 
they are detected before any arithmetic operation occurs. The numeric underflow, numeric overflow, and inexact 
result exceptions are post-computational exceptions. 


See “SIMD Floating-Point Exceptions” in Chapter 11 of the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1, for additional information about the SIMD floating-point exception classes. 


When a SIMD floating-point exception occurs, the processor does either of the following things: 


e It handles the exception automatically by producing the most reasonable result and allowing program 
execution to continue undisturbed. This is the response to masked exceptions. 


¢ It generates a SIMD floating-point exception, which in turn invokes a software exception handler. This is the 
response to unmasked exceptions. 


Each of the six SIMD floating-point exception conditions has a corresponding flag bit and mask bit in the MXCSR 
register. If an exception is masked (the corresponding mask bit in the MXCSR register is set), the processor takes 
an appropriate automatic default action and continues with the computation. If the exception is unmasked (the 
corresponding mask bit is clear) and the operating system supports SIMD floating-point exceptions (the OSXM- 
MEXCPT flag in control register CR4 is set), a software exception handler is invoked through a SIMD floating-point 
exception. If the exception is unmasked and the OSXMMEXCPT bit is clear (indicating that the operating system 
does not support unmasked SIMD floating-point exceptions), an invalid opcode exception (#UD) is signaled instead 
of a SIMD floating-point exception. 


Note that because SIMD floating-point exceptions are precise and occur immediately, the situation does not arise 
where an x87 FPU instruction, a WAIT/FWAIT instruction, or another SSE/SSE2/SSE3 instruction will catch a 
pending unmasked SIMD floating-point exception. 


In situations where a SIMD floating-point exception occurred while the SIMD floating-point exceptions were 
masked (causing the corresponding exception flag to be set) and the SIMD floating-point exception was subse- 
quently unmasked, then no exception is generated when the exception is unmasked. 


When SSE/SSE2/SSE3 SIMD floating-point instructions operate on packed operands (made up of two or four sub- 
operands), multiple SIMD floating-point exception conditions may be detected. If no more than one exception 
condition is detected for one or more sets of sub-operands, the exception flags are set for each exception condition 
detected. For example, an invalid exception detected for one sub-operand will not prevent the reporting of a divide- 
by-zero exception for another sub-operand. However, when two or more exceptions conditions are generated for 
one sub-operand, only one exception condition is reported, according to the precedences shown in Table 6-8. This 
exception precedence sometimes results in the higher priority exception condition being reported and the lower 
priority exception conditions being ignored. 
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Table 6-8. SIMD Floating-Point Exceptions Priority 


Priority Description 


1 (Highest) Invalid operation exception due to SNaN operand (or any NaN operand for maximum, minimum, or certain compare and 
convert operations). 


QNaN operand!. 


2 
3 Any other invalid operation exception not mentioned above or a divide-by-zero exception®. 
4 


Denormal operand exception®. 


5 Numeric overflow and underflow exceptions possibly in conjunction with the inexact result exception®. 


6 (Lowest) Inexact result exception. 


NOTES: 


1. Though a QNaN this is not an exception, the handling of a QNaN operand has precedence over lower priority exceptions. For exam- 
ple, a QNaN divided by zero results in a QNaN, not a divide-by-zero- exception. 


2. If masked, then instruction execution continues, and a lower priority exception can occur as well. 
Exception Error Code 
None. 


Saved Instruction Pointer 


The saved contents of CS and EIP registers point to the SSE/SSE2/SSE3 instruction that was executed when the 
SIMD floating-point exception was generated. This is the faulting instruction in which the error condition was 
detected. 


Program State Change 


A program-state change does not accompany a SIMD floating-point exception because the handling of the excep- 
tion is immediate unless the particular exception is masked. The available state information is often sufficient to 
allow recovery from the error and re-execution of the faulting instruction if needed. 
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Interrupt 20—Virtualization Exception (#VE) 


Exception Class Fault. 


Description 


Indicates that the processor detected an EPT violation in VMX non-root operation. Not all EPT violations cause 
virtualization exceptions. See Section 25.5.7.2 for details. 


The exception handler can recover from EPT violations and restart the program or task without any loss of program 
continuity. In some cases, however, the problem that caused the EPT violation may be uncorrectable. 


Exception Error Code 
None. 


Saved Instruction Pointer 
The saved contents of CS and EIP registers generally point to the instruction that generated the exception. 


Program State Change 


A program-state change does not normally accompany a virtualization exception, because the instruction that 
causes the exception to be generated is not executed. After the virtualization exception handler has corrected the 
violation (for example, by executing the EPTP-switching VM function), execution of the program or task can be 
resumed. 


Additional Exception-Handling Information 


The processor saves information about virtualization exceptions in the virtualization-exception information area. 
See Section 25.5.7.2 for details. 
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Interrupt 21—Control Protection Exception (#CP) 


Exception Class Fault. 


Description 
Indicates a control flow transfer attempt violated the control flow enforcement technology constraints. 


Exception Error Code 


Yes (special format). The processor provides the control protection exception handler with following information 
through the error code on the stack. 


31 15 14 0 


ENCL 


CPEC 


| 
Reserved 


Figure 6-12. Exception Error Code Information 


°  =Bit 14:0 - CPEC 
— 1- NEAR-RET: Indicates the #CP was caused by a near RET instruction. 
— 2- FAR-RET/IRET: Indicates the #CP was caused by a FAR RET or IRET instruction. 


— 3-ENDBRANCH: indicates the #CP was due to missing ENDBRANCH at target of an indirect call or jump 
instruction. 


— 4-RSTORSSP: Indicates the #CP was caused by a shadow-stack-restore token check failure in the 
RSTORSSP instruction. 


— 5-SETSSBSY: Indicates #CP was caused by a supervisor shadow stack token check failure in the SETSSBSY 
instruction. 


¢  =Bit 15 (ENCL) of the error code, if set to 1, indicates the #CP occurred during enclave execution. 


Saved Instruction Pointer 
The saved contents of the CS and EIP registers generally point to the instruction that generated the exception. 


Program State Change 


A program-state change does not normally accompany a control protection exception, because the instruction that 
causes the exception to be generated is not executed. 


When a control protection exception is generated during a task switch, the program-state may change as follows. 
During a task switch, a control protection exception can occur during any of following operations: 


¢ If task switch is initiated by IRET, CS and LIP stored on old task shadow stack do not match CS and LIP of new 
task (where LIP is the linear address of the return address). 


¢ If task switch is initiated by IRET and SSP of new task loaded from shadow stack of old task (if new task CPL is 
< 3), OR the SSP from IA32_PL3_SSP (if new task CPL = 3) is not aligned to 4 bytes or is a value beyond 4GB. 


6-56 Vol. 3A 


INTERRUPT AND EXCEPTION HANDLING 


In these cases the exception occurs in the context of the new task. The instruction pointer refers to the first instruc- 
tion of the new task, not to the instruction which caused the task switch (or the last instruction to be executed, in 
the case of an interrupt). If the design of the operating system permits control protection faults to occur during 
task-switches, the control protection fault handler should be called through a task gate. 
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Interrupts 32 to 255—User Defined Interrupts 


Exception Class Not applicable. 


Description 


Indicates that the processor did one of the following things: 
¢ Executed an INT rn instruction where the instruction operand is one of the vector numbers from 32 through 255. 


¢ Responded to an interrupt request at the INTR pin or from the local APIC when the interrupt vector number 
associated with the request is from 32 through 255. 


Exception Error Code 
Not applicable. 


Saved Instruction Pointer 


The saved contents of CS and EIP registers point to the instruction that follows the INT rn instruction or instruction 
following the instruction on which the INTR signal occurred. 


Program State Change 


A program-state change does not accompany interrupts generated by the INT rn instruction or the INTR signal. The 
INT rn instruction generates the interrupt within the instruction stream. When the processor receives an INTR 
signal, it commits all state changes for all previous instructions before it responds to the interrupt; so, program 
execution can resume upon returning from the interrupt handler. 
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This chapter describes the IA-32 architecture's task management facilities. These facilities are only available when 
the processor is running in protected mode. 


This chapter focuses on 32-bit tasks and the 32-bit TSS structure. For information on 16-bit tasks and the 16-bit 
TSS structure, see Section 7.6, “16-Bit Task-State Segment (TSS).” For information specific to task management in 
64-bit mode, see Section 7.7, “Task Management in 64-bit Mode.” 


7.1 TASK MANAGEMENT OVERVIEW 


A task is a unit of work that a processor can dispatch, execute, and suspend. It can be used to execute a program, 
a task or process, an operating-system service utility, an interrupt or exception handler, or a kernel or executive 
utility. 


The IA-32 architecture provides a mechanism for saving the state of a task, for dispatching tasks for execution, and 
for switching from one task to another. When operating in protected mode, all processor execution takes place from 
within a task. Even simple systems must define at least one task. More complex systems can use the processor’s 
task management facilities to support multitasking applications. 


7.1.1 Task Structure 


A task is made up of two parts: a task execution space and a task-state segment (TSS). The task execution space 
consists of a code segment, a stack segment, and one or more data segments (see Figure 7-1). If an operating 
system or executive uses the processor's privilege-level protection mechanism, the task execution space also 
provides a separate stack for each privilege level. 


The TSS specifies the segments that make up the task execution space and provides a storage place for task state 
information. In multitasking systems, the TSS also provides a mechanism for linking tasks. 


A task is identified by the segment selector for its TSS. When a task is loaded into the processor for execution, the 
segment selector, base address, limit, and segment descriptor attributes for the TSS are loaded into the task 
register (see Section 2.4.4, “Task Register (TR)”). 


If paging is implemented for the task, the base address of the page directory used by the task is loaded into control 
register CR3. 
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Figure 7-1. Structure of a Task 


7.1.2 Task State 


The following items define the state of the currently executing task: 


¢ The task’s current execution space, defined by the segment selectors in the segment registers (CS, DS, SS, ES, 
FS, and GS). 


¢ The state of the general-purpose registers. 

¢ The state of the EFLAGS register. 

¢ The state of the EIP register. 

¢ The state of control register CR3. 

° The state of the task register. 

¢ The state of the LDTR register. 

¢ The I/O map base address and I/O map (contained in the TSS). 

¢ Stack pointers to the privilege 0, 1, and 2 stacks (contained in the TSS). 
¢ Link to previously executed task (contained in the TSS). 

° The state of the shadow stack pointer (SSP). 


Prior to dispatching a task, all of these items are contained in the task’s TSS, except the state of the task register. 
Also, the complete contents of the LDTR register are not contained in the TSS, only the segment selector for the 
LDT. 


713 Executing a Task 


Software or the processor can dispatch a task for execution in one of the following ways: 

¢ A explicit call to a task with the CALL instruction. 

¢ Aexplicit jump to a task with the JMP instruction. 

¢ An implicit call (by the processor) to an interrupt-handler task. 

¢ An implicit call to an exception-handler task. 

¢ Areturn (initiated with an IRET instruction) when the NT flag in the EFLAGS register is set. 


All of these methods for dispatching a task identify the task to be dispatched with a segment selector that points to 
a task gate or the TSS for the task. When dispatching a task with a CALL or JMP instruction, the selector in the 
instruction may select the TSS directly or a task gate that holds the selector for the TSS. When dispatching a task 
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to handle an interrupt or exception, the IDT entry for the interrupt or exception must contain a task gate that holds 
the selector for the interrupt- or exception-handler TSS. 


When a task is dispatched for execution, a task switch occurs between the currently running task and the 
dispatched task. During a task switch, the execution environment of the currently executing task (called the task’s 
state or context) is saved in its TSS and execution of the task is suspended. The context for the dispatched task is 
then loaded into the processor and execution of that task begins with the instruction pointed to by the newly loaded 
EIP register. If the task has not been run since the system was last initialized, the EIP will point to the first instruc- 
tion of the task’s code; otherwise, it will point to the next instruction after the last instruction that the task 
executed when it was last active. 


If the currently executing task (the calling task) called the task being dispatched (the called task), the TSS 
segment selector for the calling task is stored in the TSS of the called task to provide a link back to the calling task. 


For all IA-32 processors, tasks are not recursive. A task cannot call or jump to itself. 


Interrupts and exceptions can be handled with a task switch to a handler task. Here, the processor performs a task 
switch to handle the interrupt or exception and automatically switches back to the interrupted task upon returning 
from the interrupt-handler task or exception-handler task. This mechanism can also handle interrupts that occur 
during interrupt tasks. 


As part of a task switch, the processor can also switch to another LDT, allowing each task to have a different logical- 
to-physical address mapping for LDT-based segments. The page-directory base register (CR3) also is reloaded ona 
task switch, allowing each task to have its own set of page tables. These protection facilities help isolate tasks and 
prevent them from interfering with one another. 


If protection mechanisms are not used, the processor provides no protection between tasks. This is true even with 
operating systems that use multiple privilege levels for protection. A task running at privilege level 3 that uses the 
same LDT and page tables as other privilege-level-3 tasks can access code and corrupt data and the stack of other 
tasks. 


Use of task management facilities for handling multitasking applications is optional. Multitasking can be handled in 
software, with each software defined task executed in the context of a single IA-32 architecture task. 


If shadow stack is enabled, then the SSP of the task is located at the 4 bytes at offset 104 in the 32-bit TSS and is 
used by the processor to establish the SSP when a task switch occurs from a task associated with this TSS. Note 
that the processor does not write the SSP of the task initiating the task switch to the TSS of that task, and instead 
the SSP of the previous task is pushed onto the shadow stack of the new task. 


7.2 TASK MANAGEMENT DATA STRUCTURES 


The processor defines five data structures for handling task-related activities: 
° Task-state segment (TSS). 

¢ Task-gate descriptor. 

¢ TSS descriptor. 

° Task register. 

¢ NT flag in the EFLAGS register. 


When operating in protected mode, a TSS and TSS descriptor must be created for at least one task, and the 
segment selector for the TSS must be loaded into the task register (using the LTR instruction). 


7.2.1 Task-State Segment (TSS) 


The processor state information needed to restore a task is saved in a system segment called the task-state 
segment (TSS). Figure 7-2 shows the format of a TSS for tasks designed for 32-bit CPUs. The fields of a TSS are 
divided into two main categories: dynamic fields and static fields. 


For information about 16-bit Intel 286 processor task structures, see Section 7.6, “16-Bit Task-State Segment 
(TSS).” For information about 64-bit mode task structures, see Section 7.7, “Task Management in 64-bit Mode.” 
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Figure 7-2. 32-Bit Task-State Segment (TSS) 


The processor updates dynamic fields when a task is suspended during a task switch. The following are dynamic 


fields: 


¢ General-purpose register fields — State of the EAX, ECX, EDX, EBX, ESP, EBP, ESI, and EDI registers prior 


to the task switch. 


¢ Segment selector fields — Segment selectors stored in the ES, CS, SS, DS, FS, and GS registers prior to the 


task switch. 


¢ EFLAGS register field — State of the EFLAGS register prior to the task switch. 
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¢  EIP (instruction pointer) field — State of the EIP register prior to the task switch. 


° Previous task link field — Contains the segment selector for the TSS of the previous task (updated on a task 
switch that was initiated by a call, interrupt, or exception). This field (which is sometimes called the back link 
field) permits a task switch back to the previous task by using the IRET instruction. 


The processor reads the static fields, but does not normally change them. These fields are set up when a task is 
created. The following are static fields: 


¢ LDT segment selector field — Contains the segment selector for the task's LDT. 


¢ CR3 control register field — Contains the base physical address of the page directory to be used by the task. 
Control register CR3 is also known as the page-directory base register (PDBR). 


° Privilege level-O, -1, and -2 stack pointer fields — These stack pointers consist of a logical address made 
up of the segment selector for the stack segment (SSO, SS1, and SS2) and an offset into the stack (ESPO, 
ESP1i, and ESP2). Note that the values in these fields are static for a particular task; whereas, the SS and ESP 
values will change if stack switching occurs within the task. 


° T (debug trap) flag (byte 100, bit 0) — When set, the T flag causes the processor to raise a debug exception 
when a task switch to this task occurs (see Section 17.3.1.5, “Task-Switch Exception Condition”). 


¢ I/O map base address field — Contains a 16-bit offset from the base of the TSS to the I/O permission bit 
map and interrupt redirection bitmap. When present, these maps are stored in the TSS at higher addresses. 
The I/O map base address points to the beginning of the I/O permission bit map and the end of the interrupt 
redirection bit map. See Chapter 19, “Input/Output,” in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1, for more information about the I/O permission bit map. See Section 20.3, 
“Interrupt and Exception Handling in Virtual-8086 Mode,” for a detailed description of the interrupt redirection 
bit map. 

¢ Shadow Stack Pointer (SSP) — Contains task's shadow stack pointer. The shadow stack of the task should 
have a supervisor shadow stack token at the address pointed to by the task SSP (offset 104). This token will be 
verified and made busy when switching to that shadow stack using a CALL/JMP instruction, and made free 
when switching out of that task using an IRET instruction. 


If paging is used: 


¢ Pages corresponding to the previous task’s TSS, the current task’s TSS, and the descriptor table entries for 
each all should be marked as read/write. 


° Task switches are carried out faster if the pages containing these structures are present in memory before the 
task switch is initiated. 


7.2.2 TSS Descriptor 


The TSS, like all other segments, is defined by a segment descriptor. Figure 7-3 shows the format of a TSS 
descriptor. TSS descriptors may only be placed in the GDT; they cannot be placed in an LDT or the IDT. 


An attempt to access a TSS using a segment selector with its TI flag set (which indicates the current LDT) causes 
a general-protection exception (#GP) to be generated during CALLs and JMPs; it causes an invalid TSS exception 
(#TS) during IRETs. A general-protection exception is also generated if an attempt is made to load a segment 
selector for a TSS into a segment register. 


The busy flag (B) in the type field indicates whether the task is busy. A busy task is currently running or suspended. 
A type field with a value of 1001B indicates an inactive task; a value of 1011B indicates a busy task. Tasks are not 
recursive. The processor uses the busy flag to detect an attempt to call a task whose execution has been inter- 
rupted. To ensure that there is only one busy flag is associated with a task, each TSS should have only one TSS 
descriptor that points to it. 
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TSS Descriptor 


31 24 23 22 212019 16 15 141312 11 87 0 
A — D Type 
Base 31:24 |cjojojv| Limit |p| p i Base 23:16 | 4 
L ; L |o}1 | 0 | B| 1 
31 16 15 0 
Base Address 15:00 Segment Limit 15:00 0 


AVL Available for use by system software 
B Busy flag 

BASE Segment Base Address 

DPL Descriptor Privilege Level 


G Granularity 
LIMIT Segment Limit 
P Segment Present 


TYPE Segment Type 


Figure 7-3. TSS Descriptor 


The base, limit, and DPL fields and the granularity and present flags have functions similar to their use in data- 
segment descriptors (see Section 3.4.5, “Segment Descriptors”). When the G flag is 0 in a TSS descriptor for a 32- 
bit TSS, the limit field must have a value equal to or greater than 67H, one byte less than the minimum size of a 
TSS. Attempting to switch to a task whose TSS descriptor has a limit less than 67H generates an invalid-TSS excep- 
tion (#TS). A larger limit is required if an I/O permission bit map is included or if the operating system stores addi- 
tional data. The processor does not check for a limit greater than 67H on a task switch; however, it does check 
when accessing the I/O permission bit map or interrupt redirection bit map. 


Any program or procedure with access to a TSS descriptor (that is, whose CPL is numerically equal to or less than 
the DPL of the TSS descriptor) can dispatch the task with a call or a jump. 


In most systems, the DPLs of TSS descriptors are set to values less than 3, so that only privileged software can 
perform task switching. However, in multitasking applications, DPLs for some TSS descriptors may be set to 3 to 
allow task switching at the application (or user) privilege level. 


7.2.3 TSS Descriptor in 64-bit mode 


In 64-bit mode, task switching is not supported, but TSS descriptors still exist. The format of a 64-bit TSS is 
described in Section 7.7. 


In 64-bit mode, the TSS descriptor is expanded to 16 bytes (see Figure 7-4). This expansion also applies to an LDT 
descriptor in 64-bit mode. Table 3-2 provides the encoding information for the segment type field. 
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TSS (or LDT) Descriptor 


31 13 12 8 7 0 
Reserved 0 Reserved 12 
31 0 
Base Address 63:32 8 
31 24 23 22 212019 16 15 141312 11 8 7 0 
A eet? D Th 
Base 31:24 |clololv| Limit |p} p oo Base 23:16 | 4 
19:16 
L L jo 
31 16 15 0 
Base Address 15:00 Segment Limit 15:00 (0) 


AVL Available for use by system software 
B Busy flag 

BASE Segment Base Address 

DPL Descriptor Privilege Level 


G Granularity 
LIMIT Segment Limit 
P Segment Present 


TYPE Segment Type 


Figure 7-4. Format of TSS and LDT Descriptors in 64-bit Mode 


7.2.4 Task Register 


The task register holds the 16-bit segment selector and the entire segment descriptor (32-bit base address (64 bits 
in IA-32e mode), 16-bit segment limit, and descriptor attributes) for the TSS of the current task (see Figure 2-6). 
This information is copied from the TSS descriptor in the GDT for the current task. Figure 7-5 shows the path the 
processor uses to access the TSS (using the information in the task register). 


The task register has a visible part (that can be read and changed by software) and an invisible part (maintained 
by the processor and is inaccessible by software). The segment selector in the visible portion points to a TSS 
descriptor in the GDT. The processor uses the invisible portion of the task register to cache the segment descriptor 
for the TSS. Caching these values in a register makes execution of the task more efficient. The LTR (load task 
register) and STR (store task register) instructions load and read the visible portion of the task register: 


The LTR instruction loads a segment selector (Source operand) into the task register that points to a TSS descriptor 
in the GDT. It then loads the invisible portion of the task register with information from the TSS descriptor. LTR is a 
privileged instruction that may be executed only when the CPL is 0. It’s used during system initialization to put an 
initial value in the task register. Afterwards, the contents of the task register are changed implicitly when a task 
switch occurs. 


The STR (store task register) instruction stores the visible portion of the task register in a general-purpose register 
or memory. This instruction can be executed by code running at any privilege level in order to identify the currently 
running task. However, it is normally used only by operating system software. (If CR4.UMIP = 1, STR can be 
executed only when CPL = 0.) 


On power up or reset of the processor, segment selector and base address are set to the default value of 0; the limit 
is set to FFFFH. 
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7.2.5 


Task 
Register 


TSS 

~< (+)< 

A 

« 
Visible Part Invisible Part 
Selector Base Address Segment Limit 

A 

GDT 
>| TSS Descriptor 


0 


Figure 7-5. Task Register 


Task-Gate Descriptor 


A task-gate descriptor provides an indirect, protected reference to a task (see Figure 7-6). It can be placed in the 
GDT, an LDT, or the IDT. The TSS segment selector field in a task-gate descriptor points to a TSS descriptor in the 
GDT. The RPL in this segment selector is not used. 


The DPL of a task-gate descriptor controls access to the TSS descriptor during a task switch. When a program or 
procedure makes a call or jump to a task through a task gate, the CPL and the RPL field of the gate selector pointing 
to the task gate must be less than or equal to the DPL of the task-gate descriptor. Note that when a task gate is 


used, the DPL of the destination TSS descriptor is not used. 


31 16 15 1413 12 11 87 
D Type 
Reserved P| p yp Reserved 
o|o [1 jo | 1 
31 16 15 
TSS Segment Selector Reserved 


DPL 
P 


Descriptor Privilege Level 
Segment Present 
TYPE Segment Type 
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A task can be accessed either through a task-gate descriptor or a TSS descriptor. Both of these structures satisfy 
the following needs: 


° Need for a task to have only one busy flag — Because the busy flag for a task is stored in the TSS 
descriptor, each task should have only one TSS descriptor. There may, however, be several task gates that 
reference the same TSS descriptor. 


° Need to provide selective access to tasks — Task gates fill this need, because they can reside in an LDT and 
can have a DPL that is different from the TSS descriptor's DPL. A program or procedure that does not have 
sufficient privilege to access the TSS descriptor for a task in the GDT (which usually has a DPL of 0) may be 
allowed access to the task through a task gate with a higher DPL. Task gates give the operating system greater 
latitude for limiting access to specific tasks. 


¢ Need for an interrupt or exception to be handled by an independent task — Task gates may also reside 
in the IDT, which allows interrupts and exceptions to be handled by handler tasks. When an interrupt or 
exception vector points to a task gate, the processor switches to the specified task. 


Figure 7-7 illustrates how a task gate in an LDT, a task gate in the GDT, and a task gate in the IDT can all point to 
the same task. 


LDT GDT TSS 
Task Gate 
L_y| 
Task Gate a —<d TSS Descriptor 
> 
IDT 
Task Gate 


Figure 7-7. Task Gates Referencing the Same Task 


7.3 TASK SWITCHING 


The processor transfers execution to another task in one of four cases: 
¢ The current program, task, or procedure executes a JMP or CALL instruction to a TSS descriptor in the GDT. 


¢ The current program, task, or procedure executes a JMP or CALL instruction to a task-gate descriptor in the 
GDT or the current LDT. 
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An interrupt or exception vector points to a task-gate descriptor in the IDT. 
The current task executes an IRET when the NT flag in the EFLAGS register is set. 


JMP, CALL, and IRET instructions, as well as interrupts and exceptions, are all mechanisms for redirecting a 
program. The referencing of a TSS descriptor or a task gate (when calling or jumping to a task) or the state of the 
NT flag (when executing an IRET instruction) determines whether a task switch occurs. 


The processor performs the following operations when switching to a new task: 


1. 


Obtains the TSS segment selector for the new task as the operand of the JMP or CALL instruction, from a task 
gate, or from the previous task link field (for a task switch initiated with an IRET instruction). 


Checks that the current (old) task is allowed to switch to the new task. Data-access privilege rules apply to JMP 
and CALL instructions. The CPL of the current (old) task and the RPL of the segment selector for the new task 
must be less than or equal to the DPL of the TSS descriptor or task gate being referenced. Exceptions, 
interrupts (except for those identified in the next sentence), and the IRET and INT1 instructions are permitted 
to switch tasks regardless of the DPL of the destination task-gate or TSS descriptor. For interrupts generated by 
the INT n, INT3, and INTO instructions, the DPL is checked and a general-protection exception (#GP) results if 
it is less than the CPL. 


Checks that the TSS descriptor of the new task is marked present and has a valid limit (greater than or equal 
to 67H). If the task switch was initiated by IRET and shadow stacks are enabled at the current CPL, then the 
SSP must be aligned to 8 bytes, else a #TS(current task TSS) fault is generated. If CR4.CET is 1, then the TSS 
must be a 32 bit TSS and the limit of the new task’s TSS must be greater than or equal to 107 bytes, else a 
#TS(new task TSS) fault is generated. 


Checks that the new task is available (call, jump, exception, or interrupt) or busy (IRET return). 


Checks that the current (old) TSS, new TSS, and all segment descriptors used in the task switch are paged into 
system memory. 


Saves the state of the current (old) task in the current task’s TSS. The processor finds the base address of the 
current TSS in the task register and then copies the states of the following registers into the current TSS: all the 
general-purpose registers, segment selectors from the segment registers, the temporarily saved image of the 
EFLAGS register, and the instruction pointer register (EIP). 


Loads the task register with the segment selector and descriptor for the new task's TSS. 
If CET is enabled, the processor performs following shadow stack actions: 
Read CS of new task from new task TSS 
Read EFLAGS of new task from new task TSS 
IF EFLAGS.VM = 1 
THEN 
new task CPL = 3; 
ELSE 
new task CPL = CS.RPL; 
FI; 
pushCsLipSsp = 0 
IF task switch was initiated by CALL instruction, exception or interrupt 
IF shadow stack enabled at current CPL 
IF new task CPL < CPL and current task CPL = 3 
THEN 
IA32_PL3_SSP = SSP (* user — supervisor *) 
ELSE 
pushCsLipSsp = 1 (* no privilege change; supv — supv; supv — user *) tempSSP = SSP 


1. 


The INT1 has opcode F1; the INT ninstruction with n=1 has opcode CD 01. 
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tempSsLIP =CSBASE + EIP 
tempSsCS = CS 
FI; 
FI; 
FI; 
verifyCsLIP = 0 
IF task switch was initiated by IRET 
IF shadow stacks enabled at current CPL 
IF (CPL of new Task = CPL of current Task) OR 
(CPL of new Task < 3 AND CPL of current Task < 3) OR 
(CPL or new Task < 3 AND CPL of current task = 3) 
(* no privilege change or supervisor — supervisor or user — supervisor IRET *) 
tempSsCS = shadow_stack_load 8 bytes from SSP+16; 
tempSsLIP = shadow_stack_load 8 bytes from SSP+8; 
tempSSP = shadow_stack_load 8 bytes from SSP; 
SSP = SSP + 24; 
verifyCsLIP = 1 


FI; 

// Clear busy flag on current shadow stack 

IF (SSP & 0x07 ==0) (* SSP must be aligned to 8B *) 

THEN 

expected_token_value = (SSP & ~0x07) | BUSY_BIT; (* busy - bit 0 - must be set*) 
new_token_value = SSP (* clear the busy bit *) 
shadow_stack_lock_cmpxchg8b(SSP, new_token_value, expected_token_value) 

FI; 

SSP =0 

FI; 


FI; 


9. The TSS state is loaded into the processor. This includes the LDTR register, the PDBR (control register CR3), the 
EFLAGS register, the EIP register, the general-purpose registers, and the segment selectors. A fault during the 
load of this state may corrupt architectural state. (If paging is not enabled, a PDBR value is read from the new 
task's TSS, but it is not loaded into CR3.) 


10. If the task switch was initiated with a JMP or IRET instruction, the processor clears the busy (B) flag in the 
current (old) task’s TSS descriptor; if initiated with a CALL instruction, an exception, or an interrupt: the busy 
(B) flag is left set. (See Table 7-2.) 


11. If the task switch was initiated with an IRET instruction, the processor clears the NT flag in a temporarily saved 
image of the EFLAGS register; if initiated with a CALL or JMP instruction, an exception, or an interrupt, the NT 
flag is left unchanged in the saved EFLAGS image. 


12. If the task switch was initiated with a CALL instruction, an exception, or an interrupt, the processor will set the 
NT flag in the EFLAGS loaded from the new task. If initiated with an IRET instruction or JMP instruction, the NT 
flag will reflect the state of NT in the EFLAGS loaded from the new task (see Table 7-2). 


13. If the task switch was initiated with a CALL instruction, JMP instruction, an exception, or an interrupt, the 
processor sets the busy (B) flag in the new task’s TSS descriptor; if initiated with an IRET instruction, the busy 
(B) flag is left set. 


14. The descriptors associated with the segment selectors are loaded and qualified. Any errors associated with this 
loading and qualification occur in the context of the new task and may corrupt architectural state. 
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15. If CET is enabled, the processor performs following shadow stack actions: 
IF shadow stack enabled at current CPL OR indirect branch tracking at current CPL 
THEN 
IF EFLAGS.VM = 1 
THEN #TSS(new-Task-TSS); FI; 
FI; 
IF shadow stack enabled at current CPL 
IF task switch initiated by CALL instruction, JMP instruction, interrupt or exception (* switch stack *) 
new_SSP <— Load the 4 byte from offset 104 in the TSS 
// Verify new SSP to be legal 
IF new_SSP & 0x07 != 0 
THEN #TSS(New-Task-TSS); FI; 
expected_token_value = SSP; (* busy - bit 0 - must be clear *) 
new_token_value = SSP | BUSY_BIT (* set the busy bit - bit 0*) 
IF shadow_stack_lock_cmpxchg8b(SSP, new_token_value, 
expected_token_value) != expected_token_value 
THEN #TSS(New-Task-TSS); FI; 
SSP = new_SSP 
IF pushCsLipSsp = 1 (* call, int, exception from user — user or supv — supv or supv — user *) 
Push tempSsCsS, tempSsLip, tempSsSSP on shadow stack using 8B pushes 
FI; 
FI; 
FI; 
IF task switch initiated by IRET 
IF verifyCsLIP = 1 
(* do 64 bit comparisons; CS zero padded to 64 bit; CSBASE+EIP zero padded to 64 bit *) 
IF tempSsCS and tempSsLIP do not match CS and CSBASE+EIP 
THEN #CP(FAR-RET/IRET); FI; 
FI; 
IF ShadowStackEnabled(CPL) 
THEN 
IF (verifyCsLIP == 0) tempSSP = IA32_PL3_SSP; 
IF tempSSP & 0x03 != 0 THEN #CP(FAR-RET/IRET) // verify aligned to 4 bytes 
IF tempSSP[63:32] != 0 THEN # CP(FAR-RET/IRET) 
SSP = tempSSP 
FI; 
FI; 
IF EndbranchEnabled(CPL) 
IF task switch initiated by CALL instruction, JMP instruction, interrupt or exception 
IF CPL = 3 
THEN 
TA32_U_CET.TRACKER = WAIT_FOR_ENDBRANCH 
IA32_U_CET.SUPPRESS = 0 
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ELSE 
IA32_S_CET.TRACKER = WAIT_FOR_ENDBRANCH 
IA32_S_CET.SUPPRESS = 0 
FI; 
FI; 
FI; 


16. Begins executing the new task. (To an exception handler, the first instruction of the new task appears not to 
have been executed.) 


NOTES 


If all checks and saves have been carried out successfully, the processor commits to the task 
switch. If an unrecoverable error occurs in steps 1 through 8, the processor does not complete the 
task switch and ensures that the processor is returned to its state prior to the execution of the 
instruction that initiated the task switch. 


If an unrecoverable error occurs in step 9, architectural state may be corrupted, but an attempt will 
be made to handle the error in the prior execution environment. If an unrecoverable error occurs 
after the commit point (in step 13), the processor completes the task switch (without performing 
additional access and segment availability checks) and generates the appropriate exception prior to 
beginning execution of the new task. 


If exceptions occur after the commit point, the exception handler must finish the task switch itself 
before allowing the processor to begin executing the new task. See Chapter 6, “Interrupt 
10—Invalid TSS Exception (#TS),” for more information about the affect of exceptions on a task 
when they occur after the commit point of a task switch. 


The state of the currently executing task is always saved when a successful task switch occurs. If the task is 
resumed, execution starts with the instruction pointed to by the saved EIP value, and the registers are restored to 
the values they held when the task was suspended. 


When switching tasks, the privilege level of the new task does not inherit its privilege level from the suspended 
task. The new task begins executing at the privilege level specified in the CPL field of the CS register, which is 
loaded from the TSS. Because tasks are isolated by their separate address spaces and TSSs and because privilege 
rules control access to a TSS, software does not need to perform explicit privilege checks on a task switch. 


Table 7-1 shows the exception conditions that the processor checks for when switching tasks. It also shows the 
exception that is generated for each check if an error is detected and the segment that the error code references. 
(The order of the checks in the table is the order used in the P6 family processors. The exact order is model specific 
and may be different for other IA-32 processors.) Exception handlers designed to handle these exceptions may be 
subject to recursive calls if they attempt to reload the segment selector that generated the exception. The cause of 
the exception (or the first of multiple causes) should be fixed before reloading the selector. 


Table 7-1. Exception Conditions Checked During a Task Switch 


Condition Checked Exception! Error Code Reference? 
Segment selector for a TSS descriptor references #GP New Task’s TSS 
the GDT and is within the limits of the table. #TS (for IRET) 
P bit is set in TSS descriptor. #NP New Task’s TSS 
TSS descriptor is not busy (for task switch initiated by a call, interrupt, or #GP (for JMP, CALL, INT) | Task’s back-link TSS 
exception). 
TSS descriptor is not busy (for task switch initiated by an IRET instruction). #TS (for IRET) New Task’s TSS 
TSS segment limit greater than or equal to 108 (for 32-bit TSS) or 44 (for 16-bit | #TS New Task's TSS 
TSS). 
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Table 7-1. Exception Conditions Checked During a Task Switch (Contd.) 


Condition Checked Exception’ Error Code Reference 
TSS segment limit greater than or equal to 108 (for 32-bit TSS) if CR4.CET = 1.2 | #TS New Task’s TSS 
If shadow stack enabled and SSP not aligned to 8 bytes (for task switch initiated | #TS Current Task’s TSS 


by an IRET instruction). 


Registers are loaded from the values in the TSS. 


LDT segment selector of new task is valid 4. #TS New Task’s LDT 

If code segment is non-conforming, its DPL should equal its RPL. #TS New Code Segment 
If code segment is conforming, its DPL should be less than or equal to its RPL. #TS New Code Segment 
SS segment selector is valid @. #TS New Stack Segment 
P bit is set in stack segment descriptor. #SS New Stack Segment 
Stack segment DPL should equal CPL. #TS New stack segment 
P bit is set in new task’s LDT descriptor. #TS New Task's LDT 

CS segment selector is valid 4. #TS New Code Segment 
P bit is set in code segment descriptor. #NP New Code Segment 
Stack segment DPL should equal its RPL. #TS New Stack Segment 
DS, ES, FS, and GS segment selectors are valid 4. #TS New Data Segment 
DS, ES, FS, and GS segments are readable. #TS New Data Segment 
P bits are set in descriptors of DS, ES, FS, and GS segments. #NP New Data Segment 
DS, ES, FS, and GS segment DPL greater than or equal to CPL (unless these are #TS New Data Segment 
conforming segments). 

Shadow Stack Pointer in a task not aligned to 8 bytes (for task switch initiated by | #TS New Task’s TSS 

a call, interrupt, or exception).? 

If EFLAGS.VM=1 and shadow stacks are enabled. #TS New Task’s TSS 
Supervisor Shadow Stack Token verification failures (for task switch initiated by a | #TS New Task’s TSS 


call, interrupt, jump, or exception):3 
- Busy bit already set. 
- Address in Shadow stack token does not match SSP value from TSS. 


If task switch initiated by IRET, CS and LIP stored on old task shadow stack does | #CP FAR-RET/IRET 
not match CS and LIP of new task. 
If task switch initiated by IRET and SSP of new task loaded from shadow stack of | #CP FAR-RET/IRET 


old task (if new task CPL is < 3) OR the SSP from IA32_PL3_SSP (if new task CPL 
= 3) fails the following checks:3 


- Not aligned to 4 bytes. 
- Is beyond 4G. 


NOTES: 

1. #NP is segment-not-present exception, #GP is general-protection exception, #TS is invalid-TSS exception, and #SS is stack-fault 
exception. 

2. The error code contains an index to the segment descriptor referenced in this column. 

3. Valid when CET is enabled. 

4. A segment selector is valid if it is in a compatible type of table (GDT or LDT), occupies an address within the table’s segment limit, 
and refers to a compatible type of descriptor (for example, a segment selector in the CS register only is valid when it points to a 
code-segment descriptor). 


The TS (task switched) flag in the control register CRO is set every time a task switch occurs. System software uses 
the TS flag to coordinate the actions of floating-point unit when generating floating-point exceptions with the rest 
of the processor. The TS flag indicates that the context of the floating-point unit may be different from that of the 
current task. See Section 2.5, “Control Registers”, for a detailed description of the function and use of the TS flag. 
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7.4 TASK LINKING 


The previous task link field of the TSS (sometimes called the “backlink”) and the NT flag in the EFLAGS register are 
used to return execution to the previous task. EFLAGS.NT = 1 indicates that the currently executing task is nested 
within the execution of another task. 


When a CALL instruction, an interrupt, or an exception causes a task switch: the processor copies the segment 
selector for the current TSS to the previous task link field of the TSS for the new task; it then sets EFLAGS.NT = 1. 
If software uses an IRET instruction to suspend the new task, the processor checks for EFLAGS.NT = 1; it then 
uses the value in the previous task link field to return to the previous task. See Figures 7-8. 


When a JMP instruction causes a task switch, the new task is not nested. The previous task link field is not used and 
EFLAGS.NT = 0. Use a JMP instruction to dispatch a new task when nesting is not desired. 


Top Level Nested More Deeply Currently Executing 
Task Task Nested Task Task 
TSS TSS TSS EFLAGS 
NT=1 
NT=0 NT=1 NT=1 
Previous Previous Previous 
Task Link Task Link Task Link Task Register 


Figure 7-8. Nested Tasks 


Table 7-2 shows the busy flag (in the TSS segment descriptor), the NT flag, the previous task link field, and TS flag 
(in control register CRO) during a task switch. 


The NT flag may be modified by software executing at any privilege level. It is possible for a program to set the NT 
flag and execute an IRET instruction. This might randomly invoke the task specified in the previous link field of the 
current task's TSS. To keep such spurious task switches from succeeding, the operating system should initialize the 
previous task link field in every TSS that it creates to 0. 


Table 7-2. Effect of a Task Switch on Busy Flag, NT Flag, Previous Task Link Field, and TS Flag 


NT flag of new task. 


NT flag of old task. 


Previous task link field of new 
task. 


Previous task link field of old 
task. 


TS flag in control register CRO. 


Set to value from TSS of new 
task. 


No change. 


No change. 


No change. 


Flag is set. 


Flag or Field Effect of JMP instruction Effect of CALL Instruction or Effect of IRET 
Interrupt Instruction 
Busy (B) flag of new task. Flag is set. Must have been Flag is set. Must have been No change. Must have been set. 
clear before. clear before. 
Busy flag of old task. Flag is cleared. No change. Flag is currently Flag is cleared. 


set. 


Flag is set. 


No change. 


Loaded with selector 
for old task’s TSS. 


No change. 


Flag is set. 


Set to value from TSS of new 
task. 


Flag is cleared. 


No change. 


No change. 


Flag is set. 
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7.4.1 Use of Busy Flag To Prevent Recursive Task Switching 


A TSS allows only one context to be saved for a task; therefore, once a task is called (dispatched), a recursive (or 
re-entrant) call to the task would cause the current state of the task to be lost. The busy flag in the TSS segment 
descriptor is provided to prevent re-entrant task switching and a subsequent loss of task state information. The 
processor manages the busy flag as follows: 


1. When dispatching a task, the processor sets the busy flag of the new task. 


2. If during a task switch, the current task is placed in a nested chain (the task switch is being generated by a 
CALL instruction, an interrupt, or an exception), the busy flag for the current task remains set. 


3. When switching to the new task (initiated by a CALL instruction, interrupt, or exception), the processor 
generates a general-protection exception (#GP) if the busy flag of the new task is already set. If the task switch 
is initiated with an IRET instruction, the exception is not raised because the processor expects the busy flag to 
be set. 


4. When a task is terminated by a jump to a new task (initiated with a JMP instruction in the task code) or by an 
IRET instruction in the task code, the processor clears the busy flag, returning the task to the “not busy” state. 


The processor prevents recursive task switching by preventing a task from switching to itself or to any task ina 
nested chain of tasks. The chain of nested suspended tasks may grow to any length, due to multiple calls, inter- 
rupts, or exceptions. The busy flag prevents a task from being invoked if it is in this chain. 


The busy flag may be used in multiprocessor configurations, because the processor follows a LOCK protocol (on the 
bus or in the cache) when it sets or clears the busy flag. This lock keeps two processors from invoking the same 
task at the same time. See Section 8.1.2.1, “Automatic Locking,” for more information about setting the busy flag 
in a multiprocessor applications. 


7.4.2 Modifying Task Linkages 


In a uniprocessor system, in situations where it is necessary to remove a task from a chain of linked tasks, use the 
following procedure to remove the task: 


1. Disable interrupts. 


2. Change the previous task link field in the TSS of the pre-empting task (the task that suspended the task to be 
removed). It is assumed that the pre-empting task is the next task (newer task) in the chain from the task to 
be removed. Change the previous task link field to point to the TSS of the next oldest task in the chain or to an 
even older task in the chain. 


3. Clear the busy (B) flag in the TSS segment descriptor for the task being removed from the chain. If more than 
one task is being removed from the chain, the busy flag for each task being remove must be cleared. 


4. Enable interrupts. 


In a multiprocessing system, additional synchronization and serialization operations must be added to this proce- 
dure to ensure that the TSS and its segment descriptor are both locked when the previous task link field is changed 
and the busy flag is cleared. 


7.5 TASK ADDRESS SPACE 


The address space for a task consists of the segments that the task can access. These segments include the code, 
data, stack, and system segments referenced in the TSS and any other segments accessed by the task code. The 
segments are mapped into the processor’s linear address space, which is in turn mapped into the processor's phys- 
ical address space (either directly or through paging). 


The LDT segment field in the TSS can be used to give each task its own LDT. Giving a task its own LDT allows the 
task address space to be isolated from other tasks by placing the segment descriptors for all the segments associ- 
ated with the task in the task’s LDT. 


It also is possible for several tasks to use the same LDT. This is a memory-efficient way to allow specific tasks to 
communicate with or control each other, without dropping the protection barriers for the entire system. 
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Because all tasks have access to the GDT, it also is possible to create shared segments accessed through segment 
descriptors in this table. 


If paging is enabled, the CR3 register (PDBR) field in the TSS allows each task to have its own set of page tables 
for mapping linear addresses to physical addresses. Or, several tasks can share the same set of page tables. 


7.5.1 Mapping Tasks to the Linear and Physical Address Spaces 


Tasks can be mapped to the linear address space and physical address space in one of two ways: 


¢ One linear-to-physical address space mapping is shared among all tasks. — When paging is not 
enabled, this is the only choice. Without paging, all linear addresses map to the same physical addresses. When 
paging is enabled, this form of linear-to-physical address space mapping is obtained by using one page 
directory for all tasks. The linear address space may exceed the available physical space if demand-paged 
virtual memory is supported. 


° Each task has its own linear address space that is mapped to the physical address space. — This form 
of mapping is accomplished by using a different page directory for each task. Because the PDBR (control 
register CR3) is loaded on task switches, each task may have a different page directory. 


The linear address spaces of different tasks may map to completely distinct physical addresses. If the entries of 
different page directories point to different page tables and the page tables point to different pages of physical 
memory, then the tasks do not share physical addresses. 


With either method of mapping task linear address spaces, the TSSs for all tasks must lie in a shared area of the 
physical space, which is accessible to all tasks. This mapping is required so that the mapping of TSS addresses does 
not change while the processor is reading and updating the TSSs during a task switch. The linear address space 
mapped by the GDT also should be mapped to a shared area of the physical space; otherwise, the purpose of the 
GDT is defeated. Figure 7-9 shows how the linear address spaces of two tasks can overlap in the physical space by 
sharing page tables. 


TSS Page Directories Page Tables Page Frames 
Task A 
Task A TSS —> 
PTE Task A 
PTE > 
PDBR [| PDE } | PTE TaskA 
PDE 
Shared PT 
Shared 
PTE a 
— S| PTE Shared 
Task B TSS 
> 
Task B 
PDBR [| PDE PTE 
PDE [a PTE Task B 
> 


Figure 7-9. Overlapping Linear-to-Physical Mappings 
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7.5.2 Task Logical Address Space 


To allow the sharing of data among tasks, use the following techniques to create shared logical-to-physical 
address-space mappings for data segments: 


¢ Through the segment descriptors in the GDT — All tasks must have access to the segment descriptors in 
the GDT. If some segment descriptors in the GDT point to segments in the linear-address space that are 
mapped into an area of the physical-address space common to all tasks, then all tasks can share the data and 
code in those segments. 


¢ Through a shared LDT — Two or more tasks can use the same LDT if the LDT fields in their TSSs point to the 
same LDT. If some segment descriptors in a shared LDT point to segments that are mapped to a common area 
of the physical address space, the data and code in those segments can be shared among the tasks that share 
the LDT. This method of sharing is more selective than sharing through the GDT, because the sharing can be 
limited to specific tasks. Other tasks in the system may have different LDTs that do not give them access to the 
shared segments. 


* Through segment descriptors in distinct LDTs that are mapped to common addresses in linear 
address space — If this common area of the linear address space is mapped to the same area of the physical 
address space for each task, these segment descriptors permit the tasks to share segments. Such segment 
descriptors are commonly called aliases. This method of sharing is even more selective than those listed above, 
because, other segment descriptors in the LDTs may point to independent linear addresses which are not 
shared. 


7.6 16-BIT TASK-STATE SEGMENT (TSS) 


The 32-bit IA-32 processors also recognize a 16-bit TSS format like the one used in Intel 286 processors (see 
Figure 7-10). This format is supported for compatibility with software written to run on earlier IA-32 processors. 


The following information is important to know about the 16-bit TSS. 
* Do not use a 16-bit TSS to implement a virtual-8086 task. 
¢ The valid segment limit for a 16-bit TSS is 2CH. 


¢ The 16-bit TSS does not contain a field for the base address of the page directory, which is loaded into control 
register CR3. A separate set of page tables for each task is not supported for 16-bit tasks. If a 16-bit task is 
dispatched, the page-table structure for the previous task is used. 


¢ The I/O base address is not included in the 16-bit TSS. None of the functions of the I/O map are supported. 
¢ When task state is saved in a 16-bit TSS, the upper 16 bits of the EFLAGS register and the EIP register are lost. 


¢ When the general-purpose registers are loaded or saved from a 16-bit TSS, the upper 16 bits of the registers 
are modified and not maintained. 
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15 0 
Task LDT Selector 42 
DS Selector 40 
SS Selector 38 
CS Selector 36 
ES Selector 34 
DI 32 
SI 30 
BP 28 
SP 26 
BX 24 
DX 22 
CX 20 
AX 18 
FLAG Word 16 
IP (Entry Point) 14 
SS2 12 
SP2 10 
SS1 8 
SP1 6 
Sso 4 
SPO 2 
Previous Task Link 0 


Figure 7-10. 16-Bit TSS Format 


7.7 TASK MANAGEMENT IN 64-BIT MODE 


In 64-bit mode, task structure and task state are similar to those in protected mode. However, the task switching 
mechanism available in protected mode is not supported in 64-bit mode. Task management and switching must be 
performed by software. The processor issues a general-protection exception (#GP) if the following is attempted in 
64-bit mode: 


¢ Control transfer to a TSS or a task gate using JMP, CALL, INT n, INT3, INTO, INT1, or interrupt. 
¢ An IRET with EFLAGS.NT (nested task) set to 1. 


Although hardware task-switching is not supported in 64-bit mode, a 64-bit task state segment (TSS) must exist. 
Figure 7-11 shows the format of a 64-bit TSS. The TSS holds information important to 64-bit mode and that is not 
directly related to the task-switch mechanism. This information includes: 


° RSPn — The full 64-bit canonical forms of the stack pointers (RSP) for privilege levels 0-2. 
¢ ISTn — The full 64-bit canonical forms of the interrupt stack table (IST) pointers. 
¢ I/O map base address — The 16-bit offset to the I/O permission bit map from the 64-bit TSS base. 


The operating system must create at least one 64-bit TSS after activating IA-32e mode. It must execute the LTR 
instruction (in 64-bit mode) to load the TR register with a pointer to the 64-bit TSS responsible for both 64-bit- 
mode programs and compatibility-mode programs. 
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I/O Map Base Address Reserved 100 
Reserved 96 
Reserved 92 
IST7 (upper 32 bits) 88 
IST7 (lower 32 bits) 84 
IST6 (upper 32 bits) 80 
IST6 (lower 32 bits) 76 
IST5 (upper 32 bits) 72 
IST5 (lower 32 bits) 68 
IST4 (upper 32 bits) 64 
IST4 (lower 32 bits) 60 
IST3 (upper 32 bits) 56 
IST3 (lower 32 bits) 52 
IST2 (upper 32 bits) 48 
IST2 (lower 32 bits) 44 
IST1 (upper 32 bits) 40 
IST1 (lower 32 bits) 36 
Reserved 32 


Reserved 28 


RSP2 (upper 32 bits) 24 
RSP2 (lower 32 bits) 20 
RSP1 (upper 32 bits) 16 
RSP1 (lower 32 bits) 12 
RSPO (upper 32 bits) 8 
RSPO (lower 32 bits) 4 
Reserved 0 


Reserved bits. Set to 0. 


Figure 7-11. 64-Bit TSS Format 
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CHAPTER 8 
MULTIPLE-PROCESSOR MANAGEMENT 


The Intel 64 and IA-32 architectures provide mechanisms for managing and improving the performance of multiple 
processors connected to the same system bus. These include: 


* Bus locking and/or cache coherency management for performing atomic operations on system memory. 
°®  Serializing instructions. 


¢ An advance programmable interrupt controller (APIC) located on the processor chip (see Chapter 10, 
“Advanced Programmable Interrupt Controller (APIC)”). This feature was introduced by the Pentium processor. 


¢ A second-level cache (level 2, L2). For the Pentium 4, Intel Xeon, and P6 family processors, the L2 cache is 
included in the processor package and is tightly coupled to the processor. For the Pentium and Intel486 
processors, pins are provided to support an external L2 cache. 


¢ A third-level cache (level 3, L3). For Intel Xeon processors, the L3 cache is included in the processor package 
and is tightly coupled to the processor. 


¢ Intel Hyper-Threading Technology. This extension to the Intel 64 and IA-32 architectures enables a single 
processor core to execute two or more threads concurrently (see Section 8.5, “Intel® Hyper-Threading 
Technology and Intel® Multi-Core Technology”). 


These mechanisms are particularly useful in symmetric-multiprocessing (SMP) systems. However, they can also be 
used when an Intel 64 or IA-32 processor and a special-purpose processor (such as a communications, graphics, 
or video processor) share the system bus. 


These multiprocessing mechanisms have the following characteristics: 


* To maintain system memory coherency — When two or more processors are attempting simultaneously to 
access the same address in system memory, some communication mechanism or memory access protocol 
must be available to promote data coherency and, in some instances, to allow one processor to temporarily lock 
a memory location. 

* To maintain cache consistency — When one processor accesses data cached on another processor, it must not 
receive incorrect data. If it modifies data, all other processors that access that data must receive the modified 
data. 

° To allow predictable ordering of writes to memory — In some circumstances, it is important that memory writes 
be observed externally in precisely the same order as programmed. 

°® To distribute interrupt handling among a group of processors — When several processors are operating ina 
system in parallel, it is useful to have a centralized mechanism for receiving interrupts and distributing them to 
available processors for servicing. 

° To increase system performance by exploiting the multi-threaded and multi-process nature of contemporary 
operating systems and applications. 

The caching mechanism and cache consistency of Intel 64 and IA-32 processors are discussed in Chapter 11. The 

APIC architecture is described in Chapter 10. Bus and memory locking, serializing instructions, memory ordering, 

and Intel Hyper-Threading Technology are discussed in the following sections. 


8.1 LOCKED ATOMIC OPERATIONS 


The 32-bit IA-32 processors support locked atomic operations on locations in system memory. These operations 
are typically used to manage shared data structures (such as semaphores, segment descriptors, system segments, 
or page tables) in which two or more processors may try simultaneously to modify the same field or flag. The 
processor uses three interdependent mechanisms for carrying out locked atomic operations: 


* Guaranteed atomic operations. 
* Bus locking, using the LOCK# signal and the LOCK instruction prefix. 
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® Cache coherency protocols that ensure that atomic operations can be carried out on cached data structures 
(cache lock); this mechanism is present in the Pentium 4, Intel Xeon, and P6 family processors. 


These mechanisms are interdependent in the following ways. Certain basic memory transactions (such as reading 
or writing a byte in system memory) are always guaranteed to be handled atomically. That is, once started, the 
processor guarantees that the operation will be completed before another processor or bus agent is allowed access 
to the memory location. The processor also supports bus locking for performing selected memory operations (such 
as a read-modify-write operation in a shared area of memory) that typically need to be handled atomically, but are 
not automatically handled this way. Because frequently used memory locations are often cached in a processor’s L1 
or L2 caches, atomic operations can often be carried out inside a processor’s caches without asserting the bus lock. 
Here the processor’s cache coherency protocols ensure that other processors that are caching the same memory 
locations are managed properly while atomic operations are performed on cached memory locations. 


NOTE 


Where there are contested lock accesses, software may need to implement algorithms that ensure 
fair access to resources in order to prevent lock starvation. The hardware provides no resource that 
guarantees fairness to participating agents. It is the responsibility of software to manage the 
fairness of semaphores and exclusive locking functions. 


The mechanisms for handling locked atomic operations have evolved with the complexity of IA-32 processors. More 
recent IA-32 processors (such as the Pentium 4, Intel Xeon, and P6 family processors) and Intel 64 provide a more 
refined locking mechanism than earlier processors. These mechanisms are described in the following sections. 


8.1.1 Guaranteed Atomic Operations 

The Intel486 processor (and newer processors since) guarantees that the following basic memory operations will 
always be carried out atomically: 

°¢ Reading or writing a byte. 

¢ Reading or writing a word aligned on a 16-bit boundary. 

¢ Reading or writing a doubleword aligned on a 32-bit boundary. 


The Pentium processor (and newer processors since) guarantees that the following additional memory operations 
will always be carried out atomically: 


® Reading or writing a quadword aligned on a 64-bit boundary. 
° 16-bit accesses to uncached memory locations that fit within a 32-bit data bus. 


The P6 family processors (and newer processors since) guarantee that the following additional memory operation 
will always be carried out atomically: 


¢ Unaligned 16-, 32-, and 64-bit accesses to cached memory that fit within a cache line. 

Processors that enumerate support for Intel® AVX (by setting the feature flag CPUID.01H:ECX.AVX[bit 28]) guar- 

antee that the 16-byte memory operations performed by the following instructions will always be carried out atom- 

ically: 

* MOVAPD, MOVAPS, and MOVDQA. 

¢ VMOVAPD, VMOVAPS, and VMOVDQA when encoded with VEX.128. 

¢ VMOVAPD, VMOVAPS, VMOVDQA32, and VMOVDQA64 when encoded with EVEX.128 and k0O (masking 
disabled). 

(Note that these instructions require the linear addresses of their memory operands to be 16-byte aligned.) 

Accesses to cacheable memory that are split across cache lines and page boundaries are not guaranteed to be 

atomic by the Intel Core 2 Duo, Intel Atom, Intel Core Duo, Pentium M, Pentium 4, Intel Xeon, P6 family, Pentium, 

and Intel486 processors. The Intel Core 2 Duo, Intel Atom, Intel Core Duo, Pentium M, Pentium 4, Intel Xeon, and 

P6 family processors provide bus control signals that permit external memory subsystems to make split accesses 


atomic; however, nonaligned data accesses will seriously impact the performance of the processor and should be 
avoided. 
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Except as noted above, an x87 instruction or an SSE instruction that accesses data larger than a quadword may be 
implemented using multiple memory accesses. If such an instruction stores to memory, some of the accesses may 
complete (writing to memory) while another causes the operation to fault for architectural reasons (e.g. due an 
page-table entry that is marked “not present”). In this case, the effects of the completed accesses may be visible 
to software even though the overall instruction caused a fault. If TLB invalidation has been delayed (see Section 
4.10.4.4), such page faults may occur even if all accesses are to the same page. 


8.1.2 Bus Locking 


Intel 64 and IA-32 processors provide a LOCK# signal that is asserted automatically during certain critical memory 
operations to lock the system bus or equivalent link. While this output signal is asserted, requests from other 
processors or bus agents for control of the bus are blocked. Software can specify other occasions when the LOCK 
semantics are to be followed by prepending the LOCK prefix to an instruction. 


In the case of the Intel386, Intel486, and Pentium processors, explicitly locked instructions will result in the asser- 
tion of the LOCK# signal. It is the responsibility of the hardware designer to make the LOCK# signal available in 
system hardware to control memory accesses among processors. 


For the P6 and more recent processor families, if the memory area being accessed is cached internally in the 
processor, the LOCK# signal is generally not asserted; instead, locking is only applied to the processor’s caches 
(see Section 8.1.4, “Effects of a LOCK Operation on Internal Processor Caches”). 


8.1.2.1 Automatic Locking 


The operations on which the processor automatically follows the LOCK semantics are as follows: 
¢ When executing an XCHG instruction that references memory. 


¢ When setting the B (busy) flag of a TSS descriptor — The processor tests and sets the busy flag in the 
type field of the TSS descriptor when switching to a task. To ensure that two processors do not switch to the 
same task simultaneously, the processor follows the LOCK semantics while testing and setting this flag. 


¢ When updating segment descriptors — When loading a segment descriptor, the processor will set the 
accessed flag in the segment descriptor if the flag is clear. During this operation, the processor follows the LOCK 
semantics so that the descriptor will not be modified by another processor while it is being updated. For this 
action to be effective, operating-system procedures that update descriptors should use the following steps: 


— Use a locked operation to modify the access-rights byte to indicate that the segment descriptor is not- 
present, and specify a value for the type field that indicates that the descriptor is being updated. 


— Update the fields of the segment descriptor. (This operation may require several memory accesses; 
therefore, locked operations cannot be used.) 


— Use a locked operation to modify the access-rights byte to indicate that the segment descriptor is valid and 
present. 


¢ The Intel386 processor always updates the accessed flag in the segment descriptor, whether it is clear or not. 
The Pentium 4, Intel Xeon, P6 family, Pentium, and Intel486 processors only update this flag if it is not already 
set. 


¢ When updating page-directory and page-table entries — When updating page-directory and page-table 
entries, the processor uses locked cycles to set the accessed and dirty flag in the page-directory and page-table 
entries. 


¢ Acknowledging interrupts — After an interrupt request, an interrupt controller may use the data bus to send 
the interrupt’s vector to the processor. The processor follows the LOCK semantics during this time to ensure 
that no other data appears on the data bus while the vector is being transmitted. 


8.1.2.2 Software Controlled Bus Locking 


To explicitly force the LOCK semantics, software can use the LOCK prefix with the following instructions when they 
are used to modify a memory location. An invalid-opcode exception (#UD) is generated when the LOCK prefix is 
used with any other instruction or when no write operation is made to memory (that is, when the destination 
operand is in a register). 
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¢ The bit test and modify instructions (BTS, BTR, and BTC). 

° The exchange instructions (XADD, CMPXCHG, and CMPXCHG8B). 

° The LOCK prefix is automatically assumed for XCHG instruction. 

¢ The following single-operand arithmetic and logical instructions: INC, DEC, NOT, and NEG. 

° ~The following two-operand arithmetic and logical instructions: ADD, ADC, SUB, SBB, AND, OR, and XOR. 


A locked instruction is guaranteed to lock only the area of memory defined by the destination operand, but may be 
interpreted by the system as a lock for a larger memory area. 


Software should access semaphores (shared memory used for signalling between multiple processors) using iden- 
tical addresses and operand lengths. For example, if one processor accesses a semaphore using a word access, 
other processors should not access the semaphore using a byte access. 


NOTE 


Do not implement semaphores using the WC memory type. Do not perform non-temporal stores to 
a cache line containing a location used to implement a semaphore. 


The integrity of a bus lock is not affected by the alignment of the memory field. The LOCK semantics are followed 
for as many bus cycles as necessary to update the entire operand. However, it is recommend that locked accesses 
be aligned on their natural boundaries for better system performance: 

¢ Any boundary for an 8-bit access (locked or otherwise). 

°® 16-bit boundary for locked word accesses. 

® 32-bit boundary for locked doubleword accesses. 

° 64-bit boundary for locked quadword accesses. 


Locked operations are atomic with respect to all other memory operations and all externally visible events. Only 
instruction fetch and page table accesses can pass locked instructions. Locked instructions can be used to synchro- 
nize data written by one processor and read by another processor. 


For the P6 family processors, locked operations serialize all outstanding load and store operations (that is, wait for 
them to complete). This rule is also true for the Pentium 4 and Intel Xeon processors, with one exception. Load 
operations that reference weakly ordered memory types (such as the WC memory type) may not be serialized. 


Locked instructions should not be used to ensure that data written can be fetched as instructions. 


NOTE 


The locked instructions for the current versions of the Pentium 4, Intel Xeon, P6 family, Pentium, 
and Intel486 processors allow data written to be fetched as instructions. However, Intel 
recommends that developers who require the use of self-modifying code use a different synchro- 
nizing mechanism, described in the following sections. 


8.1.3 Handling Self- and Cross-Modifying Code 


The act of a processor writing data into a currently executing code segment with the intent of executing that data 
as code is called self-modifying code. IA-32 processors exhibit model-specific behavior when executing self- 
modified code, depending upon how far ahead of the current execution pointer the code has been modified. 


As processor microarchitectures become more complex and start to speculatively execute code ahead of the retire- 
ment point (as in P6 and more recent processor families), the rules regarding which code should execute, pre- or 
post-modification, become blurred. To write self-modifying code and ensure that it is compliant with current and 
future versions of the IA-32 architectures, use one of the following coding options: 


(* OPTION 1 *) 

Store modified code (as data) into code segment; 
Jump to new code or an intermediate location; 
Execute new code; 
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(* OPTION 2 *) 

Store modified code (as data) into code segment; 

Execute a serializing instruction; (* For example, CPUID instruction *) 
Execute new code; 


The use of one of these options is not required for programs intended to run on the Pentium or Intel486 processors, 
but are recommended to ensure compatibility with the P6 and more recent processor families. 


Self-modifying code will execute at a lower level of performance than non-self-modifying or normal code. The 
degree of the performance deterioration will depend upon the frequency of modification and specific characteristics 
of the code. 


The act of one processor writing data into the currently executing code segment of a second processor with the 
intent of having the second processor execute that data as code is called cross-modifying code. As with self- 
modifying code, IA-32 processors exhibit model-specific behavior when executing cross-modifying code, 
depending upon how far ahead of the executing processors current execution pointer the code has been modified. 


To write cross-modifying code and ensure that it is compliant with current and future versions of the IA-32 archi- 
tecture, the following processor synchronization algorithm must be implemented: 


(* Action of Modifying Processor *) 

Memory_Flag := 0; (* Set Memory_Flag to value other than 1 *) 
Store modified code (as data) into code segment; 
Memory_Flag := 1; 


(* Action of Executing Processor *) 
WHILE (Memory_Flag # 1) 
Wait for code to update; 
ELIHW; 
Execute serializing instruction; (* For example, CPUID instruction *) 
Begin executing modified code; 


(The use of this option is not required for programs intended to run on the Intel486 processor, but is recommended 
to ensure compatibility with the Pentium 4, Intel Xeon, P6 family, and Pentium processors.) 


Like self-modifying code, cross-modifying code will execute at a lower level of performance than non-cross-modi- 
fying (normal) code, depending upon the frequency of modification and specific characteristics of the code. 


The restrictions on self-modifying code and cross-modifying code also apply to the Intel 64 architecture. 


8.1.4 Effects of a LOCK Operation on Internal Processor Caches 


For the Intel486 and Pentium processors, the LOCK# signal is always asserted on the bus during a LOCK operation, 
even if the area of memory being locked is cached in the processor. 


For the P6 and more recent processor families, if the area of memory being locked during a LOCK operation is 
cached in the processor that is performing the LOCK operation as write-back memory and is completely contained 
in a cache line, the processor may not assert the LOCK# signal on the bus. Instead, it will modify the memory loca- 
tion internally and allow it’s cache coherency mechanism to ensure that the operation is carried out atomically. This 
operation is called “cache locking.” The cache coherency mechanism automatically prevents two or more proces- 
sors that have cached the same area of memory from simultaneously modifying data in that area. 


8.2 MEMORY ORDERING 


The term memory ordering refers to the order in which the processor issues reads (loads) and writes (stores) 
through the system bus to system memory. The Intel 64 and IA-32 architectures support several memory-ordering 
models depending on the implementation of the architecture. For example, the Intel386 processor enforces 
program ordering (generally referred to as strong ordering), where reads and writes are issued on the system 
bus in the order they occur in the instruction stream under all circumstances. 
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To allow performance optimization of instruction execution, the IA-32 architecture allows departures from strong- 
ordering model called processor ordering in Pentium 4, Intel Xeon, and P6 family processors. These processor- 
ordering variations (called here the memory-ordering model) allow performance enhancing operations such as 
allowing reads to go ahead of buffered writes. The goal of any of these variations is to increase instruction execu- 
tion speeds, while maintaining memory coherency, even in multiple-processor systems. 


Section 8.2.1 and Section 8.2.2 describe the memory-ordering implemented by Intel486, Pentium, Intel Core 2 
Duo, Intel Atom, Intel Core Duo, Pentium 4, Intel Xeon, and P6 family processors. Section 8.2.3 gives examples 
illustrating the behavior of the memory-ordering model on IA-32 and Intel-64 processors. Section 8.2.4 considers 
the special treatment of stores for string operations and Section 8.2.5 discusses how memory-ordering behavior 
may be modified through the use of specific instructions. 


8.2.1 Memory Ordering in the Intel® Pentium® and Intel486" Processors 


The Pentium and Intel486 processors follow the processor-ordered memory model; however, they operate as 
strongly-ordered processors under most circumstances. Reads and writes always appear in programmed order at 
the system bus—except for the following situation where processor ordering is exhibited. Read misses are 
permitted to go ahead of buffered writes on the system bus when all the buffered writes are cache hits and, there- 
fore, are not directed to the same address being accessed by the read miss. 


In the case of I/O operations, both reads and writes always appear in programmed order. 


Software intended to operate correctly in processor-ordered processors (such as the Pentium 4, Intel Xeon, and P6 
family processors) should not depend on the relatively strong ordering of the Pentium or Intel486 processors. 
Instead, it should ensure that accesses to shared variables that are intended to control concurrent execution 
among processors are explicitly required to obey program ordering through the use of appropriate locking or seri- 
alizing operations (see Section 8.2.5, “Strengthening or Weakening the Memory-Ordering Model”). 


8.2.2 Memory Ordering in P6 and More Recent Processor Families 


The Intel Core 2 Duo, Intel Atom, Intel Core Duo, Pentium 4, and P6 family processors also use a processor-ordered 
memory-ordering model that can be further defined as “write ordered with store-buffer forwarding.” This model can 
be characterized as follows. 


In a single-processor system for memory regions defined as write-back cacheable, the memory-ordering model 
respects the following principles (Note the memory-ordering principles for single-processor and multiple- 
processor systems are written from the perspective of software executing on the processor, where the term 
“processor” refers to a logical processor. For example, a physical processor supporting multiple cores and/or Intel 
Hyper-Threading Technology is treated as a multi-processor systems. ): 

° Reads are not reordered with other reads. 

¢ Writes are not reordered with older reads. 

¢ Writes to memory are not reordered with other writes, with the following exceptions: 


— streaming stores (writes) executed with the non-temporal move instructions (MOVNTI, MOVNTQ, 
MOVNTDQ, MOVNTPS, and MOVNTPD); and 


— string operations (see Section 8.2.4.1). 


¢ No write to memory may be reordered with an execution of the CLFLUSH instruction; a write may be reordered 
with an execution of the CLFLUSHOPT instruction that flushes a cache line other than the one being written.! 
Executions of the CLFLUSH instruction are not reordered with each other. Executions of CLFLUSHOPT that 
access different cache lines may be reordered with each other. An execution of CLFLUSHOPT may be reordered 
with an execution of CLFLUSH that accesses a different cache line. 


° Reads may be reordered with older writes to different locations but not with older writes to the same location. 
° Reads or writes cannot be reordered with I/O instructions, locked instructions, or serializing instructions. 


1. Earlier versions of this manual specified that writes to memory may be reordered with executions of the CLFLUSH instruction. No 
processors implementing the CLFLUSH instruction allow such reordering. 
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Reads cannot pass earlier LFENCE and MFENCE instructions. 


Writes and executions of CLFLUSH and CLFLUSHOPT cannot pass earlier LFENCE, SFENCE, and MFENCE 
instructions. 


LFENCE instructions cannot pass earlier reads. 
SFENCE instructions cannot pass earlier writes or executions of CLFLUSH and CLFLUSHOPT. 
MFENCE instructions cannot pass earlier reads, writes, or executions of CLFLUSH and CLFLUSHOPT. 


In a multiple-processor system, the following ordering principles apply: 


Individual processors use the same ordering principles as in a single-processor system. 

Writes by a single processor are observed in the same order by all processors. 

Writes from an individual processor are NOT ordered with respect to the writes from other processors. 
Memory ordering obeys causality (memory ordering respects transitive visibility). 

Any two stores are seen in a consistent order by processors other than those performing the stores 
Locked instructions have a total order. 


See the example in Figure 8-1. Consider three processors in a system and each processor performs three writes, 
one to each of three defined locations (A, B, and C). Individually, the processors perform the writes in the same 
program order, but because of bus arbitration and other memory access mechanisms, the order that the three 
processors write the individual memory locations can differ each time the respective code sequences are executed 
on the processors. The final values in location A, B, and C would possibly vary on each execution of the write 
sequence. 


The processor-ordering model described in this section is virtually identical to that used by the Pentium and 
Intel486 processors. The only enhancements in the Pentium 4, Intel Xeon, and P6 family processors are: 


Added support for speculative reads, while still adhering to the ordering principles above. 
Store-buffer forwarding, when a read passes a write to the same memory location. 


Out of order store from long string store and string move operations (see Section 8.2.4, “Fast-String Operation 
and Out-of-Order Stores,” below). 


Order of Writes From Individual Processors 


Processor #1 Processor #2 Processor #3 
Each processor — Write A.1 Write A.2 Write A.3 
is guaranteed to ~ | write B.1 Write B.2 Write B.3 
perform writes in — Write C.1 Write C.2 Write C.3 


program order. 


Example of order of actual writes 
from all processors to memory 


Writes are in order Write A.1 — 

with respect to Write B.1 

individual processes. Write A.2 Witesioniall 
Write A.3 processors are 
Write C.1. |-» not guaranteed 
Write B.2 to occur ina 
Write C.2 particular order. 
Write B.3 
Write C.3 — 


Figure 8-1. Example of Write Ordering in Multiple-Processor Systems 
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NOTE 


In P6 processor family, store-buffer forwarding to reads of WC memory from streaming stores to the same address 
does not occur due to errata. 


8.2.3 Examples Illustrating the Memory-Ordering Principles 


This section provides a set of examples that illustrate the behavior of the memory-ordering principles introduced in 
Section 8.2.2. They are designed to give software writers an understanding of how memory ordering may affect the 
results of different sequences of instructions. 


These examples are limited to accesses to memory regions defined as write-back cacheable (WB). (Section 8.2.3.1 
describes other limitations on the generality of the examples.) The reader should understand that they describe 
only software-visible behavior. A logical processor may reorder two accesses even if one of examples indicates that 
they may not be reordered. Such an example states only that software cannot detect that such a reordering 
occurred. Similarly, a logical processor may execute a memory access more than once as long as the behavior 
visible to software is consistent with a single execution of the memory access. 


8.2.3.1 Assumptions, Terminology, and Notation 


As noted above, the examples in this section are limited to accesses to memory regions defined as write-back 
cacheable (WB). They apply only to ordinary loads stores and to locked read-modify-write instructions. They do not 
necessarily apply to any of the following: out-of-order stores for string instructions (see Section 8.2.4); accesses 
with a non-temporal hint; reads from memory by the processor as part of address translation (e.g., page walks); 
and updates to segmentation and paging structures by the processor (e.g., to update “accessed” bits). 


The principles underlying the examples in this section apply to individual memory accesses and to locked read- 
modify-write instructions. The Intel-64 memory-ordering model guarantees that, for each of the following 
memory-access instructions, the constituent memory operation appears to execute as a single memory access: 


¢ Instructions that read or write a single byte. 

¢ Instructions that read or write a word (2 bytes) whose address is aligned on a 2 byte boundary. 

¢ Instructions that read or write a doubleword (4 bytes) whose address is aligned on a 4 byte boundary. 
¢ Instructions that read or write a quadword (8 bytes) whose address is aligned on an 8 byte boundary. 


Any locked instruction (either the XCHG instruction or another read-modify-write instruction with a LOCK prefix) 
appears to execute as an indivisible and uninterruptible sequence of load(s) followed by store(s) regardless of 
alignment. 


Other instructions may be implemented with multiple memory accesses. From a memory-ordering point of view, 
there are no guarantees regarding the relative order in which the constituent memory accesses are made. There is 
also no guarantee that the constituent operations of a store are executed in the same order as the constituent 
operations of a load. 


Section 8.2.3.2 through Section 8.2.3.7 give examples using the MOV instruction. The principles that underlie 
these examples apply to load and store accesses in general and to other instructions that load from or store to 
memory. Section 8.2.3.8 and Section 8.2.3.9 give examples using the XCHG instruction. The principles that 
underlie these examples apply to other locked read-modify-write instructions. 


This section uses the term “processor” is to refer to a logical processor. The examples are written using Intel-64 
assembly-language syntax and use the following notational conventions: 


¢ Arguments beginning with an “r”, such as ri or r2 refer to registers (e.g., EAX) visible only to the processor 
being considered. 


* Memory locations are denoted with x, y, z. 
¢ Stores are written as mov [_ x], val, which implies that va/ is being stored into the memory location x. 


® Loads are written as mov r, [ __x], which implies that the contents of the memory location x are being loaded 
into the register r. 
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As noted earlier, the examples refer only to software visible behavior. When the succeeding sections make state- 
ment such as “the two stores are reordered,” the implication is only that “the two stores appear to be reordered 
from the point of view of software.” 


8.2.3.2 Neither Loads Nor Stores Are Reordered with Like Operations 


The Intel-64 memory-ordering model allows neither loads nor stores to be reordered with the same kind of opera- 
tion. That is, it ensures that loads are seen in program order and that stores are seen in program order. This is illus- 
trated by the following example: 


Example 8-1. Stores Are Not Reordered with Other Stores 


Processor 0 


Processor 1 


1 =1 andr2 = Ois not allowed 


mov [ _x], 1 mov r1,[_y] 
mov [_y], 1 mov r2, [ _x] 
Initially x = y = 0 


The disallowed return values could be exhibited only if processor 0's two stores are reordered (with the two loads 
occurring between them) or if processor 1’s two loads are reordered (with the two stores occurring between them). 


If ri = 1, the store to y occurs before the load from y. Because the Intel-64 memory-ordering model does not allow 
stores to be reordered, the earlier store to x occurs before the load from y. Because the Intel-64 memory-ordering 
model does not allow loads to be reordered, the store to x also occurs before the later load from x. This r2 = 1. 


8.2.3.3 Stores Are Not Reordered With Earlier Loads 


The Intel-64 memory-ordering model ensures that a store by a processor may not occur before a previous load by 
the same processor. This is illustrated by the following example: 


Example 8-2. Stores Are Not Reordered with Older Loads 


Processor 0 Processor 1 
mov r1, [ __x] mov r2,[_y] 
mov [_y], 1 mov [ _x], 1 
Initially x = y=0 


r1 = 1 andr2 = 1 is not allowed 


Assume rl = 1. 


¢ Because ri = 1, processor 1’s store to x occurs before processor 0’s load from x. 


Because the Intel-64 memory-ordering model prevents each store from being reordered with the earlier load 
by the same processor, processor 1’s load from y occurs before its store to x. 


Similarly, processor 0’s load from x occurs before its store to y. 


Thus, processor 1’s load from y occurs before processor 0’s store to y, implying r2 = 0. 


8.2.3.4 Loads May Be Reordered with Earlier Stores to Different Locations 


The Intel-64 memory-ordering model allows a load to be reordered with an earlier store to a different location. 
However, loads are not reordered with stores to the same location. 
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The fact that a load may be reordered with an earlier store to a different location is illustrated by the following 
example: 


Example 8-3. Loads May be Reordered with Older Stores 
Processor 0 Processor 1 


mov [ _x], 1 mov [_y], 1 
mov rl, [_y] mov r2, [ _x] 


Initially x = y = 0 
1 =Oandr2 = Ois allowed 


At each processor, the load and the store are to different locations and hence may be reordered. Any interleaving 
of the operations is thus allowed. One such interleaving has the two loads occurring before the two stores. This 
would result in each load returning value 0. 


The fact that a load may not be reordered with an earlier store to the same location is illustrated by the following 
example: 


Example 8-4. Loads Are not Reordered with Older Stores to the Same Location 
Processor 0 


mov [ _x], 1 
mov rl, [_x] 
Initially x = 0 


r1 = Ois not allowed 


The Intel-64 memory-ordering model does not allow the load to be reordered with the earlier store because the 
accesses are to the same location. Therefore, rl = 1 must hold. 


8.2.3.5 Intra-Processor Forwarding Is Allowed 


The memory-ordering model allows concurrent stores by two processors to be seen in different orders by those two 
processors; specifically, each processor may perceive its own store occurring before that of the other. This is illus- 
trated by the following example: 


Example 8-5. Intra-Processor Forwarding is Allowed 


Processor 0 Processor 1 


mov [ _x], 1 mov [_y], 1 
mov r1, [ _x] mov r3, [_y] 
mov r2, [_y] mov r4, [ _x] 


Initially x = y = 0 


r2 = O and r4 = Ois allowed 


The memory-ordering model imposes no constraints on the order in which the two stores appear to execute by the 
two processors. This fact allows processor 0 to see its store before seeing processor 1's, while processor 1 sees its 
store before seeing processor 0's. (Each processor is self consistent.) This allows r2 = 0 and r4 = 0. 


In practice, the reordering in this example can arise as a result of store-buffer forwarding. While a store is tempo- 
rarily held in a processor's store buffer, it can satisfy the processor's own loads but is not visible to (and cannot 
satisfy) loads by other processors. 
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8.2.3.6 Stores Are Transitively Visible 


The memory-ordering model ensures transitive visibility of stores; stores that are causally related appear to all 
processors to occur in an order consistent with the causality relation. This is illustrated by the following example: 


Example 8-6. Stores Are Transitively Visible 


Processor 0 Processor 1 Processor 2 
mov [_x], 1 mov r1, [_x] 
mov [_y], 1 mov r2, [_y] 
mov r3, [_x] 
Initially x = y =O 
r1=1,r2 = 1,73 = Ois not allowed 


Assume that ri = 1 andr2 = 1. 
° Because ri = 1, processor 0’s store occurs before processor 1’s load. 


¢ Because the memory-ordering model prevents a store from being reordered with an earlier load (see Section 
8.2.3.3), processor 1’s load occurs before its store. Thus, processor 0’s store causally precedes processor 1's 
store. 


¢ Because processor 0’s store causally precedes processor 1’s store, the memory-ordering model ensures that 
processor 0’s store appears to occur before processor 1’s store from the point of view of all processors. 


° Because r2 = 1, processor 1’s store occurs before processor 2's load. 


° Because the Intel-64 memory-ordering model prevents loads from being reordered (see Section 8.2.3.2), 
processor 2’s load occur in order. 


° The above items imply that processor 0’s store to x occurs before processor 2’s load from x. This implies that 
r3 = 1. 


8.2.3.7 Stores Are Seen in a Consistent Order by Other Processors 


As noted in Section 8.2.3.5, the memory-ordering model allows stores by two processors to be seen in different 
orders by those two processors. However, any two stores must appear to execute in the same order to all proces- 
sors other than those performing the stores. This is illustrated by the following example: 


Example 8-7. Stores Are Seen in a Consistent Order by Other Processors 


Processor 0 Processor 1 Processor 2 Processor 3 
mov [ _x], 1 mov [ _y], 1 mov rl, [ __x] mov r3, [_y] 
mov r2, [_y] mov r4, [_x] 
Initially x = y =O 
rl =1,r2 =0,r3 = 1, r4 = Ois not allowed 


By the principles discussed in Section 8.2.3.2, 

® processor 2's first and second load cannot be reordered, 

® processor 3’s first and second load cannot be reordered. 

¢ Ifri = 1andr2 =0, processor 0’s store appears to precede processor 1’s store with respect to processor 2. 


¢ Similarly, r3 = 1 and r4 = 0 imply that processor 1's store appears to precede processor 0’s store with respect 
to processor 1. 


Because the memory-ordering model ensures that any two stores appear to execute in the same order to all 
processors (other than those performing the stores), this set of return values is not allowed 
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8.2.3.8 Locked Instructions Have a Total Order 


The memory-ordering model ensures that all processors agree on a single execution order of all locked instructions, 
including those that are larger than 8 bytes or are not naturally aligned. This is illustrated by the following example: 


Example 8-8. Locked Instructions Have a Total Order 


Processor 0 Processor 1 Processor 2 Processor 3 
xchg [ _x], 71 xchg [ _y], r2 
mov r3, [ __x] mov r5, [_y] 
mov r4,[_y] mov r6, [_x] 


Initially r1 =r2 =1,x =y=0 
r3 = 1,r4 = 0,r5 = 1, 6 = Ois not allowed 


Processor 2 and processor 3 must agree on the order of the two executions of XCHG. Without loss of generality, 
suppose that processor 0’s XCHG occurs first. 


¢ Ifr5 = 1, processor 1’s XCHG into y occurs before processor 3’s load from y. 


® Because the Intel-64 memory-ordering model prevents loads from being reordered (see Section 8.2.3.2), 
processor 3’s loads occur in order and, therefore, processor 1’s XCHG occurs before processor 3’s load from x. 


¢ Since processor 0’s XCHG into x occurs before processor 1’s XCHG (by assumption), it occurs before 
processor 3’s load from x. Thus, r6 = 1. 


A similar argument (referring instead to processor 2’s loads) applies if processor 1’s XCHG occurs before 
processor 0’s XCHG. 


8.2.3.9 Loads and Stores Are Not Reordered with Locked Instructions 


The memory-ordering model prevents loads and stores from being reordered with locked instructions that execute 
earlier or later. The examples in this section illustrate only cases in which a locked instruction is executed before a 
load or a store. The reader should note that reordering is prevented also if the locked instruction is executed after 
a load or a store. 


The first example illustrates that loads may not be reordered with earlier locked instructions: 
Example 8-9. Loads Are not Reordered with Locks 


Processor 0 Processor 1 
xchg [ _x], 71 xchg [ _y], r3 


mov r2, [_y] mov r4, [ _x] 


Initially x = y=0,r1 =r3=1 


r2 = O and r4 = Ois not allowed 


As explained in Section 8.2.3.8, there is a total order of the executions of locked instructions. Without loss of 
generality, suppose that processor 0’s XCHG occurs first. 


Because the Intel-64 memory-ordering model prevents processor 1’s load from being reordered with its earlier 
XCHG, processor 0’s XCHG occurs before processor 1's load. This implies r4 = 1. 


A similar argument (referring instead to processor 2's accesses) applies if processor 1’s XCHG occurs before 
processor 0’s XCHG. 


The second example illustrates that a store may not be reordered with an earlier locked instruction: 
Example 8-10. Stores Are not Reordered with Locks 


Processor 0 Processor 1 


xchg [ _x], 71 mov r2, [_y] 
mov [_y], 1 mov r3, [ __x] 
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Example 8-10. Stores Are not Reordered with Locks 
Processor O Processor 1 


Initially x = y =0,r1 =1 
r2 = 1 andr3 = Ois not allowed 


Assume r2 = 1. 
¢ Because r2 = 1, processor 0’s store to y occurs before processor 1’s load from y. 


¢ Because the memory-ordering model prevents a store from being reordered with an earlier locked instruction, 
processor 0’s XCHG into x occurs before its store to y. Thus, processor 0’s XCHG into x occurs before 
processor 1's load from y. 


° Because the memory-ordering model prevents loads from being reordered (see Section 8.2.3.2), processor 1's 
loads occur in order and, therefore, processor 1’s XCHG into x occurs before processor 1’s load from x. Thus, 
r3 = 1. 


8.2.4 Fast-String Operation and Out-of-Order Stores 


Section 7.3.9.3 of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 described an optimi- 
zation of repeated string operations called fast-string operation. 


As explained in that section, the stores produced by fast-string operation may appear to execute out of order. Soft- 
ware dependent upon sequential store ordering should not use string operations for the entire data structure to be 
stored. Data and semaphores should be separated. Order-dependent code should write to a discrete semaphore 
variable after any string operations to allow correctly ordered data to be seen by all processors. Atomicity of load 
and store operations is guaranteed only for native data elements of the string with native data size, and only if they 
are included in a single cache line. 


Section 8.2.4.1 and Section 8.2.4.2 provide further explain and examples. 


8.2.4.1 Memory-Ordering Model for String Operations on Write-Back (WB) Memory 


This section deals with the memory-ordering model for string operations on write-back (WB) memory for the Intel 
64 architecture. 


The memory-ordering model respects the follow principles: 
1. Stores within a single string operation may be executed out of order. 


2. Stores from separate string operations (for example, stores from consecutive string operations) do not execute 
out of order. All the stores from an earlier string operation will complete before any store from a later string 
operation. 


3. String operations are not reordered with other store operations. 


Fast string operations (e.g. string operations initiated with the MOVS/STOS instructions and the REP prefix) may be 
interrupted by exceptions or interrupts. The interrupts are precise but may be delayed - for example, the interrup- 
tions may be taken at cache line boundaries, after every few iterations of the loop, or after operating on every few 
bytes. Different implementations may choose different options, or may even choose not to delay interrupt 
handling, so software should not rely on the delay. When the interrupt/trap handler is reached, the source/destina- 
tion registers point to the next string element to be operated on, while the EIP stored in the stack points to the 
string instruction, and the ECX register has the value it held following the last successful iteration. The return from 
that trap/interrupt handler should cause the string instruction to be resumed from the point where it was inter- 
rupted. 


The string operation memory-ordering principles, (item 2 and 3 above) should be interpreted by taking the incor- 
ruptibility of fast string operations into account. For example, if a fast string operation gets interrupted after k iter- 
ations, then stores performed by the interrupt handler will become visible after the fast string stores from iteration 
0 to k, and before the fast string stores from the (k+1)th iteration onward. 


Stores within a single string operation may execute out of order (item 1 above) only if fast string operation is 
enabled. Fast string operations are enabled/disabled through the IA32_MISC_ENABLE model specific register. 
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8.2.4.2 Examples Illustrating Memory-Ordering Principles for String Operations 
The following examples uses the same notation and convention as described in Section 8.2.3.1. 


In Example 8-11, processor 0 does one round of (128 iterations) doubleword string store operation via rep:stosd, 
writing the value 1 (value in EAX) into a block of 512 bytes from location _x (kept in ES:EDI) in ascending order. 
Since each operation stores a doubleword (4 bytes), the operation is repeated 128 times (value in ECX). The block 
of memory initially contained 0. Processor 1 is reading two memory locations that are part of the memory block 
being updated by processor 0, i.e, reading locations in the range _x to (_x+511). 


Example 8-11. Stores Within a String Operation May be Reordered 
Processor O Processor 1 
rep:stosd [ _x] mov ri, [_z] 


mov r2, [_y] 


Initially on processor O: EAX = 1, ECX=128, ES:EDI =_x 
Initially [_x] to 511[_x]= 0, __x <=_y <_z<_x+512 
r1 = 1 andr2 = Ois allowed 


It is possible for processor 1 to perceive that the repeated string stores in processor O are happening out of order. 
Assume that fast string operations are enabled on processor 0. 


In Example 8-12, processor 0 does two separate rounds of rep stosd operation of 128 doubleword stores, writing 
the value 1 (value in EAX) into the first block of 512 bytes from location _x (kept in ES:EDI) in ascending order. It 
then writes 1 into a second block of memory from (_x+512) to (_x+1023). All of the memory locations initially 
contain 0. The block of memory initially contained 0. Processor 1 performs two load operations from the two blocks 
of memory. 


Example 8-12. Stores Across String Operations Are not Reordered 


Processor 0 Processor 1 
rep:stosd [ _x] 
mov rl, [_z] 
mov ecx, $128 
mov r2,[_y] 
rep:stosd 512[ _ x] 


Initially on processor 0: EAX = 1, ECX=128, ES:EDI =_x 
Initially [_x] to 1023[_x]= 0, __x <=_y < _xt+512 <_z<_x+1024 
r1 = 1 andr2 = Ois not allowed 


It is not possible in the above example for processor 1 to perceive any of the stores from the later string operation 
(to the second 512 block) in processor 0 before seeing the stores from the earlier string operation to the first 512 
block. 


The above example assumes that writes to the second block (_x+512 to _x+1023) does not get executed while 
processor 0’s string operation to the first block has been interrupted. If the string operation to the first block by 
processor 0 is interrupted, and a write to the second memory block is executed by the interrupt handler, then that 
change in the second memory block will be visible before the string operation to the first memory block resumes. 


In Example 8-13, processor 0 does one round of (128 iterations) doubleword string store operation via rep:stosd, 
writing the value 1 (value in EAX) into a block of 512 bytes from location _x (kept in ES:EDI) in ascending order. It 
then writes to a second memory location outside the memory block of the previous string operation. Processor 1 
performs two read operations, the first read is from an address outside the 512-byte block but to be updated by 
processor 0, the second ready is from inside the block of memory of string operation. 
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Example 8-13. String Operations Are not Reordered with later Stores 
Processor 0 Processor 1 
rep:stosd [ _x] mov rl, [_z] 
mov [_z], $1 mov r2, [ _y] 
Initially on processor O: EAX = 1, ECX=128, ES:EDI =_x 
Initially [_y] = [2] = 0, [_x] to 511[_x]= 0, __x <= _y < _x+512,_2 is a separate memory location 
r1 = 1 andr2 = Ois not allowed 


Processor 1 cannot perceive the later store by processor 0 until it sees all the stores from the string operation. 
Example 8-13 assumes that processor 0’s store to [_z] is not executed while the string operation has been inter- 
rupted. If the string operation is interrupted and the store to [_z] by processor 0 is executed by the interrupt 
handler, then changes to [_z] will become visible before the string operation resumes. 


Example 8-14 illustrates the visibility principle when a string operation is interrupted. 


Example 8-14. Interrupted String Operation 


Processor 0 Processor 1 
rep:stosd [ _x] // interrupted before es:edi reach _y mov rl, [_z] 
mov [_z], $1 // interrupt handler mov r2,[_y] 


Initially on processor 0: EAX = 1, ECX=128, ES:EDI =_x 
Initially [_y] = [_z] = 0, [_x] to 511[_x]= 0, _x <= _y < __x+512,_2 is a separate memory location 
r1 = 1 andr2 = Ois allowed 


In Example 8-14, processor 0 started a string operation to write to a memory block of 512 bytes starting at address 
_x. Processor 0 got interrupted after k iterations of store operations. The address _y has not yet been updated by 
processor 0 when processor 0 got interrupted. The interrupt handler that took control on processor 0 writes to the 
address _z. Processor 1 may see the store to _z from the interrupt handler, before seeing the remaining stores to 
the 512-byte memory block that are executed when the string operation resumes. 


Example 8-15 illustrates the ordering of string operations with earlier stores. No store from a string operation can 
be visible before all prior stores are visible. 


Example 8-15. String Operations Are not Reordered with Earlier Stores 
Processor O Processor 1 
mov [_z], $1 mov r1, [_y] 
rep:stosd [ _x] mov r2, [_z] 
Initially on processor 0: EAX = 1, ECX=128, ES:EDI =_x 
Initially [_y] = [_z] = 0, [_x] to 511[_x]= 0, __x <= _y < __x+512,_2 is a separate memory location 
r1 = 1 andr2 = Ois not allowed 


8.2.5 Strengthening or Weakening the Memory-Ordering Model 


The Intel 64 and JA-32 architectures provide several mechanisms for strengthening or weakening the memory- 
ordering model to handle special programming situations. These mechanisms include: 


¢ The I/O instructions, locked instructions, the LOCK prefix, and serializing instructions force stronger ordering 
on the processor. 
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¢ The SFENCE instruction (introduced to the IA-32 architecture in the Pentium III processor) and the LFENCE and 
MFENCE instructions (introduced in the Pentium 4 processor) provide memory-ordering and serialization 
capabilities for specific types of memory operations. 


¢ The memory type range registers (MTRRs) can be used to strengthen or weaken memory ordering for specific 
area of physical memory (see Section 11.11, “Memory Type Range Registers (MTRRs)”). MTRRs are available 
only in the Pentium 4, Intel Xeon, and P6 family processors. 


¢ The page attribute table (PAT) can be used to strengthen memory ordering for a specific page or group of pages 
(see Section 11.12, “Page Attribute Table (PAT)”). The PAT is available only in the Pentium 4, Intel Xeon, and 
Pentium Ill processors. 


These mechanisms can be used as follows: 


Memory mapped devices and other I/O devices on the bus are often sensitive to the order of writes to their I/O 
buffers. I/O instructions can be used to (the IN and OUT instructions) impose strong write ordering on such 
accesses as follows. Prior to executing an I/O instruction, the processor waits for all previous instructions in the 
program to complete and for all buffered writes to drain to memory. Only instruction fetch and page tables walks 
can pass I/O instructions. Execution of subsequent instructions do not begin until the processor determines that 
the I/O instruction has been completed. 


Synchronization mechanisms in multiple-processor systems may depend upon a strong memory-ordering model. 
Here, a program can use a locked instruction such as the XCHG instruction or the LOCK prefix to ensure that a read- 
modify-write operation on memory is carried out atomically. Locked instructions typically operate like I/O instruc- 
tions in that they wait for all previous memory accesses to complete and for all buffered writes to drain to memory 
(see Section 8.1.2, “Bus Locking”). Unlike I/O operations, locked instructions do not wait for all previous instruc- 
tions to complete execution. 


Program synchronization can also be carried out with serializing instructions (see Section 8.3). These instructions 
are typically used at critical procedure or task boundaries to force completion of all previous instructions before a 
jump to a new section of code or a context switch occurs. Like the I/O instructions, the processor waits until all 
previous instructions have been completed and all buffered writes have been drained to memory before executing 
the serializing instruction. 


The SFENCE, LFENCE, and MFENCE instructions provide a performance-efficient way of ensuring load and store 
memory ordering between routines that produce weakly-ordered results and routines that consume that data. The 
functions of these instructions are as follows: 


¢ SFENCE — Serializes all store (write) operations that occurred prior to the SFENCE instruction in the program 
instruction stream, but does not affect load operations. 


¢ LFENCE — Serializes all load (read) operations that occurred prior to the LFENCE instruction in the program 
instruction stream, but does not affect store operations. 


¢ MFENCE — Serializes all store and load operations that occurred prior to the MFENCE instruction in the 
program instruction stream. 


Note that the SFENCE, LFENCE, and MFENCE instructions provide a more efficient method of controlling memory 
ordering than the CPUID instruction. 


The MTRRs were introduced in the P6 family processors to define the cache characteristics for specified areas of 
physical memory. The following are two examples of how memory types set up with MTRRs can be used strengthen 
or weaken memory ordering for the Pentium 4, Intel Xeon, and P6 family processors: 


¢ The strong uncached (UC) memory type forces a strong-ordering model on memory accesses. Here, all reads 
and writes to the UC memory region appear on the bus and out-of-order or speculative accesses are not 
performed. This memory type can be applied to an address range dedicated to memory mapped I/O devices to 
force strong memory ordering. 


¢ For areas of memory where weak ordering is acceptable, the write back (WB) memory type can be chosen. 
Here, reads can be performed speculatively and writes can be buffered and combined. For this type of memory, 


2. Specifically, LFENCE does not execute until all prior instructions have completed locally, and no later instruction begins execution 
until LFENCE completes. As a result, an instruction that loads from memory and that precedes an LFENCE receives data from mem- 
ory prior to completion of the LFENCE. An LFENCE that follows an instruction that stores to memory might complete before the data 
being stored have become globally visible. Instructions following an LFENCE may be fetched from memory before the LFENCE, but 
they will not execute until the LFENCE completes. 
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cache locking is performed on atomic (locked) operations that do not split across cache lines, which helps to 
reduce the performance penalty associated with the use of the typical synchronization instructions, such as 
XCHG, that lock the bus during the entire read-modify-write operation. With the WB memory type, the XCHG 
instruction locks the cache instead of the bus if the memory access is contained within a cache line. 


The PAT was introduced in the Pentium III processor to enhance the caching characteristics that can be assigned to 
pages or groups of pages. The PAT mechanism typically used to strengthen caching characteristics at the page level 
with respect to the caching characteristics established by the MTRRs. Table 11-7 shows the interaction of the PAT 
with the MTRRs. 


Intel recommends that software written to run on Intel Core 2 Duo, Intel Atom, Intel Core Duo, Pentium 4, Intel 
Xeon, and P6 family processors assume the processor-ordering model or a weaker memory-ordering model. The 
Intel Core 2 Duo, Intel Atom, Intel Core Duo, Pentium 4, Intel Xeon, and P6 family processors do not implement a 
strong memory-ordering model, except when using the UC memory type. Despite the fact that Pentium 4, Intel 
Xeon, and P6 family processors support processor ordering, Intel does not guarantee that future processors will 
support this model. To make software portable to future processors, it is recommended that operating systems 
provide critical region and resource control constructs and API’s (application program interfaces) based on I/O, 
locking, and/or serializing instructions be used to synchronize access to shared areas of memory in multiple- 
processor systems. Also, software should not depend on processor ordering in situations where the system hard- 
ware does not support this memory-ordering model. 


8.3 SERIALIZING INSTRUCTIONS 


The Intel 64 and JA-32 architectures define several serializing instructions. These instructions force the 
processor to complete all modifications to flags, registers, and memory by previous instructions and to drain all 
buffered writes to memory before the next instruction is fetched and executed. For example, when a MOV to 
control register instruction is used to load a new value into control register CRO to enable protected mode, the 
processor must perform a serializing operation before it enters protected mode. This serializing operation ensures 
that all operations that were started while the processor was in real-address mode are completed before the switch 
to protected mode is made. 


The concept of serializing instructions was introduced into the IA-32 architecture with the Pentium processor to 
support parallel instruction execution. Serializing instructions have no meaning for the Intel486 and earlier proces- 
sors that do not implement parallel instruction execution. 


It is important to note that executing of serializing instructions on P6 and more recent processor families constrain 
speculative execution because the results of speculatively executed instructions are discarded. The following 
instructions are serializing instructions: 


° Privileged serializing instructions — INVD, INVEPT, INVLPG, INVVPID, LGDT, LIDT, LLDT, LTR, MOV (to 
control register, with the exception of MOV CR8?), MOV (to debug register), WBINVD, and WRMSR4. 


¢ Non-privileged serializing instructions — CPUID, IRET, and RSM. 


When the processor serializes instruction execution, it ensures that all pending memory transactions are 
completed (including writes stored in its store buffer) before it executes the next _instruction. Nothing can pass a 
serializing instruction and a serializing instruction cannot pass any other instruction (read, write, instruction fetch, 
or I/O). For example, CPUID can be executed at any privilege level to serialize instruction execution with no effect 
on program flow, except that the EAX, EBX, ECX, and EDX registers are modified. 


The following instructions are memory-ordering instructions, not serializing instructions. These drain the data 
memory subsystem. They do not serialize the instruction execution stream:° 


° Non-privileged memory-ordering instructions — SFENCE, LFENCE, and MFENCE. 


3. MOV CR8 is not defined architecturally as a serializing instruction. 

4. An execution of WRMSR to any non-serializing MSR is not serializing. Non-serializing MSRs include the following: [A32_SPEC_CTRL 
MSR (MSR index 48H), [A32_PRED_CMD MSR (MSR index 49H), |[A32_TSX_CTRL MSR (MSR index 122H), [A32_TSC_DEADLINE MSR 
(MSR index 6E0H), IA32_PKRS MSR (MSR index 6€1H), [A32_HwWP_REQUEST MSR (MSR index 774H), or any of the x2APIC MSRs 
(MSR indices 802H to 83FH). 

5. ULFENCE does provide some guarantees on instruction ordering. It does not execute until all prior instructions have completed locally, 
and no later instruction begins execution until LFENCE completes. 
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The SFENCE, LFENCE, and MFENCE instructions provide more granularity in controlling the serialization of memory 
loads and stores (see Section 8.2.5, “Strengthening or Weakening the Memory-Ordering Model”). 


The following additional information is worth noting regarding serializing instructions: 


¢ The processor does not write back the contents of modified data in its data cache to external memory when it 
serializes instruction execution. Software can force modified data to be written back by executing the WBINVD 
instruction, which is a serializing instruction. The amount of time or cycles for WBINVD to complete will vary 
due to the size of different cache hierarchies and other factors. As a consequence, the use of the WBINVD 
instruction can have an impact on interrupt/event response time. 


¢ When an instruction is executed that enables or disables paging (that is, changes the PG flag in control register 
CRO), the instruction should be followed by a jump instruction. The target instruction of the jump instruction is 
fetched with the new setting of the PG flag (that is, paging is enabled or disabled), but the jump instruction 
itself is fetched with the previous setting. The Pentium 4, Intel Xeon, and P6 family processors do not require 
the jump operation following the move to register CRO (because any use of the MOV instruction in a Pentium 4, 
Intel Xeon, or P6 family processor to write to CRO is completely serializing). However, to maintain backwards 
and forward compatibility with code written to run on other IA-32 processors, it is recommended that the jump 
operation be performed. 


¢ Whenever an instruction is executed to change the contents of CR3 while paging is enabled, the next instruction 
is fetched using the translation tables that correspond to the new value of CR3. Therefore the next instruction 
and the sequentially following instructions should have a mapping based upon the new value of CR3. (Global 
entries in the TLBs are not invalidated, see Section 4.10.4, “Invalidation of TLBs and Paging-Structure 
Caches.”) 


¢ The Pentium processor and more recent processor families use branch-prediction techniques to improve 
performance by prefetching the destination of a branch instruction before the branch instruction is executed. 
Consequently, instruction execution is not deterministically serialized when a branch instruction is executed. 


8.4 MULTIPLE-PROCESSOR (MP) INITIALIZATION 


The IA-32 architecture (beginning with the P6 family processors) defines a multiple-processor (MP) initialization 
protocol called the Multiprocessor Specification Version 1.4. This specification defines the boot protocol to be used 
by IA-32 processors in multiple-processor systems. (Here, multiple processors is defined as two or more proces- 
sors.) The MP initialization protocol has the following important features: 


¢ It supports controlled booting of multiple processors without requiring dedicated system hardware. 


* It allows hardware to initiate the booting of a system without the need for a dedicated signal or a predefined 
boot processor. 


¢ It allows all IA-32 processors to be booted in the same manner, including those supporting Intel Hyper- 
Threading Technology. 


¢ The MP initialization protocol also applies to MP systems using Intel 64 processors. 


The mechanism for carrying out the MP initialization protocol differs depending on the Intel processor generations. 
The following bullets summarizes the evolution of the changes: 


° For P6 family or older processors supporting MP operations— The selection of the BSP and APs (see 
Section 8.4.1, “BSP and AP Processors”) is handled through arbitration on the APIC bus, using BIPI and FIPI 
messages. These processor generations have CPUID signatures of (family=06H, extended_model=0, 
model<=ODH), or family <O6H. See Section 8.11.1, “Overview of the MP Initialization Process For P6 Family 
Processors” for a complete discussion of MP initialization for P6 family processors. 


¢ Early generations of IA processors with family OFH — The selection of the BSP and APs (see Section 
8.4.1, “BSP and AP Processors”) is handled through arbitration on the system bus, using BIPI and FIPI 
messages (see Section 8.4.3, “MP Initialization Protocol Algorithm for MP Systems”). These processor 
generations have CPUID signatures of family=OFH, model=0H, stepping<=09H. 


¢ Later generations of IA processors with family OFH, and IA processors with system bus — The 
selection of the BSP and APs is handled through a special system bus cycle, without using BIPI and FIPI 
message arbitration (see Section 8.4.3, “MP Initialization Protocol Algorithm for MP Systems”). These 
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processor generations have CPUID signatures of family=OFH with (model=0H, stepping>=OAH) or (model >0, 
all steppings); or family=06H, extended_model=0, model>=OEH. 


¢ All other modern IA processor generations supporting MP operations— The selection of the BSP and 
APs in the system is handled by platform-specific arrangement of the combination of hardware, BIOS, and/or 
configuration input options. The basis of the selection mechanism is similar to those of the Later generations of 
family OFH and other Intel processor using system bus (see Section 8.4.3, “MP Initialization Protocol Algorithm 
for MP Systems”). These processor generations have CPUID signatures of family=O6H, extended_model>0. 


The family, model, and stepping ID for a processor is given in the EAX register when the CPUID instruction is 
executed with a value of 1 in the EAX register. 


8.4.1 BSP and AP Processors 


The MP initialization protocol defines two classes of processors: the bootstrap processor (BSP) and the application 
processors (APs). Following a power-up or RESET of an MP system, system hardware dynamically selects one of 
the processors on the system bus as the BSP. The remaining processors are designated as APs. 


As part of the BSP selection mechanism, the BSP flag is set in the IA32_APIC_BASE MSR (see Figure 10-5) of the 
BSP, indicating that it is the BSP. This flag is cleared for all other processors. 


The BSP executes the BIOS’s boot-strap code to configure the APIC environment, sets up system-wide data struc- 
tures, and starts and initializes the APs. When the BSP and APs are initialized, the BSP then begins executing the 
operating-system initialization code. 


Following a power-up or reset, the APs complete a minimal self-configuration, then wait for a startup signal (a SIPI 
message) from the BSP processor. Upon receiving a SIPI message, an AP executes the BIOS AP configuration code, 
which ends with the AP being placed in halt state. 


For Intel 64 and IA-32 processors supporting Intel Hyper-Threading Technology, the MP initialization protocol treats 
each of the logical processors on the system bus or coherent link domain as a separate processor (with a unique 
APIC ID). During boot-up, one of the logical processors is selected as the BSP and the remainder of the logical 
processors are designated as APs. 


8.4.2 MP Initialization Protocol Requirements and Restrictions 


The MP initialization protocol imposes the following requirements and restrictions on the system: 


¢ The MP protocol is executed only after a power-up or RESET. If the MP protocol has completed and a BSP is 
chosen, subsequent INITs (either to a specific processor or system wide) do not cause the MP protocol to be 
repeated. Instead, each logical processor examines its BSP flag (in the IA32_APIC_BASE MSR) to determine 
whether it should execute the BIOS boot-strap code (if it is the BSP) or enter a wait-for-SIPI state (if it is an 
AP). 


¢ All devices in the system that are capable of delivering interrupts to the processors must be inhibited from 
doing so for the duration of the MP initialization protocol. The time during which interrupts must be inhibited 
includes the window between when the BSP issues an INIT-SIPI-SIPI sequence to an AP and when the AP 
responds to the last SIPI in the sequence. 


8.4.3 MP Initialization Protocol Algorithm for MP Systems 


Following a power-up or RESET of an MP system, the processors in the system execute the MP initialization protocol 
algorithm to initialize each of the logical processors on the system bus or coherent link domain. In the course of 
executing this algorithm, the following boot-up and initialization operations are carried out: 


1. Each logical processor is assigned a unique APIC ID, based on system topology. The unique ID is a 32-bit value 
if the processor supports CPUID leaf OBH, otherwise the unique ID is an 8-bit value. (See Section 8.4.5, “Identi- 
fying Logical Processors in an MP System”). 


2. Each logical processor is assigned a unique arbitration priority based on its APIC ID. 
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3. 


4. 


Each logical processor executes its internal BIST simultaneously with the other logical processors in the 
system. 


Upon completion of the BIST, the logical processors use a hardware-defined selection mechanism to select the 
BSP and the APs from the available logical processors on the system bus. The BSP selection mechanism differs 
depending on the family, model, and stepping IDs of the processors, as follows: 


— Later generations of IA processors within family OFH (see Section 8.4), IA processors with system bus 
(family=06H, extended_model=0, model>=OEH), or all other modern Intel processors (family=O6H, 
extended_model>0): 


¢ The logical processors begin monitoring the BNR# signal, which is toggling. When the BNR# pin stops 
toggling, each processor attempts to issue a NOP special cycle on the system bus. 


¢ The logical processor with the highest arbitration priority succeeds in issuing a NOP special cycle and is 
nominated the BSP. This processor sets the BSP flag in its IA32_APIC_BASE MSR, then fetches and 
begins executing BIOS boot-strap code, beginning at the reset vector (physical address FFFF FFFOH). 


¢ The remaining logical processors (that failed in issuing a NOP special cycle) are designated as APs. They 
leave their BSP flags in the clear state and enter a “wait-for-SIPI state.” 


— Early generations of IA processors within family OFH (family=OFH, model=0H, stepping<=09H), P6 family 
or older processors supporting MP operations (family=06H, extended_model=0, model<=0DH; or family 
<06H): 


¢ Each processor broadcasts a BIPI to “all including self.” The first processor that broadcasts a BIPI (and 
thus receives its own BIPI vector), selects itself as the BSP and sets the BSP flag in its IA32_APIC_BASE 
MSR. (See Section 8.11.1, “Overview of the MP Initialization Process For P6 Family Processors” for a 
description of the BIPI, FIPI, and SIPI messages.) 


¢ The remainder of the processors (which were not selected as the BSP) are designated as APs. They 
leave their BSP flags in the clear state and enter a “wait-for-SIPI state.” 


¢ The newly established BSP broadcasts an FIPI message to “all including self,” which the BSP and APs 
treat as an end of MP initialization signal. Only the processor with its BSP flag set responds to the FIPI 
message. It responds by fetching and executing the BIOS boot-strap code, beginning at the reset vector 
(physical address FFFF FFFOH). 


As part of the boot-strap code, the BSP creates an ACPI table and/or an MP table and adds its initial APIC ID to 
these tables as appropriate. 


At the end of the boot-strap procedure, the BSP sets a processor counter to 1, then broadcasts a SIPI message 
to all the APs in the system. Here, the SIPI message contains a vector to the BIOS AP initialization code (at 
OOOVVOOOH, where VV is the vector contained in the SIPI message). 


The first action of the AP initialization code is to set up a race (among the APs) to a BIOS initialization 
semaphore. The first AP to the semaphore begins executing the initialization code. (See Section 8.4.4, “MP 
Initialization Example,” for semaphore implementation details.) As part of the AP initialization procedure, the 
AP adds its APIC ID number to the ACPI and/or MP tables as appropriate and increments the processor counter 
by 1. At the completion of the initialization procedure, the AP executes a CLI instruction and halts itself. 


When each of the APs has gained access to the semaphore and executed the AP initialization code, the BSP 
establishes a count for the number of processors connected to the system bus, completes executing the BIOS 
boot-strap code, and then begins executing operating-system boot-strap and start-up code. 


While the BSP is executing operating-system boot-strap and start-up code, the APs remain in the halted state. 
In this state they will respond only to INITs, NMIs, and SMIs. They will also respond to snoops and to assertions 
of the STPCLK# pin. 


The following section gives an example (with code) of the MP initialization protocol for of multiple processors oper- 
ating in an MP configuration. 


Chapter 2, “Model-Specific Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 4 describes how to program the LINT[0:1] pins of the processor’s local APICs after an MP configu- 
ration has been completed. 
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8.4.4 MP Initialization Example 


The following example illustrates the use of the MP initialization protocol used to initialize processors in an MP 
system after the BSP and APs have been established. The code runs on Intel 64 or IA-32 processors that use a 
protocol. This includes P6 Family processors, Pentium 4 processors, Intel Core Duo, Intel Core 2 Duo and Intel Xeon 
processors. 


The following constants and data definitions are used in the accompanying 
code examples. They are based on the addresses of the APIC registers defined in Table 10-1. 


ICR_LOW EQU OFEEO0300H 
SVR EQU OFEEOOOFOH 
APIC_ID EQU OFEEO0020H 
LVT3 EQU OFEEO0370H 
APIC_LENABLED €QU0100H 
BOOT_ID DD? 

COUNT EQU OOH 
VACANT EQU OOH 


8.4.4.1 Typical BSP Initialization Sequence 


After the BSP and APs have been selected (by means of a hardware protocol, see Section 8.4.3, “MP Initialization 
Protocol Algorithm for MP Systems”), the BSP begins executing BIOS boot-strap code (POST) at the normal IA-32 
architecture starting address (FFFF FFFOH). The boot-strap code typically performs the following operations: 


1. Initializes memory. 

Loads the microcode update into the processor. 
Initializes the MTRRs. 

Enables the caches. 


Executes the CPUID instruction with a value of OH in the EAX register, then reads the EBX, ECX, and EDX 
registers to determine if the BSP is “GenuineIntel.” 


uo KRW SN 


6. Executes the CPUID instruction with a value of 1H in the EAX register, then saves the values in the EAX, ECX, 
and EDX registers in a system configuration space in RAM for use later. 


Loads start-up code for the AP to execute into a 4-KByte page in the lower 1 MByte of memory. 


Switches to protected mode and ensures that the APIC address space is mapped to the strong uncacheable 
(UC) memory type. 


9. Determine the BSP’s APIC ID from the local APIC ID register (default is 0), the code snippet below is an 
example that applies to logical processors in a system whose local APIC units operate in xAPIC mode that APIC 
registers are accessed using memory mapped interface: 


MOV ESI, APIC_ID; Address of local APIC ID register 

MOV EAX, [ESI]; 

AND EAX, OFFOOOOOOH; Zero out all other bits except APIC ID 
MOV BOOT_ID, EAX; Save in memory 


Saves the APIC ID in the ACPI and/or MP tables and optionally in the system configuration space in RAM. 


10. Converts the base address of the 4-KByte page for the AP’s bootup code into 8-bit vector. The 8-bit vector 
defines the address of a 4-KByte page in the real-address mode address space (1-MByte space). For example, 
a vector of OBDH specifies a start-up memory address of OOOBDOOOH. 


11. Enables the local APIC by setting bit 8 of the APIC spurious vector register (SVR). 
MOV ESI, SVR; Address of SVR 
MOV EAX, [ESI]; 


OR EAX, APIC_ENABLED; Set bit 8 to enable (0 on reset) 
MOV [ESI], EAX; 
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12. Sets up the LVT error handling entry by establishing an 8-bit vector for the APIC error handler. 


MOV ESI, LVT3; 
MOV EAX, [ESI]; 
AND EAX, FFFFFFOOH; Clear out previous vector. 


OR EAX, OOO000xxH; xx is the 8-bit vector the APIC error handler. 


MOV [ESI], EAX; 


13. Initializes the Lock Semaphore variable VACANT to OOH. The APs use this semaphore to determine the order in 


which they execute BIOS AP initialization code. 
14. 


Performs the following operation to set up the BSP to detect the presence of APs in the system and the number 


of processors (within a finite duration, minimally 100 milliseconds): 


Sets the value of the COUNT variable to 1. 


In the AP BIOS initialization code, the AP will increment the COUNT variable to indicate its presence. The 


finite duration while waiting for the COUNT to be updated can be accomplished with a timer. When the timer 
expires, the BSP checks the value of the COUNT variable. If the timer expires and the COUNT variable has 
not been incremented, no APs are present or some error has occurred. 


15. 


Broadcasts an INIT-SIPI-SIPI IPI sequence to the APs to wake them up and initialize them. If software knows 


how many logical processors it expects to wake up, it may choose to poll the COUNT variable. If the expected 
processors show up before the 100 millisecond timer expires, the timer can be canceled and skip to step 16. 

The left-hand-side of the procedure illustrated in Table 8-1 provides an algorithm when the expected processor 
count is unknown. The right-hand-side of Table 8-1 can be used when the expected processor count is known. 


Table 8-1. Broadcast INIT-SIPI-SIPI Sequence and Choice of Timeouts 


INIT-SIPI-SIPI when the expected processor count is unknown 
MOV ESI, ICR_LOW; Load address of ICR low dword into ESI. 

MOV EAX, 000C4500H; Load ICR encoding for broadcast INIT IPI 

; to all APs into EAX. 

MOV [ESI], EAX; Broadcast INIT IPI to all APs 

; 10-millisecond delay loop. 

MOV EAX, OOOC46XXH; Load ICR encoding for broadcast SIPI IP 

; to all APs into EAX, where xx is the vector computed in step 10. 
MOV [ESI], EAX; Broadcast SIPI IPI to all APs 

; 200-microsecond delay loop 

MOV [ESI], EAX; Broadcast second SIPI IPI to all APs 

;Waits for the timer interrupt until the timer expires 


INIT-SIPI-SIPI when the expected processor count is known 
MOV ESI, ICR_LOW; Load address of ICR low dword into ESI. 
MOV EAX, OO0C4500H; Load ICR encoding for broadcast INIT IPI 
; to all APs into EAX. 
MOV [ESI], EAX; Broadcast INIT IPI to all APs 
; 10-millisecond delay loop. 
MOV EAX, OOOC46XXH; Load ICR encoding for broadcast SIPI IP 
; to all APs into EAX, where xx is the vector computed in step 10. 
MOV [ESI], EAX; Broadcast SIPI IPI to all APs 
; 200 microsecond delay loop with check to see if COUNT has 
; reached the expected processor count. If COUNT reaches 
; expected processor count, cancel timer and go to step 16. 
MOV [ESI], EAX; Broadcast second SIPI IPI to all APs 
; Wait for the timer interrupt polling COUNT. If COUNT reaches 
; expected processor count, cancel timer and go to step 16. 
; If timer expires, go to step 16. 


16. Reads and evaluates the COUNT variable and establishes a processor count. 


17. If necessary, reconfigures the APIC and continues with the remaining system diagnostics as appropriate. 


8.4.4.2 Typical AP Initialization Sequence 


When an AP receives the SIPI, it begins executing BIOS AP initialization code at the vector encoded in the SIPI. The 
AP initialization code typically performs the following operations: 
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Waits on the BIOS initialization Lock Semaphore. When control of the semaphore is attained, initialization 
continues. 


Loads the microcode update into the processor. 
Initializes the MTRRs (using the same mapping that was used for the BSP). 
Enables the cache. 


Executes the CPUID instruction with a value of OH in the EAX register, then reads the EBX, ECX, and EDX 
registers to determine if the AP is “GenuineIntel.” 


Executes the CPUID instruction with a value of 1H in the EAX register, then saves the values in the EAX, ECX, 
and EDX registers in a system configuration space in RAM for use later. 


Switches to protected mode and ensures that the APIC address space is mapped to the strong uncacheable 
(UC) memory type. 


Determines the AP’s APIC ID from the local APIC ID register, and adds it to the MP and ACPI tables and 
optionally to the system configuration space in RAM. 


Initializes and configures the local APIC by setting bit 8 in the SVR register and setting up the LVT3 (error LVT) 
for error handling (as described in steps 9 and 10 in Section 8.4.4.1, “Typical BSP Initialization Sequence”). 


. Configures the APs SMI execution environment. (Each AP and the BSP must have a different SMBASE address.) 
. Increments the COUNT variable by 1. 

. Releases the semaphore. 

. Executes one of the following: 


— the CLI and HLT instructions (if MONITOR/MWAIT is not supported), or 
— the CLI, MONITOR and MWAIT sequence to enter a deep C-state. 
Waits for an INIT IPI. 


8.4.5 Identifying Logical Processors in an MP System 


After the BIOS has completed the MP initialization protocol, each logical processor can be uniquely identified by its 
local APIC ID. Software can access these APIC IDs in either of the following ways: 


Read APIC ID for a local APIC — Code running on a logical processor can read APIC ID in one of two ways 
depending on the local APIC unit is operating in x2APIC mode (see Inte/® 64 Architecture x2APIC Specifi- 
cation)or in xAPIC mode: 


— If the local APIC unit supports x2APIC and is operating in x2APIC mode, 32-bit APIC ID can be read by 
executing a RDMSR instruction to read the processor’s x2APIC ID register. This method is equivalent to 
executing CPUID leaf OBH described below. 


— Ifthe local APIC unit is operating in xAPIC mode, 8-bit APIC ID can be read by executing a MOV instruction 
to read the processor’s local APIC ID register (see Section 10.4.6, “Local APIC ID”). This is the ID to use for 
directing physical destination mode interrupts to the processor. 


Read ACPI or MP table — As part of the MP initialization protocol, the BIOS creates an ACPI table and an MP 
table. These tables are defined in the Multiprocessor Specification Version 1.4 and provide software with a list 
of the processors in the system and their local APIC IDs. The format of the ACPI table is derived from the ACPI 
specification, which is an industry standard power management and platform configuration specification for MP 
systems. 


Read Initial APIC ID (If the processor does not support CPUID leaf OBH) — An APIC ID is assigned to a logical 
processor during power up. This is the initial APIC ID reported by CPUID.1:EBX[31:24] and may be different 
from the current value read from the local APIC. The initial APIC ID can be used to determine the topological 
relationship between logical processors for multi-processor systems that do not support CPUID leaf OBH. 


Bits in the 8-bit initial APIC ID can be interpreted using several bit masks. Each bit mask can be used to extract 
an identifier to represent a hierarchical level of the multi-threading resource topology in an MP system (See 
Section 8.9.1, “Hierarchical Mapping of Shared Resources”). The initial APIC ID may consist of up to four bit- 
fields. In a non-clustered MP system, the field consists of up to three bit fields. 
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¢ Read 32-bit APIC ID from CPUID leaf OBH (If the processor supports CPUID leaf OBH) — A unique APIC ID 
is assigned to a logical processor during power up. This APIC ID is reported by CPUID.OBH:EDX[31:0] as a 32- 
bit value. Use the 32-bit APIC ID and CPUID leaf OBH to determine the topological relationship between logical 
processors if the processor supports CPUID leaf OBH. 


Bits in the 32-bit x2APIC ID can be extracted into sub-fields using CPUID leaf OBH parameters. (See Section 
8.9.1, “Hierarchical Mapping of Shared Resources”). 


Figure 8-2 shows two examples of APIC ID bit fields in earlier single-core processors. In single-core Intel Xeon 
processors, the APIC ID assigned to a logical processor during power-up and initialization is 8 bits. Bits 2:1 forma 
2-bit physical package identifier (which can also be thought of as a socket identifier). In systems that configure 
physical processors in clusters, bits 4:3 form a 2-bit cluster ID. Bit 0 is used in the Intel Xeon processor MP to iden- 
tify the two logical processors within the package (see Section 8.9.3, “Hierarchical ID of Logical Processors in an MP 
System”). For Intel Xeon processors that do not support Intel Hyper-Threading Technology, bit 0 is always set to 0; 
for Intel Xeon processors supporting Intel Hyper-Threading Technology, bit 0 performs the same function as it does 
for Intel Xeon processor MP. 


For more recent multi-core processors, see Section 8.9.1, “Hierarchical Mapping of Shared Resources” for a 
complete description of the topological relationships between logical processors and bit field locations within an 
initial APIC ID across Intel 64 and IA-32 processor families. 


Note the number of bit fields and the width of bit-fields are dependent on processor and platform hardware capa- 
bilities. Software should determine these at runtime. When initial APIC IDs are assigned to logical processors, the 
value of APIC ID assigned to a logical processor will respect the bit-field boundaries corresponding core, physical 
package, etc. Additional examples of the bit fields in the initial APIC ID of multi-threading capable systems are 
shown in Section 8.9. 


APIC ID Format for Intel Xeon Processors that 
do not Support Intel Hyper-Threading Technology 


7 5 4 3 2 1 0 


Reserved | | 0 


Cluster | 


Processor ID 


APIC ID Format for P6 Family Processors 
7 4 3 2 1 0 


Reserved | 


Cluster | 


Processor ID 


Figure 8-2. Interpretation of APIC ID in Early MP Systems 


For P6 family processors, the APIC ID that is assigned to a processor during power-up and initialization is 4 bits 
(see Figure 8-2). Here, bits O and 1 form a 2-bit processor (or socket) identifier and bits 2 and 3 form a 2-bit cluster 
ID. 


8.5 INTEL® HYPER-THREADING TECHNOLOGY AND INTEL® MULTI-CORE 
TECHNOLOGY 


Intel Hyper-Threading Technology and Intel multi-core technology are extensions to Intel 64 and IA-32 architec- 
tures that enable a single physical processor to execute two or more separate code streams (called threads) 
concurrently. In Intel Hyper-Threading Technology, a single processor core provides two logical processors that 
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share execution resources (see Section 8.7, “Intel® Hyper-Threading Technology Architecture”). In Intel multi-core 
technology, a physical processor package provides two or more processor cores. Both configurations require chip- 
sets and a BIOS that support the technologies. 


Software should not rely on processor names to determine whether a processor supports Intel Hyper-Threading 
Technology or Intel multi-core technology. Use the CPUID instruction to determine processor capability (see 
Section 8.6.2, “Initializing Multi-Core Processors”). 


8.6 DETECTING HARDWARE MULTI-THREADING SUPPORT AND TOPOLOGY 


Use the CPUID instruction to detect the presence of hardware multi-threading support in a physical processor. 
Hardware multi-threading can support several varieties of multigrade and/or Intel Hyper-Threading Technology. 
CPUID instruction provides several sets of parameter information to aid software enumerating topology informa- 
tion. The relevant topology enumeration parameters provided by CPUID include: 


¢ Hardware Multi-Threading feature flag (CPUID.1:EDX[28] = 1) — Indicates when set that the physical 
package is capable of supporting Intel Hyper-Threading Technology and/or multiple cores. 


* Processor topology enumeration parameters for 8-bit APIC ID: 


— Addressable IDs for Logical processors in the same Package (CPUID.1:EBX[23:16]) — Indicates 
the maximum number of addressable ID for logical processors in a physical package. Within a physical 
package, there may be addressable IDs that are not occupied by any logical processors. This parameter 
does not represents the hardware capability of the physical processor.® 


* Addressable IDs for processor cores in the same Package’ (CPUID.(EAX=4, ECX=0°):EAX[31:26] + 
1 = Y) — Indicates the maximum number of addressable IDs attributable to processor cores (Y) in the physical 
package. 


¢ Extended Processor Topology Enumeration parameters for 32-bit APIC ID: Intel 64 processors 
supporting CPUID leaf OBH will assign unique APIC IDs to each logical processor in the system. CPUID leaf OBH 
reports the 32-bit APIC ID and provide topology enumeration parameters. See CPUID instruction reference 
pages in Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A. 


The CPUID feature flag may indicate support for hardware multi-threading when only one logical processor avail- 
able in the package. In this case, the decimal value represented by bits 16 through 23 in the EBX register will have 
a value of 1. 


Software should note that the number of logical processors enabled by system software may be less than the value 
of “Addressable IDs for Logical processors”. Similarly, the number of cores enabled by system software may be less 
than the value of “Addressable IDs for processor cores”. 


Software can detect the availability of the CPUID extended topology enumeration leaf (OBH) by performing two 
steps: 


¢ Check maximum input value for basic CPUID information by executing CPUID with EAX= 0. If CPUID.OH:EAX is 
greater than or equal or 11 (OBH), then proceed to next step, 


® Check CPUID.EAX=0BH, ECX=0H:EBxX is non-zero. 


If both of the above conditions are true, extended topology enumeration leaf is available. Note the presence of 
CPUID leaf OBH in a processor does not guarantee support that the local APIC supports x2APIC. If 
CPUID.(EAX=0BH, ECX=0H):EBX returns zero and maximum input value for basic CPUID information is greater 
than OBH, then CPUID.OBH leaf is not supported on that processor. 


6. Operating system and BIOS may implement features that reduce the number of logical processors available in a platform to applica- 
tions at runtime to less than the number of physical packages times the number of hardware-capable logical processors per pack- 
age. 

7. Software must check CPUID for its support of leaf 4 when implementing support for multi-core. If CPUID leaf 4 is not available at 
runtime, software should handle the situation as if there is only one core per package. 


8. Maximum number of cores in the physical package must be queried by executing CPUID with EAX=4 and a valid ECX input value. 
Valid ECX input values start from O. 
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8.6.1 Initializing Processors Supporting Hyper-Threading Technology 


The initialization process for an MP system that contains processors supporting Intel Hyper-Threading Technology 
is the same as for conventional MP systems (see Section 8.4, “Multiple-Processor (MP) Initialization”). One logical 
processor in the system is selected as the BSP and other processors (or logical processors) are designated as APs. 
The initialization process is identical to that described in Section 8.4.3, “MP Initialization Protocol Algorithm for MP 
Systems,” and Section 8.4.4, “MP Initialization Example.” 


During initialization, each logical processor is assigned an APIC ID that is stored in the local APIC ID register for 
each logical processor. If two or more processors supporting Intel Hyper-Threading Technology are present, each 
logical processor on the system bus is assigned a unique ID (see Section 8.9.3, “Hierarchical ID of Logical Proces- 
sors in an MP System”). Once logical processors have APIC IDs, software communicates with them by sending APIC 
IPI messages. 


8.6.2 Initializing Multi-Core Processors 


The initialization process for an MP system that contains multi-core Intel 64 or IA-32 processors is the same as for 
conventional MP systems (see Section 8.4, “Multiple-Processor (MP) Initialization”). A logical processor in one core 
is selected as the BSP; other logical processors are designated as APs. 


During initialization, each logical processor is assigned an APIC ID. Once logical processors have APIC IDs, software 
may communicate with them by sending APIC IPI messages. 


8.6.3 Executing Multiple Threads on an Intel® 64 or IA-32 Processor Supporting Hardware 
Multi-Threading 


Upon completing the operating system boot-up procedure, the bootstrap processor (BSP) executes operating 
system code. Other logical processors are placed in the halt state. To execute a code stream (thread) on a halted 
logical processor, the operating system issues an interprocessor interrupt (IPI) addressed to the halted logical 
processor. In response to the IPI, the processor wakes up and begins executing the code identified by the vector 
received as part of the IPI. 


To manage execution of multiple threads on logical processors, an operating system can use conventional 
symmetric multiprocessing (SMP) techniques. For example, the operating-system can use a time-slice or load 
balancing mechanism to periodically interrupt each of the active logical processors. Upon interrupting a logical 
processor, the operating system checks its run queue for a thread waiting to be executed and dispatches the thread 
to the interrupted logical processor. 


8.6.4 Handling Interrupts on an IA-32 Processor Supporting Hardware Multi-Threading 


Interrupts are handled on processors supporting Intel Hyper-Threading Technology as they are on conventional MP 
systems. External interrupts are received by the I/O APIC, which distributes them as interrupt messages to specific 
logical processors (see Figure 8-3). 


Logical processors can also send IPIs to other logical processors by writing to the ICR register of its local APIC (see 
Section 10.6, “Issuing Interprocessor Interrupts”). This also applies to dual-core processors. 


8-26 Vol. 3A 


MULTIPLE-PROCESSOR MANAGEMENT 


Intel Processor with Intel 
Hyper-Threading Technology Hyper-Threading Technology 


Intel Processor with Intel 


Logical 
Processor 0 


Logical Logical 
Processor 1 Processor 0 


Logical 
Processor 1 


Processor Core 


Processor Core 


Local APIC 


Local APIC Local APIC 


Local APIC 


Bus Interface 


Bus Interface 


IPIs 


A Interrupt 


Messages Ps 


System Chip Set 


Interrupt 
Messages 


A Interrupt Messages 


~<— External 
ciate ~<—_ Interrupts 


Figure 8-3. Local APICs and I/O APIC in MP System Supporting Intel HT Technology 


8.7 INTEL® HYPER-THREADING TECHNOLOGY ARCHITECTURE 


Figure 8-4 shows a generalized view of an Intel processor supporting Intel Hyper-Threading Technology, using the 
original Intel Xeon processor MP as an example. This implementation of the Intel Hyper-Threading Technology 

consists of two logical processors (each represented by a separate architectural state) which share the processor's 
execution engine and the bus interface. Each logical processor also has its own advanced programmable interrupt 


controller (APIC). 
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Figure 8-4. IA-32 Processor with Two Logical Processors Supporting Intel HT Technology 


8.7.1 State of the Logical Processors 


The following features are part of the architectural state of logical processors within Intel 64 or IA-32 processors 
supporting Intel Hyper-Threading Technology. The features can be subdivided into three groups: 


* Duplicated for each logical processor 

¢ Shared by logical processors in a physical processor 

¢ Shared or duplicated, depending on the implementation 

The following features are duplicated for each logical processor: 

® General purpose registers (EAX, EBX, ECX, EDX, ESI, EDI, ESP, and EBP) 
* Segment registers (CS, DS, SS, ES, FS, and GS) 


¢ EFLAGS and EIP registers. Note that the CS and EIP/RIP registers for each logical processor point to the 
instruction stream for the thread being executed by the logical processor. 


° x87 FPU registers (STO through ST7, status word, control word, tag word, data operand pointer, and instruction 
pointer) 


¢ MMX registers (MMO through MM7) 

¢ XMM registers (XMMO through XMM7) and the MXCSR register 

* Control registers and system table pointer registers (GDTR, LDTR, IDTR, task register) 

* Debug registers (DRO, DR1, DR2, DR3, DR6, DR7) and the debug control MSRs 

¢ Machine check global status (IA32_MCG_STATUS) and machine check capability (IA32_MCG_CAP) MSRs 
¢ Thermal clock modulation and ACPI Power management control MSRs 

° Time stamp counter MSRs 

° Most of the other MSR registers, including the page attribute table (PAT). See the exceptions below. 

° Local APIC registers. 


e Additional general purpose registers (R8-R15), XMM registers (XMM8-XMM15), control register, IA32_EFER on 
Intel 64 processors. 


The following features are shared by logical processors: 

¢ Memory type range registers (MTRRs) 

Whether the following features are shared or duplicated is implementation-specific: 
¢ TA32_MISC_ENABLE MSR (MSR address 1A0H) 
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¢ Machine check architecture (MCA) MSRs (except for the IA32_MCG_STATUS and IA32_MCG_CAP MSRs) 
¢ Performance monitoring control and counter MSRs 


8.7.2 APIC Functionality 


When a processor supporting Intel Hyper-Threading Technology support is initialized, each logical processor is 
assigned a local APIC ID (see Table 10-1). The local APIC ID serves as an ID for the logical processor and is stored 
in the logical processor’s APIC ID register. If two or more processors supporting Intel Hyper-Threading Technology 
are present in a dual processor (DP) or MP system, each logical processor on the system bus is assigned a unique 
local APIC ID (see Section 8.9.3, “Hierarchical ID of Logical Processors in an MP System”). 


Software communicates with local processors using the APIC’s interprocessor interrupt (IPI) messaging facility. 
Setup and programming for APICs is identical in processors that support and do not support Intel Hyper-Threading 
Technology. See Chapter 10, “Advanced Programmable Interrupt Controller (APIC),” for a detailed discussion. 


8.7.3 Memory Type Range Registers (MTRR) 


MTRRs in a processor supporting Intel Hyper-Threading Technology are shared by logical processors. When one 
logical processor updates the setting of the MTRRs, settings are automatically shared with the other logical proces- 
sors in the same physical package. 


The architectures require that all MP systems based on Intel 64 and IA-32 processors (this includes logical proces- 
sors) must use an identical MTRR memory map. This gives software a consistent view of memory, independent of 
the processor on which it is running. See Section 11.11, “Memory Type Range Registers (MTRRs),” for information 
on setting up MTRRs. 


8.7.4 Page Attribute Table (PAT) 


Each logical processor has its own PAT MSR (IA32_PAT). However, as described in Section 11.12, “Page Attribute 
Table (PAT),” the PAT MSR settings must be the same for all processors in a system, including the logical proces- 
sors. 


8.7.5 Machine Check Architecture 


In the Intel HT Technology context as implemented by processors based on Intel NetBurst® microarchitecture, all 
of the machine check architecture (MCA) MSRs (except for the IA32_MCG_STATUS and IA32_MCG_CAP MSRs) are 
duplicated for each logical processor. This permits logical processors to initialize, configure, query, and handle 
machine-check exceptions simultaneously within the same physical processor. The design is compatible with 
machine check exception handlers that follow the guidelines given in Chapter 15, “Machine-Check Architecture.” 


The IA32_MCG_STATUS MSR is duplicated for each logical processor so that its machine check in progress bit field 
(MCIP) can be used to detect recursion on the part of MCA handlers. In addition, the MSR allows each logical 
processor to determine that a machine-check exception is in progress independent of the actions of another logical 
processor in the same physical package. 


Because the logical processors within a physical package are tightly coupled with respect to shared hardware 
resources, both logical processors are notified of machine check errors that occur within a given physical processor. 
If machine-check exceptions are enabled when a fatal error is reported, all the logical processors within a physical 
package are dispatched to the machine-check exception handler. If machine-check exceptions are disabled, the 
logical processors enter the shutdown state and assert the IERR# signal. 


When enabling machine-check exceptions, the MCE flag in control register CR4 should be set for each logical 
processor. 


On Intel Atom family processors that support Intel Hyper-Threading Technology, the MCA facilities are shared 
between all logical processors on the same processor core. 
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8.7.6 Debug Registers and Extensions 


Each logical processor has its own set of debug registers (DRO, DR1, DR2, DR3, DR6, DR7) and its own debug 
control MSR. These can be set to control and record debug information for each logical processor independently. 
Each logical processor also has its own last branch records (LBR) stack. 


8.7.7 Performance Monitoring Counters 


Performance counters and their companion control MSRs are shared between the logical processors within a 
processor core for processors based on Intel NetBurst microarchitecture. As a result, software must manage the 
use of these resources. The performance counter interrupts, events, and precise event monitoring support can be 
set up and allocated on a per thread (per logical processor) basis. 


See Section 19.6.4, “Performance Monitoring and Intel Hyper-Threading Technology in Processors Based on Intel 
NetBurst® Microarchitecture,” for a discussion of performance monitoring in the Intel Xeon processor MP. 


In Intel Atom processor family that support Intel Hyper-Threading Technology, the performance counters (general- 
purpose and fixed-function counters) and their companion control MSRs are duplicated for each logical processor. 


8.7.8 IA32_MISC_ENABLE MSR 


The IA32_MISC_ENABLE MSR (MSR address 1A0H) is generally shared between the logical processors in a 
processor core supporting Intel Hyper-Threading Technology. However, some bit fields within IA32_MISC_ENABLE 
MSR may be duplicated per logical processor. The partition of shared or duplicated bit fields within 
IA32_MISC_ENABLE is implementation dependent. Software should program duplicated fields carefully on all 
logical processors in the system to ensure consistent behavior. 


8.7.9 Memory Ordering 


The logical processors in an Intel 64 or IA-32 processor supporting Intel Hyper-Threading Technology obey the 
same rules for memory ordering as Intel 64 or IA-32 processors without Intel HT Technology (see Section 8.2, 
“Memory Ordering”). Each logical processor uses a processor-ordered memory model that can be further defined 
as “write-ordered with store buffer forwarding.” All mechanisms for strengthening or weakening the memory- 
ordering model to handle special programming situations apply to each logical processor. 


8.7.10 Serializing Instructions 


As a general rule, when a logical processor in a processor supporting Intel Hyper-Threading Technology executes a 
serializing instruction, only that logical processor is affected by the operation. An exception to this rule is the execu- 
tion of the WBINVD, INVD, and WRMSR instructions; and the MOV CR instruction when the state of the CD flag in 
control register CRO is modified. Here, both logical processors are serialized. 


8.7.11. Microcode Update Resources 


In an Intel processor supporting Intel Hyper-Threading Technology, the microcode update facilities are shared 
between the logical processors; either logical processor can initiate an update. Each logical processor has its own 
BIOS signature MSR (IA32_BIOS_SIGN_ID at MSR address 8BH). When a logical processor performs an update for 
the physical processor, the IA32_BIOS_SIGN_ID MSRs for resident logical processors are updated with identical 
information. If logical processors initiate an update simultaneously, the processor core provides the necessary 
synchronization needed to ensure that only one update is performed at a time. 
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NOTE 


Some processors (prior to the introduction of Intel 64 Architecture and based on Intel NetBurst 
microarchitecture) do not support simultaneous loading of microcode update to the sibling logical 
processors in the same core. All other processors support logical processors initiating an update 
simultaneously. Intel recommends a common approach that the microcode loader use the 
sequential technique described in Section 9.11.6.3. 


8.7.12 Self Modifying Code 


Intel processors supporting Intel Hyper-Threading Technology support self-modifying code, where data writes 
modify instructions cached or currently in flight. They also support cross-modifying code, where on an MP system 
writes generated by one processor modify instructions cached or currently in flight on another. See Section 8.1.3, 
“Handling Self- and Cross-Modifying Code,” for a description of the requirements for self- and cross-modifying code 
in an IA-32 processor. 


8.7.13. Implementation-Specific Intel HT Technology Facilities 


The following non-architectural facilities are implementation-specific in IA-32 processors supporting Intel Hyper- 
Threading Technology: 


° Caches 
¢ Translation lookaside buffers (TLBs) 
¢ Thermal monitoring facilities 


The Intel Xeon processor MP implementation is described in the following sections. 


8.7.13.1 Processor Caches 


For processors supporting Intel Hyper-Threading Technology, the caches are shared. Any cache manipulation 
instruction that is executed on one logical processor has a global effect on the cache hierarchy of the physical 
processor. Note the following: 


¢ WBINVD instruction — The entire cache hierarchy is invalidated after modified data is written back to 
memory. All logical processors are stopped from executing until after the write-back and invalidate operation is 
completed. A special bus cycle is sent to all caching agents. The amount of time or cycles for WBINVD to 
complete will vary due to the size of different cache hierarchies and other factors. As a consequence, the use of 
the WBINVD instruction can have an impact on interrupt/event response time. 


¢ INVD instruction — The entire cache hierarchy is invalidated without writing back modified data to memory. 
All logical processors are stopped from executing until after the invalidate operation is completed. A special bus 
cycle is sent to all caching agents. 


¢ CLFLUSH and CLFLUSHOPT instructions — The specified cache line is invalidated from the cache hierarchy 
after any modified data is written back to memory and a bus cycle is sent to all caching agents, regardless of 
which logical processor caused the cache line to be filled. 


¢ CD flag in control register CRO — Each logical processor has its own CRO control register, and thus its own 
CD flag in CRO. The CD flags for the two logical processors are ORed together, such that when any logical 
processor sets its CD flag, the entire cache is nominally disabled. 


8.7.13.2 Processor Translation Lookaside Buffers (TLBs) 


In processors supporting Intel Hyper-Threading Technology, data cache TLBs are shared. The instruction cache TLB 
may be duplicated or shared in each logical processor, depending on implementation specifics of different 
processor families. 


Entries in the TLBs are tagged with an ID that indicates the logical processor that initiated the translation. This tag 
applies even for translations that are marked global using the page-global feature for memory paging. See Section 
4.10, “Caching Translation Information,” for information about global translations. 
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When a logical processor performs a TLB invalidation operation, only the TLB entries that are tagged for that logical 
processor are guaranteed to be flushed. This protocol applies to all TLB invalidation operations, including writes to 
control registers CR3 and CR4 and uses of the INVLPG instruction. 


8.7.13.3. Thermal Monitor 


In a processor that supports Intel Hyper-Threading Technology, logical processors share the catastrophic shutdown 
detector and the automatic thermal monitoring mechanism (see Section 14.8, “Thermal Monitoring and Protec- 
tion”). Sharing results in the following behavior: 


e If the processor’s core temperature rises above the preset catastrophic shutdown temperature, the processor 
core halts execution, which causes both logical processors to stop execution. 


¢ When the processor's core temperature rises above the preset automatic thermal monitor trip temperature, the 
frequency of the processor core is automatically modulated, which effects the execution speed of both logical 
processors. 


For software controlled clock modulation, each logical processor has its own IA32_CLOCK_MODULATION MSR, 
allowing clock modulation to be enabled or disabled on a logical processor basis. Typically, if software controlled 
clock modulation is going to be used, the feature must be enabled for all the logical processors within a physical 
processor and the modulation duty cycle must be set to the same value for each logical processor. If the duty cycle 
values differ between the logical processors, the processor clock will be modulated at the highest duty cycle 
selected. 


8.7.13.4 External Signal Compatibility 


This section describes the constraints on external signals received through the pins of a processor supporting Intel 
Hyper-Threading Technology and how these signals are shared between its logical processors. 


° STPCLK# — A single STPCLK# pin is provided on the physical package of the Intel Xeon processor MP. External 
control logic uses this pin for power management within the system. When the STPCLK# signal is asserted, the 
processor core transitions to the stop-grant state, where instruction execution is halted but the processor core 
continues to respond to snoop transactions. Regardless of whether the logical processors are active or halted 
when the STPCLK# signal is asserted, execution is stopped on both logical processors and neither will respond 
to interrupts. 


In MP systems, the STPCLK# pins on all physical processors are generally tied together. As a result this signal 
affects all the logical processors within the system simultaneously. 


¢ LINTO and LINT1 pins — A processor supporting Intel Hyper-Threading Technology has only one set of LINTO 
and LINT1 pins, which are shared between the logical processors. When one of these pins is asserted, both 
logical processors respond unless the pin has been masked in the APIC local vector tables for one or both of the 
logical processors. 


Typically in MP systems, the LINTO and LINT1 pins are not used to deliver interrupts to the logical processors. 
Instead all interrupts are delivered to the local processors through the I/O APIC. 


* A20M# pin — On an IA-32 processor, the A20M# pin is typically provided for compatibility with the Intel 286 
processor. Asserting this pin causes bit 20 of the physical address to be masked (forced to zero) for all external 
bus memory accesses. Processors supporting Intel Hyper-Threading Technology provide one A20M# pin, which 
affects the operation of both logical processors within the physical processor. 


The functionality of AZ0M# is used primarily by older operating systems and not used by modern operating 
systems. On newer Intel 64 processors, A20M# may be absent. 


8.8 MULTI-CORE ARCHITECTURE 


This section describes the architecture of Intel 64 and IA-32 processors supporting dual-core and quad-core tech- 
nology. The discussion is applicable to the Intel Pentium processor Extreme Edition, Pentium D, Intel Core Duo, 
Intel Core 2 Duo, Dual-core Intel Xeon processor, Intel Core 2 Quad processors, and quad-core Intel Xeon proces- 
sors. Features vary across different microarchitectures and are detectable using CPUID. 
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In general, each processor core has dedicated microarchitectural resources identical to a single-processor imple- 
mentation of the underlying microarchitecture without hardware multi-threading capability. Each logical processor 
in a dual-core processor (whether supporting Intel Hyper-Threading Technology or not) has its own APIC function- 
ality, PAT, machine check architecture, debug registers and extensions. Each logical processor handles serialization 
instructions or self-modifying code on its own. Memory order is handled the same way as in Intel Hyper-Threading 
Technology. 


The topology of the cache hierarchy (with respect to whether a given cache level is shared by one or more 
processor cores or by all logical processors in the physical package) depends on the processor implementation. 
Software must use the deterministic cache parameter leaf of CPUID instruction to discover the cache-sharing 
topology between the logical processors in a multi-threading environment. 


8.8.1 Logical Processor Support 


The topological composition of processor cores and logical processors in a multi-core processor can be discovered 
using CPUID. Within each processor core, one or more logical processors may be available. 


System software must follow the requirement MP initialization sequences (see Section 8.4, “Multiple-Processor 
(MP) Initialization”) to recognize and enable logical processors. At runtime, software can enumerate those logical 
processors enabled by system software to identify the topological relationships between these logical processors. 
(See Section 8.9.5, “Identifying Topological Relationships in a MP System”). 


8.8.2 Memory Type Range Registers (MTRR) 


MTRR is shared between two logical processors sharing a processor core if the physical processor supports Intel 
Hyper-Threading Technology. MTRR is not shared between logical processors located in different cores or different 
physical packages. 


The Intel 64 and IA-32 architectures require that all logical processors in an MP system use an identical MTRR 
memory map. This gives software a consistent view of memory, independent of the processor on which it is 
running. 


See Section 11.11, “Memory Type Range Registers (MTRRs).” 


8.8.3 Performance Monitoring Counters 


Performance counters and their companion control MSRs are shared between two logical processors sharing a 
processor core if the processor core supports Intel Hyper-Threading Technology and is based on Intel NetBurst 
microarchitecture. They are not shared between logical processors in different cores or different physical packages. 
As a result, software must manage the use of these resources, based on the topology of performance monitoring 
resources. Performance counter interrupts, events, and precise event monitoring support can be set up and allo- 
cated on a per thread (per logical processor) basis. 


See Section 19.6.4, “Performance Monitoring and Intel Hyper-Threading Technology in Processors Based on Intel 
NetBurst® Microarchitecture.” 


8.8.4 IA32_MISC_ENABLE MSR 


Some bit fields in IA32_MISC_ENABLE MSR (MSR address 1A0H) may be shared between two logical processors 
sharing a processor core, or may be shared between different cores in a physical processor. See Chapter 2, “Model- 
Specific Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4. 


8.8.5 Microcode Update Resources 


Microcode update facilities are shared between two logical processors sharing a processor core if the physical 
package supports Intel Hyper-Threading Technology. They are not shared between logical processors in different 
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cores or different physical packages. Either logical processor that has access to the microcode update facility can 
initiate an update. 


Each logical processor has its own BIOS signature MSR (IA32_BIOS_SIGN_ID at MSR address 8BH). When a logical 
processor performs an update for the physical processor, the IA32_BIOS_SIGN_ID MSRs for resident logical 
processors are updated with identical information. 


All microcode update steps during processor initialization should use the same update data on all cores in all phys- 
ical packages of the same stepping. Any subsequent microcode update must apply consistent update data to all 
cores in all physical packages of the same stepping. If the processor detects an attempt to load an older microcode 
update when a newer microcode update had previously been loaded, it may reject the older update to stay with the 
newer update. 


NOTE 


Some processors (prior to the introduction of Intel 64 Architecture and based on Intel NetBurst 
microarchitecture) do not support simultaneous loading of microcode update to the sibling logical 
processors in the same core. All other processors support logical processors initiating an update 
simultaneously. Intel recommends a common approach that the microcode loader use the 
sequential technique described in Section 9.11.6.3. 


8.9 PROGRAMMING CONSIDERATIONS FOR HARDWARE MULTI-THREADING 
CAPABLE PROCESSORS 


In a multi-threading environment, there may be certain hardware resources that are physically shared at some 
level of the hardware topology. In the multi-processor systems, typically bus and memory sub-systems are physi- 
cally shared between multiple sockets. Within a hardware multi-threading capable processors, certain resources 
are provided for each processor core, while other resources may be provided for each logical processors (see 
Section 8.7, “Intel® Hyper-Threading Technology Architecture,” and Section 8.8, “Multi-Core Architecture”). 


From a software programming perspective, control transfer of processor operation is managed at the granularity of 
logical processor (operating systems dispatch a runnable task by allocating an available logical processor on the 
platform). To manage the topology of shared resources in a multi-threading environment, it may be useful for soft- 
ware to understand and manage resources that are shared by more than one logical processors. 


8.9.1 Hierarchical Mapping of Shared Resources 


The APIC_ID value associated with each logical processor in a multi-processor system is unique (see Section 8.6, 
“Detecting Hardware Multi-Threading Support and Topology”). This 8-bit or 32-bit value can be decomposed into 
sub-fields, where each sub-field corresponds a hierarchical level of the topological mapping of hardware resources. 


The decomposition of an APIC_ID may consist of several sub fields representing the topology within a physical 
processor package, the higher-order bits of an APIC ID may also be used by cluster vendors to represent the 
topology of cluster nodes of each coherent multiprocessor systems: 


* Cluster — Some multi-threading environments consists of multiple clusters of multi-processor systems. The 
CLUSTER_ID sub-field is usually supported by vendor firmware to distinguish different clusters. For non- 
clustered systems, CLUSTER_ID is usually 0 and system topology is reduced. 


¢ Package — A physical processor package mates with a socket. A package may contain one or more software 
visible die. The PACKAGE_ID sub-field distinguishes different physical packages within a cluster. 


* Die — A software-visible chip inside a package. The DIE_ID sub-field distinguishes different die within a 
package. If there are no software visible die, the width of this bit field is 0. 


° Tile — A set of cores, possibly within modules, that share certain resources. The TILE_ID sub-field distin- 
guishes different tiles. If there are no software visible tiles, the width of this bit field is 0. 


° Module — A set of cores that share certain resources. The MODULE_ID sub-field distinguishes different 
modules. If there are no software visible modules, the width of this bit field is 0. 
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¢ Core — Processor cores may be contained within modules, within tiles, on software-visible die, or appear 
directly at the package level. The CORE_ID sub-field distinguishes processor cores. For a single-core processor, 
the width of this bit field is 0. 


¢ SMT — A processor core provides one or more logical processors sharing execution resources. The SMT_ID 
sub-field distinguishes logical processors in a core. The width of this bit field is non-zero if a processor core 
provides more than one logical processors. 


SMT and CORE sub-fields are bit-wise contiguous in the APIC_ID field (see Figure 8-5). 


X=31 if x2APIC supported, else X=7 
X 0 


Reserved 


Cluster ID —— 
Package ID ——————_— 
Die ID 
Tile ID 
Module ID 
Core ID 
SMT ID 


Figure 8-5. Generalized Seven Level Interpretation of the APIC ID 


If the processor supports CPUID leaf OBH and leaf 1FH, the 32-bit APIC ID can represent cluster plus several levels 
of topology within the physical processor package. The exact number of hierarchical levels within a physical 
processor package must be enumerated through CPUID leaf OBH and leaf 1FH. Common processor families may 
employ topology similar to that represented by 8-bit Initial APIC ID. In general, CPUID leaf OBH and leaf 1FH can 
support a topology enumeration algorithm that decompose a 32-bit APIC ID into more than four sub-fields (see 
Figure 8-6). 


NOTE 


CPUID leaf OBH and leaf 1FH can have differences in the number of level types reported (CPUID leaf 
1FH defines additional level types). If the processor supports CPUID leaf 1FH, usage of this leaf is 
preferred over leaf OBH. CPUID leaf OBH is available for legacy compatibility going forward. 


The width of each sub-field depends on hardware and software configurations. Field widths can be determined at 
runtime using the algorithm discussed below (Example 8-16 through Example 8-21). 


Figure 7-6 depicts the relationships of three of the hierarchical sub-fields in a hypothetical MP system. The value of 
valid APIC_IDs need not be contiguous across package boundary or core boundaries. 
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PACKAGE 31 0 


Q Reserved | | 


CORE Cluster ID 
SMT Package ID 
QID 
RID 


CORE ID 
SMT ID 


Physical Processor Topology 32-bit APIC ID Composition 


Figure 8-6. Conceptual Six-Level Topology and 32-bit APIC ID Composition 


8.9.2 Hierarchical Mapping of CPUID Extended Topology Leaf 


CPUID leaf OBH and leaf 1FH provide enumeration parameters for software to identify each hierarchy of the 
processor topology in a deterministic manner. Each hierarchical level of the topology starting from the SMT level is 
represented numerically by a sub-leaf index within the CPUID OBH leaf and 1FH leaf. Each level of the topology is 
mapped to a sub-field in the APIC ID, following the general relationship depicted in Figure 8-6. This mechanism 
allows software to query the exact number of levels within a physical processor package and the bit-width of each 
sub-field of x2APIC ID directly. For example, 


° Starting from sub-leaf index 0 and incrementing ECX until CPUID.(EAX=OBH or 1FH, ECX=N):ECX[15:8] 
returns an invalid “level type” encoding. The number of levels within the physical processor package is “N” 


(excluding PACKAGE). Using Figure 8-6 as an example, CPUID.(EAX=OBH or 1FH, ECX=4):ECX[15:8] will 
report OOH, indicating sub leaf 04H is invalid. This is also depicted by a pseudo code example: 


Example 8-16. Number of Levels Below the Physical Processor Package 


Byte type = 1; 
s=0; 
While ( type ) { 
EAX = OBH or 1FH; // query each sub leaf of CPUID leaf OBH or 1FH; CPUID leaf 1FH is preferred over leaf OBH if available 


ECX = s; 
CPUID; 
type = ECX[15:8]; // examine level type encoding 
s t+; 
} 
N = ECX[7:0]; 


Sub-leaf index 0 (ECX= 0 as input) provides enumeration parameters to extract the SMT sub-field of x2APIC 
ID. If EAX = OBH or 1FH, and ECX =0 is specified as input when executing CPUID, CPUID.(EAX=O0BH or 1FH, 
ECX=0):EAX[4:0] reports a value (a right-shift count) that allow software to extract part of x2APIC ID to 
distinguish the next higher topological entities above the SMT level. This value also corresponds to the bit-width 
of the sub-field of x2APIC ID corresponding the hierarchical level with sub-leaf index 0. 


¢ For each subsequent higher sub-leaf index m, CPUID.(EAX=0BH or 1FH, ECX=m):EAX[4:0] reports the right- 
shift count that will allow software to extract part of x2APIC ID to distinguish higher-level topological entities. 


This means the right-shift value at of sub-leaf m, corresponds to the least significant (m+1) subfields of the 32- 
bit x2APIC ID. 
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Example 8-17. BitwWidth Determination of x2APIC ID Subfields 


For m=0,m<N,m ++; 
{ cumulative_width[m] = CPUID.(EAX=OBH or 1FH, ECX= m): EAX[4:0]; } 
BitWidth[O] = cumulative_width[O]; 
Form=1,m<N,m++; 
BitWidth[m] = cumulative_width[m] - cumulative_width[m-1]; 


NOTE 


CPUID leaf 1FH is a preferred superset to leaf OBH. Leaf 1FH defines additional level types, and it 
must be parsed by an algorithm that can handle the addition of future level types. 


Previously, only the following encoding of hierarchical level types were defined: 0 (invalid), 1 (SMT), and 2 (core). 
With the additional hierarchical level types available (see Section 8.9.1, “Hierarchical Mapping of Shared 
Resources” and Figure 8-5, “Generalized Seven Level Interpretation of the APIC ID” ) software must not assume 
any “level type” encoding value to be related to any sub-leaf index, except sub-leaf 0. 


Example 8-18. Support Routines for Identifying Package, Die, Core and Logical Processors from 32-bit x2APIC ID 


a. Derive the extraction bitmask for logical processors in a processor core and associated mask offset for different 
cores. 
// 


// This example shows how to enumerate CPU topology level types (level types may or may not be known/supported by the software) 
1 

// Below is the list of sample level types used in the example. 

// Refer to the CPUID Leaf 1FH definition for the actual level type numbers: “V2 Extended Topology Enumeration Leaf” . 

// 

11 SMT 

// CORE 

// MODULE 

// TILE 

// DIE 

// PACKAGE 

// 

// The example shows how to identify and derive the extraction bitmask for the levels with identify type SMT/CORE/DIE/PACKAGE 
// 


int DeriveSMT_Mask_Offsets (void) 


i 
IF (\HWMTSupported()) return -1; 
execute cpuid with EAX = OBH or 1FH, ECX = 0; 
IF (returned level type encoding in EXC[15:8] does not match SMT) return -1; 
Mask_SMT_shift = EAX[4:0]; //# bits shift right of APIC ID to distinguish different cores 
SMT_MASK =~( (-1) << Mask_SMT_shift); //shift left to derive extraction bitmask for SMT_ID 
return 0; 
} 
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b. Derive the extraction bitmask for processor cores in a physical processor package and associated mask offset for 
different packages. 


int DeriveCore_Mask_Offsets (void) 
{ 
IF (\HWMTSupported()) return -1; 
execute cpuid with EAX = OBH or 1FH, ECX = 0; 
WHILE( ECX[15:8] ) { //level type encoding is valid 
Mask_last_known_shift = EAX[4:0] 
IF (returned level type encoding in ECX[15:8] matches CORE) { 
Mask_Core_shift = EAX[4:0]; 
} 
ELSE IF (returned level type encoding in ECX[15:8] matches DIE { 
Mask_Die_shift = EAX[4:0]; 
} 
// 
// Keep enumerating. Check if the next level is the desired level and if not, keep enumerating until you reach a known level 
// or the invalid level (“O" level type). If there are more levels between DIE and PACKAGE, the unknown levels will be ignored 
// and treated as an extension of the last known level (i.e., DIE in this case). 
// 


ECX++; 
execute cpuid with EAX = OBH or 1FH; 
} 


COREPlusSMT_MASK = ~( (-1) << Mask_Core_shift); 
DIEPlusCORE_MASK = ~( (-1) << Mask_Die_shift); 


// 

// Treat levels between DIE and physical package as an extension of DIE for software choosing not to implement or recognize 
// these unknown levels. 

// 


CORE_MASK = COREPIusSMT_MASK * SMT_MASK; 
DIE_MASK = DIEPlusCORE_MASK * COREPlusSMT_MASK; 
PACKAGE_MASK = (-1) << Mask_last_known_shift; 


return -1; 


8.9.3 Hierarchical ID of Logical Processors in an MP System 


For Intel 64 and IA-32 processors, system hardware establishes an 8-bit initial APIC ID (or 32-bit APIC ID if the 
processor supports CPUID leaf OBH) that is unique for each logical processor following power-up or RESET (see 
Section 8.6.1). Each logical processor on the system is allocated an initial APIC ID. BIOS may implement features 
that tell the OS to support less than the total number of logical processors on the system bus. Those logical proces- 
sors that are not available to applications at runtime are halted during the OS boot process. As a result, the number 
valid local APIC_IDs that can be queried by affinitizing-current-thread-context (See Example 8-23) is limited to the 
number of logical processors enabled at runtime by the OS boot process. 


Table 8-2 shows an example of the 8-bit APIC IDs that are initially reported for logical processors in a system with 
four Intel Xeon MP processors that support Intel Hyper-Threading Technology (a total of 8 logical processors, each 
physical package has two processor cores and supports Intel Hyper-Threading Technology). Of the two logical 
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processors within a Intel Xeon processor MP, logical processor 0 is designated the primary logical processor and 
logical processor 1 as the secondary logical processor. 


TO)| Tl TO)| Tl TO}| Tl TO}} Tl SMT_ID 
Core 0 Corel Core 0 Corel Core ID 
Package 0 Package 1 Package ID 


Figure 8-7. Topological Relationships between Hierarchical IDs in a Hypothetical MP Platform 


Table 8-2. Initial APIC IDs for the Logical Processors in a System that has Four Intel Xeon MP Processors Supporting 
Intel Hyper-Threading Technology! 


Initial APIC ID Package ID Core ID SMT ID 
OH OH OH OH 
1H OH OH 1H 
2H 1H OH OH 
3H 1H OH 1H 
4H 2H OH OH 
5H 2H OH 1H 
6H 3H OH OH 
7H 3H OH 1H 


NOTE: 


1. Because information on the number of processor cores in a physical package was not available in early single-core processors sup- 
porting Intel Hyper-Threading Technology, the core ID can be treated as 0. 


Table 8-3 shows the initial APIC IDs for a hypothetical situation with a dual processor system. Each physical 
package providing two processor cores, and each processor core also supporting Intel Hyper-Threading Tech- 
nology. 


Table 8-3. Initial APIC IDs for the Logical Processors in a System that has Two Physical Processors Supporting Dual- 
Core and Intel Hyper-Threading Technology 


Initial APIC ID Package ID Core ID SMT ID 
OH OH OH OH 
1H OH OH 1H 
2H OH 1H OH 
3H OH 1H 1H 
4H 1H OH OH 
5H 1H OH 1H 
6H 1H 1H OH 
7H 1H 1H 1H 
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8.9.3.1 Hierarchical ID of Logical Processors with x2APIC ID 


Table 8-4 shows an example of possible x2APIC ID assignments for a dual processor system that support x2APIC. 
Each physical package providing four processor cores, and each processor core also supporting Intel Hyper- 
Threading Technology. Note that the x2APIC ID need not be contiguous in the system. 


Table 8-4. Example of Possible x2APIC ID Assignment in a System that has Two Physical Processors Supporting 
x2APIC and Intel Hyper-Threading Technology 


x2APIC ID Package ID Core ID SMT ID 
OH OH OH OH 
1H OH OH 1H 
2H OH 1H OH 
3H OH 1H 1H 
4H OH 2H OH 
5H OH 2H 1H 
6H OH 3H OH 
7H OH 3H 1H 
10H 1H OH OH 
11H 1H OH 1H 
12H 1H 1H OH 
13H 1H 1H 1H 
14H 1H 2H OH 
15H 1H 2H 1H 
16H 1H 3H OH 
17H 1H 3H 1H 


8.9.4 Algorithm for Three-Level Mappings of APIC_ID 


Software can gather the initial APIC_IDs for each logical processor supported by the operating system at runtime? 
and extract identifiers corresponding to the three levels of sharing topology (package, core, and SMT). The three- 
level algorithms below focus on a non-clustered MP system for simplicity. They do not assume APIC IDs are contig- 
uous or that all logical processors on the platform are enabled. 


Intel supports multi-threading systems where all physical processors report identical values in CPUID leaf OBH, 
CPUID.1:EBX[23:16]), CPUID.4!°:EAX[31:26], and CPUID.41!:EAX[25:14]. The algorithms below assume the 
target system has symmetry across physical package boundaries with respect to the number of logical processors 
per package, number of cores per package, and cache topology within a package. 


Software can choose to assume three level hierarchy if it was developed to understand only three levels. However, 
software implementation needs to ensure it does not break if it runs on systems that have more levels in the hier- 
archy even if it does not recognize them. 


9. As noted in Section 8.6 and Section 8.9.3, the number of logical processors supported by the OS at runtime may be less than the 
total number logical processors available in the platform hardware. 


10. Maximum number of addressable ID for processor cores in a physical processor is obtained by executing CPUID with EAX=4 anda 
valid ECX index, The ECX index start at 0. 


11. Maximum number addressable ID for processor cores sharing the target cache level is obtained by executing CPUID with EAX = 4 
and the ECX index corresponding to the target cache level. 
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The extraction algorithm (for three-level mappings from an APIC ID) uses the general procedure depicted in 
Example 8-19, and is supplemented by more detailed descriptions on the derivation of topology enumeration 
parameters for extraction bit masks: 


1. Detect hardware multi-threading support in the processor. 


2. Derive a set of bit masks that can extract the sub ID of each hierarchical level of the topology. The algorithm to 
derive extraction bit masks for SMT_ID/CORE_ID/PACKAGE_ID differs based on APIC ID is 32-bit (see step 3 
below) or 8-bit (see step 4 below): 


3. If the processor supports CPUID leaf OBH, each APIC ID contains a 32-bit value, the topology enumeration 
parameters needed to derive three-level extraction bit masks are: 


a. 


fi 


Query the right-shift value for the SMT level of the topology using CPUID leaf OBH with ECX =OH as input. 
The number of bits to shift-right on x2APIC ID (EAX[4:0]) can distinguish different higher-level entities 
above SMT (e.g. processor cores) in the same physical package. This is also the width of the bit mask to 
extract the SMT_ID. 


Enumerate until the desired level is found (i.e. processor cores). Determine if the next level is the expected 
level. If the next level is not known to the software, keep enumerating until the next known or the last level. 
Software should use the previous level before this to represent the last previously known level (i.e. 
processor cores). If the software does not recognize or implement certain hierarchical levels, it should 
assume these unknown levels as an extension of the last known level. 


Query CPUID leaf OBH for the amount of bit shift to distinguish next higher-level entities (e.g. physical 
processor packages) in the system. This describes an explicit three-level-topology situation for commonly 
available processors. Consult Example 8-17 to adapt to situations beyond three-level topology of a physical 
processor. The width of the extraction bit mask can be used to derive the cumulative extraction bitmask to 
extract the sub IDs of logical processors (including different processor cores) in the same physical package. 
The extraction bit mask to distinguish merely different processor cores can be derived by xor’ing the SMT 
extraction bit mask from the cumulative extraction bit mask. 


Query the 32-bit x2APIC ID for the logical processor where the current thread is executing. 


Derive the extraction bit masks corresponding to SMT_ID, CORE_ID, and PACKAGE_ID, starting from 
SMT_ID. 


Apply each extraction bit mask to the 32-bit x2APIC ID to extract sub-field IDs. 


4. If the processor does not support CPUID leaf OBH, each initial APIC ID contains an 8-bit value, the topology 
enumeration parameters needed to derive extraction bit masks are: 


a. 


Query the size of address space for sub IDs that can accommodate logical processors in a physical 
processor package. This size parameters (CPUID.1:EBX[23:16]) can be used to derive the width of an 
extraction bitmask to enumerate the sub IDs of different logical processors in the same physical package. 


Query the size of address space for sub IDs that can accommodate processor cores in a physical processor 
package. This size parameters can be used to derive the width of an extraction bitmask to enumerate the 
sub IDs of processor cores in the same physical package. 


Query the 8-bit initial APIC ID for the logical processor where the current thread is executing. 


Derive the extraction bit masks using respective address sizes corresponding to SMT_ID, CORE_ID, and 
PACKAGE_ID, starting from SMT_ID. 


Apply each extraction bit mask to the 8-bit initial APIC ID to extract sub-field IDs. 
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Example 8-19. Support Routines for Detecting Hardware Multi-Threading and Identifying the Relationships Between Package, 
Core and Logical Processors 


1. | Detect support for Hardware Multi-Threading Support in a processor. 


// Returns a non-zero value if CPUID reports the presence of hardware multi-threading 
// support in the physical package where the current logical processor is located. 

// This does not guarantee BIOS or OS will enable all logical processors in the physical 
// package and make them available to applications. 

// Returns zero if hardware multi-threading is not present. 


#define HWMT_BIT 10000000H 


unsigned int HWMTSupported(void) 
{ 
// ensure cpuid instruction is supported 
execute cpuid with eax = 0 to get vendor string 
execute cpuid with eax = 1 to get feature flag and signature 


// Check to see if this a Genuine Intel Processor 


if (vendor string EQ Genuinelntel) { 
return (feature_flag_edx & HWMT_BIT); // bit 28 
} 


return 0; 


Example 8-20. Support Routines for Identifying Package, Core and Logical Processors from 32-bit x2APIC ID 


a. Derive the extraction bitmask for logical processors in a processor core and associated mask offset for different 
cores. 


int DeriveSMT_Mask_Offsets (void) 

{ 
if (HWMTSupported()) return -1; 
execute cpuid with eax = 11, ECX = 0; 
If (returned level type encoding in ECX[15:8] does not match SMT) return -1; 
Mask_SMT_shift = EAX[4:0]; // # bits shift right of APIC ID to distinguish different cores 
SMT_MASK = ~( (-1) << Mask_SMT_shift); // shift left to derive extraction bitmask for SMT_ID 
return O; 
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b. Derive the extraction bitmask for processor cores in a physical processor package and associated mask offset for 
different packages. 


int DeriveCore_Mask_Offsets (void) 


if (HWMTSupported()) return -1; 
execute cpuid with eax = 11, ECX = 0; 


while( ECX[1 5:8] ) { // level type encoding is valid 
Mask_Core_shift = EAX[4:0]; // needed to distinguish different physical packages 
ECX ++; 


execute cpuid with eax = 11; 


} 
COREPlusSMT_MASK = ~( (-1) << Mask_Core_shift); 


// treat levels between core and physical package as a core for software choosing not to implement or recognize 
// these unknown levels 

CORE_MASK = COREPlusSMT_MASK * SMT_MASK; 

PACKAGE_MASK = (-1) << Mask_Core_shift; 

return -1; 


c. Query the x2APIC ID of a logical processor. 


APIC_IDs for each logical processor. 


unsigned char Getx2APIC_ID (void) 


{ 
unsigned reg_edx = 0; 
execute cpuid with eax = 11,ECX = 0 
store returned value of edx 
return (unsigned) (reg_edx) ; 
} 


Example 8-21. Support Routines for Identifying Package, Core and Logical Processors from 8-bit Initial APIC ID 


a. _ Find the size of address space for logical processors in a physical processor package. 


#define NUM_LOGICAL_BITS OOFFOOOOH 
// Use the mask above and CPUID.1.EBX[23:16] to obtain the max number of addressable IDs 
// for logical processors in a physical package, 


//Returns the size of address space of logical processors in a physical processor package; 
// Software should not assume the value to be a power of 2. 


unsigned char MaxLPIDsPerPackage(void) 
{ 
if (HWMTSupported()) return 1; 
execute cpuid with eax = 1 
store returned value of ebx 
return (unsigned char) ((reg_ebx & NUM_LOGICAL_BITS) >> 16); 
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b. Find the size of address space for processor cores in a physical processor package. 


// Returns the max number of addressable IDs for processor cores in a physical processor package; 
// Software should not assume cpuid reports this value to be a power of 2. 


unsigned MaxCorelDsPerPackage(void) 
{ 
if (HWMTSupported()) return (unsigned char) 1; 
if cpuid supports leaf number 4 
{ // we can retrieve multi-core topology info using leaf 4 
execute cpuid with eax = 4, ecx = 0 
store returned value of eax 
return (unsigned) ((reg_eax >> 26) +1); 
} 
else // must be a single-core processor 
return 1; 


} 


c. Query the initial APIC ID of a logical processor. 


#define INITIAL_APIC_ID_BITS FFOOOOOOH // CPUID.1.€BX[31:24] initial APIC ID 
// Returns the 8-bit unique initial APIC ID for the processor running the code. 
// Software can use OS services to affinitize the current thread to each logical processor 


// available under the OS to gather the initial APIC_IDs for each logical processor. 


unsigned GetInitAPIC_ID (void) 


{ 

unsigned int reg_ebx = 0; 

execute cpuid with eax = 1 

store returned value of ebx 

return (unsigned) ((reg_ebx & INITIAL_APIC_ID_BITS) >> 24; 
} 
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d. Find the width of an extraction bitmask from the maximum count of the bit-field (address size). 


// Returns the mask bit width of a bit field from the maximum count that bit field can represent. 

// This algorithm does not assume ‘address size’ to have a value equal to power of 2. 

// Address size for SMT_ID can be calculated from MaxLPIDsPerPackage()/MaxCorelDsPerPackage() 
// Then use the routine below to derive the corresponding width of SMT extraction bitmask 

// Address size for CORE_ID is MaxCorelDsPerPackage(), 

// Derive the bitwidth for CORE extraction mask similarly 


unsigned FindMaskWidth(Unsigned Max_Count) 
{unsigned int mask_width, cnt = Max_Count; 
__asm { 
mov eax, cnt 
mov ecx, 0 
mov mask_width, ecx 
dec eax 
bDsr cx, ax 
jz next 
inc cx 
mov mask_width, ecx 
next: 
mov eax, mask_width 
} 
return mask_width; 


} 


e. Extract a sub ID from an 8-bit full ID, using address size of the sub ID and shift count. 


// The routine below can extract SMT_ID, CORE_ID, and PACKAGE_ID respectively from the init APIC_ID 

// To extract SMT_ID, MaxSublIDvalue is set to the address size of SMT_ID, Shift_Count = 0 

// To extract CORE_ID, MaxSubIDvalue is the address size of CORE_ID, Shift_Count is width of SMT extraction bitmask. 
// Returns the value of the sub ID, this is not a zero-based value 


Unsigned char GetSubID(unsigned char Full_ID, unsigned char MaxSub!IDvalue, unsigned char Shift_Count) 
{ 

MaskWidth = FindMaskWidth(MaxSubIDValue); 

MaskBits = ((uchar) (FFH << Shift_Count)) * ((uchar) (FFH << Shift_Count + MaskWidth)) ; 

SublD = Full_ID & MaskBits; 

Return SublD; 


Software must not assume local APIC_ID values in an MP system are consecutive. Non-consecutive local APIC_IDs 
may be the result of hardware configurations or debug features implemented in the BIOS or OS. 


An identifier for each hierarchical level can be extracted from an 8-bit APIC_ID using the support routines illus- 
trated in Example 8-21. The appropriate bit mask and shift value to construct the appropriate bit mask for each 
level must be determined dynamically at runtime. 


8.9.5 Identifying Topological Relationships in a MP System 
To detect the number of physical packages, processor cores, or other topological relationships in a MP system, the 
following procedures are recommended: 


¢ Extract the three-level identifiers from the APIC ID of each logical processor enabled by system software. The 
sequence is as follows (See the pseudo code shown in Example 8-22 and support routines shown in Example 
8-19): 
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The extraction start from the right-most bit field, corresponding to SMT_ID, the innermost hierarchy in 
a three-level topology (See Figure 8-7). For the right-most bit field, the shift value of the working mask 
is zero. The width of the bit field is determined dynamically using the maximum number of logical 
processor per core, which can be derived from information provided from CPUID. 


To extract the next bit-field, the shift value of the working mask is determined from the width of the bit 
mask of the previous step. The width of the bit field is determined dynamically using the maximum 
number of cores per package. 


To extract the remaining bit-field, the shift value of the working mask is determined from the maximum 
number of logical processor per package. So the remaining bits in the APIC ID (excluding those bits 
already extracted in the two previous steps) are extracted as the third identifier. This applies to a non- 
clustered MP system, or if there is no need to distinguish between PACKAGE_ID and CLUSTER_ID. 


If there is need to distinguish between PACKAGE_ID and CLUSTER_ID, PACKAGE_ID can be extracted 
using an algorithm similar to the extraction of CORE_ID, assuming the number of physical packages in 
each node of a clustered system is symmetric. 


e Assemble the three-level identifiers of SMT_ID, CORE_ID, PACKAGE_IDs into arrays for each enabled logical 
processor. This is shown in Example 8-23a. 


° To detect the number of physical packages: use PACKAGE_ID to identify those logical processors that reside in 
the same physical package. This is shown in Example 8-23b. This example also depicts a technique to construct 
a mask to represent the logical processors that reside in the same package. 


* To detect the number of processor cores: use CORE_ID to identify those logical processors that reside in the 
same core. This is shown in Example 8-23. This example also depicts a technique to construct a mask to 
represent the logical processors that reside in the same core. 


In Example 8-22, the numerical ID value can be obtained from the value extracted with the mask by shifting it right 
by shift count. Algorithms below do not shift the value. The assumption is that the SubID values can be compared 
for equivalence without the need to shift. 


Example 8-22. Pseudo Code Depicting Three-level Extraction Algorithm 


For Each local_APIC_ID{ 
// Calculate SMT_MASK, the bit mask pattern to extract SMT_ID, 
// SMT_MASK is determined using topology enumertaion parameters 
// from CPUID leaf OBH (Example 8-20); 
// otherwise, SMT_MASK is determined using CPUID leaf 01H and leaf 04H (Example 8-21). 
// This algorithm assumes there is symmetry across core boundary, i.e. each core within a 
// package has the same number of logical processors 
// SMT_ID always starts from bit 0, corresponding to the right-most bit-field 


SMT_ID = 


APIC_ID & SMT_MASK; 


// Extract CORE_ID: 
// CORE_MASK is determined in Example 8-20 or Example 8-21 


CORE_ID 


= (APIC_ID & CORE_MASK) ; 


// Extract PACKAGE_ID: 

// Assume single cluster. 

// Shift out the mask width for maximum logical processors per package 
// PACKAGE_MASK is determined in Example 8-20 or Example 8-21 
PACKAGE_ID = (APIC_ID & PACKAGE_MASK) ; 
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Example 8-23. Compute the Number of Packages, Cores, and Processor Relationships in a MP System 
a) Assemble lists of PACKAGE_ID, CORE_ID, and SMT_ID of each enabled logical processors 


//The BIOS and/or OS may limit the number of logical processors available to applications 
// after system boot. The below algorithm will compute topology for the processors visible 
// to the thread that is computing it. 


// Extract the 3-levels of IDs on every processor 

// SystemAffinity is a bitmask of all the processors started by the OS. Use OS specific APIs to 

// obtain it. 

// ThreadAffinityMask is used to affinitize the topology enumeration thread to each processor 
using OS specific APIs. 

// Allocate per processor arrays to store the Package_ID, Core_ID and SMT_ID for every started 
// processor. 


ThreadAffinityMask = 1; 
ProcessorNum = 0; 
while (ThreadAffinityMask + 0 && ThreadAffinityMask <= SystemAffinity) { 
// Check to make sure we can utilize this processor first. 
if (ThreadAffinityMask & SystemAffinity){ 
Set thread to run on the processor specified in ThreadAffinityMask 
Wait if necessary and ensure thread is running on specified processor 


APIC_ID = GetAPIC_ID(); // 32 bit ID in Example 8-20 or 8-bit ID in Example 8-21 
Extract the Package_ID, Core_ID and SMT_ID as explained in three level extraction 
algorithm of Example 8-22 
PackagelD[ProcessorNUM] = PACKAGE_ID; 
CorelD[ProcessorNum] = CORE_ID; 
SmtID[ProcessorNum] = SMT_ID; 
ProcessorNum++; 
} 
ThreadAffinityMask <<= 1; 


NumStartedLPs = ProcessorNum; 


b) Using the list of PACKAGE_ID to count the number of physical packages in a MP system and construct, for each package, a multi-bit 
mask corresponding to those logical processors residing in the same package. 


// Compute the number of packages by counting the number of processors 
// with unique PACKAGE_IDs in the PackagelD array. 
// Compute the mask of processors in each package. 


PackagelDBucket is an array of unique PACKAGE_ID values. Allocate an array of 
NumStartedLPs count of entries in this array. 

PackageProcessorMask is a corresponding array of the bit mask of processors belonging to 
the same package, these are processors with the same PACKAGE_ID 

The algorithm below assumes there is symmetry across package boundary if more than 
one socket is populated in an MP system. 

// Bucket Package IDs and compute processor mask for every package. 


PackageNum = 1; 

PackagelDBucket[O] = PackagelD[0]; 
ProcessorMask = 1; 
PackageProcessorMask[0] = ProcessorMask; 
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For (ProcessorNum = 1; ProcessorNum < NumStartedLPs; ProcessorNum++) { 
ProcessorMask << = 1; 
For (i=0; i < PackageNum; i++) { 
// we may be comparing bit-fields of logical processors residing in different 
// packages, the code below assume package symmetry 
If (PackagelD[ProcessorNum] = PackagelDBucket[i]) { 
PackageProcessorMask{[i] |= ProcessorMask; 
Break; // found in existing bucket, skip to next iteration 
} 
} 
if (i =PackageNum) { 
//PACKAGE_ID did not match any bucket, start new bucket 
PackagelDBucket[i] = PackagelD[ProcessorNum]; 
PackageProcessorMask[i] = ProcessorMask; 
PackageNum++; 
} 
} 
// PackageNum has the number of Packages started in OS 
// PackageProcessorMask[] array has the processor set of each package 


c) Using the list of CORE_ID to count the number of cores in a MP system and construct, for each core, a multi-bit mask corresponding 
to those logical processors residing in the same core. 


Processors in the same core can be determined by bucketing the processors with the same PACKAGE_ID and CORE_ID. Note that code 
below can BIT OR the values of PACKGE and CORE ID because they have not been shifted right. 


The algorithm below assumes there is symmetry across package boundary if more than one socket is populated in an MP system. 


//Bucketing PACKAGE and CORE IDs and computing processor mask for every core 
CoreNum = 1; 
CorelDBucket[0] = PackagelD[0] | CorelD[O}]; 
ProcessorMask = 1; 
CoreProcessorMask[0] = ProcessorMask; 
For (ProcessorNum = 1; ProcessorNum < NumStartedLPs; ProcessorNum++) { 
ProcessorMask << = 1; 
For (i=0; i < CoreNum; i++) { 
// we may be comparing bit-fields of logical processors residing in different 
// packages, the code below assume package symmetry 
If ((PackagelD[ProcessorNum] | CorelD[ProcessorNum]) = CorelDBucket{i]) { 
CoreProcessorMask[i] |= ProcessorMask; 
Break; // found in existing bucket, skip to next iteration 
} 
} 
if (i = CoreNum) { 
//Did not match any bucket, start new bucket 
CorelDBucket[i] = PackagelD[ProcessorNum] | CorelD[ProcessorNum]; 
CoreProcessorMask[i] = ProcessorMask; 
CoreNum++; 
} 
} 
// CoreNum has the number of cores started in the OS 
// CoreProcessorMask[] array has the processor set of each core 


Other processor relationships such as processor mask of sibling cores can be computed from set operations of the 
PackageProcessorMask[] and CoreProcessorMask[]. 
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The algorithm shown above can be adapted to work with earlier generations of single-core IA-32 processors that 
support Intel Hyper-Threading Technology and in situations that the deterministic cache parameter leaf is not 
supported (provided CPUID supports initial APIC ID). A reference code example is available (see Inte/® 64 Archi- 
tecture Processor Topology Enumeration). 


8.10 MANAGEMENT OF IDLE AND BLOCKED CONDITIONS 


When a logical processor in an MP system (including multi-core processor or processors supporting Intel Hyper- 
Threading Technology) is idle (no work to do) or blocked (on a lock or semaphore), additional management of the 
core execution engine resource can be accomplished by using the HLT (halt), PAUSE, or the MONITOR/MWAIT 
instructions. 


8.10.1 HLT Instruction 


The HLT instruction stops the execution of the logical processor on which it is executed and places it in a halted 
state until further notice (see the description of the HLT instruction in Chapter 3 of the Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 2A). When a logical processor is halted, active logical processors 
continue to have full access to the shared resources within the physical package. Here shared resources that were 
being used by the halted logical processor become available to active logical processors, allowing them to execute 
at greater efficiency. When the halted logical processor resumes execution, shared resources are again shared 
among all active logical processors. (See Section 8.10.6.3, “Halt Idle Logical Processors,” for more information 
about using the HLT instruction with processors supporting Intel Hyper-Threading Technology.) 


8.10.2 PAUSE Instruction 


The PAUSE instruction can improves the performance of processors supporting Intel Hyper-Threading Technology 
when executing “spin-wait loops” and other routines where one thread is accessing a shared lock or semaphore in 
a tight polling loop. When executing a spin-wait loop, the processor can suffer a severe performance penalty when 
exiting the loop because it detects a possible memory order violation and flushes the core processor's pipeline. The 
PAUSE instruction provides a hint to the processor that the code sequence is a spin-wait loop. The processor uses 
this hint to avoid the memory order violation and prevent the pipeline flush. In addition, the PAUSE instruction de- 
pipelines the spin-wait loop to prevent it from consuming execution resources excessively and consume power 
needlessly. (See Section 8.10.6.1, “Use the PAUSE Instruction in Spin-Wait Loops,” for more information about 
using the PAUSE instruction with IA-32 processors supporting Intel Hyper-Threading Technology.) 


8.10.3. Detecting Support MONITOR/MWAIT Instruction 


Streaming SIMD Extensions 3 introduced two instructions (MONITOR and MWAIT) to help multithreaded software 
improve thread synchronization. In the initial implementation, MONITOR and MWAIT are available to software at 
ring O. The instructions are conditionally available at levels greater than 0. Use the following steps to detect the 
availability of MONITOR and MWAIT: 


¢ Use CPUID to query the MONITOR bit (CPUID.1.ECX[3] = 1). 


¢ If CPUID indicates support, execute MONITOR inside a TRY/EXCEPT exception handler and trap for an 
exception. If an exception occurs, MONITOR and MWAIT are not supported at a privilege level greater than 0. 
See Example 8-24. 
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Example 8-24. Verifying MONITOR/MWAIT Support 


boolean MONITOR_MWAIT_works = TRUE; 
try { 
_asm { 
XOFr @CX, @CX 
xor edx, edx 
mov eax, MemArea 
monitor 
} 
// Use monitor 
} except (UNWIND) { 
// if we get here, MONITOR/MWAIT is not supported 
MONITOR_MWAIT_works = FALSE; 


8.10.4 MONITOR/MWAIT Instruction 


Operating systems usually implement idle loops to handle thread synchronization. In a typical idle-loop scenario, 

there could be several “busy loops” and they would use a set of memory locations. An impacted processor waits in 
a loop and poll a memory location to determine if there is available work to execute. The posting of work is typically 
a write to memory (the work-queue of the waiting processor). The time for initiating a work request and getting it 
scheduled is on the order of a few bus cycles. 


From a resource sharing perspective (logical processors sharing execution resources), use of the HLT instruction in 
an OS idle loop is desirable but has implications. Executing the HLT instruction on a idle logical processor puts the 
targeted processor in a non-execution state. This requires another processor (when posting work for the halted 
logical processor) to wake up the halted processor using an inter-processor interrupt. The posting and servicing of 
such an interrupt introduces a delay in the servicing of new work requests. 


In a shared memory configuration, exits from busy loops usually occur because of a state change applicable to a 
specific memory location; such a change tends to be triggered by writes to the memory location by another agent 
(typically a processor). 


MONITOR/MWAIT complement the use of HLT and PAUSE to allow for efficient partitioning and un-partitioning of 
shared resources among logical processors sharing physical resources. MONITOR sets up an effective address 
range that is monitored for write-to-memory activities; MWAIT places the processor in an optimized state (this may 
vary between different implementations) until a write to the monitored address range occurs. 


In the initial implementation of MONITOR and MWAIT, they are available at CPL = 0 only. 


Both instructions rely on the state of the processor’s monitor hardware. The monitor hardware can be either armed 
(by executing the MONITOR instruction) or triggered (due to a variety of events, including a store to the monitored 
memory region). If upon execution of MWAIT, monitor hardware is in a triggered state: MWAIT behaves as a NOP 
and execution continues at the next instruction in the execution stream. The state of monitor hardware is not archi- 
tecturally visible except through the behavior of MWAIT. 


Multiple events other than a write to the triggering address range can cause a processor that executed MWAIT to 
wake up. These include events that would lead to voluntary or involuntary context switches, such as: 


¢  ~=External interrupts, including NMI, SMI, INIT, BINIT, MCERR, A2OM# 
¢ Faults, Aborts (including Machine Check) 


e¢ = Architectural TLB invalidations including writes to CRO, CR3, CR4 and certain MSR writes; execution of LMSW 
(occurring prior to issuing MWAIT but after setting the monitor) 


¢ Voluntary transitions due to fast system call and far calls (occurring prior to issuing MWAIT but after setting the 
monitor) 


Power management related events (such as Thermal Monitor 2 or chipset driven STPCLK# assertion) will not cause 
the monitor event pending flag to be cleared. Faults will not cause the monitor event pending flag to be cleared. 
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Software should not allow for voluntary context switches in between MONITOR/MWAIT in the instruction flow. Note 
that execution of MWAIT does not re-arm the monitor hardware. This means that MONITOR/MWAIT need to be 
executed in a loop. Also note that exits from the MWAIT state could be due to a condition other than a write to the 
triggering address; software should explicitly check the triggering data location to determine if the write occurred. 
Software should also check the value of the triggering address following the execution of the monitor instruction 
(and prior to the execution of the MWAIT instruction). This check is to identify any writes to the triggering address 
that occurred during the course of MONITOR execution. 


The address range provided to the MONITOR instruction must be of write-back caching type. Only write-back 
memory type stores to the monitored address range will trigger the monitor hardware. If the address range is not 
in memory of write-back type, the address monitor hardware may not be set up properly or the monitor hardware 
may not be armed. Software is also responsible for ensuring that 


¢ Writes that are not intended to cause the exit of a busy loop do not write to a location within the address region 
being monitored by the monitor hardware, 


¢ Writes intended to cause the exit of a busy loop are written to locations within the monitored address region. 


Not doing so will lead to more false wakeups (an exit from the MWAIT state not due to a write to the intended data 
location). These have negative performance implications. It might be necessary for software to use padding to 
prevent false wakeups. CPUID provides a mechanism for determining the size data locations for monitoring as well 
as a mechanism for determining the size of a the pad. 


8.10.5 Monitor/Mwait Address Range Determination 


To use the MONITOR/MWAIT instructions, software should know the length of the region monitored by the 
MONITOR/MWAIT instructions and the size of the coherence line size for cache-snoop traffic in a multiprocessor 
system. This information can be queried using the CPUID monitor leaf function (EAX = 05H). You will need the 
smallest and largest monitor line size: 


* To avoid missed wake-ups: make sure that the data structure used to monitor writes fits within the smallest 
monitor line-size. Otherwise, the processor may not wake up after a write intended to trigger an exit from 
MWAITT. 


* To avoid false wake-ups; use the largest monitor line size to pad the data structure used to monitor writes. 
Software must make sure that beyond the data structure, no unrelated data variable exists in the triggering 
area for MWAIT. A pad may be needed to avoid this situation. 


These above two values bear no relationship to cache line size in the system and software should not make any 
assumptions to that effect. Within a single-cluster system, the two parameters should default to be the same (the 
size of the monitor triggering area is the same as the system coherence line size). 


Based on the monitor line sizes returned by the CPUID, the OS should dynamically allocate structures with appro- 
priate padding. If static data structures must be used by an OS, attempt to adapt the data structure and use a 
dynamically allocated data buffer for thread synchronization. When the latter technique is not possible, consider 
not using MONITOR/MWAIT when using static data structures. 


To set up the data structure correctly for MONITOR/MWAIT on multi-clustered systems: interaction between 
processors, chipsets, and the BIOS is required (system coherence line size may depend on the chipset used in the 
system; the size could be different from the processor’s monitor triggering area). The BIOS is responsible to set the 
correct value for system coherence line size using the IA32_MONITOR_FILTER_LINE_SIZE MSR. Depending on the 
relative magnitude of the size of the monitor triggering area versus the value written into the 
IA32_MONITOR_FILTER_LINE_SIZE MSR, the smaller of the parameters will be reported as the Smallest Monitor 
Line Size. The larger of the parameters will be reported as the Largest Monitor Line Size. 


8.10.6 Required Operating System Support 


This section describes changes that must be made to an operating system to run on processors supporting Intel 
Hyper-Threading Technology. It also describes optimizations that can help an operating system make more effi- 
cient use of the logical processors sharing execution resources. The required changes and suggested optimizations 
are representative of the types of modifications that appear in Windows* XP and Linux* kernel 2.4.0 operating 
systems for Intel processors supporting Intel Hyper-Threading Technology. Additional optimizations for processors 
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supporting Intel Hyper-Threading Technology are described in the Inte/® 64 and IA-32 Architectures Optimization 
Reference Manual. 


8.10.6.1 Use the PAUSE Instruction in Spin-Wait Loops 


Intel recommends that a PAUSE instruction be placed in all spin-wait loops that run on Intel processors supporting 
Intel Hyper-Threading Technology and multi-core processors. 


Software routines that use spin-wait loops include multiprocessor synchronization primitives (spin-locks, sema- 
phores, and mutex variables) and idle loops. Such routines keep the processor core busy executing a load-compare- 
branch loop while a thread waits for a resource to become available. Including a PAUSE instruction in such a loop 
greatly improves efficiency (see Section 8.10.2, “PAUSE Instruction”). The following routine gives an example of a 
spin-wait loop that uses a PAUSE instruction: 


Spin_Lock: 
CMP lockvar, O ;Check if lock is free 
JE Get_Lock 
PAUSE Short delay 
JMP Spin_Lock 
Get_Lock: 
MOV EAX, 1 
XCHG EAX, lockvar ;Try to get lock 
CMP EAX, 0 Test if successful 
JNE Spin_Lock 
Critical_Section: 
<critical section code> 
MOV lockvar, 0 


Continue: 


The spin-wait loop above uses a “test, test-and-set” technique for determining the availability of the synchroniza- 
tion variable. This technique is recommended when writing spin-wait loops. 


In IA-32 processor generations earlier than the Pentium 4 processor, the PAUSE instruction is treated as a NOP 
instruction. 


8.10.6.2 Potential Usage of MONITOR/MWAIT in CO Idle Loops 


An operating system may implement different handlers for different idle states. A typical OS idle loop on an ACPI- 
compatible OS is shown in Example 8-25: 


Example 8-25. A Typical OS Idle Loop 


// WorkQueue is a memory location indicating there is a thread 

// ready to run. A non-zero value for WorkQueue is assumed to 

// indicate the presence of work to be scheduled on the processor. 
// The idle loop is entered with interrupts disabled. 


WHILE (1) { 

IF (WorkQueue) THEN { 
// Schedule work at WorkQueue. 
} 

ELSE { 
// No work to do - wait in appropriate C-state handler depending 
// on Idle time accumulated 
IF (IdleTime >= IdleTimeThreshhold) THEN { 

// Call appropriate C1, C2, C3 state handler, C1 handler 
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// shown below 
} 
} 
} 
// C1 handler uses a Halt instruction 
VOID C1Handler() 
{ STI 
HLT 


} 


The MONITOR and MWAIT instructions may be considered for use in the CO idle state loops, if MONITOR and MWAIT are supported. 


Example 8-26. An OS Idle Loop with MONITOR/MWAIT in the CO Idle Loop 


// \WorkQueue is a memory location indicating there is a thread 

// ready to run. A non-zero value for WorkQueue is assumed to 

// indicate the presence of work to be scheduled on the processor. 

// The following example assumes that the necessary padding has been 
// added surrounding WorkQueue to eliminate false wakeups 

// The idle loop is entered with interrupts disabled. 


WHILE (1) { 
IF (WorkQueue) THEN { 
// Schedule work at WorkQueue. 


} 
ELSE { 
// No work to do - wait in appropriate C-state handler depending 
// on Idle time accumulated. 
IF (IdleTime >= IdleTimeThreshhold) THEN { 
// Call appropriate C1, C2, C3 state handler, C1 
// handler shown below 
MONITOR WorkQueue // Setup of eax with WorkQueue 


// LinearAddress, 
// ECX, EDX = 0 
IF (WorkQueue = 0) THEN { 
MWAIT 
} 
} 
} 
} 
// C1 handler uses a Halt instruction. 
VOID C1Handler() 
{ STI 
HLT 
} 


8.10.6.3 Halt Idle Logical Processors 


If one of two logical processors is idle or in a spin-wait loop of long duration, explicitly halt that processor by means 
of a HLT instruction. 


In an MP system, operating systems can place idle processors into a loop that continuously checks the run queue 
for runnable software tasks. Logical processors that execute idle loops consume a significant amount of core’s 
execution resources that might otherwise be used by the other logical processors in the physical package. For this 
reason, halting idle logical processors optimizes the performance. ?? If all logical processors within a physical 
package are halted, the processor will enter a power-saving state. 
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8.10.6.4 Potential Usage of MONITOR/MWAIT in C1 Idle Loops 


An operating system may also consider replacing HLT with MONITOR/MWAIT in its C1 idle loop. An example is 
shown in Example 8-27: 


Example 8-27. An OS Idle Loop with MONITOR/MWAIT in the C1 Idle Loop 


// WorkQueue is a memory location indicating there is a thread 

// ready to run. A non-zero value for WorkQueue is assumed to 

// indicate the presence of work to be scheduled on the processor. 

// The following example assumes that the necessary padding has been 
// added surrounding WorkQueue to eliminate false wakeups 

// The idle loop is entered with interrupts disabled. 


WHILE (1) { 

IF (WorkQueue) THEN { 
// Schedule work at WorkQueue 
} 

ELSE { 
// No work to do - wait in appropriate C-state handler depending 
// on Idle time accumulated 
IF (IdleTime >= IdleTimeThreshhold) THEN { 
// Call appropriate C1, C2, C3 state handler, C1 
// handler shown below 


} 
} 


VOID C1Handler() 


{ MONITOR WorkQueue // Setup of eax with WorkQueue LinearAddress, 


// ECX, EDX = O 
IF (WorkQueue = 0) THEN { 
STI 
MWAIT // EAX, ECX = 0 
} 


8.10.6.5 Guidelines for Scheduling Threads on Logical Processors Sharing Execution Resources 


Because the logical processors, the order in which threads are dispatched to logical processors for execution can 
affect the overall efficiency of a system. The following guidelines are recommended for scheduling threads for 
execution. 


* Dispatch threads to one logical processor per processor core before dispatching threads to the other logical 
processor sharing execution resources in the same processor core. 


* In an MP system with two or more physical packages, distribute threads out over all the physical processors, 
rather than concentrate them in one or two physical processors. 


e Use processor affinity to assign a thread to a specific processor core or package, depending on the cache- 
sharing topology. The practice increases the chance that the processor’s caches will contain some of the 
thread’s code and data when it is dispatched for execution after being suspended. 


12. Excessive transitions into and out of the HALT state could also incur performance penalties. Operating systems should evaluate the 
performance trade-offs for their operating system. 
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8.10.6.6 Eliminate Execution-Based Timing Loops 


Intel discourages the use of timing loops that depend on a processor's execution speed to measure time. There are 
several reasons: 


¢ Timing loops cause problems when they are calibrated on a IA-32 processor running at one frequency and then 
executed on a processor running at another frequency. 


¢ Routines for calibrating execution-based timing loops produce unpredictable results when run on an IA-32 
processor supporting Intel Hyper-Threading Technology. This is due to the sharing of execution resources 
between the logical processors within a physical package. 


To avoid the problems described, timing loop routines must use a timing mechanism for the loop that does not 
depend on the execution speed of the logical processors in the system. The following sources are generally avail- 
able: 


¢ Ahigh resolution system timer (for example, an Intel 8254). 
¢ Ahigh resolution timer within the processor (such as, the local APIC timer or the time-stamp counter). 
For additional information, see the Inte/® 64 and IA-32 Architectures Optimization Reference Manual. 


8.10.6.7 Place Locks and Semaphores in Aligned, 128-Byte Blocks of Memory 


When software uses locks or semaphores to synchronize processes, threads, or other code sections; Intel recom- 
mends that only one lock or semaphore be present within a cache line (or 128 byte sector, if 128-byte sector is 
supported). In processors based on Intel NetBurst microarchitecture (which support 128-byte sector consisting of 
two cache lines), following this recommendation means that each lock or semaphore should be contained in a 128- 
byte block of memory that begins on a 128-byte boundary. The practice minimizes the bus traffic required to 
service locks. 


8.11 MP INITIALIZATION FOR P6 FAMILY PROCESSORS 


This section describes the MP initialization process for systems that use multiple P6 family processors. This process 
uses the MP initialization protocol that was introduced with the Pentium Pro processor (see Section 8.4, “Multiple- 
Processor (MP) Initialization”). For P6 family processors, this protocol is typically used to boot 2 or 4 processors 
that reside on single system bus; however, it can support from 2 to 15 processors in a multi-clustered system when 
the APIC busses are tied together. Larger systems are not supported. 


8.11.1 Overview of the MP Initialization Process For P6 Family Processors 


During the execution of the MP initialization protocol, one processor is selected as the bootstrap processor (BSP) 
and the remaining processors are designated as application processors (APs), see Section 8.4.1, “BSP and AP 
Processors.” Thereafter, the BSP manages the initialization of itself and the APs. This initialization includes 
executing BIOS initialization code and operating-system initialization code. 


The MP protocol imposes the following requirements and restrictions on the system: 
¢ An APIC clock (APICLK) must be provided. 


¢ The MP protocol will be executed only after a power-up or RESET. If the MP protocol has been completed and a 
BSP has been chosen, subsequent INITs (either to a specific processor or system wide) do not cause the MP 
protocol to be repeated. Instead, each processor examines its BSP flag (in the APIC_BASE MSR) to determine 
whether it should execute the BIOS boot-strap code (if it is the BSP) or enter a wait-for-SIPI state (if it is an 
AP). 


¢ All devices in the system that are capable of delivering interrupts to the processors must be inhibited from 
doing so for the duration of the MP initialization protocol. The time during which interrupts must be inhibited 
includes the window between when the BSP issues an INIT-SIPI-SIPI sequence to an AP and when the AP 
responds to the last SIPI in the sequence. 


The following special-purpose interprocessor interrupts (IPIs) are used during the boot phase of the MP initializa- 
tion protocol. These IPIs are broadcast on the APIC bus. 
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* Boot IPI (BIPI)—Initiates the arbitration mechanism that selects a BSP from the group of processors on the 
system bus and designates the remainder of the processors as APs. Each processor on the system bus 
broadcasts a BIPI to all the processors following a power-up or RESET. 


¢ Final Boot IPI (FIPI)—Initiates the BIOS initialization procedure for the BSP. This IPI is broadcast to all the 
processors on the system bus, but only the BSP responds to it. The BSP responds by beginning execution of the 
BIOS initialization code at the reset vector. 


¢ Startup IPI (SIPI)—Initiates the initialization procedure for an AP. The SIPI message contains a vector to the AP 
initialization code in the BIOS. 


Table 8-5 describes the various fields of the boot phase IPIs. 


Table 8-5. Boot Phase IPI Message Format 


Type Destination Destination Trigger Destination Delivery Vector 
yp Field Shorthand Mode Level Mode Mode (Hex) 

BIPI Not used Allincluding self | Edge Deassert Don't Care Fixed 40 to 4E* 
(000) 

FIPI Not used Allincluding self | Edge Deassert Don't Care Fixed 10 
(000) 

SIPI Used All excluding self | Edge Assert Physical StartUp 00 to FF 
(110) 


NOTE: 
* For all P6 family processors. 


For BIPI messages, the lower 4 bits of the vector field contain the APIC ID of the processor issuing the message and 
the upper 4 bits contain the “generation ID” of the message. All P6 family processor will have a generation ID of 4H. 
BIPIs will therefore use vector values ranging from 40H to 4EH (4FH can not be used because FH is not a valid APIC 
ID). 


8.11.2 MP Initialization Protocol Algorithm 


Following a power-up or RESET of a system, the P6 family processors in the system execute the MP initialization 
protocol algorithm to initialize each of the processors on the system bus. In the course of executing this algorithm, 
the following boot-up and initialization operations are carried out: 


1. Each processor on the system bus is assigned a unique APIC ID, based on system topology (see Section 8.4.5, 
“Identifying Logical Processors in an MP System”). This ID is written into the local APIC ID register for each 
processor. 


2. Each processor executes its internal BIST simultaneously with the other processors on the system bus. Upon 
completion of the BIST (at TO), each processor broadcasts a BIPI to “all including self” (see Figure 8-1). 


3. APIC arbitration hardware causes all the APICs to respond to the BIPIs one at a time (at T1, T2, T3, and T4). 


When the first BIPI is received (at time T1), each APIC compares the four least significant bits of the BIPI’s 
vector field with its APIC ID. If the vector and APIC ID match, the processor selects itself as the BSP by setting 
the BSP flag in its IA32_APIC_BASE MSR. If the vector and APIC ID do not match, the processor selects itself 
as an AP by entering the “wait for SIPI” state. (Note that in Figure 8-1, the BIPI from processor 1 is the first 
BIPI to be handled, so processor 1 becomes the BSP.) 


5. The newly established BSP broadcasts an FIPI message to “all including self.” The FIPI is guaranteed to be 
handled only after the completion of the BIPIs that were issued by the non-BSP processors. 
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TO T1 T2 T3 T4 T5 
A A A A A A 


BIPI.1 BIPI.0 BIPI.3 BIPI.2 FIPI 
Serial Bus Activity 


Figure 8-1. MP System With Multiple Pentium III Processors 


After the BSP has been established, the outstanding BIPIs are received one at a time (at T2, T3, and T4) and 
ignored by all processors. 


When the FIPI is finally received (at T5), only the BSP responds to it. It responds by fetching and executing 
BIOS boot-strap code, beginning at the reset vector (physical address FFFF FFFOH). 


As part of the boot-strap code, the BSP creates an ACPI table and an MP table and adds its initial APIC ID to 
these tables as appropriate. 


At the end of the boot-strap procedure, the BSP broadcasts a SIPI message to all the APs in the system. Here, 
the SIPI message contains a vector to the BIOS AP initialization code (at OOOV VOOOH, where VV is the vector 
contained in the SIPI message). 


All APs respond to the SIPI message by racing to a BIOS initialization semaphore. The first one to the 
semaphore begins executing the initialization code. (See MP init code for semaphore implementation details. ) 
As part of the AP initialization procedure, the AP adds its APIC ID number to the ACPI and MP tables as appro- 
priate. At the completion of the initialization procedure, the AP executes a CLI instruction (to clear the IF flag in 
the EFLAGS register) and halts itself. 


When each of the APs has gained access to the semaphore and executed the AP initialization code and all 
written their APIC IDs into the appropriate places in the ACPI and MP tables, the BSP establishes a count for the 
number of processors connected to the system bus, completes executing the BIOS boot-strap code, and then 
begins executing operating-system boot-strap and start-up code. 


While the BSP is executing operating-system boot-strap and start-up code, the APs remain in the halted state. 
In this state they will respond only to INITs, NMIs, and SMIs. They will also respond to snoops and to assertions 
of the STPCLK# pin. 


See Section 8.4.4, “MP Initialization Example,” for an annotated example the use of the MP protocol to boot IA-32 
processors in an MP. This code should run on any IA-32 processor that used the MP protocol. 
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8.11.2.1. Error Detection and Handling During the MP Initialization Protocol 


Errors may occur on the APIC bus during the MP initialization phase. These errors may be transient or permanent 
and can be caused by a variety of failure mechanisms (for example, broken traces, soft errors during bus usage, 
etc.). All serial bus related errors will result in an APIC checksum or acceptance error. 


The MP initialization protocol makes the following assumptions regarding errors that occur during initialization: 


e If errors are detected on the APIC bus during execution of the MP initialization protocol, the processors that 
detect the errors are shut down. 


¢ The MP initialization protocol will be executed by processors even if they fail their BIST sequences. 
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CHAPTER 9 
PROCESSOR MANAGEMENT AND INITIALIZATION 


This chapter describes the facilities provided for managing processor wide functions and for initializing the 
processor. The subjects covered include: processor initialization, x87 FPU initialization, processor configuration, 
feature determination, mode switching, the MSRs (in the Pentium, P6 family, Pentium 4, and Intel Xeon proces- 
sors), and the MTRRs (in the P6 family, Pentium 4, and Intel Xeon processors). 


9.1 INITIALIZATION OVERVIEW 


Following power-up or an assertion of the RESET# pin, each processor on the system bus performs a hardware 
initialization of the processor (known as a hardware reset) and an optional built-in self-test (BIST). A hardware 
reset sets each processor’s registers to a known state and places the processor in real-address mode. It also inval- 
idates the internal caches, translation lookaside buffers (TLBs) and the branch target buffer (BTB). At this point, 
the action taken depends on the processor family: 


¢ Pentium 4 processors (CPUID DisplayFamily OFH) — All the processors on the system bus (including a 
single processor in a uniprocessor system) execute the multiple processor (MP) initialization protocol. The 
processor that is selected through this protocol as the bootstrap processor (BSP) then immediately starts 
executing software-initialization code in the current code segment beginning at the offset in the EIP register. 
The application (non-BSP) processors (APs) go into a Wait For Startup IPI (SIPI) state while the BSP is 
executing initialization code. See Section 8.4, “Multiple-Processor (MP) Initialization,” for more details. Note 
that in a uniprocessor system, the single Pentium 4 or Intel Xeon processor automatically becomes the BSP. 


¢ IA-32 and Intel 64 processors (CPUID DisplayFamily 06H) — The action taken is the same as for the 
Pentium 4 processors (as described in the previous paragraph). 


¢ Pentium processors — In either a single- or dual- processor system, a single Pentium processor is always 
pre-designated as the primary processor. Following a reset, the primary processor behaves as follows in both 
single- and dual-processor systems. Using the dual-processor (DP) ready initialization protocol, the primary 
processor immediately starts executing software-initialization code in the current code segment beginning at 
the offset in the EIP register. The secondary processor (if there is one) goes into a halt state. 


° Intel486 processor — The primary processor (or single processor in a uniprocessor system) immediately 
starts executing software-initialization code in the current code segment beginning at the offset in the EIP 
register. (The Intel486 does not automatically execute a DP or MP initialization protocol to determine which 
processor is the primary processor.) 


The software-initialization code performs all system-specific initialization of the BSP or primary processor and the 
system logic. 


At this point, for MP (or DP) systems, the BSP (or primary) processor wakes up each AP (or secondary) processor 
to enable those processors to execute self-configuration code. 


When all processors are initialized, configured, and synchronized, the BSP or primary processor begins executing 
an initial operating-system or executive task. 


The x87 FPU is also initialized to a known state during hardware reset. x87 FPU software initialization code can then 
be executed to perform operations such as setting the precision of the x87 FPU and the exception masks. No special 
initialization of the x87 FPU is required to switch operating modes. 


Asserting the INIT# pin on the processor invokes a similar response to a hardware reset. The major difference is 
that during an INIT, the internal caches, MSRs, MTRRs, and x87 FPU state are left unchanged (although, the TLBs 
and BTB are invalidated as with a hardware reset). An INIT provides a method for switching from protected to real- 
address mode while maintaining the contents of the internal caches. 
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9.1.1 


Processor State After Reset 


Following power-up, The state of control register CRO is 6(0000010H (see Figure 9-1). This places the processor is 
in real-address mode with paging disabled. 


Paging disabled: 0 
Caching disabled: 1 


Not write-through disabled: 1 


Alignment check disabled: 0 
Write-protect disabled: 0 


31 30 29 28 1918 171615 6543210 
P/C|N A) |W N T/E|M|P 
clplw Reserved ML |p Reserved Elt/siulple 


External x87 FPU error reporting: 0 


(Not used): 1 


No task switch: 0 


x87 FPU instructions not trapped: 0 
WAIT/FWAIT instructions not trapped: 0 


Real-address mode: 0 


Figure 9-1. Contents of CRO Register after Reset 


The state of the flags and other registers following power-up for the Pentium 4, Pentium Pro, and Pentium proces- 
sors are shown in Section 22.39, “Initial State of Pentium, Pentium Pro and Pentium 4 Processors” of the Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 3B. 


Table 9-1 shows processor states of IA-32 and Intel 64 processors with CPUID DisplayFamily signature of O6H at 
the following events: power-up, RESET, and INIT. In a few cases, the behavior of some registers behave slightly 
different across warm RESET, the variant cases are marked in Table 9-1 and described in more detail in Table 9-2. 


Table 9-1. IA-32 and Intel 64 Processor States Following Power-up, Reset, or INIT 


Base = FFFFOOOOH 
Limit = FFFFH 
AR = Present, R/W, Accessed 


Base = FFFFOOOOH 
Limit = FFFFH 
AR = Present, R/W, Accessed 


Register Power up Reset INIT 
EFLAGS' 00000002H 00000002H 00000002H 
EIP OOOOFFFOH OOOOFFFOH OOOOFFFOH 
CRO 60000010H2 6000001 0H? 60000010H? 
CR2, CR3, CR4 O00000000H O0000000H O0000000H 
cs Selector = FOOOH Selector = FOOOH Selector = FOOOH 


Base = FFFFOOOOH 
Limit = FFFFH 
AR = Present, R/W, Accessed 


SS, DS, ES, FS, GS 


Selector = OOOOH 

Base = OOO000000H 

Limit = FFFFH 

AR = Present, R/W, Accessed 


Selector = OOOOH 

Base = OO000000H 

Limit = FFFFH 

AR = Present, R/W, Accessed 


Selector = OOOOH 

Base = OOO000000H 

Limit = FFFFH 

AR = Present, R/W, Accessed 


EDX 000n06xxH? O00n06xxH? O00n06xxH? 

EAX 0 04 0 

EBX, ECX, ESI, EDI, EBP, ESP | OOOOO000H O0000000H OO000000H 

STO through ST7° +0.0 +0.0 FINIT/FNINIT: Unchanged 
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Table 9-1. IA-32 and Intel 64 Processor States Following Power-up, Reset, or INIT (Contd.) 


Register Power up Reset INIT 
x87 FPU Control Word? 0040H 0040H FINIT/FNINIT: 037FH 
x87 FPU Status Word® O000H 0O00H FINIT/FNINIT: OOOOH 
x87 FPU Tag Word? 5555H 5555H FINIT/FNINIT: FFFFH 
x87 FPU Data Operand and 0000H OO00H FINIT/FNINIT: OOOOH 
CS Seg. Selectors® 
x87 FPU Data Operand and OO000000H OQO000000H FINIT/FNINIT: OOOOOOOOH 
Inst. Pointers> 
MMO through MM7> OQOO0000000000000H OQOO0000000000000H INIT or FINIT/FNINIT: Unchanged 
XMMO through XMM7 OH OH Unchanged 
MXCSR 1F80H 1F80H Unchanged 
GDTR, IDTR Base = QO000000H Base = OOO00000H Base = OQOO0O0000H 

Limit = FFFFH Limit = FFFFH Limit = FFFFH 


AR = Present, R/W 


AR = Present, R/W 


AR = Present, R/W 


LDTR, Task Register 


Selector = OOOOH 
Base = OOO000000H 


Selector = OOOOH 
Base = OOO000000H 


Selector = OOOOH 
Base = OOO00000H 


Limit = FFFFH Limit = FFFFH Limit = FFFFH 

AR = Present, R/W AR = Present, R/W AR = Present, R/W 
DRO, DR1, DR2, DR3 O0000000H O00000000H O0000000H 
DR6 FFFFOFFOH FFFFOFFOH FFFFOFFOH 
DR7 00000400H 00000400H 00000400H 
R8-R15 O000000000000000H O000000000000000H O000000000000000H 
XMM8-XMM15 OH OH Unchanged 
XCRO 1H 1H Unchanged 
IA32_XSS OH OH Unchanged 
YMM_H[255:128] OH OH Unchanged 
BNDCFGU OH OH OH 
BNDO-BND3 OH OH OH 
1A32_BNDCFGS OH OH OH 
OPMASK OH OH Unchanged 
ZMM_H[511:256] OH OH Unchanged 
ZMMHi16[51 1:0] OH OH Unchanged 
PKRU OH OH Unchanged 
Intel Processor Trace MSRs OH OH” Unchanged 
Time-Stamp Counter OH OH” Unchanged 
IA32_TSC_AUX OH OH Unchanged 
1A32_TSC_ADJUST OH OH Unchanged 
1A32_TSC_DEADLINE OH OH Unchanged 
IA32_SYSENTER_CS/ESP/EIP | OH OH Unchanged 
IA32_EFER O000000000000000H O000000000000000H O000000000000000H 
IA32_STAR/LSTAR OH OH Unchanged 
IA32_FS_BASE/GS_BASE OH OH OH 
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Table 9-1. IA-32 and Intel 64 Processor States Following Power-up, Reset, or INIT (Contd.) 


Register Power up Reset INIT 
IA32_PMCx, OH OH Unchanged 
IA32_PERFEVTSELx 
IA32_FIXED_CTRx, OH OH Unchanged 
IA32_FIXED_CTR_CTRL, 

Global Perf Counter Controls 

Data and Code Cache, TLBs Invalid® Invalid® Unchanged 
Fixed MTRRs Disabled Disabled Unchanged 
Variable MTRRs Disabled Disabled Unchanged 
Machine-Check Banks Undefined Undefined” Unchanged 
Last Branch Record Stack 0 ow Unchanged 
APIC Enabled Enabled Unchanged 
X2APIC Disabled Disabled Unchanged 
IA32_DEBUG_INTERFACE 0 ow Unchanged 


NOTES: 


1. The 10 most-significant bits of the EFLAGS register are undefined following a reset. Software should not depend on the states of 


any of these bits. 


2. The CD and Nw flags are unchanged, bit 4 is set to 1, all other bits are cleared. 

3. Where “n” is the Extended Model Value for the respective processor, and “xx” = don't care. 

4. If Built-In Self-Test (BIST) is invoked on power up or reset, EAX is 0 only if all tests passed. (BIST cannot be invoked during an INIT.) 
5. The state of the x87 FPU and MMxX registers is not changed by the execution of an INIT. 

6. Internal caches are invalid after power-up and RESET, but left unchanged with an INIT. 

W: Warm RESET behavior differs from power-on RESET with details listed in Table 9-2. 


Table 9-2. Variance of RESET Values in Selected Intel Architecture Processors 


State XREF Value Feature Flag or DisplayFamily_DisplayModel Signatures 
Time-Stamp Counter Warm RESET | Unmodified across warm 06_2DH, 06_3€H 
Reset 
Machine-Check Banks Warm RESET | IA32_MCi_Status banks are | 06_2DH, 06_3€H, 06_3FH, 06_4FH, O06_56H 
unmodified across warm 
Reset 
Last Branch Record Stack | Warm RESET | LBR stack MSRs are 06_1AH, 06_1CH, DisplayFamiy= 06 and DisplayModel >1DH 
unmodified across warm 
Reset 
Intel Processor Trace Warm RESET | Clears If CPUID.(EAX=1 4H, ECX=OH):EBX[bit 2] = 1 
MSRs IA32_RTIT_CTL.TraceEn, 
the rest of MSRs are 
unmodified 
IA32_DEBUG_INTERFACE | Warm RESET | Unmodified across warm If CPUID.O1H:ECX[1 1] = 1 


Reset 
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9.1.2 Processor Built-In Self-Test (BIST) 


Hardware may request that the BIST be performed at power-up. The EAX register is cleared (OH) if the processor 
passes the BIST. A nonzero value in the EAX register after the BIST indicates that a processor fault was detected. 
If the BIST is not requested, the contents of the EAX register after a hardware reset is OH. 


The overhead for performing a BIST varies between processor families. For example, the BIST takes approximately 
30 million processor clock periods to execute on the Pentium 4 processor. This clock count is model-specific; Intel 
reserves the right to change the number of periods for any Intel 64 or IA-32 processor, without notification. 


9.1.3 Model and Stepping Information 


Following a hardware reset, the EDX register contains component identification and revision information (see 
Figure 9-2). For example, the model, family, and processor type returned for the first processor in the Intel 
Pentium 4 family is as follows: model (O000B), family (1111B), and processor type (OOB). 


31 28 27 20 19 1615 14 13 12 11 87 43 0 


Extended Extended ; Stepping 
EDX Family Model Family | Model iD 


Processor Type 
Family (1111B for the Pentium 4 Processor Family) 
Model (Beginning with O000B) 


Reserved 


Figure 9-2. Version Information in the EDX Register after Reset 


The stepping ID field contains a unique identifier for the processor’s stepping ID or revision level. The extended 
family and extended model fields were added to the IA-32 architecture in the Pentium 4 processors. 


9.1.4 First Instruction Executed 


The first instruction that is fetched and executed following a hardware reset is located at physical address 
FFFFFFFOH. This address is 16 bytes below the processor’s uppermost physical address. The EPROM containing the 
software-initialization code must be located at this address. 


The address FFFFFFFOH is beyond the 1-MByte addressable range of the processor while in real-address mode. The 
processor is initialized to this starting address as follows. The CS register has two parts: the visible segment 
selector part and the hidden base address part. In real-address mode, the base address is normally formed by 
shifting the 16-bit segment selector value 4 bits to the left to produce a 20-bit base address. However, during a 
hardware reset, the segment selector in the CS register is loaded with FOOOH and the base address is loaded with 
FFFFOOOOH. The starting address is thus formed by adding the base address to the value in the EIP register (that 
is, FFFFOOOO + FFFOH = FFFFFFFOH). 


The first time the CS register is loaded with a new value after a hardware reset, the processor will follow the normal 
rule for address translation in real-address mode (that is, [CS base address = CS segment selector * 16]). To 
ensure that the base address in the CS register remains unchanged until the EPROM based software-initialization 
code is completed, the code must not contain a far jump or far call or allow an interrupt to occur (which would 
cause the CS selector value to be changed). 


9.2 X87 FPU INITIALIZATION 


Software-initialization code can determine the whether the processor contains an x87 FPU by using the CPUID 
instruction. The code must then initialize the x87 FPU and set flags in control register CRO to reflect the state of the 
x87 FPU environment. 
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A hardware reset places the x87 FPU in the state shown in Table 9-1. This state is different from the state the x87 
FPU is placed in following the execution of an FINIT or FNINIT instruction (also shown in Table 9-1). If the x87 FPU 
is to be used, the software-initialization code should execute an FINIT/FNINIT instruction following a hardware 
reset. These instructions, tag all data registers as empty, clear all the exception masks, set the TOP-of-stack value 
to 0, and select the default rounding and precision controls setting (round to nearest and 64-bit precision). 


If the processor is reset by asserting the INIT# pin, the x87 FPU state is not changed. 


9.2.1 Configuring the x87 FPU Environment 


Initialization code must load the appropriate values into the MP, EM, and NE flags of control register CRO. These bits 
are cleared on hardware reset of the processor. Figure 9-3 shows the suggested settings for these flags, depending 
on the IA-32 processor being initialized. Initialization code can test for the type of processor present before setting 
or clearing these flags. 


Table 9-3. Recommended Settings of EM and MP Flags on IA-32 Processors 


EM MP NE IA-32 processor 
1 0 1 Intel486™ SX, Intel386™ DX, and Intel386™ SX processors only, without the presence of a math 
coprocessor. 
0 1 1or0° | Pentium 4, Intel Xeon, P6 family, Pentium, Intel486™ DX, and Intel 487 SX processors, and 
Intel386 DX and Intel386 SX processors when a companion math coprocessor is present. 
0 1 1or0* | More recent Intel 64 or IA-32 processors 
NOTE: 


* The setting of the NE flag depends on the operating system being used. 


The EM flag determines whether floating-point instructions are executed by the x87 FPU (EM is cleared) ora 
device-not-available exception (#NM) is generated for all floating-point instructions so that an exception handler 
can emulate the floating-point operation (EM = 1). Ordinarily, the EM flag is cleared when an x87 FPU or math 
coprocessor is present and set if they are not present. If the EM flag is set and no x87 FPU, math coprocessor, or 
floating-point emulator is present, the processor will hang when a floating-point instruction is executed. 


The MP flag determines whether WAIT/FWAIT instructions react to the setting of the TS flag. If the MP flag is clear, 
WAIT/FWAIT instructions ignore the setting of the TS flag; if the MP flag is set, they will generate a device-not- 
available exception (#NM) if the TS flag is set. Generally, the MP flag should be set for processors with an inte- 
grated x87 FPU and clear for processors without an integrated x87 FPU and without a math coprocessor present. 
However, an operating system can choose to save the floating-point context at every context switch, in which case 
there would be no need to set the MP bit. 


Table 2-2 shows the actions taken for floating-point and WAIT/FWAIT instructions based on the settings of the EM, 
MP, and TS flags. 


The NE flag determines whether unmasked floating-point exceptions are handled by generating a floating-point 
error exception internally (NE is set, native mode) or through an external interrupt (NE is cleared). In systems 
where an external interrupt controller is used to invoke numeric exception handlers (such as MS-DOS-based 
systems), the NE bit should be cleared. 


9.2.2 Setting the Processor for x87 FPU Software Emulation 


Setting the EM flag causes the processor to generate a device-not-available exception (#NM) and trap to a software 
exception handler whenever it encounters a floating-point instruction. (Table 9-3 shows when it is appropriate to 
use this flag.) Setting this flag has two functions: 


¢ It allows x87 FPU code to run on an IA-32 processor that has neither an integrated x87 FPU nor is connected to 
an external math coprocessor, by using a floating-point emulator. 


¢ It allows floating-point code to be executed using a special or nonstandard floating-point emulator, selected for 
a particular application, regardless of whether an x87 FPU or math coprocessor is present. 
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To emulate floating-point instructions, the EM, MP, and NE flag in control register CRO should be set as shown in 
Table 9-4, 


Table 9-4. Software Emulation Settings of EM, MP, and NE Flags 


CRO Bit Value 
EM 1 
MP 0 
NE 1 


Regardless of the value of the EM bit, the Intel486 SX processor generates a device-not-available exception (#NM) 
upon encountering any floating-point instruction. 


9.3 CACHE ENABLING 


IA-32 processors (beginning with the Intel486 processor) and Intel 64 processors contain internal instruction and 
data caches. These caches are enabled by clearing the CD and NW flags in control register CRO. (They are set 
during a hardware reset.) Because all internal cache lines are invalid following reset initialization, it is not neces- 
sary to invalidate the cache before enabling caching. Any external caches may require initialization and invalidation 
using a system-specific initialization and invalidation code sequence. 


Depending on the hardware and operating system or executive requirements, additional configuration of the 
processor's caching facilities will probably be required. Beginning with the Intel486 processor, page-level caching 
can be controlled with the PCD and PWT flags in page-directory and page-table entries. Beginning with the P6 
family processors, the memory type range registers (MTRRs) control the caching characteristics of the regions of 
physical memory. (For the Intel486 and Pentium processors, external hardware can be used to control the caching 
characteristics of regions of physical memory.) See Chapter 11, “Memory Cache Control,” for detailed information 
on configuration of the caching facilities in the Pentium 4, Intel Xeon, and P6 family processors and system 
memory. 


9.4 MODEL-SPECIFIC REGISTERS (MSRS) 


Most IA-32 processors (starting from Pentium processors) and Intel 64 processors contain a model-specific regis- 
ters (MSRs). A given MSR may not be supported across all families and models for Intel 64 and IA-32 processors. 
Some MSRs are designated as architectural to simplify software programming; a feature introduced by an architec- 
tural MSR is expected to be supported in future processors. Non-architectural MSRs are not guaranteed to be 
supported or to have the same functions on future processors. 


MSRs that provide control for a number of hardware and software-related features, include: 
¢ Performance-monitoring counters (see Chapter 19, “Performance Monitoring”). 


° Debug extensions (see Chapter 17, “Debug, Branch Profile, TSC, and Intel® Resource Director Technology 
(Intel® RDT) Features”). 


® = Machine-check exception capability and its accompanying machine-check architecture (see Chapter 15, 
“Machine-Check Architecture”). 


¢ MTRRs (see Section 11.11, “Memory Type Range Registers (MTRRs)”). 

¢ Thermal and power management. 

¢ Instruction-specific support (for example: SYSENTER, SYSEXIT, SWAPGS, etc.). 

¢ Processor feature/mode support (for example: IA32_EFER, IA32_FEATURE_CONTROL). 
The MSRs can be read and written to using the RDMSR and WRMSR instructions, respectively. 


When performing software initialization of an IA-32 or Intel 64 processor, many of the MSRs will need to be initial- 
ized to set up things like performance-monitoring events, run-time machine checks, and memory types for phys- 
ical memory. 
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Lists of available performance-monitoring events can be found at: https://perfmon-events.intel.com/, and lists of 
available MSRs are given in Chapter 2, “Model-Specific Registers (MSRs)” in the Intel® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 4. The references earlier in this section show where the functions of the 
various groups of MSRs are described in this manual. 


9.5 MEMORY TYPE RANGE REGISTERS (MTRRS) 


Memory type range registers (MTRRs) were introduced into the IA-32 architecture with the Pentium Pro processor. 
They allow the type of caching (or no caching) to be specified in system memory for selected physical address 
ranges. They allow memory accesses to be optimized for various types of memory such as RAM, ROM, frame buffer 
memory, and memory-mapped I/O devices. 


In general, initializing the MTRRs is normally handled by the software initialization code or BIOS and is not an oper- 
ating system or executive function. At the very least, all the MTRRs must be cleared to 0, which selects the 
uncached (UC) memory type. See Section 11.11, “Memory Type Range Registers (MTRRs),” for detailed informa- 
tion on the MTRRs. 


9.6 INITIALIZING SSE/SSE2/SSE3/SSSE3 EXTENSIONS 


For processors that contain SSE/SSE2/SSE3/SSSE3 extensions, steps must be taken when initializing the 
processor to allow execution of these instructions. 


1. Check the CPUID feature flags for the presence of the SSE/SSE2/SSE3/SSSE3 extensions (respectively: EDX 
bits 25 and 26, ECX bit 0 and 9) and support for the FXSAVE and FXRSTOR instructions (EDX bit 24). Also check 
for support for the CLFLUSH instruction (EDX bit 19). The CPUID feature flags are loaded in the EDX and ECX 
registers when the CPUID instruction is executed with a 1 in the EAX register. 


2. Set the OSFXSR flag (bit 9 in control register CR4) to indicate that the operating system supports saving and 
restoring the SSE/SSE2/SSE3/SSSE3 execution environment (XMM and MXCSR registers) with the FXSAVE and 
FXRSTOR instructions, respectively. See Section 2.5, “Control Registers,” for a description of the OSFXSR flag. 


3. Set the OSXMMEXCPT flag (bit 10 in control register CR4) to indicate that the operating system supports the 
handling of SSE/SSE2/SSE3 SIMD floating-point exceptions (#XM). See Section 2.5, “Control Registers,” for a 
description of the OSXMMEXCPT flag. 


4. Set the mask bits and flags in the MXCSR register according to the mode of operation desired for 
SSE/SSE2/SSE3 SIMD floating-point instructions. See “MXCSR Control and Status Register” in Chapter 10, 
“Programming with Streaming SIMD Extensions (SSE),” of the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1, for a detailed description of the bits and flags in the MXCSR register. 


9.7 SOFTWARE INITIALIZATION FOR REAL-ADDRESS MODE OPERATION 


Following a hardware reset (either through a power-up or the assertion of the RESET# pin) the processor is placed 
in real-address mode and begins executing software initialization code from physical address FFFFFFFOH. Software 
initialization code must first set up the necessary data structures for handling basic system functions, such as a 
real-mode IDT for handling interrupts and exceptions. If the processor is to remain in real-address mode, software 
must then load additional operating-system or executive code modules and data structures to allow reliable execu- 
tion of application programs in real-address mode. 


If the processor is going to operate in protected mode, software must load the necessary data structures to operate 
in protected mode and then switch to protected mode. The protected-mode data structures that must be loaded 
are described in Section 9.8, “Software Initialization for Protected-Mode Operation.” 


9.7.1 Real-Address Mode IDT 


In real-address mode, the only system data structure that must be loaded into memory is the IDT (also called the 
“interrupt vector table”). By default, the address of the base of the IDT is physical address OH. This address can be 
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changed by using the LIDT instruction to change the base address value in the IDTR. Software initialization code 
needs to load interrupt- and exception-handler pointers into the IDT before interrupts can be enabled. 


The actual interrupt- and exception-handler code can be contained either in EPROM or RAM; however, the code 
must be located within the 1-MByte addressable range of the processor in real-address mode. If the handler code 
is to be stored in RAM, it must be loaded along with the IDT. 


9.7.2 NMI Interrupt Handling 


The NMI interrupt is always enabled (except when multiple NMIs are nested). If the IDT and the NMI interrupt 
handler need to be loaded into RAM, there will be a period of time following hardware reset when an NMI interrupt 
cannot be handled. During this time, hardware must provide a mechanism to prevent an NMI interrupt from halting 
code execution until the IDT and the necessary NMI handler software is loaded. Here are two examples of how 
NMIs can be handled during the initial states of processor initialization: 


¢ Asimple IDT and NMI interrupt handler can be provided in EPROM. This allows an NMI interrupt to be handled 
immediately after reset initialization. 


¢ The system hardware can provide a mechanism to enable and disable NMIs by passing the NMI# signal through 
an AND gate controlled by a flag in an I/O port. Hardware can clear the flag when the processor is reset, and 
software can set the flag when it is ready to handle NMI interrupts. 


9.8 SOFTWARE INITIALIZATION FOR PROTECTED-MODE OPERATION 


The processor is placed in real-address mode following a hardware reset. At this point in the initialization process, 
some basic data structures and code modules must be loaded into physical memory to support further initialization 
of the processor, as described in Section 9.7, “Software Initialization for Real-Address Mode Operation.” Before the 
processor can be switched to protected mode, the software initialization code must load a minimum number of 
protected mode data structures and code modules into memory to support reliable operation of the processor in 
protected mode. These data structures include the following: 


° AIDT. 
° AGDT. 
° ATSS. 


¢ (Optional) An LDT. 

° If paging is to be used, at least one page directory and one page table. 

¢ Acode segment that contains the code to be executed when the processor switches to protected mode. 
¢ One or more code modules that contain the necessary interrupt and exception handlers. 


Software initialization code must also initialize the following system registers before the processor can be switched 
to protected mode: 


¢ The GDTR. 


¢ (Optional.) The IDTR. This register can also be initialized immediately after switching to protected mode, prior 
to enabling interrupts. 


* Control registers CR1 through CR4. 
¢ (Pentium 4, Intel Xeon, and P6 family processors only.) The memory type range registers (MTRRs). 


With these data structures, code modules, and system registers initialized, the processor can be switched to 
protected mode by loading control register CRO with a value that sets the PE flag (bit 0). 


9.8.1 Protected-Mode System Data Structures 


The contents of the protected-mode system data structures loaded into memory during software initialization, 
depend largely on the type of memory management the protected-mode operating-system or executive is going to 
support: flat, flat with paging, segmented, or segmented with paging. 
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To implement a flat memory model without paging, software initialization code must at a minimum load a GDT with 
one code and one data-segment descriptor. A null descriptor in the first GDT entry is also required. The stack can 
be placed in a normal read/write data segment, so no dedicated descriptor for the stack is required. A flat memory 
model with paging also requires a page directory and at least one page table (unless all pages are 4 MBytes in 
which case only a page directory is required). See Section 9.8.3, “Initializing Paging.” 


Before the GDT can be used, the base address and limit for the GDT must be loaded into the GDTR register using 
an LGDT instruction. 


A multi-segmented model may require additional segments for the operating system, as well as segments and LDTs 
for each application program. LDTs require segment descriptors in the GDT. Some operating systems allocate new 
segments and LDTs as they are needed. This provides maximum flexibility for handling a dynamic programming 
environment. However, many operating systems use a single LDT for all tasks, allocating GDT entries in advance. 
An embedded system, such as a process controller, might pre-allocate a fixed number of segments and LDTs for a 
fixed number of application programs. This would be a simple and efficient way to structure the software environ- 
ment of a real-time system. 


9.8.2 Initializing Protected-Mode Exceptions and Interrupts 


Software initialization code must at a minimum load a protected-mode IDT with gate descriptor for each exception 
vector that the processor can generate. If interrupt or trap gates are used, the gate descriptors can all point to the 
same code segment, which contains the necessary exception handlers. If task gates are used, one TSS and accom- 
panying code, data, and task segments are required for each exception handler called with a task gate. 


If hardware allows interrupts to be generated, gate descriptors must be provided in the IDT for one or more inter- 
rupt handlers. 


Before the IDT can be used, the base address and limit for the IDT must be loaded into the IDTR register using an 
LIDT instruction. This operation is typically carried out immediately after switching to protected mode. 


9.8.3 Initializing Paging 


Paging is controlled by the PG flag in control register CRO. When this flag is clear (its state following a hardware 
reset), the paging mechanism is turned off; when it is set, paging is enabled. Before setting the PG flag, the 
following data structures and registers must be initialized: 


¢ Software must load at least one page directory and one page table into physical memory. The page table can 
be eliminated if the page directory contains a directory entry pointing to itself (here, the page directory and 
page table reside in the same page), or if only 4-MByte pages are used. 


* Control register CR3 (also called the PDBR register) is loaded with the physical base address of the page 
directory. 


¢ (Optional) Software may provide one set of code and data descriptors in the GDT or in an LDT for supervisor 
mode and another set for user mode. 


With this paging initialization complete, paging is enabled and the processor is switched to protected mode at the 
same time by loading control register CRO with an image in which the PG and PE flags are set. (Paging cannot be 
enabled before the processor is switched to protected mode.) 


9.8.4 Initializing Multitasking 


If the multitasking mechanism is not going to be used and changes between privilege levels are not allowed, it is 
not necessary load a TSS into memory or to initialize the task register. 


If the multitasking mechanism is going to be used and/or changes between privilege levels are allowed, software 
initialization code must load at least one TSS and an accompanying TSS descriptor. (A TSS is required to change 
privilege levels because pointers to the privileged-level 0, 1, and 2 stack segments and the stack pointers for these 
stacks are obtained from the TSS.) TSS descriptors must not be marked as busy when they are created; they 
should be marked busy by the processor only as a side-effect of performing a task switch. As with descriptors for 
LDTs, TSS descriptors reside in the GDT. 
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After the processor has switched to protected mode, the LTR instruction can be used to load a segment selector for 
a TSS descriptor into the task register. This instruction marks the TSS descriptor as busy, but does not perform a 
task switch. The processor can, however, use the TSS to locate pointers to privilege-level 0, 1, and 2 stacks. The 
segment selector for the TSS must be loaded before software performs its first task switch in protected mode, 
because a task switch copies the current task state into the TSS. 


After the LTR instruction has been executed, further operations on the task register are performed by task 
switching. As with other segments and LDTs, TSSs and TSS descriptors can be either pre-allocated or allocated as 
needed. 


9.8.5 Initializing |A-32e Mode 


On Intel 64 processors, the IA32_EFER MSR is cleared on system reset. The operating system must be in protected 
mode with paging enabled before attempting to initialize IA-32e mode. IA-32e mode operation also requires phys- 
ical-address extensions with four or five levels of enhanced paging structures (see Section 4.5, “4-Level Paging and 
5-Level Paging”). 


Operating systems should follow this sequence to initialize IA-32e mode: 


1. Starting from protected mode, disable paging by setting CRO.PG = 0. Use the MOV CRO instruction to disable 
paging (the instruction must be located in an identity-mapped page). 


2. Enable physical-address extensions (PAE) by setting CR4.PAE = 1. Failure to enable PAE will result in a #GP 
fault when an attempt is made to initialize IA-32e mode. 


3. Load CR3 with the physical base address of the Level 4 page map table (PML4) or Level 5 page map table 
(PMLS). 


Enable IA-32e mode by setting IA32_EFER.LME = 1. 


5. Enable paging by setting CRO.PG = 1. This causes the processor to set the IA32_EFER.LMA bit to 1. The MOV 
CRO instruction that enables paging and the following instructions must be located in an identity-mapped page 
(until such time that a branch to non-identity mapped pages can be effected). 


64-bit mode paging structures must be located in the first 4 GBytes of physical-address space prior to activating 
IA-32e mode. This is necessary because the MOV CR3 instruction used to initialize the page-directory base must be 
executed in legacy mode prior to activating IA-32e mode (setting CRO.PG = 1 to enable paging). Because MOV CR3 
is executed in protected mode, only the lower 32 bits of the register are written, limiting the table location to the 
low 4 GBytes of memory. Software can relocate the page tables anywhere in physical memory after IA-32e mode 
is activated. 


The processor performs 64-bit mode consistency checks whenever software attempts to modify any of the enable 
bits directly involved in activating IA-32e mode (IA32_EFER.LME, CRO.PG, and CR4.PAE). It will generate a general 
protection fault (#GP) if consistency checks fail. 64-bit mode consistency checks ensure that the processor does 
not enter an undefined mode or state with unpredictable behavior. 


64-bit mode consistency checks fail in the following circumstances: 
¢ An attempt is made to enable or disable IA-32e mode while paging is enabled. 


e JIA-32e mode is enabled and an attempt is made to enable paging prior to enabling physical-address extensions 
(PAE). 


¢ IA-32e mode is active and an attempt is made to disable physical-address extensions (PAE). 
e If the current CS has the L-bit set on an attempt to activate IA-32e mode. 
e If the TR contains a 16-bit TSS on an attempt to activate IA-32e mode. 


9.8.5.1 IA-32e Mode System Data Structures 


After activating IA-32e mode, the system-descriptor-table registers (GDTR, LDTR, IDTR, TR) continue to reference 
legacy protected-mode descriptor tables. Tables referenced by the descriptors all reside in the lower 4 GBytes of 
linear-address space. After activating IA-32e mode, 64-bit operating-systems should use the LGDT, LLDT, LIDT, 
and LTR instructions to load the system-descriptor-table registers with references to 64-bit descriptor tables. 
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9.8.5.2 IA-32e Mode Interrupts and Exceptions 


Software must not allow exceptions or interrupts to occur between the time IA-32e mode is activated and the 
update of the interrupt-descriptor-table register (IDTR) that establishes references to a 64-bit interrupt-descriptor 
table (IDT). This is because the IDT remains in legacy form immediately after IA-32e mode is activated. 


If an interrupt or exception occurs prior to updating the IDTR, a legacy 32-bit interrupt gate will be referenced and 
interpreted as a 64-bit interrupt gate with unpredictable results. External interrupts can be disabled by using the 
CLI instruction. 


Non-maskable interrupts (NMI) must be disabled using external hardware. 


9.8.5.3 64-bit Mode and Compatibility Mode Operation 


IA-32e mode uses two code segment-descriptor bits (CS.L and CS.D, see Figure 3-8) to control the operating modes 
after IA-32e mode is initialized. If CS.L = 1 and CS.D = 0, the processor is running in 64-bit mode. With this 
encoding, the default operand size is 32 bits and default address size is 64 bits. Using instruction prefixes, operand 
size can be changed to 64 bits or 16 bits; address size can be changed to 32 bits. 


When IA-32e mode is active and CS.L = 0, the processor operates in compatibility mode. In this mode, CS.D 
controls default operand and address sizes exactly as it does in the IA-32 architecture. Setting CS.D = 1 specifies 
default operand and address size as 32 bits. Clearing CS.D to 0 specifies default operand and address size as 16 
bits (the CS.L = 1, CS.D = 1 bit combination is reserved). 


Compatibility mode execution is selected on a code-segment basis. This mode allows legacy applications to coexist 
with 64-bit applications running in 64-bit mode. An operating system running in IA-32e mode can execute existing 
16-bit and 32-bit applications by clearing their code-segment descriptor’s CS.L bit to 0. 


In compatibility mode, the following system-level mechanisms continue to operate using the IA-32e-mode archi- 
tectural semantics: 


¢ Linear-to-physical address translation uses the 64-bit mode extended page-translation mechanism. 
¢* Interrupts and exceptions are handled using the 64-bit mode mechanisms. 


¢ System calls (calls through call gates and SYSENTER/SYSEXIT) are handled using the IA-32e mode 
mechanisms. 


9.8.5.4 Switching Out of IA-32e Mode Operation 


To return from IA-32e mode to paged-protected mode operation operating systems must use the following 
sequence: 


1. Switch to compatibility mode. 


2. Deactivate IA-32e mode by clearing CRO.PG = 0. This causes the processor to set IA32_EFER.LMA = 0. The 
MOV CRO instruction used to disable paging and subsequent instructions must be located in an identity-mapped 
page. 

Load CR3 with the physical base address of the legacy page-table-directory base address. 

Disable IA-32e mode by setting IA32_EFER.LME = 0. 

Enable legacy paged-protected mode by setting CRO.PG = 1 


A branch instruction must follow the MOV CRO that enables paging. Both the MOV CRO and the branch 
instruction must be located in an identity-mapped page. 


OO: Bw 


Registers only available in 64-bit mode (R8-R15 and XMM8-XMM15) are preserved across transitions from 64-bit 
mode into compatibility mode then back into 64-bit mode. However, values of R8-R15 and XMM8-XMM15 are unde- 
fined after transitions from 64-bit mode through compatibility mode to legacy or real mode and then back through 
compatibility mode to 64-bit mode. 
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9.9 MODE SWITCHING 


To use the processor in protected mode after hardware or software reset, a mode switch must be performed from 
real-address mode. Once in protected mode, software generally does not need to return to real-address mode. To 
run software written to run in real-address mode (8086 mode), it is generally more convenient to run the software 
in virtual-8086 mode, than to switch back to real-address mode. 


9.9.1 Switching to Protected Mode 


Before switching to protected mode from real mode, a minimum set of system data structures and code modules 
must be loaded into memory, as described in Section 9.8, “Software Initialization for Protected-Mode Operation.” 
Once these tables are created, software initialization code can switch into protected mode. 


Protected mode is entered by executing a MOV CRO instruction that sets the PE flag in the CRO register. (In the 
same instruction, the PG flag in register CRO can be set to enable paging.) Execution in protected mode begins with 
a CPL of 0. 


Intel 64 and IA-32 processors have slightly different requirements for switching to protected mode. To ensure 
upwards and downwards code compatibility with Intel 64 and IA-32 processors, we recommend that you follow 
these steps: 


1. Disable interrupts. A CLI instruction disables maskable hardware interrupts. NMI interrupts can be disabled 
with external circuitry. (Software must guarantee that no exceptions or interrupts are generated during the 
mode switching operation.) 


Execute the LGDT instruction to load the GDTR register with the base address of the GDT. 
Execute a MOV CRO instruction that sets the PE flag (and optionally the PG flag) in control register CRO. 


Immediately following the MOV CRO instruction, execute a far JMP or far CALL instruction. (This operation is 
typically a far jump or call to the next instruction in the instruction stream.) 


5. The JMP or CALL instruction immediately after the MOV CRO instruction changes the flow of execution and 
serializes the processor. 


6. If paging is enabled, the code for the MOV CRO instruction and the JMP or CALL instruction must come from a 
page that is identity mapped (that is, the linear address before the jump is the same as the physical address 
after paging and protected mode is enabled). The target instruction for the JMP or CALL instruction does not 
need to be identity mapped. 


7. Ifalocal descriptor table is going to be used, execute the LLDT instruction to load the segment selector for the 
LDT in the LDTR register. 


8. Execute the LTR instruction to load the task register with a segment selector to the initial protected-mode task 
or to a writable area of memory that can be used to store TSS information on a task switch. 


9. After entering protected mode, the segment registers continue to hold the contents they had in real-address 
mode. The JMP or CALL instruction in step 4 resets the CS register. Perform one of the following operations to 
update the contents of the remaining segment registers. 


— Reload segment registers DS, SS, ES, FS, and GS. If the ES, FS, and/or GS registers are not going to be 
used, load them with a null selector. 


— Perform a JMP or CALL instruction to a new task, which automatically resets the values of the segment 
registers and branches to a new code segment. 


10. Execute the LIDT instruction to load the IDTR register with the address and limit of the protected-mode IDT. 


11. Execute the STI instruction to enable maskable hardware interrupts and perform the necessary hardware 
operation to enable NMI interrupts. 


Random failures can occur if other instructions exist between steps 3 and 4 above. Failures will be readily seen in 
some situations, such as when instructions that reference memory are inserted between steps 3 and 4 while in 
system management mode. 
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9.9.2 Switching Back to Real-Address Mode 


The processor switches from protected mode back to real-address mode if software clears the PE bit in the CRO 
register with a MOV CRO instruction. A procedure that re-enters real-address mode should perform the following 
steps: 


1. Disable interrupts. A CLI instruction disables maskable hardware interrupts. NMI interrupts can be disabled 
with external circuitry. 


2. If paging is enabled, perform the following operations: 


— Transfer program control to linear addresses that are identity mapped to physical addresses (that is, linear 
addresses equal physical addresses). 


— Ensure that the GDT and IDT are in identity mapped pages. 
— Clear the PG bit in the CRO register. 
— Move OH into the CR3 register to flush the TLB. 


3. Transfer program control to a readable segment that has a limit of 64 KBytes (FFFFH). This operation loads the 
CS register with the segment limit required in real-address mode. 


4. Load segment registers SS, DS, ES, FS, and GS with a selector for a descriptor containing the following values, 
which are appropriate for real-address mode: 


— Limit = 64 KBytes (OFFFFH) 
— Byte granular (G = 0) 

— Expand up (E = 0) 

— Writable (W = 1) 

— Present (P = 1) 

— Base = any value 


The segment registers must be loaded with non-null segment selectors or the segment registers will be 
unusable in real-address mode. Note that if the segment registers are not reloaded, execution continues using 
the descriptor attributes loaded during protected mode. 


5. Execute an LIDT instruction to point to a real-address mode interrupt table that is within the 1-MByte real- 
address mode address range. 


Clear the PE flag in the CRO register to switch to real-address mode. 


Execute a far JMP instruction to jump to a real-address mode program. This operation flushes the instruction 
queue and loads the appropriate base-address value in the CS register. 


8. Load the SS, DS, ES, FS, and GS registers as needed by the real-address mode code. If any of the registers are 
not going to be used in real-address mode, write Os to them. 


9. Execute the STI instruction to enable maskable hardware interrupts and perform the necessary hardware 
operation to enable NMI interrupts. 


NOTE 


All the code that is executed in steps 1 through 9 must be in a single page and the linear addresses 
in that page must be identity mapped to physical addresses. 


9.10 INITIALIZATION AND MODE SWITCHING EXAMPLE 


This section provides an initialization and mode switching example that can be incorporated into an application. 
This code was originally written to initialize the Intel386 processor, but it will execute successfully on the Pentium 
4, Intel Xeon, P6 family, Pentium, and Intel486 processors. The code in this example is intended to reside in EPROM 
and to run following a hardware reset of the processor. The function of the code is to do the following: 


¢ Establish a basic real-address mode operating environment. 
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Load the necessary protected-mode system data structures into RAM. 


Load the system registers with the necessary pointers to the data structures and the appropriate flag settings 
for protected-mode operation. 


Switch the processor to protected mode. 


Figure 9-3 shows the physical memory layout for the processor following a hardware reset and the starting point of 
this example. The EPROM that contains the initialization code resides at the upper end of the processor’s physical 
memory address range, starting at address FFFFFFFFH and going down from there. The address of the first instruc- 
tion to be executed is at FFFFFFFOH, the default starting address for the processor following a hardware reset. 


The main steps carried out in this example are summarized in Table 9-5. The source listing for the example (with 
the filename STARTUP.ASM) is given in Example 9-1. The line numbers given in Table 9-5 refer to the source listing. 


The following are some additional notes concerning this example: 


When the processor is switched into protected mode, the original code segment base-address value of 
FFFFOOOOH (located in the hidden part of the CS register) is retained and execution continues from the current 
offset in the EIP register. The processor will thus continue to execute code in the EPROM until a far jump or call 
is made to a new code segment, at which time, the base address in the CS register will be changed. 


Maskable hardware interrupts are disabled after a hardware reset and should remain disabled until the 


necessary interrupt handlers have been installed. The NMI interrupt is not disabled following a reset. The NMI# 
pin must thus be inhibited from being asserted until an NMI handler has been loaded and made available to the 


processor. 
The use of a temporary GDT allows simple transfer of tables from the EPROM to anywhere in the RAM area. A 
GDT entry is constructed with its base pointing to address 0 and a limit of 4 GBytes. When the DS and ES 
registers are loaded with this descriptor, the temporary GDT is no longer needed and can be replaced by the 
application GDT. 

This code loads one TSS and no LDTs. If more TSSs exist in the application, they must be loaded into RAM. If 
there are LDTs they may be loaded as well. 


After Reset 
FFFF FFFFH A 
[CS.BASE+EIP] > — 4 FFFF ual 
64K EPROM 
EIP = 0000 FFFOH 
CS.BASE = FFFF 0000H FFFF 0000H 
DS.BASE = 0H 
ES.BASE = 0H 
SS.BASE = 0H 
ESP = 0H 
Vv 
S S 
[SP, DS, SS, ES] co 0 


Figure 9-3. Processor State After Reset 
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Table 9-5. Main Initialization Steps in STARTUP.ASM Source Listing 


STARTUP.ASM Line Description 
Numbers 
From To 
157 157 Jump (short) to the entry code in the EPROM 
162 169 Construct a temporary GDT in RAM with one entry: 
- oa data segment, base = 0, limit = 4 GBytes 
171 172 Load the GDTR to point to the temporary GDT 
174 177 Load CRO with PE flag set to switch to protected mode 
179 181 Jump near to clear real mode instruction queue 
184 186 Load DS, ES registers with GDT[1] descriptor, so both point to the entire physical memory space 
188 195 Perform specific board initialization that is imposed by the new protected mode 
196 218 Copy the application's GDT from ROM into RAM 
220 238 Copy the application's IDT from ROM into RAM 
241 243 Load application’s GDTR 
244 245 Load application's IDTR 
247 261 Copy the application's TSS from ROM into RAM 
263 267 Update TSS descriptor and other aliases in GDT (GDT alias or IDT alias) 
277 277 Load the task register (without task switch) using LTR instruction 
282 286 Load SS, ESP with the value found in the application's TSS 
287 287 Push EFLAGS value found in the application’s TSS 
288 288 Push CS value found in the application’s TSS 
289 289 Push EIP value found in the application’s TSS 
290 293 Load DS, ES with the value found in the application’s TSS 
296 296 Perform IRET; pop the above values and enter the application code 


9.10.1 Assembler Usage 


In this example, the Intel assembler ASM386 and build tools BLD386 are used to assemble and build the initializa- 
tion code module. The following assumptions are used when using the Intel ASM386 and BLD386 tools. 


° The ASM386 will generate the right operand size opcodes according to the code-segment attribute. The 
attribute is assigned either by the ASM386 invocation controls or in the code-segment definition. 


¢ If a code segment that is going to run in real-address mode is defined, it must be set to a USE 16 attribute. If 
a 32-bit operand is used in an instruction in this code segment (for example, MOV EAX, EBX), the assembler 
automatically generates an operand prefix for the instruction that forces the processor to execute a 32-bit 
operation, even though its default code-segment attribute is 16-bit. 


¢ Intel's ASM386 assembler allows specific use of the 16- or 32-bit instructions, for example, LGDTW, LGDTD, 
IRETD. If the generic instruction LGDT is used, the default- segment attribute will be used to generate the right 
opcode. 


9.10.2 STARTUP.ASM Listing 


Example 9-1 provides high-level sample code designed to move the processor into protected mode. This listing 
does not include any opcode and offset information. 
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Example 9-1. STARTUP.ASM 


MS-DOS* 5.0(045-N) 386(TM) MACRO ASSEMBLER STARTUP 09:44:51 08/19/92 PAGE 1 


MS-DOS 5.0(045-N) 386(TM) MACRO ASSEMBLER V4.0, ASSEMBLY OF MODULE STARTUP 
OBJECT MODULE PLACED IN startup.obj 
ASSEMBLER INVOKED BY: f£:\386tools\ASM386.EXE startup.a58 pw (132 ) 


LINE 


OarAI A HF WN HP 


SOURCE 
NAME STARTUP 
i ASSUMPTIONS: 


; 1. The bottom 64K of memory is ram, and can be used for 
; scratch space by this module. 


i 2. The system has sufficient free usable ram to copy the 
; initial GDT, IDT, and TSS 


SP BP RE Pa Ro Ee EO RE EOP Pe Pa EP RS PO eR a a RR Be 
; configuration data - must match with build definition 
CS_ BASE EQU OFFFFOOOOH 


; CS BASE is the linear address of the segment STARTUP CODE 
; - this is specified in the build language file 


RAM START EQU 400H 


; RAM _START is the start of free, usable ram in the linear 
; memory space. The GDT, IDT, and initial TSS will be 
; copied above this space, and a small data segment will be 
; Giscarded at this linear address. The 32-bit word at 
; RAM_START will contain the linear address of the first 
; free byte above the copied tables - this may be useful if 
; a memory manager is used. 


TSS INDEX EQU 10 


; TSS_INDEX is the index of the TSS of the first task to 
; run after startup 


prrrrrrrrr ere 


pococc conn een nee ----------- STRUCTURES and EQU --------------- 
; structures for system data 


; TSS structure 
TASK STATE STRUC 
link DW ? 
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46 link h DW? 
47 ESPO DD ? 
48 SSO DW ? 
49 sso_h DW ? 
50 ESP1 DD ? 
51 SS1 DW ? 
52 ssilh DW ? 
53 ESP2 DD ? 
54 SS2 DW ? 
55 SS2_h DW ? 
56 CR3_reg DD ? 
57 EIP_ reg DD ? 
58 EFLAGS regDD ? 
59 EAX_reg DD ? 
60 ECX_reg DD ? 
61 EDX reg DD ? 
62 EBX reg DD ? 
63 ESP_reg DD ? 
64 EBP_ reg DD ? 
65 ESI_reg DD ? 
66 EDI_reg DD ? 
67 ES_reg DW ? 
68 ES h DW ? 
69 CS_ reg DW ? 
70 cS h DW ? 
71 SS_ reg DW ? 
72 ssh DW ? 
73 DS_reg DW ? 
74 DS _h DW ? 
75 FS reg DW ? 
76 FS h DW ? 
77 GS_reg DW ? 
78 GS_h DW ? 
ag LDT_ reg DW ? 
80 LDT h DW ? 
81 TRAP _reg DW ? 
82 IO_map_baseDW ? 
83 TASK STATE ENDS 
84 

85 ; basic structure of a descriptor 
86 DESC STRUC 

87 lim_0.15 DW ? 
88 bas 0.15 DW ? 
89 bas_16 23DB ? 
90 access DB ? 
91 gran DB ? 
92 bas 24 31DB ? 
93 DESC ENDS 

94 

95 j; structure for use with LGDT and LIDT instructions 
96 TABLE REG STRUC 
97 table limDW ? 
98 table linearDD ? 
99 TABLE REG ENDS 
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; offset of GDT and IDT descriptors in builder generated GDT 
GDT_DESC_ OFF EQU 1*SIZE (DESC) 
IDT_DESC_ OFF EQU 2*SIZE (DESC) 


; equates for building temporary GDT in RAM 


LINEAR SEL EQU 1*SIZE (DESC) 
LINEAR PROTO LO EQU OOOOOFFFFH ; LINEAR ALTAS 
LINEAR PROTO HI EQU OO0OCF9200H 


; Protection Enable Bit in CRO 
PE BIT EQU 1B 


; Initially, this data segment starts at linear 0, according 
; to the processor’s power-up state. 


STARTUP DATA SEGMENT RW 


free mem_linear_ base LABEL DWORD 

TEMP _GDT LABEL BYTE ; must be first in segment 
TEMP _GDT NULL DESC DESC <> 

TEMP _GDT LINEAR DESC DESC <> 


; scratch areas for LGDT and LIDT instructions 
TEMP _GDT SCRATCH TABLE REG <> 


APP GDT_ RAM TABLE REG <> 
APP IDT RAM TABLE REG <> 
; align end_data 

fill DW ? 


; last thing in this segment - should be on a dword boundary 
end_ data LABEL BYTE 


STARTUP DATA ENDS 


P Sec Seoe sso teeta tse oe cee CODE SEGMENT---------------------- 
STARTUP_CODE SEGMENT ER PUBLIC USE16 


; filled in by builder 
PUBLIC GDT_EPROM 
GDT_EPROM TABLE REG <> 


; filled in by builder 
PUBLIC IDT_EPROM 
IDT_EPROM TABLE REG <> 


; entry point into startup code - the bootstrap will vector 
; here with a near JMP generated by the builder. This 
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154 ; label must be in the top 64K of linear memory. 
155: 

156 PUBLIC STARTUP 

157 STARTUP: 

158 

159 ; DS,ES address the bottom 64K of flat linear memory 
160 ASSUME DS:STARTUP_DATA, ES:STARTUP_DATA 

161 ; See Figure 9-4 

162 ; load GDTR with temporary GDT 

163 LEA EBX,TEMP_GDT ; build the TEMP GDT in low ram, 
164 MOV DWORD PTR [EBX] ,0 ; where we can address 
165 MOV DWORD PTR [EBX] +4,0 

166 MOV DWORD PTR [EBX]+8, LINEAR PROTO LO 
167 MOV DWORD PTR [EBX]+12, LINEAR PROTO HI 
168 MOV TEMP _GDT_scratch.table linear, EBX 
169 MOV TEMP GDT_scratch.table lim,15 

170 

171 DB 66H; execute a 32 bit LGDT 

172 LGDT TEMP _GDT_ scratch 

173 

174 ; enter protected mode 

175 MOV EBX, CRO 

176 OR EBX, PE BIT 

177 MOV CRO, EBX 

178 

LTD ; clear prefetch queue 

180 JMP CLEAR LABEL 

181 CLEAR LABEL: 

182 

183 ; make DS and ES address 4G of linear memory 

184 MOV CX, LINEAR SEL 

185 MOV DS,CX 

186 MOV ES , CX 

187 

188 ; do board specific initialization 

189 : 

190 F; 

191 rg Eas 

192 ; 

193 

194 

195 ; See Figure 9-5 

196 ; copy EPROM GDT to ram at: 

197 : RAM START + size (STARTUP_DATA) 
198 MOV EAX,RAM START 

199 ADD EAX,OFFSET (end data) 

200 MOV EBX,RAM START 

201 MOV ECX, CS BASE 

202 ADD ECX, OFFSET (GDT_EPROM) 

203 MOV ESI, [ECX] .table linear 

204 MOV EDI, EAX 

205 MOVZX ECX, [ECX].table lim 

206 MOV APP _GDT_ram[EBX] .table_lim,Cx 
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ECX 

EDX, EAX 
APP_GDT_ram[EBX] .table linear, FAX 
EAX , ECX 

BYTE PTR ES: [EDI] ,BYTE PTR DS: [ESI] 


GDT base in descriptor 

ECX , EDX 

[EDX] .bas 0 15+GDT DESC OFF, CX 
ECX,16 

[EDX] .bas 16 23+GDT DESC OFF,CL 
[EDX] .bas 24 31+GDT DESC OFF,CH 


; copy EPROM IDT to ram at: 
; RAM START+size (STARTUP _DATA)+SIZE (EPROM GDT) 


MOV ECX, CS BASE 
ADD ECX, OFFSET (IDT_EPROM) 
MOV ESI, [ECX].table linear 
MOV EDI, EAX 
MOVZX ECX, [ECX].table lim 
MOV APP_IDT_ram[EBX] .table_ lim, CX 
INC ECX 
MOV APP_IDT_ram[EBX] .table linear, EAX 
MOV EBX , EAX 
ADD EAX , ECX 
MOVS BYTE PTR ES: [EDI] ,BYTE PTR DS: [EST] 
; fixup IDT pointer in GDT 
MOV [EDX] .bas_ 0 15+IDT DESC OFF,BX 
ROR EBX, 16 
MOV [EDX] .bas_ 16 23+IDT DESC OFF,BL 
MOV [EDX] .bas 24 31+IDT DESC OFF, BH 
; load GDTR and IDTR 
MOV EBX, RAM START 
DB 66H ; execute a 32 bit LGDT 
LGDT APP _GDT_ ram[EBX] 
DB 66H ; execute a 32 bit LIDT 
LIDT APP_IDT_ ram[EBX] 
; move the TSS 
MOV EDI, EAX 
MOV EBX, TSS INDEX*SIZE (DESC) 
MOV ECX,GDT_DESC_OFF ;build linear address for TSS 
MOV GS,CX 
MOV DH, GS: [EBX] .bas_ 24 31 
MOV DL,GS: [EBX] .bas 16 23 
ROL EDX, 16 
MOV DX,GS: [EBX] .bas_0 15 
MOV ESI, EDX 
LSL ECX, EBX 
INC ECX 
MOV EDX, EAX 
ADD EAX , ECX 
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261 REP MOVS BYTE PTR ES: [EDI] ,BYTE PTR DS: [EST] 

262 

263 ; fixup TSS pointer 

264 MOV GS: [EBX] .bas_0_15,DX 

265 ROL EDX,16 

266 MOV GS: [EBX] .bas_24 31,DH 

267 MOV GS: [EBX] .bas_16 23,DL 

268 ROL EDX,16 

269 ;save start of free ram at linear location RAMSTART 

270 MOV free_mem_linear_base+RAM START, FAX 

271 

272 jassume no LDT used in the initial task - if necessary, 
273 ;code to move the LDT could be added, and should resemble 
274 j;that used to move the TSS 

275 

276 ; load task register 

277 LTR BX ; No task switch, only descriptor loading 
278 ; See Figure 9-6 

279 ; load minimal set of registers necessary to simulate task 
280 j; switch 

281 

282 

283 MOV AX, [EDX] .SS_reg ; start loading registers 

284 MOV EDI, [EDX] .ESP_reg 

285 MOV SS,AX 

286 MOV ESP, EDI ; stack now valid 

287 PUSH DWORD PTR [EDX] .EFLAGS reg 

288 PUSH DWORD PTR [EDX] .CS_reg 

289 PUSH DWORD PTR [EDX] .EIP reg 

290 MOV AX, [EDX] .DS_reg 

291 MOV BX, [EDX] .ES_ reg 

292 MOV DS , AX ; DS and ES no longer linear memory 

293 MOV ES, BX 

294 

295 ; Simulate far jump to initial task 

296 IRETD 

297 


298 STARTUP_CODE ENDS 

*** WARNING #377 IN 298, (PASS 2) SEGMENT CONTAINS PRIVILEGED INSTRUCTION (S) 
299 

300 END STARTUP, DS:STARTUP_DATA, SS:STARTUP_DATA 

301 

302 


ASSEMBLY COMPLETE, 1 WARNING, NO ERRORS. 


9-22 Vol. 3A 


PROCESSOR MANAGEMENT AND INITIALIZATION 


FFFF FFFFH 
START: [CS.BASE+EIP] > FFFF 0000H 
« Jump near start 
* Construct TEMP_GDT 
* LGDT 
* Move to protected mode 
DS, ES = GDT[1] << GB 
_...Base__ 
Limit GDT_SCRATCH 
GDT [1] | Base=0, Limit=4G 
GDT [0] 0 TEMP_GDT 


Figure 9-4. Constructing Temporary GDT and Switching to Protected Mode (Lines 162-172 of List File) 
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FFFF FFFFH 
TSS 
IDT 
GDT 
¢« Move the GDT, IDT, TSS 
from ROM to RAM 
¢ Fix Aliases 
“LTR o < 
Jom TSS RAM 
a IDT RAM 
7 Carney RAM_START 
0 


Figure 9-5. Moving the GDT, IDT, and TSS from ROM to RAM (Lines 196-261 of List File) 
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EIP 
SS = TSS.SS EFLAGS 
ESP = TSS.ESP 
PUSH TSS.EFLAG : 
PUSH TSS.CS 
PUSH TSS.EIP ela 
ES = TSS.ES j 
DS = TSS.DS 
IRET ES 7 > 
cs 
ss 
DS 
GDT 
TSS RAM 
IDT Alias IDT RAM 
— GDT Alias GDT RAM ane ST 
> 0 =. 


Figure 9-6. Task Switching (Lines 282-296 of List File) 


9.10.3. MAIN.ASM Source Code 


The file MAIN.ASM shown in Example 9-2 defines the data and stack segments for this application and can be 
substituted with the main module task written in a high-level language that is invoked by the IRET instruction 
executed by STARTUP.ASM. 


Example 9-2. MAIN.ASM 


NAME main_module 
data SEGMENT RW 
dw 1000 dup(?) 
DATA ENDS 
stack stackseg 800 
CODE SEGMENT ER use32 PUBLIC 
main_start: 
nop 
nop 
nop 
CODE ENDS 
END main_start, ds:data, ss:stack 


9.10.4 Supporting Files 


The batch file shown in Example 9-3 can be used to assemble the source code files STARTUP.ASM and MAIN.ASM 
and build the final application. 
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Example 9-3. Batch File to Assemble and Build the Application 


ASM386 STARTUP .ASM 
ASM386 MAIN.ASM 
BLD386 STARTUP.OBJ, MAIN.OBJ buildfile(EPROM.BLD) bootstrap(STARTUP) Bootload 


BLD386 performs several operations in this example: 

It allocates physical memory location to segments and tables. 

It generates tables using the build file and the input files. 

It links object files and resolves references. 

It generates a boot-loadable file to be programmed into the EPROM. 


Example 9-4 shows the build file used as an input to BLD386 to perform the above functions. 


Example 9-4. Build File 


INIT BLD EXAMPLE; 


SEGMENT 
*SEGMENTS (DPL = 0) 
; startup.startup_code(BASE = OFFFF000O0H) 


TASK 
BOOT_TASK(OBJECT = startup, INITIAL,DPL = 0, 
NOT INTENABLED) 
ij PROTECTED MODE TASK(OBJECT = main_module,DPL = 0, 
NOT INTENABLED) 
TABLE 
GDT ( 
LOCATION = GDT_EPROM 
F ENTRY = ( 
10: PROTECTED MODE TASK 
; startup.startup_code 
. startup.startup data 
F main _module.data 
, main_module.code 
1 main_module.stack 
) 
a 
IDT ( 
LOCATION = IDT_ EPROM 
Le 
MEMORY 


( 
RESERVE = (0..3FFFH 
-- Area for the GDT, IDT, TSS copied from ROM 
F 60000H. .OFFFEFFFFH) 


j RANGE = (ROM AREA = ROM (OFFFFOOOOH..OFFFFFFFFH) ) 
-- Eprom size 64K 
r RANGE = (RAM AREA = RAM (4000H..05FFFFH) ) 
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Table 9-6 shows the relationship of each build item with an ASM source file. 


Table 9-6. Relationship Between BLD Item and ASM Source File 


Location of the 
application TSS in 
the GDT 


TSS_INDEX EQU 10 


TABLE GDT( 
ENTRY = (10: PROTECTED_MODE_ 
TASK)) 


Item ASM386 and Startup.A58 BLD386 Controls Effect 
and BLD file 
Bootstrap public startup bootstrap Near jump at OFFFFFFFOH to 
startup: start(startup) Start. 
GDT location public GDT_EPROM TABLE The location of the GDT will be 
GDT_EPROM TABLE_REG <> GDT(location = GDT_EPROM) programmed into the 
GDT_EPROM location. 
IDT location public IDT_EPROM TABLE The location of the IDT will be 
IDT_EPROM TABLE_REG <> IDT(location = IDT_EPROM programmed into the 
IDT_EPROM location. 
RAM start RAM_START equ 400H memory (reserve = (0..3FFFH)) RAM_START is used as the ram 


destination for moving the 
tables. It must be excluded from 
the application’s segment area. 


Put the descriptor of the 
application TSS in GDT entry 10. 


EPROM size and size and location of the initialization | SEGMENT startup.code (base = Initialization code size must be 
location code OFFFFOOOOK) ...memory (RANGE( less than 64K and resides at 
ROM_AREA = ROM(x..y)) upper most 64K of the 4-GByte 
memory space. 
9.11 MICROCODE UPDATE FACILITIES 


The P6 family and later processors have the capability to correct errata by loading an Intel-supplied data block into 
the processor. The data block is called a microcode update. This section describes the mechanisms the BIOS needs 
to provide in order to use this feature during system initialization. It also describes a specification that permits the 
incorporation of future updates into a system BIOS. 


Intel considers the release of a microcode update for a silicon revision to be the equivalent of a processor stepping 
and completes a full-stepping level validation for releases of microcode updates. 


A microcode update is used to correct errata in the processor. The BIOS, which has an update loader, is responsible 
for loading the update on processors during system initialization (Figure 9-7). There are two steps to this process: 
the first is to incorporate the necessary update data blocks into the BIOS; the second is to load update data blocks 


into the processor. 
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Update 
Loader 


CPU 


Update 


New Update ->———| Blocks 


BIOS 


Figure 9-7. Applying Microcode Updates 


9.11.1. Microcode Update 


A microcode update consists of an Intel-supplied binary that contains a descriptive header and data. No executable 
code resides within the update. Each microcode update is tailored for a specific list of processor signatures. A 
mismatch of the processor’s signature with the signature contained in the update will result in a failure to load. A 
processor signature includes the extended family, extended model, type, family, model, and stepping of the 
processor (starting with processor family OfH, model 03H, a given microcode update may be associated with one of 
multiple processor signatures; see Section 9.11.2 for details). 


Microcode updates are composed of a multi-byte header, followed by encrypted data and then by an optional 
extended signature table. Table 9-7 provides a definition of the fields; Table 9-8 shows the format of an update. 


The header is 48 bytes. The first 4 bytes of the header contain the header version. The update header and its 
reserved fields are interpreted by software based upon the header version. An encoding scheme guards against 
tampering and provides a means for determining the authenticity of any given update. For microcode updates with 
a data size field equal to OOOOO000H, the size of the microcode update is 2048 bytes. The first 48 bytes contain the 
microcode update header. The remaining 2000 bytes contain encrypted data. 


For microcode updates with a data size not equal to OOOO0000H, the total size field specifies the size of the micro- 
code update. The first 48 bytes contain the microcode update header. The second part of the microcode update is 
the encrypted data. The data size field of the microcode update header specifies the encrypted data size, its value 
must be a multiple of the size of DWORD. The total size field of the microcode update header specifies the 
encrypted data size plus the header size; its value must be in multiples of 1024 bytes (1 KBytes). The optional 
extended signature table if implemented follows the encrypted data, and its size is calculated by (Total Size - (Data 
Size + 48)). 


NOTE 


The optional extended signature table is supported starting with processor family OFH, model 03H. 


Table 9-7. Microcode Update Field Definitions 


Field Name Offset (bytes) Length Description 
(bytes) 
Header Version 0 4 Version number of the update header. 
Update Revision 4 4 Unique version number for the update, the basis for the update 


signature provided by the processor to indicate the current update 
functioning within the processor. Used by the BIOS to authenticate 
the update and verify that the processor loads successfully. The 
value in this field cannot be used for processor stepping identification 
alone. This is a signed 32-bit number. 


Date 8 4 Date of the update creation in binary format: mmddyyyy (e.g. 
07/18/98 is 07181998H). 
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Table 9-7. Microcode Update Field Definitions (Contd.) 


Field Name 


Offset (bytes) 


Length 
(bytes) 


Description 


Processor Signature 


12 


4 


Extended family, extended model, type, family, model, and stepping 
of processor that requires this particular update revision (e.g., 
0Q0000650h). Each microcode update is designed specifically for a 
given extended family, extended model, type, family, model, and 
stepping of the processor. 


Software should use the processor signature field in conjunction with 
the CPUID instruction to determine whether or not an update is 
appropriate to load on a processor. The information encoded within 
this field exactly corresponds to the bit representations returned by 
the CPUID instruction. 


Checksum 


Loader Revision 


20 


Checksum of Update Data and Header. Used to verify the integrity of 
the update header and data. Checksum is correct when the 
summation of all the DWORDs (including the extended Processor 
Signature Table) that comprise the microcode update result in 
OOOOOOOO0H. 


Version number of the loader program needed to correctly load this 
update. The initial version is O0Q0O00001H. 


Processor Flags 


24 


Platform type information is encoded in the lower 8 bits of this 4- 
byte field. Each bit represents a particular platform type for a given 
CPUID. Software should use the processor flags field in conjunction 
with the platform Id bits in MSR (17H) to determine whether or not 
an update is appropriate to load on a processor. Multiple bits may be 
set representing support for multiple platform IDs. 


Data Size 


28 


Specifies the size of the encrypted data in bytes, and must be a 
multiple of DWORDs. If this value is OOOOOOOOH, then the microcode 
update encrypted data is 2000 bytes (or 500 DWORDs). 


Total Size 


32 


Specifies the total size of the microcode update in bytes. It is the 
summation of the header size, the encrypted data size and the size of 
the optional extended signature table. This value is always a multiple 
of 1024. 


Reserved 


36 


12 


Reserved fields for future expansion. 


Update Data 


48 


Data Size or 
2000 


Update data. 


Extended Signature 
Count 


Data Size + 48 


4 


Specifies the number of extended signature structures (Processor 
Signature[n], processor flags[n] and checksum[n]) that exist in this 
microcode update. 


Extended Checksum 


Data Size + 52 


Checksum of update extended processor signature table. Used to 
verify the integrity of the extended processor signature table. 
Checksum is correct when the summation of the DWORDs that 
comprise the extended processor signature table results in 
OOOOOOOO0H. 


Reserved 


Data Size + 56 


Reserved fields. 
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Table 9-7. Microcode Update Field Definitions (Contd.) 


Field Name Offset (bytes) Length Description 
(bytes) 
Processor Signature[n] | DataSize+68+ | 4 Extended family, extended model, type, family, model, and stepping 
(n* 12) of processor that requires this particular update revision (e.g., 


0Q0000650h). Each microcode update is designed specifically for a 
given extended family, extended model, type, family, model, and 
stepping of the processor. 


Software should use the processor signature field in conjunction with 
the CPUID instruction to determine whether or not an update is 
appropriate to load on a processor. The information encoded within 
this field exactly corresponds to the bit representations returned by 
the CPUID instruction. 


Processor Flags[n] Data Size+72+ |4 Platform type information is encoded in the lower 8 bits of this 4- 
(n* 12) byte field. Each bit represents a particular platform type for a given 
CPUID. Software should use the processor flags field in conjunction 
with the platform Id bits in MSR (17H) to determine whether or not 
an update is appropriate to load on a processor. Multiple bits may be 
set representing support for multiple platform IDs. 


Checksum[n] Data Size + 76+ |4 Used by utility software to decompose a microcode update into 
(n* 12) multiple microcode updates where each of the new updates is 
constructed without the optional Extended Processor Signature 
Table. 


To calculate the Checksum, substitute the Primary Processor 
Signature entry and the Processor Flags entry with the 
corresponding Extended Patch entry. Delete the Extended Processor 
Signature Table entries. The Checksum is correct when the 
summation of all DWORDs that comprise the created Extended 
Processor Patch results in OOOOOOOOH. 


Table 9-8. Microcode Update Format 


31 24 16 8 0 Bytes 
Header Version 0 
Update Revision 4 

Month: 8 Day: 8 Year: 16 8 
Processor Signature (CPUID) 12 
wo 7 m a a mn nn 
og) 3) & ™ n - 3 
ne a 
Checksum 16 
Loader Revision 20 
Processor Flags 24 
Reserved (24 bits) S] dG] 8] GB] NN) 3} S 
Data Size 28 
Total Size 32 
Reserved (12 Bytes) 36 


9-30 Vol. 3A 


PROCESSOR MANAGEMENT AND INITIALIZATION 


Table 9-8. Microcode Update Format (Contd.) 


31 24 16 8 0 Bytes 
Update Data (Data Size bytes, or 2000 Bytes if Data Size = O0000000H) 48 
Extended Signature Count ‘n’ Data Size + 

48 
Extended Processor Signature Table Checksum Data Size + 

52 
Reserved (12 Bytes) Data Size + 

56 
Processor Signature[n] Data Size + 

68 + 

(n* 12) 
Processor Flags[n] Data Size + 

72+ 

(n* 12) 
Checksum[n] Data Size + 

76 + 

(n* 12) 


9.11.2 Optional Extended Signature Table 


The extended signature table is a structure that may be appended to the end of the encrypted data when the 
encrypted data only supports a single processor signature (optional case). The extended signature table will always 
be present when the encrypted data supports multiple processor steppings and/or models (required case). 


The extended signature table consists of a 20-byte extended signature header structure, which contains the 
extended signature count, the extended processor signature table checksum, and 12 reserved bytes (Table 9-9). 
Following the extended signature header structure, the extended signature table contains 0-to-n extended 
processor signature structures. 


Each processor signature structure consist of the processor signature, processor flags, and a checksum 
(Table 9-10). 


The extended signature count in the extended signature header structure indicates the number of processor signa- 
ture structures that exist in the extended signature table. 


The extended processor signature table checksum is a checksum of all DWORDs that comprise the extended signa- 
ture table. That includes the extended signature count, extended processor signature table checksum, 12 reserved 
bytes and the n processor signature structures. A valid extended signature table exists when the result of a 
DWORD checksum is OOOOOOOOH. 


Table 9-9. Extended Processor Signature Table Header Structure 


Extended Signature Count ‘n’ Data Size + 48 
Extended Processor Signature Table Checksum Data Size + 52 
Reserved (12 Bytes) Data Size + 56 


Table 9-10. Processor Signature Structure 


Processor Signature[n] Data Size + 68 + (n* 12) 
Processor Flags[n] Data Size + 72 + (n* 12) 
Checksum[n] Data Size + 76 + (n* 12) 
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9.11.3. Processor Identification 


Each microcode update is designed to for a specific processor or set of processors. To determine the correct micro- 
code update to load, software must ensure that one of the processor signatures embedded in the microcode update 
matches the 32-bit processor signature returned by the CPUID instruction when executed by the target processor 
with EAX = 1. Attempting to load a microcode update that does not match a processor signature embedded in the 
microcode update with the processor signature returned by CPUID will cause the BIOS to reject the update. 


Example 9-5 shows how to check for a valid processor signature match between the processor and microcode 
update. 


Example 9-5. Pseudo Code to Validate the Processor Signature 


ProcessorSignature «< CPUID(1) :EAX 


If (Update.HeaderVersion = 00000001h) 
// first check the ProcessorSignature field 
If (ProcessorSignature = Update. ProcessorSignature) 
Success 


// if extended signature is present 
Else If (Update.TotalSize > (Update.DataSize + 48) ) 


{ 
// 


// Assume the Data Size has been used to calculate the 
// location of Update. ProcessorSignature [0]. 


// 


For (N ¢ 0; ((N < Update.ExtendedSignatureCount) AND 
(ProcessorSignature # Update.ProcessorSignature[N])); N++); 


// if the loops ended when the iteration count is 
// less than the number of processor signatures in 
// the table, we have a match 

If (N < Update.ExtendedSignatureCount ) 
Success 

Else 
Fail 


9.11.4 Platform Identification 


In addition to verifying the processor signature, the intended processor platform type must be determined to prop- 
erly target the microcode update. The intended processor platform type is determined by reading the 
IA32_PLATFORM_ID register, (MSR 17H). This 64-bit register must be read using the RDMSR instruction. 


The three platform ID bits, when read as a binary coded decimal (BCD) number, indicate the bit position in the 
microcode update header’s processor flags field associated with the installed processor. The processor flags in the 
48-byte header and the processor flags field associated with the extended processor signature structures may have 
multiple bits set. Each set bit represents a different platform ID that the update supports. 


Register Name: |A32_PLATFORM_ID 
MSR Address: 017H 
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Access: Read Only 


IA32_PLATFORM_ID is a 64-bit register accessed only when referenced as a Qword through a RDMSR instruction. 


Table 9-11. Processor Flags 


Bit Descriptions 

63:53 Reserved 

52:50 Platform Id Bits (RO). The field gives information concerning the intended platform for the processor. See also Table 9-8. 
52 51 50 
O O O- Processor Flag 0 
QO O 1 Processor Flag 1 
O 1  O- Processor Flag 2 
QO 1. 1 Processor Flag 3 
1 0 O- Processor Flag 4 
1 0 1 Processor Flag 5 
1 1. O- Processor Flag 6 
1 1. = 1 Processor Flag 7 

49:0 Reserved 


To validate the platform information, software may implement an algorithm similar to the algorithms in 
Example 9-6. 


Example 9-6. Pseudo Code Example of Processor Flags Test 


Flag < 1 << IA32 PLATFORM ID[52:50] 


If (Update.HeaderVersion = 00000001h) 


{ 


If (Update.ProcessorFlags & Flag) 


{ 
} 


Else 


t 


Load Update 


// 

// Assume the Data Size has been used to calculate the 
// location of Update.ProcessorSignature[N] and a match 
// on Update.ProcessorSignature[N] has already succeeded 


// 
If (Update.ProcessorFlags[n] & Flag) 


Load Update 


9.11.5 Microcode Update Checksum 


Each microcode update contains a DWORD checksum located in the update header. It is software’s responsibility to 
ensure that a microcode update is not corrupt. To check for a corrupt microcode update, software must perform a 
unsigned DWORD (32-bit) checksum of the microcode update. Even though some fields are signed, the checksum 
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procedure treats all DWORDs as unsigned. Microcode updates with a header version equal to O00O00001H must sum 
all DWORDs that comprise the microcode update. A valid checksum check will yield a value of OOOOOO00H. Any 
other value indicates the microcode update is corrupt and should not be loaded. 


The checksum algorithm shown by the pseudo code in Example 9-7 treats the microcode update as an array of 
unsigned DWORDs. If the data size DWORD field at byte offset 32 equals OOOOOOOOH, the size of the encrypted 
data is 2000 bytes, resulting in 500 DWORDs. Otherwise the microcode update size in DWORDs = (Total Size / 4), 
where the total size is a multiple of 1024 bytes (1 KBytes). 


Example 9-7. Pseudo Code Example of Checksum Test 


N < 512 


If (Update.DataSize # 00000000H) 
N ¢ Update.TotalSize / 4 


ChkSum ¢< 0 
For (I ¢< 0; I < N; I++) 


{ 
} 


If (ChkSum = 00000000H) 
Success 

Else 
Fail 


ChkSum < ChkSum + MicrocodeUpdate [T] 


9.11.6 Microcode Update Loader 


This section describes an update loader used to load an update into a P6 family or later processors. It also discusses 
the requirements placed on the BIOS to ensure proper loading. The update loader described contains the minimal 
instructions needed to load an update. The specific instruction sequence that is required to load an update is 
dependent upon the loader revision field contained within the update header. This revision is expected to change 
infrequently (potentially, only when new processor models are introduced). 


Example 9-8 below represents the update loader with a loader revision of OOOO0001H. Note that the microcode 
update must be aligned on a 16-byte boundary and the size of the microcode update must be 1-KByte granular. 


Example 9-8. Assembly Code Example of Simple Microcode Update Loader 


mov ecx,79h ; MSR to write in ECX 

xor eax,eax ; clear EAX 

xor ebx,ebx ; clear EBX 

mov ax,cs ; Segment of microcode update 

shl eax,4 

mov bx,offset Update ; Offset of microcode update 

add eax,ebx ; Linear Address of Update in EAX 

add eax,48d ; Offset of the Update Data within the Update 
xor edx,edx ; Zero in EDX 

WRMSR ; microcode update trigger 


The loader shown in Example 9-8 assumes that update is the address of a microcode update (header and data) 
embedded within the code segment of the BIOS. It also assumes that the processor is operating in real mode. The 
data may reside anywhere in memory, aligned on a 16-byte boundary, that is accessible by the processor within its 
current operating mode. 


Before the BIOS executes the microcode update trigger (WRMSR) instruction, the following must be true: 
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° In 64-bit mode, EAX contains the lower 32-bits of the microcode update linear address. In protected mode, EAX 
contains the full 32-bit linear address of the microcode update. 


° In 64-bit mode, EDX contains the upper 32-bits of the microcode update linear address. In protected mode, 
EDX equals zero. 


¢ ECX contains 79H (address of IA32_BIOS_UPDT_TRIG). 

Other requirements are: 

¢ The addresses for the microcode update data must be in canonical form. 

° If paging is enabled, the microcode update data must map that data as present. 
¢ The microcode update data must start at a 16-byte aligned linear address. 


9.11.6.1 Hard Resets in Update Loading 


The effects of a loaded update are cleared from the processor upon a hard reset. Therefore, each time a hard reset 
is asserted during the BIOS POST, the update must be reloaded on all processors that observed the reset. The 
effects of a loaded update are, however, maintained across a processor INIT. There are no side effects caused by 
loading an update into a processor multiple times. 


9.11.6.2 Update in a Multiprocessor System 


A multiprocessor (MP) system requires loading each processor with update data appropriate for its CPUID and plat- 
form ID bits. The BIOS is responsible for ensuring that this requirement is met and that the loader is located ina 
module executed by all processors in the system. If a system design permits multiple steppings of Pentium 4, Intel 
Xeon, and P6 family processors to exist concurrently; then the BIOS must verify individual processors against the 
update header information to ensure appropriate loading. Given these considerations, it is most practical to load 
the update during MP initialization. 


9.11.6.3_ Update in a System Supporting Intel Hyper-Threading Technology 


Intel Hyper-Threading Technology has implications on the loading of the microcode update. The update must be 
loaded for each core in a physical processor. Thus, for a processor supporting Intel Hyper-Threading Technology, 
only one logical processor per core is required to load the microcode update. Each individual logical processor can 
independently load the update. However, MP initialization must provide some mechanism (e.g. a software sema- 
phore) to force serialization of microcode update loads and to prevent simultaneous load attempts to the same 
core. 


9.11.6.4 Update in a System Supporting Dual-Core Technology 


Dual-core technology has implications on the loading of the microcode update. The microcode update facility is not 
shared between processor cores in the same physical package. The update must be loaded for each core in a phys- 
ical processor. 


If processor core supports Intel Hyper-Threading Technology, the guideline described in Section 9.11.6.3 also 
applies. 


9.11.6.5 Update Loader Enhancements 


The update loader presented in Section 9.11.6, “Microcode Update Loader,” is a minimal implementation that can 
be enhanced to provide additional functionality. Potential enhancements are described below: 


¢ BIOS can incorporate multiple updates to support multiple steppings of the Pentium 4, Intel Xeon, and P6 
family processors. This feature provides for operating in a mixed stepping environment on an MP system and 
enables a user to upgrade to a later version of the processor. In this case, modify the loader to check the CPUID 
and platform ID bits of the processor that it is running on against the available headers before loading a 
particular update. The number of updates is only limited by available BIOS space. 
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¢ A loader can load the update and test the processor to determine if the update was loaded correctly. See 
Section 9.11.7, “Update Signature and Verification.” 


¢ A loader can verify the integrity of the update data by performing a checksum on the double words of the 
update summing to zero. See Section 9.11.5, “Microcode Update Checksum.” 


¢ A loader can provide power-on messages indicating successful loading of an update. 


9.11.7 Update Signature and Verification 


The P6 family and later processors provide capabilities to verify the authenticity of a particular update and to iden- 
tify the current update revision. This section describes the model-specific extensions of processors that support 
this feature. The update verification method below assumes that the BIOS will only verify an update that is more 
recent than the revision currently loaded in the processor. 


CPUID returns a value in a model specific register in addition to its usual register return values. The semantics of 
CPUID cause it to deposit an update ID value in the 64-bit model-specific register at address O8BH 
(IA32_BIOS_SIGN_ID). If no update is present in the processor, the value in the MSR remains unmodified. The 
BIOS must pre-load a zero into the MSR before executing CPUID. If a read of the MSR at 8BH still returns zero after 
executing CPUID, this indicates that no update is present. 


The update ID value returned in the EDX register after RDMSR executes indicates the revision of the update loaded 
in the processor. This value, in combination with the CPUID value returned in the EAX register, uniquely identifies a 
particular update. The signature ID can be directly compared with the update revision field in a microcode update 
header for verification of a correct load. No consecutive updates released for a given stepping of a processor may 
share the same signature. The processor signature returned by CPUID differentiates updates for different step- 
pings. 


9.11.7.1. Determining the Signature 


An update that is successfully loaded into the processor provides a signature that matches the update revision of 
the currently functioning revision. This signature is available any time after the actual update has been loaded. 
Requesting the signature does not have a negative impact upon a loaded update. 


The procedure for determining this signature shown in Example 9-9. 


Example 9-9. Assembly Code to Retrieve the Update Revision 

MOV ECX, O8BH ;IA32_ BIOS SIGN ID 

XOR EAX, EAX ;clear EAX 

XOR EDX, EDX ;clear EDX 

WRMSR ;Load 0 to MSR at 8BH 

MOV EAX, 1 

cpuid 

MOV ECX, O8BH ;1A32_ BIOS SIGN ID 

rdmsr ;Read Model Specific Register 


If there is an update active in the processor, its revision is returned in the EDX register after the RDMSR instruction 
executes. 


IA32_BIOS_SIGN_ID = Microcode Update Signature Register 


MSR Address: O8BH Accessed as a Qword 
Default Value: XXXX XXXX XXXX XXXXh 
Access: Read/Write 


The IA32_BIOS_SIGN_ID register is used to report the microcode update signature when CPUID executes. The 
signature is returned in the upper DWORD (Table 9-12). 
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Table 9-12. Microcode Update Signature 


Bit Description 


63:32 Microcode update signature. This field contains the signature of the currently loaded microcode update when read following 
the execution of the CPUID instruction, function 1. It is required that this register field be pre-loaded with zero prior to 
executing the CPUID, function 1. If the field remains equal to zero, then there is no microcode update loaded. Another non- 
zero value will be the signature. 


31:0 Reserved. 


9.11.7.2 Authenticating the Update 


An update may be authenticated by the BIOS using the signature primitive, described above, and the algorithm in 
Example 9-10. 


Example 9-10. Pseudo Code to Authenticate the Update 


Z << Obtain Update Revision from the Update Header to be authenticated; 
X ¢ Obtain Current Update Signature from MSR 8BH; 


If (Z > X) 


{ 


Load Update that is to be authenticated; 
Y ¢ Obtain New Signature from MSR 8BH; 


If (Z = Y) 
Success 
Else 
Fail 
} 
Else 
Fail 


Example 9-10 requires that the BIOS only authenticate updates that contain a numerically larger revision than the 
currently loaded revision, where Current Signature (X) < New Update Revision (Z). A processor with no loaded 
update is considered to have a revision equal to zero. 


This authentication procedure relies upon the decoding provided by the processor to verify an update from a poten- 
tially hostile source. As an example, this mechanism in conjunction with other safeguards provides security for 
dynamically incorporating field updates into the BIOS. 


9.11.8 Optional Processor Microcode Update Specifications 


This section an interface that an OEM-BIOS may provide to its client system software to manage processor micro- 
code updates. System software may choose to build its own facility to manage microcode updates (e.g. similar to 
the facility described in Section 9.11.6) or rely on a facility provided by the BIOS to perform microcode updates. 


Sections 9.11.8.1-9.11.8.9 describes an extension (Function 0D042H) to the real mode INT 15H service. INT 15H 
0D042H function is one of several alternatives that a BIOS may choose to implement microcode update facility and 
offer to its client application (e.g. an OS). Other alternative microcode update facility that BIOS can choose are 
dependent on platform-specific capabilities, including the Capsule Update mechanism from the UEFI specification 
(www.uefi.org). In this discussion, the application is referred to as the calling program or caller. 


The real mode INT15 call specification described here is an Intel extension to an OEM BIOS. This extension allows 
an application to read and modify the contents of the microcode update data in NVRAM. The update loader, which 
is part of the system BIOS, cannot be updated by the interface. All of the functions defined in the specification must 
be implemented for a system to be considered compliant with the specification. The INT15 functions are accessible 
only from real mode. 
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9.11.8.1 Responsibilities of the BIOS 


If a BIOS passes the presence test (INT 15H, AX = 0D042H, BL = OH), it must implement all of the sub-functions 
defined in the INT 15H, AX = 0D042H specification. There are no optional functions. BIOS must load the appropriate 
update for each processor during system initialization. 


A Header Version of an update block containing the value OFFFFFFFFH indicates that the update block is unused and 
available for storing a new update. 


The BIOS is responsible for providing a region of non-volatile storage (NVRAM) for each potential processor step- 
ping within a system. This storage unit consists of one or more update blocks. An update block is a contiguous 
2048-byte block of memory. The BIOS for a single processor system need only provide update blocks to store one 
microcode update. If the BIOS for a multiple processor system is intended to support mixed processor steppings, 
then the BIOS needs to provide enough update blocks to store each unique microcode update or for each processor 
socket on the OEM’s system board. 


The BIOS is responsible for managing the NVRAM update blocks. This includes garbage collection, such as 
removing microcode updates that exist in NVRAM for which a corresponding processor does not exist in the system. 
This specification only provides the mechanism for ensuring security, the uniqueness of an entry, and that stale 
entries are not loaded. The actual update block management is implementation specific on a per-BIOS basis. 


As an example, the BIOS may use update blocks sequentially in ascending order with CPU signatures sorted versus 
the first available block. In addition, garbage collection may be implemented as a setup option to clear all NVRAM 
slots or as BIOS code that searches and eliminates unused entries during boot. 


NOTES 


For IA-32 processors starting with family OFH and model 03H and Intel 64 processors, the 
microcode update may be as large as 16 KBytes. Thus, BIOS must allocate 8 update blocks for each 
microcode update. In a MP system, a common microcode update may be sufficient for each socket 
in the system. 


For IA-32 processors earlier than family OFH and model 03H, the microcode update is 2 KBytes. An 
MP-capable BIOS that supports multiple steppings must allocate a block for each socket in the 
system. 


A single-processor BIOS that supports variable-sized microcode update and fixed-sized microcode 
update must allocate one 16-KByte region and a second region of at least 2 KBytes. 
The following algorithm (Example 9-11) describes the steps performed during BIOS initialization used to load the 
updates into the processor(s). The algorithm assumes: 


¢ The BIOS ensures that no update contained within NVRAM has a header version or loader version that does not 
match one currently supported by the BIOS. 


¢ The update contains a correct checksum. 
¢ The BIOS ensures that (at most) one update exists for each processor stepping. 
* Older update revisions are not allowed to overwrite more recent ones. 


These requirements are checked by the BIOS during the execution of the write update function of this interface. 
The BIOS sequentially scans through all of the update blocks in NVRAM starting with index 0. The BIOS scans until 
it finds an update where the processor fields in the header match the processor signature (extended family, 
extended model, type, family, model, and stepping) as well as the platform bits of the current processor. 


Example 9-11. Pseudo Code, Checks Required Prior to Loading an Update 


For each processor in the system 


{ 


Determine the Processor Signature via CPUID function 1; 
Determine the Platform Bits ¢ 1 << IA32_ PLATFORM _ID[52:50]; 


For (I © UpdateBlock 0, I < NumOfBlocks; I++) 


{ 


If (Update.Header Version = 00000001H) 


{ 
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If ((Update.ProcessorSignature = Processor Signature) && 
(Update.ProcessorFlags & Platform Bits) ) 


Load Update.UpdateData into the Processor; 
Verify update was correctly loaded into the processor 
Go on to next processor 
Break; 
Else If (Update.TotalSize > (Update.DataSize + 48)) 
N< 0 
While (N < Update.ExtendedSignatureCount) 
If ((Update.ProcessorSignature[N] = 
Processor Signature) && 
(Update.ProcessorFlags[N] & Platform Bits) ) 


Load Update.UpdateData into the Processor; 
Verify update correctly loaded into the processor 
Go on to next processor 

Break; 


} 


N¢Ni 1 
I ¢ I + (Update.TotalSize / 2048) 
If ((Update.TotalSize MOD 2048) = 0) 
IeI+i 


NOTES 


The platform Id bits in IA32_PLATFORM_ID are encoded as a three-bit binary coded decimal field. 
The platform bits in the microcode update header are individually bit encoded. The algorithm must 
do a translation from one format to the other prior to doing a check. 


When performing the INT 15H, 0D042H functions, the BIOS must assume that the caller has no knowledge of plat- 
form specific requirements. It is the responsibility of BIOS calls to manage all chipset and platform specific prereq- 
uisites for managing the NVRAM device. When writing the update data using the Write Update sub-function, the 
BIOS must maintain implementation specific data requirements (such as the update of NVRAM checksum). The 
BIOS should also attempt to verify the success of write operations on the storage device used to record the update. 


9.11.8.2 Responsibilities of the Calling Program 


This section of the document lists the responsibilities of a calling program using the interface specifications to load 
microcode update(s) into BIOS NVRAM. 


¢ The calling program should call the INT 15H, 0D042H functions from a pure real mode program and should be 
executing on a system that is running in pure real mode. 


The caller should issue the presence test function (sub function 0) and verify the signature and return codes of 
that function. 


¢  Itis important that the calling program provides the required scratch RAM buffers for the BIOS and the proper 
stack size as specified in the interface definition. 


¢ The calling program should read any update data that already exists in the BIOS in order to make decisions 
about the appropriateness of loading the update. The BIOS must refuse to overwrite a newer update with an 
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older version. The update header contains information about version and processor specifics for the calling 
program to make an intelligent decision about loading. 


¢ There can be no ambiguous updates. The BIOS must refuse to allow multiple updates for the same CPU to exist 
at the same time; it also must refuse to load updates for processors that don’t exist on the system. 


¢ The calling application should implement a verify function that is run after the update write function success- 
fully completes. This function reads back the update and verifies that the BIOS returned an image identical to 
the one that was written. 


Example 9-12 represents a calling program. 


Example 9-12. INT 15 D042 Calling Program Pseudo-code 


// We must be in real mode 
If the system is not in Real mode exit 


// Detect presence of Genuine Intel processor(s) that can be updated 
// using (CPUID) 


If no Intel processors exist that can be updated exit 

// Detect the presence of the Intel microcode update extensions 

If the BIOS fails the PresenceTestexit 

// If the APIC is enabled, see if any other processors are out there 


Read IA32 APICBASE 
If APIC enabled 


Send Broadcast Message to all processors except self via APIC 
Have all processors execute CPUID, record the Processor Signature 
(i.e.,Extended Family, Extended Model, Type, Family, Model, Stepping) 
Have all processors read IA32 PLATFORM ID[52:50], record Platform 
Id Bits 
If current processor cannot be updated 
exit 
// 
// Determine the number of unique update blocks needed for this system 
// 


NumBlocks = 0 
For each processor 


{ 
If ((this is a unique processor stepping) AND 
(we have a unique update in the database for this processor) ) 
{ 
Checksum the update from the database; 
If Checksum fails 
exit 
NumBlocks < NumBlocks + size of microcode update / 2048 
} 
} 
// 
// Do we have enough update slots for all CPUs? 
// 
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If there are more blocks required to support the unique processor steppings than update blocks 
provided by the BIOS exit 


// 
// Do we need any update blocks at all? If not, we are done 
// 
If (NumBlocks = 0) 
exit 
// 
// Record updates for processors in NVRAM. 
// 
For (I=0; I<NumBlocks; I++) 
{ 
// 
// “oad each Update 
// 


Issue the WriteUpdate function 


If (STORAGE FULL) returned 


{ 


Display Error -- BIOS is not managing NVRAM appropriately 
exit 


If (INVALID REVISION) returned 


Display Message: More recent update already loaded in NVRAM for 
this stepping 
continue 


If any other error returned 


Display Diagnostic 
exit 


} 


// 
// Verify the update was loaded correctly 


// 


Issue the ReadUpdate function 


If an error occurred 


Display Diagnostic 
exit 


// Compare the Update read to that written 


If (Update read # Update written) 


Display Diagnostic 
exit 


} 


I ¢ I+ (size of microcode update / 2048) 


} 
// 


// Enable Update Loading, and inform user 
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// 


Issue the Update Control function with Task = Enable. 


9.11.8.3 Microcode Update Functions 


Table 9-13 defines the processor microcode update functions that implementations of INT 15H 0D042H must 
support. 


Table 9-13. Microcode Update Functions 


Microcode Update Function | Function Description Required/Optional 
Number 

Presence test OOH Returns information about the supported functions. Required 

Write update data 01H Writes one of the update data areas (slots). Required 

Update control 02H Globally controls the loading of updates. Required 

Read update data 03H Reads one of the update data areas (slots). Required 


9.11.8.4 INT 15H-based Interface 


If an OEM-BIOS is implementing INT 15H OD042H interface and offer to its client, the BIOS should allow additional 
microcode updates to be added to system flash. 


The program that calls this interface is responsible for providing three 64-kilobyte RAM areas for BIOS use during 
calls to the read and write functions. These RAM scratch pads can be used by the BIOS for any purpose, but only 
for the duration of the function call. The calling routine places real mode segments pointing to the RAM blocks in 
the CX, DX and SI registers. Calls to functions in this interface must be made with a minimum of 32 kilobytes of 
stack available to the BIOS. 


In general, each function returns with CF cleared and AH contains the returned status. The general return codes 
and other constant definitions are listed in Section 9.11.8.9, “Return Codes.” 


The OEM error field (AL) is provided for the OEM to return additional error information specific to the platform. If 
the BIOS provides no additional information about the error, OEM error must be set to SUCCESS. The OEM error 
field is undefined if AH contains either SUCCESS (00H) or NOT_IMPLEMENTED (86H). In all other cases, it must be 
set with either SUCCESS or a value meaningful to the OEM. 


The following sections describe functions provided by the INT15H-based interface. 


9.11.8.5 Function OOH—Presence Test 


This function verifies that the BIOS has implemented required microcode update functions. Table 9-14 lists the 
parameters and return codes for the function. 


Table 9-14. Parameters for the Presence Test 


Input 

AX Function Code 0D042H 

BL Sub-function OOH - Presence test 

Output 

CF Carry Flag Carry Set - Failure - AH contains status 
Carry Clear - All return values valid 

AH Return Code 

AL OEM Error Additional OEM information. 

EBX Signature Part 1 ‘INTE’ - Part one of the signature 

ECX Signature Part 2 ‘LPEP’- Part two of the signature 

EDX Loader Version Version number of the microcode update loader 
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Table 9-14. Parameters for the Presence Test (Contd.) 


Input 


Sl 


Update Count 


Number of 2048 update blocks in NVRAM the BIOS allocated to storing 
microcode updates 


Return Codes (see Table 9-19 for code definitions 


SUCCESS 


The function completed successfully. 


NOT_IMPLEMENTED 


The function is not implemented. 


In order to assure that the BIOS function is present, the caller must verify the carry flag, the return code, and the 
64-bit signature. The update count reflects the number of 2048-byte blocks available for storage within one non- 


volatile RAM. 


The loader version number refers to the revision of the update loader program that is included in the system BIOS 


image. 


9.11.8.6 Function 01H—Write Microcode Update Data 


This function integrates a new microcode update into the BIOS storage device. Table 9-15 lists the parameters and 


return codes for the function. 


Table 9-15. Parameters for the Write Update Data Function 


Input 

AX Function Code 0D042H 

BL Sub-function 01H - Write update 

ES:DI Update Address Real Mode pointer to the Intel Update structure. This buffer is 2048 bytes in 
length if the processor supports only fixed-size microcode update or... 
Real Mode pointer to the Intel Update structure. This buffer is 64 KBytes in 
length if the processor supports a variable-size microcode update. 

CX Scratch Pad1 Real mode segment address of 64 KBytes of RAM block 

DX Scratch Pad2 Real mode segment address of 64 KBytes of RAM block 

Sl Scratch Pad3 Real mode segment address of 64 KBytes of RAM block 

SS:SP Stack pointer 32 KBytes of stack minimum 

Output 

CF Carry Flag Carry Set - Failure - AH Contains status 
Carry Clear - All return values valid 

AH Return Code Status of the call 

AL OEM Error Additional OEM information 


Return Codes (see Table 9-19 for code definitions 


SUCCESS 


The function completed successfully. 


NOT_IMPLEMENTED 


The function is not implemented. 


WRITE_FAILURE 
ERASE_FAILURE 


A failure occurred because of the inability to write the storage device. 


A failure occurred because of the inability to erase the storage device. 


READ_FAILURE 


A failure occurred because of the inability to read the storage device. 
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Table 9-15. Parameters for the Write Update Data Function (Contd.) 


Input 

STORAGE_FULL The BIOS non-volatile storage area is unable to accommodate the update 
because all available update blocks are filled with updates that are needed for 
processors in the system. 

CPU_NOT_PRESENT The processor stepping does not currently exist in the system. 

INVALID_HEADER The update header contains a header or loader version that is not recognized by 
the BIOS. 

INVALID_HEADER_CS The update does not checksum correctly. 

SECURITY_FAILURE The processor rejected the update. 

INVALID_REVISION The same or more recent revision of the update exists in the storage device. 

Description 


The BIOS is responsible for selecting an appropriate update block in the non-volatile storage for storing the new 
update. This BIOS is also responsible for ensuring the integrity of the information provided by the caller, including 
authenticating the proposed update before incorporating it into storage. 


Before writing the update block into NVRAM, the BIOS should ensure that the update structure meets the following 
criteria in the following order: 


1. The update header version should be equal to an update header version recognized by the BIOS. 


2. The update loader version in the update header should be equal to the update loader version contained within 
the BIOS image. 


3. The update block must checksum. This checksum is computed as a 32-bit summation of all double words in the 
structure, including the header, data, and processor signature table. 


The BIOS selects update block(s) in non-volatile storage for storing the candidate update. The BIOS can select any 
available update block as long as it guarantees that only a single update exists for any given processor stepping in 
non-volatile storage. If the update block selected already contains an update, the following additional criteria apply 
to overwrite it: 


¢ The processor signature in the proposed update must be equal to the processor signature in the header of the 
current update in NVRAM (Processor Signature + platform ID bits). 


¢ The update revision in the proposed update should be greater than the update revision in the header of the 
current update in NVRAM. 


If no unused update blocks are available and the above criteria are not met, the BIOS can overwrite update 
block(s) for a processor stepping that is no longer present in the system. This can be done by scanning the update 
blocks and comparing the processor steppings, identified in the MP Specification table, to the processor steppings 
that currently exist in the system. 


Finally, before storing the proposed update in NVRAM, the BIOS must verify the authenticity of the update via the 
mechanism described in Section 9.11.6, “Microcode Update Loader.” This includes loading the update into the 
current processor, executing the CPUID instruction, reading MSR O8Bh, and comparing a calculated value with the 
update revision in the proposed update header for equality. 


When performing the write update function, the BIOS must record the entire update, including the header, the 
update data, and the extended processor signature table (if applicable). When writing an update, the original 
contents may be overwritten, assuming the above criteria have been met. It is the responsibility of the BIOS to 
ensure that more recent updates are not overwritten through the use of this BIOS call, and that only a single 
update exists within the NVRAM for any processor stepping and platform ID. 


Figure 9-8 and Figure 9-9 show the process the BIOS follows to choose an update block and ensure the integrity of 
the data when it stores the new microcode update. 
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Figure 9-8. Microcode Update Write Operation Flow [1] 
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Figure 9-9. Microcode Update Write Operation Flow [2] 


9.11.8.7. Function O2H—Microcode Update Control 


This function enables loading of binary updates into the processor. Table 9-16 lists the parameters and return codes 
for the function. 
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Table 9-16. Parameters for the Control Update Sub-function 


Input 
AX Function Code 0D042H 
BL Sub-function 02H - Control update 
BH Task See the description below. 
CX Scratch Pad1 Real mode segment of 64 KBytes of RAM block 
DX Scratch Pad2 Real mode segment of 64 KBytes of RAM block 
SI Scratch Pad3 Real mode segment of 64 KBytes of RAM block 
SS:SP Stack pointer 32 kilobytes of stack minimum 
Output 
CF Carry Flag Carry Set - Failure - AH contains status 
Carry Clear - All return values valid. 
AH Return Code Status of the call 
AL OEM Error Additional OEM Information. 
BL Update Status Either enable or disable indicator 
Return Codes (see Table 9-19 for code definitions) 
SUCCESS Function completed successfully. 
READ_FAILURE A failure occurred because of the inability to read the storage device. 


This control is provided on a global basis for all updates and processors. The caller can determine the current status 
of update loading (enabled or disabled) without changing the state. The function does not allow the caller to disable 
loading of binary updates, as this poses a security risk. 


The caller specifies the requested operation by placing one of the values from Table 9-17 in the BH register. After 
successfully completing this function, the BL register contains either the enable or the disable designator. Note that 
if the function fails, the update status return value is undefined. 


Table 9-17. Mnemonic Values 


Mnemonic Value Meaning 
Enable 1 Enable the Update loading at initialization time. 
Query 2 Determine the current state of the update control without changing its status. 


The READ_FAILURE error code returned by this function has meaning only if the control function is implemented in 
the BIOS NVRAM. The state of this feature (enabled/disabled) can also be implemented using CMOS RAM bits 
where READ failure errors cannot occur. 


9.11.8.8 Function O3H—Read Microcode Update Data 


This function reads a currently installed microcode update from the BIOS storage into a caller-provided RAM buffer. 
Table 9-18 lists the parameters and return codes. 


Table 9-18. Parameters for the Read Microcode Update Data Function 


Input 

AX Function Code 0D042H 

BL Sub-function 03H - Read Update 

ES:DI Buffer Address Real Mode pointer to the Intel Update structure that 
will be written with the binary data 
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Table 9-18. Parameters for the Read Microcode Update Data Function (Contd.) 


ECX Scratch Pad1 Real Mode Segment address of 64 KBytes of RAM 
Block (lower 16 bits) 

ECX Scratch Pad2 Real Mode Segment address of 64 KBytes of RAM 
Block (upper 16 bits) 

DX Scratch Pad3 Real Mode Segment address of 64 KBytes of RAM 
Block 

SS:SP Stack pointer 32 KBytes of Stack Minimum 

SI Update Number This is the index number of the update block to be 


read. This value is zero based and must be less than 
the update count returned from the presence test 


function. 

Output 

CF Carry Flag Carry Set - Failure - AH contains Status 

Carry Clear - All return values are 

valid. 

AH Return Code Status of the Call 

AL OEM Error Additional OEM Information 

Return Codes (see Table 9-19 for code definitions) 

SUCCESS The function completed successfully. 

READ_FAILURE There was a failure because of the inability to read the 
storage device. 

UPDATE_NUM_INVALID Update number exceeds the maximum number of 
update blocks implemented by the BIOS. 

NOT_EMPTY The specified update block is a subsequent block in use 
to store a valid microcode update that spans multiple 
blocks. 

The specified block is not a header block and is not 
empty. 


The read function enables the caller to read any microcode update data that already exists in a BIOS and make 
decisions about the addition of new updates. As a result of a successful call, the BIOS copies the microcode update 
into the location pointed to by ES:DI, with the contents of all Update block(s) that are used to store the specified 
microcode update. 


If the specified block is not a header block, but does contain valid data from a microcode update that spans multiple 
update blocks, then the BIOS must return Failure with the NOT_EMPTY error code in AH. 


An update block is considered unused and available for storing a new update if its Header Version contains the 
value OFFFFFFFFH after return from this function call. The actual implementation of NVRAM storage management 
is not specified here and is BIOS dependent. As an example, the actual data value used to represent an empty 
block by the BIOS may be zero, rather than OFFFFFFFFH. The BIOS is responsible for translating this information 
into the header provided by this function. 


9.11.8.9 Return Codes 


After the call has been made, the return codes listed in Table 9-19 are available in the AH register. 
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Table 9-19. Return Code Definitions 


Return Code Value Description 

SUCCESS OOH The function completed successfully. 

NOT_IMPLEMENTED 86H The function is not implemented. 

ERASE_FAILURE 90H A failure because of the inability to erase the storage device. 
WRITE_FAILURE 91H A failure because of the inability to write the storage device. 
READ_FAILURE 92H A failure because of the inability to read the storage device. 
STORAGE_FULL 93H The BIOS non-volatile storage area is unable to accommodate the update 


because all available update blocks are filled with updates that are needed 
for processors in the system. 


CPU_NOT_PRESENT 94H The processor stepping does not currently exist in the system. 

INVALID_HEADER 95H The update header contains a header or loader version that is not 
recognized by the BIOS. 

INVALID_HEADER_CS 96H The update does not checksum correctly. 

SECURITY_FAILURE 97H The update was rejected by the processor. 

INVALID_REVISION 98H The same or more recent revision of the update exists in the storage device. 

UPDATE_NUM_INVALID 99H The update number exceeds the maximum number of update blocks 
implemented by the BIOS. 

NOT_EMPTY 9AH The specified update block is a subsequent block in use to store a valid 


microcode update that spans multiple blocks. 


The specified block is not a header block and is not empty. 
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CHAPTER 10 
ADVANCED PROGRAMMABLE 
INTERRUPT CONTROLLER (APIC) 


The Advanced Programmable Interrupt Controller (APIC), referred to in the following sections as the local APIC, 
was introduced into the IA-32 processors with the Pentium processor (see Section 22.27, “Advanced Program- 
mable Interrupt Controller (APIC)”) and is included in the P6 family, Pentium 4, Intel Xeon processors, and other 
more recent Intel 64 and IA-32 processor families (see Section 10.4.2, “Presence of the Local APIC”). The local 
APIC performs two primary functions for the processor: 


¢ It receives interrupts from the processor’s interrupt pins, from internal sources and from an external I/O APIC 
(or other external interrupt controller). It sends these to the processor core for handling. 


¢ In multiple processor (MP) systems, it sends and receives interprocessor interrupt (IPI) messages to and from 
other logical processors on the system bus. IPI messages can be used to distribute interrupts among the 
processors in the system or to execute system wide functions (such as, booting up processors or distributing 
work among a group of processors). 


The external I/O APIC is part of Intel’s system chip set. Its primary function is to receive external interrupt events 
from the system and its associated I/O devices and relay them to the local APIC as interrupt messages. In MP 
systems, the I/O APIC also provides a mechanism for distributing external interrupts to the local APICs of selected 
processors or groups of processors on the system bus. 


This chapter provides a description of the local APIC and its programming interface. It also provides an overview of 
the interface between the local APIC and the I/O APIC. Contact Intel for detailed information about the I/O APIC. 


When a local APIC has sent an interrupt to its processor core for handling, the processor uses the interrupt and 
exception handling mechanism described in Chapter 6, “Interrupt and Exception Handling.” See Section 6.1, “Inter- 
rupt and Exception Overview,” for an introduction to interrupt and exception handling. 


10.1 LOCAL AND I/0 APIC OVERVIEW 


Each local APIC consists of a set of APIC registers (see Table 10-1) and associated hardware that control the 
delivery of interrupts to the processor core and the generation of IPI messages. The APIC registers are memory 
mapped and can be read and written to using the MOV instruction. 


Local APICs can receive interrupts from the following sources: 


¢ Locally connected I/O devices — These interrupts originate as an edge or level asserted by an I/O device 
that is connected directly to the processor’s local interrupt pins (LINTO and LINT1). The I/O devices may also 
be connected to an 8259-type interrupt controller that is in turn connected to the processor through one of the 
local interrupt pins. 


° Externally connected I/O devices — These interrupts originate as an edge or level asserted by an I/O 
device that is connected to the interrupt input pins of an I/O APIC. Interrupts are sent as I/O interrupt 
messages from the I/O APIC to one or more of the processors in the system. 


¢ Inter-processor interrupts (IPIs) — An Intel 64 or IA-32 processor can use the IPI mechanism to interrupt 
another processor or group of processors on the system bus. IPIs are used for software self-interrupts, 
interrupt forwarding, or preemptive scheduling. 


¢ APIC timer generated interrupts — The local APIC timer can be programmed to send a local interrupt to its 
associated processor when a programmed count is reached (see Section 10.5.4, “APIC Timer”). 


¢ Performance monitoring counter interrupts — P6 family, Pentium 4, and Intel Xeon processors provide the 
ability to send an interrupt to its associated processor when a performance-monitoring counter overflows (see 
Section 19.6.3.5.8, “Generating an Interrupt on Overflow”). 


¢ Thermal Sensor interrupts — Pentium 4 and Intel Xeon processors provide the ability to send an interrupt to 
themselves when the internal thermal sensor has been tripped (see Section 14.8.2, “Thermal Monitor”). 
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¢ APIC internal error interrupts — When an error condition is recognized within the local APIC (such as an 
attempt to access an unimplemented register), the APIC can be programmed to send an interrupt to its 
associated processor (see Section 10.5.3, “Error Handling”). 


Of these interrupt sources: the processor’s LINTO and LINT1 pins, the APIC timer, the performance-monitoring 
counters, the thermal sensor, and the internal APIC error detector are referred to as local interrupt sources. 
Upon receiving a signal from a local interrupt source, the local APIC delivers the interrupt to the processor core 
using an interrupt delivery protocol that has been set up through a group of APIC registers called the local vector 
table or LVT (see Section 10.5.1, “Local Vector Table”). A separate entry is provided in the local vector table for 
each local interrupt source, which allows a specific interrupt delivery protocol to be set up for each source. For 
example, if the LINT1 pin is going to be used as an NMI pin, the LINT1 entry in the local vector table can be set up 
to deliver an interrupt with vector number 2 (NMI interrupt) to the processor core. 


The local APIC handles interrupts from the other two interrupt sources (externally connected I/O devices and IPIs) 
through its IPI message handling facilities. 


A processor can generate IPIs by programming the interrupt command register (ICR) in its local APIC (see Section 
10.6.1, “Interrupt Command Register (ICR)”). The act of writing to the ICR causes an IPI message to be generated 
and issued on the system bus (for Pentium 4 and Intel Xeon processors) or on the APIC bus (for Pentium and P6 
family processors). See Section 10.2, “System Bus Vs. APIC Bus.” 


IPIs can be sent to other processors in the system or to the originating processor (self-interrupts). When the target 
processor receives an IPI message, its local APIC handles the message automatically (using information included 
in the message such as vector number and trigger mode). See Section 10.6, “Issuing Interprocessor Interrupts,” 
for a detailed explanation of the local APIC’s IPI message delivery and acceptance mechanism. 


The local APIC can also receive interrupts from externally connected devices through the I/O APIC (see 
Figure 10-1). The I/O APIC is responsible for receiving interrupts generated by system hardware and I/O devices 
and forwarding them to the local APIC as interrupt messages. 


Pentium 4 and Pentium and P6 
Intel Xeon Processors Family Processors 
Processor Core Processor Core 
Local APIC Local APIC 
Interrupt Local Interrupt Local 
Messages Interrupts Messages Interrupts 


Interrupt} System Bus 3-Wire APIC Bus 
Messages 
Bridge <—— External 
Leal }<<—— Interrupts 


ad System Chip Set 


<—— External 
eo ene |}<<—;— Interrupts 


System Chip Set 


Figure 10-1. Relationship of Local APIC and I/O APIC In Single-Processor Systems 


Individual pins on the I/O APIC can be programmed to generate a specific interrupt vector when asserted. The I/O 
APIC also has a “virtual wire mode” that allows it to communicate with a standard 8259A-style external interrupt 
controller. Note that the local APIC can be disabled (see Section 10.4.3, “Enabling or Disabling the Local APIC”). 
This allows an associated processor core to receive interrupts directly from an 8259A interrupt controller. 
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Both the local APIC and the I/O APIC are designed to operate in MP systems (see Figures 10-2 and 10-3). Each 
local APIC handles interrupts from the I/O APIC, IPIs from processors on the system bus, and self-generated inter- 


rupts. Interrupts can also be delivered to the individual processors through the local interrupt pins; however, this 
mechanism is commonly not used in MP systems. 


Processor #1 Processor #2 Processor #3 Processor #3 
CPU CPU CPU CPU 
Local APIC Local APIC Local APIC Local APIC 
Interrupt Interrupt Interrupt Interrupt 
Messages | IPIs Messaues IPIs Messages IPIS_ Messages IPIs 
Interrupt Processor System Bus 
Messages 
Bridge 


<—— External 
WOPOIS ~<<—— Interrupts 


System Chip Set 


Figure 10-2. Local APICs and I/O APIC When Intel Xeon Processors Are Used in Multiple-Processor Systems 


rrocessor #1 Processor #2 Processor #3 Processor #4 
CPU CPU CPU CPU 
Local APIC Local APIC Local APIC Local APIC 
Interrupt IPIs Interrupt IPIs Interrupt IPIs Interrupt IPIs 
Messages Messages Messages Messages 
Interrupt 3-wire APIC Bus 
Messages 


External -——> | 
Interrupts || VO APIC 


System Chip Set 


Figure 10-3. Local APICs and I/O APIC When P6 Family Processors Are Used in Multiple-Processor Systems 


The IPI mechanism is typically used in MP systems to send fixed interrupts (interrupts for a specific vector number) 
and special-purpose interrupts to processors on the system bus. For example, a local APIC can use an IPI to 
forward a fixed interrupt to another processor for servicing. Special-purpose IPIs (including NMI, INIT, SMI and 
SIPI IPIs) allow one or more processors on the system bus to perform system-wide boot-up and control functions. 


The following sections focus on the local APIC and its implementation in the Pentium 4, Intel Xeon, and P6 family 
processors. In these sections, the terms “local APIC” and “I/O APIC” refer to local and I/O APICs used with the P6 
family processors and to local and I/O xAPICs used with the Pentium 4 and Intel Xeon processors (see Section 
10.3, “The Intel® 82489DxX External APIC, the APIC, the xAPIC, and the X2APIC”). 
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10.2 SYSTEM BUS VS. APIC BUS 


For the P6 family and Pentium processors, the I/O APIC and local APICs communicate through the 3-wire inter- 
APIC bus (see Figure 10-3). Local APICs also use the APIC bus to send and receive IPIs. The APIC bus and its 
messages are invisible to software and are not classed as architectural. 


Beginning with the Pentium 4 and Intel Xeon processors, the I/O APIC and local APICs (using the xAPIC architec- 
ture) communicate through the system bus (see Figure 10-2). The I/O APIC sends interrupt requests to the 
processors on the system bus through bridge hardware that is part of the Intel chip set. The bridge hardware 
generates the interrupt messages that go to the local APICs. IPIs between local APICs are transmitted directly on 
the system bus. 


10.3. THE INTEL® 82489DX EXTERNAL APIC, THE APIC, THE XAPIC, AND THE 
X2APIC 


The local APIC in the P6 family and Pentium processors is an architectural subset of the Intel® 82489DxX external 
APIC. See Section 22.27.1, “Software Visible Differences Between the Local APIC and the 82489DxX.” 


The APIC architecture used in the Pentium 4 and Intel Xeon processors (called the xAPIC architecture) is an exten- 
sion of the APIC architecture found in the P6 family processors. The primary difference between the APIC and 
xAPIC architectures is that with the xAPIC architecture, the local APICs and the I/O APIC communicate through the 
system bus. With the APIC architecture, they communication through the APIC bus (see Section 10.2, “System Bus 
Vs. APIC Bus”). Also, some APIC architectural features have been extended and/or modified in the xAPIC architec- 
ture. These extensions and modifications are described in Section 10.4 through Section 10.10. 


The basic operating mode of the xAPIC is xAPIC mode. The x2APIC architecture is an extension of the xAPIC 
architecture, primarily to increase processor addressability. The x2APIC architecture provides backward compati- 
bility to the xAPIC architecture and forward extendability for future Intel platform innovations. These extensions 
and modifications are supported by a new mode of execution (x2APIC mode) are detailed in Section 10.12. 


10.4 LOCAL APIC 


The following sections describe the architecture of the local APIC and how to detect it, identify it, and determine its 
status. Descriptions of how to program the local APIC are given in Section 10.5.1, “Local Vector Table,” and Section 
10.6.1, “Interrupt Command Register (ICR).” 


10.4.1. The Local APIC Block Diagram 


Figure 10-4 gives a functional block diagram for the local APIC. Software interacts with the local APIC by reading 
and writing its registers. APIC registers are memory-mapped to a 4-KByte region of the processor’s physical 
address space with an initial starting address of FEEQOOOOH. For correct APIC operation, this address space must 
be mapped to an area of memory that has been designated as strong uncacheable (UC). See Section 11.3, 
“Methods of Caching Available.” 


In MP system configurations, the APIC registers for Intel 64 or IA-32 processors on the system bus are initially 
mapped to the same 4-KByte region of the physical address space. Software has the option of changing initial 
mapping to a different 4-KByte region for all the local APICs or of mapping the APIC registers for each local APIC to 
its own 4-KByte region. Section 10.4.5, “Relocating the Local APIC Registers,” describes how to relocate the base 
address for APIC registers. 


On processors supporting x2APIC architecture (indicated by CPUID.O1H:ECX[21] = 1), the local APIC supports 
operation both in xAPIC mode and (if enabled by software) in x2APIC mode. x2APIC mode provides extended 
processor addressability (see Section 10.12). 
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NOTE 


For P6 family, Pentium 4, and Intel Xeon processors, the APIC handles all memory accesses to 
addresses within the 4-KByte APIC register space internally and no external bus cycles are 
produced. For the Pentium processors with an on-chip APIC, bus cycles are produced for accesses 
to the APIC register space. Thus, for software intended to run on Pentium processors, system 
software should explicitly not map the APIC register space to regular system memory. Doing so can 
result in an invalid opcode exception (#UD) being generated or unpredictable execution. 
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Figure 10-4. Local APIC Structure 


Table 10-1 shows how the APIC registers are mapped into the 4-KByte APIC register space. Registers are 32 bits, 
64 bits, or 256 bits in width; all are aligned on 128-bit boundaries. All 32-bit registers should be accessed using 
128-bit aligned 32-bit loads or stores. Some processors may support loads and stores of less than 32 bits to some 
of the APIC registers. This is model specific behavior and is not guaranteed to work on all processors. Any 
FP/MMX/SSE access to an APIC register, or any access that touches bytes 4 through 15 of an APIC register may 
cause undefined behavior and must not be executed. This undefined behavior could include hangs, incorrect results 
or unexpected exceptions, including machine checks, and may vary between implementations. Wider registers 
(64-bit or 256-bit) must be accessed using multiple 32-bit loads or stores, with all accesses being 128-bit aligned. 
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The local APIC registers listed in Table 10-1 are not MSRs. The only MSR associated with the programming of the 
local APIC is the IA32_APIC_BASE MSR (see Section 10.4.3, “Enabling or Disabling the Local APIC”). 


NOTE 


In processors based on Nehalem! microarchitecture, the Local APIC ID Register is no longer 
Read/Write; it is Read Only. 


Table 10-1. Local APIC Register Address Map 


Address Register Name Software Read/Write 
FEEO OOOOH Reserved 
FEEO 0010H Reserved 
FEEO 0020H Local APIC ID Register Read/Write. 
FEEO 0030H Local APIC Version Register Read Only. 
FEEO 0040H Reserved 
FEEO OO50H Reserved 
FEEO OO60H Reserved 
FEEO 0070H Reserved 
FEEO OO80H Task Priority Register (TPR) Read/Write. 
FEEO OOS0H Arbitration Priority Register! (APR) Read Only. 
FEEO OOAOH Processor Priority Register (PPR) Read Only. 
FEEO OOBOH EOI Register Write Only. 
FEEO OOCOH Remote Read Register! (RRD) Read Only 
FEEO OODOH Logical Destination Register Read/Write. 
FEEO OOEOH Destination Format Register Read/Write (See Section 
10.6.2.2). 
FEEO OOFOH Spurious Interrupt Vector Register Read/Write (See Section 10.9. 
FEEO 0100H In-Service Register (ISR); bits 31:0 Read Only. 
FEEO 0110H In-Service Register (ISR); bits 63:32 Read Only. 
FEEO 0120H In-Service Register (ISR); bits 95:64 Read Only. 
FEEO 0130H In-Service Register (ISR); bits 127:96 Read Only. 
FEEO 0140H In-Service Register (ISR); bits 159:128 Read Only. 
FEEO 0150H In-Service Register (ISR); bits 191:160 Read Only. 
FEEO 0160H In-Service Register (ISR); bits 223:192 Read Only. 
FEEO 0170H In-Service Register (ISR); bits 255:224 Read Only. 
FEEO 0180H Trigger Mode Register (TMR); bits 31:0 Read Only. 
FEEO 0190H Trigger Mode Register (TMR); bits 63:32 Read Only. 
FEEO 01A0H Trigger Mode Register (TMR); bits 95:64 Read Only. 
FEEO 01BOH Trigger Mode Register (TMR); bits 127:96 Read Only. 
FEEO 01COH Trigger Mode Register (TMR); bits 159:128 Read Only. 
FEEO 01DO0H Trigger Mode Register (TMR); bits 191:160 Read Only. 


1. See Table 2-1, “CPUID Signature Values of DisplayFamily_DisplayModel,” on page 1, and Section 2.8, “MSRs In the Nehalem Microar- 
chitecture” of the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 4 to determine which processors are 
based on Nehalem microarchitecture. 
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Table 10-1. Local APIC Register Address Map (Contd.) 


Address Register Name Software Read/Write 
FEEO 01E0H Trigger Mode Register (TMR); bits 223:192 Read Only. 
FEEO 01FOH Trigger Mode Register (TMR); bits 255:224 Read Only. 
FEEO O200H Interrupt Request Register (IRR); bits 31:0 Read Only. 
FEEO 0210H Interrupt Request Register (IRR); bits 63:32 Read Only. 
FEEO 0220H Interrupt Request Register (IRR); bits 95:64 Read Only. 
FEEO 0230H Interrupt Request Register (IRR); bits 127:96 Read Only. 
FEEO 0240H Interrupt Request Register (IRR); bits 159:128 Read Only. 
FEEO 0250H Interrupt Request Register (IRR); bits 191:160 Read Only. 
FEEO 0260H Interrupt Request Register (IRR); bits 223:192 Read Only. 
FEEO 0270H Interrupt Request Register (IRR); bits 255:224 Read Only. 
FEEO 0280H Error Status Register Read Only. 
FEEO 0290H through Reserved 

FEEO O2E0H 

FEEO O2FOH LT Corrected Machine Check Interrupt (CMCI) Register Read/Write. 
FEEO 0300H Interrupt Command Register (ICR); bits 0-31 Read/Write. 
FEEO 0310H Interrupt Command Register (ICR); bits 32-63 Read/Write. 
FEEO 0320H LVT Timer Register Read/Write. 
FEEO 0330H LVT Thermal Sensor Register@ Read/Write. 
FEEO 0340H LVT Performance Monitoring Counters Register? Read/Write. 
FEEO 0350H LVT LINTO Register Read/Write. 
FEEO 0360H LVT LINT1 Register Read/Write. 
FEEO 0370H LVT Error Register Read/Write. 
FEEO 0380H Initial Count Register (for Timer) Read/Write. 
FEEO 0390H Current Count Register (for Timer) Read Only. 
FEEO O3A0H through Reserved 

FEEO O3D0H 

FEEO O3E0H Divide Configuration Register (for Timer) Read/Write. 
FEEO O3FOH Reserved 

NOTES: 


1. Not supported in the Pentium 4 and Intel Xeon processors. The Illegal Register Access bit (7) of the ESR will not be set when writ- 
ing to these registers. 

2. Introduced in the Pentium 4 and Intel Xeon processors. This APIC register and its associated function are implementation depen- 
dent and may not be present in future IA-32 or Intel 64 processors. 

3. Introduced in the Pentium Pro processor. This APIC register and its associated function are implementation dependent and may not 
be present in future IA-32 or Intel 64 processors. 


10.4.2 Presence of the Local APIC 


Beginning with the P6 family processors, the presence or absence of an on-chip local APIC can be detected using 
the CPUID instruction. When the CPUID instruction is executed with a source operand of 1 in the EAX register, bit 9 
of the CPUID feature flags returned in the EDX register indicates the presence (set) or absence (clear) of a local 
APIC. 
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10.4.3. Enabling or Disabling the Local APIC 
The local APIC can be enabled or disabled in either of two ways: 
1. Using the APIC global enable/disable flag in the IA32_APIC_BASE MSR (MSR address 1BH; see Figure 10-5): 


— When IA32_APIC_BASE[11] is 0, the processor is functionally equivalent to an IA-32 processor without an 
on-chip APIC. The CPUID feature flag for the APIC (see Section 10.4.2, “Presence of the Local APIC”) is also 
set to 0. 


— When IA32_APIC_BASE[11] is set to 0, processor APICs based on the 3-wire APIC bus cannot be generally 
re-enabled until a system hardware reset. The 3-wire bus loses track of arbitration that would be necessary 
for complete re-enabling. Certain APIC functionality can be enabled (for example: performance and 
thermal monitoring interrupt generation). 


— For processors that use Front Side Bus (FSB) delivery of interrupts, software may disable or enable the 
APIC by setting and resetting IA32_APIC_BASE[11]. A hardware reset is not required to re-start APIC 
functionality, if software guarantees no interrupt will be sent to the APIC as IA32_APIC_BASE[11] is 
cleared. 


— When JA32_APIC_BASE[11] is set to 0, prior initialization to the APIC may be lost and the APIC may return 
to the state described in Section 10.4.7.1, “Local APIC State After Power-Up or Reset.” 


2. Using the APIC software enable/disable flag in the spurious-interrupt vector register (see Figure 10-23): 


— If IA32_APIC_BASE[11] is 1, software can temporarily disable a local APIC at any time by clearing the APIC 
software enable/disable flag in the spurious-interrupt vector register (see Figure 10-23). The state of the 
local APIC when in this software-disabled state is described in Section 10.4.7.2, “Local APIC State After It 
Has Been Software Disabled.” 


— When the local APIC is in the software-disabled state, it can be re-enabled at any time by setting the APIC 
software enable/disable flag to 1. 


For the Pentium processor, the APICEN pin (which is shared with the PICD1 pin) is used during power-up or reset 
to disable the local APIC. 


Note that each entry in the LVT has a mask bit that can be used to inhibit interrupts from being delivered to the 
processor from selected local interrupt sources (the LINTO and LINT1 pins, the APIC timer, the performance-moni- 
toring counters, Intel® Processor Trace, the thermal sensor, and/or the internal APIC error detector). 


10.4.4 Local APIC Status and Location 


The status and location of the local APIC are contained in the IA32_APIC_BASE MSR (see Figure 10-5). MSR bit 
functions are described below: 


° BSP flag, bit 8 — Indicates if the processor is the bootstrap processor (BSP). See Section 8.4, “Multiple- 
Processor (MP) Initialization.” Following a power-up or reset, this flag is set to 1 for the processor selected as 
the BSP and set to 0 for the remaining processors (APs). 


° APIC Global Enable flag, bit 11 — Enables or disables the local APIC (see Section 10.4.3, “Enabling or 


Disabling the Local APIC”). This flag is available in the Pentium 4, Intel Xeon, and P6 family processors. It is not 
guaranteed to be available or available at the same location in future Intel 64 or IA-32 processors. 


° APIC Base field, bits 12 through 35 — Specifies the base address of the APIC registers. This 24-bit value is 
extended by 12 bits at the low end to form the base address. This automatically aligns the address on a 4-KByte 
boundary. Following a power-up or reset, the field is set to FEEO OOOOH. 


* Bits 0 through 7, bits 9 and 10, and bits MAXPHYADDR? through 63 in the IA32_APIC_BASE MSR are reserved. 


2. The MAXPHYADDR is 36 bits for processors that do not support CPUID leaf 80000008H, or indicated by 
CPUID.8O000008H:EAX[bits 7:0] for processors that support CPUID leaf 8OO00008H. 
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63 MAXPHYADDR 121110987 0 


Reserved APIC Base | | 


APIC Base—Base physical address 
APIC global enable/disable 
BSP—Processor is BSP 


Reserved 


Figure 10-5. IA32_APIC_BASE MSR (APIC_BASE_MSR in P6 Family) 


10.4.5 Relocating the Local APIC Registers 


The Pentium 4, Intel Xeon, and P6 family processors permit the starting address of the APIC registers to be relo- 
cated from FEEQOOOOH to another physical address by modifying the value in the base address field of the 
IA32_APIC_BASE MSR. This extension of the APIC architecture is provided to help resolve conflicts with memory 
maps of existing systems and to allow individual processors in an MP system to map their APIC registers to 
different locations in physical memory. 


10.4.6 Local APIC ID 


At power up, system hardware assigns a unique APIC ID to each local APIC on the system bus (for Pentium 4 and 
Intel Xeon processors) or on the APIC bus (for P6 family and Pentium processors). The hardware assigned APIC ID 
is based on system topology and includes encoding for socket position and cluster information (see Figure 8-2 and 
Section 8.9.1, “Hierarchical Mapping of Shared Resources”). 


In MP systems, the local APIC ID is also used as a processor ID by the BIOS and the operating system. Some 
processors permit software to modify the APIC ID. However, the ability of software to modify the APIC ID is 
processor model specific. Because of this, operating system software should avoid writing to the local APIC ID 
register. The value returned by bits 31-24 of the EBX register (when the CPUID instruction is executed with a 
source operand value of 1 in the EAX register) is always the Initial APIC ID (determined by the platform initializa- 
tion). This is true even if software has changed the value in the Local APIC ID register. 


The processor receives the hardware assigned APIC ID (or Initial APIC ID) by sampling pins A11# and A12# and 
pins BRO# through BR3# (for the Pentium 4, Intel Xeon, and P6 family processors) and pins BEO# through BE3# 
(for the Pentium processor). The APIC ID latched from these pins is stored in the APIC ID field of the local APIC ID 
register (see Figure 10-6), and is used as the Initial APIC ID for the processor. 


P6 family and Pentium processors 
xAPIC Mode 31 27 2A 0 


Address: 0FEE0 0020H 
Value after reset: 0000 0000H APIC ID Reserved 
Pentium 4 processors, Xeon processors, and later processors 


31 24 0 
APIC ID Reserved 


x2APIC Mode 31 0 
MSR Address: 802H x2APIC ID 


Figure 10-6. Local APIC ID Register 
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For the P6 family and Pentium processors, the local APIC ID field in the local APIC ID register is 4 bits. Encodings 
OH through EH can be used to uniquely identify 15 different processors connected to the APIC bus. For the Pentium 
4 and Intel Xeon processors, the xAPIC specification extends the local APIC ID field to 8 bits. These can be used to 
identify up to 255 processors in the system. 


10.4.7 Local APIC State 


The following sections describe the state of the local APIC and its registers following a power-up or reset, after the 
local APIC has been software disabled, following an INIT reset, and following an INIT-deassert message. 


x2APIC will introduce 32-bit ID; see Section 10.12. 


10.4.7.1 Local APIC State After Power-Up or Reset 
Following a power-up or reset of the processor, the state of local APIC and its registers are as follows: 
° The following registers are reset to all Os. 
¢ IRR, ISR, TMR, ICR, LDR, and TPR. 
¢ Timer initial count and timer current count registers. 
¢ Divide configuration register. 
¢ The DFR register is reset to all 1s. 
° The LVT register is reset to Os except for the mask bits; these are set to 1s. 
¢ The local APIC version register is not affected. 


¢ The local APIC ID register is set to a unique APIC ID. (Pentium and P6 family processors only). The Arb ID 
register is set to the value in the APIC ID register. 


¢ The spurious-interrupt vector register is initialized to OOOOOOFFH. By setting bit 8 to 0, software disables the 
local APIC. 


e If the processor is the only processor in the system or it is the BSP in an MP system (see Section 8.4.1, “BSP 
and AP Processors”); the local APIC will respond normally to INIT and NMI messages, to INIT# signals and to 
STPCLK# signals. If the processor is in an MP system and has been designated as an AP; the local APIC will 
respond the same as for the BSP. In addition, it will respond to SIPI messages. For P6 family processors only, 
an AP will not respond to a STPCLK# signal. 


10.4.7.2 Local APIC State After It Has Been Software Disabled 


When the APIC software enable/disable flag in the spurious interrupt vector register has been explicitly cleared (as 
opposed to being cleared during a power up or reset), the local APIC is temporarily disabled (see Section 10.4.3, 
“Enabling or Disabling the Local APIC”). The operation and response of a local APIC while in this software-disabled 
state is as follows: 


¢ The local APIC will respond normally to INIT, NMI, SMI, and SIPI messages. 
¢ Pending interrupts in the IRR and ISR registers are held and require masking or handling by the CPU. 


¢ The local APIC can still issue IPIs. It is software’s responsibility to avoid issuing IPIs through the IPI mechanism 
and the ICR register if sending interrupts through this mechanism is not desired. 


¢ The reception of any interrupt or transmission of any IPIs that are in progress when the local APIC is disabled 
are completed before the local APIC enters the software-disabled state. 


¢ The mask bits for all the LVT entries are set. Attempts to reset these bits will be ignored. 


¢ (For Pentium and P6 family processors) The local APIC continues to listen to all bus messages in order to keep 
its arbitration ID synchronized with the rest of the system. 


10.4.7.3. Local APIC State After an INIT Reset (“Wait-for-SIPI” State) 


An INIT reset of the processor can be initiated in either of two ways: 
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¢ By asserting the processor’s INIT# pin. 
¢ By sending the processor an INIT IPI (an IPI with the delivery mode set to INIT). 


Upon receiving an INIT through either of these mechanisms, the processor responds by beginning the initialization 
process of the processor core and the local APIC. The state of the local APIC following an INIT reset is the same as 
it is after a power-up or hardware reset, except that the APIC ID and arbitration ID registers are not affected. This 
state is also referred to at the “wait-for-SIPI” state (see also: Section 8.4.2, “MP Initialization Protocol Require- 
ments and Restrictions”). 


10.4.7.4 Local APIC State After It Receives an INIT-Deassert IPI 


Only the Pentium and P6 family processors support the INIT-deassert IPI. An INIT-deassert IPI has no affect on the 
state of the APIC, other than to reload the arbitration ID register with the value in the APIC ID register. 


10.4.8 Local APIC Version Register 


The local APIC contains a hardwired version register. Software can use this register to identify the APIC version 
(see Figure 10-7). In addition, the register specifies the number of entries in the local vector table (LVT) for a 
specific implementation. 


The fields in the local APIC version register are as follows: 


Version The version numbers of the local APIC: 
OXH 82489DxX discrete APIC. 
10H - 15H Integrated APIC. 


Other values reserved. 


Max LVT Entry Shows the number of LVT entries minus 1. For the Pentium 4 and Intel Xeon processors (which 
have 6 LVT entries), the value returned in the Max LVT field is 5; for the P6 family processors 
(which have 5 LVT entries), the value returned is 4; for the Pentium processor (which has 4 LVT 
entries), the value returned is 3. For processors based on the Nehalem microarchitecture 
(which has 7 LVT entries) and onward, the value returned is 6. 


Suppress EOI-broadcasts 
Indicates whether software can inhibit the broadcast of EOI message by setting bit 12 of the 
Spurious Interrupt Vector Register; see Section 10.8.5 and Section 10.9. 


31 25 24 23 16 15 8 7 0 


Reserved Max LVT Entry Reserved Version 


Support for EOl-broadcast suppression 


Value after reset: OBNN OOVVH 

V = Version, N = # of LVT entries minus 1, 

B = 1 if EOl-broadcast suppression supported 
Address: FEEO 0030H 


Figure 10-7. Local APIC Version Register 


10.5 HANDLING LOCAL INTERRUPTS 


The following sections describe facilities that are provided in the local APIC for handling local interrupts. These 
include: the processor’s LINTO and LINT1 pins, the APIC timer, the performance-monitoring counters, Intel 
Processor Trace, the thermal sensor, and the internal APIC error detector. Local interrupt handling facilities include: 
the LVT, the error status register (ESR), the divide configuration register (DCR), and the initial count and current 
count registers. 
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10.5.1 Local Vector Table 


The local vector table (LVT) allows software to specify the manner in which the local interrupts are delivered to the 
processor core. It consists of the following 32-bit APIC registers (see Figure 10-8), one for each local interrupt: 


LVT CMCI Register (FEEO O2FOH) — Specifies interrupt delivery when an overflow condition of corrected 
machine check error count reaching a threshold value occurred in a machine check bank supporting CMCI (see 
Section 15.5.1, “CMCI Local APIC Interface”). 


LVT Timer Register (FEEO 0320H) — Specifies interrupt delivery when the APIC timer signals an interrupt 
(see Section 10.5.4, “APIC Timer”). 


LVT Thermal Monitor Register (FEEO 0330H) — Specifies interrupt delivery when the thermal sensor 
generates an interrupt (see Section 14.8.2, “Thermal Monitor”). This LVT entry is implementation specific, not 
architectural. If implemented, it will always be at base address FEEO 0330H. 

LVT Performance Counter Register (FEEO 0340H) — Specifies interrupt delivery when a performance 
counter generates an interrupt on overflow (see Section 19.6.3.5.8, “Generating an Interrupt on Overflow”) or 
when Intel PT signals a ToPA PMI (see Section 32.2.7.2). This LVT entry is implementation specific, not archi- 
tectural. If implemented, it is not guaranteed to be at base address FEEO 0340H. 


LVT LINTO Register (FEEO 0350H) — Specifies interrupt delivery when an interrupt is signaled at the LINTO 
pin. 
LVT LINT1 Register (FEEO 0360H) — Specifies interrupt delivery when an interrupt is signaled at the LINT1 
pin. 


LVT Error Register (FEEO 0370H) — Specifies interrupt delivery when the APIC detects an internal error 
(see Section 10.5.3, “Error Handling”). 


The LVT performance counter register and its associated interrupt were introduced in the P6 processors and are 
also present in the Pentium 4 and Intel Xeon processors. The LVT thermal monitor register and its associated inter- 
rupt were introduced in the Pentium 4 and Intel Xeon processors. The LVT CMCI register and its associated inter- 
rupt were introduced in the Intel Xeon 5500 processors. 


As shown in Figures 10-8, some of these fields and flags are not available (and reserved) for some entries. 


The setup information that can be specified in the registers of the LVT table is as follows: 
Vector Interrupt vector number. 
Delivery Mode Specifies the type of interrupt to be sent to the processor. Some delivery modes will only 


operate as intended when used in conjunction with a specific trigger mode. The allowable 
delivery modes are as follows: 


000 (Fixed) Delivers the interrupt specified in the vector field. 


010 (SMI) Delivers an SMI interrupt to the processor core through the processor's lo- 
cal SMI signal path. When using this delivery mode, the vector field should 
be set to OOH for future compatibility. 


100 (NMI) Delivers an NMI interrupt to the processor. The vector information is ig- 
nored. 


101 (INIT) Delivers an INIT request to the processor core, which causes the processor 
to perform an INIT. When using this delivery mode, the vector field should 
be set to OOH for future compatibility. Not supported for the LVT CMCI reg- 
ister, the LVT thermal monitor register, or the LVT performance counter 
register. 


110 Reserved; not supported for any LVT register. 


111 (ExtINT) Causes the processor to respond to the interrupt as if the interrupt origi- 
nated in an externally connected (8259A-compatible) interrupt controller. 
A special INTA bus cycle corresponding to ExtINT, is routed to the external 
controller. The external controller is expected to supply the vector informa- 
tion. The APIC architecture supports only one ExtINT source in a system, 
usually contained in the compatibility bridge. Only one processor in the 
system should have an LVT entry configured to use the ExtINT delivery 
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31 19 18 17 16 15 1312 11 87 0 
Timer Vector 
A . 
Timer Mode 1 ie ee 
00: One-shot alue after Reset: 
01: Periodic 
10: TSC-Deadline Bellvery statue 
0: Idle 
1: Send Pending 
Maskt 
0: Not Masked 
1: Masked | | 
Interrupt Input Delivery Mode 
Pin Polarity 000: Fixed 
010: SMI 
100: NMI 
Remote 111: ExtINT 
IRR 101: INIT 
All other combinations 
are reserved 
Trigger Mode 
0: Edge 
1: Level 
31 17 Yoy y 10] 87 0 
CMCI Vector 
LINTO Vector 
LINT1 Vector 
Error Vector 
Performance 
Mon. Counters Vector 
Thermal 
Sensor Vector 
16 15 14 13 12 
R q Address: FEEO 02FOH 
poene Address: FEEO 0350H 
Address: FEEO 0360H 
Address: FEEO 0370H 
t (Pentium 4 and Intel Xeon processors.) When a Address: FEEO 0340H 
performance monitoring counters interrupt is generated, Address: FEEO 0330H 
the mask bit for its associated LVT entry is set. Value After Reset: 0001 0000H 


Figure 10-8. Local Vector Table (LVT) 


mode. Not supported for the LVT CMCI register, the LVT thermal monitor 
register, or the LVT performance counter register. 
Delivery Status (Read Only) 
Indicates the interrupt delivery status, as follows: 


O (Idle) There is currently no activity for this interrupt source, or the previous in- 
terrupt from this source was delivered to the processor core and accepted. 
1 (Send Pending) 
Indicates that an interrupt from this source has been delivered to the pro- 


cessor core but has not yet been accepted (see Section 10.5.5, “Local In- 
terrupt Acceptance”). 
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Interrupt Input Pin Polarity 


Specifies the polarity of the corresponding interrupt pin: (0) active high or (1) active low. 


Remote IRR Flag (Read Only) 


Trigger Mode 


Mask 


Timer Mode 
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For fixed mode, level-triggered interrupts; this flag is set when the local APIC accepts the 
interrupt for servicing and is reset when an EOI command is received from the processor. The 
meaning of this flag is undefined for edge-triggered interrupts and other delivery modes. 


Selects the trigger mode for the local LINTO and LINT1 pins: (0) edge sensitive and (1) level 
sensitive. This flag is only used when the delivery mode is Fixed. When the delivery mode is 
NMI, SMI, or INIT, the trigger mode is always edge sensitive. When the delivery mode is 
ExtINT, the trigger mode is always level sensitive. The timer and error interrupts are always 
treated as edge sensitive. 


If the local APIC is not used in conjunction with an I/O APIC and fixed delivery mode is 
selected; the Pentium 4, Intel Xeon, and P6 family processors will always use level-sensitive 
triggering, regardless if edge-sensitive triggering is selected. 


Software should always set the trigger mode in the LVT LINT1 register to 0 (edge sensitive). 
Level-sensitive interrupts are not supported for LINT1. 


Interrupt mask: (0) enables reception of the interrupt and (1) inhibits reception of the inter- 
rupt. When the local APIC handles a performance-monitoring counters interrupt, it automati- 
cally sets the mask flag in the LVT performance counter register. This flag is set to 1 on reset. 
It can be cleared only by software. 


Bits 18:17 selects the timer mode (see Section 10.5.4): 
(00b) one-shot mode using a count-down value, 
(01b) periodic mode reloading a count-down value, 


(10b) TSC-Deadline mode using absolute target value in IA32_TSC_DEADLINE MSR (see 
Section 10.5.4.1), 


(11b) is reserved. 
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10.5.2 Valid Interrupt Vectors 


The Intel 64 and IA-32 architectures define 256 vector numbers, ranging from 0 through 255 (see Section 6.2, 
“Exception and Interrupt Vectors”). Local and I/O APICs support 240 of these vectors (in the range of 16 to 255) 
as valid interrupts. 


When an interrupt vector in the range of 0 to 15 is sent or received through the local APIC, the APIC indicates an 
illegal vector in its Error Status Register (see Section 10.5.3, “Error Handling”). The Intel 64 and IA-32 architec- 
tures reserve vectors 16 through 31 for predefined interrupts, exceptions, and Intel-reserved encodings (see Table 
6-1). However, the local APIC does not treat vectors in this range as illegal. 


When an illegal vector value (0 to 15) is written to an LVT entry and the delivery mode is Fixed (bits 8-11 equal 0), 
the APIC may signal an illegal vector error, without regard to whether the mask bit is set or whether an interrupt is 
actually seen on the input. 


10.5.3. Error Handling 


The local APIC records errors detected during interrupt handling in the error status register (ESR). The format of 
the ESR is given in Figure 10-9; it contains the following flags: 


31 87654 3210 


Reserved 


Illegal Register Address" 
Received Illegal Vector 
Send Illegal Vector 
Redirectable IPI 
Receive Accept Error® 
Send Accept Error? 
Receive Checksum Error? 
Send Checksum Error® 


Address: FEEO 0280H 
Value after reset: OH 


NOTES: 


1. Used only by Intel Core, Pentium 4, Intel Xeon, and P6 family 
processors; reserved on the Pentium processor. 

2. Used only by some Intel Core and Intel Xeon processors; 
reserved on other processors. 

3. Used only by the P6 family and Pentium processors; 
reserved on Intel Core, Pentium 4 and Intel Xeon processors. 


Figure 10-9. Error Status Register (ESR) 


¢ Bit 0: Send Checksum Error. 
Set when the local APIC detects a checksum error for a message that it sent on the APIC bus. Used only on P6 
family and Pentium processors. 


¢  =Bit 1: Receive Checksum Error. 
Set when the local APIC detects a checksum error for a message that it received on the APIC bus. Used only on 
P6 family and Pentium processors. 

¢ Bit 2: Send Accept Error. 


Set when the local APIC detects that a message it sent was not accepted by any APIC on the APIC bus. Used 
only on P6 family and Pentium processors. 


¢ Bit 3: Receive Accept Error. 
Set when the local APIC detects that the message it received was not accepted by any APIC on the APIC bus, 
including itself. Used only on P6 family and Pentium processors. 
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° Bit 4: Redirectable IPI. 
Set when the local APIC detects an attempt to send an IPI with the lowest-priority delivery mode and the local 
APIC does not support the sending of such IPIs. This bit is used on some Intel Core and Intel Xeon processors. 
As noted in Section 10.6.2, the ability of a processor to send a lowest-priority IPI is model-specific and should 
be avoided. 


¢ Bit 5: Send Illegal Vector. 
Set when the local APIC detects an illegal vector (one in the range 0 to 15) in the message that it is sending. 
This occurs as the result of a write to the ICR (in both xAPIC and x2APIC modes) or to SELF IPI register (x2APIC 
mode only) with an illegal vector. 


If the local APIC does not support the sending of lowest-priority IPIs and software writes the ICR to send a 
lowest-priority IPI with an illegal vector, the local APIC sets only the “redirectable IPI” error bit. The interrupt is 
not processed and hence the “Send Illegal Vector” bit is not set in the ESR. 


° Bit 6: Receive Illegal Vector. 
Set when the local APIC detects an illegal vector (one in the range O to 15) in an interrupt message it receives 
or in an interrupt generated locally from the local vector table or via a self IPI. Such interrupts are not delivered 
to the processor; the local APIC will never set an IRR bit in the range 0 to 15. 


° Bit 7: Illegal Register Address 
Set when the local APIC is in xAPIC mode and software attempts to access a register that is reserved in the 
processor's local-APIC register-address space; see Table 10-1. (The local-APIC register-address space 
comprises the 4 KBytes at the physical address specified in the IA32_APIC_BASE MSR.) Used only on Intel 
Core, Intel Atom, Pentium 4, Intel Xeon, and P6 family processors. 


In x2APIC mode, software accesses the APIC registers using the RDMSR and WRMSR instructions. Use of one 
of these instructions to access a reserved register cause a general-protection exception (see Section 
10.12.1.3). They do not set the “Illegal Register Access” bit in the ESR. 


The ESR is a write/read register. Before attempt to read from the ESR, software should first write to it. (The value 
written does not affect the values read subsequently; only zero may be written in x2APIC mode.) This write clears 
any previously logged errors and updates the ESR with any errors detected since the last write to the ESR. This 
write also rearms the APIC error interrupt triggering mechanism. 


The LVT Error Register (see Section 10.5.1) allows specification of the vector of the interrupt to be delivered to the 
processor core when APIC error is detected. The register also provides a means of masking an APIC-error interrupt. 
This masking only prevents delivery of APIC-error interrupts; the APIC continues to record errors in the ESR. 


10.5.4 APIC Timer 


The local APIC unit contains a 32-bit programmable timer that is available to software to time events or operations. 
This timer is set up by programming four registers: the divide configuration register (see Figure 10-10), the initial- 
count and current-count registers (see Figure 10-11), and the LVT timer register (see Figure 10-8). 


If CPUID.O6H:EAX.ARAT[bit 2] = 1, the processor’s APIC timer runs at a constant rate regardless of P-state transi- 
tions and it continues to run at the same rate in deep C-states. 


If CPUID.O6H:EAX.ARAT[bit 2] = 0 or if CPUID 06H is not supported, the APIC timer may temporarily stop while the 
processor is in deep C-states or during transitions caused by Enhanced Intel SpeedStep® Technology. 


The APIC timer frequency will be the processor’s bus clock or core crystal clock frequency (when TSC/core crystal 
clock ratio is enumerated in CPUID leaf 0x15) divided by the value specified in the divide configuration register. 


The timer can be configured through the timer LVT entry for one-shot or periodic operation. In one-shot mode, the 
timer is started by programming its initial-count register. The initial count value is then copied into the current- 
count register and count-down begins. After the timer reaches zero, a timer interrupt is generated and the timer 
remains at its 0 value until reprogrammed. 


In periodic mode, the timer is started by writing to the initial-count register (as in one-shot mode), and the value 
written is copied into the current-count register, which counts down. The current-count register is automatically 
reloaded from the initial-count register when the count reaches 0 and a timer interrupt is generated, and the count- 
down is repeated. If during the count-down process the initial-count register is set, counting will restart, using the 
new initial-count value. The initial-count register is a read-write register; the current-count register is read only. 
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31 43210 


Reserved 0 


Address: FEEO 03EQH 
Value after reset: OH 


Divide Value (bits 0, 1 and 3) —___| 
000: Divide by 2 

001: Divide by 4 

010: Divide by 8 

011: Divide by 16 

100: Divide by 32 

101: Divide by 64 

110: Divide by 128 

111: Divide by 1 


Figure 10-10. Divide Configuration Register 


31 0 


Initial Count 


Current Count 


Address: Initial Count FEEO 0380H 
Current Count FEEO 0390H 
Value after reset: OH 


Figure 10-11. Initial Count and Current Count Registers 


A write of 0 to the initial-count register effectively stops the local APIC timer, in both one-shot and periodic mode. 


The LVT timer register determines the vector number that is delivered to the processor with the timer interrupt that 
is generated when the timer count reaches zero. The mask flag in the LVT timer register can be used to mask the 


timer interrupt. 


NOTE 


Changing the mode of the APIC timer (from one-shot to periodic or vice versa) by writing to the 
timer LVT entry does not start the timer. To start the timer, it is necessary to write to the initial- 
count register as described above. 


10.5.4.1 TSC-Deadline Mode 
The mode of operation of the local-APIC timer is determined by the LVT Timer Register. Specifically: 
° If CPUID.01H:ECX.TSC_Deadline[bit 24] = 0, the mode is determined by bit 17 of the register. 


¢ If CPUID.01H:ECX.TSC_Deadline[bit 24] = 1, the mode is determined by bits 18:17. See Figure 10-8. (If 
CPUID.01H:ECX.TSC_Deadline[bit 24] = 0, bit 18 of the register is reserved.) 


The supported timer modes are given in Table 10-2. The three modes of the local APIC timer are mutually exclu- 
sive. 


Table 10-2. Local APIC Timer Modes 


LWT Bits [18:17] Timer Mode 

O0Ob One-shot mode, program count-down value in an initial-count register. See Section 10.5.4 
01b Periodic mode, program interval value in an initial-count register. See Section 10.5.4 

10b TSC-Deadline mode, program target value in IA32_TSC_DEADLINE MSR. 

11b Reserved 
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TSC-deadline mode allows software to use the local APIC timer to signal an interrupt at an absolute time. In TSC- 
deadline mode, writes to the initial-count register are ignored; and current-count register always reads O. Instead, 
timer behavior is controlled using the IA32_TSC_DEADLINE MSR. 


The IA32_TSC_DEADLINE MSR (MSR address 6EOH) is a per-logical processor MSR that specifies the time at which 
a timer interrupt should occur. Writing a non-zero 64-bit value into IA32_TSC_DEADLINE arms the timer. An inter- 
rupt is generated when the logical processor’s time-stamp counter equals or exceeds the target value in the 
IA32_TSC_DEADLINE MSR.? When the timer generates an interrupt, it disarms itself and clears the 
IA32_TSC_DEADLINE MSR. Thus, each write to the IA32_TSC_DEADLINE MSR generates at most one timer inter- 
rupt. 


In TSC-deadline mode, writing 0 to the IA32_TSC_DEADLINE MSR disarms the local-APIC timer. Transitioning 
between TSC-deadline mode and other timer modes also disarms the timer. 


The hardware reset value of the IA32_TSC_DEADLINE MSR is 0. In other timer modes (LVT bit 18 = 0), the 
IA32_TSC_DEADLINE MSR reads zero and writes are ignored. 


Software can configure the TSC-deadline timer to deliver a single interrupt using the following algorithm: 
1. Detect support for TSC-deadline mode by verifying CPUID.1:ECX.24 = 1. 
2. Select the TSC-deadline mode by programming bits 18:17 of the LVT Timer register with 10b. 


3. Program the IA32_TSC_DEADLINE MSR with the target TSC value at which the timer interrupt is desired. This 
causes the processor to arm the timer. 


4. The processor generates a timer interrupt when the value of time-stamp counter is greater than or equal to that 
of IA32_TSC_DEADLINE. It then disarms the timer and clear the IA32_TSC_DEADLINE MSR. (Both the time- 
stamp counter and the IA32_TSC_DEADLINE MSR are 64-bit unsigned integers.) 


5. Software can re-arm the timer by repeating step 3. 
The following are usage guidelines for TSC-deadline mode: 


° Writes to the IA32_TSC_DEADLINE MSR are not serialized. Therefore, system software should not use WRMSR 
to the IA32_TSC_DEADLINE MSR as a serializing instruction. Read and write accesses to the 
IA32_TSC_DEADLINE and other MSR registers will occur in program order. 


¢ Software can disarm the timer at any time by writing 0 to the IA32_TSC_DEADLINE MSR. 


e If timer is armed, software can change the deadline (forward or backward) by writing a new value to the 
IA32_TSC_DEADLINE MSR. 


e If software disarms the timer or postpones the deadline, race conditions may result in the delivery of a spurious 
timer interrupt. Software is expected to detect such spurious interrupts by checking the current value of the 
time-stamp counter to confirm that the interrupt was desired.? 


° In xAPIC mode (in which the local-APIC registers are memory-mapped), software must order the memory- 
mapped write to the LVT entry that enables TSC-deadline mode and any subsequent WRMSR to the 
IA32_TSC_DEADLINE MSR. Software can assure proper ordering by executing the MFENCE instruction after the 
memory-mapped write and before any WRMSR. (In x2APIC mode, the WRMSR instruction is used to write to 
the LVT entry. The processor ensures the ordering of this write and any subsequent WRMSR to the deadline; no 
fencing is required.) 


3. If the logical processor is in VMX non-root operation, a read of the time-stamp counter (using either RDMSR, RDTSC, or RDTSCP) may 
not return the actual value of the time-stamp counter; see Chapter 25 of the Intel® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 3C. It is the responsibility of software operating in VMX root operation to coordinate the virtualization of the 
time-stamp counter and the [A32_TSC_DEADLINE MSR. 


10-18 Vol. 3A 


ADVANCED PROGRAMMABLE INTERRUPT CONTROLLER (APIC) 


10.5.5 —_ Local Interrupt Acceptance 


When a local interrupt is sent to the processor core, it is subject to the acceptance criteria specified in the interrupt 
acceptance flow chart in Figure 10-17. If the interrupt is accepted, it is logged into the IRR register and handled by 
the processor according to its priority (see Section 10.8.4, “Interrupt Acceptance for Fixed Interrupts”). If the 
interrupt is not accepted, it is sent back to the local APIC and retried. 


10.6 ISSUING INTERPROCESSOR INTERRUPTS 


The following sections describe the local APIC facilities that are provided for issuing interprocessor interrupts (IPIs) 

from software. The primary local APIC facility for issuing IPIs is the interrupt command register (ICR). The ICR can 

be used for the following functions: 

¢ To send an interrupt to another processor. 

* To allow a processor to forward an interrupt that it received but did not service to another processor for 
servicing. 

¢° To direct the processor to interrupt itself (perform a self interrupt). 

° To deliver special IPIs, such as the start-up IPI (SIPI) message, to other processors. 

Interrupts generated with this facility are delivered to the other processors in the system through the system bus 

(for Pentium 4 and Intel Xeon processors) or the APIC bus (for P6 family and Pentium processors). The ability for a 

processor to send a lowest priority IPI is model specific and should be avoided by BIOS and operating system soft- 

ware. 


10.6.1. Interrupt Command Register (ICR) 


The interrupt command register (ICR) is a 64-bit* local APIC register (see Figure 10-12) that allows software 
running on the processor to specify and send interprocessor interrupts (IPIs) to other processors in the system. 


To send an IPI, software must set up the ICR to indicate the type of IPI message to be sent and the destination 
processor or processors. (All fields of the ICR are read-write by software with the exception of the delivery status 
field, which is read-only.) The act of writing to the low doubleword of the ICR causes the IPI to be sent. 


4. In XAPIC mode the ICR is addressed as two 32-bit registers, ICR_LOW (FFEO 0300H) and ICR_HIGH (FFEO 0310H). In x2APIC mode, 
the ICR uses MSR 830H. 
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63 56 55 32 
Destination Field Reserved 
31 2019181716 1514 1312 1110 87 0 
Reserved Vector 
Destination Shorthand Delivery Mode 
00: No Shorthand 000: Fixed 


01: Self 
10: All Including Self 
11: All Excluding Self 


Reserved 


Address: FEEO 0300H (0 - 31) 
FEEO 0310H (32 - 63) 


Value after Reset: OH 


NOTE: 


001: Lowest Priority! 
010: SMI 

011: Reserved 

100: NMI 

101: INIT 

110: Start Up 

111: Reserved 


Destination Mode 
0: Physical 
1: Logical 


Delivery Status 
0: Idle 
1: Send Pending 


Level 
0 = De-assert 
1 = Assert 


Trigger Mode 
0: Edge 
1: Level 


1. The ability of a processor to send Lowest Priority IPI is model specific. 


Figure 10-12. Interrupt Command Register (ICR) 


The ICR consists of the following fields. 
Vector 
Delivery Mode 
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The vector number of the interrupt being sent. 
Specifies the type of IPI to be sent. This field is also know as the IPI message type field. 


000 (Fixed) 


Delivers the interrupt specified in the vector field to the target processor or 
processors. 


001 (Lowest Priority) 


010 (SMI) 


Same as fixed mode, except that the interrupt is delivered to the proces- 
sor executing at the lowest priority among the set of processors specified 
in the destination field. The ability for a processor to send a lowest priority 
IPI is model specific and should be avoided by BIOS and operating system 
software. 


Delivers an SMI interrupt to the target processor or processors. The vector 
field must be programmed to OOH for future compatibility. 


011 (Reserved) 


100 (NMI) 


101 (INIT) 


Delivers an NMI interrupt to the target processor or processors. The vector 
information is ignored. 


Delivers an INIT request to the target processor or processors, which 
causes them to perform an INIT. As a result of this IPI message, all the tar- 
get processors perform an INIT. The vector field must be programmed to 
OOH for future compatibility. 


101 (INIT Level De-assert) 


(Not supported in the Pentium 4 and Intel Xeon processors.) Sends a syn- 
chronization message to all the local APICs in the system to set their arbi- 
tration IDs (stored in their Arb ID registers) to the values of their APIC IDs 
(see Section 10.7, “System and APIC Bus Arbitration”). For this delivery 
mode, the level flag must be set to 0 and trigger mode flag to 1. This IPI is 
sent to all processors, regardless of the value in the destination field or the 
destination shorthand field; however, software should specify the “all in- 
cluding self” shorthand. 


110 (Start-Up) 


Sends a special “start-up” IPI (called a SIPI) to the target processor or 
processors. The vector typically points to a start-up routine that is part of 
the BIOS boot-strap code (see Section 8.4, “Multiple-Processor (MP) Ini- 
tialization”). IPIs sent with this delivery mode are not automatically retried 
if the source APIC is unable to deliver it. It is up to the software to deter- 
mine if the SIPI was not successfully delivered and to reissue the SIPI if 
necessary. 


Destination Mode Selects either physical (0) or logical (1) destination mode (see Section 10.6.2, “Determining 


IPI Destination”). 


Delivery Status (Read Only) 
Indicates the IPI delivery status, as follows: 


Level 


0 (Idle) 


Indicates that this local APIC has completed sending any previous IPIs. 


1 (Send Pending) 


Indicates that this local APIC has not completed sending the last IPI. 


For the INIT level de-assert delivery mode this flag must be set to 0; for all other delivery 
modes it must be set to 1. (This flag has no meaning in Pentium 4 and Intel Xeon processors, 
and will always be issued as a 1.) 
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Trigger Mode 


Selects the trigger mode when using the INIT level de-assert delivery mode: edge (0) or level 
(1). It is ignored for all other delivery modes. (This flag has no meaning in Pentium 4 and Intel 
Xeon processors, and will always be issued as a 0.) 


Destination Shorthand 


Destination 


Indicates whether a shorthand notation is used to specify the destination of the interrupt and, 
if so, which shorthand is used. Destination shorthands are used in place of the 8-bit destina- 

tion field, and can be sent by software using a single write to the low doubleword of the ICR. 

Shorthands are defined for the following cases: software self interrupt, IPIs to all processors in 
the system including the sender, IPIs to all processors in the system excluding the sender. 


00: (No Shorthand) 
The destination is specified in the destination field. 


01: (Self) The issuing APIC is the one and only destination of the IPI. This destination 
shorthand allows software to interrupt the processor on which it is execut- 
ing. An APIC implementation is free to deliver the self-interrupt message 
internally or to issue the message to the bus and “snoop” it as with any 
other IPI message. 


10: (All Including Self) 
The IPI is sent to all processors in the system including the processor send- 
ing the IPI. The APIC will broadcast an IPI message with the destination 
field set to FH for Pentium and P6 family processors and to FFH for Pentium 
4 and Intel Xeon processors. 


11: (All Excluding Self) 

The IPI is sent to all processors in a system with the exception of the pro- 
cessor sending the IPI. The APIC broadcasts a message with the physical 
destination mode and destination field set to FH for Pentium and P6 family 
processors and to FFH for Pentium 4 and Intel Xeon processors. Support 
for this destination shorthand in conjunction with the lowest-priority deliv- 
ery mode is model specific. For Pentium 4 and Intel Xeon processors, when 
this shorthand is used together with lowest priority delivery mode, the IPI 
may be redirected back to the issuing processor. 


Specifies the target processor or processors. This field is only used when the destination short- 
hand field is set to OOB. If the destination mode is set to physical, then bits 56 through 59 
contain the APIC ID of the target processor for Pentium and P6 family processors and bits 56 
through 63 contain the APIC ID of the target processor the for Pentium 4 and Intel Xeon 
processors. If the destination mode is set to logical, the interpretation of the 8-bit destination 
field depends on the settings of the DFR and LDR registers of the local APICs in all the proces- 
sors in the system (see Section 10.6.2, “Determining IPI Destination”). 


Not all combinations of options for the ICR are valid. Table 10-3 shows the valid combinations for the fields in the 
ICR for the Pentium 4 and Intel Xeon processors; Table 10-4 shows the valid combinations for the fields in the ICR 
for the P6 family processors. Also note that the lower half of the ICR may not be preserved over transitions to the 


deepest C-States. 


ICR operation in x2APIC mode is discussed in Section 10.12.9. 


Table 10-3. Valid Combinations for Pentium 4 and Intel Xeon Processors Local xAPIC Interrupt Command Register 
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Destination Shorthand | Valid/Invalid | Trigger Mode | Delivery Mode Destination Mode 
No Shorthand Valid Edge All Modes! Physical or Logical 
No Shorthand Invalid? Level All Modes Physical or Logical 
Self Valid Edge Fixed x3 

Self Invalid? Level Fixed X 

Self Invalid X Lowest Priority, NMI, INIT, SMI, Start-Up X 

All Including Self Valid Edge Fixed X 

All Including Self Invalid? Level Fixed X 
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Table 10-3. Valid Combinations for Pentium 4 and Intel Xeon Processors Local xAPIC Interrupt Command Register 


Destination Shorthand | Valid/Invalid | Trigger Mode | Delivery Mode Destination Mode 
All Including Self Invalid X Lowest Priority, NMI, INIT, SMI, Start-Up X 
All Excluding Self Valid Edge Fixed, Lowest Priority’ 4 NMI, INIT, SMI, Start-Up | X 
All Excluding Self Invalid@ Level Fixed, Lowest Priority*, NMI, INIT, SMI, Start-Up X 


NOTES: 


1. The ability of a processor to send a lowest priority IPI is model specific. 
2. For these interrupts, if the trigger mode bit is 1 (Level), the local xAPIC will override the bit setting and issue the interrupt as an edge 


triggered interrupt. 


3. X means the setting is ignored. 
4. When using the “lowest priority” delivery mode and the “all excluding self” destination, the IPI can be redirected back to the issuing 
APIC, which is essentially the same as the “all including self” destination mode. 


Table 10-4. Valid Combinations for the P6 Family Processor Local APIC Interrupt Command Register 


Destination Shorthand | Valid/Invalid | Trigger Mode | Delivery Mode Destination Mode 
No Shorthand Valid Edge All Modes! Physical or Logical 
No Shorthand Valid@ Level Fixed, Lowest Priority’, NMI Physical or Logical 
No Shorthand Valid? Level INIT Physical or Logical 
Self Valid Edge Fixed x4 

Self Valid? Level Fixed Xx 

Self Invalid? X Lowest Priority, NMI, INIT, SMI, Start-Up X 

All including Self Valid Edge Fixed X 

All including Self Valid@ Level Fixed X 

All including Self Invalid? X Lowest Priority, NMI, INIT, SMI, Start-Up X 

All excluding Self Valid Edge All Modes! X 

All excluding Self Valid@ Level Fixed, Lowest Priority’, NMI X 

All excluding Self Invalid? Level SMI, Start-Up X 

All excluding Self Valid? Level INIT X 

X Invalid? Level SMI, Start-Up X 

NOTES: 


1. The ability of a processor to send a lowest priority IPI is model specific. 
2. Treated as edge triggered if level bit is set to 1, otherwise ignored. 


3. Treated as edge triggered when Level bit is set to 1; treated as “INIT Level Deassert” message when level bit is set to O (deassert). 
Only INIT level deassert messages are allowed to have the level bit set to O. For all other messages the level bit must be set to 1. 


4. X means the setting is ignored. 
5. The behavior of the APIC is undefined. 
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10.6.2 Determining IPI Destination 


The destination of an IPI> can be one, all, or a subset (group) of the processors on the system bus. The sender of 
the IPI specifies the destination of an IPI with the following APIC registers and fields within the registers: 


¢ ICR Register — The following fields in the ICR register are used to specify the destination of an IPI. 
— Destination Mode — Selects one of two destination modes (physical or logical). 


— Destination Field — In physical destination mode, used to specify the APIC ID of the destination 
processor; in logical destination mode, used to specify a message destination address (MDA) that can be 
used to select specific processors in clusters. 


— Destination Shorthand — A quick method of specifying all processors, all excluding self, or self as the 
destination. 


— Delivery mode, Lowest Priority — Architecturally specifies that a lowest-priority arbitration mechanism 
be used to select a destination processor from a specified group of processors. The ability of a processor to 
send a lowest priority IPI is model specific and should be avoided by BIOS and operating system software. 


* Local destination register (LDR) — Used in conjunction with the logical destination mode and MDAs to 
select the destination processors. 


* Destination format register (DFR) — Used in conjunction with the logical destination mode and MDAs to 
select the destination processors. 


How the ICR, LDR, and DFR are used to select an IPI destination depends on the destination mode used: physical, 
logical, broadcast/self, or lowest-priority delivery mode. These destination modes are described in the following 
sections. 


10.6.2.1 Physical Destination Mode 


In physical destination mode, the destination processor is specified by its local APIC ID (see Section 10.4.6, “Local 
APIC ID”). For Pentium 4 and Intel Xeon processors, either a single destination (local APIC IDs OOH through FEH) 
or a broadcast to all APICs (the APIC ID is FFH) may be specified in physical destination mode. 


A broadcast IPI (bits 28-31 of the MDA are 1's) or I/O subsystem initiated interrupt with lowest priority delivery 
mode is not supported in physical destination mode and must not be configured by software. Also, for any non- 
broadcast IPI or I/O subsystem initiated interrupt with lowest priority delivery mode, software must ensure that 
APICs defined in the interrupt address are present and enabled to receive interrupts. 


For the P6 family and Pentium processors, a single destination is specified in physical destination mode with a local 
APIC ID of OH through OEH, allowing up to 15 local APICs to be addressed on the APIC bus. A broadcast to all local 
APICs is specified with OFH. 


NOTE 


The number of local APICs that can be addressed on the system bus may be restricted by hardware. 


10.6.2.2 Logical Destination Mode 


In logical destination mode, IPI destination is specified using an 8-bit message destination address (MDA), which is 
entered in the destination field of the ICR. Upon receiving an IPI message that was sent using logical destination 
mode, a local APIC compares the MDA in the message with the values in its LDR and DFR to determine if it should 
accept and handle the IPI. For both configurations of logical destination mode, when combined with lowest priority 
delivery mode, software is responsible for ensuring that all of the local APICs included in or addressed by the IPI or 
I/O subsystem interrupt are present and enabled to receive the interrupt. 


Figure 10-13 shows the layout of the logical destination register (LDR). The 8-bit logical APIC ID field in this 
register is used to create an identifier that can be compared with the MDA. 


5. Determination of IPI destinations in x2APIC mode is discussed in Section 10.12.10. 
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NOTE 


The logical APIC ID should not be confused with the local APIC ID that is contained in the local APIC 
ID register. 


31 24 23 0 


Logical APIC ID Reserved 


Address: OFEEO 0ODOH 
Value after reset: 0000 OOOOH 


Figure 10-13. Logical Destination Register (LDR) 


Figure 10-14 shows the layout of the destination format register (DFR). The 4-bit model field in this register selects 
one of two models (flat or cluster) that can be used to interpret the MDA when using logical destination mode. 


31 28 0 


Model Reserved (All 1s) 


Flat model: 1111B 
Cluster model: 0000B 


Address: OFEEO 00EOH 
Value after reset: FFFF FFFFH 


Figure 10-14. Destination Format Register (DFR) 


The interpretation of MDA for the two models is described in the following paragraphs. 


1. 


Flat Model — This model is selected by programming DFR bits 28 through 31 to 1111. Here, a unique logical 
APIC ID can be established for up to 8 local APICs by setting a different bit in the logical APIC ID field of the LDR 
for each local APIC. A group of local APICs can then be selected by setting one or more bits in the MDA. 


Each local APIC performs a bit-wise AND of the MDA and its logical APIC ID. If a true condition (non-zero) is 
detected, the local APIC accepts the IPI message. A broadcast to all APICs is achieved by setting the MDA to 1s. 


Cluster Model — This model is selected by programming DFR bits 28 through 31 to 0000. This model supports 
two basic destination schemes: flat cluster and hierarchical cluster. 


The flat cluster destination model is only supported for P6 family and Pentium processors. Using this model, all 
APICs are assumed to be connected through the APIC bus. Bits 60 through 63 of the MDA contains the encoded 
address of the destination cluster and bits 56 through 59 identify up to four local APICs within the cluster (each 
bit is assigned to one local APIC in the cluster, as in the flat connection model). To identify one or more local 
APICs, bits 60 through 63 of the MDA are compared with bits 28 through 31 of the LDR to determine if a local 
APIC is part of the cluster. Bits 56 through 59 of the MDA are compared with Bits 24 through 27 of the LDR to 
identify a local APICs within the cluster. 


Sets of processors within a cluster can be specified by writing the target cluster address in bits 60 through 63 
of the MDA and setting selected bits in bits 56 through 59 of the MDA, corresponding to the chosen members 
of the cluster. In this mode, 15 clusters (with cluster addresses of 0 through 14) each having 4 local APICs can 
be specified in the message. For the P6 and Pentium processor’s local APICs, however, the APIC arbitration 
ID supports only 15 APIC agents. Therefore, the total number of processors and their local APICs supported 
in this mode is limited to 15. Broadcast to all local APICs is achieved by setting all destination bits to one. This 
guarantees a match on all clusters and selects all APICs in each cluster. A broadcast IPI or I/O subsystem 
broadcast interrupt with lowest priority delivery mode is not supported in cluster mode and must not be 
configured by software. 


The hierarchical cluster destination model can be used with Pentium 4, Intel Xeon, P6 family, or Pentium 
processors. With this model, a hierarchical network can be created by connecting different flat clusters via 
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independent system or APIC buses. This scheme requires a cluster manager within each cluster, which is 
responsible for handling message passing between system or APIC buses. One cluster contains up to 4 agents. 
Thus 15 cluster managers, each with 4 agents, can form a network of up to 60 APIC agents. Note that hierar- 
chical APIC networks requires a special cluster manager device, which is not part of the local or the I/O APIC 
units. 


NOTES 


All processors that have their APIC software enabled (using the spurious vector enable/disable bit) 
must have their DFRs (Destination Format Registers) programmed identically. 

The default mode for DFR is flat mode. If you are using cluster mode, DFRs must be programmed 
before the APIC is software enabled. Since some chipsets do not accurately track a system view of 
the logical mode, program DFRs as soon as possible after starting the processor. 


10.6.2.3. Broadcast/Self Delivery Mode 


The destination shorthand field of the ICR allows the delivery mode to be by-passed in favor of broadcasting the IPI 
to all the processors on the system bus and/or back to itself (see Section 10.6.1, “Interrupt Command Register 
(ICR)”). Three destination shorthands are supported: self, all excluding self, and all including self. The destination 
mode is ignored when a destination shorthand is used. 


10.6.2.4 Lowest Priority Delivery Mode 


With lowest priority delivery mode, the ICR is programmed to send an IPI to several processors on the system bus, 
using the logical or shorthand destination mechanism for selecting the processor. The selected processors then 
arbitrate with one another over the system bus or the APIC bus, with the lowest-priority processor accepting the 
IPI. 


For systems based on the Intel Xeon processor, the chipset bus controller accepts messages from the I/O APIC 
agents in the system and directs interrupts to the processors on the system bus. When using the lowest priority 
delivery mode, the chipset chooses a target processor to receive the interrupt out of the set of possible targets. The 
Pentium 4 processor provides a special bus cycle on the system bus that informs the chipset of the current task 
priority for each logical processor in the system. The chipset saves this information and uses it to choose the lowest 
priority processor when an interrupt is received. 


For systems based on P6 family processors, the processor priority used in lowest-priority arbitration is contained in 
the arbitration priority register (APR) in each local APIC. Figure 10-15 shows the layout of the APR. 


31 87 43 0 


Reserved 


Arbitration Priority Class 
Address: FEEO 0090H Arbitration Priority Sub-Class 
Value after reset: OH 


Figure 10-15. Arbitration Priority Register (APR) 


The APR value is computed as follows: 


IF (TPR[7:4] = IRRV[7:4]) AND (TPR[7:4] > ISRV[7:4]) 
THEN 
APR[7:0] <— TPR[7:0] 
ELSE 
APR[7:4] — max(TPR[7:4] AND ISRV[7:4], IRRV[7:4]) 
APR[3:0] < 0. 
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Here, the TPR value is the task priority value in the TPR (see Figure 10-18), the IRRV value is the vector number 
for the highest priority bit that is set in the IRR (see Figure 10-20) or OOH (if no IRR bit is set), and the ISRV value 
is the vector number for the highest priority bit that is set in the ISR (see Figure 10-20). Following arbitration 
among the destination processors, the processor with the lowest value in its APR handles the IPI and the other 
processors ignore it. 


(P6 family and Pentium processors.) For these processors, if a focus processor exists, it may accept the interrupt, 
regardless of its priority. A processor is said to be the focus of an interrupt if it is currently servicing that interrupt 
or if it has a pending request for that interrupt. For Intel Xeon processors, the concept of a focus processor is not 
supported. 


In operating systems that use the lowest priority delivery mode but do not update the TPR, the TPR information 
saved in the chipset will potentially cause the interrupt to be always delivered to the same processor from the 
logical set. This behavior is functionally backward compatible with the P6 family processor but may result in unex- 
pected performance implications. 


10.6.3 ‘IPI Delivery and Acceptance 


When the low double-word of the ICR is written to, the local APIC creates an IPI message from the information 
contained in the ICR and sends the message out on the system bus (Pentium 4 and Intel Xeon processors) or the 
APIC bus (P6 family and Pentium processors). The manner in which these IPIs are handled after being issues in 
described in Section 10.8, “Handling Interrupts.” 


10.7. SYSTEM AND APIC BUS ARBITRATION 


When several local APICs and the I/O APIC are sending IPI and interrupt messages on the system bus (or APIC 
bus), the order in which the messages are sent and handled is determined through bus arbitration. 


For the Pentium 4 and Intel Xeon processors, the local and I/O APICs use the arbitration mechanism defined for the 
system bus to determine the order in which IPIs are handled. This mechanism is non-architectural and cannot be 
controlled by software. 


For the P6 family and Pentium processors, the local and I/O APICs use an APIC-based arbitration mechanism to 
determine the order in which IPIs are handled. Here, each local APIC is given an arbitration priority of from 0 to 15, 
which the I/O APIC uses during arbitration to determine which local APIC should be given access to the APIC bus. 
The local APIC with the highest arbitration priority always wins bus access. Upon completion of an arbitration 
round, the winning local APIC lowers its arbitration priority to 0 and the losing local APICs each raise theirs by 1. 


The current arbitration priority for a local APIC is stored in a 4-bit, software-transparent arbitration ID (Arb ID) 
register. During reset, this register is initialized to the APIC ID number (stored in the local APIC ID register). The 
INIT level-deassert IPI, which is issued with and ICR command, can be used to resynchronize the arbitration prior- 
ities of the local APICs by resetting Arb ID register of each agent to its current APIC ID value. (The Pentium 4 and 
Intel Xeon processors do not implement the Arb ID register. ) 


Section 10.10, “APIC Bus Message Passing Mechanism and Protocol (P6 Family, Pentium Processors),” describes 
the APIC bus arbitration protocols and bus message formats, while Section 10.6.1, “Interrupt Command Register 
(ICR),” describes the INIT level de-assert IPI message. 


Note that except for the SIPI IPI (see Section 10.6.1, “Interrupt Command Register (ICR)”), all bus messages that 
fail to be delivered to their specified destination or destinations are automatically retried. Software should avoid 
situations in which IPIs are sent to disabled or nonexistent local APICs, causing the messages to be resent repeat- 
edly. Additionally, interrupt sources that target the APIC should be masked or changed to no longer target the 
APIC. 


10.8 HANDLING INTERRUPTS 


When a local APIC receives an interrupt from a local source, an interrupt message from an I/O APIC, or an IPI, the 
manner in which it handles the message depends on processor implementation, as described in the following 
sections. 
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10.8.1. = Interrupt Handling with the Pentium 4 and Intel Xeon Processors 


With the Pentium 4 and Intel Xeon processors, the local APIC handles the local interrupts, interrupt messages, and 
IPIs it receives as follows: 


1. It determines if it is the specified destination or not (see Figure 10-16). If it is the specified destination, it 
accepts the message; if it is not, it discards the message. 


Wait to Receive 
Bus Message 


, Belong to 
Discard No Destination? 


Message 


Accept 
Message 


Figure 10-16. Interrupt Acceptance Flow Chart for the Local APIC (Pentium 4 and Intel Xeon Processors) 


2. If the local APIC determines that it is the designated destination for the interrupt and if the interrupt request is 
an NMI, SMI, INIT, ExtINT, or SIPI, the interrupt is sent directly to the processor core for handling. 


3. If the local APIC determines that it is the designated destination for the interrupt but the interrupt request is 
not one of the interrupts given in step 2, the local APIC sets the appropriate bit in the IRR. 


4. When interrupts are pending in the IRR register, the local APIC dispatches them to the processor one at a time, 
based on their priority and the current processor priority in the PPR (see Section 10.8.3.1, “Task and Processor 
Priorities”). 

5. When a fixed interrupt has been dispatched to the processor core for handling, the completion of the handler 
routine is indicated with an instruction in the instruction handler code that writes to the end-of-interrupt (EOI) 
register in the local APIC (see Section 10.8.5, “Signaling Interrupt Servicing Completion”). The act of writing to 
the EOI register causes the local APIC to delete the interrupt from its ISR queue and (for level-triggered 
interrupts) send a message on the bus indicating that the interrupt handling has been completed. (A write to 
the EOI register must not be included in the handler routine for an NMI, SMI, INIT, ExtINT, or SIPI.) 


10.8.2 Interrupt Handling with the P6 Family and Pentium Processors 


With the P6 family and Pentium processors, the local APIC handles the local interrupts, interrupt messages, and 
IPIs it receives as follows (see Figure 10-17). 


1. (IPIs only) The local APIC examines the IPI message to determines if it is the specified destination for the IPI 
as described in Section 10.6.2, “Determining IPI Destination.” If it is the specified destination, it continues its 
acceptance procedure; if it is not the destination, it discards the IPI message. When the message specifies 
lowest-priority delivery mode, the local APIC will arbitrate with the other processors that were designated as 
recipients of the IPI message (see Section 10.6.2.4, “Lowest Priority Delivery Mode”). 


2. If the local APIC determines that it is the designated destination for the interrupt and if the interrupt request is 
an NMI, SMI, INIT, ExtINT, or INIT-deassert interrupt, or one of the MP protocol IPI messages (BIPI, FIPI, and 
SIPI), the interrupt is sent directly to the processor core for handling. 


3. If the local APIC determines that it is the designated destination for the interrupt but the interrupt request is 
not one of the interrupts given in step 2, the local APIC looks for an open slot in one of its two pending interrupt 
queues contained in the IRR and ISR registers (see Figure 10-20). If a slot is available (see Section 10.8.4, 
“Interrupt Acceptance for Fixed Interrupts”), places the interrupt in the slot. If a slot is not available, it rejects 
the interrupt request and sends it back to the sender with a retry message. 


4. When interrupts are pending in the IRR register, the local APIC dispatches them to the processor one at a time, 
based on their priority and the current processor priority in the PPR (see Section 10.8.3.1, “Task and Processor 
Priorities”). 


5. When a fixed interrupt has been dispatched to the processor core for handling, the completion of the handler 
routine is indicated with an instruction in the instruction handler code that writes to the end-of-interrupt (EOI) 
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Figure 10-17. Interrupt Acceptance Flow Chart for the Local APIC (P6 Family and Pentium Processors) 


register in the local APIC (see Section 10.8.5, “Signaling Interrupt Servicing Completion”). The act of writing to 
the EOI register causes the local APIC to delete the interrupt from its queue and (for level-triggered interrupts) 
send a message on the bus indicating that the interrupt handling has been completed. (A write to the EOI 
register must not be included in the handler routine for an NMI, SMI, INIT, ExtINT, or SIPI.) 


The following sections describe the acceptance of interrupts and their handling by the local APIC and processor in 
greater detail. 


10.8.3 Interrupt, Task, and Processor Priority 


Each interrupt delivered to the processor through the local APIC has a priority based on its vector number. The local 
APIC uses this priority to determine when to service the interrupt relative to the other activities of the processor, 
including the servicing of other interrupts. 


Each interrupt vector is an 8-bit value. The interrupt-priority class is the value of bits 7:4 of the interrupt vector. 
The lowest interrupt-priority class is 1 and the highest is 15; interrupts with vectors in the range 0-15 (with inter- 
rupt-priority class 0) are illegal and are never delivered. Because vectors 0-31 are reserved for dedicated uses by 
the Intel 64 and IA-32 architectures, software should configure interrupt vectors to use interrupt-priority classes in 
the range 2-15. 


Each interrupt-priority class encompasses 16 vectors. The relative priority of interrupts within an interrupt-priority 
class is determined by the value of bits 3:0 of the vector number. The higher the value of those bits, the higher the 
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priority within that interrupt-priority class. Thus, each interrupt vector comprises two parts, with the high 4 bits 
indicating its interrupt-priority class and the low 4 bits indicating its ranking within the interrupt-priority class. 


10.8.3.1. Task and Processor Priorities 


The local APIC also defines a task priority and a processor priority that determine the order in which interrupts 
are handled. The task-priority class is the value of bits 7:4 of the task-priority register (TPR), which can be 
written by software (TPR is a read/write register); see Figure 10-18. 


31 87 43 0 


Reserved | | 


Task-Priority Class —————_—__ 
Address: FEEO 0080H Task-Priority Sub-Class 


Value after reset: OH 


Figure 10-18. Task-Priority Register (TPR) 


NOTE 


In this discussion, the term “task” refers to a software defined task, process, thread, program, or 
routine that is dispatched to run on the processor by the operating system. It does not refer to an 
IA-32 architecture defined task as described in Chapter 7, “Task Management.” 


The task priority allows software to set a priority threshold for interrupting the processor. This mechanism enables 
the operating system to temporarily block low priority interrupts from disturbing high-priority work that the 
processor is doing. The ability to block such interrupts using task priority results from the way that the TPR controls 
the value of the processor-priority register (PPR).° 


The processor-priority class is a value in the range 0-15 that is maintained in bits 7:4 of the processor-priority 
register (PPR); see Figure 10-19. The PPR is a read-only register. The processor-priority class represents the 
current priority at which the processor is executing. 


31 87 43 0 


Reserved | 


Processor-Priority Class. 


Address: FEEO OOAOH Processor-Priority Sub-Class | 
Value after reset: OH 


Figure 10-19. Processor-Priority Register (PPR) 


The value of the PPR is based on the value of TPR and the value ISRV; ISRV is the vector number of the highest 
priority bit that is set in the ISR or OOH if no bit is set in the ISR. (See Section 10.8.4 for more details on the ISR.) 
The value of PPR is determined as follows: 


¢ PPR[7:4] (the processor-priority class) the maximum of TPR[7:4] (the task- priority class) and ISRV[7:4] (the 
priority of the highest priority interrupt in service). 


¢ PPR[3:0] (the processor-priority sub-class) is determined as follows: 
— If TPR[7:4] > ISRV[7:4], PPR[3:0] is TPR[3:0] (the task-priority sub-class). 
— If TPR[7:4] < ISRV[7:4], PPR[3:0] is 0. 
— If TPR[7:4] = ISRV[7:4], PPR[3:0] may be either TPR[3:0] or 0. The actual behavior is model-specific. 


6. The TPR also determines the arbitration priority of the local processor; see Section 10.6.2.4, “Lowest Priority Delivery Mode.” 
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The processor-priority class determines the priority threshold for interrupting the processor. The processor will 
deliver only those interrupts that have an interrupt-priority class higher than the processor-priority class in the 
PPR. If the processor-priority class is 0, the PPR does not inhibit the delivery any interrupt; if it is 15, the processor 
inhibits the delivery of all interrupts. (The processor-priority mechanism does not affect the delivery of interrupts 
with the NMI, SMI, INIT, ExtINT, INIT-deassert, and start-up delivery modes.) 


The processor does not use the processor-priority sub-class to determine which interrupts to delivery and which to 
inhibit. (The processor uses the processor-priority sub-class only to satisfy reads of the PPR.) 


10.8.4 Interrupt Acceptance for Fixed Interrupts 


The local APIC queues the fixed interrupts that it accepts in one of two interrupt pending registers: the interrupt 
request register (IRR) or in-service register (ISR). These two 256-bit read-only registers are shown in 

Figure 10-20. The 256 bits in these registers represent the 256 possible vectors; vectors 0 through 15 are reserved 
by the APIC (see also: Section 10.5.2, “Valid Interrupt Vectors”). 


NOTE 


All interrupts with an NMI, SMI, INIT, ExtINT, start-up, or INIT-deassert delivery mode bypass the 
IRR and ISR registers and are sent directly to the processor core for servicing. 


255 16 15 0 
Reserved IRR 


Reserved ISR 
Reserved TMR 


Addresses: IRR FEEO 0200H - FEEO 0270H 
ISR FEEO 0100H - FEEO 0170H 
TMR FEEO 0180H - FEEO 01FOH 
Value after reset: OH 


Figure 10-20. IRR, ISR and TMR Registers 


The IRR contains the active interrupt requests that have been accepted, but not yet dispatched to the processor for 
servicing. When the local APIC accepts an interrupt, it sets the bit in the IRR that corresponds the vector of the 
accepted interrupt. When the processor core is ready to handle the next interrupt, the local APIC clears the highest 
priority IRR bit that is set and sets the corresponding ISR bit. The vector for the highest priority bit set in the ISR 
is then dispatched to the processor core for servicing. 


While the processor is servicing the highest priority interrupt, the local APIC can send additional fixed interrupts by 
setting bits in the IRR. When the interrupt service routine issues a write to the EOI register (see Section 10.8.5, 
“Signaling Interrupt Servicing Completion”), the local APIC responds by clearing the highest priority ISR bit that is 
set. It then repeats the process of clearing the highest priority bit in the IRR and setting the corresponding bit in 
the ISR. The processor core then begins executing the service routing for the highest priority bit set in the ISR. 


If more than one interrupt is generated with the same vector number, the local APIC can set the bit for the vector 
both in the IRR and the ISR. This means that for the Pentium 4 and Intel Xeon processors, the IRR and ISR can 
queue two interrupts for each interrupt vector: one in the IRR and one in the ISR. Any additional interrupts issued 
for the same interrupt vector are collapsed into the single bit in the IRR. 


For the P6 family and Pentium processors, the IRR and ISR registers can queue no more than two interrupts per 
interrupt vector and will reject other interrupts that are received within the same vector. 


If the local APIC receives an interrupt with an interrupt-priority class higher than that of the interrupt currently in 
service, and interrupts are enabled in the processor core, the local APIC dispatches the higher priority interrupt to 
the processor immediately (without waiting for a write to the EOI register). The currently executing interrupt 
handler is then interrupted so the higher-priority interrupt can be handled. When the handling of the higher- 
priority interrupt has been completed, the servicing of the interrupted interrupt is resumed. 
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The trigger mode register (TMR) indicates the trigger mode of the interrupt (see Figure 10-20). Upon acceptance 
of an interrupt into the IRR, the corresponding TMR bit is cleared for edge-triggered interrupts and set for level- 
triggered interrupts. If a TMR bit is set when an EOI cycle for its corresponding interrupt vector is generated, an EOI 
message is sent to all I/O APICs. 


10.8.5 Signaling Interrupt Servicing Completion 


For all interrupts except those delivered with the NMI, SMI, INIT, ExtINT, the start-up, or INIT-Deassert delivery 
mode, the interrupt handler must include a write to the end-of-interrupt (EOI) register (see Figure 10-21). This 
write must occur at the end of the handler routine, sometime before the IRET instruction. This action indicates that 
the servicing of the current interrupt is complete and the local APIC can issue the next interrupt from the ISR. 


31 0 


Address: OFEEO 00OBOH 
Value after reset: OH 


Figure 10-21. EOI Register 


Upon receiving an EOI, the APIC clears the highest priority bit in the ISR and dispatches the next highest priority 
interrupt to the processor. If the terminated interrupt was a level-triggered interrupt, the local APIC also sends an 
end-of-interrupt message to all I/O APICs. 


System software may prefer to direct EOIs to specific I/O APICs rather than having the local APIC send end-of- 
interrupt messages to all I/O APICs. 


Software can inhibit the broadcast of EOI message by setting bit 12 of the Spurious Interrupt Vector Register (see 
Section 10.9). If this bit is set, a broadcast EOI is not generated on an EOI cycle even if the associated TMR bit indi- 
cates that the current interrupt was level-triggered. The default value for the bit is 0, indicating that EOI broadcasts 
are performed. 


Bit 12 of the Spurious Interrupt Vector Register is reserved to 0 if the processor does not support suppression of 
EOI broadcasts. Support for EOI-broadcast suppression is reported in bit 24 in the Local APIC Version Register (see 
Section 10.4.8); the feature is supported if that bit is set to 1. When supported, the feature is available in both 
xAPIC mode and x2APIC mode. 


System software desiring to perform directed EOIs for level-triggered interrupts should set bit 12 of the Spurious 
Interrupt Vector Register and follow each the EOI to the local xAPIC for a level triggered interrupt with a directed 
EOI to the I/O APIC generating the interrupt (this is done by writing to the I/O APIC’s EOI register). System soft- 
ware performing directed EOIs must retain a mapping associating level-triggered interrupts with the I/O APICs in 
the system. 


10.8.6 Task Priority in |A-32e Mode 


In IA-32e mode, operating systems can manage the 16 interrupt-priority classes (see Section 10.8.3, “Interrupt, 

Task, and Processor Priority”) explicitly using the task priority register (TPR). Operating systems can use the TPR 

to temporarily block specific (low-priority) interrupts from interrupting a high-priority task. This is done by loading 

TPR with a value in which the task-priority class corresponds to the highest interrupt-priority class that is to be 

blocked. For example: 

¢ Loading the TPR with a task-priority class of 8 (01000B) blocks all interrupts with an interrupt-priority class of 
8 or less while allowing all interrupts with an interrupt-priority class of 9 or more to be recognized. 

¢ Loading the TPR with a task-priority class of 0 enables all external interrupts. 

¢ Loading the TPR with a task-priority class of OFH (01111B) disables all external interrupts. 


The TPR (shown in Figure 10-18) is cleared to 0 on reset. In 64-bit mode, software can read and write the TPR 
using an alternate interface, MOV CR8 instruction. The new task-priority class is established when the MOV CR8 
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instruction completes execution. Software does not need to force serialization after loading the TPR using MOV 
CR8. 


Use of the MOV CRn instruction requires a privilege level of 0. Programs running at privilege level greater than 0 
cannot read or write the TPR. An attempt to do so causes a general-protection exception. The TPR is abstracted 
from the interrupt controller (IC), which prioritizes and manages external interrupt delivery to the processor. The 
IC can be an external device, such as an APIC or 8259. Typically, the IC provides a priority mechanism similar or 
identical to the TPR. The IC, however, is considered implementation-dependent with the under-lying priority mech- 
anisms subject to change. CR8, by contrast, is part of the Intel 64 architecture. Software can depend on this defi- 
nition remaining unchanged. 


Figure 10-22 shows the layout of CR8; only the low four bits are used. The remaining 60 bits are reserved and must 
be written with zeros. Failure to do this causes a general-protection exception. 


63 43 0 


Reserved 


Value after reset: OH 


Figure 10-22. CR8 Register 


10.8.6.1 Interaction of Task Priorities between CR8 and APIC 


The first implementation of Intel 64 architecture includes a local advanced programmable interrupt controller 
(APIC) that is similar to the APIC used with previous IA-32 processors. Some aspects of the local APIC affect the 
operation of the architecturally defined task priority register and the programming interface using CR8. 


Notable CR8 and APIC interactions are: 

¢ The processor powers up with the local APIC enabled. 

¢ The APIC must be enabled for CR8 to function as the TPR. Writes to CR8 are reflected into the APIC Task Priority 
Register. 

¢ =©APIC.TPR[bits 7:4] = CR8[bits 3:0], APIC.TPR[bits 3:0] = 0. A read of CR8 returns a 64-bit value which is the 
value of TPR[bits 7:4], zero extended to 64 bits. 


There are no ordering mechanisms between direct updates of the APIC.TPR and CR8. Operating software should 
implement either direct APIC TPR updates or CR8 style TPR updates but not mix them. Software can use a serial- 
izing instruction (for example, CPUID) to serialize updates between MOV CR8 and stores to the APIC. 


10.9 SPURIOUS INTERRUPT 


A special situation may occur when a processor raises its task priority to be greater than or equal to the level of the 
interrupt for which the processor INTR signal is currently being asserted. If at the time the INTA cycle is issued, the 
interrupt that was to be dispensed has become masked (programmed by software), the local APIC will deliver a 
spurious-interrupt vector. Dispensing the spurious-interrupt vector does not affect the ISR, so the handler for this 
vector should return without an EOI. 


The vector number for the spurious-interrupt vector is specified in the spurious-interrupt vector register (see 

Figure 10-23). The functions of the fields in this register are as follows: 

Spurious Vector Determines the vector number to be delivered to the processor when the local APIC generates 
a spurious vector. 
(Pentium 4 and Intel Xeon processors.) Bits 0 through 7 of the this field are programmable by 
software. 
(P6 family and Pentium processors). Bits 4 through 7 of the this field are programmable by 
software, and bits 0 through 3 are hardwired to logical ones. Software writes to bits 0 through 
3 have no effect. 
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APIC Software Enable/ Disable 
Allows software to temporarily enable (1) or disable (0) the local APIC (see Section 10.4.3, 
“Enabling or Disabling the Local APIC”). 

Focus Processor Checking 
Determines if focus processor checking is enabled (0) or disabled (1) when using the lowest- 
priority delivery mode. In Pentium 4 and Intel Xeon processors, this bit is reserved and should 
be cleared to 0. 

Suppress EOI Broadcasts 
Determines whether an EOI for a level-triggered interrupt causes EOI messages to be broad- 
cast to the I/O APICs (0) or not (1). See Section 10.8.5. The default value for this bit is 0, indi- 
cating that EOI broadcasts are performed. This bit is reserved to 0 if the processor does not 
support EOI-broadcast suppression. 


NOTE 


Do not program an LVT or IOAPIC RTE with a spurious vector even if you set the mask bit. A 
spurious vector ISR does not do an EOI. If for some reason an interrupt is generated by an LVT or 
RTE entry, the bit in the in-service register will be left set for the spurious vector. This will mask all 
interrupts at the same or lower priority 


31 121110 9 8 7 0 


EOI-Broadcast Suppressiont— 


0: Disabled 
1: Enabled 


Focus Processor Checking? 
0: Enabled 
1: Disabled 


APIC Software Enable/Disable 
0: APIC Disabled 
1: APIC Enabled 


Spurious Vector 


Address: FEEO OOFOH 
Value after reset: 0000 OOFFH 


1. Not supported on all processors. See bit 24 of Local APIC Version Register. 
2. Not supported in Pentium 4 and Intel Xeon processors. 
3. For the P6 family and Pentium processors, bits 0 through 3 

are always 0. 


Figure 10-23. Spurious-Interrupt Vector Register (SVR) 


10.10 APIC BUS MESSAGE PASSING MECHANISM AND 
PROTOCOL (P6 FAMILY, PENTIUM PROCESSORS) 


The Pentium 4 and Intel Xeon processors pass messages among the local and I/O APICs on the system bus, using 
the system bus message passing mechanism and protocol. 


The P6 family and Pentium processors, pass messages among the local and I/O APICs on the serial APIC bus, as 
follows. Because only one message can be sent at a time on the APIC bus, the I/O APIC and local APICs employ a 
“rotating priority” arbitration protocol to gain permission to send a message on the APIC bus. One or more APICs 
may start sending their messages simultaneously. At the beginning of every message, each APIC presents the type 
of the message it is sending and its current arbitration priority on the APIC bus. This information is used for arbi- 
tration. After each arbitration cycle (within an arbitration round), only the potential winners keep driving the bus. 
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By the time all arbitration cycles are completed, there will be only one APIC left driving the bus. Once a winner is 
selected, it is granted exclusive use of the bus, and will continue driving the bus to send its actual message. 


After each successfully transmitted message, all APICs increase their arbitration priority by 1. The previous winner 
(that is, the one that has just successfully transmitted its message) assumes a priority of 0 (lowest). An agent 
whose arbitration priority was 15 (highest) during arbitration, but did not send a message, adopts the previous 
winner's arbitration priority, incremented by 1. 


Note that the arbitration protocol described above is slightly different if one of the APICs issues a special End-Of- 
Interrupt (EOI). This high-priority message is granted the bus regardless of its sender’s arbitration priority, unless 
more than one APIC issues an EOI message simultaneously. In the latter case, the APICs sending the EOI 
messages arbitrate using their arbitration priorities. 


If the APICs are set up to use “lowest priority” arbitration (see Section 10.6.2.4, “Lowest Priority Delivery Mode”) 
and multiple APICs are currently executing at the lowest priority (the value in the APR register), the arbitration 
priorities (unique values in the Arb ID register) are used to break ties. All 8 bits of the APR are used for the lowest 
priority arbitration. 


10.10.1 Bus Message Formats 


See Section 10.13, “APIC Bus Message Formats,” for a description of bus message formats used to transmit 
messages on the serial APIC bus. 


10.11 MESSAGE SIGNALLED INTERRUPTS 


The PCI Local Bus Specification, Rev 2.2 (www.pcisig.com) introduces the concept of message signalled interrupts. 
As the specification indicates: 


“Message signalled interrupts (MSI) is an optional feature that enables PCI devices to request 
service by writing a system-specified message to a system-specified address (PCI DWORD memory 
write transaction). The transaction address specifies the message destination while the transaction 
data specifies the message. System software is expected to initialize the message destination and 
message during device configuration, allocating one or more non-shared messages to each MSI 
capable function.” 


The capabilities mechanism provided by the PCI Local Bus Specification is used to identify and configure MSI 
capable PCI devices. Among other fields, this structure contains a Message Data Register and a Message Address 
Register. To request service, the PCI device function writes the contents of the Message Data Register to the 
address contained in the Message Address Register (and the Message Upper Address register for 64-bit message 
addresses). 


Section 10.11.1 and Section 10.11.2 provide layout details for the Message Address Register and the Message Data 
Register. The operation issued by the device is a PCI write command to the Message Address Register with the 
Message Data Register contents. The operation follows semantic rules as defined for PCI write operations and is a 
DWORD operation. 


10.11.1 Message Address Register Format 
The format of the Message Address Register (lower 32-bits) is shown in Figure 10-24. 


31 20 19 12 11 4 3 2 1 0 


OFEEH Destination ID | Reserved RH DM XX 


Figure 10-24. Layout of the MSI Message Address Register 
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Fields in the Message Address Register are as follows: 


1. 


4. 


Bits 31-20 — These bits contain a fixed value for interrupt messages (OFEEH). This value locates interrupts at 
the 1-MByte area with a base address of 4G - 18M. All accesses to this region are directed as interrupt 
messages. Care must to be taken to ensure that no other device claims the region as I/O space. 


Destination ID — This field contains an 8-bit destination ID. It identifies the message’s target processor(s). 
The destination ID corresponds to bits 63:56 of the I/O APIC Redirection Table Entry if the IOAPIC is used to 
dispatch the interrupt to the processor(s). 


Redirection hint indication (RH) — When this bit is set, the message is directed to the processor with the 
lowest interrupt priority among processors that can receive the interrupt. 


¢ When RH is 0, the interrupt is directed to the processor listed in the Destination ID field. 


¢ When RH is 1 and the physical destination mode is used, the Destination ID field must not be set to FFH; 
it must point to a processor that is present and enabled to receive the interrupt. 


¢ When RH is 1 and the logical destination mode is active in a system using a flat addressing model, the 
Destination ID field must be set so that bits set to 1 identify processors that are present and enabled to 
receive the interrupt. 


¢ If RH is set to 1 and the logical destination mode is active in a system using cluster addressing model, 
then Destination ID field must not be set to FFH; the processors identified with this field must be 
present and enabled to receive the interrupt. 


Destination mode (DM) — This bit indicates whether the Destination ID field should be interpreted as logical 
or physical APIC ID for delivery of the lowest priority interrupt. 


¢ If RHis 1 and DM is 0, the Destination ID field is in physical destination mode and only the processor in 
the system that has the matching APIC ID is considered for delivery of that interrupt (this means no re- 
direction). 


¢ If RH is 1 and DM is 1, the Destination ID Field is interpreted as in logical destination mode and the 
redirection is limited to only those processors that are part of the logical group of processors based on 
the processor’s logical APIC ID and the Destination ID field in the message. The logical group of 
processors consists of those identified by matching the 8-bit Destination ID with the logical destination 
identified by the Destination Format Register and the Logical Destination Register in each local APIC. 
The details are similar to those described in Section 10.6.2, “Determining IPI Destination.” 


¢ If RH is 0, then the DM bit is ignored and the message is sent ahead independent of whether the 
physical or logical destination mode is used. 


10.11.2 Message Data Register Format 


The layout of the Message Data Register is shown in Figure 10-25. 


Reserved fields are not assumed to be any value. Software must preserve their contents on writes. Other fields in 
the Message Data Register are described below. 


1. 


Vector — This 8-bit field contains the interrupt vector associated with the message. Values range from 010H 
to OFEH. Software must guarantee that the field is not programmed with vector OOH to OFH. 


Delivery Mode — This 3-bit field specifies how the interrupt receipt is handled. Delivery Modes operate only in 
conjunction with specified Trigger Modes. Correct Trigger Modes must be guaranteed by software. Restrictions 
are indicated below: 


a. OOOB (Fixed Mode) — Deliver the signal to all the agents listed in the destination. The Trigger Mode for 
fixed delivery mode can be edge or level. 


b. 001B (Lowest Priority) — Deliver the signal to the agent that is executing at the lowest priority of all 
agents listed in the destination field. The trigger mode can be edge or level. 


c. 010B (System Management Interrupt or SMI) — The delivery mode is edge only. For systems that rely 
on SMI semantics, the vector field is ignored but must be programmed to all zeroes for future compatibility. 
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Vv 

Level for Trigger Mode = 0 
X - Don’t care 

Level for Trigger Mode = 1 
0 - Deassert 


1 - Assert 


010 - SMI 

011 - Reserved 
100 - NMI 

101 - INIT 

110 - Reserved 
111 - ExtINT 


63 32 
Reserved 
31 16 15 14 13 11 10 8 7 0 
Reserved Reserved Vector 
Trigger Mode Delivery Mode 
0 - Edge 000 - Fixed 
1 - Level 001 - Lowest Priority 


Figure 10-25. Layout of the MSI Message Data Register 


d. 100B (NMI) — Deliver the signal to all the agents listed in the destination field. The vector information is 
ignored. NMI is an edge triggered interrupt regardless of the Trigger Mode Setting. 


e. 101B (INIT) — Deliver this signal to all the agents listed in the destination field. The vector information is 
ignored. INIT is an edge triggered interrupt regardless of the Trigger Mode Setting. 


f. 111B (ExtINT) — Deliver the signal to the INTR signal of all agents in the destination field (as an interrupt 
that originated from an 8259A compatible interrupt controller). The vector is supplied by the INTA cycle 
issued by the activation of the ExtINT. ExtINT is an edge triggered interrupt. 


3. Level — Edge triggered interrupt messages are always interpreted as assert messages. For edge triggered 
interrupts this field is not used. For level triggered interrupts, this bit reflects the state of the interrupt input. 


4. Trigger Mode — This field indicates the signal type that will trigger a message. 


a. O — Indicates edge sensitive. 
b. 1 -— Indicates level sensitive. 


10.12 EXTENDED XAPIC (X2APIC) 


The x2APIC architecture extends the xAPIC architecture (described in Section 10.4) in a backward compatible 
manner and provides forward extendability for future Intel platform innovations. Specifically, the x2APIC architec- 


ture does the following. 


¢ Retains all key elements of compatibility to the xAPIC architecture. 


— Delivery modes. 

— Interrupt and processor priorities. 
— Interrupt sources. 

— Interrupt destination types. 


¢ Provides extensions to scale processor addressability for both the logical and physical destination modes. 
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e Adds new features to enhance performance of interrupt delivery. 
¢ Reduces complexity of logical destination mode interrupt delivery on link based platform architectures. 


¢ Uses MSR programming interface to access APIC registers in x2APIC mode instead of memory-mapped 
interfaces. Memory-mapped interface is supported when operating in xAPIC mode. 


10.12.1 Detecting and Enabling x2APIC Mode 


Processor support for x2APIC mode can be detected by executing CPUID with EAX=1 and then checking ECX, bit 21 
ECX. If CPUID.(EAX=1):ECX.21 is set , the processor supports the x2APIC capability and can be placed into the 
x2APIC mode. 


System software can place the local APIC in the x2APIC mode by setting the x2APIC mode enable bit (bit 10) in the 
IA32_APIC_BASE MSR at MSR address 01BH. The layout for the IA32_APIC_BASE MSR is shown in Figure 10-26. 


63 36 35 121110987 0 


Reserved APIC Base | | | 


APIC Base—Base physical address 
EN—xAPIC global enable/disable 
EXTD—Enable x2APIC mode 

BSP—Processor is BSP 


Reserved 


Figure 10-26. IA32_APIC_BASE MSR Supporting x2APIC 


Table 10-5, “x2APIC operating mode configurations” describe the possible combinations of the enable bit (EN - bit 
11) and the extended mode bit (EXTD - bit 10) in the IA32_APIC_BASE MSR. 


Table 10-5. x2APIC Operating Mode Configurations 


XAPIC global enable x2APIC enable 
(IA32_APIC_BASE[11]) (IA32_APIC_BASE[10]) Description 
0 0 local APIC is disabled 
0 1 Invalid 
1 0 local APIC is enabled in xAPIC mode 
1 1 local APIC is enabled in x2APIC mode 


Once the local APIC has been switched to x2APIC mode (EN = 1, EXTD = 1), switching back to xAPIC mode would 
require system software to disable the local APIC unit. Specifically, attempting to write a value to the 
IA32_APIC_BASE MSR that has (EN= 1, EXTD = 0) when the local APIC is enabled and in x2APIC mode causes a 
general-protection exception. Once bit 10 in IA32_APIC_BASE MSR is set, the only way to leave x2APIC mode using 
IA32_APIC_BASE would require a WRMSR to set both bit 11 and bit 10 to zero. Section 10.12.5, “x2APIC State 
Transitions” provides a detailed state diagram for the state transitions allowed for the local APIC. 


10.12.1.1 Instructions to Access APIC Registers 


In x2APIC mode, system software uses RDMSR and WRMSR to access the APIC registers. The MSR addresses for 
accessing the x2APIC registers are architecturally defined and specified in Section 10.12.1.2, “x2APIC Register 
Address Space”. Executing the RDMSR instruction with the APIC register address specified in ECX returns the 
content of bits 0 through 31 of the APIC registers in EAX. Bits 32 through 63 are returned in register EDX - these 
bits are reserved if the APIC register being read is a 32-bit register. Similarly executing the WRMSR instruction with 
the APIC register address in ECX, writes bits 0 to 31 of register EAX to bits 0 to 31 of the specified APIC register. If 
the register is a 64-bit register then bits 0 to 31 of register EDX are written to bits 32 to 63 of the APIC register. The 
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Interrupt Command Register is the only APIC register that is implemented as a 64-bit MSR. The semantics of 
handling reserved bits are defined in Section 10.12.1.3, “Reserved Bit Checking”. 


10.12.1.2 x2APIC Register Address Space 


The MSR address range 800H through 8FFH is architecturally reserved and dedicated for accessing APIC registers 
in x2APIC mode. Table 10-6 lists the APIC registers that are available in x2APIC mode. When appropriate, the table 
also gives the offset at which each register is available on the page referenced by IA32_APIC_BASE[35:12] in 
xAPIC mode. 


There is a one-to-one mapping between the x2APIC MSRs and the legacy xAPIC register offsets with the following 

exceptions: 

¢ The Destination Format Register (DFR): The DFR, supported at offset OEQH in xAPIC mode, is not supported in 
x2APIC mode. There is no MSR with address 80EH. 


° The Interrupt Command Register (ICR): The two 32-bit registers in xAPIC mode (at offsets 300H and 310H) are 
merged into a single 64-bit MSR in x2APIC mode (with MSR address 830H). There is no MSR with address 
831H. 

¢ The SELF IPI register. This register is available only in x2APIC mode at address 83FH. In xAPIC mode, there is 
no register defined at offset 3FOH. 


MSR addresses in the range 800H-8FFH that are not listed in Table 10-6 (including 80EH and 831H) are reserved. 
Executions of RDMSR and WRMSR that attempt to access such addresses cause general-protection exceptions. 


The MSR address space is compressed to allow for future growth. Every 32 bit register on a 128-bit boundary in the 
legacy MMIO space is mapped to a single MSR in the local x2APIC MSR address space. The upper 32-bits of all 
x2APIC MSRs (except for the ICR) are reserved. 


Table 10-6. Local APIC Register Address Map Supported by x2APIC 


MSR Address MMIO Offset Reaictar Name MSR R/W Comments 
(x2APIC mode) (xAPIC mode) g Semantics 
802H 020H Local APIC ID register Read-only! See Section 10.12.5.1 for initial 
values. 
803H 030H Local APIC Version register Read-only Same version used in xAPIC mode 
and x2APIC mode. 
808H O80H Task Priority Register (TPR) Read/write Bits 31:8 are reserved. 
80AH OAOH Processor Priority Register Read-only 
(PPR) 
80BH OBOH EOI register Write-only? WRMSR of a non-zero value causes 
#GP(0). 
80DH ODOH Logical Destination Register Read-only Read/write in xAPIC mode. 
(LDR) 
80FH OFOH Spurious Interrupt Vector Read/write See Section 10.9 for reserved bits. 
Register (SVR) 
810H 100H In-Service Register (ISR); bits | Read-only 
31:0 
811H 110H ISR bits 63:32 Read-only 
812H 120H ISR bits 95:64 Read-only 
813H 130H ISR bits 127:96 Read-only 
814H 140H ISR bits 159:128 Read-only 
815H 150H ISR bits 191:160 Read-only 
816H 160H ISR bits 223:192 Read-only 
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Table 10-6. Local APIC Register Address Map Supported by x2APIC (Contd.) 


MSR Address MMIO Offset Register Name MSR R/W Comments 
(x2APIC mode) (xAPIC mode) Semantics 
817H 170H ISR bits 255:224 Read-only 
818H 180H Trigger Mode Register (TMR); | Read-only 
bits 31:0 
819H 190H TMR bits 63:32 Read-only 
81AH 1A0H TMR bits 95:64 Read-only 
81BH 1BOH TMR bits 127:96 Read-only 
81CH 1COH TMR bits 159:128 Read-only 
81DH 1DOH TMR bits 191:160 Read-only 
81EH 1€0H TMR bits 223:192 Read-only 
81FH 1FOH TMR bits 255:224 Read-only 
820H 200H Interrupt Request Register Read-only 
(IRR); bits 31:0 
821H 210H IRR bits 63:32 Read-only 
822H 220H IRR bits 95:64 Read-only 
823H 230H IRR bits 127:96 Read-only 
824H 240H IRR bits 159:128 Read-only 
825H 250H IRR bits 191:160 Read-only 
826H 260H IRR bits 223:192 Read-only 
827H 270H IRR bits 255:224 Read-only 
828H 280H Error Status Register (ESR) Read/write WRMSR of a non-zero value causes 
#GP(0). See Section 10.5.3. 
82FH 2FOH LWT CMCI register Read/write See Figure 10-8 for reserved bits. 
830H* 300H and 310H Interrupt Command Register Read/write See Figure 10-28 for reserved bits 
(ICR) 
832H 320H LVT Timer register Read/write See Figure 10-8 for reserved bits. 
833H 330H LVT Thermal Sensor register | Read/write See Figure 10-8 for reserved bits. 
834H 340H LVT Performance Monitoring | Read/write See Figure 10-8 for reserved bits. 
register 
835H 350H LVT LINTO register Read/write See Figure 10-8 for reserved bits. 
836H 360H LWT LINT1 register Read/write See Figure 10-8 for reserved bits. 
837H 370H LT Error register Read/write See Figure 10-8 for reserved bits. 
838H 380H Initial Count register (for Read/write 
Timer) 
839H 390H Current Count register (for Read-only 
Timer) 
83E€H 3€0H Divide Configuration Register | Read/write See Figure 10-10 for reserved bits. 
(DCR; for Timer) 
83FH Not available SELF IPI° Write-only Available only in x2APIC mode. 
NOTES: 


1. WRMSR causes #GP(0) for read-only registers. 
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2. WRMSR causes #GP(0) for attempts to set a reserved bit to 1 in a read/write register (including bits 63:32 of each register). 
3. RDMSR causes #GP(0) for write-only registers. 


4. MSR 831H is reserved; read/write operations cause general-protection exceptions. The contents of the APIC register at MMIO offset 
310H are accessible in x2APIC mode through the MSR at address 830H. 


5. SELF IPI register is supported only in x2APIC mode. 


10.12.1.3 Reserved Bit Checking 


Section 10.12.1.2 and Table 10-6 specifies the reserved bit definitions for the APIC registers in x2APIC mode. Non- 
zero writes (by WRMSR instruction) to reserved bits to these registers will raise a general protection fault exception 
while reads return zeros (RsvdZ semantics). 


In x2APIC mode, the local APIC ID register is increased to 32 bits wide. This enables -1 processors to be 
addressable in physical destination mode. This 32-bit value is referred to as “x2APIC ID”. A processor implementa- 
tion may choose to support less than 32 bits in its hardware. System software should be agnostic to the actual 
number of bits that are implemented. All non-implemented bits will return zeros on reads by software. 


The APIC ID value of FFFF_FFFFH and the highest value corresponding to the implemented bit-width of the local 
APIC ID register in the system are reserved and cannot be assigned to any logical processor. 


232 


In x2APIC mode, the local APIC ID register is a read-only register to system software and will be initialized by hard- 
ware. It is accessed via the RDMSR instruction reading the MSR at address 0802H. 


Each logical processor in the system (including clusters with a communication fabric) must be configured with an 
unique x2APIC ID to avoid collisions of x2APIC IDs. On DP and high-end MP processors targeted to specific market 
segments and depending on the system configuration, it is possible that logical processors in different and “un- 
connected” clusters power up initialized with overlapping x2APIC IDs. In these configurations, a model-specific 
means may be provided in those product segments to enable BIOS and/or platform firmware to re-configure the 
x2APIC IDs in some clusters to provide for unique and non-overlapping system wide IDs before configuring the 
disconnected components into a single system. 


10.12.2 x2APIC Register Availability 


The local APIC registers can be accessed via the MSR interface only when the local APIC has been switched to the 
x2APIC mode as described in Section 10.12.1. Accessing any APIC register in the MSR address range 0800H 
through O8FFH via RDMSR or WRMSR when the local APIC is not in x2APIC mode causes a general-protection 
exception. In x2APIC mode, the memory mapped interface is not available and any access to the MMIO interface 
will behave similar to that of a legacy xAPIC in globally disabled state. Table 10-7 provides the interactions between 
the legacy & extended modes and the legacy and register interfaces. 


Table 10-7. MSR/MMIO Interface of a Local x2APIC in Different Modes of Operation 


MMIO Interface MSR Interface 
xAPIC mode Available General-protection exception 
x2APIC mode Behavior identical to xAPIC in globally disabled state Available 


10.12.3. MSR Access in x2APIC Mode 


To allow for efficient access to the APIC registers in x2APIC mode, the serializing semantics of WRMSR are relaxed 
when writing to the APIC registers. Thus, system software should not use “WRMSR to APIC registers in x2APIC 
mode” as a Serializing instruction. Read and write accesses to the APIC registers will occur in program order. A 
WRMSR to an APIC register may complete before all preceding stores are globally visible; software can prevent this 
by inserting a serializing instruction or the sequence MFENCE;LFENCE before the WRMSR. 


The RDMSR instruction is not serializing and this behavior is unchanged when reading APIC registers in x2APIC 
mode. System software accessing the APIC registers using the RDMSR instruction should not expect a serializing 
behavior. (Note: The MMIO-based xAPIC interface is mapped by system software as an un-cached region. Conse- 
quently, read/writes to the xAPIC-MMIO interface have serializing semantics in the xAPIC mode.) 
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10.12.4 VM-Exit Controls for MSRs and x2APIC Registers 


The VMX architecture allows a VMM to specify lists of MSRs to be loaded or stored on VMX transitions using the 
VMxX-transition MSR areas (see VM-exit MSR-store address field, VM-exit MSR-load address field, and VM-entry 
MSR-load address field in Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3C). 


The X2APIC MSRs cannot to be loaded and stored on VMX transitions. A VMX transition fails if the VMM has specified 
that the transition should access any MSRs in the address range from 0000_0800H to 0000_O8FFH (the range used 
for accessing the X2APIC registers). Specifically, processing of an 128-bit entry in any of the VMX-transition MSR 
areas fails if bits 31:0 of that entry (represented as ENTRY_LOW_DW) satisfies the expression: “ENTRY_LOW_DW 
& FFFFF800H = O0000800H”. Such a failure causes an associated VM entry to fail (by reloading host state) and 
causes an associated VM exit to lead to VMX abort. 


10.12.5 x2APIC State Transitions 


This section provides a detailed description of the x2APIC states of a local x2APIC unit, transitions between these 
states as well as interactions of these states with INIT and reset. 


10.12.5.1 x2APIC States 

The valid states for a local x2APIC unit are listed in Table 10-5. 

e APIC disabled: IA32_APIC_BASE[EN]=0 and IA32_APIC_BASE[EXTD]=0. 
¢ xAPIC mode: IA32_APIC_BASE[EN]=1 and IA32_APIC_BASE[EXTD]=0. 
° x2APIC mode: IA32_APIC_BASE[EN]=1 and IA32_APIC_BASE[EXTD]=1. 
° Invalid: IA32_APIC_BASE[EN]=0 and IA32_APIC_BASE[EXTD]=1. 


The state corresponding to EXTD=1 and EN=0 is not valid and it is not possible to get into this state. An execution 
of WRMSR to the IA32_APIC_BASE_MSR that attempts a transition from a valid state to this invalid state causes a 
general-protection exception. Figure 10-27 shows the comprehensive state transition diagram for a local x2APIC 
unit. 


On coming out of reset, the local APIC unit is enabled and is in the xAPIC mode: IA32_APIC_BASE[EN]=1 and 
IA32_APIC_BASE[EXTD]=0. The APIC registers are initialized as follows. 


¢ The local APIC ID is initialized by hardware with a 32 bit ID (x2APIC ID). The lowest 8 bits of the x2APIC ID are 
the legacy local xAPIC ID, and are stored in the upper 8 bits of the APIC register for access in xAPIC mode. 


¢ The following APIC registers are reset to all zeros for those fields that are defined in the xAPIC mode. 


— IRR, ISR, TMR, ICR, LDR, TPR, Divide Configuration Register (See Section 10.4 through Section 10.6 for 
details of individual APIC registers). 


— Timer initial count and timer current count registers. 
° The LVT registers are reset to Os except for the mask bits; these are set to 1s. 
¢ The local APIC version register is not affected. 
¢ The Spurious Interrupt Vector Register is initialized to OOOOOOFFH. 
¢ The DFR (available only in xAPIC mode) is reset to all is. 
° SELF IPI register is reset to zero. 
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Figure 10-27. Local x2APIC State Transitions with IA32_APIC_BASE, INIT, and Reset 


Reset 


x2APIC After Reset 


The valid transitions from the xAPIC mode state are: 


¢ tothe x2APIC mode by setting EXT to 1 (resulting EN=1, EXTD= 1). The physical x2APIC ID (see Figure 10-6) 
is preserved across this transition and the logical x2APIC ID (see Figure 10-29) is initialized by hardware during 
this transition as documented in Section 10.12.10.2. The state of the extended fields in other APIC registers, 
which was not initialized at reset, is not architecturally defined across this transition and system software 
should explicitly initialize those programmable APIC registers. 


* to the disabled state by setting EN to 0 (resulting EN=0, EXTD= 0). 


The result of an INIT in the xAPIC state places the APIC in the state with EN= 1, EXTD= 0. The state of the local 
APIC ID register is preserved (the 8-bit xAPIC ID is in the upper 8 bits of the APIC ID register). All the other APIC 
registers are initialized as a result of INIT. 


A reset in this state places the APIC in the state with EN= 1, EXTD= O. The state of the local APIC ID register is 
initialized as described in Section 10.12.5.1. All the other APIC registers are initialized described in Section 
10.12.5.1. 


X2APIC Transitions From x2APIC Mode 


From the x2APIC mode, the only valid x2APIC transition using IA32_APIC_BASE is to the state where the x2APIC 
is disabled by setting EN to 0 and EXTD to 0. The x2APIC ID (32 bits) and the legacy local xAPIC ID (8 bits) are 
preserved across this transition. A transition from the x2APIC mode to xAPIC mode is not valid, and the corre- 
sponding WRMSR to the IA32_APIC_BASE MSR causes a general-protection exception. 

A reset in this state places the x2APIC in xAPIC mode. All APIC registers (including the local APIC ID register) are 
initialized as described in Section 10.12.5.1. 


An INIT in this state keeps the x2APIC in the x2APIC mode. The state of the local APIC ID register is preserved (all 
32 bits). However, all the other APIC registers are initialized as a result of the INIT transition. 
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X2APIC Transitions From Disabled Mode 


From the disabled state, the only valid x2APIC transition using IA32_APIC_BASE is to the xAPIC mode (EN= 1, 
EXTD = 0). Thus the only means to transition from x2APIC mode to xAPIC mode is a two-step process: 


° first transition from x2APIC mode to local APIC disabled mode (EN= 0, EXTD = 0), 
¢ followed by another transition from disabled mode to xAPIC mode (EN= 1, EXTD= 0). 


Consequently, all the APIC register states in the x2APIC, except for the x2APIC ID (32 bits), are not preserved 
across mode transitions. 


A reset in the disabled state places the x2APIC in the xAPIC mode. All APIC registers (including the local APIC ID 
register) are initialized as described in Section 10.12.5.1. 


An INIT in the disabled state keeps the x2APIC in the disabled state. 


State Changes From xAPIC Mode to x2APIC Mode 


After APIC register states have been initialized by software in xAPIC mode, a transition from xAPIC mode to x2APIC 
mode does not affect most of the APIC register states, except the following: 


°* The Logical Destination Register is not preserved. 
¢ Any APIC ID value written to the memory-mapped local APIC ID register is not preserved. 
¢ The high half of the Interrupt Command Register is not preserved. 


10.12.6 Routing of Device Interrupts in x2APIC Mode 


The x2APIC architecture is intended to work with all existing IOxAPIC units as well as all PCI and PCI Express (PCIe) 
devices that support the capability for message-signaled interrupts (MSI). Support for x2APIC modifies only the 
following: 

¢ the local APIC units; 

¢ the interconnects joining IOxAPIC units to the local APIC units; and 

¢ the interconnects joining MSI-capable PCI and PCIe devices to the local APIC units. 


No modifications are required to MSI-capable PCI and PCIe devices. Similarly, no modifications are required to 
IOXxAPIC units. This made possible through use of the interrupt-remapping architecture specified in the Inte/® 
Virtualization Technology for Directed I/O, Revision 1.3 for the routing of interrupts from MSI-capable devices to 
local APIC units operating in x2APIC mode. 


10.12.7 Initialization by System Software 


Routing of device interrupts to local APIC units operating in x2APIC mode requires use of the interrupt-remapping 
architecture specified in the Inte/® Virtualization Technology for Directed I/O (Revision 1.3 and/or later versions). 
Because of this, BIOS must enumerate support for and software must enable this interrupt remapping with 
Extended Interrupt Mode Enabled before it enabling x2APIC mode in the local APIC units. 


The ACPI interfaces for the x2APIC are described in Section 5.2, “ACPI System Description Tables,” of the Advanced 
Configuration and Power Interface Specification, Revision 4.0a (http://www.acpi.info/spec.htm). The default 
behavior for BIOS is to pass the control to the operating system with the local x2APICs in xAPIC mode if all APIC 
IDs reported by CPUID.OBH:EDX are less than 255, and in x2APIC mode if there are any logical processor reporting 
an APIC ID of 255 or greater. 


10.12.8 CPUID Extensions And Topology Enumeration 


For Intel 64 and IA-32 processors that support x2APIC, a value of 1 reported by CPUID.01H:ECX[21] indicates that 
the processor supports x2APIC and the extended topology enumeration leaf (CPUID.OBH). 
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The extended topology enumeration leaf can be accessed by executing CPUID with EAX = OBH. Processors that do 
not support x2APIC may support CPUID leaf OBH. Software can detect the availability of the extended topology 
enumeration leaf (OBH) by performing two steps: 


¢ Check maximum input value for basic CPUID information by executing CPUID with EAX= 0. If CPUID.OH:EAX is 
greater than or equal or 11 (OBH), then proceed to next step 


® Check CPUID.EAX=0BH, ECX=0H:EBxX is non-zero. 


If both of the above conditions are true, extended topology enumeration leaf is available. If available, the extended 
topology enumeration leaf is the preferred mechanism for enumerating topology. The presence of CPUID leaf OBH 
in a processor does not guarantee support for x2APIC. If CPUID.EAX=0BH, ECX=0H:EBX returns zero and 
maximum input value for basic CPUID information is greater than OBH, then CPUID.OBH leaf is not supported on 
that processor. 


The extended topology enumeration leaf is intended to assist software with enumerating processor topology on 
systems that requires 32-bit x2APIC IDs to address individual logical processors. Details of CPUID leaf OBH can be 
found in the reference pages of CPUID in Chapter 3 of Intel® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 2A. 


Processor topology enumeration algorithm for processors supporting the extended topology enumeration leaf of 
CPUID and processors that do not support CPUID leaf OBH are treated in Section 8.9.4, “Algorithm for Three-Level 
Mappings of APIC_ID”. 


10.12.8.1 Consistency of APIC IDs and CPUID 


The consistency of physical x2APIC ID in MSR 802H in x2APIC mode and the 32-bit value returned in 
CPUID.OBH:EDx is facilitated by processor hardware. 


CPUID.OBH:EDxX will report the full 32 bit ID, in xAPIC and x2APIC mode. This allows BIOS to determine if a system 
has processors with IDs exceeding the 8-bit initial APIC ID limit (CPUID.O1H:EBX[31:24]). Initial APIC ID 
(CPUID.01H:EBX[31:24]) is always equal to CPUID.OBH:EDX[7:0]. 


If the values of CPUID.OBH: EDX reported by all logical processors in a system are less than 255, BIOS can transfer 
control to OS in xAPIC mode. 


If the values of CPUID.OBH:EDX reported by some logical processors in a system are greater than or equal to 255, 
BIOS must support two options to hand off to OS. 


¢ If BIOS enables logical processors with x2APIC IDs greater than 255, then it should enable x2APIC in the Boot 
Strap Processor (BSP) and all Application Processors (AP) before passing control to the OS. Applications 
requiring processor topology information must use OS provided services based on x2APIC IDs or CPUID.OBH 
leaf. 


¢ If a BIOS transfers control to OS in xAPIC mode, then the BIOS must ensure that only logical processors with 
CPUID.OBH.EDX value less than 255 are enabled. BIOS initialization on all logical processors with 
CPUID.OB.EDX values greater than or equal to 255 must (a) disable APIC and execute CLI in each logical 
processor, and (b) leave these logical processor in the lowest power state so that these processors do not 
respond to INIT IPI during OS boot. The BSP and all the enabled logical processor operate in xAPIC mode after 
BIOS passed control to OS. Application requiring processor topology information can use OS provided legacy 
services based on 8-bit initial APIC IDs or legacy topology information from CPUID.01H and CPUID O4H leaves. 
Even if the BIOS passes control in xAPIC mode, an OS can switch the processors to x2APIC mode later. BIOS 
SMM handler should always read the APIC_BASE_MSR, determine the APIC mode and use the corresponding 
access method. 


10.12.9 ICR Operation in x2APIC Mode 


In x2APIC mode, the layout of the Interrupt Command Register is shown in Figure 10-12. The lower 32 bits of ICR 
in x2APIC mode is identical to the lower half of the ICR in xAPIC mode, except the Delivery Status bit is removed 
since it is not needed in x2APIC mode. The destination ID field is expanded to 32 bits in x2APIC mode. 


To send an IPI using the ICR, software must set up the ICR to indicate the type of IPI message to be sent and the 
destination processor or processors. Self IPIs can also be sent using the SELF IPI register (see Section 10.12.11). 
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63 32 


Destination Field 


31 2019181716 1514 1312 1110 87 0 
Reserved Vector 
Destination Shorthand Delivery Mode 
00: No Shorthand 000: Fixed 
01: Self 001: Reserved 
10: All Including Self 010: SMI 
11: All Excluding Self 011: Reserved 
100: NMI 
101: INIT 
110: Start Up 
Reserved 111: Reserved 


Destination Mode 
0: Physical 
1: Logical 


Level 


Address: 830H (63 - 0) : = relere 
= Asse 


Value after Reset: OH 


Trigger Mode 
0: Edge 
1: Level 


Figure 10-28. Interrupt Command Register (ICR) in x2APIC Mode 


A single MSR write to the Interrupt Command Register is required for dispatching an interrupt in x2APIC mode. 
With the removal of the Delivery Status bit, system software no longer has a reason to read the ICR. It remains 
readable only to aid in debugging; however, software should not assume the value returned by reading the ICR is 
the last written value. 


A destination ID value of FFFF_FFFFH is used for broadcast of interrupts in both logical destination and physical 
destination modes. 


10.12.10 Determining IPI Destination in x2APIC Mode 


10.12.10.1 Logical Destination Mode in x2APIC Mode 


In x2APIC mode, the Logical Destination Register (LDR) is increased to 32 bits wide. It is a read-only register to 
system software. This 32-bit value is referred to as “logical x2APIC ID”. System software accesses this register via 
the RDMSR instruction reading the MSR at address 80DH. Figure 10-29 provides the layout of the Logical Destina- 
tion Register in x2APIC mode. 
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MSR Address: 80DH 


31 0 
Logical x2APIC ID 


Figure 10-29. Logical Destination Register in x2APIC Mode 


In the xAPIC mode, the Destination Format Register (DFR) through the MMIO interface determines the choice of a 
flat logical mode or a clustered logical mode. Flat logical mode is not supported in the x2APIC mode. Hence the 
Destination Format Register (DFR) is eliminated in x2APIC mode. 


The 32-bit logical x2APIC ID field of LDR is partitioned into two sub-fields: 
* Cluster ID (LDR[31:16]): is the address of the destination cluster 


¢ Logical ID (LDR[15:0]): defines a logical ID of the individual local x2APIC within the cluster specified by 
LDR[31:16]. 


This layout enables 2“16-1 clusters each with up to 16 unique logical IDs - effectively providing an addressability 
of ((2%20) - 16) processors in logical destination mode. 


It is likely that processor implementations may choose to support less than 16 bits of the cluster ID or less than 16- 
bits of the Logical ID in the Logical Destination Register. However system software should be agnostic to the 
number of bits implemented in the cluster ID and logical ID sub-fields. The x2APIC hardware initialization will 
ensure that the appropriately initialized logical x2APIC IDs are available to system software and reads of non- 
implemented bits return zero. This is a read-only register that software must read to determine the logical x2APIC 
ID of the processor. Specifically, software can apply a 16-bit mask to the lowest 16 bits of the logical x2APIC ID to 
identify the logical address of a processor within a cluster without needing to know the number of implemented bits 
in cluster ID and Logical ID sub-fields. Similarly, software can create a message destination address for cluster 
model, by bit-Oring the Logical X2APIC ID (31:0) of processors that have matching Cluster ID(31:16). 


To enable cluster ID assignment in a fashion that matches the system topology characteristics and to enable effi- 
cient routing of logical mode lowest priority device interrupts in link based platform interconnects, the LDR are 
initialized by hardware based on the value of x2APIC ID upon x2APIC state transitions. Details of this initialization 
are provided in Section 10.12.10.2. 


10.12.10.2 Deriving Logical x2APIC ID from the Local x2APIC ID 


In x2APIC mode, the 32-bit logical x2APIC ID, which can be read from LDR, is derived from the 32-bit local x2APIC 
ID. Specifically, the 16-bit logical ID sub-field is derived by shifting 1 by the lowest 4 bits of the x2APIC ID, i.e. 
Logical ID = 1 « x2APIC ID[3:0]. The remaining bits of the x2APIC ID then form the cluster ID portion of the logical 
x2APIC ID: 


Logical x2APIC ID = [(x2APIC ID[19:4] « 16) | (1 « x2APIC ID[3:0])] 


The use of the lowest 4 bits in the x2APIC ID implies that at least 16 APIC IDs are reserved for logical processors 
within a socket in multi-socket configurations. If more than 16 APIC IDS are reserved for logical processors in a 
socket/package then multiple cluster IDs can exist within the package. 


The LDR initialization occurs whenever the x2APIC mode is enabled (see Section 10.12.5). 
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10.12.11 SELF IPI Register 


SELF IPIs are used extensively by some system software. The x2APIC architecture introduces a new register inter- 
face. This new register is dedicated to the purpose of sending self-IPIs with the intent of enabling a highly opti- 
mized path for sending self-IPIs. 


Figure 10-30 provides the layout of the SELF IPI register. System software only specifies the vector associated with 
the interrupt to be sent. The semantics of sending a self-IPI via the SELF IPI register are identical to sending a self 
targeted edge triggered fixed interrupt with the specified vector. Specifically the semantics are identical to the 
following settings for an inter-processor interrupt sent via the ICR - Destination Shorthand (ICR[19:18] = 01 
(Self)), Trigger Mode (ICR[15] = 0 (Edge)), Delivery Mode (ICR[10:8] = 000 (Fixed)), Vector (ICR[7:0] = Vector). 


MSR Address: 083FH 


31 87 0 


Reserved Vector 


Figure 10-30. SELF IPI register 


The SELF IPI register is a write-only register. A RDMSR instruction with address of the SELF IPI register causes a 
general-protection exception. 


The handling and prioritization of a self-IPI sent via the SELF IPI register is architecturally identical to that for an 
IPI sent via the ICR from a legacy xAPIC unit. Specifically the state of the interrupt would be tracked via the Inter- 
rupt Request Register (IRR) and In Service Register (ISR) and Trigger Mode Register (TMR) as if it were received 
from the system bus. Also sending the IPI via the Self Interrupt Register ensures that interrupt is delivered to the 
processor core. Specifically completion of the WRMSR instruction to the SELF IPI register implies that the interrupt 
has been logged into the IRR. As expected for edge triggered interrupts, depending on the processor priority and 
readiness to accept interrupts, it is possible that interrupts sent via the SELF IPI register or via the ICR with iden- 
tical vectors can be combined. 


10.13 APIC BUS MESSAGE FORMATS 


This section describes the message formats used when transmitting messages on the serial APIC bus. The informa- 
tion described here pertains only to the Pentium and P6 family processors. 


10.13.1 Bus Message Formats 


The local and I/O APICs transmit three types of messages on the serial APIC bus: EOI message, short message, 
and non-focused lowest priority message. The purpose of each type of message and its format are described below. 


10.13.2 EOI Message 


Local APICs send 14-cycle EOI messages to the I/O APIC to indicate that a level triggered interrupt has been 
accepted by the processor. This interrupt, in turn, is a result of software writing into the EOI register of the local 
APIC. Table 10-8 shows the cycles in an EOI message. 


Table 10-8. EOI Message (14 Cycles) 


Cycle Bit1 BitO 
1 1 1 11 =€0l 
2 ArbID3 0 Arbitration ID bits 3 through O 
3 ArbID2 0 
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Table 10-8. EOI Message (14 Cycles) (Contd.) 


Cycle Bit1 BitO 
4 ArbiD1 0 
5 ArbIDO 0 
6 V7 V6 Interrupt vector V7 - VO 
7 V5 V4 
8 V3 V2 
9 V1 vo 
10 C C Checksum for cycles 6 - 9 
11 0 
12 Status Cycle 0 
13 Al Al Status Cycle 1 
14 0 0 Idle 


The checksum is computed for cycles 6 through 9. It is a cumulative sum of the 2-bit (Bit1:BitO) logical data values. 
The carry out of all but the last addition is added to the sum. If any APIC computes a different checksum than the 
one appearing on the bus in cycle 10, it signals an error, driving 11 on the APIC bus during cycle 12. In this case, 
the APICs disregard the message. The sending APIC will receive an appropriate error indication (see Section 


10.5.3, “Error Handling”) and resend the message. The status cycles are defined in Table 10-11. 


10.13.2.1 Short Message 


Short messages (21-cycles) are used for sending fixed, NMI, SMI, INIT, start-up, ExtINT and lowest-priority-with- 
focus interrupts. Table 10-9 shows the cycles in a short message. 


Table 10-9. Short Message (21 Cycles) 


Cycle Bit1 BitO 
1 0 1 0 1 = normal 
2 ArbID3 0 Arbitration ID bits 3 through O 
3 ArbID2 0 
4 ArbID1 0 
5 ArbIDO 0 
6 DM M2 DM = Destination Mode 
7 M1 MO M2-MO = Delivery mode 
8 L ™ L = Level, TM = Trigger Mode 
9 V7 V6 V7-VO = Interrupt Vector 
10 V5 V4 
11 V3 V2 
12 V1 vo 
13 D7 D6 D7-DO = Destination 
14 D5 D4 
15 D3 D2 
16 D1 DO 
17 C C Checksum for cycles 6-16 
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Table 10-9. Short Message (21 Cycles) (Contd.) 


Cycle Bit1 BitO 
18 0 0 
19 A A Status cycle 0 
20 Al Al Status cycle 1 
21 0 0 Idle 


If the physical delivery mode is being used, then cycles 15 and 16 represent the APIC ID and cycles 13 and 14 are 
considered don't care by the receiver. If the logical delivery mode is being used, then cycles 13 through 16 are the 
8-bit logical destination field. 


For shorthands of “all-incl-self” and “all-excl-self,” the physical delivery mode and an arbitration priority of 15 
(DO:D3 = 1111) are used. The agent sending the message is the only one required to distinguish between the two 
cases. It does so using internal information. 


When using lowest priority delivery with an existing focus processor, the focus processor identifies itself by driving 
10 during cycle 19 and accepts the interrupt. This is an indication to other APICs to terminate arbitration. If the 
focus processor has not been found, the short message is extended on-the-fly to the non-focused lowest-priority 
message. Note that except for the EOI message, messages generating a checksum or an acceptance error (see 
Section 10.5.3, “Error Handling”) terminate after cycle 21. 


10.13.2.2 Non-focused Lowest Priority Message 


These 34-cycle messages (see Table 10-10) are used in the lowest priority delivery mode when a focus processor 
is not present. Cycles 1 through 20 are same as for the short message. If during the status cycle (cycle 19) the 
state of the (A:A) flags is 10B, a focus processor has been identified, and the short message format is used (see 
Table 10-9). If the (A:A) flags are set to 0OB, lowest priority arbitration is started and the 34-cycles of the non- 
focused lowest priority message are competed. For other combinations of status flags, refer to Section 10.13.2.3, 
“APIC Bus Status Cycles.” 


Table 10-10. Non-Focused Lowest Priority Message (34 Cycles) 


Cycle BitO Bit1 
1 0 1 01 = normal 
2 ArbID3 0 Arbitration ID bits 3 through O 
3 ArbID2 0 
4 ArbID1 0 
5 ArbIDO 0 
6 DM M2 DM = Destination mode 
7 M1 MO M2-MO = Delivery mode 
8 L ™ L = Level, TM = Trigger Mode 
9 V7 V6 V7-VO = Interrupt Vector 
10 V5 V4 
11 V3 V2 
12 V1 vo 
13 D7 D6 D7-DO = Destination 
14 D5 D4 
15 D3 D2 
16 D1 DO 
17 C C Checksum for cycles 6-16 
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Table 10-10. Non-Focused Lowest Priority Message (34 Cycles) (Contd.) 


Cycle BitO Bit1 
18 0 0 
19 A A Status cycle 0 
20 Al Al Status cycle 1 
21 P7 0 P7 - PO = Inverted Processor Priority 
22 P6 0 
23 P5 0 
24 P4 0 
25 P3 0 
26 P2 0 
27 P1 0 
28 PO 0 
29 ArbID3 0 Arbitration ID 3 -0 
30 ArbID2 0 
31 ArbiD1 0 
32 ArbIDO 0 
33 A2 A2 Status Cycle 
34 0 0 Idle 


Cycles 21 through 28 are used to arbitrate for the lowest priority processor. The processors participating in the 
arbitration drive their inverted processor priority on the bus. Only the local APICs having free interrupt slots partic- 
ipate in the lowest priority arbitration. If no such APIC exists, the message will be rejected, requiring it to be tried 
at a later time. 


Cycles 29 through 32 are also used for arbitration in case two or more processors have the same lowest priority. In 
the lowest priority delivery mode, all combinations of errors in cycle 33 (A2 A2) will set the “accept error” bit in the 
error status register (see Figure 10-9). Arbitration priority update is performed in cycle 20, and is not affected by 
errors detected in cycle 33. Only the local APIC that wins in the lowest priority arbitration, drives cycle 33. An error 
in cycle 33 will force the sender to resend the message. 


10.13.2.3 APIC Bus Status Cycles 


Certain cycles within an APIC bus message are status cycles. During these cycles the status flags (A:A) and 
(A1:A1) are examined. Table 10-11 shows how these status flags are interpreted, depending on the current 
delivery mode and existence of a focus processor. 
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Table 10-11. APIC Bus Status Cycles Interpretation 


Delivery A Status Al Status A2 Status Update ArbID | Message Retry 
Mode and Cycle# Length 
EOI 00: CS_OK 10: Accept XX: Yes, 13 14 Cycle No 
00: CS_OK 11: Retry XX: Yes, 13 14 Cycle Yes 
00: CS_OK OX: Accept Error XX: No 14 Cycle Yes 
11: CS_Error XX: XX: No 14 Cycle Yes 
10: Error XX: XX: No 14 Cycle Yes 
01: Error XX: XX: No 14 Cycle Yes 
Fixed 00: CS_OK 10: Accept XX: Yes, 20 21 Cycle No 
00: CS_OK 11: Retry XX: Yes, 20 21 Cycle Yes 
00: CS_OK OX: Accept Error XX: No 21 Cycle Yes 
11: CS_Error XX: XX: No 21 Cycle Yes 
10: Error XX: XX: No 21 Cycle Yes 
01: Error XX: XX: No 21 Cycle Yes 
NMI, SMI, INIT, 00: CS_OK 10: Accept XX: Yes, 20 21 Cycle No 
Sats 00: CS_OK 11: Retry XX: Yes, 20 21 Cycle Yes 
00: CS_OK OX: Accept Error XX: No 21 Cycle Yes 
11: CS_Error XX: XX: No 21 Cycle Yes 
10: Error XX: XX: No 21 Cycle Yes 
01: Error XX: XX: No 21 Cycle Yes 
Lowest 00: CS_OK, NoFocus | 11: Do Lowest 10: Accept Yes, 20 34 Cycle No 
00: CS_OK, NoFocus | 11: Do Lowest 11: Error Yes, 20 34 Cycle Yes 
00: CS_OK, NoFocus | 11: Do Lowest OX: Error Yes, 20 34 Cycle Yes 
00: CS_OK, NoFocus | 10: End and Retry XX: Yes, 20 34 Cycle Yes 
00: CS_OK, NoFocus | OX: Error XX: No 34 Cycle Yes 
10: CS_OK, Focus XX: XX: Yes, 20 34 Cycle No 
11: CS_Error XX: XX: No 21 Cycle Yes 
01: Error XX: XX: No 21 Cycle Yes 
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CHAPTER 11 
MEMORY CACHE CONTROL 


This chapter describes the memory cache and cache control mechanisms, the TLBs, and the store buffer in Intel 64 
and IA-32 processors. It also describes the memory type range registers (MTRRs) introduced in the P6 family 
processors and how they are used to control caching of physical memory locations. 


11.1. INTERNAL CACHES, TLBS, AND BUFFERS 


The Intel 64 and IA-32 architectures support cache, translation look aside buffers (TLBs), and a store buffer for 
temporary on-chip (and external) storage of instructions and data. (Figure 11-1 shows the arrangement of caches, 
TLBs, and the store buffer for the Pentium 4 and Intel Xeon processors.) Table 11-1 shows the characteristics of 
these caches and buffers for the Pentium 4, Intel Xeon, P6 family, and Pentium processors. The sizes and char- 
acteristics of these units are machine specific and may change in future versions of the processor. The 
CPUID instruction returns the sizes and characteristics of the caches and buffers for the processor on which the 
instruction is executed. See “CPUID—CPU Identification” in Chapter 3, “Instruction Set Reference, A-L,” of the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A. 
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Figure 11-1. Cache Structure of the Pentium 4 and Intel Xeon Processors 
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Figure 11-2. Cache Structure of the Intel Core i7 Processors 


Figure 11-2 shows the cache arrangement of Intel Core i7 processor. 


Table 11-1. Characteristics of the Caches, TLBs, Store Buffer, and 
Write Combining Buffer in Intel 64 and IA-32 Processors 


Cache or Buffer 


Characteristics 


Trace Cache! 


« Pentium 4 and Intel Xeon processors (Based on Intel NetBurst® microarchitecture): 12 Kuwops, 8-way set 
associative. 

« Intel Core i7, Intel Core 2 Duo, Intel Atom, Intel Core Duo, Intel Core Solo, Pentium M processor: not 
implemented. 

« P6 family and Pentium processors: not implemented. 


L1 Instruction Cache 


* Pentium 4 and Intel Xeon processors (Based on Intel NetBurst microarchitecture): not implemented. 

« Intel Core i7 processor: 32-KByte, 4-way set associative. 

« Intel Core 2 Duo, Intel Atom, Intel Core Duo, Intel Core Solo, Pentium M processor: 32-KByte, 8-way set 
associative. 

= P6 family and Pentium processors: 8- or 16-KByte, 4-way set associative, 32-byte cache line size; 2-way set 
associative for earlier Pentium processors. 


L1 Data Cache 


* Pentium 4 and Intel Xeon processors (Based on Intel NetBurst microarchitecture): 8-KByte, 4-way set 
associative, 64-byte cache line size. 

* Pentium 4 and Intel Xeon processors (Based on Intel NetBurst microarchitecture): 16-KByte, 8-way set 
associative, 64-byte cache line size. 

« Intel Atom processors: 24-KByte, 6-way set associative, 64-byte cache line size. 

« Intel Core i7, Intel Core 2 Duo, Intel Core Duo, Intel Core Solo, Pentium M and Intel Xeon processors: 32- 
KByte, 8-way set associative, 64-byte cache line size. 

= P6 family processors: 16-KByte, 4-way set associative, 32-byte cache line size; 8-KBytes, 2-way set 
associative for earlier P6 family processors. 

« Pentium processors: 16-KByte, 4-way set associative, 32-byte cache line size; 8-KByte, 2-way set 
associative for earlier Pentium processors. 
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Table 11-1. Characteristics of the Caches, TLBs, Store Buffer, and 
Write Combining Buffer in Intel 64 and IA-32 Processors (Contd.) 


Cache or Buffer 


Characteristics 


L2 Unified Cache 


Intel Core 2 Duo and Intel Xeon processors: up to 4-MByte (or 4MBx2 in quadcore processors), 16-way set 
associative, 64-byte cache line size. 

Intel Core 2 Duo and Intel Xeon processors: up to 6-MByte (or 6MBx2 in quadcore processors), 24-way set 
associative, 64-byte cache line size. 

Intel Core i7, i5, i3 processors: 256KBbyte, 8-way set associative, 64-byte cache line size. 

Intel Atom processors: 512-KByte, 8-way set associative, 64-byte cache line size. 

Intel Core Duo, Intel Core Solo processors: 2-MByte, 8-way set associative, 64-byte cache line size 

Pentium 4 and Intel Xeon processors: 256, 512, 1024, or 2048-KByte, 8-way set associative, 64-byte cache 
line size, 128-byte sector size. 

Pentium M processor: 1 or 2-MByte, 8-way set associative, 64-byte cache line size. 

P6 family processors: 128-KByte, 256-KByte, 512-KByte, 1-MByte, or 2-MByte, 4-way set associative, 
32-byte cache line size. 

Pentium processor (external optional): System specific, typically 256- or 512-KByte, 4-way set associative, 
32-byte cache line size. 


L3 Unified Cache 


Intel Xeon processors: 512-KByte, 1-MByte, 2-MByte, or 4-MByte, 8-way set associative, 64-byte cache line 
size, 128-byte sector size. 

Intel Core i7 processor, Intel Xeon processor 5500: Up to 8MByte, 16-way set associative, 64-byte cache 
line size. 

Intel Xeon processor 5600: Up to 12MByte, 64-byte cache line size. 

Intel Xeon processor 7500: Up to 24MByte, 64-byte cache line size. 


Instruction TLB 
(4-KByte Pages) 


Pentium 4 and Intel Xeon processors (Based on Intel NetBurst microarchitecture): 128 entries, 4-way set 
associative. 

Intel Atom processors: 32-entries, fully associative. 

Intel Core i7, i5, i3 processors: 64-entries per thread (128-entries per core), 4-way set associative. 

Intel Core 2 Duo, Intel Core Duo, Intel Core Solo processors, Pentium M processor: 128 entries, 4-way set 
associative. 

P6 family processors: 32 entries, 4-way set associative. 

Pentium processor: 32 entries, 4-way set associative; fully set associative for Pentium processors with MMX 
technology. 


Data TLB (4-KByte 
Pages) 


« Intel Atom processors: 16-entry-per-thread micro-TLB, fully associative; 64-entry DTLB, 4-way set 


Intel Core i7, i5, i3 processors, DTLBO: 64-entries, 4-way set associative. 
Intel Core 2 Duo processors: DTLBO, 16 entries, DTLB1, 256 entries, 4 ways. 


associative; 16-entry PDE cache, fully associative. 

Pentium 4 and Intel Xeon processors (Based on Intel NetBurst microarchitecture): 64 entry, fully set 
associative, shared with large page DTLB. 

Intel Core Duo, Intel Core Solo processors, Pentium M processor: 128 entries, 4-way set associative. 
Pentium and P6 family processors: 64 entries, 4-way set associative; fully set, associative for Pentium 
processors with MMX technology. 


Instruction TLB 
(Large Pages) 


Intel Core i7, i5, i3 processors: 7-entries per thread, fully associative. 

Intel Core 2 Duo processors: 4 entries, 4 ways. 

Pentium 4 and Intel Xeon processors: large pages are fragmented. 

Intel Core Duo, Intel Core Solo, Pentium M processor: 2 entries, fully associative. 
P6 family processors: 2 entries, fully associative. 

Pentium processor: Uses same TLB as used for 4-KByte pages. 


Data TLB (Large 
Pages) 


Intel Core i7, i5, i3 processors, DTLBO: 32-entries, 4-way set associative. 

Intel Core 2 Duo processors: DTLBO, 16 entries, DTLB1, 32 entries, 4 ways. 

Intel Atom processors: 8 entries, 4-way set associative. 

Pentium 4 and Intel Xeon processors: 64 entries, fully set associative; shared with small page data TLBs. 
Intel Core Duo, Intel Core Solo, Pentium M processor: 8 entries, fully associative. 

P6 family processors: 8 entries, 4-way set associative. 

Pentium processor: 8 entries, 4-way set associative; uses same TLB as used for 4-KByte pages in Pentium 
processors with MMX technology. 


Second-level Unified 
TLB (4-KByte 
Pages) 


Intel Core i7, i5, i3 processor, STLB: 512-entries, 4-way set associative. 
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Table 11-1. Characteristics of the Caches, TLBs, Store Buffer, and 
Write Combining Buffer in Intel 64 and IA-32 Processors (Contd.) 


Cache or Buffer Characteristics 


Store Buffer 


« Intel Core i7, i5, i3 processors: 32entries. 

« Intel Core 2 Duo processors: 20 entries. 

« Intel Atom processors: 8 entries, used for both WC and store buffers. 

« Pentium 4 and Intel Xeon processors: 24 entries. 

« Pentium M processor: 16 entries. 

= P6 family processors: 12 entries. 

« Pentium processor: 2 buffers, 1 entry each (Pentium processors with MMX technology have 4 buffers for 4 


entries). 
Write Combining « Intel Core 2 Duo processors: 8 entries. 
(WC) Buffer « Intel Atom processors: 8 entries, used for both WC and store buffers. 
« Pentium 4 and Intel Xeon processors: 6 or 8 entries. 
« Intel Core Duo, Intel Core Solo, Pentium M processors: 6 entries. 
= P6 family processors: 4 entries. 
NOTES: 


1 Introduced to the IA-32 architecture in the Pentium 4 and Intel Xeon processors. 


Intel 64 and IA-32 processors may implement four types of caches: the trace cache, the level 1 (L1) cache, the 
level 2 (L2) cache, and the level 3 (L3) cache. See Figure 11-1. Cache availability is described below: 


Intel Core i7, i5, i3 processor family and Intel Xeon processor family based on Nehalem microarchi- 
tecture and Westmere microarchitecture — The L1 cache is divided into two sections: one section is 
dedicated to caching instructions (pre-decoded instructions) and the other caches data. The L2 cache is a 
unified data and instruction cache. Each processor core has its own Li and L2. The L3 cache is an inclusive, 
unified data and instruction cache, shared by all processor cores inside a physical package. No trace cache is 
implemented. 


Intel® Core™ 2 processor family and Intel® Xeon® processor family based on Intel® Core™ micro- 
architecture — The L1 cache is divided into two sections: one section is dedicated to caching instructions (pre- 
decoded instructions) and the other caches data. The L2 cache is a unified data and instruction cache located 
on the processor chip; it is shared between two processor cores in a dual-core processor implementation. 
Quad-core processors have two L2, each shared by two processor cores. No trace cache is implemented. 


Intel Atom® processor — The L1 cache is divided into two sections: one section is dedicated to caching 
instructions (pre-decoded instructions) and the other caches data. The L2 cache is a unified data and 
instruction cache is located on the processor chip. No trace cache is implemented. 


Intel® Core™ Solo and Intel® Core™ Duo processors — The L1 cache is divided into two sections: one 
section is dedicated to caching instructions (pre-decoded instructions) and the other caches data. The L2 cache 
is a unified data and instruction cache located on the processor chip. It is shared between two processor cores 
in a dual-core processor implementation. No trace cache is implemented. 


Pentium® 4 and Intel® Xeon® processors Based on Intel NetBurst® microarchitecture — The trace 

cache caches decoded instructions (uops) from the instruction decoder and the Li cache contains data. The L2 
and L3 caches are unified data and instruction caches located on the processor chip. Dualcore processors have 
two L2, one in each processor core. Note that the L3 cache is only implemented on some Intel Xeon processors. 


P6 family processors — The L1 cache is divided into two sections: one dedicated to caching instructions (pre- 
decoded instructions) and the other to caching data. The L2 cache is a unified data and instruction cache 
located on the processor chip. P6 family processors do not implement a trace cache. 


Pentium® processors — The L1 cache has the same structure as on P6 family processors. There is no trace 
cache. The L2 cache is a unified data and instruction cache external to the processor chip on earlier Pentium 
processors and implemented on the processor chip in later Pentium processors. For Pentium processors where 
the L2 cache is external to the processor, access to the cache is through the system bus. 


For Intel Core i7 processors and processors based on Intel Core, Intel Atom, and Intel NetBurst microarchitectures, 
Intel Core Duo, Intel Core Solo and Pentium M processors, the cache lines for the L1 and L2 caches (and L3 caches 
if supported) are 64 bytes wide. The processor always reads a cache line from system memory beginning on a 64- 
byte boundary. (A 64-byte aligned cache line begins at an address with its 6 least-significant bits clear.) A cache 
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line can be filled from memory with a 8-transfer burst transaction. The caches do not support partially-filled cache 
lines, so caching even a single doubleword requires caching an entire line. 


The Li and L2 cache lines in the P6 family and Pentium processors are 32 bytes wide, with cache line reads from 
system memory beginning on a 32-byte boundary (5 least-significant bits of a memory address clear.) A cache line 
can be filled from memory with a 4-transfer burst transaction. Partially-filled cache lines are not supported. 


The trace cache in processors based on Intel NetBurst microarchitecture is available in all execution modes: 
protected mode, system management mode (SMM), and real-address mode. The Li,L2, and L3 caches are also 
available in all execution modes; however, use of them must be handled carefully in SMM (see Section 31.4.2, 
“SMRAM Caching”). 


The TLBs store the most recently used page-directory and page-table entries. They speed up memory accesses 
when paging is enabled by reducing the number of memory accesses that are required to read the page tables 
stored in system memory. The TLBs are divided into four groups: instruction TLBs for 4-KByte pages, data TLBs for 
4-KByte pages; instruction TLBs for large pages (2-MByte, 4-MByte or 1-GByte pages), and data TLBs for large 
pages. The TLBs are normally active only in protected mode with paging enabled. When paging is disabled or the 
processor is in real-address mode, the TLBs maintain their contents until explicitly or implicitly flushed (see Section 
11.9, “Invalidating the Translation Lookaside Buffers (TLBs)”). 


Processors based on Intel Core microarchitectures implement one level of instruction TLB and two levels of data 
TLB. Intel Core i7 processor provides a second-level unified TLB. 


The store buffer is associated with the processors instruction execution units. It allows writes to system memory 
and/or the internal caches to be saved and in some cases combined to optimize the processor’s bus accesses. The 
store buffer is always enabled in all execution modes. 


The processor's caches are for the most part transparent to software. When enabled, instructions and data flow 
through these caches without the need for explicit software control. However, knowledge of the behavior of these 
caches may be useful in optimizing software performance. For example, knowledge of cache dimensions and 
replacement algorithms gives an indication of how large of a data structure can be operated on at once without 
causing cache thrashing. 


In multiprocessor systems, maintenance of cache consistency may, in rare circumstances, require intervention by 
system software. For these rare cases, the processor provides privileged cache control instructions for use in 
flushing caches and forcing memory ordering. 


There are several instructions that software can use to improve the performance of the Li, L2, and L3 caches, 
including the PREFETCHh, CLFLUSH, and CLFLUSHOPT instructions and the non-temporal move instructions 
(MOVNTI, MOVNTQ, MOVNTDQ, MOVNTPS, and MOVNTPD). The use of these instructions are discussed in Section 
11.5.5, “Cache Management Instructions.” 


11.2 CACHING TERMINOLOGY 


IA-32 processors (beginning with the Pentium processor) and Intel 64 processors use the MESI (modified, exclu- 
sive, shared, invalid) cache protocol to maintain consistency with internal caches and caches in other processors 
(see Section 11.4, “Cache Control Protocol”). 


When the processor recognizes that an operand being read from memory is cacheable, the processor reads an 
entire cache line into the appropriate cache (L1, L2, L3, or all). This operation is called a cache line fill. If the 
memory location containing that operand is still cached the next time the processor attempts to access the 
operand, the processor can read the operand from the cache instead of going back to memory. This operation is 
called a cache hit. 


When the processor attempts to write an operand to a cacheable area of memory, it first checks if a cache line for 
that memory location exists in the cache. If a valid cache line does exist, the processor (depending on the write 
policy currently in force) can write the operand into the cache instead of writing it out to system memory. This 
operation is called a write hit. If a write misses the cache (that is, a valid cache line is not present for area of 
memory being written to), the processor performs a cache line fill, write allocation. Then it writes the operand into 
the cache line and (depending on the write policy currently in force) can also write it out to memory. If the operand 
is to be written out to memory, it is written first into the store buffer, and then written from the store buffer to 
memory when the system bus is available. (Note that for the Pentium processor, write misses do not result in a 
cache line fill; they always result in a write to memory. For this processor, only read misses result in cache line fills.) 
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When operating in an MP system, IA-32 processors (beginning with the Intel486 processor) and Intel 64 processors 
have the ability to snoop other processor’s accesses to system memory and to their internal caches. They use this 
snooping ability to keep their internal caches consistent both with system memory and with the caches in other 
processors on the bus. For example, in the Pentium and P6 family processors, if through snooping one processor 
detects that another processor intends to write to a memory location that it currently has cached in shared state, 
the snooping processor will invalidate its cache line forcing it to perform a cache line fill the next time it accesses 
the same memory location. 


Beginning with the P6 family processors, if a processor detects (through snooping) that another processor is trying 
to access a memory location that it has modified in its cache, but has not yet written back to system memory, the 
snooping processor will signal the other processor (by means of the HITM# signal) that the cache line is held in 
modified state and will perform an implicit write-back of the modified data. The implicit write-back is transferred 
directly to the initial requesting processor and snooped by the memory controller to assure that system memory 
has been updated. Here, the processor with the valid data may pass the data to the other processors without actu- 
ally writing it to system memory; however, it is the responsibility of the memory controller to snoop this operation 
and update memory. 


11.3. METHODS OF CACHING AVAILABLE 


The processor allows any area of system memory to be cached in the L1, L2, and L3 caches. In individual pages or 
regions of system memory, it allows the type of caching (also called memory type) to be specified (see Section 
11.5). Memory types currently defined for the Intel 64 and IA-32 architectures are (see Table 11-2): 


¢ Strong Uncacheable (UC) —System memory locations are not cached. All reads and writes appear on the 
system bus and are executed in program order without reordering. No speculative memory accesses, page- 
table walks, or prefetches of speculated branch targets are made. This type of cache-control is useful for 
memory-mapped I/O devices. When used with normal RAM, it greatly reduces processor performance. 


NOTE 


The behavior of x87 and SIMD instructions referencing memory is implementation dependent. In 
some implementations, accesses to UC memory may occur more than once. To ensure predictable 
behavior, use loads and stores of general purpose registers to access UC memory that may have 
read or write side effects. 


Table 11-2. Memory Types and Their Properties 


Memory Type and Cacheable | Writeback | Allows Memory Ordering Model 
Mnemonic Cacheable | Speculative 
Reads 
Strong Uncacheable | No No No Strong Ordering 
(UC) 
Uncacheable (UC-) No No No Strong Ordering. Can only be selected through the PAT. Can be 
overridden by WC in MTRRs. 
Write Combining (WC) | No No Yes Weak Ordering. Available by programming MTRRs or by selecting it 
through the PAT. 
Write Through (WT) | Yes No Yes Speculative Processor Ordering. 
Write Back (WB) Yes Yes Yes Speculative Processor Ordering. 
Write Protected (WP) | Yes for No Yes Speculative Processor Ordering. Available by programming MTRRs. 
reads; no for 
writes 


¢ Uncacheable (UC-) — Has same characteristics as the strong uncacheable (UC) memory type, except that 
this memory type can be overridden by programming the MTRRs for the WC memory type. This memory type 
is available in processor families starting from the Pentium III processors and can only be selected through the 
PAT. 
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¢ Write Combining (WC) — System memory locations are not cached (as with uncacheable memory) and 

coherency is not enforced by the processor’s bus coherency protocol. Speculative reads are allowed. Writes 
may be delayed and combined in the write combining buffer (WC buffer) to reduce memory accesses. If the WC 
buffer is partially filled, the writes may be delayed until the next occurrence of a serializing event; such as an 
SFENCE or MFENCE instruction, CPUID or other serializing instruction, a read or write to uncached memory, an 
interrupt occurrence, or an execution of a LOCK instruction (including one with an XACQUIRE or XRELEASE 
prefix). In addition, an execution of the XEND instruction (to end a transactional region) evicts any writes that 
were buffered before the corresponding execution of the XBEGIN instruction (to begin the transactional region) 
before evicting any writes that were performed inside the transactional region. 


This type of cache-control is appropriate for video frame buffers, where the order of writes is unimportant as 
long as the writes update memory so they can be seen on the graphics display. See Section 11.3.1, “Buffering 
of Write Combining Memory Locations,” for more information about caching the WC memory type. This memory 
type is available in the Pentium Pro and Pentium II processors by programming the MTRRs; or in processor 
families starting from the Pentium III processors by programming the MTRRs or by selecting it through the PAT. 


¢ Write-through (WT) — Writes and reads to and from system memory are cached. Reads come from cache 
lines on cache hits; read misses cause cache fills. Speculative reads are allowed. All writes are written to a 
cache line (when possible) and through to system memory. When writing through to memory, invalid cache 
lines are never filled, and valid cache lines are either filled or invalidated. Write combining is allowed. This type 
of cache-control is appropriate for frame buffers or when there are devices on the system bus that access 
system memory, but do not perform snooping of memory accesses. It enforces coherency between caches in 
the processors and system memory. 


¢ Write-back (WB) — Writes and reads to and from system memory are cached. Reads come from cache lines 
on cache hits; read misses cause cache fills. Speculative reads are allowed. Write misses cause cache line fills 
(in processor families starting with the P6 family processors), and writes are performed entirely in the cache, 
when possible. Write combining is allowed. The write-back memory type reduces bus traffic by eliminating 
many unnecessary writes to system memory. Writes to a cache line are not immediately forwarded to system 
memory; instead, they are accumulated in the cache. The modified cache lines are written to system memory 
later, when a write-back operation is performed. Write-back operations are triggered when cache lines need to 
be deallocated, such as when new cache lines are being allocated in a cache that is already full. They also are 
triggered by the mechanisms used to maintain cache consistency. This type of cache-control provides the best 
performance, but it requires that all devices that access system memory on the system bus be able to snoop 
memory accesses to ensure system memory and cache coherency. 


¢ Write protected (WP) — Reads come from cache lines when possible, and read misses cause cache fills. 
Writes are propagated to the system bus and cause corresponding cache lines on all processors on the bus to 
be invalidated. Speculative reads are allowed. This memory type is available in processor families starting from 
the P6 family processors by programming the MTRRs (see Table 11-6). 


Table 11-3 shows which of these caching methods are available in the Pentium, P6 Family, Pentium 4, and Intel 
Xeon processors. 


Table 11-3. Methods of Caching Available in Intel Core 2 Duo, Intel Atom, Intel Core Duo, Pentium M, Pentium 4, 
Intel Xeon, P6 Family, and Pentium Processors 


Memory Type Intel Core 2 Duo, Intel Atom, Intel Core Duo, P6 Family Pentium 
Pentium M, Pentium 4 and Intel Xeon Processors | Processors Processor 

Strong Uncacheable (UC) Yes Yes Yes 
Uncacheable (UC-) Yes Yes* No 

Write Combining (WC) Yes Yes No 

Write Through (WT) Yes Yes Yes 

Write Back (WB) Yes Yes Yes 

Write Protected (WP) Yes Yes No 

NOTE: 


* Introduced in the Pentium Ill processor; not available in the Pentium Pro or Pentium II processors 
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11.3.1 Buffering of Write Combining Memory Locations 


Writes to the WC memory type are not cached in the typical sense of the word cached. They are retained in an 
internal write combining buffer (WC buffer) that is separate from the internal L1, L2, and L3 caches and the store 
buffer. The WC buffer is not snooped and thus does not provide data coherency. Buffering of writes to WC memory 
is done to allow software a small window of time to supply more modified data to the WC buffer while remaining as 
non-intrusive to software as possible. The buffering of writes to WC memory also causes data to be collapsed; that 
is, multiple writes to the same memory location will leave the last data written in the location and the other writes 
will be lost. 


The size and structure of the WC buffer is not architecturally defined. For the Intel Core 2 Duo, Intel Atom, Intel 
Core Duo, Pentium M, Pentium 4 and Intel Xeon processors; the WC buffer is made up of several 64-byte WC 
buffers. For the P6 family processors, the WC buffer is made up of several 32-byte WC buffers. 


When software begins writing to WC memory, the processor begins filling the WC buffers one at a time. When one 
or more WC buffers has been filled, the processor has the option of evicting the buffers to system memory. The 
protocol for evicting the WC buffers is implementation dependent and should not be relied on by software for 
system memory coherency. When using the WC memory type, software must be sensitive to the fact that the 
writing of data to system memory is being delayed and must deliberately empty the WC buffers when system 
memory coherency is required. 


Once the processor has started to evict data from the WC buffer into system memory, it will make a bus-transaction 
style decision based on how much of the buffer contains valid data. If the buffer is full (for example, all bytes are 
valid), the processor will execute a burst-write transaction on the bus. This results in all 32 bytes (P6 family proces- 
sors) or 64 bytes (Pentium 4 and more recent processor) being transmitted on the data bus in a single burst trans- 
action. If one or more of the WC buffer’s bytes are invalid (for example, have not been written by software), the 
processor will transmit the data to memory using “partial write” transactions (one chunk at a time, where a “chunk” 
is 8 bytes). 


This will result ina maximum of 4 partial write transactions (for P6 family processors) or 8 partial write transactions 
(for the Pentium 4 and more recent processors) for one WC buffer of data sent to memory. 


The WC memory type is weakly ordered by definition. Once the eviction of a WC buffer has started, the data is 
subject to the weak ordering semantics of its definition. Ordering is not maintained between the successive alloca- 
tion/deallocation of WC buffers (for example, writes to WC buffer 1 followed by writes to WC buffer 2 may appear 
as buffer 2 followed by buffer 1 on the system bus). When a WC buffer is evicted to memory as partial writes there 
is no guaranteed ordering between successive partial writes (for example, a partial write for chunk 2 may appear 
on the bus before the partial write for chunk 1 or vice versa). 


The only elements of WC propagation to the system bus that are guaranteed are those provided by transaction 
atomicity. For example, with a P6 family processor, a completely full WC buffer will always be propagated as a 
single 32-bit burst transaction using any chunk order. In a WC buffer eviction where data will be evicted as partials, 
all data contained in the same chunk (0 mod 8 aligned) will be propagated simultaneously. Likewise, for more 
recent processors starting with those based on Intel NetBurst microarchitectures, a full WC buffer will always be 
propagated as a single burst transactions, using any chunk order within a transaction. For partial buffer propaga- 
tions, all data contained in the same chunk will be propagated simultaneously. 


11.3.2 Choosing a Memory Type 


The simplest system memory model does not use memory-mapped I/O with read or write side effects, does not 
include a frame buffer, and uses the write-back memory type for all memory. An I/O agent can perform direct 
memory access (DMA) to write-back memory and the cache protocol maintains cache coherency. 


A system can use strong uncacheable memory for other memory-mapped I/O, and should always use strong unca- 
cheable memory for memory-mapped I/O with read side effects. 


Dual-ported memory can be considered a write side effect, making relatively prompt writes desirable, because 
those writes cannot be observed at the other port until they reach the memory agent. A system can use strong 
uncacheable, uncacheable, write-through, or write-combining memory for frame buffers or dual-ported memory 
that contains pixel values displayed on a screen. Frame buffer memory is typically large (a few megabytes) and is 
usually written more than it is read by the processor. Using strong uncacheable memory for a frame buffer gener- 
ates very large amounts of bus traffic, because operations on the entire buffer are implemented using partial writes 
rather than line writes. Using write-through memory for a frame buffer can displace almost all other useful cached 
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lines in the processor's L2 and L3 caches and L1 data cache. Therefore, systems should use write-combining 
memory for frame buffers whenever possible. 


Software can use page-level cache control, to assign appropriate effective memory types when software will not 
access data structures in ways that benefit from write-back caching. For example, software may read a large data 
structure once and not access the structure again until the structure is rewritten by another agent. Such a large 
data structure should be marked as uncacheable, or reading it will evict cached lines that the processor will be 
referencing again. 


A similar example would be a write-only data structure that is written to (to export the data to another agent), but 
never read by software. Such a structure can be marked as uncacheable, because software never reads the values 
that it writes (though as uncacheable memory, it will be written using partial writes, while as write-back memory, 
it will be written using line writes, which may not occur until the other agent reads the structure and triggers 
implicit write-backs). 


On the Pentium Ill, Pentium 4, and more recent processors, new instructions are provided that give software 
greater control over the caching, prefetching, and the write-back characteristics of data. These instructions allow 
software to use weakly ordered or processor ordered memory types to improve processor performance, but when 
necessary to force strong ordering on memory reads and/or writes. They also allow software greater control over 
the caching of data. For a description of these instructions and there intended use, see Section 11.5.5, “Cache 
Management Instructions.” 


11.3.3. Code Fetches in Uncacheable Memory 


Programs may execute code from uncacheable (UC) memory, but the implications are different from accessing 
data in UC memory. When doing code fetches, the processor never transitions from cacheable code to UC code 
speculatively. It also never speculatively fetches branch targets that result in UC code. 


The processor may fetch the same UC cache line multiple times in order to decode an instruction once. It may 
decode consecutive UC instructions in a cacheline without fetching between each instruction. It may also fetch 
additional cachelines from the same or a consecutive 4-KByte page in order to decode one non-speculative UC 
instruction (this can be true even when the instruction is contained fully in one line). 


Because of the above and because cacheline sizes may change in future processors, software should avoid placing 
memory-mapped I/O with read side effects in the same page or in a subsequent page used to execute UC code. 


11.4 CACHE CONTROL PROTOCOL 


The following section describes the cache control protocol currently defined for the Intel 64 and IA-32 architec- 
tures. 


In the Li data cache and in the L2/L3 unified caches, the MESI (modified, exclusive, shared, invalid) cache protocol 
maintains consistency with caches of other processors. The L1 data cache and the L2/L3 unified caches have two 
MESI status flags per cache line. Each line can be marked as being in one of the states defined in Table 11-4. In 
general, the operation of the MESI protocol is transparent to programs. 


Table 11-4. MESI Cache Line States 


Cache Line State M (Modified) E (Exclusive) S (Shared) | (Invalid) 
This cache line is valid? Yes Yes Yes No 
The memory copy is... Out of date Valid Valid - 
Copies exist in caches of other | No No Maybe Maybe 
processors? 
A write to this line ... Does not go to the Does not go to the Causes the processor to Goes directly to the 
system bus. system bus. gain exclusive ownership | system bus. 
of the line. 
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The L1 instruction cache in P6 family processors implements only the “SI” part of the MESI protocol, because the 
instruction cache is not writable. The instruction cache monitors changes in the data cache to maintain consistency 
between the caches when instructions are modified. See Section 11.6, “Self-Modifying Code,” for more information 
on the implications of caching instructions. 


11.5 CACHE CONTROL 


The Intel 64 and IA-32 architectures provide a variety of mechanisms for controlling the caching of data and 
instructions and for controlling the ordering of reads and writes between the processor, the caches, and memory. 
These mechanisms can be divided into two groups: 


¢ Cache control registers and bits — The Intel 64 and IA-32 architectures define several dedicated registers 
and various bits within control registers and page- and directory-table entries that control the caching system 
memory locations in the L1, L2, and L3 caches. These mechanisms control the caching of virtual memory pages 
and of regions of physical memory. 


° Cache control and memory ordering instructions — The Intel 64 and IA-32 architectures provide several 
instructions that control the caching of data, the ordering of memory reads and writes, and the prefetching of 
data. These instructions allow software to control the caching of specific data structures, to control memory 
coherency for specific locations in memory, and to force strong memory ordering at specific locations in a 
program. 


The following sections describe these two groups of cache control mechanisms. 


11.5.1. Cache Control Registers and Bits 


Figure 11-3 depicts cache-control mechanisms in IA-32 processors. Other than for the matter of memory address 
space, these work the same in Intel 64 processors. 


The Intel 64 and IA-32 architectures provide the following cache-control registers and bits for use in enabling or 
restricting caching to various pages or regions in memory: 


° CD flag, bit 30 of control register CRO — Controls caching of system memory locations (see Section 2.5, 
“Control Registers”). If the CD flag is clear, caching is enabled for the whole of system memory, but may be 
restricted for individual pages or regions of memory by other cache-control mechanisms. When the CD flag is 
set, caching is restricted in the processor’s caches (cache hierarchy) for the P6 and more recent processor 
families and prevented for the Pentium processor (see note below). With the CD flag set, however, the caches 
will still respond to snoop traffic. Caches should be explicitly flushed to ensure memory coherency. For highest 
processor performance, both the CD and the NW flags in control register CRO should be cleared. Table 11-5 
shows the interaction of the CD and NW flags. 


The effect of setting the CD flag is somewhat different for processor families starting with P6 family than the 
Pentium processor (see Table 11-5). To ensure memory coherency after the CD flag is set, the caches should 
be explicitly flushed (see Section 11.5.3, “Preventing Caching”). Setting the CD flag for the P6 and more 
recent processor families modifies cache line fill and update behavior. Also, setting the CD flag on these 
processors do not force strict ordering of memory accesses unless the MTRRs are disabled and/or all memory 
is referenced as uncached (see Section 8.2.5, “Strengthening or Weakening the Memory-Ordering Model”). 
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1. G flag only available in P6 and later processor families 

2. The maximum physical address size is reported by CPUID leaf 
function 80000008H. The maximum physical address size of 
FFFFFFFFFH applies only If 36-bit physical addressing is used. 

3. MTRRs available only in P6 and later processor families; 
similar control available in Pentium processor with the KEN# 
and WB/WT# pins. 

4. PAT available only in Pentium Ill and later processor families. 

5. L3 in processors based on Intel NetBurst microarchitecture can 
be disabled using IA32_MISC_ENABLE MSR. 


Figure 11-3. Cache-Control Registers and Bits Available in Intel 64 and IA-32 Processors 
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Table 11-5. Cache Operating Modes 


CD | NW Caching and Read/Write Policy 1 L2/L3! 
0 QO | Normal Cache Mode. Highest performance cache operation. 
» Read hits access the cache; read misses may cause replacement. Yes Yes 
« Write hits update the cache. Yes Yes 
* Only writes to shared lines and write misses update system memory. Yes Yes 
« Write misses cause cache line fills. Yes Yes 
« Write hits can change shared lines to modified under control of the MTRRs and with associated Yes 
read invalidation cycle. 
* (Pentium processor only.) Write misses do not cause cache line fills. Yes 
« (Pentium processor only.) Write hits can change shared lines to exclusive under control of WB/WT#. | Yes 
* Invalidation is allowed. 
» €xternal snoop traffic is supported. Yes Yes 
Yes Yes 
0 1 | Invalid setting. 
Generates a general-protection exception (HGP) with an error code of 0. NA NA 
1 QO | No-fill Cache Mode. Memory coherency is maintained.? 
« (Pentium 4 and later processor families.) State of processor after a power up or reset. Yes Yes 
* Read hits access the cache; read misses do not cause replacement (see Pentium 4 and Intel Xeon 
processors reference below). Yes Yes 
« Write hits update the cache. 
* Only writes to shared lines and write misses update system memory. 
Yes Yes 
Yes Yes 
« Write misses access memory. Yes Yes 
« Write hits can change shared lines to exclusive under control of the MTRRs and with associated Yes Yes 
read invalidation cycle. 
« (Pentium processor only.) Write hits can change shared lines to exclusive under control of the Yes 
WB/WTH#. 
« (P6 and later processor families only.) Strict memory ordering is not enforced unless the MTRRs are Yes Yes 
disabled and/or all memory is referenced as uncached (see Section 7.2.4., “Strengthening or 
Weakening the Memory Ordering Model"). 
* Invalidation is allowed. 
* €xternal snoop traffic is supported. Ves Yes 
Yes Yes 
1 1 | Memory coherency is not maintained.” 3 
« (P6 family and Pentium processors.) State of the processor after a power up or reset. Yes Yes 
« Read hits access the cache; read misses do not cause replacement. 
« Write hits update the cache and change exclusive lines to modified. Yes Yes 
Yes Yes 
« Shared lines remain shared after write hit. Yes Yes 
« Write misses access memory. Yes Yes 
*  Invalidation is inhibited when snooping; but is allowed with INVD and WBINVD instructions. Yes Yes 
* €xternal snoop traffic is supported. 
No Yes 


NOTES: 


1. The L2/L3 column in this table is definitive for the Pentium 4, Intel Xeon, and P6 family processors. It is intended to represent what 


could be implemented in a system based on a Pentium processor with an external, platform specific, write-back L2 cache. 


2. The Pentium 4 and more recent processor families do not support this mode; setting the CD and NW bits to 1 selects the no-fill 


cache mode. 


3. Not supported In Intel Atom processors. If CD = 1 in an Intel Atom processor, caching is disabled. 
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NW flag, bit 29 of control register CRO — Controls the write policy for system memory locations (see 
Section 2.5, “Control Registers”). If the NW and CD flags are clear, write-back is enabled for the whole of 
system memory, but may be restricted for individual pages or regions of memory by other cache-control 
mechanisms. Table 11-5 shows how the other combinations of CD and NW flags affects caching. 


NOTES 


For the Pentium 4 and Intel Xeon processors, the NW flag is a don’t care flag; that is, when the CD 
flag is set, the processor uses the no-fill cache mode, regardless of the setting of the NW flag. 


For Intel Atom processors, the NW flag is a don’t care flag; that is, when the CD flag is set, the 
processor disables caching, regardless of the setting of the NW flag. 


For the Pentium processor, when the L1 cache is disabled (the CD and NW flags in control register 
CRO are set), external snoops are accepted in DP (dual-processor) systems and inhibited in unipro- 
cessor systems. 


When snoops are inhibited, address parity is not checked and APCHK# is not asserted for a corrupt 
address; however, when snoops are accepted, address parity is checked and APCHK# is asserted 
for corrupt addresses. 


PCD and PWT flags in paging-structure entries — Control the memory type used to access paging 
structures and pages (see Section 4.9, “Paging and Memory Typing”). 


PCD and PWT flags in control register CR3 — Control the memory type used to access the first paging 
structure of the current paging-structure hierarchy (see Section 4.9, “Paging and Memory Typing”). 


G (global) flag in the page-directory and page-table entries (introduced to the IA-32 architecture in 
the P6 family processors) — Controls the flushing of TLB entries for individual pages. See Section 4.10, 
“Caching Translation Information,” for more information about this flag. 


PGE (page global enable) flag in control register CR4 — Enables the establishment of global pages with 
the G flag. See Section 4.10, “Caching Translation Information,” for more information about this flag. 


Memory type range registers (MTRRs) (introduced in P6 family processors) — Control the type of 
caching used in specific regions of physical memory. Any of the caching types described in Section 11.3, 
“Methods of Caching Available,” can be selected. See Section 11.11, “Memory Type Range Registers (MTRRs),” 
for a detailed description of the MTRRs. 


Page Attribute Table (PAT) MSR (introduced in the Pentium Ill processor) — Extends the memory 
typing capabilities of the processor to permit memory types to be assigned on a page-by-page basis (see 
Section 11.12, “Page Attribute Table (PAT)”). 


Third-Level Cache Disable flag, bit 6 of the IA32_MISC_ENABLE MSR (Available only in processors 
based on Intel NetBurst microarchitecture) — Allows the L3 cache to be disabled and enabled, indepen- 
dently of the L1 and L2 caches. 


KEN# and WB/WT# pins (Pentium processor) — Allow external hardware to control the caching method 
used for specific areas of memory. They perform similar (but not identical) functions to the MTRRs in the P6 
family processors. 


PCD and PWT pins (Pentium processor) — These pins (which are associated with the PCD and PWT flags in 
control register CR3 and in the page-directory and page-table entries) permit caching in an external L2 cache 
to be controlled on a page-by-page basis, consistent with the control exercised on the L1 cache of these 
processors. The P6 and more recent processor families do not provide these pins because the L2 cache in 
internal to the chip package. 


11.5.2 Precedence of Cache Controls 


The cache control flags and MTRRs operate hierarchically for restricting caching. That is, if the CD flag is set, 

caching is prevented globally (see Table 11-5). If the CD flag is clear, the page-level cache control flags and/or the 
MTRRs can be used to restrict caching. If there is an overlap of page-level and MTRR caching controls, the mecha- 
nism that prevents caching has precedence. For example, if an MTRR makes a region of system memory uncache- 
able, a page-level caching control cannot be used to enable caching for a page in that region. The converse is also 
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true; that is, if a page-level caching control designates a page as uncacheable, an MTRR cannot be used to make 
the page cacheable. 


In cases where there is a overlap in the assignment of the write-back and write-through caching policies to a page 
and a region of memory, the write-through policy takes precedence. The write-combining policy (which can only be 
assigned through an MTRR or the PAT) takes precedence over either write-through or write-back. 


The selection of memory types at the page level varies depending on whether PAT is being used to select memory 
types for pages, as described in the following sections. 


On processors based on Intel NetBurst microarchitecture, the third-level cache can be disabled by bit 6 of the 
IA32_MISC_ENABLE MSR. Using IA32_MISC_ENABLE[bit 6] takes precedence over the CD flag, MTRRs, and PAT 
for the L3 cache in those processors. That is, when the third-level cache disable flag is set (cache disabled), the 
other cache controls have no affect on the L3 cache; when the flag is clear (enabled), the cache controls have the 
same affect on the L3 cache as they have on the L1 and L2 caches. 


IA32_MISC_ENABLE[bit 6] is not supported in Intel Core i7 processors, nor processors based on Intel Core, and 
Intel Atom microarchitectures. 


11.5.2.1 Selecting Memory Types for Pentium Pro and Pentium II Processors 


The Pentium Pro and Pentium II processors do not support the PAT. Here, the effective memory type for a page is 
selected with the MTRRs and the PCD and PWT bits in the page-table or page-directory entry for the page. Table 
11-6 describes the mapping of MTRR memory types and page-level caching attributes to effective memory types, 
when normal caching is in effect (the CD and NW flags in control register CRO are clear). Combinations that appear 
in gray are implementation-defined for the Pentium Pro and Pentium II processors. System designers are encour- 
aged to avoid these implementation-defined combinations. 


Table 11-6. Effective Page-Level Memory Type for Pentium Pro and Pentium II Processors 


MTRR Memory Type! PCD Value PWT Value Effective Memory Type 
UC X X UC 
WC 0 0 WC 
0 1 WC 
1 0 WC 
1 1 UC 
WT 0 xX WT 
1 X UC 
WP 0 0 WP 
0 1 WP 
1 0 WC 
1 1 UC 
WB 0 0 WB 
0 1 WT 
1 X UC 
NOTE: 


1. These effective memory types also apply to the Pentium 4, Intel Xeon, and Pentium Ill processors when the PAT bit is not used 
(set to 0) in page-table and page-directory entries. 


When normal caching is in effect, the effective memory type shown in Table 11-6 is determined using the following 
rules: 


1. If the PCD and PWT attributes for the page are both O, then the effective memory type is identical to the 
MTRR-defined memory type. 
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If the PCD flag is set, then the effective memory type is UC. 


If the PCD flag is clear and the PWT flag is set, the effective memory type is WT for the WB memory type and 
the MTRR-defined memory type for all other memory types. 


4. Setting the PCD and PWT flags to opposite values is considered model-specific for the WP and WC memory 
types and architecturally-defined for the WB, WT, and UC memory types. 


11.5.2.2 Selecting Memory Types for Pentium III and More Recent Processor Families 


The Intel Core 2 Duo, Intel Atom, Intel Core Duo, Intel Core Solo, Pentium M, Pentium 4, Intel Xeon, and Pentium 
lll processors use the PAT to select effective page-level memory types. Here, a memory type for a page is selected 
by the MTRRs and the value in a PAT entry that is selected with the PAT, PCD and PWT bits in a page-table or page- 
directory entry (see Section 11.12.3, “Selecting a Memory Type from the PAT”). Table 11-7 describes the mapping 
of MTRR memory types and PAT entry types to effective memory types, when normal caching is in effect (the CD 
and NW flags in control register CRO are clear). 


Table 11-7. Effective Page-Level Memory Types for Pentium III and More Recent Processor Families 


MTRR Memory Type PAT Entry Value Effective Memory Type 
UC UC uc! 
UC- uc! 
Wc wc 
WT UC! 
WB uc! 
WP uc! 
wc UC UCZ 
UC- wc 
Wc wc 
WT uc#3 
WB wc 
WP uc#3 
WT UC We 
UC- UC2 
wc wc 
WT WT 
WB WT 
WP wp? 
WB UC UCZ 
UC- UCZ 
wc wc 
WT WT 
WB WB 
WP WP 
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Table 11-7. Effective Page-Level Memory Types for Pentium III and More Recent Processor Families (Contd.) 


MTRR Memory Type PAT Entry Value Effective Memory Type 
WP UC UC? 
UC- we 
WC WC 
WT wT? 
WB WP 
WP WP 


NOTES: 

1. The UC attribute comes from the MTRRs and the processors are not required to snoop their caches since the data could never have 
been cached. This attribute is preferred for performance reasons. 

2. The UC attribute came from the page-table or page-directory entry and processors are required to check their caches because the 
data may be cached due to page aliasing, which is not recommended. 

3. These combinations were specified as “undefined” in previous editions of the Intel® 64 and IA-32 Architectures Software Devel- 
oper’s Manual. However, all processors that support both the PAT and the MTRRs determine the effective page-level memory 
types for these combinations as given. 


11.5.2.3. Writing Values Across Pages with Different Memory Types 


If two adjoining pages in memory have different memory types, and a word or longer operand is written to a 
memory location that crosses the page boundary between those two pages, the operand might be written to 
memory twice. This action does not present a problem for writes to actual memory; however, if a device is mapped 
the memory space assigned to the pages, the device might malfunction. 


11.5.3. Preventing Caching 


To disable the L1, L2, and L3 caches after they have been enabled and have received cache fills, perform the 
following steps: 


1. Enter the no-fill cache mode. (Set the CD flag in control register CRO to 1 and the NW flag to O. 
2. Flush all caches using the WBINVD instruction. 


3. Disable the MTRRs and set the default memory type to uncached or set all MTRRs for the uncached memory 
type (see the discussion of the discussion of the TYPE field and the E flag in Section 11.11.2.1, 
“IA32_MTRR_DEF_TYPE MSR"). 


The caches must be flushed (step 2) after the CD flag is set to ensure system memory coherency. If the caches are 
not flushed, cache hits on reads will still occur and data will be read from valid cache lines. 


The intent of the three separate steps listed above address three distinct requirements: (i) discontinue new data 
replacing existing data in the cache (ii) ensure data already in the cache are evicted to memory, (iii) ensure subse- 
quent memory references observe UC memory type semantics. Different processor implementation of caching 
control hardware may allow some variation of software implementation of these three requirements. See note 
below. 


NOTES 


Setting the CD flag in control register CRO modifies the processor’s caching behavior as indicated in 
Table 11-5, but setting the CD flag alone may not be sufficient across all processor families to force 
the effective memory type for all physical memory to be UC nor does it force strict memory 
ordering, due to hardware implementation variations across different processor families. To force 
the UC memory type and strict memory ordering on all of physical memory, it is sufficient to either 
program the MTRRs for all physical memory to be UC memory type or disable all MTRRs. 


For the Pentium 4 and Intel Xeon processors, after the sequence of steps given above has been 
executed, the cache lines containing the code between the end of the WBINVD instruction and 
before the MTRRS have actually been disabled may be retained in the cache hierarchy. Here, to 
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remove code from the cache completely, a second WBINVD instruction must be executed after the 
MTRRs have been disabled. 


For Intel Atom processors, setting the CD flag forces all physical memory to observe UC semantics 
(without requiring memory type of physical memory to be set explicitly). Consequently, software 
does not need to issue a second WBINVD as some other processor generations might require. 


11.5.4 Disabling and Enabling the L3 Cache 


On processors based on Intel NetBurst microarchitecture, the third-level cache can be disabled by bit 6 of the 
IA32_MISC_ENABLE MSR. The third-level cache disable flag (bit 6 of the IA32_MISC_ENABLE MSR) allows the L3 
cache to be disabled and enabled, independently of the L1 and L2 caches. Prior to using this control to disable or 
enable the L3 cache, software should disable and flush all the processor caches, as described earlier in Section 
11.5.3, “Preventing Caching,” to prevent of loss of information stored in the L3 cache. After the L3 cache has been 
disabled or enabled, caching for the whole processor can be restored. 


Newer Intel 64 processor with L3 do not support IA32_MISC_ENABLE[bit 6], the procedure described in Section 
11.5.3, “Preventing Caching,” apply to the entire cache hierarchy. 


11.5.5 Cache Management Instructions 


The Intel 64 and IA-32 architectures provide several instructions for managing the Li, L2, and L3 caches. The INVD 
and WBINVD instructions are privileged instructions and operate on the Li, L2 and L3 caches as a whole. The 
PREFETCHh, CLFLUSH and CLFLUSHOPT instructions and the non-temporal move instructions (MOVNTI, MOVNTQ, 
MOVNTDQ, MOVNTPS, and MOVNTPD) offer more granular control over caching, and are available to all privileged 
levels. 


The INVD and WBINVD instructions are used to invalidate the contents of the L1, L2, and L3 caches. The INVD 
instruction invalidates all internal cache entries, then generates a special-function bus cycle that indicates that 
external caches also should be invalidated. The INVD instruction should be used with care. It does not force a 
write-back of modified cache lines; therefore, data stored in the caches and not written back to system memory 
will be lost. Unless there is a specific requirement or benefit to invalidating the caches without writing back the 
modified lines (such as, during testing or fault recovery where cache coherency with main memory is not a 
concern), software should use the WBINVD instruction. 


The WBINVD instruction first writes back any modified lines in all the internal caches, then invalidates the contents 
of both the L1, L2, and L3 caches. It ensures that cache coherency with main memory is maintained regardless of 
the write policy in effect (that is, write-through or write-back). Following this operation, the WBINVD instruction 
generates one (P6 family processors) or two (Pentium and Intel486 processors) special-function bus cycles to indi- 
cate to external cache controllers that write-back of modified data followed by invalidation of external caches 
should occur. The amount of time or cycles for WBINVD to complete will vary due to the size of different cache hier- 
archies and other factors. As a consequence, the use of the WBINVD instruction can have an impact on inter- 
rupt/event response time. 


The PREFETCHA instructions allow a program to suggest to the processor that a cache line from a specified location 
in system memory be prefetched into the cache hierarchy (see Section 11.8, “Explicit Caching”). 


The CLFLUSH and CLFLUSHOPT instructions allow selected cache lines to be flushed from memory. These instruc- 
tions give a program the ability to explicitly free up cache space, when it is known that cached section of system 
memory will not be accessed in the near future. 


The non-temporal move instructions (MOVNTI, MOVNTQ, MOVNTDQ, MOVNTPS, and MOVNTPD) allow data to be 
moved from the processor's registers directly into system memory without being also written into the L1, L2, 
and/or L3 caches. These instructions can be used to prevent cache pollution when operating on data that is going 
to be modified only once before being stored back into system memory. These instructions operate on data in the 
general-purpose, MMX, and XMM registers. 
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11.5.6 1 Data Cache Context Mode 


Li data cache context mode is a feature of processors based on the Intel NetBurst microarchitecture that support 
Intel Hyper-Threading Technology. When CPUID.1:ECX[bit 10] = 1, the processor supports setting L1 data cache 
context mode using the L1 data cache context mode flag ( IA32_MISC_ENABLE[bit 24] ). Selectable modes are 
adaptive mode (default) and shared mode. 


The BIOS is responsible for configuring the L1 data cache context mode. 


11.5.6.1 Adaptive Mode 


Adaptive mode facilitates L1 data cache sharing between logical processors. When running in adaptive mode, the 
L1 data cache is shared across logical processors in the same core if: 


® CR3 control registers for logical processors sharing the cache are identical. 
¢ The same paging mode is used by logical processors sharing the cache. 


In this situation, the entire L1 data cache is available to each logical processor (instead of being competitively 
shared). 


If CR3 values are different for the logical processors sharing an Li data cache or the logical processors use different 
paging modes, processors compete for cache resources. This reduces the effective size of the cache for each logical 
processor. Aliasing of the cache is not allowed (which prevents data thrashing). 


11.5.6.2 Shared Mode 


In shared mode, the L1 data cache is competitively shared between logical processors. This is true even if the 
logical processors use identical CR3 registers and paging modes. 


In shared mode, linear addresses in the L1 data cache can be aliased, meaning that one linear address in the cache 
can point to different physical locations. The mechanism for resolving aliasing can lead to thrashing. For this 
reason, IA32_MISC_ENABLE[bit 24] = 0 is the preferred configuration for processors based on the Intel NetBurst 
microarchitecture that support Intel Hyper-Threading Technology. 


11.6 SELF-MODIFYING CODE 


A write to a memory location in a code segment that is currently cached in the processor causes the associated 
cache line (or lines) to be invalidated. This check is based on the physical address of the instruction. In addition, 
the P6 family and Pentium processors check whether a write to a code segment may modify an instruction that has 
been prefetched for execution. If the write affects a prefetched instruction, the prefetch queue is invalidated. This 
latter check is based on the linear address of the instruction. For the Pentium 4 and Intel Xeon processors, a write 
or a snoop of an instruction in a code segment, where the target instruction is already decoded and resident in the 
trace cache, invalidates the entire trace cache. The latter behavior means that programs that self-modify code can 
cause severe degradation of performance when run on the Pentium 4 and Intel Xeon processors. 


In practice, the check on linear addresses should not create compatibility problems among IA-32 processors. Appli- 
cations that include self-modifying code use the same linear address for modifying and fetching the instruction. 
Systems software, such as a debugger, that might possibly modify an instruction using a different linear address 
than that used to fetch the instruction, will execute a serializing operation, such as a CPUID instruction, before the 
modified instruction is executed, which will automatically resynchronize the instruction cache and prefetch queue. 
(See Section 8.1.3, “Handling Self- and Cross-Modifying Code,” for more information about the use of self-modi- 
fying code.) 


For Intel486 processors, a write to an instruction in the cache will modify it in both the cache and memory, but if 
the instruction was prefetched before the write, the old version of the instruction could be the one executed. To 
prevent the old instruction from being executed, flush the instruction prefetch unit by coding a jump instruction 
immediately after any write that modifies an instruction. 
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11.7. IMPLICIT CACHING (PENTIUM 4, INTEL XEON, 
AND P6 FAMILY PROCESSORS) 


Implicit caching occurs when a memory element is made potentially cacheable, although the element may never 
have been accessed in the normal von Neumann sequence. Implicit caching occurs on the P6 and more recent 
processor families due to aggressive prefetching, branch prediction, and TLB miss handling. Implicit caching is an 
extension of the behavior of existing Intel386, Intel486, and Pentium processor systems, since software running 
on these processor families also has not been able to deterministically predict the behavior of instruction prefetch. 


To avoid problems related to implicit caching, the operating system must explicitly invalidate the cache when 
changes are made to cacheable data that the cache coherency mechanism does not automatically handle. This 
includes writes to dual-ported or physically aliased memory boards that are not detected by the snooping mecha- 
nisms of the processor, and changes to page- table entries in memory. 


The code in Example 11-1 shows the effect of implicit caching on page-table entries. The linear address FOOOH 
points to physical location BOOOH (the page-table entry for FOOOH contains the value BOOOH), and the page-table 
entry for linear address FOOO is PTE_FOOO. 


Example 11-1. Effect of Implicit Caching on Page-Table Entries 


mov EAX, CR3; Invalidate the TLB 

mov CR3, EAX; by copying CR3 to itself 

mov PTE_FOOO, AOOOH; Change FOOOH to point to AOOOH 
mov EBX, [FOOOH]; 


Because of speculative execution in the P6 and more recent processor families, the last MOV instruction performed 
would place the value at physical location BOOOH into EBX, rather than the value at the new physical address 
AOOOH. This situation is remedied by placing a TLB invalidation between the load and the store. 


11.8 EXPLICIT CACHING 


The Pentium III processor introduced four new instructions, the PREFETCHA instructions, that provide software with 
explicit control over the caching of data. These instructions provide “hints” to the processor that the data requested 
by a PREFETCHA instruction should be read into cache hierarchy now or as soon as possible, in anticipation of its 
use. The instructions provide different variations of the hint that allow selection of the cache level into which data 
will be read. 


The PREFETCHA instructions can help reduce the long latency typically associated with reading data from memory 
and thus help prevent processor “stalls.” However, these instructions should be used judiciously. Overuse can lead 
to resource conflicts and hence reduce the performance of an application. Also, these instructions should only be 
used to prefetch data from memory; they should not be used to prefetch instructions. For more detailed informa- 
tion on the proper use of the prefetch instruction, refer to Chapter 7, “Optimizing Cache Usage,” in the Inte/® 64 
and IA-32 Architectures Optimization Reference Manual. 


11.9. INVALIDATING THE TRANSLATION LOOKASIDE BUFFERS (TLBS) 


The processor updates its address translation caches (TLBs) transparently to software. Several mechanisms are 
available, however, that allow software and hardware to invalidate the TLBs either explicitly or as a side effect of 
another operation. Most details are given in Section 4.10.4, “Invalidation of TLBs and Paging-Structure Caches.” In 
addition, the following operations invalidate all TLB entries, irrespective of the setting of the G flag: 


¢ Asserting or de-asserting the FLUSH# pin. 
¢ (Pentium 4, Intel Xeon, and later processors only.) Writing to an MTRR (with a WRMSR instruction). 
¢ Writing to control register CRO to modify the PG or PE flag. 


Vol. 3A 11-19 


MEMORY CACHE CONTROL 


e (Pentium 4, Intel Xeon, and later processors only.) Writing to control register CR4 to modify the PSE, PGE, or 
PAE flag. 


* Writing to control register CR4 to change the PCIDE flag from 1 to 0. 
See Section 4.10, “Caching Translation Information,” for additional information about the TLBs. 


11.10 STORE BUFFER 


Intel 64 and IA-32 processors temporarily store each write (store) to memory in a store buffer. The store buffer 
improves processor performance by allowing the processor to continue executing instructions without having to 
wait until a write to memory and/or to a cache is complete. It also allows writes to be delayed for more efficient use 
of memory-access bus cycles. 


In general, the existence of the store buffer is transparent to software, even in systems that use multiple proces- 
sors. The processor ensures that write operations are always carried out in program order. It also ensures that the 
contents of the store buffer are always drained to memory in the following situations: 


¢ When an exception or interrupt is generated. 

¢ (P6 and more recent processor families only) When a serializing instruction is executed. 

¢ When an J/O instruction is executed. 

¢ When a LOCK operation is performed. 

¢ (P6 and more recent processor families only) When a BINIT operation is performed. 

¢ (Pentium Ill, and more recent processor families only) When using an SFENCE instruction to order stores. 
¢ (Pentium 4 and more recent processor families only) When using an MFENCE instruction to order stores. 


The discussion of write ordering in Section 8.2, “Memory Ordering,” gives a detailed description of the operation of 
the store buffer. 


11.11 MEMORY TYPE RANGE REGISTERS (MTRRS) 


The following section pertains only to the P6 and more recent processor families. 


The memory type range registers (MTRRs) provide a mechanism for associating the memory types (see Section 
11.3, “Methods of Caching Available”) with physical-address ranges in system memory. They allow the processor to 
optimize operations for different types of memory such as RAM, ROM, frame-buffer memory, and memory-mapped 
I/O devices. They also simplify system hardware design by eliminating the memory control pins used for this func- 
tion on earlier IA-32 processors and the external logic needed to drive them. 


The MTRR mechanism allows multiple ranges to be defined in physical memory, and it defines a set of model- 
specific registers (MSRs) for specifying the type of memory that is contained in each range. Table 11-8 shows the 
memory types that can be specified and their properties; Figure 11-4 shows the mapping of physical memory with 
MTRRs. See Section 11.3, “Methods of Caching Available,” for a more detailed description of each memory type. 


Following a hardware reset, the P6 and more recent processor families disable all the fixed and variable MTRRs, 
which in effect makes all of physical memory uncacheable. Initialization software should then set the MTRRs to a 
specific, system-defined memory map. Typically, the BIOS (basic input/output system) software configures the 
MTRRs. The operating system or executive is then free to modify the memory map using the normal page-level 
cacheability attributes. 


In a multiprocessor system using a processor in the P6 family or a more recent family, each processor MUST use 
the identical MTRR memory map so that software will have a consistent view of memory. 


NOTE 


In multiple processor systems, the operating system must maintain MTRR consistency between all 
the processors in the system (that is, all processors must use the same MTRR values). The P6 and 
more recent processor families provide no hardware support for maintaining this consistency. 
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Table 11-8. Memory Types That Can Be Encoded in MTRRs 


Memory Type and Mnemonic Encoding in MTRR 
Uncacheable (UC) OOH 
Write Combining (WC) 01H 
Reserved* 02H 
Reserved* 03H 
Write-through (WT) 04H 
Write-protected (WP) O5H 
Writeback (WB) O6H 
Reserved* 7H through FFH 
NOTE: 
* Use of these encodings results in a general-protection exception (#GP). 
Physical Memory 
FFFFFFFFH 
Address ranges not 
mapped by an MTRR —_»S Ss 
are set to a default type 
Variable ranges 
(from 4 KBytesto “~ {[________] 
maximum size of 
physicalmemory) \\ |__~_~_~____4J] 
100000H 
64 fixed ranges FFFFFH 
(4 KBytes each) 256 KBytes C0000H 
16 fixed ranges BFFFFH 
(16 KBytes each) >| 26 KBytes saggy 
7FFFFH 
8 fixed ranges 512 KBvt 
(64-KBytes each) "| vies 
) 


Figure 11-4. Mapping Physical Memory With MTRRs 


11.11.1 MTRR Feature Identification 


The availability of the MTRR feature is model-specific. Software can determine if MTRRs are supported ona 
processor by executing the CPUID instruction and reading the state of the MTRR flag (bit 12) in the feature infor- 


mation register (EDX). 


If the MTRR flag is set (indicating that the processor implements MTRRs), additional information about MTRRs can 
be obtained from the 64-bit IA32_MTRRCAP MSR (named MTRRcap MSR for the P6 family processors). The 
IA32_MTRRCAP MSR is a read-only MSR that can be read with the RDMSR instruction. Figure 11-5 shows the 
contents of the IA32_MTRRCAP MSR. The functions of the flags and field in this register are as follows: 
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¢ VCNT (variable range registers count) field, bits O through 7 — Indicates the number of variable ranges 
implemented on the processor. 

° FIX (fixed range registers supported) flag, bit 8 — Fixed range MTRRs (IA32_MTRR_FIX64K_00000 
through IA32_MTRR_FIX4K_OF8000) are supported when set; no fixed range registers are supported when 
clear. 


¢ WC (write combining) flag, bit 10 — The write-combining (WC) memory type is supported when set; the 
WC type is not supported when clear. 


° SMRR (System-Management Range Register) flag, bit 11 — The system-management range register 
(SMRR) interface is supported when bit 11 is set; the SMRR interface is not supported when clear. 


Bit 9 and bits 12 through 63 in the IA32_MTRRCAP MSR are reserved. If software attempts to write to the 
IA32_MTRRCAP MSR, a general-protection exception (#GP) is generated. 


Software must read IA32_MTRRCAP VCNT field to determine the number of variable MTRRs and query other 
feature bits in IA32_MTRRCAP to determine additional capabilities that are supported in a processor. For example, 
some processors may report a value of ‘8’ in the VCNT field, other processors may report VCNT with different 
values. 


63 11109 87 0 


WwW 
Cc 


F 
Reserved | M VCNT 


SMRR — SMRR interface supported | 


WC — Write-combining memory type supported — 
FIX — Fixed range registers supported 
VCNT — Number of variable range registers 


Reserved 


Figure 11-5. IA32_MTRRCAP Register 


11.11.2 Setting Memory Ranges with MTRRs 


The memory ranges and the types of memory specified in each range are set by three groups of registers: the 
IA32_MTRR_DEF_TYPE MSR, the fixed-range MTRRs, and the variable range MTRRs. These registers can be read 
and written to using the RDMSR and WRMSR instructions, respectively. The IA32_MTRRCAP MSR indicates the 
availability of these registers on the processor (see Section 11.11.1, “MTRR Feature Identification”). 


11.11.2.1 IA32_MTRR_DEF_TYPE MSR 


The IA32_MTRR_DEF_TYPE MSR (named MTRRdefType MSR for the P6 family processors) sets the default proper- 
ties of the regions of physical memory that are not encompassed by MTRRs. The functions of the flags and field in 
this register are as follows: 


° Type field, bits O through 7 — Indicates the default memory type used for those physical memory address 
ranges that do not have a memory type specified for them by an MTRR (see Table 11-8 for the encoding of this 
field). The legal values for this field are 0, 1, 4, 5, and 6. All other values result in a general-protection 
exception (#GP) being generated. 


Intel recommends the use of the UC (uncached) memory type for all physical memory addresses where 
memory does not exist. To assign the UC type to nonexistent memory locations, it can either be specified as the 
default type in the Type field or be explicitly assigned with the fixed and variable MTRRs. 
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63 1211109 8 7 0 


Reserved E Type 


E — MTRR enable/disable 
FE — Fixed-range MTRRs enable/disable —— 
Type — Default memory type 


Reserved 


Figure 11-6. [A32_MTRR_DEF_TYPE MSR 


¢ FE (fixed MTRRs enabled) flag, bit 10 — Fixed-range MTRRs are enabled when set; fixed-range MTRRs are 
disabled when clear. When the fixed-range MTRRs are enabled, they take priority over the variable-range 
MTRRs when overlaps in ranges occur. If the fixed-range MTRRs are disabled, the variable-range MTRRs can 
still be used and can map the range ordinarily covered by the fixed-range MTRRs. 

¢ E(MTRRs enabled) flag, bit 11 — MTRRs are enabled when set; all MTRRs are disabled when clear, and the 
UC memory type is applied to all of physical memory. When this flag is set, the FE flag can disable the fixed- 
range MTRRs; when the flag is clear, the FE flag has no affect. When the E flag is set, the type specified in the 
default memory type field is used for areas of memory not already mapped by either a fixed or variable MTRR. 


Bits 8 and 9, and bits 12 through 63, in the IA32_MTRR_DEF_TYPE MSR are reserved; the processor generates a 
general-protection exception (#GP) if software attempts to write nonzero values to them. 


11.11.2.2 Fixed Range MTRRs 

The fixed memory ranges are mapped with 11 fixed-range registers of 64 bits each. Each of these registers is 

divided into 8-bit fields that are used to specify the memory type for each of the sub-ranges the register controls: 

° Register IA32_MTRR_FIX64K_00000 — Maps the 512-KByte address range from OH to 7FFFFH. This range 
is divided into eight 64-KByte sub-ranges. 


° Registers IA32_MTRR_FIX16K_80000 and IA32_MTRR_FIX16K_AO0000 — Maps the two 128-KByte 
address ranges from 80000H to BFFFFH. This range is divided into sixteen 16-KByte sub-ranges, 8 ranges per 
register. 


° Registers IA32_MTRR_FIX4K_C0000 through IA32_MTRR_FIX4K_F8000 — Maps eight 32-KByte 
address ranges from COOOOH to FFFFFH. This range is divided into sixty-four 4-KByte sub-ranges, 8 ranges per 
register. 


Table 11-9 shows the relationship between the fixed physical-address ranges and the corresponding fields of the 
fixed-range MTRRs; Table 11-8 shows memory type encoding for MTRRs. 


For the P6 family processors, the prefix for the fixed range MTRRs is MTRRfix. 


11.11.2.3 Variable Range MTRRs 


The Pentium 4, Intel Xeon, and P6 family processors permit software to specify the memory type for m variable- 
size address ranges, using a pair of MTRRs for each range. The number m of ranges supported is given in bits 7:0 
of the IA32_MTRRCAP MSR (see Figure 11-5 in Section 11.11.1). 


The first entry in each pair (IA32_MTRR_PHYSBASEn) defines the base address and memory type for the range; 
the second entry (IA32_MTRR_PHYSMASKn) contains a mask used to determine the address range. The “n” suffix 
is in the range 0 through m-1 and identifies a specific register pair. 


For P6 family processors, the prefixes for these variable range MTRRs are MTRRphysBase and MTRRphysMask. 
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Table 11-9. Address Mapping for Fixed-Range MTRRs 


Address Range (hexadecimal) MTRR 

63 56 55 48 47 40 39 32 31 24 23 «16 15 8 7 0 

70000- 60000- 50000- 40000- 30000- 20000- 10000- 00000- IA32_MTRR_ 
7FFFF 6FFFF 5SFFFF 4FFFF 3FFFF 2FFFF 1FFFF OFFFF FIX64K_00000 
9CO00 98000- 94000- 90000- 8C000- 88000- 84000- 80000- IA32_MTRR_ 
OFFFF OBFFF 97FFF 93FFF 8FFFF 8BFFF 87FFF 83FFF FIX16K_80000 
BCOOO B8000- B4000- BOOOO- ACOO0- A8000- A4000- AOQO00- IA32_MTRR_ 
BFFFF BBFFF B7FFF B3FFF AFFFF ABFFF A7FFF A3FFF FIX16K_A0000 
C7000 C6000- C5000- C4000- C3000- C2000- C1000- Co000- IA32_MTRR_ 
C7FFF C6FFF CSFFF C4FFF C3FFF C2FFF C1FFF COFFF FIX4K_COO00 
CFOOO CEOO0- CDO00- CCOO0- CBOO0- CAO00- C9000- C8000- IA32_MTRR_ 
CFFFF CEFFF CDFFF CCFFF CBFFF CAFFF COFFF C8FFF FIX4K_C8000 
D7000 D6000- D5000- D4000- D3000- D2000- D1000- DOOOD- IA32_MTRR_ 
D7FFF D6FFF D5FFF D4FFF D3FFF D2FFF D1FFF DOFFF FIX4K_DO000 
DFOOO DEOOO- DDOOO- DCOOO- DBOOO- DAOOO- D9000- D8000- IA32_MTRR_ 
DFFFF DEFFF DDFFF DCFFF DBFFF DAFFF DOFFF D8FFF FIX4K_D8000 
€7000 €6000- €5000- €4000- €3000- €2000- €1000- €0000- IA32_MTRR_ 
E7FFF E6FFF ESFFF E4FFF E3FFF E2FFF E1FFF EOFFF FIX4K_E0000 
EFOOO EEOOO- EDOOO- ECOOO- EBOOO- EAOOO- €9000- €8000- IA32_MTRR_ 
EFFFF EEFFF EDFFF ECFFF EBFFF EAFFF ESFFF E8FFF FIX4K_E8000 
F7000 F6000- F5000- F4000- F3000- F2000- F1000- FOOOO- IA32_MTRR_ 
F7FFF F6FFF FSFFF F4FFF F3FFF F2FFF FIFFF FOFFF FIX4K_FOO00 
FFOOO FEOOO- FDOOO- FCOOO- FBOOO- FAQOO- F9000- F8000- IA32_MTRR_ 
FFFFF FEFFF FDFFF FCFFF FBFFF FAFFF FOFFF F8FFF FIX4K_F8000 


Figure 11-7 shows flags and fields in these registers. The functions of these flags and fields are: 


° Type field, bits 0 through 7 — Specifies the memory type for the range (see Table 11-8 for the encoding of 


this field). 


° PhysBase field, bits 12 through (MAXPHYADDR-1) — Specifies the base address of the address range. 
This 24-bit value, in the case where MAXPHYADDR is 36 bits, is extended by 12 bits at the low end to form the 
base address (this automatically aligns the address on a 4-KByte boundary). 

¢ PhysMask field, bits 12 through (MAXPHYADDR-1) — Specifies a mask (24 bits if the maximum physical 
address size is 36 bits, 28 bits if the maximum physical address size is 40 bits). The mask determines the range 


of the region being mapped, according to the following relationships: 
— Address_Within_Range AND PhysMask = PhysBase AND PhysMask 


— This value is extended by 12 bits at the low end to form the mask value. For more information: see Section 
11.11.3, “Example Base and Mask Calculations.” 


— The width of the PhysMask field depends on the maximum physical address size supported by the 
processor. 


CPUID.80000008H reports the maximum physical address size supported by the processor. If 


CPUID.80000008H is not available, software may assume that the processor supports a 36-bit physical 


address size (then PhysMask is 24 bits wide and the upper 28 bits of IA832_MTRR_PHYSMASkKn are 
reserved). See the Note below. 


* V (valid) flag, bit 11 — Enables the register pair when set; disables register pair when clear. 
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IA32_MTRR_PHYSBASEn Register 
63 MAXPHYADDR_ 12 11 87 0 


Reserved PhysBase Type 


PhysBase — Base address of range — 
Type — Memory type for range 


IA32_MTRR_PHYSMASKn Register 
63 MAXPHYADDR 121110 0 


Reserved PhysMask Vv Reserved 


PhysMask — Sets range mask — 
V — Valid 


Reserved 


MAXPHYADDR: The bit position indicated by MAXPHYADDR depends on the maximum 
physical address range supported by the processor. It is reported by CPUID leaf 
function 80000008H. If CPUID does not support leaf 80000008H, the processor 
supports 36-bit physical address size, then bit PhysMask consists of bits 35:12, and 

bits 63:36 are reserved. 


Figure 11-7. IA32_MTRR_PHYSBASEn and IA32_MTRR_PHYSMASKn Variable-Range Register Pair 


All other bits in the IA32_MTRR_PHYSBASEn and IA32_MTRR_PHYSMASKnr registers are reserved; the processor 
generates a general-protection exception (#GP) if software attempts to write to them. 


Some mask values can result in ranges that are not continuous. In such ranges, the area not mapped by the mask 
value is set to the default memory type, unless some other MTRR specifies a type for that range. Intel does not 
encourage the use of “discontinuous” ranges. 


NOTE 


It is possible for software to parse the memory descriptions that BIOS provides by using the 
ACPI/INT15 e820 interface mechanism. This information then can be used to determine how 
MTRRs are initialized (for example: allowing the BIOS to define valid memory ranges and the 
maximum memory range supported by the platform, including the processor). 


See Section 11.11.4.1, “MTRR Precedences,” for information on overlapping variable MTRR ranges. 


11.11.2.4 System-Management Range Register Interface 


If IA32_MTRRCAP[bit 11] is set, the processor supports the SMRR interface to restrict access to a specified 
memory address range used by system-management mode (SMM) software (see Section 31.4.2.1). If the SMRR 


interface is supported, SMM software is strongly encouraged to use it to protect the SMI code and data stored by 
SMI handler in the SMRAM region. 


The system-management range registers consist of a pair of MSRs (see Figure 11-8). The IA32_SMRR_PHYSBASE 
MSR defines the base address for the SMRAM memory range and the memory type used to access it in SMM. The 
IA32_SMRR_PHYSMASK MSR contains a valid bit and a mask that determines the SMRAM address range protected 
by the SMRR interface. These MSRs may be written only in SMM; an attempt to write them outside of SMM causes 
a general-protection exception. 


Figure 11-8 shows flags and fields in these registers. The functions of these flags and fields are the following: 


1. For some processor models, these MSRs can be accessed by RDMSR and WRMSR only if the SMRR interface has been enabled using 
a model-specific bit in the [A32_FEATURE_CONTROL MSR. 
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° Type field, bits O through 7 — Specifies the memory type for the range (see Table 11-8 for the encoding of 
this field). 


¢ PhysBase field, bits 12 through 31 — Specifies the base address of the address range. The address must be 
less than 4 GBytes and is automatically aligned on a 4-KByte boundary. 


¢ PhysMask field, bits 12 through 31 — Specifies a mask that determines the range of the region being 
mapped, according to the following relationships: 


— Address_Within_Range AND PhysMask = PhysBase AND PhysMask 


— This value is extended by 12 bits at the low end to form the mask value. For more information: see Section 
11.11.3, “Example Base and Mask Calculations.” 


° V (valid) flag, bit 11 — Enables the register pair when set; disables register pair when clear. 


Before attempting to access these SMRR registers, software must test bit 11 in the IA32_MTRRCAP register. If 
SMRR is not supported, reads from or writes to registers cause general-protection exceptions. 


When the valid flag in the IA32_SMRR_PHYSMASK MSR is 1, accesses to the specified address range are treated as 
follows: 


e If the logical processor is in SMM, accesses uses the memory type in the IA32_SMRR_PHYSBASE MSR. 


° If the logical processor is not in SMM, write accesses are ignored and read accesses return a fixed value for each 
byte. The uncacheable memory type (UC) is used in this case. 


The above items apply even if the address range specified overlaps with a range specified by the MTRRs. 


IA32_SMRR_PHYSBASE Register 
63 31 1211 87 0 


Reserved PhysBase Type 


PhysBase — Base address of range — 
Type — Memory type for range 


IA32_SMRR_PHYSMASK Register 
63 31 121110 0 


Reserved PhysMask V Reserved 


PhysMask — Sets range mask — 
V — Valid 


Reserved 


Figure 11-8. [A32_SMRR_PHYSBASE and IA32_SMRR_PHYSMASK SMRR Pair 


11.11.3 Example Base and Mask Calculations 


The examples in this section apply to processors that support a maximum physical address size of 36 bits. The base 
and mask values entered in variable-range MTRR pairs are 24-bit values that the processor extends to 36-bits. 


For example, to enter a base address of 2 MBytes (200000H) in the IA32_MTRR_PHYSBASES3 register, the 12 least- 
significant bits are truncated and the value 000200H is entered in the PhysBase field. The same operation must be 
performed on mask values. For example, to map the address range from 200000H to 3FFFFFH (2 MBytes to 4 
MBytes), a mask value of FFFEQOOOOH is required. Again, the 12 least-significant bits of this mask value are trun- 
cated, so that the value entered in the PhysMask field of IA32_MTRR_PHYSMASK3 is FFFEQOH. This mask is chosen 
so that when any address in the 200000H to 3FFFFFH range is AND’d with the mask value, it will return the same 
value as when the base address is AND’d with the mask value (which is 200000H). 
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To map the address range from 400000H to 7FFFFFH (4 MBytes to 8 MBytes), a base value of 000400H is entered 
in the PhysBase field and a mask value of FFFCOOH is entered in the PhysMask field. 


Example 11-2. Setting-Up Memory for a System 

Here is an example of setting up the MTRRs for an system. Assume that the system has the following characteris- 
tics: 

¢ 96 MBytes of system memory is mapped as write-back memory (WB) for highest system performance. 

¢ Acustom 4-MByte I/O card is mapped to uncached memory (UC) at a base address of 64 MBytes. This 


restriction forces the 96 MBytes of system memory to be addressed from 0 to 64 MBytes and from 68 MBytes 
to 100 MBytes, leaving a 4-MByte hole for the I/O card. 


¢ An 8-MByte graphics card is mapped to write-combining memory (WC) beginning at address AOOQOOOOH. 
¢ The BIOS area from 15 MBytes to 16 MBytes is mapped to UC memory. 


The following settings for the MTRRs will yield the proper mapping of the physical address space for this system 
configuration. 


IA32_MTRR_PHYSBASEO = 0000 0000 0000 OO06H 
IA32_MTRR_PHYSMASKO = 0000 OOOF FCOO O800H 
Caches 0-64 MByte as WB cache type. 


IA32_MTRR_PHYSBASE1 = 0000 0000 0400 OOO6GH 
IA32_MTRR_PHYSMASK1 = 0000 OOOF FEOO O800H 
Caches 64-96 MByte as WB cache type. 


IA32_MTRR_PHYSBASE2 = 0000 0000 0600 OOO6H 
IA32_MTRR_PHYSMASK2 = 0000 OOOF FFCO O800H 
Caches 96-100 MByte as WB cache type. 


IA32_MTRR_PHYSBASE3 = 0000 0000 0400 OO00H 
IA32_MTRR_PHYSMASK3 = 0000 OOOF FFCO O800H 
Caches 64-68 MByte as UC cache type. 


IA32_MTRR_PHYSBASE4 = 0000 0000 OOFO OO00H 
IA32_MTRR_PHYSMASK4 = 0000 OOOF FFFO O800H 
Caches 15-16 MByte as UC cache type. 


IA32_MTRR_PHYSBASE5 = 0000 0000 A000 0001H 
IA32_MTRR_PHYSMASK5 = 0000 OOOF FF80 O800H 
Caches AOOOO000-A0800000 as WC type. 


This MTRR setup uses the ability to overlap any two memory ranges (as long as the ranges are mapped to WB and 
UC memory types) to minimize the number of MTRR registers that are required to configure the memory environ- 
ment. This setup also fulfills the requirement that two register pairs are left for operating system usage. 


11.11.3.1 Base and Mask Calculations for Greater-Than 36-bit Physical Address Support 


For Intel 64 and IA-32 processors that support greater than 36 bits of physical address size, software should query 
CPUID.80000008H to determine the maximum physical address. See the example. 


Example 11-3. Setting-Up Memory for a System with a 40-Bit Address Size 
If a processor supports 40-bits of physical address size, then the PhysMask field (in IA32_MTRR_PHYSMASKn 
registers) is 28 bits instead of 24 bits. For this situation, Example 11-2 should be modified as follows: 


IA32_MTRR_PHYSBASEO = 0000 0000 0000 OO06H 
IA32_MTRR_PHYSMASKO = 0000 OOFF FCOO 0800H 
Caches 0-64 MByte as WB cache type. 
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IA32_MTRR_PHYSBASE1 = 0000 0000 0400 OO06H 
IA32_MTRR_PHYSMASK1 = 0000 OOFF FE00 O800H 
Caches 64-96 MByte as WB cache type. 


IA32_MTRR_PHYSBASE2 = 0000 0000 0600 OO0O6H 
IA32_MTRR_PHYSMASK2 = 0000 OOFF FFCO O800H 
Caches 96-100 MByte as WB cache type. 


IA32_MTRR_PHYSBASE3 = 0000 0000 0400 OO00H 
IA32_MTRR_PHYSMASK3 = 0000 OOFF FFCO O800H 
Caches 64-68 MByte as UC cache type. 


IA32_MTRR_PHYSBASE4 = 0000 0000 OOFO OOOOH 
IA32_MTRR_PHYSMASK4 = 0000 OOFF FFFO O800H 
Caches 15-16 MByte as UC cache type. 


IA32_MTRR_PHYSBASE5 = 0000 0000 A000 0001H 
IA32_MTRR_PHYSMASK5 = 0000 OOFF FF80 O800H 
Caches AOOOO000-A0800000 as WC type. 


11.11.4 Range Size and Alignment Requirement 


A range that is to be mapped to a variable-range MTRR must meet the following “power of 2” size and alignment 
rules: 


1. The minimum range size is 4 KBytes and the base address of the range must be on at least a 4-KByte 
boundary. 


2. For ranges greater than 4 KBytes, each range must be of length 2” and its base address must be aligned ona 
2” boundary, where rn is a value equal to or greater than 12. The base-address alignment value cannot be less 
than its length. For example, an 8-KByte range cannot be aligned on a 4-KByte boundary. It must be aligned on 
at least an 8-KByte boundary. 


11.11.4.1 MTRR Precedences 


If the MTRRs are not enabled (by setting the E flag in the IA32_MTRR_DEF_TYPE MSR), then all memory accesses 
are of the UC memory type. If the MTRRs are enabled, then the memory type used for a memory access is deter- 
mined as follows: 


1. If the physical address falls within the first 1 MByte of physical memory and fixed MTRRs are enabled, the 
processor uses the memory type stored for the appropriate fixed-range MTRR. 


2. Otherwise, the processor attempts to match the physical address with a memory type set by the variable-range 
MTRRs: 


— If one variable memory range matches, the processor uses the memory type stored in the 
IA32_MTRR_PHYSBASEn register for that range. 


— Iftwoor more variable memory ranges match and the memory types are identical, then that memory type 
is used. 


— If two or more variable memory ranges match and one of the memory types is UC, the UC memory type 
used. 


— Iftwoor more variable memory ranges match and the memory types are WT and WB, the WT memory type 
is used. 


— For overlaps not defined by the above rules, processor behavior is undefined. 
3. If no fixed or variable memory range matches, the processor uses the default memory type. 
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11.11.5 MTRR Initialization 


On a hardware reset, the P6 and more recent processors clear the valid flags in variable-range MTRRs and clear the 
E flag in the IA32_MTRR_DEF_TYPE MSR to disable all MTRRs. All other bits in the MTRRs are undefined. 


Prior to initializing the MTRRs, software (normally the system BIOS) must initialize all fixed-range and variable- 
range MTRR register fields to 0. Software can then initialize the MTRRs according to known types of memory, 
including memory on devices that it auto-configures. Initialization is expected to occur prior to booting the oper- 
ating system. 


See Section 11.11.8, “MTRR Considerations in MP Systems,” for information on initializing MTRRs in MP (multiple- 
processor) systems. 


11.11.6 Remapping Memory Types 


A system designer may re-map memory types to tune performance or because a future processor may not imple- 
ment all memory types supported by the Pentium 4, Intel Xeon, and P6 family processors. The following rules 
support coherent memory-type re-mappings: 


1. A memory type should not be mapped into another memory type that has a weaker memory ordering model. 
For example, the uncacheable type cannot be mapped into any other type, and the write-back, write-through, 
and write-protected types cannot be mapped into the weakly ordered write-combining type. 


2. Amemory type that does not delay writes should not be mapped into a memory type that does delay writes, 
because applications of such a memory type may rely on its write-through behavior. Accordingly, the write- 
back type cannot be mapped into the write-through type. 


3. Amemory type that views write data as not necessarily stored and read back by a subsequent read, such as 
the write-protected type, can only be mapped to another type with the same behavior (and there are no others 
for the Pentium 4, Intel Xeon, and P6 family processors) or to the uncacheable type. 


In many specific cases, a system designer can have additional information about how a memory type is used, 
allowing additional mappings. For example, write-through memory with no associated write side effects can be 
mapped into write-back memory. 


11.11.7 | MTRR Maintenance Programming Interface 


The operating system maintains the MTRRs after booting and sets up or changes the memory types for memory- 
mapped devices. The operating system should provide a driver and application programming interface (API) to 
access and set the MTRRs. The function calls MemTypeGet() and MemTypeSet() define this interface. 


11.11.7.1  MemTypeGet() Function 


The MemTypeGet() function returns the memory type of the physical memory range specified by the parameters 
base and size. The base address is the starting physical address and the size is the number of bytes for the memory 
range. The function automatically aligns the base address and size to 4-KByte boundaries. Pseudocode for the 
MemTypeGet() function is given in Example 11-4. 
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Example 11-4. MemTypeGet() Pseudocode 
#define MIXED_TYPES -1__ /* 0 < MIXED_TYPES || MIXED_TYPES > 256 */ 


IF CPU_FEATURES.MTRR /* processor supports MTRRs */ 
THEN 

Align BASE and SIZE to 4-KByte boundary; 

IF (BASE + SIZE) wrap physical-address space 
THEN return INVALID; 

Fl; 

IF MTRRdefType.€ = 0 
THEN return UC; 

Fl; 

FirstType := Get4KMemType (BASE); 

/* Obtains memory type for first 4-KByte range. */ 

/* See Get4KMemType (4KByteRange) in Example 11-5. */ 

FOR each additional 4-KByte range specified in SIZE 
NextType := Get4KMemType (4KByteRange); 
IF NextType != FirstType 

THEN return Mixed_Types; 

Fl; 

ROF; 

return FirstType; 

ELSE return UNSUPPORTED; 
Fl; 


If the processor does not support MTRRs, the function returns UNSUPPORTED. If the MTRRs are not enabled, then 
the UC memory type is returned. If more than one memory type corresponds to the specified range, a status of 
MIXED_TYPES is returned. Otherwise, the memory type defined for the range (UC, WC, WT, WB, or WP) is 
returned. 


The pseudocode for the Get4KMemType() function in Example 11-5 obtains the memory type for a single 4-KByte 
range at a given physical address. The sample code determines whether an PHY_ADDRESS falls within a fixed 
range by comparing the address with the known fixed ranges: 0 to 7FFFFH (64-KByte regions), 80000H to BFFFFH 
(16-KByte regions), and COOOOH to FFFFFH (4-KByte regions). If an address falls within one of these ranges, the 
appropriate bits within one of its MTRRs determine the memory type. 


Example 11-5. Get4KMemType() Pseudocode 


IF IA32_ MTRRCAP.FIX AND MTRRdefType.FE /* fixed registers enabled */ 
THEN IF PHY ADDRESS is within a fixed range 
return [A32_MTRR_FIX.Type; 
Fl; 
FOR each variable-range MTRR in |A32_MTRRCAP.VCNT 
IF IA32_MTRR_PHYSMASK.V = 0 
THEN continue; 
Fl; 
IF (PHY_ADDRESS AND IA32_MTRR_PHYSMASK.Mask) = 
(IA32_MTRR_PHYSBASE.Base 
AND IA32_MTRR_PHYSMASK.Mask) 
THEN 
return [IA32_MTRR_PHYSBASE.Type; 
Fl; 
ROF; 
return MTRRdefType.Type; 
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11.11.7.2 MemTypeSet() Function 


The MemTypeSet() function in Example 11-6 sets a MTRR for the physical memory range specified by the parame- 
ters base and size to the type specified by type. The base address and size are multiples of 4 KBytes and the size 
is not O. 


Example 11-6. MemTypeSet Pseudocode 


IF CPU_FEATURES.MTRR (* processor supports MTRRs *) 

THEN 
IF BASE and SIZE are not 4-KByte aligned or size is 0 
THEN return INVALID; 
FI; 
IF (BASE + SIZE) wrap 4-GByte address space 
THEN return INVALID; 


FL; 
IF TYPE is invalid for Pentium 4, Intel Xeon, and P6é family 
processors 
THEN return UNSUPPORTED; 
FI; 
IF TYPE is WC and not supported 
THEN return UNSUPPORTED; 
FI; 
IF IA32 MTRRCAP.FIX is set AND range can be mapped using a 
fixed-range MTRR 
THEN 
pre_mtrr_change() ; 
update affected MTRR; 
post_mtrr_change() ; 


FI; 


ELSE (* try to map using a variable MTRR pair *) 
IF ITA32 MTRRCAP.VCNT = 0 
THEN return UNSUPPORTED; 
IF conflicts with current variable ranges 
THEN return RANGE OVERLAP; 
IF no MTRRs available 
THEN return VAR_NOT_ AVAILABLE; 


FI: 
+r 


IF BASE and SIZE do not meet the power of 2 requirements for 
variable MTRRs 
THEN return INVALID VAR REQUEST; 
FI; 
pre_mtrr_change() ; 
Update affected MTRRs; 
post_mtrr_change() ; 


FI; 


pre_mtrr_change () 
BEGIN 
disable interrupts; 
Save current value of CR4; 
disable and flush caches; 
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flush TLBs; 
disable MTRRs; 
IF multiprocessing 
THEN maintain consistency through IPIs; 

FI; 

END 

post_mtrr_change() 

BEGIN 
flush caches and TLBs; 
enable MTRRs; 
enable caches; 
restore value of CR4; 
enable interrupts; 

END 


The physical address to variable range mapping algorithm in the MemTypeSet function detects conflicts with 
current variable range registers by cycling through them and determining whether the physical address in question 
matches any of the current ranges. During this scan, the algorithm can detect whether any current variable ranges 
overlap and can be concatenated into a single range. 


The pre_mtrr_change() function disables interrupts prior to changing the MTRRs, to avoid executing code with a 
partially valid MTRR setup. The algorithm disables caching by setting the CD flag and clearing the NW flag in control 
register CRO. The caches are invalidated using the WBINVD instruction. The algorithm flushes all TLB entries either 
by clearing the page-global enable (PGE) flag in control register CR4 (if PGE was already set) or by updating control 
register CR3 (if PGE was already clear). Finally, it disables MTRRs by clearing the E flag in the 
IA32_MTRR_DEF_TYPE MSR. 


After the memory type is updated, the post_mtrr_change() function re-enables the MTRRs and again invalidates 
the caches and TLBs. This second invalidation is required because of the processor's aggressive prefetch of both 
instructions and data. The algorithm restores interrupts and re-enables caching by setting the CD flag. 


An operating system can batch multiple MTRR updates so that only a single pair of cache invalidations occur. 


11.11.8 MTRR Considerations in MP Systems 


In MP (multiple-processor) systems, the operating systems must maintain MTRR consistency between all the 
processors in the system. The Pentium 4, Intel Xeon, and P6 family processors provide no hardware support to 
maintain this consistency. In general, all processors must have the same MTRR values. 


This requirement implies that when the operating system initializes an MP system, it must load the MTRRs of the 
boot processor while the E flag in register MTRRdefType is 0. The operating system then directs other processors to 
load their MTRRs with the same memory map. After all the processors have loaded their MTRRs, the operating 
system signals them to enable their MTRRs. Barrier synchronization is used to prevent further memory accesses 
until all processors indicate that the MTRRs are enabled. This synchronization is likely to be a shoot-down style 
algorithm, with shared variables and interprocessor interrupts. 


Any change to the value of the MTRRs in an MP system requires the operating system to repeat the loading and 
enabling process to maintain consistency, using the following procedure: 


Broadcast to all processors to execute the following code sequence. 

Disable interrupts. 

Wait for all processors to reach this point. 

Enter the no-fill cache mode. (Set the CD flag in control register CRO to 1 and the NW flag to 0.) 


Flush all caches using the WBINVD instructions. Note on a processor that supports self-snooping, CPUID 
feature flag bit 27, this step is unnecessary. 


Oi eee Ol oN 


6. If the PGE flag is set in control register CR4, flush all TLBs by clearing that flag. 
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7. Ifthe PGE flag is clear in control register CR4, flush all TLBs by executing a MOV from control register CR3 to 
another register and then a MOV from that register back to CR3. 


8. Disable all range registers (by clearing the E flag in register MTRRdefType). If only variable ranges are being 
modified, software may clear the valid bits for the affected register pairs instead. 


9. Update the MTRRs. 


10. Enable all range registers (by setting the E flag in register MTRRdefType). If only variable-range registers were 
modified and their individual valid bits were cleared, then set the valid bits for the affected ranges instead. 


11. Flush all caches and all TLBs a second time. (The TLB flush is required for Pentium 4, Intel Xeon, and P6 family 
processors. Executing the WBINVD instruction is not needed when using Pentium 4, Intel Xeon, and P6 family 
processors, but it may be needed in future systems. ) 


12. Enter the normal cache mode to re-enable caching. (Set the CD and NW flags in control register CRO to 0.) 
13. Set PGE flag in control register CR4, if cleared in Step 6 (above). 

14. Wait for all processors to reach this point. 

15. Enable interrupts. 


11.11.9 Large Page Size Considerations 


The MTRRs provide memory typing for a limited number of regions that have a 4 KByte granularity (the same gran- 
ularity as 4-KByte pages). The memory type for a given page is cached in the processor’s TLBs. When using large 
pages (2 MBytes, 4 MBytes, or 1 GBytes), a single page-table entry covers multiple 4-KByte granules, each with a 
single memory type. Because the memory type for a large page is cached in the TLB, the processor can behave in 
an undefined manner if a large page is mapped to a region of memory that MTRRs have mapped with multiple 
memory types. 


Undefined behavior can be avoided by insuring that all MTRR memory-type ranges within a large page are of the 
same type. If a large page maps to a region of memory containing different MTRR-defined memory types, the PCD 
and PWT flags in the page-table entry should be set for the most conservative memory type for that range. For 
example, a large page used for memory mapped I/O and regular memory is mapped as UC memory. Alternatively, 
the operating system can map the region using multiple 4-KByte pages each with its own memory type. 


The requirement that all 4-KByte ranges in a large page are of the same memory type implies that large pages with 
different memory types may suffer a performance penalty, since they must be marked with the lowest common 
denominator memory type. The same consideration apply to 1 GByte pages, each of which may consist of multiple 
2-Mbyte ranges. 


The Pentium 4, Intel Xeon, and P6 family processors provide special support for the physical memory range from 0 
to 4 MBytes, which is potentially mapped by both the fixed and variable MTRRs. This support is invoked when a 
Pentium 4, Intel Xeon, or P6 family processor detects a large page overlapping the first 1 MByte of this memory 
range with a memory type that conflicts with the fixed MTRRs. Here, the processor maps the memory range as 
multiple 4-KByte pages within the TLB. This operation ensures correct behavior at the cost of performance. To 
avoid this performance penalty, operating-system software should reserve the large page option for regions of 
memory at addresses greater than or equal to 4 MBytes. 


11.12 PAGE ATTRIBUTE TABLE (PAT) 


The Page Attribute Table (PAT) extends the JA-32 architecture’s page-table format to allow memory types to be 
assigned to regions of physical memory based on linear address mappings. The PAT is a companion feature to the 
MTRRs; that is, the MTRRs allow mapping of memory types to regions of the physical address space, where the PAT 
allows mapping of memory types to pages within the linear address space. The MTRRs are useful for statically 
describing memory types for physical ranges, and are typically set up by the system BIOS. The PAT extends the 
functions of the PCD and PWT bits in page tables to allow all five of the memory types that can be assigned with the 
MTRRs (plus one additional memory type) to also be assigned dynamically to pages of the linear address space. 


The PAT was introduced to IA-32 architecture on the Pentium III processor. It is also available in the Pentium 4 and 
Intel Xeon processors. 
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11.12.1 Detecting Support for the PAT Feature 


An operating system or executive can detect the availability of the PAT by executing the CPUID instruction with a 
value of 1 in the EAX register. Support for the PAT is indicated by the PAT flag (bit 16 of the values returned to EDX 
register). If the PAT is supported, the operating system or executive can use the IA32_PAT MSR to program the PAT. 
When memory types have been assigned to entries in the PAT, software can then use of the PAT-index bit (PAT) in 
the page-table and page-directory entries along with the PCD and PWT bits to assign memory types from the PAT 
to individual pages. 

Note that there is no separate flag or control bit in any of the control registers that enables the PAT. The PAT is 


always enabled on all processors that support it, and the table lookup always occurs whenever paging is enabled, 
in all paging modes. 


11.12.2 IA32_PAT MSR 


The IA32_PAT MSR is located at MSR address 277H (see Chapter 2, “Model-Specific Registers (MSRs)” in the Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 4). Figure 11-9. shows the format of the 64-bit 
IA32_PAT MSR. 


The IA32_PAT MSR contains eight page attribute fields: PAO through PA7. The three low-order bits of each field are 
used to specify a memory type. The five high-order bits of each field are reserved, and must be set to all Os. Each 
of the eight page attribute fields can contain any of the memory type encodings specified in Table 11-10. 


31 27 26 24 23 19 18 16 15 11 10 8 7 3 2 0 
Reserved PA3 Reserved PA2 Reserved PA1 Reserved PAO 


63 59 58 56 55 51 50 48 47 43 42 40 39 35 34 32 
Reserved PA7 Reserved PAG Reserved PAS Reserved PA4 


Figure 11-9. IA32_PAT MSR 
Note that for the P6 family processors, the IA32_PAT MSR is named the PAT MSR. 


Table 11-10. Memory Types That Can Be Encoded With PAT 


Encoding Mnemonic 
OOH Uncacheable (UC) 
01H Write Combining (WC) 
02H Reserved* 
03H Reserved* 
04H Write Through (WT) 
05H Write Protected (WP) 
O6H Write Back (WB) 
07H Uncached (UC-) 
O8H - FFH Reserved* 


NOTE: 
* Using these encodings will result in a general-protection exception (#GP). 
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11.12.3 Selecting a Memory Type from the PAT 


To select a memory type for a page from the PAT, a 3-bit index made up of the PAT, PCD, and PWT bits must be 
encoded in the page-table or page-directory entry for the page. Table 11-11 shows the possible encodings of the 
PAT, PCD, and PWT bits and the PAT entry selected with each encoding. The PAT bit is bit 7 in page-table entries that 
point to 4-KByte pages and bit 12 in paging-structure entries that point to larger pages. The PCD and PWT bits are 
bits 4 and 3, respectively, in paging-structure entries that point to pages of any size. 


The PAT entry selected for a page is used in conjunction with the MTRR setting for the region of physical memory 
in which the page is mapped to determine the effective memory type for the page, as shown in Table 11-7. 


Table 11-11. Selection of PAT Entries with PAT, PCD, and PWT Flags 


PAT PCD PWT PAT Entry 
0 0 0 PATO 
0 0 1 PAT1 
0 1 0 PAT2 
0 1 1 PAT3 
1 0 0 PAT4 
1 0 1 PAT5 
1 1 0 PAT6 
1 1 1 PAT7 


11.12.4 Programming the PAT 


Table 11-12 shows the default setting for each PAT entry following a power up or reset of the processor. The setting 
remain unchanged following a soft reset (INIT reset). 


Table 11-12. Memory Type Setting of PAT Entries Following a Power-up or Reset 


PAT Entry Memory Type Following Power-up or Reset 
PATO WB 
PAT1 WT 
PAT2 UC- 
PAT3 UC 
PAT4 WB 
PATS WT 
PAT6 UC- 
PAT7 UC 


The values in all the entries of the PAT can be changed by writing to the IA32_PAT MSR using the WRMSR instruc- 
tion. The IA32_PAT MSR is read and write accessible (use of the RDMSR and WRMSR instructions, respectively) to 
software operating at a CPL of 0. Table 11-10 shows the allowable encoding of the entries in the PAT. Attempting to 
write an undefined memory type encoding into the PAT causes a general-protection (#GP) exception to be gener- 
ated. 


The operating system is responsible for insuring that changes to a PAT entry occur in a manner that maintains the 
consistency of the processor caches and translation lookaside buffers (TLB). This is accomplished by following the 
procedure as specified in Section 11.11.8, “MTRR Considerations in MP Systems,” for changing the value of an 
MTRR in a multiple processor system. It requires a specific sequence of operations that includes flushing the 
processors caches and TLBs. 


The PAT allows any memory type to be specified in the page tables, and therefore it is possible to have a single 
physical page mapped to two or more different linear addresses, each with different memory types. Intel does not 
support this practice because it may lead to undefined operations that can result in a system failure. In particular, 
a WC page must never be aliased to a cacheable page because WC writes may not check the processor caches. 
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When remapping a page that was previously mapped as a cacheable memory type to a WC page, an operating 
system can avoid this type of aliasing by doing the following: 


1. Remove the previous mapping to a cacheable memory type in the page tables; that is, make them not 
present. 


Flush the TLBs of processors that may have used the mapping, even speculatively. 
Create a new mapping to the same physical address with a new memory type, for instance, WC. 


Flush the caches on all processors that may have used the mapping previously. Note on processors that support 
self-snooping, CPUID feature flag bit 27, this step is unnecessary. 


Operating systems that use a page directory as a page table (to map large pages) and enable page size extensions 
must carefully scrutinize the use of the PAT index bit for the 4-KByte page-table entries. The PAT index bit for a 
page-table entry (bit 7) corresponds to the page size bit in a page-directory entry. Therefore, the operating system 
can only use PAT entries PAO through PA3 when setting the caching type for a page table that is also used as a page 
directory. If the operating system attempts to use PAT entries PA4 through PA7 when using this memory as a page 
table, it effectively sets the PS bit for the access to this memory as a page directory. 


For compatibility with earlier IA-32 processors that do not support the PAT, care should be taken in selecting the 
encodings for entries in the PAT (see Section 11.12.5, “PAT Compatibility with Earlier IA-32 Processors”). 


11.12.5 PAT Compatibility with Earlier |A-32 Processors 


For IA-32 processors that support the PAT, the IA32_PAT MSR is always active. That is, the PCD and PWT bits in 
page-table entries and in page-directory entries (that point to pages) are always select a memory type for a page 
indirectly by selecting an entry in the PAT. They never select the memory type for a page directly as they do in 
earlier IA-32 processors that do not implement the PAT (see Table 11-6). 


To allow compatibility for code written to run on earlier IA-32 processor that do not support the PAT, the PAT mech- 
anism has been designed to allow backward compatibility to earlier processors. This compatibility is provided 
through the ordering of the PAT, PCD, and PWT bits in the 3-bit PAT entry index. For processors that do not imple- 
ment the PAT, the PAT index bit (bit 7 in the page-table entries and bit 12 in the page-directory entries) is reserved 
and set to 0. With the PAT bit reserved, only the first four entries of the PAT can be selected with the PCD and PWT 
bits. At power-up or reset (see Table 11-12), these first four entries are encoded to select the same memory types 
as the PCD and PWT bits would normally select directly in an IA-32 processor that does not implement the PAT. So, 
if encodings of the first four entries in the PAT are left unchanged following a power-up or reset, code written to run 
on earlier IA-32 processors that do not implement the PAT will run correctly on IA-32 processors that do implement 
the PAT. 
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INTEL® MMX™ TECHNOLOGY SYSTEM PROGRAMMING 


This chapter describes those features of the Intel® MMX™ technology that must be considered when designing or 
enhancing an operating system to support MMX technology. It covers MMX instruction set emulation, the MMX 
state, aliasing of MMX registers, saving MMX state, task and context switching considerations, exception handling, 


and debugging. 


12.1 EMULATION OF THE MMX INSTRUCTION SET 


The IA-32 or Intel 64 architecture does not support emulation of the MMX instructions, as it does for x87 FPU 
instructions. The EM flag in control register CRO (provided to invoke emulation of x87 FPU instructions) cannot be 
used for MMX instruction emulation. If an MMX instruction is executed when the EM flag is set, an invalid opcode 
exception (UD#) is generated. Table 12-1 shows the interaction of the EM, MP, and TS flags in control register CRO 


when executing MMX instructions. 


Table 12-1. Action Taken By MMX Instructions for Different Combinations of EM, MP and TS 


CRO Flags 
EM MP* TS Action 
0 1 0 Execute. 
0 1 1 #NM exception. 
1 1 0 #UD exception. 
1 1 1 #UD exception. 


NOTE: 
* For processors that support the MMX instructions, the MP flag should be set. 


12.2 THE MMX STATE AND MMX REGISTER ALIASING 


The MMxX state consists of eight 64-bit registers (MMO through MM7). These registers are aliased to the low 64-bits 
(bits 0 through 63) of floating-point registers RO through R7 (see Figure 12-1). Note that the MMX registers are 
mapped to the physical locations of the floating-point registers (RO through R7), not to the relative locations of the 
registers in the floating-point register stack (STO through ST7). As a result, the MMX register mapping is fixed and 
is not affected by value in the Top Of Stack (TOS) field in the floating-point status word (bits 11 through 13). 
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Figure 12-1. Mapping of MMX Registers to Floating-Point Registers 


When a value is written into an MMX register using an MMX instruction, the value also appears in the corresponding 
floating-point register in bits 0 through 63. Likewise, when a floating-point value written into a floating-point 
register by a x87 FPU, the low 64 bits of that value also appears in a the corresponding MMxX register. 

The execution of MMX instructions have several side effects on the x87 FPU state contained in the floating-point 
registers, the x87 FPU tag word, and the x87 FPU status word. These side effects are as follows: 

When an MM<x instruction writes a value into an MMX register, at the same time, bits 64 through 79 of the corre- 
sponding floating-point register are set to all 1s. 


When an MMx instruction (other than the EMMS instruction) is executed, each of the tag fields in the x87 FPU 
tag word is set to 0OB (valid). (See also Section 12.2.1, “Effect of MMX, x87 FPU, FXSAVE, and FXRSTOR 


Instructions on the x87 FPU Tag Word.”) 
When the EMMS instruction is executed, each tag field in the x87 FPU tag word is set to 11B (empty). 


e 
¢ Each time an MMxX instruction is executed, the TOS value is set to OOOB. 


Execution of MMX instructions does not affect the other bits in the x87 FPU status word (bits 0 through 10 and bits 
14 and 15) or the contents of the other x87 FPU registers that comprise the x87 FPU state (the x87 FPU control 


word, instruction pointer, data pointer, or opcode registers). 
Table 12-2 summarizes the effects of the MMX instructions on the x87 FPU state. 
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Table 12-2. Effects of MMX Instructions on x87 FPU State 


MMxX Instruction x87 FPU Tag TOS Field of x87 | Other x87 FPU Bits 64 Through 79 ‘| Bits O Through 63 

Type Word FPU Status Word | Registers of x87 FPU Data of x87 FPU Data 
Registers Registers 

Read from MMX All tags set to OOB | OOOB Unchanged Unchanged Unchanged 

register (Valid) 

Write to MMX All tags set to 0OB | OOOB Unchanged Set to all 1s Overwritten with 

register (Valid) MMX data 

EMMS All fields set to OOOB Unchanged Unchanged Unchanged 

11B (Empty) 
12.2.1 Effect of MMX, x87 FPU, FXSAVE, and FXRSTOR 


Instructions on the x87 FPU Tag Word 


Table 12-3 summarizes the effect of MMX and x87 FPU instructions and the FXSAVE and FXRSTOR instructions on 
the tags in the x87 FPU tag word and the corresponding tags in an image of the tag word stored in memory. 


The values in the fields of the x87 FPU tag word do not affect the contents of the MMX registers or the execution of 
MMX instructions. However, the MMX instructions do modify the contents of the x87 FPU tag word, as is described 
in Section 12.2, “The MMX State and MMX Register Aliasing.” These modifications may affect the operation of the 
x87 FPU when executing x87 FPU instructions, if the x87 FPU state is not initialized or restored prior to beginning 
x87 FPU instruction execution. 


Note that the FSAVE, FXSAVE, and FSTENV instructions (which save x87 FPU state information) read the x87 FPU 
tag register and contents of each of the floating-point registers, determine the actual tag values for each register 
(empty, nonzero, zero, or special), and store the updated tag word in memory. After executing these instructions, 
all the tags in the x87 FPU tag word are set to empty (11B). Likewise, the EMMS instruction clears MMX state from 
the MMX/floating-point registers by setting all the tags in the x87 FPU tag word to 11B. 


Table 12-3. Effect of the MMX, x87 FPU, and FXSAVE/FXRSTOR Instructions on the x87 FPU Tag Word 
Instruction Instruction x87 FPU Tag Word Image of x87 FPU Tag Word Stored in 
Type Memory 
MMX All (except EMMS) All tags are set to OOB (valid). Not affected. 

MMX EMMS All tags are set to 11B (empty). Not affected. 
x87 FPU All (except FSAVE, Tag for modified floating-point register is | Not affected. 
FSTENV, FRSTOR, set to OOB or 11B. 
FLDENV) 
x87 FPU and FSAVE, FSTENV, FXSAVE | Tags and register values are read and Tags are set according to the actual 
FXSAVE interpreted; then all tags are set to 11B. | values in the floating-point registers; 
that is, empty registers are marked 11B 
and valid registers are marked OOB 
(nonzero), 01B (zero), or 10B (special). 
x87 FPU and FRSTOR, FLDENV, All tags marked 11B in memory are set | Tags are read and interpreted, but not 
FXRSTOR FXRSTOR to 11B; all other tags are set according modified. 
to the value in the corresponding 
floating-point register: OOB (nonzero), 
01B (zero), or 10B (special). 
12.3. SAVING AND RESTORING THE MMX STATE AND REGISTERS 


Because the MMX registers are aliased to the x87 FPU data registers, the MMX state can be saved to memory and 
restored from memory as follows: 
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° Execute an FSAVE, FNSAVE, or FXSAVE instruction to save the MMX state to memory. (The FXSAVE instruction 
also saves the state of the XMM and MXCSR registers. ) 


¢ Execute an FRSTOR or FXRSTOR instruction to restore the MMX state from memory. (The FXRSTOR instruction 
also restores the state of the XMM and MXCSR registers. ) 


The save and restore methods described above are required for operating systems (see Section 12.4, “Saving MMX 
State on Task or Context Switches”). Applications can in some cases save and restore only the MMX registers in the 
following way: 


° Execute eight MOVQ instructions to save the contents of the MMXO through MMX7 registers to memory. An 
EMMS instruction may then (optionally) be executed to clear the MMX state in the x87 FPU. 


° Execute eight MOVQ instructions to read the saved contents of MMX registers from memory into the MMXO 
through MMX7 registers. 


NOTE 


The IA-32 architecture does not support scanning the x87 FPU tag word and then only saving valid 
entries. 


12.4 SAVING MMX STATE ON TASK OR CONTEXT SWITCHES 


When switching from one task or context to another, it is often necessary to save the MMX state. As a general rule, 
if the existing task switching code for an operating system includes facilities for saving the state of the x87 FPU, 
these facilities can also be relied upon to save the MMX state, without rewriting the task switch code. This reliance 
is possible because the MMX state is aliased to the x87 FPU state (see Section 12.2, “The MMX State and MMX 
Register Aliasing”). 


With the introduction of the FXSAVE and FXRSTOR instructions and of SSE/SSE2/SSE3/SSSE3 extensions, it is 
possible (and more efficient) to create state saving facilities in the operating system or executive that save the x87 
FPU/MMX/SSE/SSE2/SSE3/SSSE3 state in one operation. Section 13.4, “Designing OS Facilities for Saving x87 
FPU, SSE AND EXTENDED States on Task or Context Switches,” describes how to design such facilities. The tech- 
niques describes in this section can be adapted to saving only the MMX and x87 FPU state if needed. 


12.5 EXCEPTIONS THAT CAN OCCUR WHEN EXECUTING MMX INSTRUCTIONS 


MMX instructions do not generate x87 FPU floating-point exceptions, nor do they affect the processor's status flags 
in the EFLAGS register or the x87 FPU status word. The following exceptions can be generated during the execution 
of an MMX instruction: 


° Exceptions during memory accesses: 

— Stack-segment fault (#SS). 

— General protection (#GP). 

— Page fault (#PF). 

— Alignment check (#AC), if alignment checking is enabled. 
¢ System exceptions: 


— Invalid Opcode (#UD), if the EM flag in control register CRO is set when an MMxX instruction is executed (see 
Section 12.1, “Emulation of the MMX Instruction Set”). 


— Device not available (#NM), if an MMX instruction is executed when the TS flag in control register CRO is 
set. (See Section 13.4.1, “Using the TS Flag to Control the Saving of the x87 FPU and SSE State.”) 


¢ Floating-point error (#MF). (See Section 12.5.1, “Effect of MMX Instructions on Pending x87 Floating-Point 
Exceptions.”) 


* Other exceptions can occur indirectly due to the faulty execution of the exception handlers for the above 
exceptions. 
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12.5.1 €ffect of MMX Instructions on Pending x87 Floating-Point Exceptions 


If an x87 FPU floating-point exception is pending and the processor encounters an MMX instruction, the processor 
generates a x87 FPU floating-point error (#MF) prior to executing the MMxX instruction, to allow the pending excep- 
tion to be handled by the x87 FPU floating-point error exception handler. While this exception handler is executing, 
the x87 FPU state is maintained and is visible to the handler. Upon returning from the exception handler, the MMX 
instruction is executed, which will alter the x87 FPU state, as described in Section 12.2, “The MMX State and MMX 
Register Aliasing.” 


12.6 DEBUGGING MMX CODE 


The debug facilities operate in the same manner when executing MMX instructions as when executing other IA-32 
or Intel 64 architecture instructions. 


To correctly interpret the contents of the MMX or x87 FPU registers from the FSAVE/FNSAVE or FXSAVE image in 
memory, a debugger needs to take account of the relationship between the x87 FPU register’s logical locations 
relative to TOS and the MMX register’s physical locations. 


In the x87 FPU context, STn refers to an x87 FPU register at location n relative to the TOS. However, the tags in the 
x87 FPU tag word are associated with the physical locations of the x87 FPU registers (RO through R7). The MMX 
registers always refer to the physical locations of the registers (with MMO through MM7 being mapped to RO 
through R7). Figure 12-2 shows this relationship. Here, the inner circle refers to the physical location of the x87 
FPU and MMX registers. The outer circle refers to the x87 FPU registers’s relative location to the current TOS. 


When the TOS equals 0 (case A in Figure 12-2), STO points to the physical location RO on the floating-point stack. 
MMO maps to STO, MM1 maps to ST1, and so on. 


When the TOS equals 2 (case B in Figure 12-2), STO points to the physical location R2. MMO maps to ST6, MM1 
maps to ST7, MM2 maps to STO, and so on. 


beasts a, 87 FPU “push” 
x87 FPU push’ <7 x87 FPU “pop ste * i 


a 


Case A: TOS=0 Case B: TOS=2 


Outer circle = x87 FPU data register’s logical location relative to TOS 
Inner circle = x87 FPU tags = MMX register’s location = FP registers’s physical location 


Figure 12-2. Mapping of MMX Registers to x87 FPU Data Register Stack 
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CHAPTER 13 
SYSTEM PROGRAMMING FOR INSTRUCTION SET EXTENSIONS AND 
PROCESSOR EXTENDED STATES 


This chapter describes system programming features for instruction set extensions operating on the processor 
state extension known as the SSE state (XMM registers, MXCSR) and for other processor extended states. Instruc- 
tion set extensions operating on the SSE state include the streaming SIMD extensions (SSE), streaming SIMD 
extensions 2 (SSE2), streaming SIMD extensions 3 (SSE3), Supplemental SSE3 (SSSE3), and SSE4. Collectively, 
these are called SSE extensions! and the corresponding instructions SSE instructions. FXSAVE/FXRSTOR 
instructions can be used save/restore SSE state along with FP state. See Section 10.5 in the Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 1 for information about FXSAVE and FXRSTOR. 


Sections 13.1 through 13.4 cover system programming requirements to enable the SSE extensions, providing 
operating system or executive support for the SSE extensions, SIMD floating-point exceptions, exception handling, 
and task (context) switching. These sections primarily discuss use of FXSAVE/FXRSTOR to save/restore SSE state. 


XSAVE feature set refers to extensions to the Intel architecture that will allow system executives to implement 
support for multiple processor extended states along with FP/SSE states that may be introduced over time without 
requiring the system executive to be modified each time a new processor state extension is introduced. XSAVE 
feature set provide mechanisms to enumerate the supported extended states, enable some or all of them for soft- 
ware use, instructions to save/restore the states and enumerate the layout of the states when saved to memory. 
XSAVE/XRSTOR instructions are part of the XSAVE feature set. These instructions are introduced after the intro- 
duction of FP/SSE states but can be used to manage legacy FP/SSE state along with processor extended states. See 
CHAPTER 13 in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 for information 
about XSAVE feature set. 


System programming for managing processor extended states is described in sections 13.5 through 13.6. XSAVE 
feature set is designed to be compatible with FXSAVE/FXRSTOR and hence much of the material through sections 
13.1 to 13.4 related to SSE state also applies to XSAVE feature set with the exception of enumeration and 
saving/restoring state. 


XSAVE Compaction is an XSAVE feature that allows operating systems to allocate space for only the states saved 
to conserve memory usage. A new instruction called XSAVEC is introduced to save extended states in compacted 
format and XRSTOR instruction is enhanced to comprehend compacted format. System programming for managing 
processor extended states in compacted format is also described in section 13.5. 


Supervisor state is an extended state that can only be accessed in ring 0. XSAVE feature set has been enhanced 
to manage supervisor states. Two new ring 0 instructions, XSAVES/XRSTORS, are introduced to save/restore 
supervisor states along with other XSAVE managed states. They are privileged instruction and only operate in 
compacted format. System programming for managing supervisor states in described in section 13.7. 


Each XSAVE managed features may have additional feature specific system programming requirements such as 
exception handlers etc. Feature specific system programming requirements for XSAVE managed features are 
described in section 13.8. 


13.1 PROVIDING OPERATING SYSTEM SUPPORT FOR SSE EXTENSIONS 


To use SSE extensions, the operating system or executive must provide support for initializing the processor to use 
these extensions, for handling SIMD floating-point exceptions, and for using FXKSAVE and FXRSTOR (Section 10.5 
of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1) to manage context. XSAVE 
feature set can also be used to manage SSE state along with other processor extended states as described in 13.5. 
This section primarily focuses on using FXSAVE/FXRSTOR to manage SSE state. Because SSE extensions share the 
same state, experience the same sets of non-numerical and numerical exception behavior, these guidelines that 
apply to SSE also apply to other sets of SIMD extensions that operate on the same processor state and subject to 
the same sets of non-numerical and numerical exception behavior. 


1. The collection also includes PCLMULQDQ and AES instructions operating on XMM state. 
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Chapter 11, “Programming with Streaming SIMD Extensions 2 (SSE2)” and Chapter 12, “Programming with Intel® 
SSE3, SSSE3,Intel® SSE4 AND Intel® AESNI,” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1, provide details on SSE instruction set. 


13.1.1. Adding Support to an Operating System for SSE Extensions 


The following guidelines describe functions that an operating system or executive must perform to support SSE 
extensions: 


1. Check that the processor supports the SSE extensions. 

Check that the processor supports the FXSAVE and FXRSTOR instructions or the XSAVE feature set. 
Provide an initialization for the SSE states. 

Provide support for the FXSAVE and FXRSTOR instructions or the XSAVE feature set. 


Provide support (if necessary) in non-numeric exception handlers for exceptions generated by the SSE instruc- 
tions. 


G1) ee 


6. Provide an exception handler for the SIMD floating-point exception (#XM). 
The following sections describe how to implement each of these guidelines. 


13.1.2 Checking for CPU Support 


If the processor attempts to execute an unsupported SSE instruction, the processor generates an invalid-opcode 
exception (#UD). Before an operating system or executive attempts to use SSE extensions, it should check that 
support is present by confirming the following bit values returned by the CPUID instruction: 


® CPUID.1:EDX.SSE[bit 25] = 1 

® CPUID.1:EDX.SSE2[bit 26] = 1 

® CPUID.1:ECX.SSE3[bit 0] = 1 

® CPUID.1:ECX.SSSE3[bit 9] = 1 

® CPUID.1:ECX.SSE4_1[bit 19] = 1 

® CPUID.1:ECX.SSE4_2[bit 20] = 1 

(To use POPCNT instruction, software must check CPUID.1:ECX.POPCNT[bit 23] = 1.) 


Separate checks must be made to ensure that the processor supports either FXSAVE and FXRSTOR or the XSAVE 
feature set. See Section 10.5 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 and 
Chapter 13 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, respectively. 


13.1.3 Initialization of the SSE Extensions 


The operating system or executive should carry out the following steps to set up SSE extensions for use by appli- 
cation programs: 


1. Set CR4.0SFXSR[bit 9] = 1. Setting this flag implies that the operating system provides facilities for saving 
and restoring SSE state using FXSAVE and FXRSTOR instructions. These instructions may be used to save the 
SSE state during task switches and when invoking the SIMD floating-point exception (#XM) handler (see 
Section 13.1.5, “Providing a Handler for the SIMD Floating-Point Exception (#XM)”). 


If the processor does not support the FXSAVE and FXRSTOR instructions, attempting to set the OSFXSR flag 
causes a general-protection exception (#GP) to be generated. 
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2. Set CR4.0SXMMEXCPT[bit 10] = 1. Setting this flag implies that the operating system provides a SIMD 
floating-point exception (#XM) handler (see Section 13.1.5, “Providing a Handler for the SIMD Floating-Point 
Exception (#XM)”"). 


NOTE 


The OSFXSR and OSXMMEXCPT bits in control register CR4 must be set by the operating system. 
The processor has no other way of detecting operating-system support for the FXSAVE and 
FXRSTOR instructions or for handling SIMD floating-point exceptions. 


3. Clear CRO.EM[bit 2] = 0. This action disables emulation of the x87 FPU, which is required when executing SSE 


instructions (see Section 2.5, “Control Registers”). 


4. Set CRO.MP[bit 1] = 1. This setting is required for Intel 64 and IA-32 processors that support the SSE 
extensions (see Section 9.2.1, “Configuring the x87 FPU Environment”). 


Table 13-1 and Table 13-2 show the actions of the processor when an SSE instruction is executed, depending on 


the following: 


¢ OSFXSR and OSXMMEXCPT flags in control register CR4 
° SSE/SSE2/SSE3/SSSE3/SSE4 feature flags returned by CPUID 


° EM, MP, and TS flags in control register CRO 


Table 13-1. Action Taken for Combinations of OSFXSR, OSXMMEXCPT, SSE, SSE2, SSE3, EM, MP, and TS! 


CR4 CPUID CRO Flags 
OSFXSR OSXMMEXCPT SSE, SSE2, EM Mp4 TS Action 
SSE32, 
sse4_13 
0 x° X X 1 X | #UD exception. 
1 0 X 1 X | #UD exception. 
1 1 1 1 X | #UD exception. 
1 0 1 0 1 QO | Execute instruction; HUD exception if unmasked 
SIMD floating-point exception is detected. 
1 1 1 0 1 QO | Execute instruction; #XM exception if unmasked 
SIMD floating-point exception is detected. 
1 X 1 0 1 1 #NM exception. 
NOTES: 


1. For execution of any SSE instruction except the PAUSE, PREFETCHh, SFENCE, LFENCE, MFENCE, MOVNTI, and CLFLUSH instructions. 
2. Exception conditions due to CR4.0SFXSR or CR4.0SXMMEXCPT do not apply to FISTTP. 


3. Only applies to DPPS, DPPD, ROUNDPS, ROUNDPD, ROUNDSS, ROUNDSD. 


4. For processors that support the MMX instructions, the MP flag should be set. 


5. X = Don't care. 
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Table 13-2. Action Taken for Combinations of OSFXSR, SSSE3, SSE4, EM, and TS 


CR4 CPUID CRO Flags 
OSFXSR SSSE3 EM TS Action 

SSE4_1! 
SSE4_27 

0 x3 x X #UD exception. 

1 0 X X #UD exception. 

1 1 1 X #UD exception. 

1 1 0 1 #NM exception. 


NOTES: 

1. Applies to SSE4_1 instructions except DPPS, DPPD, ROUNDPS, ROUNDPD, ROUNDSS, ROUNDSD. 
2. Applies to SSE4_2 instructions except CRC32 and POPCNT. 

3. X = Don't care. 


The SIMD floating-point exception mask bits (bits 7 through 12), the flush-to-zero flag (bit 15), the denormals-are- 
zero flag (bit 6), and the rounding control field (bits 13 and 14) in the MXCSR register should be left in their default 
values of 0. This permits the application to determine how these features are to be used. 


13.1.4 Providing Non-Numeric Exception Handlers for Exceptions Generated by the SSE 
Instructions 

SSE instructions can generate the same type of memory-access exceptions (such as page faults and limit viola- 

tions) and other non-numeric exceptions as other Intel 64 and IA-32 architecture instructions generate. 


Ordinarily, existing exception handlers can handle these and other non-numeric exceptions without code modifica- 
tion. However, depending on the mechanisms used in existing exception handlers, some modifications might need 
to be made. 


The SSE extensions can generate the non-numeric exceptions listed below: 
¢ Memory Access Exceptions: 
— Stack-segment fault (#SS). 


— General protection exception (#GP). Executing most SSE instructions with an unaligned 128-bit memory 
reference generates a general-protection exception. (The MOVUPS and MOVUPD instructions allow 
unaligned a loads or stores of 128-bit memory locations, without generating a general-protection 
exception.) A 128-bit reference within the stack segment that is not aligned to a 16-byte boundary will also 
generate a general-protection exception, instead a stack-segment fault exception (#SS). 


— Page fault (#PF). 


— Alignment check (#AC). When enabled, this type of alignment check operates on operands that are less 
than 128-bits in size: 16-bit, 32-bit, and 64-bit. To enable the generation of alignment check exceptions, do 
the following: 


¢ Set the AM flag (bit 18 of control register CRO) 
* Set the AC flag (bit 18 of the EFLAGS register) 
* CPL must be 3 


If alignment check exceptions are enabled, 16-bit, 32-bit, and 64-bit misalignment will be detected for the 
MOVUPD and MOVUPS instructions; detection of 128-bit misalignment is not guaranteed and may vary 
with implementation. 
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° System Exceptions: 


— Invalid-opcode exception (#UD). This exception is generated when executing SSE instructions under the 
following conditions: 


¢ SSE/SSE2/SSE3/SSSE3/SSE4_1/SSE4_2 feature flags returned by CPUID are set to 0. This condition 
does not affect the CLFLUSH instruction, nor POPCNT. 


¢ The CLFSH feature flag returned by the CPUID instruction is set to 0. This exception condition only 
pertains to the execution of the CLFLUSH instruction. 


¢ The POPCNT feature flag returned by the CPUID instruction is set to 0. This exception condition only 
pertains to the execution of the POPCNT instruction. 


¢ The EM flag (bit 2) in control register CRO is set to 1, regardless of the value of TS flag (bit 3) of CRO. 
This condition does not affect the PAUSE, PREFETCHA, MOVNTI, SFENCE, LFENCE, MFENCE, CLFLUSH, 
CRC32 and POPCNT instructions. 


¢ The OSFXSR flag (bit 9) in control register CR4 is set to 0. This condition does not affect the PSHUFW, 
MOVNTQ, MOVNTI, PAUSE, PREFETCHA, SFENCE, LFENCE, MFENCE, CLFLUSH, CRC32 and POPCNT 
instructions. 


¢ Executing an instruction that causes a SIMD floating-point exception when the OSXMMEXCPT flag (bit 
10) in control register CR4 is set to 0. See Section 13.4.1, “Using the TS Flag to Control the Saving of 
the x87 FPU and SSE State.” 


— Device not available (#NM). This exception is generated by executing a SSE instruction when the TS flag 
(bit 3) of CRO is set to 1. 


Other exceptions can occur during delivery of the above exceptions. 


13.1.5 Providing a Handler for the SIMD Floating-Point Exception (#XM) 


SSE instructions do not generate numeric exceptions on packed integer operations. They can generate the 
following numeric (SIMD floating-point) exceptions on packed and scalar single-precision and double-precision 
floating-point operations. 


¢ Invalid operation (#1) 

* Divide-by-zero (#Z) 

¢ Denormal operand (#D) 

¢ Numeric overflow (#0) 

¢ Numeric underflow (#U) 

¢  Inexact result (Precision) (#P) 


These SIMD floating-point exceptions (with the exception of the denormal operand exception) are defined in the 
IEEE Standard 754 for Binary Floating-Point Arithmetic and represent the same conditions that cause x87 FPU 
floating-point error exceptions (#MF) to be generated for x87 FPU instructions. 


Each of these exceptions can be masked, in which case the processor returns a reasonable result to the destination 
operand without invoking an exception handler. However, if any of these exceptions are left unmasked, detection 
of the exception condition results in a SIMD floating-point exception (#XM) being generated. See Chapter 6, 
“Interrupt 19—SIMD Floating-Point Exception (#XM).” 


To handle unmasked SIMD floating-point exceptions, the operating system or executive must provide an exception 
handler. The section titled “SSE and SSE2 SIMD Floating-Point Exceptions” in Chapter 11, “Programming with 
Streaming SIMD Extensions 2 (SSE2),” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 1, describes the SIMD floating-point exception classes and gives suggestions for writing an exception 
handler to handle them. 


To indicate that the operating system provides a handler for SIMD floating-point exceptions (#XM), the OSXM- 
MEXCPT flag (bit 10) must be set in control register CR4. 
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13.1.5.1 Numeric Error flag and IGNNE# 


SSE extensions ignore the NE flag in control register CRO (that is, they treat it as if it were always set) and the 
IGNNE# pin. When an unmasked SIMD floating-point exception is detected, it is always reported by generating a 
SIMD floating-point exception (#XM). 


13.2 EMULATION OF SSE EXTENSIONS 


The Intel 64 and IA-32 architectures do not support emulation of the SSE instructions, as they do for x87 FPU 
instructions. 


The EM flag in control register CRO (provided to invoke emulation of x87 FPU instructions) cannot be used to invoke 
emulation of SSE instructions. If an SSE instruction is executed when CRO.EM = 1, an invalid opcode exception 
(#UD) is generated. See Table 13-1. 


13.3. SAVING AND RESTORING SSE STATE 


The SSE state consists of the state of the XMM and MXCSR registers. Intel recommends the following method for 
saving and restoring this state: 


¢ Execute the FXSAVE instruction to save the state of the XMM and MXCSR registers to memory. 


° Execute the FXRSTOR instruction to restore the state of the XMM and MXCSR registers from the image saved in 
memory earlier. 


This save and restore method is required for all operating systems. XSAVE feature set can also be used to 
save/restore SSE state. See Section 13.5, “The XSAVE Feature Set and Processor Extended State Management,” 
for using the XSAVE feature set to save/restore SSE state. 


In some cases, applications may choose to save only the XMM and MXCSR registers in the following manner: 
¢ Execute MOVDQ instructions to save the contents of the XMM registers to memory. 

¢ Execute a STMXCSR instruction to save the state of the MXCSR register to memory. 

Such applications must restore the XMM and MXCSR registers as follows: 


¢ Execute MOVDQ instructions to load the saved contents of the XMM registers from memory into the XMM 
registers. 


¢ Execute a LDMXCSR instruction to restore the state of the MXCSR register from memory. 


13.4 DESIGNING OS FACILITIES FOR SAVING X87 FPU, SSE AND EXTENDED 
STATES ON TASK OR CONTEXT SWITCHES 


The x87 FPU and SSE state consist of the state of the x87 FPU, XMM, and MXCSR registers. The FXSAVE and 
FXRSTOR instructions provide a fast method for saving and restoring this state. The XSAVE feature set can also be 
used to save FP and SSE state along with other extended states (see Section 13.5). 


Older operating systems may use FSAVE/FNSAVE and FRSTOR to save the x87 FPU state. These facilities can be 
extended to save and restore SSE state by substituting FXSAVE and FXRSTOR or the XSAVE feature set in place of 
FSAVE/FNSAVE and FRSTOR. 


If task or context switching facilities are written from scratch, any of several approaches may be taken for using the 
FXSAVE and FXRSTOR instructions or the XSAVE feature set to save and restore x87 FPU and SSE state: 


¢ The operating system can require applications that are intended to be run as tasks take responsibility for saving 
the states prior to a task suspension during a task switch and for restoring the states when the task is resumed. 
This approach is appropriate for cooperative multitasking operating systems, where the application has control 
over (or is able to determine) when a task switch is about to occur and can save state prior to the task switch. 
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¢ The operating system can take the responsibility for saving the states as part of the task switch process and 
restoring the state of the registers when a suspended task is resumed. This approach is appropriate for 
preemptive multitasking operating systems, where the application cannot know when it is going to be 
preempted and cannot prepare in advance for task switching. 


¢ The operating system can take the responsibility for saving the states as part of the task switch process, but 
delay the restoring of the states until an instruction operating on the states is actually executed by the new 
task. See Section 13.4.1, “Using the TS Flag to Control the Saving of the x87 FPU and SSE State,” for more 
information. This approach is called lazy restore. 


The use of lazy restore mechanism in context switches is not recommended when XSAVE feature set is used to 
save/restore states for the following reasons. 


— With XSAVE feature set, Intel processors have optimizations in place to avoid saving the state components 
that are in their initial configurations or when they have not been modified since they were restored last. 
These optimizations eliminate the need for lazy restore. See section 13.5.4 in Intel® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 1. 


— Intel processors have power optimizations when state components are in their initial configurations. Use of 
lazy restore retains the non-initial configuration of the last thread and is not power efficient. 


— Not all extended states support lazy restore mechanisms. As such, when one or more such states are 
enabled it becomes very inefficient to use lazy restore as it results in two separate state restore, one in 
context switch for the states that does not support lazy restore and one in the #NM handler for states that 
support lazy restore. 


13.4.1 | Using the TS Flag to Control the Saving of the x87 FPU and SSE State 


The TS flag in control register CRO is provided to allow the operating system to delay saving/restoring the x87 FPU 
and SSE state until an instruction that actually accesses this state is encountered in a new task. When the TS flag 
is set, the processor monitors the instruction stream for x87 FPU, MMX, SSE instructions. When the processor 
detects one of these instructions, it raises a device-not-available exception (#NM) prior to executing the instruc- 
tion. The #NM exception handler can then be used to save the x87 FPU and SSE state for the previous task (using 
an FXSAVE, XSAVE, or XSAVEOPT instruction) and load the x87 FPU and SSE state for the current task (using an 
FXRSTOR or XRSOTR instruction). If the task never encounters an x87 FPU, MMX, or SSE instruction, the device- 
not-available exception will not be raised and a task state will not be saved/restored unnecessarily. 


NOTE 
The CRC32 and POPCNT instructions do not operate on the x87 FPU or SSE state. They operate on 
the general-purpose registers and are not involved with the techniques described above. 


The TS flag can be set either explicitly (by executing a MOV instruction to control register CRO) or implicitly (using 
the IA-32 architecture’s native task switching mechanism). When the native task switching mechanism is used, the 
processor automatically sets the TS flag on a task switch. After the device-not-available handler has saved the x87 
FPU and SSE state, it should execute the CLTS instruction to clear the TS flag. 


13.5 THE XSAVE FEATURE SET AND PROCESSOR EXTENDED STATE 
MANAGEMENT 


The architecture of XSAVE feature set is described in CHAPTER 13 of Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 1. The XSAVE feature set includes the following: 


¢ An extensible data layout for existing and future processor state extensions. The layout of the XSAVE area 
extends from the 512-byte FXSAVE/FXRSTOR layout to provide compatibility and migration path from 
managing the legacy FKSAVE/FXRSTOR area. The XSAVE area is described in more detail in Section 13.4 of the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1. 


¢ CPUID enhancements for feature enumeration. See Section 13.2 of the Intel® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 1. 
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* Control register enhancement and dedicated register for enabling each processor extended state. See Section 
13.3 of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1. 


¢ Instructions to save state to and restore state from the XSAVE area. See Section 13.7 through Section 13.9 of 
the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1. 


Operating systems can utilize XSAVE feature set to manage both FP/SSE state and processor extended states. 
CPUID leaf ODH enumerates XSAVE feature set related information. The following guidelines provide the steps an 
operating system needs to take to support legacy FP/SSE states and processor extended states. 


1. Check that the processor supports the XSAVE feature set 


2. Determine the set of XSAVE managed features that the operating system intends to enable and calculate the 
size of the buffer needed to save/restore the states during context switch and other flows 


Enable use of XSAVE feature set and XSAVE managed features 
Provide an initialization for the XSAVE managed feature state components 


Provide (if necessary) required exception handlers for exceptions generated each of the XSAVE managed 
features. 


13.5.1 Checking the Support for XSAVE Feature Set 


Support for XSAVE Feature set is enumerated in CPUID.1.ECX.XSAVE[bit 26]. Enumeration of this bit indicates that 
the processor supports XSAVE/XRSTOR instructions to manage state and XSETBV/XGETBV on XCRO to enable and 
get enabled states. An operating system needs to enable XSAVE feature set as described later. 


Additionally CPUID.(EAX=0DH, ECX=1).EAX enumerates additional XSAVE sub features such as optimized save, 
compaction and supervisor state support. The following table summarizes XSAVE sub features. Once an operating 
system enables XSAVE feature set, all the sub-features enumerated are also available. There is no need to enable 
each additional sub feature. 


Table 13-3. CPUID.(EAX=ODH, ECX=1) EAX Bit Assignment 


EAX Bit Position Meaning 
0 If set, indicates availability of the XSAVEOPT instruction. 
1 If set, indicates availability of the XSAVEC instruction and the corresponding compaction enhancements 
to the legacy XRSTOR instruction. 
2 If set, indicates support for execution of XGETBV with ECX=1. This execution returns the state-compo- 


nent bitmap XINUSE. If XINUSE[i] = 0, state component i is in its initial configuration. Execution of 
XSETBV with ECX=1 causes a #GP. 


3 If set, indicates support for XSAVES/XRSTORS and IA32_XSS MSR 
31:4 Reserved 


13.5.2 Determining the XSAVE Managed Feature States And The Required Buffer Size 


Each XSAVE managed feature has one or more state components associated with it. An operating system policy 
needs to determine the XSAVE managed features to support and determine the corresponding state components to 
enable. When determining the XSAVE managed features to support, operating system needs to take into account 
the dependencies between them (e.g. AVX feature depends on SSE feature). Similarly, when a XSAVE managed 
feature has more than one state component, all of them need to be enabled. Each logical processor enumerates 
supported XSAVE state components in CPUID.(EAX=0DH, ECX=0).EDX:EAX. An operating system may enable all 
or a subset of the state components enumerated by the processor based on the OS policy. 


The size of the memory buffer needed to save enabled XSAVE state components depends on whether the OS opts- 
in to use compacted format or not. Section 13.4.3 of the Intel® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1 describes the layout of the extended region of the XSAVE area. 
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13.5.3. Enable the Use Of XSAVE Feature Set And XSAVE State Components 


Operating systems need to enable the use of XSAVE feature set by writing to CR4.0SXSAVE[bit 18] to enable 
XSETBV/XGETBV instructions to access XCRO and to support processor extended state management using 
XSAVE/XRSTOR. When XSAVE feature set is enabled, all enumerated XSAVE sub features such as optimized save, 
compaction and supervisor state support are also enabled. Operating systems also need to enable the XSAVE state 
components in XCRO using XSETBV instruction. 


XSAVE state components can subsequently be disabled in XCRO. However, disabling state components of AVX or 
AVX-512 that are not in initial configuration may incur power and performance penalty on SSE and AVX instructions 
respectively. If AVX state is disabled when it is not in its initial configuration, subsequent SSE instructions may 
incur a penalty. If AVX-512 state is disabled when it is not in its initial configuration, subsequent SSE and AVX 
instructions may incur a penalty. It is recommended that the operating systems and VMM set AVX or AVX-512 state 
components to their initial configuration before disabling them. This can be achieved by one of the two methods 
below. 


¢ Using XRSTOR: Operating system or VMM can set the state of AVX or AVX-512 state components using XRSTOR 
instruction before disabling them in XCRO. 


¢ Using VZEROUPPER: Operating system or VMM can set AVX and AVX-512 state components to their initial 
configuration using VZEROUPPER instruction before disabling them in XCRO. Note that this will set both AVX 
and AVX-512 state components to their initial configuration. If the intent is to only disable AVX-512 state, 
Operating system or VMM will need to save AVX state before executing VZEROUPPER and restore it afterwards. 


13.5.4 Provide an Initialization for the XSAVE State Components 


The XSAVE header of a newly allocated XSAVE area should be initialized to all zeroes before saving context. An 
operating system may choose to establish beginning state-component values for a task by executing XRSTOR from 
an XSAVE area that the OS has configured. If it is desired to begin state component i in its initial configuration, the 
OS should clear bit i in the XSTATE_BV field in the XSAVE header; otherwise, it should set that bit and place the 
desired beginning value in the appropriate location in the XSAVE area. 


When a buffer is allocated for compacted size, software must ensure that the XCOMP_BV field is setup correctly 
before restoring from the buffer. Bit 63 of the XCOMP_BV field indicates that the save area is in the compacted 
format and the remaining bits indicate the states that have space allocated in the save area. If the buffer is first 
used to save the state in compacted format, then the save instructions will setup the XCOMP_BV field appropri- 
ately. If the buffer is first used to restore the state, then software must set up the XCOMP_BV field. 


13.5.5 Providing the Required Exception Handlers 


Instructions part of each XSAVE managed features may generate exceptions and operating system may need to 
enable such exceptions and provide handlers for them. Section 13.8 describes feature specific OS requirements for 
each XSAVE managed features. 


13.6 INTEROPERABILITY OF THE XSAVE FEATURE SET AND FXSAVE/FXRSTOR 


The FXSAVE instruction writes x87 FPU and SSE state information to a 512-byte FXSAVE save area. FXRSTOR 
restores the processor’s x87 FPU and SSE states from an FXSAVE area. The XSAVE features set supports x87 FPU 
and SSE states using the same layout as the FXSAVE area to provide interoperability of FXSAVE versus XSAVE, and 
FXRSTOR versus XRSTOR. The XSAVE feature set allows system software to manage SSE state independent of x87 
FPU states. Thus system software that had been using FXSAVE and FXRSTOR to manage x87 FPU and SSE states 
can transition to using the XSAVE feature set to manage x87 FPU, SSE and other processor extended states in a 
systematic and forward-looking manner. See Section 10.5 and Chapter 13 of the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 1 for more details. 


System software can implement forward-looking processor extended state management using the XSAVE feature 
set. In this case, system software must specify the bit vector mask in EDX:EAX appropriately when executing 
XSAVE/XRSTOR instructions. 
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For instance, the OS can supply instructions in the XSAVE feature set with a bit vector in EDX:EAX with the two 
least significant bits (corresponding to x87 FPU and SSE state) equal to 0. Then, the XSAVE instruction will not 
write the processor’s x87 FPU and SSE state into memory. Similarly, the XRSTOR instruction executed with a value 
in EDX:EAX with the least two significant bit equal to 0 will not restore nor initialize the processor’s x87 FPU and 
SSE state. 


The processor’s action as a result of executing XRSTOR is given in Section 13.8 of the Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 1. The instruction may be used to initialize x87 FPU or XMM regis- 
ters. When the MXCSR register is updated from memory, reserved bit checking is enforced. The saving/restoring of 
MXCSR is bound to the SSE state, independent of the x87 FPU state. The action of XSAVE is given in Section 13.7 
of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1. 


13.7. THE XSAVE FEATURE SET AND PROCESSOR SUPERVISOR STATE 
MANAGEMENT 


Supervisor state is a processor state that is only accessible in ring 0. An extension to XSAVE feature set, enumer- 
ated by CPUID.(EAX=0DH, ECX=1).EAX[bit 3] allows the management of the supervisor states using XSAVE 

feature set. See Chapter 13 of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 for the 
details of the supervisor state XSAVE feature set extension. The supervisor state extension includes the following: 


¢ CPUID enhancements to enumerate the set of supervisor states and their sizes that can be managed by XSAVE 
feature set. 


¢ Anew MSR IA32_XSS to enable XSAVE feature set to manage one or more enumerated supervisor states. 


¢ Anew pair of privileged save/restore instructions, XSAVES and XRSTORS, to save/restore supervisor states 
along with other XSAVE managed feature states. 


The guidelines to enable XSAVE feature set to manage supervisor state are very similar to the steps outlines in 
Section 13.6 with the differences outline below. The set of supervisor states that can be managed by XSAVE feature 
set is enumerated in (EAX=ODH, ECX=1).EDX:ECX. XSAVE managed supervisor states are enabled in IA32_XSS 
MSR instead of XCRO control register. There are semantic differences between user states enabled in XCRO and 
supervisor state enabled in IA32_XSS MSR. A supervisor state enabled in IA32_XSS MSR: 


¢ May be accessed via other mechanisms such as RDMSR/WRMSR even when they are not enabled in IA32_XSS 
MSR. Enabling a supervisor state in the IA32_XSS MSR merely indicates that the state can be saved/restored 
using XSAVES/XRSTORS instructions. 


° May have side effects when saving/restoring the state such as disabling/enabling feature associated with the 
state. This behavior is feature specific and will be documented along with the feature description. 


¢ May generate faults when saving/restoring the state. XSAVES/XRSTORS will follow the faulting behavior of 
RDMSR/WRMSR respectively if the corresponding state is also accessible using RDMSR/WRMSR. 


* XRSTORS may fault when restoring the state for supervisor features that are already enabled via feature 
specific mechanisms. This behavior is feature specific and will be documented along with the feature 
description. 


When a supervisor state is disabled via a feature specific mechanism, the state does not automatically get marked 
as INIT. Hence XSAVES/XRSTORS will continue to save/restore the state subject to available optimizations. If the 
software does not intend to preserve the state when it disables the feature, it should initialize it to hardware INIT 
value with XRSTORS instruction so that XSAVES/XRSTORS perform optimally for that state. 


13.8 SYSTEM PROGRAMMING FOR XSAVE MANAGED FEATURES 


This section describes system programming requirement for each XSAVE managed features that are feature 
specific such as exception handling. 
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13.8.1. Intel® Advanced Vector Extensions (Intel® AVX) 


Intel AVX instructions comprises of 256-bit and 128-bit instructions that operates on 256-bit YMM registers. The 
XSAVE feature set allows software to save and restore the state of these registers. See Chapter 13 of the Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 1. 


For processors that support YMM states, the YMM state exists in all operating modes. However, the available 
instruction interfaces to access YMM states may vary in different modes. 


Operating systems must use the XSAVE feature set for YMM state management. The XSAVE feature set also 
provides flexible and efficient interface to manage XMM/MXCSR states and x87 FPU states in conjunction with 
newer processor extended states like YMM states. Operating systems may need to be aware of the following when 
supporting AVX. 


¢ Saving/Restoring AVX state in non-compacted format without SSE state will also save/restore MXCSR even 
though MXCSR is not part of AVX state. This does not happen when compacted format is used. 


¢ Few AVX instructions such as VZEROUPPER/VZEROALL may operate on future expansion of YMM registers. 


An operating system must enable its YMM state management to support AVX and any 256-bit extensions that 
operate on YMM registers. Otherwise, an attempt to execute an instruction in AVX extensions (including an 
enhanced 128-bit SIMD instructions using VEX encoding) will cause a #UD exception. 


AVX instructions may generate SIMD floating-point exceptions. An OS must enable SIMD floating-point exception 
support by setting CR4.0OSXMMEXCPT[bit 10]=1. 


13.8.2 — Intel® Advanced Vector Extensions 512 (Intel® AVX-512) 


Intel AVX-512 instructions are encoded using EVEX prefix. The EVEX encoding scheme can support 512-bit, 256- 
bit and 128-bit instructions that operate on opmask, ZMM, YMM and XMM registers. 


For processors that support the Intel AVX-512 family of instructions, the extended processor states (ZMM and 
opmask registers) exist in all operating modes. However, the access to these states may vary in different modes. 
The processor's support for instruction extensions that employ EVEX prefix encoding is independent of the 
processor's support for using XSAVE feature set on those states. 


Instructions requiring EVEX prefix encoding are generally supported in 64-bit, 32-bit modes, and 16-bit protected 
mode. They are not supported in Real mode, Virtual-8086 mode or entering into SMM mode. Note that bits MAXVL- 
1:256 (511:256) of ZMM register state are maintained across transitions into and out of these modes. Because the 
XSAVE feature set instruction can operate in all operating modes, it is possible that the processor's ZMM register 
state can be modified by software in any operating mode by executing XRSTOR. 


Operating systems must use the XSAVE/XRSTOR/XSAVEOPT instructions for ZMM and opmask state management. 
An OS must enable its ZMM and opmask state management to support Intel AVX-512 Foundation instructions. 
Otherwise, an attempt to execute an instruction in Intel AVX-512 Foundation instructions (including a scalar 128- 
bit SIMD instructions using EVEX encoding) will cause a #UD exception. An operating system, which enables the 
AVX-512 state to support Intel AVX-512 Foundation instructions, is also sufficient to support the rest of the Intel 
AVX-512 family of instructions. Note that even though ZMM8-ZMM31 are not accessible in 32 bit mode, a 32 bit OS 
is still required to allocate memory for the entire ZMM state. 


Intel AVX-512 Foundation instructions may generate SIMD floating-point exceptions. An OS must enable SIMD 
floating point exception support by setting CR4.OSXMMEXCPT[bit 10]=1. 
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CHAPTER 14 
POWER AND THERMAL MANAGEMENT 


This chapter describes facilities of Intel 64 and IA-32 architecture used for power management and thermal moni- 
toring. 


14.1. ENHANCED INTEL SPEEDSTEP® TECHNOLOGY 


Enhanced Intel SpeedStep® Technology was introduced in the Pentium M processor. The technology enables the 
management of processor power consumption via performance state transitions. These states are defined as 
discrete operating points associated with different voltages and frequencies. 


Enhanced Intel SpeedStep Technology differs from previous generations of Intel SpeedStep® Technology in two 
ways: 


* Centralization of the control mechanism and software interface in the processor by using model-specific 
registers. 


¢ Reduced hardware overhead; this permits more frequent performance state transitions. 


Previous generations of the Intel SpeedStep Technology require processors to be a deep sleep state, holding off bus 
master transfers for the duration of a performance state transition. Performance state transitions under the 
Enhanced Intel SpeedStep Technology are discrete transitions to a new target frequency. 


Support is indicated by CPUID, using ECX feature bit 07. Enhanced Intel SpeedStep Technology is enabled by 
setting IA32_MISC_ENABLE MSR, bit 16. On reset, bit 16 of IA32_MISC_ENABLE MSR is cleared. 


14.1.1. Software Interface For Initiating Performance State Transitions 


State transitions are initiated by writing a 16-bit value to the IA32_PERF_CTL register, see Figure 14-2. If a transi- 
tion is already in progress, transition to a new value will subsequently take effect. 


Reads of IA32_PERF_CTL determine the last targeted operating point. The current operating point can be read from 
IA32_PERF_STATUS. IA32_PERF_STATUS is updated dynamically. 


The 16-bit encoding that defines valid operating points is model-specific. Applications and performance tools are 
not expected to use either IA32_PERF_CTL or IA32_PERF_STATUS and should treat both as reserved. Performance 
monitoring tools can access model-specific events and report the occurrences of state transitions. 


14.2 P-STATE HARDWARE COORDINATION 


The Advanced Configuration and Power Interface (ACPI) defines performance states (P-states) that are used to 
facilitate system software's ability to manage processor power consumption. Different P-states correspond to 
different performance levels that are applied while the processor is actively executing instructions. Enhanced Intel 
SpeedStep Technology supports P-states by providing software interfaces that control the operating frequency and 
voltage of a processor. 


With multiple processor cores residing in the same physical package, hardware dependencies may exist for a 
subset of logical processors on a platform. These dependencies may impose requirements that impact the coordi- 
nation of P-state transitions. As a result, multi-core processors may require an OS to provide additional software 
support for coordinating P-state transitions for those subsets of logical processors. 


ACPI firmware can choose to expose P-states as dependent and hardware-coordinated to OS power management 
(OSPM) policy. To support OSPMs, multi-core processors must have additional built-in support for P-state hardware 
coordination and feedback. 


Intel 64 and IA-32 processors with dependent P-states amongst a subset of logical processors permit hardware 
coordination of P-states and provide a hardware-coordination feedback mechanism using IA32_MPERF MSR and 
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IA32_APERF MSR. See Figure 14-1 for an overview of the two 64-bit MSRs and the bullets below for a detailed 
description. 


63 0 63 0 


IA32_MPERF (Addr: E7H) IA32_APERF (Addr: E8H) 


Figure 14-1. [A32_MPERF MSR and IA32_APERF MSR for P-state Coordination 


¢ Use CPUID to check the P-State hardware coordination feedback capability bit. CPUID.O6H.ECX[Bit 0] = 1 
indicates IA32_MPERF MSR and IA32_APERF MSR are present. 

¢ IA32_MPERF MSR (E7H) increments in proportion to a fixed frequency, which is configured when the processor 
is booted. 

¢ TA32_APERF MSR (E8H) increments in proportion to actual performance, while accounting for hardware coordi- 
nation of P-state and TM1/TM2; or software initiated throttling. 

¢ The MSRs are per logical processor; they measure performance only when the targeted processor is in the CO 
state. 


° Only the IA32_APERF/IA32_MPERF ratio is architecturally defined; software should not attach meaning to the 
content of the individual of IA32_APERF or IA32_MPERF MSRs. 


¢ When either MSR overflows, both MSRs are reset to zero and continue to increment. 


° Both MSRs are full 64-bits counters. Each MSR can be written to independently. However, software should 
follow the guidelines illustrated in Example 14-1. 


If P-states are exposed by the BIOS as hardware coordinated, software is expected to confirm processor support 

for P-state hardware coordination feedback and use the feedback mechanism to make P-state decisions. The OSPM 
is expected to either save away the current MSR values (for determination of the delta of the counter ratio at a later 
time) or reset both MSRs (execute WRMSR with 0 to these MSRs individually) at the start of the time window used 
for making the P-state decision. When not resetting the values, overflow of the MSRs can be detected by checking 
whether the new values read are less than the previously saved values. 


Example 14-1 demonstrates steps for using the hardware feedback mechanism provided by IA32_APERF MSR and 
IA32_MPERF MSR to determine a target P-state. 


Example 14-1. Determine Target P-state From Hardware Coordinated Feedback 


DWORD PercentBusy; // Percentage of processor time not idle. 
// Measure “PercentBusy” during previous sampling window. 
// Typically, “PercentBusy” is measure over a time scale suitable for 
// power management decisions 
// 
// RDMSR of MCNT and ACNT should be performed without delay. 
// Software needs to exercise care to avoid delays between 
// the two RDMSRs (for example, interrupts). 
MCNT = RDMSR(IA32_MPERF); 
ACNT = RDMSR(IA32_APERF); 


// PercentPerformance indicates the percentage of the processor 
// that is in use. The calculation is based on the PercentBusy, 

// that is the percentage of processor time not idle and the P-state 
// hardware coordinated feedback using the ACNT/MCNT ratio. 

// Note that both values need to be calculated over the same 
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// time window. 
PercentPerformance = PercentBusy * (ACNT/MCNT); 


// This example does not cover the additional logic or algorithms 
// necessary to coordinate multiple logical processors to a target P-state. 


TargetPstate = FindPstate(PercentPerformance); 


if (TargetPstate # currentPstate) { 
SetPState(TargetPstate); 
} 
// \WRMSR of MCNT and ACNT should be performed without delay. 
// Software needs to exercise care to avoid delays between 
// the two WRMSRs (for example, interrupts). 
WRMSR(IA32_MPERF, 0); 
WRMSR(IA32_APERF, 0); 


14.3. SYSTEM SOFTWARE CONSIDERATIONS AND OPPORTUNISTIC PROCESSOR 
PERFORMANCE OPERATION 


An Intel 64 processor may support a form of processor operation that takes advantage of design headroom to 
opportunistically increase performance. The Intel® Turbo Boost Technology can convert thermal headroom into 
higher performance across multi-threaded and single-threaded workloads. The Intel® Dynamic Acceleration Tech- 
nology feature can convert thermal headroom into higher performance if only one thread is active. 


14.3.1 Intel® Dynamic Acceleration Technology 


The Intel Core 2 Duo processor T 7700 introduces Intel Dynamic Acceleration Technology. Intel Dynamic Accelera- 
tion Technology takes advantage of thermal design headroom and opportunistically allows a single core to operate 
at a higher performance level when the operating system requests increased performance. 


14.3.2 System Software Interfaces for Opportunistic Processor Performance Operation 


Opportunistic processor performance operation, applicable to Intel Dynamic Acceleration Technology and Intel® 
Turbo Boost Technology, has the following characteristics: 


¢ Atransition from a normal state of operation (e.g. Intel Dynamic Acceleration Technology/Turbo mode 
disengaged) to a target state is not guaranteed, but may occur opportunistically after the corresponding enable 
mechanism is activated, the headroom is available and certain criteria are met. 


¢ The opportunistic processor performance operation is generally transparent to most application software. 


° System software (BIOS and Operating system) must be aware of hardware support for opportunistic processor 
performance operation and may need to temporarily disengage opportunistic processor performance operation 
when it requires more predictable processor operation. 


¢ When opportunistic processor performance operation is engaged, the OS should use hardware coordination 
feedback mechanisms to prevent un-intended policy effects if it is activated during inappropriate situations. 


14.3.2.1 Discover Hardware Support and Enabling of Opportunistic Processor Performance Operation 


If an Intel 64 processor has hardware support for opportunistic processor performance operation, the power-on 
default state of IA32_MISC_ENABLE[38] indicates the presence of such hardware support. For Intel 64 processors 
that support opportunistic processor performance operation, the default value is 1, indicating its presence. For 
processors that do not support opportunistic processor performance operation, the default value is 0. The power- 
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on default value of IA32_MISC_ENABLE[38] allows BIOS to detect the presence of hardware support of opportu- 
nistic processor performance operation. 


IA32_MISC_ENABLE[38] is shared across all logical processors in a physical package. It is written by BIOS during 
platform initiation to enable/disable opportunistic processor performance operation in conjunction of OS power 
management capabilities, see Section 14.3.2.2. BIOS can set IA32_MISC_ENABLE[38] with 1 to disable opportu- 
nistic processor performance operation; it must clear the default value of IA32_MISC_ENABLE[38] to 0 to enable 
opportunistic processor performance operation. OS and applications must use CPUID leaf O6H if it needs to detect 
processors that have opportunistic processor performance operation enabled. 


When CPUID is executed with EAX = 06H on input, Bit 1 of EAX in Leaf 06H (i.e. CPUID.06H:EAX[1]) indicates 
opportunistic processor performance operation, such as Intel Dynamic Acceleration Technology, has been enabled 
by BIOS. 


Opportunistic processor performance operation can be disabled by setting bit 38 of IA32_MISC_ENABLE. This 
mechanism is intended for BIOS only. If IA32_MISC_ENABLE[38] is set, CPUID.O6H:EAX[1] will return 0. 


14.3.2.2 OS Control of Opportunistic Processor Performance Operation 


There may be phases of software execution in which system software cannot tolerate the non-deterministic aspects 
of opportunistic processor performance operation. For example, when calibrating a real-time workload to make a 
CPU reservation request to the OS, it may be undesirable to allow the possibility of the processor delivering 
increased performance that cannot be sustained after the calibration phase. 


System software can temporarily disengage opportunistic processor performance operation by setting bit 32 of the 
IA32_PERF_CTL MSR (0199H), using a read-modify-write sequence on the MSR. The opportunistic processor 
performance operation can be re-engaged by clearing bit 32 in IA32_PERF_CTL MSR, using a read-modify-write 
sequence. The DISENAGE bit in IA32_PERF_CTL is not reflected in bit 32 of the IA32_PERF_STATUS MSR (0198H), 
and it is not shared between logical processors in a physical package. In order for OS to engage Intel Dynamic 
Acceleration Technology/Turbo mode, the BIOS must: 


¢ Enable opportunistic processor performance operation, as described in Section 14.3.2.1. 
¢ Expose the operating points associated with Intel Dynamic Acceleration Technology/Turbo mode to the OS. 


63 33 32 31 1615 0 


Reserved Reserved 


Intel® Dynamic Acceleration Technology / Turbo DISENGAGE 


Enhanced Intel Speedstep® Technology Transition Target 


Figure 14-2. IA32_PERF_CTL Register 


14.3.2.3. Required Changes to OS Power Management P-State Policy 


Intel Dynamic Acceleration Technology and Intel Turbo Boost Technology can provide opportunistic performance 
greater than the performance level corresponding to the Processor Base frequency of the processor (see CPUID's 
processor frequency information). System software can use a pair of MSRs to observe performance feedback. Soft- 
ware must query for the presence of IA32_APERF and IA32_MPERF (see Section 14.2). The ratio between 
IA32_APERF and IA32_MPERF is architecturally defined and a value greater than unity indicates performance 
increase occurred during the observation period due to Intel Dynamic Acceleration Technology. Without incorpo- 
rating such performance feedback, the target P-state evaluation algorithm can result in a non-optimal P-state 
target. 
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There are other scenarios under which OS power management may want to disable Intel Dynamic Acceleration 
Technology, some of these are listed below: 


¢ When engaging ACPI defined passive thermal management, it may be more effective to disable Intel Dynamic 
Acceleration Technology for the duration of passive thermal management. 


¢ When the user has indicated a policy preference of power savings over performance, OS power management 
may want to disable Intel Dynamic Acceleration Technology while that policy is in effect. 


14.3.3 Intel® Turbo Boost Technology 


Intel Turbo Boost Technology is supported in Intel Core i7 processors and Intel Xeon processors based on Nehalem 
microarchitecture. It uses the same principle of leveraging thermal headroom to dynamically increase processor 
performance for single-threaded and multi-threaded/multi-tasking environment. The programming interface 
described in Section 14.3.2 also applies to Intel Turbo Boost Technology. 


14.3.4 Performance and Energy Bias Hint Support 


Intel 64 processors may support additional software hint to guide the hardware heuristic of power management 
features to favor increasing dynamic performance or conserve energy consumption. 


Software can detect the processor's capability to support the performance-energy bias preference hint by exam- 
ining bit 3 of ECX in CPUID leaf 6. The processor supports this capability if CPUID.O6H:ECX.SETBH[bit 3] is set and 
it also implies the presence of a new architectural MSR called IA32_ENERGY_PERF_BIAS (1BOH). 


Software can program the lowest four bits of IA32_ENERGY_PERF_BIAS MSR with a value from 0 - 15. The values 
represent a sliding scale, where a value of 0 (the default reset value) corresponds to a hint preference for highest 
performance and a value of 15 corresponds to the maximum energy savings. A value of 7 roughly translates into a 
hint to balance performance with energy consumption. 


63 43 0 


Reserved 


Energy Policy Preference Hint 


Figure 14-3. IA32_ENERGY_PERF_BIAS Register 


The layout of IA32_ENERGY_PERF_BIAS is shown in Figure 14-3. The scope of IA32_ENERGY_PERF_BIAS is per 
logical processor, which means that each of the logical processors in the package can be programmed with a 
different value. This may be especially important in virtualization scenarios, where the performance / energy 
requirements of one logical processor may differ from the other. Conflicting “hints” from various logical processors 
at higher hierarchy level will be resolved in favor of performance over energy savings. 


Software can use whatever criteria it sees fit to program the MSR with an appropriate value. However, the value 
only serves as a hint to the hardware and the actual impact on performance and energy savings is model specific. 


14.4 HARDWARE-CONTROLLED PERFORMANCE STATES (HWP) 


Intel processors may contain support for Hardware-Controlled Performance States (HWP), which autonomously 
selects performance states while utilizing OS supplied performance guidance hints. The Enhanced Intel Speed- 
Step® Technology provides a means for the OS to control and monitor discrete frequency-based operating points 
via the IA32_PERF_CTL and IA32_PERF_STATUS MSRs. 
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In contrast, HWP is an implementation of the ACPI-defined Collaborative Processor Performance Control (CPPC), 
which specifies that the platform enumerates a continuous, abstract unit-less, performance value scale that is not 
tied to a specific performance state / frequency by definition. While the enumerated scale is roughly linear in terms 
of a delivered integer workload performance result, the OS is required to characterize the performance value range 
to comprehend the delivered performance for an applied workload. 


When HWP is enabled, the processor autonomously selects performance states as deemed appropriate for the 
applied workload and with consideration of constraining hints that are programmed by the OS. These OS-provided 
hints include minimum and maximum performance limits, preference towards energy efficiency or performance, 
and the specification of a relevant workload history observation time window. The means for the OS to override 
HWP's autonomous selection of performance state with a specific desired performance target is also provided, 
however, the effective frequency delivered is subject to the result of energy efficiency and performance optimiza- 
tions. 


14.4.1 HWP Programming Interfaces 


The programming interfaces provided by HWP include the following: 
¢ The CPUID instruction allows software to discover the presence of HWP support in an Intel processor. Specifi- 


cally, execute CPUID instruction with EAX=O6H as input will return 5 bit flags covering the following aspects in 
bits 7 through 11 of CPUID.O6H:EAX: 


— Availability of HWP baseline resource and capability, CPUID.06H:EAX[bit 7]: If this bit is set, HWP provides 
several new architectural MSRs: IA32_PM_ENABLE, IA32_HWP_CAPABILITIES, IA32_HWP_REQUEST, 
IA32_HWP_STATUS. 


— Availability of HWP Notification upon dynamic Guaranteed Performance change, CPUID.06H:EAX[bit 8]: If 
this bit is set, HWP provides IA32_HWP_INTERRUPT MSR to enable interrupt generation due to dynamic 
Performance changes and excursions. 


— Availability of HWP Activity window control, CPUID.O6H:EAX[bit 9]: If this bit is set, HWP allows software to 
program activity window in the IA32_ HWP_REQUEST MSR. 


— Availability of HWP energy/performance preference control, CPUID.06H:EAX[bit 10]: If this bit is set, HWP 
allows software to set an energy/performance preference hint in the IA32_HWP_REQUEST MSR. 


— Availability of HWP package level control, CPUID.O6H:EAX[bit 11]:If this bit is set, HWP provides the 
IA32_HWP_REQUEST_PKG MSR to convey OS Power Management’s control hints for all logical processors 
in the physical package. 


Table 14-1. Architectural and Non-Architectural MSRs Related to HWP 


Address | Architectural Register Name Description 
770H Y 1A32_PM_ENABLE Enable/Disable HWP. 
771H Y IA32_HWP_CAPABILITIES Enumerates the HWP performance range (static and dynamic). 
772H Y IA32_HWP_REQUEST_PKG Conveys OSPM's control hints (Min, Max, Activity Window, Energy 


Performance Preference, Desired) for all logical processor in the 
physical package. 


773H Y IA32_HWP_INTERRUPT Controls HWP native interrupt generation (Guaranteed Performance 
changes, excursions). 

774H Y IA32_HWP_REQUEST Conveys OSPM's control hints (Min, Max, Activity Window, Energy 
Performance Preference, Desired) for a single logical processor. 

775H Y IA32_HWP_PECI_LREQUEST_INFO | Conveys embedded system controller requests to override some of 
the OS HWP Request settings via the PECI mechanism. 

777H Y IA32_HWP_STATUS Status bits indicating changes to Guaranteed Performance and 
excursions to Minimum Performance. 

19CH Y IA32_THERM_STATUS[bits 15:12] | Conveys reasons for performance excursions. 

64EH N MSR_PPERF Productive Performance Count. 
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¢ ~=Additionally, HWP may provide a non-architectural MSR, MSR_PPERF, which provides a quantitative metric to 
software of hardware’s view of workload scalability. This hardware’s view of workload scalability is implemen- 
tation specific. 


14.4.2 Enabling HWP 
The layout of the IA32_PM_ENABLE MSR is shown in Figure 14-4. The bit fields are described below: 


63 10 


Reserved 


HWP_ENABLE 


Figure 14-4. IA32_PM_ENABLE MSR 


¢ HWP_ENABLE (bit 0, R/W10Once) — Software sets this bit to enable HWP with autonomous selection of 
processor P-States. When set, the processor will disregard input from the legacy performance control interface 
(IA32_PERF_CTL). Note this bit can only be enabled once from the default value. Once set, writes to the 
HWP_ENABLE bit are ignored. Only RESET will clear this bit. Default = zero (0). 

¢ Bits 63:1 are reserved and must be zero. 


After software queries CPUID and verifies the processor’s support of HWP, system software can write 1 to 
IA32_PM_ENABLE.HWP_ENABLE (bit 0) to enable hardware controlled performance states. The default value of 
IA32_PM_ENABLE MSR at power-on is 0, i.e. HWP is disabled. 


Additional MSRs associated with HWP may only be accessed after HWP is enabled, with the exception of 
IA32_HWP_INTERRUPT and MSR_PPERF. Accessing the IA32_ HWP_INTERRUPT MSR requires only HWP is present 
as enumerated by CPUID but does not require enabling HWP. 


IA32_PM_ENABLE is a package level MSR, i.e., writing to it from any logical processor within a package affects all 
logical processors within that package. 


14.4.3. HWP Performance Range and Dynamic Capabilities 


The OS reads the IA32_HWP_CAPABILITIES MSR to comprehend the limits of the HWP-managed performance 
range as well as the dynamic capability, which may change during processor operation. The enumerated perfor- 
mance range values reported by IA32_ HWP_CAPABILITIES directly map to initial frequency targets (prior to work- 
load-specific frequency optimizations of HWP). However the mapping is processor family specific. 


The layout of the IA32_HWP_CAPABILITIES MSR is shown in Figure 14-5. The bit fields are described below: 
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63 32 31 24 23 1615 87 0 


Reserved 


Lowest_Performance 


Most_Efficient_Performance 


Guaranteed_Performance 


Highest_Performance 


Figure 14-5. [A32_HWP_CAPABILITIES Register 


* Highest_Performance (bits 7:0, RO) — Value for the maximum non-guaranteed performance level. 


* Guaranteed_Performance (bits 15:8, RO) — Current value for the guaranteed performance level. This 
value can change dynamically as a result of internal or external constraints, e.g. thermal or power limits. 


° Most_Efficient_Performance (bits 23:16, RO) — Current value of the most efficient performance level. 
This value can change dynamically as a result of workload characteristics. 


° Lowest_Performance (bits 31:24, RO) — Value for the lowest performance level that software can program 
to IA32_HWP_REQUEST. 


° Bits 63:32 are reserved and must be zero. 


The value returned in the Guaranteed_Performance field is hardware's best-effort approximation of the avail- 
able performance given current operating constraints. Changes to the Guaranteed_Performance value will 
primarily occur due to a shift in operational mode. This includes a power or other limit applied by an external agent, 
e.g. RAPL (see Figure 14.10.1), or the setting of a Configurable TDP level (see model-specific controls related to 
Programmable TDP Limit in Chapter 2, “Model-Specific Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 4.). Notification of a change to the Guaranteed_Performance occurs via 
interrupt (if configured) and the IA32_HWP_Status MSR. Changes to Guaranteed_Performance are indicated when 
a macroscopically meaningful change in performance occurs i.e. sustained for greater than one second. Conse- 
quently, notification of a change in Guaranteed Performance will typically occur no more frequently than once per 
second. Rapid changes in platform configuration, e.g. docking / undocking, with corresponding changes to a 
Configurable TDP level could potentially cause more frequent notifications. 


The value returned by the Most_Efficient_Performance field provides the OS with an indication of the practical 
lower limit for the IA32_HWP_REQUEST. The processor may not honor IA32_HWP_REQUEST.Maximum Perfor- 
mance settings below this value. 


14.4.4 Managing HWP 


14.4.4.1 IA32_HWP_REQUEST MSR (Address: 774H Logical Processor Scope) 


Typically, the operating system controls HWP operation for each logical processor via the writing of control hints / 
constraints to the IA32_HWP_REQUEST MSR. The layout of the IA32_ HWP_REQUEST MSR is shown in Figure 14-6. 
The bit fields are described below Figure 14-6. 


Operating systems can control HWP by writing both IA32_HWP_REQUEST and IA32_HWP_REQUEST_PKG MSRs 
(see Section 14.4.4.2). Five valid bits within the IA32_HWP_REQUEST MSR let the operating system flexibly select 
which of its five hint / constraint fields should be derived by the processor from the IA32_ HWP_REQUEST MSR and 
which should be derived from the IA32_HWP_REQUEST_PKG MSR. These five valid bits are supported if 
CPUID[6].EAX[17] is set. 
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When the IA32_HWP_REQUEST MSR Package Control bit is set, any valid bit that is NOT set indicates to the 
processor to use the respective field value from the IA32_ HWP_REQUEST_PKG MSR. Otherwise, the values are 
derived from the IA32_ HWP_REQUEST MSR. The valid bits are ignored when the IA32_HWP_REQUEST MSR 
Package Control bit is zero. 


63 62 61 60 59 43 42 41 32 31 24 23 1615 87 0 


Reserved 


Minimum Valid 


Maximum Valid 
Desired Valid 
EPP Valid 
Activity_Window Valid 
Package_Control 
Activity_Window 


Energy_Performance_Preference 


Desired_Performance 


Maximum_Performance 


Minimum_Performance 


Figure 14-6. IA32_HWP_REQUEST Register 


¢ Minimum_Performance (bits 7:0, RW) — Conveys a hint to the HWP hardware. The OS programs the 
minimum performance hint to achieve the required quality of service (QOS) or to meet a service level 
agreement (SLA) as needed. Note that an excursion below the level specified is possible due to hardware 
constraints. The default value of this field is IA32_HWP_CAPABILITIES.Lowest_Performance. 


¢ Maximum_Performance (bits 15:8, RW) — Conveys a hint to the HWP hardware. The OS programs this 
field to limit the maximum performance that is expected to be supplied by the HWP hardware. Excursions 
above the limit requested by OS are possible due to hardware coordination between the processor cores and 
other components in the package. The default value of this field is 
IA32_HWP_CAPABILITIES.Highest_Performance. 


° Desired_Performance (bits 23:16, RW) — Conveys a hint to the HWP hardware. When set to zero, 
hardware autonomous selection determines the performance target. When set to a non-zero value (between 
the range of Lowest_Performance and Highest_Performance of IA32_HWP_CAPABILITIES) conveys an explicit 
performance request hint to the hardware; effectively disabling HW Autonomous selection. The 
Desired_Performance input is non-constraining in terms of Performance and Energy Efficiency optimizations, 
which are independently controlled. The default value of this field is 0. 


¢ Energy_Performance_Preference (bits 31:24, RW) — Conveys a hint to the HWP hardware. The OS may 
write a range of values from 0 (performance preference) to OFFH (energy efficiency preference) to influence 
the rate of performance increase /decrease and the result of the hardware's energy efficiency and performance 
optimizations. The default value of this field is 80H. Note: If CPUID.O6H:EAX[bit 10] indicates that this field is 
not supported, HWP uses the value of the IA32_ENERGY_PERF_BIAS MSR to determine the energy efficiency / 
performance preference. 


° Activity_Window (bits 41:32, RW) — Conveys a hint to the HWP hardware specifying a moving workload 
history observation window for performance/frequency optimizations. If 0, the hardware will determine the 
appropriate window size. When writing a non-zero value to this field, this field is encoded in the format of bits 
38:32 as a 7-bit mantissa and bits 41:39 as a 3-bit exponent value in powers of 10. The resultant value is in 
microseconds. Thus, the minimal/maximum activity window size is 1 microsecond/1270 seconds. Combined 
with the Energy_Performance_Preference input, Activity_Window influences the rate of performance increase 
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/ decrease. This non-zero hint only has meaning when Desired_Performance = O. The default value of this field 
is 0. 

¢ Package_Control (bit 42, RW) — When set, causes this logical processor's IA32_HWP_REQUEST control 
inputs to be derived from the IA32_HWP_REQUEST_PKG MSR. 


° Bits 58:43 are reserved and must be zero. 


° Activity_Window Valid (bit 59, RW) — When set, indicates to the processor to derive the Activity Window 
field value from the IA32_ HWP_REQUEST MSR even if the package control bit is set. Otherwise, derive it from 
the IA32_HWP_REQUEST_PKG MSR. The default value of this field is 0. 


¢ EPP Valid (bit 60, RW) — When set, indicates to the processor to derive the EPP field value from the 
IA32_HWP_REQUEST MSR even if the package control bit is set. Otherwise, derive it from the 
IA32_HWP_REQUEST_PKG MSR. The default value of this field is 0. 


° Desired Valid (bit 61, RW) — When set, indicates to the processor to derive the Desired Performance field 
value from the IA32_ HWP_REQUEST MSR even if the package control bit is set. Otherwise, derive it from the 
IA32_HWP_REQUEST_PKG MSR. The default value of this field is 0. 


¢ Maximum Valid (bit 62, RW) — When set, indicates to the processor to derive the Maximum Performance 
field value from the IA32_ HWP_REQUEST MSR even if the package control bit is set. Otherwise, derive it from 
the IA32_HWP_REQUEST_PKG MSR. The default value of this field is 0. 


° Minimum Valid (bit 63, RW) — When set, indicates to the processor to derive the Minimum Performance field 
value from the IA32_HWP_REQUEST MSR even if the package control bit is set. Otherwise, derive it from the 
IA32_HWP_REQUEST_PKG MSR. The default value of this field is 0. 


The HWP hardware clips and resolves the field values as necessary to the valid range. Reads return the last value 
written not the clipped values. 


Processors may support a subset of IA32_ HWP_REQUEST fields as indicated by CPUID. Reads of non-supported 
fields will return 0. Writes to non-supported fields are ignored. 


The OS may override HWP's autonomous selection of performance state with a specific performance target by 
setting the Desired_Performance field to a non-zero value, however, the effective frequency delivered is subject to 
the result of energy efficiency and performance optimizations, which are influenced by the Energy Performance 
Preference field. 


Software may disable all hardware optimizations by setting Minimum_Performance = Maximum_Performance 
(subject to package coordination). 


Note: The processor may run below the Minimum_Performance level due to hardware constraints including: power, 
thermal, and package coordination constraints. The processor may also run below the Minimum_Performance level 
for short durations (few milliseconds) following C-state exit, and when Hardware Duty Cycling (see Section 14.5) is 
enabled. 


When the JIA32_HWP_REQUEST MSR is set to fast access mode, writes of this MSR are posted, i.e., the WRMSR 
instruction retires before the data reaches its destination within the processor. It may retire even before all 
preceding IA stores are globally visible, i.e., it is not an architecturally serializing instruction anymore (no store 
fence). A new CPUID bit indicates this new characteristic of the IA32_HWP_REQUEST MSR (see Section 14.4.8 for 
additional details). 
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14.4.4.2 1A32_HWP_REQUEST_PKG MSR (Address: 772H Package Scope) 


63 42 41 32 31 24 23 1615 87 0 


Reserved 


Activity_Window 


Energy_Performance_Preference ————————_! 


Desired_Performance 


Maximum_Performance 


Minimum_Performance 


Figure 14-7. IA32_HWP_REQUEST_PKG Register 


The structure of the IA32_HWP_REQUEST_PKG MSR (package-level) is identical to the IA32_HWP_REQUEST MSR 
with the exception of the the Package Control bit field and the five valid bit fields, which do not exist in the 
IA32_HWP_REQUEST_PKG MSR. Field values written to this MSR apply to all logical processors within the physical 
package with the exception of logical processors whose IA32_HWP_REQUEST.Package Control field is clear (zero). 
Single P-state Control mode is only supported when IA32_HWP_REQUEST_PKG is not supported. 


14.4.4.3. 1IA32_HWP_PECI_REQUEST_INFO MSR (Address 775H Package Scope) 


When an embedded system controller is integrated in the platform, it can override some of the OS HWP Request 
settings via the PECI mechanism. PECI initiated settings take precedence over the relevant fields in the 
IA32_HWP_REQUEST MSR and in the IA32_HWP_REQUEST_PKG MSR, irrespective of the Package Control bit or 
the Valid Bit values described above. PECI can independently control each of: Minimum Performance, Maximum 
Performance and EPP fields. This MSR contains both the PECI induced values and the control bits that indicate 
whether the embedded controller actually set the processor to use the respective value. 


PECI override is supported if CPUID[6].EAX[16] is set. 


63 62 61 60 59 32 31 24 23 1615 87 0 


Reserved Reserved 


Min PECI Override 
Max PECI Override 
Reserved 

EPP PECI Override 
Energy_Performance_Preference 


Maximum_Performance 


Minimum_Performance 


Figure 14-8. IA32_HWP_PECI_REQUEST_INFO MSR 


Vol. 3B 14-11 


POWER AND THERMAL MANAGEMENT 


The layout of the IA32_HWP_PECI_REQUEST_INFO MSR is shown in Figure 14-8. This MSR is writable by the 
embedded controller but is read-only by software executing on the CPU. This MSR has Package scope. The bit fields 
are described below: 


¢ Minimum_Performance (bits 7:0, RO) — Used by the OS to read the latest value of PECI minimum 
performance input. 


¢ Maximum_Performance (bits 15:8, RO) — Used by the OS to read the latest value of PECI maximum 
performance input. 


¢ Bits 23:16 are reserved and must be zero. 


¢ Energy_Performance_Preference (bits 31:24, RO) — Used by the OS to read the latest value of PECI 
energy performance preference input. 


¢ Bits 59:32 are reserved and must be zero. 


¢ EPP_PECI_Override (bit 60, RO) — Indicates whether PECI if currently overriding the Energy Performance 
Preference input. If set(1), PECI is overriding the Energy Performance Preference input. If clear(0), OS has 
control over Energy Performance Preference input. 


¢ Bit 61 is reserved and must be zero. 


¢ Max_PECI_Override (bit 62, RO) — Indicates whether PECI if currently overriding the Maximum 
Performance input. If set(1), PECI is overriding the Maximum Performance input. If clear(0), OS has control 
over Maximum Performance input. 


¢ Min_PECI_Override (bit 63, RO) — Indicates whether PECI if currently overriding the Minimum Performance 
input. If set(1), PECI is overriding the Minimum Performance input. If clear(0), OS has control over Minimum 
Performance input. 


HWP Request Field Hierarchical Resolution 


HWP Request field resolution is fed by three MSRs: IA32_ HWP_REQUEST, IA32_HWP_REQUEST_PKG and 
IA32_HWP_PECI_REQUEST_INFO. The flow that the processor goes through to resolve which field value is chosen 
is shown below. 
For each of the two HWP Request fields; Desired and Activity Window: 
If IA32_HWP_REQUEST.PACKAGE_CONTROL = 1 and IA32_HWP_REQUEST. <field> valid bit = 0 
Resolved Field Value = IA32_HWP_REQUEST_PKG.<field> 
Else 
Resolved Field Value = IA32_HWP_REQUEST. <field> 
For each of the three HWP Request fields; Min, Max and EPP: 
If IA32_HWP_PECI_REQUEST_INFO.<field> PECI Override bit = 1 
Resolved Field Value = IA32_HWP_PECI_REQUEST_INFO. <field> 
Else if IA32_HWP_REQUEST.PACKAGE_CONTROL = 1 and IA32_ HWP_REQUEST. <field> valid bit = 0 
Resolved Field Value = IA32_HWP_REQUEST_PKG.<field> 
Else 
Resolved Field Value = IA32_HWP_REQUEST. <field> 


14.4.4.4 IA32_HWP_CTL MSR (Address: 776H Logical Processor Scope) 


IA32_HWP_CTL[0] controls the behavior of IA32_HWP_REQUEST Package Control [bit 42]. This control bit allows 
the IA32_ HWP_REQUEST MSR to stay in INIT mode most of the time (Control Bit is equal to its RESET value of 0) 
thus avoiding actual saving/restoring of the MSR contents when the OS adds it to the register set saved and 
restored by XSAVES/XRSTORS. 


* When IA32_HWP_CTL[0] = 0: 


— If IA32_HWP_REQUEST[42] = 0, the processor ignores all fields of the IA32_ HWP_REQUEST_PKG MSR and 
selects all HWP values (Min, Max, EPP, Desired, Activity Window) from the IA32_ HWP_REQUEST MSR. 


— If IA32_HWP_REQUEST[42] = 1, the processor selects the HWP values (Min, Max, EPP, Desired, Activity 
Window) either from the IA32_ HWP_REQUEST MSR or from the IA32_ HWP_REQUEST_PKG MSR according 
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to the values contained in the IA32_HWP_REQUEST MSR bit fields [bits 63:59]. See Section 14.4.4.1 for 
additional details. 


¢ When IA32_HWP_CTL[0] = 1, the behavior is reversed: 


— If IA32_HWP_REQUEST[42] = 1, the processor ignores all fields of the IA32_HWP_REQUEST_PKG MSR and 
selects all HWP values (Min, Max, EPP, Desired, Activity Window) from the IA32_HWP_REQUEST MSR. 


— If IA32_HWP_REQUEST[42] = 0, the processor selects the HWP values (Min, Max, EPP, Desired, Activity 
Window) either from the IA32_HWP_REQUEST MSR or from the IA32_HWP_REQUEST_PKG MSR according 
to the values contained in the IA32_ HWP_REQUEST MSR bit fields [bits 63:59]. See Section 14.4.4.1 for 
additional details. 


Section 14-2 summarizes the IA32_HWP_CTL MSR bit 0 control behavior. 


Table 14-2. I[A32_HWP_CTL MSR Bit 0 Behavior 
Field Description 


Threadrequest | Defines which HWP Request MSR is used, whether thread level or package level. When the package MSR is used, the 
PKG CTL thread MSR valid bits define which thread MSR fields override the package (default 0). 


meaning | 1q32_HWP_CTL[PKG_CTL_PLR] | IA32_HWP_REQUEST[PKG_CTL] HWP Request MSR Used 
0 0 |A32_HWP_REQUEST MSR 
0 1 IA32_HwP_REQUEST_PKG MSR 
1 0 IA32_HwP_REQUEST_PKG MSR 
1 1 |A32_HWP_REQUEST MSR 


This MSR is supported if CPUID[6].EAX[22] is set. 
If the IA32_PM_ENABLE[HWP_ENABLE] (bit 0 ) is not set, access to this MSR will generate a #GP fault. 


14.4.5 HWP Feedback 
The processor provides several types of feedback to the OS during HWP operation. 


The IA32_MPERF MSR and IA32_APERF MSR mechanism (see Section 14.2) allows the OS to calculate the resultant 
effective frequency delivered over a time period. Energy efficiency and performance optimizations directly impact 
the resultant effective frequency delivered. 


The layout of the IA32_ HWP_STATUS MSR is shown in Figure 14-9. It provides feedback regarding changes to 
IA32_HWP_CAPABILITIES.Guaranteed_Performance, IA32_HWP_CAPABILITIES.Highest_Performance, excur- 
sions to IA32_HWP_CAPABILITIES.Minimum_Performance, and PECI_Override entry/exit events. The bit fields are 
described below: 


¢ Guaranteed_Performance_Change (bit 0, RWCO) — If set (1), a change to Guaranteed_Performance has 
occurred. Software should query IA32_HWP_CAPABILITIES.Guaranteed_Performance value to ascertain the 
new Guaranteed Performance value and to assess whether to re-adjust HWP hints via IA32_ HWP_REQUEST. 
Software must clear this bit by writing a zero (0). 


e Bit 1 is reserved and must be zero. 


¢ Excursion_To_Minimum (bit 2, RWCO) — If set (1), an excursion to Minimum_Performance of 
IA32_HWP_REQUEST has occurred. Software must clear this bit by writing a zero (0). 


° Highest_Change (bit 3, RWCO) — If set (1), a change to Highest Performance has occurred. Software 
should query IA32_HWP_CAPABILITIES to ascertain the new Highest Performance value. Software must clear 
this bit by writing a zero (0). Interrupts upon Highest Performance change are supported if CPUID[6].EAX[15] 
is set. 


¢ PECI_Override_Entry (bit 4, RWCO) — If set (1), an embedded/management controller has started a PECI 
override of one or more OS control hints (Min, Max, EPP) specified in IA32_HWP_REQUEST or 
IA32_HWP_REQUEST_PKG. Software may query IA32_HWP_PECI_REQUEST_INFO MSR to ascertain which 
fields are now overridden via the PECI mechanism and what their values are (see Section 14.4.4.3 for 
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additional details). Software must clear this bit by writing a zero (0). Interrupts upon PECI override entry are 
supported if CPUID[6].EAX[16] is set. 


¢ PECI_Override_Exit (bit 5, RWCO) — If set (1), an embedded/management controller has stopped 
overriding one or more OS control hints (Min, Max, EPP) specified in IA32_HWP_REQUEST or 
IA32_HWP_REQUEST_PKG. Software may query IA32_HWP_PECI_REQUEST_INFO MSR to ascertain which 
fields are still overridden via the PECI mechanism and which fields are now back under software control (see 
Section 14.4.4.3 for additional details). Software must clear this bit by writing a zero (0). Interrupts upon PECI 
override exit are supported if CPUID[6].EAX[16] is set. 


° Bits 63:6 are reserved and must be zero. 


63 6543210 


Reserved 


PECI_Override_Exit 


PECI_Override_Entry 


Highest_Change 


Excursion_To_Minimum 


Reserved 


Guaranteed_Performance_Change 


Figure 14-9. |IA32_HWP_STATUS MSR 


The status bits of IA32_HWP_STATUS must be cleared (0) by software so that a new status condition change will 
cause the hardware to set the bit again and issue the notification. Status bits are not set for “normal” excursions, 
e.g., running below Minimum Performance for short durations during C-state exit. Changes to 
Guaranteed_Performance, Highest_Performance, excursions to Minimum_Performance, or PECI_Override 
entry/exit will occur no more than once per second. 


The OS can determine the specific reasons for a Guaranteed_Performance change or an excursion to 
Minimum_Performance in IA32_HWP_REQUEST by examining the associated status and log bits reported in the 
IA32_THERM_STATUS MSR. The layout of the IA32_ HWP_STATUS MSR that HWP uses to support software query of 
HWP feedback is shown in Figure 14-10. The bit fields of IA32_THERM_STATUS associated with HWP feedback are 
described below (Bit fields of IA32_THERM_STATUS unrelated to HWP can be found in Section 14.8.5.2). 
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63 32 31 27 «2322 «161514131211 109 8 7 6 5 362 10 


Reserved | | | | 


Reading Valid 
Resolution in Deg. Celsius 
Digital Readout 
Cross-domain Limit Log 
Cross-domain Limit Status 
Current Limit Log 
Current Limit Status 
Power Limit Notification Log 
Power Limit Notification Status 
Thermal Threshold #2 Log 
Thermal Threshold #2 Status 
Thermal Threshold #1 Log 
Thermal Threshold #1 Status 
Critical Temperature Log 
Critical Temperature Status 
PROCHOT# or FORCEPR# Log 
PROCHOT# or FORCEPR# Event 
Thermal Status Log 
Thermal Status 


Figure 14-10. [A32_THERM_STATUS Register With HWP Feedback 


Bits 11:0, See Section 14.8.5.2. 


Current Limit Status (bit 12, RO) — If set (1), indicates an electrical current limit (e.g. Electrical Design 
Point/IccMax) is being exceeded and is adversely impacting energy efficiency optimizations. 

Current Limit Log (bit 13, RWCO) — If set (1), an electrical current limit has been exceeded that has 
adversely impacted energy efficiency optimizations since the last clearing of this bit or a reset. This bit is sticky, 
software may clear this bit by writing a zero (0). 

Cross-domain Limit Status (bit 14, RO) — If set (1), indicates another hardware domain (e.g. processor 
graphics) is currently limiting energy efficiency optimizations in the processor core domain. 

Cross-domain Limit Log (bit 15, RWCO) — If set (1), indicates another hardware domain (e.g. processor 
graphics) has limited energy efficiency optimizations in the processor core domain since the last clearing of this 
bit or a reset. This bit is sticky, software may clear this bit by writing a zero (0). 


Bits 63:16, See Section 14.8.5.2. 


14.4.5.1  Non-Architectural HWP Feedback 


The Productive Performance (MSR_PPERF) MSR (non-architectural) provides hardware's view of workload scal- 
ability, which is a rough assessment of the relationship between frequency and workload performance, to software. 
The layout of the MSR_PPERF is shown in Figure 14-11. 


63 0 


PCNT - Productive Performance Count 


Figure 14-11. MSR_PPERF MSR 


PCNT (bits 63:0, RO) — Similar to IA32_APERF but only counts cycles perceived by hardware as contributing 
to instruction execution (e.g. unhalted and unstalled cycles). This counter increments at the same rate as 
IA32_APERF, where the ratio of (APCNT/AACNT) is an indicator of workload scalability (0% to 100%). Note that 
values in this register are valid even when HWP is not enabled. 
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14.4.6 HWP Notifications 


Processors may support interrupt-based notification of changes to HWP status as indicated by CPUID. If supported, 
the IA32_HWP_INTERRUPT MSR is used to enable interrupt-based notifications. Notification events, when enabled, 
are delivered using the existing thermal LVT entry. The layout of the IA32_HWP_INTERRUPT is shown in 

Figure 14-12. The bit fields are described below: 


63 43210 


Reserved 


EN_PECI_OVERRIDE 


EN_Highest_Change 


EN_Excursion_Minimum 


EN_Guaranteed_Performance_Change 


Figure 14-12. IA32_HWP_INTERRUPT MSR 


¢ EN_Guaranteed_Performance_Change (bit 0, RW) — When set (1), an HWP Interrupt will be generated 
whenever a change to the IA32_ HWP_CAPABILITIES.Guaranteed_Performance occurs. The default value is 0 
(Interrupt generation is disabled). 

¢ EN_Excursion_Minimum (bit 1, RW) — When set (1), an HWP Interrupt will be generated whenever the 
HWP hardware is unable to meet the IA32_HWP_REQUEST.Minimum_Performance setting. The default value is 
0 (Interrupt generation is disabled). 


¢ EN_Highest_Change (bit 2, RW) — When set (1), an HWP Interrupt will be generated whenever a change to 
the IA32_HWP_CAPABILITIES.Highest_Performance occurs. The default value is 0 (interrupt generation is 
disabled). Interrupts upon Highest Performance change are supported if CPUID[6].EAX[15] is set. 


¢ EN_PECI_OVERRIDE (bit 3, RW) — When set (1), an HWP Interrupt will be generated whenever PECI starts 
or stops overriding any of the three HWP fields described in Section 14.4.4.3. The default value is 0 (interrupt 
generation is disabled). See Section 14.4.5 and Section 14.4.4.3 for details on how the OS learns what is the 
current set of HWP fields that are overridden by PECI. Interrupts upon PECI override change are supported if 
CPUID[6].EAX[16] is set. 


¢ Bits 63:4 are reserved and must be zero. 


14.4.7. Idle Logical Processor Impact on Core Frequency 
Intel processors use one of two schemes for setting core frequency: 
1. All cores share same frequency. 

2. Each physical core is set to a frequency of its own. 


In both cases the two logical processors that share a single physical core are set to the same frequency, so the 
processor accounts for the IA32_HWP_REQUEST MSR fields of both logical processors when defining the core 
frequency or the whole package frequency. 


When CPUID[6].EAX[20] is set and only one logical processor of the two is active, while the other is idle (in any 
Ci sub-state or in a deeper sleep state), only the active logical processor's IA32_HWP_REQUEST MSR fields 
are considered, i.e., the HWP Request fields of a logical processor in the C1E sub-state or in a deeper sleep state 
are ignored. 


Note: when a logical processor is in C1 state its HWP Request fields are accounted for. 
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14.4.8 Fast Write of Uncore MSR (Model Specific Feature) 


There are a few logical processor scope MSRs whose values need to be observed outside the logical processor. The 
WRMSR instruction takes over 1000 cycles to complete (retire) for those MSRs. This overhead forces operating 
systems to avoid writing them too often whereas in many cases it is preferable that the OS writes them quite 
frequently for optimal power/performance operation of the processor. 


The model specific “Fast Write MSR” feature reduces this overhead by an order of magnitude to a level of 100 cycles 
for a selected subset of MSRs. 


Note: Writes to Fast Write MSRs are posted, i.e., when the WRMSR instruction completes, the data may still be “in 
transit” within the processor. Software can check the status by querying the processor to ensure data is already 
visible outside the logical processor (see Section 14.4.8.3 for additional details). Once the data is visible outside 
the logical processor, software is ensured that later writes by the same logical processor to the same MSR will be 
visible later (will not bypass the earlier writes). 


MSRs that are selected for Fast Write are specified in a special capability MSR (see Section 14.4.8.1). Architectural 
MSRs that existed prior to the introduction of this feature and are selected for Fast Write, thus turning from slow to 
fast write MSRs, will be noted as such via a new CPUID bit. New MSRs that are fast upon introduction will be docu- 
mented as such without an additional CPUID bit. 


Three model specific MSRs are associated with the feature itself. They enable enumerating, controlling and moni- 
toring it. All three are logical processor scope. 


14.4.8.1 FAST_UNCORE_MSRS_CAPABILITY (Address: Ox65F, Logical Processor Scope) 


Operating systems or BIOS can read the FAST_UNCORE_MSRS_CAPABILITY MSR to enumerate those MSRs that 
are Fast Write MSRs. 


63 10 


Reserved 


FAST_IA32_HWP_REQUEST MSR 


Figure 14-13. FAST_UNCORE_MSRS_CAPABILITY MSR 


° FAST_IA32_HWP_REQUEST MSR (bit 0, RO) — When set (1), indicates that the IA32_HWP_REQUEST MSR 
is supported as a Fast Write MSR. A value of 0 indicates the IA32_HWP_REQUEST MSR is not supported as a 
Fast Write MSR. 


¢ Bits 63:1 are reserved and must be zero. 


14.4.8.2 FAST_UNCORE_MSRS_CTL (Address: 0x657, Logical Processor Scope) 


Operating Systems or BIOS can use the FAST_UNCORE_MSRS_CTL MSR to opt-in or opt-out for fast write of 
specific MSRs that are enabled for Fast Write by the processor. 


Note: Not all MSRs that are selected for this feature will necessarily have this opt-in/opt-out option. They may be 
supported in fast write mode only. 
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63 10 


Reserved 


FAST_IA32_HWP_REQUEST_MSR_ENABLE 


Figure 14-14. FAST_UNCORE_MSRS_CTL MSR 


° FAST_IA32_HWP_REQUEST_MSR_ENABLE (bit 0, RW) — When set (1), enables fast access mode for the 
IA32_HWP_REQUEST MSR and sets the low latency, posted IA32_ HWP_REQUESRT MSR' CPUID[6].EAX[18]. 
The default value is 0. Note that this bit can only be enabled once from the default value. Once set, writes to 
this bit are ignored. Only RESET will clear this bit. 


¢ Bits 63:1 are reserved and must be zero. 


14.4.8.3. FAST_UNCORE_MSRS_STATUS (Address: 0x65€, Logical Processor Scope) 


Software that executes the WRMSR instruction of a Fast Write MSR can check whether the data is already visible 
outside the logical processor by reading the FAST_UNCORE_MSRS_STATUS MSR. For each Fast Write MSR there is 
a status bit that indicates whether the data is already visible outside the logical processor or is still in “transit”. 


63 10 


Reserved 


FAST_IA32_HWP_REQUEST_WRITE_STATUS 


Figure 14-15. FAST_UNCORE_MSRS_STATUS MSR 


° FAST_IA32_HWP_REQUEST_WRITE_STATUS (bit 0, RO) — Indicates whether the CPU is still in the 
middle of writing IA32_HWP_REQUEST MSR, even after the WRMSR instruction has retired. A value of 1 
indicates the last write of IA32_HWP_REQUEST is still ongoing. A value of 0 indicates the last write of 
IA32_HWP_REQUEST is visible outside the logical processor. 


¢ Bits 63:1 are reserved and must be zero. 


14.4.9 Fast_IA32_HWP_REQUEST CPUID 


IA32_HWP_REQUEST is an architectural MSR that exists in processors whose CPUID[6].EAX[7] is set (HWP BASE 
is enabled). This MSR has logical processor scope, but after its contents are written the contents become visible 
outside the logical processor. When the FAST_IA32_HWP_REQUEST CPUID[6].EAX[18] bit is set, writes to the 
IA32_HWP_REQUEST MSR are visible outside the logical processor via the “Fast Write” feature described in Section 
14.4.8. 


14.4.10 Recommendations for OS use of HWP Controls 
Common Cases of Using HWP 
The default HWP control field values are expected to be suitable for many applications. The OS can enable autono- 


mous HWP for these common cases by 
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° Setting IA32_HWP_REQUEST. Desired Performance = 0 (hardware autonomous selection determines the 
performance target). Set IA32_HWP_REQUEST.Activity Window = 0 (enable HW dynamic selection of window 
size). 

To maximize HWP benefit for the common cases, the OS should set 

® JTA32_HWP_REQUEST.Minimum_Performance = IA32_HWP_CAPABILITIES.Lowest_Performance and 

¢ = TA32_HWP_REQUEST.Maximum_Performance = IA32_HWP_CAPABILITIES.Highest_Performance. 


Setting IA32_HWP_REQUEST.Minimum_Performance = IA32_HWP_REQUEST.Maximum_Performance is function- 
ally equivalent to using of the IA32_PERF_CTL interface and is therefore not recommended (bypassing HWP). 


Calibrating HWP for Application-Specific HWP Optimization 


In some applications, the OS may have Quality of Service requirements that may not be met by the default values. 
The OS can characterize HWP by: 


° keeping IA32_HWP_REQUEST.Minimum_Performance = IA32_HWP_REQUEST.Maximum_Performance to 
prevent non-linearity in the characterization process, 


¢ utilizing the range values enumerated from the IA32_HWP_CAPABILITIES MSR to program 
IA32_HWP_REQUEST while executing workloads of interest and observing the power and performance result. 


The power and performance result of characterization is also influenced by the IA32_HWP_REQUEST.Energy 
Performance Preference field, which must also be characterized. 


Characterization can be used to set IA32_ HWP_REQUEST.Minimum_Performance to achieve the required QOS in 
terms of performance. If IA32_HWP_REQUEST.Minimum_Performance is set higher than 
IA32_HWP_CAPABILITIES.Guaranteed Performance then notification of excursions to Minimum Performance may 
be continuous. 


If autonomous selection does not deliver the required workload performance, the OS should assess the current 
delivered effective frequency and for the duration of the specific performance requirement set 
IA32_HWP_REQUEST. Desired_Performance # 0 and adjust IA32_HWP_REQUEST.Energy_Performance_Preference 
as necessary to achieve the required workload performance. The MSR_PPERF.PCNT value can be used to better 
comprehend the potential performance result from adjustments to IA32_HWP_REQUEST.Desired_Performance. 
The OS should set IA32_HWP_REQUEST.Desired_Performance = 0 to re-enable autonomous selection. 


Tuning for Maximum Performance or Lowest Power Consumption 


Maximum performance will be delivered by setting IA32_HWP_REQUEST.Minimum_Performance = 
IA32_HWP_REQUEST.Maximum_Performance = IA32_ HWP_CAPABILITIES.Highest_Performance and setting 
IA32_HWP_REQUEST.Energy_Performance_Preference = 0 (performance preference). 


Lowest power will be achieved by setting IA32_ HWP_REQUEST.Minimum_Performance = 
IA32_HWP_REQUEST.Maximum_Performance = IA32_HWP_CAPABILITIES.Lowest_Performance and setting 
IA32_HWP_REQUEST.Energy_Performance_Preference = OFFH (energy efficiency preference). 


Mixing Logical Processor and Package Level HWP Field Settings 


Using the IA32_HWP_REQUEST Package_Control bit and the five valid bits in that MSR, the OS can mix and match 
between selecting the Logical Processor scope fields and the Package level fields. For example, the OS can set all 
logical cores' IA32_ HWP_REQUEST.Package_Control bit to ‘1’, and for those logical processors if it prefers a 
different EPP value than the one set in the IA32_ HWP_REQUEST_PKG MSR, the OS can set the desired EPP value 
and the EPP valid bit. This overrides the package EPP value for only a subset of the logical processors in the 
package. 


Additional Guidelines 


Set IA32_HWP_REQUEST.Energy_Performance_Preference as appropriate for the platform's current mode of oper- 
ation. For example, a mobile platforms’ setting may be towards performance preference when on AC power and 
more towards energy efficiency when on DC power. 
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The use of the Running Average Power Limit (RAPL) processor capability (see section 14.7.1) is highly recom- 
mended when HWP is enabled. Use of IA32_ HWP_Request.Maximum_Performance for thermal control is subject to 
limitations and can adversely impact the performance of other processor components e.g. Graphics 


If default values deliver undesirable performance latency in response to events, the OS should set 
IA32_HWP_REQUEST. Activity_Window to a low (non-zero) value and 
IA32_HWP_REQUEST.Energy_Performance_Preference towards performance (0) for the event duration. 


Similarly, for “real-time” threads, set IA32_HWP_REQUEST.Energy_Performance_Preference towards performance 
(0) and IA32_HWP_REQUEST. Activity_Window to a low value, e.g. 01H, for the duration of their execution. 


When executing low priority work that may otherwise cause the hardware to deliver high performance, set 
IA32_HWP_REQUEST. Activity_Window to a longer value and reduce the 
IA32_HWP_Request.Maximum_Performance value as appropriate to control energy efficiency. Adjustments to 
IA32_HWP_REQUEST.Energy_Performance_Preference may also be necessary. 


14.5 HARDWARE DUTY CYCLING (HDC) 


Intel processors may contain support for Hardware Duty Cycling (HDC), which enables the processor to autono- 
mously force its components inside the physical package into idle state. For example, the processor may selectively 
force only the processor cores into an idle state. 


HDC is disabled by default on processors that support it. System software can dynamically enable or disable HDC 
to force one or more components into an idle state or wake up those components previously forced into an idle 
state. Forced Idling (and waking up) of multiple components in a physical package can be done with one WRMSR to 
a packaged-scope MSR from any logical processor within the same package. 


HDC does not delay events such as timer expiration, but it may affect the latency of short (less than 1 msec) soft- 
ware threads, e.g. if a thread is forced to idle state just before completion and entering a “natural idle”. 


HDC forced idle operation can be thought of as operating at a lower effective frequency. The effective average 
frequency computed by software will include the impact of HDC forced idle. 


The primary use of HDC is enable system software to manage low active workloads to increase the package level 
C6 residency. Additionally, HDC can lower the effective average frequency in case or power or thermal limitation. 


When HDC forces a logical processor, a processor core or a physical package to enter an idle state, its C-State is set 
to C3 or deeper. The deep “C-states” referred to in this section are processor-specific C-states. 


14.5.1 Hardware Duty Cycling Programming Interfaces 


The programming interfaces provided by HDC include the following: 


¢ The CPUID instruction allows software to discover the presence of HDC support in an Intel processor. Specifi- 
cally, execute CPUID instruction with EAX=O6H as input, bit 13 of EAX indicates the processor's support of the 
following aspects of HDC. 


— Availability of HDC baseline resource, CPUID.O6H:EAX[bit 13]: If this bit is set, HDC provides the following 
architectural MSRs: IA32_PKG_HDC_CTL, IA32_PM_CTL1, and the IA32_THREAD_STALL MSRs. 


e =Additionally, HDC may provide several non-architectural MSR. 
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Table 14-3. Architectural and non-Architecture MSRs Related to HDC 


Address | Architec Register Name Description 
tural 

DBOH Y IA32_PKG_HDC_CTL Package Enable/Disable HDC. 

DB1H Y IA32_PM_CTL1 Per-logical-processor select control to allow/block HDC forced idling. 

DB2H Y IA32_THREAD_STALL Accumulate stalled cycles on this logical processor due to HDC forced idling. 

653H N MSR_CORE_HDC_RESIDENCY | Core level stalled cycle counter due to HDC forced idling on one or more 
logical processor. 

655H N MSR_PKG_HDC_SHALLOW_RE | Accumulate the cycles the package was in C2! state and at least one logical 

SIDENCY processor was in forced idle 
656H N MSR_PKG_HDC_DEEP_RESIDE | Accumulate the cycles the package was in the software specified Cx! state 
NCY and at least one logical processor was in forced idle. Cx is specified in 

MSR_PKG_HDC_CONFIG_CTL. 

652H N MSR_PKG_HDC_CONFIG_CTL | HDC configuration controls 

NOTES: 


1. The package “C-states” referred to in this section are processor-specific C-states. 


14.5.2 Package level Enabling HDC 


The layout of the IA32_PKG_HDC_CTL MSR is shown in Figure 14-16. IA32_PKG_HDC_CTL is a writable MSR from 
any logical processor in a package. The bit fields are described below: 


63 10 


Reserved 


Reserved HDC_PKG_Enable 


Figure 14-16. |IA32_PKG_HDC_CTL MSR 


¢ HDC_PKG_Enable (bit 0, R/W) — Software sets this bit to enable HDC operation by allowing the processor 
to force to idle all “HDC-allowed” (see Figure 14.5.3) logical processors in the package. Clearing this bit 
disables HDC operation in the package by waking up all the processor cores that were forced into idle by a 
previous ‘0’-to-’1’ transition in IA32_PKG_HDC_CTL.HDC_PKG_Enable. This bit is writable only if 
CPUID.06H:EAX[bit 13] = 1. Default = zero (0). 


¢ Bits 63:1 are reserved and must be zero. 


After processor support is determined via CPUID, system software can enable HDC operation by setting 
IA32_PKG_HDC_CTL.HDC_PKG_Enable to 1. At reset, IA32_PKG_HDC_CTL.HDC_PKG_Enable is cleared to 0. A 
'O'-to-'1' transition in HDC_PKG_Enable allows the processor to force to idle all HDC-allowed (indicated by the non- 
zero state of IA32_PM_CTL1[bit 0]) logical processors in the package. A ‘1’-to-’0’ transition wakes up those HDC 
force-idled logical processors. 


Software can enable or disable HDC using this package level control multiple times from any logical processor in 
the package. Note the latency of writing a value to the package-visible IA32_PKG_HDC_CTL.HDC_PKG_Enable is 
longer than the latency of a WRMSR operation to a Logical Processor MSR (as opposed to package level MSR) such 
as: IA32_PM_CTLi (described in Section 14.5.3). Propagation of the change in 
IA32_PKG_HDC_CTL.HDC_PKG_Enable and reaching all HDC idled logical processor to be woken up may take on 
the order of core C6 exit latency. 
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14.5.3. Logical-Processor Level HDC Control 


The layout of the IA32_PM_CTL1 MSR is shown in Figure 14-17. Each logical processor in a package has its own 
IA32_PM_CTL1 MSR. The bit fields are described below: 


63 10 


Reserved 


HDC_Allow_Block 


Reserved 


Figure 14-17. IA32_PM_CTL1 MSR 


° HDC_Allow_Block (bit 0, R/W) — Software sets this bit to allow this logical processors to honor the 
package-level IA32_PKG_HDC_CTL.HDC_PKG_Enable control. Clearing this bit prevents this logical processor 
from using the HDC. This bit is writable only if CPUID.O6H:EAX[bit 13] = 1. Default = one (1). 


¢ Bits 63:1 are reserved and must be zero. 


Fine-grain OS control of HDC operation at the granularity of per-logical-processor is provided by IA32_PM_CTL1. At 
RESET, all logical processors are allowed to participate in HDC operation such that OS can manage HDC using the 
package-level IA32_PKG_HDC_CTL. 


Writes to IA32_PM_CTL1 complete with the latency that is typical to WRMSR to a Logical Processor level MSR. 
When the OS chooses to manage HDC operation at per-logical-processor granularity, it can write to IA32_PM_CTL1 
on one or more logical processors as desired. Each write to IA32_PM_CTL1 must be done by code that executes on 
the logical processor targeted to be allowed into or blocked from HDC operation. 


Blocking one logical processor for HDC operation may have package level impact. For example, the processor may 
decide to stop duty cycling of all other Logical Processors as well. 


The propagation of IA32_PKG_HDC_CTL.HDC_PKG_Enable in a package takes longer than a WRMSR to 
IA32_PM_CTL1. The last completed write to IA32_PM_CTL1 on a logical processor will be honored when a ‘0’-to-’1’ 
transition of IA32_PKG_HDC_CTL.HDC_PKG_Enable arrives to a logical processor. 


14.5.4 HDC Residency Counters 


There is a collection of counters available for software to track various residency metrics related to HDC operation. 
In general, HDC residency time is defined as the time in HDC forced idle state at the granularity of per-logical- 
processor, per-core, or package. At the granularity of per-core/package-level HDC residency, at least one of the 
logical processor in a core/package must be in the HDC forced idle state. 


14.5.4.1 IA32_THREAD_STALL 


Software can track per-logical-processor HDC residency using the architectural MSR IA32_THREAD_STALL.The 
layout of the IA32_THREAD_STALL MSR is shown in Figure 14-18. Each logical processor in a package has its own 
IA32_THREAD_STALL MSR. The bit fields are described below: 


63 0 


Stall_cycle_cnt 


Figure 14-18. IA32_THREAD_STALL MSR 
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¢ Stall_Cycle_Cnt (bits 63:0, R/O) — Stores accumulated HDC forced-idle cycle count of this processor core 
since last RESET. This counter increments at the same rate of the TSC. The count is updated only after the 
logical processor exits from the forced idled C-state. At each update, the number of cycles that the logical 
processor was Stalled due to forced-idle will be added to the counter. This counter is available only if 
CPUID.06H:EAX[bit 13] = 1. Default = zero (0). 


A value of zero in IA32_THREAD_STALL indicates either HDC is not supported or the logical processor never 
serviced any forced HDC idle. A non-zero value in IA32_THREAD_STALL indicates the HDC forced-idle residency 
times of the logical processor. It also indicates the forced-idle cycles due to HDC that could appear as CO time to 
traditional OS accounting mechanisms (e.g. time-stamping OS idle/exit events). 


Software can read IA32_THREAD_STALL irrespective of the state of IA32_PKG_HDC_CTL and IA32_PM_CTL1, as 
long as CPUID.O6H:EAX[bit 13] = 1. 


14.5.4.2 Non-Architectural HDC Residency Counters 


Processors that support HDC operation may provide the following model-specific HDC residency counters. 


MSR_CORE_HDC_RESIDENCY 


Software can track per-core HDC residency using the counter MSR_CORE_HDC_RESIDENCY. This counter incre- 
ments when the core is in C3 state or deeper (all logical processors in this core are idle due to either HDC or other 
mechanisms) and at least one of the logical processors is in HDC forced idle state. The layout of the 
MSR_CORE_HDC_RESIDENCY is shown in Figure 14-19. Each processor core in a package has its own 
MSR_CORE_HDC_RESIDENCY MSR. The bit fields are described below: 


63 0 


Core_Cx_duty_cycle_cnt 


Figure 14-19. MSR_CORE_HDC_RESIDENCY MSR 


° Core_Cx_Duty_Cycle_Cnt (bits 63:0, R/O) — Stores accumulated HDC forced-idle cycle count of this 
processor core since last RESET. This counter increments at the same rate of the TSC. The count is updated 
only after core C-state exit from a forced idled C-state. At each update, the increment counts cycles when the 
core is in a Cx state (all its logical processor are idle) and at least one logical processor in this core was forced 
into idle state due to HDC. If CPUID.O6H:EAX[bit 13] = 0, attempt to access this MSR will cause a #GP fault. 
Default = zero (0). 


A value of zero in MSR_CORE_HDC_RESIDENCY indicates either HDC is not supported or this processor core never 
serviced any forced HDC idle. 


MSR_PKG_HDC_SHALLOW_RESIDENCY 


The counter MSR_PKG_HDC_SHALLOW_RESIDENCY allows software to track HDC residency time when the 
package is in C2 state, all processor cores in the package are not active and at least one logical processor was 
forced into idle state due to HDC. The layout of the MSR_PKG_HDC_SHALLOW_RESIDENCY is shown in 

Figure 14-20. There is one MSR_PKG_HDC_SHALLOW_RESIDENCY per package. The bit fields are described 
below: 


63 0 


Pkg_Duty_cycle_cnt 


Figure 14-20. MSR_PKG_HDC_SHALLOW_RESIDENCY MSR 


Vol. 3B 14-23 


POWER AND THERMAL MANAGEMENT 


¢ Pkg_Duty_Cycle_Cnt (bits 63:0, R/O) — Stores accumulated HDC forced-idle cycle count of this processor 
core since last RESET. This counter increments at the same rate of the TSC. Package shallow residency may be 
implementation specific. In the initial implementation, the threshold is package C2-state. The count is updated 
only after package C2-state exit from a forced idled C-state. At each update, the increment counts cycles when 
the package is in C2 state and at least one processor core in this package was forced into idle state due to HDC. 
If CPUID.O6H:EAX[bit 13] = 0, attempt to access this MSR may cause a #GP fault. Default = zero (0). 


A value of zero in MSR_PKG_HDC_SHALLOW_RESIDENCY indicates either HDC is not supported or this processor 
package never serviced any forced HDC idle. 


MSR_PKG_HDC_DEEP_RESIDENCY 


The counter MSR_PKG_HDC_DEEP_RESIDENCY allows software to track HDC residency time when the package is 
in a software-specified package Cx state, all processor cores in the package are not active and at least one logical 
processor was forced into idle state due to HDC. Selection of a specific package Cx state can be configured using 
MSR_PKG_HDC_CONFIG. The layout of the MSR_PKG_HDC_DEEP_RESIDENCY is shown in Figure 14-21. There is 
one MSR_PKG_HDC_DEEP_RESIDENCY per package. The bit fields are described below: 


63 0 


Pkg_Cx_duty_cycle_cnt 


Figure 14-21. MSR_PKG_HDC_DEEP_RESIDENCY MSR 


¢ Pkg_Cx_Duty_Cycle_Cnt (bits 63:0, R/O) — Stores accumulated HDC forced-idle cycle count of this 
processor core since last RESET. This counter increments at the same rate of the TSC. The count is updated only 
after package C-state exit from a forced idle state. At each update, the increment counts cycles when the 
package is in the software-configured Cx state and at least one processor core in this package was forced into 
idle state due to HDC. If CPUID.O6H:EAX[bit 13] = 0, attempt to access this MSR may cause a #GP fault. 
Default = zero (0). 


A value of zero in MSR_PKG_HDC_SHALLOW_RESIDENCY indicates either HDC is not supported or this processor 
package never serviced any forced HDC idle. 


MSR_PKG_HDC_CONFIG 


MSR_PKG_HDC_CONFIG allows software to configure the package Cx state that the counter 
MSR_PKG_HDC_DEEP_RESIDENCY monitors. The layout of the MSR_PKG_HDC_CONFIG is shown in Figure 14-22. 
There is one MSR_PKG_HDC_CONFIG per package. The bit fields are described below: 


63 2 0 


Reserved 


HDC_Cx_Monitor 


Reserved 


Figure 14-22. MSR_PKG_HDC_CONFIG MSR 


° Pkg_Cx_Monitor (bits 2:0, R/W) — Selects which package C-state the MSR_HDC_DEEP_RESIDENCY 
counter will monitor. The encoding of the HDC_Cx_Monitor field are: 0: no-counting; 1: count package C2 only, 
2: count package C3 and deeper; 3: count package C6 and deeper; 4: count package C7 and deeper; other 
encodings are reserved. If CPUID.06H:EAX[bit 13] = 0, attempt to access this MSR may cause a #GP fault. 
Default = zero (0). 


¢ Bits 63:3 are reserved and must be zero. 
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14.5.5 MPERF and APERF Counters Under HDC 


HDC operation can be thought of as an average effective frequency drop due to all or some of the Logical Proces- 
sors enter an idle state period. 


1600 MHz: 25% Utilization /75% Forced Idle 


Jo oLI LI LI LI 


Effective Frequency @ 100% Utilization: 400 MHz 


Figure 14-23. Example of Effective Frequency Reduction and Forced Idle Period of HDC 


By default, the IA32_MPERF counter counts during forced idle periods as if the logical processor was active. The 
IA32_APERF counter does not count during forced idle state. This counting convention allows the OS to compute 
the average effective frequency of the Logical Processor between the last MWAIT exit and the next MWAIT entry 
(OS visible CO) by AACNT/AMCNT * TSC Frequency. 


14.6 HARDWARE FEEDBACK INTERFACE AND INTEL® THREAD DIRECTOR 


Intel processors that enumerate CPUID.06H.OH:EAX.HW_FEEDBACK[bit 19] as 1 support Hardware Feedback 
Interface (HFI). Hardware provides guidance to the Operating System (OS) scheduler to perform optimal workload 
scheduling through a hardware feedback interface structure in memory. Details on this table structure are 
described in Section 14.6.1. 


Intel processors that enumerate CPUID.06H.OH:EAX[bit 23] as 1 support Intel® Thread Director. Hardware 
provides guidance to the Operating System (OS) scheduler to perform optimal workload scheduling through a 
memory resident table and software thread specific index (Class ID) that points into that table and selects which 
data to use for that software thread. Details on this table structure are described in Section 14.6.2. 


14.6.1 Hardware Feedback Interface Table Structure 


This structure has a global header that is 16 bytes in size. Following this global header, there is one 8 byte entry 
per logical processor in the socket. The structure is designed as follows. 


Table 14-4. Hardware Feedback Interface Structure 


Byte Offset Size (Bytes) Description 

0 16 Global Header 

16 8 Per Logical Processor Entry 
24 8 Per Logical Processor Entry 
16+n*8 8 Per Logical Processor Entry 
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The global header is structured as shown in Table 14-5. 


Table 14-5. Hardware Feedback Interface Global Header Structure 


Byte Offset Size (Bytes) Field Name Description 
0 8 Timestamp Timestamp of when the table was last updated by hardware. This is a 
timestamp in crystal clock units. 
Initialized by OS to O. 
8 1 Performance If set to 1, indicates the performance capability field for one or more logical 
Capability Changed | processors was updated in the table. 
Initialized by OS to O. 
9 1 Energy Efficiency If set to 1, indicates the energy efficiency capability field for one or more 
Capability Changed | logical processors was updated in the table. 
Initialized by OS to O. 
10 6 Reserved Initialized by OS to 0. 


The per logical processor scheduler feedback entry is structured as follows. The operating system can determine 
the index of the logical processor feedback entry for a logical processor using CPUID.06H.OH:EDX[31:16] by 


executing CPUID on that logical processor. 


Table 14-6. Hardware Feedback Interface Logical Processor Entry Structure 


Byte Offset 
0 


Size (Bytes) 
1 


Field Name 


Performance 
Capability 


Description 


Performance capability is an 8-bit value (0 ... 255) specifying the relative 
performance level of a logical processor. Higher values indicate higher perfor- 
mance; the lowest performance level of 0 indicates a recommendation to the OS to 
not schedule any software threads on it for performance reasons. OS scheduler is 
expected to initialize the Hardware Feedback Interface Structure to O prior to 
enabling Hardware Feedback. 

CPUID.O6H.OH:EDX[0] enumerates support for Performance capability reporting. 


Energy 
Efficiency 
Capability 


Reserved 


Energy Efficiency capability is an 8-bit value (0 ... 255) specifying the relative 
energy efficiency level of a logical processor. Higher values indicate higher energy 
efficiency; the lowest energy efficiency capability of O indicates a recommendation 
to the OS to not schedule any software threads on it for efficiency reasons. OS 
scheduler is expected to initialize the Hardware Feedback Interface Structure to 0 
prior to enabling Hardware Feedback. 

CPUID.O6H.OH:EDX[1] enumerates support for Energy Efficiency capability 
reporting. 


OS scheduler is expected to initialize the Hardware Feedback Interface Structure 
to O prior to enabling Hardware Feedback. 
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14.6.2 Intel® Thread Director Table Structure 


This structure has a global header that is at least 16 bytes in size. Its size depends on the number of classes and 
capabilities enumerated by the CPUID instruction (see notes below Table 14-7). Following this global header there 
are multiple Logical Processor related entries. The structure is designed as follows. 


Table 14-7. Intel® Thread Director Table Structure 


Byte Offset!:23 Size (Bytes) Description 

0 8 + CP**CL4 + RB? Global Header 
8+(CP*CL+R8 CL*CP + R8 Per Logical Processor Entry9° 
8 + 2*(CP*CL + R8) CL*CP + R8 Per Logical Processor Entry; 
8 +(N’ -1)*(CP*CL + R8) | CL*CP +R8 Logical Processor Entryy.1 
NOTES: 


1. Byte offset of Capability,, of Class, change indication: 8 + CP * cl + cp. 

2. Byte offset of LP Entry; : 8 + (i+1) * (CP * CL + R8). 

3. Byte offset of capability, of class, of LP Entry;: 8 + (i+1) * (CP * CL + R8) + CP * cl + cp. 

4. Both upper case CL and CP denote total number of classes and capabilities defined for the processor. Lower case cl and cp denote 
one instance of a class or capability. cl and cp are counted starting at zero. See “CPUID—CPU Identification” in Chapter 3 of the Intel® 
64 and IA-32 Architectures Software Developer's Manual, Volume 2A for the number of classes (CL) and the number of supported 
capabilities (CP). CP (# of capabilities): number of enumerated bits in CPUID.O6H.OH.EDX[7:0] and CL (# of classes): 
CPUID.O6H.OH.ECX[1 5:8). 

5.R8 is the number of bytes necessary to round up the Capability Change Indication array and the Logical Processor Entry to whole 
multiple of 8 bytes. 

6. Table size: 8 + (N+1)* (CP * CL + R8). 

7.N is the number of Logical Processor Entries in the table. It is not greater than the number of Logical Processors on the socket, but 
may be lower. 

8. The Operating System can determine the index for the Logical Processor Entry within the Intel Thread Director table using 
CPUID.O6H.OH:EDX[31:16] by executing the CPUID instruction on that Logical Processor. 

9. The Operating System should allocate space to accommodate for one such structure per socket in the system. 

10. The Intel Thread Director table structure extends the Hardware Feedback Interface table structure without breaking backward 
compatibility. The Hardware Feedback Interface can be viewed as having two capabilities and a single class. 


The global header is structured as shown in Table 14-8. 


Table 14-8. Intel® Thread Director Global Header Structure 


Size a 
Byte Offset (Bytes) Description 
0 8 Time-stamp of when the table was last updated by hardware. This is a time-stamp in crystal clock units. 
Initialized by OS to 0. 
8 1 Class 0 Performance If set to 1, indicates the performance capability field for one or more 
Capability Changed logical processors was updated in the table. Initialized by OS to O. 
8+1 1 Class 0 Energy Efficiency If set to 1, indicates the energy efficiency capability field for one or 
Capability Changed more logical processors was updated in the table. Initialized by OS to 0. 
8+CP-1 1 Class O change indication for | Unavailable for capabilities that are not enumerated. 
Capability #(CP-1) if exists 
8+CP 1 Class 1 Performance If set to 1, indicates the performance capability field for one or more 
Capability Changed logical processors was updated in the table. Initialized by OS to 0. 
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Table 14-8. Intel® Thread Director Global Header Structure (Contd.) 


Size Boas 
Byte Offset (Bytes) Description 
8+CP+1 1 Class 1 Energy Efficiency If set to 1, indicates the energy efficiency capability field for one or 
Capability Changed more logical processors was updated in the table. Initialized by OS to 0. 
8+2*CP-1 1 Class 1 change indication for | Unavailable for capabilities that are not enumerated. 
Capability #(CP-1) if exists 
& Change indication for Capabilities of additional Classes if exist. 
8 + (CL-1)*CP 1 Class #(CL-1) Performance If set to 1, indicates the performance capability field for one or more 
Capability Changed logical processors was updated in the table. Initialized by OS to 0. 
8+(CL-1)*CP +1} 1 Class #(CL-1) Energy If set to 1, indicates the energy efficiency capability field for one or 
Efficiency Capability Changed | more logical processors was updated in the table. Initialized by OS to O. 
8+CL*CP - 1 1 Class #(CL-1) change Unavailable for capabilities that are not enumerated. 
indication for Capability #(CP- 
1) if exists 
8 + CL*CP R8 Padding Padding to nearest multiple of 8 bytes. Initialized by OS to O prior to 


enabling Intel Thread Director. 


The logical processor capability entry in the Intel Thread Director table is structured as follows. 


Table 14-9. Intel® Thread Director Logical Processor Entry Structure 
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Byte Offset | Size (Bytes) | Field Name Description 
0 1 Performance | Class O Performance capability is an 8-bit value (0 ... 255) specifying the relative 
Capability performance level of a single logical processor. Higher values indicate higher 
performance; the lowest performance level of O indicates a recommendation to 
the OS to not schedule any software threads on it for performance reasons. 
Initialized by OS to O. 
1 1 Energy Class O Energy Efficiency capability is an 8-bit value (0 ... 255) specifying the 
Efficiency relative energy efficiency level of a logical processor. Higher values indicate higher 
Capability energy efficiency; the lowest energy efficiency capability of O indicates a recom- 
mendation to the OS to not schedule any software threads on it for efficiency 
reasons. Initialized by OS to 0. 
CP-1 1 Capability Class O Capability #(CP-1) if exists. If the capability does not exist (is not 
#(CP-1) enumerated in the CPUID), the entry is unavailable (no space is reserved for future 
use here). 
cP R8 Padding Padding to nearest multiple of 8 bytes. Initialized by OS to O prior to enabling Intel 
Thread Director. 
CP +R8 1 Performance | Class 1 Performance capability is an 8-bit value (0 ... 255) specifying the relative 
Capability performance level of a single logical processor. Higher values indicate higher 
performance; the lowest performance level of 0 indicates a recommendation to 
the OS to not schedule any software threads on it for performance reasons. 
Initialized by OS to O. 
CP +1 1 Energy Class 1 Energy Efficiency capability is an 8-bit value (0 ... 255) specifying the 
Efficiency relative energy efficiency level of a logical processor. Higher values indicate higher 
Capability energy efficiency; the lowest energy efficiency capability of O indicates a recom- 
mendation to the OS to not schedule any software threads on it for efficiency 
reasons. Initialized by OS to 0. 
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Table 14-9. Intel® Thread Director Logical Processor Entry Structure (Contd.) 


Byte Offset | Size (Bytes) | Field Name Description 
2*CP - 1 1 Capability Class 1 Capability #(CP-1) if exists. If the capability does not exist (is not 
#(CP-1) enumerated in the CPUID), the entry is unavailable (no space is reserved for future 
use here). 
2*CP R8 Padding Padding to nearest multiple of 8 bytes. Initialized by OS to O prior to enabling Intel 
Thread Director. 
(CL-1)*CP 1 Performance | Class #(CL-1) Performance capability is an 8-bit value (0 ... 255) specifying the 
Capability relative performance level of a single logical processor. Higher values indicate 
higher performance; the lowest performance level of O indicates a recommen- 
dation to the OS to not schedule any software threads on it for performance 
reasons. Initialized by OS to 0. 
(CL-1)*CP +1 | 1 Energy Class #(CL-1) Energy Efficiency capability is an 8-bit value (0 ... 255) specifying the 
Efficiency relative energy efficiency level of a logical processor. Higher values indicate higher 
Capability energy efficiency; the lowest energy efficiency capability of O indicates a recom- 
mendation to the OS to not schedule any software threads on it for efficiency 
reasons. Initialized by OS to 0. 
CL*CP - 1 1 Capability Class #(CL-1) Capability #(CP-1) if exists. If the capability does not exist (is not 
#(CP-1) enumerated in the CPUID), the entry is unavailable (no space is reserved for future 
use here). 
CL*CP R8 Padding Padding to nearest multiple of 8 bytes. Initialized by OS to O prior to enabling Intel 
Thread Director. 
14.6.3 Intel® Thread Director Usage Model 


When the OS Scheduler needs to decide which one of multiple free logical processors to assign to a software 
thread that is ready to execute, it can choose one of the following options: 


1. The free logical processor with the highest performance value of that software thread class, if the system is 
scheduling for performance. 


2. The free logical processor with the highest energy efficiency value of that software thread class, if the system 
is scheduling for energy efficiency. 


When the OS Scheduler needs to decide which of two logical processors (i,j) to assign to which of two software 
threads whose Class IDs are k1 and k2, it can compute the two performance ratios: Perf Ratio, = Perfixy / Perfjx1 
and Perf Ratioz = Perfix2 / Perfj,2, or two energy efficiency ratios: Energy Eff. Ratio; = Energy Effj,; / Energy Effjx4 
and Energy Eff. Ratiog = Energy Effi,2 / Energy Effj,2 between the two logical processors for each of the two 
classes, depending on whether the OS is scheduling for performance or for energy efficiency. 


For example, assume that the system is scheduling for performance and that Perf Ratio; > Perf Ratiog. The OS 
Scheduler will assign the software thread whose Class ID is k1 to logical processor i, and the one whose Class ID is 
k2 to logical processor j. 


When the two software threads in question belong to the same Class ID, the OS Scheduler can schedule to higher 
performance logical processors within that class when scheduling for performance and to higher energy efficiency 
logical processors within that class when scheduling for energy efficiency. 


The highest to lowest ordering may be different between classes across cores and between the performance 
column and the energy efficiency column of the same class across cores. 
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14.6.4 Hardware Feedback Interface Pointer 

The physical address of the HFI/Intel Thread Director structure is programmed by the OS into a package scoped 
MSR named IA32_HW_FEEDBACK_PTR. The MSR is structured as follows: 

* Bits 63:MAXPHYADDR! - Reserved. 


¢ Bits MAXPHYADDR-1:12 - ADDR. This is the physical address of the page frame of the first page of this 
structure. 


¢ Bits 11:1 - Reserved. 

¢ Bit O - Valid. When set to 1, indicates a valid pointer is programmed into the ADDR field of the MSR. 

The address of this MSR is 17DOH. This MSR is cleared on processor reset to its default value of 0. It retains its 
value upon INIT. 


CPUID.06H.OH:EDX[11:8] enumerates the size of memory that must be allocated by the OS for this structure. 


14.6.5 Hardware Feedback Interface Configuration 


The operating system enables HFI/Intel Thread Director using a package scoped MSR named 

IA32_HW_FEEDBACK_CONFIG (address 17D1H). This MSR is cleared on processor reset to its default value of 0. It 

retains its value upon INIT. 

The MSR is structured as follows: 

° Bits 63:2 - Reserved. 

¢ Bit 1 - Enable Intel Thread Director (or multi-class support). Both bits 0 and 1 must be set for Intel Thread 
Director to be enabled. The extra class columns in the Intel Thread Director table are updated by hardware 
immediately following setting those two bits, as well as during run time as necessary. 

° Bit 0 - Enable. When set to 1, enables HFI. 


Before enabling HFI, the OS must set a valid hardware feedback interface structure using 
IA32_HW_FEEDBACK_PTR. 

When the OS sets bit 0 only, the hardware populates class 0 capabilities only in the HFI structure. When bit 1 is set 
after or together with bit 0, the Intel Thread Director multi-class structure is populated. 

When either the HFI structure or the Intel Thread Director structure are ready to use by the OS, the hardware sets 
IA32_PACKAGE_THERM_STATUS[bit 26]. An interrupt is generated by the hardware if 
IA32_PACKAGE_THERM_INTERRUPT[bit 25] is set. 

When the OS clears bit 1 but leaves bit 0 set, Intel Thread Director is disabled, but HFI is kept operational. 
IA32_PACKAGE_THERM_STATUS[bit 26] is NOT set in this case. 

Clearing bit 0 disables both HFI and Intel Thread Director, independent of the bit 1 state. Setting bit 1 to '1' while 
keeping bit 0 at '0' is an invalid combination which is quietly ignored. 

When the OS clears bit 0, hardware sets the IA32_PACKAGE_THERM_STATUS[bit 26] to 1 to acknowledge disabling 
of the interface. The OS should wait for this bit to be set to 1 to reclaim the memory of the Intel Thread Director 
structure, as by setting IA32_PACKAGE_THERM_STATUS[bit 26] hardware guarantees not to write into the Intel 
Thread Director structure anymore. 

The OS may clear bit 0 only after receiving an indication from the hardware that the structure initialization is 
complete via the same IA32_PACKAGE_THERM_STATUS[bit 26], following enabling of HFI/Intel Thread Director, 
thus avoiding a race condition between OS and hardware. 

Bit 1 is valid only if CPUID[6].EAX[bit 23] is set. When setting this bit while support is not enumerated, the hard- 
ware generates #GP. 


Table 14-10 summarizes the control options described above. 


See Section 14.6.9 for details on scenarios where IA32_HW_FEEDBACK_CONFIG bits are implicitly reset by the 
hardware. 


1. MAXPHYADDR is reported in CPUID.B0000008H:EAX[7:0]. 
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Table 14-10. IA32_HW_FEEDBACK_CONFIG Control Options 


Pre-Bit 1 Pre-Bit 0 Post-Bit 1 | Post-BitO | Action IA32_PACKAGE_THERM_STATUS [bit 26] and 
Interrupt 
0 0 0 0 Reset value. Both Hardware Feedback Interface and Intel 
Thread Director are disabled, no status bit set, no 
interrupt is generated. 
0 0 0 1 Enable HFI structure. Set the status bit and generate interrupt if 
enabled. 
0 0 1 0 Invalid option; quietly No action (no update in the table). 
ignored by the hardware. 
0 0 1 1 Enable HFI and Intel Set the status bit and generate interrupt if 
Thread Director. enabled. 
0 1 0 0 Disable HFI support. Set the status bit and generate interrupt if 
enabled. 
0 1 1 0 Disable HFI and Intel Set the status bit and generate interrupt if 
Thread Director. enabled. 
0 1 1 1 Enable Intel Thread Set the status bit and generate interrupt if 
Director. enabled. 
1 0 0 0 No action; keeps HFl and _ | No action (no update in the table). 
Intel Thread Director 
disabled. 
1 0 0 1 Enable HFI. Set the status bit and generate interrupt if 
enabled. 
1 0 1 1 Enable HFI and Intel Set the status bit and generate interrupt if 
Thread Director. enabled. 
1 1 0 0 Disable HFI and Intel Set the status bit and generate interrupt if 
Thread Director. enabled. 
1 1 0 1 Disable Intel Thread No action (no update in the table). 
Director; keep HFI 
enabled. 
1 1 1 0 Disable HFI and Intel Set the status bit and generate interrupt if 
Thread Director. enabled. 


14.6.6 Hardware Feedback Interface Notifications 


The IA32_PACKAGE_THERM_STATUS MSR is extended with a new bit, hardware feedback interface structure 
change status (bit 26, R/WCO), to indicate that the hardware has updated the HFI/Intel Thread Director structure. 
This is a sticky bit and once set, indicates that the OS should read the structure to determine the change and adjust 
its scheduling decisions. Once set, the hardware will not generate any further updates to this structure until the OS 
clears this bit by writing 0. 


The OS can enable interrupt-based notifications when the structure is updated by hardware through a new enable 
bit, hardware feedback interrupt enable (bit 25, R/W), in the IA32_PACKAGE_THERM_INTERRUPT MSR. When this 
bit is set to 1, it enables the generation of an interrupt when the HFI/Intel Thread Director structure is updated by 
hardware. When the enable bit transitions from 0 to 1, hardware will generate an initial notify, with the 
IA32_PACKAGE_THERM_STATUS bit 26 set to 1, to indicate that the OS should read the current HFI/Intel Thread 
Director structure. 
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14.6.7. Hardware Feedback Interface and Intel® Thread Director Structure Dynamic Update 


The HFI/Intel Thread Director structure can be updated dynamically during run time. Changes to the structure may 
occur to one or more of its cells. Such changes may occur for one or more logical processors. The hardware sets a 
non zero value in the “capability change” field of the HFI/Intel Thread Director structure as an indication for the OS 
to read that capability for all logical processors. A thermal interrupt is delivered to indicate to the OS that the struc- 
ture has just changed. Section 14.6.6 contains more details on this notification mechanism. The hardware clears all 
“capability change” fields after the OS resets IA32_PACKAGE_THERM_STATUS[bit 26]. 


Zeroing a performance or energy efficiency cell hints to the OS that it is beneficial not to schedule software threads 
of that class on the associated logical processor for performance or energy efficiency reasons, respectively. If SMT 
is supported, it may be the case that the hardware zeroes one of the core's logical processors only. Zeroing the 
performance and energy efficiency cells of all classes for a logical processor implies that the hardware provides a 
hint to the OS to completely avoid scheduling work on that logical processor. 


A few example reasons for runtime changes in the HGS/Intel Thread Director Table: 
* Over clocking run time update that changes the capability values. 

® Change in run time physical constraints. 

¢ Run time performance or energy efficiency optimization. 

® Change in core frequency, voltage, or power budget. 


14.6.8 Logical Processor Scope Intel® Thread Director Configuration 


The operating system enables Intel Thread Director at the logical processor scope using a logical processor scope 

MSR named IA32_HW_FEEDBACK_THREAD_CONFIG (address 17D4H). 

The MSR is read/write and is structured as follows: 

° Bits 63:1 - Reserved. 

¢ Bit O - Enables Intel Thread Director. When set to 1, logical processor scope Intel Thread Director is enabled. 
Default is 0 (disabled). 

Bit O of the logical processor scope configuration MSR can be cleared or set regardless of the state of the 

HFI/Intel Thread Director package configuration MSR state. Even when bit 0 of all logical processor configuration 

MSRs is clear, the processor can still update the Intel Thread Director structure if it is still enabled in the 

IA32_HW_FEEDBACK_CONFIG package scope MSR. When the operating system clears 

IA32_HW_FEEDBACK_THREAD_CONFIG[bit 0], hardware clears the history accumulated on that logical processor 

which otherwise drives assigning the Class ID to the software thread that executes on that logical processor. As 

long as IA32_HW_FEEDBACK_THREAD_CONFIG[bit 0] is set, the Class ID is available for the operating system to 

read, independent of the state of the package scope IA32_HW_FEEDBACK_CONFIG[1:0] bits. 

See Section 14.6.9 for details on scenarios where IA32_HW_FEEDBACK_CONFIG bits are implicitly reset by the 

hardware. 


14.6.9 Implicit Reset of Package and Logical Processor Scope Configuration MSRs 
HFI/Intel Thread Director enable bits are reset by hardware in the following scenarios: 
1. When GETSEC[SENTER] is executed: 


a. The processor implicitly resets the HFI/Intel Thread Director enable bits in the 
IA32_HW_FEEDBACK_CONFIG MSR on all sockets (packages) in the system. 


b. The processor implicitly resets the Intel Thread Director enable bit in the 
IA32_HW_FEEDBACK_THREAD_CONFIG MSR on all logical processors in the system across all sockets. 


c. The processor implicitly clears the HFI/Intel Thread Director table structure pointer in the 
IA32_HW_FEEDBACK_PTR package MSR across all sockets. 


2. When GETSEC[ENTERACCS] is executed: 
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a. The processor implicitly resets the HFI/Intel Thread Director enable bits in the 
IA32_HW_FEEDBACK_CONFIG MSR on the socket where the GETSEC[ENTERACCS] instruction was 
executed. 


b. The processor implicitly resets the Intel Thread Director enable bit in the 
IA32_HW_FEEDBACK_THREAD_CONFIG MSR on all logical processors on the socket where the 
GETSEC[ENTERACCS] instruction was executed. 


c. The processor implicitly clears the HFI/Intel Thread Director table structure pointer in the 
IA32_HW_FEEDBACK_PTR package MSR on the socket where the GETSEC[ENTERACCS] instruction was 
executed. 


3. When an INIT or a wait-for-SIPI state are processed by a logical processor: 


a. The processor implicitly resets the Intel Thread Director enable bit in the 
IA32_HW_FEEDBACK_THREAD_CONFIG MSR on that logical processor, whether the signal was in the 
context of GETSEC[ENTERACCS] or not. 


If the OS requires HFI/Intel Thread Director to be active after exiting the measured environment or when 
processing a SIPI event, it should re-enable HFI/Intel Thread Director. 


14.6.10 Logical Processor Scope Intel® Thread Director Run Time Characteristics 


The processor provides the operating system with run time feedback about the execution characteristics of the 
software thread executing on logical processors whose IA32_HW_FEEDBACK_THREAD_CONFIG[bit 0] is set. 


The run time feedback is communicated via a read-only MSR named IA32_THREAD_FEEDBACK_CHAR. This is a 
logical processor scope MSR whose address is 17D2H. This MSR is structured as follows: 


¢ Bit 63 - Valid bit. When set to 1 the OS Scheduler can use the Class ID (in bits 7:0) for its scheduling decisions. 
If this bit is 0, the Class ID field should be ignored. It is recommended that the OS uses the last known Class ID 
of the software thread for its scheduling decisions. 


°  =6Bits 62:8 - Reserved. 

¢ Bits 7:0 - Application Class ID, pointing into the Intel Thread Director structure described in Table 14-8. 
This MSR is valid only if CPUID.O6H:EAX[bit 23] is set. 

The valid bit is cleared by the hardware in the following cases: 

¢ The hardware does not have enough information to provide the operating system with a reliable Class ID. 
¢ The operating system cleared the logical processor’s IA32_HW_FEEDBACK_THREAD_CONFIG[bit 0] bit. 
The HRESET instruction is executed while configured to reset the Intel Thread Director history. 


14.6.11 Logical Processor Scope History 


The operating system can reset the Intel Thread Director related history accumulated on the current logical pro- 
cessor it is executing on by issuing the HRESET instruction. See “CPUID—CPU Identification” in Chapter 3 of the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A for enumeration of the HRESET 
instruction. See also the “HRESET — History Reset” instruction description in Chapter 3 of the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 2A. 


14.6.11.1 Enabling Intel® Thread Director History Reset 

The IA32_HRESET_ENABLE MSR is a read/write MSR and is structured as follows: 

° Bits 63:32 - Reserved. 

¢ Bits 31:1 - Reserved for other capabilities that can be reset by the HRESET instruction. 


¢ Bit O - Enable reset of the Intel Thread Director history. 
The operating system should set IA32_ HRESET_ENABLE[bit 0] to enable Intel Thread Director history reset via 
the HRESET instruction. 
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14.6.11.2 Implicit Intel® Thread Director History Reset 


The Intel Thread Director history is implicitly reset in the following scenarios: 


1. When the processor enters or exits SMM mode and IA32_DEBUGCTL MSR.FREEZE_WHILE_SMM (bit 14) is set, 
the Intel Thread Director history is implicitly reset by the processor. 


2. When GETSEC[SENTER] is executed, the processor resets the Intel Thread Director history on all logical 
processors in the system, including logical processors on other sockets (other than the one GETSEC[SENTER] 
is executed). 


3. When GETSEC[ENTERACCS] is executed, the processor resets the Intel Thread Director history on the logical 
processor it is executed on. 


4. When an INIT or a wait-for-SIPI state are processed by a logical processor, the Intel Thread Director history is 
reset whether the signal was a result of GETSEC[ENTERACCS] or not. 


If the operating system requires HFI/Intel Thread Director to be active after exiting the measured environment or 
when processing a SIPI event, it should re-enable HFI/Intel Thread Director. 


14.7. MWAIT EXTENSIONS FOR ADVANCED POWER MANAGEMENT 


IA-32 processors may support a number of C-states* that reduce power consumption for inactive states. Intel Core 
Solo and Intel Core Duo processors support both deeper C-state and MWAIT extensions that can be used by OS to 
implement power management policy. 


Software should use CPUID to discover if a target processor supports the enumeration of MWAIT extensions. If 
CPUID.05H.ECX[Bit 0] = 1, the target processor supports MWAIT extensions and their enumeration (see Chapter 
4, “Instruction Set Reference, M-U,” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
2B). 


If CPUID.O5H.ECX[Bit 1] = 1, the target processor supports using interrupts as break-events for MWAIT, even 
when interrupts are disabled. Use this feature to measure C-state residency as follows: 


¢ Software can write to bit 0 in the MWAIT Extensions register (ECX) when issuing an MWAIT to enter into a 
processor-specific C-state or sub C-state. 


¢ When a processor comes out of an inactive C-state or sub C-state, software can read a timestamp before an 
interrupt service routine (ISR) is potentially executed. 


CPUID.05H.EDX allows software to enumerate processor-specific C-states and sub C-states available for use with 
MWAIT extensions. IA-32 processors may support more than one C-state of a given C-state type. These are called 
sub C-states. Numerically higher C-state have higher power savings and latency (upon entering and exiting) than 
lower-numbered C-state. 


At CPL = 0, system software can specify desired C-state and sub C-state by using the MWAIT hints register (EAX). 
Processors will not go to C-state and sub C-state deeper than what is specified by the hint register. If CPL > 0 and 
if MONITOR/MWAIT is supported at CPL > O, the processor will only enter C1-state (regardless of the C-state 
request in the hints register). 


Executing MWAIT generates an exception on processors operating at a privilege level where MONITOR/MWAIT are 
not supported. 


NOTE 


If MWAIT is used to enter a C-state (including sub C-state) that is numerically higher than C1, a 
store to the address range armed by MONITOR instruction will cause the processor to exit MWAIT if 
the store was originated by other processor agents. A store from non-processor agent may not 
cause the processor to exit MWAIT. 


2. The processor-specific C-states defined in MWAIT extensions can map to ACPI defined C-state types (CO, C1, C2, C3). The mapping 
relationship depends on the definition of a C-state by processor implementation and is exposed to OSPM by the BIOS using the ACPI 
defined _CST table. 
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14.8 THERMAL MONITORING AND PROTECTION 


The IA-32 architecture provides the following mechanisms for monitoring temperature and controlling thermal 
power: 


1. The catastrophic shutdown detector forces processor execution to stop if the processor’s core temperature 
rises above a preset limit. 


2. Automatic and adaptive thermal monitoring mechanisms force the processor to reduce it’s power 
consumption in order to operate within predetermined temperature limits. 


3. The software controlled clock modulation mechanism permits operating systems to implement power 
management policies that reduce power consumption; this is in addition to the reduction offered by automatic 
thermal monitoring mechanisms. 


4. On-die digital thermal sensor and interrupt mechanisms permit the OS to manage thermal conditions 
natively without relying on BIOS or other system board components. 


The first mechanism is not visible to software. The other three mechanisms are visible to software using processor 
feature information returned by executing CPUID with EAX = 1. 


The second mechanism includes: 


¢ Automatic thermal monitoring provides two modes of operation. One mode modulates the clock duty cycle; 
the second mode changes the processor’s frequency. Both modes are used to control the core temperature of 
the processor. 


¢ Adaptive thermal monitoring can provide flexible thermal management on processors made of multiple 
cores. 


The third mechanism modulates the clock duty cycle of the processor. As shown in Figure 14-24, the phrase ‘duty 
cycle’ does not refer to the actual duty cycle of the clock signal. Instead it refers to the time period during which 
the clock signal is allowed to drive the processor chip. By using the stop clock mechanism to control how often the 
processor is clocked, processor power consumption can be modulated. 


Clock Applied to Processor 


Stop-Clock Duty Cycle 


25% Duty Cycle (example only) 


Figure 14-24. Processor Modulation Through Stop-Clock Mechanism 


For previous automatic thermal monitoring mechanisms, software controlled mechanisms that changed processor 
operating parameters to impact changes in thermal conditions. Software did not have native access to the native 
thermal condition of the processor; nor could software alter the trigger condition that initiated software program 

control. 


The fourth mechanism (listed above) provides access to an on-die digital thermal sensor using a model-specific 
register and uses an interrupt mechanism to alert software to initiate digital thermal monitoring. 


14.8.1. Catastrophic Shutdown Detector 


P6 family processors introduced a thermal sensor that acts as a catastrophic shutdown detector. This catastrophic 
shutdown detector was also implemented in Pentium 4, Intel Xeon and Pentium M processors. It is always enabled. 
When processor core temperature reaches a factory preset level, the sensor trips and processor execution is halted 
until after the next reset cycle. 
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14.8.2 (Thermal Monitor 


Pentium 4, Intel Xeon and Pentium M processors introduced a second temperature sensor that is factory-calibrated 
to trip when the processor’s core temperature crosses a level corresponding to the recommended thermal design 
envelop. The trip-temperature of the second sensor is calibrated below the temperature assigned to the cata- 
strophic shutdown detector. 


14.8.2.1 Thermal Monitor 1 


The Pentium 4 processor uses the second temperature sensor in conjunction with a mechanism called Thermal 
Monitor 1 (TM1) to control the core temperature of the processor. TM1 controls the processor’s temperature by 
modulating the duty cycle of the processor clock. Modulation of duty cycles is processor model specific. Note that 
the processors STPCLK# pin is not used here; the stop-clock circuitry is controlled internally. 


Support for TM1 is indicated by CPUID.1:EDX.TM[bit 29] = 1. 


TM1 is enabled by setting the thermal-monitor enable flag (bit 3) in IA32_MISC_ENABLE [see Chapter 2, “Model- 
Specific Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4]. 
Following a power-up or reset, the flag is cleared, disabling TM1. BIOS is required to enable only one automatic 
thermal monitoring modes. Operating systems and applications must not disable the operation of these mecha- 
nisms. 


14.8.2.2 Thermal Monitor 2 


An additional automatic thermal protection mechanism, called Thermal Monitor 2 (TM2), was introduced in the 
Intel Pentium M processor and also incorporated in newer models of the Pentium 4 processor family. Intel Core Duo 
and Solo processors, and Intel Core 2 Duo processor family all support TM1 and TM2. TM2 controls the core 
temperature of the processor by reducing the operating frequency and voltage of the processor and offers a higher 
performance level for a given level of power reduction than TM1. 


TM2 is triggered by the same temperature sensor as TM1. The mechanism to enable TM2 may be implemented 
differently across various IA-32 processor families with different CPUID signatures in the family encoding value, but 
will be uniform within an IA-32 processor family. 


Support for TM2 is indicated by CPUID.1:ECX.TM2[bit 8] = 1. 


14.8.2.3. Two Methods for Enabling TM2 


On processors with CPUID family/model/stepping signature encoded as 0x69n or Ox6Dn (early Pentium M proces- 
sors), TM2 is enabled if the TM_SELECT flag (bit 16) of the MSR_THERM2_CTL register is set to 1 (Figure 14-25) 
and bit 3 of the IA32_MISC_ENABLE register is set to 1. 


Following a power-up or reset, the TM_SELECT flag may be cleared. BIOS is required to enable either TM1 or TM2. 
Operating systems and applications must not disable mechanisms that enable TM1 or TM2. If bit 3 of the 
IA32_MISC_ENABLE register is set and TM_SELECT flag of the MSR_THERM2_CTL register is cleared, TM1 is 
enabled. 
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Figure 14-25. MSR_THERM2_CTL Register On Processors with CPUID Family/Model/Stepping Signature Encoded 
as Ox69n or Ox6Dn 
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On processors introduced after the Pentium 4 processor (this includes most Pentium M processors), the method 
used to enable TM2 is different. TM2 is enable by setting bit 13 of IA32_MISC_ENABLE register to 1. This applies to 
Intel Core Duo, Core Solo, and Intel Core 2 processor family. 


The target operating frequency and voltage for the TM2 transition after TM2 is triggered is specified by the value 

written to MSR_THERM2_CTL, bits 15:0 (Figure 14-26). Following a power-up or reset, BIOS is required to enable 
at least one of these two thermal monitoring mechanisms. If both TM1 and TM2 are supported, BIOS may choose 
to enable TM2 instead of TM1. Operating systems and applications must not disable the mechanisms that enable 

TMior TM2; and they must not alter the value in bits 15:0 of the MSR_THERM2_CTL register. 
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Figure 14-26. MSR_THERM2_CTL Register for Supporting TM2 


Reserved 


14.8.2.4 Performance State Transitions and Thermal Monitoring 

If the thermal control circuitry (TCC) for thermal monitor (TM1/TMZ2) is active, writes to the IA32_PERF_CTL will 

effect a new target operating point as follows: 

¢ If TM1 is enabled and the TCC is engaged, the performance state transition can commence before the TCC is 
disengaged. 

° If TM2 is enabled and the TCC is engaged, the performance state transition specified by a write to the 
IA32_PERF_CTL will commence after the TCC has disengaged. 


14.8.2.5 Thermal Status Information 


The status of the temperature sensor that triggers the thermal monitor (TM1/TM2) is indicated through the thermal 
status flag and thermal status log flag in the IA32_THERM_STATUS MSR (see Figure 14-27). 


The functions of these flags are: 


¢ Thermal Status flag, bit 0 — When set, indicates that the processor core temperature is currently at the trip 
temperature of the thermal monitor and that the processor power consumption is being reduced via either TM1 
or TM2, depending on which is enabled. When clear, the flag indicates that the core temperature is below the 
thermal monitor trip temperature. This flag is read only. 


¢ Thermal Status Log flag, bit 1 — When set, indicates that the thermal sensor has tripped since the last 
power-up or reset or since the last time that software cleared this flag. This flag is a sticky bit; once set it 
remains set until cleared by software or until a power-up or reset of the processor. The default state is clear. 


Reserved 


Thermal Status Log = 


Thermal Status 


Figure 14-27. IA32_THERM_STATUS MSR 


After the second temperature sensor has been tripped, the thermal monitor (TM1/TM2) will remain engaged for a 
minimum time period (on the order of 1 ms). The thermal monitor will remain engaged until the processor core 
temperature drops below the preset trip temperature of the temperature sensor, taking hysteresis into account. 
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While the processor is in a stop-clock state, interrupts will be blocked from interrupting the processor. This holding 
off of interrupts increases the interrupt latency, but does not cause interrupts to be lost. Outstanding interrupts 
remain pending until clock modulation is complete. 


The thermal monitor can be programmed to generate an interrupt to the processor when the thermal sensor is 
tripped; this is called a thermal interrupt. The delivery mode, mask and vector for this interrupt can be 
programmed through the thermal entry in the local APIC’s LVT (see Section 10.5.1, “Local Vector Table”). The low- 
temperature interrupt enable and high-temperature interrupt enable flags in the IA32_THERM_INTERRUPT MSR 
(see Figure 14-28) control when the interrupt is generated; that is, on a transition from a temperature below the 
trip point to above and/or vice-versa. 
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Figure 14-28. IA32_THERM_INTERRUPT MSR 


¢ High-Temperature Interrupt Enable flag, bit 0 — Enables an interrupt to be generated on the transition 
from a low-temperature to a high-temperature when set; disables the interrupt when clear.(R/W). 


¢ Low-Temperature Interrupt Enable flag, bit 1 — Enables an interrupt to be generated on the transition 
from a high-temperature to a low-temperature when set; disables the interrupt when clear. 


The thermal interrupt can be masked by the thermal LVT entry. After a power-up or reset, the low-temperature 
interrupt enable and high-temperature interrupt enable flags in the IA32_THERM_INTERRUPT MSR are cleared 
(interrupts are disabled) and the thermal LVT entry is set to mask interrupts. This interrupt should be handled 
either by the operating system or system management mode (SMM) code. 


Note that the operation of the thermal monitoring mechanism has no effect upon the clock rate of the processor's 
internal high-resolution timer (time stamp counter). 


14.8.2.6 Adaptive Thermal Monitor 


The Intel Core 2 Duo processor family supports enhanced thermal management mechanism, referred to as Adap- 
tive Thermal Monitor (Adaptive TM). 


Unlike TM2, Adaptive TM is not limited to one TM2 transition target. During a thermal trip event, Adaptive TM (if 
enabled) selects an optimal target operating point based on whether or not the current operating point has effec- 
tively cooled the processor. 


Similar to TM2, Adaptive TM is enable by BIOS. The BIOS is required to test the TM1 and TM2 feature flags and 
enable all available thermal control mechanisms (including Adaptive TM) at platform initiation. 


Adaptive TM is available only to a subset of processors that support TM2. 


In each chip-multiprocessing (CMP) silicon die, each core has a unique thermal sensor that triggers independently. 
These thermal sensor can trigger TM1 or TM2 transitions in the same manner as described in Section 14.8.2.1 and 
Section 14.8.2.2. The trip point of the thermal sensor is not programmable by software since it is set during the 
fabrication of the processor. 


Each thermal sensor in a processor core may be triggered independently to engage thermal management features. 
In Adaptive TM, both cores will transition to a lower frequency and/or lower voltage level if one sensor is triggered. 


Triggering of this sensor is visible to software via the thermal interrupt LVT entry in the local APIC of a given core. 


14.8.3. Software Controlled Clock Modulation 


Pentium 4, Intel Xeon and Pentium M processors also support software-controlled clock modulation. This provides 
a means for operating systems to implement a power management policy to reduce the power consumption of the 


14-38 Vol. 3B 


POWER AND THERMAL MANAGEMENT 


processor. Here, the stop-clock duty cycle is controlled by software through the IA32_CLOCK_MODULATION MSR 
(see Figure 14-29). 
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Reserved 


Figure 14-29. |IA32_CLOCK_MODULATION MSR 


The IA32_CLOCK_MODULATION MSR contains the following flag and field used to enable software-controlled clock 
modulation and to select the clock modulation duty cycle: 


¢ On-Demand Clock Modulation Enable, bit 4 — Enables on-demand software controlled clock modulation 
when set; disables software-controlled clock modulation when clear. 


¢ On-Demand Clock Modulation Duty Cycle, bits 1 through 3 — Selects the on-demand clock modulation 
duty cycle (see Table 14-11). This field is only active when the on-demand clock modulation enable flag is set. 


Note that the on-demand clock modulation mechanism (like the thermal monitor) controls the processor’s stop- 
clock circuitry internally to modulate the clock signal. The STPCLK# pin is not used in this mechanism. 


Table 14-11. On-Demand Clock Modulation Duty Cycle Field Encoding 


Duty Cycle Field Encoding Duty Cycle 
000B Reserved 
001B 12.5% (Default) 
010B 25.0% 
011B 37.5% 
100B 50.0% 
101B 63.5% 
110B 75% 
111B 87.5% 


The on-demand clock modulation mechanism can be used to control processor power consumption. Power 
management software can write to the IA32_CLOCK_MODULATION MSR to enable clock modulation and to select 
a modulation duty cycle. If on-demand clock modulation and TM1 are both enabled and the thermal status of the 
processor is hot (bit 0 of the IA32_THERM_STATUS MSR is set), clock modulation at the duty cycle specified by TM1 
takes precedence, regardless of the setting of the on-demand clock modulation duty cycle. 


For Hyper-Threading Technology enabled processors, the IA32_CLOCK_MODULATION register is duplicated for 
each logical processor. In order for the On-demand clock modulation feature to work properly, the feature must be 
enabled on all the logical processors within a physical processor. If the programmed duty cycle is not identical for 
all the logical processors, the processor core clock will modulate to the highest duty cycle programmed for proces- 
sors with any of the following CPUID DisplayFamily_DisplayModel signatures (see CPUID instruction in Chapter3, 
“Instruction Set Reference, A-L” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
2A): 06_1A, 06_1C, 06_1E, 06_1F, 06_25, 06_26, 06_27, 06_2C, 06_2E, 06_2F, 06_35, 06_36, and OF_xx. For all 
other processors, if the programmed duty cycle is not identical for all logical processors in the same core, the 
processor core will modulate at the lowest programmed duty cycle. 


For multiple processor cores in a physical package, each processor core can modulate to a programmed duty cycle 
independently. 
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For the P6 family processors, on-demand clock modulation was implemented through the chipset, which controlled 
clock modulation through the processor’s STPCLK# pin. 


14.8.3.1 Extension of Software Controlled Clock Modulation 


Extension of the software controlled clock modulation facility supports on-demand clock modulation duty cycle with 
4-bit dynamic range (increased from 3-bit range). Granularity of clock modulation duty cycle is increased to 6.25% 
(compared to 12.5%). 


Four bit dynamic range control is provided by using bit 0 in conjunction with bits 3:1 of the 
IA32_CLOCK_MODULATION MSR (see Figure 14-30). 
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Figure 14-30. [A32_CLOCK_MODULATION MSR with Clock Modulation Extension 


Extension to software controlled clock modulation is supported only if CPUID.O6H:EAX[Bit 5] = 1. If 
CPUID.06H:EAX[Bit 5] = 0, then bit 0 of IA32_CLOCK_MODULATION is reserved. 


14.8.4 Detection of Thermal Monitor and Software Controlled Clock Modulation Facilities 


The ACPI flag (bit 22) of the CPUID feature flags indicates the presence of the IA32_THERM_STATUS, 
IA32_THERM_INTERRUPT, IA32_CLOCK_MODULATION MSRs, and the xAPIC thermal LVT entry. 


The TM1 flag (bit 29) of the CPUID feature flags indicates the presence of the automatic thermal monitoring facili- 
ties that modulate clock duty cycles. 


14.8.4.1 Detection of Software Controlled Clock Modulation Extension 


Processor’s support of software controlled clock modulation extension is indicated by CPUID.O6H:EAX[Bit 5] = 1. 


14.8.5 On Die Digital Thermal Sensors 


On die digital thermal sensor can be read using an MSR (no I/O interface). In Intel Core Duo processors, each core 
has a unique digital sensor whose temperature is accessible using an MSR. The digital thermal sensor is the 
preferred method for reading the die temperature because (a) it is located closer to the hottest portions of the die, 
(b) it enables software to accurately track the die temperature and the potential activation of thermal throttling. 


14.8.5.1 Digital Thermal Sensor Enumeration 


The processor supports a digital thermal sensor if CPUID.O6H.EAX[0] = 1. If the processor supports digital thermal 
sensor, EBX[bits 3:0] determine the number of thermal thresholds that are available for use. 


Software sets thermal thresholds by using the IA32_THERM_INTERRUPT MSR. Software reads output of the digital 
thermal sensor using the IA32_THERM_STATUS MSR. 


14.8.5.2 Reading the Digital Sensor 


Unlike traditional analog thermal devices, the output of the digital thermal sensor is a temperature relative to the 
maximum supported operating temperature of the processor. 
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Temperature measurements returned by digital thermal sensors are always at or below TCC activation tempera- 
ture. Critical temperature conditions are detected using the “Critical Temperature Status” bit. When this bit is set, 
the processor is operating at a critical temperature and immediate shutdown of the system should occur. Once the 
“Critical Temperature Status” bit is set, reliable operation is not guaranteed. 


See Figure 14-31 for the layout of IA32_THERM_STATUS MSR. Bit fields include: 


Thermal Status (bit 0, RO) — This bit indicates whether the digital thermal sensor high-temperature output 
signal (PROCHOT#) is currently active. Bit 0 = 1 indicates the feature is active. This bit may not be written by 
software; it reflects the state of the digital thermal sensor. 


Thermal Status Log (bit 1, R/WCO) — This is a sticky bit that indicates the history of the thermal sensor 
high temperature output signal (PROCHOT#). Bit 1 = 1 if PROCHOT# has been asserted since a previous 
RESET or the last time software cleared the bit. Software may clear this bit by writing a zero. 

PROCHOT# or FORCEPR# Event (bit 2, RO) — Indicates whether PROCHOT# or FORCEPR# is being 
asserted by another agent on the platform. 
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Figure 14-31. IA32_THERM_STATUS Register 


PROCHOT# or FORCEPR# Log (bit 3, R/WCO) — Sticky bit that indicates whether PROCHOT# or 
FORCEPR# has been asserted by another agent on the platform since the last clearing of this bit or a reset. If 
bit 3 = 1, PROCHOT# or FORCEPR# has been externally asserted. Software may clear this bit by writing a zero. 
External PROCHOT# assertions are only acknowledged if the Bidirectional Prochot feature is enabled. 


Critical Temperature Status (bit 4, RO) — Indicates whether the critical temperature detector output signal 
is currently active. If bit 4 = 1, the critical temperature detector output signal is currently active. 


Critical Temperature Log (bit 5, R/WCO) — Sticky bit that indicates whether the critical temperature 
detector output signal has been asserted since the last clearing of this bit or reset. If bit 5 = 1, the output 
signal has been asserted. Software may clear this bit by writing a zero. 


Thermal Threshold #1 Status (bit 6, RO) — Indicates whether the actual temperature is currently higher 
than or equal to the value set in Thermal Threshold #1. If bit 6 = 0, the actual temperature is lower. If 

bit 6 = 1, the actual temperature is greater than or equal to TT#1. Quantitative information of actual 
temperature can be inferred from Digital Readout, bits 22:16. 


Thermal Threshold #1 Log (bit 7, R/ WCO) — Sticky bit that indicates whether the Thermal Threshold #1 
has been reached since the last clearing of this bit or a reset. If bit 7 = 1, the Threshold #1 has been reached. 
Software may clear this bit by writing a zero. 


Thermal Threshold #2 Status (bit 8, RO) — Indicates whether actual temperature is currently higher than 
or equal to the value set in Thermal Threshold #2. If bit 8 = 0, the actual temperature is lower. If bit 8 = 1, the 
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actual temperature is greater than or equal to TT#2. Quantitative information of actual temperature can be 
inferred from Digital Readout, bits 22:16. 


Thermal Threshold #2 Log (bit 9, R/WCO) — Sticky bit that indicates whether the Thermal Threshold #2 
has been reached since the last clearing of this bit or a reset. If bit 9 = 1, the Thermal Threshold #2 has been 
reached. Software may clear this bit by writing a zero. 


Power Limitation Status (bit 10, RO) — Indicates whether the processor is currently operating below OS- 
requested P-state (specified in IA32_PERF_CTL) or OS-requested clock modulation duty cycle (specified in 
IA32_CLOCK_MODULATION). This field is supported only if CPUID.O6H:EAX[bit 4] = 1. Package level power 
limit notification can be delivered independently to IA32_PACKAGE_THERM_STATUS MSR. 


Power Notification Log (bit 11, R/ WCO) — Sticky bit that indicates the processor went below OS-requested 
P-state or OS-requested clock modulation duty cycle since the last clearing of this or RESET. This field is 
supported only if CPUID.O6H:EAX[bit 4] = 1. Package level power limit notification is indicated independently 
in IA32_PACKAGE_THERM_STATUS MSR. 


Digital Readout (bits 22:16, RO) — Digital temperature reading in 1 degree Celsius relative to the TCC 
activation temperature. 


0: TCC Activation temperature, 
1: (TCC Activation - 1) , etc. See the processor's data sheet for details regarding TCC activation. 
A lower reading in the Digital Readout field (bits 22:16) indicates a higher actual temperature. 


Resolution in Degrees Celsius (bits 30:27, RO) — Specifies the resolution (or tolerance) of the digital 
thermal sensor. The value is in degrees Celsius. It is recommended that new threshold values be offset from the 
current temperature by at least the resolution + 1 in order to avoid hysteresis of interrupt generation. 


Reading Valid (bit 31, RO) — Indicates if the digital readout in bits 22:16 is valid. The readout is valid if 
bit 31 = 1. 


Changes to temperature can be detected using two thresholds (see Figure 14-32); one is set above and the other 
below the current temperature. These thresholds have the capability of generating interrupts using the core's local 
APIC which software must then service. Note that the local APIC entries used by these thresholds are also used by 
the Intel® Thermal Monitor; it is up to software to determine the source of a specific interrupt. 
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Figure 14-32. |A32_THERM_INTERRUPT Register 


See Figure 14-32 for the layout of IA32_THERM_INTERRUPT MSR. Bit fields include: 


High-Temperature Interrupt Enable (bit 0, R/W) — This bit allows the BIOS to enable the generation of 
an interrupt on the transition from low-temperature to a high-temperature threshold. Bit 0 = 0 (default) 
disables interrupts; bit 0 = 1 enables interrupts. 


Low-Temperature Interrupt Enable (bit 1, R/W) — This bit allows the BIOS to enable the generation of an 
interrupt on the transition from high-temperature to a low-temperature (TCC de-activation). Bit 1 = 0 (default) 
disables interrupts; bit 1 = 1 enables interrupts. 


14-42 Vol. 3B 


POWER AND THERMAL MANAGEMENT 


¢ PROCHOT# Interrupt Enable (bit 2, R/W) — This bit allows the BIOS or OS to enable the generation of an 
interrupt when PROCHOT# has been asserted by another agent on the platform and the Bidirectional Prochot 
feature is enabled. Bit 2 = O disables the interrupt; bit 2 = 1 enables the interrupt. 


¢ FORCEPR# Interrupt Enable (bit 3, R/W) — This bit allows the BIOS or OS to enable the generation of an 
interrupt when FORCEPR# has been asserted by another agent on the platform. Bit 3 = 0 disables the 
interrupt; bit 3 = 1 enables the interrupt. 


* Critical Temperature Interrupt Enable (bit 4, R/W) — Enables the generation of an interrupt when the 
Critical Temperature Detector has detected a critical thermal condition. The recommended response to this 
condition is a system shutdown. Bit 4 = 0 disables the interrupt; bit 4 = 1 enables the interrupt. 


¢ Threshold #1 Value (bits 14:8, R/W) — A temperature threshold, encoded relative to the TCC Activation 
temperature (using the same format as the Digital Readout). This threshold is compared against the Digital 
Readout and is used to generate the Thermal Threshold #1 Status and Log bits as well as the Threshold #1 
thermal interrupt delivery. 


¢ Threshold #1 Interrupt Enable (bit 15, R/W) — Enables the generation of an interrupt when the actual 
temperature crosses the Threshold #1 setting in any direction. Bit 15 = 1 enables the interrupt; bit 15 = 0 
disables the interrupt. 


¢ Threshold #2 Value (bits 22:16, R/W) —A temperature threshold, encoded relative to the TCC Activation 
temperature (using the same format as the Digital Readout). This threshold is compared against the Digital 
Readout and is used to generate the Thermal Threshold #2 Status and Log bits as well as the Threshold #2 
thermal interrupt delivery. 


¢ Threshold #2 Interrupt Enable (bit 23, R/W) — Enables the generation of an interrupt when the actual 
temperature crosses the Threshold #2 setting in any direction. Bit 23 = 1enables the interrupt; bit 23 = 0 
disables the interrupt. 


¢ Power Limit Notification Enable (bit 24, R/W) — Enables the generation of power notification events when 
the processor went below OS-requested P-state or OS-requested clock modulation duty cycle. This field is 
supported only if CPUID.O6H:EAX[bit 4] = 1. Package level power limit notification can be enabled indepen- 
dently by IA32_PACKAGE_THERM_INTERRUPT MSR. 


14.8.6 Power Limit Notification 


Platform firmware may be capable of specifying a power limit to restrict power delivered to a platform component, 
such as a physical processor package. This constraint imposed by platform firmware may occasionally cause the 
processor to operate below OS-requested P or T-state. A power limit notification event can be delivered using the 
existing thermal LVT entry in the local APIC. 


Software can enumerate the presence of the processor’s support for power limit notification by verifying 

CPUID.0O6H:EAX[bit 4] = 1. 

If CPUID.O6H:EAX[bit 4] = 1, then IA32_THERM_INTERRUPT and IA32_THERM_STATUS provides the following 

facility to manage power limit notification: 

¢ Bits 10 and 11 in IA32_THERM_STATUS informs software of the occurrence of processor operating below OS- 
requested P-state or clock modulation duty cycle setting (see Figure 14-31). 


¢ Bit 24 in IA32_THERM_INTERRUPT enables the local APIC to deliver a thermal event when the processor went 
below OS-requested P-state or clock modulation duty cycle setting (see Figure 14-32). 


14.9 PACKAGE LEVEL THERMAL MANAGEMENT 


The thermal management facilities like IA32_THERM_INTERRUPT and IA32_THERM_STATUS are often imple- 
mented with a processor core granularity. To facilitate software manage thermal events from a package level gran- 
ularity, two architectural MSR is provided for package level thermal management. The 
IA32_PACKAGE_THERM_STATUS and IA32_PACKAGE_THERM_INTERRUPT MSRs use similar interfaces as 
IA32_THERM_STATUS and IA32_THERM_INTERRUPT, but are shared in each physical processor package. 
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Software can enumerate the presence of the processor’s support for package level thermal management facility 
(IA32_PACKAGE_THERM_STATUS and IA32_PACKAGE_THERM_INTERRUPT) by verifying CPUID.O6H:EAX[bit 6] = 
1. 


The layout of IA32_PACKAGE_THERM_STATUS MSR is shown in Figure 14-33. 
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Figure 14-33. IA32_PACKAGE_THERM_STATUS Register 


° Package Thermal Status (bit 0, RO) — This bit indicates whether the digital thermal sensor high- 
temperature output signal (PROCHOT#) for the package is currently active. Bit 0 = 1 indicates the feature is 
active. This bit may not be written by software; it reflects the state of the digital thermal sensor. 


¢ Package Thermal Status Log (bit 1, R/WCO) — This is a sticky bit that indicates the history of the thermal 
sensor high temperature output signal (PROCHOT#) of the package. Bit 1 = 1 if package PROCHOT# has been 
asserted since a previous RESET or the last time software cleared the bit. Software may clear this bit by writing 
a zero. 


¢ Package PROCHOT# Event (bit 2, RO) — Indicates whether package PROCHOT# is being asserted by 
another agent on the platform. 


° Package PROCHOT# Log (bit 3, R/WCO) — Sticky bit that indicates whether package PROCHOT# has been 
asserted by another agent on the platform since the last clearing of this bit or a reset. If bit 3 = 1, package 
PROCHOT# has been externally asserted. Software may clear this bit by writing a zero. 


* Package Critical Temperature Status (bit 4, RO) — Indicates whether the package critical temperature 
detector output signal is currently active. If bit 4 = 1, the package critical temperature detector output signal 
is currently active. 


° Package Critical Temperature Log (bit 5, R/ WCO) — Sticky bit that indicates whether the package critical 
temperature detector output signal has been asserted since the last clearing of this bit or reset. If bit 5 = 1, the 
output signal has been asserted. Software may clear this bit by writing a zero. 


¢ Package Thermal Threshold #1 Status (bit 6, RO) — Indicates whether the actual package temperature is 
currently higher than or equal to the value set in Package Thermal Threshold #1. If bit 6 = 0, the actual 
temperature is lower. If bit 6 = 1, the actual temperature is greater than or equal to PTT#1. Quantitative 
information of actual package temperature can be inferred from Package Digital Readout, bits 22:16. 


* Package Thermal Threshold #1 Log (bit 7, R/WCO) — Sticky bit that indicates whether the Package 
Thermal Threshold #1 has been reached since the last clearing of this bit or a reset. If bit 7 = 1, the Package 
Threshold #1 has been reached. Software may clear this bit by writing a zero. 


¢ Package Thermal Threshold #2 Status (bit 8, RO) — Indicates whether actual package temperature is 
currently higher than or equal to the value set in Package Thermal Threshold #2. If bit 8 = 0, the actual 


14-44 Vol. 3B 


POWER AND THERMAL MANAGEMENT 


temperature is lower. If bit 8 = 1, the actual temperature is greater than or equal to PTT#2. Quantitative 
information of actual temperature can be inferred from Package Digital Readout, bits 22:16. 


¢ Package Thermal Threshold #2 Log (bit 9, R/WCO) — Sticky bit that indicates whether the Package 
Thermal Threshold #2 has been reached since the last clearing of this bit or a reset. If bit 9 = 1, the Package 
Thermal Threshold #2 has been reached. Software may clear this bit by writing a zero. 


¢ Package Power Limitation Status (bit 10, RO) — Indicates package power limit is forcing one ore more 
processors to operate below OS-requested P-state. Note that package power limit violation may be caused by 
processor cores or by devices residing in the uncore. Software can examine IA32_THERM_STATUS to 
determine if the cause originates from a processor core (see Figure 14-31). 


¢ Package Power Notification Log (bit 11, R/ WCO) — Sticky bit that indicates any processor in the package 
went below OS-requested P-state or OS-requested clock modulation duty cycle since the last clearing of this or 
RESET. 


° Package Digital Readout (bits 22:16, RO) — Package digital temperature reading in 1 degree Celsius 
relative to the package TCC activation temperature. 


0: Package TCC Activation temperature, 

1: (PTCC Activation - 1) , etc. See the processor’s data sheet for details regarding PTCC activation. 

A lower reading in the Package Digital Readout field (bits 22:16) indicates a higher actual temperature. 
The layout of IA32_PACKAGE_THERM_INTERRUPT MSR is shown in Figure 14-34. 
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Figure 14-34. |IA32_PACKAGE_THERM_INTERRUPT Register 


° Package High-Temperature Interrupt Enable (bit 0, R/W) — This bit allows the BIOS to enable the 
generation of an interrupt on the transition from low-temperature to a package high-temperature threshold. 
Bit O = O (default) disables interrupts; bit 0 = 1 enables interrupts. 


¢ Package Low-Temperature Interrupt Enable (bit 1, R/W) — This bit allows the BIOS to enable the 
generation of an interrupt on the transition from high-temperature to a low-temperature (TCC de-activation). 
Bit 1 = O (default) disables interrupts; bit 1 = 1 enables interrupts. 


° Package PROCHOT# Interrupt Enable (bit 2, R/W) — This bit allows the BIOS or OS to enable the 
generation of an interrupt when Package PROCHOT# has been asserted by another agent on the platform and 
the Bidirectional Prochot feature is enabled. Bit 2 = 0 disables the interrupt; bit 2 = 1 enables the interrupt. 


¢ Package Critical Temperature Interrupt Enable (bit 4, R/W) — Enables the generation of an interrupt 
when the Package Critical Temperature Detector has detected a critical thermal condition. The recommended 
response to this condition is a system shutdown. Bit 4 = 0 disables the interrupt; bit 4 = 1 enables the 
interrupt. 


° Package Threshold #1 Value (bits 14:8, R/W) — A temperature threshold, encoded relative to the 
Package TCC Activation temperature (using the same format as the Digital Readout). This threshold is 
compared against the Package Digital Readout and is used to generate the Package Thermal Threshold #1 
Status and Log bits as well as the Package Threshold #1 thermal interrupt delivery. 
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¢ Package Threshold #1 Interrupt Enable (bit 15, R/W) — Enables the generation of an interrupt when the 
actual temperature crosses the Package Threshold #1 setting in any direction. Bit 15 = 1 enables the interrupt; 
bit 15 = O disables the interrupt. 


° Package Threshold #2 Value (bits 22:16, R/W) —A temperature threshold, encoded relative to the PTCC 
Activation temperature (using the same format as the Package Digital Readout). This threshold is compared 
against the Package Digital Readout and is used to generate the Package Thermal Threshold #2 Status and Log 
bits as well as the Package Threshold #2 thermal interrupt delivery. 


¢ Package Threshold #2 Interrupt Enable (bit 23, R/W) — Enables the generation of an interrupt when the 
actual temperature crosses the Package Threshold #2 setting in any direction. Bit 23 = 1 enables the interrupt; 
bit 23 = O disables the interrupt. 


° Package Power Limit Notification Enable (bit 24, R/W) — Enables the generation of package power 
notification events. 


14.9.1 | Support for Passive and Active cooling 


Passive and active cooling may be controlled by the OS power management agent through ACPI control methods. 
On platforms providing package level thermal management facility described in the previous section, it is recom- 
mended that active cooling (FAN control) should be driven by measuring the package temperature using the 
IA32_PACKAGE_THERM_INTERRUPT MSR. 


Passive cooling (frequency throttling) should be driven by measuring (a) the core and package temperatures, or 
(b) only the package temperature. If measured package temperature led the power management agent to choose 
which core to execute passive cooling, then all cores need to execute passive cooling. Core temperature is 
measured using the IA32_THERMAL_STATUS and IA32_THERMAL_INTERRUPT MSRs. The exact implementation 
details depend on the platform firmware and possible solutions include defining two different thermal zones (one 
for core temperature and passive cooling and the other for package temperature and active cooling). 


14.10 PLATFORM SPECIFIC POWER MANAGEMENT SUPPORT 


This section covers power management interfaces that are not architectural but addresses the power management 
needs of several platform specific components. Specifically, RAPL (Running Average Power Limit) interfaces provide 
mechanisms to enforce power consumption limit. Power limiting usages have specific usages in client and server 
platforms. 


For client platform power limit control and for server platforms used in a data center, the following power and 
thermal related usages are desirable: 


¢ Platform Thermal Management: Robust mechanisms to manage component, platform, and group-level 
thermals, either proactively or reactively (e.g., in response to a platform-level thermal trip point). 


¢ Platform Power Limiting: More deterministic control over the system's power consumption, for example to meet 
battery life targets on rack-level or container-level power consumption goals within a datacenter. 


° Power/Performance Budgeting: Efficient means to control the power consumed (and therefore the sustained 
performance delivered) within and across platforms. 


The server and client usage models are addressed by RAPL interfaces, which expose multiple domains of power 
rationing within each processor socket. Generally, these RAPL domains may be viewed to include hierarchically: 


¢ Package domain is the processor die. 


¢ Memory domain includes the directly-attached DRAM; an additional power plane may constitute a separate 
domain. 


In order to manage the power consumed across multiple sockets via RAPL, individual limits must be programmed 
for each processor complex. Programming specific RAPL domain across multiple sockets is not supported. 
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14.10.1 RAPL Interfaces 


RAPL interfaces consist of non-architectural MSRs. Each RAPL domain supports the following set of capabilities, 
some of which are optional as stated below. 


¢ Power limit - MSR interfaces to specify power limit, time window; lock bit, clamp bit etc. 
¢ Energy Status - Power metering interface providing energy consumption information. 


° Perf Status (Optional) - Interface providing information on the performance effects (regression) due to power 
limits. It is defined as a duration metric that measures the power limit effect in the respective domain. The 
meaning of duration is domain specific. 


¢ Power Info (Optional) - Interface providing information on the range of parameters for a given domain, 
minimum power, maximum power etc. 


° Policy (Optional) - 4-bit priority information that is a hint to hardware for dividing budget between sub-domains 
in a parent domain. 


Each of the above capabilities requires specific units in order to describe them. Power is expressed in Watts, Time 
is expressed in Seconds, and Energy is expressed in Joules. Scaling factors are supplied to each unit to make the 
information presented meaningful in a finite number of bits. Units for power, energy, and time are exposed in the 
read-only MSR_RAPL_POWER_UNIT MSR. 
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Figure 14-35. MSR_RAPL_POWER_UNIT Register 


MSR_RAPL_POWER_UNIT (Figure 14-35) provides the following information across all RAPL domains: 


° Power Units (bits 3:0): Power related information (in Watts) is based on the multiplier, 1/ 2*PU; where PU is 
an unsigned integer represented by bits 3:0. Default value is 0011b, indicating power unit is in 1/8 Watts 
increment. 


° Energy Status Units (bits 12:8): Energy related information (in Joules) is based on the multiplier, 1/2“ESU; 
where ESU is an unsigned integer represented by bits 12:8. Default value is 10000b, indicating energy status 
unit is in 15.3 micro-Joules increment. 


¢ Time Units (bits 19:16): Time related information (in Seconds) is based on the multiplier, 1/ 2*TU; where TU 
is an unsigned integer represented by bits 19:16. Default value is 1010b, indicating time unit is in 976 micro- 
seconds increment. 


14.10.2 RAPL Domains and Platform Specificity 


The specific RAPL domains available in a platform vary across product segments. Platforms targeting the client 
segment support the following RAPL domain hierarchy: 


° Package 

* Two power planes: PPO and PP1 (PP1 may reflect to uncore devices) 

Platforms targeting the server segment support the following RAPL domain hierarchy: 
° Package 

¢ Power plane: PPO 

°¢ DRAM 
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Each level of the RAPL hierarchy provides a respective set of RAPL interface MSRs. Table 14-12 lists the RAPL MSR 
interfaces available for each RAPL domain. The power limit MSR of each RAPL domain is located at offset 0 relative 
to an MSR base address which is non-architectural (see Chapter 2, “Model-Specific Registers (MSRs)” in the Inte/® 


64 and IA-32 Architectures Software Developer’s Manual, Volume 4). The energy status MSR of each domain is 
located at offset 1 relative to the MSR base address of respective domain. 


Table 14-12. RAPL MSR Interfaces and RAPL Domains 


Domain Power Limit Energy Status (Offset Policy Perf Status Power Info 
(Offset 0) 1) (Offset 2) (Offset 3) (Offset 4) 
PKG MSR_PKG_POWER_ | MSR_PKG_ENERGY_STA | RESERVED MSR_PKG_PERF_STATUS MSR_PKG_POWER_| 
LIMIT TUS NFO 
DRAM MSR_DRAM_POWER | MSR_DRAM_ENERGY_S | RESERVED MSR_DRAM_PERF_STATUS | MSR_DRAM_POWER 
_UIMIT TATUS _INFO 
PPO MSR_PPO_POWER_ | MSR_PPO_ENERGY_STA | MSR_PPO_POLICY | MSR_PPO_PERF_STATUS RESERVED 
LIMIT TUS 
PP1 MSR_PP1_POWER_ ) MSR_PP1_ENERGY_STA | MSR_PP1_POLICY | RESERVED RESERVED 
LIMIT TUS 


The presence of the optional MSR interfaces (the three right-most columns of Table 14-12) may be model-specific. 
See Chapter 2, “Model-Specific Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 4 for details. 


14.10.3 Package RAPL Domain 


The MSR interfaces defined for the package RAPL domain are: 


¢ MSR_PKG_POWER_LIMIT allows software to set power limits for the package and measurement attributes 
associated with each limit, 


¢ MSR_PKG_ENERGY_STATUS reports measured actual energy usage, 
¢ MSR_PKG_POWER_INFO reports the package power range information for RAPL usage. 


MSR_PKG_PERF_STATUS can report the performance impact of power limiting, but its availability may be model- 
specific. 
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Figure 14-36. MSR_PKG_POWER_LIMIT Register 


MSR_PKG_POWER_LIMIT allows a software agent to define power limitation for the package domain. Power limita- 
tion is defined in terms of average power usage (Watts) over a time window specified in MSR_PKG_POWER_LIMIT. 
Two power limits can be specified, corresponding to time windows of different sizes. Each power limit provides inde- 
pendent clamping control that would permit the processor cores to go below OS-requested state to meet the power 
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limits. A lock mechanism allow the software agent to enforce power limit settings. Once the lock bit is set, the 
power limit settings are static and un-modifiable until next RESET. 


The bit fields of MSR_PKG_POWER_LIMIT (Figure 14-36) are: 


Package Power Limit #1(bits 14:0): Sets the average power usage limit of the package domain corre- 
sponding to time window # 1. The unit of this field is specified by the “Power Units” field of 
MSR_RAPL_POWER_UNIT. 


Enable Power Limit #1(bit 15): 0 = disabled; 1 = enabled. 


Package Clamping Limitation #1 (bit 16): Allow going below OS-requested P/T state setting during time 
window specified by bits 23:17. 


Time Window for Power Limit #1 (bits 23:17): Indicates the time window for power limit #1 
Time limit = 24Y * (1.0 + Z/4.0) * Time_Unit 


Here “Y” is the unsigned integer value represented. by bits 21:17, “Z” is an unsigned integer represented by 
bits 23:22. “Time_Unit” is specified by the “Time Units” field of MSR_RAPL_POWER_UNIT. 


Package Power Limit #2(bits 46:32): Sets the average power usage limit of the package domain corre- 
sponding to time window # 2. The unit of this field is specified by the “Power Units” field of 
MSR_RAPL_POWER_UNIT. 


Enable Power Limit #2(bit 47): 0 = disabled; 1 = enabled. 


Package Clamping Limitation #2 (bit 48): Allow going below OS-requested P/T state setting during time 
window specified by bits 23:17. 


Time Window for Power Limit #2 (bits 55:49): Indicates the time window for power limit #2 
Time limit = 24Y * (1.0 + Z/4.0) * Time_Unit 


Here “Y” is the unsigned integer value represented. by bits 53:49, “Z” is an unsigned integer represented by 
bits 55:54. “Time_Unit” is specified by the “Time Units” field of MSR_RAPL_POWER_UNIT. This field may have 
a hard-coded value in hardware and ignores values written by software. 


Lock (bit 63): If set, all write attempts to this MSR are ignored until next RESET. 


MSR_PKG_ENERGY_STATUS is a read-only MSR. It reports the actual energy use for the package domain. This 
MSR is updated every ~1imsec. It has a wraparound time of around 60 secs when power consumption is high, and 
may be longer otherwise. 
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Figure 14-37. MSR_PKG_ENERGY_STATUS MSR 


Total Energy Consumed (bits 31:0): The unsigned integer value represents the total amount of energy 
consumed since that last time this register is cleared. The unit of this field is specified by the “Energy Status 
Units” field of MSR_RAPL_POWER_UNIT. 
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MSR_PKG_POWER_INFO is a read-only MSR. It reports the package power range information for RAPL usage. This 
MSR provides maximum/minimum values (derived from electrical specification), thermal specification power of the 
package domain. It also provides the largest possible time window for software to program the RAPL interface. 
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Figure 14-38. MSR_PKG_POWER_INFO Register 


¢ Thermal Spec Power (bits 14:0): The unsigned integer value is the equivalent of thermal specification power 
of the package domain. The unit of this field is specified by the “Power Units” field of MSR_RAPL_POWER_UNIT. 


¢ Minimum Power (bits 30:16): The unsigned integer value is the equivalent of minimum power derived from 
electrical spec of the package domain. The unit of this field is specified by the “Power Units” field of 
MSR_RAPL_POWER_UNIT. 


¢ Maximum Power (bits 46:32): The unsigned integer value is the equivalent of maximum power derived from 
the electrical spec of the package domain. The unit of this field is specified by the “Power Units” field of 
MSR_RAPL_POWER_UNIT. 


¢ Maximum Time Window (bits 53:48): The unsigned integer value is the equivalent of largest acceptable 
value to program the time window of MSR_PKG_POWER_LIMIT. The unit of this field is specified by the “Time 
Units” field of MSR_RAPL_POWER_UNIT. 


MSR_PKG_PERF_STATUS is a read-only MSR. It reports the total time for which the package was throttled due to 
the RAPL power limits. Throttling in this context is defined as going below the OS-requested P-state or T-state. It 
has a wrap-around time of many hours. The availability of this MSR is platform specific (see Chapter 2, “Model- 
Specific Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4). 
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Figure 14-39. MSR_PKG_PERF_STATUS MSR 


¢ Accumulated Package Throttled Time (bits 31:0): The unsigned integer value represents the cumulative 
time (since the last time this register is cleared) that the package has throttled. The unit of this field is specified 
by the “Time Units” field of MSR_RAPL_POWER_UNIT. 


14.10.4 PPO/PP1 RAPL Domains 


The MSR interfaces defined for the PPO and PP1 domains are identical in layout. Generally, PPO refers to the 

processor cores. The availability of PP1 RAPL domain interface is platform-specific. For a client platform, the PP1 

domain refers to the power plane of a specific device in the uncore. For server platforms, the PP1 domain is not 

supported, but its PPO domain supports the MSR_PPO_PERF_STATUS interface. 

¢ MSR_PPO_POWER_LIMIT/MSR_PP1_POWER_LIMIT allow software to set power limits for the respective power 
plane domain. 


¢ MSR_PPO_ENERGY_STATUS/MSR_PP1_ENERGY_STATUS report actual energy usage on a power plane. 
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MSR_PPO_POLICY/MSR_PP1_POLICY allow software to adjust balance for respective power plane. 


MSR_PPO_PERF_STATUS can report the performance impact of power limiting, but it is not available in client plat- 
forms. 
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Figure 14-40. MSR_PPO_POWER_LIMIT/MSR_PP1_POWER_LIMIT Register 


MSR_PPO_POWER_LIMIT/MSR_PP1_POWER_LIMIT allow a software agent to define power limitation for the 
respective power plane domain. A lock mechanism in each power plane domain allows the software agent to 
enforce power limit settings independently. Once a lock bit is set, the power limit settings in that power plane are 
static and un-modifiable until next RESET. 


The bit fields of MSR_PPO_POWER_LIMIT/MSR_PP1_POWER_LIMIT (Figure 14-40) are: 


Power Limit (bits 14:0): Sets the average power usage limit of the respective power plane domain. The unit 
of this field is specified by the “Power Units” field of MSR_RAPL_POWER_UNIT. 


Enable Power Limit (bit 15): 0 = disabled; 1 = enabled. 


Clamping Limitation (bit 16): Allow going below OS-requested P/T state setting during time window specified 
by bits 23:17. 


Time Window for Power Limit (bits 23:17): Indicates the length of time window over which the power limit 
#1 will be used by the processor. The numeric value encoded by bits 23:17 is represented by the product of 
2“Y *F; where F is a single-digit decimal floating-point value between 1.0 and 1.3 with the fraction digit 
represented by bits 23:22, Y is an unsigned integer represented by bits 21:17. The unit of this field is specified 
by the “Time Units” field of MSR_RAPL_POWER_UNIT. 


Lock (bit 31): If set, all write attempts to the MSR and corresponding policy 
MSR_PPO_POLICY/MSR_PP1_POLICY are ignored until next RESET. 


MSR_PPO_ENERGY_STATUS/MSR_PP1_ENERGY_STATUS are read-only MSRs. They report the actual energy use 
for the respective power plane domains. These MSRs are updated every ~1msec. 
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Figure 14-41. MSR_PPO_ENERGY_STATUS/MSR_PP1_ENERGY_STATUS MSR 


Total Energy Consumed (bits 31:0): The unsigned integer value represents the total amount of energy 
consumed since the last time this register was cleared. The unit of this field is specified by the “Energy Status 
Units” field of MSR_RAPL_POWER_UNIT. 


MSR_PPO_POLICY/MSR_PP1_POLICY provide balance power policy control for each power plane by providing 
inputs to the power budgeting management algorithm. On platforms that support PPO (IA cores) and PPi (uncore 
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graphic device), the default values give priority to the non-IA power plane. These MSRs enable the PCU to balance 
power consumption between the IA cores and uncore graphic device. 
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Figure 14-42. MSR_PPO_POLICY/MSR_PP1_POLICY Register 


° Priority Level (bits 4:0): Priority level input to the PCU for respective power plane. PPO covers the IA 
processor cores, PP1 covers the uncore graphic device. The value 31 is considered highest priority. 


MSR_PPO_PERF_STATUS is a read-only MSR. It reports the total time for which the PPO domain was throttled due 
to the power limits. This MSR is supported only in server platform. Throttling in this context is defined as going 
below the OS-requested P-state or T-state. 
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Figure 14-43. MSR_PPO_PERF_STATUS MSR 


¢ Accumulated PPO Throttled Time (bits 31:0): The unsigned integer value represents the cumulative time 
(since the last time this register is cleared) that the PPO domain has throttled. The unit of this field is specified 
by the “Time Units” field of MSR_RAPL_POWER_UNIT. 


14.10.5 DRAM RAPL Domain 


The MSR interfaces defined for the DRAM domains are supported only in the server platform. The MSR interfaces 
are: 


¢ MSR_DRAM_POWER_LIMIT allows software to set power limits for the DRAM domain and measurement 
attributes associated with each limit. 


¢ MSR_DRAM_ENERGY_STATUS reports measured actual energy usage. 
° MSR_DRAM_POWER_INFO reports the DRAM domain power range information for RAPL usage. 
¢ MSR_DRAM_PERF_STATUS can report the performance impact of power limiting. 
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Figure 14-44. MSR_DRAM_POWER_LIMIT Register 
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MSR_DRAM_POWER_LIMIT allows a software agent to define power limitation for the DRAM domain. Power limita- 
tion is defined in terms of average power usage (Watts) over a time window specified in 
MSR_DRAM_POWER_LIMIT. A power limit can be specified along with a time window. A lock mechanism allow the 
software agent to enforce power limit settings. Once the lock bit is set, the power limit settings are static and un- 
modifiable until next RESET. 


The bit fields of MSR_DRAM_POWER_LIMIT (Figure 14-44) are: 


¢ DRAM Power Limit #1(bits 14:0): Sets the average power usage limit of the DRAM domain corresponding to 
time window # 1. The unit of this field is specified by the “Power Units” field of MSR_RAPL_POWER_UNIT. 

¢ Enable Power Limit #1(bit 15): 0 = disabled; 1 = enabled. 

¢ Time Window for Power Limit (bits 23:17): Indicates the length of time window over which the power limit 
will be used by the processor. The numeric value encoded by bits 23:17 is represented by the product of 2“Y 
*F: where F is a single-digit decimal floating-point value between 1.0 and 1.3 with the fraction digit 
represented by bits 23:22, Y is an unsigned integer represented by bits 21:17. The unit of this field is specified 
by the “Time Units” field of MSR_RAPL_POWER_UNIT. 


¢ Lock (bit 31): If set, all write attempts to this MSR are ignored until next RESET. 


MSR_DRAM_ENERGY_STATUS is a read-only MSR. It reports the actual energy use for the DRAM domain. This MSR 
is updated every ~1msec. 
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Figure 14-45. MSR_DRAM_ENERGY_STATUS MSR 


° Total Energy Consumed (bits 31:0): The unsigned integer value represents the total amount of energy 
consumed since that last time this register is cleared. The unit of this field is specified by the “Energy Status 
Units” field of MSR_RAPL_POWER_UNIT. 


MSR_DRAM_POWER_INFO is a read-only MSR. It reports the DRAM power range information for RAPL usage. This 
MSR provides maximum/minimum values (derived from electrical specification), thermal specification power of the 
DRAM domain. It also provides the largest possible time window for software to program the RAPL interface. 
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Figure 14-46. MSR_DRAM_POWER_INFO Register 


¢ Thermal Spec Power (bits 14:0): The unsigned integer value is the equivalent of thermal specification power 
of the DRAM domain. The unit of this field is specified by the “Power Units” field of MSR_RAPL_POWER_UNIT. 


¢ Minimum Power (bits 30:16): The unsigned integer value is the equivalent of minimum power derived from 
electrical spec of the DRAM domain. The unit of this field is specified by the “Power Units” field of 
MSR_RAPL_POWER_UNIT. 

¢ Maximum Power (bits 46:32): The unsigned integer value is the equivalent of maximum power derived from 
the electrical spec of the DRAM domain. The unit of this field is specified by the “Power Units” field of 
MSR_RAPL_POWER_UNIT. 
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¢ Maximum Time Window (bits 53:48): The unsigned integer value is the equivalent of largest acceptable 
value to program the time window of MSR_DRAM_POWER_LIMIT. The unit of this field is specified by the “Time 
Units” field of MSR_RAPL_POWER_UNIT. 


MSR_DRAM_PERF_STATUS is a read-only MSR. It reports the total time for which the package was throttled due to 
the RAPL power limits. Throttling in this context is defined as going below the OS-requested P-state or T-state. It 
has a wrap-around time of many hours. The availability of this MSR is platform specific (see Chapter 2, “Model- 
Specific Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4). 


63 32 31 0 


Reserved 


Accumulated DRAM throttled time——H+H+_ 


Reserved 


Figure 14-47. MSR_DRAM_PERF_STATUS MSR 


¢ Accumulated Package Throttled Time (bits 31:0): The unsigned integer value represents the cumulative 
time (since the last time this register is cleared) that the DRAM domain has throttled. The unit of this field is 
specified by the “Time Units” field of MSR_RAPL_POWER_UNIT. 
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MACHINE-CHECK ARCHITECTURE 


This chapter describes the machine-check architecture and machine-check exception mechanism found in the 
Pentium 4, Intel Xeon, Intel Atom, and P6 family processors. See Chapter 6, “Interrupt 18—Machine-Check Excep- 
tion (#MC),” for more information on machine-check exceptions. A brief description of the Pentium processor's 
machine check capability is also given. 


Additionally, a signaling mechanism for software to respond to hardware corrected machine check error is covered. 


15.1 MACHINE-CHECK ARCHITECTURE 


The Pentium 4, Intel Xeon, Intel Atom, and P6 family processors implement a machine-check architecture that 
provides a mechanism for detecting and reporting hardware (machine) errors, such as: system bus errors, ECC 
errors, parity errors, cache errors, and TLB errors. It consists of a set of model-specific registers (MSRs) that are 
used to set up machine checking and additional banks of MSRs used for recording errors that are detected. 


The processor signals the detection of an uncorrected machine-check error by generating a machine-check excep- 
tion (#MC), which is an abort class exception. The implementation of the machine-check architecture does not 
ordinarily permit the processor to be restarted reliably after generating a machine-check exception. However, the 
machine-check-exception handler can collect information about the machine-check error from the machine-check 
MSRs. 


Starting with 45 nm Intel 64 processor on which CPUID reports DisplayFamily_DisplayModel as O6H_1AH (see 
CPUID instruction in Chapter 3, “Instruction Set Reference, A-L” in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 2A), the processor can report information on corrected machine-check errors and 
deliver a programmable interrupt for software to respond to MC errors, referred to as corrected machine-check 
error interrupt (CMCI). See Section 15.5 for detail. 


Intel 64 processors supporting machine-check architecture and CMCI may also support an additional enhance- 
ment, namely, support for software recovery from certain uncorrected recoverable machine check errors. See 
Section 15.6 for detail. 


15.2 COMPATIBILITY WITH PENTIUM PROCESSOR 


The Pentium 4, Intel Xeon, Intel Atom, and P6 family processors support and extend the machine-check exception 
mechanism introduced in the Pentium processor. The Pentium processor reports the following machine-check 
errors: 


¢ data parity errors during read cycles 
* unsuccessful completion of a bus cycle 
The above errors are reported using the PS_MC_TYPE and P5_MC_ADDR MSRs (implementation specific for the 


Pentium processor). Use the RDMSR instruction to read these MSRs. See Chapter 2, “Model-Specific Registers 
(MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4 for the addresses. 


The machine-check error reporting mechanism that Pentium processors use is similar to that used in Pentium 4, 
Intel Xeon, Intel Atom, and P6 family processors. When an error is detected, it is recorded in PS_MC_TYPE and 
P5_MC_ADDR; the processor then generates a machine-check exception (#MC). 


See Section 15.3.3, “Mapping of the Pentium Processor Machine-Check Errors to the Machine-Check Architecture,” 
and Section 15.10.2, “Pentium Processor Machine-Check Exception Handling,” for information on compatibility 
between machine-check code written to run on the Pentium processors and code written to run on P6 family 
processors. 
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15.3. MACHINE-CHECK MSRS 


Machine check MSRs in the Pentium 4, Intel Atom, Intel Xeon, and P6 family processors consist of a set of global 
control and status registers and several error-reporting register banks. See Figure 15-1. 


Global Control MSRs Error-Reporting Bank Registers 
(One Set for Each Hardware Unit) 
63 0 63 0 
IA32_MCG_CAP MSR 1A32_MCi_CTL MSR 
63 0 63 0 
IA32_MCG_STATUS MSR 1A32_MCi_STATUS MSR 
63 0 63 0 
1A32_MCG_CTL MSR 1A32_MCi_ADDR MSR 
63 0 63 0 
IA32_MCG_EXT_CTL MSR 1A32_MCi_MISC MSR 
63 0 
IA32_MCi_CTL2 MSR 


Figure 15-1. Machine-Check MSRs 


Each error-reporting bank is associated with a specific hardware unit (or group of hardware units) in the processor. 
Use RDMSR and WRMSR to read and to write these registers. 


15.3.1 Machine-Check Global Control MSRs 


The machine-check global control MSRs include the IA32_MCG_CAP, IA32_MCG_STATUS, and optionally 
IA32_MCG_CTL and IA32_MCG_EXT_CTL. See Chapter 2, “Model-Specific Registers (MSRs)” in the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 4 for the addresses of these registers. 


15.3.1.1 IA32_MCG_CAP MSR 


The IA32_MCG_CAP MSR is a read-only register that provides information about the machine-check architecture of 
the processor. Figure 15-2 shows the layout of the register. 
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63 27 26 25 2423 1615 1211109 8 7 0 


Reserved Count 


MCG_LMCE_P[27] ———— 
MCG_ELOG P[26] 


MCG_EMC _P[25] 
MCG_SER_P[24] 
MCG_EXT_CNT[23:16] 
MCG_TES P[11] 
MCG_CMCI_P[10] 
MCG_EXT_P[9] 
MCG_CTL_P[8] 


Figure 15-2. IA32_MCG_CAP Register 


Where: 


Count field, bits 7:0 — Indicates the number of hardware unit error-reporting banks available in a particular 
processor implementation. 


MCG_CTL_P (control MSR present) flag, bit 8 — Indicates that the processor implements the 
IA32_MCG_CTL MSR when set; this register is absent when clear. 


MCG_EXT_P (extended MSRs present) flag, bit 9 — Indicates that the processor implements the extended 
machine-check state registers found starting at MSR address 180H; these registers are absent when clear. 


MCG_CMCI_P (Corrected MC error counting/signaling extension present) flag, bit 10 — Indicates 
(when set) that extended state and associated MSRs necessary to support the reporting of an interrupt on a 
corrected MC error event and/or count threshold of corrected MC errors, is present. When this bit is set, it does 
not imply this feature is supported across all banks. Software should check the availability of the necessary 
logic on a bank by bank basis when using this signaling capability (i.e. bit 30 settable in individual 
IA32_MCi_CTL2 register). 


MCG_TES_P (threshold-based error status present) flag, bit 11 — Indicates (when set) that bits 56:53 
of the IA32_MCi_STATUS MSR are part of the architectural space. Bits 56:55 are reserved, and bits 54:53 are 
used to report threshold-based error status. Note that when MCG_TES_P is not set, bits 56:53 of the 
IA32_MCi_STATUS MSR are model-specific. 


MCG_EXT_CNT, bits 23:16 — Indicates the number of extended machine-check state registers present. This 
field is meaningful only when the MCG_EXT_P flag is set. 


MCG_SER_P (software error recovery support present) flag, bit 24 — Indicates (when set) that the 
processor supports software error recovery (see Section 15.6), and IA32_MCi_STATUS MSR bits 56:55 are 
used to report the signaling of uncorrected recoverable errors and whether software must take recovery 
actions for uncorrected errors. Note that when MCG_TES_Pis not set, bits 56:53 of the IA32_MCi_STATUS MSR 
are model-specific. If MCG_TES_P is set but MCG_SER_P is not set, bits 56:55 are reserved. 


MCG_EMC_P (Enhanced Machine Check Capability) flag, bit 25 — Indicates (when set) that the 
processor supports enhanced machine check capabilities for firmware first signaling. 


MCG_ELOG_P (extended error logging) flag, bit 26 — Indicates (when set) that the processor allows 
platform firmware to be invoked when an error is detected so that it may provide additional platform specific 
information in an ACPI format “Generic Error Data Entry” that augments the data included in machine check 
bank registers. 


For additional information about extended error logging interface, see 
https://www.intel.com/content/dam/www/public/us/en/documents/white-papers/enhanced-mca-logging- 
xeon-paper.pdf. 
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¢ MCG_LMCE_P (local machine check exception) flag, bit 27 — Indicates (when set) that the following 
interfaces are present: 


— an extended state LMCE_S (located in bit 3 of IA32_MCG_STATUS), and 
— the IA32_MCG_EXT_CTL MSR, necessary to support Local Machine Check Exception (LMCE). 


A non-zero MCG_LMCE_P indicates that, when LMCE is enabled as described in Section 15.3.1.5, some machine 
check errors may be delivered to only a single logical processor. 


The effect of writing to the IA32_MCG_CAP MSR is undefined. 


15.3.1.2 IA32_MCG_STATUS MSR 


The IA32_MCG_STATUS MSR describes the current state of the processor after a machine-check exception has 
occurred (see Figure 15-3). 


63 3 


Reserved j 


<U-Mm}/— 
<U-DO 


LMCE_S—Local machine check exception | 
MCIP—Machine check in progress flag 

EIPV—Error IP valid flag 
RIPV—Restart IP valid flag 


Figure 15-3. IA32_MCG_STATUS Register 


Where: 


° RIPV (restart IP valid) flag, bit O — Indicates (when set) that program execution can be restarted reliably 
at the instruction pointed to by the instruction pointer pushed on the stack when the machine-check exception 
is generated. When clear, the program cannot be reliably restarted at the pushed instruction pointer. 


¢ EIPV (error IP valid) flag, bit 1 — Indicates (when set) that the instruction pointed to by the instruction 
pointer pushed onto the stack when the machine-check exception is generated is directly associated with the 
error. When this flag is cleared, the instruction pointed to may not be associated with the error. 


¢ MCIP (machine check in progress) flag, bit 2 — Indicates (when set) that a machine-check exception was 
generated. Software can set or clear this flag. The occurrence of a second Machine-Check Event while MCIP is 
set will cause the processor to enter a shutdown state. For information on processor behavior in the shutdown 
state, please refer to the description in Chapter 6, “Interrupt and Exception Handling”: “Interrupt 8—Double 
Fault Exception (#DF)”. 


° LMCE_S (local machine check exception signaled), bit 3 — Indicates (when set) that a local machine- 
check exception was generated. This indicates that the current machine-check event was delivered to only this 
logical processor. 


Bits 63:04 in IA32_MCG_STATUS are reserved. An attempt to write to IA32_MCG_STATUS with any value other 
than O would result in #GP. 


15.3.1.3. IA32_MCG_CTL MSR 
The IA32_MCG_CTL MSR is present if the capability flag MCG_CTL_P is set in the IA32_MCG_CAP MSR. 


IA32_MCG_CTL controls the reporting of machine-check exceptions. If present, writing 1s to this register enables 
machine-check features and writing all Os disables machine-check features. All other values are undefined and/or 
implementation specific. 
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15.3.1.4 IA32_MCG_EXT_CTL MSR 
The IA32_MCG_EXT_CTL MSR is present if the capability flag MCG_LMCE_P is set in the IA32_MCG_CAP MSR. 


IA32_MCG_EXT_CTL.LMCE_EN (bit 0) allows the processor to signal some MCEs to only a single logical processor 
in the system. 


If MCG_LMCE_P is not set in IA32_MCG_CAP, or platform software has not enabled LMCE by setting 
IA32_FEATURE_CONTROL.LMCE_ENABLED (bit 20), any attempt to write or read IA32_MCG_EXT_CTL will result in 
#GP. 


The IA32_MCG_EXT_CTL MSR is cleared on RESET. 
Figure 15-4 shows the layout of the IA32_MCG_EXT_CTL register 


63 1.0 


Reserved 


LMCE_EN - system software control to enable/disable LMCE | 


Figure 15-4. IA32_MCG_EXT_CTL Register 


where 


¢ LMCE_EN (local machine check exception enable) flag, bit 0 - System software sets this to allow 
hardware to signal some MCEs to only a single logical processor. System software can set LMCE_EN only if the 
platform software has configured IA32_FEATURE_CONTROL as described in Section 15.3.1.5. 


15.3.1.5 Enabling Local Machine Check 


The intended usage of LMCE requires proper configuration by both platform software and system software. Plat- 
form software can turn LMCE on by setting bit 20 (LMCE_ENABLED) in IA32_FEATURE_CONTROL MSR (MSR 
address 3AH). 


System software must ensure that both IA32_FEATURE_CONTROL.Lock (bit 0)and 
IA32_FEATURE_CONTROL.LMCE_ENABLED (bit 20) are set before attempting to set 
IA32_MCG_EXT_CTL.LMCE_EN (bit 0). When system software has enabled LMCE, then hardware will determine if 
a particular error can be delivered only to a single logical processor. Software should make no assumptions about 
the type of error that hardware can choose to deliver as LMCE. The severity and override rules stay the same as 
described in Table 15-8 to determine the recovery actions. 


15.3.2 Error-Reporting Register Banks 


Each error-reporting register bank can contain the IA32_MCi_CTL, IA32_MCi_STATUS, IA32_MCi_ADDR, and 
IA32_MCi_MISC MSRs. The number of reporting banks is indicated by bits [7:0] of IA32_MCG_CAP MSR (address 
0179H). The first error-reporting register (IA32_MCO_CTL) always starts at address 400H. 


See Chapter 2, “Model-Specific Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 4 for addresses of the error-reporting registers in the Pentium 4, Intel Atom, and Intel Xeon 
processors; and for addresses of the error-reporting registers P6 family processors. 


15.3.2.1  IA32_MCi_CTL MSRs 


The IA32_MCi_CTL MSR controls signaling of #MC for errors produced by a particular hardware unit (or group of 
hardware units). Each of the 64 flags (EEj) represents a potential error. Setting an EEj flag enables signaling #MC 
of the associated error and clearing it disables signaling of the error. Error logging happens regardless of the setting 
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of these bits. The processor drops writes to bits that are not implemented. Figure 15-5 shows the bit fields of 
IA32_MCi_CTL. 


63 62 61 3210 

E 
6 16/6 oe e@ e@ ololo 
3/2)1 2/1/|0 


EEj—Error reporting enable flag 
(where j is 00 through 63) 


Figure 15-5. IA32_MCi_CTL Register 


NOTE 


For P6 family processors, processors based on Intel Core microarchitecture (excluding those on 
which on which CPUID reports DisplayFamily_DisplayModel as O6H_1AH and onward): the 
operating system or executive software must not modify the contents of the IA32_MCO_CTL MSR. 
This MSR is internally aliased to the EBL_CR_POWERON MSR and controls platform-specific error 
handling features. System specific firmware (the BIOS) is responsible for the appropriate initial- 
ization of the IA32_MCO_CTL MSR. P6 family processors only allow the writing of all 1s or all Os to 
the IA32_MCi_CTL MSR. 


15.3.2.2 IA32_MCi_STATUS MSRS 


Each IA32_MCi_STATUS MSR contains information related to a machine-check error if its VAL (valid) flag is set (see 
Figure 15-6). Software is responsible for clearing IA32_MCi_STATUS MSRs by explicitly writing Os to them; writing 
1s to them causes a general-protection exception. 


NOTE 


Figure 15-6 depicts the IA32_MCi_STATUS MSR when IA32_MCG_CAP[24] = 1, 
IA32_MCG_CAP[11] = 1 and IA32_MCG_CAP[10] = 1. When IA32_MCG_CAP[24] = 0 and 
IA32_MCG_CAP[11] = 1, bits 56:55 is reserved and bits 54:53 for threshold-based error reporting. 
When IA32_MCG_CAP[11] = 0, bits 56:53 are part of the “Other Information” field. The use of bits 
54:53 for threshold-based error reporting began with Intel Core Duo processors, and is currently 
used for cache memory. See Section 15.4, “Enhanced Cache Error reporting,” for more information. 
When IA32_MCG_CAP[10] = 0, bits 52:38 are part of the “Other Information” field. The use of bits 
52:38 for corrected MC error count is introduced with Intel 64 processor on which CPUID reports 
DisplayFamily_DisplayModel as O6H_1AH. 


Where: 


° MCA (machine-check architecture) error code field, bits 15:0 — Specifies the machine-check archi- 
tecture-defined error code for the machine-check error condition detected. The machine-check architecture- 
defined error codes are guaranteed to be the same for all IA-32 processors that implement the machine-check 
architecture. See Section 15.9, “Interpreting the MCA Error Codes,” and Chapter 16, “Interpreting Machine- 
Check Error Codes”, for information on machine-check error codes. 


* Model-specific error code field, bits 31:16 — Specifies the model-specific error code that uniquely 
identifies the machine-check error condition detected. The model-specific error codes may differ among IA-32 
processors for the same machine-check error condition. See Chapter 16, “Interpreting Machine-Check Error 
Codes”for information on model-specific error codes. 


® Reserved, Error Status, and Other Information fields, bits 56:32 — 


¢ If IA32_MCG_CAP.MCG_EMC_P[bit 25] is 0, bits 37:32 contain “Other Information” that is implemen- 
tation-specific and is not part of the machine-check architecture. 


¢ If IA832_MCG_CAP.MCG_EMC_P is 1, “Other Information” is in bits 36:32. If bit 37 is 0, system firmware 
has not changed the contents of IA32_MCi_STATUS. If bit 37 is 1, system firmware may have edited the 
contents of IA32_MCi_STATUS. 
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63 62 61 60 59 58 57 56 55 54 53 52 3837 36 32 31 1615 0 
_ bs e i r s is Corrected Error Other | MSCOD Model MCA Error Code 
Lie C Count Info | Specific Error Code 

R 


|__ Firmware updated error status indicator (37)* 
Threshold-based error status (54:53)** 

AR — Recovery action required for UCR error (55)*** 

S — Signaling an uncorrected recoverable (UCR) error (56)*** 

PCC — Processor context corrupted (57) 

ADDRV — MCi_ADDR register valid (58) 

MISCV — MCi_MISC register valid (59) 

EN — Error reporting enabled (60) 

UC — Uncorrected error (61) 

OVER — Error overflow (62) 

VAL — MCi_STATUS register valid (63) 


* When IA32_MCG_CAP[25] (MCG_EMC _P) is set, bit 37 is not part of “Other Information’. 


** When IA32_MCG_CAP[11] (MCG_TES_P) is not set, these bits are model-specific 
(part of “Other Information’). 


** When IA32_MCG_CAP[11] or IA32_MCG_CAP[24] are not set, these bits are reserved, or 
model-specific (part of “Other Information”). 


Figure 15-6. IA32_MCi_STATUS Register 


If IA32_MCG_CAP.MCG_CMCI_P[bit 10] is 0, bits 52:38 also contain “Other Information” (in the same 
sense as bits 37:32). 


If IA32_MCG_CAP[10] is 1, bits 52:38 are architectural (not model-specific). In this case, bits 52:38 
reports the value of a 15 bit counter that increments each time a corrected error is observed by the MCA 
recording bank. This count value will continue to increment until cleared by software. The most 
significant bit, 52, is a sticky count overflow bit. 


If IA32_MCG_CAP[11] is 0, bits 56:53 also contain “Other Information” (in the same sense). 


If IA32_MCG_CAP[11] is 1, bits 56:53 are architectural (not model-specific). In this case, bits 56:53 
have the following functionality: 


If IA32_MCG_CAP[24] is 0, bits 56:55 are reserved. 
If IA32_MCG_CAP[24] is 1, bits 56:55 are defined as follows: 


S (Signaling) flag, bit 56 - Signals the reporting of UCR errors in this MC bank. See Section 15.6.2 
for additional detail. 


AR (Action Required) flag, bit 55 - Indicates (when set) that MCA error code specific recovery 
action must be performed by system software at the time this error was signaled. See Section 
15.6.2 for additional detail. 


If the UC bit (Figure 15-6) is 1, bits 54:53 are undefined. 


If the UC bit (Figure 15-6) is 0, bits 54:53 indicate the status of the hardware structure that 
reported the threshold-based error. See Table 15-1. 


Table 15-1. Bits 54:53 in IA32_MCi_STATUS MSRs when IA32_MCG_CAP[11] = 1 and UC = 0 


Bits 54:53 | Meaning 
00 No tracking - No hardware status tracking is provided for the structure reporting this event. 
01 Green - Status tracking is provided for the structure posting the event; the current status is green (below threshold). 
For more information, see Section 15.4, “Enhanced Cache Error reporting”. 
10 Yellow - Status tracking is provided for the structure posting the event; the current status is yellow (above threshold). 
For more information, see Section 15.4, “Enhanced Cache Error reporting”. 
11 Reserved 
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¢ PCC (processor context corrupt) flag, bit 57 — Indicates (when set) that the state of the processor might 
have been corrupted by the error condition detected and that reliable restarting of the processor may not be 
possible. When clear, this flag indicates that the error did not affect the processor’s state, and software may be 
able to restart. When system software supports recovery, consult Section 15.10.4, “Machine-Check Software 
Handler Guidelines for Error Recovery” for additional rules that apply. 


¢ ADDRV (IA32_MCi_ADDR register valid) flag, bit 58 — Indicates (when set) that the IA32_MCi_ADDR 
register contains the address where the error occurred (see Section 15.3.2.3, “IA32_MCi_ADDR MSRs”). When 
clear, this flag indicates that the IA32_MCi_ADDR register is either not implemented or does not contain the 
address where the error occurred. Do not read these registers if they are not implemented in the processor. 


° MISCV (IA32_MCi_MISC register valid) flag, bit 59 — Indicates (when set) that the IA32_MCi_MISC 
register contains additional information regarding the error. When clear, this flag indicates that the 
IA32_MCi_MISC register is either not implemented or does not contain additional information regarding the 
error. Do not read these registers if they are not implemented in the processor. 


¢ EN (error enabled) flag, bit 60 — Indicates (when set) that the error was enabled by the associated EEj bit 
of the IA32_MCi_CTL register. 


¢ UC (error uncorrected) flag, bit 61 — Indicates (when set) that the processor did not or was not able to 
correct the error condition. When clear, this flag indicates that the processor was able to correct the error 
condition. 


¢ OVER (machine check overflow) flag, bit 62 — Indicates (when set) that a machine-check error occurred 
while the results of a previous error were still in the error-reporting register bank (that is, the VAL bit was 
already set in the IA32_MCi_STATUS register). The processor sets the OVER flag and software is responsible for 
clearing it. In general, enabled errors are written over disabled errors, and uncorrected errors are written over 
corrected errors. Uncorrected errors are not written over previous valid uncorrected errors. When 
MCG_CMCI_P is set, corrected errors may not set the OVER flag. Software can rely on corrected error count in 
IA32_MCi_Status[52:38] to determine if any additional corrected errors may have occurred. For more infor- 
mation, see Section 15.3.2.2.1, “Overwrite Rules for Machine Check Overflow”. 


° VAL (IA32_MCi_STATUS register valid) flag, bit 63 — Indicates (when set) that the information within the 
IA32_MCi_STATUS register is valid. When this flag is set, the processor follows the rules given for the OVER flag 
in the IA32_MCi_STATUS register when overwriting previously valid entries. The processor sets the VAL flag 
and software is responsible for clearing it. 


15.3.2.2.1 Overwrite Rules for Machine Check Overflow 


Table 15-2 shows the overwrite rules for how to treat a second event if the cache has already posted an event to 
the MC bank - that is, what to do if the valid bit for an MC bank already is set to 1. When more than one structure 
posts events in a given bank, these rules specify whether a new event will overwrite a previous posting or not. 
These rules define a priority for uncorrected (highest priority), yellow, and green/unmonitored (lowest priority) 
status. 


In Table 15-2, the values in the two left-most columns are IA32_MCi_STATUS[54:53]. 


Table 15-2. Overwrite Rules for Enabled Errors 
First Event Second Event UC bit Color MCA Info 
00/green 00/green 0 00/green either 
00/green yellow 0 yellow second error 
yellow 00/green 0 yellow first error 
yellow yellow 0 yellow either 
00/green/yellow UC 1 undefined second 
UC 00/green/yellow 1 undefined first 


If a second event overwrites a previously posted event, the information (as guarded by individual valid bits) in the 
MCi bank is entirely from the second event. Similarly, if a first event is retained, all of the information previously 
posted for that event is retained. In general, when the logged error or the recent error is a corrected error, the 
OVER bit (MCi_Status[62]) may be set to indicate an overflow. When MCG_CMCI_P is set in IA32_MCG_CAP, 
system software should consult IA32_MCi_STATUS[52:38] to determine if additional corrected errors may have 


15-8 Vol. 3B 


MACHINE-CHECK ARCHITECTURE 


occurred. Software may re-read IA32_MCi_STATUS, IA32_MCi_ADDR and IA32_MCi_MISC appropriately to ensure 
data collected represent the last error logged. 


After software polls a posting and clears the register, the valid bit is no longer set and therefore the meaning of the 
rest of the bits, including the yellow/green/O0 status field in bits 54:53, is undefined. The yellow/green indication 
will only be posted for events associated with monitored structures - otherwise the unmonitored (00) code will be 
posted in IA32_MCi_STATUS[54:53]. 


15.3.2.3. IA32_MCi_ADDR MSRs 


The IA32_MCi_ADDR MSR contains the address of the code or data memory location that produced the machine- 
check error if the ADDRV flag in the IA32_MCi_STATUS register is set (see Section 15-7, “IA32_MCi_ADDR MSR”). 
The IA32_MCi_ADDR register is either not implemented or contains no address if the ADDRV flag in the 
IA32_MCi_STATUS register is clear. When not implemented in the processor, all reads and writes to this MSR will 
cause a general protection exception. 


The address returned is an offset into a segment, linear address, or physical address. This depends on the error 
encountered. When these registers are implemented, these registers can be cleared by explicitly writing Os to 
these registers. Writing 1s to these registers will cause a general-protection exception. See Figure 15-7. 


Processor Without Support For Intel 64 Architecture 
63 36 35 0 


Reserved Address 


Processor With Support for Intel 64 Architecture 
63 0 


Address" 


* Useful bits in this field depend on the address methodology in use when the 
the register state is saved. 


Figure 15-7. |A32_MCi_ADDR MSR 


15.3.2.4 IA32_MCi_MISC MSRs 


The IA32_MCi_MISC MSR contains additional information describing the machine-check error if the MISCV flag in 
the IA32_MCi_STATUS register is set. The IA32_MCi_MISC_MSR is either not implemented or does not contain 
additional information if the MISCV flag in the IA32_MCi_STATUS register is clear. 


When not implemented in the processor, all reads and writes to this MSR will cause a general protection exception. 
When implemented in a processor, these registers can be cleared by explicitly writing all Os to them; writing 1s to 
them causes a general-protection exception to be generated. This register is not implemented in any of the error- 
reporting register banks for the P6 or Intel Atom family processors. 


If both MISCV and IA32_MCG_CAP[24] are set, the IA32_MCi_MISC_MSR is defined according to Figure 15-8 to 
support software recovery of uncorrected errors (see Section 15.6). 
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63 98 65 0 


Model Specific Information 


Address Mode 
Recoverable Address LSB 


Figure 15-8. UCR Support in IA32_MCi_MISC Register 


° Recoverable Address LSB (bits 5:0): The lowest valid recoverable address bit. Indicates the position of the least 
significant bit (LSB) of the recoverable error address. For example, if the processor logs bits [43:9] of the 
address, the LSB sub-field in IA32_MCi_MISC is 01001b (9 decimal). For this example, bits [8:0] of the 
recoverable error address in IA32_MCi_ADDR should be ignored. 

e Address Mode (bits 8:6): Address mode for the address logged in IA32_MCi_ADDR. The supported address 
modes are given in Table 15-3. 


Table 15-3. Address Mode in |A32_MCi_MISC[8:6] 


IA32_MCi_MISC[8:6] Encoding Definition 
000 Segment Offset 
001 Linear Address 
010 Physical Address 
011 Memory Address 
100 to 110 Reserved 
111 Generic 


¢ Model Specific Information (bits 63:9): Not architecturally defined. 


15.3.2.4.2 IOMCA 


Logging and Signaling of errors from PCI Express domain is governed by PCI Express Advanced Error Reporting 
(AER) architecture. PCI Express architecture divides errors in two categories: Uncorrectable errors and Correctable 
errors. Uncorrectable errors can further be classified as Fatal or Non-Fatal. Uncorrected IO errors are signaled to 
the system software either as AER Message Signaled Interrupt (MSI) or via platform specific mechanisms such as 
NMI. Generally, the signaling mechanism is controlled by BIOS and/or platform firmware. Certain processors 
support an error handling mode, called IOMCA mode, where Uncorrected PCI Express errors are signaled in the 
form of machine check exception and logged in machine check banks. 


When a processor is in this mode, Uncorrected PCI Express errors are logged in the MCACOD field of the 
IA32_MCi_STATUS register as Generic I/O error. The corresponding MCA error code is defined in Table 15-8. 
IA32_MCi_Status [15:0] Simple Error Code Encoding. Machine check logging complements and does not replace 
AER logging that occurs inside the PCI Express hierarchy. The PCI Express Root Complex and Endpoints continue to 
log the error in accordance with PCI Express AER mechanism. In IOMCA mode, MCi_MISC register in the bank that 
logged IOMCA can optionally contain information that link the Machine Check logs with the AER logs or proprietary 
logs. In such a scenario, the machine check handler can utilize the contents of MCi_MISC to locate the next level of 
error logs corresponding to the same error. Specifically, if MCi_Status.MISCV is 1 and MCACOD is OxOEOB, 
MCi_MISC contains the PCI Express address of the Root Complex device containing the AER Logs. Software can 
consult the header type and class code registers in the Root Complex device's PCIe Configuration space to deter- 
mine what type of device it is. This Root Complex device can either be a PCI Express Root Port, PCI Express Root 
Complex Event Collector or a proprietary device. 
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Errors that originate from PCI Express or Legacy Endpoints are logged in the corresponding Root Port in addition to 
the generating device. If MISCV=1 and MCi_MISC contains the address of the Root Port or a Root Complex Event 
collector, software can parse the AER logs to learn more about the error. 


If MISCV=1 and MCi_MISC points to a device that is neither a Root Complex Event Collector not a Root Port, soft- 
ware must consult the Vendor ID/Device ID and use device specific knowledge to locate and interpret the error log 
registers. In some cases, the Root Complex device configuration space may not be accessible to the software and 
both the Vendor and Device ID read as OxFFFF. 


¢ The format of MCi_MISC for IOMCA errors is shown in Table 15-4. 


Table 15-4. Address Mode in IA32_MCi_MISC[8:6] 


63:40 39:32 31:16 15:9 8:6 5:0 
RSVD PCI Express Segment PCI Express RSVD ADDR MODE" RECOV ADDR LSB! 
number Requestor ID 
NOTES: 


1. Not Applicable if ADDRV=O. 


Refer to PCI Express Specification 3.0 for definition of PCI Express Requestor ID and AER architecture. Refer to PCI 
Firmware Specification 3.0 for an explanation of PCI Ex-press Segment number and how software can access 
configuration space of a PCI Ex-press device given the segment number and Requestor ID. 


15.3.2.5 IA32_MCi_CTL2 MSRs 


The IA32_MCi_CTL2 MSR provides the programming interface to use corrected MC error signaling capability that is 
indicated by IA32_MCG_CAP[10] = 1. Software must check for the presence of IA32_MCi_CTL2 on a per-bank 
basis. 

When IA32_MCG_CAP[10] = 1, the IA32_MCi_CTL2 MSR for each bank exists, i.e. reads and writes to these MSR 
are supported. However, signaling interface for corrected MC errors may not be supported in all banks. 


The layout of IA32_MCi_CTL2 is shown in Figure 15-9: 


63 3130 29 15 14 0 


Reserved Reserved 


CMCI_EN—Enable/disable CMCI_ —~ 
Corrected error count threshold 


Figure 15-9. IA32_MCi_CTL2 Register 


¢ Corrected error count threshold, bits 14:0 — Software must initialize this field. The value is compared with 
the corrected error count field in IA32_MCi_STATUS, bits 38 through 52. An overflow event is signaled to the 
CMCI LVT entry (see Table 10-1) in the APIC when the count value equals the threshold value. The new LVT 
entry in the APIC is at O2FOH offset from the APIC_BASE. If CMCI interface is not supported for a particular 
bank (but IA32_MCG_CAP[10] = 1), this field will always read 0. 

¢ CMCI_EN (Corrected error interrupt enable/disable/indicator), bits 30 — Software sets this bit to 
enable the generation of corrected machine-check error interrupt (CMCI). If CMCI interface is not supported for 
a particular bank (but IA32_MCG_CAP[10] = 1), this bit is writeable but will always return O for that bank. This 
bit also indicates CMCI is supported or not supported in the corresponding bank. See Section 15.5 for details of 
software detection of CMCI facility. 
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Some microarchitectural sub-systems that are the source of corrected MC errors may be shared by more than one 
logical processors. Consequently, the facilities for reporting MC errors and controlling mechanisms may be shared 
by more than one logical processors. For example, the IA32_MCi_CTL2 MSR is shared between logical processors 
sharing a processor core. Software is responsible to program IA32_MCi_CTL2 MSR in a consistent manner with 
CMCI delivery and usage. 


After processor reset, IA32_MCi_CTL2 MSRs are zero’ed. 


15.3.2.6 IA32_MCG Extended Machine Check State MSRs 
The Pentium 4 and Intel Xeon processors implement a variable number of extended machine-check state MSRs. 
The MCG_EXT_P flag in the IA32_MCG_CAP MSR indicates the presence of these extended registers, and the 


MCG_EXT_CNT field indicates the number of these registers actually implemented. See Section 15.3.1.1, 
“TA32_MCG_CAP MSR.” Also see Table 15-5. 


Table 15-5. Extended Machine Check State MSRs 
in Processors Without Support for Intel 64 Architecture 


MSR Address Description 
IA32_MCG_EAX 180H Contains state of the EAX register at the time of the machine-check error. 
IA32_MCG_EBX 181H Contains state of the EBX register at the time of the machine-check error. 
1A32_MCG_ECX 182H Contains state of the ECX register at the time of the machine-check error. 
IA32_MCG_EDX 183H Contains state of the EDX register at the time of the machine-check error. 
1A32_MCG_ESI 184H Contains state of the ESI register at the time of the machine-check error. 
IA32_MCG_EDI 185H Contains state of the EDI register at the time of the machine-check error. 
IA32_MCG_EBP 186H Contains state of the EBP register at the time of the machine-check error. 
IA32_MCG_ESP 187H Contains state of the ESP register at the time of the machine-check error. 
IA32_MCG_EFLAGS 188H Contains state of the EFLAGS register at the time of the machine-check error. 
IA32_MCG_EIP 189H Contains state of the EIP register at the time of the machine-check error. 
IA32_MCG_MISC 18AH When set, indicates that a page assist or page fault occurred during DS normal 
operation. 


In processors with support for Intel 64 architecture, 64-bit machine check state MSRs are aliased to the legacy 
MSRs. In addition, there may be registers beyond IA32_MCG_MISC. These may include up to five reserved MSRs 
(IA32_MCG_RESERVED[1:5]) and save-state MSRs for registers introduced in 64-bit mode. See Table 15-6. 


Table 15-6. Extended Machine Check State MSRs 
In Processors With Support For Intel 64 Architecture 


MSR Address Description 

IA32_MCG_RAX 180H Contains state of the RAX register at the time of the machine-check error. 
IA32_MCG_RBX 181H Contains state of the RBX register at the time of the machine-check error. 
IA32_MCG_RCX 182H Contains state of the RCX register at the time of the machine-check error. 
IA32_MCG_RDX 183H Contains state of the RDX register at the time of the machine-check error. 
IA32_MCG_RSI 184H Contains state of the RSI register at the time of the machine-check error. 
IA32_MCG_RDI 185H Contains state of the RDI register at the time of the machine-check error. 
IA32_MCG_RBP 186H Contains state of the RBP register at the time of the machine-check error. 
IA32_MCG_RSP 187H Contains state of the RSP register at the time of the machine-check error. 
IA32_MCG_RFLAGS 188H Contains state of the RFLAGS register at the time of the machine-check error. 
IA32_MCG_RIP 189H Contains state of the RIP register at the time of the machine-check error. 
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Table 15-6. Extended Machine Check State MSRs 
In Processors With Support For Intel 64 Architecture (Contd.) 


MSR Address Description 

IA32_MCG_MISC 18AH When set, indicates that a page assist or page fault occurred during DS normal 
operation. 

IA32_MCG_ 18BH- These registers, if present, are reserved. 

RSERVED[1:5] 18FH 

1A32_MCG_R8 190H Contains state of the R8 register at the time of the machine-check error. 

1A32_MCG_R9 191H Contains state of the R9 register at the time of the machine-check error. 

IA32_MCG_R10 192H Contains state of the R10 register at the time of the machine-check error. 

IA32_MCG_R11 193H Contains state of the R11 register at the time of the machine-check error. 

IA32_MCG_R12 194H Contains state of the R12 register at the time of the machine-check error. 

IA32_MCG_R13 195H Contains state of the R13 register at the time of the machine-check error. 

IA32_MCG_R14 196H Contains state of the R14 register at the time of the machine-check error. 

IA32_MCG_R15 197H Contains state of the R15 register at the time of the machine-check error. 


When a machine-check error is detected on a Pentium 4 or Intel Xeon processor, the processor saves the state of 
the general-purpose registers, the R/EFLAGS register, and the R/EIP in these extended machine-check state MSRs. 
This information can be used by a debugger to analyze the error. 


These registers are read/write to zero registers. This means software can read them; but if software writes to 
them, only all zeros is allowed. If software attempts to write a non-zero value into one of these registers, a general- 
protection (#GP) exception is generated. These registers are cleared on a hardware reset (power-up or RESET), 
but maintain their contents following a soft reset (INIT reset). 


15.3.3. Mapping of the Pentium Processor Machine-Check Errors 
to the Machine-Check Architecture 


The Pentium processor reports machine-check errors using two registers: PS_MC_TYPE and P5_MC_ADDR. The 
Pentium 4, Intel Xeon, Intel Atom, and P6 family processors map these registers to the IA32_MCi_STATUS and 

IA32_MCi_ADDR in the error-reporting register bank. This bank reports on the same type of external bus errors 
reported in PS_MC_TYPE and P5_MC_ADDR. 


The information in these registers can then be accessed in two ways: 


° By reading the IA32_MCi_STATUS and IA32_MCi_ADDR registers as part of a general machine-check exception 
handler written for Pentium 4, Intel Atom and P6 family processors. 


° By reading the P5_MC_TYPE and P5_MC_ADDR registers using the RDMSR instruction. 


The second capability permits a machine-check exception handler written to run on a Pentium processor to be run 
on a Pentium 4, Intel Xeon, Intel Atom, or P6 family processor. There is a limitation in that information returned by 
the Pentium 4, Intel Xeon, Intel Atom, and P6 family processors is encoded differently than information returned 
by the Pentium processor. To run a Pentium processor machine-check exception handler on a Pentium 4, Intel 
Xeon, Intel Atom, or P6 family processor; the handler must be written to interpret PS_MC_TYPE encodings 
correctly. 


15.4 | ENHANCED CACHE ERROR REPORTING 


Starting with Intel Core Duo processors, cache error reporting was enhanced. In earlier Intel processors, cache 
status was based on the number of correction events that occurred in a cache. In the new paradigm, called 
“threshold-based error status”, cache status is based on the number of lines (ECC blocks) in a cache that incur 
repeated corrections. The threshold is chosen by Intel, based on various factors. If a processor supports threshold- 
based error status, it sets IA32_MCG_CAP[11] (MCG_TES_P) to 1; if not, to 0. 
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A processor that supports enhanced cache error reporting contains hardware that tracks the operating status of 
certain caches and provides an indicator of their “health”. The hardware reports a “green” status when the number 
of lines that incur repeated corrections is at or below a pre-defined threshold, and a “yellow” status when the 
number of affected lines exceeds the threshold. Yellow status means that the cache reporting the event is operating 
correctly, but you should schedule the system for servicing within a few weeks. 


Intel recommends that you rely on this mechanism for structures supported by threshold-base error reporting. 


The CPU/system/platform response to a yellow event should be less severe than its response to an uncorrected 
error. An uncorrected error means that a serious error has actually occurred, whereas the yellow condition is a 
warning that the number of affected lines has exceeded the threshold but is not, in itself, a serious event: the error 
was corrected and system state was not compromised. 


The green/yellow status indicator is not a foolproof early warning for an uncorrected error resulting from the failure 
of two bits in the same ECC block. Such a failure can occur and cause an uncorrected error before the yellow 
threshold is reached. However, the chance of an uncorrected error increases as the number of affected lines 
increases. 


15.5 CORRECTED MACHINE CHECK ERROR INTERRUPT 


Corrected machine-check error interrupt (CMCI) is an architectural enhancement to the machine-check architec- 
ture. It provides capabilities beyond those of threshold-based error reporting (Section 15.4). With threshold-based 
error reporting, software is limited to use periodic polling to query the status of hardware corrected MC errors. 
CMCI provides a signaling mechanism to deliver a local interrupt based on threshold values that software can 
program using the IA32_MCi_CTL2 MSRs. 


CMCI is disabled by default. System software is required to enable CMCI for each IA32_MCi bank that support the 
reporting of hardware corrected errors if IA32_MCG_CAP[10] = 1. 


System software use IA32_MCi_CTL2 MSR to enable/disable the CMCI capability for each bank and program 
threshold values into IA32_MCi_CTL2 MSR. CMCI is not affected by the CR4.MCE bit, and it is not affected by the 
IA32_MCi_CTL MSRs. 


To detect the existence of thresholding for a given bank, software writes only bits 14:0 with the threshold value. If 
the bits persist, then thresholding is available (and CMCI is available). If the bits are all O's, then no thresholding 
exists. To detect that CMCI signaling exists, software writes a 1 to bit 30 of the MCi_CTL2 register. Upon subsequent 
read, if bit 30 = 0, no CMCI is available for this bank and no corrected or UCNA errors will be reported on this bank. 
If bit 30 = 1, then CMCI is available and enabled. 


15.5.1 | CMCI Local APIC Interface 
The operation of CMCI is depicted in Figure 15-10. 


Software write 1 to enable 


63 31 30 29 14 0 
MCi_CTL2 Error threshold 


Count overflow threshold -> CMCI LVT in local APIC 
a 
APIC_BASE + 2F0H 


53 52 38 37 0 
l 
MCi_STATUS | Error count | 
| 


Figure 15-10. CMCI Behavior 
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CMCI interrupt delivery is configured by writing to the LVT CMCI register entry in the local APIC register space at 
default address of APIC_BASE + 2FOH. A CMCI interrupt can be delivered to more than one logical processors if 
multiple logical processors are affected by the associated MC errors. For example, if a corrected bit error in a cache 
shared by two logical processors caused a CMCI, the interrupt will be delivered to both logical processors sharing 
that microarchitectural sub-system. Similarly, package level errors may cause CMCI to be delivered to all logical 
processors within the package. However, system level errors will not be handled by CMCI. 


See Section 10.5.1, “Local Vector Table” for details regarding the LVT CMCI register. 


15.5.2 System Software Recommendation for Managing CMCI and Machine Check Resources 


System software must enable and manage CMCI, set up interrupt handlers to service CMCI interrupts delivered to 
affected logical processors, program CMCI LVT entry, and query machine check banks that are shared by more 
than one logical processors. 


This section describes techniques system software can implement to manage CMCTI initialization, service CMCI 
interrupts in a efficient manner to minimize contentions to access shared MSR resources. 


15.5.2.1  CMCI Initialization 


Although a CMCI interrupt may be delivered to more than one logical processors depending on the nature of the 
corrected MC error, only one instance of the interrupt service routine needs to perform the necessary service and 
make queries to the machine-check banks. The following steps describes a technique that limits the amount of 
work the system has to do in response to a CMCI. 


° To provide maximum flexibility, system software should define per-thread data structure for each logical 
processor to allow equal-opportunity and efficient response to interrupt delivery. Specifically, the per-thread 
data structure should include a set of per-bank fields to track which machine check bank it needs to access in 
response to a delivered CMCI interrupt. The number of banks that needs to be tracked is determined by 
IA32_MCG_CAP[7:0]. 

¢ Initialization of per-thread data structure. The initialization of per-thread data structure must be done serially 
on each logical processor in the system. The sequencing order to start the per-thread initialization between 
different logical processor is arbitrary. But it must observe the following specific detail to satisfy the shared 
nature of specific MSR resources: 


a. Each thread initializes its data structure to indicate that it does not own any MC bank registers. 


b. Each thread examines IA32_MCi_CTL2[30] indicator for each bank to determine if another thread has 
already claimed ownership of that bank. 


¢ If IA32_MCi_CTL2[30] had been set by another thread. This thread can not own bank / and should 
proceed to step b. and examine the next machine check bank until all of the machine check banks are 
exhausted. 


¢ If IA32_MCi_CTL2[30] = 0, proceed to step c. 


c. Check whether writing a 1 into IA32_MCi_CTL2[30] can return with 1 on a subsequent read to determine 
this bank can support CMCI. 


¢ If IA32_MCi_CTL2[30] = 0, this bank does not support CMCI. This thread can not own bank / and should 
proceed to step b. and examine the next machine check bank until all of the machine check banks are 
exhausted. 


¢ If IA32_MCi_CTL2[30] = 1, modify the per-thread data structure to indicate this thread claims 
ownership to the MC bank; proceed to initialize the error threshold count (bits 15:0) of that bank as 
described in Chapter 15, “CMCI Threshold Management”. Then proceed to step b. and examine the next 
machine check bank until all of the machine check banks are exhausted. 


e ~=©After the thread has examined all of the machine check banks, it sees if it owns any MC banks to service CMCI. 
If any bank has been claimed by this thread: 


— Ensure that the CMCI interrupt handler has been set up as described in Chapter 15, “CMCI Interrupt 
Handler”. 


— Initialize the CMCI LVT entry, as described in Section 15.5.1, “CMCI Local APIC Interface”. 
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— Log and clear all of IA32_MCi_Status registers for the banks that this thread owns. This will allow new 
errors to be logged. 


15.5.2.2 CMCI Threshold Management 


The Corrected MC error threshold field, IA32_MCi_CTL2[14:0], is architecturally defined. Specifically, all these bits 
are writable by software, but different processor implementations may choose to implement less than 15 bits as 
threshold for the overflow comparison with IA32_MCi_STATUS[52:38]. The following describes techniques that 
software can manage CMCI threshold to be compatible with changes in implementation characteristics: 


¢ Software can set the initial threshold value to 1 by writing 1 to IA32_MCi_CTL2[14:0]. This will cause overflow 
condition on every corrected MC error and generates a CMCI interrupt. 


* To increase the threshold and reduce the frequency of CMCI servicing: 
a. Find the maximum threshold value a given processor implementation supports. The steps are: 
* Write 7FFFH to IA32_MCi_CTL2[14:0], 


¢ Read back IA32_MCi_CTL2[14:0]; these 15 bits (14:0) contain the maximum threshold supported by 
the processor. 


b. Increase the threshold to a value below the maximum value discovered using step a. 


15.5.2.3. CMCI Interrupt Handler 
The following describes techniques system software may consider to implement a CMCI service routine: 


¢ The service routine examines its private per-thread data structure to check which set of MC banks it has 
ownership. If the thread does not have ownership of a given MC bank, proceed to the next MC bank. Ownership 
is determined at initialization time which is described in Section 15.5.2.1. 


If the thread had claimed ownership to an MC bank, this technique will allow each logical processors to handle 
corrected MC errors independently and requires no synchronization to access shared MSR resources. Consult 
Example 15-5 for guidelines on logging when processing CMCI. 


15.6 RECOVERY OF UNCORRECTED RECOVERABLE (UCR) ERRORS 


Recovery of uncorrected recoverable machine check errors is an enhancement in machine-check architecture. The 
first processor that supports this feature is 45 nm Intel 64 processor on which CPUID reports 
DisplayFamily_DisplayModel as O6H_2EH (see CPUID instruction in Chapter 3, “Instruction Set Reference, A-L” in 
the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A). This allow system software to 
perform recovery action on certain class of uncorrected errors and continue execution. 


15.6.1 Detection of Software Error Recovery Support 


Software must use bit 24 of IA32_MCG_CAP (MCG_SER_P) to detect the presence of software error recovery 
support (see Figure 15-2). When IA32_MCG_CAP[24] is set, this indicates that the processor supports software 
error recovery. When this bit is clear, this indicates that there is no support for error recovery from the processor 
and the primary responsibility of the machine check handler is logging the machine check error information and 
shutting down the system. 


The new class of architectural MCA errors from which system software can attempt recovery is called Uncorrected 
Recoverable (UCR) Errors. UCR errors are uncorrected errors that have been detected and signaled but have not 
corrupted the processor context. For certain UCR errors, this means that once system software has performed a 
certain recovery action, it is possible to continue execution on this processor. UCR error reporting provides an error 
containment mechanism for data poisoning. The machine check handler will use the error log information from the 
error reporting registers to analyze and implement specific error recovery actions for UCR errors. 
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15.6.2 UCR Error Reporting and Logging 


IA32_MCi_STATUS MSR is used for reporting UCR errors and existing corrected or uncorrected errors. The defini- 
tions of IA32_MCi_STATUS, including bit fields to identify UCR errors, is shown in Figure 15-6. UCR errors can be 
signaled through either the corrected machine check interrupt (CMCI) or machine check exception (MCE) path 
depending on the type of the UCR error. 


When IA32_MCG_CAP[24] is set, a UCR error is indicated by the following bit settings in the IA32_MCi_STATUS 
register: 


* Valid (bit 63) = 1 
* UC (bit 61) = 1 
* PCC (bit 57) = 0 


Additional information from the IA32_MCi_MISC and the IA32_MCi_ADDR registers for the UCR error are available 
when the ADDRV and the MISCV flags in the IA32_MCi_STATUS register are set (See Section 15.3.2.4). The MCA 
error code field of the IA32_MCi_STATUS register indicates the type of UCR error. System software can interpret 
the MCA error code field to analyze and identify the necessary recovery action for the given UCR error. 


In addition, the IA32_MCi_STATUS register bit fields, bits 56:55, are defined (see Figure 15-6) to provide addi- 
tional information to help system software to properly identify the necessary recovery action for the UCR error: 


° S (Signaling) flag, bit 56 - Indicates (when set) that a machine check exception was generated for the UCR 
error reported in this MC bank and system software needs to check the AR flag and the MCA error code fields in 
the IA32_MCi_STATUS register to identify the necessary recovery action for this error. When the S flag in the 
IA32_MCi_STATUS register is clear, this UCR error was not signaled via a machine check exception and instead 
was reported as a corrected machine check (CMC). System software is not required to take any recovery action 
when the S flag in the IA32_MCi_STATUS register is clear. 


¢ AR (Action Required) flag, bit 55 - Indicates (when set) that MCA error code specific recovery action must be 
performed by system software at the time this error was signaled. This recovery action must be completed 
successfully before any additional work is scheduled for this processor. When the RIPV flag in the 
IA32_MCG_STATUS is clear, an alternative execution stream needs to be provided; when the MCA error code 
specific recovery specific recovery action cannot be successfully completed, system software must shut down 
the system. When the AR flag in the IA32_MCi_STATUS register is clear, system software may still take MCA 
error code specific recovery action but this is optional; system software can safely resume program execution 
at the instruction pointer saved on the stack from the machine check exception when the RIPV flag in the 
IA32_MCG_STATUS register is set. 


Both the S and the AR flags in the IA32_MCi_STATUS register are defined to be sticky bits, which mean that once 
set, the processor does not clear them. Only software and good power-on reset can clear the S and the AR-flags. 
Both the S and the AR flags are only set when the processor reports the UCR errors (MCG_CAP[24] is set). 


15.6.3. UCR Error Classification 
With the S and AR flag encoding in the IA32_MCi_STATUS register, UCR errors can be classified as: 


¢ Uncorrected no action required (UCNA) - is a UCR error that is not signaled via a machine check exception and, 
instead, is reported to system software as a corrected machine check error. UCNA errors indicate that some 
data in the system is corrupted, but the data has not been consumed and the processor state is valid and you 
may continue execution on this processor. UCNA errors require no action from system software to continue 
execution. A UCNA error is indicated with UC=1, PCC=0, S=0 and AR=0 in the IA32_MCi_STATUS register. 


° Software recoverable action optional (GRAO) - a UCR error is signaled either via a machine check exception or 
CMCI. System software recovery action is optional and not required to continue execution from this machine 
check exception. SRAO errors indicate that some data in the system is corrupt, but the data has not been 
consumed and the processor state is valid. SRAO errors provide the additional error information for system 
software to perform a recovery action. An SRAO error when signaled as a machine check is indicated with 
UC=1, PCC=0, S=1, EN=1 and AR=0 in the IA32_MCi_STATUS register. In cases when SRAO is signaled via 
CMCI the error signature is indicated via UC=1, PCC=0, S=0. Recovery actions for SRAO errors are MCA error 
code specific. The MISCV and the ADDRV flags in the IA32_MCi_STATUS register are set when the additional 
error information is available from the IA32_MCi_MISC and the IA32_MCi_ADDR registers. System software 
needs to inspect the MCA error code fields in the IA32_MCi_STATUS register to identify the specific recovery 
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action for a given SRAO error. If MISCV and ADDRV are not set, it is recommended that no system software 
error recovery be performed however, system software can resume execution. 


° Software recoverable action required (SRAR) - a UCR error that requires system software to take a recovery 
action on this processor before scheduling another stream of execution on this processor. SRAR errors indicate 
that the error was detected and raised at the point of the consumption in the execution flow. An SRAR error is 
indicated with UC=1, PCC=0, S=1, EN=1 and AR=1 in the IA32_MCi_STATUS register. Recovery actions are 
MCA error code specific. The MISCV and the ADDRV flags in the IA32_MCi_STATUS register are set when the 
additional error information is available from the IA32_MCi_MISC and the IA32_MCi_ADDR registers. System 
software needs to inspect the MCA error code fields in the IA32_MCi_STATUS register to identify the specific 
recovery action for a given SRAR error. If MISCV and ADDRV are not set, it is recommended that system 
software shutdown the system. 


Table 15-7 summarizes UCR, corrected, and uncorrected errors. 

Table 15-7. MC Error Classifications 
Type of Error’ UC |EN /|PCC |S _ |AR | Signaling | Software Action Example 
Uncorrected Error (UC) | 1 1 1 xX |X MCE If EN=1, reset the system, else log 
and OK to keep the system running. 
SRAR 1 1 0 1 41 MCE For known MCACOD, take specific Cache to processor load 
recovery action; error. 
For unknown MCACOD, must 
bugcheck. 


If OVER=1, reset system, else take 
specific recovery action. 


SRAO 1 x? 0 x2 10 MCE/CMC | For known MCACOD, take specific Patrol scrub and explicit 
recovery action; writeback poison errors. 


For unknown MCACOD, OK to keep 
the system running. 


UCNA 1 xX 0 0 |0 CMC Log the error and Ok to keep the Poison detection error. 
system running. 

Corrected Error (CE) 0 x X xX |X CMC Log the error and no corrective ECC in caches and 
action required. memory. 

NOTES: 


1. SRAR, SRAO and UCNA errors are supported by the processor only when IA32_MCG_CAP[24] (MCG_SER_P) is set. 
2. EN=1, S=1 when signaled via MCE. EN=x, S=O when signaled via CMC. 


15.6.4 UCR Error Overwrite Rules 


In general, the overwrite rules are as follows: 

¢ UCR errors will overwrite corrected errors. 

® Uncorrected (PCC=1) errors overwrite UCR (PCC=0) errors. 
¢ UCR errors are not written over previous UCR errors. 

* Corrected errors do not write over previous UCR errors. 


Regardless of whether the ist error is retained or the 2nd error is overwritten over the 1st error, the OVER flag in 
the IA32_MCi_STATUS register will be set to indicate an overflow condition. As the S flag and AR flag in the 
IA32_MCi_STATUS register are defined to be sticky flags, a second event cannot clear these 2 flags once set, 
however the MC bank information may be filled in for the 2nd error. The table below shows the overwrite rules and 
how to treat a second error if the first event is already logged in a MC bank along with the resulting bit setting of 
the UC, PCC, and AR flags in the IA32_MCi_STATUS register. As UCNA and SRAO errors do not require recovery 
action from system software to continue program execution, a system reset by system software is not required 
unless the AR flag or PCC flag is set for the UCR overflow case (OVER=1, VAL=1, UC=1, PCC=0). 


15-18 Vol. 3B 


MACHINE-CHECK ARCHITECTURE 


Table 15-8 lists overwrite rules for uncorrected errors, corrected errors, and uncorrected recoverable errors. 
Table 15-8. Overwrite Rules for UC, CE, and UCR Errors 


First Event Second Event UC PCC |S AR MCA Bank Reset System 
ce UCR 1 0 O if UCNA, else 1 | 1 if SRAR, else O | second yes, if AR=1 
UCR CE 1 0 Oif UCNA, else 1 | 1if SRAR, else O | first yes, if AR=1 
UCNA UCNA 1 0 0 0 first no 

UCNA SRAO 1 0 1 0 first no 

UCNA SRAR 1 0 1 1 first yes 

SRAO UCNA 1 0 1 0 first no 

SRAO SRAO 1 0 1 0 first no 

SRAO SRAR 1 0 1 1 first yes 

SRAR UCNA 1 0 1 1 first yes 

SRAR SRAO 1 0 1 1 first yes 

SRAR SRAR 1 0 1 1 first yes 

UCR UC 1 1 undefined undefined second yes 

UC UCR 1 1 undefined undefined first yes 


15.7. MACHINE-CHECK AVAILABILITY 


The machine-check architecture and machine-check exception (#MC) are model-specific features. Software can 
execute the CPUID instruction to determine whether a processor implements these features. Following the execu- 
tion of the CPUID instruction, the settings of the MCA flag (bit 14) and MCE flag (bit 7) in EDX indicate whether the 
processor implements the machine-check architecture and machine-check exception. 


15.8 MACHINE-CHECK INITIALIZATION 


To use the processors machine-check architecture, software must initialize the processor to activate the machine- 
check exception and the error-reporting mechanism. 


Example 15-1 gives pseudocode for performing this initialization. This pseudocode checks for the existence of the 
machine-check architecture and exception; it then enables machine-check exception and the error-reporting 
register banks. The pseudocode shown is compatible with the Pentium 4, Intel Xeon, Intel Atom, P6 family, and 
Pentium processors. 


Following power up or power cycling, IA32_MCi_STATUS registers are not guaranteed to have valid data until after 
they are initially cleared to zero by software (as shown in the initialization pseudocode in Example 15-1). 


Example 15-1. Machine-Check Initialization Pseudocode 


Check CPUID Feature Flags for MCE and MCA support 
IF CPU supports MCE 
THEN 
IF CPU supports MCA 
THEN 
IF (IA32_MCG_CAP.MCG_CTL_P = 1) 
(* IA32_MCG_CTL register is present *) 
THEN 
IA32_MCG_CTL <— FFFFFFFFFFFFFFFFH; 
(* enables all MCA features *) 


Fl 


IF (IA32_MCG_CAP.MCG_LMCE_P = 1 and IA32_FEATURE_CONTROL.LOCK = 1 and IA32_FEATURE_CONTROL.LMCE_ENABLED = 1) 
(* IA32_MCG_EXT_CTL register is present and platform has enabled LMCE to permit system software to use LMCE *) 
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Fl 


THEN 

IA32_MCG_EXT_CTL < IA32_MCG_EXT_CTL | 01H; 

(* System software enables LMCE capability for hardware to signal MCE to a single logical processor*) 
Fl 


(* Determine number of error-reporting banks supported *) 
COUNT< IA32_MCG_CAP.Count; 
MAX_BANK_NUMBER <— COUNT - 1; 


IF (Processor Family is 6H and Processor EXTMODEL:MODEL is less than 1AH) 
THEN 
(* Enable logging of all errors except for MCO_CTL register *) 
FOR error-reporting banks (1 through MAX_BANK_NUMBER) 
DO 
IA32_MCi_CTL < OFFFFFFFFFFFFFFFFH; 
OD 


ELSE 
(* Enable logging of all errors including MCO_CTL register *) 
FOR error-reporting banks (0 through MAX_BANK_NUMBER) 
DO 
IA32_MCi_CTL < OFFFFFFFFFFFFFFFFH; 
OD 
Fl 


(* BIOS clears all errors only on power-on reset *) 
IF (BIOS detects Power-on reset) 
THEN 
FOR error-reporting banks (0 through MAX_BANK_NUMBER) 
DO 
IA32_MCi_STATUS < 0; 
OD 
ELSE 
FOR error-reporting banks (0 through MAX_BANK_NUMBER) 
DO 
(Optional for BIOS and OS) Log valid errors 
(OS only) IA32_MCi_STATUS < 0; 
OD 


Fl 


Setup the Machine Check Exception (HMC) handler for vector 18 in IDT 


Set the MCE bit (bit 6) in CR4 register to enable Machine-Check Exceptions 


Fl 


15.9 INTERPRETING THE MCA ERROR CODES 


When the processor detects a machine-check error condition, it writes a 16-bit error code to the MCA error code 
field of one of the IA32_MCi_STATUS registers and sets the VAL (valid) flag in that register. The processor may also 
write a 16-bit model-specific error code in the IA32_MCi_STATUS register depending on the implementation of the 


machine-check architecture of the processor. 


The MCA error codes are architecturally defined for Intel 64 and IA-32 processors. To determine the cause of a 
machine-check exception, the machine-check exception handler must read the VAL flag for each 
IA32_MCi_STATUS register. If the flag is set, the machine check-exception handler must then read the MCA error 
code field of the register. It is the encoding of the MCA error code field [15:0] that determines the type of error 


being reported and not the register bank reporting it. 


There are two types of MCA error codes: simple error codes and compound error codes. 
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15.9.1. Simple Error Codes 


Table 15-9 shows the simple error codes. These unique codes indicate global error information. 


Table 15-9. 1A32_MCi_Status [15:0] Simple Error Code Encoding 


Error Code Binary Encoding Meaning 

No Error 0000 0000 0000 0000 No error has been reported to this bank of error-reporting 
registers. 

Unclassified 0000 0000 0000 0001 This error has not been classified into the MCA error classes. 

Microcode ROM Parity Error 0000 0000 0000 0010 Parity error in internal microcode ROM 

External Error 0000 0000 0000 0011 The BINIT# from another processor caused this processor to 
enter machine check.! 

FRC Error 0000 0000 0000 0100 FRC (functional redundancy check) main/secondary error. 

Internal Parity Error 0000 0000 0000 0101 Internal parity error. 

SMM Handler Code Access 0000 0000 0000 0110 An attempt was made by the SMM Handler to execute 

Violation outside the ranges specified by SMRR. 

Internal Timer Error 0000 0100 0000 0000 Internal timer error. 

1/0 Error 0000 1110 0000 1011 generic I/O error. 

Internal Unclassified OO00 01xx Xxxx XxXxx Internal unclassified errors. ¢ 

NOTES: 


1. BINIT# assertion will cause a machine check exception if the processor (or any processor on the same external bus) has BINIT# 
observation enabled during power-on configuration (hardware strapping) and if machine check exceptions are enabled (by setting 
CR4.MCE = 1). 


2. At least one X must equal one. Internal unclassified errors have not been classified. 


15.9.2 Compound Error Codes 


Compound error codes describe errors related to the TLBs, memory, caches, bus and interconnect logic, and 
internal timer. A set of sub-fields is common to all of compound errors. These sub-fields describe the type of 
access, level in the cache hierarchy, and type of request. Table 15-10 shows the general form of the compound 
error codes. 


Table 15-10. IA32_MCi_Status [15:0] Compound Error Code Encoding 
Type Form Interpretation 


Generic Cache Hierarchy 


OOOF 0000 0000 171LL 


Generic cache hierarchy error 


TLB Errors 


OOOF 0000 0001 TTLL 


(TT}TLB{LL}_ERR 


Memory Controller Errors 


OOOF 0000 1MMM CCCC 


{MMM}_CHANNEL{CCCC}_ERR 


Cache Hierarchy Errors 


OOOF 0001 RRRR TTLL 


{TT}CACHE{LL} {RRRR}_ERR 


Extended Memory Errors 


OOOF 0010 1MMM CCCC 


{MMM}_CHANNEL{CCCC}_ERR 


Bus and Interconnect Errors 


OOOF 1PPT RRRR IILL 


BUS{LL_{PP}_{RRRR}_{Il]_{T}_ERR 


The “Interpretation” column in the table indicates the name of a compound error. The name is constructed by 
substituting mnemonics for the sub-field names given within curly braces. For example, the error code 
ICACHEL1_RD_ERR is constructed from the form: 

{TT}CACHE{LL}{RRRR}_ERR, 

where {TT} is replaced by |, {LL} is replaced by L1, and {RRRR} is replaced by RD. 
For more information on the “Form” and “Interpretation” columns, see Sections Section 15.9.2.1, “Correction 
Report Filtering (F) Bit” through Section 15.9.2.5, “Bus and Interconnect Errors”. 
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15.9.2.1 Correction Report Filtering (F) Bit 
Starting with Intel Core Duo processors, bit 12 in the “Form” column in Table 15-10 is used to indicate that a partic- 
ular posting to a log may be the last posting for corrections in that line/entry, at least for some time: 


* Qin bit 12 indicates “normal” filtering (original P6/Pentium4/Atom/Xeon processor meaning). 


* 1in bit 12 indicates “corrected” filtering (filtering is activated for the line/entry in the posting). Filtering means 
that some or all of the subsequent corrections to this entry (in this structure) will not be posted. The enhanced 
error reporting introduced with the Intel Core Duo processors is based on tracking the lines affected by 
repeated corrections (see Section 15.4, “Enhanced Cache Error reporting”). This capability is indicated by 
IA32_MCG_CAP[11]. Only the first few correction events for a line are posted; subsequent redundant 
correction events to the same line are not posted. Uncorrected events are always posted. 


The behavior of error filtering after crossing the yellow threshold is model-specific. Filtering has meaning only for 
corrected errors (UC=0 in IA32_MCi_STATUS MSR). System software must ignore filtering bit (12) for uncorrected 


errors. 


15.9.2.2 Transaction Type (TT) Sub-Field 


The 2-bit TT sub-field (Table 15-11) indicates the type of transaction (data, instruction, or generic). The sub-field 
applies to the TLB, cache, and interconnect error conditions. Note that interconnect error conditions are primarily 
associated with P6 family and Pentium processors, which utilize an external APIC bus separate from the system 
bus. The generic type is reported when the processor cannot determine the transaction type. 


Table 15-11. Encoding for TT (Transaction Type) Sub-Field 


Binary Encoding 


15.9.2.3 Level (LL) Sub-Field 


Transaction Type Mnemonic 
Instruction I 00 
Data D 01 
Generic G 10 


The 2-bit LL sub-field (see Table 15-12) indicates the level in the memory hierarchy where the error occurred (level 
0, level 1, level 2, or generic). The LL sub-field also applies to the TLB, cache, and interconnect error conditions. 
The Pentium 4, Intel Xeon, Intel Atom, and P6 family processors support two levels in the cache hierarchy and one 
level in the TLBs. Again, the generic type is reported when the processor cannot determine the hierarchy level. 


Table 15-12. Level Encoding for LL (Memory Hierarchy Level) Sub-Field 


Hierarchy Level Mnemonic Binary Encoding 
Level 0 LO 00 
Level 1 1 01 
Level 2 L2 10 
Generic LG 11 


15.9.2.4 Request (RRRR) Sub-Field 


The 4-bit RRRR sub-field (see Table 15-13) indicates the type of action associated with the error. Actions include 
read and write operations, prefetches, cache evictions, and snoops. Generic error is returned when the type of 
error cannot be determined. Generic read and generic write are returned when the processor cannot determine the 
type of instruction or data request that caused the error. Eviction and snoop requests apply only to the caches. All 


of the other requests apply to TLBs, caches and interconnects. 
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Table 15-13. Encoding of Request (RRRR) Sub-Field 


Request Type Mnemonic Binary Encoding 
Generic Error ERR 0000 
Generic Read RD 0001 
Generic Write WR 0010 
Data Read DRD 0011 
Data Write DWR 0100 
Instruction Fetch IRD 0101 
Prefetch PREFETCH 0110 
Eviction EVICT 0111 
Snoop SNOOP 1000 


15.9.2.5 Bus and Interconnect Errors 


The bus and interconnect errors are defined with the 2-bit PP (participation), 1-bit T (time-out), and 2-bit II 
(memory or I/O) sub-fields, in addition to the LL and RRRR sub-fields (see Table 15-14). The bus error conditions 
are implementation dependent and related to the type of bus implemented by the processor. Likewise, the inter- 
connect error conditions are predicated on a specific implementation-dependent interconnect model that describes 
the connections between the different levels of the storage hierarchy. The type of bus is implementation depen- 
dent, and as such is not specified in this document. A bus or interconnect transaction consists of a request involving 
an address and a response. 


Table 15-14. Encodings of PP, T, and II Sub-Fields 


Sub-Field Transaction Mnemonic Binary Encoding 
PP (Participation) Local processor* originated request SRC 00 
Local processor* responded to request RES 01 
Local processor* observed error as third party OBS 10 
Generic 11 
T (Time-out) Request timed out TIMEOUT 1 
Request did not time out NOTIMEOUT 0) 
Il (Memory or I/O) Memory Access M 00 
Reserved 01 
1/0 10 10 
Other transaction 11 


NOTE: 


* Local processor differentiates the processor reporting the error from other system components (including the APIC, other proces- 


sors, etc.). 
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15.9.2.6 Memory Controller and Extended Memory Errors 


The memory controller errors are defined with the 3-bit MMM (memory transaction type), and 4-bit CCCC (channel) 
sub-fields. The encodings for MMM and CCCC are defined in Table 15-15. Extended Memory errors use the same 
encodings and are used to report errors in memory used as a cache. 


Table 15-15. Encodings of MMM and CCCC Sub-Fields 


Sub-Field Transaction Mnemonic Binary Encoding 
MMM Generic undefined request GEN 000 
Memory read error RD 001 
Memory write error WR 010 
Address/Command Error AC 011 
Memory Scrubbing Error MS 100 
Reserved 101-111 
Ccccc Channel number CHN 0000-1110 
Channel not specified 1111 


Note that the CCCC channel number may be enumerated from zero separately by each memory controller on a 
system. On a multi-socket system, or a system with multiple memory controllers per socket, it is necessary to also 
consider which machine check bank logged the error. See Chapter 16 for details on specific implementations. 


15.9.3 Architecturally Defined UCR Errors 


Software recoverable compound error code are defined in this section. 


15.9.3.1 Architecturally Defined SRAO Errors 

The following two SRAO errors are architecturally defined. 

e UCR Errors detected by memory controller scrubbing; and 

¢ UCR Errors detected during L3 cache (L3) explicit writebacks. 


The MCA error code encodings for these two architecturally-defined UCR errors corresponds to sub-classes of 
compound MCA error codes (see Table 15-10). Their values and compound encoding format are given in Table 
15-16. 


Table 15-16. MCA Compound Error Code Encoding for SRAO Errors 


Type MCACOD Value | MCA Error Code Encoding’ 


Memory Scrubbing | COH - CFH 0000_0000_1100_CCCC 

OOOF 0000 1MMM CCCC (Memory Controller Error), where 
Memory subfield MMM = 100B (memory scrubbing) 
Channel subfield CCCC = channel # or generic 


L3 Explicit Writeback | 17AH 0000_0001_0111_1010 

OOOF 0001 RRRR TTLL (Cache Hierarchy Error) where 
Request subfields RRRR = 01118B (Eviction) 
Transaction Type subfields TT = 10B (Generic) 

Level subfields LL = 10B 


NOTES: 
1. Note that for both of these errors the correction report filtering (F) bit (bit 12) of the MCA error must be ignored. 
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Table 15-17 lists values of relevant bit fields of IA32_MCi_STATUS for architecturally defined SRAO errors. 
Table 15-17. IA32_MCi_STATUS Values for SRAO Errors 


SRAO Error Valid OVER uc [EN |MISCV ADDRV Pcc |S |AR |MCACOD 
Memory Scrubbing 1 0 1 x | 1 0 x' 10 | COH-CFH 
L3 Explicit Writeback 1 0 1 x? 14 1 0 x’ [0 17AH 
NOTES: 


1. When signaled as MCE, EN=1 and S=1. If error was signaled via CMC, then EN=x, and S=0. 


For both the memory scrubbing and L3 explicit writeback errors, the ADDRV and MISCV flags in the 
IA32_MCi_STATUS register are set to indicate that the offending physical address information is available from the 
IA32_MCi_MISC and the IA32_MCi_ADDR registers. For the memory scrubbing and L3 explicit writeback errors, 
the address mode in the IA32_MCi_MISC register should be set as physical address mode (010b) and the address 
LSB information in the IA32_MCi_MISC register should indicate the lowest valid address bit in the address informa- 
tion provided from the IA32_MCi_ADDR register. 


MCE signal is broadcast to all logical processors as outlined in Section 15.10.4.1. If LMCE is supported and enabled, 
some errors (not limited to UCR errors) may be delivered to only a single logical processor. System software should 
consult IA32_MCG_STATUS.LMCE_S to determine if the MCE signaled is only to this logical processor. 
IA32_MCi_STATUS banks can be shared by logical processors within a core or within the same package. So several 
logical processors may find an SRAO error in the shared IA32_MCi_STATUS bank but other processors do not find 
it in any of the IA32_MCi_STATUS banks. Table 15-18 shows the RIPV and EIPV flag indication in the 
IA32_MCG_STATUS register for the memory scrubbing and L3 explicit writeback errors on both the reporting and 
non-reporting logical processors. 


Table 15-18. IA32_MCG_STATUS Flag Indication for SRAO Errors 


SRAO Type Reporting Logical Processors Non-reporting Logical Processors 
RIPV EIPV RIPV EIPV 

Memory Scrubbing 1 0) 1 0 

L3 Explicit Writeback 1 0) 1 0 


15.9.3.2 Architecturally Defined SRAR Errors 

The following two SRAR errors are architecturally defined. 
¢ UCR Errors detected on data load; and 

¢ UCR Errors detected on instruction fetch. 


The MCA error code encodings for these two architecturally-defined UCR errors corresponds to sub-classes of 
compound MCA error codes (see Table 15-10). Their values and compound encoding format are given in Table 
15-19. 


Table 15-19. MCA Compound Error Code Encoding for SRAR Errors 
Type MCACOD Value | MCA Error Code Encoding’ 
Data Load 134H 0000_0001_0011_0100 
OOOF 0001 RRRR TTLL (Cache Hierarchy Error), where 
Request subfield RRRR = 0011B (Data Load) 
Transaction Type subfield TT= 01B (Data) 
Level subfield LL = OOB (Level 0) 
Instruction Fetch 150H 0000_0001_0101_0000 
OOOF 0001 RRRR TTLL (Cache Hierarchy Error), where 
Request subfield RRRR = 0101B (Instruction Fetch) 
Transaction Type subfield TT= OOB (Instruction) 
Level subfield LL = OOB (Level 0) 
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NOTES: 
1, Note that for both of these errors the correction report filtering (F) bit (bit 12) of the MCA error must be ignored. 


Table 15-20 lists values of relevant bit fields of IA32_MCi_STATUS for architecturally defined SRAR errors. 
Table 15-20. IA32_MCi_STATUS Values for SRAR Errors 


SRAR Error Valid OVER UC |EN_ |MISCV ADDRV PCC S |AR_ |MCACOD 
Data Load 1 0 1 1 1 1 0 1 1 134H 
Instruction Fetch 1 0 1 1 1 1 0 1 1 150H 


For both the data load and instruction fetch errors, the ADDRV and MISCV flags in the IA32_MCi_STATUS register 
are set to indicate that the offending physical address information is available from the IA32_MCi_MISC and the 
IA32_MCi_ADDR registers. For the memory scrubbing and L3 explicit writeback errors, the address mode in the 
IA32_MCi_MISC register should be set as physical address mode (010b) and the address LSB information in the 
IA32_MCi_MISC register should indicate the lowest valid address bit in the address information provided from the 
IA32_MCi_ADDR register. 


MCE signal is broadcast to all logical processors on the system on which the UCR errors are supported, except when 
the processor supports LMCE and LMCE is enabled by system software (see Section 15.3.1.5). The 
IA32_MCG_STATUS MSR allows system software to distinguish the affected logical processor of an SRAR error 
amongst logical processors that observed SRAR via MCi_STATUS bank. 


Table 15-21 shows the RIPV and EIPV flag indication in the IA32_MCG_STATUS register for the data load and 
instruction fetch errors on both the reporting and non-reporting logical processors. The recoverable SRAR error 
reported by a processor may be continuable, where the system software can interpret the context of continuable 
as follows: the error was isolated, contained. If software can rectify the error condition in the current instruction 
stream, the execution context on that logical processor can be continued without loss of information. 


Table 15-21. 1A32_MCG_STATUS Flag Indication for SRAR Errors 


SRAR Type Affected Logical Processor Non-Affected Logical Processors 

RIPV EIPV Continuable RIPV EIPV Continuable 
Recoverable- 1 1 Yes! 
continuable 
Recoverable-not- 0 x No 1 0 Yes 
continuable 
NOTES: 


1. see the definition of the context of “continuable” above and additional detail below. 


SRAR Error And Affected Logical Processors 

The affected logical processor is the one that has detected and raised an SRAR error at the point of the consump- 
tion in the execution flow. The affected logical processor should find the Data Load or the Instruction Fetch error 
information in the IA32_MCi_STATUS register that is reporting the SRAR error. 


Table 15-21 list the actionable scenarios that system software can respond to an SRAR error on an affected logical 
processor according to RIPV and EIPV values: 


¢ Recoverable-Continuable SRAR Error (RIPV=1, EIPV=1): 


For Recoverable-Continuable SRAR errors, the affected logical processor should find that both the 
IA32_MCG_STATUS.RIPV and the IA32_MCG_STATUS.EIPV flags are set, indicating that system software may 
be able to restart execution from the interrupted context if it is able to rectify the error condition. If system 
software cannot rectify the error condition then it must treat the error as a recoverable error where restarting 
execution with the interrupted context is not possible. Restarting without rectifying the error condition will 
result in most cases with another SRAR error on the same instruction. 
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¢ Recoverable-not-continuable SRAR Error (RIPV=0, EIPV=x): 
For Recoverable-not-continuable errors, the affected logical processor should find that either 
— JA32_MCG_STATUS.RIPV= 0, IA32_MCG_STATUS.EIPV=1, or 
— JIA32_MCG_STATUS.RIPV= 0, IA32_MCG_STATUS.EIPV=0. 


In either case, this indicates that the error is detected at the instruction pointer saved on the stack for this 
machine check exception and restarting execution with the interrupted context is not possible. System 
software may take the following recovery actions for the affected logical processor: 


¢ The current executing thread cannot be continued. System software must terminate the interrupted 
stream of execution and provide a new stream of execution on return from the machine check handler 
for the affected logical processor. 


SRAR Error And Non-Affected Logical Processors 


The logical processors that observed but not affected by an SRAR error should find that the RIPV flag in the 
IA32_MCG_STATUS register is set and the EIPV flag in the IA32_MCG_STATUS register is cleared, indicating that it 
is safe to restart the execution at the instruction saved on the stack for the machine check exception on these 
processors after the recovery action is successfully taken by system software. 


15.9.4 Multiple MCA Errors 


When multiple MCA errors are detected within a certain detection window, the processor may aggregate the 
reporting of these errors together as a single event, i.e. a single machine exception condition. If this occurs, 
system software may find multiple MCA errors logged in different MC banks on one logical processor or find 
multiple MCA errors logged across different processors for a single machine check broadcast event. In order to 
handle multiple UCR errors reported from a single machine check event and possibly recover from multiple errors, 
system software may consider the following: 


¢ Whether it can recover from multiple errors is determined by the most severe error reported on the system. If 
the most severe error is found to be an unrecoverable error (VAL=1, UC=1, PCC=1 and EN=1) after system 
software examines the MC banks of all processors to which the MCA signal is broadcast, recovery from the 
multiple errors is not possible and system software needs to reset the system. 


¢ When multiple recoverable errors are reported and no other fatal condition (e.g. overflowed condition for SRAR 
error) is found for the reported recoverable errors, it is possible for system software to recover from the 
multiple recoverable errors by taking necessary recovery action for each individual recoverable error. However, 
system software can no longer expect one to one relationship with the error information recorded in the 
IA32_MCi_STATUS register and the states of the RIPV and EIPV flags in the IA32_MCG_STATUS register as the 
states of the RIPV and the EIPV flags in the IA32_MCG_STATUS register may indicate the information for the 
most severe error recorded on the processor. System software is required to use the RIPV flag indication in the 
IA32_MCG_STATUS register to make a final decision of recoverability of the errors and find the restart-ability 
requirement after examining each IA32_MCi_STATUS register error information in the MC banks. 


In certain cases where system software observes more than one SRAR error logged for a single logical 
processor, it can no longer rely on affected threads as specified in Table 15-20 above. System software is 
recommended to reset the system if this condition is observed. 


15.9.5 Machine-Check Error Codes Interpretation 


Chapter 16, “Interpreting Machine-Check Error Codes,” provides information on interpreting the MCA error code, 
model-specific error code, and other information error code fields. For P6 family processors, information has been 
included on decoding external bus errors. For Pentium 4 and Intel Xeon processors; information is included on 
external bus, internal timer and cache hierarchy errors. 
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15.10 GUIDELINES FOR WRITING MACHINE-CHECK SOFTWARE 


The machine-check architecture and error logging can be used in three different ways: 
* To detect machine errors during normal instruction execution, using the machine-check exception (#MC). 
¢ To periodically check and log machine errors. 


° To examine recoverable UCR errors, determine software recoverability and perform recovery actions via a 
machine-check exception handler or a corrected machine-check interrupt handler. 


To use the machine-check exception, the operating system or executive software must provide a machine-check 
exception handler. This handler may need to be designed specifically for each family of processors. 


A special program or utility is required to log machine errors. 


Guidelines for writing a machine-check exception handler or a machine-error logging utility are given in the 
following sections. 


15.10.1  Machine-Check Exception Handler 


The machine-check exception (#MC) corresponds to vector 18. To service machine-check exceptions, a trap gate 
must be added to the IDT. The pointer in the trap gate must point to a machine-check exception handler. Two 
approaches can be taken to designing the exception handler: 


1. The handler can merely log all the machine status and error information, then call a debugger or shut down the 
system. 


2. The handler can analyze the reported error information and, in some cases, attempt to correct the error and 
restart the processor. 


For Pentium 4, Intel Xeon, Intel Atom, P6 family, and Pentium processors; virtually all machine-check conditions 
cannot be corrected (they result in abort-type exceptions). The logging of status and error information is therefore 
a baseline implementation requirement. 


When IA32_MCG_CAP[24] is clear, consider the following when writing a machine-check exception handler: 


* To determine the nature of the error, the handler must read each of the error-reporting register banks. The 
count field in the IA32_MCG_CAP register gives number of register banks. The first register of register bank 0 
is at address 400H. 


¢ The VAL (valid) flag in each IA32_MCi_STATUS register indicates whether the error information in the register 
is valid. If this flag is clear, the registers in that bank do not contain valid error information and do not need to 
be checked. 


¢ To write a portable exception handler, only the MCA error code field in the IA32_MCi_STATUS register should be 
checked. See Section 15.9, “Interpreting the MCA Error Codes,” for information that can be used to write an 
algorithm to interpret this field. 


* Correctable errors are corrected automatically by the processor. The UC flag in each IA32_MCi_STATUS reg- 
ister indicates whether the processor automatically corrected an error. 


° The RIPV, PCC, and OVER flags in each IA32_MCi_STATUS register indicate whether recovery from the error is 
possible. If PCC or OVER are set, recovery is not possible. If RIPV is not set, program execution can not be 
restarted reliably. When recovery is not possible, the handler typically records the error information and signals 
an abort to the operating system. 


¢ The RIPV flag in the IA32_MCG_STATUS register indicates whether the program can be restarted at the 
instruction indicated by the instruction pointer (the address of the instruction pushed on the stack when the 
exception was generated). If this flag is clear, the processor may still be able to be restarted (for debugging 
purposes) but not without loss of program continuity. 


° For unrecoverable errors, the EIPV flag in the IA32_MCG_STATUS register indicates whether the instruction 
indicated by the instruction pointer pushed on the stack (when the exception was generated) is related to the 
error. If the flag is clear, the pushed instruction may not be related to the error. 


¢ The MCIP flag in the IA32_MCG_STATUS register indicates whether a machine-check exception was generated. 
Before returning from the machine-check exception handler, software should clear this flag so that it can be 
used reliably by an error logging utility. The MCIP flag also detects recursion. The machine-check architecture 
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does not support recursion. When the processor detects machine-check recursion, it enters the shutdown 
state. 


Example 15-2 gives typical steps carried out by a machine-check exception handler. 


Example 15-2. Machine-Check Exception Handler Pseudocode 


IF CPU supports MCE 
THEN 
IF CPU supports MCA 
THEN 
call errorlogging routine; (* returns restartability *) 
Fi; 
ELSE (* Pentium(R) processor compatible *) 
READ P5_MC_ADDR 
READ P5_MC_TYPE; 
report RESTARTABILITY to console; 
FI; 
IF error is not restartable 
THEN 
report RESTARTABILITY to console; 
abort system; 
Fi; 
CLEAR MCIP flag in |A32_MCG_STATUS; 


15.10.2 Pentium Processor Machine-Check Exception Handling 


Machine-check exception handler on P6 family, Intel Atom and later processor families, should follow the guidelines 
described in Section 15.10.1 and Example 15-2 that check the processor’s support of MCA. 


NOTE 


On processors that support MCA (CPUID.1.EDX.MCA = 1) reading the P5_MC_TYPE and 
P5_MC_ADDR registers may produce invalid data. 


When machine-check exceptions are enabled for the Pentium processor (MCE flag is set in control register CR4), 
the machine-check exception handler uses the RDMSR instruction to read the error type from the PS5_MC_TYPE 
register and the machine check address from the P5_MC_ADDR register. The handler then normally reports these 
register values to the system console before aborting execution (See Example 15-2). 


15.10.3 Logging Correctable Machine-Check Errors 


The error handling routine for servicing the machine-check exceptions is responsible for logging uncorrected 
errors. 


If a machine-check error is correctable, the processor does not generate a machine-check exception for it. To 
detect correctable machine-check errors, a utility program must be written that reads each of the machine-check 
error-reporting register banks and logs the results in an accounting file or data structure. This utility can be imple- 
mented in either of the following ways. 


¢ Asystem daemon that polls the register banks on an infrequent basis, such as hourly or daily. 


° Auser-initiated application that polls the register banks and records the exceptions. Here, the actual polling 
service is provided by an operating-system driver or through the system call interface. 


¢ = Aninterrupt service routine servicing CMCI can read the MC banks and log the error. Please refer to Section 
15.10.4.2 for guidelines on logging correctable machine checks. 


Example 15-3 gives pseudocode for an error logging utility. 
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Example 15-3. Machine-Check Error Logging Pseudocode 


Assume that execution is restartable; 
IF the processor supports MCA 
THEN 
FOR each bank of machine-check registers 
DO 
READ IA32_MCi_STATUS; 
IF VAL flag in IA32_MCi_STATUS = 1 
THEN 
IF ADDRV flag in IA32_MCi_STATUS = 1 
THEN READ IA32_MCi_ADDR; 
FI; 
IF MISCV flag in IA32_MCi_STATUS = 1 
THEN READ IA32_MCi_MISC; 
Fl; 
IF MCIP flag in |A32_MCG_STATUS = 1 
(* Machine-check exception is in progress *) 
AND PCC flag in IA32_MCi_STATUS = 1 
OR RIPV flag in IA32_MCG_STATUS = 0 
(* execution is not restartable *) 
THEN 
RESTARTABILITY = FALSE; 
return RESTARTABILITY to calling procedure; 
FI; 
Save time-stamp counter and processor ID; 
Set [A32_MCi_STATUS to all Os; 
Execute serializing instruction (i.e., CPUID); 
FI; 
OD; 
Fl; 
If the processor supports the machine-check architecture, the utility reads through the banks of error-reporting 
registers looking for valid register entries. It then saves the values of the IA32_MCi_STATUS, IA32_MCi_ADDR, 
IA32_MCi_MISC and IA32_MCG_STATUS registers for each bank that is valid. The routine minimizes processing 
time by recording the raw data into a system data structure or file, reducing the overhead associated with polling. 
User utilities analyze the collected data in an off-line environment. 


When the MCIP flag is set in the IA32_MCG_STATUS register, a machine-check exception is in progress and the 
machine-check exception handler has called the exception logging routine. 


Once the logging process has been completed the exception-handling routine must determine whether execution 
can be restarted, which is usually possible when damage has not occurred (The PCC flag is clear, in the 
IA32_MCi_STATUS register) and when the processor can guarantee that execution is restartable (the RIPV flag is 
set in the IA32_MCG_STATUS register). If execution cannot be restarted, the system is not recoverable and the 
exception-handling routine should signal the console appropriately before returning the error status to the Oper- 
ating System kernel for subsequent shutdown. 


The machine-check architecture allows buffering of exceptions from a given error-reporting bank although the 
Pentium 4, Intel Xeon, Intel Atom, and P6 family processors do not implement this feature. The error logging 
routine should provide compatibility with future processors by reading each hardware error-reporting bank's 
IA32_MCi_STATUS register and then writing Os to clear the OVER and VAL flags in this register. The error logging 
utility should re-read the IA32_MCi_STATUS register for the bank ensuring that the valid bit is clear. The processor 
will write the next error into the register bank and set the VAL flags. 


Additional information that should be stored by the exception-logging routine includes the processor’s time-stamp 
counter value, which provides a mechanism to indicate the frequency of exceptions. A multiprocessing operating 
system stores the identity of the processor node incurring the exception using a unique identifier, such as the 
processor's APIC ID (see Section 10.8, “Handling Interrupts”). 


The basic algorithm given in Example 15-3 can be modified to provide more robust recovery techniques. For 
example, software has the flexibility to attempt recovery using information unavailable to the hardware. Specifi- 
cally, the machine-check exception handler can, after logging carefully analyze the error-reporting registers when 
the error-logging routine reports an error that does not allow execution to be restarted. These recovery techniques 
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can use external bus related model-specific information provided with the error report to localize the source of the 
error within the system and determine the appropriate recovery strategy. 


15.10.4 Machine-Check Software Handler Guidelines for Error Recovery 


15.10.4.1 Machine-Check Exception Handler for Error Recovery 


When writing a machine-check exception (MCE) handler to support software recovery from Uncorrected Recover- 
able (UCR) errors, consider the following: 


When IA32_MCG_CAP [24] is zero, there are no recoverable errors supported and all machine-check are fatal 
exceptions. The logging of status and error information is therefore a baseline implementation requirement. 


When IA32_MCG_CAP [24] is 1, certain uncorrected errors called uncorrected recoverable (UCR) errors may be 
software recoverable. The handler can analyze the reported error information, and in some cases attempt to 
recover from the uncorrected error and continue execution. 


For processors on which CPUID reports DisplayFamily_DisplayModel as O6H_OEH and onward, an MCA signal is 
broadcast to all logical processors in the system (see CPUID instruction in Chapter 3, “Instruction Set 
Reference, A-L” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A). Due to the 
potentially shared machine check MSR resources among the logical processors on the same package/core, the 
MCE handler may be required to synchronize with the other processors that received a machine check error and 
serialize access to the machine check registers when analyzing, logging and clearing the information in the 
machine check registers. 


— On processors that indicate ability for local machine-check exception (MCG_LMCE_P), hardware can choose 
to report the error to only a single logical processor if system software has enabled LMCE by setting 
IA32_MCG_EXT_CTL[LMCE_EN] = 1 as outlined in Section 15.3.1.5. 


The VAL (valid) flag in each IA32_MCi_STATUS register indicates whether the error information in the register 
is valid. If this flag is clear, the registers in that bank do not contain valid error information and should not be 
checked. 


The MCE handler is primarily responsible for processing uncorrected errors. The UC flag in each 
IA32_MCi_Status register indicates whether the reported error was corrected (UC=0) or uncorrected (UC=1). 
The MCE handler can optionally log and clear the corrected errors in the MC banks if it can implement software 
algorithm to avoid the undesired race conditions with the CMCI or CMC polling handler. 


For uncorrectable errors, the EIPV flag in the IA32_MCG_STATUS register indicates (when set) that the 
instruction pointed to by the instruction pointer pushed onto the stack when the machine-check exception is 
generated is directly associated with the error. When this flag is cleared, the instruction pointed to may not be 
associated with the error. 


The MCIP flag in the IA32_MCG_STATUS register indicates whether a machine-check exception was generated. 
When a machine check exception is generated, it is expected that the MCIP flag in the IA32_MCG_STATUS 
register is set to 1. If it is not set, this machine check was generated by either an INT 18 instruction or some 
piece of hardware signaling an interrupt with vector 18. 


When IA32_MCG_CAP [24] is 1, the following rules can apply when writing a machine check exception (MCE) 
handler to support software recovery: 


The PCC flag in each IA32_MCi_STATUS register indicates whether recovery from the error is possible for 
uncorrected errors (UC=1). If the PCC flag is set for enabled uncorrected errors (UC=1 and EN=1), recovery is 
not possible. When recovery is not possible, the MCE handler typically records the error information and signals 
the operating system to reset the system. 


The RIPV flag in the IA32_MCG_STATUS register indicates whether restarting the program execution from the 
instruction pointer saved on the stack for the machine check exception is possible. When the RIPV is set, 
program execution can be restarted reliably when recovery is possible. If the RIPV flag is not set, program 
execution cannot be restarted reliably. In this case the recovery algorithm may involve terminating the current 
program execution and resuming an alternate thread of execution upon return from the machine check handler 
when recovery is possible. When recovery is not possible, the MCE handler signals the operating system to 
reset the system. 


Vol. 3B 15-31 


MACHINE-CHECK ARCHITECTURE 


¢ When the EN flag is zero but the VAL and UC flags are one in the IA32_MCi_STATUS register, the reported 
uncorrected error in this bank is not enabled. As uncorrected errors with the EN flag = 0 are not the source of 
machine check exceptions, the MCE handler should log and clear non-enabled errors when the S bit is set and 
should continue searching for enabled errors from the other IA32_MCi_STATUS registers. Note that when 
IA32_MCG_CAP [24] is 0, any uncorrected error condition (VAL =1 and UC=1) including the one with the EN 
flag cleared are fatal and the handler must signal the operating system to reset the system. For the errors that 
do not generate machine check exceptions, the EN flag has no meaning. 


¢ When the VAL flag is one, the UC flag is one, the EN flag is one and the PCC flag is zero in the IA32_MCi_STATUS 
register, the error in this bank is an uncorrected recoverable (UCR) error. The MCE handler needs to examine 
the S flag and the AR flag to find the type of the UCR error for software recovery and determine if software error 
recovery is possible. 


¢ When both the S and the AR flags are clear in the IA32_MCi_STATUS register for the UCR error (VAL=1, UC=1, 
EN=x and PCC=0), the error in this bank is an uncorrected no-action required error (UCNA). UCNA errors are 
uncorrected but do not require any OS recovery action to continue execution. These errors indicate that some 
data in the system is corrupt, but that data has not been consumed and may not be consumed. If that data is 
consumed a non-UCNA machine check exception will be generated. UCNA errors are signaled in the same way 
as corrected machine check errors and the CMCI and CMC polling handler is primarily responsible for handling 
UCNA errors. Like corrected errors, the MCA handler can optionally log and clear UCNA errors as long as it can 
avoid the undesired race condition with the CMCI or CMC polling handler. As UCNA errors are not the source of 
machine check exceptions, the MCA handler should continue searching for uncorrected or software recoverable 
errors in all other MC banks. 


¢ When the S flag in the IA32_MCi_STATUS register is set for the UCR error ((VAL=1, UC=1, EN=1 and PCC=0), 
the error in this bank is software recoverable and it was signaled through a machine-check exception. The AR 
flag in the IA32_MCi_STATUS register further clarifies the type of the software recoverable errors. 


¢ When the AR flag in the IA32_MCi_STATUS register is clear for the software recoverable error (VAL=1, UC=1, 
EN=1, PCC=0 and S=1), the error in this bank is a software recoverable action optional (SRAO) error. The MCE 
handler and the operating system can analyze the IA32_MCi_STATUS [15:0] to implement MCA error code 
specific optional recovery action, but this recovery action is optional. System software can resume the program 
execution from the instruction pointer saved on the stack for the machine check exception when the RIPV flag 
in the IA32_MCG_STATUS register is set. 


° Even if the OVER flag in the IA32_MCi_STATUS register is set for the SRAO error (VAL=1, UC=1, EN=1, PCC=0, 
S=1 and AR=0), the MCE handler can take recovery action for the SRAO error logged in the IA32_MCi_STATUS 
register. Since the recovery action for SRAO errors is optional, restarting the program execution from the 
instruction pointer saved on the stack for the machine check exception is still possible for the overflowed SRAO 
error if the RIPV flag in the IA32_MCG_STATUS is set. 


¢ When the AR flag in the IA32_MCi_STATUS register is set for the software recoverable error (VAL=1, UC=1, 
EN=1, PCC=0 and S=1), the error in this bank is a software recoverable action required (SRAR) error. The MCE 
handler and the operating system must take recovery action in order to continue execution after the machine- 
check exception. The MCA handler and the operating system need to analyze the IA32_MCi_STATUS [15:0] to 
determine the MCA error code specific recovery action. If no recovery action can be performed, the operating 
system must reset the system. 


¢ When the OVER flag in the IA32_MCi_STATUS register is set for the SRAR error (VAL=1, UC=1, EN=1, PCC=0, 
S=1 and AR=1), the MCE handler cannot take recovery action as the information of the SRAR error in the 
IA32_MCi_STATUS register was potentially lost due to the overflow condition. Since the recovery action for 
SRAR errors must be taken, the MCE handler must signal the operating system to reset the system. 

¢ When the MCE handler cannot find any uncorrected (VAL=1, UC=1 and EN=1) or any software recoverable 
errors (VAL=1, UC=1, EN=1, PCC=0 and S=1) in any of the IA32_MCi banks of the processors, this is an 
unexpected condition for the MCE handler and the handler should signal the operating system to reset the 
system. 

° Before returning from the machine-check exception handler, software must clear the MCIP flag in the 
IA32_MCG_STATUS register. The MCIP flag is used to detect recursion. The machine-check architecture does 
not support recursion. When the processor receives a machine check when MCIP is set, it automatically enters 
the shutdown state. 


Example 15-4 gives pseudocode for an MC exception handler that supports recovery of UCR. 
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Example 15-4. Machine-Check Error Handler Pseudocode Supporting UCR 


MACHINE CHECK HANDLER: (* Called from INT 18 handler *) 
NOERROR = TRUE; 
ProcessorCount = 0; 
IF CPU supports MCA 
THEN 
RESTARTABILITY = TRUE; 
IF (Processor Family = 6 AND DisplayModel > OE€H) OR (Processor Family > 6) 
THEN 
IF (MCG_LMCE = 1) 
MCA_BROADCAST = FALSE; 
ELSE 
MCA_BROADCAST = TRUE; 
Fl; 
Acquire SpinLock; 
ProcessorCount++; (* Allowing one logical processor at a time to examine machine check registers *) 
CALL MCA ERROR PROCESSING; (* returns RESTARTABILITY and NOERROR *) 
ELSE 
MCA_BROADCAST = FALSE; 
(* Implement a rendezvous mechanism with the other processors if necessary *) 
CALL MCA ERROR PROCESSING; 
Fl; 
ELSE (* Pentium(R) processor compatible *) 
READ P5_MC_ADDR 
READ P5_MC_TYPE; 
RESTARTABILITY = FALSE; 
FI; 


IF NOERROR = TRUE 
THEN 
IF NOT (MCG_RIPV = 1 AND MCG_EIPV = 0) 
THEN 
RESTARTABILITY = FALSE; 
Fl 
Fl; 


IF RESTARTABILITY = FALSE 
THEN 
Report RESTARTABILITY to console; 
Reset system; 
Fl; 


IF MCA_BROADCAST = TRUE 
THEN 
IF ProcessorCount = MAX_PROCESSORS 
AND NOERROR = TRUE 
THEN 
Report RESTARTABILITY to console; 
Reset system; 
FI; 
Release SpinLock; 
Wait till Processorcount = MAX_PROCESSRS on system; 
(* implement a timeout and abort function if necessary *) 
Fl; 
CLEAR IA32_MCG_STATUS; 
RESUME Execution; 
(* End of MACHINE CHECK HANDLER*) 


MCA ERROR PROCESSING: (* MCA Error Processing Routine called from MCA Handler *) 
IF MCIP flag in |A32_MCG_STATUS = 0 
THEN (* MCIP=0 upon MCA is unexpected *) 
RESTARTABILITY = FALSE; 
Fl; 
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FOR each bank of machine-check registers 
DO 
CLEAR_MC_BANK = FALSE; 
READ IA32_MCi_STATUS; 
IF VAL Flag in |A32_MCi_STATUS = 1 
THEN 
IF UC Flag in |A32_MCi_STATUS = 1 
THEN 
IF Bit 24 in IA32_MCG_CAP = 0 
THEN (* the processor does not support software error recovery *) 
RESTARTABILITY = FALSE; 
NOERROR = FALSE; 
GOTO LOG MCA REGISTER; 
Fi; 
(* the processor supports software error recovery *) 
IF EN Flag in |A32_MCi_STATUS = 0 AND OVER Flag in |A32_MCi_STATUS=0 
THEN (* It is a spurious MCA Log. Log and clear the register *) 
CLEAR_MC_BANK = TRUE; 
GOTO LOG MCA REGISTER; 
Fi; 
IF PCC = 1 and EN = 1 in IA32_MCi_STATUS 
THEN (* processor context might have been corrupted *) 
RESTARTABILITY = FALSE; 
ELSE (* It is a uncorrected recoverable (UCR) error *) 
IF S Flag in |A32_MCi_STATUS = 0 
THEN 
IF AR Flag in |A32_MCi_STATUS = 0 
THEN (* It is a uncorrected no action required (UCNA) error *) 
GOTO CONTINUE; (* let CMCI and CMC polling handler to process *) 
ELSE 
RESTARTABILITY = FALSE; (* S=0, AR=1 is illegal *) 
Fl 
Fi; 
IF RESTARTABILITY = FALSE 
THEN (* no need to take recovery action if RESTARTABILITY is already false *) 
NOERROR = FALSE; 
GOTO LOG MCA REGISTER; 
Fi; 
(* Sin |A32_MCi_STATUS = 1 *) 
IF AR Flag in |A32_MCi_STATUS = 1 
THEN (* It is a software recoverable and action required (SRAR) error *) 
IF OVER Flag in IA32_MCi_STATUS = 1 
THEN 
RESTARTABILITY = FALSE; 
NOERROR = FALSE; 
GOTO LOG MCA REGISTER; 
Fl 
IF MCACOD Value in IA32_MCi_STATUS is recognized 
AND Current Processor is an Affected Processor 
THEN 
Implement MCACOD specific recovery action; 
CLEAR_MC_BANK = TRUE; 
ELSE 
RESTARTABILITY = FALSE; 
Fi; 
ELSE (* It is a software recoverable and action optional (SRAO) error *) 
IF OVER Flag in IA32_MCi_STATUS = 0 AND 
MCACOD in IA32_MCi_STATUS is recognized 
THEN 
Implement MCACOD specific recovery action; 
Fi; 
CLEAR_MC_BANK = TRUE; 
Fl; AR 
Fl; PCC 
NOERROR = FALSE; 
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GOTO LOG MCA REGISTER; 
ELSE (* It is a corrected error; continue to the next [A32_MCi_STATUS *) 
GOTO CONTINUE; 
Fl; UC 
Fl; VAL 


LOG MCA REGISTER: 


SAVE IA32_MCi_STATUS; 
If MISCV in IA32_MCi_STATUS 
THEN 
SAVE IA32_MCi_MISC; 
Fl; 
IF ADDRV in |A32_MCi_STATUS 
THEN 
SAVE IA32_MCi_ADDR; 
Fl; 
IF CLEAR_MC_BANK = TRUE 
THEN 
SET all O to IA32_MCi_STATUS; 
If MISCV in IA32_MCi_STATUS 
THEN 
SET all 0 to IA32_MCi_MISC; 
Fl; 
IF ADDRV in IA32_MCi_STATUS 
THEN 
SET all 0 to IA32_MCi_ADDR; 
Fl; 
Fl; 
CONTINUE: 


OD; 


(*END FOR *) 
RETURN; 
(* End of MCA ERROR PROCESSING*) 


15.10.4.2 Corrected Machine-Check Handler for Error Recovery 


When writing a corrected machine check handler, which is invoked as a result of CMCI or called from an OS CMC 
Polling dispatcher, consider the following: 


The VAL (valid) flag in each IA32_MCi_STATUS register indicates whether the error information in the register 
is valid. If this flag is clear, the registers in that bank does not contain valid error information and does not need 
to be checked. 


The CMCI or CMC polling handler is responsible for logging and clearing corrected errors. The UC flag in each 
IA32_MCi_Status register indicates whether the reported error was corrected (UC=0) or not (UC=1). 


When IA32_MCG_CAP [24] is one, the CMC handler is also responsible for logging and clearing uncorrected no- 
action required (UCNA) errors. When the UC flag is one but the PCC, S, and AR flags are zero in the 
IA32_MCi_STATUS register, the reported error in this bank is an uncorrected no-action required (UCNA) error. 
In cases when SRAO error are signaled as UCNA error via CMCI, software can perform recovery for those errors 
identified in Table 15-16. 


In addition to corrected errors and UCNA errors, the CMC handler optionally logs uncorrected (UC=1 and 
PCC=1), software recoverable machine check errors (UC=1, PCC=0 and S=1), but should avoid clearing those 
errors from the MC banks. Clearing these errors may result in accidentally removing these errors before these 
errors are actually handled and processed by the MCE handler for attempted software error recovery. 


Example 15-5 gives pseudocode for a CMCI handler with UCR support. 
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Example 15-5. Corrected Error Handler Pseudocode with UCR Support 


Corrected Error HANDLER: (* Called from CMCI handler or OS CMC Polling Dispatcher*) 
IF CPU supports MCA 
THEN 
FOR each bank of machine-check registers 
DO 
READ IA32_MCi_STATUS; 
IF VAL flag in |A32_MCi_STATUS = 1 


THEN 
IF UC Flag in |A32_MCi_STATUS = 0 (* It is a corrected error *) 
THEN 
GOTO LOG CMC ERROR; 
ELSE 
IF Bit 24 in IA32_MCG_CAP = 0 
THEN 
GOTO CONTINUE; 
Fi; 
IF S Flag in |A32_MCi_STATUS = 0 AND AR Flag in IA32_MCi_STATUS = 0 
THEN (* It is a uncorrected no action required error *) 
GOTO LOG CMC ERROR 
Fl 
IF EN Flag in |A32_MCi_STATUS = 0 
THEN (* It is a spurious MCA error *) 
GOTO LOG CMC ERROR 
Fi; 
Fi; 
Fi; 
GOTO CONTINUE; 
LOG CMC ERROR: 


SAVE IA32_MCi_STATUS; 
If MISCV Flag in IA32_MCi_STATUS 
THEN 
SAVE IA32_MCi_MISC; 
SET all 0 to IA32_MCi_MISC; 
Fl; 
IF ADDRV Flag in |A32_MCi_STATUS 
THEN 
SAVE IA32_MCi_ADDR; 
SET all 0 to |A32_MCi_ADDR 
Fl; 
SET all 0 to IA32_MCi_STATUS; 
CONTINUE: 
OD; 
( *END FOR *) 
Fl; 
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CHAPTER 16 
INTERPRETING MACHINE-CHECK 
ERROR CODES 


Encoding of the model-specific and other information fields is different across processor families. The differences 
are documented in the following sections. 


16.1. INCREMENTAL DECODING INFORMATION: PROCESSOR FAMILY O6H 
MACHINE ERROR CODES FOR MACHINE CHECK 


Section 16.1 provides information for interpreting additional model-specific fields for external bus errors relating to 
processor family O6H. The references to processor family 06H refers to only IA-32 processors with CPUID signa- 
tures listed in Table 16-1. 


Table 16-1. CPUID DisplayFamily_DisplayModel Signatures for Processor Family O6H 


DisplayFamily_DisplayModel Processor Families/Processor Number Series 

06_0EH Intel Core Duo, Intel Core Solo processors 

06_0DH Intel Pentium M processor 

06_09H Intel Pentium M processor 

06_7H, 06_08H, 06_0AH, 06_0BH Intel Pentium III Xeon Processor, Intel Pentium III Processor 
06_03H, 06_05H Intel Pentium II Xeon Processor, Intel Pentium II Processor 
06_01H Intel Pentium Pro Processor 


These errors are reported in the IA32_MCi_STATUS MSRs. They are reported architecturally as compound errors 
with a general form of 0000 1PPT RRRR IILL in the MCA error code field. See Chapter 15 for information on the 
interpretation of compound error codes. Incremental decoding information is listed in Table 16-2. 


Table 16-2. Incremental Decoding Information: Processor Family O6H Machine Error Codes For Machine Check 


Type Bit No. | Bit Function Bit Description 
MCA error 15:0 

codes! 

Model specific | 18:16 | Reserved Reserved 


errors 
Model specific | 24:19 | Bus queue request 000000 for BQ_DCU_READ_TYPE error 
errors type 000010 for BQ_IFU_DEMAND_TYPE error 
000011 for BQ_IFU_DEMAND_NC_TYPE error 
000100 for BQ_DCU_RFO_TYPE error 
000101 for BQ_DCU_RFO_LOCK_TYPE error 


000110 for BQ_DCU_ITOM_TYPE error 
001000 for BOQ_DCU_WB_TYPE error 
001010 for BQ_DCU_WCEVICT_TYPE error 
001011 for BQ_DCU_WCLINE_TYPE error 
001100 for BQ_DCU_BTM_TYPE error 
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Table 16-2. Incremental Decoding Information: Processor Family O6H Machine Error Codes For Machine Check 


Type 


Bit No. 


Bit Function 


Bit Description 


001101 for BQ_DCU_INTACK_TYPE error 
001110 for BQ_DCU_INVALL2_TYPE error 
001111 for BQ_DCU_FLUSHL2_TYPE error 
010000 for BQ_DCU_PART_RD_TYPE error 
010010 for BQ_.DCU_PART_WR_TYPE error 
010100 for BQ_DCU_SPEC_CYC_TYPE error 
011000 for BQ_DCU_IO_RD_TYPE error 
011001 for BQ_DCU_IO_WR_TYPE error 
011100 for BQ_DCU_LOCK_RD_TYPE error 
011110 for BQ_DCU_SPLOCK_RD_TYPE error 
011101 for BQ_DCU_LOCK_WR_TYPE error 


Model specific | 27:25 


errors 


Bus queue error type 


000 for BQ_ERR_HARD_TYPE error 
001 for BQ_ERR_DOUBLE_TYPE error 
010 for BQ_ERR_AERR2_TYPE error 
100 for BQ_ERR_SINGLE_TYPE error 
101 for BQ_ERR_AERR1_TYPE error 


Model specific | 28 FRC error 1 if FRC error active 
errors 

29 BERR 1 if BERR is driven 

30 Internal BINIT 1 if BINIT driven for this processor 

31 Reserved Reserved 

Other 34:32 | Reserved Reserved 
information 

35 External BINIT 1 if BINIT is received from external bus. 

36 Response parity error | This bit is asserted in |A32_MCi_STATUS if this component has received a parity 
error on the RS[2:0]# pins for a response transaction. The RS signals are checked 
by the RSP# external pin. 

37 Bus BINIT This bit is asserted in IA32_MCi_STATUS if this component has received a hard 
error response on a split transaction one access that has needed to be split across 
the 64-bit external bus interface into two accesses). 

38 Timeout BINIT This bit is asserted in IA32_MCi_STATUS if this component has experienced a ROB 
time-out, which indicates that no micro-instruction has been retired for a 
predetermined period of time. 

A ROB time-out occurs when the 15-bit ROB time-out counter carries a 1 out of its 
high order bit. 2 The timer is cleared when a micro-instruction retires, an exception 
is detected by the core processor, RESET is asserted, or when a ROB BINIT occurs. 
The ROB time-out counter is prescaled by the 8-bit PIC timer which is a divide by 
128 of the bus clock (the bus clock is 1:2, 1:3, 1:4 of the core clock3). When a carry 
out of the 8-bit PIC timer occurs, the ROB counter counts up by one. While this bit 
is asserted, it cannot be overwritten by another error. 

41:39 | Reserved Reserved 

42 Hard error This bit is asserted in [A32_MCi_STATUS if this component has initiated a bus 


transactions which has received a hard error response. While this bit is asserted, it 
cannot be overwritten. 
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Table 16-2. Incremental Decoding Information: Processor Family OG6H Machine Error Codes For Machine Check 
Type BitNo. | Bit Function Bit Description 


43 IERR This bit is asserted in IA32_MCi_STATUS if this component has experienced a 
failure that causes the IERR pin to be asserted. While this bit is asserted, it cannot 
be overwritten. 


44 AERR This bit is asserted in [A32_MCi_STATUS if this component has initiated 2 failing 
bus transactions which have failed due to Address Parity Errors AERR asserted). 
While this bit is asserted, it cannot be overwritten. 


45 UECC The Uncorrectable ECC error bit is asserted in IA32_MCi_STATUS for uncorrected 
ECC errors. While this bit is asserted, the ECC syndrome field will not be 
overwritten. 

46 CECC The correctable ECC error bit is asserted in |A32_MCi_STATUS for corrected ECC 
errors. 

54:47 | ECC syndrome The ECC syndrome field in IA32_MCi_STATUS contains the 8-bit ECC syndrome only 


if the error was a correctable/uncorrectable ECC error and there wasn't a previous 
valid ECC error syndrome logged in |A32_MCi_STATUS. 

A previous valid ECC error in |A32_MCi_STATUS is indicated by 
IA32_MCi_STATUS.bit45 uncorrectable error occurred) being asserted. After 
processing an ECC error, machine-check handling software should clear 
1A32_MCi_STATUS.bit45 so that future ECC error syndromes can be logged. 


56:55 | Reserved Reserved. 
Status register | 63:57 
validity 
indicators? 
NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 

2. For processors with a CPUID signature of O6_OEH, a ROB time-out occurs when the 23-bit ROB time-out counter carries a 1 out of its 
high order bit. 

3. For processors with a CPUID signature of 6_06_60H and later, the PIC timer will count crystal clock cycles. 


16.2 INCREMENTAL DECODING INFORMATION: INTEL CORE 2 PROCESSOR 
FAMILY MACHINE ERROR CODES FOR MACHINE CHECK 


Table 16-4 provides information for interpreting additional model-specific fields for external bus errors relating to 
processor based on Intel Core microarchitecture, which implements the P4 bus specification. Table 16-3 lists the 
CPUID signatures for Intel 64 processors that are covered by Table 16-4. These errors are reported in the 
IA32_MCi_STATUS MSRs. They are reported architecturally as compound errors with a general form of 

0000 1PPT RRRR IILL in the MCA error code field. See Chapter 15 for information on the interpretation of 
compound error codes. 


Table 16-3. CPUID DisplayFamily_DisplayModel Signatures for Processors Based on Intel Core Microarchitecture 
DisplayFamily_DisplayModel | Processor Families/Processor Number Series 


06_1DH Intel Xeon Processor 7400 series. 
06_17H Intel Xeon Processor 5200, 5400 series, Intel Core 2 Quad processor Q9650. 
06_OFH Intel Xeon Processor 3000, 3200, 5100, 5300, 7300 series, Intel Core 2 Quad, Intel Core 2 Extreme, 


Intel Core 2 Duo processors, Intel Pentium dual-core processors. 
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Table 16-4. Incremental Bus Error Codes of Machine Check for Processors 
Based on Intel Core Microarchitecture 


Type Bit No. | Bit Function Bit Description 
MCA error 15:0 

codes! 

Model specific | 18:16 | Reserved Reserved 


errors 


Model specific | 24:19 | Bus queue request ‘000001 for BQ_PREF_READ_TYPE error 
errors type 000000 for BOQ_DCU_READ_TYPE error 
000010 for BQ_IFU_DEMAND_TYPE error 
000011 for BQ_IFU_LDEMAND_NC_TYPE error 
000100 for BQ_DCU_RFO_TYPE error 
000101 for BQ_DCU_RFO_LOCK_TYPE error 


000110 for BQ_DCU_ITOM_TYPE error 
001000 for BQ_DCU_WB_TYPE error 
001010 for BQ_DCU_WCEVICT_TYPE error 
001011 for BQ_DCU_WCLINE_TYPE error 
001100 for BQ_DCU_BTM_TYPE error 


001101 for BQ_DCU_INTACK_TYPE error 
001110 for BQ_DCU_INVALL2_TYPE error 
001111 for BQ_DCU_FLUSHL2_TYPE error 
010000 for BQ_DCU_PART_RD_TYPE error 
010010 for BQ_DCU_PART_WR_TYPE error 


010100 for BQ_DCU_SPEC_CYC_TYPE error 
011000 for BQ_DCU_IO_RD_TYPE error 
011001 for BQ_DCU_IO_WR_TYPE error 
011100 for BQ_DCU_LOCK_RD_TYPE error 
011110 for BQ_.DCU_SPLOCK_RD_TYPE error 
011101 for BQ_DCU_LOCK_WR_TYPE error 
100100 for BQ_L2_WI_RFO_TYPE error 
100110 for BQ_L2_WI_ITOM_TYPE error 


Model specific | 27:25 | Bus queue error type | ‘001 for Address Parity Error 


errors ‘010 for Response Hard Error 
‘011 for Response Parity Error 

Model specific | 28 MCE Driven 1 if MCE is driven 
errors 

29 MCE Observed 1 if MCE is observed 

30 Internal BINIT 1 if BINIT driven for this processor 

31 BINIT Observed 1 if BINIT is observed for this processor 
Other 33:32 | Reserved Reserved 
information 

34 PIC and FSB data Data Parity detected on either PIC or FSB access 

parity 
35 Reserved Reserved 
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Table 16-4. Incremental Bus Error Codes of Machine Check for Processors 
Based on Intel Core Microarchitecture (Contd.) 


validity 
indicators 


NOTES: 


1 


Type BitNo. | Bit Function Bit Description 

36 Response parity error | This bit is asserted in |A32_MCi_STATUS if this component has received a parity 
error on the RS[2:0]# pins for a response transaction. The RS signals are checked 
by the RSP# external pin. 

37 FSB address parity Address parity error detected: 

1 = Address parity error detected 
O = No address parity error 

38 Timeout BINIT This bit is asserted in [A32_MCi_STATUS if this component has experienced a ROB 
time-out, which indicates that no micro-instruction has been retired for a 
predetermined period of time. 

A ROB time-out occurs when the 23-bit ROB time-out counter carries a 1 out of its 
high order bit. The timer is cleared when a micro-instruction retires, an exception is 
detected by the core processor, RESET is asserted, or when a ROB BINIT occurs. 
The ROB time-out counter is prescaled by the 8-bit PIC timer which is a divide by 
128 of the bus clock the bus clock is 1:2, 1:3, 1:4 of the core clock). When a carry 
out of the 8-bit PIC timer occurs, the ROB counter counts up by one. While this bit 
is asserted, it cannot be overwritten by another error. 

41:39 | Reserved Reserved 

42 Hard error This bit is asserted in [A32_MCi_STATUS if this component has initiated a bus 
transactions which has received a hard error response. While this bit is asserted, it 
cannot be overwritten. 

43 IERR This bit is asserted in IA32_MCi_STATUS if this component has experienced a 
failure that causes the IERR pin to be asserted. While this bit is asserted, it cannot 
be overwritten. 

44 Reserved Reserved 

45 Reserved Reserved 

46 Reserved Reserved 

54:47 | Reserved Reserved 

56:55 | Reserved Reserved. 

Status register | 63:57 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


16.2.1 


section. 


Model-Specific Machine Check Error Codes for Intel Xeon Processor 7400 Series 


Intel Xeon processor 7400 series has machine check register banks that generally follows the description of 
Chapter 15 and Section 16.2. Additional error codes specific to Intel Xeon processor 7400 series is describe in this 


MC4_STATUS[63:0] is the main error logging for the processor’s L3 and front side bus errors for Intel Xeon 
processor 7400 series. It supports the L3 Errors, Bus and Interconnect Errors Compound Error Codes in the MCA 
Error Code Field. 
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16.2.1.1 Processor Machine Check Status Register 
Incremental MCA Error Code Definition 


Intel Xeon processor 7400 series use compound MCA Error Codes for logging its Bus internal machine check 
errors, L3 Errors, and Bus/Interconnect Errors. It defines incremental Machine Check error types 
(IA32_MC6_STATUS[15:0]) beyond those defined in Chapter 15. Table 16-5 lists these incremental MCA error 
code types that apply to IA32_MC6_STATUS. Error code details are specified in MC6_STATUS [31:16] (see 
Section 16.2.2), the “Model Specific Error Code” field. The information in the “Other_Info” field 
(MC4_STATUS[56:32]) is common to the three processor error types and contains a correctable event count and 
specifies the MC6_MISC register format. 


Table 16-5. Incremental MCA Error Code Types for Intel Xeon Processor 7400 


Processor MCA_Error_Code (MC6_STATUS[15:0]) 


Type | Error Code Binary Encoding Meaning 

C Internal Error | 0000 0100 0000 0000 | Internal Error Type Code 

B Bus and 0000 100x 0000 1111 | Not used but this encoding is reserved for compatibility with other MCA 
Interconnect implementations 
Error 0000 101x 0000 1111 | Not used but this encoding is reserved for compatibility with other MCA 


implementations 


0000 110x 0000 1111 | Not used but this encoding is reserved for compatibility with other MCA 
implementations 


0000 1110 0000 1111 | Bus and Interconnection Error Type Code 


0000 1111 0000 1111 | Not used but this encoding is reserved for compatibility with other MCA 
implementations 


The Bold faced binary encodings are the only encodings used by the processor for MC4_STATUS[15:0]. 


16.2.2 Intel Xeon Processor 7400 Model Specific Error Code Field 


16.2.2.1 Processor Model Specific Error Code Field 
Type B: Bus and Interconnect Error 


Note: The Model Specific Error Code field in MC6_STATUS (bits 31:16). 


Table 16-6. Type B Bus and Interconnect Error Codes 


BitNum_ | Sub-Field Name Description 

16 FSB Request Parity Parity error detected during FSB request phase 

19:17 Reserved 

20 FSB Hard Fail Response “Hard Failure” response received for a local transaction 
21 FSB Response Parity Parity error on FSB response field detected 

22 FSB Data Parity FSB data parity error on inbound data detected 

31:23 “- Reserved 
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Table 16-7. Type C Cache Bus Controller Error Codes 


MC4_STATUS[31:16] (MSCE) Value 


Error Description 


0000_0000_0000_0001 0001H 


Inclusion Error from Core 0 


0000_0000_0000_0010 0002H 


Inclusion Error from Core 1 


0000_0000_0000_0011 0003H 


Write Exclusive Error from Core 0 


0000_0000_0000_0100 0004H 


Write Exclusive Error from Core 1 


0000_0000_0000_0101 O005H 


Inclusion Error from FSB 


0000_0000_0000_0110 OO06H 


SNP Stall Error from FSB 


0000_0000_0000_0111 0007H 


Write Stall Error from FSB 


0000_0000_0000_1000 0008H 
0000_0000_0000_1010 OOOAH 


FSB Arb Timeout Error 


Inclusion Error from Core 2 


0000_0000_0000_1011 OOOBH 


Write Exclusive Error from Core 2 


0000_0010_0000_0000 0200H 
0000_0011_0000_0000 0300H 


Internal Timeout error 


Internal Timeout Error 


0000_0100_0000_0000 0400H 


Intel? Cache Safe Technology Queue Full Error or Disabled-ways-in-a-set overflow 


0000_0101_0000_0000 0500H 
1100_0000_0000_0010 C002H 


Quiet cycle Timeout Error (correctable) 


Correctable ECC event on outgoing Core O data 


1100_0000_0000_0100 CO04H 


Correctable ECC event on outgoing Core 1 data 


1100_0000_0000_1000 CO08H 
1110_0000_0000_0010 E002H 


Correctable ECC event on outgoing Core 2 data 


Uncorrectable ECC error on outgoing Core O data 


1110_0000_0000_0100 E004H 


Uncorrectable ECC error on outgoing Core 1 data 


1110_0000_0000_1000 E008H 


— all other encodings — 


Uncorrectable ECC error on outgoing Core 2 data 


Reserved 


16.3. INCREMENTAL DECODING INFORMATION: INTEL® XEON® PROCESSOR 
3400, 3500, 5500 SERIES, MACHINE ERROR CODES FOR MACHINE CHECK 


Table 16-8 through Table 16-12 provide information for interpreting additional model-specific fields for memory 
controller errors relating to the Intel® Xeon® processor 3400, 3500, 5500 series with CPUID 
DisplayFamily_DisplaySignature 06_1AH, which supports Intel QuickPath Interconnect links. Incremental MC error 
codes related to the Intel QPI links are reported in the register banks IA32_MCO and IA32_MC1, incremental error 
codes for internal machine check is reported in the register bank IA32_MC7, and incremental error codes for the 


memory controller unit is reported in the register banks IA32_MC8. 
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16.3.1 Intel QPI Machine Check Errors 


Table 16-8. Intel QPI Machine Check Error Codes for |A32_MCO_STATUS and IA32_MC1_STATUS 


Type Bit No. | Bit Function Bit Description 

MCA error codes! 15:0 MCACOD Bus error format: 1PPTRRRRIILL 

Model specific errors 
16 Header Parity if 1, QP! Header had bad parity 
17 Data Parity If 1, QP] Data packet had bad parity 
18 Retries Exceeded If 1, number of QPI retries was exceeded 
19 Received Poison if 1, Received a data packet that was marked as poisoned by the sender 
21:20 | Reserved Reserved 
22 Unsupported Message If 1, QPI received a message encoding it does not support 
23 Unsupported Credit If 1, QPI credit type is not supported. 
24 Receive Flit Overrun If 1, Sender sent too many QPI flits to the receiver. 
25 Received Failed If 1, Indicates that sender sent a failed response to receiver. 

Response 

26 Receiver Clock Jitter If 1, clock jitter detected in the internal QPI clocking 
56:27 | Reserved Reserved 

Status register 63:57 

validity indicators? 

NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


Table 16-9. Intel QPI Machine Check Error Codes for [A32_MCO_MISC and IA32_MC1_MISC 


Type BitNo. | Bit Function Bit Description 
Model specific errors! 
7:0 QPI Opcode Message class and opcode from the packet with the error 
13:8 RTld QP! Request Transaction ID 
15:14 | Reserved Reserved 
18:16 | RHNID QP! Requestor/Home Node ID 
23:19 | Reserved Reserved 
24 IIB QPI Interleave/Head Indication Bit 


NOTES: 
1. Which of these fields are valid depends on the error type. 


16.3.2 Internal Machine Check Errors 


Table 16-10. Machine Check Error Codes for [A32_MC7_STATUS 


Type Bit No. | Bit Function Bit Description 


MCA error codes! 15:0 MCACOD 


Model specific errors 
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Type Bit No. | Bit Function Bit Description 
23:16 | Reserved Reserved 
31:24 | Reserved except for | OOh - No Error 
the following O3h - Reset firmware did not complete 
O8h - Received an invalid CMPD 
OAh - Invalid Power Management Request 
ODh - Invalid S-state transition 
11h - VID controller does not match POC controller selected 
1Ah - MSID from POC does not match CPU MSID 
56:32 | Reserved Reserved 
Status register validity | 63:57 
indicators? 
NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


16.3.3. Memory Controller Errors 
Table 16-11. Incremental Memory Controller Error Codes of Machine Check for IA32_MC8_STATUS 
Type BitNo. | Bit Function Bit Description 
MCA error codes! 15:0 MCACOD Memory error format: 1MMMCCCC 
Model specific errors 
16 Read ECC error if 1, ECC occurred on a read 
17 RAS ECC error If 1, ECC occurred on a scrub 
18 Write parity error If 1, bad parity on a write 
19 Redundancy loss if 1, Error in half of redundant memory 
20 Reserved Reserved 
21 Memory range error | If 1, Memory access out of range 
22 RTID out of range If 1, Internal ID invalid 
23 Address parity error | If 1, bad address parity 
24 Byte enable parity If 1, bad enable parity 
error 
Other information 37:25 | Reserved Reserved 
52:38 | CORE_ERR_CNT Corrected error count 
56:53 | Reserved Reserved 
Status register validity | 63:57 
indicators1 
NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 
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Table 16-12. Incremental Memory Controller Error Codes of Machine Check for |A32_MC8_MISC 


Type BitNo. | Bit Function Bit Description 

Model specific errors! 
7:0 RTld Transaction Tracker ID 
15:8 Reserved Reserved 
17:16 | DIMM DIMM ID which got the error 
19:18 | Channel Channel ID which got the error 
31:20 | Reserved Reserved 
63:32 | Syndrome ECC Syndrome 


NOTES: 
1. Which of these fields are valid depends on the error type. 


16.4 INCREMENTAL DECODING INFORMATION: INTEL® XEON® PROCESSOR E5 
FAMILY, MACHINE ERROR CODES FOR MACHINE CHECK 


Table 16-13 through Table 16-15 provide information for interpreting additional model-specific fields for memory 
controller errors relating to the Intel® Xeon® processor E5 Family with CPUID DisplayFamily_DisplaySignature 
06_2DH, which supports Intel QuickPath Interconnect links. Incremental MC error codes related to the Intel QPI 
links are reported in the register banks IA32_MC6 and IA32_MC7, incremental error codes for internal machine 
check error from PCU controller is reported in the register bank IA32_MC4, and incremental error codes for the 
memory controller unit is reported in the register banks IA32_MC8-IA32_MCi1. 


16.4.1 Internal Machine Check Errors 


Table 16-13. Machine Check Error Codes for |A32_MC4_STATUS 


Type BitNo. | Bit Function Bit Description 
MCA error 15:0 MCACOD 
codes! 


Model specific | 19:16 | Reserved except for | OOOOb - No Error 

errors the following 0001b - Non_IMem_Sel 
0010b - |_Parity_Error 
0011b - Bad_OpCode 
0100b - |_Stack_Underflow 
0101b - |_Stack_Overflow 
0110b - D_Stack_Underflow 
0111b - D_Stack_Overflow 
1000b - Non-DMem_Sel 
1001b - D_Parity_€rror 
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Type 


Bit No. 


Bit Function 


Bit Description 


Status register 
validity 


indicators? 


23:20 


Reserved 


Reserved 


31:24 


Reserved except for 
the following 


OOh - No Error 

ODh - MC_IMC_FORCE_SR_S3_ TIMEOUT 

OEh - MC_CPD_UNCPD_ST_TIMEOUT 

OFh - MC_PKGS_SAFE_WP_TIMEOUT 

43h - MC_PECI_MAILBOX_QUIESCE_TIMEOUT 
5Ch - MC_MORE_THAN_ONE_LT_AGENT 

60h - MC_INVALID_PKGS_REQ_PCH 

61h - MC_INVALID_PKGS_REQ_QPI 

62h - MC_INVALID_PKGS_RES_QPI 

63h - MC_INVALID_PKGC_RES_PCH 

64h - MC_INVALID_PKG_STATE_CONFIG 

70h - MC_WATCHDG_TIMEOUT_PKGC_SECONDARY 
71h - MC_WATCHDG_TIMEOQUT_PKGC_MAIN 

72h - MC_WATCHDG_TIMEOQUT_PKGS_MAIN 
7ah - MC_HA_FAILSTS_CHANGE_DETECTED 

81h - MC_RECOVERABLE_DIE_THERMAL_TOO_HOT 


56:32 
63:57 


Reserved 


Reserved 


NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


16.4.2 Intel QPI Machine Check Errors 

Table 16-14. Intel QPI MC Error Codes for |A32_MC6_STATUS and IA32_MC7_STATUS 
Type BitNo. | Bit Function Bit Description 
MCA error 15:0 MCACOD Bus error format: 1PPTRRRRIILL 
codes! 
Model specific 
errors 

56:16 | Reserved Reserved 

Status register | 63:57 
validity 
indicators? 
NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


16.4.3 


Integrated Memory Controller Machine Check Errors 


MC error codes associated with integrated memory controllers are reported in the MSRs IA32_MC8_STATUS- 
IA32_MC1ii_STATUS. The supported error codes are follows the architectural MCACOD definition type 1MMMCCCC 
(see Chapter 15, “Machine-Check Architecture,”). MSR_ERROR_CONTROL.[bit 1] can enable additional informa- 
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tion logging of the IMC. The additional error information logged by the IMC is stored in IA32_MCi_STATUS and 
IA32_MCi_MISC; (i = 8, 11). 


Table 16-15. Intel IMC MC Error Codes for IA32_MCi_STATUS (i= 8, 11) 


Type BitNo. | Bit Function Bit Description 
MCA error codes! 15:0 MCACOD Bus error format: 1PPTRRRRIILL 
Model specific 31:16 | Reserved except for | 001H - Address parity error 
errors the following 002H - HA Wrt buffer Data parity error 
O004H - HA Wrt byte enable parity error 
OO8H - Corrected patrol scrub error 
010H - Uncorrected patrol scrub error 
O20H - Corrected spare error 
O40H - Uncorrected spare error 
Model specific 36:32 | Other info When MSR_ERROR_CONTROL[1] is set, allows the iMC to log first device 
errors error when corrected error is detected during normal read. 
37 Reserved Reserved 
56:38 See Chapter 15, “Machine-Check Architecture,” 
Status register 63:57 
validity indicators? 


NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


Table 16-16. Intel IMC MC Error Codes for IA32_MCi_MISC (i= 8, 11) 


Type BitNo. | Bit Function Bit Description 
MCA addr info! | 8:0 See Chapter 15, “Machine-Check Architecture,” 
Model specific | 13:9 * When MSR_ERROR_CONTROL|1] is set, allows the iMC to log second device 
errors error when corrected error is detected during normal read. 
* Otherwise contain parity error if MCi_Status indicates HA_WB_Data or 
HA_W_BE parity error. 
Model specific | 29:14 | ErrMask_1stErrDev When MSR_ERROR_CONTROL|1] is set, allows the iMC to log first-device error bit 
errors mask. 
Model specific | 45:30 | ErrMask_2nd€rrDev | When MSR_ERROR_CONTROL|[1] is set, allows the iMC to log second-device error 
errors bit mask. 
50:46 | FailRank_1st€rrDev | When MSR_ERROR_CONTROL|1] is set, allows the iMC to log first-device error 
failing rank. 
55:51. | FailRank_2ndE€rrDev | When MSR_ERROR_CONTROL|1] is set, allows the iMC to log second-device error 
failing rank. 
58:56 | Reserved Reserved 
61:59 | Reserved Reserved 
62 Valid_1st€rrDev When MSR_ERROR_CONTROL[1] is set, indicates the iMC has logged valid data 
from the first correctable error in a memory device. 
63 Valid_2ndErrDev When MSR_ERROR_CONTROL,[1] is set, indicates the iMC has logged valid data due 


to a second correctable error in a memory device. Use this information only after 
there is valid first error info indicated by bit 62. 


NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 
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16.5 INCREMENTAL DECODING INFORMATION: INTEL® XEON® PROCESSOR E5 
V2 AND INTEL® XEON® PROCESSOR E7 V2 FAMILIES, MACHINE ERROR 
CODES FOR MACHINE CHECK 


The Intel® Xeon® processor E5 v2 family and the Intel® Xeon® processor E7 v2 family are based on the Ivy 
Bridge-EP microarchitecture and can be identified with CPUID DisplayFamily_DisplaySignature 06_3EH. Incre- 
mental error codes for internal machine check error from PCU controller is reported in the register bank IA32_MC4, 
Table lists model-specific fields to interpret error codes applicable to IA32_MC4_STATUS. Incremental MC error 
codes related to the Intel QPI links are reported in the register banks IA32_MCS5. Information listed in Table 16-14 
for QPI MC error code apply to IA32_MC5_STATUS. Incremental error codes for the memory controller unit is 
reported in the register banks IA32_MC9-IA32_MC16. Table 16-18 lists model-specific error codes apply to 
IA32_MCi_STATUS, i = 9-16. 


16.5.1 Internal Machine Check Errors 


Table 16-17. Machine Check Error Codes for [A32_MC4_STATUS 
Type BitNo. | Bit Function Bit Description 
MCA error codes! 15:0 MCACOD 


Model specific errors | 19:16 | Reserved except for | OOOOb - No Error 

the following 0001b - Non_IMem_Sel 
0010b - |_Parity_Error 
0011b - Bad_OpCode 
0100b - |_Stack_Underflow 
0101b - |_Stack_Overflow 
0110b - D_Stack_Underflow 
0111b - D_Stack_Overflow 
1000b - Non-DMem_Sel 
1001b - D_Parity_Error 


23:20 | Reserved Reserved 
31:24 | Reserved except for | 00h - No Error 
the following ODh - MC_IMC_FORCE_SR_S3_TIMEOUT 


OEh - MC_CPD_UNCPD_ST_TIMEOUT 

OFh - MC_PKGS_SAFE_WP_TIMEOQUT 

43h - MC_PECI_MAILBOX_QUIESCE_TIMEOQUT 
44h - MC_CRITICAL_VR_FAILED 

45h - MC_ICC_MAX-NOTSUPPORTED 

5Ch - MC_MORE_THAN_ONE_LT_AGENT 

60h - MC_INVALID_PKGS_REQ_PCH 

61h - MC_INVALID_PKGS_REQ_QPI 

62h - MC_INVALID_PKGS_RES_QPI 

63h - MC_INVALID_PKGC_RES_PCH 

64h - MC_INVALID_PKG_STATE_CONFIG 

70h - MC_WATCHDG_TIMEOUT_PKGC_SECONDARY 
71h - MC_WATCHDG_TIMEOUT_PKGC_MAIN 
72h - MC_WATCHDG_TIMEOUT_PKGS_MAIN 
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Type BitNo. | Bit Function Bit Description 
7Ah - MC_HA_FAILSTS_CHANGE_DETECTED 
7Bh - MC_PCIE_R2PCIE-RW_BLOCK_ACK_TIMEOUT 
81h - MC_RECOVERABLE_DIE_THERMAL_TOO_HOT 
56:32 | Reserved Reserved 
Status register 63:57 
validity indicators? 


NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


16.5.2 


Integrated Memory Controller Machine Check Errors 


MC error codes associated with integrated memory controllers are reported in the MSRs IA32_MC9_STATUS- 
IA32_MC16_STATUS. The supported error codes are follows the architectural MCACOD definition type 1MMMCCCC 
(see Chapter 15, “Machine-Check Architecture”). 


MSR_ERROR_CONTROL. [bit 1] can enable additional information logging of the IMC. The additional error informa- 
tion logged by the IMC is stored in IA32_MCi_STATUS and IA32_MCi_MISC; (i = 9-16). 


IA32_MCi_STATUS (i=9-12) log errors from the first memory controller. The second memory controller logs into 
IA32_MCi_STATUS (i=13-16). 


Table 16-18. Intel IMC MC Error Codes for IA32_MCi_STATUS (i= 9-16) 


Type Bit No. | Bit Function Bit Description 
MCA error codes! 15:0 MCACOD Memory Controller error format: OOOF OO00 1MMM CCCC 
Model specific 31:16 | Reserved except for | 001H - Address parity error 
errors the following 002H - HA Wrt buffer Data parity error 
O04H - HA Wrt byte enable parity error 
OOS8H - Corrected patrol scrub error 
010H - Uncorrected patrol scrub error 
O20H - Corrected spare error 
O40H - Uncorrected spare error 
O80H - Corrected memory read error. (Only applicable with iMC’s “Additional 
Error logging” Mode-1 enabled.) 
100H - iMC, WDB, parity errors 
36:32 | Other info When MSR_ERROR_CONTROL[1] is set, logs an encoded value from the first error 
device. 
37 Reserved Reserved 
56:38 See Chapter 15, “Machine-Check Architecture,” 
Status register 63:57 
validity indicators? 


NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 
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Table 16-19. Intel IMC MC Error Codes for IA32_MCi_MISC (i= 9-16) 


Type BitNo. | Bit Function Bit Description 

MCA addr info! | 8:0 See Chapter 15, “Machine-Check Architecture,” 

Model specific | 13:9 If the error logged is MCWrDataPar error or MCWrBEPar error, this field is the WDB 
errors ID that has the parity error. OR if the second error logged is a correctable read 


error, MC logs the second error device in this field. 


Model specific | 29:14 | ErrMask_1st€rrDev When MSR_ERROR_CONTROL|1] is set, allows the iMC to log first-device error bit 
errors mask. 


Model specific | 45:30 | ErrMask_2ndErrDev | When MSR_ERROR_CONTROL|1] is set, allows the iMC to log second-device error 
errors bit mask. 


50:46 | FailRank_1st€rrDev | When MSR_ERROR_CONTROL,1] is set, allows the iMC to log first-device error 


failing rank. 

55:51 | FailRank_2ndErrDev | When MSR_ERROR_CONTROL[1] is set, allows the iMC to log second-device error 
failing rank. 

61:56 Reserved 

62 Valid_1st€rrDev When MSR_ERROR_CONTROL[1] is set, indicates the iMC has logged valid data 
from a correctable error from memory read associated with first error device. 

63 Valid_2ndErrDev When MSR_ERROR_CONTROL,[1] is set, indicates the iIMC has logged valid data due 


to a second correctable error in a memory device. Use this information only after 
there is valid first error info indicated by bit 62. 


NOTES: 
1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


16.5.3. Home Agent Machine Check Errors 


Memory errors from the first memory controller may be logged in the IA32_MC7_{STATUS,ADDR, MISC} registers, 
while the second memory controller logs to IA32_MC8_{STATUS,ADDR,MISC}. 


16.6 INCREMENTAL DECODING INFORMATION: INTEL® XEON® PROCESSOR E5 
V3 FAMILY, MACHINE ERROR CODES FOR MACHINE CHECK 


The Intel® Xeon® processor E5 v3 family is based on the Haswell-E microarchitecture and can be identified with 
CPUID DisplayFamily_DisplaySignature 06_3FH. Incremental error codes for internal machine check error from 
PCU controller is reported in the register bank IA32_MC4, Table 16-20 lists model-specific fields to interpret error 
codes applicable to IA32_MC4_STATUS. Incremental MC error codes related to the Intel QPI links are reported in 
the register banks IA32_MC5, IA32_MC20, and IA32_MC21. Information listed in Table 16-21 for QPI MC error 
codes. Incremental error codes for the memory controller unit is reported in the register banks IA32_MC9- 
IA32_MC16. Table 16-22 lists model-specific error codes apply to IA32_MCi_STATUS, i = 9-16. 
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16.6.1 Internal Machine Check Errors 


Table 16-20. Machine Check Error Codes for [A32_MC4_STATUS 


Type BitNo. | Bit Function Bit Description 
MCA error codes! 15:0 MCACOD 
MCACOD2 15:0 Internal Errors 0402h - PCU internal Errors 


0403h - PCU internal Errors 
0406h - Intel TXT Errors 
0407h - Other UBOX internal Errors. 


On an IERR caused by a core 3-strike the [A32_MC3_STATUS (MLC) is copied 
to the [A32_MC4_STATUS (After a 3-strike, the core MCA banks will be 


unavailable). 
Model specific errors | 19:16 | Reserved except for | OOOOb - No Error 
the following OOxxb - PCU internal error 
23:20 | Reserved Reserved 
31:24 | Reserved except for | 00h - No Error 
the following O9h - MC_MESSAGE_CHANNEL_TIMEOQUT 


13h - MC_DMI_TRAINING_TIMEOUT 

15h - MC_DMI_CPU_RESET_ACK_TIMEOUT 

1€h - MC_VR_ICC_MAX_LT_FUSED_ICC_MAX 
25h - MC_SVID_COMMAND_TIMEOUT 

29h - MC_VR_VOUT_MAC_LT_FUSED_SVID 

2Bh - MC_PKGC_WATCHDOG_HANG_CBZ_DOWN 
2Ch - MC_PKGC_WATCHDOG_HANG_CBZ_UP 
44h - MC_CRITICAL_VR_FAILED 

46h - MC_VIDLRAMP_DOWN_FAILED 

49h - MC_SVID_WRITE_REG_VOUT_MAX_FAILED 
4Bh - MC_BOOT_VID_TIMEOUT. Timeout setting boot VID for DRAM 0. 
4Fh - MC_SVID_COMMAND_ERROR. 

52h - MC_FIVR_CATAS_OVERVOL_FAULT. 

53h - MC_FIVR_CATAS_OVERCUR_FAULT. 

57h - MC_SVID_PKGC_REQUEST_FAILED 

58h - MC_SVID_IMON_REQUEST_FAILED 

59h - MC_SVID_ALERT_REQUEST_FAILED 

62h - MC_INVALID_PKGS_RSP_QPI 

64h - MC_INVALID_PKG_STATE_CONFIG 

67h - MC_HA_IMC_RW_BLOCK_ACK_TIMEOQUT 
6Ah - MC_MSGCH_PMREQ_CMP_TIMEOQUT 

72h - MC_WATCHDG_TIMEOUT_PKGS_MASTER 
81h - MC_RECOVERABLE_DIE_THERMAL_TOO_HOT 


56:32 | Reserved Reserved 
Status register 63:57 
validity indicators? 
NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 
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2. The internal error codes may be model-specific. 


16.6.2 Intel QPI Machine Check Errors 


MC error codes associated with the Intel QPI agents are reported in the MSRs IA32_MC5_STATUS, 
IA32_MC20_STATUS, and IA32_MC21_STATUS. The supported error codes follow the architectural MCACOD defi- 
nition type 1PPTRRRRIILL (see Chapter 15, “Machine-Check Architecture,”). 


Table 16-21 lists model-specific fields to interpret error codes applicable to IA32_MC5_STATUS, 
IA32_MC20_STATUS, and IA32_MC21_ STATUS. 


Table 16-21. Intel QPI MC Error Codes for IA32_MCi_STATUS (i = 5, 20, 21) 


Type BitNo. | Bit Function Bit Description 

MCA error 15:0 MCACOD Bus error format: 1PPTRRRRIILL 

codes! 

Model specific | 31:16 | MSCOD O2h - Intel QPI physical layer detected drift buffer alarm. 
errors 03h - Intel QPI physical layer detected latency buffer rollover. 


10h - Intel QPI link layer detected control error from R3QPI. 

11h - Rx entered LLR abort state on CRC error. 

12h - Unsupported or undefined packet. 

13h - Intel QPI link layer control error. 

15h - RBT used un-initialized value. 

20h - Intel QPI physical layer detected a QPI in-band reset but aborted initialization 
21h - Link failover data self-healing 

22h - Phy detected in-band reset (no width change). 

23h - Link failover clock failover 

30h -Rx detected CRC error - successful LLR after Phy re-init. 
31h -Rx detected CRC error - successful LLR without Phy re-init. 
All other values are reserved. 


37:32 | Reserved Reserved 
52:38 | Corrected Error Cnt 
56:53 | Reserved Reserved 
Status register | 63:57 
validity 
indicators? 
NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


16.6.3. Integrated Memory Controller Machine Check Errors 


MC error codes associated with integrated memory controllers are reported in the MSRs IA32_MC9_STATUS- 
IA32_MC1i6_STATUS. The supported error codes follow the architectural MCACOD definition type IMMMCCCC (see 
Chapter 15, “Machine-Check Architecture,”). 


MSR_ERROR_CONTROL. [bit 1] can enable additional information logging of the IMC. The additional error informa- 
tion logged by the IMC is stored in IA32_MCi_STATUS and IA32_MCi_MISC; (i = 9-16). 


IA32_MCi_STATUS (i=9-12) log errors from the first memory controller. The second memory controller logs into 
IA32_MCi_STATUS (i=13-16). 
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Table 16-22. Intel IMC MC Error Codes for IA32_MCi_STATUS (i= 9-16) 


Type 


Bit No. 


Bit Function 


Bit Description 


MCA error codes! 


15:0 


MCACOD 


Memory Controller error format: O000 0000 1MMM CCCC 


Model specific 
errors 


31:16 


the following 


Reserved except for 


0001H - DDR3 address parity error 
0002H - Uncorrected HA write data error 


O004H - Uncorrected HA data byte enable error 
OOO8H - Corrected patrol scrub error 

0010H - Uncorrected patrol scrub error 

0020H - Corrected spare error 

0040H - Uncorrected spare error 


OO80H - Corrected memory read error. (Only applicable with iMC’s “Additional 
Error logging” Mode-1 enabled.) 


0100H - iMC, write data buffer parity errors 
0200H - DDR4 command address parity error 


36:32 


Other info 


When MSR_ERROR_CONTROL [1] is set, logs an encoded value from the first error 
device. 


37 
56:38 


Reserved 


Reserved 
See Chapter 15, “Machine-Check Architecture,” 


Status register 
validity indicators? 


63:57 


NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


Table 16-23. Intel IMC MC Error Codes for IA32_MCi_MISC (i= 9-16) 


Type BitNo. | Bit Function Bit Description 
MCA addr info! | 8:0 See Chapter 15, “Machine-Check Architecture,” 
Model specific | 13:9 If the error logged is MCWrDataPar error or MCWrBEPar error, this field is the WDB 
errors ID that has the parity error. OR if the second error logged is a correctable read 
error, MC logs the second error device in this field. 
Model specific | 29:14 | ErrMask_1st€rrDev When MSR_ERROR_CONTROL|[1] is set, allows the iMC to log first-device error bit 
errors mask. 
Model specific | 45:30 | ErrMask_2nd€rrDev | When MSR_ERROR_CONTROL|[1] is set, allows the iMC to log second-device error 
errors bit mask. 
50:46 | FailRank_1st€rrDev | When MSR_ERROR_CONTROL|1] is set, allows the iMC to log first-device error 
failing rank. 
55:51 ‘| FailRank_2ndE€rrDev | When MSR_ERROR_CONTROL|1] is set, allows the iMC to log second-device error 
failing rank. 
61:56 Reserved 
62 Valid_1st€rrDev When MSR_ERROR_CONTROL|1] is set, indicates the iMC has logged valid data 
from a correctable error from memory read associated with first error device. 
63 Valid_2ndErrDev When MSR_ERROR_CONTROL,[1] is set, indicates the iMC has logged valid data due 
to a second correctable error in a memory device. Use this information only after 
there is valid first error info indicated by bit 62. 
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NOTES: 
1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


16.6.4 |Home Agent Machine Check Errors 


Memory errors from the first memory controller may be logged in the IA32_MC7_{STATUS,ADDR, MISC} registers, 
while the second memory controller logs to IA32_MC8_{STATUS,ADDR,MISC}. 


16.7. INCREMENTAL DECODING INFORMATION: INTEL® XEON® PROCESSOR D 
FAMILY, MACHINE ERROR CODES FOR MACHINE CHECK 


The Intel® Xeon® processor D family is based on the Broadwell microarchitecture and can be identified with CPUID 
DisplayFamily_DisplaySignature 06_56H. Incremental error codes for internal machine check error from PCU 
controller is reported in the register bank IA32_MC4, Table 16-24 lists model-specific fields to interpret error codes 
applicable to IA32_MC4_STATUS. Incremental error codes for the memory controller unit is reported in the register 
banks IA32_MC9-IA32_MC10. Table 16-18 lists model-specific error codes apply to IA32_MCi_STATUS, i = 9-10. 


16.7.1 Internal Machine Check Errors 


Table 16-24. Machine Check Error Codes for [A32_MC4_STATUS 


Type BitNo. | Bit Function Bit Description 
MCA error codes! 15:0 MCACOD 
MCACOD2 15:0 internal Errors 0402h - PCU internal Errors 


0403h - internal Errors 
0406h - Intel TXT Errors 
0407h - Other UBOX internal Errors. 


On an IERR caused by a core 3-strike the [A32_MC3_STATUS (MLC) is copied 
to the IA32_MC4_STATUS (After a 3-strike, the core MCA banks will be 
unavailable). 


Model specific errors | 19:16 | Reserved except for | OOOOb - No Error 
the following 00x1b - PCU internal error 
001xb - PCU internal error 
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Type 


Bit No. 


Bit Function 


Bit Description 


23:20 


Reserved except for 
the following 


X1xxb - UBOX error 


31:24 


Reserved except for 
the following 


OOh - No Error 

O9h - MC_MESSAGE_CHANNEL_TIMEOQUT 

13h - MC_DMI_TRAINING_TIMEOUT 

15h - MC_DMI_CPU_RESET_ACK_TIMEOUT 
1€h - MC_VR_ICC_MAX_LT_FUSED_ICC_MAX 
25h - MC_SVID_COMMAND_TIMEOUT 

26h - MCA_PKGC_DIRECT_WAKE_RING_TIMEOUT 
29h - MC_VR_VOUT_MAC_LT_FUSED_SVID 

2Bh - MC_PKGC_WATCHDOG_HANG_CBZ_DOWN 
2Ch - MC_PKGC_WATCHDOG_HANG_CBZ_UP 
44h - MC_CRITICAL_VR_FAILED 

46h - MC_VID_RAMP_DOWN_FAILED 

49h - MC_SVID_WRITE_REG_VOUT_MAX_FAILED 


4Bh - MC_PP1_BOOT_VID_TIMEOUT. Timeout setting boot VID for DRAM 0. 
4Fh - MC_SVID_COMMAND_ERROR. 

52h - MC_FIVR_CATAS_OVERVOL_FAULT. 

53h - MC_FIVR_CATAS_OVERCUR_FAULT. 

57h - MC_SVID_PKGC_REQUEST_FAILED 

58h - MC_SVID_IMON_REQUEST_FAILED 

59h - MC_SVID_ALERT_REQUEST_FAILED 

62h - MC_INVALID_PKGS_RSP_QPI 

64h - MC_INVALID_PKG_STATE_CONFIG 

67h - MC_HA_IMC_RW_BLOCK_ACK_TIMEOUT 

6Ah - MC_MSGCH_PMREQ_CMP_TIMEOQUT 

72h - MC_WATCHDG_TIMEOUT_PKGS_MASTER 

81h - MC_RECOVERABLE_DIE_THERMAL_TOO_HOT 


56:32 


Reserved 


Reserved 


Status register 
validity indicators 


1 


63:57 


NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 
2. The internal error codes may be model-specific. 


16.7.2 Integrated Memory Controller Machine Check Errors 


MC error codes associated with integrated memory controllers are reported in the MSRs IA32_MC9_STATUS- 
IA32_MC10_STATUS. The supported error codes follow the architectural MCACOD definition type 1MMMCCCC (see 
Chapter 15, “Machine-Check Architecture,”). 


MSR_ERROR_CONTROL.[bit 1] can enable additional information logging of the IMC. The additional error informa- 
tion logged by the IMC is stored in IA32_MCi_STATUS and IA32_MCi_MISC; (i = 9-10). 
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Table 16-25. Intel IMC MC Error Codes for IA32_MCi_STATUS (i= 9-10) 


Type BitNo. | Bit Function Bit Description 
MCA error codes! 15:0 MCACOD Memory Controller error format: 0000 0000 1MMM CCCC 
Model specific 31:16 | Reserved except for | 0001H - DDR3 address parity error 
errors the following 0002H - Uncorrected HA write data error 
QO04H - Uncorrected HA data byte enable error 
OOO8H - Corrected patrol scrub error 
0010H - Uncorrected patrol scrub error 
0100H - iMC, write data buffer parity errors 
0200H - DDR4 command address parity error 
36:32 | Other info Reserved 
37 Reserved Reserved 
56:38 See Chapter 15, “Machine-Check Architecture,” 
Status register 63:57 
validity indicators? 


NOTES: 
1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


INCREMENTAL DECODING INFORMATION: INTEL® XEON® PROCESSOR E5 
V4 FAMILY, MACHINE ERROR CODES FOR MACHINE CHECK 


The Intel® Xeon® processor E5 v4 family is based on the Broadwell microarchitecture and can be identified with 
CPUID DisplayFamily_DisplaySignature 06_4FH. Incremental error codes for internal machine check error from 
PCU controller is reported in the register bank IA32_MC4, Table 16-20 in Section 16.6. 1lists model-specific fields 
to interpret error codes applicable to IA32_MC4_STATUS. 


Incremental MC error codes related to the Intel QPI links are reported in the register banks IA32_MC5, 
IA32_MC20, and IA32_MC21. Information listed in Table 16-21 of Section 16.6.1 covers QPI MC error codes. 


16.8 


16.8.1. Integrated Memory Controller Machine Check Errors 


MC error codes associated with integrated memory controllers are reported in the MSRs IA32_MC9_STATUS- 
IA32_MC1i6_STATUS. The supported error codes follow the architectural MCACOD definition type I1MMMCCCC (see 
Chapter 15, “Machine-Check Architecture”). 


Table 16-26 lists model-specific error codes apply to IA32_MCi_STATUS, i = 9-16. 


IA32_MCi_STATUS (i=9-12) log errors from the first memory controller. The second memory controller logs into 
IA32_MCi_STATUS (i=13-16). 
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Table 16-26. Intel IMC MC Error Codes for IA32_MCi_STATUS (i= 9-16) 


Type BitNo. | Bit Function Bit Description 
MCA error codes! 15:0 MCACOD Memory Controller error format: O000 0000 1MMM CCCC 
Model specific 31:16 | Reserved except for | 0001H - DDR3 address parity error 
errors the following 0002H - Uncorrected HA write data error 
O004H - Uncorrected HA data byte enable error 
OOO8H - Corrected patrol scrub error 
0010H - Uncorrected patrol scrub error 
0020H - Corrected spare error 
0040H - Uncorrected spare error 
0100H - iMC, write data buffer parity errors 
0200H - DDR4 command address parity error 
36:32 | Other info Reserved 
37 Reserved Reserved 
56:38 See Chapter 15, “Machine-Check Architecture,” 
Status register 63:57 
validity indicators? 


NOTES: 
1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


16.8.2 |Home Agent Machine Check Errors 


MC error codes associated with mirrored memory corrections are reported in the MSRs IA32_MC7_MISC and 
IA32_MC8_MISC. Table 16-27 lists model-specific error codes apply to IA32_MCi_MISC, i = 7, 8. 


Memory errors from the first memory controller may be logged in the IA32_MC7_{STATUS,ADDR, MISC} registers, 
while the second memory controller logs to IA32_MC8_{STATUS,ADDR,MISC}. 


Table 16-27. Intel HA MC Error Codes for [A32_MCi_MISC (i= 7, 8) 


Bit No. | Bit Function Bit Description 

5:0 LSB See Figure 15-8. 

8:6 Address Mode See Table 15-3. 

40:9 Reserved Reserved 

41 Failover Error occurred at a pair of mirrored memory channels. Error was corrected by mirroring with 
channel failover. 

42 Mirrorcorr Error was corrected by mirroring and primary channel scrubbed successfully. 

63:43 Reserved Reserved 

16.9 INCREMENTAL DECODING INFORMATION: INTEL® XEON® PROCESSOR 


SCALABLE FAMILY, MACHINE ERROR CODES FOR MACHINE CHECK 


In the Intel® Xeon® Processor Scalable Family with CPUID DisplayFamily_DisplaySignature 06_55H, incremental 
error codes for internal machine check errors from the PCU controller are reported in the register bank IA32_MC4. 
Table 16-28 in Section 16.9.1 lists model-specific fields to interpret error codes applicable to IA32_MC4_STATUS. 
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16.9.1. Internal Machine Check Errors 
Table 16-28. Machine Check Error Codes for |A32_MC4_STATUS 
Type Bit No. | Bit Function Bit Description 
MCA error codes! 15:0 MCACOD 
MCACOD? 15:0 Internal Errors 0402h - PCU internal Errors 
0403h - PCU internal Errors 
0406h - Intel TXT Errors 
0407h - Other UBOX internal Errors. 
On an IERR caused by a core 3-strike the [A32_MC3_STATUS (MLC) is copied 
to the IA32_MC4_STATUS (After a 3-strike, the core MCA banks will be 
unavailable). 
Model specific errors | 19:16 | Reserved except for | OO0Ob - No Error 
the following OOxxb - PCU internal error 
23:20 | Reserved Reserved 
31:24 | Reserved except for | OOh - No Error 


the following 


ODh - MCA_DMI_TRAINING_TIMEOUT 

OFh - MCA_DMI_CPU_RESET_ACK_TIMEOUT 
10h - MCA_LMORE_THAN_ONE_LT_AGENT 
1€h - MCA_BIOS_RST_CPL_INVALID_SEQ 
1Fh - MCA_BIOS_INVALID_PKG_STATE_CONFIG 
25h - MCA_MESSAGE_CHANNEL_TIMEOUT 
27h - MCA_MSGCH_PMREQ_CMP_TIMEOUT 
30h - MCA_PKGC_DIRECT_WAKE_RING_TIMEOQUT 
31h - MCA_PKGC_INVALID_RSP_PCH 

33h - MCA_PKGC_WATCHDOG_HANG_CBZ_DOWN 
34h - MCA_PKGC_WATCHDOG_HANG_CBZ_UP 
38h - MCA_PKGC_WATCHDOG_HANG_C3_UP_SF 
40h - MCA_SVID_VCCIN_VR_ICC_MAX_FAILURE 
41h - MCA_SVID_COMMAND_TIMEOUT 
42h - MCA_SVID_VCCIN_VR_VOUT_MAX_FAILURE 
43h - MCA_SVID_CPU_VR_CAPABILITY_ERROR 
44h - MCA_SVID_CRITICAL_VR_FAILED 

45h - MCA_SVID_SA_ITD_ERROR 

46h - MCA_SVID_LREAD_REG_FAILED 

47h - MCA_SVID_WRITE_REG_FAILED 

48h - MCA_SVID_PKGC_INIT_FAILED 
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Type BitNo. | Bit Function Bit Description 


49h - MCA_SVID_PKGC_CONFIG_FAILED 

4Ah - MCA_SVID_PKGC_REQUEST_FAILED 

4Bh - MCA_SVID_IMON_REQUEST_FAILED 

4Ch - MCA_SVID_ALERT_REQUEST_FAILED 

4Dh - MCA_SVID_MCP_VP_ABSENT_OR_RAMP_ERROR 
4€h - MCA_SVID_UNEXPECTED_MCP_VP_DETECTED 
51h - MCA_FIVR_CATAS_OVERVOL_FAULT 

52h - MCA_FIVR_CATAS_OVERCUR_FAULT 

58h - MCA_WATCHDG_TIMEOUT_PKGC_SECONDARY 
59h - MCA_WATCHDG_TIMEOUT_PKGC_MAIN 

5Ah - MCA_WATCHDG_TIMEOQUT_PKGS_MAIN 

61h - MCA_PKGS_CPD_UNPCD_TIMEOUT 

63h - MCA_PKGS_INVALID_REQ_PCH 

64h - MCA_PKGS_INVALID_REQ_INTERNAL 

65h - MCA_PKGS_INVALID_RSP_INTERNAL 

6Bh - MCA_PKGS_SMBUS_VPP_PAUSE_TIMEOUT 
81h - MC_RECOVERABLE_DIE_THERMAL_TOO_HOT 


52:32 | Reserved Reserved 
54:53 | CORR_ERR_STATUS _ | Reserved 
56:55 | Reserved Reserved 

Status register 63:57 

validity indicators? 

NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 
2. The internal error codes may be model-specific. 


16.9.2 Interconnect Machine Check Errors 


MC error codes associated with the link interconnect agents are reported in the MSRs IA32_MC5_STATUS, 
IA32_MC12_STATUS, IA32_MC19_STATUS. The supported error codes follow the architectural MCACOD definition 
type 1PPTRRRRIILL (see Chapter 15, “Machine-Check Architecture”). 


Table 16-29 lists model-specific fields to interpret error codes applicable to IA32_MCi_STATUS, i= 5, 12, 19. 


Table 16-29. Interconnect MC Error Codes for I|A32_MCi_STATUS, i = 5, 12, 19 


Type BitNo. | Bit Function Bit Description 
MCA error 15:0 MCACOD Bus error format: 1PPTRRRRIILL 
codes The two supported compound error codes: 


- OxOCOF - Unsupported/Undefined Packet 
- OxOEOF - For all other corrected and uncorrected errors 
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Type 


Bit No. 


Bit Function 


Bit Description 


Model specific 
errors 


21:16 


MSCOD 


The encoding of Uncorrectable (UC) errors are: 

OOh - UC Phy Initialization Failure. 

01h - UC Phy detected drift buffer alarm. 

O2h - UC Phy detected latency buffer rollover. 

10h - UC link layer Rx detected CRC error: unsuccessful LLR entered abort state 
11h - UC LL Rx unsupported or undefined packet. 

12h - UC LL or Phy control error. 

13h - UC LL Rx parameter exchange exception. 

1fh - UC LL detected control error from the link-mesh interface 

The encoding of correctable (COR) errors are: 

20h - COR Phy initialization abort 

21h - COR Phy reset 

22h - COR Phy lane failure, recovery in x8 width. 

23h - COR Phy LOc error corrected without Phy reset 

24h - COR Phy LOc error triggering Phy reset 

25h - COR Phy LOp exit error corrected with Phy reset 

30h - COR LL Rx detected CRC error - successful LLR without Phy re-init. 
31h - COR LL Rx detected CRC error - successful LLR with Phy re-init. 

All other values are reserved. 


31:22 


MSCOD_SPARE 


The definition below applies to MSCOD 12h (UC LL or Phy Control Errors) 
[Bit 22]: Phy Control Error 

[Bit 23] : Unexpected Retry.Ack flit 

[Bit 24] : Unexpected Retry.Req flit 

[Bit 25] : RF parity error 

[Bit 26] : Routeback Table error 

[Bit 27] : unexpected Tx Protocol flit (EOP, Header or Data) 

[Bit 28] : Rx Header-or-Credit BGF credit overflow/underflow 


[Bit 29]: Link Layer Reset still in progress when Phy enters LO (Phy training should 
not be enabled until after LL reset is complete as indicated by 
KTILCL.LinkLayerReset going back to 0). 


[Bit 30] : Link Layer reset initiated while protocol traffic not idle 
[Bit 31] : Link Layer Tx Parity Error 


37:32 


Reserved 


Reserved 


52:38 
56:53 


Corrected Error Cnt 


Reserved 


Reserved 


Status register 
validity 


indicators? 


NOTES: 


63:57 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 
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16.9.3. Integrated Memory Controller Machine Check Errors 


MC error codes associated with integrated memory controllers are reported in the MSRs IA32_MC13_STATUS- 
IA32_MC18_STATUS. The supported error codes follow the architectural MCACOD definition type 1MMMCCCC (see 
Chapter 15, “Machine-Check Architecture”). 


IA32_MCi_STATUS (i=13,14,17) log errors from the first memory controller. The second memory controller logs 
into IA32_MCi_STATUS (i=15,16,18). 


Table 16-30. Intel IMC MC Error Codes for IA32_MCi_STATUS (i= 13-18) 


Type Bit No. | Bit Function Bit Description 

MCA error codes! 15:0 MCACOD Memory Controller error format: O000 0000 1MMM CCCC 
Model specific 31:16 | Reserved except for | 0001H - Address parity error 

errors the following 0002H - HA write data parity error 


O0004H - HA write byte enable parity error 

OOO8H - Corrected patrol scrub error 

0010H - Uncorrected patrol scrub error 

0020H - Corrected spare error 

0040H - Uncorrected spare error 

OO80H - Any HA read error 

0100H - WDB read parity error 

0200H - DDR4 command address parity error 

0400H - Uncorrected address parity error 

O800H - Unrecognized request type 

0801H - Read response to an invalid scoreboard entry 
O0802H - Unexpected read response 

0803H - DDR4 completion to an invalid scoreboard entry 
0804H - Completion to an invalid scoreboard entry 
O805H - Completion FIFO overflow 

O806H - Correctable parity error 

0807H - Uncorrectable error 

O808H - Interrupt received while outstanding interrupt was not ACKed 
O809H - ERID FIFO overflow 

O80eH - Error on Write credits 

O8O0bH - Error on Read credits 

O80cH - Scheduler error 

O80dH - Error event 


36:32 | Other info MC logs the first error device. This is an encoded 5-bit value of the device. 
37 Reserved Reserved 
56:38 See Chapter 15, “Machine-Check Architecture,” 

Status register 63:57 


1 


validity indicators 


NOTES: 
1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 
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16.9.4  M2M Machine Check Errors 


MC error codes associated with M2M are reported in the MSRs IA32_MC7_STATUS, IA32_MC8_STATUS. The 
supported error codes follow the architectural MCACOD definition type 1MMMCCCC (see Chapter 15, “Machine- 
Check Architecture,”). 


Table 16-31. M2M MC Error Codes for IA32_MCi_STATUS (i= 7-8) 


Type BitNo. | Bit Function Bit Description 
MCA error codes! 15:0 MCACOD Compound error format: 0000 0000 1MMM CCCC 
Model specific 16 MscodDataRdErr Logged an MC read data error 
errors 
17 Reserved Reserved 
18 MscodPtlWr€rr Logged an MC partial write data error 
19 MscodFullwr€rr Logged a full write data error 
20 MscodBaf€rr Logged an M2M clock-domain-crossing buffer (BGF) error 
21 MscodTimeOut Logged an M2M time out 
22 MscodPar€rr Logged an MeM tracker parity error 
23 MscodBucket1 Err Logged a fatal Bucket1 error 
31:24 | Reserved Reserved 
36:32 | Other info MC logs the first error device. This is an encoded 5-bit value of the device. 
37 Reserved Reserved 
56:38 See Chapter 15, “Machine-Check Architecture,” 
Status register 63:57 
validity indicators? 


NOTES: 
1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


16.9.5 |Home Agent Machine Check Errors 


MC error codes associated with mirrored memory corrections are reported in the MSRs IA32_MC7_MISC and 
IA32_MC8_MISC. Table 16-32 lists model-specific error codes apply to IA32_MCi_MISC, i = 7, 8. 


Memory errors from the first memory controller may be logged in the IA32_MC7_{STATUS,ADDR, MISC} registers, 
while the second memory controller logs to IA32_MC8_{STATUS,ADDR,MISC}. 


Table 16-32. Intel HA MC Error Codes for [A32_MCi_MISC (i= 7, 8) 


Bit No. | Bit Function Bit Description 

5:0 LSB See Figure 15-8. 

8:6 Address Mode See Table 15-3. 

40:9 Reserved Reserved 

61:41 Reserved Reserved 

62 Mirrorcorr Error was corrected by mirroring and primary channel scrubbed successfully. 

63 Failover Error occurred at a pair of mirrored memory channels. Error was corrected by mirroring with 
channel failover. 
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16.10 INCREMENTAL DECODING INFORMATION: PROCESSOR FAMILY WITH CPUID 
DISPLAYFAMILY_DISPLAYMODEL SIGNATURE 06_5FH, MACHINE ERROR 
CODES FOR MACHINE CHECK 


In Intel Atom® processors based on Goldmont Microarchitecture with CPUID DisplayFamily_DisplaySignature 
06_5FH (Denverton), incremental error codes for the memory controller unit are reported in the register banks 
IA32_MC6 and IA32_MC7. Table 16-33 in Section 16.10.1 lists model-specific fields to interpret error codes appli- 
cable to IA32_MCi_STATUS, i = 6, 7. 


16.10.1 Integrated Memory Controller Machine Check Errors 


MC error codes associated with integrated memory controllers are reported in the MSRs IA32_MC6_STATUS and 
IA32_MC7_STATUS. The supported error codes follow the architectural MCACOD definition type 1MMMCCCC (see 
Chapter 15, “Machine-Check Architecture”). 


Table 16-33. Intel IMC MC Error Codes for IA32_MCi_STATUS (i= 6, 7) 


Type BitNo. | Bit Function Bit Description 
MCA error codes! 15:0 MCACOD 
Model specific errors | 31:16 | Reserved except for / 01h - Cmd/Addr parity 
the following O2h - Corrected Demand/Patrol Scrub Error 


04h - Uncorrected patrol scrub error 
O8h - Uncorrected demand read error 
10h - WDB read ECC 


36:32 | Other info 
37 Reserved 


56:38 See Chapter 15, “Machine-Check Architecture”. 
Status register 63:57 
validity indicators? 
NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


16.11 INCREMENTAL DECODING INFORMATION: 3RD GENERATION INTEL® XEON® 
PROCESSOR SCALABLE FAMILY WITH CPUID 
DISPLAYFAMILY_DISPLAYMODEL SIGNATURES 06_6AH AND 06_6CH, 
MACHINE ERROR CODES FOR MACHINE CHECK 


In the 3rd generation Intel® Xeon® Processor Scalable Family with CPUID DisplayFamily_DisplaySignature of 
06_6AH and 06_6CH, incremental error codes for internal machine check errors from the PCU controller are 
reported in the register bank IA32_MC4. Table 16-34 in Section 16.11.1 lists model-specific fields to interpret error 
codes applicable to IA32_MC4_STATUS. 
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Table 16-34. Machine Check Error Codes for [A32_MC4_STATUS 


Type 


Bit No. 


Bit Function 


Bit Description 


Machine Check Error 
Codes! 


15:0 


MCCOD 


MCCOD 


15:0 


Internal Errors 


The value of this field will be 0402h for the PCU and 0406h for internal 
firmware errors. 


This applies for any logged error. 


Model specific errors 


19:16 


Reserved except for the 
following 


Model specific error code bits 19:16. 


This logs the type of HW UC (PCU/VCU) error that has occurred. There are 
7 errors defined. 


01h - Instruction address out of valid space. 
02h - Double bit RAM error on Instruction Fetch. 
O3h - Invalid OpCode seen. 

04h - Stack Underflow. 

O5h - Stack Overflow. 

OGh - Data address out of valid space. 

07h - Double bit RAM error on Data Fetch. 


23:20 


Reserved except for the 
following 


Model specific error code bits 23:20. 


This logs the type of HW FSM error that has occurred. There are 3 errors 
defined. 


04h - Clock/power IP response timeout. 
05h - SMBus controller raised SMI. 
O9h - PM controller received invalid transaction. 


31:24 


Reserved except for the 
following 


ODh - MCA_LLC_BIST_ACTIVE_TIMEOUT 

OEh - MCA_DMI_TRAINING_TIMEOUT 

OFh - MCA_DMI_STRAP_SET_ARRIVAL_TIMEOUT 
10h - MCA_DMI_CPU_RESET_ACK_TIMEOUT 
11h - MCA_LMORE_THAN_ONE_LT_AGENT 

14h - MCA_INCOMPATIBLE_PCH_TYPE 
1€h - MCA_BIOS_RST_CPL_INVALID_SEQ 
1Fh - MCA_BIOS_INVALID_PKG_STATE_CONFIG 
2Dh - MCA_PCU_PMAX_CALIB_ERROR 

2Eh - MCA_TSC100_SYNC_TIMEOUT 

3Ah - MCA_GPSB_TIMEOUT 

3Bh - MCA_PMSB_TIMEOUT 

3Eh - MCA_IOSFSB_PMREQ_CMP_TIMEOQUT 
40h - MCA_SVID_VCCIN_VR_ICC_MAX_FAILURE 
42h - MCA_SVID_VCCIN_VR_VOUT_FAILURE 
43h - MCA_SVID_CPU_VR_CAPABILITY_ERROR 
44h - MCA_SVID_CRITICAL_VR_FAILED 

45h - MCA_SVID_SA_ITD_ERROR 

46h - MCA_SVID_LREAD_REG_FAILED 
47h - MCA_SVID_WRITE_REG_FAILED 

4Ah - MCA_SVID_PKGC_REQUEST_FAILED 
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Type 


Bit No. 


Bit Function 


Bit Description 


4Bh - MCA_SVID_IMON_REQUEST_FAILED 

4Ch - MCA_SVID_ALERT_REQUEST_FAILED 

4Dh - MCA_SVID_MCP_VR_RAMP_ERROR 

56h - MCA_FIVR_PD_HARDERR 

58h - MCA_WATCHDOG_TIMEOUT_PKGC_SECONDARY 
59h - MCA_WATCHDOG_TIMEOUT_PKGC_MAIN 
5Ah - MCA_WATCHDOG_TIMEOUT_PKGS_MAIN 
5Bh - MCA_WATCHDOG_TIMEOUT_MSG_CH_FSM 
5Ch - MCA_WATCHDOG_TIMEOUT_BULK_CR_FSM 
5Dh - MCA_WATCHDOG_TIMEOUT_IOSFSB_FSM 
60h - MCA_PKGS_SAFE_WP_TIMEOUT 

61h - MCA_PKGS_CPD_UNCPD_TIMEOUT 

62h - MCA_PKGS_INVALID_REQ_PCH 

63h - MCA_PKGS_INVALID_REQ_INTERNAL 

64h - MCA_PKGS_INVALID_RSP_INTERNAL 
65h-7Ah - MCA_PKGS_RESET_PREP_TIMEOUT 
7Bh - MCA_PKGS_SMBUS_VPP_PAUSE_TIMEQUT 
7Ch - MCA_PKGS_SMBUS_MCP_PAUSE_TIMEOUT 
7Dh - MCA_PKGS_SMBUS_SPD_PAUSE_TIMEOUT 
80h - MCA_PKGC_DISP_BUSY_TIMEOUT 

81h - MCA_PKGC_INVALID_RSP_PCH 

83h - MCA_PKGC_WATCHDOG_HANG_CBZ_DOWN 
84h - MCA_PKGC_WATCHDOG_HANG_CBZ_UP 
87h - MCA_PKGC_WATCHDOG_HANG_C2_BLKMASTER 
88h - MCA_PKGC_WATCHDOG_HANG_C2_PSLIMIT 
89h - MCA_PKGC_WATCHDOG_HANG_SETDISP 
8Bh - MCA_PKGC_ALLOW_L1_ERROR 

90h - MCA_RECOVERABLE_DIE_THERMAL_TOO_HOT 
AOh - MCA_ADR_SIGNAL_TIMEOUT 

Aih- MCA_BCLK_FREQ_OC_ABOVE_THRESHOLD 
BOh - MCA_DISPATCHER_RUN_BUSY_TIMEOUT 


37:32 


ENH_MCA_AVAILO 


Available when Enhanced MCA is in use. 


52:38 
54:53 


CORR_ERR_COUNT 
CORRERRORSTATUSIND 


Correctable error count. 


These bits are used to indicate when the number of corrected errors has 
exceeded the safe threshold to the point where an uncorrected error has 


become more likely to happen. 
Table 3 shows the encoding of these bits. 


56:55 


ENH_MCA_AVAIL1 


Available when Enhanced MCA is in use. 


Status register 
validity indicators 


1 


63:57 


NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 
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16.11.2 Interconnect Machine Check Errors 


MC error codes associated with the link interconnect agents are reported in the MSRs IA32_MC5_STATUS, 
IA32_MC7_STATUS, IA32_MC8_STATUS. The supported error codes follow the architectural MCACOD definition 
type 1PPTRRRRIILL (see Chapter 15, “Machine-Check Architecture”). 


NOTE 


The interconnect machine check errors in this section apply only to the 3rd generation Intel Xeon 
Processor Scalable Family with a CPUID DisplayFamily_DisplaySignature of 06_6AH. These do not 
apply to the 3rd generation Intel Xeon Processor Scalable Family with a CPUID 
DisplayFamily_DisplaySignature of 06_6CH. 


Table 16-35 lists model-specific fields to interpret error codes applicable to IA32_MCi_STATUS, i= 5, 7, 8. 
Table 16-35. Interconnect MC Error Codes for IA32_MCi_STATUS, i = 5, 7, 8 


Type Bit No. | Bit Function Bit Description 
MCA error 15:0 MCACOD Bus error format: 1PPTRRRRIILL 
codes! 


The two supported compound error codes: 
- OxOCOF - Unsupported/Undefined Packet. 
- OxOEOF - For all other corrected and uncorrected errors. 


Model specific | 21:16 | MSCOD The encoding of Uncorrectable (UC) errors are: 

errors OOh - Phy Initialization Failure (NumInit). 

01h - Phy Detected Drift Buffer Alarm. 

O2h - Phy Detected Latency Buffer Rollover. 

10h - LL Rx detected CRC error: unsuccessful LLR (entered Abort state). 
11h - LL Rx Unsupported/Undefined packet. 

12h - LLor Phy Control Error. 

13h - LL Rx Parameter Exception. 

1Fh - LL Detected Control Error. 

The encoding of correctable (COR) errors are: 

20h - Phy Initialization Abort. 

21h - Phy Inband Reset. 

22h - Phy Lane failure, recovery in x8 width. 

23h - Phy LOc error corrected without Phy reset. 

24h - Phy LOc error triggering Phy reset. 

25h - Phy LOp exit error corrected with reset. 

30h - LL Rx detected CRC error: successful LLR without Phy Reinit. 
31h -LL Rx detected CRC error: successful LLR with Phy Reinit. 
32h - Tx received LLR. 

All other values are reserved. 
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Type Bit No. | Bit Function Bit Description 


31:22 | MSCOD_SPARE The definition below applies to MSCOD 12h (UC LL or Phy Control Errors). 
[Bit 22] : Phy Control Error. 

[Bit 23] : Unexpected Retry.Ack flit. 

[Bit 24] : Unexpected Retry.Req flit. 

[Bit 25] : RF parity error. 

[Bit 26] : Routeback Table error. 

[Bit 27] : Unexpected Tx Protocol flit (EOP, Header or Data). 

[Bit 28] : Rx Header-or-Credit BGF credit overflow/underflow. 


[Bit 29]: Link Layer Reset still in progress when Phy enters LO (Phy training should 
not be enabled until after LL reset is complete as indicated by 
KTILCL.LinkLayerReset going back to 0). 


[Bit 30] : Link Layer reset initiated while protocol traffic not idle. 
[Bit 31] : Link Layer Tx Parity Error. 

37:32 | OTHER_INFO Other Info. 

56:38 | Corrected Error Cnt See Chapter 15, “Machine-Check Architecture”. 


Status register | 63:57 
validity 
indicators 


1 


NOTES: 
1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


16.11.3 Integrated Memory Controller Machine Check Errors 


MC error codes associated with integrated memory controllers for the 3rd generation Intel® Xeon® Processor Scal- 
able Family based on Ice Lake microarchitecture are defined in Table 16-37. 


The MSRs reporting MC error codes differ depending on the CPUID DisplayFamily_DisplaySignature of the 
processor. See Table 16-36 for details. 


Table 16-36. MSRs Reporting MC Error Codes by CPUID DisplayFamily_DisplaySignature 


Processor CPUID MSRs Reporting MC Error Codes 
DisplayFamily_DisplaySignature 

3rd generation Intel® Xeon® Processor Scalable | O6_6AH IA32_MC13_STATUS - |A32_MC15_STATUS 

Family based on Ice Lake microarchitecture IA32_MC17_STATUS - |A32_MC19_ STATUS 


IA32_MC21_STATUS - |A32_MC23_STATUS 
IA32_MC25_STATUS - 1IA32_MC27_STATUS 
3rd generation Intel® Xeon® Processor Scalable | O6_6CH IA32_MC13_STATUS - IA32_MC15_STATUS 
Family based on Ice Lake microarchitecture 1A32_MC1 7_STATUS . 1A32_MC1 9 STATUS 


The supported error codes follow the architectural MCACOD definition type 1MMMCCCC (see Chapter 15, “Machine- 
Check Architecture”). 
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Table 16-37. Intel IMC MC Error Codes for |A32_MCi_STATUS (i= 13-15, 17-19, 21-23, 25-27) 


Type BitNo. | Bit Function Bit Description 

MCA error codes! 15:0 MCACOD Memory Controller error format: 0000 0000 1MMM CCCC 
Model specific 31:16 | Reserved except for | 0001H - Address parity error. 

EILOIS the following O002H - Data parity error. 


0003H - Data ECC error. 

O004H - Data byte enable parity error. 

O0007H - Transaction ID parity error. 

OOO8H - Corrected patrol scrub error. 

0010H - Uncorrected patrol scrub error. 
O0020H - Corrected spare error. 

0040H - Uncorrected spare error. 

OO80H - Corrected read error. 

OOAOH - Uncorrected read error. 

OOCOH - Uncorrected metadata. 

0100H - WDB read parity error. 

0103H - RPA parity error. 

0104H - RPA parity error. 

0105H - WPA parity error. 

0106H - DDR_T_DPPP data BE error. 

0107H - DDR_T_DPPP data error. 

0108H - DDR link failure. 

0111H - PCLS CAM error. 

0112H - PCLS data error. 

0200H - DDR4 command / address parity error. 
0220H - HBM command / address parity error. 
0221H - HBM data parity error. 

0400H - RPQ parity (primary) error. 

0401H - RPQ parity (buddy) error. 

0404H - WPQ parity (primary) error. 

0405H - WPQ parity (buddy) error. 

0408H - RPB parity (primary) error. 

O409H - RPB parity (buddy) error. 

O800H - DDR-T bad request. 

0801H - DDR Data response to an invalid entry. 
O0802H - DDR data response to an entry not expecting data. 
0803H - DDR4 completion to an invalid entry. 
0804H - DDR-T completion to an invalid entry. 
O805H - DDR data/completion FIFO overflow. 
O806H - DDR-T ERID correctable parity error. 
0807H - DDR-T ERID uncorrectable error. 
O808H - DDR-T interrupt received while outstanding interrupt was not ACKed. 
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Type Bit No. | Bit Function Bit Description 


O809H - ERID FIFO overflow. 

O80AH - DDR-T error on FNV write credits. 
O80BH - DDR-T error on FNV read credits. 
O80CH -DDR-T scheduler error. 

O80DH - DDR-T FNV error event. 

O80EH - DDR-T FNV thermal event. 
O80FH - CMI packet while idle. 

0810H - DDR_T_RPQ_REQ_PARITY_ERR. 
0811H - DDR_T_WPQ_REQ_PARITY_ERR. 
0812H - 2LM_NMFILLWR_CAM_ERR. 
0813H - CMI_CREDIT_OVERSUB_ERR. 
0814H - CMI_CREDIT_TOTAL_ERR. 
0815H - CMI_CREDIT_RSVD_POOL_ERR. 
0816H - DDR_T_RD_ERROR. 

0817H - WDB_FIFO_ERR. 

0818H - CMI_LREQ_FIFO_OVERFLOW. 
0819H - CMI_REQ_FIFO_UNDERFLOW. 
081AH - CMI_RSP_FIFO_OVERFLOW. 
081BH - CMI_RSP_FIFO_UNDERFLOW. 
081CH - CMI_LMISC_MC_CRDT_ERRORS. 
081DH - CMI_LMISC_MC_ARB_ERRORS. 
081€H - DDR_T_WR_CMPL_FIFO_OVERFLOW. 
081FH - DDR_T_WR_CMPL_FIFO_UNDERFLOW. 
0820H - CMI_RD_CPL_FIFO_OVERFLOW. 
0821H - CMI_LRD_CPL_FIFO_UNDERFLOW. 
0822H - TME_KEY_PAR_ERR. 

0823H - TME_CMI_MISC_ERR. 

0824H - TME_CMI_OVFL_ERR. 

0825H - TME_CMI_UFL_ERR. 

0826H - TME_TEM_SECURE_ERR. 

0827H - TME_UFILL_PAR_ERR. 


37:32 | Other info Other Info. 
56:38 See Chapter 15, “Machine-Check Architecture”. 
Status register 63:57 
validity indicators2 
NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 
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Additional information is reported in the MSRs IA32_MC13_MISC - IA32_MC1i5_MISC, IA32_MC1i7_MISC - 
IA32_MC19_MISC, IA32_MC21_MISC - IA32_MC23_ MISC, and IA32_MC25_ MISC - IA32_MC27_MISC. Table 
16-38 lists the information reported in IA32_MCi_MISC, i = 13-15, 17-19, 21-23, and 25-27. 


Table 16-38. Additional Information Reported in [A32_MCi_MISC (i= 13-15, 17-19, 21-23, 25-27) 


Bit No. | Bit Function Bit Description 

5:0 LSB See Figure 15-8. 

8:6 Address Mode See Table 15-3. 

18:9 Column Component of sub-DIMM address. 


Bits 18-17: Reserved 

Bit 16: Column 9 

Bit 15: Column 8 

Bit 14: Column 7 

Bit 13: Column 6 

Bit 12: Column 5 

Bit 11: Column 4 

Bit 10: Column 3 

Bit 9: Reserved 

39:19 Row Component of sub-DIMM address. 
45:40 Bank Component of sub-DIMM address. 
Bit 45: Reserved 

Bit 44: Bank group 2 

Bit 43: Bank address 1 

Bit 42: Bank address O 

Bit 41: Bank group 1 

Bit 40: Bank address 0 


51:46 Failed Device Failing device for correctable error (not valid for uncorrectable or transient errors). 
55:52 SubRank Logical Rank (3D Stacked SDRAM) 
58:56 Rank Rank 
62:59 ECC Mode 0000b: SDDC memory mode 
0001b: SDDC 


0100b: ADDDC memory mode 
0101b: ADDDC 

1000b: Read from DDRT 
Other values: Reserved 

63 Transient Ob: 

1b: Error was transient 


16.11.4 M2M Machine Check Errors 


MC error codes associated with M2M for the 3rd generation Intel Xeon Processor Scalable Family with a CPUID 
DisplayFamily_DisplaySignature of 06_6AH are reported in the MSRs IA32_MC12_STATUS, IA32_MC1i6_STATUS, 
IA32_MC20_STATUS, and IA32_MC24_STATUS. 


MC error codes associated with M2M for the 3rd generation Intel Xeon Processor Scalable Family with a CPUID 
DisplayFamily_DisplaySignature of 06_6CH are reported in the MSRs IA32_MC1i2_STATUS and 
IA32_MC16_STATUS. 
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The supported error codes follow the architectural MCACOD definition type 1MMMCCCC (see Chapter 15, “Machine- 


Check Architecture”). 


Table 16-39. M2M MC Error Codes for IA32_MCi_STATUS (i= 12, 16, 20, 24) 


Type Bit No. | Bit Function Bit Description 
MCA error codes! 15:0 MCACOD Compound error format: 0000 0000 1MMM CCCC 
Model specific 16 MscodDataRdErr Logged an MC read data error. 
errors 
17 Reserved Reserved 
18 MscodPtlwr€rr Logged an MC partial write data error. 
19 MscodFullwr€rr Logged a full write data error. 
20 MscodBaf€rr Logged an M2M clock-domain-crossing buffer (BGF) error. 
21 MscodTimeOut Logged an M2M time out. 
22 MscodPar€rr Logged an M2M tracker parity error. 
23 MscodBucket1 Err Logged a fatal Bucket1 error. 
25:24 | MscodDDRType Logged a DDR/DDR-T specific error. 
31:26 | MscodMisc€rrs Logged a miscellaneous error. 
37:32 | Other info Other Info. 
56:38 See Chapter 15, “Machine-Check Architecture”. 
Status register 63:57 
validity indicators? 


NOTES: 
1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


MC error codes associated with mirrored memory corrections are reported in the MSRs IA32_MC12_MISC, 
IA32_MC16_MISC, IA32_MC20_MISC, and IA32_MC24_MISC. The model-specific error codes listed in Table 16-32 
also apply to IA32_MCi_MISC, i = 12, 16, 20, 24. 


INCREMENTAL DECODING INFORMATION: PROCESSOR FAMILY WITH CPUID 
DISPLAYFAMILY_DISPLAYMODEL SIGNATURE 06_86H, MACHINE ERROR 
CODES FOR MACHINE CHECK 


In Intel Atom® processors based on Tremont microarchitecture with CPUID DisplayFamily_DisplaySignature 
06_86H, incremental error codes for internal machine check errors from the PCU controller are reported in the 
register bank IA32_MC4. Table 16-34 in Section 16.11.1 lists model-specific fields to interpret error codes appli- 
cable to IA32_MC4_STATUS. 


16.12 


16.12.1 Integrated Memory Controller Machine Check Errors 


MC error codes associated with integrated memory controllers are reported in the MSRs IA32_MC13_STATUS - 
IA32_MC15_STATUS. The supported error codes follow the architectural MCACOD definition type 1MMMCCCC (see 
Chapter 15, “Machine-Check Architecture”). 


The IA32_MCi_STATUS MSR (where i = 13, 14, 15) contains information related to a machine check error if its 
VAL(valid) flag is set. Bit definitions are the same as those found in Table 16-37 “Inte! IMC MC Error Codes for 
IA32_MCi_STATUS (i= 13-15, 17-19, 21-23, 25-27)”. 


16-36 Vol. 3B 


INTERPRETING MACHINE-CHECK ERROR CODES 


The IA32_MCi_MISC MSR (where i = 13, 14, 15) contains information related memory corrections. Bit definitions 
are the same as those found in Table 16-38 “Additional Information Reported in IA32_MCi_MISC (i= 13-15, 17-19, 
21-23, 25-27)". 


16.12.2 M2M Machine Check Errors 


MC error codes associated with M2M are reported in the IA32_MC12_STATUS MSR. The supported error codes 
follow the architectural MCACOD definition type 1MMMCCCC (see Chapter 15, “Machine-Check Architecture”). 


Bit definitions are the same as those found in Table 16-39 “M2M MC Error Codes for IA32_MCi_STATUS (i= 12, 16, 
20, 24)”. 


16.13. INCREMENTAL DECODING INFORMATION: PROCESSOR FAMILY OFH 


MACHINE ERROR CODES FOR MACHINE CHECK 


Table 16-40 provides information for interpreting additional family OFH model-specific fields for external bus 
errors. These errors are reported in the IA32_MCi_STATUS MSRs. They are reported architecturally) as compound 
errors with a general form of 0000 1PPT RRRR IILL in the MCA error code field. See Chapter 15 for information on 
the interpretation of compound error codes. 


Table 16-40. Incremental Decoding Information: Processor Family OFH Machine Error Codes For Machine Check 


Type Bit No. | Bit Function Bit Description 
MCA error 15:0 
codes! 
Model-specific | 16 FSB address parity Address parity error detected: 
error codes 1 = Address parity error detected 
O = No address parity error 
17 Response hard fail Hardware failure detected on response 
18 Response parity Parity error detected on response 
19 PIC and FSB data parity Data Parity detected on either PIC or FSB access 
20 Processor Signature = Processor Signature = OOOOOFO4H. Indicates error due to an invalid PIC 
OOOOOFOAH: Invalid PIC request access was made to PIC space with WB memory): 
request 1 = Invalid PIC request error 
O = No Invalid PIC request error 
Reserved 
All other processors: 
Reserved 
21 Pad state machine The state machine that tracks P and N data-strobe relative timing has 
become unsynchronized or a glitch has been detected. 
22 Pad strobe glitch Data strobe glitch 
23 Pad address glitch Address strobe glitch 
Other 56:24 | Reserved Reserved 
Information 
Status register | 63:57 
validity 
indicators? 
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NOTES: 
1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 


Table 16-10 provides information on interpreting additional family OFH, model specific fields for cache hierarchy 
errors. These errors are reported in one of the IA32_MCi_STATUS MSRs. These errors are reported, architecturally, 
as compound errors with a general form of QO00 0001 RRRR TTLL in the MCA error code field. See Chapter 15 for 
how to interpret the compound error code. 


16.13.1 Model-Specific Machine Check Error Codes for Intel Xeon Processor MP 7100 Series 


Intel Xeon processor MP 7100 series has 5 register banks which contains information related to Machine Check 
Errors. MCi_STATUS[63:0] refers to all 5 register banks. MCO_STATUS[63:0] through MC3_STATUS[63:0] is the 
same as on previous generation of Intel Xeon processors within Family OFH. MC4_STATUS[63:0] is the main error 
logging for the processor’s L3 and front side bus errors. It supports the L3 Errors, Bus and Interconnect Errors 
Compound Error Codes in the MCA Error Code Field. 


Table 16-41. MCi_STATUS Register Bit Definition 
Bit Field Name | Bits Description 


MCA_Error_Code | 15:0 Specifies the machine check architecture defined error code for the machine check error condition 
detected. The machine check architecture defined error codes are guaranteed to be the same for all 
Intel Architecture processors that implement the machine check architecture. See tables below 


Model_Specific_E | 31:16 | Specifies the model specific error code that uniquely identifies the machine check error condition 
rror_Code detected. The model specific error codes may differ among Intel Architecture processors for the same 
Machine Check Error condition. See tables below 


Other_Info 56:32 | The functions of the bits in this field are implementation specific and are not part of the machine check 
architecture. Software that is intended to be portable among Intel Architecture processors should not 
rely on the values in this field. 


PCC 57 Processor Context Corrupt flag indicates that the state of the processor might have been corrupted by 
the error condition detected and that reliable restarting of the processor may not be possible. When 
clear, this flag indicates that the error did not affect the processor's state. This bit will always be set for 
MC errors which are not corrected. 


ADDRV 58 MC_ADDR register valid flag indicates that the MC_ADDR register contains the address where the error 
occurred. When clear, this flag indicates that the MC_ADDR register does not contain the address where 
the error occurred. The MC_ADDR register should not be read if the ADDRV bit is clear. 


MISCV 59 MC_MISC register valid flag indicates that the MC_MISC register contains additional 

information regarding the error. When clear, this flag indicates that the MC_MISC register does not 
contain additional information regarding the error. MC_MISC should not be read if the MISCV bit is not 
set. 


EN 60 Error enabled flag indicates that reporting of the machine check exception for this error was enabled by 
the associated flag bit of the MC_CTL register. Note that correctable errors do not have associated 
enable bits in the MC_CTL register so the EN bit should be clear when a correctable error is logged. 
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Table 16-41. MCi_STATUS Register Bit Definition (Contd.) 


Bit Field Name | Bits Description 

UC 61 Error uncorrected flag indicates that the processor did not correct the error condition. When clear, this 
flag indicates that the processor was able to correct the event condition. 

OVER 62 Machine check overflow flag indicates that a machine check error occurred while the results of a 
previous error were still in the register bank (i.e., the VAL bit was already set in the 
MC_STATUS register). The processor sets the OVER flag and software is responsible for clearing it. 
Enabled errors are written over disabled errors, and uncorrected errors are written over corrected 
events. Uncorrected errors are not written over previous valid uncorrected errors. 

VAL 63 MC_STATUS register valid flag indicates that the information within the MC_STATUS register is valid. 


When this flag is set, the processor follows the rules given for the OVER flag in the MC_STATUS register 
when overwriting previously valid entries. The processor sets the VAL flag and software is responsible 
for clearing it. 


16.13.1.1 Processor Machine Check Status Register MCA Error Code Definition 


Intel Xeon processor MP 7100 series use compound MCA Error Codes for logging its CBC internal machine check 
errors, L3 Errors, and Bus/Interconnect Errors. It defines additional Machine Check error types 
(IA32_MC4_STATUS[15:0]) beyond those defined in Chapter 15. Table 16-42 lists these model-specific MCA error 
codes. Error code details are specified in MC4_STATUS [31:16] (see Section 16.13.3), the “Model Specific Error 
Code” field. The information in the “Other_Info” field (MC4_STATUS[56:32]) is common to the three processor 
error types and contains a correctable event count and specifies the MC4_MISC register format. 


Table 16-42. Incremental MCA Error Code for Intel Xeon Processor MP 7100 


Processor MCA_Error_Code (MC4_STATUS[15:0]) 


Type | Error Code 


Binary Encoding Meaning 


C Internal Error 0000 0100 0000 0000 | Internal Error Type Code 

A L3 Tag Error 0000 0001 0000 1011 | L3 Tag Error Type Code 

B Bus and 0000 100x 0000 1111 | Not used but this encoding is reserved for compatibility with other MCA 
Interconnect implementations 
Error 0000 101x 0000 1111 | Not used but this encoding is reserved for compatibility with other MCA 


implementations 


0000 110x 0000 1111 | Not used but this encoding is reserved for compatibility with other MCA 
implementations 


0000 1110 0000 1111 | Bus and Interconnection Error Type Code 


0000 1111 0000 1111 | Not used but this encoding is reserved for compatibility with other MCA 
implementations 


The Bold faced binary encodings are the only encodings used by the processor for MC4_STATUS[15:0]. 


16.13.2 Other_Info Field (all MCA Error Types) 


The MC4_STATUS[56:32] field is common to the processor's three MCA error types (A, B & C). 
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Table 16-43. Other Information Field Bit Definition 


Bit Field Name _ | Bits Description 
39:32 8-bit Correctable | Holds a count of the number of correctable events since cold reset. This is a saturating counter; 
Event Count the counter begins at 1 (with the first error) and saturates at a count of 255. 
41:40 MC4_MISC The value in this field specifies the format of information in the MC4_MISC register. Currently, 
format type only two values are defined. Valid only when MISCV is asserted. 
43:42 - Reserved 
51:44 ECC syndrome ECC syndrome value for a correctable ECC event when the “Valid ECC syndrome” bit is asserted 
52 Valid ECC Set when correctable ECC event supplies the ECC syndrome 
syndrome 
54:53 Threshold-Based | 00: No tracking - No hardware status tracking is provided for the structure reporting this event. 
Error Status 01: Green - Status tracking is provided for the structure posting the event; the current status is 
green (below threshold). 
10: Yellow - Status tracking is provided for the structure posting the event; the current status is 
yellow (above threshold). 
11: Reserved for future use 
Valid only if Valid bit (bit 63) is set 
Undefined if the UC bit (bit 61) is set 
56:55 - Reserved 


16.13.3 Processor Model Specific Error Code Field 


16.13.3.1 MCA Error Type A: L3 Error 


Note: The Model Specific Error Code field in MC4_STATUS (bits 31:16). 
Table 16-44. Type A: L3 Error Codes 
Bit Sub-Field | Description Legal Value(s) 
Num Name 
18:16 L3 Error Describes the L3 | O00 - No error 
Code error 001 - More than one way reporting a correctable event 
encountered : 
010 - More than one way reporting an uncorrectable error 
011 - More than one way reporting a tag hit 
100 - No error 
101 - One way reporting a correctable event 
110 - One way reporting an uncorrectable error 
111 - One or more ways reporting a correctable event while one or more ways are 
reporting an uncorrectable error 
20:19 - Reserved 00 
31:21 - Fixed pattern 0010_0000_000 
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16.13.3.2 Processor Model Specific Error Code Field Type B: Bus and Interconnect Error 


Note: The Model Specific Error Code field in MC4_STATUS (bits 31:16). 


Table 16-45. Type B Bus and Interconnect Error Codes 


BitNum_ | Sub-Field Name Description 

16 FSB Request Parity Parity error detected during FSB request phase 

17 CoreO Addr Parity Parity error detected on Core O request's address field 

18 Corel Addr Parity Parity error detected on Core 1 request's address field 

19 Reserved 

20 FSB Response Parity Parity error on FSB response field detected 

21 FSB Data Parity FSB data parity error on inbound data detected 

22 CoreO Data Parity Data parity error on data received from Core O detected 

23 Corel Data Parity Data parity error on data received from Core 1 detected 

24 IDS Parity Detected an Enhanced Defer parity error (phase A or phase B) 
25 FSB Inbound Data ECC | Data ECC event to error on inbound data (correctable or uncorrectable) 
26 FSB Data Glitch Pad logic detected a data strobe ‘glitch’ (or sequencing error) 

27 FSB Address Glitch Pad logic detected a request strobe ‘glitch’ (or sequencing error) 
31:28 “-- Reserved 


Exactly one of the bits defined in the preceding table will be set for a Bus and Interconnect Error. The Data ECC can 
be correctable or uncorrectable (the MC4_STATUS.UC bit, of course, distinguishes between correctable and uncor- 
rectable cases with the Other_Info field possibly providing the ECC Syndrome for correctable errors). All other 
errors for this processor MCA Error Type are uncorrectable. 


16.13.3.3 Processor Model Specific Error Code Field Type C: Cache Bus Controller Error 


Table 16-46. Type C Cache Bus Controller Error Codes 


MC4_STATUS[31:16] (MSCE) Value 


Error Description 


0000_0000_0000_0001 0001H 


Inclusion Error from Core 0 


0000_0000_0000_0010 0002H 


Inclusion Error from Core 1 


0000_0000_0000_0011 0003H 


Write Exclusive Error from Core 0 


0000_0000_0000_0100 0004H 


Write Exclusive Error from Core 1 


0000_0000_0000_0101 0005H 


Inclusion Error from FSB 


0000_0000_0000_0110 OOO6H 


SNP Stall Error from FSB 


0000_0000_0000_0111 0007H 


Write Stall Error from FSB 


0000_0000_0000_1000 0008H 


FSB Arb Timeout Error 


0000_0000_0000_1001 0009H 


CBC OOD Queue Underflow/overflow 


0000_0001_0000_0000 0100H 


Enhanced Intel SpeedStep Technology TM1-TM2 Error 


0000_0010_0000_0000 0200H 
0000_0011_0000_0000 0300H 


Internal Timeout error 


Internal Timeout Error 


0000_0100_0000_0000 0400H 


Intel? Cache Safe Technology Queue Full Error or Disabled-ways-in-a-set overflow 
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Table 16-46. Type C Cache Bus Controller Error Codes (Contd.) 


MC4_STATUS[31:16] (MSCE) Value Error Description 

1100_0000_0000_0001 CO01H Correctable ECC event on outgoing FSB data 
1100_0000_0000_0010 C002H Correctable ECC event on outgoing Core O data 
1100_0000_0000_0100 CO04H Correctable ECC event on outgoing Core 1 data 
1110_0000_0000_0001 €001H Uncorrectable ECC error on outgoing FSB data 
1110_0000_0000_0010 E002H Uncorrectable ECC error on outgoing Core O data 
1110_0000_0000_0100 E004H Uncorrectable ECC error on outgoing Core 1 data 
— all other encodings — Reserved 


All errors - except for the correctable ECC types - in this table are uncorrectable. The correctable ECC events may 
supply the ECC syndrome in the Other_Info field of the MC4_STATUS MSR. 


Table 16-47. Decoding Family OFH Machine Check Codes for Cache Hierarchy Errors 


Type Bit No. | Bit Function Bit Description 

MCA error 15:0 

codes! 

Model 17:16 | Tag Error Code Contains the tag error code for this machine check error: 
specific error 00 = No error detected 

codes 


01 = Parity error on tag miss with a clean line 
10 = Parity error/multiple tag match on tag hit 
11 = Parity error/multiple tag match on tag miss 


19:18 | Data Error Code Contains the data error code for this machine check error: 
00 = No error detected 

01 = Single bit error 

10 = Double bit error on a clean line 

11 = Double bit error on a modified line 


20 L3 Error This bit is set if the machine check error originated in the L3 it can be ignored for 
invalid PIC request errors): 


1 =L3 error 
0 =L2 error 


21 Invalid PIC Request | Indicates error due to invalid PIC request access was made to PIC space with WB 
memory): 


1 = Invalid PIC request error 
O = No invalid PIC request error 


31:22 | Reserved Reserved 
Other 39:32 | 8-bit Error Count Holds a count of the number of errors since reset. The counter begins at O for the 
Information first error and saturates at a count of 255. 
56:40 | Reserved Reserved 
Status 63:57 
register 
validity 
indicators 
NOTES: 


1. These fields are architecturally defined. Refer to Chapter 15, “Machine-Check Architecture,” for more information. 
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DEBUG, BRANCH PROFILE, TSC, AND INTEL® RESOURCE DIRECTOR 
TECHNOLOGY (INTEL® RDT) FEATURES 


NOTE 


This chapter makes numerous references to last-branch recording (LBR) facilities. Unless noted 
otherwise, all such references in this chapter are to an earlier non-architectural form of the feature. 
Chapter 18 defines an architectural form of last-branch recording that is supported on newer 
processors. 


Intel 64 and IA-32 architectures provide debug facilities for use in debugging code and monitoring performance. 
These facilities are valuable for debugging application software, system software, and multitasking operating 
systems. Debug support is accessed using debug registers (DRO through DR7) and model-specific registers 
(MSRs): 


Debug registers hold the addresses of memory and I/O locations called breakpoints. Breakpoints are user- 
selected locations in a program, a data-storage area in memory, or specific I/O ports. They are set where a 
programmer or system designer wishes to halt execution of a program and examine the state of the processor 
by invoking debugger software. A debug exception (#DB) is generated when a memory or I/O access is made 
to a breakpoint address. 


MSRs monitor branches, interrupts, and exceptions; they record addresses of the last branch, interrupt or 
exception taken and the last branch taken before an interrupt or exception. 


Time stamp counter is described in Section 17.17, “Time-Stamp Counter”. 


Features which allow monitoring of shared platform resources such as the L3 cache are described in Section 
17.18, “Intel® Resource Director Technology (Intel® RDT) Monitoring Features”. 


Features which enable control over shared platform resources are described in Section 17.19, “Intel® Resource 
Director Technology (Intel® RDT) Allocation Features”. 


17.1 OVERVIEW OF DEBUG SUPPORT FACILITIES 


The following processor facilities support debugging and performance monitoring: 


Debug exception (#DB) — Transfers program control to a debug procedure or task when a debug event 
occurs. 


Breakpoint exception (#BP) — See breakpoint instruction (INT3) below. 
Breakpoint-address registers (DRO through DR3) — Specifies the addresses of up to 4 breakpoints. 


Debug status register (DR6) — Reports the conditions that were in effect when a debug or breakpoint 
exception was generated. 


Debug control register (DR7) — Specifies the forms of memory or I/O access that cause breakpoints to be 
generated. 


T (trap) flag, TSS — Generates a debug exception (#DB) when an attempt is made to switch to a task with 
the T flag set in its TSS. 


RF (resume) flag, EFLAGS register — Suppresses multiple exceptions to the same instruction. 


TF (trap) flag, EFLAGS register — Generates a debug exception (#DB) after every execution of an 
instruction. 


Breakpoint instruction (INT3) — Generates a breakpoint exception (#BP) that transfers program control to 
the debugger procedure or task. This instruction is an alternative way to set instruction breakpoints. It is 
especially useful when more than four breakpoints are desired, or when breakpoints are being placed in the 
source code. 
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Last branch recording facilities — Store branch records in the last branch record (LBR) stack MSRs for the 
most recent taken branches, interrupts, and/or exceptions in MSRs. A branch record consist of a branch-from 
and a branch-to instruction address. Send branch records out on the system bus as branch trace messages 
(BTMs). 


These facilities allow a debugger to be called as a separate task or as a procedure in the context of the current 
program or task. The following conditions can be used to invoke the debugger: 


Task switch to a specific task. 

Execution of the breakpoint instruction. 

Execution of any instruction. 

Execution of an instruction at a specified address. 
Read or write to a specified memory address/range. 
Write to a specified memory address/range. 

Input from a specified I/O address/range. 

Output to a specified I/O address/range. 

Attempt to change the contents of a debug register. 


17.2 DEBUG REGISTERS 


Eight debug registers (see Figure 17-1 for 32-bit operation and Figure 17-2 for 64-bit operation) control the debug 
operation of the processor. These registers can be written to and read using the move to/from debug register form 
of the MOV instruction. A debug register may be the source or destination operand for one of these instructions. 
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31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 
LEN RW LEN RW LEN RW LEN RW 00 G 0 S 1 G;/L/G/L/Gy/L]G}JLIGTL DR7 

3 3 2 2 1 1 0 0 D M E)/E|3|]3)2|]2/)4 1 0} 0 

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 

Ri p/ei.s B/B/B/.B 

Oe 1 1 1 1 1 1 1 

Reserved (set to 1) ‘ tlslop 3/2/]/11]0 DR6 

31 0 
DRS 

31 0 
DR4 

31 0 
Breakpoint 3 Linear Address DR3 

31 0 
Breakpoint 2 Linear Address DR2 

31 0) 
Breakpoint 1 Linear Address DR1 

31 0 
Breakpoint 0 Linear Address DRO 

Reserved 


Figure 17-1. Debug Registers 


Debug registers are privileged resources; a MOV instruction that accesses these registers can only be executed in 
real-address mode, in SMM or in protected mode at a CPL of 0. An attempt to read or write the debug registers 
from any other privilege level generates a general-protection exception (#GP). 


The primary function of the debug registers is to set up and monitor from 1 to 4 breakpoints, numbered 0 though 
3. For each breakpoint, the following information can be specified: 


¢ The linear address where the breakpoint is to occur. 

° The length of the breakpoint location: 1, 2, 4, or 8 bytes (refer to the notes in Section 17.2.4). 
¢ The operation that must be performed at the address for a debug exception to be generated. 

¢ Whether the breakpoint is enabled. 

¢ Whether the breakpoint condition was present when the debug exception was generated. 


The following paragraphs describe the functions of flags and fields in the debug registers. 
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17.2.1 Debug Address Registers (DRO-DR3) 


Each of the debug-address registers (DRO through DR3) holds the 32-bit linear address of a breakpoint (see 
Figure 17-1). Breakpoint comparisons are made before physical address translation occurs. The contents of debug 
register DR7 further specifies breakpoint conditions. 


17.2.2 Debug Registers DR4 and DR5 


Debug registers DR4 and DRS are reserved when debug extensions are enabled (when the DE flag in control 
register CR4 is set) and attempts to reference the DR4 and DRS registers cause invalid-opcode exceptions (#UD). 
When debug extensions are not enabled (when the DE flag is clear), these registers are aliased to debug registers 
DR6 and DR7. 


17.2.3. Debug Status Register (DR6) 


The debug status register (DR6) reports debug conditions that were sampled at the time the last debug exception 
was generated (see Figure 17-1). Updates to this register only occur when an exception is generated. The flags in 
this register show the following information: 


¢ BO through B3 (breakpoint condition detected) flags (bits 0 through 3) — Indicates (when set) that its 
associated breakpoint condition was met when a debug exception was generated. These flags are set if the 
condition described for each breakpoint by the LENn, and R/Wn flags in debug control register DR7 is true. They 
may or may not be set if the breakpoint is not enabled by the Ln or the Gn flags in register DR7. Therefore on 
a #DB, a debug handler should check only those BO-B3 bits which correspond to an enabled breakpoint. 


° BD (debug register access detected) flag (bit 13) — Indicates that the next instruction in the instruction 
stream accesses one of the debug registers (DRO through DR7). This flag is enabled when the GD (general 
detect) flag in debug control register DR7 is set. See Section 17.2.4, “Debug Control Register (DR7),” for 
further explanation of the purpose of this flag. 


° BS (single step) flag (bit 14) — Indicates (when set) that the debug exception was triggered by the single- 
step execution mode (enabled with the TF flag in the EFLAGS register). The single-step mode is the highest- 
priority debug exception. When the BS flag is set, any of the other debug status bits also may be set. 


° BT (task switch) flag (bit 15) — Indicates (when set) that the debug exception resulted from a task switch 
where the T flag (debug trap flag) in the TSS of the target task was set. See Section 7.2.1, “Task-State 
Segment (TSS),” for the format of a TSS. There is no flag in debug control register DR7 to enable or disable this 
exception; the T flag of the TSS is the only enabling flag. 


* RTM (restricted transactional memory) flag (bit 16) — Indicates (when clear) that a debug exception 
(#DB) or breakpoint exception (#BP) occurred inside an RTM region while advanced debugging of RTM trans- 
actional regions was enabled (see Section 17.3.3). This bit is set for any other debug exception (including all 
those that occur when advanced debugging of RTM transactional regions is not enabled). This bit is always 1 if 
the processor does not support RTM. 


Certain debug exceptions may clear bits 0-3. The remaining contents of the DR6 register are never cleared by the 
processor. To avoid confusion in identifying debug exceptions, debug handlers should clear the register (except 
bit 16, which they should set) before returning to the interrupted task. 


17.2.4 Debug Control Register (DR7) 


The debug control register (DR7) enables or disables breakpoints and sets breakpoint conditions (see Figure 17-1). 

The flags and fields in this register control the following things: 

¢ LO through L3 (local breakpoint enable) flags (bits 0, 2, 4, and 6) — Enables (when set) the breakpoint 
condition for the associated breakpoint for the current task. When a breakpoint condition is detected and its 
associated Ln flag is set, a debug exception is generated. The processor automatically clears these flags on 
every task switch to avoid unwanted breakpoint conditions in the new task. 

¢ GO through G3 (global breakpoint enable) flags (bits 1, 3, 5, and 7) — Enables (when set) the 
breakpoint condition for the associated breakpoint for all tasks. When a breakpoint condition is detected and its 
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associated Gn flag is set, a debug exception is generated. The processor does not clear these flags on a task 
switch, allowing a breakpoint to be enabled for all tasks. 


¢ LE and GE (local and global exact breakpoint enable) flags (bits 8, 9) — This feature is not supported in 
the P6 family processors, later IA-32 processors, and Intel 64 processors. When set, these flags cause the 
processor to detect the exact instruction that caused a data breakpoint condition. For backward and forward 
compatibility with other Intel processors, we recommend that the LE and GE flags be set to 1 if exact 
breakpoints are required. 


¢ RTM (restricted transactional memory) flag (bit 11) — Enables (when set) advanced debugging of RTM 
transactional regions (see Section 17.3.3). This advanced debugging is enabled only if IA32_DEBUGCTL.RTM is 
also set. 


* GD (general detect enable) flag (bit 13) — Enables (when set) debug-register protection, which causes a 
debug exception to be generated prior to any MOV instruction that accesses a debug register. When such a 
condition is detected, the BD flag in debug status register DR6 is set prior to generating the exception. This 
condition is provided to support in-circuit emulators. 


When the emulator needs to access the debug registers, emulator software can set the GD flag to prevent 
interference from the program currently executing on the processor. 


The processor clears the GD flag upon entering to the debug exception handler, to allow the handler access to 
the debug registers. 


* R/WO through R/W3 (read/write) fields (bits 16, 17, 20, 21, 24, 25, 28, and 29) — Specifies the 
breakpoint condition for the corresponding breakpoint. The DE (debug extensions) flag in control register CR4 
determines how the bits in the R/Wn fields are interpreted. When the DE flag is set, the processor interprets 
bits as follows: 


00 — Break on instruction execution only. 

01 — Break on data writes only. 

10 — Break on I/O reads or writes. 

11 — Break on data reads or writes but not instruction fetches. 


When the DE flag is clear, the processor interprets the R/Wn bits the same as for the Intel386™ and Intel486™ 
processors, which is as follows: 


00 — Break on instruction execution only. 

01 — Break on data writes only. 

10 — Undefined. 

11 — Break on data reads or writes but not instruction fetches. 


¢ LENO through LENS (Length) fields (bits 18, 19, 22, 23, 26, 27, 30, and 31) — Specify the size of the 
memory location at the address specified in the corresponding breakpoint address register (DRO through DR3). 
These fields are interpreted as follows: 


00 — 1-byte length. 
01 — 2-byte length. 
10 — Undefined (or 8 byte length, see note below). 
11 — 4-byte length. 


If the corresponding RWn field in register DR7 is 00 (instruction execution), then the LENn field should also be 00. 
The effect of using other lengths is undefined. See Section 17.2.5, “Breakpoint Field Recognition,” below. 


NOTES 


For Pentium® 4 and Intel® Xeon® processors with a CPUID signature corresponding to family 15 
(model 3, 4, and 6), break point conditions permit specifying 8-byte length on data read/write with 
an of encoding 10B in the LENn field. 


Encoding 10B is also supported in processors based on Intel Core microarchitecture or enhanced 
Intel Core microarchitecture, the respective CPUID signatures corresponding to family 6, model 15, 
and family 6, DisplayModel value 23 (see CPUID instruction in Chapter 3, “Instruction Set 
Reference, A-L” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
2A). The Encoding 10B is supported in processors based on Intel Atom® microarchitecture, with 
CPUID signature of family 6, DisplayModel value 1CH. The encoding 10B is undefined for other 
processors. 
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17.2.5 Breakpoint Field Recognition 


Breakpoint address registers (debug registers DRO through DR3) and the LENn fields for each breakpoint define a 
range of sequential byte addresses for a data or I/O breakpoint. The LENn fields permit specification of a 1-, 2-, 4- 
or 8-byte range, beginning at the linear address specified in the corresponding debug register (DRn). Two-byte 
ranges must be aligned on word boundaries; 4-byte ranges must be aligned on doubleword boundaries, 8-byte 
ranges must be aligned on quadword boundaries. I/O addresses are zero-extended (from 16 to 32 bits, for compar- 
ison with the breakpoint address in the selected debug register). These requirements are enforced by the 
processor; it uses LENn field bits to mask the lower address bits in the debug registers. Unaligned data or I/O 
breakpoint addresses do not yield valid results. 


A data breakpoint for reading or writing data is triggered if any of the bytes participating in an access is within the 
range defined by a breakpoint address register and its LENn field. Table 17-1 provides an example setup of debug 
registers and data accesses that would subsequently trap or not trap on the breakpoints. 


A data breakpoint for an unaligned operand can be constructed using two breakpoints, where each breakpoint is 
byte-aligned and the two breakpoints together cover the operand. The breakpoints generate exceptions only for 
the operand, not for neighboring bytes. 


Instruction breakpoint addresses must have a length specification of 1 byte (the LENn field is set to 00). Instruction 
breakpoints for other operand sizes are undefined. The processor recognizes an instruction breakpoint address only 
when it points to the first byte of an instruction. If the instruction has prefixes, the breakpoint address must point 
to the first prefix. 

Table 17-1. Breakpoint Examples 


Debug Register Setup 


Debug Register R/Wn Breakpoint Address LENn 
DRO R/WO = 11 (Read/Write) AQ001H LENO = 00 (1 byte) 
DR1 R/W1 = 01 (Write) A0002H LEN1 = 00 (1 byte) 
DR2 R/W2 = 11 (Read/Write) BOOO02H LEN2 = 01) (2 bytes) 
DR3 R/W3 = 01 (Write) COOO0H LEN3 = 11 (4 bytes) 
Data Accesses 
Operation Address Access Length 
(In Bytes) 
Data operations that trap 
- Read or write AQ001H 1 
- Read or write AQ001H 2 
- Write A0002H 1 
- Write A0002H 2 
- Read or write BOO0O1H 4 
- Read or write BOOO2H 1 
- Read or write BOOO02H 2 
- Write COOOO0H 4 
- Write C0001H 2 
- Write CO003H 1 
Data operations that do not trap 
- Read or write AQOOOH 1 
- Read A0002H 1 
- Read or write A0003H 4 
- Read or write BOOOOH 2 
- Read COOOO0H 2 
- Read or write CO004H 4 
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17.2.6 Debug Registers and Intel® 64 Processors 


For Intel 64 architecture processors, debug registers DRO-DR7 are 64 bits. In 16-bit or 32-bit modes (protected 
mode and compatibility mode), writes to a debug register fill the upper 32 bits with zeros. Reads from a debug 
register return the lower 32 bits. In 64-bit mode, MOV DRn instructions read or write all 64 bits. Operand-size 
prefixes are ignored. 


In 64-bit mode, the upper 32 bits of DR6 and DR7 are reserved and must be written with zeros. Writing 1 to any of 
the upper 32 bits results in a #GP(0) exception (see Figure 17-2). All 64 bits of DRO-DR3 are writable by software. 
However, MOV DRn instructions do not check that addresses written to DRO-DR3 are in the linear-address limits of 
the processor implementation (address matching is supported only on valid addresses generated by the processor 
implementation). Break point conditions for 8-byte memory read/writes are supported in all modes. 


63 32 
DR7 

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 
LEN RW LEN RW LEN RW LEN RW o o Flo o 1/E/L} GSE] GPL] GPL_G Te DR7 

3 3 2 2 1 1 0 0 D E|}E| 3 | 3) 2) 2) 4 ‘1 0:11 :0 

63 32 
DR6 

31 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 

7 B/;/}B|B B/;B|B {|B 
Reserved (set to 1) i tislo Oo 1 1 1 4 1 1 1 1 3/2/1410 DR6 

63 32 
DR5 

63 32 
DR4 

63 32 
Breakpoint 3 Linear Address DR3 

63 32 
Breakpoint 2 Linear Address DR2 

63 32 
Breakpoint 1 Linear Address DR1 

63 32 
Breakpoint 0 Linear Address DRO 


Figure 17-2. DR6/DR7 Layout on Processors Supporting Intel® 64 Architecture 
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17.3. DEBUG EXCEPTIONS 


The Intel 64 and IA-32 architectures dedicate two interrupt vectors to handling debug exceptions: vector 1 (debug 
exception, #DB) and vector 3 (breakpoint exception, #BP). The following sections describe how these exceptions 
are generated and typical exception handler operations. 


17.3.1 Debug Exception (HDB)—Interrupt Vector 1 


The debug-exception handler is usually a debugger program or part of a larger software system. The processor 
generates a debug exception for any of several conditions. The debugger checks flags in the DR6 and DR7 registers 
to determine which condition caused the exception and which other conditions might apply. Table 17-2 shows the 
states of these flags following the generation of each kind of breakpoint condition. 


Instruction-breakpoint and general-detect condition (see Section 17.3.1.3, “General-Detect Exception Condition”) 
result in faults; other debug-exception conditions result in traps. The debug exception may report one or both at 
one time. The following sections describe each class of debug exception. 


The INT1 instruction generates a debug exception as a trap. Hardware vendors may use the INT1 instruction for 
hardware debug. For that reason, Intel recommends software vendors instead use the INT3 instruction for software 
breakpoints. 


See also: Chapter 6, “Interrupt 1—Debug Exception (#DB),” in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 3A. 


Table 17-2. Debug Exception Conditions 


Debug or Breakpoint Condition DR6 Flags Tested DR7 Flags Tested Exception Class 
Single-step trap BS =1 Trap 
Instruction breakpoint, at addresses defined by DRnand | Bn=1 and R/Wn = 0 Fault 
LENn (Gn or Ln = 1) 

Data write breakpoint, at addresses defined by DRn and Bn=1 and R/Wn = 1 Trap 
LENn (Gn or Ln = 1) 

I/O read or write breakpoint, at addresses defined by DRn | Bn= 1 and R/Wn =2 Trap 
and LENn (Gn or Ln = 1) 

Data read or write (but not instruction fetches), at Bn=1 and R/Wn = 3 Trap 
addresses defined by DRn and LENn (Gn or Ln = 1) 

General detect fault, resulting from an attempt to modify | BD = 1 None Fault 
debug registers (usually in conjunction with in-circuit 

emulation) 

Task switch BT =1 None Trap 
INT1 instruction None None Trap 


17.3.1.1 — Instruction-Breakpoint Exception Condition 


The processor reports an instruction breakpoint when it attempts to execute an instruction at an address specified 
in a breakpoint-address register (DRO through DR3) that has been set up to detect instruction execution (R/W flag 
is set to 0). Upon reporting the instruction breakpoint, the processor generates a fault-class, debug exception 
(#DB) before it executes the target instruction for the breakpoint. 


Instruction breakpoints are the highest priority debug exceptions. They are serviced before any other exceptions 
detected during the decoding or execution of an instruction. However, if an instruction breakpoint is placed on an 
instruction located immediately after a POP SS/MOV SS instruction, the breakpoint will be suppressed as if 
EFLAGS.RF were 1 (see the next paragraph and Section 6.8.3, “Masking Exceptions and Interrupts When 
Switching Stacks,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A). 
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Because the debug exception for an instruction breakpoint is generated before the instruction is executed, if the 
instruction breakpoint is not removed by the exception handler; the processor will detect the instruction breakpoint 
again when the instruction is restarted and generate another debug exception. To prevent looping on an instruction 
breakpoint, the Intel 64 and IA-32 architectures provide the RF flag (resume flag) in the EFLAGS register (see 
Section 2.3, “System Flags and Fields in the EFLAGS Register,” in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 3A). When the RF flag is set, the processor ignores instruction breakpoints. 


All Intel 64 and IA-32 processors manage the RF flag as follows. The RF Flag is cleared at the start of the instruction 
after the check for instruction breakpoints, CS limit violations, and FP exceptions. Task Switches and IRETD/IRETQ 
instructions transfer the RF image from the TSS/stack to the EFLAGS register. 


When calling an event handler, Intel 64 and IA-32 processors establish the value of the RF flag in the EFLAGS image 
pushed on the stack: 


° For any fault-class exception except a debug exception generated in response to an instruction breakpoint, the 
value pushed for RF is 1. 


¢ For any interrupt arriving after any iteration of a repeated string instruction but the last iteration, the value 
pushed for RF is 1. 


¢ For any trap-class exception generated by any iteration of a repeated string instruction but the last iteration, 
the value pushed for RF is 1. 


¢ For other cases, the value pushed for RF is the value that was in EFLAG.RF at the time the event handler was 
called. This includes: 


— Debug exceptions generated in response to instruction breakpoints 


— Hardware-generated interrupts arriving between instructions (including those arriving after the last 
iteration of a repeated string instruction) 


— Trap-class exceptions generated after an instruction completes (including those generated after the last 
iteration of a repeated string instruction) 


— Software-generated interrupts (RF is pushed as 0, since it was cleared at the start of the software interrupt) 


As noted above, the processor does not set the RF flag prior to calling the debug exception handler for debug 
exceptions resulting from instruction breakpoints. The debug exception handler can prevent recurrence of the 
instruction breakpoint by setting the RF flag in the EFLAGS image on the stack. If the RF flag in the EFLAGS image 
is set when the processor returns from the exception handler, it is copied into the RF flag in the EFLAGS register by 
IRETD/IRETQ or a task switch that causes the return. The processor then ignores instruction breakpoints for the 
duration of the next instruction. (Note that the POPF, POPFD, and IRET instructions do not transfer the RF image 
into the EFLAGS register.) Setting the RF flag does not prevent other types of debug-exception conditions (such as, 
I/O or data breakpoints) from being detected, nor does it prevent non-debug exceptions from being generated. 


For the Pentium processor, when an instruction breakpoint coincides with another fault-type exception (such as a 
page fault), the processor may generate one spurious debug exception after the second exception has been 
handled, even though the debug exception handler set the RF flag in the EFLAGS image. To prevent a spurious 
exception with Pentium processors, all fault-class exception handlers should set the RF flag in the EFLAGS image. 


17.3.1.2 Data Memory and I/O Breakpoint Exception Conditions 


Data memory and I/O breakpoints are reported when the processor attempts to access a memory or I/O address 
specified in a breakpoint-address register (DRO through DR3) that has been set up to detect data or I/O accesses 
(R/W flag is set to 1, 2, or 3). The processor generates the exception after it executes the instruction that made the 
access, so these breakpoint condition causes a trap-class exception to be generated. 


Because data breakpoints are traps, an instruction that writes memory overwrites the original data before the 
debug exception generated by a data breakpoint is generated. If a debugger needs to save the contents of a write 
breakpoint location, it should save the original contents before setting the breakpoint. The handler can report the 
saved value after the breakpoint is triggered. The address in the debug registers can be used to locate the new 
value stored by the instruction that triggered the breakpoint. 


If a data breakpoint is detected during an iteration of a string instruction executed with fast-string operation (see 
Section 7.3.9.3 of Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1), delivery of the 
resulting debug exception may be delayed until completion of the corresponding group of iterations. 
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Intel486 and later processors ignore the GE and LE flags in DR7. In Intel386 processors, exact data breakpoint 
matching does not occur unless it is enabled by setting the LE and/or the GE flags. 


For repeated INS and OUTS instructions that generate an I/O-breakpoint debug exception, the processor generates 
the exception after the completion of the first iteration. Repeated INS and OUTS instructions generate a data- 
breakpoint debug exception after the iteration in which the memory address breakpoint location is accessed. 


If an execution of the MOV or POP instruction loads the SS register and encounters a data breakpoint, the resulting 
debug exception is delivered after completion of the next instruction (the one after the MOV or POP). 


Any pending data or I/O breakpoints are lost upon delivery of an exception. For example, if a machine-check 
exception (#MC) occurs following an instruction that encounters a data breakpoint (but before the resulting debug 
exception is delivered), the data breakpoint is lost. If a MOV or POP instruction that loads the SS register encoun- 
ters a data breakpoint, the data breakpoint is lost if the next instruction causes a fault. 


Delivery of events due to INT n, INT3, or INTO does not cause a loss of data breakpoints. If a MOV or POP instruc- 
tion that loads the SS register encounters a data breakpoint, and the next instruction is software interrupt (INT n, 
INT3, or INTO), a debug exception (#DB) resulting from a data breakpoint will be delivered after the transition to 
the software-interrupt handler. The #DB handler should account for the fact that the #DB may have been delivered 
after a invocation of a software-interrupt handler, and in particular that the CPL may have changed between recog- 
nition of the data breakpoint and delivery of the #DB. 


17.3.1.3. General-Detect Exception Condition 


When the GD flag in DR7 is set, the general-detect debug exception occurs when a program attempts to access any 
of the debug registers (DRO through DR7) at the same time they are being used by another application, such as an 
emulator or debugger. This protection feature guarantees full control over the debug registers when required. The 
debug exception handler can detect this condition by checking the state of the BD flag in the DR6 register. The 
processor generates the exception before it executes the MOV instruction that accesses a debug register, which 
causes a fault-class exception to be generated. 


17.3.1.4 Single-Step Exception Condition 


The processor generates a single-step debug exception if (while an instruction is being executed) it detects that the 
TF flag in the EFLAGS register is set. The exception is a trap-class exception, because the exception is generated 

after the instruction is executed. The processor will not generate this exception after the instruction that sets the 
TF flag. For example, if the POPF instruction is used to set the TF flag, a single-step trap does not occur until after 
the instruction that follows the POPF instruction. 


The processor clears the TF flag before calling the exception handler. If the TF flag was set in a TSS at the time of 
a task switch, the exception occurs after the first instruction is executed in the new task. 


The TF flag normally is not cleared by privilege changes inside a task. The INT n, INT3, and INTO instructions, 
however, do clear this flag. Therefore, software debuggers that single-step code must recognize and emulate INT n 
or INTO instructions rather than executing them directly. To maintain protection, the operating system should 
check the CPL after any single-step trap to see if single stepping should continue at the current privilege level. 


The interrupt priorities guarantee that, if an external interrupt occurs, single stepping stops. When both an external 
interrupt and a single-step interrupt occur together, the single-step interrupt is processed first. This operation 
clears the TF flag. After saving the return address or switching tasks, the external interrupt input is examined 
before the first instruction of the single-step handler executes. If the external interrupt is still pending, then it is 
serviced. The external interrupt handler does not run in single-step mode. To single step an interrupt handler, 
single step an INT rn instruction that calls the interrupt handler. 


If an occurrence of the MOV or POP instruction loads the SS register executes with EFLAGS.TF = 1, no single-step 
debug exception occurs following the MOV or POP instruction. 


17.3.1.5 Task-Switch Exception Condition 


The processor generates a debug exception after a task switch if the T flag of the new task's TSS is set. This excep- 
tion is generated after program control has passed to the new task, and prior to the execution of the first instruc- 
tion of that task. The exception handler can detect this condition by examining the BT flag of the DR6 register. 
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If entry 1 (#DB) in the IDT is a task gate, the T bit of the corresponding TSS should not be set. Failure to observe 
this rule will put the processor in a loop. 


17.3.2 | Breakpoint Exception (#BP)—Interrupt Vector 3 


The breakpoint exception (interrupt 3) is caused by execution of an INT3 instruction. See Chapter 6, 

“Interrupt 3—Breakpoint Exception (#BP).” Debuggers use breakpoint exceptions in the same way that they use 
the breakpoint registers; that is, as a mechanism for suspending program execution to examine registers and 
memory locations. With earlier IA-32 processors, breakpoint exceptions are used extensively for setting instruction 
breakpoints. 


With the Intel386 and later IA-32 processors, it is more convenient to set breakpoints with the breakpoint-address 
registers (DRO through DR3). However, the breakpoint exception still is useful for breakpointing debuggers, 
because a breakpoint exception can call a separate exception handler. The breakpoint exception is also useful when 
it is necessary to set more breakpoints than there are debug registers or when breakpoints are being placed in the 
source code of a program under development. 


17.3.3. Debug Exceptions, Breakpoint Exceptions, and Restricted Transactional Memory 
(RTM) 


Chapter 16, “Programming with Intel® Transactional Synchronization Extensions,” of Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 1 describes Restricted Transactional Memory (RTM). This is an 
instruction-set interface that allows software to identify transactional regions (or critical sections) using the 
XBEGIN and XEND instructions. 


Execution of an RTM transactional region begins with an XBEGIN instruction. If execution of the region successfully 
reaches an XEND instruction, the processor ensures that all memory operations performed within the region 
appear to have occurred instantaneously when viewed from other logical processors. Execution of an RTM transac- 
tion region does not succeed if the processor cannot commit the updates atomically. When this happens, the 
processor rolls back the execution, a process referred to as a transactional abort. In this case, the processor 
discards all updates performed in the region, restores architectural state to appear as if the execution had not 
occurred, and resumes execution at a fallback instruction address that was specified with the XBEGIN instruction. 


If debug exception (#DB) or breakpoint exception (#BP) occurs within an RTM transaction region, a transactional 
abort occurs, the processor sets EAX[4], and no exception is delivered. 


Software can enable advanced debugging of RTM transactional regions by setting DR7.RTM[bit 11] and 
IA32_DEBUGCTL.RTM[bit 15]. If these bits are both set, the transactional abort caused by a #DB or #BP within an 
RTM transaction region does not resume execution at the fallback instruction address specified with the XBEGIN 
instruction that begin the region. Instead, execution is resumed at that XBEGIN instruction, and a #DB is deliv- 
ered. (A #DB is delivered even if the transactional abort was caused by a #BP.) Such a #DB will clear 
DR6.RTM[bit 16] (all other debug exceptions set DR6[16]). 


17.4 LAST BRANCH, INTERRUPT, AND EXCEPTION RECORDING OVERVIEW 


P6 family processors introduced the ability to set breakpoints on taken branches, interrupts, and exceptions, and 
to single-step from one branch to the next. This capability has been modified and extended in the Pentium 4, Intel 
Xeon, Pentium M, Intel® Core™ Solo, Intel® Core™ Duo, Intel® Core™2 Duo, Intel® Core™ i7 and Intel Atom® 
processors to allow logging of branch trace messages in a branch trace store (BTS) buffer in memory. 


See the following sections for processor specific implementation of last branch, interrupt and exception recording: 


— Section 17.5, “Last Branch, Interrupt, and Exception Recording (Intel® Core™ 2 Duo and Intel Atom® 
Processors)” 


— Section 17.6, “Last Branch, Call Stack, Interrupt, and Exception Recording for Processors based on 
Goldmont Microarchitecture” 


— Section 17.9, “Last Branch, Interrupt, and Exception Recording for Processors based on Nehalem Microar- 
chitecture” 
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— Section 17.10, “Last Branch, Interrupt, and Exception Recording for Processors based on Sandy Bridge 
Microarchitecture” 


— Section 17.11, “Last Branch, Call Stack, Interrupt, and Exception Recording for Processors based on 
Haswell Microarchitecture” 


— Section 17.12, “Last Branch, Call Stack, Interrupt, and Exception Recording for Processors based on 
Skylake Microarchitecture” 


— Section 17.14, “Last Branch, Interrupt, and Exception Recording (Intel® Core™ Solo and Intel® Core™ 
Duo Processors)” 


— Section 17.15, “Last Branch, Interrupt, and Exception Recording (Pentium M Processors)” 
— Section 17.16, “Last Branch, Interrupt, and Exception Recording (P6 Family Processors)” 


The following subsections of Section 17.4 describe common features of profiling branches. These features are 
generally enabled using the IA32_DEBUGCTL MSR (older processor may have implemented a subset or model- 
specific features, see definitions of MSR_DEBUGCTLA, MSR_DEBUGCTLB, MSR_DEBUGCTL). 


17.4.1. 1A32_DEBUGCTL MSR 


The IA32_DEBUGCTL MSR provides bit field controls to enable debug trace interrupts, debug trace stores, trace 
messages enable, single stepping on branches, last branch record recording, and to control freezing of LBR stack 
or performance counters on a PMI request. IA32_DEBUGCTL MSR is located at register address 01D9H. 


See Figure 17-3 for the MSR layout and the bullets below for a description of the flags: 


° LBR (last branch/interrupt/exception) flag (bit 0) — When set, the processor records a running trace of 
the most recent branches, interrupts, and/or exceptions taken by the processor (prior to a debug exception 
being generated) in the last branch record (LBR) stack. For more information, see the Section 17.5.1, “LBR 
Stack” (Intel® Core™2 Duo and Intel Atom® processor family) and Section 17.9.1, “LBR Stack” (processors 
based on Nehalem microarchitecture). 


° BTF (single-step on branches) flag (bit 1) — When set, the processor treats the TF flag in the EFLAGS 
register as a “single-step on branches” flag rather than a “single-step on instructions” flag. This mechanism 
allows single-stepping the processor on taken branches. See Section 17.4.3, “Single-Stepping on Branches,” 
for more information about the BTF flag. 


°* TR (trace message enable) flag (bit 6) — When set, branch trace messages are enabled. When the 
processor detects a taken branch, interrupt, or exception; it sends the branch record out on the system bus as 
a branch trace message (BTM). See Section 17.4.4, “Branch Trace Messages,” for more information about the 
TR flag. 


¢ BTS (branch trace store) flag (bit 7) — When set, the flag enables BTS facilities to log BTMs to a memory- 
resident BTS buffer that is part of the DS save area. See Section 17.4.9, “BTS and DS Save Area.” 


¢ BTINT (branch trace interrupt) flag (bit 8) — When set, the BTS facilities generate an interrupt when the 
BTS buffer is full. When clear, BTMs are logged to the BTS buffer in a circular fashion. See Section 17.4.5, “Branch 
Trace Store (BTS),” for a description of this mechanism. 
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Reserved 


RTM 
FREEZE_WHILE_SMM 
FREEZE_PERFMON_ON_PMI 
FREEZE_LBRS_ON_PMI 
BTS_OFF_USR — BTS off in user code 
BTS_OFF_OS — BTS off in OS 
BTINT — Branch trace interrupt 
BTS — Branch trace store 

TR— Trace messages enable 
Reserved 
BTF — Single-step on branches 
LBR — Last branch/interrupt/exception 


Figure 17-3. IA32_DEBUGCTL MSR for Processors based 
on Intel Core microarchitecture 


BTS_OFF_OS (branch trace off in privileged code) flag (bit 9) — When set, BTS or BTM is skipped if CPL 
is 0. See Section 17.13.2. 


BTS_OFF_USR (branch trace off in user code) flag (bit 10) — When set, BTS or BTM is skipped if CPL is 
greater than 0. See Section 17.13.2. 


FREEZE_LBRS_ON_PMI flag (bit 11) — When set, the LBR stack is frozen on a hardware PMI request (e.g. 
when a counter overflows and is configured to trigger PMI). See Section 17.4.7 for details. 


FREEZE_PERFMON_ON_PMI flag (bit 12) — When set, the performance counters (IA32_PMCx and 
IA32_FIXED_CTRx) are frozen on a PMI request. See Section 17.4.7 for details. 


FREEZE_WHILE_SMM (bit 14) — If this bit is set, upon the delivery of an SMI, the processor will clear all the 
enable bits of IA32_PERF_GLOBAL_CTRL, save a copy of the content of IA32_DEBUGCTL and disable LBR, BTF, 
TR, and BTS fields of IA32_DEBUGCTL before transferring control to the SMI handler. If Intel Thread Director 
support was enabled before transferring control to the SMI handler, then the processor will also reset the Intel 
Thread Director history (see Section 14.6.11 for more details about Intel Thread Director enable, reset, and 
history reset operations). 


Subsequently, the enable bits of IA32_PERF_GLOBAL_CTRL will be set to 1, the saved copy of IA32_DEBUGCTL 
prior to SMI delivery will be restored, after the SMI handler issues RSM to complete its service. If Intel Thread 
Director support is enabled when RSM is executed, then the processor resets the Intel Thread Director history. 


Note that system software must check if the processor supports the IA32_DEBUGCTL.FREEZE_WHILE_SMM 
control bit. IA32_DEBUGCTL.FREEZE_WHILE_SMM is supported if 
IA32_PERF_CAPABILITIES.FREEZE_WHILE_SMM[Bit 12] is reporting 1. See Section 19.8 for details of 
detecting the presence of IA32_PERF_CAPABILITIES MSR. 


RTM (bit 15) — If this bit is set, advanced debugging of RTM transactional regions is enabled if DR7.RTM is 
also set. See Section 17.3.3. 


17.4.2 | Monitoring Branches, Exceptions, and Interrupts 


When the LBR flag (bit 0) in the IA32_DEBUGCTL MSR is set, the processor automatically begins recording branch 
records for taken branches, interrupts, and exceptions (except for debug exceptions) in the LBR stack MSRs. 


When the processor generates a debug exception (#DB), it automatically clears the LBR flag before executing the 
exception handler. This action does not clear previously stored LBR stack MSRs. 


A debugger can use the linear addresses in the LBR stack to re-set breakpoints in the breakpoint address registers 
(DRO through DR3). This allows a backward trace from the manifestation of a particular bug toward its source. 
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On some processors, if the LBR flag is cleared and TR flag in the IA32_DEBUGCTL MSR remains set, the processor 
will continue to update LBR stack MSRs. This is because those processors use the entries in the LBR stack in the 
process of generating BTM/BTS records. A #DB does not automatically clear the TR flag. 


17.4.3. Single-Stepping on Branches 


When software sets both the BTF flag (bit 1) in the IA32_DEBUGCTL MSR and the TF flag in the EFLAGS register, 
the processor generates a single-step debug exception only after instructions that cause a branch.! This mecha- 
nism allows a debugger to single-step on control transfers caused by branches. This “branch single stepping” helps 
isolate a bug to a particular block of code before instruction single-stepping further narrows the search. The 
processor clears the BTF flag when it generates a debug exception. The debugger must set the BTF flag before 
resuming program execution to continue single-stepping on branches. 


17.4.4 Branch Trace Messages 


Setting the TR flag (bit 6) in the IA32_DEBUGCTL MSR enables branch trace messages (BTMs). Thereafter, when 
the processor detects a branch, exception, or interrupt, it sends a branch record out on the system bus as a BIM. 
A debugging device that is monitoring the system bus can read these messages and synchronize operations with 
taken branch, interrupt, and exception events. 


When interrupts or exceptions occur in conjunction with a taken branch, additional BTMs are sent out on the bus, 
as described in Section 17.4.2, “Monitoring Branches, Exceptions, and Interrupts.” 


For P6 processor family, Pentium M processor family, processors based on Intel Core microarchitecture, TR and LBR 
bits can not be set at the same time due to hardware limitation. The content of LBR stack is undefined when TR is 
set. 


For processors with Intel NetBurst microarchitecture, Intel Atom processors, and Intel Core and related Intel Xeon 
processors both starting with the Nehalem microarchitecture, the processor can collect branch records in the LBR 
stack and at the same time send/store BTMs when both the TR and LBR flags are set in the IA32_DEBUGCTL MSR 
(or the equivalent MSR_DEBUGCTLA, MSR_DEBUGCTLB). 


The following exception applies: 


¢ BTM may not be observable on Intel Atom processor families that do not provide an externally visible system 
bus (i.e., processors based on the Silvermont microarchitecture or later). 


17.4.4.1_ Branch Trace Message Visibility 


Branch trace message (BIM) visibility is implementation specific and limited to systems with a front side bus 
(FSB). BTMs may not be visible to newer system link interfaces or a system bus that deviates from a traditional 
FSB. 


17.4.5 Branch Trace Store (BTS) 


A trace of taken branches, interrupts, and exceptions is useful for debugging code by providing a method of deter- 
mining the decision path taken to reach a particular code location. The LBR flag (bit 0) of IA32_DEBUGCTL provides 
a mechanism for capturing records of taken branches, interrupts, and exceptions and saving them in the last 
branch record (LBR) stack MSRs, setting the TR flag for sending them out onto the system bus as BTMs. The branch 
trace store (BTS) mechanism provides the additional capability of saving the branch records in a memory-resident 
BTS buffer, which is part of the DS save area. The BTS buffer can be configured to be circular so that the most 
recent branch records are always available or it can be configured to generate an interrupt when the buffer is nearly 
full so that all the branch records can be saved. The BTINT flag (bit 8) can be used to enable the generation of inter- 
rupt when the BTS buffer is full. See Section 17.4.9.2, “Setting Up the DS Save Area.” for additional details. 


1. Executions of CALL, IRET, and JMP that cause task switches never cause single-step debug exceptions (regardless of the value of the 
BTF flag). A debugger desiring debug exceptions on switches to a task should set the T flag (debug trap flag) in the TSS of that task. 
See Section 7.2.1, “Task-State Segment (TSS).” 
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Setting this flag (BTS) alone can greatly reduce the performance of the processor. CPL-qualified branch trace 
storing mechanism can help mitigate the performance impact of sending/logging branch trace messages. 


17.4.6 CPL-Qualified Branch Trace Mechanism 


CPL-qualified branch trace mechanism is available to a subset of Intel 64 and IA-32 processors that support the 
branch trace storing mechanism. The processor supports the CPL-qualified branch trace mechanism if 
CPUID.01H:ECX[bit 4] = 1. 


The CPL-qualified branch trace mechanism is described in Section 17.4.9.4. System software can selectively 
specify CPL qualification to not send/store Branch Trace Messages associated with a specified privilege level. Two 
bit fields, BTS_OFF_USR (bit 10) and BTS_OFF_OS (bit 9), are provided in the debug control register to specify the 
CPL of BTMs that will not be logged in the BTS buffer or sent on the bus. 


17.4.7 Freezing LBR and Performance Counters on PMI 


Many issues may generate a performance monitoring interrupt (PMI); a PMI service handler will need to determine 
cause to handle the situation. Two capabilities that allow a PMI service routine to improve branch tracing and 
performance monitoring are available for processors supporting architectural performance monitoring version 2 or 
greater (i.e. CPUID.OAH:EAX[7:0] > 1). These capabilities provides the following interface in IA32_DEBUGCTL to 
reduce runtime overhead of PMI servicing, profiler-contributed skew effects on analysis or counter metrics: 


¢ Freezing LBRs on PMI (bit 11)— Allows the PMI service routine to ensure the content in the LBR stack are 
associated with the target workload and not polluted by the branch flows of handling the PMI. Depending on the 
version ID enumerated by CPUID.OAH:EAX.ArchPerfMonVerID[bits 7:0], two flavors are supported: 


— Legacy Freeze_LBR_on_PMI is supported for ArchPerfMonVerID <= 3 and ArchPerfMonVerID >1. If 
IA32_DEBUGCTL.Freeze_LBR_On_PMI = 1, the LBR is frozen on the overflowed condition of the buffer 
area, the processor clears the LBR bit (bit 0) in IA32_DEBUGCTL. Software must then re-enable 
IA32_DEBUGCTL.LBR to resume recording branches. When using this feature, software should be careful 
about writes to IA32_DEBUGCTL to avoid re-enabling LBRs by accident if they were just disabled. 


— Streamlined Freeze_LBR_on_PMI is supported for ArchPerfMonVerID >= 4. If 
IA32_DEBUGCTL.Freeze_LBR_On_PMI = 1, the processor behaves as follows: 


* sets JA32_PERF_GLOBAL_STATUS.LBR_Frz =1 to disable recording, but does not change the LBR bit 
(bit 0) in IA32_DEBUGCTL. The LBRs are frozen on the overflowed condition of the buffer area. 


¢ Freezing PMCs on PMI (bit 12) — Allows the PMI service routine to ensure the content in the performance 
counters are associated with the target workload and not polluted by the PMI and activities within the PMI 
service routine. Depending on the version ID enumerated by CPUID.OAH:EAX.ArchPerfMonVerID[bits 7:0], two 
flavors are supported: 


— Legacy Freeze_Perfmon_on_PMI is supported for ArchPerfMonVerID <= 3 and ArchPerfMonVerID >1. If 
IA32_DEBUGCTL.Freeze_Perfmon_On_PMI = 1, the performance counters are frozen on the counter 
overflowed condition when the processor clears the IA32_PERF_GLOBAL_CTRL MSR (see Figure 19-3). The 
PMCs affected include both general-purpose counters and fixed-function counters (see Section 19.6.2.1, 
“Fixed-function Performance Counters”). Software must re-enable counts by writing is to the corre- 
sponding enable bits in IA32_PERF_GLOBAL_CTRL before leaving a PMI service routine to continue counter 
operation. 


— Streamlined Freeze_Perfmon_on_PMI is supported for ArchPerfMonVerID >= 4. The processor behaves as 
follows: 


* sets IA32_PERF_GLOBAL_STATUS.CTR_Frz =1 to disable counting on a counter overflow condition, but 
does not change the IA32_PERF_GLOBAL_CTRL MSR. 


Freezing LBRs and PMCs on PMIs (both legacy and streamlined operation) occur when one of the following applies: 
¢ A performance counter had an overflow and was programmed to signal a PMI in case of an overflow. 


— For the general-purpose counters; enabling PMI is done by setting bit 20 of the IA32_PERFEVTSELx 
register. 
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— For the fixed-function counters; enabling PMI is done by setting the 3rd bit in the corresponding 4-bit 
control field of the MSR_PERF_FIXED_CTR_CTRL register (see Figure 19-1) or IA32_FIXED_CTR_CTRL MSR 
(see Figure 19-2). 


¢ The PEBS buffer is almost full and reaches the interrupt threshold. 
¢ The BTS buffer is almost full and reaches the interrupt threshold. 


Table 17-3 compares the interaction of the processor with the PMI handler using the legacy versus streamlined 
Freeza_Perfmon_On_PMI interface. 


Table 17-3. Legacy and Streamlined Operation with Freeze_Perfmon_On_PMI = 1, Counter Overflowed 


Legacy Freeze_Perfmon_On_PMI Streamlined Freeze_Perfmon_On_PMI Comment 


Processor freezes the counters on overflow Processor freezes the counters on overflow Unchanged 


Processor clears [A32_PERF_GLOBAL_CTRL Processor set 
IA32_PERF_GLOBAL_STATUS.CTR_FTZ 


Handler reads [A32_PERF_GLOBAL_STATUS mask = RDMSR(0x38E) Similar 
(0x38E) to examine which counter(s) overflowed 


Handler services the PMI Handler services the PMI Unchanged 

Handler writes 1s to Handler writes mask into 

IA32_PERF_GLOBAL_OVF_CTL (0x390) IA32_PERF_GLOBAL_OVF_RESET (0x390) 

Processor clears IA32_PERF_GLOBAL_STATUS _ | Processor clears IA32_PERF_GLOBAL_STATUS | Unchanged 

Handler re-enables [A32_PERF_GLOBAL_CTRL | None Reduced software overhead 


17.4.8 LBR Stack 


The last branch record stack and top-of-stack (TOS) pointer MSRs are supported across Intel 64 and IA-32 
processor families. However, the number of MSRs in the LBR stack and the valid range of TOS pointer value can 
vary between different processor families. Table 17-4 lists the LBR stack size and TOS pointer range for several 
processor families according to the CPUID signatures of DisplayFamily_DisplayModel encoding (see CPUID instruc- 
tion in Chapter 3 of Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A). 


Table 17-4. LBR Stack Size and TOS Pointer Range 


DisplayFamily_DisplayModel Size of LBR Stack | Component of an LBR Entry | Range of TOS Pointer 
06_5CH, 06_5FH 32 FROM_IP, TO_IP 0 to 31 
06_4€H, 06_5EH, 06_8EH, 06_9EH, 06_55H, 32 FROM_IP, TO_IP, LBR_INFO! 0 to 31 


06_66H, 06_7AH, 06_67H, 06_6AH, 06_6CH, 
06_7DH, 06_7EH, 06_8CH, 06_8DH, 06_6AH, 
06_A5H, 06_A6H, 06_A7H, 06_A8H, 06_86H, 
06_8AH, 06_96H, 06_9CH 


06_3DH, 06_47H, 06_4FH, 06_56H, 06_3CH, 16 FROM_IP, TO_IP Oto15 
06_45H, 06_46H, 06_3FH, 06_2AH, 06_2DH, 
06_3AH, 06_3€H, 06_1AH, 06_1€H, 06_1FH, 
06_2EH, 06_25H, 06_2CH, 06_2FH 


06_17H, 06_1DH, 06_OFH 4 FROM_IP, TO_IP 0to3 
06_37H, 06_4AH, 06_4CH, 06_4DH, 06_5AH, 8 FROM_IP, TO_IP Oto7 
06_5DH, 06_1CH, 06_26H, 06_27H, 06_35H, 

06_36H 

NOTES: 


1. See Section 17.12. 
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The last branch recording mechanism tracks not only branch instructions (like JMP, Jcc, LOOP and CALL instruc- 
tions), but also other operations that cause a change in the instruction pointer (like external interrupts, traps and 
faults). The branch recording mechanisms generally employs a set of MSRs, referred to as last branch record (LBR) 
stack. The size and exact locations of the LBR stack are generally model-specific (see Chapter 2, “Model-Specific 
Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4 for model- 
specific MSR addresses). 


¢ Last Branch Record (LBR) Stack — The LBR consists of N pairs of MSRs (N is listed in the LBR stack size 
column of Table 17-4) that store source and destination address of recent branches (see Figure 17-3): 


— MSR_LASTBRANCH_0_FROM_IP (address is model specific) through the next consecutive (N-1) MSR 
address store source addresses. 


— MSR_LASTBRANCH_0_TO_IP (address is model specific ) through the next consecutive (N-1) MSR address 
store destination addresses. 
¢ Last Branch Record Top-of-Stack (TOS) Pointer — The lowest significant M bits of the TOS Pointer MSR 
(MSR_LASTBRANCH_TOS, address is model specific) contains an M-bit pointer to the MSR in the LBR stack that 
contains the most recent branch, interrupt, or exception recorded. The valid range of the M-bit POS pointer is 
given in Table 17-4. 


17.4.8.1 LBR Stack and Intel® 64 Processors 


LBR MSRs are 64-bits. In 64-bit mode, last branch records store the full address. Outside of 64-bit mode, the upper 
32-bits of branch addresses will be stored as 0. 


MSR_LASTBRANCH_0_FROM_IP through MSR_LASTBRANCH_(N-1)_ FROM_IP 
63 0 


Source Address 


MSR_LASTBRANCH_0_TO_IP through MSR_LASTBRANCH_(N-1)_TO_IP 
63 0 


Destination Address 


Figure 17-4. 64-bit Address Layout of LBR MSR 


Software should query an architectural MSR IA32_PERF_CAPABILITIES[5:0] about the format of the address that 
is stored in the LBR stack. Four formats are defined by the following encoding: 


— 0OOO00OB (32-bit record format) — Stores 32-bit offset in current CS of respective source/destination, 
— 000001B (64-bit LIP record format) — Stores 64-bit linear address of respective source/destination, 


— 000010B (64-bit EIP record format) — Stores 64-bit offset (effective address) of respective 
source/destination. 


— 000011B (64-bit EIP record format) and Flags — Stores 64-bit offset (effective address) of respective 
source/destination. Misprediction info is reported in the upper bit of 'FROM' registers in the LBR stack. See 
LBR stack details below for flag support and definition. 


— 000100B (64-bit EIP record format), Flags and TSX — Stores 64-bit offset (effective address) of 
respective source/destination. Misprediction and TSX info are reported in the upper bits of ‘FROM’ registers 
in the LBR stack. 


— 000101B (64-bit EIP record format), Flags, TSX, LBR_INFO — Stores 64-bit offset (effective 
address) of respective source/destination. Misprediction, TSX, and elapsed cycles since the last LBR update 
are reported in the LBR_INFO MSR stack. 


— 000110B (64-bit LIP record format), Flags, Cycles — Stores 64-bit linear address (CS.Base + 
effective address) of respective source/destination. Misprediction info is reported in the upper bits of 
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'FROM' registers in the LBR stack. Elapsed cycles since the last LBR update are reported in the upper 16 bits 
of the 'TO' registers in the LBR stack (see Section 17.6). 


— 000111B (64-bit LIP record format), Flags, LBR_INFO — Stores 64-bit linear address (CS.Base + 
effective address) of respective source/destination. Misprediction, and elapsed cycles since the last LBR 
update are reported in the LBR_INFO MSR stack. 


Processor’s support for the architectural MSR IA32_PERF_CAPABILITIES is provided by 
CPUID.01H:ECX[PERF_CAPAB_MSR] (bit 15). 


17.4.8.2 |LBR Stack and IA-32 Processors 


The LBR MSRs in IA-32 processors introduced prior to Intel 64 architecture store the 32-bit “To Linear Address” and 
“From Linear Address” using the high and low half of each 64-bit MSR. 


17.4.8.3 Last Exception Records and Intel 64 Architecture 


Intel 64 and IA-32 processors also provide MSRs that store the branch record for the last branch taken prior to an 
exception or an interrupt. The location of the last exception record (LER) MSRs are model specific. The MSRs that 
store last exception records are 64-bits. If IA-32e mode is disabled, only the lower 32-bits of the address is 

recorded. If IA-32e mode is enabled, the processor writes 64-bit values into the MSR. In 64-bit mode, last excep- 
tion records store 64-bit addresses; in compatibility mode, the upper 32-bits of last exception records are cleared. 


17.4.9 BTS and DS Save Area 


The Debug store (DS) feature flag (bit 21), returned by CPUID.1:EDX[21] indicates that the processor provides 
the debug store (DS) mechanism. The DS mechanism allows: 


° BTMs to be stored in a memory-resident BTS buffer. See Section 17.4.5, “Branch Trace Store (BTS).” 


° Processor event-based sampling (PEBS) also uses the DS save area provided by debug store mechanism. The 
capability of PEBS varies across different microarchitectures. See Section 19.6.2.4, “Processor Event Based 
Sampling (PEBS),” and the relevant PEBS sub-sections across the core PMU sections in Chapter 19, “Perfor- 
mance Monitoring.” 


When CPUID.1:EDX[21] is set: 


¢ The BTS_UNAVAILABLE and PEBS_UNAVAILABLE flags in the IA32_MISC_ENABLE MSR indicate (when clear) 
the availability of the BTS and PEBS facilities, including the ability to set the BTS and BTINT bits in the 
appropriate DEBUGCTL MSR. 


¢ The IA32_DS_AREA MSR exists and points to the DS save area. 


The debug store (DS) save area is a software-designated area of memory that is used to collect the following two 
types of information: 


¢ Branch records — When the BTS flag in the IA32_DEBUGCTL MSR is set, a branch record is stored in the BTS 
buffer in the DS save area whenever a taken branch, interrupt, or exception is detected. 


° PEBS records — When a performance counter is configured for PEBS, a PEBS record is stored in the PEBS 
buffer in the DS save area after the counter overflow occurs. This record contains the architectural state of the 
processor (state of the 8 general purpose registers, EIP register, and EFLAGS register) at the next occurrence 
of the PEBS event that caused the counter to overflow. When the state information has been logged, the 
counter is automatically reset to a specified value, and event counting begins again. The content layout of a 
PEBS record varies across different implementations that support PEBS. See Section 19.6.2.4.2 for details of 
enumerating PEBS record format. 
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NOTES 


Prior to processors based on the Goldmont microarchitecture, PEBS facility only supports a subset 
of implementation-specific precise events. See Section 19.5.3.1 for a PEBS enhancement that can 
generate records for both precise and non-precise events. 


The DS save area and recording mechanism are disabled on INIT, processor Reset or transition to 
system-management mode (SMM) or IA-32e mode. It is similarly disabled on the generation of a 
machine-check exception on 45nm and 32nm Intel Atom processors and on processors with 
Netburst or Intel Core microarchitecture. 


The BTS and PEBS facilities may not be available on all processors. The availability of these facilities 
is indicated by the BTS_UNAVAILABLE and PEBS_UNAVAILABLE flags, respectively, in the 
IA32_MISC_ENABLE MSR (see Chapter 2, “Model-Specific Registers (MSRs)” in the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 4). 


The DS save area is divided into three parts: buffer management area, branch trace store (BTS) buffer, and PEBS 
buffer (see Figure 17-5). The buffer management area is used to define the location and size of the BTS and PEBS 
buffers. The processor then uses the buffer management area to keep track of the branch and/or PEBS records in 
their respective buffers and to record the performance counter reset value. The linear address of the first byte of 
the DS buffer management area is specified with the IA32_DS_AREA MSR. 


The fields in the buffer management area are as follows: 


BTS buffer base — Linear address of the first byte of the BTS buffer. This address should point to a natural 
doubleword boundary. 


BTS index — Linear address of the first byte of the next BTS record to be written to. Initially, this address 
should be the same as the address in the BTS buffer base field. 


BTS absolute maximum — Linear address of the next byte past the end of the BTS buffer. This address 
should be a multiple of the BTS record size (12 bytes) plus 1. 


BTS interrupt threshold — Linear address of the BTS record on which an interrupt is to be generated. This 
address must point to an offset from the BTS buffer base that is a multiple of the BTS record size. Also, it must 
be several records short of the BTS absolute maximum address to allow a pending interrupt to be handled prior 
to processor writing the BTS absolute maximum record. 


PEBS buffer base — Linear address of the first byte of the PEBS buffer. This address should point to a natural 
doubleword boundary. 


PEBS index — Linear address of the first byte of the next PEBS record to be written to. Initially, this address 
should be the same as the address in the PEBS buffer base field. 


PEBS absolute maximum — Linear address of the next byte past the end of the PEBS buffer. This address 
should be a multiple of the PEBS record size (40 bytes) plus 1. 


PEBS interrupt threshold — Linear address of the PEBS record on which an interrupt is to be generated. This 
address must point to an offset from the PEBS buffer base that is a multiple of the PEBS record size. Also, it 
must be several records short of the PEBS absolute maximum address to allow a pending interrupt to be 
handled prior to processor writing the PEBS absolute maximum record. 


PEBS counter reset value — A 64-bit value that the counter is to be set to when a PEBS record is written. Bits 
beyond the size of the counter are ignored. This value allows state information to be collected regularly every 
time the specified number of events occur. 
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-— IA32_DS_AREA MSR 


DS Buffer Management Area BTS Buffer 


—<——_ 
BTS Buffer Base OH———____>- 


Branch Record 0 


BTS Index 4H 
BTS Absolute 8H 
Maximum 
BTS Interrupt Branch Record 1 
Threshold CH 
PEBS Buffer Base} 10H 
PEBS Index 14H —_q 
"Sian (1 
Branch Record n 
PEBS Interrupt |4cH 
|__Threshold _| aa 
PEBS a 
Counter Reset 24H PEBS Buffer 
Ri d 
eserve 30H PEBS Record 0 
PEBS Record 1 
|__| 
PEBS Record n 
oo 


Figure 17-5. DS Save Area Example! 


NOTES: 
1. This example represents the format for a system that supports PEBS on only one counter. 


Figure 17-6 shows the structure of a 12-byte branch record in the BTS buffer. The fields in each record are as 
follows: 


¢ Last branch from — Linear address of the instruction from which the branch, interrupt, or exception was 
taken. 


¢ Last branch to — Linear address of the branch target or the first instruction in the interrupt or exception 
service routine. 


¢ Branch predicted — Bit 4 of field indicates whether the branch that was taken was predicted (set) or not 
predicted (clear). 
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31 4 0 
Last Branch From 0H 
Last Branch To 4H 
8H 
Branch Predicted __A 


Figure 17-6. 32-bit Branch Trace Record Format 


Figure 17-7 shows the structure of the 40-byte PEBS records. Nominally the register values are those at the begin- 
ning of the instruction that caused the event. However, there are cases where the registers may be logged ina 
partially modified state. The linear IP field shows the value in the EIP register translated from an offset into the 


current code segment to a linear address. 


31 0 
EFLAGS OH 
Linear IP 4H 

EAX 8H 
EBX CH 
ECX 10H 
EDX 14H 
ESI 18H 
EDI 1CH 
EBP 20H 
ESP 24H 


Figure 17-7. PEBS Record Format 


17.4.9.1 64 Bit Format of the DS Save Area 
When DTES64 = 1 (CPUID.1.ECX[2] = 1), the structure of the DS save area is shown in Figure 17-8. 


When DTES64 = 0 (CPUID.1.ECX[2] = 0) and IA-32e mode is active, the structure of the DS save area is shown in 
Figure 17-8. If IA-32e mode is not active the structure of the DS save area is as shown in Figure 17-5. 
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-— IA32_DS_AREA MSR 


DS Buffer Management Area BTS Buffer 


<——_ 
BTS Buffer Base OH 


Branch Record 0 


BTS Index 8H 
BTS Absolute 
Maximum 10X——— 
BTS Interrupt Branch Record 1 
Threshold 18H 
PEBS Buffer Base} 20H 4 
PEBS Index 28H —— 
fom fo 
| PEBS Interrupt | Branch Record n 
PEBS Interrupt | 38H 
Threshold Ly» 
PEBS aa 
CG REE: ais PEBS Buffer 
a 
Reserved 50H 


PEBS Record 0 


PEBS Record 1 


PEBS Record n 


L__y 


Figure 17-8. IA-32e Mode DS Save Area Example! 


NOTES: 
1. This example represents the format for a system that supports PEBS on only one counter. 


The IA32_DS_AREA MSR holds the 64-bit linear address of the first byte of the DS buffer management area. The 
structure of a branch trace record is similar to that shown in Figure 17-6, but each field is 8 bytes in length. This 
makes each BTS record 24 bytes (see Figure 17-9). The structure of a PEBS record is similar to that shown in 
Figure 17-7, but each field is 8 bytes in length and architectural states include register R8 through R15. This makes 
the size of a PEBS record in 64-bit mode 144 bytes (see Figure 17-10). 


63 4 0 
Last Branch From OH 
Last Branch To 8H 
10H 
Branch Predicted __A 


Figure 17-9. 64-bit Branch Trace Record Format 
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63 0 

RFLAGS OH 
RIP 8H 
RAX 10H 
RBX 18H 
RCX 20H 
RDX 28H 
RSI 30H 
RDI 38H 
RBP 40H 
RSP 48H 
R8 50H 
mas 88H 


Figure 17-10. 64-bit PEBS Record Format 


Fields in the buffer management area of a DS save area are described in Section 17.4.9. 


The format of a branch trace record and a PEBS record are the same as the 64-bit record formats shown in Figures 
17-9 and Figures 17-10, with the exception that the branch predicted bit is not supported by Intel Core microarchi- 
tecture or Intel Atom microarchitecture. The 64-bit record formats for BTS and PEBS apply to DS save area for all 
operating modes. 


The procedures used to program IA32_DEBUGCTL MSR to set up a BTS buffer or a CPL-qualified BTS are described 
in Section 17.4.9.3 and Section 17.4.9.4. 

Required elements for writing a DS interrupt service routine are largely the same on processors that support using 
DS Save area for BTS or PEBS records. However, on processors based on Intel NetBurst® microarchitecture, re- 
enabling counting requires writing to CCCRs. But a DS interrupt service routine on processors supporting architec- 
tural performance monitoring should: 


¢ Re-enable the enable bits in IA32_PERF_GLOBAL_CTRL MSR if it is servicing an overflow PMI due to PEBS. 


° Clear overflow indications by writing to IA32_PERF_GLOBAL_OVF_CTRL when a counting configuration is 
changed. This includes bit 62 (ClrOvfBuffer) and the overflow indication of counters used in either PEBS or 
general-purpose counting (specifically: bits 0 or 1; see Figures 19-3). 


17.4.9.2 Setting Up the DS Save Area 


To save branch records with the BTS buffer, the DS save area must first be set up in memory as described in the 
following procedure (See Section 19.6.2.4.1, “Setting up the PEBS Buffer,” for instructions for setting up a PEBS 
buffer, respectively, in the DS save area): 


1. Create the DS buffer management information area in memory (see Section 17.4.9, “BTS and DS Save Area,” 
and Section 17.4.9.1, “64 Bit Format of the DS Save Area”). Also see the additional notes in this section. 


Write the base linear address of the DS buffer management area into the IA32_DS_AREA MSR. 


Set up the performance counter entry in the xAPIC LVT for fixed delivery and edge sensitive. See Section 
10.5.1, “Local Vector Table.” 


4. Establish an interrupt handler in the IDT for the vector associated with the performance counter entry in the 
xAPIC LVT. 
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5. Write an interrupt service routine to handle the interrupt. See Section 17.4.9.5, “Writing the DS Interrupt 
Service Routine.” 


The following restrictions should be applied to the DS save area. 


¢ The recording of branch records in the BTS buffer (or PEBS records in the PEBS buffer) may not operate 
properly if accesses to the linear addresses in any of the three DS save area sections cause page faults, VM 
exits, or the setting of accessed or dirty flags in the paging structures (ordinary or EPT). For that reason, 
system software should establish paging structures (both ordinary and EPT) to prevent such occurrences. 
Implications of this may be that an operating system should allocate this memory from a non-paged pool and 
that system software cannot do “lazy” page-table entry propagation for these pages. Some newer processor 
generations support “lazy” EPT page-table entry propagation for PEBS; see Section 19.3.9.1 and Section 
19.9.5 for more information. A virtual-machine monitor may choose to allow use of PEBS by guest software 
only if EPT maps all guest-physical memory as present and read/write. 


¢ The DS save area can be larger than a page, but the pages must be mapped to contiguous linear addresses. 
The buffer may share a page, so it need not be aligned on a 4-KByte boundary. For performance reasons, the 
base of the buffer must be aligned on a doubleword boundary and should be aligned on a cache line boundary. 


e It is recommended that the buffer size for the BTS buffer and the PEBS buffer be an integer multiple of the 
corresponding record sizes. 


¢ The precise event records buffer should be large enough to hold the number of precise event records that can 
occur while waiting for the interrupt to be serviced. 


¢ The DS save area should be in kernel space. It must not be on the same page as code, to avoid triggering self- 
modifying code actions. 


¢ There are no memory type restrictions on the buffers, although it is recommended that the buffers be 
designated as WB memory type for performance considerations. 


¢ Either the system must be prevented from entering A20M mode while DS save area is active, or bit 20 of all 
addresses within buffer bounds must be 0. 


° Pages that contain buffers must be mapped to the same physical addresses for all processes, such that any 
change to control register CR3 will not change the DS addresses. 


° The DS save area is expected to used only on systems with an enabled APIC. The LVT Performance Counter 
entry in the APCI must be initialized to use an interrupt gate instead of the trap gate. 


17.4.9.3 Setting Up the BTS Buffer 


Three flags in the MSR_DEBUGCTLA MSR (see Table 17-5), IA32_DEBUGCTL (see Figure 17-3), or 
MSR_DEBUGCTLB (see Figure 17-16) control the generation of branch records and storing of them in the BTS 
buffer; these are TR, BTS, and BTINT. The TR flag enables the generation of BTMs. The BTS flag determines 
whether the BTMs are sent out on the system bus (clear) or stored in the BTS buffer (set). BTMs cannot be simul- 
taneously sent to the system bus and logged in the BTS buffer. The BTINT flag enables the generation of an inter- 
rupt when the BTS buffer is full. When this flag is clear, the BTS buffer is a circular buffer. 


Table 17-5. IA32_DEBUGCTL Flag Encodings 


TR BTS BTINT Description 

0 X X Branch trace messages (BTMs) off 

1 0 X Generate BTMs 

1 1 0 Store BTMs in the BTS buffer, used here as a circular buffer 

1 1 1 Store BTMs in the BTS buffer, and generate an interrupt when the buffer is nearly full 


The following procedure describes how to set up a DS Save area to collect branch records in the BTS buffer: 


1. Place values in the BTS buffer base, BTS index, BTS absolute maximum, and BTS interrupt threshold fields of 
the DS buffer management area to set up the BTS buffer in memory. 


2. Set the TR and BTS flags in the IA32_DEBUGCTL for Intel Core Solo and Intel Core Duo processors or later 
processors (or MSR_DEBUGCTLA MSR for processors based on Intel NetBurst Microarchitecture; or 
MSR_DEBUGCTLB for Pentium M processors). 
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Clear the BTINT flag in the corresponding IA32_DEBUGCTL (or MSR_DEBUGCTLA MSR; or MSR_DEBUGCTLB) 
if a circular BTS buffer is desired. 


NOTES 
If the buffer size is set to less than the minimum allowable value (i.e. BTS absolute maximum < 1 
+ size of BTS record), the results of BTS is undefined. 
In order to prevent generating an interrupt, when working with circular BTS buffer, SW need to set 
BTS interrupt threshold to a value greater than BTS absolute maximum (fields of the DS buffer 
management area). It's not enough to clear the BTINT flag itself only. 


17.4.9.4 Setting Up CPL-Qualified BTS 


If the processor supports CPL-qualified last branch recording mechanism, the generation of branch records and 
storing of them in the BTS buffer are determined by: TR, BTS, BTS_OFF_OS, BTS_OFF_USR, and BTINT. The 
encoding of these five bits are shown in Table 17-6. 


Table 17-6. CPL-Qualified Branch Trace Store Encodings 


TR 


BTS BTS_OFF_OS |BTS_OFF_USR | BTINT Description 


Branch trace messages (BTMs) off 


Generates BTMs but do not store BTMs 


Store all BTMs in the BTS buffer, used here as a circular buffer 


Store BTMs with CPL > 0 in the BTS buffer 


Store BTMs with CPL = 0 in the BTS buffer 


Generate BTMs but do not store BTMs 


0 
1 
1 
1 
1 
1 
1 


X 
0 
1 
1 
1 
1 
1 


oO| —| O}] —| CO} X<| 
o|1 —| —| OO] OC} X<| 
—| <;}| CO}; OO} OC} | 


Store all BTMs in the BTS buffer; generate an interrupt when the 
buffer is nearly full 


1 1 0 1 Store BTMs with CPL > 0 in the BTS buffer; generate an interrupt 
when the buffer is nearly full 


1 0 1 1 Store BTMs with CPL = 0 in the BTS buffer; generate an interrupt 
when the buffer is nearly full 


17.4.9.5 Writing the DS Interrupt Service Routine 


The BTS, non-precise event-based sampling, and PEBS facilities share the same interrupt vector and interrupt 
service routine (called the debug store interrupt service routine or DS ISR). To handle BTS, non-precise event- 
based sampling, and PEBS interrupts: separate handler routines must be included in the DS ISR. Use the following 
guidelines when writing a DS ISR to handle BTS, non-precise event-based sampling, and/or PEBS interrupts. 


The DS interrupt service routine (ISR) must be part of a kernel driver and operate at a current privilege level of 
0 to secure the buffer storage area. 


Because the BTS, non-precise event-based sampling, and PEBS facilities share the same interrupt vector, the 
DS ISR must check for all the possible causes of interrupts from these facilities and pass control on to the 
appropriate handler. 


BTS and PEBS buffer overflow would be the sources of the interrupt if the buffer index matches/exceeds the 
interrupt threshold specified. Detection of non-precise event-based sampling as the source of the interrupt is 
accomplished by checking for counter overflow. 


There must be separate save areas, buffers, and state for each processor in an MP system. 


Upon entering the ISR, branch trace messages and PEBS should be disabled to prevent race conditions during 
access to the DS save area. This is done by clearing TR flag in the IA32_DEBUGCTL (or MSR_DEBUGCTLA MSR) 
and by clearing the precise event enable flag in the MSR_PEBS_ENABLE MSR. These settings should be 
restored to their original values when exiting the ISR. 
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° The processor will not disable the DS save area when the buffer is full and the circular mode has not been 
selected. The current DS setting must be retained and restored by the ISR on exit. 


e =©After reading the data in the appropriate buffer, up to but not including the current index into the buffer, the ISR 
must reset the buffer index to the beginning of the buffer. Otherwise, everything up to the index will look like 
new entries upon the next invocation of the ISR. 


¢ The ISR must clear the mask bit in the performance counter LVT entry. 


¢ The ISR must re-enable the counters to count via IA32_PERF_GLOBAL_CTRL/IA32_PERF_GLOBAL_OVF_CTRL 
if it is servicing an overflow PMI due to PEBS (or via CCCR's ENABLE bit on processor based on Intel NetBurst 
microarchitecture). 


¢ The Pentium 4 Processor and Intel Xeon Processor mask PMIs upon receiving an interrupt. Clear this condition 
before leaving the interrupt handler. 


17.5 LAST BRANCH, INTERRUPT, AND EXCEPTION RECORDING (INTEL® CORE™ 2 
DUO AND INTEL ATOM® PROCESSORS) 


The Intel Core 2 Duo processor family and Intel Xeon processors based on Intel Core microarchitecture or 
enhanced Intel Core microarchitecture provide last branch interrupt and exception recording. The facilities 
described in this section also apply to 45 nm and 32 nm Intel Atom processors. These capabilities are similar to 
those found in Pentium 4 processors, including support for the following facilities: 


¢ Debug Trace and Branch Recording Control — The IA32_DEBUGCTL MSR provide bit fields for software to 
configure mechanisms related to debug trace, branch recording, branch trace store, and performance counter 
operations. See Section 17.4.1 for a description of the flags. See Figure 17-3 for the MSR layout. 


¢ Last branch record (LBR) stack — There are a collection of MSR pairs that store the source and destination 
addresses related to recently executed branches. See Section 17.5.1. 


* Monitoring and single-stepping of branches, exceptions, and interrupts 


— See Section 17.4.2 and Section 17.4.3. In addition, the ability to freeze the LBR stack on a PMI request is 
available. 


— 45 nm and 32 nm Intel Atom processors clear the TR flag when the FREEZE_LBRS_ON_PMI flag is set. 
¢ Branch trace messages — See Section 17.4.4. 
¢ Last exception records — See Section 17.13.3. 
¢ Branch trace store and CPL-qualified BTS — See Section 17.4.5. 
¢ FREEZE_LBRS_ON_PMI flag (bit 11) — see Section 17.4.7 for legacy Freeze_LBRs_On_PMI operation. 


¢ FREEZE_PERFMON_ON_PMI flag (bit 12) — see Section 17.4.7 for legacy Freeze_Perfmon_On_PMI 
operation. 


¢ FREEZE_WHILE_SMM (bit 14) — FREEZE_WHILE_SMM is supported if 
IA32_PERF_CAPABILITIES.FREEZE_WHILE_SMM[Bit 12] is reporting 1. See Section 17.4.1. 


17.5.1 LBR Stack 


The last branch record stack and top-of-stack (TOS) pointer MSRs are supported across Intel Core 2, Intel Atom 
processor families, and Intel processors based on Intel NetBurst microarchitecture. 


Four pairs of MSRs are supported in the LBR stack for Intel Core 2 processors families and Intel processors based 
on Intel NetBurst microarchitecture: 


¢ Last Branch Record (LBR) Stack 


— MSR_LASTBRANCH_0_FROM_IP (address 40H) through MSR_LASTBRANCH_3_FROML_IP (address 43H) 
store source addresses 


— MSR_LASTBRANCH_0_TO_IP (address 60H) through MSR_LASTBRANCH_3_TO_IP (address 63H) store 
destination addresses 
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¢ Last Branch Record Top-of-Stack (TOS) Pointer — The lowest significant 2 bits of the TOS Pointer MSR 
(MSR_LASTBRANCH_TOS, address 1C9H) contains a pointer to the MSR in the LBR stack that contains the 
most recent branch, interrupt, or exception recorded. 


Eight pairs of MSRs are supported in the LBR stack for 45 nm and 32 nm Intel Atom processors: 
¢ Last Branch Record (LBR) Stack 


— MSR_LASTBRANCH_0O_FROM_IP (address 40H) through MSR_LASTBRANCH_7_FROML_IP (address 47H) 
store source addresses 


— MSR_LASTBRANCH_0_TO_IP (address 60H) through MSR_LASTBRANCH_7_TO_IP (address 67H) store 
destination addresses 


¢ Last Branch Record Top-of-Stack (TOS) Pointer — The lowest significant 3 bits of the TOS Pointer MSR 
(MSR_LASTBRANCH_TOS, address 1C9H) contains a pointer to the MSR in the LBR stack that contains the 
most recent branch, interrupt, or exception recorded. 


The address format written in the FROM_IP/TO_IP MSRS may differ between processors. Software should query 
IA32_PERF_CAPABILITIES[5:0] and consult Section 17.4.8.1. The behavior of the MSR_LER_TO_LIP and the 
MSR_LER_FROM_LIP MSRs corresponds to that of the LastExceptionToIP and LastExceptionFromIP MSRs found in 
P6 family processors. 


175.2 LBR Stack in Intel Atom® Processors based on the Silvermont Microarchitecture 


The last branch record stack and top-of-stack (TOS) pointer MSRs are supported in Intel Atom processors based on 
the Silvermont and Airmont microarchitectures. Eight pairs of MSRs are supported in the LBR stack. 


LBR filtering is supported. Filtering of LBRs based on a combination of CPL and branch type conditions is supported. 
When LBR filtering is enabled, the LBR stack only captures the subset of branches that are specified by 
MSR_LBR_SELECT. The layout of MSR_LBR_SELECT is described in Table 17-11. 


17.6 LAST BRANCH, CALL STACK, INTERRUPT, AND EXCEPTION RECORDING 
FOR PROCESSORS BASED ON GOLDMONT MICROARCHITECTURE 


Processors based on the Goldmont microarchitecture extend the capabilities described in Section 17.5.2 with the 
following enhancements: 


¢ Supports new LBR format encoding 00110b in IA32_PERF_CAPABILITIES[5:0]. 


¢ Size of LBR stack increased to 32. Each entry includes MSR_LASTBRANCH_x_FROM_IP (address 0x680..0x69f) 
and MSR_LASTBRANCH_x_TO_IP (address 0x6c0..0x6df). 


e LBR call stack filtering supported. The layout of MSR_LBR_SELECT is described in Table 17-13. 
e Elapsed cycle information is added to MSR_LASTBRANCH_x_TO_IP. Format is shown in Table 17-7. 


® Misprediction info is reported in the upper bits of MSR_LASTBRANCH_x_FROM_IP. MISPRED bit format is 
shown in Table 17-8. 


e Streamlined Freeze_LBRs_On_PMI operation; see Section 17.12.2. 


e LBR MSRs may be cleared when MWAIT is used to request a C-state that is numerically higher than Ci; see 
Section 17.12.3. 


Table 17-7. MSR_LASTBRANCH_x_TO_IP for the Goldmont Microarchitecture 


Bit Field Bit Offset |Access |Description 

Data 47:0 R/W This is the “branch to” address. See Section 17.4.8.1 for address format. 
Cycle Count 63:48 R/W Elapsed core clocks since last update to the LBR stack. 

(Saturating) 
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17.7. LAST BRANCH, CALL STACK, INTERRUPT, AND EXCEPTION RECORDING 
FOR PROCESSORS BASED ON GOLDMONT PLUS MICROARCHITECTURE 


Next generation Intel Atom processors are based on the Goldmont Plus microarchitecture. Processors based on the 
Goldmont Plus microarchitecture extend the capabilities described in Section 17.6 with the following changes: 


e Enumeration of new LBR format: encoding 00111b in IA32_PERF_CAPABILITIES[5:0] is supported, see 
Section 17.4.8.1. 


e Each LBR stack entry consists of three MSRs: 
— MSR_LASTBRANCH_x_FROM_IP, the layout is simplified, see Table 17-9. 
— MSR_LASTBRANCH_x_TO_IP, the layout is the same as Table 17-9. 


— MSR_LBR_INFO_x, stores branch prediction flag, TSX info, and elapsed cycle data. Layout is the same as 
Table 17-16. 


17.8. LAST BRANCH, INTERRUPT AND EXCEPTION RECORDING FOR INTEL® 
XEON PHI™ PROCESSOR 7200/5200/3200 


The last branch record stack and top-of-stack (TOS) pointer MSRs are supported in the Intel® Xeon Phi™ processor 
7200/5200/3200 series based on the Knights Landing microarchitecture. Eight pairs of MSRs are supported in the 
LBR stack, per thread: 

¢ Last Branch Record (LBR) Stack 


— MSR_LASTBRANCH_0O_FROM_IP (address 680H) through MSR_LASTBRANCH_7_FROM_IP (address 687H) 
store source addresses. 


— MSR_LASTBRANCH_0_TO_IP (address 6COH) through MSR_LASTBRANCH_7_TO_IP (address 6C7H) store 
destination addresses. 
¢ Last Branch Record Top-of-Stack (TOS) Pointer — The lowest significant 3 bits of the TOS Pointer MSR 
(MSR_LASTBRANCH_TOS, address 1C9H) contains a pointer to the MSR in the LBR stack that contains the most 
recent branch, interrupt, or exception recorded. 


LBR filtering is supported. Filtering of LBRs based on a combination of CPL and branch type conditions is supported. 
When LBR filtering is enabled, the LBR stack only captures the subset of branches that are specified by 
MSR_LBR_SELECT. The layout of MSR_LBR_SELECT is described in Table 17-11. 


The address format written in the FROM_IP/TO_IP MSRS may differ between processors. Software should query 
IA32_PERF_CAPABILITIES[5:0] and consult Section 17.4.8.1.The behavior of the MSR_LER_TO_LIP and the 
MSR_LER_FROM_LIP MSRs corresponds to that of the LastExceptionToIP and LastExceptionFromIP MSRs found in 
the P6 family processors. 


17.9 LAST BRANCH, INTERRUPT, AND EXCEPTION RECORDING FOR 
PROCESSORS BASED ON NEHALEM MICROARCHITECTURE 


The processors based on Nehalem microarchitecture and Westmere microarchitecture support last branch interrupt 

and exception recording. These capabilities are similar to those found in Intel Core 2 processors and add additional 

capabilities: 

* Debug Trace and Branch Recording Control — The IA32_DEBUGCTL MSR provides bit fields for software to 
configure mechanisms related to debug trace, branch recording, branch trace store, and performance counter 
operations. See Section 17.4.1 for a description of the flags. See Figure 17-11 for the MSR layout. 


¢ Last branch record (LBR) stack — There are 16 MSR pairs that store the source and destination addresses 
related to recently executed branches. See Section 17.9.1. 


° Monitoring and single-stepping of branches, exceptions, and interrupts — See Section 17.4.2 and 
Section 17.4.3. In addition, the ability to freeze the LBR stack on a PMI request is available. 
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Branch trace messages — The IA32_DEBUGCTL MSR provides bit fields for software to enable each logical 
processor to generate branch trace messages. See Section 17.4.4. However, not all BTM messages are 
observable using the Intel® QPI link. 


Last exception records — See Section 17.13.3. 
Branch trace store and CPL-qualified BTS — See Section 17.4.6 and Section 17.4.5. 
FREEZE_LBRS_ON_PMI flag (bit 11) — see Section 17.4.7 for legacy Freeze_LBRs_On_PMI operation. 


FREEZE_PERFMON_ON_PMI flag (bit 12) — see Section 17.4.7 for legacy Freeze_Perfmon_On_PMI 
operation. 


UNCORE_PMI_EN (bit 13) — When set. this logical processor is enabled to receive an counter overflow 
interrupt form the uncore. 


FREEZE_WHILE_SMM (bit 14) — FREEZE_WHILE_SMM is supported if 
IA32_PERF_CAPABILITIES.FREEZE_WHILE_SMM[Bit 12] is reporting 1. See Section 17.4.1. 


Processors based on Nehalem microarchitecture provide additional capabilities: 


Independent control of uncore PMI — The IA32_DEBUGCTL MSR provides a bit field (see Figure 17-11) for 
software to enable each logical processor to receive an uncore counter overflow interrupt. 


LBR filtering — Processors based on Nehalem microarchitecture support filtering of LBR based on combination 
of CPL and branch type conditions. When LBR filtering is enabled, the LBR stack only captures the subset of 
branches that are specified by MSR_LBR_SELECT. 


31 141312111098 7654321 0 


Reserved 


FREEZE_WHILE_SMM_= ——W—————— 
UNCORE_PMI_EN 
FREEZE_PERFMON_ON_PMI 
FREEZE_LBRS_ON_PMI 
BTS_OFF_USR — BTS off in user code 
BTS_OFF_OS — BTS off in OS 
BTINT — Branch trace interrupt 
BTS — Branch trace store 

TR — Trace messages enable 
Reserved 
BTF — Single-step on branches 
LBR — Last branch/interrupt/exception 


Figure 17-11. 1A32_DEBUGCTL MSR for Processors Based on Nehalem Microarchitecture 


17.9.1 


LBR Stack 


Processors based on Nehalem microarchitecture provide 16 pairs of MSR to record last branch record information. 
The layout of each MSR pair is shown in Table 17-8 and Table 17-9. 


Table 17-8. MSR_LASTBRANCH_x_FROM_IP 


Bit Field Bit Offset | Access |Description 

Data 47:0 R/W This is the “branch from” address. See Section 17.4.8.1 for address format. 

SIGN_EXt 62:48 R/W Signed extension of bit 47 of this register. 

MISPRED 63 R/W When set, indicates either the target of the branch was mispredicted and/or the 
direction (taken/non-taken) was mispredicted; otherwise, the target branch was 
predicted. 
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Table 17-9. MSR_LASTBRANCH_x_TO_IP 


Bit Field Bit Offset | Access |Description 
Data 47:0 R/W This is the “branch to” address. See Section 17.4.8.1 for address format 
SIGN_EXt 63:48 R/W Signed extension of bit 47 of this register. 


Processors based on Nehalem microarchitecture have an LBR MSR Stack as shown in Table 17-10. 


Table 17-10. LBR Stack Size and TOS Pointer Range 


DisplayFamily_DisplayModel Size of LBR Stack Range of TOS Pointer 
06_1AH 16 Oto15 


17.9.2 Filtering of Last Branch Records 


MSR_LBR_SELECT is cleared to zero at RESET, and LBR filtering is disabled, i.e. all branches will be captured. 
MSR_LBR_SELECT provides bit fields to specify the conditions of subsets of branches that will not be captured in 
the LBR. The layout of MSR_LBR_SELECT is shown in Table 17-11. 


Table 17-11. MSR_LBR_SELECT for Nehalem Microarchitecture 


Bit Field Bit Offset | Access |Description 

CPL_EQ_O 0 R/W When set, do not capture branches ending in ring 0 
CPL_NEQ_O 1 R/W When set, do not capture branches ending in ring >O 
Jcc 2 R/W When set, do not capture conditional branches 
NEAR_REL_CALL |3 R/W When set, do not capture near relative calls 
NEAR_IND_CALL |4 R/W When set, do not capture near indirect calls 
NEAR_RET 5 R/W When set, do not capture near returns 
NEAR_IND_JMP 6 R/W When set, do not capture near indirect jumps 
NEAR_REL_JMP 7 R/W When set, do not capture near relative jumps 
FAR_BRANCH 8 R/W When set, do not capture far branches 

Reserved 63:9 Must be zero 


17.10 LAST BRANCH, INTERRUPT, AND EXCEPTION RECORDING FOR 
PROCESSORS BASED ON SANDY BRIDGE MICROARCHITECTURE 


Generally, all of the last branch record, interrupt and exception recording facility described in Section 17.9, “Last 
Branch, Interrupt, and Exception Recording for Processors based on Nehalem Microarchitecture”, apply to proces- 
sors based on Sandy Bridge microarchitecture. For processors based on Ivy Bridge microarchitecture, the same 
holds true. 


One difference of note is that MSR_LBR_SELECT is shared between two logical processors in the same core. In 
Sandy Bridge microarchitecture, each logical processor has its own MSR_LBR_SELECT. The filtering semantics for 
“Near_ind_jmp” and “Near_rel_jmp” has been enhanced, see Table 17-12. 
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Table 17-12. MSR_LBR_SELECT for Sandy Bridge Microarchitecture 


Bit Field Bit Offset | Access |Description 

CPL_EQ_O 0 R/W When set, do not capture branches ending in ring O 

CPL_NEQ_O 1 R/W When set, do not capture branches ending in ring >O 

Jcc 2 R/W When set, do not capture conditional branches 

NEAR_REL_CALL | 3 R/W When set, do not capture near relative calls 

NEAR_IND_CALL |4 R/W When set, do not capture near indirect calls 

NEAR_RET 5 R/W When set, do not capture near returns 

NEAR_IND_JMP 6 R/W When set, do not capture near indirect jumps except near indirect calls and near returns 
NEAR_REL_JMP 7 R/W When set, do not capture near relative jumps except near relative calls. 
FAR_BRANCH 8 R/W When set, do not capture far branches 

Reserved 63:9 Must be zero 


17.11 LAST BRANCH, CALL STACK, INTERRUPT, AND EXCEPTION RECORDING 
FOR PROCESSORS BASED ON HASWELL MICROARCHITECTURE 


Generally, all of the last branch record, interrupt and exception recording facility described in Section 17.10, “Last 
Branch, Interrupt, and Exception Recording for Processors based on Sandy Bridge Microarchitecture”, apply to next 
generation processors based on Haswell microarchitecture. 


The LBR facility also supports an alternate capability to profile call stack profiles. Configuring the LBR facility to 
conduct call stack profiling is by writing 1 to the MSR_LBR_SELECT.EN_CALLSTACK[bit 9]; see Table 17-13. If 
MSR_LBR_SELECT.EN_CALLSTACK is clear, the LBR facility will capture branches normally as described in Section 
17.10. 


Table 17-13. MSR_LBR_SELECT for Haswell Microarchitecture 


Bit Field Bit Offset | Access |Description 

CPL_EQ_O 0 R/W When set, do not capture branches ending in ring O 

CPL_NEQ_O 1 R/W When set, do not capture branches ending in ring >0 

Jcc 2 R/W When set, do not capture conditional branches 

NEAR_REL_CALL | 3 R/W When set, do not capture near relative calls 

NEAR_IND_CALL |4 R/W When set, do not capture near indirect calls 

NEAR_RET 5 R/W When set, do not capture near returns 

NEAR_IND_JMP 6 R/W When set, do not capture near indirect jumps except near indirect calls and near returns 
NEAR_REL_JMP 7 R/W When set, do not capture near relative jumps except near relative calls. 
FAR_BRANCH 8 R/W When set, do not capture far branches 

EN_CALLSTACK' |9 Enable LBR stack to use LIFO filtering to capture Call stack profile 
Reserved 63:10 Must be zero 

NOTES: 


1. Must set valid combination of bits 0-8 in conjunction with bit 9 (as described below), otherwise the contents of the LBR MSRs are 
undefined. 


The call stack profiling capability is an enhancement of the LBR facility. The LBR stack is a ring buffer typically used 
to profile control flow transitions resulting from branches. However, the finite depth of the LBR stack often become 
less effective when profiling certain high-level languages (e.g. C++), where a transition of the execution flow is 

accompanied by a large number of leaf function calls, each of which returns an individual parameter to form the list 
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of parameters for the main execution function call. A long list of such parameters returned by the leaf functions 
would serve to flush the data captured in the LBR stack, often losing the main execution context. 


When the call stack feature is enabled, the LBR stack will capture unfiltered call data normally, but as return 
instructions are executed the last captured branch record is flushed from the on-chip registers in a last-in first-out 
(LIFO) manner. Thus, branch information relative to leaf functions will not be captured, while preserving the call 
stack information of the main line execution path. 


The configuration of the call stack facility is summarized below: 


° Set IA32_DEBUGCTL.LBR (bit 0) to enable the LBR stack to capture branch records. The source and target 
addresses of the call branches will be captured in the 16 pairs of From/To LBR MSRs that form the LBR stack. 


¢ Program the Top of Stack (TOS) MSR that points to the last valid from/to pair. This register is incremented by 
1, modulo 16, before recording the next pair of addresses. 


¢ Program the branch filtering bits of MSR_LBR_SELECT (bits 0:8) as desired. 
¢ Program the MSR_LBR_SELECT to enable LIFO filtering of return instructions with: 


— The following bits in MSR_LBR_SELECT must be set to ‘1’: JCC, NEAR_IND_JMP, NEAR_REL_JMP, 
FAR_BRANCH, EN_CALLSTACK; 


— The following bits in MSR_LBR_SELECT must be cleared: NEAR_REL_CALL, NEAR-IND_CALL, NEAR_RET; 
— At most one of CPL_EQ_0, CPL_NEQ_0 is set. 


Note that when call stack profiling is enabled, “zero length calls” are excluded from writing into the LBRs. (A “zero 
length call” uses the attribute of the call instruction to push the immediate instruction pointer on to the stack and 
then pops off that address into a register. This is accomplished without any matching return on the call.) 


17.11.1  ULBR Stack Enhancement 


Processors based on Haswell microarchitecture provide 16 pairs of MSR to record last branch record information. 
The layout of each MSR pair is enumerated by IA32_PERF_CAPABILITIES[5:0] = 04H, and is shown in Table 17-14 
and Table 17-9. 


Table 17-14. MSR_LASTBRANCH_x_FROM_IP with TSX Information 


Bit Field Bit Offset | Access |Description 

Data 47:0 R/W This is the “branch from” address. See Section 17.4.8.1 for address format. 
SIGN_EXT 60:48 R/W Signed extension of bit 47 of this register. 

TSX_ABORT 61 R/W When set, indicates a TSX Abort entry 


LBR_FROM: EIP at the time of the TSX Abort 
LBR_TO: EIP of the start of HLE region, or EIP of the RTM Abort Handler 


IN_TSX 62 R/W When set, indicates the entry occurred in a TSX region 

MISPRED 63 R/W When set, indicates either the target of the branch was mispredicted and/or the 
direction (taken/non-taken) was mispredicted; otherwise, the target branch was 
predicted. 


17.12 LAST BRANCH, CALL STACK, INTERRUPT, AND EXCEPTION RECORDING 
FOR PROCESSORS BASED ON SKYLAKE MICROARCHITECTURE 


Processors based on the Skylake microarchitecture provide a number of enhancement with storing last branch 
records: 


® enumeration of new LBR format: encoding 00101b in IA32_PERF_CAPABILITIES[5:0] is supported, see Section 
17.4.8.1. 


¢ Each LBR stack entry consists of a triplets of MSRs: 
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— MSR_LASTBRANCH_x_FROML_IP, the layout is simplified, see Table 17-9. 

— MSR_LASTBRANCH_x_TO_IP, the layout is the same as Table 17-9. 

— MSR_LBR_INFO_x, stores branch prediction flag, TSX info, and elapsed cycle data. 
¢ Size of LBR stack increased to 32. 


Processors based on the Skylake microarchitecture supports the same LBR filtering capabilities as described in 
Table 17-13. 


Table 17-15. LBR Stack Size and TOS Pointer Range 


DisplayFamily_DisplayModel Size of LBR Stack Range of TOS Pointer 
06_4€H, 06_5EH 32 0 to 31 


17.12.1 MSR _LBR_INFO_x MSR 
The layout of each MSR_LBR_INFO_x MSR is shown in Table 17-16. 


Table 17-16. MSR_LBR_INFO_x 


Bit Field Bit Offset |Access |Description 

Cycle Count 15:0 R/W Elapsed core clocks since last update to the LBR stack. 
(saturating) 

Reserved 60:16 R/W Reserved 

TSX_ABORT 61 R/W When set, indicates a TSX Abort entry 


LBR_FROM: EIP at the time of the TSX Abort 
LBR_TO: EIP of the start of HLE region OR 
EIP of the RTM Abort Handler 


IN_TSX 62 R/W When set, indicates the entry occurred in a TSX region. 

MISPRED 63 R/W When set, indicates either the target of the branch was mispredicted and/or the 
direction (taken/non-taken) was mispredicted; otherwise, the target branch was 
predicted. 


17.12.2 Streamlined Freeze_LBRs_On_PMI Operation 


The FREEZE_LBRS_ON_PMI feature causes the LBRs to be frozen on a hardware request for a PMI. This prevents 
the LBRs from being overwritten by new branches, allowing the PMI handler to examine the control flow that 
preceded the PMI generation. Architectural performance monitoring version 4 and above supports a streamlined 
FREEZE_LBRs_ON_PMI operation for PMI service routine that replaces the legacy FREEZE_LBRs_ON_PMI opera- 
tion (see Section 17.4.7). 


While the legacy FREEZE_LBRS_ON_PMI clear the LBR bit in the IA32_DEBUGCTL MSR on a PMI request, the 
streamlined FREEZE_LBRS_ON_PMI will set the LBR_FRZ bit in IA32_PERF_GLOBAL_STATUS. Branches will not 
cause the LBRs to be updated when LBR_FRZ is set. Software can clear LBR_FRZ at the same time as it clears over- 
flow bits by setting the LBR_FRZ bit as well as the needed overflow bit when writing to 
IA32_PERF_GLOBAL_STATUS_RESET MSR. 


This streamlined behavior avoids race conditions between software and processor writes to IA32_DEBUGCTL that 
are possible with FREEZE_LBRS_ON_PMI clearing of the LBR enable. 
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17.12.3 LBR Behavior and Deep C-State 


When MWAIT is used to request a C-state that is numerically higher than Ci, then LBR state may be initialized to 
zero depending on optimized “waiting” state that is selected by the processor The affected LBR states include the 
FROM, TO, INFO, LAST_BRANCH, LER and LBR_TOS registers. The LBR enable bit and LBR_FROZEN bit are not 
affected. The LBR-time of the first LBR record inserted after an exit from such a C-state request will be zero. 


17.13. LAST BRANCH, INTERRUPT, AND EXCEPTION RECORDING (PROCESSORS 
BASED ON INTEL NETBURST® MICROARCHITECTURE) 


Pentium 4 and Intel Xeon processors based on Intel NetBurst microarchitecture provide the following methods for 
recording taken branches, interrupts and exceptions: 


¢ Store branch records in the last branch record (LBR) stack MSRs for the most recent taken branches, 
interrupts, and/or exceptions in MSRs. A branch record consist of a branch-from and a branch-to instruction 
address. 


¢ Send the branch records out on the system bus as branch trace messages (BIMs). 
¢ Log BTMs in a memory-resident branch trace store (BTS) buffer. 
To support these functions, the processor provides the following MSRs and related facilities: 


¢ MSR_DEBUGCTLA MSR — Enables last branch, interrupt, and exception recording; single-stepping on taken 
branches; branch trace messages (BTMs); and branch trace store (BTS). This register is named DebugCtIMSR 
in the P6 family processors. 


* Debug store (DS) feature flag (CPUID.1:EDX.DS[bit 21]) — Indicates that the processor provides the 
debug store (DS) mechanism, which allows BTMs to be stored in a memory-resident BTS buffer. 


¢ CPL-qualified debug store (DS) feature flag (CPUID.1:ECX.DS-CPL[bit 4]) — Indicates that the 
processor provides a CPL-qualified debug store (DS) mechanism, which allows software to selectively skip 
sending and storing BIMs, according to specified current privilege level settings, into a memory-resident BTS 
buffer. 


° IA32_MISC_ENABLE MSR — Indicates that the processor provides the BTS facilities. 


¢ Last branch record (LBR) stack — The LBR stack is a circular stack that consists of four MSRs 
(MSR_LASTBRANCH_0 through MSR_LASTBRANCH_3) for the Pentium 4 and Intel Xeon processor family 
[CPUID family OFH, models OH-02H]. The LBR stack consists of 16 MSR pairs 
(MSR_LASTBRANCH_0_FROM_IP through MSR_LASTBRANCH_15_FROM_IP and 
MSR_LASTBRANCH_0_TO_IP through MSR_LASTBRANCH_15_TO_IP) for the Pentium 4 and Intel Xeon 
processor family [CPUID family OFH, model 03H]. 


¢ Last branch record top-of-stack (TOS) pointer — The TOS Pointer MSR contains a 2-bit pointer (0-3) to 
the MSR in the LBR stack that contains the most recent branch, interrupt, or exception recorded for the Pentium 
4 and Intel Xeon processor family [CPUID family OFH, models OH-02H]. This pointer becomes a 4-bit pointer (0- 
15) for the Pentium 4 and Intel Xeon processor family [CPUID family OFH, model 03H]. See also: Table 17-17, 
Figure 17-12, and Section 17.13.2, “LBR Stack for Processors Based on Intel NetBurst® Microarchitecture.” 


° Last exception record — See Section 17.13.3, “Last Exception Records.” 


17.13.1 MSR_DEBUGCTLA MSR 


The MSR_DEBUGCTLA MSR enables and disables the various last branch recording mechanisms described in the 
previous section. This register can be written to using the WRMSR instruction, when operating at privilege level 0 
or when in real-address mode. A protected-mode operating system procedure is required to provide user access to 
this register. Figure 17-12 shows the flags in the MSR_DEBUGCTLA MSR. The functions of these flags are as 
follows: 


¢ LBR (last branch/interrupt/exception) flag (bit 0) — When set, the processor records a running trace of 
the most recent branches, interrupts, and/or exceptions taken by the processor (prior to a debug exception 
being generated) in the last branch record (LBR) stack. Each branch, interrupt, or exception is recorded as a 
64-bit branch record. The processor clears this flag whenever a debug exception is generated (for example, 
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when an instruction or data breakpoint or a single-step trap occurs). See Section 17.13.2, “LBR Stack for 
Processors Based on Intel NetBurst® Microarchitecture.” 


° BTF (single-step on branches) flag (bit 1) — When set, the processor treats the TF flag in the EFLAGS 
register as a “single-step on branches” flag rather than a “single-step on instructions” flag. This mechanism 
allows single-stepping the processor on taken branches. See Section 17.4.3, “Single-Stepping on Branches.” 


¢ TR (trace message enable) flag (bit 2) — When set, branch trace messages are enabled. Thereafter, when 
the processor detects a taken branch, interrupt, or exception, it sends the branch record out on the system bus 
as a branch trace message (BTM). See Section 17.4.4, “Branch Trace Messages.” 
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Reserved 


BTS_OFF_USR — Disable storing non-CPL_0 BTS —! 
BTS_OFF_OS — Disable storing CPL_O BTS 

BTINT — Branch trace interrupt 
BTS — Branch trace store 
TR — Trace messages enable 
BTF — Single-step on branches 
LBR — Last branch/interrupt/exception 


Figure 17-12. MSR_DEBUGCTLA MSR for Pentium 4 and Intel Xeon Processors 


¢ BTS (branch trace store) flag (bit 3) — When set, enables the BTS facilities to log BTMs to a memory- 
resident BTS buffer that is part of the DS save area. See Section 17.4.9, “BTS and DS Save Area.” 


¢ BTINT (branch trace interrupt) flag (bits 4) — When set, the BTS facilities generate an interrupt when the 
BTS buffer is full. When clear, BTMs are logged to the BTS buffer in a circular fashion. See Section 17.4.5, “Branch 
Trace Store (BTS).” 

¢ BTS_OFF_OS (disable ring O branch trace store) flag (bit 5) — When set, enables the BTS facilities to 
skip sending/logging CPL_O BTMs to the memory-resident BTS buffer. See Section 17.13.2, “LBR Stack for 
Processors Based on Intel NetBurst® Microarchitecture.” 


¢ BTS_OFF_USR (disable ring 0 branch trace store) flag (bit 6) — When set, enables the BTS facilities to 
skip sending/logging non-CPL_O BTMs to the memory-resident BTS buffer. See Section 17.13.2, “LBR Stack for 
Processors Based on Intel NetBurst® Microarchitecture.” 


NOTE 


The initial implementation of BTS_OFF_USR and BTS_OFF_OS in MSR_DEBUGCTLA is shown in 
Figure 17-12. The BTS_OFF_USR and BTS_OFF_OS fields may be implemented on other model- 
specific debug control register at different locations. 


See Chapter 2, “Model-Specific Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 4 for a detailed description of each of the last branch recording MSRs. 


17.13.2 LBR Stack for Processors Based on Intel NetBurst® Microarchitecture 


The LBR stack is made up of LBR MSRs that are treated by the processor as a circular stack. The TOS pointer 
(MSR_LASTBRANCH_TOS MSR) points to the LBR MSR (or LBR MSR pair) that contains the most recent (last) 
branch record placed on the stack. Prior to placing a new branch record on the stack, the TOS is incremented by 1. 
When the TOS pointer reaches it maximum value, it wraps around to 0. See Table 17-17 and Figure 17-12. 
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Table 17-17. LBR MSR Stack Size and TOS Pointer Range for the Pentium’ 4 and the Intel Xeon’ Processor Family 


DisplayFamily_DisplayModel Size of LBR Stack Range of TOS Pointer 
Family OFH, Models OH-02H; MSRs at locations 1DBH-1DEH. 4 Oto3 

Family OFH, Models; MSRs at locations 680H-68FH. 16 Oto15 

Family OFH, Model 03H; MSRs at locations 6COH-6CFH. 16 Oto15 


The registers in the LBR MSR stack and the MSR_LASTBRANCH_TOS MSR are read-only and can be read using the 
RDMSR instruction. 


Figure 17-13 shows the layout of a branch record in an LBR MSR (or MSR pair). Each branch record consists of two 
linear addresses, which represent the “from” and “to” instruction pointers for a branch, interrupt, or exception. The 
contents of the from and to addresses differ, depending on the source of the branch: 


® Taken branch — If the record is for a taken branch, the “from” address is the address of the branch instruction 
and the “to” address is the target instruction of the branch. 


¢ Interrupt — If the record is for an interrupt, the “from” address the return instruction pointer (RIP) saved for 
the interrupt and the “to” address is the address of the first instruction in the interrupt handler routine. The RIP 
is the linear address of the next instruction to be executed upon returning from the interrupt handler. 


¢ Exception — If the record is for an exception, the “from” address is the linear address of the instruction that 
caused the exception to be generated and the “to” address is the address of the first instruction in the exception 
handler routine. 


CPUID Family 0FH, Models 0H-02H 
MSR_LASTBRANCH_0 through MSR_LASTBRANCH_3 
63 32 - 31 0 


To Linear Address From Linear Address 


CPUID Family 0FH, Model 03H-04H 
MSR_LASTBRANCH_0_FROM_IP through MSR_LASTBRANCH_15_FROM_IP 


63 32 - 31 0 


Reserved From Linear Address 


MSR_LASTBRANCH_0_TO_IP through MSR_LASTBRANCH_15_TO_IP 
63 32 - 31 


Reserved To Linear Address 


Figure 17-13. LBR MSR Branch Record Layout for the Pentium 4 and Intel® Xeon® Processor Family 


Additional information is saved if an exception or interrupt occurs in conjunction with a branch instruction. If a 
branch instruction generates a trap type exception, two branch records are stored in the LBR stack: a branch record 
for the branch instruction followed by a branch record for the exception. 


If a branch instruction is immediately followed by an interrupt, a branch record is stored in the LBR stack for the 
branch instruction followed by a record for the interrupt. 


17.13.3. Last Exception Records 


The Pentium 4, Intel Xeon, Pentium M, Intel® Core™ Solo, Intel® Core™ Duo, Intel® Core™2 Duo, Intel® Core™ i7 
and Intel Atom® processors provide two MSRs (the MSR_LER_TO_LIP and the MSR_LER_FROM_LIP MSRs) that 
duplicate the functions of the LastExceptionToIP and LastExceptionFromIP MSRs found in the P6 family processors. 
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The MSR_LER_TO_LIP and MSR_LER_FROM_LIP MSRs contain a branch record for the last branch that the 
processor took prior to an exception or interrupt being generated. 


17.14 LAST BRANCH, INTERRUPT, AND EXCEPTION RECORDING (INTEL® CORE™ 


SOLO AND INTEL® CORE™ DUO PROCESSORS) 


Intel Core Solo and Intel Core Duo processors provide last branch interrupt and exception recording. This capability 
is almost identical to that found in Pentium 4 and Intel Xeon processors. There are differences in the stack and in 
some MSR names and locations. 


Note the following: 


IA32_DEBUGCTL MSR — Enables debug trace interrupt, debug trace store, trace messages enable, 
performance monitoring breakpoint flags, single stepping on branches, and last branch. IA32_DEBUGCTL MSR 
is located at register address 01D9H. 


See Figure 17-14 for the layout and the entries below for a description of the flags: 


LBR (last branch/interrupt/exception) flag (bit 0) — When set, the processor records a running trace 
of the most recent branches, interrupts, and/or exceptions taken by the processor (prior to a debug 
exception being generated) in the last branch record (LBR) stack. For more information, see the “Last 
Branch Record (LBR) Stack” below. 


BTF (single-step on branches) flag (bit 1) — When set, the processor treats the TF flag in the EFLAGS 
register as a “single-step on branches” flag rather than a “single-step on instructions” flag. This mechanism 
allows single-stepping the processor on taken branches. See Section 17.4.3, “Single-Stepping on 
Branches,” for more information about the BTF flag. 


TR (trace message enable) flag (bit 6) — When set, branch trace messages are enabled. When the 
processor detects a taken branch, interrupt, or exception; it sends the branch record out on the system bus 
as a branch trace message (BTM). See Section 17.4.4, “Branch Trace Messages,” for more information 
about the TR flag. 


BTS (branch trace store) flag (bit 7) — When set, the flag enables BTS facilities to log BTMs to a 
memory-resident BTS buffer that is part of the DS save area. See Section 17.4.9, “BTS and DS Save Area.” 


BTINT (branch trace interrupt) flag (bits 8) — When set, the BTS facilities generate an interrupt when 
the BTS buffer is full. When clear, BTMs are logged to the BTS buffer in a circular fashion. See Section 17.4.5, 
“Branch Trace Store (BTS),” for a description of this mechanism. 


31 87654321 0 


BTINT — Branch trace interrupt 
BTS — Branch trace store 
TR — Trace messages enable 
Reserved 
BTF — Single-step on branches 
LBR — Last branch/interrupt/exception 


Figure 17-14. IA32_DEBUGCTL MSR for Intel® Core™ Solo and Intel® Core™ Duo Processors 


Debug store (DS) feature flag (bit 21), returned by the CPUID instruction — Indicates that the 
processor provides the debug store (DS) mechanism, which allows BTMs to be stored in a memory-resident 
BTS buffer. See Section 17.4.5, “Branch Trace Store (BTS).” 


Last Branch Record (LBR) Stack — The LBR stack consists of 8 MSRs (MSR_LASTBRANCH_0O through 
MSR_LASTBRANCH_7); bits 31-0 hold the ‘from’ address, bits 63-32 hold the ‘to’ address (MSR addresses start 


at 40H). See Figure 17-15. 
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¢ Last Branch Record Top-of-Stack (TOS) Pointer — The TOS Pointer MSR contains a 3-bit pointer (bits 2-0) 
to the MSR in the LBR stack that contains the most recent branch, interrupt, or exception recorded. For Intel 
Core Solo and Intel Core Duo processors, this MSR is located at register address 01C9H. 


For compatibility, the Intel Core Solo and Intel Core Duo processors provide two 32-bit MSRs (the 
MSR_LER_TO_LIP and the MSR_LER_FROM_LIP MSRs) that duplicate functions of the LastExceptionToIP and Last- 
ExceptionFromIP MSRs found in P6 family processors. 


For details, see Section 17.12, “Last Branch, Call Stack, Interrupt, and Exception Recording for Processors based 
on Skylake Microarchitecture,” and Section 2.20, “MSRs In Intel® Core™ Solo and Intel® Core™ Duo Processors” in 
the Intel/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4. 


MSR_LASTBRANCH_0 through MSR_LASTBRANCH_7 


63 32 - 31 0 
To Linear Address From Linear Address 


Figure 17-15. LBR Branch Record Layout for the Intel® Core™ Solo and Intel® Core™ Duo Processor 


17.15 LAST BRANCH, INTERRUPT, AND EXCEPTION RECORDING (PENTIUM M 
PROCESSORS) 


Like the Pentium 4 and Intel Xeon processor family, Pentium M processors provide last branch interrupt and excep- 
tion recording. The capability operates almost identically to that found in Pentium 4 and Intel Xeon processors. 
There are differences in the shape of the stack and in some MSR names and locations. Note the following: 


¢ MSR_DEBUGCTLB MSR — Enables debug trace interrupt, debug trace store, trace messages enable, 
performance monitoring breakpoint flags, single stepping on branches, and last branch. For Pentium M 
processors, this MSR is located at register address 01D9H. See Figure 17-16 and the entries below for a 
description of the flags. 


— LBR (last branch/interrupt/exception) flag (bit 0) — When set, the processor records a running trace 
of the most recent branches, interrupts, and/or exceptions taken by the processor (prior to a debug 
exception being generated) in the last branch record (LBR) stack. For more information, see the “Last 
Branch Record (LBR) Stack” bullet below. 


— BTF (single-step on branches) flag (bit 1) — When set, the processor treats the TF flag in the EFLAGS 
register as a “single-step on branches” flag rather than a “single-step on instructions” flag. This mechanism 
allows single-stepping the processor on taken branches. See Section 17.4.3, “Single-Stepping on 
Branches,” for more information about the BTF flag. 


— PBi (performance monitoring/breakpoint pins) flags (bits 5-2) — When these flags are set, the 
performance monitoring/breakpoint pins on the processor (BP0#, BP1#, BP2#, and BP3#) report 
breakpoint matches in the corresponding breakpoint-address registers (DRO through DR3). The processor 
asserts then deasserts the corresponding BP/# pin when a breakpoint match occurs. When a PBi flag is 
clear, the performance monitoring/breakpoint pins report performance events. Processor execution is not 
affected by reporting performance events. 


— TR (trace message enable) flag (bit 6) — When set, branch trace messages are enabled. When the 
processor detects a taken branch, interrupt, or exception, it sends the branch record out on the system bus 
as a branch trace message (BTM). See Section 17.4.4, “Branch Trace Messages,” for more information 
about the TR flag. 


— BTS (branch trace store) flag (bit 7) — When set, enables the BTS facilities to log BTMs to a memory- 
resident BTS buffer that is part of the DS save area. See Section 17.4.9, “BTS and DS Save Area.” 


— BTINT (branch trace interrupt) flag (bits 8) — When set, the BTS facilities generate an interrupt when 
the BTS buffer is full. When clear, BTMs are logged to the BTS buffer in a circular fashion. See Section 17.4.5, 
“Branch Trace Store (BTS),” for a description of this mechanism. 
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Reserved 


BTINT — Branch trace interrupt 


BTS — Branch trace store 
TR — Trace messages enable 
PB3/2/1/0 — Performance monitoring breakpoint flags 
BTF — Single-step on branches 
LBR — Last branch/interrupt/exception 


Figure 17-16. MSR_DEBUGCTLB MSR for Pentium M Processors 


* Debug store (DS) feature flag (bit 21), returned by the CPUID instruction — Indicates that the 
processor provides the debug store (DS) mechanism, which allows BTMs to be stored in a memory-resident 
BTS buffer. See Section 17.4.5, “Branch Trace Store (BTS).” 


¢ Last Branch Record (LBR) Stack — The LBR stack consists of 8 MSRs (MSR_LASTBRANCH_O through 
MSR_LASTBRANCH_7); bits 31-0 hold the ‘from’ address, bits 63-32 hold the ‘to’ address. For Pentium M 
Processors, these pairs are located at register addresses 040H-047H. See Figure 17-17. 


¢ Last Branch Record Top-of-Stack (TOS) Pointer — The TOS Pointer MSR contains a 3-bit pointer (bits 2- 
0) to the MSR in the LBR stack that contains the most recent branch, interrupt, or exception recorded. For 
Pentium M Processors, this MSR is located at register address 01C9H. 


MSR_LASTBRANCH_0 _ through MSR_LASTBRANCH_7 


63 32 - 31 0 
To Linear Address From Linear Address 


Figure 17-17. LBR Branch Record Layout for the Pentium M Processor 


For more detail on these capabilities, see Section 17.13.3, “Last Exception Records,” and Section 2.21, “MSRs In 
the Pentium M Processor” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4. 


17.16 LAST BRANCH, INTERRUPT, AND EXCEPTION RECORDING (P6 FAMILY 
PROCESSORS) 


The P6 family processors provide five MSRs for recording the last branch, interrupt, or exception taken by the 
processor: DEBUGCTLMSR, LastBranchToIP, LastBranchFromIP, LastExceptionToIP, and LastExceptionFromIP. 
These registers can be used to collect last branch records, to set breakpoints on branches, interrupts, and excep- 
tions, and to single-step from one branch to the next. 


See Chapter 2, “Model-Specific Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 4 for a detailed description of each of the last branch recording MSRs. 


17.16.1 DEBUGCTLMSR Register 


The version of the DEBUGCTLMSR register found in the P6 family processors enables last branch, interrupt, and 
exception recording; taken branch breakpoints; the breakpoint reporting pins; and trace messages. This register 
can be written to using the WRMSR instruction, when operating at privilege level 0 or when in real-address mode. 
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A protected-mode operating system procedure is required to provide user access to this register. Figure 17-18 
shows the flags in the DEBUGCTLMSR register for the P6 family processors. The functions of these flags are as 
follows: 


¢ LBR (last branch/interrupt/exception) flag (bit 0) — When set, the processor records the source and 
target addresses (in the LastBranchToIP, LastBranchFromIP, LastExceptionToIP, and LastExceptionFromIP 
MSRs) for the last branch and the last exception or interrupt taken by the processor prior to a debug exception 
being generated. The processor clears this flag whenever a debug exception, such as an instruction or data 
breakpoint or single-step trap occurs. 
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Reserved T!B/B/B/B 


TR — Trace messages enable 
PBi — Performance monitoring/breakpoint pins 
BTF — Single-step on branches 
LBR — Last branch/interrupt/exception 


Figure 17-18. DEBUGCTLMSR Register (P6 Family Processors) 


° BTF (single-step on branches) flag (bit 1) — When set, the processor treats the TF flag in the EFLAGS 
register as a “single-step on branches” flag. See Section 17.4.3, “Single-Stepping on Branches.” 


° PBi (performance monitoring/breakpoint pins) flags (bits 2 through 5) — When these flags are set, 
the performance monitoring/breakpoint pins on the processor (BPO#, BP1#, BP2#, and BP3#) report 
breakpoint matches in the corresponding breakpoint-address registers (DRO through DR3). The processor 
asserts then deasserts the corresponding BP/# pin when a breakpoint match occurs. When a PBi flag is clear, 
the performance monitoring/breakpoint pins report performance events. Processor execution is not affected by 
reporting performance events. 


° TR (trace message enable) flag (bit 6) — When set, trace messages are enabled as described in Section 
17.4.4, “Branch Trace Messages.” Setting this flag greatly reduces the performance of the processor. When 
trace messages are enabled, the values stored in the LastBranchToIP, LastBranchFromIP, LastExceptionToIP, 
and LastExceptionFromIP MSRs are undefined. 


17.16.2 Last Branch and Last Exception MSRs 


The LastBranchToIP and LastBranchFromIP MSRs are 32-bit registers for recording the instruction pointers for the 
last branch, interrupt, or exception that the processor took prior to a debug exception being generated. When a 
branch occurs, the processor loads the address of the branch instruction into the LastBranchFromIP MSR and loads 
the target address for the branch into the LastBranchToIP MSR. 


When an interrupt or exception occurs (other than a debug exception), the address of the instruction that was 
interrupted by the exception or interrupt is loaded into the LastBranchFromIP MSR and the address of the exception 
or interrupt handler that is called is loaded into the LastBranchToIP MSR. 


The LastExceptionToIP and LastExceptionFromIP MSRs (also 32-bit registers) record the instruction pointers for the 
last branch that the processor took prior to an exception or interrupt being generated. When an exception or inter- 
rupt occurs, the contents of the LastBranchToIP and LastBranchFromIP MSRs are copied into these registers before 
the to and from addresses of the exception or interrupt are recorded in the LastBranchToIP and LastBranchFromIP 
MSRs. 


These registers can be read using the RDMSR instruction. 


Note that the values stored in the LastBranchToIP, LastBranchFromIP, LastExceptionToIP, and LastExceptionFromIP 
MSRs are offsets into the current code segment, as opposed to linear addresses, which are saved in last branch 
records for the Pentium 4 and Intel Xeon processors. 
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17.16.3. Monitoring Branches, Exceptions, and Interrupts 


When the LBR flag in the DEBUGCTLMSR register is set, the processor automatically begins recording branches 
that it takes, exceptions that are generated (except for debug exceptions), and interrupts that are serviced. Each 
time a branch, exception, or interrupt occurs, the processor records the to and from instruction pointers in the 
LastBranchToIP and LastBranchFromIP MSRs. In addition, for interrupts and exceptions, the processor copies the 
contents of the LastBranchToIP and LastBranchFromIP MSRs into the LastExceptionToIP and LastExceptionFromIP 
MSRs prior to recording the to and from addresses of the interrupt or exception. 


When the processor generates a debug exception (#DB), it automatically clears the LBR flag before executing the 
exception handler, but does not touch the last branch and last exception MSRs. The addresses for the last branch, 
interrupt, or exception taken are thus retained in the LastBranchToIP and LastBranchFromIP MSRs and the 
addresses of the last branch prior to an interrupt or exception are retained in the LastExceptionToIP, and LastEx- 
ceptionFromIP MSRs. 


The debugger can use the last branch, interrupt, and/or exception addresses in combination with code-segment 
selectors retrieved from the stack to reset breakpoints in the breakpoint-address registers (DRO through DR3), 
allowing a backward trace from the manifestation of a particular bug toward its source. Because the instruction 
pointers recorded in the LastBranchToIP, LastBranchFromIP, LastExceptionToIP, and LastExceptionFromIP MSRs 
are offsets into a code segment, software must determine the segment base address of the code segment associ- 
ated with the control transfer to calculate the linear address to be placed in the breakpoint-address registers. The 
segment base address can be determined by reading the segment selector for the code segment from the stack 
and using it to locate the segment descriptor for the segment in the GDT or LDT. The segment base address can 
then be read from the segment descriptor. 


Before resuming program execution from a debug-exception handler, the handler must set the LBR flag again to re- 
enable last branch and last exception/interrupt recording. 


17.17. TIME-STAMP COUNTER 


The Intel 64 and IA-32 architectures (beginning with the Pentium processor) define a time-stamp counter mecha- 
nism that can be used to monitor and identify the relative time occurrence of processor events. The counter’s archi- 
tecture includes the following components: 


° TSC flag — A feature bit that indicates the availability of the time-stamp counter. The counter is available in an 
if the function CPUID.1:EDX.TSC[bit 4] = 1. 


° IA32_TIME_STAMP_COUNTER MSR (called TSC MSR in P6 family and Pentium processors) — The MSR used 
as the counter. 


* RDTSC instruction — An instruction used to read the time-stamp counter. 


¢ TSD flag — A control register flag is used to enable or disable the time-stamp counter (enabled if 
CR4.TSD[bit 2] = 1). 


The time-stamp counter (as implemented in the P6 family, Pentium, Pentium M, Pentium 4, Intel Xeon, Intel Core 
Solo and Intel Core Duo processors and later processors) is a 64-bit counter that is set to 0 following a RESET of 
the processor. Following a RESET, the counter increments even when the processor is halted by the HLT instruction 
or the external STPCLK# pin. Note that the assertion of the external DPSLP# pin may cause the time-stamp 
counter to stop. 


Processor families increment the time-stamp counter differently: 


¢ For Pentium M processors (family [06H], models [09H, ODH]); for Pentium 4 processors, Intel Xeon processors 
(family [OFH], models [0OH, 01H, or 02H]); and for P6 family processors: the time-stamp counter increments 
with every internal processor clock cycle. 


The internal processor clock cycle is determined by the current core-clock to bus-clock ratio. Intel® 
SpeedStep® technology transitions may also impact the processor clock. 


¢ For Pentium 4 processors, Intel Xeon processors (family [OFH], models [03H and higher]); for Intel Core Solo 
and Intel Core Duo processors (family [06H], model [OEH]); for the Intel Xeon processor 5100 series and Intel 
Core 2 Duo processors (family [06H], model [OFH]); for Intel Core 2 and Intel Xeon processors (family [06H], 
DisplayModel [17H]); for Intel Atom processors (family [06H], DisplayModel [1CH]): the time-stamp counter 
increments at a constant rate. That rate may be set by the maximum core-clock to bus-clock ratio of the 
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processor or may be set by the maximum resolved frequency at which the processor is booted. The maximum 
resolved frequency may differ from the processor base frequency, see Section 19.7.2 for more detail. On 
certain processors, the TSC frequency may not be the same as the frequency in the brand string. 


The specific processor configuration determines the behavior. Constant TSC behavior ensures that the duration 
of each clock tick is uniform and supports the use of the TSC as a wall clock timer even if the processor core 
changes frequency. This is the architectural behavior moving forward. 


NOTE 


To determine average processor clock frequency, Intel recommends the use of performance 
monitoring logic to count processor core clocks over the period of time for which the average is 
required. See Section 19.6.4.5, “Counting Clocks on systems with Intel® Hyper-Threading 
Technology in Processors Based on Intel NetBurst® Microarchitecture,” and https://perfmon- 
events.intel.com/ for more information. 


The RDTSC instruction reads the time-stamp counter and is guaranteed to return a monotonically increasing 
unique value whenever executed, except for a 64-bit counter wraparound. Intel guarantees that the time-stamp 
counter will not wraparound within 10 years after being reset. The period for counter wrap is longer for Pentium 4, 
Intel Xeon, P6 family, and Pentium processors. 


Normally, the RDTSC instruction can be executed by programs and procedures running at any privilege level and in 
virtual-8086 mode. The TSD flag allows use of this instruction to be restricted to programs and procedures running 
at privilege level 0. A secure operating system would set the TSD flag during system initialization to disable user 
access to the time-stamp counter. An operating system that disables user access to the time-stamp counter should 
emulate the instruction through a user-accessible programming interface. 


The RDTSC instruction is not serializing or ordered with other instructions. It does not necessarily wait until all 
previous instructions have been executed before reading the counter. Similarly, subsequent instructions may begin 
execution before the RDTSC instruction operation is performed. 


The RDMSR and WRMSR instructions read and write the time-stamp counter, treating the time-stamp counter as an 
ordinary MSR (address 10H). In the Pentium 4, Intel Xeon, and P6 family processors, all 64-bits of the time-stamp 
counter are read using RDMSR (just as with RDTSC). When WRMSR is used to write the time-stamp counter on 
processors before family [OFH], models [03H, 04H]: only the low-order 32-bits of the time-stamp counter can be 
written (the high-order 32 bits are cleared to 0). For family [OFH], models [03H, 04H, 06H]; for family [06H]], 
model [OEH, OFH]; for family [06H]], DisplayModel [17H, 1AH, 1CH, 1DH]: all 64 bits are writable. 


17.17.1 Invariant TSC 


The time stamp counter in newer processors may support an enhancement, referred to as invariant TSC. 
Processor’s support for invariant TSC is indicated by CPUID.80000007H:EDX[8]. 


The invariant TSC will run at a constant rate in all ACPI P-, C-. and T-states. This is the architectural behavior 
moving forward. On processors with invariant TSC support, the OS may use the TSC for wall clock timer services 
(instead of ACPI or HPET timers). TSC reads are much more efficient and do not incur the overhead associated with 
a ring transition or access to a platform resource. 


17.17.2 IA32_TSC_AUX Register and RDTSCP Support 


Processors based on Nehalem microarchitecture provide an auxiliary TSC register, IA32_TSC_AUX that is designed 
to be used in conjunction with IA32_TSC. IA32_TSC_AUX provides a 32-bit field that is initialized by privileged soft- 
ware with a signature value (for example, a logical processor ID). 


The primary usage of IA32_TSC_AUX in conjunction with IA32_TSC is to allow software to read the 64-bit time 
stamp in IA32_TSC and signature value in IA32_TSC_AUX with the instruction RDTSCP in an atomic operation. 
RDTSCP returns the 64-bit time stamp in EDX:EAX and the 32-bit TSC_AUX signature value in ECX. The atomicity 
of RDTSCP ensures that no context switch can occur between the reads of the TSC and TSC_AUX values. 


Support for RDTSCP is indicated by CPUID.80000001H:EDX[27]. As with RDTSC instruction, non-ring 0 access is 
controlled by CR4.TSD (Time Stamp Disable flag). 
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User mode software can use RDTSCP to detect if CPU migration has occurred between successive reads of the TSC. 
It can also be used to adjust for per-CPU differences in TSC values in a NUMA system. 


17.17.3. Time-Stamp Counter Adjustment 


Software can modify the value of the time-stamp counter (TSC) of a logical processor by using the WRMSR instruc- 
tion to write to the IA32_TIME_STAMP_COUNTER MSR (address 10H). Because such a write applies only to that 
logical processor, software seeking to synchronize the TSC values of multiple logical processors must perform these 
writes on each logical processor. It may be difficult for software to do this in a way than ensures that all logical 
processors will have the same value for the TSC at a given point in time. 


The synchronization of TSC adjustment can be simplified by using the 64-bit IA32_TSC_ADJUST MSR (address 
3BH). Like the IA32_TIME_STAMP_COUNTER MSR, the IA32_TSC_ADJUST MSR is maintained separately for each 
logical processor. A logical processor maintains and uses the IA32_TSC_ADJUST MSR as follows: 

© On RESET, the value of the IA32_TSC_ADJUST MSR is 0. 


¢ —=If an execution of WRMSR to the IA32_TIME_STAMP_COUNTER MSR adds (or subtracts) value X from the TSC, 
the logical processor also adds (or subtracts) value X from the IA32_TSC_ADJUST MSR. 


e =If an execution of WRMSR to the IA32_TSC_ADJUST MSR adds (or subtracts) value X from that MSR, the logical 
processor also adds (or subtracts) value X from the TSC. 


Unlike the TSC, the value of the IA32_TSC_ADJUST MSR changes only in response to WRMSR (either to the MSR 
itself, or to the IA32_TIME_STAMP_COUNTER MSR). Its value does not otherwise change as time elapses. Software 
seeking to adjust the TSC can do so by using WRMSR to write the same value to the IA32_TSC_ADJUST MSR on 
each logical processor. 


Processor support for the IA32_TSC_ADJUST MSR is indicated by CPUID.(EAX=07H, ECX=0H):EBX.TSC_ADJUST 
(bit 1). 


17.17.4 Invariant Time-Keeping 


The invariant TSC is based on the invariant timekeeping hardware (called Always Running Timer or ART), that runs 
at the core crystal clock frequency. The ratio defined by CPUID leaf 15H expresses the frequency relationship 
between the ART hardware and TSC. 


If CPUID.15H:EBX[31:0] != 0 and CPUID.80000007H:EDX[InvariantTSC] = 1, the following linearity relationship 
holds between TSC and the ART hardware: 


TSC_Value = (ART_Value * CPUID.15H:EBX[31:0] )/ CPUID.15H:EAX[31:0] + K 
Where 'K' is an offset that can be adjusted by a privileged agent?. 
When ART hardware is reset, both invariant TSC and K are also reset. 


17.18 INTEL® RESOURCE DIRECTOR TECHNOLOGY (INTEL® RDT) MONITORING 
FEATURES 


The Intel Resource Director Technology (Intel RDT) feature set provides a set of monitoring capabilities including 
Cache Monitoring Technology (CMT) and Memory Bandwidth Monitoring (MBM). The Intel® Xeon® processor E5 v3 
family introduced resource monitoring capability in each logical processor to measure specific platform shared 
resource metrics, for example, L3 cache occupancy. The programming interface for these monitoring features is 
described in this section. Two features within the monitoring feature set provided are described - Cache Monitoring 
Technology (CMT) and Memory Bandwidth Monitoring. 


2. IA32_TSC_ADJUST MSR and the TSC-offset field in the VM execution controls of VMCS are some of the common interfaces that priv- 
ileged software can use to manage the time stamp counter for keeping time 
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Cache Monitoring Technology (CMT) allows an Operating System, Hypervisor or similar system management agent 
to determine the usage of cache by applications running on the platform. The initial implementation is directed at 
L3 cache monitoring (currently the last level cache in most server platforms). 


Memory Bandwidth Monitoring (MBM), introduced in the Intel® Xeon® processor E5 v4 family, builds on the CMT 
infrastructure to allow monitoring of bandwidth from one level of the cache hierarchy to the next - in this case 
focusing on the L3 cache, which is typically backed directly by system memory. As a result of this implementation, 
memory bandwidth can be monitored. 


The monitoring mechanisms described provide the following key shared infrastructure features: 


¢ Amechanism to enumerate the presence of the monitoring capabilities within the platform (via a CPUID feature 
bit). 

¢ A framework to enumerate the details of each sub-feature (including CMT and MBM, as discussed later, via 
CPUID leaves and sub-leaves). 


¢ Amechanism for the OS or Hypervisor to indicate a software-defined ID for each of the software threads (appli- 
cations, virtual machines, etc.) that are scheduled to run on a logical processor. These identifiers are known as 
Resource Monitoring IDs (RMIDs). 


® Mechanisms in hardware to monitor cache occupancy and bandwidth statistics as applicable to a given product 
generation on a per software-id basis. 


® Mechanisms for the OS or Hypervisor to read back the collected metrics such as L3 occupancy or Memory 
Bandwidth for a given software ID at any point during runtime. 


17.18.1 Overview of Cache Monitoring Technology and Memory Bandwidth Monitoring 


The shared resource monitoring features described in this chapter provide a layer of abstraction between applica- 
tions and logical processors through the use of Resource Monitoring IDs (RMIDs). Each logical processor in the 
system can be assigned an RMID independently, or multiple logical processors can be assigned to the same RMID 
value (e.g., to track an application with multiple threads). For each logical processor, only one RMID value is active 
at a time. This is enforced by the IA32_PQR_ASSOC MSR, which specifies the active RMID of a logical processor. 

Writing to this MSR by software changes the active RMID of the logical processor from an old value to a new value. 


The underlying platform shared resource monitoring hardware tracks cache metrics such as cache utilization and 
misses as a result of memory accesses according to the RMIDs and reports monitored data via a counter register 
(IA32_QM_CTR). The specific event types supported vary by generation and can be enumerated via CPUID. Before 
reading back monitored data software must configure an event selection MSR (IA32_QM_EVTSEL) to specify which 
metric is to be reported, and the specific RMID for which the data should be returned. 


Processor support of the monitoring framework and sub-features such as CMT is reported via the CPUID instruc- 
tion. The resource type available to the monitoring framework is enumerated via a new leaf function in CPUID. 
Reading and writing to the monitoring MSRs requires the RDMSR and WRMSR instructions. 


The Cache Monitoring Technology feature set provides the following unique mechanisms: 


¢ Amechanism to enumerate the presence and details of the CMT feature as applicable to a given level of the 
cache hierarchy, independent of other monitoring features. 


° CMT-specific event codes to read occupancy for a given level of the cache hierarchy. 
The Memory Bandwidth Monitoring feature provides the following unique mechanisms: 


¢ Amechanism to enumerate the presence and details of the MBM feature as applicable to a given level of the 
cache hierarchy, independent of other monitoring features. 


¢ MBM-specific event codes to read bandwidth out to the next level of the hierarchy and various sub-event codes 
to read more specific metrics as discussed later (e.g., total bandwidth vs. bandwidth only from local memory 
controllers on the same package). 


17.18.2 Enabling Monitoring: Usage Flow 


Figure 17-19 illustrates the key steps for OS/VMM to detect support of shared resource monitoring features such as 
CMT and enable resource monitoring for available resource types and monitoring events. 
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On OS/VMM Initialization On Context Switch Periodical Resource 
Selection/Reporting 
PQM Capability Set RMID to monitor Configure event type 
Enumeration the scheduled app Read monitored data 
CPUID[ WRMSR RDMSR/WRMSR 

CPUID.(7,0):EBX.12 1A32_PQR_ASSOC.RMID 1A32 QM EVTSEL 
CPUID.(OFH,0):EDX[31:1] lita 
CPUID.(OFH,1):ECX([31:0] 1A32_QM_CTR 
CPUID.(OFH,1):EDX[31:0] 
CPUID.(OFH,1):EBX([31:0] 
CPUID.(OFH,0):EBX[31:0] 


Figure 17-19. Platform Shared Resource Monitoring Usage Flow 


17.18.3 Enumeration and Detecting Support of Cache Monitoring Technology and Memory 


Bandwidth Monitoring 


Software can query processor support of shared resource monitoring features capabilities by executing CPUID 
instruction with EAX = 07H, ECX = OH as input. If CPUID.(EAX=07H, ECX=0):EBX.PQM[bit 12] reports 1, the 
processor provides the following programming interfaces for shared resource monitoring, including Cache Moni- 
toring Technology: 


CPUID leaf function OFH (Shared Resource Monitoring Enumeration leaf) provides information on available 
resource types (see Section 17.18.4), and monitoring capabilities for each resource type (see Section 
17.18.5). Note CMT and MBM capabilities are enumerated as separate event vectors using shared enumeration 
infrastructure under a given resource type. 


IA32_PQR_ASSOC.RMID: The per-logical-processor MSR, IA32_PQR_ASSOC, that OS/VMM can use to assign 
an RMID to each logical processor, see Section 17.18.6. 

IA32_QM_EVTSEL: This MSR specifies an Event ID (EvtID) and an RMID which the platform uses to look up and 
provide monitoring data in the monitoring counter, IA32_QM_CTR, see Section 17.18.7. 


IA32_QM_CTR: This MSR reports monitored resource data when available along with bits to allow software to 
check for error conditions and verify data validity. 


Software must follow the following sequence of enumeration to discover Cache Monitoring Technology capabilities: 


1. 
2. 


Execute CPUID with EAX=0 to discover the “cpuid_maxLeaf” supported in the processor; 

If cpuid_maxLeaf >= 7, then execute CPUID with EAX=7, ECX= 0 to verify CPUID.(EAX=07H, 
ECX=0):EBX.PQM[bit 12] is set; 

If CPUID.(EAX=07H, ECX=0):EBX.PQM[bit 12] = 1, then execute CPUID with EAX=OFH, ECX= 0 to query 
available resource types that support monitoring; 


If CPUID.(EAX=0FH, ECX=0):EDX.L3[bit 1] = 1, then execute CPUID with EAX=0FH, ECX= 1 to query the 
specific capabilities of L3 Cache Monitoring Technology (CMT) and Memory Bandwidth Monitoring. 


If CPUID.(EAX=OFH, ECX=0):EDX reports additional resource types supporting monitoring, then execute 
CPUID with EAX=0FH, ECX set to a corresponding resource type ID (ResID) as enumerated by the bit position 
of CPUID.(EAX=0FH, ECX=0):EDX. 


17.18.4 Monitoring Resource Type and Capability Enumeration 


CPUID leaf function OFH (Shared Resource Monitoring Enumeration leaf) provides one sub-leaf (sub-function 0) 
that reports shared enumeration infrastructure, and one or more sub-functions that report feature-specific 
enumeration data: 


Monitoring leaf sub-function 0 enumerates available resources that support monitoring, i.e. executing CPUID 
with EAX=0FH and ECX=OH. In the initial implementation, L3 cache is the only resource type available. Each 
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supported resource type is represented by a bit in CPUID.(EAX=0FH, ECX=0):EDX[31:1]. The bit position 
corresponds to the sub-leaf index (ResID) that software must use to query details of the monitoring capability 
of that resource type (see Figure 17-21 and Figure 17-22). Reserved bits of CPUID.(EAX=0FH, 
ECX=0):EDX[31:2] correspond to unsupported sub-leaves of the CPUID.OFH leaf. Additionally, 
CPUID.(EAX=0FH, ECX=0H):EBX reports the highest RMID value of any resource type that supports monitoring 
in the processor. 


CPUID.(EAX=0FH, ECX=0H) Output: (EAX: Reserved; ECX: Reserved) 


31 2 


Cr | x 


EDX Reserved 


31 0 
Highest RMID Value of Any Resource Type (Zero-Based) 


EBX 


Figure 17-20. CPUID.(EAX=OFH, ECX=0H) Monitoring Resource Type Enumeration 


17.18.5 Feature-Specific Enumeration 


Each additional sub-leaf of CPUID.(EAX=OFH, ECX=ResID) enumerates the specific details for software to program 
Monitoring MSRs using the resource type associated with the given ResID. 


Note that in future Monitoring implementations the meanings of the returned registers may vary in other sub- 
leaves that are not yet defined. The registers will be specified and defined on a per-ResID basis. 


CPUID.(EAX=0FH, ECX=1H) Output: (EAX: Reserved) 


31 0 
EBX : ’ 
Upscaling Factor to Total Occupancy (Bytes) Upscaling Factor 
31 0 
EGX ; ; MaxRMID 
Highest RMID Value of This Resource Type (Zero-Based) x 


Figure 17-21. L3 Cache Monitoring Capability Enumeration Data (CPUID.(EAX=OFH, ECX=1H) ) 


For each supported Cache Monitoring resource type, hardware supports only a finite number of RMIDs. 
CPUID.(EAX=0FH, ECX=1H).ECX enumerates the highest RMID value that can be monitored with this resource 
type, see Figure 17-21. 

CPUID.(EAX=0FH, ECX=1H).EDX specifies a bit vector that is used to look up the EventID (See Figure 17-22 and 
Table 17-18) that software must program with IA32_QM_EVTSEL in order to retrieve event data. After software 
configures IA32_QMEVTSEL with the desired RMID and EventID, it can read the resulting data from IA32_QM_CTR. 
The raw numerical value reported from IA32_QM_CTR can be converted to the final value (occupancy in bytes or 
bandwidth in bytes per sampled time period) by multiplying the counter value by the value from CPUID.(EAX=0FH, 
ECX=1H).EBX, see Figure 17-21. 
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EventTypeBitMask 
31 3.21 0 


EDX Reserved | 


L3 Occupancy 
L3 Total BW 
L3 Local BW 


Figure 17-22. L3 Cache Monitoring Capability Enumeration Event Type Bit Vector (CPUID.(EAX=OFH, ECX=1H) ) 


17.18.5.1 Cache Monitoring Technology 


On processors for which Cache Monitoring Technology supports the L3 cache occupancy event, CPUID.(EAX=0FH, 
ECX=1H).EDX would return with only bit 0 set. The corresponding event ID can be looked up from Table 17-18. The 
L3 occupancy data accumulated in IA32_QM_CTR can be converted to total occupancy (in bytes) by multiplying 
with CPUID.(EAX=0FH, ECX=1H).EBX. 


Event codes for Cache Monitoring Technology are discussed in the next section. 


17.18.5.2 Memory Bandwidth Monitoring 


On processors that monitoring supports Memory Bandwidth Monitoring using ResID=1 (L3), two additional bits will 
be set in the vector at CPUID.(EAX=0FH, ECX=1H).EDX: 


¢ CPUID.(EAX=0FH, ECX=1H).EDX[bit 1]: indicates the L3 total external bandwidth monitoring event is 
supported if set. This event monitors the L3 total external bandwidth to the next level of the cache hierarchy, 
including all demand and prefetch misses from the L3 to the next hierarchy of the memory system. In most 
platforms, this represents memory bandwidth. 


¢ CPUID.(EAX=0FH, ECX=1H).EDX[bit 2]: indicates L3 local memory bandwidth monitoring event is supported if 
set. This event monitors the L3 external bandwidth satisfied by the local memory. In most platforms that 
support this event, L3 requests are likely serviced by a memory system with non-uniform memory archi- 
tecture. This allows bandwidth to off-package memory resources to be tracked by subtracting local from total 
bandwidth (for instance, bandwidth over QPI to a memory controller on another physical processor could be 
tracked by subtraction). 


The corresponding Event ID can be looked up from Table 17-18. The L3 bandwidth data accumulated in 
IA32_QM_CTR can be converted to total bandwidth (in bytes) using CPUID.(EAX=0FH, ECX=1H).EBX. 


Table 17-18. Monitoring Supported Event IDs 


Event Type Event ID Context 

L3 Cache Occupancy 01H Cache Monitoring Technology 
L3 Total External Bandwidth 02H MBM 

L3 Local External Bandwidth 03H MBM 

Reserved All other event codes N/A 


17.18.6 Monitoring Resource RMID Association 


After Monitoring and sub-features has been enumerated, software can begin using the monitoring features. The 
first step is to associate a given software thread (or multiple threads as part of an application, VM, group of appli- 
cations or other abstraction) with an RMID. 


Note that the process of associating an RMID with a given software thread is the same for all shared resource moni- 
toring features (CMT, MBM), and a given RMID number has the same meaning from the viewpoint of any logical 
processors in a package. Stated another way, a thread may be associated in a 1:1 mapping with an RMID, and that 
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RMID may allow cache occupancy, memory bandwidth information or other monitoring data to be read back later 
with monitoring event codes (retrieving data is discussed in a previous section). 


The association of an application thread with an RMID requires an OS to program the per-logical-processor MSR 
IA32_PQR_ASSOC at context swap time (updates may also be made at any other arbitrary points during program 
execution such as application phase changes). The IA32_PQR_ASSOC MSR specifies the active RMID that moni- 
toring hardware will use to tag internal operations, such as L3 cache requests. The layout of the MSR is shown in 
Figure 17-23. Software specifies the active RMID to monitor in the IA32_PQR_ASSOC.RMID field. The width of the 
RMID field can vary from one implementation to another, and is derived from Ceil (LOG> ( 1 + CPUID.(EAX=O0FH, 
ECX=0):EBX[31:0])). The value of IA32_PQR_ASSOC after power-on is 0. 


Width of IA32_PQR_ASSOC.RMID field: Logg ( CPUID.(EAX=0FH, ECX=0H).EBX[31:0] +1) 
63 32 31 10 9 0 
7 Reserved RMID 1A32_PQR_ASSOC 


Q 
Z 
@ 


*See Section 17.18 


Figure 17-23. |A32_PQR_ASSOC MSR 


In the initial implementation, the width of the RMID field is up to 10 bits wide, zero-referenced and fully encoded. 
However, software must use CPUID to query the maximum RMID supported by the processor. If a value larger than 
the maximum RMID is written to IA32_PQR_ASSOC.RMID, a #GP(0) fault will be generated. 


RMIDs have a global scope within the physical package- if an RMID is assigned to one logical processor then the 
same RMID can be used to read multiple thread attributes later (for example, L3 cache occupancy or external 
bandwidth from the L3 to the next level of the cache hierarchy). In a multiple LLC platform the RMIDs are to be 
reassigned by the OS or VMM scheduler when an application is migrated across LLCs. 


Note that in a situation where Monitoring supports multiple resource types, some upper range of RMIDs (e.g. RMID 
31) may only be supported by one resource type but not by another resource type. 


17.18.7 Monitoring Resource Selection and Reporting Infrastructure 


The reporting mechanism for Cache Monitoring Technology and other related features is architecturally exposed as 
an MSR pair that can be programmed and read to measure various metrics such as the L3 cache occupancy (CMT) 
and bandwidths (MBM) depending on the level of Monitoring support provided by the platform. Data is reported 
back on a per-RMID basis. These events do not trigger based on event counts or trigger APIC interrupts (e.g. no 
Performance Monitoring Interrupt occurs based on counts). Rather, they are used to sample counts explicitly. 


The MSR pair for the shared resource monitoring features (CMT, MBM) is separate from and not shared with archi- 
tectural Perfmon counters, meaning software can use these monitoring features simultaneously with the Perfmon 
counters. 


Access to the aggregated monitoring information is accomplished through the following programmable monitoring 
MSRs: 


¢ TA32_QM_EVTSEL: This MSR provides a role similar to the event select MSRs for programmable performance 
monitoring described in Chapter 18. The simplified layout of the MSR is shown in Figure 17-24. Bits 
IA32_QM_EVTSEL.EvtID (bits 7:0) specify an event code of a supported resource type for hardware to report 
monitored data associated with IA32_QM_EVTSEL.RMID (bits 41:32). Software can configure 
IA32_QM_EVTSEL.RMID with any RMID that is active within the physical processor. The width of 
IA32_QM_EVTSEL.RMID matches that of IA32_PQR_ASSOC.RMID. Supported event codes for the 
IA32_QM_EVTSEL register are shown in Table 17-18. Note that valid event codes may not necessarily map 
directly to the bit position used to enumerate support for the resource via CPUID. 


Software can program an RMID / Event ID pair into the IA32_QM_EVTSEL MSR bit field to select an RMID to 
read a particular counter for a given resource. The currently supported list of Monitoring Event IDs is discussed 
in Section 17.18.5, which covers feature-specific details. 
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Thread access to the IA32_QM_EVTSEL and IA32_QM_CTR MSR pair should be serialized (that is, treated as a 
critical section under lock) to avoid situations where one thread changes the RMID/EvtID just before another 
thread reads monitoring data from IA32_QM_CTR. 


¢ TA32_QM_CTR: This MSR reports monitored data when available. It contains three bit fields. If software 
configures an unsupported RMID or event type in IA32_QM_EVTSEL, then IA32_QM_CTR.Error (bit 63) will be 
set, indicating there is no valid data to report. If IA32_QM_CTR.Unavailable (bit 62) is set, it indicates 
monitored data for the RMID is not available, and IA32_QM_CTR.data (bits 61:0) should be ignored. Therefore, 
IA32_QM_CTR.data (bits 61:0) is valid only if bit 63 and 62 are both clear. For Cache Monitoring Technology, 
software can convert IA32_QM_CTR.data into cache occupancy or bandwidth metrics expressed in bytes by 
multiplying with the conversion factor from CPUID.(EAX=0FH, ECX=1H).EBX. 


63 4241 32 31 87 0 
Reserved | RMID Reserved EvtID 1A32_QM_EVTSEL 
63 61 0 
: | u Rasouiée MentioHna Hats 1A32_QM_CTR 


Figure 17-24. IA32_QM_EVTSEL and IA32_QM_CTR MSRs 


17.18.8 Monitoring Programming Considerations 


Figure 17-23 illustrates how system software can program IA32_QOSEVTSEL and IA32_QM_CTR to perform 
resource monitoring. 


System Software 
RMID Event ID Counter Data 
IA32_QOSEVTSEL MSR IA32_QM_ STR MSR 
63 At 32 7 0 63 62 0 
Reserved] RMID | Reserved | EvtID | | Monitoring Data 
— Event ID -— Availability 
'— Resource Monitoring ID —— Error 


Figure 17-25. Software Usage of Cache Monitoring Resources 


Though the field provided in IA32_QM_CTR allows for up to 62 bits of data to be returned, often a subset of bits are 
used. With Cache Monitoring Technology for instance, the number of bits used will be proportional to the base-two 
logarithm of the total cache size divided by the Upscaling Factor from CPUID. 


In Memory Bandwidth Monitoring the initial counter size is 24 bits, and retrieving the value at 1Hz or faster is suffi- 
cient to ensure at most one rollover per sampling period. Any future changes to counter width will be enumerated 
to software. 
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17.18.8.1 Monitoring Dynamic Configuration 


Both the IA32_QM_EVTSEL and IA32_PQR_ASSOC registers are accessible and modifiable at any time during 
execution using RDMSR/WRMSR unless otherwise noted. When writing to these MSRs a #GP(0) will be generated 
if any of the following conditions occur: 


¢ A reserved bit is modified, 
¢ An RMID exceeding the maxRMID is used. 


17.18.8.2 Monitoring Operation With Power Saving Features 


Note that some advanced power management features such as deep package C-states may shrink the L3 cache 
and cause CMT occupancy count to be reduced. MBM bandwidth counts may increase due to flushing cached data 
out of L3. 


17.18.8.3 Monitoring Operation with Other Operating Modes 


The states in IA32_PQR_ASSOC and monitoring counter are unmodified across an SMI delivery. Thus, the execu- 
tion of SMM handler code and SMM handler’s data can manifest as spurious contribution in the monitored data. 


It is possible for an SMM handler to minimize the impact on of spurious contribution in the QOS monitoring counters 
by reserving a dedicated RMID for monitoring the SMM handler. Such an SMM handler can save the previously 
configured QOS Monitoring state immediately upon entering SMM, and restoring the QOS monitoring state back to 
the prev-SMM RMID upon exit. 


17.18.8.4 Monitoring Operation with RAS Features 


In general the Reliability, Availability and Serviceability (RAS) features present in Intel Platforms are not expected 
to significantly affect shared resource monitoring counts. In cases where software RAS features cause memory 
copies or cache accesses these may be tracked and may influence the shared resource monitoring counter values. 


17.19 INTEL® RESOURCE DIRECTOR TECHNOLOGY (INTEL® RDT) ALLOCATION 
FEATURES 


The Intel Resource Director Technology (Intel RDT) feature set provides a set of allocation (resource control) capa- 
bilities including Cache Allocation Technology (CAT) and Code and Data Prioritization (CDP). The Intel Xeon 
processor E5 v4 family (and a subset of communication-focused processors in the Intel Xeon E5 v3 family) intro- 
duce capabilities to configure and make use of the Cache Allocation Technology (CAT) mechanisms on the L3 cache. 
Certain Intel Atom processors also provide support for control over the L2 cache, with capabilities as described 
below. The programming interface for Cache Allocation Technology and for the more general allocation capabilities 
are described in the rest of this chapter. The CAT and CDP capabilities, where architecturally supported, may be 
detected and enumerated in software using the CPUID instruction, as described in this chapter. 


The Intel Xeon Processor Scalable Family introduces the Memory Bandwidth Allocation (MBA) feature which 
provides indirect control over the memory bandwidth available to CPU cores, and is discussed later in this chapter. 


17.19.1 Introduction to Cache Allocation Technology (CAT) 


Cache Allocation Technology enables an Operating System (OS), Hypervisor /Virtual Machine Manager (VMM) or 
similar system service management agent to specify the amount of cache space into which an application can fill 
(as a hint to hardware - certain features such as power management may override CAT settings). Specialized user- 
level implementations with minimal OS support are also possible, though not necessarily recommended (see notes 
below for OS/Hypervisor with respect to ring 3 software and virtual guests). Depending on the processor family, L2 
or L3 cache allocation capability may be provided, and the technology is designed to scale across multiple cache 
levels and technology generations. 
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Software can determine which levels are supported in a given platform programmatically using CPUID as described 
in the following sections. 


The CAT mechanisms defined in this document provide the following key features: 


¢ Amechanism to enumerate platform Cache Allocation Technology capabilities and available resource types that 
provides CAT control capabilities. For implementations that support Cache Allocation Technology, CPUID 
provides enumeration support to query which levels of the cache hierarchy are supported and specific CAT 
capabilities, such as the max allocation bitmask size, 


¢ Amechanism for the OS or Hypervisor to configure the amount of a resource available to a particular Class of 
Service via a list of allocation bitmasks, 


¢ Mechanisms for the OS or Hypervisor to signal the Class of Service to which an application belongs, and 


¢ Hardware mechanisms to guide the LLC fill policy when an application has been designated to belong to a 
specific Class of Service. 


Note that for many usages, an OS or Hypervisor may not want to expose Cache Allocation Technology mechanisms 
to Ring3 software or virtualized guests. 


The Cache Allocation Technology feature enables more cache resources (i.e. cache space) to be made available for 
high priority applications based on guidance from the execution environment as shown in Figure 17-26. The archi- 
tecture also allows dynamic resource reassignment during runtime to further optimize the performance of the high 
priority application with minimal degradation to the low priority app. Additionally, resources can be rebalanced for 
system throughput benefit across uses cases of OSes, VMMs, containers and other scenarios by managing the 
CPUID and MSR interfaces. This section describes the hardware and software support required in the platform 
including what is required of the execution environment (i.e. OS/VMM) to support such resource control. Note that 
in Figure 17-26 the L3 Cache is shown as an example resource. 


Without CAT With CAT 


Hi Pri App Lo Pri App Hi Pri App Lo Pri App 


Shared LLC, Low priority got more cache Shared LLC, High priority got more cache 


Figure 17-26. Cache Allocation Technology Enables Allocation of More Resources to High Priority Applications 


17.19.2 Cache Allocation Technology Architecture 


The fundamental goal of Cache Allocation Technology is to enable resource allocation based on application priority 
or Class of Service (COS or CLOS). The processor exposes a set of Classes of Service into which applications (or 
individual threads) can be assigned. Cache allocation for the respective applications or threads is then restricted 
based on the class with which they are associated. Each Class of Service can be configured using capacity bitmasks 
(CBMs) which represent capacity and indicate the degree of overlap and isolation between classes. For each logical 
processor there is a register exposed (referred to here as the IA32_PQR_ASSOC MSR or PQR) to allow the OS/VMM 
to specify a COS when an application, thread or VM is scheduled. 


The usage of Classes of Service (COS) are consistent across resources and a COS may have multiple resource 
control attributes attached, which reduces software overhead at context swap time. Rather than adding new types 
of COS tags per resource for instance, the COS management overhead is constant. Cache allocation for the indi- 
cated application/thread/container/VM is then controlled automatically by the hardware based on the class and the 
bitmask associated with that class. Bitmasks are configured via the IA32_resourceType_MASK_n MSRs, where 
resourceType indicates a resource type (e.g. “L3” for the L3 cache) and “n” indicates a COS number. 


The basic ingredients of Cache Allocation Technology are as follows: 
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¢ An architecturally exposed mechanism using CPUID to indicate whether CAT is supported, and what resource 
types are available which can be controlled, 


° For each available resourceType, CPUID also enumerates the total number of Classes of Services and the length 
of the capacity bitmasks that can be used to enforce cache allocation to applications on the platform, 


¢ Anarchitecturally exposed mechanism to allow the execution environment (OS/VMM) to configure the behavior 
of different classes of service using the bitmasks available, 


¢ An architecturally exposed mechanism to allow the execution environment (OS/VMM) to assign a COS to an 
executing software thread (i.e. associating the active CR3 of a logical processor with the COS in 
IA32_PQR_ASSOC), 


¢ Implementation-dependent mechanisms to indicate which COS is associated with a memory access and to 
enforce the cache allocation on a per COS basis. 


A capacity bitmask (CBM) provides a hint to the hardware indicating the cache space an application should be 
limited to as well as providing an indication of overlap and isolation in the CAT-capable cache from other applica- 
tions contending for the cache. The bit length of the capacity mask available generally depends on the configuration 
of the cache and is specified in the enumeration process for CAT in CPUID (this may vary between models in a 
processor family as well). Similarly, other parameters such as the number of supported COS may vary for each 
resource type, and these details can be enumerated via CPUID. 


M7 M6 M5 M4 M3 M2 M1 MO 
coso A A A A A A A A Default Bitmask 
cos1| A A A A A A A A 
cos2| A A A A A A A A 
cos3| A A A A A A A A 
M7 M6 M5 M4 M3 M2 M1 MO 
coso A A A A A Overlapped Bitmask 
cos1 i 
cos2 B B 
cos3 A 
M7 M6 M5 M4 M3 M2 M1 MO 
coso A A A A Isolated Bitmask 
cos1 A A 
cos2 A 
cos3 A 


Figure 17-27. Examples of Cache Capacity Bitmasks 


Sample cache capacity bitmasks for a bit length of 8 are shown in Figure 17-27. Please note that all (and only) 
contiguous '1' combinations are allowed (e.g. FFFFH, OFFOH, 003CH, etc.). Attempts to program a value without 
contiguous '1's (including zero) will result in a general protection fault (#GP(0)). It is generally expected that in 
way-based implementations, one capacity mask bit corresponds to some number of ways in cache, but the specific 
mapping is implementation-dependent. In all cases, a mask bit set to '1' specifies that a particular Class of Service 
can allocate into the cache subset represented by that bit. A value of '0' in a mask bit specifies that a Class of 
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Service cannot allocate into the given cache subset. In general, allocating more cache to a given application is 
usually beneficial to its performance. 


Figure 17-27 also shows three examples of sets of Cache Capacity Bitmasks. For simplicity these are represented 
as 8-bit vectors, though this may vary depending on the implementation and how the mask is mapped to the avail- 
able cache capacity. The first example shows the default case where all 4 Classes of Service (the total number of 
COS are implementation-dependent) have full access to the cache. The second case shows an overlapped case, 
which would allow some lower-priority threads share cache space with the highest priority threads. The third case 
shows various non-overlapped partitioning schemes. As a matter of software policy for extensibility COSO should 
typically be considered and configured as the highest priority COS, followed by COS1, and so on, though there is 
no hardware restriction enforcing this mapping. When the system boots all threads are initialized to COSO, which 
has full access to the cache by default. 


Though the representation of the CBMs looks similar to a way-based mapping they are independent of any specific 
enforcement implementation (e.g. way partitioning.) Rather, this is a convenient manner to represent capacity, 
overlap and isolation of cache space. For example, executing a POPCNT instruction (population count of set bits) on 
the capacity bitmask can provide the fraction of cache space that a class of service can allocate into. In addition to 
the fraction, the exact location of the bits also shows whether the class of service overlaps with other classes of 
service or is entirely isolated in terms of cache space used. 


Enum/Confg Association Enforcement 
Enumerate OS Context Application 
Enforcement Switch Memory Request 


Configure CBM for Set Class of Service Tag with Cache 
each Class of Service in IA32_PQR Class of Service 


Gos =D 
|[-scos= 9]; Transaction 
Cache Subsystem 


Cache Allocation 


Capacity bitmask 3 
Cos 1 Capacity bitmask 3 
COS 2 Capacity bitmask 3 


Enforce Mask 


Capacity bitmask 3 


Figure 17-28. Class of Service and Cache Capacity Bitmasks 


Figure 17-28 shows how the Cache Capacity Bitmasks and the per-logical-processor Class of Service are logically 
used to enable Cache Allocation Technology. All (and only) contiguous 1's in the CBM are permitted. The length of 
a CBM may vary from resource to resource or between processor generations and can be enumerated using CPUID. 
From the available mask set and based on the goals of the OS/VMM (shared or isolated cache, etc.) bitmasks are 
selected and associated with different classes of service. For the available Classes of Service the associated CBMs 
can be programmed via the global set of CAT configuration registers (in the case of L3 CAT, via the 
IA32_L3_MASK_n MSRs, where “n” is the Class of Service, starting from zero). In all architectural implementations 
supporting CPUID it is possible to change the CBMs dynamically, during program execution, unless stated other- 
wise by Intel. 


The currently running application's Class of Service is communicated to the hardware through the per-logical- 
processor PQR MSR (IA32_PQR_ASSOC MSR). When the OS schedules an application thread on a logical processor, 
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the application thread is associated with a specific COS (i.e. the corresponding COS in the PQR) and all requests to 
the CAT-capable resource from that logical processor are tagged with that COS (in other words, the application 
thread is configured to belong to a specific COS). The cache subsystem uses this tagged request information to 
enforce QoS. The capacity bitmask may be mapped into a way bitmask (or a similar enforcement entity based on 
the implementation) at the cache before it is applied to the allocation policy. For example, the capacity bitmask can 
be an 8-bit mask and the enforcement may be accomplished using a 16-way bitmask for a cache enforcement 
implementation based on way partitioning. 


The following sections describe extensions of CAT such as Code and Data Prioritization (CDP), followed by details 
on specific features such as L3 CAT, L3 CDP, L2 CAT, and L2 CDP. Depending on the specific processor a mix of 
features may be supported, and CPUID provides enumeration capabilities to enable software to dynamically detect 
the set of supported features. 


17.19.3 Code and Data Prioritization (CDP) Technology 


Code and Data Prioritization Technology is an extension of CAT. CDP enables isolation and separate prioritization of 
code and data fetches to the L2 or L3 cache in a software configurable manner, depending on hardware support, 
which can enable workload prioritization and tuning of cache capacity to the characteristics of the workload. CDP 
extends Cache Allocation Technology (CAT) by providing separate code and data masks per Class of Service (COS). 
Support for the L2 CDP feature and the L3 CDP features are separately enumerated (via CPUID) and separately 
controlled (via remapping the L2 CAT MSRs or L3 CAT MSRs respectively). Section 17.19.6.3 and Section 17.19.7 
provide details on enumerating, controlling and enabling L3 and L2 CDP respectively, while this section provides a 
general overview. 


The L3 CDP feature was first introduced on the Intel Xeon E5 v4 family of server processors, as an extension to L3 
CAT. The L2 CDP feature is first introduced on future Intel Atom family processors, as an extension to L2 CAT. 


By default, CDP is disabled on the processor. If the CAT MSRs are used without enabling CDP, the processor oper- 
ates in a traditional CAT-only mode. When CDP is enabled, 


¢ the CAT mask MSRs are re-mapped into interleaved pairs of mask MSRs for data or code fetches (see 
Figure 17-29), 


¢ the range of COS for CAT is re-indexed, with the lower-half of the COS range available for CDP. 


Using the CDP feature, virtual isolation between code and data can be configured on the L2 or L3 cache if desired, 
similar to how some processor cache levels provide separate L1 data and L1 instruction caches. 


Like the CAT feature, CDP may be dynamically configured by privileged software at any point during normal system 
operation, including dynamically enabling or disabling the feature provided that certain software configuration 
requirements are met (see Section 17.19.5). 


An example of the operating mode of CDP is shown in Figure 17-29. Shown at the top are traditional CAT usage 
models where capacity masks map 1:1 with a COS number to enable control over the cache space which a given 
COS (and thus applications, threads or VMs) may occupy. Shown at the bottom are example mask configurations 
where CDP is enabled, and each COS number maps 1:2 to two masks, one for code and one for data. This enables 
code and data to be either overlapped or isolated to varying degrees either globally or on a per-COS basis, 
depending on application and system needs. 
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Example of CAT-Only Usage - 16 bit Capacity Masks 
coso| 1 1 1 1 0;0;0;0;};0;}]0;]0}]0;,0;,0) 04 0 
cos1| O 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 Traditional 
cos2;/0/;0;0;0;0;0/); 07 0 1 1 0;0;0/;] 0}; 0] 0 | CAT 
cos3; 0;0;0);0;0;0; 07 0 1 1 1 1 1 1 1 1 
Example of Code/Data Prioritization Usage - 16 bit Capacity Masks 
COSO.Data 1 1 1 1 0;0;0;0;0;0;],0;],0}]0;,0},0 1} 0 
coso.code | 9 | 9 | 9 | 9 | ! 0};90};90},0 ;,90 ,90 , 9} 9 | 9 | O | caTwith 
cosi.Data | 9 | 9/9} 90] 0) 0 1/71 {/0]0]0 10] 0 |coP 
cosi.code | 9/09} 9/0)/0)/0;0/;/0)0)1/1)1)0;0/0)] 0 
OthercOS.Data} 9 | 09}; 0} 0} 0; 0}0) 01) 0 0 | 0 1 1 1 1 
Other COS.Code} 0 | 0} 0} 0;}0/;]0/;]0/;]0/; 0 0 | 0 1 1 1 1 


Figure 17-29. Code and Data Capacity Bitmasks of CDP 


When CDP is enabled, the existing mask space for CAT-only operation is split. As an example if the system supports 
16 CAT-only COS, when CDP is enabled the same MSR interfaces are used, however half of the masks correspond 
to code, half correspond to data, and the effective numberaof COS is reduced by half. Code/Data masks are defined 
per-COS and interleaved in the MSR space as described in subsequent sections. 


In cases where CPUID exposes a non-even number of supported Classes of Service for the CAT or CDP features, 
software using CDP should use the lower matched pairs of code/data masks, and any upper unpaired masks should 
not be used. As an example, if CPUID exposes 5 CLOS, when CDP is enabled then two code/data pairs are available 
(masks 0/1 for CLOS[0] data/code and masks 2/3 for CLOS[1] data/code), however the upper un-paired mask 
should not be used (mask 4 in this case) or undefined behavior may result. 


17.19.4 Enabling Cache Allocation Technology Usage Flow 


Figure 17-30 illustrates the key steps for OS/VMM to detect support of Cache Allocation Technology and enable 
priority-based resource allocation for a CAT-capable resource. 
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On OS/VMM Initialization Cache Allocation Configuration On Context Switch 
CQE Capability Configure CBM Set COS for scheduled 
Enumeration per COS thread context 

CPUID[ WRMSR WRMSR 
CPUID.(7,0):EBX.15 1A32_L3_QOS_MASK_0 
CPUID.(10H,0):EBX[31:1] _ 1A32_PQR_ASSOC 
CPUID.(10H, 1):EAX[4:0] 
CPUID.(10H, 1):EDX[15:0] 1A32_L3_QOS_MASK_n 
CPUID.(10H, 1):EBX[ 


Figure 17-30. Cache Allocation Technology Usage Flow 


Enumeration and configuration of L2 CAT is similar to L3 CAT, however CPUID details and MSR addresses differ. 
Common CLOS are used across the features. 


17.19.4.1 Enumeration and Detection Support of Cache Allocation Technology 


Software can query processor support of CAT capabilities by executing CPUID instruction with EAX = 07H, ECX = 
OH as input. If CPUID.(EAX=07H, ECX=0):EBX.PQE[bit 15] reports 1, the processor supports software control over 
shared processor resources. Software must use CPUID leaf 10H to enumerate additional details of available 
resource types, classes of services and capability bitmasks. The programming interfaces provided by Cache Alloca- 
tion Technology include: 


CPUID leaf function 10H (Cache Allocation Technology Enumeration leaf) and its sub-functions provide 
information on available resource types, and CAT capability for each resource type (see Section 17.19.4.2). 


IA32_L3_MASK_n: A range of MSRs is provided for each resource type, each MSR within that range specifying 
a software-configured capacity bitmask for each class of service. For L3 with Cache Allocation support, the CBM 
is specified using one of the IA32_L3_QOS_MASK_n MSR, where 'n' corresponds to a number within the 
supported range of COS, i.e. the range between 0 and CPUID.(EAX=10H, ECX=ResID):EDX[15:0], inclusive. 
See Section 17.19.4.3 for details. 


IA32_L2_MASK_n: A range of MSRs is provided for L2 Cache Allocation Technology, enabling software control 
over the amount of L2 cache available for each CLOS. Similar to L3 CAT, a CBM is specified for each CLOS using 
the set of registers, IA32_L2_QOS_MASK_n MSR, where 'n' ranges from zero to the maximum CLOS number 
reported for L2 CAT in CPUID. See Section 17.19.4.3 for details. 


The L2 mask MSRs are scoped at the same level as the L2 cache (similarly, the L3 mask MSRs are scoped at the 
same level as the L3 cache). Software may determine which logical processors share an MSR (for instance local 
to a core, or shared across multiple cores) by performing a write to one of these MSRs and noting which logical 
threads observe the change. Example flows for a similar method to determine register scope are described in 
Section 15.5.2, “System Software Recommendation for Managing CMCI and Machine Check Resources”. 
Software may also use CPUID leaf 4 to determine the maximum number of logical processor IDs that may share 
a given level of the cache. 


IA32_PQR_ASSOC.CLOS: The IA32_PQR_ASSOC MSR provides a COS field that OS/VMM can use to assign a 
logical processor to an available COS. The set of COS are common across all allocation features, meaning that 
multiple features may be supported in the same processor without additional software COS management 
overhead at context swap time. See Section 17.19.4.4 for details. 


17.19.4.2 Cache Allocation Technology: Resource Type and Capability Enumeration 


CPUID leaf function 10H (Cache Allocation Technology Enumeration leaf) provides two or more sub-functions: 


CAT Enumeration leaf sub-function 0 enumerates available resource types that support allocation control, i.e. 
by executing CPUID with EAX=10H and ECX=OH. Each supported resource type is represented by a bit field in 
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CPUID.(EAX=10H, ECX=0):EBX[31:1]. The bit position of each set bit corresponds to a Resource ID (ResID), 
for instance ResID=1 is used to indicate L3 CAT support, and ResID=2 indicates L2 CAT support. The ResID is 
also the sub-leaf index that software must use to query details of the CAT capability of that resource type (see 
Figure 17-31). 


CPUID.(EAX=10H, ECX=0) Output: (EAX: Reserved; ECX: Reserved; EDX: Reserved) 


31 4 3 2 1 0 
alia (ae lf 
EBX Reserved BN ey cog 
A 


Figure 17-31. CPUID.(EAX=10H, ECX=OH) Available Resource Type Identification 


— For ECX>0, EAX[4:0] reports the length of the capacity bitmask length (ECX=1 or 2 for L2 CAT or L3 CAT 
respectively) using minus-one notation, e.g., a value of 15 corresponds to the capacity bitmask having 
length of 16 bits. Bits 31:5 of EAX are reserved. 


Sub-functions of CPUID.EAX=10H with a non-zero ECX input matching a supported ResID enumerate the 
specific enforcement details of the corresponding ResID. The capabilities enumerated include the length of the 
capacity bitmasks and the number of Classes of Service for a given ResID. Software should query the capability 
of each available ResID that supports CAT from a sub-leaf of leaf 10H using the sub-leaf index reported by the 
corresponding non-zero bit in CPUID.(EAX=10H, ECX=0):EBX[31:1] in order to obtain additional feature 
details. 


CAT capability for L3 is enumerated by CPUID.(EAX=10H, ECX=1H), see Figure 17-32. The specific CAT 
capabilities reported by CPUID.(EAX=10H, ECX=1) are: 


CPUID.(EAX=10H, ECX=ResID=1) Output: 

31 5 4 0 
EAX Reserved CBM_LEN 

31 0 
EBX . : . as 

Bitmask of Shareable Resource with Other executing entities 

31 2 1 +0 

aie Reserved 
CDP 

31 1615 0 

EDX Reserved COS_MAX 


Figure 17-32. L3 Cache Allocation Technology and CDP Enumeration 


— CPUID.(EAX=10H, ECX=ResID=1):EAX[4:0] reports the length of the capacity bitmask length using 
minus-one notation, i.e. a value of 15 corresponds to the capability bitmask having length of 16 bits. Bits 
31:5 of EAX are reserved. 


— CPUID.(EAX=10H, ECX=1):EBX[31:0] reports a bit mask. Each set bit within the length of the CBM 
indicates the corresponding unit of the L3 allocation may be used by other entities in the platform (e.g. an 


Vol. 3B 17-57 


DEBUG, BRANCH PROFILE, TSC, AND INTEL® RESOURCE DIRECTOR TECHNOLOGY (INTEL® RDT) FEATURES 


integrated graphics engine or hardware units outside the processor core and have direct access to L3). Each 
cleared bit within the length of the CBM indicates the corresponding allocation unit can be configured to 
implement a priority-based allocation scheme chosen by an OS/VMM without interference with other 
hardware agents in the system. Bits outside the length of the CBM are reserved. 


— CPUID.(EAX=10H, ECX=1):ECX.CDP[bit 2]: If 1, indicates L3 Code and Data Prioritization Technology is 
supported (see Section 17.19.5). Other bits of CPUID.(EAX=10H, ECX=1):ECX are reserved. 


— CPUID.(EAX=10H, ECX=1):EDX[15:0] reports the maximum COS supported for the resource (COS are 
zero-referenced, meaning a reported value of '15' would indicate 16 total supported COS). Bits 31:16 are 
reserved. 


* CAT capability for L2 is enumerated by CPUID.(EAX=10H, ECX=2H), see Figure 17-33. The specific CAT 
capabilities reported by CPUID.(EAX=10H, ECX=2) are: 


CPUID.(EAX=10H, ECX=ResID=2) Output: 


31 5 4 0 
EAX Reserved CBM_LEN 
31 0 
EBX : ' ; 7 
Bitmask of Shareable Resource with Other executing entities 
31 21 0 
ECX 
Reserved 
CDP 
31 1615 0 
EDX Reseed COS_MAX 


Figure 17-33. L2 Cache Allocation Technology 


— CPUID.(EAX=10H, ECX=ResID=2):EAX[4:0] reports the length of the capacity bitmask length using 
minus-one notation, i.e. a value of 15 corresponds to the capability bitmask having length of 16 bits. Bits 
31:5 of EAX are reserved. 


— CPUID.(EAX=10H, ECX=2):EBX[31:0] reports a bit mask. Each set bit within the length of the CBM 
indicates the corresponding unit of the L2 allocation may be used by other entities in the platform. Each 
cleared bit within the length of the CBM indicates the corresponding allocation unit can be configured to 
implement a priority-based allocation scheme chosen by an OS/VMM without interference with other 
hardware agents in the system. Bits outside the length of the CBM are reserved. 


— CPUID.(EAX=10H, ECX=2):ECX.CDP[bit 2]: If 1, indicates L2 Code and Data Prioritization Technology is 
supported (see Section 17.19.6). Other bits of CPUID.(EAX=10H, ECX=2):ECX are reserved. 


— CPUID.(EAX=10H, ECX=2):EDX[15:0] reports the maximum COS supported for the resource (COS are 
zero-referenced, meaning a reported value of '15' would indicate 16 total supported COS). Bits 31:16 are 
reserved. 


A note on migration of Classes of Service (COS): Software should minimize migrations of COS across logical 
processors (across threads or cores), as a reduction in the performance of the Cache Allocation Technology feature 
may result if COS are migrated frequently. This is aligned with the industry-standard practice of minimizing unnec- 
essary thread migrations across processor cores in order to avoid excessive time spent warming up processor 
caches after a migration. In general, for best performance, minimize thread migration and COS migration across 
processor logical threads and processor cores. 
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17.19.4.3 Cache Allocation Technology: Cache Mask Configuration 


After determining the length of the capacity bitmasks (CBM) and number of COS supported using CPUID (see 
Section 17.19.4.2), each COS needs to be programmed with a CBM to dictate its available cache via a write to the 
corresponding IA32_resourceType_MASK_n register, where 'n' corresponds to a number within the supported 
range of COS, i.e. the range between 0 and CPUID.(EAX=10H, ECX=ResID):EDX[15:0], inclusive, and 
‘resourcelype' corresponds to a specific resource as enumerated by the set bits of CPUID.(EAX=10H, 
ECX=0):EAX[31:1], for instance, ‘L2’ or ‘L3’ cache. 


A hierarchy of MSRs is reserved for Cache Allocation Technology registers of the form 
IA32_resourceType_MASK_n: 


¢ From OC9OH through OD8FH (inclusive), providing support for multiple sub-ranges to support varying resource 
types. The first supported resourceType is 'L3', corresponding to the L3 cache in a platform. The MSRs range 
from OC9OH through ODOFH (inclusive), enables support for up to 128 L3 CAT Classes of Service. 


63 31 10 9 0 
COs Reserved | RMID IA32_PQR_ASSOC 
63 32 31 0 
Reserved Bit_ Mask 1A32_L3_ MASK_0 
63 32 31 0 
Reserved | Bit_Mask 1A32_L3_ MASK_n 


Figure 17-34. IA32_PQR_ASSOC, IA32_L3_MASK_n MSRs 


¢ Within the same CAT range hierarchy, another set of registers is defined for resourceType 'L2', corresponding 
to the L2 cache in a platform, and MSRs IA32_L2_MASK_n are defined for n=[0,63] at addresses OD10H 
through OD4FH (inclusive). 


Figure 17-34 and Figure 17-35 provide an overview of the relevant registers. 


63 32 31 0 


Reserved Bit_Mask IA32_L2_MASK_0 


63 “a 32 31 0 


Bit_Mask 1A32_L2_MASK_n 


Reserved | 


Figure 17-35. IA32_L2_MASK_n MSRs 


All CAT configuration registers can be accessed using the standard RDMSR / WRMSR instructions. 


Note that once L3 or L2 CAT masks are configured, threads can be grouped into Classes of Service (COS) using the 
IA32_PQR_ASSOC MSR as described in Chapter 17, “Class of Service to Cache Mask Association: Common Across 
Allocation Features”. 


17.19.4.4 Class of Service to Cache Mask Association: Common Across Allocation Features 


After configuring the available classes of service with the preferred set of capacity bitmasks, the OS/VMM can set 
the IA32_PQR_ASSOC.COS of a logical processor to the class of service with the desired CBM when a thread 
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context switch occurs. This allows the OS/VMM to indicate which class of service an executing thread/VM belongs 
within. Each logical processor contains an instance of the IA32_PQR_ASSOC register at MSR location OC8FH, and 
Figure 17-34 shows the bit field layout for this register. Bits[63:32] contain the COS field for each logical processor. 


Note that placing the RMID field within the same PQR register enables both RMID and CLOS to be swapped at 
context swap time for simultaneous use of monitoring and allocation features with a single register write for effi- 
ciency. 


When CDP is enabled, Specifying a COS value in IA32_PQR_ASSOC.COS greater than MAX_COS_CDP =( 
CPUID.(EAX=10H, ECX=1):EDX[15:0] >> 1) will cause undefined performance impact to code and data fetches. 
In all cases, code and data masks for L2 and L3 CDP should be programmed with at least one bit set. 


Note that if the IA32_PQR_ASSOC.COS is never written then the CAT capability defaults to using COS 0, which in 
turn is set to the default mask in IA32_L3_MASK_0O - which is all “1"s (on reset). This essentially disables the 
enforcement feature by default or for legacy operating systems and software. 


See Section 17.19.7, “Introduction to Memory Bandwidth Allocation” for important COS programming consider- 
ations including maximum values when using CAT and CDP. 


17.19.5 Code and Data Prioritization (CDP): Enumerating and Enabling L3 CDP Technology 


L3 CDP is an extension of L3 CAT. The presence of the L3 CDP feature is enumerated via CPUID.(EAX=10H, 
ECX=1):ECX.CDP[bit 2] (see Figure 17-32). Most of the CPUID.(EAX=10H, ECX=1) sub-leaf data that applies to 
CAT also apply to CDP. However, CPUID.(EAX=10H, ECX=1):EDX.COS_MAX_CAT specifies the maximum COS 
applicable to CAT-only operation. For CDP operations, COS_MAX_CDP is equal to (CPUID.(EAX=10H, 
ECX=1):EDX.COS_MAX_CAT >>1). 


If CPUID.(EAX=10H, ECX=1):ECX.CDP[bit 2] =1, the processor supports CDP and provides a new MSR 
IA32_L3_QOS_CFG at address 0C81H. The layout of IA32_L3_QOS_CFG is shown in Figure 17-36. The bit field 
definition of IA32_L3_QOS_CFG are: 


¢ Bit 0: L3 CDP Enable. If set, enables CDP, maps CAT mask MSRs into pairs of Data Mask and Code Mask MSRs. 
The maximum allowed value to write into IA32_PQR_ASSOC.COS is COS_MAX_CDP. 


¢ Bits 63:1: Reserved. Attempts to write to reserved bits result in a #GP(0O). 


IA32_L3_QOS_CFG 
63 321 0 


Reserved 


L_ L3 CDP Enable 


Figure 17-36. Layout of IA32_L3_QOS_CFG 


IA32_L3_QOS_CFG default values are all Os at RESET, the mask MSRs are all 1s. Hence, all logical processors are 
initialized in COSO allocated with the entire L3 with CDP disabled, until software programs CAT and CDP. The scope 
of the IA32_L3_QOS_CFG MSR is defined to be the same scope as the L3 cache (e.g., typically per processor 
socket). Refer to Section 17.19.7 for software considerations while enabling or disabling L3 CDP. 


17.19.5.1 Mapping Between L3 CDP Masks and CAT Masks 


When CDP is enabled, the existing CAT mask MSR space is re-mapped to provide a code mask and a data mask per 
COS. The re-mapping is shown in Table 17-19. 


17-60 Vol. 3B 


DEBUG, BRANCH PROFILE, TSC, AND INTEL® RESOURCE DIRECTOR TECHNOLOGY (INTEL® RDT) FEATURES 


Table 17-19. Re-indexing of COS Numbers and Mapping to CAT/CDP Mask MSRs 


Mask MSR CAT-only Operation CDP Operation 
IA32_L3_QOS_Mask_0 COSsO COSO.Data 
IA32_L3_QOS_Mask_1 cosi COS0.Code 
IA32_L3_QOS_Mask_2 COS2 COS1.Data 
IA32_L3_QOS_Mask_3 COS3 COS1.Code 
IA32_L3_QOS_Mask_4 COS4 COS2.Data 
IA32_L3_QOS_Mask_5 Coss COS2.Code 
IA32_L3_QOS_Mask_’2n’ COS’2n’ COS'n’.Data 
IA32_L3_QOS_Mask_’2n+1’ COS’2n+1’ COS’n’.Code 


One can derive the MSR address for the data mask or code mask for a given COS number ‘n’ by: 
¢ data_mask_address (n) = base + (n <<1), where base is the address of IA32_L3_QOS_MASK_0O. 
® code_mask_address (n) = base + (n <<1) +1. 


When CDP is enabled, each COS is mapped 1:2 with mask MSRs, with one mask enabling programmatic control 
over data fill location and one mask enabling control over code placement. A variety of overlapped and isolated 
mask configurations are possible (see the example in Figure 17-29). 


Mask MSR field definitions remain the same. Capacity masks must be formed of contiguous set bits, with a length 
of 1 bit or longer and should not exceed the maximum mask length specified in CPUID. As examples, valid masks 
on a cache with max bitmask length of 16b (from CPUID) include OxFFFF, OxFFOO, OxOOFF, OxOOFO, 0x0001, 
0x0003 and so on. Maximum valid mask lengths are unchanged whether CDP is enabled or disabled, and writes of 
invalid mask values may lead to undefined behavior. Writes to reserved bits will generate #GP(0). 


17.19.6 Code and Data Prioritization (CDP): Enumerating and Enabling L2 CDP Technology 


L2 CDP is an extension of the L2 CAT feature. The presence of the L2 CDP feature is enumerated via 
CPUID.(EAX=10H, ECX=2):ECX.CDP[bit 2] (see Figure 17-33). Most of the CPUID.(EAX=10H, ECX=2) sub-leaf 
data that applies to CAT also apply to CDP. However, CPUID.(EAX=10H, ECX=2):EDX.COS_MAX_CAT specifies the 
maximum COS applicable to CAT-only operation. For CDP operations, COS_MAX_CDP is equal to 
(CPUID.(EAX=10H, ECX=2):EDX.COS_MAX_CAT >>1). 


If CPUID.(EAX=10H, ECX=2):ECX.CDP[bit 2] =1, the processor supports L2 CDP and provides a new MSR 
IA32_L2_QOS_CFG at address 0C82H. The layout of IA32_L2_QOS_CFG is shown in Figure 17-37. The bit field 
definition of IA32_L2_QOS_CFG are: 


¢ Bit 0: L2 CDP Enable. If set, enables CDP, maps CAT mask MSRs into pairs of Data Mask and Code Mask MSRs. 
The maximum allowed value to write into IA32_PQR_ASSOC.COS is COS_MAX_CDP. 


° Bits 63:1: Reserved. Attempts to write to reserved bits result ina #GP(0). 


IA32_L2_QOS_CFG 
63 3.21.0 


Reserved 


L_ L2 CDP Enable 


Figure 17-37. Layout of IA32_L2_QOS_CFG 
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IA32_L2_QOS_CFG default values are all Os at RESET, and the mask MSRs are all 1s. Hence all logical processors 
are initialized in COSO allocated with the entire L2 available and with CDP disabled, until software programs CAT 
and CDP. The IA32_L2_QOS_CFG MSR is defined at the same scope as the L2 cache, typically at the module level 
for Intel Atom processors for instance. In processors with multiple modules present it is recommended to program 
the IA32_L2_QOS_CFG MSR consistently across all modules for simplicity. 


17.19.6.1 Mapping Between L2 CDP Masks and L2 CAT Masks 


When CDP is enabled, the existing CAT mask MSR space is re-mapped to provide a code mask and a data mask per 
COS. This remapping is the same as the remapping shown in Table 17-19 for L3 CDP, but for the L2 MSR block 
(IA32_L2_QOS_MASK_n) instead of the L3 MSR block (IA32_L3_QOS_MASK_n). The same code / data mask 
mapping algorithm applies to remapping the MSR block between code and data masks. 


As with L3 CDP, when L2 CDP is enabled, each COS is mapped 1:2 with mask MSRs, with one mask enabling 
programmatic control over data fill location and one mask enabling control over code placement. A variety of over- 
lapped and isolated mask configurations are possible (see the example in Figure 17-29). 


Mask MSR field definitions for L2 CDP remain the same as for L2 CAT. Capacity masks must be formed of contiguous 
set bits, with a length of 1 bit or longer and should not exceed the maximum mask length specified in CPUID. As 
examples, valid masks on a cache with max bitmask length of 16b (from CPUID) include OxFFFF, OxFFOO, OxOOFF, 
Ox0O0FO, 0x0001, 0x0003 and so on. Maximum valid mask lengths are unchanged whether CDP is enabled or 
disabled, and writes of invalid mask values may lead to undefined behavior. Writes to reserved bits will generate 
#GP(0). 


17.19.6.2 Common L2 and L3 CDP Programming Considerations 


Before enabling or disabling L2 or L3 CDP, software should write all 1's to all of the corresponding CAT/CDP masks 
to ensure proper behavior (e.g., the IA32_L3_QOS_Mask_n set of MSRs for the L3 CAT feature). When enabling 
CDP, software should also ensure that only COS number which are valid in CDP operation is used, otherwise unde- 
fined behavior may result. For instance in a case with 16 CAT COS, since COS are reduced by half when CDP is 
enabled, software should ensure that only COS 0-7 are in use before enabling CDP (along with writing 1's to all 
mask bits before enabling or disabling CDP). 


Software should also account for the fact that mask interpretations change when CDP is enabled or disabled, 
meaning for instance that a CAT mask for a given COS may become a code mask for a different Class of Service 
when CDP is enabled. In order to simplify this behavior and prevent unintended remapping software should 
consider resetting all threads to COS[0] before enabling or disabling CDP. 


17.19.6.3 Cache Allocation Technology Dynamic Configuration 


All Resource Director Technology (RDT) interfaces including the IA32_PQR_ASSOC MSR, CAT/CDP masks, MBA 
delay values and CQM/MBM registers are accessible and modifiable at any time during execution using 
RDMSR/WRMSR unless otherwise noted. When writing to these MSRs a #GP(0) will be generated if any of the 
following conditions occur: 


e Areserved bit is modified, 


e Accessing a QOS mask register outside the supported COS (the max COS number is specified in 
CPUID.(EAX=10H, ECX=ResID):EDX[15:0]), or 


¢ Writing a COS greater than the supported maximum (specified as the maximum value of CPUID.(EAX=10H, 
ECX=ResID):EDX[15:0] for all valid ResID values) is written to the IA32_PQR_ASSOC.CLOS field. 


When CDP is enabled, specifying a COS value in IA32_PQR_ASSOC.COS outside of the lower half of the COS space 
will cause undefined performance impact to code and data fetches due to MSR space re-indexing into code/data 
masks when CDP is enabled. 


When reading the IA32_PQR_ASSOC register the currently programmed COS on the core will be returned. 
When reading an IA32_resourceType_MASK_n register the current capacity bit mask for COS 'n' will be returned. 


As noted previously, software should minimize migrations of COS across logical processors (across threads or 
cores), aS a reduction in the accuracy of the Cache Allocation feature may result if COS are migrated frequently. 
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This is aligned with the industry standard practice of minimizing unnecessary thread migrations across processor 
cores in order to avoid excessive time spent warming up processor caches after a migration. In general, for best 
performance, minimize thread migration and COS migration across processor logical threads and processor cores. 


17.19.6.4 Cache Allocation Technology Operation With Power Saving Features 


Note that the Cache Allocation Technology feature cannot be used to enforce cache coherency, and that some 
advanced power management features such as C-states which may shrink or power off various caches within the 
system may interfere with CAT hints - in such cases the CAT bitmasks are ignored and the other features take 
precedence. If the highest possible level of CAT differentiation or determinism is required, disable any power- 
saving features which shrink the caches or power off caches. The details of the power management interfaces are 
typically implementation-specific, but can be found at Intel® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3C. 


If software requires differentiation between threads but not absolute determinism then in many cases it is possible 
to leave power-saving cache shrink features enabled, which can provide substantial power savings and increase 
battery life in mobile platforms. In such cases when the caches are powered off (e.g., package C-states) the entire 
cache of a portion thereof may be powered off. Upon resuming an active state any new incoming data to the cache 
will be filled subject to the cache capacity bitmasks. Any data in the cache prior to the cache shrink or power off 
may have been flushed to memory during the process of entering the idle state, however, and is not guaranteed to 
remain in the cache. If differentiation between threads is the goal of system software then this model allows 
substantial power savings while continuing to deliver performance differentiation. If system software needs 
optimal determinism then power saving modes which flush portions of the caches and power them off should be 
disabled. 


NOTE 


IA32_PQR_ASSOC is saved and restored across C6 entry/exit. Similarly, the mask register contents 
are saved across package C-state entry/exit and are not lost. 


17.19.6.5 Cache Allocation Technology Operation with Other Operating Modes 


The states in IA32_PQR_ASSOC and mask registers are unmodified across an SMI delivery. Thus, the execution of 
SMM handler code can interact with the Cache Allocation Technology resource and manifest some degree of non- 
determinism to the non-SMM software stack. An SMM handler may also perform certain system-level or power 
management practices that affect CAT operation. 


It is possible for an SMM handler to minimize the impact on data determinism in the cache by reserving a COS with 
a dedicated partition in the cache. Such an SMM handler can switch to the dedicated COS immediately upon 
entering SMM, and switching back to the previously running COS upon exit. 


17.19.6.6 Associating Threads with CAT/CDP Classes of Service 


Threads are associated with Classes of Service (CLOS) via the per-logical-processor IA32_PQR_ASSOC MSR. The 
same COS concept applies to both CAT and CDP (for instance, COS[5] means the same thing whether CAT or CDP 
is in use, and the COS has associated resource usage constraint attributes including cache capacity masks). The 
mapping of COS to mask MSRs does change when CDP is enabled, according to the following guidelines: 


¢ In CAT-only Mode - one set of bitmasks in one mask MSR control both code and data. 

— Each COS number map 1:1 with a capacity mask on the applicable resource (e.g., L3 cache). 
¢ When CDP is enabled, 

— Two mask sets exist for each COS number, one for code, one for data. 

— Masks for code/data are interleaved in the MSR address space (see Table 17-19). 
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17.19.7 Introduction to Memory Bandwidth Allocation 


The Memory Bandwidth Allocation (MBA) feature provides indirect and approximate control over memory band- 
width available per-core, and was introduced on the Intel Xeon Processor Scalable Family. This feature provides a 
method to control applications which may be over-utilizing bandwidth relative to their priority in environments such 
as the data-center. 


The MBA feature uses existing constructs from the Resource Director Technology (RDT) feature set including 
Classes of Service (CLOS). A given CLOS used for L3 CAT for instance means the same thing as a CLOS used for 
MBA. Infrastructure such as the MSR used to associate a thread with a CLOS (the IA32_PQR_ASSOC_MSR) and 
some elements of the CPUID enumeration (such as CPUID leaf 10H) are shared. 


The high-level implementation of Memory Bandwidth Allocation is shown in Figure 17-38. 


Chip Multiprocessor Platform 
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Figure 17-38. A High-Level Overview of the MBA Feature 


As shown in Figure 17-38, the MBA feature introduces a programmable request rate controller between the cores 
and the high-speed interconnect, enabling indirect control over memory bandwidth for cores over-utilizing band- 
width relative to their priority. For instance, high-priority cores may be run un-throttled, but lower priority cores 
generating an excessive amount of traffic may be throttled to enable more bandwidth availability for the high- 
priority cores. 


Since MBA uses a programmable rate controller between the cores and the interconnect, higher-level shared 
caches and memory controller, bandwidth to these caches may also be reduced, so care should be taken to throttle 
only bandwidth-intense applications which do not use the off-core caches effectively. 


The throttling values exposed by MBA are approximate, and are calibrated to specific traffic patterns. As work-load 
characteristics vary, the throttling values provided may affect each workload differently. In cases where precise 
control is needed, the Memory Bandwidth Monitoring (MBM) feature can be used as input to a software controller 
which makes decisions about the MBA throttling level to apply. 


Enumeration and configuration details are discussed below followed by usage model considerations. 
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17.19.7.1 Memory Bandwidth Allocation Enumeration 


Similar to other RDT features, enumeration of the presence and details of the MBA feature is provided via a sub- 
leaf of the CPUID instruction. 


Key components of the enumeration are as follows. 

¢ Support for the MBA feature on the processor, and if MBA is supported, the following details: 
— Number of supported Classes of Service (CLOS) for the processor. 
— The maximum MBA delay value supported (which also implicitly provides a definition of the granularity). 
— An indication of whether the delay values which can be programmed are linearly spaced or not. 


The presence of any of the RDT features which enable control over shared platform resources is enumerated by 
executing CPUID instruction with EAX = 07H, ECX = OH as input. If CPUID.(EAX=07H, ECX=0):EBX.PQE[bit 15] 
reports 1, the processor supports software control over shared processor resources. Software may then use CPUID 
leaf 10H to enumerate additional details on the specific controls provided. 


Through CPUID leaf 10H software may determine whether MBA is supported on the platform. Specifically, as shown 
in Figure 17-31, bit 3 of the EBX register indicates whether MBA is supported on the processor, and the bit position 
(3) constitutes a Resource ID (ResID) which allows enumeration of MBA details. For instance, if bit 3 is supported 
this implies the presence of CPUID.10H.[ResID=3] as shown in Figure 17-38 which provides the following details. 


¢ CPUID.(EAX=10H, ECX=ResID=3):EAX[11:0] reports the maximum MBA throttling value supported, minus 
one. For instance, a value of 89 indicates that a maximum throttling value of 90 is supported. Additionally, in 
cases where a linear interface (see below) is supported then one hundred minus the maximum throttling value 
indicates the granularity, 10% in this example. 


¢ CPUID.(EAX=10H, ECX=ResID=3):EBX is reserved. 


¢ CPUID.(EAX=10H, ECX=ResID=3):ECX[2] reports whether the response of the delay values is linear (see 
text). 


¢ CPUID.(EAX=10H, ECX=ResID=3):EDX[15:0] reports the number of Classes of Service (CLOS) supported for 
the feature (minus one). For instance, a reported value of 15 implies a maximum of 16 supported MBA CLOS. 


The number of CLOS supported for the MBA feature may or may not align with other resources such as L3 CAT. In 
cases where the RDT features support different numbers of CLOS the lowest numerical CLOS support the common 
set of features, while higher CLOS may support a subset. For instance, if L3 CAT supports 8 CLOS while MBA 
supports 4 CLOS, all 8 CLOS would have L3 CAT masks available for cache control, but the upper 4 CLOS would not 
offer MBA support. In this case the upper 4 CLOS would not be subject to any throttling control. Software can 
manage supported resources / CLOS in order to either have consistent capabilities across CLOS by using the 
common subset or enable more flexibility by selectively applying resource control where needed based on careful 
CLOS and thread mapping. In all cases, CLOS[0] supports all RDT resource control features present on the plat- 
form. 


Discussion on the interpretation and usage of the MBA delay values is provided in Section 17.19.7.2 on MBA config- 
uration. 
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CPUID.(EAX = 10H, ECX = ResID = 3) Output: 


31 11 0 
EAX Reserved MBA_MAX-1 

31 0 
EBX Reserved 

31 2 1 0 
ECX Reserved 


[ MBA_Lin_Rsp 


31 16 15 0 


EDX Reserved COS_MAX 


Figure 17-39. CPUID.(EAX=10H, ECX=3H) MBA Feature Details Identification 


17.19.7.2 Memory Bandwidth Allocation Configuration 


The configuration of MBA takes consists of two processes once enumeration is complete. 


¢ Association of threads to Classes of Service (CLOS) - accomplished in a common fashion across RDT features 
as described in Section 17.19.7.1 via the IA32_PQR_ASSOC MSR. As with features such as L3 CAT, software 
may update the CLOS field of the PQR MSR at context swap time in order to maintain the proper association of 
software threads to Classes of Service on the hardware. While logical processors may each be associated with 
independent CLOS, see Section 17.19.7.3 for important usage model considerations (initial versions of the MBA 
feature select the maximum delay value across threads). 


* Configuration of the per-CLOS delay values, accomplished via the IA32_L2_QoS_Ext_BW_Thrtl_n MSR set 
shown in Table 17-20. 


The MBA delay values which may be programmed range from zero (implying zero delay, and full bandwidth avail- 
able) to the maximum (MBA_MAX) specified in CPUID as discussed in Section 17.19.7.1. The throttling values are 
approximate and do not sum to 100% across CLOS, rather they should be viewed as a maximum bandwidth “cap” 
per-CLOS. 


Software may select an MBA delay value then write the value into one or more of the 
IA32_L2_QoS_Ext_BW_Thrtl_n MSRs to update the delay values applied for a specific CLOS. As shown in Table 
17-20 the base address of the MSRs is at D50H, and the range corresponds to the maximum supported CLOS from 
CPUID.(EAX=10H, ECX=ResID=1):EDX[15:0] as described in Section 17.19.7.1. For instance, if 16 CLOS are 
supported then the valid MSR range will extend from D50H through D5F inclusive. 
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Table 17-20. MBA Delay Value MSRs 


Delay Value MSR Address 
IA32_L2_QoS_Ext_BW_Thrtl_0 D50H 

IA32_L2_QoS_Ext_BW_Thrtl_1 D51H 

IA32_L2_QoS_Ext_BW_Thrtl_2 D52H 
IA32_L2_QoS_Ext_BW_Thrtl_'COS_MAX' D50H + COS_MAX from CPUID.10H.3 


The definition for the MBA delay value MSRs is provided in Figure 17.39. The lower 16 bits are used for MBA delay 
values, and values from zero to the maximum from the CPUID MBA_MAX-1 value are supported. Values outside 
this range will generate #GP(0). 


If linear input throttling values are indicated by CPUID.(EAX=10H, ECX=ResID=3):ECX[bit 2] then values from 
zero through the MBA_MAX field from CPUID.(EAX=10H, ECX=ResID=3):EAX[11:0] are supported as inputs. In 
the linear mode the input precision is defined as 100-(MBA_MAX). For instance, if the MBA_MAX value is 90, the 
input precision is 10%. Values not an even multiple of the precision (e.g., 12%) will be rounded down (e.g., to 10% 
delay applied). 


¢ If linear values are not supported (CPUID.(EAX=10H, ECX=ResID=3):ECX[bit 2] = 0) then input delay values 
are powers-of-two from zero to the MBA_MAX value from CPUID. In this case any values not a power of two will 
be rounded down the next nearest power of two. 


Base MSR Address = 0xD50 
63 16 15 0 
IA32_L2_QOS_Ext_BW_Thrtl_n MSR 
Reserved MBA Delay Value 


Figure 17-40. IA32_L2_QoS_Ext_BW_Thrtl_n MSR Definition 


Note that the throttling values provided to software are calibrated through specific traffic patterns, however as 
workload characteristics may vary the response precision and linearity of the delay values will vary across 
products, and should be treated as approximate values only. 


17.19.7.3. Memory Bandwidth Allocation Usage Considerations 


As the memory bandwidth control that MBA provides is indirect and approximate, using the feature with a closed- 
loop controller to also monitor memory bandwidth and how effectively the applications use the cache (via the 
Cache Monitoring Technology feature) may provide additional value. This approach also allows administrators to 
provide a band-width target or set-point which a controller could use to guide MBA throttling values applied, and 
this allows bandwidth control independent of the execution characteristics of the application. 


As control is provided per processor core (the max of the delay values of the per-thread CLOS applied to the core) 
care should be taking in scheduling threads so as to not inadvertently place a high-priority thread (with zero 
intended MBA throttling) next to a low-priority thread (with MBA throttling intended), which would lead to inadver- 
tent throttling of the high-priority thread. 
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CHAPTER 18 
LAST BRANCH RECORDS 


NOTE 


This chapter defines a last-branch recording (LBR) facility that is architectural and part of the Intel 
64 architecture. This facility is an enhancement of but distinct from earlier LBR facilities that were 
not architectural. Those earlier facilities are documented in Chapter 17. 


Last Branch Records (LBRs) enable recording of software path history by logging taken branches and other control 
flow transfers within processor registers. Each LBR record or entry is comprised of three MSRs: 


¢ JTA32_LBR_x_FROM_IP — Holds the source IP of the operation. 
¢ JA32_LBR_x_TO_IP — Holds the destination IP of the operation. 


¢ TA32_LBR_x_INFO — Holds metadata for the operation, including mispredict, TSX, and elapsed cycle time infor- 
mation. 


The number of LBR records available varies across processor generations, and is specified in CPUID. 


LBR records are stored in age order. The most recent LBR entry is stored in IA32_LBR_0O_*, the next youngest in 
IA32_LBR_1_*, and so on. When an operation to be recorded completes (retires) with LBRs enabled 
(IA32_LBR_CTL.LBREn=1), older LBR entries are shifted in the LBR array by one entry, then a record of the new 
operation is written into entry 0. See Section 18.1.1 for the list of recorded operations. 


The number of LBR entries available for recording operations is dictated by the value in IA32_LBR_DEPTH.DEPTH. 
By default, the DEPTH value matches the maximum number of LBRs supported by the processor, but software may 
opt to use fewer in order to achieve reduced context switch latency. 


In addition to the LBRs, there is a single Last Event Record (LER). It records the last taken branch preceding the 
last exception, hardware interrupt, or software interrupt. Like LBRs, the LER is comprised of three MSRs 
(IA32_LER_FROM_IP, IA32_LER_TO_IP, IA32_LER_INFO), and is subject to the same dependencies on enabling 
and filtering. 


Which operations are recorded in LBRs depends upon a series of factors: 
* Branch Type Filtering — Software must opt in to the types of branches to be logged; see Section 18.1.2.3. 
* Current Privilege Level (CPL) — LBRs can be filtered based on CPL; see Section 18.1.2.5. 


¢ _LBR Freeze — LBR and LER recording can be suspended by setting IA32_PERF_GLOBAL_STATUS.LBR_FRZ to 1. 
See Section 17.4.7 for details on LBR_FRZ. 


On some implementations, recording LBRs may require constraining the number of operations that can complete in 
a cycle. As a result, on these implementations, enabling LBRs may have some performance overhead. 


18.1 BEHAVIOR 


18.1.1. Logged Operations 
LBRs can log most control flow transfer operations. 


The source IP recorded for a branch instruction is the IP of that instruction. For events that take place between 
instructions, the source IP recorded is the IP of the next sequential instruction. 


The destination IP recorded is always the target of the branch or event, the next instruction that will execute. 
The full list of operations and the respective IPs recorded is shown in Table 18-1. 
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Table 18-1. LBR IP Values for Various Operations 


Operation FROM_IP TO_IP 

Taken Branch!, Exception, INT3, INTn, | Current IP Target IP 

INTO, TSX Abort 

Interrupt Next IP Target IP 

INIT (BSP) Next IP Reset Vector 

INIT (AP) + SIPI Next IP SIPI Vector 
EENTER/ERESUME + EEXIT/AEX Current IP Target or Trampoline IP 
RSM¢ Target IP Target IP 

#DB, #SMI, VM exit, VM entry None None 
NOTES: 


1. Direct CALLs with displacement zero, for which the target is typically the next sequential IP, are not treated as 
taken branches by LBRs. 


2. RSM is only recorded in LBRs when IA32_DEBUGCTL.FREEZE_WHILE_SMM is set to 0. 


18.1.2 Configuration 


18.1.2.1 Enabling and Disabling 
LBRs are enabled by setting IA32_LBR_CTL.LBREn to 1. 


Some operations, such as entry to a secure mode like SMM or Intel SGX, can cause LBRs to be temporarily 
disabled. Other operations, such as debug exceptions or some SMX operations, disable LBRs and require software 
to re-enable them. Details on these interactions can be found in Section 18.1.4. 


18.1.2.2 LBR Depth 


The number of LBRs used by the processor can be constrained by modifying the IA32_LBR_DEPTH.DEPTH value. 
DEPTH defaults to the maximum number of LBRs supported by the processor. Allowed DEPTH values can be found 
in CPUID.(EAX=01CH, ECX=0):EAX[7:0]. 


Reducing the LBR depth can result in improved performance, by reducing the number of LBRs that need to be read 
and/or context switched. 


On a software write to IA32_LBR_DEPTH, all LBR entries are reset to 0. LERs are not impacted. 


A RDMSR or WRMSR to any IA32_LBR_x_* MSRs, such that x = DEPTH, will generate a #GP exception. Note that 
the XSAVES and XRSTORS instructions access only the LBRs associated with entries 0 to DEPTH-1. 


By clearing the LBR entries on writes to IA32_LBR_DEPTH, and forbidding any software writes to LBRs 2 DEPTH, it 
is thereby guaranteed that any LBR entries equal to or above DEPTH will have value 0. 


18.1.2.3.| Branch Type Enabling and Filtering 


Software must opt in to the types of branches that are desired to be recorded. These elections are made in 
IA32_LBR_CTL; see Section 18.2. Branch type options are listed in Table 18-2; only those enabled will be recorded. 
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Table 18-2. Branch Type Filtering Details 


Branch Type Operations Recorded 

COND Jec, J*CXZ, and LOOP* 

NEAR_IND_JMP JMP r/m* 

NEAR_REL_JMP JMP rel* 

NEAR_IND_CALL CALL r/m* 

NEAR_REL_CALL CALL rel* (excluding CALLs to the next sequential IP) 

NEAR_RET RET (OC3H) 

OTHER_BRANCH JMP/CALL ptr*, JMP/CALL m*, RET (OC8H), SYS*, interrupts, exceptions (other than debug 
exceptions), IRET, INT3, INTn, INTO, TSX Abort, EENTER, ERESUME, EEXIT, AEX, INIT, SIPI, RSM 


These encodings match those in IA32_LBR_x_INFO.BR_TYPE. 
Control flow transfers that are not recorded include #DB, VM exit, VM entry, and #SMI. 


18.1.2.4  Call-Stack Mode 


The LBR array is, by default, treated as a ring buffer that captures control flow transitions. However, the finite 
depth of the LBR array can be limiting when profiling certain high-level languages (e.g., C++), where a transition 
of the execution flow is accompanied by a large number of leaf function calls. These calls to leaf functions, and their 
returns, are likely to displace the main execution context from the LBRs. 


When call-stack mode is enabled, the LBR array can capture unfiltered call data normally, but as return instructions 
are executed the last captured branch (call) record is flushed from the LBRs in a last-in first-out (LIFO) manner. 
Thus, branch information pertaining to completed leaf functions will not be retained, while preserving the call stack 
information of the main line execution path. 


Call-stack mode is enabled by setting IA32_LBR_CTL.CALL_STACK to 1. When enabled, near RET instructions 
receive special treatment. Rather than adding a new record in LBR_O, a near RET will instead “pop” the CALL entry 
at LBR_O by shifting entries LBR_1..LBR_[DEPTH-1] up to LBR_0..LBR_[DEPTH-2], and clearing LBR_[DEPTH-1] to 
0. Thus, LBR processing software can consume only valid call-stack entries by reading until finding an entry that is 
all zeros. 


Call-stack mode should be used with branch type enabling configured to capture only CALLs (NEAR_REL_CALL and 
NEAR_IND_CALL) and RETs (NEAR_RET). When configured in this manner, the LBR array emulates a call stack, 
where CALLs are “pushed” and RETs “pop” them off the stack. If other branch types (JCC, NEAR_*_JMP, or 
OTHER_BRANCH) are enabled for recording with call-stack mode, LBR behavior may be undefined. 


It is recommended that call-stack mode be used along with CPL filtering, by setting at most one of the OS and USR 
bits in the IA32_LBR_CTL MSR. Call-stack mode does not emulate the stack switch that can occur on CPL transi- 
tions, and hence monitoring all CPLs may result in a corrupted LBR call stack. 


Call-Stack Mode and LBR Freeze 


When IA32_DEBUGCTL.FREEZE_LBRS_ON_PMI=1, IA32_PERF_GLOBAL_STATUS.LBR_FRZ will be set to 1 when a 
PMI is pended. That will cause LBRs and LERs to cease recording branches until LBR_FRZ is cleared. Because there 
may be some “skid”, or instructions retiring, in between the PMI being pended and the PMI being taken, it is 
possible that some branches may be missing from the LBRs. In the case of call-stack mode, if a CALL or RET is 
missed, that can lead to confusing results where CALL entries fail to get “popped” off the stack, and RETs “pop” the 
wrong CALLs. 


An alternative is to utilize CPL filtering to limit LBR recording to less privileged modes only (CPL>3) instead of using 
the FREEZE_LBRS_ON_PMI=1 feature. This will record branches in the “skid”, but avoid recording any branches in 
the privilege level 0 handler. 
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18.1.2.5 CPL Filtering 


Software must opt in to which CPL(s) will have branches recorded. If IA32_LBR_CTL.OS=1, then branches in 
CPL=0 can be recorded. If IA32_LBR_CTL.USR=1, then branches in CPL>0 can be recorded. For operations which 
change the CPL, the operation is recorded in LBRs only if the CPL at the end of the operation is enabled for LBR 
recording. In cases where the CPL transitions from a value that is filtered out to a value that is enabled for LBR 
recording, the FROM_IP address for the recorded CPL transition branch or event will be OFFFFFFFFFFFFFFFFH. 


18.1.3 Record Data 


18.1.3.1 IP Fields 


The source and destination IP values in IA32_LBR_x_[FROM|TO]_IP and IA32_LER_x_[FROM|TO]_IP may hold 
effective IPs or linear IPs (LIPs), depending on the processor generation. The effective IP is the offset from the CS 
base address, while LIP includes the CS base address. Which IP type is used is indicated in CPUID.(EAX=01CH, 
ECX=0):EAX[bit 31]. 

The value read from this field will always be canonical. Note that this includes the case where a canonical violation 
(#GP) results from executing sequential code that runs precisely to the end of the lower canonical address space 
(where IP[63:MAXLINADDR-1] is 0, but IP[MAXLINADDR-2:0] is all ones). In this case, the FROM_IP will hold the 
lowest canonical address in the upper canonical space, such that IP[63:MAXLINADDR-1] is all ones, and IP[MAXLI- 
NADDR-2:0] is O. 

In some cases, due to CPL filtering, the FROM_IP of the recorded operation may be filtered out. In this case 
OFFFFFFFFFFFFFFFFH will be recorded. See Section 18.1.2.5 for details. 


Writes of these fields will be forced canonical, such that the processor ignores the value written to the upper bits 
(IP[63:MAXLINADDR-1]). 


18.1.3.2 Branch Types 


The IA32_LBR_x_INFO.BR_TYPE and IA32_LER_INFO.BR_TYPE fields encode the branch types as shown in Table 
18-3. 


Table 18-3. 1A32_LBR_x_INFO and IA32_LER_INFO Branch Type Encodings 


Encoding Branch Type 
0000B COND 

0001B NEAR_IND_JMP 
0010B NEAR_REL_JMP 
0011B NEAR_IND_CALL 
0100B NEAR_REL_CALL 
0101B NEAR_RET 
011xB Reserved 

1XxxB OTHER_BRANCH 


For a list of branch operations that fall into the categories above, see Table 18-2. In future generations, BR_TYPE 
bits 2:0 may be used to distinguish between differing types of OTHER_BRANCH. 


18.1.3.3 Cycle Time 


Each time an operation is recorded in an LBR, the value of the LBR cycle timer is recorded in 
IA32_LBR_x_INFO.CYC_CNT. The LBR cycle timer is a saturating counter that counts at the processor clock rate. 
Each time an operation is recorded in an LBR, the counter is reset but continues counting. 
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There is an LBR cycle counter valid bit, IA32_LBR_x_INFO.CYC_CNT_VALID. When set, the CYC_CNT field holds a 
valid value, the number of elapsed cycles since the last operation recorded in an LBR (up to OFFFFH). 


Some implementations may opt to reduce the granularity of the CYC_CNT field for larger values. The implication of 
this is that the least significant bits may be forced to 1 in cases where the count has reached some minimum 
threshold. It is guaranteed that this reduced granularity will never result in an inaccuracy of more than 10%. 


18.1.3.4 Mispredict Information 


IA32_LBR_x_INFO.MISPRED provides an indication of whether the recorded branch was predicted incorrectly by 
the processor. The bit is set if either the taken/not-taken direction of a conditional branch was mispredicted, or if 
the target of an indirect branch was mispredicted. 


18.1.3.5 Intel® TSX Information 


IA32_LBR_x_INFO.IN_TSX indicates whether the operation recorded retired during a TSX transaction. 
IA32_LBR_x_INFO.TSX_ABORT indicates that the operation is a TSX Abort. 


18.1.4 Interaction with Other Processor Features 


18.1.4.1 SMM 


IA32_LBR_CTL.LBREn is saved and cleared on #SMI, and restored on RSM. As a result of disabling LBRs, the #SMI 
is not recorded. RSM is recorded only if IA32_DEBUGCTL.FREEZE_WHILE_SMM is set to 0, and the FROM_IP will be 
set to the same value as the TO_IP. 


18.1.4.2 SMM Transfer Monitor (STM) 


LBREn is not cleared on #SMI when it causes SMM VM exit. Instead, the STM should use the VMCS controls 
described in Section 18.1.4.3 to disable LBRs while in SMM, and to restore them on VM entries that exit SMM. 


On VMCALL to configure STM, IA32_LBR_CTL is cleared. 


18.1.4.3 VMX 


By default, LBR operation persists across VMX transitions. However, VMCS fields have been added to enable 
constraining LBR usage to within non-root operation only. See details in Table 18-4. 


Table 18-4. LBR VMCS Fields 


Name Type Bit Position | Behavior 

Guest IA32_LBR_CTL Guest State Field | NA The guest value of [A32_LBR_CTL is written to this field on all 
VM exits. 

Load Guest IA32_LBR_CTL | Entry Control 21 When set, VM entry will write the value from the “Guest 
IA32_LBR_CTL” guest state field to |A32_LBR_CTL. 

Clear IA32_LBR_CTL Exit Control 26 When set, VM exit will clear IA32_LBR_CTL after the value has 
been saved to the “Guest [A32_LBR_CTL” quest state field. 


To enable “guest-only” LBR use, a VMM should set both the “Load Guest IA32_LBR_CTL” entry control and the 
“Clear IA32_LBR_CTL” exit control. For “system-wide” LBR use, where LBRs remain enabled across host and 
guest(s), a VMM should keep both new VMCS controls clear. 


VM entry checks that, if the “Load Guest IA32_LBR_CTL” entry control is 1, bits reserved in the IA32_LBR_CTL MSR 
must be 0 in the field for that register. 
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For additional information relating to VMX transitions, see Chapter 24, Chapter 26, and Chapter 27 in the Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 3C. 


18.1.4.4 Intel® SGX 


On entry to an enclave, via EENTER or ERESUME, logging of LBR entries is suspended. On enclave exit, via EEXIT 
or AEX, logging resumes. The cycle counter will continue to run during enclave execution. 


An exception to the above is made for opt-in debug enclaves. For such enclaves, LBR logging is not impacted. 


18.1.4.5 Debug Exceptions 


When a branch happens because of a #DB exception, IA32_LBR_CTL.LBREn is cleared. As a result, the operation is 
not recorded. 


18.1.4.6 SMX 
On GETSEC leaves SENTER or ENTERACCS, IA32_LBR_CTL is cleared. As a result, the operation is not recorded. 


18.1.4.7. MWAIT 


On an MWAIT that requests a C-state deeper than C1, IA32_LBR_x_* MSRs may be cleared to 0. IA32_LBR_CTL, 
IA32_LBR_DEPTH, and IA32_LER_* MSRs will be preserved. 


For an MWAIT that enters a C-state equal to or less deep than C1, and all C-states that enter as a result of Hard- 
ware Duty Cycling (HDC), all LBR MSRs are preserved. 


18.1.4.8 Processor Event-Based Sampling (PEBS) 


PEBS records can be configured to include LBRs, by setting PEBS_DATA_CFG.LBREn[3]=1. The number of LBRs to 
include in the record is also configurable, via PEBS_DATA_CFG.NUM_LBRS[28:24]. For details on PEBS, see Section 
19.9 of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3B. 


If NUM_LBRS is set to a value greater than LBR_DEPTH, then only LBR_DEPTH entries will be written into the PEBS 
record. Further, the Record Size field will be decreased to match the actual size of the record to be written, and the 
Record Format field will replace the value of NUM_LBRS with the value of LBR_DEPTH. These adjustments ensure 
that software is able to properly interpret the PEBS record. 


18.2 MSRS 


The MSRs that represent the LBR entries (IA32_LBR_x_[TO|FROM|INFO]) and the LER entry 
(IA32_LER_[TO|FROM|INFO}]) do not fault on writes. Any address field written will force sign-extension based on 
the maximum linear address width supported by the processor, and any non-zero value written to undefined bits 
may be ignored such that subsequent reads return 0. 


On a warm reset, all LBR MSRs, including IA32_LBR_DEPTH, have their values preserved. However, 
IA32_LBR_CTL.LBREn is cleared to 0, disabling LBRs. If a warm reset is triggered while the processor is in the C6 
idle state, also known as warm init, all LBR MSRs will be reset to their initial values. 


See Table 2-2 in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4 for details on LBR 
MSRs. 


18.3. FAST LBR READ ACCESS 


XSAVES provides a faster means than RDMSR for software to read all LBRs. When using XSAVES for reading LBRs 
rather than for context switch, software should take care to ensure that XSAVES does not write LBR state to an area 
of memory that has been or will be used by XRSTORS. This could corrupt INIT tracking. 
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18.4 OTHER IMPACTS 


18.4.1 Branch Trace Store on Intel Atom? Processors 


Branch Trace Store (BTS) on Intel Atom processors that support the architectural form of the LBR feature has 
dependencies on the LBR configuration. BTS will store out the LBR_O (TOS) record each time a taken branch or 
event retires. If any filtering of LBRs is employed, or if LBRs are disabled, some duplicate entries may be stored by 
BTS. Like LBRs and LERs, BTS is suspended when IA32_PERF_GLOBAL_STATUS.LBR_FRZ is set to 1. 


BTS will change to cease issuing branch records for direct near CALLs with displacement zero to align with LBR 
behavior. 


18.4.2 1A32_DEBUGCTL 


On processors that do not support model-specific LBRs, IA32_DEBUGCTL[bit 0] has no meaning. It can be written 
to 0 or 1, but reads will always return 0. 


18.4.3. 1IA32_PERF_CAPABILITIES 


On processors that do not support model-specific LBRs, IA32_PERF_CAPABILITIES.LBR_FMT will have the value 
O3FH. 
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CHAPTER 19 
PERFORMANCE MONITORING 


Intel 64 and IA-32 architectures provide facilities for monitoring performance via a PMU (Performance Monitoring 
Unit). 


NOTE 


Performance monitoring events can be found here: https://perfmon-events.intel.com/. 


Additionally, performance monitoring event files for Intel processors are hosted by the Intel Open 
Source Technology Center. These files can be downloaded here: 
https://download.01.org/perfmon/. 


19.1 PERFORMANCE MONITORING OVERVIEW 


Performance monitoring was introduced in the Pentium processor with a set of model-specific performance-moni- 
toring counter MSRs. These counters permit selection of processor performance parameters to be monitored and 
measured. The information obtained from these counters can be used for tuning system and compiler perfor- 
mance. 


In Intel P6 family of processors, the performance monitoring mechanism was enhanced to permit a wider selection 
of events to be monitored and to allow greater control events to be monitored. Next, Intel processors based on 
Intel NetBurst microarchitecture introduced a distributed style of performance monitoring mechanism and perfor- 
mance events. 


The performance monitoring mechanisms and performance events defined for the Pentium, P6 family, and Intel 
processors based on Intel NetBurst microarchitecture are not architectural. They are all model specific (not 
compatible among processor families). Intel Core Solo and Intel Core Duo processors support a set of architectural 
performance events and a set of non-architectural performance events. Newer Intel processor generations support 
enhanced architectural performance events and non-architectural performance events. 


Starting with Intel Core Solo and Intel Core Duo processors, there are two classes of performance monitoring capa- 
bilities. The first class supports events for monitoring performance using counting or interrupt-based event 
sampling usage. These events are non-architectural and vary from one processor model to another. They are 
similar to those available in Pentium M processors. These non-architectural performance monitoring events are 
specific to the microarchitecture and may change with enhancements. They are discussed in Section 19.6.3, 
“Performance Monitoring (Processors Based on Intel NetBurst® Microarchitecture).” Non-architectural events for a 
given microarchitecture cannot be enumerated using CPUID; and they can be found at: https://perfmon- 
events.intel.com/. 


The second class of performance monitoring capabilities is referred to as architectural performance monitoring. 
This class supports the same counting and Interrupt-based event sampling usages, with a smaller set of available 
events. The visible behavior of architectural performance events is consistent across processor implementations. 
Availability of architectural performance monitoring capabilities is enumerated using the CPUID.OAH. These events 
are discussed in Section 19.2. 


See also: 

— Section 19.2, “Architectural Performance Monitoring”. 

— Section 19.3, “Performance Monitoring (Intel® Core™ Processors and Intel® Xeon® Processors)”. 
¢ Section 19.3.1, “Performance Monitoring for Processors Based on Nehalem Microarchitecture”. 
¢ Section 19.3.2, “Performance Monitoring for Processors Based on Westmere Microarchitecture”. 
* Section 19.3.3, “Intel® Xeon® Processor E7 Family Performance Monitoring Facility”. 
¢ Section 19.3.4, “Performance Monitoring for Processors Based on Sandy Bridge Microarchitecture”. 
* Section 19.3.5, “3rd Generation Intel® Core™ Processor Performance Monitoring Facility”. 
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* Section 19.3.6, “4th Generation Intel® Core™ Processor Performance Monitoring Facility”. 


* Section 19.3.7, “5th Generation Intel® Core™ Processor and Intel® Core™ M Processor Performance 
Monitoring Facility”. 


* Section 19.3.8, “6th Generation, 7th Generation and 8th Generation Intel® Core™ Processor 
Performance Monitoring Facility”. 


¢ Section 19.3.9, “10th Generation Intel® Core™ Processor Performance Monitoring Facility”. 
* Section 19.3.10, “12th Generation Intel® Core™ Processor Performance Monitoring Facility”. 
— Section 19.4, “Performance monitoring (Intel® Xeon™ Phi Processors)”. 
* Section 19.4.1, “Intel® Xeon Phi” Processor 7200/5200/3200 Performance Monitoring”. 
— Section 19.5, “Performance Monitoring (Intel Atom® Processors)”. 
* Section 19.5.1, “Performance Monitoring (45 nm and 32 nm Intel Atom® Processors)”. 
¢ Section 19.5.2, “Performance Monitoring for Silvermont Microarchitecture”. 
¢ Section 19.5.3, “Performance Monitoring for Goldmont Microarchitecture”. 
* Section 19.5.4, “Performance Monitoring for Goldmont Plus Microarchitecture”. 
¢ Section 19.5.5, “Performance Monitoring for Tremont Microarchitecture”. 
— Section 19.6, “Performance Monitoring (Legacy Intel Processors)”. 
¢ Section 19.6.1, “Performance Monitoring (Intel® Core™ Solo and Intel® Core™ Duo Processors)”. 
* Section 19.6.2, “Performance Monitoring (Processors Based on Intel® Core™ Microarchitecture)”. 
* Section 19.6.3, “Performance Monitoring (Processors Based on Intel NetBurst® Microarchitecture)”. 


¢ Section 19.6.4, “Performance Monitoring and Intel Hyper-Threading Technology in Processors Based on 
Intel NetBurst® Microarchitecture”. 


¢ Section 19.6.4.5, “Counting Clocks on systems with Intel® Hyper-Threading Technology in 
Processors Based on Intel NetBurst® Microarchitecture”. 


¢ Section 19.6.5, “Performance Monitoring and Dual-Core Technology”. 


* Section 19.6.6, “Performance Monitoring on 64-bit Intel Xeon Processor MP with Up to 8-MByte L3 
Cache”. 


¢ Section 19.6.7, “Performance Monitoring on L3 and Caching Bus Controller Sub-Systems”. 
¢ Section 19.6.8, “Performance Monitoring (P6 Family Processor)”. 
* Section 19.6.9, “Performance Monitoring (Pentium Processors)”. 

— Section 19.7, “Counting Clocks”. 

— Section 19.8, “IA32_PERF_CAPABILITIES MSR Enumeration”. 

— Section 19.9, “PEBS Facility”. 


19.2 ARCHITECTURAL PERFORMANCE MONITORING 


Performance monitoring events are architectural when they behave consistently across microarchitectures. Intel 
Core Solo and Intel Core Duo processors introduced architectural performance monitoring. The feature provides a 
mechanism for software to enumerate performance events and provides configuration and counting facilities for 
events. 


Architectural performance monitoring does allow for enhancement across processor implementations. The 
CPUID.OAH leaf provides version ID for each enhancement. Intel Core Solo and Intel Core Duo processors support 
base level functionality identified by version ID of 1. Processors based on Intel Core microarchitecture support, at 
a minimum, the base level functionality of architectural performance monitoring. Intel Core 2 Duo processor T 
7700 and newer processors based on Intel Core microarchitecture support both the base level functionality and 
enhanced architectural performance monitoring identified by version ID of 2. 
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45 nm and 32 nm Intel Atom processors and Intel Atom processors based on the Silvermont microarchitecture 
support the functionality provided by versionID 1, 2, and 3; CPUID.OAH:EAX[7:0] reports versionID = 3 to indicate 
the aggregate of architectural performance monitoring capabilities. Intel Atom processors based on the Airmont 
microarchitecture support the same performance monitoring capabilities as those based on the Silvermont micro- 
architecture. Intel Atom processors based on the Goldmont and Goldmont Plus microarchitectures support 
versionID 4. Intel Atom processors starting with processors based on the Tremont microarchitecture support 
versionID 5. 


Intel Core processors and related Intel Xeon processor families based on the Nehalem through Broadwell microar- 
chitectures support version ID 3. Intel processors based on the Skylake through Coffee Lake microarchitectures 
support versionID 4. Intel processors starting with processors based on the Ice Lake microarchitecture support 
versionID 5. 


19.2.1. Architectural Performance Monitoring Version 1 


Configuring an architectural performance monitoring event involves programming performance event select regis- 
ters. There are a finite number of performance event select MSRs (IA32_PERFEVTSELx MSRs). The result of a 
performance monitoring event is reported in a performance monitoring counter (IA32_PMCx MSR). Performance 
monitoring counters are paired with performance monitoring select registers. 


Performance monitoring select registers and counters are architectural in the following respects: 
° Bit field layout of IA32_PERFEVTSELx is consistent across microarchitectures. 

e Addresses of IA32_PERFEVTSELx MSRs remain the same across microarchitectures. 

¢ Addresses of IA32_PMC MSRs remain the same across microarchitectures. 


¢ Each logical processor has its own set of IA32_PERFEVTSELx and IA32_PMCx MSRs. Configuration facilities and 
counters are not shared between logical processors sharing a processor core. 


Architectural performance monitoring provides a CPUID mechanism for enumerating the following information: 


¢ Number of performance monitoring counters available to software in a logical processor (each 
IA32_PERFEVTSELx MSR is paired to the corresponding IA32_PMCx MSR). 


¢ Number of bits supported in each IA32_PMCx. 
¢ Number of architectural performance monitoring events supported in a logical processor. 


Software can use CPUID to discover architectural performance monitoring availability (CPUID.OAH). The architec- 
tural performance monitoring leaf provides an identifier corresponding to the version number of architectural 
performance monitoring available in the processor. 


The version identifier is retrieved by querying CPUID.OAH:EAX[bits 7:0] (see Chapter 3, “Instruction Set Refer- 
ence, A-L,” in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A). If the version iden- 
tifier is greater than zero, architectural performance monitoring capability is supported. Software queries the 
CPUID.OAH for the version identifier first; it then analyzes the value returned in CPUID.OAH.EAX, CPUID.OAH.EBX 
to determine the facilities available. 


In the initial implementation of architectural performance monitoring; software can determine how many 
IA32_PERFEVTSELx/ IA32_PMCx MSR pairs are supported per core, the bit-width of PMC, and the number of archi- 
tectural performance monitoring events available. 


19.2.1.1 Architectural Performance Monitoring Version 1 Facilities 


Architectural performance monitoring facilities include a set of performance monitoring counters and performance 
event select registers. These MSRs have the following properties: 


° TA32_PMCx MSRs start at address 0C1H and occupy a contiguous block of MSR address space; the number of 
MSRs per logical processor is reported using CPUID.OAH:EAX[15:8]. Note that this may vary from the number 
of physical counters present on the hardware, because an agent running at a higher privilege level (e.g., a 
VMM) may not expose all counters. 


e TA32_PERFEVTSELx MSRs start at address 186H and occupy a contiguous block of MSR address space. Each 
performance event select register is paired with a corresponding performance counter in the OC1H address 
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block. Note the number of IA32_PERFEVTSELx MSRs may vary from the number of physical counters present 
on the hardware, because an agent running at a higher privilege level (e.g., a VMM) may not expose all 
counters. 


The bit width of an IA32_PMCx MSR is reported using the CPUID.OAH:EAX[23:16]. This the number of valid bits 
for read operation. On write operations, the lower-order 32 bits of the MSR may be written with any value, and 
the high-order bits are sign-extended from the value of bit 31. 


Bit field layout of IA32_PERFEVTSELx MSRs is defined architecturally. 


See Figure 19-1 for the bit field layout of IA32_PERFEVTSELx MSRs. The bit fields are: 


Event select field (bits 0 through 7) — Selects the event logic unit used to detect microarchitectural 
conditions (see Table 19-1, for a list of architectural events and their 8-bit codes). The set of values for this field 
is defined architecturally; each value corresponds to an event logic unit for use with an architectural 
performance event. The number of architectural events is queried using CPUID.OAH:EAX. A processor may 
support only a subset of pre-defined values. 


63 31 24 2322 21 2019 18171615 87 0 
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INV—Invert counter mask —— 
EN—Enable counters 
INT—APIC interrupt enable 
PC—Pin control 
E—Edge detect 
OS—Operating system mode ——————! Reserved 
USR—User Mode 


Figure 19-1. Layout of IA32_PERFEVTSELx MSRs 


Unit mask (UMASK) field (bits 8 through 15) — These bits qualify the condition that the selected event 
logic unit detects. Valid UMASK values for each event logic unit are specific to the unit. For each architectural 
performance event, its corresponding UMASK value defines a specific microarchitectural condition. 


A pre-defined microarchitectural condition associated with an architectural event may not be applicable to a 
given processor. The processor then reports only a subset of pre-defined architectural events. Pre-defined 
architectural events are listed in Table 19-1; support for pre-defined architectural events is enumerated using 
CPUID.OAH:EBX. 


USR (user mode) flag (bit 16) — Specifies that the selected microarchitectural condition is counted when 
the logical processor is operating at privilege levels 1, 2 or 3. This flag can be used with the OS flag. 


OS (operating system mode) flag (bit 17) — Specifies that the selected microarchitectural condition is 
counted when the logical processor is operating at privilege level 0. This flag can be used with the USR flag. 


E (edge detect) flag (bit 18) — Enables (when set) edge detection of the selected microarchitectural 
condition. The logical processor counts the number of deasserted to asserted transitions for any condition that 
can be expressed by the other fields. The mechanism does not permit back-to-back assertions to be distin- 
guished. 


This mechanism allows software to measure not only the fraction of time spent in a particular state, but also the 
average length of time spent in such a state (for example, the time spent waiting for an interrupt to be 
serviced). 


PC (pin control) flag (bit 19) — Beginning with Sandy Bridge microarchitecture, this bit is reserved (not 
writeable). On processors based on previous microarchitectures, the logical processor toggles the PMi pins and 
increments the counter when performance-monitoring events occur; when clear, the processor toggles the PM 
pins when the counter overflows. The toggling of a pin is defined as assertion of the pin for a single bus clock 
followed by deassertion. 
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INT (APIC interrupt enable) flag (bit 20) — When set, the logical processor generates an exception 
through its local APIC on counter overflow. 


EN (Enable Counters) Flag (bit 22) — When set, performance counting is enabled in the corresponding 
performance-monitoring counter; when clear, the corresponding counter is disabled. The event logic unit for a 
UMASK must be disabled by setting IA32_PERFEVTSELx[bit 22] = 0, before writing to IA32_PMCx. 


INV (invert) flag (bit 23) — When set, inverts the counter-mask (CMASK) comparison, so that both greater 
than or equal to and less than comparisons can be made (0: greater than or equal; 1: less than). Note if 
counter-mask is programmed to zero, INV flag is ignored. 


Counter mask (CMASK) field (bits 24 through 31) — When this field is not zero, a logical processor 
compares this mask to the events count of the detected microarchitectural condition during a single cycle. If 
the event count is greater than or equal to this mask, the counter is incremented by one. Otherwise the counter 
is not incremented. 


This mask is intended for software to characterize microarchitectural conditions that can count multiple 
occurrences per cycle (for example, two or more instructions retired per clock; or bus queue occupations). If 
the counter-mask field is 0, then the counter is incremented each cycle by the event count associated with 
multiple occurrences. 


19.2.1.2 Pre-defined Architectural Performance Events 


Table 19-1 lists architecturally defined events. 


Table 19-1. UMask and Event Select Encodings for Pre-Defined Architectural Performance Events 


Bit Position Event Name UMask Event Select 
CPUID.AH.EBX 

0 UnHalted Core Cycles OOH 3CH 
1 Instruction Retired OOH COH 
2 UnHalted Reference Cycles! 01H 3CH 
3 LLC Reference 4FH 2EH 
4 LLC Misses 41H 2EH 
5 Branch Instruction Retired OOH C4H 
6 Branch Misses Retired OOH CSH 
7 Topdown Slots 01H A4H 
NOTES: 


1. Implementations prior to the 12th generation Intel® Core™ processor P-cores count at core crystal clock, TSC, or bus clock frequency. 


A processor that supports architectural performance monitoring may not support all the predefined architectural 
performance events (Table 19-1). The number of architectural events is reported through CPUID.OAH:EAX[31:24], 
while non-zero bits in CPUID.OAH:EBX indicate any architectural events that are not available. 


The behavior of each architectural performance event is expected to be consistent on all processors that support 
that event. Minor variations between microarchitectures are noted below: 


UnHalted Core Cycles — Event select 3CH, Umask 00H 


This event counts core clock cycles when the clock signal on a specific core is running (not halted). The counter 
does not advance in the following conditions: 


— anACPI C-state other than CO for normal operation 
— HLT 

— STPCLK# pin asserted 

— being throttled by TM1 


— during the frequency switching phase of a performance state transition (see Chapter 14, “Power and 
Thermal Management”) 
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The performance counter for this event counts across performance state transitions using different core clock 
frequencies. 


¢ Instructions Retired — Event select COH, Umask 00H 


This event counts the number of instructions at retirement. For instructions that consist of multiple micro-ops, 
this event counts the retirement of the last micro-op of the instruction. An instruction with a REP prefix counts 
as one instruction (not per iteration). Faults before the retirement of the last micro-op of a multi-ops instruction 
are not counted. 

This event does not increment under VM-exit conditions. Counters continue counting during hardware 
interrupts, traps, and inside interrupt handlers. 


¢ UnHalted Reference Cycles — Event select 3CH, Umask 01H 


This event counts reference clock cycles at a fixed frequency while the clock signal on the core is running. The 
event counts at a fixed frequency, irrespective of core frequency changes due to performance state transitions. 
Processors may implement this behavior differently. Current implementations use the core crystal clock, TSC or 
the bus clock. Because the rate may differ between implementations, software should calibrate it to a time 
source with known frequency. 


e Last Level Cache References — Event select 2EH, Umask 4FH 


This event counts requests originating from the core that reference a cache line in the last level on-die cache. 
The event count includes speculation and cache line fills due to the first-level cache hardware prefetcher, but 
may exclude cache line fills due to other hardware-prefetchers. 


Because cache hierarchy, cache sizes and other implementation-specific characteristics; value comparison to 
estimate performance differences is not recommended. 


° Last Level Cache Misses — Event select 2EH, Umask 41H 


This event counts each cache miss condition for references to the last level on-die cache. The event count may 
include speculation and cache line fills due to the first-level cache hardware prefetcher, but may exclude cache 
line fills due to other hardware-prefetchers. 


Because cache hierarchy, cache sizes and other implementation-specific characteristics; value comparison to 
estimate performance differences is not recommended. 


¢ Branch Instructions Retired — Event select C4H, Umask 00H 


This event counts branch instructions at retirement. It counts the retirement of the last micro-op of a branch 
instruction. 


¢ All Branch Mispredict Retired — Event select CSH, Umask 00H 


This event counts mispredicted branch instructions at retirement. It counts the retirement of the last micro-op 
of a branch instruction in the architectural path of execution and experienced misprediction in the branch 
prediction hardware. 


Branch prediction hardware is implementation-specific across microarchitectures; value comparison to 
estimate performance differences is not recommended. 


* Topdown Slots — Event select A4H, Umask 01H 
This event counts the total number of available slots for an unhalted logical processor. 


The event increments by machine-width of the narrowest pipeline as employed by the Top-down Microarchi- 
tecture Analysis method. The count is distributed among unhalted logical processors (hyper-threads) who 
share the same physical core, in processors that support Intel Hyper-Threading Technology. 


Software can use this event as the denominator for the top-level metrics of the Top-down Microarchitecture 
Analysis method. 


NOTE 


Programming decisions or software precisians on functionality should not be based on the event 
values or dependent on the existence of performance monitoring events. 
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19.2.2 Architectural Performance Monitoring Version 2 


The enhanced features provided by architectural performance monitoring version 2 include the following: 


Fixed-function performance counter register and associated control register — Three of the architec- 
tural performance events are counted using three fixed-function MSRs (IA32_FIXED_CTRO through 
IA32_FIXED_CTR2). Each of the fixed-function PMC can count only one architectural performance event. 


Configuring the fixed-function PMCs is done by writing to bit fields in the MSR (IA32_FIXED_CTR_CTRL) located 
at address 38DH. Unlike configuring performance events for general-purpose PMCs (IA32_PMCx) via UMASK 
field in (IA32_PERFEVTSELx), configuring, programming IA32_FIXED_CTR_CTRL for fixed-function PMCs do 
not require any UMASK. 


Simplified event programming — Most frequent operation in programming performance events are 
enabling/disabling event counting and checking the status of counter overflows. Architectural performance 
event version 2 provides three architectural MSRs: 


— IA32_PERF_GLOBAL_CTRL allows software to enable/disable event counting of all or any combination of 
fixed-function PMCs (IA32_FIXED_CTRx) or any general-purpose PMCs via a single WRMSR. 


— IA32_PERF_GLOBAL_STATUS allows software to query counter overflow conditions on any combination of 
fixed-function PMCs or general-purpose PMCs via a single RDMSR. 


— IA32_PERF_GLOBAL_OVF_CTRL allows software to clear counter overflow conditions on any combination of 
fixed-function PMCs or general-purpose PMCs via a single WRMSR. 


PMI Overhead Mitigation — Architectural performance monitoring version 2 introduces two bit field interface 
in IA32_DEBUGCTL for PMI service routine to accumulate performance monitoring data and LBR records with 
reduced perturbation from servicing the PMI. The two bit fields are: 


— IA32_DEBUGCTL.Freeze_LBR_On_PMI(bit 11). In architectural performance monitoring version 2, only the 
legacy semantic behavior is supported. See Section 17.4.7 for details of the legacy Freeze LBRs on PMI 
control. 


— IA32_DEBUGCTL.Freeze_PerfMon_On_PMI(bit 12). In architectural performance monitoring version 2, 
only the legacy semantic behavior is supported. See Section 17.4.7 for details of the legacy Freeze LBRs on 
PMI control. 


The facilities provided by architectural performance monitoring version 2 can be queried from CPUID leaf OAH by 
examining the content of register EDX: 


Bits 0 through 4 of CPUID.OAH.EDX indicates the number of fixed-function performance counters available per 
core, 


Bits 5 through 12 of CPUID.OAH.EDX indicates the bit-width of fixed-function performance counters. Bits 
beyond the width of the fixed-function counter are reserved and must be written as zeros. 


NOTE 


Early generation of processors based on Intel Core microarchitecture may report in 
CPUID.OAH:EDX of support for version 2 but indicating incorrect information of version 2 facilities. 


The IA32_FIXED_CTR_CTRL MSR include multiple sets of 4-bit field, each 4 bit field controls the operation of a 
fixed-function performance counter. Figure 19-2 shows the layout of 4-bit controls for each fixed-function PMC. 
Two sub-fields are currently defined within each control. The definitions of the bit fields are: 
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Cntr2 — Controls for |A32_FIXED_CTR2 
Cntr1 — Controls for |A32_FIXED_CTR1 
PMI — Enable PMI on overflow 
CntrO — Controls for |A32_FIXED_CTRO 
ENABLE — 0: disable; 1: OS; 2: User; 3: All ring levels 


Reserved 


Figure 19-2. Layout of IA32_FIXED_CTR_CTRL MSR 


¢ Enable field (lowest 2 bits within each 4-bit control) — When bit 0 is set, performance counting is 
enabled in the corresponding fixed-function performance counter to increment while the target condition 
associated with the architecture performance event occurred at ring 0. When bit 1 is set, performance counting 
is enabled in the corresponding fixed-function performance counter to increment while the target condition 
associated with the architecture performance event occurred at ring greater than 0. Writing 0 to both bits stops 
the performance counter. Writing a value of 11B enables the counter to increment irrespective of privilege 
levels. 


° PMI field (the fourth bit within each 4-bit control) — When set, the logical processor generates an 
exception through its local APIC on overflow condition of the respective fixed-function counter. 


IA32_PERF_GLOBAL_CTRL MSR provides single-bit controls to enable counting of each performance counter. 
Figure 19-3 shows the layout of IA32_PERF_GLOBAL_CTRL. Each enable bit in IA32_PERF_GLOBAL_CTRL is 
AND’ed with the enable bits for all privilege levels in the respective IA32_PERFEVTSELx or 
IA32_PERF_FIXED_CTR_CTRL MSRs to start/stop the counting of respective counters. Counting is enabled if the 
AND’ed results is true; counting is disabled when the result is false. 
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1A32_FIXED_CTR2 enable 
1A32_FIXED_CTR1 enable 
1A32_FIXED_CTRO enable 
IA32_PMC1 enable 
1A32_PMCO enable 


Reserved 


Figure 19-3. Layout of IA32_PERF_GLOBAL_CTRL MSR 


The behavior of the fixed function performance counters supported by architectural performance version 2 is 
expected to be consistent on all processors that support those counters, and is defined as follows. 


19-8 Vol. 3B 


PERFORMANCE MONITORING 


Table 19-2. Association of Fixed-Function Performance Counters with Architectural Performance Events 


Fixed-Function Address | Event Mask Mnemonic Description 
Performance Counter 
IA32_FIXED_CTRO 309H INST_RETIRED.ANY This event counts the number of instructions that retire 


execution. For instructions that consist of multiple uops, 
this event counts the retirement of the last uop of the 
instruction. The counter continues counting during 
hardware interrupts, traps, and in-side interrupt handlers. 


IA32_FIXED_CTR1 30AH CPU_CLK_UNHALTED.THREAD | The CPU_CLK_UNHALTED.THREAD event counts the 
CPU CLK UNHALTED.CORE number of core cycles while the logical processor is not ina 
OO halt state. 


If there is only one logical processor in a processor core, 
CPU_CLK_UNHALTED.CORE counts the unhalted cycles of 
the processor core. 


The core frequency may change from time to time due to 
transitions associated with Enhanced Intel SpeedStep 
Technology or TM2. For this reason this event may have a 
changing ratio with regards to time. 


IA32_FIXED_CTR2 30BH CPU_CLK_UNHALTED.REF_TSC | This event counts the number of reference cycles at the 
TSC rate when the core is not in a halt state and not ina TM 
stop-clock state. The core enters the halt state when it is 
running the HLT instruction or the MWAIT instruction. This 
event is not affected by core frequency changes (e.g., P 
states) but counts at the same frequency as the time stamp 
counter. This event can approximate elapsed time while the 
core was not in a halt state and not in a TM stopclock state. 


IA32_FIXED_CTR3 30CH TOPDOWN.SLOTS This event counts the number of available slots for an 
unhalted logical processor. The event increments by 
machine-width of the narrowest pipeline as employed by 
the Top-down Microarchitecture Analysis method. The 
count is distributed among unhalted logical processors 
(hyper-threads) who share the same physical core. 
Software can use this event as the denominator for the 
top-level metrics of the Top-down Microarchitecture 
Analysis method. 


IA32_PERF_GLOBAL_STATUS MSR provides single-bit status for software to query the overflow condition of each 
performance counter. IA32_PERF_GLOBAL_STATUS[bit 62] indicates overflow conditions of the DS area data 
buffer. IA32_PERF_GLOBAL_STATUS[bit 63] provides a CondChgd bit to indicate changes to the state of perfor- 
mance monitoring hardware. Figure 19-4 shows the layout of IA32_PERF_GLOBAL_STATUS. A value of 1 in bits 0, 
1, 32 through 34 indicates a counter overflow condition has occurred in the associated counter. 


When a performance counter is configured for PEBS, overflow condition in the counter generates a performance- 
monitoring interrupt signaling a PEBS event. On a PEBS event, the processor stores data records into the buffer 
area (see Section 18.15.5), clears the counter overflow status., and sets the “OvfBuffer” bit in 
IA32_PERF_GLOBAL_STATUS. 
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CondChgd 
OvfDSBuffer — 
IA32_FIXED_CTR2 Overflow. 
IA32_FIXED_CTR1 Overflow 
1A32_FIXED_CTRO Overflow: 
IA32_PMC1 Overflow 
IA32_PMCO Overflow 


Reserved 


Figure 19-4. Layout of IA32_PERF_GLOBAL_STATUS MSR 


IA32_PERF_GLOBAL_OVF_CTL MSR allows software to clear overflow indicator(s) of any general-purpose or fixed- 
function counters via a single WRMSR. Software should clear overflow indications when 


¢ Setting up new values in the event select and/or UMASK field for counting or interrupt-based event sampling. 
* Reloading counter values to continue collecting next sample. 

* Disabling event counting or interrupt-based event sampling. 

The layout of IA32_PERF_GLOBAL_OVF_CTL is shown in Figure 19-5. 


6362 35 34.33 3231 210 


ClrCondChgd 


ClrOvfDSBuffer 
1A32_FIXED_CTR2 ClrOverflow 
1A32_FIXED_CTR1 ClrOverflow 
1A32_FIXED_CTRO ClrOverflow 
1A32_PMC1 ClrOverflow 
1A32_PMCO ClrOverflow 


Reserved 


Figure 19-5, Layout of |A32_PERF_GLOBAL_OVF_CTRL MSR 


19.2.3 Architectural Performance Monitoring Version 3 


Processors supporting architectural performance monitoring version 3 also supports version 1 and 2, as well as 
capability enumerated by CPUID leaf OAH. Specifically, version 3 provides the following enhancement in perfor- 
mance monitoring facilities if a processor core comprising of more than one logical processor, i.e. a processor core 
supporting Intel Hyper-Threading Technology or simultaneous multi-threading capability: 


e AnyThread counting for processor core supporting two or more logical processors. The interface that supports 
AnyThread counting include: 


— Each IA32_PERFEVTSELx MSR (starting at MSR address 186H) support the bit field layout defined in Figure 
19-6. 
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INV—Invert counter mask ——! 
EN—Enable counters 
ANY—Any Thread —_ 
INT—APIC interrupt enable 
PC—Pin control 
E—Edge detect 
OS—Operating system mode———! Reserved 
USR—User Mode 


Figure 19-6. Layout of I[A32_PERFEVTSELx MSRs Supporting Architectural Performance Monitoring Version 3 


Bit 21 (AnyThread) of IA32_PERFEVTSELx is supported in architectural performance monitoring version 3 for 
processor core comprising of two or more logical processors. When set to 1, it enables counting the associated 
event conditions (including matching the thread’s CPL with the OS/USR setting of IA32_PERFEVTSELx) 
occurring across all logical processors sharing a processor core. When bit 21 is 0, the counter only increments 
the associated event conditions (including matching the thread’s CPL with the OS/USR setting of 
IA32_PERFEVTSELx) occurring in the logical processor which programmed the IA32_PERFEVTSELx MSR. 


— Each fixed-function performance counter IA32_FIXED_CTRx (starting at MSR address 309H) is configured 
by a 4-bit control block in the IA32_PERF_FIXED_CTR_CTRL MSR. The control block also allow thread- 
specificity configuration using an AnyThread bit. The layout of IA32_PERF_FIXED_CTR_CTRL MSR is 
shown. 
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Cntr2 — Controls for |A32_FIXED_CTR2 
Cntr1 — Controls for |A32_FIXED_CTR1 
PMI — Enable PMI on overflow on IA32_FIXED_CTRO 
AnyThread — AnyThread for IA32_FIXED_CTRO 
ENABLE — IA32_FIXED_CTRO. 0: disable; 1: OS; 2: User; 3: All ring levels 


Reserved 


Figure 19-7. [|A32_FIXED_CTR_CTRL MSR Supporting Architectural Performance Monitoring Version 3 


Each control block for a fixed-function performance counter provides an AnyThread (bit position 2 + 4*N, N= 
0, 1, etc.) bit. When set to 1, it enables counting the associated event conditions (including matching the 
thread’s CPL with the ENABLE setting of the corresponding control block of IA32_PERF_FIXED_CTR_CTRL) 
occurring across all logical processors sharing a processor core. When an AnyThread bit is 0 in 
IA32_PERF_FIXED_CTR_CTRL, the corresponding fixed counter only increments the associated event 
conditions occurring in the logical processor which programmed the IA32_PERF_FIXED_CTR_CTRL MSR. 


The IA32_PERF_GLOBAL_CTRL, IA32_PERF_GLOBAL_STATUS, IA32_PERF_GLOBAL_OVF_CTRL MSRs provide 
single-bit controls/status for each general-purpose and fixed-function performance counter. Figure 19-8 and 
Figure 19-9 show the layout of these MSRs for N general-purpose performance counters (where N is reported 
by CPUID.OAH:EAX[15:8]) and three fixed-function counters. 
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NOTE 


The number of general-purpose performance monitoring counters (i.e., N in Figure 19-9) can vary 
across processor generations within a processor family, across processor families, or could be 
different depending on the configuration chosen at boot time in the BIOS regarding Intel Hyper 
Threading Technology, (e.g. N=2 for 45 nm Intel Atom processors; N =4 for processors based on 
the Nehalem microarchitecture; for processors based on the Sandy Bridge microarchitecture, N = 
4 if Intel Hyper Threading Technology is active and N=8 if not active). In addition, the number of 
counters may vary from the number of physical counters present on the hardware, because an 
agent running at a higher privilege level (e.g., a VMM) may not expose all counters. 


Global Enable Controls IA32_PERF_GLOBAL_CTRL 
63 35 34 33 32 31 NN... 10 


Reserved 


1A32_FIXED_CTR2 enable ————! 
1A32_FIXED_CTR1 enable —————__! 
1A32_FIXED_CTRO enable 

1A32_PMC(N-1) enable 
ee enable 
1A32_PMC1 enable 
1A32_PMCO enable 


Figure 19-8. Layout of Global Performance Monitoring Control MSR 


Global Overflow Status [A32_PERF_GLOBAL_STATUS 
636261 35 3433 3231 N... 10 
OvfDSBuffer 


OvfUncore 

1A32_FIXED_CTR2 Overflow §$———! IA32_PMC(N-1) Overflew——— 
1A32_FIXED_CTR1 Cl a aca an Overflo' 
1A32_FIXED_CTRO Overflow 
1A32_PMC1 Overflow 
1A32_PMCO Overflow 


CondChgd —— 


Global Overflow Status [A32_PERF_GLOBAL_OVF_CTRL 
6362 35 3433 3231 Ni... 10 


ClrCondChgd —_ 
ClrOvfDSBuffer —J 
ClrOvfUncore 
1A32_FIXED_CTR2 ClrOverflow 
1A32_FIXED_CTR1 ClrOverflow 
1A32_FIXED_CTRO ClrOverflow 
1A32_PMC1 ClrOverflow 
1A32_PMCO ClrOverflow 


1A32_PMC(N-1) ClrOverflow 
weliegetendeehens thee ClrOverflow——_____ 


Figure 19-9. Global Performance Monitoring Overflow Status and Control MSRs 
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19.2.3.1 AnyThread Counting and Software Evolution 


The motivation for characterizing software workload over multiple software threads running on multiple logical 
processors of the same processor core originates from a time earlier than the introduction of the AnyThread inter- 
face in IA32_PERFEVTSELx and IA32_FIXED_CTR_CTRL. While AnyThread counting provides some benefits in 
simple software environments of an earlier era, the evolution contemporary software environments introduce 
certain concepts and pre-requisites that AnyThread counting does not comply with. 

One example is the proliferation of software environments that support multiple virtual machines (VM) under VMX 
(see Chapter 23, “Introduction to Virtual-Machine Extensions”) where each VM represents a domain separated 
from one another. 

A Virtual Machine Monitor (VMM) that manages the VMs may allow an individual VM to employ performance moni- 
toring facilities to profiles the performance characteristics of a workload. The use of the Anythread interface in 
IA32_PERFEVTSELx and IA32_FIXED_CTR_CTRL is discouraged with software environments supporting virtualiza- 
tion or requiring domain separation. 


Specifically, Intel recommends VMM: 


* Configure the MSR bitmap to cause VM-exits for WRMSR to IA32_PERFEVTSELx and IA32_FIXED_CTR_CTRL in 
VMX non-Root operation (see CHAPTER 24 for additional information), 

° Clear the AnyThread bit of IA32_PERFEVTSELx and IA32_FIXED_CTR_CTRL in the MSR-load lists for VM exits 
and VM entries (see CHAPTER 24, CHAPTER 26, and CHAPTER 27). 


Even when operating in simpler legacy software environments which might not emphasize the pre-requisites of a 
virtualized software environment, the use of the AnyThread interface should be moderated and follow any event- 
specific guidance where explicitly noted. 


19.2.4 Architectural Performance Monitoring Version 4 


Processors supporting architectural performance monitoring version 4 also supports version 1, 2, and 3, as well as 

capability enumerated by CPUID leaf OAH. Version 4 introduced a streamlined PMI overhead mitigation interface 

that replaces the legacy semantic behavior but retains the same control interface in 

IA32_DEBUGCTL.Freeze_LBRs_On_PMI and Freeze_PerfMon_On_PMI. Specifically version 4 provides the following 

enhancements: 

¢ New indicators (LBR_FRZ, CTR_FRZ) in IA32_PERF_GLOBAL_STATUS, see Section 19.2.4.1. 

¢ Streamlined Freeze/PMI Overhead management interfaces to use IA32_DEBUGCTL.Freeze_LBRs_On_PMI and 
IA32_DEBUGCTL.Freeze_PerfMon_On_PMI: see Section 19.2.4.1. Legacy semantics of Freeze_LBRs_On_PMI 
and Freeze_PerfMon_On_PMI (applicable to version 2 and 3) are not supported with version 4 or higher. 


¢  Fine-grain separation of control interface to manage overflow/status of IA32_PERF_GLOBAL_STATUS and 
read-only performance counter enabling interface in IA32_PERF_GLOBAL_STATUS: see Section 19.2.4.2. 


¢ Performance monitoring resource in-use MSR to facilitate cooperative sharing protocol between perfmon- 
managing privilege agents. 


19.2.4.1 Enhancement in |A32_PERF_GLOBAL_STATUS 


The IA32_PERF_GLOBAL_STATUS MSR provides the following indicators with architectural performance monitoring 
version 4: 
° TA32_PERF_GLOBAL_STATUS.LBR_FRZ[bit 58]: This bit is set due to the following conditions: 

— IA32_DEBUGCTL.FREEZE_LBR_ON_PMI has been set by the profiling agent, and 


— A performance counter, configured to generate PMI, has overflowed to signal a PMI. Consequently the LBR 
stack is frozen. 


Effectively, the IA32_PERF_GLOBAL_STATUS.LBR_FRZ bit also serves as a control to enable capturing data in 
the LBR stack. To enable capturing LBR records, the following expression must hold with architectural perfmon 
version 4 or higher: 


— (IA32_DEBUGCTL.LBR & (!IA32_PERF_GLOBAL_STATUS.LBR_FRZ) ) =1 
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e = JTA32_PERF_GLOBAL_STATUS.CTR_FRZ[bit 59]: This bit is set due to the following conditions: 
— JA32_DEBUGCTL.FREEZE_PERFMON_ON_PMI has been set by the profiling agent, and 


— A performance counter, configured to generate PMI, has overflowed to signal a PMI. Consequently, all the 
performance counters are frozen. 


Effectively, the IA32_PERF_GLOBAL_STATUS.CTR_FRZ bit also serve as an read-only control to enable 
programmable performance counters and fixed counters in the core PMU. To enable counting with the 
performance counters, the following expression must hold with architectural perfmon version 4 or higher: 


¢ (IJA32_PERFEVTSELn.EN & IA32_PERF_GLOBAL_CTRL.PMCn & 
(1IA32_PERF_GLOBAL_STATUS.CTR_FRZ) ) = 1 for programmable counter ‘n’, or 


¢ (IJA32_PERF_FIXED_CRTL.ENi & IA32_PERF_GLOBAL_CTRL.FCi & 
(1IA32_PERF_GLOBAL_STATUS.CTR_FRZ) ) = 1 for fixed counter ‘i’ 


The read-only enable interface IA32_PERF_GLOBAL_STATUS.CTR_FRZ provides a more efficient flow for a PMI 
handler to use IA32_ DEBUGCTL.Freeze_Perfmon_On_PMI to filter out data that may distort target workload anal- 
ysis, see Table 17-3. It should be noted the IA32_PERF_GLOBAL_CTRL register continue to serve as the primary 
interface to control all performance counters of the logical processor. 


For example, when the Freeze-On-PMI mode is not being used, a PMI handler would be setting 
IA32_PERF_GLOBAL_CTRL as the very last step to commence the overall operation after configuring the individual 
counter registers, controls and PEBS facility. This does not only assure atomic monitoring but also avoids unneces- 
sary complications (e.g. race conditions) when software attempts to change the core PMU configuration while some 
counters are kept enabled. 


Additionally, IA32_PERF_GLOBAL_STATUS.TraceToPAPMI [bit 55]: On processors that support Intel Processor Trace 
and configured to store trace output packets to physical memory using the ToPA scheme, bit 55 is set when a PMI 
occurred due to a ToPA entry memory buffer was completely filled. 


IA32_PERF_GLOBAL_STATUS also provides an indicator to distinguish interaction of performance monitoring oper- 
ations with other side-band activities, which apply Intel SGX on processors that support SGX (For additional infor- 
mation about Intel SGX, see the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3D): 


e TA32_PERF_GLOBAL_STATUS.ASCI[bit 60]: This bit is set when data accumulated in any of the configured 
performance counters (i.e. IA32_PMCx or IA32_FIXED_CTRx) may include contributions from direct or indirect 
operation of Intel SGX to protect an enclave (since the last time IA32_PERF_GLOBAL_STATUS.ASCI was 
cleared). 


6362 61 6059 58 55 35 3433 32 31 NN... 10 


CondChgd 
OvfDSBuffer 
OvfUncore 
ASCI 
CTR Fre. i ttteteteteteees 
LBR_Frz 1A32_PMC1 Overflow 


Trace ToPAPMI 1A32_PMCO Overflow 
IA32_ FIXED_CTR2 Overflow = 


IA32_FIXED_CTR1 Overflow Reserved 
IA32_FIXED_CTRO Overflow 


Figure 19-10. [A32_PERF_GLOBAL_STATUS MSR and Architectural Perfmon Version 4 


Note, a processor’s support for IA32_PERF_GLOBAL_STATUS. TraceToPAPMI[bit 55] is enumerated as a result of 
CPUID enumerated capability of Intel Processor Trace and the use of the ToPA buffer scheme. Support of 
IA32_PERF_GLOBAL_STATUS.ASCI[bit 60] is enumerated by the CPUID enumeration of Intel SGX. 
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19.2.4.2 IA32_PERF_GLOBAL_STATUS_RESET and IA32_PERF_GLOBAL_STATUS_SET MSRS 


With architectural performance monitoring version 3 and lower, clearing of the set bits in 
IA32_PERF_GLOBAL_STATUS MSR by software is done via IA32_PERF_GLOBAL_OVF_CTRL MSR. Starting with 
architectural performance monitoring version 4, software can manage the overflow and other indicators in 
IA32_PERF_GLOBAL_STATUS using separate interfaces to set or clear individual bits. 

The address and the architecturally-defined bits of IA32_PERF_GLOBAL_OVF_CTRL is inherited by 


IA32_PERF_GLOBAL_STATUS_RESET (see Figure 19-11). Further, IA32_PERF_GLOBAL_STATUS_RESET provides 
additional bit fields to clear the new indicators in IA32_PERF_GLOBAL_STATUS described in Section 19.2.4.1. 


6362 61 6059 58 55 35 3433 32 31 NN... 10 


Clr ASCI Clr IA32_PMC(N-1) Ovf 
Clr CTR_Frz GUE desesccocstieetitica Ovf 
Clr LBR_Frz Clr 1A32_PMC1 Ovt 

Clr TraceToPAPMI Clr 1A32_PMCO Ovf 

Clr |A32_FIXED_CTR2 Ovf 
Clr |A32_FIXED_CTR1 Ovf Reserved 
Clr IA32_FIXED_CTRO Ovf 


Figure 19-11. IA32_PERF_GLOBAL_STATUS_RESET MSR and Architectural Perfmon Version 4 


Clr CondChgd 
Clr OvfDSBuffer 
Clr OvfUncore 


The IA32_PERF_GLOBAL_STATUS_SET MSR is introduced with architectural performance monitoring version 4. It 
allows software to set individual bits in IA32_PERF_GLOBAL_STATUS. The IA32_PERF_GLOBAL_STATUS_SET 
interface can be used by a VMM to virtualize the state of IA32_PERF_GLOBAL_STATUS across VMs. 


63 62 61 60 59 58 55 35 34 33 32 31 N.. 10 


Set OvfDSBuffer 

Set OvfUncore 

Set ASCI Set IA32_PMC(N-1) Ovf 

Set CTR_Frz Del ae eke Ovf 

Set LBR_Frz Set IA32_PMC1 Ovf 

Set TraceToPAPMI Set IA32_PMCO Ovt 

Set IA32_FIXED_CTR2 Ovf 

Set IA32_FIXED_CTR1 Ovf Reserved 


Set IA32_FIXED_CTRO Ovf 


Figure 19-12. IA32_PERF_GLOBAL_STATUS_SET MSR and Architectural Perfmon Version 4 


19.2.4.3 IA32_PERF_GLOBAL_INUSE MSR 


In a contemporary software environment, multiple privileged service agents may wish to employ the processor’s 
performance monitoring facilities. The IA32_MISC_ENABLE.PERFMON_AVAILABLE[bit 7] interface could not serve 
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the need of multiple agent adequately. A white paper, “Performance Monitoring Unit Sharing Guideline 


1 proposed 


a cooperative sharing protocol that is voluntary for participating software agents. 


Architectural performance monitoring version 4 introduces a new MSR, IA32_PERF_GLOBAL_INUSE, that simplifies 
the task of multiple cooperating agents to implement the sharing protocol. 


The layout of IA32_PERF_GLOBAL_INUSE is shown in Figure 19-13. 


63 35 3433 32.31 N.. 10 


PMI InUse | 


FIXED_CTR2 InUse 
FIXED_CTR1 InUse PERFEVTSEL(N-1) InUse 


FIXED_CTRO InUse © ——— $$$ rrr InUse 
PERFEVTSEL1 InUse 


PERFEVTSELO InUse 


N = CPUID.OAH:EAX[15:8] Reserved 


Figure 19-13. 1A32_PERF_GLOBAL_INUSE MSR and Architectural Perfmon Version 4 


The IA32_PERF_GLOBAL_INUSE MSR provides an “InUse” bit for each programmable performance counter and 
fixed counter in the processor. Additionally, it includes an indicator if the PMI mechanism has been configured by a 
profiling agent. 


IA32_PERF_GLOBAL_INUSE.PERFEVTSELO_InUse[bit 0]: This bit reflects the logical state of 
(IA32_PERFEVTSELO[7:0] != 0). 


IA32_PERF_GLOBAL_INUSE.PERFEVTSEL1_InUse[bit 1]: This bit reflects the logical state of 
(IA32_PERFEVTSEL1[7:0] != 0). 


IA32_PERF_GLOBAL_INUSE.PERFEVTSEL2_InUse[bit 2]: This bit reflects the logical state of 
(IA32_PERFEVTSEL2[7:0] != 0). 


IA32_PERF_GLOBAL_INUSE.PERFEVTSELn_InUse[bit n]: This bit reflects the logical state of 
(IA32_PERFEVTSELn[7:0] != 0), n < CPUID.OAH:EAX[15:8]. 


IA32_PERF_GLOBAL_INUSE.FCO_InUse[bit 32]: This bit reflects the logical state of 
(IA32_FIXED_CTR_CTRL[1:0] != 0). 


IA32_PERF_GLOBAL_INUSE.FC1_InUse[bit 33]: This bit reflects the logical state of 
(IA32_FIXED_CTR_CTRL[5:4] != 0). 


IA32_PERF_GLOBAL_INUSE.FC2_InUse[bit 34]: This bit reflects the logical state of 
(IA32_FIXED_CTR_CTRL[9:8] != 0). 


IA32_PERF_GLOBAL_INUSE.PMI_InUse[bit 63]: This bit is set if any one of the following bit is set: 
— JA32_PERFEVTSELn.INT[bit 20], n < CPUID.OAH:EAX[15:8]. 
— JA32_FIXED_CTR_CTRL.ENi_PMI, i = 0, 1, 2. 


— Any IA32_PEBS_ENABLES bit which enables PEBS for a general-purpose or fixed-function performance 
counter. 


1. 


Available at http://www. intel.com/sdm 
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19.2.5 Architectural Performance Monitoring Version 5 


Processors supporting architectural performance monitoring version 5 also support versions 1, 2, 3 and 4, as well 
as capability enumerated by CPUID leaf OAH. Specifically, version 5 provides the following enhancements: 


¢ Deprecation of AnyThread mode, see Section 19.2.5.1. 
® Individual enumeration of Fixed counters in CPUID.OAH, see Section 19.2.5.2. 
¢ Domain separation, see Section 19.2.5.3. 


19.2.5.1 AnyThread Mode Deprecation 


With Architectural Performance Monitoring Version 5, a processor that supports AnyThread mode deprecation is 
enumerated by CPUID.OAH.EDX[15]. If set, software will not have to follow guidelines in Section 19.2.3.1. 


19.2.5.2 Fixed Counter Enumeration 


With Architectural Performance Monitoring Version 5, register CPUID.OAH.ECX indicates Fixed Counter enumera- 
tion. It is a bit mask which enumerates the supported Fixed Counters in a processor. If bit 'i’ is set, it implies that 
Fixed Counter 'i' is supported. Software is recommended to use the following logic to check if a Fixed Counter is 
supported on a given processor: 


FxCtr[i]_is_ supported := ECX[i] || (EDX[4:0] > i); 


19.2.5.3. Domain Separation 


When the INV flag in IA32_PERFEVTSELx is used, a counter stops counting when the logical processor exits the CO 
ACPI C-state. 


19.2.6 —Full-Width Writes to Performance Counter Registers 


The general-purpose performance counter registers IA32_PMCx are writable via WRMSR instruction. However, the 
value written into IA32_PMCx by WRMSR is the signed extended 64-bit value of the EAX[31:0] input of WRMSR. 


A processor that supports full-width writes to the general-purpose performance counters enumerated by 
CPUID.OAH:EAX[15:8] will set IA32_PERF_CAPABILITIES[13] to enumerate its full-width-write capability See 
Figure 19-65. 


If IA32_PERF_CAPABILITIES.FW_WRITE[bit 13] =1, each IA32_PMCi is accompanied by a corresponding alias 
address starting at 4C1H for IA32_A_PMCO. 


The bit width of the performance monitoring counters is specified in CPUID.OAH:EAX[23:16]. 


If IA32_A_PMCi is present, the 64-bit input value (EDX:EAX) of WRMSR to IA32_A_PMCi will cause IA32_PMCi to 
be updated by: 


COUNTERWIDTH = CPUID.OAH:EAX[23:16] bit width of the performance monitoring counter 
IA32_PMCi[COUNTERWIDTH-1:32] := EDX[COUNTERWIDTH-33:0]); 

IA32_PMCi[31:0] := EAX[31:0]; 

EDX[63:COUNTERWIDTH] are reserved 


19.3. PERFORMANCE MONITORING (INTEL® CORE™ PROCESSORS AND INTEL® 
XEON® PROCESSORS) 


19.3.1 | Performance Monitoring for Processors Based on Nehalem Microarchitecture 


Intel Core i7 processor family? supports architectural performance monitoring capability with version ID 3 (see 
Section 19.2.3) and a host of non-architectural monitoring capabilities. The Intel Core i7 processor family is based 
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on Nehalem microarchitecture, and provides four general-purpose performance counters (IA32_PMCO, 
IA32_PMC1, IA32_PMC2, IA32_PMC3) and three fixed-function performance counters (IA32_FIXED_CTRO, 
IA32_FIXED_CTR1, IA32_FIXED_CTR2) in the processor core. 


Non-architectural performance monitoring in Intel Core i7 processor family uses the IA32_PERFEVTSELx MSR to 

configure a set of non-architecture performance monitoring events to be counted by the corresponding general- 

purpose performance counter. The list of non-architectural performance monitoring events can be found at: 

https://perfmon-events.intel.com/. Non-architectural performance monitoring events fall into two broad catego- 

ries: 

¢ Performance monitoring events in the processor core: These include many events that are similar to 
performance monitoring events available to processor based on Intel Core microarchitecture. Additionally, 
there are several enhancements in the performance monitoring capability for detecting microarchitectural 
conditions in the processor core or in the interaction of the processor core to the off-core sub-systems in the 
physical processor package. The off-core sub-systems in the physical processor package is loosely referred to 
as “uncore”. 

¢ Performance monitoring events in the uncore: The uncore sub-system is shared by more than one processor 
cores in the physical processor package. It provides additional performance monitoring facility outside of 
IA32_PMCx and performance monitoring events that are specific to the uncore sub-system. 


Architectural and non-architectural performance monitoring events in Intel Core i7 processor family support thread 
qualification using bit 21 of IA32_PERFEVTSELx MSR. 


The bit fields within each IA32_PERFEVTSELx MSR are defined in Figure 19-6 and described in Section 19.2.1.1 and 
Section 19.2.3. 


63 62 6160 3534333231 87654321 0 


om 
CHG (RW) 
OVF_PMI (R/W) 
OVF_FC2 (R/O) 
OVF_FC1 (R/O) 
OVF_FCO (R/O) 
OVF_PC7 (R/O), if CCNT>7 
OVF_PC6 (R/O), if CCNT>6 
OVF_PC5 (R/O), if CCNT>5 
OVF_PC4 (R/O), if CCNT>4 
OVF_PC3 (R/O) 


OVF_PC2 (R/O) 
OVF_PC1 (R/O) 
OVF_PCO (R/O) 


Reserved RESET Value — 00000000_00000000H CCNT: CPUID.AH:EAX[15:8] 


Figure 19-14. |IA32_PERF_GLOBAL_STATUS MSR 


19.3.1.1 Enhancements of Performance Monitoring in the Processor Core 
The notable enhancements in the monitoring of performance events in the processor core include: 


° Four general purpose performance counters, IA32_PMCx, associated counter configuration MSRs, 
IA32_PERFEVTSELx, and global counter control MSR supporting simplified control of four counters. Each of the 
four performance counter can support processor event based sampling (PEBS) and thread-qualification of 
architectural and non-architectural performance events. Width of IA32_PMCx supported by hardware has been 
increased. The width of counter reported by CPUID.OAH:EAX[23:16] is 48 bits. The PEBS facility in Nehalem 


2. Intel Xeon processor 5500 series and 3400 series are also based on Nehalem microarchitecture; the performance monitoring facili- 
ties described in this section generally also apply. 
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microarchitecture has been enhanced to include new data format to capture additional information, such as 
load latency. 

¢ Load latency sampling facility. Average latency of memory load operation can be sampled using load-latency 
facility in processors based on Nehalem microarchitecture. This field measures the load latency from load's first 
dispatch of till final data writeback from the memory subsystem. The latency is reported for retired demand 
load operations and in core cycles (it accounts for re-dispatches). This facility is used in conjunction with the 
PEBS facility. 

°  Off-core response counting facility. This facility in the processor core allows software to count certain 
transaction responses between the processor core to sub-systems outside the processor core (uncore). 
Counting off-core response requires additional event qualification configuration facility in conjunction with 
IA32_PERFEVTSELx. Two off-core response MSRs are provided to use in conjunction with specific event codes 
that must be specified with IA32_PERFEVTSELx. 


NOTE 


The number of counters available to software may vary from the number of physical counters 
present on the hardware, because an agent running at a higher privilege level (e.g., a VMM) may 
not expose all counters. CPUID.OAH:EAX[15:8] reports the MSRs available to software; see Section 
19.2.1. 


19.3.1.1.1 Processor Event Based Sampling (PEBS) 


All general-purpose performance counters, IA32_PMCx, can be used for PEBS if the performance event supports 
PEBS. Software uses IA32_MISC_ENABLE[7] and IA32_MISC_ENABLE[12] to detect whether the performance 
monitoring facility and PEBS functionality are supported in the processor. The MSR IA32_PEBS_ENABLE provides 4 
bits that software must use to enable which IA32_PMCx overflow condition will cause the PEBS record to be 
captured. 

Additionally, the PEBS record is expanded to allow latency information to be captured. The MSR 
IA32_PEBS_ENABLE provides 4 additional bits that software must use to enable latency data recording in the PEBS 
record upon the respective IA32_PMCx overflow condition. The layout of IA32_PEBS_ENABLE for processors based 
on Nehalem microarchitecture is shown in Figure 19-15. 

When a counter is enabled to capture machine state (PEBS_EN_PMCx = 1), the processor will write machine state 
information to a memory buffer specified by software as detailed below. When the counter IA32_PMCx overflows 
from maximum count to zero, the PEBS hardware is armed. 


63 36 3534 33 32 31 876543 21 0 


LL_EN_PMC3 (R/W) 
LL_EN_PMC2 (R/W) 
LL_EN_PMC1 (R/W) 
LL_EN_PMCO (RW) 
PEBS_EN PMC3 (R/W) 
PEBS_EN PMC2 (R/W) 
PEBS_EN PMC1 (R/W) 
PEBS_EN PMCO (R/W) 


Reserved RESET Value — 00000000_00000000H 


Figure 19-15. Layout of IA32_PEBS_ENABLE MSR 


Upon occurrence of the next PEBS event, the PEBS hardware triggers an assist and causes a PEBS record to be 
written. The format of the PEBS record is indicated by the bit field IA32_PERF_CAPABILITIES[11:8] (see 
Figure 19-65). 
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The behavior of PEBS assists is reported by IA32_PERF_CAPABILITIES[6] (see Figure 19-65). The return instruc- 
tion pointer (RIP) reported in the PEBS record will point to the instruction after (+1) the instruction that causes the 
PEBS assist. The machine state reported in the PEBS record is the machine state after the instruction that causes 
the PEBS assist is retired. For instance, if the instructions: 


mov eax, [eax] ; causes PEBS assist 
nop 


are executed, the PEBS record will report the address of the nop, and the value of EAX in the PEBS record will show 
the value read from memory, not the target address of the read operation. 


The PEBS record format is shown in Table 19-3, and each field in the PEBS record is 64 bits long. The PEBS record 
format, along with debug/store area storage format, does not change regardless of IA-32e mode is active or not. 
CPUID.01H:ECX.DTES64[bit 2] reports whether the processor's DS storage format support is mode-independent. 
When set, it uses 64-bit DS storage format. 


Table 19-3. PEBS Record Format for Intel Core i7 Processor Family 


Byte Offset Field Byte Offset Field 

OOH R/EFLAGS 58H RO 

08H R/EIP 60H R10 

10H R/EAX 68H R11 

18H R/EBX 70H R12 

20H R/ECX 78H R13 

28H R/EDX 80H R14 

30H R/ESI 88H R15 

38H R/EDI 90H IA32_PERF_GLOBAL_STATUS 
40H R/EBP 98H Data Linear Address 

48H R/ESP AOH Data Source Encoding 

50H R8 A8H Latency value (core cycles) 


In IA-32e mode, the full 64-bit value is written to the register. If the processor is not operating in IA-32e mode, 32- 
bit value is written to registers with bits 63:32 zeroed. Registers not defined when the processor is not in IA-32e 
mode are written to zero. 


Bytes AFH:90H are enhancement to the PEBS record format. Support for this enhanced PEBS record format is indi- 
cated by IA32_PERF_CAPABILITIES[11:8] encoding of 0001B. 


The value written to bytes 97H:90H is the state of the IA32_PERF_GLOBAL_STATUS register before the PEBS assist 
occurred. This value is written so software can determine which counters overflowed when this PEBS record was 
written. Note that this field indicates the overflow status for all counters, regardless of whether they were 
programmed for PEBS or not. 


Programming PEBS Facility 


Only a subset of non-architectural performance events in the processor support PEBS. The subset of precise events 
are listed in Table 19-84. In addition to using IA32_PERFEVTSELx to specify event unit/mask settings and setting 

the EN_PMCx bit in the IA32_PEBS_ENABLE register for the respective counter, the software must also initialize the 
DS_BUFFER_MANAGEMENT_AREA data structure in memory to support capturing PEBS records for precise events. 


The recording of PEBS records may not operate properly if accesses to the linear addresses in the DS buffer 
management area or in the PEBS buffer (see below) cause page faults, VM exits, or the setting of accessed or dirty 
flags in the paging structures (ordinary or EPT). For that reason, system software should establish paging struc- 
tures (both ordinary and EPT) to prevent such occurrences. Implications of this may be that an operating system 
should allocate this memory from a non-paged pool and that system software cannot do “lazy” page-table entry 
propagation for these pages. A virtual-machine monitor may choose to allow use of PEBS by guest software only if 
EPT maps all guest-physical memory as present and read/write. 
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NOTE 


PEBS events are only valid when the following fields of IA32_PERFEVTSELx are all zero: AnyThread, 
Edge, Invert, CMask. 


The beginning linear address of the DS_BUFFER_MANAGEMENT_AREA data structure must be programmed into 
the IA32_DS_AREA register. The layout of the DS_BUFFER_MANAGEMENT_AREA is shown in Figure 19-16. 


PEBS Buffer Base: This field is programmed with the linear address of the first byte of the PEBS buffer 
allocated by software. The processor reads this field to determine the base address of the PEBS buffer. 


PEBS Index: This field is initially programmed with the same value as the PEBS Buffer Base field, or the 
beginning linear address of the PEBS buffer. The processor reads this field to determine the location of the next 
PEBS record to write to. After a PEBS record has been written, the processor also updates this field with the 
address of the next PEBS record to be written. The figure above illustrates the state of PEBS Index after the first 
PEBS record is written. 


PEBS Absolute Maximum: This field represents the absolute address of the maximum length of the allocated 
PEBS buffer plus the starting address of the PEBS buffer. The processor will not write any PEBS record beyond 
the end of PEBS buffer, when PEBS Index equals PEBS Absolute Maximum. No signaling is generated when 
PEBS buffer is full. Software must reset the PEBS Index field to the beginning of the PEBS buffer address to 
continue capturing PEBS records. 


-— IA32_DS_AREA MSR 


DS Buffer Management Area BTS Buffer 
<<—_ 
BTS Buffer Base | OH-———————> 
Branch Record 0 
BTS Index 8H 
gt Absolute 10 
aximum hR 4 
BTS Interrupt Branch Recor 
Threshold 18H 
PEBS Buffer Base) 20H 
PEBS Index 28H] 
aa Absolute | 354 
aximum 
-———_——__—____ Branch Record n 
PEBS Interrupt | 33H 
Threshold Lo 
PEBS 40H 
Counter0 Reset PEBS Buffer 
48H 
PEBS — 
Counter1 Reset PEBS Record 0 
50H 
PEBS 
Counter2 Reset 
PEBS Record 1 
58H 
PEBS 
Counter3 Reset ——— | 
Reserved eon 
PEBS Record n 
____» 


Figure 19-16. PEBS Programming Environment 
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¢ PEBS Interrupt Threshold: This field specifies the threshold value to trigger a performance interrupt and 
notify software that the PEBS buffer is nearly full. This field is programmed with the linear address of the first 
byte of the PEBS record within the PEBS buffer that represents the threshold record. After the processor writes 
a PEBS record and updates PEBS Index, if the PEBS Index reaches the threshold value of this field, the 
processor will generate a performance interrupt. This is the same interrupt that is generated by a performance 
counter overflow, as programmed in the Performance Monitoring Counters vector in the Local Vector Table of 
the Local APIC. When a performance interrupt due to PEBS buffer full is generated, the 
IA32_PERF_GLOBAL_STATUS.PEBS_Ovf bit will be set. 


¢ PEBS CounterX Reset: This field allows software to set up PEBS counter overflow condition to occur at a rate 
useful for profiling workload, thereby generating multiple PEBS records to facilitate characterizing the profile 
the execution of test code. After each PEBS record is written, the processor checks each counter to see if it 
overflowed and was enabled for PEBS (the corresponding bit in IA32_PEBS_ENABLED was set). If these 
conditions are met, then the reset value for each overflowed counter is loaded from the DS Buffer Management 
Area. For example, if counter IA32_PMCO caused a PEBS record to be written, then the value of “PEBS Counter 
0 Reset” would be written to counter IA32_PMCO. If a counter is not enabled for PEBS, its value will not be 
modified by the PEBS assist. 


Performance Counter Prioritization 


Performance monitoring interrupts are triggered by a counter transitioning from maximum count to zero (assuming 
IA32_PerfEvtSelX.INT is set). This same transition will cause PEBS hardware to arm, but not trigger. PEBS hard- 
ware triggers upon detection of the first PEBS event after the PEBS hardware has been armed (a 0 to 1 transition 
of the counter). At this point, a PEBS assist will be undertaken by the processor. 


Performance counters (fixed and general-purpose) are prioritized in index order. That is, counter IA32_PMCO takes 
precedence over all other counters. Counter IA32_PMC1 takes precedence over counters IA32_PMC2 and 
IA32_PMC3, and so on. This means that if simultaneous overflows or PEBS assists occur, the appropriate action will 
be taken for the highest priority performance counter. For example, if IA32_PMC1 cause an overflow interrupt and 
IA32_PMC2 causes an PEBS assist simultaneously, then the overflow interrupt will be serviced first. 


The PEBS threshold interrupt is triggered by the PEBS assist, and is by definition prioritized lower than the PEBS 
assist. Hardware will not generate separate interrupts for each counter that simultaneously overflows. General- 
purpose performance counters are prioritized over fixed counters. 


If a counter is programmed with a precise (PEBS-enabled) event and programmed to generate a counter overflow 
interrupt, the PEBS assist is serviced before the counter overflow interrupt is serviced. If in addition the PEBS inter- 
rupt threshold is met, the 


threshold interrupt is generated after the PEBS assist completes, followed by the counter overflow interrupt (two 
separate interrupts are generated). 


Uncore counters may be programmed to interrupt one or more processor cores (see Section 19.3.1.2). It is 
possible for interrupts posted from the uncore facility to occur coincident with counter overflow interrupts from the 
processor core. Software must check core and uncore status registers to determine the exact origin of counter 
overflow interrupts. 


19.3.1.1.2 Load Latency Performance Monitoring Facility 


The load latency facility provides software a means to characterize the average load latency to different levels of 
cache/memory hierarchy. This facility requires processor supporting enhanced PEBS record format in the PEBS 
buffer, see Table 19-3. This field measures the load latency from load's first dispatch of till final data writeback from 
the memory subsystem. The latency is reported for retired demand load operations and in core cycles (it accounts 
for re-dispatches). 


To use this feature software must assure: 


® One of the IA32_PERFEVTSELx MSR is programmed to specify the event unit MEM_INST_RETIRED, and the 
LATENCY_ABOVE_THRESHOLD event mask must be specified (IA32_PerfEvtSelX[15:0] = 100H). The corre- 
sponding counter IA32_PMCx will accumulate event counts for architecturally visible loads which exceed the 
programmed latency threshold specified separately in a MSR. Stores are ignored when this event is 
programmed. The CMASK or INV fields of the IA32_PerfEvtSelX register used for counting load latency must be 
0. Writing other values will result in undefined behavior. 
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The MSR_PEBS_LD_LAT_THRESHOLD MSR is programmed with the desired latency threshold in core clock 
cycles. Loads with latencies greater than this value are eligible for counting and latency data reporting. The 
minimum value that may be programmed in this register is 3 (the minimum detectable load latency is 4 core 
clock cycles). 


The PEBS enable bit in the IA32_PEBS_ENABLE register is set for the corresponding IA32_PMCx counter 
register. This means that both the PEBS_EN_CTRX and LL_EN_CTRX bits must be set for the counter(s) of 
interest. For example, to enable load latency on counter IA32_PMCO, the IA32_PEBS_ENABLE register must be 
programmed with the 64-bit value 00000001_O00000001H. 


When the load-latency facility is enabled, load operations are randomly selected by hardware and tagged to carry 
information related to data source locality and latency. Latency and data source information of tagged loads are 
updated internally. 


When a PEBS assist occurs, the last update of latency and data source information are captured by the assist and 
written as part of the PEBS record. The PEBS sample after value (SAV), specified in PEBS CounterX Reset, operates 
orthogonally to the tagging mechanism. Loads are randomly tagged to collect latency data. The SAV controls the 
number of tagged loads with latency information that will be written into the PEBS record field by the PEBS assists. 
The load latency data written to the PEBS record will be for the last tagged load operation which retired just before 
the PEBS assist was invoked. 


The load-latency information written into a PEBS record (see Table 19-3, bytes AFH:98H) consists of: 
¢ Data Linear Address: This is the linear address of the target of the load operation. 


¢ Latency Value: This is the elapsed cycles of the tagged load operation between dispatch to GO, measured in 
processor core clock domain. 


¢ Data Source: The encoded value indicates the origin of the data obtained by the load instruction. The 
encoding is shown in Table 19-4. In the descriptions, local memory refers to system memory physically 
attached to a processor package, and remote memory refers to system memory physically attached to another 
processor package. 


Table 19-4. Data Source Encoding for Load Latency Record 


Encoding Description 

OOH Unknown L3 cache miss. 

01H Minimal latency core cache hit. This request was satisfied by the L1 data cache. 

02H Pending core cache HIT. Outstanding core cache miss to same cache-line address was already underway. 

03H This data request was satisfied by the L2. 

04H L3 HIT. Local or Remote home requests that hit L3 cache in the uncore with no coherency actions required (snooping). 

05H L3 HIT. Local or Remote home requests that hit the L3 cache and were serviced by another processor core with a 
cross core snoop where no modified copies were found. (clean). 

O6H L3 HIT. Local or Remote home requests that hit the L3 cache and were serviced by another processor core with a 
cross core snoop where no modified copies were found. 

07H" Reserved/LLC Snoop HitM. Local or Remote home requests that hit the last level cache and were serviced by another 
core with a cross core snoop where modified copies were found. 

08H Reserved/L3 MISS. Local homed requests that missed the L3 cache and were serviced by forwarded data following a 
cross package snoop where no modified copies were found. (Remote home requests are not counted). 

09H Reserved 

OAH L3 MISS. Local home requests that missed the L3 cache and were serviced by local DRAM (go to shared state). 

OBH L3 MISS. Remote home requests that missed the L3 cache and were serviced by remote DRAM (go to shared state). 

OCH L3 MISS. Local home requests that missed the L3 cache and were serviced by local DRAM (go to exclusive state). 

ODH L3 MISS. Remote home requests that missed the L3 cache and were serviced by remote DRAM (go to exclusive state). 

OEH I/O, Request of input/output operation. 

OFH The request was to un-cacheable memory. 
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NOTES: 
1. Bit 7 is supported only for processors with a CPUID DisplayFamily_DisplayModel signature of O6_2A, and O6_2E; otherwise it is 
reserved. 


The layout of MSR_PEBS_LD_LAT_THRESHOLD is shown in Figure 19-17. 


63 1615 0 


THRHLD - Load latency threshold 


Reserved RESET Value — 00000000_00000000H 


Figure 19-17. Layout of MSR_PEBS_LD_LAT MSR 


Bits 15:0 specifies the threshold load latency in core clock cycles. Performance events with latencies greater than 
this value are counted in IA32_PMCx and their latency information is reported in the PEBS record. Otherwise, they 
are ignored. The minimum value that may be programmed in this field is 3. 


19.3.1.1.3 Off-core Response Performance Monitoring in the Processor Core 


Programming a performance event using the off-core response facility can choose any of the four 
IA32_PERFEVTSELx MSR with specific event codes and predefine mask bit value. Each event code for off-core 
response monitoring requires programming an associated configuration MSR, MSR_OFFCORE_RSP_O. There is only 
one off-core response configuration MSR. Table 19-5 lists the event code, mask value and additional off-core 
configuration MSR that must be programmed to count off-core response events using IA32_PMCx. 


Table 19-5. Off-Core Response Event Encoding 


Event code in Mask Value in 
IA32_PERFEVTSELx IA32_PERFEVTSELx Required Off-core Response MSR 
B7H 01H MSR_OFFCORE_RSP_O (address 1AG6H) 


The layout of MSR_OFFCORE_RSP_0O is shown in Figure 19-18. Bits 7:0 specifies the request type of a transaction 
request to the uncore. Bits 15:8 specifies the response of the uncore subsystem. 
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63 15 1413121110 9876 543 21 0 


RESPONSE TYPE — NON_DRAM (R/W) | 
RESPONSE TYPE — LOCAL_DRAM (R/W) 
RESPONSE TYPE — REMOTE_DRAM (R/W) 


RESPONSE TYPE — REMOTE_CACHE_FWD (R/W) 
RESPONSE TYPE — RESERVED 

RESPONSE TYPE — OTHER_CORE_HITM (R/W) 
RESPONSE TYPE — OTHER _CORE_HIT_SNP (R/W) 
RESPONSE TYPE — UNCORE_HIT (R/W) 
REQUEST TYPE — OTHER (R/W) 
REQUEST TYPE — PF_IFETCH (R/W) 
REQUEST TYPE — PF_RFO (R/W) 
REQUEST TYPE — PF_DATA_RD (R/W) 
REQUEST TYPE — WB (R/W) 
REQUEST TYPE — DMND_IFETCH (R/W) 
REQUEST TYPE — DMND_RFO (R/W) 
REQUEST TYPE — DMND_ DATA RD (R/W) 


Reserved RESET Value — 00000000_00000000H 


Figure 19-18. Layout of MSR_OFFCORE_RSP_O and MSR_OFFCORE_RSP_1 to Configure Off-core Response Events 


Table 19-6. MSR_OFFCORE_RSP_O and MSR_OFFCORE_RSP_1 Bit Field Definition 


Bit Name Offset Description 

DMND_DATA_RD | 0 Counts the number of demand and DCU prefetch data reads of full and partial cachelines as well as 
demand data page table entry cacheline reads. Does not count L2 data read prefetches or instruction 
fetches. 

DMND_RFO 1 Counts the number of demand and DCU prefetch reads for ownership (RFO) requests generated by a 
write to data cacheline. Does not count L2 RFO. 

DMND_IFETCH 2 Counts the number of demand instruction cacheline reads and L1 instruction cacheline prefetches. 

WB 3 Counts the number of writeback (modified to exclusive) transactions. 

PF_DATA_RD 4 Counts the number of data cacheline reads generated by L2 prefetchers. 

PF_RFO 5 Counts the number of RFO requests generated by L2 prefetchers. 

PF_IFETCH 6 Counts the number of code reads generated by L2 prefetchers. 

OTHER 7 Counts one of the following transaction types, including L3 invalidate, I/O, full or partial writes, WC or 
non-temporal stores, CLFLUSH, Fences, lock, unlock, split lock. 

UNCORE_HIT 8 L3 Hit: local or remote home requests that hit L3 cache in the uncore with no coherency actions 
required (Snooping). 

OTHER_CORE_HI | 9 L3 Hit: local or remote home requests that hit L3 cache in the uncore and was serviced by another 

T_SNP core with a cross core snoop where no modified copies were found (clean). 

OTHER_CORE_HI | 10 L3 Hit: local or remote home requests that hit L3 cache in the uncore and was serviced by another 

T™ core with a cross core snoop where modified copies were found (HITM). 

Reserved 11 Reserved 

REMOTE_CACHE_ | 12 L3 Miss: local homed requests that missed the L3 cache and was serviced by forwarded data following 

FWD a cross package snoop where no modified copies found. (Remote home requests are not counted) 

REMOTE_DRAM | 13 L3 Miss: remote home requests that missed the L3 cache and were serviced by remote DRAM. 

LOCAL_DRAM 14 L3 Miss: local home requests that missed the L3 cache and were serviced by local DRAM. 
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Table 19-6. MSR_OFFCORE_RSP_O and MSR_OFFCORE_RSP_1 Bit Field Definition (Contd.) 
Bit Name Offset Description 
NON_DRAM 15 Non-DRAM requests that were serviced by IOH. 


19.3.1.2 Performance Monitoring Facility in the Uncore 


The “uncore” in Nehalem microarchitecture refers to subsystems in the physical processor package that are shared 
by multiple processor cores. Some of the sub-systems in the uncore include the L3 cache, Intel QuickPath Intercon- 
nect link logic, and integrated memory controller. The performance monitoring facilities inside the uncore operates 
in the same clock domain as the uncore (U-clock domain), which is usually different from the processor core clock 
domain. The uncore performance monitoring facilities described in this section apply to Intel Xeon processor 5500 
series and processors with the following CPUID signatures: 06_1AH, 06_1EH, 06_1FH (see Chapter 2, “Model- 
Specific Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4). An 
overview of the uncore performance monitoring facilities is described separately. 


The performance monitoring facilities available in the U-clock domain consist of: 


° Eight General-purpose counters (MSR_UNCORE_PerfCntr0 through MSR_UNCORE_PerfCntr7). The counters 
are 48 bits wide. Each counter is associated with a configuration MSR, MSR_UNCORE_PerfEvtSelx, to specify 
event code, event mask and other event qualification fields. A set of global uncore performance counter 
enabling/overflow/status control MSRs are also provided for software. 


¢ Performance monitoring in the uncore provides an address/opcode match MSR that provides event qualification 
control based on address value or QPI command opcode. 

© One fixed-function counter, MSR_UNCORE_FixedCntr0. The fixed-function uncore counter increments at the 
rate of the U-clock when enabled. 


The frequency of the uncore clock domain can be determined from the uncore clock ratio which is available in 
the PCI configuration space register at offset COH under device number 0 and Function 0. 


19.3.1.2.1 Uncore Performance Monitoring Management Facility 


MSR_UNCORE_PERF_GLOBAL_CTRL provides bit fields to enable/disable general-purpose and fixed-function coun- 

ters in the uncore. Figure 19-19 shows the layout of MSR_UNCORE_PERF_GLOBAL_CTRL for an uncore that is 

shared by four processor cores in a physical package. 

¢ EN_PCn (bit n, n = 0, 7): When set, enables counting for the general-purpose uncore counter 
MSR_UNCORE_PerfCntr n. 


¢ EN_FCO (bit 32): When set, enables counting for the fixed-function uncore counter MSR_UNCORE_FixedCntr0. 


¢ EN_PMI_COREn (bit n, n = 0, 3 if four cores are present): When set, processor core n is programmed to receive 
an interrupt signal from any interrupt enabled uncore counter. PMI delivery due to an uncore counter overflow 
is enabled by setting IA32_DEBUGCTL.Offcore_PMI_EN to 1. 


¢ PMI_FRZ (bit 63): When set, all U-clock uncore counters are disabled when any one of them signals a 
performance interrupt. Software must explicitly re-enable the counter by setting the enable bits in 
MSR_UNCORE_PERF_GLOBAL_CTRL upon exit from the ISR. 
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63 62 51 50.49 48 32 31 876543210 
PMI_FRZ (R/W) 
EN_PMI_CORE3 (R/W. 


EN_PMI_CORE2 (R/W)— 
EN_PMI_CORE1 (R/W) 
EN_PMI_COREO (R/W) 


Reserved RESET Value — 00000000_00000000H 


Figure 19-19. Layout of MSR_UNCORE_PERF_GLOBAL_CTRL MSR 


MSR_UNCORE_PERF_GLOBAL_STATUS provides overflow status of the U-clock performance counters in the 

uncore. This is a read-only register. If an overflow status bit is set the corresponding counter has overflowed. The 

register provides a condition change bit (bit 63) which can be quickly checked by software to determine if a signif- 

icant change has occurred since the last time the condition change status was cleared. Figure 19-20 shows the 

layout of MSR_UNCORE_PERF_GLOBAL_STATUS. 

© OVF_PCn (bit n, n = 0, 7): When set, indicates general-purpose uncore counter MSR_UNCORE_PerfCntr n has 
overflowed. 

® OVF_FCO (bit 32): When set, indicates the fixed-function uncore counter MSR_UNCORE_FixedCntr0 has 
overflowed. 


© OVF_PMI (bit 61): When set indicates that an uncore counter overflowed and generated an interrupt request. 
° CHG (bit 63): When set indicates that at least one status bit in MSR_UNCORE_PERF_GLOBAL_STATUS register 
has changed state. 


MSR_UNCORE_PERF_GLOBAL_OVF_CTRL allows software to clear the status bits in the 
UNCORE_PERF_GLOBAL_STATUS register. This is a write-only register, and individual status bits in the global 
status register are cleared by writing a binary one to the corresponding bit in this register. Writing zero to any bit 
position in this register has no effect on the uncore PMU hardware. 
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63 62 6160 32 31 87654321 0 


| 

CHG (RW) j 
OVF_PMI (R/W 

OVF_FCO (R/O) 
OVF_PC7 (R/O) 
OVF_PC6 (R/O) 
OVF_PCS5 (R/O) 
OVF_PC4 (R/O) 
OVF_PC3 (R/O) 
OVF_PC2 (R/O) 
OVF_PC1 (R/O) 
OVF_PCO (R/O) 


Reserved RESET Value — 00000000_00000000H 


Figure 19-20. Layout of MSR_UNCORE_PERF_GLOBAL_STATUS MSR 


Figure 19-21 shows the layout of MSR_UNCORE_PERF_GLOBAL_OVF_CTRL. 


63 62 6160 32 31 876543 21 0 


CLR_CHG (WO1) | 

CLR_OVF_PMI (WO1) 
CLR_OVF_FCO (WO1) 
CLR_OVF_PC7 (WO1) 
CLR_OVF_PC6 (WO1) 
CLR_OVF_PC5 (WO1) 
CLR_OVF_PC4 (WO1) 
CLR_OVF_PC3 (WO1) 
CLR_OVF_PC2 (WO1) 
CLR_OVF_PC1 (WO1) 
CLR_OVF_PCO (WO1) 


Reserved RESET Value — 00000000_00000000H 


Figure 19-21. Layout of MSR_UNCORE_PERF_GLOBAL_OVF_CTRL MSR 


¢ CLR_OVF_PCn (bit n, n = 0, 7): Set this bit to clear the overflow status for general-purpose uncore counter 
MSR_UNCORE_PerfCntr n. Writing a value other than 1 is ignored. 


¢ CLR_OVF_FCO (bit 32): Set this bit to clear the overflow status for the fixed-function uncore counter 
MSR_UNCORE_FixedCntr0. Writing a value other than 1 is ignored. 


¢ CLR_OVF_PMI (bit 61): Set this bit to clear the OVF_PMI flag in MSR_UNCORE_PERF_GLOBAL_STATUS. Writing 
a value other than 1 is ignored. 


° CLR_CHG (bit 63): Set this bit to clear the CHG flag in MSR_UNCORE_PERF_GLOBAL_STATUS register. Writing 
a value other than 1 is ignored. 


19.3.1.2.2 Uncore Performance Event Configuration Facility 


MSR_UNCORE_PerfEvtSel0 through MSR_UNCORE_PerfEvtSel7 are used to select performance event and 
configure the counting behavior of the respective uncore performance counter. Each uncore PerfEvtSel MSR is 
paired with an uncore performance counter. Each uncore counter must be locally configured using the corre- 
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sponding MSR_UNCORE_PerfEvtSelx and counting must be enabled using the respective EN_PCx bit in 
MSR_UNCORE_PERF_GLOBAL_CTRL. Figure 19-22 shows the layout of MSR_UNCORE_PERFEVTSELx. 


63 31 24 23 22 21 201918171615 87 0 


Counter Mask 
(CMASKk) 


Unit Mask (UMASK) Event Select 


INV—Invert counter mask 
EN—Enable counters 
PMI—Enable PMI on overflow 
E—Edge detect 
OCC_CTR_RST—Rest Queue Occ 


Reserved 


RESET Value — 00000000_00000000H 


Figure 19-22. Layout of MSR_UNCORE_PERFEVTSELx MSRs 


¢ Event Select (bits 7:0): Selects the event logic unit used to detect uncore events. 
¢ Unit Mask (bits 15:8) : Condition qualifiers for the event selection logic specified in the Event Select field. 


* OCC_CTR_RST (bit17): When set causes the queue occupancy counter associated with this event to be cleared 
(zeroed). Writing a zero to this bit will be ignored. It will always read as a zero. 


° Edge Detect (bit 18): When set causes the counter to increment when a deasserted to asserted transition 
occurs for the conditions that can be expressed by any of the fields in this register. 


¢ PMI (bit 20): When set, the uncore will generate an interrupt request when this counter overflowed. This 
request will be routed to the logical processors as enabled in the PMI enable bits (EN_PMI_COREx) in the 
register MSR_UNCORE_PERF_GLOBAL_CTRL. 


e EN (bit 22): When clear, this counter is locally disabled. When set, this counter is locally enabled and counting 
starts when the corresponding EN_PCx bit in MSR_UNCORE_PERF_GLOBAL_CTRL is set. 


e INV (bit 23): When clear, the Counter Mask field is interpreted as greater than or equal to. When set, the 
Counter Mask field is interpreted as less than. 


* Counter Mask (bits 31:24): When this field is clear, it has no effect on counting. When set to a value other than 
zero, the logical processor compares this field to the event counts on each core clock cycle. If INV is clear and 
the event counts are greater than or equal to this field, the counter is incremented by one. If INV is set and the 
event counts are less than this field, the counter is incremented by one. Otherwise the counter is not incre- 
mented. 


Figure 19-23 shows the layout of MSR_UNCORE_FIXED_CTR_CTRL. 


63 87654321 0 


PMI - Generate PMI on overflow | 
EN - Enable 


Reserved RESET Value — 00000000_00000000H 


Figure 19-23. Layout of MSR_UNCORE_FIXED_CTR_CTRL MSR 


¢ EN (bit 0): When clear, the uncore fixed-function counter is locally disabled. When set, it is locally enabled and 
counting starts when the EN_FCO bit in MSR_UNCORE_PERF_GLOBAL_CTRL is set. 


¢ PMI (bit 2): When set, the uncore will generate an interrupt request when the uncore fixed-function counter 
overflowed. This request will be routed to the logical processors as enabled in the PMI enable bits 
(EN_PMI_COREx) in the register MSR_UNCORE_PERF_GLOBAL_CTRL. 
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Both the general-purpose counters (MSR_UNCORE_PerfCntr) and the fixed-function counter 
(MSR_UNCORE_FixedCntr0) are 48 bits wide. They support both counting and interrupt based sampling usages. 
The event logic unit can filter event counts to specific regions of code or transaction types incoming to the home 
node logic. 


19.3.1.2.3 Uncore Address/Opcode Match MSR 


The Event Select field [7:0] of MSR_UNCORE_PERFEVTSELx is used to select different uncore event logic unit. 
When the event “ADDR_OPCODE_MATCH"” is selected in the Event Select field, software can filter uncore perfor- 
mance events according to transaction address and certain transaction responses. The address filter and transac- 
tion response filtering requires the use of MSR_UNCORE_ADDR_OPCODE_MATCH register. The layout is shown in 
Figure 19-24. 


63 60 4847 4039 320 


Opcode ADDR 


MatchSel—Select addr/Opcode 
Opcode—Opcode and Message 
ADDR—Bits 39:4 of physical address 


Reserved 


RESET Value — 00000000_00000000H 


Figure 19-24. Layout of MSR_UNCORE_ADDR_OPCODE_MATCH MSR 


¢ Addr (bits 39:3): The physical address to match if “MatchSel" field is set to select address match. The uncore 
performance counter will increment if the lowest 40-bit incoming physical address (excluding bits 2:0) for a 
transaction request matches bits 39:3. 


® Opcode (bits 47:40) : Bits 47:40 allow software to filter uncore transactions based on QPI link message 
class/packed header opcode. These bits are consists two sub-fields: 


— Bits 43:40 specify the QPI packet header opcode. 
— Bits 47:44 specify the QPI message classes. 
Table 19-7 lists the encodings supported in the opcode field. 


Table 19-7. Opcode Field Encoding for MSR_UNCORE_ADDR_OPCODE_MATCH 


Opcode [43:40] QP! Message Class 
Home Request Snoop Response Data Response 
[47:44] = 0000B [47:44] = 0001B [47:44] = 1110B 

1 

DMND_IFETCH 2 2 

WB 3 3 

PF_DATA_RD 4 4 

PF_RFO 5 5 

PF_IFETCH 6 6 

OTHER 7 7 

NON_DRAM 15 15 
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¢ MatchSel (bits 63:61): Software specifies the match criteria according to the following encoding: 
— OOOB: Disable addr_opcode match hardware. 
— 100B: Count if only the address field matches. 
— 010B: Count if only the opcode field matches. 
— 110B: Count if either opcode field matches or the address field matches. 
— 001B: Count only if both opcode and address field match. 
— Other encoding are reserved. 


19.3.1.3. Intel® Xeon® Processor 7500 Series Performance Monitoring Facility 


The performance monitoring facility in the processor core of Intel® Xeon® processor 7500 series are the same as 
those supported in Intel Xeon processor 5500 series. The uncore subsystem in Intel Xeon processor 7500 series 
are significantly different The uncore performance monitoring facility consist of many distributed units associated 
with individual logic control units (referred to as boxes) within the uncore subsystem. A high level block diagram of 
the various box units of the uncore is shown in Figure 19-25. 


Uncore PMUs are programmed via MSR interfaces. Each of the distributed uncore PMU units have several general- 
purpose counters. Each counter requires an associated event select MSR, and may require additional MSRs to 
configure sub-event conditions. The uncore PMU MSRs associated with each box can be categorized based on its 
functional scope: per-counter, per-box, or global across the uncore. The number counters available in each box 
type are different. Each box generally provides a set of MSRs to enable/disable, check status/overflow of multiple 
counters within each box. 


L3 Cache 


CBox CBox CBox CBox CBox CBox CBox CBox 


SBox SBox 
SMI Channels 
: PBox MBox BBox RBox BBox MBox PBox = 
SMI Channels 
WBox PBox PBox PBox PBox UBox 


Ped 


4 Intel QPI Links 


Figure 19-25. Distributed Units of the Uncore of Intel® Xeon® Processor 7500 Series 


Table 19-8 summarizes the number MSRs for uncore PMU for each box. 
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Table 19-8. Uncore PMU MSR Summary 


Counter General Global 

Box # of Boxes | Counters per Box Width Purpose Enable Sub-control MSRs 
C-Box 8 6 48 Yes per-box None 
S-Box 2 4 48 Yes per-box Match/Mask 
B-Box 2 4 48 Yes per-box Match/Mask 
M-Box 2 6 48 Yes per-box Yes 
R-Box 1 16 (2 port, 8 per port) 48 Yes per-box Yes 
W-Box 1 4 48 Yes per-box None 

1 48 No per-box None 
U-Box 1 1 48 Yes uncore None 


The W-Box provides 4 general-purpose counters, each requiring an event select configuration MSR, similar to the 
general-purpose counters in other boxes. There is also a fixed-function counter that increments clockticks in the 
uncore clock domain. 


For C,S,B,M,R, and W boxes, each box provides an MSR to enable/disable counting, configuring PMI of multiple 
counters within the same box, this is somewhat similar the “global control“ programming interface, 
IA32_PERF_GLOBAL_CTRL, offered in the core PMU. Similarly status information and counter overflow control for 
multiple counters within the same box are also provided in C,S,B,M,R, and W boxes. 


In the U-Box, MSR_U_PMON_GLOBAL_CTL provides overall uncore PMU enable/disable and PMI configuration 
control. The scope of status information in the U-box is at per-box granularity, in contrast to the per-box status 
information MSR (in the C,S,B,M,R, and W boxes) providing status information of individual counter overflow. The 
difference in scope also apply to the overflow control MSR in the U-Box versus those in the other Boxes. 


The individual MSRs that provide uncore PMU interfaces are listed in Chapter 2, “Model-Specific Registers (MSRs)” 
in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4, Table 2-17 under the general 
naming style of MSR_%box#%_PMON_%scope_function%, where %box#% designates the type of box and zero- 
based index if there are more the one box of the same type, %scope_function% follows the examples below: 


¢ = Multi-counter enabling MSRs: MSR_U_PMON_GLOBAL_CTL, MSR_SO_PMON_BOX_CTL, 
MSR_C7_PMON_BOX_CTL, etc. 


e Multi-counter status MSRs: MSR_U_PMON_GLOBAL_STATUS, MSR_SO_PMON_BOX_STATUS, 
MSR_C7_PMON_BOX_STATUS, etc. 


e = Multi-counter overflow control MSRs: MSR_U_PMON_GLOBAL_OVF_CTL, MSR_SO_PMON_BOX_OVF_CTL, 
MSR_C7_PMON_BOX_OVF_CTL, etc. 


° Performance counters MSRs: the scope is implicitly per counter, e.g. MSR_U_PMON_CTR, 
MSR_SO_PMON_CTRO, MSR_C7_PMON_CTRS, etc. 


° Event select MSRs: the scope is implicitly per counter, e.g. MSR_U_PMON_EVNT_SEL, 
MSR_SO_PMON_EVNT_SELO, MSR_C7_PMON_EVNT_SEL5, etc 


¢ Sub-control MSRs: the scope is implicitly per-box granularity, e.g. MSR_-MO_PMON_TIMESTAMP, 
MSR_RO_PMON_IPERFO_P1, MSR_S1_PMON_MATCH. 


Details of uncore PMU MSR bit field definitions can be found in a separate document “Intel Xeon Processor 7500 
Series Uncore Performance Monitoring Guide”. 


19.3.2 | Performance Monitoring for Processors Based on Westmere Microarchitecture 


All of the performance monitoring programming interfaces (architectural and non-architectural core PMU facilities, 
and uncore PMU) described in Section 19.6.3 also apply to processors based on Westmere microarchitecture. 


Table 19-5 describes a non-architectural performance monitoring event (event code 0B7H) and associated 
MSR_OFFCORE_RSP_0O (address 1A6H) in the core PMU. This event and a second functionally equivalent offcore 
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response event using event code OBBH and MSR_OFFCORE_RSP_1 (address 1A7H) are supported in processors 
based on Westmere microarchitecture. The event code and event mask definitions of non-architectural perfor- 


mance monitoring events can be found at: https://perfmon-events.intel.com/. 


The load latency facility is the same as described in Section 19.3.1.1.2, but added enhancement to provide more 
information in the data source encoding field of each load latency record. The additional information relates to 
STLB_MISS and LOCK, see Table 19-13. 


19.3.3. Intel® Xeon® Processor E7 Family Performance Monitoring Facility 


The performance monitoring facility in the processor core of the Intel® Xeon® processor E7 family is the same as 
those supported in the Intel Xeon processor 5600 series?. The uncore subsystem in the Intel Xeon processor E7 
family is similar to those of the Intel Xeon processor 7500 series. The high level construction of the uncore sub- 
system is similar to that shown in Figure 19-25, with the additional capability that up to 10 C-Box units are 
supported. 


Table 19-9 summarizes the number MSRs for uncore PMU for each box. 


Table 19-9. Uncore PMU MSR Summary for Intel® Xeon® Processor E7 Family 


Counter General Global 

Box # of Boxes | Counters per Box Width Purpose Enable Sub-control MSRs 
C-Box 10 6 48 Yes per-box None 
S-Box 2 4 48 Yes per-box Match/Mask 
B-Box 2 4 48 Yes per-box Match/Mask 
M-Box 2 6 48 Yes per-box Yes 
R-Box 1 16 (2 port, 8 per port) 48 Yes per-box Yes 
W-Box 1 4 48 Yes per-box None 

1 48 No per-box None 
U-Box 1 1 48 Yes uncore None 


Details of the uncore performance monitoring facility of Intel Xeon Processor E7 family is available in the “Intel® 
Xeon® Processor E7 Uncore Performance Monitoring Programming Reference Manual”. 


19.3.4 Performance Monitoring for Processors Based on Sandy Bridge Microarchitecture 


Intel® Core™ i7-2xxx, Intel® Core™ i5-2xxx, Intel® Core™ i3-2xxx processor series, and Intel® Xeon® processor 
E3-1200 family are based on Sandy Bridge microarchitecture; this section describes the performance monitoring 
facilities provided in the processor core. The core PMU supports architectural performance monitoring capability 
with version ID 3 (see Section 19.2.3) and a host of non-architectural monitoring capabilities. 


Architectural performance monitoring version 3 capabilities are described in Section 19.2.3. 


The core PMU's capability is similar to those described in Section 19.3.1.1 and Section 19.6.3, with some differ- 
ences and enhancements relative to Westmere microarchitecture summarized in Table 19-10. 


3. Exceptions are indicated for event code OFH in the event list for this processor (https://perfmon-events.intel.com/); and valid 
bits of data source encoding field of each load latency record is limited to bits 5:4 of Table 19-13. 
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Table 19-10. Core PMU Comparison 


Box 


Sandy Bridge Microarchitecture 


Westmere Microarchitecture 


Comment 


# of Fixed counters per 
thread 


3 


3 


Use CPUID to determine # of 
counters. See Section 19.2.1. 


per thread 


threads) 


# of general-purpose 8 8 Use CPUID to determine # of 
counters per core counters. See Section 19.2.1. 
Counter width (R,W) R:48, W: 32/48 R:48, W:32 See Section 19.2.2. 

# of programmable counters | 4 or (8 if acore not shared by two | 4 Use CPUID to determine # of 


counters. See Section 19.2.1. 


PMI Overhead Mitigation 


Processor Event Based 
Sampling (PEBS) Events 


" Freeze_Perfmon_on_PMI with 
legacy semantics. 

* Freeze_LBR_on_PMI with legacy 
semantics for branch profiling. 

* Freeze_while_SMM. 


See Table 19-12. 


« Freeze_Perfmon_on_PMI 
with legacy semantics. 

* Freeze_LBR_on_PMI with 
legacy semantics for branch 
profiling. 

* Freeze_while_SMM. 


See Table 19-84. 


See Section 17.4.7. 


IA32_PMC4-IA32_PMC7 do 
not support PEBS. 


PEBS-Load Latency 


See Section 19.3.4.4.2; 


« Data source encoding 
* STLB miss encoding 
* Lock transaction encoding 


Data source encoding 


PEBS-Precise Store 


Section 19.3.4.4.3 


No 


PEBS-PDIR 


Off-core Response Event 


Yes (using precise 
INST_RETIRED.ALL). 


MSR 1A6H and 1A7H, extended 
request and response types. 


No 


MSR 1A6H and 1A7H, limited 
response types. 


Nehalem supports 1A6H 
only. 


19.3.4.1 


Global Counter Control Facilities in Sandy Bridge Microarchitecture 


The number of general-purpose performance counters visible to a logical processor can vary across Processors 
based on Sandy Bridge microarchitecture. Software must use CPUID to determine the number performance coun- 


ters/event select registers 


(See Section 19.2.1.1). 


63 


35 34 33 32 31 


ee 


PMC7_EN 
PMC6_EN 
PMC5_EN 
PMC4_EN 
PMC3_EN 
PMC2_EN 
PMC1_EN 
PMCO_EN 


FIXED_CTR2 enable 
FIXED_CTR1 enable 
FIXED_CTRO enable 


Reserved 


= 


(if PMC7 present) 


(if PMC6 present) 


(if PMC5 present) 


(if PMC4 present) 


Valid if CPUID.OAH:EAX[15:8] = 


8, else reserved. 


Figure 19-26. IA32_PERF_GLOBAL_CTRL MSR in Sandy Bridge Microarchitecture 
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Figure 19-44 depicts the layout of IA32_PERF_GLOBAL_CTRL MSR. The enable bits (PMC4_EN, PMC5_EN, 
PMC6_EN, PMC7_EN) corresponding to IA32_PMC4-IA32_PMC7 are valid only if CPUID.OAH:EAX[15:8] reports a 
value of ‘8’. If CPUID.OAH:EAX[15:8] = 4, attempts to set the invalid bits will cause #GP. 


Each enable bit in IA32_PERF_GLOBAL_CTRL is AND’ed with the enable bits for all privilege levels in the respective 
IA32_PERFEVTSELx or IA32_PERF_FIXED_CTR_CTRL MSRs to start/stop the counting of respective counters. 
Counting is enabled if the AND’ed results is true; counting is disabled when the result is false. 
IA32_PERF_GLOBAL_STATUS MSR provides single-bit status used by software to query the overflow condition of 
each performance counter. IA32_PERF_GLOBAL_STATUS[bit 62] indicates overflow conditions of the DS area data 
buffer (see Figure 19-27). A value of 1 in each bit of the PMCx_OVF field indicates an overflow condition has 


occurred in the associated counter. 


636261 35 3433 3231 8 


CondChgd | 
Ovf_DSBuffer 


Ovf_UncorePMU 
FIXED_CTR2 Overflow (RO) 


FIXED_CTR1 Overflow (RO) 
FIXED_CTRO Overflow (RO) 
PMC7_OVF (RO, If PMC7 present 
PMC6_OVF (RO, If PMC6 present 
PMC5_OVF (RO, If PMC5 present 
PMC4_OVF (RO, If PMC4 present 
PMC3_OVF (RO) 
PMC2_OVF (RO) 
PMC1_OVF (RO) 
PMCO_OVF (RO) 


ia\™ 
je 
se 
aa 


Valid if CPUID.OAH:EAX[15:8] = 8; else reserved 


Reserved 


Figure 19-27. 1A32_PERF_GLOBAL_STATUS MSR in Sandy Bridge Microarchitecture 


When a performance counter is configured for PEBS, an overflow condition in the counter will arm PEBS. On the 
subsequent event following overflow, the processor will generate a PEBS event. On a PEBS event, the processor will 
perform bounds checks based on the parameters defined in the DS Save Area (see Section 17.4.9). Upon 
successful bounds checks, the processor will store the data record in the defined buffer area, clear the counter 
overflow status, and reload the counter. If the bounds checks fail, the PEBS will be skipped entirely. In the event 
that the PEBS buffer fills up, the processor will set the OvfBuffer bit in MSR_PERF_GLOBAL_STATUS. 
1A32_PERF_GLOBAL_OVF_CTL MSR allows software to clear overflow the indicators for general-purpose or fixed- 
function counters via a single WRMSR (see Figure 19-28). Clear overflow indications when: 


¢ Setting up new values in the event select and/or UMASK field for counting or interrupt based sampling. 


¢ Reloading counter values to continue sampling. 
¢* Disabling event counting or interrupt based sampling. 
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6362 35 34 33 32 31 87 


se 
|e 
ls 


| 
ClrCondChgd 
ClrOvfDSBuffer 
ClrOvfUncore —~ 
FIXED_CTR2 ClrOverflow 
FIXED_CTR1 ClrOverflow 
FIXED_CTRO ClrOverflow 
PMC7_ClrOvf (if PMC7 present) 
PMC6_ClrOvf (if PMC6 present) 
PMC5_ClrOvf (if PMC5 present) 
PMC4_ClrOvf (if PMC4 present) 
PMC3_ClrOvf 


PMC2_ClrOvf 
PMC1_ClrOvf 


PMCO_ClrOvf 


Reserved Valid if CPUID.OAH:EAX[15:8] = 8; else reserved 


Figure 19-28. IA32_PERF_GLOBAL_OVF_CTRL MSR in Sandy Bridge Microarchitecture 


19.3.4.2 Counter Coalescence 


In processors based on Sandy Bridge microarchitecture, each processor core implements eight general-purpose 
counters. CPUID.OAH:EAX[15:8] will report the number of counters visible to software. 

If a processor core is shared by two logical processors, each logical processors can access up to four counters 
(IA32_PMCO-IA32_PMC3). This is the same as in the prior generation for processors based on Nehalem microarchi- 
tecture. 


If a processor core is not shared by two logical processors, up to eight general-purpose counters are visible. If 
CPUID.OAH:EAX[15:8] reports 8 counters, then IA32_PMC4-IA32_PMC7 would occupy MSR addresses O0C5H 
through OC8H. Each counter is accompanied by an event select MSR (IA32_PERFEVTSEL4-IA32_PERFEVTSEL7). 


If CPUID.OAH:EAX[15:8] report 4, access to IA32_PMC4-IA32_PMC7, IA32_PMC4-IA32_PMC7 will cause #GP. 
Writing 1’s to bit position 7:4 of IA32_PERF_GLOBAL_CTRL, IA32_PERF_GLOBAL_STATUS, or 
JA32_PERF_GLOBAL_OVF_CTL will also cause #GP. 


19.3.4.3 Full Width Writes to Performance Counters 

Processors based on Sandy Bridge microarchitecture support full-width writes to the general-purpose counters, 
IA32_PMCx. Support of full-width writes are enumerated by IA32_PERF_CAPABILITIES.FW_WRITES[13] (see 
Section 19.2.4). 


The default behavior of IA32_PMCx is unchanged, i.e. WRMSR to IA32_PMCx results in a sign-extended 32-bit 
value of the input EAX written into IA32_PMCx. Full-width writes must issue WRMSR to a dedicated alias MSR 


address for each IA32_PMCx. 


Software must check the presence of full-width write capability and the presence of the alias address IA32_A_PMCx 
by testing IA32_PERF_CAPABILITIES[13]. 


19.3.4.4 PEBS Support in Sandy Bridge Microarchitecture 


Processors based on Sandy Bridge microarchitecture support PEBS, similar to those offered in prior generation, 
with several enhanced features. The key components and differences of PEBS facility relative to Westmere micro- 


architecture is summarized in Table 19-11. 
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Box Sandy Bridge Microarchitecture | Westmere Microarchitecture Comment 

Valid IA32_PMCx PMCO-PMC3 PMCO-PMC3 No PEBS on PMC4-PMC7. 
PEBS Buffer Programming | Section 19.3.1.1.1 Section 19.3.1.1.1 Unchanged 
IA32_PEBS_ENABLE Figure 19-29 Figure 19-15 

Layout 

PEBS record layout Physical Layout same as Table 19-3 Enhanced fields at offsets 


Table 19-3. 98H, AOH, A8H. 
PEBS Events See Table 19-12. See Table 19-84. IA32_PMC4-IA32_PMC7 do 
not support PEBS. 
PEBS-Load Latency See Table 19-13. Table 19-4 
PEBS-Precise Store Yes; see Section 19.3.4.4.3. No IA32_PMC3 only 
PEBS-PDIR Yes No IA32_PMC1 only 


PEBS skid from EventingIP 


1 (or 2 if micro+macro fusion) 


1 


SAMPLING Restriction 


Small SAV(CountDown) value incur higher overhead than prior 


generation. 


Only IA32_PMCO through IA32_PMC3 support PEBS. 


NOTE 


PEBS events are only valid when the following fields of IA32_PERFEVTSELx are all zero: AnyThread, 
Edge, Invert, CMask. 


In a PMU with PDIR capability, PEBS behavior is unpredictable if IA32_PERFEVTSELx or IA32_PMCx 
is changed for a PEBS-enabled counter while an event is being counted. To avoid this, changes to 
the programming or value of a PEBS-enabled counter should be performed when the counter is 


disabled. 


In IA32_PEBS_ENABLE MSR, bit 63 is defined as PS_ENABLE: When set, this enables IA32_PMC3 to capture 
precise store information. Only IA32_PMC3 supports the precise store facility. In typical usage of PEBS, the bit 
fields in IA32_PEBS_ENABLE are written to when the agent software starts PEBS operation; the enabled bit fields 
should be modified only when re-programming another PEBS event or cleared when the agent uses the perfor- 
mance counters for non-PEBS operations. 
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63 62 36 3534 33 32 31 87654321 0 


PS_EN (R/W) 
LL_EN_PMC3 (RW) 
LL_EN_PMC2 (RW) 
LL_EN_PMC1 (RW) 
LL_EN_PMCO (R/W) 
PEBS_EN PMC3 (R/W) 
PEBS_EN PMC2 (R/W) 
PEBS_EN PMC1 (R/W) 
PEBS_EN PMCO (R/W) 


Reserved 


RESET Value — 00000000_00000000H 


Figure 19-29. Layout of IA32_PEBS_ENABLE MSR 


PEBS Record Format 


The layout of PEBS records physically identical to those shown in Table 19-3, but the fields at offset 98H, AOH and 
A8H have been enhanced to support additional PEBS capabilities. 


Load/Store Data Linear Address (Offset 98H): This field will contain the linear address of the source of the load, 
or linear address of the destination of the store. 


Data Source /Store Status (Offset AOH): When load latency is enabled, this field will contain three piece of 
information (including an encoded value indicating the source which satisfied the load operation). The source 
field encodings are detailed in Table 19-4. When precise store is enabled, this field will contain information 
indicating the status of the store, as detailed in Table 19. 


Latency Value/0 (Offset A8H): When load latency is enabled, this field contains the latency in cycles to service 
the load. This field is not meaningful when precise store is enabled and will be written to zero in that case. Upon 
writing the PEBS record, microcode clears the overflow status bits in the IA32_PERF_GLOBAL_STATUS corre- 
sponding to those counters that both overflowed and were enabled in the IA32_PEBS_ENABLE register. The 
status bits of other counters remain unaffected. 


The number PEBS events has expanded. The list of PEBS events supported in Sandy Bridge microarchitecture is 
shown in Table 19-12. 


Table 19-12. PEBS Performance Events for Sandy Bridge Microarchitecture 


Event Name Event Select Sub-event UMask 
INST_RETIRED COH PREC_DIST 01H" 
UOPS_RETIRED C2H All 01H 
Retire_Slots 02H 
BR_INST_RETIRED C4H Conditional 01H 
Near_Call 02H 
All_branches 04H 
Near_Return 08H 
Near_Taken 20H 
BR_MISP_RETIRED C5H Conditional 01H 
Near_Call 02H 
All_branches 04H 
Not_Taken 10H 
Taken 20H 
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Table 19-12. PEBS Performance Events for Sandy Bridge Microarchitecture (Contd.) 


Event Name Event Select Sub-event UMask 
MEM_UOPS_RETIRED DOH STLB_MISS_LOADS 11H 
STLB_MISS_STORE 12H 
LOCK_LOADS 21H 
SPLIT_LOADS 41H 
SPLIT_STORES 42H 
ALL_LOADS 81H 
ALL_STORES 82H 
MEM_LOAD_UOPS_RETIRED D1H L1_Hit 01H 
L2_Hit 02H 
L3_Hit 04H 
Hit_LFB 40H 
MEM_LOAD_UOPS_LLC_HIT_RETIRED D2H XSNP_Miss 01H 
XSNP_Hit 02H 
XSNP_Hitm 04H 
XSNP_None 08H 
NOTES: 


1. Only available on [A32_PMC1. 


19.3.4.4.2 Load Latency Performance Monitoring Facility 


The load latency facility in Sandy Bridge microarchitecture is similar to that in prior microarchitectures. It provides 
software a means to characterize the average load latency to different levels of cache/memory hierarchy. This 
facility requires processor supporting enhanced PEBS record format in the PEBS buffer, see Table 19-3 and Section 
19.3.4.4.1. This field measures the load latency from load's first dispatch of till final data writeback from the 
memory subsystem. The latency is reported for retired demand load operations and in core cycles (it accounts for 
re-dispatches). 


To use this feature software must assure: 


° One of the IA32_PERFEVTSELx MSR is programmed to specify the event unit MEM_TRANS_RETIRED, and the 
LATENCY_ABOVE_THRESHOLD event mask must be specified (IA32_PerfEvtSelX[15:0] = 1CDH). The corre- 
sponding counter IA32_PMCx will accumulate event counts for architecturally visible loads which exceed the 
programmed latency threshold specified separately in a MSR. Stores are ignored when this event is 
programmed. The CMASK or INV fields of the IA32_PerfEvtSelX register used for counting load latency must be 
0. Writing other values will result in undefined behavior. 


¢ The MSR_PEBS_LD_LAT_THRESHOLD MSR is programmed with the desired latency threshold in core clock 
cycles. Loads with latencies greater than this value are eligible for counting and latency data reporting. The 
minimum value that may be programmed in this register is 3 (the minimum detectable load latency is 4 core 
clock cycles). 


° The PEBS enable bit in the IA32_PEBS_ENABLE register is set for the corresponding IA32_PMCx counter 
register. This means that both the PEBS_EN_CTRX and LL_EN_CTRX bits must be set for the counter(s) of 
interest. For example, to enable load latency on counter IA32_PMCO, the IA32_PEBS_ENABLE register must be 
programmed with the 64-bit value 00000001.00000001H. 

¢ When Load latency event is enabled, no other PEBS event can be configured with other counters. 

When the load-latency facility is enabled, load operations are randomly selected by hardware and tagged to carry 

information related to data source locality and latency. Latency and data source information of tagged loads are 

updated internally. The MEM_TRANS_RETIRED event for load latency counts only tagged retired loads. If a load is 
cancelled it will not be counted and the internal state of the load latency facility will not be updated. In this case the 
hardware will tag the next available load. 
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When a PEBS assist occurs, the last update of latency and data source information are captured by the assist and 
written as part of the PEBS record. The PEBS sample after value (SAV), specified in PEBS CounterX Reset, operates 
orthogonally to the tagging mechanism. Loads are randomly tagged to collect latency data. The SAV controls the 
number of tagged loads with latency information that will be written into the PEBS record field by the PEBS assists. 
The load latency data written to the PEBS record will be for the last tagged load operation which retired just before 
the PEBS assist was invoked. 


The physical layout of the PEBS records is the same as shown in Table 19-3. The specificity of Data Source entry at 
offset AOH has been enhanced to report three pieces of information. 


Table 19-13. Layout of Data Source Field of Load Latency Record 


Field Position Description 

Source 3:0 See Table 19-4 

STLB_MISS 4 0: The load did not miss the STLB (hit the DTLB or STLB). 
1: The load missed the STLB. 

Lock 5 0: The load was not part of a locked transaction. 
1: The load was part of a locked transaction. 

Reserved 63:6 Reserved 


The layout of MSR_PEBS_LD_LAT_THRESHOLD is the same as shown in Figure 19-17. 


19.3.4.4.3 Precise Store Facility 


Processors based on Sandy Bridge microarchitecture offer a precise store capability that complements the load 
latency facility. It provides a means to profile store memory references in the system. 


Precise stores leverage the PEBS facility and provide additional information about sampled stores. Having precise 


memory reference events with linear address information for both loads and stores can help programmers improve 
data structure layout, eliminate remote node references, and identify cache-line conflicts in NUMA systems. 


Only IA32_PMC3 can be used to capture precise store information. After enabling this facility, counter overflows will 
initiate the generation of PEBS records as previously described in PEBS. Upon counter overflow hardware captures 
the linear address and other status information of the next store that retires. This information is then written to the 
PEBS record. 

To enable the precise store facility, software must complete the following steps. Please note that the precise store 
facility relies on the PEBS facility, so the PEBS configuration requirements must be completed before attempting to 
capture precise store information. 


* Complete the PEBS configuration steps. 


° Program the MEM_TRANS_RETIRED.PRECISE_STORE event in IA32_PERFEVTSEL3. Only counter 3 
(IA32_PMC3) supports collection of precise store information. 


° Set IA32_PEBS_ENABLE[3] and IA32_PEBS_ENABLE[63]. This enables IA32_PMC3 as a PEBS counter and 
enables the precise store facility, respectively. 


The precise store information written into a PEBS record affects entries at offset 98H, AOH and A8H of Table 19-3. 
The specificity of Data Source entry at offset AOH has been enhanced to report three piece of information. 
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Table 19-14. Layout of Precise Store Information In PEBS Record 
Field Offset | Description 
Store Data 98H The linear address of the destination of the store. 
Linear Address 
Store Status AOH L1D Hit (Bit 0): The store hit the data cache closest to the core (lowest latency cache) if this bit is set, 
otherwise the store missed the data cache. 
STLB Miss (bit 4): The store missed the STLB if set, otherwise the store hit the STLB 


Locked Access (bit 5): The store was part of a locked access if set, otherwise the store was not part of a 
locked access. 


Reserved A8H Reserved 


19.3.4.4.4 Precise Distribution of Instructions Retired (PDIR) 


Upon triggering a PEBS assist, there will be a finite delay between the time the counter overflows and when the 
microcode starts to carry out its data collection obligations. INST_RETIRED is a very common event that is used to 
sample where performance bottleneck happened and to help identify its location in instruction address space. Even 
if the delay is constant in core clock space, it invariably manifest as variable “skids” in instruction address space. 
This creates a challenge for programmers to profile a workload and pinpoint the location of bottlenecks. 


The core PMU in processors based on Sandy Bridge microarchitecture include a facility referred to as precise distri- 
bution of Instruction Retired (PDIR). 


The PDIR facility mitigates the “skid” problem by providing an early indication of when the INST_RETIRED counter 
is about to overflow, allowing the machine to more precisely trap on the instruction that actually caused the 
counter overflow. On processors based on Sandy Bridge microarchitecture, skid is significantly reduced and can be 
as little as one instruction. On future implementations, PDIR may eliminate skid. 


PDIR applies only to the INST_RETIRED.ALL precise event, and processors based on Sandy Bridge microarchitec- 
ture must use IA32_PMC1 with PerfEvtSel1 property configured and bit 1 in the IA32_PEBS_ENABLE set to 1. 
INST_RETIRED.ALL is a non-architectural performance event, it is not supported in prior generation microarchitec- 
tures. Additionally, on processors with CPUID DisplayFamily_DisplayModel signatures of 06_2A and 06_2D, the tool 
that programs PDIR should quiesce the rest of the programmable counters in the core when PDIR is active. 


19.3.4.5 Off-core Response Performance Monitoring 


The core PMU in processors based on Sandy Bridge microarchitecture provides off-core response facility similar to 
prior generation. Off-core response can be programmed only with a specific pair of event select and counter MSR, 
and with specific event codes and predefine mask bit value in a dedicated MSR to specify attributes of the off-core 
transaction. Two event codes are dedicated for off-core response event programming. Each event code for off-core 
response monitoring requires programming an associated configuration MSR, MSR_OFFCORE_RSP_x. Table 19-15 
lists the event code, mask value and additional off-core configuration MSR that must be programmed to count off- 
core response events using IA32_PMCx. 


Table 19-15. Off-Core Response Event Encoding 


Counter Event code UMask Required Off-core Response MSR 
PMCO-3 B7H 01H MSR_OFFCORE_RSP_O (address 1A6H) 
PMCO-3 BBH 01H MSR_OFFCORE_RSP_1 (address 1A7H) 


The layout of MSR_OFFCORE_RSP_0O and MSR_OFFCORE_RSP_1 are shown in Figure 19-30 and Figure 19-31. Bits 
15:0 specifies the request type of a transaction request to the uncore. Bits 30:16 specifies supplier information, 
bits 37:31 specifies snoop response information. 
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RESPONSE TYPE — Other (R/W) | 


RESERVED 
REQUEST TYPE — STRM_ST (RW) 
REQUEST TYPE — BUS_LOCKS (R/W) 
REQUEST TYPE — PF_LLC_IFETCH (R/W) 
REQUEST TYPE — PF_LLC_RFO (R/W) 
REQUEST TYPE — PF_LLC_DATA RD (R/W) 
REQUEST TYPE — PF_IFETCH (R/W) 
REQUEST TYPE — PF_RFO (R/W) 
REQUEST TYPE — PF_DATA_RD (R/W) 
REQUEST TYPE — WB (R/W) 
REQUEST TYPE — DMND_IFETCH (R/W) 
REQUEST TYPE — DMND_RFO (R/W) 
REQUEST TYPE — DMND_DATA_RD (R/W) 


63 37 15 1413121110 9876 543 21 0 


See Figure 18-30 | | 


Reserved RESET Value — 00000000_00000000H 


Figure 19-30. Request_Type Fields for MSR_OFFCORE_RSP_x 


Table 19-16. MSR_OFFCORE_RSP_x Request_Type Field Definition 


Bit Name Offset | Description 

DMND_DATA_RD | 0 Counts the number of demand data reads of full and partial cachelines as well as demand data page 
table entry cacheline reads. Does not count L2 data read prefetches or instruction fetches. 

DMND_RFO 1 Counts the number of demand and DCU prefetch reads for ownership (RFO) requests generated by a 
write to data cacheline. Does not count L2 RFO prefetches. 

DMND_IFETCH 2 Counts the number of demand instruction cacheline reads and L1 instruction cacheline prefetches. 

WB 3 Counts the number of writeback (modified to exclusive) transactions. 

PF_DATA_RD 4 Counts the number of data cacheline reads generated by L2 prefetchers. 

PF_RFO 5 Counts the number of RFO requests generated by L2 prefetchers. 

PF_IFETCH 6 Counts the number of code reads generated by L2 prefetchers. 

PF_LLC_DATA_RD | 7 L2 prefetcher to L3 for loads. 

PF_LLC_RFO 8 RFO requests generated by L2 prefetcher 

PF_LLC_IFETCH 9 L2 prefetcher to L3 for instruction fetches. 

BUS_LOCKS 10 Bus lock and split lock requests 

STRM_ST 11 Streaming store requests 

OTHER 15 Any other request that crosses IDI, including I/O. 
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63 


37 36 35 34 33 32 31 


22 212019 


817 16 


RESPONSE TYPE — NON_DRAM (RW) ——— 
RSPNS_SNOOP — HITM (RW) 95 —— 
RSPNS_SNOOP — HIT_FWD 
RSPNS_SNOOP — HIT_NO_FWD (RW) 
RSPNS_SNOOP — SNP_MISS (R/W) 
RSPNS_SNOOP — SNP_NOT_NEEDED (R/W) 
RSPNS_SNOOP — SNPI_NONE (R/W) 
RSPNS_SUPPLIER — RESERVED 
RSPNS_ SUPPLIER — Local 
RSPNS_SUPPLIER — LLC_HITF (R/W) 
RSPNS_ SUPPLIER — LLC_HITS (R/W) 
RSPNS_SUPPLIER — LLC_HITE (R/W) 
RSPNS_SUPPLIER — LLC_HITM (R/W) 
RSPNS_SUPPLIER — No_ SUPP (R/W) 
RSPNS_ SUPPLIER — ANY (R/W) 


Reserved 


RESET Value — 00000000_00000000H 


Figure 19-31. Response_Supplier and Snoop Info Fields for MSR_OFFCORE_RSP_x 


To properly program this extra register, software must set at least one request type bit and a valid response type 
pattern. Otherwise, the event count reported will be zero. It is permissible and useful to set multiple request and 
response type bits in order to obtain various classes of off-core response events. Although MSR_OFFCORE_RSP_x 
allow an agent software to program numerous combinations that meet the above guideline, not all combinations 
produce meaningful data. 


Table 19-17. MSR_OFFCORE_RSP_x Response Supplier Info Field Definition 


Subtype Bit Name Offset Description 
Common Any 16 Catch all value for any response types. 
Supplier NO_SUPP 17 No Supplier Information available. 
Info LLC_HITM 18 M-state initial lookup stat in L3. 
LLC_HITE 19 E-state 
LLC_HITS 20 S-state 
LLC_HITF 21 F-state 
LOCAL 22 Local DRAM Controller. 
Reserved 30:23 Reserved 


To specify a complete offcore response filter, software must properly program bits in the request and response type 
fields. A valid request type must have at least one bit set in the non-reserved bits of 15:0. A valid response type 
must be a non-zero value of the following expression: 


ANY | [COR’ of Supplier Info Bits) & ((OR’ of Snoop Info Bits) ] 
If “ANY™ bit is set, the supplier and snoop info bits are ignored. 
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Table 19-18. MSR_OFFCORE_RSP_x Snoop Info Field Definition 


Subtype | Bit Name Offset | Description 
Snoop SNP_NONE 31 No details on snoop-related information. 
Info 
SNP_NOT_NEEDED | 32 No snoop was needed to satisfy the request. 
SNP_MISS 33 A snoop was needed and it missed all snooped caches: 
-For LLC Hit, ReslHitl was returned by all cores 
-For LLC Miss, Rspl was returned by all sockets and data was returned from DRAM. 
SNP_NO_FWD 34 A snoop was needed and it hits in at least one snooped cache. Hit denotes a cache-line was 
valid before snoop effect. This includes: 
-Snoop Hit w/ Invalidation (LLC Hit, RFO) 
-Snoop Hit, Left Shared (LLC Hit/Miss, IFetch/Data_RD) 
-Snoop Hit w/ Invalidation and No Forward (LLC Miss, RFO Hit S) 
In the LLC Miss case, data is returned from DRAM. 
SNP_FWD 35 A snoop was needed and data was forwarded from a remote socket. This includes: 
-Snoop Forward Clean, Left Shared (LLC Hit/Miss, IFetch/Data_RD/RFT). 
HITM 36 A snoop was needed and it HitM-ed in local or remote cache. HitM denotes a cache-line was 
in modified state before effect as a results of snoop. This includes: 
-Snoop HitM w/ WB (LLC miss, IFetch/Data_RD) 
-Snoop Forward Modified w/ Invalidation (LLC Hit/Miss, RFO) 
-Snoop MtoS (LLC Hit, IFetch/Data_RD). 
NON_DRAM 37 Target was non-DRAM system address. This includes MMIO transactions. 


19.3.4.6 Uncore Performance Monitoring Facilities In Intel® Core’ i7-2xxx, Intel® Core™ i5-2xxx, 
Intel® Core™” i3-2xxx Processor Series 


The uncore sub-system in Intel® Core™ i7-2xxx, Intel® Core™ i5-2xxx, Intel® Core™ i3-2xxx processor series 
provides a unified L3 that can support up to four processor cores. The L3 cache consists multiple slices, each slice 
interface with a processor via a coherence engine, referred to as a C-Box. Each C-Box provides dedicated facility of 
MSRs to select uncore performance monitoring events and each C-Box event select MSR is paired with a counter 

register, similar in style as those described in Section 19.3.1.2.2. The ARB unit in the uncore also provides its local 
performance counters and event select MSRs. The layout of the event select MSRs in the C-Boxes and the ARB unit 
are shown in Figure 19-32. 


63 28 24 23 22 21 201918171615 87 0 


ono Unit Mask (UMASK)| Event Select 


INV—Invert counter mask—_ 
EN—Enable counter —————_- 
OVF_EN—Overflow forwarding 


E—Edge detect 
Reserved 


RESET Value — 00000000_00000000H 


Figure 19-32. Layout of Uncore PERFEVTSEL MSR for a C-Box Unit or the ARB Unit 
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The bit fields of the uncore event select MSRs for a C-box unit or the ARB unit are summarized below: 
° Event_Select (bits 7:0) and UMASK (bits 15:8): Specifies the microarchitectural condition to count in a local 


uncore PMU counter, see the event list at: https://perfmon-events.intel.com/. 
¢ E (bit 18): Enables edge detection filtering, if 1. 


¢ OVF_EN (bit 20): Enables the overflow indicator from the uncore counter forwarded to 
MSR_UNC_PERF_GLOBAL_CTRL, if 1. 


¢ EN (bit 22): Enables the local counter associated with this event select MSR. 
¢ INV (bit 23): Event count increments with non-negative value if 0, with negated value if 1. 
° CMASK (bits 28:24): Specifies a positive threshold value to filter raw event count input. 


At the uncore domain level, there is a master set of control MSRs that centrally manages all the performance moni- 
toring facility of uncore units. Figure 19-33 shows the layout of the uncore domain global control. 


When an uncore counter overflows, a PMI can be routed to a processor core. Bits 3:0 of 
MSR_UNC_PERF_GLOBAL_CTRL can be used to select which processor core to handle the uncore PMI. Software 
must then write to bit 13 of IA32_DEBUGCTL (at address 1D9H) to enable this capability. 


¢ PMI_SEL_Core#: Enables the forwarding of an uncore PMI request to a processor core, if 1. If bit 30 (WakePMI) 
is ‘1’, a wake request is sent to the respective processor core prior to sending the PMI. 


e EN: Enables the fixed uncore counter, the ARB counters, and the CBO counters in the uncore PMU, if 1. This bit 
is cleared if bit 31 (FREEZE) is set and any enabled uncore counters overflow. 


¢ WakePMI: Controls sending a wake request to any halted processor core before issuing the uncore PMI request. 
If a processor core was halted and not sent a wake request, the uncore PMI will not be serviced by the 
processor core. 


e FREEZE: Provides the capability to freeze all uncore counters when an overflow condition occurs in a unit 
counter. When this bit is set, and a counter overflow occurs, the uncore PMU logic will clear the global enable 
bit (bit 29). 


63 32 31 30 29 28 4321 0 


FREEZE—Freeze counters 
WakePMI—Wake cores on PMI 
EN—Enable all uncore counters 
PMI_Sel_Core3 — Uncore PMI to core 3 
PMI_Sel_Core2 — Uncore PMI to core 2 


PMI_Sel_Core1 — Uncore PMI to core 1 
PMI_Sel_CoreO — Uncore PMI to core 0 


Reserved RESET Value — 00000000_00000000H 


Figure 19-33. Layout of MSR_UNC_PERF_GLOBAL_CTRL MSR for Uncore 


Additionally, there is also a fixed counter, counting uncore clockticks, for the uncore domain. Table 19-19 summa- 
rizes the number MSRs for uncore PMU for each box. 


Table 19-19. Uncore PMU MSR Summary 


Counters per | Counter General Global 
Box # of Boxes Box Width Purpose Enable Comment 
C-Box SKU specific 2 44 Yes Per-box Up to 4, seeTable 2-21 
MSR_UNC_CBO_CONFIG 
ARB 1 2 44 Yes Uncore 
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Table 19-19. Uncore PMU MSR Summary (Contd.) 


Counters per | Counter General Global 
Box # of Boxes Box Width Purpose Enable Comment 
Fixed NA. NA. 48 No Uncore 
Counter 


19.3.4.6.1 Uncore Performance Monitoring Events 

There are certain restrictions on the uncore performance counters in each C-Box. Specifically, 
® Occupancy events are supported only with counter O but not counter 1. 

® Other uncore C-Box events can be programmed with either counter 0 or 1. 


The C-Box uncore performance events can collect performance characteristics of transactions initiated by 
processor core. In that respect, they are similar to various sub-events in the OFFCORE_RESPONSE family of perfor- 
mance events in the core PMU. Information such as data supplier locality (LLC HIT/MISS) and snoop responses can 
be collected via OFFCORE_RESPONSE and qualified on a per-thread basis. 


On the other hand, uncore performance event logic cannot associate its counts with the same level of per-thread 
qualification attributes as the core PMU events can. Therefore, whenever similar event programming capabilities 

are available from both core PMU and uncore PMU, the recommendation is that utilizing the core PMU events may 
be less affected by artifacts, complex interactions and other factors. 


19.3.4.7. Intel® Xeon® Processor €5 Family Performance Monitoring Facility 


The Intel® Xeon® Processor E5 Family (and Intel® Core™ i7-3930K Processor) are based on Sandy Bridge-E micro- 
architecture. While the processor cores share the same microarchitecture as those of the Intel® Xeon® Processor 
E3 Family and 2nd generation Intel Core i7-2xxx, Intel Core i5-2xxx, Intel Core i3-2xxx processor series, the 
uncore subsystems are different. An overview of the uncore performance monitoring facilities of the Intel Xeon 
processor E5 family (and Intel Core i7-3930K processor) is described in Section 19.3.4.8. 


Thus, the performance monitoring facilities in the processor core generally are the same as those described in 
Section 19.6.3 through Section 19.3.4.5. However, the MSR_OFFCORE_RSP_0/MSR_OFFCORE_RSP_i Response 
Supplier Info field shown in Table 19-17 applies to Intel Core Processors with CPUID signature of 
DisplayFamily_DisplayModel encoding of 06_2AH; Intel Xeon processor with CPUID signature of 
DisplayFamily_DisplayModel encoding of 06_2DH supports an additional field for remote DRAM controller shown in 
Table 19-20. Additionally, there are some small differences in the non-architectural performance monitoring events 
(see event list available at: https://perfmon-events.intel.com/). 


Table 19-20. MSR_OFFCORE_RSP_x Supplier Info Field Definitions 


Subtype Bit Name Offset Description 
Common Any 16 Catch all value for any response types. 
Supplier Info | NO_SUPP 17 No Supplier Information available. 
LLC_HITM 18 M-state initial lookup stat in L3. 
LLC_HITE 19 E-state 
LLC_HITS 20 S-state 
LLC_HITF 21 F-state 
LOCAL 22 Local DRAM Controller. 
Remote 30:23 Remote DRAM Controller (either all Os or all 1s). 
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19.3.4.8 


The uncore subsystem in the Intel Xeon processor E5-2600 product family has some similarities with those of the 
Intel Xeon processor E7 family. Within the uncore subsystem, localized performance counter sets are provided at 
logic control unit scope. For example, each Cbox caching agent has a set of local performance counters, and the 
power controller unit (PCU) has its own local performance counters. Up to 8 C-Box units are supported in the 
uncore sub-system. 


Intel® Xeon® Processor €5 Family Uncore Performance Monitoring Facility 


Table 19-21 summarizes the uncore PMU facilities providing MSR interfaces. 


Table 19-21. Uncore PMU MSR Summary for Intel® Xeon® Processor E5 Family 


Counter General Global 
Box # of Boxes | Counters per Box Width Purpose Enable Sub-control MSRs 
C-Box 8 4 44 Yes per-box None 
PCU 1 4 48 Yes per-box Match/Mask 
U-Box 1 2 44 Yes uncore None 


Details of the uncore performance monitoring facility of Intel Xeon Processor E5 family is available in “Intel® 
Xeon® Processor E5 Uncore Performance Monitoring Programming Reference Manual”. The MSR-based uncore 
PMU interfaces are listed in Table 2-24. 


19.3.5 3rd Generation Intel® Core’ Processor Performance Monitoring Facility 


The 3rd generation Intel® Core™ processor family and Intel® Xeon® processor E3-1200v2 product family are 
based on the Ivy Bridge microarchitecture. The performance monitoring facilities in the processor core generally 
are the same as those described in Section 19.6.3 through Section 19.3.4.5. The non-architectural performance 
monitoring events supported by the processor core can be found at: https://perfmon-events.intel.com/. 


19.3.5.1 


The uncore subsystem in the Intel Xeon processor E5 v2 and Intel Xeon Processor E7 v2 product families are based 
on the Ivy Bridge-E microarchitecture. There are some similarities with those of the Intel Xeon processor E5 family 
based on the Sandy Bridge microarchitecture. Within the uncore subsystem, localized performance counter sets 
are provided at logic control unit scope. 


Intel® Xeon® Processor €5 v2 and €7 v2 Family Uncore Performance Monitoring Facility 


Details of the uncore performance monitoring facility of Intel Xeon Processor E5 v2 and Intel Xeon Processor E7 v2 
families are available in the “Intel® Xeon® Processor E5 v2 and E7 v2 Uncore Performance Monitoring Program- 
ming Reference Manual”. The MSR-based uncore PMU interfaces are listed in Table 2-28. 


19.3.6 4th Generation Intel® Core™ Processor Performance Monitoring Facility 


The 4th generation Intel® Core™ processor and Intel® Xeon® processor E3-1200 v3 product family are based on 
the Haswell microarchitecture. The core PMU supports architectural performance monitoring capability with version 
ID 3 (see Section 19.2.3) and a host of non-architectural monitoring capabilities. 


Architectural performance monitoring version 3 capabilities are described in Section 19.2.3. 


The core PMU’s capability is similar to those described in Section 19.6.3 through Section 19.3.4.5, with some differ- 
ences and enhancements summarized in Table 19-22. Additionally, the core PMU provides some enhancement to 
support performance monitoring when the target workload contains instruction streams using Intel® Transactional 
Synchronization Extensions (TSX), see Section 19.3.6.5. For details of Intel TSX, see Chapter 16, “Programming with 
Intel® Transactional Synchronization Extensions” of Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1. 
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Table 19-22. Core PMU Comparison 


Box 


Haswell Microarchitecture 


Sandy Bridge Microarchitecture 


Comment 


# of Fixed counters per thread 


3 


3 


Use CPUID to determine # 
of counters. See Section 
19.2.1. 


# of general-purpose counters | 8 8 Use CPUID to determine # 

per core of counters. See Section 
19.2.1. 

Counter width (R,W) R:48, W: 32/48 R:48, W: 32/48 See Section 19.2.2. 


# of programmable counters 
per thread 


4 or (8 if a core not shared by two 
threads) 


4 or (8 if a core not shared by two 
threads) 


Use CPUID to determine # 
of counters. See Section 
19.2.1. 


PMI Overhead Mitigation 


« Freeze_Perfmon_on_PMI with 
legacy semantics. 

* Freeze_LBR_on_PMI with 
legacy semantics for branch 
profiling. 

* Freeze_while_SMM. 


* Freeze_Perfmon_on_PMI with 
legacy semantics. 

* Freeze_LBR_on_PMI with 
legacy semantics for branch 
profiling. 

* Freeze_while_SMM. 


See Section 17.4.7. 


Processor Event Based 
Sampling (PEBS) Events 


PEBS-Load Latency 


See Table 19-12 and Section 
19.3.6.5.1. 


See Section 19.3.4.4.2. 


See Table 19-12. 


See Section 19.3.4.4.2. 


IA32_PMC4-IA32_PMC7 
do not support PEBS. 


PEBS-Precise Store 


No, replaced by Data Address 
profiling. 


Section 19.3.4.4.3 


PEBS-PDIR Yes (using precise Yes (using precise 
INST_RETIRED.ALL) INST_RETIRED.ALL) 
PEBS-EventingIP Yes No 
Data Address Profiling Yes No 
LBR Profiling Yes Yes 
Call Stack Profiling Yes, see Section 17.11. No Use LBR facility. 


Off-core Response Event 


MSR 1A6H and 1A7H; extended 
request and response types. 


MSR 1A6H and 1A7H; extended 
request and response types. 


Intel TSX support for Perfmon 


See Section 19.3.6.5. 


No 


19.3.6.1 


Processor Event Based Sampling (PEBS) Facility 


The PEBS facility in the 4th Generation Intel Core processor is similar to those in processors based on Sandy Bridge 
microarchitecture, with several enhanced features. The key components and differences of PEBS facility relative to 
Sandy Bridge microarchitecture is summarized in Table 19-23. 


Table 19-23. PEBS Facility Comparison 


Box Haswell Microarchitecture Sandy Bridge Microarchitecture | Comment 

Valid [A32_PMCx PMCO-PMC3 PMCO-PMC3 No PEBS on PMC4-PMC7 
PEBS Buffer Programming Section 19.3.1.1.1 Section 19.3.1.1.1 Unchanged 
IA32_PEBS_ENABLE Layout | Figure 19-15 Figure 19-29 


PEBS record layout 


Table 19-24; enhanced fields 
at offsets 98H, AOH, A8H, BOH. 


Table 19-3; enhanced fields at 
offsets 98H, AOH, A8H. 
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Table 19-23. PEBS Facility Comparison 


Box 


Haswell Microarchitecture 


Sandy Bridge Microarchitecture 


Comment 


Precise Events 


See Table 19-12. 


See Table 19-12. 


IA32_PMC4-IA32_PMC7 do 
not support PEBS. 


PEBS-Load Latency 


See Table 19-13. 


Table 19-13 


PEBS-Precise Store 


No, replaced by data address 
profiling. 


Yes; see Section 19.3.4.4.3. 


PEBS-PDIR 


Yes 


Yes 


IA32_PMC1 only. 


PEBS skid from EventingIP 


1 (or 2 if micro+macro fusion) 


1 


SAMPLING Restriction 


Small SAV(CountDown) value incur higher overhead than prior 


generation. 


Only IA32_PMCO through IA32_PMC3 support PEBS. 


NOTE 


PEBS events are only valid when the following fields of IA32_PERFEVTSELx are all zero: AnyThread, 
Edge, Invert, CMask. 


In a PMU with PDIR capability, PEBS behavior is unpredictable if IA32_PERFEVTSELx or IA32_PMCx 
is changed for a PEBS-enabled counter while an event is being counted. To avoid this, changes to 
the programming or value of a PEBS-enabled counter should be performed when the counter is 


disabled. 


19.3.6.2 PEBS Data Format 


The PEBS record format for the 4th Generation Intel Core processor is shown in Table 19-24. The PEBS record 
format, along with debug/store area storage format, does not change regardless of whether IA-32e mode is active 
or not. CPUID.01H:ECX.DTES64[bit 2] reports whether the processor's DS storage format support is mode-inde- 


pendent. When set, it uses 64-bit DS storage format. 


Table 19-24. PEBS Record Format for 4th Generation Intel Core Processor Family 


Byte Offset Field Byte Offset Field 

OOH R/EFLAGS 60H R10 

08H R/EIP 68H R11 

10H R/EAX 70H R12 

18H R/EBX 78H R13 

20H R/ECX 80H R14 

28H R/EDX 88H R15 

30H R/ESI 90H IA32_PERF_GLOBAL_STATUS 

38H R/EDI 98H Data Linear Address 

40H R/EBP AOH Data Source Encoding 

48H R/ESP A8H Latency value (core cycles) 

50H R8 BOH EventingIP 

58H R9 B8H TX Abort Information (Section 
19.3.6.5.1) 
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The layout of PEBS records are almost identical to those shown in Table 19-3. Offset BOH is a new field that records 
the eventing IP address of the retired instruction that triggered the PEBS assist. 


The PEBS records at offsets 98H, AOH, and ABH record data gathered from three of the PEBS capabilities in prior 
processor generations: load latency facility (Section 19.3.4.4.2), PDIR (Section 19.3.4.4.4), and the equivalent 
capability of precise store in prior generation (see Section 19.3.6.3). 


In the core PMU of the 4th generation Intel Core processor, load latency facility and PDIR capabilities are 
unchanged. However, precise store is replaced by an enhanced capability, data address profiling, that is not 
restricted to store address. Data address profiling also records information in PEBS records at offsets 98H, AOH, 
and ABH. 


19.3.6.3. PE€BS Data Address Profiling 


The Data Linear Address facility is also abbreviated as DataLA. The facility is a replacement or extension of the 
precise store facility in previous processor generations. The DataLA facility complements the load latency facility by 
providing a means to profile load and store memory references in the system, leverages the PEBS facility, and 
provides additional information about sampled loads and stores. Having precise memory reference events with 
linear address information for both loads and stores provides information to improve data structure layout, elimi- 
nate remote node references, and identify cache-line conflicts in NUMA systems. 


The DataLA facility in the 4th generation processor supports the following events configured to use PEBS: 


Table 19-25. Precise Events That Supports Data Linear Address Profiling 


Event Name Event Name 
MEM_UOPS_RETIRED.STLB_MISS_LOADS MEM_UOPS_RETIRED.STLB_MISS_STORES 
MEM_UOPS_RETIRED.LOCK_LOADS MEM_UOPS_RETIRED.SPLIT_STORES 
MEM_UOPS_RETIRED.SPLIT_LOADS MEM_UOPS_RETIRED.ALL_STORES 
MEM_UOPS_RETIRED.ALL_LOADS MEM_LOAD_UOPS_LLC_MISS_RETIRED.LOCAL_DRAM 
MEM_LOAD_UOPS_RETIRED.L1_HIT MEM_LOAD_UOPS_RETIRED.L2_HIT 
MEM_LOAD_UOPS_RETIRED.L3_HIT MEM_LOAD_UOPS_RETIRED.L1_MISS 
MEM_LOAD_UOPS_RETIRED.L2_MISS MEM_LOAD_UOPS_RETIRED.L3_MISS 
MEM_LOAD_UOPS_RETIRED.HIT_LFB MEM_LOAD_UOPS_L3_HIT_RETIRED.XSNP_MISS 
MEM_LOAD_UOPS_L3_HIT_RETIRED.XSNP_HIT MEM_LOAD_UOPS_L3_HIT_RETIRED.XSNP_HITM 
UOPS_RETIRED.ALL (if load or store is tagged) MEM_LOAD_UOPS_LLC_HIT_RETIRED.XSNP_NONE 


DataLA can use any one of the IA32_PMCO0-IA32_PMC3 counters. Counter overflows will initiate the generation of 
PEBS records. Upon counter overflow, hardware captures the linear address and possible other status information 
of the retiring memory uop. This information is then written to the PEBS record that is subsequently generated. 


To enable the DataLA facility, software must complete the following steps. Please note that the DataLA facility relies 
on the PEBS facility, so the PEBS configuration requirements must be completed before attempting to capture 
DataLA information. 


* Complete the PEBS configuration steps. 
¢ Program an event listed in Table 19-25 using any one of IA32_PERFEVTSELO-IA32_PERFEVTSEL3. 


° Set the corresponding IA32_PEBS_ENABLE.PEBS_EN_CTRx bit. This enables the corresponding IA32_PMCx as 
a PEBS counter and enables the DataLA facility. 


When the DataLA facility is enabled, the relevant information written into a PEBS record affects entries at offsets 
98H, AOH and A8H, as shown in Table 19-26. 
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Table 19-26. Layout of Data Linear Address Information In PEBS Record 


Field Offset | Description 

Data Linear 98H The linear address of the load or the destination of the store. 

Address 

Store Status AOH * DCU Hit (Bit 0): The store hit the data cache closest to the core (L1 cache) if this bit is set, otherwise 
the store missed the data cache. This information is valid only for the following store events: 
UOPS_RETIRED.ALL (if store is tagged), 
MEM_UOPS_RETIRED.STLB_MISS_STORES, 
MEM_UOPS_RETIRED.SPLIT_STORES, MEM_UOPS_RETIRED.ALL_STORES 

« Other bits are zero, The STLB_MISS, LOCK bit information can be obtained by programming the 

corresponding store event in Table 19-25. 

Reserved A8H Always zero. 


19.3.6.3.1  EventingIP Record 


The PEBS record layout for processors based on Haswell microarchitecture adds a new field at offset OBOH. This is 
the eventingIP field that records the IP address of the retired instruction that triggered the PEBS assist. The 
EIP/RIP field at offset O8H records the IP address of the next instruction to be executed following the PEBS assist. 


19.3.6.4 Off-core Response Performance Monitoring 


The core PMU facility to collect off-core response events are similar to those described in Section 19.3.4.5. The 
event codes are listed in Table 19-15. Each event code for off-core response monitoring requires programming an 
associated configuration MSR, MSR_OFFCORE_RSP_x. Software must program MSR_OFFCORE_RSP_x according 


to: 


° Transaction request type encoding (bits 15:0): see Table 19-27. 
° Supplier information (bits 30:16): see Table 19-28. 
¢ Snoop response information (bits 37:31): see Table 19-18. 


Table 19-27. MSR_OFFCORE_RSP_x Request_Type Definition (Haswell Microarchitecture) 


Bit Name Offset | Description 

DMND_DATA_RD | 0 Counts the number of demand data reads and page table entry cacheline reads. Does not count L2 data 
read prefetches or instruction fetches. 

DMND_RFO 1 Counts demand read (RFO) and software prefetches (PREFETCHW) for exclusive ownership in 
anticipation of a write. 

DMND_IFETCH 2 Counts the number of demand instruction cacheline reads and L1 instruction cacheline prefetches. 

COREWB 3 Counts the number of modified cachelines written back. 

PF_DATA_RD 4 Counts the number of data cacheline reads generated by L2 prefetchers. 

PF_RFO 5 Counts the number of RFO requests generated by L2 prefetchers. 

PF_IFETCH 6 Counts the number of code reads generated by L2 prefetchers. 

PF_L3_DATA_RD |7 Counts the number of data cacheline reads generated by L3 prefetchers. 

PF_L3_RFO 8 Counts the number of RFO requests generated by L3 prefetchers. 

PF_L3_CODE_RD |9 Counts the number of code reads generated by L3 prefetchers. 

SPLIT_LOCK_UC_ | 10 Counts the number of lock requests that split across two cachelines or are to UC memory. 

LOCK 

STRM_ST 11 Counts the number of streaming store requests electronically. 

Reserved 14:12 | Reserved 
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Table 19-27. MSR_OFFCORE_RSP_x Request_Type Definition (Haswell Microarchitecture) (Contd.) 


Bit Name 


Offset | Description 


OTHER 


15 Any other request that crosses IDI, including I/O. 


The supplier information field listed in Table 19-28. The fields vary across products (according to CPUID signatures) 


and is noted in the description. 


Table 19-28. MSR_OFFCORE_RSP_x Supplier Info Field Definition (CPUID Signature 06_3CH, 06_46H) 


Subtype Bit Name Offset Description 
Common Any 16 Catch all value for any response types. 
Supplier NO_SUPP 17 No Supplier Information available. 
Info L3_HITM 18 M-state initial lookup stat in L3. 
L3_HITE 19 E-state 
L3_HITS 20 S-state 
Reserved 21 Reserved 
LOCAL 22 Local DRAM Controller. 
Reserved 30:23 Reserved 
Table 19-29. MSR_OFFCORE_RSP_x Supplier Info Field Definition (CPUID Signature 06_45H) 
Subtype Bit Name Offset Description 
Common Any 16 Catch all value for any response types. 
Supplier NO_SUPP 17 No Supplier Information available. 
Info L3_HITM 18 M-state initial lookup stat in L3. 
L3_HITE 19 €-state 
L3_HITS 20 S-state 
Reserved 21 Reserved 
L4_HIT_LOCAL_L4 22 L4 Cache 
L4_HIT_REMOTE_HOPO_L4 23 L4 Cache 
L4_HIT_REMOTE_HOP1_L4 24 L4 Cache 
L4_HIT_REMOTE_HOP2P_L4 25 L4 Cache 
Reserved 30:26 Reserved 
19.3.6.4.1 Off-core Response Performance Monitoring in Intel Xeon Processors E5 v3 Series 


Table 19-28 lists the supplier information field that apply to Intel Xeon processor E5 v3 series (CPUID signature 


06_3FH). 
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Table 19-30. MSR_OFFCORE_RSP_x Supplier Info Field Definition 


Subtype Bit Name Offset Description 
Common Any 16 Catch all value for any response types. 
Supplier NO_SUPP 17 No Supplier Information available. 
Info L3_HITM 18 M-state initial lookup stat in L3. 
L3_HITE 19 E-state 
L3_HITS 20 S-state 
L3_HITF 21 F-state 
LOCAL 22 Local DRAM Controller. 
Reserved 26:23 Reserved 
L3_MISS_REMOTE_HOPO 27 Hop O Remote supplier. 
L3_MISS_REMOTE_HOP1 28 Hop 1 Remote supplier. 
L3_MISS_REMOTE_HOP2P 29 Hop 2 or more Remote supplier. 
Reserved 30 Reserved 


19.3.6.5 Performance Monitoring and Intel® TSX 


Chapter 16 of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 describes the details of 
Intel® Transactional Synchronization Extensions (Intel® TSX). This section describes performance monitoring 
support for Intel TSX. 


If a processor supports Intel TSX, the core PMU enhances its IA32_PERFEVTSELx MSR with two additional bit fields 
for event filtering. Support for Intel TSX is indicated by either (a) CPUID.(EAX=7, ECX=0):RTM[bit 11]=1, or (b) if 
CPUID.07H.EBX.HLE [bit 4] = 1. The TSX-enhanced layout of IA32_PERFEVTSELx is shown in Figure 19-34. The 
two additional bit fields are: 


° IN_TX (bit 32): When set, the counter will only include counts that occurred inside a transactional region, 
regardless of whether that region was aborted or committed. This bit may only be set if the processor supports 
HLE or RTM. 


¢ IN_TXCP (bit 33): When set, the counter will not include counts that occurred inside of an aborted transac- 
tional region. This bit may only be set if the processor supports HLE or RTM. This bit may only be set for 
IA32_PERFEVTSEL2. 


When the IA32_PERFEVTSELx MSR is programmed with both IN_TX=0 and IN_TXCP=0 on a processor that 
supports Intel TSX, the result in a counter may include detectable conditions associated with a transaction code 
region for its aborted execution (if any) and completed execution. 


In the initial implementation, software may need to take pre-caution when using the IN_TXCP bit. See Table 2-29. 
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Counter Mask] \| P/-lo , 
(CMASK) ¥ niy| NJo Els . Unit Mask (UMASK) Event Select 


Reserved 


|________ SR—User Mode 
OS—Operating system mode 

E—Edge detect 
PC—FPin control 
INT—APIC interrupt enable 
ANY—Any Thread 
EN—Enable counters 
INV—Invert counter mask 
IN_TX—In Trans. Rgn 
IN_TXCP—In Tx exclude abort (PERFEVTSEL2 Only) 


Figure 19-34. Layout of IA32_PERFEVTSELx MSRs Supporting Intel TSX 


A common usage of setting IN_TXCP=1 is to capture the number of events that were discarded due to a transac- 
tional abort. With IA32_PMC2 configured to count in such a manner, then when a transactional region aborts, the 
value for that counter is restored to the value it had prior to the aborted transactional region. As a result, any 
updates performed to the counter during the aborted transactional region are discarded. 


On the other hand, setting IN_TX=1 can be used to drill down on the performance characteristics of transactional 
code regions. When a PMCx is configured with the corresponding IA32_PERFEVTSELx.IN_TX=1, only eventing 
conditions that occur inside transactional code regions are propagated to the event logic and reflected in the 
counter result. Eventing conditions specified by IA32_PERFEVTSELx but occurring outside a transactional region 
are discarded. 


Additionally, a number of performance events are solely focused on characterizing the execution of Intel TSX trans- 
actional code, they can be found at: https://perfmon-events.intel.com/. 


19.3.6.5.1 Intel TSX and PEBS Support 


If a PEBS event would have occurred inside a transactional region, then the transactional region first aborts, and 
then the PEBS event is processed. 


Two of the TSX performance monitoring events also support using the PEBS facility to capture additional informa- 
tion. They are: 


¢ HLE_RETIRED.ABORTED (encoding C8H mask 04H), 
¢ RTM_RETIRED.ABORTED (encoding C9H mask 04H). 


A transactional abort (HLE_RETIRED.ABORTED,RTM_RETIRED.ABORTED) can also be programmed to cause PEBS 
events. In this scenario, a PEBS event is processed following the abort. 


Pending a PEBS record inside of a transactional region will cause a transactional abort. If a PEBS record was pended 
at the time of the abort or on an overflow of the TSX PEBS events listed above, only the following PEBS entries will 
be valid (enumerated by PEBS entry offset B8H bits[33:32] to indicate an HLE abort or an RTM abort): 


° Offset BOH: EventingIP, 
° Offset B8H: TX Abort Information 
These fields are set for all PEBS events. 


° Offset 08H (RIP/EIP) corresponds to the instruction following the outermost XACQUIRE in HLE or the first 
instruction of the fallback handler of the outermost XBEGIN instruction in RTM. This is useful to identify the 
aborted transactional region. 


In the case of HLE, an aborted transaction will restart execution deterministically at the start of the HLE region. In 
the case of RTM, an aborted transaction will transfer execution to the RTM fallback handler. 


The layout of the TX Abort Information field is given in Table 19-31. 
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Table 19-31. TX Abort Information Field Definition 


Bit Name Offset | Description 

Cycles_Last_TX 31:0 The number of cycles in the last TSX region, regardless of whether that region had aborted or 
committed. 

HLE_Abort 32 If set, the abort information corresponds to an aborted HLE execution 

RTM_Abort 33 If set, the abort information corresponds to an aborted RTM execution 

Instruction_Abort 34 If set, the abort was associated with the instruction corresponding to the eventing IP (offset 
OBOH) within the transactional region. 

Non_Instruction_Abort 35 If set, the instruction corresponding to the eventing IP may not necessarily be related to the 
transactional abort. 

Retry 36 If set, retrying the transactional execution may have succeeded. 

Data_Conflict 37 If set, another logical processor conflicted with a memory address that was part of the 
transactional region that aborted. 

Capacity Writes 38 If set, the transactional region aborted due to exceeding resources for transactional writes. 

Capacity Reads 39 If set, the transactional region aborted due to exceeding resources for transactional reads. 

Reserved 63:40 | Reserved 


19.3.6.6 Uncore Performance Monitoring Facilities in the 4th Generation Intel® Core” Processors 


The uncore sub-system in the 4th Generation Intel® Core™ processors provides its own performance monitoring 
facility. The uncore PMU facility provides dedicated MSRs to select uncore performance monitoring events in a 
similar manner as those described in Section 19.3.4.6. 


The ARB unit and each C-Box provide local pairs of event select MSR and counter register. The layout of the event 
select MSRs in the C-Boxes are identical as shown in Figure 19-32. 


At the uncore domain level, there is a master set of control MSRs that centrally manages all the performance moni- 
toring facility of uncore units. Figure 19-33 shows the layout of the uncore domain global control. 


Additionally, there is also a fixed counter, counting uncore clockticks, for the uncore domain. Table 19-19 summa- 
rizes the number MSRs for uncore PMU for each box. 


Table 19-32. Uncore PMU MSR Summary 


Counters per | Counter General Global 
Box # of Boxes Box Width Purpose Enable Comment 
C-Box SKU specific 2 44 Yes Per-box Up to 4, seeTable 2-21 
MSR_UNC_CBO_CONFIG 
ARB 1 2 44 Yes Uncore 
Fixed Counter | N.A. NA. 48 No Uncore 


The uncore performance events for the C-Box and ARB units can be found at: https://perfmon-events.intel.com/. 


19.3.6.7._ Intel® Xeon® Processor €5 v3 Family Uncore Performance Monitoring Facility 


Details of the uncore performance monitoring facility of Intel Xeon Processor E5 v3 families are available in “Intel® 
Xeon® Processor E5 v3 Uncore Performance Monitoring Programming Reference Manual”. The MSR-based uncore 
PMU interfaces are listed in Table 2-33. 
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19.3.7. 5th Generation Intel® Core” Processor and Intel® Core’ M Processor Performance 


Monitoring Facility 
The 5th Generation Intel® Core™ processor and the Intel® Core™ M processor families are based on the Broadwell 
microarchitecture. The core PMU supports architectural performance monitoring capability with version ID 3 (see 
Section 19.2.3) and a host of non-architectural monitoring capabilities. 
Architectural performance monitoring version 3 capabilities are described in Section 19.2.3. 


The core PMU has the same capability as those described in Section 19.3.6. IA32_PERF_GLOBAL_STATUS provide 
a bit indicator (bit 55) for PMI handler to distinguish PMI due to output buffer overflow condition due to accumu- 


lating packet data from Intel Processor Trace. 


636261 55 35 34 33 32 31 8 


7 
CondChgd _| 


Ovf_Buffer 
Ovf_UncorePMU——— 
Trace_ToPA_PMI 
FIXED_CTR2 Overflow (RO) 
FIXED_CTR1 Overflow (RO) 
FIXED_CTRO Overflow (RO) 
PMC7_OVF (RO, If PMC7 present) 
PMC6_OVF (RO, If PMC6 present) 
PMC5_OVF (RO, If PMC5 present) 
PMC4_OVF (RO, If PMC4 present) 
PMC3_OVF (RO) 
PMC2_OVF (RO) 
) 
) 


PMC1_OVF (RO 
PMCO_OVF (RO 


Reserved CT Valid if CPUID.OAH:EAX[15:8] = 8; else reserved 


Figure 19-35. IA32_PERF_GLOBAL_STATUS MSR in Broadwell Microarchitecture 


Details of Intel Processor Trace is described in Chapter 32, “Intel® Processor Trace”. The 
IA32_PERF_GLOBAL_OVF_CTRL MSR provides a corresponding reset control bit. 
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ClrCondChgd 
ClrOvfDSBuffer 
ClrOvfUncore 
ClrTraceToPA_PMI 
FIXED_CTR2 ClrOverflow 
FIXED_CTR1 ClrOverflow 
FIXED_CTRO ClrOverflow 
PMC7_ClrOvf (if PMC7 present 
PMC6_ClrOvf (if PMC6 present 
PMC5_ClrOvf (if PMC5 present 
PMC4_ClrOvf (if PMC4 present 
PMC3_ClrOvf 


PMC2_ClrOvf 
PMC1_ClrOvf 


PMCO_ClrOvf 


Valid if CPUID.OAH:EAX[15:8] = 8; else reserved 


Reserved 


Figure 19-36. IA32_PERF_GLOBAL_OVF_CTRL MSR in Broadwell microarchitecture 
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The specifics of non-architectural performance events can be found at: https://perfmon-events.intel.com/. 


6th Generation, 7th Generation and 8th Generation Intel® Core™” Processor 
Performance Monitoring Facility 


The 6th generation Intel® Core™ processor is based on the Skylake microarchitecture. The 7th generation Intel® 
Core™ processor is based on the Kaby Lake microarchitecture. The 8th generation Intel® Core™ processors, 9th 
generation Intel® Core™ processors, and Intel® Xeon® E processors are based on the Coffee Lake microarchitec- 
ture. For these microarchitectures, the core PMU supports architectural performance monitoring capability with 
version ID 4 (see Section 19.2.4) and a host of non-architectural monitoring capabilities. 


19.3.8 


Architectural performance monitoring version 4 capabilities are described in Section 19.2.4. 


The core PMU’'s capability is similar to those described in Section 19.6.3 through Section 19.3.4.5, with some differ- 
ences and enhancements summarized in Table 19-33. Additionally, the core PMU provides some enhancement to 
support performance monitoring when the target workload contains instruction streams using Intel® Transactional 
Synchronization Extensions (TSX), see Section 19.3.6.5. For details of Intel TSX, see Chapter 16, “Programming 
with Intel® Transactional Synchronization Extensions” of Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1. 


Performance monitoring result may be affected by side-band activity on processors that support Intel SGX, details 
are described in Chapter 39, “Enclave Code Debug and Profiling”. 


Table 19-33. Core PMU Comparison 


Box 


# of Fixed counters per thread 


Skylake, Kaby Lake and Coffee Lake 


Microarchitectures 


Haswell and Broadwell 
Microarchitectures 


Comment 


Use CPUID to 
determine # of 
counters. See 
Section 19.2.1. 


# of general-purpose counters 
per core 


Use CPUID to 
determine # of 
counters. See 
Section 19.2.1. 


Counter width (R,W) 


# of programmable counters 
per thread 


Architectural Perfmon version 


R:48, W: 32/48 


4 or (8 if a core not shared by two 
threads) 


R:48, W: 32/48 


4 or (8 if a core not shared by two 
threads) 


See Section 19.2.2. 


Use CPUID to 
determine # of 
counters. See 
Section 19.2.1. 


See Section 19.2.4 


PMI Overhead Mitigation 


* Freeze_Perfmon_on_PMI with 
streamlined semantics. 

* Freeze_LBR_on_PMI with 
streamlined semantics. 


* Freeze_Perfmon_on_PMI with 
legacy semantics. 

* Freeze_LBR_on_PMI with 
legacy semantics for branch 


See Section 17.4.7. 


Legacy semantics 
not supported with 
version 4 or higher. 


IA32_PERF_GLOBAL_STATUS_RESET 


« Set via 


IA32_PERF_GLOBAL_STATUS_SET 


IA32_PERF_GLOBAL_OVF_CTRL 


* Freeze_while_SMM. profiling. 
* Freeze_while_SMM. 
Counter and Buffer Overflow * Query via * Query via See Section 19.2.4. 
Status Management IA32_PERF_GLOBAL_STATUS IA32_PERF_GLOBAL_STATUS 
« Reset via « Reset via 
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Table 19-33. Core PMU Comparison (Contd.) 


Box 


Skylake, Kaby Lake and Coffee Lake 


Microarchitectures 


Haswell and Broadwell 
Microarchitectures 


Comment 


IA32_PERF_GLOBAL_STATUS 
Indicators of 
Overflow/Overhead/Interferen 
ce 


Individual counter overflow 
PEBS buffer overflow 
ToPA buffer overflow 
CTR_Frz, LBR_Frz, ASCI 


Individual counter overflow 
PEBS buffer overflow 
ToPA buffer overflow 
(applicable to Broadwell 
microarchitecture) 


See Section 19.2.4. 


Enable control in «= CTR_Frz NA See Section 
IA32_PERF_GLOBAL_STATUS |* LBR_Frz 19.2.4.1. 
Perfmon Counter In-Use Query IA32_PERF_GLOBAL_INUSE NA See Section 
Indicator 19.2.4.3. 


See Table 19-36. See Table 19-12. IA32_PMC4-PMC7 


do not support 


Precise Events 


PEBS. 
PEBS for front end events See Section 19.3.8.2. No 
LBR Record Format Encoding 000101b 000100b Section 17.4.8.1 
LBR Size 32 entries 16 entries 
LBR Entry From_IP/To_IP/LBR_Info triplet From_IP/To_IP pair Section 17.12 
LBR Timing Yes No Section 17.12.1 


Call Stack Profiling Yes, see Section 17.11 Yes, see Section 17.11 Use LBR facility. 


MSR 1A6H and 1A7H; Extended 
request and response types. 


Off-core Response Event MSR 1A6H and 1A7H; Extended request 


and response types. 


Intel TSX support for Perfmon | See Section 19.3.6.5. See Section 19.3.6.5. 


19.3.8.1 Processor Event Based Sampling (PEBS) Facility 


The PEBS facility in the 6th generation, 7th generation and 8th generation Intel Core processors provides a number 
enhancement relative to PEBS in processors based on Haswell/Broadwell microarchitectures. The key components 
and differences of PEBS facility relative to Haswell/Broadwell microarchitecture is summarized in Table 19-34. 


Table 19-34. PEBS Facility Comparison 


Box Skylake, Kaby Lake and Haswell and Broadwell Comment 
Coffee Lake Microarchitectures 
Microarchitectures 
Valid IA32_PMCx PMCO-PMC3 PMCO-PMC3 No PEBS on PMC4-PMC7. 
PEBS Buffer Programming Section 19.3.1.1.1 Section 19.3.1.1.1 Unchanged 
IA32_PEBS_ENABLE Layout | Figure 19-15 Figure 19-15 
PEBS-EventingIP Yes Yes 
PEBS record format encoding | 0011b 0010b 


PEBS record layout 


Table 19-35; enhanced fields 
at offsets 98H- B8H; and TSC 
record field at COH. 


Table 19-24; enhanced fields at 
offsets 98H, AOH, A8H, BOH. 


Multi-counter PEBS 
resolution 


PEBS record 90H resolves the 
eventing counter overflow. 


PEBS record 9OH reflects 
IA32_PERF_GLOBAL_STATUS. 


Precise Events 


See Table 19-36. 


See Table 19-12. 


IA32_PMC4-IA32_PMC7 do not 
support PEBS. 
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Box 


Skylake, Kaby Lake and 
Coffee Lake 
Microarchitectures 


Haswell and Broadwell 
Microarchitectures 


Comment 


PEBS-PDIR 


Yes 


Yes 


IA32_PMC1 only. 


PEBS-Load Latency 


See Section 19.3.4.4.2. 


See Section 19.3.4.4.2. 


Data Address Profiling 


Yes 


Yes 


FrontEnd event support FrontEnd_Retried event and No IA32_PMCO-PMC3 only. 
MSR_PEBS_FRONTEND. 
Only IA32_PMCO through IA32_PMC3 support PEBS. 
NOTES 


Precise events are only valid when the following fields of IA32_PERFEVTSELx are all zero: 
AnyThread, Edge, Invert, CMask. 


In a PMU with PDIR capability, PEBS behavior is unpredictable if IA32_PERFEVTSELx or IA32_PMCx 
is changed for a PEBS-enabled counter while an event is being counted. To avoid this, changes to 
the programming or value of a PEBS-enabled counter should be performed when the counter is 


disabled. 


19.3.8.1.1 


PEBS Data Format 


The PEBS record format for the 6th generation, 7th generation and 8th generation Intel Core processors is 

reporting with encoding 0011b in IA32_PERF_CAPABILITIES[11:8]. The lay out is shown in Table 19-35. The PEBS 
record format, along with debug/store area storage format, does not change regardless of whether IA-32e mode is 
active or not. CPUID.01H:ECX.DTES64[bit 2] reports whether the processor's DS storage format support is mode- 
independent. When set, it uses 64-bit DS storage format. 


Table 19-35. PEBS Record Format for 6th Generation, 7th Generation 


and 8th Generation Intel Core Processor Families 


Byte Offset Field Byte Offset Field 

00H R/EFLAGS 68H R11 

08H R/EIP 70H R12 

10H R/EAX 78H R13 

18H R/EBX 80H R14 

20H R/ECX 88H R15 

28H R/EDX 90H Applicable Counter 

30H R/ESI 98H Data Linear Address 

38H R/EDI AQH Data Source Encoding 

40H R/EBP A8H Latency value (core cycles) 
48H R/ESP BOH EventingIP 

50H R8 B8H TX Abort Information (Section 19.3.6.5.1) 
58H RI COH TSC 

60H R10 


The layout of PEBS records are largely identical to those shown in Table 19-24. 
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The PEBS records at offsets 98H, AOH, and ABH record data gathered from three of the PEBS capabilities in prior 
processor generations: load latency facility (Section 19.3.4.4.2), PDIR (Section 19.3.4.4.4), and data address 
profiling (Section 19.3.6.3). 


In the core PMU of the 6th generation, 7th generation and 8th generation Intel Core processors, load latency facility 
and PDIR capabilities and data address profiling are unchanged relative to the 4th generation and 5th generation 
Intel Core processors. Similarly, precise store is replaced by data address profiling. 


With format 0010b, a snapshot of the IA32_PERF_GLOBAL_STATUS may be useful to resolve the situations when 
more than one of IA32_PMICx have been configured to collect PEBS data and two consecutive overflows of the 
PEBS-enabled counters are sufficiently far apart in time. It is also possible for the image at 90H to indicate multiple 
PEBS-enabled counters have overflowed. In the latter scenario, software cannot to correlate the PEBS record entry 
to the multiple overflowed bits. 


With PEBS record format encoding 0011b, offset 90H reports the “applicable counter” field, which is a multi- 
counter PEBS resolution index allowing software to correlate the PEBS record entry with the eventing PEBS over- 
flow when multiple counters are configured to record PEBS records. Additionally, offset COH captures a snapshot of 
the TSC that provides a time line annotation for each PEBS record entry. 


19.3.8.1.2 PEBS Events 


The list of precise events supported for PEBS in the Skylake, Kaby Lake and Coffee Lake microarchitectures is 
shown in Table 19-36. 


Table 19-36. Precise Events for the Skylake, Kaby Lake and Coffee Lake Microarchitectures 


Event Name Event Select | Sub-event UMask 
INST_RETIRED COH PREC_DIST! 01H 
[ALLCYCLES® i atest (ti‘(‘ié;!O!..OWOWOW!W.......OUMCILC*d 
OTHER_ASSISTS C1H ANY 3FH 
BR_INST_RETIRED C4H CONDITIONAL 01H 
NEAR_CALL 02H 
ALL_BRANCHES 04H 
NEAR_RETURN 08H 
NEAR_TAKEN 20H 
FAR_BRACHES 40H 
BR_MISP_RETIRED C5H CONDITIONAL 01H 
ALL_BRANCHES 04H 
NEAR_TAKEN 20H 
FRONTEND_RETIRED C6H <Programmable2> 01H 
HLE_RETIRED C8H ABORTED 04H 
RTM_RETIRED CSH ABORTED 04H 
[MEM_INST_RETIRED@ = ~~ |DOH ~—**({LOCK_LOADS—“( ;tt~<“‘C:CtCi‘(‘;!.!.O!C«*CIHOCOC™”;*~*~*~<‘;C;*‘*™d 
SPLIT_LOADS 41H 
SPLIT_STORES 42H 
ALL_LOADS 81H 
ALL_STORES 82H 
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Table 19-36. Precise Events for the Skylake, Kaby Lake and Coffee Lake Microarchitectures (Contd.) 


Event Name Event Select | Sub-event UMask 
MEM_LOAD_RETIRED* D1H L1_HIT 01H 
L2_HIT 02H 
L3_HIT 04H 
Li_MISS 08H 
L2_MISS 10H 
L3_MISS 20H 
HIT_LFB 40H 
MEM_LOAD_L3_HIT_RETIRED? |D2H XSNP_MISS 01H 
XSNP_HIT 02H 
XSNP_HITM 04H 
XSNP_NONE 08H 
NOTES: 


1. Only available on [A32_PMC1. 

2. INST_RETIRED.ALL_CYCLES is configured with additional parameters of cmask = 10 and INV = 1 
3. Subevents are specified using MSR_PEBS_FRONTEND, see Section 19.3.8.3 

4. Instruction with at least one load uop experiencing the condition specified in the UMask. 


19.3.8.1.3 Data Address Profiling 


The PEBS Data address profiling on the 6th generation, 7th generation and 8th generation Intel Core processors is 
largely unchanged from the prior generation. When the DataLA facility is enabled, the relevant information written 
into a PEBS record affects entries at offsets 98H, AOH and A8H, as shown in Table 19-26. 


Table 19-37. Layout of Data Linear Address Information In PEBS Record 


Field Offset | Description 
Data Linear 98H The linear address of the load or the destination of the store. 
Address 


Store Status AOH DCU Hit (Bit 0): The store hit the data cache closest to the core (L1 cache) if this bit is set, otherwise 
the store missed the data cache. This information is valid only for the following store events: 
UOPS_RETIRED.ALL (if store is tagged), 

MEM_INST_RETIRED.STLB_MISS_STORES, 

MEM_INST_RETIRED.ALL_STORES, 

MEM_INST_RETIRED.SPLIT_STORES. 

* Other bits are zero. 


Reserved A8H Always zero. 


19.3.8.2 Frontend Retired Facility 


The Skylake Core PMU has been extended to cover common microarchitectural conditions related to the front end 
pipeline in addition to providing a generic latency mechanism that can locate fetch bubbles without necessarily 
attributing them to a particular condition. The facility counts the events if the associated instruction reaches retire- 
ment (architecturally committed). Additionally, the user may opt to enable the PEBS facility to obtain precise infor- 
mation on the context of the event, e.g., EventingIP. 


The supported frontend microarchitectural conditions require the following interfaces: 


e The IA32_PERFEVTSELx MSR must select the FRONTEND_RETIRED event, EventSelect = C6H and UMASK = 
O1H. 
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° This event employs a new MSR, MSR_PEBS_FRONTEND, to specify the supported frontend event details, see 


Table 19-38. 


e If precise information is desired, program the PEBS_EN_PMCx field of IA32_PEBS_ENABLE MSR as required. 
Note the AnyThread field of IA32_PERFEVTSELx is ignored by the processor for the “FRONTEND_RETIRED” event. 
The sub-event encodings supported by MSR_PEBS_FRONTEND.EVTSEL is given in Table 19-38. 


Table 19-38. Front€nd_Retired Sub-Event Encodings Supported by MSR_PEBS_FRONTEND.EVTSEL 


Sub-Event Name EVTSEL | Description 

ANY_DSB_MISS 1H Retired Instructions which experienced any decode stream buffer (DSB) miss. 

DSB_MISS 11H Retired Instructions which experienced a DSB miss that caused a fetch starvation cycle. 

L1I_MISS 12H The fetch of retired Instructions which experienced Instruction L1 Cache true miss!. Additional 
requests to the same cache line as an in-flight L11 cache miss will not be counted. 

L2_MISS 13H The fetch of retired Instructions which experienced L2 Cache true miss. Additional requests to the 
same cache line as an in-flight MLC cache miss will not be counted. 

ITLB_MISS 14H The fetch of retired Instructions which experienced ITLB true miss. Additional requests to the same 
cache line as an in-flight ITLB miss will not be counted. 

STLB_MISS 15H The fetch of retired Instructions which experienced STLB true miss. Additional requests to the 
same cache line as an in-flight STLB miss will not be counted. 

IDQ_READ_BUBBLES | 6H An IDQ read bubble is defined as any one of the 4 allocation slots of IDQ that is not filled by the 


front-end on any cycle where there is no back end stall. Using the threshold and latency fields in 
MSR_PEBS_FRONTEND allows counting of IDQ read bubbles of various magnitude and duration. 
Latency controls the number of cycles and Threshold controls the number of allocation slots that 
contain bubbles. 


The event counts if and only if a sequence of at least FE_LATENCY consecutive cycles contain at 
least FE_TRESHOLD number of bubbles each. 


NOTES: 


1. A true miss is the first miss for a cacheline/page (excluding secondary misses that fall into same cacheline/page). 


The layout of MSR_PEBS_FRONTEND is given in Table 19-39. 


Table 19-39. MSR_PEBS_FRONTEND Layout 


Bit Name Offset | Description 

EVTSEL 7:0 Encodes the sub-event within FrontEnd_Retired that can use PEBS facility, see Table 19-38. 

IDQ_Bubble_Length 19:8 Specifies the threshold of continuously elapsed cycles for the specified width of bubbles when 
counting IDQ_READ_BUBBLES event. 

IDQ_Bubble_Width 22:20 | Specifies the threshold of simultaneous bubbles when counting IDQ_READ_BUBBLES event. 

Reserved 63:23 | Reserved 


The FRONTEND_RETIRED event is designed to help software developers identify exact instructions that caused 
front-end issues. There are some instances in which the event will, by design, the under-counting scenarios include 


the following: 


¢ The event counts only retired (non-speculative) front-end events, i.e. events from just true program execution 
path are counted. 


¢ The event will count once per cacheline (at most). If a cacheline contains multiple instructions which caused 
front-end misses, the count will be only 1 for that line. 


¢ If the multibyte sequence of an instruction spans across two cachelines and causes a miss it will be recorded 
once. If there were additional misses in the second cacheline, they will not be counted separately. 
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¢ = If a multi-uop instruction exceeds the allocation width of one cycle, the bubbles associated with these uops will 
be counted once per that instruction. 


¢ If 2 instructions are fused (macro-fusion), and either of them or both cause front-end misses, it will be counted 
once for the fused instruction. 


¢ Ifa front-end (miss) event occurs outside instruction boundary (e.g., due to processor handling of architectural 
event), it may be reported for the next instruction to retire. 


19.3.8.3 Off-core Response Performance Monitoring 


The core PMU facility to collect off-core response events are similar to those described in Section 19.3.4.5. Each 
event code for off-core response monitoring requires programming an associated configuration MSR, 
MSR_OFFCORE_RSP_x. Software must program MSR_OFFCORE_RSP_.x according to: 


° Transaction request type encoding (bits 15:0): see Table 19-40. 
¢ Supplier information (bits 29:16): see Table 19-41. 
¢ Snoop response information (bits 37:30): see Table 19-42. 


Table 19-40. MSR_OFFCORE_RSP_x Request_Type Definition (Skylake, Kaby Lake 
and Coffee Lake Microarchitectures) 


Bit Name 


Offset 


Description 


DMND_DATA_RD | 0 


sw prefetches. 


Counts the number of demand data reads and page table entry cacheline reads. Does not count hw or 


DMND_RFO 


= 


Counts the number of demand reads for ownership (RFO) requests generated by a write to data 
cacheline. Does not count L2 RFO prefetches. 


DMND_IFETCH 2 


Counts the number of demand instruction cacheline reads and L1 instruction cacheline prefetches. 


Reserved 


14:3 


Reserved 


OTHER 


15 


Counts miscellaneous requests, such as I/O and un-cacheable accesses. 


Table 19-41 lists the supplier information field that applies to 6th generation, 7th generation and 8th generation 
Intel Core processors. (6th generation Intel Core processor CPUID signatures: 06_4EH, 06_5EH; 7th generation 
and 8th generation Intel Core processor CPUID signatures: 06_8EH, 06_9EH). 


Table 19-41. MSR_OFFCORE_RSP_x Supplier Info Field Definition 
(CPUID Signatures 06_4EH, 06_5EH and 06_8EH, 06_9EH) 


Subtype Bit Name Offset Description 
Common Any 16 Catch all value for any response types. 
Supplier NO_SUPP 17 No Supplier Information available. 
Info L3_HITM 18 M-state initial lookup stat in L3. 
L3_HITE 19 E-state 
L3_HITS 20 S-state 
Reserved 21 Reserved 
L4_HIT 22 L4 Cache (if L4 is present in the processor). 
Reserved 25:23 Reserved 
DRAM 26 Local Node 
Reserved 29:27 Reserved 
SPL_HIT 30 L4 cache super line hit (if L4 is present in the processor). 
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Table 19-42 lists the snoop information field that apply to processors with CPUID signatures 06_4EH, 06_5EH, 
06_8EH, 06_9E, and 06_55H. 


Table 19-42. MSR_OFFCORE_RSP_x Snoop Info Field Definition 
(CPUID Signatures 06_4EH, 06_5EH, 06_8€H, 06_9E and 06_55H) 


Subtype 


Bit Name 


Offset 


Description 


Snoop Info 


SPL_HIT 


30 


L4 cache super line hit (if L4 is present in the processor). 


SNOOP_NONE 


31 


No details on snoop-related information. 


SNOOP_NOT_NEEDED 


32 


No snoop was needed to satisfy the request. 


SNOOP_MISS 


33 


A snoop was needed and it missed all snooped caches: 
-For LLC Hit, ReslHitl was returned by all cores. 


-For LLC Miss, Rspl was returned by all sockets and data was returned from 
DRAM. 


SNOOP_HIT_NO_FWD 


34 


A snoop was needed and it hits in at least one snooped cache. Hit denotes a 
cache-line was valid before snoop effect. This includes: 


-Snoop Hit w/ Invalidation (LLC Hit, RFO). 

-Snoop Hit, Left Shared (LLC Hit/Miss, IFetch/Data_RD). 

-Snoop Hit w/ Invalidation and No Forward (LLC Miss, RFO Hit S). 
In the LLC Miss case, data is returned from DRAM. 


SNOOP_HIT_WITH_FWD 


A snoop was needed and data was forwarded from a remote socket. This 
includes: 


-Snoop Forward Clean, Left Shared (LLC Hit/Miss, IFetch/Data_RD/RFT). 


SNOOP_HITM 


36 


A snoop was needed and it HitM-ed in local or remote cache. HitM denotes a 
cache-line was in modified state before effect as a results of snoop. This 
includes: 


-Snoop HitM w/ WB (LLC miss, IFetch/Data_RD). 
-Snoop Forward Modified w/ Invalidation (LLC Hit/Miss, RFO). 
-Snoop MtoS (LLC Hit, IFetch/Data_RD). 


SNOOP_NON_DRAM 


37 


Target was non-DRAM system address. This includes MMIO transactions. 


19.3.8.3.1 


Off-core Response Performance Monitoring for the Intel® Xeon® Processor Scalable Family 


The following tables list the requestor and supplier information fields that apply to the Intel® Xeon® Processor 
Scalable Family. 


° Transaction request type encoding (bits 15:0): see Table 19-43. 
¢ Supplier information (bits 29:16): see Table 19-44. 


* Supplier information (bits 29:16) with support for Intel® Optane™ DC Persistent Memory support: see 
Table 19-45. 


® Snoop response information has not been changed and is the same as in (bits 37:30): see Table 19-42. 
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Table 19-43. MSR_OFFCORE_RSP_x Request_Type Definition (Intel° Xeon® Processor Scalable Family) 


Bit Name Offset | Description 

DEMAND_DATA_RD 0 Counts the number of demand data reads and page table entry cacheline reads. Does not count 
hw or sw prefetches. 

DEMAND_RFO 1 Counts the number of demand reads for ownership (RFO) requests generated by a write to data 
cacheline. Does not count L2 RFO prefetches. 

DEMAND_CODE_RD 2 Counts the number of demand instruction cacheline reads and L1 instruction cacheline 
prefetches. 

Reserved 3 Reserved. 

PF_L2_DATA_RD 4 Counts the number of prefetch data reads into L2. 

PF_L2_RFO 5 Counts the number of RFO Requests generated by the MLC prefetches to L2. 

Reserved 6 Reserved. 

PF_L3_DATA_RD 7 Counts the number of MLC data read prefetches into L3. 

PF_L3_RFO 8 Counts the number of RFO requests generated by MLC prefetches to L3. 

Reserved 9 Reserved. 

PF_L1D_AND_SW 10 Counts data cacheline reads generated by hardware L1 data cache prefetcher or software 
prefetch requests. 

Reserved 14:11. | Reserved. 

OTHER 15 Counts miscellaneous requests, such as I/O and un-cacheable accesses. 


Table 19-44 lists the supplier information field that applies to the Intel Xeon Processor Scalable Family (CPUID 


signature: 06_55H). 


Table 19-44. MSR_OFFCORE_RSP_x Supplier Info Field Definition (CPUID Signature 06_55H) 


Subtype Bit Name Offset Description 

Common Any 16 Catch all value for any response types. 

Supplier SUPPLIER_NONE 17 No Supplier Information available. 

Info L3_HIT_M 18 M-state initial lookup stat in L3. 
L3_HIT_E 19 E-state 
L3_HIT_S 20 S-state 
L3_HIT_F 21 F-state 
Reserved 25:22 Reserved 
L3_MISS_LOCAL_DRAM 26 L3 Miss: local home requests that missed the L3 cache and were 

serviced by local DRAM. 

L3_MISS_REMOTE_HOPO_DRAM 27 Hop O Remote supplier. 
L3_MISS_REMOTE_HOP1_DRAM 28 Hop 1 Remote supplier. 
L3_MISS_REMOTE_HOP2P_DRAM 29 Hop 2 or more Remote supplier. 
Reserved 30 Reserved 


Table 19-45 lists the supplier information field that applies to the Intel Xeon Processor Scalable Family (CPUID 


signature: 06_55H, Steppings Ox5H - OxFH). 
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Table 19-45. MSR_OFFCORE_RSP_x Supplier Info Field Definition 
(CPUID Signature 06_55H, Steppings Ox5H - OxFH) 


Subtype Bit Name Offset Description 

Common Any 16 Catch all value for any response types. 

Supplier SUPPLIER_NONE 17 No Supplier Information available. 

Info L3_HIT_M 18 M-state initial lookup stat in L3. 
L3_HIT_E 19 E-state 
L3_HIT_S 20 S-state 
L3_HIT_F 21 F-state 
LOCAL_PMM 22 Local home requests that were serviced by local PMM. 
REMOTE_HOPO_PMM 23 Hop O Remote supplier. 
REMOTE_HOP1_PMM 24 Hop 1 Remote supplier. 
REMOTE_HOP2P_PMM 25 Hop 2 or more Remote supplier. 
L3_MISS_LOCAL_DRAM 26 L3 Miss: Local home requests that missed the L3 cache and were 

serviced by local DRAM. 

L3_MISS_REMOTE_HOPO_DRAM 27 Hop O Remote supplier. 
L3_MISS_REMOTE_HOP1_DRAM 28 Hop 1 Remote supplier. 
L3_MISS_REMOTE_HOP2P_DRAM 29 Hop 2 or more Remote supplier. 
Reserved 30 Reserved 


19.3.8.4 Uncore Performance Monitoring Facilities on Intel® Core™ Processors Based on Cannon Lake 
Microarchitecture 


Cannon Lake microarchitecture introduces LLC support of up to six processor cores. To support six processor cores 
and eight LLC slices, existing MSRs have been rearranged and new CBo MSRs have been added. Uncore perfor- 
mance monitoring software drivers from prior generations of Intel Core processors will need to update the MSR 
addresses. The new MSRs and updated MSR addresses have been added to the Uncore PMU listing in Section 
2.17.2, “MSRs Specific to 8th Generation Intel® Core™ i3 Processors” in Inte/® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volume 4. 


19.3.9 10th Generation Intel® Core™ Processor Performance Monitoring Facility 


Some 10th generation Intel® Core™ processors and some 3rd generation Intel® Xeon® Processor Scalable Family 
are based on Ice Lake microarchitecture. Some 11th generation Intel® Core™ processors are based on the Tiger 
Lake microarchitecture, and some are based on the Rocket Lake microarchitecture. For these processors, the core 
PMU supports architectural performance monitoring capability with version Id 5 (see Section 19.2.5) and a host of 
non-architectural monitoring capabilities. 


The core PMU's capability is similar to those described in Section 19.3.1 through Section 19.3.8, with some differ- 
ences and enhancements summarized in Table 19-46. 


Table 19-46. Core PMU Summary of the Ice Lake Microarchitecture 


Box Ice Lake Microarchitecture | Skylake, Kaby Lake and Coffee Comment 
Lake Microarchitectures 
Architectural Perfmon 5 4 See Section 19.2.5. 
version 
PEBS: Basic functionality Yes Yes See Section 19.3.9.1. 
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Table 19-46. Core PMU Summary of the Ice Lake Microarchitecture 


Box Ice Lake Microarchitecture | Skylake, Kaby Lake and Coffee Comment 
Lake Microarchitectures 
PEBS record format encoding | 0100b 0011b See Section 19.6.2.4.2. 
Extended PEBS PEBS is extended to all Fixed No See Section 19.9.1. 
and General Purpose counters 
and to all performance 
monitoring events. 
Adaptive PEBS Yes No See Section 19.9.2. 
Performance Metrics Yes (4) No See Section 19.3.9.3. 
PEBS-PDIR IA32_FIXEDO only 1A32_PMC1 only. 
(Corresponding counter control 
MSRs must be enabled.) 


19.3.9.1 Processor Event Based Sampling (PEBS) Facility 


The PEBS facility in the 10th generation Intel Core processors provides a number of enhancements relative to PEBS 
in processors based on the Skylake, Kaby Lake, and Coffee Lake microarchitectures. Enhancement of the PEBS 
facility with Extended PEBS and Adaptive PEBS features is described in detail in Section 19.9. 


The 3rd generation Intel Xeon Scalable Family of processors based on the Ice Lake microarchitecture introduce 
EPT-friendly PEBS. This allows EPT violations and other VM Exits to be taken on PEBS accesses to the DS Area. See 
Section 19.9.5 for details. 


19.3.9.2 Off-core Response Performance Monitoring 


The core PMU facility to collect off-core response events are similar to those described in Section 19.3.4.5. Each 
event code for off-core response monitoring requires programming an associated configuration MSR, 
MSR_OFFCORE_RSP_x. Software must program MSR_OFFCORE_RSP_.x according to: 


° Transaction request type encoding (bits 15:0): see Table 18-[N1]. 
¢ Response type encoding (bits 16-37) of 


— Supplier information: see Table [18-N2]. 


— Snoop response information: see Table [18-N3]. 


¢ All transactions are tracked at cacheline granularity except some in request type OTHER. 


Table 19-47. MSR_OFFCORE_RSP_x Request_Type Definition 
(Processors Based on Ice Lake Microarchitecture) 


Bit Name Offset Description 

DEMAND_DATA_RD 0 Counts demand data and page table entry reads. 

DEMAND_RFO 1 Counts demand read (RFO) and software prefetches (PREFETCHW) for exclusive ownership 
in anticipation of a write. 

DEMAND_CODE_RD 2 Counts demand instruction fetches and instruction prefetches targeting the L1 instruction 
cache. 

Reserved Reserved 

HWPF_L2_DATA_RD Counts hardware generated data read prefetches targeting the L2 cache. 

HWPF_L2_RFO 5 Counts hardware generated prefetches for exclusive ownership (RFO) targeting the L2 
cache. 

Reserved 6 Reserved 

HWPF_L3 9:7 and 13! | Counts hardware generated prefetches of any type targeting the L3 cache. 
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Table 19-47. MSR_OFFCORE_RSP_x Request_Type Definition 
(Processors Based on Ice Lake Microarchitecture) 


Bit Name Offset Description 
HWPF_L1D_AND_SWPF | 10 Counts hardware generated data read prefetches targeting the L1 data cache and the 
following software prefetches (PREFETCHNTA, PREFETCHTO/1/2). 
STREAMING_WR 11 Counts streaming stores. 
Reserved 12 Reserved 
Reserved 14 Reserved 
OTHER 15 Counts miscellaneous requests, such as I/O and un-cacheable accesses. 
NOTES: 


1. All bits need to be set to 1 to count this type. 


Ice Lake microarchitecture has added a new category of Response subtype, called a Combined Response Info. To 
count a feature in this type, all the bits specified must be set to 1. 


A valid response type must be a non-zero value of the following expression: 

Any | ['OR' of Combined Response Info Bits | [('OR' of Supplier Info Bits) & ('OR' of Snoop Info Bits)]] 

If "ANY" bit[16] is set, other response type bits [17-39] are ignored. 

Table 19-48 lists the supplier information field that applies to processors based on Ice Lake microarchitecture. 


Table 19-48. MSR_OFFCORE_RSP_x Supplier Info Field Definition 
(Processors Based on Ice Lake Microarchitecture) 


Subtype | Bit Name Offset Description 
Common _ | Any 16 Catch all value for any response types. 
Combined | DRAM 26, 31, 32! Requests that are satisfied by DRAM. 
fii NON_DRAM | 26, 37! Requests that are satisfied by a NON_DRAM system component. This includes 
me MMIO transactions. 
L3_MISS 22, 23, 24, 25, 26,27, | Requests that were not supplied by the L3 Cache. The event includes some 
28, 29, 30, 31, 32, 33, | currently reserved bits in anticipation of future memory designs. 
34, 35, 36, 37! 
Supplier | L3_HIT 18,19, 20! Requests that hit in L3 cache. Depending on the snoop response the L3 cache 
Info may have retrieved the cacheline from another core’s cache. 
Reserved 17, 21:25, 27:29 Reserved. 
NOTES: 


1. All bits need to be set to 1 to count this type. 


Table 19-49 lists the snoop information field that applies to processors based on Ice Lake microarchitecture. 
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Table 19-49. MSR_OFFCORE_RSP_x Snoop Info Field Definition 
(Processors Based on Ice Lake Microarchitecture) 


Subtype | Bit Name Offset Description 

Snoop Reserved 30 Reserved. 

Info SNOOP_NOT_NEEDED 32 No snoop was needed to satisfy the request. 
SNOOP_MISS 33 A snoop was sent and none of the snooped caches contained the cacheline. 
SNOOP_HIT_NO_FWD 34 A snoop was sent and hit in at least one snooped cache. The unmodified 

cacheline was not forwarded back, because the L3 already has a valid copy. 

Reserved 35 Reserved. 
SNOOP_HITM 36 A snoop was sent and the cacheline was found modified in another core’s 


caches. The modified cacheline was forwarded to the requesting core. 


19.3.9.3 Performance Metrics 


The Ice Lake core PMU provides built-in support for Top-down Microarchitecture Analysis (TMA) method level 1 
metrics. These metrics are always available to cross-validate performance observations, freeing general purpose 
counters to count other events in high counter utilization scenarios. For more details about the method, refer to 
Top-Down Analysis Method chapter (Appendix B.1) of the Intel® 64 and IA-32 Architectures Optimization Refer- 
ence Manual. 


A new MSR called MSR_PERF_METRICS reports the metrics directly. Software can check (and/or expose to its 
guests) the availability of the PERF_METRICS feature using IA32_PERF_CAPABILITIES.PERF_METRICS_AVAILABLE 
(bit 15). For additional details on this MSR, refer to Chapter 2, “Model-Specific Registers (MSRs)” in the Intel® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 4. 


Reserved 


Backend Bound 


Frontend Bound Bad Speculation Retiring 


31 


23 


63 


55 


47 39 


Figure 19-37. MSR_PERF_METRICS Definition 


This register exposes the four TMA Level 1 metrics. The lower 32 bits are divided into four 8-bit fields, as shown by 
the above figure, each of which is an integer fraction of 255. 
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To support built-in performance metrics, new bits have been added to the following MSRs: 


e = JTA32_PERF_GLOBAL_CTRL. EN_PERF_METRICS[48]: If this bit is set and fixed-function performance- 
monitoring counter 3 is enabled, built-in performance metrics are enabled. 


® IA32_PERF_GLOBAL_STATUS_SET. SET_OVF_PERF_METRICS[48]: If this bit is set, it will set the status bit in 
the IA32_PERF_GLOBAL_STATUS register for PERF_METRICS. 


® IA32_PERF_GLOBAL_STATUS_RESET. RESET_OVF_PERF_METRICS[48]: If this bit is set, it will clear the status 
bit in the IA32_PERF_GLOBAL_STATUS register for PERF_METRICS. 


¢ 1A32_PERF_GLOBAL_STATUS. OVF_PERF_METRICS[48]: If this bit is set, it indicates that a PERF_METRICS- 
related resource has overflowed and a PMI is triggered‘. If this bit is clear, no such overflow has occurred. 


NOTE 


Software has to synchronize, e.g., re-start, fixed-function performance-monitoring counter 3 as 
well as PERF_METRICS when either bit 35 or 48 in IA32_PERF_GLOBAL_STATUS is set. Otherwise, 
PERF_METRICS may return undefined values. 


The values in MSR_PERF_METRICS are derived from fixed-function performance-monitoring counter 3. Software 
should start both registers, PERF_METRICS and fixed-function performance-monitoring counter 3, from zero. Addi- 
tionally, software is recommended to periodically clear both registers in order to maintain accurate measurements 
for certain scenarios that involve sampling metrics at high rates. 


In order to save/restore PERF_METRICS, software should follow these guidelines: 
¢ PERF_METRICS and fixed-function performance-monitoring counter 3 should be saved and restored together. 


* To ensure that PERF_METRICS and fixed-function performance-monitoring counter 3 remain synchronized, 
both should be disabled during both save and restore. Software should enable/disable them atomically, with a 
single write to IA32_PERF_GLOBAL_CTRL to set/clear both EN_PERF_METRICS[bit 48] and 
EN_FIXED_CTR3[bit 35]. 


* On state restore, fixed-function performance-monitoring counter 3 must be restored before PERF_METRICS, 
otherwise undefined results may be observed. 


19.3.10 12th Generation Intel® Core™ Processor Performance Monitoring Facility 


The 12th generation Intel® Core™ processor supports Alder Lake performance hybrid architecture. These proces- 
sors offer a unique combination of Performance and Efficient-cores (P-core and E-core). The P-core is based on 
Golden Cove microarchitecture and the E-core is based on Gracemont microarchitecture. They report architectural 
performance monitoring version ID = 5 and support non-architectural monitoring capabilities described in this 
section. 


19.3.10.1 P-core Performance Monitoring Unit 


The P-core PMU's capability is similar to those described in Section 19.3.1 through Section 19.3.9, with some differ- 
ences and enhancements summarized in Table 19-50. 


4. An overflow of fixed-function performance-monitoring counter 3 should normally happen first if software follows Intel's recommen- 
dations. 
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Table 19-50. Core PMU Summary of the Golden Cove Microarchitecture 


Box Golden Cove Ice Lake Microarchitecture Comment 
Microarchitecture 
Architectural Perfmon 5 5 See Section 19.2.5. 
version 
Event-Counter Restrictions Simplified identification Counters 4-7 support a subset of 
events. See Section 19.3.10.1.2. 
Performance Metrics Yes (12) Yes (4) See Section 19.3.9.3. 
PEBS: Baseline, record Yes Yes See Section 19.3.9. 
format 0100b 0100b 
PEBS: EPT-friendly Yes No; debuts in Ice Lake server See Section 19.6.2.4.2. 


microarchitecture 


PEBS: Precise Distribution 


IA32_FIXEDO instruction- 
granularity 


PDist on |A32_PMCO 


IA32_FIXEDO cycle-granularity 


No PDist 


See Section 19.9.6. 


PEBS: Load Latency 


Instruction latency 
Cache latency 
Access info fields (5) 


Instruction latency 


Access info fields (3) 


See Section 19.9.7. 


PEBS: Store Latency 


Cache latency 
Access info fields (3) 


None 


See Section 19.9.8. 


19.3.10.1.1 Perf Metrics Extensions 


For 12th generation Intel Core processor P-cores, the core PMU supports the built-in metrics that were introduced 
in the Ice Lake microarchitecture PMU. This core PMU extends the PERF_METRICS MSR to feature TMA method 
level 2 metrics, as shown in Figure 19-38. 


Backend Bound 


Frontend Bound 


Bad Speculation 


Retiring 


31 


23 


Memory Bound 


Fetch Latency 


Branch Mispredicts 


Heavy Operations 


63 


55 


47 39 


32 


Figure 19-38. PERF_METRICS MSR Definition for 12th Generation Intel® Core™ Processor P-core 
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The lower half of the register is the TMA level 1 metrics (legacy). The upper half is also divided into four 8-bit fields, 
each of which is an integer fraction of 255. Additionally, each of the new level 2 metrics in the upper half is a subset 
of the corresponding level 1 metric in the lower half (that is, its parent node per the TMA hierarchy). This enables 
software to deduce the other four level 2 metrics by subtracting corresponding metrics as shown in Figure 19-39. 


Light_Operations = Retiring - Heavy_Operations 
Machine_Clears = Bad_ Speculation - Branch_Mispredicts 
Fetch_Bandwidth = Frontend_Bound - Fetch_Latency 
Core_Bound = Backend_ Bound - Memory_Bound 


Figure 19-39. Deducing Implied Level 2 Metrics in the Core PMU for1 2th Generation Intel® Core™ Processor P-core 


The PERF_METRICS MSR and fixed-function performance-monitoring counter 3 of the core PMU feature 12 metrics 
in total that cover all level 1 and level 2 nodes of the TMA hierarchy. 


19.3.10.1.2 P-core Counter Restrictions Simplification 


The 12th generation Intel Core processor P-core allows identification of performance monitoring events with 
counter restrictions based on event encodings. The general rule is: Event Codes < 0x90 are restricted to general- 
purpose performance-monitoring counters 0-3. Event Codes = 0x90 are likely to have no restrictions. Table 19-51 
lists the exceptions to this rule. 


Table 19-51. Special Performance Monitoring Events with Counter Restrictions 


Event Encoding! Event Name Counter Restriction 
xx3C CPU_CLK_UNHALTED.* ; 
oe LONGEST LAT _CACHE* 0-7 (No restriction for all architectural events.) 
xxDx MEM_*_RETIRED.* 0-3 
01A3, 02A3, 08A3 Some CYCLE_ACTIVITY sub-events 0-3 
02CD MEM_TRANS_RETIRED.STORE_SAMPLE 0 
04A4 TOPDOWN.BAD_SPEC_SLOTS 
O8A4 TOPDOWN.BR_MISPREDICT_SLOTS . 
xxCE AMX_OPS_RETIRED 0 
NOTES: 


1. Linux perf ruUUEE syntax, where UU is the Unit Mask field and EE is the Event Select (also known as Event 
Code) field in the IA32_PERFEVTSELx MSRs. 


19.3.10.1.3 Off-core Response Facility 


For the 12th generation Intel Core processor P-core, the Off-core Response (OCR) Facility is similar to that 
described in Section 19.3.9.2. 


The following enhancements are introduced for the Request_Type of MSR_OFFCORE_RSP_x: 
° WB (bits 3 and 12): Count writeback (modified or non-modified) transactions by core caches. 
¢ HWPF_L1iD (bit 10): Counts hardware generated data read prefetches targeting the L1 data cache (only). 


° SWPF_READ (bit 14): Counts software generated data read prefetches by the PREFETCHNTA and 
PREFETCHTO/1/2 instructions. 


19-72 Vol. 3B 


19.3.10.2 €-core Performance Monitoring Unit 
The core PMU capabilities on the 12th generation Intel Core processor E-core are summarized in Table 19-52 


below. 


PERFORMANCE MONITORING 


Table 19-52. Core PMU Summary of the Gracemont Microarchitecture 


Box 


Gracemont 
Microarchitecture 


Tremont Microarchitecture 


Comment 


Number of fixed-function 3 3 Use CPUID to enumerate number of 
performance-monitoring counters. See Section 19.2.1. 
counters per core 

Number of general-purpose 6 4 Use CPUID to enumerate number of 
counters per core counters. See Section 19.2.1. 
Architectural Performance 5 5 See Section 19.2.5. 

Monitoring version ID 

PEBS record format encoding 0100b 0100b See Section 19.5.5. 

EPT-friendly PEBS support Yes No See Section 19.9.5. 

Extended PEBS Yes Yes See Section 19.9.1. 

Adaptive PEBS Yes Yes See Section 19.9.2. 


Precise distribution (PDist) PEBS 


1A32_PMCO and 
IA32_FIXED_CTRO 


IA32_PMCO and 
IA32_FIXED_CTRO 


PDist eliminates skid, see Section 
19.9.3, Section 19.9.4, and Section 
19.9.6. 


Processor Trace 


PEBS Latency Load and Store Latency No See Section 19.3.10.2.1, Section 
19.3.10.2.2, Section 19.9.7, and 
Section 19.9.8. 

PEBS Output DS Save Area or Intel® DS Save Area or Intel® See Section 19.5.5.2.1. 


Processor Trace 


Offcore Response 


MSR 01A6H and 01A7H, 
each core has its own 
register, extended request 
and response types. 


MSR 1A6H and 1A7H, each 
core has its own register, 
extended request and 
response types. 


See Section 19.5.5.4. 


19.3.10.2.1 E-core PEBS Load Latency 
The 12th generation Intel Core processor E-core includes PEBS Load Latency support similar to that described in 


Section 19.9.7. 


When a programmable counter is configured to count MEM_UOPS_RETIRED.LOAD_LATENCY_ABOVE_THRESHOLD 
(IA32_PERFEVTSELx[15:0] = 0xD005, with CMASK=0 and INV=0), selected load operations whose latency 

exceeds the threshold provided in MSR_PEBS_LD_LAT_THRESHOLD (MSR 03F6H) will be counted. If a PEBS record 
is generated on overflow of this counter, the Memory Access Latency and Memory Auxiliary Info data is reported in 
the Memory Access Info group (Section 19.9.2.2.2). The formats of these fields are shown in Table 19-53 and Table 


19-94. 
Table 19-53. E-core PEBS Memory Access Info Encoding 
Bit(s) Field Description 
3:0 Data Source The source of the data; see Table 19-54. 
4 Lock 0: The operation was not part of a locked transaction. 
1: The operation was part of a locked transaction. 
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Table 19-53. E-core PEBS Memory Access Info Encoding (Contd.) 


Bit(s) Field Description 

5 STLB_MISS 0: The load did not miss the STLB (hit the DTLB or STLB). 
1: The load missed the STLB. 

6 ST_FWD_BLK 0: Load did not get a store forward block. 
1: Load got a store forward block. 

63:7 Reserved Reserved 


For details on E-core PEBS memory access latency encoding, see the Access Latency Field in Table 19-94. 


Table 19-54. E-core PEBS Data Source Encodings 


Encoding Description 

OOH MMIO. Memory mapped I/O hit. 

01H L1 HIT. This request was satisfied by the L1 data cache. (Minimal latency core cache hit.) 

02H FB HIT. Outstanding core cache miss to same cache-line address was already underway. (Pending core cache hit.) 

03H L2 HIT. This request was satisfied by the L2 cache. 

04H L3 HIT. Local or Remote home requests that hit L3 cache in the uncore with no coherency actions required (snooping). 

05H L3 HITE. Local or Remote home requests that hit the L3 cache and were serviced by another processor core with a 
cross core snoop where no modified copies were found (clean). 

O6H L3 HITM. Local or Remote home requests that hit the L3 cache and were serviced by another processor core with a 
cross core snoop where a modified copy was found. 

07H Reserved. 

08H L3 HITF. Local or Remote home requests that hit the L3 cache and were serviced by another processor core with a 
cross core snoop where a shared or forwarding copy was found. 

OSH Reserved. 

OAH L3 MISS. Local home requests that missed the L3 cache and were serviced by local DRAM (go to shared state). 

OBH Reserved. 

OCH L3 MISS. Local home requests that missed the L3 cache and were serviced by local DRAM (go to exclusive state). 

ODH Reserved. 

OEH I/O. Request of input/output operation. 

OFH The request was to un-cacheable memory. 


19.3.10.2.2 E-core PEBS Store Latency 


The 12th generation Intel Core processor E-core includes PEBS Store Latency support. When a programmable 
counter is configured to count MEM_UOPS_RETIRED.STORE_LATENCY (IA32_PERFEVTSELx[15:0] = 0xDO006, with 
CMASK=0 and INV=0), all store operations will be counted. If a PEBS record is generated on overflow of this 
counter, the Memory Access Latency and Memory Auxiliary Info data is reported in the Memory Access Info group 
(Section 18.9.2.2.2). The formats of these fields are shown in Table 19-53 and Table 19-94. 


19.3.10.2.3 €-core Precise Distribution (PDist) Support 


The 12th generation Intel Core processor E-core supports PEBS with Precise Distribution (PDist) on IA32_PMCO and 
IA32_FIXED_CTRO. All precise events support PDist save for UOPS_RETIRED. See Section 19.9.6 for additional 
details on PDist. 
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19.3.10.2.4 E-core Enhanced Off-core Response 


Event number 0B7H support off-core response monitoring using an associated configuration MSR, 
MSR_OFFCORE_RSPO (address 1A6H) in conjunction with UMASK value 01H or MSR_OFFCORE_RSP1 (address 
1A7H) in conjunction with UMASK value 02H. There are unique pairs of MSR_OFFCORE_RSPx registers per core. 
The layout of MSR_OFFCORE_RSPO and MSR_OFFCORE_RSP1 are organized as follows: 


e  =Bits 15:0 and bits 49:44 specify the request type of a transaction request to the uncore. This is described in 


Table 19-55. 


¢ Bits 30:16 specify Response Type information or an L2 Hit, and is described in Table 19-75. 
¢ If L2 misses, then bits 37:31 can be used to specify snoop response information and is described in Table 


19-76. 


¢ For outstanding requests, bit 38 can enable measurement of average latency of specific type of offcore 
transaction requests using two programmable counter simultaneously; see Section 19.5.2.3 for details. 


Table 19-55. MSR_OFFCORE_RSPx Request Type Definition 


Bit Name Offset | Description 

DEMAND_DATA_RD 0 Counts demand data reads. 

DEMAND_RFO 1 Counts all demand reads for ownership (RFO) requests and software based prefteches for 
exclusive ownership (prefetchw). 

DEMAND_CODE_RD 2 Counts demand instruction fetches and L1 instruction cache prefetches. 

COREWB_M 3 Counts modified write backs from L1 and L2. 

HWPF_L2_DATA_RD 4 Counts prefetch (that bring data to L2) data reads. 

HWPF_L2_RFO 5 Counts all prefetch (that bring data to L2) RFOs. 

HWPF_L2_CODE_RD 6 Counts all prefetch (that bring data to MLC only) code reads. 

HWPF_L3_DATA_RD 7 Counts L3 cache hardware prefetch data reads (written to the L3 cache only). 

HWPF_L3_RFO 8 Counts L3 cache hardware prefetch RFOs (written to the L3 cache only) . 

HWPF_L3_CODE_RD 9 Counts L3 cache hardware prefetch code reads (written to the L3 cache only). 

HWPF_L1D_AND_SWPF 10 Counts L1 data cache hardware prefetch requests, read for ownership prefetch requests 
and software prefetch requests (except prefetchw). 

STREAMING_WR 11 Counts all streaming stores. 

COREWB_NONM 12 Counts non-modified write backs from L2. 

RSVD 14:13 | Reserved. 

OTHER 15 Counts miscellaneous requests, such as I/O accesses that have any response type. 

UC_RD 44 Counts uncached memory reads (PRd, UCRdF). 

UC_WR 45 Counts uncached memory writes (WiL). 

PARTIAL_STREAMING_WR 46 Counts partial (less than 64 byte) streaming stores (WCIL). 

FULL_STREAMING_WR 47 Counts full, 64 byte streaming stores (WCIiLF). 

LIWB_M 48 Counts modified WriteBacks from L1 that miss the L2. 

L2WB_M 49 Counts modified WriteBacks from L2. 


19.3.10.3 Unhalted Reference Cycles 


The Unhalted Reference Cycles architectural performance monitoring event is enhanced to count at TSC-rate in the 
12th generation Intel Core processor P-core when used on a general-purpose PMC. This enhancement makes it 
consistent with the fixed-function counter 2 and the E-core. As a result, this event is kept enumerated in CPUID leaf 
OAH.EBX (unlike prior hybrid parts). 
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19.4 PERFORMANCE MONITORING (INTEL® XEON™ PHI PROCESSORS) 


NOTE 


This section also applies to the Intel® Xeon Phi™ Processor 7215, 7285, 7295 Series based on 
Knights Mill microarchitecture. 


19.4.1. Intel® Xeon Phi” Processor 7200/5200/3200 Performance Monitoring 


The Intel® Xeon Phi™ processor 7200/5200/3200 series are based on the Knights Landing microarchitecture. The 
performance monitoring capabilities are distributed between its tiles (pair of processor cores) and untile 
(connecting many tiles in a physical processor package). Functional details of the tiles and untile of the Knights 
Landing microarchitecture can be found in Chapter 16 of Intel® 64 and IA-32 Architectures Optimization Reference 
Manual. 


A complete description of the tile and untile PMU programming interfaces for Intel Xeon Phi processors based on the 
Knights Landing microarchitecture can be found in the Technical Document section at 
http://www. intel.com/content/www/us/en/processors/xeon/xeon-phi-detail.html. 


A tile contains a pair of cores attached to a shared L2 cache and is similar to those found in Intel Atom® processors 
based on the Silvermont microarchitecture. The processor provides several new capabilities on top of the Silver- 
mont performance monitoring facilities. 


The processor supports architectural performance monitoring capability with version ID 3 (see Section 19.2.3) and 
a host of non-architectural performance monitoring capabilities. The processor provides two general-purpose 
performance counters (IA32_PMCO, IA32_PMC1) and three fixed-function performance counters 
(IA32_FIXED_CTRO, IA32_FIXED_CTR1, IA32_FIXED_CTR2). 


Non-architectural performance monitoring in the processor also uses the IA32_PERFEVTSELx MSR to configure a 
set of non-architecture performance monitoring events to be counted by the corresponding general-purpose 
performance counter. 


The bit fields within each IA32_PERFEVTSELx MSR are defined in Figure 19-6 and described in Section 19.2.1.1 and 
Section 19.2.3. The processor supports AnyThread counting in three architectural performance monitoring events. 


19.4.1.1 Enhancements of Performance Monitoring in the Intel’ Xeon Phi™ processor Tile 


The Intel® Xeon Phi™ processor tile includes the following enhancements to the Silvermont microarchitecture. 


¢ AnyThread support. This facility is limited to following three architectural events: Instructions Retired, Unhalted 
Core Cycles, Unhalted Reference Cycles using IA32_FIXED_CTRO-2 and Unhalted Core Cycles, Unhalted 
Reference Cycles using IA32_PERFEVTSELx. 


¢ PEBS-DLA (Processor Event-Based Sampling-Data Linear Address) fields. The processor provides memory 
address in addition to the Silvermont PEBS record support on select events. The PEBS recording format as 
reported by JA32_PERF_CAPABILITIES [11:8] is 2. 


°  Off-core response counting facility. This facility in the processor core allows software to count certain 
transaction responses between the processor tile to subsystems outside the tile (untile). Counting off-core 
response requires additional event qualification configuration facility in conjunction with IA32_PERFEVTSELx. 
Two off-core response MSRs are provided to use in conjunction with specific event codes that must be specified 
with IA32_PERFEVTSELx. Two cores do not share the off-core response MSRs. Knights Landing expands off- 
core response capability to match the processor untile changes. 


e Average request latency measurement. The off-core response counting facility can be combined to use two 
performance counters to count the occurrences and weighted cycles of transaction requests. This facility is 
updated to match the processor untile changes. 


19.4.1.1.1 Processor Event-Based Sampling 


The processor supports processor event based sampling (PEBS). PEBS is supported using IA32_PMCO (see also 
Section 17.4.9, “BTS and DS Save Area”). 
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PEBS uses a debug store mechanism to store a set of architectural state information for the processor. The infor- 
mation provides architectural state of the instruction executed after the instruction that caused the event (See 
Section 19.6.2.4). 


The list of PEBS events supported in the processor is shown in the following table. 


Table 19-56. PEBS Performance Events for the Knights Landing Microarchitecture 


Event Name Event Select Sub-event UMask Data Linear 
Address Support 
BR_INST_RETIRED C4H ALL_BRANCHES OOH No 
JCC 7EH No 
TAKEN_JCC FEH No 
CALL FOH No 
REL_CALL FDH No 
IND_CALL FBH No 
NON_RETURN_IND €BH No 
FAR_BRANCH BFH No 
RETURN F7H No 
BR_MISP_RETIRED C5H ALL_BRANCHES OOH No 
JCC 7EH No 
TAKEN_JCC FEH No 
IND_CALL FBH No 
NON_RETURN_IND €BH No 
RETURN F7H No 
MEM_UOPS_RETIRED 04H L2_HIT_LOADS 02H Yes 
L2_MISS_LOADS 04H Yes 
DLTB_MISS_LOADS 08H Yes 
RECYCLEQ 03H LD_BLOCK_ST_FORWARD 01H Yes 
LD_SPLITS 08H Yes 


The PEBS record format 2 supported by processors based on the Knights Landing microarchitecture is shown in 
Table 19-57, and each field in the PEBS record is 64 bits long. 


Table 19-57. PEBS Record Format for the Knights Landing Microarchitecture 


Byte Offset Field Byte Offset Field 

OOH R/EFLAGS 60H R10 

08H R/EIP 68H R11 

10H R/EAX 70H R12 

18H R/EBX 78H R13 

20H R/ECX 80H R14 

28H R/EDX 88H R15 

30H R/ESI 90H IA32_PERF_GLOBAL_STATUS 
38H R/EDI 98H PSDLA 

40H R/EBP AOH Reserved 
48H R/ESP A8H Reserved 
50H R8 BOH EventingRIP 
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Table 19-57. PEBS Record Format for the Knights Landing Microarchitecture (Contd.) 
Byte Offset Field Byte Offset Field 
58H RQ B8H Reserved 


19.4.1.1.2 Offcore Response Event 


Event number 0B7H support offcore response monitoring using an associated configuration MSR, 
MSR_OFFCORE_RSPO (address 1A6H) in conjunction with UMASK value 01H or MSR_OFFCORE_RSP1 (address 
1A7H) in conjunction with UMASK value 02H. Table 19-58 lists the event code, mask value and additional off-core 
configuration MSR that must be programmed to count off-core response events using IA32_PMCx. 


Table 19-58. OffCore Response Event Encoding 


Counter Event code UMask Required Off-core Response MSR 
PMCO-1 B7H 01H MSR_OFFCORE_RSPO (address 1A6H) 
PMCO-1 B7H 02H MSR_OFFCORE_RSP1 (address 1A7H) 


Some of the MSR_OFFCORE_RESP [0,1] register bits are not valid in this processor and their use is reserved. The 
layout of MSR_OFFCORE_RSPO and MSR_OFFCORE_RSP1 registers are defined in Table 19-59. Bits 15:0 specifies 
the request type of a transaction request to the uncore. Bits 30:16 specifies supplier information, bits 37:31 spec- 
ifies snoop response information. 


Additionally, MSR_OFFCORE_RSPO provides bit 38 to enable measurement of average latency of specific type of 
offcore transaction requests using two programmable counter simultaneously, see Section 19.5.2.3 for details. 


Table 19-59. Bit fields of the MSR_OFFCORE_RESP [0, 1] Registers 


Main Sub-field Bit Name Description 
Request Type 0 DEMAND_DATA_RD Demand cacheable data and L1 prefetch data reads. 

1 DEMAND_RFO Demand cacheable data writes. 

2 DEMAND_CODE_RD Demand code reads and prefetch code reads. 

3 Reserved Reserved. 

4 Reserved Reserved. 

5 PF_L2_RFO L2 data RFO prefetches (includes PREFETCHW instruction). 

6 PF_L2_CODE_RD L2 code HW prefetches. 

7 PARTIAL_READS Partial reads (UC or WC). 

8 PARTIAL_WRITES Partial writes (UC or WT or WP). Valid only for 
OFFCORE_RESP_1 event. Should only be used on PMC1. 
This bit is reserved for OFFCORE_RESP_O event. 

9 UC_CODE_READS UC code reads. 

10 BUS_LOCKS Bus locks and split lock requests. 

11 FULL_STREAMING_STO | Full streaming stores (WC). Valid only for OFFCORE_RESP_1 

RES event. Should only be used on PMC1. This bit is reserved for 

OFFCORE_RESP_O event. 

12 SW_PREFETCH Software prefetches. 

13 PF_L1_DATA_RD L1 data HW prefetches. 

14 PARTIAL_STREAMING_ | Partial streaming stores (WC). Valid only for 

STORES OFFCORE_RESP_1 event. Should only be used on PMC1. 

This bit is reserved for OFFCORE_RESP_O event. 

15 ANY_REQUEST Account for any requests. 
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Table 19-59. Bit fields of the MSR_OFFCORE_RESP [0, 1] Registers (Contd.) 
Main Sub-field Bit Name Description 
Response Type | Any 16 ANY_RESPONSE Account for any response. 
Data Supply from | 17 NO_SUPP No Supplier Details. 
Untile 
18 Reserved Reserved. 
19 L2_HIT_OTHER_TILE_N | Other tile L2 hit € Near. 
EAR 
20 Reserved Reserved. 
21 MCDRAM_NEAR MCDRAM Local. 
22 MCDRAM_FAR_OR_L2_ | MCDRAM Far or Other tile L2 hit far. 
HIT_OTHER_TILE_FAR 
23 DRAM_NEAR DRAM Local. 
24 DRAM_FAR DRAM Far. 
Data Supply from | 25 L2_HITM_THIS_TILE M-state. 
within same tile [56 | U2_HITE_THIS_TILE _| Estate. 
27 L2_HITS_THIS_TILE S-state. 
28 L2_HITF_THIS_TILE F-state. 
29 Reserved Reserved. 
30 Reserved Reserved. 
Snoop Info; Only 31 SNOOP_NONE None of the cores were snooped. 
Valid in case of 32 NO_SNOOP_NEEDED No snoop was needed to satisfy the request. 
Data Supply from 
Untile 33 Reserved Reserved. 
34 Reserved Reserved. 
35 HIT_OTHER_TILE_FWD | Snoop request hit in the other tile with data forwarded. 
36 HITM_OTHER_TILE A snoop was needed and it HitM-ed in other core’s L1 cache. 
HitM denotes a cache-line was in modified state before 
effect as a result of snoop. 
37 NON_DRAM Target was non-DRAM system address. This includes MMIO 
transactions. 
Outstanding Weighted cycles 38 OUTSTANDING (Valid If set, counts total number of weighted cycles of any 
requests only for outstanding offcore requests with data response. Valid only 


MSR_OFFCORE_RESPO. 
Should only be used on 
PMCO. This bit is 
reserved for 
MSR_OFFCORE_RESP1). 


for OFFCORE_RESP_O event. Should only be used on PMCO. 
This bit is reserved for OFFCORE_RESP_1 event. 


19.4.1.1.3 Average Offcore Request Latency Measurement 


Measurement of average latency of offcore transaction requests can be enabled using MSR_OFFCORE_RSPO. [bit 
38] with the choice of request type specified in MSR_OFFCORE_RSPO. [bit 15:0]. 


Refer to Section 19.5.2.3, “Average Offcore Request Latency Measurement,” for typical usage. Note that 
MSR_OFFCORE_RESPx registers are not shared between cores in Knights Landing. This allows one core to measure 
average latency while other core is measuring different offcore response events. 
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19.5 PERFORMANCE MONITORING (INTEL ATOM® PROCESSORS) 


19.5.1. Performance Monitoring (45 nm and 32 nm Intel Atom® Processors) 


45 nm and 32 nm Intel Atom processors report architectural performance monitoring versionID = 3 (supporting the 
aggregate capabilities of versionID 1, 2, and 3; see Section 19.2.3) and a host of non-architectural monitoring 
capabilities. These 45 nm and 32 nm Intel Atom processors provide two general-purpose performance counters 
(IA32_PMCO, IA32_PMC1) and three fixed-function performance counters (IA32_FIXED_CTRO, IA32_FIXED_CTR1, 
IA32_FIXED_CTR2). 


NOTE 


The number of counters available to software may vary from the number of physical counters 
present on the hardware, because an agent running at a higher privilege level (e.g., a VMM) may 
not expose all counters. CPUID.OAH:EAX[15:8] reports the MSRs available to software; see Section 
19.2.1. 


Non-architectural performance monitoring in Intel Atom processor family uses the IA32_PERFEVTSELx MSR to 
configure a set of non-architecture performance monitoring events to be counted by the corresponding general- 
purpose performance counter. The list of non-architectural performance monitoring events can be found at: 


https://perfmon-events.intel.com/. 


Architectural and non-architectural performance monitoring events in 45 nm and 32 nm Intel Atom processors 
support thread qualification using bit 21 (AnyThread) of IA32_PERFEVTSELx MSR, i.e., if 
IA32_PERFEVTSELx.AnyThread =1, event counts include monitored conditions due to either logical processors in 
the same processor core. 


The bit fields within each IA32_PERFEVTSELx MSR are defined in Figure 19-6 and described in Section 19.2.1.1 and 
Section 19.2.3. 


Valid event mask (Umask) bits can be found at: https://perfmon-events.intel.com/. The UMASK field may contain 
sub-fields that provide the same qualifying actions like those listed in Table 19-77, Table 19-78, Table 19-79, and 
Table 19-80. One or more of these sub-fields may apply to specific events on an event-by-event basis. Precise 
Event Based Monitoring is supported using IA32_PMCO (see also Section 17.4.9, “BTS and DS Save Area”). 


19.5.2 Performance Monitoring for Silvermont Microarchitecture 


Intel processors based on the Silvermont microarchitecture report architectural performance monitoring versionID 
= 3 (see Section 19.2.3) and a host of non-architectural monitoring capabilities. Intel processors based on the 
Silvermont microarchitecture provide two general-purpose performance counters (IA32_PMCO, IA32_PMC1) and 
three fixed-function performance counters (IA32_FIXED_CTRO, IA32_FIXED_CTR1, IA32_FIXED_CTR2). Intel 
Atom processors based on the Airmont microarchitecture support the same performance monitoring capabilities as 
those based on the Silvermont microarchitecture. 


Non-architectural performance monitoring in the Silvermont microarchitecture uses the IA32_PERFEVTSELx MSR 
to configure a set of non-architecture performance monitoring events to be counted by the corresponding general- 
purpose performance counter. The list of non-architectural performance monitoring events can be found at: 
https://perfmon-events.intel.com/. 


The bit fields (except bit 21) within each IA32_PERFEVTSELx MSR are defined in Figure 19-6 and described in 
Section 19.2.1.1 and Section 19.2.3. Architectural and non-architectural performance monitoring events in the 
Silvermont microarchitecture ignore the AnyThread qualification regardless of its setting in IA32_PERFEVTSELx 
MSR. 


19.5.2.1 Enhancements of Performance Monitoring in the Processor Core 
The notable enhancements in the monitoring of performance events in the processor core include: 
¢ The width of counter reported by CPUID.OAH:EAX[23:16] is 40 bits. 
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°  Off-core response counting facility. This facility in the processor core allows software to count certain 
transaction responses between the processor core to sub-systems outside the processor core (uncore). 
Counting off-core response requires additional event qualification configuration facility in conjunction with 
IA32_PERFEVTSELx. Two off-core response MSRs are provided to use in conjunction with specific event codes 
that must be specified with IA32_PERFEVTSELx. 


e =Average request latency measurement. The off-core response counting facility can be combined to use two 
performance counters to count the occurrences and weighted cycles of transaction requests. 


19.5.2.1.1 Processor Event Based Sampling (PEBS) 


In the Silvermont microarchitecture, the PEBS facility can be used with precise events. PEBS is supported using 
IA32_PMCO (see also Section 17.4.9). 


PEBS uses a debug store mechanism to store a set of architectural state information for the processor. The infor- 
mation provides architectural state of the instruction executed after the instruction that caused the event (See 
Section 19.6.2.4). 


The list of precise events supported in the Silvermont microarchitecture is shown in Table 19-60. 


Table 19-60. PEBS Performance Events for the Silvermont Microarchitecture 


Event Name Event Select Sub-event UMask 
BR_INST_RETIRED C4H ALL_BRANCHES OOH 
Jcc 7EH 
TAKEN_JCC FEH 
CALL FSH 
REL_CALL FDH 
IND_CALL FBH 
NON_RETURN_IND €BH 
FAR_BRANCH BFH 
RETURN F7H 
BR_MISP_RETIRED C5H ALL_BRANCHES OOH 
Jcc 7EH 
TAKEN_JCC FEH 
IND_CALL FBH 
NON_RETURN_IND €BH 
RETURN F7H 
MEM_UOPS_RETIRED 04H L2_HIT_LOADS 02H 
L2_MISS_LOADS 04H 
DLTB_MISS_LOADS 08H 
HITM 20H 
REHABQ 03H LD_BLOCK_ST_FORWARD 01H 
LD_SPLITS 08H 


PEBS Record Format The PEBS record format supported by processors based on the Intel Silvermont microarchi- 
tecture is shown in Table 19-61, and each field in the PEBS record is 64 bits long. 
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Table 19-61. PEBS Record Format for the Silvermont Microarchitecture 


Byte Offset Field Byte Offset Field 

OOH R/EFLAGS 60H R10 

08H R/EIP 68H R11 

10H R/EAX 70H R12 

18H R/EBX 78H R13 

20H R/ECX 80H R14 

28H R/EDX 88H R15 

30H R/ESI 90H IA32_PERF_GLOBAL_STATUS 
38H R/EDI 98H Reserved 
40H R/EBP AOH Reserved 
48H R/ESP A8H Reserved 
50H R8 BOH EventingRIP 
58H RQ B8H Reserved 


19.5.2.2 Offcore Response Event 


Event number 0B7H support offcore response monitoring using an associated configuration MSR, 
MSR_OFFCORE_RSPO (address 1A6H) in conjunction with UMASK value 01H or MSR_OFFCORE_RSP1 (address 
1A7H) in conjunction with UMASK value 02H. Table 19-62 lists the event code, mask value and additional off-core 
configuration MSR that must be programmed to count off-core response events using IA32_PMCx. 


In the Silvermont microarchitecture, each MSR_OFFCORE_RSPx is shared by two processor cores. 


Table 19-62. OffCore Response Event Encoding 


Counter Event code UMask Required Off-core Response MSR 
PMCO-1 B7H 01H MSR_OFFCORE_RSPO (address 1A6H) 
PMCO-1 B7H 02H MSR_OFFCORE_RSP1 (address 1A7H) 


The layout of MSR_OFFCORE_RSPO and MSR_OFFCORE_RSP1 are shown in Figure 19-40 and Figure 19-41. Bits 
15:0 specifies the request type of a transaction request to the uncore. Bits 30:16 specifies supplier information, 
bits 37:31 specifies snoop response information. 


Additionally, MSR_OFFCORE_RSPO provides bit 38 to enable measurement of average latency of specific type of 
offcore transaction requests using two programmable counter simultaneously, see Section 19.5.2.3 for details. 
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63 


37 151413121110 9876 54321 0 


See Figure 18-30 


RESPONSE TYPE — Other (R/W) | 


REQUEST TYPE — PARTIAL_STRM_ST (R/W) 
REQUEST TYPE — PF_DATA_RD (R/W) 
REQUEST TYPE — SW_PREFETCH (R/W) 
REQUEST TYPE — STRM_ST (R/W) 
REQUEST TYPE — BUS_LOCKS (R/W) 
REQUEST TYPE — UC_IFETCH (R/W) 
REQUEST TYPE — PARTIAL_WRITE (R/W) 
REQUEST TYPE — PARTIAL_READ (R/W) 
REQUEST TYPE — PF_IFETCH (R/W) 
REQUEST TYPE — PF_RFO (R/W) 
REQUEST TYPE — PF_DATA_RD (R/W) 
REQUEST TYPE — WB (R/W) 
REQUEST TYPE — DMND_IFETCH (R/W) 
REQUEST TYPE — DMND_RFO (R/W) 
REQUEST TYPE — DMND_DATA_RD (R/W) 


Reserved RESET Value — 00000000_00000000H 


Figure 19-40. Request_Type Fields for MSR_OFFCORE_RSPx 


Table 19-63. MSR_OFFCORE_RSPx Request_Type Field Definition 


Bit Name Offset | Description 

DMND_DATA_RD 0 Counts the number of demand and DCU prefetch data reads of full and partial cachelines as well as 
demand data page table entry cacheline reads. Does not count L2 data read prefetches or 
instruction fetches. 

DMND_RFO 1 Counts the number of demand and DCU prefetch reads for ownership (RFO) requests generated by 
a write to data cacheline. Does not count L2 RFO prefetches. 

DMND_IFETCH 2 Counts the number of demand instruction cacheline reads and L1 instruction cacheline prefetches. 

WB 3 Counts the number of writeback (modified to exclusive) transactions. 

PF_DATA_RD 4 Counts the number of data cacheline reads generated by L2 prefetchers. 

PF_RFO 5 Counts the number of RFO requests generated by L2 prefetchers. 

PF_IFETCH 6 Counts the number of code reads generated by L2 prefetchers. 

PARTIAL_READ 7 Counts the number of demand reads of partial cache lines (including UC and WC). 

PARTIAL_WRITE 8 Counts the number of demand RFO requests to write to partial cache lines (includes UC, WT and 
WP) 

UC_IFETCH 9 Counts the number of UC instruction fetches. 

BUS_LOCKS 10 Bus lock and split lock requests 

STRM_ST 11 Streaming store requests 

SW_PREFETCH 12 Counts software prefetch requests 

PF_DATA_RD 13 Counts DCU hardware prefetcher data read requests 

PARTIAL_STRM_ST 14 Streaming store requests 

ANY 15 Any request that crosses IDI, including 1/0. 
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63 38 37 36 35 34 33 32 31 22 212019 18 17 16 


AVG LATENCY — ENABLE AVG LATENCY(R/W) ——_| 
RESPONSE TYPE — NON_DRAM(R/W) § ——————_1 
RSPNS_SNOOP — HITM (R/W) 
RESERVED 
RSPNS_SNOOP — SNOOP _HIT (R/W) 

RSPNS_SNOOP — SNOOP_MISS (R/W) 


RESERVED 
RSPNS_SNOOP — SNOOP_NONE (RW) 
RESERVED 

RSPNS_ SUPPLIER — L2_HIT (R/W) 
RESERVED 


RSPNS_SUPPLIER — ANY (R/W) 


Reserved RESET Value — 00000000_00000000H 


Figure 19-41. Response_Supplier and Snoop Info Fields for MSR_OFFCORE_RSPx 


To properly program this extra register, software must set at least one request type bit (Table 19-63) and a valid 
response type pattern (Table 19-64, Table 19-65). Otherwise, the event count reported will be zero. It is permis- 
sible and useful to set multiple request and response type bits in order to obtain various classes of off-core 
response events. Although MSR_OFFCORE_RSPx allow an agent software to program numerous combinations that 
meet the above guideline, not all combinations produce meaningful data. 


Table 19-64. MSR_OFFCORE_RSP_x Response Supplier Info Field Definition 


Subtype Bit Name Offset Description 
Common ANY_RESPONSE 16 Catch all value for any response types. 
Supplier Info | Reserved 17 Reserved 
L2_HIT 18 Cache reference hit L2 in either M/E/S states. 
Reserved 30:19 Reserved 


To specify a complete offcore response filter, software must properly program bits in the request and response type 
fields. A valid request type must have at least one bit set in the non-reserved bits of 15:0. A valid response type 
must be a non-zero value of the following expression: 


ANY | [COR’ of Supplier Info Bits) & ((OR’ of Snoop Info Bits)] 
If “ANY” bit is set, the supplier and snoop info bits are ignored. 


Table 19-65. MSR_OFFCORE_RSPx Snoop Info Field Definition 


Subtype | Bit Name Offset | Description 
Snoop SNP_NONE 31 No details on snoop-related information. 
Info 
Reserved 32 Reserved 
SNOOP_MISS 33 Counts the number of snoop misses when L2 misses. 
SNOOP_HIT 34 Counts the number of snoops hit in the other module where no modified copies were 
found. 
Reserved 35 Reserved 
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Table 19-65. MSR_OFFCORE_RSPx Snoop Info Field Definition (Contd.) 


Subtype | Bit Name Offset | Description 
HITM 36 Counts the number of snoops hit in the other module where modified copies were 
found in other core’s L1 cache. 
NON_DRAM 37 Target was non-DRAM system address. This includes MMIO transactions. 
AVG_LATENCY 38 Enable average latency measurement by counting weighted cycles of outstanding 


offcore requests of the request type specified in bits 15:0 and any response (bits 37:16 
cleared to 0). 

This bit is available in MSR_OFFCORE_RESPO. The weighted cycles is accumulated in the 
specified programmable counter [A32_PMCx and the occurrence of specified requests 
are counted in the other programmable counter. 


19.5.2.3 Average Offcore Request Latency Measurement 


Average latency for offcore transactions can be determined by using both MSR_OFFCORE_RSP registers. Using two 
performance monitoring counters, program the two OFFCORE_RESPONSE event encodings into the corresponding 
IA32_PERFEVTSELx MSRs. Count the weighted cycles via MSR_OFFCORE_RSPO by programming a request type in 
MSR_OFFCORE_RSPO.[15:0] and setting MSR_OFFCORE_RSPO.OUTSTANDING[38] to 1, white setting the 
remaining bits to 0. Count the number of requests via MSR_OFFCORE_RSP1 by programming the same request 
type from MSR_OFFCORE_RSPO into MSR_OFFCORE_RSP1[bit 15:0], and setting 
MSR_OFFCORE_RSP1.ANY_RESPONSE[16] = 1, while setting the remaining bits to 0. The average latency can be 
obtained by dividing the value of the IA32_PMCx register that counted weight cycles by the register that counted 
requests. 


19.5.3. Performance Monitoring for Goldmont Microarchitecture 


Intel Atom processors based on the Goldmont microarchitecture report architectural performance monitoring 
versionID = 4 (see Section 19.2.4) and support non-architectural monitoring capabilities described in this section. 


Architectural performance monitoring version 4 capabilities are described in Section 19.2.4. 


The bit fields (except bit 21) within each IA32_PERFEVTSELx MSR are defined in Figure 19-6 and described in 
Section 19.2.1.1 and Section 19.2.3. The Goldmont microarchitecture does not support Hyper-Threading and thus 
architectural and non-architectural performance monitoring events ignore the AnyThread qualification regardless 
of its setting in the IA32_PERFEVTSELx MSR. However, Goldmont does not set the AnyThread deprecation bit 
(CPUID.OAH:EDX[15]). 


The core PMU's capability is similar to that of the Silvermont microarchitecture described in Section 19.5.2 , with 
some differences and enhancements summarized in Table 19-66. 


Table 19-66. Core PMU Comparison Between the Goldmont and Silvermont Microarchitectures 


Box Goldmont Microarchitecture Silvermont Microarchitecture Comment 

# of Fixed counters per core | 3 3 Use CPUID to determine # 
of counters. See Section 
19.2.1. 

# of general-purpose 4 2 Use CPUID to determine # 

counters per core of counters. See Section 
19.2.1. 

Counter width (R,W) R:48, W: 32/48 R:40, W:32 See Section 19.2.2. 

Architectural Performance 4 3 Use CPUID to determine # 

Monitoring version ID of counters. See Section 
19.2.1. 
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Table 19-66. Core PMU Comparison Between the Goldmont and Silvermont Microarchitectures 


Box 


Goldmont Microarchitecture 


Silvermont Microarchitecture 


Comment 


PMI Overhead Mitigation 


= Freeze_Perfmon_on_PMI with 
streamlined semantics. 

" Freeze_LBR_on_PMI with 
streamlined semantics for 
branch profiling. 


* Freeze_Perfmon_on_PMI with 
legacy semantics. 

* Freeze_LBR_on_PMI with legacy 
semantics for branch profiling. 


See Section 17.4.7. 


Legacy semantics not 
supported with version 4 
or higher. 


Counter and Buffer 
Overflow Status 
Management 


" Query via 
IA32_PERF_GLOBAL_STATUS 

= Reset via 
IA32_PERF_GLOBAL_STATUS_R 
ESET 

= Set via 
IA32_PERF_GLOBAL_STATUS_S 
ET 


= Query via 
|A32_PERF_GLOBAL_STATUS 

= Reset via 
IA32_PERF_GLOBAL_OVF_CTRL 


See Section 19.2.4. 


IA32_PERF_GLOBAL_STATU 


Individual counter overflow 


Individual counter overflow 


See Section 19.2.4. 


Indicator 


Processor Event Based 
Sampling (PEBS) Events 


General-Purpose Counter 0 only. 
Supports all events (precise and 
non-precise). Precise events are 
listed in Table 19-67. 


See Section 19.5.2.1.1. General- 
Purpose Counter 0 only. Only 
supports precise events (see 
Table 19-60). 


S Indicators of = PEBS buffer overflow = PEBS buffer overflow 

Overflow/Overhead/Interfer |" TOPA buffer overflow 

ence «= CTR_Frz, LBR_Frz 

Enable control in = CTR_Frz, No See Section 19.2.4.1. 
1A32_PERF_GLOBAL_STATU | * LBR_Frz 

S 

Perfmon Counter In-Use Query IA32_PERF_GLOBAL_INUSE | No See Section 19.2.4.3. 


IA32_PMCO only. 


PEBS record format 0011b 0010b 

encoding 

Reduce skid PEBS IA32_PMCO only No 

Data Address Profiling Yes No 

PEBS record layout Table 19-68; enhanced fields at Table 19-61. 
offsets 9OH- 98H; and TSC record 
field at COH. 

PEBS EventingIP Yes Yes 


Off-core Response Event 


MSR 1A6H and 1A7H, each core 
has its own register. 


MSR 1A6H and 1A7H, shared by a 
pair of cores. 


Nehalem supports 1A6H 
only. 


19.5.3.1 


Processor Event Based Sampling (PEBS) 


Processor event based sampling (PEBS) on the Goldmont microarchitecture is enhanced over prior generations 
with respect to sampling support of precise events and non-precise events. In the Goldmont microarchitecture, 
PEBS is supported using IA32_PMCO for all events (see Section 17.4.9). 


PEBS uses a debug store mechanism to store a set of architectural state information for the processor at the time 


the sample was generated. 


Precise events work the same way on Goldmont microarchitecture as on the Silvermont microarchitecture. The 

record will be generated after an instruction that causes the event when the counter is already overflowed and will 
capture the architectural state at this point (see Section 19.6.2.4 and Section 17.4.9). The eventingIP in the record 
will indicate the instruction that caused the event. The list of precise events supported in the Goldmont microarchi- 
tecture is shown in Table 19-67. 
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In the Goldmont microarchitecture, the PEBS facility also supports the use of non-precise events to record 
processor state information into PEBS records with the same format as with precise events. 


However, a non-precise event may not be attributable to a particular retired instruction or the time of instruction 
execution. When the counter overflows, a PEBS record will be generated at the next opportunity. Consider the 
event ICACHE.HIT. When the counter overflows, the processor is fetching future instructions. The PEBS record will 
be generated at the next opportunity and capture the state at the processor's current retirement point. It is likely 
that the instruction fetch that caused the event to increment was beyond that current retirement point. Other 
examples of non-precise events are CPU_CLK_UNHALTED.CORE_P and HARDWARE_INTERRUPTS.RECEIVED. 
CPU_CLK_UNHALTED.CORE_P will increment each cycle that the processor is awake. When the counter over-flows, 
there may be many instructions in various stages of execution. Additionally, zero, one or multiple instructions may 
be retired the cycle that the counter overflows. HARDWARE_INTERRUPTS.RECEIVED increments independent of 
any instructions being executed. For all non-precise events, the PEBS record will be generated at the next oppor- 
tunity, after the counter has overflowed. The PEBS facility thus allows for identification of the instructions which 
were executing when the event overflowed. 


After generating a record for a non-precise event, the PEBS facility reloads the counter and resumes execution, just 
as is done for precise events. Unlike interrupt-based sampling, which requires an interrupt service routine to collect 
the sample and reload the counter, the PEBS facility can collect samples even when interrupts are masked and 
without using NMI. Since a PEBS record is generated immediately when a counter for a non-precise event is 
enabled, it may also be generated after an overflow is set by an MSR write to IA32_PERF_GLOBAL_STATUS_ SET. 


Table 19-67. Precise Events Supported by the Goldmont Microarchitecture 


Event Name Event Select Sub-event UMask 
LD_BLOCKS 03H DATA_UNKNOWN 01H 
STORE_FORWARD 02H 
4K_ALIAS 04H 
UTLB_MISS 08H 
ALL_BLOCK 10H 
MISALIGN_MEM_REF 13H LOAD_PAGE_SPLIT 02H 
STORE_PAGE_SPLIT 04H 
INST_RETIRED COH ANY OOH 
UOPS_RETITRED C2H ANY OOH 
LD_SPLITSMS 01H 
BR_INST_RETIRED C4H ALL_BRANCHES OOH 
JCC 7EH 
TAKEN_JCC FEH 
CALL FSH 
REL_CALL FDH 
IND_CALL FBH 
NON_RETURN_IND €BH 
FAR_BRANCH BFH 
RETURN F7H 
BR_MISP_RETIRED C5H ALL_BRANCHES OOH 
JCC 7EH 
TAKEN_JCC FEH 
IND_CALL FBH 
NON_RETURN_IND €BH 
RETURN F7H 
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Table 19-67. Precise Events Supported by the Goldmont Microarchitecture (Contd.) 


Event Name Event Select Sub-event UMask 

MEM_UOPS_RETIRED DOH ALL_LOADS 81H 
ALL_STORES 82H 
ALL 83H 
DLTB_MISS_LOADS 11H 
DLTB_MISS_STORES 12H 
DLTB_MISS 13H 

MEM_LOAD_UOPS_RETIRED D1H L1_HIT 01H 
L2_HIT 02H 
L1_MISS 08H 
L2_MISS 10H 
HITM 20H 
WCB_HIT 40H 
DRAM_HIT 80H 


The PEBS record format supported by processors based on the Goldmont microarchitecture is shown in 


Table 19-68, and each field in the PEBS record is 64 bits long. 


Table 19-68. PEBS Record Format for the Goldmont Microarchitecture 


Byte Offset Field Byte Offset Field 

OOH R/EFLAGS 68H R11 

08H R/EIP 70H R12 

10H R/EAX 78H R13 

18H R/EBX 80H R14 

20H R/ECX 88H R15 

28H R/EDX 90H Applicable Counters 
30H R/ESI 98H Data Linear Address 
38H R/EDI AOH Reserved 

40H R/EBP A8H Reserved 

48H R/ESP BOH EventingRIP 

50H R8 B8H Reserved 

58H RO COH TSC 

60H R10 


On Goldmont microarchitecture, all 64 bits of architectural registers are written into the PEBS record regardless of 


processor mode. 


With PEBS record format encoding 0011b, offset 90H reports the “Applicable Counter” field, which indicates which 
counters actually requested generating a PEBS record. This allows software to correlate the PEBS record entry 
properly with the instruction that caused the event even when multiple counters are configured to record PEBS 
records and multiple bits are set in the field. Additionally, offset COH captures a snapshot of the TSC that provides 


a time line annotation for each PEBS record entry. 
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19.5.3.1.1  PEBS Data Linear Address Profiling 


Goldmont supports the Data Linear Address field introduced in Haswell. It does not support the Data Source 
Encoding or Latency Value fields that are also part of Data Address Profiling; those fields are present in the record 
but are reserved. 


For Goldmont microarchitecture, the Data Linear Address field will record the linear address of memory accesses in 
the previous instruction (e.g., the one that triggered a precise event that caused the PEBS record to be generated). 
Goldmont microarchitecture may record a Data Linear Address for the instruction that caused the event even for 
events not related to memory accesses. This may differ from other microarchitectures. 


19.5.3.1.2 Reduced Skid PEBS 


Processors based on Goldmont Plus microarchitecture support the Reduced Skid PEBS feature described in Section 
19.9.4 on the IA32_PMCO counter. Although Extended PEBS adds support for generating PEBS records for precise 
events on additional general-purpose and fixed-function performance counters, those counters do not support the 
Reduced Skid PEBS feature. 


19.5.3.1.3 | Enhancements to |A32_PERF_GLOBAL_STATUS.OvfDSBuffer[62] 


In addition to IA32_PERF_GLOBAL_STATUS.OvfDSBuffer[62] being set when PEBS_Index reaches the 
PEBS_Interrupt_Theshold, the bit is also set when PEBS_Index is out of bounds. That is, the bit will be set when 
PEBS_Index < PEBS_Buffer_Base or PEBS_Index > PEBS_Absolute_Maximum. Note that when an out of bound 
condition is encountered, the overflow bits in IA32_PERF_GLOBAL_STATUS will be cleared according to Applicable 
Counters, however the IA32_PMCx values will not be reloaded with the Reset values stored in the DS_AREA. 


19.5.3.2 Offcore Response Event 


Event number 0B7H support offcore response monitoring using an associated configuration MSR, 
MSR_OFFCORE_RSPO (address 1A6H) in conjunction with UMASK value 01H or MSR_OFFCORE_RSP1 (address 
1A7H) in conjunction with UMASK value 02H. Table 19-62 lists the event code, mask value and additional off-core 
configuration MSR that must be programmed to count off-core response events using IA32_PMCx. 


The Goldmont microarchitecture provides unique pairs of MSR_OFFCORE_RSPx registers per core. 

The layout of MSR_OFFCORE_RSPO and MSR_OFFCORE_RSP1 are organized as follows: 

° Bits 15:0 specifies the request type of a transaction request to the uncore. This is described in Table 19-69. 
¢ Bits 30:16 specifies common supplier information or an L2 Hit, and is described in Table 19-64. 


¢ If L2 misses, then Bits 37:31 can be used to specify snoop response information and is described in 
Table 19-70. 


¢ For outstanding requests, bit 38 can enable measurement of average latency of specific type of offcore 
transaction requests using two programmable counter simultaneously; see Section 19.5.2.3 for details. 


Table 19-69. MSR_OFFCORE_RSPx Request_Type Field Definition 


Bit Name Offset | Description 

DEMAND_DATA_RD 0 Counts cacheline read requests due to demand reads (excludes prefetches). 

DEMAND_RFO 1 Counts cacheline read for ownership (RFO) requests due to demand writes (excludes 
prefetches). 

DEMAND_CODE_RD 2 Counts demand instruction cacheline and I-side prefetch requests that miss the 


instruction cache. 


COREWB 3 Counts writeback transactions caused by L1 or L2 cache evictions. 
PF_L2_DATA_RD 4 Counts data cacheline reads generated by hardware L2 cache prefetcher. 
PF_L2_RFO 5 Counts reads for ownership (RFO) requests generated by L2 prefetcher. 
Reserved 6 Reserved. 
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Table 19-69. MSR_OFFCORE_RSPx Request_Type Field Definition (Contd.) 


Bit Name Offset | Description 

PARTIAL_READS 7 Counts demand data partial reads, including data in uncacheable (UC) or uncacheable 
(WC) write combining memory types. 

PARTIAL_WRITES 8 Counts partial writes, including uncacheable (UC), write through (WT) and write 
protected (WP) memory type writes. 

UC_CODE_READS 9 Counts code reads in uncacheable (UC) memory region. 

BUS_LOCKS 10 Counts bus lock and split lock requests. 

FULL_STREAMING_STORES 11 Counts full cacheline writes due to streaming stores. 

Sw_PREFETCH 12 Counts cacheline requests due to software prefetch instructions. 

PF_L1_DATA_RD 13 Counts data cacheline reads generated by hardware L1 data cache prefetcher. 

PARTIAL_STREAMING_STORES 14 Counts partial cacheline writes due to streaming stores. 

ANY_REQUEST 15 Counts requests to the uncore subsystem. 


To properly program this extra register, software must set at least one request type bit (Table 19-63) and a valid 
response type pattern (either Table 19-64 or Table 19-70). Otherwise, the event count reported will be zero. It is 
permissible and useful to set multiple request and response type bits in order to obtain various classes of off-core 
response events. Although MSR_OFFCORE_RSPx allow an agent software to program numerous combinations that 
meet the above guideline, not all combinations produce meaningful data. 


Table 19-70. MSR_OFFCORE_RSPx For L2 Miss and Outstanding Requests 


Subtype Bit Name Offset | Description 
L2_MISS Reserved 32:31 Reserved 
(Snoop Info) L2_MISS.SNOOP_MISS_O | 33 A true miss to this module, for which a snoop request missed the other module or 
R_NO_SNOOP_NEEDED no snoop was performed/needed. 
L2_MISS.HIT_OTHER_CO | 34 A snoop hit in the other processor module, but no data forwarding is required. 
RE_NO_FWD 
Reserved 35 Reserved 
L2_MISS.HITM_OTHER_C | 36 Counts the number of snoops hit in the other module or other core’s L1 where 
ORE modified copies were found. 
L2_MISS.NON_DRAM 37 Target was a non-DRAM system address. This includes MMIO transactions. 
Outstanding | OUTSTANDING 38 Counts weighted cycles of outstanding offcore requests of the request type 
requests! specified in bits 15:0, from the time the XQ receives the request and any 
response is received. Bits 37:16 must be set to 0. This bit is only available in 
MSR_OFFCORE_RESPO. 


NOTES: 
1. See Section 19.5.2.3, “Average Offcore Request Latency Measurement” for details on how to use this bit to extract average latency. 


To specify a complete offcore response filter, software must properly program bits in the request and response type 
fields. A valid request type must have at least one bit set in the non-reserved bits of 15:0. A valid response type 
must be a non-zero value of the following expression: 


Any_Response Bit | L2 Hit | ‘OR’ of Snoop Info Bits | Outstanding Bit 


19.5.3.3. Average Offcore Request Latency Measurement 


In Goldmont microarchitecture, measurement of average latency of offcore transaction requests is the same as 
described in Section 19.5.2.3. 
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19.5.4 | Performance Monitoring for Goldmont Plus Microarchitecture 


Intel Atom processors based on the Goldmont Plus microarchitecture report architectural performance monitoring 
versionID = 4 and support non-architectural monitoring capabilities described in this section. 


Architectural performance monitoring version 4 capabilities are described in Section 19.2.4. 


Goldmont Plus performance monitoring capabilities are similar to Goldmont capabilities. The differences are in 
specific events and in which counters support PEBS. Goldmont Plus introduces the ability for fixed performance 
monitoring counters to generate PEBS records. 


Goldmont Plus will set the AnyThread deprecation CPUID bit (CPUID.OAH:EDX[15]) to indicate that the Any-Thread 
bits in IA32_PERFEVTSELx and IA32_FIXED_CTR_CTRL have no effect. 


The core PMU's capability is similar to that of the Goldmont microarchitecture described in Section 19.6.3, with 
some differences and enhancements summarized in Table 19-71. 


Table 19-71. Core PMU Comparison Between the Goldmont Plus and Goldmont Microarchitectures 


Box Goldmont Plus Microarchitecture | Goldmont Microarchitecture Comment 
# of Fixed counters per core | 3 3 Use CPUID to determine # 
of counters. See Section 
19.2.1. 
# of general-purpose 4 4 Use CPUID to determine # 
counters per core of counters. See Section 
19.2.1. 
Counter width (R,W) R:48, W: 32/48 R:48, W: 32/48 No change. 
Architectural Performance 4 4 No change. 
Monitoring version ID 
Processor Event Based All General-Purpose and Fixed General-Purpose Counter 0 only. Goldmont Plus supports 
Sampling (PEBS) Events counters. Each General-Purpose Supports all events (precise and PEBS on all counters. 
counter supports all events (precise | non-precise). Precise events are 
and non-precise). listed in Table 19-67. 
PEBS record format 0011b 0011b No change. 
encoding 


19.5.4.1 Extended PEBS 


The PEBS facility in Goldmont Plus microarchitecture provides a number of enhancements relative to PEBS in 
processors from previous generations. Enhancement of PEBS facility with the Extended PEBS feature are de- 
scribed in detail in section 18.9. 


19.5.5 Performance Monitoring for Tremont Microarchitecture 


Intel Atom processors based on the Tremont microarchitecture report architectural performance monitoring 
versionID = 5 and support non-architectural monitoring capabilities described in this section. 


Architectural performance monitoring version 5 capabilities are described in Section 19.2.5. 


Tremont performance monitoring capabilities are similar to Goldmont Plus capabilities, with the following exten- 
sions: 


¢ Support for Adaptive PEBS. 

* Support for PEBS output to Intel® Processor Trace. 

¢ Precise Distribution support on Fixed Counter0. 

* Compatibility enhancements to off-core response MSRs, MSR_OFFCORE_RSPx. 
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The differences and enhancements between Tremont microarchitecture and Goldmont Plus microarchitecture are 
summarized in Table 19-72. 


Table 19-72. Core PMU Comparison Between the Tremont and Goldmont Plus Microarchitectures 


Box 


Tremont Microarchitecture 


Goldmont Plus Microarchitecture 


Comment 


# of fixed counters per core 


3 


3 


Use CPUID to determine # 
of counters. See Section 
19.2.1. 


encoding 


# of general-purpose 4 4 Use CPUID to determine # 

counters per core of counters. See Section 
19.2.1. 

Counter width (R,W) R:48, W: 32/48 R:48, W: 32/48 No change. See Section 
19.2.2. 

Architectural Performance 5 4 

Monitoring version ID 

PEBS record format 0100b 0011b See Section 19.6.2.4.2. 


Reduce skid PEBS 


IA32_PMCO and IA32_FIXED_CTRO 


IA32_PMCO only 


PEBS record layout 


Trace 


See Section 19.9.2.3 for output to 
DS, Section 19.5.5.2.2 for output to 
Intel PT. 


Table 19-68; enhanced fields at 
offsets S9OH- 98H; and TSC record 
field at COH. 


Extended PEBS Yes Yes See Section 19.5.4.1. 
Adaptive PEBS Yes No See Section 19.9.2. 
PEBS output DS Save Area or Intel® Processor DS Save Area only See Section 19.5.5.2.1. 


Off-core Response Event 


MSR 1A6H and 1A7H, each core 
has its own register, extended 
request and response types. 


MSR 1A6H and 1A7H, each core has 
its own register. 


13.5.2.1 


Adaptive PEBS 


The PEBS record format and configuration interface has changed versus Goldmont Plus, as the Tremont microarchi- 
tecture includes support for the configurable Adaptive PEBS records; see Section 19.9.2. 


19.5.5.2 PEBS output to Intel® Processor Trace 


Intel Atom processors based on the Tremont microarchitecture introduce the following Precise Event-Based 
Sampling (PEBS) extensions: 


* Amechanism to direct PEBS output into the Intel® Processor Trace (Intel® PT) output stream. In this scenario, 
the PEBS record is written in packetized form, in order to co-exist with other Intel PT trace data. 


¢ New Performance Monitoring counter reload MSRs, which are used by PEBS in place of the counter reload 
values stored in the DS Management area when PEBS output is directed into the Intel PT output stream. 


Processors that indicate support for Intel PT by setting CPUID.07H.0.EBX[25]=1, and set the new 
IA32_PERF_CAPABILITIES.PEBS_OUTPUT_PT_AVAIL[16] bit, support these extensions. 


19.5.5.2.1_ PEBS Configuration 
PEBS output to Intel Processor Trace includes support for two new fields in IA32_PEBS_ENABLE. 
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Table 19-73. New Fields in IA32_PEBS_ENABLE 


Field Description 
PMI_AFTER_EACH_RECORD[60] Pend a PerfMon Interrupt (PMI) after each PEBS event. 
PEBS_OUTPUT[62:61] Specifies PEBS output destination. Encodings: 


OOB: DS Save Area. Matches legacy PEBS behavior, output location defined by IA32_DS_AREA. 
01B: Intel PT trace output. 

10B: Reserved. 

11B: Reserved. 


When PEBS_OUTPUT is set to 01B, the DS Management Area is not used and need not be configured. Instead, the 
output mechanism is configured through IA32_RTIT_CTL and other Intel PT MSRs, while counter reload values are 
configured in the MSR_RELOAD_PMCx MSRs. Details on configuring Intel PT can be found in Section 32.2.7. 


63 626160 n 32 31 m 10 


PEBS OUTPUT (R/W) 


PMI_LAFTER_EACH_RECORD (R/W) — 


PEBS EN_FIXEDn(R/W) 


PEBS EN_FIXED1 (R/W) 


PEBS EN_FIXEDO (R/W) 


PEBS EN_PMCm (RW) 


PEBS EN_PMC1 (RM) 


PEBS EN_PMCO (RM) 


Reserved RESET Value — 00000000 _ 00000000 H 


Figure 19-42. |A32_PEBS_ENABLE MSR with PEBS Output to Intel® Processor Trace 


19.5.5.2.2 PEBS Record Format in Intel® Processor Trace 


The format of the PEBS record changes when output to Intel PT, as the PEBS state is packetized. Each PEBS 
grouping is emitted as a Block Begin (BBP) and following Block Item (BIP) packets. A PEBS grouping ends when 
either a new PEBS grouping begins (indicated by a BBP packet) or a Block End (BEP) packet is encountered. See 
Section 32.4.1.1 for details of these Intel PT packets. 


Because the packet headers describe the state held in the packet payload, PEBS state ordering is not fixed. PEBS 
state groupings may be emitted in any order, and the PEBS state elements within those groupings may be emitted 
in any order. Further, there is no packet that provides indication of “Record Format” or “Record Size”. 


If Intel PT tracing is not enabled (IA32_RTIT_STATUS.TriggerEn=0), any PEBS records triggered will be dropped. 
PEBS packets do not depend on ContextEn or FilterEn in IA32_RTIT_STATUS, any filtering of PEBS must be enabled 
from within the PerfMon configuration. Counter reload will occur in all scenarios where PEBS is triggered, regard- 
less of TriggerEn. 
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The PEBS threshold mechanism for generating PerfMon Interrupts (PMIs) is not available in this mode. However, 
there exist other means to generate PMIs based on PEBS output. When the Intel PT ToPA output mechanism is 
chosen, a PMI can optionally be pended when a ToPA region is filled; see Section 32.2.7.2 for details. Further, soft- 
ware can opt to generate a PMI on each PEBS record by setting the new 
IA32_PEBS_ENABLE.PMI_AFTER_EACH_RECORD[60] bit. 


The IA32_PERF_GLOBAL_STATUS.OvfDSBuffer bit will not be set in this mode. 


19.5.5.2.3 PEBS Counter Reload 


When PEBS output is directed into Intel PT (IA32_PEBS_ENABLE.PEBS_OUTPUT = 01B), new MSR_RELOAD_PMCx 
MSRs are used by the PEBS routine to reload PerfMon counters. The value from the associated reload MSR will be 
loaded to the appropriate counter on each PEBS event. 


19.5.5.3. Precise Distribution Support on Fixed Counter 0 


The Tremont microarchitecture supports the PDIR (Precise Distribution of Retired Instructions) facility, as described 
in Section 19.3.4.4.4, on Fixed Counter 0. Fixed Counter 0 counts the INST_RETIRED.ALL event. PEBS skid for 
Fixed Counter 0 will be precisely one instruction. 


This is in addition to the reduced skid PEBS behavior on IA32_PMCO; see Section 19.5.3.1.2. 


19.5.5.4 Compatibility Enhancements to Offcore Response MSRs 
The Off-core Response facility is similar to that described in Section 19.5.3.2. 


The layout of MSR_OFFCORE_RSPO and MSR_OFFCORE_RSP1 are organized as shown below. RequestType bits are 
defined in Table 19-74, ResponseType bits in Table 19-75, and SnoopInfo bits in Table 19-76. 


Table 19-74. MSR_OFFCORE_RSPx Request Type Definition 


Bit Name Offset Description 

DEMAND_DATA_RD 0 Counts demand data reads. 

DEMAND_RFO 1 Counts all demand reads for ownership (RFO) requests and software based 
prefetches for exclusive ownership (prefetchw). 

DEMAND_CODE_RD 2 Counts demand instruction fetches and L1 instruction cache prefetches. 

COREWB_M 3 Counts modified write backs from L1 and L2. 

HWPF_L2_DATA_RD 4 Counts prefetch (that bring data to L2) data reads. 

HWPF_L2_RFO 5 Counts all prefetch (that bring data to L2) RFOs. 

HWPF_L2_CODE_RD 6 Counts all prefetch (that bring data to L2 only) code reads. 

Reserved 9:7 Reserved. 

HWPF_L1D_AND_SWPF 10 Counts L1 data cache hardware prefetch requests, read for ownership prefetch 
requests and software prefetch requests (except prefetchw). 

STREAMING_WR 11 Counts all streaming stores. 

COREWB_NONM 12 Counts non-modified write backs from L2. 

Reserved 14:13 Reserved. 

OTHER 15 Counts miscellaneous requests, such as I/O accesses that have any response type. 

UC_RD 44 Counts uncached memory reads (PRd, UCRdF). 

UC_WR 45 Counts uncached memory writes (WiL). 

PARTIAL_STREAMING_WR 46 Counts partial (less than 64 byte) streaming stores (WCIL). 

FULL_STREAMING_WR 47 Counts full, 64 byte streaming stores (WCIiLF). 
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Table 19-74. MSR_OFFCORE_RSPx Request Type Definition (Contd.) 


Bit Name Offset Description 
LIWB_M 48 Counts modified WriteBacks from L1 that miss the L2. 
L2WB_M 49 Counts modified WriteBacks from L2. 
Table 19-75. MSR_OFFCORE_RSPx Response Type Definition 
Bit Name Offset Description 
ANY_RESPONSE 16 Catch all value for any response types. 
L3_HIT_M 18 LLC/L3 Hit - M-state. 
L3_HIT_E 19 LLC/L3 Hit - €-state. 
L3_HIT_S 20 LLC/L3 Hit - S-state. 
L3_HIT_F 21 LLC/L3 Hit - I-state. 
LOCAL_DRAM 26 LLC/L3 Miss, DRAM Hit. 
OUTSTANDING 63 Average latency of outstanding requests with the other counter counting number 
of occurrences; can also can be used to count occupancy. 
Table 19-76. MSR_OFFCORE_RSPx Snoop Info Definition 
Bit Name Offset Description 
SNOOP_NONE 31 None of the cores were snooped. 
« LLC miss and Dram data returned directly to the core. 
SNOOP_NOT_NEEDED 32 No snoop needed to satisfy the request. 
* LLC hit and CV bit(s) (core valid) was not set. 
« LLC miss and Dram data returned directly to the core. 
SNOOP_MISS 33 A snoop was sent but missed. 
* LLC hit and CV bit(s) was set but snoop missed (silent data drop in core), data 
returned from LLC. 
« LLC miss and Dram data returned directly to the core. 
SNOOP_HIT_NO_FWD 34 A snoop was sent but no data forward. 
« LLC hit and CV bit(s) was set but no data forward from the core, data returned 
from LLC. 
« LLC miss and Dram data returned directly to the core. 
SNOOP_HIT_WITH_FWD 35 A snoop was sent and non-modified data was forward. 
* LLC hit and CV bit(s) was set, non-modified data was forward from core. 
SNOOP_HITM 36 A snoop was sent and modified data was forward. 
= LLC hit € or M and the CV bit(s) was set, modified data was forward from core. 
NON_DRAM_BIT 37 Target was non-DRAM system address, MMIO access. 
« LLC miss and Non-Dram data returned. 
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The Off-core Response capability behaves as follows: 


° To specify a complete offcore response filter, software must properly program at least one RequestType and one 
ResponseType. A valid request type must have at least one bit set in the non-reserved bits of 15:0 or 49:44. A 
valid response type must be a non-zero value of one the following expressions: 


¢ Read requests: 
Any_Response Bit | (‘(OR’ of Supplier Info Bits) ‘AND’ ( ‘OR’ of Snoop Info Bits) | Outstanding Bit 
e¢ Write requests: 
Any_Response Bit | (‘OR’ of Supplier Info Bits) | Outstanding Bit 
¢ When the ANY_RESPONSE bit in the ResponseType is set, all other response type bits will be ignored. 
¢ True Demand Cacheable Loads include neither L1 Prefetches nor Software Prefetches. 


°® Bits 15:0 and Bits 49:44 specifies the request type of a transaction request to the uncore. This is described in 
Table 19-74. 


® Bits 30:16 specifies common supplier information. 


¢ “Outstanding Requests” (bit 63) is only available on MSR_OFFCORE_RSPO; a #GP fault will occur if software 
attempts to write a 1 to this bit in MSR_OFFCORE_RSP1. It is mutually exclusive with any ResponseType. 
Software must guarantee that all other ResponseType bits are set to 0 when the “Outstanding Requests” bit is 
set. 


¢ “Outstanding Requests” bit 63 can enable measurement of the average latency of a specific type of off-core 
transaction; two programmable counters must be used simultaneously and the RequestType programming for 
MSR_OFFCORE_RSPO and MSR_OFFCORE_RSP1 must be the same when using this Average Latency feature. 
See Section 19.5.2.3 for further details. 


19.6 PERFORMANCE MONITORING (LEGACY INTEL PROCESSORS) 


19.6.1 Performance Monitoring (Intel® Core™ Solo and Intel® Core™ Duo Processors) 


In Intel Core Solo and Intel Core Duo processors, non-architectural performance monitoring events are 
programmed using the same facilities (see Figure 19-1) used for architectural performance events. 


Non-architectural performance events use event select values that are model-specific. Event mask (Umask) values 
are also specific to event logic units. Some microarchitectural conditions detectable by a Umask value may have 
specificity related to processor topology (see Section 8.6, “Detecting Hardware Multi-Threading Support and 
Topology,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A). As a result, the unit 
mask field (for example, IA32_PERFEVTSELx[bits 15:8]) may contain sub-fields that specify topology information 
of processor cores. 


The sub-field layout within the Umask field may support two-bit encoding that qualifies the relationship between a 
microarchitectural condition and the originating core. This data is shown in Table 19-77. The two-bit encoding for 
core-specificity is only supported for a subset of Umask values (see: https://perfmon-events.intel.com/) and for 

Intel Core Duo processors. Such events are referred to as core-specific events. 


Table 19-77. Core Specificity Encoding within a Non-Architectural Umask 


IA32_PERFEVTSELx MSRs 

Bit 15:14 Encoding Description 
11B All cores 
10B Reserved 
01B This core 
00B Reserved 
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Some microarchitectural conditions allow detection specificity only at the boundary of physical processors. Some 
bus events belong to this category, providing specificity between the originating physical processor (a bus agent) 
versus other agents on the bus. Sub-field encoding for agent specificity is shown in Table 19-78. 


Table 19-78. Agent Specificity Encoding within a Non-Architectural Umask 


IA32_PERFEVTSELx MSRs 

Bit 13 Encoding Description 

0 This agent 

1 Include all agents 


Some microarchitectural conditions are detectable only from the originating core. In such cases, unit mask does 
not support core-specificity or agent-specificity encodings. These are referred to as core-only conditions. 


Some microarchitectural conditions allow detection specificity that includes or excludes the action of hardware 
prefetches. A two-bit encoding may be supported to qualify hardware prefetch actions. Typically, this applies only 
to some L2 or bus events. The sub-field encoding for hardware prefetch qualification is shown in Table 19-79. 


Table 19-79. HW Prefetch Qualification Encoding within a Non-Architectural Umask 


IA32_PERFEVTSELx MSRs 

Bit 13:12 Encoding Description 

11B All inclusive 

10B Reserved 

01B Hardware prefetch only 
OOB Exclude hardware prefetch 


Some performance events may (a) support none of the three event-specific qualification encodings (b) may 
support core-specificity and agent specificity simultaneously (c) or may support core-specificity and hardware 
prefetch qualification simultaneously. Agent-specificity and hardware prefetch qualification are mutually exclusive. 


In addition, some L2 events permit qualifications that distinguish cache coherent states. The sub-field definition for 
cache coherency state qualification is shown in Table 19-80. If no bits in the MESI qualification sub-field are set for 
an event that requires setting MESI qualification bits, the event count will not increment. 


Table 19-80. MESI Qualification Definitions within a Non-Architectural Umask 


IA32_PERFEVTSELx MSRs 

Bit Position 11:8 Description 

Bit 11 Counts modified state 
Bit 10 Counts exclusive state 
Bit 9 Counts shared state 
Bit 8 Counts Invalid state 


19.6.2 Performance Monitoring (Processors Based on Intel® Core™ Microarchitecture) 


In addition to architectural performance monitoring, processors based on the Intel Core microarchitecture support 
non-architectural performance monitoring events. 


Architectural performance events can be collected using general-purpose performance counters. Non-architectural 
performance events can be collected using general-purpose performance counters (coupled with two 
IA32_PERFEVTSELx MSRs for detailed event configurations), or fixed-function performance counters (see Section 
19.6.2.1). IA32_PERFEVTSELx MSRs are architectural; their layout is shown in Figure 19-1. Starting with Intel 


Vol. 3B 19-97 


PERFORMANCE MONITORING 


Core 2 processor T 7700, fixed-function performance counters and associated counter control and status MSR 
becomes part of architectural performance monitoring version 2 facilities (see also Section 19.2.2). 


Non-architectural performance events in processors based on Intel Core microarchitecture use event select values 
that are model-specific. Valid event mask (Umask) bits can be found at: https://perfmon-events.intel.com/. The 
UMASK field may contain sub-fields identical to those listed in Table 19-77, Table 19-78, Table 19-79, and 

Table 19-80. One or more of these sub-fields may apply to specific events on an event-by-event basis. 


In addition, the UMASK filed may also contain a sub-field that allows detection specificity related to snoop 
responses. Bits of the snoop response qualification sub-field are defined in Table 19-81. 


Table 19-81. Bus Snoop Qualification Definitions within a Non-Architectural Umask 


IA32_PERFEVTSELx MSRs 

Bit Position 11:8 Description 

Bit 11 HITM response 
Bit 10 Reserved 

Bit 9 HIT response 
Bit 8 CLEAN response 


There are also non-architectural events that support qualification of different types of snoop operation. The corre- 
sponding bit field for snoop type qualification are listed in Table 19-82. 


Table 19-82. Snoop Type Qualification Definitions within a Non-Architectural Umask 


IA32_PERFEVTSELx MSRs 

Bit Position 9:8 Description 
Bit 9 CMP2l snoops 
Bit 8 CMP2S snoops 


No more than one sub-field of MESI, snoop response, and snoop type qualification sub-fields can be supported in a 
performance event. 


NOTE 


Software must write known values to the performance counters prior to enabling the counters. The 
content of general-purpose counters and fixed-function counters are undefined after INIT or RESET. 


19.6.2.1 Fixed-function Performance Counters 


Processors based on Intel Core microarchitecture provide three fixed-function performance counters. Bits beyond 
the width of the fixed counter are reserved and must be written as zeros. Model-specific fixed-function performance 
counters on processors that support Architectural Perfmon version 1 are 40 bits wide. 


Each of the fixed-function counter is dedicated to count a pre-defined performance monitoring events. See Table 
19-2 for details of the PMC addresses and what these events count. 


Programming the fixed-function performance counters does not involve any of the IA32_PERFEVTSELx MSRs, and 
does not require specifying any event masks. Instead, the MSR IA32_FIXED_CTR_CTRL provides multiple sets of 
4-bit fields; each 4-bit field controls the operation of a fixed-function performance counter (PMC). See Figures 
19-43. Two sub-fields are defined for each control. See Figure 19-43; bit fields are: 


¢ Enable field (low 2 bits in each 4-bit control) — When bit 0 is set, performance counting is enabled in the 
corresponding fixed-function performance counter to increment when the target condition associated with the 
architecture performance event occurs at ring 0. 
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When bit 1 is set, performance counting is enabled in the corresponding fixed-function performance counter to 
increment when the target condition associated with the architecture performance event occurs at ring greater 
than 0. 

Writing 0 to both bits stops the performance counter. Writing 11B causes the counter to increment irrespective 
of privilege levels. 


63 1211 987 543210 


P P P 
M M 
I I I 


zm 


Cntr2 — Controls for |A32_FIXED_CTR2 
Cntr1 — Controls for |A32_FIXED_CTR1 


PMI — Enable PMI on overflow 
CntrO — Controls for |A32_FIXED_CTRO 
ENABLE — 0: disable; 1: OS; 2: User; 3: All ring levels 


Reserved 


SDM30265 


Figure 19-43. Layout of IA32_FIXED_CTR_CTRL MSR 


° PMI field (fourth bit in each 4-bit control) — When set, the logical processor generates an exception 
through its local APIC on overflow condition of the respective fixed-function counter. 


19.6.2.2 Global Counter Control Facilities 


Processors based on Intel Core microarchitecture provides simplified performance counter control that simplifies 

the most frequent operations in programming performance events, i.e. enabling/disabling event counting and 

checking the status of counter overflows. This is done by the following three MSRs: 

¢ MSR_PERF_GLOBAL_CTRL enables/disables event counting for all or any combination of fixed-function PMCs 
(IA32_FIXED_CTRx) or general-purpose PMCs via a single WRMSR. 

° MSR_PERF_GLOBAL_STATUS allows software to query counter overflow conditions on any combination of 
fixed-function PMCs (IA32_FIXED_CTRx) or general-purpose PMCs via a single RDMSR. 


¢ MSR_PERF_GLOBAL_OVF_CTRL allows software to clear counter overflow conditions on any combination of 
fixed-function PMCs (IA32_FIXED_CTRx) or general-purpose PMCs via a single WRMSR. 


MSR_PERF_GLOBAL_CTRL MSR provides single-bit controls to enable counting in each performance counter (see 

Figure 19-44). Each enable bit in MSR_PERF_GLOBAL_CTRL is AND’ed with the enable bits for all privilege levels in 
the respective IA32_PERFEVTSELx or IA32_FIXED_CTR_CTRL MSRs to start/stop the counting of respective coun- 
ters. Counting is enabled if the AND’ed results is true; counting is disabled when the result is false. 
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63 35 34 33 32 31 210 


FIXED_CTR2 enable 
FIXED_CTR1 enable 
FIXED_CTRO enable 
PMC1 enable 
PMCO enable 


Reserved 


Figure 19-44. Layout of MSR_PERF_GLOBAL_CTRL MSR 


MSR_PERF_GLOBAL_STATUS MSR provides single-bit status used by software to query the overflow condition of 
each performance counter. MSR_PERF_GLOBAL_STATUS[bit 62] indicates overflow conditions of the DS area data 
buffer. MSR_PERF_GLOBAL_STATUS[bit 63] provides a CondChgd bit to indicate changes to the state of perfor- 
mance monitoring hardware (see Figure 19-45). A value of 1 in bits 34:32, 1, 0 indicates an overflow condition has 
occurred in the associated counter. 


6362 35 34.33 3231 210 


CondChgd 
OvfBuffer 
FIXED_CTR2 Overflow 
FIXED_CTR1 Overflow 
FIXED_CTRO Overflow 
PMC1 Overflow 
PMCO Overflow 


Reserved 


Figure 19-45. Layout of MSR_PERF_GLOBAL_STATUS MSR 


When a performance counter is configured for PEBS, an overflow condition in the counter will arm PEBS. On the 
subsequent event following overflow, the processor will generate a PEBS event. On a PEBS event, the processor will 
perform bounds checks based on the parameters defined in the DS Save Area (see Section 17.4.9). Upon 
successful bounds checks, the processor will store the data record in the defined buffer area, clear the counter 
overflow status, and reload the counter. If the bounds checks fail, the PEBS will be skipped entirely. In the event 
that the PEBS buffer fills up, the processor will set the OvfBuffer bit in MSR_PERF_GLOBAL_STATUS. 
MSR_PERF_GLOBAL_OVF_CTL MSR allows software to clear overflow the indicators for general-purpose or fixed- 
function counters via a single WRMSR (see Figure 19-46). Clear overflow indications when: 

¢ Setting up new values in the event select and/or UMASK field for counting or interrupt-based event sampling. 
* Reloading counter values to continue collecting next sample. 


* Disabling event counting or interrupt-based event sampling. 
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6362 35 34.33 3231 210 


eccicna 
ClrOvfBuffer 

FIXED_CTR2 ClrOverflow 
FIXED_CTR1 ClrOverflow 
FIXED_CTRO ClrOverflow 
PMC1 ClrOverflow 
PMCO ClrOverflow 


Reserved 


Figure 19-46. Layout of MSR_PERF_GLOBAL_OVF_CTRL MSR 


19.6.2.3 At-Retirement Events 


Many non-architectural performance events are impacted by the speculative nature of out-of-order execution. A 
subset of non-architectural performance events on processors based on Intel Core microarchitecture are enhanced 
with a tagging mechanism (similar to that found in Intel NetBurst® microarchitecture) that exclude contributions 
that arise from speculative execution. The at-retirement events available in processors based on Intel Core micro- 
architecture does not require special MSR programming control (see Section 19.6.3.6, “At-Retirement Counting”), 
but is limited to IA32_PMCO. See Table 19-83 for a list of events available to processors based on Intel Core micro- 
architecture. 


Table 19-83. At-Retirement Performance Events for Intel Core Microarchitecture 


Event Name UMask Event Select 
ITLB_MISS_RETIRED OOH C9H 
MEM_LOAD_RETIRED.L1D_MISS 01H CBH 
MEM_LOAD_RETIRED.L1D_LINE_MISS 02H CBH 
MEM_LOAD_RETIRED.L2_MISS 04H CBH 
MEM_LOAD_RETIRED.L2_LINE_MISS 08H CBH 
MEM_LOAD_RETIRED.DTLB_MISS 10H CBH 


19.6.2.4 Processor Event Based Sampling (PEBS) 


Processors based on Intel Core microarchitecture also support processor event based sampling (PEBS). This 
feature was introduced by processors based on Intel NetBurst microarchitecture. 


PEBS uses a debug store mechanism and a performance monitoring interrupt to store a set of architectural state 
information for the processor. The information provides architectural state of the instruction executed after the 
instruction that caused the event (See Section 19.6.2.4.2 and Section 17.4.9). 


In cases where the same instruction causes BTS and PEBS to be activated, PEBS is processed before BTS are 
processed. The PMI request is held until the processor completes processing of PEBS and BTS. 


For processors based on Intel Core microarchitecture, precise events that can be used with PEBS are listed in 
Table 19-84. The procedure for detecting availability of PEBS is the same as described in Section 19.6.3.8.1. 
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Table 19-84. PEBS Performance Events for Intel Core Microarchitecture 


Event Name UMask Event Select 
INSTR_RETIRED.ANY_P OOH COH 
X87_OPS_RETIRED.ANY FEH C1H 
BR_INST_RETIRED.MISPRED OOH C5H 
SIMD_INST_RETIRED.ANY 1FH C7H 
MEM_LOAD_RETIRED.L1D_MISS 01H CBH 
MEM_LOAD_RETIRED.L1D_LINE_MISS 02H CBH 
MEM_LOAD_RETIRED.L2_MISS 04H CBH 
MEM_LOAD_RETIRED.L2_LINE_MISS 08H CBH 
MEM_LOAD_RETIRED.DTLB_MISS 10H CBH 


19.6.2.4.1 Setting up the PEBS Buffer 


For processors based on Intel Core microarchitecture, PEBS is available using IA32_PMCO only. Use the following 
procedure to set up the processor and IA32_PMCO counter for PEBS: 


1. 


Set up the precise event buffering facilities. Place values in the precise event buffer base, precise event index, 
precise event absolute maximum, precise event interrupt threshold, and precise event counter reset fields of 
the DS buffer management area. In processors based on Intel Core microarchitecture, PEBS records consist of 
64-bit address entries. See Figure 17-8 to set up the precise event records buffer in memory. 


Enable PEBS. Set the Enable PEBS on PMCO flag (bit 0) in IA32_PEBS_ENABLE MSR. 
Set up the IA32_PMCO performance counter and IA32_PERFEVTSELO for an event listed in Table 19-84. 


19.6.2.4.2 PEBS Record Format 


The PEBS record format may be extended across different processor implementations. The 
IA32_PERF_CAPABILITES MSR defines a mechanism for software to handle the evolution of PEBS record format in 
processors that support architectural performance monitoring with version ID equals 2 or higher. The bit fields of 
IA32_PERF_CAPABILITES are defined in Table 2-2 of Chapter 2, “Model-Specific Registers (MSRs)” in the Intel® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 4. The relevant bit fields that governs PEBS are: 


PEBSTrap [bit 6]: When set, PEBS recording is trap-like. After the PEBS-enabled counter has overflowed, PEBS 
record is recorded for the next PEBS-able event at the completion of the sampled instruction causing the PEBS 
event. When clear, PEBS recording is fault-like. The PEBS record is recorded before the sampled instruction 
causing the PEBS event. 


PEBSSaveArchRegs [bit 7]: When set, PEBS will save architectural register and state information according to 
the encoded value of the PEBSRecordFormat field. When clear, only the return instruction pointer and flags are 
recorded. On processors based on Intel Core microarchitecture, this bit is always 1. 


PEBSRecordFormat [bits 11:8]: Valid encodings are: 


— OOOOB: Only general-purpose registers, instruction pointer and RFLAGS registers are saved in each PEBS 
record (See Section 19.6.3.8). 


— 0001B: PEBS record includes additional information of IA32_PERF_GLOBAL_STATUS and load latency data. 
(See Section 19.3.1.1.1). 


— 0010B: PEBS record includes additional information of IA32_PERF_GLOBAL_STATUS, load latency data, 
and TSX tuning information. (See Section 19.3.6.2). 


— 0011B: PEBS record includes additional information of load latency data, TSX tuning information, TSC data, 
and the applicable counter field replaces IA32_PERF_GLOBAL_STATUS at offset 90H. (See Section 
19.3.8.1.1). 


— 0100B: PEBS record contents are defined by elections in MSR_PEBS_DATA_CFG. (See Section 19.9.2.3). 
The PEBS Configuration Buffer is defined as shown in Figure 19-64 with Counter Reset fields allocation for 
8 general-purpose counters followed by 4 fixed-function counters. 
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— 0101B: PEBS record contents are defined by elections in MSR_PEBS_DATA_CFG. (See Section 19.9.2.3). 
The PEBS Configuration Buffer is defined as shown in Figure 19-64 with Counter Reset fields allocation for 
32 general-purpose counters followed by 16 fixed-function counters. 


19.6.2.4.3 Writing a PEBS Interrupt Service Routine 


The PEBS facilities share the same interrupt vector and interrupt service routine (called the DS ISR) with the Inter- 
rupt-based event sampling and BTS facilities. To handle PEBS interrupts, PEBS handler code must be included in 
the DS ISR. See Section 17.4.9.1, “64 Bit Format of the DS Save Area,” for guidelines when writing the DS ISR. 


The service routine can query MSR_PERF_GLOBAL_STATUS to determine which counter(s) caused of overflow 
condition. The service routine should clear overflow indicator by writing to MSR_PERF_GLOBAL_OVF_CTL. 


A comparison of the sequence of requirements to program PEBS for processors based on Intel Core and Intel 
NetBurst microarchitectures is listed in Table 19-85. 


Table 19-85. Requirements to Program PEBS 


For Processors based on Intel Core 
microarchitecture 


For Processors based on Intel NetBurst 
microarchitecture 


Verify PEBS support of 
processor/OS. 


* IA32_MISC_ENABLE.EMON_AVAILABE (bit 7) is set. 


* IA32_MISC_ENABLE.PEBS_UNAVAILABE (bit 12) is clear. 


Ensure counters are in disabled. 


On initial set up or changing event configurations, 
write MSR_PERF_GLOBAL_CTRL MSR (38FH) with 0. 


On subsequent entries: 


* Clear all counters if “Counter Freeze on PMI" is not 
enabled. 

« If1A32_DebugCTL.Freeze is enabled, counters are 
automatically disabled. 

Counters MUST be stopped before writing. ' 


Optional 


Disable PEBS. 


Clear ENABLE PMCO bit in A32_PEBS_ENABLE MSR 
(3F1H). 


Optional 


Check overflow conditions. 


Check MSR_PERF_GLOBAL_STATUS MSR (38EH) 
handle any overflow conditions. 


Check OVF flag of each CCCR for overflow 
condition 


Clear overflow status. 


Clear MSR_PERF_GLOBAL_STATUS MSR (38€H) 
using [A32_PERF_GLOBAL_OVF_CTRL MSR (390H). 


Clear OVF flag of each CCCR. 


Write “sample-after” values. 


Configure the counter(s) with the sample after value. 


Configure specific counter 
configuration MSR. 


* Set local enable bit 22 - 1. 
= Do NOT set local counter PMI/INT bit, bit 20 - 0. 
= €vent programmed must be PEBS capable. 


« Set appropriate OVF_PMI bits - 1. 
* Only CCCR for MSR_IQ_COUNTER4 
support PEBS. 


Allocate buffer for PEBS states. 


Allocate a buffer in memory for the precise information. 


Program the IA32_DS_AREA MSR. 


Program the IA32_DS_AREA MSR. 


Configure the PEBS buffer 
management records. 


Configure the PEBS buffer management records in the DS buffer management area. 


Configure/Enable PEBS. 


Enable counters. 


Set Enable PMCO bit in |A32_PEBS_ENABLE MSR 
(3F1H). 


Set Enable bits in MSR_PERF_GLOBAL_CTRL MSR 
(38FH). 


Configure MSR_PEBS_ENABLE, 
MSR_PEBS_MATRIX_VERT and 
MSR_PEBS_MATRIX_HORZ as needed. 


Set each CCCR enable bit 12 - 1. 


NOTES: 


1. Counters read while enabled are not guaranteed to be precise with event counts that occur in timing proximity to the RDMSR. 
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19.6.2.4.4 Re-configuring PEBS Facilities 


When software needs to reconfigure PEBS facilities, it should allow a quiescent period between stopping the prior 
event counting and setting up a new PEBS event. The quiescent period is to allow any latent residual PEBS records 
to complete its capture at their previously specified buffer address (provided by IA32_DS_AREA). 


19.6.3 Performance Monitoring (Processors Based on Intel NetBurst® Microarchitecture) 


The performance monitoring mechanism provided in processors based on Intel NetBurst microarchitecture is 
different from that provided in the P6 family and Pentium processors. While the general concept of selecting, 
filtering, counting, and reading performance events through the WRMSR, RDMSR, and RDPMC instructions is 
unchanged, the setup mechanism and MSR layouts are incompatible with the P6 family and Pentium processor 
mechanisms. Also, the RDPMC instruction has been extended to support faster reading of counters and to read all 
performance counters available in processors based on Intel NetBurst microarchitecture. 


The event monitoring mechanism consists of the following facilities: 


° The IA32_MISC_ENABLE MSR, which indicates the availability in an Intel 64 or IA-32 processor of the 
performance monitoring and processor event-based sampling (PEBS) facilities. 


¢ Event selection control (ESCR) MSRs for selecting events to be monitored with specific performance counters. 
The number available differs by family and model (43 to 45). 


¢ 18 performance counter MSRs for counting events. 


¢ 18 counter configuration control (CCCR) MSRs, with one CCCR associated with each performance counter. 
CCCRs sets up an associated performance counter for a specific method of counting. 


¢ A debug store (DS) save area in memory for storing PEBS records. 
° The IA32_DS_AREA MSR, which establishes the location of the DS save area. 


¢ The debug store (DS) feature flag (bit 21) returned by the CPUID instruction, which indicates the availability of 
the DS mechanism. 

¢ The MSR_PEBS_ENABLE MSR, which enables the PEBS facilities and replay tagging used in at-retirement event 
counting. 


° <Aset of predefined events and event metrics that simplify the setting up of the performance counters to count 
specific events. 


Table 19-86 lists the performance counters and their associated CCCRs, along with the ESCRs that select events to 
be counted for each performance counter. Predefined event metrics and events can be found at: https://perfmon- 


events.intel.com/. 


Table 19-86. Performance Counter MSRs and Associated CCCR and 
ESCR MSRs (Processors Based on Intel NetBurst Microarchitecture) 


Counter CCCR ESCR 
Name No. Addr Name Addr Name 


MSR_BPU_COUNTERO 0 300H MSR_BPU_CCCRO 360H | MSR_BSU_ESCRO 
MSR_FSB_ESCRO 

MSR_MOB_ESCRO 
MSR_PMH_ESCRO 
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° 
> 
= 
=% 
= 


MNW-ORNON 
jes) 
> 
(on) 
af 


MSR_BPU_ESCRO 3B2H 
MSR_IS_ESCRO 3B4H 
MSR_ITLB_ESCRO 3B6H 
MSR_IX_ESCRO 3C8H 
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Table 19-86. Performance Counter MSRs and Associated CCCR and 
ESCR MSRs (Processors Based on Intel NetBurst Microarchitecture) (Contd.) 


Counter CCCR ESCR 
Name No. Addr Name Addr Name No. | Addr 
MSR_BPU_COUNTER1 1 301H MSR_BPU_CCCR1 361H MSR_BSU_ESCRO 7 3A0H 
MSR_FSB_ESCRO 6 3A2H 
MSR_MOB_ESCRO 2 3AAH 
MSR_PMH_ESCRO 4 3ACH 
MSR_BPU_ESCRO 0 3B2H 
MSR_IS_ESCRO 1 3B4H 
MSR_ITLB_ESCRO 3 3B6H 
MSR_IX_ESCRO 5 3C8H 
MSR_BPU_COUNTER2 2 302H MSR_BPU_CCCR2 362H MSR_BSU_ESCR1 7 3A1H 
MSR_FSB_ESCR1 6 3A3H 
MSR_MOB_ESCR1 2 3ABH 
MSR_PMH_ESCR1 4 3ADH 
MSR_BPU_ESCR1 0 3B3H 
MSR_IS_ESCR1 1 3B5H 
MSR_ITLB_ESCR1 3 3B7H 
MSR_IX_ESCR1 5 3C9H 
MSR_BPU_COUNTER3 3 303H MSR_BPU_CCCR3 363H MSR_BSU_ESCR1 7 3A1H 
MSR_FSB_ESCR1 6 3A3H 
MSR_MOB_ESCR1 2 3ABH 
MSR_PMH_ESCR1 4 3ADH 
MSR_BPU_ESCR1 0 3B3H 
MSR_IS_ESCR1 1 3B5H 
MSR_ITLB_ESCR1 3 3B7H 
MSR_IX_ESCR1 5 3C9H 
MSR_MS_COUNTERO 4 304H MSR_MS_CCCRO 364H MSR_MS_ESCRO 0 3COH 
MSR_TBPU_ESCRO 2 3C2H 
MSR_TC_ESCRO 1 3C4H 
MSR_MS_COUNTER1 5 305H MSR_MS_CCCR1 365H MSR_MS_ESCRO 0 3COH 
MSR_TBPU_ESCRO 2 3C2H 
MSR_TC_ESCRO 1 3C4H 
MSR_MS_COUNTER2 6 306H MSR_MS_CCCR2 366H MSR_MS_ESCR1 0 3C1H 
MSR_TBPU_ESCR1 2 3C3H 
MSR_TC_ESCR1 1 3C5H 
MSR_MS_COUNTER3 7 307H MSR_MS_CCCR3 367H MSR_MS_ESCR1 0 3C1H 
MSR_TBPU_ESCR1 2 3C3H 
MSR_TC_ESCR1 1 3C5H 
MSR_FLAME_COUNTERO 8 308H MSR_FLAME_CCCRO 368H MSR_FIRM_ESCRO 1 3A4H 
MSR_FLAME_ESCRO 0 3A6H 
MSR_DAC_ESCRO 5 3A8H 
MSR_SAAT_ESCRO 2 3AEH 
MSR_U2L_ESCRO 3 3BOH 
MSR_FLAME_COUNTER1 9 309H MSR_FLAME_CCCR1 369H MSR_FIRM_ESCRO 1 3A4H 
MSR_FLAME_ESCRO 0 3A6H 
MSR_DAC_ESCRO 5 3A8H 
MSR_SAAT_ESCRO 2 3AEH 
MSR_U2L_ESCRO 3 3BOH 
MSR_FLAME_COUNTER2 10 30AH MSR_FLAME_CCCR2 36AH MSR_FIRM_ESCR1 1 3A5H 
MSR_FLAME_ESCR1 0 3A7H 
MSR_DAC_ESCR1 5 3A9H 
MSR_SAAT_ESCR1 2 3AFH 
MSR_U2L_ESCR1 3 3B1H 
MSR_FLAME_COUNTER3 11 30BH MSR_FLAME_CCCR3 36BH MSR_FIRM_ESCR1 1 3A5H 
MSR_FLAME_ESCR1 0 3A7H 
MSR_DAC_ESCR1 5 3A9H 
MSR_SAAT_ESCR1 2 3AFH 
MSR_U2L_ESCR1 3 3B1H 
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Table 19-86. Performance Counter MSRs and Associated CCCR and 
ESCR MSRs (Processors Based on Intel NetBurst Microarchitecture) (Contd.) 


Counter CCCR ESCR 


Name No. Addr Name Addr Name 


2 
° 
> 
a 
=% 
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MSR_IQ_COUNTERO 12 30CH | MSR_IQ_CCCRO 36CH | MSR_CRU_ESCRO 
MSR_CRU_ESCR2 
MSR_CRU_ESCR4 
MSR_IQ_ESCRO! 
MSR_RAT_ESCRO 
MSR_SSU_ESCRO 
MSR_ALF_ESCRO 


MSR_IQ_COUNTER1 13 30DH MSR_IQ_CCCR1 36DH | MSR_CRU_ESCRO 
MSR_CRU_ESCR2 
MSR_CRU_ESCR4 
MSR_IQ_ESCRO 

MSR_RAT_ESCRO 
MSR_SSU_ESCRO 
MSR_ALF_ESCRO 


MSR_IQ_COUNTER2 14 30€H | MSR_IQ_CCCR2 36EH | MSR_CRU_ESCR1 
MSR_CRU_ESCR3 
MSR_CRU_ESCRS 
MSR_IQ_ESCR1! 
MSR_RAT_ESCR1 
MSR_ALF_ESCR1 


MSR_IQ_COUNTER3 15 30FH MSR_IQ_CCCR3 36FH MSR_CRU_ESCR1 
MSR_CRU_ESCR3 
MSR_CRU_ESCR5 
MSR_IQ_ESCR1 

MSR_RAT_ESCR1 
MSR_ALF_ESCR1 
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Ww 
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MSR_IQ_COUNTER4 16 310H | MSR_IQ_CCCR4 370H | MSR_CRU_ESCRO 
MSR_CRU_ESCR2 
MSR_CRU_ESCR4 
MSR_IQ_ESCRO! 
MSR_RAT_ESCRO 
MSR_SSU_ESCRO 
MSR_ALF_ESCRO 


MSR_IQ_COUNTERS 17 311H | MSR_IQ_CCCR5 371H | MSR_CRU_ESCR1 
MSR_CRU_ESCR3 
MSR_CRU_ESCR5S 
MSR_IQ_ESCR1! 
MSR_RAT_ESCR1 
MSR_ALF_ESCR1 
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1ee) 
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NOTES: 


1.MSR_IQ_ESCRO and MSR_IQ_ESCR1 are available only on early processor builds (family OFH, models 01H-O2H). These MSRs are not 
available on later versions. 


The types of events that can be counted with these performance monitoring facilities are divided into two classes: 
non-retirement events and at-retirement events. 


° Non-retirement events are events that occur any time during instruction execution (such as bus transactions or 
cache transactions). 


e =6At-retirement events are events that are counted at the retirement stage of instruction execution, which allows 
finer granularity in counting events and capturing machine state. 


The at-retirement counting mechanism includes facilities for tagging nwops that have encountered a particular 
performance event during instruction execution. Tagging allows events to be sorted between those that 
occurred on an execution path that resulted in architectural state being committed at retirement as well as 
events that occurred on an execution path where the results were eventually cancelled and never committed to 
architectural state (such as, the execution of a mispredicted branch). 
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The Pentium 4 and Intel Xeon processor performance monitoring facilities support the three usage models 
described below. The first two models can be used to count both non-retirement and at-retirement events; the 
third model is used to count a subset of at-retirement events: 


¢ Event counting — A performance counter is configured to count one or more types of events. While the 
counter is counting, software reads the counter at selected intervals to determine the number of events that 
have been counted between the intervals. 


¢ Interrupt-based event sampling — A performance counter is configured to count one or more types of 
events and to generate an interrupt when it overflows. To trigger an overflow, the counter is preset to a 
modulus value that will cause the counter to overflow after a specific number of events have been counted. 


When the counter overflows, the processor generates a performance monitoring interrupt (PMI). The interrupt 
service routine for the PMI then records the return instruction pointer (RIP), resets the modulus, and restarts 
the counter. Code performance can be analyzed by examining the distribution of RIPs with a tool like the 
VTune™ Performance Analyzer. 


¢ Processor event-based sampling (PEBS) — In PEBS, the processor writes a record of the architectural 
state of the processor to a memory buffer after the counter overflows. The records of architectural state 
provide additional information for use in performance tuning. Processor-based event sampling can be used to 
count only a subset of at-retirement events. PEBS captures more precise processor state information compared 
to interrupt based event sampling, because the latter need to use the interrupt service routine to re-construct 
the architectural states of processor. 


The following sections describe the MSRs and data structures used for performance monitoring in the Pentium 4 
and Intel Xeon processors. 


19.6.3.1 ESCRMSRs 


The 45 ESCR MSRs (see Table 19-86) allow software to select specific events to be countered. Each ESCR is usually 
associated with a pair of performance counters (see Table 19-86) and each performance counter has several ESCRs 
associated with it (allowing the events counted to be selected from a variety of events). 


Figure 19-47 shows the layout of an ESCR MSR. The functions of the flags and fields are: 


¢ USR flag, bit 2 — When set, events are counted when the processor is operating at a current privilege level 
(CPL) of 1, 2, or 3. These privilege levels are generally used by application code and unprotected operating 
system code. 


¢ OS flag, bit 3 — When set, events are counted when the processor is operating at CPL of 0. This privilege level 
is generally reserved for protected operating system code. (When both the OS and USR flags are set, events 
are counted at all privilege levels.) 


31 30 25 24 9 8 543210 
Event Tag 
Select Event Mask Value 
Tag Enable 
Reserved os 
USR 
63 32 
Reserved 


Figure 19-47. Event Selection Control Register (ESCR) for Pentium 4 
and Intel® Xeon® Processors without Intel HT Technology Support 


° Tag enable, bit 4 — When set, enables tagging of wops to assist in at-retirement event counting; when clear, 
disables tagging. See Section 19.6.3.6, “At-Retirement Counting.” 


Vol. 3B 19-107 


PERFORMANCE MONITORING 


° Tag value field, bits 5 through 8 — Selects a tag value to associate with a pop to assist in at-retirement 
event counting. 


° Event mask field, bits 9 through 24 — Selects events to be counted from the event class selected with the 
event select field. 


° Event select field, bits 25 through 30) — Selects a class of events to be counted. The events within this 
class that are counted are selected with the event mask field. 


When setting up an ESCR, the event select field is used to select a specific class of events to count, such as retired 
branches. The event mask field is then used to select one or more of the specific events within the class to be 
counted. For example, when counting retired branches, four different events can be counted: branch not taken 
predicted, branch not taken mispredicted, branch taken predicted, and branch taken mispredicted. The OS and 
USR flags allow counts to be enabled for events that occur when operating system code and/or application code are 
being executed. If neither the OS nor USR flag is set, no events will be counted. 


The ESCRs are initialized to all Os on reset. The flags and fields of an ESCR are configured by writing to the ESCR 
using the WRMSR instruction. Table 19-86 gives the addresses of the ESCR MSRs. 


Writing to an ESCR MSR does not enable counting with its associated performance counter; it only selects the event 
or events to be counted. The CCCR for the selected performance counter must also be configured. Configuration of 
the CCCR includes selecting the ESCR and enabling the counter. 


19.6.3.2 Performance Counters 


The performance counters in conjunction with the counter configuration control registers (CCCRs) are used for 
filtering and counting the events selected by the ESCRs. Processors based on Intel NetBurst microarchitecture 
provide 18 performance counters organized into 9 pairs. A pair of performance counters is associated with a partic- 
ular subset of events and ESCR’s (see Table 19-86). The counter pairs are partitioned into four groups: 


¢ The BPU group, includes two performance counter pairs: 
— MSR_BPU_COUNTERO and MSR_BPU_COUNTERI1. 
— MSR_BPU_COUNTER2 and MSR_BPU_COUNTERS3. 
¢ The MS group, includes two performance counter pairs: 
— MSR_MS_COUNTERO and MSR_MS_COUNTERI1. 
— MSR_MS_COUNTER2 and MSR_MS_COUNTERS3. 
¢ The FLAME group, includes two performance counter pairs: 
— MSR_FLAME_COUNTERO and MSR_FLAME_COUNTER1. 
— MSR_FLAME_COUNTER2 and MSR_FLAME_COUNTER3. 
¢ The IQ group, includes three performance counter pairs: 
— MSR_IQ_COUNTERO and MSR_IQ_COUNTER1. 
— MSR_IQ_COUNTER2 and MSR_IQ_COUNTER3. 
— MSR_IQ_COUNTER4 and MSR_IQ_ COUNTERS. 
The MSR_IQ_COUNTER4 counter in the IQ group provides support for the PEBS. 


Alternate counters in each group can be cascaded: the first counter in one pair can start the first counter in the 
second pair and vice versa. A similar cascading is possible for the second counters in each pair. For example, within 
the BPU group of counters, MSR_BPU_COUNTERO can start MSR_BPU_COUNTER2 and vice versa, and 
MSR_BPU_COUNTER1 can start MSR_BPU_COUNTER3 and vice versa (see Section 19.6.3.5.6, “Cascading Coun- 
ters”). The cascade flag in the CCCR register for the performance counter enables the cascading of counters. 


Each performance counter is 40-bits wide (see Figure 19-48). The RDPMC instruction is intended to allow reading 
of either the full counter-width (40-bits) or, if ECX[31] is set to 1, the low 32-bits of the counter. Reading the low 
32-bits is faster than reading the full counter width and is appropriate in situations where the count is small enough 
to be contained in 32 bits. In such cases, counter bits 31:0 are written to EAX, while 0 is written to EDX. 
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The RDPMC instruction can be used by programs or procedures running at any privilege level and in virtual-8086 
mode to read these counters. The PCE flag in control register CR4 (bit 8) allows the use of this instruction to be 
restricted to only programs and procedures running at privilege level 0. 


31 0 


Counter 


63 39 32 


Reserved Counter 


Figure 19-48. Performance Counter (Pentium 4 and Intel® Xeon® Processors) 


The RDPMC instruction is not serializing or ordered with other instructions. Thus, it does not necessarily wait until 
all previous instructions have been executed before reading the counter. Similarly, subsequent instructions may 
begin execution before the RDPMC instruction operation is performed. 


Only the operating system, executing at privilege level 0, can directly manipulate the performance counters, using 
the RDMSR and WRMSR instructions. A secure operating system would clear the PCE flag during system initializa- 
tion to disable direct user access to the performance-monitoring counters, but provide a user-accessible program- 
ming interface that emulates the RDPMC instruction. 


Some uses of the performance counters require the counters to be preset before counting begins (that is, before 
the counter is enabled). This can be accomplished by writing to the counter using the WRMSR instruction. To set a 
counter to a specified number of counts before overflow, enter a 2s complement negative integer in the counter. 
The counter will then count from the preset value up to -1 and overflow. Writing to a performance counter in a 
Pentium 4 or Intel Xeon processor with the WRMSR instruction causes all 40 bits of the counter to be written. 


19.6.3.3 CCCRMSRs 


Each of the 18 performance counters has one CCCR MSR associated with it (see Table 19-86). The CCCRs control 
the filtering and counting of events as well as interrupt generation. Figure 19-49 shows the layout of an CCCR MSR. 
The functions of the flags and fields are as follows: 


¢ Enable flag, bit 12 — When set, enables counting; when clear, the counter is disabled. This flag is cleared on 
reset. 


° ESCR select field, bits 13 through 15 — Identifies the ESCR to be used to select events to be counted with 
the counter associated with the CCCR. 


¢ Compare flag, bit 18 — When set, enables filtering of the event count; when clear, disables filtering. The 
filtering method is selected with the threshold, complement, and edge flags. 


¢ Complement flag, bit 19 — Selects how the incoming event count is compared with the threshold value. 
When set, event counts that are less than or equal to the threshold value result in a single count being 
delivered to the performance counter; when clear, counts greater than the threshold value result in a count 
being delivered to the performance counter (see Section 19.6.3.5.2, “Filtering Events”). The complement flag 
is not active unless the compare flag is set. 


° Threshold field, bits 20 through 23 — Selects the threshold value to be used for comparisons. The 
processor examines this field only when the compare flag is set, and uses the complement flag setting to 
determine the type of threshold comparison to be made. The useful range of values that can be entered in this 
field depend on the type of event being counted (see Section 19.6.3.5.2, “Filtering Events”). 


° Edge flag, bit 24 — When set, enables rising edge (false-to-true) edge detection of the threshold comparison 
output for filtering event counts; when clear, rising edge detection is disabled. This flag is active only when the 
compare flag is set. 
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Reserved 


313029 27 26 25 24 23 20 1918 1716 15 1312 11 0 


Threshold 


Reserved 


Enable 
Reserved: Must be set to 11B 
Compare 
Complement 
Edge 
FORCE_OVF 
OVF_PMI 
Cascade 
OVF 


63 32 


Reserved 


Figure 19-49. Counter Configuration Control Register (CCCR) 


FORCE_OVF flag, bit 25 — When set, forces a counter overflow on every counter increment; when clear, 
overflow only occurs when the counter actually overflows. 


OVF_PMI flag, bit 26 — When set, causes a performance monitor interrupt (PMI) to be generated when the 
counter overflows occurs; when clear, disables PMI generation. Note that the PMI is generated on the next 
event count after the counter has overflowed. 


Cascade flag, bit 30 — When set, enables counting on one counter of a counter pair when its alternate 
counter in the other the counter pair in the same counter group overflows (see Section 19.6.3.2, “Performance 
Counters,” for further details); when clear, disables cascading of counters. 


OVF flag, bit 31 — Indicates that the counter has overflowed when set. This flag is a sticky flag that must be 
explicitly cleared by software. 


The CCCRs are initialized to all Os on reset. 


The events that an enabled performance counter actually counts are selected and filtered by the following flags and 
fields in the ESCR and CCCR registers and in the qualification order given: 


1. 


5. 


The event select and event mask fields in the ESCR select a class of events to be counted and one or more event 
types within the class, respectively. 


The OS and USR flags in the ESCR selected the privilege levels at which events will be counted. 


The ESCR select field of the CCCR selects the ESCR. Since each counter has several ESCRs associated with it, 
one ESCR must be chosen to select the classes of events that may be counted. 


The compare and complement flags and the threshold field of the CCCR select an optional threshold to be used 
in qualifying an event count. 


The edge flag in the CCCR allows events to be counted only on rising-edge transitions. 


The qualification order in the above list implies that the filtered output of one “stage” forms the input for the next. 
For instance, events filtered using the privilege level flags can be further qualified by the compare and complement 
flags and the threshold field, and an event that matched the threshold criteria, can be further qualified by edge 
detection. 


The uses of the flags and fields in the CCCRs are discussed in greater detail in Section 19.6.3.5, “Programming the 
Performance Counters for Non-Retirement Events.” 


19-110 Vol. 3B 


PERFORMANCE MONITORING 


19.6.3.4 Debug Store (DS) Mechanism 


The debug store (DS) mechanism was introduced with processors based on Intel NetBurst microarchitecture to 
allow various types of information to be collected in memory-resident buffers for use in debugging and tuning 
programs. The DS mechanism can be used to collect two types of information: branch records and processor 
event-based sampling (PEBS) records. The availability of the DS mechanism in a processor is indicated with the DS 
feature flag (bit 21) returned by the CPUID instruction. 


See Section 17.4.5, “Branch Trace Store (BTS),” and Section 19.6.3.8, “Processor Event-Based Sampling (PEBS),” 
for a description of these facilities. Records collected with the DS mechanism are saved in the DS save area. See 
Section 17.4.9, “BTS and DS Save Area.” 


19.6.3.5 Programming the Performance Counters for Non-Retirement Events 

The basic steps to program a performance counter and to count events include the following: 
1. Select the event or events to be counted. 

2. For each event, select an ESCR that supports the event. 


3. Match the CCCR Select value and ESCR name to a value listed in Table 19-86; select a CCCR and performance 
counter. 


4. Set up an ESCR for the specific event or events to be counted and the privilege levels at which they are to be 
counted. 


5. Set up the CCCR for the performance counter by selecting the ESCR and the desired event filters. 


Set up the CCCR for optional cascading of event counts, so that when the selected counter overflows its 
alternate counter starts. 


7. Set up the CCCR to generate an optional performance monitor interrupt (PMI) when the counter overflows. If 
PMI generation is enabled, the local APIC must be set up to deliver the interrupt to the processor and a handler 
for the interrupt must be in place. 


8. Enable the counter to begin counting. 


19.6.3.5.1 Selecting Events to Count 


There is a set of at-retirement events for processors based on Intel NetBurst microarchitecture. For each event, 
setup information is provided. Table 19-87 gives an example of one of the events. 


Table 19-87. Event Example 
Event Name _ | Event Parameters Parameter Value | Description 


branch_retired Counts the retirement of a branch. Specify one or more mask bits to select 
any combination of branch taken, not-taken, predicted and mispredicted. 


ESCR restrictions MSR_CRU_ESCR2 | See Table 15-3 for the addresses of the ESCR MSRs. 
MSR_CRU_ESCR3 


Counter numbers per | ESCR2: 12, 13, 16 | The counter numbers associated with each ESCR are provided. The 


ESCR ESCR3: 14, 15, 17 | Performance counters and corresponding CCCRs can be obtained from 
Table 15-3. 
ESCR Event Select O6H ESCR[31:25] 
ESCR Event Mask ESCR[24:9] 
Bit 0: MMNP Branch Not-taken Predicted 

1: MMNM Branch Not-taken Mispredicted 

2: MMTP Branch Taken Predicted 

3: MMTM Branch Taken Mispredicted 
CCCR Select O5H CCCR[15:13] 
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Table 19-87. Event Example (Contd.) 


Event Name _ | Event Parameters Parameter Value | Description 


Event Specific Notes P6: EMON_BR_INST_RETIRED 


Can Support PEBS No 


Requires Additional |No 
MSRs for Tagging 


Event Parameters are described below. 


ESCR restrictions — Lists the ESCRs that can be used to program the event. Typically only one ESCR is 
needed to count an event. 


Counter numbers per ESCR — Lists which performance counters are associated with each ESCR. Table 19-86 
gives the name of the counter and CCCR for each counter number. Typically only one counter is needed to count 
the event. 


ESCR event select — Gives the value to be placed in the event select field of the ESCR to select the event. 
ESCR event mask — Gives the value to be placed in the Event Mask field of the ESCR to select sub-events to 
be counted. The parameter value column defines the documented bits with relative bit position offset starting 
from 0, where the absolute bit position of relative offset 0 is bit 9 of the ESCR. All undocumented bits are 
reserved and should be set to 0. 

CCCR select — Gives the value to be placed in the ESCR select field of the CCCR associated with the counter 
to select the ESCR to be used to define the event. This value is not the address of the ESCR; it is the number of 
the ESCR from the Number column in Table 19-86. 


Event specific notes — Gives additional information about the event, such as the name of the same or a 
similar event defined for the P6 family processors. 


Can support PEBS — Indicates if PEBS is supported for the event (only supplied for at-retirement events). 


Requires additional MSR for tagging — Indicates which if any additional MSRs must be programmed to 
count the events (only supplied for the at-retirement events). 


NOTE 


The performance-monitoring events found at https://perfmon-events.intel.com/ are intended to be 
used as guides for performance tuning. The counter values reported are not guaranteed to be 
absolutely accurate and should be used as a relative guide for tuning. Known discrepancies are 
documented where applicable. 


The following procedure shows how to set up a performance counter for basic counting; that is, the counter is set 
up to count a specified event indefinitely, wrapping around whenever it reaches its maximum count. This procedure 
is continued through the following four sections. 


An event to be counted can be selected as follows: 


N 


= 


Select the event to be counted. 
Select the ESCR to be used to select events to be counted from the ESCRs field. 
Select the number of the counter to be used to count the event from the Counter Numbers Per ESCR field. 


Determine the name of the counter and the CCCR associated with the counter, and determine the MSR 
addresses of the counter, CCCR, and ESCR from Table 19-86. 


Use the WRMSR instruction to write the ESCR Event Select and ESCR Event Mask values into the appropriate 
fields in the ESCR. At the same time set or clear the USR and OS flags in the ESCR as desired. 


Use the WRMSR instruction to write the CCCR Select value into the appropriate field in the CCCR. 
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NOTE 


Typically all the fields and flags of the CCCR will be written with one WRMSR instruction; however, 
in this procedure, several WRMSR writes are used to more clearly demonstrate the uses of the 
various CCCR fields and flags. 


This setup procedure is continued in the next section, Section 19.6.3.5.2, “Filtering Events.” 


19.6.3.5.2 Filtering Events 


Each counter receives up to 4 input lines from the processor hardware from which it is counting events. The 

counter treats these inputs as binary inputs (input 0 has a value of 1, input 1 has a value of 2, input 3 has a value 
of 4, and input 3 has a value of 8). When a counter is enabled, it adds this binary input value to the counter value 
on each clock cycle. For each clock cycle, the value added to the counter can then range from 0 (no event) to 15. 


For many events, only the 0 input line is active, so the counter is merely counting the clock cycles during which the 
0 input is asserted. However, for some events two or more input lines are used. Here, the counters threshold 
setting can be used to filter events. The compare, complement, threshold, and edge fields control the filtering of 
counter increments by input value. 


If the compare flag is set, then a “greater than” or a “less than or equal to” comparison of the input value vs. a 
threshold value can be made. The complement flag selects “less than or equal to” (flag set) or “greater than” (flag 
clear). The threshold field selects a threshold value of from 0 to 15. For example, if the complement flag is cleared 
and the threshold field is set to 6, than any input value of 7 or greater on the 4 inputs to the counter will cause the 
counter to be incremented by 1, and any value less than 7 will cause an increment of 0 (or no increment) of the 
counter. Conversely, if the complement flag is set, any value from 0 to 6 will increment the counter and any value 
from 7 to 15 will not increment the counter. Note that when a threshold condition has been satisfied, the input to 
the counter is always 1, not the input value that is presented to the threshold filter. 


The edge flag provides further filtering of the counter inputs when a threshold comparison is being made. The edge 
flag is only active when the compare flag is set. When the edge flag is set, the resulting output from the threshold 
filter (a value of 0 or 1) is used as an input to the edge filter. Each clock cycle, the edge filter examines the last and 
current input values and sends a count to the counter only when it detects a “rising edge” event; that is, a false- 
to-true transition. Figure 19-50 illustrates rising edge filtering. 


The following procedure shows how to configure a CCCR to filter events using the threshold filter and the edge 
filter. This procedure is a continuation of the setup procedure introduced in Section 19.6.3.5.1, “Selecting Events 
to Count.” 


7. (Optional) To set up the counter for threshold filtering, use the WRMSR instruction to write values in the CCCR 
compare and complement flags and the threshold field: 


— Set the compare flag. 
— Set or clear the complement flag for less than or equal to or greater than comparisons, respectively. 
— Enter a value from 0 to 15 in the threshold field. 

8. (Optional) Select rising edge filtering by setting the CCCR edge flag. 

This setup procedure is continued in the next section, Section 19.6.3.5.3, “Starting Event Counting.” 


Processor Clock 


Output from 
Threshold Filter 


Counter Increments 
On Rising Edge 
(False-to-True) 


Figure 19-50. Effects of Edge Filtering 
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19.6.3.5.3 Starting Event Counting 


Event counting by a performance counter can be initiated in either of two ways. The typical way is to set the enable 
flag in the counter’s CCCR. Following the instruction to set the enable flag, event counting begins and continues 
until it is stopped (see Section 19.6.3.5.5, “Halting Event Counting”). 


The following procedural step shows how to start event counting. This step is a continuation of the setup procedure 
introduced in Section 19.6.3.5.2, “Filtering Events.” 


9. To start event counting, use the WRMSR instruction to set the CCCR enable flag for the performance counter. 


This setup procedure is continued in the next section, Section 19.6.3.5.4, “Reading a Performance Counter’s 
Count.” 


The second way that a counter can be started by using the cascade feature. Here, the overflow of one counter auto- 
matically starts its alternate counter (see Section 19.6.3.5.6, “Cascading Counters”). 


19.6.3.5.4 Reading a Performance Counter's Count 


Performance counters can be read using either the RDPMC or RDMSR instructions. The enhanced functions of the 
RDPMC instruction (including fast read) are described in Section 19.6.3.2, “Performance Counters.” These instruc- 
tions can be used to read a performance counter while it is counting or when it is stopped. 


The following procedural step shows how to read the event counter. This step is a continuation of the setup proce- 
dure introduced in Section 19.6.3.5.3, “Starting Event Counting.” 


10. To read a performance counters current event count, execute the RDPMC instruction with the counter number 
obtained from Table 19-86 used as an operand. 


This setup procedure is continued in the next section, Section 19.6.3.5.5, “Halting Event Counting.” 


19.6.3.5.5 Halting Event Counting 


After a performance counter has been started (enabled), it continues counting indefinitely. If the counter overflows 
(goes one count past its maximum count), it wraps around and continues counting. When the counter wraps 
around, it sets its OVF flag to indicate that the counter has overflowed. The OVF flag is a sticky flag that indicates 
that the counter has overflowed at least once since the OVF bit was last cleared. 


To halt counting, the CCCR enable flag for the counter must be cleared. 


The following procedural step shows how to stop event counting. This step is a continuation of the setup procedure 
introduced in Section 19.6.3.5.4, “Reading a Performance Counter’s Count.” 


11. To stop event counting, execute a WRMSR instruction to clear the CCCR enable flag for the performance 
counter. 


To halt a cascaded counter (a counter that was started when its alternate counter overflowed), either clear the 
Cascade flag in the cascaded counter’s CCCR MSR or clear the OVF flag in the alternate counter’s CCCR MSR. 


19.6.3.5.6 Cascading Counters 


As described in Section 19.6.3.2, “Performance Counters,” eighteen performance counters are implemented in 
pairs. Nine pairs of counters and associated CCCRs are further organized as four blocks: BPU, MS, FLAME, and IQ 
(see Table 19-86). The first three blocks contain two pairs each. The IQ block contains three pairs of counters (12 
through 17) with associated CCCRs (MSR_IQ_CCCRO through MSR_IQ_CCCRS5). 


The first 8 counter pairs (0 through 15) can be programmed using ESCRs to detect performance monitoring events. 
Pairs of ESCRs in each of the four blocks allow many different types of events to be counted. The cascade flag in the 
CCCR MSR allows nested monitoring of events to be performed by cascading one counter to a second counter 
located in another pair in the same block (see Figure 19-49 for the location of the flag). 


Counters 0 and 1 form the first pair in the BPU block. Either counter 0 or 1 can be programmed to detect an event 
via MSR_MO B_ESCRO. Counters 0 and 2 can be cascaded in any order, as can counters 1 and 3. It’s possible to set 
up 4 counters in the same block to cascade on two pairs of independent events. The pairing described also applies 
to subsequent blocks. Since the IQ PUB has two extra counters, cascading operates somewhat differently if 16 and 
17 are involved. In the IQ block, counter 16 can only be cascaded from counter 14 (not from 12); counter 14 
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cannot be cascaded from counter 16 using the CCCR cascade bit mechanism. Similar restrictions apply to counter 
17. 


Example 19-1. Counting Events 


Assume a Scenario where counter X is set up to count 200 occurrences of event A; then counter Y is set up to count 
400 occurrences of event B. Each counter is set up to count a specific event and overflow to the next counter. In 
the above example, counter X is preset for a count of -200 and counter Y for a count of -400; this setup causes the 
counters to overflow on the 200th and 400th counts respectively. 


Continuing this scenario, counter X is set up to count indefinitely and wraparound on overflow. This is described in 
the basic performance counter setup procedure that begins in Section 19.6.3.5.1, “Selecting Events to Count.” 
Counter Y is set up with the cascade flag in its associated CCCR MSR set to 1 and its enable flag set to 0. 


To begin the nested counting, the enable bit for the counter X is set. Once enabled, counter X counts until it over- 
flows. At this point, counter Y is automatically enabled and begins counting. Thus counter X overflows after 200 
occurrences of event A. Counter Y then starts, counting 400 occurrences of event B before overflowing. When 
performance counters are cascaded, the counter Y would typically be set up to generate an interrupt on overflow. 
This is described in Section 19.6.3.5.8, “Generating an Interrupt on Overflow.” 


The cascading counters mechanism can be used to count a single event. The counting begins on one counter then 
continues on the second counter after the first counter overflows. This technique doubles the number of event 
counts that can be recorded, since the contents of the two counters can be added together. 


19.6.3.5.7 EXTENDED CASCADING 


Extended cascading is a model-specific feature in the Intel NetBurst microarchitecture with CPUID 
DisplayFamily_DisplayModel OF_02, OF_03, OF_04, OF_06. This feature uses bit 11 in CCCRs associated with the IQ 
block. See Table 19-88. 


Table 19-88. CCR Names and Bit Positions 


CCCR Name:Bit Position Bit Name Description 
MSR_IQ_CCCR1]2:11 Reserved 

MSR_IQ_CCCRO:11 CASCNT4INTOO Allow counter 4 to cascade into counter 0 
MSR_IQ_CCCR3:11 CASCNTSINTO3 Allow counter 5 to cascade into counter 3 
MSR_IQ_CCCR4:11 CASCNTSINTO4 Allow counter 5 to cascade into counter 4 
MSR_IQ_CCCR5:11 CASCNT4INTO5S Allow counter 4 to cascade into counter 5 


The extended cascading feature can be adapted to the Interrupt based sampling usage model for performance 
monitoring. However, it is known that performance counters do not generate PMI in cascade mode or extended 
cascade mode due to an erratum. This erratum applies to processors with CPUID DisplayFamily_DisplayModel 
signature of OF_02. For processors with CPUID DisplayFamily_DisplayModel signature of OF_00 and OF_01, the 
erratum applies to processors with stepping encoding greater than O9H. 


Counters 16 and 17 in the IQ block are frequently used in processor event-based sampling or at-retirement 
counting of events indicating a stalled condition in the pipeline. Neither counter 16 or 17 can initiate the cascading 
of counter pairs using the cascade bit in a CCCR. 


Extended cascading permits performance monitoring tools to use counters 16 and 17 to initiate cascading of two 
counters in the IQ block. Extended cascading from counter 16 and 17 is conceptually similar to cascading other 
counters, but instead of using CASCADE bit of a CCCR, one of the four CASCNTXINTOy bits is used. 


Example 19-2. Scenario for Extended Cascading 


A usage scenario for extended cascading is to sample instructions retired on logical processor 1 after the first 4096 
instructions retired on logical processor 0. A procedure to program extended cascading in this scenario is outlined 
below: 
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Write the value 0 to counter 12. 


2. Write the value 04000603H to MSR_CRU_ESCRO (corresponding to selecting the NBOGNTAG and NBOGTAG 
event masks with qualification restricted to logical processor 1). 


3. Write the value 04038800H to MSR_IQ_CCCRO. This enables CASCNT4INTOO and OVF_PMI. An ISR can sample 
on instruction addresses in this case (do not set ENABLE, or CASCADE). 


Write the value FFFFFOOOH into counter 16.1. 


5. Write the value 0400060CH to MSR_CRU_ESCR2 (corresponding to selecting the NBOGNTAG and NBOGTAG 
event masks with qualification restricted to logical processor 0). 


6. Write the value 00039000H to MSR_IQ_CCCR4 (set ENABLE bit, but not OVF_PMI). 


Another use for cascading is to locate stalled execution in a multithreaded application. Assume MOB replays in 
thread B cause thread A to stall. Getting a sample of the stalled execution in this scenario could be accomplished 
by: 


1. Set up counter B to count MOB replays on thread B. 


2. Set up counter A to count resource stalls on thread A; set its force overflow bit and the appropriate CASCNTx- 
INTOy bit. 


3. Use the performance monitoring interrupt to capture the program execution data of the stalled thread. 


19.6.3.5.8 Generating an Interrupt on Overflow 


Any performance counter can be configured to generate a performance monitor interrupt (PMI) if the counter over- 
flows. The PMI interrupt service routine can then collect information about the state of the processor or program 
when overflow occurred. This information can then be used with a tool like the Intel® VTune™ Performance 
Analyzer to analyze and tune program performance. 


To enable an interrupt on counter overflow, the OVR_PMI flag in the counter’s associated CCCR MSR must be set. 
When overflow occurs, a PMI is generated through the local APIC. (Here, the performance counter entry in the local 
vector table [LVT] is set up to deliver the interrupt generated by the PMI to the processor.) 


The PMI service routine can use the OVF flag to determine which counter overflowed when multiple counters have 
been configured to generate PMIs. Also, note that these processors mask PMIs upon receiving an interrupt. Clear 
this condition before leaving the interrupt handler. 


When generating interrupts on overflow, the performance counter being used should be preset to value that will 
cause an overflow after a specified number of events are counted plus 1. The simplest way to select the preset 
value is to write a negative number into the counter, as described in Section 19.6.3.5.6, “Cascading Counters.” 
Here, however, if an interrupt is to be generated after 100 event counts, the counter should be preset to minus 100 
plus 1 (-100 + 1), or -99. The counter will then overflow after it counts 99 events and generate an interrupt on the 
next (100th) event counted. The difference of 1 for this count enables the interrupt to be generated immediately 
after the selected event count has been reached, instead of waiting for the overflow to be propagation through the 
counter. 


Because of latency in the microarchitecture between the generation of events and the generation of interrupts on 
overflow, it is sometimes difficult to generate an interrupt close to an event that caused it. In these situations, the 
FORCE_OVF flag in the CCCR can be used to improve reporting. Setting this flag causes the counter to overflow on 
every counter increment, which in turn triggers an interrupt after every counter increment. 


19.6.3.5.9 Counter Usage Guideline 


There are some instances where the user must take care to configure counting logic properly, so that it is not 
powered down. To use any ESCR, even when it is being used just for tagging, (any) one of the counters that the 
particular ESCR (or its paired ESCR) can be connected to should be enabled. If this is not done, 0 counts may 
result. Likewise, to use any counter, there must be some event selected in a corresponding ESCR (other than 
no_event, which generally has a select value of 0). 
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19.6.3.6 At-Retirement Counting 


At-retirement counting provides a means counting only events that represent work committed to architectural 
state and ignoring work that was performed speculatively and later discarded. 


One example of this speculative activity is branch prediction. When a branch misprediction occurs, the results of 
instructions that were decoded and executed down the mispredicted path are canceled. If a performance counter 
was set up to count all executed instructions, the count would include instructions whose results were canceled as 
well as those whose results committed to architectural state. 


To provide finer granularity in event counting in these situations, the performance monitoring facilities provided in 
the Pentium 4 and Intel Xeon processors provide a mechanism for tagging events and then counting only those 
tagged events that represent committed results. This mechanism is called “at-retirement counting.” 


There are predefined at-retirement events and event metrics that can be used to for tagging events when using at 
retirement counting. The following terminology is used in describing at-retirement counting: 


° Bogus, non-bogus, retire — In at-retirement event descriptions, the term “bogus” refers to instructions or 
yops that must be canceled because they are on a path taken from a mispredicted branch. The terms “retired” 
and “non-bogus” refer to instructions or pops along the path that results in committed architectural state 
changes as required by the program being executed. Thus instructions and uops are either bogus or non- 
bogus, but not both. Several of the Pentium 4 and Intel Xeon processors’ performance monitoring events (such 
as, Instruction_Retired and Uops_Retired) can count instructions or pops that are retired based on the charac- 
terization of bogus” versus non-bogus. 


* Tagging — Tagging is a means of marking pops that have encountered a particular performance event so they 
can be counted at retirement. During the course of execution, the same event can happen more than once per 
yop and a direct count of the event would not provide an indication of how many pops encountered that event. 


The tagging mechanisms allow a yop to be tagged once during its lifetime and thus counted once at retirement. 
The retired suffix is used for performance metrics that increment a count once per pop, rather than once per 
event. For example, a pop may encounter a cache miss more than once during its life time, but a “Miss Retired” 
metric (that counts the number of retired uwops that encountered a cache miss) will increment only once for that 
nop. A“Miss Retired” metric would be useful for characterizing the performance of the cache hierarchy for a 
particular instruction sequence. Details of various performance metrics and how these can be constructed 
using the Pentium 4 and Intel Xeon processors performance events are provided in the Inte/ Pentium 4 
Processor Optimization Reference Manual (see Section 1.4, “Related Literature”). 


¢ Replay — To maximize performance for the common case, the Intel NetBurst microarchitecture aggressively 
schedules pops for execution before all the conditions for correct execution are guaranteed to be satisfied. In 
the event that all of these conditions are not satisfied, nwops must be reissued. The mechanism that the Pentium 
4 and Intel Xeon processors use for this reissuing of wops is called replay. Some examples of replay causes are 
cache misses, dependence violations, and unforeseen resource constraints. In normal operation, some number 
of replays is common and unavoidable. An excessive number of replays is an indication of a performance 
problem. 


° Assist — When the hardware needs the assistance of microcode to deal with some event, the machine takes 
an assist. One example of this is an underflow condition in the input operands of a floating-point operation. The 
hardware must internally modify the format of the operands in order to perform the computation. Assists clear 
the entire machine of wops before they begin and are costly. 


19.6.3.6.1 Using At-Retirement Counting 


Processors based on Intel NetBurst microarchitecture allow counting both events and pops that encountered a 
specified event. For a subset of the at-retirement events, a wop may be tagged when it encounters that event. The 
tagging mechanisms can be used in Interrupt-based event sampling, and a subset of these mechanisms can be 
used in PEBS. There are four independent tagging mechanisms, and each mechanism uses a different event to 
count Lops tagged with that mechanism: 


° Front-end tagging — This mechanism pertains to the tagging of uops that encountered front-end events (for 
example, trace cache and instruction counts) and are counted with the Front_end_event event. 


° Execution tagging — This mechanism pertains to the tagging of uwops that encountered execution events (for 
example, instruction types) and are counted with the Execution_Event event. 
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° Replay tagging — This mechanism pertains to tagging of uops whose retirement is replayed (for example, a 
cache miss) and are counted with the Replay_event event. Branch mispredictions are also tagged with this 
mechanism. 


¢ No tags — This mechanism does not use tags. It uses the Instr_retired and the Uops_ retired events. 


Each tagging mechanism is independent from all others; that is, a wop that has been tagged using one mechanism 
will not be detected with another mechanism’s tagged-uop detector. For example, if uops are tagged using the 
front-end tagging mechanisms, the Replay_event will not count those as tagged uops unless they are also tagged 
using the replay tagging mechanism. However, execution tags allow up to four different types of nops to be counted 
at retirement through execution tagging. 


The independence of tagging mechanisms does not hold when using PEBS. When using PEBS, only one tagging 
mechanism should be used at a time. 


Certain kinds of pops that cannot be tagged, including I/O, uncacheable and locked accesses, returns, and far 
transfers. 


There are performance monitoring events that support at-retirement counting: specifically the Front_end_event, 
Execution_event, Replay_event, Inst_retired and Uops_retired events. The following sections describe the tagging 
mechanisms for using these events to tag pop and count tagged uops. 


19.6.3.6.2 Tagging Mechanism for Front_end_event 


The Front_end_event counts pops that have been tagged as encountering any of the following events: 


° pop decode events — Tagging uops for nop decode events requires specifying bits in the ESCR associated with 
the performance-monitoring event, Uop_type. 


° Trace cache events — Tagging uops for trace cache events may require specifying certain bits in the 
MSR_TC_PRECISE_EVENT MSR. 


The MSRs that are supported by the front-end tagging mechanism must be set and one or both of the NBOGUS and 
BOGUS bits in the Front_end_event event mask must be set to count events. None of the events currently 
supported requires the use of the MSR_TC_PRECISE_EVENT MSR. 


19.6.3.6.3 Tagging Mechanism For Execution_event 


The execution tagging mechanism differs from other tagging mechanisms in how it causes tagging. One upstream 
ESCR is used to specify an event to detect and to specify a tag value (bits 5 through 8) to identify that event. A 
second downstream ESCR is used to detect pops that have been tagged with that tag value identifier using 
Execution_event for the event selection. 


The upstream ESCR that counts the event must have its tag enable flag (bit 4) set and must have an appropriate 
tag value mask entered in its tag value field. The 4-bit tag value mask specifies which of tag bits should be set for 
a particular wop. The value selected for the tag value should coincide with the event mask selected in the down- 
stream ESCR. For example, if a tag value of 1 is set, then the event mask of NBOGUSO should be enabled, corre- 
spondingly in the downstream ESCR. The downstream ESCR detects and counts tagged yops. The normal (not tag 
value) mask bits in the downstream ESCR specify which tag bits to count. If any one of the tag bits selected by the 
mask is set, the related counter is incremented by one. The tag enable and tag value bits are irrelevant for the 
downstream ESCR used to select the Execution_event. 


The four separate tag bits allow the user to simultaneously but distinctly count up to four execution events at 
retirement. (This applies for interrupt-based event sampling. There are additional restrictions for PEBS as noted in 
Section 19.6.3.8.3, “Setting Up the PEBS Buffer.”) It is also possible to detect or count combinations of events by 
setting multiple tag value bits in the upstream ESCR or multiple mask bits in the downstream ESCR. For example, 
use a tag value of 3H in the upstream ESCR and use NBOGUSO/NBOGUS1 in the downstream ESCR event mask. 


19.6.3.7. Tagging Mechanism for Replay_event 


The replay mechanism enables tagging of pops for a subset of all replays before retirement. Use of the replay 
mechanism requires selecting the type of uwop that may experience the replay in the MSR_PEBS_MATRIX_VERT 
MSR and selecting the type of event in the MSR_PEBS_ENABLE MSR. Replay tagging must also be enabled with the 
UOP_Tag flag (bit 24) in the MSR_PEBS_ENABLE MSR. 
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The replay tags defined in Table A-5 also enable Processor Event-Based Sampling (PEBS, see Section 17.4.9). Each 
of these replay tags can also be used in normal sampling by not setting Bit 24 nor Bit 25 in 
IA_32_PEBS_ENABLE_MSR. Each of these metrics requires that the Replay_Event be used to count the tagged 
Ops. 


19.6.3.8 Processor Event-Based Sampling (PEBS) 


The debug store (DS) mechanism in processors based on Intel NetBurst microarchitecture allow two types of infor- 
mation to be collected for use in debugging and tuning programs: PEBS records and BTS records. See Section 
17.4.5, “Branch Trace Store (BTS),” for a description of the BTS mechanism. 


PEBS permits the saving of precise architectural information associated with one or more performance events in 
the precise event records buffer, which is part of the DS save area (see Section 17.4.9, “BTS and DS Save Area”). 
To use this mechanism, a counter is configured to overflow after it has counted a preset number of events. After 
the counter overflows, the processor copies the current state of the general-purpose and EFLAGS registers and 
instruction pointer into a record in the precise event records buffer. The processor then resets the count in the 
performance counter and restarts the counter. When the precise event records buffer is nearly full, an interrupt is 
generated, allowing the precise event records to be saved. A circular buffer is not supported for precise event 
records. 


PEBS is supported only for a subset of the at-retirement events: Execution_event, Front_end_event, and 
Replay_event. Also, PEBS can only be carried out using the one performance counter, the MSR_IQ_COUNTER4 
MSR. 


In processors based on Intel Core microarchitecture, a similar PEBS mechanism is also supported using 
IA32_PMCO and IA32_PERFEVTSELO MSRs (See Section 19.6.2.4). 


19.6.3.8.1 Detection of the Availability of the PEBS Facilities 


The DS feature flag (bit 21) returned by the CPUID instruction indicates (when set) the availability of the DS mech- 
anism in the processor, which supports the PEBS (and BTS) facilities. When this bit is set, the following PEBS facil- 
ities are available: 


¢ The PEBS_UNAVAILABLE flag in the IA32_MISC_ENABLE MSR indicates (when clear) the availability of the 
PEBS facilities, including the MSR_PEBS_ENABLE MSR. 


¢ The enable PEBS flag (bit 24) in the MSR_PEBS_ENABLE MSR allows PEBS to be enabled (set) or disabled 
(clear). 


¢ The IA32_DS_AREA MSR can be programmed to point to the DS save area. 


19.6.3.8.2 Setting Up the DS Save Area 


Section 17.4.9.2, “Setting Up the DS Save Area,” describes how to set up and enable the DS save area. This proce- 
dure is common for PEBS and BTS. 


19.6.3.8.3 Setting Up the PEBS Buffer 


Only the MSR_IQ_COUNTER4 performance counter can be used for PEBS. Use the following procedure to set up the 
processor and this counter for PEBS: 


1. Setup the precise event buffering facilities. Place values in the precise event buffer base, precise event index, 
precise event absolute maximum, and precise event interrupt threshold, and precise event counter reset fields 
of the DS buffer management area (see Figure 17-5) to set up the precise event records buffer in memory. 


Enable PEBS. Set the Enable PEBS flag (bit 24) in MSR_PEBS_ENABLE MSR. 


Set up the MSR_IQ_COUNTER4 performance counter and its associated CCCR and one or more ESCRs for 
PEBS. 
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19.6.3.8.4 Writing a PEBS Interrupt Service Routine 


The PEBS facilities share the same interrupt vector and interrupt service routine (called the DS ISR) with the non- 
precise event-based sampling and BTS facilities. To handle PEBS interrupts, PEBS handler code must be included in 
the DS ISR. See Section 17.4.9.5, “Writing the DS Interrupt Service Routine,” for guidelines for writing the DS ISR. 


19.6.3.8.5 Other DS Mechanism Implications 


The DS mechanism is not available in the SMM. It is disabled on transition to the SMM mode. Similarly the DS 
mechanism is disabled on the generation of a machine check exception and is cleared on processor RESET and INIT. 


The DS mechanism is available in real address mode. 


19.6.3.9 Operating System Implications 


The DS mechanism can be used by the operating system as a debugging extension to facilitate failure analysis. 
When using this facility, a 25 to 30 times slowdown can be expected due to the effects of the trace store occurring 
on every taken branch. 


Depending upon intended usage, the instruction pointers that are part of the branch records or the PEBS records 
need to have an association with the corresponding process. One solution requires the ability for the DS specific 
operating system module to be chained to the context switch. A separate buffer can then be maintained for each 
process of interest and the MSR pointing to the configuration area saved and setup appropriately on each context 
switch. 

If the BTS facility has been enabled, then it must be disabled and state stored on transition of the system to a sleep 
state in which processor context is lost. The state must be restored on return from the sleep state. 


It is required that an interrupt gate be used for the DS interrupt as opposed to a trap gate to prevent the generation 
of an endless interrupt loop. 


Pages that contain buffers must have mappings to the same physical address for all processes/logical processors, 
such that any change to CR3 will not change DS addresses. If this requirement cannot be satisfied (that is, the 
feature is enabled on a per thread/process basis), then the operating system must ensure that the feature is 
enabled/disabled appropriately in the context switch code. 


19.6.4 Performance Monitoring and Intel Hyper-Threading Technology in Processors Based 
on Intel NetBurst® Microarchitecture 


The performance monitoring capability of processors based on Intel NetBurst microarchitecture and supporting 
Intel Hyper-Threading Technology is similar to that described in Section 19.6.3. However, the capability is extended 
so that: 


° Performance counters can be programmed to select events qualified by logical processor IDs. 
¢ Performance monitoring interrupts can be directed to a specific logical processor within the physical processor. 


The sections below describe performance counters, event qualification by logical processor ID, and special purpose 
bits in ESCRs/CCCRs. They also describe MSR_PEBS_ENABLE, MSR_PEBS_MATRIX_VERT, and 
MSR_TC_PRECISE_ EVENT. 


19.6.4.1 ESCRMSRs 
Figure 19-51 shows the layout of an ESCR MSR in processors supporting Intel Hyper-Threading Technology. 


The functions of the flags and fields are as follows: 


° 1T1_USR flag, bit 0 — When set, events are counted when thread 1 (logical processor 1) is executing at a 
current privilege level (CPL) of 1, 2, or 3. These privilege levels are generally used by application code and 
unprotected operating system code. 
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Figure 19-51. Event Selection Control Register (ESCR) for the Pentium 4 Processor, Intel® Xeon® Processor 
and Intel® Xeon® Processor MP Supporting Hyper-Threading Technology 


° 171_OS flag, bit 1 — When set, events are counted when thread 1 (logical processor 1) is executing at CPL of 
0. This privilege level is generally reserved for protected operating system code. (When both the T1_OS and 
T1_USR flags are set, thread 1 events are counted at all privilege levels. ) 


¢ TO_USR flag, bit 2 — When set, events are counted when thread 0 (logical processor 0) is executing at a CPL 
of 1, 2, or 3. 


° TO_OS flag, bit 3 — When set, events are counted when thread 0 (logical processor 0) is executing at CPL of 
0. (When both the TO_OS and TO_USR flags are set, thread 0 events are counted at all privilege levels. ) 


° Tag enable, bit 4 — When set, enables tagging of wops to assist in at-retirement event counting; when clear, 
disables tagging. See Section 19.6.3.6, “At-Retirement Counting.” 


° Tag value field, bits 5 through 8 — Selects a tag value to associate with a pop to assist in at-retirement 
event counting. 


¢ Event mask field, bits 9 through 24 — Selects events to be counted from the event class selected with the 
event select field. 


¢ Event select field, bits 25 through 30) — Selects a class of events to be counted. The events within this 
class that are counted are selected with the event mask field. 


The TO_OS and TO_USR flags and the T1_OS and T1_USR flags allow event counting and sampling to be specified 
for a specific logical processor (0 or 1) within an Intel Xeon processor MP (See also: Section 8.4.5, “Identifying 
Logical Processors in an MP System,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3A). 


Not all performance monitoring events can be detected within an Intel Xeon processor MP on a per logical processor 
basis (see Section 19.6.4.4, “Performance Monitoring Events”). Some sub-events (specified by an event mask bits) 
are counted or sampled without regard to which logical processor is associated with the detected event. 


19.6.4.2 CCCRMSRs 


Figure 19-52 shows the layout of a CCCR MSR in processors supporting Intel Hyper-Threading Technology. The 
functions of the flags and fields are as follows: 


° Enable flag, bit 12 — When set, enables counting; when clear, the counter is disabled. This flag is cleared on 
reset 


° ESCR select field, bits 13 through 15 — Identifies the ESCR to be used to select events to be counted with 
the counter associated with the CCCR. 


° Active thread field, bits 16 and 17 — Enables counting depending on which logical processors are active 
(executing a thread). This field enables filtering of events based on the state (active or inactive) of the logical 
processors. The encodings of this field are as follows: 


00 — None. Count only when neither logical processor is active. 
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01 — Single. Count only when one logical processor is active (either 0 or 1). 

10 — Both. Count only when both logical processors are active. 

11 — Any. Count when either logical processor is active. 

A halted logical processor or a logical processor in the “wait for SIPI” state is considered inactive. 


¢ Compare flag, bit 18 — When set, enables filtering of the event count; when clear, disables filtering. The 
filtering method is selected with the threshold, complement, and edge flags. 


Reserved 


313029 272625 24 23 201918 1716 15 1312 11 0 


ESCR 


Threshold Select 


Reserved 


Enable 
Active Thread 
Compare 
Complement 
Edge 
FORCE_OVF 
OVF_PMI_TO 
OVF_PMI_T1 
Cascade 


OVF 
63 32 


Figure 19-52. Counter Configuration Control Register (CCCR) 


* Complement flag, bit 19 — Selects how the incoming event count is compared with the threshold value. 
When set, event counts that are less than or equal to the threshold value result in a single count being delivered 
to the performance counter; when clear, counts greater than the threshold value result in a count being 
delivered to the performance counter (see Section 19.6.3.5.2, “Filtering Events”). The compare flag is not 
active unless the compare flag is set. 


¢ Threshold field, bits 20 through 23 — Selects the threshold value to be used for comparisons. The 
processor examines this field only when the compare flag is set, and uses the complement flag setting to 
determine the type of threshold comparison to be made. The useful range of values that can be entered in this 
field depend on the type of event being counted (see Section 19.6.3.5.2, “Filtering Events”). 


° Edge flag, bit 24 — When set, enables rising edge (false-to-true) edge detection of the threshold comparison 
output for filtering event counts; when clear, rising edge detection is disabled. This flag is active only when the 
compare flag is set. 


° FORCE_OVF flag, bit 25 — When set, forces a counter overflow on every counter increment; when clear, 
overflow only occurs when the counter actually overflows. 


¢ OVF_PMI_TO flag, bit 26 — When set, causes a performance monitor interrupt (PMI) to be sent to logical 
processor 0 when the counter overflows occurs; when clear, disables PMI generation for logical processor 0. 
Note that the PMI is generate on the next event count after the counter has overflowed. 


¢ OVF_PMI_T1 flag, bit 27 — When set, causes a performance monitor interrupt (PMI) to be sent to logical 
processor 1 when the counter overflows occurs; when clear, disables PMI generation for logical processor 1. 
Note that the PMI is generate on the next event count after the counter has overflowed. 


° Cascade flag, bit 30 — When set, enables counting on one counter of a counter pair when its alternate 
counter in the other the counter pair in the same counter group overflows (see Section 19.6.3.2, “Performance 
Counters,” for further details); when clear, disables cascading of counters. 
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° OVF flag, bit 31 — Indicates that the counter has overflowed when set. This flag is a sticky flag that must be 
explicitly cleared by software. 


19.6.4.3. IA32_PEBS_ENABLE MSR 


In a processor supporting Intel Hyper-Threading Technology and based on the Intel NetBurst microarchitecture, 
PEBS is enabled and qualified with two bits in the MSR_PEBS_ENABLE MSR: bit 25 (ENABLE_PEBS_MY_THR) and 
26 (ENABLE_PEBS_OTH_THR) respectively. These bits do not explicitly identify a specific logical processor by logic 
processor ID(TO or T1); instead, they allow a software agent to enable PEBS for subsequent threads of execution 
on the same logical processor on which the agent is running (“my thread”) or for the other logical processor in the 
physical package on which the agent is not running (“other thread”). 

PEBS is supported for only a subset of the at-retirement events: Execution_event, Front_end_event, and 
Replay_event. Also, PEBS can be carried out only with two performance counters: MSR_IQ_CCCR4 (MSR address 
370H) for logical processor 0 and MSR_IQ_CCCR5 (MSR address 371H) for logical processor 1. 

Performance monitoring tools should use a processor affinity mask to bind the kernel mode components that need 
to modify the ENABLE_PEBS_MY_THR and ENABLE_PEBS_OTH_THR bits in the MSR_PEBS_ENABLE MSR to a 
specific logical processor. This is to prevent these kernel mode components from migrating between different 
logical processors due to OS scheduling. 


19.6.4.4 Performance Monitoring Events 


When Intel Hyper-Threading Technology is active, many performance monitoring events can be can be qualified by 

the logical processor ID, which corresponds to bit 0 of the initial APIC ID. This allows for counting an event in any 

or all of the logical processors. However, not all the events have this logic processor specificity, or thread specificity. 

Here, each event falls into one of two categories: 

° Thread specific (TS) — The event can be qualified as occurring on a specific logical processor. 

¢ Thread independent (TI) — The event cannot be qualified as being associated with a specific logical 
processor. 


If for example, a TS event occurred in logical processor TO, the counting of the event (as shown in Table 19-89) 
depends only on the setting of the TO_USR and TO_OS flags in the ESCR being used to set up the event counter. 
The T1_USR and T1_OS flags have no effect on the count. 


Table 19-89. Effect of Logical Processor and CPL Qualification 
for Logical-Processor-Specific (TS) Events 


TO_OS/TO_USR = 00 


T1_OS/T1_USR = 00 


Zero count 


T1_OS/T1_USR = 01 
Counts while T1 in USR 


T1_OS/T1_USR = 11 


Counts while T1 in OS or 
USR 


T1_OS/T1_USR = 10 
Counts while T1 in OS 


TO_OS/TO_USR = 01 


Counts while TO in USR 


Counts while TO in USR 
or T1 in USR 


Counts while (a) TO in 
USR or (b) T1 in OS or (c) 
T1 inUSR 


Counts while (a) TO in OS 
or (b) T1 in OS 


TO_OS/TO_USR = 11 


Counts while TO in OS or 
USR 


Counts while (a) TO in OS 
or (b) TO in USR or (c) T1 
in USR 


Counts irrespective of 
CPL, TO, T1 


Counts while (a) TO in OS 
or (b) or TO in USR or (c) 
T1 in OS 


TO_OS/TO_USR = 10 


Counts TO in OS 


Counts TO in OS or T1 in 
USR 


Counts while (a)TO in Os 
or (b) T1 in OS or (c) T1 
in USR 


Counts while (a) TO in OS 
or (b) T1 in OS 


When a bit in the event mask field is TI, the effect of specifying bit-0-3 of the associated ESCR are described in 
Table 15-6. For events that are marked as TI, the effect of selectively specifying TO_USR, TO_OS, T1_USR, T1_OS 
bits is shown in Table 19-90. 
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Table 19-90. Effect of Logical Processor and CPL Qualification 
for Non-logical-Processor-specific (Tl) Events 


T1_OS/T1_USR = 00 T1_OS/T1_USR = 01 T1_OS/T1_USR = 11 T1_OS/T1_USR = 10 
TO_OS/TO_USR = 00 Zero count Counts while (a) TO in Counts irrespective of Counts while (a) TO in OS 
USR or (b) T1 in USR CPL, TO, T1 or (b) T1 in OS 
TO_OS/TO_USR = 01 Counts while (a) TO in Counts while (a) TO in Counts irrespective of Counts irrespective of 
USR or (b) T1 in USR USR or (b) T1 in USR CPL, TO, T1 CPL, TO, T1 
TO_OS/TO_USR = 11 Counts irrespective of Counts irrespective of Counts irrespective of Counts irrespective of 
CPL, TO, T1 CPL, TO, T1 CPL, TO, T1 CPL, TO, T1 
TO_OS/TO_USR = 0 Counts while (a) TO in OS | Counts irrespective of Counts irrespective of Counts while (a) TO in OS 
or (b) T1 in OS CPL, TO, T1 CPL, TO, T1 or (b) T1 in OS 


19.6.4.5 Counting Clocks on systems with Intel® Hyper-Threading Technology in Processors Based on 
Intel NetBurst® Microarchitecture 


19.6.4.5.1 Non-Halted Clockticks 


Use the following procedure to program ESCRs and CCCRs to obtain non-halted clockticks on processors based on 
Intel NetBurst microarchitecture: 


1. Select an ESCR for the global_power_events and specify the RUNNING sub-event mask and the desired 
TO_OS/TO_USR/T1_OS/T1_USR bits for the targeted processor. 


Select an appropriate counter. 
Enable counting in the CCCR for that counter by setting the enable bit. 


19.6.4.5.2 Non-Sleep Clockticks 


Performance monitoring counters can be configured to count clockticks whenever the performance monitoring 
hardware is not powered-down. To count Non-sleep Clockticks with a performance-monitoring counter, do the 
following: 


1. Select one of the 18 counters. 


2. Select any of the ESCRs whose events the selected counter can count. Set its event select to anything other 
than “no_event”; the counter may be disabled if this is not done. 


3. Turn threshold comparison on in the CCCR by setting the compare bit to “1”. 


Set the threshold to “15” and the complement to “1” in the CCCR. Since no event can exceed this threshold, the 
threshold condition is met every cycle and the counter counts every cycle. Note that this overrides any qualifi- 
cation (e.g. by CPL) specified in the ESCR. 


5. Enable counting in the CCCR for the counter by setting the enable bit. 


In most cases, the counts produced by the non-halted and non-sleep metrics are equivalent if the physical package 
supports one logical processor and is not placed in a power-saving state. Operating systems may execute an HLT 
instruction and place a physical processor in a power-saving state. 


On processors that support Intel Hyper-Threading Technology (Intel HT Technology), each physical package can 
support two or more logical processors. Current implementation of Intel HT Technology provides two logical proces- 
sors for each physical processor. While both logical processors can execute two threads simultaneously, one logical 
processor may halt to allow the other logical processor to execute without sharing execution resources between 
two logical processors. 


Non-halted Clockticks can be set up to count the number of processor clock cycles for each logical processor when- 
ever the logical processor is not halted (the count may include some portion of the clock cycles for that logical 
processor to complete a transition to a halted state). Physical processors that support Intel HT Technology enter 
into a power-saving state if all logical processors halt. 
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The Non-sleep Clockticks mechanism uses a filtering mechanism in CCCRs. The mechanism will continue to incre- 
ment as long as one logical processor is not halted or in a power-saving state. Applications may cause a processor 
to enter into a power-saving state by using an OS service that transfers control to an OS's idle loop. The idle loop 
then may place the processor into a power-saving state after an implementation-dependent period if there is no 
work for the processor. 


19.6.5 Performance Monitoring and Dual-Core Technology 


The performance monitoring capability of dual-core processors duplicates the microarchitectural resources of a 
single-core processor implementation. Each processor core has dedicated performance monitoring resources. 


In the case of Pentium D processor, each logical processor is associated with dedicated resources for performance 
monitoring. In the case of Pentium processor Extreme edition, each processor core has dedicated resources, but 
two logical processors in the same core share performance monitoring resources (see Section 19.6.4, “Perfor- 
mance Monitoring and Intel Hyper-Threading Technology in Processors Based on Intel NetBurst® Microarchitec- 
ture”). 


19.6.6 Performance Monitoring on 64-bit Intel Xeon Processor MP with Up to 8-MByte L3 
Cache 


The 64-bit Intel Xeon processor MP with up to 8-MByte L3 cache has a CPUID signature of family [OFH], model 
[03H or 04H]. Performance monitoring capabilities available to Pentium 4 and Intel Xeon processors with the same 
values (see Section 19.1 and Section 19.6.4) apply to the 64-bit Intel Xeon processor MP with an L3 cache. 


The level 3 cache is connected between the system bus and IOQ through additional control logic. See Figure 19-53. 


System Bus 
¢ i > 


iBUSQ and iSNPQ a 


3rd Level Cache 
8 or 4 -way 


iFSB 


Processor Core 
10Q <> (Front end, Execution, 
Retirement, L1, L2 


Figure 19-53. Block Diagram of 64-bit Intel? Xeon® Processor MP with 8-MByte L3 


Additional performance monitoring capabilities and facilities unique to 64-bit Intel Xeon processor MP with an L3 
cache are described in this section. The facility for monitoring events consists of a set of dedicated model-specific 
registers (MSRs), each dedicated to a specific event. Programming of these MSRs requires using RDMSR/WRMSR 
instructions with 64-bit values. 


The lower 32-bits of the MSRs at addresses 107CC through 107D3 are treated as 32 bit performance counter regis- 
ters. These performance counters can be accessed using RDPMC instruction with the index starting from 18 
through 25. The EDX register returns zero when reading these 8 PMCs. 


The performance monitoring capabilities consist of four events. These are: 
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° IBUSQ event — This event detects the occurrence of micro-architectural conditions related to the iBUSQ unit. 
It provides two MSRs: MSR_IFSB_IBUSQO and MSR_IFSB_IBUSQ1. Configure sub-event qualification and 
enable/disable functions using the high 32 bits of these MSRs. The low 32 bits act as a 32-bit event counter. 
Counting starts after software writes a non-zero value to one or more of the upper 32 bits. See Figure 19-54. 


MSR_IFSB_IBUSQx, Addresses: 107CCH and 107CDH 
63 60 59 58 57 56 55 4948 46.45 38 37 36 35 34 33 3231 ) 


1/1 
32 bit event count 


Saturate 
Fill_match ————~ Reserved 
Eviction_match ———~ 
L3_state_match 
Snoop_match 
Type_match 
T1_match 
TO_match 


Figure 19-54. MSR_IFSB_IBUSQx, Addresses: 107CCH and 107CDH 


¢ ISNPQ event — This event detects the occurrence of microarchitectural conditions related to the iSNPQ unit. 
It provides two MSRs: MSR_IFSB_ISNPQO and MSR_IFSB_ISNPQ1. Configure sub-event qualifications and 
enable/disable functions using the high 32 bits of the MSRs. The low 32-bits act as a 32-bit event counter. 
Counting starts after software writes a non-zero value to one or more of the upper 32-bits. See Figure 19-55. 


MSR_IFSB_ISNPQx, Addresses: 107CEH and 107CFH Reserved 
63 60 5958 57 56 55 48 4645 39 38 37 36 35 34 33 32 


Saturate 
L3_state_match 


Snoop_match 
Type_match 
Agent_match 
T1_match 
TO_match 

31 0 


32 bit event count 


Figure 19-55. MSR_IFSB_ISNPQx, Addresses: 107CEH and 107CFH 


¢  EFSB event — This event can detect the occurrence of micro-architectural conditions related to the iFSB unit 
or system bus. It provides two MSRs: MSR_EFSB_DRDYO and MSR_EFSB_DRDY1. Configure sub-event qualifi- 
cations and enable/disable functions using the high 32 bits of the 64-bit MSR. The low 32-bit act as a 32-bit 
event counter. Counting starts after software writes a non-zero value to one or more of the qualification bits in 
the upper 32-bits of the MSR. See Figure 19-56. 


19-126 Vol. 3B 


PERFORMANCE MONITORING 


MSR_EFSB_DRDYx, Addresses: 107D0H and 107D1H 


63 60 59 58 57 56 55 50 49 48 39 38 37 36 35 34 33 32 
Saturate 
Other Reserved 
Own 
31 0 


32 bit event count 


Figure 19-56. MSR_EFSB_DRDYx, Addresses: 107D0H and 107D1H 


¢ IBUSQ Latency event — This event accumulates weighted cycle counts for latency measurement of transac- 
tions in the iBUSQ unit. The count is enabled by setting MSR_IFSB_CTRL6[bit 26] to 1; the count freezes after 
software sets MSR_IFSB_CTRL6[bit 26] to 0. MSR_IFSB_CNTR7 acts as a 64-bit event counter for this event. 
See Figure 19-57. 


MSR_IFSB_CTL6 Address: 107D2H 


63 59 57 ) 
Enable 
MSR_IFSB_CNTR7 Address: 107D3H Reserved 
63 ) 


64 bit event count 


Figure 19-57. MSR_IFSB_CTL6, Address: 107D2H; 
MSR_IFSB_CNTR7, Address: 107D3H 


19.6.7. Performance Monitoring on L3 and Caching Bus Controller Sub-Systems 


The Intel Xeon processor 7400 series and Dual-Core Intel Xeon processor 7100 series employ a distinct L3/caching 
bus controller sub-system. These sub-system have a unique set of performance monitoring capability and 
programming interfaces that are largely common between these two processor families. 


Intel Xeon processor 7400 series are based on 45 nm enhanced Intel Core microarchitecture. The CPUID signature 
is indicated by DisplayFamily_DisplayModel value of 06_1DH (see CPUID instruction in Chapter 3, “Instruction Set 
Reference, A-L” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A). Intel Xeon 
processor 7400 series have six processor cores that share an L3 cache. 


Dual-Core Intel Xeon processor 7100 series are based on Intel NetBurst microarchitecture, have a CPUID signature 
of family [OFH], model [06H] and a unified L3 cache shared between two cores. Each core in an Intel Xeon 
processor 7100 series supports Intel Hyper-Threading Technology, providing two logical processors per core. 


Both Intel Xeon processor 7400 series and Intel Xeon processor 7100 series support multi-processor configurations 
using system bus interfaces. In Intel Xeon processor 7400 series, the L3/caching bus controller sub-system 
provides three Simple Direct Interface (SDI) to service transactions originated the XQ-replacement SDI logic in 
each dual-core modules. In Intel Xeon processor 7100 series, the IOQ logic in each processor core is replaced with 
a Simple Direct Interface (SDI) logic. The L3 cache is connected between the system bus and the SDI through 
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additional control logic. See Figure 19-58 for the block configuration of six processor cores and the L3/Caching bus 
controller sub-system in Intel Xeon processor 7400 series. Figure 19-58 shows the block configuration of two 
processor cores (four logical processors) and the L3/Caching bus controller sub-system in Intel Xeon processor 
7100 series. 


FSB 
GBSQ, GSNPQ, 
GINTQ, ... +> L3 
SDI 
SDI interface SDI interface SDI interface 
L2 L2 L2 
Core Core Core Core Core Core 


Figure 19-58. Block Diagram of the Intel® Xeon® Processor 7400 Series 


Almost all of the performance monitoring capabilities available to processor cores with the same CPUID signatures 
(see Section 19.1 and Section 19.6.4) apply to Intel Xeon processor 7100 series. The MSRs used by performance 
monitoring interface are shared between two logical processors in the same processor core. 


The performance monitoring capabilities available to processor with DisplayFamily_DisplayModel signature 06_17H 
also apply to Intel Xeon processor 7400 series. Each processor core provides its own set of MSRs for performance 
monitoring interface. 

The IOQ_allocation and IOQ_active_entries events are not supported in Intel Xeon processor 7100 series and 7400 
series. Additional performance monitoring capabilities applicable to the L3/caching bus controller sub-system are 
described in this section. 
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FSB 
GBSQ, GSNPQ, 
GINTQ, ... > L3 
SDI 
SDI interface SDI interface 
Processor core Processor core 
Logical —_Logical Logical —_Logical 
Processor processor processor processor 


Figure 19-59. Block Diagram of the Intel® Xeon® Processor 7100 Series 


19.6.7.1 Overview of Performance Monitoring with L3/Caching Bus Controller 


The facility for monitoring events consists of a set of dedicated model-specific registers (MSRs). There are eight 
event select/counting MSRs that are dedicated to counting events associated with specified microarchitectural 
conditions. Programming of these MSRs requires using RDMSR/WRMSR instructions with 64-bit values. In addition, 
an MSR MSR_EMON_L3_GL_CTL provides simplified interface to control freezing, resetting, re-enabling operation 
of any combination of these event select/counting MSRs. 


The eight MSRs dedicated to count occurrences of specific conditions are further divided to count three sub-classes 
of microarchitectural conditions: 


° Two MSRs (MSR_EMON_L3_CTR_CTLO and MSR_EMON_L3_CTR_CTL1) are dedicated to counting GBSQ 
events. Up to two GBSQ events can be programmed and counted simultaneously. 


° Two MSRs (MSR_EMON_L3_CTR_CTL2 and MSR_EMON_L3_CTR_CTL3) are dedicated to counting GSNPQ 
events. Up to two GBSQ events can be programmed and counted simultaneously. 


¢ Four MSRs (MSR_EMON_L3_CTR_CTL4, MSR_EMON_L3_CTR_CTL5, MSR_EMON_L3_CTR_CTL6, and 
MSR_EMON_L3_CTR_CTL7) are dedicated to counting external bus operations. 


The bit fields in each of eight MSRs share the following common characteristics: 


° Bits 63:32 is the event control field that includes an event mask and other bit fields that control counter 
operation. The event mask field specifies details of the microarchitectural condition, and its definition differs 
across GBSQ, GSNPQ, FSB. 


¢ Bits 31:0 is the event count field. If the specified condition is met during each relevant clock domain of the 
event logic, the matched condition signals the counter logic to increment the associated event count field. The 
lower 32-bits of these 8 MSRs at addresses 107CC through 107D3 are treated as 32 bit performance counter 
registers. 


In Dual-Core Intel Xeon processor 7100 series, the uncore performance counters can be accessed using RDPMC 
instruction with the index starting from 18 through 25. The EDX register returns zero when reading these 8 PMCs. 


In Intel Xeon processor 7400 series, RDPMC with ECX between 2 and 9 can be used to access the eight uncore 
performance counter/control registers. 
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19.6.7.2 GBSQ Event Interface 

The layout of MSR_EMON_L3_CTR_CTLO and MSR_EMON_L3_CTR_CTL1 is given in Figure 19-60. Counting starts 
after software writes a non-zero value to one or more of the upper 32 bits. 

The event mask field (bits 58:32) consists of the following eight attributes: 


¢ Agent_Select (bits 35:32): The definition of this field differs slightly between Intel Xeon processor 7100 and 
7400. 


For Intel Xeon processor 7100 series, each bit specifies a logical processor in the physical package. The lower 
two bits corresponds to two logical processors in the first processor core, the upper two bits corresponds to two 
logical processors in the second processor core. OFH encoding matches transactions from any logical processor. 


For Intel Xeon processor 7400 series, each bit of [34:32] specifies the SDI logic of a dual-core module as the 
originator of the transaction. A value of 0111B in bits [35:32] specifies transaction from any processor core. 


MSR_EMON_L3_CTR_CTLO/1, Addresses: 107CCH/107CDH Reseed 
63 60 59 58 57 56 55 54 53 4746 44 43 38 37 36 35 32 


Saturate 
Cross_snoop 
Fill_eviction 
Core_module_select ——~ 
L3_state 
Snoop_match 
Type_match 
Data_flow 
Agent_select 


31 0 


32 bit event count 


Figure 19-60. MSR_EMON_L3_CTR_CTLO/1, Addresses: 107CCH/107CDH 


* Data_Flow (bits 37:36): Bit 36 specifies demand transactions, bit 37 specifies prefetch transactions. 


° Type_Match (bits 43:38): Specifies transaction types. If all six bits are set, event count will include all 
transaction types. 


° Snoop_Match: (bits 46:44): The three bits specify (in ascending bit position) clean snoop result, HIT snoop 
result, and HITM snoop results respectively. 


° L3_State (bits 53:47): Each bit specifies an L2 coherency state. 


* Core_Module_Select (bits 55:54): The valid encodings for L3 lookup differ slightly between Intel Xeon 
processor 7100 and 7400. 


For Intel Xeon processor 7100 series, 

— OOB: Match transactions from any core in the physical package 

— 01B: Match transactions from this core only 

— 10B: Match transactions from the other core in the physical package 

— 11B: Match transaction from both cores in the physical package 

For Intel Xeon processor 7400 series, 

— OOB: Match transactions from any dual-core module in the physical package 

— 01B: Match transactions from this dual-core module only 

— 10B: Match transactions from either one of the other two dual-core modules in the physical package 
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— 11B: Match transaction from more than one dual-core modules in the physical package 
Fill_Eviction (bits 57:56): The valid encodings are 

— OOB: Match any transactions 

— 01B: Match transactions that fill L3 

— 10B: Match transactions that fill L3 without an eviction 

— 11B: Match transaction fill L3 with an eviction 

Cross_Snoop (bit 58): The encodings are 

— OB: Match any transactions 

— 1B: Match cross snoop transactions 


For each counting clock domain, if all eight attributes match, event logic signals to increment the event count field. 


19.6.7.3. GSNPQ Event Interface 


The layout of MSR_EMON_L3_CTR_CTL2 and MSR_EMON_L3_CTR_CTL3 is given in Figure 19-61. Counting starts 
after software writes a non-zero value to one or more of the upper 32 bits. 


The event mask field (bits 58:32) consists of the following six attributes: 


Agent_Select (bits 37:32): The definition of this field differs slightly between Intel Xeon processor 7100 and 
7400. 


For Intel Xeon processor 7100 series, each of the lowest 4 bits specifies a logical processor in the physical 
package. The lowest two bits corresponds to two logical processors in the first processor core, the next two bits 
corresponds to two logical processors in the second processor core. Bit 36 specifies other symmetric agent 
transactions. Bit 37 specifies central agent transactions. 3FH encoding matches transactions from any logical 
processor. 


For Intel Xeon processor 7400 series, each of the lowest 3 bits specifies a dual-core module in the physical 
package. Bit 37 specifies central agent transactions. 


Type_Match (bits 43:38): Specifies transaction types. If all six bits are set, event count will include any 
transaction types. 


Snoop_Match: (bits 46:44): The three bits specify (in ascending bit position) clean snoop result, HIT snoop 
result, and HITM snoop results respectively. 


L2_State (bits 53:47): Each bit specifies an L3 coherency state. 


Core_Module_Select (bits 56:54): Bit 56 enables Core_Module_Select matching. If bit 56 is clear, 
Core_Module_Select encoding is ignored. The valid encodings for the lower two bits (bit 55, 54) differ slightly 
between Intel Xeon processor 7100 and 7400. 


For Intel Xeon processor 7100 series, if bit 56 is set, the valid encodings for the lower two bits (bit 55, 54) are 
— OOB: Match transactions from only one core (irrespective which core) in the physical package 

— 01B: Match transactions from this core and not the other core 

— 10B: Match transactions from the other core in the physical package, but not this core 

— 11B: Match transaction from both cores in the physical package 

For Intel Xeon processor 7400 series, if bit 56 is set, the valid encodings for the lower two bits (bit 55, 54) are 


— OOB: Match transactions from only one dual-core module (irrespective which module) in the physical 
package. 


— 01B: Match transactions from one or more dual-core modules. 
— 10B: Match transactions from two or more dual-core modules. 


— 11B: Match transaction from all three dual-core modules in the physical package. 
Block_Snoop (bit 57): specifies blocked snoop. 


For each counting clock domain, if all six attributes match, event logic signals to increment the event count field. 
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MSR_EMON_L3_CTR_CTL2/3, Addresses: 107CEH/107CFH Reserved 
63 60 5958 57 56 5554 53 4746 44 43 39 38 37 36 32 


Saturate 
Block_snoop = ——! 
Core_select 

L2_state 
Snoop_match 
Type_match 
Agent_match 


31 0 


32 bit event count 


Figure 19-61. MSR_EMON_L3_CTR_CTL2/3, Addresses: 107CEH/107CFH 


19.6.7.4 FSB Event Interface 


The layout of MSR_EMON_L3_CTR_CTL4 through MSR_EMON_L3_CTR_CTL7 is given in Figure 19-62. Counting 
starts after software writes a non-zero value to one or more of the upper 32 bits. 


The event mask field (bits 58:32) is organized as follows: 
¢ =6Bit 58: must set to 1. 
° FSB_Submask (bits 57:32): Specifies FSB-specific sub-event mask. 


The FSB sub-event mask defines a set of independent attributes. The event logic signals to increment the associ- 
ated event count field if one of the attribute matches. Some of the sub-event mask bit counts durations. A duration 
event increments at most once per cycle. 


MSR_EMON_L3_CTR_CTL4/5/6/7, Addresses: 107D0H-107D3H 
63 60 59 58 57 56 55 50 49 48 39 38 37 36 35 34 33 32 


1 


Reserved 


Saturate 


FSB submask 


31 0 


32 bit event count 


Figure 19-62. MSR_EMON_L3_CTR_CTL4/5/6/7, Addresses: 107D0H-107D3H 


19.6.7.4.1 FSB Sub-Event Mask Interface 

° FSB_type (bit 37:32): Specifies different FSB transaction types originated from this physical package. 

¢ FSB_L_clear (bit 38): Count clean snoop results from any source for transaction originated from this physical 
package. 

° = FSB_L_hit (bit 39): Count HIT snoop results from any source for transaction originated from this physical 
package. 
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¢ FSB_L_hitm (bit 40): Count HITM snoop results from any source for transaction originated from this physical 
package. 


¢ FSB_L_defer (bit 41): Count DEFER responses to this processor’s transactions. 

¢ FSB_L_retry (bit 42): Count RETRY responses to this processor’s transactions. 

¢ FSB_L_snoop_stall (bit 43): Count snoop stalls to this processor’s transactions. 

¢ FSB_DBSY (bit 44): Count DBSY assertions by this processor (without a concurrent DRDY). 

¢ FSB_DRDY (bit 45): Count DRDY assertions by this processor. 

¢ FSB_BNR (bit 46): Count BNR assertions by this processor. 

¢ FSB_IOQ_empty (bit 47): Counts each bus clocks when the IOQ is empty. 

¢ FSB_IOQ_full (bit 48): Counts each bus clocks when the IOQ is full. 

° FSB_IOQ_active (bit 49): Counts each bus clocks when there is at least one entry in the IOQ. 

¢ FSB_WW_data (bit 50): Counts back-to-back write transaction’s data phase. 

¢ FSB_WW_issue (bit 51): Counts back-to-back write transaction request pairs issued by this processor. 

¢ FSB_WR_issue (bit 52): Counts back-to-back write-read transaction request pairs issued by this processor. 
¢ FSB_RW_issue (bit 53): Counts back-to-back read-write transaction request pairs issued by this processor. 
¢ FSB_other_DBSY (bit 54): Count DBSY assertions by another agent (without a concurrent DRDY). 

¢ FSB_other_DRDY (bit 55): Count DRDY assertions by another agent. 

¢ FSB_other_snoop_stall (bit 56): Count snoop stalls on the FSB due to another agent. 

¢ FSB_other_BNR (bit 57): Count BNR assertions from another agent. 


19.6.7.5 Common Event Control Interface 


The MSR_EMON_L3_GL_CTL MSR provides simplified access to query overflow status of the GBSQ, GSNPQ, FSB 
event counters. It also provides control bit fields to freeze, unfreeze, or reset those counters. The following bit 
fields are supported: 


° GL_freeze_cmd (bit 0): Freeze the event counters specified by the GL_event_select field. 
¢ GL_unfreeze_cmd (bit 1): Unfreeze the event counters specified by the GL_event_select field. 


° GL_reset_cmd (bit 2): Clear the event count field of the event counters specified by the GL_event_select field. 
The event select field is not affected. 


° GL_event_select (bit 23:16): Selects one or more event counters to subject to specified command operations 
indicated by bits 2:0. Bit 16 corresponds to MSR_EMON_L3_CTR_CTLO, bit 23 corresponds to 
MSR_EMON_L3_CTR_CTL7. 

° GL_event_status (bit 55:48): Indicates the overflow status of each event counters. Bit 48 corresponds to 
MSR_EMON_L3_CTR_CTLO, bit 55 corresponds to MSR_EMON_L3_CTR_CTL/7. 


In the event control field (bits 63:32) of each MSR, if the saturate control (bit 59, see Figure 19-60 for example) is 
set, the event logic forces the value FFFF_FFFFH into the event count field instead of incrementing it. 


19.6.8 Performance Monitoring (P6 Family Processor) 


The P6 family processors provide two 40-bit performance counters, allowing two types of events to be monitored 
simultaneously. These can either count events or measure duration. When counting events, a counter increments 
each time a specified event takes place or a specified number of events takes place. When measuring duration, it 
counts the number of processor clocks that occur while a specified condition is true. The counters can count events 
or measure durations that occur at any privilege level. 
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NOTE 


The performance-monitoring events found at https://perfmon-events.intel.com/ are intended to be 
used as guides for performance tuning. Counter values reported are not guaranteed to be accurate 
and should be used as a relative guide for tuning. Known discrepancies are documented where 
applicable. 


The performance-monitoring counters are supported by four MSRs: the performance event select MSRs 
(PerfEvtSelO and PerfEvtSel1) and the performance counter MSRs (PerfCtrO and PerfCtr1). These registers can be 
read from and written to using the RDMSR and WRMSR instructions, respectively. They can be accessed using these 
instructions only when operating at privilege level 0. The PerfCtrO and PerfCtr1 MSRs can be read from any privilege 
level using the RDPMC (read performance-monitoring counters) instruction. 


NOTE 


The PerfEvtSel0, PerfEvtSel1, PerfCtrO, and PerfCtri1 MSRs and the events listed for P6 family 
processors are model-specific for P6 family processors. They are not guaranteed to be available in 
other IA-32 processors. 


19.6.8.1 Perf€vtSel0 and Perf€vtSell MSRs 


The PerfEvtSel0 and PerfEvtSel1 MSRs control the operation of the performance-monitoring counters, with one 
register used to set up each counter. They specify the events to be counted, how they should be counted, and the 
privilege levels at which counting should take place. Figure 19-63 shows the flags and fields in these MSRs. 


The functions of the flags and fields in the PerfEvtSel0 and PerfEvtSel1 MSRs are as follows: 


° Event select field (bits O through 7) — Selects the event logic unit to detect certain microarchitectural 
conditions. 


¢ Unit mask (UMASK) field (bits 8 through 15) — Further qualifies the event logic unit selected in the event 
select field to detect a specific microarchitectural condition. For example, for some cache events, the mask is 
used as a MESI-protocol qualifier of cache states. 


31 24 23 22 21 2019 18171615 87 0 
Counter Mask E] | tplelol¥l,.. 
(CMASK) Hy 7 : c E $ : Unit Mask (UMASk) Event Select 


INV—Invert counter mask —— 
EN—Enable counters* 

INT—APIC interrupt enable ————— Reserved 
PC—Pin control 
E—Edge detect 


OS—Operating system mode ————____" * Only available in PerfEvtSel0. 
USR—User Mode 


Figure 19-63. Perf€vtSel0 and Perf€vtSel1 MSRs 


¢ USR (user mode) flag (bit 16) — Specifies that events are counted only when the processor is operating at 
privilege levels 1, 2 or 3. This flag can be used in conjunction with the OS flag. 


° OS (operating system mode) flag (bit 17) — Specifies that events are counted only when the processor is 
operating at privilege level 0. This flag can be used in conjunction with the USR flag. 


° E (edge detect) flag (bit 18) — Enables (when set) edge detection of events. The processor counts the 
number of deasserted to asserted transitions of any condition that can be expressed by the other fields. The 
mechanism is limited in that it does not permit back-to-back assertions to be distinguished. This mechanism 
allows software to measure not only the fraction of time spent in a particular state, but also the average length 
of time spent in such a state (for example, the time spent waiting for an interrupt to be serviced). 
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¢ PC (pin control) flag (bit 19) — When set, the processor toggles the PM/ pins and increments the counter 
when performance-monitoring events occur; when clear, the processor toggles the PM/ pins when the counter 
overflows. The toggling of a pin is defined as assertion of the pin for a single bus clock followed by deassertion. 


¢ INT (APIC interrupt enable) flag (bit 20) — When set, the processor generates an exception through its 
local APIC on counter overflow. 


¢ EN (Enable Counters) Flag (bit 22) — This flag is only present in the PerfEvtSel0 MSR. When set, 
performance counting is enabled in both performance-monitoring counters; when clear, both counters are 
disabled. 


¢ INV (invert) flag (bit 23) — When set, inverts the counter-mask (CMASK) comparison, so that both greater 
than or equal to and less than comparisons can be made (0: greater than or equal; 1: less than). Note if 
counter-mask is programmed to zero, INV flag is ignored. 


¢ Counter mask (CMASK) field (bits 24 through 31) — When nonzero, the processor compares this mask to 
the number of events counted during a single cycle. If the event count is greater than or equal to this mask, the 
counter is incremented by one. Otherwise the counter is not incremented. This mask can be used to count 
events only if multiple occurrences happen per clock (for example, two or more instructions retired per clock). 
If the counter-mask field is 0, then the counter is incremented each cycle by the number of events that 
occurred that cycle. 


19.6.8.2 PerfCtrO and PerfCtr1 MSRs 


The performance-counter MSRs (PerfCtrO and PerfCtr1) contain the event or duration counts for the selected 
events being counted. The RDPMC instruction can be used by programs or procedures running at any privilege level 
and in virtual-8086 mode to read these counters. The PCE flag in control register CR4 (bit 8) allows the use of this 
instruction to be restricted to only programs and procedures running at privilege level 0. 


The RDPMC instruction is not serializing or ordered with other instructions. Thus, it does not necessarily wait until 
all previous instructions have been executed before reading the counter. Similarly, subsequent instructions may 
begin execution before the RDPMC instruction operation is performed. 


Only the operating system, executing at privilege level 0, can directly manipulate the performance counters, using 
the RDMSR and WRMSR instructions. A secure operating system would clear the PCE flag during system initializa- 
tion to disable direct user access to the performance-monitoring counters, but provide a user-accessible program- 
ming interface that emulates the RDPMC instruction. 


The WRMSR instruction cannot arbitrarily write to the performance-monitoring counter MSRs (PerfCtrO and 
PerfCtr1). Instead, the lower-order 32 bits of each MSR may be written with any value, and the high-order 8 bits 
are sign-extended according to the value of bit 31. This operation allows writing both positive and negative values 
to the performance counters. 


19.6.8.3 Starting and Stopping the Performance-Monitoring Counters 


The performance-monitoring counters are started by writing valid setup information in the PerfEvtSel0 and/or 
PerfEvtSeli MSRs and setting the enable counters flag in the PerfEvtSelO MSR. If the setup is valid, the counters 
begin counting following the execution of a WRMSR instruction that sets the enable counter flag. The counters can 
be stopped by clearing the enable counters flag or by clearing all the bits in the PerfEvtSel0 and PerfEvtSeli MSRs. 
Counter 1 alone can be stopped by clearing the PerfEvtSel1 MSR. 


19.6.8.4 Event and Time-Stamp Monitoring Software 


To use the performance-monitoring counters and time-stamp counter, the operating system needs to provide an 
event-monitoring device driver. This driver should include procedures for handling the following operations: 


¢ Feature checking. 

¢ Initialize and start counters. 
¢ Stop counters. 

¢ Read the event counters. 

¢ Read the time-stamp counter. 


Vol. 3B 19-135 


PERFORMANCE MONITORING 


The event monitor feature determination procedure must check whether the current processor supports the perfor- 
mance-monitoring counters and time-stamp counter. This procedure compares the family and model of the 
processor returned by the CPUID instruction with those of processors known to support performance monitoring. 
(The Pentium and P6 family processors support performance counters.) The procedure also checks the MSR and 
TSC flags returned to register EDX by the CPUID instruction to determine if the MSRs and the RDTSC instruction are 
supported. 


The initialize and start counters procedure sets the PerfEvtSel0 and/or PerfEvtSeli MSRs for the events to be 
counted and the method used to count them and initializes the counter MSRs (PerfCtrO and PerfCtr1) to starting 
counts. The stop counters procedure stops the performance counters (see Section 19.6.8.3, “Starting and Stopping 
the Performance-Monitoring Counters”). 


The read counters procedure reads the values in the PerfCtrO and PerfCtr1 MSRs, and a read time-stamp counter 
procedure reads the time-stamp counter. These procedures would be provided in lieu of enabling the RDTSC and 
RDPMC instructions that allow application code to read the counters. 


19.6.8.5 Monitoring Counter Overflow 


The P6 family processors provide the option of generating a local APIC interrupt when a performance-monitoring 
counter overflows. This mechanism is enabled by setting the interrupt enable flag in either the PerfEvtSelO or the 
PerfEvtSel1 MSR. The primary use of this option is for statistical performance sampling. 


To use this option, the operating system should do the following things on the processor for which performance 
events are required to be monitored: 


¢ Provide an interrupt vector for handling the counter-overflow interrupt. 

¢ Initialize the APIC PERF local vector entry to enable handling of performance-monitor counter overflow events. 

¢ Provide an entry in the IDT that points to a stub exception handler that returns without executing any instruc- 
tions. 

¢ Provide an event monitor driver that provides the actual interrupt handler and modifies the reserved IDT entry 
to point to its interrupt routine. 

When interrupted by a counter overflow, the interrupt handler needs to perform the following actions: 

¢ Save the instruction pointer (EIP register), code-segment selector, TSS segment selector, counter values and 
other relevant information at the time of the interrupt. 

¢ Reset the counter to its initial setting and return from the interrupt. 


An event monitor application utility or another application program can read the information collected for analysis 
of the performance of the profiled application. 


19.6.9 Performance Monitoring (Pentium Processors) 


The Pentium processor provides two 40-bit performance counters, which can be used to count events or measure 
duration. The counters are supported by three MSRs: the control and event select MSR (CESR) and the perfor- 
mance counter MSRs (CTRO and CTR1). These can be read from and written to using the RDMSR and WRMSR 
instructions, respectively. They can be accessed using these instructions only when operating at privilege level 0. 


Each counter has an associated external pin (PMO/BPO and PM1/BP1), which can be used to indicate the state of the 
counter to external hardware. 


NOTES 


The CESR, CTRO, and CTR1 MSRs and the events listed for Pentium processors are model-specific 
for the Pentium processor. 


The performance-monitoring events found at https://perfmon-events.intel.com/ are intended to be 
used as guides for performance tuning. Counter values reported are not guaranteed to be accurate 
and should be used as a relative guide for tuning. Known discrepancies are documented where 
applicable. 
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19.6.9.1 Control and Event Select Register (CESR) 


The 32-bit control and event select MSR (CESR) controls the operation of performance-monitoring counters CTRO 
and CTR1 and the associated pins (see Figure 19-64). To control each counter, the CESR register contains a 6-bit 
event select field (ESO and ES1), a pin control flag (PCO and PC1), and a 3-bit counter control field (CCO and CC1). 
The functions of these fields are as follows: 


¢ ESO and ES1 (event select) fields (bits 0-5, bits 16-21) — Selects (by entering an event code in the field) 
up to two events to be monitored. 


31 262524 2221 1615 1098 65 0 
P P 
cl] cct ES1 c} cco ESO 
1 0 


PC1—Pin control 1 
CC1i—Counter control 1 
ES1—Event select 1 
PCO—Pin control 0 
CCO—Counter control 0 
ESO—Event select 0 


Reserved 


Figure 19-64. CESR MSR (Pentium Processor Only) 


* CCO and CC1 (counter control) fields (bits 6-8, bits 22-24) — Controls the operation of the counter. 
Control codes are as follows: 


000 — Count nothing (counter disabled). 

001 — Count the selected event while CPL is 0, 1, or 2. 
010 — Count the selected event while CPL is 3. 

011 — Count the selected event regardless of CPL. 

100 — Count nothing (counter disabled). 

101 — Count clocks (duration) while CPL is 0, 1, or 2. 
110 — Count clocks (duration) while CPL is 3. 

111 — Count clocks (duration) regardless of CPL. 


The highest order bit selects between counting events and counting clocks (duration); the middle bit enables 
counting when the CPL is 3; and the low-order bit enables counting when the CPL is 0, 1, or 2. 


° PCO and PC1 (pin control) flags (bits 9, 25) — Selects the function of the external performance-monitoring 
counter pin (PMO/BPO and PM1/BP1). Setting one of these flags to 1 causes the processor to assert its 
associated pin when the counter has overflowed; setting the flag to 0 causes the pin to be asserted when the 
counter has been incremented. These flags permit the pins to be individually programmed to indicate the 
overflow or incremented condition. The external signaling of the event on the pins will lag the internal event by 
a few clocks as the signals are latched and buffered. 


While a counter need not be stopped to sample its contents, it must be stopped and cleared or preset before 
switching to a new event. It is not possible to set one counter separately. If only one event needs to be changed, 
the CESR register must be read, the appropriate bits modified, and all bits must then be written back to CESR. At 
reset, all bits in the CESR register are cleared. 


19.6.9.2 Use of the Performance-Monitoring Pins 


When performance-monitor pins PMO/BPO and/or PM1i/BP1 are configured to indicate when the performance- 
monitor counter has incremented and an “occurrence event” is being counted, the associated pin is asserted (high) 
each time the event occurs. When a “duration event” is being counted, the associated PM pin is asserted for the 
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entire duration of the event. When the performance-monitor pins are configured to indicate when the counter has 
overflowed, the associated PM pin is asserted when the counter has overflowed. 


When the PMO/BPO and/or PM1/BP1 pins are configured to signal that a counter has incremented, it should be 
noted that although the counters may increment by 1 or 2 ina single clock, the pins can only indicate that the event 
occurred. Moreover, since the internal clock frequency may be higher than the external clock frequency, a single 
external clock may correspond to multiple internal clocks. 


A“count up to” function may be provided when the event pin is programmed to signal an overflow of the counter. 
Because the counters are 40 bits, a carry out of bit 39 indicates an overflow. A counter may be preset to a specific 
value less then 27° — 1. After the counter has been enabled and the prescribed number of events has transpired, 
the counter will overflow. 


Approximately 5 clocks later, the overflow is indicated externally and appropriate action, such as signaling an inter- 
rupt, may then be taken. 


The PMO/BPO and PM1/BP1 pins also serve to indicate breakpoint matches during in-circuit emulation, during which 
time the counter increment or overflow function of these pins is not available. After RESET, the PMO/BPO and 
PM1/BP1 pins are configured for performance monitoring, however a hardware debugger may reconfigure these 
pins to indicate breakpoint matches. 


19.6.9.3 Events Counted 


Events that performance-monitoring counters can be set to count and record (using CTRO and CTR1) are divided in 
two categories: occurrence and duration: 


* Occurrence events — Counts are incremented each time an event takes place. If PMO/BPO or PM1/BP1 pins 
are used to indicate when a counter increments, the pins are asserted each clock counters increment. But if an 
event happens twice in one clock, the counter increments by 2 (the pins are asserted only once). 


¢ Duration events — Counters increment the total number of clocks that the condition is true. When used to 
indicate when counters increment, PMO/BPO and/or PM1/BP1 pins are asserted for the duration. 


19.7. COUNTING CLOCKS 


The count of cycles, also known as clockticks, forms the basis for measuring how long a program takes to execute. 
Clockticks are also used as part of efficiency ratios like cycles per instruction (CPI). Processor clocks may stop 
ticking under circumstances like the following: 


¢ The processor is halted when there is nothing for the CPU to do. For example, the processor may halt to save 
power while the computer is servicing an I/O request. When Intel Hyper-Threading Technology is enabled, both 
logical processors must be halted for performance-monitoring counters to be powered down. 


¢ The processor is asleep as a result of being halted or because of a power-management scheme. There are 
different levels of sleep. In the some deep sleep levels, the time-stamp counter stops counting. 


In addition, processor core clocks may undergo transitions at different ratios relative to the processor’s bus clock 
frequency. Some of the situations that can cause processor core clock to undergo frequency transitions include: 


¢ TM2 transitions. 
¢ Enhanced Intel SpeedStep Technology transitions (P-state transitions). 


For Intel processors that support TM2, the processor core clocks may operate at a frequency that differs from the 
Processor Base frequency (as indicated by processor frequency information reported by CPUID instruction). See 
Section 19.7.2 for more detail. 


Due to the above considerations there are several important clocks referenced in this manual: 


¢ Base Clock — The frequency of this clock is the frequency of the processor when the processor is not in turbo 
mode, and not being throttled via Intel SpeedStep. 


¢ Maximum Clock — This is the maximum frequency of the processor when turbo mode is at the highest point. 
¢ Bus Clock — These clockticks increment at a fixed frequency and help coordinate the bus on some systems. 
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¢ Core Crystal Clock — This is a clock that runs at fixed frequency; it coordinates the clocks on all packages 
across the system. 


¢ Non-halted Clockticks — Measures clock cycles in which the specified logical processor is not halted and is 
not in any power-saving state. When Intel Hyper-Threading Technology is enabled, ticks can be measured on a 
per-logical-processor basis. There are also performance events on dual-core processors that measure 
clockticks per logical processor when the processor is not halted. 


° Non-sleep Clockticks — Measures clock cycles in which the specified physical processor is not in a sleep 
mode or in a power-saving state. These ticks cannot be measured on a logical-processor basis. 


¢ Time-stamp Counter — See Section 17.17, “Time-Stamp Counter”. 


° Reference Clockticks — TM2 or Enhanced Intel SpeedStep technology are two examples of processor 
features that can cause processor core clockticks to represent non-uniform tick intervals due to change of bus 
ratios. Performance events that counts clockticks of a constant reference frequency was introduced Intel Core 
Duo and Intel Core Solo processors. The mechanism is further enhanced on processors based on Intel Core 
microarchitecture. 


Some processor models permit clock cycles to be measured when the physical processor is not in deep sleep (by 
using the time-stamp counter and the RDTSC instruction). Note that such ticks cannot be measured on a per- 
logical-processor basis. See Section 17.17, “Time-Stamp Counter,” for detail on processor capabilities. 


The first two methods use performance counters and can be set up to cause an interrupt upon overflow (for 
sampling). They may also be useful where it is easier for a tool to read a performance counter than to use a time 
stamp counter (the timestamp counter is accessed using the RDTSC instruction). 


For applications with a significant amount of I/O, there are two ratios of interest: 


° Non-halted CPI — Non-halted clockticks/instructions retired measures the CPI for phases where the CPU was 
being used. This ratio can be measured on a logical-processor basis when Intel Hyper-Threading Technology is 
enabled. 


¢ Nominal CPI — Time-stamp counter ticks/instructions retired measures the CPI over the duration of a 
program, including those periods when the machine halts while waiting for I/O. 


19.7.1 Non-Halted Reference Clockticks 


Software can use UnHalted Reference Cycles on either a general purpose performance counter using event mask 
0x3C and UMASK 0x01 or on fixed function performance counter 2 to count at a constant rate. These events count 
at a consistent rate irrespective of P-state, TM2, or frequency transitions that may occur to the processor. The 
UnHalted Reference Cycles event may count differently on the general purpose event and fixed counter. 


19.7.2 Cycle Counting and Opportunistic Processor Operation 


As a result of the state transitions due to opportunistic processor performance operation (see Chapter 14, “Power 
and Thermal Management”), a logical processor or a processor core can operate at frequency different from the 
Processor Base frequency. 


The following items are expected to hold true irrespective of when opportunistic processor operation causes state 
transitions: 


¢ The time stamp counter operates at a fixed-rate frequency of the processor. 


° The IA32_MPERF counter increments at a fixed frequency irrespective of any transitions caused by opportu- 
nistic processor operation. 


¢ The IA32_FIXED_CTR2 counter increments at the same TSC frequency irrespective of any transitions caused 
by opportunistic processor operation. 


¢ The Local APIC timer operation is unaffected by opportunistic processor operation. 


° The TSC, IA32_MPERF, and IA32_FIXED_CTR2 operate at close to the maximum non-turbo frequency, which is 
equal to the product of scalable bus frequency and maximum non-turbo ratio. 
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19.7.3. Determining the Processor Base Frequency 


For Intel processors in which the nominal core crystal clock frequency is enumerated in CPUID.15H.ECX and the 
core crystal clock ratio is encoded in CPUID.15H (see Table 3-8 “Information Returned by CPUID Instruction”), the 
nominal TSC frequency can be determined by using the following equation: 


Nominal TSC frequency = ( CPUID.15H.ECX[31:0] * CPUID.15H.EBX[31:0] ) + CPUID.15H.EAX[31:0] 


For Intel processors in which CPUID.15H.EBX[31:0] + CPUID.0x15.EAX[31:0] is enumerated but CPUID.15H.ECX 
is not enumerated, Table 19-91 can be used to look up the nominal core crystal clock frequency. 


Table 19-91. Nominal Core Crystal Clock Frequency 


Processor Families/Processor Number Series! Nominal Core Crystal Clock Frequency 


Intel® Xeon® Processor Scalable Family with CPUID signature O6_55H. 25 MHz 


6th and 7th generation Intel® Core™ processors and Intel® Xeon® W Processor Family. | 24 MHz 


Next Generation Intel Atom® processors based on Goldmont Microarchitecture with 19.2 MHz 
CPUID signature O6_5CH (does not include Intel Xeon processors). 


NOTES: 
1. For any processor in which CPUID.15H is enumerated and MSR_PLATFORM_INFO[1 5:8] (which gives the scalable bus frequency) is 
available, a more accurate frequency can be obtained by using CPUID.15H. 


19.7.3.1 For Intel® Processors Based on Sandy Bridge, Ivy Bridge, Haswell and Broadwell 
Microarchitectures 


The scalable bus frequency is encoded in the bit field MSR_PLATFORM_INFO[15:8] and the nominal TSC frequency 
can be determined by multiplying this number by a bus speed of 100 MHz. 


19.7.3.2 For Intel® Processors Based on Nehalem Microarchitecture 


The scalable bus frequency is encoded in the bit field MSR_PLATFORM_INFO[15:8] and the nominal TSC frequency 
can be determined by multiplying this number by a bus speed of 133.33 MHz. 


19.7.3.3. For Intel Atom® Processors Based on Silvermont Microarchitecture (Including Intel Processors 
Based on Airmont Microarchitecture) 


The scalable bus frequency is encoded in the bit field MSR_PLATFORM_INFO[15:8] and the nominal TSC frequency 
can be determined by multiplying this number by the scalable bus frequency. The scalable bus frequency is 
encoded in the bit field MSR_FSB_FREQ[2:0] for Intel Atom processors based on the Silvermont microarchitecture, 
and in bit field MSR_FSB_FREQ[3:0] for processors based on the Airmont microarchitecture; see Chapter 2, 
“Model-Specific Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
4. 


19.7.3.4 For Intel® Core™ 2 Processor Family and for Intel® Xeon® Processors Based on Intel Core 
Microarchitecture 

For processors based on Intel Core microarchitecture, the scalable bus frequency is encoded in the bit field 

MSR_FSB_FREQ[2:0] at (OCDH), see Chapter 2, “Model-Specific Registers (MSRs)” in the Inte/® 64 and IA-32 

Architectures Software Developer’s Manual, Volume 4. The maximum resolved bus ratio can be read from the 

following bit field: 


¢ If XE operation is disabled, the maximum resolved bus ratio can be read in MSR_PLATFORM_ID[12:8]. It 
corresponds to the Processor Base frequency. 
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¢ IF XE operation is enabled, the maximum resolved bus ratio is given in MSR_PERF_STATUS[44:40], it 
corresponds to the maximum XE operation frequency configured by BIOS. 


XE operation of an Intel 64 processor is implementation specific. XE operation can be enabled only by BIOS. If 
MSR_PERF_STATUS[31] is set, XE operation is enabled. The MSR_PERF_STATUS[31] field is read-only. 


19.8 IA32_PERF_CAPABILITIES MSR ENUMERATION 


The layout of IA32_PERF_CAPABILITIES MSR is shown in Figure 19-65; it provides enumeration of a variety of 
interfaces: 


e =TA32_PERF_CAPABILITIES.LBR_FMT[bits 5:0]: encodes the LBR format, details are described in Section 
17.4.8.1. 


° TA32_PERF_CAPABILITIES.PEBSTrap[6]: Trap/Fault-like indicator of PEBS recording assist; see Section 
19.6.2.4.2. 


° = TA32_PERF_CAPABILITIES.PEBSArchRegs[7]: Indicator of PEBS assist save architectural registers; see Section 
19.6.2.4.2. 


¢ =TA32_PERF_CAPABILITIES.PEBS_FMT[bits 11:8]: Specifies the encoding of the layout of PEBS records; see 
Section 19.6.2.4.2. 


e JA32_PERF_CAPABILITIES.FREEZE_WHILE_SMM[12]: Indicates IA32_ DEBUGCTL.FREEZE_WHILE_SMM is 
supported if 1, see Section 19.8.1. 


° = TA32_PERF_CAPABILITIES.FULL_WRITE[13]: Indicates the processor supports IA32_A_PMCx interface for 
updating bits 32 and above of IA32_PMCx; see Section 19.2.6. 


e = TA32_PERF_CAPABILITIES.PEBS_BASELINE [bit 14]: If set, the following is true: 


— The IA32_PEBS_ENABLE MSR (address 3F1H) exists and all architecturally enumerated fixed and general- 
purpose counters have corresponding bits in IA32_PEBS_ENABLE that enable generation of PEBS records. 
The general-purpose counter bits start at bit IA32_PEBS_ENABLE[0], and the fixed counter bits start at bit 
IA32_PEBS_ENABLE[32]. 


— The format of the PEBS record is enumerated by IA32_PERF_CAPABILITIES.PEBS_FMT; see Section 
19.6.2.4.2. 


— Extended PEBS is supported. All counters support the PEBS facility, and all events (both precise and non- 
precise) can generate PEBS records when PEBS is enabled for that counter. Note that not all events may be 
available on all counters. 


— Adaptive PEBS is supported. The PEBS_DATA_CFG MSR (address 3F2H) and adaptive record enable bits 
(IA32_PERFEVTSELx.Adaptive_Record and IA32_FIXED_CTR_CTRL.FCx_Adaptive_Record) are supported. 
The definition of the PEBS_- DATA_CFG MSR, including which bits are supported and how they affect the 
record, is enumerated by IA32_PERF_CAPABILITIES.PEBS_FMT; see Section 19.9.2.3. 


— NOTE: Software is recommended to feature PEBS Baseline when the following is true: 
IA32_PERF_CAPABILITIES.PEBS_BASELINE[14] && IA32_PERF_CAPABILITIES.PEBS_FMT[11:8] 2 4. 
e =TA32_PERF_CAPABILITIES.PERF_METRICS_AVAILABLE[15]: If set, indicates that the architecture provides 
built in support for TMA Li metrics through the PERF_METRICS MSR, see Section 19.3.9.3. 


¢ JTA32_PERF_CAPABILITIES.PEBS_OUTPUT_PT_AVAIL[16]: If set on parts that enumerate support for Intel PT 
(CPUID.0x7.0.EBX[25]=1), setting IA32_PEBS_ENABLE.PEBS_OUTPUT to 01B will result in PEBS output being 
written into the Intel PT trace stream. See Section 19.5.5.2. 
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63 1615 1312 11 8 76 543210 


PEBS_OUTPUT_PT_AVAIL (R/O) 

PERF_METRICS AVAILABLE (R/O) 
FW_WRITE (R/O) 
SMM_FREEZE (R/O) 
PEBS_REC_FMT (R/O) 
PEBS ARCH_REG (R/O) 
PEBS TRAP (R/O) 
LBR_FMT (R/O) 


Reserved 


Figure 19-65. Layout of IA32_PERF_CAPABILITIES MSR 


19.8.1 — Filtering of SMM Handler Overhead 


When performance monitoring facilities and/or branch profiling facilities (see Section 17.5, “Last Branch, Interrupt, 
and Exception Recording (Intel® Core™ 2 Duo and Intel Atom® Processors)”) are enabled, these facilities capture 
event counts, branch records and branch trace messages occurring in a logical processor. The occurrence of inter- 
rupts, instruction streams due to various interrupt handlers all contribute to the results recorded by these facilities. 


If CPUID.01H:ECX.PDCM[bit 15] is 1, the processor supports the IA32_PERF_CAPABILITIES MSR. If 
IA32_PERF_CAPABILITIES.FREEZE_WHILE_SMM[Bit 12] is 1, the processor supports the ability for system soft- 
ware using performance monitoring and/or branch profiling facilities to filter out the effects of servicing system 
management interrupts. 


If the FREEZE_WHILE_SMM capability is enabled on a logical processor and after an SMI is delivered, the processor 
will clear all the enable bits of IA32_PERF_GLOBAL_CTRL, save a copy of the content of IA32_DEBUGCTL and 
disable LBR, BTF, TR, and BTS fields of IA32_DEBUGCTL before transferring control to the SMI handler. 


The enable bits of IA32_PERF_GLOBAL_CTRL will be set to 1, the saved copy of IA32_DEBUGCTL prior to SMI 
delivery will be restored , after the SMI handler issues RSM to complete its servicing. 


It is the responsibility of the SMM code to ensure the state of the performance monitoring and branch profiling facil- 
ities are preserved upon entry or until prior to exiting the SMM. If any of this state is modified due to actions by the 
SMM code, the SMM code is required to restore such state to the values present at entry to the SMM handler. 


System software is allowed to set IA32_DEBUGCTL.FREEZE_WHILE_SMM[bit 14] to 1 only supported as indicated 
by IA32_PERF_CAPABILITIES.FREEZE_WHILE_SMM[Bit 12] reporting 1. 


19.9 PEBS FACILITY 


19.9.1 Extended PEBS 


¢ The Extended PEBS feature supports Processor Event Based Sampling (PEBS) on all counters, both fixed 
function and general purpose; and all performance monitoring events, both precise and non-precise. PEBS can 
be enabled for the general purpose counters using PEBS_EN_PMCi bits of IA32_PEBS_ENABLE (i = 0, 1,..m). 
PEBS can be enabled for ‘i’ fixed function counters using the PEBS_EN_FIXEDi bits of IA32_PEBS_ENABLE (i = 
0, 1,...n). 
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63 n 32 31 m 10 


PEBS_EN FIXEDn(RMW) _| 


PEBS_EN_FIXED1 (RW) 
PEBS_EN_FIXEDO (R/W) 


PEBS_EN_PMCm (R/W) 
PEBS_EN_PMC1 (R/W) 
PEBS _EN_PMCO (R/W) 


Reserved RESET Value — 00000000 _ 00000000 H 


Figure 19-66. Layout of IA32_PEBS_ENABLE MSR 


A PEBS record due to a precise event will be generated after an instruction that causes the event when the counter 
has already overflowed. A PEBS record due to a non-precise event will occur at the next opportunity after the 
counter has overflowed, including immediately after an overflow is set by an MSR write. 


Currently, IA32_FIXED_CTRO counts instructions retired and is a precise event. IA32_FIXED_CTR1, 
IA32_FIXED_CTR2 ... IA32_FIXED_CTRm count as non-precise events. 


The Applicable Counter field in the Basic Info Group of the PEBS record indicates which counters caused the PEBS 
record to be generated. It is in the same format as the enable bits for each counter in IA32_PEBS_ENABLE. As an 
example, an Applicable Counter field with bits 2 and 32 set would indicate that both general purpose counter 2 and 
fixed function counter 0 generated the PEBS record. 


¢* To properly use PEBS for the additional counters, software will need to set up the counter reset values in PEBS 
portion of the DS_BUFFER_MANAGEMENT_AREA data structure that is indicated by the IA32_DS_AREA 
register. The layout of the DS_BUFFER_MANAGEMENT_AREA is shown in Figure 19-67. When a counter 
generates a PEBS records, the appropriate counter reset values will be loaded into that counter. In the above 
example where general purpose counter 2 and fixed function counter 0 generated the PEBS record, general 
purpose counter 2 would be reloaded with the value contained in PEBS GP Counter 2 Reset (offset 50H) and 
fixed function counter 0 would be reloaded with the value contained in PEBS Fixed Counter 0 Reset (offset 
80H). 
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1A32_DS_AREA MSR 


DS Buffer Management BTS Buffer 
63 BTS BufferBase 0 |00H rl 
Branch Record 0 
BTS Index 08H 
BTS Absolute Maximum 10H 
Branch Record 1 
BTS Interrupt Threshold 18H 
PEBS Buffer Base 20H > 
PEBS Index 28H 
PEBS Absolute Maximum 30H + 
PEBS Interrupt Threshold 38H Branch Record N 
PEBS GP Counter 0 Reset 40H , 
PEBS GP Counter 1 Reset rT 
m 
w 
n 
eee 9 PEBS Buffer 
Sa 
PEBS GP Counter m Reset a ” 
ee PEBS Record 0 
PEBS Fixed Counter 0 Reset 80H a 
eee PEBS Record 1 
PEBS Fixed Counter n Reset > 
PEBS Record N 
>| 


Figure 19-67. PEBS Programming Environment 


Extended PEBS support debuts on Intel Atom® processors based on the Goldmont Plus microarchitecture and 
future Intel® Core™ processors based on the Ice Lake microarchitecture. 


19.9.2 Adaptive PEBS 

The PEBS facility has been enhanced to collect the following CPU state in addition to GPRs, EventingIP, TSC and 
memory access related information collected by legacy PEBS: 

¢ XMM registers 

¢ LBR records (TO/FROM/INFO) 

The PEBS record is restructured where fields are grouped into Basic group, Memory group, GPR group, XMM group 
and LBR group. A new register MSR_PEBS_DATA_CFG provides software the capability to select data groups of 
interest and thus reduce the record size in memory and record generation latency. Hence, a PEBS record's size and 


layout vary based on the selected groups. The MSR also allows software to select LBR depth for branch data 
records. 


By default, the PEBS record will only contain the Basic group. Optionally, each counter can be configured to 
generate a PEBS records with the groups specified in MSR_PEBS_DATA_CFG. 
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Details and examples for the Adaptive PEBS capability follow below. 


19.9.2.1 Adaptive_Record Counter Control 


IA32_PERFEVTSELx.Adaptive_Record[34]: If this bit is set and IA32_PEBS_ENABLE.PEBS_EN_PMC>x is set for 
the corresponding GP counter, an overflow of PMCx results in generation of an adaptive PEBS record with state 
information based on the selections made in MSR_PEBS_DATA_CFG. If this bit is not set, a basic record is 
generated. 


Reserved Deprecated 
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1A32_PerfEvtSelX 
Address Range: 0x186 to 0x18D 
Scope: Thread 
Reset value: 0Ox00000000.0000000 


Figure 19-68. Layout of IA32_Perf€vtSelX MSR Supporting Adaptive PEBS 


IA32_FIXED_CTR_CTRL.FCx_Adaptive_Record: If this bit is set and IA32_PEBS_ENABLE.PEBS_EN_FIXEDx is 
set for the corresponding Fixed counter, an overflow of FixedCtrx results in generation of an adaptive PEBS 
record with state information based on the selections made in MSR_PEBS_DATA_CFG. If this bit is not set, a 
basic record is generated. 
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Reserved 


AnyThr_FC2 
AnyThr_FC1 
AnyThr_FCO 


Deprecated 


PMI_FC3 
EN_FC3 
PMI_FC2 
EN_FC2 
PMI_FC1 
EN_FC1 
EN_FCO 


Reserved 
PMI_FCO 


31 23 15 7 0 


63 55 47 39 


WO 
Nh 


FC2_ADAPTIVE_RECORD 


FC3_ADAPTIVE_RECORD 


FC1_ADAPTIVE_RECORD 


FCO_ADAPTIVE_RECORD 


1A32_Fixed_CTR_CTRL 
Address: 38DH 
Scope: Thread 
Reset value: 0x00000000.00000000 


Figure 19-69. Layout of IA32_FIXED_CTR_CTRL MSR Supporting Adaptive PEBS 


19.9.2.2 PEBS Record Format 


The data fields in the PEBS record are aggregated into five groups which are described in the sub-sections below. 
Processors that support Adaptive PEBS implement a new MSR called MSR_PEBS_DATA_CFG which allows software 
to select the data groups to be captured. The data groups are not placed at fixed locations in the PEBS record, but 
are positioned immediately after one another, thus making the record format/size variable based on the groups 
selected. 


19.9.2.2.1 Basic Info 


The Basic group contains essential information for software to parse a record along with several critical fields. It is 
always collected. 


Table 19-92. Basic Info Group 


Field Name Bit Width Description 


Record Format [47:0] This field indicates which data groups are included in the record. The field is zero if 
none of the counters that triggered the current PEBS record have their 
Adaptive_Record bit set. Otherwise it contains the value of MSR_PEBS_DATA_CFG. 


[63:48] This field provides the size of the current record in bytes. Selected groups are 
packed back-to-back in the record without gaps or padding for unselected groups. 
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Table 19-92. Basic Info Group (Contd.) 


Instruction Pointer [63:0] This field reports the Eventing Instruction Pointer (EventingIP) of the retired 
instruction that triggered the PEBS record generation. Note that this field is 
different than R/EIP which records the instruction pointer of the next instruction 
to be executed after record generation. The legacy R/EIP field has been removed. 


Applicable Counters [63:0] The Applicable Counters field indicates which counters triggered the generation of 
the PEBS record, linking the record to specific events. This allows software to 
correlate the PEBS record entry properly with the instruction that caused the 
event, even when multiple counters are configured to generate PEBS records and 
multiple bits are set in the field. 


TSC [63:0] This field provides the time stamp counter value when the PEBS record was 
generated. 


19.9.2.2.2 Memory Access Info 
This group contains the legacy PEBS memory-related fields; see Section 19.3.1.1.2. 


Table 19-93. Memory Access Info Group 


Field Name Bit Width Description 


Memory Access Address [63:0] This field contains the linear address of the source of the load, or linear address of 
the destination (target) of the store. This value is written as a 64-bit address in 
canonical form. 


Memory Auxiliary Info [63:0] When MEM_TRANS_RETIRED.* event is configured in a General Purpose counter, 
this field contains an encoded value indicating the memory hierarchy source which 
satisfied the load. These encodings are detailed in Table 19-4 and Table 19-13. If 
the PEBS assist was triggered for a store uop, this field will contain information 
indicating the status of the store, as detailed in Table 19-14. 


Memory Access Latency [63:0] When MEM_TRANS_RETIRED.* event is configured in a General Purpose counter, 
this field contains the latency to service the load in core clock cycles. 


TSX Auxiliary Info [31:0] This field contains the number of cycles in the last TSX region, regardless of 
whether that region had aborted or committed. 


[63:32] This field contains the abort details. Refer to Section 19.3.6.5.1. 


Beginning with 12th generation Intel Core processors, the memory access information group has been updated. 
New fields added are shaded gray in Table 19-94. 


Table 19-94. Updated Memory Access Info Group 


Field Name Sub-field Name | Bits Description 
Access Address DLA [63:0] This field reports the data linear address (DLA) of the memory access in 
(offset OH) canonical form. 


A zero value indicates the processor could not retrieve the address of the 
particular access. 


Access Info Data Src [3:0] An encoded value indicating the memory hierarchy source which satisfied the 
(offset 8H) access. These encodings are detailed in Table 19-4. 


A zero value indicates the processor could not retrieve the data source of the 
particular access. 


STLB-miss [4] A value of 1 indicates the access has missed the Second-level TLB (STLB). 
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Table 19-94. Updated Memory Access Info Group (Contd.) 


Field Name Sub-field Name | Bits Description 
Is-Lock [5] A value of 1 indicates the access was part of a locked (atomic) memory trans- 
action. 
Data-Blk [6] A value of 1 indicates the load was blocked since its data could not be forwarded 
from a preceding store. 
Address-Blk [7] A value of 1 indicates the load was blocked due to potential address conflict with 
a preceding store. 
Access Latency Instruction [15:0] Measured instruction latency in core cycles. 
(offset 10H) Latency For loads, the latency starts by the dispatch of the load operation for execution 


and lasts until completion of the instruction it belongs to. 


This field includes the entire latency including time for data-dependency 
resolution or TLB lookups. 


Cache Latency [47:32] Measured cache access latency in core cycles. 

For loads, the latency starts by the actual cache access until the data is returned 
by the memory subsystem. 

For stores, the latency starts when the demand write accesses the L1 data- 
cache and lasts until the cacheline write is completed in the memory subsystem. 
This field does not include non-data-cache latency such as memory ordering 
checks or TLB lookups. 


TSX Transaction [31:0] This field contains the number of cycles in the last TSX region, regardless of 
(offset 18H) Latency whether that region had aborted or committed. 
Abort Info [63:32] This field contains the abort details. Refer to Section 19.3.6.5.1. 


To determine which fields are supported for certain performance monitoring events, consult the Memory Info attri- 
bute in the event lists at https://download.01.org/perfmon/. 


NOTE 


There may be additional block reasons, even if Data-Blk and Address-Blk are both clear, e.g., non- 
optimal instruction latency. 


On P-core, the new Data-Blk and Address-Blk bits require the event LD_BLOCKS.STORE_FORWARD 
(r8203) to be configured in a programmable counter. 


19.9.2.2.3 GPRs 


This group is captured when the GPR bit is enabled in MSR_PEBS_DATA_CFG. GPRs are always 64 bits wide. If they 
are selected for non 64-bit mode, the upper 32-bit of the legacy RAX - RDI and all contents of R8-15 GPRs will be 
filled with Os. In 64bit mode, the full 64 bit value of each register is written. 


The order differs from legacy. The table below shows the order of the GPRs in Ice Lake microarchitecture. 


Table 19-95. GPRs in Ice Lake Microarchitecture 


Field Name Bit Width 
RFLAGS [63:0] 
RIP [63:0] 
RAX [63:0] 
RCX* [63:0] 
RDX* [63:0] 


19-148 Vol. 3B 


PERFORMANCE MONITORING 


Table 19-95. GPRs in Ice Lake Microarchitecture (Contd.) 


RBX* [63:0] 
RSP* [63:0] 
RBP* [63:0] 
RSI* [63:0] 
RDI* [63:0] 
R8 [63:0] 
R15 [63:0] 


The machine state reported in the PEBS record is the committed machine state immediately after the instruction 
that triggers PEBS completes. 


For instance, consider the following instruction sequence: 
MOV eax, [eax]; triggers PEBS record generation 
NOP 


If the mov instruction triggers PEBS record generation, the EventingIP field in the PEBS record will report the 
address of the mov, and the value of EAX in the PEBS record will show the value read from memory, not the target 
address of the read operation. And the value of RIP will contain the linear address of the nop. 


19.9.2.2.4 XMMs 


This group is captured when the XMM bit is enabled in MSR_PEBS_DATA_CFG and SSE is enabled. If SSE is not 
enabled, the fields will contain zeroes. XMM8-XMM15 will also contain zeroes if not in 64-bit mode. 


Table 19-96. XMMs 


Field Name Bit Width 


XMMO [127:0] 


XMM15 [127:0] 


19.9.2.2.5 LBRs 


To capture LBR data in the PEBS record, the LBR bit in MSR_PEBS_ DATA_CFG must be enabled. The number of LBR 
entries included in the record can be configured in the LBR_entries field of MSR_PEBS_DATA_CFG. 


Table 19-97. LBRs 


Field Name Bit Width Description 
LBR[].FROM [63:0] Branch from address. 
LBR[].TO [63:0] Branch to address. 
LBR[].INFO [63:0] Other LBR information, like timing. This field is described in more 
detail in Section 17.12.1, “MSR_LBR_INFO_x MSR”. 
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LBR entries are recorded into the record starting at LBR[TOS] and proceeding to LBR[TOS-1] and following. Note 
that LBR index is modulo the number of LBRs supporting on the processor. 


19.9.2.3  MSR_PEBS_DATA_CFG 


Bits in MSR_PEBS_DATA_CFG can be set to include data field blocks/groups into adaptive records. The Basic Info 
group is always included in the record. Additionally, the number of LBR entries included in the record is configu- 
rable. 


Reserved 
g Nn 3 Nn 2 
na 
: 5/5 |8|8 
a oO 
= 
31 23 15 7 31 
63 55 47 39 63 
MSR_PEBS_DATA_CFG 
Address: 3F2H 
Scope: Thread 
Reset value: 0x00000000 .00000000 
Figure 19-70. MSR_PEBS_DATA_CFG 
Table 19-98. MSR_PEBS_CFG Programming! 
Bit Bit Index Access Description 
Memory Info 0 R/W Setting this bit will capture memory information such as the linear address, 
data source and latency of the memory access in the PEBS record. 
GPRs 1 R/W Setting this bit will capture the contents of the General Purpose registers 
in the PEBS record. 
XMMs 2 R/W Setting this bit will capture the contents of the XMM registers in the PEBS 
record. 
LBRs 3 R/W Setting this bit will capture LBR TO, FROM and INFO in the PEBS record. 
Reserved? 23:4 NA Reserved 
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Table 19-98. MSR_PEBS_CFG Programming! 


LBR Entries 31:24 R/W Set the field to the desired number of entries minus 1. For example, if the 
LBR_entries field is 0, a single entry will be included in the record. To 
include 32 LBR entries, set the LBR_entries field to 31 (Ox1F). To ensure 
all PEBS records are 16-byte aligned, it is recommended to select an even 
number of LBR entries (programmed into LBR_entries as an odd number). 

NOTES: 


1. A write to the MSR will be ignored when IA32_MISC_ENABLE.PERFMON_AVAILABLE is zero (default). 


2. Writing to the reserved bits will cause a GP fault. 


19.9.2.4 PEBS Record Examples 


The following example shows the layout of the PEBS record when all data groups are selected (all valid bits in 
MSR_PEBS_DATA_CFG are set) and maximum number of LBRs are selected. There are no gaps in the PEBS record 
when a subset of the groups are selected, thus keeping the layout compact. Implementations that do not support 


some features will have to pad zeroes in the corresponding fields. 


Table 19-99. PEBS Record Example 1 


Offset Group Name Field Name Legacy Name (If Different) 
0x0 Basic Info Record Format New 
Record Size New 
0x8 Instruction Pointer EventingRIP 
0x10 Applicable Counters 
0x18 TSC 
0x20 Memory Info Memory Access Address DLA 
0x28 Memory Auxiliary Info DATA_SRC 
0x30 Memory Access Latency Load Latency 
0x38 TSX Auxiliary Info HLE Information 
0x40 GPRs RFLAGS 
0x48 RIP 
0x50 RAX 
0x88 RDI 
0x90 R8 
OxC8 R15 
OxDO XMMs XMMO New 
0x1CO XMM15 
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Table 19-99. PEBS Record Example 1 


0x1D0 


0x1D8 


0x1€0 


0x4B8 


0x4CO 


0x4C8 


LBRs 


LBR[TOS].FROM 


New 


LBR[TOS].TO 


LBR[TOS].INFO 


LBR[TOS +1].FROM 


LBR[TOS +1].TO 


LBR[TOS +1].INFO 


The following example shows the layout of the PEBS record when Basic, GPR, and LBR group with 3 LBR entries are 


selected. 
Table 19-100. PEBS Record Example 2 
Offset Group Name Field Name Legacy Name (If Different) 
0x0 Basic Info Record Format New 
Record Size New 
0x8 Instruction Pointer EventingRIP 
0x10 Applicable Counters 
0x18 TSC 
0x20 GPRs RFLAGS 
0x28 RIP 
0x30 RAX 
0x68 RDI 
0x70 R8 
OxA8 R15 
OxBO LBRs LBR[TOS].FROM New 
OxB8 LBR[TOS].TO 
OxCco LBR[TOS].INFO 
OxEO LBR[TOS +1].FROM 
OxE8 LBR[TOS +1].TO 
OxFO LBR[TOS +1].INFO 
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19.9.3 Precise Distribution of Instructions Retired (PDIR) Facility 


Precise Distribution of Instructions Retired Facility is available via PEBS on some microarchitectures. Refer to 
Section 19.3.4.4.4. Counters that support PDIR also vary. See the processor specific sections for availability. 


19.9.4 Reduced Skid PEBS 


For precise events, upon triggering a PEBS assist, there will be a finite delay between the time the counter over- 
flows and when the microcode starts to carry out its data collection obligations. The Reduced Skid mechanism miti- 
gates the “skid” problem by providing an early indication of when the counter is about to overflow, allowing the 
machine to more precisely trap on the instruction that actually caused the counter overflow thus greatly reducing 
skid. 


This mechanism is a superset of the PDIR mechanism available in the Sandy Bridge microarchitecture. See Section 
19.3.4.4.4 


In the Goldmont microarchitecture, the mechanism applies to all precise events including, INST_RETIRED, except 
for UOPS_RETIRED. However, the Reduced Skid mechanism is disabled for any counter when the INV, ANY, E, or 
CMASK fields are set. 


With Reduced Skid PEBS, the skid is precisely one event occurrence. Hence if counting INST_RETIRED, PEBS will 
indicate the instruction that follows that which caused the counter to overflow. 


For the Reduced Skid mechanism to operate correctly, the performance monitoring counters should not be recon- 
figured or modified when they are running with PEBS enabled. The counters need to be disabled (e.g., via 
1A32_PERF_GLOBAL_CTRL MSR) before changes to the configuration (e.g., what event is specified in 
IA32_PERFEVTSELx or whether PEBS is enabled for that counter via IA32_PEBS_ENABLE) or counter value (MSR 
write to IA32_PMCx and IA32_A_PMCx). 


19.9.5 €PT-Friendly PEBS 


The 3rd generation Intel Xeon Scalable Family of processors based on Ice Lake microarchitecture (and later proces- 
sors) and the 12th generation Intel Core processor (and later processors) support VMX guest use of PEBS when the 
DS Area (including the PEBS Buffer and DS Management Area) is allocated from a paged pool of EPT pages. In such 
a configuration PEBS DS Area accesses may result in VM exits (e.g., EPT violations due to “lazy” EPT page-table 
entry propagation), and in such cases the PEBS record will not be lost but instead will “skid” to after the subsequent 
VM Entry back to the guest. For precise events the guest will observe that the record skid by one event occurrence, 
while for non-precise events the record will skid by one instruction. 


19.9.6  PDist: Precise Distribution 


PDist eliminates any skid or shadowing effects from PEBS. With PDist, the PEBS record will be generated precisely 
upon completion of the instruction or operation that causes the counter to overflow (there is no “wait for next 
occurrence” by default). 


PDist is supported by selected counters, and is only supported when those counters are programmed to count 
select precise events®. The legacy PEBS behavior applies to counters that do not support PDist, unless specified 
otherwise. PDist requires that the INV, ANY, E, and CMASK fields are cleared. Which counters support PDist, and 
which events are supported for PDist, is model-specific. Further, the counter reload value must not be lesser than 
127 for PDist to operate. 


For the PDist mechanism to operate correctly, the performance monitoring counters should not be reconfigured or 
modified when they are running with PEBS enabled. The counters need to be disabled (e.g., via 
IA32_PERF_GLOBAL_CTRL MSR) before changes to the configuration (e.g., what event is specified in 
IA32_PERFEVTSELx or whether PEBS is enabled for that counter via IA32_PEBS_ENABLE) or counter value (MSR 
write to IA32_PMCx and IA32_A_PMCx). 


5. To determine whether an event is precise or supports PDist, consult the relevant attribute in the event lists at https://down- 
load.01.org/perfmon/. 
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19.9.7. Load Latency Facility 


The load latency facility provides software a means to characterize the latencies of memory load operations to 
different levels of cache/memory hierarchy. This facility requires a processor supporting the enhanced PEBS record 
format in the PEBS buffer. 


Beginning with 12th generation Intel Core processors, the load latency facility supports all fields in Table 19-94, 
“Updated Memory Access Info Group”, in addition to the Memory Access Address field: 


The Instruction Latency field measures the load latency from the load's first dispatch until final data 
writeback from the memory subsystem. The latency is reported for retired demand load operations and in core 
cycles (it accounts for re-dispatches and data dependencies). 


The Cache Latency field measures the subset of cache access latency in core cycles. It starts from the actual 
cache access until the data is returned by the memory subsystem The latency is reported for retired demand 
load operations in core cycles (it does not account for memory ordering blocks). 


The Data Source field is an encoded value indicates the origin of the data obtained by the load instruction. The 
encoding is shown in Table 19-101. In the descriptions, local memory refers to system memory physically 
attached to a processor package, and remote memory refers to system memory or cache physically attached 
to another processor package (in a server product). 


Through the Access Info field, load latency features binary indications on certain blocks that the load 
operation may have encountered. Refer to STLB-miss, Is-Lock, Data-Blk and Address-BIk fields in Table 19-94. 


Table 19-101. Data Source Encoding for Memory Accesses (Ice Lake and Later Microarchitectures) 


Encoding Description 

OOH Unknown Data Source (the processor could not retrieve the origin of this request). 

01H L1 HIT. This request was satisfied by the L1 data cache. (Minimal latency core cache hit.) 

02H FB HIT. This request was merged into an outstanding cache miss to same cache-line address. 

03H L2 HIT. This request was satisfied by the L2 cache. 

04H L3 HIT. This request was satisfied by the L3 cache with no coherency actions performed (snooping). 

05H XCORE MISS. This request was satisfied by the L3 cache but involved a coherency check in some sibling core(s). 

O6H XCORE HIT. This request was satisfied by the L3 cache but involved a coherency check that hit a non-modified copy in 
a sibling core. 

07H XCORE FWD. This request was satisfied by a sibling core where either a modified (cross-core HITM) or a non-modified 
(cross-core FWD) cache-line copy was found. 

08H Local Far Memory. This request has missed the L3 cache and was serviced by local far memory. 

09H Remote Far Memory. This request has missed the L3 cache and was serviced by remote far memory. 

OAH Local Near Memory. This request has missed the L3 cache and was serviced by local near memory. 

OBH Remote Near Memory. This request has missed the L3 cache and was serviced by remote near memory. 

OCH Remote FWD. This request has missed the L3 cache and a non-modified cache-line copy was forwarded from a 
remote cache. 

ODH Remote HITM. This request has missed the L3 cache and a modified cache-line was forwarded from a remote cache. 

OEH I/O. Request of input/output operation. 

OFH UC. The request was to uncacheable memory. 


To use this feature, software must complete the following steps: 


Complete the PEBS configuration steps. 
Set the Memory Info bit in the PEBS_DATA_CFG MSR. 


One of the relevant IA32_PERFEVTSELx MSRs is programmed to specify the event unit 
MEM_TRANS_RETIRED.LOAD_LATENCY (IA32_PerfEvtSelX[15:0] = 1CDH). The corresponding counter, 
IA32_PMCx, will accumulate event counts for architecturally visible loads which exceed the programmed 
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latency threshold specified separately in an MSR. Stores are ignored when this event is programmed. The 
CMASK or INV fields of the IA32_PerfEvtSelX register used for counting load latency must be 0. Writing other 
values will result in undefined behavior. 


¢ The MSR_PEBS_LD_LAT_THRESHOLD MSR is programmed with the desired latency threshold in core clock 
cycles. Loads with instruction latency greater than this value are eligible for counting and PEBS data reporting. 
The minimum value that may be programmed in this register is 1. 


° The PEBS enable bit in the IA32_PEBS_ENABLE register is set for the corresponding IA32_PMCx counter 
register. 


Refer to Section 19.3.4.4.2 for further implementation details of Load Latency. 


19.9.8 Store Latency Facility 


Store latency support is available on the 12th generation Intel Core processor. Store latency is a PEBS extension 
that provides a means to profile store memory accesses in the system. It complements the load latency facility. 


Store latency leverages the PEBS facility where it can provide additional information about sampled stores. The 
additional information includes the data address, memory auxiliary information, and the cache latency of the store 
access. Normal stores (those preceded with a read-for-ownership) as well as streaming stores are supported by 
the store latency facility. 


Memory store operations typically do not limit performance since they update the memory with no operation that 
directly depends on them. Thus, data out of this facility should be carefully used once stores are suspected as a 
Poe snemte limiter; for example, once the TMA node of Backend_Bound.Memory_Bound.Store_Bound is 
flagged’. 


To enable the store latency facility, software must complete the following steps: 
* Complete the PEBS configuration steps. 
¢ Set the Memory Info bit in the PEBS_DATA_CFG MSR. 


¢ Program the MEM_TRANS_RETIRED.STORE_SAMPLE event on general-purpose performance-monitoring 
counter 0 (IA32_PERFEVTSELO[15:0] = 2CDH). 


¢ Setup the PEBS buffer to hold at least two records, setting both ‘PEBS Absolute Maximum’ and ‘PEBS Interrupt 
Threshold’, should any other counter be used by PEBS (that is whenever IA32_PEBS_ENABLE[x] 40 for x #0). 


° Set IA32_PEBS_ENABLE[0]. 
The store latency information is written into a PEBS record as shown in Table 19-48. 


The store latency relies on the PEBS facility, so the PEBS configuration must be completed first. Unlike load latency, 
there is no option to filter on a subset of stores that exceed a certain threshold. 


6. For more details about the method, refer to Section B.1, “Top-Down Analysis Method” of the Intel® 64 and IA-32 Architectures Opti- 
mization Reference Manual. 
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CHAPTER 20 
8086 EMULATION 


IA-32 processors (beginning with the Intel386 processor) provide two ways to execute new or legacy programs 
that are assembled and/or compiled to run on an Intel 8086 processor: 


° Real-address mode. 
¢ Virtual-8086 mode. 


Figure 2-3 shows the relationship of these operating modes to protected mode and system management mode 
(SMM). 


When the processor is powered up or reset, it is placed in the real-address mode. This operating mode almost 
exactly duplicates the execution environment of the Intel 8086 processor, with some extensions. Virtually any 
program assembled and/or compiled to run on an Intel 8086 processor will run on an IA-32 processor in this mode. 


When running in protected mode, the processor can be switched to virtual-8086 mode to run 8086 programs. This 
mode also duplicates the execution environment of the Intel 8086 processor, with extensions. In virtual-8086 
mode, an 8086 program runs as a separate protected-mode task. Legacy 8086 programs are thus able to run 
under an operating system (such as Microsoft Windows*) that takes advantage of protected mode and to use 
protected-mode facilities, such as the protected-mode interrupt- and exception-handling facilities. Protected-mode 
multitasking permits multiple virtual-8086 mode tasks (with each task running a separate 8086 program) to be run 
on the processor along with other non-virtual-8086 mode tasks. 


This section describes both the basic real-address mode execution environment and the virtual-8086-mode execu- 
tion environment, available on the IA-32 processors beginning with the Intel386 processor. 


20.1 REAL-ADDRESS MODE 


The IA-32 architecture’s real-address mode runs programs written for the Intel 8086, Intel 8088, Intel 80186, and 
Intel 80188 processors, or for the real-address mode of the Intel 286, Intel386, Intel486, Pentium, P6 family, 
Pentium 4, and Intel Xeon processors. 


The execution environment of the processor in real-address mode is designed to duplicate the execution environ- 
ment of the Intel 8086 processor. To an 8086 program, a processor operating in real-address mode behaves like a 
high-speed 8086 processor. The principal features of this architecture are defined in Chapter 3, “Basic Execution 
Environment”, of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1. 


The following is a summary of the core features of the real-address mode execution environment as would be seen 
by a program written for the 8086: 


¢ The processor supports a nominal 1-MByte physical address space (see Section 20.1.1, “Address Translation in 
Real-Address Mode”, for specific details). This address space is divided into segments, each of which can be up 
to 64 KBytes in length. The base of a segment is specified with a 16-bit segment selector, which is shifted left 
by 4 bits to form a 20-bit offset from address 0 in the address space. An operand within a segment is addressed 
with a 16-bit offset from the base of the segment. A physical address is thus formed by adding the offset to the 
20-bit segment base (see Section 20.1.1, “Address Translation in Real-Address Mode”). 


¢ All operands in “native 8086 code” are 8-bit or 16-bit values. (Operand size override prefixes can be used to 
access 32-bit operands.) 

e Eight 16-bit general-purpose registers are provided: AX, BX, CX, DX, SP, BP, SI, and DI. The extended 32 bit 
registers (EAX, EBX, ECX, EDX, ESP, EBP, ESI, and EDI) are accessible to programs that explicitly perform a size 
override operation. 

¢ Four segment registers are provided: CS, DS, SS, and ES. (The FS and GS registers are accessible to programs 
that explicitly access them.) The CS register contains the segment selector for the code segment; the DS and 
ES registers contain segment selectors for data segments; and the SS register contains the segment selector 
for the stack segment. 


° The 8086 16-bit instruction pointer (IP) is mapped to the lower 16-bits of the EIP register. Note this register is 
a 32-bit register and unintentional address wrapping may occur. 
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° The 16-bit FLAGS register contains status and control flags. (This register is mapped to the 16 least significant 
bits of the 32-bit EFLAGS register.) 


e All of the Intel 8086 instructions are supported (see Section 20.1.3, “Instructions Supported in Real-Address 
Mode”). 


e Asingle, 16-bit-wide stack is provided for handling procedure calls and invocations of interrupt and exception 
handlers. This stack is contained in the stack segment identified with the SS register. The SP (stack pointer) 
register contains an offset into the stack segment. The stack grows down (toward lower segment offsets) from 
the stack pointer. The BP (base pointer) register also contains an offset into the stack segment that can be used 
as a pointer to a parameter list. When a CALL instruction is executed, the processor pushes the current 
instruction pointer (the 16 least-significant bits of the EIP register and, on far calls, the current value of the CS 
register) onto the stack. On a return, initiated with a RET instruction, the processor pops the saved instruction 
pointer from the stack into the EIP register (and CS register on far returns). When an implicit call to an interrupt 
or exception handler is executed, the processor pushes the EIP, CS, and EFLAGS (low-order 16-bits only) 
registers onto the stack. On a return from an interrupt or exception handler, initiated with an IRET instruction, 
the processor pops the saved instruction pointer and EFLAGS image from the stack into the EIP, CS, and 
EFLAGS registers. 


¢ Asingle interrupt table, called the “interrupt vector table” or “interrupt table,” is provided for handling 
interrupts and exceptions (see Figure 20-2). The interrupt table (which has 4-byte entries) takes the place of 
the interrupt descriptor table (IDT, with 8-byte entries) used when handling protected-mode interrupts and 
exceptions. Interrupt and exception vector numbers provide an index to entries in the interrupt table. Each 
entry provides a pointer (called a “vector”) to an interrupt- or exception-handling procedure. See Section 
20.1.4, “Interrupt and Exception Handling”, for more details. It is possible for software to relocate the IDT by 
means of the LIDT instruction on IA-32 processors beginning with the Intel386 processor. 


¢ The x87 FPU is active and available to execute x87 FPU instructions in real-address mode. Programs written to 
run on the Intel 8087 and Intel 287 math coprocessors can be run in real-address mode without modification. 


The following extensions to the Intel 8086 execution environment are available in the IA-32 architecture's real- 
address mode. If backwards compatibility to Intel 286 and Intel 8086 processors is required, these features should 
not be used in new programs written to run in real-address mode. 


* Two additional segment registers (FS and GS) are available. 


° Many of the integer and system instructions that have been added to later IA-32 processors can be executed in 
real-address mode (see Section 20.1.3, “Instructions Supported in Real-Address Mode”). 


¢ The 32-bit operand prefix can be used in real-address mode programs to execute the 32-bit forms of instruc- 
tions. This prefix also allows real-address mode programs to use the processor’s 32-bit general-purpose 
registers. 


¢ The 32-bit address prefix can be used in real-address mode programs, allowing 32-bit offsets. 


The following sections describe address formation, registers, available instructions, and interrupt and exception 
handling in real-address mode. For information on I/O in real-address mode, see Chapter 19, “Input/Output”, of 
the Inte!/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1. 


20.1.1 Address Translation in Real-Address Mode 


In real-address mode, the processor does not interpret segment selectors as indexes into a descriptor table; 
instead, it uses them directly to form linear addresses as the 8086 processor does. It shifts the segment selector 
left by 4 bits to form a 20-bit base address (see Figure 20-1). The offset into a segment is added to the base 
address to create a linear address that maps directly to the physical address space. 


When using 8086-style address translation, it is possible to specify addresses larger than 1 MByte. For example, 
with a segment selector value of FFFFH and an offset of FFFFH, the linear (and physical) address would be 1OFFEFH 
(1 megabyte plus 64 KBytes). The 8086 processor, which can form addresses only up to 20 bits long, truncates the 
high-order bit, thereby “wrapping” this address to FFEFH. When operating in real-address mode, however, the 
processor does not truncate such an address and uses it as a physical address. (Note, however, that for IA-32 
processors beginning with the Intel486 processor, the A20M# signal can be used in real-address mode to mask 
address line A20, thereby mimicking the 20-bit wrap-around behavior of the 8086 processor.) Care should be take 
to ensure that A20M# based address wrapping is handled correctly in multiprocessor based system. 
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19 4 3 0 
Base 16-bit Segment Selector 0000 
zs 19 16 15 0 
Offset | 0000 | 16-bit Effective Address 
~ 49 0 
Ponies 20-bit Linear Address 


Figure 20-1. Real-Address Mode Address Translation 


The IA-32 processors beginning with the Intel386 processor can generate 32-bit offsets using an address override 
prefix; however, in real-address mode, the value of a 32-bit offset may not exceed FFFFH without causing an 
exception. 


For full compatibility with Intel 286 real-address mode, pseudo-protection faults (interrupt 12 or 13) occur if a 32- 
bit offset is generated outside the range 0 through FFFFH. 


20.1.2 Registers Supported in Real-Address Mode 


The register set available in real-address mode includes all the registers defined for the 8086 processor plus the 
new registers introduced in later IA-32 processors, such as the FS and GS segment registers, the debug registers, 
the control registers, and the floating-point unit registers. The 32-bit operand prefix allows a real-address mode 
program to use the 32-bit general-purpose registers (EAX, EBX, ECX, EDX, ESP, EBP, ESI, and EDI). 


20.1.3 Instructions Supported in Real-Address Mode 


The following instructions make up the core instruction set for the 8086 processor. If backwards compatibility to 
the Intel 286 and Intel 8086 processors is required, only these instructions should be used in a new program 
written to run in real-address mode. 


° Move (MOV) instructions that move operands between general-purpose registers, segment registers, and 
between memory and general-purpose registers. 


¢ The exchange (XCHG) instruction. 

¢ Load segment register instructions LDS and LES. 

e ~=Arithmetic instructions ADD, ADC, SUB, SBB, MUL, IMUL, DIV, IDIV, INC, DEC, CMP, and NEG. 
° Logical instructions AND, OR, XOR, and NOT. 

¢ Decimal instructions DAA, DAS, AAA, AAS, AAM, and AAD. 

¢ Stack instructions PUSH and POP (to general-purpose registers and segment registers). 
° Type conversion instructions CWD, CDQ, CBW, and CWDE. 

¢ ~=Shift and rotate instructions SAL, SHL, SHR, SAR, ROL, ROR, RCL, and RCR. 

¢ TEST instruction. 

* Control instructions JMP, Jcc, CALL, RET, LOOP, LOOPE, and LOOPNE. 

¢ Interrupt instructions INT n, INTO, and IRET. 

¢ EFLAGS control instructions STC, CLC, CMC, CLD, STD, LAHF, SAHF, PUSHF, and POPF. 
¢ I/O instructions IN, INS, OUT, and OUTS. 

° Load effective address (LEA) instruction, and translate (XLATB) instruction. 
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¢ LOCK prefix. 

°® Repeat prefixes REP, REPE, REPZ, REPNE, and REPNZ. 
¢ Processor halt (HLT) instruction. 

¢ No operation (NOP) instruction. 


The following instructions, added to later IA-32 processors (some in the Intel 286 processor and the remainder in 
the Intel386 processor), can be executed in real-address mode, if backwards compatibility to the Intel 8086 
processor is not required. 


® Move (MOV) instructions that operate on the control and debug registers. 

¢ Load segment register instructions LSS, LFS, and LGS. 

* Generalized multiply instructions and multiply immediate data. 

¢ ~=Shift and rotate by immediate counts. 

® Stack instructions PUSHA, PUSHAD, POPA and POPAD, and PUSH immediate data. 
® Move with sign extension instructions MOVSX and MOVZX. 

¢ Long-displacement Jcc instructions. 

° Exchange instructions CMPXCHG, CMPXCHG8B, and XADD. 

¢ String instructions MOVS, CMPS, SCAS, LODS, and STOS. 


° Bit test and bit scan instructions BT, BTS, BTR, BTC, BSF, and BSR; the byte-set-on condition instruction SETcc; 
and the byte swap (BSWAP) instruction. 


* Double shift instructions SHLD and SHRD. 

¢ EFLAGS control instructions PUSHF and POPF. 
¢ ENTER and LEAVE control instructions. 

¢ BOUND instruction. 

* CPU identification (CPUID) instruction. 


° System instructions CLTS, INVD, WINVD, INVLPG, LGDT, SGDT, LIDT, SIDT, LMSW, SMSW, RDMSR, WRMSR, 
RDTSC, and RDPMC. 


Execution of any of the other IA-32 architecture instructions (not given in the previous two lists) in real-address 
mode result in an invalid-opcode exception (#UD) being generated. 


20.1.4 ‘Interrupt and Exception Handling 


When operating in real-address mode, software must provide interrupt and exception-handling facilities that are 
separate from those provided in protected mode. Even during the early stages of processor initialization when the 
processor is still in real-address mode, elementary real-address mode interrupt and exception-handling facilities 
must be provided to ensure reliable operation of the processor, or the initialization code must ensure that no inter- 
rupts or exceptions will occur. 


The IA-32 processors handle interrupts and exceptions in real-address mode similar to the way they handle them 
in protected mode. When a processor receives an interrupt or generates an exception, it uses the vector number of 
the interrupt or exception as an index into the interrupt table. (In protected mode, the interrupt table is called the 
interrupt descriptor table (IDT), but in real-address mode, the table is usually called the interrupt vector 
table, or simply the interrupt table.) The entry in the interrupt vector table provides a pointer to an interrupt- or 
exception-handler procedure. (The pointer consists of a segment selector for a code segment and a 16-bit offset 
into the segment.) The processor performs the following actions to make an implicit call to the selected handler: 


1. Pushes the current values of the CS and EIP registers onto the stack. (Only the 16 least-significant bits of the 
EIP register are pushed.) 


Pushes the low-order 16 bits of the EFLAGS register onto the stack. 
Clears the IF flag in the EFLAGS register to disable interrupts. 
Clears the TF, RF, and AC flags, in the EFLAGS register. 
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5. Transfers program control to the location specified in the interrupt vector table. 


An IRET instruction at the end of the handler procedure reverses these steps to return program control to the inter- 
rupted program. Exceptions do not return error codes in real-address mode. 


The interrupt vector table is an array of 4-byte entries (see Figure 20-2). Each entry consists of a far pointer to a 
handler procedure, made up of a segment selector and an offset. The processor scales the interrupt or exception 
vector by 4 to obtain an offset into the interrupt table. Following reset, the base of the interrupt vector table is 
located at physical address 0 and its limit is set to 3FFH. In the Intel 8086 processor, the base address and limit of 
the interrupt vector table cannot be changed. In the later IA-32 processors, the base address and limit of the inter- 
rupt vector table are contained in the IDTR register and can be changed using the LIDT instruction. 


(For backward compatibility to Intel 8086 processors, the default base address and limit of the interrupt vector 
table should not be changed. ) 


A Up to Entry 255 A 
Entry 3 
12 
Entry 2 
8 
Entry 1 
4 
Segment Selector 2 
Interrupt Vector 0*—>>| 
Offset 0=<— 
15 0 
* Interrupt vector number 0 selects entry 0 
(called “interrupt vector 0”) in the interrupt IDTR 
vector table. Interrupt vector 0 in turn 
points to the start of the interrupt handler 
for interrupt 0. 


Figure 20-2. Interrupt Vector Table in Real-Address Mode 


Table 20-1 shows the interrupt and exception vectors that can be generated in real-address mode and virtual-8086 
mode, and in the Intel 8086 processor. See Chapter 6, “Interrupt and Exception Handling”, for a description of the 
exception conditions. 


20.2 VIRTUAL-8086 MODE 


Virtual-8086 mode is actually a special type of a task that runs in protected mode. When the operating-system or 
executive switches to a virtual-8086-mode task, the processor emulates an Intel 8086 processor. The execution 
environment of the processor while in the 8086-emulation state is the same as is described in Section 20.1, “Real- 
Address Mode” for real-address mode, including the extensions. The major difference between the two modes is 
that in virtual-8086 mode the 8086 emulator uses some protected-mode services (such as the protected-mode 
interrupt and exception-handling and paging facilities). 


Vol. 3B 20-5 


8086 EMULATION 


As in real-address mode, any new or legacy program that has been assembled and/or compiled to run on an Intel 
8086 processor will run in a virtual-8086-mode task. And several 8086 programs can be run as virtual-8086-mode 
tasks concurrently with normal protected-mode tasks, using the processor’s multitasking facilities. 

Table 20-1. Real-Address Mode Exceptions and Interrupts 


oe Description Real-Address Mode | Virtual-8086 Mode Intel 8086 Processor 
O. 

0 Divide Error (#DE) Yes Yes Yes 

1 Debug Exception (#DB) Yes Yes No 

2 NMI Interrupt Yes Yes Yes 

3 Breakpoint (#BP) Yes Yes Yes 

4 Overflow (#OF) Yes Yes Yes 

5 BOUND Range Exceeded (#BR) Yes Yes Reserved 
6 Invalid Opcode (#UD) Yes Yes Reserved 
7 Device Not Available (#NM) Yes Yes Reserved 
8 Double Fault (#DF) Yes Yes Reserved 
9 (Intel reserved. Do not use.) Reserved Reserved Reserved 
10 Invalid TSS (#TS) Reserved Yes Reserved 
11 Segment Not Present (#NP) Reserved Yes Reserved 
12 Stack Fault (#SS) Yes Yes Reserved 
13 General Protection (#GP)* Yes Yes Reserved 
14 Page Fault (#PF) Reserved Yes Reserved 
15 (Intel reserved. Do not use.) Reserved Reserved Reserved 
16 Floating-Point Error (#MF) Yes Yes Reserved 
17 Alignment Check (#AC) Reserved Yes Reserved 
18 Machine Check (#MC) Yes Yes Reserved 
19-31 (Intel reserved. Do not use.) Reserved Reserved Reserved 
32-255 User Defined Interrupts Yes Yes Yes 
NOTE: 


* In the real-address mode, vector 13 is the segment overrun exception. In protected and virtual-8086 modes, this exception cov- 
ers all general-protection error conditions, including traps to the virtual-8086 monitor from virtual-8086 mode. 


20.2.1 Enabling Virtual-8086 Mode 


The processor runs in virtual-8086 mode when the VM (virtual machine) flag in the EFLAGS register is set. This flag 
can only be set when the processor switches to a new protected-mode task or resumes virtual-8086 mode via an 
IRET instruction. 


System software cannot change the state of the VM flag directly in the EFLAGS register (for example, by using the 
POPFD instruction). Instead it changes the flag in the image of the EFLAGS register stored in the TSS or on the 
stack following a call to an interrupt- or exception-handler procedure. For example, software sets the VM flag in the 
EFLAGS image in the TSS when first creating a virtual-8086 task. 


The processor tests the VM flag under three general conditions: 
¢ When loading segment registers, to determine whether to use 8086-style address translation. 


¢ When decoding instructions, to determine which instructions are not supported in virtual-8086 mode and which 
instructions are sensitive to IOPL. 
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¢ When checking privileged instructions, on page accesses, or when performing other permission checks. 
(Virtual-8086 mode always executes at CPL 3.) 


20.2.2 Structure of a Virtual-8086 Task 


A virtual-8086-mode task consists of the following items: 
¢ A 32-bit TSS for the task. 

¢ The 8086 program. 

° A virtual-8086 monitor. 

* 8086 operating-system services. 


The TSS of the new task must be a 32-bit TSS, not a 16-bit TSS, because the 16-bit TSS does not load the most- 
significant word of the EFLAGS register, which contains the VM flag. All TSS’s, stacks, data, and code used to handle 
exceptions when in virtual-8086 mode must also be 32-bit segments. 


The processor enters virtual-8086 mode to run the 8086 program and returns to protected mode to run the virtual- 
8086 monitor. 


The virtual-8086 monitor is a 32-bit protected-mode code module that runs at a CPL of 0. The monitor consists of 
initialization, interrupt- and exception-handling, and I/O emulation procedures that emulate a personal computer 
or other 8086-based platform. Typically, the monitor is either part of or closely associated with the protected-mode 
general-protection (#GP) exception handler, which also runs at a CPL of 0. As with any protected-mode code 
module, code-segment descriptors for the virtual-8086 monitor must exist in the GDT or in the task’s LDT. The 
virtual-8086 monitor also may need data-segment descriptors so it can examine the IDT or other parts of the 8086 
program in the first 1 MByte of the address space. The linear addresses above 10FFEFH are available for the 
monitor, the operating system, and other system software. 


The 8086 operating-system services consists of a kernel and/or operating-system procedures that the 8086 
program makes calls to. These services can be implemented in either of the following two ways: 


°  =They can be included in the 8086 program. This approach is desirable for either of the following reasons: 
— The 8086 program code modifies the 8086 operating-system services. 


— There is not sufficient development time to merge the 8086 operating-system services into main operating 
system or executive. 


¢ They can be implemented or emulated in the virtual-8086 monitor. This approach is desirable for any of the 
following reasons: 
— The 8086 operating-system procedures can be more easily coordinated among several virtual-8086 tasks. 


— Memory can be saved by not duplicating 8086 operating-system procedure code for several virtual-8086 
tasks. 


— The 8086 operating-system procedures can be easily emulated by calls to the main operating system or 
executive. 


The approach chosen for implementing the 8086 operating-system services may result in different virtual-8086- 
mode tasks using different 8086 operating-system services. 


20.2.3 Paging of Virtual-8086 Tasks 


Even though a program running in virtual-8086 mode can use only 20-bit linear addresses, the processor converts 
these addresses into 32-bit linear addresses before mapping them to the physical address space. If paging is being 
used, the 8086 address space for a program running in virtual-8086 mode can be paged and located in a set of 
pages in physical address space. If paging is used, it is transparent to the program running in virtual-8086 mode 
just as it is for any task running on the processor. 


Paging is not necessary for a single virtual-8086-mode task, but paging is useful or necessary in the following situ- 
ations: 
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When running multiple virtual-8086-mode tasks. Here, paging allows the lower 1 MByte of the linear address 
space for each virtual-8086-mode task to be mapped to a different physical address location. 


When emulating the 8086 address-wraparound that occurs at 1 MByte. When using 8086-style address trans- 
lation, it is possible to specify addresses larger than 1 MByte. These addresses automatically wraparound in the 
Intel 8086 processor (see Section 20.1.1, “Address Translation in Real-Address Mode”). If any 8086 programs 
depend on address wraparound, the same effect can be achieved in a virtual-8086-mode task by mapping the 
linear addresses between 100000H and 110000H and linear addresses between 0 and 10000H to the same 
physical addresses. 


When sharing the 8086 operating-system services or ROM code that is common to several 8086 programs 
running as different 8086-mode tasks. 


When redirecting or trapping references to memory-mapped I/O devices. 


20.2.4 ~==Protection within a Virtual-8086 Task 


Protection is not enforced between the segments of an 8086 program. Either of the following techniques can be 
used to protect the system software running in a virtual-8086-mode task from the 8086 program: 


Reserve the first 1 MByte plus 64 KBytes of each task’s linear address space for the 8086 program. An 8086 
processor task cannot generate addresses outside this range. 


Use the U/S flag of page-table entries to protect the virtual-8086 monitor and other system software in the 
virtual-8086 mode task space. When the processor is in virtual-8086 mode, the CPL is 3. Therefore, an 8086 
processor program has only user privileges. If the pages of the virtual-8086 monitor have supervisor privilege, 
they cannot be accessed by the 8086 program. 


20.2.5 Entering Virtual-8086 Mode 


Figure 20-3 summarizes the methods of entering and leaving virtual-8086 mode. The processor switches to 
virtual-8086 mode in either of the following situations: 


Task switch when the VM flag is set to 1 in the EFLAGS register image stored in the TSS for the task. Here the 
task switch can be initiated in either of two ways: 


— ACALL or JMP instruction. 
— An IRET instruction, where the NT flag in the EFLAGS image is set to 1. 


Return from a protected-mode interrupt or exception handler when the VM flag is set to 1 in the EFLAGS 
register image on the stack. 


When a task switch is used to enter virtual-8086 mode, the TSS for the virtual-8086-mode task must be a 32-bit 
TSS. (If the new TSS is a 16-bit TSS, the upper word of the EFLAGS register is not in the TSS, causing the processor 
to clear the VM flag when it loads the EFLAGS register.) The processor updates the VM flag prior to loading the 
segment registers from their images in the new TSS. The new setting of the VM flag determines whether the 
processor interprets the contents of the segment registers as 8086-style segment selectors or protected-mode 
segment selectors. When the VM flag is set, the segment registers are loaded from the TSS, using 8086-style 
address translation to form base addresses. 


See Section 20.3, “Interrupt and Exception Handling in Virtual-8086 Mode”, for information on entering virtual- 
8086 mode on a return from an interrupt or exception handler. 
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NOTES: 

1. Task switch carried out in either of two ways: 

- CALL or JMP where the VM flag in the EFLAGS image is 1. 
- IRET where VM is 1 and NT is 1. 

2. Hardware interrupt or exception; software interrupt (INT n) when IOPL is 3. 

3. General-protection exception caused by software interrupt (INT n), IRET, 
POPF, PUSHF, IN, or OUT when IOPL is less than 3. 

4. Normal return from protected-mode interrupt or exception handler. 

5. Areturn from the 8086 monitor to redirect an interrupt or exception back 
to an interrupt or exception handler in the 8086 program running in virtual- 
8086 mode. 

6. Internal redirection of a software interrupt (INT n) when VME is 1, 

IOPL is <3, and the redirection bit is 1. 


Figure 20-3. Entering and Leaving Virtual-8086 Mode 


20.2.6 Leaving Virtual-8086 Mode 


The processor can leave the virtual-8086 mode only through an interrupt or exception. The following are situations 
where an interrupt or exception will lead to the processor leaving virtual-8086 mode (see Figure 20-3): 


¢ The processor services a hardware interrupt generated to signal the suspension of execution of the virtual- 
8086 application. This hardware interrupt may be generated by a timer or other external mechanism. Upon 
receiving the hardware interrupt, the processor enters protected mode and switches to a protected-mode (or 
another virtual-8086 mode) task either through a task gate in the protected-mode IDT or through a trap or 
interrupt gate that points to a handler that initiates a task switch. A task switch from a virtual-8086 task to 
another task loads the EFLAGS register from the TSS of the new task. The value of the VM flag in the new 
EFLAGS determines if the new task executes in virtual-8086 mode or not. 


¢ The processor services an exception caused by code executing the virtual-8086 task or services a hardware 
interrupt that “belongs to” the virtual-8086 task. Here, the processor enters protected mode and services the 
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exception or hardware interrupt through the protected-mode IDT (normally through an interrupt or trap gate) 
and the protected-mode exception- and interrupt-handlers. The processor may handle the exception or 
interrupt within the context of the virtual 8086 task and return to virtual-8086 mode on a return from the 
handler procedure. The processor may also execute a task switch and handle the exception or interrupt in the 
context of another task. 


¢ The processor services a software interrupt generated by code executing in the virtual-8086 task (such as a 
software interrupt to call a MS-DOS* operating system routine). The processor provides several methods of 
handling these software interrupts, which are discussed in detail in Section 20.3.3, “Class 3—Software 
Interrupt Handling in Virtual-8086 Mode”. Most of them involve the processor entering protected mode, often 
by means of a general-protection (#GP) exception. In protected mode, the processor can send the interrupt to 
the virtual-8086 monitor for handling and/or redirect the interrupt back to the application program running in 
virtual-8086 mode task for handling. 


IA-32 processors that incorporate the virtual mode extension (enabled with the VME flag in control register 
CR4) are capable of redirecting software-generated interrupts back to the program’s interrupt handlers without 
leaving virtual-8086 mode. See Section 20.3.3.4, “Method 5: Software Interrupt Handling”, for more 
information on this mechanism. 


¢ A hardware reset initiated by asserting the RESET or INIT pin is a special kind of interrupt. When a RESET or 
INIT is signaled while the processor is in virtual-8086 mode, the processor leaves virtual-8086 mode and enters 
real-address mode. 


¢ Execution of the HLT instruction in virtual-8086 mode will cause a general-protection (GP#) fault, which the 
protected-mode handler generally sends to the virtual-8086 monitor. The virtual-8086 monitor then 
determines the correct execution sequence after verifying that it was entered as a result of a HLT execution. 


See Section 20.3, “Interrupt and Exception Handling in Virtual-8086 Mode”, for information on leaving virtual-8086 
mode to handle an interrupt or exception generated in virtual-8086 mode. 


20.2.7. Sensitive Instructions 


When an IA-32 processor is running in virtual-8086 mode, the CLI, STI, PUSHF, POPF, INT n, and IRET instructions 
are sensitive to IOPL. The IN, INS, OUT, and OUTS instructions, which are sensitive to IOPL in protected mode, are 
not sensitive in virtual-8086 mode. 


The CPL is always 3 while running in virtual-8086 mode; if the IOPL is less than 3, an attempt to use the IOPL-sensi- 
tive instructions listed above triggers a general-protection exception (#GP). These instructions are sensitive to 
IOPL to give the virtual-8086 monitor a chance to emulate the facilities they affect. 


20.2.8 Virtual-8086 Mode I/O 


Many 8086 programs written for non-multitasking systems directly access I/O ports. This practice may cause prob- 
lems in a multitasking environment. If more than one program accesses the same port, they may interfere with 
each other. Most multitasking systems require application programs to access I/O ports through the operating 
system. This results in simplified, centralized control. 


The processor provides I/O protection for creating I/O that is compatible with the environment and transparent to 
8086 programs. Designers may take any of several possible approaches to protecting I/O ports: 


¢ Protect the I/O address space and generate exceptions for all attempts to perform I/O directly. 
¢ Let the 8086 program perform I/O directly. 

°® Generate exceptions on attempts to access specific I/O ports. 

* Generate exceptions on attempts to access specific memory-mapped I/O ports. 


The method of controlling access to I/O ports depends upon whether they are I/O-port mapped or memory 
mapped. 
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20.2.8.1 1/0-Port-Mapped I/O 


The I/O permission bit map in the TSS can be used to generate exceptions on attempts to access specific I/O port 
addresses. The I/O permission bit map of each virtual-8086-mode task determines which I/O addresses generate 
exceptions for that task. Because each task may have a different I/O permission bit map, the addresses that 
generate exceptions for one task may be different from the addresses for another task. This differs from protected 
mode in which, if the CPL is less than or equal to the IOPL, I/O access is allowed without checking the I/O permis- 
sion bit map. See Chapter 19, “Input/Output”, in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1, for more information about the I/O permission bit map. 


20.2.8.2 Memory-Mapped I/O 


In systems which use memory-mapped I/O, the paging facilities of the processor can be used to generate excep- 
tions for attempts to access I/O ports. The virtual-8086 monitor may use paging to control memory-mapped I/O in 
these ways: 


° Map part of the linear address space of each task that needs to perform I/O to the physical address space 
where I/O ports are placed. By putting the I/O ports at different addresses (in different pages), the paging 
mechanism can enforce isolation between tasks. 


° Map part of the linear address space to pages that are not-present. This generates an exception whenever a 
task attempts to perform I/O to those pages. System software then can interpret the I/O operation being 
attempted. 


Software emulation of the I/O space may require too much operating system intervention under some conditions. 
In these cases, it may be possible to generate an exception for only the first attempt to access I/O. The system 
software then may determine whether a program can be given exclusive control of I/O temporarily, the protection 
of the I/O space may be lifted, and the program allowed to run at full speed. 


20.2.8.3 Special l/O Buffers 


Buffers of intelligent controllers (for example, a bit-mapped frame buffer) also can be emulated using page 
mapping. The linear space for the buffer can be mapped to a different physical space for each virtual-8086-mode 
task. The virtual-8086 monitor then can control which virtual buffer to copy onto the real buffer in the physical 
address space. 


20.3. INTERRUPT AND EXCEPTION HANDLING IN VIRTUAL-8086 MODE 


When the processor receives an interrupt or detects an exception condition while in virtual-8086 mode, it invokes 
an interrupt or exception handler, just as it does in protected or real-address mode. The interrupt or exception 
handler that is invoked and the mechanism used to invoke it depends on the class of interrupt or exception that has 
been detected or generated and the state of various system flags and fields. 


In virtual-8086 mode, the interrupts and exceptions are divided into three classes for the purposes of handling: 


° Class 1 — All processor-generated exceptions and all hardware interrupts, including the NMI interrupt and the 
hardware interrupts sent to the processor’s external interrupt delivery pins. All class 1 exceptions and 
interrupts are handled by the protected-mode exception and interrupt handlers. 

° Class 2 — Special case for maskable hardware interrupts (Section 6.3.2, ‘“Maskable Hardware Interrupts”) 
when the virtual mode extensions are enabled. 

* Class 3 — All software-generated interrupts, that is interrupts generated with the INT n instruction?. 

The method the processor uses to handle class 2 and 3 interrupts depends on the setting of the following flags and 

fields: 


¢ IOPL field (bits 12 and 13 in the EFLAGS register) — Controls how class 3 software interrupts are handled 
when the processor is in virtual-8086 mode (see Section 2.3, “System Flags and Fields in the EFLAGS 


1. The INT 3 instruction is a special case (See the description of the INT ninstruction in Chapter 3, “Instruction Set Reference, A-L", of 
the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 2A). 
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Register”). This field also controls the enabling of the VIF and VIP flags in the EFLAGS register when the VME 
flag is set. The VIF and VIP flags are provided to assist in the handling of class 2 maskable hardware interrupts. 


° VME flag (bit O in control register CR4) — Enables the virtual mode extension for the processor when set 
(see Section 2.5, “Control Registers”). 


* Software interrupt redirection bit map (32 bytes in the TSS, see Figure 20-5) — Contains 256 flags 
that indicates how class 3 software interrupts should be handled when they occur in virtual-8086 mode. A 
software interrupt can be directed either to the interrupt and exception handlers in the currently running 8086 
program or to the protected-mode interrupt and exception handlers. 


¢ The virtual interrupt flag (VIF) and virtual interrupt pending flag (VIP) in the EFLAGS register — 
Provides virtual interrupt support for the handling of class 2 maskable hardware interrupts (see Section 
20.3.2, “Class 2—Maskable Hardware Interrupt Handling in Virtual-8086 Mode Using the Virtual Interrupt 
Mechanism”). 


NOTE 


The VME flag, software interrupt redirection bit map, and VIF and VIP flags are only available in 
IA-32 processors that support the virtual mode extensions. These extensions were introduced in 
the IA-32 architecture with the Pentium processor. 


The following sections describe the actions that processor takes and the possible actions of interrupt and exception 
handlers for the two classes of interrupts described in the previous paragraphs. These sections describe three 
possible types of interrupt and exception handlers: 


¢ Protected-mode interrupt and exceptions handlers — These are the standard handlers that the processor 
calls through the protected-mode IDT. 


* Virtual-8086 monitor interrupt and exception handlers — These handlers are resident in the virtual-8086 
monitor, and they are commonly accessed through a general-protection exception (#GP, interrupt 13) that is 
directed to the protected-mode general-protection exception handler. 


* 8086 program interrupt and exception handlers — These handlers are part of the 8086 program that is 
running in virtual-8086 mode. 


The following sections describe how these handlers are used, depending on the selected class and method of inter- 
rupt and exception handling. 


20.3.1 Class 1—Hardware Interrupt and Exception Handling in Virtual-8086 Mode 


In virtual-8086 mode, the Pentium, P6 family, Pentium 4, and Intel Xeon processors handle hardware interrupts 
and exceptions in the same manner as they are handled by the Intel486 and Intel386 processors. They invoke the 
protected-mode interrupt or exception handler that the interrupt or exception vector points to in the IDT. Here, the 
IDT entry must contain either a 32-bit trap or interrupt gate or a task gate. The following sections describe various 
ways that a virtual-8086 mode interrupt or exception can be handled after the protected-mode handler has been 
invoked. 


See Section 20.3.2, “Class 2—Maskable Hardware Interrupt Handling in Virtual-8086 Mode Using the Virtual Inter- 
rupt Mechanism”, for a description of the virtual interrupt mechanism that is available for handling maskable hard- 
ware interrupts while in virtual-8086 mode. When this mechanism is either not available or not enabled, maskable 
hardware interrupts are handled in the same manner as exceptions, as described in the following sections. 


20.3.1.1 Handling an Interrupt or Exception Through a Protected-Mode Trap or Interrupt Gate 


When an interrupt or exception vector points to a 32-bit trap or interrupt gate in the IDT, the gate must in turn point 
to a nonconforming, privilege-level 0, code segment. When accessing this code segment, processor performs the 
following steps. 


1. Switches to 32-bit protected mode and privilege level 0. 


2. Saves the state of the processor on the privilege-level 0 stack. The states of the EIP, CS, EFLAGS, ESP, SS, ES, 
DS, FS, and GS registers are saved (see Figure 20-4). 
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Clears the segment registers. Saving the DS, ES, FS, and GS registers on the stack and then clearing the 
registers lets the interrupt or exception handler safely save and restore these registers regardless of the type 
segment selectors they contain (protected-mode or 8086-style). The interrupt and exception handlers, which 
may be called in the context of either a protected-mode task or a virtual-8086-mode task, can use the same 
code sequences for saving and restoring the registers for any task. Clearing these registers before execution of 
the IRET instruction does not cause a trap in the interrupt handler. Interrupt procedures that expect values in 
the segment registers or that return values in the segment registers must use the register images saved on the 
stack for privilege level 0. 


Clears VM, NT, RF and TF flags (in the EFLAGS register). If the gate is an interrupt gate, clears the IF flag. 
Begins executing the selected interrupt or exception handler. 


If the trap or interrupt gate references a procedure in a conforming segment or in a segment at a privilege level 
other than O, the processor generates a general-protection exception (#GP). Here, the error code is the segment 
selector of the code segment to which a call was attempted. 


Without Error Code With Error Code 
Unused <— a from Unused << =a from 
Old GS Old GS 
Old FS Old FS 
Old DS Old DS 
Old ES Old ES 
Old SS Old SS 
Old ESP Old ESP 
Old EFLAGS Old EFLAGS 
Old CS Old CS 
Old EIP ~<— New ESP Old EIP 
Error Code <— New ESP 


Figure 20-4. Privilege Level O Stack After Interrupt or 
Exception in Virtual-8086 Mode 


Interrupt and exception handlers can examine the VM flag on the stack to determine if the interrupted procedure 
was running in virtual-8086 mode. If so, the interrupt or exception can be handled in one of three ways: 


The protected-mode interrupt or exception handler that was called can handle the interrupt or exception. 


The protected-mode interrupt or exception handler can call the virtual-8086 monitor to handle the interrupt or 
exception. 


The virtual-8086 monitor (if called) can in turn pass control back to the 8086 program’s interrupt and exception 
handler. 


If the interrupt or exception is handled with a protected-mode handler, the handler can return to the interrupted 
program in virtual-8086 mode by executing an IRET instruction. This instruction loads the EFLAGS and segment 
registers from the images saved in the privilege level 0 stack (see Figure 20-4). A set VM flag in the EFLAGS image 
causes the processor to switch back to virtual-8086 mode. The CPL at the time the IRET instruction is executed 
must be 0, otherwise the processor does not change the state of the VM flag. 
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The virtual-8086 monitor runs at privilege level 0, like the protected-mode interrupt and exception handlers. It is 
commonly closely tied to the protected-mode general-protection exception (#GP, vector 13) handler. If the 
protected-mode interrupt or exception handler calls the virtual-8086 monitor to handle the interrupt or exception, 
the return from the virtual-8086 monitor to the interrupted virtual-8086 mode program requires two return 
instructions: a RET instruction to return to the protected-mode handler and an IRET instruction to return to the 
interrupted program. 


The virtual-8086 monitor has the option of directing the interrupt and exception back to an interrupt or exception 
handler that is part of the interrupted 8086 program, as described in Section 20.3.1.2, “Handling an Interrupt or 
Exception With an 8086 Program Interrupt or Exception Handler”. 


20.3.1.2 Handling an Interrupt or Exception With an 8086 Program Interrupt or Exception Handler 


Because it was designed to run on an 8086 processor, an 8086 program running in a virtual-8086-mode task 
contains an 8086-style interrupt vector table, which starts at linear address 0. If the virtual-8086 monitor correctly 
directs an interrupt or exception vector back to the virtual-8086-mode task it came from, the handlers in the 8086 
program can handle the interrupt or exception. The virtual-8086 monitor must carry out the following steps to send 
an interrupt or exception back to the 8086 program: 


1. Use the 8086 interrupt vector to locate the appropriate handler procedure in the 8086 program interrupt table. 


2. Store the EFLAGS (low-order 16 bits only), CS and EIP values of the 8086 program on the privilege-level 3 
stack. This is the stack that the virtual-8086-mode task is using. (The 8086 handler may use or modify this 
information. ) 


3. Change the return link on the privilege-level 0 stack to point to the privilege-level 3 handler procedure. 
Execute an IRET instruction to pass control to the 8086 program handler. 


5. When the IRET instruction from the privilege-level 3 handler triggers a general-protection exception (#GP) and 
thus effectively again calls the virtual-8086 monitor, restore the return link on the privilege-level 0 stack to 
point to the original, interrupted, privilege-level 3 procedure. 


6. Copy the low order 16 bits of the EFLAGS image from the privilege-level 3 stack to the privilege-level 0 stack 
(because some 8086 handlers modify these flags to return information to the code that caused the interrupt). 


7. Execute an IRET instruction to pass control back to the interrupted 8086 program. 


Note that if an operating system intends to support all 8086 MS-DOS-based programs, it is necessary to use the 
actual 8086 interrupt and exception handlers supplied with the program. The reason for this is that some programs 
modify their own interrupt vector table to substitute (or hook in series) their own specialized interrupt and excep- 
tion handlers. 


20.3.1.3. Handling an Interrupt or Exception Through a Task Gate 


When an interrupt or exception vector points to a task gate in the IDT, the processor performs a task switch to the 
selected interrupt- or exception-handling task. The following actions are carried out as part of this task switch: 


1. The EFLAGS register with the VM flag set is saved in the current TSS. 


2. The link field in the TSS of the called task is loaded with the segment selector of the TSS for the interrupted 
virtual-8086-mode task. 


3. The EFLAGS register is loaded from the image in the new TSS, which clears the VM flag and causes the 
processor to switch to protected mode. 


4. The NT flag in the EFLAGS register is set. 
5. The processor begins executing the selected interrupt- or exception-handler task. 


When an IRET instruction is executed in the handler task and the NT flag in the EFLAGS register is set, the proces- 
sors switches from a protected-mode interrupt- or exception-handler task back to a virtual-8086-mode task. Here, 
the EFLAGS and segment registers are loaded from images saved in the TSS for the virtual-8086-mode task. If the 
VM flag is set in the EFLAGS image, the processor switches back to virtual-8086 mode on the task switch. The CPL 
at the time the IRET instruction is executed must be 0, otherwise the processor does not change the state of the 
VM flag. 
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20.3.2 Class 2—Maskable Hardware Interrupt Handling in Virtual-8086 Mode Using the 
Virtual Interrupt Mechanism 


Maskable hardware interrupts are those interrupts that are delivered through the INTR# pin or through an inter- 
rupt request to the local APIC (see Section 6.3.2, “Maskable Hardware Interrupts”). These interrupts can be inhib- 
ited (masked) from interrupting an executing program or task by clearing the IF flag in the EFLAGS register. 


When the VME flag in control register CR4 is set and the IOPL field in the EFLAGS register is less than 3, two addi- 
tional flags are activated in the EFLAGS register: 


¢  =VIF (virtual interrupt) flag, bit 19 of the EFLAGS register. 
¢ VIP (virtual interrupt pending) flag, bit 20 of the EFLAGS register. 


These flags provide the virtual-8086 monitor with more efficient control over handling maskable hardware inter- 
rupts that occur during virtual-8086 mode tasks. They also reduce interrupt-handling overhead, by eliminating the 
need for all IF related operations (such as PUSHF, POPF, CLI, and STI instructions) to trap to the virtual-8086 
monitor. The purpose and use of these flags are as follows. 


NOTE 


The VIF and VIP flags are only available in IA-32 processors that support the virtual mode 
extensions. These extensions were introduced in the IA-32 architecture with the Pentium 
processor. When this mechanism is either not available or not enabled, maskable hardware 
interrupts are handled as class 1 interrupts. Here, if VIF and VIP flags are needed, the virtual-8086 
monitor can implement them in software. 


Existing 8086 programs commonly set and clear the IF flag in the EFLAGS register to enable and disable maskable 
hardware interrupts, respectively; for example, to disable interrupts while handling another interrupt or an excep- 
tion. This practice works well in single task environments, but can cause problems in multitasking and multiple- 
processor environments, where it is often desirable to prevent an application program from having direct control 
over the handling of hardware interrupts. When using earlier IA-32 processors, this problem was often solved by 
creating a virtual IF flag in software. The IA-32 processors (beginning with the Pentium processor) provide hard- 
ware support for this virtual IF flag through the VIF and VIP flags. 


The VIF flag is a virtualized version of the IF flag, which an application program running from within a virtual-8086 
task can used to control the handling of maskable hardware interrupts. When the VIF flag is enabled, the CLI and 
STI instructions operate on the VIF flag instead of the IF flag. When an 8086 program executes the CLI instruction, 
the processor clears the VIF flag to request that the virtual-8086 monitor inhibit maskable hardware interrupts 
from interrupting program execution; when it executes the STI instruction, the processor sets the VIF flag 
requesting that the virtual-8086 monitor enable maskable hardware interrupts for the 8086 program. But actually 
the IF flag, managed by the operating system, always controls whether maskable hardware interrupts are enabled. 
Also, if under these circumstances an 8086 program tries to read or change the IF flag using the PUSHF or POPF 
instructions, the processor will change the VIF flag instead, leaving IF unchanged. 


The VIP flag provides software a means of recording the existence of a deferred (or pending) maskable hardware 
interrupt. This flag is read by the processor but never explicitly written by the processor; it can only be written by 
software. 


If the IF flag is set and the VIF and VIP flags are enabled, and the processor receives a maskable hardware inter- 
rupt (interrupt vector 0 through 255), the processor performs and the interrupt handler software should perform 
the following operations: 


1. The processor invokes the protected-mode interrupt handler for the interrupt received, as described in the 
following steps. These steps are almost identical to those described for method 1 interrupt and exception 
handling in Section 20.3.1.1, “Handling an Interrupt or Exception Through a Protected-Mode Trap or Interrupt 
Gate”: 


a. Switches to 32-bit protected mode and privilege level 0. 


b. Saves the state of the processor on the privilege-level 0 stack. The states of the EIP, CS, EFLAGS, ESP, SS, 
ES, DS, FS, and GS registers are saved (see Figure 20-4). 


c. Clears the segment registers. 
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d. Clears the VM flag in the EFLAGS register. 
e. Begins executing the selected protected-mode interrupt handler. 


2. The recommended action of the protected-mode interrupt handler is to read the VM flag from the EFLAGS 
image on the stack. If this flag is set, the handler makes a call to the virtual-8086 monitor. 


3. The virtual-8086 monitor should read the VIF flag in the EFLAGS register. 


— Ifthe VIF flag is clear, the virtual-8086 monitor sets the VIP flag in the EFLAGS image on the stack to 
indicate that there is a deferred interrupt pending and returns to the protected-mode handler. 


— Ifthe VIF flag is set, the virtual-8086 monitor can handle the interrupt if it “belongs” to the 8086 program 
running in the interrupted virtual-8086 task; otherwise, it can call the protected-mode interrupt handler to 
handle the interrupt. 


4. The protected-mode handler executes a return to the program executing in virtual-8086 mode. 
5. Upon returning to virtual-8086 mode, the processor continues execution of the 8086 program. 


When the 8086 program is ready to receive maskable hardware interrupts, it executes the STI instruction to set the 
VIF flag (enabling maskable hardware interrupts). Prior to setting the VIF flag, the processor automatically checks 
the VIP flag and does one of the following, depending on the state of the flag: 


° Ifthe VIP flag is clear (indicating no pending interrupts), the processor sets the VIF flag. 


e If the VIP flag is set (indicating a pending interrupt), the processor generates a general-protection exception 
(#GP). 


The recommended action of the protected-mode general-protection exception handler is to then call the virtual- 
8086 monitor and let it handle the pending interrupt. After handling the pending interrupt, the typical action of the 
virtual-8086 monitor is to clear the VIP flag and set the VIF flag in the EFLAGS image on the stack, and then 
execute a return to the virtual-8086 mode. The next time the processor receives a maskable hardware interrupt, it 
will then handle it as described in steps 1 through 5 earlier in this section. 


If the processor finds that both the VIF and VIP flags are set at the beginning of an instruction, it generates a 
general-protection exception. This action allows the virtual-8086 monitor to handle the pending interrupt for the 
virtual-8086 mode task for which the VIF flag is enabled. Note that this situation can only occur immediately 
following execution of a POPF or IRET instruction or upon entering a virtual-8086 mode task through a task switch. 


Note that the states of the VIF and VIP flags are not modified in real-address mode or during transitions between 
real-address and protected modes. 


NOTE 


The virtual interrupt mechanism described in this section is also available for use in protected 
mode, see Section 20.4, “Protected-Mode Virtual Interrupts”. 


20.3.3. Class 3—Software Interrupt Handling in Virtual-8086 Mode 


When the processor receives a software interrupt (an interrupt generated with the INT rn instruction) while in 
virtual-8086 mode, it can use any of six different methods to handle the interrupt. The method selected depends 
on the settings of the VME flag in control register CR4, the IOPL field in the EFLAGS register, and the software inter- 
rupt redirection bit map in the TSS. Table 20-2 lists the six methods of handling software interrupts in virtual-8086 
mode and the respective settings of the VME flag, IOPL field, and the bits in the interrupt redirection bit map for 
each method. The table also summarizes the various actions the processor takes for each method. 


The VME flag enables the virtual mode extensions for the Pentium and later IA-32 processors. When this flag is 
clear, the processor responds to interrupts and exceptions in virtual-8086 mode in the same manner as an Intel386 
or Intel486 processor does. When this flag is set, the virtual mode extension provides the following enhancements 
to virtual-8086 mode: 


° Speeds up the handling of software-generated interrupts in virtual-8086 mode by allowing the processor to 
bypass the virtual-8086 monitor and redirect software interrupts back to the interrupt handlers that are part of 
the currently running 8086 program. 


¢* Supports virtual interrupts for software written to run on the 8086 processor. 
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The IOPL value interacts with the VME flag and the bits in the interrupt redirection bit map to determine how 
specific software interrupts should be handled. 


The software interrupt redirection bit map (see Figure 20-5) is a 32-byte field in the TSS. This map is located 
directly below the I/O permission bit map in the TSS. Each bit in the interrupt redirection bit map is mapped to an 
interrupt vector. Bit 0 in the interrupt redirection bit map (which maps to vector zero in the interrupt table) is 
located at the I/O base map address in the TSS minus 32 bytes. When a bit in this bit map is set, it indicates that 
the associated software interrupt (interrupt generated with an INT rn instruction) should be handled through the 
protected-mode IDT and interrupt and exception handlers. When a bit in this bit map is clear, the processor redi- 
rects the associated software interrupt back to the interrupt table in the 8086 program (located at linear address 0 
in the program’s address space). 


NOTE 


The software interrupt redirection bit map does not affect hardware generated interrupts and 
exceptions. Hardware generated interrupts and exceptions are always handled by the protected- 
mode interrupt and exception handlers. 


Table 20-2. Software Interrupt Handling Methods While in Virtual-8086 Mode 
Bit in 
Redir. 
Method | VME | IOPL | Bitmap* Processor Action 


1 0 3 X Interrupt directed to a protected-mode interrupt handler: 


* Switches to privilege-level O stack 
» Pushes GS, FS, DS and ES onto privilege-level 0 stack 

= Pushes SS, ESP, EFLAGS, CS and EIP of interrupted task onto privilege-level O stack 
* Clears VM, RF, NT, and TF flags 


If serviced through interrupt gate, clears IF flag 
Clears GS, FS, DS and ES to 0 
Sets CS and EIP from interrupt gate 


2 0) <3 X Interrupt directed to protected-mode general-protection exception (#GP) handler. 


3 1 <3 1 Interrupt directed to a protected-mode general-protection exception (#GP) handler; VIF and VIP 
flag support for handling class 2 maskable hardware interrupts. 


4 1 3 1 Interrupt directed to protected-mode interrupt handler: (see method 1 processor action). 


5 1 3 0 Interrupt redirected to 8086 program interrupt handler: 


* Pushes EFLAGS 

* Pushes CS and EIP (lower 16 bits only) 

* Clears IF flag 

* Clears TF flag 

* Loads CS and EIP (lower 16 bits only) from selected entry in the interrupt vector table of the 
current virtual-8086 task 


6 1 <3 0 Interrupt redirected to 8086 program interrupt handler; VIF and VIP flag support for handling class 
2 maskable hardware interrupts: 


* Pushes EFLAGS with IOPL set to 3 and VIF copied to IF 

* Pushes CS and EIP (lower 16 bits only) 

* Clears the VIF flag 

* Clears TF flag 

* Loads CS and EIP (lower 16 bits only) from selected entry in the interrupt vector table of the 
current virtual-8086 task 


NOTE: 


* When set to O, software interrupt is redirected back to the 8086 program interrupt handler; when set to 1, interrupt is directed to 
protected-mode handler. 
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Figure 20-5. Software Interrupt Redirection Bit Map in TSS 


Redirecting software interrupts back to the 8086 program potentially speeds up interrupt handling because a 
switch back and forth between virtual-8086 mode and protected mode is not required. This latter interrupt- 
handling technique is particularly useful for 8086 operating systems (such as MS-DOS) that use the INT rn instruc- 
tion to call operating system procedures. 


The CPUID instruction can be used to verify that the virtual mode extension is implemented on the processor. Bit 1 
of the feature flags register (EDX) indicates the availability of the virtual mode extension (see “CPUID—CPU Iden- 
tification” in Chapter 3, “Instruction Set Reference, A-L”, of the Inte/® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 2A). 


The following sections describe the six methods (or mechanisms) for handling software interrupts in virtual-8086 
mode. See Section 20.3.2, “Class 2—Maskable Hardware Interrupt Handling in Virtual-8086 Mode Using the Virtual 
Interrupt Mechanism”, for a description of the use of the VIF and VIP flags in the EFLAGS register for handling 
maskable hardware interrupts. 


20.3.3.1 Method 1: Software Interrupt Handling 


When the VME flag in control register CR4 is clear and the IOPL field is 3, a Pentium or later IA-32 processor 
handles software interrupts in the same manner as they are handled by an Intel386 or Intel486 processor. It 
executes an implicit call to the interrupt handler in the protected-mode IDT pointed to by the interrupt vector. See 
Section 20.3.1, “Class 1—Hardware Interrupt and Exception Handling in Virtual-8086 Mode”, for a complete 
description of this mechanism and its possible uses. 


20.3.3.2 Methods 2 and 3: Software Interrupt Handling 


When a software interrupt occurs in virtual-8086 mode and the method 2 or 3 conditions are present, the processor 
generates a general-protection exception (#GP). Method 2 is enabled when the VME flag is set to 0 and the IOPL 
value is less than 3. Here the IOPL value is used to bypass the protected-mode interrupt handlers and cause any 
software interrupt that occurs in virtual-8086 mode to be treated as a protected-mode general-protection excep- 
tion (#GP). The general-protection exception handler calls the virtual-8086 monitor, which can then emulate an 
8086-program interrupt handler or pass control back to the 8086 program’s handler, as described in Section 
20.3.1.2, “Handling an Interrupt or Exception With an 8086 Program Interrupt or Exception Handler”. 


Method 3 is enabled when the VME flag is set to 1, the IOPL value is less than 3, and the corresponding bit for the 
software interrupt in the software interrupt redirection bit map is set to 1. Here, the processor performs the same 


20-18 Vol. 3B 


8086 EMULATION 


operation as it does for method 2 software interrupt handling. If the corresponding bit for the software interrupt in 
the software interrupt redirection bit map is set to 0, the interrupt is handled using method 6 (see Section 20.3.3.5, 
“Method 6: Software Interrupt Handling”). 


20.3.3.3. Method 4: Software Interrupt Handling 


Method 4 handling is enabled when the VME flag is set to 1, the IOPL value is 3, and the bit for the interrupt vector 
in the redirection bit map is set to 1. Method 4 software interrupt handling allows method 1 style handling when the 
virtual mode extension is enabled; that is, the interrupt is directed to a protected-mode handler (see Section 
20.3.3.1, “Method 1: Software Interrupt Handling”). 


20.3.3.4 Method 5: Software Interrupt Handling 


Method 5 software interrupt handling provides a streamlined method of redirecting software interrupts (invoked 
with the INT rn instruction) that occur in virtual 8086 mode back to the 8086 program’s interrupt vector table and 
its interrupt handlers. Method 5 handling is enabled when the VME flag is set to 1, the IOPL value is 3, and the bit 
for the interrupt vector in the redirection bit map is set to 0. The processor performs the following actions to make 
an implicit call to the selected 8086 program interrupt handler: 


1. Pushes the low-order 16 bits of the EFLAGS register onto the stack. 


2. Pushes the current values of the CS and EIP registers onto the current stack. (Only the 16 least-significant bits 
of the EIP register are pushed and no stack switch occurs. ) 


Clears the IF flag in the EFLAGS register to disable interrupts. 
Clears the TF flag, in the EFLAGS register. 
Locates the 8086 program interrupt vector table at linear address O for the 8086-mode task. 


Oe 


Loads the CS and EIP registers with values from the interrupt vector table entry pointed to by the interrupt 
vector number. Only the 16 low-order bits of the EIP are loaded and the 16 high-order bits are set to 0. The 
interrupt vector table is assumed to be at linear address O of the current virtual-8086 task. 


7. Begins executing the selected interrupt handler. 


An IRET instruction at the end of the handler procedure reverses these steps to return program control to the inter- 
rupted 8086 program. 


Note that with method 5 handling, a mode switch from virtual-8086 mode to protected mode does not occur. The 
processor remains in virtual-8086 mode throughout the interrupt-handling operation. 


The method 5 handling actions are virtually identical to the actions the processor takes when handling software 
interrupts in real-address mode. The benefit of using method 5 handling to access the 8086 program handlers is 
that it avoids the overhead of methods 2 and 3 handling, which requires first going to the virtual-8086 monitor, 
then to the 8086 program handler, then back again to the virtual-8086 monitor, before returning to the interrupted 
8086 program (see Section 20.3.1.2, “Handling an Interrupt or Exception With an 8086 Program Interrupt or 
Exception Handler”). 


NOTE 


Methods 1 and 4 handling can handle a software interrupt in a virtual-8086 task with a regular 
protected-mode handler, but this approach requires all virtual-8086 tasks to use the same software 
interrupt handlers, which generally does not give sufficient latitude to the programs running in the 
virtual-8086 tasks, particularly MS-DOS programs. 


20.3.3.5 Method 6: Software Interrupt Handling 


Method 6 handling is enabled when the VME flag is set to 1, the IOPL value is less than 3, and the bit for the inter- 
rupt or exception vector in the redirection bit map is set to 0. With method 6 interrupt handling, software interrupts 
are handled in the same manner as was described for method 5 handling (see Section 20.3.3.4, “Method 5: Soft- 
ware Interrupt Handling”). 
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Method 6 differs from method 5 in that with the IOPL value set to less than 3, the VIF and VIP flags in the EFLAGS 
register are enabled, providing virtual interrupt support for handling class 2 maskable hardware interrupts (see 
Section 20.3.2, “Class 2—Maskable Hardware Interrupt Handling in Virtual-8086 Mode Using the Virtual Interrupt 
Mechanism”). These flags provide the virtual-8086 monitor with an efficient means of handling maskable hardware 
interrupts that occur during a virtual-8086 mode task. Also, because the IOPL value is less than 3 and the VIF flag 
is enabled, the information pushed on the stack by the processor when invoking the interrupt handler is slightly 
different between methods 5 and 6 (see Table 20-2). 


20.4 PROTECTED-MODE VIRTUAL INTERRUPTS 


The IA-32 processors (beginning with the Pentium processor) also support the VIF and VIP flags in the EFLAGS 
register in protected mode by setting the PVI (protected-mode virtual interrupt) flag in the CR4 register. Setting the 
PVI flag allows applications running at privilege level 3 to execute the CLI and STI instructions without causing a 
general-protection exception (#GP) or affecting hardware interrupts. 


When the PVI flag is set to 1, the CPL is 3, and the IOPL is less than 3, the STI and CLI instructions set and clear 
the VIF flag in the EFLAGS register, leaving IF unaffected. In this mode of operation, an application running in 
protected mode and at a CPL of 3 can inhibit interrupts in the same manner as is described in Section 20.3.2, “Class 
2—Maskable Hardware Interrupt Handling in Virtual-8086 Mode Using the Virtual Interrupt Mechanism”, for a 
virtual-8086 mode task. When the application executes the CLI instruction, the processor clears the VIF flag. If the 
processor receives a maskable hardware interrupt, the processor invokes the protected-mode interrupt handler. 
This handler checks the state of the VIF flag in the EFLAGS register. If the VIF flag is clear (indicating that the active 
task does not want to have interrupts handled now), the handler sets the VIP flag in the EFLAGS image on the stack 
and returns to the privilege-level 3 application, which continues program execution. When the application executes 
a STI instruction to set the VIF flag, the processor automatically invokes the general-protection exception handler, 
which can then handle the pending interrupt. After handing the pending interrupt, the handler typically sets the VIF 
flag and clears the VIP flag in the EFLAGS image on the stack and executes a return to the application program. The 
next time the processor receives a maskable hardware interrupt, the processor will handle it in the normal manner 
for interrupts received while the processor is operating at a CPL of 3. 


If the protected-mode virtual interrupt extension is enabled, CPL = 3, and the processor finds that both the VIF and 
VIP flags are set at the beginning of an instruction, a general-protection exception is generated. 


Because the protected-mode virtual interrupt extension changes only the treatment of EFLAGS.IF (by having CLI 
and STI update EFLAGS.VIF instead), it affects only the masking of maskable hardware interrupts (interrupt 
vectors 32 through 255). NMI interrupts and exceptions are handled in the normal manner. 


(When protected-mode virtual interrupts are disabled (that is, when the PVI flag in control register CR4 is set to 0, 
the CPL is less than 3, or the IOPL value is 3), then the CLI and STI instructions execute in a manner compatible 
with the Intel486 processor. That is, if the CPL is greater (less privileged) than the I/O privilege level (IOPL), a 
general-protection exception occurs. If the IOPL value is 3, CLI and STI clear or set the IF flag, respectively. ) 


PUSHF, POPF, IRET and INT are executed like in the Intel486 processor, regardless of whether protected-mode 
virtual interrupts are enabled. 


It is only possible to enter virtual-8086 mode through a task switch or the execution of an IRET instruction, and it 
is only possible to leave virtual-8086 mode by faulting to a protected-mode interrupt handler (typically the general- 
protection exception handler, which in turn calls the virtual 8086-mode monitor). In both cases, the EFLAGS 
register is saved and restored. This is not true, however, in protected mode when the PVI flag is set and the 
processor is not in virtual-8086 mode. Here, it is possible to call a procedure at a different privilege level, in which 
case the EFLAGS register is not saved or modified. However, the states of VIF and VIP flags are never examined by 
the processor when the CPL is not 3. 
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CHAPTER 21 
MIXING 16-BIT AND 32-BIT CODE 


Program modules written to run on IA-32 processors can be either 16-bit modules or 32-bit modules. Table 21-1 
shows the characteristic of 16-bit and 32-bit modules. 


Table 21-1. Characteristics of 16-Bit and 32-Bit Program Modules 


Characteristic 16-Bit Program Modules 32-Bit Program Modules 
Segment Size 0 to 64 KBytes 0 to 4 GBytes 
Operand Sizes 8 bits and 16 bits 8 bits and 32 bits 
Pointer Offset Size (Address Size) 16 bits 32 bits 
Stack Pointer Size 16 Bits 32 Bits 
Control Transfers Allowed to Code Segments | 16 Bits 32 Bits 
of This Size 


The IA-32 processors function most efficiently when executing 32-bit program modules. They can, however, also 
execute 16-bit program modules, in any of the following ways: 


° Inreal-address mode. 
¢ In virtual-8086 mode. 
¢ System management mode (SMM). 


e Asa protected-mode task, when the code, data, and stack segments for the task are all configured as a 16-bit 
segments. 


° By integrating 16-bit and 32-bit segments into a single protected-mode task. 
¢ By integrating 16-bit operations into 32-bit code segments. 


Real-address mode, virtual-8086 mode, and SMM are native 16-bit modes. A legacy program assembled and/or 
compiled to run on an Intel 8086 or Intel 286 processor should run in real-address mode or virtual-8086 mode 
without modification. Sixteen-bit program modules can also be written to run in real-address mode for handling 
system initialization or to run in SMM for handling system management functions. See Chapter 20, “8086 Emula- 
tion,” for detailed information on real-address mode and virtual-8086 mode; see Chapter 31, “System Manage- 
ment Mode,” for information on SMM. 


This chapter describes how to integrate 16-bit program modules with 32-bit program modules when operating in 
protected mode and how to mix 16-bit and 32-bit code within 32-bit code segments. 


21.1 DEFINING 16-BIT AND 32-BIT PROGRAM MODULES 


The following IA-32 architecture mechanisms are used to distinguish between and support 16-bit and 32-bit 
segments and operations: 


° The D (default operand and address size) flag in code-segment descriptors. 
° The B (default stack size) flag in stack-segment descriptors. 

® 16-bit and 32-bit call gates, interrupt gates, and trap gates. 

* Operand-size and address-size instruction prefixes. 

° 16-bit and 32-bit general-purpose registers. 


The D flag in a code-segment descriptor determines the default operand-size and address-size for the instructions 
of a code segment. (In real-address mode and virtual-8086 mode, which do not use segment descriptors, the 
default is 16 bits.) A code segment with its D flag set is a 32-bit segment; a code segment with its D flag clear is a 
16-bit segment. 
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The B flag in the stack-segment descriptor specifies the size of stack pointer (the 32-bit ESP register or the 16-bit 
SP register) used by the processor for implicit stack references. The B flag for all data descriptors also controls 
upper address range for expand down segments. 


When transferring program control to another code segment through a call gate, interrupt gate, or trap gate, the 
operand size used during the transfer is determined by the type of gate used (16-bit or 32-bit), (not by the D-flag 
or prefix of the transfer instruction). The gate type determines how return information is saved on the stack (or 
stacks). 


For most efficient and trouble-free operation of the processor, 32-bit programs or tasks should have the D flag in 
the code-segment descriptor and the B flag in the stack-segment descriptor set, and 16-bit programs or tasks 
should have these flags clear. Program control transfers from 16-bit segments to 32-bit segments (and vice versa) 
are handled most efficiently through call, interrupt, or trap gates. 


Instruction prefixes can be used to override the default operand size and address size of a code segment. These 
prefixes can be used in real-address mode as well as in protected mode and virtual-8086 mode. An operand-size or 
address-size prefix only changes the size for the duration of the instruction. 


21.2 MIXING 16-BIT AND 32-BIT OPERATIONS WITHIN A CODE SEGMENT 


The following two instruction prefixes allow mixing of 32-bit and 16-bit operations within one segment: 
¢ The operand-size prefix (66H) 
¢ The address-size prefix (67H) 


These prefixes reverse the default size selected by the D flag in the code-segment descriptor. For example, the 
processor can interpret the (MOV mem, reg) instruction in any of four ways: 


° Ina 32-bit code segment: 
— Moves 32 bits from a 32-bit register to memory using a 32-bit effective address. 


— If preceded by an operand-size prefix, moves 16 bits from a 16-bit register to memory using a 32-bit 
effective address. 


— If preceded by an address-size prefix, moves 32 bits from a 32-bit register to memory using a 16-bit 
effective address. 


— If preceded by both an address-size prefix and an operand-size prefix, moves 16 bits from a 16-bit register 
to memory using a 16-bit effective address. 


° Ina 16-bit code segment: 
— Moves 16 bits from a 16-bit register to memory using a 16-bit effective address. 


— If preceded by an operand-size prefix, moves 32 bits from a 32-bit register to memory using a 16-bit 
effective address. 


— If preceded by an address-size prefix, moves 16 bits from a 16-bit register to memory using a 32-bit 
effective address. 


— If preceded by both an address-size prefix and an operand-size prefix, moves 32 bits from a 32-bit register 
to memory using a 32-bit effective address. 


The previous examples show that any instruction can generate any combination of operand size and address size 
regardless of whether the instruction is in a 16- or 32-bit segment. The choice of the 16- or 32-bit default for a code 
segment is normally based on the following criteria: 


¢ Performance — Always use 32-bit code segments when possible. They run much faster than 16-bit code 
segments on P6 family processors, and somewhat faster on earlier IA-32 processors. 


°* The operating system the code segment will be running on — If the operating system is a 16-bit 
operating system, it may not support 32-bit program modules. 


° Mode of operation — If the code segment is being designed to run in real-address mode, virtual-8086 mode, 
or SMM, it must be a 16-bit code segment. 
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¢ Backward compatibility to earlier IA-32 processors — If a code segment must be able to run on an Intel 
8086 or Intel 286 processor, it must be a 16-bit code segment. 


21.3. SHARING DATA AMONG MIXED-SIZE CODE SEGMENTS 


Data segments can be accessed from both 16-bit and 32-bit code segments. When a data segment that is larger 
than 64 KBytes is to be shared among 16- and 32-bit code segments, the data that is to be accessed from the 16- 
bit code segments must be located within the first 64 KBytes of the data segment. The reason for this is that 16- 
bit pointers by definition can only point to the first 64 KBytes of a segment. 


A stack that spans less than 64 KBytes can be shared by both 16- and 32-bit code segments. This class of stacks 
includes: 


° Stacks in expand-up segments with the G (granularity) and B (big) flags in the stack-segment descriptor clear. 
¢ Stacks in expand-down segments with the G and B flags clear. 


¢ Stacks in expand-up segments with the G flag set and the B flag clear and where the stack is contained 
completely within the lower 64 KBytes. (Offsets greater than FFFFH can be used for data, other than the stack, 
which is not shared.) 


See Section 3.4.5, “Segment Descriptors,” for a description of the G and B flags and the expand-down stack type. 


The B flag cannot, in general, be used to change the size of stack used by a 16-bit code segment. This flag controls 
the size of the stack pointer only for implicit stack references such as those caused by interrupts, exceptions, and 
the PUSH, POP, CALL, and RET instructions. It does not control explicit stack references, such as accesses to 
parameters or local variables. A 16-bit code segment can use a 32-bit stack only if the code is modified so that all 
explicit references to the stack are preceded by the 32-bit address-size prefix, causing those references to use 32- 
bit addressing and explicit writes to the stack pointer are preceded by a 32-bit operand-size prefix. 


In 32-bit, expand-down segments, all offsets may be greater than 64 KBytes; therefore, 16-bit code cannot use 
this kind of stack segment unless the code segment is modified to use 32-bit addressing. 


21.4 TRANSFERRING CONTROL AMONG MIXED-SIZE CODE SEGMENTS 


There are three ways for a procedure in a 16-bit code segment to safely make a call to a 32-bit code segment: 
¢ Make the call through a 32-bit call gate. 


° Make a 16-bit call to a 32-bit interface procedure. The interface procedure then makes a 32-bit call to the 
intended destination. 


° Modify the 16-bit procedure, inserting an operand-size prefix before the call, to change it to a 32-bit call. 


Likewise, there are three ways for procedure in a 32-bit code segment to safely make a call to a 16-bit code 
segment: 


° Make the call through a 16-bit call gate. Here, the EIP value at the CALL instruction cannot exceed FFFFH. 


¢ Make a 32-bit call to a 16-bit interface procedure. The interface procedure then makes a 16-bit call to the 
intended destination. 


° Modify the 32-bit procedure, inserting an operand-size prefix before the call, changing it to a 16-bit call. Be 
certain that the return offset does not exceed FFFFH. 


These methods of transferring program control overcome the following architectural limitations imposed on calls 
between 16-bit and 32-bit code segments: 


¢ Pointers from 16-bit code segments (which by default can only be 16 bits) cannot be used to address data or 
code located beyond FFFFH in a 32-bit segment. 


¢ The operand-size attributes for a CALL and its companion RETURN instruction must be the same to maintain 
stack coherency. This is also true for implicit calls to interrupt and exception handlers and their companion IRET 
instructions. 

° A 32-bit parameters (particularly a pointer parameter) greater than FFFFH cannot be squeezed into a 16-bit 
parameter location on a stack. 
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¢ The size of the stack pointer (SP or ESP) changes when switching between 16-bit and 32-bit code segments. 
These limitations are discussed in greater detail in the following sections. 


21.4.1 Code-Segment Pointer Size 


For control-transfer instructions that use a pointer to identify the next instruction (that is, those that do not use 
gates), the operand-size attribute determines the size of the offset portion of the pointer. The implications of this 
rule are as follows: 


¢ AJMP, CALL, or RET instruction from a 32-bit segment to a 16-bit segment is always possible using a 32-bit 
operand size, providing the 32-bit pointer does not exceed FFFFH. 


° AJMP, CALL, or RET instruction from a 16-bit segment to a 32-bit segment cannot address a destination greater 
than FFFFH, unless the instruction is given an operand-size prefix. 


See Section 21.4.5, “Writing Interface Procedures,” for an interface procedure that can transfer program control 
from 16-bit segments to destinations in 32-bit segments beyond FFFFH. 


21.4.2 Stack Management for Control Transfer 


Because the stack is managed differently for 16-bit procedure calls than for 32-bit calls, the operand-size attribute 
of the RET instruction must match that of the CALL instruction (see Figure 21-1). On a 16-bit call, the processor 
pushes the contents of the 16-bit IP register and (for calls between privilege levels) the 16-bit SP register. The 
matching RET instruction must also use a 16-bit operand size to pop these 16-bit values from the stack into the 16- 
bit registers. 


A 32-bit CALL instruction pushes the contents of the 32-bit EIP register and (for inter-privilege-level calls) the 32- 
bit ESP register. Here, the matching RET instruction must use a 32-bit operand size to pop these 32-bit values from 
the stack into the 32-bit registers. If the two parts of a CALL/RET instruction pair do not have matching operand 
sizes, the stack will not be managed correctly and the values of the instruction pointer and stack pointer will not be 
restored to correct values. 
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Without Privilege Transition 


After 16-bit Call After 32-bit Call 


With Privilege Transition 


After 16-bit Call After 32-bit Call 
31 0 
ss SP 
Stack | PARM 2| PARM 1 
7 cs IP |<«—sp 
ESP 
Undefined 


Figure 21-1. Stack after Far 16- and 32-Bit Calls 


While executing 32-bit code, if a call is made to a 16-bit code segment which is at the same or a more privileged 
level (that is, the DPL of the called code segment is less than or equal to the CPL of the calling code segment) 
through a 16-bit call gate, then the upper 16-bits of the ESP register may be unreliable upon returning to the 32- 
bit code segment (that is, after executing a RET in the 16-bit code segment). 


When the CALL instruction and its matching RET instruction are in code segments that have D flags with the same 
values (that is, both are 32-bit code segments or both are 16-bit code segments), the default settings may be 
used. When the CALL instruction and its matching RET instruction are in segments which have different D-flag 
settings, an operand-size prefix must be used. 


21.4.2.1 Controlling the Operand-Size Attribute For a Call 


Three things can determine the operand-size of a call: 

¢ The D flag in the segment descriptor for the calling code segment. 

¢ An operand-size instruction prefix. 

° The type of call gate (16-bit or 32-bit), if a call is made through a call gate. 


When a call is made with a pointer (rather than a call gate), the D flag for the calling code segment determines the 
operand-size for the CALL instruction. This operand-size attribute can be overridden by prepending an operand- 
size prefix to the CALL instruction. So, for example, if the D flag for a code segment is set for 16 bits and the 
operand-size prefix is used with a CALL instruction, the processor will cause the information stored on the stack to 
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be stored in 32-bit format. If the call is to a 32-bit code segment, the instructions in that code segment will be able 
to read the stack coherently. Also, a RET instruction from the 32-bit code segment without an operand-size prefix 
will maintain stack coherency with the 16-bit code segment being returned to. 


When a CALL instruction references a call-gate descriptor, the type of call is determined by the type of call gate (16- 
bit or 32-bit). The offset to the destination in the code segment being called is taken from the gate descriptor; 
therefore, if a 32-bit call gate is used, a procedure in a 16-bit code segment can call a procedure located more than 
64 KBytes from the base of a 32-bit code segment, because a 32-bit call gate uses a 32-bit offset. 


Note that regardless of the operand size of the call and how it is determined, the size of the stack pointer used (SP 
or ESP) is always controlled by the B flag in the stack-segment descriptor currently in use (that is, when B is clear, 
SP is used, and when B is set, ESP is used). 


An unmodified 16-bit code segment that has run successfully on an 8086 processor or in real-mode on a later IA- 
32 architecture processor will have its D flag clear and will not use operand-size override prefixes. As a result, all 
CALL instructions in this code segment will use the 16-bit operand-size attribute. Procedures in these code 
segments can be modified to safely call procedures to 32-bit code segments in either of two ways: 


°  Relink the CALL instruction to point to 32-bit call gates (see Section 21.4.2.2, “Passing Parameters With a 
Gate”). 


e =©Add a 32-bit operand-size prefix to each CALL instruction. 


21.4.2.2 Passing Parameters With a Gate 


When referencing 32-bit gates with 16-bit procedures, it is important to consider the number of parameters passed 
in each procedure call. The count field of the gate descriptor specifies the size of the parameter string to copy from 
the current stack to the stack of a more privileged (numerically lower privilege level) procedure. The count field of 
a 16-bit gate specifies the number of 16-bit words to be copied, whereas the count field of a 32-bit gate specifies 
the number of 32-bit doublewords to be copied. The count field for a 32-bit gate must thus be half the size of the 
number of words being placed on the stack by a 16-bit procedure. Also, the 16-bit procedure must use an even 
number of words as parameters. 


21.4.3. Interrupt Control Transfers 


A program-control transfer caused by an exception or interrupt is always carried out through an interrupt or trap 
gate (located in the IDT). Here, the type of the gate (16-bit or 32-bit) determines the operand-size attribute used 
in the implicit call to the exception or interrupt handler procedure in another code segment. 


A 32-bit interrupt or trap gate provides a safe interface to a 32-bit exception or interrupt handler when the excep- 
tion or interrupt occurs in either a 32-bit or a 16-bit code segment. It is sometimes impractical, however, to place 
exception or interrupt handlers in 16-bit code segments, because only 16-bit return addresses are saved on the 
stack. If an exception or interrupt occurs in a 32-bit code segment when the EIP was greater than FFFFH, the 16- 
bit handler procedure cannot provide the correct return address. 


21.4.4 Parameter Translation 


When segment offsets or pointers (which contain segment offsets) are passed as parameters between 16-bit and 
32-bit procedures, some translation is required. If a 32-bit procedure passes a pointer to data located beyond 64 
KBytes to a 16-bit procedure, the 16-bit procedure cannot use it. Except for this limitation, interface code can 
perform any format conversion between 32-bit and 16-bit pointers that may be needed. 


Parameters passed by value between 32-bit and 16-bit code also may require translation between 32-bit and 16- 
bit formats. The form of the translation is application-dependent. 


21.4.5 Writing Interface Procedures 


Placing interface code between 32-bit and 16-bit procedures can be the solution to the following interface prob- 
lems: 
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Allowing procedures in 16-bit code segments to call procedures with offsets greater than FFFFH in 32-bit code 
segments. 


Matching operand-size attributes between companion CALL and RET instructions. 


Translating parameters (data), including managing parameter strings with a variable count or an odd number 
of 16-bit words. 


The possible invalidation of the upper bits of the ESP register. 


The interface procedure is simplified where these rules are followed. 


1. 


2; 
3. 


The interface procedure must reside in a 32-bit code segment (the D flag for the code-segment descriptor is 
set). 


All procedures that may be called by 16-bit procedures must have offsets not greater than FFFFH. 
All return addresses saved by 16-bit procedures must have offsets not greater than FFFFH. 


The interface procedure becomes more complex if any of these rules are violated. For example, if a 16-bit proce- 
dure calls a 32-bit procedure with an entry point beyond FFFFH, the interface procedure will need to provide the 
offset to the entry point. The mapping between 16- and 32-bit addresses is only performed automatically when a 
call gate is used, because the gate descriptor for a call gate contains a 32-bit address. When a call gate is not used, 
the interface code must provide the 32-bit address. 


The structure of the interface procedure depends on the types of calls it is going to support, as follows: 


Calls from 16-bit procedures to 32-bit procedures — Calls to the interface procedure from a 16-bit code 
segment are made with 16-bit CALL instructions (by default, because the D flag for the calling code-segment 
descriptor is clear), and 16-bit operand-size prefixes are used with RET instructions to return from the interface 
procedure to the calling procedure. Calls from the interface procedure to 32-bit procedures are performed with 
32-bit CALL instructions (by default, because the D flag for the interface procedure’s code segment is set), and 
returns from the called procedures to the interface procedure are performed with 32-bit RET instructions (also 
by default). 


Calls from 32-bit procedures to 16-bit procedures — Calls to the interface procedure from a 32-bit code 
segment are made with 32-bit CALL instructions (by default), and returns to the calling procedure from the 
interface procedure are made with 32-bit RET instructions (also by default). Calls from the interface procedure 
to 16-bit procedures require the CALL instructions to have the operand-size prefixes, and returns from the 
called procedures to the interface procedure are performed with 16-bit RET instructions (by default). 
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CHAPTER 22 
ARCHITECTURE COMPATIBILITY 


Intel 64 and IA-32 processors are binary compatible. Compatibility means that, within limited constraints, 
programs that execute on previous generations of processors will produce identical results when executed on later 
processors. The compatibility constraints and any implementation differences between the Intel 64 and IA-32 
processors are described in this chapter. 


Each new processor has enhanced the software visible architecture from that found in earlier Intel 64 and IA-32 
processors. Those enhancements have been defined with consideration for compatibility with previous and future 
processors. This chapter also summarizes the compatibility considerations for those extensions. 


22.1 PROCESSOR FAMILIES AND CATEGORIES 


IA-32 processors are referred to in several different ways in this chapter, depending on the type of compatibility 
information being related, as described in the following: 


¢ IA-32 Processors — All the Intel processors based on the Intel IA-32 Architecture, which include the 
8086/88, Intel 286, Intel386, Intel486, Pentium, Pentium Pro, Pentium II, Pentium III, Pentium 4, and Intel 
Xeon processors. 


° 32-bit Processors — All the IA-32 processors that use a 32-bit architecture, which include the Intel386, 
Intel486, Pentium, Pentium Pro, Pentium II, Pentium Ill, Pentium 4, and Intel Xeon processors. 


* 16-bit Processors — All the IA-32 processors that use a 16-bit architecture, which include the 8086/88 and 
Intel 286 processors. 


° P6 Family Processors — All the IA-32 processors that are based on the P6 microarchitecture, which include 
the Pentium Pro, Pentium II, and Pentium III processors. 


* Pentium® 4 Processors — A family of IA-32 and Intel 64 processors that are based on the Intel NetBurst® 
microarchitecture. 


* Intel® Pentium® M Processors — A family of IA-32 processors that are based on the Intel Pentium M 
processor microarchitecture. 


* Intel® Core™ Duo and Solo Processors — Families of IA-32 processors that are based on an improved Intel 
Pentium M processor microarchitecture. 


* Intel® Xeon® Processors — A family of IA-32 and Intel 64 processors that are based on the Intel NetBurst 
microarchitecture. This family includes the Intel Xeon processor and the Intel Xeon processor MP based on the 
Intel NetBurst microarchitecture. Intel Xeon processors 3000, 3100, 3200, 3300, 3200, 5100, 5200, 5300, 
5400, 7200, 7300 series are based on Intel Core microarchitectures and support Intel 64 architecture. 


* Pentium® D Processors — A family of dual-core Intel 64 processors that provides two processor cores in a 
physical package. Each core is based on the Intel NetBurst microarchitecture. 


* Pentium® Processor Extreme Editions — A family of dual-core Intel 64 processors that provides two 
processor cores in a physical package. Each core is based on the Intel NetBurst microarchitecture and supports 
Intel Hyper-Threading Technology. 


* Intel® Core™ 2 Processor family— A family of Intel 64 processors that are based on the Intel Core microar- 
chitecture. Intel Pentium Dual-Core processors are also based on the Intel Core microarchitecture. 


* Intel Atom® Processors — A family of IA-32 and Intel 64 processors. 45 nm Intel Atom processors are based 
on the Intel Atom microarchitecture. 32 nm Intel Atom processors are based on newer microarchitectures 
including the Silvermont microarchitecture and the Airmont microarchitecture. Each generation of Intel Atom 
processors can be identified by the CPUID’s DisplayFamily_DisplayModel signature; see Table 2-1 “CPUID 
Signature Values of DisplayFamily_DisplayModel” in Chapter 2, “Model-Specific Registers (MSRs)” of the Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 4. 
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22.2 RESERVED BITS 


Throughout this manual, certain bits are marked as reserved in many register and memory layout descriptions. 
When bits are marked as undefined or reserved, it is essential for compatibility with future processors that software 
treat these bits as having a future, though unknown effect. Software should follow these guidelines in dealing with 
reserved bits: 


* Do not depend on the states of any reserved bits when testing the values of registers or memory locations that 
contain such bits. Mask out the reserved bits before testing. 


* Do not depend on the states of any reserved bits when storing them to memory or to a register. 
* Do not depend on the ability to retain information written into any reserved bits. 


¢ When loading a register, always load the reserved bits with the values indicated in the documentation, if any, or 
reload them with values previously read from the same register. 


Software written for existing IA-32 processor that handles reserved bits correctly will port to future IA-32 proces- 
sors without generating protection exceptions. 


22.3. ENABLING NEW FUNCTIONS AND MODES 


Most of the new control functions defined for the P6 family and Pentium processors are enabled by new mode flags 
in the control registers (primarily register CR4). This register is undefined for IA-32 processors earlier than the 
Pentium processor. Attempting to access this register with an Intel486 or earlier IA-32 processor results in an 
invalid-opcode exception (#UD). Consequently, programs that execute correctly on the Intel486 or earlier IA-32 
processor cannot erroneously enable these functions. Attempting to set a reserved bit in register CR4 to a value 
other than its original value results in a general-protection exception (#GP). So, programs that execute on the P6 
family and Pentium processors cannot erroneously enable functions that may be implemented in future IA-32 
processors. 


The P6 family and Pentium processors do not check for attempts to set reserved bits in model-specific registers; 
however these bits may be checked on more recent processors. It is the obligation of the software writer to enforce 
this discipline. These reserved bits may be used in future Intel processors. 


22.4 DETECTING THE PRESENCE OF NEW FEATURES THROUGH SOFTWARE 


Software can check for the presence of new architectural features and extensions in either of two ways: 


1. Test for the presence of the feature or extension. Software can test for the presence of new flags in the EFLAGS 
register and control registers. If these flags are reserved (meaning not present in the processor executing the 
test), an exception is generated. Likewise, software can attempt to execute a new instruction, which results in 
an invalid-opcode exception (#UD) being generated if it is not supported. 


2. Execute the CPUID instruction. The CPUID instruction (added to the IA-32 in the Pentium processor) indicates 
the presence of new features directly. 


See Chapter 20, “Processor Identification and Feature Determination,” in the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 1, for detailed information on detecting new processor features and exten- 
sions. 


22.5 INTEL MMX TECHNOLOGY 


The Pentium processor with MMX technology introduced the MMX technology and a set of MMX instructions to the 
IA-32. The MMX instructions are described in Chapter 9, “Programming with Intel® MMX™ Technology,” in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, and in the Inte!® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volumes 2A, 2B, 2C & 2D. The MMX technology and MMxX instructions are 
also included in the Pentium II, Pentium Ill, Pentium 4, and Intel Xeon processors. 


22-2 Vol. 3B 


ARCHITECTURE COMPATIBILITY 


22.6 STREAMING SIMD EXTENSIONS (SSE) 


The Streaming SIMD Extensions (SSE) were introduced in the Pentium III processor. The SSE extensions consist of 
a new set of instructions and a new set of registers. The new registers include the eight 128-bit XMM registers and 
the 32-bit MXCSR control and status register. These instructions and registers are designed to allow SIMD compu- 
tations to be made on single-precision floating-point numbers. Several of these new instructions also operate in the 
MMX registers. SSE instructions and registers are described in Section 10, “Programming with Streaming SIMD 
Extensions (SSE),” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, and in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A, 2B, 2C & 2D. 


22.7. STREAMING SIMD EXTENSIONS 2 (SSE2) 


The Streaming SIMD Extensions 2 (SSE2) were introduced in the Pentium 4 and Intel Xeon processors. They 
consist of a new set of instructions that operate on the XMM and MXCSR registers and perform SIMD operations on 
double-precision floating-point values and on integer values. Several of these new instructions also operate in the 
MMxX registers. SSE2 instructions and registers are described in Chapter 11, “Programming with Streaming SIMD 
Extensions 2 (SSE2),” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, and in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A, 2B, 2C & 2D. 


22.8 STREAMING SIMD EXTENSIONS 3 (SSE3) 


The Streaming SIMD Extensions 3 (SSE3) were introduced in Pentium 4 processors supporting Intel Hyper- 
Threading Technology and Intel Xeon processors. SSE3 extensions include 13 instructions. Ten of these 13 instruc- 
tions support the single instruction multiple data (SIMD) execution model used with SSE/SSE2 extensions. One 
SSE3 instruction accelerates x87 style programming for conversion to integer. The remaining two instructions 
(MONITOR and MWAIT) accelerate synchronization of threads. SSE3 instructions are described in Chapter 12, 
“Programming with Intel® SSE3, SSSE3,Intel® SSE4 AND Intel® AESNI,” in the Inte/® 64 and IA-32 Architec- 
tures Software Developer’s Manual, Volume 1, and in the Inte/® 64 and IA-32 Architectures Software Developer's 
Manual, Volumes 2A, 2B, 2C & 2D. 


22.9 ADDITIONAL STREAMING SIMD EXTENSIONS 


The Supplemental Streaming SIMD Extensions 3 (SSSE3) were introduced in the Intel Core 2 processor and Intel 
Xeon processor 5100 series. Streaming SIMD Extensions 4 provided 54 new instructions introduced in 45 nm Intel 
Xeon processors and Intel Core 2 processors. SSSE3, SSE4.1 and SSE4.2 instructions are described in Chapter 12, 
“Programming with Intel® SSE3, SSSE3,Intel® SSE4 AND Intel® AESNI,” in the Inte/® 64 and IA-32 Architec- 
tures Software Developer’s Manual, Volume 1, and in the Intel® 64 and IA-32 Architectures Software Developer’s 
Manual, Volumes 2A, 2B, 2C & 2D. 


22.10 INTEL HYPER-THREADING TECHNOLOGY 


Intel Hyper-Threading Technology provides two logical processors that can execute two separate code streams 
(called threads) concurrently by using shared resources in a single processor core or in a physical package. 


This feature was introduced in the Intel Xeon processor MP and later steppings of the Intel Xeon processor, and 
Pentium 4 processors supporting Intel Hyper-Threading Technology. The feature is also found in the Pentium 
processor Extreme Edition. See also: Section 8.7, “Intel® Hyper-Threading Technology Architecture.” 


45 nm and 32 nm Intel Atom processors support Intel Hyper-Threading Technology. 


Intel Atom processors based on Silvermont and Airmont microarchitectures do not support Intel Hyper-Threading 
Technology. 
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22.11 MULTI-CORE TECHNOLOGY 


The Pentium D processor and Pentium processor Extreme Edition provide two processor cores in each physical 
processor package. See also: Section 8.5, “Intel® Hyper-Threading Technology and Intel® Multi-Core Technology, 
and Section 8.8, “Multi-Core Architecture.” Intel Core 2 Duo, Intel Pentium Dual-Core processors, Intel Xeon 
processors 3000, 3100, 5100, 5200 series provide two processor cores in each physical processor package. Intel 
Core 2 Extreme, Intel Core 2 Quad processors, Intel Xeon processors 3200, 3300, 5300, 5400, 7300 series provide 
two processor cores in each physical processor package. 


" 


22.12 SPECIFIC FEATURES OF DUAL-CORE PROCESSOR 
Dual-core processors may have some processor-specific features. Use CPUID feature flags to detect the availability 
features. Note the following: 


¢ CPUID Brand String — On Pentium processor Extreme Edition, the process will report the correct brand string 
only after the correct microcode updates are loaded. 


¢ Enhanced Intel SpeedStep Technology — This feature is supported in Pentium D processor but not in 
Pentium processor Extreme Edition. 


22.13 NEW INSTRUCTIONS IN THE PENTIUM AND LATER IA-32 PROCESSORS 


Table 22-1 identifies the instructions introduced into the IA-32 in the Pentium processor and later IA-32 processors. 


22.13.1_ Instructions Added Prior to the Pentium Processor 
The following instructions were added in the Intel486 processor: 

¢ BSWAP (byte swap) instruction. 

¢ XADD (exchange and add) instruction. 

* CMPXCHG (compare and exchange) instruction. 

¢ INVD (invalidate cache) instruction. 

¢ WBINVD (write-back and invalidate cache) instruction. 

¢ INVLPG (invalidate TLB entry) instruction. 


Table 22-1. New Instruction in the Pentium Processor and Later IA-32 Processors 


Instruction CPUID Identification Bits Introduced In 
CMOVcc (conditional move) EDX, Bit 15 Pentium Pro processor 
FCMOVcc (floating-point conditional move) EDX, Bits O and 15 
FCOMI (floating-point compare and set EFLAGS) EDX, Bits O and 15 
RDPMC (read performance monitoring counters) EAX, Bits 8-11, set to GH; 
see Note 1 
UD2 (undefined) EAX, Bits 8-11, set to 6H 
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Table 22-1. New Instruction in the Pentium Processor and Later IA-32 Processors (Contd.) 


Instruction CPUID Identification Bits Introduced In 
CMPXCHG8B (compare and exchange 8 bytes) EDX, Bit 8 Pentium processor 
CPUID (CPU identification) None; see Note 2 
RDTSC (read time-stamp counter) EDX, Bit 4 
RDMSR (read model-specific register) EDX, Bit 5 
WRMSR (write model-specific register) EDX, Bit 5 
MMX Instructions EDX, Bit 23 


NOTES: 


1. The RDPMC instruction was introduced in the P6 family of processors and added to later model Pentium processors. This instruc- 
tion is model specific in nature and not architectural. 


2. The CPUID instruction is available in all Pentium and P6 family processors and in later models of the Intel486 processors. The ability 
to set and clear the ID flag (bit 21) in the EFLAGS register indicates the availability of the CPUID instruction. 


The following instructions were added in the Intel386 processor: 

e LSS, LFS, and LGS (load SS, FS, and GS registers). 

¢ Long-displacement conditional jumps. 

° ~=Single-bit instructions. 

¢ Bit scan instructions. 

* Double-shift instructions. 

¢ Byte set on condition instruction. 

° Move with sign/zero extension. 

¢ Generalized multiply instruction. 

¢ MOV to and from control registers. 

¢ MOV to and from test registers (now obsolete). 

¢ MOV to and from debug registers. 

¢ RSM (resume from SMM). This instruction was introduced in the Intel386 SL and Intel486 SL processors. 
The following instructions were added in the Intel 387 math coprocessor: 
°  FPREM1. 

¢ FUCOM, FUCOMP, and FUCOMPP. 


22.14 OBSOLETE INSTRUCTIONS 


The MOV to and from test registers instructions were removed from the Pentium processor and future IA-32 
processors. Execution of these instructions generates an invalid-opcode exception (#UD). 


22.15 UNDEFINED OPCODES 


All new instructions defined for Intel 64 and IA-32 processors use binary encodings that were reserved on earlier- 
generation processors. Generally, attempting to execute a reserved opcode results in an invalid-opcode (#UD) 
exception being generated. Consequently, programs that execute correctly on earlier-generation processors 
cannot erroneously execute these instructions and thereby produce unexpected results when executed on later 
Intel 64 processors. 


For compatibility with prior generations, there are a few reserved opcodes which do not result in a #UD but rather 
result in the same behavior as certain defined instructions. In the interest of standardization, it is recommended 
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that software not use the opcodes given below but instead use those defined in the Intel® 64 and IA-32 Architec- 
tures Software Developer’s Manual, Volumes 2A, 2B, 2C & 2D. 


The following items enumerate those reserved opcodes (referring in some cases to opcode groups as defined in 

Appendix A, “Opcode Map” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2D). 

¢ Immediate Group 1 - When not in 64-bit mode, instructions encoded with opcode 82H result in the behavior 
of the corresponding instructions encoded with opcode 80H. Depending on the Op/Reg field of the ModR/M 
Byte, these opcodes are the byte forms of ADD, OR, ADC, SBB, AND, SUB, XOR, CMP. (In 64-bit mode, these 
opcodes cause a #UD.) 

¢ Shift Group 2 /6 - Instructions encoded with opcodes COH, C1H, DOH, D1H, D2H, and D3H with value 110B in 
the Op/Reg field (/6) of the ModR/M Byte result in the behavior of the corresponding instructions with value 
100B in the Op/Reg field (/4). These are various forms of the SAL/SHL instruction. 

¢ Unary Group 3 /1 - Instructions encoded with opcodes F6H and F7H with value 001B in the Op/Reg field (/01) 
of the ModR/M Byte result in the behavior of the corresponding instructions with value O0OB in the Op/Reg field 
(/0). These are various forms of the TEST instruction. 

¢ Reserved NOP - Instructions encoded with the opcode OFODH or with the opcodes OF18H through OF1FH 
result in the behavior of the NOP (No Operation) instruction, except for those opcodes defined in the Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volumes 2A, 2B, 2C & 2D. The opcodes not so defined 
are considered “Reserved NOP” and may be used for future instructions which have no defined impact on 
existing architectural state. These reserved NOP opcodes are decoded with a ModR/M byte and typical 
instruction prefix options but still result in the behavior of the NOP instruction. 

° x87 Opcodes - There are several groups of x87 opcodes which provide the same behavior as other x87 
instructions. See Section 22.18.9 for the complete list. 


There are a few reserved opcodes that provide unique behavior but do not provide capabilities that are not already 
available in the main instructions defined in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volumes 2A, 2B, 2C & 2D. 


° D6H - When not in 64-bit mode SALC - Set AL to Cary flag. IF (CF=1), AL=FF, ELSE, AL=0 (#UD in 64-bit 
mode) 


° x87 Opcodes - There are a few x87 opcodes with subtly different behavior from existing x87 instructions. See 
Section 22.18.9 for details. 


22.16 NEW FLAGS IN THE EFLAGS REGISTER 


The section titled “EFLAGS Register” in Chapter 3, “Basic Execution Environment,” of the Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 1, shows the configuration of flags in the EFLAGS register for 
the P6 family processors. No new flags have been added to this register in the P6 family processors. The flags 
added to this register in the Pentium and Intel486 processors are described in the following sections. 


The following flags were added to the EFLAGS register in the Pentium processor: 
¢ VIF (virtual interrupt flag), bit 19. 

¢ VIP (virtual interrupt pending), bit 20. 

¢ ID (identification flag), bit 21. 

The AC flag (bit 18) was added to the EFLAGS register in the Intel486 processor. 


22.16.1 Using EFLAGS Flags to Distinguish Between 32-Bit IA-32 Processors 


The following bits in the EFLAGS register that can be used to differentiate between the 32-bit IA-32 processors: 


¢ Bit 18 (the AC flag) can be used to distinguish an Intel386 processor from the P6 family, Pentium, and Intel486 
processors. Since it is not implemented on the Intel386 processor, it will always be clear. 


¢ Bit 21 (the ID flag) indicates whether an application can execute the CPUID instruction. The ability to set and 
clear this bit indicates that the processor is a P6 family or Pentium processor. The CPUID instruction can then 
be used to determine which processor. 
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¢ Bits 19 (the VIF flag) and 20 (the VIP flag) will always be zero on processors that do not support virtual mode 
extensions, which includes all 32-bit processors prior to the Pentium processor. 


See Chapter 20, “Processor Identification and Feature Determination,” in the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual, Volume 1, for more information on identifying processors. 


22.17 STACK OPERATIONS AND USER SOFTWARE 


This section identifies the differences in stack implementation between the various IA-32 processors. 


22.17.1 PUSH SP 


The P6 family, Pentium, Intel486, Intel386, and Intel 286 processors push a different value on the stack for a PUSH 
SP instruction than the 8086 processor. The 32-bit processors push the value of the SP register before it is decre- 
mented as part of the push operation; the 8086 processor pushes the value of the SP register after it is decre- 
mented. If the value pushed is important, replace PUSH SP instructions with the following three instructions: 


PUSH BP 
MOV BP, SP 
XCHG BP, [BP] 


This code functions as the 8086 processor PUSH SP instruction on the P6 family, Pentium, Intel486, Intel386, and 
Intel 286 processors. 


22.17.2 EFLAGS Pushed on the Stack 


The setting of the stored values of bits 12 through 15 (which includes the IOPL field and the NT flag) in the EFLAGS 
register by the PUSHF instruction, by interrupts, and by exceptions is different with the 32-bit IA-32 processors 
than with the 8086 and Intel 286 processors. The differences are as follows: 


* 8086 processor—bits 12 through 15 are always set. 
¢ Intel 286 processor—bits 12 through 15 are always cleared in real-address mode. 


¢ 32-bit processors in real-address mode—bit 15 (reserved) is always cleared, and bits 12 through 14 have the 
last value loaded into them. 


22.18 X87 FPU 


This section addresses the issues that must be faced when porting floating-point software designed to run on 
earlier IA-32 processors and math coprocessors to a Pentium 4, Intel Xeon, P6 family, or Pentium processor with 
integrated x87 FPU. To software, a Pentium 4, Intel Xeon, or P6 family processor looks very much like a Pentium 
processor. Floating-point software which runs on a Pentium or Intel486 DX processor, or on an Intel486 SX 
processor/Intel 487 SX math coprocessor system or an Intel386 processor/Intel 387 math coprocessor system, 
will run with at most minor modifications on a Pentium 4, Intel Xeon, or P6 family processor. To port code directly 
from an Intel 286 processor/Intel 287 math coprocessor system or an Intel 8086 processor/8087 math copro- 
cessor system to a Pentium 4, Intel Xeon, P6 family, or Pentium processor, certain additional issues must be 
addressed. 


In the following sections, the term “32-bit x87 FPUs” refers to the P6 family, Pentium, and Intel486 DX processors, 
and to the Intel 487 SX and Intel 387 math coprocessors; the term “16-bit IA-32 math coprocessors” refers to the 
Intel 287 and 8087 math coprocessors. 
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22.18.1 Control Register CRO Flags 


The ET, NE, and MP flags in control register CRO control the interface between the integer unit of an IA-32 processor 
and either its internal x87 FPU or an external math coprocessor. The effect of these flags in the various IA-32 
processors are described in the following paragraphs. 


The ET (extension type) flag (bit 4 of the CRO register) is used in the Intel386 processor to indicate whether the 
math coprocessor in the system is an Intel 287 math coprocessor (flag is clear) or an Intel 387 DX math copro- 
cessor (flag is set). This bit is hardwired to 1 in the P6 family, Pentium, and Intel486 processors. 


The NE (Numeric Exception) flag (bit 5 of the CRO register) is used in the P6 family, Pentium, and Intel486 proces- 
sors to determine whether unmasked floating-point exceptions are reported internally through interrupt vector 16 
(flag is set) or externally through an external interrupt (flag is clear). On a hardware reset, the NE flag is initialized 
to 0, so software using the automatic internal error-reporting mechanism must set this flag to 1. This flag is nonex- 
istent on the Intel386 processor. 


As on the Intel 286 and Intel386 processors, the MP (monitor coprocessor) flag (bit 1 of register CRO) determines 
whether the WAIT/FWAIT instructions or waiting-type floating-point instructions trap when the context of the x87 
FPU is different from that of the currently-executing task. If the MP and TS flag are set, then a WAIT/FWAIT instruc- 
tion and waiting instructions will cause a device-not-available exception (interrupt vector 7). The MP flag is used on 
the Intel 286 and Intel386 processors to support the use of a WAIT/FWAIT instruction to wait on a device other 
than a math coprocessor. The device reports its status through the BUSY# pin. Since the P6 family, Pentium, and 
Intel486 processors do not have such a pin, the MP flag has no relevant use and should be set to 1 for normal oper- 
ation. 


22.18.2 x87 FPU Status Word 


This section identifies differences to the x87 FPU status word for the different IA-32 processors and math coproces- 
sors, the reason for the differences, and their impact on software. 


22.18.2.1 Condition Code Flags (CO through C3) 


The following information pertains to differences in the use of the condition code flags (CO through C3) located in 
bits 8, 9, 10, and 14 of the x87 FPU status word. 


After execution of an FINIT instruction or a hardware reset on a 32-bit x87 FPU, the condition code flags are set to 
0. The same operations on a 16-bit IA-32 math coprocessor leave these flags intact (they contain their prior value). 
This difference in operation has no impact on software and provides a consistent state after reset. 


Transcendental instruction results in the core range of the P6 family and Pentium processors may differ from the 
Intel486 DX processor and Intel 487 SX math coprocessor by 2 to 3 units in the last place (ulps)—(see “Transcen- 
dental Instruction Accuracy” in Chapter 8, “Programming with the x87 FPU,” of the Inte/® 64 and IA-32 Architec- 
tures Software Developer’s Manual, Volume 1). As a result, the value saved in the Ci flag may also differ. 


After an incomplete FPREM/FPREM1 instruction, the CO, Ci, and C3 flags are set to 0 on the 32-bit x87 FPUs. After 
the same operation on a 16-bit IA-32 math coprocessor, these flags are left intact. 


On the 32-bit x87 FPUs, the C2 flag serves as an incomplete flag for the FTAN instruction. On the 16-bit IA-32 math 
coprocessors, the C2 flag is undefined for the FPTAN instruction. This difference has no impact on software, 
because Intel 287 or 8087 programs do not check C2 after an FPTAN instruction. The use of this flag on later 
processors allows fast checking of operand range. 


22.18.2.2 Stack Fault Flag 


When unmasked stack overflow or underflow occurs on a 32-bit x87 FPU, the IE flag (bit 0) and the SF flag (bit 6) 
of the x87 FPU status word are set to indicate a stack fault and condition code flag C1 is set or cleared to indicate 
overflow or underflow, respectively. When unmasked stack overflow or underflow occurs on a 16-bit IA-32 math 
coprocessor, only the IE flag is set. Bit 6 is reserved on these processors. The addition of the SF flag on a 32-bit x87 
FPU has no impact on software. Existing exception handlers need not change, but may be upgraded to take advan- 
tage of the additional information. 
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22.18.3 x87 FPU Control Word 


Only affine closure is supported for infinity control on a 32-bit x87 FPU. The infinity control flag (bit 12 of the x87 
FPU control word) remains programmable on these processors, but has no effect. This change was made to 
conform to the IEEE Standard 754 for Binary Floating-Point Arithmetic. On a 16-bit IA-32 math coprocessor, both 
affine and projective closures are supported, as determined by the setting of bit 12. After a hardware reset, the 
default value of bit 12 is projective. Software that requires projective infinity arithmetic may give different results. 


22.18.4 x87 FPU Tag Word 


When loading the tag word of a 32-bit x87 FPU, using an FLDENV, FRSTOR, or FXRSTOR (Pentium III processor only) 
instruction, the processor examines the incoming tag and classifies the location only as empty or non-empty. Thus, 
tag values of 00, 01, and 10 are interpreted by the processor to indicate a non-empty location. The tag value of 11 
is interpreted by the processor to indicate an empty location. Subsequent operations on a non-empty register 
always examine the value in the register, not the value in its tag. The FSTENV, FSAVE, and FXSAVE (Pentium III 
processor only) instructions examine the non-empty registers and put the correct values in the tags before storing 
the tag word. 


The corresponding tag for a 16-bit IA-32 math coprocessor is checked before each register access to determine the 
class of operand in the register; the tag is updated after every change to a register so that the tag always reflects 
the most recent status of the register. Software can load a tag with a value that disagrees with the contents of a 
register (for example, the register contains a valid value, but the tag says special). Here, the 16-bit IA-32 math 
coprocessors honor the tag and do not examine the register. 


Software written to run on a 16-bit IA-32 math coprocessor may not operate correctly on a 16-bit x87 FPU, if it 
uses the FLDENV, FRSTOR, or FXRSTOR instructions to change tags to values (other than to empty) that are 
different from actual register contents. 


The encoding in the tag word for the 32-bit x87 FPUs for unsupported data formats (including pseudo-zero and 
unnormal) is special (10B), to comply with IEEE Standard 754. The encoding in the 16-bit IA-32 math coprocessors 
for pseudo-zero and unnormal is valid (OOB) and the encoding for other unsupported data formats is special (10B). 
Code that recognizes the pseudo-zero or unnormal format as valid must therefore be changed if it is ported to a 32- 
bit x87 FPU. 


22.18.5 Data Types 


This section discusses the differences of data types for the various x87 FPUs and math coprocessors. 


22.18.5.1 NaNs 


The 32-bit x87 FPUs distinguish between signaling NaNs (SNaNs) and quiet NaNs (QNaNs). These x87 FPUs only 
generate QNaNs and normally do not generate an exception upon encountering a QNaN. An invalid-operation 
exception (#1) is generated only upon encountering a SNaN, except for the FCOM, FIST, and FBSTP instructions, 
which also generates an invalid-operation exceptions for a QNaNs. This behavior matches IEEE Standard 754. 


The 16-bit IA-32 math coprocessors only generate one kind of NaN (the equivalent of a QNaN), but the raise an 
invalid-operation exception upon encountering any kind of NaN. 


When porting software written to run on a 16-bit IA-32 math coprocessor to a 32-bit x87 FPU, uninitialized memory 
locations that contain QNaNs should be changed to SNaNs to cause the x87 FPU or math coprocessor to fault when 
uninitialized memory locations are referenced. 


22.18.5.2 Pseudo-zero, Pseudo-NaN, Pseudo-infinity, and Unnormal Formats 


The 32-bit x87 FPUs neither generate nor support the pseudo-zero, pseudo-NaN, pseudo-infinity, and unnormal 
formats. Whenever they encounter them in an arithmetic operation, they raise an invalid-operation exception. The 
16-bit IA-32 math coprocessors define and support special handling for these formats. Support for these formats 
was dropped to conform with IEEE Standard 754 for Binary Floating-Point Arithmetic. 
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This change should not impact software ported from 16-bit IA-32 math coprocessors to 32-bit x87 FPUs. The 32- 
bit x87 FPUs do not generate these formats, and therefore will not encounter them unless software explicitly loads 
them in the data registers. The only affect may be in how software handles the tags in the tag word (see also: 
Section 22.18.4, “x87 FPU Tag Word”). 


22.18.6 Floating-Point Exceptions 


This section identifies the implementation differences in exception handling for floating-point instructions in the 
various x87 FPUs and math coprocessors. 


22.18.6.1 Denormal Operand Exception (#D) 


When the denormal operand exception is masked, the 32-bit x87 FPUs automatically normalize denormalized 
numbers when possible; whereas, the 16-bit IA-32 math coprocessors return a denormal result. A program written 
to run on a 16-bit IA-32 math coprocessor that uses the denormal exception solely to normalize denormalized 
operands is redundant when run on the 32-bit x87 FPUs. If such a program is run on 32-bit x87 FPUs, performance 
can be improved by masking the denormal exception. Floating-point programs run faster when the FPU performs 
normalization of denormalized operands. 


The denormal operand exception is not raised for transcendental instructions and the FXTRACT instruction on the 
16-bit IA-32 math coprocessors. This exception is raised for these instructions on the 32-bit x87 FPUs. The excep- 
tion handlers ported to these latter processors need to be changed only if the handlers gives special treatment to 
different opcodes. 


22.18.6.2 Numeric Overflow Exception (#0) 


On the 32-bit x87 FPUs, when the numeric overflow exception is masked and the rounding mode is set to chop 
(toward 0), the result is the largest positive or smallest negative number. The 16-bit IA-32 math coprocessors do 
not signal the overflow exception when the masked response is not ~; that is, they signal overflow only when the 
rounding control is not set to round to O. If rounding is set to chop (toward 0), the result is positive or negative ~. 
Under the most common rounding modes, this difference has no impact on existing software. 


If rounding is toward 0 (chop), a program on a 32-bit x87 FPU produces, under overflow conditions, a result that is 
different in the least significant bit of the significand, compared to the result on a 16-bit IA-32 math coprocessor. 
The reason for this difference is IEEE Standard 754 compatibility. 


When the overflow exception is not masked, the precision exception is flagged on the 32-bit x87 FPUs. When the 
result is stored in the stack, the significand is rounded according to the precision control (PC) field of the FPU 
control word or according to the opcode. On the 16-bit IA-32 math coprocessors, the precision exception is not 
flagged and the significand is not rounded. The impact on existing software is that if the result is stored on the 
stack, a program running on a 32-bit x87 FPU produces a different result under overflow conditions than on a 16- 
bit IA-32 math coprocessor. The difference is apparent only to the exception handler. This difference is for IEEE 
Standard 754 compatibility. 


22.18.6.3 Numeric Underflow Exception (#U) 


When the underflow exception is masked on the 32-bit x87 FPUs, the underflow exception is signaled when the 
result is tiny and inexact (see Section 4.9.1.5, “Numeric Underflow Exception (#U)” in Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 1). When the underflow exception is unmasked and the instruction 
is supposed to store the result on the stack, the significand is rounded to the appropriate precision (according to 
the PC flag in the FPU control word, for those instructions controlled by PC, otherwise to extended precision), after 
adjusting the exponent. 


22.18.6.4 Exception Precedence 


There is no difference in the precedence of the denormal-operand exception on the 32-bit x87 FPUs, whether it be 
masked or not. When the denormal-operand exception is not masked on the 16-bit IA-32 math coprocessors, it 
takes precedence over all other exceptions. This difference causes no impact on existing software, but some 
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unneeded normalization of denormalized operands is prevented on the Intel486 processor and Intel 387 math 
coprocessor. 


22.18.6.5 CS and EIP For FPU Exceptions 


On the Intel 32-bit x87 FPUs, the values from the CS and EIP registers saved for floating-point exceptions point to 
any prefixes that come before the floating-point instruction. On the 8087 math coprocessor, the saved CS and IP 
registers points to the floating-point instruction. 


22.18.6.6 FPU Error Signals 


The floating-point error signals to the P6 family, Pentium, and Intel486 processors do not pass through an interrupt 
controller; an INT# signal from an Intel 387, Intel 287 or 8087 math coprocessors does. If an 8086 processor uses 
another exception for the 8087 interrupt, both exception vectors should call the floating-point-error exception 
handler. Some instructions in a floating-point-error exception handler may need to be deleted if they use the inter- 
rupt controller. The P6 family, Pentium, and Intel486 processors have signals that, with the addition of external 
logic, support reporting for emulation of the interrupt mechanism used in many personal computers. 


On the P6 family, Pentium, and Intel486 processors, an undefined floating-point opcode will cause an invalid- 
opcode exception (#UD, interrupt vector 6). Undefined floating-point opcodes, like legal floating-point opcodes, 
cause a device not available exception (#NM, interrupt vector 7) when either the TS or EM flag in control register 
CRO is set. The P6 family, Pentium, and Intel486 processors do not check for floating-point error conditions on 
encountering an undefined floating-point opcode. 


22.18.6.7 Assertion of the FERR# Pin 


When using the MS-DOS compatibility mode for handing floating-point exceptions, the FERR# pin must be 
connected to an input to an external interrupt controller. An external interrupt is then generated when the FERR# 
output drives the input to the interrupt controller and the interrupt controller in turn drives the INTR pin on the 
processor. 


For the P6 family and Intel386 processors, an unmasked floating-point exception always causes the FERR# pin to 
be asserted upon completion of the instruction that caused the exception. For the Pentium and Intel486 proces- 
sors, an unmasked floating-point exception may cause the FERR# pin to be asserted either at the end of the 
instruction causing the exception or immediately before execution of the next floating-point instruction. (Note that 
the next floating-point instruction would not be executed until the pending unmasked exception has been 
handled.) See Appendix D, “Guidelines for Writing x87 FPU Extension Handlers,” in the Inte/® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 1, for a complete description of the required mechanism for 
handling floating-point exceptions using the MS-DOS compatibility mode. 


Using FERR# and IGNNE#¥ to handle floating-point exception is deprecated by modern operating systems; this 
approach also limits newer processors to operate with one logical processor active. 


22.18.6.8 Invalid Operation Exception On Denormals 


An invalid-operation exception is not generated on the 32-bit x87 FPUs upon encountering a denormal value when 
executing a FSQRT, FDIV, or FPREM instruction or upon conversion to BCD or to integer. The operation proceeds by 
first normalizing the value. On the 16-bit IA-32 math coprocessors, upon encountering this situation, the invalid- 
operation exception is generated. This difference has no impact on existing software. Software running on the 32- 
bit x87 FPUs continues to execute in cases where the 16-bit IA-32 math coprocessors trap. The reason for this 
change was to eliminate an exception from being raised. 


22.18.6.9 Alignment Check Exceptions (#AC) 


If alignment checking is enabled, a misaligned data operand on the P6 family, Pentium, and Intel486 processors 
causes an alignment check exception (#AC) when a program or procedure is running at privilege-level 3, except 
for the stack portion of the FSAVE/FNSAVE, FXSAVE, FRSTOR, and FXRSTOR instructions. 
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22.18.6.10 Segment Not Present Exception During FLDENV 


On the Intel486 processor, when a segment not present exception (#NP) occurs in the middle of an FLDENV 
instruction, it can happen that part of the environment is loaded and part not. In such cases, the FPU control word 
is left with a value of OO7FH. The P6 family and Pentium processors ensure the internal state is correct at all times 
by attempting to read the first and last bytes of the environment before updating the internal state. 


22.18.6.11 Device Not Available Exception (#NM) 


The device-not-available exception (#NM, interrupt 7) will occur in the P6 family, Pentium, and Intel486 processors 
as described in Section 2.5, “Control Registers,” Table 2-2, and Chapter 6, “Interrupt 7—Device Not Available 
Exception (#NM).” 


22.18.6.12 Coprocessor Segment Overrun Exception 


The coprocessor segment overrun exception (interrupt 9) does not occur in the P6 family, Pentium, and Intel486 
processors. In situations where the Intel 387 math coprocessor would cause an interrupt 9, the P6 family, Pentium, 
and Intel486 processors simply abort the instruction. To avoid undetected segment overruns, it is recommended 
that the floating-point save area be placed in the same page as the TSS. This placement will prevent the FPU envi- 
ronment from being lost if a page fault occurs during the execution of an FLDENV, FRSTOR, or FXRSTOR instruction 
while the operating system is performing a task switch. 


22.18.6.13 General Protection Exception (#GP) 


A general-protection exception (#GP, interrupt 13) occurs if the starting address of a floating-point operand falls 
outside a segment’s size. An exception handler should be included to report these programming errors. 


22.18.6.14 Floating-Point Error Exception (#MF) 


In real mode and protected mode (not including virtual-8086 mode), interrupt vector 16 must point to the floating- 
point exception handler. In virtual-8086 mode, the virtual-8086 monitor can be programmed to accommodate a 
different location of the interrupt vector for floating-point exceptions. 


22.18.7 Changes to Floating-Point Instructions 


This section identifies the differences in floating-point instructions for the various Intel FPU and math coprocessor 
architectures, the reason for the differences, and their impact on software. 


22.18.7.1 FDIV, FPREM, and FSQRT Instructions 


The 32-bit x87 FPUs support operations on denormalized operands and, when detected, an underflow exception 
can occur, for compatibility with the IEEE Standard 754. The 16-bit IA-32 math coprocessors do not operate on 
denormalized operands or return underflow results. Instead, they generate an invalid-operation exception when 
they detect an underflow condition. An existing underflow exception handler will require change only if it gives 
different treatment to different opcodes. Also, it is possible that fewer invalid-operation exceptions will occur. 


22.18.7.2 FSCALE Instruction 


With the 32-bit x87 FPUs, the range of the scaling operand is not restricted. If (0 < | ST(1) < 1), the scaling factor 
is O; therefore, ST(0) remains unchanged. If the rounded result is not exact or if there was a loss of accuracy 
(masked underflow), the precision exception is signaled. With the 16-bit IA-32 math coprocessors, the range of the 
scaling operand is restricted. If (0 < | ST(1) | < 1), the result is undefined and no exception is signaled. The 
impact of this difference on exiting software is that different results are delivered on the 32-bit and 16-bit FPUs and 
math coprocessors when (0 < | ST(1) | < 1). 
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22.18.7.3  FPREM1 Instruction 


The 32-bit x87 FPUs compute a partial remainder according to IEEE Standard 754. This instruction does not exist 
on the 16-bit IA-32 math coprocessors. The availability of the FPREM1 instruction has is no impact on existing soft- 
ware. 


22.18.7.4 FPREM Instruction 


On the 32-bit x87 FPUs, the condition code flags CO, C3, C1 in the status word correctly reflect the three low-order 
bits of the quotient following execution of the FPREM instruction. On the 16-bit IA-32 math coprocessors, the 
quotient bits are incorrect when performing a reduction of (64% + M) when (N > 1) and M is 1 or 2. This difference 
does not affect existing software; software that works around the bug should not be affected. 


22.18.7.5 FUCOM, FUCOMP, and FUCOMPP Instructions 


When executing the FUCOM, FUCOMP, and FUCOMPP instructions, the 32-bit x87 FPUs perform unordered compare 
according to IEEE Standard 754. These instructions do not exist on the 16-bit IA-32 math coprocessors. The avail- 
ability of these new instructions has no impact on existing software. 


22.18.7.6 FPTAN Instruction 


On the 32-bit x87 FPUs, the range of the operand for the FPTAN instruction is much less restricted (| ST(0) | < 2°) 
than on earlier math coprocessors. The instruction reduces the operand internally using an internal x/4 constant 
that is more accurate. The range of the operand is restricted to (| ST(0) | < 2/4) on the 16-bit IA-32 math copro- 
cessors; the operand must be reduced to this range using FPREM. This change has no impact on existing software. 
See also sections 8.3.8 and section 8.3.10 of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 1 for more information on the accuracy of the FPTAN instruction. 


22.18.7.7 Stack Overflow 


On the 32-bit x87 FPUs, if an FPU stack overflow occurs when the invalid-operation exception is masked, the FPU 
returns the real, integer, or BCD-integer indefinite value to the destination operand, depending on the instruction 
being executed. On the 16-bit IA-32 math coprocessors, the original operand remains unchanged following a stack 
overflow, but it is loaded into register ST(1). This difference has no impact on existing software. 


22.18.7.8 FSIN, FCOS, and FSINCOS Instructions 


On the 32-bit x87 FPUs, these instructions perform three common trigonometric functions. These instructions do 
not exist on the 16-bit IA-32 math coprocessors. The availability of these instructions has no impact on existing 
software, but using them provides a performance upgrade. See also sections 8.3.8 and section 8.3.10 of the Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 1 for more information on the accuracy of the 
FSIN, FCOS, and FSINCOS instructions. 


22.18.7.9 FPATAN Instruction 


On the 32-bit x87 FPUs, the range of operands for the FPATAN instruction is unrestricted. On the 16-bit IA-32 math 
coprocessors, the absolute value of the operand in register ST(0) must be smaller than the absolute value of the 
operand in register ST(1). This difference has impact on existing software. 


22.18.7.10 F2XM1 Instruction 


The 32-bit x87 FPUs support a wider range of operands (-1 < ST (0) < + 1) for the F2XM1 instruction. The 
supported operand range for the 16-bit IA-32 math coprocessors is (0 < ST(0) <0.5). This difference has no impact 
on existing software. 
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22.18.7.11 FLD Instruction 


On the 32-bit x87 FPUs, when using the FLD instruction to load an extended-real value, a denormal-operand excep- 
tion is not generated because the instruction is not arithmetic. The 16-bit IA-32 math coprocessors do report a 
denormal-operand exception in this situation. This difference does not affect existing software. 


On the 32-bit x87 FPUs, loading a denormal value that is in single- or double-real format causes the value to be 
converted to extended-real format. Loading a denormal value on the 16-bit IA-32 math coprocessors causes the 
value to be converted to an unnormal. If the next instruction is FXTRACT or FXAM, the 32-bit x87 FPUs will give a 
different result than the 16-bit IA-32 math coprocessors. This change was made for IEEE Standard 754 compati- 
bility. 

On the 32-bit x87 FPUs, loading an SNaN that is in single- or double-real format causes the FPU to generate an 
invalid-operation exception. The 16-bit IA-32 math coprocessors do not raise an exception when loading a signaling 
NaN. The invalid-operation exception handler for 16-bit math coprocessor software needs to be updated to handle 
this condition when porting software to 32-bit FPUs. This change was made for IEEE Standard 754 compatibility. 


22.18.7.12 FXTRACT Instruction 


On the 32-bit x87 FPUs, if the operand is 0 for the FXTRACT instruction, the divide-by-zero exception is reported 
and -- is delivered to register ST(1). If the operand is +o, no exception is reported. If the operand is 0 on the 16- 
bit IA-32 math coprocessors, 0 is delivered to register ST(1) and no exception is reported. If the operand is +0, the 
invalid-operation exception is reported. These differences have no impact on existing software. Software usually 
bypasses 0 and ~. This change is due to the IEEE Standard 754 recommendation to fully support the “logb” func- 
tion. 


22.18.7.13 Load Constant Instructions 


On 32-bit x87 FPUs, rounding control is in effect for the load constant instructions. Rounding control is not in effect 
for the 16-bit IA-32 math coprocessors. Results for the FLDPI, FLDLN2, FLDLG2, and FLDL2E instructions are the 
same as for the 16-bit IA-32 math coprocessors when rounding control is set to round to nearest or round to +>. 
They are the same for the FLDL2T instruction when rounding control is set to round to nearest, round to --9, or 
round to zero. Results are different from the 16-bit IA-32 math coprocessors in the least significant bit of the 
mantissa if rounding control is set to round to --° or round to O for the FLDPI, FLDLN2, FLDLG2, and FLDL2E instruc- 
tions; they are different for the FLDL2T instruction if round to +c is specified. These changes were implemented for 
compatibility with IEEE Standard 754 for Floating-Point Arithmetic recommendations. 


22.18.7.14 FXAM Instruction 


With the 32-bit x87 FPUs, if the FPU encounters an empty register when executing the FXAM instruction, it not 
generate combinations of CO through C3 equal to 1101 or 1111. The 16-bit IA-32 math coprocessors may generate 
these combinations, among others. This difference has no impact on existing software; it provides a performance 
upgrade to provide repeatable results. 


22.18.7.15 FSAVE and FSTENV Instructions 


With the 32-bit x87 FPUs, the address of a memory operand pointer stored by FSAVE or FSTENV is undefined if the 
previous floating-point instruction did not refer to memory 


22.18.8 Transcendental Instructions 


The floating-point results of the P6 family and Pentium processors for transcendental instructions in the core range 
may differ from the Intel486 processors by about 2 or 3 ulps (see “Transcendental Instruction Accuracy” in Chapter 
8, “Programming with the x87 FPU,” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 

Volume 1). Condition code flag C1 of the status word may differ as a result. The exact threshold for underflow and 
overflow will vary by a few ulps. The P6 family and Pentium processors’ results will have a worst case error of less 
than 1 ulp when rounding to the nearest-even and less than 1.5 ulps when rounding in other modes. The transcen- 
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dental instructions are guaranteed to be monotonic, with respect to the input operands, throughout the domain 
supported by the instruction. 


Transcendental instructions may generate different results in the round-up flag (C1) on the 32-bit x87 FPUs. The 
round-up flag is undefined for these instructions on the 16-bit IA-32 math coprocessors. This difference has no 
impact on existing software. 


22.18.9 Obsolete Instructions and Undefined Opcodes 


The 8087 math coprocessor instructions FENI and FDISI, and the Intel 287 math coprocessor instruction FSETPM 
are treated as integer NOP instructions in the 32-bit x87 FPUs. If these opcodes are detected in the instruction 
stream, no specific operation is performed and no internal states are affected. FSETPM informed the Intel 287 math 
coprocessor that the processor was in protected mode. The 32-bit x87 FPUs handle all addressing and exception- 
pointer information, whether in protected mode or not. 


For compatibility with prior generations there are a few reserved x87 opcodes which do not result in an invalid- 
opcode (#UD) exception, but rather result in the same behavior as existing defined x87 instructions. In the interest 
of standardization, it is recommended that the opcodes defined in the Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volumes 2A, 2B, 2C & 2D be used for these operations for standardization. 


¢ DCDOH through DCD7H - Behaves the same as FCOM, D8DOH through D8D7H. 
¢ DCD8H through DCDFH - Behaves the same as FCOMP, D8D8H through D8DFH. 
® DOC8H through DOCFH - Behaves the same as FXCH, D9C8H through D9OCFH. 
¢ DEDOH through DED7H - Behaves the same as FCOMP, D8D8H through D8DFH. 
¢ DFDOH through DFD7H - Behaves the same as FSTP, DDD8H through DDDFH. 
¢ DFC8H through DFCFH - Behaves the same as FXCH, D9C8H through D9CFH. 
¢ DFD8H through DFDFH - Behaves the same as FSTP, DDD8H through DDDFH. 


There are a few reserved x87 opcodes which provide unique behavior but do not provide capabilities which are not 
already available in the main instructions defined in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volumes 2A, 2B, 2C & 2D. 


® D9DS8H through D9DFH - Behaves the same as FSTP (DDD8H through DDDFH) but won't cause a stack 
underflow exception. 


¢ DFCOH through DFC7H - Behaves the same as FFREE (DDCOH through DDD7H) with the addition of an x87 
stack POP. 


22.18.10 WAIT/FWAIT Prefix Differences 


On the Intel486 processor, when a WAIT/FWAIT instruction precedes a floating-point instruction (one which itself 
automatically synchronizes with the previous floating-point instruction), the WAIT/FWAIT instruction is treated as 
a no-op. Pending floating-point exceptions from a previous floating-point instruction are processed not on the 
WAIT/FWAIT instruction but on the floating-point instruction following the WAIT/FWAIT instruction. In such a case, 
the report of a floating-point exception may appear one instruction later on the Intel486 processor than on a P6 
family or Pentium FPU, or on Intel 387 math coprocessor. 


22.18.11 Operands Split Across Segments and/or Pages 


On the P6 family, Pentium, and Intel486 processor FPUs, when the first half of an operand to be written is inside a 
page or segment and the second half is outside, a memory fault can cause the first half to be stored but not the 
second half. In this situation, the Intel 387 math coprocessor stores nothing. 


22.18.12 FPU Instruction Synchronization 


On the 32-bit x87 FPUs, all floating-point instructions are automatically synchronized; that is, the processor auto- 
matically waits until the previous floating-point instruction has completed before completing the next floating-point 
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instruction. No explicit WAIT/FWAIT instructions are required to assure this synchronization. For the 8087 math 
coprocessors, explicit waits are required before each floating-point instruction to ensure synchronization. Although 
8087 programs having explicit WAIT instructions execute perfectly on the 32-bit IA-32 processors without reas- 
sembly, these WAIT instructions are unnecessary. 


22.19 SERIALIZING INSTRUCTIONS 


Certain instructions have been defined to serialize instruction execution to ensure that modifications to flags, regis- 
ters and memory are completed before the next instruction is executed (or in P6 family processor terminology 
“committed to machine state”). Because the P6 family processors use branch-prediction and out-of-order execu- 
tion techniques to improve performance, instruction execution is not generally serialized until the results of an 
executed instruction are committed to machine state (see Chapter 2, “Intel® 64 and IA-32 Architectures,” in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1). 


As a result, at places in a program or task where it is critical to have execution completed for all previous instruc- 
tions before executing the next instruction (for example, at a branch, at the end of a procedure, or in multipro- 
cessor dependent code), it is useful to add a serializing instruction. See Section 8.3, “Serializing Instructions,” for 
more information on serializing instructions. 


22.20 FPU AND MATH COPROCESSOR INITIALIZATION 


Table 9-1 shows the states of the FPUs in the P6 family, Pentium, Intel486 processors and of the Intel 387 math 
coprocessor and Intel 287 coprocessor following a power-up, reset, or INIT, or following the execution of an 
FINIT/FNINIT instruction. The following is some additional compatibility information concerning the initialization of 
x87 FPUs and math coprocessors. 


22.20.1_ Intel® 387 and Intel® 287 Math Coprocessor Initialization 


Following an Intel386 processor reset, the processor identifies its coprocessor type (Intel® 287 or Intel® 387 DX 
math coprocessor) by sampling its ERROR# input some time after the falling edge of RESET# signal and before 
execution of the first floating-point instruction. The Intel 287 coprocessor keeps its ERROR# output in inactive 
state after hardware reset; the Intel 387 coprocessor keeps its ERROR# output in active state after hardware 
reset. 


Upon hardware reset or execution of the FINIT/FNINIT instruction, the Intel 387 math coprocessor signals an error 
condition. The P6 family, Pentium, and Intel486 processors, like the Intel 287 coprocessor, do not. 


22.20.2 Intel486 SX Processor and Intel 487 SX Math Coprocessor Initialization 


When initializing an Intel486 SX processor and an Intel 487 SX math coprocessor, the initialization routine should 
check the presence of the math coprocessor and should set the FPU related flags (EM, MP, and NE) in control 
register CRO accordingly (see Section 2.5, “Control Registers,” for a complete description of these flags). Table 22-2 
gives the recommended settings for these flags when the math coprocessor is present. The FSTCW instruction will 
give a value of FFFFH for the Intel486 SX microprocessor and 037FH for the Intel 487 SX math coprocessor. 
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Table 22-2. Recommended Values of the EM, MP, and NE Flags for Intel486 SX Microprocessor/Intel 487 SX Math 
Coprocessor System 


CRO Flags Intel486 SX Processor Only Intel 487 SX Math Coprocessor Present 
—M 1 0 
MP 0 1 
NE 1 0, for MS-DOS* systems 
1, for user-defined exception handler 


The EM and MP flags in register CRO are interpreted as shown in Table 22-3. 


Table 22-3. EM and MP Flag Interpretation 


EM MP Interpretation 

0 0 Floating-point instructions are passed to FPU; WAIT/FWAIT and other waiting-type instructions 
ignore TS. 

0 1 Floating-point instructions are passed to FPU; WAIT/FWAIT and other waiting-type instructions 
test TS. 

1 0 Floating-point instructions trap to emulator; WAIT/FWAIT and other waiting-type instructions 
ignore TS. 

1 1 Floating-point instructions trap to emulator; WAIT/FWAIT and other waiting-type instructions 
test TS. 


Following is an example code sequence to initialize the system and check for the presence of Intel486 SX 
processor/Intel 487 SX math coprocessor. 


fninit 

fstcw mem_loc 

mov ax, mem_loc 

cmp ax, 037fh 

jz Intel487_SX_Math_CoProcessor_present ;ax=037fh 
jmp Intel486_SX_microprocessor_present sax=ffffh 


If the Intel 487 SX math coprocessor is not present, the following code can be run to set the CRO register for the 
Intel486 SX processor. 


mov eax, crO 

and eax, fffffffdh ;make MP=0 

or eax, 0024h imake EM=1, NE=1 
mov crO, eax 


This initialization will cause any floating-point instruction to generate a device not available exception (#NH), inter- 
rupt 7. The software emulation will then take control to execute these instructions. This code is not required if an 
Intel 487 SX math coprocessor is present in the system. In that case, the typical initialization routine for the 
Intel486 SX microprocessor will be adequate. 


Also, when designing an Intel486 SX processor based system with an Intel 487 SX math coprocessor, timing loops 
should be independent of frequency and clocks per instruction. One way to attain this is to implement these loops 
in hardware and not in software (for example, BIOS). 


22.21 CONTROL REGISTERS 


The following sections identify the new control registers and control register flags and fields that were introduced 
to the 32-bit IA-32 in various processor families. See Figure 2-7 for the location of these flags and fields in the 
control registers. 
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The Pentium IIl processor introduced one new control flag in control register CR4: 
* OSXMMEXCPT (bit 10) — The OS will set this bit if it supports unmasked SIMD floating-point exceptions. 
The Pentium II processor introduced one new control flag in control register CR4: 


° OSFXSR (bit 9) — The OS supports saving and restoring the Pentium III processor state during context 
switches. 


The Pentium Pro processor introduced three new control flags in control register CR4: 


¢ PAE (bit 5) — Physical address extension. Enables paging mechanism to reference extended physical addresses 
when set; restricts physical addresses to 32 bits when clear (see also: Section 22.22.1.1, “Physical Memory 
Addressing Extension”). 


© PGE (bit 7) — Page global enable. Inhibits flushing of frequently-used or shared pages on CR3 writes (see also: 
Section 22.22.1.2, “Global Pages”). 


° PCE (bit 8) — Performance-monitoring counter enable. Enables execution of the RDPMC instruction at any 
protection level. 


The content of CR4 is OH following a hardware reset. 


Control register CR4 was introduced in the Pentium processor. This register contains flags that enable certain new 
extensions provided in the Pentium processor: 


¢ VME — Virtual-8086 mode extensions. Enables support for a virtual interrupt flag in virtual-8086 mode (see 
Section 20.3, “Interrupt and Exception Handling in Virtual-8086 Mode”). 


¢ PVI — Protected-mode virtual interrupts. Enables support for a virtual interrupt flag in protected mode (see 
Section 20.4, “Protected-Mode Virtual Interrupts”). 


¢ TSD — Time-stamp disable. Restricts the execution of the RDTSC instruction to procedures running at 
privileged level 0. 


¢ DE — Debugging extensions. Causes an undefined opcode (#UD) exception to be generated when debug 
registers DR4 and DRS are references for improved performance (see Section 22.23.3, ‘Debug Registers DR4 
and DR5"). 


° PSE — Page size extensions. Enables 4-MByte pages with 32-bit paging when set (see Section 4.3, “32-Bit 
Paging”). 


¢ MCE — Machine-check enable. Enables the machine-check exception, allowing exception handling for certain 
hardware error conditions (see Chapter 15, “Machine-Check Architecture”). 


The Intel486 processor introduced five new flags in control register CRO: 
¢ NE — Numeric error. Enables the normal mechanism for reporting floating-point numeric errors. 
¢ WP — Write protect. Write-protects read-only pages against supervisor-mode accesses. 


¢ AM — Alignment mask. Controls whether alignment checking is performed. Operates in conjunction with the AC 
(Alignment Check) flag. 


¢ NW — Not write-through. Enables write-throughs and cache invalidation cycles when clear and disables invali- 
dation cycles and write-throughs that hit in the cache when set. 


* CD — Cache disable. Enables the internal cache when clear and disables the cache when set. 
The Intel486 processor introduced two new flags in control register CR3: 


¢ PCD — Page-level cache disable. The state of this flag is driven on the PCD# pin during bus cycles that are not 
paged, such as interrupt acknowledge cycles, when paging is enabled. The PCD# pin is used to control caching 
in an external cache on a cycle-by-cycle basis. 


¢ PWT — Page-level write-through. The state of this flag is driven on the PWT# pin during bus cycles that are not 
paged, such as interrupt acknowledge cycles, when paging is enabled. The PWT# pin is used to control write 
through in an external cache on a cycle-by-cycle basis. 
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22.22 MEMORY MANAGEMENT FACILITIES 


The following sections describe the new memory management facilities available in the various IA-32 processors 
and some compatibility differences. 


22.22.1 New Memory Management Control Flags 


The Pentium Pro processor introduced three new memory management features: physical memory addressing 
extension, the global bit in page-table entries, and general support for larger page sizes. These features are only 
available when operating in protected mode. 


22.22.1.1 Physical Memory Addressing Extension 


The new PAE (physical address extension) flag in control register CR4, bit 5, may enable additional address lines 
on the processor, allowing extended physical addresses. This option can only be used when paging is enabled, 
using a new page-table mechanism provided to support the larger physical address range (see Section 4.1, “Paging 
Modes and Control Bits”). 


22.22.1.2 Global Pages 


The new PGE (page global enable) flag in control register CR4, bit 7, provides a mechanism for preventing 
frequently used pages from being flushed from the translation lookaside buffer (TLB). When this flag is set, 
frequently used pages (such as pages containing kernel procedures or common data tables) can be marked global 
by setting the global flag in a page-directory or page-table entry. 


On a task switch or a write to control register CR3 (which normally causes the TLBs to be flushed), the entries in 
the TLB marked global are not flushed. Marking pages global in this manner prevents unnecessary reloading of the 
TLB due to TLB misses on frequently used pages. See Section 4.10, “Caching Translation Information” for a 
detailed description of this mechanism. 


22.22.1.3 Larger Page Sizes 


The P6 family processors support large page sizes. For 32-bit paging, this facility is enabled with the PSE (page size 
extension) flag in control register CR4, bit 4. When this flag is set, the processor supports either 4-KByte or 4- 
MByte page sizes. PAE paging and 4-level paging! support 2-MByte pages regardless of the value of CR4.PSE (see 
Section 4.4, “PAE Paging” and Section 4.5, “4-Level Paging and 5-Level Paging”). See Chapter 4, “Paging,” for more 
information about large page sizes. 


22.22.2 CD and NW Cache Control Flags 


The CD and NW flags in control register CRO were introduced in the Intel486 processor. In the P6 family and 
Pentium processors, these flags are used to implement a writeback strategy for the data cache; in the Intel486 
processor, they implement a write-through strategy. See Table 11-5 for a comparison of these bits on the P6 family, 
Pentium, and Intel486 processors. For complete information on caching, see Chapter 11, “Memory Cache Control.” 


22.22.3 Descriptor Types and Contents 


Operating-system code that manages space in descriptor tables often contains an invalid value in the access-rights 
field of descriptor-table entries to identify unused entries. Access rights values of 80H and OOH remain invalid for 
the P6 family, Pentium, Intel486, Intel386, and Intel 286 processors. Other values that were invalid on the Intel 
286 processor may be valid on the 32-bit processors because uses for these bits have been defined. 


1. Earlier versions of this manual used the term “IA-32e paging” to identify 4-level paging. 
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22.22.4 Changes in Segment Descriptor Loads 


On the Intel386 processor, loading a segment descriptor always causes a locked read and write to set the accessed 
bit of the descriptor. On the P6 family, Pentium, and Intel486 processors, the locked read and write occur only if the 
bit is not already set. 


22.23 DEBUG FACILITIES 


The P6 family and Pentium processors include extensions to the Intel486 processor debugging support for break- 
points. To use the new breakpoint features, it is necessary to set the DE flag in control register CR4. 


22.23.1 Differences in Debug Register DR6 


It is not possible to write a 1 to reserved bit 12 in debug status register DR6 on the P6 family and Pentium proces- 
sors; however, it is possible to write a 1 in this bit on the Intel486 processor. See Table 9-1 for the different setting 
of this register following a power-up or hardware reset. 


22.23.2 Differences in Debug Register DR7 


The P6 family and Pentium processors determines the type of breakpoint access by the R/WO through R/W3 fields 
in debug control register DR7 as follows: 


00 Break on instruction execution only. 
01 Break on data writes only. 
10 Undefined if the DE flag in control register CR4 is cleared; break on I/O reads or writes but not instruction 


fetches if the DE flag in control register CR4 is set. 
11 Break on data reads or writes but not instruction fetches. 


On the P6 family and Pentium processors, reserved bits 11, 12, 14 and 15 are hard-wired to 0. On the Intel486 
processor, however, bit 12 can be set. See Table 9-1 for the different settings of this register following a power-up 
or hardware reset. 


22.23.3 Debug Registers DR4 and DR5 


Although the DR4 and DR5 registers are documented as reserved, previous generations of processors aliased refer- 
ences to these registers to debug registers DR6 and DR7, respectively. When debug extensions are not enabled 
(the DE flag in control register CR4 is cleared), the P6 family and Pentium processors remain compatible with 
existing software by allowing these aliased references. When debug extensions are enabled (the DE flag is set), 
attempts to reference registers DR4 or DRS will result in an invalid-opcode exception (#UD). 


22.24 RECOGNITION OF BREAKPOINTS 


For the Pentium processor, it is recommended that debuggers execute the LGDT instruction before returning to the 
program being debugged to ensure that breakpoints are detected. This operation does not need to be performed 
on the P6 family, Intel486, or Intel386 processors. 


The implementation of test registers on the Intel486 processor used for testing the cache and TLB has been rede- 
signed using MSRs on the P6 family and Pentium processors. (Note that MSRs used for this function are different 
on the P6 family and Pentium processors.) The MOV to and from test register instructions generate invalid-opcode 
exceptions (#UD) on the P6 family processors. 
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22.25 EXCEPTIONS AND/OR EXCEPTION CONDITIONS 


This section describes the new exceptions and exception conditions added to the 32-bit IA-32 processors and 
implementation differences in existing exception handling. See Chapter 6, “Interrupt and Exception Handling,” for 
a detailed description of the IA-32 exceptions. 


The Pentium Ill processor introduced new state with the XMM registers. Computations involving data in these regis- 
ters can produce exceptions. A new MXCSR control/status register is used to determine which exception or excep- 
tions have occurred. When an exception associated with the XMM registers occurs, an interrupt is generated. 


¢ SIMD floating-point exception (#XM, interrupt 19) — New exceptions associated with the SIMD floating-point 
registers and resulting computations. 


No new exceptions were added with the Pentium Pro and Pentium II processors. The set of available exceptions is 
the same as for the Pentium processor. However, the following exception condition was added to the IA-32 with the 
Pentium Pro processor: 


¢ Machine-check exception (#MC, interrupt 18) — New exception conditions. Many exception conditions have 
been added to the machine-check exception and a new architecture has been added for handling and reporting 
on hardware errors. See Chapter 15, “Machine-Check Architecture,” for a detailed description of the new 
conditions. 


The following exceptions and/or exception conditions were added to the IA-32 with the Pentium processor: 


¢ Machine-check exception (#MC, interrupt 18) — New exception. This exception reports parity and other 
hardware errors. It is a model-specific exception and may not be implemented or implemented differently in 
future processors. The MCE flag in control register CR4 enables the machine-check exception. When this bit is 
clear (which it is at reset), the processor inhibits generation of the machine-check exception. 


° General-protection exception (#GP, interrupt 13) — New exception condition added. An attempt to write a 1 to 
a reserved bit position of a special register causes a general-protection exception to be generated. 


° =Page-fault exception (#PF, interrupt 14) — New exception condition added. When a 1 is detected in any of the 
reserved bit positions of a page-table entry, page-directory entry, or page-directory pointer during address 
translation, a page-fault exception is generated. 


The following exception was added to the Intel486 processor: 


¢ = Alignment-check exception (#AC, interrupt 17) — New exception. Reports unaligned memory references when 
alignment checking is being performed. 


The following exceptions and/or exception conditions were added to the Intel386 processor: 
*  Divide-error exception (#DE, interrupt 0) 


— Change in exception handling. Divide-error exceptions on the Intel386 processors always leave the saved 
CS:IP value pointing to the instruction that failed. On the 8086 processor, the CS:IP value points to the next 
instruction. 


— Change in exception handling. The Intel386 processors can generate the largest negative number as a 
quotient for the IDIV instruction (80H and 8000H). The 8086 processor generates a divide-error exception 
instead. 


¢ Invalid-opcode exception (#UD, interrupt 6) — New exception condition added. Improper use of the LOCK 
instruction prefix can generate an invalid-opcode exception. 


° =Page-fault exception (#PF, interrupt 14) — New exception condition added. If paging is enabled in a 16-bit 
program, a page-fault exception can be generated as follows. Paging can be used in a system with 16-bit tasks 
if all tasks use the same page directory. Because there is no place in a 16-bit TSS to store the PDBR register, 
switching to a 16-bit task does not change the value of the PDBR register. Tasks ported from the Intel 286 
processor should be given 32-bit TSSs so they can make full use of paging. 


° General-protection exception (#GP, interrupt 13) — New exception condition added. The Intel386 processor 
sets a limit of 15 bytes on instruction length. The only way to violate this limit is by putting redundant prefixes 
before an instruction. A general-protection exception is generated if the limit on instruction length is violated. 
The 8086 processor has no instruction length limit. 
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22.25.1 Machine-Check Architecture 


The Pentium Pro processor introduced a new architecture to the IA-32 for handling and reporting on machine-check 
exceptions. This machine-check architecture (described in detail in Chapter 15, “Machine-Check Architecture”) 
greatly expands the ability of the processor to report on internal hardware errors. 


22.25.2 Priority of Exceptions 

The priority of exceptions are broken down into several major categories: 
Traps on the previous instruction 

External interrupts 


Faults on fetching the next instruction 


PN 


Faults in decoding the next instruction 
5. Faults on executing an instruction 


There are no changes in the priority of these major categories between the different processors, however, excep- 
tions within these categories are implementation dependent and may change from processor to processor. 


22.25.3 Exception Conditions of Legacy SIMD Instructions Operating on MMX Registers 


MMX instructions and a subset of SSE, SSE2, SSSE3 instructions operate on MMX registers. The exception condi- 
tions of these instructions are described in the following tables. 


Table 22-4. Exception Conditions for Legacy SIMD/MMX Instructions with FP Exception and 16-Byte Alignment 


a=) 
B52 
= ea UD/ #2 
. oO T voy; 2 i 
Exception 9|/ 3 /ealy Cause of Exception 
“| 2/22) © 
Ss |E8 
X X X X | lf an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = 0. 


If CRO.EM[bit 2] = 1. 
Invalid Opcode, If CR4.OSFXSRIbit 9] = 0. 


x< 
x< 
x< 
x< 


oan X X X X_ | If preceded by a LOCK prefix (FOH) 
X X X X_| If any corresponding CPUID feature flag is ‘0’ 
#MF X X X X | If there is a pending X87 FPU exception 
#NM X | X X | X | lf CRO.TS[bit 3]=1 
X For an illegal address in the SS segment 


Stack, SS(O 
) If amemory address referencing the SS segment is in a non-canonical form 


X X X X | Legacy SSE: Memory operand is not 16-byte aligned 


General Protec- X For an illegal memory operand effective address in the CS, DS, ES, FS or GS segments. 
tion, #GP(0) X_| If the memory address is in a non-canonical form. 

X X If any part of the operand lies outside the effective address space from O to FFFFH 
#PF(fault-code) X X X_ | For a page fault 
#XM X X X X_ | lf an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = 1 
Applicable CVTPD2PI, CVTTPD2PI 
Instructions 


22-22 Vol. 3B 


ARCHITECTURE COMPATIBILITY 


Table 22-5. Exception Conditions for Legacy SIMD/MMX Instructions with XMM and FP Exception 


a=) 

e /52 

-_ 8 05| # 

2 oO T os oa . 
Exception 9|/ so |/ea] ¥ Cause of Exception 
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Elss 
> |av 

X X X X_ | If an unmasked SIMD floating-point exception and CR4.0SXMMEXCPT[bit 10] = 0. 


Invalid Opcode, HUD 


If CRO.EM[bit 2] = 1 
If CR4.OSFXSRIbit 9] = 0. 


x< 
x< 
x< 
x< 


X X X X_ | If preceded by a LOCK prefix (FOH) 
X X X X_ | If any corresponding CPUID feature flag is ‘0’ 
#MF X X X X | If there is a pending X87 FPU exception 
#NM X X X X | If CRO.TS[bit 3]=1 
X For an illegal address in the SS segment 
Stack, SS(0) ; a ; 
X | lfamemory address referencing the SS segment is in a non-canonical form 
X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
ments. 
General Protection, a ; 
#GP(0) X_ | If the memory address is in a non-canonical form. 
X X If any part of the operand lies outside the effective address space from O to 


FFFFH 


#PF(fault-code) 


Alignment Check 
#AC(0) 


X X X | Fora page fault 


If alignment checking is enabled and an unaligned memory reference is made while 
the current privilege level is 3. 


SIMD Floating-point 
Exception, #XM 


X X X X_| If an unmasked SIMD floating-point exception and CR4.0SXMMEXCPTI[bit 10] = 1 


Applicable Instruc- 
tions 


CVTPI2PS, CVTPS2PI, CVTTPS2PI 
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Table 22-6. Exception Conditions for Legacy SIMD/MMX Instructions with XMM and without FP Exception 


tions 


Bg 52 
= Ss u05| & 
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Exception tH) 3 |tol| y Cause of Exception 
a 3 |a2) © 
Ess 
> |av 
If CRO.EM[bit 2] = 1. 
a . . > If CR4.0SFXSR[bit 9] = 0. 
Invalid Opcode, #UD [Ty 7 x | x | ifpreceded by a LOCK prefix (FOH) 
X X X X_ | If any corresponding CPUID feature flag is ‘O’ 
#MF! X X X X_ | If there is a pending X87 FPU exception 
#NM X X X X_ | If CRO.TS[bit 3]=1 
X For an illegal address in the SS segment 
Stack, SS(0) : a : 
X | Ifamemory address referencing the SS segment is in a non-canonical form 
X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
ments. 
iG, Rroteruan, X_ | If the memory address is in a non-canonical form. 
If any part of the operand lies outside the effective address space from O to 
X X 
FFFFH 
#PF(fault-code) X X X_ | For a page fault 
Alignment Check X X X If alignment checking is enabled and an unaligned memory reference is made 
#AC(0) while the current privilege level is 3. 
Applicable Instruc- CVTPI2PD 


NOTES: 


1. Applies to “CVTPIZPD xmm, mm” but not “CVTPIZPD xmm, m64". 
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Table 22-7. Exception Conditions for SIMD/MMX Instructions with Memory Reference 


a=) 
S |se 
= S 0 o| £ 
. oO T os y=) i 
Exception a 3 ico] ¥} Cause of Exception 
“| 2/82 ¢ 
5/28 

X X X X | If CRO.EM[bit 2] = 1. 
Invalid Opcode, #UD X X X X | If preceded by a LOCK prefix (FOH) 

X X X X_ | If any corresponding CPUID feature flag is ‘O’ 
#MF X X X X_ | If there is a pending X87 FPU exception 
#NM X X X X | If CRO.TS[bit 3]=1 

X For an illegal address in the SS segment 
Stack, SS(0) - = : 
X | Ifamemory address referencing the SS segment is in a non-canonical form 
X For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 

General Protection, ments, 
#GP(0) X_| If the memory address is in a non-canonical form. 

X X If any part of the operand lies outside the effective address space from O to FFFFH 
#PF(fault-code) X X X_ | For a page fault 
Alignment Check X X X If alignment checking is enabled and an unaligned memory reference is made while 


#AC(0) 


the current privilege level is 3. 


Applicable Instruc- 
tions 


PABSB, PABSD, PABSW, PACKSSWB, PACKSSDW, PACKUSWB, PADDB, PADDD, PADDQ, PADDW, PADDSB, 
PADDSW, PADDUSB, PADDUSW, PALIGNR, PAND, PANDN, PAVGB, PAVGW, PCMPEQB, PCMPEQD, PCMPEQW, 
PCMPGTB, PCMPGTD, PCMPGTW, PHADDD, PHADDW, PHADDSW, PHSUBD, PHSUBW, PHSUBSW, PINSRW, 
PMADDUBSW, PMADDWD, PMAXSW, PMAXUB, PMINSW, PMINUB, PMULHRSW, PMULHUW, PMULHW, PMULLW, 
PMULUDQ, PSADBW, PSHUFB, PSHUFW, PSIGNB PSIGND PSIGNW, PSLLW, PSLLD, PSLLQ, PSRAD, PSRAW, 
PSRLW, PSRLD, PSRLQ, PSUBB, PSUBD, PSUBQ, PSUBW, PSUBSB, PSUBSW, PSUBUSB, PSUBUSW, 
PUNPCKHBW, PUNPCKHWD, PUNPCKHDQ, PUNPCKLBW, PUNPCKLWD, PUNPCKLDQ, PXOR 
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Table 22-8. Exception Conditions for Legacy SIMD/MMX Instructions without FP Exception 


a~) 
eS 
= oO 05| & 
. oO 7 vos] 2 i 
Exception 9\/sel/oa) y Cause of Exception 
©; s |/ao2flo 
Eos 
> av 
If CRO.EM[bit 2] = 1. 
X X X X 
If ModR/M.mod # 11b! 
Invalid Opcode, #UD ; 
P X X X X_ | If preceded by a LOCK prefix (FOH) 
X X X X_| If any corresponding CPUID feature flag is ‘O’ 
#MF X X X X | If there is a pending X87 FPU exception 
#NM X X X X | If CRO.TS[bit 3]=1 
X For an illegal address in the SS segment 
Stack, SS(0) - _ ; 
X | lfamemory address referencing the SS segment is in a non-canonical form 
For an illegal memory operand effective address in the CS, DS, ES, FS or GS seg- 
: ments. 
If the destination operand is in a non-writable segment.2 
#0P(0) If the DS, ES, FS, or GS register contains a NULL segment selector.2 
X_| If the memory address is in a non-canonical form. 
X X If any part of the operand lies outside the effective address space from O to FFFFH 
#PF(fault-code) X X X | For a page fault 
#AC(0) X X X If alignment checking is enabled and an unaligned memory reference is made while 
the current privilege level is 3. 


tions 


Applicable Instruc- MASKMOVQ, MOVNTQ, “MOVQ (mmreg)" 


NOTES: 
1. Applies to MASKMOVQ only. 


2. Applies to MASKMOVQ and MOVQ (mmreg) only. 


3. Applies to MASKMOVOQ only. 
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Table 22-9. Exception Conditions for Legacy SIMD/MMX Instructions without Memory Reference 


8 52 
_ S oO] £ 
. oO 7 os i=) i 
Exception a 3 iD o] ¥} Cause of Exception 
“| 2 /#e2 ¢ 
5 |28 
X X X X | If CRO.EM[bit 2] = 1. 
Invalid Opcode, #UD X X X X_| If preceded by a LOCK prefix (FOH) 
X X X X_ | If any corresponding CPUID feature flag is ‘O’ 
#MF X X X X | If there is a pending X87 FPU exception 
#NM X X_ | If CRO.TS[bit 3]=1 
Applicable Instruc- PEXTRW, PMOVMSKB 
tions 


22.26 INTERRUPTS 


The following differences in handling interrupts are found among the IA-32 
processors. 


22.26.1 Interrupt Propagation Delay 


External hardware interrupts may be recognized on different instruction boundaries on the P6 family, Pentium, 
Intel486, and Intel386 processors, due to the superscaler designs of the P6 family and Pentium processors. There- 
fore, the EIP pushed onto the stack when servicing an interrupt may be different for the P6 family, Pentium, 
Intel486, and Intel386 processors. 


22.26.2 NMI Interrupts 


After an NMI interrupt is recognized by the P6 family, Pentium, Intel486, Intel386, and Intel 286 processors, the 
NMI interrupt is masked until the first IRET instruction is executed, unlike the 8086 processor. 


22.26.3  IDT Limit 


The LIDT instruction can be used to set a limit on the size of the IDT. A double-fault exception (#DF) is generated 
if an interrupt or exception attempts to read a vector beyond the limit. Shutdown then occurs on the 32-bit IA-32 
processors if the double-fault handler vector is beyond the limit. (The 8086 processor does not have a shutdown 
mode nor a limit.) 


22.27 ADVANCED PROGRAMMABLE INTERRUPT CONTROLLER (APIC) 


The Advanced Programmable Interrupt Controller (APIC), referred to in this book as the local APIC, was intro- 
duced into the IA-32 processors with the Pentium processor (beginning with the 735/90 and 815/100 models) and 
is included in the Pentium 4, Intel Xeon, and P6 family processors. The features and functions of the local APIC are 
derived from the Intel 82489DX external APIC, which was used with the Intel486 and early Pentium processors. 
Additional refinements of the local APIC architecture were incorporated in the Pentium 4 and Intel Xeon processors. 
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22.27.1 Software Visible Differences Between the Local APIC and the 82489DX 


The following features in the local APIC features differ from those found in the 82489DX external APIC: 


¢ When the local APIC is disabled by clearing the APIC software enable/disable flag in the spurious-interrupt 
vector MSR, the state of its internal registers are unaffected, except that the mask bits in the LVT are all set to 
block local interrupts to the processor. Also, the local APIC ceases accepting IPIs except for INIT, SMI, NMI, and 
start-up IPIs. In the 82489DX, when the local unit is disabled, all the internal registers including the IRR, ISR 
and TMR are cleared and the mask bits in the LVT are set. In this state, the 82489DxX local unit will accept only 
the reset deassert message. 


¢ Inthe local APIC, NMI and INIT (except for INIT deassert) are always treated as edge triggered interrupts, even 
if programmed otherwise. In the 82489Dx, these interrupts are always level triggered. 


¢ Inthe local APIC, IPIs generated through the ICR are always treated as edge triggered (except INIT Deassert). 
In the 82489DX, the ICR can be used to generate either edge or level triggered IPIs. 


¢ In the local APIC, the logical destination register supports 8 bits; in the 82489DxX, it supports 32 bits. 
¢ In the local APIC, the APIC ID register is 4 bits wide; in the 82489Dx, it is 8 bits wide. 


¢ The remote read delivery mode provided in the 82489DX and local APIC for Pentium processors is not 
supported in the local APIC in the Pentium 4, Intel Xeon, and P6 family processors. 


° For the 82489Dx, in the lowest priority delivery mode, all the target local APICs specified by the destination 
field participate in the lowest priority arbitration. For the local APIC, only those local APICs which have free 
interrupt slots will participate in the lowest priority arbitration. 


22.27.2 New Features Incorporated in the Local APIC for the P6 Family and Pentium 
Processors 


The local APIC in the Pentium and P6 family processors have the following new features not found in the 82489DX 
external APIC. 


* Cluster addressing is supported in logical destination mode. 

® Focus processor checking can be enabled/disabled. 

¢ Interrupt input signal polarity can be programmed for the LINTO and LINT1 pins. 
¢ An SMI IPI is supported through the ICR and I/O redirection table. 

e Anerror status register is incorporated into the LVT to log and report APIC errors. 


In the P6 family processors, the local APIC incorporates an additional LVT register to handle performance moni- 
toring counter interrupts. 


22.27.3 New Features Incorporated in the Local APIC of the Pentium 4 and Intel Xeon 
Processors 


The local APIC in the Pentium 4 and Intel Xeon processors has the following new features not found in the P6 family 
and Pentium processors and in the 82489Dx. 


¢ The local APIC ID is extended to 8 bits. 

¢ Anthermal sensor register is incorporated into the LVT to handle thermal sensor interrupts. 

¢ The the ability to deliver lowest-priority interrupts to a focus processor is no longer supported. 
¢ =6The flat cluster logical destination mode is not supported. 


22.28 TASK SWITCHING AND TSS 


This section identifies the implementation differences of task switching, additions to the TSS and the handling of 
TSSs and TSS segment selectors. 


22-28 Vol. 3B 


ARCHITECTURE COMPATIBILITY 


22.28.1 P6 Family and Pentium Processor TSS 


When the virtual mode extensions are enabled (by setting the VME flag in control register CR4), the TSS in the P6 
family and Pentium processors contain an interrupt redirection bit map, which is used in virtual-8086 mode to redi- 
rect interrupts back to an 8086 program. 


22.28.2 TSS Selector Writes 


During task state saves, the Intel486 processor writes 2-byte segment selectors into a 32-bit TSS, leaving the 
upper 16 bits undefined. For performance reasons, the P6 family and Pentium processors write 4-byte segment 
selectors into the TSS, with the upper 2 bytes being 0. For compatibility reasons, code should not depend on the 
value of the upper 16 bits of the selector in the TSS. 


22.28.3 Order of Reads/Writes to the TSS 


The order of reads and writes into the TSS is processor dependent. The P6 family and Pentium processors may 
generate different page-fault addresses in control register CR2 in the same TSS area than the Intel486 and 
Intel386 processors, if a TSS crosses a page boundary (which is not recommended). 


22.28.4 Using A 16-Bit TSS with 32-Bit Constructs 


Task switches using 16-bit TSSs should be used only for pure 16-bit code. Any new code written using 32-bit 
constructs (operands, addressing, or the upper word of the EFLAGS register) should use only 32-bit TSSs. This is 
due to the fact that the 32-bit processors do not save the upper 16 bits of EFLAGS to a 16-bit TSS. A task switch 
back to a 16-bit task that was executing in virtual mode will never re-enable the virtual mode, as this flag was not 
saved in the upper half of the EFLAGS value in the TSS. Therefore, it is strongly recommended that any code using 
32-bit constructs use a 32-bit TSS to ensure correct behavior in a multitasking environment. 


22.28.5 Differences in I/O Map Base Addresses 


The Intel486 processor considers the TSS segment to be a 16-bit segment and wraps around the 64K boundary. 
Any I/O accesses check for permission to access this I/O address at the I/O base address plus the I/O offset. If the 
I/O map base address exceeds the specified limit of ODFFFH, an I/O access will wrap around and obtain the permis- 
sion for the I/O address at an incorrect location within the TSS. A TSS limit violation does not occur in this situation 
on the Intel486 processor. However, the P6 family and Pentium processors consider the TSS to be a 32-bit segment 
and a limit violation occurs when the I/O base address plus the I/O offset is greater than the TSS limit. By following 
the recommended specification for the I/O base address to be less than ODFFFH, the Intel486 processor will not 
wrap around and access incorrect locations within the TSS for I/O port validation and the P6 family and Pentium 
processors will not experience general-protection exceptions (#GP). Figure 22-1 demonstrates the different areas 
accessed by the Intel486 and the P6 family and Pentium processors. 


Vol. 3B 22-29 


ARCHITECTURE COMPATIBILITY 


Intel486 Processor P6 family and Pentium Processors 


FFFFH + 10H = Outside Segment 
for I/O Validation 


—— > 


V/O Map /O Map 
Base Addres FFFFH Base Addres > FFFFH 


—3> FFFFH + 10H = FH 
for I/O Validation 


OH OH 
/O access at port 10H checks /O access at port 10H checks 
bitmap at I/O map base address bitmap at I/O address FFFFH + 10H, 
FFFFH + 10H = offset 10H. which exceeds segment limit. 
Offset FH from beginning of Wrap around does not occur, 
TSS segment results because general-protection exception (#GP) 
wraparound occurs. occurs. 


Figure 22-1. I/O Map Base Address Differences 


22.29 CACHE MANAGEMENT 


The P6 family processors include two levels of internal caches: Li (level 1) and L2 (level 2). The L1 cache is divided 
into an instruction cache and a data cache; the L2 cache is a general-purpose cache. See Section 11.1, “Internal 
Caches, TLBs, and Buffers,” for a description of these caches. (Note that although the Pentium II processor L2 
cache is physically located on a separate chip in the cassette, it is considered an internal cache.) 


The Pentium processor includes separate level 1 instruction and data caches. The data cache supports a writeback 
(or alternatively write-through, on a line by line basis) policy for memory updates. 


The Intel486 processor includes a single level 1 cache for both instructions and data. 


The meaning of the CD and NW flags in control register CRO have been redefined for the P6 family and Pentium 
processors. For these processors, the recommended value (O0OB) enables writeback for the data cache of the 
Pentium processor and for the Li data cache and L2 cache of the P6 family processors. In the Intel486 processor, 
setting these flags to (00B) enables write-through for the cache. 


External system hardware can force the Pentium processor to disable caching or to use the write-through cache 
policy should that be required. In the P6 family processors, the MTRRs can be used to override the CD and NW flags 
(see Table 11-6). 


The P6 family and Pentium processors support page-level cache management in the same manner as the Intel486 
processor by using the PCD and PWT flags in control register CR3, the page-directory entries, and the page-table 
entries. The Intel486 processor, however, is not affected by the state of the PWT flag since the internal cache of the 
Intel486 processor is a write-through cache. 


22.29.1 Self-Modifying Code with Cache Enabled 


On the Intel486 processor, a write to an instruction in the cache will modify it in both the cache and memory. If the 
instruction was prefetched before the write, however, the old version of the instruction could be the one executed. 
To prevent this problem, it is necessary to flush the instruction prefetch unit of the Intel486 processor by coding a 
jump instruction immediately after any write that modifies an instruction. The P6 family and Pentium processors, 
however, check whether a write may modify an instruction that has been prefetched for execution. This check is 
based on the linear address of the instruction. If the linear address of an instruction is found to be present in the 
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prefetch queue, the P6 family and Pentium processors flush the prefetch queue, eliminating the need to code a 
jump instruction after any writes that modify an instruction. 


Because the linear address of the write is checked against the linear address of the instructions that have been 
prefetched, special care must be taken for self-modifying code to work correctly when the physical addresses of the 
instruction and the written data are the same, but the linear addresses differ. In such cases, it is necessary to 
execute a serializing operation to flush the prefetch queue after the write and before executing the modified 
instruction. See Section 8.3, “Serializing Instructions,” for more information on serializing instructions. 


NOTE 


The check on linear addresses described above is not in practice a concern for compatibility. Appli- 
cations that include self-modifying code use the same linear address for modifying and fetching the 
instruction. System software, such as a debugger, that might possibly modify an instruction using 
a different linear address than that used to fetch the instruction must execute a serializing 
operation, such as IRET, before the modified instruction is executed. 


22.29.2 Disabling the L3 Cache 


A unified third-level (L3) cache in processors based on Intel NetBurst microarchitecture (see Section 11.1, 
“Internal Caches, TLBs, and Buffers”) provides the third-level cache disable flag, bit 6 of the IA32_MISC_ENABLE 
MSR. The third-level cache disable flag allows the L3 cache to be disabled and enabled, independently of the L1 and 
L2 caches (see Section 11.5.4, “Disabling and Enabling the L3 Cache”). The third-level cache disable flag applies 
only to processors based on Intel NetBurst microarchitecture. Processors with L3 and based on other microarchi- 
tectures do not support the third-level cache disable flag. 


22.30 PAGING 


This section identifies enhancements made to the paging mechanism and implementation differences in the paging 
mechanism for various IA-32 processors. 


22.30.1 Large Pages 


The Pentium processor extended the memory management/paging facilities of the IA-32 to allow large (4 MBytes) 
pages sizes (see Section 4.3, “32-Bit Paging”). The first P6 family processor (the Pentium Pro processor) added a 
2 MByte page size to the IA-32 in conjunction with the physical address extension (PAE) feature (see Section 4.4, 
“PAE Paging”). 


The availability of large pages with 32-bit paging on any IA-32 processor can be determined via feature bit 3 (PSE) 
of register EDX after the CPUID instruction has been execution with an argument of 1. (Large pages are always 
available with PAE paging and 4-level paging.) Intel processors that do not support the CPUID instruction support 
only 32-bit paging and do not support page size enhancements. (See “CPUID—CPU Identification” in Chapter 3, 
“Instruction Set Reference, A-L,” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
2A for more information on the CPUID instruction. ) 


22.30.2 PCD and PWT Flags 


The PCD and PWT flags were introduced to the IA-32 in the Intel486 processor to control the caching of pages: 
¢ PCD (page-level cache disable) flag—Controls caching on a page-by-page basis. 


¢ PWT (page-level write-through) flag—Controls the write-through/writeback caching policy on a page-by-page 
basis. Since the internal cache of the Intel486 processor is a write-through cache, it is not affected by the state 
of the PWT flag. 
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22.30.3 Enabling and Disabling Paging 


Paging is enabled and disabled by loading a value into control register CRO that modifies the PG flag. For backward 
and forward compatibility with all IA-32 processors, Intel recommends that the following operations be performed 
when enabling or disabling paging: 


1. Execute a MOV CRO, REG instruction to either set (enable paging) or clear (disable paging) the PG flag. 
2. Execute a near JMP instruction. 


The sequence bounded by the MOV and JMP instructions should be identity mapped (that is, the instructions should 
reside on a page whose linear and physical addresses are identical). 


For the P6 family processors, the MOV CRO, REG instruction is serializing, so the jump operation is not required. 
However, for backwards compatibility, the JMP instruction should still be included. 


22.31 STACK OPERATIONS AND SUPERVISOR SOFTWARE 


This section identifies the differences in the stack mechanism for the various IA-32 processors. 


22.31.1 Selector Pushes and Pops 


When pushing a segment selector onto the stack, the Pentium 4, Intel Xeon, P6 family, and Intel486 processors 
decrement the ESP register by the operand size and then write 2 bytes. If the operand size is 32-bits, the upper two 
bytes of the write are not modified. The Pentium processor decrements the ESP register by the operand size and 
determines the size of the write by the operand size. If the operand size is 32-bits, the upper two bytes are written 
as Os. 


When popping a segment selector from the stack, the Pentium 4, Intel Xeon, P6 family, and Intel486 processors 
read 2 bytes and increment the ESP register by the operand size of the instruction. The Pentium processor deter- 
mines the size of the read from the operand size and increments the ESP register by the operand size. 


It is possible to align a 32-bit selector push or pop such that the operation generates an exception on a Pentium 
processor and not on an Pentium 4, Intel Xeon, P6 family, or Intel486 processor. This could occur if the third and/or 
fourth byte of the operation lies beyond the limit of the segment or if the third and/or fourth byte of the operation 
is locate on a non-present or inaccessible page. 


For a POP-to-memory instruction that meets the following conditions: 
¢ The stack segment size is 16-bit. 
e Any 32-bit addressing form with the SIB byte specifying ESP as the base register. 


¢ The initial stack pointer is FFFCH (32-bit operand) or FFFEH (16-bit operand) and will wrap around to OH as a 
result of the POP operation. 


The result of the memory write is implementation-specific. For example, in P6 family processors, the result of the 
memory write is SS:0H plus any scaled index and displacement. In Pentium processors, the result of the memory 
write may be either a stack fault (real mode or protected mode with stack segment size of 64 KByte), or write to 

SS:10000H plus any scaled index and displacement (protected mode and stack segment size exceeds 64 KByte). 


22.31.2 Error Code Pushes 


The Intel486 processor implements the error code pushed on the stack as a 16-bit value. When pushed onto a 32- 
bit stack, the Intel486 processor only pushes 2 bytes and updates ESP by 4. The P6 family and Pentium processors’ 
error code is a full 32 bits with the upper 16 bits set to zero. The P6 family and Pentium processors, therefore, push 
4 bytes and update ESP by 4. Any code that relies on the state of the upper 16 bits may produce inconsistent 
results. 
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22.31.3 Fault Handling Effects on the Stack 


During the handling of certain instructions, such as CALL and PUSHA, faults may occur in different sequences for 
the different processors. For example, during far calls, the Intel486 processor pushes the old CS and EIP before a 
possible branch fault is resolved. A branch fault is a fault from a branch instruction occurring from a segment limit 
or access rights violation. If a branch fault is taken, the Intel486 and P6 family processors will have corrupted 
memory below the stack pointer. However, the ESP register is backed up to make the instruction restartable. The 
P6 family processors issue the branch before the pushes. Therefore, if a branch fault does occur, these processors 
do not corrupt memory below the stack pointer. This implementation difference, however, does not constitute a 
compatibility problem, as only values at or above the stack pointer are considered to be valid. Other operations 
that encounter faults may also corrupt memory below the stack pointer and this behavior may vary on different 
implementations. 


22.31.4 Interlevel RET/IRET From a 16-Bit Interrupt or Call Gate 


If a call or interrupt is made from a 32-bit stack environment through a 16-bit gate, only 16 bits of the old ESP can 
be pushed onto the stack. On the subsequent RET/IRET, the 16-bit ESP is popped but the full 32-bit ESP is updated 
since control is being resumed in a 32-bit stack environment. The Intel486 processor writes the SS selector into the 
upper 16 bits of ESP. The P6 family and Pentium processors write zeros into the upper 16 bits. 


22.32 MIXING 16- AND 32-BIT SEGMENTS 


The features of the 16-bit Intel 286 processor are an object-code compatible subset of those of the 32-bit IA-32 
processors. The D (default operation size) flag in segment descriptors indicates whether the processor treats a 
code or data segment as a 16-bit or 32-bit segment; the B (default stack size) flag in segment descriptors indicates 
whether the processor treats a stack segment as a 16-bit or 32-bit segment. 


The segment descriptors used by the Intel 286 processor are supported by the 32-bit IA-32 processors if the Intel- 
reserved word (highest word) of the descriptor is clear. On the 32-bit IA-32 processors, this word includes the 
upper bits of the base address and the segment limit. 


The segment descriptors for data segments, code segments, local descriptor tables (there are no descriptors for 
global descriptor tables), and task gates are the same for the 16- and 32-bit processors. Other 16-bit descriptors 
(TSS segment, call gate, interrupt gate, and trap gate) are supported by the 32-bit processors. 


The 32-bit processors also have descriptors for TSS segments, call gates, interrupt gates, and trap gates that 
support the 32-bit architecture. Both kinds of descriptors can be used in the same system. 


For those segment descriptors common to both 16- and 32-bit processors, clear bits in the reserved word cause the 
32-bit processors to interpret these descriptors exactly as an Intel 286 processor does, that is: 


¢ Base Address — The upper 8 bits of the 32-bit base address are clear, which limits base addresses to 24 bits. 
¢ Limit — The upper 4 bits of the limit field are clear, restricting the value of the limit field to 64 KBytes. 


°® Granularity bit — The G (granularity) flag is clear, indicating the value of the 16-bit limit is interpreted in units 
of 1 byte. 


° Big bit — In a data-segment descriptor, the B flag is clear in the segment descriptor used by the 32-bit 
processors, indicating the segment is no larger than 64 KBytes. 


° Default bit — In a code-segment descriptor, the D flag is clear, indicating 16-bit addressing and operands are 
the default. In a stack-segment descriptor, the D flag is clear, indicating use of the SP register (instead of the 
ESP register) and a 64-KByte maximum segment limit. 


For information on mixing 16- and 32-bit code in applications, see Chapter 21, “Mixing 16-Bit and 32-Bit Code.” 


22.33 SEGMENT AND ADDRESS WRAPAROUND 


This section discusses differences in segment and address wraparound between the P6 family, Pentium, Intel486, 
Intel386, Intel 286, and 8086 processors. 
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22.33.1 Segment Wraparound 


On the 8086 processor, an attempt to access a memory operand that crosses offset 65,535 or OFFFFH or offset 0 
(for example, moving a word to offset 65,535 or pushing a word when the stack pointer is set to 1) causes the 
offset to wrap around modulo 65,536 or 010000H. With the Intel 286 processor, any base and offset combination 
that addresses beyond 16 MBytes wraps around to the 1 MByte of the address space. The P6 family, Pentium, 
Intel486, and Intel386 processors in real-address mode generate an exception in these cases: 


¢ A general-protection exception (#GP) if the segment is a data segment (that is, if the CS, DS, ES, FS, or GS 
register is being used to address the segment). 


e A stack-fault exception (#SS) if the segment is a stack segment (that is, if the SS register is being used). 


An exception to this behavior occurs when a stack access is data aligned, and the stack pointer is pointing to the 
last aligned piece of data that size at the top of the stack (ESP is FFFFFFFCH). When this data is popped, no 
segment limit violation occurs and the stack pointer will wrap around to 0. 


The address space of the P6 family, Pentium, and Intel486 processors may wraparound at 1 MByte in real-address 
mode. An external A20M# pin forces wraparound if enabled. On Intel 8086 processors, it is possible to specify 
addresses greater than 1 MByte. For example, with a selector value FFFFH and an offset of FFFFH, the effective 
address would be 10FFEFH (1 MByte plus 65519 bytes). The 8086 processor, which can form addresses up to 20 
bits long, truncates the uppermost bit, which “wraps” this address to FFEFH. However, the P6 family, Pentium, and 
Intel486 processors do not truncate this bit if AZOM# is not enabled. 


If a stack operation wraps around the address limit, shutdown occurs. (The 8086 processor does not have a shut- 
down mode or a limit.) 


The behavior when executing near the limit of a 4-GByte selector (limit = FFFFFFFFH) is different between the 
Pentium Pro and the Pentium 4 family of processors. On the Pentium Pro, instructions which cross the limit -- for 
example, a two byte instruction such as INC EAX that is encoded as FFH COH starting exactly at the limit faults for 
a segment violation (a one byte instruction at FFFFFFFFH does not cause an exception). Using the Pentium 4 micro- 
processor family, neither of these situations causes a fault. 


Segment wraparound and the functionality of A20M# is used primarily by older operating systems and not used by 
modern operating systems. On newer Intel 64 processors, AZOM# may be absent. 


22.34 STORE BUFFERS AND MEMORY ORDERING 


The Pentium 4, Intel Xeon, and P6 family processors provide a store buffer for temporary storage of writes (stores) 
to memory (see Section 11.10, “Store Buffer”). Writes stored in the store buffer(s) are always written to memory 
in program order, with the exception of “fast string” store operations (see Section 8.2.4, “Fast-String Operation and 
Out-of-Order Stores”). 


The Pentium processor has two store buffers, one corresponding to each of the pipelines. Writes in these buffers 
are always written to memory in the order they were generated by the processor core. 


It should be noted that only memory writes are buffered and I/O writes are not. The Pentium 4, Intel Xeon, P6 
family, Pentium, and Intel486 processors do not synchronize the completion of memory writes on the bus and 
instruction execution after a write. An I/O, locked, or serializing instruction needs to be executed to synchronize 
writes with the next instruction (see Section 8.3, “Serializing Instructions”). 


The Pentium 4, Intel Xeon, and P6 family processors use processor ordering to maintain consistency in the order 
that data is read (loaded) and written (stored) in a program and the order the processor actually carries out the 
reads and writes. With this type of ordering, reads can be carried out speculatively and in any order, reads can pass 
buffered writes, and writes to memory are always carried out in program order. (See Section 8.2, “Memory 
Ordering,” for more information about processor ordering.) The Pentium III processor introduced a new instruction 
to serialize writes and make them globally visible. Memory ordering issues can arise between a producer and a 
consumer of data. The SFENCE instruction provides a performance-efficient way of ensuring ordering between 
routines that produce weakly-ordered results and routines that consume this data. 


No re-ordering of reads occurs on the Pentium processor, except under the condition noted in Section 8.2.1, 
“Memory Ordering in the Intel® Pentium® and Intel486™ Processors,” and in the following paragraph describing the 
Intel486 processor. 
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Specifically, the store buffers are flushed before the IN instruction is executed. No reads (as a result of cache miss) 
are reordered around previously generated writes sitting in the store buffers. The implication of this is that the 
store buffers will be flushed or emptied before a subsequent bus cycle is run on the external bus. 


On both the Intel486 and Pentium processors, under certain conditions, a memory read will go onto the external 
bus before the pending memory writes in the buffer even though the writes occurred earlier in the program execu- 
tion. A memory read will only be reordered in front of all writes pending in the buffers if all writes pending in the 
buffers are cache hits and the read is a cache miss. Under these conditions, the Intel486 and Pentium processors 
will not read from an external memory location that needs to be updated by one of the pending writes. 


During a locked bus cycle, the Intel486 processor will always access external memory, it will never look for the 
location in the on-chip cache. All data pending in the Intel486 processor's store buffers will be written to memory 
before a locked cycle is allowed to proceed to the external bus. Thus, the locked bus cycle can be used for elimi- 
nating the possibility of reordering read cycles on the Intel486 processor. The Pentium processor does check its 
cache on a read-modify-write access and, if the cache line has been modified, writes the contents back to memory 
before locking the bus. The P6 family processors write to their cache on a read-modify-write operation (if the 
access does not split across a cache line) and does not write back to system memory. If the access does split across 
a cache line, it locks the bus and accesses system memory. 


I/O reads are never reordered in front of buffered memory writes on an IA-32 processor. This ensures an update of 
all memory locations before reading the status from an I/O device. 


22.35 BUS LOCKING 


The Intel 286 processor performs the bus locking differently than the Intel P6 family, Pentium, Intel486, and 
Intel386 processors. Programs that use forms of memory locking specific to the Intel 286 processor may not run 
properly when run on later processors. 


A locked instruction is guaranteed to lock only the area of memory defined by the destination operand, but may 
lock a larger memory area. For example, typical 8086 and Intel 286 configurations lock the entire physical memory 
space. Programmers should not depend on this. 


On the Intel 286 processor, the LOCK prefix is sensitive to IOPL. If the CPL is greater than the IOPL, a general- 
protection exception (#GP) is generated. On the Intel386 DX, Intel486, and Pentium, and P6 family processors, no 
check against IOPL is performed. 


The Pentium processor automatically asserts the LOCK# signal when acknowledging external interrupts. After 
signaling an interrupt request, an external interrupt controller may use the data bus to send the interrupt vector to 
the processor. After receiving the interrupt request signal, the processor asserts LOCK# to ensure that no other 
data appears on the data bus until the interrupt vector is received. This bus locking does not occur on the P6 family 
processors. 


22.36 BUS HOLD 


Unlike the 8086 and Intel 286 processors, but like the Intel386 and Intel486 processors, the P6 family and Pentium 
processors respond to requests for control of the bus from other potential bus masters, such as DMA controllers, 
between transfers of parts of an unaligned operand, such as two words which form a doubleword. Unlike the 
Intel386 processor, the P6 family, Pentium and Intel486 processors respond to bus hold during reset initialization. 


22.37  MODEL-SPECIFIC EXTENSIONS TO THE IA-32 


Certain extensions to the IA-32 are specific to a processor or family of IA-32 processors and may not be imple- 
mented or implemented in the same way in future processors. The following sections describe these model-specific 
extensions. The CPUID instruction indicates the availability of some of the model-specific features. 
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22.37.1 Model-Specific Registers 


The Pentium processor introduced a set of model-specific registers (MSRs) for use in controlling hardware functions 
and performance monitoring. To access these MSRs, two new instructions were added to the IA-32 architecture: 
read MSR (RDMSR) and write MSR (WRMSR). The MSRs in the Pentium processor are not guaranteed to be dupli- 
cated or provided in the next generation IA-32 processors. 


The P6 family processors greatly increased the number of MSRs available to software. See Chapter 2, “Model- 
Specific Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4 for a 
complete list of the available MSRs. The new registers control the debug extensions, the performance counters, the 
machine-check exception capability, the machine-check architecture, and the MTRRs. These registers are acces- 
sible using the RDMSR and WRMSR instructions. Specific information on some of these new MSRs is provided in the 
following sections. As with the Pentium processor MSR, the P6 family processor MSRs are not guaranteed to be 
duplicated or provided in the next generation IA-32 processors. 


22.37.2 RDMSR and WRMSR Instructions 


The RDMSR (read model-specific register) and WRMSR (write model-specific register) instructions recognize a 
much larger number of model-specific registers in the P6 family processors. (See “RDMSR—Read from Model 
Specific Register” and “WRMSR—Write to Model Specific Register” in the Intel® 64 and IA-32 Architectures Soft- 
ware Developer’s Manual, Volumes 2A, 2B, 2C & 2D for more information.) 


22.37.3_ Memory Type Range Registers 


Memory type range registers (MTRRs) are a new feature introduced into the IA-32 in the Pentium Pro processor. 
MTRRs allow the processor to optimize memory operations for different types of memory, such as RAM, ROM, frame 
buffer memory, and memory-mapped I/O. 


MTRRs are MSRs that contain an internal map of how physical address ranges are mapped to various types of 
memory. The processor uses this internal memory map to determine the cacheability of various physical memory 
locations and the optimal method of accessing memory locations. For example, if a memory location is specified in 
an MTRR as write-through memory, the processor handles accesses to this location as follows. It reads data from 
that location in lines and caches the read data or maps all writes to that location to the bus and updates the cache 
to maintain cache coherency. In mapping the physical address space with MTRRs, the processor recognizes five 
types of memory: uncacheable (UC), uncacheable, speculatable, write-combining (WC), write-through (WT), 
write-protected (WP), and writeback (WB). 


Earlier IA-32 processors (such as the Intel486 and Pentium processors) used the KEN# (cache enable) pin and 
external logic to maintain an external memory map and signal cacheable accesses to the processor. The MTRR 
mechanism simplifies hardware designs by eliminating the KEN# pin and the external logic required to drive it. 


See Chapter 9, “Processor Management and Initialization,” and Chapter 2, “Model-Specific Registers (MSRs)” in the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4 for more information on the MTRRs. 


22.37.4 Machine-Check Exception and Architecture 


The Pentium processor introduced a new exception called the machine-check exception (#MC, interrupt 18). This 
exception is used to detect hardware-related errors, such as a parity error on a read cycle. 


The P6 family processors extend the types of errors that can be detected and that generate a machine-check 
exception. It also provides a new machine-check architecture for recording information about a machine-check 
error and provides extended recovery capability. 


The machine-check architecture provides several banks of reporting registers for recording machine-check errors. 
Each bank of registers is associated with a specific hardware unit in the processor. The primary focus of the 
machine checks is on bus and interconnect operations; however, checks are also made of translation lookaside 
buffer (TLB) and cache operations. 
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The machine-check architecture can correct some errors automatically and allow for reliable restart of instruction 
execution. It also collects sufficient information for software to use in correcting other machine errors not corrected 
by hardware. 


See Chapter 15, “Machine-Check Architecture,” for more information on the machine-check exception and the 
machine-check architecture. 


22.37.5 Performance-Monitoring Counters 


The P6 family and Pentium processors provide two performance-monitoring counters for use in monitoring internal 
hardware operations. The number of performance monitoring counters and associated programming interfaces 
may be implementation specific for Pentium 4 processors, Pentium M processors. Later processors may have 
implemented these as part of an architectural performance monitoring feature. The architectural and non-architec- 
tural performance monitoring interfaces for different processor families are described in Chapter 19, “Performance 
Monitoring,”. https://perfmon-events.intel.com/ lists all the events that can be counted for architectural perfor- 
mance monitoring events and non-architectural events. The counters are set up, started, and stopped using two 
MSRs and the RDMSR and WRMSR instructions. For the P6 family processors, the current count for a particular 
counter can be read using the new RDPMC instruction. 


The performance-monitoring counters are useful for debugging programs, optimizing code, diagnosing system fail- 
ures, or refining hardware designs. See Chapter 19, “Performance Monitoring,” for more information on these 
counters. 


22.38 TWO WAYS TO RUN INTEL 286 PROCESSOR TASKS 


When porting 16-bit programs to run on 32-bit IA-32 processors, there are two approaches to consider: 


° Porting an entire 16-bit software system to a 32-bit processor, complete with the old operating system, loader, 
and system builder. Here, all tasks will have 16-bit TSSs. The 32-bit processor is being used as if it were a faster 
version of the 16-bit processor. 


¢ Porting selected 16-bit applications to run in a 32-bit processor environment with a 32-bit operating system, 
loader, and system builder. Here, the TSSs used to represent 286 tasks should be changed to 32-bit TSSs. It is 
possible to mix 16 and 32-bit TSSs, but the benefits are small and the problems are great. All tasks in a 32-bit 
software system should have 32-bit TSSs. It is not necessary to change the 16-bit object modules themselves; 
TSSs are usually constructed by the operating system, by the loader, or by the system builder. See Chapter 21, 
“Mixing 16-Bit and 32-Bit Code,” for more detailed information about mixing 16-bit and 32-bit code. 


Because the 32-bit processors use the contents of the reserved word of 16-bit segment descriptors, 16-bit 
programs that place values in this word may not run correctly on the 32-bit processors. 


22.39 INITIAL STATE OF PENTIUM, PENTIUM PRO AND PENTIUM 4 PROCESSORS 


Table 22-10 shows the state of the flags and other registers following power-up for the Pentium, Pentium Pro and 
Pentium 4 processors. The state of control register CRO is 6(0000010H (see Figure 9-1 “Contents of CRO Register 

after Reset” in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A). This places the 

processor in real-address mode with paging disabled. 


Table 22-10. Processor State Following Power-up/Reset/INIT for Pentium, Pentium Pro and Pentium 4 Processors 


Register Pentium 4 Processor Pentium Pro Processor Pentium Processor 
EFLAGS! 00000002H 00000002H 00000002H 
EIP OOOOFFFOH OOOOFFFOH OOOOFFFOH 
CRO 60000010H? 60000010H* 60000010H? 
CR2, CR3, CR4 OO000000H O00000000H O0000000H 
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Table 22-10. Processor State Following Power-up/Reset/INIT for Pentium, Pentium Pro and Pentium 4 Processors 


Register 


Pentium 4 Processor 


Pentium Pro Processor 


Pentium Processor 


cS 


Selector = FOOOH 

Base = FFFFOOOOH 

Limit = FFFFH 

AR = Present, R/W, Accessed 


Selector = FOOOH 

Base = FFFFOOOOH 

Limit = FFFFH 

AR = Present, R/W, Accessed 


Selector = FOOOH 

Base = FFFFOOOOH 

Limit = FFFFH 

AR = Present, R/W, Accessed 


SS, DS, ES, FS, GS 


Selector = OOOOH 
Base = QOOO00000H 


Selector = OOOOH 
Base = OOOO0000H 


Selector = OOOOH 
Base = OOOO00000H 


Limit = FFFFH Limit = FFFFH Limit = FFFFH 

AR = Present, R/W, Accessed AR = Present, R/W, Accessed AR = Present, R/W, Accessed 
EDX OOOO0FxxH 000n06xxH? 000005xxH 
EAX ot o* o* 
EBX, ECX, ESI, EDI, EBP, | COOOO000H O0000000H OO000000H 


ESP 


STO through ST7° 


Pwr up or Reset: +0.0 
FINIT/FNINIT: Unchanged 


Pwr up or Reset: +0.0 
FINIT/FNINIT: Unchanged 


Pwr up or Reset: +0.0 
FINIT/FNINIT: Unchanged 


x87 FPU Control 
Word? 


x87 FPU Status Word? 


Pwr up or Reset: 0040H 
FINIT/FNINIT: 037FH 


Pwr up or Reset: OOOOH 
FINIT/FNINIT: OOOOH 


Pwr up or Reset: 0040H 
FINIT/FNINIT: 037FH 


Pwr up or Reset: OOOOH 
FINIT/FNINIT: OOOOH 


Pwr up or Reset: 0040H 
FINIT/FNINIT: 037FH 


Pwr up or Reset: OOOOH 
FINIT/FNINIT: OOOOH 


x87 FPU Tag Word? 


x87 FPU Data 
Operand and CS Seg. 
Selectors? 


Pwr up or Reset: 5555H 
FINIT/FNINIT: FFFFH 


Pwr up or Reset: OOOOH 
FINIT/FNINIT: OOOOH 


Pwr up or Reset: 5555H 
FINIT/FNINIT: FFFFH 


Pwr up or Reset: OOOOH 
FINIT/FNINIT: OOOOH 


Pwr up or Reset: 5555H 
FINIT/FNINIT: FFFFH 


Pwr up or Reset: OOOOH 
FINIT/FNINIT: OOOOH 


x87 FPU Data 
Operand and Inst. 
Pointers? 


Pwr up or Reset: 
O0000000H 
FINIT/FNINIT: OOOOOOOOH 


Pwr up or Reset: 
QO000000H 
FINIT/FNINIT: OOOOOOOOH 


Pwr up or Reset: 
OO000000H 
FINIT/FNINIT: OOOOOOOOH 


MMO through MM7° 


Pwr up or Reset: 


Pentium II and Pentium Ill 


Pentium with MMX Technology 


OOOO0000000000000H Processors Only— Only— 
INIT or FINIT/FNINIT: Pwr up or Reset: Pwr up or Reset: 
Unchanged 0000000000000000H 0000000000000000H 
INIT or FINIT/FNINIT: INIT or FINIT/FNINIT: 
Unchanged Unchanged 
XMMO through XMM7_ | Pwr up or Reset: OH If CPUID.O1H:SSE is 1 — NA 
INIT: Unchanged Pwr up or Reset: OH 
INIT: Unchanged 
MXCSR Pwr up or Reset: 1F80H Pentium Ill processor only- NA 
INIT: Unchanged Pwr up or Reset: 1F80H 
INIT: Unchanged 
GDTR, IDTR Base = OQOO000000H Base = QOOOO000H Base = QOO00000H 


LDTR, Task Register 


Limit = FFFFH 
AR = Present, R/W 


Selector = OOOOH 
Base = OOOO00000H 


Limit = FFFFH 
AR = Present, R/W 


Selector = OOOOH 
Base = QOOO00000H 


Limit = FFFFH 
AR = Present, R/W 


Selector = OOOOH 
Base = OOO00000H 


Limit = FFFFH Limit = FFFFH Limit = FFFFH 

AR = Present, R/W AR = Present, R/W AR = Present, R/W 
DRO, DR1, DR2, DR3 OOOO0000H OOOO0000H OOO000000H 
DR6 FFFFOFFOH FFFFOFFOH FFFFOFFOH 
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Table 22-10. Processor State Following Power-up/Reset/INIT for Pentium, Pentium Pro and Pentium 4 Processors 


Register 


Pentium 4 Processor 


Pentium Pro Processor 


Pentium Processor 


DR7 


00000400H 


00000400H 


00000400H 


Time-Stamp Counter 


Power up or Reset: OH 
INIT: Unchanged 


Power up or Reset: OH 
INIT: Unchanged 


Power up or Reset: OH 
INIT: Unchanged 


Perf. Counters and 
Event Select 


Power up or Reset: OH 
INIT: Unchanged 


Power up or Reset: OH 
INIT: Unchanged 


Power up or Reset: OH 
INIT: Unchanged 


All Other MSRs 


Pwr up or Reset: 


Pwr up or Reset: 


Pwr up or Reset: 


Undefined Undefined Undefined 
INIT: Unchanged INIT: Unchanged INIT: Unchanged 
Data and Code Cache, | Invalid® Invalid® Invalid® 


TLBs 


Fixed MTRRs Pwr up or Reset: Disabled Pwr up or Reset: Disabled Not Implemented 
INIT: Unchanged INIT: Unchanged 
Variable MTRRs Pwr up or Reset: Disabled Pwr up or Reset: Disabled Not Implemented 


INIT: Unchanged 


INIT: Unchanged 


Machine-Check 
Architecture 


Pwr up or Reset: 
Undefined 
INIT: Unchanged 


Pwr up or Reset: 
Undefined 
INIT: Unchanged 


Not Implemented 


APIC Pwr up or Reset: Enabled Pwr up or Reset: Enabled Pwr up or Reset: Enabled 
INIT: Unchanged INIT: Unchanged INIT: Unchanged 

R8-R15” QOO0000000000000H QOO00000000000000H NA. 

XMM8-XMM157 Pwr up or Reset: OH Pwr up or Reset: OH N.A. 


INIT: Unchanged 


INIT: Unchanged 


NOTES: 


1. The 10 most-significant bits of the EFLAGS register are undefined following a reset. Software should not depend on the states of 


any of these bits. 


2. The CD and NW flags are unchanged, bit 4 is set to 1, all other bits are cleared. 
3. Where “n” is the Extended Model Value for the respective processor. 

4. If Built-In Self-Test (BIST) is invoked on power up or reset, EAX is O only if all tests passed. (BIST cannot be invoked during an INIT.) 
5. The state of the x87 FPU and MMX registers is not changed by the execution of an INIT. 
6. Internal caches are invalid after power-up and RESET, but left unchanged with an INIT. 
7. \f the processor supports IA-32e mode. 
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CHAPTER 23 
INTRODUCTION TO VIRTUAL MACHINE EXTENSIONS 


23.1 OVERVIEW 


This chapter describes the basics of virtual machine architecture and an overview of the virtual-machine extensions 
(VMX) that support virtualization of processor hardware for multiple software environments. 


Information about VMX instructions is provided in Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 2B. Other aspects of VMX and system programming considerations are described in chapters of Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 3B. 


23.2 VIRTUAL MACHINE ARCHITECTURE 


Virtual-machine extensions define processor-level support for virtual machines on IA-32 processors. Two principal 
classes of software are supported: 


° = Virtual-machine monitors (VMM) — A VMM acts as a host and has full control of the processor(s) and other 
platform hardware. A VMM presents guest software (see next paragraph) with an abstraction of a virtual 
processor and allows it to execute directly on a logical processor. A VMM is able to retain selective control of 
processor resources, physical memory, interrupt management, and I/O. 


* Guest software — Each virtual machine (VM) is a guest software environment that supports a stack consisting 
of operating system (OS) and application software. Each operates independently of other virtual machines and 
uses on the same interface to processor(s), memory, storage, graphics, and I/O provided by a physical 
platform. The software stack acts as if it were running on a platform with no VMM. Software executing ina 
virtual machine must operate with reduced privilege so that the VMM can retain control of platform resources. 


23.3. INTRODUCTION TO VMX OPERATION 


Processor support for virtualization is provided by a form of processor operation called VMX operation. There are 
two kinds of VMX operation: VMX root operation and VMX non-root operation. In general, a VMM will run in VMX 
root operation and guest software will run in VMX non-root operation. Transitions between VMX root operation and 
VMX non-root operation are called VMX transitions. There are two kinds of VMX transitions. Transitions into VMX 
non-root operation are called VM entries. Transitions from VMX non-root operation to VMX root operation are called 
VM exits. 


Processor behavior in VMX root operation is very much as it is outside VMX operation. The principal differences are 
that a set of new instructions (the VMX instructions) is available and that the values that can be loaded into certain 
control registers are limited (see Section 23.8). 


Processor behavior in VMX non-root operation is restricted and modified to facilitate virtualization. Instead of their 
ordinary operation, certain instructions (including the new VMCALL instruction) and events cause VM exits to the 
VMM. Because these VM exits replace ordinary behavior, the functionality of software in VMX non-root operation is 
limited. It is this limitation that allows the VMM to retain control of processor resources. 


There is no software-visible bit whose setting indicates whether a logical processor is in VMX non-root operation. 
This fact may allow a VMM to prevent guest software from determining that it is running in a virtual machine. 


Because VMX operation places restrictions even on software running with current privilege level (CPL) 0, guest 
software can run at the privilege level for which it was originally designed. This capability may simplify the devel- 
opment of a VMM. 
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23.4 LIFE CYCLE OF VMM SOFTWARE 


Figure 23-1 illustrates the life cycle of a VMM and its guest software as well as the interactions between them. The 
following items summarize that life cycle: 


° Software enters VMX operation by executing a VMXON instruction. 


¢ Using VM entries, a VMM can then enter guests into virtual machines (one at a time). The VMM effects a 
VM entry using instructions VMLAUNCH and VMRESUME; it regains control using VM exits. 

¢ VM exits transfer control to an entry point specified by the VMM. The VMM can take action appropriate to the 
cause of the VM exit and can then return to the virtual machine using a VM entry. 


° Eventually, the VMM may decide to shut itself down and leave VMX operation. It does so by executing the 
VMXOFF instruction. 


Guest 0 Guest 1 


VM Exit VM Exit 


VMXON VM Monitor VMXOFF 


Figure 23-1. Interaction of a Virtual-Machine Monitor and Guests 


23.5 VIRTUAL-MACHINE CONTROL STRUCTURE 


VMX non-root operation and VMX transitions are controlled by a data structure called a virtual-machine control 
structure (VMCS). 


Access to the VMCS is managed through a component of processor state called the VMCS pointer (one per logical 
processor). The value of the VMCS pointer is the 64-bit address of the VMCS. The VMCS pointer is read and written 
using the instructions VMPTRST and VMPTRLD. The VMM configures a VMCS using the VMREAD, VMWRITE, and 
VMCLEAR instructions. 


AVMM could use a different VMCS for each virtual machine that it supports. For a virtual machine with multiple 
logical processors (virtual processors), the VMM could use a different VMCS for each virtual processor. 


23.6 DISCOVERING SUPPORT FOR VMX 


Before system software enters into VMX operation, it must discover the presence of VMX support in the processor. 
System software can determine whether a processor supports VMX operation using CPUID. If 
CPUID.1:ECX.VMX[bit 5] = 1, then VMX operation is supported. See Chapter 3, “Instruction Set Reference, A-L” of 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A. 


The VMX architecture is designed to be extensible so that future processors in VMX operation can support addi- 
tional features not present in first-generation implementations of the VMX architecture. The availability of exten- 
sible VMX features is reported to software using a set of VMX capability MSRs (see Appendix A, “VMX Capability 
Reporting Facility”). 
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23.7. ENABLING AND ENTERING VMX OPERATION 


Before system software can enter VMX operation, it enables VMX by setting CR4.VMXE[bit 13] = 1. VMX operation 
is then entered by executing the VMXON instruction. VMXON causes an invalid-opcode exception (#UD) if executed 
with CR4.VMXE = 0. Once in VMX operation, it is not possible to clear CR4.VMXE (see Section 23.8). System soft- 
ware leaves VMX operation by executing the VMXOFF instruction. CR4.VMXE can be cleared outside of VMX opera- 
tion after executing of VMXOFF. 


VMXON is also controlled by the IA32_FEATURE_CONTROL MSR (MSR address 3AH). This MSR is cleared to zero 
when a logical processor is reset. The relevant bits of the MSR are: 


° Bit O is the lock bit. If this bit is clear, VMXON causes a general-protection exception. If the lock bit is set, 
WRMSR to this MSR causes a general-protection exception; the MSR cannot be modified until a power-up reset 
condition. System BIOS can use this bit to provide a setup option for BIOS to disable support for VMX. To 
enable VMX support in a platform, BIOS must set bit 1, bit 2, or both (see below), as well as the lock bit. 


¢ Bit 1 enables VMXON in SMX operation. If this bit is clear, execution of VMXON in SMX operation causes a 
general-protection exception. Attempts to set this bit on logical processors that do not support both VMX 
operation (see Section 23.6) and SMX operation (see Chapter 6, “Safer Mode Extensions Reference,” in Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 2D) cause general-protection exceptions. 


¢ Bit 2 enables VMXON outside SMX operation. If this bit is clear, execution of VMXON outside SMX 
operation causes a general-protection exception. Attempts to set this bit on logical processors that do not 
support VMX operation (see Section 23.6) cause general-protection exceptions. 


NOTE 


A logical processor is in SMX operation if GETSEC[SEXIT] has not been executed since the last 
execution of GETSEC[SENTER]. A logical processor is outside SMX operation if GETSEC[SENTER] 
has not been executed or if GETSEC[SEXIT] was executed after the last execution of 
GETSEC[SENTER]. See Chapter 6, “Safer Mode Extensions Reference,” in Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 2D. 


Before executing VMXON, software should allocate a naturally aligned 4-KByte region of memory that a logical 
processor may use to support VMxX operation.! This region is called the VMXON region. The address of the VMXON 
region (the VMXON pointer) is provided in an operand to VMXON. Section 24.11.5, “VMXON Region,” details how 
software should initialize and access the VMXON region. 


23.8 RESTRICTIONS ON VMX OPERATION 


VMX operation places restrictions on processor operation. These are detailed below: 


° In VMX operation, processors may fix certain bits in CRO and CR4 to specific values and not support other 
values. VMXON fails if any of these bits contains an unsupported value (see “VMXON—Enter VMX Operation” in 
Chapter 30). Any attempt to set one of these bits to an unsupported value while in VMX operation (including 
VMX root operation) using any of the CLTS, LMSW, or MOV CR instructions causes a general-protection 
exception. VM entry or VM exit cannot set any of these bits to an unsupported value. Software should consult 
the VMX capability MSRs IA32_VMX_CRO_FIXEDO and IA32_VMX_CRO_FIXED1 to determine how bits in CRO 
are fixed (see Appendix A.7). For CR4, software should consult the VMX capability MSRs 
IA32_VMX_CR4_FIXEDO and IA32_VMX_CR4_FIXED1 (see Appendix A.8). 


NOTES 


The first processors to support VMX operation require that the following bits be 1 in VMX operation: 
CRO.PE, CRO.NE, CRO.PG, and CR4.VMXE. The restrictions on CRO.PE and CRO.PG imply that VMX 


1. Future processors may require that a different amount of memory be reserved. If so, this fact is reported to software using the 
V/MX capability-reporting mechanism. 
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operation is supported only in paged protected mode (including IA-32e mode). Therefore, guest 
software cannot be run in unpaged protected mode or in real-address mode. 


Later processors support a VM-execution control called “unrestricted guest” (see Section 24.6.2). 
If this control is 1, CRO.PE and CRO.PG may be 0 in VMX non-root operation (even if the capability 
MSR IA32_VMX_CRO_FIXEDO reports otherwise). Such processors allow guest software to run in 
unpaged protected mode or in real-address mode. 


¢ VMXON fails if a logical processor is in A20M mode (see “VMXON—Enter VMX Operation” in Chapter 30). Once 
the processor is in VMX operation, A20M interrupts are blocked. Thus, it is impossible to be in A20M mode in 
VMX operation. 


¢ The INIT signal is blocked whenever a logical processor is in VMX root operation. It is not blocked in VMX non- 
root operation. Instead, INITs cause VM exits (see Section 25.2, “Other Causes of VM Exits”). 


* Intel® Processor Trace (Intel PT) can be used in VMX operation only if IA32_VMX_MISC[14] is read as 1 (see 
Appendix A.6). On processors that support Intel PT but which do not allow it to be used in VMX operation, 
execution of VMXON clears IA32_RTIT_CTL.TraceEn (see “VMXON—Enter VMX Operation” in Chapter 30); any 
attempt to write IA32_RTIT_CTL while in VMX operation (including VMX root operation) causes a general- 
protection exception. 


1. “Unrestricted guest” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution 
controls is 0, VMX non-root operation functions as if the “unrestricted quest” VM-execution control were 0. See Section 24.6.2. 
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24.1 OVERVIEW 


A logical processor uses virtual-machine control data structures (VMCSs) while it is in VMX operation. These 
manage transitions into and out of VMX non-root operation (VM entries and VM exits) as well as processor behavior 
in VMX non-root operation. This structure is manipulated by the new instructions VMCLEAR, VMPTRLD, VMREAD, 
and VMWRITE. 


A VMM can use a different VMCS for each virtual machine that it supports. For a virtual machine with multiple 
logical processors (virtual processors), the VMM can use a different VMCS for each virtual processor. 


A logical processor associates a region in memory with each VMCS. This region is called the VMCS region.! Soft- 
ware references a specific VMCS using the 64-bit physical address of the region (a VMCS pointer). VMCS pointers 
must be aligned on a 4-KByte boundary (bits 11:0 must be zero). These pointers must not set bits beyond the 
processor's physical-address width.2/> 


A logical processor may maintain a number of VMCSs that are active. The processor may optimize VMX operation 
by maintaining the state of an active VMCS in memory, on the processor, or both. At any given time, at most one 
of the active VMCSs is the current VMCS. (This document frequently uses the term “the VMCS” to refer to the 
current VMCS.) The VMLAUNCH, VMREAD, VMRESUME, and VMWRITE instructions operate only on the current 
VMCS. 


The following items describe how a logical processor determines which VMCSs are active and which is current: 


¢ The memory operand of the VMPTRLD instruction is the address of a VMCS. After execution of the instruction, 
that VMCS is both active and current on the logical processor. Any other VMCS that had been active remains so, 
but no other VMCS is current. 


¢ The VMCS link pointer field in the current VMCS (see Section 24.4.2) is itself the address of a VMCS. If VM entry 
is performed successfully with the 1-setting of the “VMCS shadowing” VM-execution control, the VMCS 
referenced by the VMCS link pointer field becomes active on the logical processor. The identity of the current 
VMCS does not change. 


¢ The memory operand of the VMCLEAR instruction is also the address of a VMCS. After execution of the 
instruction, that VMCS is neither active nor current on the logical processor. If the VMCS had been current on 
the logical processor, the logical processor no longer has a current VMCS. 


The VMPTRST instruction stores the address of the logical processor’s current VMCS into a specified memory loca- 
tion (it stores the value FFFFFFFF_FFFFFFFFH if there is no current VMCS). 


The launch state of a VMCS determines which VM-entry instruction should be used with that VMCS: the 
VMLAUNCH instruction requires a VMCS whose launch state is “clear”; the VMRESUME instruction requires a VMCS 
whose launch state is “launched”. A logical processor maintains a VMCS’s launch state in the corresponding VMCS 
region. The following items describe how a logical processor manages the launch state of a VMCS: 


¢ If the launch state of the current VMCS is “clear”, successful execution of the VMLAUNCH instruction changes 
the launch state to “launched”. 


¢ The memory operand of the VMCLEAR instruction is the address of a VMCS. After execution of the instruction, 
the launch state of that VMCS is “clear”. 


¢ There are no other ways to modify the launch state of a VMCS (it cannot be modified using VMWRITE) and there 
is no direct way to discover it (it cannot be read using VMREAD). 


1. The amount of memory required for a VMCS region is at most 4 KBytes. The exact size is implementation specific and can be deter- 
mined by consulting the VMX capability MSR IA32_VMX_BASIC to determine the size of the VMCS region (see Appendix A.1). 


2. Software can determine a processor's physical-address width by executing CPUID with BOOO0008H in EAX. The physical-address 
width is returned in bits 7:0 of EAX. 


3. If IA32_VMX_BASIC[48] is read as 1, these pointers must not set any bits in the range 63:32; see Appendix A.1. 
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Figure 24-1 illustrates the different states of a VMCS. It uses “X” to refer to the VMCS and “Y” to refer to any other 
VMCS. Thus: “VMPTRLD X” always makes X current and active; “VMPTRLD Y” always makes X not current (because 
it makes Y current); VMLAUNCH makes the launch state of X “launched” if X was current and its launch state was 
“clear”; and VMCLEAR X always makes X inactive and not current and makes its launch state “clear”. 


The figure does not illustrate operations that do not modify the VMCS state relative to these parameters (e.g., 
execution of VMPTRLD X when X is already current). Note that VMCLEAR X makes X “inactive, not current, and 
clear,” even if X’s current state is not defined (e.g., even if X has not yet been initialized). See Section 24.11.3. 
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Figure 24-1. States of VMCS X 


Because a shadow VMCS (see Section 24.10) cannot be used for VM entry, the launch state of a shadow VMCS is 
not meaningful. Figure 24-1 does not illustrate all the ways in which a shadow VMCS may be made active. 


24.2 FORMAT OF THE VMCS REGION 


A VMCS region comprises up to 4-KBytes.! The format of a VMCS region is given in Table 24-1. 


Table 24-1. Format of the VMCS Region 


Byte Offset Contents 
0 Bits 30:0: VMCS revision identifier 
Bit 31: shadow-VMCS indicator (see Section 24.10) 
4 VMxX-abort indicator 
8 VMCS data (implementation-specific format) 


1. The exact size is implementation specific and can be determined by consulting the VMX capability MSR [A32_VMX_BASIC to deter- 
mine the size of the VMCS region (see Appendix A.1). 
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The first 4 bytes of the VMCS region contain the VMCS revision identifier at bits 30:0.1 Processors that maintain 
VMCS data in different formats (see below) use different VMCS revision identifiers. These identifiers enable soft- 
ware to avoid using a VMCS region formatted for one processor on a processor that uses a different format.? Bit 31 
of this 4-byte region indicates whether the VMCS is a shadow VMCS (see Section 24.10). 


Software should write the VMCS revision identifier to the VMCS region before using that region for a VMCS. The 
VMCS revision identifier is never written by the processor; VMPTRLD fails if its operand references a VMCS region 
whose VMCS revision identifier differs from that used by the processor. (VMPTRLD also fails if the shadow-VMCS 
indicator is 1 and the processor does not support the 1-setting of the “VMCS shadowing” VM-execution control; see 
Section 24.6.2) Software can discover the VMCS revision identifier that a processor uses by reading the VMX capa- 
bility MSR IA32_VMX_BASIC (see Appendix A.1). 


Software should clear or set the shadow-VMCS indicator depending on whether the VMCS is to be an ordinary 
VMCS or a shadow VMCS (see Section 24.10). VMPTRLD fails if the shadow-VMCS indicator is set and the processor 
does not support the 1-setting of the “VMCS shadowing” VM-execution control. Software can discover support for 
this setting by reading the VMX capability MSR IA32_VMX_PROCBASED_CTLS2 (see Appendix A.3.3). 


The next 4 bytes of the VMCS region are used for the VMX-abort indicator. The contents of these bits do not 
control processor operation in any way. A logical processor writes a non-zero value into these bits if a VMX abort 
occurs (see Section 27.7). Software may also write into this field. 


The remainder of the VMCS region is used for VMCS data (those parts of the VMCS that control VMX non-root 
operation and the VMxX transitions). The format of these data is implementation-specific. VMCS data are discussed 
in Section 24.3 through Section 24.9. To ensure proper behavior in VMX operation, software should maintain the 
VMCS region and related structures (enumerated in Section 24.11.4) in writeback cacheable memory. Future 
implementations may allow or require a different memory type?. Software should consult the VMX capability MSR 
IA32_VMX_BASIC (see Appendix A.1). 


24.3. ORGANIZATION OF VMCS DATA 


The VMCS data are organized into six logical groups: 


° Guest-state area. Processor state is saved into the guest-state area on VM exits and loaded from there on 
VM entries. 


* Host-state area. Processor state is loaded from the host-state area on VM exits. 


¢ VM-execution control fields. These fields control processor behavior in VMX non-root operation. They 
determine in part the causes of VM exits. 


¢ VM-exit control fields. These fields control VM exits. 
¢ VM-entry control fields. These fields control VM entries. 


¢ VM-exit information fields. These fields receive information on VM exits and describe the cause and the 
nature of VM exits. On some processors, these fields are read-only.* 


The VM-execution control fields, the VM-exit control fields, and the VM-entry control fields are sometimes referred 
to collectively as VMX controls. 


1. Earlier versions of this manual specified that the VMCS revision identifier was a 32-bit field. For all processors produced prior to this 
change, bit 31 of the VMCS revision identifier was O. 


2. Logical processors that use the same VMCS revision identifier use the same size for VMCS regions. 


3. Alternatively, software may map any of these regions or structures with the UC memory type. Doing so is strongly discouraged 
unless necessary as it will cause the performance of transitions using those structures to suffer significantly. In addition, the pro- 
cessor will continue to use the memory type reported in the VMX capability MSR [A32_VMX_BASIC with exceptions noted in Appen- 
dix A.1. 


4. Software can discover whether these fields can be written by reading the VMX capability MSR [A32_VMX_MISC (see Appendix A.6). 
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24.4 GUEST-STATE AREA 


This section describes fields contained in the guest-state area of the VMCS. VM entries load processor state from 
these fields and VM exits store processor state into these fields. See Section 26.3.2 and Section 27.3 for details. 


24.4.1 Guest Register State 


The following fields in the guest-state area correspond to processor registers: 


* Control registers CRO, CR3, and CR4 (64 bits each; 32 bits on processors that do not support Intel 64 archi- 
tecture). 


° Debug register DR7 (64 bits; 32 bits on processors that do not support Intel 64 architecture). 
* RSP, RIP, and RFLAGS (64 bits each; 32 bits on processors that do not support Intel 64 architecture).! 
° The following fields for each of the registers CS, SS, DS, ES, FS, GS, LDTR, and TR: 

— Selector (16 bits). 


— Base address (64 bits; 32 bits on processors that do not support Intel 64 architecture). The base-address 
fields for CS, SS, DS, and ES have only 32 architecturally-defined bits; nevertheless, the corresponding 
VMCS fields have 64 bits on processors that support Intel 64 architecture. 


— Segment limit (32 bits). The limit field is always a measure in bytes. 
— Access rights (32 bits). The format of this field is given in Table 24-2 and detailed as follows: 


¢ The low 16 bits correspond to bits 23:8 of the upper 32 bits of a 64-bit segment descriptor. While bits 
19:16 of code-segment and data-segment descriptors correspond to the upper 4 bits of the segment 
limit, the corresponding bits (bits 11:8) are reserved in this VMCS field. 


¢ Bit 16 indicates an unusable segment. Attempts to use such a segment fault except in 64-bit mode. 
In general, a segment register is unusable if it has been loaded with a null selector.2 


e Bits 31:17 are reserved. 


Table 24-2. Format of Access Rights 


Bit Position(s) Field 

3:0 Segment type 

4 S — Descriptor type (O = system; 1 = code or data) 
6:5 DPL — Descriptor privilege level 

7 P — Segment present 

11:8 Reserved 

12 AVL — Available for use by system software 


1. This chapter uses the notation RAX, RIP, RSP, RFLAGS, etc. for processor registers because most processors that support VMX oper- 
ation also support Intel 64 architecture. For processors that do not support Intel 64 architecture, this notation refers to the 32-bit 
forms of those registers (EAX, EIP, ESP, EFLAGS, etc.). In a few places, notation such as EAX is used to refer specifically to lower 32 
bits of the indicated register. 


2. There are a few exceptions to this statement. For example, a segment with a non-null selector may be unusable following a task 
switch that fails after its commit point; see “Interrupt 10—Invalid TSS Exception (#TS)” in Section 6.14, “Exception and Interrupt 
Handling in 64-bit Mode,” of the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. In contrast, the TR reg- 
ister is usable after processor reset despite having a null selector; see Table 10-1 in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 3A. 
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Table 24-2. Format of Access Rights (Contd.) 


Bit Position(s) Field 
13 Reserved (except for CS) 
L — 64-bit mode active (for CS only) 
14 D/B — Default operation size (0 = 16-bit segment; 1 = 32-bit segment) 
15 G — Granularity 
16 Segment unusable (0 = usable; 1 = unusable) 
31:17 Reserved 


The base address, segment limit, and access rights compose the “hidden” part (or “descriptor cache”) of each 
segment register. These data are included in the VMCS because it is possible for a segment register’s descriptor 
cache to be inconsistent with the segment descriptor in memory (in the GDT or the LDT) referenced by the 
segment register’s selector. 


The value of the DPL field for SS is always equal to the logical processor's current privilege level (CPL).4 


On some processors, executions of VMWRITE ignore attempts to write non-zero values to any of bits 11:8 or 
bits 31:17. On such processors, VMREAD always returns 0 for those bits, and VM entry treats those bits as if 
they were all 0 (see Section 26.3.1.2). 


The following fields for each of the registers GDTR and IDTR: 
— Base address (64 bits; 32 bits on processors that do not support Intel 64 architecture). 


— Limit (32 bits). The limit fields contain 32 bits even though these fields are specified as only 16 bits in the 
architecture. 


The following MSRs: 
— IA32_DEBUGCTL (64 bits) 
— IA32_SYSENTER_CS (32 bits) 


— JIA32_SYSENTER_ESP and IA32_SYSENTER_EIP (64 bits; 32 bits on processors that do not support Intel 64 
architecture) 


— IA32_PERF_GLOBAL_CTRL (64 bits). This field is supported only on processors that support the 1-setting 
of the “load IA32_PERF_GLOBAL_CTRL” VM-entry control. 


— IA32_PAT (64 bits). This field is supported only on processors that support either the 1-setting of the “load 
IA32_PAT” VM-entry control or that of the “save IA32_PAT” VM-exit control. 


— IA32_EFER (64 bits). This field is supported only on processors that support either the 1-setting of the “load 
IA32_EFER” VM-entry control or that of the “save IA32_EFER” VM-exit control. 


— IA32_BNDCFGS (64 bits). This field is supported only on processors that support either the 1-setting of the 
“load IA32_BNDCFGS” VM-entry control or that of the “clear IA32_BNDCFGS” VM-exit control. 


— IA32_RTIT_CTL (64 bits). This field is supported only on processors that support either the 1-setting of the 
“load IA32_RTIT_CTL” VM-entry control or that of the “clear IA32_RTIT_CTL” VM-exit control. 


— IA32_LBR_CTL (64 bits). This field is supported only on processors that support either the 1-setting of the 
“load guest IA32_LBR_CTL” VM-entry control or that of the “clear IA32_LBR_CTL” VM-exit control. 


— IA32_S_CET (64 bits; 32 bits on processors that do not support Intel 64 architecture). This field is 
supported only on processors that support the 1-setting of the “load CET state” VM-entry control. 


— IA32_INTERRUPT_SSP_TABLE_ADDR (64 bits; 32 bits on processors that do not support Intel 64 archi- 
tecture). This field is supported only on processors that support the 1-setting of the “load CET state” VM- 
entry control. 


. In protected mode, CPL is also associated with the RPL field in the CS selector. However, the RPL fields are not meaningful in real- 
address mode or in virtual-8086 mode. 
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— IA32_PKRS (64 bits). This field is supported only on processors that support the 1-setting of the “load 
PKRS” VM-entry control. 


The shadow-stack pointer register SSP (64 bits; 32 bits on processors that do not support Intel 64 archi- 
tecture). This field is supported only on processors that support the 1-setting of the “load CET state” VM-entry 
control. 


The register SMBASE (32 bits). This register contains the base address of the logical processor’s SMRAM image. 


24.4.2 Guest Non-Register State 


In addition to the register state described in Section 24.4.1, the guest-state area includes the following fields that 
characterize guest state but which do not correspond to processor registers: 


Activity state (32 bits). This field identifies the logical processor’s activity state. When a logical processor is 

executing instructions normally, it is in the active state. Execution of certain instructions and the occurrence 
of certain events may cause a logical processor to transition to an inactive state in which it ceases to execute 
instructions. 


The following activity states are defined:! 
— 0: Active. The logical processor is executing instructions normally. 
— 1: HLT. The logical processor is inactive because it executed the HLT instruction. 


2: Shutdown. The logical processor is inactive because it incurred a triple fault? or some other serious 
error. 


— 3: Wait-for-SIPI. The logical processor is inactive because it is waiting for a startup-IPI (SIPI). 


Future processors may include support for other activity states. Software should read the VMX capability MSR 
IA32_VMX_MISC (see Appendix A.6) to determine what activity states are supported. 


Interruptibility state (32 bits). The IA-32 architecture includes features that permit certain events to be 
blocked for a period of time. This field contains information about such blocking. Details and the format of this 
field are given in Table 24-3. 


Table 24-3. Format of Interruptibility State 


Bit 
Position(s) 


Bit Name 


Notes 


0 


Blocking by STI 


See the “STI—Set Interrupt Flag” section in Chapter 4 of the Intel® 64 and IA-32 Architectures 
Software Developer's Manual, Volume 2B. 


Execution of STI with RFLAGS.IF = 0 blocks maskable interrupts on the instruction boundary 
following its execution.' Setting this bit indicates that this blocking is in effect. 


Blocking by 
MOV SS 


See Section 6.8.3, “Masking Exceptions and Interrupts When Switching Stacks,” in the /ntel® 64 
and IA-32 Architectures Software Developer's Manual, Volume 3A. 


Execution of a MOV to SS or a POP to SS blocks or suppresses certain debug exceptions as well 
as interrupts (maskable and nonmaskable) on the instruction boundary following its execution. 
Setting this bit indicates that this blocking is in effect.2 This document uses the term “blocking 
by MOV SS,” but it applies equally to POP SS. 


Blocking by SMI 


See Section 31.2, “System Management Interrupt (SMI).” System-management interrupts 
(SMls) are disabled while the processor is in system-management mode (SMM). Setting this bit 
indicates that blocking of SMls is in effect. 


1. Execution of the MWAIT instruction may put a logical processor into an inactive state. However, this VMCS field never reflects this 
state. See Section 27.1. 


2. A triple fault occurs when a logical processor encounters an exception while attempting to deliver a double fault. 
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Table 24-3. Format of Interruptibility State (Contd.) 


Bit 
Position(s) 


Bit Name 


Notes 


3 


Blocking by NMI 


See Section 6.7.1, “Handling Multiple NMls,” in the Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 3A and Section 31.8, “NMI Handling While in SMM.” 


Delivery of a non-maskable interrupt (NMI) or a system-management interrupt (SMI) blocks 
subsequent NMlIs until the next execution of IRET. See Section 25.3 for how this behavior of 
IRET may change in VMX non-root operation. Setting this bit indicates that blocking of NMIs is 
in effect. Clearing this bit does not imply that NMIs are not (temporarily) blocked for other 
reasons. 

If the “virtual NMIs" VM-execution control (see Section 24.6.1) is 1, this bit does not control the 
blocking of NMIs. Instead, it refers to “virtual-NMI blocking” (the fact that guest software is not 
ready for an NMI). 


Enclave 
interruption 


Set to 1 if the VM exit occurred while the logical processor was in enclave mode. 


Such VM exits includes those caused by interrupts, non-maskable interrupts, system- 
management interrupts, INIT signals, and exceptions occurring in enclave mode as well as 
exceptions encountered during the delivery of such events incident to enclave mode. 


A VM exit that is incident to delivery of an event injected by VM entry leaves this bit 
unmodified. 


31:5 
NOTES: 


Reserved 


VM entry will fail if these bits are not 0. See Section 26.3.1.5. 


1. Nonmaskable interrupts and system-management interrupts may also be inhibited on the instruction boundary following such an 
execution of STI. 


2. System-management interrupts may also be inhibited on the instruction boundary following such an execution of MOV or POP. 


¢ Pending debug exceptions (64 bits; 32 bits on processors that do not support Intel 64 architecture). IA-32 
processors may recognize one or more debug exceptions without immediately delivering them.! This field 
contains information about such exceptions. This field is described in Table 24-4. 


Table 24-4. Format of Pending-Debug-Exceptions 


Bit Bit Name Notes 

Position(s) 

3:0 B3 - BO When set, each of these bits indicates that the corresponding breakpoint condition was met. 
Any of these bits may be set even if the corresponding enabling bit in DR7 is not set. 

11:4 Reserved VM entry fails if these bits are not 0. See Section 26.3.1.5. 

12 Enabled When set, this bit indicates that at least one data or I/O breakpoint was met and was enabled in 

breakpoint DR7. 

13 Reserved VM entry fails if this bit is not 0. See Section 26.3.1.5. 

14 BS When set, this bit indicates that a debug exception would have been triggered by single-step 
execution mode. 

15 Reserved VM entry fails if this bit is not 0. See Section 26.3.1.5. 


1. For example, execution of a MOV to SS or a POP to SS may inhibit some debug exceptions for one instruction. See Section 6.8.3 of 
Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. In addition, certain events incident to an instruction 
(for example, an INIT signal) may take priority over debug traps generated by that instruction. See Table 6-2 in the Intel® 64 and 
IA-32 Architectures Software Developer's Manual, Volume 3A. 
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Table 24-4. Format of Pending-Debug-Exceptions (Contd.) 


Bit Bit Name Notes 
Position(s) 
16 RTM When set, this bit indicates that a debug exception (#DB) or a breakpoint exception (#BP) 


occurred inside an RTM region while advanced debugging of RTM transactional regions was 
enabled (see Section 16.3.7, “RTM-Enabled Debugger Support,” of Intel® 64 and IA-32 
Architectures Software Developer's Manual, Volume 1).' 


63:17 Reserved VM entry fails if these bits are not 0. See Section 26.3.1.5. Bits 63:32 exist only on processors 
that support Intel 64 architecture. 


NOTES: 


1. In general, the format of this field matches that of DR6. However, DR6 clears bit 16 to indicate an RTM-related exception, while this 
field sets the bit to indicate that condition. 


* VMCS link pointer (64 bits). If the “VMCS shadowing” VM-execution control is 1, the VMREAD and VMWRITE 
instructions access the VMCS referenced by this pointer (see Section 24.10). Otherwise, software should set 
this field to FFFFFFFF_FFFFFFFFH to avoid VM-entry failures (see Section 26.3.1.5). 


¢ VMX-preemption timer value (32 bits). This field is supported only on processors that support the 1-setting 
of the “activate VMX-preemption timer” VM-execution control. This field contains the value that the VMX- 
preemption timer will use following the next VM entry with that setting. See Section 25.5.1 and Section 26.7.4. 


° Page-directory-pointer-table entries (PDPTEs; 64 bits each). These four (4) fields (PDPTEO, PDPTE1, 
PDPTE2, and PDPTE3) are supported only on processors that support the 1-setting of the “enable EPT” VM- 
execution control. They correspond to the PDPTEs referenced by CR3 when PAE paging is in use (see Section 
4.4 in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A). They are used only if 
the “enable EPT” VM-execution control is 1. 


* Guest interrupt status (16 bits). This field is supported only on processors that support the 1-setting of the 
“virtual-interrupt delivery” VM-execution control. It characterizes part of the guest’s virtual-APIC state and 
does not correspond to any processor or APIC registers. It comprises two 8-bit subfields: 


— Requesting virtual interrupt (RVI). This is the low byte of the guest interrupt status. The processor 
treats this value as the vector of the highest priority virtual interrupt that is requesting service. (The value 
0 implies that there is no such interrupt.) 


— Servicing virtual interrupt (SVI). This is the high byte of the guest interrupt status. The processor treats 
this value as the vector of the highest priority virtual interrupt that is in service. (The value 0 implies that 
there is no such interrupt. ) 


See Chapter 29 for more information on the use of this field. 


° PML index (16 bits). This field is supported only on processors that support the 1-setting of the “enable PML” 
VM-execution control. It contains the logical index of the next entry in the page-modification log. Because the 
page-modification log comprises 512 entries, the PML index is typically a value in the range 0-511. Details of 
the page-modification log and use of the PML index are given in Section 28.3.6. 


24.5 HOST-STATE AREA 

This section describes fields contained in the host-state area of the VMCS. As noted earlier, processor state is 
loaded from these fields on every VM exit (see Section 27.5). 

All fields in the host-state area correspond to processor registers: 

¢ CRO, CR3, and CR4 (64 bits each; 32 bits on processors that do not support Intel 64 architecture). 

° RSP and RIP (64 bits each; 32 bits on processors that do not support Intel 64 architecture). 


° Selector fields (16 bits each) for the segment registers CS, SS, DS, ES, FS, GS, and TR. There is no field in the 
host-state area for the LDTR selector. 
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¢ Base-address fields for FS, GS, TR, GDTR, and IDTR (64 bits each; 32 bits on processors that do not support 
Intel 64 architecture). 


¢ The following MSRs: 

— IA32_SYSENTER_CS (32 bits) 

— IA32_SYSENTER_ESP and IA32_SYSENTER_EIP (64 bits; 32 bits on processors that do not support Intel 64 
architecture). 

— IA32_PERF_GLOBAL_CTRL (64 bits). This field is supported only on processors that support the 1-setting 
of the “load IA32_PERF_GLOBAL_CTRL” VM-exit control. 

— IA32_PAT (64 bits). This field is supported only on processors that support the 1-setting of the “load 
IA32_PAT” VM-exit control. 


— IA32_EFER (64 bits). This field is supported only on processors that support the 1-setting of the “load 
IA32_EFER” VM-exit control. 


— IA32_S_CET (64 bits; 32 bits on processors that do not support Intel 64 architecture). This field is 
supported only on processors that support the 1-setting of the “load CET state” VM-exit control. 


— IA32_INTERRUPT_SSP_TABLE_ADDR (64 bits; 32 bits on processors that do not support Intel 64 archi- 
tecture). This field is supported only on processors that support the 1-setting of the “load CET state” VM- 
exit control. 


— IA32_PKRS (64 bits). This field is supported only on processors that support the 1-setting of the “load 
PKRS” VM-exit control. 


¢ The shadow-stack pointer register SSP (64 bits; 32 bits on processors that do not support Intel 64 archi- 
tecture). This field is supported only on processors that support the 1-setting of the “load CET state” VM-exit 
control. 


In addition to the state identified here, some processor state components are loaded with fixed values on every 
VM exit; there are no fields corresponding to these components in the host-state area. See Section 27.5 for details 
of how state is loaded on VM exits. 


24.6 \VM-EXECUTION CONTROL FIELDS 


The VM-execution control fields govern VMX non-root operation. These are described in Section 24.6.1 through 
Section 24.6.8. 


24.6.1 Pin-Based VM-Execution Controls 


The pin-based VM-execution controls constitute a 32-bit vector that governs the handling of asynchronous events 
(for example: interrupts).! Table 24-5 lists the controls. See Chapter 27 for how these controls affect processor 
behavior in VMX non-root operation. 


1. Some asynchronous events cause VM exits regardless of the settings of the pin-based VM-execution controls (see Section 25.2). 
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Table 24-5. Definitions of Pin-Based VM-Execution Controls 


Bit Position(s) | Name Description 
0 External-interrupt | If this control is 1, external interrupts cause VM exits. Otherwise, they are delivered normally 
exiting through the guest interrupt-descriptor table (IDT). If this control is 1, the value of RFLAGS.IF 


does not affect interrupt blocking. 


3 NMI exiting If this control is 1, non-maskable interrupts (NMIs) cause VM exits. Otherwise, they are 
delivered normally using descriptor 2 of the IDT. This control also determines interactions 
between IRET and blocking by NMI (see Section 25.3). 


5 Virtual NMIs If this control is 1, NMIs are never blocked and the “blocking by NMI" bit (bit 3) in the 
interruptibility-state field indicates “virtual-NMI blocking” (see Table 24-3). This control also 
interacts with the “NMI-window exiting” VM-execution control (see Section 24.6.2). 


6 Activate VMX- If this control is 1, the VMX-preemption timer counts down in VMX non-root operation; see 
preemption timer | Section 25.5.1. A VM exit occurs when the timer counts down to zero; see Section 25.2. 

7 Process posted If this control is 1, the processor treats interrupts with the posted-interrupt notification vector 
interrupts (see Section 24.6.8) specially, updating the virtual-APIC page with posted-interrupt requests 


(see Section 29.6). 


All other bits in this field are reserved, some to 0 and some to 1. Software should consult the VMX capability MSRs 
IA32_VMX_PINBASED_CTLS and IA32_VMX_TRUE_PINBASED_CTLS (see Appendix A.3.1) to determine how to set 
reserved bits. Failure to set reserved bits properly causes subsequent VM entries to fail (see Section 26.2.1.1). 


The first processors to support the virtual-machine extensions supported only the 1-settings of bits 1, 2, and 4. The 
VMX capability MSR IA32_VMX_PINBASED_CTLS will always report that these bits must be 1. Logical processors 
that support the O-settings of any of these bits will support the VMX capability MSR 
IA32_VMX_TRUE_PINBASED_CTLS MSR, and software should consult this MSR to discover support for the 0- 
settings of these bits. Software that is not aware of the functionality of any one of these bits should set that bit to 1. 


24.6.2 Processor-Based VM-Execution Controls 


The processor-based VM-execution controls constitute three vectors that govern the handling of synchronous 
events, mainly those caused by the execution of specific instructions.! These are the primary processor-based 
VM-execution controls (32 bits), the secondary processor-based VM-execution controls (32 bits), and the 
tertiary VM-execution controls (64 bits). 


Table 24-6 lists the primary processor-based VM-execution controls. See Chapter 25 for more details of how these 
controls affect processor behavior in VMX non-root operation. 


Table 24-6. Definitions of Primary Processor-Based VM-Execution Controls 


Bit Position(s) | Name Description 

2 Interrupt-window _ | If this control is 1, a VM exit occurs at the beginning of any instruction if RFLAGS.IF = 1 and 
exiting there are no other blocking of interrupts (see Section 24.4.2). 

3 Use TSC offsetting | This control determines whether executions of RDTSC, executions of RDTSCP, and executions 


of RDMSR that read from the I[A32_TIME_STAMP_COUNTER MSR return a value modified by 
the TSC offset field (see Section 24.6.5 and Section 25.3). 


7 HLT exiting This control determines whether executions of HLT cause VM exits. 

9 INVLPG exiting This determines whether executions of INVLPG cause VM exits. 

10 MWAIT exiting This control determines whether executions of MWAIT cause VM exits. 
11 RDPMC exiting This control determines whether executions of RDPMC cause VM exits. 


1. Some instructions cause VM exits regardless of the settings of the processor-based VM-execution controls (see Section 25.1.2), as 
do task switches (see Section 25.2). 


24-10 Vol. 3C 


VIRTUAL MACHINE CONTROL STRUCTURES 


Table 24-6. Definitions of Primary Processor-Based VM-Execution Controls (Contd.) 


Bit Position(s) | Name Description 
12 RDTSC exiting This control determines whether executions of RDTSC and RDTSCP cause VM exits. 
15 CR3-load exiting In conjunction with the CR3-target controls (see Section 24.6.7), this control determines 
whether executions of MOV to CR3 cause VM exits. See Section 25.1.3. 
The first processors to support the virtual-machine extensions supported only the 1-setting 
of this control. 
16 CR3-store exiting | This control determines whether executions of MOV from CR3 cause VM exits. 
The first processors to support the virtual-machine extensions supported only the 1-setting 
of this control. 
17 Activate tertiary This control determines whether the tertiary processor-based VM-execution controls are 
controls used. If this control is 0, the logical processor operates as if all the tertiary processor-based 
\V/M-execution controls were also 0. 
19 CR8-load exiting This control determines whether executions of MOV to CR8 cause VM exits. 
20 CR8-store exiting | This control determines whether executions of MOV from CR8 cause VM exits. 
21 Use TPR shadow Setting this control to 1 enables TPR virtualization and other APIC-virtualization features. See 
Chapter 29. 
22 NMI-window If this control is 1,a VM exit occurs at the beginning of any instruction if there is no virtual- 
exiting NMI blocking (see Section 24.4.2). 
23 MOV-DR exiting This control determines whether executions of MOV DR cause VM exits. 
24 Unconditional I/O —_| This control determines whether executions of I/O instructions (IN, INS/INSB/INSW/INSD, OUT, 
exiting and OUTS/OUTSB/OUTSW/OUTSD) cause VM exits. 
25 Use I/O bitmaps This control determines whether I/O bitmaps are used to restrict executions of I/O instructions 
(see Section 24.6.4 and Section 25.1.3). 
For this control, “O"” means “do not use I/O bitmaps” and “1” means “use I/O bitmaps.” If the I/O 
bitmaps are used, the setting of the “unconditional I/O exiting” control is ignored. 
27 Monitor trap flag If this control is 1, the monitor trap flag debugging feature is enabled. See Section 25.5.2. 
28 Use MSR bitmaps | This control determines whether MSR bitmaps are used to control execution of the RDMSR 
and WRMSR instructions (see Section 24.6.9 and Section 25.1.3). 
For this control, “O” means “do not use MSR bitmaps” and “1” means “use MSR bitmaps.” If the 
MSR bitmaps are not used, all executions of the RDMSR and WRMSR instructions cause 
VM exits. 
29 MONITOR exiting This control determines whether executions of MONITOR cause VM exits. 
30 PAUSE exiting This control determines whether executions of PAUSE cause VM exits. 
31 Activate secondary | This control determines whether the secondary processor-based VM-execution controls are 
controls used. If this control is O, the logical processor operates as if all the secondary processor-based 
\V/M-execution controls were also 0. 


All other bits in this field are reserved, some to 0 and some to 1. Software should consult the VMX capability MSRs 
IA32_VMX_PROCBASED_CTLS and IA32_VMX_TRUE_PROCBASED_CTLS (see Appendix A.3.2) to determine how 
to set reserved bits. Failure to set reserved bits properly causes subsequent VM entries to fail (see Section 


26.2.1.1). 


The first processors to support the virtual-machine extensions supported only the 1-settings of bits 1, 4-6, 8, 13- 
16, and 26. The VMX capability MSR IA32_VMX_PROCBASED_CTLS will always report that these bits must be 1. 
Logical processors that support the O-settings of any of these bits will support the VMX capability MSR 
IA32_VMX_TRUE_PROCBASED_CTLS MSR, and software should consult this MSR to discover support for the 0- 


settings of these bits. Software that is not aware of the functionality of any one of these bits should set that bit to 1. 


Bit 31 of the primary processor-based VM-execution controls determines whether the secondary processor-based 
VM-execution controls are used. If that bit is 0, VM entry and VMX non-root operation function as if all the 
secondary processor-based VM-execution controls were 0. Processors that support only the O-setting of bit 31 of 
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the primary processor-based VM-execution controls do not support the secondary processor-based VM-execution 


controls. 


Table 24-7 lists the secondary processor-based VM-execution controls. See Chapter 25 for more details of how 
these controls affect processor behavior in VMX non-root operation. 


Table 24-7. Definitions of Secondary Processor-Based VM-Execution Controls 


Bit Position(s) | Name Description 
0 Virtualize APIC If this control is 1, the logical processor treats specially accesses to the page with the APIC- 
accesses access address. See Section 29.4. 
1 Enable EPT If this control is 1, extended page tables (EPT) are enabled. See Section 28.3. 
2 Descriptor-table This control determines whether executions of LGDT, LIDT, LLDT, LTR, SGDT, SIDT, SLDT, and 
exiting STR cause VM exits. 
3 Enable RDTSCP If this control is 0, any execution of RDTSCP causes an invalid-opcode exception (HUD). 
4 Virtualize x2APIC | If this control is 1, the logical processor treats specially RDMSR and WRMSR to APIC MSRs (in 
mode the range 800H-8FFH). See Section 29.5. 
5 Enable VPID If this control is 1, cached translations of linear addresses are associated with a virtual- 
processor identifier (VPID). See Section 28.1. 
6 WBINVD exiting This control determines whether executions of WBINVD and WBNOINVD cause VM exits. 
7 Unrestricted guest | This control determines whether guest software may run in unpaged protected mode or in real- 
address mode. 
8 APIC-register If this control is 1, the logical processor virtualizes certain APIC accesses. See Section 29.4 and 
virtualization Section 29.5. 
9 Virtual-interrupt This controls enables the evaluation and delivery of pending virtual interrupts as well as the 
delivery emulation of writes to the APIC registers that control interrupt prioritization. 
10 PAUSE-loop exiting | This control determines whether a series of executions of PAUSE can cause a VM exit (see 
Section 24.6.13 and Section 25.1.3). 
11 RDRAND exiting This control determines whether executions of RDRAND cause VM exits. 
12 Enable INVPCID If this control is 0, any execution of INVPCID causes a #UD. 
13 Enable Setting this control to 1 enables use of the VMFUNC instruction in VMX non-root operation. See 
VM functions Section 25.5.6. 
14 VMCS shadowing If this control is 1, executions of VMREAD and VMWRITE in VMX non-root operation may access 
a shadow VMCS (instead of causing VM exits). See Section 24.10 and Section 30.3. 
15 Enable ENCLS If this control is 1, executions of ENCLS consult the ENCLS-exiting bitmap to determine whether 
exiting the instruction causes a VM exit. See Section 24.6.16 and Section 25.1.3. 
16 RDSEED exiting This control determines whether executions of RDSEED cause VM exits. 
17 Enable PML If this control is 1, an access to a guest-physical address that sets an EPT dirty bit first adds an 
entry to the page-modification log. See Section 28.3.6. 
18 EPT-violation #VE | If this control is 1, EPT violations may cause virtualization exceptions (#VE) instead of VM exits. 
See Section 25.5.7. 
19 Conceal VMX from | If this control is 1, Intel Processor Trace suppresses from PIPs an indication that the processor 
PT was in VMX non-root operation and omits a VMCS packet from any PSB+ produced in VMX non- 
root operation (see Chapter 32). 
20 Enable If this control is 0, any execution of XSAVES or XRSTORS causes a #UD. 
XSAVES/XRSTORS 
22 Mode-based If this control is 1, EPT execute permissions are based on whether the linear address being 
execute control for | accessed is supervisor mode or user mode. See Chapter 28. 
EPT 
23 Sub-page write If this control is 1, EPT write permissions may be specified at the granularity of 128 bytes. See 
permissions for Section 28.3.4. 
EPT 
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Table 24-7. Definitions of Secondary Processor-Based VM-Execution Controls (Contd.) 


Bit Position(s) | Name Description 
24 Intel PT uses guest | If this control is 1, all output addresses used by Intel Processor Trace are treated as quest- 
physical addresses | physical addresses and translated using EPT. See Section 25.5.4. 
25 Use TSC scaling This control determines whether executions of RDTSC, executions of RDTSCP, and executions 
of RDMSR that read from the [A32_TIME_STAMP_COUNTER MSR return a value modified by the 
TSC multiplier field (see Section 24.6.5 and Section 25.3). 
26 Enable user wait If this control is O, any execution of TPAUSE, UMONITOR, or UMWAIT causes a #UD. 
and pause 
28 Enable ENCLV If this control is 1, executions of ENCLV consult the ENCLV-exiting bitmap to determine whether 
exiting the instruction causes a VM exit. See Section 24.6.1 7 and Section 25.1.3. 


All other bits in this field are reserved to 0. Software should consult the VMX capability MSR 
IA32_VMX_PROCBASED_CTLS2 (see Appendix A.3.3) to determine which bits may be set to 1. Failure to clear 
reserved bits causes subsequent VM entries to fail (see Section 26.2.1.1). 


Bit 17 of the primary processor-based VM-execution controls determines whether the tertiary processor-based 
VM-execution controls are used. If that bit is 0, VM entry and VMX non-root operation function as if all the tertiary 
processor-based VM-execution controls were 0. Processors that support only the O-setting of bit 17 of the primary 
processor-based VM-execution controls do not support the tertiary processor-based VM-execution controls. 


Table 24-8 lists the tertiary processor-based VM-execution controls. See Chapter 25 for more details of how these 
controls affect processor behavior in VMX non-root operation. 


Table 24-8. Definitions of Tertiary Processor-Based VM-Execution Controls 


Bit Position(s) | Name Description 

0 LOADIWKEY exiting | This control determines whether executions of LOADIWKEY cause VM exits. 

1 Enable HLAT This control enables hypervisor-managed linear-address translation. See Section 4.5.1. 

2 EPT paging-write | If this control is 1, EPT permissions can be specified to allow writes only for paging-related 
control updates. See Section 28.3.3.2. 

3 Guest-paging If this control is 1, EPT permissions can be specified to prevent accesses using linear addresses 
verification whose translation has certain properties. See Section 28.3.3.2. 


All other bits in this field are reserved to 0. Software should consult the VMX capability MSR 
IA32_VMX_PROCBASED_CTLS3 (see Appendix A.3.4) to determine which bits may be set to 1. Failure to clear 
reserved bits causes subsequent VM entries to fail (see Section 26.2.1.1). 


24.6.3. Exception Bitmap 


The exception bitmap is a 32-bit field that contains one bit for each exception. When an exception occurs, its 
vector is used to select a bit in this field. If the bit is 1, the exception causes a VM exit. If the bit is 0, the exception 
is delivered normally through the IDT, using the descriptor corresponding to the exception’s vector. 


Whether a page fault (exception with vector 14) causes a VM exit is determined by bit 14 in the exception bitmap 
as well as the error code produced by the page fault and two 32-bit fields in the VMCS (the page-fault error-code 
mask and page-fault error-code match). See Section 25.2 for details. 


24.6.4  1/0-Bitmap Addresses 


The VM-execution control fields include the 64-bit physical addresses of I/O bitmaps A and B (each of which are 
4 KBytes in size). I/O bitmap A contains one bit for each I/O port in the range OOOOH through 7FFFH; I/O bitmap B 
contains bits for ports in the range 8000H through FFFFH. 
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A logical processor uses these bitmaps if and only if the “use I/O bitmaps” control is 1. If the bitmaps are used, 
execution of an I/O instruction causes a VM exit if any bit in the I/O bitmaps corresponding to a port it accesses is 
1. See Section 25.1.3 for details. If the bitmaps are used, their addresses must be 4-KByte aligned. 


24.6.5 Time-Stamp Counter Offset and Multiplier 


The VM-execution control fields include a 64-bit TSC-offset field. If the “RDTSC exiting” control is 0 and the “use 
TSC offsetting” control is 1, this field controls executions of the RDTSC and RDTSCP instructions. It also controls 
executions of the RDMSR instruction that read from the IA32_TIME_STAMP_COUNTER MSR. For all of these, the 
value of the TSC offset is added to the value of the time-stamp counter, and the sum is returned to guest software 
in EDX: EAX. 


Processors that support the 1-setting of the “use TSC scaling” control also support a 64-bit TSC-multiplier field. 
If this control is 1 (and the “RDTSC exiting” control is 0 and the “use TSC offsetting” control is 1), this field also 
affects the executions of the RDTSC, RDTSCP, and RDMSR instructions identified above. Specifically, the contents 
of the time-stamp counter is first multiplied by the TSC multiplier before adding the TSC offset. 


See Chapter 25 for a detailed treatment of the behavior of RDTSC, RDTSCP, and RDMSR in VMX non-root operation. 


24.6.6 Guest/Host Masks and Read Shadows for CRO and CR4 


VM-execution control fields include guest/host masks and read shadows for the CRO and CR4 registers. These 
fields control executions of instructions that access those registers (including CLTS, LMSW, MOV CR, and SMSW),. 
They are 64 bits on processors that support Intel 64 architecture and 32 bits on processors that do not. 


In general, bits set to 1 in a guest/host mask correspond to bits “owned” by the host: 


* Guest attempts to set them (using CLTS, LMSW, or MOV to CR) to values differing from the corresponding bits 
in the corresponding read shadow cause VM exits. 


* Guest reads (using MOV from CR or SMSW) return values for these bits from the corresponding read shadow. 


Bits cleared to 0 correspond to bits “owned” by the guest; guest attempts to modify them succeed and guest reads 
return values for these bits from the control register itself. 


See Chapter 27 for details regarding how these fields affect VMX non-root operation. 


24.6.7. CR3-Target Controls 


The VM-execution control fields include a set of 4 CR3-target values and a CR3-target count. The CR3-target 
values each have 64 bits on processors that support Intel 64 architecture and 32 bits on processors that do not. The 
CR3-target count has 32 bits on all processors. 


An execution of MOV to CR3 in VMX non-root operation does not cause a VM exit if its source operand matches one 
of these values. If the CR3-target count is n, only the first n CR3-target values are considered; if the CR3-target 
count is 0, MOV to CR3 always causes a VM exit 


There are no limitations on the values that can be written for the CR3-target values. VM entry fails (see Section 
26.2) if the CR3-target count is greater than 4. 


Future processors may support a different number of CR3-target values. Software should read the VMX capability 
MSR IA32_VMX_MISC (see Appendix A.6) to determine the number of values supported. 


24.6.8 Controls for APIC Virtualization 


There are three mechanisms by which software accesses registers of the logical processor's local APIC: 


¢ If the local APIC is in xAPIC mode, it can perform memory-mapped accesses to addresses in the 4-KByte page 
referenced by the physical address in the IA32_APIC_BASE MSR (see Section 10.4.4, “Local APIC Status and 
Location” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A and Inte/® 64 
Architecture Processor Topology Enumeration).! 
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If the local APIC is in x2APIC mode, it can accesses the local APIC’s registers using the RDMSR and WRMSR 
instructions (see Inte/® 64 Architecture Processor Topology Enumeration). 


In 64-bit mode, it can access the local APIC’s task-priority register (TPR) using the MOV CR8 instruction. 


There are five processor-based VM-execution controls (see Section 24.6.2) that control such accesses. There are 


uN uN 


“use TPR shadow”, “virtualize APIC accesses”, “virtualize x2APIC mode”, “virtual-interrupt delivery”, and “APIC- 
register virtualization”. These controls interact with the following fields: 


APIC-access address (64 bits). This field contains the physical address of the 4-KByte APIC-access page. 
If the “virtualize APIC accesses” VM-execution control is 1, access to this page may cause VM exits or be 
virtualized by the processor. See Section 29.4. 


The APIC-access address exists only on processors that support the 1-setting of the “virtualize APIC accesses” 
VM-execution control. 

Virtual-APIC address (64 bits). This field contains the physical address of the 4-KByte virtual-APIC page. 
The processor uses the virtual-APIC page to virtualize certain accesses to APIC registers and to manage virtual 
interrupts; see Chapter 29. 


Depending on the setting of the controls indicated earlier, the virtual-APIC page may be accessed by the 
following operations: 


— The MOV CR8 instructions (see Section 29.3). 


— Accesses to the APIC-access page if, in addition, the “virtualize APIC accesses” VM-execution control is 1 
(see Section 29.4). 


— The RDMSR and WRMSR instructions if, in addition, the value of ECX is in the range 800H-8FFH (indicating 
an APIC MSR) and the “virtualize x2APIC mode” VM-execution control is 1 (see Section 29.5). 


If the “use TPR shadow” VM-execution control is 1, VM entry ensures that the virtual-APIC address is 4-KByte 
aligned. The virtual-APIC address exists only on processors that support the 1-setting of the “use TPR shadow” 
VM-execution control. 


TPR threshold (32 bits). Bits 3:0 of this field determine the threshold below which bits 7:4 of VTPR (see 
Section 29.1.1) cannot fall. If the “virtual-interrupt delivery” VM-execution control is 0, a VM exit occurs after 
an operation (e.g., an execution of MOV to CR8) that reduces the value of those bits below the TPR threshold. 
See Section 29.1.2. 


The TPR threshold exists only on processors that support the 1-setting of the “use TPR shadow” VM-execution 
control. 


EOI-exit bitmap (4 fields; 64 bits each). These fields are supported only on processors that support the 1- 
setting of the “virtual-interrupt delivery” VM-execution control. They are used to determine which virtualized 
writes to the APIC’s EOI register cause VM exits: 


— EOI_EXITO contains bits for vectors from 0 (bit 0) to 63 (bit 63). 

— EOI_EXIT1 contains bits for vectors from 64 (bit 0) to 127 (bit 63). 
— EOI_EXIT2 contains bits for vectors from 128 (bit 0) to 191 (bit 63). 
— EOI_EXIT3 contains bits for vectors from 192 (bit 0) to 255 (bit 63). 
See Section 29.1.4 for more information on the use of this field. 


Posted-interrupt notification vector (16 bits). This field is supported only on processors that support the 1- 
setting of the “process posted interrupts” VM-execution control. Its low 8 bits contain the interrupt vector that 
is used to notify a logical processor that virtual interrupts have been posted. See Section 29.6 for more 
information on the use of this field. 


Posted-interrupt descriptor address (64 bits). This field is supported only on processors that support the 
1-setting of the “process posted interrupts” VM-execution control. It is the physical address of a 64-byte 
aligned posted interrupt descriptor. See Section 29.6 for more information on the use of this field. 


If the local APIC does not support x2APIC mode, it is always in xAPIC mode. 


Vol. 3C 24-15 


VIRTUAL MACHINE CONTROL STRUCTURES 


24.6.9 MSR-Bitmap Address 


On processors that support the 1-setting of the “use MSR bitmaps” VM-execution control, the VM-execution control 
fields include the 64-bit physical address of four contiguous MSR bitmaps, which are each 1-KByte in size. This 
field does not exist on processors that do not support the 1-setting of that control. The four bitmaps are: 


¢ Read bitmap for low MSRs (located at the MSR-bitmap address). This contains one bit for each MSR address 


in the range OOOOOOOOH to OOOO1FFFH. The bit determines whether an execution of RDMSR applied to that 
MSR causes a VM exit. 


¢ Read bitmap for high MSRs (located at the MSR-bitmap address plus 1024). This contains one bit for each 
MSR address in the range COOOO000H toCOO01iFFFH. The bit determines whether an execution of RDMSR 
applied to that MSR causes a VM exit. 


¢ Write bitmap for low MSRs (located at the MSR-bitmap address plus 2048). This contains one bit for each 
MSR address in the range OOOOO000H to OOOO1FFFH. The bit determines whether an execution of WRMSR 
applied to that MSR causes a VM exit. 

¢ Write bitmap for high MSRs (located at the MSR-bitmap address plus 3072). This contains one bit for each 


MSR address in the range COOOO000H toCOOOiFFFH. The bit determines whether an execution of WRMSR 
applied to that MSR causes a VM exit. 


A logical processor uses these bitmaps if and only if the “use MSR bitmaps” control is 1. If the bitmaps are used, an 
execution of RDMSR or WRMSR causes a VM exit if the value of RCX is in neither of the ranges covered by the 
bitmaps or if the appropriate bit in the MSR bitmaps (corresponding to the instruction and the RCX value) is 1. See 
Section 25.1.3 for details. If the bitmaps are used, their address must be 4-KByte aligned. 


24.6.10 Executive-VMCS Pointer 


The executive-VMCS pointer is a 64-bit field used in the dual-monitor treatment of system-management interrupts 
(SMIs) and system-management mode (SMM). SMM VM exits save this field as described in Section 31.15.2. 
VM entries that return from SMM use this field as described in Section 31.15.4. 


24.6.11 Extended-Page-Table Pointer (EPTP) 


The extended-page-table pointer (EPTP) contains the address of the base of EPT PML4 table (see Section 
28.3.2), as well as other EPT configuration information. The format of this field is shown in Table 24-9. 


Table 24-9. Format of Extended-Page-Table Pointer 


Bit Field 
Position(s) 
2:0 EPT paging-structure memory type (see Section 28.3.7): 


O = Uncacheable (UC) 
6 = Write-back (WB) 


Other values are reserved.! 


5:3 This value is 1 less than the EPT page-walk length (see Section 28.3.2) 

6 Setting this control to 1 enables accessed and dirty flags for EPT (see Section 28.3.5)? 

7 Setting this control to 1 enables enforcement of access rights for supervisor shadow-stack pages (see Section 
28.3.3.2)3 

11:8 Reserved 

N-1:12 Bits N-1:12 of the physical address of the 4-KByte aligned EPT PML4 table* 

63:N Reserved 
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NOTES: 

1. Software should read the VMX capability MSR [A32_VMX_EPT_VPID_CAP (see Appendix A.10) to determine what EPT paging-struc- 
ture memory types are supported. 

2. Not all processors support accessed and dirty flags for EPT. Software should read the VMX capability MSR 
IA32_VMX_EPT_VPID_CAP (see Appendix A.10) to determine whether the processor supports this feature. 


3. Not all processors enforce access rights for shadow-stack pages. Software should read the VMX capability MSR 
IA32_VMX_EPT_VPID_CAP (see Appendix A.10) to determine whether the processor supports this feature. 


4. Nis the physical-address width supported by the logical processor. Software can determine a processor's physical-address width by 
executing CPUID with BOOO0008H in EAX. The physical-address width is returned in bits 7:0 of EAX. 


The EPTP exists only on processors that support the 1-setting of the “enable EPT” VM-execution control. 


24.6.12 Virtual-Processor Identifier (VPID) 


The virtual-processor identifier (VPID) is a 16-bit field. It exists only on processors that support the 1-setting 
of the “enable VPID” VM-execution control. See Section 28.1 for details regarding the use of this field. 


24.6.13 Controls for PAUSE-Loop Exiting 
On processors that support the 1-setting of the “PAUSE-loop exiting” VM-execution control, the VM-execution 
control fields include the following 32-bit fields: 


¢ PLE_Gap. Software can configure this field as an upper bound on the amount of time between two successive 
executions of PAUSE in a loop. 

¢ PLE_Window. Software can configure this field as an upper bound on the amount of time a guest is allowed to 
execute in a PAUSE loop. 


These fields measure time based on a counter that runs at the same rate as the timestamp counter (TSC). See 
Section 25.1.3 for more details regarding PAUSE-loop exiting. 


24.6.14 \WVM-Function Controls 


The VM-function controls constitute a 64-bit vector that governs use of the VMFUNC instruction in VMX non-root 
operation. This field is supported only on processors that support the 1-settings of both the “activate secondary 
controls” primary processor-based VM-execution control and the “enable VM functions” secondary processor- 
based VM-execution control. 

Table 24-10 lists the VM-function controls. See Section 25.5.6 for more details of how these controls affect 
processor behavior in VMX non-root operation. 


Table 24-10. Definitions of VM-Function Controls 
Bit Position(s) | Name Description 


0 EPTP switching The EPTP-switching VM function changes the EPT pointer to a value chosen from the EPTP list. 
See Section 25.5.6.3. 


All other bits in this field are reserved to 0. Software should consult the VMX capability MSR IA32_VMX_VMFUNC 
(see Appendix A.11) to determine which bits are reserved. Failure to clear reserved bits causes subsequent 
VM entries to fail (see Section 26.2.1.1). 


Processors that support the 1-setting of the “EPTP switching” VM-function control also support a 64-bit field called 
the EPTP-list address. This field contains the physical address of the 4-KByte EPTP list. The EPTP list comprises 
512 8-Byte entries (each an EPTP value) and is used by the EPTP-switching VM function (see Section 25.5.6.3). 
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24.6.15 VMCS Shadowing Bitmap Addresses 


On processors that support the 1-setting of the “VMCS shadowing” VM-execution control, the VM-execution control 
fields include the 64-bit physical addresses of the VMREAD bitmap and the VMWRITE bitmap. Each bitmap is 4 
KBytes in size and thus contains 32 KBits. The addresses are the VMREAD-bitmap address and the VMWRITE- 
bitmap address. 


If the “VMCS shadowing” VM-execution control is 1, executions of VMREAD and VMWRITE may consult these 
bitmaps (see Section 24.10 and Section 30.3). 


24.6.16 ENCLS-Exiting Bitmap 


The ENCLS-exiting bitmap is a 64-bit field. If the “enable ENCLS exiting” VM-execution control is 1, execution of 
ENCLS causes a VM exit if the bit in this field corresponding to the value of EAX is 1. If the bit is 0, the instruction 
executes normally. See Section 25.1.3 for more information. 


24.6.17 ENCLV-Exiting Bitmap 


The ENCLV-exiting bitmap is a 64-bit field. If the “enable ENCLV exiting” VM-execution control is 1, execution of 
ENCLV causes a VM exit if the bit in this field corresponding to the value of EAX is 1. If the bit is 0, the instruction 
executes normally. See Section 25.1.3 for more information. 


24.6.18 Control Field for Page-Modification Logging 


The PML address is a 64-bit field. It is the 4-KByte aligned address of the page-modification log. The page- 
modification log consists of 512 64-bit entries. It is used for the page-modification logging feature. Details of the 
page-modification logging are given in Section 28.3.6. 


If the “enable PML” VM-execution control is 1, VM entry ensures that the PML address is 4-KByte aligned. The PML 
address exists only on processors that support the 1-setting of the “enable PML” VM-execution control. 


24.6.19 Controls for Virtualization Exceptions 


On processors that support the 1-setting of the “EPT-violation #VE” VM-execution control, the VM-execution 
control fields include the following: 


* Virtualization-exception information address (64 bits). This field contains the physical address of the 
virtualization-exception information area. When a logical processor encounters a virtualization exception, 
it saves virtualization-exception information at the virtualization-exception information address; see Section 
25.5.7.2. 


° EPTP index (16 bits). When an EPT violation causes a virtualization exception, the processor writes the value 
of this field to the virtualization-exception information area. The EPTP-switching VM function updates this field 
(see Section 25.5.6.3). 


24.6.20 XSS-Exiting Bitmap 


On processors that support the i-setting of the “enable XSAVES/XRSTORS” VM-execution control, the VM-execu- 
tion control fields include a 64-bit XSS-exiting bitmap. If the “enable XSAVES/XRSTORS” VM-execution control is 
1, executions of XSAVES and XRSTORS may consult this bitmap (see Section 25.1.3 and Section 25.3). 


24.6.21 Sub-Page-Permission-Table Pointer (SPPTP) 


If the sub-page write-permission feature of EPT is enabled, EPT write permissions may be determined at a 128- 
byte granularity (see Section 28.3.4). These permissions are determined using a hierarchy of sub-page-permission 
structures in memory. 
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The root of this hierarchy is referenced by a VM-execution control field called the sub-page-permission-table 
pointer (SPPTP). The SPPTP contains the address of the base of the root SPP table (see Section 28.3.4.2). The 
format of this field is shown in Table 24-9. 


Table 24-11. Format of Sub-Page-Permission-Table Pointer 


Bit Field 
Position(s) 
11:0 Reserved 
N-1:12 Bits N-1:12 of the physical address of the 4-KByte aligned root SPP table 
63:N! Reserved 
NOTES: 


1. Nis the processor's physical-address width. Software can determine this width by executing CPUID with BOOOOOOSH in EAX. The 
physical-address width is returned in bits 7:0 of EAX. 


The SPPTP exists only on processors that support the 1-setting of the “sub-page write permissions for EPT” VM- 
execution control. 


24.6.22 Fields Related to Hypervisor-Managed Linear-Address Translation 


Two fields are used when the “enable HLAT” VM-execution control is 1, enabling HLAT paging: 


¢ The hypervisor-managed linear-address translation pointer (HLAT pointer or HLATP) is used by HLAT 
paging to locate and access the first paging structure used for linear-address translation (see Section 4.5). The 
format of this field is shown in Table 24-12. 


Table 24-12. Format of Hypervisor-Managed Linear-Address Translation Pointer 


Bit Field 

Position(s) 

2:0 Reserved 

3 (PWT) Page-level write-through; indirectly determines the memory type used to access the first HLAT paging structure 
during linear-address translation. 

4 (PCD) Page-level cache disable; indirectly determines the memory type used to access the first HLAT paging structure 
during linear-address translation. 

11:5 Reserved 

N-1:12 Guest-physical address (4KB-aligned) of the first HLAT paging structure during linear-address translation. ! 

63:N Reserved 

NOTES: 


1. Nis the physical-address width supported by the logical processor. Software can determine a processor's physical-address width by 
executing CPUID with BOO00008H in EAX. The physical-address width is returned in bits 7:0 of EAX. 


¢ The HLAT prefix size. The value of this field determines which linear address are subject to HLAT paging. See 


Section 4.5.1. 
These fields exist only on processors that support the 1-setting of the “enable HLAT” VM-execution control. 
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24.7 


VM-EXIT CONTROL FIELDS 


The VM-exit control fields govern the behavior of VM exits. They are discussed in Section 24.7.1 and Section 


24.7.2. 


24.7.1 


VM-Exit Controls 


The VM-exit controls constitute two vectors that govern the basic operation of VM exits. These are the primary 
VM-exit controls (32 bits) and the secondary VM-exits controls (64 bits). 


Table 24-13 lists the primary VM-exit controls. See Chapter 27 for complete details of how these controls affect 


VM exits. 
Table 24-13. Definitions of VM-Exit Controls 
Bit Position(s) | Name Description 
2 Save debug controls | This control determines whether DR7 and the [A32_DEBUGCTL MSR are saved on VM exit. 
The first processors to support the virtual-machine extensions supported only the 1- 
setting of this control. 
9 Host address-space On processors that support Intel 64 architecture, this control determines whether a logical 
size processor is in 64-bit mode after the next VM exit. Its value is loaded into CS.L, 
IA32_EFER.LME, and IA32_EFER.LMA on every VM exit! 
This control must be O on processors that do not support Intel 64 architecture. 
12 Load This control determines whether the [A32_PERF_GLOBAL_CTRL MSR is loaded on VM exit. 
IA32_PERF_GLOBAL_ 
CTRL 
15 Acknowledge This control affects VM exits due to external interrupts: 
interrupt on exit * If such a VM exit occurs and this control is 1, the logical processor acknowledges the 
interrupt controller, acquiring the interrupt’s vector. The vector is stored in the VM-exit 
interruption-information field, which is marked valid. 
* [If such a VM exit occurs and this control is 0, the interrupt is not acknowledged and the 
V/M-exit interruption-information field is marked invalid. 
18 Save IA32_PAT This control determines whether the [A32_PAT MSR is saved on VM exit. 
19 Load IA32_PAT This control determines whether the [A32_PAT MSR is loaded on VM exit. 
20 Save IA32_EFER This control determines whether the [A32_EFER MSR is saved on VM exit. 
21 Load IA32_EFER This control determines whether the [A32_EFER MSR is loaded on VM exit. 
22 Save VMX- This control determines whether the value of the VMX-preemption timer is saved on 
preemption timer VM exit. 
value 
23 Clear IA32_BNDCFGS | This control determines whether the |[A32_BNDCFGS MSR is cleared on VM exit. 
24 Conceal VMX from PT | If this control is 1, Intel Processor Trace does not produce a paging information packet (PIP) 
ona VM exit or a VMCS packet on an SMM VM exit (see Chapter 32). 
25 Clear IA32_RTIT_CTL | This control determines whether the [A32_RTIT_CTL MSR is cleared on VM exit. 
26 Clear IA32_LBR_CTL_ | This control determines whether the [A32_LBR_CTL MSR is cleared on VM exit. 
28 Load CET state This control determines whether CET-related MSRs and SPP are loaded on VM exit. 
29 Load PKRS This control determines whether the [A32_PKRS MSR is loaded on VM exit. 
31 Activate secondary This control determines whether the secondary VM-exit controls are used. If this control is 
controls QO, the logical processor operates as if all the secondary VM-exit controls were also O. 
NOTES: 


1. Since the Intel 64 architecture specifies that IA32_EFER.LMA is always set to the logical-AND of CRO.PG and IA32_EFER.LME, and 
since CRO.PG is always 1 in VMX root operation, IA32_EFER.LMA is always identical to IA32_EFER.LME in VMX root operation. 
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All other bits in this field are reserved, some to 0 and some to 1. Software should consult the VMX capability MSRs 
IA32_VMX_EXIT_CTLS and IA32_VMX_TRUE_EXIT_CTLS (see Appendix A.4) to determine how it should set the 
reserved bits. Failure to set reserved bits properly causes subsequent VM entries to fail (see Section 26.2.1.2). 


The first processors to support the virtual-machine extensions supported only the 1-settings of bits 0-8, 10, 11, 
13, 14, 16, and 17. The VMX capability MSR IA32_VMX_EXIT_CTLS always reports that these bits must be 1. 
Logical processors that support the O-settings of any of these bits will support the VMX capability MSR 
IA32_VMX_TRUE_EXIT_CTLS MSR, and software should consult this MSR to discover support for the 0-settings of 
these bits. Software that is not aware of the functionality of any one of these bits should set that bit to 1. 


Bit 31 of the primary processor-based VM-exit controls determines whether the secondary VM-exit controls are 
used. If that bit is 0, VM entry and VMX non-root operation function as if all the secondary VM-exit controls were 0. 
Processors that support only the O-setting of bit 31 of the primary VM-exit controls do not support the secondary 
VM-exit controls. 


Currently, no secondary VM-exit controls are defined, and all bits in this field are reserved to 0. Software should 
consult the VMX capability MSR IA32_VMX_EXIT_CTLS2 (see Appendix A.4.2) to determine which bits may be set 
to 1. Failure to clear reserved bits causes subsequent VM entries to fail (see Section 26.2.1.2). 


24.7.2 VM-Exit Controls for MSRs 


A VMM may specify lists of MSRs to be stored and loaded on VM exits. The following VM-exit control fields deter- 
mine how MSRs are stored on VM exits: 


° VM-exit MSR-store count (32 bits). This field specifies the number of MSRs to be stored on VM exit. It is 
recommended that this count not exceed 512.1 Otherwise, unpredictable processor behavior (including a 
machine check) may result during VM exit. 


¢ VM-exit MSR-store address (64 bits). This field contains the physical address of the VM-exit MSR-store area. 
The area is a table of entries, 16 bytes per entry, where the number of entries is given by the VM-exit MSR- 
store count. The format of each entry is given in Table 24-14. If the VM-exit MSR-store count is not zero, the 
address must be 16-byte aligned. 


Table 24-14. Format of an MSR Entry 


Bit Position(s) Contents 
31:0 MSR index 
63:32 Reserved 
127:64 MSR data 


See Section 27.4 for how this area is used on VM exits. 
The following VM-exit control fields determine how MSRs are loaded on VM exits: 


° VM-exit MSR-load count (32 bits). This field contains the number of MSRs to be loaded on VM exit. It is 
recommended that this count not exceed 512. Otherwise, unpredictable processor behavior (including a 
machine check) may result during VM exit.2 

° VM-exit MSR-load address (64 bits). This field contains the physical address of the VM-exit MSR-load area. 
The area is a table of entries, 16 bytes per entry, where the number of entries is given by the VM-exit MSR-load 
count (see Table 24-14). If the VM-exit MSR-load count is not zero, the address must be 16-byte aligned. 


See Section 27.6 for how this area is used on VM exits. 


1. Future implementations may allow more MSRs to be stored reliably. Software should consult the VMX capability MSR 
IA32_VMX_MISC to determine the number supported (see Appendix A.6). 


2. Future implementations may allow more MSRs to be loaded reliably. Software should consult the VMX capability MSR 
IA32_VMX_MISC to determine the number supported (see Appendix A.6). 
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24.8 VM-ENTRY CONTROL FIELDS 


The VM-entry control fields govern the behavior of VM entries. They are discussed in Sections 24.8.1 through 
24.8.3. 


24.8.1 VM-Entry Controls 


The VM-entry controls constitute a 32-bit vector that governs the basic operation of VM entries. Table 24-15 lists 
the controls supported. See Chapter 24 for how these controls affect VM entries. 


Table 24-15. Definitions of VM-Entry Controls 


Bit Position(s) | Name Description 
2 Load debug This control determines whether DR7 and the [A32_DEBUGCTL MSR are loaded on VM entry. 
controls The first processors to support the virtual-machine extensions supported only the 1-setting of 
this control. 
9 |A-32e mode guest | On processors that support Intel 64 architecture, this control determines whether the logical 
processor is in |A-32e mode after VM entry. Its value is loaded into IA32_EFER.LMA as part of 
VM entry.! 
This control must be O on processors that do not support Intel 64 architecture. 
10 Entry to SMM This control determines whether the logical processor is in system-management mode (SMM) 
after VM entry. This control must be O for any VM entry from outside SMM. 
11 Deactivate dual- If set to 1, the default treatment of SMIs and SMM is in effect after the VM entry (see Section 
monitor treatment | 31.15.7). This control must be O for any VM entry from outside SMM. 
13 Load This control determines whether the [A32_PERF_GLOBAL_CTRL MSR is loaded on VM entry. 
IA32_PERF_GLOBA 
L_CTRL 
14 Load |A32_PAT This control determines whether the [A32_PAT MSR is loaded on VM entry. 
15 Load |IA32_EFER This control determines whether the I[A32_EFER MSR is loaded on VM entry. 
16 Load This control determines whether the [A32_BNDCFGS MSR is loaded on VM entry. 
IA32_BNDCFGS 
17 Conceal VMX from _| If this control is 1, Intel Processor Trace does not produce a paging information packet (PIP) on 
PT a VM entry or a VMCS packet on a VM entry that returns from SMM (see Chapter 32). 
18 Load This control determines whether the [A32_RTIT_CTL MSR is loaded on VM entry. 
IA32_RTIT_CTL 
20 Load CET state This control determines whether CET-related MSRs and SPP are loaded on VM entry. 
21 Load guest This control determines whether the [A32_LBR_CTL MSR is loaded on VM entry. 
IA32_LBR_CTL 
22 Load PKRS This control determines whether the [A32_PKRS MSR is loaded on VM entry. 
NOTES: 


1. Bit 5 of the [A32_VMX_MISC MSR is read as 1 on any logical processor that supports the 1-setting of the “unrestricted quest” VM- 
execution control. If it is read as 1, every VM exit stores the value of [A32_EFER.LMA into the “IA-32e mode guest” VM-entry control 
(see Section 27.2). 


All other bits in this field are reserved, some to 0 and some to 1. Software should consult the VMX capability MSRs 
IA32_VMX_ENTRY_CTLS and IA32_VMX_TRUE_ENTRY_CTLS (see Appendix A.5) to determine how it should set 
the reserved bits. Failure to set reserved bits properly causes subsequent VM entries to fail (see Section 26.2.1.3). 


The first processors to support the virtual-machine extensions supported only the 1-settings of bits 0-8 and 12. 
The VMX capability MSR IA32_VMX_ENTRY_CTLS always reports that these bits must be 1. Logical processors that 
support the O-settings of any of these bits will support the VMX capability MSR IA32_VMX_TRUE_ENTRY_CTLS 
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MSR, and software should consult this MSR to discover support for the 0-settings of these bits. Software that is not 
aware of the functionality of any one of these bits should set that bit to 1. 


24.8.2 VM-Entry Controls for MSRs 


A VMM may specify a list of MSRs to be loaded on VM entries. The following VM-entry control fields manage this 

functionality: 

¢ VM-entry MSR-load count (32 bits). This field contains the number of MSRs to be loaded on VM entry. It is 
recommended that this count not exceed 512. Otherwise, unpredictable processor behavior (including a 
machine check) may result during VM entry. 

¢ VM-entry MSR-load address (64 bits). This field contains the physical address of the VM-entry MSR-load 
area. The area is a table of entries, 16 bytes per entry, where the number of entries is given by the VM-entry 
MSR-load count. The format of entries is described in Table 24-14. If the VM-entry MSR-load count is not zero, 
the address must be 16-byte aligned. 


See Section 26.4 for details of how this area is used on VM entries. 


24.8.3 VM-Entry Controls for Event Injection 


VM entry can be configured to conclude by delivering an event through the IDT (after all guest state and MSRs have 
been loaded). This process is called event injection and is controlled by the following three VM-entry control 
fields: 


¢ VM-entry interruption-information field (32 bits). This field provides details about the event to be injected. 
Table 24-16 describes the field. 


Table 24-16. Format of the VM-Entry Interruption-Information Field 
Bit Position(s) | Content 


7:0 Vector of interrupt or exception 
10:8 Interruption type: 

0: External interrupt 

1: Reserved 


2: Non-maskable interrupt (NMI) 

3: Hardware exception (e.g,. #PF) 

4: Software interrupt (INT n) 

5: Privileged software exception (INT 1) 
6: Software exception (INT3 or INTO) 
7: Other event 


11 Deliver error code (0 = do not deliver; 1 = deliver) 
30:12 Reserved 
31 Valid 


— The vector (bits 7:0) determines which entry in the IDT is used or which other event is injected. 


— Theinterruption type (bits 10:8) determines details of how the injection is performed. In general, a VMM 
should use the type hardware exception for all exceptions other than the following: 


¢ breakpoint exceptions (#BP; a VMM should use the type software exception); 
* overflow exceptions (#OF a VMM should use the use type software exception); and 


¢ those debug exceptions (#DB) that are generated by INT1 (a VMM should use the use type privileged 
software exception). 


1. Future implementations may allow more MSRs to be loaded reliably. Software should consult the VMX capability MSR 
IA32_VMX_MISC to determine the number supported (see Appendix A.6). 
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The type other event is used for injection of events that are not delivered through the IDT.! 


— For exceptions, the deliver-error-code bit (bit 11) determines whether delivery pushes an error code on 
the guest stack. 


— VM entry injects an event if and only if the valid bit (bit 31) is 1. The valid bit in this field is cleared on every 
VM exit (see Section 27.2). 


¢ VM-entry exception error code (32 bits). This field is used if and only if the valid bit (bit 31) and the deliver- 
error-code bit (bit 11) are both set in the VM-entry interruption-information field. 


¢ VM-entry instruction length (32 bits). For injection of events whose type is software interrupt, software 
exception, or privileged software exception, this field is used to determine the value of RIP that is pushed on 
the stack. 


See Section 26.6 for details regarding the mechanics of event injection, including the use of the interruption type 
and the VM-entry instruction length. 


VM exits clear the valid bit (bit 31) in the VM-entry interruption-information field. 


24.9 VM-EXIT INFORMATION FIELDS 


The VMCS contains a section of fields that contain information about the most recent VM exit. 


On some processors, attempts to write to these fields with VMWRITE fail (see “VMWRITE—Write Field to Virtual- 
Machine Control Structure” in Chapter 30).2 


24.9.1 Basic VM-Exit Information 


The following VM-exit information fields provide basic information about a VM exit: 
° Exit reason (32 bits). This field encodes the reason for the VM exit and has the structure given in Table 24-17. 


Table 24-17. Format of Exit Reason 


Bit Position(s) Contents 

15:0 Basic exit reason 

16 Always cleared to 0 

26:17 Not currently defined 

27 A VM exit saves this bit as 1 to indicate that the VM exit was incident to enclave mode. 
28 Pending MTF VM exit 

29 VM exit from VMX root operation 

30 Not currently defined 

31 VM-entry failure (O = true VM exit; 1 = VM-entry failure) 


— Bits 15:0 provide basic information about the cause of the VM exit (if bit 31 is clear) or of the VM-entry 
failure (if bit 31 is set). Appendix C enumerates the basic exit reasons. 


— Bit 16 is always cleared to 0. 
— Bit 27 is set to 1 if the VM exit occurred while the logical processor was in enclave mode. 


2. The type hardware exception should be used for all other debug exceptions. 
1. INT1 and INT3 refer to the instructions with opcodes F1 and CC, respectively, and not to INT n with values 1 or 3 for n. 
2. Software can discover whether these fields can be written by reading the VMX capability MSR IA32_VMX_MISC (see Appendix A.6). 
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AVM exit also sets this bit if it is incident to delivery of an event injected by VM entry and the guest inter- 
ruptibility-state field indicates an enclave interrupt (bit 4 of the field is 1). See Section 27.2.1 for details. 


— Bit 28 is set only by an SMM VM exit (see Section 31.15.2) that took priority over an MTF VM exit (see 
Section 25.5.2) that would have occurred had the SMM VM exit not occurred. See Section 31.15.2.3. 


— Bit 29 is set if and only if the processor was in VMX root operation at the time the VM exit occurred. This can 
happen only for SMM VM exits. See Section 31.15.2. 


— Because some VM-entry failures load processor state from the host-state area (see Section 26.8), software 
must be able to distinguish such cases from true VM exits. Bit 31 is used for that purpose. 


Exit qualification (64 bits; 32 bits on processors that do not support Intel 64 architecture). This field contains 
additional information about the cause of VM exits due to the following: debug exceptions; page-fault 
exceptions; start-up IPIs (SIPIs); task switches; INVEPT; INVLPG;INVVPID; LGDT; LIDT; LLDT; LTR; SGDT; 
SIDT; SLDT; STR; VMCLEAR; VMPTRLD; VMPTRST; VMREAD; VMWRITE; VMXON; XRSTORS; XSAVES; control- 
register accesses; MOV DR; I/O instructions; and MWAIT. The format of the field depends on the cause of the 
VM exit. See Section 27.2.1 for details. 


Guest-linear address (64 bits; 32 bits on processors that do not support Intel 64 architecture). This field is 
used in the following cases: 


— VM exits due to attempts to execute LMSW with a memory operand. 
— VM exits due to attempts to execute INS or OUTS. 


— VM exits due to system-management interrupts (SMIs) that arrive immediately after retirement of I/O 
instructions. 


— Certain VM exits due to EPT violations 
See Section 27.2.1 and Section 31.15.2.3 for details of when and how this field is used. 


Guest-physical address (64 bits). This field is used VM exits due to EPT violations and EPT misconfigurations. 
See Section 27.2.1 for details of when and how this field is used. 


24.9.2 Information for VM Exits Due to Vectored Events 


Event-specific information is provided for VM exits due to the following vectored events: exceptions (including 


those generated by the instructions INT3, INTO, INT1, BOUND, UDO, UD1, and UD2); external interrupts that occur 
while the “acknowledge interrupt on exit” VM-exit control is 1; and non-maskable interrupts (NMIs). This informa- 
tion is provided in the following fields: 


¢ VM-exit interruption information (32 bits). This field receives basic information associated with the event 


causing the VM exit. Table 24-18 describes this field. 


Table 24-18. Format of the VM-Exit Interruption-Information Field 


Bit Position(s) 


Content 


7:0 


Vector of interrupt or exception 


10:8 


Interruption type: 


0: External interrupt 

1: Not used 

2: Non-maskable interrupt (NMI) 
3: Hardware exception 

4: Not used 

5: Privileged software exception 
6: Software exception 

7: Not used 


11 


Error code valid (0 = invalid; 1 = valid) 


12 


NMI unblocking due to IRET 


30:13 


Not currently defined 


31 


Valid 
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° \VM-exit interruption error code (32 bits). For VM exits caused by hardware exceptions that would have 
delivered an error code on the stack, this field receives that error code. 


Section 27.2.2 provides details of how these fields are saved on VM exits. 


24.9.3 Information for VM Exits That Occur During Event Delivery 


Additional information is provided for VM exits that occur during event delivery in VMX non-root operation.! This 
information is provided in the following fields: 


¢ 1IDT-vectoring information (32 bits). This field receives basic information associated with the event that was 
being delivered when the VM exit occurred. Table 24-19 describes this field. 


Table 24-19. Format of the IDT-Vectoring Information Field 


Bit Position(s) | Content 


7:0 Vector of interrupt or exception 
10:8 Interruption type: 

0: External interrupt 

1: Not used 


2: Non-maskable interrupt (NMI) 
3: Hardware exception 

4: Software interrupt 

5: Privileged software exception 
6: Software exception 


7: Not used 
11 Error code valid (O = invalid; 1 = valid) 
30:12 Not currently defined 
31 Valid 


¢ 1IDT-vectoring error code (32 bits). For VM exits the occur during delivery of hardware exceptions that would 
have delivered an error code on the stack, this field receives that error code. 


See Section 27.2.4 provides details of how these fields are saved on VM exits. 


24.9.4 Information for VM Exits Due to Instruction Execution 


The following fields are used for VM exits caused by attempts to execute certain instructions in VMX non-root oper- 
ation: 


¢ VM-exit instruction length (32 bits). For VM exits resulting from instruction execution, this field receives the 
length in bytes of the instruction whose execution led to the VM exit.2 See Section 27.2.5 for details of when 
and how this field is used. 


* \VM-exit instruction information (32 bits). This field is used for VM exits due to attempts to execute INS, 
INVEPT, INVVPID, LIDT, LGDT, LLDT, LTR, OUTS, SIDT, SGDT, SLDT, STR, VMCLEAR, VMPTRLD, VMPTRST, 
VMREAD, VMWRITE, or VMXON.? The format of the field depends on the cause of the VM exit. See Section 
27.2.5 for details. 


1. This includes cases in which the event delivery was caused by event injection as part of VM entry; see Section 26.6.1.2. 
2. This field is also used for VM exits that occur during the delivery of a software interrupt or software exception. 


3. Whether the processor provides this information on VM exits due to attempts to execute INS or OUTS can be determined by consult- 
ing the VMX capability MSR [A32_VMX_BASIC (see Appendix A.1). 
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The following fields (64 bits each; 32 bits on processors that do not support Intel 64 architecture) are used only for 
VM exits due to SMIs that arrive immediately after retirement of I/O instructions. They provide information about 
that I/O instruction: 


¢ I/O RCX. The value of RCX before the I/O instruction started. 

¢ I/O RSI. The value of RSI before the I/O instruction started. 

¢ I/O RDI. The value of RDI before the I/O instruction started. 

¢ I/O RIP. The value of RIP before the I/O instruction started (the RIP that addressed the I/O instruction). 


24.9.5 \VM-Instruction Error Field 


The 32-bit VM-instruction error field does not provide information about the most recent VM exit. In fact, it is 
not modified on VM exits. Instead, it provides information about errors encountered by a non-faulting execution of 
one of the VMX instructions. 


24.10 WVMCS TYPES: ORDINARY AND SHADOW 


Every VMCS is either an ordinary VMCS or a shadow VMCS. A VMCS's type is determined by the shadow-VMCS 

indicator in the VMCS region (this is the value of bit 31 of the first 4 bytes of the VMCS region; see Table 24-1): 0 

indicates an ordinary VMCS, while 1 indicates a shadow VMCS. Shadow VMCSs are supported only on processors 

that support the 1-setting of the “VMCS shadowing” VM-execution control (see Section 24.6.2). 

A shadow VMCS differs from an ordinary VMCS in two ways: 

¢ An ordinary VMCS can be used for VM entry but a shadow VMCS cannot. Attempts to perform VM entry when 
the current VMCS is a shadow VMCS fail (see Section 26.1). 

¢ The VMREAD and VMWRITE instructions can be used in VMX non-root operation to access a shadow VMCS but 
not an ordinary VMCS. This fact results from the following: 


— Ifthe“VMCS shadowing” VM-execution control is 0, execution of the VMREAD and VMWRITE instructions in 
VMX non-root operation always cause VM exits (see Section 25.1.3). 


— Ifthe “VMCS shadowing” VM-execution control is 1, execution of the VMREAD and VMWRITE instructions in 
VMX non-root operation can access the VMCS referenced by the VMCS link pointer (see Section 30.3). 


— If the“VMCS shadowing” VM-execution control is 1, VM entry ensures that any VMCS referenced by the 
VMCS link pointer is a shadow VMCS (see Section 26.3.1.5). 


In VMX root operation, both types of VMCSs can be accessed with the VMREAD and VMWRITE instructions. 


Software should not modify the shadow-VMCS indicator in the VMCS region of a VMCS that is active. Doing so may 
cause the VMCS to become corrupted (see Section 24.11.1). Before modifying the shadow-VMCS indicator, soft- 
ware should execute VMCLEAR for the VMCS to ensure that it is not active. 


24.11 SOFTWARE USE OF THE VMCS AND RELATED STRUCTURES 


This section details guidelines that software should observe when using a VMCS and related structures. It also 
provides descriptions of consequences for failing to follow guidelines. 


24.11.1 Software Use of Virtual-Machine Control Structures 
To ensure proper processor behavior, software should observe certain guidelines when using an active VMCS. 


No VMCS should ever be active on more than one logical processor. If a VMCS is to be “migrated” from one logical 
processor to another, the first logical processor should execute VMCLEAR for the VMCS (to make it inactive on that 
logical processor and to ensure that all VMCS data are in memory) before the other logical processor executes 
VMPTRLD for the VMCS (to make it active on the second logical processor).! A VMCS that is made active on more 
than one logical processor may become corrupted (see below). 
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Software should not modify the shadow-VMCS indicator (see Table 24-1) in the VMCS region of a VMCS that is 
active. Doing so may cause the VMCS to become corrupted. Before modifying the shadow-VMCS indicator, software 
should execute VMCLEAR for the VMCS to ensure that it is not active. 


Software should use the VMREAD and VMWRITE instructions to access the different fields in the current VMCS (see 
Section 24.11.2). Software should never access or modify the VMCS data of an active VMCS using ordinary 
memory operations, in part because the format used to store the VMCS data is implementation-specific and not 
architecturally defined, and also because a logical processor may maintain some VMCS data of an active VMCS on 
the processor and not in the VMCS region. The following items detail some of the hazards of accessing VMCS data 
using ordinary memory operations: 


e¢ Any data read from a VMCS with an ordinary memory read does not reliably reflect the state of the VMCS. 
Results may vary from time to time or from logical processor to logical processor. 


* Writing to a VMCS with an ordinary memory write is not guaranteed to have a deterministic effect on the VMCS. 
Doing so may cause the VMCS to become corrupted (see below). 


(Software can avoid these hazards by removing any linear-address mappings to a VMCS region before executing a 
VMPTRLD for that region and by not remapping it until after executing VMCLEAR for that region.) 


If a logical processor leaves VMX operation, any VMCSs active on that logical processor may be corrupted (see 
below). To prevent such corruption of a VMCS that may be used either after a return to VMX operation or on 
another logical processor, software should execute VMCLEAR for that VMCS before executing the VMXOFF instruc- 
tion or removing power from the processor (e.g., as part of a transition to the S3 and S4 power states). 


This section has identified operations that may cause a VMCS to become corrupted. These operations may cause 
the VMCS's data to become undefined. Behavior may be unpredictable if that VMCS used subsequently on any 
logical processor. The following items detail some hazards of VMCS corruption: 


¢ VM entries may fail for unexplained reasons or may load undesired processor state. 


¢ The processor may not correctly support VMX non-root operation as documented in Chapter 25 and may 
generate unexpected VM exits. 


¢ VM exits may load undesired processor state, save incorrect state into the VMCS, or cause the logical processor 
to transition to a shutdown state. 


24.11.2 VMREAD, VMWRITE, and Encodings of VMCS Fields 


Every field of the VMCS is associated with a 32-bit value that is its encoding. The encoding is provided in an 
operand to VMREAD and VMWRITE when software wishes to read or write that field. These instructions fail if given, 
in 64-bit mode, an operand that sets an encoding bit beyond bit 32. See Chapter 30 for a description of these 
instructions. 


The structure of the 32-bit encodings of the VMCS components is determined principally by the width of the fields 
and their function in the VMCS. See Table 24-20. 


Table 24-20. Structure of VMCS Component Encoding 


Bit Position(s) Contents 
0 Access type (0 = full; 1 = high); must be full for 16-bit, 32-bit, and natural-width fields 
9:1 Index 
11:10 Type: 
0: control 
1: VM-exit information 
2: guest state 
3: host state 


1. As noted in Section 24.1, execution of the VMPTRLD instruction makes a VMCS is active. In addition, VM entry makes active any 
shadow VMCS referenced by the VMCS link pointer in the current VMCS. If a shadow VMCS is made active by VM entry, it is neces- 
sary to execute VMCLEAR for that VMCS before allowing that VMCS to become active on another logical processor. 
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Table 24-20. Structure of VMCS Component Encoding (Contd.) 


Bit Position(s) Contents 
12 Reserved (must be 0) 
14:13 Width: 

0: 16-bit 

1: 64-bit 

2: 32-bit 

3: natural-width 
31:15 Reserved (must be 0) 


The following items detail the meaning of the bits in each encoding: 


Field width. Bits 14:13 encode the width of the field. 
— A value of 0 indicates a 16-bit field. 
— A value of 1 indicates a 64-bit field. 
— A value of 2 indicates a 32-bit field. 


— A value of 3 indicates a natural-width field. Such fields have 64 bits on processors that support Intel 64 
architecture and 32 bits on processors that do not. 


Fields whose encodings use value 1 are specially treated to allow 32-bit software access to all 64 bits of the 
field. Such access is allowed by defining, for each such field, an encoding that allows direct access to the high 
32 bits of the field. See below. 


Field type. Bits 11:10 encode the type of VMCS field: control, guest-state, host-state, or VM-exit information. 
(The last category also includes the VM-instruction error field. ) 


Index. Bits 9:1 distinguish components with the same field width and type. 


Access type. Bit 0 must be 0 for all fields except for 64-bit fields (those with field-width 1; see above). A 
VMREAD or VMWRITE using an encoding with this bit cleared to 0 accesses the entire field. For a 64-bit field 
with field-width 1,a VMREAD or VMWRITE using an encoding with this bit set to 1 accesses only the high 32 bits 
of the field. 


Appendix B gives the encodings of all fields in the VMCS. 


The following describes the operation of VMREAD and VMWRITE based on processor mode, VMCS-field width, and 
access type: 


16-bit fields: 


— AVMREAD returns the value of the field in bits 15:0 of the destination operand; other bits of the destination 
operand are cleared to 0. 


— AVMWRITE writes the value of bits 15:0 of the source operand into the VMCS field; other bits of the source 
operand are not used. 


32-bit fields: 


— AVMREAD returns the value of the field in bits 31:0 of the destination operand; in 64-bit mode, bits 63:32 
of the destination operand are cleared to 0. 


— AVMWRITE writes the value of bits 31:0 of the source operand into the VMCS field; in 64-bit mode, 
bits 63:32 of the source operand are not used. 


64-bit fields and natural-width fields using the full access type outside IA-32e mode. 


— AVMREAD returns the value of bits 31:0 of the field in its destination operand; bits 63:32 of the field are 
ignored. 


— AVMWRITE writes the value of its source operand to bits 31:0 of the field and clears bits 63:32 of the field. 


64-bit fields and natural-width fields using the full access type in 64-bit mode (only on processors that support 
Intel 64 architecture). 
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— AVMREAD returns the value of the field in bits 63:0 of the destination operand 


— AVMWRITE writes the value of bits 63:0 of the source operand into the VMCS field. 
°* 64-bit fields using the high access type. 


— AVMREAD returns the value of bits 63:32 of the field in bits 31:0 of the destination operand; in 64-bit 
mode, bits 63:32 of the destination operand are cleared to 0. 


— AVMWRITE writes the value of bits 31:0 of the source operand to bits 63:32 of the field; in 64-bit mode, 
bits 63:32 of the source operand are not used. 


Software seeking to read a 64-bit field outside IA-32e mode can use VMREAD with the full access type (reading 
bits 31:0 of the field) and VMREAD with the high access type (reading bits 63:32 of the field); the order of the two 
VMREAD executions is not important. Software seeking to modify a 64-bit field outside IA-32e mode should first 
use VMWRITE with the full access type (establishing bits 31:0 of the field while clearing bits 63:32) and then use 
VMWRITE with the high access type (establishing bits 63:32 of the field). 


24.11.3 Initializing a VMCS 


Software should initialize fields in a VMCS (using VMWRITE) before using the VMCS for VM entry. Failure to do so 
may result in unpredictable behavior; for example, a VM entry may fail for unexplained reasons, or a successful 
transition (VM entry or VM exit) may load processor state with unexpected values. 


It is not necessary to initialize fields that the logical processor will not use. (For example, it is not necessary to 
unitize the MSR-bitmap address if the “use MSR bitmaps” VM-execution control is 0.) 


A processor maintains some VMCS information that cannot be modified with the VMWRITE instruction; this includes 
a VMCS's launch state (see Section 24.1). Such information may be stored in the VMCS data portion of a VMCS 
region. Because the format of this information is implementation-specific, there is no way for software to know, 
when it first allocates a region of memory for use as a VMCS region, how the processor will determine this informa- 
tion from the contents of the memory region. 


In addition to its other functions, the VMCLEAR instruction initializes any implementation-specific information in the 
VMCS region referenced by its operand. To avoid the uncertainties of implementation-specific behavior, software 
should execute VMCLEAR on a VMCS region before making the corresponding VMCS active with VMPTRLD for the 
first time. (Figure 24-1 illustrates how execution of VMCLEAR puts a VMCS into a well-defined state. ) 


The following software usage is consistent with these limitations: 
¢ VMCLEAR should be executed for a VMCS before it is used for VM entry for the first time. 


¢ VMLAUNCH should be used for the first VM entry using a VMCS after VMCLEAR has been executed for that 
VMCS. 


¢ VMRESUME should be used for any subsequent VM entry using a VMCS (until the next execution of VMCLEAR 
for the VMCS). 


It is expected that, in general, VMRESUME will have lower latency than VMLAUNCH. Since “migrating” a VMCS from 
one logical processor to another requires use of VMCLEAR (see Section 24.11.1), which sets the launch state of the 
VMCS to “clear”, such migration requires the next VM entry to be performed using VMLAUNCH. Software devel- 
opers can avoid the performance cost of increased VM-entry latency by avoiding unnecessary migration of a VMCS 
from one logical processor to another. 


24.11.4 Software Access to Related Structures 


In addition to data in the VMCS region itself, VMX non-root operation can be controlled by data structures that are 
referenced by pointers in a VMCS (for example, the I/O bitmaps). While the pointers to these data structures are 
parts of the VMCS, the data structures themselves are not. They are not accessible using VMREAD and VMWRITE 
but by ordinary memory writes. 


Software should ensure that each such data structure is modified only when no logical processor with a current 
VMCS that references it is in VMX non-root operation. Doing otherwise may lead to unpredictable behavior 
(including behaviors identified in Section 24.11.1). Exceptions are made for the following data structures (subject 
to detailed discussion in the sections indicated): EPT paging structures and the data structures used to locate SPP 


24-30 Vol. 3C 


VIRTUAL MACHINE CONTROL STRUCTURES 


vectors (Section 28.4.3); the virtual-APIC page (Section 29.1); the posted interrupt descriptor (Section 29.6); and 
the virtualization-exception information area (Section 25.5.7.2). 


24.11.5 VMXON Region 


Before executing VMXON, software allocates a region of memory (called the VMXON region)! that the logical 
processor uses to support VMX operation. The physical address of this region (the VMXON pointer) is provided in 
an operand to VMXON. The VMXON pointer is subject to the limitations that apply to VMCS pointers: 


° The VMXON pointer must be 4-KByte aligned (bits 11:0 must be zero). 
* The VMXON pointer must not set any bits beyond the processor’s physical-address width.2/> 


Before executing VMXON, software should write the VMCS revision identifier (see Section 24.2) to the VMXON 
region. (Specifically, it should write the 31-bit VMCS revision identifier to bits 30:0 of the first 4 bytes of the 
VMXON region; bit 31 should be cleared to 0.) It need not initialize the VMXON region in any other way. Software 
should use a separate region for each logical processor and should not access or modify the VMXON region of a 
logical processor between execution of VMXON and VMXOFF on that logical processor. Doing otherwise may lead to 
unpredictable behavior (including behaviors identified in Section 24.11.1). 


1. The amount of memory required for the VMXON region is the same as that required for a VMCS region. This size is implementation 
specific and can be determined by consulting the VMX capability MSR [A32_VMX_BASIC (see Appendix A.1). 


2. Software can determine a processor's physical-address width by executing CPUID with 8BOOOO0O08H in EAX. The physical-address 
width is returned in bits 7:0 of EAX. 


3. If IA32_VMX_BASIC[48] is read as 1, the VMXON pointer must not set any bits in the range 63:32; see Appendix A.1. 
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CHAPTER 25 
VMX NON-ROOT OPERATION 


In a virtualized environment using VMX, the guest software stack typically runs on a logical processor in VMX non- 
root operation. This mode of operation is similar to that of ordinary processor operation outside of the virtualized 
environment. This chapter describes the differences between VMX non-root operation and ordinary processor oper- 
ation with special attention to causes of VM exits (which bring a logical processor from VMX non-root operation to 
root operation). The differences between VMX non-root operation and ordinary processor operation are described 
in the following sections: 


® Section 25.1, “Instructions That Cause VM Exits” 

® Section 25.2, “Other Causes of VM Exits” 

* Section 25.3, “Changes to Instruction Behavior in VMX Non-Root Operation” 

° Section 25.4, “Other Changes in VMX Non-Root Operation” 

® Section 25.5, “Features Specific to VMX Non-Root Operation” 

® Section 25.6, “Unrestricted Guests” 

Chapter 26, “VM Entries,” describes the data control structures that govern VMX non-root operation. Chapter 26, 
“VM Entries,” describes the operation of VM entries by which the processor transitions from VMX root operation to 


VMX non-root operation. Chapter 25, “VMX Non-Root Operation,” describes the operation of VM exits by which the 
processor transitions from VMX non-root operation to VMX root operation. 


Chapter 28, “VMX Support for Address Translation,” describes two features that support address translation in VMX 
non-root operation. Chapter 29, “APIC Virtualization and Virtual Interrupts,” describes features that support virtu- 
alization of interrupts and the Advanced Programmable Interrupt Controller (APIC) in VMX non-root operation. 


25.1 INSTRUCTIONS THAT CAUSE VM EXITS 


Certain instructions may cause VM exits if executed in VMX non-root operation. Unless otherwise specified, such 
VM exits are “fault-like,” meaning that the instruction causing the VM exit does not execute and no processor state 
is updated by the instruction. Section 27.1 details architectural state in the context of a VM exit. 


Section 25.1.1 defines the prioritization between faults and VM exits for instructions subject to both. Section 
25.1.2 identifies instructions that cause VM exits whenever they are executed in VMX non-root operation (and thus 
can never be executed in VMX non-root operation). Section 25.1.3 identifies instructions that cause VM exits 
depending on the settings of certain VM-execution control fields (see Section 24.6). 


25.1.1 Relative Priority of Faults and VM Exits 


The following principles describe the ordering between existing faults and VM exits: 


° Certain exceptions have priority over VM exits. These include invalid-opcode exceptions, faults based on 
privilege level,! and general-protection exceptions that are based on checking I/O permission bits in the task- 
state segment (TSS). For example, execution of RDMSR with CPL = 3 generates a general-protection exception 
and not a VM exit. 


¢ Faults incurred while fetching instruction operands have priority over VM exits that are conditioned based on 
the contents of those operands (see LMSW in Section 25.1.3). 


¢ VM exits caused by execution of the INS and OUTS instructions (resulting either because the “unconditional I/O 
exiting” VM-execution control is 1 or because the “use I/O bitmaps control is 1) have priority over the following 
faults: 


1. These include faults generated by attempts to execute, in virtual-8086 mode, privileged instructions that are not recognized in that 
mode. 


2. MOV DRis an exception to this rule; see Section 25.1.3. 
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— A general-protection fault due to the relevant segment (ES for INS; DS for OUTS unless overridden by an 
instruction prefix) being unusable 


— Ageneral-protection fault due to an offset beyond the limit of the relevant segment 
— Analignment-check exception 


¢  Fault-like VM exits have priority over exceptions other than those mentioned above. For example, RDMSR of a 
non-existent MSR with CPL = 0 generates a VM exit and not a general-protection exception. 


When Section 25.1.2 or Section 25.1.3 (below) identify an instruction execution that may lead to a VM exit, it is 
assumed that the instruction does not incur a fault that takes priority over a VM exit. 


25.1.2 Instructions That Cause VM Exits Unconditionally 


The following instructions cause VM exits when they are executed in VMX non-root operation: CPUID, GETSEC,! 
INVD, and XSETBV. This is also true of instructions introduced with VMX, which include: INVEPT, INVVPID, 
VMCALL,? VMCLEAR, VMLAUNCH, VMPTRLD, VMPTRST, VMRESUME, VMXOFF, and VMXON. 


25.1.3 Instructions That Cause VM Exits Conditionally 
Certain instructions cause VM exits in VMX non-root operation depending on the setting of the VM-execution 
controls. The following instructions can cause “fault-like” VM exits based on the conditions described :3 


* CLTS. The CLTS instruction causes a VM exit if the bits in position 3 (corresponding to CRO.TS) are set in both 
the CRO guest/host mask and the CRO read shadow. 


¢ ENCLS. The ENCLS instruction causes a VM exit if the “enable ENCLS exiting” VM-execution control is 1 and 
one of the following is true: 


— The value of EAX is less than 63 and the corresponding bit in the ENCLS-exiting bitmap is 1 (see Section 
24.6.16). 


— The value of EAX is greater than or equal to 63 and bit 63 in the ENCLS-exiting bitmap is 1. 


¢ ENCLV. The ENCLV instruction causes a VM exit if the “enable ENCLV exiting” VM-execution control is 1 and 
one of the following is true: 


— The value of EAX is less than 63 and the corresponding bit in the ENCLV-exiting bitmap is 1 (see Section 
24.6.17). 


— The value of EAX is greater than or equal to 63 and bit 63 in the ENCLV-exiting bitmap is 1. 
* HLT. The HLT instruction causes a VM exit if the “HLT exiting” VM-execution control is 1. 


e IN, INS/INSB/INSW/INSD, OUT, OUTS/OUTSB/OUTSW/OUTSD. The behavior of each of these instruc- 
tions is determined by the settings of the “unconditional I/O exiting” and “use I/O bitmaps” VM-execution 
controls: 


— If both controls are 0, the instruction executes normally. 


— Ifthe “unconditional I/O exiting” VM-execution control is 1 and the “use I/O bitmaps” VM-execution control 
is 0, the instruction causes a VM exit. 


— If the “use I/O bitmaps” VM-execution control is 1, the instruction causes a VM exit if it attempts to access 
an I/O port corresponding to a bit set to 1 in the appropriate I/O bitmap (see Section 24.6.4). If an I/O 


1. Anexecution of GETSEC in VMX non-root operation causes a VM exit if CR4.SMXE[Bit 14] = 1 regardless of the value of CPL or RAX. 
An execution of GETSEC causes an invalid-opcode exception (HUD) if CR4.SMXE[Bit 14] = 0. 

2. Under the dual-monitor treatment of SMIs and SMM, executions of VMCALL cause SMM VM exits in VMX root operation outside SMM. 
See Section 31.15.2. 

3. Items in this section may refer to secondary processor-based VM-execution controls and tertiary processor-based VM-execution 
controls. If bit 31 of the primary processor-based VM-execution controls is 0, VMX non-root operation functions as if the secondary 
processor-based V/M-execution controls were all 0; similarly, if bit 17 of the primary processor-based VM-execution controls is 0, 
V/MX non-root operation functions as if the tertiary processor-based VM-execution controls were all 0. See Section 24.6.2. 
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operation “wraps around” the 16-bit I/O-port space (accesses ports FFFFH and 0000H), the I/O instruction 
causes a VM exit (the “unconditional I/O exiting” VM-execution control is ignored if the “use I/O bitmaps” 
VM-execution control is 1). 
See Section 25.1.1 for information regarding the priority of VM exits relative to faults that may be caused by 
the INS and OUTS instructions. 


INVLPG. The INVLPG instruction causes a VM exit if the “INVLPG exiting” VM-execution control is 1. 


INVPCID. The INVPCID instruction causes a VM exit if the “INVLPG exiting” and “enable INVPCID” 
VM-execution controls are both 1. 

LGDT, LIDT, LLDT, LTR, SGDT, SIDT, SLDT, STR. These instructions cause VM exits if the “descriptor-table 
exiting” VM-execution control is 1. 

LMSW. In general, the LMSW instruction causes a VM exit if it would write, for any bit set in the low 4 bits of 


the CRO guest/host mask, a value different than the corresponding bit in the CRO read shadow. LMSW never 
clears bit 0 of CRO (CRO.PE); thus, LMSW causes a VM exit if either of the following are true: 


— The bits in position 0 (corresponding to CRO.PE) are set in both the CRO guest/host mask and the source 
operand, and the bit in position 0 is clear in the CRO read shadow. 


— For any bit position in the range 3:1, the bit in that position is set in the CRO guest/host mask and the 
values of the corresponding bits in the source operand and the CRO read shadow differ. 

LOADIWKEY. The LOADIWKEY instruction causes a VM exit if the “LOADIWKEY exiting” VM-execution control 

is 1. 

MONITOR. The MONITOR instruction causes a VM exit if the “MONITOR exiting” VM-execution control is 1. 

MOV from CR3. The MOV from CR3 instruction causes a VM exit if the “CR3-store exiting” VM-execution 

control is 1. The first processors to support the virtual-machine extensions supported only the 1-setting of this 

control. 


MOV from CR8. The MOV from CR8 instruction causes a VM exit if the “CR8-store exiting” VM-execution 
control is 1. 


MOV to CRO. The MOV to CRO instruction causes a VM exit unless the value of its source operand matches, for 
the position of each bit set in the CRO guest/host mask, the corresponding bit in the CRO read shadow. (If every 
bit is clear in the CRO guest/host mask, MOV to CRO cannot cause a VM exit.) 

MOV to CR3. The MOV to CR3 instruction causes a VM exit unless the “CR3-load exiting” VM-execution control 
is O or the value of its source operand is equal to one of the CR3-target values specified in the VMCS. Only the 
first n CR3-target values are considered, where n is the CR3-target count. If the “CR3-load exiting” VM- 
execution control is 1 and the CR3-target count is 0, MOV to CR3 always causes a VM exit. 


The first processors to support the virtual-machine extensions supported only the 1-setting of the “CR3-load 
exiting” VM-execution control. These processors always consult the CR3-target controls to determine whether 
an execution of MOV to CR3 causes a VM exit. 


MOV to CR4. The MOV to CR4 instruction causes a VM exit unless the value of its source operand matches, for 
the position of each bit set in the CR4 guest/host mask, the corresponding bit in the CR4 read shadow. 


MOV to CR8. The MOV to CR8 instruction causes a VM exit if the “CR8-load exiting” VM-execution control is 1. 


MOV DR. The MOV DR instruction causes a VM exit if the “MOV-DR exiting” VM-execution control is 1. Such 
VM exits represent an exception to the principles identified in Section 25.1.1 in that they take priority over the 
following: general-protection exceptions based on privilege level; and invalid-opcode exceptions that occur 
because CR4.DE=1 and the instruction specified access to DR4 or DR5. 


MWAIT. The MWAIT instruction causes a VM exit if the “MWAIT exiting” VM-execution control is 1. If this 
control is 0, the behavior of the MWAIT instruction may be modified (see Section 25.3). 


PAUSE. The behavior of each of this instruction depends on CPL and the settings of the “PAUSE exiting” and 
“PAUSE-loop exiting” VM-execution controls: 


— CPL=0. 


¢ If the “PAUSE exiting” and “PAUSE-loop exiting” VM-execution controls are both 0, the PAUSE 
instruction executes normally. 
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¢ If the “PAUSE exiting” VM-execution control is 1, the PAUSE instruction causes a VM exit (the “PAUSE- 
loop exiting” VM-execution control is ignored if CPL = 0 and the “PAUSE exiting” VM-execution control 
is 1). 

¢ If the “PAUSE exiting” VM-execution control is 0 and the “PAUSE-loop exiting” VM-execution control is 
1, the following treatment applies. 


The processor determines the amount of time between this execution of PAUSE and the previous 
execution of PAUSE at CPL 0. If this amount of time exceeds the value of the VM-execution control field 
PLE_Gap, the processor considers this execution to be the first execution of PAUSE in a loop. (It also 
does so for the first execution of PAUSE at CPL 0 after VM entry.) 


Otherwise, the processor determines the amount of time since the most recent execution of PAUSE that 
was considered to be the first in a loop. If this amount of time exceeds the value of the VM-execution 
control field PLE_Window, a VM exit occurs. 


For purposes of these computations, time is measured based on a counter that runs at the same rate as 
the timestamp counter (TSC). 


— CPL>O. 
¢ If the “PAUSE exiting” VM-execution control is 0, the PAUSE instruction executes normally. 
¢ If the “PAUSE exiting” VM-execution control is 1, the PAUSE instruction causes a VM exit. 
The “PAUSE-loop exiting” VM-execution control is ignored if CPL > 0. 
¢ RDMSR. The RDMSR instruction causes a VM exit if any of the following are true: 
— The “use MSR bitmaps” VM-execution control is 0. 
— The value of ECX is not in the ranges OOOO0000H - OOO01FFFH and COOOOO0OH - COOO1FFFH. 


— The value of ECX is in the range OOOO0000H — OOOO1FFFH and bit rn in read bitmap for low MSRs is 1, where 
nis the value of ECX. 


— The value of ECX is in the range COOOO000H - COOO1FFFH and bit rn in read bitmap for high MSRs is 1, 
where n is the value of ECX & OOOO1FFFH. 


See Section 24.6.9 for details regarding how these bitmaps are identified. 
* RDPMC. The RDPMC instruction causes a VM exit if the “RDPMC exiting” VM-execution control is 1. 
¢ RDRAND. The RDRAND instruction causes a VM exit if the “RDRAND exiting” VM-execution control is 1. 
¢ RDSEED. The RDSEED instruction causes a VM exit if the “RDSEED exiting” VM-execution control is 1. 
° RDTSC. The RDTSC instruction causes a VM exit if the “RDTSC exiting” VM-execution control is 1. 


° RDTSCP. The RDTSCP instruction causes a VM exit if the “RDTSC exiting” and “enable RDTSCP” VM-execution 
controls are both 1. 


* RSM. The RSM instruction causes a VM exit if executed in system-management mode (SMM).! 


¢ TPAUSE. The TPAUSE instruction causes a VM exit if the “RDTSC exiting” and “enable user wait and pause” 
VM-execution controls are both 1. 


¢ UMWATT. The UMWAIT instruction causes a VM exit if the “RDTSC exiting” and “enable user wait and pause” 
VM-execution controls are both 1. 


© VMREAD. The VMREAD instruction causes a VM exit if any of the following are true: 
— The“VMCS shadowing” VM-execution control is 0. 
— Bits 63:15 (bits 31:15 outside 64-bit mode) of the register source operand are not all 0. 


— Bit n in VMREAD bitmap is 1, where n is the value of bits 14:0 of the register source operand. See Section 
24.6.15 for details regarding how the VMREAD bitmap is identified. 


1. Execution of the RSM instruction outside SMM causes an invalid-opcode exception regardless of whether the processor is in VMX 
operation. It also does so in VMX root operation in SMM; see Section 31.15.3. 
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If the VMREAD instruction does not cause a VM exit, it reads from the VMCS referenced by the VMCS link 
pointer. See Chapter 30, “VMREAD—Read Field from Virtual-Machine Control Structure” for details of the 
operation of the VMREAD instruction. 


VMWRITE. The VMWRITE instruction causes a VM exit if any of the following are true: 
— The“VMCS shadowing” VM-execution control is 0. 
— Bits 63:15 (bits 31:15 outside 64-bit mode) of the register source operand are not all 0. 


— Bit nin VMWRITE bitmap is 1, where rn is the value of bits 14:0 of the register source operand. See Section 
24.6.15 for details regarding how the VMWRITE bitmap is identified. 


If the VMWRITE instruction does not cause a VM exit, it writes to the VMCS referenced by the VMCS link 
pointer. See Chapter 30, “VMWRITE—Write Field to Virtual-Machine Control Structure” for details of the 
operation of the VMWRITE instruction. 


WBINVD. The WBINVD instruction causes a VM exit if the “WBINVD exiting” VM-execution control is 1. 
WBNOINVD. The WBNOINVD instruction causes a VM exit if the “WBINVD exiting” VM-execution control is 1. 
WRMSR. The WRMSR instruction causes a VM exit if any of the following are true: 

— The “use MSR bitmaps” VM-execution control is 0. 

— The value of ECX is not in the ranges OOOO0000H - OOOO1FFFH and COOOOQO0OH - COOO1FFFH. 


— The value of ECX is in the range OOOO0000H - OOOO1FFFH and bit rn in write bitmap for low MSRs is 1, 
where n is the value of ECX. 


— The value of ECX is in the range COOO0000H - COOOLFFFH and bit rn in write bitmap for high MSRs is 1, 
where n is the value of ECX & OOOO1FFFH. 


See Section 24.6.9 for details regarding how these bitmaps are identified. 


XRSTORS. The XRSTORS instruction causes a VM exit if the “enable XSAVES/XRSTORS” VM-execution control 
is Land any bit is set in the logical-AND of the following three values: EDX:EAX, the IA32_XSS MSR, and the 
XSS-exiting bitmap (see Section 24.6.20). 


XSAVES. The XSAVES instruction causes a VM exit if the “enable XSAVES/XRSTORS” VM-execution control is 
1 and any bit is set in the logical-AND of the following three values: EDX:EAX, the IA32_XSS MSR, and the XSS- 
exiting bitmap (see Section 24.6.20). 


25.2 OTHER CAUSES OF VM EXITS 


In addition to VM exits caused by instruction execution, the following events can cause VM exits: 


Exceptions. Exceptions (faults, traps, and aborts) cause VM exits based on the exception bitmap (see Section 
24.6.3). If an exception occurs, its vector (in the range 0-31) is used to select a bit in the exception bitmap. If 
the bit is 1, a VM exit occurs; if the bit is 0, the exception is delivered normally through the guest IDT. This use 
of the exception bitmap applies also to exceptions generated by the instructions INT1, INT3, INTO, BOUND, 
UDO, UD1, and UD2.? 


Page faults (exceptions with vector 14) are specially treated. When a page fault occurs, a processor consults 
(1) bit 14 of the exception bitmap; (2) the error code produced with the page fault [PFEC]; (3) the page-fault 
error-code mask field [PFEC_MASK]; and (4) the page-fault error-code match field [PFEC_MATCH]. It checks if 
PFEC & PFEC_MASK = PFEC_MATCH. If there is equality, the specification of bit 14 in the exception bitmap is 
followed (for example, a VM exit occurs if that bit is set). If there is inequality, the meaning of that bit is 
reversed (for example, a VM exit occurs if that bit is clear). 


Thus, if software desires VM exits on all page faults, it can set bit 14 in the exception bitmap to 1 and set the 
page-fault error-code mask and match fields each to QOOOOOOOH. If software desires VM exits on no page 
faults, it can set bit 14 in the exception bitmap to 1, the page-fault error-code mask field to QOOOO000H, and 
the page-fault error-code match field to FFFFFFFFH. 


1. 


INT1 and INT3 refer to the instructions with opcodes F1 and CC, respectively, and not to INT n with value 1 or 3 for n. 
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Triple fault. A VM exit occurs if the logical processor encounters an exception while attempting to call the 
double-fault handler and that exception itself does not cause a VM exit due to the exception bitmap. This 
applies to the case in which the double-fault exception was generated within VMX non-root operation, the case 
in which the double-fault exception was generated during event injection by VM entry, and to the case in which 
VM entry is injecting a double-fault exception. 


External interrupts. An external interrupt causes a VM exit if the “external-interrupt exiting” VM-execution 
control is 1. (See Section 25.6 for an exception.) Otherwise, the interrupt is delivered normally through the 
IDT. (If a logical processor is in the shutdown state or the wait-for-SIPI state, external interrupts are blocked. 
The interrupt is not delivered through the IDT and no VM exit occurs.) 


Non-maskable interrupts (NMIs). An NMI causes a VM exit if the “NMI exiting” VM-execution control is 1. 
Otherwise, it is delivered using descriptor 2 of the IDT. (If a logical processor is in the wait-for-SIPI state, NMIs 
are blocked. The NMI is not delivered through the IDT and no VM exit occurs.) 


INIT signals. INIT signals cause VM exits. A logical processor performs none of the operations normally 
associated with these events. Such exits do not modify register state or clear pending events as they would 
outside of VMX operation. (If a logical processor is in the wait-for-SIPI state, INIT signals are blocked. They do 
not cause VM exits in this case.) 


Start-up IPIs (SIPIs). SIPIs cause VM exits. If a logical processor is not in the wait-for-SIPI activity state 
when a SIPI arrives, no VM exit occurs and the SIPI is discarded. VM exits due to SIPIs do not perform any of 
the normal operations associated with those events: they do not modify register state as they would outside of 
VMX operation. (If a logical processor is not in the wait-for-SIPI state, SIPIs are blocked. They do not cause 
VM exits in this case.) 


Task switches. Task switches are not allowed in VMX non-root operation. Any attempt to effect a task switch 
in VMX non-root operation causes a VM exit. See Section 25.4.2. 


System-management interrupts (SMIs). If the logical processor is using the dual-monitor treatment of 
SMIs and system-management mode (SMM), SMIs cause SMM VM exits. See Section 31.15.2.! 


VMX-preemption timer. A VM exit occurs when the timer counts down to zero. See Section 25.5.1 for details 
of operation of the VMX-preemption timer. 


Debug-trap exceptions and higher priority events take priority over VM exits caused by the VMX-preemption 
timer. VM exits caused by the VMX-preemption timer take priority over VM exits caused by the “NMI-window 
exiting” VM-execution control and lower priority events. 


These VM exits wake a logical processor from the same inactive states as would a non-maskable interrupt. 
Specifically, they wake a logical processor from the shutdown state and from the states entered using the HLT 
and MWAIT instructions. These VM exits do not occur if the logical processor is in the wait-for-SIPI state. 


In addition, there are controls that cause VM exits based on the readiness of guest software to receive interrupts: 


If the “interrupt-window exiting” VM-execution control is 1, a VM exit occurs before execution of any instruction 
if RFLAGS.IF = 1 and there is no blocking of events by STI or by MOV SS (see Table 24-3). Such a VM exit 
occurs immediately after VM entry if the above conditions are true (see Section 26.7.5). 


Non-maskable interrupts (NMIs) and higher priority events take priority over VM exits caused by this control. 
VM exits caused by this control take priority over external interrupts and lower priority events. 


These VM exits wake a logical processor from the same inactive states as would an external interrupt. Specifi- 
cally, they wake a logical processor from the states entered using the HLT and MWAIT instructions. These 
VM exits do not occur if the logical processor is in the shutdown state or the wait-for-SIPI state. 


If the “NMI-window exiting” VM-execution control is 1, a VM exit occurs before execution of any instruction if 
there is no virtual-NMI blocking and there is no blocking of events by MOV SS and no blocking of events by STI 
(see Table 24-3). Such a VM exit occurs immediately after VM entry if the above conditions are true (see 
Section 26.7.6). 


VM exits caused by the VMX-preemption timer and higher priority events take priority over VM exits caused by 
this control. VM exits caused by this control take priority over non-maskable interrupts (NMIs) and lower 
priority events. 


1. 


Under the dual-monitor treatment of SMIs and SMM, SMIs also cause SMM VM exits if they occur in VMX root operation outside SMM. 
If the processor is using the default treatment of SMIs and SMM, SMls are delivered as described in Section 31.14.1. 
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These VM exits wake a logical processor from the same inactive states as would an NMI. Specifically, they wake 


a logical processor from the shutdown state and from the states entered using the HLT and MWAIT instructions. 


These VM exits do not occur if the logical processor is in the wait-for-SIPI state. 


25.3. CHANGES TO INSTRUCTION BEHAVIOR IN VMX NON-ROOT OPERATION 


The behavior of some instructions is changed in VMX non-root operation. Some of these changes are determined 
by the settings of certain VM-execution control fields. The following items detail such changes: 


CLTS. Behavior of the CLTS instruction is determined by the bits in position 3 (corresponding to CRO.TS) in the 
CRO guest/host mask and the CRO read shadow: 


— If bit 3 in the CRO guest/host mask is 0, CLTS clears CRO.TS normally (the value of bit 3 in the CRO read 
shadow is irrelevant in this case), unless CRO.TS is fixed to 1 in VMX operation (see Section 23.8), in which 
case CLTS causes a general-protection exception. 


— If bit 3 in the CRO guest/host mask is 1 and bit 3 in the CRO read shadow is 0, CLTS completes but does not 
change the contents of CRO.TS. 


— Ifthe bits in position 3 in the CRO guest/host mask and the CRO read shadow are both 1, CLTS causes a 
VM exit. 


INVPCID. Behavior of the INVPCID instruction is determined first by the setting of the “enable INVPCID” 
VM-execution control: 


— Ifthe “enable INVPCID” VM-execution control is 0, INVPCID causes an invalid-opcode exception (#UD). 
This exception takes priority over any other exception the instruction may incur. 


— Ifthe “enable INVPCID” VM-execution control is 1, treatment is based on the setting of the “INVLPG 
exiting” VM-execution control: 


¢ Ifthe “INVLPG exiting” VM-execution control is 0, INVPCID operates normally. 
¢ If the “INVLPG exiting” VM-execution control is 1, INVPCID causes a VM exit. 


IRET. Behavior of IRET with regard to NMI blocking (see Table 24-3) is determined by the settings of the “NMI 
exiting” and “virtual NMIs” VM-execution controls: 


— Ifthe “NMI exiting” VM-execution control is 0, IRET operates normally and unblocks NMIs. (If the “NMI 
exiting” VM-execution control is 0, the “virtual NMIs” control must be 0; see Section 26.2.1.1.) 


— Ifthe “NMI exiting” VM-execution control is 1, IRET does not affect blocking of NMIs. If, in addition, the 
“virtual NMIs” VM-execution control is 1, the logical processor tracks virtual-NMI blocking. In this case, 
IRET removes any virtual-NMI blocking. 


The unblocking of NMIs or virtual NMIs specified above occurs even if IRET causes a fault. 


LMSW. Outside of VMX non-root operation, LMSW loads its source operand into CRO[3:0], but it does not clear 
CRO.PE if that bit is set. In VMX non-root operation, an execution of LMSW that does not cause a VM exit (see 
Section 25.1.3) leaves unmodified any bit in CRO[3:0] corresponding to a bit set in the CRO guest/host mask. 
An attempt to set any other bit in CRO[3:0] to a value not supported in VMX operation (see Section 23.8) 
causes a general-protection exception. Attempts to clear CRO.PE are ignored without fault. 


MOV from CRO. The behavior of MOV from CRO is determined by the CRO guest/host mask and the CRO read 
shadow. For each position corresponding to a bit clear in the CRO guest/host mask, the destination operand is 
loaded with the value of the corresponding bit in CRO. For each position corresponding to a bit set in the CRO 
guest/host mask, the destination operand is loaded with the value of the corresponding bit in the CRO read 
shadow. Thus, if every bit is cleared in the CRO guest/host mask, MOV from CRO reads normally from CRO; if 
every bit is set in the CRO guest/host mask, MOV from CRO returns the value of the CRO read shadow. 


Items in this section may refer to secondary processor-based VM-execution controls and tertiary processor-based VM-execution 
controls. If bit 31 of the primary processor-based VM-execution controls is 0, VMX non-root operation functions as if the secondary 
processor-based VM-execution controls were all 0; similarly, if bit 17 of the primary processor-based VM-execution controls is 0, 
VMX non-root operation functions as if the tertiary processor-based VM-execution controls were all 0. See Section 24.6.2. 
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Depending on the contents of the CRO guest/host mask and the CRO read shadow, bits may be set in the 
destination that would never be set when reading directly from CRO. 


¢ MOV from CR3. If the “enable EPT” VM-execution control is 1 and an execution of MOV from CR3 does not 
cause a VM exit (See Section 25.1.3), the value loaded from CR3 is a guest-physical address; see Section 
28.3.1. 


¢ MOV from CR4. The behavior of MOV from CR4 is determined by the CR4 guest/host mask and the CR4 read 
shadow. For each position corresponding to a bit clear in the CR4 guest/host mask, the destination operand is 
loaded with the value of the corresponding bit in CR4. For each position corresponding to a bit set in the CR4 
guest/host mask, the destination operand is loaded with the value of the corresponding bit in the CR4 read 
shadow. Thus, if every bit is cleared in the CR4 guest/host mask, MOV from CR4 reads normally from CR4; if 
every bit is set in the CR4 guest/host mask, MOV from CR4 returns the value of the CR4 read shadow. 


Depending on the contents of the CR4 guest/host mask and the CR4 read shadow, bits may be set in the 
destination that would never be set when reading directly from CR4. 


¢ MOV from CR8. If the MOV from CR8 instruction does not cause a VM exit (See Section 25.1.3), its behavior is 
modified if the “use TPR shadow” VM-execution control is 1; see Section 29.3. 


¢ MOV to CRO. An execution of MOV to CRO that does not cause a VM exit (see Section 25.1.3) leaves 
unmodified any bit in CRO corresponding to a bit set in the CRO guest/host mask. Treatment of attempts to 
modify other bits in CRO depends on the setting of the “unrestricted guest” VM-execution control: 


— Ifthe control is 0, MOV to CRO causes a general-protection exception if it attempts to set any bit in CRO to 
a value not supported in VMX operation (see Section 23.8). 


— Ifthe control is 1, MOV to CRO causes a general-protection exception if it attempts to set any bit in CRO 
other than bit 0 (PE) or bit 31 (PG) to a value not supported in VMX operation. It remains the case, 
however, that MOV to CRO causes a general-protection exception if it would result in CRO.PE = 0 and 
CRO.PG = 1 or if it would result in CRO.PG = 1, CR4.PAE = 0, and IA32_EFER.LME = 1. 


° MOV to CR3. If the “enable EPT” VM-execution control is 1 and an execution of MOV to CR3 does not cause a 
VM exit (see Section 25.1.3), the value loaded into CR3 is treated as a guest-physical address; see Section 
28.3.1. 


— If PAE paging is not being used, the instruction does not use the guest-physical address to access memory 
and it does not cause it to be translated through EPT.! 


— If PAE paging is being used, the instruction translates the guest-physical address through EPT and uses the 
result to load the four (4) page-directory-pointer-table entries (PDPTEs). The instruction does not use the 
guest-physical addresses the PDPTEs to access memory and it does not cause them to be translated 
through EPT. 


¢ MOV to CR4. An execution of MOV to CR4 that does not cause a VM exit (see Section 25.1.3) leaves 
unmodified any bit in CR4 corresponding to a bit set in the CR4 guest/host mask. Such an execution causes a 
general-protection exception if it attempts to set any bit in CR4 (not corresponding to a bit set in the CR4 
guest/host mask) to a value not supported in VMX operation (see Section 23.8). 

° MOV to CR8. If the MOV to CR8 instruction does not cause a VM exit (see Section 25.1.3), its behavior is 
modified if the “use TPR shadow” VM-execution control is 1; see Section 29.3. 


° MWAIT. Behavior of the MWAIT instruction (which always causes an invalid-opcode exception—#UD—if 
CPL > QO) is determined by the setting of the “MWAIT exiting” VM-execution control: 


— Ifthe “MWAIT exiting” VM-execution control is 1, MWAIT causes a VM exit. 


— Ifthe “MWAIT exiting” VM-execution control is 0, MWAIT operates normally if one of the following are true: 
(1) ECX[0] is 0; (2) RFLAGS.IF = 1; or both of the following are true: (a) the “interrupt-window exiting” VM- 
execution control is 0; and (b) the logical processor has not recognized a pending virtual interrupt (see 
Section 29.2.1). 


— If the “MWAIT exiting” VM-execution control is 0, ECX[0] = 1, and RFLAGS.IF = 0, MWAIT does not cause 
the processor to enter an implementation-dependent optimized state if either the “interrupt-window 


1. A logical processor uses PAE paging if CRO.PG = 1, CR4.PAE = 1 and IA32_EFER.LMA = O. See Section 4.4 in the Intel® 64 and IA-32 
Architectures Software Developer's Manual, Volume 3A. 
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exiting” VM-execution control is 1 or the logical processor has recognized a pending virtual interrupt; 
instead, control passes to the instruction following the MWAIT instruction. 


RDMSR. Section 25.1.3 identifies when executions of the RDMSR instruction cause VM exits. If such an 
execution causes neither a fault due to CPL > 0 nor a VM exit, the instruction’s behavior may be modified for 
certain values of ECX: 


— If ECX contains 10H (indicating the IA32_TIME_STAMP_COUNTER MSR), the value returned by the 
instruction is determined by the setting of the “use TSC offsetting” VM-execution control: 


¢ If the control is 0, RDMSR operates normally, loading EAX:EDX with the value of the 
IA32_TIME_STAMP_COUNTER MSR. 


¢ Ifthe control is 1, the value returned is determined by the setting of the “use TSC scaling” 
VM-execution control: 


— If the control is 0, RDMSR loads EAX:EDX with the sum of the value of the 
IA32_TIME_STAMP_COUNTER MSR and the value of the TSC offset. 


— If the control is 1, RDMSR first computes the product of the value of the 
IA32_TIME_STAMP_COUNTER MSR and the value of the TSC multiplier. It then shifts the value of 
the product right 48 bits and loads EAX:EDX with the sum of that shifted value and the value of the 
TSC offset. 


The 1-setting of the “use TSC-offsetting” VM-execution control does not affect executions of RDMSR if ECX 
contains 6EOH (indicating the IA32_TSC_DEADLINE MSR). Such executions return the APIC-timer deadline 
relative to the actual timestamp counter without regard to the TSC offset. 


— If ECXis in the range 800H-8FFH (indicating an APIC MSR), instruction behavior may be modified if the 
“virtualize x2APIC mode” VM-execution control is 1; see Section 29.5. 


RDPID. Behavior of the RDPID instruction is determined first by the setting of the “enable RDTSCP” 
VM-execution control: 


— Ifthe “enable RDTSCP” VM-execution control is 0, RDPID causes an invalid-opcode exception (#UD). 
— Ifthe “enable RDTSCP” VM-execution control is 1, RDPID operates normally. 


RDTSC. Behavior of the RDTSC instruction is determined by the settings of the “RDTSC exiting” and “use TSC 
offsetting” VM-execution controls: 


— If both controls are 0, RDTSC operates normally. 


— Ifthe“RDTSC exiting” VM-execution control is 0 and the “use TSC offsetting” VM-execution control is 1, the 
value returned is determined by the setting of the “use TSC scaling” VM-execution control: 


¢ Ifthe control is 0, RDTSC loads EAX:EDX with the sum of the value of the IA32_TIME_STAMP_COUNTER 
MSR and the value of the TSC offset. 


¢ If the control is 1, RDTSC first computes the product of the value of the IA32_TIME_STAMP_COUNTER 
MSR and the value of the TSC multiplier. It then shifts the value of the product right 48 bits and loads 
EAX:EDX with the sum of that shifted value and the value of the TSC offset. 


— Ifthe “RDTSC exiting” VM-execution control is 1, RDTSC causes a VM exit. 


RDTSCP. Behavior of the RDTSCP instruction is determined first by the setting of the “enable RDTSCP” 
VM-execution control: 


— Ifthe“enable RDTSCP” VM-execution control is 0, RDTSCP causes an invalid-opcode exception (#UD). This 
exception takes priority over any other exception the instruction may incur. 


— Ifthe “enable RDTSCP” VM-execution control is 1, treatment is based on the settings of the “RDTSC exiting” 
and “use TSC offsetting” VM-execution controls: 


¢ If both controls are 0, RDTSCP operates normally. 


¢ Ifthe“RDTSC exiting” VM-execution control is 0 and the “use TSC offsetting” VM-execution control is 1, 
the value returned is determined by the setting of the “use TSC scaling” VM-execution control: 


— If the control is 0, RDTSCP loads EAX:EDX with the sum of the value of the 
IA32_TIME_STAMP_COUNTER MSR and the value of the TSC offset. 
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— If the control is 1, RDTSCP first computes the product of the value of the 
IA32_TIME_STAMP_COUNTER MSR and the value of the TSC multiplier. It then shifts the value of 
the product right 48 bits and loads EAX:EDX with the sum of that shifted value and the value of the 
TSC offset. 


In either case, RDTSCP also loads ECX with the value of bits 31:0 of the IA32_TSC_AUX MSR. 
¢ If the “RDTSC exiting” VM-execution control is 1, RDTSCP causes a VM exit. 


¢ SMSW. The behavior of SMSW is determined by the CRO guest/host mask and the CRO read shadow. For each 
position corresponding to a bit clear in the CRO guest/host mask, the destination operand is loaded with the 
value of the corresponding bit in CRO. For each position corresponding to a bit set in the CRO guest/host mask, 
the destination operand is loaded with the value of the corresponding bit in the CRO read shadow. Thus, if every 
bit is cleared in the CRO guest/host mask, SMSW reads normally from CRO; if every bit is set in the CRO 
guest/host mask, SMSW returns the value of the CRO read shadow. 


Note the following: (1) for any memory destination or for a 16-bit register destination, only the low 16 bits of 
the CRO guest/host mask and the CRO read shadow are used (bits 63:16 of a register destination are left 
unchanged); (2) for a 32-bit register destination, only the low 32 bits of the CRO guest/host mask and the CRO 
read shadow are used (bits 63:32 of the destination are cleared); and (3) depending on the contents of the 
CRO guest/host mask and the CRO read shadow, bits may be set in the destination that would never be set 
when reading directly from CRO. 


* TPAUSE. Behavior of the TPAUSE instruction is determined first by the setting of the “enable user wait and 
pause” VM-execution control: 


— If the “enable user wait and pause” VM-execution control is 0, TPAUSE causes an invalid-opcode exception 
(#UD). This exception takes priority over any exception the instruction may incur. 


— Ifthe “enable user wait and pause” VM-execution control is 1, treatment is based on the setting of the 
“RDTSC exiting” VM-execution control: 


¢ Ifthe “RDTSC exiting” VM-execution control is 0, the instruction delays for an amount of time called 
here the physical delay. The physical delay is first computed by determining the virtual delay (the 
time to delay relative to the guest’s timestamp counter). 


If IA32_UMWAIT_CONTROL[31:2] is zero, the virtual delay is the value in EDX:EAX minus the value 
that RDTSC would return (see above); if IA32_UMWAIT_CONTROL[31:2] is not zero, the virtual delay 
is the minimum of that difference and AND(IA32_UMWAIT_CONTROL,FFFFFFFCH). 


The physical delay depends upon the settings of the “use TSC offsetting” and “use TSC scaling” 
VM-execution controls: 


— If either control is 0, the physical delay is the virtual delay. 


— If both controls are 1, the virtual delay is multiplied by 248 (using a shift) to produce a 128-bit 
integer. That product is then divided by the TSC multiplier to produce a 64-bit integer. The physical 
delay is that quotient. 


¢ If the “RDTSC exiting” VM-execution control is 1, TPAUSE causes a VM exit. 


¢ UMONITOR. Behavior of the UMONITOR instruction is determined by the setting of the “enable user wait and 
pause” VM-execution control: 


— Ifthe “enable user wait and pause” VM-execution control is 0, UMONITOR causes an invalid-opcode 
exception (#UD). This exception takes priority over any exception the instruction may incur. 


— Ifthe “enable user wait and pause” VM-execution control is 1, UMONITOR operates normally. 


° UMWATT. Behavior of the UMWAIT instruction is determined first by the setting of the “enable user wait and 
pause” VM-execution control: 


— Ifthe “enable user wait and pause” VM-execution control is 0, UMWAIT causes an invalid-opcode exception 
(#UD). This exception takes priority over any exception the instruction may incur. 


— Ifthe “enable user wait and pause” VM-execution control is 1, treatment is based on the setting of the 
“RDTSC exiting” VM-execution control: 
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¢ Ifthe “RDTSC exiting” VM-execution control is 0, and if the instruction causes a delay, the amount of 
time delayed is called here the physical delay. The physical delay is first computed by determining the 
virtual delay (the time to delay relative to the guest’s timestamp counter). 


If IA32_UMWAIT_CONTROL[31:2] is zero, the virtual delay is the value in EDX:EAX minus the value 
that RDTSC would return (see above); if IA32_UMWAIT_CONTROL[31:2] is not zero, the virtual delay 
is the minimum of that difference and AND(IA32_UMWAIT_CONTROL,FFFFFFFCH). 


The physical delay depends upon the settings of the “use TSC offsetting” and “use TSC scaling” 
VM-execution controls: 


— If either control is 0, the physical delay is the virtual delay. 


— If both controls are 1, the virtual delay is multiplied by 248 (using a shift) to produce a 128-bit 
integer. That product is then divided by the TSC multiplier to produce a 64-bit integer. The physical 
delay is that quotient. 


¢ Ifthe “RDTSC exiting” VM-execution control is 1, UMWAIT causes a VM exit. 


WRMSR. Section 25.1.3 identifies when executions of the WRMSR instruction cause VM exits. If such an 
execution neither a fault due to CPL > 0 nor a VM exit, the instruction’s behavior may be modified for certain 
values of ECX: 


— If ECX contains 79H (indicating IA32_BIOS_UPDT_TRIG MSR), no microcode update is loaded, and control 
passes to the next instruction. This implies that microcode updates cannot be loaded in VMX non-root 
operation. 


— On processors that support Intel PT but which do not allow it to be used in VMX operation, if ECX contains 
570H (indicating the IA32_RTIT_CTL MSR), the instruction causes a general-protection exception.! 


— If ECX contains 808H (indicating the TPR MSR), 80BH (the EOI MSR), or 83FH (self-IPI MSR), instruction 
behavior may modified if the “virtualize x2APIC mode” VM-execution control is 1; see Section 29.5. 


XRSTORS. Behavior of the XRSTORS instruction is determined first by the setting of the “enable 
XSAVES/XRSTORS” VM-execution control: 


— Ifthe “enable XSAVES/XRSTORS” VM-execution control is 0, XRSTORS causes an invalid-opcode exception 
(#UD). 


— If the “enable XSAVES/XRSTORS” VM-execution control is 1, treatment is based on the value of the XSS- 
exiting bitmap (see Section 24.6.20): 


* XRSTORS causes a VM exit if any bit is set in the logical-AND of the following three values: EDX:EAX, 
the IA32_XSS MSR, and the XSS-exiting bitmap. 


* Otherwise, XRSTORS operates normally. 


XSAVES. Behavior of the XSAVES instruction is determined first by the setting of the “enable 
XSAVES/XRSTORS” VM-execution control: 


— Ifthe “enable XSAVES/XRSTORS” VM-execution control is 0, XSAVES causes an invalid-opcode exception 
(#UD). 


— If the “enable XSAVES/XRSTORS” VM-execution control is 1, treatment is based on the value of the XSS- 
exiting bitmap (see Section 24.6.20): 


¢ XSAVES causes a VM exit if any bit is set in the logical-AND of the following three values: EDX:EAX, the 
IA32_XSS MSR, and the XSS-exiting bitmap. 


¢ Otherwise, XSAVES operates normally. 


25.4 OTHER CHANGES IN VMX NON-ROOT OPERATION 


Treatments of event blocking and of task switches differ in VMX non-root operation as described in the following 
sections. 


. Software should read the VMX capability MSR 1[A32_VMX_MISC to determine whether the processor allows Intel PT to be used in 
VMX operation (see Appendix A.6). 
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25.4.1 Event Blocking 


Event blocking is modified in VMX non-root operation as follows: 


¢ If the “external-interrupt exiting” VM-execution control is 1, RFLAGS.IF does not control the blocking of 
external interrupts. In this case, an external interrupt that is not blocked for other reasons causes a VM exit 
(even if RFLAGS.IF = 0). 


e If the “external-interrupt exiting” VM-execution control is 1, external interrupts may or may not be blocked by 
STI or by MOV SS (behavior is implementation-specific). 


e If the “NMI exiting” VM-execution control is 1, non-maskable interrupts (NMIs) may or may not be blocked by 
STI or by MOV SS (behavior is implementation-specific). 


25.4.2 Treatment of Task Switches 


Task switches are not allowed in VMX non-root operation. Any attempt to effect a task switch in VMX non-root oper- 
ation causes a VM exit. However, the following checks are performed (in the order indicated), possibly resulting in 
a fault, before there is any possibility of a VM exit due to task switch: 


1. Ifa task gate is being used, appropriate checks are made on its P bit and on the proper values of the relevant 
privilege fields. The following cases detail the privilege checks performed: 


a. If CALL, INT n, INT1, INT3, INTO, or JMP accesses a task gate in IA-32e mode, a general-protection 
exception occurs. 


b. If CALL, INT n, INT3, INTO, or JMP accesses a task gate outside IA-32e mode, privilege-levels checks are 
performed on the task gate but, if they pass, privilege levels are not checked on the referenced task-state 
segment (TSS) descriptor. 


If CALL or JMP accesses a TSS descriptor directly in IA-32e mode, a general-protection exception occurs. 


If CALL or JMP accesses a TSS descriptor directly outside IA-32e mode, privilege levels are checked on the 
TSS descriptor. 


e. If anon-maskable interrupt (NMI), an exception, or an external interrupt accesses a task gate in the IDT in 
IA-32e mode, a general-protection exception occurs. 


f. If anon-maskable interrupt (NMI), an exception other than breakpoint exceptions (#BP) and overflow 
exceptions (#OF), or an external interrupt accesses a task gate in the IDT outside IA-32e mode, no 
privilege checks are performed. 


g. If IRET is executed with RFLAGS.NT = 1 in IA-32e mode, a general-protection exception occurs. 


h. If IRET is executed with RFLAGS.NT = 1 outside IA-32e mode, a TSS descriptor is accessed directly and no 
privilege checks are made. 


2. Checks are made on the new TSS selector (for example, that is within GDT limits). 
3. The new TSS descriptor is read. (A page fault results if a relevant GDT page is not present). 
4. The TSS descriptor is checked for proper values of type (depends on type of task switch), P bit, S bit, and limit. 


Only if checks 1-4 all pass (do not generate faults) might a VM exit occur. However, the ordering between a VM exit 
due to a task switch and a page fault resulting from accessing the old TSS or the new TSS is implementation- 
specific. Some processors may generate a page fault (instead of a VM exit due to a task switch) if accessing either 
TSS would cause a page fault. Other processors may generate a VM exit due to a task switch even if accessing 
either TSS would cause a page fault. 


If an attempt at a task switch through a task gate in the IDT causes an exception (before generating a VM exit due 
to the task switch) and that exception causes a VM exit, information about the event whose delivery that accessed 
the task gate is recorded in the IDT-vectoring information fields and information about the exception that caused 
the VM exit is recorded in the VM-exit interruption-information fields. See Section 27.2. The fact that a task gate 
was being accessed is not recorded in the VMCS. 


If an attempt at a task switch through a task gate in the IDT causes VM exit due to the task switch, information 
about the event whose delivery accessed the task gate is recorded in the IDT-vectoring fields of the VMCS. Since 
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the cause of such a VM exit is a task switch and not an interruption, the valid bit for the VM-exit interruption infor- 
mation field is 0. See Section 27.2. 


25.5 FEATURES SPECIFIC TO VMX NON-ROOT OPERATION 


Some VM-execution controls support features that are specific to VMX non-root operation. These are the VMX- 
preemption timer (Section 25.5.1) and the monitor trap flag (Section 25.5.2), translation of guest-physical 
addresses (Section 25.5.3 and Section 25.5.4), APIC virtualization (Section 25.5.5), VM functions (Section 
25.5.6), and virtualization exceptions (Section 25.5.7). 


25.5.1 VMX-Preemption Timer 


If the last VM entry was performed with the 1-setting of “activate VMX-preemption timer” VM-execution control, 
the VMX-preemption timer counts down (from the value loaded by VM entry; see Section 26.7.4) in VMX non- 
root operation. When the timer counts down to zero, it stops counting down and a VM exit occurs (see Section 
25.2). 


The VMX-preemption timer counts down at rate proportional to that of the timestamp counter (TSC). Specifically, 
the timer counts down by 1 every time bit X in the TSC changes due to a TSC increment. The value of X is in the 
range 0-31 and can be determined by consulting the VMX capability MSR IA32_VMX_MISC (see Appendix A.6). 


The VMX-preemption timer operates in the C-states CO, C1, and C2; it also operates in the shutdown and wait-for- 
SIPI states. If the timer counts down to zero in any state other than the wait-for SIPI state, the logical processor 

transitions to the CO C-state and causes a VM exit; the timer does not cause a VM exit if it counts down to zero in 

the wait-for-SIPI state. The timer is not decremented in C-states deeper than C2. 


Treatment of the timer in the case of system management interrupts (SMIs) and system-management mode 
(SMM) depends on whether the treatment of SMIs and SMM: 


e =6If the default treatment of SMIs and SMM (see Section 31.14) is active, the VMX-preemption timer counts 
across an SMI to VMX non-root operation, subsequent execution in SMM, and the return from SMM via the RSM 
instruction. However, the timer can cause a VM exit only from VMX non-root operation. If the timer expires 
during SMI, in SMM, or during RSM, a timer-induced VM exit occurs immediately after RSM with its normal 
priority unless it is blocked based on activity state (Section 25.2). 


¢ If the dual-monitor treatment of SMIs and SMM (see Section 31.15) is active, transitions into and out of SMM 
are VM exits and VM entries, respectively. The treatment of the VMX-preemption timer by those transitions is 
mostly the same as for ordinary VM exits and VM entries; Section 31.15.2 and Section 31.15.4 detail some 
differences. 


25.5.2 Monitor Trap Flag 


The monitor trap flag is a debugging feature that causes VM exits to occur on certain instruction boundaries in 
VMX non-root operation. Such VM exits are called MTF VM exits. An MTF VM exit may occur on an instruction 
boundary in VMX non-root operation as follows: 


¢ If the “monitor trap flag” VM-execution control is 1 and VM entry is injecting a vectored event (see Section 
26.6.1), an MTF VM exit is pending on the instruction boundary before the first instruction following the 
VM entry. 


°¢ If VM entry is injecting a pending MTF VM exit (see Section 26.6.2), an MTF VM exit is pending on the 
instruction boundary before the first instruction following the VM entry. This is the case even if the “monitor 
trap flag” VM-execution control is 0. 


¢ If the “monitor trap flag” VM-execution control is 1, VM entry is not injecting an event, and a pending event 
(e.g., debug exception or interrupt) is delivered before an instruction can execute, an MTF VM exit is pending 
on the instruction boundary following delivery of the event (or any nested exception). 


° Suppose that the “monitor trap flag” VM-execution control is 1, VM entry is not injecting an event, and the first 
instruction following VM entry is a REP-prefixed string instruction: 


Vol. 3C 25-13 


VMX NON-ROOT OPERATION 


— Ifthe first iteration of the instruction causes a fault, an MTF VM exit is pending on the instruction boundary 
following delivery of the fault (or any nested exception). 


— Ifthe first iteration of the instruction does not cause a fault, an MTF VM exit is pending on the instruction 
boundary after that iteration. 


* Suppose that the “monitor trap flag” VM-execution control is 1, VM entry is not injecting an event, and the first 
instruction following VM entry is the XBEGIN instruction. In this case, an MTF VM exit is pending at the fallback 
instruction address of the XBEGIN instruction. This behavior applies regardless of whether advanced debugging 
of RTM transactional regions has been enabled (see Section 16.3.7, “RTM-Enabled Debugger Support,” of 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1). 


°® Suppose that the “monitor trap flag” VM-execution control is 1, VM entry is not injecting an event, and the first 
instruction following VM entry is neither a REP-prefixed string instruction or the XBEGIN instruction: 


— Ifthe instruction causes a fault, an MTF VM exit is pending on the instruction boundary following delivery of 
the fault (or any nested exception).! 


— Ifthe instruction does not cause a fault, an MTF VM exit is pending on the instruction boundary following 
execution of that instruction. If the instruction is INT1, INT3, or INTO, this boundary follows delivery of any 
software exception. If the instruction is INT n, this boundary follows delivery of a software interrupt. If the 
instruction is HLT, the MTF VM exit will be from the HLT activity state. 


No MTF VM exit occurs if another VM exit occurs before reaching the instruction boundary on which an MTF VM exit 
would be pending (e.g., due to an exception or triple fault). 


An MTF VM exit occurs on the instruction boundary on which it is pending unless a higher priority event takes 
precedence or the MTF VM exit is blocked due to the activity state: 


° System-management interrupts (SMIs), INIT signals, and higher priority events take priority over MTF 
VM exits. MTF VM exits take priority over debug-trap exceptions and lower priority events. 


¢ No MTF VM exit occurs if the processor is in either the shutdown activity state or wait-for-SIPI activity state. If 
a non-maskable interrupt subsequently takes the logical processor out of the shutdown activity state without 
causing a VM exit, an MTF VM exit is pending after delivery of that interrupt. 


Special treatment may apply to Intel SGX instructions or if the logical processor is in enclave mode. See Section 
39.2 for details. 


25.5.3. Translation of Guest-Physical Addresses Using EPT 


The extended page-table mechanism (EPT) is a feature that can be used to support the virtualization of physical 
memory. When EPT is in use, certain physical addresses are treated as guest-physical addresses and are not used 
to access memory directly. Instead, guest-physical addresses are translated by traversing a set of EPT paging 
structures to produce physical addresses that are used to access memory. 


Details of the EPT mechanism are given in Section 28.3. 


25.5.4 Translation of Guest-Physical Addresses Used by Intel Processor Trace 


As described in Chapter 32, Intel® Processor Trace (Intel PT) captures information about software execution using 
dedicated hardware facilities. 


Intel PT can be configured so that the trace output is written to memory using physical addresses. For example, 
when the ToPA (table of physical addresses) output mechanism is used, the IA32_RTIT_OUTPUT_BASE MSR 
contains the physical address of the base of the current ToPA. Each entry in that table contains the physical address 
of an output region in memory. When an output region becomes full, the ToPA output mechanism directs subse- 
quent trace output to the next output region as indicated in the ToPA. 


1. This item includes the cases of an invalid opcode exception—#UD— generated by the UDO, UD1, and UD2 instructions and a BOUND- 
range exceeded exception—#BR—generated by the BOUND instruction. 
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When the “Intel PT uses guest physical addresses” VM-execution control is 1, the logical processor treats the 
addresses used by Intel PT (the output addresses as well as those used to discover the output addresses) as guest- 
physical addresses, translating to physical addresses using EPT before trace output is written to memory. 


Translating these addresses through EPT implies that the trace-output mechanism may cause EPT violations and 
VM exits; details are provided in Section 25.5.4.1. Section 25.5.4.2 describes a mechanism that ensures that these 
VM exits do not cause loss of trace data. 


25.5.4.1 Guest-Physical Address Translation for Intel PT: Details 


When the “Intel PT uses guest physical addresses” VM-execution control is 1, the addresses used by Intel PT are 
treated as guest-physical addresses and translated using EPT. These addresses include the addresses of the output 
regions as well as the addresses of the ToPA entries that contain the output-region addresses. 


Translation of accesses by the trace-output process may result in EPT violations or EPT misconfigurations (Section 
28.3.3), resulting in VM exits. EPT violations resulting for the trace-output process always cause VM exits and are 
never converted to virtualization exceptions (Section 25.5.7.1). 


If no EPT violation or EPT misconfiguration occurs and if page-modification logging (Section 28.3.6) is enabled, the 
address of an output region may be added to the page-modification log. If the log is full, a page-modification log- 
full event occurs, resulting in a VM exit. 


If the “virtualize APIC accesses” VM-execution control is 1, a guest-physical address used by the trace-output 
process may be translated to an address on the APIC-access page. In this case, the access by the trace-output 
process causes an APIC-access VM exit as discussed in Section 29.4.6.1. 


25.5.4.2 Trace-Address Pre-Translation (TAPT) 


Because it buffers trace data produced by Intel PT before it is written to memory, the processor ensures that buff- 
ered data is not lost when a VM exit disables Intel PT. Specifically, the processor ensures that there is sufficient 
space left in the current output page for the buffered data. If this were not done, buffered trace data could be lost 
and the resulting trace corrupted. 


To prevent the loss of buffered trace data, the processor uses a mechanism called trace-address pre-translation 
(TAPT). With TAPT, the processor translates using EPT the guest-physical address of the current output region 
before that address would be used to write buffered trace data to memory. 


Because of TAPT, no translation (and thus no EPT violation) occurs at the time output is written to memory; the 
writes to memory use translations that were cached as part of TAPT. (The details given in Section 25.5.4.1 apply to 
TAPT.) TAPT ensures that, if a write to the output region would cause an EPT violation, the resulting VM exit is deliv- 
ered at the time of TAPT, before the region would be used. This allows software to resolve the EPT violation at that 
time and ensures that, when it is necessary to write buffered trace data to memory, that data will not be lost due 
to an EPT violation. 


TAPT (and resulting VM exits) may occur at any of the following times: 


¢ When software in VMX non-root operation enables tracing by loading the IA32_RTIT_CTL MSR to set the 
TraceEn bit, using the WRMSR instruction or the XRSTORS instruction. 


Any VM exit resulting from TAPT in this case is trap-like: the WRMSR or XRSTORS completes before the 
VM exit occurs (for example, the value of CS:RIP saved in the guest-state area of the VMCS references the 
next instruction). 


¢ At an instruction boundary when one output region becomes full and Intel PT transitions to the next output 
region. 
VM exits resulting from TAPT in this case take priority over any pending debug exceptions. Such a VM exit will 
save information about such exceptions in the guest-state area of the VMCS. 

° As part of a VM entry that enables Intel PT. See Section 26.5 for details. 


TAPT may translate not only the guest-physical address of the current output region but those of subsequent 
output regions as well. (Doing so may provide better protection of trace data.) This implies that any VM exits 
resulting from TAPT may result from the translation of output-region addresses other than that of the current 
output region. 
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25.5.5 —APIC Virtualization 


APIC virtualization is a collection of features that can be used to support the virtualization of interrupts and the 
Advanced Programmable Interrupt Controller (APIC). When APIC virtualization is enabled, the processor emulates 
many accesses to the APIC, tracks the state of the virtual APIC, and delivers virtual interrupts — all in VMX non- 
root operation without a VM exit. 


Details of the APIC virtualization are given in Chapter 29. 


25.5.6 VM Functions 


AVM function is an operation provided by the processor that can be invoked from VMX non-root operation without 
a VM exit. VM functions are enabled and configured by the settings of different fields in the VMCS. Software in VMX 
non-root operation invokes a VM function with the VMFUNC instruction; the value of EAX selects the specific 

VM function being invoked. 


Section 25.5.6.1 explains how VM functions are enabled. Section 25.5.6.2 specifies the behavior of the VMFUNC 
instruction. Section 25.5.6.3 describes a specific VM function called EPTP switching. 


25.5.6.1_ Enabling VM Functions 


Software enables VM functions generally by setting the “enable VM functions” VM-execution control. A specific 
VM function is enabled by setting the corresponding VM-function control. 


Suppose, for example, that software wants to enable EPTP switching (VM function 0; see Section 24.6.14).To do 
so, it must set the “activate secondary controls” VM-execution control (bit 31 of the primary processor-based VM- 
execution controls), the “enable VM functions” VM-execution control (bit 13 of the secondary processor-based VM- 
execution controls) and the “EPTP switching” VM-function control (bit 0 of the VM-function controls). 


25.5.6.2 General Operation of the VMFUNC Instruction 


The VMFUNC instruction causes an invalid-opcode exception (#UD) if the “enable VM functions” VM-execution 
controls is 0! or the value of EAX is greater than 63 (only VM functions 0-63 can be enable). Otherwise, the instruc- 
tion causes a VM exit if the bit at position EAX is 0 in the VM-function controls (the selected VM function is not 
enabled). If such a VM exit occurs, the basic exit reason used is 59 (3BH), indicating “VMFUNC”, and the length of 
the VMFUNC instruction is saved into the VM-exit instruction-length field. If the instruction causes neither an 
invalid-opcode exception nor a VM exit due to a disabled VM function, it performs the functionality of the 

VM function specified by the value in EAX. 


Individual VM functions may perform additional fault checking (e.g., one might cause a general-protection excep- 
tion if CPL > 0). In addition, specific VM functions may include checks that might result in a VM exit. If sucha 

VM exit occurs, VM-exit information is saved as described in the previous paragraph. The specification of a 

VM function may indicate that additional VM-exit information is provided. 


The specific behavior of the EPTP-switching VM function (including checks that result in VM exits) is given in 
Section 25.5.6.3. 


25.5.6.3. EPTP Switching 


EPTP switching is VM function 0. This VM function allows software in VMX non-root operation to load a new value 
for the EPT pointer (EPTP), thereby establishing a different EPT paging-structure hierarchy (see Section 28.3 for 
details of the operation of EPT). Software is limited to selecting from a list of potential EPTP values configured in 
advance by software in VMX root operation. 


Specifically, the value of ECX is used to select an entry from the EPTP list, the 4-KByte structure referenced by the 
EPTP-list address (see Section 24.6.14; because this structure contains 512 8-Byte entries, VMFUNC causes a 
VM exit if ECX > 512). If the selected entry is a valid EPTP value (it would not cause VM entry to fail; see Section 


1. “Enable VM functions” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution 
controls is 0, VMX non-root operation functions as if the “enable VM functions” VM-execution control were O. See Section 24.6.2. 
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26.2.1.1), it is stored in the EPTP field of the current VMCS and is used for subsequent accesses using guest-phys- 
ical addresses. The following pseudocode provides details: 


IF €CX > 512 
THEN VM exit; 
ELSE 
tent_EPTP := 8 bytes from EPTP-list address + 8 * ECX; 
IF tent_EPTP is not a valid EPTP value (would cause VM entry to fail if in EPTP) 
THEN VM exit; 
ELSE 
write tent_EPTP to the EPTP field in the current VMCS; 
use tent_EPTP as the new EPTP value for address translation; 
IF processor supports the 1-setting of the “EPT-violation #VE” VM-execution control 
THEN 
write ECX[15:0] to EPTP-index field in current VMCS; 
use ECX[15:0] as EPTP index for subsequent EPT-violation virtualization exceptions (see Section 25.5.7.2); 
Fl; 
Fl; 
Fl; 


Execution of the EPTP-switching VM function does not modify the state of any registers; no flags are modified. 


If the “Intel PT uses guest physical addresses” VM-execution control is 1 and IA32_RTIT_CTL.TraceEn = 1, any 
execution of the EPTP-switching VM function causes a VM exit.! 


As noted in Section 25.5.6.2, an execution of the EPTP-switching VM function that causes a VM exit (as specified 
above), uses the basic exit reason 59, indicating “VMFUNC”. The length of the VMFUNC instruction is saved into the 
VM-exit instruction-length field. No additional VM-exit information is provided. 


An execution of VMFUNC loads EPTP from the EPTP list (and thus does not cause a fault or VM exit) is called an 
EPTP-switching VMFUNC. After an EPTP-switching VMFUNC, control passes to the next instruction. The logical 
processor starts creating and using guest-physical and combined mappings associated with the new value of bits 
51:12 of EPTP; the combined mappings created and used are associated with the current VPID and PCID (these are 
not changed by VMFUNC).? If the “enable VPID” VM-execution control is 0, an EPTP-switching VMFUNC invalidates 
combined mappings associated with VPID OOOOH (for all PCIDs and for all EP4TA values, where EP4TA is the value 
of bits 51:12 of EPTP). 


Because an EPTP-switching VMFUNC may change the translation of guest-physical addresses, it may affect use of 
the guest-physical address in CR3. The EPTP-switching VMFUNC cannot itself cause a VM exit due to an EPT viola- 
tion or an EPT misconfiguration due to the translation of that guest-physical address through the new EPT paging 
structures. The following items provide details that apply if CRO.PG = 1: 


* If 32-bit paging or 4-level paging? is in use (either CR4.PAE = 0 or IA32_EFER.LMA = 1), the next memory 
access with a linear address uses the translation of the guest-physical address in CR3 through the new EPT 
paging structures. As a result, this access may cause a VM exit due to an EPT violation or an EPT misconfigu- 
ration encountered during that translation. 


¢ If PAE paging is in use (CR4.PAE = 1 and IA32_EFER.LMA = 0), an EPTP-switching VMFUNC does not load the 
four page-directory-pointer-table entries (PDPTEs) from the guest-physical address in CR3. The logical 
processor continues to use the four guest-physical addresses already present in the PDPTEs. The guest- 
physical address in CR3 is not translated through the new EPT paging structures (until some operation that 
would load the PDPTEs). 


The EPTP-switching VMFUNC cannot itself cause a VM exit due to an EPT violation or an EPT misconfiguration 
encountered during the translation of a guest-physical address in any of the PDPTEs. A subsequent memory 
access with a linear address uses the translation of the guest-physical address in the appropriate PDPTE 


1. Such a VM exit ensures the proper recording of trace data that might otherwise be lost during the change of EPT paging-structure 
hierarchy. Software handling the VM exit can change emulate the VM function and then resume the guest. 


2. If the “enable VPID” VM-execution control is 0, the current VPID is OOOOH; if CR4.PCIDE = O, the current PCID is OOOH. 
3. Earlier versions of this manual used the term “IA-32e paging” to identify 4-level paging. 
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through the new EPT paging structures. As a result, such an access may cause a VM exit due to an EPT 
violation or an EPT misconfiguration encountered during that translation. 


If an EPTP-switching VMFUNC establishes an EPTP value that enables accessed and dirty flags for EPT (by setting 
bit 6), subsequent memory accesses may fail to set those flags as specified if there has been no appropriate execu- 
tion of INVEPT since the last use of an EPTP value that does not enable accessed and dirty flags for EPT (because 
bit 6 is clear) and that is identical to the new value on bits 51:12. 


IF the processor supports the 1-setting of the “EPT-violation #VE” VM-execution control, an EPTP-switching 
VMFUNC loads the value in ECX[15:0] into to EPTP-index field in current VMCS. Subsequent EPT-violation virtual- 
ization exceptions will save this value into the virtualization-exception information area (see Section 25.5.7.2); 


25.5.7 _—~ Virtualization Exceptions 
A virtualization exception is a new processor exception. It uses vector 20 and is abbreviated #VE. 


A virtualization exception can occur only in VMX non-root operation. Virtualization exceptions occur only with 
certain settings of certain VM-execution controls. Generally, these settings imply that certain conditions that would 
normally cause VM exits instead cause virtualization exceptions 


In particular, the 1-setting of the “EPT-violation #VE” VM-execution control causes some EPT violations to generate 
virtualization exceptions instead of VM exits. Section 25.5.7.1 provides the details of how the processor determines 
whether an EPT violation causes a virtualization exception or a VM exit. 


When the processor encounters a virtualization exception, it saves information about the exception to the virtual- 
ization-exception information area; see Section 25.5.7.2. 


After saving virtualization-exception information, the processor delivers a virtualization exception as it would any 
other exception; see Section 25.5.7.3 for details. 


25.5.7.1 Convertible EPT Violations 


If the “EPT-violation #VE” VM-execution control is 0 (e.g., on processors that do not support this feature), EPT 
violations always cause VM exits. If instead the control is 1, certain EPT violations may be converted to cause virtu- 
alization exceptions instead; such EPT violations are convertible. 


The values of certain EPT paging-structure entries determine which EPT violations are convertible. Specifically, 
bit 63 of certain EPT paging-structure entries may be defined to mean suppress #VE: 


* If bits 2:0 of an EPT paging-structure entry are all 0, the entry is not present.! If the processor encounters 
such an entry while translating a guest-physical address, it causes an EPT violation. The EPT violation is 
convertible if and only if bit 63 of the entry is 0. 


¢ If an EPT paging-structure entry is present, the following cases apply: 


— If the value of the EPT paging-structure entry is not supported, the entry is misconfigured. If the 
processor encounters such an entry while translating a guest-physical address, it causes an EPT misconfig- 
uration (not an EPT violation). EPT misconfigurations always cause VM exits. 


— If the value of the EPT paging-structure entry is supported, the following cases apply: 


¢ If bit 7 of the entry is 1, or if the entry is an EPT PTE, the entry maps a page. If the processor uses such 
an entry to translate a guest-physical address, and if an access to that address causes an EPT violation, 
the EPT violation is convertible if and only if bit 63 of the entry is 0. 


¢ If bit 7 of the entry is O and the entry is not an EPT PTE, the entry references another EPT paging 
structure. The processor does not use the value of bit 63 of the entry to determine whether any 
subsequent EPT violation is convertible. 


If an access to a guest-physical address causes an EPT violation, bit 63 of exactly one of the EPT paging-structure 
entries used to translate that address is used to determine whether the EPT violation is convertible: either a entry 


1. If the “mode-based execute control for EPT” VM-execution control is 1,an EPT paging-structure entry is present if any of bits 2:0 or 
bit 10 is 1. 
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that is not present (if the guest-physical address does not translate to a physical address) or an entry that maps a 
page (if it does). 


A convertible EPT violation instead causes a virtualization exception if the following all hold: 

* CRO.PE = 1; 

¢ the logical processor is not in the process of delivering an event through the IDT; 

¢ the EPT violation does not result from the output process of Intel Processor Trace (Section 25.5.4); and 
° the 32 bits at offset 4 in the virtualization-exception information area are all 0. 


Delivery of virtualization exceptions writes the value FFFFFFFFH to offset 4 in the virtualization-exception informa- 
tion area (see Section 25.5.7.2). Thus, once a virtualization exception occurs, another can occur only if software 
clears this field. 


25.5.7.2 — Virtualization-Exception Information 


Virtualization exceptions save data into the virtualization-exception information area (see Section 24.6.19). 
Table 25-1 enumerates the data saved and the format of the area. 


Table 25-1. Format of the Virtualization-Exception Information Area 


Byte Offset Contents 


0 The 32-bit value that would have been saved into the VMCS as an exit reason had a VM exit occurred 
instead of the virtualization exception. For EPT violations, this value is 48 (QO000030H) 


4 FFFFFFFFH 


8 The 64-bit value that would have been saved into the VMCS as an exit qualification had a VM exit 
occurred instead of the virtualization exception 

16 The 64-bit value that would have been saved into the VMCS as a guest-linear address had a VM exit 
occurred instead of the virtualization exception 

24 The 64-bit value that would have been saved into the VMCS as a guest-physical address had a VM 
exit occurred instead of the virtualization exception 

32 The current 16-bit value of the EPTP index VM-execution control (see Section 24.6.19 and Section 
25.5.6.3) 


A VMM may allow guest software to access the virtualization-exception information area. If it does, the guest soft- 
ware may modify that memory (e.g., to clear the 32-bit value at offset 4; see Section 25.5.7.1). (This is an excep- 
tion to the general requirement given in Section 24.11.4.) 


25.5.7.3 Delivery of Virtualization Exceptions 


After saving virtualization-exception information, the processor treats a virtualization exception as it does other 
exceptions: 


¢ If bit 20 (#VE) is 1 in the exception bitmap in the VMCS, a virtualization exception causes a VM exit (see 
below). If the bit is 0, the virtualization exception is delivered using gate descriptor 20 in the IDT. 


° Virtualization exceptions produce no error code. Delivery of a virtualization exception pushes no error code on 
the stack. 


¢ With respect to double faults, virtualization exceptions have the same severity as page faults. If delivery of a 
virtualization exception encounters a nested fault that is either contributory or a page fault, a double fault 
(#DF) is generated. See Chapter 6, “Interrupt 8—Double Fault Exception (#DF)” in Intel® 64 and IA-32 Archi- 
tectures Software Developer’s Manual, Volume 3A. 


It is not possible for a virtualization exception to be encountered while delivering another exception (see 
Section 25.5.7.1). 
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If a virtualization exception causes a VM exit directly (because bit 20 is 1 in the exception bitmap), information 
about the exception is saved normally in the VM-exit interruption information field in the VMCS (see Section 
27.2.2). Specifically, the event is reported as a hardware exception with vector 20 and no error code. Bit 12 of the 
field (NMI unblocking due to IRET) is set normally. 


If a virtualization exception causes a VM exit indirectly (because bit 20 is 0 in the exception bitmap and delivery of 
the exception generates an event that causes a VM exit), information about the exception is saved normally in the 
IDT-vectoring information field in the VMCS (see Section 27.2.4). Specifically, the event is reported as a hardware 
exception with vector 20 and no error code. 


25.6 UNRESTRICTED GUESTS 


The first processors to support VMX operation require CRO.PE and CRO.PG to be 1 in VMX operation (see Section 
23.8). This restriction implies that guest software cannot be run in unpaged protected mode or in real-address 
mode. Later processors support a VM-execution control called “unrestricted guest”.! If this control is 1, CRO.PE and 
CRO.PG may be 0 in VMX non-root operation. Such processors allow guest software to run in unpaged protected 
mode or in real-address mode. The following items describe the behavior of such software: 


¢ The MOV CRO instructions does not cause a general-protection exception simply because it would set either 
CRO.PE and CRO.PG to 0. See Section 25.3 for details. 


¢ A logical processor treats the values of CRO.PE and CRO.PG in VMX non-root operation just as it does outside 
VMX operation. Thus, if CRO.PE = 0, the processor operates as it does normally in real-address mode (for 
example, it uses the 16-bit interrupt table to deliver interrupts and exceptions). If CRO.PG = 0, the processor 
operates as it does normally when paging is disabled. 


¢ Processor operation is modified by the fact that the processor is in VMX non-root operation and by the settings 
of the VM-execution controls just as it is in protected mode or when paging is enabled. Instructions, interrupts, 
and exceptions that cause VM exits in protected mode or when paging is enabled also do so in real-address 
mode or when paging is disabled. The following examples should be noted: 


— If CRO.PG = 0, page faults do not occur and thus cannot cause VM exits. 
— If CRO.PE = 0, invalid-TSS exceptions do not occur and thus cannot cause VM exits. 


— If CRO.PE = 0, the following instructions cause invalid-opcode exceptions and do not cause VM exits: 
INVEPT, INVVPID, LLDT, LTR, SLDT, STR, VMCLEAR, VMLAUNCH, VMPTRLD, VMPTRST, VMREAD, 
VMRESUME, VMWRITE, VMXOFF, and VMXON. 


° If CRO.PG = 0, each linear address is passed directly to the EPT mechanism for translation to a physical 
address.” The guest memory type passed on to the EPT mechanism is WB (writeback). 


1. “Unrestricted guest” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution 
controls is 0, VMX non-root operation functions as if the “unrestricted guest” VM-execution control were 0. See Section 24.6.2. 


2. As noted in Section 26.2.1.1, the “enable EPT” VM-execution control must be 1 if the “unrestricted quest” VM-execution control is 1. 
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Software can enter VMX non-root operation using either of the VM-entry instructions VMLAUNCH and VMRESUME. 
VMLAUNCH can be used only with a VMCS whose launch state is clear and VMRESUME can be used only with a 
VMCS whose the launch state is launched. VMLAUNCH should be used for the first VM entry after VMCLEAR; VMRE- 
SUME should be used for subsequent VM entries with the same VMCS. 


Each VM entry performs the following steps in the order indicated: 


1. Basic checks are performed to ensure that VM entry can commence 
(Section 26.1). 


2. The control and host-state areas of the VMCS are checked to ensure that they are proper for supporting VMX 
non-root operation and that the VMCS is correctly configured to support the next VM exit (Section 26.2). 


3. The following may be performed in parallel or in any order (Section 26.3): 


° The guest-state area of the VMCS is checked to ensure that, after the VM entry completes, the state of the 
logical processor is consistent with IA-32 and Intel 64 architectures. 


¢ Processor state is loaded from the guest-state area and based on controls in the VMCS. 
e Address-range monitoring is cleared. 

MSRs are loaded from the VM-entry MSR-load area (Section 26.4). 

If VMLAUNCH is being executed, the launch state of the VMCS is set to “launched.” 


If the “Intel PT uses guest physical addresses” VM-execution control is 1, trace-address pre-translation (TAPT) 
may occur (see Section 25.5.4 and Section 26.5). 


7. An event may be injected in the guest context (Section 26.6). 


Steps 1-4 above perform checks that may cause VM entry to fail. Such failures occur in one of the following three 
ways: 


¢ Some of the checks in Section 26.1 may generate ordinary faults (for example, an invalid-opcode exception). 
Such faults are delivered normally. 


¢ Some of the checks in Section 26.1 and all the checks in Section 26.2 cause control to pass to the instruction 
following the VM-entry instruction. The failure is indicated by setting RFLAGS.ZF! (if there is a current VMCS) 
or RFLAGS.CF (if there is no current VMCS). If there is a current VMCS, an error number indicating the cause of 
the failure is stored in the VM-instruction error field. See Chapter 30 for the error numbers. 


° The checks in Section 26.3 and Section 26.4 cause processor state to be loaded from the host-state area of the 
VMCS (as would be done ona VM exit). Information about the failure is stored in the VM-exit information fields. 
See Section 26.8 for details. 


EFLAGS.TF = 1 causes a VM-entry instruction to generate a single-step debug exception only if failure of one of the 
checks in Section 26.1 and Section 26.2 causes control to pass to the following instruction. A VM-entry does not 
generate a single-step debug exception in any of the following cases: (1) the instruction generates a fault; (2) 
failure of one of the checks in Section 26.3 or in loading MSRs causes processor state to be loaded from the host- 
state area of the VMCS; or (3) the instruction passes all checks in Section 26.1, Section 26.2, and Section 26.3 and 
there is no failure in loading MSRs. 


Section 31.15 describes the dual-monitor treatment of system-management interrupts (SMIs) and system- 
management mode (SMM). Under this treatment, code running in SMM returns using VM entries instead of the RSM 
instruction. A VM entry returns from SMM if it is executed in SMM and the “entry to SMM” VM-entry control is 0. 
VM entries that return from SMM differ from ordinary VM entries in ways that are detailed in Section 31.15.4. 


1. This chapter uses the notation RAX, RIP, RSP, RFLAGS, etc. for processor registers because most processors that support VMX oper- 
ation also support Intel 64 architecture. For IA-32 processors, this notation refers to the 32-bit forms of those registers (EAX, EIP, 
ESP, EFLAGS, etc.). In a few places, notation such as EAX is used to refer specifically to lower 32 bits of the indicated register. 
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26.1 BASIC VM-ENTRY CHECKS 


Before a VM entry commences, the current state of the logical processor is checked in the following order: 


1. If the logical processor is in virtual-8086 mode or compatibility mode, an invalid-opcode exception is 
generated. 


If the current privilege level (CPL) is not zero, a general-protection exception is generated. 
If there is no current VMCS, RFLAGS.CF is set to 1 and control passes to the next instruction. 


If there is a current VMCS but the current VMCS is a shadow VMCS (see Section 24.10), RFLAGS.CF is set to 1 
and control passes to the next instruction. 


5. If there is a current VMCS that is not a shadow VMCS, the following conditions are evaluated in order; any of 
these cause VM entry to fail: 


a. if there is MOV-SS blocking (see Table 24-3) 
b. if the VM entry is invoked by VMLAUNCH and the VMCS launch state is not clear 
c. if the VM entry is invoked by VMRESUME and the VMCS launch state is not launched 


If any of these checks fail, RFLAGS.ZF is set to 1 and control passes to the next instruction. An error number 
indicating the cause of the failure is stored in the VM-instruction error field. See Chapter 30 for the error 
numbers. 


26.2 CHECKS ON VMX CONTROLS AND HOST-STATE AREA 


If the checks in Section 26.1 do not cause VM entry to fail, the control and host-state areas of the VMCS are 
checked to ensure that they are proper for supporting VMX non-root operation, that the VMCS is correctly config- 
ured to support the next VM exit, and that, after the next VM exit, the processor’s state is consistent with the Intel 
64 and IA-32 architectures. 


VM entry fails if any of these checks fail. When such failures occur, control is passed to the next instruction, 
RFLAGS.ZF is set to 1 to indicate the failure, and the VM-instruction error field is loaded with an error number that 
indicates whether the failure was due to the controls or the host-state area (see Chapter 30). 


These checks may be performed in any order. Thus, an indication by error number of one cause (for example, host 
state) does not imply that there are not also other errors. Different processors may thus give different error 
numbers for the same VMCS. Some checks prevent establishment of settings (or combinations of settings) that are 
currently reserved. Future processors may allow such settings (or combinations) and may not perform the corre- 
sponding checks. The correctness of software should not rely on VM-entry failures resulting from the checks docu- 
mented in this section. 


The checks on the controls and the host-state area are presented in Section 26.2.1 through Section 26.2.4. These 
sections reference VMCS fields that correspond to processor state. Unless otherwise stated, these references are to 
fields in the host-state area. 


26.2.1 Checks on VMX Controls 


This section identifies VM-entry checks on the VMX control fields. 


26.2.1.1 VM-Execution Control Fields 


VM entries perform the following checks on the VM-execution control fields:! 


¢ Reserved bits in the pin-based VM-execution controls must be set properly. Software may consult the VMX 
capability MSRs to determine the proper settings (see Appendix A.3.1). 


1. If the “activate secondary controls” primary processor-based VM-execution control is 0, VM entry operates as if each secondary pro- 
cessor-based VM-execution control were O. Similarly, if the “activate tertiary controls” primary processor-based VM-execution con- 
trol is 0, VM entry operates as if each tertiary processor-based VM-execution control were 0. 
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Reserved bits in the primary processor-based VM-execution controls must be set properly. Software may 
consult the VMX capability MSRs to determine the proper settings (see Appendix A.3.2). 


If the “activate secondary controls” primary processor-based VM-execution control is 1, reserved bits in the 
secondary processor-based VM-execution controls must be cleared. Software may consult the VMX capability 
MSRs to determine which bits are reserved (see Appendix A.3.3). 


If the “activate secondary controls” primary processor-based VM-execution control is 0 (or if the processor 
does not support the 1-setting of that control), no checks are performed on the secondary processor-based 
VM-execution controls. The logical processor operates as if all the secondary processor-based VM-execution 
controls were 0. 


If the “activate tertiary controls” primary processor-based VM-execution control is 1, reserved bits in the 
tertiary processor-based VM-execution controls must be cleared. Software may consult the VMX capability 
MSRs to determine which bits are reserved (see Appendix A.3.4). 


If the “activate tertiary controls” primary processor-based VM-execution control is 0 (or if the processor does 
not support the 1-setting of that control), no checks are performed on the tertiary processor-based VM- 
execution controls. The logical processor operates as if all the tertiary processor-based VM-execution controls 
were 0. 


The CR3-target count must not be greater than 4. Future processors may support a different number of CR3- 
target values. Software should read the VMX capability MSR IA32_VMX_MISC to determine the number of 
values supported (see Appendix A.6). 


If the “use I/O bitmaps” VM-execution control is 1, bits 11:0 of each I/O-bitmap address must be 0. Neither 
address should set any bits beyond the processor’s physical-address width.!/2 


If the “use MSR bitmaps” VM-execution control is 1, bits 11:0 of the MSR-bitmap address must be 0. The 
address should not set any bits beyond the processor’s physical-address width. 


If the “use TPR shadow” VM-execution control is 1, the virtual-APIC address must satisfy the following checks: 
— Bits 11:0 of the address must be 0. 
— The address should not set any bits beyond the processor’s physical-address width.* 


If all of the above checks are satisfied and the “use TPR shadow” VM-execution control is 1, bytes 3:1 of VTPR 
(see Section 29.1.1) may be cleared (behavior may be implementation-specific). 


The clearing of these bytes may occur even if the VM entry fails. This is true either if the failure causes control 
to pass to the instruction following the VM-entry instruction or if it causes processor state to be loaded from 
the host-state area of the VMCS. 


If the “use TPR shadow” VM-execution control is 1 and the “virtual-interrupt delivery” VM-execution control is 
0, bits 31:4 of the TPR threshold VM-execution control field must be 0.5 


The following check is performed if the “use TPR shadow” VM-execution control is 1 and the “virtualize APIC 
accesses” and “virtual-interrupt delivery” VM-execution controls are both 0: the value of bits 3:0 of the TPR 
threshold VM-execution control field should not be greater than the value of bits 7:4 of VTPR (see Section 
29.1.1). 


If the “NMI exiting” VM-execution control is 0, the “virtual NMIs” VM-execution control must be 0. 
If the “virtual NMIs” VM-execution control is 0, the “NMI-window exiting” VM-execution control must be 0. 


If the “virtualize APIC-accesses” VM-execution control is 1, the APIC-access address must satisfy the following 
checks: 


— Bits 11:0 of the address must be 0. 


ne wn 


. Software can determine a processor's physical-address width by executing CPUID with BOOOOOOS8H in EAX. The physical-address 


width is returned in bits 7:0 of EAX. 

If 1A32_VMX_BASIC[48] is read as 1, these addresses must not set any bits in the range 63:32; see Appendix A.1. 
If 1A32_VMX_BASIC[48] is read as 1, this address must not set any bits in the range 63:32; see Appendix A.1. 

If 1A32_VMX_BASIC[48] is read as 1, this address must not set any bits in the range 63:32; see Appendix A.1. 


“Nirtual-interrupt delivery” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-exe- 
cution controls is 0, VM entry functions as if the “virtual-interrupt delivery” VM-execution control were 0. See Section 24.6.2. 
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— The address should not set any bits beyond the processor’s physical-address width.? 


e If the “use TPR shadow” VM-execution control is 0, the following VM-execution controls must also be 0: 


“virtualize x2APIC mode”, “APIC-register virtualization”, and “virtual-interrupt delivery”.2 


e If the “virtualize x2APIC mode” VM-execution control is 1, the “virtualize APIC accesses” VM-execution control 
must be 0. 


e If the “virtual-interrupt delivery” VM-execution control is 1, the “external-interrupt exiting” VM-execution 
control must be 1. 

* If the “process posted interrupts” VM-execution control is 1, the following must be true:> 

— The “virtual-interrupt delivery” VM-execution control is 1. 

— The “acknowledge interrupt on exit” VM-exit control is 1. 

— The posted-interrupt notification vector has a value in the range 0-255 (bits 15:8 are all 0). 

— Bits 5:0 of the posted-interrupt descriptor address are all 0. 


— The posted=interuat descriptor address does not set any bits beyond the processor's physical-address 
width. 


e Ifthe “enable VPID” VM-execution control is 1, the value of the VPID VM-execution control field must not be 
OOOOH. 


e If the “enable EPT” VM-execution control is 1, the EPTP VM-execution control field (see Table 24-9 in Section 
24.6.11) must satisfy the following checks:® 


— The EPT memory type (bits 2:0) must be a value supported by the processor as indicated in the 
IA32_VMX_EPT_VPID_CAP MSR (see Appendix A.10). 


— Bits 5:3 (1 less than the EPT page-walk length) must be 3, indicating an EPT page-walk length of 4; see 
Section 28.3.2. 


— Bit 6 (enable bit for accessed and dirty flags for EPT) must be 0 if bit 21 of the IA32_VMX_EPT_VPID_CAP 
MSR (see Appendix A.10) is read as 0, indicating that the processor does not support accessed and dirty 
flags for EPT. 


— Reserved bits 11:7 and 63:N (where N is the processor’s physical-address width) must all be 0. 


° The “enable EPT” VM-execution control must be 1 if any of the following VM-execution controls is 1: “enable 
PML,” “unrestricted guest,” “mode-based execute control for EPT,” “sub-page write permissions for EPT,” “Intel 
PT uses guest physical addresses,” “enable HLAT,” “EPT paging-write control,” or “guest-paging verification.”” 


* If the “enable PML” VM-execution control is 1, the PML address must satisfy the following checks:® 
— Bits 11:0 of the address must be 0. 
— The address should not set any bits beyond the processor's physical-address width. 


If [A32_VMX_BASIC[48] is read as 1, this address must not set any bits in the range 63:32; see Appendix A.1. 

2. “Virtualize x2APIC mode” and “APIC-register virtualization” are secondary processor-based V/M-execution controls. If bit 31 of the 
primary processor-based VM-execution controls is 0, VM entry functions as if these controls were O. See Section 24.6.2. 

3. “Process posted interrupts” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based /M-exe- 
cution controls is 0, VM entry functions as if the “process posted interrupts” VM-execution control were 0. See Section 24.6.2. 

4. If |A32_VMX_BASIC[48] is read as 1, this address must not set any bits in the range 63:32; see Appendix A.1. 

5. “Enable VPID” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution controls 
is 0, VM entry functions as if the “enable VPID” VM-execution control were O. See Section 24.6.2. 

6. “Enable EPT” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution controls 
is 0, VM entry functions as if the “enable EPT” VM-execution control were O. See Section 24.6.2. 

7. Some of these controls are secondary processor-based VM-execution controls. If bit 31 of the primary processor-based VM-execu- 
tion controls is 0, VM entry functions as if both these controls were O. Others are tertiary processor-based VM-execution controls. If 
bit 17 of the primary processor-based VM-execution controls is 0, VM entry functions as if both these controls were 0. See Section 
24.6.2. 

8. “Enable PML” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution controls 
is 0, VM entry functions as if this control were 0. See Section 24.6.2. 


26-4 Vol. 3C 


4. 


VM ENTRIES 


If the “sub-page write permissions for EPT” VM-execution control is 1, the SPPTP VM-execution control field 
(see Table 24-11 in Section 24.6.21) must satisfy the following checks: 


— Bits 11:0 of the address must be 0. 
— The address should not set any bits beyond the processor’s physical-address width. 


If the “enable VM functions” processor-based VM-execution control is 1, reserved bits in the VM-function 
controls must be clear.2 Software may consult the VMX capability MSRs to determine which bits are reserved 
(see Appendix A.11). In addition, the following check is performed based on the setting of bits in the VM- 
function controls (see Section 24.6.14): 


— If “EPTP switching” VM-function control is 1, the “enable EPT” VM-execution control must also be 1. In 
addition, the EPTP-list address must satisfy the following checks: 


¢ Bits 11:0 of the address must be 0. 
¢ The address must not set any bits beyond the processor’s physical-address width. 


If the “enable VM functions” processor-based VM-execution control is 0, no checks are performed on the VM- 
function controls. 


If the “VMCS shadowing” VM-execution control is 1, the VMREAD-bitmap and VMWRITE-bitmap addresses 
must each satisfy the following checks:? 


— Bits 11:0 of the address must be 0. 
— The address must not set any bits beyond the processor’s physical-address width. 


If the “EPT-violation #VE” VM-execution control is 1, the virtualization-exception information address must 
satisfy the following checks:4 


— Bits 11:0 of the address must be 0. 
— The address must not set any bits beyond the processor’s physical-address width. 


If the logical processor is operating with Intel PT enabled (if IA32_RTIT_CTL.TraceEn = 1) at the time of 
VM entry, the “load IA32_RTIT_CTL” VM-entry control must be 0. 


If the “Intel PT uses guest physical addresses” VM-execution control is 1, the “load IA32_RTIT_CTL” VM-entry 
control and the “clear IA32_RTIT_CTL” VM-exit control must both be 1.° 


If the “use TSC scaling” VM-execution control is 1, the TSC-multiplier must not be zero. 


If the “enable HLAT” VM-execution control is 1, the following bits in the HLATP VM-execution control field (see 
Table 24-12 in Section 24.6.22) must be zero: bits 2:0, bits 11:5, and bits beyond the processor’s physical- 
address width.” 


6 


“Sub-page write permissions for EPT” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based 
V/M-execution controls is 0, VM entry functions as if this control were 0. See Section 24.6.2. 

“Enable VM functions” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution 
controls is 0, VM entry functions as if the “enable VM functions” VM-execution control were O. See Section 24.6.2. 

“IMCS shadowing” is a secondary processor-based V/M-execution control. If bit 31 of the primary processor-based VM-execution 
controls is 0, VM entry functions as if the “V/MCS shadowing” VM-execution control were 0. See Section 24.6.2. 

“EPT-violation #VE" is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution 
controls is 0, VM entry functions as if the “EPT-violation #VE” VM-execution control were 0. See Section 24.6.2. 

“Intel PT uses guest physical addresses” is a secondary processor-based VM-execution control. If bit 31 of the primary processor- 
based VM-execution controls is 0, VM entry functions as if the “Intel PT uses guest physical addresses” VM-execution control were 
0. See Section 24.6.2. 

“Use TSC scaling” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution 
controls is 0, VM entry functions as if the “use TSC scaling” VM-execution control were 0. See Section 24.6.2. 

“Enable HLAT” is a tertiary processor-based VM-execution control. If bit 17 of the primary processor-based VM-execution controls is 
0, VM entry functions as if this control were 0. See Section 24.6.2. 
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26.2.1.2 VM-Exit Control Fields 
VM entries perform the following checks on the VM-exit control fields. 


¢ Reserved bits in the primary VM-exit controls must be set properly. Software may consult the VMX capability 
MSRs to determine the proper settings (see Appendix A.4.1). 


¢ If the “activate secondary controls” primary VM-exit control is 1, reserved bits in the secondary VM-exit 
controls must be cleared. Software may consult the VMX capability MSRs to determine which bits are reserved 
(see Appendix A.4.2). 


e If the “activate secondary controls” primary VM-exit control is 0 (or if the processor does not support the 1- 
setting of that control), no checks are performed on the secondary VM-exit controls. The logical processor 
operates as if all the secondary VM-exit controls were 0. 


° If the “activate VMX-preemption timer” VM-execution control is 0, the “save VMX-preemption timer value” VM- 
exit control must also be 0. 


° The following checks are performed for the VM-exit MSR-store address if the VM-exit MSR-store count field is 
non-zero: 


— The lower 4 bits of the VM-exit MSR-store address must be 0. The address should not set any bits beyond 
the processor's physical-address width. 


— The address of the last byte in the VM-exit MSR-store area should not set any bits beyond the processor’s 
physical-address width. The address of this last byte is VM-exit MSR-store address + (MSR count * 16) - 1. 
(The arithmetic used for the computation uses more bits than the processor’s physical-address width.) 


If IA32_VMX_BASIC[48] is read as 1, neither address should set any bits in the range 63:32; see Appendix 
A.1. 


¢ The following checks are performed for the VM-exit MSR-load address if the VM-exit MSR-load count field is 
non-zero: 


— The lower 4 bits of the VM-exit MSR-load address must be 0. The address should not set any bits beyond 
the processor’s physical-address width. 


— The address of the last byte in the VM-exit MSR-load area should not set any bits beyond the processor's 
physical-address width. The address of this last byte is VM-exit MSR-load address + (MSR count * 16) - 1. 
(The arithmetic used for the computation uses more bits than the processor’s physical-address width.) 


If IA32_VMX_BASIC[48] is read as 1, neither address should set any bits in the range 63:32; see Appendix 
A.1. 


26.2.1.3. \VM-Entry Control Fields 
VM entries perform the following checks on the VM-entry control fields. 


¢ Reserved bits in the VM-entry controls must be set properly. Software may consult the VMX capability MSRs to 
determine the proper settings (see Appendix A.5). 


¢ Fields relevant to VM-entry event injection must be set properly. These fields are the VM-entry interruption- 
information field (see Table 24-16 in Section 24.8.3), the VM-entry exception error code, and the VM-entry 
instruction length. If the valid bit (bit 31) in the VM-entry interruption-information field is 1, the following must 
hold: 


— The field’s interruption type (bits 10:8) is not set to a reserved value. Value 1 is reserved on all logical 
processors; value 7 (other event) is reserved on logical processors that do not support the 1-setting of the 
“monitor trap flag” VM-execution control. 


— The field’s vector (bits 7:0) is consistent with the interruption type: 
¢ If the interruption type is non-maskable interrupt (NMI), the vector is 2. 
¢ If the interruption type is hardware exception, the vector is at most 31. 
¢ If the interruption type is other event, the vector is 0 (pending MTF VM exit). 


1. Software can determine a processor's physical-address width by executing CPUID with BOOO0008H in EAX. The physical-address 
width is returned in bits 7:0 of EAX. 


26-6 Vol. 3C 


VM ENTRIES 


— The field's deliver-error-code bit (bit 11) is 1 if each of the following holds: (1) the interruption type is 
hardware exception; (2) bit 0 (corresponding to CRO.PE) is set in the CRO field in the guest-state area; 
(3) IA32_VMX_BASIC[56] is read as 0 (see Appendix A.1); and (4) the vector indicates one of the following 
exceptions: #DF (vector 8), #TS (10), #NP (11), #SS (12), #GP (13), #PF (14), or #AC (17). 


— The field's deliver-error-code bit is 0 if any of the following holds: (1) the interruption type is not hardware 
exception; (2) bit 0 is clear in the CRO field in the guest-state area; or (3) IA32_VMX_BASIC[56] is read as 
0 and the vector is in one of the following ranges: 0-7, 9, 15, 16, or 18-31. 


— Reserved bits in the field (30:12) are 0. 
— If the deliver-error-code bit (bit 11) is 1, bits 31:16 of the VM-entry exception error-code field are 0. 


— If the interruption type is software interrupt, software exception, or privileged software exception, the 
VM-entry instruction-length field is in the range 0-15. A VM-entry instruction length of 0 is allowed only if 
IA32_VMX_MISC[30] is read as 1; see Appendix A.6. 


The following checks are performed for the VM-entry MSR-load address if the VM-entry MSR-load count field is 

non-zero: 

— The lower 4 bits of the VM-entry MSR-load address must be 0. The address should not set any bits beyond 
the processor's physical-address width. 


— The address of the last byte in the VM-entry MSR-load area should not set any bits beyond the processor’s 
physical-address width. The address of this last byte is VM-entry MSR-load address + (MSR count * 16) - 
1. (The arithmetic used for the computation uses more bits than the processor’s physical-address width.) 


If IA32_VMX_BASIC[48] is read as 1, neither address should set any bits in the range 63:32; see Appendix 
A.1. 


If the processor is not in SMM, the “entry to SMM” and “deactivate dual-monitor treatment” VM-entry controls 
must be 0. 


The “entry to SMM” and “deactivate dual-monitor treatment” VM-entry controls cannot both be 1. 


26.2.2 Checks on Host Control Registers, MSRs, and SSP 


The following checks are performed on fields in the host-state area that correspond to control registers and MSRs: 


The CRO field must not set any bit to a value not supported in VMX operation (see Section 23.8).2 
The CR4 field must not set any bit to a value not supported in VMX operation (see Section 23.8). 
If bit 23 in the CR4 field (corresponding to CET) is 1, bit 16 in the CRO field (WP) must also be 1. 


On processors that support Intel 64 architecture, the CR3 field must be such that bits 63:52 and bits in the 
range 51:32 beyond the processor’s physical-address width must be 0.74 


On processors that support Intel 64 architecture, the IA32_SYSENTER_ESP field and the IA32_SYSENTER_EIP 
field must each contain a canonical address. 


If the “load IA32_PERF_GLOBAL_CTRL” VM-exit control is 1, bits reserved in the IA32_PERF_GLOBAL_CTRL 
MSR must be 0 in the field for that register (see Figure 19-3). 


If the “load IA32_PAT” VM-exit control is 1, the value of the field for the IA32_PAT MSR must be one that could 
be written by WRMSR without fault at CPL 0. Specifically, each of the 8 bytes in the field must have one of the 
values 0 (UC), 1 (WC), 4 (WT), 5 (WP), 6 (WB), or 7 (UC-). 


Software can determine a processor's physical-address width by executing CPUID with BOOOOOO8H in EAX. The physical-address 
width is returned in bits 7:0 of EAX. 


The bits corresponding to CRO.NW (bit 29) and CRO.CD (bit 30) are never checked because the values of these bits are not changed 
by VM exit; see Section 27.5.1. 


Software can determine a processor's physical-address width by executing CPUID with BOO00008H in EAX. The physical-address 
width is returned in bits 7:0 of EAX. 


Bit 63 of the CR3 field in the host-state area must be O. This is true even though, If CR4.PCIDE = 1, bit 63 of the source operand to 
MOV to CR3 is used to determine whether cached translation information is invalidated. 
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e If the “load IA32_EFER” VM-exit control is 1, bits reserved in the IA32_EFER MSR must be 0 in the field for that 
register. In addition, the values of the LMA and LME bits in the field must each be that of the “host address- 
space size” VM-exit control. 


e If the “load CET state” VM-exit control is 1, the IA32_S_CET field must not set any bits reserved in the 
IA32_S_CET MSR, and bit 10 (corresponding to SUPPRESS) and bit 11 (TRACKER) in the field cannot both be 
set. 


¢ If the “load CET state” VM-exit control is 1, bits 1:0 must be 0 in the SSP field. 
°e If the “load PKRS” VM-exit control is 1, bits 63:32 must be 0 in the IA32_PKRS field. 


26.2.3. Checks on Host Segment and Descriptor-Table Registers 


The following checks are performed on fields in the host-state area that correspond to segment and descriptor- 
table registers: 


¢ In the selector field for each of CS, SS, DS, ES, FS, GS and TR, the RPL (bits 1:0) and the TI flag (bit 2) must 
be 0. 


¢ The selector fields for CS and TR cannot be OOOOH. 
¢ The selector field for SS cannot be OOOOH if the “host address-space size” VM-exit control is 0. 


* On processors that support Intel 64 architecture, the base-address fields for FS, GS, GDTR, IDTR, and TR must 
contain canonical addresses. 


26.2.4 Checks Related to Address-Space Size 


On processors that support Intel 64 architecture, the following checks related to address-space size are performed 
on VMX controls and fields in the host-state area: 


¢ If the logical processor is outside IA-32e mode (if IA32_EFER.LMA = 0) at the time of VM entry, the following 
must hold: 


— The “IA-32e mode guest” VM-entry control is 0. 
— The “host address-space size” VM-exit control is 0. 


° If the logical processor is in IA-32e mode (if IA32_EFER.LMA = 1) at the time of VM entry, the “host address- 
space size” VM-exit control must be 1. 


e If the “host address-space size” VM-exit control is 0, the following must hold: 

— The “IA-32e mode guest” VM-entry control is 0. 

— Bit 17 of the CR4 field (corresponding to CR4.PCIDE) is 0. 

— Bits 63:32 in the RIP field are 0. 

— Ifthe “load CET state” VM-exit control is 1, bits 63:32 in the IA32_S_CET field and in the SSP field are O. 
e If the “host address-space size” VM-exit control is 1, the following must hold: 

— Bit 5 of the CR4 field (corresponding to CR4.PAE) is 1. 

— The RIP field contains a canonical address. 


— Ifthe “load CET state” VM-exit control is 1, the IA32_S_CET field and the SSP field contain canonical 
addresses. 


e If the “load CET state” VM-exit control is 1, the IA32_INTERRUPT_SSP_TABLE_ADDR field contains a canonical 
address. 


On processors that do not support Intel 64 architecture, checks are performed to ensure that the “IA-32e mode 
guest” VM-entry control and the “host address-space size” VM-exit control are both 0. 
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26.3 CHECKING AND LOADING GUEST STATE 


If all checks on the VMX controls and the host-state area pass (see Section 26.2), the following operations take 
place concurrently: (1) the guest-state area of the VMCS is checked to ensure that, after the VM entry completes, 
the state of the logical processor is consistent with IA-32 and Intel 64 architectures; (2) processor state is loaded 
from the guest-state area or as specified by the VM-entry control fields; and (3) address-range monitoring is 
cleared. 


Because the checking and the loading occur concurrently, a failure may be discovered only after some state has 
been loaded. For this reason, the logical processor responds to such failures by loading state from the host-state 
area, as it would for a VM exit. See Section 26.8. 


26.3.1 Checks on the Guest State Area 


This section describes checks performed on fields in the guest-state area. These checks may be performed in any 
order. Some checks prevent establishment of settings (or combinations of settings) that are currently reserved. 

Future processors may allow such settings (or combinations) and may not perform the corresponding checks. The 
correctness of software should not rely on VM-entry failures resulting from the checks documented in this section. 


The following subsections reference fields that correspond to processor state. Unless otherwise stated, these refer- 
ences are to fields in the guest-state area. 


26.3.1.1 Checks on Guest Control Registers, Debug Registers, and MSRs 


The following checks are performed on fields in the guest-state area corresponding to control registers, debug 
registers, and MSRs: 


¢ The CRO field must not set any bit to a value not supported in VMX operation (see Section 23.8). The following 
are exceptions: 


— Bito (corresponding to CRO.PE) and bit 31 (PG) are not checked if the “unrestricted guest” VM-execution 
control is 1. 


— Bit 29 (corresponding to CRO.NW) and bit 30 (CD) are never checked because the values of these bits are 
not changed by VM entry; see Section 26.3.2.1. 


* If bit 31 in the CRO field (corresponding to PG) is 1, bit 0 in that field (PE) must also be 1.¢ 
° The CR4 field must not set any bit to a value not supported in VMX operation (see Section 23.8). 
¢ If bit 23 in the CR4 field (corresponding to CET) is 1, bit 16 in the CRO field (WP) must also be 1. 


¢ If the “load debug controls” VM-entry control is 1, bits reserved in the IA32_DEBUGCTL MSR must be 0 in the 
field for that register. The first processors to support the virtual-machine extensions supported only the 1- 
setting of this control and thus performed this check unconditionally. 


¢ The following checks are performed on processors that support Intel 64 architecture: 


— If the “IA-32e mode guest” VM-entry control is 1, bit 31 in the CRO field (corresponding to CRO.PG) and 
bit 5 in the CR4 field (corresponding to CR4.PAE) must each be 1.° 


— Ifthe “IA-32e mode guest” VM-entry control is 0, bit 17 in the CR4 field (corresponding to CR4.PCIDE) 
must be 0. 


— The CR3 field must be such that bits 63:52 and bits in the range 51:32 beyond the processor's physical- 
address width are 0.4"> 


1. “Unrestricted guest” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution 
controls is 0, VM entry functions as if the “unrestricted guest” VM-execution control were 0. See Section 24.6.2. 

2. If the capability MSR IA32_VMX_CRO_FIXEDO reports that CRO.PE must be 1 in VMX operation, bit O in the CRO field must be 1 
unless the “unrestricted guest” VM-execution control and bit 31 of the primary processor-based VM-execution controls are both 1. 


3. If the capability MSR IA32_VMX_CRO_FIXEDO reports that CRO.PG must be 1 in VMX operation, bit 31 in the CRO field must be 1 
unless the “unrestricted guest” VM-execution control and bit 31 of the primary processor-based VM-execution controls are both 1. 
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— Ifthe “load debug controls” VM-entry control is 1, bits 63:32 in the DR7 field must be 0. The first processors 
to support the virtual-machine extensions supported only the 1-setting of this control and thus performed 
this check unconditionally (if they supported Intel 64 architecture). 


— The IA32_SYSENTER_ESP field and the IA32_SYSENTER_EIP field must each contain a canonical address. 


— Ifthe “load CET state” VM-entry control is 1, the IA32_S_CET field and the 
IA32_INTERRUPT_SSP_TABLE_ADDR field must contain canonical addresses. 


If the “load IA32_PERF_GLOBAL_CTRL” VM-entry control is 1, bits reserved in the IA32_PERF_GLOBAL_CTRL 
MSR must be 0 in the field for that register (see Figure 19-3). 


If the “load IA32_ PAT” VM-entry control is 1, the value of the field for the IA32_PAT MSR must be one that could 
be written by WRMSR without fault at CPL 0. Specifically, each of the 8 bytes in the field must have one of the 
values 0 (UC), 1 (WC), 4 (WT), 5 (WP), 6 (WB), or 7 (UC-). 


If the “load IA32_EFER” VM-entry control is 1, the following checks are performed on the field for the 
IA32_EFER MSR: 


— Bits reserved in the IA32_EFER MSR must be 0. 


— Bit 10 (corresponding to IA32_EFER.LMA) must equal the value of the “IA-32e mode guest” VM-entry 
control. It must also be identical to bit 8 (LME) if bit 31 in the CRO field (corresponding to CRO.PG) is 1.1 

If the “load IA32_BNDCFGS” VM-entry control is 1, the following checks are performed on the field for the 

IA32_BNDCFGS MSR: 

— Bits reserved in the IA32_BNDCFGS MSR must be 0. 

— The linear address in bits 63:12 must be canonical. 

If the “load IA32_RTIT_CTL” VM-entry control is 1, bits reserved in the IA32_RTIT_CTL MSR must be 0 in the 

field for that register (see Table 32-6). 


If the “load CET state” VM-entry control is 1, the IA32_S_CET field must not set any bits reserved in the 
IA32_S_CET MSR, and bit 10 (corresponding to SUPPRESS) and bit 11 (TRACKER) of the field cannot both be 
set. 


If the “load guest IA32_LBR_CTL” VM-entry control is 1, bits reserved in the IA32_LBR_CTL MSR must be 0 in 
the field for that register. 


If the “load PKRS” VM-entry control is 1, bits 63:32 must be 0 in the IA32_PKRS field. 


26.3.1.2 Checks on Guest Segment Registers 


This section specifies the checks on the fields for CS, SS, DS, ES, FS, GS, TR, and LDTR. The following terms are 
used in defining these checks: 


The guest will be virtual-8086 if the VM flag (bit 17) is 1 in the RFLAGS field in the guest-state area. 


The guest will be IA-32e mode if the “IA-32e mode guest” VM-entry control is 1. (This is possible only on 
processors that support Intel 64 architecture.) 


Any one of these registers is said to be usable if the unusable bit (bit 16) is 0 in the access-rights field for that 
register. 


The following are the checks on these fields: 


Selector fields. 
— TR. The TI flag (bit 2) must be 0. 
— LDTR. If LDTR is usable, the TI flag (bit 2) must be 0. 


Software can determine a processor's physical-address width by executing CPUID with 8BOOOOOO8H in EAX. The physical-address 
width is returned in bits 7:0 of EAX. 


Bit 63 of the CR3 field in the quest-state area must be O. This is true even though, If CR4.PCIDE = 1, bit 63 of the source operand to 
MOV to CR3 is used to determine whether cached translation information is invalidated. 


If the capability MSR 1A32_VMX_CRO_FIXEDO reports that CRO.PG must be 1 in VMX operation, bit 31 in the CRO field must be 1 
unless the “unrestricted guest” VM-execution control and bit 31 of the primary processor-based VM-execution controls are both 1. 
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— SS. If the guest will not be virtual-8086 and the “unrestricted guest” VM-execution control is 0, the RPL 
(bits 1:0) must equal the RPL of the selector field for CS.1 


°  Base-address fields. 


— CS, SS, DS, ES, FS, GS. If the guest will be virtual-8086, the address must be the selector field shifted left 
4 bits (multiplied by 16). 


— The following checks are performed on processors that support Intel 64 architecture: 
¢ TR, FS, GS. The address must be canonical. 
¢ LDTR. If LDTR is usable, the address must be canonical. 
¢ CS. Bits 63:32 of the address must be zero. 
¢ SS, DS, ES. If the register is usable, bits 63:32 of the address must be zero. 
e Limit fields for CS, SS, DS, ES, FS, GS. If the guest will be virtual-8086, the field must be OOOOFFFFH. 
° Access-rights fields. 
— CS, SS, DS, ES, FS, GS. 
¢ Ifthe guest will be virtual-8086, the field must be OOOOOOF3H. This implies the following: 
— Bits 3:0 (Type) must be 3, indicating an expand-up read/write accessed data segment. 
— Bit 4 (S) must be 1. 
— Bits 6:5 (DPL) must be 3. 
— Bit 7 (P) must be 1. 


— Bits 11:8 (reserved), bit 12 (software available), bit 13 (reserved/L), bit 14 (D/B), bit 15 (G), 
bit 16 (unusable), and bits 31:17 (reserved) must all be 0. 


¢ If the guest will not be virtual-8086, the different sub-fields are considered separately: 
— Bits 3:0 (Type). 


¢ CS. The values allowed depend on the setting of the “unrestricted guest” VM-execution 
control: 


— If the control is 0, the Type must be 9, 11, 13, or 15 (accessed code segment). 


— If the control is 1, the Type must be either 3 (read/write accessed expand-up data 
segment) or one of 9, 11, 13, and 15 (accessed code segment). 


¢ SS. If SS is usable, the Type must be 3 or 7 (read/write, accessed data segment). 
¢ DS, ES, FS, GS. The following checks apply if the register is usable: 
— Bit 0 of the Type must be 1 (accessed). 
— If bit 3 of the Type is 1 (code segment), then bit 1 of the Type must be 1 (readable). 
— Bit 4 (S). If the register is CS or if the register is usable, S must be 1. 
— Bits 6:5 (DPL). 
* “CS: 


— If the Type is 3 (read/write accessed expand-up data segment), the DPL must be 0. The 
Type can be 3 only if the “unrestricted guest” VM-execution control is 1. 


— If the Type is 9 or 11 (non-conforming code segment), the DPL must equal the DPL in the 
access-rights field for SS. 


— If the Type is 13 or 15 (conforming code segment), the DPL cannot be greater than the 
DPL in the access-rights field for SS. 


© SS: 


1. “Unrestricted guest” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution 
controls is 0, VM entry functions as if the “unrestricted quest” VM-execution control were 0. See Section 24.6.2. 
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— If the “unrestricted guest” VM-execution control is 0, the DPL must equal the RPL from the 
selector field. 


— The DPL must be 0 either if the Type in the access-rights field for CS is 3 (read/write 
acbeesed expand-up data segment) or if bit 0 in the CRO field (corresponding to CRO.PE) is 
0. 


¢ DS, ES, FS, GS. The DPL cannot be less than the RPL in the selector field if (1) the 
“unrestricted guest” VM-execution control is 0; (2) the register is usable; and (3) the Type in 
the access-rights field is in the range 0 - 11 (data segment or non-conforming code segment). 


— Bit 7 (P). If the register is CS or if the register is usable, P must be 1. 
— Bits 11:8 (reserved). If the register is CS or if the register is usable, these bits must all be 0. 


— Bit 14 (D/B). For CS, D/B must be 0 if the guest will be IA-32e mode and the L bit (bit 13) in the 
access-rights field is 1. 


— Bit 15 (G). The following checks apply if the register is CS or if the register is usable: 
¢ If any bit in the limit field in the range 11:0 is 0, G must be O. 
¢ If any bit in the limit field in the range 31:20 is 1, G must be 1. 
— Bits 31:17 (reserved). If the register is CS or if the register is usable, these bits must all be 0. 


. The different sub-fields are considered separately: 


Bits 3:0 (Type). 


— If the guest will not be IA-32e mode, the Type must be 3 (16-bit busy TSS) or 11 (32-bit busy 
TSS). 


— If the guest will be IA-32e mode, the Type must be 11 (64-bit busy TSS). 
Bit 4 (S). S must be 0. 

Bit 7 (P). P must be 1. 

Bits 11:8 (reserved). These bits must all be 0. 

Bit 15 (G). 

— If any bit in the limit field in the range 11:0 is 0, G must be 0. 

— If any bit in the limit field in the range 31:20 is 1, G must be 1. 

Bit 16 (Unusable). The unusable bit must be 0. 

Bits 31:17 (reserved). These bits must all be 0. 


— LDTR. The following checks on the different sub-fields apply only if LDTR is usable: 


Bits 3:0 (Type). The Type must be 2 (LDT). 

Bit 4 (S). S must be 0. 

Bit 7 (P). P must be 1. 

Bits 11:8 (reserved). These bits must all be 0. 

Bit 15 (G). 

— If any bit in the limit field in the range 11:0 is 0, G must be 0. 
— If any bit in the limit field in the range 31:20 is 1, G must be 1. 
Bits 31:17 (reserved). These bits must all be 0. 


1. The following apply if either the “unrestricted quest” VM-execution control or bit 31 of the primary processor-based V/M-execution 
controls is 0: (1) bit O in the CRO field must be 1 if the capability MSR [A32_VMX_CRO_FIXEDO reports that CRO.PE must be 1 in 
V/MX operation; and (2) the Type in the access-rights field for CS cannot be 3. 
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26.3.1.3 Checks on Guest Descriptor-Table Registers 

The following checks are performed on the fields for GDTR and IDTR: 

* On processors that support Intel 64 architecture, the base-address fields must contain canonical addresses. 
¢ Bits 31:16 of each limit field must be 0. 


26.3.1.4 Checks on Guest RIP, RFLAGS, and SSP 


The following checks are performed on fields in the guest-state area corresponding to RIP, RFLAGS, and SSP 
(shadow-stack pointer): 


¢ RIP. The following checks are performed on processors that support Intel 64 architecture: 


— Bits 63:32 must be 0 if the “IA-32e mode guest” VM-entry control is 0 or if the L bit (bit 13) in the access- 
rights field for CS is 0. 


— Ifthe processor supports N < 64 linear-address bits, bits 63:N must be identical if the “IA-32e mode guest” 
VM-entry control is 1 and the L bit in the access-rights field for CS is 1.1 (No check applies if the processor 
supports 64 linear-address bits.) The guest RIP value is not required to be canonical; the value of bit N-1 
may differ from that of bit N. 


° RFLAGS. 


— Reserved bits 63:22 (bits 31:22 on processors that do not support Intel 64 architecture), bit 15, bit 5 and 
bit 3 must be 0 in the field, and reserved bit 1 must be 1. 


— The VM flag (bit 17) must be 0 either if the “IA-32e mode guest” VM-entry control is 1 or if bit 0 in the CRO 
field (corresponding to CRO.PE) is 0.2 


— The IF flag (RFLAGS[bit 9]) must be 1 if the valid bit (bit 31) in the VM-entry interruption-information field 
is 1 and the interruption type (bits 10:8) is external interrupt. 


¢ SSP. The following checks are performed if the “load CET state” VM-entry control is 1 
— Bits 1:0 must be 0. 


— Ifthe processor supports the Intel 64 architecture, bits 63:N must be identical, where N is the CPU’s 
maximum linear-address width. (This check does not apply if the processor supports 64 linear-address 
bits.) The guest SSP value is not required to be canonical; the value of bit N-1 may differ from that of bit N. 


26.3.1.5 Checks on Guest Non-Register State 
The following checks are performed on fields in the guest-state area corresponding to non-register state: 
° Activity state. 
— The activity-state field must contain a value in the range 0 — 3, indicating an activity state supported by the 
implementation (see Section 24.4.2). Future processors may include support for other activity states. 


Software should read the VMX capability MSR IA32_VMX_MISC (see Appendix A.6) to determine what 
activity states are supported. 


— The Be any State field must not indicate the HLT state if the DPL (bits 6:5) in the access-rights field for SS 
is not 0. 


— The activity-state field must indicate the active state if the interruptibility-state field indicates blocking by 
either MOV-SS or by STI (if either bit O or bit 1 in that field is 1). 


— If the valid bit (bit 31) in the VM-entry interruption-information field is 1, the interruption to be delivered 
(as defined by interruption type and vector) must not be one that would normally be blocked while a logical 
processor is in the activity state corresponding to the contents of the activity-state field. The following 


1. Software can determine the number N by executing CPUID with 8OOO0008H in EAX. The number of linear-address bits supported is 
returned in bits 15:8 of EAX. 


2. If the capability MSR IA32_VMX_CRO_FIXEDO reports that CRO.PE must be 1 in VMX operation, bit 0 in the CRO field must be 1 
unless the “unrestricted quest” VM-execution control and bit 31 of the primary processor-based VM-execution controls are both 1. 


3. As noted in Section 24.4.1, SS.DPL corresponds to the logical processor's current privilege level (CPL). 
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items enumerate the interruptions (as specified in the VM-entry interruption-information field) whose 
injection is allowed for the different activity states: 


¢ Active. Any interruption is allowed. 
¢ HLT. The only events allowed are the following: 
— Those with interruption type external interrupt or non-maskable interrupt (NMI). 


— Those with interruption type hardware exception and vector 1 (debug exception) or vector 18 
(machine-check exception). 


— Those with interruption type other event and vector 0 (pending MTF VM exit). 


See Table 24-16 in Section 24.8.3 for details regarding the format of the VM-entry interruption- 
information field. 


¢ Shutdown. Only NMIs and machine-check exceptions are allowed. 
¢ Wait-for-SIPI. No interruptions are allowed. 
The activity-state field must not indicate the wait-for-SIPI state if the “entry to SMM” VM-entry control is 1. 


¢  Interruptibility state. 


The reserved bits (bits 31:5) must be 0. 
The field cannot indicate blocking by both STI and MOV SS (bits 0 and 1 cannot both be 1). 
Bit 0 (blocking by STI) must be 0 if the IF flag (bit 9) is 0 in the RFLAGS field. 


Bit 0 (blocking by STI) and bit 1 (blocking by MOV-SS) must both be 0 if the valid bit (bit 31) in the 
VM-entry interruption-information field is 1 and the interruption type (bits 10:8) in that field has value 0, 
indicating external interrupt, or value 2, indicating non-maskable interrupt (NMI). 


Bit 2 (blocking by SMI) must be 0 if the processor is not in SMM. 
Bit 2 (blocking by SMI) must be 1 if the “entry to SMM” VM-entry control is 1. 


Bit 3 (blocking by NMI) must be 0 if the “virtual NMIs” VM-execution control is 1, the valid bit (bit 31) in the 
VM-entry interruption-information field is 1, and the interruption type (bits 10:8) in that field has value 2 
(indicating NMI). 


If bit 4 (enclave interruption) is 1, bit 1 (blocking by MOV-SS) must be 0 and the processor must support 
for SGX by enumerating CPUID.(EAX=07H,ECX=0):EBX.SGX[bit 2] as 1. 


NOTE 


If the “virtual NMIs” VM-execution control is 0, there is no requirement that bit 3 be 0 if the valid bit 
in the VM-entry interruption-information field is 1 and the interruption type in that field has value 2. 


¢ Pending debug exceptions. 


Bits 11:4, bit 13, bit 15, and bits 63:17 (bits 31:17 on processors that do not support Intel 64 architecture) 
must be 0. 


The following checks are performed if any of the following holds: (1) the interruptibility-state field indicates 
blocking by STI (bit 0 in that field is 1); (2) the interruptibility-state field indicates blocking by MOV SS 
(bit 1 in that field is 1); or (3) the activity-state field indicates HLT: 


¢ Bit 14 (BS) must be 1 if the TF flag (bit 8) in the RFLAGS field is 1 and the BTF flag (bit 1) in the 
IA32_DEBUGCTL field is 0. 


¢ Bit 14 (BS) must be 0 if the TF flag (bit 8) in the RFLAGS field is 0 or the BTF flag (bit 1) in the 
IA32_DEBUGCTL field is 1. 


The following checks are performed if bit 16 (RTM) is 1: 


¢ Bits 11:0, bits 15:13, and bits 63:17 (bits 31:17 on processors that do not support Intel 64 archi- 
tecture) must be 0; bit 12 must be 1. 


¢ The processor must support for RTM by enumerating CPUID.(EAX=07H,ECX=0):EBX[bit 11] as 1. 
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¢ The interruptibility-state field must not indicate blocking by MOV SS (bit 1 in that field must be 0). 
¢ VMCS link pointer. The following checks apply if the field contains a value other than FFFFFFFF_FFFFFFFFH: 
— Bits 11:0 must be 0. 
— Bits beyond the processor’s physical-address width must be 0.1/2 


— The 4 bytes located in memory referenced by the value of the field (as a physical address) must satisfy the 
following: 


* Bits 30:0 must contain the processor’s VMCS revision identifier (see Section 24.2).3 


* Bit 31 must contain the setting of the “VMCS shadowing” VM-execution control.* This implies that the 
referenced VMCS is a shadow VMCS (see Section 24.10) if and only if the “VMCS shadowing” VM- 
execution control is 1. 


— Ifthe processor is not in SMM or the “entry to SMM” VM-entry control is 1, the field must not contain the 
current VMCS pointer. 


— If the processor is in SMM and the “entry to SMM” VM-entry control is 0, the field must differ from the 
executive-VMCS pointer. 


26.3.1.6 Checks on Guest Page-Directory-Pointer-Table Entries 


If CRO.PG =1, CR4.PAE = 1, and IA32_EFER.LME = 0, the logical processor uses PAE paging (see Section 4.4 in 
the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A).> When PAE paging is in use, the 
physical address in CR3 references a table of page-directory-pointer-table entries (PDPTEs). A MOV to CR3 
when PAE paging is in use checks the validity of the PDPTEs. 


AVM entry is to a guest that uses PAE paging if (1) bit 31 (corresponding to CRO.PG) is set in the CRO field in the 
guest-state area; (2) bit 5 (corresponding to CR4.PAE) is set in the CR4 field; and (3) the “IA-32e mode guest” 
VM-entry control is 0. Such a VM entry checks the validity of the PDPTEs: 


e If the “enable EPT” VM-execution control is 0, VM entry checks the validity of the PDPTEs referenced by the CR3 
field in the guest-state area if either (1) PAE paging was not in use before the VM entry; or (2) the value of CR3 
is changing as a result of the VM entry. VM entry may check their validity even if neither (1) nor (2) hold.® 


° If the “enable EPT” VM-execution control is 1, VM entry checks the validity of the PDPTE fields in the guest- 
state area (see Section 24.4.2). 
A VM entry to a guest that does not use PAE paging does not check the validity of any PDPTEs. 


A VM entry that checks the validity of the PDPTEs uses the same checks that are used when CR3 is loaded with 
MOV to CR3 when PAE paging is in use.” If MOV to CR3 would cause a general-protection exception due to the 
PDPTEs that would be loaded (e.g., because a reserved bit is set), the VM entry fails. 


1. Software can determine a processor's physical-address width by executing CPUID with BOOOOOO8H in EAX. The physical-address 
width is returned in bits 7:0 of EAX. 


2. If l|A32_VMX_BASIC[48] is read as 1, this field must not set any bits in the range 63:32; see Appendix A.1. 


3. Earlier versions of this manual specified that the VMCS revision identifier was a 32-bit field. For all processors produced prior to this 
change, bit 31 of the VMCS revision identifier was O. 

4. “VMCS shadowing” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution 
controls is 0, VM entry functions as if the “VMCS shadowing” VM-execution control were 0. See Section 24.6.2. 

5. On processors that support Intel 64 architecture, the physical-address extension may support more than 36 physical-address bits. 
Software can determine the number physical-address bits supported by executing CPUID with BOOOO0O8H in EAX. The physical- 
address width is returned in bits 7:0 of EAX. 

6. “Enable EPT” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution controls 
is 0, VM entry functions as if the “enable EPT” VM-execution control were O. See Section 24.6.2. 

7. This implies that (1) bits 11:9 in each PDPTE are ignored; and (2) if bit O (present) is clear in one of the PDPTEs, bits 63:1 of that 
PDPTE are ignored. 
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26.3.2 Loading Guest State 


Processor state is updated on VM entries in the following ways: 

¢ Some state is loaded from the guest-state area. 

¢ Some state is determined by VM-entry controls. 

¢ The page-directory pointers are loaded based on the values of certain control registers. 


This loading may be performed in any order and in parallel with the checking of VMCS contents (see Section 
26.3.1). 


The loading of guest state is detailed in Section 26.3.2.1 to Section 26.3.2.4. These sections reference VMCS fields 
that correspond to processor state. Unless otherwise stated, these references are to fields in the guest-state area. 


In addition to the state loading described in this section, VM entries may load MSRs from the VM-entry MSR-load 
area (see Section 26.4). This loading occurs only after the state loading described in this section and the checking 
of VMCS contents described in Section 26.3.1. 


26.3.2.1 Loading Guest Control Registers, Debug Registers, and MSRs 
The following items describe how guest control registers, debug registers, and MSRs are loaded on VM entry: 


* CRO is loaded from the CRO field with the exception of the following bits, which are never modified on VM entry: 
ET (bit 4); reserved bits 15:6, 17, and 28:19; NW (bit 29) and CD (bit 30).! The values of these bits in the CRO 
field are ignored. 


* CR3 and CR4 are loaded from the CR3 field and the CR4 field, respectively. 


¢ If the “load debug controls” VM-entry control is 1, DR7 is loaded from the DR7 field with the exception that 
bit 12 and bits 15:14 are always 0 and bit 10 is always 1. The values of these bits in the DR7 field are ignored. 


The first processors to support the virtual-machine extensions supported only the i-setting of the “load 
debug controls” VM-entry control and thus always loaded DR7 from the DR7 field. 


¢ The following describes how certain MSRs are loaded using fields in the guest-state area: 


— Ifthe “load debug controls” VM-entry control is 1, the IA32_DEBUGCTL MSR is loaded from the 
IA32_DEBUGCTL field. The first processors to support the virtual-machine extensions supported only the 1- 
setting of this control and thus always loaded the IA32_DEBUGCTL MSR from the IA32_DEBUGCTL field. 


— The IA32_SYSENTER_CS MSR is loaded from the IA32_SYSENTER_CS field. Since this field has only 32 bits, 
bits 63:32 of the MSR are cleared to 0. 


— The IA32_SYSENTER_ESP and IA32_SYSENTER_EIP MSRs are loaded from the IA32_SYSENTER_ESP field 
and the IA32_SYSENTER_EIP field, respectively. On processors that do not support Intel 64 architecture, 
these fields have only 32 bits; bits 63:32 of the MSRs are cleared to 0. 


— The following are performed on processors that support Intel 64 architecture: 


¢ The MSRs FS.base and GS.base are loaded from the base-address fields for FS and GS, respectively 
(see Section 26.3.2.2). 


¢ If the “load IA32_EFER” VM-entry control is 0, bits in the IA32_EFER MSR are modified as follows: 
— IA32_EFER.LMA is loaded with the setting of the “IA-32e mode guest” VM-entry control. 


— If CRO is being loaded so that CRO.PG = 1, IA32_EFER.LME is also loaded with the setting of the 
“TA-32e mode guest” VM-entry control.2 Otherwise, IA32_EFER.LME is unmodified. 


See below for the case in which the “load IA32_EFER” VM-entry control is 1 


1. Bits 15:6, bit 17, and bit 28:19 of CRO and CRO.ET are unchanged by executions of MOV to CRO. Bits 15:6, bit 17, and bit 28:19 of 
CRO are always 0 and CRO.ET is always 1. 


2. If the capability MSR [A32_VMX_CRO_FIXEDO reports that CRO.PG must be 1 in VMX operation, VM entry must be loading CRO so 
that CRO.PG = 1 unless the “unrestricted quest” VM-execution control and bit 31 of the primary processor-based VM-execution con- 
trols are both 1. 
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— Ifthe “load IA32_PERF_GLOBAL_CTRL” VM-entry control is 1, the IA32_PERF_GLOBAL_CTRL MSR is loaded 
from the IA32_PERF_GLOBAL_CTRL field. 


— Ifthe “load IA32_PAT” VM-entry control is 1, the IA32_PAT MSR is loaded from the IA32_PAT field. 
— Ifthe “load IA32_EFER” VM-entry control is 1, the IA32_EFER MSR is loaded from the IA32_EFER field. 


— Ifthe “load IA32_BNDCFGS” VM-entry control is 1, the IA32_BNDCFGS MSR is loaded from the 
IA32_BNDCFGS field. 


— Ifthe “load IA32_RTIT_CTL” VM-entry control is 1, the IA32_RTIT_CTL MSR is loaded from the 
IA32_RTIT_CTL field. 


— Ifthe “load CET” VM-entry control is 1, the IA32_S_CET and IA32_INTERRUPT_SSP_TABLE_ADDR MSRs 
are loaded from the IA32_S_CET field and the IA32_INTERRUPT_SSP_TABLE_ADDR field, respectively. On 
processors that do not support Intel 64 architecture, these fields have only 32 bits; bits 63:32 of the MSRs 
are cleared to 0. 


— Ifthe “load guest IA32_LBR_CTL” VM-entry control is 1, the IA32_LBR_CTL MSR is loaded from the 
IA32_LBR_CTL guest state field. 


— Ifthe “load PKRS” VM-entry control is 1, the IA32_PKRS MSR is loaded from the IA32_PKRS field. 


With the exception of FS.base and GS.base, any of these MSRs is subsequently overwritten if it appears in the 
VM-entry MSR-load area. See Section 26.4. 


The SMBASE register is unmodified by all VM entries except those that return from SMM. 


26.3.2.2 Loading Guest Segment Registers and Descriptor-Table Registers 
For each of CS, SS, DS, ES, FS, GS, TR, and LDTR, fields are loaded from the guest-state area as follows: 


The unusable bit is loaded from the access-rights field. This bit can never be set for TR (See Section 26.3.1.2). 
If it is set for one of the other registers, the following apply: 


— For each of CS, SS, DS, ES, FS, and GS, uses of the segment cause faults (general-protection exception or 
stack-fault exception) outside 64-bit mode, just as they would had the segment been loaded using a null 
selector. This bit does not cause accesses to fault in 64-bit mode. 


— If this bit is set for LDTR, uses of LDTR cause general-protection exceptions in all modes, just as they would 
had LDTR been loaded using a null selector. 


If this bit is clear for any of CS, SS, DS, ES, FS, GS, TR, and LDTR, a null selector value does not cause a fault 
(general-protection exception or stack-fault exception). 


TR. The selector, base, limit, and access-rights fields are loaded. 
cs. 


— The following fields are always loaded: selector, base address, limit, and (from the access-rights field) the 
L, D, and G bits. 


— For the other fields, the unusable bit of the access-rights field is consulted: 
¢ If the unusable bit is 0, all of the access-rights field is loaded. 
¢ Ifthe unusable bit is 1, the remainder of CS access rights are undefined after VM entry. 
SS, DS, ES, FS, GS, and LDTR. 
— The selector fields are loaded. 
— For the other fields, the unusable bit of the corresponding access-rights field is consulted: 


¢ If the unusable bit is 0, the base-address, limit, and access-rights fields are loaded. 


¢ If the unusable bit is 1, the base address, the segment limit, and the remainder of the access rights are 
undefined after VM entry with the following exceptions: 


— Bits 3:0 of the base address for SS are cleared to 0. 


— SS.DPL is always loaded from the SS access-rights field. This will be the current privilege level 
(CPL) after the VM entry completes. 
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— SS.B is always set to 1. 


— The base addresses for FS and GS are loaded from the corresponding fields in the VMCS. On 
processors that support Intel 64 architecture, the values loaded for base addresses for FS and GS 
are also manifest in the FS.base and GS.base MSRs. 


— On processors that support Intel 64 architecture, the base address for LDTR is set to an undefined 
but canonical value. 


— On processors that support Intel 64 architecture, bits 63:32 of the base addresses for SS, DS, and 
ES are cleared to 0. 


GDTR and IDTR are loaded using the base and limit fields. 


26.3.2.3. Loading Guest RIP, RSP, RFLAGS, and SSP 

RSP, RIP, and RFLAGS are loaded from the RSP field, the RIP field, and the RFLAGS field, respectively. 
If the “load CET” VM-entry control is 1, SSP (shadow-stack pointer) is loaded from the SSP field. 

The following items regard the upper 32 bits of these fields on VM entries that are not to 64-bit mode: 


Bits 63:32 of RSP are undefined outside 64-bit mode. Thus, a logical processor may ignore the contents of 
bits 63:32 of the RSP field on VM entries that are not to 64-bit mode. 


As noted in Section 26.3.1.4, bits 63:32 of the RIP and RFLAGS fields must be 0 on VM entries that are not to 
64-bit mode. (The same is true for SSP for VM entries that are not to 64-bit mode when the “load CET” VM- 
entry control is 1.) 


26.3.2.4 Loading Page-Directory-Pointer-Table Entries 


As noted in Section 26.3.1.6, the logical processor uses PAE paging if CRO.PG = 1, CR4.PAE = 1, and 
IA32_EFER.LME = 0. AVM entry to a guest that uses PAE paging loads the PDPTEs into internal, non-architectural 
registers based on the setting of the “enable EPT” VM-execution control: 


If the control is 0, the PDPTEs are loaded from the page-directory-pointer table referenced by the physical 
address in the value of CR3 being loaded by the VM entry (see Section 26.3.2.1). The values loaded are treated 
as physical addresses in VMX non-root operation. 


If the control is 1, the PDPTEs are loaded from corresponding fields in the guest-state area (see Section 
24.4.2). The values loaded are treated as guest-physical addresses in VMX non-root operation. 


26.3.2.5 Updating Non-Register State 


Section 28.4 describes how the VMX architecture controls how a logical processor manages information in the TLBs 
and paging-structure caches. The following items detail how VM entries invalidate cached mappings: 


If the “enable VPID” VM-execution control is 0, the logical processor invalidates linear mappings and combined 
mappings associated with VPID OOOOH (for all PCIDs); combined mappings for VPID OOOOH are invalidated for 
all EP4TA values (EP4TA is the value of bits 51:12 of EPTP). 


VM entries are not required to invalidate any guest-physical mappings, nor are they required to invalidate any 
linear mappings or combined mappings if the “enable VPID” VM-execution control is 1. 


If the “virtual-interrupt delivery” VM-execution control is 1, VM entry loads the values of RVI and SVI from the 
guest interrupt-status field in the VMCS (see Section 24.4.2). After doing so, the logical processor first causes PPR 
virtualization (Section 29.1.3) and then evaluates pending virtual interrupts (Section 29.2.1). 


If a virtual interrupt is recognized, it may be delivered in VMX non-root operation immediately after VM entry 
(including any specified event injection) completes; see Section 26.7.5. See Section 29.2.2 for details regarding 
the delivery of virtual interrupts. 
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26.3.3. Clearing Address-Range Monitoring 


The Intel 64 and IA-32 architectures allow software to monitor a specified address range using the MONITOR and 
MWATT instructions. See Section 8.10.4 in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3A. VM entries clear any address-range monitoring that may be in effect. 


26.4 LOADING MSRS 


VM entries may load MSRs from the VM-entry MSR-load area (see Section 24.8.2). Specifically each entry in that 
area (up to the number specified in the VM-entry MSR-load count) is processed in order by loading the MSR 
indexed by bits 31:0 with the contents of bits 127:64 as they would be written by WRMSR.! 


Processing of an entry fails in any of the following cases: 
° The value of bits 31:0 is either CO000100H (the IA32_FS_BASE MSR) or CO000101 (the IA32_GS_BASE MSR). 


° The value of bits 31:8 is OO0008H, meaning that the indexed MSR is one that allows access to an APIC register 
when the local APIC is in x2APIC mode. 


¢ The value of bits 31:0 indicates an MSR that can be written only in system-management mode (SMM) and the 
VM entry did not commence in SMM. (IA32_SMM_MONITOR_CTL is an MSR that can be written only in SMM.) 


° The value of bits 31:0 indicates an MSR that cannot be loaded on VM entries for model-specific reasons. A 
processor may prevent loading of certain MSRs even if they can normally be written by WRMSR. Such model- 
specific behavior is documented in Chapter 2, “Model-Specific Registers (MSRs)” in the Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 4. 


¢ §=6Bits 63:32 are not all 0. 


¢ An attempt to write bits 127:64 to the MSR indexed by bits 31:0 of the entry would cause a general-protection 
exception if executed via WRMSR with CPL = 0.2 


The VM entry fails if processing fails for any entry. The logical processor responds to such failures by loading state 
from the host-state area, as it would for a VM exit. See Section 26.8. 


If any MSR is being loaded in such a way that would architecturally require a TLB flush, the TLBs are updated so 
that, after VM entry, the logical processor will not use any translations that were cached before the transition. 


26.5 TRACE-ADDRESS PRE-TRANSLATION (TAPT) 


When the “Intel PT uses guest physical addresses” VM-execution control is 1, the addresses used by Intel PT are 
treated as guest-physical addresses, and these are translated to physical addresses using EPT. 


VM entry uses trace-address pre-translation (TAPT) to prevent buffered trace data from being lost due to an 
EPT violation; see Section 25.5.4.2. VM entry uses TAPT only if Intel PT will be enabled following VM entry 
(IA32_RTIT_CTL.TraceEn = 1) and only if the “Intel PT uses guest physical addresses” VM-execution control is 1 


As noted in Section 25.5.4, TAPT may cause a VM exit due to an EPT violation, EPT misconfiguration, page-modifi- 
cation log-full event, or APIC access. If such a VM exit occurs as a result of TAPT during VM entry, the VM exit oper- 
ates as if it had occurred in VMX non-root operation after the VM entry completed (in the guest context). 


If TAPT during VM entry causes a VM exit, the VM entry does not perform event injection (Section 26.6), even if the 
valid bit in the VM-entry interruption-information field is 1. Such VM exits save the contents of VM-entry interrup- 
tion-information and VM-entry exception error code fields into the IDT-vectoring information and IDT-vectoring 
error code fields, respectively. 


1. Because attempts to modify the value of IA32_EFER.LMA by WRMSR are ignored, attempts to modify it using the VM-entry MSR- 
load area are also ignored. 

2. If CRO.PG = 1, WRMSR to the I[A32_EFER MSR causes a general-protection exception if it would modify the LME bit. If VM entry has 
established CRO.PG = 1, the I[A32_EFER MSR should not be included in the VM-entry MSR-load area for the purpose of modifying the 
LME bit. 
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26.6 EVENT INJECTION 


If the valid bit in the VM-entry interruption-information field (see Section 24.8.3) is 1, VM entry causes an event to 
be delivered (or made pending) after all components of guest state have been loaded (including MSRs) and after 
the VM-execution control fields have been established. 


¢ If the interruption type in the field is 0 (external interrupt), 2 (non-maskable interrupt); 3 (hardware 
exception), 4 (software interrupt), 5 (privileged software exception), or 6 (software exception), the event is 
delivered as described in Section 26.6.1. 


¢ If the interruption type in the field is 7 (other event) and the vector field is 0, an MTF VM exit is pending after 
VM entry. See Section 26.6.2. 


26.6.1 Vectored-Event Injection 


VM entry delivers an injected vectored event within the guest context established by VM entry. This means that 
delivery occurs after all components of guest state have been loaded (including MSRs) and after the VM-execution 
control fields have been established.! The event is delivered using the vector in that field to select a descriptor in 
the IDT. Since event injection occurs after loading IDTR from the guest-state area, this is the guest IDT. 


Section 26.6.1.1 provides details of vectored-event injection. In general, the event is delivered exactly as if it had 
been generated normally. 


If event delivery encounters a nested exception (for example, a general-protection exception because the vector 
indicates a descriptor beyond the IDT limit), the exception bitmap is consulted using the vector of that exception: 


e If the bit for the nested exception is 0, the nested exception is delivered normally. If the nested exception is 
benign, it is delivered through the IDT. If it is contributory or a page fault, a double fault may be generated, 
depending on the nature of the event whose delivery encountered the nested exception. See Chapter 6, 
“Interrupt 8—Double Fault Exception (#DF)” in Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3A.2 


e If the bit for the nested exception is 1, a VM exit occurs. Section 26.6.1.2 details cases in which event injection 
causes a VM exit. 


26.6.1.1. Details of Vectored-Event Injection 


The event-injection process is controlled by the contents of the VM-entry interruption information field (format 
given in Table 24-16), the VM-entry exception error-code field, and the VM-entry instruction-length field. The 
following items provide details of the process: 


¢ The value pushed on the stack for RFLAGS is generally that which was loaded from the guest-state area. The 
value pushed for the RF flag is not modified based on the type of event being delivered. However, the pushed 
value of RFLAGS may be modified if a software interrupt is being injected into a guest that will be in virtual- 
8086 mode (see below). After RFLAGS is pushed on the stack, the value in the RFLAGS register is modified as 
is done normally when delivering an event through the IDT. 


¢ The instruction pointer that is pushed on the stack depends on the type of event and whether nested exceptions 
occur during its delivery. The term current guest RIP refers to the value to be loaded from the guest-state 
area. The value pushed is determined as follows: 


— If VM entry successfully injects (with no nested exception) an event with interruption type external 
interrupt, NMI, or hardware exception, the current guest RIP is pushed on the stack. 


1. This does not imply that injection of an exception or interrupt will cause a VM exit due to the settings of VM-execution control fields 
(such as the exception bitmap) that would cause a VM exit if the event had occurred in VMX non-root operation. In contrast, a nested 
exception encountered during event delivery may cause a VM exit; see Section 26.6.1.1. 

2. Hardware exceptions with the following unused vectors are considered benign: 15 and 21-31. A hardware exception with vector 20 
is considered benign unless the processor supports the 1-setting of the “EPT-violation #VE” VM-execution control; in that case, it 
has the same severity as page faults. 


3. While these items refer to RIP, the width of the value pushed (16 bits, 32 bits, or 64 bits) is determined normally. 
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— If VM entry successfully injects (with no nested exception) an event with interruption type software 
interrupt, privileged software exception, or software exception, the current guest RIP is incremented by the 
VM-entry instruction length before being pushed on the stack. 


— If VM entry encounters an exception while injecting an event and that exception does not cause a VM exit, 
the current guest RIP is pushed on the stack regardless of event type or VM-entry instruction length. If the 
encountered exception does cause a VM exit that saves RIP, the saved RIP is current guest RIP. 


If the deliver-error-code bit (bit 11) is set in the VM-entry interruption-information field, the contents of the 
VM-entry exception error-code field is pushed on the stack as an error code would be pushed during delivery of 
an exception. 


DR6, DR7, and the IA32_DEBUGCTL MSR are not modified by event injection, even if the event has vector 1 
(normal deliveries of debug exceptions, which have vector 1, do update these registers). 


If VM entry is injecting a software interrupt and the guest will be in virtual-8086 mode (RFLAGS.VM = 1), no 
general-protection exception can occur due to RFLAGS.IOPL < 3. AVM monitor should check RFLAGS.IOPL 
before injecting such an event and, if desired, inject a general-protection exception instead of a software 
interrupt. 


If VM entry is injecting a software interrupt and the guest will be in virtual-8086 mode with virtual-8086 mode 
extensions (RFLAGS.VM = CR4.VME = 1), event delivery is subject to VME-based interrupt redirection based 
on the software interrupt redirection bitmap in the task-state segment (TSS) as follows: 


— If bit nin the bitmap is clear (where rn is the number of the software interrupt), the interrupt is directed to 
an 8086 program interrupt handler: the processor uses a 16-bit interrupt-vector table (IVT) located at 
linear address zero. If the value of RFLAGS.IOPL is less than 3, the following modifications are made to the 
value of RFLAGS that is pushed on the stack: IOPL is set to 3, and IF is set to the value of VIF. 


— If bit nin the bitmap is set (where n is the number of the software interrupt), the interrupt is directed to a 
protected-mode interrupt handler. (In other words, the injection is treated as described in the next item.) 
In this case, the software interrupt does not invoke such a handler if RFLAGS.IOPL < 3 (a general- 
protection exception occurs instead). However, as noted above, RFLAGS.IOPL cannot cause an injected 
software interrupt to cause such a exception. Thus, in this case, the injection invokes a protected-mode 
interrupt handler independent of the value of RFLAGS.IOPL. 


Injection of events of other types are not subject to this redirection. 

If VM entry is injecting a software interrupt (not redirected as described above) or software exception, privilege 
checking is performed on the IDT descriptor being accessed as would be the case for executions of INT n, INT3, 
or INTO (the descriptor’s DPL cannot be less than CPL). There is no checking of RFLAGS.IOPL, even if the guest 
will be in virtual-8086 mode. Failure of this check may lead to a nested exception. Injection of an event with 
interruption type external interrupt, NMI, hardware exception, and privileged software exception, or with inter- 
ruption type software interrupt and being redirected as described above, do not perform these checks. 

If VM entry is injecting a non-maskable interrupt (NMI) and the “virtual NMIs” VM-execution control is 1, 
virtual-NMI blocking is in effect after VM entry. 

The transition causes a last-branch record to be logged if the LBR bit is set in the IA32_ DEBUGCTL MSR. This is 
true even for events such as debug exceptions, which normally clear the LBR bit before delivery. 

The last-exception record MSRs (LERs) may be updated based on the setting of the LBR bit in the 
IA32_DEBUGCTL MSR. Events such as debug exceptions, which normally clear the LBR bit before they are 
delivered, and therefore do not normally update the LERs, may do so as part of VM-entry event injection. 


If injection of an event encounters a nested exception, the value of the EXT bit (bit 0) in any error code for that 
nested exception is determined as follows: 


— If event being injected has interruption type external interrupt, NMI, hardware exception, or privileged 
software exception and encounters a nested exception (but does not produce a double fault), the error code 
for that exception sets the EXT bit. 


— If event being injected is a software interrupt or a software exception and encounters a nested exception, 
the error code for that exception clears the EXT bit. 


— If event delivery encounters a nested exception and delivery of that exception encounters another 
exception (but does not produce a double fault), the error code for that exception sets the EXT bit. 


— Ifa double fault is produced, the error code for the double fault is OOOOH (the EXT bit is clear). 
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26.6.1.2 VM Exits During Event Injection 


An event being injected never causes a VM exit directly regardless of the settings of the VM-execution controls. For 
example, setting the “NMI exiting” VM-execution control to 1 does not cause a VM exit due to injection of an NMI. 


However, the event-delivery process may lead to a VM exit: 


¢ If the vector in the VM-entry interruption-information field identifies a task gate in the IDT, the attempted task 
switch may cause a VM exit just as it would had the injected event occurred during normal execution in VMX 
non-root operation (see Section 25.4.2). 


e If event delivery encounters a nested exception, a VM exit may occur depending on the contents of the 
exception bitmap (see Section 25.2). 


e If event delivery generates a double-fault exception (due to a nested exception); the logical processor 
encounters another nested exception while attempting to call the double-fault handler; and that exception does 
not cause a VM exit due to the exception bitmap; then a VM exit occurs due to triple fault (see Section 25.2). 


¢ If event delivery injects a double-fault exception and encounters a nested exception that does not cause a 
VM exit due to the exception bitmap, then a VM exit occurs due to triple fault (see Section 25.2). 


e If the “virtualize APIC accesses” VM-execution control is 1 and event delivery generates an access to the APIC- 
access page, that access is treated as described in Section 29.4 and may cause a VM exit.! 


If the event-delivery process does cause a VM exit, the processor state before the VM exit is determined just as it 
would be had the injected event occurred during normal execution in VMX non-root operation. If the injected event 
directly accesses a task gate that cause a VM exit or if the first nested exception encountered causes a VM exit, 
information about the injected event is saved in the IDT-vectoring information field (see Section 27.2.4). 


26.6.1.3 Event Injection for VM Entries to Real-Address Mode 


If VM entry is loading CRO.PE with 0, any injected vectored event is delivered as would normally be done in real- 
address mode.? Specifically, VM entry uses the vector provided in the VM-entry interruption-information field to 
select a 4-byte entry from an interrupt-vector table at the linear address in IDTR.base. Further details are provided 
in Section 15.1.4 in Volume 3A of the IA-32 Intel® Architecture Software Developer’s Manual. 


Because bit 11 (deliver error code) in the VM-entry interruption-information field must be 0 if CRO.PE will be 0 after 
VM entry (see Section 26.2.1.3), vectored events injected with CRO.PE = 0 do not push an error code on the stack. 
This is consistent with event delivery in real-address mode. 


If event delivery encounters a fault (due to a violation of IDTR.limit or of SS.limit), the fault is treated as if it had 
occurred during event delivery in VMX non-root operation. Such a fault may lead to a VM exit as discussed in 
Section 26.6.1.2. 


26.6.2 Injection of Pending MTF VM Exits 


If the interruption type in the VM-entry interruption-information field is 7 (other event) and the vector field is 0, 
VM entry causes an MTF VM exit to be pending on the instruction boundary following VM entry. This is the case 
even if the “monitor trap flag” VM-execution control is 0. See Section 25.5.2 for the treatment of pending MTF 
VM exits. 


26.7. SPECIAL FEATURES OF VM ENTRY 


This section details a variety of features of VM entry. It uses the following terminology: a VM entry is vectoring if 
the valid bit (bit 31) of the VM-entry interruption information field is 1 and the interruption type in the field is 0 


1. “Virtualize APIC accesses” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execu- 
tion controls is 0, VM entry functions as if the “virtualize APIC accesses” VM-execution control were 0. See Section 24.6.2. 

2. If the capability MSR IA32_VMX_CRO_FIXEDO reports that CRO.PE must be 1 in VMX operation, VM entry must be loading CRO.PE 
with 1 unless the “unrestricted guest” VM-execution control and bit 31 of the primary processor-based VM-execution controls are 
both 1. 
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(external interrupt), 2 (non-maskable interrupt); 3 (hardware exception), 4 (software interrupt), 5 (privileged 
software exception), or 6 (software exception). 


26.7.1 —‘Interruptibility State 


The interruptibility-state field in the guest-state area (see Table 24-3) contains bits that control blocking by STI, 
blocking by MOV SS, and blocking by NMI. This field impacts event blocking after VM entry as follows: 


If the VM entry is vectoring, there is no blocking by STI or by MOV SS following the VM entry, regardless of the 
contents of the interruptibility-state field. 


If the VM entry is not vectoring, the following apply: 


— Events are blocked by STI if and only if bit 0 in the interruptibility-state field is 1. This blocking is cleared 
after the guest executes one instruction or incurs an exception (including a debug exception made pending 
by VM entry; see Section 26.7.3). 


— Events are blocked by MOV SS if and only if bit 1 in the interruptibility-state field is 1. This may affect the 
treatment of pending debug exceptions; see Section 26.7.3. This blocking is cleared after the guest 
executes one instruction or incurs an exception (including a debug exception made pending by VM entry). 


The blocking of non-maskable interrupts (NMIs) is determined as follows: 


— Ifthe “virtual NMIs” VM-execution control is 0, NMIs are blocked if and only if bit 3 (blocking by NMI) in the 
interruptibility-state field is 1. If the “NMI exiting” VM-execution control is 0, execution of the IRET 
instruction removes this blocking (even if the instruction generates a fault). If the “NMI exiting” control is 
1, IRET does not affect this blocking. 


— The following items describe the use of bit 3 (blocking by NMI) in the interruptibility-state field if the 
“virtual NMIs” VM-execution control is 1: 


¢ The bit’s value does not affect the blocking of NMIs after VM entry. NMIs are not blocked in VMX non- 
root operation (except for ordinary blocking for other reasons, such as by the MOV SS instruction, the 
wait-for-SIPI state, etc.) 


¢ The bit’s value determines whether there is virtual-NMI blocking after VM entry. If the bit is 1, virtual- 
NMI blocking is in effect after VM entry. If the bit is 0, there is no virtual-NMI blocking after VM entry 
unless the VM entry is injecting an NMI (see Section 26.6.1.1). Execution of IRET removes virtual-NMI 
blocking (even if the instruction generates a fault). 


If the “NMI exiting” VM-execution control is 0, the “virtual NMIs” control must be 0; see Section 26.2.1.1. 
Blocking of system-management interrupts (SMIs) is determined as follows: 


— Ifthe VM entry was not executed in system-management mode (SMM), SMI blocking is unchanged by 
VM entry. 


— Ifthe VM entry was executed in SMM, SMIs are blocked after VM entry if and only if the bit 2 in the inter- 
ruptibility-state field is 1. 


26.7.2 Activity State 


The activity-state field in the guest-state area controls whether, after VM entry, the logical processor is active or in 
one of the inactive states identified in Section 24.4.2. The use of this field is determined as follows: 


If the VM entry is vectoring, the logical processor is in the active state after VM entry. While the consistency 
checks described in Section 26.3.1.5 on the activity-state field do apply in this case, the contents of the 
activity-state field do not determine the activity state after VM entry. 


If the VM entry is not vectoring, the logical processor ends VM entry in the activity state specified in the guest- 
state area. If VM entry ends with the logical processor in an inactive activity state, the VM entry generates any 
special bus cycle that is normally generated when that activity state is entered from the active state. If 

VM entry would end with the logical processor in the shutdown state and the logical processor is in SMX 
operation,! an Intel® TXT shutdown condition occurs. The error code used is 0000H, indicating “legacy 
shutdown.” See Inte/® Trusted Execution Technology Preliminary Architecture Specification. 
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° Some activity states unconditionally block certain events. The following blocking is in effect after any VM entry 
that puts the processor in the indicated state: 


— The active state blocks start-up IPIs (SIPIs). SIPIs that arrive while a logical processor is in the active state 
and in VMX non-root operation are discarded and do not cause VM exits. 


— The HLT state blocks start-up IPIs (SIPIs). SIPIs that arrive while a logical processor is in the HLT state and 
in VMX non-root operation are discarded and do not cause VM exits. 


— The shutdown state blocks external interrupts and SIPIs. External interrupts that arrive while a logical 
processor is in the shutdown state and in VMX non-root operation do not cause VM exits even if the 
“external-interrupt exiting” VM-execution control is 1. SIPIs that arrive while a logical processor is in the 
shutdown state and in VMX non-root operation are discarded and do not cause VM exits. 


— The wait-for-SIPI state blocks external interrupts, non-maskable interrupts (NMIs), INIT signals, and 
system-management interrupts (SMIs). Such events do not cause VM exits if they arrive while a logical 
processor is in the wait-for-SIPI state and in VMX non-root operation. 


26.7.3. Delivery of Pending Debug Exceptions after VM Entry 


The pending debug exceptions field in the guest-state area indicates whether there are debug exceptions that have 
not yet been delivered (see Section 24.4.2). This section describes how these are treated on VM entry. 


There are no pending debug exceptions after VM entry if any of the following are true: 


¢ The VM entry is vectoring with one of the following interruption types: external interrupt, non-maskable 
interrupt (NMI), hardware exception, or privileged software exception. 


¢ The interruptibility-state field does not indicate blocking by MOV SS and the VM entry is vectoring with either of 
the following interruption type: software interrupt or software exception. 


¢ The VM entry is not vectoring and the activity-state field indicates either shutdown or wait-for-SIPI. 


If none of the above hold, the pending debug exceptions field specifies the debug exceptions that are pending for 
the guest. There are valid pending debug exceptions if either the BS bit (bit 14) or the enable-breakpoint bit 
(bit 12) is 1. If there are valid pending debug exceptions, they are handled as follows: 


e If the VM entry is not vectoring, the pending debug exceptions are treated as they would had they been 
encountered normally in guest execution: 


— Ifthe logical processor is not blocking such exceptions (the interruptibility-state field indicates no blocking 
by MOV SS), a debug exception is delivered after VM entry (see below). 


— Ifthe logical processor is blocking such exceptions (due to blocking by MOV SS), the pending debug 
exceptions are held pending or lost as would normally be the case. 


¢ If the VM entry is vectoring (with interruption type software interrupt or software exception and with blocking 
by MOV SS), the following items apply: 


— For injection of a software interrupt or of a software exception with vector 3 (#BP) or vector 4 (#OF) — or 
a privileged software exception with vector 1 (#DB) — the pending debug exceptions are treated as they 
would had they been encountered normally in guest execution if the corresponding instruction (INT1, INT3, 
or INTO) were executed after a MOV SS that encountered a debug trap. 


— For injection of a software exception with a vector other than 3 and 4, the pending debug exceptions may 
be lost or they may be delivered after injection (see below). 


If there are no valid pending debug exceptions (as defined above), no pending debug exceptions are delivered after 
VM entry. 


If a pending debug exception is delivered after VM entry, it has the priority of “traps on the previous instruction” 
(see Section 6.9 in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A). Thus, INIT 
signals and system-management interrupts (SMIs) take priority of such an exception, as do VM exits induced by 
the TPR threshold (see Section 26.7.7) and pending MTF VM exits (see Section 26.7.8. The exception takes priority 


1. A logical processor is in SMX operation if GETSEC[SEXIT] has not been executed since the last execution of GETSEC[SENTER]. See 
Chapter 6, “Safer Mode Extensions Reference,” in Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 2B. 
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over any pending non-maskable interrupt (NMI) or external interrupt and also over VM exits due to the 1-settings 
of the “interrupt-window exiting” and “NMI-window exiting” VM-execution controls. 


A pending debug exception delivered after VM entry causes a VM exit if the bit 1 (#DB) is 1 in the exception 
bitmap. If it does not cause a VM exit, it updates DR6 normally. 


26.7.4 VMX-Preemption Timer 


If the “activate VMX-preemption timer” VM-execution control is 1, VM entry starts the VMX-preemption timer with 
the unsigned value in the VMX-preemption timer-value field. 


It is possible for the VMX-preemption timer to expire during VM entry (e.g., if the value in the VMX-preemption 
timer-value field is zero). If this happens (and if the VM entry was not to the wait-for-SIPI state), a VM exit occurs 
with its normal priority after any event injection and before execution of any instruction following VM entry. For 
example, any pending debug exceptions established by VM entry (see Section 26.7.3) take priority over a timer- 
induced VM exit. (The timer-induced VM exit will occur after delivery of the debug exception, unless that exception 
or its delivery causes a different VM exit.) 


See Section 25.5.1 for details of the operation of the VMX-preemption timer in VMX non-root operation, including 
the blocking and priority of the VM exits that it causes. 


26.7.5 —‘ Interrupt-Window Exiting and Virtual-Interrupt Delivery 


If “interrupt-window exiting” VM-execution control is 1, an open interrupt window may cause a VM exit immedi- 
ately after VM entry (see Section 25.2 for details). If the “interrupt-window exiting” VM-execution control is 0 but 
the “virtual-interrupt delivery” VM-execution control is 1, a virtual interrupt may be delivered immediately after 
VM entry (see Section 26.3.2.5 and Section 29.2.1). 


The following items detail the treatment of these events: 
¢ These events occur after any event injection specified for VM entry. 


¢ Non-maskable interrupts (NMIs) and higher priority events take priority over these events. These events take 
priority over external interrupts and lower priority events. 


¢ These events wake the logical processor if it just entered the HLT state because of a VM entry (see Section 
26.7.2). They do not occur if the logical processor just entered the shutdown state or the wait-for-SIPI state. 


26.7.6 NMI-Window Exiting 


The “NMI-window exiting” VM-execution control may cause a VM exit to occur immediately after VM entry (see 
Section 25.2 for details). 


The following items detail the treatment of these VM exits: 
¢ These VM exits follow event injection if such injection is specified for VM entry. 


° Debug-trap exceptions (see Section 26.7.3) and higher priority events take priority over VM exits caused by 
this control. VM exits caused by this control take priority over non-maskable interrupts (NMIs) and lower 
priority events. 


¢ VM exits caused by this control wake the logical processor if it just entered either the HLT state or the shutdown 
state because of a VM entry (see Section 26.7.2). They do not occur if the logical processor just entered the 
wait-for-SIPI state. 


26.7.7. VM Exits Induced by the TPR Threshold 


If the “use TPR shadow” and “virtualize APIC accesses” VM-execution controls are both 1 and the “virtual-interrupt 
delivery” VM-execution control is 0, a VM exit occurs immediately after VM entry if the value of bits 3:0 of the TPR 
threshold VM-execution control field is greater than the value of bits 7:4 of VTPR (see Section 29.1.1).! 


The following items detail the treatment of these VM exits: 
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° The VM exits are not blocked if RFLAGS.IF = 0 or by the setting of bits in the interruptibility-state field in guest- 
state area. 


° The VM exits follow event injection if such injection is specified for VM entry. 


¢ VM exits caused by this control take priority over system-management interrupts (SMIs), INIT signals, and 
lower priority events. They thus have priority over the VM exits described in Section 26.7.5, Section 26.7.6, 
and Section 26.7.8, as well as any interrupts or debug exceptions that may be pending at the time of VM entry. 


° These VM exits wake the logical processor if it just entered the HLT state as part of a VM entry (see Section 
26.7.2). They do not occur if the logical processor just entered the shutdown state or the wait-for-SIPI state. 


If such a VM exit is suppressed because the processor just entered the shutdown state, it occurs after the 
delivery of any event that cause the logical processor to leave the shutdown state while remaining in VMX 
non-root operation (e.g., due to an NMI that occurs while the “NMI-exiting” VM-execution control is 0). 


¢ The basic exit reason is “TPR below threshold.” 


26.7.8 Pending MTF VM Exits 


As noted in Section 26.6.2, VM entry may cause an MTF VM exit to be pending immediately after VM entry. The 
following items detail the treatment of these VM exits: 


¢ System-management interrupts (SMIs), INIT signals, and higher priority events take priority over these 
VM exits. These VM exits take priority over debug-trap exceptions and lower priority events. 


¢ These VM exits wake the logical processor if it just entered the HLT state because of a VM entry (see Section 
26.7.2). They do not occur if the logical processor just entered the shutdown state or the wait-for-SIPI state. 


26.7.9 VM Entries and Advanced Debugging Features 


VM entries are not logged with last-branch records, do not produce branch-trace messages, and do not update the 
branch-trace store. 


26.8 VM-ENTRY FAILURES DURING OR AFTER LOADING GUEST STATE 


VM-entry failures due to the checks identified in Section 26.3.1 and failures during the MSR loading identified in 
Section 26.4 are treated differently from those that occur earlier in VM entry. In these cases, the following steps 
take place: 


1. Information about the VM-entry failure is recorded in the VM-exit information fields: 
— Exit reason. 


¢ Bits 15:0 of this field contain the basic exit reason. It is loaded with a number indicating the general 
cause of the VM-entry failure. The following numbers are used: 


33. VM-entry failure due to invalid guest state. A VM entry failed one of the checks identified in Section 
26.3.1. 


34. VM-entry failure due to MSR loading. A VM entry failed in an attempt to load MSRs (see Section 
26.4). 


41. VM-entry failure due to machine-check event. A machine-check event occurred during VM entry 
(see Section 26.9). 


¢ Bit 31 is set to 1 to indicate a VM-entry failure. 
¢ The remainder of the field (bits 30:16) is cleared. 


1. “Virtualize APIC accesses” and “virtual-interrupt delivery” are secondary processor-based VM-execution controls. If bit 31 of the pri- 
mary processor-based VM-execution controls is 0, VM entry functions as if these controls were 0. See Section 24.6.2. 
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— Exit qualification. This field is set based on the exit reason. 


¢ VM-entry failure due to invalid guest state. In most cases, the exit qualification is cleared to 0. The 
following non-zero values are used in the cases indicated: 


1. Not used. 
2. Failure was due to a problem loading the PDPTEs (see Section 26.3.1.6). 


3. Failure was due to an attempt to inject a non-maskable interrupt (NMI) into a guest that is blocking 
events through the STI blocking bit in the interruptibility-state field. 


4. Failure was due to an invalid VMCS link pointer (see Section 26.3.1.5). 


VM-entry checks on guest-state fields may be performed in any order. Thus, an indication by exit 
qualification of one cause does not imply that there are not also other errors. Different processors 
may give different exit qualifications for the same VMCS. 


¢ VM-entry failure due to MSR loading. The exit qualification is loaded to indicate which entry in the 
VM-entry MSR-load area caused the problem (1 for the first entry, 2 for the second, etc.). 


— All other VM-exit information fields are unmodified. 


Processor state is loaded as would be done on a VM exit (see Section 27.5). If this results in 
[CR4.PAE & CRO.PG & ~IA32_EFER.LMA] = 1, page-directory-pointer-table entries (PDPTEs) may be checked 
and loaded (see Section 27.5.4). 


The state of blocking by NMI is what it was before VM entry. 
MSRs are loaded as specified in the VM-exit MSR-load area (see Section 27.6). 


Although this process resembles that of a VM exit, many steps taken during a VM exit do not occur for these 
VM-entry failures: 


Most VM-exit information fields are not updated (see step 1 above). 

The valid bit in the VM-entry interruption-information field is not cleared. 
The guest-state area is not modified. 

No MSRs are saved into the VM-exit MSR-store area. 


26.9 MACHINE-CHECK EVENTS DURING VM ENTRY 


If a machine-check event occurs during a VM entry, one of the following occurs: 


The machine-check event is handled as if it occurred before the VM entry: 


— If CR4.MCE = 0, operation of the logical processor depends on whether the logical processor is in SMX 
operation: 


* If the logical processor is in SMX operation, an Intel® TXT shutdown condition occurs. The error code 
used is OOOCH, indicating “unrecoverable machine-check condition.” 


¢ Ifthe logical processor is outside SMX operation, it goes to the shutdown state. 
— If CR4.MCE = 1, a machine-check exception (#MC) is delivered through the IDT. 
The machine-check event is handled after VM entry completes: 


— Ifthe VM entry ends with CR4.MCE = 0, operation of the logical processor depends on whether the logical 
processor is in SMX operation: 


* If the logical processor is in SMX operation, an Intel® TXT shutdown condition occurs with error code 
OOOCH (unrecoverable machine-check condition). 


¢ Ifthe logical processor is outside SMX operation, it goes to the shutdown state. 


A logical processor is in SMX operation if GETSEC[SEXIT] has not been executed since the last execution of GETSEC[SENTER]. A logi- 
cal processor is outside SMX operation if GETSEC[SENTER] has not been executed or if GETSEC[SEXIT] was executed after the last 
execution of GETSEC[SENTER]. See Chapter 6, “Safer Mode Extensions Reference,” in Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2B. 
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— Ifthe VM entry ends with CR4.MCE = 1, a machine-check exception (#MC) is generated: 
¢ If bit 18 (#MC) of the exception bitmap is 0, the exception is delivered through the guest IDT. 
¢ If bit 18 of the exception bitmap is 1, the exception causes a VM exit. 


¢ AVM-entry failure occurs as described in Section 26.8. The basic exit reason is 41, for “VM-entry failure due to 
machine-check event.” 


The first option is not used if the machine-check event occurs after any guest state has been loaded. The second 
option is used only if VM entry is able to load all guest state. 
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VM exits occur in response to certain instructions and events in VMX non-root operation as detailed in Section 25.1 
through Section 25.2. VM exits perform the following operations: 


1. Information about the cause of the VM exit is recorded in the VM-exit information fields and VM-entry control 
fields are modified as described in Section 27.2. 


Processor state is saved in the guest-state area (Section 27.3). 


MSRs may be saved in the VM-exit MSR-store area (Section 27.4). This step is not performed for SMM VM exits 
that activate the dual-monitor treatment of SMIs and SMM. 


4. The following may be performed in parallel and in any order (Section 27.5): 


— Processor state is loaded based in part on the host-state area and some VM-exit controls. This step is not 
performed for SMM VM exits that activate the dual-monitor treatment of SMIs and SMM. See Section 
31.15.6 for information on how processor state is loaded by such VM exits. 


— Address-range monitoring is cleared. 


5. MSRs may be loaded from the VM-exit MSR-load area (Section 27.6). This step is not performed for SMM 
VM exits that activate the dual-monitor treatment of SMIs and SMM. 


VM exits are not logged with last-branch records, do not produce branch-trace messages, and do not update the 
branch-trace store. 


Section 27.1 clarifies the nature of the architectural state before a VM exit begins. The steps described above are 
detailed in Section 27.2 through Section 27.6. 


Section 31.15 describes the dual-monitor treatment of system-management interrupts (SMIs) and system- 
management mode (SMM). Under this treatment, ordinary transitions to SMM are replaced by VM exits to a sepa- 
rate SMM monitor. Called SMM VM exits, these are caused by the arrival of an SMI or the execution of VMCALL in 
VMX root operation. SMM VM exits differ from other VM exits in ways that are detailed in Section 31.15.2. 


27.1 ARCHITECTURAL STATE BEFORE A VM EXIT 


This section describes the architectural state that exists before a VM exit, especially for VM exits caused by events 
that would normally be delivered through the IDT. Note the following: 


¢ Anexception causes a VM exit directly if the bit corresponding to that exception is set in the exception bitmap. 
A non-maskable interrupt (NMI) causes a VM exit directly if the “NMI exiting” VM-execution control is 1. An 
external interrupt causes a VM exit directly if the “external-interrupt exiting” VM-execution control is 1. A start- 
up IPI (SIPI) that arrives while a logical processor is in the wait-for-SIPI activity state causes a VM exit directly. 
INIT signals that arrive while the processor is not in the wait-for-SIPI activity state cause VM exits directly. 


¢ An exception, NMI, external interrupt, or software interrupt causes a VM exit indirectly if it does not do so 
directly but delivery of the event causes a nested exception, double fault, task switch, APIC access (see Section 
29.4), EPT violation, EPT misconfiguration, page-modification log-full event (see Section 28.3.6), or SPP- 
related event (see Section 28.3.4) that causes a VM exit. 


¢ Anevent results in a VM exit if it causes a VM exit (directly or indirectly). 
The following bullets detail when architectural state is and is not updated in response to VM exits: 


¢ If an event causes a VM exit directly, it does not update architectural state as it would have if it had it not 
caused the VM exit: 


— Adebug exception does not update DR6, DR7, or IA32_DEBUGCTL. (Information about the nature of the 
debug exception is saved in the exit qualification field.) 


— A page fault does not update CR2. (The linear address causing the page fault is saved in the exit-qualifi- 
cation field.) 
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— An NMI causes subsequent NMIs to be blocked, but only after the VM exit completes. 


— Anexternal interrupt does not acknowledge the interrupt controller and the interrupt remains pending, 
unless the “acknowledge interrupt on exit” VM-exit control is 1. In such a case, the interrupt controller is 
acknowledged and the interrupt is no longer pending. 


— The flags LO - L3 in DR7 (bit 0, bit 2, bit 4, and bit 6) are not cleared when a task switch causes a VM exit. 


— Ifatask switch causes a VM exit, none of the following are modified by the task switch: old task-state 
segment (TSS); new TSS; old TSS descriptor; new TSS descriptor; RFLAGS.NT!; or the TR register. 


— No last-exception record is made if the event that would do so directly causes a VM exit. 


— Ifamachine-check exception causes a VM exit directly, this does not prevent machine-check MSRs from 
being updated. These are updated by the machine-check event itself and not the resulting machine-check 
exception. 


— If the logical processor is in an inactive state (see Section 24.4.2) and not executing instructions, some 
events may be blocked but others may return the logical processor to the active state. Unblocked events 
may cause VM exits.2 If an unblocked event causes a VM exit directly, a return to the active state occurs 
only after the VM exit completes.? The VM exit generates any special bus cycle that is normally generated 
when the active state is entered from that activity state. 


MTF VM exits (see Section 25.5.2 and Section 26.7.8) are not blocked in the HLT activity state. If an MTF 
VM exit occurs in the HLT activity state, the logical processor returns to the active state only after the 
VM exit completes. MTF VM exits are blocked the shutdown state and the wait-for-SIPI state. 


e If an event causes a VM exit indirectly, the event does update architectural state: 


— Adebug exception updates DR6, DR7, and the IA32_DEBUGCTL MSR. No debug exceptions are considered 
pending. 


— A page fault updates CR2. 
— An NMI causes subsequent NMIs to be blocked before the VM exit commences. 
— Anexternal interrupt acknowledges the interrupt controller and the interrupt is no longer pending. 


— Ifthe logical processor had been in an inactive state, it enters the active state and, before the VM exit 
commences, generates any special bus cycle that is normally generated when the active state is entered 
from that activity state. 


— There is no blocking by STI or by MOV SS when the VM exit commences. 


— Processor state that is normally updated as part of delivery through the IDT (CS, RIP, SS, RSP, RFLAGS) is 
not modified. However, the incomplete delivery of the event may write to the stack. 


— The treatment of last-exception records is implementation dependent: 


* Some processors make a last-exception record when beginning the delivery of an event through the IDT 
(before it can encounter a nested exception). Such processors perform this update even if the event 
encounters a nested exception that causes a VM exit (including the case where nested exceptions lead 
to a triple fault). 


¢ Other processors delay making a last-exception record until event delivery has reached some event 
handler successfully (perhaps after one or more nested exceptions). Such processors do not update the 
last-exception record if a VM exit or triple fault occurs before an event handler is reached. 


1. This chapter uses the notation RAX, RIP, RSP, RFLAGS, etc. for processor registers because most processors that support VMX oper- 
ation also support Intel 64 architecture. For processors that do not support Intel 64 architecture, this notation refers to the 32-bit 
forms of those registers (EAX, EIP, ESP, EFLAGS, etc.). In a few places, notation such as EAX is used to refer specifically to lower 32 
bits of the indicated register. 


2. Ifa\VM exit takes the processor from an inactive state resulting from execution of a specific instruction (HLT or MWAIT), the value 
saved for RIP by that VM exit will reference the following instruction. 


3. Anexception is made if the logical processor had been inactive due to execution of MWAIT; in this case, it is considered to have 
become active before the VM exit. 
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¢ If the “virtual NMIs” VM-execution control is 1, VM entry injects an NMI, and delivery of the NMI causes a 
nested exception, double fault, task switch, EPT violation, EPT misconfiguration, page-modification log-full 
event, or SPP-related event, or APIC access that causes a VM exit, virtual-NMI blocking is in effect before the 
VM exit commences. 


° IfaVM exit results from a fault, EPT violation, EPT misconfiguration, page-modification log-full event, or SPP- 
related event that is encountered during execution of IRET and the “NMI exiting” VM-execution control is 0, any 
blocking by NMI is cleared before the VM exit commences. However, the previous state of blocking by NMI may 
be recorded in the exit qualification or in the VM-exit interruption-information field; see Section 27.2.3. 


° IfaVM exit results from a fault, EPT violation, EPT misconfiguration, page-modification log-full event, or SPP- 
related event that is encountered during execution of IRET and the “virtual NMIs” VM-execution control is 1, 
virtual-NMI blocking is cleared before the VM exit commences. However, the previous state of blocking by NMI 
may be recorded in the exit qualification or in the VM-exit interruption-information field; see Section 27.2.3. 


* Suppose that a VM exit is caused directly by an x87 FPU Floating-Point Error (#MF) or by any of the following 
events if the event was unblocked due to (and given priority over) an x87 FPU Floating-Point Error: an INIT 
signal, an external interrupt, an NMI, an SMI; or a machine-check exception. In these cases, there is no 
blocking by STI or by MOV SS when the VM exit commences. 

¢ Normally, a last-branch record may be made when an event is delivered through the IDT. However, if such an 
event results in a VM exit before delivery is complete, no last-branch record is made. 

¢ If machine-check exception results in a VM exit, processor state is suspect and may result in Suspect state 
being saved to the guest-state area. A VM monitor should consult the RIPV and EIPV bits in the 
IA32_MCG_STATUS MSR before resuming a guest that caused a VM exit resulting from a machine-check 
exception. 

° If aVM exit results from a fault, APIC access (see Section 29.4), EPT violation, EPT misconfiguration, page- 
modification log-full event, or SPP-related event that is encountered while executing an instruction, data 
breakpoints due to that instruction may have been recognized and information about them may be saved in the 
pending debug exceptions field (unless the VM exit clears that field; see Section 27.3.4). 


¢ The following VM exits are considered to happen after an instruction is executed: 
— VM exits resulting from debug traps (single-step, I/O breakpoints, and data breakpoints). 


— VM exits resulting from debug exceptions (data breakpoints) whose recognition was delayed by blocking by 
MOV SS. 
— VM exits resulting from some machine-check exceptions. 


— Trap-like VM exits due to execution of MOV to CR8 when the “CR8-load exiting” VM-execution control is 0 
and the “use TPR shadow” VM-execution control is 1 (see Section 29.3). (Such VM exits can occur only from 
64-bit mode and thus only on processors that support Intel 64 architecture.) 


— Trap-like VM exits due to execution of WRMSR when the “use MSR bitmaps” VM-execution control is 1; the 
value of ECX is in the range 800H-8FFH; and the bit corresponding to the ECX value in write bitmap for low 
MSRs is O; and the “virtualize x2APIC mode” VM-execution control is 1. See Section 29.5. 


— VM exits caused by APIC-write emulation (see Section 29.4.3.2) that result from APIC accesses as part of 
instruction execution. 


For these VM exits, the instruction’s modifications to architectural state complete before the VM exit occurs. 
Such modifications include those to the logical processor's interruptibility state (see Table 24-3). If there had 
been blocking by MOV SS, POP SS, or STI before the instruction executed, such blocking is no longer in effect. 


AVM exit that occurs in enclave mode sets bit 27 of the exit-reason field and bit 4 of the guest interruptibility-state 
field. Before such a VM exit is delivered, an Asynchronous Enclave Exit (AEX) occurs (see Chapter 36, “Enclave 
Exiting Events”). An AEX modifies architectural state (Section 36.3). In particular, the processor establishes the 
following architectural state as indicated: 


° The following bits in RFLAGS are cleared: CF, PF, AF, ZF, SF, OF, and RF. 

e FS and GS are restored to the values they had prior to the most recent enclave entry. 
¢ RIP is loaded with the AEP of interrupted enclave thread. 

* RSP is loaded from the URSP field in the enclave’s state-save area (SSA). 
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27.2 RECORDING VM-EXIT INFORMATION AND UPDATING VM-ENTRY CONTROL 
FIELDS 


VM exits begin by recording information about the nature of and reason for the VM exit in the VM-exit information 
fields. Section 27.2.1 to Section 27.2.5 detail the use of these fields. 


In addition to updating the VM-exit information fields, the valid bit (bit 31) is cleared in the VM-entry interruption- 
information field. If bit 5 of the IA32_VMX_MISC MSR (index 485H) is read as 1 (see Appendix A.6), the value of 
IA32_EFER.LMA is stored into the “IA-32e mode guest” VM-entry control.? 


27.2.1 Basic VM-Exit Information 


Section 24.9.1 defines the basic VM-exit information fields. The following items detail their use. 
¢ Exit reason. 


— Bits 15:0 of this field contain the basic exit reason. It is loaded with a number indicating the general cause 
of the VM exit. Appendix C lists the numbers used and their meaning. 


— Bit 27 of this field is set to 1 if the VM exit occurred while the logical processor was in enclave mode. 


Such VM exits include those caused by interrupts, non-maskable interrupts, system-management 
interrupts, INIT signals, and exceptions occurring in enclave mode as well as exceptions encountered 
during the delivery of such events incident to enclave mode. 


AVM exit also sets this bit if it is incident to delivery of an event injected by VM entry and the guest inter- 
ruptibility-state field indicates an enclave interruption (bit 4 of the field is 1). 


— The remainder of the field (bits 31:28 and bits 26:16) is cleared to 0 (certain SMM VM exits may set some 
of these bits; see Section 31.15.2.3).2 


° Exit qualification. This field is saved for VM exits due to the following causes: debug exceptions; page-fault 
exceptions; start-up IPIs (SIPIs); system-management interrupts (SMIs) that arrive immediately after the 
execution of I/O instructions; task switches; INVEPT; INVLPG; INVPCID; INVVPID; LGDT; LIDT; LLDT; LTR; 
SGDT; SIDT; SLDT; STR; VMCLEAR; VMPTRLD; VMPTRST; VMREAD; VMWRITE; VMXON; WBINVD; 
WBNOINVD; XRSTORS; XSAVES; control-register accesses; MOV DR; I/O instructions; MWAIT; accesses to the 
APIC-access page (see Section 29.4); EPT violations (see Section 28.3.3.2); EOI virtualization (see Section 
29.1.4); APIC-write emulation (see Section 29.4.3.3); page-modification log full (see Section 28.3.6); and 
SPP-related events (see Section 28.3.4). For all other VM exits, this field is cleared. The following items provide 
details: 


— Fora debug exception, the exit qualification contains information about the debug exception. The 
information has the format given in Table 27-1. 


Table 27-1. Exit Qualification for Debug Exceptions 


Bit Position(s) Contents 

3:0 B3 - BO. When set, each of these bits indicates that the corresponding breakpoint condition was met. Any of 
these bits may be set even if its corresponding enabling bit in DR7 is not set. 

12:4 Not currently defined. 

13 BD. When set, this bit indicates that the cause of the debug exception is “debug register access detected.” 

14 BS. When set, this bit indicates that the cause of the debug exception is either the execution of a single 


instruction (if RFLAGS.TF = 1 and [A32_DEBUGCTL.BTF = 0) or a taken branch (if 
RFLAGS.TF = DEBUGCTL.BTF = 1). 


1. Bit 5 of the IA32_VMX_MISC MSR is read as 1 on any logical processor that supports the 1-setting of the “unrestricted quest” VM- 
execution control. 


2. Bit 31 of this field is set on certain VM-entry failures; see Section 26.8. 
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Table 27-1. Exit Qualification for Debug Exceptions (Contd.) 


Bit Position(s) Contents 

15 Not currently defined. 

16 RTM. When set, this bit indicates that a debug exception (#DB) or a breakpoint exception (#BP) occurred 
inside an RTM region while advanced debugging of RTM transactional regions was enabled (see Section 
16.3.7, "RTM-Enabled Debugger Support,” of the Intel® 64 and IA-32 Architectures Software Developer's 
Manual, Volume 1).! 

63:17 Not currently defined. Bits 63:32 exist only on processors that support Intel 64 architecture. 

NOTES: 


1. In general, the format of this field matches that of DR6. However, DR6 clears bit 16 to indicate an RTM-related exception, while this 
field sets the bit to indicate that condition. 


For a page-fault exception, the exit qualification contains the linear address that caused the page fault. On 
processors that support Intel 64 architecture, bits 63:32 are cleared if the logical processor was not in 64- 
bit mode before the VM exit. 


If the page-fault exception occurred during execution of an instruction in enclave mode (and not during 
delivery of an event incident to enclave mode), bits 11:0 of the exit qualification are cleared. 


For a start-up IPI (SIPI), the exit qualification contains the SIPI vector information in bits 7:0. Bits 63:8 of 
the exit qualification are cleared to 0. 


For a task switch, the exit qualification contains details about the task switch, encoded as shown in 
Table 27-2. 


For INVLPG, the exit qualification contains the linear-address operand of the instruction. 


¢ On processors that support Intel 64 architecture, bits 63:32 are cleared if the logical processor was not 
in 64-bit mode before the VM exit. 


¢ Ifthe INVLPG source operand specifies an unusable segment, the linear address specified in the exit 
qualification will match the linear address that the INVLPG would have used if no VM exit occurred. This 
address is not architecturally defined and may be implementation-specific. 


Table 27-2. Exit Qualification for Task Switches 


Bit Position(s) Contents 
15:0 Selector of task-state segment (TSS) to which the guest attempted to switch 
29:16 Not currently defined 
31:30 Source of task switch initiation: 
0: CALL instruction 
1: IRET instruction 
2: JMP instruction 
3: Task gate in IDT 
63:32 Not currently defined. These bits exist only on processors that support Intel 64 architecture. 


For INVEPT, INVPCID, INVVPID, LGDT, LIDT, LLDT, LTR, SGDT, SIDT, SLDT, STR, VMCLEAR, VMPTRLD, 
VMPTRST, VMREAD, VMWRITE, VMXON, XRSTORS, and XSAVES, the exit qualification receives the value of 
the instruction’s displacement field, which is sign-extended to 64 bits if necessary (32 bits on processors 
that do not support Intel 64 architecture). If the instruction has no displacement (for example, has a 
register operand), zero is stored into the exit qualification. 


On processors that support Intel 64 architecture, an exception is made for RIP-relative addressing (used 
only in 64-bit mode). Such addressing causes an instruction to use an address that is the sum of the 
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displacement field and the value of RIP that references the following instruction. In this case, the exit 
qualification is loaded with the sum of the displacement field and the appropriate RIP value. 


In all cases, bits of this field beyond the instruction’s address size are undefined. For example, suppose 
that the address-size field in the VM-exit instruction-information field (see Section 24.9.4 and Section 
27.2.5) reports an n-bit address size. Then bits 63:n (bits 31:n on processors that do not support Intel 64 
architecture) of the instruction displacement are undefined. 


For a control-register access, the exit qualification contains information about the access and has the 
format given in Table 27-3. 


For MOV DR, the exit qualification contains information about the instruction and has the format given in 
Table 27-4. 


For an J/O instruction, the exit qualification contains information about the instruction and has the format 
given in Table 27-5. 


For MWAIT, the exit qualification contains a value that indicates whether address-range monitoring 
hardware was armed. The exit qualification is set either to 0 (if address-range monitoring hardware is not 
armed) or to 1 (if address-range monitoring hardware is armed). 


WBINVD and WBNOINVD use the same basic exit reason (see Appendix C). For WBINVD, the exit qualifi- 
cation is 0, while for WBNOINVD it is 1. 


For an APIC-access VM exit resulting from a linear access or a guest-physical access to the APIC-access 
page (see Section 29.4), the exit qualification contains information about the access and has the format 
given in Table 27-6.! 


If the access to the APIC-access page occurred during execution of an instruction in enclave mode (and not 
during delivery of an event incident to enclave mode), bits 11:0 of the exit qualification are cleared. 


Sucha VM exit that set bits 15:12 of the exit qualification to O000b (data read during instruction execution) 
or 0001b (data write during instruction execution) set bit 12—which distinguishes data read from data 
write—to that which would have been stored in bit 1—W/R—of the page-fault error code had the access 
caused a page fault instead of an APIC-access VM exit. This implies the following: 


¢ For an APIC-access VM exit caused by the CLFLUSH and CLFLUSHOPT instructions, the access type is 
“data read during instruction execution.” 


¢ For an APIC-access VM exit caused by the ENTER instruction, the access type is “data write during 
instruction execution.” 


Table 27-3. Exit Qualification for Control-Register Accesses 


Bit Positions 


Contents 


3:0 


Number of control register (0 for CLTS and LMSW). Bit 3 is always O on processors that do not support Intel 64 
architecture as they do not support CR8. 


5:4 


Access type: 


0 = MOV to CR 

1 = MOV from CR 
2=CLTS 

3 = LMSW 


LMSW operand type: 
O = register 
1 = memory 


For CLTS and MOV CR, cleared to 0 


1. The exit qualification is undefined if the access was part of the logging of a branch record or a processor-event-based-sampling 
(PEBS) record to the DS save area. It is recommended that software configure the paging structures so that no address in the DS 
save area translates to an address on the APIC-access page. 
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Table 27-3. Exit Qualification for Control-Register Accesses (Contd.) 


Bit Positions Contents 


Not currently defined 


For MOV CR, the general-purpose register: 
0 = RAX 
1 =RCX 


8-15 represent R8-R15, respectively (used only on processors that support Intel 64 architecture) 


For CLTS and LMSW, cleared to 0 


15:12 


Not currently defined 


31:16 


For LMSW, the LMSW source data 
For CLTS and MOV CR, cleared to 0 


63:32 


Not currently defined. These bits exist only on processors that support Intel 64 architecture. 


¢ Foran APIC-access VM exit caused by the MASKMOVQ instruction or the MASKMOVDQU instruction, the 
access type is “data write during instruction execution.” 


¢ For an APIC-access VM exit caused by the MONITOR instruction, the access type is “data read during 
instruction execution.” 


¢ For an APIC-access VM exit caused directly by an access to a linear address in the DS save area (BTS or 
PEBS), the access type is “linear access for monitoring.” 


¢ For an APIC-access VM exit caused by a guest-physical access performed for an access to the DS save 
area (e.g., to access a paging structure to translate a linear address), the access type is “guest-physical 
access for monitoring or trace.” 


¢ Foran APIC-access VM exit caused by trace-address pre-translation (TAPT) when the “Intel PT uses 
guest physical addresses” VM-execution control is 1, the access type is “guest-physical access for 
monitoring or trace.” 


Such a VM exit stores 1 for bit 31 for IDT-vectoring information field (see Section 27.2.4) if and only if it 
sets bits 15:12 of the exit qualification to 0011b (linear access during event delivery) or 1010b (guest- 
physical access during event delivery). 


See Section 29.4.4 for further discussion of these instructions and APIC-access VM exits. 


For APIC-access VM exits resulting from physical accesses to the APIC-access page (see Section 29.4.6), 
the exit qualification is undefined. 


For an EPT violation, the exit qualification contains information about the access causing the EPT violation 
and has the format given in Table 27-7. 


As noted in that table, the format and meaning of the exit qualification depends on the setting of the 
“mode-based execute control for EPT” VM-execution control and whether the processor supports advanced 
VM-exit information for EPT violations.? 


1. Software can determine whether advanced VM-exit information for EPT violations is supported by consulting the VMX capability 
MSR IA32_VMX_EPT_VPID_CAP (see Appendix A.10). 
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An EPT violation that occurs during as a result of execution of a read-modify-write operation sets bit 1 (data 
write). Whether it also sets bit 0 (data read) is implementation-specific and, for a given implementation, 


may differ for different kinds of read-modify-write operations. 


Table 27-4. Exit Qualification for MOV DR 


Bit Position(s) | Contents 
2:0 Number of debug register 
3 Not currently defined 
4 Direction of access (O = MOV to DR; 1 = MOV from DR) 
7:5 Not currently defined 
11:8 General-purpose register: 
0 = RAX 
1 =RCX 
2 = RDX 
3 = RBX 
4 = RSP 
5 =RBP 
6 = RSI 
7=RDI 
8-15 = R8 - R15, respectively 
63:12 Not currently defined. Bits 63:32 exist only on processors that support Intel 64 architecture. 
Table 27-5. Exit Qualification for I/O Instructions 
Bit Position(s) Contents 
2:0 Size of access: 
0 = 1-byte 
1 = 2-byte 
3 = 4-byte 
Other values not used 
3 Direction of the attempted access (O = OUT, 1 = IN) 
4 String instruction (0 = not string; 1 = string) 
5 REP prefixed (O = not REP; 1 = REP) 
6 Operand encoding (0 = DX, 1 = immediate) 
15:7 Not currently defined 
31:16 Port number (as specified in DX or in an immediate operand) 
63:32 Not currently defined. These bits exist only on processors that support Intel 64 architecture. 


Bit 12 reports “NMI unblocking due to IRET”; see Section 27.2.3. 
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Table 27-6. Exit Qualification for APIC-Access VM Exits from Linear Accesses and Guest-Physical Accesses 


Bit Position(s) 


Contents 


11:0 « If the APIC-access VM exit is due to a linear access, the offset of access within the APIC page. 
« Undefined if the APIC-access VM exit is due a guest-physical access 
15:12 Access type: 
O = linear access for a data read during instruction execution 
1 = linear access for a data write during instruction execution 
2 = linear access for an instruction fetch 
3 = linear access (read or write) during event delivery 
4 = linear access for monitoring 
10 = guest-physical access during event delivery 
11 = guest-physical access for monitoring or trace 
15 = quest-physical access for an instruction fetch or during instruction execution 
Other values not used 
16 This bit is set for certain accesses that are asynchronous to instruction execution and not part of event delivery. 
These includes guest-physical accesses related to trace output by Intel PT (see Section 25.5.4) and accesses 
related to PEBS on processors with the “EPT-friendly” enhancement (see Section 19.9.5). 
63:17 Not currently defined. Bits 63:32 exist only on processors that support Intel 64 architecture. 


Bit 16 is set for certain accesses that are asynchronous to instruction execution and not part of event 
delivery. These include trace-address pre-translation (TAPT) for Intel PT (see Section 25.5.4) and accesses 
related to PEBS on processors with the “EPT-friendly” enhancement (see Section 19.9.5). 


— For VM exits caused as part of EOI virtualization (Section 29.1.4), bits 7:0 of the exit qualification are set 
to vector of the virtual interrupt that was dismissed by the EOI virtualization. Bits above bit 7 are cleared. 


— For APIC-write VM exits (Section 29.4.3.3), bits 11:0 of the exit qualification are set to the page offset of 
the write access that caused the VM exit.! Bits above bit 11 are cleared. 


— Fora VM exit due to a page-modification log-full event (Section 28.3.6), bit 12 of the exit qualification 
reports “NMI unblocking due to IRET.” Bit 16 is set if the VM exit occurs during TAPT or EPT-friendly PEBS. 
All other bits of the exit qualification are undefined. 


— ForaVM exit due to an SPP-related event (Section 28.3.4), bit 11 of the exit qualification indicates the type 
of event: 0 indicates an SPP misconfiguration and 1 indicates an SPP miss. Bit 12 of the exit qualification 
reports “NMI unblocking due to IRET.” Bit 16 is set if the VM exit occurs during TAPT or EPT-friendly PEBS. 
All other bits of the exit qualification are undefined. 


Guest linear address. For some VM exits, this field receives a linear address that pertains to the VM exit. The 
field is set for different VM exits as follows: 


— VM exits due to attempts to execute LMSW with a memory operand. In these cases, this field receives the 
linear address of that operand. Bits 63:32 are cleared if the logical processor was not in 64-bit mode before 
the VM exit. 


— VM exits due to attempts to execute INS or OUTS for which the relevant segment is usable (if the relevant 
segment is not usable, the value is undefined). (ES is always the relevant segment for INS; for OUTS, the 
relevant segment is DS unless overridden by an instruction prefix.) The linear address is the base address 
of relevant segment plus (E)DI (for INS) or (E)SI (for OUTS). Bits 63:32 are cleared if the logical processor 
was not in 64-bit mode before the VM exit. 


— VM exits due to EPT violations that set bit 7 of the exit qualification (see Table 27-7; these are all EPT 
violations except those resulting from an attempt to load the PDPTEs as of execution of the MOV CR 
instruction and those due to TAPT). The linear address may translate to the guest-physical address whose 
access caused the EPT violation. Alternatively, translation of the linear address may reference a paging- 


Execution of WRMSR with ECX = 83FH (self-IP] MSR) can lead to an APIC-write VM exit; the exit qualification for such an APIC-write 


VM exit is 3FOH. 
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Table 27-7. Exit Qualification for EPT Violations 


Bit Position(s) Contents 

0 Set if the access causing the EPT violation was a data read. 

1 Set if the access causing the EPT violation was a data write. | 

2 Set if the access causing the EPT violation was an instruction fetch. 

3 The logical-AND of bit O in the EPT paging-structure entries used to translate the quest-physical address of the 
access Causing the EPT violation (indicates whether the guest-physical address was readable).2 

4 The logical-AND of bit 1 in the EPT paging-structure entries used to translate the quest-physical address of the 
access Causing the EPT violation (indicates whether the guest-physical address was writeable). 

5 The logical-AND of bit 2 in the EPT paging-structure entries used to translate the quest-physical address of the 
access causing the EPT violation. 

If the “mode-based execute control for EPT” VM-execution control is 0, this indicates whether the guest-physical 
address was executable. If that control is 1, this indicates whether the guest-physical address was executable 
for supervisor-mode linear addresses. 

6 If the “mode-based execute control” VM-execution control is 0, the value of this bit is undefined. If that control is 
1, this bit is the logical-AND of bit 10 in the EPT paging-structure entries used to translate the quest-physical 
address of the access causing the EPT violation. In this case, it indicates whether the quest-physical address was 
executable for user-mode linear addresses. 

7 Set if the guest linear-address field is valid. 

The guest linear-address field is valid for all EPT violations except those resulting from an attempt to load the 
guest PDPTEs as part of the execution of the MOV CR instruction and those due to trace-address pre-translation 
(TAPT; Section 25.5.4). 

8 If bit 7 is 1: 

« Set if the access causing the EPT violation is to a quest-physical address that is the translation of a linear 
address. 

* Clear if the access causing the EPT violation is to a paging-structure entry as part of a page walk or the 
update of an accessed or dirty bit. 

Reserved if bit 7 is O (cleared to O). 

9 If bit 7 is 1, bit 8 is 1, and the processor supports advanced VM-exit information for EPT violations,? this bit is O 
if the linear address is a supervisor-mode linear address and 1 if it is a user-mode linear address. (If CRO.PG = 0, 
the translation of every linear address is a user-mode linear address and thus this bit will be 1.) Otherwise, this 
bit is undefined. 

10 If bit 7 is 1, bit 8 is 1, and the processor supports advanced VM-exit information for EPT violations,? this bit is 0 
if paging translates the linear address to a read-only page and 1 if it translates to a read/write page. (If CRO.PG = 
O, every linear address is read/write and thus this bit will be 1.) Otherwise, this bit is undefined. 

11 If bit 7 is 1, bit 8 is 1, and the processor supports advanced VM-exit information for EPT violations,? this bit is O 
if paging translates the linear address to an executable page and 1 if it translates to an execute-disable page. (If 
CRO.PG = 0, CR4.PAE = 0, or IA32_EFER.NXE = 0, every linear address is executable and thus this bit will be 0.) 
Otherwise, this bit is undefined. 

12 NMI unblocking due to IRET (see Section 27.2.3). 

13 Set if the access causing the EPT violation was a shadow-stack access. 

14 If supervisor shadow-stack control is enabled (by setting bit 7 of EPTP), this bit is the same as bit 60 in the EPT 
paging-structure entry that maps the page of the guest-physical address of the access causing the EPT violation. 
Otherwise (or if translation of the guest-physical address terminates before reaching an EPT paging-structure 
entry that maps a page), this bit is undefined. 
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Table 27-7. Exit Qualification for EPT Violations (Contd.) 


Bit Position(s) Contents 


15 This bit is set if the EPT violation was caused as a result of quest-paging verification. See Section 28.3.3.2. 


16 This bit is set if the access was asynchronous to instruction execution not the result of event delivery. (The bit is 
set if the access is related to trace output by Intel PT; see Section 25.5.4.) Otherwise, this bit is cleared. 


63:17 Not currently defined. Bits 63:32 exist only on processors that support Intel 64 architecture. 


NOTES: 

1. If accessed and dirty flags for EPT are enabled, processor accesses to quest paging-structure entries are treated as writes with 
regard to EPT violations (see Section 28.3.3.2). If such an access causes an EPT violation, the processor sets both bit 0 and bit 1 of 
the exit qualification. 

2. Bits 5:3 are cleared to O if any of EPT paging-structure entries used to translate the quest-physical address of the access causing the 
EPT violation is not present (see Section 28.3.2). 

3. Software can determine whether advanced VM-exit information for EPT violations is supported by consulting the VMX capability 
MSR IA32_VMX_EPT_VPID_CAP (see Appendix A.10). 


structure entry whose access caused the EPT violation. Bits 63:32 are cleared if the logical processor was 
not in 64-bit mode before the VM exit. 


If the EPT violation occurred during execution of an instruction in enclave mode (and not during delivery of 
an event incident to enclave mode), bits 11:0 of this field are cleared. 


— VM exits due to SPP-related events. 
— For all other VM exits, the field is undefined. 


¢ Guest-physical address. For a VM exit due to an EPT violation, an EPT misconfiguration, or an SPP-related 
event, this field receives the guest-physical address that caused the EPT violation or EPT misconfiguration. For 
all other VM exits, the field is undefined. 


If the EPT violation or EPT misconfiguration occurred during execution of an instruction in enclave mode (and 
not during delivery of an event incident to enclave mode), bits 11:0 of this field are cleared. 


27.2.2 Information for VM Exits Due to Vectored Events 


Section 24.9.2 defines fields containing information for VM exits due to the following events: exceptions (including 
those generated by the instructions INT1, INT3, INTO, BOUND, UDO, UD1, and UD2); external interrupts that occur 
while the “acknowledge interrupt on exit” VM-exit control is 1; and non-maskable interrupts (NMIs).1 Such 

VM exits include those that occur on an attempt at a task switch that causes an exception before generating the 
VM exit due to the task switch that causes the VM exit. 


The following items detail the use of these fields: 


¢ VM-exit interruption information (format given in Table 24-18). The following items detail how this field is 
established for VM exits due to these events: 


— Foran exception, bits 7:0 receive the exception vector (at most 31). For an NMI, bits 7:0 are set to 2. For 
an external interrupt, bits 7:0 receive the vector. 


— Bits 10:8 are set to O (external interrupt), 2 (non-maskable interrupt), 3 (hardware exception), 5 
(privileged software exception), or 6 (software exception). Hardware exceptions comprise all exceptions 
except the following: 


* Debug exceptions (#DB) generated by the INT1 instruction; these are privileged software exceptions. 
(Other debug exceptions are considered hardware exceptions, as are those caused by executions of 
INT1 in enclave mode.) 


1. INT1 and INT3 refer to the instructions with opcodes F1 and CC, respectively, and not to INT n with value 1 or 3 for n. 
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¢ Breakpoint exceptions (#BP; generated by INT3) and overflow exceptions (#OF; generated by INTO); 
these are software exceptions. (A #BP that occurs in enclave mode is considered a hardware 
exception.) 


BOUND-range exceeded exceptions (#BR; generated by BOUND) and invalid opcode exceptions (#UD) 
generated by UDO, UD1, and UD2 are hardware exceptions. 


— Bit 11 is set to 1 if the VM exit is caused by a hardware exception that would have delivered an error code 
on the stack. This bit is always 0 if the VM exit occurred while the logical processor was in real-address 
mode (CRO.PE=0).! If bit 11 is set to 1, the error code is placed in the VM-exit interruption error code (see 
below). 


— Bit 12 reports “NMI unblocking due to IRET”; see Section 27.2.3. The value of this bit is undefined if the 
VM exit is due to a double fault (the interruption type is hardware exception and the vector is 8). 


— Bits 30:13 are always set to 0. 
— Bit 31 is always set to 1. 


For other VM exits (including those due to external interrupts when the “acknowledge interrupt on exit” VM-exit 
control is 0), the field is marked invalid (by clearing bit 31) and the remainder of the field is undefined. 


¢ \VM-exit interruption error code. 


— For VM exits that set both bit 31 (valid) and bit 11 (error code valid) in the VM-exit interruption-information 
field, this field receives the error code that would have been pushed on the stack had the event causing the 
VM exit been delivered normally through the IDT. The EXT bit is set in this field exactly when it would be set 
normally. For exceptions that occur during the delivery of double fault (if the IDT-vectoring information field 
indicates a double fault), the EXT bit is set to 1, assuming that (1) that the exception would produce an 
error code normally (if not incident to double-fault delivery) and (2) that the error code uses the EXT bit 
(not for page faults, which use a different format). 


— For other VM exits, the value of this field is undefined. 


27.2.3. Information About NMI Unblocking Due to IRET 


AVM exit may occur during execution of the IRET instruction for reasons including the following: faults, EPT viola- 
tions, page-modification log-full events, or SPP-related events. 


An execution of IRET that commences while non-maskable interrupts (NMIs) are blocked will unblock NMIs even if 
a fault or VM exit occurs; the state saved by such a VM exit will indicate that NMIs were not blocked. 


VM exits for the reasons enumerated above provide more information to software by saving a bit called “NMI 
unblocking due to IRET.” This bit is defined if (1) either the “NMI exiting” VM-execution control is 0 or the “virtual 
NMIs” VM-execution control is 1; (2) the VM exit does not set the valid bit in the IDT-vectoring information field 
(see Section 27.2.4); and (3) the VM exit is not due to a double fault. In these cases, the bit is defined as follows: 


¢ The bit is 1 if the VM exit resulted from a memory access as part of execution of the IRET instruction and one 
of the following holds: 


— The “virtual NMIs” VM-execution control is 0 and blocking by NMI (see Table 24-3) was in effect before 
execution of IRET. 


— The “virtual NMIs” VM-execution control is 1 and virtual-NMI blocking was in effect before execution of 
IRET. 


¢ The bit is 0 for all other relevant VM exits. 


For VM exits due to faults, NMI unblocking due to IRET is saved in bit 12 of the VM-exit interruption-information 
field (Section 27.2.2). For VM exits due to EPT violations, page-modification log-full events, and SPP-related 
events, NMI unblocking due to IRET is saved in bit 12 of the exit qualification (Section 27.2.1). 


1. If the capability MSR IA32_VMX_CRO_FIXEDO reports that CRO.PE must be 1 in VMX operation, a logical processor cannot be in real- 
address mode unless the “unrestricted guest” VM-execution control and bit 31 of the primary processor-based V/M-execution con- 
trols are both 1. 
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(Executions of IRET may also incur VM exits due to APIC accesses and EPT misconfigurations. These VM exits do 
not report information about NMI unblocking due to IRET.) 


27.2.4 Information for VM Exits During Event Delivery 


Section 24.9.3 defined fields containing information for VM exits that occur while delivering an event through the 
IDT and as a result of any of the following cases: 


A fault occurs during event delivery and causes a VM exit (because the bit associated with the fault is set to 1 
in the exception bitmap). 


A task switch is invoked through a task gate in the IDT. The VM exit occurs due to the task switch only after the 
initial checks of the task switch pass (see Section 25.4.2). 


Event delivery causes an APIC-access VM exit (see Section 29.4). 


An EPT violation, EPT misconfiguration, page-modification log-full event, or SPP-related event that occurs 
during event delivery. 


These fields are used for VM exits that occur during delivery of events injected as part of VM entry (see Section 
26.6.1.2). 


A VM exit is not considered to occur during event delivery in any of the following circumstances: 


The original event causes the VM exit directly (for example, because the original event is a non-maskable 
interrupt (NMI) and the “NMI exiting” VM-execution control is 1). 


The original event results in a double-fault exception that causes the VM exit directly. 
The VM exit occurred as a result of fetching the first instruction of the handler invoked by the event delivery. 
The VM exit is caused by a triple fault. 


The following items detail the use of these fields: 


IDT-vectoring information (format given in Table 24-19). The following items detail how this field is established 
for VM exits that occur during event delivery: 


— Ifthe VM exit occurred during delivery of an exception, bits 7:0 receive the exception vector (at most 31). 
If the VM exit occurred during delivery of an NMI, bits 7:0 are set to 2. If the VM exit occurred during 
delivery of an external interrupt, bits 7:0 receive the vector. 


— Bits 10:8 are set to indicate the type of event that was being delivered when the VM exit occurred: 0 
(external interrupt), 2 (non-maskable interrupt), 3 (hardware exception), 4 (software interrupt), 5 
(privileged software interrupt), or 6 (software exception). 


Hardware exceptions comprise all exceptions except the following: 


* Debug exceptions (#DB) generated by the INT1 instruction; these are privileged software exceptions. 
(Other debug exceptions are considered hardware exceptions, as are those caused by executions of 
INT1 in enclave mode.) 


¢ Breakpoint exceptions (#BP; generated by INT3) and overflow exceptions (#OF; generated by INTO); 
these are software exceptions. (A #BP that occurs in enclave mode is considered a hardware 
exception. ) 


BOUND-range exceeded exceptions (#BR; generated by BOUND) and invalid opcode exceptions (#UD) 
generated by UDO, UD1, and UD2 are hardware exceptions. 


— Bit 11 is set to 1 if the VM exit occurred during delivery of a hardware exception that would have delivered 
an error code on the stack. This bit is always 0 if the VM exit occurred while the logical processor was in 
real-address mode (CRO.PE=0).? If bit 11 is set to 1, the error code is placed in the IDT-vectoring error 
code (see below). 


. This includes the case in which a VM exit occurs while delivering a software interrupt (INT n) through the 16-bit IVT (interrupt vec- 


tor table) that is used in virtual-8086 mode with virtual-machine extensions (if RFLAGS.VM = CR4.VME = 1). 


In the following items, INT1 and INT3 refer to the instructions with opcodes F1 and CC, respectively, and not to INT n with value 1 or 
3 for n. 
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— Bit 12 is undefined. 

— Bits 30:13 are always set to 0. 

— Bit 31 is always set to 1. 

For other VM exits, the field is marked invalid (by clearing bit 31) and the remainder of the field is undefined. 
¢  IDT-vectoring error code. 


— For VM exits that set both bit 31 (valid) and bit 11 (error code valid) in the IDT-vectoring information field, 
this field receives the error code that would have been pushed on the stack by the event that was being 
delivered through the IDT at the time of the VM exit. The EXT bit is set in this field when it would be set 
normally. 


— For other VM exits, the value of this field is undefined. 


27.2.5 Information for VM Exits Due to Instruction Execution 


Section 24.9.4 defined fields containing information for VM exits that occur due to instruction execution. (The VM- 
exit instruction length is also used for VM exits that occur during the delivery of a software interrupt or software 
exception.) The following items detail their use. 


* VM-exit instruction length. This field is used in the following cases: 


— For fault-like VM exits due to attempts to execute one of the following instructions that cause VM exits 
unconditionally (see Section 25.1.2) or based on the settings of VM-execution controls (see Section 
25.1.3): CLTS, CPUID, ENCLS, GETSEC, HLT, IN, INS, INVD, INVEPT, INVLPG, INVPCID, INVVPID, LGDT, 
LIDT, LLDT, LMSW, LOADIWKEY, LTR, MONITOR, MOV CR, MOV DR, MWAIT, OUT, OUTS, PAUSE, RDMSR, 
RDPMC, RDRAND, RDSEED, RDTSC, RDTSCP, RSM, SGDT, SIDT, SLDT, STR, TPAUSE, UMWAIT, VMCALL, 
VMCLEAR, VMLAUNCH, VMPTRLD, VMPTRST, VMREAD, VMRESUME, VMWRITE, VMXOFF, VMXON, WBINVD, 
WBNOINVD, WRMSR, XRSTORS, XSETBV, and XSAVES.! 


— For VM exits due to software exceptions (those generated by executions of INT3 or INTO) or privileged 
software exceptions (those generated by executions of INT1). 


— For VM exits due to faults encountered during delivery of a software interrupt, privileged software 
exception, or software exception. 


— For VM exits due to attempts to effect a task switch via instruction execution. These are VM exits that 
produce an exit reason indicating task switch and either of the following: 


¢ An exit qualification indicating execution of CALL, IRET, or JMP instruction. 


¢ An exit qualification indicating a task gate in the IDT and an IDT-vectoring information field indicating 
that the task gate was encountered during delivery of a software interrupt, privileged software 
exception, or software exception. 


— For APIC-access VM exits and for VM exits caused by EPT violations, page-modification log-full events, and 
SPP-related events encountered during delivery of a software interrupt, privileged software exception, or 
software exception.2 


— For VM exits due executions of VMFUNC that fail because one of the following is true: 


¢ EAX indicates a VM function that is not enabled (the bit at position EAX is 0 in the VM-function controls; 
see Section 25.5.6.2). 


3. If the capability MSR IA32_VMX_CRO_FIXEDO reports that CRO.PE must be 1 in VMX operation, a logical processor cannot be in real- 
address mode unless the “unrestricted guest” VM-execution control and bit 31 of the primary processor-based V/M-execution con- 
trols are both 1. 

1. This item applies only to fault-like VM exits. It does not apply to trap-like VM exits following executions of the MOV to CR8 instruc- 
tion when the “use TPR shadow” VM-execution control is 1 or to those following executions of the WRMSR instruction when the 
“virtualize x2APIC mode” VM-execution control is 1. 

2. The VM-exit instruction-length field is not defined following APIC-access VM exits resulting from physical accesses (see Section 
29.4.6) even if encountered during delivery of a software interrupt, privileged software exception, or software exception. 
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¢ EAX = 0 and either ECX > 512 or the value of ECX selects an invalid tentative EPTP value (see Section 
25.5.6.3). 


In all the above cases, this field receives the length in bytes (1-15) of the instruction (including any instruction 
prefixes) whose execution led to the VM exit (see the next paragraph for one exception). 


The cases of VM exits encountered during delivery of a software interrupt, privileged software exception, or 
software exception include those encountered during delivery of events injected as part of VM entry (see 
Section 26.6.1.2). If the original event was injected as part of VM entry, this field receives the value of the VM- 
entry instruction length. 


All VM exits other than those listed in the above items leave this field undefined. 
If the VM exit occurred in enclave mode, this field is cleared (none of the previous items apply). 


Table 27-8. Format of the VM-Exit Instruction-Information Field as Used for INS and OUTS 
Bit Position(s) | Content 


6:0 Undefined. 

9:7 Address size: 
0: 16-bit 
1: 32-bit 


2: 64-bit (used only on processors that support Intel 64 architecture) 
Other values not used. 
14:10 Undefined. 
17:15 Segment register: 

0: ES 

1:¢S 

2: SS 

3: DS 

4: FS 

5:GS 
Other values not used. Undefined for VM exits due to execution of INS. 
31:18 Undefined. 


° VM-exit instruction information. For VM exits due to attempts to execute INS, INVEPT, INVPCID, INVVPID, 
LIDT, LGDT, LLDT, LOADIWKEY, LTR, OUTS, RDRAND, RDSEED, SIDT, SGDT, SLDT, STR, VMCLEAR, VMPTRLD, 
VMPTRST, VMREAD, VMWRITE, VMXON, XRSTORS, or XSAVES, this field receives information about the 
instruction that caused the VM exit. The format of the field depends on the identity of the instruction causing 
the VM exit: 


— For VM exits due to attempts to execute INS or OUTS, the field has the format is given in Table 27-8.1 


— For VM exits due to attempts to execute INVEPT, INVPCID, or INVVPID, the field has the format is given in 
Table 27-9. 


— For VM exits due to attempts to execute LIDT, LGDT, SIDT, or SGDT, the field has the format is given in 
Table 27-10. 


— For VM exits due to attempts to execute LLDT, LTR, SLDT, or STR, the field has the format is given in 
Table 27-11. 


— For VM exits due to attempts to execute RDRAND, RDSEED, TPAUSE, or UMWAIT, the field has the format 
is given in Table 27-12. 


— For VM exits due to attempts to execute VMCLEAR, VMPTRLD, VMPTRST, VMXON, XRSTORS, or XSAVES, 
the field has the format is given in Table 27-13. 


1. The format of the field was undefined for these VM exits on the first processors to support the virtual-machine extensions. Soft- 
ware can determine whether the format specified in Table 27-8 is used by consulting the VMX capability MSR I[A32_VMX_BASIC 
(see Appendix A.1). 
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— For VM exits due to attempts to execute VMREAD or VMWRITE, the field has the format is given in 
Table 27-14. 


— For VM exits due to attempts to execute LOADIWKEY, the field has the format is given in Table 27-15. 


For all other VM exits, the field is undefined, unless the VM exit occurred in enclave mode, in which case the 
field is cleared. 


¢ I/O RCX, I/O RSI, I/O RDI, I/O RIP. These fields are undefined except for SMM VM exits due to system- 
management interrupts (SMIs) that arrive immediately after retirement of I/O instructions. See Section 


31.15.2.3. 


Note that, if the VM exit occurred in enclave mode, these fields are all cleared. 


Table 27-9. Format of the VM-Exit Instruction-Information Field as Used for INVEPT, INVPCID, and INVVPID 


Bit Position(s) 


Content 


1:0 


Scaling: 
0: no scaling 
1: scale by 2 
2: scale by 4 
3: scale by 8 (used only on processors that support Intel 64 architecture) 


Undefined for instructions with no index register (bit 22 is set). 


6:2 


Undefined. 


9:7 


Address size: 

0: 16-bit 

1: 32-bit 

2: 64-bit (used only on processors that support Intel 64 architecture) 
Other values not used. 


10 


Cleared to 0. 


14:11 


Undefined. 


17:15 


Segment register: 
0: ES 
1:CS 
2:SS 
3: DS 
4: FS 
5:GS 
Other values not used. 


21:18 


IndexReg: 

0 = RAX 

1 =RCX 

2 = RDX 

3 = RBX 

4 =RSP 

5 =RBP 

6 = RSI 

7=RDI 

8-15 represent R8-R15, respectively (used only on processors that support Intel 64 architecture) 
Undefined for instructions with no index register (bit 22 is set). 


22 


IndexReg invalid (O = valid; 1 = invalid) 


26:23 


BaseReg (encoded as IndexReg above) 
Undefined for memory instructions with no base register (bit 27 is set). 


27 
31:28 


BaseReg invalid (0 = valid; 1 = invalid) 
Reg2 (same encoding as IndexReg above) 
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Table 27-10. Format of the VM-Exit Instruction-Information Field as Used for LIDT, LGDT, SIDT, or SGDT 


Bit Position(s) | Content 

1:0 Scaling: 
0: no scaling 
1: scale by 2 
2: scale by 4 


3: scale by 8 (used only on processors that support Intel 64 architecture) 
Undefined for instructions with no index register (bit 22 is set). 


6:2 


Undefined. 


9:7 


Address size: 

0: 16-bit 

1: 32-bit 

2: 64-bit (used only on processors that support Intel 64 architecture) 
Other values not used. 


10 


Cleared to 0. 


11 


Operand size: 
0: 16-bit 
1: 32-bit 
Undefined for VM exits from 64-bit mode. 


14:12 


Undefined. 


17:15 


Segment register: 
0: ES 
1:CS 
2: SS 
3:DS 
4: FS 
5:GS 
Other values not used. 


21:18 


IndexReg: 

0 = RAX 

1 =RCX 

2 = RDX 

3 = RBX 

4 =RSP 

5 = RBP 

6 =RSI 

7=RDI 

8-15 represent R8-R15, respectively (Used only on processors that support Intel 64 architecture) 
Undefined for instructions with no index register (bit 22 is set). 


22 


IndexReg invalid (0 = valid; 1 = invalid) 


26:23 


BaseReg (encoded as IndexReg above) 
Undefined for instructions with no base register (bit 27 is set). 


27 


BaseReg invalid (0 = valid; 1 = invalid) 


29:28 


Instruction identity: 


0: SGDT 
1: SIDT 
2: LGDT 
3: LIDT 
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Table 27-10. 


Format of the VM-Exit Instruction-Information Field as Used for LIDT, LGDT, SIDT, or SGDT (Contd.) 


Bit Position(s) 


Content 


31:30 


Undefined. 


Table 27-11. Format of the VM-Exit Instruction-Information Field as Used for LLDT, LTR, SLDT, and STR 


Bit Position(s) 


Content 


1:0 


Scaling: 
0: no scaling 
1: scale by 2 
2: scale by 4 
3: scale by 8 (used only on processors that support Intel 64 architecture) 


Undefined for register instructions (bit 10 is set) and for memory instructions with no index register (bit 10 is clear 
and bit 22 is set). 


Undefined. 
Reg1: 

0 = RAX 

1 =RCX 

2 = RDX 

3 = RBX 

4 = RSP 

5 = RBP 

6 = RSI 

7 =RDI 

8-15 represent R8-R15, respectively (used only on processors that support Intel 64 architecture) 
Undefined for memory instructions (bit 10 is clear). 


9:7 


Address size: 

0: 16-bit 

1: 32-bit 

2: 64-bit (used only on processors that support Intel 64 architecture) 
Other values not used. Undefined for register instructions (bit 10 is set). 


10 


Mem/Reg (0 = memory; 1 = register). 


14:11 


Undefined. 


17:15 


21:18 


Segment register: 

0: ES 

1:¢S 

2:SS 

3: DS 

4: FS 

5: GS 
Other values not used. Undefined for register instructions (bit 10 is set). 
IndexReg (encoded as Reg1 above) 


Undefined for register instructions (bit 10 is set) and for memory instructions with no index register (bit 10 is clear 
and bit 22 is set). 


22 


IndexReg invalid (0 = valid; 1 = invalid) 
Undefined for register instructions (bit 10 is set). 


26:23 
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Undefined for register instructions (bit 10 is set) and for memory instructions with no base register (bit 10 is clear 
and bit 27 is set). 
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Format of the VM-Exit Instruction-Information Field as Used for LLDT, LTR, SLDT, and STR (Contd.) 


Bit Position(s) 


Content 


27 


BaseReg invalid (0 = valid; 1 = invalid) 
Undefined for register instructions (bit 10 is set). 


29:28 


Instruction identity: 


0: SLDT 
1:STR 
2: LLDT 
3: LTR 


31:30 


Undefined. 


Table 27-12. Format of the VM-Exit Instruction-Information Field as Used for RDRAND, RDSEED, TPAUSE, and 


UMWAIT 


Bit Position(s) 


Content 


2:0 


Undefined. 


6:3 


Operand register (destination for RDRAND and RDSEED; source for TPAUSE and UMWAIT): 


8-15 represent R8-R15, respectively (used only on processors that support Intel 64 architecture) 


10:7 


Undefined. 


12:11 


Operand size: 
0: 16-bit 
1: 32-bit 
2: 64-bit 
The value 3 is not used. 


31:13 


Undefined. 


Table 27-13. Format of the VM-Exit Instruction-Information Field as Used for VMCLEAR, VMPTRLD, VMPTRST, 


VMXON, XRSTORS, and XSAVES 


Bit Position(s) 


Content 


1:0 


Scaling: 
0: no scaling 
1: scale by 2 
2: scale by 4 
3: scale by 8 (used only on processors that support Intel 64 architecture) 


Undefined for instructions with no index register (bit 22 is set). 


6:2 


Undefined. 
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Table 27-13. Format of the VM-Exit Instruction-Information Field as Used for VMCLEAR, VMPTRLD, VMPTRST, 


VMXON, XRSTORS, and XSAVES (Contd.) 


Bit Position(s) 


Content 


9:7 


Address size: 

0: 16-bit 

1: 32-bit 

2: 64-bit (used only on processors that support Intel 64 architecture) 
Other values not used. 


10 


Cleared to 0. 


14:11 


Undefined. 


17:15 


Segment register: 
0: ES 
1:CS 
2:SS 
3: DS 
4: FS 
5:GS 
Other values not used. 


21:18 


IndexReg: 


7 =RDI 
8-15 represent R8-R15, respectively (Used only on processors that support Intel 64 architecture) 


Undefined for instructions with no index register (bit 22 is set). 


22 


IndexReg invalid (0 = valid; 1 = invalid) 


26:23 


27 


BaseReg (encoded as IndexReg above) 
Undefined for instructions with no base register (bit 27 is set). 
BaseReg invalid (0 = valid; 1 = invalid) 


31:28 


Undefined. 


Table 27-14. Format of the VM-Exit Instruction-Information Field as Used for VMREAD and VMWRITE 


Bit Position(s) | Content 

1:0 Scaling: 
0: no scaling 
1: scale by 2 
2: scale by 4 


3: scale by 8 (used only on processors that support Intel 64 architecture) 


Undefined for register instructions (bit 10 is set) and for memory instructions with no index register (bit 10 is clear 
and bit 22 is set). 


Undefined. 
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Table 27-14. Format of the VM-Exit Instruction-Information Field as Used for VMREAD and VMWRITE (Contd.) 


Bit Position(s) 


Content 


6:3 


Reg1: 

0 = RAX 

1 =RCX 

2 = RDX 

3 = RBX 

4 =RSP 

5 = RBP 

6 =RSI 

7 =RDI 

8-15 represent R8-R15, respectively (used only on processors that support Intel 64 architecture) 
Undefined for memory instructions (bit 10 is clear). 


9:7 Address size: 
0: 16-bit 
1: 32-bit 
2: 64-bit (used only on processors that support Intel 64 architecture) 
Other values not used. Undefined for register instructions (bit 10 is set). 
10 Mem/Reg (0 = memory; 1 = register). 
14:11 Undefined. 
17:15 Segment register: 
0: ES 
1:¢S 
2:SS 
3: DS 
4: FS 
5: GS 
Other values not used. Undefined for register instructions (bit 10 is set). 
21:18 IndexReg (encoded as Reg1 above) 
Undefined for register instructions (bit 10 is set) and for memory instructions with no index register (bit 10 is clear 
and bit 22 is set). 
22 IndexReg invalid (0 = valid; 1 = invalid) 
Undefined for register instructions (bit 10 is set). 
26:23 BaseReg (encoded as Reg1 above) 
Undefined for register instructions (bit 10 is set) and for memory instructions with no base register (bit 10 is clear 
and bit 27 is set). 
27 BaseReg invalid (0 = valid; 1 = invalid) 
Undefined for register instructions (bit 10 is set). 
31:28 Reg2 (same encoding as Reg1 above) 
Table 27-15. Format of the VM-Exit Instruction-Information Field as Used for LOADIWKEY 
Bit Position(s) | Content 
2:0 Undefined. 
6:3 Reg1: identifies the first XMM register operand (KMMO-XMM15; values 8-15 are used only on processors that 
support Intel 64 architecture). 
30:7 Undefined. 
31:28 Reg2: identifies the second XMM register operand (see above). 
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27.3. SAVING GUEST STATE 


VM exits save certain components of processor state into corresponding fields in the guest-state area of the VMCS 
(see Section 24.4). On processors that support Intel 64 architecture, the full value of each natural-width field (see 
Section 24.11.2) is saved regardless of the mode of the logical processor before and after the VM exit. 


In general, the state saved is that which was in the logical processor at the time the VM exit commences. See 
Section 27.1 for a discussion of which architectural updates occur at that time. 


Section 27.3.1 through Section 27.3.4 provide details for how various components of processor state are saved. 
These sections reference VMCS fields that correspond to processor state. Unless otherwise stated, these references 
are to fields in the guest-state area. 


27.3.1. Saving Control Registers, Debug Registers, and MSRs 


Contents of certain control registers, debug registers, and MSRs is saved as follows: 


¢ The contents of CRO, CR3, CR4, and the IA32_SYSENTER_CS, IA32_SYSENTER_ESP, and IA32_SYSENTER_EIP 
MSRs are saved into the corresponding fields. Bits 63:32 of the IA832_SYSENTER_CS MSR are not saved. On 
processors that do not support Intel 64 architecture, bits 63:32 of the IA32_SYSENTER_ESP and 
IA32_SYSENTER_EIP MSRs are not saved. 

e If the “save debug controls” VM-exit control is 1, the contents of DR7 and the IA32_DEBUGCTL MSR are saved 
into the corresponding fields. The first processors to support the virtual-machine extensions supported only the 
1-setting of this control and thus always saved data into these fields. 

° If the “save IA32_PAT” VM-exit control is 1, the contents of the IA32_PAT MSR are saved into the corresponding 
field. 

e If the “save IA32_EFER” VM-exit control is 1, the contents of the IA32_EFER MSR are saved into the corre- 
sponding field. 

¢ If the processor supports either the 1-setting of the “load IA32_BNDCFGS” VM-entry control or that of the 
“clear IA32_BNDCFGS” VM-exit control, the contents of the IA32_BNDCFGS MSR are saved into the corre- 
sponding field. 

° Ifthe processor supports either the 1-setting of the “load IA32_RTIT_CTL” VM-entry control or that of the “clear 
IA32_RTIT_CTL” VM-exit control, the contents of the IA32_RTIT_CTL MSR are saved into the corresponding 
field. 

e If the processor supports the 1-setting of the “load CET” VM-entry control, the contents of the IA32_S_CET and 
IA32_INTERRUPT_SSP_TABLE_ADDR MSRs are saved into the corresponding fields. On processors that do not 
support Intel 64 architecture, bits 63:32 of these MSRs are not saved. 


° If the processor supports either the 1-setting of the “load guest IA32_LBR_CTL” VM-entry control or that of the 
“clear IA32_LBR_CTL” VM-exit control, the contents of the IA32_LBR_CTL MSR are saved into the corre- 
sponding field. 


¢ If the processor supports the 1-setting of the “load PKRS” VM-entry control, the contents of the IA32_PKRS 
MSR are saved into the corresponding field. 


¢ The value of the SMBASE field is undefined after all VM exits except SMM VM exits. See Section 31.15.2. 


27.3.2 Saving Segment Registers and Descriptor-Table Registers 


For each segment register (CS, SS, DS, ES, FS, GS, LDTR, or TR), the values saved for the base-address, segment- 
limit, and access rights are based on whether the register was unusable (see Section 24.4.1) before the VM exit: 


e If the register was unusable, the values saved into the following fields are undefined: (1) base address; 
(2) segment limit; and (3) bits 7:0 and bits 15:12 in the access-rights field. The following exceptions apply: 


— CS. 
¢ The base-address and segment-limit fields are saved. 
¢ TheL, D, and G bits are saved in the access-rights field. 
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SS. 
¢ DPL is saved in the access-rights field. 


* On processors that support Intel 64 architecture, bits 63:32 of the value saved for the base address are 
always zero. 


DS and ES. On processors that support Intel 64 architecture, bits 63:32 of the values saved for the base 
addresses are always zero. 


FS and GS. The base-address field is saved. 
LDTR. The value saved for the base address is always canonical. 


¢ Ifthe register was not unusable, the values saved into the following fields are those which were in the register 
before the VM exit: (1) base address; (2) segment limit; and (3) bits 7:0 and bits 15:12 in access rights. 


¢ Bits 31:17 and 11:8 in the access-rights field are always cleared. Bit 16 is set to 1 if and only if the segment is 
unusable. 


The contents of the GDTR and IDTR registers are saved into the corresponding base-address and limit fields. 


27.3.3 


Saving RIP, RSP, RFLAGS, and SSP 


The contents of the RIP, RSP, RFLAGS, and SSP (shadow-stack pointer) registers are saved as follows: 
¢ The value saved in the RIP field is determined by the nature and cause of the VM exit: 


If the VM exit occurred in enclave mode, the value saved is the AEP of interrupted enclave thread (the 
remaining items do not apply). 


If the VM exit occurs due to by an attempt to execute an instruction that causes VM exits unconditionally or 
that has been configured to cause a VM exit via the VM-execution controls, the value saved references that 
instruction. 


If the VM exit is caused by an occurrence of an INIT signal, a start-up IPI (SIPI), or system-management 
interrupt (SMI), the value saved is that which was in RIP before the event occurred. 


If the VM exit occurs due to the 1-setting of either the “interrupt-window exiting” VM-execution control or 
the “NMI-window exiting” VM-execution control, the value saved is that which would be in the register had 
the VM exit not occurred. 


If the VM exit is due to an external interrupt, non-maskable interrupt (NMI), or hardware exception (as 
defined in Section 27.2.2), the value saved is the return pointer that would have been saved (either on the 
stack had the event been delivered through a trap or interrupt gate,! or into the old task-state segment had 
the event been delivered through a task gate). 


If the VM exit is due to a triple fault, the value saved is the return pointer that would have been saved 
(either on the stack had the event been delivered through a trap or interrupt gate, or into the old task-state 
segment had the event been delivered through a task gate) had delivery of the double fault not 
encountered the nested exception that caused the triple fault. 


If the VM exit is due to a software exception (due to an execution of INT3 or INTO) or a privileged software 
exception (due to an execution of INT1), the value saved references the INT3, INTO, or INT1 instruction 
that caused that exception. 


Suppose that the VM exit is due to a task switch that was caused by execution of CALL, IRET, or JMP or by 
execution of a software interrupt (INT n), software exception (due to execution of INT3 or INTO), or 
privileged software exception (due to execution of INT1) that encountered a task gate in the IDT. The value 
saved references the instruction that caused the task switch (CALL, IRET, JMP, INT n, INT3, INTO, INT1). 


Suppose that the VM exit is due to a task switch that was caused by a task gate in the IDT that was 
encountered for any reason except the direct access by a software interrupt or software exception. The 
value saved is that which would have been saved in the old task-state segment had the task switch 
completed normally. 


1. The reference here is to the full value of RIP before any truncation that would occur had the stack width been only 32 bits or 16 


bits. 
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— Ifthe VM exit is due to an execution of MOV to CR8 or WRMSR that reduced the value of bits 7:4 of VTPR 
(see Section 29.1.1) below that of TPR threshold VM-execution control field (see Section 29.1.2), the value 
saved references the instruction following the MOV to CR8 or WRMSR. 


— Ifthe VM exit was caused by APIC-write emulation (see Section 29.4.3.2) that results from an APIC access 
as part of instruction execution, the value saved references the instruction following the one whose 
execution caused the APIC-write emulation. 


The contents of the RSP register are saved into the RSP field. 


With the exception of the resume flag (RF; bit 16), the contents of the RFLAGS register is saved into the 
RFLAGS field. RFLAGS.RF is saved as follows: 


— Ifthe VM exit occurred in enclave mode, the value saved is 0 (the remaining items do not apply). 


— Ifthe VM exit is caused directly by an event that would normally be delivered through the IDT, the value 
saved is that which would appear in the saved RFLAGS image (either that which would be saved on the 
stack had the event been delivered through a trap or interrupt gate! or into the old task-state segment had 
the event been delivered through a task gate) had the event been delivered through the IDT. See below for 
VM exits due to task switches caused by task gates in the IDT. 


— Ifthe VM exit is caused by a triple fault, the value saved is that which the logical processor would have in 
RF in the RFLAGS register had the triple fault taken the logical processor to the shutdown state. 


— Ifthe VM exit is caused by a task switch (including one caused by a task gate in the IDT), the value saved 
is that which would have been saved in the RFLAGS image in the old task-state segment (TSS) had the task 
switch completed normally without exception. 


— Ifthe VM exit is caused by an attempt to execute an instruction that unconditionally causes VM exits or one 
that was configured to do with a VM-execution control, the value saved is 0.2 


— For APIC-access VM exits and for VM exits caused by EPT violations, EPT misconfigurations, page-modifi- 
cation log-full events, or SPP-related events, the value saved depends on whether the VM exit occurred 
during delivery of an event through the IDT: 


¢ Ifthe VM exit stored 0 for bit 31 for IDT-vectoring information field (because the VM exit did not occur 
during delivery of an event through the IDT; see Section 27.2.4), the value saved is 1. 


¢ If the VM exit stored 1 for bit 31 for IDT-vectoring information field (because the VM exit did occur 
during delivery of an event through the IDT), the value saved is the value that would have appeared in 
the saved RFLAGS image had the event been delivered through the IDT (see above). 


— For all other VM exits, the value saved is the value RFLAGS.RF had before the VM exit occurred. 


If the processor supports the 1-setting of the “load CET” VM-entry control, the contents of the SSP register are 
saved into the SSP field. 


27.3.4 Saving Non-Register State 


Information corresponding to guest non-register state is saved as follows: 


The activity-state field is saved with the logical processor's activity state before the VM exit.2 See Section 27.1 
for details of how events leading to a VM exit may affect the activity state. 


The interruptibility-state field is saved to reflect the logical processor’s interruptibility before the VM exit. 
— See Section 27.1 for details of how events leading to a VM exit may affect this state. 


. The reference here is to the full value of RFLAGS before any truncation that would occur had the stack width been only 32 bits or 


16 bits. 


This is true even if RFLAGS.RF was 1 before the instruction was executed. If, in response to such a VM exit, a VM monitor re-enters 
the guest to re-execute the instruction that caused the VM exit (for example, after clearing the VM-execution control that caused 
the VM exit), the instruction may encounter a code breakpoint that has already been processed. A VM monitor can avoid this by set- 
ting the quest value of RFLAGS.RF to 1 before resuming quest software. 


If this activity state was an inactive state resulting from execution of a specific instruction (HLT or MWAIT), the value saved for RIP 
by that VM exit will reference the following instruction. 


27-24 Vol. 3C 


VM EXITS 


VM exits that end outside system-management mode (SMM) save bit 2 (blocking by SMI) as 0 regardless 
of the state of such blocking before the VM exit. 


Bit 3 (blocking by NMI) is treated specially if the “virtual NMIs” VM-execution control is 1. In this case, the 
value saved for this field does not indicate the blocking of NMIs but rather the state of virtual-NMI blocking. 


Bit 4 (enclave interruption) is set to 1 if the VM exit occurred while the logical processor was in enclave 
mode. 


Such VM exits includes those caused by interrupts, non-maskable interrupts, system-management 
interrupts, INIT signals, and exceptions occurring in enclave mode as well as exceptions encountered 
during the delivery of such events incident to enclave mode. 


AVM exit that is incident to delivery of an event injected by VM entry leaves this bit unmodified. 


The pending debug exceptions field is saved as clear for all VM exits except the following: 


A VM exit caused by an INIT signal, a machine-check exception, or a system-management interrupt (SMI). 


A VM exit with basic exit reason “TPR below threshold”,! “virtualized EOI”, “APIC write”, or “monitor trap 
flag.” 


A VM exit due to trace-address pre-translation (TAPT; see Section 25.5.4) or due to accesses related to 
PEBS on processors with the “EPT-friendly” enhancement (see Section 19.9.5). Such VM exits can have 
basic exit reason “APIC access,” “EPT violation,” “EPT misconfiguration,” “page-modification log full,” or 
“SPP-related event.” When due to TAPT or PEBS, these VM exits (with the exception of those due to EPT 
misconfigurations) set bit 16 of the exit qualification, indicating that they are asynchronous to instruction 
execution and not part of event delivery. 


VM exits that are not caused by debug exceptions and that occur while there is MOV-SS blocking of debug 
exceptions. 


For VM exits that do not clear the field, the value saved is determined as follows: 


Each of bits 3:0 may be set if it corresponds to a matched breakpoint. This may be true even if the corre- 
sponding breakpoint is not enabled in DR7. 


Suppose that a VM exit is due to an INIT signal, a machine-check exception, or an SMI; or that a VM exit 
has basic exit reason “TPR below threshold” or “monitor trap flag.” In this case, the value saved sets bits 
corresponding to the causes of any debug exceptions that were pending at the time of the VM exit. 


If the VM exit occurs immediately after VM entry, the value saved may match that which was loaded on 
VM entry (see Section 26.7.3). Otherwise, the following items apply: 


¢ Bit 12 (enabled breakpoint) is set to 1 in any of the following cases: 
— If there was at least one matched data or I/O breakpoint that was enabled in DR7. 


— If it had been set on VM entry, causing there to be valid pending debug exceptions (see Section 
26.7.3) and the VM exit occurred before those exceptions were either delivered or lost. 


— Ifthe XBEGIN instruction was executed immediately before the VM exit and advanced debugging of 
RTM transactional regions had been enabled (see Section 16.3.7, “RTM-Enabled Debugger 
Support,” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1). (This does 
not apply to VM exits with basic exit reason “monitor trap flag.”) 


In other cases, bit 12 is cleared to 0. 
¢ Bit 14 (BS) is set if RFLAGS.TF = 1 in either of the following cases: 


— IA32_DEBUGCTL.BTF = 0 and the cause of a pending debug exception was the execution of a single 
instruction. 


— JIA32_DEBUGCTL.BTF = 1 and the cause of a pending debug exception was a taken branch. 


¢ Bit 16 (RTM) is set if a debug exception (#DB) or a breakpoint exception (#BP) occurred inside an RTM 
region while advanced debugging of RTM transactional regions had been enabled. (This does not apply 
to VM exits with basic exit reason “monitor trap flag.”) 


1. This item includes VM exits that occur as a result of certain VM entries (Section 26.7.7). 
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— Suppose that a VM exit is due to another reason (but not a debug exception) and occurs while there is MOV- 
SS blocking of debug exceptions. In this case, the value saved sets bits corresponding to the causes of any 
debug exceptions that were pending at the time of the VM exit. If the VM exit occurs immediately after 
VM entry (no instructions were executed in VMX non-root operation), the value saved may match that 
which was loaded on VM entry (see Section 26.7.3). Otherwise, the following items apply: 


¢ Bit 12 (enabled breakpoint) is set to 1 if there was at least one matched data or I/O breakpoint that was 
enabled in DR7. Bit 12 is also set if it had been set on VM entry, causing there to be valid pending debug 
exceptions (see Section 26.7.3) and the VM exit occurred before those exceptions were either delivered 
or lost. In other cases, bit 12 is cleared to 0. 


¢ The setting of bit 14 (BS) is implementation-specific. However, it is not set if RFLAGS.TF = 0 or 
IA32_DEBUGCTL.BTF = 1. 


— The reserved bits in the field are cleared. 


If the “save VMX-preemption timer value” VM-exit control is 1, the value of timer is saved into the VMX- 
preemption timer-value field. This is the value loaded from this field on VM entry as subsequently decremented 
(see Section 25.5.1). VM exits due to timer expiration save the value 0. Other VM exits may also save the value 
0 if the timer expired during VM exit. (If the “save VMX-preemption timer value” VM-exit control is 0, VM exit 
does not modify the value of the VMX-preemption timer-value field. ) 


If the logical processor supports the 1-setting of the “enable EPT” VM-execution control, values are saved into 
the four (4) PDPTE fields as follows: 


— Ifthe “enable EPT” VM-execution control is 1 and the logical processor was using PAE paging at the time of 
the VM exit, the PDPTE values currently in use are saved:! 


¢ The values saved into bits 11:9 of each of the fields is undefined. 


¢ If the value saved into one of the fields has bit 0 (present) clear, the value saved into bits 63:1 of that 
field is undefined. That value need not correspond to the value that was loaded by VM entry or to any 
value that might have been loaded in VMX non-root operation. 


¢ If the value saved into one of the fields has bit 0 (present) set, the value saved into bits 63:12 of the 
field is a guest-physical address. 


— Ifthe “enable EPT” VM-execution control is 0 or the logical processor was not using PAE paging at the time 
of the VM exit, the values saved are undefined. 


27.4 SAVING MSRS 


After processor state is saved to the guest-state area, values of MSRs may be stored into the VM-exit MSR-store 
area (see Section 24.7.2). Specifically each entry in that area (up to the number specified in the VM-exit MSR-store 
count) is processed in order by storing the value of the MSR indexed by bits 31:0 (as they would be read by 
RDMSR) into bits 127:64. Processing of an entry fails in either of the following cases: 


The value of bits 31:8 is OO0008H, meaning that the indexed MSR is one that allows access to an APIC register 
when the local APIC is in x2APIC mode. 

The value of bits 31:0 indicates an MSR that can be read only in system-management mode (SMM) and the 
VM exit will not end in SMM. (IA32_SMBASE is an MSR that can be read only in SMM.) 

The value of bits 31:0 indicates an MSR that cannot be saved on VM exits for model-specific reasons. A 
processor may prevent certain MSRs (based on the value of bits 31:0) from being stored on VM exits, even if 
they can normally be read by RDMSR. Such model-specific behavior is documented in Chapter 2, “Model- 
Specific Registers (MSRs)” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4. 


Bits 63:32 of the entry are not all 0. 


A logical processor uses PAE paging if CRO.PG = 1, CR4.PAE = 1 and IA32_EFER.LMA = 0. See Section 4.4 in the Intel® 64 and IA-32 
Architectures Software Developer's Manual, Volume 3A. “Enable EPT” is a secondary processor-based VM-execution control. If bit 31 
of the primary processor-based VM-execution controls is 0, VM exit functions as if the “enable EPT” VM-execution control were O. 
See Section 24.6.2. 


27-26 Vol. 3C 


VM EXITS 


¢ An attempt to read the MSR indexed by bits 31:0 would cause a general-protection exception if executed via 
RDMSR with CPL = 0. 


A VMX abort occurs if processing fails for any entry. See Section 27.7. 


27.5 LOADING HOST STATE 


Processor state is updated on VM exits in the following ways: 

* Some state is loaded from or otherwise determined by the contents of the host-state area. 
¢ Some state is determined by VM-exit controls. 

¢ Some state is established in the same way on every VM exit. 

° The page-directory pointers are loaded based on the values of certain control registers. 
This loading may be performed in any order. 


On processors that support Intel 64 architecture, the full values of each 64-bit field loaded (for example, the base 
address for GDTR) is loaded regardless of the mode of the logical processor before and after the VM exit. 


The loading of host state is detailed in Section 27.5.1 to Section 27.5.5. These sections reference VMCS fields that 
correspond to processor state. Unless otherwise stated, these references are to fields in the host-state area. 


A logical processor is in IA-32e mode after a VM exit only if the “host address-space size” VM-exit control is 1. If 
the logical processor was in IA-32e mode before the VM exit and this control is 0, a VMX abort occurs. See Section 
27.7. 


In addition to loading host state, VM exits clear address-range monitoring (Section 27.5.6). 


After the state loading described in this section, VM exits may load MSRs from the VM-exit MSR-load area (see 
Section 27.6). This loading occurs only after the state loading described in this section. 


27.5.1. Loading Host Control Registers, Debug Registers, MSRs 


VM exits load new values for controls registers, debug registers, and some MSRs: 


¢ CRO, CR3, and CR4 are loaded from the CRO field, the CR3 field, and the CR4 field, respectively, with the 
following exceptions: 


— The following bits are not modified: 


¢ For CRO, ET, CD, NW; bits 63:32 (on processors that support Intel 64 architecture), 28:19, 17, and 
15:6; and any bits that are fixed in VMX operation (see Section 23.8).! 


¢ For CR3, bits 63:52 and bits in the range 51:32 beyond the processor’s physical-address width (they 
are cleared to 0).2 (This item applies only to processors that support Intel 64 architecture.) 


¢ For CR4, any bits that are fixed in VMX operation (see Section 23.8). 
— CR4.PAE is set to 1 if the “host address-space size” VM-exit control is 1. 
— CR4.PCIDE is set to 0 if the “host address-space size” VM-exit control is 0. 
° DR7 is set to 400H. 
¢ The following MSRs are established as follows: 
— The IA32_DEBUGCTL MSR is cleared to O0O000000_O0000000H. 


— The IA32_SYSENTER_CS MSR is loaded from the IA32_SYSENTER_CS field. Since that field has only 32 
bits, bits 63:32 of the MSR are cleared to 0. 


1. Bits 28:19, 17, and 15:6 of CRO and CRO.ET are unchanged by executions of MOV to CRO. CRO.ET is always 1 and the other bits are 
always 0. 


2. Software can determine a processor's physical-address width by executing CPUID with BOOOO008H in EAX. The physical-address 
width is returned in bits 7:0 of EAX. 
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27.5.2 


The IA32_SYSENTER_ESP and IA32_SYSENTER_EIP MSRs are loaded from the IA32_SYSENTER_ESP and 
IA32_SYSENTER_EIP fields, respectively. 


If the processor does not support the Intel 64 architecture, these fields have only 32 bits; bits 63:32 of the 
MSRs are cleared to 0. 


If the processor supports the Intel 64 architecture with N < 64 linear-address bits, each of bits 63:N is set 
to the value of bit N-1.! 


The following steps are performed on processors that support Intel 64 architecture: 


¢ The MSRs FS.base and GS.base are loaded from the base-address fields for FS and GS, respectively 
(see Section 27.5.2). 


¢ The LMA and LME bits in the IA32_EFER MSR are each loaded with the setting of the “host address- 
space size” VM-exit control. 


If the “load IA32_PERF_GLOBAL_CTRL” VM-exit control is 1, the IA32_PERF_GLOBAL_CTRL MSR is loaded 
from the IA32_PERF_GLOBAL_CTRL field. Bits that are reserved in that MSR are maintained with their 
reserved values. 


If the “load IA32_PAT” VM-exit control is 1, the IA32_PAT MSR is loaded from the IA32_PAT field. Bits that 
are reserved in that MSR are maintained with their reserved values. 


If the “load IA32_EFER” VM-exit control is 1, the IA32_EFER MSR is loaded from the IA32_EFER field. Bits 
that are reserved in that MSR are maintained with their reserved values. 


If the “clear IA32_BNDCFGS” VM-exit control is 1, the IA32_BNDCFGS MSR is cleared to 
00000000_00000000H; otherwise, it is not modified. 


If the “clear IA32_RTIT_CTL” VM-exit control is 1, the IA32_RTIT_CTL MSR is cleared to 
00000000_00000000H; otherwise, it is not modified. 


If the “load CET” VM-exit control is 1, the IA32_S_CET and IA32_INTERRUPT_SSP_TABLE_ADDR MSRs are 
loaded from the IA32_S_CET and IA32_INTERRUPT_SSP_TABLE_ADDR fields, respectively. 


If the processor does not support the Intel 64 architecture, these fields have only 32 bits; bits 63:32 of the 
MSRs are cleared to 0. 


If the processor supports the Intel 64 architecture with N < 64 linear-address bits, each of bits 63:N is set 
to the value of bit N-1. 


If the “load PKRS” VM-exit control is 1, the IA32_PKRS MSR is loaded from the IA32_PKRS field. Bits 63:32 
of that MSR are maintained with zeroes. 


With the exception of FS.base and GS.base, any of these MSRs is subsequently overwritten if it appears in the 
VM-exit MSR-load area. See Section 27.6. 


Loading Host Segment and Descriptor-Table Registers 


Each of the registers CS, SS, DS, ES, FS, GS, and TR is loaded as follows (see below for the treatment of LDTR): 


The selector is loaded from the selector field. The segment is unusable if its selector is loaded with zero. The 
checks specified Section 26.3.1.2 limit the selector values that may be loaded. In particular, CS and TR are 
never loaded with zero and are thus never unusable. SS can be loaded with zero only on processors that 
support Intel 64 architecture and only if the VM exit is to 64-bit mode (64-bit mode allows use of segments 
marked unusable). 


The base address is set as follows: 


CS. Cleared to zero. 
SS, DS, and ES. Undefined if the segment is unusable; otherwise, cleared to zero. 


FS and GS. Undefined (but, on processors that support Intel 64 architecture, canonical) if the segment is 
unusable and the VM exit is not to 64-bit mode; otherwise, loaded from the base-address field. 


Software can determine the number N by executing CPUID with 8OOO0008H in EAX. The number of linear-address bits supported is 
returned in bits 15:8 of EAX. 
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If the processor supports the Intel 64 architecture and the processor supports N < 64 linear-address bits, 
each of bits 63:N is set to the value of bit N-1.1 The values loaded for base addresses for FS and GS are 
also manifest in the FS.base and GS.base MSRs. 


— TR. Loaded from the host-state area. If the processor supports the Intel 64 architecture and the processor 
supports N < 64 linear-address bits, each of bits 63:N is set to the value of bit N-1. 


The segment limit is set as follows: 

— CS. Set to FFFFFFFFH (corresponding to a descriptor limit of FFFFFH and a G-bit setting of 1). 
— SS, DS, ES, FS, and GS. Undefined if the segment is unusable; otherwise, set to FFFFFFFFH. 
— TR. Set to 00000067H. 

The type field and S bit are set as follows: 

— CS. Type set to 11 and S set to 1 (execute/read, accessed, non-conforming code segment). 


— SS, DS, ES, FS, and GS. Undefined if the segment is unusable; otherwise, type set to 3 and S set to 1 
(read/write, accessed, expand-up data segment). 


— TR. Type set to 11 and S set to 0 (busy 32-bit task-state segment). 

The DPL is set as follows: 

— CS, SS, and TR. Set to 0. The current privilege level (CPL) will be 0 after the VM exit completes. 
— DS, ES, FS, and GS. Undefined if the segment is unusable; otherwise, set to 0. 

The P bit is set as follows: 

— CS, TR. Set to 1. 

— SS, DS, ES, FS, and GS. Undefined if the segment is unusable; otherwise, set to 1. 


On processors that support Intel 64 architecture, CS.L is loaded with the setting of the “host address-space 
size” VM-exit control. Because the value of this control is also loaded into IA32_EFER.LMA (see Section 27.5.1), 
no VM exit is ever to compatibility mode (which requires IA32_EFER.LMA = 1 and CS.L = 0). 


D/B. 


— CS. Loaded with the inverse of the setting of the “host address-space size” VM-exit control. For example, if 
that control is 0, indicating a 32-bit guest, CS.D/B is set to 1. 


— SS. Set to 1. 
— DS, ES, FS, and GS. Undefined if the segment is unusable; otherwise, set to 1. 
— TR. Set to 0. 


— CS. Setto1. 
— SS, DS, ES, FS, and GS. Undefined if the segment is unusable; otherwise, set to 1. 
— TR. Set to 0. 


The host-state area does not contain a selector field for LDTR. LDTR is established as follows on all VM exits: the 
selector is cleared to OOOOH, the segment is marked unusable and is otherwise undefined (although the base 
address is always canonical). 


The base addresses for GDTR and IDTR are loaded from the GDTR base-address field and the IDTR base-address 
field, respectively. If the processor supports the Intel 64 architecture and the processor supports N < 64 linear- 
address bits, each of bits 63:N of each base address is set to the value of bit N-1 of that base address. The GDTR 
and IDTR limits are each set to FFFFH. 


. Software can determine the number N by executing CPUID with 8OOOO0O08H in EAX. The number of linear-address bits supported is 
returned in bits 15:8 of EAX. 
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27.5.3. Loading Host RIP, RSP, RFLAGS, and SSP 


RIP and RSP are loaded from the RIP field and the RSP field, respectively. RFLAGS is cleared, except bit 1, which is 
always set. 


If the “load CET” VM-exit control is 1, SSP (shadow-stack pointer) is loaded from the SSP field. 


27.5.4 Checking and Loading Host Page-Directory-Pointer-Table Entries 


If CRO.PG = 1, CR4.PAE = 1, and IA32_EFER.LMA = 0, the logical processor uses PAE paging. See Section 4.4 of 
the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A.' When in PAE paging is in use, the 
physical address in CR3 references a table of page-directory-pointer-table entries (PDPTEs). A MOV to CR3 
when PAE paging is in use checks the validity of the PDPTEs and, if they are valid, loads them into the processor 
(into internal, non-architectural registers). 


AVM exit is to a VMM that uses PAE paging if (1) bit 5 (corresponding to CR4.PAE) is set in the CR4 field in the host- 
state area of the VMCS; and (2) the “host address-space size” VM-exit control is 0. Such a VM exit may check the 
validity of the PDPTEs referenced by the CR3 field in the host-state area of the VMCS. Such a VM exit must check 
their validity if either (1) PAE paging was not in use before the VM exit; or (2) the value of CR3 is changing as a 
result of the VM exit. A VM exit to a VMM that does not use PAE paging must not check the validity of the PDPTEs. 


A VM exit that checks the validity of the PDPTEs uses the same checks that are used when CR3 is loaded with 
MOV to CR3 when PAE paging is in use. If MOV to CR3 would cause a general-protection exception due to the 
PDPTEs that would be loaded (e.g., because a reserved bit is set), a VMX abort occurs (see Section 27.7). Ifa 
VM exit to a VMM that uses PAE does not cause a VMX abort, the PDPTEs are loaded into the processor as would 
MOV to CR3, using the value of CR3 being load by the VM exit. 


27.5.5 Updating Non-Register State 
VM exits affect the non-register state of a logical processor as follows: 
¢ A logical processor is always in the active state after a VM exit. 
¢ Event blocking is affected as follows: 
— There is no blocking by STI or by MOV SS after a VM exit. 


— VM exits caused directly by non-maskable interrupts (NMIs) cause blocking by NMI (see Table 24-3). Other 
VM exits do not affect blocking by NMI. (See Section 27.1 for the case in which an NMI causes a VM exit 
indirectly.) 

¢ There are no pending debug exceptions after a VM exit. 


Section 28.4 describes how the VMX architecture controls how a logical processor manages information in the TLBs 
and paging-structure caches. The following items detail how VM exits invalidate cached mappings: 


e If the “enable VPID” VM-execution control is 0, the logical processor invalidates linear mappings and combined 
mappings associated with VPID OOOOH (for all PCIDs); combined mappings for VPID OOOOH are invalidated for 
all EP4TA values (EP4TA is the value of bits 51:12 of EPTP). 


e VM exits are not required to invalidate any guest-physical mappings, nor are they required to invalidate any 
linear mappings or combined mappings if the “enable VPID” VM-execution control is 1. 


27.5.6 Clearing Address-Range Monitoring 


The Intel 64 and IA-32 architectures allow software to monitor a specified address range using the MONITOR and 
MWAIT instructions. See Section 8.10.4 in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3A. VM exits clear any address-range monitoring that may be in effect. 


1. On processors that support Intel 64 architecture, the physical-address extension may support more than 36 physical-address bits. 
Software can determine a processor's physical-address width by executing CPUID with 80000008H in EAX. The physical-address 
width is returned in bits 7:0 of EAX. 
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27.6 LOADING MSRS 


VM exits may load MSRs from the VM-exit MSR-load area (see Section 24.7.2). Specifically each entry in that area 
(up to the number specified in the VM-exit MSR-load count) is processed in order by loading the MSR indexed by 
bits 31:0 with the contents of bits 127:64 as they would be written by WRMSR. 


Processing of an entry fails in any of the following cases: 


* The value of bits 31:0 is either CO000100H (the IA32_FS_BASE MSR) or C0000101H (the IA32_GS_BASE 
MSR). 


° The value of bits 31:8 is OO0008H, meaning that the indexed MSR is one that allows access to an APIC register 
when the local APIC is in x2APIC mode. 


° The value of bits 31:0 indicates an MSR that can be written only in system-management mode (SMM) and the 
VM exit will not end in SMM. (IA32_SMM_MONITOR_CTL is an MSR that can be written only in SMM.) 


¢ = The value of bits 31:0 indicates an MSR that cannot be loaded on VM exits for model-specific reasons. A 
processor may prevent loading of certain MSRs even if they can normally be written by WRMSR. Such model- 
specific behavior is documented in Chapter 2, “Model-Specific Registers (MSRs)” in the Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 4. 


¢  =Bits 63:32 are not all 0. 


¢ Anattempt to write bits 127:64 to the MSR indexed by bits 31:0 of the entry would cause a general-protection 
exception if executed via WRMSR with CPL = 0.! 


If processing fails for any entry, a VMX abort occurs. See Section 27.7. 


If any MSR is being loaded in such a way that would architecturally require a TLB flush, the TLBs are updated so 
that, after VM exit, the logical processor does not use any translations that were cached before the transition. 


27.7. WVMX ABORTS 


A problem encountered during a VM exit leads to a VMX abort. A VMX abort takes a logical processor into a shut- 
down state as described below. 


A VMX abort does not modify the VMCS data in the VMCS region of any active VMCS. The contents of these data 
are thus suspect after the VMX abort. 


On a VMX abort, a logical processor saves a nonzero 32-bit VMX-abort indicator field at byte offset 4 in the VMCS 
region of the VMCS whose misconfiguration caused the failure (see Section 24.2). The following values are used: 


1. There was a failure in saving guest MSRs (see Section 27.4). 
2. Host checking of the page-directory-pointer-table entries (PDPTEs) failed (see Section 27.5.4). 


3. The current VMCS has been corrupted (through writes to the corresponding VMCS region) in such a way that 
the logical processor cannot complete the VM exit properly. 


There was a failure on loading host MSRs (see Section 27.6). 
There was a machine-check event during VM exit (see Section 27.8). 


The logical processor was in IA-32e mode before the VM exit and the “host address-space size” VM-exit control 
was 0 (see Section 27.5). 


Some of these causes correspond to failures during the loading of state from the host-state area. Because the 
loading of such state may be done in any order (see Section 27.5) a VM exit that might lead to a VMX abort for 
multiple reasons (for example, the current VMCS may be corrupt and the host PDPTEs might not be properly 
configured). In such cases, the VMX-abort indicator could correspond to any one of those reasons. 


A logical processor never reads the VMX-abort indicator in a VMCS region and writes it only with one of the non- 
zero values mentioned above. The VMX-abort indicator allows software on one logical processor to diagnose the 


1. Note the following about processors that support Intel 64 architecture. If CRO.PG = 1, WRMSR to the IA32_EFER MSR causes a gen- 
eral-protection exception if it would modify the LME bit. Since CRO.PG is always 1 in VMX operation, the IA32_EFER MSR should not 
be included in the VM-exit MSR-load area for the purpose of modifying the LME bit. 
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VMxX-abort on another. For this reason, it is recommended that software running in VMX root operation zero the 
VMxX-abort indicator in the VMCS region of any VMCS that it uses. 


After saving the VMX-abort indicator, operation of a logical processor experiencing a VMX abort depends on 
whether the logical processor is in SMX operation:! 


* If the logical processor is in SMX operation, an Intel® TXT shutdown condition occurs. The error code used is 
OOODH, indicating “VMX abort.” See Inte/® Trusted Execution Technology Measured Launched Environment 
Programming Guide. 


e If the logical processor is outside SMX operation, it issues a special bus cycle (to notify the chipset) and enters 
the VMX-abort shutdown state. RESET is the only event that wakes a logical processor from the VMX-abort 
shutdown state. The following events do not affect a logical processor in this state: machine-check events; INIT 
signals; external interrupts; non-maskable interrupts (NMIs); start-up IPIs (SIPIs); and system-management 
interrupts (SMIs). 


27.8 MACHINE-CHECK EVENTS DURING VM EXIT 


If a machine-check event occurs during VM exit, one of the following occurs: 
¢ The machine-check event is handled as if it occurred before the VM exit: 


— if eee = 0, operation of the logical processor depends on whether the logical processor is in SMX 
operation: 


* If the logical processor is in SMX operation, an Intel® TXT shutdown condition occurs. The error code 
used is OOOCH, indicating “unrecoverable machine-check condition.” 


¢ If the logical processor is outside SMX operation, it goes to the shutdown state. 
— If CR4.MCE = 1, a machine-check exception (#MC) is generated: 
¢ If bit 18 (#MC) of the exception bitmap is 0, the exception is delivered through the guest IDT. 
¢ If bit 18 of the exception bitmap is 1, the exception causes a VM exit. 
¢ The machine-check event is handled after VM exit completes: 


— Ifthe VM exit ends with CR4.MCE = 0, operation of the logical processor depends on whether the logical 
processor is in SMX operation: 


* If the logical processor is in SMX operation, an Intel® TXT shutdown condition occurs with error code 
OOOCH (unrecoverable machine-check condition). 


¢ If the logical processor is outside SMX operation, it goes to the shutdown state. 
— Ifthe VM exit ends with CR4.MCE = 1, a machine-check exception (#MC) is delivered through the host IDT. 


¢ AVMxX abort is generated (see Section 27.7). The logical processor blocks events as done normally in 
VMX abort. The VMX abort indicator is 5, for “machine-check event during VM exit.” 


The first option is not used if the machine-check event occurs after any host state has been loaded. The second 
option is used only if VM entry is able to load all host state. 


1. A logical processor is in SMX operation if GETSEC[SEXIT] has not been executed since the last execution of GETSEC[SENTER]. A logi- 
cal processor is outside SMX operation if GETSEC[SENTER] has not been executed or if GETSEC[SEXIT] was executed after the last 
execution of GETSEC[SENTER]. See Chapter 6, “Safer Mode Extensions Reference,” in Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2B. 


2. A logical processor is in SMX operation if GETSEC[SEXIT] has not been executed since the last execution of GETSEC[SENTER]. A logi- 
cal processor is outside SMX operation if GETSEC[SENTER] has not been executed or if GETSEC[SEXIT] was executed after the last 


execution of GETSEC[SENTER]. See Chapter 6, “Safer Mode Extensions Reference,” in Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2B. 
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CHAPTER 28 
VMX SUPPORT FOR ADDRESS TRANSLATION 


The architecture for VMX operation includes two features that support address translation: virtual-processor iden- 
tifiers (VPIDs) and the extended page-table mechanism (EPT). VPIDs are a mechanism for managing translations 
of linear addresses. EPT defines a layer of address translation that augments the translation of linear addresses. 


Section 28.1 details the architecture of VPIDs. Section 28.3 provides the details of EPT. Section 28.4 explains how 
a logical processor may cache information from the paging structures, how it may use that cached information, and 
how software can managed the cached information. 


28.1 VIRTUAL PROCESSOR IDENTIFIERS (VPIDS) 


The original architecture for VMX operation required VMX transitions to flush the TLBs and paging-structure caches. 
This ensured that translations cached for the old linear-address space would not be used after the transition. 


Virtual-processor identifiers (VPIDs) introduce to VMX operation a facility by which a logical processor may cache 
information for multiple linear-address spaces. When VPIDs are used, VMX transitions may retain cached informa- 
tion and the logical processor switches to a different linear-address space. 


Section 28.4 details the mechanisms by which a logical processor manages information cached for multiple address 
spaces. A logical processor may tag some cached information with a 16-bit VPID. This section specifies how the 
current VPID is determined at any point in time: 


¢ The current VPID is OOOOH in the following situations: 


— Outside VMX operation. (This includes operation in system-management mode under the default treatment 
of SMIs and SMM with VMX operation; see Section 31.14.) 


— In VMX root operation. 
— In VMX non-root operation when the “enable VPID” VM-execution control is 0. 


¢ If the logical processor is in VMX non-root operation and the “enable VPID” VM-execution control is 1, the 
current VPID is the value of the VPID VM-execution control field in the VMCS. (VM entry ensures that this value 
is never OOOOH; see Section 26.2.1.1.) 


VPIDs and PCIDs (see Section 4.10.1) can be used concurrently. When this is done, the processor associates 
cached information with both a VPID and a PCID. Such information is used only if the current VPID and PCID both 
match those associated with the cached information. 


28.2 HYPERVISOR-MANAGED LINEAR-ADDRESS TRANSLATION (HLAT) 


Hypervisor-managed linear-address translation (HLAT) is a feature that changes the way in which linear 
addresses are translated in VMX non-root operation. Instead of ordinary paging, translation uses a modified 
process called HLAT paging. 


HLAT paging is used only if the “enable HLAT” VM-execution control is 1. HLAT paging is used only for the paging 
modes 4-level paging and 5-level paging. Because HLAT paging is a modification of ordinary paging, details of the 
feature are given in Section 4.5, which describes the operation of 4-level paging and 5-level paging. 


28.3. THE EXTENDED PAGE TABLE MECHANISM (EPT) 


The extended page-table mechanism (EPT) is a feature that can be used to support the virtualization of physical 
memory. When EPT is in use, certain addresses that would normally be treated as physical addresses (and used to 
access memory) are instead treated as guest-physical addresses. Guest-physical addresses are translated by 
traversing a set of EPT paging structures to produce physical addresses that are used to access memory. 


Vol. 3C 28-1 


VMX SUPPORT FOR ADDRESS TRANSLATION 


° Section 28.3.1 gives an overview of EPT. 

® Section 28.3.2 describes operation of EPT-based address translation. 

* Section 28.3.3 discusses VM exits that may be caused by EPT. 

° Section 28.3.7 describes interactions between EPT and memory typing. 


28.3.1 EPT Overview 


EPT is used when the “enable EPT” VM-execution control is 1.1 It translates the guest-physical addresses used in 
VMX non-root operation and those used by VM entry for event injection. 


The translation from guest-physical addresses to physical addresses is determined by a set of EPT paging struc- 
tures. The EPT paging structures are similar to those used to translate linear addresses while the processor is in 
IA-32e mode. Section 28.3.2 gives the details of the EPT paging structures. 


If CRO.PG = 1, linear addresses are translated through paging structures referenced through control register CR3.2 
While the “enable EPT” VM-execution control is 1, these are called guest paging structures. There are no guest 
paging structures if CRO.PG = 0.3 


When the “enable EPT” VM-execution control is 1, the identity of guest-physical addresses depends on the value 
of CRO.PG: 


¢ If CRO.PG = 0, each linear address is treated as a guest-physical address. 


° If CRO.PG = 1, guest-physical addresses are those derived from the contents of control register CR3 and the 
guest paging structures. (This includes the values of the PDPTEs, which logical processors store in internal, 
non-architectural registers.) The latter includes (in page-table entries and in other paging-structure entries for 
which bit 7—PS—is 1) the addresses to which linear addresses are translated by the guest paging structures. 


If CRO.PG = 1, the translation of a linear address to a physical address requires multiple translations of guest-phys- 
ical addresses using EPT. Assume, for example, that CR4.PAE = CR4.PSE = 0. The translation of a 32-bit linear 
address then operates as follows: 


° Bits 31:22 of the linear address select an entry in the guest page directory located at the guest-physical 
address in CR3. The guest-physical address of the guest page-directory entry (PDE) is translated through EPT 
to determine the guest PDE’s physical address. 


° Bits 21:12 of the linear address select an entry in the guest page table located at the guest-physical address in 
the guest PDE. The guest-physical address of the guest page-table entry (PTE) is translated through EPT to 
determine the guest PTE’s physical address. 


° Bits 11:0 of the linear address is the offset in the page frame located at the guest-physical address in the guest 
PTE. The guest-physical address determined by this offset is translated through EPT to determine the physical 
address to which the original linear address translates. 


In addition to translating a guest-physical address to a physical address, EPT specifies the privileges that software 
is allowed when accessing the address. Attempts at disallowed accesses are called EPT violations and cause 
VM exits. See Section 28.3.3. 


A processor uses EPT to translate guest-physical addresses only when those addresses are used to access memory. 
This principle implies the following: 


¢ The MOV to CR3 instruction loads CR3 with a guest-physical address. Whether that address is translated 
through EPT depends on whether PAE paging is being used.* 


1. “Enable EPT” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution controls 
is O, the logical processor operates as if the “enable EPT” VM-execution control were 0. See Section 24.6.2. 

2. If HLAT paging is enabled, the processor uses the HLATP VMCS field instead of CR3. See Section 4.5.1. For simplicity, the remainder 
of this section refers only to CR3. 

3. If the capability MSR IA32_VMX_CRO_FIXEDO reports that CRO.PG must be 1 in VMX operation, CRO.PG can be 0 in VMX non-root 
operation only if the “unrestricted quest” VM-execution control and bit 31 of the primary processor-based V/M-execution controls are 
both 1. 

4. A logical processor uses PAE paging if CRO.PG = 1, CR4.PAE = 1 and IA32_EFER.LMA = 0. See Section 4.4 in the Intel® 64 and IA-32 
Architectures Software Developer's Manual, Volume 3A. 
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— If PAE paging is not being used, the instruction does not use that address to access memory and does not 
cause it to be translated through EPT. (If CRO.PG = 1, the address will be translated through EPT on the 
next memory accessing using a linear address.) 


— If PAE paging is being used, the instruction loads the four (4) page-directory-pointer-table entries (PDPTEs) 
from that address and it does cause the address to be translated through EPT. 


° Section 4.4.1 identifies executions of MOV to CRO and MOV to CR4 that load the PDPTEs from the guest- 
physical address in CR3. Such executions cause that address to be translated through EPT. 


¢ The PDPTEs contain guest-physical addresses. The instructions that load the PDPTEs (see above) do not use 
those addresses to access memory and do not cause them to be translated through EPT. The address ina 
PDPTE will be translated through EPT on the next memory accessing using a linear address that uses that 
PDPTE. 


28.3.2 EPT Translation Mechanism 


The EPT translation mechanism uses only bits 47:0 of each guest-physical address.! It uses a page-walk length of 
4, meaning that at most 4 EPT paging-structure entries are accessed to translate a guest-physical address.* 


These 48 bits are partitioned by the logical processor to traverse the EPT paging structures: 


¢ A4-KByte naturally aligned EPT PML4 table is located at the physical address specified in bits 51:12 of the 
extended-page-table pointer (EPTP), a VM-execution control field (see Table 24-9 in Section 24.6.11). An EPT 
PML4 table comprises 512 64-bit entries (EPT PML4Es). An EPT PML4E is selected using the physical address 
defined as follows: 


— Bits 63:52 are all 0. 

— Bits 51:12 are from the EPTP. 

— Bits 11:3 are bits 47:39 of the guest-physical address. 
— Bits 2:0 are all 0. 


Because an EPT PML4E is identified using bits 47:39 of the guest-physical address, it controls access to a 512- 
GByte region of the guest-physical-address space. The format of an EPT PML4E is given in Table 28-1. 


¢ A4-KByte naturally aligned EPT page-directory-pointer table is located at the physical address specified in 
bits 51:12 of the EPT PML4E. An EPT page-directory-pointer table comprises 512 64-bit entries (EPT PDPTEs). 
An EPT PDPTE is selected using the physical address defined as follows: 


— Bits 63:52 are all 0. 

— Bits 51:12 are from the EPT PML4E. 

— Bits 11:3 are bits 38:30 of the guest-physical address. 
— Bits 2:0 are all 0. 


Because an EPT PDPTE is identified using bits 47:30 of the guest-physical address, it controls access to a 1-GByte 
region of the guest-physical-address space. Use of the EPT PDPTE depends on the value of bit 7 in that entry:? 


¢ If bit 7 of the EPT PDPTE is 1, the EPT PDPTE maps a 1-GByte page. The final physical address is computed as 
follows: 


— Bits 63:52 are all 0. 
— Bits 51:30 are from the EPT PDPTE. 


1. No processors supporting the Intel 64 architecture support more than 48 physical-address bits. Thus, no such processor can pro- 
duce a quest-physical address with more than 48 bits. An attempt to use such an address causes a page fault. An attempt to load 
CR3 with such an address causes a general-protection fault. If PAE paging is being used, an attempt to load CR3 that would load a 
PDPTE with such an address causes a general-protection fault. 

2. Future processors may include support for other EPT page-walk lengths. Software should read the VMX capability MSR 
IA32_VMX_EPT_V/PID_CAP (see Appendix A.10) to determine what EPT page-walk lengths are supported. 

3. Not all processors allow bit 7 of an EPT PDPTE to be set to 1. Software should read the VMX capability MSR 
IA32_VMX_EPT_\V/PID_CAP (see Appendix A.10) to determine whether this is allowed. 
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Table 28-1. Format of an EPT PML4 Entry (PML4€) that References an EPT Page-Directory-Pointer Table 


Bit Contents 

Position(s) 

0 Read access; indicates whether reads are allowed from the 512-GByte region controlled by this entry 

1 Write access; indicates whether writes are allowed to the 512-GByte region controlled by this entry 

2 If the “mode-based execute control for EPT” VM-execution control is 0, execute access; indicates whether instruction 


fetches are allowed from the 512-GByte region controlled by this entry 


If that control is 1, execute access for supervisor-mode linear addresses; indicates whether instruction fetches are 
allowed from supervisor-mode linear addresses in the 512-GByte region controlled by this entry 


7:3 Reserved (must be 0) 

8 If bit 6 of EPTP is 1, accessed flag for EPT; indicates whether software has accessed the 512-GByte region 
controlled by this entry (see Section 28.3.5). Ignored if bit 6 of EPTP is 0 

9 Ignored 

10 Execute access for user-mode linear addresses. If the “mode-based execute control for EPT” VM-execution control is 


1, indicates whether instruction fetches are allowed from user-mode linear addresses in the 512-GByte region 
controlled by this entry. If that control is 0, this bit is ignored. 


11 Ignored 


(N-1):12 Physical address of 4-KByte aligned EPT page-directory-pointer table referenced by this entry! 


51:N Reserved (must be 0) 
63:52 Ignored 
NOTES: 


1. Nis the physical-address width supported by the processor. Software can determine a processor's physical-address width by execut- 
ing CPUID with BOOOOOO8H in EAX. The physical-address width is returned in bits 7:0 of EAX. 


— Bits 29:0 are from the original guest-physical address. 
The format of an EPT PDPTE that maps a 1-GByte page is given in Table 28-2. 


¢ If bit 7 of the EPT PDPTE is 0, a 4-KByte naturally aligned EPT page directory is located at the physical address 
specified in bits 51:12 of the EPT PDPTE. The format of an EPT PDPTE that references an EPT page directory is 
given in Table 28-3. 
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Table 28-2. Format of an EPT Page-Directory-Pointer-Table Entry (PDPTE) that Maps a 1-GByte Page 


Bit Contents 

Position(s) 

0 Read access; indicates whether reads are allowed from the 1-GByte page referenced by this entry 

1 Write access; indicates whether writes are allowed to the 1-GByte page referenced by this entry 

2 If the “mode-based execute control for EPT” VM-execution control is 0, execute access; indicates whether 


instruction fetches are allowed from the 1-GByte page controlled by this entry 


If that control is 1, execute access for supervisor-mode linear addresses; indicates whether instruction fetches are 
allowed from supervisor-mode linear addresses in the 1-GByte page controlled by this entry 


5:3 EPT memory type for this 1-GByte page (see Section 28.3.7) 

6 Ignore PAT memory type for this 1-GByte page (see Section 28.3.7) 

7 Must be 1 (otherwise, this entry references an EPT page directory) 

8 If bit 6 of EPTP is 1, accessed flag for EPT; indicates whether software has accessed the 1-GByte page referenced 


by this entry (see Section 28.3.5). Ignored if bit 6 of EPTP is O 


9 If bit 6 of EPTP is 1, dirty flag for EPT; indicates whether software has written to the 1-GByte page referenced by 
this entry (see Section 28.3.5). Ignored if bit 6 of EPTP is O 


10 Execute access for user-mode linear addresses. If the “mode-based execute control for EPT” VM-execution control is 
1, indicates whether instruction fetches are allowed from user-mode linear addresses in the 1-GByte page controlled 
by this entry. If that control is 0, this bit is ignored. 


11 Ignored 


29:12 Reserved (must be 0) 


(N-1):30 Physical address of the 1-GByte page referenced by this entry! 


51:N Reserved (must be 0) 

56:52 Ignored 

57 Verify quest paging. If the “quest-paging verification” VM-execution control is 1, indicates limits on the guest paging 
structures used to access the 1-GByte page controlled by this entry (see Section 28.3.3.2). If that control is 0, this 
bit is ignored. 

58 Paging-write access. If the “EPT paging-write control” VM-execution control is 1, indicates that quest paging may 


update the 1-GByte page controlled by this entry (see Section 28.3.3.2), If that control is O, this bit is ignored. 


59 Ignored 


60 Supervisor shadow stack. If bit 7 of EPTP is 1, indicates whether supervisor shadow stack accesses are allowed to 
guest-physical addresses in the 1-GByte page mapped by this entry (see Section 28.3.3.2). 


Ignored if bit 7 of EPTP is O 


62:61 Ignored 


63 Suppress #VE. If the “EPT-violation #VE" VM-execution control is 1, EPT violations caused by accesses to this page 
are convertible to virtualization exceptions only if this bit is O (see Section 25.5.7.1). If "EPT-violation #VE" VM- 
execution control is 0, this bit is ignored. 


NOTES: 
1. N is the physical-address width supported by the logical processor. 
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Table 28-3. Format of an EPT Page-Directory-Pointer-Table Entry (PDPTE) that References an EPT Page Directory 


Bit Contents 

Position(s) 

0 Read access; indicates whether reads are allowed from the 1-GByte region controlled by this entry 

1 Write access; indicates whether writes are allowed to the 1-GByte region controlled by this entry 

2 If the “mode-based execute control for EPT” VM-execution control is 0, execute access; indicates whether instruction 
fetches are allowed from the 1-GByte region controlled by this entry 
If that control is 1, execute access for supervisor-mode linear addresses; indicates whether instruction fetches are 
allowed from supervisor-mode linear addresses in the 1-GByte region controlled by this entry 

7:3 Reserved (must be 0) 

8 If bit 6 of EPTP is 1, accessed flag for EPT; indicates whether software has accessed the 1-GByte region controlled 
by this entry (see Section 28.3.5). Ignored if bit 6 of EPTP is O 

9 Ignored 

10 Execute access for user-mode linear addresses. If the “mode-based execute control for EPT” VM-execution control is 
1, indicates whether instruction fetches are allowed from user-mode linear addresses in the 1-GByte region 
controlled by this entry. If that control is 0, this bit is ignored. 

11 Ignored 

(N-1):12 Physical address of 4-KByte aligned EPT page directory referenced by this entry! 

51:N Reserved (must be 0) 

63:52 Ignored 

NOTES: 


1. N is the physical-address width supported by the logical processor. 


An EPT page-directory comprises 512 64-bit entries (PDEs). An EPT PDE is selected using the physical address 
defined as follows: 


— Bits 63:52 are all 0. 

— Bits 51:12 are from the EPT PDPTE. 

— Bits 11:3 are bits 29:21 of the guest-physical address. 
— Bits 2:0 areall 0. 


Because an EPT PDE is identified using bits 47:21 of the guest-physical address, it controls access to a 2-MByte 
region of the guest-physical-address space. Use of the EPT PDE depends on the value of bit 7 in that entry: 


° If bit 7 of the EPT PDE is 1, the EPT PDE maps a 2-MByte page. The final physical address is computed as 


follows: 


— Bits 63:52 are all 0. 
— Bits 51:21 are from the EPT PDE. 
— Bits 20:0 are from the original guest-physical address. 
The format of an EPT PDE that maps a 2-MByte page is given in Table 28-4. 
e If bit 7 of the EPT PDE is 0, a 4-KByte naturally aligned EPT page table is located at the physical address 


specified in bits 51:12 of the EPT PDE. The format of an EPT PDE that references an EPT page table is given in 
Table 28-5. 


An EPT page table comprises 512 64-bit entries (PTEs). An EPT PTE is selected using a physical address defined 
as follows: 


— Bits 63:52 are all 0. 
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Table 28-4. Format of an EPT Page-Directory Entry (PDE) that Maps a 2-MByte Page 


Bit Contents 

Position(s) 

0 Read access; indicates whether reads are allowed from the 2-MByte page referenced by this entry 

1 Write access; indicates whether writes are allowed to the 2-MByte page referenced by this entry 

2 If the “mode-based execute control for EPT” VM-execution control is 0, execute access; indicates whether instruction 


fetches are allowed from the 2-MByte page controlled by this entry 


If that control is 1, execute access for supervisor-mode linear addresses; indicates whether instruction fetches are 
allowed from supervisor-mode linear addresses in the 2-MByte page controlled by this entry 


5:3 EPT memory type for this 2-MByte page (see Section 28.3.7) 

6 Ignore PAT memory type for this 2-MByte page (see Section 28.3.7) 

7 Must be 1 (otherwise, this entry references an EPT page table) 

8 If bit 6 of EPTP is 1, accessed flag for EPT; indicates whether software has accessed the 2-MByte page referenced 


by this entry (see Section 28.3.5). Ignored if bit 6 of EPTP is O 


9 If bit 6 of EPTP is 1, dirty flag for EPT; indicates whether software has written to the 2-MByte page referenced by 
this entry (see Section 28.3.5). Ignored if bit 6 of EPTP is O 


10 Execute access for user-mode linear addresses. If the “mode-based execute control for EPT” VM-execution control is 
1, indicates whether instruction fetches are allowed from user-mode linear addresses in the 2-MByte page controlled 
by this entry. If that control is 0, this bit is ignored. 


11 Ignored 

20:12 Reserved (must be 0) 

(N-1):21 Physical address of the 2-MByte page referenced by this entry! 

51:N Reserved (must be 0) 

56:52 Ignored 

57 Verify guest paging. If the “quest-paging verification” VM-execution control is 1, indicates limits on the guest paging 
structures used to access the 2-MByte page controlled by this entry (see Section 28.3.3.2). If that control is 0, this 
bit is ignored. 

58 Paging-write access. If the “EPT paging-write control” VM-execution control is 1, indicates that quest paging may 


update the 2-MByte page controlled by this entry (see Section 28.3.3.2). If that control is 0, this bit is ignored. 


59 Ignored 


60 Supervisor shadow stack. If bit 7 of EPTP is 1, indicates whether supervisor shadow stack accesses are allowed to 
guest-physical addresses in the 2-MByte page mapped by this entry (see Section 28.3.3.2). 


Ignored if bit 7 of EPTP is O 


62:61 Ignored 


63 Suppress #VE. If the “EPT-violation #VE" VM-execution control is 1, EPT violations caused by accesses to this page 
are convertible to virtualization exceptions only if this bit is O (see Section 25.5.7.1). If “EPT-violation #VE” VM- 
execution control is 0, this bit is ignored. 


NOTES: 
1. N is the physical-address width supported by the logical processor. 


— Bits 51:12 are from the EPT PDE. 


Vol. 3C 28-7 


VMX SUPPORT FOR ADDRESS TRANSLATION 


— Bits 11:3 are bits 20:12 of the guest-physical address. 
— Bits 2:0 areall 0. 
¢ Because an EPT PTE is identified using bits 47:12 of the guest-physical address, every EPT PTE maps a 4-KByte 
page. The final physical address is computed as follows: 
— Bits 63:52 are all 0. 
— Bits 51:12 are from the EPT PTE. 
— Bits 11:0 are from the original guest-physical address. 
The format of an EPT PTE is given in Table 28-6. 


An EPT paging-structure entry is present if any of bits 2:0 is 1; otherwise, the entry is not present. The processor 
ignores bits 62:3 and uses the entry neither to reference another EPT paging-structure entry nor to produce a 
physical address. A reference using a guest-physical address whose translation encounters an EPT paging-struc- 
ture that is not present causes an EPT violation (see Section 28.3.3.2). (If the “EPT-violation #VE” VM-execution 
control is 1, the EPT violation is convertible to a virtualization exception only if bit 63 is 0; see Section 25.5.7.1. If 
the “EPT-violation #VE” VM-execution control is 0, this bit is ignored.) 


Table 28-5. Format of an EPT Page-Directory Entry (PDE) that References an EPT Page Table 


Bit Contents 

Position(s) 

0 Read access; indicates whether reads are allowed from the 2-MByte region controlled by this entry 

1 Write access; indicates whether writes are allowed to the 2-MByte region controlled by this entry 

2 If the “mode-based execute control for EPT” VM-execution control is 0, execute access; indicates whether instruction 


fetches are allowed from the 2-MByte region controlled by this entry 


If that control is 1, execute access for supervisor-mode linear addresses; indicates whether instruction fetches are 
allowed from supervisor-mode linear addresses in the 2-MByte region controlled by this entry 


6:3 Reserved (must be 0) 

7 Must be 0 (otherwise, this entry maps a 2-MByte page) 

8 If bit 6 of EPTP is 1, accessed flag for EPT; indicates whether software has accessed the 2-MByte region controlled 
by this entry (see Section 28.3.5). Ignored if bit 6 of EPTP is O 

9 Ignored 

10 Execute access for user-mode linear addresses. If the “mode-based execute control for EPT” VM-execution control is 


1, indicates whether instruction fetches are allowed from user-mode linear addresses in the 2-MByte region 
controlled by this entry. If that control is 0, this bit is ignored. 


11 Ignored 


(N-1):12 Physical address of 4-KByte aligned EPT page table referenced by this entry! 


51:N Reserved (must be 0) 
63:52 Ignored 
NOTES: 


1. Nis the physical-address width supported by the logical processor. 


NOTE 


If the “mode-based execute control for EPT” VM-execution control is 1, an EPT paging-structure 
entry is present if any of bits 2:0 or bit 10 is 1. If bits 2:0 are all 0 but bit 10 is 1, the entry is used 
normally to reference another EPT paging-structure entry or to produce a physical address. 
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The discussion above describes how the EPT paging structures reference each other and how the logical processor 
traverses those structures when translating a guest-physical address. It does not cover all details of the translation 
process. Additional details are provided as follows: 


¢ Situations in which the translation process may lead to VM exits (sometimes before the process completes) are 
described in Section 28.3.3. 


¢ Interactions between the EPT translation mechanism and memory typing are described in Section 28.3.7. 


Figure 28-1 gives a summary of the formats of the EPTP and the EPT paging-structure entries. For the EPT paging 
structure entries, it identifies separately the format of entries that map pages, those that reference other EPT 
paging structures, and those that do neither because they are not present; bits 2:0 and bit 7 are highlighted 
because they determine how a paging-structure entry is used. (Figure 28-1 does not comprehend the fact that, if 
the “mode-based execute control for EPT” VM-execution control is 1, an entry is present if any of bits 2:0 or bit 10 
is 1.) 


28.3.3 EPT-Induced VM Exits 


Accesses using guest-physical addresses may cause VM exits due to EPT misconfigurations, EPT violations, and 
page-modification log-full events. An EPT misconfiguration occurs when, in the course of translating a guest- 
physical address, the logical processor encounters an EPT paging-structure entry that contains an unsupported 
value (see Section 28.3.3.1). An EPT violation occurs when there is no EPT misconfiguration but the EPT paging- 
structure entries disallow an access using the guest-physical address (see Section 28.3.3.2). A page-modifica- 
tion log-full event occurs when the logical processor determines a need to create a page-modification log entry 
and the current log is full (see Section 28.3.6). 


These events occur only due to an attempt to access memory with a guest-physical address. Loading CR3 with a 
guest-physical address with the MOV to CR3 instruction can cause neither an EPT configuration nor an EPT violation 
until that address is used to access a paging structure.! 


If the “EPT-violation #VE” VM-execution control is 1, certain EPT violations may cause virtualization exceptions 
instead of VM exits. See Section 25.5.7.1. 


28.3.3.1 EPT Misconfigurations 


An EPT misconfiguration occurs if translation of a guest-physical address encounters an EPT paging-structure entry 
that meets any of the following conditions: 


¢ Bit 0 of the entry is clear (indicating that data reads are not allowed) and any of the following hold: 
— Bit 1 is set (indicating that data writes are allowed). 
— The processor does not support execute-only translations and either of the following hold: 
* Bit 2 is set (indicating that instruction fetches are allowed). 


¢ The “mode-based execute control for EPT” VM-execution control is 1 and bit 10 is set (indicating that 
instruction fetches are allowed from user-mode linear addresses). 


Software should read the VMX capability MSR IA32_VMX_EPT_VPID_CAP to determine whether execute- 
only translations are supported (see Appendix A.10). 


— The “EPT paging-write control” VM-execution control is 1, the entry maps a page, and bit 58 is set 
(indicating that paging writes are allowed). 


¢ The entry is present (see Section 28.3.2) and of the following holds: 


1. If the logical processor is using PAE paging—because CRO.PG = CR4.PAE = 1 and IA32_EFER.LMA = O—the MOV to CR3 instruction 
loads the PDPTEs from memory using the guest-physical address being loaded into CR3. In this case, therefore, the MOV to CR3 
instruction may cause an EPT misconfiguration, an EPT violation, or a page-modification log-full event. 


2. If the “mode-based execute control for EPT” VM-execution control is 1, setting bit 2 indicates that instruction fetches are allowed 
from supervisor-mode linear addresses. 
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Table 28-6. Format of an EPT Page-Table Entry that Maps a 4-KByte Page 


Bit Contents 

Position(s) 

0 Read access; indicates whether reads are allowed from the 4-KByte page referenced by this entry 

1 Write access; indicates whether writes are allowed to the 4-KByte page referenced by this entry 

2 If the “mode-based execute control for EPT” VM-execution control is 0, execute access; indicates whether 
instruction fetches are allowed from the 4-KByte page controlled by this entry 
If that control is 1, execute access for supervisor-mode linear addresses; indicates whether instruction fetches are 
allowed from supervisor-mode linear addresses in the 4-KByte page controlled by this entry 

5:3 EPT memory type for this 4-KByte page (see Section 28.3.7) 

6 Ignore PAT memory type for this 4-KByte page (see Section 28.3.7) 

7 Ignored 

8 If bit 6 of EPTP is 1, accessed flag for EPT; indicates whether software has accessed the 4-KByte page referenced 
by this entry (see Section 28.3.5). Ignored if bit 6 of EPTP is O 

9 If bit 6 of EPTP is 1, dirty flag for EPT; indicates whether software has written to the 4-KByte page referenced by 
this entry (see Section 28.3.5). Ignored if bit 6 of EPTP is O 

10 Execute access for user-mode linear addresses. If the “mode-based execute control for EPT” VM-execution control is 
1, indicates whether instruction fetches are allowed from user-mode linear addresses in the 4-KByte page controlled 
by this entry. If that control is 0, this bit is ignored. 

11 Ignored 

(N-1):12 Physical address of the 4-KByte page referenced by this entry! 

51:N Reserved (must be 0) 

56:52 Ignored 

57 Verify quest paging. If the “quest-paging verification” VM-execution control is 1, indicates limits on the guest paging 
structures used to access the 4-KByte page controlled by this entry (see Section 28.3.3.2). If that control is 0, this 
bit is ignored. 

58 Paging-write access. If the “EPT paging-write control” VM-execution control is 1, indicates that quest paging may 
update the 4-KByte page controlled by this entry (see Section 28.3.3.2). If that control is O, this bit is ignored. 

59 Ignored 

60 Supervisor shadow stack. If bit 7 of EPTP is 1, indicates whether supervisor shadow stack accesses are allowed to 
guest-physical addresses in the 4-KByte page mapped by this entry (see Section 28.3.3.2). 
Ignored if bit 7 of EPTP is O 

61 Sub-page write permissions. If the “sub-page write permissions for EPT” VM-execution control is 1, writes to 
individual 128-byte regions of the 4-KByte page referenced by this entry may be allowed even if the page would 
normally not be writable (see Section 28.3.4). If “sub-page write permissions for EPT” VM-execution control is 0, this 
bit is ignored. 

62 Ignored 

63 Suppress #VE. If the “EPT-violation #VE" VM-execution control is 1, EPT violations caused by accesses to this page 
are convertible to virtualization exceptions only if this bit is O (see Section 25.5.7.1). If “EPT-violation #VE” VM- 
execution control is 0, this bit is ignored. 
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NOTES: 
1. Nis the physical-address width supported by the logical processor. 


— Areserved bit is set. This includes the setting of a bit in the range 51:12 that is beyond the logical 
processor's physical-address width.! See Section 28.3.2 for details of which bits are reserved in which EPT 


paging-structure entries. 
— The entry is the last one used to translate a guest physical address (either an EPT PDE with bit 7 set to 1 or 
an EPT PTE) and the value of bits 5:3 (EPT memory type) is 2, 3, or 7 (these values are reserved). 


EPT misconfigurations result when an EPT paging-structure entry is configured with settings reserved for future 
functionality. Software developers should be aware that such settings may be used in the future and that an EPT 
paging-structure entry that causes an EPT misconfiguration on one processor might not do so in the future. 


28.3.3.2 EPT Violations 

An EPT violation may occur during an access using a guest-physical address whose translation does not cause an 

EPT misconfiguration. An EPT violation occurs in any of the following situations: 

¢ Translation of the guest-physical address encounters an EPT paging-structure entry that is not present (see 
Section 28.3.2). 


1. Software can determine a processor's physical-address width by executing CPUID with BOO000008H in EAX. The physical-address 
width is returned in bits 7:0 of EAX. 


Vol. 3C 28-11 


VMX SUPPORT FOR ADDRESS TRANSLATION 


¢ The access is a data read and, for any byte to be read, bit 0 (read access) was clear in any of the EPT paging- 
structure entries used to translate the guest-physical address of the byte. Reads by the logical processor of 
guest paging structures to translate a linear address are considered to be data reads. 


Reserved Address of EPT PML4 table 


R PML4E; 
present 


Ignored : Address of EPT page-directory-pointer table Reserved 


PML4E: 
Ignored not 
present 


Physical 
Ignored F address of Reserved 
1GB page 


Ignored : Address of EPT page directory 


PDTPE: 
Ignored not 


E present 
a n ello Plt lanored Physical address Reserved Ig|X A P| EPT 
: a" eInivfo] of 2MB page nJU Al MT 

T 


Ignored F Address of EPT page table 


PDE: 
Ignored not 
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PTE: 
Ignored i Physical address of 4KB page 4KB 


page 


PTE: 
Ignored not 
present 


Figure 28-1. Formats of EPTP and EPT Paging-Structure Entries 


NOTES: 

1. Mis an abbreviation for MAXPHYADDR. 

2. Supervisor shadow-stack control. 

3. See Section 24.6.11 for details of the EPTP. 


4. Execute access for user-mode linear addresses. If the “mode-based execute control for EPT” VM-execution control is 0, this bit is 
ignored. 


5. Execute access. If the “mode-based execute control for EPT” VM-execution control is 1, this bit controls execute access for supervi- 
sor-mode linear addresses. 


6. If the “mode-based execute control for EPT” VM-execution control is 1, an EPT paging-structure entry is present if any of bits 2:0 or 
bit 10 is 1. This table does not comprehend that fact. 


7. Suppress #VE. If the “EPT-violation #VE" VM-execution control is 0, this bit is ignored. 
8. Supervisor shadow-stack page. If bit 7 of the EPTP is 0, this bit is ignored. 
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9. Paging-write access. If the “EPT paging-write control” VM-execution control is 0, this bit is ignored. 
10. Verify quest paging. If the “quest-paging verification” VM-execution control is 0, this bit is ignored. 
11. Sub-page write permissions. If the “sub-page write permissions for EPT” VM-execution control is 0, this bit is ignored. 


¢ The access is a data write and, for any byte to be written, bit 1 (write access) was clear in any of the EPT 
paging-structure entries used to translate the guest-physical address of the byte. Writes by the logical 
processor to guest paging structures to update accessed and dirty flags are considered to be data writes. 


If bit 6 of the EPT pointer (EPTP) is 1 (enabling accessed and dirty flags for EPT), processor accesses to guest 
paging-structure entries are treated as writes with regard to EPT violations. Thus, if bit 1 is clear in any of the 
EPT paging-structure entries used to translate the guest-physical address of a guest paging-structure entry, an 
attempt to use that entry to translate a linear address causes an EPT violation. 


(This does not apply to loads of the PDPTE registers by the MOV to CR instruction for PAE paging; see Section 
4.4.1. Those loads of guest PDPTEs are treated as reads and do not cause EPT violations due to a guest- 
physical address not being writable.) 


Processor writes to guest paging structures to update accessed and dirty flags are called paging writes. 
(When accessed and dirty flags for EPT are enabled all processor accesses to guest paging structures are 
considered paging writes.) If the “EPT paging-write control” VM-execution control is 1, clearing the write- 
access bit in the EPT paging-structure entry that maps a page does not prevent a paging write if bit 58 (paging- 
write access) in that entry is 1. (EPT paging-structure entries that reference other EPT paging structures do not 
use bit 58, and it remains the case that they must set the write-access bit for paging writes to be allowed.) 


If the “sub-page write permissions for EPT” VM-execution control is 1, data writes to a guest-physical address 
that would cause an EPT violation (as indicated above) do not do so in certain situations. If the guest-physical 
address is mapped using a 4-KByte page and bit 61 (sub-page write permissions) of the EPT PTE used to map 
the page is 1, writes to certain 128-byte sub-pages may be allowed. See Section 28.3.4 for details. 


° The access is an instruction fetch and the EPT paging structures prevent execute access to any of the bytes 
being fetched. Whether this occurs depends upon the setting of the “mode-based execute control for EPT” VM- 
execution control: 


— Ifthe control is 0, an instruction fetch from a byte is prevented if bit 2 (execute access) was clear in any of 
the EPT paging-structure entries used to translate the guest-physical address of the byte. 


— Ifthe control is 1, an instruction fetch from a byte is prevented in either of the following cases: 


¢ Paging maps the linear address of the byte as a supervisor-mode address and bit 2 (execute access for 
supervisor-mode linear addresses) was clear in any of the EPT paging-structure entries used to 
translate the guest-physical address of the byte. 


Paging maps a linear address as a supervisor-mode address if the U/S flag (bit 2) is 0 in at least one of 
the paging-structure entries controlling the translation of the linear address. 


¢ Paging maps the linear address of the byte as a user-mode address and bit 10 (execute access for user- 
mode linear addresses) was clear in any of the EPT paging-structure entries used to translate the guest- 
physical address of the byte. 


Paging maps a linear address as a user-mode address if the U/S flag is 1 in all of the paging-structure 
entries controlling the translation of the linear address. If paging is disabled (CRO.PG = 0), every linear 
address is a user-mode address. 


¢ If supervisor shadow-stack control is enabled (by setting bit 7 of EPTP), the access is a supervisor shadow- 
stack access, and the EPT paging-structure entries used to translate the guest-physical address of the access 
disallow supervisor shadow-stack accesses. Such an access is disallowed if any of the following hold: 


— Bit 0 (read access) is clear in any EPT paging-structure entry used to translate the guest-physical address 
of the access. 


— Bit 1 (write access) is clear in any EPT paging-structure entry that references an EPT paging structure in the 
translation of the guest-physical address. (Clearing bit 1 in the EPT paging-structure entry that maps the 
page of the guest-physical address does not disallow shadow-stack reads and writes. ) 


— Bit 60 (supervisor-shadow stack access) is clear in the EPT paging-structure entry that maps the page of 
the guest-physical address. 
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Supervisor shadow-stack control and the supervisor-shadow stack access bits in EPT paging-structure entries 
do not affect other accesses (including user shadow-stack accesses). 


\" 


° If the “guest-paging verification” and “EPT paging-write control” VM-execution controls are both 1, guest- 
paging verification is performed for certain accesses related to translation of a linear address. 


Specifically, guest-paging verification may apply to an access using a guest-physical address to the guest 
paging-structure entry that maps a page for the linear address (see Chapter 4, “Paging”). It applies if bit 57 
(verify guest paging) is set in the EPT paging-structure entry that maps a page for that guest-physical address. 


When guest-paging verification occurs, there is an EPT violation if bit 58 (paging-write access) is clear in the 
EPT paging-structure entry that was used to map a page for the guest-physical address of any guest paging- 
structure entry that was used during translation of the original linear address. 


See Section 28.3.3.3 for details regarding the prioritization of such EPT violations relative to any page faults 
that may occur due to the original reference to the linear address being translated. 


28.3.3.3 Prioritization of EPT Misconfigurations and EPT Violations 


The translation of a linear address to a physical address requires one or more translations of guest-physical 
addresses using EPT (see Section 28.3.1). This section specifies the relative priority of EPT-induced VM exits with 
respect to each other and to other events that may be encountered when accessing memory using a linear address. 


For an access to a guest-physical address, determination of whether an EPT misconfiguration or an EPT violation 
occurs is based on an iterative process: 


1. An EPT paging-structure entry is read (initially, this is an EPT PML4 entry): 
a. Ifthe entry is not present (see Section 28.3.2), an EPT violation occurs. 


b. Ifthe entry is present but its contents are not configured properly (see Section 28.3.3.1), an EPT miscon- 
figuration occurs. 


c. Ifthe entry is present and its contents are configured properly, operation depends on whether the entry 
references another EPT paging structure (whether it is an EPT PDE with bit 7 set to 1 or an EPT PTE): 


i) Ifthe entry does reference another EPT paging structure, an entry from that structure is accessed; 
step 1 is executed for that other entry. 


ii) Otherwise, the entry is used to produce the ultimate physical address (the translation of the original 
guest-physical address); step 2 is executed. 


2. Once the ultimate physical address is determined, the privileges determined by the EPT paging-structure 
entries are evaluated: 


a. Ifthe access to the guest-physical address is not allowed by these privileges (see Section 28.3.3.2), an EPT 
violation occurs. 


b. If the access to the guest-physical address is allowed by these privileges, memory is accessed using the 
ultimate physical address. 


If CRO.PG = 1, the translation of a linear address is also an iterative process, with the processor first accessing an 
entry in the guest paging structure referenced by the guest-physical address in CR3,? then accessing an entry in 
another guest paging structure referenced by the guest-physical address in the first guest paging-structure entry, 
etc. Each guest-physical address is itself translated using EPT and may cause an EPT-induced VM exit. The 
following items detail how page faults and EPT-induced VM exits are recognized during this iterative process: 


1. An attempt is made to access a guest paging-structure entry with a guest-physical address (initially, the 
address in CR3. 


1. When there is a restart of HLAT paging (see Section 4.5), the guest paging-structure entries used by HLAT paging (prior to the 
restart) are not relevant to guest-paging verification. 


2. This is a simplification of the more detailed description given in Section 28.3.2. 


3. If PAE paging is in use, the processor instead uses the quest-physical address in the appropriate PDPTE register. If HLAT paging is 
enabled, the processor instead uses the HLATP VMCS field. For simplicity, the remainder of this section refers only to CR3. 
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a. Ifthe access fails because of an EPT misconfiguration or an EPT violation (see above), an EPT-induced 
VM exit occurs. 


b. Ifthe access does not cause an EPT-induced VM exit, the translation continues. If guest-paging verification 
is enabled (see Section 28.3.3.2), the processor notes whether the EPT paging-structure entry used to map 
a page for the guest-physical address set bit 58 (paging write). Then, bit 0 (the present flag) of the guest 
paging-structure entry is consulted: 


i) Ifthe present flag is 0 or any reserved bit is set, a page fault occurs. 


ii) If the present flag is 1, no reserved bit is set, operation depends on whether the entry references 
another guest paging structure (whether it is a guest PDE with PS = 1 or a guest PTE): 


¢ If the entry does reference another guest paging structure, an entry from that structure is 
accessed; step 1 is executed for that other entry. 


¢ Otherwise, the entry is used to produce the ultimate guest-physical address (the translation of the 
original linear address); step 2 is executed. 


2. Once the ultimate guest-physical address is determined, the privileges determined by the guest paging- 
structure entries are evaluated: 


a. If the access to the linear address is not allowed by these privileges (e.g., it was a write to a read-only 
page), a page fault occurs. 


b. If the access to the linear address is allowed by these privileges, an attempt is made to access memory at 
the ultimate guest-physical address: 


i) If the access fails because of an EPT misconfiguration or an EPT violation (see above), an EPT-induced 
VM exit occurs. It is at this point that guest-paging verification occurs (if enabled), using the paging- 
write bits that were noted at occurrences of step 1b above (see Section 28.3.3.2 for details of guest- 
paging verification). 


ii) If the access does not cause an EPT-induced VM exit, memory is accessed using the ultimate physical 
address (the translation, using EPT, of the ultimate guest-physical address). 


If CRO.PG = 0, a linear address is treated as a guest-physical address and is translated using EPT (see above). This 
process, if it completes without an EPT violation or EPT misconfiguration, produces a physical address and deter- 
mines the privileges allowed by the EPT paging-structure entries. If these privileges do not allow the access to the 
physical address (see Section 28.3.3.2), an EPT violation occurs. Otherwise, memory is accessed using the phys- 
ical address. 


28.3.4 Sub-Page Write Permissions 


Section 28.3.3.2 explained how EPT enforces the access rights for guest-physical addresses using EPT violations. 
Since these access rights are determined using the EPT paging-structure entries that are used to translate a guest- 
physical address, their granularity is limited to that which is used to map pages (1-GByte, 2-MByte, or 4-KByte). 


The sub-page write-permission feature allows the control of write accesses to guest-physical addresses to be 
controlled at finer granularity. Sub-page write permissions allow write accesses to be controlled at the granularity 
of naturally aligned 128-byte sub-pages. Specifically, the feature allows writes to selected sub-pages of 4-KByte 
page that would otherwise not be writable. 


Sub-page write permissions are enabled setting the “sub-page write permissions for EPT” VM-execution control to 
1. The remainder of this section describes changes to processor operation with this control setting. 


Section 28.3.4.1 identifies the data accesses that are eligible for sub-page write permissions. Section 28.3.4.2 
explains how the processor determines whether to allow such an access. 


28.3.4.1 Write Accesses That Are Eligible for Sub-Page Write Permissions 


A guest-physical address is eligible for sub-page write permissions if writes to it would be disallowed following 
Section 28.3.3.2: bit 1 (write access) is clear in any of the EPT paging-structure entries used to translate the guest- 
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physical address. Guest-physical addresses to which writes would be disallowed for other reasons (e.g., the trans- 
lation encounters an EPT paging-structure entry that is not present) are not eligible for sub-page write permissions. 


In addition, a guest-physical address is eligible for sub-page write permissions only if it is mapped using a 4-KByte 
page and bit 61 (sub-page write permissions) of the EPT PTE used to map the page is 1. (Guest-physical addresses 
mapped with larger pages are not eligible for sub-page write permissions. ) 


For some memory accesses, the processor ignores bit 61 in an EPT PTE used to map a 4-KByte page and does not 
apply sub-page write permissions to the access. (In such a case, the access causes an EPT violation when indicated 
by the conditions given in Section 28.3.3.2.) Sub-page write permissions never apply to the following accesses: 


¢ Awrite access performed within a transactional region. 


¢ Awrite access by an enclave to an address within the enclave's ELRANGE. (Sub-page write permissions may 
apply to write accesses by an enclaves to addresses outside its ELRANGE. ) 


¢ Awrite access to the enclave page cache (EPC) by an Intel SGX instruction. 
¢ Awrite access to a guest paging structure to update an accessed or dirty flag. 


® Processor accesses to guest paging-structure entries when accessed and dirty flags for EPT are enabled (such 
accesses are treated as writes with regard to EPT violations. 


There are additional accesses to which sub-page write permissions might not be applied (behavior is model- 
specific). The following items enumerate examples: 


¢ Awrite access that crosses two 4-KByte pages. In this case, sub-page permissions may be applied to neither or 
to only one of the pages. (There is no write to either page unless the write is allowed to both pages. ) 


¢ Awrite access by an instruction that performs multiple write accesses (sub-page write permissions are 
intended principally for basic instructions such as AND, MOV, OR, TEST, XCHG, and XOR). 


If a guest-physical address is eligible for sub-page write permissions, the processor determines whether to allow 
write to the address using the process described in Section 28.3.4.2. 


If a guest-physical address is eligible for sub-page write permissions and that address translates to an address on 
the APIC-access page (see Section 29.4), the processor may treat a write access to the address as if the “virtualize 
APIC accesses” VM-execution control were 0. For that reason, it is recommended that software not configure any 
guest-physical address that translates to an address on the APIC-access page to be eligible for sub-page write 
permissions. 


28.3.4.2 Determining an Access's Sub-Page Write Permission 


Sub-page write permissions control write accesses individually to each of the 32 128-byte sub-pages of a 4-KByte 
page. Bits 11:7 of guest-physical address identify the sub-page. 


For each guest-physical address eligible for sub-page write permissions, there is a 64-bit sub-page permission 

vector (SPP vector). All addresses on a 4-KByte page use the same SPP vector. If an address’s sub-page number 
(bits 11:7 of the address) is S, writes to address are allowed if and only if bit 2S of the sub-page permission is set 
to 1. (The bits at odd positions in a SPP vector are not used and must be zero.) 


Each page’s SPP vector is located in memory. For a write to a guest-physical address eligible for sub-page write 
permissions, the processor uses the following process to locate the address’s SPP vector: 


1. The SPPTP (sub-page-permission-table pointer) VM-execution control field contains the physical address of the 
4-KByte root SPP table (SSPL4 table). Bits 47:39 of the guest-physical address identify a 64-bit entry in that 
table, called an SPPL4E. 


2. A 4-KByte SPPL3 table is located at the physical address in the selected SPPL4E. Bits 38:30 of the guest- 
physical address identify a 64-bit entry in that table, called an SPPL3E. 


3. A 4-KByte SPPL2 table is located at the physical address in the selected SPPL3E. Bits 29:21 of the guest- 
physical address identify a 64-bit entry in that table, called an SPPL2E. 


4. A4-KByte SPP-vector table (SSPLi table) is located at the physical address in the selected SPPL2E. Bits 20:12 
of the guest-physical address identify the 64-bit SPP vector for the address. As noted earlier, bit 2S of the sub- 
page permission vector determines whether the address may be written, where S is the value of address 
bits 11:7. 
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(The memory type used to access these tables is reported in bits 53:50 of the IA32_VMX_BASIC MSR. See 
Appendix A.1.) 


A write access to multiple 128-byte sub-pages on a single 4-KByte page is allowed only if the indicated bit in the 
page’s SPP vector for each of those sub-pages. The following items apply to cases in which an access writes to two 
4-KByte pages: 


¢ If awrite to either page would be disallowed according to Section 28.2.3.2, the access might be disallowed 
even if the guest-physical address of that page is eligible for sub-page write permissions. (This behavior is 
model-specific. ) 


° The access is allowed only if, for each page, either (1) a write to the page would be allowed following Section 
28.2.3.2; or (2) both (a) the guest-physical address of that page is eligible for sub-page write permissions; 
and (b) the page’s sub-page vector allows the write (as described above). 


Bit 0 of each entry (SPPL4E, SPPL3E, or SPPL2E) is the entry’s valid bit. If the process above accesses an entry in 
which this bit is 0, the process stops and the logical processor incurs an SPP miss. 


In each entry (SPPL4E, SPPL4E, or SPPL2E), bits 11:1 are reserved, as are bits 63:N, where N is the processor's 
physical-address width. If the process above accesses an entry in which the valid bit is 1 and in which some 
reserved bit is set, the process stops and the logical processor incurs an SPP misconfiguration. Bits in an SPP 
vector in odd positions are also reserved; an SPP misconfiguration occurs also any of those bits are set in the final 
SPP vector. 


SPP misses and SPP misconfigurations are called SPP-related events and cause VM exits. 


28.3.5 Accessed and Dirty Flags for EPT 


The Intel 64 architecture supports accessed and dirty flags in ordinary paging-structure entries (see Section 
4.8). Some processors also support corresponding flags in EPT paging-structure entries. Software should read the 
VMX capability MSR IA32_VMX_EPT_VPID_CAP (see Appendix A.10) to determine whether the processor supports 
this feature. 


Software can enable accessed and dirty flags for EPT using bit 6 of the extended-page-table pointer (EPTP), a VM- 
execution control field (see Table 24-9 in Section 24.6.11). If this bit is 1, the processor will set the accessed and 
dirty flags for EPT as described below. In addition, setting this flag causes processor accesses to guest paging- 
structure entries to be treated as writes (see below and Section 28.3.3.2). 


For any EPT paging-structure entry that is used during guest-physical-address translation, bit 8 is the accessed 
flag. For a EPT paging-structure entry that maps a page (as opposed to referencing another EPT paging structure), 
bit 9 is the dirty flag. 


Whenever the processor uses an EPT paging-structure entry as part of guest-physical-address translation, it sets 
the accessed flag in that entry (if it is not already set). 


Whenever there is a write to a guest-physical address, the processor sets the dirty flag (if it is not already set) in 
the EPT paging-structure entry that identifies the final physical address for the guest-physical address (either an 
EPT PTE or an EPT paging-structure entry in which bit 7 is 1). 


When accessed and dirty flags for EPT are enabled, processor accesses to guest paging-structure entries are 
treated as writes (see Section 28.3.3.2). Thus, such an access will cause the processor to set the dirty flag in the 
EPT paging-structure entry that identifies the final physical address of the guest paging-structure entry. 


(This does not apply to loads of the PDPTE registers for PAE paging by the MOV to CR instruction; see Section 4.4.1. 
Those loads of guest PDPTEs are treated as reads and do not cause the processor to set the dirty flag in any EPT 
paging-structure entry. ) 


These flags are “sticky,” meaning that, once set, the processor does not clear them; only software can clear them. 


A processor may cache information from the EPT paging-structure entries in TLBs and paging-structure caches 
(see Section 28.4). This fact implies that, if software changes an accessed flag or a dirty flag from 1 to 0, the 
processor might not set the corresponding bit in memory on a subsequent access using an affected guest-physical 
address. 
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28.3.6 Page-Modification Logging 


When accessed and dirty flags for EPT are enabled, software can track writes to guest-physical addresses using a 
feature called page-modification logging. 


Software can enable page-modification logging by setting the “enable PML” VM-execution control (see Table 24-7 
in Section 24.6.2). When this control is 1, the processor adds entries to the page-modification log as described 
below. The page-modification log is a 4-KByte region of memory located at the physical address in the PML address 
VM-execution control field. The page-modification log consists of 512 64-bit entries; the PML index VM-execution 
control field indicates the next entry to use. 


Before allowing a guest-physical access, the processor may determine that it first needs to set an accessed or dirty 
flag for EPT (see Section 28.3.5). When this happens, the processor examines the PML index. If the PML index is 
not in the range 0-511, there is a page-modification log-full event and a VM exit occurs. In this case, the 
accessed or dirty flag is not set, and the guest-physical access that triggered the event does not occur. 


If instead the PML index is in the range 0-511, the processor proceeds to update accessed or dirty flags for EPT as 
described in Section 28.3.5. If the processor updated a dirty flag for EPT (changing it from 0 to 1), it then operates 
as follows: 


1. The guest-physical address of the access is written to the page-modification log. Specifically, the guest-physical 
address is written to physical address determined by adding 8 times the PML index to the PML address. 
Bits 11:0 of the value written are always 0 (the guest-physical address written is thus 4-KByte aligned). 


2. The PML index is decremented by 1 (this may cause the value to transition from O to FFFFH). 


Because the processor decrements the PML index with each log entry, the value may transition from 0 to FFFFH. At 
that point, no further logging will occur, as the processor will determine that the PML index is not in the range 0- 
511 and will generate a page-modification log-full event (see above). 


28.3.7. EPT and Memory Typing 


This section specifies how a logical processor determines the memory type use for a memory access while EPT is in 
use. (See Chapter 11, “Memory Cache Control” of Inte/® 64 and IA-32 Architectures Software Developer’s Manual, 
Volume 3A for details of memory typing in the Intel 64 architecture.) Section 28.3.7.1 explains how the memory 
type is determined for accesses to the EPT paging structures. Section 28.3.7.2 explains how the memory type is 

determined for an access using a guest-physical address that is translated using EPT. 


28.3.7.1.| Memory Type Used for Accessing EPT Paging Structures 


This section explains how the memory type is determined for accesses to the EPT paging structures. The determi- 
nation is based first on the value of bit 30 (cache disable—CD) in control register CRO: 


¢ If CRO.CD = 0, the memory type used for any such reference is the EPT paging-structure memory type, which 
is specified in bits 2:0 of the extended-page-table pointer (EPTP), a VM-execution control field (see Section 
24.6.11). A value of 0 indicates the uncacheable type (UC), while a value of 6 indicates the write-back type 
(WB). Other values are reserved. 


e If CRO.CD = 1, the memory type used for any such reference is uncacheable (UC). 
The MTRRs have no effect on the memory type used for an access to an EPT paging structure. 


28.3.7.2 Memory Type Used for Translated Guest-Physical Addresses 


The effective memory type of a memory access using a guest-physical address (an access that is translated 
using EPT) is the memory type that is used to access memory. The effective memory type is based on the value of 
bit 30 (cache disable—CD) in control register CRO; the last EPT paging-structure entry used to translate the guest- 
physical address (either an EPT PDE with bit 7 set to 1 or an EPT PTE); and the PAT memory type (see below): 


¢ The PAT memory type depends on the value of CRO.PG: 
— If CRO.PG = 0, the PAT memory type is WB (writeback).? 
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— If CRO.PG = 1, the PAT memory type is the memory type selected from the IA32_PAT MSR as specified in 
Section 11.12.3, “Selecting a Memory Type from the PAT”.! 


¢ The EPT memory type is specified in bits 5:3 of the last EPT paging-structure entry: 0 = UC; 1 = WC; 4 = 
WT; 5 = WP; and 6 = WB. Other values are reserved and cause EPT misconfigurations (see Section 28.3.3). 


¢ If CRO.CD = 0, the effective memory type depends upon the value of bit 6 of the last EPT paging-structure 
entry: 


— If the value is 0, the effective memory type is the combination of the EPT memory type and the PAT 
memory type specified in Table 11-7 in Section 11.5.2.2, using the EPT memory type in place of the MTRR 
memory type. 


— Ifthe value is 1, the memory type used for the access is the EPT memory type. The PAT memory type is 
ignored. 


¢ If CRO.CD = 1, the effective memory type is UC. 
The MTRRs have no effect on the memory type used for an access to a guest-physical address. 


28.4 CACHING TRANSLATION INFORMATION 


Processors supporting Intel® 64 and IA-32 architectures may accelerate the address-translation process by 
caching on the processor data from the structures in memory that control that process. Such caching is discussed 
in Section 4.10, “Caching Translation Information” in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3A. The current section describes how this caching interacts with the VMX architecture. 


The VPID and EPT features of the architecture for VMX operation augment this caching architecture. EPT defines 
the guest-physical address space and defines translations to that address space (from the linear-address space) 
and from that address space (to the physical-address space). Both features control the ways in which a logical 
processor may create and use information cached from the paging structures. 


Section 28.4.1 describes the different kinds of information that may be cached. Section 28.4.2 specifies when such 
information may be cached and how it may be used. Section 28.4.3 details how software can invalidate cached 
information. 


28.4.1 Information That May Be Cached 


Section 4.10, “Caching Translation Information” in Intel® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3A identifies two kinds of translation-related information that may be cached by a logical 
processor: translations, which are mappings from linear page numbers to physical page frames, and paging- 
structure caches, which map the upper bits of a linear page number to information from the paging-structure 
entries used to translate linear addresses matching those upper bits. 


The same kinds of information may be cached when VPIDs and EPT are in use. A logical processor may cache and 
use such information based on its function. Information with different functionality is identified as follows: 


* Linear mappings.2 There are two kinds: 


— Linear translations. Each of these is a mapping from a linear page number to the physical page frame to 
which it translates, along with information about access privileges and memory typing. 


1. If the capability MSR 1A32_VMX_CRO_FIXEDO reports that CRO.PG must be 1 in VMX operation, CRO.PG can be 0 in VMX non-root 
operation only if the “unrestricted quest” VM-execution control and bit 31 of the primary processor-based VM-execution controls 
are both 1. 

1. Table 11-11 in Section 11.12.3, “Selecting a Memory Type from the PAT” illustrates how the PAT memory type is selected based on 
the values of the PAT, PCD, and PWT bits in a page-table entry (or page-directory entry with PS = 1). For accesses to a guest paging- 
structure entry X, the PAT memory type is selected from the table by using a value of O for the PAT bit with the values of PCD and 
PWT from the paging-structure entry Y that references X (or from CR3 if X is in the root paging structure). With PAE paging, the PAT 
memory type for accesses to the PDPTEs is WB. 


2. Earlier versions of this manual used the term “VPID-tagged” to identify linear mappings. 
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— Linear paging-structure-cache entries. Each of these is a mapping from the upper portion of a linear 
address to the physical address of the paging structure used to translate the corresponding region of the 
linear-address space, along with information about access privileges. For example, bits 47:39 of a linear 
address would map to the address of the relevant page-directory-pointer table. 


Linear mappings do not contain information from any EPT paging structure. 
Guest-physical mappings.! There are two kinds: 


— Guest-physical translations. Each of these is a mapping from a guest-physical page number to the physical 
page frame to which it translates, along with information about access privileges and memory typing. 


— Guest-physical paging-structure-cache entries. Each of these is a mapping from the upper portion of a 
guest-physical address to the physical address of the EPT paging structure used to translate the corre- 
sponding region of the guest-physical address space, along with information about access privileges. 


The information in guest-physical mappings about access privileges and memory typing is derived from EPT 
paging structures. 
Combined mappings.? There are two kinds: 


— Combined translations. Each of these is a mapping from a linear page number to the physical page frame to 
which it translates, along with information about access privileges and memory typing. 


— Combined paging-structure-cache entries. Each of these is a mapping from the upper portion of a linear 
address to the physical address of the paging structure used to translate the corresponding region of the 
linear-address space, along with information about access privileges. 


The information in combined mappings about access privileges and memory typing is derived from both guest 
paging structures and EPT paging structures. 


Guest-physical mappings and combined mappings may also include SPP vectors and information about the data 
structures used to locate SPP vectors (see Section 28.3.4.2). 


28.4.2 Creating and Using Cached Translation Information 


The following items detail the creation of the mappings described in the previous section:? 


The following items describe the creation of mappings while EPT is not in use (including execution outside VMX 
non-root operation): 


— Linear mappings may be created. They are derived from the paging structures referenced (directly or 
indirectly) by the current value of CR3 and are associated with the current VPID and the current PCID. 


— Nolinear mappings are created with information derived from paging-structure entries that are not present 
(bit 0 is 0) or that set reserved bits. For example, if a PTE is not present, no linear mapping are created for 
any linear page number whose translation would use that PTE. 


— No guest-physical or combined mappings are created while EPT is not in use. 

The following items describe the creation of mappings while EPT is in use: 

— Guest-physical mappings may be created. They are derived from the EPT paging structures referenced 
(directly or indirectly) by bits 51:12 of the current EPTP. These 40 bits contain the address of the EPT-PML4- 


table. (the notation EP4TA refers to those 40 bits). Newly created guest-physical mappings are associated 
with the current EP4TA. 


— Combined mappings may be created. They are derived from the EPT paging structures referenced (directly 
or indirectly) by the current EP4TA. If CRO.PG = 1, they are also derived from the paging structures 
referenced (directly or indirectly) by the current value of CR3. They are associated with the current VPID, 


Earlier versions of this manual used the term “EPTP-tagged"” to identify quest-physical mappings. 
Earlier versions of this manual used the term “dual-tagged” to identify combined mappings. 


This section associated cached information with the current VPID and PCID. If PCIDs are not supported or are not being used (e.g., 
because CR4.PCIDE = 0), all the information is implicitly associated with PCID OOOH; see Section 4.10.1, “Process-Context Identifiers 
(PCIDs),” in Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 3A. 
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the current PCID, and the current EP4TA.! No combined paging-structure-cache entries are created if 
CRO.PG = 0.2 


— No guest-physical mappings or combined mappings are created with information derived from EPT paging- 


structure entries that are not present (see Section 28.3.2) or that are misconfigured (see Section 
28.3.3.1). 


— Nocombined mappings are created with information derived from guest paging-structure entries that are 
not present or that set reserved bits. 


— No linear mappings are created while EPT is in use. 


The following items detail the use of the various mappings: 


If EPT is not in use (e.g., when outside VMX non-root operation), a logical processor may use cached mappings 
as follows: 


— For accesses using linear addresses, it may use linear mappings associated with the current VPID and the 
current PCID. It may also use global TLB entries (linear mappings) associated with the current VPID and 
any PCID. 


— No guest-physical or combined mappings are used while EPT is not in use. 
If EPT is in use, a logical processor may use cached mappings as follows: 


— For accesses using linear addresses, it may use combined mappings associated with the current VPID, the 
current PCID, and the current EP4TA. It may also use global TLB entries (combined mappings) associated 
with the current VPID, the current EP4TA, and any PCID. 

— For accesses using guest-physical addresses, it may use guest-physical mappings associated with the 
current EP4TA. 


— No linear mappings are used while EPT is in use. 


28.4.3 __ Invalidating Cached Translation Information 


Software modifications of paging structures (including EPT paging structures and the data structures used to locate 
SPP vectors) may result in inconsistencies between those structures and the mappings cached by a logical 
processor. Certain operations invalidate information cached by a logical processor and can be used to eliminate 
such inconsistencies. 


28.4.3.1 Operations that Invalidate Cached Mappings 


The following operations invalidate cached mappings as indicated: 


Operations that architecturally invalidate entries in the TLBs or paging-structure caches independent of VMX 
operation (e.g., the INVLPG and INVPCID instructions) invalidate linear mappings and combined mappings.? 
They are required to do so only for the current VPID (but, for combined mappings, all EP4TAs). Linear 
mappings for the current VPID are invalidated even if EPT is in use.* Combined mappings for the current 
VPID are invalidated even if EPT is not in use.° 


At any given time, a logical processor may be caching combined mappings for a VPID and a PCID that are associated with different 
EPATAs. Similarly, it may be caching combined mappings for an EP4TA that are associated with different VPIDs and PCIDs. 

If the capability MSR [A32_WMX_CRO_FIXEDO reports that CRO.PG must be 1 in VMX operation, CRO.PG can be O in VMX non-root 
operation only if the “unrestricted quest” VM-execution control and bit 31 of the primary processor-based VM-execution controls 
are both 1. 

See Section 4.10.4, “Invalidation of TLBs and Paging-Structure Caches,” in the Intel® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 3A for an enumeration of operations that architecturally invalidate entries in the TLBs and paging-structure 
caches independent of VMX operation. 

While no linear mappings are created while EPT is in use, a logical processor may retain, while EPT is in use, linear mappings (for the 
same VPID as the current one) there were created earlier, when EPT was not in use. 

While no combined mappings are created while EPT is not in use, a logical processor may retain, while EPT is in not use, combined 
mappings (for the same VPID as the current one) there were created earlier, when EPT was in use. 
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An EPT violation invalidates any guest-physical mappings (associated with the current EP4TA) that would be 
used to translate the guest-physical address that caused the EPT violation. If that guest-physical address was 
the translation of a linear address, the EPT violation also invalidates any combined mappings for that linear 
address associated with the current PCID, the current VPID and the current EP4TA. 


If the “enable VPID” VM-execution control is 0, VM entries and VM exits invalidate linear mappings and 
combined mappings associated with VPID OOOOH (for all PCIDs). Combined mappings for VPID OOOOH are 
invalidated for all EP4TAs. 


Execution of the INVVPID instruction invalidates linear mappings and combined mappings. Invalidation is based 
on instruction operands, called the INVVPID type and the INVVPID descriptor. Four INVVPID types are currently 
defined: 


— Individual-address. If the INVVPID type is 0, the logical processor invalidates linear mappings and 
combined mappings associated with the VPID specified in the INVVPID descriptor and that would be used 
to translate the linear address specified in of the INVVPID descriptor. Linear mappings and combined 
mappings for that VPID and linear address are invalidated for all PCIDs and, for combined mappings, all 
EP4TAs. (The instruction may also invalidate mappings associated with other VPIDs and for other linear 
addresses.) 


— Single-context. If the INVVPID type is 1, the logical processor invalidates all linear mappings and 
combined mappings associated with the VPID specified in the INVVPID descriptor. Linear mappings and 
combined mappings for that VPID are invalidated for all PCIDs and, for combined mappings, all EP4TAs. 
(The instruction may also invalidate mappings associated with other VPIDs.) 


— All-context. If the INVVPID type is 2, the logical processor invalidates linear mappings and combined 
mappings associated with all VPIDs except VPID OOOOH and with all PCIDs. (The instruction may also 
invalidate linear mappings with VPID OO00H.) Combined mappings are invalidated for all EP4TAs. 


— Single-context-retaining-globals. If the INVVPID type is 3, the logical processor invalidates linear 
mappings and combined mappings associated with the VPID specified in the INVVPID descriptor. Linear 
mappings and combined mappings for that VPID are invalidated for all PCIDs and, for combined mappings, 
all EP4TAs. The logical processor is not required to invalidate information that was used for global transla- 
tions (although it may do so). See Section 4.10, “Caching Translation Information” for details regarding 
global translations. (The instruction may also invalidate mappings associated with other VPIDs.) 


See Chapter 30 for details of the INVVPID instruction. See Section 28.4.3.3 for guidelines regarding use of this 
instruction. 


Execution of the INVEPT instruction invalidates guest-physical mappings and combined mappings. Invalidation 
is based on instruction operands, called the INVEPT type and the INVEPT descriptor. Two INVEPT types are 
currently defined: 


— Single-context. If the INVEPT type is 1, the logical processor invalidates all guest-physical mappings and 
combined mappings associated with the EP4TA specified in the INVEPT descriptor. Combined mappings for 
that EP4TA are invalidated for all VPIDs and all PCIDs. (The instruction may invalidate mappings associated 
with other EP4TAs.) 


— All-context. If the INVEPT type is 2, the logical processor invalidates guest-physical mappings and 
combined mappings associated with all EP4TAs (and, for combined mappings, for all VPIDs and PCIDs). 


See Chapter 30 for details of the INVEPT instruction. See Section 28.4.3.4 for guidelines regarding use of this 
instruction. 


A power-up or a reset invalidates all linear mappings, guest-physical mappings, and combined mappings. 


28.4.3.2 Operations that Need Not Invalidate Cached Mappings 


The following items detail cases of operations that are not required to invalidate certain cached mappings: 


Operations that architecturally invalidate entries in the TLBs or paging-structure caches independent of VMX 
operation are not required to invalidate any guest-physical mappings. 


The INVVPID instruction is not required to invalidate any guest-physical mappings. 
The INVEPT instruction is not required to invalidate any linear mappings. 
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¢ VMxX transitions are not required to invalidate any guest-physical mappings. If the “enable VPID” VM-execution 
control is 1, VMX transitions are not required to invalidate any linear mappings or combined mappings. 


¢ The VMXOFF and VMXON instructions are not required to invalidate any linear mappings, guest-physical 
mappings, or combined mappings. 


A logical processor may invalidate any cached mappings at any time. For this reason, the operations identified 
above may invalidate the indicated mappings despite the fact that doing so is not required. 


28.4.3.3 Guidelines for Use of the INVVPID Instruction 
The need for VMM software to use the INVVPID instruction depends on how that software is virtualizing memory. 


If EPT is not in use, it is likely that the VMM is virtualizing the guest paging structures. Such a VMM may configure 
the VMCS so that all or some of the operations that invalidate entries the TLBs and the paging-structure caches 
(e.g., the INVLPG instruction) cause VM exits. If VMM software is emulating these operations, it may be necessary 
to use the INVVPID instruction to ensure that the logical processor’s TLBs and the paging-structure caches are 
appropriately invalidated. 


Requirements of when software should use the INVVPID instruction depend on the specific algorithm being used for 
page-table virtualization. The following items provide guidelines for software developers: 


¢ Emulation of the INVLPG instruction may require execution of the INVVPID instruction as follows: 
— The INVVPID type is individual-address (0). 


— The VPID in the INVVPID descriptor is the one assigned to the virtual processor whose execution is being 
emulated. 


— The linear address in the INVVPID descriptor is that of the operand of the INVLPG instruction being 
emulated. 


* Some instructions invalidate all entries in the TLBs and paging-structure caches—except for global translations. 
An example is the MOV to CR3 instruction. (See Section 4.10, “Caching Translation Information” in the Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 3A for details regarding global translations. ) 
Emulation of such an instruction may require execution of the INVVPID instruction as follows: 


— The INVVPID type is single-context-retaining-globals (3). 


— The VPID in the INVVPID descriptor is the one assigned to the virtual processor whose execution is being 
emulated. 


¢ Some instructions invalidate all entries in the TLBs and paging-structure caches—including for global transla- 
tions. An example is the MOV to CR4 instruction if the value of value of bit 4 (page global enable—PGE) is 
changing. Emulation of such an instruction may require execution of the INVVPID instruction as follows: 


— The INVVPID type is single-context (1). 


— The VPID in the INVVPID descriptor is the one assigned to the virtual processor whose execution is being 
emulated. 


If EPT is not in use, the logical processor associates all mappings it creates with the current VPID, and it will use 
such mappings to translate linear addresses. For that reason, a VMM should not use the same VPID for different 
non-EPT guests that use different page tables. Doing so may result in one guest using translations that pertain to 
the other. 


If EPT is in use, the instructions enumerated above might not be configured to cause VM exits and the VMM might 
not be emulating them. In that case, executions of the instructions by guest software properly invalidate the 
required entries in the TLBs and paging-structure caches (see Section 28.4.3.1); execution of the INVVPID instruc- 
tion is not required. 


If EPT is in use, the logical processor associates all mappings it creates with the value of bits 51:12 of current EPTP. 
If a VMM uses different EPTP values for different guests, it may use the same VPID for those guests. Doing so 
cannot result in one guest using translations that pertain to the other. 


The following guidelines apply more generally and are appropriate even if EPT is in use: 


¢ As detailed in Section 29.4.5, an access to the APIC-access page might not cause an APIC-access VM exit if 
software does not properly invalidate information that may be cached from the paging structures. If, at one 
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time, the current VPID on a logical processor was a non-zero value X, it is recommended that software use the 
INVVPID instruction with the “single-context” INVVPID type and with VPID X in the INVVPID descriptor before 
a VM entry on the same logical processor that establishes VPID X and either (a) the “virtualize APIC accesses” 
VM-execution control was changed from 0 to 1; or (b) the value of the APIC-access address was changed. 


Software can use the INVVPID instruction with the “all-context” INVVPID type immediately after execution of 
the VMXON instruction or immediately prior to execution of the VMXOFF instruction. Either prevents potentially 
undesired retention of information cached from paging structures between separate uses of VMX operation. 


28.4.3.4 Guidelines for Use of the INVEPT Instruction 


The following items provide guidelines for use of the INVEPT instruction to invalidate information cached from the 
EPT paging structures. 


Software should use the INVEPT instruction with the “single-context” INVEPT type after making any of the 
following changes to an EPT paging-structure entry (the INVEPT descriptor should contain an EPTP value that 
references — directly or indirectly — the modified EPT paging structure): 


— Changing any of the privilege bits 2:0 from 1 to 0.! 

— Changing the physical address in bits 51:12. 

— Clearing bit 8 (the accessed flag) if accessed and dirty flags for EPT will be enabled. 

— Foran EPT PDPTE or an EPT PDE, changing bit 7 (which determines whether the entry maps a page). 


— For the last EPT paging-structure entry used to translate a guest-physical address (an EPT PDPTE with bit 7 
set to 1, an EPT PDE with bit 7 set to 1, or an EPT PTE), changing either bits 5:3 or bit 6. (These bits 
determine the effective memory type of accesses using that EPT paging-structure entry; see Section 
28.3.7.) 


— For the last EPT paging-structure entry used to translate a guest-physical address (an EPT PDPTE with bit 7 
set to 1, an EPT PDE with bit 7 set to 1, or an EPT PTE), clearing bit 9 (the dirty flag) if accessed and dirty 
flags for EPT will be enabled. 


Software should use the INVEPT instruction with the “single-context” INVEPT type before a VM entry with an 
EPTP value X such that X[6] = 1 (accessed and dirty flags for EPT are enabled) if the logical processor had 
earlier been in VMX non-root operation with an EPTP value Y such that Y[6] = 0 (accessed and dirty flags for 
EPT are not enabled) and Y[51:12] = X[51:12]. 


Software may use the INVEPT instruction after modifying a present EPT paging-structure entry (see Section 
28.3.2) to change any of the privilege bits 2:0 from 0 to 1.2 Failure to do so may cause an EPT violation that 
would not otherwise occur. Because an EPT violation invalidates any mappings that would be used by the access 
that caused the EPT violation (see Section 28.4.3.1), an EPT violation will not recur if the original access is 
performed again, even if the INVEPT instruction is not executed. 


Because a logical processor does not cache any information derived from EPT paging-structure entries that are 
not present (see Section 28.3.2) or misconfigured (see Section 28.3.3.1), it is not necessary to execute INVEPT 
following modification of an EPT paging-structure entry that had been not present or misconfigured. 


As detailed in Section 29.4.5, an access to the APIC-access page might not cause an APIC-access VM exit if 
software does not properly invalidate information that may be cached from the EPT paging structures. If EPT 
was in use on a logical processor at one time with EPTP X, it is recommended that software use the INVEPT 
instruction with the “single-context” INVEPT type and with EPTP X in the INVEPT descriptor before a VM entry 
on the same logical processor that enables EPT with EPTP X and either (a) the “virtualize APIC accesses” VM- 
execution control was changed from 0 to 1; or (b) the value of the APIC-access address was changed. 


Software can use the INVEPT instruction with the “all-context” INVEPT type immediately after execution of the 
VMXON instruction or immediately prior to execution of the VMXOFF instruction. Either prevents potentially 
undesired retention of information cached from EPT paging structures between separate uses of VMX 
operation. 


If the “mode-based execute control for EPT” VM-execution control is 1, software should use the INVEPT instruction after changing 
privilege bit 10 from 1 to O. 

If the “mode-based execute control for EPT” VM-execution control is 1, software may use the INVEPT instruction after modifying a 
present EPT paging-structure entry to change privilege bit 10 from 0 to 1. 
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In a system containing more than one logical processor, software must account for the fact that information from 
an EPT paging-structure entry may be cached on logical processors other than the one that modifies that entry. The 
process of propagating the changes to a paging-structure entry is commonly referred to as “TLB shootdown.” A 
discussion of TLB shootdown appears in Section 4.10.5, “Propagation of Paging-Structure Changes to Multiple 
Processors,” in the Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 
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CHAPTER 29 
APIC VIRTUALIZATION AND VIRTUAL INTERRUPTS 


The VMCS includes controls that enable the virtualization of interrupts and the Advanced Programmable Interrupt 
Controller (APIC). 


When these controls are used, the processor will emulate many accesses to the APIC, track the state of the virtual 
APIC, and deliver virtual interrupts — all in VMX non-root operation with out a VM exit. 


The processor tracks the state of the virtual APIC using a virtual-APIC page identified by the virtual-machine 
monitor (VMM). Section 29.1 discusses the virtual-APIC page and how the processor uses it to track the state of the 
virtual APIC. 


The following are the VM-execution controls relevant to APIC virtualization and virtual interrupts (see Section 24.6 
for information about the locations of these controls): 


* Virtual-interrupt delivery. This controls enables the evaluation and delivery of pending virtual interrupts 
(Section 29.2). It also enables the emulation of writes (memory-mapped or MSR-based, as enabled) to the 
APIC registers that control interrupt prioritization. 


¢ Use TPR shadow. This control enables emulation of accesses to the APIC’s task-priority register (TPR) via CR8 
(Section 29.3) and, if enabled, via the memory-mapped or MSR-based interfaces. 


* Virtualize APIC accesses. This control enables virtualization of memory-mapped accesses to the APIC 
(Section 29.4) by causing VM exits on accesses to a VMM-specified APIC-access page. Some of the other 
controls, if set, may cause some of these accesses to be emulated rather than causing VM exits. 


° Virtualize x2APIC mode. This control enables virtualization of MSR-based accesses to the APIC (Section 
29.5). 


¢ APIC-register virtualization. This control allows memory-mapped and MSR-based reads of most APIC 
registers (as enabled) by satisfying them from the virtual-APIC page. It directs memory-mapped writes to the 
APIC-access page to the virtual-APIC page, following them by VM exits for VMM emulation. 


* Process posted interrupts. This control allows software to post virtual interrupts in a data structure and send 
a notification to another logical processor; upon receipt of the notification, the target processor will process the 
posted interrupts by copying them into the virtual-APIC page (Section 29.6). 


a a 


“Virtualize APIC accesses”, “virtualize x2APIC mode”, “virtual-interrupt delivery”, and “APIC-register virtualization” 
are all secondary processor-based VM-execution controls. If bit 31 of the primary processor-based VM-execution 
controls is 0, the processor operates as if these controls were all 0. See Section 24.6.2. 


29.1 VIRTUAL APIC STATE 


The virtual-APIC page is a 4-KByte region of memory that the processor uses to virtualize certain accesses to 
APIC registers and to manage virtual interrupts. The physical address of the virtual-APIC page is the virtual-APIC 
address, a 64-bit VM-execution control field in the VMCS (see Section 24.6.8). 


Depending on the settings of certain VM-execution controls, the processor may virtualize certain fields on the 
virtual-APIC page with functionality analogous to that performed by the local APIC. Section 29.1.1 identifies and 
defines these fields. Section 29.1.2, Section 29.1.3, Section 29.1.4, and Section 29.1.5 detail the actions taken to 
virtualize updates to some of these fields. 


With the exception of fields corresponding to virtualized APIC registers (defined in Section 29.1.1), software may 
modify the virtual-APIC page referenced by the current VMCS of a logical processor in VMX non-root operation. 
(This is an exception to the general requirement given in Section 24.11.4.) 


1. In most cases, it is not necessary for a virtual-machine monitor (VMM) to inject virtual interrupts as part of VM entry. 
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29.1.1. ~~‘ Virtualized APIC Registers 


Depending on the setting of certain VM-execution controls, a logical processor may virtualize certain accesses to 
APIC registers using the following fields on the virtual-APIC page: 


°* Virtual task-priority register (VTPR): the 32-bit field located at offset O80H on the virtual-APIC page. 


* Virtual processor-priority register (VPPR): the 32-bit field located at offset OAOH on the virtual-APIC 
page. 

* Virtual end-of-interrupt register (VEOI): the 32-bit field located at offset OBOH on the virtual-APIC page. 

* Virtual interrupt-service register (VISR): the 256-bit value comprising eight non-contiguous 32-bit fields 
at offsets 100H, 110H, 120H, 130H, 140H, 150H, 160H, and 170H on the virtual-APIC page. Bit x of the VISR 
is at bit position (x & 1FH) at offset (100H | ((x & EOH) » 1)). The processor uses only the low 4 bytes of each 
of the 16-byte fields at offsets 100H, 110H, 120H, 130H, 140H, 150H, 160H, and 170H. 

* Virtual interrupt-request register (VIRR): the 256-bit value comprising eight non-contiguous 32-bit fields 
at offsets 200H, 210H, 220H, 230H, 240H, 250H, 260H, and 270H on the virtual-APIC page. Bit x of the VIRR 
is at bit position (x & 1FH) at offset (200H | ((x & EOH) » 1)). The processor uses only the low 4 bytes of each 
of the 16-Byte fields at offsets 200H, 210H, 220H, 230H, 240H, 250H, 260H, and 270H. 

°* Virtual interrupt-command register (VICR_LO): the 32-bit field located at offset 300H on the virtual-APIC 
page 

* Virtual interrupt-command register (VICR_HI): the 32-bit field located at offset 310H on the virtual-APIC 
page. 

The VTPR field virtualizes the TPR whenever the “use TPR shadow” VM-execution control is 1. The other fields indi- 

cated above virtualize the corresponding APIC registers whenever the “virtual-interrupt delivery” VM-execution 

control is 1. 


29.1.2 TPR Virtualization 


The processor performs TPR virtualization in response to the following operations: (1) virtualization of the MOV 
to CR8 instruction; (2) virtualization of a write to offset O80H on the APIC-access page; and (3) virtualization of the 
WRMSR instruction with ECX = 808H. See Section 29.3, Section 29.4.3, and Section 29.5 for details of when TPR 
virtualization is performed. 


The following pseudocode details the behavior of TPR virtualization: 
IF “virtual-interrupt delivery” is 0 
THEN 
IF VTPR[7:4] < TPR threshold (see Section 24.6.8) 
THEN cause VM exit due to TPR below threshold; 
Fl; 
ELSE 
perform PPR virtualization (see Section 29.1.3); 
evaluate pending virtual interrupts (see Section 29.2.1); 
Fl; 


Any VM exit caused by TPR virtualization is trap-like: the instruction causing TPR virtualization completes before 
the VM exit occurs (for example, the value of CS:RIP saved in the guest-state area of the VMCS references the next 
instruction). 


29.1.3. PPR Virtualization 


The processor performs PPR virtualization in response to the following operations: (1) VM entry; (2) TPR virtu- 
alization; and (3) EOI virtualization. See Section 26.3.2.5, Section 29.1.2, and Section 29.1.4 for details of when 
PPR virtualization is performed. 


PPR virtualization uses the guest interrupt status (specifically, SVI; see Section 24.4.2) and VTPR. The following 
pseudocode details the behavior of PPR virtualization: 


IF VTPR[7:4] = SVI[7:4] 
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THEN VPPR := VTPR & FFH; 
ELSE VPPR := SVI & FOH; 
Fl; 


PPR virtualization always clears bytes 3:1 of VPPR. 


PPR virtualization is caused only by TPR virtualization, EOI virtualization, and VM entry. Delivery of a virtual inter- 
rupt also modifies VPPR, but in a different way (see Section 29.2.2). No other operations modify VPPR, even if they 
modify SVI, VISR, or VTPR. 


29.1.4 EOI Virtualization 


The processor performs EOI virtualization in response to the following operations: (1) virtualization of a write to 
offset OBOH on the APIC-access page; and (2) virtualization of the WRMSR instruction with ECX = 80BH. See 
Section 29.4.3 and Section 29.5 for details of when EOI virtualization is performed. EOI virtualization occurs only 
if the “virtual-interrupt delivery” VM-execution control is 1. 


EOI virtualization uses and updates the guest interrupt status (specifically, SVI; see Section 24.4.2). The following 
pseudocode details the behavior of EOI virtualization: 
Vector := SVI; 
VISR[Vector] := 0; (see Section 29.1.1 for definition of VISR) 
IF any bits set in VISR 
THEN SVI := highest index of bit set in VISR 
ELSE SVI :=0; 
Fl; 
perform PPR virtualiation (see Section 29.1.3); 
IF EOl_exit_bitmap[Vector] = 1 (see Section 24.6.8 for definition of EO|_exit_bitmap) 
THEN cause EOl-induced VM exit with Vector as exit qualification; 
ELSE evaluate pending virtual interrupts; (see Section 29.2.1) 
Fl; 
Any VM exit caused by EOI virtualization is trap-like: the instruction causing EOI virtualization completes before 
the VM exit occurs (for example, the value of CS:RIP saved in the guest-state area of the VMCS references the next 
instruction). 


29.1.5  Self-IPI Virtualization 


The processor performs self-IPI virtualization in response to the following operations: (1) virtualization of a 
write to offset 300H on the APIC-access page; and (2) virtualization of the WRMSR instruction with ECX = 83FH. 
See Section 29.4.3 and Section 29.5 for details of when self-IPI virtualization is performed. Self-IPI virtualization 
occurs only if the “virtual-interrupt delivery” VM-execution control is 1. 


Each operation that leads to self-IPI virtualization provides an 8-bit vector (see Section 29.4.3 and Section 29.5). 
Self-IPI virtualization updates the guest interrupt status (specifically, RVI; see Section 24.4.2). The following 
pseudocode details the behavior of self-IPI virtualization: 

VIRR[Vector] := 1; (See Section 29.1.1 for definition of VIRR) 

RVI := max{RVI,Vector}; 

evaluate pending virtual interrupts; (see Section 29.2.1) 


29.2 EVALUATION AND DELIVERY OF VIRTUAL INTERRUPTS 


If the “virtual-interrupt delivery” VM-execution control is 1, certain actions in VMX non-root operation or during 
VM entry cause the processor to evaluate and deliver virtual interrupts. 


Evaluation of virtual interrupts is triggered by certain actions change the state of the virtual-APIC page and is 
described in Section 29.2.1. This evaluation may result in recognition of a virtual interrupt. Once a virtual interrupt 
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is recognized, the processor may deliver it within VMX non-root operation without a VM exit. Virtual-interrupt 
delivery is described in Section 29.2.2. 


29.2.1 Evaluation of Pending Virtual Interrupts 


If the “virtual-interrupt delivery” VM-execution control is 1, certain actions cause a logical processor to evaluate 
pending virtual interrupts. 


The following actions cause the evaluation of pending virtual interrupts: VM entry; TPR virtualization; EOI virtual- 
ization; self-IPI virtualization; and posted-interrupt processing. See Section 26.3.2.5, Section 29.1.2, Section 
29.1.4, Section 29.1.5, and Section 29.6 for details of when evaluation of pending virtual interrupts is performed. 
No other operations cause the evaluation of pending virtual interrupts, even if they modify RVI or VPPR. 


Evaluation of pending virtual interrupts uses the guest interrupt status (specifically, RVI; see Section 24.4.2). The 
following pseudocode details the evaluation of pending virtual interrupts: 
IF “interrupt-window exiting” is O AND 
RVI[7:4] > VPPR[7:4] (see Section 29.1.1 for definition of VPPR) 
THEN recognize a pending virtual interrupt; 
ELSE 
do not recognize a pending virtual interrupt; 
Fl; 


Once recognized, a virtual interrupt may be delivered in VMX non-root operation; see Section 29.2.2. 


Evaluation of pending virtual interrupts is caused only by VM entry, TPR virtualization, EOI virtualization, self-IPI 
virtualization, and posted-interrupt processing. No other operations do so, even if they modify RVI or VPPR. The 
logical processor ceases recognition of a pending virtual interrupt following the delivery of a virtual interrupt. 


29.2.2 _Virtual-Interrupt Delivery 


If a virtual interrupt has been recognized (see Section 29.2.1), it is delivered at an instruction boundary when the 
following conditions all hold: (1) RFLAGS.IF = 1; (2) there is no blocking by STI; (3) there is no blocking by MOV 
SS or by POP SS; and (4) the “interrupt-window exiting” VM-execution control is 0. 


Virtual-interrupt delivery has the same priority as that of VM exits due to the 1-setting of the “interrupt-window 
exiting” VM-execution control. Thus, non-maskable interrupts (NMIs) and higher priority events take priority over 
delivery of a virtual interrupt; delivery of a virtual interrupt takes priority over external interrupts and lower priority 
events. 


Virtual-interrupt delivery wakes a logical processor from the same inactive activity states as would an external 
interrupt. Specifically, it wakes a logical processor from the states entered using the HLT and MWAIT instructions. 
It does not wake a logical processor in the shutdown state or in the wait-for-SIPI state. 


Virtual-interrupt delivery updates the guest interrupt status (both RVI and SVI; see Section 24.4.2) and delivers an 
event within VMX non-root operation without a VM exit. The following pseudocode details the behavior of virtual- 
interrupt delivery (see Section 29.1.1 for definition of VISR, VIRR, and VPPR): 
Vector := RVI; 
VISR[Vector] := 1; 
SVI := Vector; 
VPPR := Vector & FOH; 
VIRR[Vector] := 0; 
IF any bits set in VIRR 
THEN RVI := highest index of bit set in VIRR 
ELSE RVI := 0; 
Fl; 
deliver interrupt with Vector through IDT; 


1. A logical processor never recognizes or delivers a virtual interrupt if the “interrupt-window exiting” VM-execution control is 1. 
Because of this, the relative priority of virtual-interrupt delivery and VM exits due to the 1-setting of that control is not defined. 


29-4 Vol. 3C 


APIC VIRTUALIZATION AND VIRTUAL INTERRUPTS 


cease recognition of any pending virtual interrupt; 


If a logical processor is in enclave mode, an Asynchronous Enclave Exit (AEX) occurs before delivery of a virtual 
interrupt (see Chapter 36, “Enclave Exiting Events”). 


29.3. VIRTUALIZING CR8-BASED TPR ACCESSES 


In 64-bit mode, software can access the local APIC’s task-priority register (TPR) through CR8. Specifically, software 
uses the MOV from CR8 and MOV to CR8 instructions (see Section 10.8.6, “Task Priority in IA-32e Mode”). This 
section describes how these accesses can be virtualized. 


A virtual-machine monitor can virtualize these CR8-based APIC accesses by setting the “CR8-load exiting” and 
“CR8-store exiting” VM-execution controls, ensuring that the accesses cause VM exits (see Section 25.1.3). Alter- 
natively, there are methods for virtualizing some CR8-based APIC accesses without VM exits. 


Normally, an execution of MOV from CR8 or MOV to CR8 that does not fault or cause a VM exit accesses the APIC’s 
TPR. However, such an execution are treated specially if the “use TPR shadow” VM-execution control is 1. The 
following items provide details: 


¢ MOV from CR&8. The instruction loads bits 3:0 of its destination operand with bits 7:4 of VTPR (see Section 
29.1.1). Bits 63:4 of the destination operand are cleared. 


¢ MOV to CR8. The instruction stores bits 3:0 of its source operand into bits 7:4 of VIPR; the remainder of VTPR 
(bits 3:0 and bits 31:8) are cleared. Following this, the processor performs TPR virtualization (see Section 
29.1.2). 


29.4 VIRTUALIZING MEMORY-MAPPED APIC ACCESSES 


When the local APIC is in xAPIC mode, software accesses the local APIC’s control registers using a memory- 
mapped interface. Specifically, software uses linear addresses that translate to physical addresses on page frame 
indicated by the base address in the IA32_APIC_BASE MSR (see Section 10.4.4, “Local APIC Status and Location”). 
This section describes how these accesses can be virtualized. 


A virtual-machine monitor (VMM) can virtualize these memory-mapped APIC accesses by ensuring that any access 
to a linear address that would access the local APIC instead causes a VM exit. This could be done using paging or 
the extended page-table mechanism (EPT). Another way is by using the 1-setting of the “virtualize APIC accesses” 
VM-execution control. 


If the “virtualize APIC accesses” VM-execution control is 1, the logical processor treats specially memory accesses 
using linear addresses that translate to physical addresses in the 4-KByte APIC-access page.!’* (The APIC- 
access page is identified by the APIC-access address, a field in the VMCS; see Section 24.6.8.) 


In general, an access to the APIC-access page causes an APIC-access VM exit. APIC-access VM exits provide a 
VMM with information about the access causing the VM exit. Section 29.4.1 discusses the priority of APIC-access 
VM exits. 


Certain VM-execution controls enable the processor to virtualize certain accesses to the APIC-access page without 
a VM exit. In general, this virtualization causes these accesses to be made to the virtual-APIC page instead of the 
APIC-access page. 


1. Even when addresses are translated using EPT (see Section 28.3), the determination of whether an APIC-access VM exit occurs 
depends on an access's physical address, not its quest-physical address. Even when CRO.PG = 0, ordinary memory accesses by soft- 
ware use linear addresses; the fact that CRO.PG = O means only that the identity translation is used to convert linear addresses to 
physical (or guest-physical) addresses. 


2. If EPT is enabled and there is write to a quest-physical address that translates to an address on the APIC-access page that is eligible 
for sub-page write permissions (see Section 28.3.4.1), the processor may treat the write as if the “virtualize APIC accesses” VM-exe- 
cution control were O (and not apply the treatment specified in this section). For that reason, it is recommended that software not 
configure any guest-physical address that translates to an address on the APIC-access page to be eligible for sub-page write permis- 
sions. 
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NOTES 


Unless stated otherwise, this section characterizes only linear accesses to the APIC-access page; an 
access to the APIC-access page is a linear access if (1) it results from a memory access using a 
linear address; and (2) the access’s physical address is the translation of that linear address. 
Section 29.4.6 discusses accesses to the APIC-access page that are not linear accesses. 


The distinction between the APIC-access page and the virtual-APIC page allows a VMM to share 
paging structures or EPT paging structures among the virtual processors of a virtual machine (the 
shared paging structures referencing the same APIC-access address, which appears in the VMCS of 
all the virtual processors) while giving each virtual processor its own virtual APIC (the VMCS of each 
virtual processor will have a unique virtual-APIC address). 


Section 29.4.2 discusses when and how the processor may virtualize read accesses from the APIC-access page. 
Section 29.4.3 does the same for write accesses. When virtualizing a write to the APIC-access page, the processor 
typically takes actions in addition to passing the write through to the virtual-APIC page. 


The discussion in those sections uses the concept of an operation within which these memory accesses may occur. 
For those discussions, an “operation” can be an iteration of a REP-prefixed string instruction, an execution of any 
other instruction, or delivery of an event through the IDT. 


The 1-setting of the “virtualize APIC accesses” VM-execution control may also affect accesses to the APIC-access 
page that do not result directly from linear addresses. This is discussed in Section 29.4.6. 


Special treatment may apply to Intel SGX instructions or if the logical processor is in enclave mode. See Section 
38.5.3 for details. 


29.4.1 Priority of APIC-Access VM Exits 


The following items specify the priority of APIC-access VM exits relative to other events. 


° The priority of an APIC-access VM exit due to a memory access is below that of any page fault or EPT violation 
that that access may incur. That is, an access does not cause an APIC-access VM exit if it would cause a page 
fault or an EPT violation. 


¢ Amemory access does not cause an APIC-access VM exit until after the accessed flags are set in the paging 
structures (including EPT paging structures, if enabled). 


¢ Awrite access does not cause an APIC-access VM exit until after the dirty flags are set in the appropriate paging 
structure and EPT paging structure (if enabled). 


¢ With respect to all other events, any APIC-access VM exit due to a memory access has the same priority as any 
page fault or EPT violation that the access could cause. (This item applies to other events that the access may 
generate as well as events that may be generated by other accesses by the same operation.) 


These principles imply, among other things, that an APIC-access VM exit may occur during the execution of a 
repeated string instruction (including INS and OUTS). Suppose, for example, that the first n iterations (n may be 
0) of such an instruction do not access the APIC-access page and that the next iteration does access that page. As 
a result, the first n iterations may complete and be followed by an APIC-access VM exit. The instruction pointer 
saved in the VMCS references the repeated string instruction and the values of the general-purpose registers 
reflect the completion of n iterations. 


29.4.2 Virtualizing Reads from the APIC-Access Page 


A read access from the APIC-access page causes an APIC-access VM exit if any of the following are true: 
¢ The “use TPR shadow” VM-execution control is 0. 

¢ The access is for an instruction fetch. 

¢ The access is more than 32 bits in size. 


°® The access is part of an operation for which the processor has already virtualized a write to the APIC-access 
page. 
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° The access is not entirely contained within the low 4 bytes of a naturally aligned 16-byte region. That is, bits 
3:2 of the access’s address are 0, and the same is true of the address of the highest byte accessed. 


If none of the above are true, whether a read access is virtualized depends on the setting of the “APIC-register 
virtualization” VM-execution control: 


¢ If “APIC-register virtualization” and “virtual-interrupt delivery” VM-execution controls are both 0, a read access 
is virtualized if its page offset is O80H (task priority); otherwise, the access causes an APIC-access VM exit. 


¢ If the “APIC-register virtualization” VM-execution control is 0 and the “virtual-interrupt delivery” VM-execution 
control is 1, a read access is virtualized if its page offset is O80H (task priority), OBOH (end of interrupt), or 
300H (interrupt command — low); otherwise, the access causes an APIC-access VM exit. 


e =If “APIC-register virtualization” is 1, a read access is virtualized if it is entirely within one the following ranges 
of offsets: 


— 020H-023H (local APIC ID); 

— 030H-033H (local APIC version); 

— O80H-083H (task priority); 

— OBOH-OB3H (end of interrupt); 

— ODOH-OD3H (logical destination); 

— OEOH-OE3H (destination format); 

— OFOH-OF3H (spurious-interrupt vector); 


— 100H-103H, 110H-113H, 120H-123H, 130H-133H, 140H-143H, 150H-153H, 160H-163H, or 170H- 
173H (in-service); 


— 180H-183H, 190H-193H, 1AOH-1A3H, 1BOH-1B3H, 1COH-1C3H, 1DOH-1D3H, 1EQH-1E3H, or 1FOH- 
1F3H (trigger mode); 


— 200H-203H, 210H-213H, 220H-223H, 230H-233H, 240H-243H, 250H-253H, 260H-263H, or 270H- 
273H (interrupt request); 


— 280H-283H (error status); 

— 300H-303H or 310H-313H (interrupt command); 

— 320H-323H, 330H-333H, 340H-343H, 350H-353H, 360H-363H, or 370H-373H (LVT entries); 
— 380H-383H (initial count); or 

— 3EQOH-3E3H (divide configuration). 

In all other cases, the access causes an APIC-access VM exit. 


A read access from the APIC-access page that is virtualized returns data from the corresponding page offset on the 
virtual-APIC page.! 


29.4.3 ‘Virtualizing Writes to the APIC-Access Page 


Whether a write access to the APIC-access page is virtualized depends on the settings of the VM-execution controls 
and the page offset of the access. Section 29.4.3.1 details when APIC-write virtualization occurs. 


Unlike reads, writes to the local APIC have side effects; because of this, virtualization of writes to the APIC-access 
page may require emulation specific to the access’s page offset (which identifies the APIC register being accessed). 
Section 29.4.3.2 describes this APIC-write emulation. 


For some page offsets, it is necessary for software to complete the virtualization after a write completes. In these 
cases, the processor causes an APIC-write VM exit to invoke VMM software. Section 29.4.3.3 discusses APIC- 
write VM exits. 


1. The memory type used for accesses that read from the virtual-APIC page is reported in bits 53:50 of the IA32_VMX_BASIC MSR 
(see Appendix A.1). 
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29.4.3.1 Determining Whether a Write Access is Virtualized 

A write access to the APIC-access page causes an APIC-access VM exit if any of the following are true: 
° The “use TPR shadow” VM-execution control is 0. 

¢ The access is more than 32 bits in size. 


¢ The access is part of an operation for which the processor has already virtualized a write (with a different page 
offset or a different size) to the APIC-access page. 


¢ The access is not entirely contained within the low 4 bytes of a naturally aligned 16-byte region. That is, bits 
3:2 of the access’s address are 0, and the same is true of the address of the highest byte accessed. 


If none of the above are true, whether a write access is virtualized depends on the settings of the “APIC-register 
virtualization” and “virtual-interrupt delivery” VM-execution controls: 


¢ If the “APIC-register virtualization” and “virtual-interrupt delivery” VM-execution controls are both 0, a write 
access is virtualized if its page offset is O80H; otherwise, the access causes an APIC-access VM exit. 


°¢ If the “APIC-register virtualization” VM-execution control is 0 and the “virtual-interrupt delivery” VM-execution 
control is 1, a write access is virtualized if its page offset is O80H (task priority), OBOH (end of interrupt), and 
300H (interrupt command — low); otherwise, the access causes an APIC-access VM exit. 


° If the “APIC-register virtualization” VM-execution control is 1, a write access is virtualized if it is entirely within 
one the following ranges of offsets: 


— 020H-023H (local APIC ID); 

— O80H-083H (task priority); 

— OBOH-OB3H (end of interrupt); 

— ODOH-OD3H (logical destination); 

— OEOH-OE3H (destination format); 

— OFOH-OF3H (spurious-interrupt vector); 

— 280H-283H (error status); 

— 300H-303H or 310H-313H (interrupt command); 

— 320H-323H, 330H-333H, 340H-343H, 350H-353H, 360H-363H, or 370H-373H (LVT entries); 
— 380H-383H (initial count); or 

— 3E0H-3E3H (divide configuration). 

In all other cases, the access causes an APIC-access VM exit. 


The processor virtualizes a write access to the APIC-access page by writing data to the corresponding page offset 
on the virtual-APIC page.‘ Following this, the processor performs certain actions after completion of the operation 
of which the access was a part.* APIC-write emulation is described in Section 29.4.3.2. 


29.4.3.2 APIC-Write Emulation 


If the processor virtualizes a write access to the APIC-access page, it performs additional actions after completion 
of an operation of which the access was a part. These actions are called APIC-write emulation. 


The details of APIC-write emulation depend upon the page offset of the virtualized write access:? 


® O80H (task priority). The processor clears bytes 3:1 of VTPR and then causes TPR virtualization (Section 
29.1.2). 


1. The memory type used for accesses that write to the virtual-APIC page is reported in bits 53:50 of the [A32_VMX_BASIC MSR (see 
Appendix A.1). 


2. Recall that, for the purposes of this discussion, an operation is an iteration of a REP-prefixed string instruction, an execution of any 
other instruction, or delivery of an event through the IDT. 


3. For any operation, there can be only one page offset for which a write access was virtualized. This is because a write access is not 
virtualized if the processor has already virtualized a write access for the same operation with a different page offset. 
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®  OBOH (end of interrupt). If the “virtual-interrupt delivery” VM-execution control is 1, the processor clears VEOI 
and then causes EOI virtualization (Section 29.1.4); otherwise, the processor causes an APIC-write VM exit 
(Section 29.4.3.3). 


¢ =300H (interrupt command — low). If the “virtual-interrupt delivery” VM-execution control is 1, the processor 
checks the value of VICR_LO to determine whether the following are all true: 


— Reserved bits (31:20, 17:16, 13) and bit 12 (delivery status) are all 0. 
— Bits 19:18 (destination shorthand) are 01B (self). 

— Bit 15 (trigger mode) is 0 (edge). 

— Bits 10:8 (delivery mode) are OOOB (fixed). 

— Bits 7:4 (the upper half of the vector) are not OOOOB. 


If all of the items above are true, the processor performs self-IPI virtualization using the 8-bit vector in byte 0 
of VICR_LO (Section 29.1.5). 


If the “virtual-interrupt delivery” VM-execution control is 0, or if any of the items above are false, the 
processor causes an APIC-write VM exit (Section 29.4.3.3). 


¢ =310H-313H (interrupt command — high). The processor clears bytes 2:0 of VICR_HI. No other virtualization or 
VM exit occurs. 


¢ Any other page offset. The processor causes an APIC-write VM exit (Section 29.4.3.3). 


APIC-write emulation takes priority over system-management interrupts (SMIs), INIT signals, and lower priority 
events. APIC-write emulation is not blocked if RFLAGS.IF = 0 or by the MOV SS, POP SS, or STI instructions. 


If an operation causes a fault after a write access to the APIC-access page and before APIC-write emulation, and 
that fault is delivered without a VM exit, APIC-write emulation occurs after the fault is delivered and before the fault 
handler can execute. If an operation causes a VM exit (perhaps due to a fault) after a write access to the APIC- 
access page and before APIC-write emulation, the APIC-write emulation does not occur. 


29.4.3.3 APIC-Write VM Exits 


In certain cases, VMM software must be invoked to complete the virtualization of a write access to the APIC-access 
page. In this case, APIC-write emulation causes an APIC-write VM exit. (Section 29.4.3.2 details the cases that 
causes APIC-write VM exits. ) 


APIC-write VM exits are invoked by APIC-write emulation, and APIC-write emulation occurs after an operation that 
performs a write access to the APIC-access page. Because of this, every APIC-write VM exit is trap-like: it occurs 
after completion of the operation containing the write access that caused the VM exit (for example, the value of 
CS:RIP saved in the guest-state area of the VMCS references the next instruction). 


The basic exit reason for an APIC-write VM exit is “APIC write.” The exit qualification is the page offset of the write 
access that led to the VM exit. 


As noted in Section 29.5, execution of WRMSR with ECX = 83FH (self-IPI MSR) can lead to an APIC-write VM exit if 
the “virtual-interrupt delivery” VM-execution control is 1. The exit qualification for such an APIC-write VM exit is 
3FOH. 


29.4.4 _—_Instruction-Specific Considerations 


Certain instructions that use linear address may cause page faults even though they do not use those addresses to 
access memory. The APIC-virtualization features may affect these instructions as well: 


¢ CLFLUSH, CLFLUSHOPT. With regard to faulting, the processor operates as if each of these instructions reads 
from the linear address in its source operand. If that address translates to one on the APIC-access page, the 
instruction may cause an APIC-access VM exit. If it does not, it will flush the corresponding cache line on the 
virtual-APIC page instead of the APIC-access page. 


¢ ENTER. With regard to faulting, the processor operates if ENTER writes to the byte referenced by the final 
value of the stack pointer (even though it does not if its size operand is non-zero). If that value translates to an 
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address on the APIC-access page, the instruction may cause an APIC-access VM exit. If it does not, it will cause 
the APIC-write emulation appropriate to the address’s page offset. 


MASKMOVQ and MASKMOVDQU. Even if the instruction’s mask is zero, the processor may operate with 
regard to faulting as if MASKMOVQ or MASKMOVDQU writes to memory (the behavior is implementation- 
specific). In such a situation, an APIC-access VM exit may occur. 


MONITOR. With regard to faulting, the processor operates as if MONITOR reads from the effective address in 
RAX. If the resulting linear address translates to one on the APIC-access page, the instruction may cause an 
APIC-access VM exit.! If it does not, it will monitor the corresponding address on the virtual-APIC page instead 
of the APIC-access page. 


PREFETCH. An execution of the PREFETCH instruction that would result in an access to the APIC-access page 
does not cause an APIC-access VM exit. Such an access may prefetch data; if so, it is from the corresponding 
address on the virtual-APIC page. 


Virtualization of accesses to the APIC-access page is principally intended for basic instructions such as AND, MOV, 
OR, TEST, XCHG, and XOR. Use of an instruction that normally operates on floating-point, SSE, AVX, or AVX-512 
registers may cause an APIC-access VM exit unconditionally regardless of the page offset it accesses on the APIC- 
access page. 


29.4.5 Issues Pertaining to Page Size and TLB Management 


The 1-setting of the “virtualize APIC accesses” VM-execution is guaranteed to apply only if translations to the APIC- 
access address use a 4-KByte page. The following items provide details: 


If EPT is not in use, any linear address that translates to an address on the APIC-access page should use a 4- 
KByte page. Any access to a linear address that translates to the APIC-access page using a larger page may 
operate as if the “virtualize APIC accesses” VM-execution control were 0. 


If EPT is in use, any guest-physical address that translates to an address on the APIC-access page should use a 
4-KByte page. Any access to a linear address that translates to a guest-physical address that in turn translates 
to the APIC-access page using a larger page may operate as if the “virtualize APIC accesses” VM-execution 
control were 0. (This is true also for guest-physical accesses to the APIC-access page; see Section 29.4.6.1.) 


In addition, software should perform appropriate TLB invalidation when making changes that may affect APIC- 
virtualization. The specifics depend on whether VPIDs or EPT is being used: 


VPIDs being used but EPT not being used. Suppose that there is a VPID that has been used before and that 
software has since made either of the following changes: (1) set the “virtualize APIC accesses” VM-execution 
control when it had previously been 0; or (2) changed the paging structures so that some linear address 
translates to the APIC-access address when it previously did not. In that case, software should execute 
INVVPID (see “INVVPID— Invalidate Translations Based on VPID” in Section 30.3) before performing on the 
same logical processor and with the same VPID.2 


EPT being used. Suppose that there is an EPTP value that has been used before and that software has since 
made either of the following changes: (1) set the “virtualize APIC accesses” VM-execution control when it had 
previously been 0; or (2) changed the EPT paging structures so that some guest-physical address translates to 
the APIC-access address when it previously did not. In that case, software should execute INVEPT (see 
“INVEPT— Invalidate Translations Derived from EPT” in Section 30.3) before performing on the same logical 
processor and with the same EPTP value.? 


Neither VPIDs nor EPT being used. No invalidation is required. 


This chapter uses the notation RAX, RIP, RSP, RFLAGS, etc. for processor registers because most processors that support VMX oper- 
ation also support Intel 64 architecture. For |A-32 processors, this notation refers to the 32-bit forms of those registers (EAX, EIP, 
ESP, EFLAGS, etc.). In a few places, notation such as EAX is used to refer specifically to lower 32 bits of the indicated register. 
INVVPID should use either (1) the all-contexts INVVPID type; (2) the single-context INVVPID type with the VPID in the INVVPID 
descriptor; or (3) the individual-address INVVPID type with the linear address and the VPID in the INVVPID descriptor. 

INVEPT should use either (1) the global INVEPT type; or (2) the single-context INVEPT type with the EPTP value in the INVEPT 
descriptor. 
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Failure to perform the appropriate TLB invalidation may result in the logical processor operating as if the “virtualize 
APIC accesses” VM-execution control were 0 in responses to accesses to the affected address. (No invalidation is 
necessary if neither VPIDs nor EPT is being used.) 


29.4.6 APIC Accesses Not Directly Resulting From Linear Addresses 
Section 29.4 has described the treatment of accesses that use linear addresses that translate to addresses on the 
APIC-access page. This section considers memory accesses that do not result directly from linear addresses. 


* Anaccess is called a guest-physical access if (1) CRO.PG = 1;1 (2) the “enable EPT” VM-execution control is 
1;2 (3) the access’s physical address is the result of an EPT translation; and (4) either (a) the access was not 
generated by a linear address; or (b) the access’s guest-physical address is not the translation of the access’s 
linear address. Section 29.4.6.1 discusses the treatment of guest-physical accesses to the APIC-access page. 


e An access is called a physical access if (1) either (a) the “enable EPT” VM-execution control is 0; or (b) the 
access’s physical address is not the result of a translation through the EPT paging structures; and (2) either 
(a) the access is not generated by a linear address; or (b) the access’s physical address is not the translation 
of its linear address. Section 29.4.6.2 discusses the treatment of physical accesses to the APIC-access page. 


29.4.6.1 Guest-Physical Accesses to the APIC-Access Page 


Guest-physical accesses include the following when guest-physical addresses are being translated using EPT: 


¢ Reads from the guest paging structures when translating a linear address (Such an access uses a guest- 
physical address that is not the translation of that linear address). 


¢ Loads of the page-directory-pointer-table entries by MOV to CR when the logical processor is using (or that 
causes the logical processor to use) PAE paging (see Section 4.4). 


¢ Updates to the accessed and dirty flags in the guest paging structures when using a linear address (such an 
access uses a guest-physical address that is not the translation of that linear address). 


¢ Memory accesses by Intel Processor Trace when the “Intel PT uses guest physical addresses” VM-execution 
control is 1 (see Section 25.5.4). 


Every guest-physical access using a guest-physical address that translates to an address on the APIC-access page 
causes an APIC-access VM exit. Such accesses are never virtualized regardless of the page offset. 


The following items specify the priority relative to other events of APIC-access VM exits caused by guest-physical 
accesses to the APIC-access page. 


¢ The priority of an APIC-access VM exit caused by a guest-physical access to memory is below that of any EPT 
violation that that access may incur. That is, a guest-physical access does not cause an APIC-access VM exit if 
it would cause an EPT violation. 


¢ With respect to all other events, any APIC-access VM exit caused by a guest-physical access has the same 
priority as any EPT violation that the guest-physical access could cause. 


29.4.6.2 Physical Accesses to the APIC-Access Page 
Physical accesses include the following: 
¢ If the “enable EPT” VM-execution control is 0: 
— Reads from the paging structures when translating a linear address. 


— Loads of the page-directory-pointer-table entries by MOV to CR when the logical processor is using (or that 
causes the logical processor to use) PAE paging (see Section 4.4). 


— Updates to the accessed and dirty flags in the paging structures. 


1. If the capability MSR 1A32_VMX_CRO_FIXEDO reports that CRO.PG must be 1 in VMX operation, CRO.PG must be 1 unless the “unre- 
stricted guest” VM-execution control and bit 31 of the primary processor-based VM-execution controls are both 1. 


2. “Enable EPT” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution controls 
is 0, VMX non-root operation functions as if the “enable EPT” VM-execution control were O. See Section 24.6.2. 
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e If the “enable EPT” VM-execution control is 1, accesses to the EPT paging structures (including updates to the 
accessed and dirty flags for EPT). 


e Any of the following accesses made by the processor to support VMX non-root operation: 
— Accesses to the VMCS region. 


— Accesses to data structures referenced (directly or indirectly) by physical addresses in VM-execution control 
fields in the VMCS. These include the I/O bitmaps, the MSR bitmaps, and the virtual-APIC page. 


* Accesses that effect transitions into and out of SMM.! These include the following: 
— Accesses to SMRAM during SMI delivery and during execution of RSM. 
— Accesses during SMM VM exits (including accesses to MSEG) and during VM entries that return from SMM. 


A physical access to the APIC-access page may or may not cause an APIC-access VM exit. If it does not cause an 
APIC-access VM exit, it may access the APIC-access page or the virtual-APIC page. Physical write accesses to the 
APIC-access page may or may not cause APIC-write emulation or APIC-write VM exits. 


The priority of an APIC-access VM exit caused by physical access is not defined relative to other events that the 
access may cause. 


It is recommended that software not set the APIC-access address to any of the addresses used by physical memory 
accesses (identified above). For example, it should not set the APIC-access address to the physical address of any 
of the active paging structures if the “enable EPT” VM-execution control is 0. 


29.5 VIRTUALIZING MSR-BASED APIC ACCESSES 


When the local APIC is in x2APIC mode, software accesses the local APIC’s control registers using the MSR inter- 
face. Specifically, software uses the RDMSR and WRMSR instructions, setting ECX (identifying the MSR being 
accessed) to values in the range 800H-8FFH (see Section 10.12, “Extended XAPIC (x2APIC)”). This section 
describes how these accesses can be virtualized. 


A virtual-machine monitor can virtualize these MSR-based APIC accesses by configuring the MSR bitmaps (see 
Section 24.6.9) to ensure that the accesses cause VM exits (see Section 25.1.3). Alternatively, there are methods 
for virtualizing some MSR-based APIC accesses without VM exits. 


Normally, an execution of RDMSR or WRMSR that does not fault or cause a VM exit accesses the MSR indicated in 
ECX. However, such an execution treats some values of ECX in the range 800H-8FFH specially if the “virtualize 
x2APIC mode” VM-execution control is 1. The following items provide details: 


¢ RDMSR. The instruction’s behavior depends on the setting of the “APIC-register virtualization” VM-execution 
control. 


— Ifthe “APIC-register virtualization” VM-execution control is 0, behavior depends upon the value of ECX. 


¢ If ECX contains 808H (indicating the TPR MSR), the instruction reads the 8 bytes from offset O80H on 
the virtual-APIC page (VTPR and the 4 bytes above it) into EDX:EAX. This occurs even if the local APIC 
is not in x2APIC mode (no general-protection fault occurs because the local APIC is not x2APIC mode). 


¢ If ECX contains any other value in the range 800H-8FFH, the instruction operates normally. If the local 
APIC is in x2APIC mode and ECX indicates a readable APIC register, EDX and EAX are loaded with the 
value of that register. If the local APIC is not in x2APIC mode or ECX does not indicate a readable APIC 
register, a general-protection fault occurs. 


— If*APIC-register virtualization” is 1 and ECX contains a value in the range 800H-8FFH, the instruction reads 
the 8 bytes from offset X on the virtual-APIC page into EDX:EAX, where X = (ECX & FFH) « 4. This occurs 
even if the local APIC is not in x2APIC mode (no general-protection fault occurs because the local APIC is 
not in x2APIC mode). 


° WRMSR. The instruction’s behavior depends on the value of ECX and the setting of the “virtual-interrupt 
delivery” VM-execution control. 


1. Technically, these accesses do not occur in VMX non-root operation. They are included here for clarity. 
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Special processing applies in the following cases: (1) ECX contains 808H (indicating the TPR MSR); (2) ECX 
contains 80BH (indicating the EOI MSR) and the “virtual-interrupt delivery” VM-execution control is 1; and 
(3) ECX contains 83FH (indicating the self-IPI MSR) and the “virtual-interrupt delivery” VM-execution control 
is 1. 

If special processing applies, no general-protection exception is produced due to the fact that the local APIC is 
in xAPIC mode. However, WRMSR does perform the normal reserved-bit checking: 

— If ECX contains 808H or 83FH, a general-protection fault occurs if either EDX or EAX[31:8] is non-zero. 

— If ECX contains 80BH, a general-protection fault occurs if either EDX or EAX is non-zero. 


If there is no fault, WRMSR stores EDX:EAX at offset X on the virtual-APIC page, where X = (ECX & FFH) « 4. 
Following this, the processor performs an operation depending on the value of ECX: 

— If ECX contains 808H, the processor performs TPR virtualization (see Section 29.1.2). 

— If ECX contains 80BH, the processor performs EOI virtualization (see Section 29.1.4). 

— If ECX contains 83FH, the processor then checks the value of EAX[7:4] and proceeds as follows: 


¢ If the value is non-zero, the logical processor performs self-IPI virtualization with the 8-bit vector in 
EAX[7:0] (see Section 29.1.5). 


¢ If the value is zero, the logical processor causes an APIC-write VM exit as if there had been a write 
access to page offset 3FOH on the APIC-access page (see Section 29.4.3.3). 


If special processing does not apply, the instruction operates normally. If the local APIC is in x2APIC mode 
and ECX indicates a writable APIC register, the value in EDX:EAX is written to that register. If the local APIC is 
not in x2APIC mode or ECX does not indicate a writable APIC register, a general-protection fault occurs. 


29.6 POSTED-INTERRUPT PROCESSING 


Posted-interrupt processing is a feature by which a processor processes the virtual interrupts by recording them as 
pending on the virtual-APIC page. 


Posted-interrupt processing is enabled by setting the “process posted interrupts” VM-execution control. The 
processing is performed in response to the arrival of an interrupt with the posted-interrupt notification vector. 
In response to such an interrupt, the processor processes virtual interrupts recorded in a data structure called a 
posted-interrupt descriptor. The posted-interrupt notification vector and the address of the posted-interrupt 
descriptor are fields in the VMCS; see Section 24.6.8. 


If the “process posted interrupts” VM-execution control is 1, a logical processor uses a 64-byte posted-interrupt 
descriptor located at the posted-interrupt descriptor address. The posted-interrupt descriptor has the following 
format: 


Table 29-1. Format of Posted-Interrupt Descriptor 


Bit Name Description 

Position(s) 

255:0 Posted-interrupt requests One bit for each interrupt vector. There is a posted-interrupt request for a vector if 
the corresponding bit is 1 

256 Outstanding notification If this bit is set, there is a notification outstanding for one or more posted interrupts 
in bits 255:0 

511:257 Reserved for software and These bits may be used by software and by other agents in the system (e.g., 

other agents chipset). The processor does not modify these bits. 


The notation PIR (posted-interrupt requests) refers to the 256 posted-interrupt bits in the posted-interrupt 
descriptor. 


Use of the posted-interrupt descriptor differs from that of other data structures that are referenced by pointers in 
a VMCS. There is a general requirement that software ensure that each such data structure is modified only when 
no logical processor with a current VMCS that references it is in VMX non-root operation. That requirement does 
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not apply to the posted-interrupt descriptor. There is a requirement, however, that such modifications be done 
using locked read-modify-write instructions. 


If the “external-interrupt exiting” VM-execution control is 1, any unmasked external interrupt causes a VM exit (see 
Section 25.2). If the “process posted interrupts” VM-execution control is also 1, this behavior is changed and the 
processor handles an external interrupt as follows: 


1. 


7. 


The local APIC is acknowledged; this provides the processor core with an interrupt vector, called here the 
physical vector. 


If the physical vector equals the posted-interrupt notification vector, the logical processor continues to the next 
step. Otherwise, a VM exit occurs as it would normally due to an external interrupt; the vector is saved in the 
VM-exit interruption-information field. 


The processor clears the outstanding-notification bit in the posted-interrupt descriptor. This is done atomically 
so as to leave the remainder of the descriptor unmodified (e.g., with a locked AND operation). 


The processor writes zero to the EOI register in the local APIC; this dismisses the interrupt with the posted- 
interrupt notification vector from the local APIC. 


The logical processor performs a logical-OR of PIR into VIRR and clears PIR. No other agent can read or write a 
PIR bit (or group of bits) between the time it is read (to determine what to OR into VIRR) and when it is cleared. 


The logical processor sets RVI to be the maximum of the old value of RVI and the highest index of all bits that 
were set in PIR; if no bit was set in PIR, RVI is left unmodified. 


The logical processor evaluates pending virtual interrupts as described in Section 29.2.1. 


The logical processor performs the steps above in an uninterruptible manner. If step #7 leads to recognition of a 
virtual interrupt, the processor may deliver that interrupt immediately. 


Steps #1 to #7 above occur when the interrupt controller delivers an unmasked external interrupt to the CPU core. 
The following items consider certain cases of interrupt delivery: 


Interrupt delivery can occur between iterations of a REP-prefixed instruction (after at least one iteration has 
completed but before all iterations have completed). If this occurs, the following items characterize processor 
state after posted-interrupt processing completes and before guest execution resumes: 


— RIP references the REP-prefixed instruction; 
— RCX, RSI, and RDI are updated to reflect the iterations completed; and 
— RFLAGS.RF = 1. 


Interrupt delivery can occur when the logical processor is in the active, HLT, or MWAIT states. If the logical 
processor had been in the active or MWAIT state before the arrival of the interrupt, it is in the active state 
following completion of step #7; if it had been in the HLT state, it returns to the HLT state after step #7 (ifa 
pending virtual interrupt was recognized, the logical processor may immediately wake from the HLT state). 


Interrupt delivery can occur while the logical processor is in enclave mode. If the logical processor had been in 
enclave mode before the arrival of the interrupt, an Asynchronous Enclave Exit (AEX) may occur before the 
steps #1 to #7 (see Chapter 36, “Enclave Exiting Events”). If no AEX occurs before step #1 and a VM exit 
occurs at step #2, an AEX occurs before the VM exit is delivered. 


1. 


VM entry ensures that the “process posted interrupts” VM-execution control is 1 only if the “external-interrupt exiting” VM-execu- 
tion control is also 1. SeeSection 26.2.1.1. 
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NOTE 


This chapter was previously located in the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 2B as chapter 5. 


30.1 OVERVIEW 


This chapter describes the virtual-machine extensions (VMX) for the Intel 64 and IA-32 architectures. VMX is 
intended to support virtualization of processor hardware and a system software layer acting as a host to multiple 
guest software environments. The virtual-machine extensions (VMX) includes five instructions that manage the 
virtual-machine control structure (VMCS), four instructions that manage VMX operation, two TLB-management 
instructions, and two instructions for use by guest software. Additional details of VMX are described in Chapter 23 
through Chapter 29. 


The behavior of the VMCS-maintenance instructions is summarized below: 


* VMPTRLD — This instruction takes a single 64-bit source operand that is in memory. It makes the referenced 
VMCS active and current, loading the current-VMCS pointer with this operand and establishes the current VMCS 
based on the contents of VMCS-data area in the referenced VMCS region. Because this makes the referenced 
VMCS active, a logical processor may start maintaining on the processor some of the VMCS data for the VMCS. 


* VMPTRST — This instruction takes a single 64-bit destination operand that is in memory. The current-VMCS 
pointer is stored into the destination operand. 


¢ VMCLEAR — This instruction takes a single 64-bit operand that is in memory. The instruction sets the launch 
state of the VMCS referenced by the operand to “clear”, renders that VMCS inactive, and ensures that data for 
the VMCS have been written to the VMCS-data area in the referenced VMCS region. If the operand is the same 
as the current-VMCS pointer, that pointer is made invalid. 


° VMREAD -— This instruction reads a component from a VMCS (the encoding of that field is given in a register 
operand) and stores it into a destination operand that may be a register or in memory. 


°© VMWRITE — This instruction writes a component to a VMCS (the encoding of that field is given in a register 
operand) from a source operand that may be a register or in memory. 


The behavior of the VMX management instructions is summarized below: 


® VMLAUNCH — This instruction launches a virtual machine managed by the VMCS. A VM entry occurs, trans- 
ferring control to the VM. 


® VMRESUME — This instruction resumes a virtual machine managed by the VMCS. A VM entry occurs, trans- 
ferring control to the VM. 


® VMXOFF — This instruction causes the processor to leave VMX operation. 


° VMXON — This instruction takes a single 64-bit source operand that is in memory. It causes a logical processor 
to enter VMX root operation and to use the memory referenced by the operand to support VMX operation. 


The behavior of the VMX-specific TLB-management instructions is summarized below: 


¢ INVEPT — This instruction invalidates entries in the TLBs and paging-structure caches that were derived from 
extended page tables (EPT). 


¢ INVVPID — This instruction invalidates entries in the TLBs and paging-structure caches based on a Virtual- 
Processor Identifier (VPID). 


None of the instructions above can be executed in compatibility mode; they generate invalid-opcode exceptions if 
executed in compatibility mode. 


The behavior of the guest-available instructions is summarized below: 


* VMCALL — This instruction allows software in VMX non-root operation to call the VMM for service. A VM exit 
occurs, transferring control to the VMM. 
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® = VMFUNC — This instruction allows software in VMX non-root operation to invoke a VM function (processor 
functionality enabled and configured by software in VMX root operation) without a VM exit. 


30.2 CONVENTIONS 


The operation sections for the VMX instructions in Section 30.3 use the pseudo-function VMexit, which indicates 
that the logical processor performs a VM exit. 


The operation sections also use the pseudo-functions VMsucceed, VMfail, VMfailInvalid, and VMfailValid. These 
pseudo-functions signal instruction success or failure by setting or clearing bits in RFLAGS and, in some cases, by 
writing the VM-instruction error field. The following pseudocode fragments detail these functions: 


V/Msucceed: 
CF :=0; 
PF :=0; 
AF :=0; 
ZF :=0; 
SF :=0; 
OF :=0; 


VMfail(ErrorNumber): 
IF VMCS pointer is valid 
THEN VMfailValid(ErrorNumber); 
ELSE VMfaillnvalid; 


Fl; 
VMfaillnvalid: 
CF :=1; 
PF :=0; 
AF :=0; 
ZF :=0; 
SF :=0; 
OF :=0; 
VMfailValid(ErrorNumber):// executed only if there is a current VMCS 
CF :=0; 
PF :=0; 
AF :=0; 
ZF := 1; 
SF :=0; 
OF :=0; 


Set the VM-instruction error field to ErrorNumber; 


The different VM-instruction error numbers are enumerated in Section 30.4, “VM Instruction Error Numbers”. 


30.3. VMX INSTRUCTIONS 


This section provides detailed descriptions of the VMX instructions. 
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INVEPT— Invalidate Translations Derived from EPT 


Opcode/ Op/En |Description 

Instruction 

66 OF 38 80 RM Invalidates EPT-derived entries in the TLBs and paging-structure caches (in 64-bit mode). 
INVEPT r64, m128 

66 OF 38 80 RM Invalidates EPT-derived entries in the TLBs and paging-structure caches (outside 64-bit 
INVEPT 132, m128 mode). 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r) ModRM:r/m (r) NA NA 
Description 


Invalidates mappings in the translation lookaside buffers (TLBs) and paging-structure caches that were derived 
from extended page tables (EPT). (See Chapter 28, “VMX Support for Address Translation”.) Invalidation is based 
on the INVEPT type specified in the register operand and the INVEPT descriptor specified in the memory 
operand. 


Outside IA-32e mode, the register operand is always 32 bits, regardless of the value of CS.D; in 64-bit mode, the 
register operand has 64 bits (the instruction cannot be executed in compatibility mode). 


The INVEPT types supported by a logical processors are reported in the IA32_VMX_EPT_VPID_CAP MSR (see 
Appendix A, “VMX Capability Reporting Facility”). There are two INVEPT types currently defined: 


¢ Single-context invalidation. If the INVEPT type is 1, the logical processor invalidates all mappings associated 
with bits 51:12 of the EPT pointer (EPTP) specified in the INVEPT descriptor. It may invalidate other mappings 
as well. 


Global invalidation: If the INVEPT type is 2, the logical processor invalidates mappings associated with all 
EPTPs. 


If an unsupported INVEPT type is specified, the instruction fails. 


INVEPT invalidates all the specified mappings for the indicated EPTP(s) regardless of the VPID and PCID values with 
which those mappings may be associated. 


The INVEPT descriptor comprises 128 bits and contains a 64-bit EPTP value in bits 63:0 (see Figure 30-1). 


127 64 63 0 


Reserved (must be zero) EPT pointer (EPTP) 


Figure 30-1. INVEPT Descriptor 


Operation 


IF (not in VMX operation) or (CRO.PE = 0) or (RFLAGS.VM = 1) or (IA32_EFER.LMA = 1 and CS.L = 0) 
THEN #UD; 
ELSIF in VMX non-root operation 
THEN VM exit; 
ELSIF CPL > O 
THEN #GP(0); 
ELSE 
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INVEPT_TYPE := value of register operand; 
IF IA32_VMX_EPT_VPID_CAP MSR indicates that processor does not support INVEPT_TYPE 
THEN VMfail(Invalid operand to INVEPT/INVVPID); 
ELSE // \NVEPT_TYPE must be 1 or 2 
INVEPT_DESC := value of memory operand; 
EPTP := INVEPT_DESC[63:0); 
CASE INVEPT_TYPE OF 
1: // single-context invalidation 
IF VM entry with the “enable EPT” VM execution control set to 1 
would fail due to the EPTP value 
THEN VMfail(Invalid operand to INVEPT/INVVPID); 


ELSE 
Invalidate mappings associated with EPTP[51:1 2]; 
VMsucceed; 
Fl; 
BREAK; 
2: // global invalidation 
Invalidate mappings associated with all EPTPs; 
VMsucceed; 
BREAK; 
ESAC; 
Fl; 
Fl; 
Flags Affected 


See the operation section and Section 30.2. 


Protected Mode Exceptions 
#GP(0) If the current privilege level is not 0. 


If the memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 


If the DS, ES, FS, or GS register contains an unusable segment. 
If the source operand is located in an execute-only code segment. 


#PF(fault-code) If a page fault occurs in accessing the memory operand. 


#SS(0) If the memory operand effective address is outside the SS segment limit. 
If the SS register contains an unusable segment. 
#UD If not in VMX operation. 


If the logical processor does not support EPT (IA32_VMX_PROCBASED_CTLS2[33]=0). 


If the logical processor supports EPT (IA32_VMX_PROCBASED_CTLS2[33]=1) but does not 
support the INVEPT instruction (IA32_VMX_EPT_VPID_CAP[20]=0). 


Real-Address Mode Exceptions 


#UD 


The INVEPT instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 


#UD 


The INVEPT instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 


#UD 


The INVEPT instruction is not recognized in compatibility mode. 
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64-Bit Mode Exceptions 
#GP(0) If the current privilege level is not 0. 


If the memory operand is in the CS, DS, ES, FS, or GS segments and the memory address is 
in a non-canonical form. 


#PF(fault-code) If a page fault occurs in accessing the memory operand. 


#SS(0) If the memory operand is in the SS segment and the memory address is in a non-canonical 
form. 
#UD If not in VMX operation. 


If the logical processor does not support EPT (IA32_VMX_PROCBASED_CTLS2[33]=0). 


If the logical processor supports EPT (IA32_VMX_PROCBASED_CTLS2[33]=1) but does not 
support the INVEPT instruction (IA32_VMX_EPT_VPID_CAP[20]=0). 
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INVVPID— Invalidate Translations Based on VPID 


Opcode/ Op/En Description 

Instruction 

66 OF 38 81 RM Invalidates entries in the TLBs and paging-structure caches based on VPID (in 64-bit 
INVVPID r64, m128 mode). 

66 OF 38 81 RM Invalidates entries in the TLBs and paging-structure caches based on VPID (outside 64-bit 
INVVPID r32, m128 mode). 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r) ModRM:r/m (r) NA NA 
Description 


Invalidates mappings in the translation lookaside buffers (TLBs) and paging-structure caches based on virtual- 
processor identifier (VPID). (See Chapter 28, “VMX Support for Address Translation”.) Invalidation is based on 
the INVVPID type specified in the register operand and the INVVPID descriptor specified in the memory 
operand. 


Outside IA-32e mode, the register operand is always 32 bits, regardless of the value of CS.D; in 64-bit mode, the 
register operand has 64 bits (the instruction cannot be executed in compatibility mode). 


The INVVPID types supported by a logical processors are reported in the IA32_VMX_EPT_VPID_CAP MSR (see 
Appendix A, “VMX Capability Reporting Facility”). There are four INVVPID types currently defined: 


¢ Individual-address invalidation: If the INVVPID type is 0, the logical processor invalidates mappings for the 
linear address and VPID specified in the INVVPID descriptor. In some cases, it may invalidate mappings for 
other linear addresses (or other VPIDs) as well. 


¢ Single-context invalidation: If the INVVPID type is 1, the logical processor invalidates all mappings tagged with 
the VPID specified in the INVVPID descriptor. In some cases, it may invalidate mappings for other VPIDs as 
well. 


e = All-contexts invalidation: If the INVVPID type is 2, the logical processor invalidates all mappings tagged with all 
VPIDs except VPID OOOOH. In some cases, it may invalidate translations with VPID OOOOH as well. 


®  Single-context invalidation, retaining global translations: If the INVVPID type is 3, the logical processor 
invalidates all mappings tagged with the VPID specified in the INVVPID descriptor except global translations. In 
some cases, it may invalidate global translations (and mappings with other VPIDs) as well. See the “Caching 
Translation Information” section in Chapter 4 of the JA-32 Intel Architecture Software Developer’s Manual, 
Volumes 3A for information about global translations. 


If an unsupported INVVPID type is specified, the instruction fails. 


INVVPID invalidates all the specified mappings for the indicated VPID(s) regardless of the EPTP and PCID values 
with which those mappings may be associated. 


The INVVPID descriptor comprises 128 bits and consists of a VPID and a linear address as shown in Figure 30-2. 


127 6463 1615 0 


Linear Address Reserved (must be zero) | VPID 


Figure 30-2. INVVPID Descriptor 
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IF (not in VMX operation) or (CRO.PE = 0) or (RFLAGS.VM = 1) or (IA32_EFER.LMA = 1 and CS.L = 0) 


THEN #UD; 
ELSIF in VMX non-root operation 
THEN VM exit; 
ELSIF CPL > O 
THEN #GP(0); 
ELSE 


INVVPID_TYPE := value of register operand; 
IF IA32_VMX_EPT_VPID_CAP MSR indicates that processor does not support 


INVVPID_TYPE 


THEN VMfail(Invalid operand to INVEPT/INVVPID); 
ELSE // INVVPID_TYPE must be in the range 0-3 
INVVPID_DESC := value of memory operand; 
IF INVVPID_DESC[63:16] 4 0 
THEN VMfail(Invalid operand to INVEPT/INVVPID); 


ELSE 


CASE | 
0: 


NVVPID_TYPE OF 


// individual-address invalidation 
VPID := INVVPID_DESC[1 5:0]; 
IF VPID = 0 
THEN VMfail(Invalid operand to INVEPT/INVVPID); 
ELSE 
GL_ADDR := INVVPID_DESC[1 27:64]; 
IF (GL_ADDR is not in a canonical form) 


THEN 
VMfail(Invalid operand to INVEPT/INVVPID); 
ELSE 
Invalidate mappings for GL_ADDR tagged with VPID; 
VMsucceed; 
Fl; 
Fl; 
BREAK; 


// single-context invalidation 
VPID := INVVPID_DESC[1 5:0]; 
IF VPID = 0 
THEN VMfail(Invalid operand to INVEPT/INVVPID); 
ELSE 
Invalidate all mappings tagged with VPID; 
VMsucceed; 
Fl; 
BREAK; 
// all-context invalidation 
Invalidate all mappings tagged with all non-zero VPIDs; 
VMsucceed; 
BREAK; 
// single-context invalidation retaining globals 
VPID := INVVPID_DESC[1 5:0]; 
IF VPID = 0 
THEN VMfail(Invalid operand to INVEPT/INVVPID); 
ELSE 
Invalidate all mappings tagged with VPID except global translations; 
VMsucceed; 
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Fl; 


Fl; 
Fl; 


Flags Affected 


Fl; 
BREAK; 
ESAC; 


See the operation section and Section 30.2. 


Protected Mode Exceptions 


#GP(0) 


#PF(fault-code) 
#SS(0) 


#UD 


If the current privilege level is not 0. 

If the memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains an unusable segment. 

If the source operand is located in an execute-only code segment. 

If a page fault occurs in accessing the memory operand. 

If the memory operand effective address is outside the SS segment limit. 

If the SS register contains an unusable segment. 

If not in VMX operation. 

If the logical processor does not support VPIDs (IA32_VMX_PROCBASED_CTLS2[37]=0). 


If the logical processor supports VPIDs (IA32_VMX_PROCBASED_CTLS2[37]=1) but does not 
support the INVVPID instruction (IA32_VMX_EPT_VPID_CAP[32]=0). 


Real-Address Mode Exceptions 


#UD 


The INVVPID instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 


#UD 


The INVVPID instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 


#UD 


The INVVPID instruction is not recognized in compatibility mode. 


64-Bit Mode Exceptions 


#GP(0) 
#PF(fault-code) 
#SS(0) 


#UD 
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If the current privilege level is not 0. 


If the memory operand is in the CS, DS, ES, FS, or GS segments and the memory address is 
in a non-canonical form. 


If a page fault occurs in accessing the memory operand. 


If the memory destination operand is in the SS segment and the memory address is in a non- 
canonical form. 


If not in VMX operation. 
If the logical processor does not support VPIDs (IA32_VMX_PROCBASED_CTLS2[37]=0). 


If the logical processor supports VPIDs (IA32_VMX_PROCBASED_CTLS2[37]=1) but does not 
support the INVVPID instruction (IA32_VMX_EPT_VPID_CAP[32]=0). 
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VMCALL—Call to VM Monitor 


Opcode/ Op/En Description 

Instruction 

OF 01 C1 ZO Call to VM monitor by causing VM exit. 
VMCALL 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


This instruction allows guest software can make a call for service into an underlying VM monitor. The details of the 
programming interface for such calls are VMM-specific; this instruction does nothing more than cause a VM exit, 
registering the appropriate exit reason. 


Use of this instruction in VMX root operation invokes an SMM monitor (see Section 31.15.2). This invocation will acti- 
vate the dual-monitor treatment of system-management interrupts (SMIs) and system-management mode (SMM) 
if it is not already active (see Section 31.15.6). 


Operation 


IF not in VMX operation 
THEN #UD; 
ELSIF in VMX non-root operation 
THEN VM exit; 
ELSIF (RFLAGS.VM = 1) or (IA32_EFER.LMA = 1 and CS.L = 0) 
THEN #UD; 
ELSIF CPL > 0 
THEN #GP(0); 
ELSIF in SMM or the logical processor does not support the dual-monitor treatment of SMls and SMM or the valid bit in the 
IA32_SMM_MONITOR_CTL MSR is clear 
THEN VMfail (VMCALL executed in VMX root operation); 
ELSIF dual-monitor treatment of SMIs and SMM is active 
THEN perform an SMM VM exit (see Section 31.15.2); 
ELSIF current-VMCS pointer is not valid 
THEN VMfaillnvalid; 
ELSIF launch state of current VMCS is not clear 
THEN VMfailValid(VMCALL with non-clear VMCS); 
ELSIF VM-exit control fields are not valid (see Section 31.15.6.1) 
THEN VMfailValid (VMCALL with invalid VM-exit control fields); 
ELSE 
enter SMM; 
read revision identifier in MSEG; 
IF revision identifier does not match that supported by processor 
THEN 
leave SMM; 
VMfailValid(VMCALL with incorrect MSEG revision identifier); 
ELSE 
read SMM-monitor features field in MSEG (see Section 31.15.6.1); 
IF features field is invalid 
THEN 
leave SMM; 
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VMfailValid(VMCALL with invalid SMM-monitor features); 
ELSE activate dual-monitor treatment of SMIs and SMM (see Section 31.15.6); 
Fl; 
FI; 
FI; 


Flags Affected 
See the operation section and Section 30.2. 


Protected Mode Exceptions 
#GP(0) If the current privilege level is not 0 and the logical processor is in VMX root operation. 
#UD If executed outside VMX operation. 


Real-Address Mode Exceptions 
#UD If executed outside VMX operation. 


Virtual-8086 Mode Exceptions 
#UD If executed outside VMX non-root operation. 


Compatibility Mode Exceptions 
#UD If executed outside VMX non-root operation. 


64-Bit Mode Exceptions 
#UD If executed outside VMX operation. 
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Opcode/ Op/En Description 

Instruction 

66 OF C7 /6 M Copy VMCS data to VMCS region in memory. 

VMCLEAR m64 

Instruction Operand Encoding 
Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 

Description 


This instruction applies to the VMCS whose VMCS region resides at the physical address contained in the instruction 
operand. The instruction ensures that VMCS data for that VMCS (some of these data may be currently maintained 
on the processor) are copied to the VMCS region in memory. It also initializes parts of the VMCS region (for 
example, it sets the launch state of that VMCS to clear). See Chapter 24, “Virtual-Machine Control Structures”. 


The operand of this instruction is always 64 bits and is always in memory. If the operand is the current-VMCS 
pointer, then that pointer is made invalid (set to FFFFFFFF_FFFFFFFFH). 


Note that the VMCLEAR instruction might not explicitly write any VMCS data to memory; the data may be already 
resident in memory before the VMCLEAR is executed. 


Operation 


IF (register operand) or (not in VMX operation) or (CRO.PE = 0) or (RFLAGS.VM = 1) or (IA32_EFER.LMA = 1 and CS.L = 0) 


THEN #UD; 


ELSIF in VMX non-root operation 
THEN VM exit; 


ELSIF CPL > 0 


THEN #GP(0); 


ELSE 


addr := contents of 64-bit in-memory operand; 
IF addr is not 4KB-aligned OR 
addr sets any bits beyond the physical-address width! 


THEN VMfail(VMCLEAR with invalid physical address); 


ELSIF addr = VMXON pointer 
THEN VMfail(VMCLEAR with VMXON pointer); 
ELSE 

ensure that data for VMCS referenced by the operand is in memory; 


Fl; 
Fl; 


Flags Affected 


initialize implementation-specific data in VMCS region; 
launch state of VMCS referenced by the operand := “clear” 


IF operand addr = current-VMCS pointer 


THEN current-VMCS pointer := FFFFFFFF_FFFFFFFFH; 


Fl; 
\V/Msucceed; 


See the operation section and Section 30.2. 


1. If [A32_VMX_BASIC[48] is read as 1, VMfail occurs if addr sets any bits in the range 63:32; see Appendix A.1. 
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Protected Mode Exceptions 

#GP(0) If the current privilege level is not 0. 
If the memory operand effective address is outside the CS, DS, ES, FS, or GS segment limit. 
If the DS, ES, FS, or GS register contains an unusable segment. 
If the operand is located in an execute-only code segment. 

#PF(fault-code) If a page fault occurs in accessing the memory operand. 


#SS(0) If the memory operand effective address is outside the SS segment limit. 
If the SS register contains an unusable segment. 
#UD If operand is a register. 


If not in VMX operation. 


Real-Address Mode Exceptions 
#UD The VMCLEAR instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The VMCLEAR instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
#UD The VMCLEAR instruction is not recognized in compatibility mode. 


64-Bit Mode Exceptions 
#GP(0) If the current privilege level is not 0. 


If the source operand is in the CS, DS, ES, FS, or GS segments and the memory address is in 
a non-canonical form. 


#PF(fault-code) If a page fault occurs in accessing the memory operand. 


#SS(0) If the source operand is in the SS segment and the memory address is in a non-canonical 
form. 
#UD If operand is a register. 


If not in VMX operation. 
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VMFUNC—Invoke VM function 


Opcode/ Op/En Description 

Instruction 

NP OF 01 D4 ZO Invoke VM function specified in EAX. 
VMFUNC 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


This instruction allows software in VMX non-root operation to invoke a VM function, which is processor functionality 
enabled and configured by software in VMX root operation. The value of EAX selects the specific VM function being 
invoked. 


The behavior of each VM function (including any additional fault checking) is specified in Section 25.5.6, 
“VM Functions”. 


Operation 
Perform functionality of the VM function specified in EAX; 


Flags Affected 
Depends on the VM function specified in EAX. See Section 25.5.6, “VM Functions”. 


Protected Mode Exceptions (not including those defined by specific VM functions) 
#UD If executed outside VMX non-root operation. 

If “enable VM functions” VM-execution control is 0. 

If EAX > 64. 


Real-Address Mode Exceptions 
Same exceptions as in protected mode. 


Virtual-8086 Exceptions 
Same exceptions as in protected mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 
Same exceptions as in protected mode. 
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VMLAUNCH/VMRESUME—Launch/Resume Virtual Machine 


Opcode/ Op/En Description 

Instruction 

OF 01 C2 ZO Launch virtual machine managed by current VMCS. 
VMLAUNCH 

OF 01 C3 ZO Resume virtual machine managed by current VMCS. 
VMRESUME 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Effects a VM entry managed by the current VMCS. 


¢ VMLAUNCH fails if the launch state of current VMCS is not “clear”. If the instruction is successful, it sets the 
launch state to “launched.” 


¢ VMRESUME fails if the launch state of the current VMCS is not “launched.” 


If VM entry is attempted, the logical processor performs a series of consistency checks as detailed in Chapter 26, 

“VM Entries”. Failure to pass checks on the VMX controls or on the host-state area passes control to the instruction 
following the VMLAUNCH or VMRESUME instruction. If these pass but checks on the guest-state area fail, the logical 
processor loads state from the host-state area of the VMCS, passing control to the instruction referenced by the RIP 
field in the host-state area. 


VM entry is not allowed when events are blocked by MOV SS or POP SS. Neither VMLAUNCH nor VMRESUME should 
be used immediately after either MOV to SS or POP to SS. 


Operation 


IF (not in VMX operation) or (CRO.PE = 0) or (RFLAGS.VM = 1) or (IA32_EFER.LMA = 1 and CS.L = 0) 
THEN #UD; 
ELSIF in VMX non-root operation 
THEN VMexit; 
ELSIF CPL > 0 
THEN #GP(0); 
ELSIF current-VMCS pointer is not valid 
THEN VMfaillnvalid; 
ELSIF events are being blocked by MOV SS 
THEN VMfailValid(VM entry with events blocked by MOV SS); 
ELSIF (VMLAUNCH and launch state of current VMCS is not “clear”) 
THEN VMfailValid(VMLAUNCH with non-clear VMCS); 
ELSIF (VMRESUME and launch state of current VMCS is not “launched") 
THEN VMfailValid(VMRESUME with non-launched VMCS); 
ELSE 
Check settings of VMX controls and host-state area; 
IF invalid settings 
THEN VMfailValid(VM entry with invalid VMX-control field(s)) or 
VMfailValid(VM entry with invalid host-state field(s)) or 
VMfailValid(VM entry with invalid executive-VMCS pointer)) or 
VMfailValid(VM entry with non-launched executive VMCS) or 
VMfailValid(VM entry with executive-VMCS pointer not VMXON pointer) or 
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Fl; 
Fl; 


VMfailValid(VM entry with invalid VM-execution control fields in executive 
VMCS) 
as appropriate; 
ELSE 

Attempt to load guest state and PDPTRs as appropriate; 

clear address-range monitoring; 

IF failure in checking guest state or PDPTRs 
THEN VM entry fails (see Section 26.8); 


ELSE 
Attempt to load MSRs from VM-entry MSR-load area; 
IF failure 
THEN VM entry fails 
(see Section 26.8); 
ELSE 
IF VMLAUNCH 
THEN launch state of VMCS := “launched”; 
Fl; 
IF in SMM and “entry to SMM” VM-entry control is 0 
THEN 
IF “deactivate dual-monitor treatment” VM-entry 
control is O 
THEN SMM-transfer VMCS pointer := 
current-VMCS pointer; 
Fl; 
IF executive-VMCS pointer is VMXON pointer 
THEN current-VMCS pointer := 
VMCS-link pointer; 
ELSE current-VMCS pointer := 
executive-VMCS pointer; 
Fl; 
leave SMM; 
Fl; 
VM entry succeeds; 
Fl; 


Fl; 


Further details of the operation of the VM-entry appear in Chapter 26. 


Flags Affected 
See the operation section and Section 30.2. 


Protected Mode Exceptions 


#GP(0) 
#UD 


If the current privilege level is not 0. 
If executed outside VMX operation. 


Real-Address Mode Exceptions 
The VMLAUNCH and VMRESUME instructions are not recognized in real-address mode. 


#UD 


Virtual-8086 Mode Exceptions 
The VMLAUNCH and VMRESUME instructions are not recognized in virtual-8086 mode. 


#UD 
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Compatibility Mode Exceptions 
#UD The VMLAUNCH and VMRESUME instructions are not recognized in compatibility mode. 


64-Bit Mode Exceptions 
#GP(0) If the current privilege level is not 0. 
#UD If executed outside VMX operation. 
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VMPTRLD—Load Pointer to Virtual-Machine Control Structure 


Opcode/ Op/En Description 

Instruction 

NP OF C7 /6 M Loads the current VMCS pointer from memory. 
VMPTRLD m64 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Marks the current-VMCS pointer valid and loads it with the physical address in the instruction operand. The instruc- 
tion fails if its operand is not properly aligned, sets unsupported physical-address bits, or is equal to the VMXON 
pointer. In addition, the instruction fails if the 32 bits in memory referenced by the operand do not match the VMCS 
revision identifier supported by this processor.2 


The operand of this instruction is always 64 bits and is always in memory. 


Operation 


IF (register operand) or (not in VMX operation) or (CRO.PE = 0) or (RFLAGS.VM = 1) or (IA32_EFER.LMA = 1 and CS.L = 0) 
THEN #UD; 
ELSIF in VMX non-root operation 
THEN VMexit; 
ELSIF CPL > 0 
THEN #GP(0); 
ELSE 
addr := contents of 64-bit in-memory source operand; 
IF addr is not 4KB-aligned OR 
addr sets any bits beyond the physical-address width? 
THEN VMfail(VMPTRLD with invalid physical address); 
ELSIF addr = VMXON pointer 
THEN VMfail(VMPTRLD with VMXON pointer); 
ELSE 
rev := 32 bits located at physical address addr; 
IF rev[30:0]  VMCS revision identifier supported by processor OR 
rev[31] = 1 AND processor does not support 1-setting of “VMCS shadowing” 
THEN VMfail(VMPTRLD with incorrect VMCS revision identifier); 
ELSE 
current-VMCS pointer := addr; 
VMsucceed; 
Fl; 
Fl; 
Fl; 


Flags Affected 


See the operation section and Section 30.2. 


2. Software should consult the VMX capability MSR VMX_BASIC to discover the VMCS revision identifier supported by this processor 
(see Appendix A, “VMX Capability Reporting Facility’). 


3. If [A32_VMX_BASIC[48] is read as 1, VMfail occurs if addr sets any bits in the range 63:32; see Appendix A.1. 
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Protected Mode Exceptions 
#GP(0) If the current privilege level is not 0. 
If the memory source operand effective address is outside the CS, DS, ES, FS, or GS segment 
limit. 
If the DS, ES, FS, or GS register contains an unusable segment. 
If the source operand is located in an execute-only code segment. 
#PF(fault-code) If a page fault occurs in accessing the memory source operand. 


#SS(0) If the memory source operand effective address is outside the SS segment limit. 
If the SS register contains an unusable segment. 
#UD If operand is a register. 


If not in VMX operation. 


Real-Address Mode Exceptions 
#UD The VMPTRLD instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The VMPTRLD instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
#UD The VMPTRLD instruction is not recognized in compatibility mode. 


64-Bit Mode Exceptions 
#GP(0) If the current privilege level is not 0. 


If the source operand is in the CS, DS, ES, FS, or GS segments and the memory address is in 
a non-canonical form. 


#PF(fault-code) If a page fault occurs in accessing the memory source operand. 


#SS(0) If the source operand is in the SS segment and the memory address is in a non-canonical 
form. 
#UD If operand is a register. 


If not in VMX operation. 
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VMPTRST—Store Pointer to Virtual-Machine Control Structure 


Opcode/ Op/En ‘| Description 

Instruction 

NP OF C7 /7 M Stores the current VMCS pointer into memory. 
VMPTRST m64 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (w) NA NA NA 
Description 


Stores the current-VMCS pointer into a specified memory address. The operand of this instruction is always 64 bits 
and is always in memory. 


Operation 


IF (register operand) or (not in VMX operation) or (CRO.PE = 0) or (RFLAGS.VM = 1) or (IA32_EFER.LMA = 1 and CS.L = 0) 
THEN #UD; 
ELSIF in VMX non-root operation 
THEN VMexit; 
ELSIF CPL > O 
THEN #GP(0); 
ELSE 
64-bit in-memory destination operand := current-VMCS pointer; 
VMsucceed; 
Fl; 


Flags Affected 
See the operation section and Section 30.2. 


Protected Mode Exceptions 
#GP(0) If the current privilege level is not 0. 


If the memory destination operand effective address is outside the CS, DS, ES, FS, or GS 
segment limit. 


If the DS, ES, FS, or GS register contains an unusable segment. 
If the destination operand is located in a read-only data segment or any code segment. 
#PF(fault-code) If a page fault occurs in accessing the memory destination operand. 


#SS(0) If the memory destination operand effective address is outside the SS segment limit. 
If the SS register contains an unusable segment. 
#UD If operand is a register. 


If not in VMX operation. 


Real-Address Mode Exceptions 
#UD The VMPTRST instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The VMPTRST instruction is not recognized in virtual-8086 mode. 
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Compatibility Mode Exceptions 
#UD The VMPTRST instruction is not recognized in compatibility mode. 


64-Bit Mode Exceptions 
#GP(0) If the current privilege level is not 0. 


If the destination operand is in the CS, DS, ES, FS, or GS segments and the memory address 
is in a non-canonical form. 


#PF(fault-code) If a page fault occurs in accessing the memory destination operand. 


#SS(0) If the destination operand is in the SS segment and the memory address is in a non-canonical 
form. 
#UD If operand is a register. 


If not in VMX operation. 
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VMREAD—Read Field from Virtual-Machine Control Structure 


Opcode/ Op/En Description 

Instruction 

NP OF 78 MR Reads a specified VMCS field (in 64-bit mode). 
VMREAD r/m64, r64 

NP OF 78 MR Reads a specified VMCS field (outside 64-bit mode). 
VMREAD r/m32, r32 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
MR ModRM:r/m (w) ModRM:reg (r) NA NA 
Description 


Reads a specified field from a VMCS and stores it into a specified destination operand (register or memory). In VMX 
root operation, the instruction reads from the current VMCS. If executed in VMX non-root operation, the instruction 
reads from the VMCS referenced by the VMCS link pointer field in the current VMCS. 


The VMCS field is specified by the VMCS-field encoding contained in the register source operand. Outside IA-32e 
mode, the source operand has 32 bits, regardless of the value of CS.D. In 64-bit mode, the source operand has 64 
bits. 


The effective size of the destination operand, which may be a register or in memory, is always 32 bits outside IA- 
32e mode (the setting of CS.D is ignored with respect to operand size) and 64 bits in 64-bit mode. If the VMCS field 
specified by the source operand is shorter than this effective operand size, the high bits of the destination operand 
are cleared to 0. If the VMCS field is longer, then the high bits of the field are not read. 


Note that any faults resulting from accessing a memory destination operand can occur only after determining, in 
the operation section below, that the relevant VMCS pointer is valid and that the specified VMCS field is supported. 


Operation 


IF (not in VMX operation) or (CRO.PE = 0) or (RFLAGS.VM = 1) or (IA32_EFER.LMA = 1 and CS.L = 0) 
THEN #UD; 
ELSIF in VMX non-root operation AND ("“/MCS shadowing” is 0 OR source operand sets bits in range 63:15 OR 
VMREAD bit corresponding to bits 14:0 of source operand is 17 
THEN VMexit; 
ELSIF CPL > 0 
THEN #GP(0); 
ELSIF (in VMX root operation AND current-VMCS pointer is not valid) OR 
(in VMX non-root operation AND VMCS link pointer is not valid) 
THEN VMfaillnvalid; 
ELSIF source operand does not correspond to any VMCS field 
THEN VMfailValid(VMREAD/VMWRITE from/to unsupported VMCS component); 
ELSE 
IF in VMX root operation 
THEN destination operand := contents of field indexed by source operand in current VMCS; 
ELSE destination operand := contents of field indexed by source operand in VMCS referenced by VMCS link pointer; 
Fl; 
VMsucceed; 
Fl; 


4. The VMREAD bit for a source operand is defined as follows. Let x be the value of bits 14:0 of the source operand and let addr be the 
VMREAD-bitmap address. The corresponding VMREAD bit is in bit position x & 7 of the byte at physical address addr | (x >» 3). 
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Flags Affected 
See the operation section and Section 30.2. 


Protected Mode Exceptions 
#GP(0) If the current privilege level is not 0. 


If a memory destination operand effective address is outside the CS, DS, ES, FS, or GS 
segment limit. 


If the DS, ES, FS, or GS register contains an unusable segment. 
If the destination operand is located in a read-only data segment or any code segment. 
#PF(fault-code) If a page fault occurs in accessing a memory destination operand. 


#SS(0) If a memory destination operand effective address is outside the SS segment limit. 
If the SS register contains an unusable segment. 
#UD If not in VMX operation. 


Real-Address Mode Exceptions 
#UD The VMREAD instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The VMREAD instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
#UD The VMREAD instruction is not recognized in compatibility mode. 


64-Bit Mode Exceptions 
#GP(0) If the current privilege level is not 0. 


If the memory destination operand is in the CS, DS, ES, FS, or GS segments and the memory 
address is in a non-canonical form. 


#PF(fault-code) If a page fault occurs in accessing a memory destination operand. 


#SS(0) If the memory destination operand is in the SS segment and the memory address is in a non- 
canonical form. 
#UD If not in VMX operation. 
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VMRESUME—Resume Virtual Machine 


See VMLAUNCH/VMRESUME—Launch/Resume Virtual Machine. 
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VMWRITE—Write Field to Virtual-Machine Control Structure 


Opcode/ Op/En Description 

Instruction 

NP OF 79 RM Writes a specified VMCS field (in 64-bit mode). 
VMWRITE r64, r/m64 

NP OF 79 RM Writes a specified VMCS field (outside 64-bit mode). 
VMWRITE r32, r/m32 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
RM ModRM:reg (r) ModRM:r/m (r) NA NA 
Description 


Writes the contents of a primary source operand (register or memory) to a specified field in a VMCS. In VMX root 
operation, the instruction writes to the current VMCS. If executed in VMX non-root operation, the instruction writes 
to the VMCS referenced by the VMCS link pointer field in the current VMCS. 


The VMCS field is specified by the VMCS-field encoding contained in the register secondary source operand. 
Outside IA-32e mode, the secondary source operand is always 32 bits, regardless of the value of CS.D. In 64-bit 
mode, the secondary source operand has 64 bits. 


The effective size of the primary source operand, which may be a register or in memory, is always 32 bits outside 
IA-32e mode (the setting of CS.D is ignored with respect to operand size) and 64 bits in 64-bit mode. If the VMCS 
field specified by the secondary source operand is shorter than this effective operand size, the high bits of the 
primary source operand are ignored. If the VMCS field is longer, then the high bits of the field are cleared to 0. 


Note that any faults resulting from accessing a memory source operand occur after determining, in the operation 
section below, that the relevant VMCS pointer is valid but before determining if the destination VMCS field is 
supported. 


Operation 


IF (not in VMX operation) or (CRO.PE = 0) or (RFLAGS.VM = 1) or (IA32_EFER.LMA = 1 and CS.L = 0) 
THEN #UD; 
ELSIF in VMX non-root operation AND (“VMCS shadowing” is O OR secondary source operand sets bits in range 63:15 OR 
VMWRITE bit corresponding to bits 14:0 of secondary source operand is 1)° 
THEN VMexit; 
ELSIF CPL > 0 
THEN #GP(0); 
ELSIF (in VMX root operation AND current-VMCS pointer is not valid) OR 
(in VMX non-root operation AND VMCS-link pointer is not valid) 
THEN VMfaillnvalid; 
ELSIF secondary source operand does not correspond to any VMCS field 
THEN VMfailValid(VMREAD/VMWRITE from/to unsupported VMCS component); 
ELSIF VMCS field indexed by secondary source operand is a VM-exit information field AND 
processor does not support writing to such fields® 
THEN VMfailValid(VMWRITE to read-only VMCS component); 
ELSE 


5. The VMWRITE bit for a secondary source operand is defined as follows. Let x be the value of bits 14:0 of the secondary source oper- 
and and let addr be the VMWRITE-bitmap address. The corresponding VMWRITE bit is in bit position x & 7 of the byte at physical 
address addr | (x » 3). 


6. Software can discover whether these fields can be written by reading the VMX capability MSR IA32_VMX_MISC (see Appendix A.6). 
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IF in VMX root operation 


THEN field indexed by secondary source operand in current VMCS := primary source operand; 
ELSE field indexed by secondary source operand in VMCS referenced by VMCS link pointer := primary source operand; 


Fl; 
\V/Msucceed; 
Fl; 
Flags Affected 


See the operation section and Section 30.2. 


Protected Mode Exceptions 
#GP(0) If the current privilege level is not 0. 
If a memory source operand effective address is outside the CS, DS, ES, FS, or GS segment 
limit. 
If the DS, ES, FS, or GS register contains an unusable segment. 
If the source operand is located in an execute-only code segment. 
#PF(fault-code) If a page fault occurs in accessing a memory source operand. 


#SS(0) If a memory source operand effective address is outside the SS segment limit. 
If the SS register contains an unusable segment. 
#UD If not in VMX operation. 


Real-Address Mode Exceptions 
#UD The VMWRITE instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The VMWRITE instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
#UD The VMWRITE instruction is not recognized in compatibility mode. 


64-Bit Mode Exceptions 
#GP(0) If the current privilege level is not 0. 


If the memory source operand is in the CS, DS, ES, FS, or GS segments and the memory 
address is in a non-canonical form. 


#PF(fault-code) If a page fault occurs in accessing a memory source operand. 


#SS(0) If the memory source operand is in the SS segment and the memory address is in a non- 
canonical form. 
#UD If not in VMX operation. 
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VMXOFF—Leave VMX Operation 


Opcode/ Op/En ‘| Description 
Instruction 

OF 01 C4 ZO Leaves VMX operation. 
VMXOFF 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
ZO NA NA NA NA 
Description 


Takes the logical processor out of VMX operation, unblocks INIT signals, conditionally re-enables A20M, and clears 
any address-range monitoring.” 


Operation 


IF (not in VMX operation) or (CRO.PE = 0) or (RFLAGS.VM = 1) or (IA32_EFER.LMA = 1 and CS.L = 0) 
THEN #UD; 
ELSIF in VMX non-root operation 
THEN VMexit; 
ELSIF CPL > O 
THEN #GP(0); 
ELSIF dual-monitor treatment of SMIs and SMM is active 
THEN VMfail(VMXOFF under dual-monitor treatment of SMIs and SMM); 
ELSE 
leave VMX operation; 
unblock INIT; 
IF |A32_SMM_MONITOR_CTL[2] = 08 
THEN unblock SMls; 
IF outside SMX operation? 
THEN unblock and enable A20M; 


Fl; 
clear address-range monitoring; 
VMsucceed; 

Fl; 

Flags Affected 


See the operation section and Section 30.2. 


Protected Mode Exceptions 
#GP(0) If executed in VMX root operation with CPL > 0. 


7. See the information on MONITOR/MWAIT in Chapter 8, “Multiple-Processor Management,” of the Intel® 64 and IA-32 Architectures 
Software Developer's Manual, Volume 3A. 

8. Setting IA32_SMM_MONITOR_CTL[bit 2] to 1 prevents VMXOFF from unblocking SMIs regardless of the value of the register’s value 
bit (bit 0). Not all processors allow this bit to be set to 1. Software should consult the VMX capability MSR IA32_VMX_MISC (see 
Appendix A.6) to determine whether this is allowed. 

9. A logical processor is outside SMX operation if GETSEC[SENTER] has not been executed or if GETSEC[SEXIT] was executed after the 
last execution of GETSEC[SENTER]. See Chapter 6, “Safer Mode Extensions Reference.” 
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#UD If executed outside VMX operation. 


Real-Address Mode Exceptions 
#UD The VMXOFF instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 
#UD The VMXOFF instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
#UD The VMXOFF instruction is not recognized in compatibility mode. 


64-Bit Mode Exceptions 
#GP(0) If executed in VMX root operation with CPL > 0. 
#UD If executed outside VMX operation. 
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VMXON—Enter VMX Operation 


Opcode/ Op/En Description 

Instruction 

F3 OF C7 /6 M Enter VMX root operation. 
VMXON m64 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Operand 4 
M ModRM:r/m (r) NA NA NA 
Description 


Puts the logical processor in VMX operation with no current VMCS, blocks INIT signals, disables A20M, and clears 
any address-range monitoring established by the MONITOR instruction. !° 


The operand of this instruction is a 4KB-aligned physical address (the VMXON pointer) that references the VMXON 
region, which the logical processor may use to support VMX operation. This operand is always 64 bits and is always 
in memory. 


Operation 


IF (register operand) or (CRO.PE = 0) or (CR4.VMXE = 0) or (RFLAGS.VM = 1) or (IA32_EFER.LMA = 1 and CS.L = 0) 
THEN #UD; 
ELSIF not in VMX operation 
THEN 
IF (CPL > O) or (in AZOM mode) or 
(the values of CRO and CR4 are not supported in VMX operation; see Section 23.8) or 
(bit O (lock bit) of IA32_FEATURE_CONTROL MSR is clear) or 
(in SMX operation!! and bit 1 of IA32_FEATURE_CONTROL MSR is clear) or 
(outside SMX operation and bit 2 of IA32_FEATURE_CONTROL MSR is clear) 
THEN #GP(0); 
ELSE 
addr := contents of 64-bit in-memory source operand; 
IF addr is not 4KB-aligned or 
addr sets any bits beyond the physical-address widt 
THEN VMfaillnvalid; 
ELSE 
rev := 32 bits located at physical address addr; 
IF rev[30:0] # VMCS revision identifier supported by processor OR rev[31] = 1 
THEN VMfaillnvalid; 
ELSE 
current-VMCS pointer := FFFFFFFF_FFFFFFFFH; 
enter VMX operation; 
block INIT signals; 
block and disable A20M; 


hl2 


10. See the information on MONITOR/MWAIT in Chapter 8, “Multiple-Processor Management,” of the Intel® 64 and IA-32 Architectures 
Software Developer's Manual, Volume 3A. 


11. A logical processor is in SMX operation if GETSEC[SEXIT] has not been executed since the last execution of GETSEC[SENTER]. A logi- 
cal processor is outside SMX operation if GETSEC[SENTER] has not been executed or if GETSEC[SEXIT] was executed after the last 
execution of GETSEC[SENTER]. See Chapter 6, “Safer Mode Extensions Reference.” 


12. If [A32_VMX_BASIC[48] is read as 1, VMfaillnvalid occurs if addr sets any bits in the range 63:32; see Appendix A.1. 


30-28 Vol. 3C 
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Fl; 
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clear address-range monitoring; 
IF the processor supports Intel PT but does not allow it to be used in VMX operation! 3 
THEN IA32_RTIT_CTL.TraceEn := 0; 
Fl; 
VMsucceed; 
Fl; 


ELSIF in VMX non-root operation 


THEN VMexit; 
ELSIF CPL > O 
THEN #GP(0); 


ELSE VMfail("VMXON executed in VMX root operation’); 


Fl; 


Flags Affected 


See the operation section and Section 30.2. 


Protected Mode Exceptions 


#GP(0) 


#PF(fault-code) 
#SS(0) 


#UD 


If executed outside VMX operation with CPL>0 or with invalid CRO or CR4 fixed bits. 

If executed in A2Z0M mode. 

If the memory source operand effective address is outside the CS, DS, ES, FS, or GS segment 
limit. 

If the DS, ES, FS, or GS register contains an unusable segment. 

If the source operand is located in an execute-only code segment. 


If the value of the IA32_FEATURE_CONTROL MSR does not support entry to VMX operation in 
the current processor mode. 


If a page fault occurs in accessing the memory source operand. 

If the memory source operand effective address is outside the SS segment limit. 
If the SS register contains an unusable segment. 

If operand is a register. 

If executed with CR4.VMXE = 0. 


Real-Address Mode Exceptions 


#UD 


The VMXON instruction is not recognized in real-address mode. 


Virtual-8086 Mode Exceptions 


#UD 


The VMXON instruction is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 


#UD 


The VMXON instruction is not recognized in compatibility mode. 


64-Bit Mode Exceptions 


#GP(0) 


If executed outside VMX operation with CPL > 0 or with invalid CRO or CR4 fixed bits. 
If executed in A20M mode. 


If the source operand is in the CS, DS, ES, FS, or GS segments and the memory address is in 
a non-canonical form. 


13. Software should read the VMX capability MSR IA32_VMX_MISC to determine whether the processor allows Intel PT to be used in 
VMX operation (see Appendix A.6). 
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If the value of the IA32_FEATURE_CONTROL MSR does not support entry to VMX operation in 
the current processor mode. 


#PF(fault-code) If a page fault occurs in accessing the memory source operand. 


#SS(0) If the source operand is in the SS segment and the memory address is in a non-canonical 
form. 
#UD If operand is a register. 


If executed with CR4.VMXE = 0. 
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VM INSTRUCTION ERROR NUMBERS 


For certain error conditions, the VM-instruction error field is loaded with an error number to indicate the source of 
the error. Table 30-1 lists VM-instruction error numbers. 


Table 30-1. VM-Instruction Error Numbers 


Sa ae Description 

1 VMCALL executed in VMX root operation 

2 VMCLEAR with invalid physical address 

3 VMCLEAR with VMXON pointer 

4 VMLAUNCH with non-clear VMCS 

5 VMRESUME with non-launched VMCS 

6 VMRESUME after VMXOFF (VMXOFF and VMXON between VMLAUNCH and VMRESUME)' 
7 VM entry with invalid control field(s)*3 
[8 |VMentrywithinvalidhost-state field(s)> 
9 VMPTRLD with invalid physical address 

10 VMPTRLD with VMXON pointer 

11 VMPTRLD with incorrect VMCS revision identifier 

12 VMREAD/VMWRITE from/to unsupported VMCS component 

13 VMWRITE to read-only VMCS component 

15 VMXON executed in VMX root operation 

16 VM entry with invalid executive-VMCS pointer@ 


17 VM entry with non-launched executive VMCS2 


18 VM entry with executive-VMCS pointer not VMXON pointer (when attempting to deactivate the dual-monitor treatment of 
SMIs and SMM)¢ 

19 VMCALL with non-clear VMCS (when attempting to activate the dual-monitor treatment of SMls and SMM) 

20 VMCALL with invalid VM-exit control fields 

22 VMCALL with incorrect MSEG revision identifier (when attempting to activate the dual-monitor treatment of SMIs and SMM) 

23 VMXOFF under dual-monitor treatment of SMIs and SMM 

24 VMCALL with invalid SMM-monitor features (when attempting to activate the dual-monitor treatment of SMIs and SMM) 

25 VM entry with invalid VM-execution control fields in executive VMCS (when attempting to return from SMM)23 

26 VM entry with events blocked by MOV SS. 

28 Invalid operand to INVEPT/INVVPID. 

NOTES: 


1. Earlier versions of this manual described this error as “/MRESUME with a corrupted VMCS". 

2. /M-entry checks on control fields and host-state fields may be performed in any order. Thus, an indication by error number of one 
cause does not imply that there are not also other errors. Different processors may give different error numbers for the same VMCS. 

3. Error number 7 is not used for VM entries that return from SMM that fail due to invalid VM-execution control fields in the executive 
VMCS. Error number 25 is used for these cases. 
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CHAPTER 31 
SYSTEM MANAGEMENT MODE 


This chapter describes aspects of IA-64 and IA-32 architecture used in system management mode (SMM). 


SMM provides an alternate operating environment that can be used to monitor and manage various system 
resources for more efficient energy usage, to control system hardware, and/or to run proprietary code. It was 
introduced into the IA-32 architecture in the Intel386 SL processor (a mobile specialized version of the Intel386 
processor). It is also available in the Pentium M, Pentium 4, Intel Xeon, P6 family, and Pentium and Intel486 
processors (beginning with the enhanced versions of the Intel486 SL and Intel486 processors). 


31.1 SYSTEM MANAGEMENT MODE OVERVIEW 


SMM is a special-purpose operating mode provided for handling system-wide functions like power management, 
system hardware control, or proprietary OEM-designed code. It is intended for use only by system firmware, not by 
applications software or general-purpose systems software. The main benefit of SMM is that it offers a distinct and 
easily isolated processor environment that operates transparently to the operating system or executive and soft- 
ware applications. 


When SMM is invoked through a system management interrupt (SMI), the processor saves the current state of the 
processor (the processor’s context), then switches to a separate operating environment defined by a new address 
space. The system management software executive (SMI handler) starts execution in that environment, and the 
critical code and data of the SMI handler reside in a physical memory region (GMRAM) within that address space. 
While in SMM, the processor executes SMI handler code to perform operations such as powering down unused disk 
drives or monitors, executing proprietary code, or placing the whole system in a suspended state. When the SMI 
handler has completed its operations, it executes a resume (RSM) instruction. This instruction causes the processor 
to reload the saved context of the processor, switch back to protected or real mode, and resume executing the 
interrupted application or operating-system program or task. 


The following SMM mechanisms make it transparent to applications programs and operating systems: 
¢ The only way to enter SMM is by means of an SMI. 


¢ The processor executes SMM code in a separate address space that can be made inaccessible from the other 
operating modes. 


¢ Upon entering SMM, the processor saves the context of the interrupted program or task. 
¢  Allinterrupts normally handled by the operating system are disabled upon entry into SMM. 
¢ The RSM instruction can be executed only in SMM. 


Section 31.3 describes transitions into and out of SMM. The execution environment after entering SMM is in real- 
address mode with paging disabled (CRO.PE = CRO.PG = 0). In this initial execution environment, the SMI handler 
can address up to 4 GBytes of memory and can execute all I/O and system instructions. Section 31.5 describes in 
detail the initial SMM execution environment for an SMI handler and operation within that environment. The SMI 
handler may subsequently switch to other operating modes while remaining in SMM. 


NOTES 


Software developers should be aware that, even if a logical processor was using the physical- 
address extension (PAE) mechanism (introduced in the P6 family processors) or was in IA-32e 
mode before an SMI, this will not be the case after the SMI is delivered. This is because delivery of 
an SMI disables paging (see Table 31-4). (This does not apply if the dual-monitor treatment of SMIs 
and SMM is active; see Section 31.15.) 
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31.1.1 System Management Mode and VMX Operation 


Traditionally, SMM services system management interrupts and then resumes program execution (back to the soft- 
ware stack consisting of executive and application software; see Section 31.2 through Section 31.13). 


A virtual machine monitor (VMM) using VMX can act as a host to multiple virtual machines and each virtual machine 
can support its own software stack of executive and application software. On processors that support VMX, virtual- 
machine extensions may use system-management interrupts (SMIs) and system-management mode (SMM) in one 
of two ways: 


° Default treatment. System firmware handles SMIs. The processor saves architectural states and critical 
states relevant to VMX operation upon entering SMM. When the firmware completes servicing SMIs, it uses 
RSM to resume VMX operation. 


¢ Dual-monitor treatment. Two VM monitors collaborate to control the servicing of SMIs: one VMM operates 
outside of SMM to provide basic virtualization in support for guests; the other VMM operates inside SMM (while 
in VMX operation) to support system-management functions. The former is referred to as executive monitor, 
the latter SMM-transfer monitor (STM).! 


The default treatment is described in Section 31.14, “Default Treatment of SMIs and SMM with VMX Operation and 
SMX Operation”. Dual-monitor treatment of SMM is described in Section 31.15, “Dual-Monitor Treatment of SMIs 
and SMM”, 


31.2 SYSTEM MANAGEMENT INTERRUPT (SMI) 


The only way to enter SMM is by signaling an SMI through the SMI# pin on the processor or through an SMI 
message received through the APIC bus. The SMI is a nonmaskable external interrupt that operates independently 
from the processor's interrupt- and exception-handling mechanism and the local APIC. The SMI takes precedence 
over an NMI and a maskable interrupt. SMM is non-reentrant; that is, the SMI is disabled while the processor is in 
SMM. 


NOTES 


In the Pentium 4, Intel Xeon, and P6 family processors, when a processor that is designated as an 
application processor during an MP initialization sequence is waiting for a startup IPI (SIPI), it is in 
a mode where SMIs are masked. However if a SMI is received while an application processor is in 
the wait for SIPI mode, the SMI will be pended. The processor then responds on receipt of a SIPI by 
immediately servicing the pended SMI and going into SMM before handling the SIPI. 


An SMI may be blocked for one instruction following execution of STI, MOV to SS, or POP into SS. 


31.3) SWITCHING BETWEEN SMM AND THE OTHER 
PROCESSOR OPERATING MODES 


Figure 2-3 shows how the processor moves between SMM and the other processor operating modes (protected, 
real-address, and virtual-8086). Signaling an SMI while the processor is in real-address, protected, or virtual-8086 
modes always causes the processor to switch to SMM. Upon execution of the RSM instruction, the processor always 
returns to the mode it was in when the SMI occurred. 


31.3.1 Entering SMM 


The processor always handles an SMI on an architecturally defined “interruptible” point in program execution 
(which is commonly at an IA-32 architecture instruction boundary). When the processor receives an SMI, it waits 
for all instructions to retire and for all stores to complete. The processor then saves its current context in SMRAM 
(see Section 31.4), enters SMM, and begins to execute the SMI handler. 


1. The dual-monitor treatment may not be supported by all processors. Software should consult the VMX capability MSR 
IA32_VMX_BASIC (see Appendix A.1) to determine whether it is supported. 
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Upon entering SMM, the processor signals external hardware that SMI handling has begun. The signaling mecha- 
nism used is implementation dependent. For the P6 family processors, an SMI acknowledge transaction is gener- 
ated on the system bus and the multiplexed status signal EXF4 is asserted each time a bus transaction is generated 
while the processor is in SMM. For the Pentium and Intel486 processors, the SMIACT# pin is asserted. 


An SMI has a greater priority than debug exceptions and external interrupts. Thus, if an NMI, maskable hardware 
interrupt, or a debug exception occurs at an instruction boundary along with an SMI, only the SMI is handled. 
Subsequent SMI requests are not acknowledged while the processor is in SMM. The first SMI interrupt request that 
occurs while the processor is in SMM (that is, after SMM has been acknowledged to external hardware) is latched 
and serviced when the processor exits SMM with the RSM instruction. The processor will latch only one SMI while 
in SMM. 


See Section 31.5 for a detailed description of the execution environment when in SMM. 


31.3.2 Exiting From SMM 


The only way to exit SMM is to execute the RSM instruction. The RSM instruction is only available to the SMI 
handler; if the processor is not in SMM, attempts to execute the RSM instruction result in an invalid-opcode excep- 
tion (#UD) being generated. 


The RSM instruction restores the processor’s context by loading the state save image from SMRAM back into the 
processor's registers. The processor then returns an SMIACK transaction on the system bus and returns program 
control back to the interrupted program. 


NOTE 


On processors that support the shadow-stack feature, RSM loads the SSP register from the state 
save image in SMRAM (see Table 31-3). The value is made canonical by sign-extension before 
loading it into SSP. 


Upon successful completion of the RSM instruction, the processor signals external hardware that SMM has been 
exited. For the P6 family processors, an SMI acknowledge transaction is generated on the system bus and the 
multiplexed status signal EXF4 is no longer generated on bus cycles. For the Pentium and Intel486 processors, the 
SMIACT# pin is deserted. 


If the processor detects invalid state information saved in the SMRAM, it enters the shutdown state and generates 
a special bus cycle to indicate it has entered shutdown state. Shutdown happens only in the following situations: 


¢ Areserved bit in control register CR4 is set to 1 on a write to CR4. This error should not happen unless SMI 
handler code modifies reserved areas of the SMRAM saved state map (see Section 31.4.1). CR4 is saved in the 
state map in a reserved location and cannot be read or modified in its saved state. 


¢ An illegal combination of bits is written to control register CRO, in particular PG set to 1 and PE set to 0, or NW 
set to 1 and CD set to 0. 


° CR4.PCIDE would be set to 1 and IA32_EFER.LMA to O. 


¢ (For the Pentium and Intel486 processors only.) If the address stored in the SMBASE register when an RSM 
instruction is executed is not aligned on a 32-KByte boundary. This restriction does not apply to the P6 family 
processors. 


® CR4.CET would be set to 1 and CRO.WP to O. 


In the shutdown state, Intel processors stop executing instructions until a RESET#, INIT# or NMI# is asserted. 
While Pentium family processors recognize the SMI# signal in shutdown state, P6 family and Intel486 processors 
do not. Intel does not support using SMI# to recover from shutdown states for any processor family; the response 
of processors in this circumstance is not well defined. On Pentium 4 and later processors, shutdown will inhibit INTR 
and A20M but will not change any of the other inhibits. On these processors, NMIs will be inhibited if no action is 
taken in the SMI handler to uninhibit them (see Section 31.8). 


If the processor is in the HALT state when the SMI is received, the processor handles the return from SMM slightly 
differently (see Section 31.10). Also, the SMBASE address can be changed on a return from SMM (see Section 
31.11). 
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31.4 SMRAM 


Upon entering SMM, the processor switches to a new address space. Because paging is disabled upon entering 
SMM, this initial address space maps all memory accesses to the low 4 GBytes of the processor's physical address 
space. The SMI handler's critical code and data reside in a memory region referred to as system-management RAM 
(SMRAM). The processor uses a pre-defined region within SMRAM to save the processor's pre-SMI context. SMRAM 
can also be used to store system management information (such as the system configuration and specific informa- 
tion about powered-down devices) and OEM-specific information. 


The default SMRAM size is 64 KBytes beginning at a base physical address in physical memory called the SMBASE 
(see Figure 31-1). The SMBASE default value following a hardware reset is 30000H. The processor looks for the 
first instruction of the SMI handler at the address [SMBASE + 8000H]. It stores the processor’s state in the area 
from [SMBASE + FEQOH] to [SMBASE + FFFFH]. See Section 31.4.1 for a description of the mapping of the state 
save area. 


The system logic is minimally required to decode the physical address range for the SMRAM from [SMBASE + 
8000H] to [SMBASE + FFFFH]. A larger area can be decoded if needed. The size of this SMRAM can be between 32 
KBytes and 4 GBytes. 


The location of the SMRAM can be changed by changing the SMBASE value (see Section 31.11). It should be noted 
that all processors in a multiple-processor system are initialized with the same SMBASE value (30000H). Initializa- 
tion software must sequentially place each processor in SMM and change its SMBASE so that it does not overlap 
those of other processors. 


The actual physical location of the SMRAM can be in system memory or in a separate RAM memory. The processor 
generates an SMI acknowledge transaction (P6 family processors) or asserts the SMIACT# pin (Pentium and 
Intel486 processors) when the processor receives an SMI (see Section 31.3.1). 


System logic can use the SMI acknowledge transaction or the assertion of the SMIACT# pin to decode accesses to 
the SMRAM and redirect them (if desired) to specific SMRAM memory. If a separate RAM memory is used for 
SMRAM, system logic should provide a programmable method of mapping the SMRAM into system memory space 
when the processor is not in SMM. This mechanism will enable start-up procedures to initialize the SMRAM space 
(that is, load the SMI handler) before executing the SMI handler during SMM. 


31.4.1 SMRAM State Save Map 


When an IA-32 processor that does not support Intel 64 architecture initially enters SMM, it writes its state to the 
state save area of the SMRAM. The state save area begins at [SMBASE + 8000H + 7FFFH] and extends down to 
[SMBASE + 8000H + 7EOOH]. Table 31-1 shows the state save map. The offset in column 1 is relative to the 
SMBASE value plus 8000H. Reserved spaces should not be used by software. 


Some of the registers in the SMRAM state save area (marked YES in column 3) may be read and changed by the 
SMI handler, with the changed values restored to the processor registers by the RSM instruction. Some register 
images are read-only, and must not be modified (modifying these registers will result in unpredictable behavior). 
An SMI handler should not rely on any values stored in an area that is marked as reserved. 


SMRAM 


SMBASE + FFFFH 
Start of State Save Area 


SMI Handler Entry Point 
SMBASE + 8000H 


SMBASE 


Figure 31-1. SMRAM Usage 


31-4 Vol. 3C 


Table 31-1. SMRAM State Save Map 


SYSTEM MANAGEMENT MODE 


Offset Register Writable? 
(Added to SMBASE + 8000H) 
7FFCH CRO No 
7FF8H CR3 No 
7FF4H EFLAGS Yes 
7FFOH EIP Yes 
7FECH EDI Yes 
7FE8H ESI Yes 
7FE4H EBP Yes 
7FEOH ESP Yes 
7FDCH EBX Yes 
7FD8H EDX Yes 
7FD4H ECX Yes 
7FDOH EAX Yes 
7FCCH DR6 No 
7FC8H DR7 No 
7FC4H TR! No 
7FCOH Reserved No 
7FBCH cs! No 
7FB8H Fs! No 
7FB4H Ds! No 
7FBOH ss! No 
7FACH cs! No 
7FA8H es! No 
7FA4H I/O State Field, see Section 31.7 No 
7FAOH 1/0 Memory Address Field, see Section 31.7 No 
7F9FH-7F03H Reserved No 
7F02H Auto HALT Restart Field (Word) Yes 
7FOOH I/O Instruction Restart Field (Word) Yes 
7EFCH SMM Revision Identifier Field (Doubleword) No 
7EF8H SMBASE Field (Doubleword) Yes 
7€F7H - 7E00H Reserved No 


NOTE: 


1. The two most significant bytes are reserved. 


The following registers are saved (but not readable) and restored upon exiting SMM: 


* Control register CR4. (This register is cleared to all Os when entering SMM). 


° The hidden segment descriptor information stored in segment registers CS, DS, ES, FS, GS, and SS. 


If an SMI request is issued for the purpose of powering down the processor, the values of all reserved locations in 
the SMM state save must be saved to nonvolatile memory. 


The following state is not automatically saved and restored following an SMI and the RSM instruction, respectively: 


Vol. 3C 31-5 


SYSTEM MANAGEMENT MODE 


* Debug registers DRO through DR3. 

¢ The x87 FPU registers. 

° The MTRRs. 

* Control register CR2. 

¢ The model-specific registers (for the P6 family and Pentium processors) or test registers TR3 through TR7 (for 
the Pentium and Intel486 processors). 

¢ The state of the trap controller. 

¢ The machine-check architecture registers. 

¢ The APIC internal interrupt state (ISR, IRR, etc.). 

¢ The microcode update state. 

If an SMI is used to power down the processor, a power-on reset will be required before returning to SMM, which 

will reset much of this state back to its default values. So an SMI handler that is going to trigger power down should 

first read these registers listed above directly, and save them (along with the rest of RAM) to nonvolatile storage. 

After the power-on reset, the continuation of the SMI handler should restore these values, along with the rest of 


the system's state. Anytime the SMI handler changes these registers in the processor, it must also save and restore 
them. 


NOTES 


A small subset of the MSRs (such as, the time-stamp counter and performance-monitoring 
counters) are not arbitrarily writable and therefore cannot be saved and restored. SMM-based 
power-down and restoration should only be performed with operating systems that do not use or 
rely on the values of these registers. 

Operating system developers should be aware of this fact and ensure that their operating-system 
assisted power-down and restoration software is immune to unexpected changes in these register 
values. 


31.4.1.1 SMRAM State Save Map and Intel 64 Architecture 


When the processor initially enters SMM, it writes its state to the state save area of the SMRAM. The state save area 
on an Intel 64 processor at [SMBASE + 8000H + 7FFFH] and extends to [SMBASE + 8000H + 7COOH]. 


Support for Intel 64 architecture is reported by CPUID.80000001:EDX[29] = 1. The layout of the SMRAM state save 
map is shown in Table 31-3. 


Additionally, the SMRAM state save map shown in Table 31-3 also applies to processors with the following CPUID 
signatures listed in Table 31-2, irrespective of the value in CPUID.80000001:EDX[29]. 


Table 31-2. Processor Signatures and 64-bit SMRAM State Save Map Format 


DisplayFamily_DisplayModel | Processor Families/Processor Number Series 


06_17H Intel Xeon Processor 5200, 5400 series, Intel Core 2 Quad processor Q9xxx, Intel Core 2 Duo 
processors E8000, T9000, 
06_OFH Intel Xeon Processor 3000, 3200, 5100, 5300, 7300 series, Intel Core 2 Quad, Intel Core 2 Extreme, 


Intel Core 2 Duo processors, Intel Pentium dual-core processors 


06_1CH 45 nm Intel Atom® processors 
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Offset Register Writable? 
(Added to SMBASE + 8000H) 
7FF8H CRO No 
7FFOH CR3 No 
7FE8H RFLAGS Yes 
7FEOH IA32_EFER Yes 
7FD8H RIP Yes 
7FDOH DR6 No 
7FC8H DR7 No 
7FC4H TR SEL! No 
7FCOH LDTR SEL! No 
7FBCH Gs seu! No 
7FB8H FS SEL! No 
7FB4H Ds SEL! No 
7FBOH SS SEL! No 
7FACH cs Se! No 
7FA8H ES SEL! No 
7FA4H IO_MISC No 
7F9CH IO_MEM_ADDR No 
7F94H RDI Yes 
7F8CH RSI Yes 
7F84H RBP Yes 
7F7CH RSP Yes 
7F74H RBX Yes 
7F6CH RDX Yes 
7F64H RCX Yes 
7F5CH RAX Yes 
7F54H R8 Yes 
7F4CH RO Yes 
7F44H R10 Yes 
7F3CH R11 Yes 
7F34H R12 Yes 
7F2CH R13 Yes 
7F24H R14 Yes 
7F1CH R15 Yes 
7F1BH-7FO4H Reserved No 
7F02H Auto HALT Restart Field (Word) Yes 
7FOOH I/O Instruction Restart Field (Word) Yes 
7EFCH SMM Revision Identifier Field (Doubleword) No 
7EF8H SMBASE Field (Doubleword) Yes 
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Table 31-3. SMRAM State Save Map for Intel 64 Architecture (Contd.) 


NOTE: 


1. The two most significant bytes are reserved. 


31.4.2 © SMRAM Caching 


An IA-32 processor does not automatically write back and invalidate its caches before entering SMM or before 


exiting SMM. Because of this behavior, care must be taken in the placement of the SMRAM in system memory and 


Offset Register Writable? 
(Added to SMBASE + 8000H) 
7EF7H - 7EE4H Reserved No 
7EEOH Setting of “enable EPT” VM-execution control No 
7€D8H Value of EPTP VM-execution control field No 
7€D7H - 7ECCOH Reserved No 
7EC8H SSP Yes 
7EC7H - 7EAOH Reserved No 
7E9CH LDT Base (lower 32 bits) No 
7€98H Reserved No 
7E94H IDT Base (lower 32 bits) No 
7€90H Reserved No 
7E8CH GDT Base (lower 32 bits) No 
7E8BH - 7E48H Reserved No 
7E40H CR4 (64 bits) No 
7€3FH - 7DFOH Reserved No 
7DE8H IO_RIP Yes 
7DE7H - 7DDCH Reserved No 
7DD8H IDT Base (Upper 32 bits) No 
7DD4H LDT Base (Upper 32 bits) No 
7DDOH GDT Base (Upper 32 bits) No 
7DCFH - 7COOH Reserved No 


in the caching of the SMRAM to prevent cache incoherence when switching back and forth between SMM and 


protected mode operation. Any of the following three methods of locating the SMRAM in system memory will guar- 


antee cache coherency. 


¢ Place the SMRAM in a dedicated section of system memory that the operating system and applications are 
prevented from accessing. Here, the SMRAM can be designated as cacheable (WB, WT, or WC) for optimum 


processor performance, without risking cache incoherence when entering or exiting SMM. 


¢ Place the SMRAM ina section of memory that overlaps an area used by the operating system (such as the video 
memory), but designate the SMRAM as uncacheable (UC). This method prevents cache access when in SMM to 


maintain cache coherency, but the use of uncacheable memory reduces the performance of SMM code. 


¢ Place the SMRAM in a section of system memory that overlaps an area used by the operating system and/or 


application code, but explicitly flush (write back and invalidate) the caches upon entering and exiting SMM 
mode. This method maintains cache coherency, but incurs the overhead of two complete cache flushes. 


For Pentium 4, Intel Xeon, and P6 family processors, a combination of the first two methods of locating the SMRAM 


is recommended. Here the SMRAM is split between an overlapping and a dedicated region of memory. Upon 


entering SMM, the SMRAM space that is accessed overlaps video memory (typically located in low memory). This 
SMRAM section is designated as UC memory. The initial SMM code then jumps to a second SMRAM section that is 
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located in a dedicated region of system memory (typically in high memory). This SMRAM section can be cached for 
optimum processor performance. 


For systems that explicitly flush the caches upon entering SMM (the third method described above), the cache flush 
can be accomplished by asserting the FLUSH# pin at the same time as the request to enter SMM (generally initi- 
ated by asserting the SMI# pin). The priorities of the FLUSH# and SMI¥# pins are such that the FLUSH# is serviced 
first. To guarantee this behavior, the processor requires that the following constraints on the interaction of FLUSH# 
and SMI# be met. In a system where the FLUSH# and SMI# pins are synchronous and the set up and hold times 
are met, then the FLUSH# and SMI# pins may be asserted in the same clock. In asynchronous systems, the 
FLUSH# pin must be asserted at least one clock before the SMI# pin to guarantee that the FLUSH# pin is serviced 
first. 


Upon leaving SMM (for systems that explicitly flush the caches), the WBINVD instruction should be executed prior 
to leaving SMM to flush the caches. 


NOTES 


In systems based on the Pentium processor that use the FLUSH# pin to write back and invalidate 
cache contents before entering SMM, the processor will prefetch at least one cache line in between 
when the Flush Acknowledge cycle is run and the subsequent recognition of SMI# and the assertion 
of SMIACT#. 

It is the obligation of the system to ensure that these lines are not cached by returning KEN# 
inactive to the Pentium processor. 


31.4.2.1 System Management Range Registers (SMRR) 


SMI handler code and data stored by SMM code resides in SMRAM. The SMRR interface is an enhancement in Intel 
64 architecture to limit cacheable reference of addresses in SMRAM to code running in SMM. The SMRR interface 
can be configured only by code running in SMM. Details of SMRR is described in Section 11.11.2.4. 


31.5 SMIHANDLER EXECUTION ENVIRONMENT 


Section 31.5.1 describes the initial execution environment for an SMI handler. An SMI handler may re-configure its 
execution environment to other supported operating modes. Section 31.5.2 discusses modifications an SMI 
handler can make to its execution environment. Section 31.5.3 discusses Control-flow Enforcement Technology 
(CET) interactions in the environment. 


31.5.1 Initial SMM Execution Environment 


After saving the current context of the processor, the processor initializes its core registers to the values shown in 
Table 31-4. Upon entering SMM, the PE and PG flags in control register CRO are cleared, which places the processor 
in an environment similar to real-address mode. The differences between the SMM execution environment and the 
real-address mode execution environment are as follows: 


° The addressable address space ranges from 0 to FFFFFFFFH (4 GBytes). 
¢ The normal 64-KByte segment limit for real-address mode is increased to 4 GBytes. 


° The default operand and address sizes are set to 16 bits, which restricts the addressable SMRAM address space 
to the 1-MByte real-address mode limit for native real-address-mode code. However, operand-size and 
address-size override prefixes can be used to access the address space beyond the 1-MByte. 


Table 31-4. Processor Register Initialization in SMM 


Register Contents 

General-purpose registers Undefined 

EFLAGS 00000002H 

EIP 00008000H 

CS selector SMM Base shifted right 4 bits (default 3000H) 
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Table 31-4. Processor Register Initialization in SMM 


CS base SMM Base (default 30000H) 

DS, ES, FS, GS, SS Selectors 0000H 

DS, ES, FS, GS, SS Bases 000000000H 

DS, ES, FS, GS, SS Limits OFFFFFFFFH 

CRO PE, EM, TS, and PG flags set to 0; others unmodified 
CR4 Cleared to zero 

DR6 Undefined 

DR7 00000400H 


¢ Near jumps and calls can be made to anywhere in the 4-GByte address space if a 32-bit operand-size override 
prefix is used. Due to the real-address-mode style of base-address formation, a far call or jump cannot transfer 
control to a segment with a base address of more than 20 bits (1 MByte). However, since the segment limit in 
SMM is 4 GBytes, offsets into a segment that go beyond the 1-MByte limit are allowed when using 32-bit 
operand-size override prefixes. Any program control transfer that does not have a 32-bit operand-size override 
prefix truncates the EIP value to the 16 low-order bits. 


* Data and the stack can be located anywhere in the 4-GByte address space, but can be accessed only with a 32- 
bit address-size override if they are located above 1 MByte. As with the code segment, the base address for a 
data or stack segment cannot be more than 20 bits. 


The value in segment register CS is automatically set to the default of 30000H for the SMBASE shifted 4 bits to the 
right; that is, 3000H. The EIP register is set to 8000H. When the EIP value is added to shifted CS value (the 
SMBASE), the resulting linear address points to the first instruction of the SMI handler. 


The other segment registers (DS, SS, ES, FS, and GS) are cleared to 0 and their segment limits are set to 4 GBytes. 
In this state, the SMRAM address space may be treated as a single flat 4-GByte linear address space. If a segment 
register is loaded with a 16-bit value, that value is then shifted left by 4 bits and loaded into the segment base 
(hidden part of the segment register). The limits and attributes are not modified. 


Maskable hardware interrupts, exceptions, NMI interrupts, SMI interrupts, A20M interrupts, single-step traps, 
breakpoint traps, and INIT operations are inhibited when the processor enters SMM. Maskable hardware interrupts, 
exceptions, single-step traps, and breakpoint traps can be enabled in SMM if the SMM execution environment 
provides and initializes an interrupt table and the necessary interrupt and exception handlers (see Section 31.6). 


31.5.2 SMI Handler Operating Mode Switching 


Within SMM, an SMI handler may change the processor's operating mode (e.g., to enable PAE paging, enter 64-bit 
mode, etc.) after it has made proper preparation and initialization to do so. For example, if switching to 32-bit 
protected mode, the SMI handler should follow the guidelines provided in Chapter 9, “Processor Management and 
Initialization”. If the SMI handler does wish to change operating mode, it is responsible for executing the appro- 
priate mode-transition code after each SMI. 


It is recommended that the SMI handler make use of all means available to protect the integrity of its critical code 
and data. In particular, it should use the system-management range register (SMRR) interface if it is available (see 
Section 11.11.2.4). The SMRR interface can protect only the first 4 GBytes of the physical address space. The SMI 
handler should take that fact into account if it uses operating modes that allow access to physical addresses beyond 
that 4-GByte limit (e.g. PAE paging or 64-bit mode). 


Execution of the RSM instruction restores the pre-SMI processor state from the SMRAM state-state map (see 
Section 31.4.1) into which it was stored when the processor entered SMM. (The SMBASE field in the SMRAM state- 
save map does not determine the state following RSM but rather the initial environment following the next entry to 
SMM.) Any required change to operating mode is performed by the RSM instruction; there is no need for the SMI 
handler to change modes explicitly prior to executing RSM. 
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31.5.3. Control-flow Enforcement Technology Interactions 


On processors that support CET shadow stacks, when the processor enters SMM, the processor saves the SSP 
register to the SMRAM state save area (see Table 31-3) and clears CR4.CET to 0. Thus, the initial execution envi- 
ronment of the SMI handler has CET disabled and all of the CET state of the interrupted program is still in the 
machine. An SMM that uses CET is required to save the interrupted program’s CET state and restore the CET state 
prior to exiting SMM. 


31.6 EXCEPTIONS AND INTERRUPTS WITHIN SMM 


When the processor enters SMM, all hardware interrupts are disabled in the following manner: 


¢ The IF flag in the EFLAGS register is cleared, which inhibits maskable hardware interrupts from being 
generated. 


¢ The TF flag in the EFLAGS register is cleared, which disables single-step traps. 


° Debug register DR7 is cleared, which disables breakpoint traps. (This action prevents a debugger from acciden- 
tally breaking into an SMI handler if a debug breakpoint is set in normal address space that overlays code or 
data in SMRAM.) 


¢ NMI, SMI, and A20M interrupts are blocked by internal SMM logic. (See Section 31.8 for more information 
about how NMIs are handled in SMM.) 


Software-invoked interrupts and exceptions can still occur, and maskable hardware interrupts can be enabled by 
setting the IF flag. Intel recommends that SMM code be written in so that it does not invoke software interrupts 
(with the INT n, INTO, INT1, INT3, or BOUND instructions) or generate exceptions. 


If the SMI handler requires interrupt and exception handling, an SMM interrupt table and the necessary exception 
and interrupt handlers must be created and initialized from within SMM. Until the interrupt table is correctly initial- 
ized (using the LIDT instruction), exceptions and software interrupts will result in unpredictable processor 
behavior. 


The following restrictions apply when designing SMM interrupt and exception-handling facilities: 


° The interrupt table should be located at linear address 0 and must contain real-address mode style interrupt 
vectors (4 bytes containing CS and IP). 


* Due to the real-address mode style of base address formation, an interrupt or exception cannot transfer control 
to a segment with a base address of more that 20 bits. 


e An interrupt or exception cannot transfer control to a segment offset of more than 16 bits (64 KBytes). 


¢ When an exception or interrupt occurs, only the 16 least-significant bits of the return address (EIP) are pushed 
onto the stack. If the offset of the interrupted procedure is greater than 64 KBytes, it is not possible for the 
interrupt/exception handler to return control to that procedure. (One solution to this problem is for a handler 
to adjust the return address on the stack.) 


° The SMBASE relocation feature affects the way the processor will return from an interrupt or exception 
generated while the SMI handler is executing. For example, if the SMBASE is relocated to above 1 MByte, but 
the exception handlers are below 1 MByte, a normal return to the SMI handler is not possible. One solution is 
to provide the exception handler with a mechanism for calculating a return address above 1 MByte from the 16- 
bit return address on the stack, then use a 32-bit far call to return to the interrupted procedure. 


¢ If an SMI handler needs access to the debug trap facilities, it must ensure that an SMM accessible debug 
handler is available and save the current contents of debug registers DRO through DR3 (for later restoration). 
Debug registers DRO through DR3 and DR7 must then be initialized with the appropriate values. 


¢ If an SMI handler needs access to the single-step mechanism, it must ensure that an SMM accessible single- 
step handler is available, and then set the TF flag in the EFLAGS register. 


¢ If the SMI design requires the processor to respond to maskable hardware interrupts or software-generated 
interrupts while in SMM, it must ensure that SMM accessible interrupt handlers are available and then set the 
IF flag in the EFLAGS register (using the STI instruction). Software interrupts are not blocked upon entry to 
SMM, so they do not need to be enabled. 
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31.7. MANAGING SYNCHRONOUS AND ASYNCHRONOUS 
SYSTEM MANAGEMENT INTERRUPTS 


When coding for a multiprocessor system or a system with Intel HT Technology, it was not always possible for an 
SMI handler to distinguish between a synchronous SMI (triggered during an I/O instruction) and an asynchronous 
SMI. To facilitate the discrimination of these two events, incremental state information has been added to the SMM 


state save map. 
Processors that have an SMM revision ID of 30004H or higher have the incremental state information described 
below. 


31.7.1. 1/0 State Implementation 


Within the extended SMM state save map, a bit (IO_SMI) is provided that is set only when an SMI is either taken 
immediately after a successful I/O instruction or is taken after a successful iteration of a REP I/O instruction (the 
successful notion pertains to the processor point of view; not necessarily to the corresponding platform function). 
When set, the IO_SMI bit provides a strong indication that the corresponding SMI was synchronous. In this case, 
the SMM State Save Map also supplies the port address of the I/O operation. The IO_SMI bit and the I/O Port 
Address may be used in conjunction with the information logged by the platform to confirm that the SMI was 
indeed synchronous. 

The IO_SMI bit by itself is a strong indication, not a guarantee, that the SMI is synchronous. This is because an 
asynchronous SMI might coincidentally be taken after an I/O instruction. In such a case, the IO_SMI bit would still 
be set in the SMM state save map. 

Information characterizing the I/O instruction is saved in two locations in the SMM State Save Map (Table 31-5). 
The IO_SMI bit also serves as a valid bit for the rest of the I/O information fields. The contents of these I/O infor- 
mation fields are not defined when the IO_SMI bit is not set. 


Table 31-5. 1/0 Instruction Information in the SMM State Save Map 


State (SMM Rev. ID: 30004H or higher) Format 
31 16 15 8 7 4 3 1 0 
I/O State Field S © S S So 
SMRAM offset 7FA4 a © a & z 
a S 3 ra = 
o: S 
31 0 
I/O Memory Address Field I/O Memory Address 
SMRAM offset 7FAO 
When IO_SM is set, the other fields may be interpreted as follows: 
¢ 1/0 length: 
* 001 - Byte 
¢ 010 - Word 


¢ 100 - Dword 
¢ J/O instruction type (Table 31-6) 


Table 31-6. I/O Instruction Type Encodings 


Instruction Encoding 
IN Immediate 1001 
IN DX 0001 
OUT Immediate 1000 
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Table 31-6. I/O Instruction Type Encodings (Contd.) 


Instruction Encoding 
OUT DX 0000 
INS 0011 
OUTS 0010 
REP INS 0111 
REP OUTS 0110 


31.8 NMIHANDLING WHILE IN SMM 


NMI interrupts are blocked upon entry to the SMI handler. If an NMI request occurs during the SMI handler, it is 
latched and serviced after the processor exits SMM. Only one NMI request will be latched during the SMI handler. 
If an NMI request is pending when the processor executes the RSM instruction, the NMI is serviced before the next 
instruction of the interrupted code sequence. This assumes that NMIs were not blocked before the SMI occurred. If 
NMIs were blocked before the SMI occurred, they are blocked after execution of RSM. 


Although NMI requests are blocked when the processor enters SMM, they may be enabled through software by 
executing an IRET instruction. If the SMI handler requires the use of NMI interrupts, it should invoke a dummy 
interrupt service routine for the purpose of executing an IRET instruction. Once an IRET instruction is executed, 
NMI interrupt requests are serviced in the same “real mode” manner in which they are handled outside of SMM. 


Also, for the Pentium processor, exceptions that invoke a trap or fault handler will enable NMI interrupts from inside 
of SMM. This behavior is implementation specific for the Pentium processor and is not part of the IA-32 architec- 
ture. 


31.9 SMM REVISION IDENTIFIER 


The SMM revision identifier field is used to indicate the version of SMM and the SMM extensions that are supported 
by the processor (see Figure 31-2). The SMM revision identifier is written during SMM entry and can be examined 
in SMRAM space at offset 7EFCH. The lower word of the SMM revision identifier refers to the version of the base 
SMM architecture. 


Register Offset 

7EFCH 

31 18171615 0 
Reserved SMM Revision Identifier 


SMBASE Relocation 
1/O Instruction Restart 


Figure 31-2. SMM Revision Identifier 


The upper word of the SMM revision identifier refers to the extensions available. If the I/O instruction restart flag 
(bit 16) is set, the processor supports the I/O instruction restart (see Section 31.12); if the SMBASE relocation flag 
(bit 17) is set, SMRAM base address relocation is supported (see Section 31.11). 
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31.10 AUTO HALT RESTART 


If the processor is in a HALT state (due to the prior execution of a HLT instruction) when it receives an SMI, the 
processor records the fact in the auto HALT restart flag in the saved processor state (see Figure 31-3). (This flag is 
located at offset 7FO2H and bit 0 in the state save area of the SMRAM.) 


If the processor sets the auto HALT restart flag upon entering SMM (indicating that the SMI occurred when the 
processor was in the HALT state), the SMI handler has two options: 


It can leave the auto HALT restart flag set, which instructs the RSM instruction to return program control to the 
HLT instruction. This option in effect causes the processor to re-enter the HALT state after handling the SMI. 
(This is the default operation. ) 


¢ It can clear the auto HALT restart flag, which instructs the RSM instruction to return program control to the 
instruction following the HLT instruction. 


15 10 


Register Offset 
Reserved 7F02H 


Auto HALT Restart — 


Figure 31-3. Auto HALT Restart Field 


These options are summarized in Table 31-7. If the processor was not in a HALT state when the SMI was received 


(the auto HALT restart flag is cleared), setting the flag to 1 will cause unpredictable behavior when the RSM instruc- 
tion is executed. 


Table 31-7. Auto HALT Restart Flag Values 


Value of Flag After | Value of Flag When Action of Processor When Exiting SMM 

Entry to SMM Exiting SMM 

0) 0) Returns to next instruction in interrupted program or task. 
0 1 Unpredictable. 

1 0 Returns to next instruction after HLT instruction. 

1 1 Returns to HALT state. 


If the HLT instruction is restarted, the processor will generate a memory access to fetch the HLT instruction (if it is 
not in the internal cache), and execute a HLT bus transaction. This behavior results in multiple HLT bus transactions 
for the same HLT instruction. 


31.10.1 Executing the HLT Instruction in SMM 


The HLT instruction should not be executed during SMM, unless interrupts have been enabled by setting the IF flag 
in the EFLAGS register. If the processor is halted in SMM, the only event that can remove the processor from this 
state is a maskable hardware interrupt or a hardware reset. 


31.11 SMBASE RELOCATION 


The default base address for the SMRAM is 30000H. This value is contained in an internal processor register called 
the SMBASE register. The operating system or executive can relocate the SMRAM by setting the SMBASE field in the 
saved state map (at offset 7EF8H) to a new value (see Figure 31-4). The RSM instruction reloads the internal 
SMBASE register with the value in the SMBASE field each time it exits SMM. All subsequent SMI requests will use 
the new SMBASE value to find the starting address for the SMI handler (at SMBASE + 8000H) and the SMRAM state 
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save area (from SMBASE + FEOQOH to SMBASE + FFFFH). (The processor resets the value in its internal SMBASE 
register to 30000H on a RESET, but does not change it on an INIT.) 


31 0 


Register Offset 


SMM Base 7EF8H 


Figure 31-4. SMBASE Relocation Field 


In multiple-processor systems, initialization software must adjust the SMBASE value for each processor so that the 
SMRAM state save areas for each processor do not overlap. (For Pentium and Intel486 processors, the SMBASE 
values must be aligned on a 32-KByte boundary or the processor will enter shutdown state during the execution of 
a RSM instruction.) 


If the SMBASE relocation flag in the SMM revision identifier field is set, it indicates the ability to relocate the 
SMBASE (see Section 31.9). 


31.12 I/O INSTRUCTION RESTART 


If the I/O instruction restart flag in the SMM revision identifier field is set (see Section 31.9), the I/O instruction 
restart mechanism is present on the processor. This mechanism allows an interrupted I/O instruction to be re- 
executed upon returning from SMM mode. For example, if an I/O instruction is used to access a powered-down I/O 
device, a chip set supporting this device can intercept the access and respond by asserting SMI#. This action 
invokes the SMI handler to power-up the device. Upon returning from the SMI handler, the I/O instruction restart 
mechanism can be used to re-execute the I/O instruction that caused the SMI. 


The I/O instruction restart field (at offset 7FOOH in the SMM state-save area, see Figure 31-5) controls I/O instruc- 
tion restart. When an RSM instruction is executed, if this field contains the value FFH, then the EIP register is modi- 
fied to point to the I/O instruction that received the SMI request. The processor will then automatically re-execute 
the I/O instruction that the SMI trapped. (The processor saves the necessary machine state to ensure that re- 
execution of the instruction is handled coherently. ) 


15 0 


F F Register Offset 
I/O Instruction Restart Field 
/O Instruction Restart Fie! 7FOOH 


Figure 31-5. 1/0 Instruction Restart Field 


If the I/O instruction restart field contains the value OOH when the RSM instruction is executed, then the processor 
begins program execution with the instruction following the I/O instruction. (When a repeat prefix is being used, 
the next instruction may be the next I/O instruction in the repeat loop.) Not re-executing the interrupted I/O 
instruction is the default behavior; the processor automatically initializes the I/O instruction restart field to OOH 
upon entering SMM. Table 31-8 summarizes the states of the I/O instruction restart field. 
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Table 31-8. 1/0 Instruction Restart Field Values 


Value of Flag After Value of Flag When Action of Processor When Exiting SMM 
Entry to SMM Exiting SMM 

OOH OOH Does not re-execute trapped I/O instruction. 
OOH FFH Re-executes trapped 1/0 instruction. 


The I/O instruction restart mechanism does not indicate the cause of the SMI. It is the responsibility of the SMI 
handler to examine the state of the processor to determine the cause of the SMI and to determine if an I/O instruc- 
tion was interrupted and should be restarted upon exiting SMM. If an SMI interrupt is signaled on a non-I/O instruc- 
tion boundary, setting the I/O instruction restart field to FFH prior to executing the RSM instruction will likely result 
in a program error. 


31.12.1 Back-to-Back SMI Interrupts When I/O Instruction Restart Is Being Used 


If an SMI interrupt is signaled while the processor is servicing an SMI interrupt that occurred on an I/O instruction 
boundary, the processor will service the new SMI request before restarting the originally interrupted I/O instruc- 
tion. If the I/O instruction restart field is set to FFH prior to returning from the second SMI handler, the EIP will point 
to an address different from the originally interrupted I/O instruction, which will likely lead to a program error. To 
avoid this situation, the SMI handler must be able to recognize the occurrence of back-to-back SMI interrupts when 
1/O instruction restart is being used and ensure that the handler sets the I/O instruction restart field to OOH prior 
to returning from the second invocation of the SMI handler. 


31.13 SMM MULTIPLE-PROCESSOR CONSIDERATIONS 


The following should be noted when designing multiple-processor systems: 
¢ Any processor in a multiprocessor system can respond to an SMM. 
¢ Each processor needs its own SMRAM space. This space can be in system memory or in a separate RAM. 


¢ The SMRAMs for different processors can be overlapped in the same memory space. The only stipulation is that 
each processor needs its own state save area and its own dynamic data storage area. (Also, for the Pentium 
and Intel486 processors, the SMBASE address must be located on a 32-KByte boundary.) Code and static data 
can be shared among processors. Overlapping SMRAM spaces can be done more efficiently with the P6 family 
processors because they do not require that the SMBASE address be on a 32-KByte boundary. 


¢ The SMI handler will need to initialize the SMBASE for each processor. 


* Processors can respond to local SMIs through their SMI# pins or to SMIs received through the APIC interface. 
The APIC interface can distribute SMIs to different processors. 


* Two or more processors can be executing in SMM at the same time. 


¢ When operating Pentium processors in dual processing (DP) mode, the SMIACT# pin is driven only by the MRM 
processor and should be sampled with ADS#. For additional details, see Chapter 14 of the Pentium Processor 
Family User’s Manual, Volume 1. 


SMM is not re-entrant, because the SMRAM State Save Map is fixed relative to the SMBASE. If there is a need to 
support two or more processors in SMM mode at the same time then each processor should have dedicated SMRAM 
spaces. This can be done by using the SMBASE Relocation feature (see Section 31.11). 


31.14 DEFAULT TREATMENT OF SMIS AND SMM WITH VMX OPERATION AND 
SMX OPERATION 


Under the default treatment, the interactions of SMIs and SMM with VMX operation are few. This section details 
those interactions. It also explains how this treatment affects SMX operation. 
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31.14.1 Default Treatment of SMI Delivery 


Ordinary SMI delivery saves processor state into SMRAM and then loads state based on architectural definitions. 
Under the default treatment, processors that support VMX operation perform SMI delivery as follows: 


enter SMM; 
save the following internal to the processor: 
CR4.VMXE 
an indication of whether the logical processor was in VMX operation (root or non-root) 
IF the logical processor is in VMX operation 
THEN 
save current VMCS pointer internal to the processor; 
leave VMX operation; 
save VMx-critical state defined below; 
Fl; 
IF the logical processor supports SMX operation 
THEN 
save internal to the logical processor an indication of whether the Intel® TXT private space is locked; 
IF the TXT private space is unlocked 
THEN lock the TXT private space; 
Fl; 
Fl; 
CR4.VMXE := 0; 
perform ordinary SMI delivery: 
save processor state in SMRAM; 
set processor state to standard SMM values;! 
invalidate linear mappings and combined mappings associated with VPID OOOOH (for all PCIDs); combined mappings for VPID OOOOH 
are invalidated for all EP4TA values (EP4TA is the value of bits 51:12 of EPTP; see Section 28.4); 


The pseudocode above makes reference to the saving of VMX-critical state. This state consists of the following: 
(1) SS.DPL (the current privilege level); (2) RFLAGS.VM2; (3) the state of blocking by STI and by MOV SS (see 
Table 24-3 in Section 24.4.2); (4) the state of virtual-NMI blocking (only if the processor is in VMX non-root oper- 
ation and the “virtual NMIs” VM-execution control is 1); and (5) an indication of whether an MTF VM exit is pending 
(see Section 25.5.2). These data may be saved internal to the processor or in the VMCS region of the current 
VMCS. Processors that do not support SMI recognition while there is blocking by STI or by MOV SS need not save 
the state of such blocking. 


If the logical processor supports the 1-setting of the “enable EPT” VM-execution control and the logical processor 
was in VMX non-root operation at the time of an SMI, it saves the value of that control into bit 0 of the 32-bit field 
at offset SMBASE + 8000H + 7EEOH (SMBASE + FEEOH; see Table 31-3).? If the logical processor was not in VMX 
non-root operation at the time of the SMI, it saves 0 into that bit. If the logical processor saves 1 into that bit (it 
was in VMX non-root operation and the “enable EPT” VM-execution control was 1), it saves the value of the EPT 
pointer (EPTP) into the 64-bit field at offset SMBASE + 8000H + 7ED8H (SMBASE + FED8H). 


Because SMI delivery causes a logical processor to leave VMX operation, all the controls associated with VMX non- 
root operation are disabled in SMM and thus cannot cause VM exits while the logical processor in SMM. 


1. This causes the logical processor to block INIT signals, NMIs, and SMIs. 

2. Section 31.14 and Section 31.15 use the notation RAX, RIP, RSP, RFLAGS, etc. for processor registers because most processors that 
support VMX operation also support Intel 64 architecture. For processors that do not support Intel 64 architecture, this notation 
refers to the 32-bit forms of these registers (EAX, EIP, ESP, EFLAGS, etc.). In a few places, notation such as EAX is used to refer spe- 
cifically to the lower 32 bits of the register. 

3. “Enable EPT” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution controls 
is O, SMI functions as the “enable EPT” /M-execution control were 0. See Section 24.6.2. 
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31.14.2 Default Treatment of RSM 


Ordinary execution of RSM restores processor state from SMRAM. Under the default treatment, processors that 
support VMX operation perform RSM as follows: 


IF VMXE = 1 in CR4 image in SMRAM 
THEN fail and enter shutdown state; 
ELSE 
restore state normally from SMRAM; 
invalidate linear mappings and combined mappings associated with all VPIDs and all PCIDs; combined mappings are invalidated 
for all EP4TA values (EP4TA is the value of bits 51:12 of EPTP; see Section 28.4); 
IF the logical processor supports SMX operation andthe Intel® TXT private space was unlocked at the time of the last SMI (as 


saved) 
THEN unlock the TXT private space; 
Fl; 
CR4.VMXE := value stored internally; 
IF internal storage indicates that the logical processor 
had been in VMX operation (root or non-root) 
THEN 
enter VMX operation (root or non-root); 
restore VMX-critical state as defined in Section 31.14.1; 
set to their fixed values any bits in CRO and CR4 whose values must be fixed in VMX operation (see Section 23.8); 
IF RFLAGS.VM = 0 AND (in VMX root operation OR the “unrestricted guest” VM-execution control is 0)2 
THEN 
CS.RPL := SS.DPL; 
SS.RPL := SS.DPL; 
Fl; 
restore current VMCS pointer; 
Fl; 
leave SMM; 
IF logical processor will be in VMX operation or in SMX operation after RSM 
THEN block AZ0M and leave A20M mode; 
Fl; 
Fl; 


RSM unblocks SMIs. It restores the state of blocking by NMI (see Table 24-3 in Section 24.4.2) as follows: 


¢ If the RSM is not to VMX non-root operation or if the “virtual NMIs” VM-execution control will be 0, the state of 
NMI blocking is restored normally. 


° If the RSM is to VMX non-root operation and the “virtual NMIs” VM-execution control will be 1, NMIs are not 
blocked after RSM. The state of virtual-NMI blocking is restored as part of VMX-critical state. 


INIT signals are blocked after RSM if and only if the logical processor will be in VMX root operation. 


If RSM returns a logical processor to VMX non-root operation, it re-establishes the controls associated with the 
current VMCS. If the “interrupt-window exiting” VM-execution control is 1, a VM exit occurs immediately after RSM 
if the enabling conditions apply. The same is true for the “NMI-window exiting” VM-execution control. Such 

VM exits occur with their normal priority. See Section 25.2. 


If an MTF VM exit was pending at the time of the previous SMI, an MTF VM exit is pending on the instruction 
boundary following execution of RSM. The following items detail the treatment of MTF VM exits that may be 
pending following RSM: 


1. If the RSM is to VMX non-root operation and both the “unrestricted guest” VM-execution control and bit 31 of the primary proces- 
sor-based VM-execution controls will be 1, CRO.PE and CRO.PG retain the values that were loaded from SMRAM regardless of what is 
reported in the capability MSR IA32_VMX_CRO_FIXEDO. 

2. “Unrestricted quest” is a secondary processor-based VM-execution control. If bit 31 of the primary processor-based VM-execution 
controls is 0, VM entry functions as if the “unrestricted quest” VM-execution control were 0. See Section 24.6.2. 
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¢ System-management interrupts (SMIs), INIT signals, and higher priority events take priority over these MTF 
VM exits. These MTF VM exits take priority over debug-trap exceptions and lower priority events. 


° These MTF VM exits wake the logical processor if RSM caused the logical processor to enter the HLT state (see 
Section 31.10). They do not occur if the logical processor just entered the shutdown state. 


31.14.3 Protection of CR4.VMXE in SMM 


Under the default treatment, CR4.VMXE is treated as a reserved bit while a logical processor is in SMM. Any 
attempt by software running in SMM to set this bit causes a general-protection exception. In addition, software 
cannot use VMX instructions or enter VMX operation while in SMM. 


31.14.4 VMXOFF and SMI Unblocking 


The VMXOFF instruction can be executed only with the default treatment (see Section 31.15.1) and only outside 
SMM. If SMIs are blocked when VMXOFF is executed, VMXOFF unblocks them unless 
IA32_SMM_MONITOR_CTLI[bit 2] is 1 (see Section 31.15.5 for details regarding this MSR).! Section 31.15.7 iden- 
tifies a case in which SMIs may be blocked when VMXOFF is executed. 


Not all processors allow this bit to be set to 1. Software should consult the VMX capability MSR IA32_VMX_MISC 
(see Appendix A.6) to determine whether this is allowed. 


31.15 DUAL-MONITOR TREATMENT OF SMis AND SMM 


Dual-monitor treatment is activated through the cooperation of the executive monitor (the VMM that operates 
outside of SMM to provide basic virtualization) and the SMM-transfer monitor (STM; the VMM that operates 
inside SMM—while in VMX operation—to support system-management functions). Control is transferred to the STM 
through VM exits; VM entries are used to return from SMM. 


The dual-monitor treatment may not be supported by all processors. Software should consult the VMX capability 
MSR IA32_VMX_BASIC (see Appendix A.1) to determine whether it is supported. 


31.15.1 Dual-Monitor Treatment Overview 


The dual-monitor treatment uses an executive monitor and an SMM-transfer monitor (STM). Transitions from the 
executive monitor or its guests to the STM are called SMM VM exits and are discussed in Section 31.15.2. SMM 
VM exits are caused by SMIs as well as executions of VMCALL in VMX root operation. The latter allow the executive 
monitor to call the STM for service. 


The STM runs in VMX root operation and uses VMX instructions to establish a VMCS and perform VM entries to its 
own guests. This is done all inside SMM (see Section 31.15.3). The STM returns from SMM, not by using the RSM 
instruction, but by using a VM entry that returns from SMM. Such VM entries are described in Section 31.15.4. 


Initially, there is no STM and the default treatment (Section 31.14) is used. The dual-monitor treatment is not used 
until it is enabled and activated. The steps to do this are described in Section 31.15.5 and Section 31.15.6. 


It is not possible to leave VMX operation under the dual-monitor treatment; VMXOFF will fail if executed. The dual- 
monitor treatment must be deactivated first. The STM deactivates dual-monitor treatment using a VM entry that 
returns from SMM with the “deactivate dual-monitor treatment” VM-entry control set to 1 (see Section 31.15.7). 


The executive monitor configures any VMCS that it uses for VM exits to the executive monitor. SMM VM exits, which 
transfer control to the STM, use a different VMCS. Under the dual-monitor treatment, each logical processor uses 
a separate VMCS called the SMM-transfer VMCS. When the dual-monitor treatment is active, the logical 
processor maintains another VMCS pointer called the SMM-transfer VMCS pointer. The SMM-transfer VMCS 
pointer is established when the dual-monitor treatment is activated. 


1. Setting IA32_SMM_MONITOR_CTL[bit 2] to 1 prevents VMXOFF from unblocking SMIs regardless of the value of the register’s valid 
bit (bit 0). 
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31.15.2 SMM VM Exits 
An SMM VM exit is a VM exit that begins outside SMM and that ends in SMM. 


Unlike other VM exits, SMM VM exits can begin in VMX root operation. SMM VM exits result from the arrival of an 
SMI outside SMM or from execution of VMCALL in VMX root operation outside SMM. Execution of VMCALL in VMX 
root operation causes an SMM VM exit only if the valid bit is set in the IA32_SMM_MONITOR_CTL MSR (see Section 
31.15.5). 


Execution of VMCALL in VMX root operation causes an SMM VM exit even under the default treatment. This SMM 
VM exit activates the dual-monitor treatment (see Section 31.15.6). 


Differences between SMM VM exits and other VM exits are detailed in Sections 31.15.2.1 through 31.15.2.5. 
Differences between SMM VM exits that activate the dual-monitor treatment and other SMM VM exits are described 
in Section 31.15.6. 


31.15.2.1 Architectural State Before a VM Exit 


System-management interrupts (SMIs) that cause SMM VM exits always do so directly. They do not save state to 
SMRAM as they do under the default treatment. 


31.15.2.2 Updating the Current-VMCS and Executive-VMCS Pointers 

SMM VM exits begin by performing the following steps: 

1. The executive-VMCS pointer field in the SMM-transfer VMCS is loaded as follows: 
— Ifthe SMM VM exit commenced in VMX non-root operation, it receives the current-VMCS pointer. 
— Ifthe SMM VM exit commenced in VMX root operation, it receives the VMXON pointer. 

2. The current-VMCS pointer is loaded with the value of the SMM-transfer VMCS pointer. 


The last step ensures that the current VMCS is the SMM-transfer VMCS. VM-exit information is recorded in that 
VMCS, and VM-entry control fields in that VMCS are updated. State is saved into the guest-state area of that VMCS. 
The VM-exit controls and host-state area of that VMCS determine how the VM exit operates. 


31.15.2.3 Recording VM-Exit Information 


SMM VM exits differ from other VM exit with regard to the way they record VM-exit information. The differences 
follow. 


e Exit reason. 


— Bits 15:0 of this field contain the basic exit reason. The field is loaded with the reason for the SMM VM exit: 
I/O SMI (an SMI arrived immediately after retirement of an I/O instruction), other SMI, or VMCALL. See 
Appendix C, “VMX Basic Exit Reasons”. 


— SMM VM exits are the only VM exits that may occur in VMX root operation. Because the SMM-transfer 
monitor may need to know whether it was invoked from VMX root or VMX non-root operation, this 
information is stored in bit 29 of the exit-reason field (see Table 24-17 in Section 24.9.1). The bit is set by 
SMM VM exits from VMX root operation. 


— Ifthe SMM VM exit occurred in VMX non-root operation and an MTF VM exit was pending, bit 28 of the exit- 
reason field is set; otherwise, it is cleared. 


— Bits 27:16 and bits 31:30 are cleared. 


° Exit qualification. For an SMM VM exit due an SMI that arrives immediately after the retirement of an I/O 
instruction, the exit qualification contains information about the I/O instruction that retired immediately before 
the SMI. It has the format given in Table 31-9. 


* Guest linear address. This field is used for VM exits due to SMIs that arrive immediately after the retirement 
of an INS or OUTS instruction for which the relevant segment (ES for INS; DS for OUTS unless overridden by 
an instruction prefix) is usable. The field receives the value of the linear address generated by ES:(E)DI (for 
INS) or segment:(E)SI (for OUTS; the default segment is DS but can be overridden by a segment override 
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Table 31-9. Exit Qualification for SMls That Arrive Immediately After the Retirement of an I/O Instruction 


Bit Position(s) Contents 

2:0 Size of access: 
0 = 1-byte 
1 = 2-byte 
3 = 4-byte 


Other values not used. 


3 Direction of the attempted access (0 = OUT, 1 = IN) 

4 String instruction (0 = not string; 1 = string) 

5 REP prefixed (O = not REP; 1 = REP) 

6 Operand encoding (0 = DX, 1 = immediate) 

15:7 Reserved (cleared to 0) 

31:16 Port number (as specified in the I/O instruction) 

63:32 Reserved (cleared to 0). These bits exist only on processors 


that support Intel 64 architecture. 


prefix) at the time the instruction started. If the relevant segment is not usable, the value is undefined. On 
processors that support Intel 64 architecture, bits 63:32 are clear if the logical processor was not in 64-bit 
mode before the VM exit. 


¢ 1/0 RCX, I/O RSI, I/O RDI, and I/O RIP. For an SMM VM exit due an SMI that arrives immediately after 
the retirement of an I/O instruction, these fields receive the values that were in RCX, RSI, RDI, and RIP, respec- 
tively, before the I/O instruction executed. Thus, the value saved for I/O RIP addresses the I/O instruction. 


31.15.2.4 Saving Guest State 
SMM VM exits save the contents of the SMBASE register into the corresponding field in the guest-state area. 


The value of the VMX-preemption timer is saved into the corresponding field in the guest-state area if the “save 
VMX-preemption timer value” VM-exit control is 1. That field becomes undefined if, in addition, either the SMM 
VM exit is from VMX root operation or the SMM VM exit is from VMX non-root operation and the “activate VMX- 
preemption timer” VM-execution control is 0. 


31.15.2.5 Updating State 


If an SMM VM exit is from VMX non-root operation and the “Intel PT uses guest physical addresses” VM-execution 
control is 1, the IA32_RTIT_CTL MSR is cleared to 00000000_00000000H.! This is done even if the “clear 
IA32_RTIT_CTL” VM-exit control is 0. 


SMM VM exits affect the non-register state of a logical processor as follows: 


¢ SMM VM exits cause non-maskable interrupts (NMIs) to be blocked; they may be unblocked through execution 
of IRET or through a VM entry (depending on the value loaded for the interruptibility state and the setting of 
the “virtual NMIs” VM-execution control). 


¢ SMM VM exits cause SMIs to be blocked; they may be unblocked by a VM entry that returns from SMM (see 
Section 31.15.4). 


1. In this situation, the value of this MSR was saved earlier into the quest-state area. All VM exits save this MSR if the 1-setting of the 
“load IA32_RTIT_CTL” VM-entry control is supported (see Section 27.3.1), which must be the case if the “Intel PT uses guest physi- 
cal addresses” VM-execution control is 1 (see Section 26.2.1.1). 
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SMM VM exits invalidate linear mappings and combined mappings associated with VPID OOOOH for all PCIDs. 
Combined mappings for VPID OOOOH are invalidated for all EP4TA values (EP4TA is the value of bits 51:12 of EPTP; 
see Section 28.4). (Ordinary VM exits are not required to perform such invalidation if the “enable VPID” VM-execu- 
tion control is 1; see Section 27.5.5.) 


31.15.3 Operation of the SMM-Transfer Monitor 


Once invoked, the SMM-transfer monitor (STM) is in VMX root operation and can use VMX instructions to configure 
VMCSs and to cause VM entries to virtual machines supported by those structures. As noted in Section 31.15.1, the 
VMXOFF instruction cannot be used under the dual-monitor treatment and thus cannot be used by the STM. 


The RSM instruction also cannot be used under the dual-monitor treatment. As noted in Section 25.1.3, it causes a 
VM exit if executed in SMM in VMX non-root operation. If executed in VMX root operation, it causes an invalid- 
opcode exception. The STM uses VM entries to return from SMM (see Section 31.15.4). 


31.15.4 VM Entries that Return from SMM 


The SMM-transfer monitor (STM) returns from SMM using a VM entry with the “entry to SMM” VM-entry control 
clear. VM entries that return from SMM reverse the effects of an SMM VM exit (see Section 31.15.2). 


VM entries that return from SMM may differ from other VM entries in that they do not necessarily enter VMX non- 
root operation. If the executive-VMCS pointer field in the current VMCS contains the VMXON pointer, the logical 
processor remains in VMX root operation after VM entry. 


For differences between VM entries that return from SMM and other VM entries see Sections 31.15.4.1 through 
31.15.4.10. 


31.15.4.1 Checks on the Executive-VMCS Pointer Field 


VM entries that return from SMM perform the following checks on the executive-VMCS pointer field in the current 
VMCS: 


¢ Bits 11:0 must be 0. 
* The pointer must not set any bits beyond the processor’s physical-address width.!/2 


¢ The 32 bits located in memory referenced by the physical address in the pointer must contain the processor's 
VMCS revision identifier (see Section 24.2). 


The checks above are performed before the checks described in Section 31.15.4.2 and before any of the following 
checks: 


¢ ‘If the “deactivate dual-monitor treatment” VM-entry control is 0 and the executive-VMCS pointer field does not 
contain the VMXON pointer, the launch state of the executive VMCS (the VMCS referenced by the executive- 
VMCS pointer field) must be launched (see Section 24.11.3). 


° If the “deactivate dual-monitor treatment” VM-entry control is 1, the executive-VMCS pointer field must 
contain the VMXON pointer (see Section 31.15.7).? 


31.15.4.2 Checks on VM-Execution Control Fields 


VM entries that return from SMM differ from other VM entries with regard to the checks performed on the VM- 
execution control fields specified in Section 26.2.1.1. They do not apply the checks to the current VMCS. Instead, 
VM-entry behavior depends on whether the executive-VMCS pointer field contains the VMXON pointer: 


1. Software can determine a processor's physical-address width by executing CPUID with BOOO0008H in EAX. The physical-address 
width is returned in bits 7:0 of EAX. 


2. If 1A32_VMX_BASIC[48] is read as 1, this pointer must not set any bits in the range 63:32; see Appendix A.1. 


3. The STM can determine the VMXON pointer by reading the executive-VMCS pointer field in the current VMCS after the SMM VM exit 
that activates the dual-monitor treatment. 
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¢ If the executive-VMCS pointer field contains the VMXON pointer (the VM entry remains in VMX root operation), 
the checks are not performed at all. 


¢ If the executive-VMCS pointer field does not contain the VMXON pointer (the VM entry enters VMX non-root 
operation), the checks are performed on the VM-execution control fields in the executive VMCS (the VMCS 
referenced by the executive-VMCS pointer field in the current VMCS). These checks are performed after 
checking the executive-VMCS pointer field itself (for proper alignment). 


Other VM entries ensure that, if “activate VMX-preemption timer” VM-execution control is 0, the “save VMX- 
preemption timer value” VM-exit control is also 0. This check is not performed by VM entries that return from SMM. 


31.15.4.3 Checks on VM-Entry Control Fields 


VM entries that return from SMM differ from other VM entries with regard to the checks performed on the VM-entry 
control fields specified in Section 26.2.1.3. 


Specifically, if the executive-VMCS pointer field contains the VMXON pointer (the VM entry remains in VMX root 
operation), the VM-entry interruption-information field must not indicate injection of a pending MTF VM exit (see 
Section 26.6.2). Specifically, the following cannot all be true for that field: 


¢ the valid bit (bit 31) is 1 
¢ the interruption type (bits 10:8) is 7 (other event); and 
¢ the vector (bits 7:0) is 0 (pending MTF VM exit). 


31.15.4.4 Checks on the Guest State Area 


Section 26.3.1 specifies checks performed on fields in the guest-state area of the VMCS. Some of these checks are 
conditioned on the settings of certain VM-execution controls (e.g., “virtual NMIs” or “unrestricted guest”). 

VM entries that return from SMM modify these checks based on whether the executive-VMCS pointer field contains 
the VMXON pointer:! 


¢ If the executive-VMCS pointer field contains the VMXON pointer (the VM entry remains in VMX root operation), 
the checks are performed as all relevant VM-execution controls were 0. (As a result, some checks may not be 
performed at all.) 


e If the executive-VMCS pointer field does not contain the VMXON pointer (the VM entry enters VMX non-root 
operation), this check is performed based on the settings of the VM-execution controls in the executive VMCS 
(the VMCS referenced by the executive-VMCS pointer field in the current VMCS). 


For VM entries that return from SMM, the activity-state field must not indicate the wait-for-SIPI state if the execu- 
tive-VMCS pointer field contains the VMXON pointer (the VM entry is to VMX root operation). 


31.15.4.5 Loading Guest State 
VM entries that return from SMM load the SMBASE register from the SMBASE field. 


VM entries that return from SMM invalidate linear mappings and combined mappings associated with all VPIDs. 
Combined mappings are invalidated for all EP4TA values (EP4TA is the value of bits 51:12 of EPTP; see Section 
28.4). (Ordinary VM entries are required to perform such invalidation only for VPID OOOOH and are not required to 
do even that if the “enable VPID” VM-execution control is 1; see Section 26.3.2.5.) 


31.15.4.6 VMX-Preemption Timer 


A VM entry that returns from SMM activates the VMX-preemption timer only if the executive-VMCS pointer field 
does not contain the VMXON pointer (the VM entry enters VMX non-root operation) and the “activate VMX-preemp- 
tion timer” VM-execution control is 1 in the executive VMCS (the VMCS referenced by the executive-VMCS pointer 
field). In this case, VM entry starts the VMX-preemption timer with the value in the VMX-preemption timer-value 
field in the current VMCS. 


1. The STM can determine the VMXON pointer by reading the executive-VMCS pointer field in the current VMCS after the SMM VM exit 
that activates the dual-monitor treatment. 
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31.15.4.7 Updating the Current-VMCS and SMM-Transfer VMCS Pointers 


Successful VM entries (returning from SMM) load the SMM-transfer VMCS pointer with the current-VMCS pointer. 
Following this, they load the current-VMCS pointer from a field in the current VMCS: 


° If the executive-VMCS pointer field contains the VMXON pointer (the VM entry remains in VMX root operation), 
the current-VMCS pointer is loaded from the VMCS-link pointer field. 


° If the executive-VMCS pointer field does not contain the VMXON pointer (the VM entry enters VMX non-root 
operation), the current-VMCS pointer is loaded with the value of the executive-VMCS pointer field. 


If the VM entry successfully enters VMX non-root operation, the VM-execution controls in effect after the VM entry 
are those from the new current VMCS. This includes any structures external to the VMCS referenced by VM-execu- 
tion control fields. 


The updating of these VMCS pointers occurs before event injection. Event injection is determined, however, by the 
VM-entry control fields in the VMCS that was current when the VM entry commenced. 


31.15.4.8 VM Exits Induced by VM Entry 


Section 26.6.1.2 describes how the event-delivery process invoked by event injection may lead to a VM exit. 
Section 26.7.3 to Section 26.7.7 describe other situations that may cause a VM exit to occur immediately after a 
VM entry. 


Whether these VM exits occur is determined by the VM-execution control fields in the current VMCS. For VM entries 
that return from SMM, they can occur only if the executive-VMCS pointer field does not contain the VMXON pointer 
(the VM entry enters VMX non-root operation). 


In this case, determination is based on the VM-execution control fields in the VMCS that is current after the 

VM entry. This is the VMCS referenced by the value of the executive-VMCS pointer field at the time of the VM entry 
(see Section 31.15.4.7). This VMCS also controls the delivery of such VM exits. Thus, VM exits induced by a 

VM entry returning from SMM are to the executive monitor and not to the STM. 


31.15.4.9 SMI Blocking 


VM entries that return from SMM determine the blocking of system-management interrupts (SMIs) as follows: 


¢ If the “deactivate dual-monitor treatment” VM-entry control is 0, SMIs are blocked after VM entry if and only if 
the bit 2 in the interruptibility-state field is 1. 


e If the “deactivate dual-monitor treatment” VM-entry control is 1, the blocking of SMIs depends on whether the 
logical processor is in SMX operation:! 


— Ifthe logical processor is in SMX operation, SMIs are blocked after VM entry. 
— Ifthe logical processor is outside SMX operation, SMIs are unblocked after VM entry. 


VM entries that return from SMM and that do not deactivate the dual-monitor treatment may leave SMIs blocked. 
This feature exists to allow the STM to invoke functionality outside of SMM without unblocking SMIs. 


31.15.4.10 Failures of VM Entries That Return from SMM 


Section 26.8 describes the treatment of VM entries that fail during or after loading guest state. Such failures record 
information in the VM-exit information fields and load processor state as would be done on a VM exit. The VMCS 
used is the one that was current before the VM entry commenced. Control is thus transferred to the STM and the 
logical processor remains in SMM. 


1. A logical processor is in SMX operation if GETSEC[SEXIT] has not been executed since the last execution of GETSEC[SENTER]. A logi- 
cal processor is outside SMX operation if GETSEC[SENTER] has not been executed or if GETSEC[SEXIT] was executed after the last 
execution of GETSEC[SENTER]. See Chapter 6, “Safer Mode Extensions Reference,” in the Intel® 64 and IA-32 Architectures Soft- 
ware Developer's Manual, Volume 2D. 
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31.15.5 Enabling the Dual-Monitor Treatment 


Code and data for the SMM-transfer monitor (STM) reside in a region of SMRAM called the monitor segment 
(MSEG). Code running in SMM determines the location of MSEG and establishes its content. This code is also 
responsible for enabling the dual-monitor treatment. 


SMM code enables the dual-monitor treatment and specifies the location of MSEG by writing to the 
IA32_SMM_MONITOR_CTL MSR (index 9BH). The MSR has the following format: 


Bit 0 is the register’s valid bit. The STM may be invoked using VMCALL only if this bit is 1. Because VMCALL is 
used to activate the dual-monitor treatment (see Section 31.15.6), the dual-monitor treatment cannot be 
activated if the bit is 0. This bit is cleared when the logical processor is reset. 


Bit 1 is reserved. 


Bit 2 determines whether executions of VMXOFF unblock SMIs under the default treatment of SMIs and SMM. 
Executions of VMXOFF unblock SMIs unless bit 2 is 1 (the value of bit 0 is irrelevant). See Section 31.14.4. 


Certain leaf functions of the GETSEC instruction clear this bit (see Chapter 6, “Safer Mode Extensions 
Reference,” in Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2D). 


Bits 11:3 are reserved. 


Bits 31:12 contain a value that, when shifted left 12 bits, is the physical address of MSEG (the MSEG base 
address). 


Bits 63:32 are reserved. 


The following items detail use of this MSR: 


The IA32_SMM_MONITOR_CTL MSR is supported only on processors that support the dual-monitor treatment.! 
On other processors, accesses to the MSR using RDMSR or WRMSR generate a general-protection fault 
(#GP(0)). 


A write to the IA32_SMM_MONITOR_CTL MSR using WRMSR generates a general-protection fault (#GP(0)) if 
executed outside of SMM or if an attempt is made to set any reserved bit. An attempt to write to the 
IA32_SMM_MONITOR_CTL MSR fails if made as part of a VM exit that does not end in SMM or part of a 

VM entry that does not begin in SMM. 


Reads from the IA32_SMM_MONITOR_CTL MSR using RDMSR are allowed any time RDMSR is allowed. The 
MSR may be read as part of any VM exit. 


The dual-monitor treatment can be activated only if the valid bit in the MSR is set to 1. 


The 32 bytes located at the MSEG base address are called the MSEG header. The format of the MSEG header is 
given in Table 31-10 (each field is 32 bits). 


Table 31-10. Format of MSEG Header 


Byte Offset Field 

0 MSEG-header revision identifier 
4 SMM-transfer monitor features 
8 GDTR limit 

12 GDTR base offset 

16 CS selector 

20 EIP offset 

24 ESP offset 

28 CR3 offset 


1. 


Software should consult the VMX capability MSR I[A32_VMX_BASIC (see Appendix A.1) to determine whether the dual-monitor 
treatment is supported. 
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To ensure proper behavior in VMX operation, software should maintain the MSEG header in writeback cacheable 
memory. Future implementations may allow or require a different memory type.! Software should consult the VMX 
capability MSR IA32_VMX_BASIC (see Appendix A.1). 


SMM code should enable the dual-monitor treatment (by setting the valid bit in IA32_SMM_MONITOR_CTL MSR) 
only after establishing the content of the MSEG header as follows: 


¢ Bytes 3:0 contain the MSEG revision identifier. Different processors may use different MSEG revision identi- 
fiers. These identifiers enable software to avoid using an MSEG header formatted for one processor ona 
processor that uses a different format. Software can discover the MSEG revision identifier that a processor uses 
by reading the VMX capability MSR IA32_VMX_MISC (see Appendix A.6). 


° Bytes 7:4 contain the SMM-transfer monitor features field. Bits 31:1 of this field are reserved and must be 
zero. Bit O of the field is the IA-32e mode SMM feature bit. It indicates whether the logical processor will be 
in IA-32e mode after the STM is activated (see Section 31.15.6). 


¢ Bytes 31:8 contain fields that determine how processor state is loaded when the STM is activated (see Section 
31.15.6.5). SMM code should establish these fields so that activating of the STM invokes the STM’s initialization 
code. 


31.15.6 Activating the Dual-Monitor Treatment 


The dual-monitor treatment may be enabled by SMM code as described in Section 31.15.5. The dual-monitor treat- 
ment is activated only if it is enabled and only by the executive monitor. The executive monitor activates the dual- 
monitor treatment by executing VMCALL in VMX root operation. 


When VMCALL activates the dual-monitor treatment, it causes an SMM VM exit. Differences between this SMM 
VM exit and other SMM VM exits are discussed in Sections 31.15.6.1 through 31.15.6.6. See also “VMCALL—Call to 
VM Monitor” in Chapter 30. 


31.15.6.1 Initial Checks 


An execution of VMCALL attempts to activate the dual-monitor treatment if (1) the processor supports the dual- 
monitor treatment; (2) the logical processor is in VMX root operation; (3) the logical processor is outside SMM and 
the valid bit is set in the IA32_SMM_MONITOR_CTL MSR; (4) the logical processor is not in virtual-8086 mode and 
not in compatibility mode; (5) CPL = 0; and (6) the dual-monitor treatment is not active. 


Such an execution of VMCALL begins with some initial checks. These checks are performed before updating the 
current-VMCS pointer and the executive-VMCS pointer field (see Section 31.15.2.2). 


The VMCS that manages SMM VM exit caused by this VMCALL is the current VMCS established by the executive 
monitor. The VMCALL performs the following checks on the current VMCS in the order indicated: 


1. There must be a current VMCS pointer. 
2. The launch state of the current VMCS must be clear. 


3. Reserved bits in the VM-exit controls in the current VMCS must be set properly. Software may consult the VMX 
capability MSR IA32_VMX_EXIT_CTLS to determine the proper settings (see Appendix A.4). 


If any of these checks fail, subsequent checks are skipped and VMCALL fails. If all these checks succeed, the logical 
processor uses the IA32_SMM_MONITOR_CTL MSR to determine the base address of MSEG. The following checks 
are performed in the order indicated: 


1. The logical processor reads the 32 bits at the base of MSEG and compares them to the processor’s MSEG 
revision identifier. 


1. Alternatively, software may map the MSEG header with the UC memory type; this may be necessary, depending on how memory is 
organized. Doing so is strongly discouraged unless necessary as it will cause the performance of transitions using those structures 
to suffer significantly. In addition, the processor will continue to use the memory type reported in the VMX capability MSR 
IA32_VMX_BASIC with exceptions noted in Appendix A.1. 

2. Software should consult the VMX capability MSR IA32_VMX_BASIC (see Appendix A.1) to determine whether the dual-monitor 
treatment is supported. 
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2. The logical processor reads the SMM-transfer monitor features field: 


— Bit 0 of the field is the IA-32e mode SMM feature bit, and it indicates whether the logical processor will be 
in IA-32e mode after the SMM-transfer monitor (STM) is activated. 


¢ If the VMCALL is executed on a processor that does not support Intel 64 architecture, the IA-32e mode 
SMM feature bit must be 0. 


¢ If the VMCALL is executed in 64-bit mode, the IA-32e mode SMM feature bit must be 1. 
— Bits 31:1 of this field are currently reserved and must be zero. 
If any of these checks fail, subsequent checks are skipped and the VMCALL fails. 


31.15.6.2 Updating the Current-VMCS and Executive-VMCS Pointers 


Before performing the steps in Section 31.15.2.2, SMM VM exits that activate the dual-monitor treatment begin by 
loading the SMM-transfer VMCS pointer with the value of the current-VMCS pointer. 


31.15.6.3 Saving Guest State 


As noted in Section 31.15.2.4, SMM VM exits save the contents of the SMBASE register into the corresponding field 
in the guest-state area. While this is true also for SMM VM exits that activate the dual-monitor treatment, the 
VMCS used for those VM exits exists outside SMRAM. 


The SMM-transfer monitor (STM) can also discover the current value of the SMBASE register by using the RDMSR 
instruction to read the IA32_SMBASE MSR (MSR address 9EH). The following items detail use of this MSR: 


¢ The MSR is supported only if IA32_VMX_MISC[15] = 1 (see Appendix A.6). 


° Awrite to the IA32_SMBASE MSR using WRMSR generates a general-protection fault (#GP(0)). An attempt to 
write to the IA32_SMBASE MSR fails if made as part of a VM exit or part of a VM entry. 


° Aread from the IA32_SMBASE MSR using RDMSR generates a general-protection fault (#GP(0)) if executed 
outside of SMM. An attempt to read from the IA32_SMBASE MSR fails if made as part of a VM exit that does not 
end in SMM. 


31.15.6.4 Saving MSRs 


The VM-exit MSR-store area is not used by SMM VM exits that activate the dual-monitor treatment. No MSRs are 
saved into that area. 


31.15.6.5 Loading Host State 


The VMCS that is current during an SMM VM exit that activates the dual-monitor treatment was established by the 
executive monitor. It does not contain the VM-exit controls and host state required to initialize the STM. For this 
reason, such SMM VM exits do not load processor state as described in Section 27.5. Instead, state is set to fixed 
values or loaded based on the content of the MSEG header (see Table 31-10): 


* CRO is set to as follows: 
— PG, NE, ET, MP, and PE are all set to 1. 
— CD and NW are left unchanged. 
— All other bits are cleared to 0. 
°* CR3 is set as follows: 
— Bits 63:32 are cleared on processors that support IA-32e mode. 


— Bits 31:12 are set to bits 31:12 of the sum of the MSEG base address and the CR3-offset field in the MSEG 
header. 


— Bits 11:5 and bits 2:0 are cleared (the corresponding bits in the CR3-offset field in the MSEG header are 
ignored). 
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— Bits 4:3 are set to bits 4:3 of the CR3-offset field in the MSEG header. 
° CR¢4 is set as follows: 

— MCE, PGE, CET, and PCIDE are cleared. 

— PAE is set to the value of the IA-32e mode SMM feature bit. 


— Ifthe IA-32e mode SMM feature bit is clear, PSE is set to 1 if supported by the processor; if the bit is set, 
PSE is cleared. 


— All other bits are unchanged. 
° DR7 is set to 400H. 
¢ The IA32_DEBUGCTL MSR is cleared to 0O000000_O00000000H. 
° The registers CS, SS, DS, ES, FS, and GS are loaded as follows: 
— All registers are usable. 


— CS.selector is loaded from the corresponding field in the MSEG header (the high 16 bits are ignored), with 
bits 2:0 cleared to O. If the result is OOOOH, CS.selector is set to OOO8H. 


— The selectors for SS, DS, ES, FS, and GS are set to CS.selector+0008H. If the result is OOOOH (if the CS 
selector was FFF8H), these selectors are instead set to OOO8H. 


— The base addresses of all registers are cleared to zero. 
— The segment limits for all registers are set to FFFFFFFFH. 
— The AR bytes for the registers are set as follows: 
¢ CS.Type is set to 11 (execute/read, accessed, non-conforming code segment). 
¢ For SS, DS, ES, FS, and GS, the Type is set to 3 (read/write, accessed, expand-up data segment). 
¢ The S bits for all registers are set to 1. 
¢ The DPL for each register is set to 0. 
¢ The P bits for all registers are set to 1. 


* On processors that support Intel 64 architecture, CS.Lis loaded with the value of the IA-32e mode SMM 
feature bit. 


¢ CS.D is loaded with the inverse of the value of the IA-32e mode SMM feature bit. 
¢ For each of SS, DS, ES, FS, and GS, the D/B bit is set to 1. 
¢ The G bits for all registers are set to 1. 


¢ LDTR is unusable. The LDTR selector is cleared to OOOOH, and the register is otherwise undefined (although the 
base address is always canonical) 


° GDTR.base is set to the sum of the MSEG base address and the GDTR base-offset field in the MSEG header 
(bits 63:32 are always cleared on processors that support IA-32e mode). GDTR. limit is set to the corresponding 
field in the MSEG header (the high 16 bits are ignored). 


¢ IDTR.base is unchanged. IDTR.|limit is cleared to OOOOH. 


° RIP is set to the sum of the MSEG base address and the value of the RIP-offset field in the MSEG header 
(bits 63:32 are always cleared on logical processors that support IA-32e mode). 


® RSP is set to the sum of the MSEG base address and the value of the RSP-offset field in the MSEG header 
(bits 63:32 are always cleared on logical processor that supports IA-32e mode). 


® RFLAGS is cleared, except bit 1, which is always set. 
¢ The logical processor is left in the active state. 
¢ Event blocking after the SMM VM exit is as follows: 
— There is no blocking by STI or by MOV SS. 
— There is blocking by non-maskable interrupts (NMIs) and by SMIs. 
¢ There are no pending debug exceptions after the SMM VM exit. 
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¢ For processors that support IA-32e mode, the IA32_EFER MSR is modified so that LME and LMA both contain 
the value of the IA-32e mode SMM feature bit. 


If any of CR3[63:5], CR4.PAE, CR4.PSE, or IA32_EFER.LMA is changing, the TLBs are updated so that, after 

VM exit, the logical processor does not use translations that were cached before the transition. This is not neces- 
sary for changes that would not affect paging due to the settings of other bits (for example, changes to CR4.PSE if 
IA32_EFER.LMA was 1 before and after the transition). 


31.15.6.6 Loading MSRs 


The VM-exit MSR-load area is not used by SMM VM exits that activate the dual-monitor treatment. No MSRs are 
loaded from that area. 


31.15.7 Deactivating the Dual-Monitor Treatment 


The SMM-transfer monitor may deactivate the dual-monitor treatment and return the processor to default treat- 
ment of SMIs and SMM (see Section 31.14). It does this by executing a VM entry with the “deactivate dual-monitor 
treatment” VM-entry control set to 1. 


As noted in Section 26.2.1.3 and Section 31.15.4.1, an attempt to deactivate the dual-monitor treatment fails in 
the following situations: (1) the processor is not in SMM; (2) the “entry to SMM” VM-entry control is 1; or (3) the 
executive-VMCS pointer does not contain the VMXON pointer (the VM entry is to VMX non-root operation). 


As noted in Section 31.15.4.9, VM entries that deactivate the dual-monitor treatment ignore the SMI bit in the 
interruptibility-state field of the guest-state area. Instead, the blocking of SMIs following such a VM entry depends 
on whether the logical processor is in SMX operation:! 


¢ If the logical processor is in SMX operation, SMIs are blocked after VM entry. SMIs may later be unblocked by 
the VMXOFF instruction (see Section 31.14.4) or by certain leaf functions of the GETSEC instruction (see 
Chapter 6, “Safer Mode Extensions Reference,” in Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 2D). 


¢ If the logical processor is outside SMX operation, SMIs are unblocked after VM entry. 


31.16 SMI AND PROCESSOR EXTENDED STATE MANAGEMENT 


On processors that support processor extended states using XSAVE/XRSTOR (see Chapter 13, “Managing State 
Using the XSAVE Feature Set” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1), 
the processor does not save any XSAVE/XRSTOR related state on an SMI. It is the responsibility of the SMI handler 
code to properly preserve the state information (including CR4.0SXSAVE, XCRO, and possibly processor extended 
states using XSAVE/XRSTOR). Therefore, the SMI handler must follow the rules described in Chapter 13, 
“Managing State Using the XSAVE Feature Set” of the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 1. 


31.17 MODEL-SPECIFIC SYSTEM MANAGEMENT ENHANCEMENT 


This section describes enhancement of system management features that apply only to the 4th generation Intel 
Core processors. These features are model-specific. BIOS and SMM handler must use CPUID to enumerate 
DisplayFamily_DisplayModel signature when programming with these interfaces. 


1. A logical processor is in SMX operation if GETSEC[SEXIT] has not been executed since the last execution of GETSEC[SENTER]. A logi- 
cal processor is outside SMX operation if GETSEC[SENTER] has not been executed or if GETSEC[SEXIT] was executed after the last 
execution of GETSEC[SENTER]. See Chapter 6, “Safer Mode Extensions Reference,” in Intel® 64 and IA-32 Architectures Software 
Developer's Manual, Volume 2B. 
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31.17.1 SMM Handler Code Access Control 


The BIOS may choose to restrict the address ranges of code that SMM handler executes. When SMM handler code 
execution check is enabled, an attempt by the SMM handler to execute outside the ranges specified by SMRR (see 
Section 31.4.2.1) will cause the assertion of an unrecoverable machine check exception (MCE). 


The interface to enable SMM handler code access check resides in a per-package scope model-specific register 
MSR_SMM_FEATURE_CONTROL at address 4E0H. An attempt to access MSR_SMM_FEATURE_CONTROL outside of 
SMM will cause a #GP. Writes to MSR_SMM_FEATURE_CONTROL is further protected by configuration interface of 
MSR_SMM_MCA_CAP at address 17DH. 


Details of the interface of MSR_SMM_FEATURE_CONTROL and MSR_SMM_MCA_CAP are described in Table 2-29 in 
Chapter 2, “Model-Specific Registers (MSRs)” of the Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 4. 


31.17.2 SMI Delivery Delay Reporting 


Entry into the system management mode occurs at instruction boundary. In situations where a logical processor is 
executing an instruction involving a long flow of internal operations, servicing an SMI by that logical processor will 
be delayed. Delayed servicing of SMI of each logical processor due to executing long flows of internal operation in 
a physical processor can be queried via a package-scope register MSR_SMM_DELAYED at address 4E2H. 


The interface to enable reporting of SMI delivery delay due to long internal flows resides in a per-package scope 
model-specific register MSR_SMM_DELAYED. An attempt to access MSR_SMM_DELAYED outside of SMM will cause 
a #GP. Availability to MSR_SMM_DELAYED is protected by configuration interface of MSR_SMM_MCA_CAP at 
address 17DH. 


Details of the interface of MSR_SMM_DELAYED and MSR_SMM_MCA_CAP are described in Table 2-29 in Chapter 2, 
“Model-Specific Registers (MSRs)” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
4. 


31.17.3. Blocked SMI Reporting 


A logical processor may have entered into a state and blocked from servicing other interrupts (including SMI). 
Logical processors in a physical processor that are blocked in serving SMI can be queried in a package-scope 
register MSR_SMM_BLOCKED at address 4E3H. An attempt to access MSR_SMM_BLOCKED outside of SMM will 
cause a #GP. 


Details of the interface of MSR_SMM_BLOCKED is described in Table 2-29 in Chapter 2, “Model-Specific Registers 
(MSRs)” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4. 
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CHAPTER 32 
INTEL® PROCESSOR TRACE 


32.1 OVERVIEW 


Intel® Processor Trace (Intel PT) is an extension of Intel® Architecture that captures information about software 
execution using dedicated hardware facilities that cause only minimal performance perturbation to the software 
being traced. This information is collected in data packets. The initial implementations of Intel PT offer control 
flow tracing, which generates a variety of packets to be processed by a software decoder. The packets include 
timing, program flow information (e.g. branch targets, branch taken/not taken indications) and program-induced 
mode related information (e.g. Intel TSX state transitions, CR3 changes). These packets may be buffered internally 
before being sent to the memory subsystem or other output mechanism available in the platform. Debug software 
can process the trace data and reconstruct the program flow. 


Intel Processor Trace was first introduced in Intel® processors based on Broadwell microarchitecture and Intel 
Atom® processors based on Goldmont microarchitecture. Later generations include additional trace sources, 
including software trace instrumentation using PTWRITE, and Power Event tracing. 


32.1.1 features and Capabilities 


Intel PT’s control flow trace generates a variety of packets that, when combined with the binaries of a program by 
a post-processing tool, can be used to produce an exact execution trace. The packets record flow information such 
as instruction pointers (IP), indirect branch targets, and directions of conditional branches within contiguous code 
regions (basic blocks). 


Intel PT can also be configured to log software-generated packets using PTWRITE, and packets describing 
processor power management events. Further, Precise Event-Based Sampling (PEBS) can be configured to log 
PEBS records in the Intel PT trace; see Section 19.5.5.2. 


In addition, the packets record other contextual, timing, and bookkeeping information that enables both functional 
and performance debugging of applications. Intel PT has several control and filtering capabilities available to 
customize the tracing information collected and to append other processor state and timing information to enable 
debugging. For example, there are modes that allow packets to be filtered based on the current privilege level 
(CPL) or the value of CR3. 


Configuration of the packet generation and filtering capabilities are programmed via a set of MSRs. The MSRs 
generally follow the naming convention of IA32_RTIT_*. The capability provided by these configuration MSRs are 
enumerated by CPUID, see Section 32.3. Details of the MSRs for configuring Intel PT are described in Section 
32.2.8. 


32.1.1.1 Packet Summary 


After a tracing tool has enabled and configured the appropriate MSRs, the processor will collect and generate trace 
information in the following categories of packets (for more details on the packets, see Section 32.4): 
¢ Packets about basic information on program execution; these include: 

— Packet Stream Boundary (PSB) packets: PSB packets act as ‘heartbeats’ that are generated at regular 
intervals (e.g., every 4K trace packet bytes). These packets allow the packet decoder to find the packet 
boundaries within the output data stream; a PSB packet should be the first packet that a decoder looks for 
when beginning to decode a trace. 


— Paging Information Packet (PIP): PIPs record modifications made to the CR3 register. This information, 
along with information from the operating system on the CR3 value of each process, allows the debugger 
to attribute linear addresses to their correct application source. 


— Time-Stamp Counter (TSC) packets: TSC packets aid in tracking wall-clock time, and contain some portion 
of the software-visible time-stamp counter. 


— Core Bus Ratio (CBR) packets: CBR packets contain the core:bus clock ratio. 
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Mini Time Counter (MTC) packets: MTC packets provide periodic indication of the passing of wall-clock time. 


Cycle Count (CYC) packets: CYC packets provide indication of the number of processor core clock cycles 
that pass between packets. 


Overflow (OVF) packets: OVF packets are sent when the processor experiences an internal buffer overflow, 
resulting in packets being dropped. This packet notifies the decoder of the loss and can help the decoder to 
respond to this situation. 


¢ Packets about control flow information: 


Taken Not-Taken (TNT) packets: TNT packets track the “direction” of direct conditional branches (taken or 
not taken). 


Target IP (TIP) packets: TIP packets record the target IP of indirect branches, exceptions, interrupts, and 
other branches or events. These packets can contain the IP, although that IP value may be compressed by 
eliminating upper bytes that match the last IP. There are various types of TIP packets; they are covered in 
more detail in Section 32.4.2.2. 


Flow Update Packets (FUP): FUPs provide the source IP addresses for asynchronous events (interrupt and 
exceptions), as well as other cases where the source address cannot be determined from the binary. 


MODE packets: These packets provide the decoder with important processor execution information so that 
it can properly interpret the dis-assembled binary and trace log. MODE packets have a variety of formats 
that indicate details such as the execution mode (16-bit, 32-bit, or 64-bit). 


¢ Packets inserted by software: 


PTWRITE (PTW) packets: includes the value of the operand passed to the PTWRITE instruction (see 
“PTWRITE - Write Data to a Processor Trace Packet” in Intel® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 2B). 


¢ Packets about processor power management events: 


MWAIT packets: Indicate successful completion of an MWAIT operation to a C-state deeper than CO.0. 
Power State Entry (PWRE) packets: Indicate entry to a C-state deeper than CO.0. 
Power State Exit (PWRX) packets: Indicate exit from a C-state deeper than CO.0, returning to CO. 


Execution Stopped (EXSTOP) packets: Indicate that software execution has stopped, due to events such as 
P-state change, C-state change, or thermal throttling. 


¢ Packets containing groups of processor state values: 


Block Begin Packets (BBP): Indicate the type of state held in the following group. 
Block Item Packets (BIP): Indicate the state values held in the group. 
Block End Packets (BEP): Indicate the end of the current group. 


32.2 INTEL® PROCESSOR TRACE OPERATIONAL MODEL 

This section describes the overall Intel Processor Trace mechanism and the essential concepts relevant to how it 
operates. 

32.2.1 Change of Flow Instruction (COFI) Tracing 


A basic program block is a section of code where no jumps or branches occur. The instruction pointers (IPs) in this 
block of code need not be traced, as the processor will execute them from start to end without redirecting code 
flow. Instructions such as branches, and events such as exceptions or interrupts, can change the program flow. 
These instructions and events that change program flow are called Change of Flow Instructions (COFI). There are 
three categories of COFI: 

°® Direct transfer COFI. 

¢ Indirect transfer COFI. 


° Far transfer COFI. 
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The following subsections describe the COFI events that result in trace packet generation. Table 32-1 lists branch 
instruction by COFI types. For detailed description of specific instructions, see Intel® 64 and IA-32 Architectures 
Software Developer’s Manual. 

Table 32-1. COFI Type for Branch Instructions 
COFI Type Instructions 


Conditional Branch JA, JAE, JB, JBE, JC, JCXZ, JECXZ, JRCXZ, JE, JG, JGE, JL, JLE, JNA, JNAE, JNB, JNBE, JNC, JNE, JNG, JNGE, JNL, 
JNLE, JNO, JNP, JNS, JNZ, JO, JP, JPE, JPO, JS, JZ, LOOP, LOOPE, LOOPNE, LOOPNZ, LOOPZ 


Unconditional Direct Branch | JMP (€9 xx, EB xx), CALL (E8 xx) 
Indirect Branch JMP (FF /4), CALL (FF /2), RET (C3, C2 xx) 


Far Transfers INT1, INT3, INT n, INTO, IRET, IRETD, IRETQ, JMP (EA xx, FF /5), CALL (9A xx, FF /3), RET (CB, CA xx), 
SYSCALL, SYSRET, SYSENTER, SYSEXIT, VMLAUNCH, VMRESUME 


32.2.1.1 Direct Transfer COFI 


Direct Transfer COFI are relative branches. This means that their target is an IP whose offset from the current IP is 
embedded in the instruction bytes. It is not necessary to indicate target of these instructions in the trace output 
since it can be obtained through the source disassembly. Conditional branches need to indicate only whether the 
branch is taken or not. Unconditional branches do not need any recording in the trace output. There are two sub- 
categories: 


¢ Conditional Branch (Jcc, J*CXZ) and LOOP 


To track this type of instruction, the processor encodes a single bit (taken or not taken — TNT) to indicate the 
program flow after the instruction. 


Jcc, J*CXZ, and LOOP can be traced with TNT bits. To improve the trace packet output efficiency, the processor 
will compact several TNT bits into a single packet. 


¢ Unconditional Direct Jumps 


There is no trace output required for direct unconditional jumps (like JMP near relative or CALL near relative) 
since they can be directly inferred from the application assembly. Direct unconditional jumps do not generate a 
TNT bit or a Target IP packet, though TIP.PGD and TIP.PGE packets can be generated by unconditional direct 
jumps that toggle Intel PT enables (see Section 32.2.6). 


32.2.1.2 Indirect Transfer COFI 


Indirect transfer instructions involve updating the IP from a register or memory location. Since the register or 
memory contents can vary at any time during execution, there is no way to know the target of the indirect transfer 
until the register or memory contents are read. As a result, the disassembled code is not sufficient to determine the 
target of this type of COFI. Therefore, tracing hardware must send out the destination IP in the trace packet for 
debug software to determine the target address of the COFI. Note that this IP may be a linear or effective address 
(see Section 32.3.1.1). 


An indirect transfer instruction generates a Target IP Packet (TIP) that contains the target address of the branch. 
There are two sub-categories: 


¢ Near JMP Indirect and Near Call Indirect 


As previously mentioned, the target of an indirect COFI resides in the contents of either a register or memory 
location. Therefore, the processor must generate a packet that includes this target address to allow the 
decoder to determine the program flow. 

° Near RET 
When a CALL instruction executes, it pushes onto the stack the address of the next instruction following the 
CALL. Upon completion of the call procedure, the RET instruction is often used to pop the return address off of 
the call stack and redirect code flow back to the instruction following the CALL. 


A RET instruction simply transfers program flow to the address it popped off the stack. Because a called 
procedure may change the return address on the stack before executing the RET instruction, debug software 
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can be misled if it assumes that code flow will return to the instruction following the last CALL. Therefore, 
even for near RET, a Target IP Packet may be sent. 


— RET Compression 


A special case is applied if the target of the RET is consistent with what would be expected from tracking the 
CALL stack. If it is assured that the decoder has seen the corresponding CALL (with “corresponding” defined 
as the CALL with matching stack depth), and the RET target is the instruction after that CALL, the RET 
target may be “compressed”. In this case, only a single TNT bit of “taken” is generated instead of a Target 
IP Packet. To ensure that the decoder will not be confused in cases of RET compression, only RETs that 
correspond to CALLs which have been seen since the last PSB packet may be compressed in a given logical 
processor. For details, see “Indirect Transfer Compression for Returns (RET)” in Section 32.4.2.2. 


32.2.1.3. Far Transfer COFI 


All operations that change the instruction pointer and are not near jumps are “far transfers”. This includes excep- 
tions, interrupts, traps, TSX aborts, and instructions that do far transfers. 


All far transfers will produce a Target IP (TIP) packet, which provides the destination IP address. For those far 
transfers that cannot be inferred from the binary source (e.g., asynchronous events such as exceptions and inter- 
rupts), the TIP will be preceded by a Flow Update packet (FUP), which provides the source IP address at which the 
event was taken. Table 32-23 indicates exactly which IP will be included in the FUP generated by a far transfer. 


32.2.2 Software Trace Instrumentation with PTWRITE 


PTWRITE provides a mechanism by which software can instrument the Intel PT trace. PTWRITE is a ring3-acces- 
sible instruction that can be passed to a register or memory variable, see “PTWRITE - Write Data to a Processor 
Trace Packet” in Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2B for details. The 
contents of that variable will be used as the payload for the PTW packet (see Table 32-40 “PTW Packet Definition”), 
inserted at the time of PTWRITE retirement, assuming PTWRITE is enabled and all other filtering conditions are 
met. Decode and analysis software will then be able to determine the meaning of the PTWRITE packet based on the 
IP of the associated PTWRITE instruction. 


PTWRITE is enabled via IA32_RTIT_CTL.PTWEn[12] (see Table 32-6). Optionally, the user can use 
IA32_RTIT_CTL.FUPonPTW[5] to enable PTW packets to be followed by FUP packets containing the IP of the asso- 
ciated PTWRITE instruction. Support for PTWRITE is introduced in Intel Atom processors based on the Goldmont 
Plus microarchitecture. 


32.2.3. Power Event Tracing 


Power Event Trace is a capability that exposes core- and thread-level sleep state and power down transition infor- 
mation. When this capability is enabled, the trace will expose information about: 


— Scenarios where software execution stops. 
¢ Due to sleep state entry, frequency change, or other powerdown. 
¢ Includes the IP, when in the tracing context. 
— The requested and resolved hardware thread C-state. 
¢ Including indication of hardware autonomous C-state entry. 
— The last and deepest core C-state achieved during a sleep session. 
— The reason for C-state wake. 


This information is in addition to the bus ratio (CBR) information provided by default after any powerdown, and the 
timing information (TSC, TMA, MTC, CYC) provided during or after a powerdown state. 


Power Event Trace is enabled via IA32_RTIT_CTL.PwrEvtEn[4]. Support for Power Event Tracing is introduced in 
Intel Atom processors based on the Goldmont Plus microarchitecture. 
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32.2.4 Event Tracing 


Event Trace is a capability that exposes details about the asynchronous events, when they are generated, and 
when their corresponding software event handler completes execution. These include: 


¢ Interrupts, including NMI and SMI, including the interrupt vector when defined. 
¢ Faults, exceptions including the fault vector. 
— Page faults additionally include the page fault address, when in context. 
¢ Event handler returns, including IRET and RSM. 
* VM exits and VM entries.! 
— VM exits include the values written to the “exit reason” and “exit qualification” VMCS fields. 
¢ INIT and SIPI events. 
° TSX aborts, including the abort status returned for the RTM instructions. 
¢ Shutdown. 
Additionally, it provides indication of the status of the Interrupt Flag (IF), to indicate when interrupts are masked. 


Event Trace is enabled via IA32_RTIT_CTL.EventEn[31]. Event Trace information is conveyed in Control Flow Event 
(CFE) and Event Data (EVD) packets, as well as the legacy MODE.Exec packet. See Section 32.4.2 for packet 
details. Support for Event Trace is introduced in Intel® processors based on the Gracemont microarchitecture. 


32.2.5 Trace Filtering 


Intel Processor Trace provides filtering capabilities, by which the debug/profile tool can control what code is traced. 


32.2.5.1 Filtering by Current Privilege Level (CPL) 


Intel PT provides the ability to configure a logical processor to generate trace packets only when CPL = 0, when 
CPL > 0, or regardless of CPL. 


CPL filtering ensures that no IPs or other architectural state information associated with the filtered CPL can be 
seen in the log. For example, if the processor is configured to trace only when CPL > 0, and software executes 
SYSCALL (changing the CPL to 0), the destination IP of the SYSCALL will be suppressed from the generated packet 
(see the discussion of TIP.PGD in Section 32.4.2.5). 


It should be noted that CPL is always 0 in real-address mode and that CPL is always 3 in virtual-8086 mode. To 
trace code in these modes, filtering should be configured accordingly. 


When software is executing in a non-enabled CPL, ContextEn is cleared. See Section 32.2.6.1 for details. 


32.2.5.2 Filtering by CR3 


Intel PT supports a CR3-filtering mechanism by which the generation of packets containing architectural states can 
be enabled or disabled based on the value of CR3. A debugger can use CR3 filtering to trace only a single applica- 
tion without context switching the state of the RTIT MSRs. For the reconstruction of traces from software with 
multiple threads, debug software may wish to context-switch for the state of the RTIT MSRs (if the operating 
system does not provide context-switch support) to separate the output for the different threads (see Section 
32.3.5, “Context Switch Consideration”). 


To trace for only a single CR3 value, software can write that value to the IA32_RTIT_CR3_MATCH MSR, and set 
IA32_RTIT_CTL.CR3Filter. When CR3 value does not match IA32_RTIT_CR3_MATCH and IA32_RTIT_CTL.CR3Filter 
is 1, ContextEn is forced to 0, and packets containing architectural states will not be generated. Some other 
packets can be generated when ContextEn is 0; see Section 32.2.6.3 for details. When CR3 does match 
IA32_RTIT_CR3_MATCH (or when IA32_RTIT_CTL.CR3Filter is 0), CR3 filtering does not force ContextEn to 0 
(although it could be 0 due to other filters or modes). 


1. Logging of VMX transitions depends on VMCS configuration, see Section 32.5.1. 
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CR3 matches IA32_RTIT_CR3_MATCH if the two registers are identical for bits 63:12, or 63:5 when in PAE paging 
mode; the lower 5 bits of CR3 and IA32_RTIT_CR3_MATCH are ignored. CR3 filtering is independent of the value of 
CRO.PG. 


When CR3 filtering is in use, PIP packets may still be seen in the log if the processor is configured to trace when 
CPL = 0 (IA32_RTIT_CTL.OS = 1). If not, no PIP packets will be seen. 


32.2.5.3 Filtering by IP 


Trace packet generation with configurable filtering by IP is supported if CPUID.(EAX=14H, ECX=0):EBX[bit 2] = 1. 
Intel PT can be configured to enable the generation of packets containing architectural states only when the 
processor is executing code within certain IP ranges. If the IP is outside of these ranges, generation of some 
packets is blocked. 


IP filtering is enabled using the ADDRn_CFG fields in the IA32_RTIT_CTL MSR (Section 32.2.8.2), where the digit 
'n' is a zero-based number that selects which address range is being configured. Each ADDRn_CFG field configures 
the use of the register pair IA32_RTIT_ADDRn_A and IA32_RTIT_ADDRn_B (Section 32.2.8.5). 
IA32_RTIT_ADDRn_A defines the base and IA32_RTIT_ADDRn_B specifies the limit of the range in which tracing is 
enabled. Thus each range, referred to as the ADDRn range, is defined by [IA32_RTIT_ADDRn_A, 
IA32_RTIT_ADDRn_B]. There can be multiple such ranges, software can query CPUID (Section 32.3.1) for the 
number of ranges supported on a processor. 


Default behavior (ADDRn_CFG=0) defines no IP filter range, meaning FilterEn is always set. In this case code at 
any IP can be traced, though other filters, such as CR3 or CPL, could limit tracing. When ADDRn_CFG is set to 
enable IP filtering (see Section 32.3.1), tracing will commence when a taken branch or event is seen whose target 
address is in the ADDRn range. 


While inside a tracing region and with FilterEn is set, leaving the tracing region may only be detected once a taken 
branch or event with a target outside the range is retired. If an ADDRn range is entered or exited by executing the 
next sequential instruction, rather than by a control flow transfer, FilterEn may not toggle immediately. See Section 
32.2.6.5 for more details on FilterEn. 


Note that these address range base and limit values are inclusive, such that the range includes the first and last 
instruction whose first instruction byte is in the ADDRn range. 


Depending upon processor implementation, IP filtering may be based on linear or effective address. This can cause 
different behavior between implementations if CSbase is not equal to zero or in real mode. See Section 32.3.1.1 for 
details. Software can query CPUID to determine filters are based on linear or effective address (Section 32.3.1). 


Note that some packets, such as MTC (Section 32.3.7) and other timing packets, do not depend on FilterEn. For 
details on which packets depend on FilterEn, and hence are impacted by IP filtering, see Section 32.4.1. 


TraceStop 


The ADDRn ranges can also be configured to cause tracing to be disabled upon entry to the specified region. This is 
intended for cases where unexpected code is executed, and the user wishes to immediately stop generating 
packets in order to avoid overwriting previously written packets. 


The TraceStop mechanism works much the same way that IP filtering does, and uses the same address comparison 
logic. The TraceStop region base and limit values are programmed into one or more ADDRn ranges, but 
IA32_RTIT_CTL.ADDRn_CFG is configured with the TraceStop encoding. Like FilterEn, TraceStop is detected when 
a taken branch or event lands in a TraceStop region. 


Further, TraceStop requires that TriggerEn=1 at the beginning of the branch/event, and ContextEn=1 upon 
completion of the branch/event. When this happens, the CPU will set IA32_RTIT_STATUS.Stopped, thereby 
clearing TriggerEn and hence disabling packet generation. This may generate a TIP.PGD packet with the target IP 
of the branch or event that entered the TraceStop region. Finally, a TraceStop packet will be inserted, to indicate 
that the condition was hit. 


If a TraceStop condition is encountered during buffer overflow (Section 32.3.8), it will not be dropped, but will 
instead be signaled once the overflow has resolved. 


Note that a TraceStop event does not guarantee that all internally buffered packets are flushed out of internal 
buffers. To ensure that this has occurred, the user should clear TraceEn. 


32-6 Vol. 3C 


INTEL® PROCESSOR TRACE 


To resume tracing after a TraceStop event, the user must first disable Intel PT by clearing IA32_RTIT_CTL.TraceEn 
before the IA32_RTIT_STATUS.Stopped bit can be cleared. At this point Intel PT can be reconfigured, and tracing 
resumed. 


Note that the IA32_RTIT_STATUS.Stopped bit can also be set using the ToPA STOP bit. See Section 32.2.7.2. 


IP Filtering Example 


The following table gives an example of IP filtering behavior. Assume that IA32_RTIT_ADDRn_A = the IP of Range- 
Base, and that IA32_RTIT_ADDRn_B = the IP of RangeLimit, while IA32_RTIT_CTL.ADDRn_CFG = Oxi (enable 
ADDRn range as a FilterEn range). 


Table 32-2. IP Filtering Packet Example 


Code Flow Packets 
Bar: TIP.PGE(RangeBase) 
jmp RangeBase // jump into filter range TNT(0) 
BeangE Eee: TIP.PGD(RangeLimit+1) 
jcc Foo // not taken 
add eax, 1 
Foo: 


jmp RangeLimit+1 // jump out of filter range 
RangeLimit: 


jcc Bar 


IP Filtering and TraceStop 


It is possible for the user to configure IP filter range(s) and TraceStop range(s) that overlap. In this case, code 
executing in the non-overlapping portion of either range will behave as would be expected from that range. Code 
executing in the overlapping range will get TraceStop behavior. 


32.2.6 Packet Generation Enable Controls 


Intel Processor Trace includes a variety of controls that determine whether a packet is generated. In general, most 
packets are sent only if Packet Enable (PacketEn) is set. PacketEn is an internal state maintained in hardware in 
response to software configurable enable controls, PacketEn is not visible to software directly. The relationship of 
PacketEn to the software-visible controls in the configuration MSRs is described in this section. 


32.2.6.1 Packet Enable (PacketEn) 


When PacketEn is set, the processor is in the mode that Intel PT is monitoring. PacketEn is composed of other 
states according to this relationship: 


PacketEn := TriggerEn AND ContextEn AND FilterEn AND BranchEn 
These constituent controls are detailed in the following subsections. 


PacketEn ultimately determines when the processor is tracing. When PacketEn is set, all control flow packets are 
enabled. When PacketEn is clear, no control flow packets are generated, though other packets (timing and book- 
keeping packets) may still be sent. See Section 32.2.7 for details of PacketEn and packet generation. 


Note that, on processors that do not support IP filtering (i.e., CPUID.(EAX=14H, ECX=0):EBX[bit 2] = 0), FilterEn 
is treated as always Set. 
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32.2.6.2 Trigger Enable (TriggerEn) 


Trigger Enable (TriggerEn) is the primary indicator that trace packet generation is active. TriggerEn is set when 
IA32_RTIT_CTL.TraceEn is set, and cleared by any of the following conditions: 


¢® TraceEn is cleared by software. 
¢ A TraceStop condition is encountered and IA32_RTIT_STATUS.Stopped is set. 
¢ JTA32_RTIT_STATUS.Error is set due to an operational error (see Section 32.3.10). 


Software can discover the current TriggerEn value by reading the IA32_RTIT_STATUS.TriggerEn bit. When Trig- 
gerEn is clear, tracing is inactive and no packets are generated. 


32.2.6.3 Context Enable (ContextEn) 


Context Enable (ContextEn) indicates whether the processor is in the state or mode that software configured 
hardware to trace. For example, if execution with CPL = 0 code is not being traced (IA32_RTIT_CTL.OS = 0), then 
ContextEn will be 0 when the processor is in CPLO. 


Software can discover the current ContextEn value by reading the IA32_RTIT_STATUS.ContextEn bit. ContextEn is 
defined as follows: 


ContextEn = ! ((IA32_RTIT_CTL.OS = 0 AND CPL = 0) OR 
(IA32_ RTIT _CTL.USER = 0 AND CPL > 0) OR (IS_IN A PRODUCTION ENCLAVE?) OR 
(IA32_RTIT_CTL.CR3Filter = 1 AND IA32 RTIT_CR3_ MATCH does not match CR3) 


If the clearing of ContextEn causes PacketEn to be cleared, a Packet Generation Disable (TIP.PGD) packet is gener- 
ated, but its IP payload is suppressed. If the setting of ContextEn causes PacketEn to be set, a Packet Generation 
Enable (TIP.PGE) packet is generated. 


When ContextEn is 0, control flow packets (TNT, FUP, TIP.*, MODE.*) are not generated, and no Linear Instruction 
Pointers (LIPs) are exposed. However, some packets, such as MTC and PSB (see Section 32.4.2.16 and Section 
32.4.2.17), may still be generated while ContextEn is 0. For details of which packets are generated only when 
ContextEn is set, see Section 32.4.1. 


The processor does not update ContextEn when TriggerEn = 0. 
The value of ContextEn will toggle only when TriggerEn = 1. 


32.2.6.4 Branch Enable (BranchEn) 


This value is based purely on the IJA32_RTIT_CTL.BranchEn value. If BranchEn is not set, then relevant COFI 
packets (TNT, TIP*, FUP, MODE.*) are suppressed. Other packets related to timing (TSC, TMA, MTC, CYC), as well 
as PSB, will be generated normally regardless. Further, PIP and VMCS continue to be generated, as indicators of 
what software is running. 


32.2.6.5 Filter Enable (FilterEn) 


Filter Enable indicates that the Instruction Pointer (IP) is within the range of IPs that Intel PT is configured to watch. 
Software can get the state of Filter Enable by a RDMSR of IA32_RTIT_STATUS.FilterEn. For details on configuration 
and use of IP filtering, see Section 32.2.5.3. 


On clearing of FilterEn that also clears PacketEn, a Packet Generation Disable (TIP.PGD) will be generated, but 
unlike the ContextEn case, the IP payload may not be suppressed. For direct, unconditional branches, as well as for 
indirect branches (including RETs), the PGD generated by leaving the tracing region and clearing FilterEn will 
contain the target IP. This means that IPs from outside the configured range can be exposed in the trace, as long 
as they are within context. 


When FilterEn is 0, control flow packets are not generated (e.g., TNT, TIP). However, some packets, such as PIP, 
MTC, and PSB, may still be generated while FilterEn is clear. For details on packet enable dependencies, see Section 
32.4.1. 


1. Trace packets generation is disabled in a production enclave, see Section 32.2.9.5. See Intel® Software Guard 
Extensions Programming Reference about differences between a production enclave and a debug enclave. 
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After TraceEn is set, FilterEn is set to 1 at all times if there is no IP filter range configured by software 
(IA32_RTIT_CTL.ADDRn_CFG != 1, for all n), or if the processor does not support IP filtering (i.e., 
CPUID.(EAX=14H, ECX=0):EBX[bit 2] = 0). FilterEn will toggle only when TraceEn=1 and ContextEn=1, and when 
at least one range is configured for IP filtering. 


32.2.7. Trace Output 


Intel PT output should be viewed independently from trace content and filtering mechanisms. The options available 
for trace output can vary across processor generations and platforms. 


Trace output is written out using one of the following output schemes, as configured by the ToPA and FabricEn bit 
fields of IA32_RTIT_CTL (see Section 32.2.8.2): 


¢ Asingle, contiguous region of physical address space. 


¢ Acollection of variable-sized regions of physical memory. These regions are linked together by tables of 
pointers to those regions, referred to as Table of Physical Addresses (ToOPA). The trace output stores bypass 
the caches and the TLBs, but are not serializing. This is intended to minimize the performance impact of the 
output. 


¢ A platform-specific trace transport subsystem. 


Regardless of the output scheme chosen, Intel PT stores bypass the processor caches by default. This ensures that 
they don't consume precious cache space, but they do not have the serializing aspects associated with un-cache- 
able (UC) stores. Software should avoid using MTRRs to mark any portion of the Intel PT output region as UC, as 

this may override the behavior described above and force Intel PT stores to UC, thereby incurring severe perfor- 

mance impact. 


There is no guarantee that a packet will be written to memory or other trace endpoint after some fixed number of 
cycles after a packet-producing instruction executes. The only way to assure that all packets generated have 
reached their endpoint is to clear TraceEn and follow that with a store, fence, or serializing instruction; doing so 
ensures that all buffered packets are flushed out of the processor. 


32.2.7.1 Single Range Output 


When IA32_RTIT_CTL.ToPA and IA32_RTIT_CTL.FabricEn bits are clear, trace packet output is sent to a single, 
contiguous memory (or MMIO if DRAM is not available) range defined by a base address in 
IA32_RTIT_OUTPUT_BASE (Section 32.2.8.7) and mask value in IA32_RTIT_OUTPUT_MASK_PTRS (Section 
32.2.8.8). The current write pointer in this range is also stored in IA32_RTIT_OUTPUT_MASK_PTRS. This output 
range is circular, meaning that when the writes wrap around the end of the buffer they begin again at the base 
address. 


This output method is best suited for cases where Intel PT output is either: 
* Configured to be directed to a sufficiently large contiguous region of DRAM. 


* Configured to go to an MMIO debug port, in order to route Intel PT output to a platform-specific trace endpoint 
(e.g., JTAG). In this scenario, a specific range of addresses is written in a circular manner, and SoC will intercept 
these writes and direct them to the proper device. Repeated writes to the same address do not overwrite each 
other, but are accumulated by the debugger, and hence no data is lost by the circular nature of the buffer. 


The processor will determine the address to which to write the next trace packet output byte as follows: 


OutputBase [63:0] := IA32_ RTIT_ OUTPUT BASE[63:0] 

OutputMask [63:0] := ZeroExtend64 (IA32 RTIT OUTPUT MASK PTRS [31:0] ) 

OutputOffset [63:0] := ZeroExtend64 (IA32 RTIT OUTPUT MASK PTRS [63:32] ) 

trace store phys addr := (OutputBase & ~OutputMask) + (OutputOffset & OutputMask) 
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Single-Range Output Errors 


If the output base and mask are not properly configured by software, an operational error (see Section 32.3.10) 
will be signaled, and tracing disabled. Error scenarios with single-range output are: 


° Mask value is non-contiguous. 


IA32_RTIT_OUTPUT_MASK_PTRS.MaskOrTablePointer value has a 0 in a less significant bit position than the 
most significant bit containing a 1. 


¢ Base address and Mask are mis-aligned, and have overlapping bits set. 
IA32_RTIT_OUTPUT_BASE && IA32_RTIT_OUTPUT_MASK_PTRS[31:0] > 0. 
¢ Illegal Output Offset 


IA32_RTIT_OUTPUT_MASK_PTRS.OutputOffset is greater than the mask value 
IA32_RTIT_OUTPUT_MASK_PTRS[31:0]. 


Also note that errors can be signaled due to trace packet output overlapping with restricted memory, see Section 
32.2.7.4. 


32.2.7.2 Table of Physical Addresses (ToPA) 


When IA32_RTIT_CTL.ToPA is set and IA32_RTIT_CTL.FabricEn is clear, the ToPA output mechanism is utilized. The 
ToPA mechanism uses a linked list of tables; see Figure 32-1 for an illustrative example. Each entry in the table 
contains some attribute bits, a pointer to an output region, and the size of the region. The last entry in the table 
may hold a pointer to the next table. This pointer can either point to the top of the current table (for circular array) 
or to the base of another table. The table size is not fixed, since the link to the next table can exist at any entry. 


The processor treats the various output regions referenced by the ToPA table(s) as a unified buffer. This means that 
a single packet may span the boundary between one output region and the next. 


The ToPA mechanism is controlled by three values maintained by the processor: 


° proc_trace_table_base. 
This is the physical address of the base of the current ToPA table. When tracing is enabled, the processor loads 
this value from the IA32_RTIT_OUTPUT_BASE MSR. While tracing is enabled, the processor updates the 
IA32_RTIT_OUTPUT_BASE MSR with changes to proc_trace_table_base, but these updates may not be 
synchronous to software execution. When tracing is disabled, the processor ensures that the MSR contains the 
latest value of proc_trace_table_base. 


* proc_trace_table_offset. 
This indicates the entry of the current table that is currently in use. (This entry contains the address of the 
current output region.) When tracing is enabled, the processor loads the value from bits 31:7 (MaskOrT- 
ableOffset) of the IA32_RTIT_OUTPUT_MASK_PTRS into bits 27:3 of proc_trace_table_offset. While tracing is 
enabled, the processor updates IA32_RTIT_OUTPUT_MASK_PTRS.MaskOrTableOffset with changes to 
proc_trace_table_offset, but these updates may not be synchronous to software execution. When tracing is 
disabled, the processor ensures that the MSR contains the latest value of proc_trace_table_offset. 


° proc_trace_output_offset. 
This a pointer into the current output region and indicates the location of the next write. When tracing is 
enabled, the processor loads this value from bits 63:32 (OutputOffset) of the 
IA32_RTIT_OUTPUT_MASK_PTRS. While tracing is enabled, the processor updates 
IA32_RTIT_OUTPUT_MASK_PTRS.OutputOffset with changes to proc_trace_output_offset, but these updates 
may not be synchronous to software execution. When tracing is disabled, the processor ensures that the MSR 
contains the latest value of proc_trace_output_offset. 
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Figure 32-1 provides an illustration (not to scale) of the table and associated pointers. 


OFF_FFFF _FFFFH 
Physical Memory 


proc_trace_output_offset: IA32_RTIT_OUTPUT_MASK_PTRS.OutputOffset 


TableBaseB 
OutputBaseY 


OutputBaseX |~<@+——— proc_trace_table_offset: 
IA32_RTIT_OUTPUT_MASK_PRS.MaskOrTableOffset<<3 


~«al—— proc_trace_table_base: |A32_RTIT_OUTPUT_BASE 


Figure 32-1. ToPA Memory Illustration 


With the ToPA mechanism, the processor writes packets to the current output region (identified by 
proc_trace_table_base and the proc_trace_table_offset). The offset within that region to which the next byte will 
be written is identified by proc_trace_output_offset. When that region is filled with packet output (thus 
proc_trace_output_offset = RegionSize-1), proc_trace_table_offset is moved to the next ToPA entry, 
proc_trace_output_offset is set to 0, and packet writes begin filling the new output region specified by 
proc_trace_table_offset. 


As packets are written out, each store derives its physical address as follows: 


trace store phys addr := Base address from current ToPA table entry + 
proc _ trace output offset 


Eventually, the regions represented by all entries in the table may become full, and the final entry of the table is 
reached. An entry can be identified as the final entry because it has either the END or STOP attribute. The END 
attribute indicates that the address in the entry does not point to another output region, but rather to another ToPA 
table. The STOP attribute indicates that tracing will be disabled once the corresponding region is filled. See Table 
32-3 and the section that follows for details on STOP. 


When an END entry is reached, the processor loads proc_trace_table_base with the base address held in this END 
entry, thereby moving the current table pointer to this new table. The proc_trace_table_offset is reset to 0, as is 
the proc_trace_output_offset, and packet writes will resume at the base address indicated in the first entry. 


If the table has no STOP or END entry, and trace-packet generation remains enabled, eventually the maximum 
table size will be reached (proc_trace_table_offset = OFFFFFF8H). In this case, the proc_trace_table_offset and 
proc_trace_output_offset are reset to 0 (wrapping back to the beginning of the current table) once the last output 
region is filled. 
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It is important to note that processor updates to the IA32_RTIT_OUTPUT_BASE and 
IA32_RTIT_OUTPUT_MASK_PTRS MSRs are asynchronous to instruction execution. Thus, reads of these MSRs 
while Intel PT is enabled may return stale values. Like all IA32_RTIT_* MSRs, the values of these MSRs should not 
be trusted or saved unless trace packet generation is first disabled by clearing IA32_RTIT_CTL.TraceEn. This 
ensures that the output MSR values account for all packets generated to that point, after which the processor will 
cease updating the output MSR values until tracing resumes. 


The processor may cache internally any number of entries from the current table or from tables that it references 
(directly or indirectly). If tracing is enabled, the processor may ignore or delay detection of modifications to these 
tables. To ensure that table changes are detected by the processor in a predictable manner, software should clear 
TraceEn before modifying the current table (or tables that it references) and only then re-enable packet generation. 


Single Output Region ToPA Implementation 


The first processor generation to implement Intel PT supports only ToPA configurations with a single ToPA entry 
followed by an END entry that points back to the first entry (creating one circular output buffer). Such processors 
enumerate CPUID.(EAX=14H,ECX=0):ECX.MENTRY[bit 1] = 0 and CPUID.(EAX=14H,ECX=0):ECX.TOPAOUT[bit 
Oj] =1. 

If CPUID.(EAX=14H,ECX=0):ECX.MENTRY[bit 1] = 0, ToPA tables can hold only one output entry, which must be 
followed by an END=1 entry which points back to the base of the table. Hence only one contiguous block can be 
used as output. 


The lone output entry can have INT or STOP set, but nonetheless must be followed by an END entry as described 
above. Note that, if INT=1, the PMI will actually be delivered before the region is filled. 


ToPA Table Entry Format 


The format of ToPA table entries is shown in Figure 32-2. The size of the address field is determined by the 
processor’s physical-address width (MAXPHYADDR) in bits, as reported in CPUID.80000008H:EAX[7:0]. 


63 MAXPHYADDR-1 1211 109 65 4 $8 210 
Output Region Base Physical Address 
9:6 Size 
4: STOR 
2: INT Reserved 
0: END 


Figure 32-2. Layout of ToPA Table Entry 


Table 32-3 describes the details of the ToPA table entry fields. If reserved bits are set to 1, an error is signaled. 


Table 32-3. ToPA Table Entry Fields 


ToPA Entry Field Description 

Output Region If END=O, this is the base physical address of the output region specified by this entry. Note that all regions 
Base Physical must be aligned based on their size. Thus a 2M region must have bits 20:12 clear. If the region is not properly 
Address aligned, an operational error will be signaled when the entry is reached. 


If END=1, this is the 4K-aligned base physical address of the next ToPA table (which may be the base of the cur- 
rent table, or the first table in the linked list if a circular buffer is desired). If the processor supports only a single 
ToPA output region (see above), this address must be the value currently in the [A32_RTIT_OUTPUT_BASE 
MSR. 


1. Although WRMSR is a Serializing instruction, the execution of WRMSR that forces packet writes by clearing 
TraceEn does not itself cause these writes to be globally observed. 
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Table 32-3. ToPA Table Entry Fields (Contd.) 
ToPA Entry Field Description 


Size Indicates the size of the associated output region. Encodings are: 

0: 4K, 1: 8K, 2: 16K, 3: 32K, 4: 64K, 5:128K, 6:256K, 7:512K, 
8: 1M, 9: 2M, 10: 4M, 11: 8M, 12:16M, 13:32M, 14:64M, 15:128M 
This field is ignored if END=1. 


STOP When the output region indicated by this entry is filled, software should disable packet generation. This will be 
accomplished by setting [A32_RTIT_STATUS.Stopped, which clears TriggerEn. This bit must be 0 if END=1; oth- 
erwise it is treated as reserved bit violation (see ToPA Errors). 


INT When the output region indicated by this entry is filled, signal Perfmon LVT interrupt. 

Note that if both INT and STOP are set in the same entry, the STOP will happen before the INT. Thus the inter- 
rupt handler should expect that the [A32_RTIT_STATUS.Stopped bit will be set, and will need to be reset before 
tracing can be resumed. 

This bit must be O if END=1; otherwise it is treated as reserved bit violation (see ToPA Errors). 


END If set, indicates that this is an END entry, and thus the address field points to a table base rather than an output 
region base. 

If END=1, INT and STOP must be set to 0; otherwise it is treated as reserved bit violation (see ToPA Errors). The 
Size field is ignored in this case. 

If the processor supports only a single ToPA output region (see above), END must be set in the second table 
entry. 


ToPA STOP 


Each ToPA entry has a STOP bit. If this bit is set, the processor will set the IA32_RTIT_STATUS.Stopped bit when 
the corresponding trace output region is filled. This will clear TriggerEn and thereby cease packet generation. See 
Section 32.2.8.4 for details on IA32_RTIT_STATUS.Stopped. This sequence is known as “ToPA Stop”. 


No TIP.PGD packet will be seen in the output when the ToPA stop occurs, since the disable happens only when the 
region is already full. When this occurs, output ceases after the last byte of the region is filled, which may mean 
that a packet is cut off in the middle. Any packets remaining in internal buffers are lost and cannot be recovered. 


When ToPA stop occurs, the IA32_RTIT_OUTPUT_BASE MSR will hold the base address of the table whose entry 
had STOP=1. IA32_RTIT_OUTPUT_MASK_PTRS.MaskOrTableOffset will hold the index value for that entry, and the 
IA32_RTIT_OUTPUT_MASK_PTRS.OutputOffset should be set to the size of the region minus one. 


Note that this means the offset pointer is pointing to the next byte after the end of the region, a configuration that 
would produce an operational error if the configuration remained when tracing is re-enabled with 
IA32_RTIT_STATUS. Stopped cleared. 


ToPA PMI 


Each ToPA entry has an INT bit. If this bit is set, the processor will signal a performance-monitoring interrupt (PMI) 
when the corresponding trace output region is filled. This interrupt is not precise, and it is thus likely that writes to 
the next region will occur by the time the interrupt is taken. 


The following steps should be taken to configure this interrupt: 


1. Enable PMI via the LVT Performance Monitor register (at MMIO offset 340H in xAPIC mode; via MSR 834H in 
x2APIC mode). See Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3B for more 
details on this register. For ToPA PMI, set all fields to 0, save for the interrupt vector, which can be selected by 
software. 


Set up an interrupt handler to service the interrupt vector that a ToPA PMI can raise. 
Set the interrupt flag by executing STI. 


Set the INT bit in the ToPA entry of interest and enable packet generation, using the ToPA output option. Thus, 
TraceEn=ToPA=1 in the IA32_RTIT_CTL MSR. 


Once the INT region has been filled with packet output data, the interrupt will be signaled. This PMI can be distin- 
guished from others by checking bit 55 (Trace_ToPA_PMI) of the IA32_PERF_GLOBAL_STATUS MSR (MSR 38Eh). 
Once the ToPA PMI handler has serviced the relevant buffer, writing 1 to bit 55 of the MSR at 390H 
(IA32_GLOBAL_STATUS_RESET) clears IA32_PERF_GLOBAL_STATUS.Trace_ToPA_PMI. 
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Intel PT is not frozen on PMI, and thus the interrupt handler will be traced (though filtering can prevent this). The 
Freeze_Perfmon_on_PMI and Freeze_LBRs_on_PMI settings in IA32_DEBUGCTL will be applied on ToPA PMI just as 
on other PMIs, and hence Perfmon counters are frozen. 


Assuming the PMI handler wishes to read any buffered packets for persistent output, or wishes to modify any Intel 
PT MSRs, software should first disable packet generation by clearing TraceEn. This ensures that all buffered packets 
are written to memory and avoids tracing of the PMI handler. The configuration MSRs can then be used to deter- 
mine where tracing has stopped. If packet generation is disabled by the handler, it should then be manually re- 
enabled before the IRET if continued tracing is desired. 


In rare cases, it may be possible to trigger a second ToPA PMI before the first is handled. This can happen if another 
ToPA region with INT=1 is filled before, or shortly after, the first PMI is taken, perhaps due to EFLAGS.IF being 
cleared for an extended period of time. This can manifest in two ways: either the second PMI is triggered before the 
first is taken, and hence only one PMI is taken, or the second is triggered after the first is taken, and thus will be 
taken when the handler for the first completes. Software can minimize the likelihood of the second case by clearing 
TraceEn at the beginning of the PMI handler. Further, it can detect such cases by then checking the Interrupt 
Request Register (IRR) for PMI pending, and checking the ToPA table base and off-set pointers (in 
IA32_RTIT_OUTPUT_BASE and IA32_RTIT_OUTPUT_MASK_PTRS) to see if multiple entries with INT=1 have been 
filled. 


PMI Preservation 


In some cases a TOPA PMI may be taken after completion of an XSAVES instruction that saves Intel PT state, and in 
such cases any modification of Intel PT MSRs within the PMI handler will not persist when the saved Intel PT context 
is later restored with XRSTORS. To account for such a scenario, the PMI Preservation feature has been added. 
Support for this feature is indicated by CPUID.(EAX=14H, ECX=0):EBX[bit 6]. 


When IA32_RTIT_CTL.InjectPsbPmiOnEnable[56] = 1, PMI preservation is enabled. When a ToPA region with 
INT=1 is filled, a PMI is pended and the new IA32_RTIT_STATUS.PendToPAPMI[7] is set to 1. If this bit is set when 
Intel PT is enabled, such that IA32_RTIT_CTL.TraceEn[0] transitions from 0 to 1, a ToPA PMI is pended. This 
behavior ensures that any ToPA PMI that is pended during XSAVES, and hence can't be properly handled, will be re- 
pended when the saved PT state is restored. 


When this feature is enabled, the PMI handler should take the following actions: 


1. Ignore ToPA PMIs that are taken when TraceEn = 0. This indicates that the PMI was pended during Intel PT 
disable, and the PendToPAPMI flag will ensure that the PMI is re-pended once Intel PT is re-enabled in the same 
context. For this reason, the PendToPAPMI bit should be left set to 1. 


2. If TraceEn=1 and the PMI can be properly handled, clear the new PendTopaPMI bit. This will ensure that 
additional, spurious ToPA PMIs are not taken. It is required that PendToPAPMI is cleared before the PMI LVT 
mask is cleared in the APIC, and before any clearing of either LBRS_ FROZEN or COUNTERS_FROZEN in 
IA32_PERF_GLOBAL_STATUS. 


ToPA PMI and Single Output Region ToPA Implementation 


A processor that supports only a single ToPA output region implementation (such that only one output region is 
supported; see above) will attempt to signal a ToPA PMI interrupt before the output wraps and overwrites the top 
of the buffer. To support this functionality, the PMI handler should disable packet generation as soon as possible. 


Due to PMI skid, it is possible that, in rare cases, the wrap will have occurred before the PMI is delivered. Software 
can avoid this by setting the STOP bit in the ToPA entry (see Table 32-3); this will disable tracing once the region is 
filled, and no wrap will occur. This approach has the downside of disabling packet generation so that some of the 
instructions that led up to the PMI will not be traced. If the PMI skid is significant enough to cause the region to fill 
and tracing to be disabled, the PMI handler will need to clear the IA32_RTIT_STATUS. Stopped indication before 
tracing can resume. 
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ToPA PMI and XSAVES/XRSTORS State Handling 


In some cases the ToPA PMI may be taken after completion of an XSAVES instruction that switches Intel PT state, 
and in such cases any modification of Intel PT MSRs within the PMI handler will not persist when the saved Intel PT 
context is later restored with XRSTORS. To account for such a scenario, it is recommended that the Intel PT output 
configuration be modified by altering the ToPA tables themselves, rather than the Intel PT output MSRs. On proces- 
sors that support PMI preservation (CPUID.(EAX=14H, ECX=0):EBX[bit 6] = 1), setting IA32_RTIT_CTL.InjectPsb- 
PmiOnEnable[56] = 1 will ensure that a PMI that is pending at the time PT is disabled will be recorded by setting 

IA32_RTIT_STATUS.PendTopaPMI[7] = 1. A PMI will then be pended when the saved PT context is later restored. 


Table 32-4 depicts a recommended PMI handler algorithm for managing multi-region ToPA output and handling 
ToPA PMIs that may arrive between XSAVES and XRSTORS, if PMI preservation is not in use. This algorithm is flex- 
ible to allow software to choose between adding entries to the current ToPA table, adding a new ToPA table, or using 
the current ToPA table as a circular buffer. It assumes that the ToPA entry that triggers the PMI is not the last entry 
in the table, which is the recommended treatment. 


Table 32-4. Algorithm to Manage Intel PT ToPA PMI and XSAVES/XRSTORS 


Pseudo Code Flow 


IF (IA32_PERF GLOBAL STATUS .ToPA) 
Save IA32_RTIT CTL value; 
IF ( IA32_RTIT CTL.TraceEN ) 
Disable Intel PT by clearing TraceEn; 
FI; 
IF ( there is space available to grow the current ToPA table ) 
Add one or more ToPA entries after the last entry in the ToPA table; 
Point new ToPA entry address field(s) to new output region base(s) ; 
ELSE 
Modify an upcoming ToPA entry in the current table to have END=1; 
IF (output should transition to a new ToPA table ) 
Point the address of the “END=1” entry of the current table to the new table base; 
ELSE 
/* Continue to use the current ToPA table, make a circular. */ 
Point the address of the “END=1"1 entry to the base of the current table; 
odify the ToPA entry address fields for filled output regions to point to new, unused output regions; 
/* Filled regions are those with index in the range of 0 to (IA32_RTIT MASK PTRS.MaskOrTableOffset -1). */ 


FI; 
FI; 
Restore saved IA32_RTIT CTL.value; 
FI; 
ToPA Errors 


When a malformed ToPA entry is found, an operational error results (see Section 32.3.10). A malformed entry 
can be any of the following: 


1. ToPA entry reserved bit violation. 
This describes cases where a bit marked as reserved in Section 32.2.7.2 above is set to 1. 


2. ToPA alignment violation. 
This includes cases where illegal ToPA entry base address bits are set to 1: 


a. ToPA table base address is not 4KB-aligned. The table base can be from a WRMSR to 
IA32_RTIT_OUTPUT_BASE, or from a ToPA entry with END=1. 


b. ToPA entry base address is not aligned to the ToPA entry size (e.g., a 2MB region with base address[20:12] 
not equal to 0), for ToPA entries with END=0O. 


c. TOPA entry base address sets upper physical address bits not supported by the processor. 
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3. Illegal ToPA Output Offset. 
IA32_RTIT_OUTPUT_MASK_PTRS.OutputOffset is greater than or equal to the size of the current ToPA output 
region size. 


4. ToPA rules violations. 
These are similar to ToPA entry reserved bit violations; they are cases when a ToPA entry is encountered with 
illegal field combinations. They include the following: 


a. Setting the STOP or INT bit on an entry with END=1. 

b. Setting the END bit in entry 0 of a ToPA table. 

c. On processors that support only a single ToPA entry (see above), two additional illegal settings apply: 
i) ToPA table entry 1 with END=0O. 
ii) ToPA table entry 1 with base address not matching the table base. 


In all cases, the error will be logged by setting IA32_RTIT_STATUS.Error, thereby disabling tracing when the prob- 
lematic ToPA entry is reached (when proc_trace_table_offset points to the entry containing the error). Any packet 
bytes that are internally buffered when the error is detected may be lost. 


Note that operational errors may also be signaled due to attempts to access restricted memory. See Section 
32.2.7.4 for details. 


A tracing software have a range of flexibility using ToPA to manage the interaction of Intel PT with application 
buffers, see Section 32.4.2.26. 


32.2.7.3 Trace Transport Subsystem 


When IA32_RTIT_CTL.FabricEn is set, the IA32_RTIT_CTL.TOoPA bit is ignored, and trace output is written to the 
trace transport subsystem. The endpoints of this transport are platform-specific, and details of configuration 
options should refer to the specific platform documentation. The FabricEn bit is available to be set if 
CPUID(EAX=14H,ECX=0):EBX[bit 3] = 1. 


32.2.7.4 Restricted Memory Access 


Packet output cannot be directed to any regions of memory that are restricted by the platform. In particular, all 
memory accesses on behalf of packet output are checked against the SMRR regions. If there is any overlap with 
these regions, trace data collection will not function properly. Exact processor behavior is implementation-depen- 
dent; Table 32-5 summarizes several scenarios. 


Table 32-5. Behavior on Restricted Memory Access 


Scenario Description 
ToPA output region | Stores to the restricted memory region will be dropped, and that packet data will be lost. Any attempt to read 
overlaps with from that restricted region will return all 1s. The processor also may signal an error (Section 32.3.10) and dis- 
SMRR able tracing when the output pointer reaches the restricted region. If packet generation remains enabled, then 


packet output may continue once stores are no longer directed to restricted memory (on wrap, or if the output 
region is larger than the restricted memory region). 


ToPA table overlaps | The processor will signal an error (Section 32.3.10) and disable tracing when the ToPA write pointer 
with SMRR (IA32_RTIT_OUTPUT_BASE + proc_trace_table_offset) enters the restricted region. 


It should also be noted that packet output should not be routed to the 4KB APIC MMIO region, as defined by the 
IA32_APIC_BASE MSR. For details about the APIC, refer to Inte/® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3A. No error is signaled for this case. 


Modifications to Restricted Memory Regions 


It is recommended that software disable packet generation before modifying the SMRRs to change the scope of the 
SMRR regions. This is because the processor reserves the right to cache any number of ToPA table entries inter- 
nally, after checking them against restricted memory ranges. Once cached, the entries will not be checked again, 
meaning one could potentially route packet output to a newly restricted region. Software can ensure that any 
cached entries are written to memory by clearing IA32_RTIT_CTL.TraceEn. 
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32.2.8 Enabling and Configuration MSRs 


32.2.8.1 General Considerations 


Trace packet generation is enabled and configured by a collection of model-specific registers (MSRs), which are 
detailed below. Some notes on the configuration MSR behavior: 


If Intel Processor Trace is not supported by the processor (see Section 32.3.1), RDMSR or WRMSR of the 
IA32_RTIT_* MSRs will cause #GP. 


A WRMSR to any of the IA32_RTIT_* configuration MSRs while packet generation is enabled 
(IA32_RTIT_CTL.TraceEn=1) will generate a #GP exception. Packet generation must be disabled before the 
configuration MSRs can be changed. 


Note: Software may write the same value back to IA32_RTIT_CTL without #GP, even if TraceEn=1. 
All configuration MSRs for Intel PT are duplicated per logical processor 


For each configuration MSR, any MSR write that attempts to change bits marked reserved, or utilize encodings 
marked reserved, will cause a #GP fault. 


All configuration MSRs for Intel PT are cleared on a warm or cold RESET. 


— If CPUID.(EAX=14H, ECX=0):EBX[bit 2] = 1, only the TraceEn bit is cleared on warm RESET; though this 
may have the impact of clearing other bits in IA32_RTIT_STATUS. Other MSR values of the trace configu- 
ration MSRs are preserved on warm RESET. 


The semantics of MSR writes to trace configuration MSRs in this chapter generally apply to explicit WRMSR to 
these registers, using VMexit or VM entry MSR load list to these MSRs, XRSTORS with requested feature bit 
map including XSAVE map component of state_8 (corresponding to IA32_XSS[bit 8]), and the write to 
IA32_RTIT_CTL.TraceEn by XSAVES (Section 32.3.5.2). 


32.2.8.2 IA32_RTIT_CTLMSR 


IA32_RTIT_CTL, at address 570H, is the primary enable and control MSR for trace packet generation. Bit positions 
are listed in Table 32-6. 


Table 32-6. |A32_RTIT_CTL MSR 


Position | BitName_ | At Reset Bit Description 


0 TraceEn 0 If 1, enables tracing; else tracing is disabled. 


When this bit transitions from 1 to 0, all buffered packets are flushed out of internal buffers. 
A further store, fence, or architecturally serializing instruction may be required to ensure that 
packet data can be observed at the trace endpoint. See Section 32.2.8.3 for details of 
enabling and disabling packet generation. 


Note that the processor will clear this bit on #SMI (Section 32.2.9.3) and warm reset. Other 
MSR bits of IA32_RTIT_CTL (and other trace configuration MSRs) are not impacted by these 
events. 


1 CYCEn 0 0: Disables CYC Packet (see Section 32.4.2.14). 
1: Enables CYC Packet. 
This bit is reserved if CPUID.(EAX=14H, ECX=0):EBX[bit 1] = 0. 


2 OS 0 0: Packet generation is disabled when CPL = 0. 
1: Packet generation may be enabled when CPL = 0. 
3 User 0 0: Packet generation is disabled when CPL > O. 


1: Packet generation may be enabled when CPL > O. 


4 Pwr€vtEn 0 0: Power Event Trace packets are disabled. 
1: Power Event Trace packets are enabled (see Section 32.2.3, “Power Event Tracing’). 
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Table 32-6. |A32_RTIT_CTL MSR (Contd.) 


Position 


Bit Name 


At Reset 


Bit Description 


5 


FUPonPTW 


0 


0: PTW packets are not followed by FUPs. 
1: PTW packets are followed by FUPs. 
This bit is reserved when CPUID.(EAX=14H, ECX=0):EBX[bit 4] ("PTWRITE Supported”) is 0. 


FabricEn 


0: Trace output is directed to the memory subsystem, mechanism depends on 
IA32_RTIT_CTL.ToPA. 

1: Trace output is directed to the trace transport subsystem, IA32_RTIT_CTL.ToPA is ignored. 
This bit is reserved if CPUID.(EAX=14H, ECX=0):ECX[bit 3] = 0. 


CR3Filter 


0: Disables CR3 filtering. 
1: Enables CR3 filtering. 
This bit is reserved if CPUID.(EAX=14H, ECX=0):EBX[bit 0] (“CR3 Filtering Support’) is 0. 


ToPA 


0: Single-range output scheme enabled if CPUID.(EAX=14H, ECX=0):ECX.SNGLRGNOUT[bit 2] 
= 1 and IA32_RTIT_CTLFabricEn=0. 

1: ToPA output scheme enabled (see Section 32.2.7.2) if CPUID.(EAX=14H, 
ECX=0):ECX.TOPA[bit 0] = 1, and I|A32_RTIT_CTL.FabricEn=0. 

Note: WRMSR to IA32_RTIT_CTL that sets TraceEn but clears this bit and FabricEn would 
cause #CP, if CPUID.(EAX=14H, ECX=0):ECX.SNGLRGNOUT[bit 2] = 0. 

WRMSR to IA32_RTIT_CTL that sets this bit causes #GP, if CPUID.(EAX=14H, 
ECX=0):ECX.TOPA|bit 0] = 0. 


MTCEn 


0: Disables MTC Packet (see Section 32.4.2.16). 
1: Enables MTC Packet. 
This bit is reserved if CPUID.(EAX=14H, ECX=0):EBX[bit 3] = 0. 


TSCEn 


0: Disable TSC packets. 
1: Enable TSC packets (see Section 32.4.2.11). 


DisRETC 


0: Enable RET compression. 
1: Disable RET compression (see Section 32.2.1.2). 


PTWEn 


0: PTWRITE packet generation disabled. 
1: PTWRITE packet generation enabled (see Table 32-40 “PTW Packet Definition’). 
This bit is reserved when CPUID.(EAX=14H, ECX=0):EBX[bit 4] ("PTWRITE Supported”) is 0. 


17:14 


BranchEn 


MTCFreq 


0: Disable COFI-based packets. 
1: Enable COFI-based packets: FUP, TIP, TIP.PGE, TIP.PGD, TNT, MODE.Exec, MODE.TSX. 
See Section 32.2.6.4 for details on BranchEn. 


Defines MTC packet Frequency, which is based on the core crystal clock, or Always Running 

Timer (ART). MTC will be sent each time the selected ART bit toggles. The following Encodings 

are defined: 

0: ART(0), 1: ART(1), 2: ART(2), 3: ART(3), 4: ART(4), 5: ART(5), 6: ART(6), 7: ART(7), 

8: ART(8), 9: ART(9), 10: ART(10), 11: ART(11), 12: ART(12), 13: ART(13), 14: ART(14), 15: 
ART(15) 

Software must use CPUID to query the supported encodings in the processor, see Section 

32.3.1. Use of unsupported encodings will result in a #GP fault. This field is reserved if 

CPUID.(EAX=1 4H, ECX=0):EBX[bit 3] = 0. 


Reserved 


Must be 0. 
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Table 32-6. |A32_RTIT_CTL MSR (Contd.) 


Position 


Bit Name 


At Reset 


Bit Description 


22:19 


CycThresh 


0 


CYC packet threshold, see Section 32.3.6 for details. CYC packets will be sent with the first 
eligible packet after N cycles have passed since the last CYC packet. If CycThresh is O then 
N=0, otherwise N is defined as 2(CY*Thresh-1) The following Encodings are defined: 

0:0, 1:1, 2:2, 3:4, 4:8, 5: 16, 6: 32, 7: 64, 
8:128,9:256, 10:512, 11:1024, 12:2048, 13:4096, 14:8192, 15: 16384 
Software must use CPUID to query the supported encodings in the processor, see Section 
32.3.1. Use of unsupported encodings will result in a #GP fault. This field is reserved if 
CPUID.(EAX=14H, ECX=0):EBX[bit 1] = 0. 


23 


Reserved 


Must be 0. 


27:24 


PSBFreq 


Indicates the frequency of PSB packets. PSB packet frequency is based on the number of Intel 
PT packet bytes output, so this field allows the user to determine the increment of 
IA32_IA32_RTIT_STATUS.PacketByteCnt that should cause a PSB to be generated. Note that 
PSB insertion is not precise, but the average output bytes per PSB should approximate the 
SW selected period. The following Encodings are defined: 

0: 2K, 1: 4K, 2: BK, 3: 16K, 4: 32K, 5: 64K, 6:128K, 7: 256K, 
8:512K,9:1M, 10: 2M, 11: 4M, 12: 8M, 13:16M, 14:32M, 15:64M 
Software must use CPUID to query the supported encodings in the processor, see Section 
32.3.1. Use of unsupported encodings will result in a #GP fault. This field is reserved if 
CPUID.(EAX=1 4H, ECX=0):EBX[bit 1] = 0. 


30:28 


Reserved 


Must be 0. 


31 


EventEn 


0: Event Trace packets are disabled. 
1: Event Trace packets are enabled. 
This bit is reserved when CPUID.(EAX=1 4H, ECX=0):EBX[bit 7] (“Event Trace Supported”) is 0. 


35:32 


39:36 


ADDRO_CFG 


ADDR1_CFG 


Configures the base/limit register pair |A32_RTIT_ADDRO_A/B based on the following 
encodings: 

0: ADDRO range unused. 

1: The [I[A32_RTIT_ADDRO_A..IA32_RTIT_ADDRO_B] range defines a FilterEn range. FilterEn 
will only be set when the IP is within this range, though other FilterEn ranges can additionally 
be used. See Section 32.2.5.3 for details on IP filtering. 


2: The [I[A32_RTIT_ADDRO_A..IA32_RTIT_ADDRO_B] range defines a TraceStop range. 
TraceStop will be asserted if code branches into this range. See 4.2.8 for details on TraceStop. 
3..15: Reserved (#GP). 

This field is reserved if CPUID.(EAX=14H, ECX=1):EBX.RANGECNT[2:0] < 1. 

Configures the base/limit register pair |A32_RTIT_ADDR1_A/B based on the following 
encodings: 

0: ADDR1 range unused. 

1: The [I[A32_RTIT_ADDR1_A..IA32_RTIT_ADDR1_B] range defines a FilterEn range. FilterEn 


will only be set when the IP is within this range, though other FilterEn ranges can additionally 
be used. See Section 32.2.5.3 for details on IP filtering. 


2: The [I[A32_RTIT_ADDR1_A..IA32_RTIT_ADDR1_B] range defines a TraceStop range. 
TraceStop will be asserted if code branches into this range. See Section 32.4.2.10 for details 
on TraceStop. 

3..15: Reserved (#GP). 


This field is reserved if CPUID.(EAX=14H, ECX=1):EBX.RANGECNT[2:0] < 2. 
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Table 32-6. IA32_RTIT_CTL MSR (Contd.) 
Position | BitName | At Reset Bit Description 
43:40 | ADDR2_CFG |0 Configures the base/limit register pair |A32_RTIT_ADDR2_A/B based on the following 
encodings: 
0: ADDR2 range unused. 
1: The [IA32_RTIT_ADDR2_A..IA32_RTIT_ADDR2_B] range defines a FilterEn range. FilterEn 


will only be set when the IP is within this range, though other FilterEn ranges can additionally 
be used. See Section 32.2.5.3 for details on IP filtering. 


2: The [IA32_RTIT_ADDR2_A.1A32_RTIT_ADDR2_B] range defines a TraceStop range. 
TraceStop will be asserted if code branches into this range. See Section 32.4.2.10 for details 
on TraceStop. 

3..15: Reserved (#GP). 


This field is reserved if CPUID.(EAX=14H, ECX=1):EBX.RANGECNT[2:0] < 3. 

47:44 | ADDR3_CFG |0 Configures the base/limit register pair |A32_RTIT_ADDR3_A/B based on the following 
encodings: 

0: ADDR3 range unused. 

1: The [I[A32_RTIT_ADDR3_A..IA32_RTIT_ADDR3_B] range defines a FilterEn range. FilterEn 


will only be set when the IP is within this range, though other FilterEn ranges can additionally 
be used. See Section 32.2.5.3 for details on IP filtering. 


2: The [IA32_RTIT_ADDR3_A..IA32_RTIT_ADDR3_B] range defines a TraceStop range. 
TraceStop will be asserted if code branches into this range. See Section 32.4.2.10 for details 
on TraceStop. 

3..15: Reserved (#GP). 


This field is reserved if CPUID.(EAX=14H, ECX=1):EBX.RANGECNT[2:0] < 4. 


54:48 | Reserved 0 Reserved only for future trace content enables, or address filtering configuration enables. 
Must be 0. 
55 DisTNT 0 QO: Include TNT packets in control flow trace. 


1: Omit TNT packets from control flow trace. 


This bit is reserved when CPUID.(EAX=14H, ECX=0):EBX[bit 8] (“TNT Disable Supported") is 0. 
SeeSection 32.3.9 for details. 


56 InjectPsbPmi | 0 1: Enables use of IA32_RTIT_STATUS bits PendPSB[6] and PendTopaPMI[7], see Section 
On€Enable 32.2.8.4, “IA32_RTIT_STATUS MSR” for behavior of these bits. 
0: IA32_RTIT_STATUS bits 6 and 7 are ignored. 


This field is reserved if CPUID.(EAX=14H, ECX=0):EBX[bit 6] = 0. 


59:57 | Reserved 0 Reserved only for future trace content enables, or address filtering configuration enables. 
Must be 0. 
63:60 | Reserved 0 Must be 0. 


32.2.8.3. Enabling and Disabling Packet Generation with TraceEn 


When TraceEn transitions from 0 to 1, Intel Processor Trace is enabled, and a series of packets may be generated. 
These packets help ensure that the decoder is aware of the state of the processor when the trace begins, and that 
it can keep track of any timing or state changes that may have occurred while packet generation was disabled. A 
full PSB+ (see Section 32.4.2.17) will be generated if IA32_RTIT_STATUS.PacketByteCnt=0, and may be gener- 
ated in other cases as well. Otherwise, timing packets will be generated, including TSC, TMA, and CBR (see Section 
24.14) 


In addition to the packets discussed above, if and when PacketEn (Section 32.2.6.1) transitions from 0 to 1 (which 
may happen immediately, depending on filtering settings), a TIP.PGE packet (Section 32.4.2.3) will be generated. 


When TraceEn is set, the processor may read ToPA entries from memory and cache them internally. For this reason, 
software should disable packet generation before making modifications to the ToPA tables (or changing the config- 
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uration of restricted memory regions). See Section 32.7 for more details of packets that may be generated with 
modifications to TraceEn. 


Disabling Packet Generation 


Clearing TraceEn causes any packet data buffered within the logical processor to be flushed out, after which the 
output MSRs (IA32_RTIT_OUTPUT_BASE and IA32_RTIT_OUTPUT_MASK_PTRS) will have stable values. When 
output is directed to memory, a store, fence, or architecturally serializing instruction may be required to ensure 
that the packet data is globally observed. No special packets are generated by disabling packet generation, though 
a TIP.PGD may result if PacketEn=1 at the time of disable. 


Other Writes to IA32_RTIT_CTL 


Any attempt to modify IA32_RTIT_CTL while TraceEn is set will result in a general-protection fault (#GP) unless the 
same write also clears TraceEn. However, writes to IA32_RTIT_CTL that do not modify any bits will not cause a 
#GP, even if TraceEn remains set. 


32.2.8.4 1IA32_RTIT_STATUS MSR 


The IA32_RTIT_STATUS MSR is readable and writable by software, though some fields cannot be modified by soft- 
ware. See Table 32-7 for details. The WRMSR instruction ignores these bits in the source operand (attempts to 
modify these bits are ignored and do not cause WRMSR to fault). 


This MSR can only be written when IA32_RTIT_CTL.TraceEn is 0; otherwise WRMSR causes a general-protection 
fault (#GP). The processor does not modify the value of this MSR while TraceEn is 0 (software can modify it with 
WRMSR). 


Table 32-7. |A32_RTIT_STATUS MSR 


Position Bit Name At Reset Bit Description 

0 FilterEn 0 This bit is written by the processor, and indicates that tracing is allowed for the current IP, 
see Section 32.2.6.5. Writes are ignored. 

1 ContextEn 0 The processor sets this bit to indicate that tracing is allowed for the current context. See 
Section 32.2.6.3. Writes are ignored. 

2 TriggerEn 0 The processor sets this bit to indicate that tracing is enabled. See Section 32.2.6.2. Writes are 
ignored. 

3 Reserved 0 Must be 0. 

4 Error 0 The processor sets this bit to indicate that an operational error has been encountered. When 


this bit is set, TriggerEn is cleared to 0 and packet generation is disabled. For details, see 
“ToPA Errors” in Section 32.2.7.2. 

When Trace€En is cleared, software can write this bit. Once it is set, only software can clear it. 
It is not recommended that software ever set this bit, except in cases where it is restoring a 
prior saved state. 


5 Stopped 0 The processor Sets this bit to indicate that a ToPA Stop condition has been encountered. 
When this bit is set, TriggerEn is cleared to O and packet generation is disabled. For details, 
see “ToPA STOP" in Section 32.2.7.2. 

When Trace€En is cleared, software can write this bit. Once it is set, only software can clear it. 
It is not recommended that software ever set this bit, except in cases where it is restoring a 
prior saved state. 


6 PendPSB 0 If IA32_RTIT_CTL.InjectPsbPmiOnEnable[56] = 1, the processor sets this bit when the 
threshold for a PSB+ to be inserted has been reached. The processor will clear this bit when 
the PSB+ has been inserted into the trace. If PendPSB = 1 and InjectPsbPmiOnEnable = 1 
when IA32_RTIT_CTL.TraceEn[0] transitions from 0 to 1,a PSB+ will be inserted into the 
trace. 


This field is reserved if CPUID.(EAX=14H, ECX=0):EBX[bit 6] = 0. 
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Table 32-7. IA32_RTIT_STATUS MSR 
Position Bit Name At Reset Bit Description 


7 PendTopaPMI | 0 If IA32_RTIT_CTL.InjectPsbPmiOnEnable[56] = 1, the processor sets this bit when the 
threshold for a ToPA PMI to be inserted has been reached. Software should clear this bit once 
the ToPA PMI has been handled, see “ToPA PMI" for details. lf PendTopaPMI = 1 and 
InjectPsbPmiOnEnable = 1 when IA32_RTIT_CTL.TraceEn[0] transitions from 0 to 1, a PMI will 
be pended. 


This field is reserved if CPUID.(EAX=14H, ECX=0):EBX[bit 6] = 0. 
Must be 0. 


This field is written by the processor, and holds a count of packet bytes that have been sent 
out. The processor also uses this field to determine when the next PSB packet should be 
inserted. Note that the processor may clear or modify this field at any time while 
IA32_RTIT_CTL.TraceEn=1. It will have a stable value when IA32_RTIT_CTL.TraceEn=0. 

See Section 32.4.2.17 for details. 

This field is reserved when CPUID.(EAX=14H,ECX=0):EBX[bit 1] (“Configurable PSB and 
CycleAccurate Mode Supported") is 0. 


63:49 | Reserved 0 Must be 0. 


oO 


31:8 Reserved 
48:32 | PacketByteCnt 


(=) 


32.2.8.5 IA32_RTIT_ADDRn_A and IA32_RTIT_ADDRn_B MSRs 


The role of the IA32_RTIT_ADDRn_A/B register pairs, for each n, is determined by the corresponding ADDRn_CFG 
fields in IA32_RTIT_CTL (see Section 32.2.8.2). The number of these register pairs is enumerated by 
CPUID.(EAX=14H, ECX=1):EAX.RANGECNT[2:0]. 


¢ Processors that enumerate support for 1 range support: 
IA32_RTIT_ADDRO_A, IA32_RTIT_ADDRO_B 

¢ Processors that enumerate support for 2 ranges support: 
IA32_RTIT_ADDRO_A, IA32_RTIT_ADDRO_B 
IA32_RTIT_ADDR1_A, IA32_RTIT_ADDR1_B 

¢ Processors that enumerate support for 3 ranges support: 
IA32_RTIT_ADDRO_A, IA32_RTIT_ADDRO_B 
IA32_RTIT_ADDR1_A, IA32_RTIT_ADDR1_B 
IA32_RTIT_ADDR2_A, IA32_RTIT_ADDR2_B 

¢ Processors that enumerate support for 4 ranges support: 
IA32_RTIT_ADDRO_A, IA32_RTIT_ADDRO_B 
IA32_RTIT_ADDR1_A, IA32_RTIT_ADDR1_B 
IA32_RTIT_ADDR2_A, IA32_RTIT_ADDR2_B 
IA32_RTIT_ADDR3_A, IA32_RTIT_ADDR3_B 


Each register has a single 64-bit field that holds a linear address value. Writes must ensure that the address is in 
canonical form, otherwise a general-protection fault (#GP) fault will result. 


Each MSR can be written only when IA32_RTIT_CTL.TraceEn is 0; otherwise WRMSR causes a general-protection 
fault (#GP). 


32.2.8.6 IA32_RTIT_CR3_MATCH MSR 


The IA32_RTIT_CR3_MATCH register is compared against CR3 when IA32_RTIT_CTL.CR3Filter is 1. Bits 63:5 hold 
the CR3 address value to match, bits 4:0 are reserved to 0. For more details on CR3 filtering and the treatment of 
this register, see Section 32.2.5.2. 

This MSR is accessible if CPUID.(EAX=14H, ECX=0):EBX[bit 0], “CR3 Filtering Support”, is 1. This MSR can be 
written only when IA32_RTIT_CTL.TraceEn is 0; otherwise WRMSR causes a general-protection fault (#GP). 


32-22 Vol. 3C 


INTEL® PROCESSOR TRACE 


IA32_RTIT_CR3_MATCH[4:0] are reserved and must be 0; an attempt to set those bits using WRMSR causes a 
#GP. 


32.2.8.7_ 1IA32_RTIT_.OUTPUT_BASE MSR 


This MSR is used to configure the trace output destination, when output is directed to memory 
(IA32_RTIT_CTL.FabricEn = 0). The size of the address field is determined by the maximum physical address width 
(MAXPHYADDR), as reported by CPUID.80000008H:EAX[7:0]. 


When the ToPA output scheme is used, the processor may update this MSR when packet generation is enabled, and 
those updates are asynchronous to instruction execution. Therefore, the values in this MSR should be considered 
unreliable unless packet generation is disabled (IA32_RTIT_CTL.TraceEn = 0). 


Accesses to this MSR are supported only if Intel PT output to memory is supported, hence when either 
CPUID.(EAX=14H, ECX=0):ECX[bit 0] or CPUID.(EAX=14H, ECX=0):ECX[bit 2] are set. Otherwise WRMSR or 
RDMSR cause a general-protection fault (#GP). If supported, this MSR can be written only when 
IA32_RTIT_CTL.TraceEn is 0; otherwise WRMSR causes a general-protection fault (#GP). 


Table 32-8. |A32_RTIT_OUTPUT_BASE MSR 


Position Bit Name At Reset Bit Description 
6:0 Reserved 0 Must be 0. 
MAXPHYADDR-1:7 | BasePhysAddr | 0 The base physical address. How this address is used depends on the value of 


IA32_RTIT_CTL.ToPA: 


QO: This is the base physical address of a single, contiguous physical output region. 
This could be mapped to DRAM or to MMIO, depending on the value. 


The base address should be aligned with the size of the region, such that none of 
the 1s in the mask value(Section 32.2.8.8) overlap with 1s in the base address. If 
the base is not aligned, an operational error will result (see Section 32.3.10). 


1: The base physical address of the current ToPA table. The address must be 4K 
aligned. Writing an address in which bits 11:7 are non-zero will not cause a #GP, but 
an operational error will be signaled once Trace€En is set. See “ToPA Errors” in 
Section 32.2.7.2 as well as Section 32.3.10. 


63:MAXPHYADDR | Reserved 0 Must be 0. 


32.2.8.8 IA32_RTIT_.OUTPUT_MASK_PTRS MSR 


This MSR holds any mask or pointer values needed to indicate where the next byte of trace output should be 
written. The meaning of the values held in this MSR depend on whether the ToPA output mechanism is in use. See 
Section 32.2.7.2 for details. 


The processor updates this MSR while when packet generation is enabled, and those updates are asynchronous to 
instruction execution. Therefore, the values in this MSR should be considered unreliable unless packet generation 
is disabled (IA32_RTIT_CTL.TraceEn = 0). 


Accesses to this MSR are supported only if Intel PT output to memory is supported, hence when either 
CPUID.(EAX=14H, ECX=0):ECX[bit 0] or CPUID.(EAX=14H, ECX=0):ECX[bit 2] are set. Otherwise WRMSR or 
RDMSR cause a general-protection fault (#GP). If supported, this MSR can be written only when 
IA32_RTIT_CTL.TraceEn is 0; otherwise WRMSR causes a general-protection fault (#GP). 
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Table 32-9. |A32_RTIT_OUTPUT_MASK_PTRS MSR 


Position Bit Name At Reset Bit Description 
6:0 LowerMask 7FH Forced to 1, writes are ignored. 
31:7. | MaskOrTableO | 0 The use of this field depends on the value of [A32_RTIT_CTL.ToPA: 
ffset QO: This field holds bits 31:7 of the mask value for the single, contiguous physical output 


region. The size of this field indicates that regions can be of size 128B up to 4GB. This value 
(combined with the lower 7 bits, which are reserved to 1) will be ANDed with the 
OutputOffset field to determine the next write address. All 1s in this field should be 
consecutive and starting at bit 7, otherwise the region will not be contiguous, and an 
operational error (Section 32.3.10) will be signaled when Trace€n is set. 


1: This field holds bits 27:3 of the offset pointer into the current ToPA table. This value can 
be added to the IA32_RTIT_OUTPUT_BASE value to produce a pointer to the current ToPA 
table entry, which itself is a pointer to the current output region. In this scenario, the lower 7 
reserved bits are ignored. This field supports tables up to 256 MBytes in size. 


63:32 | OutputOffset | O The use of this field depends on the value of [A32_RTIT_CTL.ToPA: 


QO: This is bits 31:0 of the offset pointer into the single, contiguous physical output region. 
This value will be added to the [A32_RTIT_OUTPUT_BASE value to form the physical address 
at which the next byte of packet output data will be written. This value must be less than or 
equal to the MaskOrTableOffset field, otherwise an operational error (Section 32.3.10) will 
be signaled when Trace€n is set. 

1: This field holds bits 31:0 of the offset pointer into the current ToPA output region. This 
value will be added to the output region base field, found in the current ToPA table entry, to 
form the physical address at which the next byte of trace output data will be written. 

This value must be less than the ToPA entry size, otherwise an operational error (Section 
32.3.10) will be signaled when Trace€n is set. 


32.2.9 Interaction of Intel® Processor Trace and Other Processor Features 


32.2.9.1 Intel® Transactional Synchronization Extensions (Intel® TSX) 


The operation of Intel TSX is described in Chapter 14 of the Intel® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 1. For tracing purpose, packet generation does not distinguish between hardware lock 
elision (HLE) and restricted transactional memory (RTM), but speculative execution does have impacts on the trace 
output. Specifically, packets are generated as instructions complete, even for instructions in a transactional region 
that is later aborted. For this reason, debugging software will need indication of the beginning and end of a trans- 
actional region; this will allow software to understand when instructions are part of a transactional region and 
whether that region has been committed. 


To enable this, TSX information is included in a MODE packet leaf. The mode bits in the leaf are: 
° InTX: Set to 1 on an TSX transaction begin, and cleared on transaction commit or abort. 
¢ TXAbort: Set to 1 only when InTX transitions from 1 to 0 on an abort. Cleared otherwise. 


If BranchEn=1, this MODE packet will be sent each time the transaction status changes. See Table 32-10 for 
details. 


Table 32-10. TSX Packet Scenarios with BranchEn=1 


TSX Event Instruction Packets 


Transaction Begin | Either XBEGIN or XACQUIRE lock (the latter if executed MODE(TXAbort=0, InTX=1), FUP(CurrentIP) 
transactionally) 


Transaction Either XEND or XRELEASE lock, if transactional execution MODE(TXAbort=0, InTX=0), FUP(CurrentiP) 
Commit ends. This happens only on the outermost commit 
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Table 32-10. TSX Packet Scenarios with BranchEn=1 


TSX Event Instruction Packets 
Transaction Abort | XABORT or other transactional abort MODE(TXAbort=1, InTX=0), FUP(CurrentiP), 
TIP(TargetIP) 
Other One of the following: None. No change to TSX mode bits for these 

« Nested XBEGIN or XACQUIRE lock cases. 

« Anouter XACQUIRE lock that doesn’t begin a transaction 

(INTX not set) 
« Non-outermost XEND or XRELEASE lock 


The CurrentIP listed above is the IP of the associated instruction. The TargetIP is the IP of the next instruction to 
be executed; for HLE, this is the XACQUIRE lock; for RTM, this is the fallback handler. 


Intel PT stores are non-transactional, and thus packet writes are not rolled back on TSX abort. 


32.2.9.2 TSX and IP Filtering 


A complication with tracking transactions is handling transactions that start or end outside of the tracing region. 
Transactions can’t span across a change in ContextEn, because CPL changes and CR3 changes each cause aborts. 
But a transaction can start within the IP filter region and end outside it. 


To assist the decoder handling this situation, MODE.TSX packets can be sent even if FilterEn=0, though there will 
be no FUP attached. Instead, they will merely serve to indicate to the decoder when transactions are active and 
when they are not. When tracing resumes (due to PacketEn=1), the last MODE.TSX preceding the TIP.PGE will indi- 
cate the current transaction status. 


32.2.9.3 System Management Mode (SMM) 


SMM code has special privileges that non-SMM code does not have. Intel Processor Trace can be used to trace SMM 
code, but special care is taken to ensure that SMM handler context is not exposed in any non-SMM trace collection. 
Additionally, packet output from tracing non-SMM code cannot be written into memory space that is either 
protected by SMRR or used by the SMM handler. 


SMM is entered via a system management interrupt (SMI). SMI delivery saves the value of 
IA32_RTIT_CTL.TraceEn into SMRAM and then clears it, thereby disabling packet generation. 


The saving and clearing of IA32_RTIT_CTL.TraceEn ensures two things: 
1. All internally buffered packet data is flushed before entering SMM (see Section 32.2.8.2). 


2. Packet generation ceases before entering SMM, so any tracing that was configured outside SMM does not 
continue into SMM. No SMM instruction pointers or other state will be exposed in the non-SMM trace. 


When the RSM instruction is executed to return from SMM, the TraceEn value that was saved by SMI delivery is 
restored, allowing tracing to be resumed. As is done any time packet generation is enabled, ContextEn is re-eval- 
uated, based on the values of CPL, CR3, etc., established by RSM. 


Like other interrupts, delivery of an SMI produces a FUP containing the IP of the next instruction to execute. By 
toggling TraceEn, SMI and RSM can produce TIP.PGD and TIP.PGE packets, respectively, indicating that tracing was 
disabled or re-enabled. See Table 32.7 for more information about packets entering and leaving SMM. 


Although #SMI and RSM change CR3, PIP packets are not generated in these cases. With #SMI tracing is disabled 
before the CR3 change; with RSM TraceEn is restored after CR3 is written. 


TraceEn must be cleared before executing RSM, otherwise it will cause a shutdown. Further, on processors that 
restrict use of Intel PT with LBRs (see Section 32.3.1.2), any RSM that results in enabling of both will cause a shut- 
down. 


Intel PT can support tracing of System Transfer Monitor operating in SMM, see Section 32.6. 
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32.2.9.4 Virtual-Machine Extensions (VMX) 


Initial implementations of Intel Processor Trace do not support tracing in VMX operation. Such processors indicate 
this by returning O for IA32_VMX_MISC[bit 14]. On these processors, execution of the VMXON instruction clears 
IA32_RTIT_CTL.TraceEn and any attempt to write IA32_RTIT_CTL in VMX operation causes a general-protection 
exception (#GP). 

Processors that support Intel Processor Trace in VMX operation return 1 for IA32_VMX_MISC[bit 14]. Details of 
tracing in VMX operation are described in Section 32.4.2.26. 


32.2.9.5 Intel® Software Guard Extensions (Intel® SGX) 


Intel SGX provides an application with the ability to instantiate a protective container (an enclave) with confidenti- 
ality and integrity (see the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3D). Ona 
processor with both Intel PT and Intel SGX enabled, when executing code within a production enclave, no control 
flow packets are produced by Intel PT. An enclave entry will clear ContextEn, thereby blocking control flow packet 
generation. A TIP.PGD packet will be generated if PacketEn=1 at the time of the entry. 


Upon enclave exit, ContextEn will no longer be forced to 0. If other enables are set at the time, a TIP.PGE may be 
generated to indicate that tracing is resumed. 

During the enclave execution, Intel PT remains enabled, and periodic or timing packets such as PSB, TSC, MTC, or 
CBR can still be generated. No IPs or other architectural state will be exposed. 


For packet generation examples on enclave entry or exit, see Section 32.7. 


Debug Enclaves 


Intel SGX allows an enclave to be configured with relaxed protection of confidentiality for debug purposes, see the 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3D. In a debug enclave, Intel PT 
continues to function normally. Specifically, ContextEn is not impacted by an enclave entry or exit. Hence, the 
generation of ContextEn-dependent packets within a debug enclave is allowed. 


32.2.9.6 SENTER/ENTERACCS and ACM 


GETSEC[SENTER] and GETSEC[ENTERACCS] instructions clear TraceEn, and it is not restored when those instruc- 
tion complete. SENTER also causes TraceEn to be cleared on other logical processors when they rendezvous and 
enter the SENTER sleep state. In these two cases, the disabling of packet generation is not guaranteed to flush 
internally buffered packets. Some packets may be dropped. 


When executing an authenticated code module (ACM), packet generation is silently disabled during ACRAM setup. 
TraceEn will be cleared, but no TIP.PGD packet is generated. After completion of the module, the TraceEn value will 
be restored. There will be no TIP.PGE packet, but timing packets, like TSC and CBR, may be produced. 


32.2.9.7 Intel’ Memory Protection Extensions (Intel® MPX) 


Bounds exceptions (#BR) caused by Intel MPX are treated like other exceptions, producing FUP and TIP packets 
that indicate the source and destination IPs. 


32.3. CONFIGURATION AND PROGRAMMING GUIDELINE 


32.3.1 Detection of Intel Processor Trace and Capability Enumeration 


Processor support for Intel Processor Trace is indicated by CPUID.(EAX=07H,ECX=0H):EBX[bit 25] = 1. CPUID 
function 14H is dedicated to enumerate the resource and capability of processors that report 
CPUID.(EAX=07H,ECX=0H):EBX[bit 25] = 1. Different processor generations may have architecturally-defined 
variation in capabilities. Table 32-11 describes details of the enumerable capabilities that software must use across 
generations of processors that support Intel Processor Trace. 


32-26 Vol. 3C 


INTEL® PROCESSOR TRACE 


Table 32-11. CPUID Leaf 14H Enumeration of Intel Processor Trace Capabilities 


CPUID.(EAX=14H,ECX=0) 


Register Bits 


Name 


Description Behavior 


EAX 31:0 


Maximum valid sub-leaf Index 


Specifies the index of the maximum valid sub-leaf for this CPUID leaf. 


0 
EBX 


CR3 Filtering Support 


1: Indicates that IA32_RTIT_CTL.CR3Filter can be set to 1, and that 
IA32_RTIT_CR3_MATCH MSR can be accessed. See Section 32.2.8. 


O: Indicates that writes that set IA32_RTIT_CTL.CR3Filter to 1, or any 
access to IA32_RTIT_CR3_MATCH, will generate a #GP exception. 


Configurable PSB and Cycle- 
Accurate Mode Supported 


1: (a) [A32_RTIT_CTL.PSBFreq can be set to a non-zero value, in order to 
select the preferred PSB frequency (see below for allowed values). (b) 
IA32_RTIT_STATUS.PacketByteCnt can be set to a non-zero value, and 
will be incremented by the processor when tracing to indicate progress 
towards the next PSB. If trace packet generation is enabled by setting 
TraceEn, a PSB will only be generated if PacketByteCnt=0. (c) 
IA32_RTIT_CTL.CYCEn can be set to 1 to enable Cycle-Accurate Mode. 
See Section 32.2.8. 


QO: (a) Any attempt to write a non-zero value to [A32_RTIT_CTL.PSBFreq 
or IA32_RTIT_STATUS.PacketByteCnt will generate a #GP exception. (b) 
If trace packet generation is enabled by setting TraceEn, a PSB is always 
generated. (c) Any attempt to write a non-zero value to 
IA32_RTIT_CTL.CYCEn or IA32_RTIT_CTL.CycThresh will generate a #GP 
exception. 


IP Filtering and TraceStop 
supported, and Preserve Intel 
PT MSRs across warm reset 


1: (a) IA32_RTIT_CTL provides at one or more ADDRn_CFG field to 
configure the corresponding address range MSRs for IP Filtering or IP 
TraceStop. Each ADDRn_CFG field accepts a value in the range of 0:2 
inclusive. The number of ADDRn_CFG fields is reported by 
CPUID.(EAX=14H, ECX=1):EAX.RANGECNT[2:0]. (b) At least one register 
pair [A32_RTIT_ADDRn_A and IA32_RTIT_ADDRn_B are provided to 
configure address ranges for IP filtering or IP TraceStop. (c) On warm 
reset, all Intel PT MSRs will retain their pre-reset values, though 
IA32_RTIT_CTL.TraceEn will be cleared. The Intel PT MSRs are listed in 
Section 32.2.8. 


QO: (a) An Attempt to write IA32_RTIT_CTLADDRn_CFG with non-zero 
encoding values will cause #GP. (b) Any access to [A32_RTIT_ADDRn_A 
and IA32_RTIT_ADDRn_B, will generate a #GP exception. (c) On warm 
reset, all Intel PT MSRs will be cleared. 


MTC Supported 


1: 1A32_RTIT_CTL.MTCEn can be set to 1, and MTC packets will be 
generated. See Section 32.2.8. 


0: An attempt to set IA32_RTIT_CTL.MTCEn or IA32_RTIT_CTL.MTCFreq 
to a non-zero value will generate a #GP exception. 


PTWRITE Supported 


1: Writes can set IA32_RTIT_CTL[12] (PTWEn) and IA32_RTIT_CTL[5] 
(FUPonPTW), and PTWRITE can generate packets. 


0: Writes that set IA32_RTIT_CTL[12] or IA32_RTIT_CTL[5] will 
generate a #GP exception, and PTWRITE will #UD fault. 


Power Event Trace Supported 


1: Writes can set [A32_RTIT_CTL[4] (PwrEvtEn), enabling Power Event 
Trace packet generation. 


0: Writes that set [A32_RTIT_CTL[4] will generate a #GP exception. 
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Table 32-11. CPUID Leaf 14H Enumeration of Intel Processor Trace Capabilities (Contd.) 


CPUID.(EAX=14H,ECX=0) 


Register Bits 


Name 


Description Behavior 


PSB and PMI Preservation 
Supported 


1: Writes can set I[A32_RTIT_CTL[56] (InjectPsbPmiOnEnable), enabling 
the processor to set IA32_RTIT_STATUS[7] (PendTopaPMI) and/or 
1A32_RTIT_STATUS[6] (PendPSB) in order to preserve ToPA PMIs and/or 
PSBs otherwise lost due to Intel PT disable. Writes can also set 
PendToPAPMI and PendPSB. 


0: Writes that set IA32_RTIT_CTL[56], |A32_RTIT_STATUS[7], or 
IA32_RTIT_STATUS[6] will generate a #GP exception. 


Event Trace Supported 


1: Writes can set [A32_RTIT_CTL[31] (EventEn), enabling Event Trace 
packet generation. 


0: Writes that set [A32_RTIT_CTL[31] will generate a #GP exception. 


31:9 


ECX 


TNT Disable Supported 


1: Writes can set IA32_RTIT_CTL[55] (Dis TNT), disabling TNT packet 
generation. 


0: Writes that set [A32_RTIT_CTL[55] will generate a #GP exception. 


Reserved 
ToPA Output Supported 


1: Tracing can be enabled with [A32_RTIT_CTL.ToPA = 1, hence utilizing 
the ToPA output scheme (Section 32.2.7.2) |A32_RTIT_OUTPUT_BASE 
and |A32_RTIT_OUTPUT_MASK_PTRS MSRs can be accessed. 


0: Unless CPUID.(EAX=14H, ECX=0):ECX.SNGLRNGOUT[bit 2] = 1. writes 
to IA32_RTIT_OUTPUT_BASE or IA32_RTIT_OUTPUT_MASK_PTRS. 
MSRs will generate a #GP exception. 


ToPA Tables Allow Multiple 
Output Entries 


1: ToPA tables can hold any number of output entries, up to the 
maximum allowed by the MaskOrTableOffset field of 
IA32_RTIT_OUTPUT_MASK_PTRS. 

0: ToPA tables can hold only one output entry, which must be followed 
by an END=1 entry which points back to the base of the table. 

Further, ToPA PMls will be delivered before the region is filled. See ToPA 
PMI in Section 32.2.7.2. 

If there is more than one output entry before the END entry, or if the 
END entry has the wrong base address, an operational error will be 
signaled (see “ToPA Errors” in Section 32.2.7.2). 


Single-Range Output 
Supported 


1: Enabling tracing (TraceEn=1) with [A32_RTIT_CTL.ToPA=0 is 
supported. 

0: Unless CPUID.(EAX= 14H, ECX=0):ECX. TOPAOUT [bit 0] = 1. writes to 
IA32_RTIT_OUTPUT_BASE or IA32_RTIT_OUTPUT_MASK_PTRS. MSRs 
will generate a #GP exception. 


Output to Trace Transport 
Subsystem Supported 


1: Setting IA32_RTIT_CTL.FabricEn to 1 is supported. 


0: IA32_RTIT_CTL.Fabric€n is reserved. Write 1 to 
IA32_RTIT_CTL.FabricEn will generate a #GP exception. 


30:4 


Reserved 


IP Payloads are LIP 


1: Generated packets which contain IP payloads have LIP values, which 
include the CS base component. 


0: Generated packets which contain IP payloads have RIP values, which 
are the offset from CS base. 


EDX 31:0 


Reserved 


If CPUID.(EAX=14H, ECX=0):EAX reports a non-zero value, additional capabilities of Intel Processor Trace are 
described in the sub-leaves of CPUID leaf 14H. 
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Table 32-12. CPUID Leaf 14H, sub-leaf 1H Enumeration of Intel Processor Trace Capabilities 


CPUID.(EAX=14H,ECX=1) 


Register 


Bits 


Name 


Description Behavior 


EAX 


2:0 


Number of Address Ranges 


A non-zero value specifies the number ADDRn_CFG field supported in 
IA32_RTIT_CTL and the number of register pair 
IA32_RTIT_ADDRn_A/IA32_RTIT_ADDRn_B supported for IP filtering 
and IP TraceStop. 


NOTE: Currently, no processors support more than 4 address ranges. 


15:3 


Reserved 


31:16 


Bitmap of supported MTC 
Period Encodings 


The non-zero bits indicate the map of supported encoding values for 
the IA32_RTIT_CTL.MTCFreq field. This applies only if 
CPUID.(EAX=14H, ECX=0):EBX[bit 3] = 1 (MTC Packet generation is 
supported), otherwise the MTCFreq field is reserved to 0. 


Each bit position in this field represents 1 encoding value in the 4-bit 
MTCFreq field (ie, bit O is associated with encoding value 0). For each 
bit: 

1: MTCFreq can be assigned the associated encoding value. 

0: MTCFreq cannot be assigned to the associated encoding value. A 


write to [A32_RTIT_CTLMTCFreq with unsupported encoding will cause 
#GP fault. 


EBX 


Bitmap of supported Cycle 
Threshold values 


The non-zero bits indicate the map of supported encoding values for 
the IA32_RTIT_CTL.CycThresh field. This applies only if 
CPUID.(EAX=14H, ECX=0):EBX[bit 1] = 1 (Cycle-Accurate Mode is 
Supported), otherwise the CycThresh field is reserved to 0. See Section 
32.2.8. 


Each bit position in this field represents 1 encoding value in the 4-bit 
CycThresh field (ie, bit O is associated with encoding value 0). For each 
bit: 

1: CycThresh can be assigned the associated encoding value. 

0: CycThresh cannot be assigned to the associated encoding value. A 
write to CycThresh with unsupported encoding will cause #GP fault. 


31:16 


Bitmap of supported 
Configurable PSB Frequency 
encoding 


The non-zero bits indicate the map of supported encoding values for 
the IA32_RTIT_CTL.PSBFreq field. This applies only if 
CPUID.(EAX=14H, ECX=0):EBX[bit 1] = 1 (Configurable PSB is 
supported), otherwise the PSBFreq field is reserved to 0. See Section 
32.2.8. 


Each bit position in this field represents 1 encoding value in the 4-bit 
PSBFreq field (ie, bit O is associated with encoding value 0). For each 
bit: 

1: PSBFregq can be assigned the associated encoding value. 


0: PSBFreq cannot be assigned to the associated encoding value. A 
write to PSBFreq with unsupported encoding will cause #GP fault. 


ECX 


31:0 


Reserved 


EDX 


31:0 


Reserved 
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32.3.1.1. Packet Decoding of RIP versus LIP 


FUP, TIP, TIP.PGE, and TIP.PGE packets can contain an instruction pointer (IP) payload. On some processor gener- 
ations, this payload will be an effective address (RIP), while on others this will be a linear address (LIP). In the 
former case, the payload is the offset from the current CS base address, while in the latter it is the sum of the offset 
and the CS base address (Note that in real mode, the CS base address is the value of CS<<4, while in protected 
mode the CS base address is the base linear address of the segment indicated by the CS register.). Which IP type 
is in use is indicated by enumeration (see CPUID.(EAX=14H, ECX=0):ECX.LIP[bit 31] in Table 32-11). 


For software that executes while the CS base address is 0 (including all software executing in 64-bit mode), the 
difference is indistinguishable. A trace decoder must account for cases where the CS base address is not 0 and the 
resolved LIP will not be evident in a trace generated on a CPU that enumerates use of RIP. This is likely to cause 
problems when attempting to link the trace with the associated binaries. 


Note that IP comparison logic, for IP filtering and TraceStop range calculation, is based on the same IP type as 
these IP packets. For processors that output RIP, the IP comparison mechanism is also based on RIP, and hence on 
those processors RIP values should be written to IA32_RTIT_ADDRn_[AB] MSRs. This can produce differing 
behavior if the same trace configuration setting is run on processors reporting different IP types, i.e., 
CPUID.(EAX=14H, ECX=0):ECX.LIP[bit 31]. Care should be taken to check CPUID when configuring IP filters. 


32.3.1.2 Model Specific Capability Restrictions 


Some processor generations impose restrictions that prevent use of LBRs/BTS/BTM/LERs when software has 
enabled tracing with Intel Processor Trace. On these processors, when TraceEn is set, updates of LBR, BTS, BTM, 
LERs are suspended but the states of the corresponding IA32_DEBUGCTL control fields remained unchanged as if 
it were still enabled. When TraceEn is cleared, the LBR array is reset, and LBR/BTS/BTM/LERs updates will resume. 
Further, reads of these registers will return 0, and writes will be dropped. 


The list of MSRs whose updates/accesses are restricted follows. 

¢ MSR_LASTBRANCH_x_TO_IP, MSR_LASTBRANCH_x_FROM_IP, MSR_LBR_INFO_x, MSR_LASTBRANCH_TOS 
¢ MSR_LER_FROM_LIP, MSR_LER_TO_LIP 

¢ MSR_LBR_SELECT 


For processor with CPUID DisplayFamily_DisplayModel signature of 06_3DH, 06_47H, 06_4EH, 06_4FH, 06_56H 
and 06_5EH, the use of Intel PT and LBRs are mutually exclusive. 


32.3.2 Enabling and Configuration of Trace Packet Generation 


To configure trace packets, enable packet generation, and capture packets, software starts with using CPUID 
instruction to detect its feature flag, CPUID.(EAX=07H,ECX=0H):EBX[bit 25] = 1; followed by enumerating the 
capabilities described in Section 32.3.1. 


Based on the capability queried from Section 32.3.1, software must configure a number of model-specific registers. 
This section describes programming considerations related to those MSRs. 


32.3.2.1 Enabling Packet Generation 


When configuring and enabling packet generation, the IA32_RTIT_CTL MSR should be written after any other Intel 
PT MSRs have been written, since writes to the other configuration MSRs cause a general-protection fault (#GP) if 
TraceEn = 1. If a prior trace collection context is not being restored, then software should first clear 
IA32_RTIT_STATUS. This is important since the Stopped, and Error fields are writable; clearing the MSR clears any 
values that may have persisted from prior trace packet collection contexts. See Section 32.2.8.2 for details of 
packets generated by setting TraceEn to 1. 


If setting TraceEn to 1 causes an operational error (see Section 32.3.10), there may be a delay after the WRMSR 
completes before the error is signaled in the IA32_RTIT_STATUS MSR. 


While packet generation is enabled, the values of some configuration MSRs (e.g., IA32_RTIT_STATUS and 
IA32_RTIT_OUTPUT_*) are transient, and reads may return values that are out of date. Only after packet genera- 
tion is disabled (by clearing TraceEn) do reads of these MSRs return reliable values. 
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32.3.2.2 Disabling Packet Generation 


After disabling packet generation by clearing IA32_RTIT_CTL, it is advisable to read the IA32_RTIT_STATUS MSR 
(Section 32.2.8.4): 


¢ If the Error bit is set, an operational error was encountered, and the trace is most likely compromised. Software 
should check the source of the error (by examining the output MSR values), correct the source of the problem, 
and then attempt to gather the trace again. For details on operational errors, see Section 32.3.10. Software 
should clear IA32_RTIT_STATUS.Error before re-enabling packet generation. 


¢ If the Stopped bit is set, software execution encountered an IP TraceStop (see Section 32.2.5.3) or the ToPA 
Stop condition (see “ToPA STOP” in Section 32.2.7.2) before packet generation was disabled. 


32.3.3. Flushing Trace Output 


Packets are first buffered internally and then written out asynchronously. To collect packet output for post- 
processing, a collector needs first to ensure that all packet data has been flushed from internal buffers. Software 
can ensure this by stopping packet generation by clearing IA32_RTIT_CTL.TraceEn (see “Disabling Packet Genera- 
tion” in Section 32.2.8.2). 


When software clears IA32_RTIT_CTL.TraceEn to flush out internally buffered packets, the logical processor issues 
an SFENCE operation which ensures that WC trace output stores will be ordered with respect to the next store, or 
serializing operation. A subsequent read from the same logical processor will see the flushed trace data, while a 
read from another logical processor should be preceded by a store, fence, or architecturally serializing operation on 
the tracing logical processor. 

When the flush operations complete, the IA32_RTIT_OUTPUT_* MSR values indicate where the trace ended. While 
TraceEn is set, these MSRs may hold stale values. Further, if a ToPA region with INT=1 is filled, meaning a ToPA PMI 
has been triggered, IA32_PERF_GLOBAL_STATUS.Trace_ToPA_PMI[55] will be set by the time the flush completes. 


32.3.4 Warm Reset 


The MSRs software uses to program Intel Processor Trace are cleared after a power-on RESET (or cold RESET). On 
a warm RESET, the contents of those MSRs can retain their values from before the warm RESET with the exception 
that IA32_RTIT_CTL.TraceEn will be cleared (which may have the side effect of clearing some bits in 
IA32_RTIT_STATUS). 


32.3.5 Context Switch Consideration 


To facilitate construction of instruction execution traces at the granularity of a software process or thread context, 
software can save and restore the states of the trace configuration MSRs across the process or thread context 
switch boundary. The principle is the same as saving and restoring the typical architectural processor states across 
context switches. 


32.3.5.1 Manual Trace Configuration Context Switch 


The configuration can be saved and restored through a sequence of instructions of RDMSR, management of MSR 

content and WRMSR. To stop tracing and to ensure that all configuration MSRs contain stable values, software must 
clear IA32_RTIT_CTL.TraceEn before reading any other trace configuration MSRs. The recommended method for 

saving trace configuration context manually follows: 


1. RDMSR IA32_RTIT_CTL, save value to memory 
2. WRMSR IA32_RTIT_CTL with saved value from RDMSR above and TraceEn cleared 


3. RDMSR all other configuration MSRs whose values had changed from previous saved value, save changed 
values to memory 
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When restoring the trace configuration context, IA32_RTIT_CTL should be restored last: 


1. Read saved configuration MSR values, aside from IA32_RTIT_CTL, from memory, and restore them with 
WRMSR 


2. Read saved JA32_RTIT_CTL value from memory, and restore with WRMSR. 


32.3.5.2 Trace Configuration Context Switch Using XSAVES/XRSTORS 


On processors whose XSAVE feature set supports XSAVES and XRSTORS, the Trace configuration state can be 
saved using XSAVES and restored by XRSTORS, in conjunction with the bit field associated with supervisory state 
component in IA32_XSS. See Chapter 13, “Managing State Using the XSAVE Feature Set” of Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 1. 


32.3.6 Cycle-Accurate Mode 


Intel PT can be run in a cycle-accurate mode which enables CYC packets (see Section 32.4.2.14) that provide low- 
level information in the processor core clock domain. This cycle counter data in CYC packets can be used to 
compute IPC (Instructions Per Cycle), or to track wall-clock time on a fine-grain level. 


To enable cycle-accurate mode packet generation, software should set IA32_RTIT_CTL.CYCEn=1. It is recom- 
mended that software also set TSCEn=1 anytime cycle-accurate mode is in use. With this, all CYC-eligible packets 
will be preceded by a CYC packet, the payload of which indicates the number of core clock cycles since the last CYC 
packet. In cases where multiple CYC-eligible packets are generated in a single cycle, only a single CYC will be 
generated before the CYC-eligible packets, otherwise each CYC-eligible packet will be preceded by its own CYC. The 
CYC-eligible packets are: 


* TNT, TIP, TIP.PGE, TIP.PGD, MODE.EXEC, MODE.TSX, PIP, VMCS, OVF, MTC, TSC, PTWRITE, EXSTOP 


TSC packets are generated when there is insufficient information to reconstruct wall-clock time, due to tracing 
being disabled (TriggerEn=0), or power down scenarios like a transition to a deep-sleep MWAIT C-state. In this 
case, the CYC that is generated along with the TSC will indicate the number of cycles actively tracing (those 
powered up, with TriggerEn=1) executed between the last CYC packet and the TSC packet. And hence the amount 
of time spent while tracing is inactive can be inferred from the difference in time between that expected based on 
the CYC value, and the actual time indicated by the TSC. 


Additional CYC packets may be sent stand-alone, so that the processor can ensure that the decoder is aware of the 
number of cycles that have passed before the internal hardware counter wraps, or is reset due to other micro- 
architectural condition. There is no guarantee at what intervals these standalone CYC packets will be sent, except 
that they will be sent before the wrap occurs. An illustration is given below. 


Example 32-1. An Illustrative CYC Packet Example 


Time (cycles) | Instruction Snapshot Generated Packets Comment 

x call %eax CYC(?), TIP ?E€lapsed cycles from the previous CYC unknown 

x+2 call %ebx CYC(2), TIP 1 byte CYC packet; 2 cycles elapsed from the previous CYC 
x+8 jnz Foo (not taken) CYC(6) 1 byte CYC packet 

x+9 ret (compressed) 

x+12 jnz Bar (taken) 

x+16 ret (uncompressed) TNT, CYC(8), TIP 1 byte CYC packet 

x+4111 cYC(4095) 2 byte CYC packet 

x + 12305 CYC(8194) 3 byte CYC packet 

xX + 16332 mov cr3, %ebx CYC(4027), PIP 2 byte CYC packet 
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32.3.6.1 Cycle Counter 


The cycle counter is implemented in hardware (independent of the time stamp counter or performance monitoring 
counters), and is a simple incrementing counter that does not saturate, but rather wraps. The size of the counter 
is implementation specific. 


The cycle counter is reset to zero any time that TriggerEn is cleared, and when a CYC packet is sent. The cycle 
counter will continue to count when ContextEn or FilterEn are cleared, and cycle packets will still be generated. It 
will not count during sleep states that result in Intel PT logic being powered-down, but will count up to the point 
where clocks are disabled, and resume counting once they are re-enabled. 


32.3.6.2 Cycle Packet Semantics 
Cycle-accurate mode adheres to the following protocol: 
¢ All packets that precede a CYC packet represent instructions or events that took place before the CYC time. 


¢ All packets that follow a CYC packet represent instructions or events that took place at the same time as, or 
after, the CYC time. 


¢ The CYC-eligible packet that immediately follows a CYC packet represents an instruction or event that took 
place at the same time as the CYC time. 


These items above give the decoder a means to apply CYC packets to a specific instruction in the assembly stream. 
Most packets represent a single instruction or event, and hence the CYC packet that precedes each of those 
packets represents the retirement time of that instruction or event. In the case of TNT packets, up to 6 conditional 
branches and/or compressed RETs may be contained in the packet. In this case, the preceding CYC packet provides 
the retirement time of the first branch in the packet. It is possible that multiple branches retired in the same cycle 
as that first branch in the TNT, but the protocol will not make that obvious. Also note that a MTC packet could be 
generated in the same cycle as the first JCC in the TNT packet. In this case, the CYC would precede both the MTC 
and the TNT, and apply to both. 


Note that there are times when the cycle counter will stop counting, though cycle-accurate mode is enabled. After 
any such scenario, a CYC packet followed by TSC packet will be sent. See Section 32.8.3.2 to understand how to 
interpret the payload values 


Multi-packet Instructions or Events 


Some operations, such as interrupts or task switches, generate multiple packets. In these cases, multiple CYC 
packets may be sent for the operation, preceding each CYC-eligible packet in the operation. An example, using a 
task switch on a software interrupt, is shown below. 


Example 32-2. An Example of CYC in the Presence of Multi-Packet Operations 


Time (cycles) Instruction Snapshot Generated Packets 
X jnz Foo (not taken) CYC(?), 
Xx+2 ret (compressed) 
x+8 jnz Bar (taken) 
x+9 jmp %eax TNT, CYC(9), TIP 
x+12 jnz Bar (not taken) CYC(3) 
x + 32 int3 (task gate) TNT, FUP, CYC(10), PIP, CYC(20), MODE.Exec, TIP 


32.3.6.3 Cycle Thresholds 


Software can opt to reduce the frequency of cycle packets, a trade-off to save bandwidth and intrusion at the 
expense of precision. This is done by utilizing a cycle threshold (see Section 32.2.8.2). 


IA32_RTIT_CTL.CycThresh indicates to the processor the minimum number of cycles that must pass before the 
next CYC packet should be sent. If this value is 0, no threshold is used, and CYC packets can be sent every cycle in 
which a CYC-eligible packet is generated. If this value is greater than 0, the hardware will wait until the associated 
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number of cycles have passed since the last CYC packet before sending another. CPUID provides the threshold 
options for CycThresh, see Section 32.3.1. 


Note that the cycle threshold does not dictate how frequently a CYC packet will be posted, it merely assigns the 
maximum frequency. If the cycle threshold is 16, a CYC packet can be posted no more frequently than every 16 
cycles. However, once that threshold of 16 cycles has passed, it still requires a new CYC-eligible packet to be gener- 
ated before a CYC will be inserted. Table 32-13 illustrates the threshold behavior. 


Table 32-13. An Illustrative CYC Packet Example 


Time (cycles) Instruction Snapshot eae 
0 16 32 64 
X jmp %eax CYC, TIP CYC, TIP CYC, TIP CYC, TIP 
x+9 call %ebx CYC, TIP TIP TIP TIP 
x+15 call %ecx CYC, TIP TIP TIP TIP 
x + 30 jmp %edx CYC, TIP CYC, TIP TIP TIP 
xX + 38 mov cr3, %eax CYC, PIP PIP CYC, PIP PIP 
x + 46 jmp [%eax] CYC, TIP CYC, TIP TIP TIP 
x + 64 call %edx CYC, TIP CYC, TIP TIP CYC,TIP 
X+7] jmp %edx CYC, TIP TIP CYC,TIP TIP 
32.3.7. Decoder Synchronization (PSB+) 


The PSB packet (Section 32.4.2.17) serves as a synchronization point for a trace-packet decoder. It is a pattern in 
the trace log for which the decoder can quickly scan to align packet boundaries. No legal packet combination can 
result in such a byte sequence. As such, it serves as the starting point for packet decode. To decode a trace log 
properly, the decoder needs more than simply to be aligned: it needs to know some state and potentially some 
timing information as well. The decoder should never need to retain any information (e.g., LastIP, call stack, 
compound packet event) across a PSB; all compound packet events will be completed before a PSB, and any 
compression state will be reset. 


When a PSB packet is generated, it is followed by a PSBEND packet (Section 32.4.2.18). One or more packets may 
be generated in between those two packets, and these inform the decoder of the current state of the processor. 
These packets, known collectively as PSB+, should be interpreted as “status only”, since they do not imply any 
change of state at the time of the PSB, nor are they associated directly with any instruction or event. Thus, the 
normal binding and ordering rules that apply to these packets outside of PSB+ can be ignored when these packets 
are between a PSB and PSBEND. They inform the decoder of the state of the processor at the time of the PSB. 


PSB+ can include: 
¢ Timestamp (TSC), if IA32_RTIT_CTL.TSCEn=1. 
° Timestamp-MTC Align (TMA), if IA32_RTIT_CTL.TSCEn=1 && IA32_RTIT_CTL.MTCEn=1. 


¢ Paging Information Packet (PIP), if ContextEn=1 and IA32_RTIT_CTL.OS=1. The non-root bit (NR) is set if the 
logical processor is in VMX non-root operation and the “conceal VMX from PT” VM-execution control is 0. 


¢ VMCS packet, if either the logical is in VMX root operation or the logical processor is in VMX non-root operation 
and the “conceal VMX from PT” VM-execution control is 0. 


* Core Bus Ratio (CBR). 

¢ MODE.TSX, if ContextEn=1 and BranchEn = 1. 
° MODE.Exec, if PacketEn=1. 

¢ Flow Update Packet (FUP), if PacketEn=1. 


PSB is generated only when TriggerEn=1; hence PSB+ has the same dependencies. The ordering of packets within 
PSB+ is not fixed. Timing packets such as CYC and MTC may be generated between PSB and PSBEND, and their 
meanings are the same as outside PSB+. 
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A PSB+ can be lost in some scenarios. If IA32_RTIT_STATUS.TriggerEn is cleared just as the PSB threshold is 
reached, e.g., due to TraceEn being cleared, the PSB+ may not be generated. On processors that support PSB 
preservation (CPUID.(EAX=14H, ECX=0):EBX[bit 6] = 1), setting IA32_RTIT_CTL.InjectPsbPmiOnEnable[56] = 1 
will ensure that a PSB+ that is pending at the time PT is disabled will be recorded by setting 
IA32_RTIT_STATUS.PendPSB[6] = 1. A PSB will be inserted, and PendPSB cleared, when PT is later re-enabled 
while PendPSB = 1. 


Note that an overflow can occur during PSB+, and this could cause the PSBEND packet to be lost. For this reason, 
the OVF packet should also be viewed as terminating PSB+. If IA32_RTIT_STATUS.TriggerEn is cleared just as the 
PSB threshold is reached, the PSB+ may not be generated. TriggerEn can be cleared by a WRMSR that clears 
IA32_RTIT_CTL.TraceEn, a VM exit that clears IA32_RTIT_CTL.TraceEn, an #SMI, or any time that either 
IA32_RTIT_STATUS.Stopped is set (e.g., by a TraceStop or ToPA stop condition) or IA32_RTIT_STATUS.Error is set 
(e.g., by an Intel PT output error). On processors that support PSB preservation (CPUID.(EAX=14H, 
ECX=0):EBX[bit 6] = 1), setting IA32_RTIT_CTL.InjectPsbPmiOnEnable[56] = 1 will ensure that a PSB+ that is 
pending at the time PT is disabled will be recorded by setting IA32_RTIT_STATUS.PendPSB[6] = 1. A PSB will then 
be pended when the saved PT context is later restored. 


32.3.8 Internal Buffer Overflow 


In the rare circumstances when new packets need to be generated but the processor's dedicated internal buffers 
are all full, an “internal buffer overflow” occurs. On such an overflow packet generation ceases (as packets would 
need to enter the processor’s internal buffer) until the overflow resolves. Once resolved, packet generation 
resumes. 


When the buffer overflow is cleared, an OVF packet (Section 32.4.2.16) is generated, and the processor ensures 
that packets which follow the OVF are not compressed (IP compression or RET compression) against packets that 
were lost. 


If IA32_RTIT_CTL.BranchEn = 1, the OVF packet will be followed by a FUP if the overflow resolves while Pack- 
etEn=1. If the overflow resolves while PacketEn = 0 no packet is generated, but a TIP.PGE will naturally be gener- 
ated later, once PacketEn = 1. The payload of the FUP or TIP.PGE will be the Current IP of the first instruction upon 
which tracing resumes after the overflow is cleared. If the overflow resolves while PacketEn=1, only timing packets 
may come between the OVF and the FUP. If the overflow resolves while PacketEn=0, any other packets that are not 
dependent on PacketEn may come between the OVF and the TIP.PGE. 


32.3.8.1 Overflow Impact on Enables 


The address comparisons to ADDRn ranges, for IP filtering and TraceStop (Section 32.2.5.3), continue during a 
buffer overflow, and TriggerEn, ContextEn, and FilterEn may change during a buffer overflow. Like other packets, 
however, any TIP.PGE or TIP.PGD packets that would have been generated will be lost. Further, 
IA32_RTIT_STATUS.PacketByteCnt will not increment, since it is only incremented when packets are generated. 


If a TraceStop event occurs during the buffer overflow, IA32_RTIT_STATUS.Stopped will still be set, tracing will 
cease as a result. However, the TraceStop packet, and any TIP.PGD that result from the TraceStop, may be 
dropped. 


32.3.8.2 Overflow Impact on Timing Packets 


Any timing packets that are generated during a buffer overflow will be dropped. If only a few MTC packets are 
dropped, a decoder should be able to detect this by noticing that the time value in the first MTC packet after the 
buffer overflow incremented by more than one. If the buffer overflow lasted long enough that 256 MTC packets are 
lost (and thus the MTC packet ‘wraps’ its 8-bit CTC value), then the decoder may be unable to properly understand 
the trace. This is not an expected scenario. No CYC packets are generated during overflow, even if the cycle counter 
wraps. 


Note that, if cycle-accurate mode is enabled, the OVF packet will generate a CYC packet. Because the cycle counter 
counts during overflows, this CYC packet can provide the duration of the overflow. However, there is a risk that the 
cycle counter wrapped during the overflow, which could render this CYC misleading. 
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32.3.9 TNT Disable 


Software can opt to omit TNT packets from control flow trace (BranchEn=1) by setting IA32_RTIT_CTL.DisTNT[bit 
55]. This can dramatically reduce trace size. Results will vary by workload, but trace size reductions of 40-75% are 
typical, which will have a corresponding reduction in performance overhead and memory bandwidth consumption 
from Intel PT. However, omitting TNT packets means the decoder is not able to follow the full control flow trace, 
since conditional branch and compressed RET results won't be known. Thus, TNT Disable should be employed only 
for usages that do not depend on full control flow trace. 


NOTE 


To avoid loss of RET results with TNT Disable, software may wish to disable RET compression by 
setting IA32_RTIT_CTL.DisRETC[bit 11]. 


32.3.10 Operational Errors 


Errors are detected as a result of packet output configuration problems, which can include output alignment issues, 
ToPA reserved bit violations, or overlapping packet output with restricted memory. See “ToPA Errors” in Section 
32.2.7.2 for details on ToPA errors, and Section 32.2.7.4 for details on restricted memory errors. Operational errors 
are only detected and signaled when TraceEn=1. 


When an operational error is detected, tracing is disabled and the error is logged. Specifically, 
IA32_RTIT_STATUS. Error is set, which will cause IA32_RTIT_STATUS.TriggerEn to be 0. This will disable generation 
of all packets. Some causes of operational errors may lead to packet bytes being dropped. 


It should be noted that the timing of error detection may not be predictable. Errors are signaled when the processor 
encounters the problematic configuration. This could be as soon as packet generation is enabled but could also be 
later when the problematic entry or field needs to be used. 


Once an error is signaled, software should disable packet generation by clearing TraceEn, diagnose and fix the error 
condition, and clear IA32_RTIT_STATUS.Error. At this point, packet generation can be re-enabled. 


32.4 TRACE PACKETS AND DATA TYPES 


This section details the data packets generated by Intel Processor Trace. It is useful for developers writing the inter- 
pretation code that will decode the data packets and apply it to the traced source code. 


32.4.1. Packet Relationships and Ordering 


This section introduces the concept of packet “binding”, which involves determining the IP in a binary disassembly 
at which the change indicated by a given packet applies. Some packets have the associated IP as the payload (FUP, 
TIP), while for others the decoder need only search for the next instance of a particular instruction (or instructions) 
to bind the packet (TNT). However, in many cases, the decoder will need to consider the relationship between 
packets, and to use this packet context to determine how to bind the packet. 


Section 32.4.1.1 below provides detailed descriptions of the packets, including how packets bind to IPs in the disas- 
sembly, to other packets, or to nothing at all. Many packets listed are simple to bind, because they are generated 
in only a few scenarios. Those that require more consideration are typically part of “compound packet events”, such 
as interrupts, exceptions, and some instructions, where multiple packets are generated by a single operation 
(instruction or event). These compound packet events frequently begin with a FUP to indicate the source address 
(if it is not clear from the disassembly), and are concluded by a TIP or TIP.PGD packet that indicates the destination 
address (if one is provided). In this scenario, the FUP is said to be “coupled” with the TIP packet. 


Other packets could be in between the coupled FUP and TIP packet. Timing packets, such as TSC, MTC, CYC, or 
CBR, could arrive at any time, and hence could intercede in a compound packet event. If an operation changes CR3 
or the processor’s mode of execution, a state update packet (i.e., PIP or MODE) is generated. The state changes 
indicated by these intermediate packets should be applied at the IP of the TIP* packet. A summary of compound 
packet events is provided in Table 32-14; see Section 32.4.1.1 for more per-packet details and Section 32.7 for 
more detailed packet generation examples. 
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Table 32-14. Compound Packet Event Summary 


Event Type Beginning Middle End Comment 
Unconditional, | FUP or none Any combination | TIPor TIRPGD | FUP only for asynchronous events. Order of middle packets 
uncompressed of PIP, VMCS, may vary. 
control-flow MODE.Exec, or PIP/VMCS/MODE only if the operation modifies the state 
transfer none tracked by these respective packets. 
TSX Update MODE.TSX,and | None TIP, TIPPGD, or | FUP 
(FUP or none) none TIP/TIPPGD only for TSX abort cases. 
Overflow OVF PSB, PSBEND, or | FUP or TIP.PGE | FUP if overflow resolves while ContextEn=1, else TIP.PGE. 
none 


32.4.1.1 Packet Blocks 


Packet blocks are a means to dump one or more groups of state values. Packet blocks begin with a Block Begin 
Packet (BBP), which indicates what type of state is held within the block. Following each BBP there may be one or 
more Block Item Packets (BIPs), which contain the state values. The block is terminated by either a Block End 
Packet (BEP) or another BBP indicating the start of a new block. 


The BIP packet includes an ID value that, when combined with the Type field from the BBP that preceded it, 
uniquely identifies the state value held in the BIP payload. The size of each BIP packet payload is provided by the 
Size field in the preceding BBP packet. 


Each block type can have up to 32 items defined for it. There is no guarantee, however, that each block of that type 
will hold all 32 items. For more details on which items to expect, see documentation on the specific block type of 
interest. 


See the BBP packet description (Section 32.4.2.26) for details on packet block generation scenarios. 


Packet blocks are entirely generated within an instruction or between instructions, which dictates the types of 
packets (aside from BIPs) that may be seen within a packet block. Packets that indicate control flow changes, or 
other indication of instruction completion, cannot be generated within a block. These are listed in the following 
table. Other packets, including timing packets, may occur between BBP and BEP. 


Table 32-15. Packets Forbidden Between BBP and BEP 


TNT 


TIP, TIP.PGE, TIP.PGD 
MODE.Exec, MODE.TSX 


PIP, VMCS 


TraceStop 
PSB, PSBEND 


PTW 


MWAIT 


It is possible to encounter an internal buffer overflow in the middle of a block. In such a case, it is guaranteed that 
packet generation will not resume in the middle of a block, and hence the OVF packet terminates the current block. 
Depending on the duration of the overflow, subsequent blocks may also be lost. 


Decoder Implications 


When a Block Begin Packet (BBP) is encountered, the decoder will need to decode some packets within the block 
differently from those outside a block. The Block Item Packet (BIP) header byte has the same encoding as a TNT 
packet outside of a block, but must be treated as a BIP header (with following payload) within one. 


When an OVF packet is encountered, the decoder should treat that as a block ending condition. Packet generation 
will not resume within a block. 
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32.4.2 Packet Definitions 


The following description of packet definitions are in tabular format. Figure 32-3 explains how to interpret them. 
Packet bits listed as “RSVD” are not guaranteed to be 0. 


Byte Number Bit Number cen Payload in White 
Name \ a name } i 


Packet Format / 


0 
1 
2 


Description of fields 


O| —| O| N 
-—| -—| -| om 


> aw 
— (S| ip 


1 
0 1 
1 
1 


rs 


oO; o; oO; un 
oO; Oo; —| & 
oO; O|] CO; w 


Dependencies | Depends on packet generation con- | Generation Scenario | Which instructions, events, or other 
figuration enable controls or other scenarios can cause this packet to be 
bits (Section 32.2.6). generated. 

Description Description of the packet, including the purpose it serves, meaning of the information or payload, etc 

Application How a decoder should apply this packet. It may bind to a specific instruction from the binary, or to 


another packet in the stream, or have other implications on decode 


Figure 32-3. Interpreting Tabular Definition of Packet Format 
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Table 32-16. TNT Packet Definition 


Name 


Taken/Not-taken (TNT) Packet 


Packet Format 


7 6 


5 4 


3 2 1 0 


0 1 By 


Ba B3 


Ba Bs Be 0 Short TNT 


B1...BN represent the last N conditional branch or compressed RET (Section 32.4.2.2) results, such that B1 is oldest 
and BN is youngest. The short TNT packet can contain from 1 to 6 TNT bits. The long TNT packet can contain from 


1 to 47 TNT bits. 


Irrespective of how many TNT bits is in a packet, the last valid TNT bit is followed by a trailing 1, or Stop bit, as 
shown above. If the TNT packet is not full (fewer than 6 TNT bits for the Short TNT, or fewer than 47 TNT bits for 
the Long TNT), the Stop bit moves up, and the trailing bits of the packet are filled with Os. Examples of these 
“partial TNTs” are shown below. An implementation may choose to use long TNTs, short TNTs, or both. 


7 6 5 4 3 2 1 0 
0 0 0 0 0 0 1 0 Long TNT 
1 1 0 1 0 0 0 1 1 
z Bao Bay Baz B43 Bag Bas Bag Ba7 
3 B32 B33 B34 B3s B3¢ B37 B3g B3g 
a Boa Bas Brg B27 Bzg Bag B30 B3; 
5 Big Bi7 Big Big B20 Bay B22 B23 
6 Bg Bg Bio Bry Biz By3 Big Bis 
7 1 By Bo B3 By Bs Bg B7 


7 6 5 4 3 2 1 0 

0 0 0 1 B, Bo B3 By 0 Short TNT 
7 6 5 4 3 2 1 0 

0 0 0 0 0 0 1 0 Long TNT 

1 1 0 1 0 0 0 1 1 

2 Boa Bas Ba6 B27 Bag Bag B30 B3) 

3 Big Bi7 Big Big B20 Bay B22 Ba3 

a! Bg Bg Bio Bi Bi2 By3 Big Bis 

5 1 By Bo B3 By Bs Be By 

6 0 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 0 

Dependencies | PacketEn && Generation On a conditional branch or compressed RET, if it fills the TNT. 
~lA32_RTIT_CTL.DisTNT Scenario Also, partial TNTs may be generated at any time, as a result of 


other packets being generated, or certain micro-architectural 
conditions occurring, before the TNT is full. 
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Table 32-16. TNT Packet Definition (Contd.) 


Description 


Provides the taken/not-taken results for the last 1..6 (Short TNT) or 1..47 (Long TNT) conditional branches (jcc, 
J*CXZ, or LOOP) or compressed RETs (Section 32.4.2.2). The TNT payload bits should be interpreted as follows: 

* 1 indicates a taken conditional branch, or a compressed RET 

* QO indicates a not-taken conditional branch 

TNT payload bits are stored internal to the processor in a TNT buffer, until either the buffer is filled or another 
packet is to be generated. In either case a TNT packet holding the buffered bits will be emitted, and the TNT buffer 
will be marked as empty. 


Application 


Each valid payload bit (that is, bits between the header bits and the trailing Stop bit) applies to an upcoming condi- 
tional branch or RET instruction. Once a decoder consumes a TNT packet with N valid payload bits, these bits should 
be applied to (and hence provide the destination for) the next N conditional branches or RETs. 


32.4.2.2 Target IP (TIP) Packet 


Table 32-17. IP Packet Definition 


Name 


Target IP (TIP) Packet 


Packet Format 


7 6 5 4 3 2 1 0 
0 IPBytes 0 1 1 0 
1 TargetIP[7:0] 
2 TargetIP[15:8] 
3 TargetIP[23:16] 
4 TargetIP[31:24] 
5 TargetIP[39:32] 
6 TargetIP[47:40] 
7 TargetIP[55:48] 
8 TargetIP[63:56] 
Dependencies | PacketEn Generation Sce- Indirect branch (including un-compressed RET), far branch, interrupt, 
nario exception, INIT, SIPI, VM exit, VM entry, TSX abort, EENTER, EEXIT, ERE- 
SUME, AEX". 
Description Provides the target for some control flow transfers 
Application Anytime a TIP is encountered, it indicates that control was transferred to the IP provided in the payload. 
The source of this control flow change, and hence the IP or instruction to which it binds, depends on the packets 
that precede the TIP. If a TIP is encountered and all preceding packets have already been bound, then the TIP will 
apply to the upcoming indirect branch, far branch, or VMRESUME. However, if there was a preceding FUP that 
remains unbound, it will bind to the TIP. Here, the TIP provides the target of an asynchronous event or TSX abort 
that occurred at the IP given in the FUP payload. Note that there may be other packets, in addition to the FUP, which 
will bind to the TIP packet. See the packet application descriptions for other packets for details. 
NOTES: 


1. EENTER, EEXIT, ERESUME, AEX would be possible only for a debug enclave. 


IP Compression 


The IP payload in a TIP. FUP, TIP.PGE, or TIP.PGD packet can vary in size, based on the mode of execution, and the 
use of IP compression. IP compression is an optional compression technique the processor may choose to employ 
to reduce bandwidth. With IP compression, the IP to be represented in the payload is compared with the last IP sent 
out, via any of FUP, TIP, TIP.PGE, or TIP.PGD. If that previous IP had the same upper (most significant) address 
bytes, those matching bytes may be suppressed in the current packet. The processor maintains an internal state of 
the “Last IP” that was encoded in trace packets, thus the decoder will need to keep track of the “Last IP” state in 
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software, to match fidelity with packets generated by hardware. “Last IP” is initialized to zero, hence if the first IP 
in the trace may be compressed if the upper bytes are zeroes. 


The “IPBytes” field of the IP packets (FUP, TIP, TIP.PGE, TIP.PGD) serves to indicate how many bytes of payload are 
provided, and how the decoder should fill in any suppressed bytes. The algorithm for reconstructing the IP fora 
TIP/FUP packet is shown in the table below. 


Table 32-18. FUP/TIP IP Reconstruction 


IPBytes Uncompressed IP Value 
63:56 55:48 47:40 39:32 31:24 23:16 15:8 7:0 
000b None, IP is out of context 
001b Last IP[63:16] IP Payload[1 5:0] 
010b Last IP[63:32] IP Payload[31:0] 
011b IP Payload[47] extended IP Payload[47:0] 
100b Last IP [63:48] IP Payload[47:0] 
101b Reserved 
110b IP Payload[63:0] 
111b Reserved 


The processor-internal Last IP state is guaranteed to be reset to zero when a PSB is sent out. This means that the 
IP that follows the PSB with either be un-compressed (011b or 110b, see Table 32-18), or compressed against 
zero. 


At times, “IPbytes” will have a value of 0. As shown above, this does not mean that the IP payload matches the full 
address of the last IP, but rather that the IP for this packet was suppressed. This is used for cases where the IP that 
applies to the packet is out of context. An example is the TIP.PGD sent on a SYSCALL, when tracing only USR code. 
In that case, no TargetIP will be included in the packet, since that would expose an instruction point at CPL = 0. 
When the IP payload is suppressed in this manner, Last IP is not cleared, and instead refers to the last IP packet 
with a non-zero IPBytes field. 


On processors that support a maximum linear address size of 32 bits, IP payloads may never exceed 32 bits 
(IPBytes <= 010b). 


Indirect Transfer Compression for Returns (RET) 


In addition to IP compression, TIP packets for near return (RET) instructions can also be compressed. If the RET 
target matches the next IP of the corresponding CALL, then the TIP packet is unneeded, since the decoder can 
deduce the target IP by maintaining a CALL/RET stack of its own. 


When a RET is compressed, a Taken indication is added to the TNT buffer. Because the RET generates no TIP 
packet, it also does not update the internal Last IP value, and thus the decoder should treat it the same way. If the 
RET is not compressed, it will generate a TIP packet (just like when RET compression is disabled, via 
IA32_RTIT_CTL.DisRETC). 


A CALL/RET stack can be maintained by the decoder by doing the following: 
1. Allocate space to store 64 RET targets. 


2. Fornear CALLs, push the Next IP onto the stack. Once the stack is full, new CALLs will force the oldest entry off 
the end of the stack, such that only the youngest 64 entries are stored. Note that this excludes zero-length 
CALLs, which are direct near CALLs with displacement zero (to the next IP). These CALLs typically don’t have 
matching RETs. 


3. Fornear RETs, pop the top (youngest) entry off the stack. This will be the expected target of the RET. 


In cases where a RET is compressed, the RET target is guaranteed to match the expected target from 3) above. If 
the target is not compressed, a TIP packet will be generated with the RET target, which may differ from the 
expected target in some cases. 
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The hardware ensures that packets read by the decoder will always have seen the CALL that corresponds to any 
compressed RET. The processor will never compress a RET across a PSB, a buffer overflow, or scenario where Pack- 
etEn=0. This means that a RET whose corresponding CALL executed while PacketEn=0, or before the last PSB, etc., 
will not be compressed. 


If the CALL/RET stack is manipulated or corrupted by software, and thereby causes a RET to transfer control to a 
target that is inconsistent with the CALL/RET stack, then the RET will not be compressed, and will produce a TIP 
packet. This can happen, for example, if software executes a PUSH instruction to push a target onto the stack, and 
a later RET uses this target. 


For processors that employ deferred TIPs (Section 32.4.2.3), an uncompressed RET will not be deferred, and hence 
will force out any accumulated TNTs or TIPs. This serves to avoid ambiguity, and make clear to the decoder whether 
the near RET was compressed, and hence a bit in the in-progress TNT should be consumed, or uncompressed, in 
which case there will be no in-progress TNT and thus a TIP should be consumed. 


Note that in the unlikely case that a RET executes in a different execution mode than the associated CALL, the 
decoder will need to model the same behavior with its CALL stack. For instance, if a CALL executes in 64-bit mode, 
a 64-bit IP value will be pushed onto the software stack. If the corresponding RET executes in 32-bit mode, then 
only the lower 32 target bits will be popped off of the stack, which may mean that the RET does not go to the CALL’s 
Next IP. This is architecturally correct behavior, and this RET could be compressed, thus the decoder should match 
this behavior. 


32.4.2.3 Deferred TIPs 


The processor may opt to defer sending out the TNT when TIPs are generated. Thus, rather than sending a partial 
TNT followed by a TIP, both packets will be deferred while the TNT accumulates more Jcc/RET results. Any number 
of TIP packets may be accumulated this way, such that only once the TNT is filled, or once another packet (e.g., 
FUP) is generated, the TNT will be sent, followed by all the deferred TIP packets, and finally terminated by the other 
packet(s) that forced out the TNT and TIP packets. Generation of many other packets (see list below) will force out 
the TNT and any accumulated TIP packets. This is an optional optimization in hardware to reduce the bandwidth 
consumption, and hence the performance impact, incurred by tracing. 


Table 32-19. TNT Examples with Deferred TIPs 
Code Flow Packets, Non-Deferred TIPS Packets, Deferred TIPS 


0x1000 cmp %rcx, 0 
0x1004 jnz Foo // not-taken 
0x1008 jmp %rdx 

0x1308 cmp %rcx, 1 
0x130c jnz Bar // not-taken 
0x1310 cmp %rcx, 2 
0x1314 jnz Baz // taken 
0x1500 cmp %eax, 7 
0x1504 jg Exit // not-taken TNT(0b010), TIP(Ox1 100) 
0x1508 jmp %r15 

0x1100 cmp %rbx, 1 
0x1104 jg Start // not-taken 
0x1108 add %rcx, %eax 


TNT(0b0), TIP(Ox1308) 


TNT(0b0), FUP(Ox110c), 


0x110c... // an asynchronous Interrupt arrives TIP(OxccO0) 
INThandler: TNT(0b00100), TIP(Ox1 308), 
OxccO0 pop %rdx TIP(Ox1 100), FUP(Ox1 10c), 


TIP(OxccO0) 
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Table 32-20. TIP.PGE Packet Definition 


Name 


Target IP - Packet Generation Enable (TIP.PGE) Packet 


Packet Format 


7 6 


IPBytes 
TargetIP[7:0] 


TargetIP[1 5:8] 


TargetIP[23:16] 
TargetIP[3 1:24] 


TargetIP[39:32] 


TargetIP[47:40] 


TargetIP[55:48] 


CO) N| @} U1) By] WwW] ry] —| © 


TargetIP[63:56] 


Dependencies 


PacketEn transitions to 1 


Generation 
Scenario 


Any branch instruction, control flow transfer, or MOV 
CR3 that sets PacketEn, a WRMSR that enables 
packet generation and sets PacketEn 


Description Indicates that PacketEn has transitioned to 1. It provides the IP at which the tracing begins. 

This can occur due to any of the enables that comprise PacketEn transitioning from O to 1, as long as all the others 

are asserted. Examples: 

« Trigger€n: This is set on software write to set IA32_RTIT_CTL.TraceEn as long as the Stopped and Error bits in 
IA32_RTIT_STATUS are clear. The IP payload will be the Next IP of the WRMSR. 

« FilterEn: This is set when software jumps into the tracing region. This region is defined by enabling IP filtering in 
IA32_RTIT_CTLAADDRn_CFG, and defining the range in |A32_RTIT_ADDRn_[AB], see. Section 32.2.5.3. The 
IP payload will be the target of the branch. 

« Context€n: This is set on a CPL change, a CR3 write or any other means of changing ContextEn. The IP payload 
will be the Next IP of the instruction that changes context if it is not a branch, otherwise it will be the target of 
the branch. 

Application TIP.PGE packets bind to the instruction at the IP given in the payload. 
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32.4.2.5 Packet Generation Disable (TIP.PGD) Packet 


Table 32-21. TIP.PGD Packet Definition 


Name 


Target IP - Packet Generation Disable (TIP.PGD) Packet 


Packet Format 


7 6 5 4 3 2 1 0 
IPBytes 0 0 0 0 1 
TargetIP[7:0] 

TargetIP[15:8] 

TargetIP[23:16] 

TargetIP[31:24] 

TargetIP[39:32] 

TargetIP[47:40] 

TargetIP[55:48] 

TargetIP[63:56] 


CO) N| @} uo} BY] WwW] Pr] —| © 


Dependencies 


Description 


PacketEn transitions to | Generation Any branch instruction, control flow transfer, or MOV CR3 that clears 
0 Scenario PacketEn, a WRMSR that disables packet generation and clears PacketEn 


Indicates that PacketEn has transitioned to O. It will include the IP at which the tracing ends, unless ContextEn= 0 or 

TraceEn=0 at the conclusion of the instruction or event that cleared PacketEn. 

PacketEn can be cleared due to any of the enables that comprise PacketEn transitioning from 1 to 0. Examples: 

* Trigger€n: This is cleared on software write to clear IA32_RTIT_CTL.TraceEn, or when 

IA32_RTIT_STATUS.Stopped is set, or on operational error. The IP payload will be suppressed in this case, and the 

“IPBytes” field will have the value O. 

FilterEn: This is cleared when software jumps out of the tracing region. This region is defined by enabling IP 

filtering in |A32_RTIT_CTL.ADDRn_CFG, and defining the range in |A32_RTIT_ADDRn_[AB], see. Section 32.2.5.3. 

The IP payload will depend on the type of the branch. For conditional branches, the payload is suppressed 

(IPBytes = 0), and in this case the destination can be inferred from the disassembly. For any other type of branch, 

the IP payload will be the target of the branch. 

* Context€n: This can happen on a CPL change, a CR3 write or any other means of changing ContextEn. See 
Section 32.2.5.3 for details. In this case, when ContextEn is cleared, there will be no IP payload. The “IPBytes” 
field will have value 0. 

Note that, in cases where a branch that would normally produce a TIP packet (i.e., far transfer, indirect branch, inter- 

rupt, etc) or TNT update (conditional branch or compressed RT) causes PacketEn to transition from 1 to O, the TIP or 

TNT bit will be replaced with TIP.PGD. The payload of the TIP.PGD will be the target of the branch, unless the result 

of the instruction causes TraceEn or ContextEn to be cleared (ie, SYSCALL when IA32_RTIT_CTL.OS=0, In the case 

where a conditional branch clears Filter—En and hence Packet€n, there will be no TNT bit for this branch, replaced 
instead by the TIP.PGD. 


Application 


TIP.PGD can be produced by any branch instructions, as well as some non-branch instructions, that clear PacketEn. 
When produced by a branch, it replaces any TIP or TNT update that the branch would normally produce. 

In cases where there is an unbound FUP preceding the TIP.PGD, then the TIP.PGD is part of compound operation (i.e., 
asynchronous event or TSX abort) which cleared PacketEn. For most such cases, the TIP.PGD is simply replacing a 
TIP, and should be treated the same way. The TIP.PGD may or may not have an IP payload, depending on whether 
the operation cleared Context€n. 

If there is not an associated FUP, the binding will depend on whether there is an IP payload. If there is an IP payload, 
then the TIPPGD should be applied to either the next direct branch whose target matches the TIP.PGD payload, or 
the next branch that would normally generate a TIP or TNT packet. If there is no IP payload, then the TIP.PGD should 
apply to the next branch or MOV CR3 instruction. 
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32.4.2.6 Flow Update (FUP) Packet 


Table 32-22. FUP Packet Definition 
Name Flow Update (FUP) Packet 


Packet Format 


7 6 5 4 3 2 1 0 
0 IPBytes 1 1 1 0 1 
1 IP[7:0] 
2 IP[15:8] 
3 IP[23:16] 
4 IP[31:24] 
5 IP[39:32] 
6 IP[47:40] 
7 IP[55:48] 
8 IP[63:56] 

Dependencies | TriggerEn && ContextEn. Generation | Asynchronous Events (interrupts, exceptions, INIT, SIPI, SMI, VM exit, 
(Typically depends on Scenario #MC), PSB+, XBEGIN, XEND, XABORT, XACQUIRE, XRELEASE, EENTER, 
Branch€n and FilterEn as well, EEXIT, ERESUME, EEE, AEX,!, INTO, INT1, INT3, INT n, a WRMSR that 
see Section 32.2.5, Section disables packet generation. 


32.4.2.21, and Section 
32.4.2.22 for details.) 


Description Provides the source address for asynchronous events, and some other instructions. Is never sent alone, always sent 
with an associated TIP or MODE packet, and potentially others. 


Application FUP packets provide the IP to which they bind. However, they are never standalone, but are coupled with other 
packets. 

In TSX cases, the FUP is immediately preceded by a MODE.TSX, which binds to the same IP. A TIP will follow only in 
the case of TSX aborts, see Section 32.4.2.8 for details. 

Otherwise, FUPs are part of compound packet events (See Section 32.4.1). In these compound cases, the FUP pro- 
vides the source IP for an instruction or event, while a following TIP (or TIP.PGD) packet will provide the destination 
IP. Other packets may be included in the compound event between the FUP and TIP. 


NOTES: 
1. EENTER, EEXIT, ERESUME, EEE, AEX apply only if Intel Software Guard Extensions is supported. 


FUP IP Payload 


Flow Update Packet gives the source address of an instruction when it is needed. In general, branch instructions do 
not need a FUP, because the source address is clear from the disassembly. For asynchronous events, however, the 
source address cannot be inferred from the source, and hence a FUP will be sent. Table 32-23 illustrates cases 
where FUPs are sent, and which IP can be expected in those cases. 
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Table 32-23. FUP Cases and IP Payload 


Event Flow Update IP Comment 

External Interrupt, NMI/SMI, Traps, | Address of next instruction (Next IP) that Functionally, this matches the LBR FROM field 

Machine Check (trap-like), INIT/SIPI | would have been executed value and also the EIP value which is saved onto 
the stack. 

Exceptions/Faults, Machine check | Address of the instruction which took the This matches the similar functionality of LBR 

(fault-like) exception/fault (Current IP) FROM field value and also the EIP value which is 
saved onto the stack. 

Software Interrupt Address of the software interrupt instruction | This matches the similar functionality of LBR 

(Current IP) FROM field value, but does not match the EIP 


value which is saved onto the stack (Next 
Linear Instruction Pointer - NLIP). 


EENTER, EEXIT, ERESUME, Enclave | Current IP of the instruction This matches the LBR FROM field value and also 
Exiting Event (EEE), AEX! the EIP value which is saved onto the stack. 
XACQUIRE Address of the X* instruction 

XRELEASE, XBEGIN, XEND, Current IP 

XABORT, other transactional abort 

#SMI IP that is saved into SMRAM 

WRMSR that clears TraceEn, PSB+ | Current IP 

NOTES: 


1. Information on EENTER, EEXIT, ERESUME, EEE, Asynchronous Enclave eXit (AEX) can be found in the Inte/® 
64 and IA-32 Architectures Software Developer’s Manual, Volume 3D. 


On a canonical fault due to sequentially fetching an instruction in non-canonical space (as opposed to jumping to 
non-canonical space), the IP of the fault (and thus the payload of the FUP) will be a non-canonical address. This is 
consistent with what is pushed on the stack for such faulting cases. 

If there are post-commit task switch faults, the IP value of the FUP will be the original IP when the task switch 
started. This is the same value as would be seen in the LBR_FROM field. But it is a different value as is saved on the 
stack or VMCS. 
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32.4.2.7 Paging Information (PIP) Packet 


Table 32-24. PIP Packet Definition 


Name 


Paging Information (PIP) Packet 


Packet Format 


7 6 5 4 3 z 1 0 
0) 0 0 0 0 1 0 
1 0 1 0 0 0 0 1 1 
2 CR3[11:5] or O RSVD/NR 
3 CR3[19:12] 
4 CR3[27:20] 
5 CR3[35:28] 
6 CR3[43:36] 
7 CR3[51:44] 
Dependencies | TriggerEn && ContextEn && Generation MOV CR3, Task switch, INIT, SIPI, PSB+, VM exit, 
IA32_RTIT_CTL.OS Scenario VM entry 
Description The CR3 payload shown includes only the address portion of the CR3 value. For PAE paging, CR3[11:5] are thus 
included. For other paging modes (32-bit and 4-level paging!), these bits are 0. 
This packet holds the CR3 address value. It will be generated on operations that modify CR3: 
«= MOV CR3 operation 
* Task Switch 
« INIT and SIPI 
= VM exit, if “conceal VMX from PT” VM-exit control is 0 (see Section 32.5.1) 
= VM entry, if “conceal VMX from PT” VM-entry control is 0 
PIPs are not generated, despite changes to CR3, on SMI and RSM. This is due to the special behavior on these oper- 
ations, see Section 32.2.9.3 for details. Note that, for some cases of task switch where CR3 is not modified, no PIP 
will be produced. 
The purpose of the PIP is to indicate to the decoder which application is running, so that it can apply the proper 
binaries to the linear addresses that are being traced. 
The PIP packet contains the new CR3 value when CR3 is written. 
PIPs generated by VM entries set the NR bit. PIPs generated in VMX non-root operation set the NR bit if the “con- 
ceal VMX from PT” VM-execution control is 0 (see Section 32.5.1). All other PIPs clear the NR bit. 
Application The purpose of the PIP packet is to help the decoder uniquely identify what software is running at any given time. 
When a PIP is encountered, a decoder should do the following: 
1) If there was a prior unbound FUP (that is, a FUP not preceded by a packet such as MODE.TSX that consumes it, 
and it hence pairs with a TIP that has not yet been seen), then this PIP is part of a compound packet event (Section 
32.4.1). Find the ending TIP and apply the new CR3/NR values to the TIP payload IP. 
2) Otherwise, look for the next MOV CR3, far branch, or VMRESUME/VMLAUNCH in the disassembly, and apply the 
new CR3 to the next (or target) IP. 
For examples of the packets generated by these flows, see Section 32.7. 
NOTES: 


1. Earlier versions of this manual used the term “IA-32e paging” to identify 4-level paging. 


32.4.2.8 MODE Packets 


MODE packets keep the decoder informed of various processor modes about which it needs to know in order to 
properly manage the packet output, or to properly disassemble the associated binaries. MODE packets include a 
header and a mode byte, as shown below. 
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Table 32-25. General Form of MODE Packets 


7 5 4 3} 2 1 0 
0 1 0 1 i 0 0 1 
1 Leaf ID Mode 


The MODE Leaf ID indicates which set of mode bits are held in the lower bits. 


MODE.Exec Packet 


Table 32-26. MODE.Exec Packet Definition 


Name MODE.Exec Packet 
Packet Format 
7 6 5 4 3 2 1 0 
0 1 0 0 1 1 0 0 1 
1 0 0 0 Reserved IF CS.D (CS.L & LMA) 
MODE Leaf ID is ‘O00. 
Dependencies | TriggerEn Generation Any operation that changes the CS.L, CS.D, or EFER.LMA, if 
&& Scenario IA32_RTIT_CTL.Branch€n=1. 
ContextEn Any operation that changes RFLAGS.IF, if IA32_RTIT_CTL.EventEn=1. 
&& FilterEn Any TIP.PGE scenario, such that any of the mode bits tracked may have changed 
since the last MODE.Exec. 


Description Indicates whether software is in 16, 32, or 64-bit mode, by providing the CS.D and (CS.L & IA32_EFER.LMA) values. 

Essential for the decoder to properly disassemble the associated binary. Further, if CPUID.Ox14.0.EBX[6]=1 (“Event 
Trace Support’), it indicates when interrupts are masked by providing the RFLAGS.IF value. 
MODE.Exec is sent at the time of a mode change, if dependencies are met at the time, otherwise it is sent when 
tracing resumes. In the former case, the MODE.Exec packet is generated along with other packets that result from 
the operation that changes the mode, and is quaranteed to be followed by a TIP or TIP.PGE for branch operations, or 
a FUP for non-branch operations (CLI, STI, or POPF if EventEn=1). In cases where the mode changes while filtering 
dependencies are not met, the processor ensures that the decoder doesn't lose track of the mode by sending any 
needed MODE.Exec once tracing resumes (preceding the TIP.PGE, if BranchEn=1). The processor may opt to sup- 
press the MODE.Exec when tracing resumes if the mode matches that of the last MODE.Exec packet. 
MODE.Exec packets are generated on CS.L, CS.D, or EFER.LMA changes only if control flow tracing is enabled 
(BranchEn=1). This is essential for the decoder to properly disassemble the associated binary. 

cs.D (CS.L & IA32_EFER.LMA) Addressing Mode 

1 1 N/A 

0 1 64-bit mode 

1 0 32-bit mode 

0 0 16-bit mode 
MODE.Exec packets are generated on interrupt flag (RFLAGS.IF) changes only if event tracing is enabled 
(EventEn=1). 

Application MODE.Exec always precedes an IP packet (TIP, TIP.PGE, or FUP). The mode change applies to the IP address in the 


payload of the IP packet. When MODE.Exec is followed by a FUP, it is a stand-alone FUP and should be consumed by 
the MODE.Exec. 
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MODE.TSX Packet 
Table 32-27. MODE.TSX Packet Definition 
Name MODE.TSX Packet 
Packet Format 
6 5 4 3 2 1 0 
0 0 0 1 1 0 0 1 
1 0 1 0 0 0 TXAbort | InTX 
Dependencies | TriggerEn && ContextEn Generation XBEGIN, XEND, XABORT, XACQUIRE, XRELEASE, if InTX 
Scenario changes, Asynchronous TSX Abort, PSB+ 
Description Indicates when a TSX transaction (either HLE or RTM) begins, commits, or aborts. Instructions executed transaction- 
ally will be “rolled back” if the transaction is aborted. 
TXAbort InTX Implication 
1 1 N/A 
0 1 Transaction begins, or executing transactionally 
1 0 Transaction aborted 
0 0 Transaction committed, or not executing transactionally 
Application If PacketEn=1, MODE.TSX always immediately precedes a FUP. If the TXAbort bit is zero, then the mode change 


applies to the IP address in the payload of the FUP. If TXAbort=1, then the FUP will be followed by a TIP, and the 
mode change will apply to the IP address in the payload of the TIP. 
MODE.TSX packets may be generated when PacketEn=0, due to FilterEn=0. In this case, only the last MODE.TSX 
generated before TIP.PGE need be applied. 
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32.4.2.9 TraceStop Packet 


Table 32-28. TraceStop Packet Definition 


Name 


TraceStop Packet 


Packet Format 


7 6 5 4 3 2 1 0 
0 0 0 0 0 0 1 0 
1 1 0 0) 0 0 0 1 1 
Dependencies | TriggerEn && ContextEn Generation Taken branch with target in TraceStop IP region, MOV CR3 in TraceS- 


Scenario top IP region, or WRMSR that sets TraceEn in TraceStop IP region. 


Description 


Indicates when software has entered a user-configured TraceStop region. 

When the IP matches a TraceStop range while ContextEn and Trigger€n are set, a TraceStop action occurs. This dis- 
ables tracing by setting IA32_RTIT_STATUS.Stopped, thereby clearing TriggerEn, and causes a TraceStop 

packet to be generated. 

The TraceStop action also forces FilterEn to 0. Note that TraceStop may not force a flush of internally buffered 
packets, and thus trace packet generation should still be manually disabled by clearing IA32_RTIT_CTL.TraceEn 
before examining output. See Section 32.2.5.3 for more details. 


Application 


If TraceStop follows a TIP.PGD (before the next TIP.PGE), then it was triggered either by the instruction that cleared 
PacketEn, or it was triggered by some later instruction that executed while FilterEn=0. In either case, the TraceStop 
can be applied at the IP of the TIP.PCD (if any). 

If TraceStop follows a TIP.PGE (before the next TIP.PGD), it should be applied at the last known IP. 


32.4.2.10 Core:Bus Ratio (CBR) Packet 


Table 32-29. CBR Packet Definition 


Description 


Name Core:Bus Ratio (CBR) Packet 
Packet Format 
7 6 5 4 3 2 1 0 
0 0 0 0 0 0 1 0 
1 0 0 0 0 0 0 1 1 
2 Core:Bus Ratio 
3) Reserved 
Dependencies | TriggerEn Generation After any frequency change, on C-state wake up, PSB+, and after 
Scenario enabling trace packet generation. 


Indicates the core:bus ratio of the processor core. Useful for correlating wall-clock time and cycle time. 


Application 
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The CBR packet indicates the point in the trace when a frequency transition has occurred. On some implementa- 
tions, software execution will continue during transitions to a new frequency, while on others software execution 
ceases during frequency transitions. There is not a precise IP provided, to which to bind the CBR packet. 
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Table 32-30. TSC Packet Definition 


Name 


Timestamp Counter (TSC) Packet 


Packet Format 


Dependencies 


7 


6 


0) 


0 


SW TSC[7:0] 


SW TSC[15:8] 


SW TSC[23:16] 


SW TSC[31:24] 


SW TSC[39:32] 


SW TSC[47:40] 
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SW TSC[55:48] 


IA32_RTIT_CTL.TSCEn && | Generation 
Scenario 


TriggerEn 


Sent after any event that causes the processor clocks or Intel PT timing 
packets (such as MTC or CYC) to stop, This may include P-state changes, 
wake from C-state, or clock modulation. Also on transition of TraceEn 
from 0 to 1. 


Description When enabled by software, a TSC packet provides the lower 7 bytes of the current TSC value, as returned by the 
RDTSC instruction. This may be useful for tracking wall-clock time, and synchronizing the packets in the log with 
other timestamped logs. 

Application TSC packet provides a wall-clock proxy of the event which generated it (packet generation enable, sleep state wake, 


etc). In all cases, TSC does not precisely indicate the time of any control flow packets; however, all preceding packets 
represent instructions that executed before the indicated TSC time, and all subsequent packets represent instruc- 
tions that executed after it. There is not a precise IP to which to bind the TSC packet. 
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32.4.2.12 Mini Time Counter (MTC) Packet 


Table 32-31. MTC Packet Definition 


Name 


Mini time Counter (MTC) Packet 


Packet Format 


7 6 5 4 3 D 1 0 
0 0 1 0 1 1 0 0 1 
1 CTCIN+7:N] 


Dependencies 


IA32_RTIT_CTL.MTCEn && | Generation Periodic, based on the core crystal clock, or Always Running Timer 
TriggerEn Scenario (ART). 


Description 


When enabled by software, an MTC packet provides a periodic indication of wall-clock time. The 8-bit CTC (Common 
Timestamp Copy) payload value is set to (ART >> N) & FFH. The frequency of the ART is related to the Maximum 
Non-Turbo frequency, and the ratio can be determined from CPUID leaf 15H, as described in Section 32.8.3. 
Software can select the threshold N, which determines the MTC frequency by setting the [A32_RTIT_CTL.MTCFreq 
field (see Section 32.2.8.2) to a supported value using the lookup enumerated by CPUID (see Section 32.3.1). 

See Section 32.8.3 for details on how to use the MTC payload to track TSC time. 

MTC provides 8 bits from the ART, starting with the bit selected by MTCFreq to dictate the frequency of the packet. 
Whenever that 8-bit range being watched changes, an MTC packet will be sent out with the new value of that 8-bit 
range. This allows the decoder to keep track of how much wall-clock time has elapsed since the last TSC packet was 
sent, by keeping track of how many MTC packets were sent and what their value was. The decoder can infer the 
truncated bits, CTC[N-1:0], are O at the time of the MTC packet. 

There are cases in which MTC packet can be dropped, due to overflow or other micro-architectural conditions. The 
decoder should be able to recover from such cases by checking the 8-bit payload of the next MTC packet, to deter- 
mine how many MTC packets were dropped. It is not expected that >256 consecutive MTC packets should ever be 
dropped. 


Application 


MTC does not precisely indicate the time of any other packet, nor does it bind to any IP. However, all preceding pack- 
ets represent instructions or events that executed before the indicated ART time, and all subsequent packets repre- 
sent instructions that executed after, or at the same time as, the ART time. 
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32.4.2.13  TSC/MTC Alignment (TMA) Packet 


Table 32-32. TMA Packet Definition 
Name TSC/MTC Alignment (TMA) Packet 


Packet Format 


7 6 5 4 3 2 1 0 

0 0 0 0 0 0 0 1 0 

1 0 1 1 1 0 0 1 1 

2 CTC[7:0] 

3 CTC[15:8] 

4 Reserved 0 

5 FastCounter[7:0] 

6 Reserved FC[8] 
Dependencies | IA32_RTIT_CTL.MTCEn && Generation Sce- Sent with any TSC packet. 

IA32_RTIT_CTL.TSCEn && TriggerEn | nario 

Description The TMA packet serves to provide the information needed to allow the decoder to correlate MTC packets with TSC 


packets. With this packet, when a MTC packet is encountered, the decoder can determine how many timestamp 
counter ticks have passed since the last TSC or MTC packet. See Section 32.8.3.2 for details on how to make this cal- 
culation. 


Application TMA is always sent immediately following a TSC packet, and the payload values are consistent with the TSC payload 
value. Thus the application of TMA matches that of TSC. 
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32.4.2.14 Cycle Count (CYC) Packet 


Table 32-33. Cycle Count Packet Definition 


Name 


Cycle Count (CYC) Packet 


Packet Format 


7 6 5 4 3 2 1 0 
0 Cycle Counter[4:0] Exp 1 1 
1 Cycle Counter[11:5] Exp 
2 Cycle Counter[18:1 2] Exp 
.. (if Exp = 1 in the previous byte) 


Dependencies 


IA32_RTIT_CTL.CYCEn && | Generation Sce- | Can be sent at any time, though a maximum of one CYC packet is 
TriggerEn nario sent per core clock cycle. See Section 32.3.6 for CYC-eligible packets. 


Description 


The Cycle Counter field increments at the same rate as the processor core clock ticks, but with a variable length for- 
mat (using a trailing EXP bit field) and a range-capped byte length. 

If the CYC value is less than 32, a 1-byte CYC will be generated, with Exp=0. If the CYC value is between 32 and 
4095 inclusive, a 2-byte CYC will be generated, with byte 0 Exp=1 and byte 1 Exp=0. And so on. 

CYC provides the number of core clocks that have passed since the last CYC packet. CYC can be configured to be 
sent in every cycle in which an eligible packet is generated, or software can opt to use a threshold to limit the num- 
ber of CYC packets, at the expense of some precision. These settings are configured using the 
IA32_RTIT_CTL.CycThresh field (see Section 32.2.8.2). For details on Cycle-Accurate Mode, IPC calculation, etc, see 
Section 32.3.6. 

When CycThresh=0, and hence no threshold is in use, then a CYC packet will be generated in any cycle in which any 
CYC-eligible packet is generated. The CYC packet will precede the other packets generated in the cycle, and provides 
the precise cycle time of the packets that follow. 

In addition to these CYC packets generated with other packets, CYC packets can be sent stand-alone. These packets 
serve simply to update the decoder with the number of cycles passed, and are used to ensure that a wrap of the 
processor's internal cycle counter doesn’t cause cycle information to be lost. These stand-alone CYC packets do not 
indicate the cycle time of any other packet or operation, and will be followed by another CYC packet before any 
other CYC-eligible packet is seen. 

When CycThresh>O, CYC packets are generated only after a minimum number of cycles have passed since the last 
CYC packet. Once this threshold has passed, the behavior above resumes, where CYC will either be sent in the next 
cycle that produces other CYC-eligible packets, or could be sent stand-alone. 

When using CYC thresholds, only the cycle time of the operation (instruction or event) that generates the CYC 
packet is truly known. Other operations simply have their execution time bounded: they completed at or after the 
last CYC time, and before the next CYC time. 


Application 


CYC provides the offset cycle time (since the last CYC packet) for the CYC-eligible packet that follows. If another CYC 
is encountered before the next CYC-eligible packet, the cycle values should be accumulated and applied to the next 
CYC-eligible packet. 

If a CYC packet is generated by a TNT, note that the cycle time provided by the CYC packet applies to the first 
branch in the TNT packet. 
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32.4.2.15 VMCS Packet 


Table 32-34. VMCS Packet Definition 


Name VMCS Packet 
Packet Format 
7 6 5 4 3 2 1 0 
0 0 0 0 0 0 0 1 0 
1 1 1 0 0 1 0 0 0 
2 VMCS pointer [19:12] 
3 VMCS pointer [27:20] 
4 VMCS pointer [35:28] 
5 VMCS pointer [43:36] 
6 VMCS pointer [51:44] 


Dependencies 


TriggerEn && ContextEn; | Generation Scenario | Generated on successful VMPTRLD, and optionally on PSB+, SMM 
Also in VMX operation. VM exits, and VM entries that return from SMM (see Section 32- 
53). 


Description The VMCS packet provides a VMCS pointer for a decoder to determine the transition of code contexts: 
® Onasuccessful VMPTRLD (i.e.,a VMPTRLD that doesn’t fault, fail, or VM exit), the VMCS packet contains the 
logical processor's VMCS pointer established by VMPTRLD (for subsequent execution of a VM guest context). 
e An SMM VM exit loads the logical processor’s VMCS pointer with the SMM-transfer VMCS pointer. If the “conceal 
VMX from PT” VM-exit control is 0 (see Section 32.5.1), a VMCS packet provides this pointer. See Section 32.6 on 
tracing inside and outside STM. 
e ~=AVMentry that returns from SMM loads the logical processor's VMCS pointer from a field in the SMM-transfer 
VMCS. If the “conceal VMX from PT” VM-entry control is 0, a VMCS packet provides this pointer. Whether the 
VM entry is to VMX root operation or VMX non-root operation is indicated by the PIP.NR bit. 
A VMCS packet generated before a VMCS pointer has been loaded, or after the VMCS pointer has been cleared will 
set all 64 bits in the VMCS pointer field. 
VMCS packets will not be seen on processors with I[A32_VMX_MISC[bit 14]=0, as these processors do not allow 
TraceEn to be set in VMX operation. 
Application The purpose of the VMCS packet is to help the decoder uniquely identify changes in the executing software context 


in situations that CR3 may not be unique. 

When a VMCS packet is encountered, a decoder should do the following: 

«If there was a prior unbound FUP (that is, a FUP not preceded by a packet such as MODE.TSX that consumes it, and 
it hence pairs with a TIP that has not yet been seen), then this VMCS is part of a compound packet event (Section 
32.4.1). Find the ending TIP and apply the new VMCS base pointer value to the TIP payload IP. 

* Otherwise, look for the next VMPTRLD, VMRESUME, or VMLAUNCH in the disassembly, and apply the new VMCS 
base pointer on the next VM entry. 

For examples of the packets generated by these flows, see Section 32.7. 
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32.4.2.16 Overflow (OVF) Packet 


Table 32-35. OVF Packet Definition 


Name Overflow (OVF) Packet 
Packet Format 
7 6 5 4 3 2 1 0 
0 0 0 0 0 0 1 0 
1 1 1 1 1 0 0 1 1 
Dependencies | TriggerEn Generation On resolution of internal buffer overflow 
Scenario 
Description OVF simply indicates to the decoder that an internal buffer overflow occurred, and packets were likely lost. If 
BranchEN= 1, OVE is followed by a FUP or TIP.PGE which will provide the IP at which packet generation resumes. See 
Section 32.3.8. 
Application When an OVF packet is encountered, the decoder should skip to the IP given in the subsequent FUP or TIP.PGE. The 


cycle counter for the CYC packet will be reset at the time the OVF packet is sent. 

Software should reset its call stack depth on overflow, since no RET compression is allowed across an overflow. Sim- 
ilarly, any IP compression that follows the OVF is quaranteed to use as a reference LastIP the IP payload of an IP 
packet that preceded the overflow. 


32.4.2.17 Packet Stream Boundary (PSB) Packet 


Table 32-36. PSB Packet Definition 


Name 


Packet Stream Boundary (PSB) Packet 


Packet Format 


7 6 5 4 3 @ 1 0 
0 0 0 0 0 0 0 1 0 
1 1 0 0 0 0 0 1 0 
2 0 0 0 0 0 0 1 0 
3 1 0 0 0 0 0 1 0 
4 0 0 0 0 0 0 1 0 
5 1 0 0 0 0 0 1 0 
6 0 0 0 0 0 0 1 0 
7 1 0 0 0 0 0 1 0 
8 0 0 0 0 0 0 1 0 
9 1 0 0 0 0 0 1 0 
10 0 0 0 0 0 0 1 0 
11 1 0 0 0 0 0 1 0 
12 0 0 0 0 0 0 1 0 
13 1 0 0 0 0 0 1 0 
14 0 0 0 0 0 0 1 0 
15 1 0 0 0 0 0 1 0 
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Table 32-36. PSB Packet Definition (Contd.) 


Dependencies 


Generation 
Scenario 


TriggerEn Periodic, based on the number of output bytes generated while tracing. PSB is sent 
when IA32_RTIT_STATUS.PacketByteCnt=0, and each time it crosses the software 
selected threshold after that. May be sent for other micro-architectural conditions 


as well. 


Description 


PSB is a unique pattern in the packet output log, and hence serves as a sync point for the decoder. It is a pattern 
that the decoder can search for in order to get aligned on packet boundaries. This packet is periodic, based on the 
number of output bytes, as indicated by [A32_RTIT_STATUS.PacketByteCnt. The period is chosen by software, via 
IA32_RTIT_CTL.PSBFreq (see Section 32.2.8.2). Note, however, that the PSB period is not precise, it simply reflects 
the average number of output bytes that should pass between PSBs. The processor will make a best effort to 
insert PSB as quickly after the selected threshold is reached as possible. The processor also may send extra 

PSB packets for some micro-architectural conditions. 

PSB also serves as the leading packet for a set of “status-only” packets collectively known as PSB+ (Section 32.3.7). 


Application 


When a PSB is seen, the decoder should interpret all following packets as “status only”, until either a PSBEND or 
OVF packet is encountered. “Status only” implies that the binding and ordering rules to which these packets nor- 
mally adhere are ignored, and the state they carry can instead be applied to the IP payload in the FUP packet that is 
included. 


32.4.2.18 PSBEND Packet 


Table 32-37. PSBEND Packet Definition 


Name PSBEND Packet 
Packet Format 
7 6 5 4 3 2 1 0 

0 0) 0 0 0) 0 1 0 

1 0 0 1 0 0 0 1 1 
Dependencies | TriggerEn Generation Always follows PSB packet, separated by PSB+ packets 

Scenario 

Description PSBEND is simply a terminator for the series of “status only” (PSB+) packets that follow PSB (Section 32.3.7). 
Application When a PSBEND packet is seen, the decoder should cease to treat packets as “status only”. 
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32.4.2.19 Maintenance (MNT) Packet 


Table 32-38. MNT Packet Definition 


Name 


Maintenance (MNT) Packet 


Packet Format 


7 6 5 4 3 2 1 0 
0 0 0 0 0 0 0 1 0 
1 1 1 0 0 0) 0 1 1 
2 1 0 0 0 1 0 0 0 
3} Payload[7:0] 
4 Payload[15:8] 
5 Payload[23:16] 
6 Payload[31:24] 
7 Payload[39:32] 
8 Payload[47:40] 
9 Payload[55:48] 
10 Payload[63:56] 
Dependencies TriggerEn Generation Sce- | Implementation specific. 
nario 
Description This packet is generated by hardware, the payload meaning is model-specific. 
Application Unless a decoder has been extended for a particular family/model/stepping to interpret MNT packet payloads, this 


packet should simply be ignored. It does not bind to any IP. 


32.4.2.20 PAD Packet 


Table 32-39. PAD Packet Definition 


Name PAD Packet 
Packet Format 
7 6 5 4 S| 1 0 
0 0 0 0 0 0 0 
Dependencies | TriggerEn Generation Implementation specific 
Scenario 
Description PAD is simply a NOP packet. Processor implementations may choose to add pad packets to improve packet align- 
ment or for implementation-specific reasons. 
Application Ignore PAD packets. 
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Table 32-40. PTW Packet Definition 


Name 


PTW Packet 


Packet Format 


The PayloadBytes field indicates the number of bytes of payload that follow the header bytes. Encodings are as fol- 


7 6 


5 4 


0 0 


0 0 


IP PayloadBytes 


is) 


Payload[7:0] 


Payload[1 5:8] 


Payload[23:16] 


Payload[31:24] 


Payload[39:32] 


Payload[47:40] 


Payload[55:48] 
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Payload[63:56] 


lows: 
PayloadBytes Bytes of Payload 
‘00 4 
‘01 8 
‘10 Reserved 
‘11 Reserved 


IP bit indicates if a FUP, whose payload will be the IP of the PTWRITE instruction, will follow. 


Dependencies 


TriggerEn && ContextEn && 
FilterEn && PTWEn 


Generation 
Scenario 


PTWRITE Instruction 


Description Contains the value held in the PTWRITE operand. 
This packet is CYC-eligible, and hence will generate a CYC packet if IA32_RTIT_CTL.CYCEn=1 and any CYC Threshold 
has been reached. 

Application Binds to the associated PTWRITE instruction. The IP of the PTWRITE will be provided by a following FUP, when 


PTW.IP=1. 
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32.4.2.22 Execution Stop (EXSTOP) Packet 


Table 32-41. EXSTOP Packet Definition 


Name EXSTOP Packet 
Packet Format 
7 6 5 3 2 1 0 
0 0 0 0 0 0 0 1 0 
1 IP 1 1 0 0) 0 1 0 


IP bit indicates if a FUP will follow. 


Dependencies 


TriggerEn && PwrEvtEn 


Generation 
Scenario 


C-state entry, P-state change, or other processor clock power- 
down. Includes : 

« Entry to C-state deeper than C0.0 

= TM1/2 

« STPCLK# 

« Frequency change due to [A32_CLOCK_MODULATION, Turbo 


Description 


Application 


This packet indicates that software execution has stopped due to processor clock powerdown. Later packets will 
indicate when execution resumes. 
If EXSTOP is generated while Context€n is set, the IP bit will be set, and EXSTOP will be followed by a FUP packet 
containing the IP at which execution stopped. More precisely, this will be the IP of the oldest instruction that has 


not yet completed. 


This packet is CYC-eligible, and hence will generate a CYC packet if IA32_RTIT_CTL.CYCEn=1 and any CYC Threshold 


has been reached. 


If a FUP follows EXSTOP (hence IP bit set), the EXSTOP can be bound to the FUP IP. Otherwise the IP is not known. 
Time of powerdown can be inferred from the preceding CYC, if CYCEn=1. Combined with the TSC at the time of 
wake (if TSCEn=1), this can be used to determine the duration of the powerdown. 
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32.4.2.23  MWAIT Packet 


Table 32-42. MWAIT Packet Definition 


Name MWAIT Packet 


Packet Format 


7 6 5 4 3 2 1 0 
0 0 
1 1 0 0 0 0 1 0 
MWAIT Hints[7:0] 

Reserved 


(2) 
(=) 
(jo) 
= 
(jo) 


Reserved 


Reserved 
Reserved EXT[1:0] 
Reserved 


Reserved 
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Reserved 


Dependencies | TriggerEn && PwrEvtEn && Generation MWAIT, UMWAIT, or TPAUSE instructions, or I/O redirection to 
ContextEn Scenario MWAIT, that complete without fault or VMexit. 
Description Indicates that an MWAIT operation to C-state deeper than CO.0 completed. The MWAIT hints and extensions passed 


in by software are exposed in the payload. For UMWAIT and TPAUSE, the EXT field holds the input register value 
that determines the optimized state requested. 

For entry to some highly optimized CO sub-C-states, such as C0.1, no MWAIT packet is generated. 

This packet is CYC-eligible, and hence will generate a CYC packet if IA32_RTIT_CTL.CYCEn=1 and any CYC Threshold 
has been reached. 


Application The binding for the upcoming EXSTOP packet also applies to the MWAIT packet. See Section 32.4.2.22. 


Vol. 3C 32-61 


INTEL® PROCESSOR TRACE 


32.4.2.24 Power Entry (PWRE) Packet 


Table 32-43. PWRE Packet Definition 


Name PWRE Packet 
Packet Format 
7 6 5 4 3 2 1 0 
0 0 0 0 0 0 0 1 0 
1 0 0 1 0 0 0 1 0 
2 HW Reserved 
3) Resolved Thread C-State Resolved Thread Sub C-State 
Dependencies | TriggerEn && PwrEvtEn Generation Transition to a C-state deeper than CO.0. 
Scenario 
Description Indicates processor entry to the resolved thread C-state and sub C-state indicated. The processor will remain in this 
C-state until either another PWRE indicates the processor has moved to a C-state deeper than C0.0, or a PWRX 
packet indicates a return to CO.0. 
For entry to some highly optimized CO sub-C-states, such as CO.1, no PWRE packet is generated. 
Note that some CPUs may allow MWAIT to request a deeper C-state than is supported by the core. These deeper C- 
states may have platform-level implications that differentiate them. However, the PWRE packet will provide only 
the resolved thread C-state, which will not exceed that supported by the core. 
If the C-state entry was initiated by hardware, rather than a direct software request (such as MWAIT, UMWAIT, 
TPAUSE, HLT, or shutdown), the HW bit will be set to indicate this. Hardware Duty Cycling (see Section 14.5, “Hard- 
ware Duty Cycling (HDC)” in the Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 38) is an 
example of such a case. 
Application When transitioning from CO.0 to a deeper C-state, the PWRE packet will be followed by an EXSTOP. If that EXSTOP 


packet has the IP bit set, then the following FUP will provide the IP at which the C-state entry occurred. Subsequent 
PWRE packets generated before the next PWRX should bind to the same IP. 
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32.4.2.25 Power Exit (PWRX) Packet 


Table 32-44. PWRX Packet Definition 


Description 


Application 


Name PWRX Packet 
Packet Format 
7 6 5 4 3 2 1 0 
0 0 0 0 0 0 1 0 
1 1 0 1 0 0 0 1 0 
2 Last Core C-State Deepest Core C-State 
3 Reserved Wake Reason 
4 Reserved 
5 Reserved 
6 Reserved 
Dependencies | TriggerEn && PwrEvtEn Generation Transition from a C-state deeper than C0.0 to CO. 
Scenario 


Indicates processor return to thread CO from a C-state deeper than CO0.0. 

For return from some highly optimized CO sub-C-states, such as C0.1, no PWRX packet is generated. 

The Last Core C-State field provides the MWAIT encoding for the core C-state at the time of the wake. The Deepest 
Core C-State provides the MWAIT encoding for the deepest core C-state achieved during the sleep session, or since 
leaving thread CO. MWAIT encodings for C-states can be found in Table 4-11 in the Intel® 64 and IA-32 Architec- 
tures Software Developer's Manual, Volume 2B. Note that these values reflect only the core C-state, and hence will 
not exceed the maximum supported core C-state, even if deeper C-states can be requested. 

The Wake Reason field is one-hot, encoded as follows: 


Bit Field Meaning 

0 Interrupt Wake due to external interrupt received. 

1 Timer Deadline Wake due to timer expiration, such as 
UMWAIT/TPAUSE TSC-quanta. 

2 Store to Monitored Address | Wake due to store to monitored address. 

3 HW Wake Wake due to hardware autonomous condition, 
such as HDC. 


PWRX will always apply to the same IP as the PWRE. The time of wake can be discerned from (optional) timing pack- 
ets that precede PWRX. 
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32.4.2.26 Block Begin Packet (BBP) 


Table 32-45. Block Begin Packet Definition 


Name BBP 
Packet Format 
7 6 5 4 3 2 1 0 

0 0 0 0 0 0 0 1 0 

1 0) 1 1 0 0) 0 1 1 

2 SZ Reserved Type[4:0] 
Dependencies | TriggerEn Generation PEBS event, if IA32_PEBS_ENABLE.OUTPUT=1. 

Scenario 

Description This packet indicates the beginning of a block of packets which are collectively tied to a single event or instruction. 


The size of the block item payloads within this block is provided by the Size (SZ) bit: 
SZ=0: 8-byte block items 

SZ=1: 4-byte block items 

The meaning of the BIP payloads is provided by the Type field: 


BBP.Type Block name 
0x00 Reserved 
0x01 General-Purpose Registers 
0x02..0x03 Reserved 
0x04 PEBS Basic 
0x05 PEBS Memory 
0x06..0x07 Reserved 
0x08 LBR Block 0 
0x09 LBR Block 1 
Ox0A LBR Block 2 
OxOB..0xOF Reserved 
0x10 XMM Registers 
0x11..0x1F Reserved 
Application A BBP will always be followed by a Block End Packet (BEP), and when the block is generated while ContextEn=1 


that BEP will have IP=1 and be followed by a FUP that provides the IP to which the block should be bound. Note 
that, in addition to BEP, a block can be terminated by a BBP (indicating the start of a new block) or an OVF packet. 
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Table 32-46. Block Item Packet Definition 


Name 


BIP 


Packet Format 


If the preceding BBP.SZ=0: 


6 5 4 3 2 1 0 
0 ID[5:0] 1 0 0 
1 Payload[7:0] 
2 Payload[1 5:8] 
3 Payload[23:16] 
4 Payload[31:24] 
5 Payload[39:32] 
6 Payload[47:40] 
7 Payload[55:48] 
8 Payload[63:56] 
If the preceding BBP.SZ=1: 
6 5 4 3 2 1 0 
0 ID[5:0] 1 0) 0 
1 Payload[7:0] 
2 Payload[15:8] 
3 Payload[23:16] 
4 Payload[31:24] 
Dependencies | TriggerEn Generation See BBP. 
Scenario 
Description The size of the BIP payload is determined by the Size field in the preceding BBP packet. 
The BIP header provides the ID value that, when combined with the Type field from the preceding BBP, uniquely 
identifies the state value held in the BIP payload. See Table 32-47 below for the complete list. 
Application See BBP. 


BIP State Value Encodings 


The table below provides the encoding values for all defined block items. State items that are larger than 8 bytes, 
such as XMM register values, are broken into multiple 8-byte components. BIP packets with Size=1 (4 byte 


payload) will provide only the lower 4 bytes of the associated state value. 


Table 32-47. BIP Encodings 


BBP.Type BIP.ID State Value 
General-Purpose Registers 
0x01 0x00 R/EFLAGS 
0x01 0x01 R/EIP 
0x01 0x02 R/EAX 
0x01 0x03 R/ECX 
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Table 32-47. BIP Encodings (Contd.) 


BBP.Type BIP.ID State Value 
0x01 0x04 R/EDX 
0x01 0x05 R/EBX 
0x01 0x06 R/ESP 
0x01 0x07 R/EBP 
0x01 0x08 R/ESI 
0x01 0x09 R/EDI 
0x01 Ox0A R8 
0x01 0x0B RO 
0x01 Ox0C R10 
0x01 0x0D R11 
0x01 Ox0E R12 
0x01 OxOF R13 
0x01 0x10 R14 
0x01 0x11 R15 
PEBS Basic Info (Section 19.9.2.2.1) 
0x04 0x00 Instruction Pointer 
0x04 0x01 Applicable Counters 
0x04 0x02 Timestamp 
PEBS Memory Info (Section 19.9.2.2.2) 
0x05 0x00 MemAccessAddress 
0x05 0x01 MemAuxinfo 
0x05 0x02 MemAccessLatency 
0x05 0x03 TSXAuxInfo 
LBR_O 
0x08 0x00 LBR[TOS-0]_FROM_IP 
0x08 0x01 LBR[TOS-0]_TO_IP 
0x08 0x02 LBR[TOS-O]_INFO 
0x08 0x03 LBR[TOS-1]_FROM_IP 
0x08 0x04 LBR[TOS-1]_TO_IP 
0x08 0x05 LBR[TOS-1]_INFO 
0x08 0x06 LBR[TOS-2]_FROM_IP 
0x08 0x07 LBR[TOS-2]_TO_IP 
0x08 0x08 LBR[TOS-2]_INFO 
0x08 0x09 LBR[TOS-3]_FROM_IP 
0x08 Ox0A LBR[TOS-3]_TO_IP 
0x08 0x0B LBR[TOS-3]_INFO 
0x08 Ox0C LBR[TOS-4]_FROM_IP 
0x08 Ox0D LBR[TOS-4]_TO_IP 
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Table 32-47. BIP Encodings (Contd.) 


BBP.Type BIP.ID State Value 
0x08 Ox0E LBR[TOS-4]_INFO 
0x08 OxOF LBR[TOS-5]_FROM_IP 
0x08 0x10 LBR[TOS-5]_TO_IP 
0x08 0x11 LBR[TOS-5]_INFO 
0x08 0x12 LBR[TOS-6]_FROM_IP 
0x08 0x13 LBR[TOS-6]_TO_IP 
0x08 0x14 LBR[TOS-6]_INFO 
0x08 0x15 LBR[TOS-7]_FROM_IP 
0x08 0x16 LBR[TOS-7]_TO_IP 
0x08 0x17 LBR[TOS-7]_INFO 
0x08 0x18 LBR[TOS-8]_FROM_IP 
0x08 0x19 LBR[TOS-8]_TO_IP 
0x08 Ox1A LBR[TOS-8]_INFO 
0x08 0x1B LBR[TOS-9]_FROM_IP 
0x08 Ox1C LBR[TOS-9]_TO_IP 
0x08 0x1D LBR[TOS-9]_INFO 
0x08 Ox1E LBR[TOS-10]_FROM_IP 
0x08 Ox1F LBR[TOS-10]_TO_IP 

LBR_1 

0x09 0x00 LBR[TOS-10]_INFO 
0x09 0x01 LBR[TOS-11]_FROM_IP 
0x09 0x02 LBR[TOS-11]_TO_IP 
0x09 0x03 LBR[TOS-11]_INFO 
0x09 0x04 LBR[TOS-12]_ FROM_IP 
0x09 0x05 LBR[TOS-12]_TO_IP 
0x09 0x06 LBR[TOS-12]_INFO 
0x09 0x07 LBR[TOS-13]_FROM_IP 
0x09 0x08 LBR[TOS-13]_TO_IP 
0x09 0x09 LBR[TOS-13]_INFO 
0x09 Ox0A LBR[TOS-14]_FROM_IP 
0x09 Ox0B LBR[TOS-14]_TO_IP 
0x09 Ox0C LBR[TOS-14]_INFO 
0x09 0x0D LBR[TOS-15]_ FROM_IP 
0x09 Ox0E LBR[TOS-15]_TO_IP 
0x09 OxOF LBR[TOS-15]_INFO 
0x09 0x10 LBR[TOS-16]_FROM_IP 
0x09 0x11 LBR[TOS-16]_TO_IP 
0x09 0x12 LBR[TOS-16]_INFO 
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Table 32-47. BIP Encodings (Contd.) 


BBP.Type BIP.ID State Value 
0x09 0x13 LBR[TOS-17]_FROM_IP 
0x09 0x14 LBR[TOS-17]_TO_IP 
0x09 0x15 LBR[TOS-17]_INFO 
0x09 0x16 LBR[TOS-18]_FROM_IP 
0x09 0x17 LBR[TOS-18]_TO_IP 
0x09 0x18 LBR[TOS-18]_INFO 
0x09 0x19 LBR[TOS-19]_FROM_IP 
0x09 Ox1A LBR[TOS-19]_TO_IP 
0x09 0x1B LBR[TOS-19]_INFO 
0x09 Ox1C LBR[TOS-20]_FROM_IP 
0x09 0x1D LBR[TOS-20]_TO_IP 
0x09 Ox1E LBR[TOS-20]_INFO 
0x09 Ox1F LBR[TOS-21]_FROM_IP 

LBR_2 

Ox0A 0x00 LBR[TOS-21]_TO_IP 
Ox0A 0x01 LBR[TOS-21]_INFO 
Ox0A 0x02 LBR[TOS-22] FROM_IP 
OxOA 0x03 LBR[TOS-22]_TO_IP 
Ox0A 0x04 LBR[TOS-22]_INFO 
Ox0A 0x05 LBR[TOS-23]_FROM_IP 
Ox0A 0x06 LBR[TOS-23]_TO_IP 
Ox0A 0x07 LBR[TOS-23]_INFO 
Ox0A 0x08 LBR[TOS-24]_FROM_IP 
Ox0A 0x09 LBR[TOS-24]_TO_IP 
Ox0A Ox0A LBR[TOS-24]_INFO 
Ox0A 0x0B LBR[TOS-25]_ FROM_IP 
Ox0A Ox0C LBR[TOS-25]_TO_IP 
Ox0A 0x0D LBR[TOS-25]_INFO 
Ox0A Ox0E LBR[TOS-26]_FROM_IP 
Ox0A OxOF LBR[TOS-26]_TO_IP 
Ox0A 0x10 LBR[TOS-26]_INFO 
Ox0A 0x11 LBR[TOS-27]_FROM_IP 
Ox0A 0x12 LBR[TOS-27]_TO_IP 
Ox0A 0x13 LBR[TOS-27]_INFO 
Ox0A 0x14 LBR[TOS-28]_FROM_IP 
Ox0A 0x15 LBR[TOS-28]_TO_IP 
Ox0A 0x16 LBR[TOS-28]_INFO 
Ox0A 0x17 LBR[TOS-29]_ FROM_IP 
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Table 32-47. BIP Encodings (Contd.) 


BBP.Type BIP.ID State Value 
Ox0A 0x18 LBR[TOS-29]_TO_IP 
Ox0A 0x19 LBR[TOS-29]_INFO 
Ox0A Ox1A LBR[TOS-30]_FROM_IP 
Ox0A 0x1B LBR[TOS-30]_TO_IP 
Ox0A Ox1C LBR[TOS-30]_INFO 
Ox0A 0x1D LBR[TOS-31]_FROM_IP 
Ox0A Ox1E LBR[TOS-31]_TO_IP 
Ox0A Ox1F LBR[TOS-31]_INFO 
XMM Registers 
0x10 0x00 XMMO_QO 
0x10 0x01 XMMO_Q1 
0x10 0x02 XMM1_Q0 
0x10 0x03 XMM1_Q1 
0x10 0x04 XMM2_Q0 
0x10 0x05 XMM2_Q1 
0x10 0x06 XMM3_Q0 
0x10 0x07 XMM3_Q1 
0x10 0x08 XMM4_Q0 
0x10 0x09 XMM4_Q1 
0x10 Ox0A XMM5_QO 
0x10 0x0B XMM5_Q1 
0x10 Ox0C XMM6_QO 
0x10 0x0D XMM6_Q1 
0x10 Ox0E XMM7_Q0O 
0x10 OxOF XMM7_Q1 
0x10 0x10 XMM8_QO 
0x10 0x11 XMM8_Q1 
0x10 0x12 XMM9_QO 
0x10 0x13 XMM9_Q1 
0x10 0x14 XMM10_QO0 
0x10 0x15 XMM10_Q1 
0x10 0x16 XMM11_QO 
0x10 0x17 XMM11_Q1 
0x10 0x18 XMM12_Q0 
0x10 0x19 XMM12_Q1 
0x10 Ox1A XMM13_Q0 
0x10 0x1B XMM13_Q1 
0x10 Ox1C XMM14_Q0 
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Table 32-47. BIP Encodings (Contd.) 


BBP.Type BIP.ID State Value 
0x10 0x1D XMM14_Q1 
0x10 Ox1E XMM15_Q0 
0x10 Ox1F XMM15_Q1 


32.4.2.28 Block End Packet (BEP) 


Table 32-48. Block End Packet Definition 


Name BEP 
Packet Format 
7 6 5 4 3 2 1 0 

0 0 0 0 0 0 0 1 0 

1 IP 0 1 1 0 0 1 1 
Dependencies | TriggerEn Generation See BBP. 

Scenario 

Description Indicates the end of a packet block. The IP bit indicates if a FUP will follow, and will be set if ContextEn=1. 
Application The block, from initial BBP to the BEP, binds to the FUP IP, if IP=1, and consumes the FUP. 
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32.4.2.29 Control Flow Event (CFE) Packet 


Table 32-49. Control Flow Event Packet Definition 


Name CFE 
Packet Format 
7 6 5 4 3 2 1 0 
0 0 0 0 0 0 0 1 0 
1 0 0 0 1 0 0 1 1 
2 IP Reserved Type[4:0] 
3 Vector[7:0] 
IP bit indicates if a stand-alone FUP will follow. 

Dependencies | IA32_RTIT_CTL.EventEn && Generation Software interrupt, external interrupt, or exception, including 

TriggerEn && ContextEn Scenario those injected on VM entry. 

On ContextEn transitions, the CFE INIT, SIPI, SMI, RSM, IRET, Shutdown. 

will be generated regardless of VM exit, if “Conceal VMX in PT” VMCS exit control is 0. 
direction (10 or O01). VM VM entry, if “Conceal VMX in PT” VMCS entry control is 0. 
exit is an exception, where TSX Abort. 

CFE.VMEXIT depends only on the 

prior value of ContextEn. 

Description This packet indicates that an asynchronous event or related event (see list above) has occurred. The type of event 
is provided in the packet (see Table 32-50 below), and, if the IP bit is set, the IP at which the event occurred is pro- 
vided in a stand-alone FUP packet that follows. Further, in the case of an interrupt or exception, the vector field 
provides the vector of the event. 

The IP bit will be set only when ContextE€n=1 before the event is taken, and either BranchEn=0 or else no FUP is 
generated for this event by BranchEn=1. There are some cases, such as SIP] and RSM, where no FUP is generated. 
Note that events that are not delivered to software, such as nested events or events which cause a VM exit, do not 
generate CFE packets. 

Application If the IP bit is set, a FUP will follow that is stand-alone (not part of a compound packet event), and the CFE con- 


sumes the FUP. If the IP bit is not set, the CFE binds to the next FUP if PacketEn=1 (hence the CFE comes after a 
TIP.PGE but before the next TIP.PGD), and is stand-alone if PacketEn=0. 


CFE Packet Type and Vector Fields 


Every CFE has a Type field, which provides the type of event which generated the packet. For a subset of CFE 
Types, the CFE.Vector field may be valid. Details on these fields, as well as the IP to be expected in any following 
FUP packet, are provided in the table below. 


Table 32-50. CFE Packet Type and Vector Fields Details 


CFE Subtype Type Vector FUP IP Details 

INTR Ox1 Event Vector Varies Used for interrupts (external and software), 
Exceptions, Faults, and NMI. FUP contains that address 
of the instruction that has not completed (NLIP for trap 
events, CLIP for fault events). 

IRET Ox2 Invalid CLIP 

SMI 0x3 Invalid NLIP 

RSM Ox4 Invalid None 

SIPI Ox5 SIPI Vector None 

INIT Ox6 Invalid NLIP 

VMENTRY Ox7 Invalid CLIP FUP contains IP of VMLAUNCH/VMRESUME. 
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Table 32-50. CFE Packet Type and Vector Fields Details (Contd.) 


CFE Subtype Type Vector FUP IP Details 

VMEXIT 0x8 Invalid Varies FUP IP varies depending on type of VM exit, but will be 
the address of the instruction that has not completed. 
Will be consistent with Guest IP saved in VMCS. 

VMEXIT_INTR 0x9 Event Vector Varies Sent in cases where VM exit was caused by an INTR 
event (interrupt, exception, fault, or NMI). Vector 
provided is for the event which caused the VM exit. 
FUP IP behavior matches that of INTR type above. 

SHUTDOWN Oxa Invalid Varies FUP IP varies depending on the type of event that 
caused shutdown, but will be the address of the 
instruction that has not completed. 

Reserved Oxb N/A N/A 

Reserved Oxc..0x1f | N/A N/A Reserved 
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32.4.2.30 Event Data (EVD) Packet 


Table 32-51. Event Data Packet Definition 


Name EVD 
Packet Format 
7 6 5 4 3 2 1 0 
0 0 0 0 0 0 0 i 0 
1 0) 1 0 1 0) 0 1 1 
2 Reserved Type[5:0] 
3 Payload[7:0] 
4 Payload[1 5:8] 
5 Payload[23:16] 
6 Payload[31:24] 
7 Payload[39:32] 
8 Payload[47:40] 
9 Payload[55:48] 
10 Payload[63:56] 
Dependencies | IA32_RTIT_CTL.EventEn && Generation Page fault, including those injected on VM entry. 
TriggerEn && ContextEn Scenario VM exit, if “Suppress VMX packets on exit” VMCS exit control 
is 0. 
Description Provides additional data about the event that caused the following CFE. The Payload field is dictated by the Type. 
Type Payload 
‘000000 Page Fault Linear Address, same as CR2 (PFA) 
‘000001 VMX Exit Qualification (VMXQ) 
‘000010 VMX Exit Reason (VMXR) 
000011 -'111111 Reserved 


EVD packets are never generated in cases where a CFE is not. 


Application EVD packets bind to the same IP (if any) as the subsequent CFE packet. 


32.5 TRACING IN VMX OPERATION 


On processors that IA32_VMX_MISC[bit 14] reports 1, TraceEn can be set in VMX operation. The VMM can 
configure specific VMX controls to control what virtualization-specific data is included within the trace packets (see 
Section 32.5.1 for details). The VMM can also configure the VMCS to limit tracing to non-root operation, or to trace 
across both root and non-root operation. The VMCS controls exist to simplify virtualization of Intel PT for guest use, 
including the “Clear IA32_RTIT_CTL” exit control (See Section 24.7.1), “Load IA32_RTIT_CTL” entry control (See 
Section 24.8.1), and “Intel PT uses guest physical addresses” execution control (See Section 25.5.3). 


For older processors that do not support these VMCS controls, the MSR-load areas used by VMX transitions can be 
employed by the VMM to restrict tracing to the desired context. See Section 32.5.2 for details. Tracing with SMM 
Transfer Monitor is described in Section 32.6. 
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32.5.1 VMX-Specific Packets and VMCS Controls 
In all of the usages of VMX and Intel PT, a decoder in the host or VMM context can identify the occurrences of VMX 
transitions with the aid of VMX-specific packets. There are four kinds of packets relevant to VMX: 


° VMCS packet. The VMX transitions of individual VMs can be distinguished by a decoder using the VMCS- 
pointer field in a VMCS packet. A VMCS packet is sent on a successful execution of VMPTRLD, and its VMCS- 
pointer field stores the VMCS pointer loaded by that execution. See Section 32.4.2.15 for details. 


° The NR (non-root) bit in a PIP packet. Normally, the NR bit is set in any PIP packet generated in VMX non- 
root operation. In addition, PIP packets are generated with each VM entry and VM exit. Thus a transition of the 
NR bit from O to 1 indicates the occurrence of a VM entry, and a transition of 1 to 0 indicates the occurrence of 
a VM exit. 

° CFE packet. Identifies VM exit and VM entry operations. 

¢ EVD packet. Provides the exit reason and exit qualification for VM exits. 

There are VMX controls that a VMM can set to conceal some of this VMX-specific information (by suppressing its 


recording) and thereby prevent it from leaking across virtualization boundaries. There is one of these controls 
(each of which is called “conceal VMX from PT”) of each type of VMX control. 


Table 32-52. VMX Controls For Intel Processor Trace 


Type of VMX Bit Value Behavior 
Control Position! 
Secondary 19 0 Each PIP generated in VM non-root operation will set the NR bit. 
processor-based PSB+ in VMX non-root operation will include the VMCS packet, to ensure that the decoder 
oe knows which guest is currently in use. 
contro 
1 Each PIP generated in VMX non-root operation will clear the NR bit. 
PSB+ in VMX non-root operation will not include the VMCS packet. 
\V/M-exit control 24 0 Each VM exit generates a PIP in which the NR bit is clear, and a CFE/EVD if Event Trace is 
enabled. 
In addition, SMM VM exits generate VMCS packets. 
1 VM exits do not generate PIPs, CFEs, or EVDs, and no VMCS packets are generated on SMM 
VM exits. 


— 


7 0 Each VM entry generates a PIP in which the NR bit is set (except VM entries that return 
from SMM to VMX root operation), and a CFE if Event Trace is enabled. 


In addition, VM entries that return from SMM generate VMCS packets. 


V/M-entry control 


1 VM entries do not generate PIPs or CFEs, and no VMCS packets are generated on 
VM entries that return from SMM. 


NOTES: 
1. These are the positions of the control bits in the relevant VMX control fields. 


The 0-settings of these VMX controls enable all VMX-specific packet information. The scenarios that would use 
these default settings also do not require the VMM to use VMX MSR-load areas to enable and disable trace-packet 
generation across VMX transitions. 

If IA32_VMX_MISC[bit 14] reports 0, the 1-settings of the VMX controls in Table 32-52 are not supported, and 
VM entry will fail on any attempt to set them. 


32.5.2 Managing Trace Packet Generation Across VMX Transitions 


In tracing scenarios that collect packets for both VMX root operation and VMX non-root operation, a host executive 
can manage the MSRs associated with trace packet generation directly. The states of these MSRs need not be modi- 
fied across VMX transitions. 

For tracing scenarios that collect packets only within VMX root operation or only within VMX non-root operation, the 
VMM can toggle IA32_RTIT_CTL.TraceEn on VMxX transitions. 
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32.5.2.1 System-Wide Tracing 


When a host or VMM configures Intel PT to collect trace packets of the entire system, it can leave the relevant VMX 
controls clear to allow VMX-specific packets to provide information across VMX transitions. 


The decoder will desire to identify the occurrence of VMX transitions. The packets of interests to a decoder are 
shown in Table 32-53. 


Table 32-53. Packets on VMX Transitions (System-Wide Tracing) 


Event Packets Enable Description 
VM exit EVD.VMXR, EventEn The CFE identifies the transfer as a VM exit, while the associated EVDs 

EVD.VMXQ, provide the exit reason and exit qualification. 

CFE.VMEXIT* 

FUP(GuestIP) BranchEn or The FUP indicates at which point in the guest flow the VM exit occurred. This 
EventEn is important, since VM exit can be an asynchronous event. The IP will match 

that written into the VMCS. 
PIP(HostCR3, NR=0) The PIP packet provides the new host CR3 value, as well as indication that 


the logical processor is entering VMX root operation. This allows the decoder 
to identify the change of executing context from quest to host and load the 
appropriate set of binaries to continue decode. 


TIP(HostIP) BranchEn The TIP indicates the destination IP, the IP of the first instruction to be 
executed in VMX root operation. 


Note, this packet could be preceded by a MODE.Exec packet (Section 
32.4.2.8). This is generated only in cases where CS.D or (CS.L & EFER.LMA) 
change during the transition. 


VMentry | CFEVMENTRY, EventEn The CFE identifies the transfer as a VM entry, while the FUP identifies the 
FUP(CLIP) VMLAUNCH/VMRESUME IP. 
PIP(GuestCR3, NR=1) | BranchEn The PIP packet provides the new guest CR3 value, as well as indication that 


the logical processor is entering VMX non-root operation. This allows the 
decoder to identify the change of executing context from host to quest and 
load the appropriate set of binaries to continue decode. 


TIP(GuestIP) BranchEn The TIP indicates the destination IP, the IP of the first instruction to be 
executed in VMX non-root operation. This should match the RIP loaded from 
the VMCS. 


Note, this packet could be preceded by a MODE.Exec packet (Section 
32.4.2.8). This is generated only in cases where CS.D or (CS.L & EFER.LMA) 
change during the transition. 


Since the VMX controls that suppress packet generation are cleared, a VMCS packet will be included in all PSB+ for 
this usage scenario. Additionally, VMPTRLD will generate such a packet. Thus the decoder can distinguish the 
execution context of different VMs. 


When the host VMM configures a system to collect trace packets in this scenario, it should emulate CPUID to report 
CPUID.(EAX=07H, ECX=0):EBX[bit 26] as 0 to guests, indicating to guests that Intel PT is not available. 


VMX TSC Manipulation 


The TSC packets generated while in VMX non-root operation will include any changes resulting from the use of a 
VMM’'s use of the TSC offsetting or TSC scaling VMX controls (see Chapter 25, “VMX Non-Root Operation”). In this 
system-wide usage model, the decoder may need to account for the effect of per-VM adjustments in the TSC 
packets generated in VMX non-root operation and the absence of TSC adjustments in TSC packets generated in 
VMX root operation. The VMM can supply this information to the decoder. 


32.5.2.2 Guest-Only Tracing 
A VMM can configure trace-packet generation while in VMX non-root operation for guests executing normally. This 
is accomplished by utilizing VMCS controls to manipulate the guest IA32_RTIT_CTL value on VMxX transitions. For 


Vol. 3C 32-75 


INTEL® PROCESSOR TRACE 


older processors that do not support these VMCS controls, a VMM can use the VMX MSR-load areas on VM exits 
(see Section 24.7.2, “VM-Exit Controls for MSRs”) and VM entries (see Section 24.8.2, “VM-Entry Controls for 
MSRs”) to limit trace-packet generation to the guest environment. 


For this usage, VM entry is programmed to enable trace packet generation, while VM exit is programmed to clear 
IA32_RTIT_CTL.TraceEn so as to disable trace-packet generation in the host. Further, if it is preferred that the 
guest packet stream contain no indication that execution was in VMX non-root operation, the VMM should set to 1 
all the VMX controls enumerated in Table 32-52. 


32.5.2.3. Emulation of Intel PT Traced State 


If a VMM emulates an element of processor state by taking a VM exit on reads and/or writes to that piece of state, 
and the state element impacts Intel PT packet generation or values, it may be incumbent upon the VMM to insert 
or modify the output trace data. 


If a VM exit is taken on a guest write to CR3 (including “MOV CR3” as well as task switches), the PIP packet 
normally generated on the CR3 write will be missing. 


To avoid decoder confusion when the guest trace is decoded, the VMM should emulate the missing PIP by writing it 
into the guest output buffer. If the guest CR3 value is manipulated, the VMM may also need to manipulate the 
IA32_RTIT_CR3_MATCH value, in order to ensure the trace behavior matches the guest's expectation. 


Similarly, if a VMM emulates the TSC value by taking a VM exit on RDTSC, the TSC packets generated in the trace 
may mismatch the TSC values returned by the VMM on RDTSC. To ensure that the trace can be properly aligned 
with software logs based on RDTSC, the VMM should either make corresponding modifications to the TSC packet 
values in the guest trace, or use mechanisms such as TSC offsetting or TSC scaling in place of exiting. 


32.5.2.4 TSC Scaling 


When TSC scaling is enabled for a guest using Intel PT, the VMM should ensure that the value of Maximum Non- 
Turbo Ratio[15:8] in MSR_PLATFORM_INFO (MSR OCEH) and the TSC/"core crystal clock” ratio (EBX/EAX) in CPUID 
leaf 15H are set in a manner consistent with the resulting TSC rate that will be visible to the VM. This will allow the 
decoder to properly apply TSC packets, MTC packets (based on the core crystal clock or ART, whose frequency is 
indicated by CPUID leaf 15H), and CBR packets (which indicate the ratio of the processor frequency to the Max 
Non-Turbo frequency). Absent this, or separate indication of the scaling factor, the decoder will be unable to prop- 
erly track time in the trace. See Section 32.8.3 for details on tracking time within an Intel PT trace. 


32.5.2.5 Failed VM Entry 


The packets generated by a failed VM entry depend both on the VMCS configuration, as well as on the type of 
failure. The results to expect are summarized in the table below. Note that packets in italics may or may not be 
generated, depending on implementation choice, and the point of failure. 


Table 32-54. Packets on a Failed VM Entry 


Usage Model | Entry Configuration Early Failure (fall Late Failure (VM exit like) 
through to next IP) 
System-Wide | No use of “Load TIP (NextIP) CFE.VMENTRY, FUP(CLIP) if EventEn=1 
IA32_RTIT_CTL” entry PiP(Guest CR3, NR=1), TraceEn O— 1 Packets (See Section 
control or VM-entry 32.2.8.3), PIP(HostCR3, NR=0), TIP(HostIP) 
MSR-load area 
VMM Only “Load IA32_RTIT_CTL” | TIP (NextIP) TraceEn O— 1 Packets (See Section 32.2.8.3), TIP(HostIP) 


entry control or VM- 
entry MSR-load area 
used to clear TraceEn 


VM Only “Load IA32_RTIT_CTL” | None None 
entry control or VM- 
entry MSR-load area 
used to set TraceEn 
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32.5.2.6 VMX Abort 


VMX abort conditions take the processor into a shutdown state. On a VM exit that leads to VMX abort, some 
packets (FUP, PIP) may be generated, but any expected TIP, TIP.PGE, or TIP.PGD may be dropped. 


32.6 TRACING AND SMM TRANSFER MONITOR (STM) 


The SMM-transfer monitor (STM) is a VMM that operates inside SMM while in VMX root operation. An STM operates 
in conjunction with an executive monitor. The latter operates outside SMM and in VMX root operation. Transitions 
from the executive monitor or its VMs to the STM are called SMM VM exits. The STM returns from SMM via a 

VM entry to the VM in VMX non-root operation or the executive monitor in VMX root operation. 


Intel PT supports tracing in an STM similar to tracing support for VMX operation as described above in Section . As 
a result, on a SMM VM exit resulting from #SMI, TraceEn is neither saved nor cleared by default. Software can save 
the state of the trace configuration MSRs and clear TraceEn using the MSR load/save lists. 


Within Event Trace, SMM VM exits generate packets indicating both an #SMI and a VM exit. Similarly, VM entries 
that return from SMM generate packets that indicate both an RSM and a VM entry. SMM VM exits initiated by the 


VMCALL instruction do not generate any CFE packet, though the subsequent VM entry returning from SMM will 


generate a CFE.RSM. 


32.7 


PACKET GENERATION SCENARIOS 


The following tables provides examples of packet generation for various operations. The following acronyms are 


used in the packet examples below: 
° = CLIP - Current LIP 

¢ NLIP - Next Sequential LIP 

¢ BLIP - Branch Target LIP 


Table 32-55 illustrates the packets generated by a series of example operations, assuming that PacketEn 
(TriggerEn && ContextEn && FilterEn && BranchEn) is set before and after the operation. 


Table 32-55. Packet Generation under Different Example Operations 


Case Operation Details Packets 
1 Normal non-jump operation None 

2 Conditional branch 6th branch in internal TNT buffer TNT 

3 Conditional branch 1.5" branch in internal TNT buffer None 

4 Near indirect JMP or CALL TIP(BLIP) 

5 Direct near JMP or CALL None 

6 Near RET Uncompressed TIP(BLIP) 

7 Near RET Compressed, 6th branch in internal TNT buffer | TNT 

8 Far Branch Assumes no update to CR3, CS.L, or CS.D TIP(BLIP) 


9 Far Branch 


Assumes update to CR3 


PIP(NewCR3), TIP(BLIP) 


10 Far Branch 


Assumes update to CR3 and CS.D/CS.L 


PIP(NewCR3), MODE.Exec, TIP(BLIP) 


11 External Interrupt or NMI 


Assumes no update to CR3, CS.D, or CS.L 


FUP(NLIP), TIP(BLIP) 


12 External Interrupt or NMI 


Assumes update to CR3 and CS.D/CS.L 


Assumes no update to CR3, CS.D, or CS.L 


FUP(NLIP), PIP(NewCR3), 
MODE.Exec, TIP(BLIP) 


FUP(CLIP), TIP(BLIP) 


13 Exception/Fault or Software Interrupt 


14 | MOV to CR3 


PIP(NewCR3, NR) 
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Table 32-55. Packet Generation under Different Example Operations 


Case Operation Details Packets 
15 VM exit Assumes system-wide tracing, see Section See Table 32-53 
32.5.2.1 
16 VM entry Assumes system-wide tracing, see Section See Table 32-53 
32.5.2.1 
17 ENCLU[EENTER] / ENCLU[ERESUME] / | Only debug enclaves allow PacketEn to be set | FUP(CLIP), TIP(BLIP) 
ENCLU[EEXIT] / AEX/EEE during enclave execution. Assumes no change 
to CS.L or CS.D. 
18 XBEGIN/XACQUIRE/XEND/XRELEASE | Does not begin/end transactional execution None 
19 XBEGIN/XACQUIRE Assumes beginning of transactional execution | MODE.TSX(InTX=1, TXAbort=0), 
FUP(CLIP) 
20 XEND/XRELEASE Completes transaction MODE.TSX(InTX=0, TXAbort=0), 
FUP(CLIP) 
21 XABORT or Asynchronous Abort Aborts transactional execution MODE.TSX(InTX=0, TXAbort=1), 
FUP(CLIP), TIP(BLIP) 
22 INIT On BSP. Assumes no CR3, CS.D, or CS.L update. | FUP(NLIP), TIP(ResetLIP) 
23 INIT On AP, goes to wait-for-SIPI. Assumes no CR3_ | FUP(NLIP) 
update. 
24 SIPI Assumes no CS.D or CS.L update TIP.PGE(SIPI.LIP) 
25 Wake from state deeper than CO0.1, P- TSC if TSCEn=1 TSC?, TMA?, CBR 
state change, or other scenario where | TMA if TSCEn=MTCEn=1 
timing packets (MTC, CYC) may have 
ceased. 


Table 32-56 illustrates the packets generated in example scenarios where the operation alters the value of 
PacketEn. Note that insertion of PSB+ is not included here, though it can be coincident with initial enabling of Intel 


PT. See Section 32.3.7 for details. 


Table 32-56. Packet Generation with Operations That Alter the Value of PacketEn 


Case Operation PktEn | PktEn | Cntx€n Details Packets 
Before | After After 
1 WRMSR/XRSTORS that 0 1 0 TSC if TSCEn=1; TSC?, TMA?, CBR, MODE.Exec 
changes TraceEn 0 —> 1 TMA if TSCEn=MTCEn=1 
2 WRMSR/XRSTORS that 0 1 1 TSC if TSCEn=1; TSC?, TMA?, CBR, MODE.Exec, 
changes TraceEn 0 —> 1 TMA if TSCEn=MTCEn=1 TIP.PGE(NLIP) 
3 WRMSR that changes 1 0 D.C. FUP(CLIP), TIP.PGD() 
TraceEn 1 > 0 
4 Taken Branch 1 0 1 Source is in IP filter region. TIP.PGD(BLIP) 
Target is outside IP filter region. 
5 Taken Branch, Interrupt, 0 1 1 Source is outside IP filter region. | TIP-PGE(BLIP) 
EEXIT, etc. Target is in IP filter region. 
6 Far Branch, Interrupt, EEN- 1 0 0 Requires change to CPL or CR3, | TIP.PGD() 
TER, etc. or entry to opt-out enclave. 
7 Trap-like event (external 1 0 0 Requires change to CPL or CR3. | FUP(NLIP), TIP.PGD() 
interrupt, NMI, VM exit/entry, 
etc.) 
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Table 32-56. Packet Generation with Operations That Alter the Value of PacketEn (Contd.) 


Case Operation PktEn | PktEn | CntxEn Details Packets 
Before | After After 
8 Fault-like event (excep- 1 0 0 Requires change to CPL or CR3. | FUP(CLIP), TIPPGD() 
tion/fault, software inter- 
rupt, VM exit/entry, etc.) 
9 SMI, VM exit/entry 1 0 0 Trace€n is cleared. FUP(NLIP), TIP.PGD() 
10 RSM, VM exit/entry 0 1 1 Trace€En is set. See Case 2 for packets on 
enable. FUP/TIP.PGE IP is the 
BLIP. 
11 VM Exit 1 0 0 Assumes guest-only tracing, see | FUP(VMCSg.RIP), TIP.PGD() 
Section 32.5.2.2. 
Trace€n is cleared. 
12 VM entry 0 1 1 Assumes guest-only tracing, see | TIP.PGE(VMCSg.RIP) 
Section 32.5.2.2. 
Trace€En is set. 


Table 32-57 illustrates examples of PTWRITE, assuming TriggerEn && PTWEn is true. 


Table 32-57. Examples of PTWRITE when TriggerEn && PTWEn is True 


Case Operation ContextEn Details Packets 
1 MWAIT/UMWAIT gets fault or VM exit. | D.C. None. 
Other trace sources may generate pack- 
ets on fault or VM exit. 
2 MWAIT/UMWAIT requests CO, or moni- | D.C. None. 
tor not armed, or VMX virtual-interrupt 
delivery. 
3 MWAIT/UMWAIT enters C-state deeper | 0 PWRE(Cx), EXSTOP 
than CO0.1. 
4 MWAIT/UMWAIT enters C-state deeper | 1 MWAIT(Cy), PWRE(Cx), EXSTOP(IP), 
than C0.1. FUP(CLIP) 
5 HLT, Triple-fault shutdown, other oper- | 1 PWRE(C1), EXSTOP(IP), FUP(CLIP) 
ation that enters C1. 
6 Hardware Duty Cycling (HDC). 1 TSC if TSCEn=1 PWRE(HW, C6), EXSTOP(IP), FUP(NLIP), 
TMA if TSCEn=MTCEn=1 TSC?, TMA?, CBR, PWRX(CC6, CC6, 0x8) 
7 Wake event during Cx (x > 0). D.C. TSC if TSCEn=1 TSC?, TMA?, CBR, PWRX(LCC, DCC, 0x1) 


TMA if TSCEn=MTCEn=1 


Other trace sources may generate pack- 
ets for the wake operation (e.g,, inter- 
rupt). 


Table 32-58 illustrates examples of Power Event Trace, assuming TriggerEn && PwrEvtEn is true. 


Table 32-58. Examples of Power Event Trace when TriggerEn && Pwr€vteEn is True 


Case Operation ContextEn Details Packets 
&& 
FilterEn 
1 PTWRITE rm32/64 0 None 
2 PTWRITE rm32 1 FUP, PTW.IP=1 if FUPonPTW=1 | PTW(IP=1?, 4B, rm32_value), 
FUP(CLIP)? 
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Table 32-58. Examples of Power Event Trace when (Contd.)TriggerEn && Pwr€vtEn is True 


Case Operation 


ContextEn 
&& 
FilterEn 


Details 


Packets 


3 PTWRITE rm64 


1 


FUP, PTW.IP=1 if FUPonPTW=1 


PTW(IP=1?, 8B, rm64_value), 
FUP(CLIP)? 


Table 32-59 illustrates examples of Event Trace, assuming TriggerEn && ContextEn && EventEn is true. In all cases, 
other trace sources (e.g., BranchEn), if enabled, may generate additional packets. For details, see the other tables 


in this section. 


Table 32-59. Event Trace Examples when TriggerEn && ContextEn && EventEn is True 


Case Operation ContextEn | ContextEn Details Packets 
Before After 
1 IRET 1 D.C. CFE.IRET(IP=1), FUP(CLIP) 
2 IRET 0 1 CFE(IRET) 
3 External interrupt, including | 1 D.C. CFEINTR(IP=1, Vector), FUP(NLIP) 
NMI 
4 External interrupt, including | 1 1 Assumes BranchEn=1, CFEINTR(IP=0, Vector), FUP(NLIP), 
NMI illustrates the shared FUP. | TIP(BLIP) 
5 SW Interrupt, Exception/Fault | 1 D.C. CFEINTR(IP=1, Vector), FUP(CLIP) 
other than #PF 
6 Page Fault (#PF) 1 D.C. EVD.PFA, CFE.INTR(IP=1,14), 
FUP(CLIP) 
7 Page Fault (#PF) 0 D.C. None 
10 | SMI 1 D.C. CFE.SMI(IP=1), FUP(NLIP) 
11 RSM, TraceEn restored to 1 D.C. 1 CFE.RSM(IP=0) 
12 Entry to Shutdown 1 D.C. CFE.SHUTDOWN(IP=1), FUP(CLIP) 
13 VM exit caused by interrupt, | 1 D.C. Assumes “Conceal VMX in | EVD.VMXQ, EVD.VMXR, 
fault, or SMI PT" exit control is 0. CFE.VMEXIT_INTR(IP=1, Vector), 
FUP(VMCSg.LIP) 
14 VM exit caused by other than | 1 D.C. Assumes “Conceal VMX in | EVD.VMXQ, EVD.VMXR, 
interrupt, fault, or SMI PT" exit control is 0. CFE.VMEXIT(IP=1), FUP(VMCSg.LIP) 
15 VM exit caused by other than | 0 1 Assumes “Conceal VMX in | CFE.WVMEXIT(IP=0) 
interrupt, fault, or SMI PT” exit control is 0. 
16 | VMentry 1 D.C. Assumes “Conceal VMX in | CFE.\VMENTRY(IP=1), FUP(VMCSh.LIP) 
PT” entry control is 0. 
17 AEX/EEE, from opt-out (non- | O 0 None 
debug) enclave 
18 | AEX/EEE, from opt-out (non- | 0 1 CFE.INTR(IP=0) 
debug) enclave 
19 ‘| AEX, from opt-in (debug) 1 D.C. CFE.INTR(IP=1, Vec), FUP(AEP LIP) 
enclave 
20 | INIT 1 D.C. CFE.INIT(IP=1), FUP(NLIP) 
21 SIPI 1 D.C. CFE.SIPI(IP=0) 
22 STI/CLI/POPF 1 1 Assumes a change to MODE.Exec, FUP(CLIP) 
RFLAGS.IF. 
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32.8 SOFTWARE CONSIDERATIONS 


32.8.1 Tracing SMM Code 


Nothing prevents an SMM handler from configuring and enabling packet generation for its own use. As described in 
Section Section 32.2.9.3, SMI will always clear TraceEn, so the SMM handler would have to set TraceEn in order to 
enable tracing. There are some unique aspects and guidelines involved with tracing SMM code, which follow: 


1. SMM should save away the existing values of any configuration MSRs that SMM intends to modify for tracing. 
This will allow the non-SMM tracing context to be restored before RSM. 


2. Itis recommended that SMM wait until it sets CSbase to 0 before enabling packet generation, to avoid possible 
LIP vs RIP confusion. 


3. Packet output cannot be directed to SMRR memory, even while tracing in SMM. 


Before performing RSM, SMM should take care to restore modified configuration MSRs to the values they had 
immediately after #SMI. This involves first disabling packet generation by clearing TraceEn, then restoring any 
other configuration MSRs that were modified. 


5. RSM 


— Software must ensure that TraceEn=0 at the time of RSM. Tracing RSM is not a supported usage model, and 
the packets generated by RSM are undefined. 


— For processors on which Intel PT and LBR use are mutually exclusive (see Section 32.3.1.2), any RSM 
during which TraceEn is restored to 1 will suspend any LBR or BTS logging. 


32.8.2 Cooperative Transition of Multiple Trace Collection Agents 


A third-party trace-collection tool should take into consideration the fact that it may be deployed on a processor 
that supports Intel PT but may run under any operating system. 


In such a deployment scenario, Intel recommends that tool agents follow similar principles of cooperative transition 
of single-use hardware resources, similar to how performance monitoring tools handle performance monitoring 
hardware: 


¢ Respect the “in-use” ownership of an agent who already configured the trace configuration MSRs, see architec- 
tural MSRs with the prefix “IA32_RTIT_” in Chapter 2, “Model-Specific Registers (MSRs)” in the Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 4, where “in-use” can be determined by reading the 
“enable bits” in the configuration MSRs. 


¢® ~Relinquish ownership of the trace configuration MSRs by clearing the “enabled bits” of those configuration 
MSRs. 


32.8.3. Tracking Time 


This section describes the relationships of several clock counters whose update frequencies reside in different 
domains that feed into the timing packets. To track time, the decoder also needs to know the regularity or irregu- 
larity of the occurrences of various timing packets that store those clock counters. 


Intel PT provides time information for three different but related domains: 
¢ Processor timestamp counter 


This counter increments at the max non-turbo or Pi frequency, and its value is returned on a RDTSC. Its 
frequency is fixed. The TSC packet holds the lower 7 bytes of the timestamp counter value. The TSC packet 
occurs occasionally and are much less frequent than the frequency of the time stamp counter. The timestamp 
counter will continue to increment when the processor is in deep C-States, with the exception of processors 
reporting CPUID.80000007H:EDX.InvariantTSC[bit 8] =0. 


° Core crystal clock 


The ratio of the core crystal clock to timestamp counter frequency is known as P, and can be calculated as 
CPUID.15H:EBX[31:0] / CPUID.15H:EAX[31:0]. The frequency of the core crystal clock is fixed and lower 
than that of the timestamp counter. The periodic MTC packet is generated based on software-selected 
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eee of the crystal clock frequency. The MTC packet is expected to occur more frequently than the TSC 
packet. 


¢ Processor core clock 


The processor core clock frequency can vary due to P-state and thermal conditions. The CYC packet provides 
elapsed time as measured in processor core clock cycles relative to the last CYC packet. 
A decoder can use all or some combination of these packets to track time at different resolutions throughout the 
trace packets. 


32.8.3.1. Time Domain Relationships 
The three domains are related by the following formula: 
TimeStampValue = (CoreCrystalClockValue * P) + AdjustedProcessorCycles + Software Offset; 


The CoreCrystalClockValue, also known as the Always Running Timer (ART) value, can provide the coarse-grained 
component of the TSC value. P, or the TSC/ART ratio, can be derived from CPUID leaf 15H, as described in Section 
32.8.3. 


The AdjustedProcessorCycles component provides the fine-grained distance from the rising edge of the last core 

crystal clock. Specifically, it is a cycle count in the same frequency as the timestamp counter from the last crystal 
clock rising edge. The value is adjusted based on the ratio of the processor core clock frequency to the Maximum 
Non-Turbo (or P1) frequency. 


The Software_Offsets component includes software offsets that are factored into the timestamp value, such as 
IA32_TSC_ADJUST. 


32.8.3.2 Estimating TSC within Intel PT 


For many usages, it may be useful to have an estimated timestamp value for all points in the trace. The formula 
provided in Section 32.8.3.1 above provides the framework for how such an estimate can be calculated from the 
various timing packets present in the trace. 


The TSC packet provides the precise timestamp value at the time it is generated; however, TSC packets are infre- 
quent, and estimates of the current timestamp value based purely on TSC packets are likely to be very inaccurate 
for this reason. In order to get more precise timing information between TSC packets, CYC packets and/or MTC 
packets should be enabled. 


MTC packets provide incremental updates of the CoreCrystalClockValue. On processors that support CPUID leaf 
15H, the frequency of the timestamp counter and the core crystal clock is fixed, thus MTC packets provide a means 
to update the running timestamp estimate. Between two MTC packets A and B, the number of crystal clock cycles 
passed is calculated from the 8-bit payloads of respective MTC packets: 


(CTCp - CTCa), where CTC; = MTC[15:8] << IA32_RTIT_CTL.MTCFreq and i = A, B. 


The time from a TSC packet to the subsequent MTC packet can be calculated using the TMA packet that follows the 
TSC packet. The TMA packet provides both the crystal clock value (lower 16 bits, in the CTC field) and the Adjust- 
edProcessorCycles value (in the FastCounter field) that can be used in the calculation of the corresponding core 
crystal clock value of the TSC packet. 


When the next MTC after a pair of TSC/TMA is seen, the number of crystal clocks passed since the TSC packet can 
be calculated by subtracting the TMA.CTC value from the time indicated by the MTCye,¢ packet by 


CTCpeital 15:0] = (CTCyexel15:0] - TMA.CTC[15:0]), where CTCyext = MTCpayload << IA32_RTIT_CTL.MTCFreq. 
The TMA.FastCounter field provides the number of AdjustedProcessorCycles since the last crystal clock rising edge, 
from which it can be determined the percentage of the next crystal clock cycle that had passed at the time of the 
TSC packet. 

CYC packets can provide further precision of an estimated timestamp value to many non-timing packets, by 
providing an indication of the time passed between other timing packets (MTCs or TSCs). 

When enabled, CYC packets are sent preceding each CYC-eligible packet, and provide the number of processor core 
clock cycles that have passed since the last CYC packet. Thus between MTCs and TSCs, the accumulated CYC 


values can be used to estimate the AdjustedProcessorCycles component of the timestamp value. The accumulated 
CPU cycles will have to be adjusted to account for the difference in frequency between the processor core clock and 
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the Pi frequency. The necessary adjustment can be estimated using the core:bus ratio value given in the CBR 
packet, by multiplying the accumulated cycle count value by P1/CBRpayload- 


Note that stand-alone TSC packets (that is, TSC packets that are not a part of a PSB+) are typically generated only 
when generation of other timing packets (MTCs and CYCs) has ceased for a period of time. Example scenarios 
include when Intel PT is re-enabled, or on wake after a sleep state. Thus any calculated estimate of the timestamp 
value leading up to a TSC packet will likely result in a discrepancy, which the TSC packet serves to correct. 


A greater level of precision may be achieved by calculating the CPU clock frequency, see Section 32.8.3.4 below for 
a method to do so using Intel PT packets. 


CYCs can be used to estimate time between TSCs even without MTCs, though this will likely result in a reduction in 
estimated TSC precision. 


32.8.3.3. VMX TSC Manipulation 


When software executes in non-Root operation, additional offset and scaling factors may be applied to the TSC 
value. These are optional, but may be enabled via VMCS controls on a per-VM basis. See Chapter 25, “VMX Non- 
Root Operation” for details on VMX TSC offsetting and TSC scaling. 


Like the value returned by RDTSC, TSC packets will include these adjustments, but other timing packets (such as 
MTC, CYC, and CBR) are not impacted. In order to use the algorithm above to estimate the TSC value when TSC 
scaling is in use, it will be necessary for software to account for the scaling factor. See Section 32.5.2.4 for details. 


32.8.3.4 Calculating Frequency with Intel PT 


Because Intel PT can provide both wall-clock time and processor clock cycle time, it can be used to measure the 
processor core clock frequency. Either TSC or MTC packets can be used to track the wall-clock time. By using CYC 
packets to count the number of processor core cycles that pass in between a pair of wall-clock time packets, the 
ratio between processor core clock frequency and TSC frequency can be derived. If the Pi frequency is known, it 
can be applied to determine the CPU frequency. See Section 32.8.3.1 above for details on the relationship between 
TSC, MTC, and CYC. 
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CHAPTER 33 
INTRODUCTION TO INTEL® SOFTWARE GUARD EXTENSIONS 


33.1 OVERVIEW 


Intel® Software Guard Extensions (Intel® SGX) is a set of instructions and mechanisms for memory accesses 
added to Intel® Architecture processors. Intel SGX can encompass two collections of instruction extensions, 
referred to as SGX1 and SGX2, see Table 33-1 and Table 33-2. The SGX1 extensions allow an application to instan- 
tiate a protected container, referred to as an enclave. The enclave is a trusted area of memory, where critical 
aspects of the application functionality have hardware-enhanced confidentiality and integrity protections. New 
access controls to restrict access to software not resident in the enclave are also introduced. The SGX2 extensions 
allow additional flexibility in runtime management of enclave resources and thread execution within an enclave. 


Chapter 34 covers main concepts, objects and data structure formats that interact within the Intel SGX architec- 
ture. Chapter 35 covers operational aspects ranging from preparing an enclave, transferring control to enclave 
code, and programming considerations for the enclave code and system software providing support for enclave 
execution. Chapter 36 describes the behavior of Asynchronous Enclave Exit (AEX) caused by events while 
executing enclave code. Chapter 37 covers the syntax and operational details of the instruction and associated leaf 
functions available in Intel SGX. Chapter 38 describes interaction of various aspects of IA32 and Intel® 64 archi- 
tectures with Intel SGX. Chapter 39 covers Intel SGX support for application debug, profiling and performance 
monitoring. 
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Figure 33-1. An Enclave Within the Application’s Virtual Address Space 


33.2 ENCLAVE INTERACTION AND PROTECTION 


Intel SGX allows the protected portion of an application to be distributed in the clear. Before the enclave is built, the 
enclave code and data are free for inspection and analysis. The protected portion is loaded into an enclave where 
its code and data is measured. Once the application’s protected portion of the code and data are loaded into an 
enclave, memory access controls are in place to restrict access by external software. An enclave can prove its iden- 
tity to a remote party and provide the necessary building-blocks for secure provisioning of keys and credentials. 
The application can also request an enclave-specific and platform-specific key that it can use to protect keys and 
data that it wishes to store outside the enclave.! 


1. For additional information, see white papers on Intel SGX at https://www.intel.com/content/www/us/en/developer/tools/isa-exten- 
sions/overview.html. 
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Intel SGX introduces two significant capabilities to the Intel Architecture. First is the change in enclave memory 
access semantics. The second is protection of the address mappings of the application. 


33.3. ENCLAVE LIFE CYCLE 


Enclave memory management is divided into two parts: address space allocation and memory commitment. 
Address space allocation is the specification of the range of linear addresses that the enclave may use. This range 
is called the ELRANGE. No actual resources are committed to this region. Memory commitment is the assignment 
of actual memory resources (as pages) within the allocated address space. This two-phase technique allows flexi- 
bility for enclaves to control their memory usage and to adjust dynamically without overusing memory resources 
when enclave needs are low. Commitment adds physical pages to the enclave. An operating system may support 
separate allocate and commit operations. 


During enclave creation, code and data for an enclave are loaded from a clear-text source, i.e. from non-enclave 
memory. 


Untrusted application code starts using an initialized enclave typically by using the EENTER leaf function provided 
by Intel SGX to transfer control to the enclave code residing in the protected Enclave Page Cache (EPC). The 
enclave code returns to the caller via the EEXIT leaf function. Upon enclave entry, control is transferred by hard- 
ware to software inside the enclave. The software inside the enclave switches the stack pointer to one inside the 
enclave. When returning back from the enclave, the software swaps back the stack pointer then executes the 
EEXIT leaf function. 


On processors that support the SGX2 extensions, an enclave writer may add memory to an enclave using the SGX2 
instruction set, after the enclave is built and running. These instructions allow adding additional memory resources 
to the enclave for use in such areas as the heap. In addition, SGX2 instructions allow the enclave to add new 
threads to the enclave. The SGX2 features provide additional capabilities to the software model without changing 
the security properties of the Intel SGX architecture. 


Calling an external procedure from an enclave could be done using the EEXIT leaf function. Software would use 
EEXIT and a software convention between the trusted section and the untrusted section. 


An active enclave consumes resources from the Enclave Page Cache (EPC, see Section 33.5). Intel SGX provides 
the EREMOVE instruction that an EPC manager can use to reclaim EPC pages committed to an enclave. The EPC 
manager uses EREMOVE on every enclave page when the enclave is torn down. After successful execution of 
EREMOVE the EPC page is available for allocation to another enclave. 


33.4 DATASTRUCTURES AND ENCLAVE OPERATION 


There are 2 main data structures associated with operating an enclave, the SGX Enclave Control Structure (SECS, 
see Section 34.7) and the Thread Control Structure (TCS, see Section 34.8). 


There is one SECS for each enclave. The SECS contains meta-data about the enclave which is used by the hardware 
and cannot be directly accessed by software. Included in the SECS is a field that stores the enclave build measure- 
ment value. This field, MRENCLAVE, is initialized by the ECREATE instruction and updated by every EADD and 
EEXTEND. It is locked by EINIT. 


Every enclave contains one or more TCS structures. The TCS contains meta-data used by the hardware to save and 
restore thread specific information when entering/exiting the enclave. There is one field, FLAGS, that may be 
accessed by software. This field can only be accessed by debug enclaves. The flag bit, DBGOPTIN, allows to single 
step into the thread associated with the TCS. (see Section 34.8.1) 


The SECS is created when ECREATE (see Table 33-1) is executed. The TCS can be created using the EADD instruc- 
tion or the SGX2 instructions (see Table 33-2). 


33.5 ENCLAVE PAGE CACHE 


The Enclave Page Cache (EPC) is the secure storage used to store enclave pages when they are a part of an 
executing enclave. For an EPC page, hardware performs additional access control checks to restrict access to the 
page. After the current page access checks and translations are performed, the hardware checks that the EPC page 
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is accessible to the program currently executing. Generally an EPC page is only accessed by the owner of the 
executing enclave or an instruction which is setting up an EPC page 


The EPC is divided into EPC pages. An EPC page is 4KB in size and always aligned on a 4KB boundary. 


Pages in the EPC can either be valid or invalid. Every valid page in the EPC belongs to one enclave instance. Each 
enclave instance has an EPC page that holds its SECS. The security metadata for each EPC page is held in an 
internal micro-architectural structure called Enclave Page Cache Map (EPCM, see Section 33.5.1). 

The EPC is managed by privileged software. Intel SGX provides a set of instructions for adding and removing 
content to and from the EPC. The EPC may be configured by BIOS at boot time. On implementations in which EPC 
memory is part of system DRAM, the contents of the EPC are protected by an encryption engine. 


33.5.1 Enclave Page Cache Map (EPCM) 


The EPC is a secure structure used by the processor to track the contents of the EPC. The EPCM holds one entry 
for each page in the EPC. The format of the EPCM is micro-architectural, and consequently is implementation 
dependent. However, the EPCM contains the following architectural information: 

¢ The status of EPC page with respect to validity and accessibility. 

¢ An SECS identifier (see Section 34.20) of the enclave to which the page belongs. 

° The type of page: regular, SECS, TCS or VA. 

¢ The linear address through which the enclave is allowed to access the page. 

° The specified read/write/execute permissions on that page. 

The EPCM structure is used by the CPU in the address-translation flow to enforce access-control on the EPC pages. 


The EPCM structure is described in Table 34-29, and the conceptual access-control flow is described in Section 
34.5. 


The EPCM entries are managed by the processor as part of various instruction flows. 


33.6 ENCLAVE INSTRUCTIONS AND INTEL® SGX 


The enclave instructions available with Intel SGX are organized as leaf functions under three instruction 
mnemonics: ENCLS (ring 0), ENCLU (ring 3), and ENCLV (VT root mode). Each leaf function uses EAX to specify the 
leaf function index, and may require additional implicit input registers as parameters. The use of EAX is implied 
implicitly by the ENCLS, ENCLU, and ENCLV instructions; ModR/M byte encoding is not used with ENCLS, ENCLU, 
and ENCLV. The use of additional registers does not use ModR/M encoding and is implied implicitly by the respective 
leaf function index. 


Each leaf function index is also associated with a unique, leaf-specific mnemonic. A long-form expression of Intel 
SGX instruction takes the form of ENCLx[LEAF_MNEMONIC], where ‘x’ is either ‘S’, ‘U’, or ‘V’. The long-form expres- 
sion provides clear association of the privilege-level requirement of a given “leaf mnemonic”. For simplicity, the 
unique “Leaf_Mnemonic” name is used (omitting the ENCLx for convenience) throughout in this document. 


Details of individual SGX leaf functions are described in Chapter 37. Table 33-1 provides a summary of the instruc- 
tion leaves that are available in the initial implementation of Intel SGX, which is introduced in the 6th generation 
Intel Core processors. Table 33-2 summarizes enhancement of Intel SGX for future Intel processors. 


Table 33-1. Supervisor and User Mode Enclave Instruction Leaf Functions in Long-Form of SGX1 


Supervisor Instruction Description User Instruction Description 

ENCLS[EADD] Add an EPC page to an enclave. ENCLU[EENTER] Enter an enclave. 

ENCLS[EBLOCK] Block an EPC page. ENCLU[EEXIT] Exit an enclave. 

ENCLS[ECREATE] Create an enclave. ENCLU[EGETKEY] Create a cryptographic key. 

ENCLS[EDBGRD] Read data from a debug enclave by debug- | ENCLU[EREPORT] Create a cryptographic report. 
ger. 
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Table 33-1. Supervisor and User Mode Enclave Instruction Leaf Functions in Long-Form of SGX1 


Supervisor Instruction Description User Instruction Description 
ENCLS[EDBGWR] Write data into a debug enclave by debug- | ENCLU[ERESUME] Re-enter an enclave. 
ger. 
ENCLS[EEXTEND] Extend EPC page measurement. 
ENCLS[EINIT] Initialize an enclave. 
ENCLS[ELDB] Load an EPC page in blocked state. 
ENCLS[ELDU] Load an EPC page in unblocked state. 
ENCLS[EPA] Add an EPC page to create a version array. 
ENCLS[EREMOVE] Remove an EPC page from an enclave. 
ENCLS[ETRACK] Activate EBLOCK checks. 
ENCLS[EWB] Write back/invalidate an EPC page. 
Table 33-2. Supervisor and User Mode Enclave Instruction Leaf Functions in Long-Form of SGX2 
Supervisor Instruction Description User Instruction Description 
ENCLS[EAUG] Allocate EPC page to an existing enclave. | ENCLU[EACCEPT] Accept EPC page into the enclave. 
ENCLS[EMODPR] Restrict page permissions. ENCLU[EMODPE] Enhance page permissions. 
ENCLS[EMODT] Modify EPC page type. ENCLU[EACCEPTCOPY] | Copy contents to an augmented EPC 
page and accept the EPC page into 
the enclave. 


Table 33-3. VMX Operation and Supervisor Mode Enclave Instruction Leaf Functions in Long-Form of OVERSUB 


VMX Operation Description Supervisor Instruction Description 
ENCLV[EDECVIRTCHILD] | Decrement the virtual child page count. ENCLS[ERDINFO] Read information about EPC page. 
ENCLV[EINCVIRTCHILD] | Increment the virtual child page count. ENCLS[ETRACKC] Activate EBLOCK checks with conflict 

reporting. 
ENCLV[ESETCONTEXT] | Set virtualization context. ENCLS[ELDBC/UC] Load an EPC page with conflict 
reporting. 
33.7. DISCOVERING SUPPORT FOR INTEL® SGX AND ENABLING ENCLAVE 


INSTRUCTIONS 


Detection of support of Intel SGX and enumeration of available and enabled Intel SGX resources are queried using 

the CPUID instruction. The enumeration interface comprises the following: 

° Processor support of Intel SGX is enumerated by a feature flag in CPUID leaf 07H: CPUID.(EAX=07H, 
ECX=0H):EBX.SGX[bit 2]. If CPUID.(EAX=07H, ECX=0H):EBX.SGX = 1, the processor has support for Intel 
SGX, and requires opt-in enabling by BIOS via IA32_FEATURE_CONTROL MSR. 


If CPUID.(EAX=0 


7H, ECX=0H):EBX.SGX = 1, 


CPUID will 


CPUID.(EAX=12H) on available and/or configured Intel SGX resources. 


report via the available sub-leaves of 


The available and configured Intel SGX resources enumerated by the sub-leaves of CPUID.(EAX=12H) depend 
on the state of BIOS configuration. 
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33.7.1. Intel® SGX Opt-In Configuration 


On processors that support Intel SGX, IA32_FEATURE_CONTROL provides the SGX_ENABLE field (bit 18). Before 
system software can configure and enable Intel SGX resources, BIOS is required to set 
IA32_FEATURE_CONTROL.SGX_ENABLE = 1 to opt-in the use of Intel SGX by system software. 

The semantics of setting SGX_ENABLE follows the rules of IA32_FEATURE_CONTROL.LOCK (bit 0). Software is 
considered to have opted into Intel SGX if and only if IA32_FEATURE_CONTROL.SGX_ENABLE and 
IA32_FEATURE_CONTROL.LOCK are set to 1. The setting of IA32_FEATURE_CONTROL.SGX_ENABLE (bit 18) is not 
reflected by CPUID. 


Table 33-4. Intel® SGX Opt-in and Enabling Behavior 


lee a ae CPUID.(12H) aiuto aa ey cae Enclave inciietion 

0 Invalid X X #UD 

1 Valid* X X #UD** 

1 Valid* 0 X #GP 

1 Valid* 1 0 #GP 

1 Valid* 1 1 Available (see Table 33-5 for details 
of SGX1 and SGX2). 

* Leaf 12H enumeration results are dependent on enablement. 

** See list of conditions in the #UD section of the reference pages of ENCLS and ENCLU 


33.7.2 Intel? SGX Resource Enumeration Leaves 


If CPUID.(EAX=07H, ECX=0H):EBX.SGX = 1, the processor also supports querying CPUID with EAX=12H on Intel 
SGX resource capability and configuration. The number of available sub-leaves in leaf 12H depends on the Opt-in 
and system software configuration. Information returned by CPUID.12H is thread specific; software should not 

assume that if Intel SGX instructions are supported on one hardware thread, they are also supported elsewhere. 


A properly configured processor exposes Intel SGX functionality with CPUID.EAX=12H reporting valid information 
(non-zero content) in three or more sub-leaves, see Table 33-5. 


¢ CPUID.(EAX=12H, ECX=0H) enumerates Intel SGX capability, including enclave instruction opcode support. 


¢ CPUID.(EAX=12H, ECX=1H) enumerates Intel SGX capability of processor state configuration and enclave 
configuration in the SECS structure (see Table 34-3). 


¢ CPUID.(EAX=12H, ECX >1) enumerates available EPC resources. 


Table 33-5. CPUID Leaf 12H, Sub-Leaf 0 Enumeration of Intel® SGX Capabilities 


CPUID.(EAX=12H,ECX=0) Description Behavior 
Register Bits 
EAX 0 SGX1: If 1, indicates leaf functions of SGX1 instruction listed in Table 33-1 are supported. 
1 SGX2: If 1, indicates leaf functions of SGX2 instruction listed in Table 33-2 are supported. 
4:2 Reserved (0) 
OVERSUB: If 1, indicates Intel SGX supports instructions: EINCVIRTCHILD, EDECVIRTCHILD, and 
ESETCONTEXT. 
6 OVERSUB: If 1, indicates Intel SGX supports instructions: ETRACKC, ERDINFO, ELDBC, and ELDUC. 
31:7 Reserved (0) 
EBX 31:0 MISCSELECT: Reports the bit vector of supported extended features that can be written to the MISC 
region of the SSA. 
ECX 31:0 Reserved (0). 
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Table 33-5. CPUID Leaf 12H, Sub-Leaf 0 Enumeration of Intel® SGX Capabilities 


CPUID.(EAX=12H,ECX=0) 


Description Behavior 


Register Bits 
7:0 MaxEnclaveSize_Not64: the maximum supported enclave size is 2~(EDX[7:0]) bytes when not in 64-bit 
mode. 
EDX 15:8 MaxEnclaveSize_64: the maximum supported enclave size is 2~(EDX[15:8]) bytes when operating in 64- 
bit mode. 
31:16 Reserved (0). 


Table 33-6. CPUID Leaf 12H, Sub-Leaf 1 Enumeration of Intel® SGX Capabilities 


CPUID.(EAX=12H,ECX=1) 


Description Behavior 


Register Bits 

EAX 31:0 Report the valid bits of SECS.ATTRIBUTES[31:0] that software can set with ECREATE. 
SECS.ATTRIBUTES[n] can be set to 1 using ECREATE only if EAX[n] is 1, where n < 32. 

EBX 31:0 Report the valid bits of SECS.ATTRIBUTES[63:32] that software can set with ECREATE. 
SECS.ATTRIBUTES[n+32] can be set to 1 using ECREATE only if EBX[n] is 1, where n < 32. 

ECX 31:0 Report the valid bits of SECS.ATTRIBUTES[95:64] that software can set with ECREATE. 
SECS.ATTRIBUTES[N+64] can be set to 1 using ECREATE only if ECX[n] is 1, where n < 32. 

EDX 31:0 Report the valid bits of SECS.ATTRIBUTES[1 27:96] that software can set with ECREATE. 


SECS.ATTRIBUTES[n+96] can be set to 1 using ECREATE only if EDX[n] is 1, where n < 32. 


On processors that support Intel SGX1 and SGX2, CPUID leaf 12H sub-leaf 2 report physical memory resources 
available for use with Intel SGX. These physical memory sections are typically allocated by BIOS as Processor 
Reserved Memory, and available to the OS to manage as EPC. 


To enumerate how many EPC sections are available to the EPC manager, software can enumerate CPUID leaf 12H 
with sub-leaf index starting from 2, and decode the sub-leaf-type encoding (returned in EAX[3:0]) until the sub- 
leaf type is invalid. All invalid sub-leaves of CPUID leaf 12H return EAX/EBX/ECX/EDX with 0. 


Table 33-7. CPUID Leaf 12H, Sub-Leaf Index 2 or Higher Enumeration of Intel’ SGX Resources 


CPUID.(EAX=12H,ECX > 1) 


Description Behavior 


Register Bits 
EAX 3:0 OO0O0Ob: This sub-leaf is invalid; EDX:ECX:EBX:EAX return 0. 
0001b: This sub-leaf enumerates an EPC section. EBX:EAX and EDX:ECX provide information on the 
Enclave Page Cache (EPC) section. 
All other encodings are reserved. 
11:4 Reserved (enumerate 0). 
31:12 If EAX[3:0] = 00015, these are bits 31:12 of the physical address of the base of the EPC section. 
Bay 19:0 If EAX[3:0] = 00015, these are bits 51:32 of the physical address of the base of the EPC section. 
31:20 Reserved. 
3:0 If ECX[3:0] = OOOO, then all bits of the EDX:ECX pair are enumerated as O. 
If ECX[3:0] = 00015, then this section has confidentiality and integrity protection. 
If ECX[3:0] = 0010b, then this section has confidentiality protection only. 
ECX All other encodings are reserved. 
11:4 Reserved (enumerate 0). 
31:12 If EAX[3:0] = 00015, these are bits 31:12 of the size of the corresponding EPC section within the 


Processor Reserved Memory. 
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Table 33-7. CPUID Leaf 12H, Sub-Leaf Index 2 or Higher Enumeration of Intel’ SGX Resources 


CPUID.(EAX=12H,ECX > 1) Description Behavior 
Register Bits 
EDX 19:0 If EAX[3:0] = 00015, these are bits 51:32 of the size of the corresponding EPC section within the 
Processor Reserved Memory. 
31:20 Reserved. 


33.8 INTEL® SGX INTERACTIONS WITH CONTROL-FLOW ENFORCEMENT 
TECHNOLOGY 


This section discusses extensions to the Intel SGX architecture to support CET. 


33.8.1 CET in Enclaves Model 


Each enclave has its private configuration for CET that is not shared with the CET configurations of the enclosing 
application. On entry into the enclave, the CET state of the enclosing application is saved into scratchpad registers 
inside the processor and the CET state of the enclave is established. On an asynchronous exit, the enclave CET 
state is saved into the enclave state save area frame. On exit from the enclave, the CET state of the enclosing 
application is re-established from the scratchpad registers. 


A new page type, PT_SS_FIRST, is used to denote pages in an enclave that can be used as a first page of a shadow 
stack. 


A new page type, PT_SS_REST, is used to denote pages in an enclave that can be used as a non-first page of a 
shadow stack. 


A page denoted as PT_SS_FIRST and PT_SS_REST will be a legal target for shadow_stack_load, 
shadow_stack_store, and regular load operations. Regular stores will be disallowed to such pages. A 
PT_SS_FIRST/PT_SS_REST page must be writeable in the IA page tables and in EPT. 


When in enclave mode, shadow_stack_load and shadow_stack_store operations must be to addresses in the 
enclave ELRANGE. 


The EAUG instruction is extended to allocate pages of type PT_SS_FIRST/PT_SS_REST; this page type requires 
specifying a SECINFO structure with page parameters. Shadow page permission must be R/W. Regular R/W pages 
may continue to be allocated by providing a SECINFO pointer value of 0. Regular R/W pages may also be allocated 
by providing a SECINFO structure that specifies the page parameters. The EAUG instruction creates a shadow- 
stack-restore token at offset OxFF8 on a PT_SS_FIRST page. This allows a dynamically created shadow stack to be 
restored using the RSTORSSP instruction. The EADD and EAUG instructions disallow creation of a PT_SS_FIRST or 
PT_SS_REST page as the first or last page in ELRANGE. 


The EADD instruction requires that the PT_SS_REST page be all zeroes. The EADD instruction requires that a 
PT_SS_FIRST page be all zeroes except the 8 bytes at offset OxFF8 on that page that must have a shadow-stack- 
restore token. This shadow-stack-restore token must have a linear address which is the linear address of the 
PT_SS_FIRST page + 4096. As an enclave could be loaded at varying linear addresses, the enclave builder should 
not extend the measurement of the PT_SS_FIRST pages into the measurement registers. On first entry on to the 
enclave using a TCS, the enclave software can use the RSTORSSP instruction to restore its SSP. Subsequent to 
performing a RSTORSSP, the enclave software can use the INCSSP instruction to pop the previous-ssp token that 
is created by the RSTORSSP instruction at the top of the restored shadow stack. 


On an enclave entry, the SSP will be initialized to the value in a new TCS field called PREVSSP. The PREVSSP field is 
written with the value of SSP on enclave exit and is loaded into SSP at enclave entry. When a TCS page is added 
using EADD or accepted using EACCEPT, the processor requires the PREVSSP field to be initialized to 0. 
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33.8.2 Operations Not Supported on Shadow Stack Pages 

The following operations are not allowed on pages of type PT_SS_FIRST and PT_SS_REST: 
¢ EACCEPTCOPY 
¢ EMODPR 
¢ EMODPE 


33.8.3 Indirect Branch Tracking - Legacy Compatibility Treatment 


The legacy code page bitmap is tested using the page offset within the ELRANGE instead of the absolute linear 
address of the address where ENDBRANCH was missed; see the detailed algorithm in Section 18.3.6, “Legacy 
Compatibility Treatment” in the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1 for 
additional details. 
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CHAPTER 34 
ENCLAVE ACCESS CONTROL AND DATA STRUCTURES 


34.1 OVERVIEW OF ENCLAVE EXECUTION ENVIRONMENT 


When an enclave is created, it has a range of linear addresses to which the processor applies enhanced access 
control. This range is called the ELRANGE (see Section 33.3). When an enclave generates a memory access, the 
existing IA32 segmentation and paging architecture are applied. Additionally, linear addresses inside the ELRANGE 
must map to an EPC page otherwise when an enclave attempts to access that linear address a fault is generated. 


The EPC pages need not be physically contiguous. System software allocates EPC pages to various enclaves. 
Enclaves must abide by OS/VMM imposed segmentation and paging policies. OS/VMM-managed page tables and 
extended page tables provide address translation for the enclave pages. Hardware requires that these pages are 
properly mapped to EPC (any failure generates an exception). 


Enclave entry must happen through specific enclave instructions: 

¢ ENCLU[EENTER], ENCLU[ERESUME]. 

Enclave exit must happen through specific enclave instructions or events: 
¢ ENCLU[EEXIT], Asynchronous Enclave Exit (AEX). 


Attempts to execute, read, or write to linear addresses mapped to EPC pages when not inside an enclave will result 
in the processor altering the access to preserve the confidentiality and integrity of the enclave. The exact behavior 
may be different between implementations. As an example a read of an enclave page may result in the return of all 
one's or return of cyphertext of the cache line. Writing to an enclave page may result in a dropped write ora 
machine check at a later time. The processor will provide the protections as described in Section 34.4 and Section 
34.5 on such accesses. 


34.2 TERMINOLOGY 
A memory access to the ELRANGE and initiated by an instruction executed by an enclave is called a Direct Enclave 
Access (Direct EA). 


Memory accesses initiated by certain Intel® SGX instruction leaf functions such as ECREATE, EADD, EDBGRD, 
EDBGWR, ELDU/ELDB, EWB, EREMOVE, EENTER, and ERESUME to EPC pages are called Indirect Enclave Accesses 
(Indirect EA). Table 34-1 lists additional details of the indirect EA of SGX1 and SGX2 extensions. 


Direct EAs and Indirect EAs together are called Enclave Accesses (EAs). 
Any memory access that is not an Enclave Access is called a non-enclave access. 


34.3. ACCESS-CONTROL REQUIREMENTS 


Enclave accesses have the following access-control attributes: 
¢ All memory accesses must conform to segmentation and paging protection mechanisms. 
* Code fetches from inside an enclave to a linear address outside that enclave result in a #GP(0) exception. 


¢ Shadow-stack-load or shadow-stack-store from inside an enclave to a linear address outside that enclave 
results in a #GP(0) exception. 


¢ Non-enclave accesses to EPC memory result in undefined behavior. EPC memory is protected as described in 
Section 34.4 and Section 34.5 on such accesses. 


° EPC pages of page types PT_REG, PT_TCS and PT_TRIM must be mapped to ELRANGE at the linear address 
specified when the EPC page was allocated to the enclave using ENCLS[EADD] or ENCLS[EAUG] leaf functions. 
Enclave accesses through other linear address result in a #PF with the PFEC.SGX bit set. 
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* Direct EAs to any EPC pages must conform to the currently defined security attributes for that EPC page in the 
EPCM. These attributes may be defined at enclave creation time (EADD) or when the enclave sets them using 
SGX2 instructions. The failure of these checks results in a #PF with the PFEC.SGX bit set. 


— Target page must belong to the currently executing enclave. 

— Data may be written to an EPC page if the EPCM allow write access. 

— Data may be read from an EPC page if the EPCM allow read access. 

— Instruction fetches from an EPC page are allowed if the EPCM allows execute access. 


— Shadow-stack-load from an EPC page and shadow-stack-store to an EPC page are allowed only if the page 
type is PT_SS_FIRST or PT_SS_REST. 


— Data writes that are not shadow-stack-store are not allowed if the EPCM page type is PT_SS_FIRST or 
PT_SS_REST. 


— Target page must not have a restricted page type! (PT_SECS, PT_TCS, PT_VA, or PT_TRIM). 
— The EPC page must not be BLOCKED. 

— The EPC page must not be PENDING. 

— The EPC page must not be MODIFIED. 


34.4 SEGMENT-BASED ACCESS CONTROL 


Intel SGX architecture does not modify the segment checks performed by a logical processor. All memory accesses 
arising from a logical processor in protected mode (including enclave access) are subject to segmentation checks 
with the applicable segment register. 


To ensure that outside entities do not modify the enclave's logical-to-linear address translation in an unexpected 
fashion, ENCLU[EENTER] and ENCLU[ERESUME] check that CS, DS, ES, and SS, if usable (i.e., not null), have 
segment base value of zero. A non-zero segment base value for these registers results in a #GP(0). 


On enclave entry either via EENTER or ERESUME, the processor saves the contents of the external FS and GS regis- 
ters, and loads these registers with values stored in the TCS at build time to enable the enclave’s use of these regis- 
ters for accessing the thread-local storage inside the enclave. On EEXIT and AEX, the contents at time of entry are 
restored. On AEX, the values of FS and GS are saved in the SSA frame. On ERESUME, FS and GS are restored from 
the SSA frame. The details of these operations can be found in the descriptions of EENTER, ERESUME, EEXIT, and 
AEX flows. 


34.5 PAGE-BASED ACCESS CONTROL 


34.5.1. Access-control for Accesses that Originate from non-SGX Instructions 


Intel SGX builds on the processor's paging mechanism to provide page-granular access-control for enclave pages. 
Enclave pages are designed to be accessible only from inside the currently executing enclave if they belong to that 
enclave. In addition, enclave accesses must conform to the access control requirements described in Section 34.3. 
or through certain Intel SGX instructions. Attempts to execute, read, or write to linear addresses mapped to EPC 

pages when not inside an enclave will result in the processor altering the access to preserve the confidentiality and 
integrity of the enclave. The exact behavior may be different between implementations. 


34.5.2 Memory Accesses that Split across ELRANGE 


Memory data accesses are allowed to split across ELRANGE (i.e., a part of the access is inside ELRANGE and a part 
of the access is outside ELRANGE) while the processor is inside an enclave. If an access splits across ELRANGE, the 


1. EPCM may allow write, read or execute access only for pages with page type PT_REG. 
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processor splits the access into two sub-accesses (one inside ELRANGE and the other outside ELRANGE), and each 
access is evaluated. A code-fetch access that splits across ELRANGE results in a #GP due to the portion that lies 
outside of the ELRANGE. 


34.5.3. Implicit vs. Explicit Accesses 


Memory accesses originating from Intel SGX instruction leaf functions are categorized as either explicit accesses or 
implicit accesses. Table 34-1 lists the implicit and explicit memory accesses made by Intel SGX leaf functions. 


34.5.3.1 Explicit Accesses 


Accesses to memory locations provided as explicit operands to Intel SGX instruction leaf functions, or their linked 
data structures are called explicit accesses. 


Explicit accesses are always made using logical addresses. These accesses are subject to segmentation, paging, 
extended paging, and APIC-virtualization checks, and trigger any faults/exit associated with these checks when the 
access is made. 


The interaction of explicit memory accesses with data breakpoints is leaf-function-specific, and is documented in 
Section 39.3.4. 


34.5.3.2 Implicit Accesses 


Accesses to data structures whose physical addresses are cached by the processor are called implicit accesses. 
These addresses are not passed as operands of the instruction but are implied by use of the instruction. 


These accesses do not trigger any access-control faults/exits or data breakpoints. Table 34-1 lists memory objects 
that Intel SGX instruction leaf functions access either by explicit access or implicit access. The addresses of explicit 
access objects are passed via register operands with the second through fourth column of Table 34-1 matching 
implicitly encoded registers RBX, RCX, RDX. 


Physical addresses used in different implicit accesses are cached via different instructions and for different dura- 
tions. The physical address of SECS associated with each EPC page is cached at the time the page is added to the 
enclave via ENCLS[EADD] or ENCLS[EAUG], or when the page is loaded to EPC via ENCLS[ELDB] or ENCLS[ELDU]. 
This binding is severed when the corresponding page is removed from the EPC via ENCLS[EREMOVE] or 
ENCLS[EWB]. Physical addresses of TCS and SSA pages are cached at the time of most-recent enclave entry. Exit 
from an enclave (ENCLU[EEXIT] or AEX) flushes this caching. Details of Asynchronous Enclave Exit is described in 
Chapter 36. 


The physical addresses that are cached for use by implicit accesses are derived from logical (or linear) addresses 
after checks such as segmentation, paging, EPT, and APIC virtualization checks. These checks may trigger excep- 
tions or VM exits. Note, however, that such exception or VM exits may not occur after a physical address is cached 
and used for an implicit access. 


Table 34-1. List of Implicit and Explicit Memory Access by Intel® SGX Enclave Instructions 


Instr. Leaf Enum. Explicit 1 Explicit 2 Explicit 3 Implicit 
EACCEPT SGX2 SECINFO EPCPAGE SECS 
EACCEPTCOPY SGX2 SECINFO EPCPAGE (Src) EPCPAGE (Dst) 

EADD SGX1 PAGEINFO and linked structures EPCPAGE 

EAUG SGX2 PAGEINFO and linked structures EPCPAGE SECS 
EBLOCK SGX1 EPCPAGE SECS 
ECREATE SGX1 PAGEINFO and linked structures EPCPAGE 

EDBGRD SGX1 EPCADDR Destination SECS 
EDBGWR SGX1 EPCADDR Source SECS 
EDECVIRTCHILD OVERSUB EPCPAGE SECS 

EENTER SGX1 TCS and linked SSA SECS 
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Table 34-1. List of Implicit and Explicit Memory Access by Intel® SGX Enclave Instructions (Contd.) 


Instr. Leaf Enum. Explicit 1 Explicit 2 Explicit 3 Implicit 
EEXIT SGX1 SECS, TCS 
EEXTEND SGX1 SECS EPCPAGE 
EGETKEY SGX1 KEYREQUEST KEY SECS 
EINCVIRTCHILD OVERSUB EPCPAGE SECS 
EINIT SGX1 SIGSTRUCT SECS EINITTOKEN 
ELDB/ELDU SGX1 PAGEINFO and linked structures, PCMD EPCPAGE VAPAGE 
ELDBC/ELDUC OVERSUB PAGEINFO and linked structures EPCPAGE VAPAGE 
EMODPE SGX2 SECINFO EPCPAGE 
EMODPR SGX2 SECINFO EPCPAGE SECS 
EMODT SGX2 SECINFO EPCPAGE SECS 
EPA SGX1 EPCADDR 
ERDINFO OVERSUB RDINFO EPCPAGE 
EREMOVE SGX1 EPCPAGE SECS 
EREPORT SGX1 TARGETINFO REPORTDATA OUTPUTDATA SECS 
ERESUME SGX1 TCS and linked SSA SECS 
ESETCONTEXT OVERSUB SECS ContextValue 
ETRACK SGX1 EPCPAGE 
ETRACKC OVERSUB EPCPAGE 
EWB SGX1 PAGEINFO and linked structures, PCMD EPCPAGE VAPAGE SECS 
Asynchronous Enclave Exit* SECS, TCS, 

SSA 


*Details of Asynchronous Enclave Exit (AEX) is described in Section 36.4 


34.6 INTEL® SGX DATA STRUCTURES OVERVIEW 


Enclave operation is managed via a collection of data structures. Many of the top-level data structures contain sub- 
structures. The top-level data structures relate to parameters that may be used in enclave setup/maintenance, by 
Intel SGX instructions, or AEX event. The top-level data structures are: 


® SGX Enclave Control Structure (SECS) 
¢ Thread Control Structure (TCS) 

¢ State Save Area (SSA) 

¢ Page Information (PAGEINFO) 

* Security Information (SECINFO) 

¢ Paging Crypto MetaData (PCMD) 

° Enclave Signature Structure (SIGSTRUCT) 
¢  EINIT Token Structure (EINITTOKEN) 
® Report Structure (REPORT) 

¢ Report Target Info (TARGETINFO) 

° Key Request (KEYREQUEST) 

°® Version Array (VA) 

°® Enclave Page Cache Map (EPCM) 

* Read Info (RDINFO) 
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Details of the top-level data structures and associated sub-structures are listed in Section 34.7 through Section 


34.20. 


34.7 


SGX ENCLAVE CONTROL STRUCTURE (SECS) 


The SECS data structure requires 4K-Bytes alignment. 


Table 34-2. Layout of SGX Enclave Control Structure (SECS) 


Field OFFSET (Bytes) Size (Bytes) Description 

SIZE 0 8 Size of enclave in bytes; must be power of 2. 

BASEADDR 8 8 Enclave Base Linear Address must be naturally aligned to size. 

SSAFRAMESIZE 16 4 Size of one SSA frame in pages, including XSAVE, pad, GPR, and MISC (if 
CPUID.(EAX=12H, ECX=0):.EBX != 0). 

MISCSELECT 20 4 Bit vector specifying which extended features are saved to the MISC region 
(see Section 34.7.2) of the SSA frame when an AEX occurs. 

CET_LEG_BITMAP | 24 8 Page aligned offset of legacy code page bitmap from enclave base. Soft- 

_OFFSET ware is expected to program this offset such that the entire bitmap re- 
sides in the ELRANGE when legacy compatibility mode for indirect branch 
tracking is enabled. However this is not enforced by the hardware. 

This field exists when CPUID.(EAX=7, ECX=0):EDX.CET_IBT[bit 20] is enu- 
merated as 1, else it is reserved. 

CET_ATTRIBUTES | 32 1 CET feature attributes of the enclave; see Table 34-5. This field exists 
when CPUID.(EAX=1 2,ECX=1):EAX[6] is enumerated as 1, else it is 
reserved. 

RESERVED 24 24 

ATTRIBUTES 48 16 Attributes of the Enclave, see Table 34-3. 

MRENCLAVE 64 32 Measurement Register of enclave build process. See SIGSTRUCT for format. 

RESERVED 96 32 

MRSIGNER 128 32 Measurement Register extended with the public key that verified the 
enclave. See SIGSTRUCT for format. 

RESERVED 160 32 

CONFIGID 192 64 Post EINIT configuration identity. 

ISVPRODID 256 2 Product ID of enclave. 

ISVSVN 258 2 Security version number (SVN) of the enclave. 

CONFIGSVN 260 2 Post EINIT configuration security version number (SVN). 

RESERVED 262 3834 The RESERVED field consists of the following: 


« EID: An 8 byte Enclave Identifier. Its location is implementation specific. 

* PAD: A 352 bytes padding pattern from the Signature (used for key 
derivation strings). It's location is implementation specific. 

* VIRTCHILDCNT: An 8 byte Count of virtual children that have been paged 
out by a VMM. Its location is implementation specific. 

= ENCLAVECONTEXT: An 8 byte Enclave context pointer. Its location is 
implementation specific. 

* ISVFAMILYID: A 16 byte value assigned to identify the family of products 
the enclave belongs to. 

= ISVEXTPRODID: A 16 byte value assigned to identify the product 
identity of the enclave. 

« The remaining 3226 bytes are reserved area. 

The entire 3834 byte field must be cleared prior to executing ECREATE. 
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34.7.1 ATTRIBUTES 


The ATTRIBUTES data structure is comprised of bit-granular fields that are used in the SECS, the REPORT and the 
KEYREQUEST structures. CPUID.(EAX=12H, ECX=1) enumerates a bitmap of permitted 1-setting of bits in ATTRI- 
BUTES. 


Table 34-3. Layout of ATTRIBUTES Structure 


Field Bit Position Description 

INIT 0 This bit indicates if the enclave has been initialized by EINIT. It must be cleared when loaded as 
part of ECREATE. For EREPORT instruction, TARGET_INFO.ATTRIBUTES[ENIT] must always be 1 to 
match the state after EINIT has initialized the enclave. 

DEBUG 1 If 1, the enclave permit debugger to read and write enclave data using EDBGRD and EDBGWR. 

MODE64BIT 2 Enclave runs in 64-bit mode. 

RESERVED 3 Must be Zero. 

PROVISIONKEY 4 Provisioning Key is available from EGETKEY. 

EINITTOKEN_KEY |5 EINIT token key is available from EGETKEY. 

CET 6 Enable CET attributes. When CPUID.(EAX=1 2H, ECX=1):EAX[6] is O this bit is reserved and must be 
0. 

KSS 7 Key Separation and Sharing Enabled. 

RESERVED 63:8 Must be zero. 

XFRM 127:64 XSAVE Feature Request Mask. See Section 38.7. 


34.7.2 SECS.MISCSELECT Field 


CPUID.(EAX=12H, ECX=0):EBX[31:0] enumerates which extended information that the processor can save into 
the MISC region of SSA when an AEX occurs. An enclave writer can specify via SIGSTRUCT how to set the 
SECS.MISCSELECT field. The bit vector of MISCSELECT selects which extended information is to be saved in the 
MISC region of the SSA frame when an AEX is generated. The bit vector definition of extended information is listed 


in Table 34-4. 
If CPUID.(EAX=12H, ECX=0):EBX[31:0] = 0, SECS.MISCSELECT field must be all zeros. 
The SECS.MISCSELECT field determines the size of MISC region of the SSA frame, see Section 34.9.2. 


Table 34-4. Bit Vector Layout of MISCSELECT Field of Extended Information 


Field Bit Position Description 
EXINFO 0 Report information about page fault and general protection exception that occurred inside an 
enclave. 
CPINFO 1 Report information about control protection exception that occurred inside an enclave. When 
CPUID.(EAX=1 2H, ECX=0):EBX[1] is 0, this bit is reserved. 
Reserved 31:2 Reserved (0). 


34.7.3 SECS.CET_ATTRIBUTES Field 


The SECS.CET_ATTRIBUTES field can be used by the enclave writer to enable various CET attributes in an enclave. 
This field exists when CPUID.(EAX=12,ECX=1):EAX[6] is enumerated as 1. Bits 1:0 are defined when 
CPUID.(EAX=7, ECX=0):ECX.CET_SS is 1, and bits 5:2 are defined when CPUID.(EAX=7, ECX=0):EDX.CET_IBT is 
1, 
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Table 34-5. Bit Vector Layout of CET_ATTRIBUTES Field of Extended Information 


Field Bit Position Description 
SH_STK_EN 0 When set to 1, enable shadow stacks. 
WR_SHSTK_EN 1 When set to 1, enables the WRSS{D,Q}W instructions. 
ENDBR_EN 2 When set to 1, enables indirect branch tracking. 
LEG_IW_EN 3 Enable legacy compatibility treatment for indirect branch tracking. 
NO_TRACK_EN 4 When set to 1, enables use of no-track prefix for indirect branch tracking. 
SUPPRESS_DIS 5 When set to 1, disables suppression of CET indirect branch tracking on legacy compatibility. 
Reserved 7:6 Reserved (0). 


34.8 


THREAD CONTROL STRUCTURE (TCS) 


Each executing thread in the enclave is associated with a Thread Control Structure. It requires 4K-Bytes alignment. 


Table 34-6. Layout of Thread Control Structure (TCS) 


Field OFFSET (Bytes) | Size (Bytes) Description 

STAGE 0 8 Enclave execution state of the thread controlled by this TCS. A value of 0 indi- 
cates that this TCS is available for enclave entry. A value of 1 indicates that a 
processer is currently executing an enclave in the context of this TCS. 

FLAGS 8 8 The thread's execution flags (see Section 34.8.1). 

OSSA 16 8 Offset of the base of the State Save Area stack, relative to the enclave base. 
Must be page aligned. 

CSSA 24 4 Current slot index of an SSA frame, cleared by EADD and EACCEPT. 

NSSA 28 4 Number of available slots for SSA frames. 

OENTRY 32 8 Offset in enclave to which control is transferred on EENTER relative to the 
base of the enclave. 

AEP 40 8 The value of the Asynchronous Exit Pointer that was saved at EENTER time. 

OFSBASE 48 8 Offset to add to the base address of the enclave for producing the base 
address of FS segment inside the enclave. Must be page aligned. 

OGSBASE 56 8 Offset to add to the base address of the enclave for producing the base 
address of GS segment inside the enclave. Must be page aligned. 

FSUMIT 64 4 Size to become the new FS limit in 32-bit mode. 

GSLIMIT 68 4 Size to become the new GS limit in 32-bit mode. 

OCETSSA 72 8 When CPUID.(EAX=12H, ECX=1):EAX[6] is 1, this field provides the offset of 
the CET state save area from enclave base. When CPUID.(EAX=1 2H, 
ECX=1):EAX[6] is 0, this field is reserved and must be 0. 

PREVSSP 80 8 When CPUID.(EAX=07H, ECX=00h):ECX[CET_SS] is 1, this field records the SSP 
at the time of AEX or EEXIT; used to setup SSP on entry. When 
CPUID.(EAX=07H, ECX=00h):ECX[CET_SS] is 0, this field is reserved and must 
be 0. 

RESERVED 72 4024 Must be zero. 
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34.8.1 TCS.FLAGS 


Table 34-7. Layout of TCS.FLAGS Field 


Field Bit Position Description 


DBGOPTIN 0 If set, allows debugging features (single-stepping, breakpoints, etc.) to be enabled and active while 
executing in the enclave on this TCS. Hardware clears this bit on EADD. A debugger may later mod- 
ify it if the enclave’s ATTRIBUTES.DEBUG is set. 


RESERVED 63:1 


34.8.2 State Save Area Offset (OSSA) 


The OSSA points to a stack of State Save Area (SSA) frames (see Section 34.9) used to save the processor state 
when an interrupt or exception occurs while executing in the enclave. 


34.8.3. Current State Save Area Frame (CSSA) 


CSSA is the index of the current SSA frame that will be used by the processor to determine where to save the 
processor state on an interrupt or exception that occurs while executing in the enclave. It is an index into the array 
of frames addressed by OSSA. CSSA is incremented on an AEX and decremented on an ERESUME. 


34.8.4 Number of State Save Area Frames (NSSA) 


NSSA specifies the number of SSA frames available for this TCS. There must be at least one available SSA frame 
when EENTER-ing the enclave or the EENTER will fail. 


34.9 STATE SAVE AREA (SSA) FRAME 


When an AEX occurs while running in an enclave, the architectural state is saved in the thread’s current SSA frame, 
which is pointed to by TCS.CSSA. An SSA frame must be page aligned, and contains the following regions: 


¢ The XSAVE region starts at the base of the SSA frame, this region contains extended feature register state in 
an XSAVE/FXSAVE-compatible non-compacted format. 


¢ A Pad region: software may choose to maintain a pad region separating the XSAVE region and the MISC region. 
Software choose the size of the pad region according to the sizes of the MISC and GPRSGxX regions. 


¢ The GPRSGX region. The GPRSGX region is the last region of an SSA frame (see Table 34-8). This is used to hold 
the processor general purpose registers (RAX ... R15), the RIP, the outside RSP and RBP, RFLAGS and the AEX 
information. 


¢ The MISC region (If CPUIDEAX=12H, ECX=0):EBX[31:0] != 0). The MISC region is adjacent to the GRPSGX 
region, and may contain zero or more components of extended information that would be saved when an AEX 
occurs. If the MISC region is absent, the region between the GPRSGX and XSAVE regions is the pad region that 
software can use. If the MISC region is present, the region between the MISC and XSAVE regions is the pad 
region that software can use. See additional details in Section 34.9.2. 


Table 34-8. Top-to-Bottom Layout of an SSA Frame 
Region | Offset (Byte) Size (Bytes) Description 
XSAVE 0 Calculate using CPUID | The size of XSAVE region in SSA is derived from the enclave's support of the col- 
leaf ODH information | lection of processor extended states that would be managed by XSAVE. The 
enablement of those processor extended state components in conjunction with 
CPUID leaf ODH information determines the XSAVE region size in SSA. 


Pad End of XSAVE ‘| Chosen by enclave Ensure the end of GPRSGX region is aligned to the end of a 4KB page. 
region writer 
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Region | Offset (Byte) Size (Bytes) Description 
MISC base of GPRSGX | Calculate from high- | See Section 34.9.2. 
- sizeof(MISC) _| est set bit of 
SECS.MISCSELECT 
GPRSGX |SSAFRAMESIZE | 176 See Table 34-9 for layout of the GPRSGX region. 
-176 
34.9.1 GPRSGX Region 


The layout of the GPRSGX region is shown in Table 34-9. 


Table 34-9. Layout of GPRSGX Portion of the State Save Area 


Field OFFSET (Bytes) | Size (Bytes) Description 
RAX 0 8 
RCX 8 8 
RDX 16 8 
RBX 24 8 
RSP 32 8 
RBP 40 8 
RSI 48 8 
RDI 56 8 
R8 64 8 
R9 72 8 
R10 80 8 
R11 88 8 
R12 96 8 
R13 104 8 
R14 112 8 
R15 120 8 
RFLAGS 128 8 Flag register. 
RIP 136 8 Instruction pointer. 
URSP 144 8 Non-Enclave (outside) stack pointer. Saved by EENTER, restored on AEX. 
URBP 152 8 Non-Enclave (outside) RBP pointer. Saved by EENTER, restored on AEX. 
EXITINFO 160 4 Contains information about exceptions that cause AEXs, which might be 
needed by enclave software (see Section 34.9.1.1). 
RESERVED 164 4 
FSBASE 168 8 FS BASE. 
GSBASE 176 8 GS BASE. 
34.9.1.1 EXITINFO 


EXITINFO contains the information used to report exit reasons to software inside the enclave. It is a 4 byte field laid 
out as in Table 34-10. The VALID bit is set only for the exceptions conditions which are reported inside an enclave. 
See Table 34-11 for which exceptions are reported inside the enclave. If the exception condition is not one reported 
inside the enclave then VECTOR and EXIT_TYPE are cleared. 
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When a higher priority event, such as SMI, and a pending debug exception occur at the same time when executing 
inside an enclave, the higher priority event has precedence. As an example for an SMI, the SSA exit info is zero. 
The debug exception will be delivered upon return from the SMI. In such cases, the EXITINFO field will not contain 
the information of a debug exception. 


Table 34-10. Layout of EXITINFO Field 


Field Bit Position Description 
VECTOR 7:0 Exception number of exceptions reported inside enclave. 
EXIT_TYPE 10:8 011b: Hardware exceptions. 


110b: Software exceptions. 
Other values: Reserved. 


RESERVED 30:11 Reserved as zero. 


VALID 31 O: unsupported exceptions. 
1: Supported exceptions. Includes two categories: 


¢ —_Unconditionally supported exceptions: #DE, #DB, #BP, #BR, #UD, #MF, #AC, #XM. 
* ~~ Conditionally supported exception: 

—  #PF, #GP if SECS.MISCSELECT.EXINFO = 1. 

— #CP if SECS.MISCSELECT.CPINFO=1. 


34.9.1.2 VECTOR Field Definition 


Table 34-11 contains the VECTOR field. This field contains information about some exceptions which occur inside 
the enclave. These vector values are the same as the values that would be used when vectoring into regular excep- 
tion handlers. All values not shown are not reported inside an enclave. 


Table 34-11. Exception Vectors 


Name Vector # Description 
#DE 0 Divider exception. 
#DB 1 Debug exception. 
#BP 3 Breakpoint exception. 
#BR 5 Bound range exceeded exception. 
#UD 6 Invalid opcode exception. 
#GP 13 General protection exception. Only reported if SECS.MISCSELECT.EXINFO = 1. 
#PF 14 Page fault exception. Only reported if SECS.MISCSELECT.EXINFO = 1. 
#MF 16 x87 FPU floating-point error. 
#AC 17 Alignment check exceptions. 
#XM 19 SIMD floating-point exceptions. 
#CP 21 Control protection exception. Only reported if SECS.MISCSELECT.CPINFO=1. 


34.9.2 MISC Region 


The layout of the MISC region is shown in Table 34-12. The number of components that the processor supports in 
the MISC region corresponds to the bits of CPUID.(EAX=12H, ECX=0):EBX[31:0] set to 1. Each set bit in 
CPUID.(EAX=12H, ECX=0):EBX[31:0] has a defined size for the corresponding component, as shown in Table 
34-12. Enclave writers needs to do the following: 


* Decide which MISC region components will be supported for the enclave. 
e Allocate an SSA frame large enough to hold the components chosen above. 
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¢ Instruct each enclave builder software to set the appropriate bits in SECS.MISCSELECT. 


The first component, EXINFO, starts next to the GPRSGX region. Additional components in the MISC region grow 
in ascending order within the MISC region towards the XSAVE region. 


The size of the MISC region is calculated as follows: 
° = If CPUID.(EAX=12H, ECX=0):EBX[31:0] = 0, MISC region is not supported. 


e = If CPUID.(EAX=12H, ECX=0):EBX[31:0] != 0, the size of MISC region is derived from sum of the highest bit set 
in SECS.MISCSELECT and the size of the MISC component corresponding to that bit. Offset and size 
information of currently defined MISC components are listed in Table 34-12. For example, if the highest bit set 
in SECS.MISCSELECT is bit 0, the MISC region offset is OFFSET(GPRSGX)-16 and size is 16 bytes. 


¢ The processor saves a MISC component i in the MISC region if and only if SECS.MISCSELECT[i] is 1. 


Table 34-12. Layout of MISC region of the State Save Area 


MISC Components | OFFSET (Bytes) | Size (Bytes) Description 


EXINFO Offset(GPRSGX) -16 | 16 If CPUID.(EAX=1 2H, ECX=0):EBX[0] = 1, exception information on #GP or 
#PF that occurred inside an enclave can be written to the EXINFO structure 
if specified by SECS.MISCSELECT[O] = 1. 

If CPUID.(EAX=1 2H, ECX=0):EBX[1] = 1, exception information on #CP that 
occurred inside an enclave can be written to the EXINFO structure if speci- 
fied by SECS.MISCSELECT[1] = 1. 


Future Extension | Below EXINFO TBD Reserved. (Zero size if CPUID.(EAX=12H, ECX=0):€BX[31:1] =0). 


34.9.2.1  EXINFO Structure 
Table 34-13 contains the layout of the EXINFO structure that provides additional information. 


Table 34-13. Layout of EXINFO Structure 
Field OFFSET (Bytes) | Size (Bytes) Description 


MADDR 0 8 If #PF: contains the page fault linear address that caused a page fault. 
If #GP: the field is cleared. 
If #CP: the field is cleared. 


ERRCD 8 4 Exception error code for either #GP or #PF. 
RESERVED 12 


34.9.2.2 Page Fault Error Code 
Table 34-14 contains page fault error code that may be reported in EXINFO.ERRCD. 


Table 34-14. Page Fault Error Code 


Name Bit Position Description 
P 0 Same as non-SGX page fault exception P flag. 
W/R 1 Same as non-SGX page fault exception W/R flag. 
u/s! 2 Always set to 1 (user mode reference). 
RSVD 3 Same as non-SGX page fault exception RSVD flag. 
\/D 4 Same as non-SGX page fault exception I/D flag. 
PK 5 Protection Key induced fault. 
RSVD 14:6 Reserved. 
SGX 15 EPCM induced fault. 
RSVD 31:5 Reserved. 
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NOTES: 
1. Page faults incident to enclave mode that report U/S=0 are not reported in EXINFO. 


34.10 CET STATE SAVE AREA FRAME 


The CET state save area consists of an array of CET state save frames. The number of CET state save frames is 
equal to the TCS.NSSA. The current CET SSA frame is indicated by TCS.CSSA. The offset of the CET state save area 
is specified by TCS.OCETSSA. 


Table 34-15. Layout of CET State Save Area Frame 


Offset 


Field (Bytes) Size (Bytes) Description 
SSP 0 8 Shadow Stack Pointer. 
This field is reserved when CPUID.(EAX=7, ECX=0):ECX[CET_SS] is 0. 
IB_TRACK_STATE |8 8 Indirect branch tracker state: 


Bit O: SUPPRESS - suppressed(1), tracking(0) 

Bit 1: TRACKER - IDLE (0), WAIT_FOR_ENDBRANCH (1) 

Bits 63:2 - Reserved 

This field is reserved when CPUID.(EAX=7, ECX=0):EDX[CET_IBT] is 0. 


34.11 PAGE INFORMATION (PAGEINFO) 


PAGEINFO is an architectural data structure that is used as a parameter to the EPC-management instructions. It 
requires 32-Byte alignment. 


Table 34-16. Layout of PAGEINFO Data Structure 


Field OFFSET (Bytes) | Size (Bytes) Description 
LINADDR 0 8 Enclave linear address. 
SRCPGE 8 8 Effective address of the page where contents are located. 
SECINFO/PCMD | 16 8 Effective address of the SECINFO or PCMD (for ELDU, ELDB, EWB) structure for 
the page. 
SECS 24 8 Effective address of EPC slot that currently contains the SECS. 


34.12 SECURITY INFORMATION (SECINFO) 


The SECINFO data structure holds meta-data about an enclave page. 


Table 34-17. Layout of SECINFO Data Structure 


Field OFFSET (Bytes) | Size (Bytes) Description 
FLAGS 0 8 Flags describing the state of the enclave page. 
RESERVED 8 56 Must be zero. 


34.12.1 SECINFO.FLAGS 
The SECINFO.FLAGS are a set of fields describing the properties of an enclave page. 
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Table 34-18. Layout of SECINFO.FLAGS Field 


Field Bit Position Description 

R 0 If 1 indicates that the page can be read from inside the enclave; otherwise the page cannot be read 
from inside the enclave. 

WwW 1 If 1 indicates that the page can be written from inside the enclave; otherwise the page cannot be writ- 
ten from inside the enclave. 

X 2 If 1 indicates that the page can be executed from inside the enclave; otherwise the page cannot be 
executed from inside the enclave. 

PENDING 3 If 1 indicates that the page is in the PENDING state; otherwise the page is not in the PENDING state. 

MODIFIED 4 If 1 indicates that the page is in the MODIFIED state; otherwise the page is not in the MODIFIED state. 

PR If 1 indicates that a permission restriction operation on the page is in progress, otherwise a permission 
restriction operation is not in progress. 

RESERVED 7:6 Must be zero. 

PAGE_TYPE | 15:8 The type of page that the SECINFO is associated with. 

RESERVED 63:16 Must be zero. 


34.12.2 PAGE_TYPE Field Definition 
The SECINFO flags and EPC flags contain bits indicating the type of page. 


Table 34-19. Supported PAGE_TYPE 


TYPE Value Description 

PT_SECS 0 Page is an SECS. 

PT_TCS 1 Page is a TCS. 

PT_REG 2 Page is a regular page. 

PT_VA 3 Page is a Version Array. 

PT_TRIM 4 Page is in trimmed state. 

PT_SS_FIRST 5 When CPUID.(EAX=12H, ECX=1):EAX[6] is 1, Page is first page of a shadow stack. When 
CPUID.(EAX=1 2H, ECX=1):EAX[6] is 0, this value is reserved. 

PT_SS_REST 6 When CPUID.(EAX=12H, ECX=1):EAX[6] is 1, Page is not first page of a shadow stack. When 
CPUID.(EAX=1 2H, ECX=1):EAX[6] is 0, this value is reserved. 

All others Reserved. 


34.13 PAGING CRYPTO METADATA (PCMD) 


The PCMD structure is used to keep track of crypto meta-data associated with a paged-out page. Combined with 
PAGEINFO, it provides enough information for the processor to verify, decrypt, and reload a paged-out EPC page. 
The size of the PCMD structure (128 bytes) is architectural. 


EWB calculates the Message Authentication Code (MAC) value and writes out the PCMD. ELDB/U reads the fields 
and checks the MAC. 


The format of PCMD is as follows: 
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Table 34-20. Layout of PCMD Data Structure 


Field OFFSET (Bytes) | Size (Bytes) Description 
SECINFO 0 64 Flags describing the state of the enclave page; R/W by software. 
ENCLAVEID 64 8 Enclave Identifier used to establish a cryptographic binding between paged-out 
page and the enclave. 
RESERVED 72 40 Must be zero. 
MAC 112 16 Message Authentication Code for the page, page meta-data and reserved 
field. 


34.14 ENCLAVE SIGNATURE STRUCTURE (SIGSTRUCT) 


SIGSTRUCT is a structure created and signed by the enclave developer that contains information about the 
enclave. SIGSTRUCT is processed by the EINIT leaf function to verify that the enclave was properly built. 


SIGSTRUCT includes ENCLAVEHASH as SHA256 digest, as defined in FIPS PUB 180-4. The digests are byte strings 
of length 32. Each of the 8 HASH dwords is stored in little-endian order. 


SIGSTRUCT includes four 3072-bit integers (MODULUS, SIGNATURE, Q1, Q2). Each such integer is represented as 
a byte strings of length 384, with the most significant byte at the position “offset + 383”, and the least significant 
byte at position “offset”. 


The (3072-bit integer) SIGNATURE should be an RSA signature, where: a) the RSA modulus (MODULUS) is a 3072- 
bit integer; b) the public exponent is set to 3; c) the signing procedure uses the EMSA-PKCS1-v1.5 format with DER 
encoding of the “DigestInfo” value as specified in of PKCS#1 v2.1/RFC 3447. 


The 3072-bit integers Qi and Q2 are defined by: 

qi = floor(Signature*2 / Modulus); 

q2 = floor((Signature*3 - qi * Signature * Modulus) / Modulus); 
SIGSTRUCT must be page aligned 


In column 5 of Table 34-21, ‘Y’ indicates that this field should be included in the signature generated by the devel- 
oper. 


Table 34-21. Layout of Enclave Signature Structure (SIGSTRUCT) 


Field OFFSET (Bytes) | Size (Bytes) Description Signed 

HEADER 6) 16 Must be byte stream Y 
O6000000E1 000000000001 0000000000H 

VENDOR 16 4 Intel Enclave: OOOO8086H Y 
Non-Intel Enclave: OOOOOO000H 

DATE 20 4 Build date is yyyymmdd in hex: Y 
yyyy=4 digit year, mm=1-12, dd=1-31 

HEADER2 24 16 Must be byte stream Y 
01010000600000006000000001000000H 

SWDEFINED 40 4 Available for software use. Y 

RESERVED 44 84 Must be zero. Y 

MODULUS 128 384 Module Public Key (keylength=3072 bits). N 

EXPONENT 512 4 RSA Exponent = 3. N 

SIGNATURE 516 384 Signature over Header and Body. N 

MISCSELECT* 900 4 Bit vector specifying Extended SSA frame feature set tobe | Y 
used. 

MISCMASK* 904 4 Bit vector mask of MISCSELECT to enforce. Y 
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Table 34-21. Layout of Enclave Signature Structure (SIGSTRUCT) 


Field OFFSET (Bytes) | Size (Bytes) Description Signed 
CET_ATTRIBUTES | 908 1 When CPUID.(EAX=12H, ECX=1):EAX[6] is 1, this field pro- Y 
vides the Enclave CET attributes that must be set. When 
CPUID.(EAX=1 2H, ECX=1):EAX[6] is 0, this field is reserved 
and must be 0. 
CET_ATTRIBUTES | 909 1 When CPUID.(EAX=12H, ECX=1):EAX[6] is 1, this field pro- Y 
_MASK vides the Mask of CET attributes to enforce. When 
CPUID.(EAX=1 2H, ECX=1):EAX[6] is 0, this field is reserved 
and must be 0. 
RESERVED 910 2 Must be zero. Y 
ISVFAMILYID 912 16 ISV assigned Product Family ID. Y 
ATTRIBUTES 928 16 Enclave Attributes that must be set. Y 
ATTRIBUTEMASK | 944 16 Mask of Attributes to enforce. Y 
ENCLAVEHASH 960 32 MRENCLAVE of enclave this structure applies to. Y 
RESERVED 992 16 Must be zero. Y 
ISVEXTPRODID 1008 16 ISV assigned extended Product ID. Y 
ISVPRODID 1024 2 ISV assigned Product ID. Y 
ISVSVN 1026 2 ISV assigned SVN (security version number). Y 
RESERVED 1028 12 Must be zero. N 
Q1 1040 384 Q1 value for RSA Signature Verification. N 
Q2 1424 384 Q2 value for RSA Signature Verification. N 
* If CPUID.(EAX=12H, ECX=0):EBX[31:0] = 0, MISCSELECT must be 0. 
If CPUID.(EAX=12H, ECX=0):EBX[31:0] !=0, enclave writers must specify MISCSELECT such that each cleared 
bit in MISCMASK must also specify the corresponding bit as 0 in MISCSELECT. 


34.15 EINIT TOKEN STRUCTURE (EINITTOKEN) 


The EINIT token is used by EINIT to verify that the enclave is permitted to launch. EINIT token is generated by an 
enclave in possession of the EINITTOKEN key (the Launch Enclave). 


EINIT token must be 512-Byte aligned. 
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Table 34-22. Layout of EINIT Token (EINITTOKEN) 
Field OFFSET (Bytes) | Size (Bytes) | MACed Description 

Valid 0 4 Y Bit O: 1: Valid; O: Invalid. 
All other bits reserved. 

RESERVED 4 44 Y Must be zero. 

ATTRIBUTES 48 16 Y ATTRIBUTES of the Enclave. 

MRENCLAVE 64 32 Y MRENCLAVE of the Enclave. 

RESERVED 96 32 Y Reserved. 

MRSIGNER 128 32 Y MRSIGNER of the Enclave. 

RESERVED 160 32 Y Reserved. 

CPUSVNLE 192 16 N Launch Enclave’s CPUSVN. 

ISVPRODIDLE 208 02 N Launch Enclave'’s ISVPRODID. 

ISVSVNLE 210 02 N Launch Enclave's ISVSVN. 

CET_MASKED_AT | 212 1 N When CPUID.(EAX=1 2H, ECX=1):EAX[6] is 1, this field provides the 

TRIBUTES_LE Launch enclaves masked CET attributes. This should be set to LE’s 
CET_ATTRIBUTES masked with CET_ATTTRIBUTES_MASK of the LE's 
KEYREQUEST. When CPUID.(EAX=1 2H, ECX=1):EAX[6] is 0, this field is 
reserved. 

RESERVED 213 23 N Reserved. 

MASKEDMISCSEL | 236 4 Launch Enclave’s MASKEDMISCSELECT: set by the LE to the resolved 

ECTLE MISCSELECT value, used by EGETKEY (after applying KEYREQUEST's 
masking). 

MASKEDATTRIBU | 240 16 N Launch Enclave’s MASKEDATTRIBUTES: This should be set to the LE's 

TESLE ATTRIBUTES masked with ATTRIBUTEMASK of the LE’s KEYREQUEST. 

KEYID 256 32 N Value for key wear-out protection. 

MAC 288 16 N Message Authentication Code on EINITTOKEN using EINITTOKEN_KEY. 


34.16 REPORT (REPORT) 


The REPORT structure is the output of the EREPORT instruction, and must be 512-Byte aligned. 


Table 34-23. Layout of REPORT 


Field OFFSET (Bytes) | Size (Bytes) Description 

CPUSVN 0 16 The security version number of the processor. 

MISCSELECT 16 4 Bit vector specifying which extended features are saved to the MISC region of 
the SSA frame when an AEX occurs. 

CET_ATTRIBUTES | 20 1 When CPUID.(EAX=1 2H, ECX=1):EAX[6] is 1, this field reports the CET_ATTRIB- 
UTES of the Enclave. When CPUID.(EAX=12H, ECX=1):EAX[6] is 0, this field is re- 
served and must be 0. 

RESERVED 20 12 Zero. 

ISVEXTNPRODID | 32 16 The value of SECS.ISVEXTPRODID. 

ATTRIBUTES 48 16 ATTRIBUTES of the Enclave. See Section 34.7.1. 

MRENCLAVE 64 32 The value of SECS.MRENCLAVE. 

RESERVED 96 32 Zero. 

MRSIGNER 128 32 The value of SECS.MRSIGNER. 

RESERVED 160 32 Zero. 
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Table 34-23. Layout of REPORT 


Field OFFSET (Bytes) | Size (Bytes) Description 
CONFIGID 192 64 Value provided by SW to identify enclave’s post EINIT configuration. 
ISVPRODID 256 2 Product ID of enclave. 
ISVSVN 258 2 Security version number (SVN) of the enclave. 
CONFIGSVN 260 2 Value provided by SW to indicate expected SVN of enclave’s post EINIT configu- 
ration. 
RESERVED 262 42 Zero. 
ISVFAMILYID 304 16 The value of SECS.ISVFAMILYID. 
REPORTDATA 320 64 Data provided by the user and protected by the REPORT's MAC, see Section 
34.16.1. 
KEYID 384 32 Value for key wear-out protection. 
MAC 416 16 Message Authentication Code on the report using report key. 
34.16.1 REPORTDATA 


REPORTDATA is a 64-Byte data structure that is provided by the enclave and included in the REPORT. It can be used 
to securely pass information from the enclave to the target enclave. 


34.17 REPORT TARGET INFO (TARGETINFO) 


This structure is an input parameter to the EREPORT leaf function. The address of TARGETINFO is specified as an 
effective address in RBX. It is used to identify the target enclave which will be able to cryptographically verify the 
REPORT structure returned by EREPORT. TARGETINFO must be 512-Byte aligned. 


Table 34-24. Layout of TARGETINFO Data Structure 


Field OFFSET (Bytes) | Size (Bytes) Description 

MEASUREMENT |0 32 The MRENCLAVE of the target enclave. 

ATTRIBUTES 32 16 The ATTRIBUTES field of the target enclave. 

CET_ATTRIBUTES | 48 1 When CPUID.(EAX=12H, ECX=1):EAX[6] is 1, this field provides the 
CET_ATTRIBUTES field of the target enclave. When CPUID.(EAX=1 2H, 
ECX=1):EAX[6] is 0, this field is reserved. 

RESERVED 49 1 Must be zero. 

CONFIGSVN 50 2 CONFIGSVN of the target enclave. 

MISCSELECT 52 4 The MISCSELECT of the target enclave. 

RESERVED 56 8 Must be zero. 

CONFIGID 64 64 COMFIGID of target enclave. 

RESERVED 128 384 Must be zero. 


34.18 KEY REQUEST (KEYREQUEST) 


This structure is an input parameter to the EGETKEY leaf function. It is passed in as an effective address in RBX and 
must be 512-Byte aligned. It is used for selecting the appropriate key and any additional parameters required in 
the derivation of that key. 
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Table 34-25. Layout of KEYREQUEST Data Structure 


Field OFFSET (Bytes) | Size (Bytes) Description 
KEYNAME 0 2 Identifies the Key Required. 
KEYPOLICY 2 2 Identifies which inputs are required to be used in the key derivation. 
ISVSVN 4 2 The ISV security version number that will be used in the key derivation. 
CET_ATTRIBUTES | 6 1 When CPUID.(EAX=12H, ECX=1):EAX[6] is 1, this field provides a mask that 
_MASK defines which CET_ATTRIBUTES bits will be included in key derivation. When 
CPUID.(EAX=12H, ECX=1):EAX[6] is 0, then this field is reserved and must be 
0. 
RESERVED 7 1 Must be zero. 
CPUSVN 8 16 The security version number of the processor used in the key derivation. 
ATTRIBUTEMASK | 24 16 A mask defining which ATTRIBUTES bits will be included in key derivation. 
KEYID 40 32 Value for key wear-out protection. 
MISCMASK 72 4 A mask defining which MISCSELECT bits will be included in key derivation. 
CONFIGSVN 76 2 Identifies which enclave Configuration’s Security Version should be used in key 
derivation. 
RESERVED 78 434 
34.18.1 KEY REQUEST KeyNames 
Table 34-26. Supported KEYName Values 
Key Name Value Description 


EINITTOKEN_KEY 


EINIT_TOKEN key 


PROVISION_KEY 


Provisioning Key 


Provisioning Seal Key 


0 
1 
PROVISION_SEAL_KEY | 2 
3 
4 


REPORT_KEY Report Key 
SEAL_KEY Seal Key 
All others Reserved 


34.18.2 Key Request Policy Structure 


Table 34-27. Layout of KEYPOLICY Field 


Field Bit Position Description 
MRENCLAVE 0 If 1, derive key using the enclave’s MRENCLAVE measurement register. 
MRSIGNER 1 If 1, derive key using the enclave’s MRSIGNER measurement register. 
NOISVPRODID 2 If 1, derive key WITHOUT using the enclave’ ISVPRODID value. 
CONFIGID 3 If 1, derive key using the enclave’s CONFIGID value. 
ISVFAMILYID 4 If 1, derive key using the enclave ISVFAMILYID value. 
ISVEXTPRODID 5 If 1, derive key using enclave’s ISVEXTPRODID value. 
RESERVED 15:6 Must be zero. 
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34.19 VERSION ARRAY (VA) 


In order to securely store the versions of evicted EPC pages, Intel SGX defines a special EPC page type called a 
Version Array (VA). Each VA page contains 512 slots, each of which can contain an 8-byte version number for a 
page evicted from the EPC. When an EPC page is evicted, software chooses an empty slot in a VA page; this slot 
receives the unique version number of the page being evicted. When the EPC page is reloaded, there must be a VA 
slot that must hold the version of the page. If the page is successfully reloaded, the version in the VA slot is 
cleared. 


VA pages can be evicted, just like any other EPC page. When evicting a VA page, a version slot in some other VA 
page must be used to hold the version for the VA being evicted. A Version Array Page must be 4K-Bytes aligned. 


Table 34-28. Layout of Version Array Data Structure 


Field OFFSET (Bytes) | Size (Bytes) Description 
Slot 0 0 8 Version Slot 0 
Slot 1 8 8 Version Slot 1 
Slot 511 4088 8 Version Slot 511 


34.20 ENCLAVE PAGE CACHE MAP (EPCM) 


EPCM is a secure structure used by the processor to track the contents of the EPC. The EPCM holds exactly one 
entry for each page that is currently loaded into the EPC. EPCM is not accessible by software, and the layout of 
EPCM fields is implementation specific. 


Table 34-29. Content of an Enclave Page Cache Map Entry 


Field Description 
VALID Indicates whether the EPCM entry is valid. 
(R ~~~___ | Read access; indicates whether enclave accesses for reads are allowed from the EPC page referenced by this | 

entry. 

W Write access; indicates whether enclave accesses for writes are allowed to the EPC page referenced by this 
entry. 

X Execute access; indicates whether enclave accesses for instruction fetches are allowed from the EPC page 
referenced by this entry. 

PT EPCM page type (PT_SECS, PT_TCS, PT_REG, PT_VA, PT_TRIM, PT_SS_FIRST, PT_SS_ REST). 

ENCLAVESECS SECS identifier of the enclave to which the EPC page belongs. 

ENCLAVEADDRESS Linear enclave address of the EPC page. 

BLOCKED Indicates whether the EPC page is in the blocked state. 

PENDING Indicates whether the EPC page is in the pending state. 

MODIFIED Indicates whether the EPC page is in the modified state. 

PR Indicates whether the EPC page is in a permission restriction state. 


34.21 READ INFO (RDINFO) 


The RDINFO structure contains status information about an EPC page. It must be aligned to 32-Bytes. 
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Table 34-30. Layout of RDINFO Structure 


Field nite a Size (Bytes) Description 
STATUS 0 8 Page status information. 
FLAGS 8 EPCM state of the page. 
ENCLAVECONTEXT 16 8 Context pointer describing the page's parent location. 
34.21.1 RDINFO Status Structure 
Table 34-31. Layout of RDINFO STATUS Structure 
Field Bit Position Description 
CHILDPRESENT 0) Indicates that the page has one or more child pages present (always zero for non-SECS 
pages). In VMX non-root operation includes the presence of virtual children. 
VIRTCHLDPRESENT 1 Indicates that the page has one or more virtual child pages present (always zero for non- 
SECS pages). In VMX non-root operation this value is always zero. 
RESERVED 63:2 


34.21.2 RDINFO Flags Structure 


Table 34-32. Layout of RDINFO FLAGS Structure 


Field Bit Position Description 

R 0 Read access; indicates whether enclave accesses for reads are allowed from the EPC page 
referenced by this entry. 

W 1 Write access; indicates whether enclave accesses for writes are allowed to the EPC page 
referenced by this entry. 

X 2 Execute access; indicates whether enclave accesses for instruction fetches are allowed 
from the EPC page referenced by this entry. 

PENDING 3 Indicates whether the EPC page is in the pending state. 

MODIFIED 4 Indicates whether the EPC page is in the modified state. 

PR 5 Indicates whether the EPC page is in a permission restriction state. 

RESERVED 7:6 

PAGE_TYPE 15:8 Indicates the page type of the EPC page. 

RESERVED 62:16 

BLOCKED 63 Indicates whether the EPC page is in the blocked state. 


34-20 Vol. 3D 


ENCLAVE OPERATION 


CHAPTER 35 
ENCLAVE OPERATION 


The following aspects of enclave operation are described in this chapter: 


¢ Enclave creation: Includes loading code and data from outside of enclave into the EPC and establishing the 
enclave entity. 


¢ Adding pages and measuring the enclave. 


Initialization of an enclave: Finalizes the cryptographic log and establishes the enclave identity and sealing 
identity. 


¢ Enclave entry and exiting including: 
— Controlled entry and exit. 


— Asynchronous Enclave Exit (AEX) and resuming execution after an AEX. 


35.1 CONSTRUCTING AN ENCLAVE 


Figure 35-1 illustrates a typical Enclave memory layout. 


SECS ee ee 
~ QOS Context 
Base + Size ———> + 
Enclave Memory 
a Thread Data 
Replicated once — 
per thread ~ — TCs 
. _ - Application Context 
le 
Global Data = 
Code 
Base __ 5 /) 
Enclave {Base, Size} 


Figure 35-1. Enclave Memory Layout 


The enclave creation, commitment of memory resources, and finalizing the enclave’s identity with measurement 
comprises multiple phases. This process can be illustrated by the following exemplary steps: 


1. The application hands over the enclave content along with additional information required by the enclave 
creation API to the enclave creation service running at privilege level 0. 


2. The enclave creation service running at privilege level 0 uses the ECREATE leaf function to set up the initial 
environment, specifying base address and size of the enclave. This address range, the ELRANGE, is part of the 
application's address space. This reserves the memory range. The enclave will now reside in this address 
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region. ECREATE also allocates an Enclave Page Cache (EPC) page for the SGX Enclave Control Structure 
(SECS). Note that this page is not required to be a part of the enclave linear address space and is not required 
to be mapped into the process. 


3. The enclave creation service uses the EADD leaf function to commit EPC pages to the enclave, and use 
EEXTEND to measure the committed memory content of the enclave. For each page to be added to the enclave: 


— Use EADD to add the new page to the enclave. 


— Ifthe enclave developer requires measurement of the page as a proof for the content, use EEXTEND to add 
a measurement for 256 bytes of the page. Repeat this operation until the entire page is measured. 


4. The enclave creation service uses the EINIT leaf function to complete the enclave creation process and finalize 
the enclave measurement to establish the enclave identity. Until an EINIT is executed, the enclave is not 
permitted to execute any enclave code (i.e. entering the enclave by executing EENTER would result in a fault). 


35.1.1 ECREATE 


The ECREATE leaf function sets up the initial environment for the enclave by reading an SGX Enclave Control Struc- 
ture (SECS) that contains the enclave's address range (ELRANGE) as defined by BASEADDR and SIZE, the ATTRI- 
BUTES and MISCSELECT bitmaps, and the SSAFRAMESIZE. It then securely stores this information in an Enclave 
Page Cache (EPC) page. ELRANGE is part of the application's address space. ECREATE also initializes a crypto- 
graphic log of the enclave's build process. 


35.1.2 EADD and EEXTEND Interaction 


Once the SECS has been created, enclave pages can be added to the enclave via EADD. This involves converting a 
free EPC page into either a PT_REG or a PT_TCS page. 


When EADD is invoked, the processor will update the EPCM entry with the type of page (PT_REG or PT_TCS), the 
linear address used by the enclave to access the page, and the enclave access permissions for the page. It associ- 
ates the page to the SECS provided as input. The EPCM entry information is used by hardware to manage access 
control to the page. EADD records EPCM information in the cryptographic log stored in the SECS and copies 4 
KBytes of data from unprotected memory outside the EPC to the allocated EPC page. 


System software is responsible for selecting a free EPC page. System software is also responsible for providing the 
type of page to be added, the attributes of the page, the contents of the page, and the SECS (enclave) to which the 
page is to be added as requested by the application. Incorrect data would lead to a failure of EADD or to an incor- 
rect cryptographic log and a failure at EINIT time. 


After a page has been added to an enclave, software can measure a 256 byte region as determined by the devel- 
oper by invoking EEXTEND. Thus to measure an entire 4KB page, system software must execute EEXTEND 16 
times. Each invocation of EEXTEND adds to the cryptographic log information about which region is being measured 
and the measurement of the section. 


Entries in the cryptographic log define the measurement of the enclave and are critical in gaining assurance that 
the enclave was correctly constructed by the untrusted system software. 


35.1.3 EINIT Interaction 


Once system software has completed the process of adding and measuring pages, the enclave needs to be initial- 
ized by the EINIT leaf function. After an enclave is initialized, EADD and EEXTEND are disabled for that enclave (An 
attempt to execute EADD/EEXTEND to enclave after enclave initialization will result in a fault). The initialization 
process finalizes the cryptographic log and establishes the enclave identity and sealing identity used by 
EGETKEY and EREPORT. 


A cryptographic hash of the log is stored as the enclave identity. Correct construction of the enclave results in the 
cryptographic hash matching the one built by the enclave owner and included as the ENCLAVEHASH field of 
SIGSTRUCT. The enclave identity provided by the EREPORT leaf function can be verified by a remote party. 
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The EINIT leaf function checks the EINIT token to validate that the enclave has been enabled on this platform. If 
the enclave is not correctly constructed, or the EINIT token is not valid for the platform, or SIGSTRUCT isn't prop- 
erly signed, then EINIT will fail. See the EINIT leaf function for details on the error reporting. 


The enclave identity is a cryptographic hash that reflects the enclave attributes and MISCSELECT value, content 
of the enclave, the order in which it was built, the addresses it occupies in memory, the security attributes, and 
access right permissions of each page. The enclave identity is established by the EINIT leaf function. 


The sealing identity is managed by a sealing authority represented by the hash of the public key used to sign the 
SIGSTRUCT structure processed by EINIT. The sealing authority assigns a product ID (ISVPRODID) and security 
version number (ISVSVN) to a particular enclave identity. 

EINIT establishes the sealing identity using the following steps: 

1. Verifies that SIGSTRUCT is properly signed using the public key enclosed in the SIGSTRUCT. 

2. Checks that the measurement of the enclave matches the measurement of the enclave specified in SIGSTRUCT. 
3. Checks that the enclave’s attributes and MISCSELECT values are compatible with those specified in SIGSTRUCT. 


4. Finalizes the measurement of the enclave and records the sealing identity (the sealing authority, product id 
and security version number) and enclave identity in the SECS. 


5. Sets the ATTRIBUTES. INIT bit for the enclave. 


35.1.4 Intel® SGX Launch Control Configuration 


Intel® SGX Launch Control is a set of controls that govern the creation of enclaves. Before the EINIT leaf function 
will successfully initialize an enclave, a designated Launch Enclave must create an EINITTOKEN for that enclave. 
Launch Enclaves have SECS.ATTRIBUTES.EINITTOKEN_KEY = 1, granting them access to the EINITTOKEN_KEY 
from the EGETKEY leaf function. EINITTOKEN_KEY must be used by the Launch Enclave when computing EINIT- 
TOKEN.MAC, the Message Authentication Code of the EINITTOKEN. 


The hash of the public key used to sign the SIGSTRUCT of the Launch Enclave must equal the value in the 
IA32_SGXLEPUBKEYHASH MSRs. Only Launch Enclaves are allowed to launch without a valid token. 


The IA32_SGXLEPUBKEYHASH MSRs are provided to designate the platform’s Launch Enclave. 
IA32_SGXLEPUBKEYHASH defaults to digest of Intel’s launch enclave signing key after reset. 


IA32_FEATURE_CONTROL bit 17 controls the permissions on the IA32_SGXLEPUBKEYHASH MSRs when 
CPUID.(EAX=12H, ECX=00H):EAX[0] = 1. If IA32_FEATURE_CONTROL is locked with bit 17 set, 
IA32_SGXLEPUBKEYHASH MSRs are reconfigurable (writeable). If either IA32_FEATURE_CONTROL is not locked or 
bit 17 is clear, the MSRs are read only. By leaving these MSRs writable, system SW or aVMM can support a plurality 
of Launch Enclaves for hosting multiple execution environments. See Table 39.2.2 for more details. 


35.2 ENCLAVE ENTRY AND EXITING 


35.2.1. Controlled Entry and Exit 


The EENTER leaf function is the method to enter the enclave under program control. To execute EENTER, software 
must supply an address of a TCS that is part of the enclave to be entered. The TCS holds the location inside the 
enclave to transfer control to and a pointer to the SSA frame inside the enclave that an AEX should store the 
register state to. 


When a logical processor enters an enclave, the TCS is considered busy until the logical processors exits the 
enclave. An attempt to enter an enclave through a busy TCS results in a fault. Intel® SGX allows an enclave builder 
to define multiple TCSs, thereby providing support for multithreaded enclaves. 


Software must also supply to EENTER the Asynchronous Exit Pointer (AEP) parameter. AEP is an address external 
to the enclave which an exception handler will return to using IRET. Typically the location would contain the 
ERESUME instruction. ERESUME transfers control back to the enclave, to the address retrieved from the enclave 
thread’s saved state. 


EENTER performs the following operations: 
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Check that TCS is not busy and flush all cached linear-to-physical mappings. 
Change the mode of operation to be in enclave mode. 


Save the old RSP, RBP for later restore on AEX (Software is responsible for setting up the new RSP, RBP to be 
used inside enclave). 


Save XCRO and replace it with the XFRM value for the enclave. 
5. Check if software wishes to debug (applicable to a debuggable enclave): 

— If not debugging, then configure hardware so the enclave appears as a single instruction. 

— If debugging, then configure hardware to allow traps, breakpoints, and single steps inside the enclave. 
6. Set the TCS as busy. 
7. Transfer control from outside enclave to predetermined location inside the enclave specified by the TCS. 


The EEXIT leaf function is the method of leaving the enclave under program control. EEXIT receives the target 
address outside of the enclave that the enclave wishes to transfer control to. It is the responsibility of enclave soft- 
ware to erase any secret from the registers prior to invoking EEXIT. To allow enclave software to easily perform an 
external function call and re-enter the enclave (using EEXIT and EENTER leaf functions), EEXIT returns the value of 
the AEP that was used when the enclave was entered. 


EEXIT performs the following operations: 
1. Clear enclave mode and flush all cached linear-to-physical mappings. 
2. Mark TCS as not busy. 


3. Transfer control from inside the enclave to a location on the outside specified as parameter to the EEXIT leaf 
function. 


35.2.2 Asynchronous Enclave Exit (AEX) 


Asynchronous and synchronous events, such as exceptions, interrupts, traps, SMIs, and VM exits may occur while 
executing inside an enclave. These events are referred to as Enclave Exiting Events (EEE). Upon an EEE, the 
processor state is securely saved inside the enclave (in the thread’s current SSA frame) and then replaced by a 
synthetic state to prevent leakage of secrets. The process of securely saving state and establishing the synthetic 
state is called an Asynchronous Enclave Exit (AEX). Details of AEX is described in Chapter 36, “Enclave Exiting 
Events”. 


As part of most EEEs, the AEP is pushed onto the stack as the location of the eventing address. This is the location 
where control will return to after executing the IRET. The ERESUME leaf function can be executed from that point 
to reenter the enclave and resume execution from the interrupted point. 


After AEX has completed, the logical processor is no longer in enclave mode and the exiting event is processed 
normally. Any new events that occur after the AEX has completed are treated as having occurred outside the 
enclave (e.g. a #PF in dispatching to an interrupt handler). 


35.2.3. Resuming Execution after AEX 


After system software has serviced the event that caused the logical processor to exit an enclave, the logical 
processor can continue enclave execution using ERESUME. ERESUME restores processor state and returns control 
to where execution was interrupted. 


If the cause of the exit was an exception or a fault and was not resolved, the event will be triggered again if the 
enclave is re-entered using ERESUME. For example, if an enclave performs a divide by 0 operation, executing 
ERESUME will cause the enclave to attempt to re-execute the faulting instruction and result in another divide by 0 
exception. Intel® SGX provides the means for an enclave developer to handle enclave exceptions from within the 
enclave. Software can enter the enclave at a different location and invoke the exception handler within the enclave 
by executing the EENTER leaf function. The exception handler within the enclave can read the fault information 
from the SSA frame and attempt to resolve the faulting condition or simply return and indicate to software that the 
enclave should be terminated (e.g. using EEXIT). 
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35.2.3.1 ERESUME Interaction 
ERESUME restores registers depending on the mode of the enclave (32 or 64 bit). 


¢ In 32-bit mode (IA32_EFER.LMA = 0 || CS.L = 0), the low 32-bits of the legacy registers (EAX, EBX, ECX, EDX, 
ESP, EBP, ESI, EDI, EIP and EFLAGS) are restored from the thread’s GPR area of the current SSA frame. Neither 
the upper 32 bits of the legacy registers nor the 64-bit registers (R8 ...R15) are loaded. 


° In 64-bit mode (IA32_EFER.LMA = 1 && CS.L = 1), all 64 bits of the general processor registers (RAX, RBX, 
RCX, RDX, RSP, RBP, RSI, RDI, R8 ... R15, RIP and RFLAGS) are loaded. 


Extended features specified by SECS.ATTRIBUTES.XFRM are restored from the XSAVE area of the current SSA 
frame. The layout of the x87 area depends on the current values of IA32_EFER.LMA and CS.L: 


¢ JTA32_EFER.LMA = 0 || CS.L=0 
— 32-bit load in the same format that XSAVE/FXSAVE uses with these values. 
¢ = JA32_EFER.LMA = 1 &&CS.L = 1 
— 64-bit load in the same format that XSAVE/FXSAVE uses with these values as if REX.W = 1. 


35.3 CALLING ENCLAVE PROCEDURES 


35.3.1. Calling Convention 


In standard call conventions subroutine parameters are generally pushed onto the stack. The called routine, being 
aware of its own stack layout, knows how to find parameters based on compile-time-computable offsets from the 
SP or BP register (depending on runtime conventions used by the compiler). 


Because of the stack switch when calling an enclave, stack-located parameters cannot be found in this manner. 
Entering the enclave requires a modified parameter passing convention. 


For example, the caller might push parameters onto the untrusted stack and then pass a pointer to those parame- 
ters in RAX to the enclave software. The exact choice of calling conventions is up to the writer of the edge routines; 
be those routines hand-coded or compiler generated. 


35.3.2 Register Preservation 


As with most systems, it is the responsibility of the callee to preserve all registers except that used for returning a 
value. This is consistent with conventional usage and tends to optimize the number of register save/restore oper- 
ations that need be performed. It has the additional security result that it ensures that data is scrubbed from any 
registers that were used by enclave to temporarily contain secrets. 


35.3.3. Returning to Caller 


No registers are modified during EEXIT. It is the responsibility of software to remove secrets in registers before 
executing EEXIT. 


35.4 INTEL® SGX KEY AND ATTESTATION 


35.4.1 Enclave Measurement and Identification 


During the enclave build process, two “measurements” are taken of each enclave and are stored in two 256-bit 
Measurement Registers (MR): MRENCLAVE and MRSIGNER. MRENCLAVE represents the enclave's contents and 
build process. MRSIGNER represents the entity that signed the enclave's SIGSTRUCT. 
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The values of the Measurement Registers are included in attestations to identify the enclave to remote parties. The 
MRs are also included in most keys, binding keys to enclaves with specific MRs. 


35.4.1.1 MRENCLAVE 


MRENCLAVE is a unique 256 bit value that identifies the code and data that was loaded into the enclave during the 
initial launch. It is computed as a SHA256 hash that is initialized by the ECREATE leaf function. EADD and EEXTEND 
leaf functions record information about each page and the content of those pages. The EINIT leaf function finalizes 
the hash, which is stored in SECS.MRENCLAVE. Any tampering with the build process, contents of a page, page 
permissions, etc will result in a different MRENCLAVE value. 


Figure 35-2 illustrates a simplified flow of changes to the MRENCLAVE register when building an enclave: 
¢ Enclave creation with ECREATE. 

® Copying a non-enclave source page into the EPC of an un-initialized enclave with EADD. 

¢ Updating twice of the MRENCLAVE after modifying the enclave’s page content, i.e. EEXTEND twice. 

¢ Finalizing the enclave build with EINIT. 

Details on specific values inserted in the hash are available in the individual instruction definitions. 


Page Data Chunk 1 Data Chunk 2 
Metadata Chunk 1 Metadata Chunk 2 Metadata 


y y y 
SHA_INIT r= SHA_UPDATE ;— SHA_UPDATE > SHA_UPDATE => SHA FINAL 


| Ml y y | 
[ uRENCLAVE [ uRENCLAVE MRENCLAVE MRENCLAVE i MRENCLAVE 


ECREATE EADD EEXTEND EEXTEND EINIT 


Figure 35-2. Measurement Flow of Enclave Build Process 


35.4.1.2 MRSIGNER 


Each enclave is signed using a 3072 bit RSA key. The signature is stored in the SIGSTRUCT. In the SIGSTRUCT, the 
enclave's signer also assigns a product ID (ISVPRODID) and a security version (ISVSVN) to the enclave. 
MRSIGNER is the SHA-256 hash of the signer's public key. For platforms that support Key Separation and Sharing 
(CPUID.(EAX=12H, ECX=1).EAX.KSS[7]) the SIGSTRUCT can additionally specify an 16 byte extended product ID 
(ISVEXTPRODID), and a 16 byte family ID (ISVFAMILYID). 


In attestation, MRSIGNER can be used to allow software to approve of an enclave based on the author rather than 
maintaining a list of MRENCLAVEs. It is used in key derivation to allow software to create a lineage of an applica- 
tion. By signing multiple enclaves with the same key, the enclaves will share the same keys and data. Combined 
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with security version numbering, the author can release multiple versions of an application which can access keys 
for previous versions, but not future versions of that application. 


35.4.1.3 CONFIGID 


For platforms that support enhancements for key separation and sharing (CPUID.(EAX=12H, ECX=1).EAX.KSS[7]) 
when the enclave is created the platform can additionally provide 32-byte configuration identifier (CONFIGID). 
How this value is used is dependent on the enclave but it is intended to allow enclave creators to indicate what 
additional content may be accepted by the enclave post-initialization. 


35.4.2 Security Version Numbers (SVN) 


Intel® SGX supports a versioning system that allows the signer to identify different versions of the same software 
released by an author. The security version is independent of the functional version an author uses and is intended 
to specify security equivalence. Multiple releases with functional enhancements may all share the same SVN if they 
all have the same security properties or posture. Each enclave has an SVN and the underlying hardware has an 
SVN. 


The SVNs are attested to in EREPORT and are included in the derivation of most keys, thus providing separation 
between data for older/newer versions. 


35.4.2.1 Enclave Security Version 


In the SIGSTRUCT, the MRSIGNER is associated with a 16-bit Product ID (ISVPRODID) and a 16 bit integer SVN 
(ISVSVN). Together they define a specific group of versions of a specific product. Most keys, including the Seal Key, 
can be bound to this pair. 


To support upgrading from one release to another, EGETKEY will return keys corresponding to any value less than 
or equal to the software's ISVSVN. 


35.4.2.2 Hardware Security Version 


CPUSVN is a 128 bit value that reflects the microcode update version and authenticated code modules supported 
by the processor. Unlike ISVSVN, CPUSVN is not an integer and cannot be compared mathematically. Not all values 
are valid CPUSVNs. 


Software must ensure that the CPUSVN provided to EGETKEY is valid. EREPORT will return the CPUSVN of the 
current environment. Software can execute EREPORT with TARGETINFO set to zeros to retrieve a CPUSVN from 
REPORTDATA. Software can access keys for a CPUSVN recorded previously, provided that each of the elements 
reflected in CPUSVN are the same or have been upgraded. 


35.4.2.3 CONFIGID Security Version 


The CONFIGID field can be used to contain the hash of a signing key for verifying the additional content. In this 
case, similar to the relationship between MRSIGNER and ISVSVN, CONFIGID needs a CONFIGID Security Version 
Number. CONFIGIDSVN can be specified at the same time as CONFIGID. 


35.4.3. Keys 


Intel® SGX provides software with access to keys unique to each processor and rooted in HW keys inserted into the 
processor during manufacturing. 


Each enclave requests keys using the EGETKEY leaf function. The key is based on enclave parameters such as 
measurement, the enclave signing key, security attributes of the enclave, and the Hardware Security version of the 
processor itself. A full list of parameter options is specified in the KEYREQUEST structure, see details in Section 
34.18. 


By deriving keys using enclave properties, SGX guarantees that if two enclaves call EGETKEY, they will receive a 
unique key only accessible by the respective enclave. It also guarantees that the enclave will receive the same key 
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on every future execution of EGETKEY. Some parameters are optional or configurable by software. For example, a 

Seal key can be based on the signer of the enclave, resulting in a key available to multiple enclaves signed by the 

same party. 

The EGETKEY leaf function provides several key types. Each key is specific to the processor, CPUSVN, and the 

enclave that executed EGETKEY. The EGETKEY instruction definition details how each of these keys is derived, see 

Table 37-64. Additionally, 

°¢ SEAL Key: The Seal key is a general purpose key for the enclave to use to protect secrets. Typical uses of the 
Seal key are encrypting and calculating MAC of secrets on disk. There are 2 types of Seal Key described in 
Section 35.4.3.1. 

¢ REPORT Key: This key is used to compute the MAC on the REPORT structure. The EREPORT leaf function is used 
to compute this MAC, and destination enclave uses the Report key to verify the MAC. The software usage flow 
is detailed in Section 35.4.3.2. 

¢ EINITTOKEN_KEY: This key is used by Launch Enclaves to compute the MAC on EINITTOKENs. These tokens are 
then verified in the EINIT leaf function. The key is only available to enclaves with ATTRIBUTE. EINITTOKEN_KEY set 
to 1. 

¢ PROVISIONING Key and PROVISIONING SEAL Key: These keys are used by attestation key provisioning 


software to prove to remote parties that the processor is genuine and identify the currently executing TCB. 
These keys are only available to enclaves with ATTRIBUTE.PROVISIONKEY set to 1. 


35.4.3.1 Sealing Enclave Data 


Enclaves can protect persistent data using Seal keys to provide encryption and/or integrity protection. EGETKEY 
provides two types of Seal keys specified in KEYREQUEST.KEYPOLICY field: MRENCLAVE-based key and 
MRSIGNER-based key. 


The MRENCLAVE-based keys are available only to enclave instances sharing the same MRENCLAVE. If a new 
version of the enclave is released, the Seal keys will be different. Retrieving previous data requires additional soft- 
ware support. 


The MRSIGNER-based keys are bound to the 3 tuple (MRSIGNER, ISVPRODID, ISVSVN). These keys are available 
to any enclave with the same MRSIGNER and ISVPRODID and an ISVSVN equal to or greater than the key in ques- 
tions. This is valuable for allowing new versions of the same software to retrieve keys created before an upgrade. 


For platforms that support enhancements for key separation and sharing (CPUID.(EAX=12H, ECX=1).EAX.KSS[7]) 
four additional key policies for seal key derivation are provided. These add the ISVEXTPRODID, ISVFAMILYID and 

CONFIGID/CONFIGSVN to the key derivation. Additionally there is a policy to remove ISVPRODID from a key deri- 
vation to create a shared between different products that share the same MRSIGNER. 


35.4.3.2 Using REPORTs for Local Attestation 


SGX provides a means for enclaves to securely identify one another, this is referred to as “Local Attestation”. SGX 
provides a hardware assertion, REPORT that contains calling enclaves Attributes, Measurements and User supplied 
data (described in detail in Section 34.16). Figure 35-3 shows the basic flow of information. 


1. The source enclave determines the identity of the target enclave to populate TARGETINFO. 


2. The source enclave calls EREPORT instruction to generate a REPORT structure. The EREPORT instruction 
conducts the following: 


— Populates the REPORT with identify information about the calling enclave. 


— Derives the Report Key that is returned when the target enclave executes the EGETKEY. TARGETINFO 
provides information about the target. 


— Computes a MAC over the REPORT using derived target enclave Report Key. 
3. Non-enclave software copies the REPORT from source to destination. 


The target enclave executes the EGETKEY instruction to request its REPORT key, which is the same key used by 
EREPORT at the source. 


5. The target enclave verifies the MAC and can then inspect the REPORT to identify the source. 
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(Symmetric Key) EGETKEY 
REPORT KEY 


Legend: REPORT 


Figure 35-3. SGX Local Attestation 


35.5 EPCAND MANAGEMENT OF EPC PAGES 


EPC layout is implementation specific, and is enumerated through CPUID (see Table 33-7 for EPC layout). EPC is 
typically configured by BIOS at system boot time. 


35.5.1 €PC Implementation 


EPC must be properly protected against attacks. One example of EPC implementation could use a Memory Encryp- 
tion Engine (MEE). An MEE provides a cost-effective mechanism of creating cryptographically protected volatile 
storage using platform DRAM. These units provide integrity, replay, and confidentiality protection. Details are 
implementation specific. 


35.5.2 OS Management of EPC Pages 


The EPC is a finite resource. SGX1 (i.e. CPUID.(EAX=12H, ECX=0):EAX.SGX1 = 1 but CPUID.(EAX=12H, 
ECX=0):EAX.SGX2 = 0) provides the EPC manager with leaf functions to manage this resource and properly swap 
pages out of and into the EPC. For that, the EPC manager would need to keep track of all EPC entries, type and 
state, context affiliation, and SECS affiliation. 


Enclave pages that are candidates for eviction should be moved to BLOCKED state using EBLOCK instruction that 
ensures no new cached virtual to physical address mappings can be created by attempts to reference a BLOCKED 
page. 

Before evicting blocked pages, EPC manager should execute ETRACK leaf function on that enclave and ensure that 
there are no stale cached virtual to physical address mappings for the blocked pages remain on any thread on the 
platform. 


After removing all stale translations from blocked pages, system software should use the EWB leaf function for 
securely evicting pages out of the EPC. EWB encrypts a page in the EPC, writes it to unprotected memory, and 
invalidates the copy in EPC. In addition, EWB also creates a cryptographic MAC (PCMD.MAC) of the page and stores 
it in unprotected memory. A page can be reloaded back to the processor only if the data and MAC match. To ensure 
that only the latest version of the evicted page can be loaded back, the version of the evicted page is stored 
securely in a Version Array (VA) in EPC. 


SGX1 includes two instructions for reloading pages that have been evicted by system software: ELDU and ELDB. 
The difference between the two instructions is the value of the paging state at the end of the instruction. ELDU 
results in a page being reloaded and set to an UNBLOCKED state, while ELDB results in a page loaded to a 
BLOCKED state. 
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ELDB is intended for use by a Virtual Machine Monitor (VMM). When a VMM reloads an evicted page, it needs to 
restore it to the correct state of the page (BLOCKED vs. UNBLOCKED) as it existed at the time the page was 
evicted. Based on the state of the page at eviction, the VMM chooses either ELDB or ELDU. 


35.5.2.1 Enhancement to Managing EPC Pages 


On processors supporting SGX2 (i.e. CPUID.(EAX=12H, ECX=0):EAX.SGX2 = 1), the EPC manager can manage 
EPC resources (while enclave is running) with more flexibility provided by the SGX2 leaf functions. The additional 
flexibility is described in Section 35.5.7 through Section 35.5.11. 


35.5.3 Eviction of Enclave Pages 
Intel SGX paging is optimized to allow the Operating System (OS) to evict multiple pages out of the EPC under a 
single synchronization. 
The suggested flow for evicting a list of pages from the EPC is: 
1. For each page to be evicted from the EPC: 
a. Select an empty slot in a Version Array (VA) page. 
¢ If no empty VA page slots exist, create a new VA page using the EPA leaf function. 


b. Remove linear-address to physical-address mapping from the enclave context’s mapping tables (page table 
and EPT tables). 


c. Execute the EBLOCK leaf function for the target page. This sets the target page state to BLOCKED. At this 
point no new mappings of the page will be created. So any access which does not have the mapping cached 
in the TLB will generate a #PF. 


2. For each enclave containing pages selected in step 1: 


— Execute an ETRACK leaf function pointing to that enclave’s SECS. This initiates the tracking process that 
ensures that all caching of linear-address to physical-address translations for the blocked pages is cleared. 


3. For all logical processors executing in processes (OS) or guests (VMM) that contain the enclaves selected in 
step 1: 


— Issue an IPI (inter-processor interrupt) to those threads. This causes those logical processors to asynchro- 
nously exit any enclaves they might be in, and as a result flush cached linear-address to physical-address 
translations that might hold stale translations to blocked pages. There is no need for additional measures 
such as performing a “TLB shootdown”. 


4. After enclaves exit, allow logical processors to resume normal operation, including enclave re-entry as the 
tracking logic keeps track of the activity. 


5. For each page to be evicted: 


— Evict the page using the EWB leaf function with parameters include the effective-address pointer to the EPC 
page, the VA slot, a 4K byte buffer to hold the encrypted page contents, and a 128 byte buffer to hold page 
metadata. The last three elements are tied together cryptographically and must be used to later reload the 
page. 

At this point, system software has the only copy of each page data encrypted with its page metadata in main 
memory. 


35.5.4 Loading an Enclave Page 


To reload a previously evicted page, system software needs four elements: the VA slot used when the page was 
evicted, a buffer containing the encrypted page contents, a buffer containing the page metadata, and the parent 
SECS to associate this page with. If the VA page or the parent SECS are not already in the EPC, they must be 
reloaded first. 


1. Execute ELDB/ELDU (depending on the desired BLOCKED state for the page), passing as parameters: the EPC 
page linear address, the VA slot, the encrypted page, and the page metadata. 
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2. Create a mapping in the enclave context’s mapping tables (page tables and EPT tables) to allow the application 
to access that page (OS: system page table; VMM: EPT). 


The ELDB/ELDU instruction marks the VA slot empty so that the page cannot be replayed at a later date. 


35.5.5 Eviction of an SECS Page 


The eviction of an SECS page is similar to the eviction of an enclave page. The only difference is that an SECS page 
cannot be evicted until all other pages belonging to the enclave have been evicted. Since all other pages have been 
evicted, there will be no threads executing inside the enclave and tracking with ETRACK isn’t necessary. When 
reloading an enclave, the SECS page must be reloaded before all other constituent pages. 


1. Ensure all pages are evicted from enclave. 
2. Select an empty slot in a Version Array page. 
— If no VA page exists with an empty slot, create a new one using the EPA function leaf. 


3. Evict the page using the EWB leaf function with parameters include the effective-address pointer to the EPC 
page, the VA slot, a 4K byte buffer to hold the encrypted page contents and a 128 byte buffer to hold page 
metadata. The last three elements are tied together cryptographically and must be used to later reload the 


page. 


35.5.6 Eviction of a Version Array Page 


VA pages do not belong to any enclave and tracking with ETRACK isn’t necessary. When evicting the VA page, a slot 
in a different VA page must be specified in order to provide versioning of the evicted VA page. 


1. Select a slot in a Version Array page other than the page being evicted. 
— If no VA page exists with an empty slot, create a new one using the EPA leaf function. 


2. Evict the page using the EWB leaf function with parameters include the effective-address pointer to the EPC 
page, the VA slot, a 4K byte buffer to hold the encrypted page contents, and a 128 byte buffer to hold page 
metadata. The last three elements are tied together cryptographically and must be used to later reload the 
page. 


35.5.7. Allocating a Regular Page 


On processors that support SGX2, allocating a new page to an already initialized enclave is accomplished by 
invoking the EAUG leaf function. Typically, the enclave requests that the OS allocates a new page at a particular 
location within the enclave’s address space. Once allocated, the page remains in a pending state until the enclave 
executes the corresponding EACCEPT leaf function to accept the new page into the enclave. Page allocation opera- 
tions may be batched to improve efficiency. 


The typical process for allocating a regular page is as follows: 
1. Enclave requests additional memory from OS when the current allocation becomes insufficient. 
2. The OS invokes the EAUG leaf function to add a new memory page to the enclave. 
a. EAUG may only be called on a free EPC page. 
b. Successful completion of the EAUG instruction places the target page in the VALID and PENDING state. 
c. All dynamically created pages have the type PT_REG and content of all zeros. 
The OS maps the page in the enclave context's mapping tables. 


The enclave issues an EACCEPT instruction, which verifies the page’s attributes and clears the PENDING state. 
At that point the page becomes accessible for normal enclave use. 
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35.5.8 Allocating a TCS Page 


On processors that support SGX2, allocating a new TCS page to an already initialized enclave is a two-step process. 
First the OS allocates a regular page with a call to EAUG. This page must then be accepted and initialized by the 
enclave to which it belongs. Once the page has been initialized with appropriate values for a TCS page, the enclave 
requests the OS to change the page’s type to PT_TCS. This change must also be accepted. As with allocating a 
regular page, TCS allocation operations may be batched. 


A typical process for allocating a TCS page is as follows: 

1. Enclave requests an additional page from the OS. 

2. The OS invokes EAUG to add a new regular memory page to the enclave. 

a. EAUG may only be called on a free EPC page. 

b. Successful completion of the EAUG instruction places the target page in the VALID and PENDING state. 
The OS maps the page in the enclave context's mapping tables. 

The enclave issues an EACCEPT instruction, at which point the page becomes accessible for normal enclave use. 
The enclave initializes the contents of the new page. 

The enclave requests that the OS convert the page from type PT_REG to PT_TCS. 


poy Ot ees 


OS issues an EMODT instruction on the page. 
a. The parameters to EMODT indicate that the regular page should be converted into a TCS. 


b. EMODT forces all access rights to a page to be removed because TCS pages may not be accessed by enclave 
code. 


8. The enclave issues an EACCEPT instruction to confirm the requested modification. 


35.5.9 Trimming a Page 


On processors that support SGX2, Intel SGX supports the trimming of an enclave page as a special case of EMODT. 
Trimming allows an enclave to actively participate in the process of removing a page from the enclave (dealloca- 
tion) by splitting the process into first removing it from the enclave's access and then removing it from the EPC 
using the EREMOVE leaf function. The page type PT_TRIM indicates that a page has been trimmed from the 
enclave’s address space and that the page is no longer accessible to enclave software. Modifications to a page in 
the PT_TRIM state are not permitted; the page must be removed and then reallocated by the OS before the enclave 
may use the page again. Page deallocation operations may be batched to improve efficiency. 


The typical process for trimming a page from an enclave is as follows: 
1. Enclave signals OS that a particular page is no longer in use. 
2. OS invokes the EMODT leaf function on the page, requesting that the page’s type be changed to PT_TRIM. 


a. SECS and VA pages cannot be trimmed in this way, so the initial type of the page must be PT_REG or 
PT_TCS. 


b. EMODT may only be called on valid enclave pages. 


3. OS invokes the ETRACK leaf function on the enclave containing the page to track removal the TLB addresses 
from all the processors. 


4. Issue an IPI (inter-processor interrupt) to flush the stale linear-address to physical-address translations for all 
logical processors executing in processes that contain the enclave. 


Enclave issues an EACCEPT leaf function. 
The OS may now permanently remove the page from the EPC (by issuing EREMOVE). 


35.5.10 Restricting the EPCM Permissions of a Page 


On processors that support SGX2, restricting the EPCM permissions associated with an enclave page is accom- 
plished using the EMODPR leaf function. This operation requires the cooperation of the OS to flush stale entries to 
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the page and to update the page-table permissions of the page to match. Permissions restriction operations may 
be batched. 


The typical process for restricting the permissions of an enclave page is as follows: 
1. Enclave requests that the OS to restrict the permissions of an EPC page. 


2. OS performs permission restriction, flushing cached linear-address to physical-address translations, and page- 
table modifications. 


a. Invokes the EMODPR leaf function to restrict permissions (EMODPR may only be called on VALID pages). 


b. Invokes the ETRACK leaf function on the enclave containing the page to track removal of the TLB addresses 
from all the processor. 


c. Issue an IPI (inter-processor interrupt) to flush the stale linear-address to physical-address translations for 
all logical processors executing in processes that contain the enclave. 


d. Sends IPIs to trigger enclave thread exit and TLB shootdown. 

e. OS informs the Enclave that all logical processors should now see the new restricted permissions. 
3. Enclave invokes the EACCEPT leaf function. 

a. Enclave may access the page throughout the entire process. 


b. Successful call to EACCEPT guarantees that no stale cached linear-address to physical-address translations 
are present. 


35.5.11 Extending the EPCM Permissions of a Page 


On processors that support SGX2, extending the EPCM permissions associated with an enclave page is accom- 
plished directly by the enclave using the EMODPE leaf function. After performing the EPCM permission extension, 
the enclave requests the OS to update the page table permissions to match the extended permission. Security 
wise, permission extension does not require enclave threads to leave the enclave as TLBs with stale references to 
the more restrictive permissions will be flushed on demand, but to allow forward progress, an OS needs to be 
aware that an application might signal a page fault. 


The typical process for extending the permissions of an enclave page is as follows: 


1. Enclave invokes EMODPE to extend the EPCM permissions associated with an EPC page (EMODPE may only be 
called on VALID pages). 


Enclave requests that OS update the page tables to match the new EPCM permissions. 
Enclave code resumes. 


a. If cached linear-address to physical-address translations are present to the more restrictive permissions, 
the enclave thread will page fault. The SGX2-aware OS will see that the page tables permit the access and 
resume the thread, which can now successfully access the page because exiting cleared the TLB. 


b. If cached linear-address to physical-address translations are not present, access to the page with the new 
permissions will succeed without an enclave exit. 


35.5.12 MM Oversubscription of EPC 


On processors supporting oversubscription enhancements (i.e. CPUID.(EAX=12H, ECX=0):EAX[5]=1 & EAX[6] = 
1) a Virtual Machine Monitor or other executive can more efficiently manage the EPC space available on the plat- 
form between virtualized entities. A typical process for using these instructions to support oversubscribing the 
physical EPC space on the platform is as follows: 


1. VMM creates data structures for SECS tracking including a count of child pages. 
2. VMM selects possible EPC victim pages. 


3. VMM ages the victim pages. Some of the selected pages will be accessed by the guest. In this case the VMM will 
remove these pages from the victim pool and return them to the guest. 


4. VMM makes remaining pages not present in EPT. It then issues IPI on each page to remove TLB mappings. 
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5. For every EPC victim page the VMM obtains the victim's SECS page info using ERDINFO. 


a. ENCLAVECONTEXT field in RDINFO structure will indicate the location of SECS, and the PAGE_TYPE field will 
indicate the page type. 


b. Child pages of SECS can be evicted. 

c. SECS pages may be evicted if the child count is zero. 

d. Some pages may be returned to active state depending on such things as page type or child count. 

VMM increments its evicted page count for the SECS of each page (stored in the data structure created in 1). 


7. If this is the first evicted page of that SECS, set Marker on SECS of the victim page (EINCVIRTCHILD). This 
locks the SECS in the guest. The guest cannot page out the SECS. 


EBLOCK, ETRACK, EWB eviction sequence is executed for page. 


After loading an SECS page back in, the VMM will set the correct ENCLAVECONTEXT for the guest using 
ESETCONTEXT instruction. 


35.6 CHANGES TO INSTRUCTION BEHAVIOR INSIDE AN ENCLAVE 


This section covers instructions whose behavior changes when executed in enclave mode. 


35.6.1 Illegal Instructions 


The instructions listed in Table 35-1 are ring 3 instructions which become illegal when executed inside an enclave. 
Executing these instructions inside an enclave will generate an exception. 


The first row of Table 35-1 enumerates instructions that may cause a VM exit for VMM emulation. Since a VMM 
cannot emulate enclave execution, execution of any of these instructions inside an enclave results in an invalid- 
opcode exception (#UD) and no VM exit. 


The second row of Table 35-1 enumerates I/O instructions that may cause a fault or a VM exit for emulation. Again, 
enclave execution cannot be emulated, so execution of any of these instructions inside an enclave results in #UD. 


The third row of Table 35-1 enumerates instructions that load descriptors from the GDT or the LDT or that change 
privilege level. The former class is disallowed because enclave software should not depend on the contents of the 
descriptor tables and the latter because enclave execution must be entirely with CPL = 3. Again, execution of any 
of these instructions inside an enclave results in #UD. 


The fourth row of Table 35-1 enumerates instructions that provide access to kernel information from user mode and 
can be used to aid kernel exploits from within enclave. Execution of any of these instructions inside an enclave 
results in #UD. 


Table 35-1. Illegal Instructions Inside an Enclave 


Instructions Result Comment 
CPUID, GETSEC, RDPMC, SGDT, SIDT, SLDT, STR, VMCALL, VMFUNC | #UD Might cause VM exit. 
IN, INS/INSB/INSW/INSD, OUT, OUTS/OUTSB/OUTSW/OUTSD #UD I/O fault may not safely recover. May require emulation. 


Far call, Far jump, Far Ret, INT n/INTO, IRET, LDS/LES/LFS/LGS/LSS, | #UD Access segment register could change privilege level. 
MOV to DS/ES/SS/FS/GS, POP DS/ES/SS/FS/GS, SYSCALL, 


SYSENTER 
SMSW #UD Might provide access to kernel information. 
ENCLU[EENTER], ENCLU[ERESUME] #GP Cannot enter an enclave from within an enclave. 


RDTSC and RDTSCP are legal inside an enclave for processors that support SGX2 (subject to the value of CR4.TSD). 
For processors which support SGX1 but not SGX2, RDTSC and RDTSCP will cause #UD. 


RDTSC and RDTSCP instructions may cause a VM exit when inside an enclave. 
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Software developers must take into account that the RDTSC/RDTSCP results are not immune to influences by other 
software, e.g. the TSC can be manipulated by software outside the enclave. 


35.6.2 RDRAND and RDSEED Instructions 


These instructions may cause a VM exit if the “RDRAND exiting” VM-execution control is 1. Unlike other instructions 
that can cause VM exits, these instructions are legal inside an enclave. As noted in Section 27.1 of the Inte/® 64 
and IA-32 Architectures Software Developer’s Manual, Volume 3C, any VM exit originating on an instruction 
boundary inside an enclave sets bit 27 of the exit-reason field of the VMCS. If a VMM receives a VM exit due to an 
attempt to execute either of these instructions determines (by that bit) that the execution was inside an enclave, 
it can do either of two things. It can clear the “RDRAND exiting” VM-execution control and execute VMRESUME; this 
will result in the enclave executing RDRAND or RDSEED again, and this time a VM exit will not occur. Alternatively, 
the VMM might choose to discontinue execution of this virtual machine. 


NOTE 
It is expected that VMMs that virtualize Intel SGX will not set “RDRAND exiting” to 1. 


35.6.3. PAUSE Instruction 


The PAUSE instruction may cause a VM exit from an enclave if the “PAUSE exiting” VM-execution control is 1. Unlike 
other instructions that can cause VM exits, the PAUSE instruction is legal inside an enclave. If a VMM receives a VM 
exit due to the 1-setting of “PAUSE exiting”, it can do either of two things. It can clear the “PAUSE exiting” VM- 
execution control and execute VMRESUME; this will result in the enclave executing PAUSE again, but this time aVM 
exit will not occur. Alternatively, the VMM might choose to discontinue execution of this virtual machine. 


The PAUSE instruction may also cause a VM exit outside of an enclave if the “PAUSE-loop exiting” VM-execution 
control is 1, but as the “PAUSE-loop exiting” control is ignored at CPL > 0 (see Section 25.1.3), VM exit from an 
enclave due to the 1-setting of ‘*PAUSE-LOOP exiting” will never occur. 


NOTE 
It is expected that VMMs that virtualize Intel SGX will not set “PAUSE exiting” to 1. 


35.6.4 Executions of INT1 and INT3 Inside an Enclave 


The INT1 and INT3 instructions are legal inside an enclave, however, their behavior inside an enclave differs from 
that outside an enclave. See Section 39.4.1 for details. 


35.6.5 INVD Handling when Enclaves Are Enabled 


Once processor reserved memory protections are activated (see Section 35.5), any execution of INVD will result in 
a #GP(0). 
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CHAPTER 36 
ENCLAVE EXITING EVENTS 


Certain events, such as exceptions and interrupts, incident to (but asynchronous with) enclave execution may 
cause control to transition outside of enclave mode. (Most of these also cause a change of privilege level.) To 
protect the integrity and security of the enclave, the processor will exit the enclave (and enclave mode) before 
invoking the handler for such an event. For that reason, such events are called enclave-exiting events (EEE); 
EEEs include external interrupts, non-maskable interrupts, system-management interrupts, exceptions, and VM 
exits. 


The process of leaving an enclave in response to an EEE is called an asynchronous enclave exit (AEX). To protect 
the secrecy of the enclave, an AEX saves the state of certain registers within enclave memory and then loads those 
registers with fixed values called synthetic state. 


36.1 COMPATIBLE SWITCH TO THE EXITING STACK OF AEX 


AEXs load registers with a pre-determined synthetic state. These registers may be later pushed onto the appro- 
priate stack in a form as defined by the enclave-exiting event. To allow enclave execution to resume after the 
invoking handler has processed the enclave exiting event, the asynchronous enclave exit loads the address of 
trampoline code outside of the enclave into RIP. This trampoline code eventually returns to the enclave by means 
of an ENCLU(ERESUME) leaf function. Prior to exiting the enclave the RSP and RBP registers are restored to their 
values prior to enclave entry. 


The stack to be used is chosen using the same rules as for non-SGX mode: 

¢ If there is a privilege level change, the stack will be the one associated with the new ring. 
¢ If there is no privilege level change, the current application stack is used. 

e If the IA-32e IST mechanism is used, the exit stack is chosen using that method. 


Next SSA Frame TCS 
=< ESSA 
Current SSA Frame AEP 

oe Per-Thread 
: Trampoline in uURTS 
Exit Stack P 
uRSP_ — ——  encwueresume} 
Ss 
ENCLU[ERESUME] | RAX BOF 
TCS LA RBX RFLAGS 
AEP RCX CS 
RIP 


>> Error Code (optional) «—— RSP after pushes 


RSP 


Figure 36-1. Exit Stack Just After Interrupt with Stack Switch 
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In all cases, the choice of exit stack and the information pushed onto it is consistent with non-SGX operation. 
Figure 36-1 shows the Application and Exiting Stacks after an exit with a stack switch. An exit without a stack 
switch uses the Application Stack. The ERESUME leaf index value is placed into RAX, the TCS pointer is placed in 
RBX and the AEP (see below) is placed into RCX to facilitate resuming the enclave after the exit. 


Upon an AEX, the AEP (Asynchronous Exit Pointer) is loaded into the RIP. The AEP points to a trampoline code 
sequence which includes the ERESUME instruction that is later used to reenter the enclave. 


The following bits of RFLAGS are cleared before RFLAGS is pushed onto the exit stack: CF, PF, AF, ZF, SF, OF, RF. The 
remaining bits are left unchanged. 


36.2 STATE SAVING BY AEX 


The State Save Area holds the processor state at the time of an AEX. To allow handling events within the enclave 
and re-entering it after an AEX, the SSA can be a stack of multiple SSA frames as illustrated in Figure 36-2. 


SSA Stack TCS 
~<a 
GRP_N-1 
MISC_N-1 = 
CSSA 
XSAVE_N-1 OSSA 
GPR_1 
MISC_1 Current 
XSAVE 1 SSA Fram 
SECS.SSAFRAMESIZE rl crpo | ' 
(in pages) = 
MISC_0 
= XAVE_0 ' 


Figure 36-2. The SSA Stack 


The location of the SSA frames to be used is controlled by the following variables in the TCS and the SECS: 


° Size of a frame in the State Save Area (SECS.SSAFRAMESIZE): This defines the number of 4-KByte pages ina 
single frame in the State Save Area. The SSA frame size must be large enough to hold the GPR state, the XSAVE 
state, and the MISC state. 

¢ Base address of the enclave (SECS.BASEADDR): This defines the enclave's base linear address from which the 
offset to the base of the SSA stack is calculated. 

¢ Number of State Save Area Slots (TCS.NSSA): This defines the total number of slots (frames) in the State Save 
Area stack. 


* Current State Save Area Slot (TCS.CSSA): This defines the slot to use on the next exit. 
¢ State Save Area Offset (TCS.OSSA): This defines the offset of the base address of a set of State Save Area slots 
from the enclave’s base address. 


When an AEX occurs, hardware selects the SSA frame to use by examining TCS.CSSA. Processor state is saved into 
the SSA frame (see Section 36.4) and loaded with a synthetic state (as described in Section 36.3.1) to avoid 

leaking secrets, RSP and RBP are restored to their values prior to enclave entry, and TCS.CSSA is incremented. As 
will be described later, if an exception takes the last slot, it will not be possible to reenter the enclave to handle the 
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exception from within the enclave. A subsequent ERESUME restores the processor state from the current SSA 
frame and frees the SSA frame. 


The format of the XSAVE section of SSA is identical to the format used by the XSAVE/XRSTOR instructions. On 
EENTER, CSSA must be less than NSSA, ensuring that there is at least one State Save Area slot available for exits. 
If there is no free SSA frame when executing EENTER, the entry will fail. 


36.3. SYNTHETIC STATE ON ASYNCHRONOUS ENCLAVE EXIT 


36.3.1. Processor Synthetic State on Asynchronous Enclave Exit 


Table 36-1 shows the synthetic state loaded on AEX. The values shown are the lower 32 bits when the processor is 
in 32 bit mode and 64 bits when the processor is in 64 bit mode. 


Table 36-1. GPR, x87 Synthetic States on Asynchronous Enclave Exit 


Register Value 
RAX 3 (ENCLU[3] is ERESUME). 
RBX Pointer to TCS of interrupted enclave thread. 
RCX AEP of interrupted enclave thread. 
RDX, RSI, RDI 0. 
RSP Restored from SSA.uRSP. 
RBP Restored from SSA.uRBP. 
R8-R15 0 in 64-bit mode; unchanged in 32-bit mode. 
RIP AEP of interrupted enclave thread. 
RFLAGS CF, PF, AF, ZF, SF, OF, RF bits are cleared. All other bits are left unchanged. 
[x87/SSE State —~—~—*| Unless otherwise listed here, all x87 and SSE state are set to the INIT state. The INIT state is the state | 


that would be loaded by the XRSTOR instruction with bits 1:0 both set in the requested feature bitmask 
(RFBM), and both clear in XSTATE_BV the XSAVE header. 


FCW On #MF exception: set to 037EH. On all other exits: set to O37FH. 

FSW On #MF exception: set to 8081H. On all other exits: set to OH. 

MXCSR On #XM exception: set to 1F01H. On all other exits: set to 1FBOH. 

CR2 If the event that caused the AEX is a #PF, and the #PF does not directly cause a VM exit, then the low 


12 bits are cleared. 

If the #PF leads directly to a VM exit, CR2 is not updated (usual IA behavior). 

Note: The low 12 bits are not cleared if a #PF is encountered during the delivery of the EEE that caused 
the AEX. This is because the #PF was not the EEE. 


FS, GS Restored to values as of most recent EENTER/ERESUME. 


36.3.2 Synthetic State for Extended Features 


When CR4.OSXSAVE = 1, extended features (those controlled by XCRO[63:2]) are set to their respective INIT 
states when this corresponding bit of SECS.XFRM is set. The INIT state is the state that would be loaded by the 
XRSTOR instruction had the instruction mask and the XSTATE_BV field of the XSAVE header each contained the 
value XFRM. (When the AEX occurs in 32-bit mode, those features that do not exist in 32-bit mode are unchanged.) 
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36.3.3. Synthetic State for MISC Features 


State represented by SECS.MISCSELECT might also be overridden by synthetic state after it has been saved into 
the SSA. State represented by MISCSELECT[0] is not overridden but if the exiting event is a page fault then lower 
12 bits of CR2 are cleared. 


36.4 AEX FLOW 


On Enclave Exiting Events (interrupts, exceptions, VM exits or SMIs), the processor state is securely saved inside 
the enclave, a synthetic state is loaded and the enclave is exited. The EEE then proceeds in the usual exit-defined 
fashion. The following sections describes the details of an AEX: 


1. 


The exact processor state saved into the current SSA frame depends on whether the enclave is a 32-bit or a 64- 
bit enclave. In 32-bit mode (IA32_EFER.LMA = 0 || CS.L = 0), the low 32 bits of the legacy registers (EAX, EBX, 
ECX, EDX, ESP, EBP, ESI, EDI, EIP and EFLAGS) are stored. The upper 32 bits of the legacy registers and the 
64-bit registers (R8 ...R15) are not stored. 


In 64-bit mode (IA32_EFER.LMA = 1 && CS.L = 1), all 64 bits of the general processor registers (RAX, RBX, 
RCX, RDX, RSP, RBP, RSI, RDI, R8 ... R15, RIP and RFLAGS) are stored. 


The state of those extended features specified by SECS.ATTRIBUTES.XFRM are stored into the XSAVE area of 
the current SSA frame. The layout of the x87 and XMM portions (the 1st 512 bytes) depends on the current 
values of IA32_EFER.LMA and CS.L: 


If IA32_EFER.LMA = 0 || CS.L = 0, the same format (32-bit) that XSAVE/FXSAVE uses with these values. 


If IA32_EFER.LMA = 1 && CS.L = 1, the same format (64-bit) that XSAVE/FXSAVE uses with these values 
when REX.W = 1. 


ae cause of the AEX is saved in the EXITINFO field. See Table 34-10 for details and values of the various 
ields. 

The state of those miscellaneous features (see Section 34.7.2) specified by SECS.MISCSELECT are stored into 
the MISC area of the current SSA frame. 


If CET was enabled in the enclave, then the CET state of the enclave is saved in the CET state save area. If 
shadow stacks were enabled in the enclave, then the SSP is also saved into the TCS.PREVSSP field. 

Synthetic state is created for a number of processor registers to present an opaque view of the enclave state. 
Table 36-1 shows the values for GPRs, x87, SSE, FS, GS, Debug and performance monitoring on AEX. The 
synthetic state for other extended features (those controlled by XCRO[62:2]) is set to their respective INIT 
states when their corresponding bit of SECS.ATTRIBUTES. XFRM is set. The INIT state is that state as defined by 
the behavior of the XRSTOR instruction when HEADER.XSTATE_BV[n] is 0. Synthetic state of those miscella- 
neous features specified by SECS.MISCSELECT depends on the miscellaneous feature. There is no synthetic 
state required for the miscellaneous state controlled by SECS.MISCSELECT[0]. 


Any code and data breakpoints that were suppressed at the time of enclave entry are unsuppressed when 
exiting the enclave. 


RFLAGS.TF is set to the value that it had at the time of the most recent enclave entry (except for the situation 
that the entry was opt-in for debug; see Section 39.2). In the SSA, RFLAGS.TF is set to 0. 


RFLAGS.RF is set to 0 in the synthetic state. In the SSA, the value saved is the same as what would have been 
saved on stack in the non-SGX case (architectural value of RF). Thus, AEXs due to interrupts, traps, and code 
breakpoints save RF unmodified into SSA, while AEXs due to other faults save RF as 1 in the SSA. 


If the event causing AEX happened on intermediate iteration of a REP-prefixed instruction, then RF=1 is 
saved on SSA, irrespective of its priority. 

Any performance monitoring activity (including PEBS) or profiling activity (LBR, Tracing using Intel PT) on the 

exiting thread that was suppressed due to the enclave entry on that thread is unsuppressed. Any counting that 
had been demoted from AnyThread counting to MyThread counting (on one logical processor) is promoted back 
to AnyThread counting. 


The CET state of the enclosing application is restored to the state at the time of the most recent enclave entry, 
and if CET indirect branch tracking was enabled then the indirect branch tracker is unsuppressed and moved to 
the WAIT_FOR_ENDBRANCH state. 


36-4 Vol. 3D 


ENCLAVE EXITING EVENTS 


36.4.1 AEX Operational Detail 


Temp Variables in AEX Operational Flow 


Name Type Size (bits) Description 

TMP_RIP Effective Address 32/64 Address of instruction at which to resume execution on ERESUME. 
TMP_MODE64 binary 1 ((IA32_EFER.LMA = 1) && (CS.L = 1)). 

TMP_BRANCH_RECORD LBR Record 2x64 From/To address to be pushed onto LBR stack. 


The pseudo code in this section describes the internal operations that are executed when an AEX occurs in enclave 
mode. These operations occur just before the normal interrupt or exception processing occurs. 


(* Save RIP for later use *) 

TMP_RIP = Linear Address of Resume RIP 

(* Is the processor in 64-bit mode? *) 

TMP_MODE64 := ((IA32_EFER.LMA = 1) && (CS.L = 1)); 


(* Save all registers, When saving EFLAGS, the TF bit is set to 0 and 
the RF bit is set to what would have been saved on stack in the non-SGX case *) 


IF (TMP_MODE64 = 0) 
THEN 
Save EAX, EBX, ECX, EDX, ESP, EBP, ESI, EDI, EFLAGS, EIP into the current SSA frame using 
CR_GPR_PA; (* see Table 37-5 for list of CREGs used to describe internal operation within Intel SGX *) 
SSA.RFLAGS.TF := 0; 
ELSE (* TMP_MODE64 = 1 *) 
Save RAX, RBX, RCX, RDX, RSP, RBP, RSI, RDI, R8-R15, RFLAGS, RIP into the current SSA frame using 
CR_GPR_PA; 
SSA.RFLAGS.TF := 0; 
FI; 
Save FS and GS BASE into SSA using CR_GPR_PA; 


(* store XSAVE state into the current SSA frame's XSAVE area using the physical addresses 

that were determined and cached at enclave entry time with CR_XSAVE_PAGE_i. *) 
For each XSAVE state i defined by (SECS.ATTRIBUTES.XFRM[i] = 1, destination address cached in 
CR_XSAVE_PAGE_i) 

SSA.XSAVE.i := XSAVE_STATE_i; 


(* Clear bytes 8 to 23 of XSAVE_HEADER, i.e. the next 16 bytes after XHEADER_BV *) 
CR_XSAVE_PAGE_0.XHEADER_BV[191:64] := 0; 
(* Clear bits in XHEADER_BV[63:0] that are not enabled in ATTRIBUTES. XFRM *) 
CR_XSAVE_PAGE_0.XHEADER_BV[63:0] := 
CR_XSAVE_PAGE_0.XHEADER_BV[63:0] & SECS(CR_ACTIVE_SECS).ATTRIBUTES.XFRM; 
Apply synthetic state to GPRs, RFLAGS, extended features, etc. 
(* Restore the RSP and RBP from the current SSA frame's GPR area using the physical address 
that was determined and cached at enclave entry time with CR_GPR_PA. *) 


RSP := CR_GPR_PA.URSP; 
RBP := CR_GPR_PA.URBP; 
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(* Restore the FS and GS *) 

FS.selector := CR_SAVE_FS.selector; 

FS.base := CR_SAVE_FS.base; 

FS.limit := CR_SAVE_FS. limit; 

FS.access_rights := CR_SAVE_FS.access_rights; 
GS.selector := CR_SAVE_GS.selector; 

GS.base := CR_SAVE_GS.base; 

GS.limit := CR_SAVE_GS.limit; 

GS.access_rights := CR_SAVE_GS.access_rights; 


(* Examine exception code and update enclave internal states*) 
exception_code := Exception or interrupt vector; 


(* Indicate the exit reason in SSA *) 
IF (exception_code = (#DE OR #DB OR #BP OR #BR OR #UD OR #MF OR #AC OR #XM )) 
THEN 
CR_GPR_PA.EXITINFO.VECTOR := exception_code; 
IF (exception code = #BP) 
THEN CR_GPR_PA.EXITINFO.EXIT_TYPE := 6; 
ELSE CR_GPR_PA.EXITINFO.EXIT_TYPE := 3; 
FI; 
CR_GPR_PA.EXITINFO.VALID := 1; 
ELSE IF (exception_code is #PF or #GP ) 
THEN 
(* Check SECS.MISCSELECT using CR_ACTIVE_SECS *) 
IF (SECS.MISCSELECT[0O] is set) 
THEN 
CR_GPR_PA.EXITINFO.VECTOR := exception_code; 
CR_GPR_PA.EXITINFO.EXIT_TYPE := 3; 
IF (exception_code is #PF) 
THEN 
SSA.MISC.EXINFO. MADDR := CR2; 
SSA.MISC.EXINFO.ERRCD := PFEC; 
SSA.MISC.EXINFO.RESERVED := 0; 
ELSE 
SSA.MISC.EXINFO. MADDR := 0; 
SSA.MISC.EXINFO.ERRCD := GPEC; 
SSA.MISC.EXINFO.RESERVED := 0; 
FI; 
CR_GPR_PA.EXITINFO.VALID := 1; 
ELSE IF (exception code is #CP) 
THEN 
IF (SECS.MISCSELECT[1] is set) 
THEN 
CR_GPR_PA.EXITINFO.VECTOR := exception_code; 
CR_GPR_PA.EXITINFO.EXIT_TYPE := 3; 
CR_GPR_PA.EXITINFO.VALID := 1; 
SSA.MISC.EXINFO. MADDR := 0; 
SSA.MISC.EXINFO.ERRCD := CPEC; 
SSA.MISC.EXINFO.RESERVED := 0; 
FI; 
FI; 
ELSE 
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CR_GPR_PA.EXITINFO.VECTOR := 0; 
CR_GPR_PA.EXITINFO.EXIT_TYPE := 0 
CR_GPR_PA.REASON.VALID := 0; 

FI; 


(* Execution will resume at the AEP *) 
RIP := CR_TCS_PA.AEP; 


(* Set EAX to the ERESUME leaf index *) 
EAX := 3; 


(* Put the TCS LA into RBX for later use by ERESUME *) 
RBX := CR_TCS_LA; 


(* Put the AEP into RCX for later use by ERESUME *) 
RCX := CR_TCS_PA.AEP; 


(* Increment the SSA frame # *) 
CR_TCS_PA.CSSA := CR_TCS_PA.CSSA + 1; 


(* Restore XCRO if needed *) 
IF (CR4.0SXSAVE = 1) 
THEN XCRO := CR_SAVE_XCRO; FI; 


Un-suppress all code breakpoints that are outside ELRANGE 


IF (CPUID.(EAX=12H, ECX=1):EAX[6]= 1) 
THEN 
IF (CR4.CET == 1 AND IA32_U_CET.SH_STK_EN == 1) 
THEN 
CR_CET_SAVE_AREA_PA.SSP := SSP; 
CR_TCS_PA.PREVSSP := SSP; 
FI; 
IF (CR4.CET == 1 AND IA32_U_CET.ENDBR_EN == 1) 
THEN 
CR_CET_SAVE_AREA_PA.TRACKER := IA32_U_CET.TRACKER; 
CR_CET_SAVE_AREA_PA.SUPPRESS := IA32_U_CET.SUPPRESS; 
FI; 
FI; 
IF ((CPUID.(EAX=7H, ECX=0):EDX[CET_IBT] = 1) OR (CPUID.(EAX=7H, ECX=0):ECX[CET_SS] = 1) 
THEN 
(* restore enclosing applications CET state *) 
IA32_U_CET := CR_SAVE_IA32_U_CET; 


IF (CPUID.(EAX=7, ECX=0):ECX[CET_SS]) 
SSP := CR_SAVE_SSP; FI; 


(* If indirect branch tracking enabled for enclosing application *) 
(* then move the tracker to wait_for_endbranch *) 
IF (CR4.CET == 1 AND IA32_U_CET.ENDBR_EN == 1) 
THEN 
IA32_U_CET.TRACKER := WAIT_FOR_ENDBRANCH; 
IA32_U_CET.SUPPRESS := 0; 
FI; 
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FI; 


(* Update the thread context to show not in enclave mode *) 
CR_ENCLAVE_MODE := 0; 


(* Assure consistent translations. *) 
Flush linear context including TLBs and paging-structure caches 


IF (CR_DBGOPTIN = 0) 
THEN 
Un-suppress all breakpoints that overlap ELRANGE 
(* Clear suppressed breakpoint matches *) 
Restore suppressed breakpoint matches 
(* Restore TF *) 
RFLAGS.TF := CR_SAVE_TF; 
Un-suppress monitor trap flag; 
Un-suppress branch recording facilities; 
Un-suppress all suppressed performance monitoring activity; 
Promote any sibling-thread counters that were demoted from AnyThread to MyThread during enclave 
entry back to AnyThread; 
FI; 


IF the “monitor trap flag” VM-execution control is 1 
THEN Pend MTF VM Exit at the end of exit; FI; 


(* Clear low 12 bits of CR2 on #PF *) 
IF (Exception code is #PF) 
THEN CR2 := CR2 & ~OxFFF; FI; 


(* end_of_flow *) 


(* Execution continues with normal event processing. *) 
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CHAPTER 37 


INTEL® SGX INSTRUCTION REFERENCES 


This chapter describes the supervisor and user level instructions provided by Intel® Software Guard Extensions 
(Intel® SGX). In general, various functionality is encoded as leaf functions within the ENCLS (supervisor), ENCLU 
(user), and the ENCLV (virtualization operation) instruction mnemonics. Different leaf functions are encoded by 
specifying an input value in the EAX register of the respective instruction mnemonic. 


37.1 


INTEL® SGX INSTRUCTION SYNTAX AND OPERATION 


ENCLS, ENCLU and ENCLV instruction mnemonics for all leaf functions are covered in this section. 


For all instructions, the value of CS.D is ignored; addresses and operands are 64 bits in 64-bit mode and are other- 
wise 32 bits. Aside from EAX specifying the leaf number as input, each instruction leaf may require all or some 

subset of the RBX/RCX/RDX as input parameters. Some leaf functions may return data or status information in one 
or more of the general purpose registers. 


37.1.1 


ENCLS Register Usage Summary 


Table 37-1 summarizes the implicit register usage of supervisor mode enclave instructions. 


Table 37-1. Register Usage of Privileged Enclave Instruction Leaf Functions 


Instr. Leaf EAX RBX RCX RDX 

ECREATE OOH (In) PAGEINFO (In, EA) EPCPAGE (In, EA) 

EADD 01H (In) PAGEINFO (In, EA) EPCPAGE (In, EA) 

EINIT O2H (In) SIGSTRUCT (In, EA) SECS (In, EA) EINITTOKEN (In, EA) 
EREMOVE O3H (In) EPCPAGE (In, EA) 

EDBGRD O4H (In) Result Data (Out) EPCPAGE (In, EA) 

EDBGWR OSH (In) Source Data (In) EPCPAGE (In, EA) 

EEXTEND O6H (In) SECS (In, EA) EPCPAGE (In, EA) 

ELDB O7H (In) PAGEINFO (In, EA) EPCPAGE (In, EA) VERSION (In, EA) 
ELDU OSH (In) PAGEINFO (In, EA) EPCPAGE (In, EA) VERSION (In, EA) 
EBLOCK OSH (In) EPCPAGE (In, EA) 

EPA OAH (In) PT_VA (In) EPCPAGE (In, EA) 

EWB OBH (In) PAGEINFO (In, EA) EPCPAGE (In, EA) VERSION (In, EA) 
ETRACK OCH (In) EPCPAGE (In, EA) 

EAUG ODH (In) PAGEINFO (In, EA) EPCPAGE (In, EA) 

EMODPR OEH (In) SECINFO (In, EA) EPCPAGE (In, EA) 

EMODT OFH (In) SECINFO (In, EA) EPCPAGE (In, EA) 

ERDINFO 010H (In) RDINFO (In, EA*) EPCPAGE (In, EA) 

ETRACKC 011H (In) EPCPAGE (In, EA) 

ELDBC 012H (In) PAGEINFO (In, EA*) EPCPAGE (In, EA) VERSION (In, EA) 
ELDUC 013H (In) PAGEINFO (In, EA*) EPCPAGE (In, EA) VERSION (In, EA) 
EA: Effective Address 
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37.1.2 | ENCLU Register Usage Summary 


Table 37-2 summarizes the implicit register usage of user mode enclave instructions. 


Table 37-2. Register Usage of Unprivileged Enclave Instruction Leaf Functions 


Instr. Leaf EAX RBX RCX RDX 
EREPORT OOH (In) TARGETINFO (In, EA) REPORTDATA (In, EA) OUTPUTDATA (In, EA) 
EGETKEY 01H (In) KEYREQUEST (In, EA) KEY (In, EA) 
EENTER 02H (In) TCS (In, EA) AEP (In, EA) 
RBX.CSSA (Out) Return (Out, EA) 
ERESUME O3H (In) TCS (In, EA) AEP (In, EA) 
EEXIT O4H (In) Target (In, EA) Current AEP (Out) 
EACCEPT OSH (In) SECINFO (In, EA) EPCPAGE (In, EA) 
EMODPE OGH (In) SECINFO (In, EA) EPCPAGE (In, EA) 
EACCEPTCOPY | 07H (In) SECINFO (In, EA) EPCPAGE (In, EA) EPCPAGE (In, EA) 
EA: Effective Address 


37.1.3 ENCLV Register Usage Summary 


Table 37-3 summarizes the implicit register usage of virtualization operation enclave instructions. 


Table 37-3. Register Usage of Virtualization Operation Enclave Instruction Leaf Functions 


Instr. Leaf EAX RBX RCX RDX 

EDECVIRTCHILD | OOH (In) EPCPAGE (In, EA) SECS (In, EA) 

EINCVIRTCHILD | 01H (In) EPCPAGE (In, EA) SECS (In, EA) 

ESETCONTEXT | 02H (In) EPCPAGE (In, EA) Context Value (In, EA) 
EA: Effective Address 


37.1.4 Information and Error Codes 


Information and error codes are reported by various instruction leaf functions to show an abnormal termination of 
the instruction or provide information which may be useful to the developer. Table 37-4 shows the various codes 
and the instruction which generated the code. Details of the meaning of the code is provided in the individual 
instruction. 


Table 37-4. Error or Information Codes for Intel® SGX Instructions 


Name Value Returned By 

No Error 0 

SGX_INVALID_SIG_STRUCT 1 EINIT 

SGX_INVALID_ATTRIBUTE 2 EINIT, EGETKEY 

SGX_BLKSTATE 3 EBLOCK 

SGX_INVALID_MEASUREMENT 4 EINIT 

SGX_NOTBLOCKABLE 5 EBLOCK 

SGX_PG_INVLD 6 EBLOCK, ERDINFO, ETRACKC 

SGX_EPC_PAGE_CONFLICT 7 EBLOCK, EMODPR, EMODT, ERDINFO , EDECVIRTCHILD, EINCVIRTCHILD, ELDBC, 
ELDUC, ESETCONTEXT, ETRACKC 
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Table 37-4. Error or Information Codes for Intel® SGX Instructions 


Name Value Returned By 
SGX_INVALID_SIGNATURE 8 EINIT 
SGX_MAC_COMPARE_FAIL 9 ELDB, ELDU, ELDBC, ELDUC 
SGX_PAGE_NOT_BLOCKED 10 EWB 
SGX_NOT_TRACKED 11 EWB, EACCEPT 
SGX_VA_SLOT_OCCUPIED 12 EWB 
SGX_CHILD_PRESENT 13 EWB, EREMOVE 
SGX_ENCLAVE_ACT 14 EREMOVE 
SGX_ENTRYEPOCH_LOCKED 15 EBLOCK 
SGX_INVALID_EINITTOKEN 16 EINIT 
SGX_PREV_TRK_INCMPL 17 ETRACK, ETRACKC 
SGX_PG_IS_SECS 18 EBLOCK 
SGX_PAGE_ATTRIBUTES_MISMATCH | 19 EACCEPT, EACCEPTCOPY 
SGX_PAGE_NOT_MODIFIABLE 20 EMODPR, EMODT 
SGX_PAGE_NOT_DEBUGGABLE 21 EDBGRD, EDBGWR 
SGX_INVALID_COUNTER 25 EDECVIRTCHILD 
SGX_PG_NONEPC 26 ERDINFO 
SGX_TRACK_NOT_REQUIRED 27 ETRACKC 
SGX_INVALID_CPUSVN 32 EINIT, EGETKEY 
SGX_INVALID_ISVSVN 64 EGETKEY 
SGX_UNMASKED_EVENT 128 EINIT 
SGX_INVALID_KEYNAME 256 EGETKEY 


37.1.5 Internal CREGs 


The CREGs as shown in Table 5-4 are hardware specific registers used in this document to indicate values kept by 
the processor. These values are used while executing in enclave mode or while executing an Intel SGX instruction. 
These registers are not software visible and are implementation specific. The values in Table 37-5 appear at various 
places in the pseudo-code of this document. They are used to enhance understanding of the operations. 


Table 37-5. List of Internal CREG 


Name Size (Bits) Scope 
CR_ENCLAVE_MODE 1 LP 
CR_DBGOPTIN 1 LP 
CR_TCS_LA 64 LP 
CR_TCS_PA 64 LP 
CR_ACTIVE_SECS 64 LP 
CR_ELRANGE 128 LP 
CR_SAVE_TF 1 LP 
CR_SAVE_FS 64 LP 
CR_GPR_PA 64 LP 
CR_XSAVE_PAGE_n 64 LP 
CR_SAVE_DR7 64 LP 
CR_SAVE_PERF_GLOBAL_CTRL 64 LP 
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Table 37-5. List of Internal CREG 


Name Size (Bits) Scope 
CR_SAVE_DEBUGCTL 64 LP 
CR_SAVE_PEBS_ENABLE 64 LP 
CR_CPUSVN 128 PACKAGE 
CR_SGXOWNEREPOCH 128 PACKAGE 
CR_SAVE_XCRO 64 LP 
CR_SGX_ATTRIBUTES_MASK 128 LP 
CR_PAGING_VERSION 64 PACKAGE 
CR_VERSION_THRESHOLD 64 PACKAGE 
CR_NEXT_EID 64 PACKAGE 
CR_BASE_PK 128 PACKAGE 
CR_SEAL_FUSES 128 PACKAGE 
CR_CET_SAVE_AREA_PA 64 LP 
CR_ENCLAVE_SS_TOKEN_PA 64 LP 
CR_SAVE_IA32_U_CET 64 LP 
CR_SAVE_SSP 64 LP 


37.1.6 Concurrent Operation Restrictions 


Under certain conditions, Intel SGX disallows certain leaf functions from operating concurrently. Listed below are 
some examples of concurrency that are not allowed. 


¢ For example, Intel SGX disallows the following leafs to concurrently operate on the same EPC page. 


— ECREATE, EADD, and EREMOVE are not allowed to operate on the same EPC page concurrently with 
themselves. 


— EADD, EEXTEND, and EINIT leaves are not allowed to operate on the same SECS concurrently. 
¢ Intel SGX disallows the EREMOVE leaf from removing pages from an enclave that is in use. 


¢ Intel SGX disallows entry (EENTER and ERESUME) to an enclave while a page from that enclave is being 
removed. 


When disallowed operation is detected, a leaf function may do one of the following: 
¢ Return an SGX_EPC_PAGE_CONFLICT error code in RAX. 
* Cause a #GP(0) exception. 


To prevent such exceptions, software must serialize leaf functions or prevent these leaf functions from accessing 
the same EPC page. 


37.1.6.1 Concurrency Tables of Intel® SGX Instructions 


The tables below detail the concurrent operation restrictions of all SGX leaf functions. For each leaf function, the 
table has a separate line for each of the EPC pages the leaf function accesses. 


For each such EPC page, the base concurrency requirements are detailed as follows: 


° Exclusive Access means that no other leaf function that requires either shared or exclusive access to the 
same EPC page may be executed concurrently. For example, EADD requires an exclusive access to the target 
page it accesses. 


¢ Shared Access means that no other leaf function that requires an exclusive access to the same EPC page may 
be executed concurrently. Other leaf functions that require shared access may run concurrently. For example, 
EADD requires a shared access to the SECS page it accesses. 
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¢ Concurrent Access means that any other leaf function that requires any access to the same EPC page may be 
executed concurrently. For example, EGETKEY has no concurrency requirements for the KEYREQUEST page. 


In addition to the base concurrency requirements, additional concurrency requirements are listed, which apply 
only to specific sets of leaf functions. For example, there are additional requirements that apply for EADD, EXTEND 
and EINIT. EADD and EEXTEND can't execute concurrently on the same SECS page. 


The tables also detail the leaf function's behavior when a conflict happens, i.e., a concurrency requirement is not 
met. In this case, the leaf function may return an SGX_EPC_PAGE_CONFLICT error code in RAX, or it may cause an 
exception. In addition, the tables detail those conflicts where a VM Exit may be triggered, and list the Exit Qualifi- 
cation code that is provided in such cases. 


Table 37-6. Base Concurrency Restrictions 


Base Concurrency Restrictions 
wile eee Access On Conflict ration 
EACCEPT Target [DS:RCX] Shared #GP 
SECINFO [DS:RBX] Concurrent 
EACCEPTCOPY Target [DS:RCX] Concurrent 
Source [DS:RDX] Concurrent 
SECINFO [DS:RBX] Concurrent 
[EADD —S*(Y| Target ~=3—S—~C«<CS(DSRCX]~—~Cté«‘C«s«C«*YCUEXClive’”«3F}) Ss VG) =——~S~S~S*=é«~CERC_PAAGE_CONFLICT_EXCEPTION | 
SECS [DS:RBX]PAGEINFO. | Shared #GP 
SECS 
EAUG Target [DS:RCX] Exclusive #GP EPC_PAGE_CONFLICT_EXCEPTION 
SECS [DS:RBX]PAGEINFO. | Shared #GP 
SECS 
EBLOCK Target [DS:RCX] Shared SGX_EPC_PAGE 
_CONFLICT 
[ECREATE —*«([SECS-~—<sé‘isé~dY(SRCXY”~O~*~‘;‘;S;*C‘*CExclusive’:«=3OF})©) sf #GP)=——S~*~=«~rCERC_PAAGE_CONFLICT_EXCCEPTIION | 
EDBGRD Target [DS:RCX] Shared #GP 
EDBGWR Target [DS:RCX] Shared #GP 
EDECVIRTCHILD | Target [DS:RBX] Shared SGX_EPC_PAGE 
_CONFLICT 
SECS [DS:RCX] Concurrent 
EENTERTCS SECS [DS:RBX] Shared #GP 
EEXIT Concurrent 
EEXTEND Target [DS:RCX] Shared #GP 
SECS [DS:RBX] Concurrent 
EGETKEY KEYREQUEST | [DS:RBX] Concurrent 
OUTPUTDATA | [DS:RCX] Concurrent 
EINCVIRTCHILD | Target [DS:RBX] Shared SGX_EPC_PAGE 
_CONFLICT 
SECS [DS:RCX] Concurrent 
EINIT SECS [DS:RCX] Shared #GP 
ELDB/ELDU Target [DS:RCX] Exclusive #GP EPC_PAGE_CONFLICT_EXCEPTION 
[VA ~—SdY([DSRDX]—“‘<‘(<rdSSHareds=~=—S~SCOHOPt<“‘<‘i;*‘(‘(‘(C;‘(C;i‘;O 
SECS [DS:RBX]PAGEINFO. | Shared #GP 
SECS 
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Table 37-6. Base Concurrency Restrictions 


Base Concurrency Restrictions 
veal Parameter Access On Conflict Se nic ctlon Exit 
EDLBC/ELDUC Target [DS:RCX] Exclusive SGX_EPC_PAGE | EPC_PAGE_CONFLICT_ERROR 
_CONFLICT 
VA [DS:RDX] Shared SGX_EPC_PAGE 
_CONFLICT 
SECS [DS:RBX]PAGEINFO. | Shared SGX_EPC_PAGE 
SECS _CONFLICT 
EMODPE Target [DS:RCX] Concurrent 
SECINFO [DS:RBX] Concurrent 
EMODPR Target [DS:RCX] Shared #GP 
EMODT Target [DS:RCX] Exclusive SGX_EPC_PAGE | EPC_PAGE_CONFLICT_ERROR 
_CONFLICT 
EPA VA [DS:RCX] Exclusive #GP EPC_PAGE_CONFLICT_EXCEPTION 
ERDINFO Target [DS:RCX] Shared SGX_EPC_PAGE 
_CONFLICT 
EREMOVE Target [DS:RCX] Exclusive #GP EPC_PAGE_CONFLICT_EXCEPTION 
EREPORT TARGETINFO [DS:RBX] Concurrent 
REPORTDATA _ | [DS:RCX] Concurrent 
OUTPUTDATA | [DS:RDX] Concurrent 
ERESUME TCS [DS:RBX] Shared #GP 
ESETCONTEXT | SECS [DS:RCX] Shared SGX_EPC_PAGE 
_CONFLICT 
ETRACK SECS [DS:RCX] Shared #GP 
ETRACKC Target [DS:RCX] Shared SGX_EPC_PAGE 
_CONFLICT 
SECS Implicit Concurrent 
EWB Source [DS:RCX] Exclusive #GP EPC_PAGE_CONFLICT_EXCEPTION 
VA [DS:RDX] Shared #GP 
Table 37-7. Additional Concurrency Restrictions 
Additional Concurrency Restrictions 
vs. EACCEPT, 
Leaf Parameter eMoore ODER: “ ee NSHETRACK TRAE 
EMODT 
a catia BECESS conti RELESS a aick 
EACCEPT Target [DS:RCX] Exclusive #GP Concurrent Concurrent 
SECINFO [DS:RBX] Concurrent Concurrent Concurrent 
EACCEPTCOPY | Target [DS:RCX] Exclusive #GP Concurrent Concurrent 
Source [DS:RDX] Concurrent Concurrent Concurrent 
SECINFO [DS:RBX] Concurrent Concurrent Concurrent 
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Table 37-7. Additional Concurrency Restrictions 


Additional Concurrency Restrictions 
vs. EACCEPT, 
Leaf Parameter aobpe. eNobEn "° re Poe here a inene 
EMODT 
EEESS soatiek REEESS cunt AREESS entice 
EADD Target [DS:RCX] Concurrent Concurrent Concurrent 
SECS [DS:RBX]PAGEINFO. | Concurrent Exclusive #OP Concurrent 
SECS 
EAUG Target [DS:RCX] Concurrent Concurrent Concurrent 
SECS [DS:RBX]PAGEINFO. | Concurrent Concurrent Concurrent 
SECS 
EBLOCK Target [DS:RCX] Concurrent Concurrent Concurrent 
ECREATE SECS [DS:RCX] Concurrent Concurrent Concurrent 
EDBGRD Target [DS:RCX] Concurrent Concurrent Concurrent 
EDBGWR Target [DS:RCX] Concurrent Concurrent Concurrent 
EDECVIRTCHILD | Target [DS:RBX] Concurrent Concurrent Concurrent 
SECS [DS:RCX] Concurrent Concurrent Concurrent 
EENTERTCS SECS [DS:RBX] Concurrent Concurrent Concurrent 
EEXIT Concurrent Concurrent Concurrent 
EEXTEND Target [DS:RCX] Concurrent Concurrent Concurrent 
SECS [DS:RBX] Concurrent Exclusive #OP Concurrent 
EGETKEY KEYREQUEST | [DS:RBX] Concurrent Concurrent Concurrent 
OUTPUTDATA | [DS:RCX] Concurrent Concurrent Concurrent 
EINCVIRTCHILD | Target [DS:RBX] Concurrent Concurrent Concurrent 
SECS [DS:RCX] Concurrent Concurrent Concurrent 
EINIT SECS [DS:RCX] Concurrent Exclusive #OP Concurrent 
ELDB/ELDU Target [DS:RCX] Concurrent Concurrent Concurrent 
VA [DS:RDX] Concurrent Concurrent Concurrent 
SECS [DS:RBX]PAGEINFO. | Concurrent Concurrent Concurrent 
SECS 
EDLBC/ELDUC Target [DS:RCX] Concurrent Concurrent Concurrent 
VA [DS:RDX] Concurrent Concurrent Concurrent 
SECS [DS:RBX]PAGEINFO. | Concurrent Concurrent Concurrent 
SECS 
EMODPE Target [DS:RCX] Exclusive #GP Concurrent Concurrent 
SECINFO [DS:RBX] Concurrent Concurrent Concurrent 
EMODPR Target [DS:RCX] Exclusive SGX_EPC_ | Concurrent Concurrent 
PAGE_CON 
FLICT 
EMODT Target [DS:RCX] Exclusive SGX_EPC_ | Concurrent Concurrent 
PAGE_CON 
FLICT 
EPA VA [DS:RCX] Concurrent Concurrent Concurrent 
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Table 37-7. Additional Concurrency Restrictions 


Additional Concurrency Restrictions 
vs. EACCEPT, 
Leaf Parameter SMOBRE) SHODER: = eae Ms ETRAGH ETRAERE 
EMODT 
AIEESS sai maces ral BECESS eatiet 
ERDINFO Target [DS:RCX] Concurrent Concurrent Concurrent 
EREMOVE Target [DS:RCX] Concurrent Concurrent Concurrent 
EREPORT TARGETINFO | [DS:RBX] Concurrent Concurrent Concurrent 
REPORTDATA | [DS:RCX] Concurrent Concurrent Concurrent 
OUTPUTDATA | [DS:RDX] Concurrent Concurrent Concurrent 
ERESUME TCS [DS:RBX] Concurrent Concurrent Concurrent 
ESETCONTEXT | SECS [DS:RCX] Concurrent Concurrent Concurrent 
ETRACK SECS [DS:RCX] Concurrent Concurrent Exclusive SGX_EPC_ 
PAGE_CO 
NFLICT! 
ETRACKC Target [DS:RCX] Concurrent Concurrent Concurrent 
SECS Implicit Concurrent Concurrent Exclusive SGX_EPC_ 
PAGE_CO 
NFLICT! 
EWB Source [DS:RCX] Concurrent Concurrent Concurrent 
VA [DS:RDX] Concurrent Concurrent Concurrent 
NOTES: 


1. SGX_CONFLICT VM Exit Qualification =TRACKING_RESOURCE_CONFLICT. 


37.2 
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ENCLS—Execute an Enclave System Function of Specified Leaf Number 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
NP OF 01 CF ZO VV NA This instruction is used to execute privileged Intel SGX leaf func- 
ENCLS tions that are used for managing and debugging the enclaves. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Implicit Register Operands 
ZO NA NA NA See Section 37.3 
Description 


The ENCLS instruction invokes the specified privileged Intel SGX leaf function for managing and debugging 
enclaves. Software specifies the leaf function by setting the appropriate value in the register EAX as input. The 
registers RBX, RCX, and RDX have leaf-specific purpose, and may act as input, as output, or may be unused. In 64- 
bit mode, the instruction ignores upper 32 bits of the RAX register. 

The ENCLS instruction produces an invalid-opcode exception (#UD) if CRO.PE = 0 or RFLAGS.VM = 1, or if itis 
executed in system-management mode (SMM). Additionally, any attempt to execute the instruction when CPL > 0 
results in #UD. The instruction produces a general-protection exception (#GP) if CRO.PG = 0 or if an attempt is 
made to invoke an undefined leaf function. 

In VMX non-root operation, execution of ENCLS may cause a VM exit if the “enable ENCLS exiting” VM-execution 
control is 1. In this case, execution of individual leaf functions of ENCLS is governed by the ENCLS-exiting bitmap 
field in the VMCS. Each bit in that field corresponds to the index of an ENCLS leaf function (as provided in EAX). 
Software in VMX root operation can thus intercept the invocation of various ENCLS leaf functions in VMX non-root 
operation by setting the “enable ENCLS exiting” VM-execution control and setting the corresponding bits in the 
ENCLS-exiting bitmap. 

Addresses and operands are 32 bits outside 64-bit mode (IA32_EFER.LMA = 0 || CS.L = 0) and are 64 bits in 64- 
bit mode (IA32_EFER.LMA = 1 || CS.L = 1). CS.D value has no impact on address calculation. The DS segment is 
used to create linear addresses. 


Segment override prefixes and address-size override prefixes are ignored, and is the REX prefix in 64-bit mode. 


Operation 


IF TSX_ACTIVE 
THEN GOTO TSX_ABORT_PROCESSING; FI; 


IF CRO.PE = 0 or RFLAGS.VM = 1 or in SMM or CPUID.SGX_LEAF.O:EAX.SE1 = 0 
THEN #UD; Fl; 


IF (CPL > 0) 
THEN #UD; Fl; 


IF in VMX non-root operation and the “enable ENCLS exiting” VM-execution control is 1 


THEN 
IF EAX < 63 and ENCLS_exiting_bitmap[EAX] = 1 or EAX> 62 and ENCLS_exiting_bitmap[63] = 1 
THEN VM exit; 
Fl; 


Fl; 
IF IA32_FEATURE_CONTROL.LOCK = O or IA32_FEATURE_CONTROL.SGX_ENABLE = 0 
THEN #GP(0); Fl; 


IF (EAX is an invalid leaf number) 
THEN #GP(0); Fl; 
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IF CRO.PG = 0 
THEN #GP(0); Fl; 


(* DS must not be an expanded down segment *) 
IF not in 64-bit mode and DS.Type is expand-down data 
THEN #GP(0); Fl; 


Jump to leaf specific flow 


Flags Affected 
See individual leaf functions 


Protected Mode Exceptions 

#UD If any of the LOCK/66H/REP/VEX prefixes are used. 
If current privilege level is not 0. 
If CPUID.(EAX=12H,ECX=0):EAX.SGX1 [bit 0] = 0. 
If logical processor is in SMM. 

#GP(0) If IA32_FEATURE_CONTROL.LOCK = 0. 
If IA32_FEATURE_CONTROL.SGX_ENABLE = 0. 
If input value in EAX encodes an unsupported leaf. 
If data segment expand down. 
If CRO.PG=0. 


Real-Address Mode Exceptions 
#UD ENCLS is not recognized in real mode. 


Virtual-8086 Mode Exceptions 
#UD ENCLS is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 


64-Bit Mode Exceptions 

#UD If any of the LOCK/66H/REP/VEX prefixes are used. 
If current privilege level is not 0. 
If CPUID.(EAX=12H,ECX=0):EAX.SGX1 [bit 0] = 0. 
If logical processor is in SMM. 

#GP(0) If IA32_FEATURE_CONTROL.LOCK = 0. 
If IA32_FEATURE_CONTROL.SGX_ENABLE = 0. 
If input value in EAX encodes an unsupported leaf. 
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ENCLU—Execute an Enclave User Function of Specified Leaf Number 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
NP OF 01 D7 ZO VIV NA This instruction is used to execute non-privileged Intel SGX leaf 
ENCLU functions. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Implicit Register Operands 
ZO NA NA NA See Section 37.4 
Description 


The ENCLU instruction invokes the specified non-privileged Intel SGX leaf functions. Software specifies the leaf 
function by setting the appropriate value in the register EAX as input. The registers RBX, RCX, and RDX have leaf- 
specific purpose, and may act as input, as output, or may be unused. In 64-bit mode, the instruction ignores upper 
32 bits of the RAX register. 

The ENCLU instruction produces an invalid-opcode exception (#UD) if CRO.PE = 0 or RFLAGS.VM = 1, or if it is 
executed in system-management mode (SMM). Additionally, any attempt to execute this instruction when CPL < 3 
results in #UD. The instruction produces a general-protection exception (#GP) if either CRO.PG or CRO.NE is 0, or 
if an attempt is made to invoke an undefined leaf function. The ENCLU instruction produces a device not available 
exception (#NM) if CRO.TS = 1. 

Addresses and operands are 32 bits outside 64-bit mode (IA32_EFER.LMA = 0 or CS.L = 0) and are 64 bits in 64- 
bit mode (IA32_EFER.LMA = 1 and CS.L = 1). CS.D value has no impact on address calculation. The DS segment 
is used to create linear addresses. 


Segment override prefixes and address-size override prefixes are ignored, as is the REX prefix in 64-bit mode. 


Operation 


IN_64BIT_MODE := 0; 
IF TSX_ACTIVE 
THEN GOTO TSX_ABORT_PROCESSING; FI; 


(* If enclosing app has CET indirect branch tracking enabled then if it is not ERESUME leaf cause a #CP fault *) 
(* If the ERESUME is not successful it will leave tracker in WAIT_FOR_ENDBRANCH *) 
TRACKER = (CPL == 3) ? IA32_U_CET. TRACKER : IA32_S_CET.TRACKER 
IF EndbranchEnabledAndNotSuppressed(CPL) and TRACKER = WAIT_FOR_ENDBRANCH and 

(EAX != ERESUME or CRO.TS or (in SMM) or (CPUID.SGX_LEAF.0:EAX.SE1 = 0) or (CPL < 3)) 

THEN 
Handle CET State machine violation (* see Section 18.3.6, “Legacy Compatibility Treatment” in the 
Intel® 64 and IA-32 Architectures Software Developer's Manual, Volume 1. *) 

Fl; 


IF CRO.PE= 0 or RFLAGS.VM = 1 or in SMM or CPUID.SGX_LEAF.0:EAX.SE1 = 0 
THEN #UD; Fl; 


IF CRO.TS = 1 
THEN #NM; FI; 


IF CPL < 3 
THEN #UD; Fl; 


IF IA32_FEATURE_CONTROL.LOCK = 0 or IA32_FEATURE_CONTROLSGX_ENABLE = 0 
THEN #GP(0); Fl; 
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IF EAX is invalid leaf number 
THEN #GP(0); Fl; 


IF CRO.PG = 0 or CRO.NE = 0 
THEN #GP(0); Fl; 


IN_64BIT_MODE := IA32_EFER.LMA AND CS.L? 1 : 0; 
(* Check not in 16-bit mode and DS is not a 16-bit segment *) 
IF not in 64-bit mode and CS.D = 0 

THEN #GP(0); Fl; 


IF CR_ENCLAVE_MODE = 1 and (EAX = 2 or EAX = 3) (* EENTER or ERESUME *) 
THEN #GP(0); Fl; 


IF CR_ENCLAVE_MODE = 0 and (EAX = 0 or EAX = 1 or EAX = 4 or EAX = 5 or EAX = 6 or EAX = 7) 
(* EREPORT, EGETKEY, EEXIT, EACCEPT, EMODPE, or EACCEPTCOPY *) 
THEN #GP(0); Fl; 


Jump to leaf specific flow 


Flags Affected 
See individual leaf functions 


Protected Mode Exceptions 
#UD If any of the LOCK/66H/REP/VEX prefixes are used. 
If current privilege level is not 3. 
If CPUID.(EAX=12H,ECX=0):EAX.SGX1 [bit 0] = 0. 
If logical processor is in SMM. 
#GP(0) If IA32_FEATURE_CONTROL.LOCK = 0. 
If IA32_FEATURE_CONTROL.SGX_ENABLE = 0. 
If input value in EAX encodes an unsupported leaf. 
If input value in EAX encodes EENTER/ERESUME and ENCLAVE_MODE = 1. 


If input value in EAX encodes EGETKEY/EREPORT/EEXIT/EACCEPT/EACCEPTCOPY/EMODPE 
and ENCLAVE_MODE = 0. 


If operating in 16-bit mode. 

If data segment is in 16-bit mode. 

If CRO.PG = 0 or CRO.NE= 0. 
#NM If CRO.TS = 1. 


Real-Address Mode Exceptions 
#UD ENCLS is not recognized in real mode. 


Virtual-8086 Mode Exceptions 
#UD ENCLS is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 
Same exceptions as in protected mode. 
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64-Bit Mode Exceptions 
#UD If any of the LOCK/66H/REP/VEX prefixes are used. 
If current privilege level is not 3. 
If CPUID.(EAX=12H,ECX=0):EAX.SGX1 [bit 0] = 0. 
If logical processor is in SMM. 
#GP(0) If IA32_FEATURE_CONTROL.LOCK = 0. 
If IA32_FEATURE_CONTROL.SGX_ENABLE = 0. 
If input value in EAX encodes an unsupported leaf. 
If input value in EAX encodes EENTER/ERESUME and ENCLAVE_MODE = 1. 


If input value in EAX encodes EGETKEY/EREPORT/EEXIT/EACCEPT/EACCEPTCOPY/EMODPE 
and ENCLAVE_MODE = 0. 


If CRO.NE= 0. 
#NM If CRO.TS = 1. 
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ENCLV—Execute an Enclave VMM Function of Specified Leaf Number 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
NP OF 01 CO ZO VIN NA This instruction is used to execute privileged SGX leaf functions 
ENCLV that are reserved for VMM use. They are used for managing the 
enclaves. 


Instruction Operand Encoding 


Op/En Operand 1 Operand 2 Operand 3 Implicit Register Operands 
ZO NA NA NA See Section 37.3 
Description 


The ENCLV instruction invokes the virtualization SGX leaf functions for managing enclaves in a virtualized environ- 
ment. Software specifies the leaf function by setting the appropriate value in the register EAX as input. The regis- 
ters RBX, RCX, and RDX have leaf-specific purpose, and may act as input, as output, or may be unused. In non 64- 
bit mode, the instruction ignores upper 32 bits of the RAX register. 

The ENCLV instruction produces an invalid-opcode exception (#UD) if CRO.PE = 0 or RFLAGS.VM = 1, if it is 
executed in system-management mode (SMM), or not in VMX operation. Additionally, any attempt to execute the 
instruction when CPL > 0 results in #UD. The instruction produces a general-protection exception (#GP) if CRO.PG 
= 0 or if an attempt is made to invoke an undefined leaf function. 

Software in VMX root mode of operation can enable execution of the ENCLV instruction in VMX non-root mode by 
setting enable ENCLV execution control in the VMCS. If enable ENCLV execution control in the VMCS is clear, execu- 
tion of the ENCLV instruction in VMX non-root mode results in #UD. 

When execution of ENCLV instruction in VMX non-root mode is enabled, software in VMX root operation can inter- 
cept the invocation of various ENCLV leaf functions in VMX non-root operation by setting the corresponding bits in 
the ENCLV-exiting bitmap. 

Addresses and operands are 32 bits in 32-bit mode (IA32_EFER.LMA == 0 || CS.L == 0) and are 64 bits in 64-bit 
mode (IA32_EFER.LMA == 1 && CS.L == 1). CS.D value has no impact on address calculation. 


Segment override prefixes and address-size override prefixes are ignored, as is the REX prefix in 64-bit mode. 


Operation 


IF TSX_ACTIVE 
THEN GOTO TSX_ABORT_PROCESSING; FI; 


IF CRO.PE = 0 or RFLAGS.VM = 1 or in SMM or CPUID.SGX_LEAF.0:EAX.OSS = 0 
THEN #UD; FI; 


IF not in VMX Operation or (IA32_EFER.LMA = 1 and CS.L = 0) 
THEN #UD; FI; 


IF (CPL > 0) 
THEN #UD; Fl; 


IF in VMX non-root operation 
IF “enable ENCLV exiting” VM-execution control is 1 
THEN 
IF EAX < 63 and ENCLV_exiting_bitmap[EAX] = 1 or EAX> 62 and ENCLV_exiting_bitmap[63] = 1 
THEN VM exit; 
Fl; 
ELSE 
#UD; Fl; 
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Fl; 


IF IA32_FEATURE_CONTROL.LOCK = 0 or IA32_FEATURE_CONTROL.SGX_ENABLE = O 


THEN #GP(0); Fl; 


IF (EAX is an invalid leaf number) 
THEN #GP(0); FI; 


IF CRO.PG = 0 
THEN #GP(0); Fl; 


(* DS must not be an expanded down segment *) 
IF not in 64-bit mode and DS.Type is expand-down data 
THEN #GP(0); Fl; 


Jump to leaf specific flow 


Flags Affected 
See individual leaf functions. 


Protected Mode Exceptions 


#UD If any of the LOCK/66H/REP/VEX prefixes are used. 
If current privilege level is not 0. 
If CPUID.(EAX=12H,ECX=0):EAX.OSS [bit 5] = 0. 
If logical processor is in SMM. 

#GP(0) If IA32_FEATURE_CONTROL.LOCK = 0. 


If IA32_FEATURE_CONTROL.SGX_ENABLE = 0. 

If input value in EAX encodes an unsupported leaf. 
If data segment expand down. 

If CRO.PG=0. 


Real-Address Mode Exceptions 


#UD 


ENCLV is not recognized in real mode. 


Virtual-8086 Mode Exceptions 


#UD 


ENCLV is not recognized in virtual-8086 mode. 


Compatibility Mode Exceptions 


Same exceptions as in protected mode. 


64-Bit Mode Exceptions 


#UD If any of the LOCK/66H/REP/VEX prefixes are used. 
If current privilege level is not 0. 
If CPUID.(EAX=12H,ECX=0):EAX.OSS [bit 5] = 0. 
If logical processor is in SMM. 

#GP(0) If IA32_FEATURE_CONTROL.LOCK = 0. 


If IA32_FEATURE_CONTROL.SGX_ENABLE = 0. 
If input value in EAX encodes an unsupported leaf. 
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37.3. INTEL® SGX SYSTEM LEAF FUNCTION REFERENCE 


Leaf functions available with the ENCLS instruction mnemonic are covered in this section. In general, each instruc- 
tion leaf requires EAX to specify the leaf function index and/or additional implicit registers specifying leaf-specific 
input parameters. An instruction operand encoding table provides details of each implicit register usage and asso- 
ciated input/output semantics. 

In many cases, an input parameter specifies an effective address associated with a memory object inside or outside 
the EPC, the memory addressing semantics of these memory objects are also summarized in a separate table. 
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EADD—Add a Page to an Uninitialized Enclave 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
EAX = 01H IR VIV SGX1 This leaf function adds a page to an uninitialized enclave. 
ENCLS[EADD] 


Instruction Operand Encoding 


Op/En EAX RBX RCX 
IR EADD (In) Address of a PAGEINFO (In) Address of the destination EPC page (In) 
Description 


This leaf function copies a source page from non-enclave memory into the EPC, associates the EPC page with an 
SECS page residing in the EPC, and stores the linear address and security attributes in EPCM. As part of the asso- 
ciation, the enclave offset and the security attributes are measured and extended into the SECS.MRENCLAVE. This 
instruction can only be executed when current privilege level is 0. 


RBX contains the effective address of a PAGEINFO structure while RCX contains the effective address of an EPC 
page. The table below provides additional information on the memory parameter of EADD leaf function. 


EADD Memory Parameter Semantics 


PAGEINFO PAGEINFO.SECS PAGEINFO.SRCPGE PAGEINFO.SECINFO EPCPAGE 
Read access permitted | Read/Write access permit- | Read access permitted | Read access permitted | Write access permitted 
by Non Enclave ted by Enclave by Non Enclave by Non Enclave by Enclave 


The instruction faults if any of the following: 


EADD Faulting Conditions 


The operands are not properly aligned. Unsupported security attributes are set. 

Refers to an invalid SECS. Reference is made to an SECS that is locked by another thread. 

The EPC page is locked by another thread. RCX does not contain an effective address of an EPC page. 

The EPC page is already valid. If security attributes specifies a TCS and the source page specifies unsupported 
TCS values or fields. 

The SECS has been initialized. The specified enclave offset is outside of the enclave address space. 


Concurrency Restrictions 


Table 37-8. Base Concurrency Restrictions of EADD 


Base Concurrency Restrictions 
Leaf Parameter - ; poe 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
EADD Target [DS:RCX] Exclusive #GP EPC_PAGE_CONFLICT_EXCEPTION 
SECS [DS:RBX]PAGEINFO.SECS Shared #GP 
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Table 37-9. Additional Concurrency Restrictions of EADD 


Additional Concurrency Restrictions 
Leaf Parameter Gone Alans pales vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EADD Target [DS:RCX] Concurrent Concurrent Concurrent 
SECS [DS:RBX]PAGE- | Concurrent Exclusive #GP Concurrent 
INFO.SECS 
Operation 
Temp Variables in EADD Operational Flow 
Name Type Size (bits) | Description 
TMP_SRCPGE Effective Address 32/64 Effective address of the source page. 
TMP_SECS Effective Address 32/64 Effective address of the SECS destination page. 
TMP_SECINFO Effective Address 32/64 Effective address of an SECINFO structure which contains security 
attributes of the page to be added. 
SCRATCH_SECINFO SECINFO 512 Scratch storage for holding the contents of DS:TMP_SECINFO. 
TMP_LINADDR Unsigned Integer 64 Holds the linear address to be stored in the EPCM and used to 
calculate TMP_ENCLAVEOFFSET. 
TMP_ENCLAVEOFFSET Enclave Offset 64 The page displacement from the enclave base address. 
TMPUPDATEFIELD SHA256 Buffer 512 Buffer used to hold data being added to TMP_SECS.MRENCLAVE. 


IF (DS:RBX is not 32Byte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX is not 4KByte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


TMP_SRCPGE := DS:RBX.SRCPGE; 
TMP_SECS := DS:RBX.SECS; 
TMP_SECINFO := DS:RBX.SECINFO; 
TMP_LINADDR := DS:RBX.LINADDR; 


IF (DS:TMP_SRCPGE is not 4KByte aligned or DS:TMP_SECS is not 4KByte aligned or 
DS:TMP_SECINFO is not 64Byte aligned or TMP_LINADDR is not 4KByte aligned) 
THEN #GP(0); Fl; 


IF (DS: TMP_SECS does not resolve within an EPC) 
THEN #PF(DS:TMP_SECS); FI; 


SCRATCH_SECINFO := DS:TMP_SECINFO; 


(* Check for misconfigured SECINFO flags*) 
IF (SCRATCH_SECINFO reserved fields are not zero or 
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| (SCRATCH_SECINFO.FLAGS.PT is PT_REG or SCRATCH_SECINFO.FLAGSPT is PT_TCS or 
(SCRATCH_SECINFO.FLAGSPT is PT_SS_FIRST and CPUID.(EAX=12H, ECX=1):EAX[6] = 1) or 
(SCRATCH_SECINFO.FLAGSPT is PT_SS_REST and CPUID.(EAX=12H, ECX=1):EAX[6] = 1) ) 
THEN #GP(0); Fl; 


(* If PT_SS_FIRST/PT_SS_REST page types are requested then CR4.CET must be 1 *) 
IF ((SCRATCH_SECINFO.FLAGS.PT is PT_SS_FIRST OR 

SCRATCH_SECINFO.FLAGS.PT is PT_SS_REST) AND CR4.CET == 0) 

THEN #GP(0); Fl; 


(* Check the EPC page for concurrency *) 
IF (EPC page is not available for EADD) 


THEN 
IF (<<VMX non-root operation>> AND <<ENABLE_EPC_VIRTUALIZATION_EXTENSIONS> >) 
THEN 
VMCS.Exit_reason := SGX_CONFLICT; 
VMCS.Exit_qualification.code := EPC_PAGE_CONFLICT_EXCEPTION; 
VMCS.Exit_qualification.error := 0; 
VMCS.Guest-physical_address := << translation of DS:RCX produced by paging >>; 
VMCS.Guest-linear_address := DS:RCX; 
Deliver VMEXIT; 
ELSE 
#GP(0); 
Fl; 
Fl; 
IF (EPCM(DS:RCX).VALID # 0) 


THEN #PF(DS:RCX); Fl; 


(* Check the SECS for concurrency *) 
IF (SECS is not available for EADD) 
THEN #GP(0); Fl; 


IF (EPCM(DS:TMP_SECS).VALID = 0 or EPCM(DS:TMP_SECS).PT # PT_SECS) 
THEN #PF(DS:TMP_SECS); FI; 


(* Copy 4KBytes from source page to EPC page”) 
DS:RCX[32767:0] := DS:TMP_SRCPGE[32767:0]; 


CASE (SCRATCH_SECINFO.FLAGS.PT) 


PT_TCS: 
IF (DS:RCX.RESERVED # 0) #GP(0); FI; 
IF ((DS:TMP_SECS.ATTRIBUTES.MODE64BIT = 0) and 
((DS:TCS.FSLIMIT & OFFFH # OFFFH) or (DS:TCS.GSLIMIT & OFFFH # OFFFH) )) #GP(O); FI; 
(* Ensure TCS.PREVSSP is zero *) 
IF (CPUID.(EAX=07H, ECX=00h):ECX[CET_SS] = 1) and (DS:RCX.PREVSSP != 0) #GP(0); FI; 
BREAK; 
PT_REG: 
IF (SCRATCH_SECINFO.FLAGS.W = 1 and SCRATCH_SECINFO.FLAGS.R = 0) #GP(0); FI; 
BREAK; 
PT_SS_FIRST: 
PT_SS_REST: 
(* SS pages cannot created on first or last page of ELRANGE *) 
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IF (TMP_LINADDR = DS:TMP_SECS.BASEADDR or TMP_LINADDR = (DS:TMP_SECS.BASEADDR + DS:TMP_SECS.SIZE - 0x1000) ) 
THEN #GP(0); Fl; 
IF (DS:RCX[4087:0] != 0 ) #GP(0); Fl; 
IF (SCRATCH_SECINFO.FLAGS.PT == PT_SS_FIRST) 
THEN 
(* Check that valid RSTORSSP token exists *) 
IF (DS:RCX[4095:4088] != ((TMP_LINADDR + 0x1000) | DS:TMP_SECS.ATTRIBUTES.MODE64BIT) ) #GP(0); FI; 
(* Check the 8 bytes are zero *) 
IF ( DS:RCX[4095:4088] != 0 ) #GP(0); FI; 
Fl; 
IF (SCRATCH_SECINFO.FLAGS.W = 0 OR SCRATCH_SECINFO.FLAGS.R = 0 OR 
SCRATCH_SECINFO.FLAGS.X = 1) #GP(0); FI; 
BREAK; 
ESAC; 


(* Check the enclave offset is within the enclave linear address space *) 
IF (TMP_LINADDR < DS:TMP_SECS.BASEADDR or TMP_LINADDR 2 DS:TMP_SECS.BASEADDR + DS:TMP_SECS.SIZE) 
THEN #GP(0); Fl; 


(* Check concurrency of measurement resource”) 
IF (Measurement being updated) 
THEN #GP(0); Fl; 


(* Check if the enclave to which the page will be added is already in Initialized state *) 
IF (DS:TMP_SECS already initialized) 
THEN #GP(0); Fl; 


(* For TCS pages, force EPCM.rwx bits to 0 and no debug access *) 
IF (SCRATCH_SECINFO.FLAGS.PT = PT_TCS) 
THEN 

SCRATCH_SECINFO.FLAGS.R := 0; 
SCRATCH_SECINFO.FLAGS.W := 0; 
SCRATCH_SECINFO.FLAGS.X := 0; 
(DS:RCX).FLAGS.DBGOPTIN := 0; // force TCS.FLAGS.DBGOPTIN off 
DS:RCX.CSSA := 0; 
DS:RCX.AEP := 0; 
DS:RCX.STATE := 0; 

Fl; 


(* Add enclave offset and security attributes to MRENCLAVE *) 

TMP_ENCLAVEOFFSET := TMP_LINADDR - DS:TMP_SECS.BASEADDR; 

TMPUPDATEFIELD[63:0] := 0000000044444145H; // “EADD" 

TMPUPDATEFIELD[1 27:64] := TMP_ENCLAVEOFFSET; 

TMPUPDATEFIELD[51 1:128] := SCRATCH_SECINFO[375:0]; // 48 bytes 
DS:TMP_SECS.MRENCLAVE := SHA256UPDATE(DS:TMP_SECS.MRENCLAVE, TMPUPDATEFIELD) 
INC enclave's MRENCLAVE update counter; 


(* Add enclave offset and security attributes to MRENCLAVE *) 
EPCM(DS:RCX).R := SCRATCH_SECINFO.FLAGS.R; 
EPCM(DS:RCX).W := SCRATCH_SECINFO.FLAGS.W; 
EPCM(DS:RCX).X := SCRATCH_SECINFO.FLAGS.X; 
EPCM(DS:RCX).PT := SCRATCH_SECINFO.FLAGS.PT; 
EPCM(DS:RCX).ENCLAVEADDRESS := TMP_LINADDR; 
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(* associate the EPCPAGE with the SECS by storing the SECS identifier of DS:TMP_SECS *) 
Update EPCM(DS:RCX) SECS identifier to reference DS:TMP_SECS identifier; 


(* Set EPCM entry fields *) 
EPCM(DS:RCX).BLOCKED := 0; 
EPCM(DS:RCX).PENDING := 0; 
EPCM(DS:RCX).MODIFIED := 0; 
EPCM(DS:RCX).VALID := 1; 


Flags Affected 
None 


Protected Mode Exceptions 
#GP(0) If a memory operand effective address is outside the DS segment limit. 
If a memory operand is not properly aligned. 
If an enclave memory operand is outside of the EPC. 
If an enclave memory operand is the wrong type. 
If a memory operand is locked. 
If the enclave is initialized. 
If the enclave's MRENCLAVE is locked. 
If the TCS page reserved bits are set. 
If the TCS page PREVSSP field is not zero. 
If the PT_SS_REST or PT_SS_REST page is the first or last page in the enclave. 
If the PT_SS_FIRST or PT_SS_REST page is not initialized correctly. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If the EPC page is valid. 


64-Bit Mode Exceptions 
#GP(0) If a memory operand is non-canonical form. 
If a memory operand is not properly aligned. 
If an enclave memory operand is outside of the EPC. 
If an enclave memory operand is the wrong type. 
If a memory operand is locked. 
If the enclave is initialized. 
If the enclave's MRENCLAVE is locked. 
If the TCS page reserved bits are set. 
If the TCS page PREVSSP field is not zero. 
If the PT_SS_REST or PT_SS_REST page is the first or last page in the enclave. 
If the PT_SS_FIRST or PT_SS_REST page is not initialized correctly. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If the EPC page is valid. 
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EAUG—Add a Page to an Initialized Enclave 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
EAX = ODH IR VV SGX2 This leaf function adds a page to an initialized enclave. 
ENCLS[EAUG] 


Instruction Operand Encoding 


Op/En EAX RBX RCX 
IR EAUG (In) Address of a SECINFO (In) Address of the destination EPC page (In) 
Description 


This leaf function zeroes a page of EPC memory, associates the EPC page with an SECS page residing in the EPC, 
and stores the linear address and security attributes in the EPCM. As part of the association, the security attributes 
are configured to prevent access to the EPC page until a corresponding invocation of the EACCEPT leaf or EACCEPT- 
COPY leaf confirms the addition of the new page into the enclave. This instruction can only be executed when 
current privilege level is 0. 


RBX contains the effective address of a PAGEINFO structure while RCX contains the effective address of an EPC 
page. The table below provides additional information on the memory parameter of the EAUG leaf function. 


EAUG Memory Parameter Semantics 
PAGEINFO PAGEINFO.SECS PAGEINFO.SRCPGE PAGEINFO.SECINFO EPCPAGE 


Read access permit- | Read/Write access permit- Read access permitted by | Write access permitted by 
Must be zero 
ted by Non Enclave ted by Enclave Non Enclave Enclave 


The instruction faults if any of the following: 


EAUG Faulting Conditions 


The operands are not properly aligned. Unsupported security attributes are set. 

Refers to an invalid SECS. Reference is made to an SECS that is locked by another thread. 

The EPC page is locked by another thread. RCX does not contain an effective address of an EPC page. 

The EPC page is already valid. The specified enclave offset is outside of the enclave address space. 
The SECS has been initialized. 


Concurrency Restrictions 


Table 37-10. Base Concurrency Restrictions of EAUG 


Base Concurrency Restrictions 
Leaf Parameter - i oe 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
EAUG Target [DS:RCX] Exclusive #GP EPC_PAGE_CONFLICT_EXCEPTION 
SECS [DS:RBX]PAGEINFO.SECS Shared #GP 
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Additional Concurrency Restrictions 
Leaf Parameter ‘GREE Aries peat vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EAUG Target [DS:RCX] Concurrent Concurrent Concurrent 
SECS [DS:RBX]PAGE- | Concurrent Concurrent Concurrent 
INFO.SECS 
Operation 
Temp Variables in EAUG Operational Flow 
Name Type Size (bits) | Description 
TMP_SECS Effective Address 32/64 Effective address of the SECS destination page. 
TMP_SECINFO Effective Address 32/64 Effective address of an SECINFO structure which contains security 
attributes of the page to be added. 
SCRATCH_SECINFO SECINFO 512 Scratch storage for holding the contents of DS:TMP_SECINFO. 
TMP_LINADDR Unsigned Integer 64 Holds the linear address to be stored in the EPCM and used to 
calculate TMP_ENCLAVEOFFSET. 


IF (DS:RBX is not 32Byte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX is not 4KByte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


TMP_SECS := DS:RBX.SECS; 
TMP_SECINFO := DS:RBX.SECINFO; 
IF (DS:RBX.SECINFO is not 0) 
THEN 
IF (DS:TMP_SECINFO is not 648B aligned) 
THEN #GP(0); Fl; 
Fl; 


TMP_LINADDR := DS:RBX.LINADDR; 


IF (DS:TMP_SECS is not 4KByte aligned or TMP_LINADDR is not 4KByte aligned ) 
THEN #GP(0); Fl; 


IF DS:RBX.SRCPAGE is not 0 
THEN #GP(0); Fl; 


IF (DS:TMP_SECS does not resolve within an EPC) 
THEN #PF(DS:TMP_SECS); FI; 


(* Check the EPC page for concurrency *) 
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IF (EPC page in use) 


THEN 
IF (<<VMX non-root operation> > AND <<ENABLE_EPC_VIRTUALIZATION_EXTENSIONS> >) 
THEN 
VMCS.Exit_reason := SGX_CONFLICT; 
VMCS.Exit_qualification.code := EPC_PAGE_CONFLICT_EXCEPTION; 
VMCS.Exit_qualification.error := 0; 
VMCS.Guest-physical_address := << translation of DS:RCX produced by paging >>; 
VMCS.Guest-linear_address := DS:RCX; 
Deliver VMEXIT; 
ELSE 
#GP(0); 
Fl; 
Fl: 
IF (EPCM(DS:RCX).VALID # 0) 


THEN #PF(DS:RCX); Fl; 


(* copy SECINFO contents into a scratch SECINFO *) 
IF (DS:RBX.SECINFO is 0) 
THEN 
(* allocate and initialize a new scratch SECINFO structure *) 
SCRATCH_SECINFO.PT := PT_REG; 
SCRATCH_SECINFO.LR := 1; 
SCRATCH_SECINFO.W := 1; 
SCRATCH_SECINFO.X := 0; 
<< zero out remaining fields of SCRATCH_SECINFO >> 
ELSE 
(* copy SECINFO contents into scratch SECINFO *) 
SCRATCH_SECINFO := DS:TMP_SECINFO; 
(* check SECINFO flags for misconfiguration *) 
(* reserved flags must be zero *) 
(* SECINFO.FLAGS.PT must either be PT_SS_FIRST, or PT_SS_REST *) 
IF ((SCRATCH_SECINFO reserved fields are not O) or 
CPUID.(EAX=12H, ECX=1):EAX[6] is 0) OR 
(SCRATCH_SECINFO.PT is not PT_SS_FIRST, or PT_SS_REST) OR 
( (SCRATCH_SECINFO.FLAGS.R is 0) OR (SCRATCH_SECINFO.FLAGS.W is 0) OR (SCRATCH_SECINFO.FLAGS.X is 1) ) ) 
THEN #GP(0); Fl; 
FI; 
(* Check if PT_SS_FIRST/PT_SS_REST page types are requested then CR4.CET must be 1 *) 
IF ((SCRATCH_SECINFO.PT is PT_SS_FIRST OR SCRATCH_SECINFO.PT is PT_SS_REST) AND CR4.CET == 0) 
THEN #GP(0); Fl; 


(* Check the SECS for concurrency *) 
IF (SECS is not available for EAUG) 
THEN #GP(0); Fl; 


IF (EPCM(DS:TMP_SECS).VALID = 0 or EPCM(DS:TMP_SECS).PT # PT_SECS) 
THEN #PF(DS:TMP_SECS); FI; 


(* Check if the enclave to which the page will be added is in the Initialized state *) 


IF (DS:TMP_SECS is not initialized) 
THEN #GP(0); Fl; 
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(* Check the enclave offset is within the enclave linear address space *) 
IF ((TMP_LINADDR < DS:TMP_SECS.BASEADDR) or (TMP_LINADDR 2 DS:TMP_SECS.BASEADDR + DS:TMP_SECS.SIZE) ) 
THEN #GP(0); Fl; 


IF ((SCRATCH_SECINFO.PT is PT_SS_FIRST OR SCRATCH_SECINFO.PT is PT_SS_REST) ) 
THEN 

(* SS pages cannot created on first or last page of ELRANGE *) 

IF (TMP_LINADDR == DS:TMP_SECS.BASEADDR OR 

TMP_LINADDR == (DS:TMP_SECS.BASEADDR + DS:TMP_SECS.SIZE - 0x1000) ) 

THEN 
#GP(0); Fl; 

Fl; 


(* Clear the content of EPC page*) 
DS:RCX[32767:0] := 0; 


IF (CPUID.(EAX=07H, ECX=OH):ECX[CET_SS] = 1) 
THEN 
(* set up shadow stack RSTORSSP token *) 
IF (SCRATCH_SECINFO.PT is PT_SS_FIRST) 
THEN 
DS:RCX[OxFF8] := (TMP_LINADDR + 0x1000) | TMP_SECS.ATTRIBUTES.MODE64BIT; FI; 
FI; 


(* Set EPCM security attributes *) 

EPCM(DS:RCX).R := SCRATCH_SECINFO.FLAGS.R; 
EPCM(DS:RCX).W := SCRATCH_SECINFO.FLAGS.W; 
EPCM(DS:RCX).X := SCRATCH_SECINFO.FLAGS.X; 
EPCM(DS:RCX).PT := SCRATCH_SECINFO.FLAGS.PT; 
EPCM(DS:RCX).ENCLAVEADDRESS := TMP_LINADDR; 
EPCM(DS:RCX).BLOCKED := 0; 
EPCM(DS:RCX).PENDING := 1; 
EPCM(DS:RCX).MODIFIED := 0; 

EPCM(DS:RCX).PR := 0; 


SOOO OOO OTS 


(* associate the EPCPAGE with the SECS by storing the SECS identifier of DS:TMP_SECS *) 
Update EPCM(DS:RCX) SECS identifier to reference DS:TMP_SECS identifier; 


(* Set EPCM valid fields *) 
EPCM(DS:RCX).VALID := 1; 


Flags Affected 
None 


Protected Mode Exceptions 

#GP(0) If a memory operand effective address is outside the DS segment limit. 
If a memory operand is not properly aligned. 
If a memory operand is locked. 
If the enclave is not initialized. 

#PF(error code) If a page fault occurs in accessing memory operands. 
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64-Bit Mode Exceptions 
#GP(0) If a memory operand is non-canonical form. 
If a memory operand is not properly aligned. 
If a memory operand is locked. 
If the enclave is not initialized. 
#PF(error code) If a page fault occurs in accessing memory operands. 
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Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
EAX = 09H IR VIV SGX1 This leaf function marks a page in the EPC as blocked. 
ENCLS[EBLOCK] 
Instruction Operand Encoding 
Op/En EAX RCX 
IR EBLOCK (In) Return error code (Out) Effective address of the EPC page (In) 
Description 


This leaf function causes an EPC page to be marked as BLOCKED. This instruction can only be executed when 
current privilege level is 0. 


The content of RCX is an effective address of an EPC page. The DS segment is used to create linear address. 
Segment override is not supported. 


An error code is returned in RAX. 
The table below provides additional information on the memory parameter of EBLOCK leaf function. 


EBLOCK Memory Parameter Semantics 


EPCPAGE 


Read/Write access permitted by Enclave 


The error codes are: 


Table 37-12. EBLOCK Return Value in RAX 


No Error 


Error Code (see Table 37-4) 


EBLOCK successful. 


Description 


SGX_BLKSTATE 


Page already blocked. This value is used to indicate to a VMM that the page was already in 
BLOCKED state as a result of EBLOCK and thus will need to be restored to this state when it is 
eventually reloaded (using ELDB). 


SGX_ENTRYEPOCH_LOCKED 


SECS locked for Entry Epoch update. This value indicates that an ETRACK is currently 
executing on the SECS. The EBLOCK should be reattempted. 


SGX_NOTBLOCKABLE 


Page type is not one which can be blocked. 


SGX_PG_INVLD 


SGX_EPC_PAGE_CONFLICT 


Page is not valid and cannot be blocked. 
Page is being written by EADD, EAUG, ECREATE, ELDU/B, EMODT, or EWB. 


Concurrency Restrictions 


Table 37-13. Base Concurrency Restrictions of EBLOCK 


Base Concurrency Restrictions 


Leaf Parameter : . sae 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
EBLOCK Target [DS:RCX] Shared SGX_EPC_PAGE_ 
CONFLICT 
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Table 37-14. Additional Concurrency Restrictions of EBLOCK 


Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EBLOCK Target [DS:RCX] Concurrent Concurrent Concurrent 
Operation 
Temp Variables in EBLOCK Operational Flow 
Name Type Size (Bits) Description 
TMP_BLKSTATE Integer 64 Page is already blocked. 


IF (DS:RCX is not 4KByte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


RFLAGS.ZF,CF,PF,AF,OF,SF := 0; 
RAX := 0; 


(* Check the EPC page for concurrency*) 
IF (EPC page in use) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_EPC_PAGE_CONFLICT; 
GOTO DONE; 
Fl; 


IF (EPCM(DS:RCX). VALID = 0) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_PG_INVLD; 
GOTO DONE; 
Fl; 


IF ( (EPCM(DS:RCX).PT # PT_REG) and (EPCM(DS:RCX).PT # PT_TCS) and (EPCM(DS:RCX).PT # PT_TRIM) 


and EPCM(DS:RCX).PT # PT_SS_FIRST) and (EPCM(DS:RCX).PT # PT_SS_REST)) 


THEN 
RFLAGS.CF := 1; 
IF (EPCM(DS:RCX).PT = PT_SECS) 
THEN RAX := SGX_PG_IS_SECS; 


ELSE RAX := SGX_NOTBLOCKABLE; 


Fl; 
GOTO DONE; 
Fl; 


(* Check if the page is already blocked and report blocked state *) 


TMP_BLKSTATE := EPCM(DS:RCX).BLOCKED; 
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(* at this point, the page must be valid and PT_TCS or PT_REG or PT_TRIM*) 
IF (TMP_BLKSTATE = 1) 
THEN 
RFLAGS.CF := 1; 
RAX := SGX_BLKSTATE; 
ELSE 
EPCM(DS:RCX).BLOCKED := 1 
Fl; 
DONE: 


Flags Affected 


Sets ZF if SECS is in use or invalid, otherwise cleared. Sets CF if page is BLOCKED or not blockable, otherwise 
cleared. Clears PF, AF, OF, SF. 


Protected Mode Exceptions 

#GP(0) If a memory operand effective address is outside the DS segment limit. 
If a memory operand is not properly aligned. 
If the specified EPC resource is in use. 

#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 


64-Bit Mode Exceptions 

#GP(0) If a memory operand is non-canonical form. 
If a memory operand is not properly aligned. 
If the specified EPC resource is in use. 

#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 
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ECREATE—Create an SECS page in the Enclave Page Cache 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
EAX = OOH IR VIV SGX1 This leaf function begins an enclave build by creating an SECS 
ENCLS[ECREATE] page in EPC. 


Instruction Operand Encoding 


Op/En EAX RBX RCX 
IR ECREATE (In) Address of a PAGEINFO (In) Address of the destination SECS page (In) 
Description 


ENCLS[ECREATE] is the first instruction executed in the enclave build process. ECREATE copies an SECS structure 
outside the EPC into an SECS page inside the EPC. The internal structure of SECS is not accessible to software. 


ECREATE will set up fields in the protected SECS and mark the page as valid inside the EPC. ECREATE initializes or 
checks unused fields. 


Software sets the following fields in the source structure: SECS: BASEADDR, SECS:SIZE in bytes, ATTRIBUTES, 
CONFIGID and CONFIGSVN. SECS:BASEADDR must be naturally aligned on an SECS.SIZE boundary. SECS.SIZE 
must be at least 2 pages (8192). 


The source operand RBX contains an effective address of a PAGEINFO structure. PAGEINFO contains an effective 
address of a source SECS and an effective address of an SECINFO. The SECS field in PAGEINFO is not used. 


The RCX register is the effective address of the destination SECS. It is an address of an empty slot in the EPC. The 
SECS structure must be page aligned. SECINFO flags must specify the page as an SECS page. 


ECREATE Memory Parameter Semantics 


PAGEINFO PAGEINFO.SRCPGE PAGEINFO.SECINFO EPCPAGE 
Read access permitted by | Read access permitted by Read access permitted by Non Write access permitted by 
Non Enclave Non Enclave Enclave Enclave 


ECREATE will fault if the SECS target page is in use; already valid; outside the EPC. It will also fault if addresses are 
not aligned; unused PAGEINFO fields are not zero. 


If the amount of space needed to store the SSA frame is greater than the amount specified in SECS.SSAFRAME- 
SIZE, a #GP(0) results. The amount of space needed for an SSA frame is computed based on 
DS:TMP_SECS.ATTRIBUTES.XFRM size. Details of computing the size can be found Section 38.7. 


Concurrency Restrictions 


Table 37-15. Base Concurrency Restrictions of ECREATE 


Base Concurrency Restrictions 
Leaf Parameter : - ——— 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
ECREATE SECS [DS:RCX] Exclusive #GP €PC_PAGE_CONFLICT_EXCEPTION 
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Table 37-16. Additional Concurrency Restrictions of ECREATE 


Additional Concurrency Restrictions 
Leaf Parameter OEE Alias prea vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
ECREATE | SECS [DS:RCX] Concurrent Concurrent Concurrent 
Operation 
Temp Variables in ECREATE Operational Flow 
Name Type Size (Bits) | Description 
TMP_SRCPGE Effective Address 32/64 Effective address of the SECS source page. 
TMP_SECS Effective Address 32/64 Effective address of the SECS destination page. 
TMP_SECINFO Effective Address 32/64 Effective address of an SECINFO structure which contains security 
attributes of the SECS page to be added. 
TMP_XSIZE SSA Size 64 The size calculation of SSA frame. 
TMP_MISC_SIZE MISC Field Size 64 Size of the selected MISC field components. 
TMPUPDATEFIELD SHA256 Buffer 512 Buffer used to hold data being added to TMP_SECS.MRENCLAVE. 


IF (DS:RBX is not 32Byte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX is not 4KByte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


TMP_SRCPGE := DS:RBX.SRCPGE; 
TMP_SECINFO := DS:RBX.SECINFO; 


IF (DS:TMP_SRCPGE is not 4KByte aligned or DS:TMP_SECINFO is not 64Byte aligned) 
THEN #GP(0); Fl; 


IF (DS:RBX.LINADDR ! = 0 or DS:RBX.SECS # 0) 
THEN #GP(0); Fl; 


(* Check for misconfigured SECINFO flags*) 
IF (DS:TMP_SECINFO reserved fields are not zero or DS:TMP_SECINFO.FLAGS.PT # PT_SECS) 
THEN #GP(0); Fl; 


TMP_SECS := RCX; 


IF (EPC entry in use) 
THEN 
IF (<<VMX non-root operation> > AND <<ENABLE_EPC_VIRTUALIZATION_EXTENSIONS>>) 
THEN 
VMCS.Exit_reason := SGX_CONFLICT; 
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VMCS.Exit_qualification.code := EPC_PAGE_CONFLICT_EXCEPTION; 
VMCS.Exit_qualification.error := 0; 
VMCS.Guest-physical_address := 
<< translation of DS:TMP_SECS produced by paging >>; 

VMCS.Guest-linear_address := DS:TMP_SECS; 

Deliver VMEXIT; 

ELSE 
#GP(0); 

Fl; 
Fl; 


IF (EPC entry in use) 
THEN #GP(0); Fl; 


IF (EPCM(DS:RCX).VALID = 1) 
THEN #PF(DS:RCX); Fl; 


(* Copy 4KBytes from source page to EPC page*) 
DS:RCX[32767:0] := DS:TMP_SRCPGE[32767:0]; 


(* Check lower 2 bits of XFRM are set *) 
IF (( DS:TMP_SECS.ATTRIBUTES.XFRM BitwiseAND 03H) # 03H) 
THEN #GP(0); Fl; 


IF (XFRM is illegal) 
THEN #GP(0); Fl; 


(* Check legality of CET_ATTRIBUTES *) 
IF ((DS:TMP_SECS.ATTRIBUTES.CET = 0 and DS:TMP_SECS.CET_ATTRIBUTES # 0) || 

(DS:TMP_SECS.ATTRIBUTES.CET = 0 and DS:TMP_SECS.CET_LEG_BITMAP_OFFSET # 0) || 
CPUID.(EAX=7, ECX=0):EDX[CET_IBT] = 0 and DS:TMP_SECS.CET_LEG_BITMAP_OFFSET # 0) || 
CPUID.(EAX=7, ECX=0):EDX[CET_IBT] = 0 and DS:TMP_SECS.CET_ATTRIBUTES[5:2] # 0) || 
CPUID.(EAX=7, ECX=0):ECX[CET_SS] = 0 and DS:TMP_SECS.CET_ATTRIBUTES[1:0] # 0) || 
DS:TMP_SECS.ATTRIBUTES.MODE64BIT = 1 and 
(DS:TMP_SECS.BASEADDR + DS:TMP_SECS.CET_LEG_BITMAP_OFFSET) not canonical) || 
(DS:TMP_SECS.ATTRIBUTES.MODE64BIT = 0 and 
(DS:TMP_SECS.BASEADDR + DS:TMP_SECS.CET_LEG_BITMAP_OFFSET) & OxFFFFFFFFOOO00000) || 
(DS:TMP_SECS.CET_ATTRIBUTES.reserved fields not 0) or 
(DS:TMP_SECS.CET_LEG_BITMAP_OFFSET) is not page aligned)) 
THEN 

#GP(0); 


eee 


Fl; 


(* Make sure that the SECS does not have any unsupported MISCSELECT options*) 
IF ( (CPUID.(EAX=12H, ECX=0):E€BX[3 1:0] & DS: TMP_SECS.MISCSELECT[31:0)) ) 
THEN 
EPCM(DS:TMP_SECS).EntryLock.Release(); 
#GP(0); 
Fl; 


( * Compute size of MISC area *) 
TMP_MISC_SIZE := compute_misc_region_size(); 


(* Compute the size required to save state of the enclave on async exit, see Section 38.7.2.2*) 
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TMP_XSIZE := compute_xsave_size(DS:TMP_SECS.ATTRIBUTES.XFRM) + GPR_SIZE + TMP_MISC_SIZE; 


(* Ensure that the declared area is large enough to hold XSAVE and GPR stat *) 
IF (DS:TMP_SECS.SSAFRAMESIZE*4096 < TMP_XSIZE) 
THEN #GP(0); Fl; 


IF ( (DS:TMP_SECS.ATTRIBUTES.MODE64BIT = 1) and (DS:TMP_SECS.BASEADDR is not canonical) ) 
THEN #GP(0); Fl; 


IF ( (DS:TMP_SECS.ATTRIBUTES.MODE64BIT = 0) and (DS:TMP_SECS.BASEADDR and OFFFFFFFFOOOO0000H) ) 
THEN #GP(0); Fl; 


IF ( (DS:TMP_SECS.ATTRIBUTES.MODE64BIT = 0) and (DS:TMP_SECS.SIZE > 2 * (CPUID.(EAX=12H, ECX=0):.EDX[7:0]) ) ) 
THEN #GP(0); Fl; 


IF ( (DS:TMP_SECS.ATTRIBUTES.MODE64BIT = 1) and (DS:TMP_SECS.SIZE > 2 * (CPUID.(EAX=12H, ECX=0):.EDX[15:8]) ) ) 
THEN #GP(0); Fl; 


(* Enclave size must be at least 8192 bytes and must be power of 2 in bytes*) 
IF (DS:TMP_SECS.SIZE < 8192 or popcnt(DS:TMP_SECS.SIZE) > 1) 
THEN #GP(0); Fl; 


(* Ensure base address of an enclave is aligned on size*) 
IF ( ( DS:TMP_SECS.BASEADDR and (DS:TMP_SECS.SIZE-1) ) ) 
THEN #GP(0); Fl; 


(* Ensure the SECS does not have any unsupported attributes*) 
IF (DS:TMP_SECS.ATTRIBUTES and (~CR_SGX_ATTRIBUTES_MASK) ) 
THEN #GP(0); Fl; 


IF (DS:TMP_SECS reserved fields are not zero) 
THEN #GP(0); Fl; 


(* Verify that CONFIGID/CONFIGSVN are not set with attribute *) 
IF ( ((DS:TMP_SECS.CONFIGID # 0) or (DS:TMP_SECS.CONFIGSVN #0)) AND (DS:TMP_SECS.ATTRIBUTES.KSS == 0 )) 
THEN #GP(0); Fl; 


Clear DS:TMP_SECS to Uninitialized; 

DS:TMP_SECS.MRENCLAVE := SHA256INITIALIZE(DS:TMP_SECS.MRENCLAVE); 
DS:TMP_SECS.ISVSVN := O; 

DS:TMP_SECS.ISVPRODID := 0; 


(* Initialize hash updates etc*) 
Initialize enclave's MRENCLAVE update counter; 


(* Add “ECREATE” string and SECS fields to MRENCLAVE *) 
TMPUPDATEFIELD[63:0] := 0045544145524345H; // “ECREATE” 
TMPUPDATEFIELD[95:64] := DS:TMP_SECS.SSAFRAMESIZE; 
TMPUPDATEFIELD[1 59:96] := DS:TMP_SECS.SIZE; 
IF (CPUID.(EAX=7, ECX=0):€DX[CET_IBT] = 1) 
THEN 
TMPUPDATEFIELD[223:160] := DS:TMP_SECS.CET_LEG_BITMAP_OFFSET; 
ELSE 
TMPUPDATEFIELD[223:1 60] := 0; 
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Fl; 


TMPUPDATEFIELD[51 1:160] := 0; 
DS:TMP_SECS.MRENCLAVE := SHA256UPDATE(DS:TMP_SECS.MRENCLAVE, TMPUPDATEFIELD) 
INC enclave’s MRENCLAVE update counter; 


(* Set EID *) 


DS:TMP_SECS.EID := LockedXAdd(CR_NEXT_EID, 1); 


(* Initialize the virtual child count to zero *) 
DS:TMP_SECS.VIRTCHILDCNT := 0; 


(* Load ENCLAVECONTEXT with Address out of paging of SECS *) 
<< store translation of DS:RCX produced by paging in SECS(DS:RCX).ENCLAVECONTEXT >> 


(* Set the EPCM entry, first create SECS identifier and store the identifier in EPCM *) 
EPCM(DS:TMP_SECS).PT := PT_SECS; 
EPCM(DS:TMP_SECS).ENCLAVEADDRESS := 0; 


EPCM(DS:TMP_SECS).W := 0; 


( 

( 
EPCM(DS:TMP_SECS).R := 0; 

( 

( 


EPCM(DS:TMP_SECS).X := 0; 


(* Set EPCM entry fields *) 
€PCM(DS:RCX).BLOCKED := 0; 


( 

EPCM(DS:RCX 
EPCM(DS:RCX 
EPCM(DS:RCX 
EPCM(DS:RCX 


ooo aS 


Flags Affected 
None 


.PENDING := O; 
«MODIFIED := O; 
.PR := 0; 
VALID := 1; 


Protected Mode Exceptions 


#GP(0) 


#PF(error code) 


If a memory operand effective address is outside the DS segment limit. 
If a memory operand is not properly aligned. 

If the reserved fields are not zero. 

If PAGEINFO.SECS is not zero. 

If PAGEINFO.LINADDR is not zero. 

If the SECS destination is locked. 

If SECS.SSAFRAMESIZE is insufficient. 

If a page fault occurs in accessing memory operands. 

If the SECS destination is outside the EPC. 


64-Bit Mode Exceptions 


#GP(0) 
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#PF(error code) If a page fault occurs in accessing memory operands. 
If the SECS destination is outside the EPC. 
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EDBGRD—Read From a Debug Enclave 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
EAX = 04H IR VN SGX1 This leaf function reads a dword/quadword from a debug enclave. 
ENCLS[EDBGRD] 
Instruction Operand Encoding 
Op/En EAX RBX RCX 
IR EDBGRD (In) ae Data read from a debug enclave (Out) | Address of source memory in the EPC (In) 


Description 


This leaf function copies a quadword/doubleword from an EPC page belonging to a debug enclave into the RBX 
register. Eight bytes are read in 64-bit mode, four bytes are read in non-64-bit modes. The size of data read cannot 


be overridden. 


The effective address of the source location inside the EPC is provided in the register RCX. 


EDBGRD Memory Parameter Semantics 


EPCQW 


Read access permitted by Enclave 


The error codes are: 


Table 37-17. EDBGRD Return Value in RAX 


Error Code (see Table 37-4) 


Description 


No Error EDBGRD successful. 


SGX_PAGE_NOT_DEBUGGABLE The EPC page cannot be accessed because it is in the PENDING or MODIFIED state. 


The instruction faults if any of the following: 


EDBGRD Faulting Conditions 


RCX points into a page that is an SECS. 


RCX does not resolve to a naturally aligned linear address. 


enclave that is in debug mode. 


RCX points to a page that does not belong to an RCX points to a location inside a TCS that is beyond the architectural size of the 


TCS (SGX_TCS_LIMIT). 


An operand causing any segment violation. May page fault. 


CPL > 0. 


This instruction ignores the EPCM RWxX attributes on the enclave page. Consequently, violation of EPCM RWxX attri- 
butes via EDBGRD does not result in a #GP. 
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Concurrency Restrictions 


Table 37-18. Base Concurrency Restrictions of EDBGRD 

Base Concurrency Restrictions 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
EDBGRD Target [DS:RCX] Shared #GP 


Leaf Parameter 


Table 37-19. Additional Concurrency Restrictions of EDBGRD 


Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EDBGRD _ | Target [DS:RCX] Concurrent Concurrent Concurrent 
Operation 
Temp Variables in EDBGRD Operational Flow 
Name Type Size (Bits) | Description 
TMP_MODE64 Binary 1 ((IA32_EFER.LMA = 1) && (CS.L = 1)) 
TMP_SECS 64 Physical address of SECS of the enclave to which source operand belongs. 


TMP_MODE64 := ((IA32_EFER.LMA = 1) && (CS.L = 1); 


IF ((TMP_MODE64 = 1) and (DS:RCX is not 8Byte Aligned) ) 
THEN #GP(0); Fl; 


IF ((TMP_MODE64 = 0) and (DS:RCX is not 4Byte Aligned) ) 
THEN #GP(0); Fl; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


(* make sure no other Intel SGX instruction is accessing the same EPCM entry *) 
IF (Another instruction modifying the same EPCM entry is executing) 
THEN #GP(0); Fl; 


IF (EPCM(DS:RCX).VALID = 0) 
THEN #PF(DS:RCX); Fl; 


(* make sure that DS:RCX (SOURCE) is pointing to a PT_REG or PT_TCS or PT_VA or PT_SS_FIRST or PT_SS_REST *) 
IF ( (EPCM(DS:RCX).PT # PT_REG) and (EPCM(DS:RCX).PT # PT_TCS) and (EPCM(DS:RCX).PT # PT_VA) 
and (EPCM(DS:RCX).PT # PT_SS_FIRST) and (EPCM(DS:RCX).PT # PT_SS_REST)) 

THEN #PF(DS:RCX); Fl; 


(* make sure that DS:RCX points to an accessible EPC page *) 
IF (EPCM(DS:RCX).PENDING is not 0 or (EPCM(DS:RCX).MODIFIED is not 0) ) 
THEN 
RFLAGS.ZF := 1; 
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RAX := SGX_PAGE_NOT_DEBUGGABLE; 
GOTO DONE; 
Fl; 


(* If source is a TCS, then make sure that the offset into the page is not beyond the TCS size*) 
IF (( EPCM(DS:RCX). PT = PT_TCS) and ((DS:RCX) & FFFH 2 SGX_TCS_LIMIT) ) 
THEN #GP(0); Fl; 


(* make sure the enclave owning the PT_REG or PT_TCS page allow debug *) 
IF ( (EPCM(DS:RCX).PT = PT_REG) or (EPCM(DS:RCX).PT = PT_TCS) ) 
THEN 
TMP_SECS := GET_SECS_ADDRESS; 
IF (TMP_SECS.ATTRIBUTES.DEBUG = 0) 
THEN #GP(0); FI; 
IF ((TMP_MODE64 = 1) ) 
THEN RBX[63:0] := (DS:RCX)[63:0]; 
ELSE EBX[31:0] := (DS:RCX)[31:0]; 
Fl; 
ELSE 
TMP_64BIT_VAL[63:0] := (DS:RCX)[63:0] & (~O7H); // Read contents from VA slot 
IF (TMP_MODE64 = 1) 
THEN 
IF (TMP_G64BIT_VAL # OH) 
THEN RBX[63:0] := OFFFFFFFFFFFFFFFFH; 
ELSE RBX[63:0] := OH; 
Fl; 
ELSE 
IF (TMP_G64BIT_VAL # OH) 
THEN EBX[31:0] := OFFFFFFFFH; 
ELSE EBX[31:0] := OH; 
Fl; 
Fl; 


(* clear EAX and ZF to indicate successful completion *) 
RAX := 0; 
RFLAGS.ZF := 0; 


DONE: 
(* clear flags *) 
RFLAGS.CF,PF,AF,OF,SF := 0; 


Flags Affected 


ZF is set if the page is MODIFIED or PENDING; RAX contains the error code. Otherwise ZF is cleared and RAX is set 
to 0. CF, PF, AF, OF, SF are cleared. 


Protected Mode Exceptions 
#GP(0) If the address in RCS violates DS limit or access rights. 
If DS segment is unusable. 
If RCX points to a memory location not 4Byte-aligned. 
If the address in RCX points to a page belonging to a non-debug enclave. 
If the address in RCX points to a page which is not PT_TCS, PT_REG or PT_VA. 
If the address in RCX points to a location inside TCS that is beyond SGX_TCS_LIMIT. 
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#PF(error code) If a page fault occurs in accessing memory operands. 
If the address in RCX points to a non-EPC page. 
If the address in RCX points to an invalid EPC page. 


64-Bit Mode Exceptions 
#GP(0) If RCX is non-canonical form. 

If RCX points to a memory location not 8Byte-aligned. 

If the address in RCX points to a page belonging to a non-debug enclave. 

If the address in RCX points to a page which is not PT_TCS, PT_REG or PT_VA. 

If the address in RCX points to a location inside TCS that is beyond SGX_TCS_LIMIT. 
#PF(error code) If a page fault occurs in accessing memory operands. 

If the address in RCX points to a non-EPC page. 

If the address in RCX points to an invalid EPC page. 
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EDBGWR—WwWrite to a Debug Enclave 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
EAX = O5H IR VIN SGX1 This leaf function writes a dword/quadword to a debug enclave. 
ENCLS[EDBGWR] 


Instruction Operand Encoding 
Op/En EAX RBX RCX 


Return error 


IR EDBGWR (In) code (Out) 


Data to be written to a debug enclave (In) | Address of Target memory in the EPC (In) 


Description 


This leaf function copies the content in EBX/RBX to an EPC page belonging to a debug enclave. Eight bytes are 
written in 64-bit mode, four bytes are written in non-64-bit modes. The size of data cannot be overridden. 


The effective address of the target location inside the EPC is provided in the register RCX. 


EDBGWR Memory Parameter Semantics 
EPCQW 


Write access permitted by Enclave 


The instruction faults if any of the following: 


EDBGWR Faulting Conditions 
RCX points into a page that is an SECS. RCX does not resolve to a naturally aligned linear address. 


RCX points to a page that does not belong to an RCX points to a location inside a TCS that is not the FLAGS word. 
enclave that is in debug mode. 


An operand causing any segment violation. May page fault. 
CPL > 0. 


The error codes are: 


Table 37-20. EDBGWR Return Value in RAX 
Error Code (see Table 37-4) Description 
No Error EDBGWR successful. 
SGX_PAGE_NOT_DEBUGGABLE The EPC page cannot be accessed because it is in the PENDING or MODIFIED state. 


This instruction ignores the EPCM RWxX attributes on the enclave page. Consequently, violation of EPCM RWxX attri- 
butes via EDBGRD does not result in a #GP. 
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Concurrency Restrictions 


Table 37-21. Base Concurrency Restrictions of EDBGWR 

Base Concurrency Restrictions 
Access On Conflict SGX_CONEFLICT VM Exit Qualification 
EDBGWR Target [DS:RCX] Shared #GP 


Leaf Parameter 


Table 37-22. Additional Concurrency Restrictions of EDBGWR 


Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EDBGWR _ | Target [DS:RCX] Concurrent Concurrent Concurrent 
Operation 
Temp Variables in EDBGWR Operational Flow 
Name Type Size (Bits) | Description 
TMP_MODE64 Binary 1 ((IA32_EFER.LMA = 1) && (CS.L = 1)). 
TMP_SECS 64 Physical address of SECS of the enclave to which source operand belongs. 


TMP_MODE64 := ((IA32_EFER.LMA = 1) && (CS.L = 1); 


IF ((TMP_MODE64 = 1) and (DS:RCX is not 8Byte Aligned) ) 
THEN #GP(0); Fl; 


IF ((TMP_MODE64 = 0) and (DS:RCX is not 4Byte Aligned) ) 
THEN #GP(0); Fl; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


(* make sure no other Intel SGX instruction is accessing the same EPCM entry *) 
IF (Another instruction modifying the same EPCM entry is executing) 
THEN #GP(0); Fl; 


IF (EPCM(DS:RCX).VALID = 0) 
THEN #PF(DS:RCX); Fl; 


(* make sure that DS:RCX (DST) is pointing to a PT_REG or PT_TCS or PT_SS_FIRST or PT_SS_REST *) 
IF ( (EPCM(DS:RCX).PT # PT_REG) and (EPCM(DS:RCX).PT # PT_TCS) 
and (EPCM(DS:RCX).PT # PT_SS_FIRST) and (EPCM(DS:RCX).PT # PT_SS_REST)) 
THEN #PF(DS:RCX); Fl; 


(* make sure that DS:RCX points to an accessible EPC page *) 
IF ((EPCM(DS:RCX).PENDING is not 0) or (EPCM(DS:RCS).MODIFIED is not 0) ) 
THEN 
RFLAGS.ZF := 1; 
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RAX := SGX_PAGE_NOT_DEBUGGABLE; 
GOTO DONE; 
Fl; 


(* If destination is a TCS, then make sure that the offset into the page can only point to the FLAGS field*) 
IF (( EPCM(DS:RCX). PT = PT_TCS) and ((DS:RCX) & FF8H # offset_of_FLAGS & OFF8H) ) 
THEN #GP(0); Fl; 


(* Locate the SECS for the enclave to which the DS:RCX page belongs *) 
TMP_SECS := GET_SECS_PHYS_ADDRESS(EPCM(DS:RCX).ENCLAVESECS); 


(* make sure the enclave owning the PT_REG or PT_TCS page allow debug *) 
IF (TMP_SECS.ATTRIBUTES.DEBUG = 0) 
THEN #GP(0); Fl; 


IF ((TMP_MODE64 = 1) ) 
THEN (DS:RCX)[63:0] := RBX[63:0]; 
ELSE (DS:RCX)[31:0] := EBX[31:0]; 
Fl; 


(* clear EAX and ZF to indicate successful completion *) 
RAX := 0; 
RFLAGS.ZF := 0; 


DONE: 
(* clear flags *) 
RFLAGS.CF,PF,AF,OF,SF := 0 


Flags Affected 


ZF is set if the page is MODIFIED or PENDING; RAX contains the error code. Otherwise ZF is cleared and RAX is set 
to 0. CF, PF, AF, OF, SF are cleared. 


Protected Mode Exceptions 
#GP(0) If the address in RCS violates DS limit or access rights. 

If DS segment is unusable. 

If RCX points to a memory location not 4Byte-aligned. 

If the address in RCX points to a page belonging to a non-debug enclave. 

If the address in RCX points to a page which is not PT_TCS or PT_REG. 

If the address in RCX points to a location inside TCS that is not the FLAGS word. 
#PF(error code) If a page fault occurs in accessing memory operands. 

If the address in RCX points to a non-EPC page. 

If the address in RCX points to an invalid EPC page. 


64-Bit Mode Exceptions 
#GP(0) If RCX is non-canonical form. 
If RCX points to a memory location not 8Byte-aligned. 
If the address in RCX points to a page belonging to a non-debug enclave. 
If the address in RCX points to a page which is not PT_TCS or PT_REG. 
If the address in RCX points to a location inside TCS that is not the FLAGS word. 
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#PF(error code) If a page fault occurs in accessing memory operands. 
If the address in RCX points to a non-EPC page. 
If the address in RCX points to an invalid EPC page. 
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EEXTEND—Extend Uninitialized Enclave Measurement by 256 Bytes 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 

EAX = O6H IR VN SGX1 This leaf function measures 256 bytes of an uninitialized enclave 

ENCLS[EEXTEND] page. 
Instruction Operand Encoding 

Op/En EAX EBX RCX 
IR EEXTEND (In) | §ffective address of the SECS of the | cgtactive address of a 256-byte chunk in the EPC (In) 
data chunk (In) 
Description 


This leaf function updates the MRENCLAVE measurement register of an SECS with the measurement of an EXTEND 
string compromising of “EEXTEND” || ENCLAVEOFFSET || PADDING || 256 bytes of the enclave page. This instruc- 
tion can only be executed when current privilege level is 0 and the enclave is uninitialized. 


RBX contains the effective address of the SECS of the region to be measured. The address must be the same as the 
one used to add the page into the enclave. 


RCX contains the effective address of the 256 byte region of an EPC page to be measured. The DS segment is used 
to create linear addresses. Segment override is not supported. 


EEXTEND Memory Parameter Semantics 
EPC[RCX] 


Read access by Enclave 


The instruction faults if any of the following: 


EEXTEND Faulting Conditions 
RBX does not resolve to an SECS. 


RBX does not point to the SECS page of the data chunk. 


RBX points to an address not 4KBytes aligned. 
RBX does not point to an SECS page. 


RCX points to an address not 256B aligned. RCX points to an unused page or a SECS. 
If SECS is locked. 


May page fault. 


RCX does not resolve in an EPC page. 
If the SECS is already initialized. 
CPL > 0. 


Concurrency Restrictions 


Table 37-23. Base Concurrency Restrictions of EEXTEND 


Base Concurrency Restrictions 
Leaf Parameter : : —— 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
EEXTEND Target [DS:RCX] Shared #GP 
SECS [DS:RBX] Concurrent 
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Table 37-24. Additional Concurrency Restrictions of EEXTEND 


Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EEXTEND | Target [DS:RCX] Concurrent Concurrent Concurrent 
SECS [DS:RBX] Concurrent Exclusive #GP Concurrent 
Operation 
Temp Variables in EEXTEND Operational Flow 
Name Type Size (Bits) | Description 
TMP_SECS 64 Physical address of SECS of the enclave to which source operand belongs. 
TMP_ENCLAVEOFFS | Enclave Offset | 64 The page displacement from the enclave base address. 
ET 
TMPUPDATEFIELD SHA256 Buffer | 512 Buffer used to hold data being added to TMP_SECS.MRENCLAVE. 


TMP_MODE64 := ((IA32_EFER.LMA = 1) && (CS.L = 1); 


IF (DS:RBX is not 4096 Byte Aligned) 


THEN #GP(0); Fl; 


IF (DS:RBX does not resolve to an EPC page) 
THEN #PF(DS:RBX); FI; 


IF (DS:RCX is not 256Byte Aligned) 


THEN #GP(0); Fl; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


(* make sure no other Intel SGX instruction is accessing EPCM *) 
IF (Other instructions accessing EPCM) 
THEN #GP(0); Fl; 


IF (EPCM(DS:RCX). VALID = 0) 
THEN #PF(DS:RCX); Fl; 


(* make sure that DS:RCX (DST) is pointing to a PT_REG or PT_TCS or PT_SS_FIRST or PT_SS_REST *) 
IF ( (EPCM(DS:RCX).PT # PT_REG) and (EPCM(DS:RCX).PT # PT_TCS) 
and (EPCM(DS:RCX).PT # PT_SS_FIRST) and (EPCM(DS:RCX).PT # PT_SS_REST)) 
THEN #PF(DS:RCX); Fl; 


TMP_SECS := Get_SECS_ADDRESS(); 


IF (DS:RBX does not resolve to TMP_SECS) 
THEN #GP(O); Fl; 


(* make sure no other instruction is accessing MRENCLAVE or ATTRIBUTES.INIT *) 
IF ( (Other instruction accessing MRENCLAVE) or (Other instructions checking or updating the initialized state of the SECS)) 
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THEN #GP(0); Fl; 


(* Calculate enclave offset *) 
TMP_ENCLAVEOFFSET := EPCM(DS:RCX).ENCLAVEADDRESS - TMP_SECS.BASEADDR; 
TMP_ENCLAVEOFFSET := TMP_ENCLAVEOFFSET + (DS:RCX & OFFFH) 


(* Add EEXTEND message and offset to MRENCLAVE *) 

TMPUPDATEFIELD[63:0] := 00444E4554584545H; // “EEXTEND” 

TMPUPDATEFIELD[1 27:64] := TMP_ENCLAVEOFFSET; 

TMPUPDATEFIELD[51 1:128] := 0; // 48 bytes 

TMP_SECS.MRENCLAVE := SHA256UPDATE(TMP_SECS.MRENCLAVE, TMPUPDATEFIELD) 
INC enclave’s MRENCLAVE update counter; 


(*Add 256 bytes to MRENCLAVE, 64 byte at a time *) 

TMP_SECS.MRENCLAVE := SHA256UPDATE(TMP_SECS.MRENCLAVE, DS:RCX[51 1:0] ); 
TMP_SECS.MRENCLAVE := SHA256UPDATE(TMP_SECS.MRENCLAVE, DS:RCX[1023: 512] ); 
TMP_SECS.MRENCLAVE := SHA256UPDATE(TMP_SECS.MRENCLAVE, DS:RCX[1535: 1024] ); 
TMP_SECS.MRENCLAVE := SHA256UPDATE(TMP_SECS.MRENCLAVE, DS:RCX[2047: 1536] ); 
INC enclave’s MRENCLAVE update counter by 4; 


Flags Affected 
None 


Protected Mode Exceptions 
#GP(0) If the address in RBX is outside the DS segment limit. 
If RBX points to an SECS page which is not the SECS of the data chunk. 
If the address in RCX is outside the DS segment limit. 
If RCX points to a memory location not 256Byte-aligned. 
If another instruction is accessing MRENCLAVE. 
If another instruction is checking or updating the SECS. 
If the enclave is already initialized. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If the address in RBX points to a non-EPC page. 
If the address in RCX points to a page which is not PT_TCS or PT_REG. 
If the address in RCX points to a non-EPC page. 
If the address in RCX points to an invalid EPC page. 


64-Bit Mode Exceptions 
#GP(0) If RBX is non-canonical form. 
If RBX points to an SECS page which is not the SECS of the data chunk. 
If RCX is non-canonical form. 
If RCX points to a memory location not 256 Byte-aligned. 
If another instruction is accessing MRENCLAVE. 
If another instruction is checking or updating the SECS. 
If the enclave is already initialized. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If the address in RBX points to a non-EPC page. 
If the address in RCX points to a page which is not PT_TCS or PT_REG. 
If the address in RCX points to a non-EPC page. 
If the address in RCX points to an invalid EPC page. 
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EINIT—Initialize an Enclave for Execution 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
EAX = 02H IR VIV SGX1 This leaf function initializes the enclave and makes it ready to 
ENCLS[EINIT] execute enclave code. 
Instruction Operand Encoding 
Op/En EAX RBX RCX RDX 
IR EINIT (In) Error code (Out) | Address of SIGSTRUCT (In) Address of SECS (In) Address of EINITTOKEN (In) 
Description 


This leaf function is the final instruction executed in the enclave build process. After EINIT, the MRENCLAVE 
measurement is complete, and the enclave is ready to start user code execution using the EENTER instruction. 


EINIT takes the effective address of a SIGSTRUCT and EINITTOKEN. The SIGSTRUCT describes the enclave 
including MRENCLAVE, ATTRIBUTES, ISVSVN, a 3072 bit RSA key, and a signature using the included key. 
SIGSTRUCT must be populated with two values, qi and q2. These are calculated using the formulas shown below: 


qi = floor(Signature? / Modulus); 
q2 = floor((Signature? - q1 * Signature * Modulus) / Modulus); 


The EINITTOKEN contains the MRENCLAVE, MRSIGNER, and ATTRIBUTES. These values must match the corre- 
sponding values in the SECS. If the EINITTOKEN was created with a debug launch key, the enclave must be in 
debug mode as well. 


Verify 
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MRENCLAVE 


Check 
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Figure 37-1. Relationships Between SECS, SIGSTRUCT and EINITTOKEN 


Vol. 3D 37-47 


INTEL® SGX INSTRUCTION REFERENCES 


EINIT Memory Parameter Semantics 


SIGSTRUCT SECS EINITTOKEN 


Access by non-Enclave Read/Write access by Enclave Access by non-Enclave 


EINIT performs the following steps, which can be seen in Figure 37-1: 
Validates that SIGSTRUCT is signed using the enclosed public key. 
Checks that the completed computation of SECS.MRENCLAVE equals SIGSTRUCT. HASHENCLAVE. 


Checks that no reserved bits are set to 1 in SIGSTRUCT.ATTRIBUTES and no reserved bits in SIGSTRUCT.ATTRI- 
BUTESMASK are set to 0. 


Checks that no controlled ATTRIBUTES bits are set in SIGSTRUCT.ATTRIBUTES unless the SHA256 digest of 
SIGSTRUCT.MODULUS equals IA32_SGX_LEPUBKEYHASH. 


Checks that SIGSTRUCT.ATTRIBUTES equals the result of logically and-ing SIGSTRUCT.ATTRIBUTEMASK with 
SECS.ATTRIBUTES. 


If EINITTOKEN.VALID is 0, checks that the SHA256 digest of SIGSTRUCT.MODULUS equals 
IA32_SGX_LEPUBKEYHASH. 


If EINITTTOKEN. VALID is 1, checks the validity of EINITTOKEN. 
If EINITTOKEN. VALID is 1, checks that EINITTTOKEN.MRENCLAVE equals SECS.MRENCLAVE. 
If EINITTOKEN. VALID is 1 and EINITTOKEN.ATTRIBUTES.DEBUG is 1, SECS.ATTRIBUTES.DEBUG must be 1. 


Commits SECS.MRENCLAVE, and sets SECS.MRSIGNER, SECS.ISVSVN, and SECS.ISVPRODID based on 
SIGSTRUCT. 

Update the SECS as Initialized. 

Periodically, EINIT polls for certain asynchronous events. If such an event is detected, it completes with failure code 
(ZF=1 and RAX = SGX_UNMASKED_EVENT), and RIP is incremented to point to the next instruction. These events 
includes external interrupts, non-maskable interrupts, system-management interrupts, machine checks, INIT 
signals, and the VMX-preemption timer. EINIT does not fail if the pending event is inhibited (e.g., external inter- 
rupts could be inhibited due to blocking by MOV SS blocking or by STI). 


The following bits in RFLAGS are cleared: CF, PF, AF, OF, and SF. When the instruction completes with an error, 
RFLAGS.ZF is set to 1, and the corresponding error bit is set in RAX. If no error occurs, RFLAGS.ZF is cleared and 
RAX is set to 0. 


The error codes are: 


Table 37-25. EINIT Return Value in RAX 


Error Code (see Table 37-4) Description 
No Error EINIT successful. 
SGX_INVALID_SIG_STRUCT If SIGSTRUCT contained an invalid value. 
SGX_INVALID_ATTRIBUTE If SIGSTRUCT contains an unauthorized attributes mask. 
SGX_INVALID_MEASUREMENT If SIGSTRUCT contains an incorrect measurement. 

If EINITTOKEN contains an incorrect measurement. 

SGX_INVALID_SIGNATURE If signature does not validate with enclosed public key. 
SGX_INVALID_LICENSE If license is invalid. 
SGX_INVALID_CPUSVN If license SVN is unsupported. 
SGX_UNMASKED_EVENT If an unmasked event is received before the instruction completes its operation. 
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Table 37-26. Base Concurrency Restrictions of EINIT 


it ee Base ae Restrictions a 
Access On Conflict SGX_CONEFLICT VM Exit Qualification 
EINIT SECS [DS:RCX] Shared #GP 
Table 37-27. Additional Concurrency Restrictions of ENIT 
Additional Concurrency Restrictions 
Leaf Parameter ates Alas plese! vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EINIT SECS [DS:RCX] Concurrent Exclusive #GP Concurrent 
Operation 
Temp Variables in EINIT Operational Flow 
Name Type Size Description 
TMP_SIG SIGSTRUCT 1808Bytes | Temp space for SIGSTRUCT. 
TMP_TOKEN EINITTOKEN 304Bytes | Temp space for EINITTOKEN. 
TMP_MRENCLAVE 32Bytes Temp space for calculating MRENCLAVE. 
TMP_MRSIGNER 32Bytes Temp space for calculating MRSIGNER. 
CONTROLLED_ATTRIBU | ATTRIBUTES 16Bytes Constant mask of all ATTRIBUTE bits that can only be set for authorized 
TES enclaves. 
TMP_KEYDEPENDENCIE | Buffer 224Bytes | Temp space for key derivation. 
S 
TMP_EINITTOKENKEY 16Bytes Temp space for the derived EINITTOKEN Key. 
TMP_SIG_PADDING PKCS Padding 352Bytes | The value of the top 352 bytes from the computation of Signature? 
Buffer modulo MRSIGNER. 


(* make sure SIGSTRUCT and SECS are aligned *) 
IF ( (DS:RBX is not 4KByte Aligned) or (DS:RCX is not 4KByte Aligned) ) 


THEN #GP(0); Fl; 


(* make sure the EINITTOKEN is aligned *) 
IF (DS:RDX is not 512Byte Aligned) 


THEN #GP(0); Fl; 


(* make sure the SECS is inside the EPC *) 


IF (DS:RCX does not resolve within an EPC) 


THEN #PF(DS:RCX); Fl; 


TMP_SIG[14463:0] := DS:RBX[14463:0]; // 1808 bytes 
TMP_TOKEN[2423:0] := DS:RDX[2423:0]; // 304 bytes 
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(* Verify SIGSTRUCT Header. *) 

IF ((TMP_SIG.HEADER # O6000000E1 000000000001 0000000000h) or 
((TMP_SIG.VENDOR # 0) and (TMP_SIG.VENDOR # O0008086h) ) or 
(TMP_SIG HEADER2 # 01010000600000006000000001 000000h) or 
(TMP_SIG.EXPONENT # OOO00003h) or (Reserved space is not 0's) ) 
THEN 

RFLAGS.ZF := 1; 
RAX := SGX_INVALID_SIG_STRUCT; 
GOTO EXIT; 

FI; 


(* Open “Event Window” Check for Interrupts. Verify signature using embedded public key, q1, and q2. Save upper 352 bytes of the 
PKCS1.5 encoded message into the TMP_SIG_PADDING*) 
IF (interrupt was pending) THEN 
RFLAGS.ZF := 1; 
RAX := SGX_UNMASKED_EVENT; 
GOTO ExIT; 
Fl 
IF (signature failed to verify) THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_SIGNATURE; 
GOTO ExIT; 
Fl; 
(*Close “Event Window" *) 


(* make sure no other Intel SGX instruction is modifying SECS*) 
IF (Other instructions modifying SECS) 
THEN #GP(0); Fl; 


IF ( (EPCM(DS:RCX). VALID = 0) or (EPCM(DS:RCX).PT # PT_SECS) ) 
THEN #PF(DS:RCX); Fl; 


(* Verify ISVFAMILYID is not used on an enclave with KSS disabled *) 
IF ((TMP_SIG.ISVFAMILYID != 0) AND (DS:RCX.ATTRIBUTES.KSS == 0)) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_SIG_STRUCT; 
GOTO EXIT; 
FI; 


(* make sure no other instruction is accessing MRENCLAVE or ATTRIBUTES.INIT *) 
IF ( (Other instruction modifying MRENCLAVE) or (Other instructions modifying the SECS's Initialized state)) 
THEN #GP(0); Fl; 


(* Calculate finalized version of MRENCLAVE *) 
(* SHA256 algorithm requires one last update that compresses the length of the hashed message into the output SHA256 digest *) 
TMP_ENCLAVE := SHA256FINAL( (DS:RCX).MRENCLAVE, enclave's MRENCLAVE update count *51 2); 


(* Verify MRENCLAVE from SIGSTRUCT *) 

IF (TMP_SIG.ENCLAVEHASH # TMP_MRENCLAVE) 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_MEASUREMENT; 
GOTO EXIT; 

Fl; 
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TMP_MRSIGNER := SHA256(TMP_SIG.MODULUS) 


(* if controlled ATTRIBUTES are set, SIGSTRUCT must be signed using an authorized key *) 
CONTROLLED_ATTRIBUTES := OOOO000000000020H; 
IF (( (DS:RCX.ATTRIBUTES & CONTROLLED_ATTRIBUTES) # 0) and (TMP_MRSIGNER # IA32_SGXLEPUBKEYHASH) ) 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_ATTRIBUTE; 
GOTO ExIT; 
Fl; 


(* Verify SIGSTRUCT.ATTRIBUTE requirements are met *) 

IF ((DS:RCX.ATTRIBUTES & TMP_SIGAATTRIBUTEMASK) # (TMP_SIG.ATTRIBUTE & TMP_SIG.ATTRIBUTEMASK) ) 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_ATTRIBUTE; 
GOTO EXIT; 

FI; 


( *Verify SIGSTRUCT.MISCSELECT requirements are met *) 
IF ( (DS:RCX.MISCSELECT & TMP_SIG.MISCMASK) # (TMP_SIG.MISCSELECT & TMP_SIG.MISCMASK) ) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_ATTRIBUTE; 
GOTO EXIT 
FI; 


IF (CPUID.(EAX=1 2H, ECX=1):EAX[6] = 1) 
IF (DS:RCX.CET_ATTRIBUTES & TMP_SIG.CET_ATTRIBUTES_MASK # TMP_SIG.CET_ATTRIBUTES & 
TMP_SIG.CET_ATTRIB-UTES_MASK ) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_ATTRIBUTE; 
GOTO EXIT 
Fl; 
Fl; 


(* If EINITTOKEN.VALID[0] is 0, verify the enclave is signed by an authorized key *) 
IF (TMP_TOKEN.VALID[0] = 0) 
IF (TMP_MRSIGNER # IA32_SGXLEPUBKEYHASH) 


RFLAGS.ZF := 1; 
RAX := SGX_INVALID_EINITTOKEN; 
GOTO EXIT; 

Fl; 

GOTO COMMIT; 


Fl; 


(* Debug Launch Enclave cannot launch Production Enclaves *) 

IF ( (DS:RDX.MASKEDATTRIBUTESLE.DEBUG = 1) and (DS:RCX.ATTRIBUTES.DEBUG = 0) ) 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_EINITTOKEN; 
GOTO EXIT; 

FI; 
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(* Check reserve space in EINIT token includes reserved regions and upper bits in valid field *) 
IF (TMP_TOKEN reserved space is not clear) 

RFLAGS.ZF := 1; 

RAX := SGX_INVALID_EINITTOKEN; 

GOTO EXIT; 
Fl; 


(* EINIT token must not have been created by a configuration beyond the current CPU configuration *) 
IF (TMP_TOKEN.CPUSVN must not be a configuration beyond CR_CPUSVN) 

RFLAGS.ZF := 1; 

RAX := SGX_INVALID_CPUSVN; 

GOTO ExIT; 
Fl; 


(* Derive Launch key used to calculate EINITTOKEN.MAC *) 

HARDCODED_PKCS1_5_PADDING[1 5:0] := 0100H; 

HARDCODED_PKCS1_5_PADDING[2655:16] := SignExtend330Byte(-1); // 330 bytes of OFFH 
HARDCODED_PKCS1_5_PADDING[2815:2656] := 2004000501020403650148866009060D30313000H; 


TMP_KEYDEPENDENCIES.KEYNAME := EINITTOKEN_KEY; 
TMP_KEYDEPENDENCIES.ISVFAMILYID := 0; 
TMP_KEYDEPENDENCIES.ISVEXTPRODID := 0; 
TMP_KEYDEPENDENCIES.ISVPRODID := TMP_TOKEN.ISVPRODIDLE; 
TMP_KEYDEPENDENCIES.ISVSVN := TMP_TOKEN.ISVSVNLE; 
TMP_KEYDEPENDENCIES.SGXOWNEREPOCH := CR_SGXOWNEREPOCH; 
TMP_KEYDEPENDENCIES.ATTRIBUTES := TMP_TOKEN.MASKEDATTRIBUTESLE; 
TMP_KEYDEPENDENCIES.ATTRIBUTESMASK := 0; 
TMP_KEYDEPENDENCIES.MRENCLAVE := 0; 
TMP_KEYDEPENDENCIES.MRSIGNER := |A32_SGXLEPUBKEYHASH; 
TMP_KEYDEPENDENCIES.KEYID := TMP_TOKEN.KEYID; 
TMP_KEYDEPENDENCIES.SEAL_KEY_FUSES := CR_SEAL_FUSES; 
TMP_KEYDEPENDENCIES.CPUSVN := TMP_TOKEN.CPUSVNLE; 
TMP_KEYDEPENDENCIES.MISCSELECT := TMP_TOKEN.MASKEDMISCSELECTLE; 
TMP_KEYDEPENDENCIES.MISCMASK := 0; 

TMP_KEYDEPENDENCIES.PADDING := HARDCODED_PKCS1_5_ PADDING; 

TMP_KEYDEPENDENCIES.KEYPOLICY := 0; 

TMP_KEYDEPENDENCIES.CONFIGID := 0; 

TMP_KEYDEPENDENCIES.CONFIGSVN := 0; 

IF (CPUID.(EAX=1 2H, ECX=1):EAX[6] = 1)) 
TMP_KEYDEPENDENCIES.CET_ATTRIBUTES := TMP_TOKEN.CET_MASKED_ATTRIBUTES_ LE; 
TMP_KEYDEPENDENCIES.CET_ATTRIBUTES_MASK := 0; 

Fl; 


(* Calculate the derived key*) 
TMP_EINITTOKENKEY := derivekey(TMP_KEYDEPENDENCIES); 


(* Verify EINITTOKEN was generated using this CPU’s Launch key and that it has not been modified since issuing by the Launch 
Enclave. Only 192 bytes of EINITTOKEN are CMACed *) 
IF (TMP_TOKEN.MAC # CMAC(TMP_EINITTOKENKEY, TMP_TOKEN[1535:0] ) ) 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_EINITTOKEN; 
GOTO EXIT; 
Fl; 
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(* Verify EINITTOKEN (RDX) is for this enclave *) 

IF ((TMP_TOKEN.MRENCLAVE # TMP_MRENCLAVE) or (TMP_TOKEN.MRSIGNER # TMP_MRSIGNER) ) 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_MEASUREMENT; 
GOTO EXIT; 

FI; 


(* Verify ATTRIBUTES in EINITTOKEN are the same as the enclave's *) 
IF (TMP_TOKEN.ATTRIBUTES # DS:RCX.ATTRIBUTES) 

RFLAGS.ZF := 1; 

RAX := SGX_INVALID_EINIT_ATTRIBUTE; 

GOTO EXIT; 
FI; 


COMMIT: 

(* Commit changes to the SECS; Set ISVPRODID, ISVSVN, MRSIGNER, INIT ATTRIBUTE fields in SECS (RCX) *) 
DS:RCX.MRENCLAVE := TMP_MRENCLAVE; 

(* MRSIGNER stores a SHA256 in little endian implemented natively on x86 *) 

DS:RCX.MRSIGNER := TMP_MRSIGNER; 

DS:RCX.ISVEXTPRODID := TMP_SIG.ISVEXTPRODID; 

DS:RCX.ISVPRODID := TMP_SIG.ISVPRODID; 

DS:RCX.ISVSVN := TMP_SIG.ISVSVN; 

DS:RCX.ISVFAMILYID := TMP_SIG.ISVFAMILYID; 

DS:RCX.PADDING := TMP_SIG_PADDING; 


(* Mark the SECS as initialized *) 
Update DS:RCX to initialized; 


(* Set RAX and ZF for success*) 
RFLAGS.ZF := 0; 
RAX := 0; 

EXIT: 

RFLAGS.CF,PF,AF,OF,SF := 0; 


Flags Affected 
ZF is cleared if successful, otherwise ZF is set and RAX contains the error code. CF, PF, AF, OF, SF are cleared. 


Protected Mode Exceptions 
#GP(0) If a memory operand is not properly aligned. 
If another instruction is modifying the SECS. 
If the enclave is already initialized. 
If the SECS.MRENCLAVE is in use. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If RCX does not resolve in an EPC page. 
If the memory address is not a valid, uninitialized SECS. 


64-Bit Mode Exceptions 

#GP(0) If a memory operand is not properly aligned. 
If another instruction is modifying the SECS. 
If the enclave is already initialized. 
If the SECS.MRENCLAVE is in use. 
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#PF(error code) If a page fault occurs in accessing memory operands. 
If RCX does not resolve in an EPC page. 
If the memory address is not a valid, uninitialized SECS. 
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ELDB/ELDU/ELDBC/ELDUC—Load an EPC Page and Mark its State 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 

Support | Flag 
EAX = 07H IR VIN SGX1 This leaf function loads, verifies an EPC page and marks the page 
ENCLS[ELDB] as blocked. 
EAX = 08H IR VIN SGX1 This leaf function loads, verifies an EPC page and marks the page 
ENCLS[ELDU] as unblocked. 
EAX = 12H IR VV EAX[6] This leaf function behaves lie ELDB but with improved conflict 
ENCLS[ELDBC] handling for oversubscription. 
EAX = 13H IR VIV EAX[6] This leaf function behaves like ELDU but with improved conflict 
ENCLS[ELDUC] handling for oversubscription. 


Instruction Operand Encoding 


Op/En EAX RBX RCX RDX 
ELDB/ELDU Return error Address of the PAGEINFO | Address of the EPC page Address of the version- 
IR 
(In) code (Out) (In) (In) array slot (In) 
Description 


This leaf function copies a page from regular main memory to the EPC. As part of the copying process, the page is 
cryptographically authenticated and decrypted. This instruction can only be executed when current privilege level 
is 0. 

The ELDB leaf function sets the BLOCK bit in the EPCM entry for the destination page in the EPC after copying. The 
ELDU leaf function clears the BLOCK bit in the EPCM entry for the destination page in the EPC after copying. 


RBX contains the effective address of a PAGEINFO structure; RCX contains the effective address of the destination 
EPC page; RDX holds the effective address of the version array slot that holds the version of the page. 


The ELDBC/ELDUC leafs are very similar to ELDB and ELDU. They provide an error code on the concurrency conflict 
for any of the pages which need to acquire a lock. These include the destination, SECS, and VA slot. 


The table below provides additional information on the memory parameter of ELDB/ELDU leaf functions. 


ELDB/ELDU/ELDBC/ELBUC Memory Parameter Semantics 


PAGEINFO PAGEINFO.SRCPGE PAGEINFO.PCMD PAGEINFO.SECS EPCPAGE Version-Array Slot 
Non-enclave Non-enclave read Non-enclave read | Enclave read/write Read/Write access Read/Write access per- 
read access access access access permitted by Enclave mitted by Enclave 


The error codes are: 


Table 37-28. ELDB/ELDU/ELDBC/ELBUC Return Value in RAX 


Error Code (see Table 37-4) Description 
No Error ELDB/ELDU successful. 
SGX_MAC_COMPARE_FAIL If the MAC check fails. 
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Concurrency Restrictions 


Table 37-29. Base Concurrency Restrictions of ELDB/ELDU/ELDBC/ELBUC 


Base Concurrency Restrictions 
Leaf Parameter = ; eae 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
ELDB/ELDU Target [DS:RCX] Exclusive #GP EPC_PAGE_CONFLICT_EXCEPTION 
VA [DS:RDX] Shared #GP 
SECS [DS:RBX]PAGEINFO.SECS Shared #GP 
ELDBC/ELBUC | Target [DS:RCX] Exclusive SGX_EPC_PAGE_ | EPC_PAGE_CONFLICT_ERROR 
CONFLICT 
VA [DS:RDX] Shared SGX_EPC_PAGE_ 
CONFLICT 
SECS [DS:RBX]PAGEINFO.SECS Shared SGX_EPC_PAGE_ 
CONFLICT 


Table 37-30. Additional Concurrency Restrictions of ELDB/ELDU/ELDBC/ELBUC 


Additional Concurrency Restrictions 
Leaf Parameter eneteercors ucbRe be a aaa vs. ETRACK, ETRACKC 
EMODPR, EMODT 
Access On Conflict Access On Conflict Access On Conflict 
ELDB/ELDU | Target [DS:RCX] Concurrent Concurrent Concurrent 
VA [DS:RDX] Concurrent Concurrent Concurrent 
SECS [DS:RBX]PAGEINFO.SECS | Concurrent Concurrent Concurrent 
ELDBC/ELBUC | Target [DS:RCX] Concurrent Concurrent Concurrent 
VA [DS:RDX] Concurrent Concurrent Concurrent 
SECS [DS:RBX]PAGEINFO.SECS | Concurrent Concurrent Concurrent 
Operation 


Temp Variables in ELDB/ELDU/ELDBC/ELBUC Operational Flow 


Name Type Size (Bits) | Description 
TMP_SRCPGE Memory page 4kKBytes 

TMP_SECS Memory page 4KBytes 

TMP_PCMD PCMD 128 Bytes 

TMP_HEADER MACHEADER 128 Bytes 

TMP_VER UINT64 64 

TMP_MAC UINT128 128 

TMP_PK UINT128 128 Page encryption/MAC key. 
SCRATCH_PCMD PCMD 128 Bytes 


(* Check PAGEINFO and EPCPAGE alignment *) 
IF ( (DS:RBX is not 32Byte Aligned) or (DS:RCX is not 4KByte Aligned) ) 
THEN #GP(0); Fl; 
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IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


(* Check VASLOT alignment *) 
IF (DS:RDX is not 8Byte aligned) 
THEN #GP(0); Fl; 


IF (DS:RDX does not resolve within an EPC) 
THEN #PF(DS:RDX); FI; 


TMP_SRCPGE := DS:RBX.SRCPGE; 
TMP_SECS := DS:RBX.SECS; 
TMP_PCMD := DS:RBX.PCMD; 


(* Check alignment of PAGEINFO (RBX) linked parameters. Note: PCMD pointer is overlaid on top of PAGEINFO.SECINFO field *) 
IF ((DS:TMP_PCMD is not 128Byte aligned) or (DS:TMP_SRCPGE is not 4KByte aligned) ) 
THEN #GP(0); Fl; 


(* Check concurrency of EPC by other Intel SGX instructions *) 
IF (other instructions accessing EPC) 
THEN 
IF ((EAX==07h) OR (EAX==08h)) (* ELDB/ELDU *) 
THEN 
IF (<<VMX non-root operation>> AND 
<<ENABLE_EPC_VIRTUALIZATION_EXTENSIONS> >) 
THEN 
VMCS.Exit_reason := SGX_CONFLICT; 
VMCS.Exit_qualification.code := EPC_PAGE_CONFLICT_EXCEPTION; 
VMCS.Exit_qualification.error := 0; 
VMCS.Guest-physical_address := 
<< translation of DS:RCX produced by paging >>; 
VMCS.Guest-linear_address := DS:RCX; 
Deliver VMEXIT; 
ELSE 
#GP(0); 
Fl; 
ELSE (* ELDBC/ELDUC *) 
IF (<<VMX non-root operation>> AND 
<<ENABLE_EPC_VIRTUALIZATION_EXTENSIONS> >) 
THEN 
VMCS.Exit_reason := SGX_CONFLICT; 
VMCS.Exit_qualification.code := EPC_PAGE_CONFLICT_ERROR; 
VMCS.Exit_qualification.error := SGX_EPC_PAGE_CONFLICT; 
VMCS.Guest-physical_address := 
<< translation of DS:RCX produced by paging >>; 
VMCS.Guest-linear_address := DS:RCX; 
Deliver VMEXIT; 
ELSE 
RFLAGS.ZF := 1; 
RFLAGS.CF := 0; 
RAX := SGX_EPC_PAGE_CONFLICT; 
GOTO ERROR_EXIT; 
Fl; 
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Fl; 
Fl; 


(* Check concurrency of EPC and VASLOT by other Intel SGX instructions *) 
IF (Other instructions modifying VA slot) 


THEN 
IF ((EAX==07h) OR (EAX==08h)) (* ELDB/ELDU *) 
#GP(0); 
Fl; 
ELSE (* ELDBC/ELDUC *) 
RFLAGS.ZF := 1; 
RFLAGS.CF := 0; 


RAX := SGX_EPC_PAGE_CONFLICT; 
GOTO ERROR_EXIT; 
Fl; 


(* Verify EPCM attributes of EPC page, VA, and SECS *) 
IF (EPCM(DS:RCX).VALID = 1) 
THEN #PF(DS:RCX); Fl; 


IF ( (EPCM(DS:RDX & ~OFFFH).VALID = 0) or (EPCM(DS:RDX & ~OFFFH).PT # PT_VA) ) 
THEN #PF(DS:RDX); Fl; 


(* Copy PCMD into scratch buffer *) 
SCRATCH_PCMD[1023: 0] := DS:TMP_PCMD[1023:0}; 


(* Zero out TMP_HEADER*) 
TMP_HEADER{sizeof(TMP_HEADER)-1: 0] := 0; 


TMP_HEADER.SECINFO := SCRATCH_PCMD.SECINFO; 
TMP_HEADER.RSVD := SCRATCH_PCMD.RSVD; 
TMP_HEADER.LINADDR := DS:RBX.LINADDR; 


(* Verify various attributes of SECS parameter *) 
IF ((TMP_HEADER.SECINFO.FLAGS.PT = PT_REG) or (TMP_HEADER.SECINFO.FLAGS.PT = PT_TCS) or 
(TMP_HEADER.SECINFO.FLAGS.PT = PT_TRIM) or 
(TMP_HEADER.SECINFO.FLAGS.PT = PT_SS_FIRST and CPUID.(EAX=12H, ECX=1):EAX[6] = 1) or 
(TMP_HEADER.SECINFO.FLAGS.PT = PT_SS_REST and CPUID.(EAX=1 2H, ECX=1):EAX[6] = 1)) 
THEN 
IF (DS:TMP_SECS is not 4KByte aligned) 
THEN #GP(0) Fl; 
IF (DS:TMP_SECS does not resolve within an EPC) 
THEN #PF(DS:TMP_SECS) FI; 
IF ( Other instructions modifying SECS) 
THEN 
IF ((EAX==07h) OR (EAX==08h)) (* ELDB/ELDU *) 
#GP(0); 
FI; 
ELSE (* ELDBC/ELDUC *) 
RFLAGS.ZF := 1; 
RFLAGS.CF := 0; 
RAX := SGX_EPC_PAGE_CONFLICT; 
GOTO ERROR_EXIT; 
FI; 
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Fl; 


IF ((TMP_HEADER.SECINFO.FLAGS.PT = PT_REG) or (TMP_HEADER.SECINFO.FLAGS.PT = PT_TCS) or 
(TMP_HEADER.SECINFO.FLAGS.PT = PT_TRIM) or 
(TMP_HEADER.SECINFO.FLAGS.PT = PT_SS_FIRST and CPUID.(EAX=12H, ECX=1):EAX[6] = 1) or 
(TMP_HEADER.SECINFO.FLAGS.PT = PT_SS_REST and CPUID.(EAX=12H, ECX=1):EAX[6] = 1)) 
THEN 
TMP_HEADER.EID := DS:TMP_SECS.EID; 
ELSE 
(* These pages do not have any parent, and hence no EID binding *) 
TMP_HEADER.EID := 0; 
Fl; 


(* Copy 4KBytes SRCPGE to secure location *) 
DS:RCX[32767: 0] := DS:TMP_SRCPGE[32767: 0]; 
TMP_VER := DS:RDX[63:0]; 


(* Decrypt and MAC page. AES_GCM_DEC has 2 outputs, {plain text, MAC} *) 
(* Parameters for AES_GCM_DEC {Key, Counter, ..} *) 
{DS:RCX, TMP_MAC} := AES_GCM_DEC(CR_BASE_PK, TMP_VER << 32, TMP_HEADER, 128, DS:RCX, 4096); 


IF ((TMP_MAC # DS:TMP_PCMD.MAC) ) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_MAC_COMPARE_FAIL; 
GOTO ERROR_EXIT; 
Fl; 


(* Check version before committing *) 
IF (DS:RDX # 0) 
THEN #GP(0); 
ELSE 
DS:RDX := TMP_VER; 
FI; 


(* Commit EPCM changes *) 

EPCM(DS:RCX).PT := TMP_HEADER.SECINFO.FLAGS.PT; 
EPCM(DS:RCX).RWX := TMP_HEADER.SECINFO.FLAGS.RWX; 
EPCM(DS:RCX).PENDING := TMP_HEADER.SECINFO.FLAGS.PENDING; 
EPCM(DS:RCX).MODIFIED := TMP_HEADER.SECINFO.FLAGS.MODIFIED; 
EPCM(DS:RCX).PR := TMP_HEADER.SECINFO.FLAGS.PR; 
EPCM(DS:RCX).ENCLAVEADDRESS := TMP_HEADER.LINADDR; 


IF ( ((EAX = 07H) or (EAX = 12H)) and (TMP_HEADER.SECINFO.FLAGS.PT is NOT PT_SECS or PT_VA)) 
THEN 
EPCM(DS:RCX).BLOCKED := 1; 
ELSE 
EPCM(DS:RCX).BLOCKED := 0; 
Fl; 


IF (TMP_HEADER.SECINFO.FLAGS.PT is PT_SECS) 


<< store translation of DS:RCX produced by paging in SECS(DS:RCX).ENCLAVECONTEXT >> 
Fl; 
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EPCM(DS:RCX). VALID := 1; 


RAX := 0; 
RFLAGS.ZF := 0; 


ERROR_EXIT: 
RFLAGS.CF,PF,AF,OF,SF := 0; 


Flags Affected 
Sets ZF if unsuccessful, otherwise cleared and RAX returns error code. Clears CF, PF, AF, OF, SF. 


Protected Mode Exceptions 
#GP(0) If a memory operand effective address is outside the DS segment limit. 
If a memory operand is not properly aligned. 
If the instruction’s EPC resource is in use by others. 
If the instruction fails to verify MAC. 
If the version-array slot is in use. 
If the parameters fail consistency checks. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand expected to be in EPC does not resolve to an EPC page. 
If one of the EPC memory operands has incorrect page type. 
If the destination EPC page is already valid. 


64-Bit Mode Exceptions 
#GP(0) If a memory operand is non-canonical form. 
If a memory operand is not properly aligned. 
If the instruction’s EPC resource is in use by others. 
If the instruction fails to verify MAC. 
If the version-array slot is in use. 
If the parameters fail consistency checks. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand expected to be in EPC does not resolve to an EPC page. 
If one of the EPC memory operands has incorrect page type. 
If the destination EPC page is already valid. 
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EMODPR—Restrict the Permissions of an EPC Page 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
EAX = OEH IR VIV SGX2 This leaf function restricts the access rights associated with a 
ENCLS[EMODPR] EPC page in an initialized enclave. 


Instruction Operand Encoding 


Op/En EAX RBX RCX 
IR EMODPR (In) Return Error Code (Out) Address of a SECINFO (In) Address of the destination EPC page (In) 
Description 


This leaf function restricts the access rights associated with an EPC page in an initialized enclave. THE RWxX bits of 
the SECINFO parameter are treated as a permissions mask; supplying a value that does not restrict the page 
permissions will have no effect. This instruction can only be executed when current privilege level is 0. 


RBX contains the effective address of a SECINFO structure while RCX contains the effective address of an EPC 
page. The table below provides additional information on the memory parameter of the EMODPR leaf function. 


EMODPR Memory Parameter Semantics 


SECINFO EPCPAGE 


Read access permitted by Non Enclave Read/Write access permitted by Enclave 


The instruction faults if any of the following: 


EMODPR Faulting Conditions 
The operands are not properly aligned. If unsupported security attributes are set. 
The Enclave is not initialized. SECS is locked by another thread. 
The EPC page is locked by another thread. RCX does not contain an effective address of an EPC page in the running enclave. 
The EPC page is not valid. 


The error codes are: 


Table 37-31. EMODPR Return Value in RAX 


Error Code (see Table 37-4) Description 
No Error EMODPR successful. 
SGX_PAGE_NOT_MODIFIABLE The EPC page cannot be modified because it is in the PENDING or MODIFIED state. 
SGX_EPC_PAGE_CONFLICT Page is being written by EADD, EAUG, ECREATE, ELDU/B, EMODT, or EWB. 


Concurrency Restrictions 


Table 37-32. Base Concurrency Restrictions of EMODPR 
Base Concurrency Restrictions 


Access On Conflict SGX_CONEFLICT VM Exit Qualification 
EMODPR Target [DS:RCX] Shared #GP 


Leaf Parameter 
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Table 37-33. Additional Concurrency Restrictions of EMODPR 


Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 

Access On Conflict Access On Conflict Access On Conflict 

EMODPR _ | Target [DS:RCX] Exclusive SGX_EPC_PAGE | Concurrent Concurrent 
_CONFLICT 
Operation 

Temp Variables in EMODPR Operational Flow 
Name Type Size (bits) | Description 
TMP_SECS Effective Address 32/64 Physical address of SECS to which EPC operand belongs. 
SCRATCH_SECINFO SECINFO 512 Scratch storage for holding the contents of DS:RBX. 


IF (DS:RBX is not 64Byte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX is not 4KByte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


SCRATCH_SECINFO := DS:RBX; 


(* Check for misconfigured SECINFO flags*) 

IF ((SCRATCH_SECINFO reserved fields are not zero ) or 
(SCRATCH_SECINFO.FLAGS.R is 0 and SCRATCH_SECINFO.FLAGS.W is not 0) ) 
THEN #GP(0); Fl; 


(* Check concurrency with SGX1 or SGX2 instructions on the EPC page *) 
IF (SGX1 or other SGX2 instructions accessing EPC page) 
THEN #GP(0); Fl; 


IF (EPCM(DS:RCX).VALID is 0 ) 
THEN #PF(DS:RCX); Fl; 


(* Check the EPC page for concurrency *) 
IF (EPC page in use by another SGX2 instruction) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_EPC_PAGE_CONFLICT; 
GOTO DONE; 
Fl; 


IF (EPCM(DS:RCX).PENDING is not 0 or (EPCM(DS:RCX).MODIFIED is not 0) ) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_PAGE_NOT_MODIFIABLE; 
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GOTO DONE; 
Fl; 


IF (EPCM(DS:RCX).PT is not PT_REG) 
THEN #PF(DS:RCX); Fl; 


TMP_SECS := GET_SECS_ADDRESS 


IF (TMP_SECS.ATTRIBUTES.INIT = 0) 
THEN #GP(0); Fl; 


(* Set the PR bit to indicate that permission restriction is in progress *) 
EPCM(DS:RCX).PR := 1; 


(* Update EPCM permissions *) 

EPCM(DS:RCX).R := EPCM(DS:RCX).R & SCRATCH_SECINFO.FLAGS.R; 
EPCM(DS:RCX).W := EPCM(DS:RCX).W & SCRATCH_SECINFO.FLAGS.W; 
EPCM(DS:RCX).X := EPCM(DS:RCX).X & SCRATCH_SECINFO.FLAGS.X; 


RFLAGS.ZF := 0; 
RAX := 0; 


DONE: 
RFLAGS.CF,PF,AF,OF,SF := 0; 


Flags Affected 


Sets ZF if page is not modifiable or if other SGX2 instructions are executing concurrently, otherwise cleared. Clears 
CF, PF, AF, OF, SF. 


Protected Mode Exceptions 

#GP(0) If a memory operand effective address is outside the DS segment limit. 
If a memory operand is not properly aligned. 
If a memory operand is locked. 

#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 


64-Bit Mode Exceptions 

#GP(0) If a memory operand is non-canonical form. 
If a memory operand is not properly aligned. 
If a memory operand is locked. 

#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 
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EMODT—Change the Type of an EPC Page 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
EAX = OFH IR VIN SGX2 This leaf function changes the type of an existing EPC page. 
ENCLS[EMODT] 


Instruction Operand Encoding 


Op/En EAX RBX RCX 
IR EMODT (In) Return Error Code (Out) Address of a SECINFO (In) Address of the destination EPC page (In) 
Description 


This leaf function modifies the type of an EPC page. The security attributes are configured to prevent access to the 
EPC page at its new type until a corresponding invocation of the EACCEPT leaf confirms the modification. This 
instruction can only be executed when current privilege level is 0. 


RBX contains the effective address of a SECINFO structure while RCX contains the effective address of an EPC page. 
The table below provides additional information on the memory parameter of the EMODT leaf function. 


EMODT Memory Parameter Semantics 


SECINFO EPCPAGE 


Read access permitted by Non Enclave Read/Write access permitted by Enclave 


The instruction faults if any of the following: 


EMODT Faulting Conditions 
The operands are not properly aligned. If unsupported security attributes are set. 
The Enclave is not initialized. SECS is locked by another thread. 
The EPC page is locked by another thread. RCX does not contain an effective address of an EPC page in the running enclave. 
The EPC page is not valid. 


The error codes are: 


Table 37-34. EMODT Return Value in RAX 


Error Code (see Table 37-4) Description 
No Error EMODT successful. 
SGX_PAGE_NOT_MODIFIABLE The EPC page cannot be modified because it is in the PENDING or MODIFIED state. 
SGX_EPC_PAGE_CONFLICT Page is being written by EADD, EAUG, ECREATE, ELDU/B, EMODPR, or EWB. 


Concurrency Restrictions 


Table 37-35. Base Concurrency Restrictions of EMODT 


Base Concurrency Restrictions 
Leaf Parameter J ___________________ 
Access On Conflict SGX_CONEFLICT VM Exit Qualification 
EMODT Target [DS:RCX] Exclusive SGX_EPC_PAGE_ | EPC_PAGE_CONFLICT_ERROR 
CONFLICT 
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Table 37-36. Additional Concurrency Restrictions of EMODT 


Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EMODT Target [DS:RCX] Exclusive SGX_EPC_PAGE | Concurrent Concurrent 
_CONFLICT 
Operation 
Temp Variables in EMODT Operational Flow 

Name Type Size (bits) | Description 

TMP_SECS Effective Address 32/64 Physical address of SECS to which EPC operand belongs. 
SCRATCH_SECINFO SECINFO 512 Scratch storage for holding the contents of DS:RBX. 


IF (DS:RBX is not 64Byte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX is not 4KByte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


SCRATCH_SECINFO := DS:RBX; 


(* Check for misconfigured SECINFO flags*) 

IF ((SCRATCH_SECINFO reserved fields are not zero ) or 
\(SCRATCH_SECINFO.FLAGS.PT is PT_TCS or SCRATCH_SECINFO.FLAGS.PT is PT_TRIM) ) 
THEN #GP(0); Fl; 


(* Check concurrency with SGX1 instructions on the EPC page *) 
IF (other SGX1 instructions accessing EPC page) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_EPC_PAGE_CONFLICT; 
GOTO DONE; 
Fl; 


IF (EPCM(DS:RCX).VALID is 0) 
THEN #PF(DS:RCX); Fl; 


(* Check the EPC page for concurrency *) 
IF (EPC page in use by another SGX2 instruction) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_EPC_PAGE_CONFLICT; 
GOTO DONE; 
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Fl; 


IF ((EPCM(DS:RCX).PT is PT_REG or 
((EPCM(DS:RCX).PT is PT_TCS or PT_SS_FIRST or PT_SS_REST) and SCRATCH_SECINFO.FLAGS.PT is PT_TRIM))) 
THEN #PF(DS:RCX); Fl; 


IF (EPCM(DS:RCX).PENDING is not O or (EPCM(DS:RCX).MODIFIED is not 0) ) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_PAGE_NOT_MODIFIABLE; 
GOTO DONE; 
Fl; 


TMP_SECS := GET_SECS_ADDRESS 


IF (TMP_SECS.ATTRIBUTES.INIT = 0) 
THEN #GP(0); Fl; 


(* Update EPCM fields *) 

EPCM(DS:RCX).PR := O; 

EPCM(DS:RCX).MODIFIED := 1; 

EPCM(DS:RCX).R := 0 

EPCM(DS:RCX).W := 0; 

EPCM(DS:RCX).X := 0 

EPCM(DS:RCX).PT := SCRATCH_SECINFO.FLAGS.PT; 


RFLAGS.ZF := 0; 
RAX := 0; 


DONE: 
RFLAGS.CF,PF,AF,OF,SF := 0; 


Flags Affected 


Sets ZF if page is not modifiable or if other SGX2 instructions are executing concurrently, otherwise cleared. Clears 
CF, PF, AF, OF, SF. 


Protected Mode Exceptions 

#GP(0) If a memory operand effective address is outside the DS segment limit. 
If a memory operand is not properly aligned. 
If a memory operand is locked. 

#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 


64-Bit Mode Exceptions 

#GP(0) If a memory operand is non-canonical form. 
If a memory operand is not properly aligned. 
If a memory operand is locked. 

#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 


37-66 Vol. 3D 


EPA—Add Version Array 


INTEL® SGX INSTRUCTION REFERENCES 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
EAX = OAH IR VIV SGX1 This leaf function adds a Version Array to the EPC. 
ENCLS[EPA] 
Instruction Operand Encoding 
Op/En EAX RBX RCX 
IR EPA (In) PT_VA (In, Constant) Effective address of the EPC page (In) 
Description 


This leaf function creates an empty version array in the EPC page whose logical address is given by DS:RCX, and 
sets up EPCM attributes for that page. At the time of execution of this instruction, the register RBX must be set to 


PT_VA. 


The table below provides additional information on the memory parameter of EPA leaf function. 


EPA Memory Parameter Semantics 


EPCPAGE 


Write access permitted by Enclave 


Concurrency 


Restrictions 


Table 37-37. Base Concurrency Restrictions of EPA 


Base Concurrency Restrictions 
Leaf Parameter : : ere 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
EPA VA [DS:RCX] Exclusive #GP EPC_PAGE_CONFLICT_EXCEPTION 
Table 37-38. Additional Concurrency Restrictions of EPA 
Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EPA VA [DS:RCX] Concurrent |L Concurrent Concurrent 
Operation 


IF (RBX # PT_VA or DS:RCX is not 4KByte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


(* Check concurrency with other Intel SGX instructions *) 
IF (Other Intel SGX instructions accessing the page) 


THEN 


IF (<<VMX non-root operation>> AND <<ENABLE_EPC_VIRTUALIZATION_EXTENSIONS> >) 
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THEN 
VMCS.Exit_reason := SGX_CONFLICT; 
VMCS.Exit_qualification.code := EPC_PAGE_CONFLICT_EXCEPTION; 
VMCS.Exit_qualification.error := 0; 
VMCS.Guest-physical_address := << translation of DS:RCX produced by paging >>; 
VMCS.Guest-linear_address := DS:RCX; 

Deliver VMEXIT; 

ELSE 
#GP(0); 

Fl; 
Fl; 


(* Check EPC page must be empty *) 
IF (EPCM(DS:RCX). VALID # 0) 
THEN #PF(DS:RCX); Fl; 


(* Clears EPC page *) 
DS:RCX[32767:0] := 0; 


EPCM 
EPCM 
EPCM 
EPCM 
EPCM 
EPCM 
EPCM 
EPCM 


DS:RCX 
DS:RCX 
DS:RCX 
DS:RCX 
DS:RCX 
DS:RCX 
DS:RCX 
DS:RCX 


.PT = PT_VA; 
.ENCLAVEADDRESS := 0; 
«BLOCKED := 0; 
PENDING := O; 
«MODIFIED := O; 

.PR := 0; 

«RWX := 0; 

VALID := 1; 


OOOO OO OTS 


Flags Affected 
None 


Protected Mode Exceptions 
#GP(0) If a memory operand effective address is outside the DS segment limit. 
If a memory operand is not properly aligned. 
If another Intel SGX instruction is accessing the EPC page. 
If RBX is not set to PT_VA. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 
If the EPC page is valid. 


64-Bit Mode Exceptions 
#GP(0) If a memory operand is non-canonical form. 
If a memory operand is not properly aligned. 
If another Intel SGX instruction is accessing the EPC page. 
If RBX is not set to PT_VA. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 
If the EPC page is valid. 
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ERDINFO—Read Type and Status Information About an EPC Page 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
EAX = 10H IR VV EAX[6] This leaf function returns type and status information about an 
ENCLS[ERDINFO] EPC page. 


Instruction Operand Encoding 
Op/En EAX RBX RCX 


Return error code 
(Out) 


Address of the destination EPC page 


IR ERDINFO (In) (In) 


Address of a RDINFO structure (In) 


Description 


This instruction reads type and status information about an EPC page and returns it ina RDINFO structure. The 
STATUS field of the structure describes the status of the page and determines the validity of the remaining fields. 
The FLAGS field returns the EPCM permissions of the page; the page type; and the BLOCKED, PENDING, MODI- 
FIED, and PR status of the page. For enclave pages, the ENCLAVECONTEXT field of the structure returns the value 
of SECS.ENCLAVECONTEXT. For non-enclave pages (e.g., VA) ENCLAVECONTEXT returns 0. 


For invalid or non-EPC pages, the instruction returns an information code indicating the page's status, in addition 
to populating the STATUS field. 


ERDINFO returns an error code if the destination EPC page is being modified by a concurrent SGX instruction. 


RBX contains the effective address of a RDINFO structure while RCX contains the effective address of an EPC page. 
The table below provides additional information on the memory parameter of ERDINFO leaf function. 


ERDINFO Memory Parameter Semantics 
RDINFO EPCPAGE 


Read/Write access permitted by Non Enclave Read access permitted by Enclave 


The instruction faults if any of the following: 


ERDINFO Faulting Conditions 


A memory operand effective address is outside the DS A memory operand is not properly aligned. 
segment limit (32b mode). 


DS segment is unusable (32b mode). A page fault occurs in accessing memory operands. 


A memory address is in a non-canonical form (64b mode). 


The error codes are: 


Table 37-39. ERDINFO Return Value in RAX 


Error Code Value Description 
No Error 0 ERDINFO successful. 
SGX_EPC_PAGE_CONFLICT Failure due to concurrent operation of another SGX instruction. 
SGX_PG_INVLD Target page is not a valid EPC page. 
SGX_PG_NONEPC Page is not an EPC page. 
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Concurrency Restrictions 


Table 37-40. Base Concurrency Restrictions of ERDINFO 


Base Concurrency Restrictions 
Leaf Parameter : - a 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
ERDINFO Target [DS:RCX] Shared SGX_EPC_PAGE_ 
CONFLICT 


Table 37-41. Additional Concurrency Restrictions of ERDINFO 


Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 

Access On Conflict Access On Conflict Access On Conflict 

ERDINFO | Target [DS:RCX] Concurrent Concurrent Concurrent 
Operation 

Temp Variables in ERDINFO Operational Flow 
Name Type Size (Bits) | Description 
TMP_SECS Physical Address 64 Physical address of the SECS of the page being modified. 
TMP_RDINFO Linear Address 64 Address of the RDINFO structure. 


(* check alignment of RDINFO structure (RBX) *) 
IF (DS:RBX is not 32Byte Aligned) THEN 
#GP(0); Fl; 


(* check alignment of the EPCPAGE (RCX) *) 
IF (DS:RCX is not 4KByte Aligned) THEN 
#GP(0); Fl; 


(* check that EPCPAGE (DS:RCX) is the address of an EPC page *) 
IF (DS:RCX does not resolve within EPC) THEN 

RFLAGS.CF := 1; 

RFLAGS.ZF := 0; 

RAX := SGX_PG_NONEPC; 

goto DONE; 

FI; 


(* Check the EPC page for concurrency *) 
IF (EPC page is being modified) THEN 
RFLAGS.ZF = 1; 

RFLAGS.CF = 0; 

RAX = SGX_EPC_PAGE_CONFLICT; 
goto DONE; 

Fl; 


(* check page validity *) 


IF (EPCM(DS:RCX).VALID = 0) THEN 
RFLAGS.CF = 1; 
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RFLAGS.ZF = 0; 
RAX = SGX_PG_INVLD; 
goto DONE; 

Fl; 


(* clear the fields of the RDINFO structure *) 
TMP_RDINFO := DS:RBX; 
TMP_RDINFO.STATUS := 0; 
TMP_RDINFO.FLAGS := 0; 
TMP_RDINFO.ENCLAVECONTEXT := 0; 


(* store page info in RDINFO structure *) 
TMP_RDINFO.FLAGS.RWX := EPCM(DS:RCX).RWX; 
TMP_RDINFO.FLAGS.PENDING := EPCM(DS:RCX).PENDING; 
TMP_RDINFO.FLAGS.MODIFIED := EPCM(DS:RCX).MODIFIED; 
TMP_RDINFO.FLAGS.PR := EPCM(DS:RCX).PR; 
TMP_RDINFO.FLAGS.PAGE_TYPE := EPCM(DS:RCX).PAGE_TYPE; 
TMP_RDINFO.FLAGS.BLOCKED := EPCM(DS:RCX).BLOCKED; 


(* read SECS.ENCLAVECONTEXT for enclave child pages *) 
IF ((EPCM(DS:RCX).PAGE_TYPE = PT_REG) or 
(EPCM(DS:RCX).PAGE_TYPE = PT_TCS) or 
(EPCM(DS:RCX).PAGE_TYPE = PT_TRIM) or 
(EPCM(DS:RCX).PAGE_TYPE = PT_SS_ FIRST) or 
(EPCM(DS:RCX).PAGE_TYPE = PT_SS_REST) 
) THEN 
TMP_SECS := Address of SECS for (DS:RCX); 
TMP_RDINFO.ENCLAVECONTEXT := SECS(TMP_SECS).ENCLAVECONTEXT; 
FI; 


(* populate enclave information for SECS pages *) 
IF (EPCM(DS:RCX).PAGE_TYPE = PT_SECS) THEN 
IF ((VMX non-root mode) and 
(ENABLE_EPC_VIRTUALIZATION_EXTENSIONS Execution Control = 1) 
) THEN 
TMP_RDINFO.STATUS.CHILDPRESENT := 
((SECS(DS:RCX).CHLDCNT # 0) or 
SECS(DS:RCX).VIRTCHILDCNT # 0); 
ELSE 
TMP_RDINFO.STATUS.CHILDPRESENT := (SECS(DS:RCX).CHLDCNT # 0); 
TMP_RDINFO.STATUS.VIRTCHILDPRESENT := 
(SECS(DS:RCX).VIRTCHILDCNT # 0); 
TMP_RDINFO.ENCLAVECONTEXT := SECS(DS_RCX).ENCLAVECONTEXT; 
Fl; 
Fl; 


RAX := 0; 
RFLAGS.ZF := 0; 
RFLAGS.CF := 0; 


DONE: 

(* clear flags *) 
RFLAGS.PF := 0; 
RFLAGS.AF := 0; 
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RFLAGS.OF := 0; 
RFLAGS.SF := ? 0; 


Flags Affected 

ZF is set if ERDINFO fails due to concurrent operation with another SGX instruction; otherwise cleared. 
CF is set if page is not a valid EPC page or not an EPC page; otherwise cleared. 

PF, AF, OF and SF are cleared. 


Protected Mode Exceptions 

#GP(0) If a memory operand effective address is outside the DS segment limit. 
If DS segment is unusable. 
If a memory operand is not properly aligned. 

#PF(error code) If a page fault occurs in accessing memory operands. 


64-Bit Mode Exceptions 
#GP(0) If the memory address is in a non-canonical form. 

If a memory operand is not properly aligned. 
#PF(error code) If a page fault occurs in accessing memory operands. 
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EREMOVE—Remove a page from the EPC 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
EAX = 03H IR VV SGX1 This leaf function removes a page from the EPC. 
ENCLS[EREMOVE] 


Instruction Operand Encoding 


Op/En EAX RCX 
IR EREMOVE (In) Return error code (Out) Effective address of the EPC page (In) 
Description 


This leaf function causes an EPC page to be un-associated with its SECS and be marked as unused. This instruction 
leaf can only be executed when the current privilege level is 0. 


The content of RCX is an effective address of an EPC page. The DS segment is used to create linear address. 
Segment override is not supported. 


The instruction fails if the operand is not properly aligned or does not refer to an EPC page or the page is in use by 
another thread, or other threads are running in the enclave to which the page belongs. In addition the instruction 
fails if the operand refers to an SECS with associations. 


EREMOVE Memory Parameter Semantics 
EPCPAGE 


Write access permitted by Enclave 


The instruction faults if any of the following: 


EREMOVE Faulting Conditions 


The memory operand is not properly aligned. The memory operand does not resolve in an EPC page. 
Refers to an invalid SECS. Refers to an EPC page that is locked by another thread. 
Another Intel SGX instruction is accessing the EPC page. RCX does not contain an effective address of an EPC page. 
the EPC page refers to an SECS with associations. 


The error codes are: 


Table 37-42. EREMOVE Return Value in RAX 


Error Code (see Table 37-4) Description 
No Error EREMOVE successful. 
SGX_CHILD_PRESENT If the SECS still have enclave pages loaded into EPC. 
SGX_ENCLAVE_ACT If there are still logical processors executing inside the enclave. 
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Concurrency Restrictions 


Table 37-43. Base Concurrency Restrictions of EREMOVE 


Base Concurrency Restrictions 
Leaf Parameter 3 - = 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
EREMOVE Target [DS:RCX] Exclusive #GP EPC_PAGE_CONFLICT_EXCEPTION 
Table 37-44. Additional Concurrency Restrictions of EREMOVE 
Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EREMOVE | Target [DS:RCX] Concurrent Concurrent Concurrent 
Operation 
Temp Variables in EREMOVE Operational Flow 
Name Type Size (Bits) | Description 
TMP_SECS Effective Address 32/64 Effective address of the SECS destination page. 


IF (DS:RCX is not 4KByte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX does not resolve to an EPC page) 
THEN #PF(DS:RCX); Fl; 


TMP_SECS := Get_SECS_ADDRESS(); 


(* Check the EPC page for concurrency *) 
IF (EPC page being referenced by another Intel SGX instruction) 


THEN 


IF (<<VMX non-root operation>> AND <<€NABLE_EPC_VIRTUALIZATION_EXTENSIONS> >) 


Fl; 
Fl; 


THEN 


VMCS.Exit_reason := SGX_CONFLICT; 
VMCS.Exit_qualification.code := EPC_PAGE_CONFLICT_EXCEPTION; 
VMCS.Exit_qualification.error := 0; 
VMCS.Guest-physical_address := << translation of DS:RCX produced by paging >>; 
VMCS.Guest-linear_address := DS:RCX; 


Deliver VMEXIT; 
ELSE 
#GP(0); 


(* if DS:RCX is already unused, nothing to do*) 
IF ( (EPCM(DS:RCX).VALID = 0) or (EPCM(DS:RCX).PT = PT_TRIM AND EPCM(DS:RCX).MODIFIED = 0)) 
THEN GOTO DONE; 


Fl; 
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IF ( (EPCM(DS:RCX).PT = PT_VA) OR 
((EPCM(DS:RCX).PT = PT_TRIM) AND (EPCM(DS:RCX).MODIFIED = 0)) ) 
THEN 
EPCM(DS:RCX).VALID := 0; 
GOTO DONE; 
Fl; 


IF (EPCM(DS:RCX).PT = PT_SECS) 
THEN 
IF (DS:RCX has an EPC page associated with it) 
THEN 

RFLAGS.ZF := 1; 
RAX := SGX_CHILD_PRESENT; 
GOTO ERROR_EXIT; 

Fl; 

(* treat SECS as having a child page when VIRTCHILDCNT is non-zero *) 

IF (<<in VMX non-root operation>> AND 

<<ENABLE_EPC_VIRTUALIZATION_EXTENSIONS>> AND 

(SECS(DS:RCX).VIRTCHILDCNT # 0)) 

THEN 

RFLAGS.ZF := 1; 
RAX := SGX_CHILD_PRESENT 
GOTO ERROR_EXIT 

Fl; 

EPCM(DS:RCX).VALID := 0; 

GOTO DONE; 

Fl; 


IF (Other threads active using SECS) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_ENCLAVE_ACT; 
GOTO ERROR_EXIT; 
FI; 


IF ( (EPCM(DS:RCX).PT is PT_REG) or (EPCM(DS:RCX).PT is PT_TCS) or (EPCM(DS:RCX).PT is PT_TRIM) or 


(EPCM(DS:RCX).PT is PT_SS_FIRST) or (EPCM(DS:RCX).PT is PT_SS_REST)) 
THEN 
EPCM(DS:RCX).VALID := 0; 
GOTO DONE; 
Fl; 


DONE: 
RAX := 0; 
RFLAGS.ZF := 0; 


ERROR_EXIT: 
RFLAGS.CF,PF,AF,OF,SF := 0; 


Flags Affected 


Sets ZF if unsuccessful, otherwise cleared and RAX returns error code. Clears CF, PF, AF, OF, SF. 
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Protected Mode Exceptions 

#GP(0) If a memory operand effective address is outside the DS segment limit. 
If a memory operand is not properly aligned. 
If another Intel SGX instruction is accessing the page. 

#PF(error code) If a page fault occurs in accessing memory operands. 
If the memory operand is not an EPC page. 


64-Bit Mode Exceptions 
#GP(0) If the memory operand is non-canonical form. 
If a memory operand is not properly aligned. 
If another Intel SGX instruction is accessing the page. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If the memory operand is not an EPC page. 
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ETRACK—Activates EBLOCK Checks 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
EAX = OCH IR VN SGX1 This leaf function activates EBLOCK checks. 
ENCLS[ETRACK] 


Instruction Operand Encoding 


Op/En EAX RCX 
IR ETRACK (In) Return error code (Out) Pointer to the SECS of the EPC page (In) 
Description 


This leaf function provides the mechanism for hardware to track that software has completed the required TLB 
address clears successfully. The instruction can only be executed when the current privilege level is 0. 


The content of RCX is an effective address of an EPC page. 
The table below provides additional information on the memory parameter of ETRACK leaf function. 


ETRACK Memory Parameter Semantics 
EPCPAGE 


Read/Write access permitted by Enclave 


The error codes are: 


Table 37-45. ETRACK Return Value in RAX 


Error Code (see Table 37-4) Description 
No Error ETRACK successful. 
SGX_PREV_TRK_INCMPL All processors did not complete the previous shoot-down sequence. 


Concurrency Restrictions 


Table 37-46. Base Concurrency Restrictions of ETRACK 
Base Concurrency Restrictions 


Access On Conflict SGX_CONEFLICT VM Exit Qualification 
ETRACK SECS [DS:RCX] Shared #GP 


Leaf Parameter 


Table 37-47. Additional Concurrency Restrictions of ETRACK 


Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
ETRACK SECS [DS:RCX] Concurrent Concurrent Exclusive SGX_EPC_PAGE 
_CONFLICT 
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Operation 


IF (DS:RCX is not 4KByte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


(* Check concurrency with other Intel SGX instructions *) 
IF (Other Intel SGX instructions using tracking facility on this SECS) 


THEN 
IF (<<VMX non-root operation>> AND <<ENABLE_EPC_VIRTUALIZATION_EXTENSIONS> >) 
THEN 
VMCS.Exit_reason := SGX_CONFLICT; 
VMCS.Exit_qualification.code := TRACKING_RESOURCE_CONFLICT; 
VMCS.Exit_qualification.error := 0; 
VMCS.Guest-physical_address := SECS(TMP_SECS).ENCLAVECONTEXT; 
VMCS.Guest-linear_address := 0; 
Deliver VMEXIT; 
ELSE 
#GP(0); 
Fl; 


Fl; 


IF (EPCM(DS:RCX). VALID = 0) 
THEN #PF(DS:RCX); Fl; 


IF (EPCM(DS:RCX).PT # PT_SECS) 
THEN #PF(DS:RCX); Fl; 


(* All processors must have completed the previous tracking cycle”) 
IF ( (DS:RCX). TRACKING # 0) ) 
THEN 
IF (<<VMX non-root operation>> AND <<ENABLE_EPC_VIRTUALIZATION_EXTENSIONS> >) 
THEN 
VMCS.Exit_reason := SGX_CONFLICT; 
VMCS.Exit_qualification.code := TRACKING_REFERENCE_CONFLICT; 
VMCS.Exit_qualification.error := 0; 
VMCS.Guest-physical_address := SECS(TMP_SECS).ENCLAVECONTEXT; 
VMCS.Guest-linear_address := 0; 
Deliver VMEXIT; 
Fl; 
RFLAGS.ZF := 1; 
RAX := SGX_PREV_TRK_INCMPL; 
GOTO DONE; 
ELSE 
RAX := 0; 
RFLAGS.ZF := 0; 
Fl; 


DONE: 
RFLAGS.CF,PF,AF,OF,SF := 0; 


Flags Affected 
Sets ZF if SECS is in use or invalid, otherwise cleared. Clears CF, PF, AF, OF, SF. 
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Protected Mode Exceptions 
#GP(0) If a memory operand effective address is outside the DS segment limit. 
If a memory operand is not properly aligned. 
If another thread is concurrently using the tracking facility on this SECS. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 


64-Bit Mode Exceptions 

#GP(0) If a memory operand is non-canonical form. 
If a memory operand is not properly aligned. 
If the specified EPC resource is in use. 

#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 
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ETRACKC—Activates EBLOCK Checks 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
EAX = 11H IR VV EAX[6] This leaf function activates EBLOCK checks. 
ENCLS[ETRACKC] 


Instruction Operand Encoding 


Op/En EAX RCX 


ETRACK 
(In) 


Address of the destination EPC page 


7 (in, EA) 


Return error code (Out) Address of the SECS page (In, EA) 


Description 


The ETRACKC instruction is thread safe variant of ETRACK leaf and can be executed concurrently with other CPU 
threads operating on the same SECS. 


This leaf function provides the mechanism for hardware to track that software has completed the required TLB 
address clears successfully. The instruction can only be executed when the current privilege level is 0. 


The content of RCX is an effective address of an EPC page. 
The table below provides additional information on the memory parameter of ETRACK leaf function. 


ETRACKC Memory Parameter Semantics 


EPCPAGE 


Read/Write access permitted by Enclave 


The error codes are: 


Table 37-48. ETRACKC Return Value in RAX 


Error Code Value Description 
No Error 0 ETRACKC successful. 
SGX_EPC_PAGE_CONFLICT 7 Failure due to concurrent operation of another SGX instruction. 
SGX_PG_INVLD 6 Target page is not a VALID EPC page. 
SGX_PREV_TRK_INCMPL 17 All processors did not complete the previous tracking sequence. 
SGX_TRACK_NOT_REQUIRED 27 Target page type does not require tracking. 


Concurrency Restrictions 


Table 37-49. Base Concurrency Restrictions of ETRACKC 


Base Concurrency Restrictions 
Leaf Parameter —————————————————————————— 
Access On Conflict SGX_CONEFLICT VM Exit Qualification 
ETRACKC Target [DS:RCX] Shared SGX_EPC_PAGE_ 
CONFLICT 
SECS implicit Concurrent 
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Table 37-50. Additional Concurrency Restrictions of ETRACKC 


Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
ETRACKC | Target [DS:RCX] Concurrent Concurrent Concurrent 
SECS implicit Concurrent Concurrent Exclusive SGX_EPC_PAGE 
_CONFLICT 
Operation 
Temp Variables in ETRACKC Operational Flow 
Name Type Size (Bits) | Description 
TMP_SECS Physical Address 64 Physical address of the SECS of the page being modified. 


(* check alignment of EPCPAGE (RCX) *) 
IF (DS:RCX is not 4KByte Aligned) THEN 


#GP(0); Fl; 


(* check that EPCPAGE (DS:RCX) is the address of an EPC page *) 


IF (DS:RCX does not resolve within an EPC) THEN 


#PF(DS:RCX, PFEC.SGX); Fl; 


(* Check the EPC page for concurrency *) 
IF (EPC page is being modified) THEN 


RFLAGS.ZF := 1; 
RFLAGS.CF := 0; 


RAX := SGX_EPC_PAGE_CONFLICT; 
goto DONE_POST_LOCK_RELEASE; 


Fl; 


(* check to make sure the page is valid *) 
IF (EPCM(DS:RCX).VALID = 0) THEN 


RFLAGS.ZF := 1; 
RFLAGS.CF := 0; 


RAX := SGX_PG_INVLD; 


GOTO DONE; 
Fl; 


(* find out the target SECS page *) 

IF (EPCM(DS:RCX).PT is PT_REG or PT_TCS or PT_TRIM or PT_SS_FIRST or PT_SS_REST) THEN 
TMP_SECS := Obtain SECS through EPCM(DS:RCX).ENCLAVESECS; 

ELSE IF (EPCM(DS:RCX).PT is PT_SECS) THEN 
TMP_SECS := Obtain SECS through (DS:RCX); 


ELSE 
RFLAGS.ZF := 0; 
RFLAGS.CF := 1; 


RAX := SGX_TRACK_NOT_REQUIRED; 


GOTO DONE; 
Fl; 
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(* Check concurrency with other Intel SGX instructions *) 
IF (Other Intel SGX instructions using tracking facility on this SECS) THEN 
IF ((VMX non-root mode) and 
(ENABLE_EPC_VIRTUALIZATION_EXTENSIONS Execution Control = 1)) THEN 
VMCS.Exit_reason := SGX_CONFLICT; 
VMCS.Exit_qualification.code := TRACKING_RESOURCE_CONFLICT; 
VMCS.Exit_qualification.error := 0; 
VMCS.Guest-physical_address := 
SECS(TMP_SECS).ENCLAVECONTEXT; 

VMCS.Guest-linear_address := 0; 
Deliver VMEXIT; 

Fl; 


RFLAGS.ZF := 1; 
RFLAGS.CF := 0; 
RAX := SGX_EPC_PAGE_CONFLICT; 
GOTO DONE; 
Fl; 
(* All processors must have completed the previous tracking cycle*) 
IF ((TMP_SECS). TRACKING # 0) ) 
THEN 
IF ((VMX non-root mode) and 
(ENABLE_EPC_VIRTUALIZATION_EXTENSIONS Execution Control = 1)) THEN 
VMCS.Exit_reason := SGX_CONFLICT; 
VMCS.Exit_qualification.code := TRACKING_REFERENCE_CONFLICT; 
VMCS.Exit_qualification.error := 0; 
VMCS.Guest-physical_address := 
SECS(TMP_SECS).ENCLAVECONTEXT; 
VMCS.Guest-linear_address := 0; 
Deliver VMEXIT; 
Fl; 


RFLAGS.ZF := 1; 
RFLAGS.CF := 0; 
RAX := SGX_PREV_TRK_INCMPL; 
GOTO DONE; 
Fl; 


RFLAGS.ZF := 0; 
RFLAGS.CF := 0; 
RAX := 0; 


DONE: 
(* clear flags *) 
RFLAGS.PF,AF,OF,SF := 0; 


Flags Affected 


ZF is set if ETRACKC fails due to concurrent operations with another SGX instructions or target page is an invalid 
EPC page or tracking is not completed on SECS page; otherwise cleared. 


CF is set if target page is not of a type that requires tracking; otherwise cleared. 
PF, AF, OF and SF are cleared. 


37-82 Vol. 3D 


INTEL® SGX INSTRUCTION REFERENCES 


Protected Mode Exceptions 

#GP(0) If the memory operand violates access-control policies of DS segment. 
If DS segment is unusable. 
If the memory operand is not properly aligned. 

#PF(error code) If the memory operand expected to be in EPC does not resolve to an EPC page. 
If a page fault occurs in access memory operand. 


64-Bit Mode Exceptions 

#GP(0) If a memory address is in a non-canonical form. 
If a memory operand is not properly aligned. 

#PF(error code) If the memory operand expected to be in EPC does not resolve to an EPC page. 
If a page fault occurs in access memory operand. 
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EWB—Invalidate an EPC Page and Write out to Main Memory 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
EAX = OBH IR VIV SGX1 This leaf function invalidates an EPC page and writes it out to 
ENCLS[EWB] main memory. 
Instruction Operand Encoding 
Op/En EAX RBX RCX RDX 
IR EWB (In) | Error code (Out) | Address of an PAGEINFO (In) | Address of the EPC page (In) | Address of a VA slot (In) 
Description 


This leaf function copies a page from the EPC to regular main memory. As part of the copying process, the page is 
cryptographically protected. This instruction can only be executed when current privilege level is 0. 


The table below provides additional information on the memory parameter of EPA leaf function. 


EWB Memory Parameter Semantics 


PAGEINFO 


PAGEINFO.SRCPGE 


PAGEINFO.PCMD 


EPCPAGE 


VASLOT 


Non-EPC R/W access 


Non-EPC R/W access 


Non-EPC R/W access 


EPC R/W access 


EPC R/W access 


The error codes are: 


Table 37-51. EWB Return Value in RAX 


Error Code (see Table 37-4) Description 


No Error EWB successful. 


SGX_PAGE_NOT_BLOCKED If page is not marked as blocked. 


SGX_NOT_TRACKED If EWB is racing with ETRACK instruction. 


SGX_VA_SLOT_OCCUPIED Version array slot contained valid entry. 


SGX_CHILD_PRESENT Child page present while attempting to page out enclave. 


Concurrency Restrictions 


Table 37-52. Base Concurrency Restrictions of EWB 


jas ee cdise Base concen Restrictions = 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
EWB Source [DS:RCX] Exclusive #GP EPC_PAGE_CONFLICT_EXCEPTION 
VA [DS:RDX] Shared #GP 
Table 37-53. Additional Concurrency Restrictions of EWB 
Additional Concurrency Restrictions 
Leaf Parameter res fies eaur vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EWB Source [DS:RCX] Concurrent Concurrent Concurrent 
VA [DS:RDX] Concurrent Concurrent Exclusive 
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Operation 
Temp Variables in EWB Operational Flow 
Name Type Size (Bytes) | Description 
TMP_SRCPGE Memory page 4096 
TMP_PCMD PCMD 128 
TMP_SECS SECS 4096 
TMP_BPEPOCH UINT64 8 
TMP_BPREFCOUNT UINT64 8 
TMP_HEADER MAC Header 128 
TMP_PCMD_ENCLAVEID UINT64 8 
TMP_VER UINT64 8 
TMP_PK UINT128 16 


IF ( (DS:RBX is not 32Byte Aligned) or (DS:RCX is not 4KByte Aligned) ) 
THEN #GP(0); Fl; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


IF (DS:RDX is not 8Byte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RDX does not resolve within an EPC) 
THEN #PF(DS:RDX); FI; 


(* EPCPAGE and VASLOT should not resolve to the same EPC page*) 
IF (DS:RCX and DS:RDX resolve to the same EPC page) 
THEN #GP(0); Fl; 


TMP_SRCPGE := DS:RBX.SRCPGE; 
(* Note PAGEINFO.PCMD is overlaid on top of PAGEINFO.SECINFO *) 
TMP_PCMD := DS:RBX.PCMD; 


If (OS:RBX.LINADDR # 0) OR (DS:RBX.SECS # 0) 
THEN #GP(0); Fl; 


IF ((DS:TMP_PCMD is not 128Byte Aligned) or (DS:TMP_SRCPGE is not 4KByte Aligned) ) 
THEN #GP(0); Fl; 


(* Check for concurrent Intel SGX instruction access to the page *) 
IF (Other Intel SGX instruction is accessing page) 
THEN 
IF (<<VMX non-root operation>> AND <<ENABLE_EPC_VIRTUALIZATION_EXTENSIONS> >) 
THEN 

VMCS.Exit_reason := SGX_CONFLICT; 
VMCS.Exit_qualification.code := EPC_PAGE_CONFLICT_EXCEPTION; 
VMCS.Exit_qualification.error := 0; 
VMCS.Guest-physical_address := << translation of DS:RCX produced by paging >>; 
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VMCS.Guest-linear_address := DS:RCX; 
Deliver VMEXIT; 
ELSE 
#GP(0); 
Fl; 
Fl; 


(*Check if the VA Page is being removed or changed*) 
IF (VA Page is being modified) 
THEN #GP(0); Fl; 


(* Verify that EPCPAGE and VASLOT page are valid EPC pages and DS:RDX is VA *) 
IF (EPCM(DS:RCX).VALID = 0) 
THEN #PF(DS:RCX); Fl; 


IF ( (EPCM(DS:RDX & ~OFFFH).VALID = 0) or (EPCM(DS:RDX & ~FFFH).PT is not PT_VA) ) 
THEN #PF(DS:RDX); Fl; 


(* Perform page-type-specific exception checks *) 
IF ( (EPCM(DS:RCX).PT is PT_REG) or (EPCM(DS:RCX).PT is PT_TCS) or (EPCM(DS:RCX).PT is PT_TRIM ) or 
(EPCM(DS:RCX).PT is PT_SS_FIRST ) or (EPCM(DS:RCX).PT is PT_SS_REST)) 
THEN 
TMP_SECS = Obtain SECS through EPCM(DS:RCX) 
(* Check that EBLOCK has occurred correctly *) 
IF (EBLOCK is not correct) 
THEN #GP(0); Fl; 
Fl; 


RFLAGS.ZF,CF,PF,AF,OF,SF := 0; 
RAX := 0; 


(* Zero out TMP_HEADER*) 
TMP_HEADER[ sizeof(TMP_HEADER) - 1 : 0] := 0; 


(* Perform page-type-specific checks *) 
IF ( (EPCM(DS:RCX).PT is PT_REG) or (EPCM(DS:RCX).PT is PT_TCS) or (EPCM(DS:RCX).PT is PT_TRIM )or 
(EPCM(DS:RCX).PT is PT_SS_FIRST ) or (EPCM(DS:RCX).PT is PT_SS_REST)) 
THEN 
(* check to see if the page is evictable *) 
IF (EPCM(DS:RCX).BLOCKED = 0) 
THEN 
RAX := SGX_PAGE NOT_BLOCKED; 
RFLAGS.ZF := 1; 
GOTO ERROR_EXIT; 
FI; 
(* Check if tracking done correctly *) 
IF (Tracking not correct) 
THEN 
RAX := SGX_NOT_TRACKED; 
RFLAGS.ZF := 1; 
GOTO ERROR_EXIT; 
FI; 


(* Obtain EID to establish cryptographic binding between the paged-out page and the enclave *) 
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TMP_HEADER.EID := TMP_SECS.EID; 


(* Obtain EID as an enclave handle for software *) 
TMP_PCMD_ENCLAVEID := TMP_SECS.EID; 
ELSE IF (EPCM(DS:RCX).PT is PT_SECS) 
(*check that there are no child pages inside the enclave *) 
IF (DS:RCX has an EPC page associated with it) 
THEN 
RAX := SGX_CHILD_PRESENT; 
RFLAGS.ZF := 1; 
GOTO ERROR_EXIT; 
FI: 
(* treat SECS as having a child page when VIRTCHILDCNT is non-zero *) 
IF (<<in VMX non-root operation>> AND 
<<ENABLE_EPC_VIRTUALIZATION_EXTENSIONS>> AND 
(SECS(DS:RCX).VIRTCHILDCNT # O)) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_CHILD_PRESENT; 
GOTO ERROR_EXIT; 
Fl; 
TMP_HEADER.EID := 0; 
(* Obtain EID as an enclave handle for software *) 
TMP_PCMD_ENCLAVEID := (DS:RCX).EID; 
ELSE IF (EPCM(DS:RCX).PT is PT_VA) 
TMP_HEADER.EID := 0; // Zero is not a special value 
(* No enclave handle for VA pages*) 
TMP_PCMD_ENCLAVEID := 0; 
FI; 


TMP_HEADER.LINADDR := EPCM(DS:RCX).ENCLAVEADDRESS; 
TMP_HEADER.SECINFO.FLAGS.PT := EPCM(DS:RCX).PT; 
TMP_HEADER.SECINFO.FLAGS.RWX := EPCM(DS:RCX).RWX; 
TMP_HEADER.SECINFO.FLAGS.PENDING := EPCM(DS:RCX).PENDING; 
TMP_HEADER.SECINFO.FLAGS.MODIFIED := EPCM(DS:RCX).MODIFIED; 
TMP_HEADER.SECINFO.FLAGS.PR := EPCM(DS:RCX).PR; 


(* Encrypt the page, DS:RCX could be encrypted in place. AES-GCM produces 2 values, {ciphertext, MAC}. *) 
(* AES-GCM input parameters: key, GCM Counter, MAC_HDR, MAC_HDR_SIZE, SRC, SRC_SIZE)*) 
{DS:TMP_SRCPGE, DS:TMP_PCMD.MAC} := AES_GCM_ENC(CR_BASE_PK), (TMP_VER << 32), 

TMP_HEADER, 128, DS:RCX, 4096); 


(* Write the output *) 

Zero out DS:TMP_PCMD.SECINFO 

DS:TMP_PCMD.SECINFO.FLAGS.PT := EPCM(DS:RCX).PT; 
DS:TMP_PCMD.SECINFO.FLAGS.RWX := EPCM(DS:RCX).RWX; 
DS:TMP_PCMD.SECINFO.FLAGS.PENDING := EPCM(DS:RCX).PENDING; 
DS:TMP_PCMD.SECINFO.FLAGS.MODIFIED := EPCM(DS:RCX).MODIFIED; 
DS:TMP_PCMD.SECINFO.FLAGS.PR := EPCM(DS:RCX).PR; 
DS:TMP_PCMD.RESERVED := 0; 

DS:TMP_PCMD.ENCLAVEID := TMP_PCMD_ENCLAVEID; 
DS:RBX.LINADDR := EPCM(DS:RCX).ENCLAVEADDRESS; 


(*Check if version array slot was empty *) 
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IF ([DS.RDX]) 
THEN 
RAX := SGX_VA_SLOT_OCCUPIED 
RFLAGS.CF := 1; 
Fl; 


(* Write version to Version Array slot *) 
[DS.RDX] := TMP_VER; 


(* Free up EPCM Entry *) 
EPCM.(DS:RCX).VALID := 0; 
ERROR_EXIT: 


Flags Affected 
ZF is set if page is not blocked, not tracked, or a child is present. Otherwise cleared. 
CF is set if VA slot is previously occupied, Otherwise cleared. 


Protected Mode Exceptions 
#GP(0) If a memory operand effective address is outside the DS segment limit. 
If a memory operand is not properly aligned. 
If the EPC page and VASLOT resolve to the same EPC page. 
If another Intel SGX instruction is concurrently accessing either the target EPC, VA, or SECS 
pages. 
If the tracking resource is in use. 
If the EPC page or the version array page is invalid. 
If the parameters fail consistency checks. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 
If one of the EPC memory operands has incorrect page type. 


64-Bit Mode Exceptions 
#GP(0) If a memory operand is non-canonical form. 
If a memory operand is not properly aligned. 
If the EPC page and VASLOT resolve to the same EPC page. 
If another Intel SGX instruction is concurrently accessing either the target EPC, VA, or SECS 
pages. 
If the tracking resource is in use. 
If the EPC page or the version array page in invalid. 
If the parameters fail consistency checks. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 
If one of the EPC memory operands has incorrect page type. 
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37.4 INTEL® SGX USER LEAF FUNCTION REFERENCE 


Leaf functions available with the ENCLU instruction mnemonic are covered in this section. In general, each instruc- 
tion leaf requires EAX to specify the leaf function index and/or additional registers specifying leaf-specific input 
parameters. An instruction operand encoding table provides details of the implicitly-encoded register usage and 
associated input/output semantics. 

In many cases, an input parameter specifies an effective address associated with a memory object inside or 
outside the EPC, the memory addressing semantics of these memory objects are also summarized in a separate 
table. 


Vol. 3D 37-89 


INTEL® SGX INSTRUCTION REFERENCES 


EACCEPT—Accept Changes to an EPC Page 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
EAX = 05H IR VIN SGX2 This leaf function accepts changes made by system software to 
ENCLU[EACCEPT] an EPC page in the running enclave. 


Instruction Operand Encoding 


Op/En EAX RBX RCX 
IR EACCEPT (In) Return Error Code (Out) | Address of a SECINFO (In) Address of the destination EPC page (In) 
Description 


This leaf function accepts changes to a page in the running enclave by verifying that the security attributes speci- 
fied in the SECINFO match the security attributes of the page in the EPCM. This instruction leaf can only be 
executed when inside the enclave. 


RBX contains the effective address of a SECINFO structure while RCX contains the effective address of an EPC page. 
The table below provides additional information on the memory parameter of the EACCEPT leaf function. 


EACCEPT Memory Parameter Semantics 


SECINFO EPCPAGE (Destination) 


Read access permitted by Non Enclave Read access permitted by Enclave 


The instruction faults if any of the following: 


EACCEPT Faulting Conditions 


The operands are not properly aligned. RBX does not contain an effective address in an EPC page in the running enclave. 
The EPC page is locked by another thread. RCX does not contain an effective address of an EPC page in the running enclave. 
The EPC page is not valid. Page type is PT_REG and MODIFIED bit is 0. 

SECINFO contains an invalid request. Page type is PT_TCS or PT_TRIM and PENDING bit is O and MODIFIED bit is 1. 

If security attributes of the SECINFO page make 

the page inaccessible. 


The error codes are: 


Table 37-54. EACCEPT Return Value in RAX 


Error Code (see Table 37-4) Description 
No Error EACCEPT successful. 
SGX_PAGE_ATTRIBUTES_MISMATCH The attributes of the target EPC page do not match the expected values. 
SGX_NOT_TRACKED The OS did not complete an ETRACK on the target page. 
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Concurrency Restrictions 


Table 37-55. Base Concurrency Restrictions of EACCEPT 


Base Concurrency Restrictions 
Leaf Parameter : - — 
Access On Conflict SGX_CONEFLICT VM Exit Qualification 
EACCEPT Target [DS:RCX] Shared #CP 
SECINFO [DS:RBX] Concurrent 


Table 37-56. Additional Concurrency Restrictions of EACCEPT 


Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EACCEPT | Target [DS:RCX] Exclusive #GP Concurrent Concurrent 
SECINFO [DS:RBX] Concurrent Concurrent Concurrent 
Operation 
Temp Variables in EACCEPT Operational Flow 
Name Type Size (bits) | Description 
TMP_SECS Effective Address 32/64 Physical address of SECS to which EPC operands belongs. 
SCRATCH_SECINFO SECINFO 512 Scratch storage for holding the contents of DS:RBX. 


IF (DS:RBX is not 64Byte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RBX is not within CR_ELRANGE) 
THEN #GP(0); Fl; 


IF (DS:RBX does not resolve within an EPC) 
THEN #PF(DS:RBX); FI; 


IF ( (EPCM(DS:RBX &~FFFH).VALID = 0) or (EPCM(DS:RBX &~FFFH).R = 0) or (EPCM(DS:RBX &~FFFH).PENDING # 0) or 
(EPCM(DS:RBX &~FFFH).MODIFIED # 0) or (EPCM(DS:RBX &~FFFH).BLOCKED # 0) or 
(EPCM(DS:RBX &~FFFH).PT # PT_REG) or (EPCM(DS:RBX &~FFFH).ENCLAVESECS # CR_ACTIVE_SECS) or 
(EPCM(DS:RBX &~FFFH).ENCLAVEADDRESS # (DS:RBX & FFFH)) ) 
THEN #PF(DS:RBX); Fl; 


(* Copy 64 bytes of contents *) 
SCRATCH_SECINFO := DS:RBX; 


(* Check for misconfigured SECINFO flags*) 
IF (SCRATCH_SECINFO reserved fields are not zero ) 
THEN #GP(0); Fl; 


IF (DS:RCX is not 4KByte Aligned) 
THEN #GP(0); Fl; 
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IF (DS:RCX is not within CR_ELRANGE) 
THEN #GP(0); Fl; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


(* Check that the combination of requested PT, PENDING and MODIFIED is legal *) 
IF (CPUID.(EAX=1 2H, ECX=1):EAX[6] = 0 ) 

THEN 
IF (NOT (((SCRATCH_SECINFO.FLAGS.PT is PT_REG) and 
((SCRATCH_SECINFO.FLAGS.PR is 1) or 
(SCRATCH_SECINFO.FLAGS.PENDING is 1)) and 
(SCRATCH_SECINFO.FLAGS.MODIFIED is 0)) or 
((SCRATCH_SECINFO.FLAGS.PT is PT_TCS or PT_TRIM) and 
(SCRATCH_SECINFO.FLAGS.PR is 0) and 
(SCRATCH_SECINFO.FLAGS.PENDING is 0) and 
(SCRATCH_SECINFO.FLAGS.MODIFIED is 1) ))) 

THEN #GP(0); FI 

ELSE 
IF (NOT (((SCRATCH_SECINFO.FLAGS.PT is PT_REG) AND 
((SCRATCH_SECINFO.FLAGS.PR is 1) OR 
(SCRATCH_SECINFO.FLAGS.PENDING is 1)) AND 
(SCRATCH_SECINFO.FLAGS.MODIFIED is 0)) OR 
((SCRATCH_SECINFO.FLAGS.PT is PT_TCS OR PT_TRIM) AND 
(SCRATCH_SECINFO.FLAGS.PENDING is 0) AND 
(SCRATCH_SECINFO.FLAGS.MODIFIED is 1) AND 
(SCRATCH_SECINFO.FLAGS.PR is 0)) OR 
((SCRATCH_SECINFO.FLAGS.PT is PT_SS_FIRST or PT_SS_REST) AND 
(SCRATCH_SECINFO.FLAGS.PENDING is 1) AND 
(SCRATCH_SECINFO.FLAGS.MODIFIED is 0) AND 
(SCRATCH_SECINFO.FLAGS.PR is 0)))) 

THEN #GP(0); Fl; 
Fl; 


(* Check security attributes of the destination EPC page *) 
IF ((EPCM(DS:RCX).VALID is 0) or (EPCM(DS:RCX).BLOCKED is not 0) or 
((EPCM(DS:RCX).PT is not PT_REG) and (EPCM(DS:RCX).PT is not PT_TCS) and (EPCM(DS:RCX).PT is not PT_TRIM) 
and (EPCM(DS:RCX).PT is not PT_SS_ FIRST) and (EPCM(DS:RCX).PT is not PT_SS_REST)) or 
(EPCM(DS:RCX),ENCLAVESECS # CR_ACTIVE_SECS)) 
THEN #PF((DS:RCX); FI; 


(* Check the destination EPC page for concurrency *) 
IF ( EPC page in use ) 
THEN #GP(0); Fl; 


(* Re-Check security attributes of the destination EPC page *) 
IF ((EPCM(DS:RCX).VALID is 0) or (EPCM(DS:RCX).ENCLAVESECS # CR_ACTIVE_SECS) ) 
THEN #PF(DS:RCX); Fl; 


(* Verify that accept request matches current EPC page settings *) 

IF ( (EPCM(DS:RCX).ENCLAVEADDRESS # DS:RCX) or (EPCM(DS:RCX).PENDING # SCRATCH_SECINFO.FLAGS.PENDING) or 
(EPCM(DS:RCX).MODIFIED # SCRATCH_SECINFO.FLAGS.MODIFIED) or (EPCM(DS:RCX).R # SCRATCH_SECINFO.FLAGS.R) or 
(EPCM(DS:RCX).W # SCRATCH_SECINFO.FLAGS.W) or (EPCM(DS:RCX).X # SCRATCH_SECINFO.FLAGS.X) or 
(EPCM(DS:RCX).PT # SCRATCH_SECINFO.FLAGS.PT) ) 
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THEN 
RFLAGS.ZF := 1; 
RAX := SGX_PAGE_ATTRIBUTES_MISMATCH; 
GOTO DONE; 
FI; 
(* Check that all required threads have left enclave *) 
IF (Tracking not correct) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_NOT_TRACKED; 
GOTO DONE; 
FI; 


(* Get pointer to the SECS to which the EPC page belongs *) 
TMP_SECS = << Obtain physical address of SECS through EPCM(DS:RCX)>> 
(* For TCS pages, perform additional checks *) 
IF (SCRATCH_SECINFO.FLAGS.PT = PT_TCS) 
THEN 
IF (DS:RCX.RESERVED # 0) #GP(0); FI; 


(* Check that TCS.FLAGS.DBGOPTIN, TCS stack, and TCS status are correctly initialized *) 
(* check that TCS.PREVSSP is 0 *) 
IF ( ((DS:RCX).FLAGS.DBGOPTIN is not 0) or ((DS:RCX).CSSA 2 (DS:RCX).NSSA) or ((DS:RCX).AEP is not 0) or ((DS:RCX).STATE is not 0) 
or ((CPUID.(EAX=07H, ECX=OH):ECX[CET_SS] = 1) AND ((DS:RCX).PREVSSP != 0))) 
THEN #GP(0); Fl; 


(* Check consistency of FS & GS Limit *) 
IF ((TMP_SECS.ATTRIBUTES.MODE64BIT is 0) and ((DS:RCX.FSLIMIT & FFFH # FFFH) or (DS:RCX.GSLIMIT & FFFH # FFFH)) ) 
THEN #GP(0); Fl; 
FI; 


(* Clear PENDING/MODIFIED flags to mark accept operation complete *) 
EPCM(DS:RCX).PENDING := 0; 

EPCM(DS:RCX).MODIFIED := 0; 

EPCM(DS:RCX).PR := 0; 


(* Clear EAX and ZF to indicate successful completion *) 
RFLAGS.ZF := 0; 
RAX := 0; 


DONE: 
RFLAGS.CF,PF,AF,OF,SF := 0; 


Flags Affected 
Sets ZF if page cannot be accepted, otherwise cleared. Clears CF, PF, AF, OF, SF 
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Protected Mode Exceptions 
#GP(0) If executed outside an enclave. 
If a memory operand effective address is outside the DS segment limit. 
If a memory operand is not properly aligned. 
If a memory operand is locked. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 
If EPC page has incorrect page type or security attributes. 


64-Bit Mode Exceptions 
#GP(0) If executed outside an enclave. 
If a memory operand is non-canonical form. 
If a memory operand is not properly aligned. 
If a memory operand is locked. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 
If EPC page has incorrect page type or security attributes. 
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Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
EAX = 07H IR VIV SGX2 This leaf function initializes a dynamically allocated EPC page 
ENCLU[EACCEPTCOPY] from another page in the EPC. 
Instruction Operand Encoding 
Op/En EAX RBX RCX RDX 
Return Error Code Address of the destina- Address of the 
IR EACCEPTCOPY (In) (Out) Address of a SECINFO (In) tion EPC page (In) source EPC page (In) 


Description 


This leaf function copies the contents of an existing EPC page into an uninitialized EPC page (created by EAUG). 
After initialization, the instruction may also modify the access rights associated with the destination EPC page. This 
instruction leaf can only be executed when inside the enclave. 


RBX contains the effective address of a SECINFO structure while RCX and RDX each contain the effective address 
of an EPC page. The table below provides additional information on the memory parameter of the EACCEPTCOPY 


leaf function. 


EACCEPTCOPY Memory Parameter Semantics 


SECINFO 


EPCPAGE (Destination) 


EPCPAGE (Source) 


Read access permitted by Non Enclave 


Read/Write access permitted by Enclave 


Read access permitted by Enclave 


The instruction faults if any of the following: 


EACCEPTCOPY Faulting Conditions 


The operands are not properly aligned. 


The EPC page is locked by another thread. 


If security attributes of the SECINFO page make the page inaccessible. 


If security attributes of the source EPC page make the page inaccessible. 


The EPC page is not valid. 


RBX does not contain an effective address in an EPC page in the running enclave. 


SECINFO contains an invalid request. 


RCX/RDX does not contain an effective address of an EPC page in the running 
enclave. 


The error codes are: 


Table 37-57. EACCEPTCOPY Return Value in RAX 


Error Code (see Table 37-4) 


Description 


No Error 


EACCEPTCOPY successful. 


SGX_PAGE_ATTRIBUTES_MISMATCH 


The attributes of the target EPC page do not match the expected values. 
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Concurrency Restrictions 


Table 37-58. Base Concurrency Restrictions of EACCEPTCOPY 


Base Concurrency Restrictions 
Leaf Parameter : - —— 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
EACCEPTCOPY | Target [DS:RCX] Concurrent 
Source [DS:RDX] Concurrent 
SECINFO [DS:RBX] Concurrent 
Table 37-59. Additional Concurrency Restrictions of EACCEPTCOPY 
Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EACCEPTCOPY | Target [DS:RCX] Exclusive #GP Concurrent Concurrent 
Source [DS:RDX] Concurrent Concurrent Concurrent 
SECINFO [DS:RBX] Concurrent Concurrent Concurrent 
Operation 
Temp Variables in EACCEPTCOPY Operational Flow 
Name Type Size (bits) | Description 
SCRATCH_SECINFO SECINFO 512 Scratch storage for holding the contents of DS:RBX. 


IF (DS:RBX is not 64Byte Aligned) 
THEN #GP(0); Fl; 


IF ( (DS:RCX is not 4KByte Aligned) or (DS:RDX is not 4KByte Aligned) ) 
THEN #GP(0); Fl; 


IF ((DS:RBX is not within CR_ELRANGE) or (DS:RCX is not within CR_ELRANGE) or (DS:RDX is not within CR_ELRANGE)) 
THEN #GP(0); Fl; 


IF (DS:RBX does not resolve within an EPC) 
THEN #PF(DS:RBX); FI; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


IF (DS:RDX does not resolve within an EPC) 
THEN #PF(DS:RDX); Fl; 


IF ( (EPCM(DS:RBX &~FFFH 
(EPCM(DS:RBX &~FFFH 
(EPCM(DS:RBX &~FFFH 
(EPCM(DS:RBX &~FFFH 


Se TS TSS 


THEN #PF(DS:RBX); Fl; 
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VALID = 0) or (EPCM(DS:RBX &~FFFH).R = 0) or (EPCM(DS:RBX &~FFFH).PENDING # 0) or 

MODIFIED # 0) or (EPCM(DS:RBX &~FFFH).BLOCKED # 0) or (EPCM(DS:RBX &~FFFH).PT # PT_REG) or 
ENCLAVESECS # CR_ACTIVE_SECS) or 
ENCLAVEADDRESS # DS:RBX) ) 
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(* Copy 64 bytes of contents *) 
SCRATCH_SECINFO := DS:RBX; 


(* Check for misconfigured SECINFO flags*) 

IF ((SCRATCH_SECINFO reserved fields are not zero ) or (SCRATCH_SECINFO.FLAGS.R=0) AND(SCRATCH_SECINFO.FLAGS.W#O ) or 
(SCRATCH_SECINFO.FLAGS.PT is not PT_REG) ) 
THEN #GP(0); FI; 


(* Check security attributes of the source EPC page *) 

IF ((EPCM(DS:RDX).VALID = 0) or (EPCM(DS:RCX).R = 0) or (EPCM(DS:RDX).PENDING # 0) or (EPCM(DS:RDX).MODIFIED # 0) or 
(EPCM(DS:RDX).BLOCKED # 0) or (EPCM(DS:RDX).PT # PT_REG) or (EPCM(DS:RDX).ENCLAVESECS # CR_ACTIVE_SECS) or 
(EPCM(DS:RDX).ENCLAVEADDRESS # DS:RDX)) 

THEN #PF(DS:RDX); FI; 


(* Check security attributes of the destination EPC page *) 

IF ((EPCM(DS:RCX).VALID = 0) or (EPCM(DS:RCX).PENDING # 1) or (EPCM(DS:RCX).MODIFIED # 0) or 
(EPCM(DS:RDX).BLOCKED # 0) or (EPCM(DS:RCX).PT # PT_REG) or (EPCM(DS:RCX).ENCLAVESECS # CR_ACTIVE_SECS) ) 
THEN 

RFLAGS.ZF := 1; 
RAX := SGX_PAGE_ATTRIBUTES_MISMATCH; 
GOTO DONE; 

Fl; 


(* Check the destination EPC page for concurrency *) 
IF (destination EPC page in use ) 
THEN #GP(0); Fl; 


(* Re-Check security attributes of the destination EPC page *) 
IF ((EPCM(DS:RCX).VALID = 0) or (EPCM(DS:RCX).PENDING # 1) or (EPCM(DS:RCX).MODIFIED # 0) or 
(EPCM(DS:RCX).R # 1) or (EPCM(DS:RCX).W # 1) or (EPCM(DS:RCX).X # 0) or 
(EPCM(DS:RCX).PT # SCRATCH_SECINFO.FLAGS.PT) or (EPCM(DS:RCX).ENCLAVESECS # CR_ACTIVE_SECS) or 
(EPCM(DS:RCX).ENCLAVEADDRESS # DS:RCX)) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_PAGE_ATTRIBUTES_MISMATCH; 
GOTO DONE; 
Fl; 


(* Copy 4KBbytes form the source to destination EPC page”) 
DS:RCX[32767:0] := DS:RDX[32767:0]; 


(* Update EPCM permissions *) 

EPCM(DS:RCX).R := SCRATCH_SECINFO.FLAGS.R; 
EPCM(DS:RCX).W := SCRATCH_SECINFO.FLAGS.W; 
EPCM(DS:RCX).X := SCRATCH_SECINFO.FLAGS.X; 
EPCM(DS:RCX).PENDING := 0; 


RFLAGS.ZF := 0; 
RAX := 0; 


DONE: 
RFLAGS.CF,PF,AF,OF,SF := 0; 
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Flags Affected 
Sets ZF if page is not modifiable, otherwise cleared. Clears CF, PF, AF, OF, SF 


Protected Mode Exceptions 
#GP(0) If executed outside an enclave. 
If a memory operand effective address is outside the DS segment limit. 
If a memory operand is not properly aligned. 
If a memory operand is locked. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 
If EPC page has incorrect page type or security attributes. 


64-Bit Mode Exceptions 
#GP(0) If executed outside an enclave. 
If a memory operand is non-canonical form. 
If a memory operand is not properly aligned. 
If a memory operand is locked. 
#PF(error code) If a page fault occurs in accessing memory operands. 
If a memory operand is not an EPC page. 
If EPC page has incorrect page type or security attributes. 


37-98 Vol. 3D 


EENTER—Enters an Enclave 


INTEL® SGX INSTRUCTION REFERENCES 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
EAX = 02H IR VN SGX1 This leaf function is used to enter an enclave. 
ENCLU[EENTER] 
Instruction Operand Encoding 
Op/En EAX RBX RCX 
Content of RBX.CSSA Address of IP following 
IR EENTER (In) (Out) Address of a TCS (In) Address of AEP (In) EENTER (Out) 
Description 


The ENCLU[EENTER] instruction transfers execution to an enclave. At the end of the instruction, the logical 
processor is executing in enclave mode at the RIP computed as EnclaveBase + TCS.OENTRY. If the target address 
is not within the CS segment (32-bit) or is not canonical (64-bit), a #GP(0) results. 


EENTER Memory Parameter Semantics 


TCS 


Enclave access 


EENTER is a Serializing instruction. The instruction faults if any of the following occurs: 


locked. 


Address in RBX is not properly aligned. 


TCS pointed to by RBX is not valid or available or Current 32/64 mode does not match the enclave mode in 


SECS.ATTRIBUTES.MODE64. 


Any TCS.FLAGS's must-be-zero bit is not zero. 


The SECS is in use. 


Any one of DS, ES, CS, SS is not zero. If XSAVE available, CR4.0SXSAVE = 0, but SECS.ATTRIBUTES.XFRM # 3. 


Either of TCS-specified FS and GS segment is not a subsets of the current DS 


segment. 


CR4.0SFXSR # 1. 


If CR4.0SXSAVE = 1, SECS.ATTRIBUTES.XFRM is not a subset of XCRO. 


The following operations are performed by EENTER: 


¢ RSP and RBP are saved in the current SSA frame on EENTER and are automatically restored on EEXIT or 


interrupt. 


¢ The AEP contained in RCX is stored into the TCS for use by AEXs.FS and GS (including hidden portions) are 
saved and new values are constructed using TCS.OFSBASE/GSBASE (32 and 64-bit mode) and 
TCS.OFSLIMIT/GSLIMIT (32-bit mode only). The resulting segments must be a subset of the DS segment. 


° If CR4.0SXSAVE == 1, XCRO is saved and replaced by SECS.ATTRIBUTES.XFRM. The effect of RFLAGS.TF 
depends on whether the enclave entry is opt-in or opt-out (see Section 39.1.2): 


— On opt-out entry, TF is saved and cleared (it is restored on EEXIT or AEX). Any attempt to set TF via a POPF 
instruction while inside the enclave clears TF (see Section 39.2.5). 


— On opt-in entry, a single-step debug exception is pended on the instruction boundary immediately after 
EENTER (see Section 39.2.2). 


¢ All code breakpoints that do not overlap with ELRANGE are also suppressed. If the entry is an opt-out entry, all 
code and data breakpoints that overlap with the ELRANGE are suppressed. 


* On opt-out entry, a number of performance monitoring counters and behaviors are modified or suppressed 


(see Section 39.2.3): 
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— All performance monitoring activity on the current thread is suppressed except for incrementing and firing 
of FIXED_CTR1 and FIXED_CTR2. 


— PEBS is suppressed. 


— AnyThread counting on other threads is demoted to MyThread mode and IA32_PERF_GLOBAL_STATUS[60] 
on that thread is set 


— If the opt-out entry on a hardware thread results in suppression of any performance monitoring, then the 
processor sets IA32_PERF_GLOBAL_STATUS[60] and IA32_PERF_GLOBAL_STATUS[63]. 


Concurrency Restrictions 


Table 37-60. Base Concurrency Restrictions of EENTER 


Base Concurrency Restrictions 
Leaf Parameter 


Access On Conflict SGX_CONFLICT VM Exit Qualification 


EENTER TCS [DS:RBX] Shared #GP 


Table 37-61. Additional Concurrency Restrictions of EENTER 


Additional Concurrency Restrictions 
Leaf Parameter palit fees Scar vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EENTER TCS [DS:RBX] Concurrent Concurrent Concurrent 
Operation 
Temp Variables in EENTER Operational Flow 
Name Type Size (Bits) | Description 
TMP_FSBASE Effective Address 32/64 Proposed base address for FS segment. 
TMP_GSBASE Effective Address 32/64 Proposed base address for FS segment. 
TMP_FSLIMIT Effective Address 32/64 Highest legal address in proposed FS segment. 
TMP_GSLIMIT Effective Address 32/64 Highest legal address in proposed GS segment. 
TMP_XSIZE integer 64 Size of XSAVE area based on SECS.ATTRIBUTES.XFRM. 
TMP_SSA_PAGE Effective Address 32/64 Pointer used to iterate over the SSA pages in the current frame. 
TMP_GPR Effective Address 32/64 Address of the GPR area within the current SSA frame. 


TMP_MODE64 := ((IA32_EFER.LMA = 1) && (CS.L = 1); 


(* Make sure DS is usable, expand up *) 
IF (TMP_MODE64 = 0 and (DS not usable or ( ( DS[S] = 1) and (DS[bit 11] = 0) and DS[bit 10] = 1) )) 
THEN #GP(0); Fl; 


(* Check that CS, SS, DS, ES.base is 0 *) 
IF (TMP_MODE64 = 0) 
THEN 
IF 
IF 
IF 
IF 


CS.base # 0 or DS.base # 0) #GP(0); Fl; 
ES usable and ES.base # 0) #GP(0); Fl; 
SS usable and SS.base # 0) #GP(0); FI; 
SS usable and SS.B = 0) #GP(0); FI; 


ee 
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Fl; 


IF (DS:RBX is not 4KByte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RBX does not resolve within an EPC) 
THEN #PF(DS:RBX); FI; 


(* Check AEP is canonical*) 
IF (TMP_MODE64 = 1 and (CS:RCX is not canonical) ) 
THEN #GP(0); Fl; 


(* Check concurrency of TCS operation*) 
IF (Other Intel SGX instructions is operating on TCS) 
THEN #GP(0); Fl; 


(* TCS verification *) 
IF (EPCM(DS:RBX).VALID = 0) 
THEN #PF(DS:RBX); FI; 


IF (EPCM(DS:RBX).BLOCKED = 1) 
THEN #PF(DS:RBX); Fl; 


IF ( (EPCM(DS:RBX).ENCLAVEADDRESS # DS:RBX) or (EPCM(DS:RBX).PT # PT_TCS) ) 
THEN #PF(DS:RBX); Fl; 


IF ((EPCM(DS:RBX).PENDING = 1) or (EPCM(DS:RBX).MODIFIED = 1) 
THEN #PF(DS:RBX); Fl; 


IF ( (DS:RBX).OSSA is not 4KByte Aligned) 
THEN #GP(0); Fl; 


(* Check proposed FS and GS *) 
IF ( ( (DS:RBX).OFSBASE is not 4KByte Aligned) or ( (DS:RBX).OGSBASE is not 4KByte Aligned) ) 
THEN #GP(0); Fl; 


(* Get the SECS for the enclave in which the TCS resides *) 
TMP_SECS := Address of SECS for TCS; 


(* Ensure that the FLAGS field in the TCS does not have any reserved bits set *) 
IF ( ( (DS:RBX).FLAGS & FFFFFFFFFFFFFFFEH) # 0) 
THEN #GP(0); Fl; 


(* SECS must exist and enclave must have previously been EINITted *) 
IF (the enclave is not already initialized) 
THEN #GP(0); Fl; 


(* make sure the logical processor's operating mode matches the enclave *) 
IF ((TMP_MODE64 # TMP_SECS.ATTRIBUTES.MODE64BIT) ) 
THEN #GP(0); Fl; 


IF (CR4.0SFXSR = 0) 
THEN #GP(0); Fl; 
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(* Check for legal values of SECS.ATTRIBUTES.XFRM *) 
IF (CR4.0SXSAVE = 0) 
THEN 
IF (TMP_SECS.ATTRIBUTES.XFRM # 03H) THEN #GP(0); FI; 
ELSE 
IF ((TMP_SECS.ATTRIBUTES.XFRM & XCRO) # TMP_SECS.ATTRIBUES.XFRM) THEN #GP(0); FI; 
FI; 


(* Make sure the SSA contains at least one more frame *) 
IF ( (DS:RBX).CSSA 2 (DS:RBX).NSSA) 
THEN #GP(0); Fl; 


(* Compute linear address of SSA frame *) 
TMP_SSA := (DS:RBX).OSSA + TMP_SECS.BASEADDR + 4096 * TMP_SECS.SSAFRAMESIZE * (DS:RBX).CSSA; 
TMP_XSIZE := compute_XSAVE_frame_size(TMP_SECS.ATTRIBUTES.XFRM); 


FOR EACH TMP_SSA_PAGE = TMP_SSA to TMP_SSA + TMP_XSIZE 
(* Check page is read/write accessible *) 
Check that DS:TMP_SSA_PAGE is read/write accessible; 
If a fault occurs, release locks, abort and deliver that fault; 


IF (DS:TMP_SSA_PAGE does not resolve to EPC page) 
THEN #PF(DS:TMP_SSA_PAGE); FI; 

IF (EPCM(DS:TMP_SSA_PAGE).VALID = 0) 

THEN #PF(DS:TMP_SSA_PAGE); FI; 
IF (EPCM(DS:TMP_SSA_PAGE).BLOCKED = 1) 
THEN #PF(DS:TMP_SSA_PAGE); FI; 

IF ((EPCM(DS:TMP_SSA_PAGE).PENDING = 1) or (EPCM(DS:TMP_SSA_PAGE).MODIFIED = 1)) 
THEN #PF(DS:TMP_SSA_PAGE); FI; 

IF (( EPCM(DS:TMP_SSA_PAGE).ENCLAVEADDRESS # DS:TMP_SSA_PAGE) or (EPCM(DS:TMP_SSA_PAGE).PT # PT_REG) or 
(EPCM(DS:TMP_SSA_PAGE).ENCLAVESECS # EPCM(DS:RBX).ENCLAVESECS) or 
(EPCM(DS:TMP_SSA_PAGE).R = 0) or (EPCM(DS:TMP_SSA_PAGE).W = 0) ) 

THEN #PF(DS:TMP_SSA_PAGE); FI; 
CR_XSAVE_PAGE_n := Physical_Address(DS:TMP_SSA_PAGE); 
ENDFOR 


(* Compute address of GPR area*) 
TMP_GPR := TMP_SSA + 4096 * DS:TMP_SECS.SSAFRAMESIZE - sizeof(GPRSGX_AREA); 
If a fault occurs; release locks, abort and deliver that fault; 


IF (DS:TMP_GPR does not resolve to EPC page) 
THEN #PF(DS:TMP_GPR); Fl; 

IF (EPCM(DS:TMP_GPR).VALID = 0) 

THEN #PF(DS:TMP_GPR); Fl; 
IF (EPCM(DS:TMP_GPR).BLOCKED = 1) 
THEN #PF(DS:TMP_GPR); Fl; 

IF ((EPCM(DS:TMP_GPR).PENDING = 1) or (EPCM(DS:TMP_GPR).MODIFIED = 1)) 
THEN #PF(DS:TMP_GPR); Fl; 

IF (( EPCM(DS:TMP_GPR).ENCLAVEADDRESS # DS:TMP_GPR) or (EPCM(DS:TMP_GPR).PT # PT_REG) or 
(EPCM(DS:TMP_GPR).ENCLAVESECS EPCM(DS:RBX).ENCLAVESECS) or 
(EPCM(DS:TMP_GPR).R = 0) or (EPCM(DS:TMP_GPR).W = 0) ) 

THEN #PF(DS:TMP_GPR); Fl; 


IF (TMP_MODE64 = 0) 
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THEN 
IF (TMP_GPR + (GPR_SIZE -1) is not in DS segment) THEN #GP(0); FI; 
Fl; 


CR_GPR_PA := Physical_Address (DS: TMP_GPR); 


(* Validate TCS.OENTRY *) 
TMP_TARGET := (DS:RBX).OENTRY + TMP_SECS.BASEADDR; 
IF (TMP_MODE64 = 1) 
THEN 
IF (TMP_TARGET is not canonical) THEN #GP(0); FI; 
ELSE 
IF (TMP_TARGET > CS limit) THEN #GP(0); FI; 
FI; 


(* Check proposed FS/GS segments fall within DS *) 
IF (TMP_MODE64 = 0) 
THEN 
TMP_FSBASE := (DS:RBX).OFSBASE + TMP_SECS.BASEADDR; 
TMP_FSLIMIT := (DS:RBX). 
TMP_GSBASE := (DS:RBX).OGSBASE + TMP_SECS.BASEADDR; 


TMP_GSLIMIT := (DS:RBX).OGSBASE + TMP_SECS.BASEADDR + (DS:RBX).GSLIMIT; 


(* if FS wrap-around, make sure DS has no holes*) 
IF (TMP_FSLIMIT < TMP_FSBASE) 
THEN 
IF (DS.limit < 4GB) THEN #GP(0); FI; 
ELSE 
IF (TMP_FSLIMIT > DS.limit) THEN #GP(0); FI; 
Fl; 
(* if GS wrap-around, make sure DS has no holes*) 
IF (TMP_GSLIMIT < TMP_GSBASE) 
THEN 
IF (DS.limit < 4GB) THEN #GP(0); FI; 
ELSE 
IF (TMP_GSLIMIT > DS.limit) THEN #GP(0); FI; 
Fl; 
ELSE 
TMP_FSBASE := (DS:RBX).OFSBASE + TMP_SECS.BASEADDR; 
TMP_GSBASE := (DS:RBX).OGSBASE + TMP_SECS.BASEADDR; 
IF ((TMP_FSBASE is not canonical) or (TMP_GSBASE is not canonical)) 
THEN #GP(0); Fl; 
FI; 


(* Ensure the enclave is not already active and this thread is the only one using the TCS*) 


IF (DS:RBX.STATE = ACTIVE) 
THEN #GP(0); Fl; 


TMP_IA32_U_CET := 0 
TMP_SSP : = 0 


IF CPUID(EAX=12H, ECX=1):EAX[6] = 1 
THEN 
IF (CR4.CET = 0) 
THEN 


OFSBASE + TMP_SECS.BASEADDR + (DS:RBX).FSLIMIT; 
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(* If part does not support CET or CET has not been enabled and enclave requires CET then fail *) 
IF (TMP_SECS.CET_ATTRIBUTES # 0 OR TMP_SECS.CET_LEG_BITMAP_OFFSET # 0 ) #GP(0); FI; 
Fl; 
(* If indirect branch tracking or shadow stacks enabled but CET state save area is not 16B aligned then fail EENTER *) 
IF (TMP_SECS.CET_ATTRIBUTES.SH_STK_EN = 1 OR TMP_SECS.CET_ATTRIBUTES.ENDBR_EN = 1 ) 
THEN 
IF (DS:RBX.OCETSSA is not 16B aligned) #GP(0); FI; 
Fl; 


IF (TMP_SECS.CET_ATTRIBUTES.SH_STK_EN OR TMP_SECS.CET_ATTRIBUTES.ENDBR_EN) 
THEN 

(* Setup CET state from SECS, note tracker goes to IDLE *) 

TMP_IA32_U_CET = TMP_SECS.CET_ATTRIBUTES; 

IF (TMP_IA32_U_CET.LEG_IW_EN = 1 AND TMP_IA32_U_CET.ENDBR_EN = 1 ) 

THEN 

TMP_IA32_U_CET := TMP_IA32_U_CET + TMP_SECS.BASEADDR; 
TMP_IA32_U_CET := TMP_IA32_U_CET + TMP_SECS.CET_LEG_BITMAP_BASE; 


Fl; 


(* Compute linear address of what will become new CET state save area and cache its PA *) 
TMP_CET_SAVE_AREA = DS:RBX.OCETSSA + TMP_SECS.BASEADDR + (DS:RBX.CSSA) * 16 
TMP_CET_SAVE_PAGE = TMP_CET_SAVE_AREA & ~OxFFF; 


Check the TMP_CET_SAVE_PAGE page is read/write accessible 
If fault occurs release locks, abort and deliver fault 


(* Read the EPCM VALID, PENDING, MODIFIED, BLOCKED and PT fields atomically *) 
IF ((DS:TMP_CET_SAVE_PAGE Does NOT RESOLVE TO EPC PAGE) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).VALID = 0) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).PENDING = 1) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).MODIFIED = 1) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).BLOCKED = 1) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).R = 0) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).W = 0) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).ENCLAVEADDRESS # DS:TMP_CET_SAVE_PAGE) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).PT # PT_SS_REST) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).ENCLAVESECS # EPCM(DS:RBX).ENCLAVESECS)) 

THEN 

#PF(DS:TMP_CET_SAVE_PAGE); 


KS HS YS re rere YS wa 


Fl; 


CR_CET_SAVE_AREA_PA := Physical address(DS:TMP_CET_SAVE_AREA) 


IF TMP_IA32_U_CET.SH_STK_EN = 1 
THEN 
TMP_SSP = TCS.PREVSSP; 


Fl; 
Fl; 
Fl; 


CR_ENCLAVE_MODE := 1; 


CR_ACTIVE_SECS := TMP_SECS; 
CR_ELRANGE := (TMPSECS.BASEADDR, TMP_SECS.SIZE); 
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(* Save state for possible AEXs *) 
CR_TCS_PA := Physical_Address (DS:RBX); 
CR_TCS_LA := RBX; 

CR_TCS_LA.AEP := RCX; 


(* Save the hidden portions of FS and GS *) 
CR_SAVE_FS_selector := FS.selector; 
CR_SAVE_FS_base := FS.base; 
CR_SAVE_FS_limit := FS.limit; 
CR_SAVE_FS_access_rights := FS.access_rights; 
CR_SAVE_GS_selector := GS.selector; 
CR_SAVE_GS_base := GS.base; 
CR_SAVE_GS_limit := GS.limit; 
CR_SAVE_GS_access_rights := GS.access_rights; 


(* If XSAVE is enabled, save XCRO and replace it with SECS.ATTRIBUTES.XFRM*) 


IF (CR4.0SXSAVE = 1) 

CR_SAVE_XCRO := XCRO; 

XCRO := TMP_SECS.ATTRIBUTES.XFRM; 
Fl; 


RCX := RIP; 
RIP := TMP_TARGET; 
RAX := (DS:RBX).CSSA; 


(* Save the outside RSP and RBP so they can be restored on interrupt or EEXIT *) 


DS:TMP_SSA.U_RSP := RSP; 
DS:TMP_SSA.U_RBP := RBP; 


(* Do the FS/GS swap *) 
FS.base := TMP_FSBASE; 
FS.limit := DS:RBX.FSLIMIT; 
FS.type := 00016; 

FS.W := DS.W; 

FSS := 1; 

FS.DPL := DS.DPL; 
FS.G:= 1; 

FS.B := 1; 

FS.P := 1; 

FS.AVL := DS.AVL; 

FS.L := DS.L; 

FS.unusable := 0; 
FS.selector := OBH; 


GS.base := TMP_GSBASE; 
GS.limit := DS:RBX.GSLIMIT; 
GS.type := 00016; 

GS.W := DS.W; 

GSS := 1; 

GS.DPL := DS.DPL; 
GS.G:= 1; 

GS.B:= 1; 

GS.P := 1; 

GS.AVL := DS.AVL; 

GS.L := DS.L; 
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GS.unusable := 0; 
GS.selector := OBH; 


CR_DBGOPTIN := TCS.FLAGS.DBGOPTIN; 
Suppress_all_code_breakpoints_that_are_outside_ELRANGE; 


IF (CR_DBGOPTIN = 0) 

THEN 
Suppress_all_code_breakpoints_that_overlap_with_ELRANGE; 
CR_SAVE_TF := RFLAGS.TF; 

RFLAGS.TF := 0; 

Suppress_monitor_trap_flag for the source of the execution of the enclave; 
Suppress any pending debug exceptions; 

Suppress any pending MTF VM exit; 

ELSE 

IF RFLAGS.TF = 1 

THEN pend a single-step #DB at the end of EENTER; FI; 
IF the “monitor trap flag” VM-execution control is set 

THEN pend an MTF VM exit at the end of EENTER; Fl; 


Fl; 


IF ((CPUID.(EAX=7H, ECX=0):EDX[CET_IBT] = 1) OR (CPUID.(EAX=7H, ECX=0):ECX[CET_SS] = 1) 
THEN 
(* Save enclosing application CET state into save registers *) 
CR_SAVE_IA32_U_CET := IA32_U_CET 
(* Setup enclave CET state *) 
IF CPUID.(EAX=07H, ECX=00h):ECX[CET_SS] = 1 


THEN 
CR_SAVE_SSP := SSP 
SSP := TMP_SSP 


Fl; 
IA32_U_CET := TMP_IA32_U_CET; 
Fl; 


Flush_linear_context; 
Allow_front_end_to_begin_fetch_at_new_RIP; 


Flags Affected 
RFLAGS.TF is cleared on opt-out entry. 


Protected Mode Exceptions 
#GP(0) If DS:RBX is not page aligned. 
If the enclave is not initialized. 


If part or all of the FS or GS segment specified by TCS is outside the DS segment or not prop- 
erly aligned. 


If the thread is not in the INACTIVE state. 

If CS, DS, ES or SS bases are not all zero. 

If executed in enclave mode. 

If any reserved field in the TCS FLAG is set. 

If the target address is not within the CS segment. 
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If CR4.OSFXSR = 0. 

If CR4.0SXSAVE = 0 and SECS.ATTRIBUTES.XFRM # 3. 

If CR4.0SXSAVE = land SECS.ATTRIBUTES.XFRM is not a subset of XCRO. 
If a page fault occurs in accessing memory. 

If DS:RBX does not point to a valid TCS. 


If one or more pages of the current SSA frame are not readable/writable, or do not resolve to 
a valid PT_REG EPC page. 


64-Bit Mode Exceptions 


#GP(0) 


#PF(error code) 


If DS:RBX is not page aligned. 

If the enclave is not initialized. 

If the thread is not in the INACTIVE state. 
If CS, DS, ES or SS bases are not all zero. 
If executed in enclave mode. 


If part or all of the FS or GS segment specified by TCS is outside the DS segment or not prop- 
erly aligned. 


If the target address is not canonical. 

If CR4.OSFXSR = 0. 

If CR4.0SXSAVE = 0 and SECS.ATTRIBUTES.XFRM # 3. 

If CR4.0SXSAVE = land SECS.ATTRIBUTES.XFRM is not a subset of XCRO. 
If a page fault occurs in accessing memory operands. 

If DS:RBX does not point to a valid TCS. 


If one or more pages of the current SSA frame are not readable/writable, or do not resolve to 
a valid PT_REG EPC page. 
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EEXIT—Exits an Enclave 


Opcode/ Op/En 64/32 CPUID Description 
Instruction bitMode Feature 
Support Flag 
EAX = 04H IR VV SGX1 This leaf function is used to exit an enclave. 
ENCLU[EEXIT] 
Instruction Operand Encoding 
Op/En EAX RBX RCX 
IR EEXIT (In) Target address outside the enclave (In) Address of the current AEP (Out) 
Description 


The ENCLU[EEXIT] instruction exits the currently executing enclave and branches to the location specified in RBX. 
RCX receives the current AEP. If RBX is not within the CS (32-bit mode) or is not canonical (64-bit mode) a #GP(0) 
results. 


EEXIT Memory Parameter Semantics 


Target Address 


Non-Enclave read and execute access 


If RBX specifies an address that is inside the enclave, the instruction will complete normally. The fetch of the next 
instruction will occur in non-enclave mode, but will attempt to fetch from inside the enclave. This fetch returns a 
fixed data pattern. 


If secrets are contained in any registers, it is responsibility of enclave software to clear those registers. 


If XCRO was modified on enclave entry, it is restored to the value it had at the time of the most recent EENTER or 
ERESUME. 


If the enclave is opt-out, RFLAGS.TF is loaded from the value previously saved on EENTER. 
Code and data breakpoints are unsuppressed. 
Performance monitoring counters are unsuppressed. 


Concurrency Restrictions 


Table 37-62. Base Concurrency Restrictions of EEXIT 


Base Concurrency Restrictions 
Leaf Parameter : - —— 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
EEXIT Concurrent 
Table 37-63. Additional Concurrency Restrictions of EEXIT 
Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EEXIT Concurrent Concurrent Concurrent 
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Operation 
Temp Variables in EEXIT Operational Flow 
Name Type Size (Bits) | Description 
TMP_RIP Effective Address 32/64 Saved copy of CRIP for use when creating LBR. 


TMP_MODE64 := ((IA32_EFER.LMA = 1) && (CS.L = 1); 


IF (TMP_MODE64 = 1) 
THEN 
IF (RBX is not canonical) THEN #GP(0); Fl; 
ELSE 
IF (RBX > CS limit) THEN #GP(0); FI; 
Fl; 


TMP_RIP := CRIP; 
RIP := RBX; 


(* Return current AEP in RCX *) 
RCX := CR_TCS_PA.AEP; 


(* Do the FS/GS swap *) 

FS.selector := CR_SAVE_FS.selector; 

FS.base := CR_SAVE_FS.base; 

FS.limit := CR_SAVE_FS limit; 

FS.access_rights := CR_SAVE_FS.access_rights; 
GS.selector := CR_SAVE_GS.selector; 

GS.base := CR_SAVE_GS.base; 

GS.limit := CR_SAVE_GS.limit; 

GS.access_rights := CR_SAVE_GS.access_rights; 


(* Restore XCRO if needed *) 
IF (CR4.0SXSAVE = 1) 

XCRO := CR_SAVE__XCRO; 
FI; 


Unsuppress_all_code_breakpoints_that_are_outside_ELRANGE; 


IF (CR_DBGOPTIN = 0) 
THEN 

UnSuppress_all_code_breakpoints_that_overlap_with_ELRANGE; 
Restore suppressed breakpoint matches; 
RFLAGS.TF := CR_SAVE_TF; 
UnSuppress_montior_trap_flag; 
UnSuppress_LBR_Generation; 
UnSuppress_performance monitoring_activity; 
Restore performance monitoring counter AnyThread demotion to MyThread in enclave back to AnyThread 


Fl; 


IF RFLAGS.TF = 1 
THEN Pend Single-Step #DB at the end of EEXIT; 
Fl; 
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IF the “monitor trap flag” VM-execution control is set 
THEN pend a MTF VM exit at the end of EEXIT; 
Fl; 


IF (CPUID.(EAX=1 2H, ECX=1):EAX[6] = 1) 
THEN 
(* Record PREVSSP *) 
IF (IA32_U_CET.SH_STK_EN == 1) 
THEN CR_TCS_PA.PREVSSP = SSP; FI; 
Fl; 


IF ((CPUID.(EAX=7H, ECX=0):EDX[CET_IBT] = 1) OR (CPUID.(EAX=7, ECX=0):ECX[CET_SS] = 1) 
THEN 
(* Restore enclosing app's CET state from the save registers *) 
IA32_U_CET := CR_SAVE_IA32_U_CET; 
IF CPUID.(EAX=07H, ECX=00h):ECX[CET_SS] = 1 
THEN SSP := CR_SAVE_SSP; FI; 


(* Update enclosing app’s TRACKER if enclosing app has indirect branch tracking enabled *) 
IF (CR4.CET = 1 AND IA32_U_CET.ENDBR_EN = 1) 
THEN 
IA32_U_CET.TRACKER := WAIT_FOR_ENDBRANCH; 
IA32_U_CET.SUPPRESS := 0 
Fl; 
Fl; 


CR_ENCLAVE_MODE := 0; 
CR_TCS_PA.STATE := INACTIVE; 


(* Assure consistent translations *) 
Flush_linear_context; 


Flags Affected 
RFLAGS.TF is restored from the value previously saved in EENTER or ERESUME. 


Protected Mode Exceptions 
#GP(0) If executed outside an enclave. 

If RBX is outside the CS segment. 
#PF(error code) If a page fault occurs in accessing memory. 


64-Bit Mode Exceptions 
#GP(0) If executed outside an enclave. 
If RBX is not canonical. 
#PF(error code) If a page fault occurs in accessing memory operands. 
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EGETKEY—Retrieves a Cryptographic Key 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
EAX = 01H IR VIV SGX1 This leaf function retrieves a cryptographic key. 
ENCLU[EGETKEY] 


Instruction Operand Encoding 


Op/En EAX RBX RCX 
IR EGETKEY (In) Return error code (Out) | Address to a KEYREQUEST (In) | Address of the OUTPUTDATA (In) 
Description 


The ENCLU[EGETKEY] instruction returns a 128-bit secret key from the processor specific key hierarchy. The 
register RBX contains the effective address of a KEYREQUEST structure, which the instruction interprets to deter- 
mine the key being requested. The Requesting Keys section below provides a description of the keys that can be 
requested. The RCX register contains the effective address where the key will be returned. Both the addresses in 
RBX & RCX should be locations inside the enclave. 

EGETKEY derives keys using a processor unique value to create a specific key based on a number of possible 
inputs. This instruction leaf can only be executed inside an enclave. 


EEGETKEY Memory Parameter Semantics 
KEYREQUEST OUTPUTDATA 


Enclave read access Enclave write access 


After validating the operands, the instruction determines which key is to be produced and performs the following 
actions: 


° The instruction assembles the derivation data for the key based on the Table 37-64. 
* Computes derived key using the derivation data and package specific value. 
* Outputs the calculated key to the address in RCX. 


The instruction fails with #GP(0) if the operands are not properly aligned. Successful completion of the instruction 
will clear RFLAGS.{ZF, CF, AF, OF, SF, PF}. The instruction returns an error code if the user tries to request a key 
based on an invalid CPUSVN or ISVSVN (when the user request is accepted, see the table below), requests a key 
for which it has not been granted the attribute to request, or requests a key that is not supported by the hardware. 
These checks may be performed in any order. Thus, an indication by error number of one cause (for example, 
invalid attribute) does not imply that there are not also other errors. Different processors may thus give different 
error numbers for the same Enclave. The correctness of software should not rely on the order resulting from the 
checks documented in this section. In such cases the ZF flag is set and the corresponding error bit 
(SGX_INVALID_SVN, SGX_INVALID_ATTRIBUTE, SGX_INVALID_KEYNAME) is set in RAX and the data at the 
address specified by RCX is unmodified. 


Requesting Keys 

The KEYREQUEST structure (see Section 34.18.1) identifies the key to be provided. The Keyrequest.KeyName field 
identifies which type of key is requested. 

Deriving Keys 

Key derivation is based on a combination of the enclave specific values (See Table 37-64) and a processor key. 
Depending on the key being requested a field may either be included by definition or the value may be included 
from the KeyRequest. A “yes” in Table 37-64 indicates the value for the field is included from its default location, 


identified in the source row, and a “request” indicates the values for the field is included from its corresponding 
KeyRequest field. 


Vol. 3D 37-111 


INTEL® SGX INSTRUCTION REFERENCES 


Table 37-64. Key Derivation 


Owner | CPU ISV ISVEXT | ISVFAM CONFIG | CONFIGS 
Key Name | Attributes Epoch | SVN ISV SVN | PRODID | PRODID | ILYID MRENCLAVE | MRSIGNER | ID VN RAND 
Key Y= CR_SGX | Y:= R:= SECS. SECS.IS | SECS.IS | SECS. SECS. SECS.CO | SECS.CO | Req. 
Dependent | SECS.ATTRIBUTES | OWNER | CPUSVN | ReqISV | ISVID VEXTPR | VFAMIL | MRENCLAVE | MRSIGNER | NFIGID | NFIGSVN | KEYID 
Constant | and EPOCH | Register; | SVN; ODID YID 
SECS.MISCSELECT 
and 
SECS.CET_ATTRIB 
UTES; 
Source 
R:= AttribMask & Ri= 
SECS.ATTRIBUTES Req.CPU 
and SVN; 
SECS.MISCSELECT 
and 
SECS.CET_ATTRIB 
UTES; 
EINITTOKEN | Yes Request Yes Request | Request | Yes No No No Yes No No Request 
Report Yes Yes Yes Yes No No No No Yes No Yes Yes Request 
Seal Yes Request Yes Request | Request | Request | Request | Request | Request Request Request | Request | Request 
Provisioning | Yes Request No Request | Request | Yes No No No Yes No No Yes 
Provisioning | Yes Request No Request | Request | Request | Request | Request | No Yes Request | Request | Yes 
Seal 


Keys that permit the specification of a CPU or ISV's code's, or enclave configuration's SVNs have additional require- 
ments. The caller may not request a key for an SVN beyond the current CPU, ISV or enclave configuration's SVN, 
respectively. 


Several keys are access controlled. Access to the Provisioning Key and Provisioning Seal key requires the enclave's 
ATTRIBUTES.PROVISIONKEY be set. The EINITTOKEN Key requires ATTRIBUTES.EINITTOKEN_KEY be set and 
SECS.MRSIGNER equal IA32_SGXLEPUBKEYHASH. 


Some keys are derived based on a hardcode PKCS padding constant (352 byte string): 
HARDCODED_PKCS1_5_PADDING[15:0] := 0100H; 

HARDCODED_PKCS1_5_PADDING[2655:16] := SignExtend330Byte(-1); // 330 bytes of OFFH 
HARDCODED_PKCS1i_5_PADDING[2815:2656] := 2004000501020403650148866009060D30313000H; 


The error codes are: 


Table 37-65. EGETKEY Return Value in RAX 


Error Code (see Table 37-4) Value Description 
No Error 0 EGETKEY successful. 

[SGX_INVALID_ATTRIBUTE =~=~=~—*(||_~—_ | The KEYREQUEST contains a KEYNAME for which the enclave is not authorized. __| 
SGX_INVALID_CPUSVN If KEYREQUEST.CPUSVN is an unsupported platforms CPUSVN value. 
SGX_INVALID_ISVSVN If KEYREQUEST software SVN (ISVSVN or CONFIGSVN) is greater than the 

enclave's corresponding SVN. 
SGX_INVALID_KEYNAME If KEYREQUEST.KEYNAME is an unsupported value. 


Concurrency Restrictions 


Table 37-66. Base Concurrency Restrictions of EGETKEY 


Base Concurrency Restrictions 
Leaf Parameter - - — 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
EGETKEY KEYREQUEST [DS:RBX] Concurrent 
OUTPUTDATA [DS:RCX] Concurrent 
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Table 37-67. Additional Concurrency Restrictions of EGETKEY 


Additional Concurrency Restrictions 
Leaf Parameter one Ahnres inst vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EGETKEY KEYREQUEST Concurrent Concurrent Concurrent 
[DS:RBX] 
OUTPUTDATA Concurrent Concurrent Concurrent 
[DS:RCX] 
Operation 
Temp Variables in EGETKEY Operational Flow 
Name Type Size (Bits) | Description 
TMP_CURRENTSECS Address of the SECS for the currently executing enclave. 
TMP_KEYDEPENDENCIES Temp space for key derivation. 
TMP_ATTRIBUTES 128 Temp Space for the calculation of the sealable Attributes. 
TMP_ISVEXTPRODID 16 bytes Temp Space for ISVEXTPRODID. 
TMP_ISVPRODID 2 bytes Temp Space for ISVPRODID. 
TMP_ISVFAMILYID 16 bytes Temp Space for ISVFAMILYID. 
TMP_CONFIGID 64 bytes Temp Space for CONFIGID. 
TMP_CONFIGSVN 2 bytes Temp Space for CONFIGSVN. 
TMP_OUTPUTKEY 128 Temp Space for the calculation of the key. 


(* Make sure KEYREQUEST is properly aligned and inside the current enclave *) 
IF ( (DS:RBX is not 512Byte aligned) or (DS:RBX is not within CR_ELRANGE) ) 
THEN #GP(0); Fl; 


(* Make sure DS:RBX is an EPC address and the EPC page is valid *) 
IF ((DS:RBX does not resolve to an EPC address) or (EPCM(DS:RBX).VALID = 0) ) 
THEN #PF(DS:RBX); FI; 


IF (EPCM(DS:RBX).BLOCKED = 1) 
THEN #PF(DS:RBX); Fl; 


(* Check page parameters for correctness *) 

IF ((EPCM(DS:RBX).PT # PT_REG) or (EPCM(DS:RBX).ENCLAVESECS # CR_ACTIVE_SECS) or (EPCM(DS:RBX).PENDING = 1) or 
(EPCM(DS:RBX).MODIFIED = 1) or (EPCM(DS:RBX).ENCLAVEADDRESS # (DS:RBX & ~OFFFH) ) or (EPCM(DS:RBX).R = 0) ) 
THEN #PF(DS:RBX); 

Fl; 


(* Make sure OUTPUTDATA is properly aligned and inside the current enclave *) 
IF ( (DS:RCX is not 16Byte aligned) or (DS:RCX is not within CR_ELRANGE) ) 
THEN #GP(0); Fl; 


(* Make sure DS:RCX is an EPC address and the EPC page is valid *) 
IF ( (DS:RCX does not resolve to an EPC address) or (EPCM(DS:RCX).VALID = 0) ) 
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THEN #PF(DS:RCX); Fl; 


IF (EPCM(DS:RCX).BLOCKED = 1) 
THEN #PF(DS:RCX); Fl; 


(* Check page parameters for correctness *) 

IF ( (EPCM(DS:RCX).PT # PT_REG) or (EPCM(DS:RCX).ENCLAVESECS # CR_ACTIVE_SECS) or (EPCM(DS:RCX).PENDING = 1) or 
(EPCM(DS:RCX).MODIFIED = 1) or (EPCM(DS:RCX).ENCLAVEADDRESS # (DS:RCX & ~OFFFH) ) or (EPCM(DS:RCX).W = 0) ) 
THEN #PF(DS:RCX); 

Fl; 


(* Verify RESERVED spaces in KEYREQUEST are valid *) 
IF ( (DS:RBX).RESERVED # 0) or (DS:RBX.KEYPOLICY.RESERVED # 0) ) 
THEN #GP(0); FI; 


TMP_CURRENTSECS := CR_ACTIVE_SECS; 


(* Verify that CONFIGSVN & New Policy bits are not used if KSS is not enabled *) 
IF ((TMP_CURRENTSECS.ATTRIBUTES.KSS == 0) AND ((DS:RBX.KEYPOLICY & 0x003C # 0) OR (DS:RBX.CONFIGSVN > 0))) 
THEN #GP(0); Fl; 
(* Determine which enclave attributes that must be included in the key. Attributes that must always be include INIT & DEBUG *) 
REQUIRED_SEALING_MASK[1 27:0] := QO000000 00000000 00000000 00000003H; 
TMP_ATTRIBUTES := (DS:RBX.ATTRIBUTEMASK | REQUIRED_SEALING_MASK) & TMP_CURRENTSECS.ATTRIBUTES; 


(* Compute MISCSELECT fields to be included *) 
TMP_MISCSELECT := DS:RBX.MISCMASK & TMP_CURRENTSECS.MISCSELECT 


(* Compute CET_ATTRIBUTES fields to be included *) 
IF (CPUID.(EAX=1 2H, ECX=1):EAX[6] = 1) 

THEN TMP_CET_ATTRIBUTES := DS:RBX.CET_ATTRIBUTES_ MASK & TMP_CURRENTSECS.CET_ATTRIBUTES; Fl; 
TMP_KEYDEPENDENCIES := 0; 


CASE (DS:RBX.KEYNAME) 
SEAL_KEY: 
IF (DS:RBX.CPUSVN is beyond current CPU configuration) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_CPUSVN; 
GOTO EXIT; 
FI; 
IF (DS:RBX.ISVSVN > TMP_CURRENTSECS.ISVSVN) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_ISVSVN; 
GOTO EXIT; 
FI; 
IF (DS:RBX.CONFIGSVN > TMP_CURRENTSECS.CONFIGSVN) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_ISVSVN; 
GOTO EXIT; 
FI; 


(*Include enclave identity?*) 
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TMP_MRENCLAVE := 0; 
IF (DS:RBX.KEYPOLICY.MRENCLAVE = 1) 
THEN TMP_MRENCLAVE := TMP_CURRENTSECS.MRENCLAVE; 
FI; 
(*Include enclave author?*) 
TMP_MRSIGNER := 0; 
IF (DS:RBX.KEYPOLICY.MRSIGNER = 1) 
THEN TMP_MRSIGNER := TMP_CURRENTSECS.MRSIGNER; 
Fl; 
(* Include enclave product family ID? *) 
TMP_ISVFAMILYID := 0; 
IF (DS:RBX.KEYPOLICY.ISVFAMILYID = 1) 
THEN TMP_ISVFAMILYID := TMP_CURRENTSECS.ISVFAMILYID; 
Fl; 


(* Include enclave product ID? *) 
TMP_ISVPRODID := 0; 
IF (DS:RBX.KEYPOLICY.NOISVPRODID = 0) 
TMP_ISVPRODID := TMP_CURRENTSECS.ISVPRODID; 
Fl; 


(* Include enclave Config ID? *) 

TMP_CONFIGID := 0; 

TMP_CONFIGSVN := 0; 

IF (DS:RBX.KEYPOLICY.CONFIGID = 1) 
TMP_CONFIGID := TMP_CURRENTSECS.CONFIGID; 
TMP_CONFIGSVN := DS:RBX.CONFIGSVN; 

Fl; 


(* Include enclave extended product ID? *) 

TMP_ISVEXTPRODID := 0; 

IF (DS:RBX.KEYPOLICY.ISVEXTPRODID = 1 ) 
TMP_ISVEXTPRODID := TMP_CURRENTSECS.ISVEXTPRODID; 

FI; 


//Determine values key is based on 
TMP_KEYDEPENDENCIES.KEYNAME := SEAL_KEY; 
TMP_KEYDEPENDENCIES.ISVFAMILYID := TMP_ISVFAMILYID; 
TMP_KEYDEPENDENCIES.ISVEXTPRODID := TMP_ISVEXTPRODID; 
TMP_KEYDEPENDENCIES.ISVPRODID := TMP_ISVPRODID; 
TMP_KEYDEPENDENCIES.ISVSVN := DS:RBX.ISVSVN; 
TMP_KEYDEPENDENCIES.SGXOWNEREPOCH := CR_SGXOWNEREPOCH; 
TMP_KEYDEPENDENCIES.ATTRIBUTES := TMP_ATTRIBUTES; 
TMP_KEYDEPENDENCIES.ATTRIBUTESMASK := DS:RBX.ATTRIBUTEMASK; 
TMP_KEYDEPENDENCIES.MRENCLAVE := TMP_MRENCLAVE; 
TMP_KEYDEPENDENCIES.MRSIGNER := TMP_MRSIGNER; 
TMP_KEYDEPENDENCIES.KEYID := DS:RBX.KEYID; 
TMP_KEYDEPENDENCIES.SEAL_KEY_FUSES := CR_SEAL_FUSES; 
TMP_KEYDEPENDENCIES.CPUSVN := DS:RBX.CPUSVN; 
TMP_KEYDEPENDENCIES.PADDING := TMP_CURRENTSECS.PADDING; 
TMP_KEYDEPENDENCIES.MISCSELECT := TMP_MISCSELECT; 
TMP_KEYDEPENDENCIES.MISCMASK := ~DS:RBX.MISCMASK; 
TMP_KEYDEPENDENCIES.KEYPOLICY := DS:RBX.KEYPOLICY; 
TMP_KEYDEPENDENCIES.CONFIGID := TMP_CONFIGID; 
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TMP_KEYDEPENDENCIES.CONFIGSVN := TMP_CONFIGSVN; 
IF CPUID.(EAX=12H, ECX=1):EAX[6] = 1 
THEN 
TMP_KEYDEPENDENCIES.CET_ATTRIBUTES := TMP_CET_ATTRIBUTES; 
TMP_KEYDEPENDENCIES.CET_ATTRIBUTES _MASK := DS:RBX.CET_ATTRIBUTES _ MASK; 
Fl; 
BREAK; 
REPORT_KEY: 
//Determine values key is based on 
TMP_KEYDEPENDENCIES.KEYNAME := REPORT_KEY; 
TMP_KEYDEPENDENCIES.ISVFAMILYID := 0; 
TMP_KEYDEPENDENCIES.ISVEXTPRODID := 0; 
TMP_KEYDEPENDENCIES.ISVPRODID := 0; 
TMP_KEYDEPENDENCIES.ISVSVN := 0; 
TMP_KEYDEPENDENCIES.SGXOWNEREPOCH := CR_SGXOWNEREPOCH; 
TMP_KEYDEPENDENCIES.ATTRIBUTES := TMP_CURRENTSECS.ATTRIBUTES; 
TMP_KEYDEPENDENCIES.ATTRIBUTESMASK := 0; 
TMP_KEYDEPENDENCIES.MRENCLAVE := TMP_CURRENTSECS.MRENCLAVE; 
TMP_KEYDEPENDENCIES.MRSIGNER := 0; 
TMP_KEYDEPENDENCIES.KEYID := DS:RBX.KEYID; 
TMP_KEYDEPENDENCIES.SEAL_KEY_FUSES := CR_SEAL_FUSES; 
TMP_KEYDEPENDENCIES.CPUSVN := CR_CPUSVN; 
TMP_KEYDEPENDENCIES.PADDING := HARDCODED_PKCS1i_5_ PADDING; 
TMP_KEYDEPENDENCIES.MISCSELECT := TMP_CURRENTSECS.MISCSELECT; 
TMP_KEYDEPENDENCIES.MISCMASK := 0; 
TMP_KEYDEPENDENCIES.KEYPOLICY := 0; 
TMP_KEYDEPENDENCIES.CONFIGID := TMP_CURRENTSECS.CONFIGID; 
TMP_KEYDEPENDENCIES.CONFIGSVN := TMP_CURRENTSECS.CONFIGSVN; 
IF (CPUID.(EAX=12H, ECX=1):EAX[6] = 1) 
THEN 
TMP_KEYDEPENDENCIES.CET_ATTRIBUTES := TMP_CURRENTSECS.CET_ATTRIBUTES; 
TMP_KEYDEPENDENCIES.CET_ATTRIBUTES_MASK := 0; 
Fl; 
BREAK; 
EINITTOKEN_KEY: 
(* Check ENCLAVE has EINITTOKEN Key capability *) 
IF (TMP_CURRENTSECS.ATTRIBUTES.EINITTOKEN_KEY = 0) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_ATTRIBUTE; 
GOTO ExIT; 
Fl; 
IF (DS:RBX.CPUSVN is beyond current CPU configuration) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_CPUSVN; 
GOTO EXIT; 
Fl; 
IF (DS:RBX.ISVSVN > TMP_CURRENTSECS.ISVSVN) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_ISVSVN; 
GOTO EXIT; 
Fl; 
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(* Determine values key is based on *) 
TMP_KEYDEPENDENCIES.KEYNAME := EINITTOKEN_KEY; 
TMP_KEYDEPENDENCIES.ISVFAMILYID := 0; 
TMP_KEYDEPENDENCIES.ISVEXTPRODID := 0; 
TMP_KEYDEPENDENCIES.ISVPRODID := TMP_CURRENTSECS.ISVPRODID 
TMP_KEYDEPENDENCIES.ISVSVN := DS:RBX.ISVSVN; 
TMP_KEYDEPENDENCIES.SGXOWNEREPOCH := CR_SGXOWNEREPOCH; 
TMP_KEYDEPENDENCIES.ATTRIBUTES := TMP_ATTRIBUTES; 
TMP_KEYDEPENDENCIES.ATTRIBUTESMASK := 0; 
TMP_KEYDEPENDENCIES.MRENCLAVE := 0; 
TMP_KEYDEPENDENCIES.MRSIGNER := TMP_CURRENTSECS.MRSIGNER; 
TMP_KEYDEPENDENCIES.KEYID := DS:RBX.KEYID; 
TMP_KEYDEPENDENCIES.SEAL_KEY_FUSES := CR_SEAL_FUSES; 
TMP_KEYDEPENDENCIES.CPUSVN := DS:RBX.CPUSVN; 
TMP_KEYDEPENDENCIES.PADDING := TMP_CURRENTSECS.PADDING; 
TMP_KEYDEPENDENCIES.MISCSELECT := TMP_MISCSELECT; 
TMP_KEYDEPENDENCIES.MISCMASK := 0; 
TMP_KEYDEPENDENCIES.KEYPOLICY := 0; 
TMP_KEYDEPENDENCIES.CONFIGID := 0; 
TMP_KEYDEPENDENCIES.CONFIGSVN := 0; 
IF (CPUID.(EAX=1 2H, ECX=1):EAX[6] = 1) 
THEN 
TMP_KEYDEPENDENCIES.CET_ATTRIBUTES := TMP_CET_ATTRIBUTES; 
TMP_KEYDEPENDENCIES.CET_ATTRIBUTES _MASK := 0; 
Fl; 
BREAK; 
PROVISION_KEY: 
(* Check ENCLAVE has PROVISIONING capability *) 
IF (TMP_CURRENTSECS.ATTRIBUTES.PROVISIONKEY = 0) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_ATTRIBUTE; 
GOTO EXIT; 
Fl; 
IF (DS:RBX.CPUSVN is beyond current CPU configuration) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_CPUSVN; 
GOTO EXIT; 
Fl; 
IF (DS:RBX.ISVSVN > TMP_CURRENTSECS.ISVSVN) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_ISVSVN; 
GOTO EXIT; 
Fl; 
(* Determine values key is based on *) 
TMP_KEYDEPENDENCIES.KEYNAME := PROVISION_KEY; 
TMP_KEYDEPENDENCIES.ISVFAMILYID := 0; 
TMP_KEYDEPENDENCIES.ISVEXTPRODID := 0; 
TMP_KEYDEPENDENCIES.ISVPRODID := TMP_CURRENTSECS.ISVPRODID; 
TMP_KEYDEPENDENCIES.ISVSVN := DS:RBX.ISVSVN; 
TMP_KEYDEPENDENCIES.SGXOWNEREPOCH := 0; 
TMP_KEYDEPENDENCIES.ATTRIBUTES := TMP_ATTRIBUTES; 
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TMP_KEYDEPENDENCIES.ATTRIBUTESMASK := DS:RBX.ATTRIBUTEMASK; 
TMP_KEYDEPENDENCIES.MRENCLAVE := 0; 
TMP_KEYDEPENDENCIES.MRSIGNER := TMP_CURRENTSECS.MRSIGNER; 
TMP_KEYDEPENDENCIES.KEYID := 0; 
TMP_KEYDEPENDENCIES.SEAL_KEY_FUSES := 0; 
TMP_KEYDEPENDENCIES.CPUSVN := DS:RBX.CPUSVN; 
TMP_KEYDEPENDENCIES.PADDING := TMP_CURRENTSECS.PADDING; 
TMP_KEYDEPENDENCIES.MISCSELECT := TMP_MISCSELECT; 
TMP_KEYDEPENDENCIES.MISCMASK := ~DS:RBX.MISCMASK; 
TMP_KEYDEPENDENCIES.KEYPOLICY := 0; 
TMP_KEYDEPENDENCIES.CONFIGID := 0; 
IF (CPUID.(EAX=1 2H, ECX=1):EAX[6] = 1) 
THEN 
TMP_KEYDEPENDENCIES.CET_ATTRIBUTES := TMP_CET_ATTRIBUTES; 
TMP_KEYDEPENDENCIES.CET_ATTRIBUTES _MASK := 0; 
FI; 
BREAK; 
PROVISION_SEAL_KEY: 
(* Check ENCLAVE has PROVISIONING capability *) 
IF (TMP_CURRENTSECS.ATTRIBUTES.PROVISIONKEY = 0) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_ATTRIBUTE; 
GOTO EXIT; 
FI; 
IF (DS:RBX.CPUSVN is beyond current CPU configuration) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_CPUSVN; 
GOTO EXIT; 
FI; 
IF (DS:RBX.ISVSVN > TMP_CURRENTSECS.ISVSVN) 
THEN 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_ISVSVN; 
GOTO EXIT; 
FI; 
(* Include enclave product family ID? *) 
TMP_ISVFAMILYID := 0; 
IF (DS:RBX.KEYPOLICY.ISVFAMILYID = 1) 
THEN TMP_ISVFAMILYID := TMP_CURRENTSECS.ISVFAMILYID; 
FI; 


(* Include enclave product ID? *) 
TMP_ISVPRODID := 0; 
IF (DS:RBX.KEYPOLICY.NOISVPRODID = 0) 
TMP_ISVPRODID := TMP_CURRENTSECS.ISVPRODID; 
FI; 


(* Include enclave Config ID? *) 

TMP_CONFIGID := 0; 

TMP_CONFIGSVN := 0; 

IF (DS:RBX.KEYPOLICY.CONFIGID = 1) 
TMP_CONFIGID := TMP_CURRENTSECS.CONFIGID; 
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TMP_CONFIGSVN := DS:RBX.CONFIGSVN; 


Fl; 


(* Include enclave extended product ID? *) 

TMP_ISVEXTPRODID := 0; 

IF (DS:RBX.KEYPOLICY.ISVEXTPRODID = 1) 
TMP_ISVEXTPRODID := TMP_CURRENTSECS.ISVEXTPRODID; 


(* Determine values key is based on *) 
TMP_KEYDEPENDENCIES.KEYNAME := PROVISION_SEAL_KEY; 
TMP_KEYDEPENDENCIES.ISVFAMILYID := TMP_ISVFAMILYID; 
TMP_KEYDEPENDENCIES.ISVEXTPRODID := TMP_ISVEXTPRODID; 
TMP_KEYDEPENDENCIES.ISVPRODID := TMP_ISVPRODID; 
TMP_KEYDEPENDENCIES.ISVSVN := DS:RBX.ISVSVN; 
TMP_KEYDEPENDENCIES.SGXOWNEREPOCH := 0; 
TMP_KEYDEPENDENCIES.AT TRIBUTES := TMP_ATTRIBUTES; 
TMP_KEYDEPENDENCIES.ATTRIBUTESMASK := DS:RBX.ATTRIBUTEMASK; 
TMP_KEYDEPENDENCIES.MRENCLAVE := 0; 
TMP_KEYDEPENDENCIES.MRSIGNER := TMP_CURRENTSECS.MRSIGNER; 
TMP_KEYDEPENDENCIES.KEYID := 0; 
TMP_KEYDEPENDENCIES.SEAL_KEY_FUSES := CR_SEAL_FUSES; 
TMP_KEYDEPENDENCIES.CPUSVN := DS:RBX.CPUSVN; 
TMP_KEYDEPENDENCIES.PADDING := TMP_CURRENTSECS.PADDING; 
TMP_KEYDEPENDENCIES.MISCSELECT := TMP_MISCSELECT; 
TMP_KEYDEPENDENCIES.MISCMASK := ~DS:RBX.MISCMASK; 
TMP_KEYDEPENDENCIES.KEYPOLICY := DS:RBX.KEYPOLICY; 
TMP_KEYDEPENDENCIES.CONFIGID := TMP_CONFIGID; 
TMP_KEYDEPENDENCIES.CONFIGSVN := TMP_CONFIGSVN; 
IF (CPUID.(EAX=1 2H, ECX=1):E€AX[6] = 1) 
THEN 
TMP_KEYDEPENDENCIES.CET_ATTRIBUTES := TMP_CET_ATTRIBUTES; 
TMP_KEYDEPENDENCIES.CET_ATTRIBUTES _MASK := 0; 
Fl; 
BREAK; 


DEFAULT: 


(* The value of KEYNAME is invalid *) 
RFLAGS.ZF := 1; 

RAX := SGX_INVALID_KEYNAME; 
GOTO EXIT: 


(* Calculate the final derived key and output to the address in RCX *) 
TMP_OUTPUTKEY := derivekey(TMP_KEYDEPENDENCIES); 

DS:RCX[1 5:0] := TMP_OUTPUTKEY; 

RAX := 0; 

RFLAGS.ZF := 0; 


RFLAGS.CF := 0; 
RFLAGS.PF := 0; 
RFLAGS.AF := 0; 
RFLAGS.OF := 0; 
RFLAGS.SF := 0; 
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Flags Affected 


ZF is cleared if successful, otherwise ZF is set. CF, PF, AF, OF, SF are cleared. 


Protected Mode Exceptions 


#GP(0) 


#PF(error code) 


If executed outside an enclave. 

If a memory operand effective address is outside the current enclave. 
If an effective address is not properly aligned. 

If an effective address is outside the DS segment limit. 

If KEYREQUEST format is invalid. 

If a page fault occurs in accessing memory. 


64-Bit Mode Exceptions 


#GP(0) 


#PF(error code) 
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If executed outside an enclave. 

If a memory operand effective address is outside the current enclave. 
If an effective address is not properly aligned. 

If an effective address is not canonical. 

If KEYREQUEST format is invalid. 

If a page fault occurs in accessing memory operands. 
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EMODPE—Extend an EPC Page Permissions 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
EAX = O6H IR VV SGX2 This leaf function extends the access rights of an existing EPC 
ENCLU[EMODPE] page. 


Instruction Operand Encoding 


Op/En EAX RBX RCX 
IR EMODPE (In) Address of a SECINFO (In) Address of the destination EPC page (In) 
Description 


This leaf function extends the access rights associated with an existing EPC page in the running enclave. THE RWX 
bits of the SECINFO parameter are treated as a permissions mask; supplying a value that does not extend the page 
permissions will have no effect. This instruction leaf can only be executed when inside the enclave. 


RBX contains the effective address of a SECINFO structure while RCX contains the effective address of an EPC 
page. The table below provides additional information on the memory parameter of the EMODPE leaf function. 


EMODPE Memory Parameter Semantics 


SECINFO EPCPAGE 


Read access permitted by Non Enclave Read access permitted by Enclave 


The instruction faults if any of the following: 


EMODPE Faulting Conditions 


The operands are not properly aligned. If security attributes of the SECINFO page make the page inaccessible. 

The EPC page is locked by another thread. RBX does not contain an effective address in an EPC page in the running enclave. 
The EPC page is not valid. RCX does not contain an effective address of an EPC page in the running enclave. 
SECINFO contains an invalid request. 


Concurrency Restrictions 


Table 37-68. Base Concurrency Restrictions of EMODPE 


Base Concurrency Restrictions 
Leaf Parameter - : a 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
EMODPE Target [DS:RCX] Concurrent 
SECINFO [DS:RBX] Concurrent 


Table 37-69. Additional Concurrency Restrictions of EMODPE 


Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EMODPE Target [DS:RCX] Exclusive #GP Concurrent Concurrent 
SECINFO [DS:RBX] Concurrent Concurrent Concurrent 
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Operation 
Temp Variables in EMODPE Operational Flow 
Name Type Size (bits) | Description 
SCRATCH_SECINFO SECINFO 512 Scratch storage for holding the contents of DS:RBX. 


IF (DS:RBX is not 64Byte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RCX is not 4KByte Aligned) 
THEN #GP(0); Fl; 


IF ((DS:RBX is not within CR_ELRANGE) or (DS:RCX is not within CR_ELRANGE) ) 
THEN #GP(0); Fl; 


IF (DS:RBX does not resolve within an EPC) 
THEN #PF(DS:RBX); FI; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


IF ( (EPCM(DS:RBX).VALID = 0) or (EPCM(DS:RBX).R = 0) or (EPCM(DS:RBX).PENDING # 0) or (EPCM(DS:RBX).MODIFIED # 0) or 
(EPCM(DS:RBX).BLOCKED # 0) or (EPCM(DS:RBX).PT # PT_REG) or (EPCM(DS:RBX).ENCLAVESECS # CR_ACTIVE_SECS) or 
(EPCM(DS:RBX).ENCLAVEADDRESS # (DS:RBX & ~OxFFF)) ) 

THEN #PF(DS:RBX); Fl; 


) 
) 


SCRATCH_SECINFO := DS:RBX; 


(* Check for misconfigured SECINFO flags*) 
IF (SCRATCH_SECINFO reserved fields are not zero ) 
THEN #GP(0); Fl; 


(* Check security attributes of the EPC page *) 

IF ((EPCM(DS:RCX).VALID = 0) or (EPCM(DS:RCX).PENDING # 0) or (EPCM(DS:RCX).MODIFIED # 0) or 
(EPCM(DS:RCX).BLOCKED # 0) or (EPCM(DS:RCX).PT # PT_REG) or (EPCM(DS:RCX).ENCLAVESECS # CR_ACTIVE_SECS) ) 
THEN #PF(DS:RCX); Fl; 


(* Check the EPC page for concurrency *) 
IF (EPC page in use by another SGX2 instruction) 
THEN #GP(0); Fl; 


(* Re-Check security attributes of the EPC page *) 

IF ( (EPCM(DS:RCX).VALID = 0) or (EPCM(DS:RCX).PENDING # 0) or (EPCM(DS:RCX).MODIFIED # 0) or 
(EPCM(DS:RCX).PT # PT_REG) or (EPCM(DS:RCX).ENCLAVESECS # CR_ACTIVE_SECS) or 
(EPCM(DS:RCX).ENCLAVEADDRESS # DS:RCX)) 

THEN #PF(DS:RCX); Fl; 


(* Check for misconfigured SECINFO flags*) 


IF ( (EPCM(DS:RCX).R = 0) and (SCRATCH_SECINFO.FLAGS.R = 0) and (SCRATCH_SECINFO.FLAGS.W # 0) ) 
THEN #GP(0); Fl; 
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(* Update EPCM permissions *) 

EPCM(DS:RCX).R := EPCM(DS:RCX).R | SCRATCH_SECINFO.FLAGS.R; 
EPCM(DS:RCX).W := EPCM(DS:RCX).W | SCRATCH_SECINFO.FLAGS.W; 
EPCM(DS:RCX).X := EPCM(DS:RCX).X | SCRATCH_SECINFO.FLAGS.X; 


Flags Affected 
None 


Protected Mode Exceptions 

#GP(0) If executed outside an enclave. 
If a memory operand effective address is outside the DS segment limit. 
If a memory operand is not properly aligned. 
If a memory operand is locked. 

#PF(error code) If a page fault occurs in accessing memory operands. 


64-Bit Mode Exceptions 
#GP(0) If executed outside an enclave. 
If a memory operand is non-canonical form. 
If a memory operand is not properly aligned. 
If a memory operand is locked. 
#PF(error code) If a page fault occurs in accessing memory operands. 
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EREPORT—Create a Cryptographic Report of the Enclave 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
EAX = OOH IR VIV SGX1 This leaf function creates a cryptographic report of the enclave. 
ENCLU[EREPORT] 


Instruction Operand Encoding 


Op/En EAX RBX RCX RDX 
IR EREPORT (In) Address of TARGETINFO | Address of REPORTDATA Address where the REPORT is 
(In) (In) written to in an OUTPUTDATA (In) 
Description 


This leaf function creates a cryptographic REPORT that describes the contents of the enclave. This instruction leaf 
can only be executed when inside the enclave. The cryptographic report can be used by other enclaves to deter- 
mine that the enclave is running on the same platform. 


RBX contains the effective address of the MRENCLAVE value of the enclave that will authenticate the REPORT 
output, using the REPORT key delivered by EGETKEY command for that enclave. RCX contains the effective address 
of a 64-byte REPORTDATA structure, which allows the caller of the instruction to associate data with the enclave 
from which the instruction is called. RDX contains the address where the REPORT will be output by the instruction. 


EREPORT Memory Parameter Semantics 


TARGETINFO REPORTDATA OUTPUTDATA 


Read access by Enclave Read access by Enclave Read/Write access by Enclave 


This instruction leaf perform the following: 
1. Validate the 3 operands (RBX, RCX, RDX) are inside the enclave. 
2. Compute a report key for the target enclave, as indicated by the value located in RBX(TARGETINFO). 


3. Assemble the enclave SECS data to complete the REPORT structure (including the data provided using the RCX 
(REPORTDATA) operand). 


4. Computes a cryptographic hash over REPORT structure. 

5. Add the computed hash to the REPORT structure. 

6. Output the completed REPORT structure to the address in RDX (OUTPUTDATA). 
The instruction fails if the operands are not properly aligned. 


CR_REPORT_KEYID, used to provide key wearout protection, is populated with a statistically unique value on boot 
of the platform by a trusted entity within the SGX TCB. 


The instruction faults if any of the following: 


EREPORT Faulting Conditions 


An effective address not properly aligned. An memory address does not resolve in an EPC page. 
If accessing an invalid EPC page. If the EPC page is blocked. 
May page fault. 
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Concurrency Restrictions 


Table 37-70. Base Concurrency Restrictions of EREPORT 


Base Concurrency Restrictions 
Leaf Parameter : : eae 
Access On Conflict SGX_CONFLICT VM Exit Qualification 
EREPORT TARGETINFO [DS:RBX] Concurrent 
REPORTDATA [DS:RCX] Concurrent 
OUTPUTDATA [DS:RDX] Concurrent 


Table 37-71. Additional Concurrency Restrictions of EREPORT 


Additional Concurrency Restrictions 
Leaf Parameter nee’ Aine pins vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EREPORT TARGETINFO [DS:RBX] | Concurrent Concurrent Concurrent 
REPORTDATA Concurrent Concurrent Concurrent 
[DS:RCX] 
OUTPUTDATA Concurrent Concurrent Concurrent 
[DS:RDX] 
Operation 
Temp Variables in EREPORT Operational Flow 
Name Type Size (bits) | Description 
TMP_ATTRIBUTES 32 Physical address of SECS of the enclave to which source operand belongs. 
TMP_CURRENTSECS Address of the SECS for the currently executing enclave. 
TMP_KEYDEPENDENCIES Temp space for key derivation. 
TMP_REPORTKEY 128 REPORTKEY generated by the instruction. 
TMP_REPORT 3712 


TMP_MODE64 := ((IA32_EFER.LMA = 1) && (CS.L = 1); 


(* Address verification for TARGETINFO (RBX) *) 
IF ( (DS:RBX is not 512Byte Aligned) or (DS:RBX is not within CR_ELRANGE) ) 
THEN #GP(0); Fl; 


IF (DS:RBX does not resolve within an EPC) 
THEN #PF(DS:RBX); FI; 


IF (EPCM(DS:RBX).VALID = 0) 
THEN #PF(DS:RBX); Fl; 


IF (EPCM(DS:RBX).BLOCKED = 1) 
THEN #PF(DS:RBX); Fl; 


(* Check page parameters for correctness *) 


IF ( (EPCM(DS:RBX).PT # PT_REG) or (EPCM(DS:RBX).ENCLAVESECS # CR_ACTIVE_SECS) or (EPCM(DS:RBX).PENDING = 1) or 
(EPCM(DS:RBX).MODIFIED = 1) or (EPCM(DS:RBX).ENCLAVEADDRESS # (DS:RBX & ~OFFFH) ) or (EPCM(DS:RBX).R = 0) ) 
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THEN #PF(DS:RBX); 
Fl; 


(* Verify RESERVED spaces in TARGETINFO are valid *) 
IF (DS:RBX.RESERVED != 0) 
THEN #GP(0); Fl; 


(* Address verification for REPORTDATA (RCX) *) 
IF ( (DS:RCX is not 128Byte Aligned) or (DS:RCX is not within CR_ELRANGE) ) 
THEN #GP(0); Fl; 


IF (DS:RCX does not resolve within an EPC) 
THEN #PF(DS:RCX); Fl; 


IF (EPCM(DS:RCX).VALID = 0) 
THEN #PF(DS:RCX); Fl; 


IF (EPCM(DS:RCX).BLOCKED = 1) 
THEN #PF(DS:RCX); Fl; 


(* Check page parameters for correctness *) 

IF ( (EPCM(DS:RCX).PT # PT_REG) or (EPCM(DS:RCX).ENCLAVESECS # CR_ACTIVE_SECS) or (EPCM(DS:RCX).PENDING = 1) or 
(EPCM(DS:RCX).MODIFIED = 1) or (EPCM(DS:RCX).ENCLAVEADDRESS # (DS:RCX & ~OFFFH) ) or (EPCM(DS:RCX).R = 0) ) 
THEN #PF(DS:RCX); 

Fl; 


(* Address verification for OUTPUTDATA (RDX) *) 
IF ( (DS:RDX is not 512Byte Aligned) or (DS:RDX is not within CR_ELRANGE) ) 
THEN #GP(0); Fl; 


IF (DS:RDX does not resolve within an EPC) 
THEN #PF(DS:RDX); Fl; 


IF (EPCM(DS:RDX).VALID = 0) 
THEN #PF(DS:RDX); Fl; 


IF (EPCM(DS:RDX).BLOCKED = 1) 
THEN #PF(DS:RDX); Fl; 


(* Check page parameters for correctness *) 

IF ( (EPCM(DS:RDX).PT # PT_REG) or (EPCM(DS:RDX).ENCLAVESECS # CR_ACTIVE_SECS) or (EPCM(DS:RCX).PENDING = 1) or 
(EPCM(DS:RCX).MODIFIED = 1) or (EPCM(DS:RDX).ENCLAVEADDRESS # (DS:RDX & ~OFFFH) ) or (EPCM(DS:RDX).W = 0) ) 
THEN #PF(DS:RDX); 

Fl; 


(* REPORT MAC needs to be computed over data which cannot be modified *) 
TMP_REPORT.CPUSVN := CR_CPUSVN; 

TMP_REPORT.ISVFAMILYID := TMP_CURRENTSECS.ISVFAMILYID; 
TMP_REPORT.ISVEXTPRODID := TMP_CURRENTSECS.ISVEXTPRODID; 
TMP_REPORT.ISVPRODID := TMP_CURRENTSECS.ISVPRODID; 
TMP_REPORT.ISVSVN := TMP_CURRENTSECS.ISVSVN; 
TMP_REPORT.ATTRIBUTES := TMP_CURRENTSECS.ATTRIBUTES; 
TMP_REPORT.REPORTDATA := DS:RCX[51 1:0]; 

TMP_REPORT.MRENCLAVE := TMP_CURRENTSECS.MRENCLAVE; 
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TMP_REPORT.MRSIGNER := TMP_CURRENTSECS.MRSIGNER; 
TMP_REPORT.MRRESERVED := 0; 
TMP_REPORT.KEYID[255:0] := CR_REPORT_KEYID; 
TMP_REPORT.MISCSELECT := TMP_CURRENTSECS.MISCSELECT; 
TMP_REPORT.CONFIGID := TMP_CURRENTSECS.CONFIGID; 
TMP_REPORT.CONFIGSVN := TMP_CURRENTSECS.CONFIGSVN; 
IF (CPUID.(EAX=1 2H, ECX=1):€AX[6] = 1) 
THEN TMP_REPORT.CET_ATTRIBUTES := TMP_CURRENTSECS.CET_ATTRIBUTES; Fl; 


(* Derive the report key *) 
TMP_KEYDEPENDENCIES.KEYNAME := REPORT_KEY; 
TMP_KEYDEPENDENCIES.ISVFAMILYID := 0; 
TMP_KEYDEPENDENCIES.ISVEXTPRODID := 0; 
TMP_KEYDEPENDENCIES.ISVPRODID := 0; 
TMP_KEYDEPENDENCIES.ISVSVN := 0; 
TMP_KEYDEPENDENCIES.SGXOWNEREPOCH := CR_SGXOWNEREPOCH; 
TMP_KEYDEPENDENCIES.AT TRIBUTES := DS:RBX.ATTRIBUTES; 
TMP_KEYDEPENDENCIES.ATTRIBUTESMASK := 0; 
TMP_KEYDEPENDENCIES.MRENCLAVE := DS:RBX.MEASUREMENT; 
TMP_KEYDEPENDENCIES.MRSIGNER := 0; 
TMP_KEYDEPENDENCIES.KEYID := TMP_REPORT.KEYID; 
TMP_KEYDEPENDENCIES.SEAL_KEY_FUSES := CR_SEAL_FUSES; 
TMP_KEYDEPENDENCIES.CPUSVN := CR_CPUSVN; 
TMP_KEYDEPENDENCIES.PADDING := TMP_CURRENTSECS.PADDING; 
TMP_KEYDEPENDENCIES.MISCSELECT := DS:RBX.MISCSELECT; 
TMP_KEYDEPENDENCIES.MISCMASK := 0; 
TMP_KEYDEPENDENCIES.KEYPOLICY := 0; 
TMP_KEYDEPENDENCIES.CONFIGID := DS:RBX.CONFIGID; 
TMP_KEYDEPENDENCIES.CONFIGSVN := DS:RBX.CONFIGSVN; 
IF (CPUID.(EAX=1 2H, ECX=1):E€AX[6] = 1) 
THEN 
TMP_KEYDEPENDENCIES.CET_ATTRIBUTES := DS:RBX.CET_ATTRIBUTES; 
TMP_KEYDEPENDENCIES.CET_ATTRIBUTES _MASK := 0; 
FI; 


(* Calculate the derived key*) 
TMP_REPORTKEY := derivekey(TMP_KEYDEPENDENCIES); 


(* call cryptographic CMAC function, CMAC data are not including MAC&KEYID *) 
TMP_REPORT.MAC := cmac(TMP_REPORTKEY, TMP_REPORT[307 1:0] ); 
DS:RDX[3455: 0] := TMP_REPORT; 


Flags Affected 
None 


Protected Mode Exceptions 
#GP(0) If executed outside an enclave. 
If the address in RCS is outside the DS segment limit. 
If a memory operand is not properly aligned. 
If a memory operand is not in the current enclave. 
#PF(error code) If a page fault occurs in accessing memory operands. 
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64-Bit Mode Exceptions 
#GP(0) If executed outside an enclave. 

If RCX is non-canonical form. 

If a memory operand is not properly aligned. 

If a memory operand is not in the current enclave. 
#PF(error code) If a page fault occurs in accessing memory operands. 
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ERESUME—Re-Enters an Enclave 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
EAX = 03H IR VV SGX1 This leaf function is used to re-enter an enclave after an inter- 
ENCLU[ERESUME] rupt. 


Instruction Operand Encoding 


Op/En RAX RBX RCX 
IR ERESUME (In) Address of a TCS (In) Address of AEP (In) 
Description 


The ENCLU[ERESUME] instruction resumes execution of an enclave that was interrupted due to an exception or 
interrupt, using the machine state previously stored in the SSA. 


ERESUME Memory Parameter Semantics 
TCS 


Enclave read/write access 


The instruction faults if any of the following: 


Address in RBX is not properly aligned. Any TCS.FLAGS's must-be-zero bit is not zero. 

TCS pointed to by RBX is not valid or available or Current 32/64 mode does not match the enclave mode in 

locked. SECS.ATTRIBUTES.MODE64. 

The SECS is in use by another enclave. Either of TCS-specified FS and GS segment is not a subset of the current DS 
segment. 

Any one of DS, ES, CS, SS is not zero. If XSAVE available, CR4.0SXSAVE = 0, but SECS.ATTRIBUTES.XFRM # 3. 

CR4.0SFXSR # 1. If CR4.0SXSAVE = 1, SECS.ATTRIBUTES.XFRM is not a subset of XCRO. 

Offsets 520-535 of the XSAVE area not 0. The bit vector stored at offset 512 of the XSAVE area must be a subset of 
SECS.ATTRIBUTES.XFRM. 

The SSA frame is not valid or in use. 


The following operations are performed by ERESUME: 


¢ RSP and RBP are saved in the current SSA frame on EENTER and are automatically restored on EEXIT or an 
asynchronous exit due to any Interrupt event. 


¢ The AEP contained in RCX is stored into the TCS for use by AEXs.FS and GS (including hidden portions) are 
saved and new values are constructed using TCS.OFSBASE/GSBASE (32 and 64-bit mode) and 
TCS.OFSLIMIT/GSLIMIT (32-bit mode only). The resulting segments must be a subset of the DS segment. 


° If CR4.0SXSAVE == 1, XCRO is saved and replaced by SECS.ATTRIBUTES. XFRM. The effect of RFLAGS.TF 
depends on whether the enclave entry is opt-in or opt-out (see Section 39.1.2): 


— On opt-out entry, TF is saved and cleared (it is restored on EEXIT or AEX). Any attempt to set TF via a POPF 


instruction while inside the enclave clears TF (see Section 39.2.5). 


— On opt-in entry, a single-step debug exception is pended on the instruction boundary immediately after 
EENTER (see Section 39.2.3). 


¢ All code breakpoints that do not overlap with ELRANGE are also suppressed. If the entry is an opt-out entry, all 
code and data breakpoints that overlap with the ELRANGE are suppressed. 
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* On opt-out entry, a number of performance monitoring counters and behaviors are modified or suppressed (see 
Section 39.2.3): 


— All performance monitoring activity on the current thread is suppressed except for incrementing and firing 
of FIXED_CTR1i and FIXED_CTR2. 


— PEBS is suppressed. 


— AnyThread counting on other threads is demoted to MyThread mode and IA32_PERF_GLOBAL_STATUS[60] 
on that thread is set. 


— If the opt-out entry on a hardware thread results in suppression of any performance monitoring, then the 
processor sets IA32_PERF_GLOBAL_STATUS[60] and IA32_PERF_GLOBAL_STATUS[63]. 


Concurrency Restrictions 


Table 37-72. Base Concurrency Restrictions of ERESUME 


Base Concurrency Restrictions 
Leaf Parameter 


Access On Conflict SGX_CONFLICT VM Exit Qualification 


ERESUME TCS [DS:RBX] Shared #GP 


Table 37-73. Additional Concurrency Restrictions of ERESUME 


Additional Concurrency Restrictions 
Leaf Parameter aches ene aca vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
ERESUME TCS [DS:RBX] Concurrent Concurrent Concurrent 
Operation 
Temp Variables in ERESUME Operational Flow 

Name Type Size Description 

TMP_FSBASE Effective Address | 32/64 | Proposed base address for FS segment. 

TMP_GSBASE Effective Address | 32/64 | Proposed base address for FS segment. 

TMP_FSLIMIT Effective Address | 32/64 | Highest legal address in proposed FS segment. 

TMP_GSLIMIT Effective Address | 32/64 | Highest legal address in proposed GS segment. 

TMP_TARGET Effective Address | 32/64 | Address of first instruction inside enclave at which execution is to resume. 

TMP_SECS Effective Address | 32/64 | Physical address of SECS for this enclave. 

TMP_SSA Effective Address | 32/64 | Address of current SSA frame. 

TMP_XSIZE integer 64 Size of XSAVE area based on SECS.ATTRIBUTES.XFRM. 

TMP_SSA_PAGE Effective Address | 32/64 _ | Pointer used to iterate over the SSA pages in the current frame. 

TMP_GPR Effective Address | 32/64 | Address of the GPR area within the current SSA frame. 

TMP_BRANCH_RECORD | LBR Record From/to addresses to be pushed onto the LBR stack. 


TMP_MODE64 := ((IA32_EFER.LMA = 1) && (CS.L = 1)); 
(* Make sure DS is usable, expand up *) 


IF (TMP_MODE64 = 0 and (DS not usable or ( ( DS[S] = 1) and (DS[bit 11] = 0) and DS[bit 10] = 1)))) 
THEN #GP(0); Fl; 
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(* Check that CS, SS, DS, ES.base is 0 *) 
IF (TMP_MODE64 = 0) 
THEN 
IF 
IF 
IF 
IF 


CS.base # 0 or DS.base # 0) #GP(0); Fl; 
ES usable and ES.base # 0) #GP(0); FI; 
SS usable and SS.base # 0) #GP(0); FI; 
SS usable and SS.B = 0) #GP(0); FI; 


— as 


Fl; 


IF (DS:RBX is not 4KByte Aligned) 
THEN #GP(0); Fl; 


IF (DS:RBX does not resolve within an EPC) 
THEN #PF(DS:RBX); FI; 


(* Check AEP is canonical”) 
IF (TMP_MODE64 = 1 and (CS:RCX is not canonical) ) 
THEN #GP(0); Fl; 


(* Check concurrency of TCS operation*) 
IF (Other Intel SGX instructions is operating on TCS) 
THEN #GP(0); Fl; 


(* TCS verification *) 
IF (EPCM(DS:RBX).VALID = 0) 
THEN #PF(DS:RBX); FI; 


IF (EPCM(DS:RBX).BLOCKED = 1) 
THEN #PF(DS:RBX); Fl; 


IF ((EPCM(DS:RBX).PENDING = 1) or (EPCM(DS:RBX).MODIFIED = 1) 
THEN #PF(DS:RBX); Fl; 


IF ( (EPCM(DS:RBX).ENCLAVEADDRESS # DS:RBX) or (EPCM(DS:RBX).PT # PT_TCS) ) 
THEN #PF(DS:RBX); Fl; 


IF ( (DS:RBX).OSSA is not 4KByte Aligned) 
THEN #GP(0); Fl; 


(* Check proposed FS and GS *) 
IF ( ( (DS:RBX).OFSBASE is not 4KByte Aligned) or ( (DS:RBX).OGSBASE is not 4KByte Aligned) ) 
THEN #GP(0); Fl; 


(* Get the SECS for the enclave in which the TCS resides *) 
TMP_SECS := Address of SECS for TCS; 


(* Make sure that the FLAGS field in the TCS does not have any reserved bits set *) 
IF ( ( (DS:RBX).FLAGS & FFFFFFFFFFFFFFFEH) # 0) 
THEN #GP(0); Fl; 


(* SECS must exist and enclave must have previously been EINITted *) 
IF (the enclave is not already initialized) 
THEN #GP(0); Fl; 
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(* make sure the logical processor's operating mode matches the enclave *) 
IF ((TMP_MODE64 # TMP_SECS.ATTRIBUTES.MODEG4BIT) ) 
THEN #GP(0); Fl; 


IF (CR4.0SFXSR = 0) 
THEN #GP(0); Fl; 


(* Check for legal values of SECS.ATTRIBUTES.XFRM *) 
IF (CR4.0SXSAVE = 0) 
THEN 
IF (TMP_SECS.ATTRIBUTES.XFRM # 03H) THEN #GP(0); FI; 
ELSE 
IF ((TMP_SECS.ATTRIBUTES.XFRM & XCRO) # TMP_SECS.ATTRIBUTES.XFRM) THEN #GP(0); FI; 
FI; 


(* Make sure the SSA contains at least one active frame *) 
IF ( (DS:RBX).CSSA = 0) 
THEN #GP(0); Fl; 


(* Compute linear address of SSA frame *) 
TMP_SSA := (DS:RBX).OSSA + TMP_SECS.BASEADDR + 4096 * TMP_SECS.SSAFRAMESIZE * ( (DS:RBX).CSSA - 1); 
TMP_XSIZE := compute_XSAVE_frame_size(TMP_SECS.ATTRIBUTES.XFRM); 


FOR EACH TMP_SSA_PAGE = TMP_SSA to TMP_SSA + TMP_XSIZE 

(* Check page is read/write accessible *) 

Check that DS:TMP_SSA_PAGE is read/write accessible; 

If a fault occurs, release locks, abort and deliver that fault; 

IF (DS:TMP_SSA_PAGE does not resolve to EPC page) 

THEN #PF(DS:TMP_SSA_PAGE); Fl; 

IF (EPCM(DS:TMP_SSA_PAGE).VALID = 0) 
THEN #PF(DS:TMP_SSA_PAGE); Fl; 

IF (EPCM(DS:TMP_SSA_PAGE).BLOCKED = 1) 
THEN #PF(DS:TMP_SSA_PAGE); Fl; 

IF (EPCM(DS:TMP_SSA_PAGE).PENDING = 1) or (EPCM(DS:TMP_SSA_PAGE_.MODIFIED = 1)) 
THEN #PF(DS:TMP_SSA_PAGE); Fl; 

IF (( EPCM(DS:TMP_SSA_PAGE).ENCLAVEADDRESS # DS: TMPSSA_PAGE) or (EPCM(DS:TMP_SSA_PAGE).PT # PT_REG) or 
(EPCM(DS:TMP_SSA_PAGE).ENCLAVESECS # EPCM(DS:RBX).ENCLAVESECS) or 
(EPCM(DS:TMP_SSA_PAGE).R = 0) or (EPCM(DS:TMP_SSA_PAGE).W = 0) ) 

THEN #PF(DS:TMP_SSA_PAGE); Fl; 
CR_XSAVE_PAGE_n := Physical_Address(DS:TMP_SSA_PAGE); 
ENDFOR 


(* Compute address of GPR area*) 
TMP_GPR := TMP_SSA + 4096 * DS:TMP_SECS.SSAFRAMESIZE - sizeof(GPRSGX_AREA); 
Check that DS:TMP_SSA_PAGE is read/write accessible; 
If a fault occurs, release locks, abort and deliver that fault; 
IF (DS:TMP_GPR does not resolve to EPC page) 
THEN #PF(DS:TMP_GPR); FI; 
IF (EPCM(DS:TMP_GPR).VALID = 0) 
THEN #PF(DS:TMP_GPR); FI; 
IF (EPCM(DS:TMP_GPR).BLOCKED = 1) 
THEN #PF(DS:TMP_GPR); FI; 


IF ((EPCM(DS:TMP_GPR).PENDING = 1) or (EPCM(DS:TMP_GPR).MODIFIED = 1)) 
THEN #PF(DS:TMP_GPR); Fl; 
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IF ( ( EPCM(DS:TMP_GPR).ENCLAVEADDRESS # DS:TMP_GPR) or (EPCM(DS:TMP_GPR).PT # PT_REG) or 


(EPCM(DS:TMP_GPR).ENCLAVESECS # EPCM(DS:RBX).ENCLAVESECS) or 
(EPCM(DS:TMP_GPR).R = 0) or (EPCM(DS:TMP_GPR).W = 0) ) 
THEN #PF(DS:TMP_GPR); Fl; 


IF (TMP_MODE64 = 0) 
THEN 
IF (TMP_GPR + (GPR_SIZE -1) is not in DS segment) THEN #GP(0); FI; 
Fl; 


CR_GPR_PA := Physical_Address (DS: TMP_GPR); 


TMP_TARGET := (DS:TMP_GPR).RIP; 
IF (TMP_MODE64 = 1) 
THEN 
IF (TMP_TARGET is not canonical) THEN #GP(0); FI; 
ELSE 
IF (TMP_TARGET > CS limit) THEN #GP(0); FI; 
FI; 


(* Check proposed FS/GS segments fall within DS *) 
IF (TMP_MODE64 = 0) 
THEN 
TMP_FSBASE := (DS:RBX).OFSBASE + TMP_SECS.BASEADDR; 
TMP_FSLIMIT := (DS:RBX).OFSBASE + TMP_SECS.BASEADDR + (DS:RBX).FSLIMIT; 
TMP_GSBASE := (DS:RBX).OGSBASE + TMP_SECS.BASEADDR; 
TMP_GSLIMIT := (DS:RBX).OGSBASE + TMP_SECS.BASEADDR + (DS:RBX).GSLIMIT; 
(* if FS wrap-around, make sure DS has no holes*) 
IF (TMP_FSLIMIT < TMP_FSBASE) 
THEN 
IF (DS.limit < 4GB) THEN #GP(0); FI; 
ELSE 
IF (TMP_FSLIMIT > DS.limit) THEN #GP(0); FI; 
Fl; 
(* if GS wrap-around, make sure DS has no holes*) 
IF (TMP_GSLIMIT < TMP_GSBASE) 
THEN 
IF (DS.limit < 4GB) THEN #GP(0); FI; 
ELSE 
IF (TMP_GSLIMIT > DS.limit) THEN #GP(0); FI; 
Fl; 
ELSE 
TMP_FSBASE := DS:TMP_GPR.FSBASE; 
TMP_GSBASE := DS:TMP_GPR.GSBASE; 
IF ((TMP_FSBASE is not canonical) or (TMP_GSBASE is not canonical)) 
THEN #GP(0); Fl; 
FI; 


(* Ensure the enclave is not already active and this thread is the only one using the TCS*) 
IF (DS:RBX.STATE = ACTIVE)) 
THEN #GP(0); Fl; 


TMP_IA32_U_CET := 0 
TMP_SSP := 0 
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IF (CPUID.(EAX=1 2H, ECX=1):EAX[6] = 1) 


THEN 
IF (CR4.CET = 0) 
THEN 
(* If part does not support CET or CET has not been enabled and enclave requires CET then fail *) 
IF (TMP_SECS.CET_ATTRIBUTES # 0 OR TMP_SECS.CET_LEG_BITMAP_OFFSET # 0 ) #GP(0); Fl; 
Fl; 


(* If indirect branch tracking or shadow stacks enabled but CET state save area is not 16B aligned then fail ERESUME *) 
IF (TMP_SECS.CET_ATTRIBUTES.SH_STK_EN = 1 OR TMP_SECS.CET_ATTRIBUTES.ENDBR_EN = 1 ) 
THEN 
IF (DS:RBX.OCETSSA is not 16B aligned) #GP(0); FI; 
FI; 


IF (TMP_SECS.CET_ATTRIBUTES.SH_STK_EN OR TMP_SECS.CET_ATTRIBUTES.ENDBR_EN) 
THEN 

(* Setup CET state from SECS, note tracker goes to IDLE *) 

TMP_IA32_U_CET = TMP_SECS.CET_ATTRIBUTES; 

IF (TMP_IA32_U_CET.LEG_IW_EN = 1 AND TMP_IA32_U_CET.ENDBR_EN = 1 ) 

THEN 

TMP_IA32_U_CET := TMP_IA32_U_CET + TMP_SECS.BASEADDR; 
TMP_IA32_U_CET := TMP_IA32_U_CET + TMP_SECS.CET_LEG_BITMAP_BASE; 


Fl; 


(* Compute linear address of what will become new CET state save area and cache its PA *) 
TMP_CET_SAVE_AREA = DS:RBX.OCETSSA + TMP_SECS.BASEADDR + (DS:RBX.CSSA - 1) * 16 
TMP_CET_SAVE_PAGE = TMP_CET_SAVE_AREA & ~OxFFF; 


Check the TMP_CET_SAVE_PAGE page is read/write accessible 
If fault occurs release locks, abort and deliver fault 


(* read the EPCM VALID, PENDING, MODIFIED, BLOCKED and PT fields atomically *) 
IF ((DS:TMP_CET_SAVE_PAGE Does NOT RESOLVE TO EPC PAGE) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).VALID = 0) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).PENDING = 1) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).MODIFIED = 1) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).BLOCKED = 1) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).R = 0) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).W = 0) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).ENCLAVEADDRESS # DS:TMP_CET_SAVE_PAGE) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).PT # PT_SS_REST) OR 
(EPCM(DS:TMP_CET_SAVE_PAGE).ENCLAVESECS # EPCM(DS:RBX).ENCLAVESECS)) 

THEN 

#PF(DS:TMP_CET_SAVE_PAGE); 


KS eS ere rere YS wa 


Fl; 


CR_CET_SAVE_AREA_PA := Physical address(DS:TMP_CET_SAVE_AREA) 


TMP_SSP = CR_CET_SAVE_AREA_PA.SSP 
TMP_IA32_U_CET.TRACKER = CR_CET_SAVE_AREA_PA.TRACKER; 
TMP_IA32_U_CET.SUPPRESS = CR_CET_SAVE_AREA_PA.SUPPRESS; 


IF ( (TMP_MODE64 = 1 AND TMP_SSP is not canonical) OR 
(TMP_MODE64 = 0 AND (TMP_SSP & OxFFFFFFFFOOO00000) # 0) OR 
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TMP_IA32_U_CET.TRACKER = WAIT_FOR_ENDBRANCH AND TMP_IA32_U_CET.SUPPRESS = 1) OR 


( 
( 
(CR_CET_SAVE_AREA_PA.Reserved # 0) ) #GP(0); Fl; 
Fl; 

Fl; 


(* SECS.ATTRIBUTES.XFRM selects the features to be saved. *) 


(* CR_XSAVE_PAGE_n: A list of 1 or more physical address of pages that contain the XSAVE area. *) 


XRSTOR(TMP_MODE64, SECS.ATTRIBUTES.XFRM, CR_XSAVE_PAGE_n); 


IF (XRSTOR failed with #GP) 
THEN 
DS:RBX.STATE := INACTIVE; 
#GP(0); 
Fl; 


CR_ENCLAVE_MODE := 1; 
CR_ACTIVE_SECS := TMP_SECS; 
CR_ELRANGE := (TMP_SECS.BASEADDR, TMP_SECS.SIZE); 


(* Save sate for possible AEXs *) 
CR_TCS_PA := Physical_Address (DS:RBX); 
CR_TCS_LA := RBX; 

CR_TCS_LA.AEP := RCX; 


(* Save the hidden portions of FS and GS *) 
CR_SAVE_FS_selector := FS.selector; 
CR_SAVE_FS_base := FS.base; 
CR_SAVE_FS_limit := FS.limit; 
CR_SAVE_FS_access_rights := FS.access_rights; 
CR_SAVE_GS_selector := GS.selector; 
CR_SAVE_GS_base := GS.base; 
CR_SAVE_GS_limit := GS.limit; 
CR_SAVE_GS_access_rights := GS.access_rights; 


RIP := TMP_TARGET; 
Restore_GPRs from DS:TMP_GPR; 


(*Restore the RFLAGS values from SSA*) 
RFLAGS.CF := DS:TMP_GPR.RFLAGS.CF; 
RFLAGS.PF := DS:TMP_GPR.RFLAGS.PF; 
RFLAGS.AF := DS:TMP_GPR.RFLAGS.AF; 
RFLAGS.ZF := DS:TMP_GPR.RFLAGS.ZF; 
RFLAGS.SF := DS:TMP_GPR.RFLAGS.SF; 
RFLAGS.DF := DS:TMP_GPR.RFLAGS.DF; 
RFLAGS.OF := DS:TMP_GPR.RFLAGS.OF; 
RFLAGS.NT := DS:TMP_GPR.RFLAGS.NT; 
RFLAGS.AC := DS:TMP_GPR.RFLAGS.AC; 
RFLAGS.ID := DS:TMP_GPR.RFLAGS.|ID; 
RFLAGS.RF := DS:TMP_GPR.RFLAGS.RF; 
RFLAGS.VM := 0; 
IF (RFLAGS.IOPL = 3) 

THEN RFLAGS.IF := DS:TMP_GPR.RFLAGS.IF; Fl; 
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IF (TCS.FLAGS.OPTIN = 0) 
THEN RFLAGS.TF := 0; FI; 


(* If XSAVE is enabled, save XCRO and replace it with SECS.ATTRIBUTES.XFRM*) 
IF (CR4.0SXSAVE = 1) 

CR_SAVE_XCRO := XCRO; 

XCRO := TMP_SECS.ATTRIBUTES.XFRM; 
FI; 


(* Pop the SSA stack*) 
(DS:RBX).CSSA := (DS:RBX).CSSA -1; 


(* Do the FS/GS swap *) 
FS.base := TMP_FSBASE; 
FS. limit := DS:RBX.FSLIMIT; 
FS.type := 00016; 

FS.W := DS.W; 

FS.S := 1; 

FS.DPL := DS.DPL; 
FS.G:= 1; 

FS.B := 1; 

FS.P := 1; 

FS.AVL := DS.AVL; 
FS.L:= DS.L; 

FS.unusable := 0; 
FS.selector := OBH; 


GS.base := TMP_GSBASE; 
GS.limit := DS:RBX.GSLIMIT; 
GS.type := 00016; 

GS.W := DS.W; 

GSS := 1; 

GS.DPL := DS.DPL; 

GS.G := 1; 

GS.B := 1; 

GS.P := 1; 

GS.AVL := DS.AVL; 

GS.L := DS.L; 

GS.unusable := 0; 
GS.selector := OBH; 


CR_DBGOPTIN := TCS.FLAGS.DBGOPTIN; 
Suppress all code breakpoints that are outside ELRANGE; 


IF (CR_DBGOPTIN = 0) 

THEN 
Suppress all code breakpoints that overlap with ELRANGE; 
CR_SAVE_TF := RFLAGS.TF; 
RFLAGS.TF := 0; 
Suppress any MTF VM exits during execution of the enclave; 
Clear all pending debug exceptions; 
Clear any pending MTF VM exit; 

ELSE 


37-136 Vol. 3D 


INTEL® SGX INSTRUCTION REFERENCES 


Clear all pending debug exceptions; 
Clear pending MTF VM exits; 


Fl; 


IF ((CPUID.(EAX=7H, ECX=0):EDX[CET_IBT] = 1) OR (CPUID.(EAX=7, ECX=0):ECX[CET_SS] = 1) 


THEN 


(* Save enclosing application CET state into save registers *) 
CR_SAVE_IA32_U_CET := IA32_U_CET 

(* Setup enclave CET state *) 

IF CPUID.(EAX=07H, ECX=00h):ECX[CET_SS] = 1 


THEN 


CR_SAVE_SSP := SSP 
SSP := TMP_SSP; 


Fl; 


IA32_U_CET := TMP_IA32_U_CET; 


Fl; 


(* Assure consistent translations *) 


Flush_linear_context; 
Clear_Monitor_FSM; 


Allow_front_end_to_begin_fetch_at_new_RIP; 


Flags Affected 


RFLAGS.TF is cleared on opt-out entry 


Protected Mode Exceptions 


#GP(0) 


#PF(error code) 


If DS:RBX is not page aligned. 

If the enclave is not initialized. 

If the thread is not in the INACTIVE state. 

If CS, DS, ES or SS bases are not all zero. 

If executed in enclave mode. 

If part or all of the FS or GS segment specified by TCS is outside the DS segment. 
If any reserved field in the TCS FLAG is set. 

If the target address is not within the CS segment. 

If CR4.OSFXSR = 0. 

If CR4.0SXSAVE = 0 and SECS.ATTRIBUTES.XFRM # 3. 

If CR4.0SXSAVE = land SECS.ATTRIBUTES.XFRM is not a subset of XCRO. 
If a page fault occurs in accessing memory. 

If DS:RBX does not point to a valid TCS. 


If one or more pages of the current SSA frame are not readable/writable, or do not resolve to 
a valid PT_REG EPC page. 


64-Bit Mode Exceptions 


#GP(0) 


If DS:RBX is not page aligned. 

If the enclave is not initialized. 

If the thread is not in the INACTIVE state. 

If CS, DS, ES or SS bases are not all zero. 

If executed in enclave mode. 

If part or all of the FS or GS segment specified by TCS is outside the DS segment. 
If any reserved field in the TCS FLAG is set. 


Vol. 3D 37-137 


INTEL® SGX INSTRUCTION REFERENCES 


If the target address is not canonical. 

If CR4.OSFXSR = 0. 

If CR4.0SXSAVE = 0 and SECS.ATTRIBUTES.XFRM # 3. 

If CR4.0SXSAVE = land SECS.ATTRIBUTES.XFRM is not a subset of XCRO. 
#PF(error code) If a page fault occurs in accessing memory operands. 

If DS:RBX does not point to a valid TCS. 


If one or more pages of the current SSA frame are not readable/writable, or do not resolve to 
a valid PT_REG EPC page. 
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37.5 INTEL® SGX VIRTUALIZATION LEAF FUNCTION REFERENCE 


Leaf functions available with the ENCLV instruction mnemonic are covered in this section. In general, each instruc- 
tion leaf requires EAX to specify the leaf function index and/or additional implicit registers specifying leaf-specific 
input parameters. An instruction operand encoding table provides details of each implicit register usage and asso- 
ciated input/output semantics. 

In many cases, an input parameter specifies an effective address associated with a memory object inside or 
outside the EPC, the memory addressing semantics of these memory objects are also summarized in a separate 
table. 
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EDECVIRTCHILD—Decrement VIRTCHILDCNT in SECS 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
EAX = OOH IR VIV EAX[5] This leaf function decrements the SECS VIRTCHILDCNT field. 
ENCLV[EDECVIRTCHILD] 
Instruction Operand Encoding 
Op/En EAX RBX RCX 
IR EDECVIRTCHILD (In) Return error code (Out) | Address of an enclave page (In) | Address of an SECS page (In) 
Description 


This instruction decrements the SECS VIRTCHILDCNT field. This instruction can only be executed when current 


privilege level is 0. 


The content of RCX is an effective address of an EPC page. The DS segment is used to create linear address. 


Segment override is not supported. 


EDECVIRTCHILD Memory Parameter Semantics 


EPCPAGE 


SECS 


Read/Write access permitted by Non Enclave 


Read access permitted by Enclave 


The instruction faults if any of the following: 


EDECVIRTCHILD Faulting Conditions 


A memory operand effective address is outside the DS segment 
limit (32b mode). 


A page fault occurs in accessing memory operands. 


DS segment is unusable (32b mode). 


RBX does not refer to an enclave page (REG, TCS, TRIM, SECS). 


A memory address is in a non-canonical form (64b mode). 


RCX does not refer to an SECS page. 


A memory operand is not properly aligned. 


RBX does not refer to an enclave page associated with SECS 
referenced in RCX. 


Concurrency Restrictions 


Table 37-74. Base Concurrency Restrictions of EDECVIRTCHILD 


Base Concurrency Restrictions 
Leaf Parameter : SGX_CONFLICT VM Exit 
Access On Conflict Pee 
Qualification 
EDECVIRTCHILD Target [DS:RBX] Shared SGX_EPC_PAGE_ 
CONFLICT 
SECS [DS:RCX] Concurrent 
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Table 37-75. Additional Concurrency Restrictions of EDECVIRTCHILD 


Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 

EDECVIRTCHILD | Target [DS:RBX] | Concurrent Concurrent Concurrent 

SECS [DS:RCX] | Concurrent Concurrent Concurrent 

Operation 
Temp Variables in EDECVIRTCHILD Operational Flow 
Name Type Size (bits) | Description 
TMP_SECS Physical Address 64 Physical address of the SECS of the page being modified. 
TMP_VIRTCHILDCNT Integer 64 Number of virtual child pages. 
EDECVIRTCHILD Return Value in RAX 

Error Value Description 
No Error 0 EDECVIRTCHILD Successful. 


SGX_EPC_PAGE_CONFLICT 


Failure due to concurrent operation of another SGX instruction. 


SGX_INVALID_COUNTER 


Attempt to decrement counter that is already zero. 


(* check alignment of DS:RBX *) 
IF (DS:RBX is not 4K aligned) THEN 


#GP(0); Fl; 


(* check DS:RBX is an linear address of an EPC page *) 


IF (DS:RBX does not resolve within an EPC) THEN 
#PF(DS:RBX, PFEC.SGX); FI; 


(* check DS:RCX is an linear address of an EPC page *) 


IF (DS:RCX does not resolve within an EPC) THEN 
#PF(DS:RCX, PFEC.SGX),; Fl; 


(* Check the EPCPAGE for concurrency *) 
IF (EPCPAGE is being modified) THEN 


RFLAGS.ZF = 1; 


RAX = SGX_EPC_PAGE_CONFLICT; 


goto DONE; 
Fl; 


(* check that the EPC page is valid *) 
IF (EPCM(DS:RBX).VALID = 0) THEN 
#PF(DS:RBX, PFEC.SGX); FI; 


(* check that the EPC page has the correct type and that the back pointer matches the pointer passed as the pointer to parent *) 
IF ((EPCM(DS:RBX).PAGE_TYPE = PT_REG) or 
(EPCM(DS:RBX).PAGE_TYPE = PT_TCS) or 
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(EPCM(DS:RBX).PAGE_TYPE = PT_TRIM) or 
(EPCM(DS:RBX).PAGE_TYPE = PT_SS_FIRST) or 
(EPCM(DS:RBX).PAGE_TYPE = PT_SS_REST)) 
THEN 

(* get the SECS of DS:RBX *) 
TMP_SECS := Address of SECS for (DS:RBX); 

ELSE IF (EPCM(DS:RBX).PAGE_TYPE = PT_SECS) THEN 
(* get the physical address of DS:RBX *) 
TMP_SECS := Physical_Address(DS:RBX); 

ELSE 
(* EDECVIRTCHILD called on page of incorrect type *) 
#PF(DS:RBX, PFEC.SGX); Fl; 


IF (TMP_SECS # Physical_Address(DS:RCX)) THEN 
#GP(0); Fl; 


(* Atomically decrement virtchild counter and check for underflow *) 
Locked_Decrement(SECS(TMP_SECS).VIRTCHILDCNT); 
IF (There was an underflow) THEN 
Locked_Increment(SECS(TMP_SECS).VIRTCHILDCNT); 
RFLAGS.ZF := 1; 
RAX := SGX_INVALID_COUNTER; 
goto DONE; 
FI; 


RFLAGS.ZF := 0; 
RAX := 0; 


DONE: 

(* clear flags *) 
RFLAGS.CF := 0; 
RFLAGS.PF := 0; 
RFLAGS.AF := 0; 
RFLAGS.OF := 0; 
RFLAGS.SF := 0; 


Flags Affected 


ZF is set if EDECVIRTCHILD fails due to concurrent operation with another SGX instruction, or if there is a VIRT- 
CHILDCNT underflow. Otherwise cleared. 


Protected Mode Exceptions 
#GP(0) If a memory operand effective address is outside the DS segment limit. 

If DS segment is unusable. 

If a memory operand is not properly aligned. 

RBX does not refer to an enclave page associated with SECS referenced in RCX. 
#PF(error code) If a page fault occurs in accessing memory operands. 

If RBX does not refer to an enclave page (REG, TCS, TRIM, SECS). 

If RCX does not refer to an SECS page. 
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64-Bit Mode Exceptions 
#GP(0) If a memory address is in a non-canonical form. 

If a memory operand is not properly aligned. 

RBX does not refer to an enclave page associated with SECS referenced in RCX. 
#PF(error code) If a page fault occurs in accessing memory operands. 

If RBX does not refer to an enclave page (REG, TCS, TRIM, SECS). 

If RCX does not refer to an SECS page. 
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EINCVIRTCHILD—Increment VIRTCHILDCNT in SECS 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bit Mode | Feature 
Support | Flag 
EAX = 01H IR VIV EAX[5] This leaf function increments the SECS VIRTCHILDCNT field. 
ENCLV[EINCVIRTCHILD] 


Instruction Operand Encoding 


Op/En EAX RBX RCX 
IR EINCVIRTCHILD (In) Return error code (Out) | Address of an enclave page (In) | Address of an SECS page (In) 
Description 


This instruction increments the SECS VIRTCHILDCNT field. This instruction can only be executed when the current 
privilege level is 0. 


The content of RCX is an effective address of an EPC page. The DS segment is used to create a linear address. 
Segment override is not supported. 


EINCVIRTCHILD Memory Parameter Semantics 


EPCPAGE SECS 


Read/Write access permitted by Non Enclave Read access permitted by Enclave 


The instruction faults if any of the following: 


EINCVIRTCHILD Faulting Conditions 


A memory operand effective address is outside the DS segment | A page fault occurs in accessing memory operands. 
limit (32b mode). 


DS segment is unusable (32b mode). RBX does not refer to an enclave page (REG, TCS, TRIM, SECS). 
A memory address is in a non-canonical form (64b mode). RCX does not refer to an SECS page. 
A memory operand is not properly aligned. RBX does not refer to an enclave page associated with SECS 


referenced in RCX. 


Concurrency Restrictions 


Table 37-76. Base Concurrency Restrictions of EINCVIRTCHILD 


Base Concurrency Restrictions 
Leaf Parameter i 
Access On Conflict SGX ONERECM ext 
Qualification 
EINCVIRTCHILD Target [DS:RBX] Shared SGX_EPC_PAGE_ 
CONFLICT 
SECS [DS:RCX] Concurrent 
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Table 37-77. Additional Concurrency Restrictions of EINCVIRTCHILD 


Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
EINCVIRTCHILD | Target [DS:RBX] | Concurrent Concurrent Concurrent 
SECS [DS:RCX] _ | Concurrent Concurrent Concurrent 
Operation 

Temp Variables in EINCVIRTCHILD Operational Flow 
Name Type Size (bits) | Description 
TMP_SECS Physical Address 64 Physical address of the SECS of the page being modified. 

EINCVIRTCHILD Return Value in RAX 

Error Value Description 
No Error 0 EINCVIRTCHILD Successful. 
SGX_EPC_PAGE_CONFLICT Failure due to concurrent operation of another SGX instruction. 


(* check alignment of DS:RBX *) 
IF (DS:RBX is not 4K aligned) THEN 


#GP(0); Fl; 


(* check DS:RBX is an linear address of an EPC page *) 


IF (DS:RBX does not resolve within an EPC) THEN 
#PF(DS:RBX, PFEC.SGX); FI; 


(* check DS:RCX is an linear address of an EPC page *) 


IF (DS:RCX does not resolve within an EPC) THEN 
#PF(DS:RCX, PFEC.SGX),; Fl; 


(* Check the EPCPAGE for concurrency *) 
IF (EPCPAGE is being modified) THEN 


RFLAGS.ZF = 1; 


RAX = SGX_EPC_PAGE_CONFLICT; 


goto DONE; 
Fl; 


(* check that the EPC page is valid *) 


IF (EPCM(DS:RBX).VALID = 0) THEN 
#PF(DS:RBX, PFEC.SGX); Fl: 


(* check that the EPC page has the correct type and that the back pointer matches the pointer passed as the pointer to parent *) 
IF ((EPCM(DS:RBX).PAGE_TYPE = PT_REG) or 


Ls es, pa 


EPCM(DS:RBX).PAGE_TYPE = PT_TCS) or 
EPCM(DS:RBX).PAGE_TYPE = PT_TRIM) or 
EPCM(DS:RBX).PAGE_TYPE = PT_SS_FIRST) or 
EPCM(DS:RBX).PAGE_TYPE = PT_SS_REST)) 
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THEN 
(* get the SECS of DS:RBX *) 
TMP_SECS := Address of SECS for (DS:RBX); 
ELSE IF (EPCM(DS:RBX).PAGE_TYPE = PT_SECS) THEN 
(* get the physical address of DS:RBX *) 
TMP_SECS := Physical_Address(DS:RBX); 
ELSE 
(* EINCVIRTCHILD called on page of incorrect type *) 
#PF(DS:RBX, PFEC.SGX); Fl; 


IF (TMP_SECS # Physical_Address(DS:RCX)) THEN 
#GP(0); Fl; 


(* Atomically increment virtchild counter *) 
Locked_Increment(SECS(TMP_SECS).VIRTCHILDCNT); 


RFLAGS.ZF := 0; 
RAX := 0; 


DONE: 

(* clear flags *) 
RFLAGS.CF := 0; 
RFLAGS.PF := 0; 
RFLAGS.AF := 0; 
RFLAGS.OF := 0; 
RFLAGS.SF := 0; 


Flags Affected 
ZF is set if EINCVIRTCHILD fails due to concurrent operation with another SGX instruction; otherwise cleared. 


Protected Mode Exceptions 
#GP(0) If a memory operand effective address is outside the DS segment limit. 

If DS segment is unusable. 

If a memory operand is not properly aligned. 

RBX does not refer to an enclave page associated with SECS referenced in RCX. 
#PF(error code) If a page fault occurs in accessing memory operands. 

If RBX does not refer to an enclave page (REG, TCS, TRIM, SECS). 

If RCX does not refer to an SECS page. 


64-Bit Mode Exceptions 
#GP(0) If a memory address is in a non-canonical form. 

If a memory operand is not properly aligned. 

RBX does not refer to an enclave page associated with SECS referenced in RCX. 
#PF(error code) If a page fault occurs in accessing memory operands. 

If RBX does not refer to an enclave page (REG, TCS, TRIM, SECS). 

If RCX does not refer to an SECS page. 
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ESETCONTEXT—Set the ENCLAVECONTEXT Field in SECS 


Opcode/ Op/En | 64/32 CPUID Description 
Instruction bitMode | Feature 
Support | Flag 
EAX = 02H IR VN EAX[5] | This leaf function sets the ENCLAVECONTEXT field in SECS. 
ENCLV[ESETCONTEXT] 


Instruction Operand Encoding 


Op/en EAX ROX RDX 
IR ESETCONTEXT (In) | Return error code (Out) | *@4"ess aes EPC page | Context Value (In, EA) 


Description 


The ESETCONTEXT leaf overwrites the ENCLAVECONTEXT field in the SECS. ECREATE and ELD of an SECS set the 
ENCLAVECONTEXT field in the SECS to the address of the SECS (for access later in ERDINFO). The ESETCONTEXT 
instruction allows a VMM to overwrite the default context value if necessary, for example, if the VMM is emulating 
ECREATE or ELD on behalf of the guest. 


The content of RCX is an effective address of the SECS page to be updated, RDX contains the address pointing to 
the value to be stored in the SECS. The DS segment is used to create linear address. Segment override is not 
supported. 


The instruction fails if: 
¢ The operand is not properly aligned. 
¢ RCX does not refer to an SECS page. 


ESETCONTEXT Memory Parameter Semantics 
EPCPAGE CONTEXT 


Read access permitted by Enclave Read/Write access permitted by Non Enclave 


The instruction faults if any of the following: 


ESETCONTEXT Faulting Conditions 


A memory operand effective address is outside the DS segment | A memory operand is not properly aligned. 
limit (32b mode). 


DS segment is unusable (32b mode). A page fault occurs in accessing memory operands. 


A memory address is in a non-canonical form (64b mode). 
Concurrency Restrictions 


Table 37-78. Base Concurrency Restrictions of ESETCONTEXT 


Base Concurrency Restrictions 
Leaf Parameter j 
Access On Conflict SGX_CONFLICT VM Exit 
Qualification 
ESETCONTEXT SECS [DS:RCX] Shared SGX_EPC_PAGE_ 
CONFLICT 
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Table 37-79. Additional Concurrency Restrictions of ESETCONTEXT 


Additional Concurrency Restrictions 
vs. EACCEPT, EACCEPTCOPY, 
Leaf Parameter EMODPE, EMODPR, EMODT vs. EADD, EEXTEND, EINIT vs. ETRACK, ETRACKC 
Access On Conflict Access On Conflict Access On Conflict 
ESETCONTEXT | SECS [DS:RCX] | Concurrent Concurrent Concurrent 
Operation 

Temp Variables in ESETCONTEXT Operational Flow 
Name Type Size (bits) | Description 
TMP_SECS Physical Address 64 Physical address of the SECS of the page being modified. 
TMP_CONTEXT CONTEXT 64 Data Value of CONTEXT. 

ESETCONTEXT Return Value in RAX 

Error Value Description 
No Error 0 ESETCONTEXT Successful. 


SGX_EPC_PAGE_CONFLICT 


Failure due to concurrent operation of another SGX instruction. 


(* check alignment of the EPCPAGE (RCX) *) 
IF (DS:RCX is not 4KByte Aligned) THEN 


#GP(0); Fl; 


(* check that EPCPAGE (DS:RCX) is the address of an EPC page *) 
IF (DS:RCX does not resolve within an EPC)THEN 
#PF(DS:RCX, PFEC.SGX),; FI; 


(* check alignment of the CONTEXT field (RDX) *) 
IF (DS:RDX is not 8Byte Aligned) THEN 


#GP(0); Fl; 


(* Load CONTEXT into local variable *) 
TMP_CONTEXT := DS:RDX 


(* Check the EPC page for concurrency *) 


IF (EPC page is being modified) THEN 
RFLAGS.ZF := 1; 
RFLAGS.CF := 0; 


RAX := SGX_EPC_PAGE_CONFLICT; 


goto DONE; 
Fl; 


(* check page validity *) 


IF (EPCM(DS:RCX).VALID = 0) THEN 
#PF(DS:RCX, PFEC.SGX); 


Fl; 


(* check EPC page is an SECS page *) 
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IF (EPCM(DS:RCX).PT is not PT_SECS) THEN 
#PF(DS:RCX, PFEC.SGX); 
Fl; 


(* load the context value into SECS(DS:RCX).ENCLAVECONTEXT *) 
SECS(DS:RCX).ENCLAVECONTEXT := TMP_CONTEXT; 


RAX := 0; 
RFLAGS.ZF := 0; 


DONE: 
(* clear flags *) 


RFLAGS.CF,PF,AF,OF,SF := 0; 


Flags Affected 
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ZF is set if ESETCONTEXT fails due to concurrent operation with another SGX instruction; otherwise cleared. 


CF, PF, AF, OF and SF are cleared. 


Protected Mode Exceptions 


#GP(0) If a memory operand effective address is outside the DS segment limit. 


If DS segment is unusable. 


If a memory operand is not properly aligned. 
#PF(error code) If a page fault occurs in accessing memory operands. 


64-Bit Mode Exceptions 


#GP(0) If a memory address is in a non-canonical form. 
If a memory operand is not properly aligned. 
#PF(error code) If a page fault occurs in accessing memory operands. 
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CHAPTER 38 
INTEL® SGX INTERACTIONS WITH IA32 AND INTEL® 64 ARCHITECTURE 


Intel® SGX provides Intel® Architecture with a collection of enclave instructions for creating protected execution 
environments on processors supporting IA32 and Intel® 64 architectures. These Intel SGX instructions are 
designed to work with legacy software and the various IA32 and Intel 64 modes of operation. 


38.1 INTEL® SGX AVAILABILITY IN VARIOUS PROCESSOR MODES 


The Intel SGX extensions (see Table 33-1) are available only when the processor is executing in protected mode of 
operation. Additionally, the extensions are not available in System Management Mode (SMM) of operation or in 
Virtual 8086 (VM86) mode of operation. Finally, all leaf functions of ENCLU and ENCLS require CRO.PG enabled. 
The exact details of exceptions resulting from illegal modes and their priority are listed in the reference pages of 
ENCLS and ENCLU. 


38.2 lIA32_FEATURE_CONTROL 


IA32_FEATURE_CONTROL MSR provides two new bits related to two aspects of Intel SGX: using the instruction 
extensions and launch control configuration. 


38.2.1 Availability of Intel SGX 


IA32_FEATURE_CONTROL[bit 18] allows BIOS to control the availability of Intel SGX extensions. For Intel SGX 
extensions to be available on a logical processor, bit 18 in the IA32_FEATURE_CONTROL MSR on that logical 
processor must be set, and IA32_ FEATURE_CONTROL MSR on that logical processor must be locked (bit O must be 
set). See Section 33.7.1 for additional details. OS is expected to examine the value of bit 18 prior to enabling Intel 
SGX on the thread, as the settings of bit 18 is not reflected by CPUID. 


38.2.2 Intel SGX Launch Control Configuration 


The IA32_SGXLEPUBKEYHASHn MSRs used to configure authorized launch enclaves' MRSIGNER digest value. They 
are present on logical processors that support the collection of SGX1 leaf functions (i.e. CPUID.(EAX=12H, 
ECX=00H):EAX[0] = 1) and that CPUID.(EAX=07H, ECX=00H):ECX[30] = 1. IA32_FEATURE_CONTROL|[bit 17] 
allows to BIOS to enable write access to these MSRs. If IA32_FEATURE_CONTROL.LE_WR (bit 17) is set to 1 and 
IA32_FEATURE_CONTROL is locked on that logical processor, IA32_SGXLEPUBKEYHASH MSRs on that logical 
processor are writeable. If this bit 17 is not set or IA32_FEATURE_CONTROL is not locked, 
IA32_SGXLEPUBKEYHASH MSRs are read only. See Section 35.1.4 for additional details. 


38.3. INTERACTIONS WITH SEGMENTATION 


38.3.1 Scope of Interaction 


Intel SGX extensions are available only when the processor is executing in a protected mode operation (see Section 
38.1 for Intel SGX availability in various processor modes). Enclaves abide by all the segmentation policies set up 
by the OS, but they can be more restrictive than the OS. 


Intel SGX interacts with segmentation at two levels: 
¢ The Intel SGX instruction (see the enclave instruction in Table 33-1). 
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¢ While executing inside an enclave (legacy instructions and enclave instructions permitted inside an enclave). 


38.3.2 Interactions of Intel® SGX Instructions with Segment, Operand, and Addressing 
Prefixes 


All the memory operands used by the Intel SGX instructions are interpreted as offsets within the data segment 
(DS). The segment-override prefix on Intel SGX instructions is ignored. 


Operand size is fixed for each enclave instruction. The operand-size prefix is reserved, and results in a #UD excep- 
tion if used. 


All address sizes are determined by the operating mode of the processor. The address-size prefix is ignored. This 
implies that while operating in 64-bit mode of operation, the address size is always 64 bits, and while operating in 
32-bit mode of operation, the address size is always 32 bits. Additionally, when operating in 16-bit addressing, 
memory operands used by enclave instructions use 32 bit addressing; the value of CS.D is ignored. 


38.3.3 Interaction of Intel® SGX Instructions with Segmentation 


All leaf functions of ENCLU and ENCLS instructions require that the DS segment be usable, and be an expand-up 
segment. Failing this check results in generation of a #GP(0) exception. 


The Intel SGX leaf functions used for entering the enclave (ENCLU[EENTER] and ENCLU[ERESUME]) operate as 
follows: 


e All usable segment registers except for FS and GS have a zero base. 
¢ The contents of the FS/GS segment registers (including the hidden portion) is saved in the processor. 
° New FS and GS values compatible with enclave security are loaded from the TCS 


¢ The linear ranges and access rights available under the newly-loaded FS and GS must abide to OS policies by 
ensuring they are subsets of the linear-address range and access rights available for the DS segment. 

¢ The CS segment mode (64-bit, compatible, or 32 bit modes) must be consistent with the segment mode for 
which the enclave was created, as indicated by the SECS.ATTRIBUTES.MODE64 bit, and that the CPL of the 
logical processor is 3 

An exit from the enclave either via ENCLU[EEXIT] or via an AEX restores the saved values of FS/GS segment regis- 

ters. 


38.3.4 Interactions of Enclave Execution with Segmentation 


During the course of execution, enclave code abides by all segmentation policies as dictated by IA32 and Intel 64 
Architectures, and generates appropriate exceptions on violations. 


Additionally, any attempt by software executing inside an enclave to modify the processor's segmentation state 
(e.g. via MOV seg register, POP seg register, LDS, far jump, etc; excluding WRFSBASE/WRGSBASE) results in the 
generation of a #UD. See Section 35.6.1 for more information. 


Upon enclave entry via the EENTER leaf function, FS is loaded from the (TCS.OFSBASE + SECS.BASEADDR) and 
TCS.FSLIMIT fields and GS is loaded from the (TCS.OGSBASE + SECS.BASEADDR) and TCS.GSLIMIT fields. 


Execution of WRFSBASE and WRGSBASE from inside a 64-bit enclave is allowed. The processor will save the new 
values into the current SSA frame on an asynchronous exit (AEX) and restore them back on enclave entry via 
ENCLU[ERESUME] instruction. 


38.4 INTERACTIONS WITH PAGING 


Intel SGX instructions are available only when the processor is executing in a protected mode of operation. Addi- 
tionally, all Intel SGX leaf functions except for EDBGRD and EDBGWR are available only if paging is enabled. Any 
attempt to execute these leaf functions with paging disabled results in an invalid-opcode exception (#UD). As with 
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segmentation, enclaves abide by all the paging policies set up by the OS, but they can be more restrictive than the 
Os. 


All the memory operands passed into Intel SGX instructions are interpreted as offsets within the DS segment, and 
the linear addresses generated by combining these offsets with DS segment register are subject to paging-based 
access control if paging is enabled at the time of the execution of the leaf function. 


Since the ENCLU[EENTER] and ENCLU[ERESUME] can only be executed when paging is enabled, and since paging 
cannot be disabled by software running inside an enclave (recall that enclaves always run with CPL = 3), enclave 
execution is always subject to paging-based access control. The Intel SGX access control itself is implemented as 
an extension to the existing paging modes. See Section 34.5 for details. 


Execution of Intel SGX instructions may set accessed and dirty flags on accesses to EPC pages that do not fault 
even if the instruction later causes a fault for some other reason. 


38.5 INTERACTIONS WITH VMX 


Intel SGX functionality (including SGX1 and SGX2) can be made available to software running in either VMX root 
operation or VMX non-root operation, as long as the processor is using a legal mode of operation (see Section 
38.1). 


A VMM has the flexibility to configure a VMCS to permit a guest to use any subset of the ENCLS leaf functions. Avail- 
ability of the ENCLU leaf functions in VMX non-root operation has the same requirement as ENCLU leaf functions 
outside of a virtualized environment. 


Details of the VMCS control to allow VMM to configure support of Intel SGX in VMX non-root operation is described 
in Section 38.5.1 


38.5.1 | VMM Controls to Configure Guest Support of Intel® SGX 


Intel SGX capabilities are primarily exposed to the software via the CPUID instruction. VMMs can virtualize CPUID 
instruction to expose/hide this capability to/from guests. 


Some of Intel SGX resources are exposed/controlled via model-specific registers (see Section 33.7). VMMs can 
virtualize these MSRs for the guests using the MSR bitmaps referenced by pointers in the VMCS. 


The VMM can partition the Enclave Page Cache, and assign various partitions to (a subset of) its guests via the 
usual memory-virtualization techniques such as paging or the extended page table mechanism (EPT). 


The VMM can set the “enable ENCLS exiting” VM-execution controls to cause a VM exit when the ENCLS instruction 
is executed in VMX non-root operation. If the “enable ENCLS exiting” control is 0, all of the ENCLS leaf functions are 
permitted in VMX non-root operation. If the “enable ENCLS exiting” control is 1, execution of ENCLS leaf functions 
in VMX non-root operation is governed by consulting the bits in a new 64-bit VM-execution control field called the 
ENCLS-exiting bitmap (Each bit in the bitmap corresponds to an ENCLS leaf function with an EAX value that is iden- 
tical to the bit’s position). When bits in the “ENCLS-exiting bitmap” are set, attempts to execute the corresponding 
ENCLS leaf functions in VMX non-root operation causes VM exits. The checking for these VM exits occurs immedi- 
ately after checking that CPL = 0. 


38.5.2 Interactions with the Extended Page Table Mechanism (EPT) 
Intel SGX instructions are fully compatible with the extended page-table mechanism (EPT; see Section 28.3). 


All the memory operands passed into Intel SGX instructions are interpreted as offsets within the DS segment, and 
the linear addresses generated by combining these offsets with DS segment register are subject to paging and EPT. 
As with paging, enclaves abide by all the policies set up by the VMM. 


The Intel SGX access control itself is implemented as an extension to paging and EPT, and may be more restrictive. 
See Section 38.4 for details of this extension. 


An execution of an Intel SGX instruction may set accessed and dirty flags for EPT (when enabled; see Section 
28.3.5) on accesses to EPC pages that do not fault or cause VM exits even if the instruction later causes a fault or 
VM exit for some other reason. 
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38.5.3 —_ Interactions with APIC Virtualization 


This section applies to Intel SGX in VMX non-root operation when the “virtualize APIC accesses” VM-execution 
control is 1. 


A memory access by an enclave instruction that implicitly uses a cached physical address is never checked for 
overlap with the APIC-access page. Such accesses never cause APIC-access VM exits and are never redirected to 
the virtual-APIC page. Implicit memory accesses can only be made to the SECS, the TCS, or the SSA of an enclave 
(see Section 34.5.3.2). 


An explicit Enclave Access (a linear memory access which is either from within an enclave into its ELRANGE, or an 
access by an Intel SGX instruction that is expected to be in the EPC) that overlaps with the APIC-access page 
causes a #PF exception (APIC page is expected to be outside of EPC). 

Non-Enclave accesses made either by an Intel SGX instruction or by a logical processor inside an enclave to an 
address that without SGX would have caused redirection to the virtual-APIC page instead cause an APIC-access 
VM exit. 


Other than implicit accesses made by Intel SGX instructions, guest-physical and physical accesses are not consid- 
ered “enclave accesses”; consequently, such accesses result in undefined behavior if these accesses eventually 
reach EPC. This applies to any non-enclave physical accesses. 


While a logical processor is executing inside an enclave, an attempt to execute an instruction outside of ELRANGE 
results in a #GP(0), even if the linear address would translate to a physical address that overlaps the APIC-access 


page. 


38.5.4 Interactions with VT and SGX concurrency 


In some cases, a VMM is required to handle conflicts between its own operation and a guest operation on EPC pages 
that are present in both guest and VMM address space. These conflict would otherwise cause the guest to experi- 
ence an unexpected behavior (vs. running directly on the h/w). These conflict cases are: 


¢ ETRACK/ETRACKC failure due to Entry Epoch Object Lock conflict or reference tracking check failure. 
¢ EPC Page Resource conflict. 


A new exit reason is defined for all those cases: SGX_CONFLICT (value 71). The VMCS exit qualification field details 
the specific case as follows: 


Table 38-1. SGX Conflict Exit Qualification 


Bits Size (bits) Name Description 


15:0 16 Code Exit qualification code. The following values are defined: 
0: TRACKING_RESOURCE_CONFLICT 

1: TRACKING_REFERENCE_CONFLICT 

2: EPC_PAGE_CONFLICT_EXCEPTION 

3: EPC_PAGE_CONFLICT_ERROR 

Other: Reserved 


31:16 16 Error Error code. Applicable only if the exit qualification code is EPC_PAGE_CONFLICT_ERROR; 
contains the error code that would be returned in RAX if the instruction was executed on 
bare metal platform or if the ENABLE_EPC_VIRTUALIZATION_EXTENSIONS bit in the 
secondary processor control field is not set. In other cases this field is reserved as O. 


63:32 |32 Reserved Always 0. 


This SGX_CONFLICT exiting behavior is controlled by a VM execution control called 
ENABLE_EPC_VIRTUALIZATION_EXTENSIONS (bit 29 of the secondary processor control field). 


Details for various SGX_CONFLICT VMEXIT cases are provided in the following sections. 
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38.5.5 Virtual Child Tracking 


SGX oversubscription support adds the ability to associate virtual children with each enclave using the 
ENCLV[EINCVIRTCHILD] and ENCLV[EDECVIRTCHILD] instructions. The VMM enables checking of the virtual child 
count by EREMOVE and EWB in guests with a new VM execution control called 
ENABLE_EPC_VIRTUALIZATION_EXTENSIONS. 


When in VMX non-root operation and the ENABLE_EPC_VIRTUALIZATION_EXTENSIONS control enabled, the 
following instructions change their behavior: 


¢ EWB and EREMOVE return the SGX_CHILD_PRESENT error code if any virtual or physical children are 
associated with the enclave. 


¢ ERDINFO set STATUS.CHILDPRESENT if any virtual or physical children are associated with the enclave. 


38.5.6 Handling EPCM Entry Lock Conflicts 


When performing paging within a VMM, it is possible for a contention on the EPC page to happen in the following 
case: 


¢ The VMM performs an ELDB/ELDU/ELDBC/ELDUC of an enclave page, and the guest attempts to perform some 
SGX instruction (e.g., EREMOVE) where the same SECS parent page is required. 


A similar conflict may occur if the VMM uses EINCVIRTCHILD or EDECVIRTCHILD pointing to an SECS page. In all 
other cases where a SGX instruction executed by the VMM the applicable EPC page should not be mapped to the 
guest, thus no resource conflict occurs. 


This conflicting situation can cause the guest's instruction to fail and cause guest instability. To help the VMM 
manage such conflicts, the SGX VMM paging extensions introduce a new VM-Exit that will be triggered whenever 
the guest encounters a resource conflict. 


The exit reason is SGX_CONFLICT. The exit qualification field is used to distinguish the two kinds of resource 
conflicts: 


¢ = Avalue of EPCM_RESOURCE_CONFLICT_EXCEPTION (2) in the exit qualification code field indicates that a 
resource conflict occurred that would result in a #GP. In that case, the exit qualification error field is set to zero. 


¢ Avalue of EPC_PAGE_CONFLICT_ERROR (3) in the exit qualification code field indicates that a resource conflict 
occurred that would result in an error code being return in RAX. In that case, the exit qualification error field is 
set to SGX_EPC_PAGE_CONFLICT. 


The Guest Linear Address and Guest Physical Address fields are set to the guest linear and guest physical 
addresses respectively of the EPC page on which the conflict occurred. The VMM may determine which instruction 
induced the exit by reading RAX. The exit also populates the VM-exit instruction length field. 


The VMM can determine whether the conflict may be due to its own operation, e.g., by setting a per-enclave busy 
indicator before executing ELD*, and clearing it afterwards. In that case, the VMM can handle an SGX Conflict 
(EPCM_PAGE_CONFLICT_*) exit by resuming guest execution at the same instruction, allowing the guest to re- 
execute the instruction. The VMM may also take steps to throttle its own paging thread to reduce contention with 
the guest. 


If the VMM determines that the conflict is not due to its own operation, it may inject a #GP (in case of 
EPC_PAGE_CONFLICT_EXCEPTION), or emulate an error code as the guest instruction would return (in case of 
EPC_PAGE_CONFLICT_ERROR) by setting ZF and copying the error value provided in the exit qualification to guest 
RAX. 


To gracefully handle resource contention on the VMM side, the VMM should use the new ELDBC and ELDUC instruc- 
tions. These are similar to ELDB and ELDU respectively, except that on EPC resource contention they return an 
SGX_EPC_PAGE_CONFLICT error instead of issuing a #GP. In case of an error, the VMM can retry the instruction, 
possibly throttling the guest to assure progress. 


When using EDECVIRTCHILD and EINCVIRTCHILD, the VMM should preferably point to the enclave child page, not 
to the SECS page, avoiding resource conflict on the SECS. If the VMM chooses to point to the SECS page, it should 
handle conflicts in the same way as handling the ELD* case. 
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38.5.7. Context Tracking 


The ENCLAVECONTEXT field in the SECS is available for use by the VMM to track context information associated 
with that enclave, such as the GPA of the SECS in the context of the appropriate guest. This field is initialized by the 
successful execution of ECREATE and ELD of an SECS page. The value stored in the ENCLAVECONTEXT field will be 
the translation of the target page address produced by paging (GPA in VMMs that have EPTs turned on). VMMs may 
override this default value by calling the ENCLV[ESETCONTEXT] instruction, which allows the VMM to store an arbi- 
trary 64-bit value in the ENCLAVECONTEXT field. The VMM may later access the ENCLAVECONTEXT field by calling 
ENCLS[ERDINFO] on any member page of the enclave, including the SECS. 


For nested virtualization cases, the lowest level VMM can make SGX oversubscription instructions higher level 
guest VMMs. In that case the lower level VMM can simply inject #GP to higher level VMMs when attempting to 
execute these instructions. 


However, if VMMs expose SGX oversubscription instructions to higher level VMMs, then VMMs have to use 
ENCLV[ESETCONTEXT] instruction to properly manage the ENCLAVECONTEXT field of SECS during paging opera- 
tions. That may involve emulating ECREATE, ELD, ESETCONTEXT and ERDINFO instructions apart from managing 
ENCLAVECONTEXT values. 


38.6 INTEL® SGX INTERACTIONS WITH ARCHITECTURALLY-VISIBLE EVENTS 


All architecturally visible events (exceptions, interrupts, SMI, NMI, INIT, VM exit) can be detected while inside an 
enclave and will cause an asynchronous enclave exit if they are not blocked. Additionally, INT3, and the 
SignalTXTMsg[SENTER] (i.e. GETSEC[SENTER]’s rendezvous event message) events also cause asynchronous 
enclave exits. Note that SignalTXTMsg[SEXIT] (i.e. GETSEC[SEXIT]’s teardown message) does not cause an AEX. 


On an AEX, information about the event causing the AEX is stored in the SSA (see Section 36.4 for details of AEX). 
The information stored in the SSA only describes the first event that triggered the AEX. If parsing/delivery of the 

first event results in detection of further events (e.g. VM exit, double fault, etc.), then the event information in the 
SSA is not updated to reflect these subsequently detected events. 


38.7. INTERACTIONS WITH THE PROCESSOR EXTENDED STATE AND 
MISCELLANEOUS STATE 


38.7.1 Requirements and Architecture Overview 


Processor extended states are the ISA features that are enabled by the settings of CR4.OSXSAVE and the XCRO 
register. Processor extended states are normally saved/restored by software via XSAVE/XRSTOR instructions. 
Details of discovery of processor extended states and management of these states are described in CHAPTER 13 of 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A. 

Additionally, the following requirements apply to Intel SGX: 

® Onan AEX, the Intel SGX architecture must protect the processor extended state and miscellaneous state by 


saving them in the enclave’s state-save area (SSA), and clear the secrets from the processor extended state 
that is used by an enclave. 


¢ Intel SGX architecture must verify that the SSA frame size is large enough to contain all the processor extended 
states and miscellaneous state used by the enclave. 


¢ Intel SGX architecture must ensure that enclaves can only use processor extended state that is enabled by 
system software in XCRO. 


® Enclave software should be able to discover only those processor extended state and miscellaneous state for 
which such protection is enabled. 


° The processor extended states that are enabled inside the enclave must be approved by the enclave developer: 


— Certain processor extended state (e.g., Memory Protection Extensions, see Chapter 17, “Intel® MPX” of 
Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1) modify the behavior of the 
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legacy ISA software. If such features are enabled for enclaves that do not understand those features, then 
such a configuration could lead to a compromise of the enclave's security. 


¢ The processor extended states that are enabled inside the enclave must form an integral part of the enclave's 
identity. This requirement has two implications: 


— Service providers may decide to assign different trust level to the same enclave depending on the ISA 
features the enclave is using. 


To meet these requirements, the Intel SGX architecture defines a sub-field called X-Feature Request Mask (XFRM) 
in the ATTRIBUTES field of the SECS. On enclave creation (ENCLS[ECREATE] leaf function), the required SSA frame 
size is calculated by the processor from the list of enabled extended and miscellaneous states and verified against 
the actual SSA frame size defined by SECS.SSAFRAMESIZE. 


On enclave entry, after verifying that XFRM is only enabling features that are already enabled in XCRO, the value in 
the XCRO is saved internally by the processor, and is replaced by the XFRM. On enclave exit, the original value of 
XCRO is restored. Consequently, while inside the enclave, the processor extended states enabled in XFRM are in 
enabled state, and those that are disabled in XFRM are in disabled state. 


The entire ATTRIBUTES field, including the XFRM subfield is integral part of enclave's identity (i.e., its value is 
included in reports generated by ENCLU[EREPORT], and select bits from this field can be included in key-derivation 
for keys obtained via the ENCLU[EGETKEY] leaf function). 


Enclave developers can create their enclave to work with certain features and fallback to another code path in case 
those features aren't available (e.g. optimize for AVX and fallback to SSE). For this purpose Intel SGX provides the 
following fields in SIGSTRUCT: ATTRIBUTES, ATTRIBUTESMASK, MISCSELECT, and MISCMASK. EINIT ensures that 
the final SECS.ATTRIBUTES and SECS.MISCSELECT comply with the enclave developer's requirements as follows: 


SIGSTRUCT.ATTRIBUTES & SIGSTRUCT.ATTRIBUTEMASK = SECS.ATTRIBUTES & SIGSTRUCT.ATTRIBUTEMASK 
SIGSTRUCT.MISCSELECT & SIGSTRUCT.MISCMASK = SECS.MISCSELECT & SIGSTRUCT.MISCMASK. 


On an asynchronous enclave exit, the processor extended states enabled by XFRM are saved in the current SSA 
frame, and overwritten by synthetic state (see Section 36.3 for the definition of the synthetic state). When the 
interrupted enclave is resumed via the ENCLU[ERESUME] leaf function, the saved state for processor extended 
states enabled by XFRM is restored. 


38.7.2 Relevant Fields in Various Data Structures 


38.7.2.1 SECS.ATTRIBUTES.XFRM 


The ATTRIBUTES field of the SECS data structure (see Section 34.7) contains a sub-field called XSAVE-Feature 
Request Mask (XFRM). Software populates this field at the time of enclave creation according to the features that 
are enabled by the operating system and approved by the enclave developer. 


Intel SGX architecture guarantees that during enclave execution, the processor extended state configuration of the 
processor is identical to what is required by the XFRM sub-field. All the processor extended states enabled in XFRM 
are saved on AEX from the enclave and restored on ERESUME. 


The XFRM sub-field has the same layout as XCRO, and has consistency requirements that are similar to those for 
XCRO. Specifically, the consistency requirements on XFRM values depend on the processor implementation and the 
set of features enabled in CR4. 


Legal values for SECS.ATTRIBUTES.XFRM conform to these requirements: 
¢ XFRM[1:0] must be set to 0x3. 


¢ If the processor does not support XSAVE, or if the system software has not enabled XSAVE, then XFRM[63:2] 
must be zero. 


¢ If the processor does support XSAVE, XFRM must contain a value that would be legal if loaded into XCRO. 


The various consistency requirements are enforced at different times in the enclave's life cycle, and the exact 
enforcement mechanisms are elaborated in Section 38.7.3 through Section 38.7.6. 


On processors not supporting XSAVE, software should initialize XFRM to 0x3. On processors supporting XSAVE, 
software should initialize XFRM to be a subset of XCRO that would be present at the time of enclave execution. 
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Because bits 0 and 1 of XFRM must always be set, the use of Intel SGX requires that SSE be enabled (CR4.OSFXSR 
= 1). 


38.7.2.2 SECS.SSAFRAMESIZE 


The SSAFRAMESIZE field in the SECS data structure specifies the number of pages which software allocated! for 
each SSA frame, including both the GPRSGX area, MISC area, the XSAVE area (x87 and XMM states are stored in 
the latter area), and optionally padding between the MISC and XSAVE area. The GPRSGX area must hold all the 
general-purpose registers and additional Intel SGX specific information. The MISC area must hold the Miscella- 
neous state as specified by SECS.MISCSELECT, the XSAVE area holds the set of processor extended states specified 
by SECS.ATTRIBUTES. XFRM (see Section 34.9 for the layout of SSA and Section 38.7.3 for ECREATE's consistency 
checks). The SSA is always in non-compacted format. 


If the processor does not support XSAVE, the XSAVE area will always be 576 bytes; a copy of XFRM (which will be 
set to 0x3) is saved at offset 512 on an AEX. 


If the processor does support XSAVE, the length of the XSAVE area depends on SECS.ATTRIBUTES.XFRM. The 
length would be equal to what CPUID.(EAX=0DH, ECX= 0):EBX would return if XCRO were set to XFRM. The 
following pseudo code illustrates how software can calculate this length using XFRM as the input parameter without 
modifying XCRO: 
offset = 576; 
size_last_x = 0; 
For x=2 to 63 
IF (XFRM[x] != 0) Then 
tmp_offset = CPUID.(EAX=0DH, ECX= x):EBX[31:0]; 
IF (tmp_offset >= offset + size_last_x) Then 
offset = tmp_offset; 
size_last_x = CPUID.(EAX=0DH, ECX= x):EAX[31:0]; 
FI; 
FI; 
EndFor 
return (offset + size_last_x); (* compute_xsave_size(XFRM), see “ECREATE—Create an SECS page in the Enclave 
Page Cache”*) 


Where the non-zero bits in XFRM are a subset of non-zero bit fields in XCRO. 


The size of the MISC region depends on the setting of SECS.MISCSELECT and can be calculated using the layout 
information described in Section 34.9.2 


38.7.2.3. XSAVE Areain SSA 
The XSAVE area of an SSA frame begins at offset 0 of the frame. 


38.7.2.4 MISC Area in SSA 
The MISC area of an SSA frame is positioned immediately before the GPRSGX region. 


38.7.2.5 SIGSTRUCT Fields 


Intel SGX provides the flexibility for an enclave developer to choose the enclave's code path according to the 
features that are enabled on the platform (e.g. optimize for AVX and fallback to SSE). See Section 38.7.1 for 
details. 


1. It is the responsibility of the enclave to actually allocate this memory. 
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SIGSTRUCT includes the following fields: 
SIGSTRUCT.ATTRIBUTES, SIGSTRUCT.ATTRIBUTEMASK, SIGSTRUCT.MISCSELECT, SIGSTRUCT.MISCMASK. 


38.7.2.6 REPORT.ATTRIBUTES.XFRM and REPORT.MISCSELECT 


The processor extended states and miscellaneous states that are enabled inside the enclave form an integral part 
of the enclave's identity and are therefore included in the enclave's report, as provided by the ENCLU[EREPORT] 
leaf function. The REPORT structure includes the enclave's XFRM and MISCSELECT configurations. 


38.7.2.7. KEYREQUEST 


An enclave developer can specify which bits out of XFRM and MISCSELECT ENCLU[EGETKEY] should include in the 
derivation of the sealing key by specifying ATTRIBUTESMASK and MISCMASK in the KEYREQUEST structure. 


38.7.3. Processor Extended States and ENCLS[ECREATE] 


The ECREATE leaf function of the ENCLS instruction enforces a number of consistency checks described earlier. The 
execution of ENCLS[ECREATE] leaf function results in a #GP(O) in any of the following cases: 


° SECS.ATTRIBUTES.XFRM[1:0] is not 3. 
¢ The processor does not support XSAVE and any of the following is true: 
— SECS.ATTRIBUTES.XFRM[63:2] is not 0. 
— SECS.SSAFRAMESIZE is 0. 
¢ The processor supports XSAVE and any of the following is true: 
— XSETBV would fault on an attempt to load XFRM into XCRO. 
— XFRM[63]=1. 
— The SSAFRAME is too small to hold required, enabled states (see Section 38.7.2.2). 


38.7.4 Processor Extended States and ENCLU[EENTER] 


38.7.4.1 Fault Checking 


The EENTER leaf function of the ENCLU instruction enforces a number of consistency requirements described 
earlier. The execution of the ENCLU[EENTER] leaf function results in a #GP(0) in any of the following cases: 


° If CR4.0SFXSR=0. 

¢ If The processor supports XSAVE and either of the following is true: 
— CR4.0SXSAVE=0 and SECS.ATTRIBUTES.XFRM is not 3. 
— (SECS.ATTRIBUTES.XFRM & XCRO) != SECS.ATTRIBUTES.XFRM 


38.7.4.2 State Loading 


If ENCLU[EENTER] is successful, the current value of XCRO is saved internally by the processor and replaced by 
SECS.ATTRIBUTES.XFRM. 
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38.7.5 Processor Extended States and AEX 


38.7.5.1 State Saving 


On an AEX, processor extended states are saved into the XSAVE area of the SSA frame in a compatible format with 
XSAVE that was executed with EDX:EAX = SECS.ATTRIBUTES.XFRM, with the memory operand being the XSAVE 
area, and (for 64-bit enclaves) as if REX.W=1. The XSTATE_BV part of the XSAVE header is saved with 0 for every 
bit that is 0 in XFRM. Other bits may be saved as 0 if the state saved is initialized. 


Note that enclave entry ensures that if CR4.0SXSAVE is set to 0, then SECS.ATTRIBUTES. XFRM is set to 3. It 
should also be noted that it is not possible to enter an enclave with FXSAVE disabled. 


38.7.5.2 State Synthesis 


After saving the extended state, the processor restores XCRO to the value it held at the time of the most recent 
enclave entry. 


The state of features corresponding to bits set in XFRM is synthesized. In general, these states are initialized. 
Details of state synthesis on AEX are documented in Section 36.3.1. 


38.7.6 Processor Extended States and ENCLU[ERESUME] 


38.7.6.1 Fault Checking 


The ERESUME leaf function of the ENCLU instruction enforces a number of consistency requirements described 
earlier. Specifically, the ENCLU[ERESUME] leaf function results in a #GP(0) in any of the following cases: 


¢ CR4.0SFXSR=0. 
¢ The processor supports XSAVE and either of the following is true: 
— CR4.0SXSAVE=0 and SECS.ATTRIBUTES.XFRM is not 3. 
— (SECS.ATTRIBUTES.XFRM & XCRO) != SECS.ATTRIBUTES.XFRM. 


A successful execution of ENCLU[ERESUME] loads state from the XSAVE area of the SSA frame in a fashion similar 
to that used by the XRSTOR instruction. Data in the XSAVE area that would cause the XRSTOR instruction to fault 
will cause the ENCLU[ERESUME] leaf function to fault. Examples include, but are not restricted to the following: 


e =A bit is set in the XSTATE_BV field and clear in XFRM. 

° The required bytes in the header are not clear. 

® Loading data would set a reserved bit in MXCSR. 

Any of these conditions will cause ERESUME to fault, even if CR4.0OSXSAVE=0. 


38.7.6.2 State Loading 


If ENCLU[ERESUME] is successful, the current value of XCRO is saved internally by the processor and replaced by 
SECS.ATTRIBUTES.XFRM. 


State is loaded from the XSAVE area of the SSA frame as if the XRSTOR instruction were executed with 
XCRO=XFRM, EDX:EAX = XFRM, with the memory operand being the XSAVE area, and (for 64-bit enclaves) as if 
REX.W=1. 


ENCLU[ERESUME] ensures that a subsequent execution of XSAVEOPT inside the enclave will operate properly (e.g., 
by marking all state as modified). 


38.7.7. Processor Extended States and ENCLU[EEXIT] 


The ENCLU[EEXIT] leaf function does not perform any X-feature specific consistency checks, nor performs any 
state synthesis. It is the responsibility of enclave software to clear any sensitive data from the registers before 
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executing EEXIT. However, successful execution of the ENCLU[EEXIT] leaf function restores XCRO to the value it 
held at the time of the most recent enclave entry. 


38.7.8 Processor Extended States and ENCLU[EREPORT] 


The ENCLU[EREPORT] leaf function creates the MAC-protected REPORT structure that reports on the enclave’s 
identity. ENCLU[EREPORT] includes in the report the values of SECS.ATTRIBUTES.XFRM and SECS.MISCSELECT. 


38.7.9 Processor Extended States and ENCLU[EGETKEY] 


The ENCLU[EGETKEY] leaf function returns a cryptographic key based on the information provided by the KEYRE- 
QUEST structure. Intel SGX provides the means for isolation between different operating conditions by allowing an 
enclave developer to select which bits out of XFRM and MISCSELECT need to be included in the derivation of the 
keys. 


38.8 INTERACTIONS WITH SMM 


38.8.1 Availability of Intel® SGX instructions in SMM 


Enclave instructions are not available in SMM, and any attempt to execute ENCLS or ENCLU instructions inside SMM 
results in an invalid-opcode exception (#UD). 


38.8.2 SMI while Inside an Enclave 


If the logical processor executing inside an enclave receives an SMI, the logical processor exits the enclave asyn- 
chronously. The response to an SMI received while executing inside an enclave depends on whether the dual- 
monitor treatment is enabled. For detailed discussion of transfer to SMM, see Chapter 31, “System Management 
Mode” of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3C. 


If the logical processor executing inside an enclave receives an SMI when dual-monitor treatment is not enabled, 
the logical processor exits the enclave asynchronously, and transfers the control to the SMM handler. In addition to 
saving the synthetic architectural state to the SMRAM State Save Map (SSM), the logical processor also sets the 
“Enclave Interruption” bit in the SMRAM SSM (bit position 1 in SMRAM field at offset 7EEOH). 

If the logical processor executing inside an enclave receives an SMI when dual-monitor treatment is enabled, the 
logical processor exits the enclave asynchronously, and transfers the control to the SMM monitor via SMM VM exit. 
The SMM VM exit sets the “Enclave Interruption” bit in the Exit Reason (see Table 38-2) and in the Guest Interrupt- 
ibility State field (see Table 38-3) of the SMM VMCS. 


38.8.3 SMRAM Synthetic State of AEX Triggered by SMI 


All processor registers saved in the SMRAM have the same synthetic values listed in Section 36.3. Additional 
SMRAM fields that are treated specially on SMI are: 


Table 38-2. SMRAM Synthetic States on Asynchronous Enclave Exit 
Position Field Value Writable 


SMRAM Offset O7EEOH.Bit 1 ENCLAVE_INTERRUPTION | Set to 1 if exit occurred in enclave mode No 
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38.9 INTERACTIONS OF INIT, SIPI, AND WAIT-FOR-SIPI WITH INTEL® SGX 


INIT received inside an enclave, while the logical processor is not in VMX operation, causes the logical processor to 
exit the enclave asynchronously. After the AEX, the processor's architectural state is initialized to “Power-on” state 
(Table 9.1 in Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3A). If the logical processor 
is BSP, then it proceeds to execute the BIOS initialization code. If the logical processor is an AP, it enters wait-for- 
SIPI state. 


INIT received inside an enclave, while the logical processor (LP) is in VMX root operation, follows regular Intel 
Architecture behavior and is blocked. 


INIT received inside an enclave, while the logical processor is in VMX non-root operation, causes an AEX. Subse- 
quent to the AEX, the INIT causes a VM exit with the Enclave Interruption bit in the exit-reason field in the VMCS. 


A processor cannot be inside an enclave in the wait-for-SIPI state. Consequently, a SIPI received while inside an 
enclave is lost. 


Intel SGX does not change the behavior of the processor in the wait-for-SIPI state. 
The SGX-related processor states after INIT-SIPI-SIPI is as follows: 

¢ EPC Settings: Unchanged 

° EPCM: Unchanged 

° CPUID.LEAF_12H.*: Unchanged 

¢ ENCLAVE_MODE: 0 (LP exits enclave asynchronously) 

° MEE state: Unchanged 


Software should be aware that following INIT-SIPI-SIPI, the EPC might contain valid pages and should take appro- 
priate measures such as initialize the EPC with the EREMOVE leaf function. 


38.10 INTERACTIONS WITH DMA 


DMA is not allowed to access any Processor Reserved Memory. 


38.11 INTERACTIONS WITH TXT 


38.11.1 Enclaves Created Prior to Execution of GETSEC 


Enclaves which have been created before the GETSEC[SENTER] leaf function are available for execution after the 
successful completion of GETSEC[SENTER] and the corresponding SINIT ACM. Actions that a TXT Launched Envi- 
ronment performs in preparation to execute code in the Launched Environment, also applies to enclave code that 
would run after GETSEC[SENTER]. 


38.11.2 Interaction of GETSEC with Intel® SGX 


All leaf functions of the GETSEC instruction are illegal inside an enclave, and results in an invalid-opcode exception 
(#UD). 


Responding Logical Processors (RLP) which are executing inside an enclave at the time a GETSEC[SENTER] event 
occurs perform an AEX from the enclave and then enter the Wait-for-SIPI state. 


RLP executing inside an enclave at the time of GETSEC[SEXIT], behave as defined for GETSEC[SEXIT]-that is, the 
RLPs pause during execution of SEXIT and resume after the completion of SEXIT. 


The execution of a TXT launch does not affect Intel SGX configuration or security parameters. 
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38.11.3 Interactions with Authenticated Code Modules (ACMs) 


Intel SGX only allows launching ACMs with an Intel SGX SVN that is at the same level or higher than the expected 
Intel SGX SVN. The expected Intel SGX SVN is specified by BIOS and locked down by the processor on the first 
successful execution of an Intel SGX instruction that doesn’t return an error code. Intel SGX provides interfaces for 
system software to discover whether a non faulting Intel SGX instruction has been executed, and evaluate the suit- 
ability of the Intel SGX SVN value of any ACM that is expected to be launched by the OS or the VMM. 


These interfaces are provided through a read-only MSR called the IA32_SGX_SVN_STATUS MSR (MSR address 
500h). The IA32_SGX_SVN_STATUS MSR has the format shown in Table 38-3. 


Table 38-3. Layout of the IA32_SGX_SVN_STATUS MSR 
Bit Position Name ACM Module ID Value 


0 Lock N.A. 


If 1, indicates that a non-faulting Intel SGX instruction has been 
executed, consequently, launching a properly signed ACM but with Intel 
SGX SVN value less than the BIOS specified Intel SGX SVN threshold 
would lead to an TXT shutdown. 

If 0, indicates that the processor will allow a properly signed ACM to 
launch irrespective of the Intel SGX SVN value of the ACM. 


15:1 RSVD NA. 0 
23:16 SGX_SVN_SINIT | SINIT ACM * If CPUID.O1H:ECX.SMX =1, this field reflects the expected threshold of 
Intel SGX SVN for the SINIT ACM. 
«If CPUID.O1H:ECX.SMX =0, this field is reserved (0). 
63:24 RSVD NA. 0 


OS/VMM that wishes to launch an architectural ACM such as SINIT is expected to read the IA32_SGX_SVN_STATUS 
MSR to determine whether the ACM can be launched or a new ACM is needed: 


e If either the Intel SGX SVN of the ACM is greater than the value reported by IA32_SGX_SVN_STATUS, or the 
lock bit in the IA32_SGX_SVN_STATUS is not set, then the OS/VMM can safely launch the ACM. 


° If the Intel SGX SVN value reported in the corresponding component of the IA32_SGX_SVN_STATUS is greater 
than the Intel SGX SVN value in the ACM's header, and if bit 0 of IA32_SGX_SVN_STATUS is 1, then the 
OS/VMM should not launch that version of the ACM. It should obtain an updated version of the ACM either from 
the BIOS or from an external resource. 


However, OSVs/VMMs are strongly advised to update their version of the ACM any time they detect that the Intel 
SGX SVN of the ACM carried by the OS/VMM is lower than that reported by IA32_SGX_SVN_STATUS MSR, irrespec- 
tive of the setting of the lock bit. 


38.12 INTERACTIONS WITH CACHING OF LINEAR-ADDRESS TRANSLATIONS 


Entering and exiting an enclave causes the logical processor to flush all the global linear-address context as well as 
the linear-address context associated with the current VPID and PCID. The MONITOR FSM is also cleared. 


38.13 INTERACTIONS WITH INTEL® TRANSACTIONAL SYNCHRONIZATION 
EXTENSIONS (INTEL® TSX) 


1. ENCLU or ENCLS instructions inside an HLE region will cause the flow to be aborted and restarted non-specula- 
tively. ENCLU or ENCLS instructions inside an RTM region will cause the flow to be aborted and transfer control to 
the fallback handler. 


2. If XBEGIN is executed inside an enclave, the processor does NOT check whether the address of the fallback 
handler is within the enclave. 


3. If an RTM transaction is executing inside an enclave and there is an attempt to fetch an instruction outside the 
enclave, the transaction is aborted and control is transferred to the fallback handler. No #GP is delivered. 


Vol. 3D 38-13 


INTEL® SGX INTERACTIONS WITH IA32 AND INTEL® 64 ARCHITECTURE 


4. If an RTM transaction is executing inside an enclave and there is a data access to an address within the enclave 
that denied due to EPCM content (e.g., to a page belonging to a different enclave), the transaction is aborted and 
control is transferred to the fallback handler. No #GP is delivered. 


5. If an RTM transaction executing inside an enclave aborts and the address of the fallback handler is outside the 
enclave, a #GP is delivered after the abort (EIP reported is that of the fallback handler). 


38.13.1 HLE and RTM Debug 


RTM debug will be suppressed on opt-out enclave entry. After opt-out entry, the logical processor will behave as if 
IA32_DEBUG_CTL[15]=0. Any #DB detected inside an RTM transaction region will just cause an abort with no 
exception delivered. 


After opt-in entry, if either DR7[11] = 0 OR IA32_DEBUGCTL[15] = 0, any #DB or #BP detected inside an RTM 
transaction region will just cause an abort with no exception delivered. 


After opt-in entry, if DR7[11] = 1 AND IA32_DEBUGCTL[15] = 1, any #DB or #BP detected inside an RTM transla- 
tion will 


® terminate speculative execution, 
* set RIP to the address of the XBEGIN instruction, and 
° be delivered as #DB (implying an Intel SGX AEX; any #BP is converted to #DB). 


* DR6[16] will be cleared, indicating RTM debug (if the #DB causes a VM exit, DR6 is not modified but bit 16 of 
the pending debug exceptions field in the VMCS will be set). 


38.14 INTEL® SGX INTERACTIONS WITH S STATES 


Whenever an Intel SGX enabled processor enters S3-S5 state, enclaves are destroyed. This is due to the EPC being 
destroyed when power down occurs. It is the application runtime’s responsibility to re-instantiate an enclave after 
a power transition for which the enclaves were destroyed. 


38.15 INTEL® SGX INTERACTIONS WITH MACHINE CHECK ARCHITECTURE (MCA) 


38.15.1 Interactions with MCA Events 


All architecturally visible machine check events (#MC and CMCI) that are detected while inside an enclave cause an 
asynchronous enclave exit. 


Any machine check exception (#MC) that occurs after Intel SGX is first enables causes Intel SGX to be disabled, 
(CPUID.SGX_Leaf.0: EAX[SGX1] == 0). It cannot be enabled until after the next reset. 


38.15.2 Machine Check Enables (IA32_MCi_CTL) 


All supported IA32_MCi_CTL bits for all the machine check banks must be set for Intel SGX to be available 
(CPUID.SGX_Leaf.0: EAX[SGX1] == 1). Any act of clearing bits from '1 to '0 in any of the IA32_MCi_CTL register 
may disable Intel SGX (set CPUID.SGX_Leaf.0: EAX[SGX1] to 0) until the next reset. 


38.15.3 CR4.MCE 


CR4.MCE can be set or cleared with no interactions with Intel SGX. 
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38.16 INTEL® SGX INTERACTIONS WITH PROTECTED MODE VIRTUAL 
INTERRUPTS 


ENCLS[EENTER] modifies neither EFLAGS.VIP nor EFLAGS.VIF. 


ENCLS[ERESUME] loads EFLAGS in a manner similar to that of an execution of IRET with CPL = 3. This means that 
ERESUME modifies neither EFLAGS.VIP nor EFLAGS.VIF regardless of the value of the EFLAGS image in the SSA 
frame. 

AEX saves EFLAGS.VIP and EFLAGS.VIF unmodified into the EFLAGS image in the SSA frame. AEX modifies neither 
EFLAGS.VIP nor EFLAGS.VIF after saving EFLAGS. 


If CR4.PVI = 1, CPL = 3, EFLAGS.VM = 0, IOPL < 3, EFLAGS.VIP = 1, and EFLAGS.VIF = 0, execution of STI causes 
a #GP fault. In this case, STI modifies neither EFLAGS.IF nor EFLAGS.VIF. This behavior applies without change 
within an enclave (where CPL is always 3). Note that, if IOPL = 3, STI always sets EFLAGS.IF without fault; 
CR4.PVI, EFLAGS.VIP, and EFLAGS.VIF are neither consulted nor modified in this case. 


38.17 INTEL SGX INTERACTION WITH PROTECTION KEYS 


SGX interactions with PKRU are as follows: 


° = CPUID.(EAX=12H, ECX=1):ECX.PKRU indicates whether SECS.ATTRIBUTES.XFRM.PKRU can be set. If 
SECS.ATTRIBUTES.XFRM.PKRU is set, then PKRU is saved and cleared as part of AEX and is restored as part of 
ERESUME. If CR4.PKE is set, an enclave can execute RDPKRU and WRKRU independent of whether 
SECS.ATTRIBUTES.XFRM.PKRU is set. 


SGX interactions with domain permission checks are as follows: 
1) If CR4.PKE is not set, then legacy and SGX permission checks are not effected. 


2) If CR4.PKE is set, then domain permission checks are applied to all non-enclave access and 
enclave accesses to user pages in addition to legacy and SGX permission checks at a higher 
priority than SGX permission checks. 


3) Implicit accesses aren't subject to domain permission checks. 
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CHAPTER 39 
ENCLAVE CODE DEBUG AND PROFILING 


Intel® SGX is architected to provide protection for production enclaves and permit enclave code developers to use 
an SGX-aware debugger to effectively debug a non-production enclave (debug enclave). Intel SGX also allows a 
non-SGX-aware debugger to debug non-enclave portions of the application without getting confused by enclave 
instructions. 


39.1 CONFIGURATION AND CONTROLS 


39.1.1 Debug Enclave vs. Production Enclave 


The SECS of each enclave provides a bit, SECS.ATTRIBUTES.DEBUG, indicating whether the enclave is a debug 
enclave (if set) or a production enclave (if 0). If this bit is set, software outside the enclave can use 
EDBGRD/EDBGWR to access the EPC memory of the enclave. The value of DEBUG is not included in the measure- 
ment of the enclave and therefore doesn't require an alternate SIGSTRUCT to be generated to debug the enclave. 


The ATTRIBUTES field in the SECS is reported in the enclave's attestation, and is included in the key derivation. 
Enclave secrets that were protected by the enclave using Intel SGX keys when it ran as a production enclave will 
not be accessible by the debug enclave. A debugger needs to be aware that special debug content might be 
required for a debug enclave to run in a meaningful way. 

EPC memory belonging to a debug enclave can be accessed via the EDBGRD/EDBGWR leaf functions (see Section 
37.4), while that belonging to a non-debug enclave cannot be accessed by these leaf functions. 


39.1.2 Tool-Chain Opt-in 


The TCS.FLAGS.DBGOPTIN bit controls interactions of certain debug and profiling features with enclaves, including 
code/data breakpoints, TF, RF, monitor trap flag, BTF, LBRs, BTM, BTS, Intel Processor Trace, and performance 
monitoring. This bit is forced to zero when EPC pages are added via EADD. A debugger can set this bit via EDBGWR 
to the TCS of a debug enclave. 


An enclave entry through a TCS with the TCS.FLAGS.DBGOPTIN set to 0 is called an opt-out entry. Conversely, an 
enclave entry through a TCS with TCS.FLAGS.DBGOPTIN set to 1 is called an opt-in entry. 


39.2 SINGLE STEP DEBUG 


39.2.1 Single Stepping ENCLS Instruction Leafs 


If the RFLAGS.TF bit is set at the beginning of ENCLS, then a single-step debug exception is pending as a trap-class 
exception on the instruction boundary immediately after the ENCLS instruction. Additionally, if the instruction is 
executed in VMX non-root operation and the “monitor trap flag” VM-execution control is 1, an MTF VM exit is 
pending on the instruction boundary immediately after the instruction if the instruction does not fault. 


39.2.2 Single Stepping ENCLU Instruction Leafs 
The interactions of the unprivileged Intel SGX instruction ENCLU are leaf dependent. 


An enclave entry via EENTER/ERESUME leaf functions of the ENCLU, in certain cases, may mask the RFLAGS.TF bit, 
and mask the setting of the “monitor trap flag” VM-execution control. In such situations, an exit from the enclave, 
either via the EEXIT leaf function or via an AEX unmasks the RFLAGS.TF bit and the “monitor trap flag” VM-execu- 


Vol. 3D 39-1 


ENCLAVE CODE DEBUG AND PROFILING 


tion control. The details of this masking/unmasking and the pending of single stepping events across 
EENTER/ERESUME/EEXIT/AEX are covered in detail in Section 39.2.3. 


If the EFLAGS.TF bit is set at the beginning of EREPORT or EGETKEY leafs, and if the EFLAGS.TF is not masked by 
the preceding enclave entry, then a single-step debug exception is pending on the instruction boundary immedi- 
ately after the ENCLU instruction. Additionally, if the instruction is executed in VMX non-root operation and the 
“monitor trap flag” VM-execution control is 1, and if the monitor trap flag is not masked by the preceding enclave 
entry, then an MTF VM exit is pending on the instruction boundary immediately after the instruction. 


If the instruction under consideration results in a fault, then the control flow goes to the fault handler, and no 
single-step debug exception is asserted. In such a situation, if the instruction is executed in VMX non-root opera- 
tion and the “monitor trap flag” VM-execution control is 1, an MTF VM exit is pending after the delivery of the fault 
(or any nested exception). No MTF VM exit occurs if another VM exit occurs before reaching that boundary on which 
an MTF VM exit would be pending. 


39.2.3 Single-Stepping Enclave Entry with Opt-out Entry 


39.2.3.1 Single Stepping without AEX 
Figure 39-1 shows the most common case for single-stepping after an opt-out entry. 


» EENTER » 08 
ERESUME = 
) Inst1 ——y|_  Inst2 |-—»|_= Inst =|) EEXIT Inst4 


) _ TF/MTF 


Handler 


SMI 
INIT 
RFLAGS.TF @  sinate-step #08 Pending #MC 
Higher Priority 
VMCS.MTF ()_ MTF VM Exit Pending L — — >} handler 


Figure 39-1. Single Stepping with Opt-out Entry - No AEX 


In this scenario, if the RFLAGS.TF bit is set at the time of the enclave entry, then a single step debug exception is 
pending on the instruction boundary after EEXIT. Additionally, if the enclave is executing in VMX non-root operation 
and the “monitor trap flag” VM-execution control is 1, an MTF VM exit is pending on the instruction boundary after 
EEXIT. 


The value of the RFLAGS.TF bit at the end of EEXIT is the same as the value of RFLAGS.TF at the time of the enclave 
entry. 


39.2.3.2 Single Step Preempted by AEX Due to Non-SMI Event 
Figure 39-2 shows the interaction of single stepping with AEX due to a non-SMI event after an opt-out entry. 
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p EENTER 
ERESUME - 
) Inst1 Inst2 Inst3 EEXIT Inst4 


Event Inside Enclave » 0 TF/MTF 
p| AEX Handler 
) Higher Priority 
b RFLAGS.TF | Single-Step #DB Pending Handler 
AEX 
VMCS.MTF [) MTF VM exit Pending cis 


Figure 39-2. Single Stepping with Opt-out Entry -AEX Due to Non-SMI Event Before Single-Step Boundary 


In this scenario, if the enclave is executing in VMX non-root operation and the “monitor trap flag” VM-execution 
control is 1, an MTF VM exit is pending on the instruction boundary after the AEX. No MTF VM exit occurs if another 
VM exit happens before reaching that instruction boundary. 


The value of the RFLAGS.TF bit at the end of AEX is the same as the value of RFLAGS.TF at the time of the enclave 
entry. 


39.2.4 RFLAGS.TF Treatment on AEX 


The value of EFLAGS.TF at the end of AEX from an opt-out enclave is same as the value of EFLAGS.TF at the time 
of the enclave entry. The value of EFLAGS.TF at the end of AEX from an opt-in enclave is unmodified. The 
EFLAGS.TF saved in GPR portion of the SSA on an AEX is 0. For more detail see EENTER and ERESUME in Chapter 5. 


39.2.5 Restriction on Setting of TF after an Opt-Out Entry 


Enclave entered through an opt-out entry is not allowed to set EFLAGS.TF. The POPF instruction forces RFLAGS.TF 
to O if the enclave was entered through opt-out entry. 


39.2.6 Trampoline Code Considerations 


Any AEX from the enclave which results in the RFLAGS.TF =1 on the reporting stack will result in a single-step #DB 
after the first instruction of the trampoline code if the trampoline is entered using the IRET instruction. 


39.3. CODE AND DATA BREAKPOINTS 


39.3.1 Breakpoint Suppression 

Following an opt-out entry: 

¢ Instruction breakpoints are suppressed during execution in an enclave. 

° Data breakpoints are not triggered on accesses to the address range defined by ELRANGE. 
¢ Data breakpoints are triggered on accesses to addresses outside the ELRANGE 
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Following an opt-in entry instruction and data breakpoints are not suppressed. 


The processor does not report any matches on debug breakpoints that are suppressed on enclave entry. However, 
the processor does not clear any bits in DR6 that were already set at the time of the enclave entry. 


39.3.2 Reporting of Instruction Breakpoint on Next Instruction on a Debug Trap 


A debug exception caused by the single-step execution mode or when a data breakpoint condition was met causes 
the processor to perform an AEX. Following such an AEX, the processor reports in the debug status register (DR6) 
matches of the new instruction pointer (the AEP address) in a breakpoint address register setup to detect instruc- 
tion execution. 


39.3.3. RF Treatment on AEX 


RF flag value saved in SSA is the same as what would have been pushed on stack if the exception or event causing 
the AEX occurred when executing outside an enclave (see Section 17.3.1.1). Following an AEX, the RF flag is 0 in 
the synthetic state. 


39.3.4 Breakpoint Matching in Intel® SGX Instruction Flows 


Implicit accesses made by Intel SGX instructions to EPC regions do not trigger data breakpoints. Explicit accesses 
made by ENCLS[ECREATE], ENCLS[EADD], ENCLS[EEXTEND], ENCLS[EINIT], ENCLS[EREMOVE], 
ENCLS[ETRACK], ENCLS[EBLOCK], ENCLS[EPA], ENCLS[EWB], ENCLS[ELD], ENCLS[EDBGRD], ENCLS[EDBGWR], 
ENCLU[EENTER], and ENCLU[ERESUME] to the EPC operands do not trigger data breakpoints. 


Explicit accesses made by the Intel SGX instructions (ENCLU[EGETKEY] and ENCLU[EREPORT]) executed by an 
enclave following an opt-in entry, trigger data breakpoints on accesses to their EPC operands. All Intel SGX instruc- 
tions trigger data breakpoints on accesses to their non-EPC operands. 


39.4 CONSIDERATION OF THE INT1 AND INT3 INSTRUCTIONS 


This section considers the operation of the INT1 and INT3 instructions when executed inside an enclave. These are 
the instructions with opcodes F1 and CC, respectively, and not INT n (with opcode CD) with value 1 or 3 for n. 


39.4.1 Behavior of INT1 and INT3 Inside an Enclave 


An execution of either INT1 or INT3 inside an enclave results in a fault-class exception. Following an opt-out entry, 
execution of either instruction results in an invalid-opcode exception (#UD). Following opt-in entry, INT1 results in 
a debug exception (#DB) and INT3 delivers a breakpoint exception (#BP). The normal requirement for INT3 (that 
the CPL not be greater than the DPL of descriptor 3 in the IDT) is not enforced. 


Because execution of INT1 or INT3 inside an enclave results in a fault, the RIP saved in the SSA on AEX references 
the INT1 or INT3 instruction (and not the following instruction). The RIP value saved on the stack (or in the TSS or 
VMCS) is that of the AEP. 


If execution of INT1 or INT3 inside an enclave causes a VM exit, the event type in the VM-exit interruption informa- 
tion field indicates a hardware exception (type 3),! and the VM-exit instruction length field is saved as zero. 


39.4.2 Debugger Considerations 


A debugger using INT3 inside an enclave should account for the modified behavior described in Section 39.4.1. 
Because INT3 is fault-like inside an enclave, the RIP saved in the SSA on AEX is that of the INT3 instruction. Conse- 


1. INT1 would normally indicate a privileged software exception (type 5), and INT3 would normally indicate a software exception (type 6). 
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quently, the debugger must not decrement SSA.RIP for #BP coming from an enclave to re-execute the instruction 
at the RIP of the INT3 instruction on a subsequent enclave entry. 


39.4.3. VMM Considerations 


As described in Section 39.4.1, execution of INT3 inside an enclave delivers #BP with “interruption type” of 3. A 
VMM that re-injects #BP into the guest should establish the VM-entry interruption information field using data 
saved into the appropriate VMCS fields by the VM exit incident to the #BP (as recommended in Inte/® 64 and 
IA-32 Architectures Software Developer’s Manual, Volume 3C). 


VMMs that create the VM-entry interruption information based solely on the exception vector should take care to 
use event type 3 (instead of 6) when they detect a VM exit incident to enclave mode that is due to an exception 
with vector 3. 


39.5 BRANCH TRACING 


39.5.1 BTF Treatment 


When software enables single-stepping on branches then: 
¢ Following an opt-in entry using EENTER the processor generates a single step debug exception. 
¢ Following an EEXIT the processor generates a single-step debug exception 


Enclave entry using ERESUME (opt-in or opt-out) and an AEX from the enclave do not cause generation of the 
single-step debug exception. 


39.5.2 LBR Treatment 


39.5.2.1 LBR Stack on Opt-in Entry 


Following an opt-in entry into an enclave, last branch recording facilities if enabled continued to store branch 
records in the LBR stack MSRs as follows: 


° On enclave entry using EENTER/ERESUME, the processor push the address of EENTER/ERESUME instruction 
into MSR_LASTBRANCH_n_FROM_IP, and the destination address of the EENTER/ERESUME into 
MSR_LASTBRANCH_n_TO_ IP. 


¢ On EEXIT, the processor pushes the address of EEXIT instruction into MSR_LASTBRANCH_n_FROM_IP, and the 
address of EEXIT destination into MSR_LASTBRANCH_n_TO_IP. 


° On AEX, the processor pushes RIP saved in the SSA into MSR_LASTBRANCH_n_FROM_IP, and the address of 
AEP into MSR_LASTBRANCH_n_TO_ IP. 


¢ For every branch inside the enclave, a branch record is pushed on the LBR stack. 


Figure 39-3 shows an example of LBR stack manipulation after an opt-in entry. Every arrow in this picture indicates 
a branch record pushed on the LBR stack. The “From IP” of the branch record contains the linear address of the 
instruction located at the start of the arrow, while the “To IP” of the branch record contains the linear address of the 
instruction at the end of the arrow. 
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Figure 39-3. LBR Stack Interaction with Opt-in Entry 


39.5.2.2 LBR Stack on Opt-out Entry 


An opt-out entry into an enclave suppresses last branch recording facilities, and enclave exit after an opt-out entry 
un-suppresses last branch recording facilities. 


Opt-out entry into an enclave does not push any record on LBR stack. 


If last branch recording facilities were enabled at the time of enclave entry, then EEXIT following such an enclave 
entry pushes one record on LBR stack. The MSR_LASTBRANCH_n_FROM_IP of such record holds the linear address 
of the instruction (EENTER or ERESUME) that was used to enter the enclave, while the 
MSR_LASTBRANCH_n_TO_IP of such record holds linear address of the destination of EEXIT. 


Additionally, if last branch recording facilities were enabled at the time of enclave entry, then an AEX after such an 
entry pushes one record on LBR stack, before pushing record for the event causing the AEX if the event pushes a 
record on LBR stack. The MSR_LASTBRANCH_n_FROM_IP of the new record holds linear address of the instruction 
(EENTER or ERESUME) that was used to enter the enclave, while MSR_LASTBRANCH_n_TO_IP of the new record 
holds linear address of the AEP. If the event causing AEX pushes a record on LBR stack, then the 
MSR_LASTBRANCH_n_FROM_IP for that record holds linear address of the AEP. 


Figure 39-4 shows an example of LBR stack manipulation after an opt-out entry. Every arrow in this picture indi- 
cates a branch record pushed on the LBR stack. The “From IP” of the branch record contains the linear address of 
the instruction located at the start of the arrow, while the “To IP” of the branch record contains the linear address 
of the instruction at the end of the arrow. 
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EENTER Inst1 
BR2 Inst3 
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ERESUME: Inst4 
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EEXIT Inst7 


Figure 39-4. LBR Stack Interaction with Opt-out Entry 


39.5.2.3 Mispredict Bit, Record Type, and Filtering 


All branch records resulting from Intel SGX instructions/AEXs are reported as predicted branches, and conse- 
quently, bit 63 of MSR_LASTBRANCH_n_FROM_IP for such records is set. Branch records due to these Intel SGX 
operations are always non-HLE/non-RTM records. 


EENTER, ERESUME, EEXIT, and AEX are considered to be far branches. Consequently, bit 8 in MSR_LBR_SELECT 
controls filtering of the new records introduced by Intel SGX. 


39.6 INTERACTION WITH PERFORMANCE MONITORING 


39.6.1 IA32_PERF_GLOBAL_STATUS Enhancement 


On processors supporting Intel SGX, the IA32_PERF_GLOBAL_STATUS MSR provides a bit indicator, known as “Anti 
Side-channel Interference” (ASCI) at bit position 60. If this bit is 0, the performance monitoring data in various 
performance monitoring counters are accumulated normally as defined by relevant architectural/microarchitec- 
tural conditions. If the ASCI bit is set, the contents in various performance monitoring counters can be affected by 
the direct or indirect consequence of Intel SGX protection of enclave code executing in the processor. 


39.6.2 Performance Monitoring with Opt-in Entry 


An opt-in enclave entry allow performance monitoring logic to observe the contribution of enclave code executing 
in the processor. Thus the contents of performance monitoring counters does not distinguish between contribution 
originating from enclave code or otherwise. All counters, events, precise events, etc. continue to work as defined 
in the IA32/Intel 64 Software Developer Manual. Consequently, bit 60 of IA32_PERF_GLOBAL_STATUS MSR is not 
set. 
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39.6.3. Performance Monitoring with Opt-out Entry 


In general, performance monitoring activities are suppressed when entering an opt-out enclave. This applies to all 
thread-specific, configured performance monitoring, except for the cycle-counting fixed counter, 
IA32_FIXED_CTR1 and IA32_FIXED_CTR2. Upon entering an opt-out enclave, IA32_FIXED_CTRO, IA32_PMCx will 
stop accumulating counts. Additionally, if PEBS is configured to capture PEBS record for this thread, PEBS record 
generation will also be suppressed. Consequently, bit 60 of IA32_PERF_GLOBAL_STATUS MSR is set. 


Performance monitoring on the sibling thread may also be affected. Any one of IA32_FIXED_CTRx or IA32_PMCx 
on the sibling thread configured to monitor thread-specific eventing logic with AnyThread =1 is demoted to count 
only MyThread while an opt-out enclave is executing on the other thread. 


39.6.4 Enclave Exit and Performance Monitoring 


When a logical processor exits an enclave, either via ENCLU[EEXIT] or via AEX, all performance monitoring activity 
(including PEBS) on that logical processor that was suppressed is unsuppressed. 


Any counters that were demoted from AnyThread to MyThread on the sibling thread are promoted back to 
AnyThread. 


39.6.5 PEBS Record Generation on Intel® SGX Instructions 


All leaf functions of the ENCLS instruction report “Eventing RIP” of the ENCLS instruction if a PEBS record is gener- 
ated at the end of the instruction execution. Additionally, the EGETKEY and EREPORT leaf functions of the ENCLU 
instruction report “Eventing RIP” of the ENCLU instruction if a PEBS record is generated at the end of the instruction 
execution. 


If the EENTER and ERESUME leaf functions are performing an opt-in entry report “Eventing RIP” of the ENCLU 
instruction if a PEBS record is generated at the end of the instruction execution. On the other hand, if these leaf 
functions are performing an opt-out entry, then these leaf functions result in PEBS being suppressed, and no PEBS 
record is generated at the end of these instructions. 


A PEBS record is generated if there is a PEBS event pending at the end of EEXIT (due to a counter overflowing 
during enclave execution or during EEXIT execution). This PEBS record contains the architectural state of the 
logical processor at the end of EEXIT. If the enclave was entered via an opt-in entry, then this record reports the 
“Eventing RIP” as the linear address of the ENCLU[EEXIT] instruction. If the enclave was entered via an opt-out 
entry, then the record reports the “Eventing RIP” as the linear address of the ENCLU[EENTER/ERESUME] instruc- 
tion that performed the last enclave entry. 


A PEBS record is generated after the AEX if there is a PEBS event pending at the end of AEX (due to a counter over- 
flowing during enclave execution or during AEX execution). This PEBS record contains the synthetic state of the 
logical processor that is established at the end of AEX. For opt-in entry, this record has the EVENTING_RIP set to 
the RIP saved in the SSA. For opt-out entry, the record has the EVENTING_RIP set to the linear address of 
EENTER/ERESUME used for the last enclave entry. 


If the enclave was entered via an opt-in entry, then this record reports the “Eventing RIP” as the linear address in 
the SSA of the enclave (a.k.a., the “Eventing LIP” inside the enclave). If the enclave was entered via an opt-out 
entry, then the record reports the “Eventing RIP” as the linear address of the ENCLU[EENTER/ERESUME] instruc- 
tion that performed the last enclave entry. 


A second PEBS event may be pended during the Enclave Exiting Event (EEE). If the PEBS event is taken at the end 
of delivery of the EEE then the “Eventing RIP” in this second PEBS record is the linear address of the AEP. 


39.6.6 | Exception-Handling on PEBS/BTS Loads/Stores after AEX 


As noted in Section 17.4.9.2, recording in the BTS buffer or in the PEBS buffer may not operate properly if accesses 
to any of the DS save area sections cause page faults or VM exits. Such page faults or VM exits, if they occur, are 
delivered immediately to the OS or VMM, and generation of a BTS or PEBS record is skipped and may leave the 
buffers in a state where they have a partial BTS or PEBS records. 


However, any events that are detected during PEBS/BTS record generation at the end of AEX and before delivering 
the Enclave Exiting Event (EEE) cannot be reported immediately to the OS/VMM, as an event window is not open at 
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the end of AEX. Consequently, fault-like events such as page faults, EPT faults, EPT mis-configuration, and 
accesses to APIC-access page detected on stores to the PEBS/BTS buffer are not reported, and generation of the 
PEBS and/or BTS record at the end of AEX is aborted (this may leave the buffers in a state where they have partial 
PEBS or BTS records). Trap-like events detected on stores to the PEBS/BTS buffer (such as debug traps) are 
pended until the next instruction boundary, where they are handled according to the architecturally defined 
priority. The processor continues the handling of the Enclave Exiting Event (SMI, NMI, interrupt, exception delivery, 
VM exit, etc.) after aborting the PEBS/BTS record generation. 


39.6.6.1 Other Interactions with Performance Monitoring 


For opt-in entry, EENTER, ERESUME, EEXIT, and AEX are all treated as predicted far branches, and any counters 
that are counting such branches are incremented by 1 as a part of retirement of these instructions. Retirement of 
these instructions is also counted in any counters configured to count instructions retired. 


For opt-out entry, execution inside an enclave is treated as a single predicted branch, and all branch-counting 
performance monitoring counters are incremented accordingly. Additionally, such execution is also counted as a 
single instruction, and all performance monitoring counters counting instructions are incremented accordingly. 


Enclave entry does not affect any performance monitoring counters shared between cores. 
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APPENDIX A 
VMX CAPABILITY REPORTING FACILITY 


The ability of a processor to support VMX operation and related instructions is indicated by 
CPUID.1:ECX.VMX[bit 5] = 1. A value 1 in this bit indicates support for VMX features. 


Support for specific features detailed in Chapter 26 and other VMX chapters is determined by reading values from 
a set of capability MSRs. These MSRs are indexed starting at MSR address 480H. VMX capability MSRs are read- 
only; an attempt to write them (with WRMSR) produces a general-protection exception (#GP(0)). They do not exist 
on processors that do not support VMX operation; an attempt to read them (with RDMSR) on such processors 
produces a general-protection exception (#GP(0)). 


A.1 BASIC VMX INFORMATION 


The IA32_VMX_BASIC MSR (index 480H) consists of the following fields: 


¢ Bits 30:0 contain the 31-bit VMCS revision identifier used by the processor. Processors that use the same VMCS 
revision identifier use the same size for VMCS regions (see subsequent item on bits 44:32).4 


° = -Bit 31 is always 0. 


° Bits 44:32 report the number of bytes that software should allocate for the VMXON region and any VMCS 
region. It is a value greater than 0 and at most 4096 (bit 44 is set if and only if bits 43:32 are clear). 


¢ Bit 48 indicates the width of the physical addresses that may be used for the VMXON region, each VMCS, and 
data structures referenced by pointers in a VMCS (I/O bitmaps, virtual-APIC page, MSR areas for VMX transi- 
tions). If the bit is 0, these addresses are limited to the processor’s physical-address width.? If the bit is 1, 
these addresses are limited to 32 bits. This bit is always 0 for processors that support Intel 64 architecture. 


° If bit 49 is read as 1, the logical processor supports the dual-monitor treatment of system-management 
interrupts and system-management mode. See Section 31.15 for details of this treatment. 


¢ Bits 53:50 report the memory type that should be used for the VMCS, for data structures referenced by 
pointers in the VMCS (I/O bitmaps, virtual-APIC page, MSR areas for VMX transitions), and for the MSEG 
header. If software needs to access these data structures (e.g., to modify the contents of the MSR bitmaps), it 
can configure the paging structures to map them into the linear-address space. If it does so, it should establish 
mappings that use the memory type reported bits 53:50 in this MSR.? 


As of this writing, all processors that support VMX operation indicate the write-back type. The values used are 
given in Table A-1. 


Table A-1. Memory Types Recommended for VMCS and Related Data Structures 


Value(s) Field 

0 Uncacheable (UC) 
1-5 Not used 

6 Write Back (WB) 
7-15 Not used 


1. Earlier versions of this manual specified that the VMCS revision identifier was a 32-bit field in bits 31:0 of this MSR. For all proces- 
sors produced prior to this change, bit 31 of this MSR was read as 0. 


2. On processors that support Intel 64 architecture, the pointer must not set bits beyond the processor's physical address width. 


3. Alternatively, software may map any of these regions or structures with the UC memory type. (This may be necessary for the MSEG 
header.) Doing so is discouraged unless necessary as it will cause the performance of software accesses to those structures to suf- 
fer. 
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° If bit 54 is read as 1, the processor reports information in the VM-exit instruction-information field on VM exits 
due to execution of the INS and OUTS instructions (see Section 27.2.5). This reporting is done only if this bit is 
read as 1. 

e = =6Bit 55 is read as 1 if any VMX controls that default to 1 may be cleared to 0. See Appendix A.2 for details. It also 
reports support for the VMX capability MSRs IA32_VMX_TRUE_PINBASED_CTLS, 
IA32_VMX_TRUE_PROCBASED_CTLS, IA32_VMX_TRUE_EXIT_CTLS, and IA32_VMX_TRUE_ENTRY_CTLS. See 
Appendix A.3.1, Appendix A.3.2, Appendix A.4, and Appendix A.5 for details. 

e If bit 56 is read as 1, software can use VM entry to deliver a hardware exception with or without an error code, 
regardless of vector (see Section 26.2.1.3). 


¢ The values of bits 47:45 and bits 63:57 are reserved and are read as 0. 


A.2 RESERVED CONTROLS AND DEFAULT SETTINGS 


As noted in Chapter 26, “VM Entries”, certain VMX controls are reserved and must be set to a specific value (0 or 1) 
determined by the processor. The specific value to which a reserved control must be set is its default setting. 
Software can discover the default setting of a reserved control by consulting the appropriate VMX capability MSR 
(see Appendix A.3 through Appendix A.5). 


Future processors may define new functionality for one or more reserved controls. Such processors would allow 
each newly defined control to be set either to 0 or to 1. Software that does not desire a control’s new functionality 
should set the control to its default setting. For that reason, it is useful for software to know the default settings of 
the reserved controls. 


Default settings partition the various controls into the following classes: 

¢ Always-flexible. These have never been reserved. 

° DefaultO. These are (or have been) reserved with a default setting of 0. 
* Default1. They are (or have been) reserved with a default setting of 1. 


As noted in Appendix A.1, a logical processor uses bit 55 of the IA32_VMX_BASIC MSR to indicate whether any of 

the default1 controls may be 0: 

e If bit 55 of the IA32_VMX_BASIC MSR is read as 0, all the defaulti controls are reserved and must be 1. 
VM entry will fail if any of these controls are 0 (see Section 26.2.1). 

es Tf bit 55 of the IA32_VMX_BASIC MSR is read as 1, not all the default1 controls are reserved, and some (but 
not necessarily all) may be 0. The CPU supports four (4) new VMX capability MSRs: 
IA32_VMX_TRUE_PINBASED_CTLS, IA32_VMX_TRUE_PROCBASED_CTLS, IA32_VMX_TRUE_EXIT_CTLS, and 
IA32_VMX_TRUE_ENTRY_CTLS. See Appendix A.3 through Appendix A.5 for details. (These MSRs are not 
supported if bit 55 of the IA32_VMX_BASIC MSR is read as 0.) 


A.3 VM-EXECUTION CONTROLS 


There are separate capability MSRs for the pin-based VM-execution controls, the primary processor-based VM- 
execution controls, the secondary processor-based VM-execution controls, and the tertiary processor-based VM- 
execution controls. These are described in Appendix A.3.1, Appendix A.3.2, Appendix A.3.3, and Appendix A.3.4, 
respectively. 


A.3.1 Pin-Based VM-Execution Controls 


The IA32_VMX_PINBASED_CTLS MSR (index 481H) reports on the allowed settings of most of the pin-based 
VM-execution controls (see Section 24.6.1): 


° Bits 31:0 indicate the allowed O-settings of these controls. VM entry allows control X (bit X of the pin-based 
VM-execution controls) to be 0 if bit X in the MSR is cleared to 0; if bit X in the MSR is set to 1, VM entry fails if 
control X is 0. 
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Exceptions are made for the pin-based VM-execution controls in the default1 class (see Appendix A.2). These 
are bits 1, 2, and 4; the corresponding bits of the IA32_VMX_PINBASED_CTLS MSR are always read as 1. The 
treatment of these controls by VM entry is determined by bit 55 in the IA32_VMX_BASIC MSR: 


— If bit 55 in the IA32_VMX_BASIC MSR is read as 0, VM entry fails if any pin-based VM-execution control in 
the default1 class is 0. 


— If bit 55 in the IA32_VMX_BASIC MSR is read as 1, the IA32_VMX_TRUE_PINBASED_CTLS MSR (see 
below) reports which of the pin-based VM-execution controls in the default1 class can be 0 on VM entry. 


¢ Bits 63:32 indicate the allowed 1-settings of these controls. VM entry allows control X to be 1 if bit 32+X in 
the MSR is set to 1; if bit 32+X in the MSR is cleared to 0, VM entry fails if control X is 1. 


If bit 55 in the IA32_VMX_BASIC MSR is read as 1, the IA32_VMX_TRUE_PINBASED_CTLS MSR (index 48DH) 
reports on the allowed settings of all of the pin-based VM-execution controls: 


¢ Bits 31:0 indicate the allowed O-settings of these controls. VM entry allows control X to be 0 if bit X in the MSR 
is cleared to 0; if bit X in the MSR is set to 1, VM entry fails if control X is 0. There are no exceptions. 


¢ Bits 63:32 indicate the allowed 1-settings of these controls. VM entry allows control X to be 1 if bit 32+ X in the 
MSR is set to 1; if bit 32+X in the MSR is cleared to 0, VM entry fails if control X is 1. 


It is necessary for software to consult only one of the capability MSRs to determine the allowed settings of the pin- 
based VM-execution controls: 


¢ = If bit 55 in the IA32_VMX_BASIC MSR is read as 0, all information about the allowed settings of the pin-based 
VM-execution controls is contained in the IA32_VMX_PINBASED_CTLS MSR. (The 
IA32_VMX_TRUE_PINBASED_CTLS MSR is not supported. ) 


¢ = If bit 55 in the IA32_VMX_BASIC MSR is read as 1, all information about the allowed settings of the pin-based 
VM-execution controls is contained in the IA32_VMX_TRUE_PINBASED_CTLS MSR. Assuming that software 
knows that the default1 class of pin-based VM-execution controls contains bits 1, 2, and 4, there is no need for 
software to consult the IA32_VMX_PINBASED_CTLS MSR. 


A.3.2 Primary Processor-Based VM-Execution Controls 


The IA32_VMX_PROCBASED_CTLS MSR (index 482H) reports on the allowed settings of most of the primary 
processor-based VM-execution controls (see Section 24.6.2): 


° Bits 31:0 indicate the allowed O-settings of these controls. VM entry allows control X (bit X of the primary 
processor-based VM-execution controls) to be 0 if bit X in the MSR is cleared to 0; if bit X in the MSR is set to 
1, VM entry fails if control X is 0. 


Exceptions are made for the primary processor-based VM-execution controls in the defaulti class (see 
Appendix A.2). These are bits 1, 4-6, 8, 13-16, and 26; the corresponding bits of the 
IA32_VMX_PROCBASED_CTLS MSR are always read as 1. The treatment of these controls by VM entry is 
determined by bit 55 in the IA32_VMX_BASIC MSR: 


— If bit 55 in the IA32_VMX_BASIC MSR is read as 0, VM entry fails if any of the primary processor-based VM- 
execution controls in the defaulti class is 0. 


— If bit 55 in the IA32_VMX_BASIC MSR is read as 1, the IA32_VMX_TRUE_PROCBASED_CTLS MSR (see 
below) reports which of the primary processor-based VM-execution controls in the default1 class can be 0 
on VM entry. 


¢ Bits 63:32 indicate the allowed 1-settings of these controls. VM entry allows control X to be 1 if bit 32+ X in the 
MSR is set to 1; if bit 32+X in the MSR is cleared to 0, VM entry fails if control X is 1. 


If bit 55 in the IA32_VMX_BASIC MSR is read as 1, the IA32_VMX_TRUE_PROCBASED_CTLS MSR (index 48EH) 
reports on the allowed settings of all of the primary processor-based VM-execution controls: 


¢ Bits 31:0 indicate the allowed O-settings of these controls. VM entry allows control X to be 0 if bit X in the MSR 
is cleared to 0; if bit X in the MSR is set to 1, VM entry fails if control X is 0. There are no exceptions. 


° Bits 63:32 indicate the allowed 1-settings of these controls. VM entry allows control X to be 1 if bit 32+ X in the 
MSR is set to 1; if bit 32+X in the MSR is cleared to 0, VM entry fails if control X is 1. 


It is necessary for software to consult only one of the capability MSRs to determine the allowed settings of the 
primary processor-based VM-execution controls: 
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e = Tf bit 55 in the IA32_VMX_BASIC MSR is read as 0, all information about the allowed settings of the primary 
processor-based VM-execution controls is contained in the IA32_VMX_PROCBASED_CTLS MSR. (The 
IA32_VMX_TRUE_PROCBASED_CTLS MSR is not supported.) 

e = Tf bit 55 in the IA32_VMX_BASIC MSR is read as 1, all information about the allowed settings of the processor- 
based VM-execution controls is contained in the IA32_VMX_TRUE_PROCBASED_CTLS MSR. Assuming that 
software knows that the default1 class of processor-based VM-execution controls contains bits 1, 4-6, 8, 13- 
16, and 26, there is no need for software to consult the IA32_VMX_PROCBASED_CTLS MSR. 


A.3.3 Secondary Processor-Based VM-Execution Controls 


The IA32_VMX_PROCBASED_CTLS2 MSR (index 48BH) reports on the allowed settings of the secondary processor- 
based VM-execution controls (see Section 24.6.2). The following items provide details, including enforcement by 
VM entry: 

¢ Bits 31:0 indicate the allowed O-settings of these controls. These bits are always 0. This fact indicates that 
VM entry allows each bit of the secondary processor-based VM-execution controls to be 0 (reserved bits must 
be 0) 

° Bits 63:32 indicate the allowed i-settings of these controls; the 1-setting is not allowed for any reserved bit. 
VM entry allows control X (bit X of the secondary processor-based VM-execution controls) to be 1 if bit 32+X in 
the MSR is set to 1; if bit 32+ X in the MSR is cleared to 0, VM entry fails if control X and the “activate secondary 
controls” primary processor-based VM-execution control are both 1. 


The IA32_VMX_PROCBASED_CTLS2 MSR exists only on processors that support the 1-setting of the “activate 
secondary controls” VM-execution control (only if bit 63 of the IA32_VMX_PROCBASED_CTLS MSR is 1). 


A.3.4 Tertiary Processor-Based VM-Execution Controls 


The IA32_VMX_PROCBASED_CTLS3 MSR (index 492H) reports on the allowed 1-settings of the tertiary processor- 
based VM-execution controls (see Section 24.6.2); the 1-setting is not allowed for any reserved bit. 


VM entry allows control X (bit X of the tertiary processor-based VM-execution controls) to be 1 if bit X in the MSR 
is set to 1; if bit X in the MSR is cleared to 0, VM entry fails if control X and the “activate tertiary controls” primary 
processor-based VM-execution control are both 1. 


The IA32_VMX_PROCBASED_CTLS3 MSR exists only on processors that support the 1-setting of the “activate 
tertiary controls” VM-execution control (only if bit 49 of the IA32_VMX_PROCBASED_CTLS MSR is 1). 


Notice that the organization of this MSR differs from that of IA32_VMX_PROCBASED_CTLS2 (Appendix A.3.3). This 
is because there are 64 tertiary processor-based VM-execution controls, while there were only 32 secondary 
processor-based VM-execution controls. 


A.4 VM-EXIT CONTROLS 


There are separate capability MSRs for the primary VM-exit controls and the secondary VM-exit controls. These are 
described in Appendix A.4.1 and Appendix A.4.2, respectively. 


A.4.1 Primary VM-Exit Controls 
The IA32_VMX_EXIT_CTLS MSR (index 483H) reports on the allowed settings of most of the primary VM-exit 
controls (see Section 24.7.1): 


*® Bits 31:0 indicate the allowed O-settings of these controls. VM entry allows control X (bit X of the primary 
VM-exit controls) to be 0 if bit X in the MSR is cleared to 0; if bit X in the MSR is set to 1, VM entry fails if control 
X is 0. 


Exceptions are made for the primary VM-exit controls in the default1 class (see Appendix A.2). These are 
bits O-8, 10, 11, 13, 14, 16, and 17; the corresponding bits of the IA32_VMX_EXIT_CTLS MSR are always read 
as 1. The treatment of these controls by VM entry is determined by bit 55 in the IA32_VMX_BASIC MSR: 
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— If bit 55 in the IA32_VMX_BASIC MSR is read as 0, VM entry fails if any primary VM-exit control in the 
default1 class is 0. 


— If bit 55 in the IA32_VMX_BASIC MSR is read as 1, the IA32_VMX_TRUE_EXIT_CTLS MSR (see below) 
reports which of the primary VM-exit controls in the default1i class can be 0 on VM entry. 


° Bits 63:32 indicate the allowed 1-settings of these controls. VM entry allows control 32+ X to be 1 if bit X in the 
MSR is set to 1; if bit 32+X in the MSR is cleared to 0, VM entry fails if control X is 1. 


If bit 55 in the IA32_VMX_BASIC MSR is read as 1, the IA32_VMX_TRUE_EXIT_CTLS MSR (index 48FH) reports on 

the allowed settings of all of the primary VM-exit controls: 

¢ Bits 31:0 indicate the allowed O-settings of these controls. VM entry allows control X to be 0 if bit X in the MSR 
is cleared to 0; if bit X in the MSR is set to 1, VM entry fails if control X is 0. There are no exceptions. 


¢ Bits 63:32 indicate the allowed 1-settings of these controls. VM entry allows control X to be 1 if bit 32+ X in the 
MSR is set to 1; if bit 32+X in the MSR is cleared to 0, VM entry fails if control X is 1. 


It is necessary for software to consult only one of the capability MSRs to determine the allowed settings of the 

primary VM-exit controls: 

° If bit 55 in the IA32_VMX_BASIC MSR is read as 0, all information about the allowed settings of the primary 
VM-exit controls is contained in the IA32_VMX_EXIT_CTLS MSR. (The IA32_VMX_TRUE_EXIT_CTLS MSR is not 
supported.) 

e If bit 55 in the IA32_VMX_BASIC MSR is read as 1, all information about the allowed settings of the primary 
VM-exit controls is contained in the IA32_VMX_TRUE_EXIT_CTLS MSR. Assuming that software knows that the 
defaulti class of primary VM-exit controls contains bits 0-8, 10, 11, 13, 14, 16, and 17, there is no need for 
software to consult the IA32_VMX_EXIT_CTLS MSR. 


A.4.2 Secondary VM-Exit Controls 


The IA32_VMX_EXIT_CTLS2 MSR (index 493H) reports on the allowed 1-settings of the secondary VM-exit controls 
(see Section 24.7.1); the 1-setting is not allowed for any reserved bit. 


VM entry allows control X (bit X of the secondary VM-exit controls) to be 1 if bit X in the MSR is set to 1; if bit X in 
the MSR is cleared to 0, VM entry fails if control X and the “activate secondary controls” primary VM-exit control are 
both 1. 


The IA32_VMX_EXIT_CTLS2 MSR exists only on processors that support the 1-setting of the “activate secondary 
controls” VM-exit control (only if bit 63 of the IA32_VMX_EXIT_CTLS MSR is 1). 


Notice that the organization of this MSR differs from that of IA32_VMX_EXIT_CTLS (Appendix A.4.1). This is 
because there are 64 secondary VM-exit controls, while there were only 32 primary VM-exit controls. 


A.5 VM-ENTRY CONTROLS 
The IA32_VMX_ENTRY_CTLS MSR (index 484H) reports on the allowed settings of most of the VM-entry controls 
(see Section 24.8.1): 


¢ Bits 31:0 indicate the allowed O-settings of these controls. VM entry allows control X (bit X of the VM-entry 
controls) to be 0 if bit X in the MSR is cleared to 0; if bit X in the MSR is set to 1, VM entry fails if control X is 0. 


Exceptions are made for the VM-entry controls in the default1 class (see Appendix A.2). These are bits 0-8 and 
12; the corresponding bits of the IA32_VMX_ENTRY_CTLS MSR are always read as 1. The treatment of these 
controls by VM entry is determined by bit 55 in the IA32_VMX_BASIC MSR: 


— If bit 55 in the IA32_VMX_BASIC MSR is read as 0, VM entry fails if any VM-entry control in the default1i 
class is 0. 


— If bit 55 in the IA32_VMX_BASIC MSR is read as 1, the IA32_VMX_TRUE_ENTRY_CTLS MSR (see below) 
reports which of the VM-entry controls in the default1 class can be 0 on VM entry. 


¢ ~=Bits 63:32 indicate the allowed 1-settings of these controls. VM entry fails if bit X is 1 in the VM-entry controls 
and bit 32+X is 0 in this MSR. 
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If bit 55 in the IA32_VMX_BASIC MSR is read as 1, the IA32_VMX_TRUE_ENTRY_CTLS MSR (index 490H) reports 
on the allowed settings of all of the VM-entry controls: 


Bits 31:0 indicate the allowed O-settings of these controls. VM entry allows control X to be 0 if bit X in the MSR 
is cleared to 0; if bit X in the MSR is set to 1, VM entry fails if control X is 0. There are no exceptions. 


Bits 63:32 indicate the allowed 1-settings of these controls. VM entry allows control 32+ X to be 1 if bit X in the 
MSR is set to 1; if bit 32+X in the MSR is cleared to 0, VM entry fails if control X is 1. 


It is necessary for software to consult only one of the capability MSRs to determine the allowed settings of the 
VM-entry controls: 


If bit 55 in the IA32_VMX_BASIC MSR is read as 0, all information about the allowed settings of the VM-entry 
controls is contained in the IA32_VMX_ENTRY_CTLS MSR. (The IA32_VMX_TRUE_ENTRY_CTLS MSR is not 
supported.) 


If bit 55 in the IA32_VMX_BASIC MSR is read as 1, all information about the allowed settings of the VM-entry 
controls is contained in the IA32_VMX_TRUE_ENTRY_CTLS MSR. Assuming that software knows that the 
defaulti class of VM-entry controls contains bits 0-8 and 12, there is no need for software to consult the 
IA32_VMX_ENTRY_CTLS MSR. 


A.6 MISCELLANEOUS DATA 


The IA32_VMX_MISC MSR (index 485H) consists of the following fields: 


Bits 4:0 report a value X that specifies the relationship between the rate of the VMX-preemption timer and that 
of the timestamp counter (TSC). Specifically, the VMX-preemption timer (if it is active) counts down by 1 every 
time bit X in the TSC changes due to a TSC increment. 


If bit 5 is read as 1, VM exits store the value of IA32_EFER.LMA into the “IA-32e mode guest” VM-entry control; 
see Section 27.2 for more details. This bit is read as 1 on any logical processor that supports the 1-setting of 
the “unrestricted guest” VM-execution control. 

Bits 8:6 report, as a bitmap, the activity states supported by the implementation: 

— Bit 6 reports (if set) the support for activity state 1 (HLT). 

— Bit 7 reports (if set) the support for activity state 2 (shutdown). 

— Bit 8 reports (if set) the support for activity state 3 (wait-for-SIPI). 


If an activity state is not supported, the implementation causes a VM entry to fail if it attempts to establish that 
activity state. All implementations support VM entry to activity state O (active). 


If bit 14 is read as 1, Intel® Processor Trace (Intel PT) can be used in VMX operation. If the processor supports 
Intel PT but does not allow it to be used in VMX operation, execution of VMXON clears IA32_RTIT_CTL.TraceEn 
(see “VMXON—Enter VMX Operation” in Chapter 30); any attempt to write IA32_RTIT_CTL while in VMX 
operation (including VMX root operation) causes a general-protection exception. 


If bit 15 is read as 1, the RDMSR instruction can be used in system-management mode (SMM) to read the 
IA32_SMBASE MSR (MSR address 9EH). See Section 31.15.6.3. 


Bits 24:16 indicate the number of CR3-target values supported by the processor. This number is a value 
between 0 and 256, inclusive (bit 24 is set if and only if bits 23:16 are clear). 


Bits 27:25 is used to compute the recommended maximum number of MSRs that should appear in the VM-exit 
MSR-store list, the VM-exit MSR-load list, or the VM-entry MSR-load list. Specifically, if the value bits 27:25 of 
IA32_VMX_MISC is N, then 512 * (N + 1) is the recommended maximum number of MSRs to be included in 
each list. If the limit is exceeded, undefined processor behavior may result (including a machine check during 
the VMX transition). 


If bit 28 is read as 1, bit 2 of the IA32_SMM_MONITOR_CTL can be set to 1. VMXOFF unblocks SMIs unless 
IA32_SMM_MONITOR_CTL[bit 2] is 1 (see Section 31.14.4). 


If bit 29 is read as 1, software can use VMWRITE to write to any supported field in the VMCS; otherwise, 
VMWRITE cannot be used to modify VM-exit information fields. 


If bit 30 is read as 1, VM entry allows injection of a software interrupt, software exception, or privileged 
software exception with an instruction length of 0. 
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° ~=Bits 63:32 report the 32-bit MSEG revision identifier used by the processor. 
° Bits 13:9 and bit 31 are reserved and are read as O. 


A.7 VMX-FIXED BITS IN CRO 


The IA32_VMX_CRO_FIXEDO MSR (index 486H) and IA32_VMX_CRO_FIXED1 MSR (index 487H) indicate how bits 
in CRO may be set in VMX operation. They report on bits in CRO that are allowed to be 0 and to be 1, respectively, 
in VMX operation. If bit X is 1 in IA32_VMX_CRO_FIXEDO, then that bit of CRO is fixed to 1 in VMX operation. Simi- 
larly, if bit X is O in IA32_VMX_CRO_FIXED1, then that bit of CRO is fixed to 0 in VMX operation. It is always the case 
that, if bit X is 1 in IA32_VMX_CRO_FIXEDO, then that bit is also 1 in IA32_VWMX_CRO_FIXED1; if bit X is O in 
IA32_VMX_CRO_FIXED1, then that bit is also 0 in IA32_VMX_CRO_FIXEDO. Thus, each bit in CRO is either fixed to 
0 (with value 0 in both MSRs), fixed to 1 (1 in both MSRs), or flexible (0 in IA32_VMX_CRO_FIXEDO and 1 in 
IA32_VMX_CRO_FIXED1). 


A.8 VMX-FIXED BITS IN CR4 


The IA32_VMX_CR4_FIXEDO MSR (index 488H) and IA32_VMX_CR4_FIXED1 MSR (index 489H) indicate how bits 
in CR4 may be set in VMX operation. They report on bits in CR4 that are allowed to be 0 and 1, respectively, in VMX 
operation. If bit X is 1 in IA32_VWMX_CR4_FIXEDO, then that bit of CR4 is fixed to 1 in VMX operation. Similarly, if 
bit X is 0 in IA32_VMX_CR4_FIXED1, then that bit of CR4 is fixed to 0 in VMX operation. It is always the case that, 
if bit X is 1 in IA32_VMX_CR4_FIXEDO, then that bit is also 1 in IA32_VMX_CR4_FIXED1; if bit X is O in 
IA32_VMX_CR4_FIXED1, then that bit is also 0 in IA32_VMX_CR4_FIXEDO. Thus, each bit in CR4 is either fixed to 
0 (with value 0 in both MSRs), fixed to 1 (1 in both MSRs), or flexible (0 in IA32_VMX_CR4_FIXEDO and 1 in 
IA32_VMX_CR4_FIXED1). 


A.9 VMCS ENUMERATION 
The IA32_VMX_VMCS_ENUM MSR (index 48AH) provides information to assist software in enumerating fields in 
the VMCS. 


As noted in Section 24.11.2, each field in the VMCS is associated with a 32-bit encoding which is structured as 
follows: 


¢  =Bits 31:15 are reserved (must be 0). 

°  =Bits 14:13 indicate the field’s width. 

°  ~=Bit 12 is reserved (must be 0). 

¢ Bits 11:10 indicate the field’s type. 

° Bits 9:1 is an index field that distinguishes different fields with the same width and type. 
¢ Bit 0 indicates access type. 


IA32_VMX_VMCS_ENUM indicates to software the highest index value used in the encoding of any field supported 
by the processor: 


¢ Bits 9:1 contain the highest index value used for any VMCS encoding. 
¢ Bit 0 and bits 63:10 are reserved and are read as O. 


A.10  VPID AND EPT CAPABILITIES 


The IA32_VMX_EPT_VPID_CAP MSR (index 48CH) reports information about the capabilities of the logical 
processor with regard to virtual-processor identifiers (VPIDs, Section 28.1) and extended page tables (EPT, Section 
28.3): 
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e Tf bit O is read as 1, the processor supports execute-only translations by EPT. This support allows software to 
configure EPT paging-structure entries in which bits 1:0 are clear (indicating that data accesses are not 
allowed) and bit 2 is set (indicating that instruction fetches are allowed). 


° Bit 6 indicates support for a page-walk length of 4. 


° If bit 8 is read as 1, the logical processor allows software to configure the EPT paging-structure memory type 
to be uncacheable (UC); see Section 24.6.11. 


° If bit 14 is read as 1, the logical processor allows software to configure the EPT paging-structure memory type 
to be write-back (WB). 


e If bit 16 is read as 1, the logical processor allows software to configure a EPT PDE to map a 2-Mbyte page (by 
setting bit 7 in the EPT PDE). 


e If bit 17 is read as 1, the logical processor allows software to configure a EPT PDPTE to map a 1-Gbyte page (by 
setting bit 7 in the EPT PDPTE). 


* Support for the INVEPT instruction (see Chapter 30 and Section 28.4.3.1): 
— If bit 20 is read as 1, the INVEPT instruction is supported. 
— If bit 25 is read as 1, the single-context INVEPT type is supported. 
— If bit 26 is read as 1, the all-context INVEPT type is supported. 
e Tf bit 21 is read as 1, accessed and dirty flags for EPT are supported (see Section 28.3.5). 


° If bit 22 is read as 1, the processor reports advanced VM-exit information for EPT violations (see Section 
27.2.1). This reporting is done only if this bit is read as 1. 


e Tf bit 23 is read as 1, supervisor shadow-stack control is supported (see Section 28.3.3.2). 
¢ Support for the INVVPID instruction (see Chapter 30 and Section 28.4.3.1): 

— If bit 32 is read as 1, the INVVPID instruction is supported. 

— If bit 40 is read as 1, the individual-address INVVPID type is supported. 

— If bit 41 is read as 1, the single-context INVVPID type is supported. 

— If bit 42 is read as 1, the all-context INVVPID type is supported. 

— If bit 43 is read as 1, the single-context-retaining-globals INVVPID type is supported. 


° Bits 53:48 enumerate the maximum HLAT prefix size. It is expected that any processor that supports the 1- 
setting of the “enable HLAT” VM-execution control will enumerate this value as 1. See Section 4.5.1. 


° Bits 5:1, bit 7, bits 13:9, bit 15, bits 19:18, bit 24, bits 31:27, bits 39:33, bits 47:44, and bits 63:54 are 
reserved and are read as 0. 


The IA32_VMX_EPT_VPID_CAP MSR exists only on processors that support the 1-setting of the “activate secondary 
controls” VM-execution control (only if bit 63 of the IA32_VMX_PROCBASED_CTLS MSR is 1) and that support 
either the 1-setting of the “enable EPT” VM-execution control (only if bit 33 of the IA32_VMX_PROCBASED_CTLS2 
MSR is 1) or the 1-setting of the “enable VPID” VM-execution control (only if bit 37 of the 
IA32_VMX_PROCBASED_CTLS2 MSR is 1). 


A.11 WMFUNCTIONS 


The IA32_VMX_VMFUNC MSR (index 491H) reports on the allowed settings of the VM-function controls (see 
Section 24.6.14). VM entry allows bit X of the VM-function controls to be 1 if bit X in the MSR is set to 1; if bit X in 
the MSR is cleared to 0, VM entry fails if bit X of the VM-function controls, the “activate secondary controls” primary 
processor-based VM-execution control, and the “enable VM functions” secondary processor-based VM-execution 
control are all 1. 


1. If the “mode-based execute control for EPT” VM-execution control is 1, setting bit O indicates also that software may also configure 
EPT paging-structure entries in which bits 1:0 are both clear and in which bit 10 is set (indicating a translation that can be used to 
fetch instructions from a supervisor-mode linear address or a user-mode linear address). 
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The IA32_VMX_VMFUNC MSR exists only on processors that support the 1-setting of the “activate secondary 
controls” VM-execution control (only if bit 63 of the IA32_VMX_PROCBASED_CTLS MSR is 1) and the 1-setting of 
the “enable VM functions” secondary processor-based VM-execution control (only if bit 45 of the 
IA32_VMX_PROCBASED_CTLS2 MSR is 1). 
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APPENDIX B 
FIELD ENCODING IN VMCS 


Every component of the VMCS is encoded by a 32-bit field that can be used by VMREAD and VMWRITE. Section 
24.11.2 describes the structure of the encoding space (the meanings of the bits in each 32-bit encoding). 


This appendix enumerates all fields in the VMCS and their encodings. Fields are grouped by width (16-bit, 32-bit, 
etc.) and type (guest-state, host-state, etc.) 


B.1 16-BIT FIELDS 


A value of 0 in bits 14:13 of an encoding indicates a 16-bit field. Only guest-state areas and the host-state area 
contain 16-bit fields. As noted in Section 24.11.2, each 16-bit field allows only full access, meaning that bit O of its 
encoding is 0. Each such encoding is thus an even number. 


B.1.1 16-Bit Control Fields 


A value of 0 in bits 11:10 of an encoding indicates a control field. These fields are distinguished by their index value 
in bits 9:1. Table B-1 enumerates the 16-bit control fields. 


Table B-1. Encoding for 16-Bit Control Fields (Q0Q00_O0xx_xxxx_xxx0B) 


Field Name Index Encoding 
Virtual-processor identifier (VPID)! OO00000000B OO000000H 
Posted-interrupt notification vector@ 000000001B 00000002H 
EPTP index? 000000010B 00000004H 
HLAT prefix size* 000000011B O0000006H 
NOTES: 


1. This field exists only on processors that support the 1-setting of the “enable VPID” VM-execution control. 


2. This field exists only on processors that support the 1-setting of the “process posted interrupts” VM-execution control. 
3. This field exists only on processors that support the 1-setting of the “EPT-violation #VE” VM-execution control. 


4. This field exists only on processors that support the 1-setting of the “enable HLAT” VM-execution control. 


B.1.2 16-Bit Guest-State Fields 


A value of 2 in bits 11:10 of an encoding indicates a field in the guest-state area. These fields are distinguished by 


their index value in bits 9:1. Table B-2 enumerates 16-bit guest-state fields. 


Table B-2. Encodings for 16-Bit Guest-State Fields (Q000_10xx_xxxx_xxx0B) 


Field Name Index Encoding 

Guest ES selector 000000000B 00000800H 
Guest CS selector 000000001B 00000802H 
Guest SS selector 000000010B 00000804H 
Guest DS selector 000000011B 00000806H 
Guest FS selector 000000100B 00000808H 
Guest GS selector 000000101B 0000080AH 
Guest LDTR selector 000000110B 0000080CH 
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Table B-2. Encodings for 16-Bit Guest-State Fields (Q000_10xx_xxxx_xxx0B) (Contd.) 


Field Name Index Encoding 
Guest TR selector 000000111B 0000080EH 
Guest interrupt status! 000001000B 00000810H 
PML index? 000001001B 0000081 2H 
NOTES: 


1. This field exists only on processors that support the 1-setting of the “virtual-interrupt delivery” VM-execution control. 


2. This field exists only on processors that support the 1-setting of the “enable PML” VM-execution control. 


B.1.3 16-Bit Host-State Fields 


A value of 3 in bits 11:10 of an encoding indicates a field in the host-state area. These fields are distinguished by 


their index value in bits 9:1. Table B-3 enumerates the 16-bit host-state fields. 


Table B-3. Encodings for 16-Bit Host-State Fields (Q000_11xx_xxxx_xxx0B) 


Field Name Index Encoding 

Host ES selector 000000000B OOOO0COOH 
Host CS selector 000000001B 00000C02H 
Host SS selector 000000010B 00000C04H 
Host DS selector 000000011B OOOO0CO6H 
Host FS selector 000000100B 00000C08H 
Host GS selector 000000101B OOO00COAH 
Host TR selector 0000001 10B OOO00COCH 


B.2 64-BIT FIELDS 


A value of 1 in bits 14:13 of an encoding indicates a 64-bit field. There are 64-bit fields only for controls and for 
guest state. As noted in Section 24.11.2, every 64-bit field has two encodings, which differ on bit 0, the access 
type. Thus, each such field has an even encoding for full access and an odd encoding for high access. 


B.2.1 64-Bit Control Fields 


A value of 0 in bits 11:10 of an encoding indicates a control field. These fields are distinguished by their index value 
in bits 9:1. Table B-4 enumerates the 64-bit control fields. 
Table B-4. Encodings for 64-Bit Control Fields (0010_O00xx_xxxx_xxxAb) 


Field Name Index Encoding 
Address of I/O bitmap A (full) 00002000H 
000000000B 
Address of I/O bitmap A (high) 00002001H 
Address of I/O bitmap B (full) 00002002H 
= ada —¥_—_————— 0000000018 
Address of I/O bitmap B (high) 00002003H 
Address of MSR bitmaps (full)! 00002004H 
000000010B 
Address of MSR bitmaps (high)! 00002005H 
VM-exit MSR-store address (full) 00002006H 
000000011B 
V/M-exit MSR-store address (high) 00002007H 
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Table B-4. Encodings for 64-Bit Control Fields (0010_O0xx_xxxx_xxxAb) (Contd.) 


Field Name Index Encoding 

V/M-exit MSR-load address (full) 00002008H 
000000100B 

\V/M-exit MSR-load address (high) 0000200SH 

VM-entry MSR-load address (full) 0000200AH 
000000101B 

VM-entry MSR-load address (high) 0000200BH 

Executive-VMCS pointer (full) 0000200CH 
000000110B 

Executive-VMCS pointer (high) 0000200DH 

PML address (full)* 0000200EH 
ae 000000111B 

PML address (high) 0000200FH 

TSC offset (full) 00002010H 
000001000B 

TSC offset (high) 00002011H 

Virtual-APIC address (full)? 00002012H 
- aa 000001001B 

Virtual-APIC address (high) 00002013H 

APIC-access address (full)* 00002014H 
000001010B 

APIC-access address (high)* 00002015H 

Posted-interrupt descriptor address (full)? 00002016H 
000001011B 

Posted-interrupt descriptor address (high)? 00002017H 

VM-function controls (full)® 00002018H 
000001100B 

VM-function controls (high)® 0000201SH 

EPT pointer (EPTP; full)” 0000201AH 
000001101B 

EPT pointer (EPTP; high)” 0000201BH 

EOI-exit bitmap O (EOI_EXITO; full)® 0000201CH 
000001110B 

EOI-exit bitmap 0 (EOI_EXITO; high)® 0000201DH 

EOl-exit bitmap 1 (EOI_EXIT1; full)® 0000201EH 
— Se 000001111B 

EOI-exit bitmap 1 (EOI_EXIT1; high) 0000201FH 

EOl-exit bitmap 2 (EOI_EXIT2; full)® 00002020H 
— 5 000010000B 

EOI-exit bitmap 2 (EOI_EXIT2; high) 00002021H 

EOl-exit bitmap 3 (EOI_EXIT3; full)® 00002022H 
000010001B 

EOI-exit bitmap 3 (EOI_EXIT3; high)® 00002023H 

EPTP-list address (full)? 00002024H 
- er 000010010B 

EPTP-list address (high) 00002025H 

VMREAD-bitmap address (full)!® 00002026H 
000010011B 

VMREAD-bitmap address (high)!° 00002027H 

VMWRITE-bitmap address (full)!® 00002028H 
000010100B 

VMWRITE-bitmap address (high)!° 00002029SH 

Virtualization-exception information address (full)! ! 0000202AH 
000010101B 

Virtualization-exception information address (high)! | 0000202BH 

XSS-exiting bitmap (full) '2 0000202CH 
—— ie 000010110B 

XSS-exiting bitmap (high) 0000202DH 
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Table B-4. Encodings for 64-Bit Control Fields (0010_O00xx_xxxx_xxxAb) (Contd.) 


Field Name Index Encoding 

ENCLS-exiting bitmap (full)'? 0000202EH 
——- ECE 000010111B 

ENCLS-exiting bitmap (high) 0000202FH 

Sub-page-permission-table pointer (full)'4 00002030H 
00001 1000B 

Sub-page-permission-table pointer (high)'4 00002031H 

TSC multiplier (full)'® 00002032H 
000011001B 

TSC multiplier (high)'® 00002033H 

Tertiary processor-based /M-execution controls (full)'® dae rinide 00002034H 

Tertiary processor-based VM-execution controls (high)'® 00002035H 

ENCLV-exiting bitmap (full)'” 00002036H 
000011011B 

ENCLV-exiting bitmap (high)!” 00002037H 

Hypervisor-managed linear-address translation pointer (HLATP; full)'8 00002040H 
- 000100000B 

HLATP (high)'® 00002041H 

Secondary VM-exit controls (full)'9 00002044H 
; =a 000100010B 

Secondary VM-exit controls (high) 00002045H 


NOTES: 

1. This field exists only on processors that support the 1-setting of the 
2. This field exists only on processors that support the 1-setting of the 
3. This field exists only on processors that support the 1-setting of the 
4. This field exists only on processors that support the 1-setting of the 
5. This field exists only on processors that support the 1-setting of the 
6. This field exists only on processors that support the 1-setting of the 
7. This field exists only on processors that support the 1-setting of the 
8. This field exists only on processors that support the 1-setting of the 
9. This field exists only on processors that support the 1-setting of the 
10. This field exists only on processors that support the 1-setting of the 
11. This field exists only on processors that support the 1-setting of the 
12. This field exists only on processors that support the 1-setting of the 
13. This field exists only on processors that support the 1-setting of the 
14. This field exists only on processors that support the 1-setting of the 
15. This field exists only on processors that support the 1-setting of the 
16. This field exists only on processors that support the 1-setting of the 
17. This field exists only on processors that support the 1-setting of the 
18. This field exists only on processors that support the 1-setting of the 
19. This field exists only on processors that support the 1-setting of the 


B.2.2 64-Bit Read-Only Data Field 


A value of 1 in bits 11:10 of an encoding indicates a read-onl 
index value in bits 9:1. There is only one such 64-bit field as g 
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“use MSR bitmaps” VM-execution control. 


“enable PML” VM-execution control. 

“use TPR shadow” VM-execution control. 
“virtualize APIC accesses” VM-execution control. 
“process posted interrupts” VM-execution control. 
“enable VM functions” VM-execution control. 
“enable EPT” VM-execution control. 
“virtual-interrupt delivery” VM-execution control. 
“EPTP switching” VM-function control. 


“W/MCS shadowing” VM-execution control. 

“EPT-violation #VE" VM-execution control. 

“enable XSAVES/XRSTORS” V/M-execution control. 

“enable ENCLS exiting” VM-execution control. 

“sub-page write permissions for EPT” VM-execution control. 
“use TSC scaling” VM-execution control. 

“activate tertiary controls” VM-execution control. 

“enable ENCLV exiting” VM-execution control. 

“enable HLAT” VM-execution control. 

“activate secondary controls” VM-exit control. 


y data field. These fields are distinguished by their 
iven in Table B-5.(As with other 64-bit fields, this one 
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has two encodings.) 


Table B-5. Encodings for 64-Bit Read-Only Data Field (0010_01xx_xxxx_xxxAb) 


Field Name Index Encoding 
Guest-physical address (full)! 00002400H 
0000000008 
Guest-physical address (high)! 00002401H 
NOTES: 


1. This field exists only on processors that support the 1-setting of the “enable EPT” VM-execution control. 


B.2.3 64-Bit Guest-State Fields 


A value of 2 in bits 11:10 of an encoding indicates a field in the guest-state area. These fields are distinguished by 
their index value in bits 9:1. Table B-6 enumerates the 64-bit guest-state fields. 


Table B-6. Encodings for 64-Bit Guest-State Fields (0010_10xx_xxxx_xxxAb) 


Field Name Index Encoding 

VMCS link pointer (full) 00002800H 
000000000B 

VMCS link pointer (high) 00002801H 

Guest IA32_DEBUGCTL (full) 00002802H 
000000001B 

Guest IA32_DEBUGCTL (high) 00002803H 

Guest |A32_PAT (full)! 00002804H 
000000010B 

Guest IA32_PAT (high)! 00002805H 

Guest IA32_EFER (full)? 00002806H 
000000011B 

Guest |A32_EFER (high)? 00002807H 

Guest |A32_PERF_GLOBAL_CTRL (full)? 00002808H 
eC 000000100B 

Guest IA32_PERF_GLOBAL_CTRL (high) 00002809H 

Guest PDPTEO (full)* 0000280AH 
000000101B 

Guest PDPTEO (high)* 0000280BH 

Guest PDPTE1 (full)* 0000280CH 
000000110B 

Guest PDPTE1 (high)* 0000280DH 

Guest PDPTE2 (full)* 0000280EH 
000000111B 

Guest PDPTE2 (high)* 0000280FH 

Guest PDPTE3 (full)* 00002810H 
000001000B 

Guest PDPTE3 (high)* 00002811H 

Guest IA32_BNDCFGS (full)? 00002812H 
000001001B 

Guest IA32_BNDCFGS (high)? 00002813H 

Guest IA32_RTIT_CTL (full)® 00002814H 
wr 000001010B 

Guest IA32_RTIT_CTL (high) 00002815H 

Guest IA32_LBR_CTL (full)” 00002816H 
000001011B 

Guest IA32_LBR_CTL (high)? 00002817H 

Guest |A32_PKRS (full)® 00002818H 
000001100B 

Guest |A32_PKRS (high)® 00002819H 
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NOTES: 

1. This field exists only on processors that support either the 1-setting of the “load [A32_PAT” VM-entry control or that of the “save 
IA32_PAT" VM-exit control. 

2. This field exists only on processors that support either the 1-setting of the “load IA32_EFER” VM-entry control or that of the “save 
IA32_EFER” VM-exit control. 

3. This field exists only on processors that support the 1-setting of the “load [A32_PERF_GLOBAL_CTRL” VM-entry control. 

4. This field exists only on processors that support the 1-setting of the “enable EPT” VM-execution control. 

5. This field exists only on processors that support either the 1-setting of the “load [A32_BNDCFGS” VM-entry control or that of the 
“clear IA32_BNDCFGS” VM-exit control. 

6. This field exists only on processors that support either the 1-setting of the “load IA32_RTIT_CTL” VM-entry control or that of the 
“clear IA32_RTIT_CTL” VM-exit control. 

7. This field exists only on processors that support either the 1-setting of the “load IA32_LBR_CTL” VM-entry control or that of the 
“clear IA32_LBR_CTL" VM-exit control. 


8. This field exists only on processors that support the 1-setting of the “load PKRS” VM-entry control. 


B.2.4 64-Bit Host-State Fields 


A value of 3 in bits 11:10 of an encoding indicates a field in the host-state area. These fields are distinguished by 
their index value in bits 9:1. Table B-7 enumerates the 64-bit control fields. 


Table B-7. Encodings for 64-Bit Host-State Fields (0010_11xx_xxxx_xxxAb) 


Field Name Index Encoding 
Host IA32_PAT (full)! 00002C00H 
000000000B 
Host IA32_PAT (high)! 00002C01H 
Host IA32_EFER (full)? 00002C02H 
000000001B 
Host |A32_EFER (high)? 00002C03H 
Host IA32_PERF_GLOBAL_CTRL (full)? 00002C04H 
= Vv AAA 000000011 08 
Host |A32_PERF_GLOBAL_CTRL (high)? 00002C05H 
Host IA32_PKRS (full)* 00002CO6H 
000000011B 
Host IA32_PKRS (high)* 00002C07H 
NOTES: 


1. This field exists only on processors that support the 1-setting of the “load [A32_PAT” VM-exit control. 

2. This field exists only on processors that support the 1-setting of the “load [A32_EFER” VM-exit control. 

3. This field exists only on processors that support the 1-setting of the “load [A32_PERF_GLOBAL_CTRL” VM-exit control. 
4. This field exists only on processors that support the 1-setting of the “load PKRS” VM-exit control. 


B.3 32-BIT FIELDS 


A value of 2 in bits 14:13 of an encoding indicates a 32-bit field. As noted in Section 24.11.2, each 32-bit field 
allows only full access, meaning that bit 0 of its encoding is 0. Each such encoding is thus an even number. 
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B.3.1 32-Bit Control Fields 


A value of 0 in bits 11:10 of an encoding indicates a control field. These fields are distinguished by their index value 
in bits 9:1. Table B-8 enumerates the 32-bit control fields. 


Table B-8. Encodings for 32-Bit Control Fields (0100_O0xx_xxxx_xxx0B) 


Field Name Index Encoding 
Pin-based /M-execution controls 000000000B 00004000H 
Primary processor-based VM-execution controls 000000001B 00004002H 
Exception bitmap 000000010B 00004004H 
Page-fault error-code mask 000000011B 00004006H 
Page-fault error-code match 000000100B 00004008H 
CR3-target count 000000101B 0000400AH 
Primary VM-exit controls 0000001 10B 0000400CH 
VM-exit MSR-store count 000000111B 0000400EH 
VM-exit MSR-load count 000001000B 00004010H 
\V/M-entry controls 000001001B 0000401 2H 
VM-entry MSR-load count 000001010B 00004014H 
V/M-entry interruption-information field 000001011B 00004016H 
\V/M-entry exception error code 000001100B 00004018H 
\V/M-entry instruction length 000001101B 0000401AH 
TPR threshold! 000001110B 0000401CH 
Secondary processor-based V/M-execution controls2 000001111b 0000401EH 
PLE_Gap? 000010000b 00004020H 
PLE_Window? 000010001b 00004022H 
NOTES: 


1. This field exists only on processors that support the 1-setting of the “use TPR shadow” VM-execution control. 
2. This field exists only on processors that support the 1-setting of the “activate secondary controls” VM-execution control. 
3. This field exists only on processors that support the 1-setting of the “PAUSE-loop exiting” VM-execution control. 


B.3.2 32-Bit Read-Only Data Fields 


A value of 1 in bits 11:10 of an encoding indicates a read-only data field. These fields are distinguished by their 


index value in bits 9:1. Table B-9 enumerates the 32-bit read-only data fields. 


Table B-9. Encodings for 32-Bit Read-Only Data Fields (0100_01xx_xxxx_xxx0B) 


Field Name Index Encoding 

VM-instruction error 0000000008 00004400H 
Exit reason 000000001B 00004402H 
\V/M-exit interruption information 000000010B 00004404H 
\V/M-exit interruption error code 000000011B 00004406H 
IDT-vectoring information field 000000100B 00004408H 
IDT-vectoring error code 000000101B 0000440AH 
VM-exit instruction length 0000001 10B 0000440CH 
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Table B-9. Encodings for 32-Bit Read-Only Data Fields (0100_01xx_xxxx_xxxOB) (Contd.) 


Field Name 


Index 


Encoding 


\V/M-exit instruction information 


000000111B 


0000440EH 


B.3.3 32-Bit Guest-State Fields 


A value of 2 in bits 11:10 of an encoding indicates a field in the guest-state area. These fields are distinguished by 
their index value in bits 9:1. Table B-10 enumerates the 32-bit guest-state fields. 


Table B-10. Encodings for 32-Bit Guest-State Fields (0100_10xx_xxxx_xxxOB) 


Field Name Index Encoding 

Guest ES limit 000000000B 00004800H 
Guest CS limit 000000001B 00004802H 
Guest SS limit 000000010B 00004804H 
Guest DS limit 000000011B 00004806H 
Guest FS limit 000000100B 00004808H 
Guest GS limit 000000101B 0000480AH 
Guest LDTR limit 0000001 10B 0000480CH 
Guest TR limit 000000111B 0000480EH 
Guest GDTR limit 000001000B 00004810H 
Guest IDTR limit 000001001B 0000481 2H 
Guest ES access rights 000001010B 00004814H 
Guest CS access rights 000001011B 00004816H 
Guest SS access rights 000001 100B 00004818H 
Guest DS access rights 000001101B 0000481AH 
Guest FS access rights 000001110B 0000481CH 
Guest GS access rights 000001111B 0000481EH 
Guest LDTR access rights 000010000B 00004820H 
Guest TR access rights 000010001B 00004822H 
Guest interruptibility state 000010010B 00004824H 
Guest activity state 000010011B 00004826H 
Guest SMBASE 000010100B 00004828H 
Guest IA32_SYSENTER_CS 000010101B 0000482AH 
\V/MX-preemption timer value! 000010111B 0000482EH 


NOTES: 


1. This field exists only on processors that support the 1-setting of the “activate VMX-preemption timer” VM-execution control. 


The limit fields for GDTR and IDTR are defined to be 32 bits in width even though these fields are only 16-bits wide 
in the Intel 64 and IA-32 architectures. VM entry ensures that the high 16 bits of both these fields are cleared to 0. 
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B.3.4 32-Bit Host-State Field 
A value of 3 in bits 11:10 of an encoding indicates a field in the host-state area. There is only one such 32-bit field 
as given in Table B-11. 


Table B-11. Encoding for 32-Bit Host-State Field (0100_11xx_xxxx_xxx0B) 
Field Name Index Encoding 
Host |A32_SYSENTER_CS O000000000B 00004CO0H 


B.4 NATURAL-WIDTH FIELDS 


A value of 3 in bits 14:13 of an encoding indicates a natural-width field. As noted in Section 24.11.2, each of these 
fields allows only full access, meaning that bit O of its encoding is 0. Each such encoding is thus an even number. 


B.4.1 Natural-Width Control Fields 


A value of 0 in bits 11:10 of an encoding indicates a control field. These fields are distinguished by their index value 
in bits 9:1. Table B-12 enumerates the natural-width control fields. 


Table B-12. Encodings for Natural-Width Control Fields (01 10_O00xx_xxxx_xxx0B) 


Field Name Index Encoding 

CRO guest/host mask 000000000B O0006000H 
CR4 guest/host mask 000000001B 00006002H 
CRO read shadow 000000010B 00006004H 
CR4 read shadow 000000011B OO006006H 
CR3-target value 0 000000100B 00006008H 
CR3-target value 1 000000101B OOO0600AH 
CR3-target value 2 0000001 10B OO000600CH 
CR3-target value 3! 000000111B OOO0600EH 


NOTES: 


1. If a future implementation supports more than 4 CR3-target values, they will be encoded consecutively following the 4 encodings 


given here. 


B.4.2 Natural-width Read-Only Data Fields 


A value of 1 in bits 11:10 of an encoding indicates a read-only data field. These fields are distinguished by their 
index value in bits 9:1. Table B-13 enumerates the natural-width read-only data fields. 


Table B-13. Encodings for Natural-Width Read-Only Data Fields (0110_01xx_xxxx_xxxOB) 


Field Name Index Encoding 

Exit qualification 000000000B 00006400H 
1/0 RCX 000000001B 00006402H 
I/O RSI 000000010B 00006404H 
I/O RDI 000000011B 00006406H 
I/O RIP 0000001 00B 00006408H 
Guest-linear address 000000101B 0000640AH 
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B.4.3 Natural-Width Guest-State Fields 


A value of 2 in bits 11:10 of an encoding indicates a field in the guest-state area. These fields are distinguished by 
their index value in bits 9:1. Table B-14 enumerates the natural-width guest-state fields. 


Table B-14. Encodings for Natural-Width Guest-State Fields (0110_10xx_xxxx_xxxOB) 


Field Name Index Encoding 

Guest CRO 000000000B 00006800H 
Guest CR3 000000001B 00006802H 
Guest CR4 000000010B 00006804H 
Guest ES base 000000011B 00006806H 
Guest CS base 0000001 00B 00006808H 
Guest SS base 000000101B O0000680AH 
Guest DS base 000000110B 0000680CH 
Guest FS base 000000111B O0000680EH 
Guest GS base 000001000B 00006810H 
Guest LDTR base 000001001B 00006812H 
Guest TR base 000001010B 00006814H 
Guest GDTR base 000001011B 00006816H 
Guest IDTR base 000001100B 00006818H 
Guest DR7 000001101B 0000681 AH 
Guest RSP 000001110B 0000681CH 
Guest RIP 000001111B 0000681 €H 
Guest RFLAGS 000010000B 00006820H 
Guest pending debug exceptions 000010001B 00006822H 
Guest IA32_SYSENTER_ESP 000010010B 00006824H 
Guest IA32_SYSENTER_EIP 000010011B 00006826H 
Guest IA32_S_CET! 000010100B 00006828H 
Guest SSP! 000010101B 0000682AH 
Guest IA32_INTERRUPT_SSP_TABLE_ADDR' 000010110B 0000682CH 


NOTES: 


1. This field is supported only on processors that support the 1-setting of the “load CET state” VM-entry control. 


The base-address fields for ES, CS, SS, and DS in the guest-state area are defined to be natural-width (with 64 bits 
on processors supporting Intel 64 architecture) even though these fields are only 32-bits wide in the Intel 64 archi- 
tecture. VM entry ensures that the high 32 bits of these fields are cleared to 0. 


B.4.4 Natural-Width Host-State Fields 


A value of 3 in bits 11:10 of an encoding indicates a field in the host-state area. These fields are distinguished by 
their index value in bits 9:1. Table B-15 enumerates the natural-width host-state fields. 


Table B-15. Encodings for Natural-width Host-State Fields (0110_11xx_xxxx_xxxOB) 
Field Name Index Encoding 


Host CRO 000000000B OOOO6COOH 
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Table B-15. Encodings for Natural-Width Host-State Fields (0110_11xx_xxxx_xxx0B) (Contd.) 


Field Name Index Encoding 

Host CR3 000000001B 00006C02H 
Host CR4 000000010B O0006C04H 
Host FS base 000000011B OOOO6CO6H 
Host GS base 000000100B O00006C08H 
Host TR base 000000101B OOO06COAH 
Host GDTR base 000000110B OOOO06COCH 
Host IDTR base 000000111B OOOO6COEH 
Host IA32_SYSENTER_ESP 000001000B 00006C10H 
Host IA32_SYSENTER_EIP 000001001B 00006C12H 
Host RSP 000001010B 00006C14H 
Host RIP 000001011B 00006C16H 
Host IA32_S_CET! 000001100B 00006C18H 
Host SSP! 000001101B 00006C1AH 
Host IA32_INTERRUPT_SSP_TABLE_ADDR' 000001110B 00006C1CH 


NOTES: 


1. This field is supported only on processors that support the 1-setting of the “load CET state” VM-exit control. 
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APPENDIX C 
VMX BASIC EXIT REASONS 


Every VM exit writes a 32-bit exit reason to the VMCS (see Section 24.9.1). Certain VM-entry failures also do this 
(see Section 26.8). The low 16 bits of the exit-reason field form the basic exit reason which provides basic informa- 
tion about the cause of the VM exit or VM-entry failure. 


Table C-1 lists values for basic exit reasons and explains their meaning. Entries apply to VM exits, unless otherwise 
noted. 


Table C-1. Basic Exit Reasons 


Basic Exit 
Reason Description 
0 Exception or non-maskable interrupt (NMI). Either: 
1: Guest software caused an exception and the bit in the exception bitmap associated with exception’s vector was 
1. This case includes executions of BOUND that cause #BR, executions of INT1 (they cause #DB), executions of 
INT3 (they cause #BP), executions of INTO that cause #0F, and executions of UDO, UD1, and UD2 (they cause 
#UD). 
2: An NMI was delivered to the logical processor and the “NMI exiting” VM-execution control was 1. 
1 External interrupt. An external interrupt arrived and the “external-interrupt exiting” VM-execution control was 1. 
2 Triple fault. The logical processor encountered an exception while attempting to call the double-fault handler and 
that exception did not itself cause a VM exit due to the exception bitmap. 
3 INIT signal. An INIT signal arrived 


Start-up IPI (SIPI). A SIPI arrived while the logical processor was in the “wait-for-SIPI” state. 


1/0 system-management interrupt (SMI). An SMI arrived immediately after retirement of an I/O instruction and 
caused an SMM VM exit (See Section 31.15.2). 


6 Other SMI. An SMI arrived and caused an SMM VM exit (see Section 31.15.2) but not immediately after retirement of 
an I/O instruction. 


[7 «SJ Interrupt window. At the beginning of an instruction, RFLAGS.IF was 1; events were not blocked by STI or by MOV. | 

SS; and the “interrupt-window exiting” VM-execution control was 1. 

8 NMI window. At the beginning of an instruction, there was no virtual-NMI blocking; events were not blocked by MOV 
SS; and the “NMI-window exiting” VM-execution control was 1. 

9 Task switch. Guest software attempted a task switch. 

10 CPUID. Guest software attempted to execute CPUID. 

11 GETSEC. Guest software attempted to execute GETSEC. 

12 HLT. Guest software attempted to execute HLT and the “HLT exiting” VM-execution control was 1. 

13 INVD. Guest software attempted to execute INVD. 

14 INVLPG. Guest software attempted to execute INVLPG and the “INVLPG exiting” VM-execution control was 1. 

15 RDPMC. Guest software attempted to execute RDPMC and the “RDPMC exiting” VM-execution control was 1. 

16 RDTSC. Guest software attempted to execute RDTSC and the “RDTSC exiting” VM-execution control was 1. 

17 RSM. Guest software attempted to execute RSM in SMM. 

18 VMCALL. VMCALL was executed either by guest software (causing an ordinary VM exit) or by the executive monitor 
(causing an SMM VM exit; see Section 31.15.2). 

19 VMCLEAR. Guest software attempted to execute VMCLEAR. 

20 VMLAUNCH. Guest software attempted to execute VMLAUNCH. 

21 VMPTRLD. Guest software attempted to execute VMPTRLD. 

22 VMPTRST. Guest software attempted to execute VMPTRST. 
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Table C-1. Basic Exit Reasons (Contd.) 


Basic Exit 
Reason Description 
23 VMREAD. Guest software attempted to execute VMREAD. 
24 VMRESUME. Guest software attempted to execute VMRESUME. 
25 VMWRITE. Guest software attempted to execute VMWRITE. 
26 VMXOFF. Guest software attempted to execute VMXOFF. 
27 VMXON. Guest software attempted to execute VMXON. 
28 Control-register accesses. Guest software attempted to access CRO, CR3, CR4, or CR8 using CLTS, LMSW, or 
MOV CR and the VM-execution control fields indicate that a VM exit should occur (see Section 25.1 for details). This 
basic exit reason is not used for trap-like VM exits following executions of the MOV to CR8 instruction when the “use 
TPR shadow” VM-execution control is 1. Such VM exits instead use basic exit reason 43. 
29 MOV DR. Guest software attempted a MOV to or from a debug register and the “MOV-DR exiting” VM-execution 
control was 1. 
30 1/0 instruction. Guest software attempted to execute an I/O instruction and either: 
1: The “use I/O bitmaps” VM-execution control was 0 and the “unconditional I/O exiting” VM-execution control was 1. 
2: The “use I/O bitmaps” VM-execution control was 1 and a bit in the I/O bitmap associated with one of the ports 
accessed by the I/O instruction was 1. 
31 RDMSR. Guest software attempted to execute RDMSR and either: 
1: The “use MSR bitmaps” VM-execution control was 0. 
2: The value of RCX is neither in the range QOOOOO000H - 00001 FFFH nor in the range COOOOO00H - CO001FFFH. 
3: The value of RCX was in the range OOOOO000H - OO001FFFH and the n* bit in read bitmap for low MSRs is 1, 
where n was the value of RCX. 
4: The value of RCX is in the range COOOOO00H - CO001FFFH and the n* bit in read bitmap for high MSRs is 1, where 
nis the value of RCX & 00001FFFH. 
32 WRMSR. Guest software attempted to execute WRMSR and either: 
1: The “use MSR bitmaps” VM-execution control was 0. 
2: The value of RCX is neither in the range QOOOOO000H - 00001 FFFH nor in the range COOOOO00H - CO001FFFH. 
3: The value of RCX was in the range OOOOOO00H - OO001FFFH and the nt” pit in write bitmap for low MSRs is 1, 
where n was the value of RCX. 
4: The value of RCX is in the range COOOO000H - COO01FFFH and the nt” bit in write bitmap for high MSRs is 1, 
where nis the value of RCX & 00001FFFH. 
33 VM-entry failure due to invalid guest state. A VM entry failed one of the checks identified in Section 26.3.1. 
34 VM-entry failure due to MSR loading. A VM entry failed in an attempt to load MSRs. See Section 26.4. 
36 MWAIT. Guest software attempted to execute MWAIT and the “MWAIT exiting” VM-execution control was 1. 
37 Monitor trap flag. A VM exit occurred due to the 1-setting of the “monitor trap flag” VM-execution control (see 
Section 25.5.2) or VM entry injected a pending MTF VM exit as part of VM entry (see Section 26.6.2). 
39 MONITOR. Guest software attempted to execute MONITOR and the “MONITOR exiting” VM-execution control was 1. 
40 PAUSE. Either guest software attempted to execute PAUSE and the “PAUSE exiting” VM-execution control was 1 or 
the “PAUSE-loop exiting” VM-execution control was 1 and quest software executed a PAUSE loop with execution 
time exceeding PLE_Window (see Section 25.1.3). 
41 VM-entry failure due to machine-check event. A machine-check event occurred during VM entry (see Section 
26.9). 
43 TPR below threshold. The logical processor determined that the value of bits 7:4 of the byte at offset O80H on the 
virtual-APIC page was below that of the TPR threshold VM-execution control field while the “use TPR shadow” V/M- 
execution control was 1 either as part of TPR virtualization (Section 29.1.2) or VM entry (Section 26.7.7). 
44 APIC access. Guest software attempted to access memory at a physical address on the APIC-access page and the 
“virtualize APIC accesses” VM-execution control was 1 (see Section 29.4). 
45 Virtualized EOI. EO! virtualization was performed for a virtual interrupt whose vector indexed a bit set in the EOI- 
exit bitmap. 
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Table C-1. Basic Exit Reasons (Contd.) 


Basic Exit 

Reason Description 

46 Access to GDTR or IDTR. Guest software attempted to execute LGDT, LIDT, SGDT, or SIDT and the “descriptor-table 
exiting” VM-execution control was 1. 

47 Access to LDTR or TR. Guest software attempted to execute LLDT, LTR, SLDT, or STR and the “descriptor-table 
exiting” VM-execution control was 1. 

48 EPT violation. An attempt to access memory with a guest-physical address was disallowed by the configuration of 
the EPT paging structures. 

49 EPT misconfiguration. An attempt to access memory with a guest-physical address encountered a misconfigured 
EPT paging-structure entry. 

50 INVEPT. Guest software attempted to execute INVEPT. 

51 RDTSCP. Guest software attempted to execute RDTSCP and the “enable RDTSCP” and “RDTSC exiting” VM-execution 
controls were both 1. 

52 VMX-preemption timer expired. The preemption timer counted down to zero. 

53 INVVPID. Guest software attempted to execute INVVPID. 

54 WBINVD or WBNOINVD. Guest software attempted to execute WBINVD or WBNOINVD and the “WBINVD exiting” 
\V/M-execution control was 1. 

55 XSETBV. Guest software attempted to execute XSETBV. 

56 APIC write. Guest software completed a write to the virtual-APIC page that must be virtualized by VMM software 
(see Section 29.4.3.3). 

57 RDRAND. Guest software attempted to execute RDRAND and the “RDRAND exiting” VM-execution control was 1. 

58 INVPCID. Guest software attempted to execute INVPCID and the “enable INVPCID” and “INVLPG exiting” 
\V/M-execution controls were both 1. 

59 VMFUNC. Guest software invoked a VM function with the VMFUNC instruction and the VM function either was not 
enabled or generated a function-specific condition causing a VM exit. 

60 ENCLS. Guest software attempted to execute ENCLS and “enable ENCLS exiting” VM-execution control was 1 and 
either (1) EAX < 63 and the corresponding bit in the ENCLS-exiting bitmap is 1; or (2) EAX 2 63 and bit 63 in the 
ENCLS-exiting bitmap is 1. 

61 RDSEED. Guest software attempted to execute RDSEED and the “RDSEED exiting” VM-execution control was 1. 

62 Page-modification log full. The processor attempted to create a page-modification log entry and the value of the 
PML index was not in the range 0-511. 

63 XSAVES. Guest software attempted to execute XSAVES, the “enable XSAVES/XRSTORS” was 1, and a bit was set in 
the logical-AND of the following three values: EDX:EAX, the [A32_XSS MSR, and the XSS-exiting bitmap. 

64 XRSTORS. Guest software attempted to execute XRSTORS, the “enable XSAVES/XRSTORS’ was 1, and a bit was set 
in the logical-AND of the following three values: EDX:EAX, the [A32_XSS MSR, and the XSS-exiting bitmap. 

66 SPP-related event. The processor attempted to determine an access's sub-page write permission and encountered 
an SPP miss or an SPP misconfiguration. See Section 28.3.4.2. 

67 UMWAIT. Guest software attempted to execute UMWAIT and the “enable user wait and pause” and “RDTSC exiting” 
\V/M-execution controls were both 1. 

68 TPAUSE. Guest software attempted to execute TPAUSE and the “enable user wait and pause” and “RDTSC exiting” 
\V/M-execution controls were both 1. 

69 LOADIWKEY. Guest software attempted to execute LOADIWKEY and the “LOADIWKEY exiting” VM-execution control 


was 1. 
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CHAPTER 1 
ABOUT THIS MANUAL 


The Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 4: Model-Specific Registers (order 
number 335592) is part of a set that describes the architecture and programming environment of Intel® 64 and IA- 
32 architecture processors. Other volumes in this set are: 


° Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1: Basic Architecture (order number 
253665). 


° Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 2A, 2B, 2C & 2D: Instruction Set 
Reference (order numbers 253666, 253667, 326018 and 334569). 


° The Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 3A, 3B, 3C & 3D: System 
Programming Guide (order numbers 253668, 253669, 326019 and 332831). 


The Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 1, describes the basic architecture 
and programming environment of Intel 64 and IA-32 processors. The Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volumes 2A, 2B, 2C & 2D, describe the instruction set of the processor and the opcode struc- 
ture. These volumes apply to application programmers and to programmers who write operating systems or exec- 
utives. The Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volumes 3A, 3B, 3C & 3D, describe 
the operating-system support environment of Intel 64 and IA-32 processors. These volumes target operating- 
system and BIOS designers. In addition, Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 
3B, and Intel® 64 and IA-32 Architectures Software Developer’s Manual, Volume 3C address the programming 
environment for classes of software that host operating systems. The Inte/® 64 and IA-32 Architectures Software 
Developer’s Manual, Volume 4, describes the model-specific registers of Intel 64 and IA-32 processors. 


1.1 INTEL® 64 AND IA-32 PROCESSORS COVERED IN THIS MANUAL 


This manual set includes information pertaining primarily to the most recent Intel 64 and IA-32 processors, which 
include: 


* Pentium® processors 

° P6 family processors 

* Pentium® 4 processors 

* Pentium® M processors 

* Intel® Xeon® processors 

* Pentium® D processors 

* Pentium® processor Extreme Editions 

* 64-bit Intel® Xeon® processors 

* Intel® Core™ Duo processor 

* Intel® Core™ Solo processor 

* Dual-Core Intel® Xeon® processor LV 

* Intel® Core™2 Duo processor 

* Intel® Core™2 Quad processor Q6000 series 
* Intel® xeon® processor 3000, 3200 series 

* Intel® Xeon® processor 5000 series 

* Intel® xeon® processor 5100, 5300 series 

* Intel® Core™2 Extreme processor X7000 and X6800 series 
* Intel® Core™2 Extreme QX6000 series 

* Intel® Xeon® processor 7100 series 
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* Intel® Pentium® Dual-Core processor 

* Intel® Xeon® processor 7200, 7300 series 

* Intel® Core™2 Extreme QX9000 series 

* Intel® Xeon® processor 5200, 5400, 7400 series 

* Intel® Core™2 Extreme processor QX9000 and X9000 series 
* Intel® Core™2 Quad processor Q9000 series 

* Intel® Core™2 Duo processor E8000, T9000 series 


* Intel Atom® processors 200, 300, D400, D500, D2000, N200, N400, N2000, E2000, Z500, Z600, Z2000, 
C1000 series are built from 45 nm and 32 nm processes. 


* Intel® Core™ i7 processor 

* Intel® Core™ i5 processor 

* Intel® Xeon® processor E7-8800/4800/2800 product families 
* Intel® Core™ i7-3930K processor 

* 2nd generation Intel® Core™ i7-2xxx, Intel® Core™ i5-2xxx, Intel® Core™ i3-2xxx processor series 
* Intel® Xeon® processor E3-1200 product family 

* Intel® Xeon® processor E5-2400/1400 product family 

* Intel® Xeon® processor E5-4600/2600/1600 product family 
* 3rd generation Intel® Core™ processors 

* Intel® Xeon® processor E3-1200 v2 product family 

* Intel® Xeon® processor E5-2400/1400 v2 product families 

* Intel® Xeon® processor E5-4600/2600/1600 v2 product families 
* Intel® Xeon® processor E7-8800/4800/2800 v2 product families 
* 4th generation Intel® Core™ processors 

* The Intel® Core™ M processor family 

* Intel® Core™ i7-59xx Processor Extreme Edition 

* Intel® Core™ i7-49xx Processor Extreme Edition 

* Intel® Xeon® processor E3-1200 v3 product family 

* Intel® Xeon® processor E5-2600/1600 v3 product families 

* 5th generation Intel® Core™ processors 

* Intel® Xeon® processor D-1500 product family 

* Intel® Xeon® processor E5 v4 family 

* Intel Atom® processor X7-Z8000 and X5-Z8000 series 

* Intel Atom® processor Z3400 series 

* Intel Atom® processor Z3500 series 

* 6th generation Intel® Core™ processors 

* Intel® Xeon® processor E3-1500m v5 product family 

* 7th generation Intel® Core™ processors 

* Intel® Xeon Phi™ Processor 3200, 5200, 7200 Series 

* Intel® Xeon® Processor Scalable Family 

* 8th generation Intel® Core™ processors 

* Intel® Xeon Phi™ Processor 7215, 7285, 7295 Series 

* Intel® Xeon® E processors 

* 9th generation Intel® Core™ processors 

* 2nd generation Intel® Xeon® Processor Scalable Family 
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* 10th generation Intel® Core™ processors 
* 11th generation Intel® Core™ processors 
* 3rd generation Intel® Xeon® Processor Scalable Family 
* 12th generation Intel® Core™ processors 


P6 family processors are IA-32 processors based on the P6 family microarchitecture. This includes the Pentium® 
Pro, Pentium® II, Pentium® Ill, and Pentium® III Xeon® processors. 


The Pentium® 4, Pentium® D, and Pentium® processor Extreme Editions are based on the Intel NetBurst® micro- 
architecture. Most early Intel® Xeon® processors are based on the Intel NetBurst® microarchitecture. Intel Xeon 
processor 5000, 7100 series are based on the Intel NetBurst® microarchitecture. 


The Intel® Core™ Duo, Intel® Core™ Solo and dual-core Intel® Xeon® processor LV are based on an improved 
Pentium® M processor microarchitecture. 


The Intel® Xeon® processor 3000, 3200, 5100, 5300, 7200, and 7300 series, Intel® Pentium® dual-core, Intel® 
Core™2 Duo, Intel® Core™2 Quad, and Intel® Core™ 2 Extreme processors are based on Intel® Core™ microarchi- 
tecture. 


The Intel® Xeon® processor 5200, 5400, 7400 series, Intel® Core™2 Quad processor Q9000 series, and Intel® 
Core™2 Extreme processors QX9000, X9000 series, Intel® Core™2 processor E8000 series are based on Enhanced 
Intel® Core™ microarchitecture. 


The Intel Atom® processors 200, 300, D400, D500, D2000, N200, N400, N2000, E2000, Z500, Z600, Z2000, 
C1000 series are based on the Intel Atom® microarchitecture and supports Intel 64 architecture. 


P6 family, Pentium® M, Intel® Core™ Solo, Intel® Core™ Duo processors, dual-core Intel® Xeon® processor LV, 
and early generations of Pentium 4 and Intel Xeon processors support IA-32 architecture. The Intel® Atom™ 
processor Z5xx series support IA-32 architecture. 


The Intel® Xeon® processor 3000, 3200, 5000, 5100, 5200, 5300, 5400, 7100, 7200, 7300, 7400 series, Intel® 
Core™ 2 Duo, Intel® Core™2 Extreme, Intel® Core™2 Quad processors, Pentium® D processors, Pentium® Dual- 
Core processor, newer generations of Pentium 4 and Intel Xeon processor family support Intel® 64 architecture. 


The Intel® Core™ i7 processor and Intel® Xeon® processor 3400, 5500, 7500 series are based on 45 nm Nehalem 
microarchitecture. Westmere microarchitecture is a 32 nm version of the Nehalem microarchitecture. Intel® 
Xeon® processor 5600 series, Intel Xeon processor E7 and various Intel Core i7, i5, i3 processors are based on the 
Westmere microarchitecture. These processors support Intel 64 architecture. 


The Intel® Xeon® processor E5 family, Intel® Xeon® processor E3-1200 family, Intel® Xeon® processor E7- 
8800/4800/2800 product families, Intel® Core™ i7-3930K processor, and 2nd generation Intel® Core™ i7-2xxx, 
Intel® Core™ i5-2xxx, Intel® Core™ i3-2xxx processor series are based on the Sandy Bridge microarchitecture and 
support Intel 64 architecture. 


The Intel® Xeon® processor E7-8800/4800/2800 v2 product families, Intel® Xeon® processor E3-1200 v2 product 
family and 3rd generation Intel® Core™ processors are based on the Ivy Bridge microarchitecture and support 
Intel 64 architecture. 


The Intel® Xeon® processor E5-4600/2600/1600 v2 product families, Intel® Xeon® processor E5-2400/1400 v2 
product families and Intel® Core™ i7-49xx Processor Extreme Edition are based on the Ivy Bridge-E microarchitec- 
ture and support Intel 64 architecture. 


The Intel® Xeon® processor E3-1200 v3 product family and 4th Generation Intel® Core™ processors are based on 
the Haswell microarchitecture and support Intel 64 architecture. 


The Intel® Xeon® processor E5-2600/1600 v3 product families and the Intel® Core™ i7-59xx Processor Extreme 
Edition are based on the Haswell-E microarchitecture and support Intel 64 architecture. 


The Intel Atom® processor Z8000 series is based on the Airmont microarchitecture. 


The Intel Atom® processor Z3400 series and the Intel Atom® processor Z3500 series are based on the Silvermont 
microarchitecture. 


The Intel® Core™ M processor family, 5th generation Intel® Core™ processors, Intel® Xeon® processor D-1500 
product family and the Intel® Xeon® processor E5 v4 family are based on the Broadwell microarchitecture and 
support Intel 64 architecture. 


Vol.4 1-3 


ABOUT THIS MANUAL 


The Intel® Xeon® Processor Scalable Family, Intel® Xeon® processor E3-1500m v5 product family and 6th gener- 
ation Intel® Core™ processors are based on the Skylake microarchitecture and support Intel 64 architecture. 


The 7th generation Intel® Core™ processors are based on the Kaby Lake microarchitecture and support Intel 64 
architecture. 


The Intel Atom® processor C series, the Intel Atom® processor X series, the Intel® Pentium® processor J series, 
the Intel® Celeron® processor J series, and the Intel® Celeron® processor N series are based on the Goldmont 
microarchitecture. 


The Intel® Xeon Phi™ Processor 3200, 5200, 7200 Series is based on the Knights Landing microarchitecture and 
supports Intel 64 architecture. 


The Intel® Pentium® Silver processor series, the Intel® Celeron® processor J series, and the Intel® Celeron® 
processor N series are based on the Goldmont Plus microarchitecture. 


The 8th generation Intel® Core™ processors, 9th generation Intel® Core™ processors, and Intel® Xeon® E proces- 
sors are based on the Coffee Lake microarchitecture and support Intel 64 architecture. 


The Intel® Xeon Phi™ Processor 7215, 7285, 7295 Series is based on the Knights Mill microarchitecture and 
supports Intel 64 architecture. 


The 2nd generation Intel® Xeon® Processor Scalable Family is based on the Cascade Lake product and supports 
Intel 64 architecture. 


Some 10th generation Intel® Core™ processors are based on the Ice Lake microarchitecture, and some are based 
on the Comet Lake microarchitecture; both support Intel 64 architecture. 


Some 11th generation Intel® Core™ processors are based on the Tiger Lake microarchitecture, and some are 
based on the Rocket Lake microarchitecture; both support Intel 64 architecture. 


Some 3rd generation Intel® Xeon® Processor Scalable Family processors are based on the Cooper Lake product, 
and some are based on the Ice Lake microarchitecture; both support Intel 64 architecture. 


The 12th generation Intel® Core™ processors are based on the Alder Lake performance hybrid architecture and 
support Intel 64 architecture. 


IA-32 architecture is the instruction set architecture and programming environment for Intel's 32-bit microproces- 
sors. Intel® 64 architecture is the instruction set architecture and programming environment which is the superset 
of Intel’s 32-bit and 64-bit architectures. It is compatible with the IA-32 architecture. 


1.2 OVERVIEW OF THE SYSTEM PROGRAMMING GUIDE 


A description of this manual’s content follows: 


Chapter 1 — About This Manual. Gives an overview of all eight volumes of the Inte/® 64 and IA-32 Architectures 
Software Developer’s Manual. It also describes the notational conventions in these manuals and lists related Intel 
manuals and documentation of interest to programmers and hardware designers. 


Chapter 2 — Model-Specific Registers (MSRs). Lists the MSRs available in Intel processors, and describes their 
functions. 


1.3 NOTATIONAL CONVENTIONS 


This manual uses specific notation for data-structure formats, for symbolic representation of instructions, and for 
hexadecimal and binary numbers. A review of this notation makes the manual easier to read. 


1.3.1 Bit and Byte Order 


In illustrations of data structures in memory, smaller addresses appear toward the bottom of the figure; addresses 
increase toward the top. Bit positions are numbered from right to left. The numerical value of a set bit is equal to 
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two raised to the power of the bit position. Intel 64 and IA-32 processors are “little endian” machines; this means 
the bytes of a word are numbered starting from the least significant byte. Figure 1-1 illustrates these conventions. 


13.2 Reserved Bits and Software Compatibility 


In many register and memory layout descriptions, certain bits are marked as reserved. When bits are marked as 
reserved, it is essential for compatibility with future processors that software treat these bits as having a future, 
though unknown, effect. The behavior of reserved bits should be regarded as not only undefined, but unpredict- 
able. Software should follow these guidelines in dealing with reserved bits: 


* Do not depend on the states of any reserved bits when testing the values of registers which contain such bits. 
Mask out the reserved bits before testing. 


* Do not depend on the states of any reserved bits when storing to memory or to a register. 
* Do not depend on the ability to retain information written into any reserved bits. 


¢ When loading a register, always load the reserved bits with the values indicated in the documentation, if any, 
or reload them with values previously read from the same register. 


NOTE 


Avoid any software dependence upon the state of reserved bits in Intel 64 and IA-32 registers. 
Depending upon the values of reserved register bits will make software dependent upon the 
unspecified manner in which the processor handles these bits. Programs that depend upon 
reserved values risk incompatibility with future processors. 


Data Structure 


Highest 4, 24 23 16 15 8 7 0 ~«— Bit offset 


Address 


Lowest 
Address 


Byte Offset 


Figure 1-1. Bit and Byte Order 


1.3.3 Instruction Operands 


When instructions are represented symbolically, a subset of assembly language is used. In this subset, an instruc- 
tion has the following format: 
label: mnemonic argument1, argument2, argument3 
where: 
¢ A label is an identifier which is followed by a colon. 
¢ Amnemonic is a reserved name for a class of instruction opcodes which have the same function. 


° The operands argumenti, argument2, and argument3 are optional. There may be from zero to three 
operands, depending on the opcode. When present, they take the form of either literals or identifiers for data 
items. Operand identifiers are either reserved names of registers or are assumed to be assigned to data items 
declared in another part of the program (which may not be shown in the example). 


When two operands are present in an arithmetic or logical instruction, the right operand is the source and the left 
operand is the destination. 
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For example: 


LOADREG: MOV EAX, SUBTOTAL 


In this example LOADREG is a label, MOV is the mnemonic identifier of an opcode, EAX is the destination operand, 
and SUBTOTAL is the source operand. Some assembly languages put the source and destination in reverse order. 


1.3.4 Hexadecimal and Binary Numbers 


Base 16 (hexadecimal) numbers are represented by a string of hexadecimal digits followed by the character H (for 
example, F82EH). A hexadecimal digit is a character from the following set: 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, A, B, C, D, 
E, and F. 


Base 2 (binary) numbers are represented by a string of 1s and Os, sometimes followed by the character B (for 
example, 1010B). The “B” designation is only used in situations where confusion as to the type of number might 
arise. 


1.3.5 Segmented Addressing 


The processor uses byte addressing. This means memory is organized and accessed as a sequence of bytes. 
Whether one or more bytes are being accessed, a byte address is used to locate the byte or bytes memory. The 
range of memory that can be addressed is called an address space. 


The processor also supports segmented addressing. This is a form of addressing where a program may have many 
independent address spaces, called segments. For example, a program can keep its code (instructions) and stack 
in separate segments. Code addresses would always refer to the code space, and stack addresses would always 
refer to the stack space. The following notation is used to specify a byte address within a segment: 


Segment-register: Byte-address 


For example, the following segment address identifies the byte at address FF79H in the segment pointed by the DS 
register: 


DS:FF79H 


The following segment address identifies an instruction address in the code segment. The CS register points to the 
code segment and the EIP register contains the address of the instruction. 


CS:EIP 


1.3.6 Syntax for CPUID, CR, and MSR Values 


Obtain feature flags, status, and system information by using the CPUID instruction, by checking control register 
bits, and by reading model-specific registers. We are moving toward a single syntax to represent this type of infor- 
mation. See Figure 1-2. 
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CPUID Input and Output 


CPUID.01H:EDX.SSE[bit 25] = 1 


Input value for EAX register 


Output register and feature flag or field 
name with bit position(s) 


Value (or range) of output 


Control Register Values 


CR4.OSFXSRIbit 9] = 1 
; | 


Example CR name 


Feature flag or field name 
with bit position(s) 


Value (or range) of output 


Model-Specific Register Values 


1A32_MISC_ENABLE.ENABLEFOPCODEDbit 2] = 1 
) |! 


Example MSR name 


Feature flag or field name with bit position(s) 


Value (or range) of output 


Figure 1-2. Syntax for CPUID, CR, and MSR Data Presentation 


1.3.7 Exceptions 


An exception is an event that typically occurs when an instruction causes an error. For example, an attempt to 
divide by zero generates an exception. However, some exceptions, such as breakpoints, occur under other condi- 
tions. Some types of exceptions may provide error codes. An error code reports additional information about the 
error. An example of the notation used to show an exception and error code is shown below: 


#PF(fault code) 


This example refers to a page-fault exception under conditions where an error code naming a type of fault is 
reported. Under some conditions, exceptions which produce error codes may not be able to report an accurate 
code. In this case, the error code is zero, as shown below for a general-protection exception: 


#GP(0) 
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1.4 RELATED LITERATURE 


Literature related to Intel 64 and IA-32 processors is listed and viewable on-line at: 


https://software.intel.com/en-us/articles/intel-sdm 


See also: 


The latest security information on Intel® products: 
https://www.intel.com/content/www/us/en/security-center/default.html 


Software developer resources, guidance and insights for security advisories: 
https://software.intel.com/security-software-guidance/ 


The data sheet for a particular Intel 64 or IA-32 processor 
The specification update for a particular Intel 64 or IA-32 processor 


Intel® C++ Compiler documentation and online help: 
http://software.intel.com/en-us/articles/intel-compilers/ 


Intel® Fortran Compiler documentation and online help: 
http ://software.intel.com/en-us/articles/intel-compilers/ 


Intel® Software Development Tools: 
https://software.intel.com/en-us/intel-sdp-home 


Intel® 64 and IA-32 Architectures Software Developer’s Manual (in one, four or ten volumes): 
https://software.intel.com/en-us/articles/intel-sdm 


Intel® 64 and IA-32 Architectures Optimization Reference Manual: 
https://software.intel.com/en-us/articles/intel-sdm#optimization 


Intel® Trusted Execution Technology Measured Launched Environment Programming Guide: 
http://www. intel.com/content/www/us/en/software-developers/intel-txt-software-development-guide.html 


Intel® Software Guard Extensions (Intel® SGX) Information 
https://software.intel.com/en-us/isa-extensions/intel-sgx 


Developing Multi-threaded Applications: A Platform Consistent Approach: 
https://software.intel.com/sites/default/files/article/147714/51534-developing-multithreaded-applica- 
tions. pdf 


Using Spin-Loops on Intel® Pentium® 4 Processor and Intel® Xeon® Processor: 
https://software.intel.com/sites/default/files/22/30/25602 


Performance Monitoring Unit Sharing Guide 
http://software.intel.com/file/30388 


Literature related to select features in future Intel processors are available at: 


Intel® Architecture Instruction Set Extensions Programming Reference 
https://software.intel.com/en-us/isa-extensions 


More relevant links are: 


Intel® Developer Zone: 

https://software.intel.com/en-us 

Developer centers: 

http://www. intel.com/content/www/us/en/hardware-developers/developer-centers.html 
Processor support general link: 

http://www.intel.com/support/processors/ 

Intel® Hyper-Threading Technology (Intel® HT Technology): 

http://www. intel.com/technology/platform-technology/hyper-threading/index.htm 
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MODEL-SPECIFIC REGISTERS (MSRS) 


This chapter lists MSRs across Intel processor families. All MSRs listed can be read with the RDMSR and written with 
the WRMSR instructions. The scope of an MSR defines the set of processors that access the same MSR with RDMSR 
and WRMSR. Thread-scope MSRs are unique to every logical processor. Core-scope MSRs are shared by the threads 
in the same core; similarly for module-scope, die-scope, and package-scope. 


When a processor package contains a single die, die-scope and package-scope are synonymous. When a package 
contains multiple die, they are distinct. 


NOTE 


For information on hierarchical level types supported, refer to the CPUID Leaf 1FH definition for the 
actual level type numbers: “V2 Extended Topology Enumeration Leaf” in the Inte/® 64 and IA-32 
Architectures Software Developer’s Manual, Volume 2A. Also see Section 8.9.1, “Hierarchical 
Mapping of Shared Resources” in the Intel® 64 and IA-32 Architectures Software Developer’s 
Manual, Volume 3A. 


Register addresses are given in both hexadecimal and decimal. The register name is the mnemonic register name 
and the bit description describes individual bits in registers. 


Model specific registers and its bit-fields may be supported for a finite range of processor families/models. To distin- 
guish between different processor family and/or models, software must use CPUID.01H leaf function to query the 
combination of DisplayFamily and DisplayModel to determine model-specific availability of MSRs (see CPUID 
instruction in Chapter 3, “Instruction Set Reference, A-L” in the Inte/® 64 and IA-32 Architectures Software Devel- 
oper’s Manual, Volume 2A). Table 2-1 lists the signature values of DisplayFamily and DisplayModel for various 
processor families or processor number series. 


Table 2-1. CPUID Signature Values of DisplayFamily_DisplayModel 
DisplayFamily_DisplayModel | Processor Families/Processor Number Series 


06_85H Intel® Xeon Phi™ Processor 7215, 7285, 7295 Series based on Knights Mill microarchitecture 
06_57H Intel® Xeon Phi™ Processor 3200, 5200, 7200 Series based on Knights Landing microarchitecture 
06_8FH Future Intel® Xeon® processors based on Sapphire Rapids microarchitecture 

06_97H, 06_9AH, 06_BFH | 12th generation Intel® Core™ processors supporting Alder Lake performance hybrid architecture 
06_8CH, 06_8DH 11th generation Intel® Core™ processors based on Tiger Lake microarchitecture 

06_A7H, 06_A8H 11th generation Intel® Core™ processors based on Rocket Lake microarchitecture 

06_7DH, 06_7EH 10th generation Intel® Core™ processors based on Ice Lake microarchitecture 

06_A5H, 06_A6H 10th generation Intel® Core™ processors based on Comet Lake microarchitecture 

06_66H Intel® Core™ processors based on Cannon Lake microarchitecture 

06_8EH, 06_9EH 7th generation Intel® Core™ processors based on Kaby Lake microarchitecture, 8th and 9th generation 


Intel® Core™ processors based on Coffee Lake microarchitecture, Intel® Xeon® E processors based on 
Coffee Lake microarchitecture 


06_6AH, 06_6CH 3rd generation Intel® Xeon® Processor Scalable Family based on Ice Lake microarchitecture 


06_55H Intel® Xeon® Processor Scalable Family based on Skylake microarchitecture, 2nd generation Intel® 
Xeon® Processor Scalable Family based on Cascade Lake product, and 3rd generation Intel® Xeon® 
Processor Scalable Family based on Cooper Lake product 


06_4EH, 06_5EH 6th generation Intel Core processors and Intel Xeon processor E3-1500m v5 product family and €3- 
1200 v5 product family based on Skylake microarchitecture 


06_56H Intel Xeon processor D-1500 product family based on Broadwell microarchitecture 
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Table 2-1. CPUID Signature (Contd.)Values of DisplayFamily_DisplayModel (Contd.) 


DisplayFamily_DisplayModel 


Processor Families/Processor Number Series 


06_4FH 


Intel Xeon processor E5 v4 Family based on Broadwell microarchitecture, Intel Xeon processor E7 v4 
Family, Intel Core i7-69xx Processor Extreme Edition 


06_47H 5th generation Intel Core processors, Intel Xeon processor €3-1200 v4 product family based on 
Broadwell microarchitecture 

06_3DH Intel Core M-5xxx Processor, 5th generation Intel Core processors based on Broadwell 
microarchitecture 

06_3FH Intel Xeon processor E5-4600/2600/1600 v3 product families, Intel Xeon processor E7 v3 product 


families based on Haswell-€ microarchitecture, Intel Core i7-59xx Processor Extreme Edition 


06_3CH, 06_45H, 06_46H 


4th Generation Intel Core processor and Intel Xeon processor €3-1200 v3 product family based on 
Haswell microarchitecture 


06_3EH Intel Xeon processor E7-8800/4800/2800 v2 product families based on Ivy Bridge-E 
microarchitecture 

06_3EH Intel Xeon processor E5-2600/1600 v2 product families and Intel Xeon processor E5-2400 v2 
product family based on Ivy Bridge-E€ microarchitecture, Intel Core i7-49xx Processor Extreme Edition 

06_3AH 3rd Generation Intel Core Processor and Intel Xeon processor E3-1200 v2 product family based on Ivy 
Bridge microarchitecture 

06_2DH Intel Xeon processor E5 Family based on Sandy Bridge microarchitecture, Intel Core i7-39xx 
Processor Extreme Edition 

06_2FH Intel Xeon Processor E7 Family 

06_2AH Intel Xeon processor E3-1200 product family; 2nd Generation Intel Core i7, i5, i3 Processors 2xxx 
Series 

06_2EH Intel Xeon processor 7500, 6500 series 


06_25H, 06_2CH 


Intel Xeon processors 3600, 5600 series, Intel Core i7, i5 and i3 Processors 


06_1€H, 06_1FH 


Intel Core i7 and i5 Processors 


06_1AH Intel Core i7 Processor, Intel Xeon processor 3400, 3500, 5500 series 

06_1DH Intel Xeon processor MP 7400 series 

06_17H Intel Xeon processor 3100, 3300, 5200, 5400 series, Intel Core 2 Quad processors 8000, 9000 
series 

06_OFH Intel Xeon processor 3000, 3200, 5100, 5300, 7300 series, Intel Core 2 Quad processor 6000 series, 
Intel Core 2 Extreme 6000 series, Intel Core 2 Duo 4000, 5000, 6000, 7000 series processors, Intel 
Pentium dual-core processors 

06_0EH Intel Core Duo, Intel Core Solo processors 

06_0DH Intel Pentium M processor 


06_86H, 06_96H, 06_9CH 


Intel Atom® processors, Intel® Celeron® processors, Intel® Pentium® processors, and Intel® Pentium® 
Silver processors based on Tremont Microarchitecture 


06_7AH Intel Atom processors based on Goldmont Plus microarchitecture 

06_5FH Intel Atom processors based on Goldmont microarchitecture (Denverton) 

06_5CH Intel Atom processors based on Goldmont microarchitecture 

06_4CH Intel Atom processor X7-Z8000 and X5-Z8000 series based on Airmont microarchitecture 
06_5DH Intel Atom processor X3-C3000 based on Silvermont microarchitecture 

06_5AH Intel Atom processor Z3500 series 

06_4AH Intel Atom processor Z3400 series 

06_37H Intel Atom processor E3000 series, Z3600 series, 23700 series 

06_4DH Intel Atom processor C2000 series 

06_36H Intel Atom processor S1000 Series 
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Table 2-1. CPUID Signature (Contd.)Values of DisplayFamily_DisplayModel (Contd.) 


DisplayFamily_DisplayModel | Processor Families/Processor Number Series 

06_1CH, 06_26H, 06_27H, | Intel Atom processor family, Intel Atom processor D2000, N2000, E2000, Z2000, C1000 series 

06_35H, 06_36H 

OF_O6H Intel Xeon processor 7100, 5000 Series, Intel Xeon Processor MP, Intel Pentium 4, Pentium D 
processors 

OF_03H, OF_04H Intel Xeon processor, Intel Xeon processor MP, Intel Pentium 4, Pentium D processors 

06_09H Intel Pentium M processor 

OF_0O2H Intel Xeon Processor, Intel Xeon processor MP, Intel Pentium 4 processors 

OF_OH, OF_01H Intel Xeon Processor, Intel Xeon processor MP, Intel Pentium 4 processors 

06_7H, 06_08H, 06_0AH, Intel Pentium Ill Xeon processor, Intel Pentium III processor 

06_OBH 

06_03H, 06_05H Intel Pentium II Xeon processor, Intel Pentium II processor 

06_01H Intel Pentium Pro processor 

05_01H, 05_02H, 05_04H _ | Intel Pentium processor, Intel Pentium processor with MMX Technology 


The Intel® Quark™ SoC X1000 processor can be identified by the signature of DisplayFamily_DisplayModel = 05_09H and 
SteppingID = 0 


2.1 ARCHITECTURAL MSRS 


Many MSRs have carried over from one generation of IA-32 processors to the next and to Intel 64 processors. A 
subset of MSRs and associated bit fields, which do not change on future processor generations, are now considered 
architectural MSRs. For historical reasons (beginning with the Pentium 4 processor), these “architectural MSRs” 
were given the prefix “IA32_”. Table 2-2 lists the architectural MSRs, their addresses, their current names, their 
names in previous IA-32 processors, and bit fields that are considered architectural. MSR addresses outside Table 
2-2 and certain bit fields in an MSR address that may overlap with architectural MSR addresses are model-specific. 
Code that accesses a model-specific MSR and that is executed on a processor that does not support that MSR will 
generate an exception. 


Architectural MSR or individual bit fields in an architectural MSR may be introduced or transitioned at the granu- 
larity of certain processor family/model or the presence of certain CPUID feature flags. The right-most column of 
Table 2-2 provides information on the introduction of each architectural MSR or its individual fields. This informa- 
tion is expressed either as signature values of “DF_DM” (see Table 2-1) or via CPUID flags. 


Certain bit field position may be related to the maximum physical address width, the value of which is expressed 
as “MAXPHYADDR” in Table 2-2. “MAXPHYADDR” is reported by CPUID.8000_O0O8H leaf. 


MSR address range between 40000000H - 400000FFH is marked as a specially reserved range. All existing and 
future processors will not implement any features using any MSR in this range. 


Table 2-2. IA-32 Architectural MSRs 


Register Architectural MSR Name / Bit Fields 
Address (Former MSR Name) MSR/Bit Description Comment 
Hex | Decimal 
OH 0 1A32_P5_MC_ADDR (P5_MC_ADDR) See Section 2.23, “MSRs in Pentium Pentium Processor 
Processors.” (05_01H) 
1H 1 IA32_P5_MC_TYPE (P5_MC_TYPE) See Section 2.23, “MSRs in Pentium DF_DM = 05_01H 
Processors.” 
6H 6 IA32_MONITOR_FILTER_SIZE See Section 8.10.5, “Monitor/Mwait OF_O3H 
Address Range Determination.” 
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Table 2-2. IA-32 Architectural MSRs (Contd.) 


Register Architectural MSR Name / Bit Fields 
Address (Former MSR Name) MSR/Bit Description Comment 
Hex | Decimal 
10H 16 IA32_TIME_STAMP_COUNTER See Section 17.17, “Time-Stamp Counter.” | 05_01H 
(TSC) 
17H 23 IA32_PLATFORM_ID Platform ID (RO) 06_01H 
(MSR_PLATFORM_ID ) The operating system can use this MSR to 


determine “slot” information for the 
processor and the proper microcode update 


to load. 
49:0 Reserved 
52:50 Platform Id (RO) 


Contains information concerning the 
intended platform for the processor. 


52 51 50 

O O 0O_ Processor Flag 0 

O O 1 Processor Flag 1 

O 1  O_ Processor Flag 2 

O 1. 1 Processor Flag 3 

1 0 0 - Processor Flag 4 

1 0 1. Processor Flag 5 

1 1  O Processor Flag 6 

1 1 = 1 Processor Flag 7 
63:53 Reserved 

1BH 27 IA32_APIC_BASE This register holds the APIC base address, | 06_01H 

(APIC_BASE) permitting the relocation of the APIC 


memory map. See Section 10.4.4, “Local 
APIC Status and Location” and Section 
10.4.5, “Relocating the Local APIC 


Registers”. 

7:0 Reserved 

8 BSP flag (R/W) 

9 Reserved 

10 Enable x2APIC mode. 06_1AH 

11 APIC Global Enable (R/W) 

(MAXPHYADDR - 1):12 APIC Base (R/W) 

63: MAXPHYADDR Reserved 

3AH 58 IA32_FEATURE_CONTROL Control Features in Intel 64 Processor (R/W) | If any one enumeration 

condition for defined bit 
field holds. 
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Table 2-2. 1A-32 Architectural MSRs (Contd.) 


Register 
Address 


Hex | Decimal 


Architectural MSR Name / Bit Fields 
(Former MSR Name) 


MSR/Bit Description 


Comment 


Lock bit (R/WO): (1 = locked). When set, 
locks this MSR from being written; writes to 
this bit will result in GP(0). 


Note: Once the Lock bit is set, the contents 
of this register cannot be modified. 
Therefore the lock bit must be set after 
configuring support for Intel Virtualization 
Technology and prior to transferring control 
to an option ROM or the OS. Hence, once 
the Lock bit is set, the entire 
IA32_FEATURE_CONTROL contents are 
preserved across RESET when PWRGOOD is 
not deasserted. 


If any one enumeration 
condition for defined bit 
field position greater than 
bit O holds. 


Enable VMX inside SMX operation (R/WL): 
This bit enables a system executive to use 
VMX in conjunction with SMX to support 
Intel® Trusted Execution Technology. 

BIOS must set this bit only when the CPUID 
function 1 returns VMX feature flag and 
SMX feature flag set (ECX bits 5 and 6 
respectively). 


If CPUID.O1H:ECX[5] = 1 
&& CPUID.O1H:ECX[6] = 1 


Enable VMX outside SMX operation (R/WL): 
This bit enables VMX for a system 
executive that does not require SMX. 

BIOS must set this bit only when the CPUID 
function 1 returns the VMX feature flag set 
(ECX bit 5). 


If CPUID.O1H:ECX[5] = 1 


7:3 


Reserved 


14:8 


SENTER Local Function Enables (R/WL): 
When set, each bit in the field represents 
an enable control for a corresponding 
SENTER function. This field is supported 
only if CPUID.1:ECX.[bit 6] is set. 


If CPUID.O1H:ECX[6] = 1 


SENTER Global Enable (R/WL): This bit must 
be set to enable SENTER leaf functions. 
This bit is supported only if 
CPUID.1:ECX.[bit 6] is set. 


If CPUID.O1H:ECX[6] = 1 


16 


Reserved 


17 


SGX Launch Control Enable (R/WL): This bit 
must be set to enable runtime re- 
configuration of SGX Launch Control via the 
IA32_SGXLEPUBKEYHASHn MSR. 


If CPUID.(EAX=07H, 
ECX=0H): ECX[30] = 1 


SGX Global Enable (R/WL): This bit must be 
set to enable SGX leaf functions. 


If CPUID.(EAX=07H, 
ECX=0H): EBX[2] = 1 


Reserved 
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20 LMCE On (R/WL): When set, system If IA32_MCG_CAP[27] = 1 
software can program the MSRs associated 
with LMCE to configure delivery of some 
machine check exceptions to a single logical 
processor. 
63:21 Reserved 
3BH 59 IA32_TSC_ADJUST Per Logical Processor TSC Adjust (R/Write | If CPUID.(EAX=07H, 
to clear) ECX=0H): EBX[1] = 1 
63:0 THREAD_ADJUST: 
Local offset value of the IA32_TSC for a 
logical processor. Reset value is zero. A 
write to [A32_TSC will modify the local 
offset in IA32_TSC_ADJUST and the 
content of IA32_TSC, but does not affect 
the internal invariant TSC hardware. 
48H 72 IA32_SPEC_CTRL Speculation Control (R/W) If any one of the 
The MSR bits are defined as logical enumeration conditions for 
processor scope. On some core defined bit field positions 
implementations, the bits may impact holds. 
sibling logical processors on the same core. 
This MSR has a value of O after reset and is 
unaffected by INIT# or SIPI#. 
0 Indirect Branch Restricted Speculation If CPUID.(EAX=07H, 
(IBRS). Restricts speculation of indirect ECX=0):EDX[26]=1 
branch. 
1 Single Thread Indirect Branch Predictors If CPUID.(EAX=07H, 
(STIBP). Prevents indirect branch ECX=0):EDX[27]=1 
predictions on all logical processors on the 
core from being controlled by any sibling 
logical processor in the same core. 
2 Speculative Store Bypass Disable (SSBD) If CPUID.(EAX=07H, 
delays speculative execution of a load until | ECX=0):EDX[31]=1 
the addresses for all older stores are 
known. 
63:3 Reserved 
49H 73 IA32_PRED_CMD Prediction Command (WO) If any one of the 
Gives software a way to issue commands _| &nUmeration conditions for 
that affect the state of predictors. defined bit field positions 
holds. 
0 Indirect Branch Prediction Barrier (IBPB). If CPUID.(EAX=07H, 
ECX=0):EDX[26]=1 
63:1 Reserved 
4€H 78 IA32_PPIN_CTL Protected Processor Inventory Number If CPUID.(EAX=07H, 
Enable Control (R/W) ECX=01H):EBX[0]=1 ! 
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Architectural MSR Name / Bit Fields 
(Former MSR Name) 


MSR/Bit Description 


Comment 


LockOut (R/WO) 


If 0, indicates that further writes to 
IA32_PPIN_CTL is allowed. 

If 1, indicates that further writes to 
IA32_PPIN_CTL is disallowed. Writing 1 to 
this bit is only permitted if the Enable_PPIN 
bit is clear. 

The Privileged System Software Inventory 
Agent should read |A32_PPIN_CTL[bit 1] to 
determine if |A32_PPIN is accessible. 

The Privileged System Software Inventory 
Agent is not expected to write to this MSR. 


63:2 


Enable_PPIN (R/W) 


If 1, indicates that [A32_PPIN is accessible 
using RDMSR. 


If 0, indicates that [A32_PPIN is 
inaccessible using RDMSR. Any attempt to 
read IA32_PPIN will cause #GP. 


Reserved 


4FH 


79 


IA32_PPIN 


Protected Processor Inventory Number 
(R/O) 


If CPUID. 


(EAX=07H, 


ECX=01H):EBX[0]=1! 


63:0 


Protected Processor Inventory Number 
(R/O) 


A unique value within a given CPUID 
family/model/stepping signature that a 
privileged inventory initialization agent can 
access to identify each physical processor, 
when access to [A32_PPIN is enabled. 
Access to |[A32_PPIN is permitted only if 
IA32_PPIN_CTL[bits 1:0] = ‘10b’. 


79H 


121 


IA32_BlOS_UPDT_TRIG 
(BIOS_UPDT_TRIG) 


BIOS Update Trigger (W) 


Executing a WRMSR instruction to this MSR 
causes a microcode update to be loaded 
into the processor. See Section 9.11.6, 
“Microcode Update Loader.” 


A processor may prevent writing to this 
MSR when loading guest states on VM 
entries or saving guest states on VM exits. 


06_01H 


8BH 


139 


1A32_BlOS_SIGN_ID 
(BIOS_SIGN/BBL_CR_D3) 


BIOS Update Signature (RO) 
Returns the microcode update signature 
following the execution of CPUID.O1H. 


A processor may prevent writing to this 
MSR when loading guest states on VM 
entries or saving guest states on VM exits. 


06_01H 


Reserved 
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Register 
Address 


Hex | Decimal 


MSR/Bit Description 


Comment 


63:32 


It is recommended that this field be pre- 
loaded with zero prior to executing CPUID. 


If the field remains zero following the 
execution of CPUID, this indicates that no 
microcode update is loaded. Any non-zero 
value is the microcode update signature. 


8CH 140 | IA32_SGXLEPUBKEYHASHO 


IA32_SGXLEPUBKEYHASH[63:0] (R/W) 
Bits 63:0 of the SHA256 digest of the 
SIGSTRUCT.MODULUS for SGX Launch 
Enclave. On reset, the default value is the 
digest of Intel's signing key. 


8DH 141 IA32_SGXLEPUBKEYHASH1 


IA32_SGXLEPUBKEYHASH{[1 27:64] (R/W) 
Bits 127:64 of the SHA256 digest of the 
SIGSTRUCT.MODULUS for SGX Launch 
Enclave. On reset, the default value is the 
digest of Intel's signing key. 


8€H 142 =| IA32_SGXLEPUBKEYHASH2 


IA32_SGXLEPUBKEYHASH{[1 91:1 28] (R/W) 
Bits 191:128 of the SHA256 digest of the 
SIGSTRUCT.MODULUS for SGX Launch 
Enclave. On reset, the default value is the 
digest of Intel's signing key. 


8FH 143 | IA32_SGXLEPUBKEYHASH3 


IA32_SGXLEPUBKEYHASH[255:1 92] (R/W) 
Bits 255:192 of the SHA256 digest of the 
SIGSTRUCT.MODULUS for SGX Launch 
Enclave. On reset, the default value is the 
digest of Intel's signing key. 


Read permitted If 
CPUID.(EAX=1 2H,ECX=OH): 
EAX[O]=1 && 
CPUID.(EAX=07H, 
€CX=0H):ECX[30]=1. 

Write permitted if 
CPUID.(EAX=1 2H,ECX=OH): 
EAX[O]=1 && 
IA32_FEATURE_CONTROL[ 
17] =1 && 
IA32_FEATURE_CONTROL[ 
O]=1. 


9BH 155 | IA32_SMM_MONITOR_CTL 


SMM Monitor Configuration (R/W) 


If CPUID.O1H: ECX[5]=1 || 
CPUID.O1H: ECX[6] = 1 


Valid (R/W) 


Reserved 


Controls SMI unblocking by VMXOFF (see 
Section 31.14.4). 


If IA32_VMX_MISC[28] 


11:3 


Reserved 


31:12 


MSEG Base (R/W) 


63:32 


9EH 158 | IA32_SMBASE 


Reserved 


Base address of the logical processor's 
SMRAM image (RO, SMM only). 


If IA32_VMX_MISC[15] 


BCH 188 | IA32_MISC_PACKAGE_CTLS 


Power Filtering Control (R/W) 


This MSR has a value of O after reset and is 
unaffected by INIT# or SIPI#. 


If 
IA32_ARCH_CAPABILITIES 
[10] =1 
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Register Architectural MSR Name / Bit Fields 
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Hex | Decimal 
0 ENERGY_FILTERING_ENABLE (R/W) If 
If set, RAPL MSRs report filtered processor IA32_ARCH_CAPABILITIES 
power consumption data. [11] =1 
This bit can be changed from 0 to 1, but 
cannot be changed from 1 to O. After 
setting, all attempts to clear it are ignored 
until the next processor reset. 
63:1 Reserved. 
C1H 193 1A32_PMCO General Performance Counter 0 (R/W) If CPUID.OAH: EAX[15:8] > 
(PERFCTRO) 0 
C2H 194 | IA32_PMC1 General Performance Counter 1 (R/W) If CPUID.OAH: EAX[15:8] > 
(PERFCTR1) 1 
C3H 195 1A32_PMC2 General Performance Counter 2 (R/W) If CPUID.OAH: EAX[15:8] > 
2 
C4H 196 | IA32_PMC3 General Performance Counter 3 (R/W) If CPUID.OAH: EAX[15:8] > 
3 
C5H 197 | IA32_PMC4 General Performance Counter 4 (R/W) If CPUID.OAH: EAX[15:8] > 
4 
C6H 198 | IA32_PMC5 General Performance Counter 5 (R/W) If CPUID.OAH: EAX[15:8] > 
5 
C7H 199 | IA32_PMC6 General Performance Counter 6 (R/W) If CPUID.OAH: EAX[15:8] > 
6 
C8H 200 | IA32_PMC7 General Performance Counter 7 (R/W) If CPUID.OAH: EAX[15:8] > 
7 
CFH 207 | IA32_CORE_CAPABILITIES IA32 Core Capabilities Register If CPUID.(EAX=07H, 
ECX=0):EDX[30] = 1 
63:0 Reserved. No architecturally defined 
bits. 
E1H 225 | IA32_UMWAIT_CONTROL UMWAIT Control (R/W) 
0 CO.2 is not allowed by the OS. Value of “1” 
means all CO.2 requests revert to CO.1. 
1 Reserved 
31:2 Determines the maximum time in TSC- 
quanta that the processor can reside in 
either CO.1 or CO.2. A zero value indicates 
no maximum time. The maximum time 
value is a 32-bit value where the upper 30 
bits come from this field and the lower two 
bits are zero. 
E€7H 231 IA32_MPERF TSC Frequency Clock Counter (R/Write to If CPUID.OGH: ECX[O] = 1 
clear) 
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(Former MSR Name) 
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Comment 


63:0 


CO_MCNT: CO TSC Frequency Clock Count 


Increments at fixed interval (relative to TSC 
freq.) when the logical processor is in CO. 


Cleared upon overflow / wrap-around of 
IA32_APERF. 


€8H 


232 


IA32_APERF 


Actual Performance Clock Counter (R/Write 
to clear) 


If CPUID. 


OGH: ECX[O] = 1 


63:0 


CO_ACNT: CO Actual Frequency Clock Count 
Accumulates core clock counts at the 
coordinated clock frequency, when the 
logical processor is in CO. 


Cleared upon overflow / wrap-around of 
IA32_MPERF. 


FEH 


254 


IA32_MTRRCAP 
(MTRRcap) 


MTRR Capability (RO) 


See Section 11.11.2.1, 
“IA32_MTRR_DEF_TYPE MSR.” 


06_01H 


7:0 


VCNT: The number of variable memory type 
ranges in the processor. 


Fixed range MTRRs are supported when 
set. 


9 


Reserved 


10 


WC Supported when set. 


11 


SMRR Supported when set. 


12 


PRMRR supported when set. 


63:13 


Reserved 


10AH 


266 


IA32_ARCH_CAPABILITIES 


Enumeration of Architectural Features (RO) 


If CPUID.(EAX=07H, 
ECX=0):EDX[29]=1 


RDCL_NO: The processor is not susceptible 
to Rogue Data Cache Load (RDCL). 


IBRS_ALL: The processor supports 
enhanced IBRS. 


RSBA: The processor supports RSB 
Alternate. Alternative branch predictors 
may be used by RET instructions when the 
RSB is empty. SW using retpoline may be 
affected by this behavior. 


SKIP_L1DFL_VMENTRY: A value of 1 
indicates the hypervisor need not flush the 
L1D on VM entry. 


SSB_NO: Processor is not susceptible to 
Speculative Store Bypass. 


MDS_NO: Processor is not susceptible to 
Microarchitectural Data Sampling (MDS). 
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Register Architectural MSR Name / Bit Fields 
Address (Former MSR Name) MSR/Bit Description Comment 
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6 IF_PSCHANGE_MC_NO: The processor is not 
susceptible to a machine check error due to 
modifying the size of a code page without 
TLB invalidation. 
7 TSX_CTRL: If 1, indicates presence of 
IA32_TSX_CTRL MSR. 
8 TAA_NO: If 1, processor is not affected by 
TAA. 
9 Reserved 
10 MISC_PACKAGE_CTLS: The processor 
supports IA32_MISC_PACKAGE_CTLS MSR. 
11 ENERGY_FILTERING_CTL: The processor 
supports setting and reading the 
IA32_MISC_PACKAGE_CTLS[0] 
(ENERGY_FILTERING_ENABLE) bit. 
63:12 Reserved 
10BH 267 =| IA32_FLUSH_CMD Flush Command (WO) If any one of the 
Gives software a way to invalidate enumeration conditions for 
structures with finer granularity than other | defined bit field positions 
architectural methods. holds. 
0 L1D_FLUSH: Writeback and invalidate the If CPUID.(EAX=07H, 
L1 data cache. ECX=0):EDX[28]=1 
63:1 Reserved 
122H 290 | IA32_TSX_CTRL IA32_TSX_CTRL Thread scope. Not 
architecturally serializing. 
Available when 
CPUID.ARCH_CAP(EAX=7H, 
ECX = 0):EDX[29] = 1 and 
IA32_ARCH_CAPABILITIES. 
bit 7 =1. 
0 RTM_DISABLE: When set to 1, XBEGIN will 
always abort with EAX code 0. 
1 TSX_CPUID_CLEAR: When set to 1, 
CPUID.O7H.EBX.RTM [bit 11] and 
CPUID.O7H.EBX.HLE [bit 4] report 0. 
When set to O and the SKU supports TSX, 
these bits will return 1. 
63:2 Reserved 
174H 372 | IA32_SYSENTER_CS SYSENTER_CS_MSR (R/W) 06_01H 
15:0 CS Selector. 
31:16 Not used. Can be read and written. 
63:32 Not used. Writes ignored; reads 
return zero. 
175H 373 | IA32_SYSENTER_ESP SYSENTER_ESP_MSR (R/W) 06_01H 
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176H 374 | IA32_SYSENTER_EIP SYSENTER_EIP_MSR (R/W) 06_01H 
179H 377 | IA32_MCG_CAP (MCG_CAP) Global Machine Check Capability (RO) 06_01H 
7:0 Count: Number of reporting banks. 
8 MCG_CTL_P: IA32_MCG_CTL is present if 
this bit is set. 
9 MCG_EXT_P: Extended machine check state 
registers are present if this bit is set. 
10 MCP_CMCI_P: Support for corrected MC 06_01H 
error event is present. 
11 MCG_TES_P: Threshold-based error status 
register are present if this bit is set. 
15:12 Reserved 
23:16 MCG_EXT_CNT: Number of extended 
machine check state registers present. 
24 MCG_SER_P: The processor supports 
software error recovery if this bit is set. 
25 Reserved 
26 MCG_ELOG_P: Indicates that the processor | O06_3EH 
allows platform firmware to be invoked 
when an error is detected so that it may 
provide additional platform specific 
information in an ACPI format “Generic 
Error Data Entry” that augments the data 
included in machine check bank registers. 
27 MCG_LMCE_P: Indicates that the processor | O6_3EH 
supports extended state in 
IA32_MCG_STATUS and associated MSR 
necessary to configure Local Machine Check 
Exception (LMCE). 
63:28 Reserved 
17AH 378 | IA32_MCG_STATUS Global Machine Check Status (R/WO) 06_01H 
(MCG_STATUS) 
0 RIPV. Restart IP valid. 06_01H 
1 EIPV. Error IP valid. 06_01H 
2 MCIP. Machine check in progress. 06_01H 
3 LMCE_S If 
IA32_MCG_CAP.LMCE_P[27 
1=1 
63:4 Reserved 
17BH 379 | IA32_MCG_CTL (MCG_CTL) Global Machine Check Control (R/W) If IA32_MCG_CAP.CTL_P[8] 
=1 
180H- 384- | Reserved 06_OEH2 
185H 389 
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186H 390 IA32_PERFEVTSELO Performance Event Select Register 0 (R/W) | If CPUID.OAH: EAX[15:8] > 
(PERFEVTSELO) 0 
7:0 Event Select: Selects a performance event 
logic unit. 
15:8 UMask: Qualifies the microarchitectural 
condition to detect on the selected event 
logic. 
16 USR: Counts while in privilege level is not 
ring 0. 
17 OS: Counts while in privilege level is ring 0. 
18 Edge: Enables edge detection if set. 
19 PC: Enables pin control. 
20 INT: Enables interrupt on counter overflow. 
21 AnyThread: When set to 1, it enables 
counting the associated event conditions 
occurring across all logical processors 
sharing a processor core. When set to 0, the 
counter only increments the associated 
event conditions occurring in the logical 
processor which programmed the MSR. 
22 EN: Enables the corresponding performance 
counter to commence counting when this 
bit is set. 
23 INV: Invert the CMASK. 
31:24 CMASK: When CMASK is not zero, the 
corresponding performance counter 
increments each cycle if the event count is 
greater than or equal to the CMASK. 
63:32 Reserved 
187H 391 IA32_PERFEVTSEL1 Performance Event Select Register 1 (R/W) | If CPUID.OAH: EAX[15:8] > 
(PERFEVTSEL1) 1 
188H 392 IA32_PERFEVTSEL2 Performance Event Select Register 2 (R/W) | If CPUID.OAH: EAX[15:8] > 
2 
189H 393 IA32_PERFEVTSEL3 Performance Event Select Register 3 (R/W) | If CPUID.OAH: EAX[15:8] > 
3 
18AH 394 IA32_PERFEVTSEL4 Performance Event Select Register 4 (R/W) | If CPUID.OAH: EAX[15:8] > 
4 
18BH 395 IA32_PERFEVTSEL5S Performance Event Select Register 5 (R/W) | If CPUID.OAH: EAX[15:8] > 
5 
18CH 396 IA32_PERFEVTSEL6 Performance Event Select Register 6 (R/W) | If CPUID.OAH: EAX[15:8] > 
6 
18DH 397 IA32_PERFEVTSEL7 Performance Event Select Register 7 (R/W) | If CPUID.OAH: EAX[15:8] > 
7 
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18AH- 394- | Reserved 06_0EH? 
197H 407 
198H 408 | IA32_PERF_STATUS Current Performance Status (RO) OF_03H 
See Section 14.1.1, “Software Interface For 
Initiating Performance State Transitions”. 
15:0 Current performance State Value. 
63:16 Reserved 
199H 409 | IA32_PERF_CTL Performance Control MSR (R/W) OF_O3H 
Software makes a request for a new 
Performance state (P-State) by writing this 
MSR. See Section 14.1.1, “Software 
Interface For Initiating Performance State 
Transitions”. 
15:0 Target performance State Value. 
31:16 Reserved 
32 IDA Engage (R/W) 06_OFH (Mobile only) 
When set to 1: disengages IDA. 
63:33 Reserved 
19AH 410 | 1A32_CLOCK_MODULATION Clock Modulation Control (R/W) If CPUID.O1H:EDX[22] = 1 
See Section 14.8.3, “Software Controlled 
Clock Modulation.” 
0 Extended On-Demand Clock Modulation If CPUID.O6H:EAX[5] = 1 
Duty Cycle. 
3:1 On-Demand Clock Modulation Duty Cycle: If CPUID.O1H:EDX[22] = 1 
Specific encoded values for target duty 
cycle modulation. 
4 On-Demand Clock Modulation Enable: Set 1 | If CPUID.O1H:EDX[22] = 1 
to enable modulation. 
63:5 Reserved 
19BH 411 IA32_THERM_INTERRUPT Thermal Interrupt Control (R/w) If CPUID.O1H:EDX[22] = 1 
Enables and disables the generation of an 
interrupt on temperature transitions 
detected with the processor's thermal 
sensors and thermal monitor. 
See Section 14.8.2, “Thermal Monitor." 
0 High-Temperature Interrupt Enable If CPUID.O1H:EDX[22] = 1 
1 Low-Temperature Interrupt Enable If CPUID.O1H:EDX[22] = 1 
2 PROCHOT# Interrupt Enable If CPUID.O1H:EDX[22] = 1 
3 FORCEPR# Interrupt Enable If CPUID.O1H:EDX[22] = 1 
4 Critical Temperature Interrupt Enable If CPUID.O1H:EDX[22] = 1 
75 Reserved 
14:8 Threshold #1 Value If CPUID.O1H:EDX[22] = 1 
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15 Threshold #1 Interrupt Enable If CPUID.O1H:EDX[22] = 1 
22:16 Threshold #2 Value If CPUID.O1H:EDX[22] = 1 
23 Threshold #2 Interrupt Enable If CPUID.O1H:EDX[22] = 1 
24 Power Limit Notification Enable If CPUID.O6H:EAX[4] = 1 
63:25 Reserved 
19CH 412 | IA32_THERM_STATUS Thermal Status Information (RO) If CPUID.O1H:EDX[22] = 1 
Contains status information about the 
processor's thermal sensor and automatic 
thermal monitoring facilities. 
See Section 14.8.2, “Thermal Monitor”. 
0 Thermal Status (RO) If CPUID.O1H:EDX[22] = 1 
1 Thermal Status Log (R/W) If CPUID.O1H:EDX[22] = 1 
2 PROCHOT # or FORCEPR# event (RO) If CPUID.O1H:EDX[22] = 1 
3 PROCHOT # or FORCEPR# log (R/WCO) If CPUID.O1H:EDX[22] = 1 
4 Critical Temperature Status (RO) If CPUID.O1H:EDX[22] = 1 
5 Critical Temperature Status log (R/WCO) If CPUID.O1H:EDX[22] = 1 
6 Thermal Threshold #1 Status (RO) If CPUID.O1H:ECX[8] = 1 
7 Thermal Threshold #1 log (R/WCO) If CPUID.O1H:ECX[8] = 1 
8 Thermal Threshold #2 Status (RO) If CPUID.O1H:ECX[8] = 1 
9 Thermal Threshold #2 log (R/WCO) If CPUID.O1H:ECX[8] = 1 
10 Power Limitation Status (RO) If CPUID.OGH:EAX[4] = 1 
11 Power Limitation log (R/WCO) If CPUID.O6H:EAX[4] = 1 
12 Current Limit Status (RO) If CPUID.O6H:EAX[7] = 1 
13 Current Limit log (R/WCO) If CPUID.O6GH:EAX[7] = 1 
14 Cross Domain Limit Status (RO) If CPUID.OGH:EAX[7] = 1 
15 Cross Domain Limit log (R/WCO) If CPUID.O6H:EAX[7] = 1 
22:16 Digital Readout (RO) If CPUID.O6GH:EAX[0] = 1 
26:23 Reserved 
30:27 Resolution in Degrees Celsius (RO) If CPUID.O6H:EAX[0] = 1 
31 Reading Valid (RO) If CPUID.O6H:EAX[0] = 1 
63:32 Reserved 
1A0H 416 | IA32_MISC_ENABLE Enable Misc. Processor Features (R/W) 
Allows a variety of processor functions to 
be enabled and disabled. 
0 Fast-Strings Enable OF_OH 
When set, the fast-strings feature (for REP 
MOVS and REP STORS) is enabled (default). 
When clear, fast-strings are disabled. 
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Reserved 


Automatic Thermal Control Circuit Enable 
(R/W) 


1= Setting this bit enables the thermal 
control circuit (TCC) portion of the 
Intel Thermal Monitor feature. This 
allows the processor to automatically 
reduce power consumption in 
response to TCC activation. 

O= Disabled. 


Note: In some products clearing this bit 
might be ignored in critical thermal 

conditions, and TM1, TM2 and adaptive 
thermal throttling will still be activated. 


The default value of this field varies with 
product . See respective tables where 
default value is listed. 


OF_OH 


Reserved 


Performance Monitoring Available (R) 
1 = Performance monitoring enabled. 
O= Performance monitoring disabled. 


OF_OH 


10:8 


Reserved 


Branch Trace Storage Unavailable (RO) 


1 = Processor doesn't support branch 
trace storage (BTS). 


O=  BTSis supported. 


OF_OH 


Processor Event Based Sampling (PEBS) 
Unavailable (RO) 


1 =  PE€BS is not supported. 
O= _ PEBS is supported. 


O06_OFH 


15:13 


Reserved 


16 


Enhanced Intel SpeedStep Technology 

Enable (R/W) 

O= Enhanced Intel SpeedStep Technology 
disabled. 

1= Enhanced Intel SpeedStep Technology 
enabled. 


If CPUID.O1H: ECX[7] =1 


Reserved 
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ENABLE MONITOR FSM (R/W) 


When this bit is set to 0, the MONITOR 
feature flag is not set (CPUID.O1H:ECX[bit 
3] = 0). This indicates that 
MONITOR/MWAIT are not supported. 


Software attempts to execute 
MONITOR/MWAIT will cause HUD when this 
bit is 0. 

When this bit is set to 1 (default), 
MONITOR/MWAIT are supported 
(CPUID.O1H:ECX[bit 3] = 1). 


If the SSE3 feature flag ECX[O] is not set 
(CPUID.01H:ECX[bit 0] = 0), the OS must 
not attempt to alter this bit. BIOS must 
leave it in the default state. Writing this bit 
when the SSE3 feature flag is set to O may 
generate a #GP exception. 


OF_03H 


21:19 
22 


Reserved 


Limit CPUID Maxval (R/W) 


When this bit is set to 1, CPUID.OOH returns 
a maximum value in EAX[7:0] of 2. 


BIOS should contain a setup question that 
allows users to specify when the installed 
OS does not support CPUID functions 
greater than 2. 


Before setting this bit, BIOS must execute 
the CPUID.OH and examine the maximum 
value returned in EAX[7:0]. If the maximum 
value is greater than 2, this bit is 
supported. 


Otherwise, this bit is not supported. Setting 
this bit when the maximum value is not 
greater than 2 may generate a #GP 
exception. 


Setting this bit may cause unexpected 
behavior in software that depends on the 
availability of CPUID leaves greater than 2. 


OF_O3H 


23 


XTPR Message Disable (R/W) 


When set to 1, xTPR messages are 
disabled. xTPR messages are optional 
messages that allow the processor to 
inform the chipset of its priority. 


If CPUID.O1H:ECX[14] = 1 


33:24 


Reserved 
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1BOH 


432 


34 


XD Bit Disable (R/W) 


When set to 1, the Execute Disable Bit 
feature (XD Bit) is disabled and the XD Bit 
extended feature flag will be clear 
(CPUID.80000001H: EDX[20]=0). 


When set to a O (default), the Execute 
Disable Bit feature (if available) allows the 
OS to enable PAE paging and take 
advantage of data only pages. 


BIOS must not alter the contents of this bit 
location, if XD bit is not supported. Writing 
this bit to 1 when the XD Bit extended 
feature flag is set to O may generate a #GP 
exception. 


If 


CPUID.80000001H:EDX[20 


[21 


63:35 
IA32_ENERGY_PERF_BIAS 


Reserved 


Performance Energy Bias Hint (R/W) 


If CPUID.GH:ECX[3] = 1 


3:0 


Power Policy Preference: 


O indicates preference to highest 
performance. 


15 indicates preference to maximize 
energy Saving. 


63:4 


Reserved 


1B1H 


433 


IA32_PACKAGE_THERM_STATUS 


Package Thermal Status Information (RO) 


Contains status information about the 
package’s thermal sensor. 


See Section 14.9, “Package Level Thermal 
Management.” 


If CPUID.O6H: EAX[6] = 1 


0 Pkg Thermal Status (RO) 

1 Pkg Thermal Status Log (R/W) 

2 Pkg PROCHOT # event (RO) 

3 Pkg PROCHOT # log (R/WCO) 

4 Pkg Critical Temperature Status (RO) 

5 Pkg Critical Temperature Status Log 
(R/WCO) 

6 Pkg Thermal Threshold #1 Status (RO) 

7 Pkg Thermal Threshold #1 Log (R/WCO) 

8 Pkg Thermal Threshold #2 Status (RO) 

9 Pkg Thermal Threshold #1 Log (R/WCO) 

10 Pkg Power Limitation Status (RO) 

11 Pkg Power Limitation Log (R/WCO) 

15:12 Reserved 

22:16 Pkg Digital Readout (RO) 
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25:23 Reserved 
26 Hardware Feedback Interface Structure If CPUID.O6H:EAX.[1 9] = 1 
Change Status 
63:27 Reserved 
1B2H 434 | 1A32_PACKAGE_THERM_INTERRUPT | Pkg Thermal Interrupt Control (R/W) If CPUID.OGH: EAX[6] = 1 
Enables and disables the generation of an 
interrupt on temperature transitions 
detected with the package's thermal 
sensor. 
See Section 14.9, “Package Level Thermal 
Management.” 
0 Pkg High-Temperature Interrupt Enable 
1 Pkg Low-Temperature Interrupt Enable 
2 Pkg PROCHOT# Interrupt Enable 
3 Reserved 
4 Pkg Overheat Interrupt Enable 
7:5 Reserved 
14:8 Pkg Threshold #1 Value 
15 Pkg Threshold #1 Interrupt Enable 
22:16 Pkg Threshold #2 Value 
23 Pkg Threshold #2 Interrupt Enable 
24 Pkg Power Limit Notification Enable 
25 Hardware Feedback Interrupt Enable If CPUID.O6H:EAX.[1 9] = 1 
63:26 Reserved 
1D9H 473 | |A32_DEBUGCTL Trace/Profile Resource Control (R/W) O06_OEH 
(MSR_DEBUGCTLA, MSR_DEBUGCTLB) 
0 LBR: Setting this bit to 1 enables the 06_01H 
processor to record a running trace of the 
most recent branches taken by the 
processor in the LBR stack. 
1 BTF: Setting this bit to 1 enables the 06_01H 
processor to treat EFLAGS.TF as single-step 
on branches instead of single-step on 
instructions. 
5:2 Reserved 
6 TR: Setting this bit to 1 enables branch 06_OEH 
trace messages to be sent. 
7 BTS: Setting this bit enables branch trace O06_OEH 
messages (BTMs) to be logged in a BTS 
buffer. 


Vol.4 2-19 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-2. IA-32 Architectural MSRs (Contd.) 


Register Architectural MSR Name / Bit Fields 
Address (Former MSR Name) MSR/Bit Description Comment 
Hex | Decimal 
8 BTINT: When clear, BTMs are logged in a 06_OEH 
BTS buffer in circular fashion. When this bit 
is set, an interrupt is generated by the BTS 
facility when the BTS buffer is full. 
9 1: BTS_OFF_OS: When set, BTS or BTMis | O6_OFH 
skipped if CPL = 0. 
10 BTS_OFF_USR: When set, BTS or BTM is 06_OFH 
skipped if CPL > 0. 
11 FREEZE_LBRS_ON_PMI: When set, the LBR_ | If CPUID.O1H: ECX[15] = 1 
Stack is frozen on a PMI request. && CPUID.OAH: EAX[7:0] > 
1 
12 FREEZE_PERFMON_ON_PMI: When set, If CPUID.O1H: ECX[15] = 1 
each ENABLE bit of the global counter && CPUID.OAH: EAX[7:0] > 
control MSR are frozen (address 38FH) ona | 1 
PMI request. 
13 ENABLE_UNCORE_PMI: When set, enables | O06_1AH 
the logical processor to receive and 
generate PMI on behalf of the uncore. 
14 FREEZE_WHILE_SMM: When set, freezes If 
perfmon and trace messages while in SMM. | [A32_PERF_CAPABILITIES[ 
12]=1 
15 RTM_DEBUG: When set, enables DR7 debug | If (CPUID.(EAX=07H, 
bit on XBEGIN. ECX=0):EBX[1 1] = 1) 
63:16 Reserved 
1DDH 477 | |A32_LER_FROM_IP Last Event Record Source IP Register (R/W) 
63:0 FROM_IP Reset Value: 0 
The source IP of the recorded branch or 
event, in canonical form. 
1DEH 478 IA32_LER_TO_IP Last Event Record Destination IP Register 
(R/W) 
63:0 TO_IP Reset Value: 0 
The destination IP of the recorded branch 
or event, in canonical form. 
1E€0H 480 | IA32_LER_INFO Last Event Record Info Register (R/W) 
55:0 Undefined, may be zero or non-zero. Writes | Reset Value: 0 
of non- zero values do not fault, but reads 
may return a different value. 
59:56 BR_TYPE Reset Value: 0 
The branch type recorded by this LBR. 
Encodings match those of 
IA32_LBR_x_INFO. 
60 Undefined, may be zero or non-zero. Writes | Reset Value: 0 
of non- zero values do not fault, but reads 
may return a different value. 
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61 TSX_ABORT Reset Value: 0 
This LBR record is a TSX abort. On 
processors that do not support Intel® TSX 
(CPUID.O7H.EBX.HLE[bit 4]=0 and 
CPUID.O7H.EBX.RTM[bit 11]=0), this bit is 
undefined. 
62 IN_TSX Reset Value: 0 
This LBR record records a branch that 
retired during a TSX transaction. On 
processors that do not support Intel® TSX 
(CPUID.O7H.EBX.HLE[bit 4]=0 and 
CPUID.O7H.EBX.RTM[bit 11]=0), this bit is 
undefined. 
63 MISPRED Reset Value: 0 
The recorded branch taken/not-taken 
resolution (for conditional branches) or 
target (for any indirect branch, including 
RETs) was mispredicted. 
1F2H 498 | IA32_SMRR_PHYSBASE SMRR Base Address (Writeable only in If 
SMM) IA32_MTRRCAP.SMRR[1 1] 
Base address of SMM memory range. =I 
7:0 Type. Specifies memory type of the range. 
11:8 Reserved 
31:12 PhysBase 
SMRR physical Base Address. 
63:32 Reserved 
1F3H 499 ‘| IA32_SMRR_PHYSMASK SMRR Range Mask (Writeable only in SMM) _| If [A32_MTRRCAP[SMRR] = 
Range Mask of SMM memory range. 1 
10:0 Reserved 
11 Valid 
Enable range mask. 
31:12 PhysMask 
SMRR address range mask. 
63:32 Reserved 
1F8H 504 | IA32_PLATFORM_DCA_CAP DCA Capability (R) If CPUID.O1H: ECX[18] = 1 
1F9H 505 IA32_CPU_DCA_CAP If set, CPU supports Prefetch-Hint type. If CPUID.O1H: ECX[18] = 1 
1FAH 506 IA32_DCA_O_CAP DCA type O Status and Control register. If CPUID.O1H: ECX[18] = 1 
0 DCA_ACTIVE: Set by HW when DCA is fuse- 
enabled and no defeatures are set. 
2:1 TRANSACTION 
6:3 DCA_TYPE 
10:7 DCA_QUEUE_SIZE 


Vol.4 2-21 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-2. IA-32 Architectural MSRs (Contd.) 


Register Architectural MSR Name / Bit Fields 
Address (Former MSR Name) MSR/Bit Description Comment 
Hex | Decimal 
12:11 Reserved 
16:13 DCA_DELAY: Writes will update the register 
but have no HW side-effect. 
23:17 Reserved 
24 SW_BLOCK: SW can request DCA block by 
setting this bit. 
25 Reserved 
26 HW_BLOCK: Set when DCA is blocked by HW 
(e.g. CRO.CD = 1). 
31:27 Reserved 
200H 512 | IA32_MTRR_PHYSBASEO See Section 11.11.2.3, “Variable Range If IA32_MTRRCAP[7:0] > 0 
(MTRRphysBaseO) MTRRs." 
201H 513 | 1IA32_MTRR_PHYSMASKO MTRRphysMaskO If IA32_MTRRCAP[7:0] > 0 
202H 514 | IA32_MTRR_PHYSBASE1 MTRRphysBase1 If IA32_MTRRCAP[7:0] > 1 
203H 515 | IA32_MTRR_PHYSMASK1 MTRRphysMask1 If [A32_MTRRCAP[7:0] > 1 
204H 516 | IA32_MTRR_PHYSBASE2 MTRRphysBase2 If IA32_MTRRCAP[7:0] > 2 
205H 517 | IA32_MTRR_PHYSMASK2 MTRRphysMask2 If IA32_MTRRCAP[7:0] > 2 
206H 518 | IA32_MTRR_PHYSBASE3 MTRRphysBase3 If IA32_MTRRCAP[7:0] > 3 
207H 519 | IA32_MTRR_PHYSMASK3 MTRRphysMask3 If IA32_MTRRCAP[7:0] > 3 
208H 520 | 1A32_MTRR_PHYSBASE4 MTRRphysBase4 If IA32_MTRRCAP[7:0] > 4 
209H 521 IA32_MTRR_PHYSMASK4 MTRRphysMask4 If IA32_MTRRCAP[7:0] > 4 
20AH 522 | 1A32_MTRR_PHYSBASE5 MTRRphysBase5 If IA32_MTRRCAP[7:0] > 5 
20BH 523 | IA32_MTRR_PHYSMASK5 MTRRphysMask5 If IA32_MTRRCAP[7:0] > 5 
20CH 524 | 1A32_MTRR_PHYSBASE6 MTRRphysBase6 If IA32_MTRRCAP[7:0] > 6 
20DH 525 | IA32_MTRR_PHYSMASK6 MTRRphysMask6 If IA32_MTRRCAP[7:0] > 6 
20€H 526 | IA32_MTRR_PHYSBASE7 MTRRphysBase7 If IA32_MTRRCAP[7:0] > 7 
20FH 527 | 1A32_MTRR_PHYSMASK7 MTRRphysMask7 If IA32_MTRRCAP[7:0] > 7 
210H 528 | IA32_MTRR_PHYSBASE8 MTRRphysBase8 If IA32_MTRRCAP[7:0] > 8 
211H 529 | IA32_MTRR_PHYSMASK8 MTRRphysMask8 If IA32_MTRRCAP[7:0] > 8 
212H 530 | IA32_MTRR_PHYSBASES MTRRphysBase9 If IA32_MTRRCAP[7:0] > 9 
213H 531 IA32_MTRR_PHYSMASK9 MTRRphysMask9 If IA32_MTRRCAP[7:0] > 9 
250H 592 | 1A32_MTRR_FIX64K_00000 MTRRfix64K_00000 If CPUID.O1H: 
EDX.MTRR[1 2] =1 
258H 600 | 1IA32_MTRR_FIX16K_80000 MTRRfix16K_80000 If CPUID.O1H: 
EDX.MTRR[1 2] =1 
259H 601 IA32_MTRR_FIX16K_A0000 MTRRfix16K_AQ000 If CPUID.O1H: 
EDX.MTRR[1 2] =1 
268H 616 | 1A32_MTRR_FIX4K_CO000 See Section 11.11.2.2, “Fixed Range If CPUID.O1H: 
(MTRRfix4K_COOOO ) MTRRs.” EDX.MTRR[1 2] =1 
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269H 617 IA32_MTRR_FIX4K_C8000 MTRRfix4K_C8000 If CPUID.O1H: 
EDX.MTRR[12] =1 
26AH 618 IA32_MTRR_FIX4K_DO000 MTRRfix4K_DOO00 If CPUID.O1H: 
EDX.MTRR[12] =1 
26BH 619 IA32_MTRR_FIX4K_D8000 MTRRfix4K_D8000 If CPUID.O1H: 
EDX.MTRR[12] =1 
26CH 620 IA32_MTRR_FIX4K_E0000 MTRRfix4K_EOO00 If CPUID.O1H: 
EDX.MTRR[12] =1 
26DH 621 IA32_MTRR_FIX4K_E8000 MTRRfix4K_E8000 If CPUID.O1H: 
EDX.MTRR[12] =1 
26EH 622 IA32_MTRR_FIX4K_FOO0O MTRRfix4K_FOOOO If CPUID.O1H: 
EDX.MTRR[12] =1 
26FH 623 IA32_MTRR_FIX4K_F8000 MTRRfix4K_F8000 If CPUID.O1H: 
EDX.MTRR[12] =1 
277H 631 IA32_PAT IA32_PAT (R/W) If CPUID.O1H: 
EDX.MTRR[16] =1 
2:0 PAO 
7:3 Reserved 
10:8 PA1 
15:11 Reserved 
18:16 PA2 
23:19 Reserved 
26:24 PA3 
31:27 Reserved 
34:32 PA4 
39:35 Reserved 
42:40 PAS 
47:43 Reserved 
50:48 PA6 
55:51 Reserved 
58:56 PA7 
63:59 Reserved 
280H 640 IA32_MCO_CTL2 MSR to enable/disable CMCI capability for If 1A32_MCG_CAP[10] = 1 
bank 0. (R/W) && IA32_MCG_CAP[7:0] > 
See Section 15.3.2.5, “IA32_MCi_CTL2 0 
MSRs". 
14:0 Corrected error count threshold. 
29:15 Reserved 
30 CMCI_EN 
63:31 Reserved 
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281H 641 


IA32_MC1_CTL2 


(R/w) Same fields as [A32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
1 


282H 642 


IA32_MC2_CTL2 


(R/w) Same fields as [A32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
2 


283H 643 


IA32_MC3_CTL2 


(R/w) Same fields as [A32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
3 


284H 644 


IA32_MC4_CTL2 


(R/w) Same fields as [A32_MCO_CTL2. 


If 1A32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
4 


285H 645 


286H 646 


IA32_MC5_CTL2 


IA32_MC6_CTL2 


(R/w) Same fields as [A32_MCO_CTL2. 


(R/w) Same fields as [A32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
5 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
6 


287H 647 


IA32_MC7_CTL2 


(R/w) Same fields as [A32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
7 


288H 648 


289H 649 


IA32_MC8_CTL2 


IA32_MC9_CTL2 


(R/W) Same fields as [A32_MCO_CTL2. 


(R/w) Same fields as [A32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
8 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
9 


28AH 650 


IA32_MC10_CTL2 


(R/w) Same fields as [A32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
10 


28BH 651 


28CH 652 


IA32_MC11_CTL2 


IA32_MC12_CTL2 


(R/w) Same fields as [A32_MCO_CTL2. 


(R/w) Same fields as [A32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
11 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
12 


28DH 653 


IA32_MC13_CTL2 


(R/wW) Same fields as IA32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
13 


28EH 654 


IA32_MC14_CTL2 


(R/w) Same fields as [A32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
14 


28FH 655 


IA32_MC15_CTL2 


(R/W) Same fields as [A32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
15 
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290H 656 


IA32_MC16_CTL2 


(R/w) Same fields as IA32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
16 


291H 657 


IA32_MC17_CTL2 


(R/w) Same fields as IA32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
17 


292H 658 


IA32_MC18_CTL2 


(R/w) Same fields as IA32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
18 


293H 659 


IA32_MC19_CTL2 


(R/w) Same fields as IA32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
19 


294H 660 


295H 661 


IA32_MC20_CTL2 


IA32_MC21_CTL2 


(R/w) Same fields as IA32_MCO_CTL2. 


(R/w) Same fields as IA32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
20 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
21 


296H 662 


IA32_MC22_CTL2 


(R/w) Same fields as IA32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
22 


297H 663 


298H 664 


IA32_MC23_CTL2 


IA32_MC24_CTL2 


(R/w) Same fields as IA32_MCO_CTL2. 


(R/w) Same fields as IA32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
23 


If A32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
24 


299H 665 


IA32_MC25_CTL2 


(R/w) Same fields as IA32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
25 


29AH 666 


29BH 667 


IA32_MC26_CTL2 


IA32_MC27_CTL2 


(R/W) Same fields as [A32_MCO_CTL2. 


(R/w) Same fields as [A32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
26 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
27 


29CH 668 


IA32_MC28_CTL2 


(R/w) Same fields as IA32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
28 


29DH 669 


IA32_MC29_CTL2 


(R/wW) Same fields as IA32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
29 


29EH 670 


IA32_MC30_CTL2 


(R/w) Same fields as IA32_MCO_CTL2. 


If IA32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
30 
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29FH 671 IA32_MC31_CTL2 (R/W) Same fields as IA32_MCO_CTL2. If [A32_MCG_CAP[10] = 1 
&& IA32_MCG_CAP[7:0] > 
31 
2FFH 767 ‘| |A32_MTRR_DEF_TYPE MTRRdefType (R/W) If CPUID.O1H: 
EDX.MTRR{[1 2] =1 
2:0 Default Memory Type 
9:3 Reserved 
10 Fixed Range MTRR Enable 
11 MTRR Enable 
63:12 Reserved 
309H 777 IA32_FIXED_CTRO Fixed-Function Performance Counter O If CPUID.OAH: EDX[4:0] > 0 
(R/W): Counts Instr_Retired.Any. 
30AH 778 IA32_FIXED_CTR1 Fixed-Function Performance Counter 1 If CPUID.OAH: EDX[4:0] > 1 
(R/W): Counts CPU_CLK_Unhalted.Core. 
30BH 779 IA32_FIXED_CTR2 Fixed-Function Performance Counter 2 If CPUID.OAH: EDX[4:0] > 2 
(R/W): Counts CPU_CLK_Unhalted.Ref. 
345H 837 | IA32_PERF_CAPABILITIES Read Only MSR that enumerates the If CPUID.O1H: ECX[15] = 1 
existence of performance monitoring 
features. (RO) 
5:0 LBR format 
6 PEBS Trap 
7 PEBSSaveArchRegs 
11:8 PEBS Record Format 
12 1: Freeze while SMM is supported. 
13 1: Full width of counter writable via 
IA32_A_PMCx. 
14 PEBS_BASELINE 
15 1: Performance metrics available. 
16 1: PEBS output will be written into the Intel | If CPUID.Ox7.0.EBX[25]=1 
PT trace stream. 
63:17 Reserved 
38DH 909 IA32_FIXED_CTR_CTRL Fixed-Function Performance Counter If CPUID.OAH: EAX[7:0] > 1 
Control (R/W) 
Counter increments while the results of 
ANDing respective enable bit in 
IA32_PERF_GLOBAL_CTRL with the 
corresponding OS or USR bits in this MSR is 
true. 
0 ENO_OS: Enable Fixed Counter O to count 
while CPL = 0. 
1 ENO_Usr: Enable Fixed Counter O to count 
while CPL > 0. 
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2 AnyThr0: When set to 1, it enables counting | If CPUID.OAH:EAX[7:0] > 2 
the associated event conditions occurring | && CPUID.OAH:EDX[15]=0 
across all logical processors sharing a 
processor core. When set to O, the counter 
only increments the associated event 
conditions occurring in the logical processor 


which programmed the MSR. 
3 ENO_PMI: Enable PMI when fixed counter O 
overflows. 
4 €N1_OS: Enable Fixed Counter 1to count 
while CPL = 0. 
5 E€N1_Usr: Enable Fixed Counter 1to count 
while CPL > 0. 
6 AnyThr1: When set to 1, it enables counting | If CPUID.OAH:EAX[7:0] > 2 


the associated event conditions occurring | && CPUID.OAH:EDX[15]=0 
across all logical processors sharing a 
processor core. When set to O, the counter 
only increments the associated event 
conditions occurring in the logical processor 


which programmed the MSR. 
7 EN1_PMI: Enable PMI when fixed counter 1 
overflows. 
8 EN2_OS: Enable Fixed Counter 2 to count 
while CPL = 0. 
9 EN2_Usr: Enable Fixed Counter 2 to count 
while CPL > 0. 
10 AnyThr2: When set to 1, it enables counting | If CPUID.OAH:EAX[7:0] > 2 


the associated event conditions occurring | && CPUID.OAH:EDX[15]=0 
across all logical processors sharing a 
processor core. When set to O, the counter 
only increments the associated event 
conditions occurring in the logical processor 


which programmed the MSR. 

11 EN2_PMI: Enable PMI when fixed counter 2 
overflows. 

12 EN3_OS: Enable Fixed Counter 3 to count 
while CPL = 0. 

13 EN3_Usr: Enable Fixed Counter 3 to count 
while CPL > 0. 

14 Reserved 

15 EN3_PMI: Enable PMI when fixed counter 3 
overflows. 

63:16 Reserved 
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38EH 910 | IA32_PERF_GLOBAL_STATUS Global Performance Counter Status (RO) If CPUID.OAH: EAX[7:0] > 0 


Il (CPUID.(EAX=07H, 
ECX=0):EBX[25] = 1 && 
CPUID.(EAX=014H, 
ECX=0):ECX[O] = 1) 


0 Ovf_PMCO: Overflow status of IA32_PMCO. | If CPUID.OAH: EAX[15:8] > 
0 
1 Ovf_PMC1: Overflow status of IA32_PMC1. | If CPUID.OAH: EAX[15:8] > 
1 
2 Ovf_PMC2: Overflow status of IA32_PMC2. | If CPUID.OAH: EAX[15:8] > 
2 
3 Ovf_PMC3: Overflow status of IA32_PMC3. | If CPUID.OAH: EAX[15:8] > 
3 
n Ovf_PMCn: Overflow status of IA32_PMCn. | If CPUID.OAH: EAX[15:8] > 
n 
31:n+1 Reserved 
32 Ovf_FixedCtr0: Overflow status of If CPUID.OAH: EAX[7:0] > 1 
IA32_FIXED_CTRO. 
33 Ovf_FixedCtr1: Overflow status of If CPUID.OAH: EAX[7:0] > 1 
IA32_FIXED_CTR1. 
34 Ovf_FixedCtr2: Overflow status of If CPUID.OAH: EAX[7:0] > 1 
IA32_FIXED_CTR2. 
47:35 Reserved 
48 OVF_PERF_METRICS: If this bit is set, it 
indicates that PERF_METRIC counter has 
overflowed and a PMI is triggered; however, 
an overflow of fixed counter 3 should 
normally happen first. If this bit is clear no 
overflow occurred. 
54:49 Reserved 
55 Trace_ToPA_PMI: A PMI occurred due toa | If CPUID.(EAX=07H, 
ToPA entry memory buffer that was ECX=0):EBX[25] = 1 && 
completely filled. CPUID.(EAX=01 4H, 
ECX=0):ECX[0] = 1 
57:56 Reserved 
58 LBR_Frz. LBRs are frozen due to: If CPUID.OAH: EAX[7:0] > 3 
» |A32_DEBUGCTL.FREEZE_LBR_ON_PMI=1. 
« The LBR stack overflowed. 
59 CTR_Frz. Performance counters in the core | If CPUID.OAH: EAX[7:0] > 3 


PMU are frozen due to: 


« |A32_DEBUGCTL.FREEZE_PERFMON_ON_ 
PMI=1. 

= One or more core PMU counters 
overflowed. 
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60 ASCI: Data in the performance counters in | If CPUID.(EAX=07H, 
the core PMU may include contributions ECX=0):EBX[2] = 1 
from the direct or indirect operation Intel 
SGX to protect an enclave. 
61 Ovf_Uncore: Uncore counter overflow If CPUID.OAH: EAX[7:0] > 2 
status. 
62 OvfBuf: DS SAVE area Buffer overflow If CPUID.OAH: EAX[7:0] > O 
status. 
63 CondChad: Status bits of this register have | If CPUID.OAH: EAX[7:0] > 0 
changed. 
38FH 911 IA32_PERF_GLOBAL_CTRL Global Performance Counter Control (R/W) | If CPUID.OAH: EAX[7:0] > 0 
Counter increments while the result of 
ANDing the respective enable bit in this 
MSR with the corresponding OS or USR bits 
in the general-purpose or fixed counter 
control MSR is true. 
0 EN_PMCO If CPUID.OAH: EAX[15:8] > 
0 
1 EN_PMC1 If CPUID.OAH: EAX[15:8] > 
1 
2 EN_PMC2 If CPUID.OAH: EAX[15:8] > 
2 
n EN_PMCn If CPUID.OAH: EAX[15:8] > 
n 
31:n+1 Reserved 
32 EN_FIXED_CTRO If CPUID.OAH: EDX[4:0] > 0 
33 EN_FIXED_CTR1 If CPUID.OAH: EDX[4:0] > 1 
34 EN_FIXED_CTR2 If CPUID.OAH: EDX[4:0] > 2 
47:35 Reserved 
48 EN_PERF_METRICS: If this bit is set and 
fixed counter 3 is effectively enabled, built- 
in performance metrics are enabled. 
63:49 Reserved 
390H 912 IA32_PERF_GLOBAL_OVF_CTRL Global Performance Counter Overflow If CPUID.OAH: EAX[7:0] > O 
Control (R/W) && CPUID.OAH: EAX[7:0] 
<=3 
0 Set 1 to Clear Ovf_PMCO bit. If CPUID.OAH: EAX[15:8] > 
0 
1 Set 1 to Clear Ovf_PMC1 bit. If CPUID.OAH: EAX[15:8] > 
1 
2 Set 1 to Clear Ovf_PMC2 bit. If CPUID.OAH: EAX[15:8] > 
2 
n Set 1 to Clear Ovf_PMCn bit. If CPUID.OAH: EAX[15:8] > 
n 


Vol.4 2-29 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-2. IA-32 Architectural MSRs (Contd.) 


Register Architectural MSR Name / Bit Fields 
Address (Former MSR Name) MSR/Bit Description Comment 
Hex | Decimal 
31:n Reserved 
32 Set 1 to Clear Ovf_FIXED_CTRO bit. If CPUID.OAH: EDX[4:0] > 0 
33 Set 1 to Clear Ovf_FIXED_CTR1 bit. If CPUID.OAH: EDX[4:0] > 1 
34 Set 1 to Clear Ovf_FIXED_CTR2 bit. If CPUID.OAH: EDX[4:0] > 2 
54:35 Reserved 
55 Set 1 to Clear Trace_ToPA_PMI bit. If (CPUID.(EAX=07H, 
ECX=0):EBX[25] = 1) && 
IA32_RTIT_CTL.ToPA = 1 
60:56 Reserved 
61 Set 1 to Clear Ovf_Uncore bit. 06_2EH 
62 Set 1 to Clear OvfBuf bit. If CPUID.OAH: EAX[7:0] > 0 
63 Set 1 to clear CondChgd bit. If CPUID.OAH: EAX[7:0] > 0 
390H 912 IA32_PERF_GLOBAL_STATUS_RESET | Global Performance Counter Overflow If CPUID.OAH: EAX[7:0] > 3 


Reset Control (R/W) 


Il (CPUID.(EAX=07H, 
ECX=0):EBX[25] = 1 && 
CPUID.(EAX=01 4H, 
ECX=0):ECX[O] = 1) 


0 Set 1 to Clear Ovf_PMCO bit. If CPUID.OAH: EAX[15:8] > 
0 
1 Set 1 to Clear Ovf_PMC1 bit. If CPUID.OAH: EAX[1 5:8] > 
1 
2 Set 1 to Clear Ovf_PMC2 bit. If CPUID.OAH: EAX[1 5:8] > 
2 
n Set 1 to Clear Ovf_PMCn bit. If CPUID.OAH: EAX[15:8] > 
n 
31:n Reserved 
32 Set 1 to Clear Ovf_FIXED_CTRO bit. If CPUID.OAH: EDX[4:0] > 0 
33 Set 1 to Clear Ovf_FIXED_CTR1 bit. If CPUID.OAH: EDX[4:0] > 1 
34 Set 1 to Clear Ovf_FIXED_CTR2 bit. If CPUID.OAH: EDX[4:0] > 2 
47:35 Reserved 
48 RESET_OVF_PERF_METRICS: If this bit is 
set, it will clear the status bit in the 
IA32_PERF_GLOBAL_STATUS register for 
the PERF_METRICS counters. 
54:49 Reserved 
55 Set 1 to Clear Trace_ToPA_PMI bit. If CPUID.(EAX=07H, 
ECX=0):EBX[25] = 1 && 
CPUID.(EAX=014H, 
ECX=0):ECX[0] = 1 
57:56 Reserved 
58 Set 1 to Clear LBR_Frz bit. If CPUID.OAH: EAX[7:0] > 3 
59 Set 1 to Clear CTR_Frz bit. If CPUID.OAH: EAX[7:0] > 3 
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58 Set 1 to Clear ASCI bit. If CPUID.OAH: EAX[7:0] > 3 
61 Set 1 to Clear Ovf_Uncore bit. 06_2EH 
62 Set 1 to Clear OvfBuf bit. If CPUID.OAH: EAX[7:0] > 0 
63 Set 1 to clear CondChgd bit. If CPUID.OAH: EAX[7:0] > 0 
391H 913 IA32_PERF_GLOBAL_STATUS_SET Global Performance Counter Overflow Set | If CPUID.OAH: EAX[7:0] > 3 
Control (R/W) Il (CPUID.(EAX=07H, 
ECX=0):EBX[25] = 1 && 
CPUID.(EAX=014H, 
ECX=0):ECX[0] = 1) 
0 Set 1 to cause Ovf_PMCO = 1. If CPUID.OAH: EAX[7:0] > 3 
1 Set 1 to cause Ovf_PMC1 = 1. If CPUID.OAH: EAX[15:8] > 
1 
2 Set 1 to cause Ovf_PMC2 = 1. If CPUID.OAH: EAX[15:8] > 
2 
n Set 1 to cause Ovf_PMCn = 1. If CPUID.OAH: EAX[15:8] > 
n 
31:n Reserved 
32 Set 1 to cause Ovf_FIXED_CTRO = 1. If CPUID.OAH: EAX[7:0] > 3 
33 Set 1 to cause Ovf_FIXED_CTR1 = 1. If CPUID.OAH: EAX[7:0] > 3 
34 Set 1 to cause Ovf_FIXED_CTR2 = 1. If CPUID.OAH: EAX[7:0] > 3 
47:35 Reserved 
48 SET_OVF_PERF_METRICS: If this bit is set, 
it will set the status bit in the 
IA32_PERF_GLOBAL_STATUS register for 
the PERF_METRICS counters. 
54:49 Reserved 
55 Set 1 to cause Trace_ToPA_PMI = 1. If CPUID.(EAX=07H, 
ECX=0):EBX[25] = 1 && 
CPUID.(EAX=014H, 
ECX=0):ECX[0] = 1 
57:56 Reserved 
58 Set 1 to cause LBR_Frz = 1. If CPUID.OAH: EAX[7:0] > 3 
59 Set 1 to cause CTR_Frz = 1. If CPUID.OAH: EAX[7:0] > 3 
58 Set 1 to cause ASCI = 1. If CPUID.OAH: EAX[7:0] > 3 
61 Set 1 to cause Ovf_Uncore = 1. If CPUID.OAH: EAX[7:0] > 3 
62 Set 1 to cause OvfBuf = 1. If CPUID.OAH: EAX[7:0] > 3 
63 Reserved 
392H 914 | IA32_PERF_GLOBAL_INUSE Indicator that core perfmon interface is in | If CPUID.OAH: EAX[7:0] > 3 
use. (RO) 
0 IA32_PERFEVTSELO in use. 
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1 IA32_PERFEVTSEL1 in use. If CPUID.OAH: EAX[15:8] > 
1 
2 IA32_PERFEVTSEL2 in use. If CPUID.OAH: EAX[15:8] > 
2 
n IA32_PERFEVTSELn in use. If CPUID.OAH: EAX[15:8] > 
n 
31:n+1 Reserved 
32 IA32_FIXED_CTRO in use. 
33 1A32_FIXED_CTR1 in use. 
34 1A32_FIXED_CTR2 in use. 
62:35 Reserved or model specific. 
63 PMI in use. 
3F1H | 1009 | IA32_PEBS_ENABLE PEBS Control (R/W) 
0 Enable PEBS on IA32_PMCO. 06_OFH 
3:1 Reserved or model specific. 
31:4 Reserved 
35:32 Reserved or model specific. 
63:36 Reserved 
400H | 1024 | IA32_MCO_CTL MCO_CTL If IA32_MCG_CAP.CNT >0 
401H | 1025 | 1IA32_MCO_STATUS MCO_STATUS If IA32_MCG_CAP.CNT >0 
402H | 1026 | 1IA32_MCO_ADDR MCO_ADDR If IA32_MCG_CAP.CNT >0 
403H | 1027 | IA32_MCO_MISC MCO_MISC If IA32_MCG_CAP.CNT >0 
404H | 1028 | IA32_MC1_CTL MC1_CTL If IA32_MCG_CAP.CNT >1 
405H | 1029 | IA32_MC1_STATUS MC1_STATUS If IA32_MCG_CAP.CNT >1 
406H | 1030 | 1A32_MC1_ADDR@ MC1_ADDR If IA32_MCG_CAP.CNT >1 
407H | 1031 | IA32_MC1_MISC MC1_MISC If IA32_MCG_CAP.CNT >1 
408H | 1032 | IA32_MC2_CTL MC2_CTL If IA32_MCG_CAP.CNT >2 
409H | 1033 | IA32_MC2_STATUS MC2_STATUS If IA32_MCG_CAP.CNT >2 
40AH | 1034 | 1A32_MC2_ADDR? MC2_ADDR If IA32_MCG_CAP.CNT >2 
40BH | 1035 | IA32_MC2_MISC MC2_MISC If IA32_MCG_CAP.CNT >2 
40CH | 1036 | IA32_MC3_CTL MC3_CTL If IA32_MCG_CAP.CNT >3 
40DH | 1037 | 1A32_MC3_STATUS MC3_STATUS If IA32_MCG_CAP.CNT >3 
40EH | 1038 | IA32_MC3_ADDR? MC3_ADDR If IA32_MCG_CAP.CNT >3 
40FH | 1039 | IA32_MC3_MISC MC3_MISC If IA32_MCG_CAP.CNT >3 
410H | 1040 | IA32_MC4_CTL MC4_CTL If IA32_MCG_CAP.CNT >4 
411H | 1041 | IA32_MC4_STATUS MC4_STATUS If IA32_MCG_CAP.CNT >4 
412H | 1042 | 1A32_MC4_ADDR Mc4_ADDR If IA32_MCG_CAP.CNT >4 
413H | 1043 | IA32_MC4_MISC MC4_MISC If IA32_MCG_CAP.CNT >4 
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414H | 1044 | 1A32_MC5_CTL MC5_CTL If IA32_MCG_CAP.CNT >5 
415H | 1045 | IA32_MC5_STATUS MC5_STATUS If IA32_MCG_CAP.CNT >5 
416H | 1046 | 1A32_MC5_ADDR MC5_ADDR If IA32_MCG_CAP.CNT >5 
417H | 1047 | IA32_MC5_MISC MC5_MISC If IA32_MCG_CAP.CNT >5 
418H | 1048 | IA32_MC6_CTL MC6_CTL If IA32_MCG_CAP.CNT >6 
419H | 1049 | IA32_MC6_STATUS MC6_STATUS If IA32_MCG_CAP.CNT >6 
41AH | 1050 | 1A32_MC6_ADDR? MC6_ADDR If IA32_MCG_CAP.CNT >6 
41BH | 1051 | IA32_MC6_MISC MC6_MISC If IA32_MCG_CAP.CNT >6 
41CH | 1052 | IA32_MC7_CTL MC7_CTL If IA32_MCG_CAP.CNT >7 
41DH | 1053 | 1A32_MC7_STATUS MC7_STATUS If IA32_MCG_CAP.CNT >7 
41€H | 1054 | IA32_MC7_ADDR? MC7_ADDR If IA32_MCG_CAP.CNT >7 
41FH | 1055 | IA32_MC7_MISC MC7_MISC If IA32_MCG_CAP.CNT >7 
420H | 1056 | 1A32_MC8_CTL MC8_CTL If IA32_MCG_CAP.CNT >8 
421H | 1057 | 1IA32_MC8_STATUS MC8_STATUS If IA32_MCG_CAP.CNT >8 
422H | 1058 | IA32_MC8_ADDR2 MC8_ADDR If IA32_MCG_CAP.CNT >8 
423H | 1059 | IA32_MC8_MISC MC8_MISC If IA32_MCG_CAP.CNT >8 
424H | 1060 | IA32_MC9_CTL MC9_CTL If IA32_MCG_CAP.CNT >9 
425H | 1061 | IA32_MC9_STATUS MC9_STATUS If IA32_MCG_CAP.CNT >9 
426H | 1062 | IA32_MC9_ADDR MC9_ADDR If IA32_MCG_CAP.CNT >9 
427H | 1063 | IA32_MC9_MISC MC9_MISC If IA32_MCG_CAP.CNT >9 
428H | 1064 | IA32_MC10_CTL MC10_CTL If IA32_MCG_CAP.CNT >10 
429H | 1065 | 1A32_MC10_STATUS MC10_STATUS If IA32_MCG_CAP.CNT >10 
42AH | 1066 | IA32_MC10_ADDR4 MC10_ADDR If IA32_MCG_CAP.CNT >10 
42BH | 1067 | IA32_MC10_MISC MC10_MISC If IA32_MCG_CAP.CNT >10 
42CH | 1068 | IA32_MC11_CTL MC11_CTL If IA32_MCG_CAP.CNT >11 
42DH | 1069 | IA32_MC11_STATUS MC11_STATUS If IA32_MCG_CAP.CNT >11 
42€H | 1070 | 1IA32_MC11_ADDR? MC11_ADDR If IA32_MCG_CAP.CNT >11 
42FH | 1071 | IA32_MC11_MISC MC11_MISC If IA32_MCG_CAP.CNT >11 
430H | 1072 | 1IA32_MC12_CTL MC12_CTL If IA32_MCG_CAP.CNT >12 
431H | 1073 | 1IA32_MC12_STATUS MC12_STATUS If IA32_MCG_CAP.CNT >12 
432H | 1074 | 1A32_MC12_ADDR4 MC12_ADDR If IA32_MCG_CAP.CNT >12 
433H | 1075 | IA32_MC12_MISC MC12_MISC If IA32_MCG_CAP.CNT >12 
434H | 1076 | 1A32_MC13_CTL MC13_CTL If IA32_MCG_CAP.CNT >13 
435H | 1077 | 1A32_MC13_STATUS MC13_STATUS If IA32_MCG_CAP.CNT >13 
436H | 1078 | 1IA32_MC13_ADDR MC13_ADDR If IA32_MCG_CAP.CNT >13 
437H | 1079 | IA32_MC13_MISC MC13_MISC If IA32_MCG_CAP.CNT >13 
438H | 1080 | IA32_MC14_CTL MC14_CTL If IA32_MCG_CAP.CNT >14 
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439H | 1081 | IA32_MC14_STATUS MC14_STATUS If IA32_MCG_CAP.CNT >14 
43AH | 1082 | 1A32_MC14_ADDR? MC14_ADDR If IA32_MCG_CAP.CNT >14 
43BH | 1083 | IA32_MC14_MISC MC14_MISC If IA32_MCG_CAP.CNT >14 
43CH | 1084 | IA32_MC15_CTL MC15_CTL If IA32_MCG_CAP.CNT >15 
43DH | 1085 | IA32_MC15_STATUS MC15_STATUS If IA32_MCG_CAP.CNT >15 
43€H | 1086 | 1A32_MC15_ADDR2 MC15_ADDR If IA32_MCG_CAP.CNT >15 
43FH | 1087 | IA32_MC15_MISC MC15_MISC If IA32_MCG_CAP.CNT >15 
440H | 1088 | IA32_MC16_CTL MC16_CTL If IA32_MCG_CAP.CNT >16 
441H | 1089 | IA32_MC16_STATUS MC16_STATUS If IA32_MCG_CAP.CNT >16 
442H | 1090 | 1IA32_MC16_ADDR4 MC16_ADDR If IA32_MCG_CAP.CNT >16 
443H | 1091 | IA32_MC16_MISC MC16_MISC If IA32_MCG_CAP.CNT >16 
444H | 1092 | 1IA32_MC17_CTL MC17_CTL If IA32_MCG_CAP.CNT >17 
445H | 1093 | IA32_MC17_STATUS MC17_STATUS If IA32_MCG_CAP.CNT >17 
446H | 1094 | 1IA32_MC17_ADDR MC17_ADDR If IA32_MCG_CAP.CNT >17 
447H | 1095 | IA32_MC17_MISC MC17_MISC If IA32_MCG_CAP.CNT >17 
448H | 1096 | IA32_MC18_CTL MC18_CTL If IA32_MCG_CAP.CNT >18 
449H | 1097 | IA32_MC18_STATUS MC18_STATUS If IA32_MCG_CAP.CNT >18 
44AH | 1098 | 1A32_MC18_ADDRZ MC18_ADDR If IA32_MCG_CAP.CNT >18 
44BH | 1099 | IA32_MC18_MISC MC18_MISC If IA32_MCG_CAP.CNT >18 
44CH | 1100 | 1IA32_MC19_CTL MC19_CTL If IA32_MCG_CAP.CNT >19 
44DH | 1101 | 1A32_MC19_STATUS MC19_STATUS If IA32_MCG_CAP.CNT >19 
44€H | 1102 | 1A32_MC19_ADDR2 MC19_ADDR If IA32_MCG_CAP.CNT >19 
44FH | 1103 | IA32_MC19_MISC MC19_MISC If IA32_MCG_CAP.CNT >19 
450H | 1104 | IA32_MC20_CTL MC20_CTL If IA32_MCG_CAP.CNT >20 
451H | 1105 | IA32_MC20_STATUS MC20_STATUS If IA32_MCG_CAP.CNT >20 
452H | 1106 | 1A32_MC20_ADDR4 MC20_ADDR If IA32_MCG_CAP.CNT >20 
453H | 1107 | IA32_MC20_MISC MC20_MISC If IA32_MCG_CAP.CNT >20 
454H | 1108 | 1IA32_MC21_CTL MC21_CTL If IA32_MCG_CAP.CNT >21 
455H | 1109 | IA32_MC21_STATUS MC21_STATUS If IA32_MCG_CAP.CNT >21 
456H | 1110 | 1A32_MC21_ADDR2 MC21_ADDR If IA32_MCG_CAP.CNT >21 
457H | 1111. | IA32_MC21_MISC MC21_MISC If IA32_MCG_CAP.CNT >21 
458H | 1112 | IA32_MC22_CTL MC22_CTL If IA32_MCG_CAP.CNT >22 
459H | 1113 | IA32_MC22_STATUS MC22_STATUS If IA32_MCG_CAP.CNT >22 
45AH | 1114 | 1A32_MC22_ADDR? MC22_ADDR If IA32_MCG_CAP.CNT >22 
45BH | 1115 | IA32_MC22_MISC MC22_MISC If IA32_MCG_CAP.CNT >22 
45CH | 1116 | IA32_MC23_CTL MC23_CTL If IA32_MCG_CAP.CNT >23 
45DH | 1117 | 1A32_MC23_STATUS MC23_STATUS If IA32_MCG_CAP.CNT >23 
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45€H | 1118 | IA32_MC23_ADDR2 MC23_ADDR If IA32_MCG_CAP.CNT >23 
45FH | 1119 | IA32_MC23_MISC MC23_MISC If IA32_MCG_CAP.CNT >23 
460H | 1120 | IA32_MC24_CTL MC24_CTL If IA32_MCG_CAP.CNT >24 
461H | 1121 | 1IA32_MC24_STATUS MC24_STATUS If IA32_MCG_CAP.CNT >24 
462H | 1122 | IA32_MC24_ADDR4 MC24_ADDR If IA32_MCG_CAP.CNT >24 
463H | 1123 | IA32_MC24_MISC MC24_MISC If IA32_MCG_CAP.CNT >24 
464H | 1124 | IA32_MC25_CTL MC25_CTL If IA32_MCG_CAP.CNT >25 
465H | 1125 | IA32_MC25_STATUS MC25_STATUS If IA32_MCG_CAP.CNT >25 
466H | 1126 | 1A32_MC25_ADDR MC25_ADDR If IA32_MCG_CAP.CNT >25 
467H | 1127 | 1IA32_MC25_MISC MC25_MISC If IA32_MCG_CAP.CNT >25 
468H | 1128 | IA32_MC26_CTL MC26_CTL If IA32_MCG_CAP.CNT >26 
469H | 1129 | IA32_MC26_STATUS MC26_STATUS If IA32_MCG_CAP.CNT >26 
46AH | 1130 | 1A32_MC26_ADDR? MC26_ADDR If IA32_MCG_CAP.CNT >26 
46BH | 1131 | IA32_MC26_MISC MC26_MISC If IA32_MCG_CAP.CNT >26 
46CH | 1132 | IA32_MC27_CTL MC27_CTL If IA32_MCG_CAP.CNT >27 
46DH | 1133 | IA32_MC27_STATUS MC27_STATUS If IA32_MCG_CAP.CNT >27 
46EH | 1134 | IA32_MC27_ADDR? MC27_ADDR If IA32_MCG_CAP.CNT >27 
46FH | 1135 | IA32_MC27_MISC MC27_MISC If IA32_MCG_CAP.CNT >27 
470H | 1136 | 1A32_MC28_CTL MC28_CTL If IA32_MCG_CAP.CNT >28 
471H | 1137 | 1A32_MC28_STATUS MC28_STATUS If IA32_MCG_CAP.CNT >28 
472H | 1138 | 1A32_MC28_ADDR2 MC28_ADDR If IA32_MCG_CAP.CNT >28 
473H | 1139 | 1IA32_MC28_MISC MC28_MISC If IA32_MCG_CAP.CNT >28 
480H | 1152 | IA32_VMX_BASIC Reporting Register of Basic VMX If CPUID.O1H:ECX[5] = 1 

Capabilities (R/O) 

See Appendix A.1, “Basic VMX Information.” 
481H | 1153 | IA32_VMX_PINBASED_CTLS Capability Reporting Register of Pin-Based | If CPUID.O1H:ECX.[5] = 1 

VM-Execution Controls (R/O) 

See Appendix A.3.1, “Pin-Based VM- 

Execution Controls.” 
482H 1154 | 1IA32_VMX_PROCBASED_CTLS Capability Reporting Register of Primary If CPUID.O1H:ECX.[5] = 1 

Processor-Based VM-Execution Controls 

(R/O) 

See Appendix A.3.2, “Primary Processor- 

Based VM-Execution Controls.” 
483H 1155 | IA32_VMX_EXIT_CTLS Capability Reporting Register of Primary If CPUID.O1H:ECX.[5] = 1 

V/M-Exit Controls (R/O) 

See Appendix A.4.1, “Primary VM-Exit 

Controls.” 
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484H 1156 | [A32_VMX_ENTRY_CTLS Capability Reporting Register of VM-Entry | If CPUID.O1H:ECX.[5] = 1 
Controls (R/O) 
See Appendix A.5, “VM-Entry Controls.” 
485H 1157 | IA32_VMX_MISC Reporting Register of Miscellaneous VMX If CPUID.O1H:ECX.[5] = 1 
Capabilities (R/O) 
See Appendix A.6, “Miscellaneous Data.” 
486H 1158 | [A32_VMX_CRO_FIXEDO Capability Reporting Register of CRO Bits If CPUID.O1H:ECX[5] = 1 
Fixed to O (R/O) 
See Appendix A.7, “VMX-Fixed Bits in CRO.” 
487H 1159 | IA32_VMX_CRO_FIXED1 Capability Reporting Register of CRO Bits If CPUID.O1H:ECX[5] = 1 
Fixed to 1 (R/O) 
See Appendix A.7, “VMX-Fixed Bits in CRO.” 
488H 1160 | IA32_VMX_CR4_FIXEDO Capability Reporting Register of CR4 Bits If CPUID.O1H:ECX[5] = 1 
Fixed to 0 (R/O) 
See Appendix A.8, “VMX-Fixed Bits in CR4.” 
489H 1161 | IA32_VMX_CR4_FIXED1 Capability Reporting Register of CR4 Bits If CPUID.O1H:ECX[5] = 1 
Fixed to 1 (R/O) 
See Appendix A.8, “VMX-Fixed Bits in CR4.” 
48AH 1162 | IA32_VMX_VMCS_ENUM Capability Reporting Register of VMCS Field | If CPUID.O1H:ECX[5] = 1 
Enumeration (R/O) 
See Appendix A.9, “VMCS Enumeration.” 
48BH 1163 | IA32_VMX_PROCBASED_CTLS2 Capability Reporting Register of Secondary | If ( CPUID.O1H:ECX.[5] && 
Processor-Based VM-Execution Controls IA32_VMX_PROCBASED_C 
(R/O) TLS[63]) 
See Appendix A.3.3, “Secondary Processor- 
Based VM-Execution Controls.” 
48CH 1164 | 1A32_VMX_EPT_VPID_CAP Capability Reporting Register of EPT and If ( CPUID.O1H:ECX.[5] && 
VPID (R/O) IA32_VMX_PROCBASED_C 
See Appendix A.10, “VPID and EPT TLS[63] && ( 
Capabilities.” IA32_VMX_PROCBASED_C 
TLS2[33] || 
IA32_VMX_PROCBASED_C 
TLS2[37]) ) 
48DH 1165 | 1IA32_VMX_TRUE_PINBASED_CTLS Capability Reporting Register of Pin-Based | If (CPUID.O1H:ECX.[5] = 1 
VM-Execution Flex Controls (R/O) && IA32_VMX_BASIC[55] ) 
See Appendix A.3.1, “Pin-Based VM- 
Execution Controls.” 
48€H 1166 | 1A32_VMX_TRUE_PROCBASED_CTLS | Capability Reporting Register of Primary If( CPUID.O1H:ECX.[5] = 1 
Processor-Based VM-Execution Flex && IA32_VMX_BASIC[55] ) 
Controls (R/O) 
See Appendix A.3.2, “Primary Processor- 
Based VM-Execution Controls.” 
48FH 1167 | 1A32_VMX_TRUE_EXIT_CTLS Capability Reporting Register of VM-Exit If( CPUID.O1H:ECX.[5] = 1 
Flex Controls (R/O) && IA32_VMX_BASIC[55] ) 
See Appendix A.4, “VM-Exit Controls.” 
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430H 1168 | IA32_VMX_TRUE_ENTRY_CTLS Capability Reporting Register of VM-Entry | If( CPUID.O1H:ECX.[5] = 1 
Flex Controls (R/O) && IA32_VMX_BASIC[55] ) 
See Appendix A.5, “VM-Entry Controls.” 
491H 1169 | IA32_VMX_VMFUNC Capability Reporting Register of VM- If( CPUID.O1H:ECX.[5] = 1 
Function Controls (R/O) && IA32_VMX_BASIC[55] ) 
492H 1170 | 1IA32_VMX_PROCBASED_CTLS3 Capability Reporting Register of Tertiary If ( CPUID.O1H:ECX.[5] && 
Processor-Based V/M-Execution Controls IA32_VMX_PROCBASED_C 
(R/O) TLS[49}) 
See Appendix A.3.4, “Tertiary Processor- 
Based VM-Execution Controls.” 
493H 1171 | IA32_VMX_EXIT_CTLS2 Capability Reporting Register of Secondary | If ( CPUID.O1H:ECX.[5] && 
VM-Exit Controls (R/O) IA32_VMX_EXIT_CTLS[63) 
See Appendix A.4.2, “Secondary VM-Exit 
Controls.” 
4C1H 1217 | 1A32_A_PMCO Full Width Writable [A32_PMCO Alias (R/W) _| (If CPUID.OAH: EAX[1 5:8] > 
0) && 
IA32_PERF_CAPABILITIES[ 
13]=1 
4C2H 1218 | 1IA32_A_PMC1 Full Width Writable [A32_PMC1 Alias (R/W) | (If CPUID.OAH: EAX[1 5:8] > 
1) && 
IA32_PERF_CAPABILITIES[ 
13] =1 
4C3H 1219 | IA32_A_PMC2 Full Width Writable [A32_PMC2 Alias (R/W) _| (If CPUID.OAH: EAX[1 5:8] > 
2) && 
IA32_PERF_CAPABILITIES[ 
13] =1 
4C4H 1220 | IA32_A_PMC3 Full Width Writable [A32_PMC3 Alias (R/W) _| (If CPUID.OAH: EAX[1 5:8] > 
3) && 
IA32_PERF_CAPABILITIES[ 
13] =1 
4C5H 1221 | 1A32_A_PMC4 Full Width Writable |[A32_PMC4 Alias (R/W) _| (If CPUID.OAH: EAX[1 5:8] > 
4) && 
IA32_PERF_CAPABILITIES[ 
13] =1 
4C6H 1222 | 1A32_A_PMC5 Full Width Writable |[A32_PMC5 Alias (R/W) | (If CPUID.OAH: EAX[1 5:8] > 
5) && 
IA32_PERF_CAPABILITIES[ 
13] =1 
4C7H 1223 | 1A32_A_PMC6 Full Width Writable |A32_PMC6 Alias (R/W) _| (If CPUID.OAH: EAX[1 5:8] > 
6) && 
IA32_PERF_CAPABILITIES[ 
13] =1 
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4C8H 1224 | 1A32_A_PMC7 Full Width Writable [A32_PMC7 Alias (R/W) _| (If CPUID.OAH: EAX[1 5:8] > 
7) && 
IA32_PERF_CAPABILITIES[ 
13]=1 
4DOH 1232 | IA32_MCG_EXT_CTL Allows software to signal some MCEs to If 1A32_MCG_CAP.LMCE_P 
only a single logical processor in the =1 
system. (R/W) 
See Section 15.3.1.4, “IA32_MCG_EXT_CTL 
MSR”. 
0 LMCE_EN 
63:1 Reserved 
500H 1280 | IA32_SGX_SVN_STATUS Status and SVN Threshold of SGX Support | If CPUID.(EAX=07H, 
for ACM (RO). ECX=0H): EBX[2] = 1 
0 Lock See Section 38.1 1.3, 
“Interactions with 
Authenticated Code 
Modules (ACMs)”. 
15:1 Reserved 
23:16 SGX_SVN_SINIT See Section 38.1 1.3, 
“Interactions with 
Authenticated Code 
Modules (ACMs)”. 
63:24 Reserved 
560H 1376 | IA32_RTIT_OUTPUT_BASE Trace Output Base Register (R/W) If ((CPUID.(EAX=07H, 
ECX=0):EBX[25] = 1) && ( 
(CPUID.(EAX=14H,ECX=0):E 
CX[0] = 1) II 
(CPUID.(EAX=14H,ECX=0):E 
Cx[2] = 1) )) 
6:0 Reserved 
MAXPHYADDR*-1:7 Base physical address. 
63:MAXPHYADDR Reserved 
561H 1377 | |A32_RTIT_OUTPUT_MASK_PTRS Trace Output Mask Pointers Register (R/W) | If ((CPUID.(EAX=07H, 
ECX=0):EBX[25] = 1) && ( 
(CPUID.(EAX=14H,ECX=0):E 
CX[0] = 1) Il 
(CPUID.(EAX=14H,ECX=0):E 
Cx[2] = 1) )) 
6:0 Reserved 
31:7 MaskOrTableOffset 
63:32 Output Offset 
570H 1392 | IA32_RTIT_CTL Trace Control Register (R/W) If (CPUID.(EAX=07H, 
ECX=0):EBX[25] = 1) 
0 TraceEn 
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1 CYCEn If (CPUID.(EAX=07H, 
ECX=0):EBX[1] = 1) 
2 OS 
User 
4 Pwr€vtEn If (CPUID.(EAX=07H, 
ECX=1):EBX[5] = 1) 
5 FUPonPTW If (CPUID.(EAX=07H, 
ECX=1):EBX[4] = 1) 
6 FabricEn If (CPUID.(EAX=07H, 
ECX=0):ECX[3] = 1) 
CR3 filter 
ToPA 
MTCEn If (CPUID.(EAX=07H, 
ECX=0):EBX[3] = 1) 
10 TSCEn 
11 DisRETC 
12 PTWEn If (CPUID.(EAX=07H, 
ECX=1):EBX[4] = 1) 
13 BranchEn 
17:14 MTCFreq If (CPUID.(EAX=07H, 
ECX=0):EBX[3] = 1) 
18 Reserved, must be zero. 
22:19 cyCThresh If (CPUID.(EAX=07H, 
ECX=0):EBX[1] = 1) 
23 Reserved, must be zero. 
27:24 PSBFreq If (CPUID.(EAX=07H, 
ECX=0):EBX[1] = 1) 
31:28 Reserved, must be zero. 
35:32 ADDRO_CFG If (CPUID.(EAX=07H, 
ECX=1):EAX[2:0] > 0) 
39:36 ADDR1_CFG If (CPUID.(EAX=07H, 
ECX=1):EAX[2:0] > 1) 
43:40 ADDR2_CFG If (CPUID.(EAX=07H, 
ECX=1):EAX[2:0] > 2) 
47:44 ADDR3_CFG If (CPUID.(EAX=07H, 
ECX=1):EAX[2:0] > 3) 
55:48 Reserved, must be zero. 
56 InjectPsbPmiOnEnable If (CPUID.(EAX=07H, 
ECX=1):EBX[6] = 1) 
63:57 Reserved, must be zero. 
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571H 1393 | IA32_RTIT_STATUS Tracing Status Register (R/W) If (CPUID.(EAX=07H, 
ECX=0):EBX[25] = 1) 
0 FilterEn (writes ignored) If (CPUID.(EAX=07H, 
ECX=0):EBX[2] = 1) 
1 ContexEn (writes ignored) 
2 TriggerEn (writes ignored) 
3 Reserved 
4 Error 
5 Stopped 
6 PendPSB If (CPUID.(EAX=07H, 
ECX=0):EBX[6] = 1) 
7 PendToPAPMI If (CPUID.(EAX=07H, 
ECX=0):EBX[6] = 1) 
31:8 Reserved, must be zero. 
48:32 PacketByteCnt If (CPUID.(EAX=07H, 
ECX=0):EBX[1] > 3) 
63:49 Reserved 
572H 1394 | IA32_RTIT_CR3_MATCH Trace Filter CR3 Match Register (R/W) If (CPUID.(EAX=07H, 
ECX=0):EBX[25] = 1) 
4:0 Reserved 
63:5 CR3[63:5] value to match. 
580H 1408 | IA32_RTIT_ADDRO_A Region O Start Address (R/W) If (CPUID.(EAX=07H, 
ECX=1):EAX[2:0] > 0) 
47:0 Virtual Address 
63:48 SignExt_VA 
581H 1409 | IA32_RTIT_ADDRO_B Region O End Address (R/W) If (CPUID.(EAX=07H, 
ECX=1):EAX[2:0] > 0) 
47:0 Virtual Address 
63:48 SignExt_VA 
582H 1410 | IA32_RTIT_ADDR1_A Region 1 Start Address (R/W) If (CPUID.(EAX=07H, 
ECX=1):EAX[2:0] > 1) 
47:0 Virtual Address 
63:48 SignExt_VA 
583H 1411 | IA32_RTIT_ADDR1_B Region 1 End Address (R/W) If (CPUID.(EAX=07H, 
ECX=1):EAX[2:0] > 1) 
47:0 Virtual Address 
63:48 SignExt_VA 
584H 1412 | IA32_RTIT_ADDR2_A Region 2 Start Address (R/W) If (CPUID.(EAX=07H, 
ECX=1):EAX[2:0] > 2) 
47:0 Virtual Address 
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63:48 SignExt_VA 
585H 1413 | IA32_RTIT_ADDR2_B Region 2 End Address (R/W) If (CPUID.(EAX=07H, 
ECX=1):EAX[2:0] > 2) 
47:0 Virtual Address 
63:48 SignExt_VA 
586H 1414 | 1IA32_RTIT_ADDR3_A Region 3 Start Address (R/W) If (CPUID.(EAX=07H, 
ECX=1):EAX[2:0] > 3) 
47:0 Virtual Address 
63:48 SignExt_VA 
587H 1415 | IA32_RTIT_ADDR3_B Region 3 End Address (R/W) If (CPUID.(EAX=07H, 
ECX=1):EAX[2:0] > 3) 
47:0 Virtual Address 
63:48 SignExt_VA 
600H 1536 | 1A32_DS_AREA DS Save Area (R/W) If( CPUID.01H:EDX.DS[2 1] = 
Points to the linear address of the first byte 1 
of the DS buffer management area, which 
is used to manage the BTS and PEBS 
buffers. 
See Section 19.6.3.4, “Debug Store (DS) 
Mechanism." 
63:0 The linear address of the first byte of the 
DS buffer management area, if |A-32e 
mode is active. 
31:0 The linear address of the first byte of the 
DS buffer management area, if not in IA- 
32e mode. 
63:32 Reserved if not in IA-32e mode. 
6A0H 1696 | IA32_U_CET Configure User Mode CET (R/W) Bits 1:0 are defined if 
CPUID.(EAX=07H, 
ECX=0H):ECX.CET_SS[07] 
=1, 
Bits 5:2 and bits 63:10 are 
defined if 
CPUID.(EAX=07H, 
ECX=0H):EDX.CET_IBT[20] 
=1, 
0 SH_STK_EN: When set to 1, enable shadow 
stacks at CPL3. 
1 WR_SHSTK_EN: When set to 1, enables the 
WRSSD/WRSSQ instructions. 
2 ENDBR_EN: When set to 1, enables indirect 
branch tracking. 
3 LEG_IW_EN: Enable legacy compatibility 
treatment for indirect branch tracking. 
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4 NO_TRACK_EN: When set to 1, enables use 
of no-track prefix for indirect branch 
tracking. 
5 SUPPRESS_DIS: When set to 1, disables 


suppression of CET indirect branch tracking 
on legacy compatibility. 


9:6 Reserved; must be zero. 


10 SUPPRESS: When set to 1, indirect branch 
tracking is suppressed. This bit can be 
written to 1 only if TRACKER is written as 
IDLE. 


11 TRACKER: Value of the indirect branch 
tracking state machine. Values: IDLE (0), 
WAIT_FOR_ENDBRANCH(1). 


63:12 €B_LEG_BITMAP_BASE: Linear address bits 
63:12 of a legacy code page bitmap used 
for legacy compatibility when indirect 
branch tracking is enabled. 


If the processor does not support Intel 64 
architecture, these fields have only 32 bits; 
bits 63:32 of the MSRs are reserved. On 
processors that support Intel 64 
architecture this value cannot represent a 
non-canonical address. In protected mode, 
only 31:0 are loaded. The linear address 
written must be aligned to 8 bytes and bits 
2:0 must be O (hardware requires bits 1:0 


to be 0). 
6A2H 1698 | IA32_S CET Configure Supervisor Mode CET (R/W) See |A32_U_CET (6A0H) 
for reference; similar 
format. 
6A4H 1700 | IA32_PLO_SSP Linear address to be loaded into SSP on If CPUID.(EAX=07H, 
transition to privilege level 0. (R/W) ECX=0H):ECX.CET_SS[07] 
If the processor does not support Intel 64 | = 1 


architecture, these fields have only 32 bits; 
bits 63:32 of the MSRs are reserved. On 
processors that support Intel 64 
architecture this value cannot represent a 
non-canonical address. In protected mode, 
only 31:0 are loaded. The linear address 
written must be aligned to 8 bytes and bits 
2:0 must be O (hardware requires bits 1:0 
to be 0). 
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6A5H 


1701 


IA32_PL1_SSP 


Linear address to be loaded into SSP on 
transition to privilege level 1. (R/W) 


If the processor does not support Intel 64 
architecture, these fields have only 32 bits; 
bits 63:32 of the MSRs are reserved. On 
processors that support Intel 64 
architecture this value cannot represent a 
non-canonical address. In protected mode, 
only 31:0 are loaded. The linear address 
written must be aligned to 8 bytes and bits 
2:0 must be O (hardware requires bits 1:0 
to be 0). 


If CPUID.(EAX=07H, 
ECX=OH):ECX.CET_SS[07] 
=1 


6A6H 


6A7H 


1702 


1703 


IA32_PL2_SSP 


IA32_PL3_SSP 


Linear address to be loaded into SSP on 
transition to privilege level 2. (R/W) 


If the processor does not support Intel 64 
architecture, these fields have only 32 bits; 
bits 63:32 of the MSRs are reserved. On 
processors that support Intel 64 
architecture this value cannot represent a 
non-canonical address. In protected mode, 
only 31:0 are loaded. The linear address 
written must be aligned to 8 bytes and bits 
2:0 must be O (hardware requires bits 1:0 
to be 0). 


Linear address to be loaded into SSP on 
transition to privilege level 3. (R/W) 


If the processor does not support Intel 64 
architecture, these fields have only 32 bits; 
bits 63:32 of the MSRs are reserved. On 
processors that support Intel 64 
architecture this value cannot represent a 
non-canonical address. In protected mode, 
only 31:0 are loaded. The linear address 
written must be aligned to 8 bytes and bits 
2:0 must be O (hardware requires bits 1:0 
to be 0). 


If CPUID.(EAX=07H, 
ECX=0H):ECX.CET_SS[07] 
=1 


If CPUID.(EAX=07H, 
ECX=0H):ECX.CET_SS[07] 
=1 


6A8H 


1704 


IA32_INTERRUPT_SSP_TABLE_ADDR 


Linear address of a table of seven shadow 
stack pointers that are selected in IA-32e 
mode using the IST index (when not 0) from 
the interrupt gate descriptor. (R/W) 


This MSR is not present on processors that 
do not support Intel 64 architecture. This 
field cannot represent a non-canonical 
address. 


If CPUID.(EAX=07H, 
ECX=OH):ECX.CET_SS[07] 
=1 


6€0H 


1760 


IA32_TSC_DEADLINE 


TSC Target of Local APIC’s TSC Deadline 
Mode (R/W) 


If CPUID.O1H:ECX.[24] = 1 
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6€1H 1761 | IA32_PKRS Specifies the PK permissions associated If CPUID.(EAX=07H, 
with each protection domain for supervisor | ECX=OH):ECX.PKS [31] = 1 
pages (R/W) 
31:0 For domain i (i between 0 and 15), bits 2i 
and 2i+1 contain the AD and WD 
permissions, respectively. 
63:32 Reserved. 
770H 1904 | IA32_PM_ENABLE Enable/disable HWP (R/W) If CPUID.OGH:EAX[7] = 1 
0 HWP_ENABLE (R/W1-Once) If CPUID.OGH:EAX[7] = 1 
See Section 14.4.2, “Enabling HWP”. 
63:1 Reserved 
771H 1905 | IA32_HWP_CAPABILITIES HWP Performance Range Enumeration (RO) | If CPUID.O6GH:EAX.[7] = 1 
7:0 Highest_Performance If CPUID.O6H:EAX.[7] = 1 
See Section 14.4.3, “HWP Performance 
Range and Dynamic Capabilities”. 
15:8 Guaranteed_Performance If CPUID.O6H:EAX.[7] = 1 
See Section 14.4.3, “HWP Performance 
Range and Dynamic Capabilities”. 
23:16 Most_Efficient_Performance If CPUID.O6H:EAX.[7] = 1 
See Section 14.4.3, “HWP Performance 
Range and Dynamic Capabilities”. 
31:24 Lowest_Performance If CPUID.O6H:EAX.[7] = 1 
See Section 14.4.3, “HWP Performance 
Range and Dynamic Capabilities”. 
63:32 Reserved 
772H 1906 | IA32_HwWP_REQUEST_PKG Power Management Control Hints for All If CPUID.O6H:EAX.[1 1] = 1 
Logical Processors in a Package (R/W) 
7:0 Minimum_Performance If CPUID.O6H:EAX.[1 1] = 1 
See Section 14.4.4, “Managing HWP". 
15:8 Maximum_Performance If CPUID.O6H:EAX.[1 1] = 1 
See Section 14.4.4, “Managing HWP”. 
23:16 Desired_Performance If CPUID.O6H:EAX.[1 1] = 1 
See Section 14.4.4, “Managing HWP". 
31:24 Energy_Performance_Preference If CPUID.O6H:EAX.[1 1] = 1 
See Section 14.4.4, “Managing HWP”. && 
CPUID.OGH:EAX.[10] = 1 
41:32 Activity_Window If CPUID.OGH:EAX,[1 1] = 1 
See Section 14.4.4, “Managing HWP". && 
CPUID.O6H:EAX.[9] = 1 
63:42 Reserved 
773H 1907 | IA32_HWP_INTERRUPT Control HWP Native Interrupts (R/W) If CPUID.O6H:EAX.[8] = 1 
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0 E€N_Guaranteed_Performance_Change If CPUID.O6H:EAX.[8] = 1 
See Section 14.4.6, “HWP Notifications”. 
1 EN_Excursion_Minimum If CPUID.O6H:EAX.[8] = 1 
See Section 14.4.6, “HWP Notifications”. 
63:2 Reserved 
774H 1908 | IA32_HWP_REQUEST Power Management Control Hints to a If CPUID.O6H:EAX.[7] = 1 
Logical Processor (R/W) 
7:0 Minimum_Performance If CPUID.O6H:EAX.[7] = 1 
See Section 14.4.4, “Managing HWP”. 
15:8 Maximum_Performance If CPUID.O6H:EAX.[7] = 1 
See Section 14.4.4, “Managing HWP”. 
23:16 Desired_Performance If CPUID.O6H:EAX.[7] = 1 
See Section 14.4.4, “Managing HWP”. 
31:24 Energy_Performance_Preference If CPUID.O6H:EAX.[7] = 1 
See Section 14.4.4, “Managing HWP”. = CPUID.O6H:EAX.[1 0] = 
41:32 Activity_Window If CPUID.OGH:EAX[7] = 1 
See Section 14.4.4, “Managing HWP”. && CPUID.OGH:EAX[9] = 1 
42 Package_Control If CPUID.O6H:EAX.[7] = 1 
See Section 14.4.4, “Managing HWP”. - CPUID.O6H:EAX.[1 1] = 
63:43 Reserved 
775H 1909 | IA32_PECILHWP_REQUEST_INFO IA32_PECI_HWP_REQUEST_INFO 
7:0 Minimum Performance 
(MINIMUM_PERFORMANCE): Used by OS to 
read the latest value of PECI minimum 
performance input. Default value is 0. 
15:8 Maximum Performance 
(MAXIMUM_PERFORMANCE): Used by OS to 
read the latest value of PEC] maximum 
performance input. Default value is 0. 
23:16 Reserved. 
31:24 Energy Performance Preference 
(ENERGY_PERFORMANCE_PREFERENCE): 
Used by OS to read the latest value of PECI 
Energy Performance Preference input. 
Default value is 0. 
59:32 Reserved. 
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60 EPP PECI Override (EPP_PECI_OVERRIDE): 


Indicates whether PECI is currently 
overriding the Energy Performance 
Preference input. If set to ‘1’, PECI is 
overriding the Energy Performance 
Preference input. If clear (0), OS has control 
over Energy Performance Preference input. 
Default value is 0. 


61 Reserved. 


62 Max PECI Override (MAX_PECI_OVERRIDE): 


Indicates whether PECI is currently 
overriding the Maximum Performance 
input. If set to ‘1’, PECI is overriding the 
Maximum Performance input. If clear (0), OS 
has control over Maximum Performance 
input. Default value is 0. 


63 Min PEC! Override (MIN_PECI_OVERRIDE): 


Indicates whether PECI is currently 
overriding the Minimum Performance input. 
If set to ‘1’, PECI is overriding the Minimum 
Performance input. If clear (0), OS has 
control over Minimum Performance input. 
Default value is 0. 


776H 1910 | IA32_HWP_CTL IA32_HWP_CTL If CPUID.O6H:EAX.[22] = 1 


0 PKG_CTL_POLARITY If CPUID.OGH:EAX,[22] = 1 
Defines which HWP Request MSR is used 
whether Thread level or package level. 
When package MSR is used, the thread MSR 
valid bits define which thread MSR fields 
override the package. 


Default value is 0. 


63:1 Reserved 
777H 1911 | 1IA32_HWP_STATUS Log bits indicating changes to Guaranteed & | If CPUID.O6H:EAX.[7] = 1 
excursions to Minimum (R/W) 
0 Guaranteed_Performance_Change (R/WCO) | If CPUID.O6H:EAX.[7] = 1 
See Section 14.4.5, “HWP Feedback”. 
1 Reserved 
2 Excursion_To_Minimum (R/WCO) If CPUID.OGH:EAX[7] = 1 
See Section 14.4.5, “HWP Feedback”. 
63:3 Reserved 
802H 2050 | IA32_X2APIC_APICID x2APIC ID Register (R/O) If CPUID.O1H:ECX[21] = 1 
See x2APIC Specification. &&1A32_APIC_BASE[10] = 


1 
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803H | 2051 | IA32_X2APIC_VERSION x2APIC Version Register (R/O) If CPUID.O1H:ECX.[21] = 1 
&&1IA32_APIC_BASE.[10] = 
1 
808H | 2056 | IA32_X2APIC_TPR x2APIC Task Priority Register (R/W) If CPUID.O1H:ECX.[21] = 1 
&&1A32_APIC_BASE.[10] = 
1 
80AH | 2058 | IA32_X2APIC_PPR x2APIC Processor Priority Register (R/O) If CPUID.O1H:ECX.[21] = 1 
&& 1IA32_APIC_BASE[10] = 
1 
80BH | 2059 | IA32_X2APIC_EOI x2APIC EOI Register (W/O) If CPUID.O1H:ECX.[21] = 1 
&& 1IA32_APIC_BASE,[10] = 
1 
80DH | 2061 | IA32_X2APIC_LDR x2APIC Logical Destination Register (R/O) ‘| If CPUID.O1H:ECX.[21] = 1 
&&1IA32_APIC_BASE,[10] = 
1 
80FH 2063 _ | IA32_X2APIC_SIVR x2APIC Spurious Interrupt Vector Register | If CPUID.O1H:ECX.[21] = 1 
(R/W) &&1IA32_APIC_BASE,[10] = 
1 
810H | 2064 | IA32_X2APIC_ISRO x2APIC In-Service Register Bits 31:0 (R/O) | If CPUID.O1H:ECX[21] = 1 
&& 1IA32_APIC_BASE,[10] = 
1 
811H | 2065 | IA32_X2APIC_ISR1 x2APIC In-Service Register Bits 63:32 (R/O) | If CPUID.O1H:ECX.[21] = 1 
&& 1IA32_APIC_BASE.[10] = 
1 
812H | 2066 | IA32_X2APIC_ISR2 x2APIC In-Service Register Bits 95:64 (R/O) | If CPUID.O1H:ECX.[21] = 1 
&&1A32_APIC_BASE,[10] = 
1 
813H | 2067 | IA32_X2APIC_ISR3 x2APIC In-Service Register Bits 127:96 If CPUID.O1H:ECX.[21] = 1 
(R/O) &&1IA32_APIC_BASE,[10] = 
1 
814H | 2068 | IA32_X2APIC_ISR4 x2APIC In-Service Register Bits 159:128 If CPUID.O1H:ECX.[21] = 1 
(R/O) && 1IA32_APIC_BASE,[10] = 
1 
815H | 2069 | IA32_X2APIC_ISR5 x2APIC In-Service Register Bits 191:160 If CPUID.O1H:ECX.[21] = 1 
(R/O) &&1A32_APIC_BASE,[10] = 
1 
816H | 2070 | IA32_X2APIC_ISR6 x2APIC In-Service Register Bits 223:192 If CPUID.O1H:ECX.[21] = 1 
(R/O) && 1IA32_APIC_BASE[10] = 
1 
817H | 2071 | IA32_X2APIC_ISR7 x2APIC In-Service Register Bits 255:224 If CPUID.O1H:ECX.[21] = 1 
(R/O) &&1IA32_APIC_BASE,[10] = 
1 
818H | 2072 | IA32_X2APIC_TMRO x2APIC Trigger Mode Register Bits 31:0 If CPUID.O1H:ECX.[21] = 1 
(R/O) &&1IA32_APIC_BASE,[10] = 
1 
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819H | 2073 | 1IA32_X2APIC_TMR1 x2APIC Trigger Mode Register Bits 63:32 If CPUID.O1H:ECX.[21] = 1 
(R/O) &&1A32_APIC_BASE,[10] = 
1 
81AH | 2074 | IA32_X2APIC_TMR2 x2APIC Trigger Mode Register Bits 95:64 If CPUID.O1H:ECX.[21] = 1 
(R/O) &&1A32_APIC_BASE,[10] = 
1 
81BH | 2075 | IA32_X2APIC_TMR3 x2APIC Trigger Mode Register Bits 127:96 | If CPUID.O1H:ECX.[21] = 1 
(R/O) &&1A32_APIC_BASE,[10] = 
1 
81CH | 2076 | IA32_X2APIC_TMR4 x2APIC Trigger Mode Register Bits If CPUID.O1H:ECX.[21] = 1 
159:128 (R/O) &&1A32_APIC_BASE,[10] = 
1 
81DH | 2077 | 1IA32_X2APIC_TMRS x2APIC Trigger Mode Register Bits If CPUID.O1H:ECX.[21] = 1 
191:160 (R/O) &&1A32_APIC_BASE,[10] = 
1 
81EH | 2078 | IA32_X2APIC_TMR6 x2APIC Trigger Mode Register Bits If (CPUID.O1H:ECX.[21] = 1 
223:192 (R/O) &&1A32_APIC_BASE,[10] = 
1) 
81FH | 2079 | IA32_X2APIC_TMR7 x2APIC Trigger Mode Register Bits If CPUID.O1H:ECX.[21] = 1 
255:224 (R/O) &&1A32_APIC_BASE,[10] = 
1 
820H | 2080 | IA32_X2APIC_IRRO x2APIC Interrupt Request Register Bits If CPUID.O1H:ECX.[21] = 1 
31:0 (R/O) &&1A32_APIC_BASE,[10] = 
1 
821H | 2081 | IA32_X2APIC_IRR1 x2APIC Interrupt Request Register Bits If CPUID.O1H:ECX.[21] = 1 
63:32 (R/O) &&1A32_APIC_BASE,[10] = 
1 
822H | 2082 | IA32_X2APIC_IRR2 x2APIC Interrupt Request Register Bits If CPUID.O1H:ECX.[21] = 1 
95:64 (R/O) &&1A32_APIC_BASE,[10] = 
1 
823H | 2083 | IA32_X2APIC_IRR3 x2APIC Interrupt Request Register Bits If CPUID.O1H:ECX.[21] = 1 
127:96 (R/O) &&1A32_APIC_BASE,[10] = 
1 
824H | 2084 | IA32_X2APIC_IRR4 x2APIC Interrupt Request Register Bits If CPUID.O1H:ECX.[21] = 1 
159:128 (R/O) &&1A32_APIC_BASE,[10] = 
1 
825H | 2085 | IA32_X2APIC_IRRS x2APIC Interrupt Request Register Bits If CPUID.O1H:ECX.[21] = 1 
191:160 (R/O) &&1A32_APIC_BASE,[10] = 
1 
826H | 2086 | IA32_X2APIC_IRR6 x2APIC Interrupt Request Register Bits If CPUID.O1H:ECX.[21] = 1 
223:192 (R/O) && 1A32_APIC_BASE,[10] = 
1 
827H | 2087 | IA32_X2APIC_IRR7 x2APIC Interrupt Request Register Bits If CPUID.O1H:ECX.[21] = 1 
255:224 (R/O) &&1A32_APIC_BASE,[10] = 
1 
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828H 2088 | IA32_X2APIC_ESR x2APIC Error Status Register (R/W) If CPUID.O1H:ECX.[21] = 1 
&&1IA32_APIC_BASE,[10] = 
1 
82FH 2095 | IA32_X2APIC_LVT_CMCI x2APIC LVT Corrected Machine Check If CPUID.O1H:ECX.[21] = 1 
Interrupt Register (R/W) &&1A32_APIC_BASE.[10] = 
1 
830H 2096 | IA32_X2APIC_ICR x2APIC Interrupt Command Register (R/W) | If CPUID.O1H:ECX[21] = 1 
&& 1IA32_APIC_BASE,[10] = 
1 
832H 2098 | IA32_X2APIC_LVT_TIMER x2APIC LVT Timer Interrupt Register (R/W) | If CPUID.O1H:ECX,[21] = 1 
&& 1IA32_APIC_BASE,[10] = 
1 
833H 2099 | IA32_X2APIC_LVT_THERMAL x2APIC LVT Thermal Sensor Interrupt If CPUID.O1H:ECX.[21] = 1 
Register (R/W) &&1IA32_APIC_BASE,[10] = 
1 
834H 2100 | IA32_X2APIC_LVT_PMI x2APIC LVT Performance Monitor Interrupt | If CPUID.O1H:ECX.[21] = 1 
Register (R/W) && 1IA32_APIC_BASE[10] = 
1 
835H 2101 | IA32_X2APIC_LVT_LINTO x2APIC LVT LINTO Register (R/W) If CPUID.O1H:ECX.[21] = 1 
&&1A32_APIC_BASE[10] = 
1 
836H 2102 | IA32_X2APIC_LVT_LINT1 x2APIC LVT LINT1 Register (R/W) If CPUID.O1H:ECX.[21] = 1 
&& 1IA32_APIC_BASE.[10] = 
1 
837H 2103 | IA32_X2APIC_LVT_ERROR x2APIC LVT Error Register (R/W) If CPUID.O1H:ECX.[21] = 1 
&& 1IA32_APIC_BASE,[10] = 
1 
838H 2104 | IA32_X2APIC_INIT_COUNT x2APIC Initial Count Register (R/W) If CPUID.O1H:ECX.[21] = 1 
&& 1IA32_APIC_BASE,[10] = 
1 
839H 2105 | IA32_X2APIC_CUR_COUNT x2APIC Current Count Register (R/O) If CPUID.O1H:ECX.[21] = 1 
&& 1IA32_APIC_BASE,[10] = 
1 
83EH 2110 | IA32_X2APIC_DIV_CONF x2APIC Divide Configuration Register (R/W) | If CPUID.O1H:ECX[21] = 1 
&& 1IA32_APIC_BASE,[10] = 
1 
83FH 2111 | IA32_X2APIC_SELF_IPI x2APIC Self IPI Register (W/O) If CPUID.O1H:ECX.[21] = 1 
&&1A32_APIC_BASE.[10] = 
1 
981H 2433 | IA32_TME_CAPABILITY Memory Encryption Capability MSR If CPUID.O7H:ECX.[1 3] = 1 
0 Support for AES-XTS 128-bit encryption 
algorithm. 
(NIST standard) 
1 Support for AES-XTS 128-bit encryption 
with integrity algorithm. 
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Comment 


Support for AES-XTS 256-bit encryption 
algorithm. 


Reserved. 


TME encryption bypass supported. 


35:32 


MK_TME_MAX_KEYID_BITS 


Number of bits which can be allocated for 
usage as key identifiers for multi-key 
memory encryption. 

4 bits allow for a maximum value of 15, 
which could address 32K keys. 


Zero if MKTME is not supported. 


50:36 


MK_TME_MAX_KEYS 


Indicates the maximum number of keys 
which are available for usage. 


This value may not be a power of 2. 


KeylD 0 is specially reserved and is not 
accounted for in this field. 


63:51 


Reserved. 


982H | 2434 | IA32_TME_ACTIVATE 


Memory Encryption Activation MSR 

This MSR is used to lock the MSRs listed 
below. Any write to the following MSRs will 
be ignored after they are locked. The lock is 
reset when CPU is reset. 

= IA32_TME_ACTIVATE 

= IA32_TME_EXCLUDE_MASK 

* IA32_TME_EXCLUDE_BASE 

Note that [A32_TME_EXCLUDE_MASK and 
IA32_TME_EXCLUDE_BASE must be 
configured before |[A32_TME_ACTIVATE. 


If CPUID.O7H:ECX.[1 3] = 1 


Lock RO - Will be set upon successful 
WRMSR (or first SMI); written value ignored. 


Hardware Encryption Enable 

This bit also enables MKTME; MKTME 
cannot be enabled without enabling 
encryption hardware. 

Key Select 

0: Create a new TME key (expected 
cold/warm boot). 


1: Restore the TME key from storage 
(Expected when resume from standby). 
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3 Save TME Key for Standby 


Save key into storage to be used when 
resume from standby. 


Note: This may not be supported in all 
processors. 


7:4 TME Policy/Encryption Algorithm 


Only algorithms enumerated in 
IA32_TME_CAPABILITY are allowed. 


For example: 

0000 - AES-XTS-128. 

0001 - AES-XTS-128 with integrity. 
0010 - AES-XTS-256. 

Other values are invalid. 


30:8 Reserved. 


31 TME Encryption Bypass Enable 
When encryption hardware is enabled: 


* Total Memory Encryption is enabled 
using a CPU generated ephemeral key 
based on a hardware random number 
generator when this bit is set to 0. 

* Total Memory Encryption is bypassed (no 
encryption/decryption for KeyIDO) when 
this bit is set to 1. 

Software must inspect Hardware 

Encryption Enable (bit 1) and TME 

encryption bypass Enable (bit 31) to 

determine if TME encryption is enabled. 


35:32 MK_TME_KEYID_BITS 


Reserved if MKTME is not enumerated, 
otherwise: 


The number of key identifier bits to allocate 
to MKTME usage. Similar to enumeration, 
this is an encoded value. 


Writing a value greater than 
MK_TME_MAX_KEYID_BITS will result in 
#GP. 


Writing a non-zero value to this field will 

#GP if bit 1 of EAX (Hardware Encryption 
Enable) is not also set to ‘1, as encryption 
hardware must be enabled to use MKTME. 


Example: To support 255 keys, this field 
would be set to a value of 8. 


47:36 Reserved. 
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63:48 


MK_TME_CRYPTO_ALGS 


Reserved if MKTME is not enumerated, 
otherwise: 


Bit 48: AES-XTS 128. 

Bit 49: AES-XTS 128 with integrity. 
Bit 50: AES-XTS 256. 

Bit 63:51: Reserved (#GP) 


Bitmask for BIOS to set which encryption 
algorithms are allowed for MKTME, would 
be later enforced by the key loading ISA (‘1 
= allowed). 


983H 


2435 


IA32_TME_EXCLUDE_MASK 
10:0 


Memory Encryption Exclude Mask 


Reserved. 


If CPUID.O7H:ECX.[1 3] = 1 


11 


Enable: When set to ‘1’, then 
TME_EXCLUDE_BASE and 
TME_EXCLUDE_MASK are used to define an 
exclusion region for TME/MKTME (for 
KeylD=0). 


MAXPHYSADDR- 1:12 


TMEEMASK: This field indicates the bits 
that must match TMEEBASE in order to 
qualify as a TME/MKTME (for KeyID=0) 
exclusion memory range access. 


63:MAXPHYSADDR 


Reserved; must be zero. 


984H 


2436 


IA32_TME_EXCLUDE_BASE 


Memory Encryption Exclude Base 


If CPUID.O7H:ECX.[1 3] = 1 


11:0 


Reserved. 


MAXPHYSADDR- 1:12 


63:MAXPHYSADDR 


TMEEBASE: Base physical address to be 
excluded for TME/MKTME (for KeyID=0) 
encryption. 


Reserved; must be zero. 


990H 


2448 


IA32_COPY_STATUS° 


Status of Most Recent Platform to Local or 
Local to Platform Copies (R/O) 


IF ((CPUID.1 SH:EBX[4] = 1) 
&& (CPUID.(07H,0).ECX[23] 
=) 


IWKEY_COPY_SUCCESSFUL: Status of most 
recent copy to or from IWKeyBackup 


IF ((CPUID.19H:EBX[4] = 1) 
&& (CPUID.(07H,0).ECX[23] 


=) 


63:1 


Reserved 


991H 


2449 


IA32_IWKEYBACKUP_STATUS* 


Information about IwWKeyBackup Register 
(R/O) 


IF ((CPUID.19H:EBX[4] = 1) 
&& (CPUID.(07H,0).ECX[23] 


=i 
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Backup/Restore Valid 


Cleared when a write to IWKeyBackup is 
initiated, and then set when the latest 
write of IWKeyBackup has been written to 
storage that persists across $3/S4 sleep 
State. If S3/S4 is entered between when an 
IWKeyBackup write occurs and when this 
bit is set, then IWKeyBackup may not be 
recovered after S3/S4 exit. During S3/S4 
Sleep state exit (system wake up), this bit is 
cleared. It is set again when IWKeyBackup is 
restored from persistent storage and thus 
available to be copied to IWKey using 
IA32_COPY_PLATFORM_TO_LOCAL MSR. 
Another write to I|WKeyBackup (via 
IA32_COPY_LOCAL_TO_PLATFORM MSR) 
may fail if a previous write has not yet set 
this bit. 


IF ((CPUID.19H:EBX[4] = 1) 
&& (CPUID.(07H,0).ECX[23] 


=1)) 


Reserved 


Backup Key Storage Read/Write Error 


Updated prior to backup/restore valid being 
set. Set when an error is encountered while 
backing up or restoring a key to persistent 
storage. 


IF ((CPUID.19H:EBX[4] = 1) 
&& (CPUID.(07H,0).ECX[23] 


=1)) 


IWKeyBackup Consumed 


Set after the previous backup operation has 
been consumed by the platform. This does 
not indicate that the system is ready for a 
second IwWKeyBackup write as the previous 
IWKeyBackup write may still need to set 
Backup/restore valid. 


IF ((CPUID.1 9H:EBX[4] = 1) 
&& (CPUID.(07H,0).ECX[23] 
=1)) 


63:4 


Reserved 


C80H 


3200 


1A32_DEBUG_INTERFACE 


Silicon Debug Feature Control (R/W) 


If CPUID.O1H:ECX.[11] = 1 


0 


Enable (R/W) 


BIOS set 1 to enable Silicon debug features. 
Default is 0. 


If CPUID.O1H:ECX.[1 1] = 1 


29:1 


Reserved 


30 


31 


Lock (R/W): If 1, locks any further change to 
the MSR. The lock bit is set automatically on 
the first SMI assertion even if not explicitly 
set by BIOS. Default is 0. 


Debug Occurred (R/O): This “sticky bit” is set 
by hardware to indicate the status of bit 0. 
Default is 0. 


If CPUID.O1H:ECX.[11] = 1 


If CPUID.O1H:ECX.[11] = 1 


63:32 


Reserved 


C81H 


3201 


IA32_L3_QOS_CFG 


L3 QOS Configuration (R/w) 


If ( CPUID.(EAX=10H, 
ECX=1):€CX [2] = 1) 
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0 Enable (R/w) 
Set 1 to enable L3 CAT masks and COS to 
operate in Code and Data Prioritization 
(CDP) mode. 
63:1 Reserved. Attempts to write to reserved 
bits result in a #GP(0). 
C82H 3202 | IA32_L2_QOS_CFG L2 QOS Configuration (R/wW) If ( CPUID.(EAX=10H, 
ECX=2):ECX [2] = 1 ) 
0 Enable (R/W) 
Set 1 to enable L2 CAT masks and COS to 
operate in Code and Data Prioritization 
(CDP) mode. 
63:1 Reserved. Attempts to write to reserved 
bits result in a #GP(O). 
C8DH 3213 | IA32_QM_EVTSEL Monitoring Event Select Register (R/w) If ( CPUID.(EAX=07H, 
ECX=0):EBX,[12] = 1 ) 
7:0 Event ID: ID of a supported monitoring 
event to report via IA32_QM_CTR. 
31:8 Reserved 
N+31:32 Resource Monitoring ID: ID for monitoring N = Ceil (Logo ( 
hardware to report monitored data via CPUID.(EAX= OFH, 
1A32_QM_CTR. ECX=0H).EBX[31:0] +1)) 
63:N+32 Reserved 
C8EH 3214 | 1IA32_QM_CTR Monitoring Counter Register (R/O) If ( CPUID.(EAX=07H, 
ECX=0):EBX.[1 2] = 1 ) 
61:0 Resource Monitored Data 
62 Unavailable: If 1, indicates data for this 
RMID is not available or not monitored for 
this resource or RMID. 
63 Error: If 1, indicates an unsupported RMID 
or event type was written to 
IA32_PQR_QM_EVTSEL. 
C8FH 3215 | IA32_PQR_ASSOC Resource Association Register (R/W) If ( (CPUID.(EAX=07H, 
ECX=0):EBX[1 2] =1) or 
(CPUID.(EAX=07H, 
ECX=0):EBX[15] =1 ) ) 
N-1:0 Resource Monitoring ID (R/W): ID for N = Ceil (Logp ( 
monitoring hardware to track internal CPUID.(EAX= OFH, 
operation, e.g., memory access. ECX=0H).EBX[31:0] +1)) 
31:N Reserved 
63:32 COS (R/W): The class of service (COS) to If ( CPUID.(EAX=07H, 
enforce (on writes); returns the current COS | ECX=0):EBX.[15] = 1 ) 
when read. 
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C9S0H 3216 | Reserved MSR Address Space for CAT | See Section 17.19.4.1, “Enumeration and 
: . Mask Registers Detection Support of Cache Allocation 
D8FH 3471 Technology”. 
C90H 3216 | IA32_L3_MASK_0O L3 CAT Mask for COSO (R/W) If (CPUID.(EAX=10H, 
ECX=0H):EBX[1] != 0) 
31:0 Capacity Bit Mask (R/W) 
63:32 Reserved 
C9OH+ | 3216+n | IA32_L3_MASK_n L3 CAT Mask for COSn (R/W) n = CPUID.(EAX=10H, 
n ECX=1H):EDX[15:0] 
31:0 Capacity Bit Mask (R/W) 
63:32 Reserved 
D10H 3344 | Reserved MSR Address Space for L2 See Section 17.19.4.1, “Enumeration and 
- . CAT Mask Registers Detection Support of Cache Allocation 
D4FH 3407 Technology”. 
D10H_ | 3344 IA32_L2_MASK_0O L2 CAT Mask for COSO (R/W) If (CPUID.(EAX=10H, 
ECX=0H):EBX[2] != 0) 
31:0 Capacity Bit Mask (R/W) 
63:32 Reserved 
D10H+ | 3344+n | IA32_L2_ MASK_n L2 CAT Mask for COSn (R/W) n = CPUID.(EAX=10H, 
n ECX=2H):EDX[1 5:0] 
31:0 Capacity Bit Mask (R/W) 
63:32 Reserved 
DS0OH 3472 | IA32_BNDCFGS Supervisor State of MPX Configuration If (CPUID.(EAX=07H, 
(R/W) ECX=0H):EBX[14] = 1) 
0 EN: Enable Intel MPX in supervisor mode. 
1 BNDPRESERVE: Preserve the bounds 
registers for near branch instructions in the 
absence of the BND prefix. 
11:2 Reserved, must be zero. 
63:12 Base Address of Bound Directory. 
D91H 3473 | IA32_COPY_LOCAL_TO_PLATFORM* | Copy Local State to Platform State (W) IF ((CPUID.19H:EBX[4] = 1) 
&& (CPUID.(EAX=07H, 
ECX=0H).ECX[23] = 1)) 
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Table 2-2. IA-32 Architectural MSRs (Contd.) 


Register Architectural MSR Name / Bit Fields 
Address (Former MSR Name) MSR/Bit Description Comment 
Hex | Decimal 
0 IWKeyBackup IF ((CPUID.19H:EBX[4] = 1) 
Copy IWKey to I|WKeyBackup && (CPUID.(EAX=07H, 
ECX=0H).ECX[23] = 1)) 
63:1 Reserved 
D92H | 3474 | 1IA32_COPY_PLATFORM_TO_LOCAL* | Copy Platform State to Local State (W) IF ((CPUID.19H:EBX[4] = 1) 
&& (CPUID.(EAX=07H, 
ECX=0H).ECX[23] = 1)) 
0 IWKeyBackup IF ((CPUID.19H:EBX[4] = 1) 
Copy IlWKeyBackup to IWKey && (CPUID.(EAX=07H, 
ECX=0H).ECX[23] = 1)) 
63:1 Reserved 
DAOH | 3488 | IA32_XSS Extended Supervisor State Mask (R/W) If( CPUID.(ODH, 1):EAX.[3] = 
1 
7:0 Reserved. 
8 Trace Packet Configuration State (R/W) 
10:9 Reserved. 
11 CET_U State (R/W) 
12 CET_S State (R/W) 
13 HDC State (R/W) 
63:14 Reserved. 
DBOH | 3504 | IA32_PKG_HDC_CTL Package Level Enable/disable HDC (R/w) If CPUID.OGH:EAX.[13] = 1 
0 HDC_Pkg_Enable (R/W) If CPUID.OGH:EAX.[13] = 1 
Force HDC idling or wake up HDC-idled 
logical processors in the package. See 
Section 14.5.2, “Package level Enabling 
HDC". 
63:1 Reserved 
DB1H | 3505 | 1A32_PM_CTL1 Enable/disable HWP (R/W) If CPUID.OGH:EAX,[13] = 1 
0 HDC_Allow_Block (R/W) If CPUID.OGH:EAX.[13] = 1 
Allow/Block this logical processor for 
package level HDC control. See Section 
14.5.3. 
63:1 Reserved 
DB2H 3506 | IA32_THREAD_STALL Per-Logical_Processor HDC Idle Residency | If CPUID.O6H:EAX.[13] = 1 
(R/O) 
63:0 Stall_Cycle_Cnt (R/W) If CPUID.OGH:EAX.[13] = 1 
Stalled cycles due to HDC forced idle on this 
logical processor. See Section 14.5.4.1. 
1200H | 4608 | IA32_LBR_x_INFO Last Branch Record Entry X Info Register 
: 7 (R/W) 
121FH | 4639 An attempt to read or write 
1A32_LBR_x_INFO such that x = 
IA32_LBR_DEPTH.DEPTH will #GP. 
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Table 2-2. |A-32 Architectural MSRs (Contd.) 


Register 
Address 


Hex 


Decimal 


Architectural MSR Name / Bit Fields 
(Former MSR Name) 


MSR/Bit Description 


Comment 


CYC_CNT 
The elapsed CPU cycles (saturating) since 


the last LBR was recorded. See Section 
18.1.3.3. 


Reset Value: 0 


55:16 


Undefined, may be zero or non-zero. Writes 
of non- zero values do not fault, but reads 
may return a different value. 


Reset Value: 0 


59:56 


BR_TYPE 


The branch type recorded by this LBR. 
Encodings: 


OOOOB: COND 
0001B: JMP Indirect 
001 0B: JMP Direct 
0011B: CALL Indirect 
01008: CALL Direct 
0101B: RET 

011xB: Reserved 
1xxxB: Other Branch 


Reset Value: 0 


60 


CYC_CNT_VALID 


CYC_CNT value is valid. See Section 
18.1.3.3. 


Reset Value: 0 


61 


62 


TSX_ABORT 


This LBR record is a TSX abort. On 
processors that do not support Intel TSX 
(CPUID.O7H.EBX.HLE[bit 4]=0 and 
CPUID.O7H.EBX.RTM[bit 11]=0), this bit is 
undefined. 


IN_TSX 


This LBR record records a branch that 
retired during a TSX transaction. On 
processors that do not support Intel TSX 
(CPUID.O7H.EBX.HLE[bit 4]=0 and 
CPUID.O7H.EBX.RTM[bit 11]=0), this bit is 
undefined. 


Reset Value: 0 


Reset Value: 0 


63 


MISPRED 


The recorded branch direction (conditional 
branch) or target (indirect branch) was 
mispredicted. 


Reset Value: 0 


14CEH 


5326 


1A32_LBR_CTL 


Last Branch Record Enabling and 
Configuration Register (R/W) 


LBREn 
When set, enables LBR recording. 


Reset Value: 0 


OS 
When set, allows LBR recording when CPL 


Reset Value: 0 
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Table 2-2. IA-32 Architectural MSRs (Contd.) 


Register Architectural MSR Name / Bit Fields 
Address (Former MSR Name) MSR/Bit Description Comment 
Hex | Decimal 
2 USR Reset Value: 0 
When set, allows LBR recording when CPL 
I= 0, 
3 CALL_STACK Reset Value: 0 
When set, records branches in call-stack 
mode. See Section 18.1.2.4. 
15:4 Reserved Reset Value: 0 
16 COND 
When set, records taken conditional 
branches. See Section 18.1.2.3. 
17 NEAR_REL_JMP 
When set, records near relative JMPs. See 
Section 18.1.2.3. 
18 NEAR_IND_JMP 
When set, records near indirect JMPs. See 
Section 18.1.2.3. 
19 NEAR_REL_CALL 
When set, records near relative CALLs. See 
Section 18.1.2.3. 
20 NEAR_IND_CALL 
When set, records near indirect CALLs. See 
Section 18.1.2.3. 
21 NEAR_RET 
When set, records near RETs. See Section 
18.1.2.3. 
22 OTHER_BRANCH 
When set, records other branches. See 
Section 18.1.2.3. 
63:23 Reserved 
14CFH | 5327 | IA32_LBR_DEPTH Last Branch Record Maximum Stack Depth 
Register (R/W) 
N:0 DEPTH Reset Value: Varies 
The number of LBRs to be used for 
recording. Supported values are indicated 
by the bitmap in 
CPUID.(EAX=01CH,ECX=0):EAX[7:0]. The 
reset value will match the maximum 
supported by the CPU. Writes of 
unsupported values will #GP fault. 
63:N+1 Reserved Reset Value: O 
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Table 2-2. |A-32 Architectural MSRs (Contd.) 


Register 
Address 


Hex 


Decimal 


Architectural MSR Name / Bit Fields 
(Former MSR Name) 


MSR/Bit Description 


Comment 


1500H 


151FH 


5376 


5407 


IA32_LBR_x_FROM_IP 


Last Branch Record entry X source IP 
register (R/W). 

An attempt to read or write 
IA32_LBR_x_FROM_IP such that x = 
IA32_LBR_DEPTH.DEPTH will #GP. 


FROM_IP 
The source IP of the recorded branch or 


event, in canonical form. Writes to bits 
above MAXLINADDR-1 are ignored. 


Reset Value: 0 


IA32_LBR_x_TO_IP 


Last Branch Record Entry X Destination IP 
Register (R/W) 

An attempt to read or write 
1A32_LBR_x_TO_IP such that x = 
IA32_LBR_DEPTH.DEPTH will #GP. 


TO_IP 
The destination IP of the recorded branch 


or event, in canonical form. Writes to bits 
above MAXLINADDR-1 are ignored. 


Reset Value: 0 


17D0H 


6096 


IA32_HwW_FEEDBACK_PTR 


Hardware Feedback Interface Pointer 


If CPUID.O6H:EAX.[1 9] = 1 


0 


11:1 


Valid (R/W) 


When set to 1, indicates a valid pointer is 
programmed into the ADDR field of the 
MSR. 


Reserved 


(MAXPHYADDR-1):12 


ADDR (R/W) 


Physical address of the page frame of the 
first page of the hardware feedback 
interface structure. 


63:MAXPHYADDR 


Reserved 


17D1H 


6097 


IA32_HW_FEEDBACK_CONFIG 


Hardware Feedback Interface Configuration 


If CPUID.O6H:EAX,[1 9] = 1 


0 


Enable (R/W) 


When set to 1, enables the hardware 
feedback interface. 


63:1 


Reserved 


17D2H 


6098 


IA32_THREAD_FEEDBACK_CHAR 


Thread Feedback Characteristics (R/O) 


If CPUID.O6H:EAX.[23] = 1 


7:0 


Application Class ID, pointing into the Intel 
Thread Director structure. 


62:8 


Reserved 
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Table 2-2. IA-32 Architectural MSRs (Contd.) 


Register Architectural MSR Name / Bit Fields 
Address (Former MSR Name) MSR/Bit Description Comment 
Hex | Decimal 
63 Valid bit. When set to 1 the OS Scheduler 
can use the Class ID (in bits 7:0) for its 
scheduling decisions. 
If this bit is O, the Class ID field should be 
ignored. It is recommended that the OS 
uses the last known Class ID of the 
software thread for its scheduling 
decisions. 
17D4H | 6100 | IA32_HW_FEEDBACK_THREAD_CONFI | Hardware Feedback Thread Configuration 
G (R/W) 
0 Enables Intel Thread Director. When set to 
1, logical processor scope Intel Thread 
Director is enabled. Default is O (disabled). 
63:1 Reserved 
17DAH |} 6106 | IA32_HRESET_ENABLE History Reset Enable (R/W) 
0 Enable reset of the Intel Thread Director 
history. 
31:1 Reserved for other capabilities that can be 
reset by the HRESET instruction. 
63:32 Reserved 
4000_ Reserved MSR Address Space All existing and future processors will not 
OOOOH implement MSRs in this range. 
4000_ 
OOFFH 
CO00_ IA32_EFER Extended Feature Enables If ( 
0080H CPUID.80000001H:EDX.[2 
0} || 
CPUID.80000001H:EDX.[2 
9}) 
0 SYSCALL Enable: [A32_EFER.SCE (R/w) 
Enables SYSCALL/SYSRET instructions in 
64-bit mode. 
| Reserved 
8 IA-32e Mode Enable: [A32_EFER.LME (R/W) 
Enables I|A-32e mode operation. 
9 Reserved 
10 IA-32e Mode Active: |A32_EFER.LMA (R) 
Indicates |A-32e mode is active when set. 
11 Execute Disable Bit Enable: |A32_EFER.NXE 
(R/W) 
63:12 Reserved 
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Table 2-2. |A-32 Architectural MSRs (Contd.) 


Register Architectural MSR Name / Bit Fields 
Address (Former MSR Name) MSR/Bit Description Comment 
Hex | Decimal 
COO00_ IA32_STAR System Call Target Address (R/W) If 
0081H CPUID.80000001:EDX.[29] 
=1 
CO00_ IA32_LSTAR IA-32e Mode System Call Target Address If 
0082H (R/W) CPUID.80000001:EDX.[29] 
Target RIP for the called procedure when =1 
SYSCALL is executed in 64-bit mode. 
CO00_ IA32_CSTAR IA-32e Mode System Call Target Address If 
0083H (R/W) CPUID.80000001:EDX.[29] 


Not used, as the SYSCALL instruction is not | = 1 
recognized in compatibility mode. 


CO00_ IA32_FMASK System Call Flag Mask (R/W) If 
0084H CPUID.80000001:EDX.[29] 
=1 
CO00_ IA32_FS_BASE Map of BASE Address of FS (R/W) If 
0100H CPUID.80000001:EDX.[29] 
=1 
CO00_ IA32_GS_BASE Map of BASE Address of GS (R/W) If 
0101H CPUID.80000001:EDX.[29] 
=1 
CO00_ IA32_KERNEL_GS_BASE Swap Target of BASE Address of GS (R/W) | If 
0102H CPUID.80000001:EDX.[29] 
=1 
CO00_ IA32_TSC_AUX Auxiliary TSC (RW) If CPUID.B0000001H: 
0103H EDX[27] = 1 or 
CPUID.(EAX=7,ECX=0):ECX[ 
bit 22] =1 
31:0 AUX: Auxiliary signature of TSC. 
63:32 Reserved 
NOTES: 


1. Some older processors may have supported this MSR as model-specific and do not enumerate it with CPUID. 


2. In processors based on Intel NetBurst® microarchitecture, MSR addresses 180H-197H are supported, software must treat them as 
model-specific. Starting with Intel Core Duo processors, MSR addresses 180H-185H, 188H-197H are reserved. 


3. The *_ADDR MSRs may or may not be present; this depends on flag settings in IA32_MCi_STATUS. See Section 15.3.2.3 and Section 
15.3.2.4 for more information. 


4. MAXPHYADDR is reported by CPUID.8B0000008H:EAX[7:0]. 
5. Further details on Key Locker and usage of this MSR can be found here: 
https://software.intel.com/content/www/us/en/develop/download/intel-key-locker-specification.html. 


2.2 MSRS IN THE INTEL® CORE™ 2 PROCESSOR FAMILY 


Table 2-3 lists model-specific registers (MSRs) for the Intel Core 2 processor family and for Intel Xeon processors 
based on Intel Core microarchitecture, architectural MSR addresses are also included in Table 2-3. These proces- 
sors have a CPUID signature with DisplayFamily_DisplayModel of 06_OFH, see Table 2-1. 
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MSRs listed in Table 2-2 and Table 2-3 are also supported by processors based on the Enhanced Intel Core micro- 
architecture. Processors based on the Enhanced Intel Core microarchitecture have the CPUID signature 
DisplayFamily_DisplayModel of 06_17H. 


The column “Shared/Unique” applies to multi-core processors based on Intel Core microarchitecture. “Unique” 
means each processor core has a separate MSR, or a bit field in an MSR governs only a core independently. 
“Shared” means the MSR or the bit field in an MSR address governs the operation of both processor cores. 


Table 2-3. MSRs in Processors Based on Intel® Core™ Microarchitecture 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 
OH 0 IA32_P5_MC_ADDR Unique See Section 2.23, “MSRs in Pentium Processors.” 
1H 1 IA32_P5_MC_TYPE Unique See Section 2.23, “MSRs in Pentium Processors.” 
6H 6 IA32_MONITOR_FILTER_SIZE Unique See Section 8.10.5, “Monitor/Mwait Address Range 
Determination.” and Table 2-2. 
10H 16 IA32_TIME_STAMP_COUNTER Unique See Section 17.17, “Time-Stamp Counter,” and see 
Table 2-2. 
17H 23 IA32_PLATFORM_ID Shared Platform ID (R) 
See Table 2-2. 
17H 23 MSR_PLATFORM_ID Shared Model Specific Platform ID (R) 
7:0 Reserved 
12:8 Maximum Qualified Ratio (R) 
The maximum allowed bus ratio. 
49:13 Reserved 
52:50 See Table 2-2. 
63:53 Reserved 
1BH 27 IA32_APIC_BASE Unique See Section 10.4.4, “Local APIC Status and Location” and 
Table 2-2. 
2AH 42 MSR_EBL_CR_POWERON Shared Processor Hard Power-On Configuration (R/W) 
Enables and disables processor features; (R) indicates 
current processor configuration. 
0 Reserved 
1 Data Error Checking Enable (R/W) 
1 = Enabled; 0 = Disabled 
Note: Not all processors implement R/W. 
2 Response Error Checking Enable (R/W) 
1 = Enabled; 0 = Disabled 
Note: Not all processor implements R/W. 
3 MCERR# Drive Enable (R/W) 
1 = Enabled; 0 = Disabled 
Note: Not all processors implement R/W. 
4 Address Parity Enable (R/W) 
1 = Enabled; 0 = Disabled 
Note: Not all processors implement R/W. 
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Table 2-3. MSRs in Processors Based on Intel® Core™ Microarchitecture (Contd.) 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 
5 Reserved 
6 Reserved 
7 BINIT# Driver Enable (R/W) 
1 = Enabled; 0 = Disabled 
Note: Not all processors implement R/W. 
8 Output Tri-state Enabled (R/O) 
1 = Enabled; 0 = Disabled 
9 Execute BIST (R/O) 
1 = Enabled; 0 = Disabled 
10 MCERR# Observation Enabled (R/O) 
1 = Enabled; 0 = Disabled 
11 Intel TXT Capable Chipset. (R/O) 
1 = Present; 0 = Not Present 
12 BINIT# Observation Enabled (R/O) 
1 = Enabled; 0 = Disabled 
13 Reserved 
14 1 MByte Power on Reset Vector (R/O) 
1 = 1 MByte; 0 = 4 GBytes 
15 Reserved 
17:16 APIC Cluster ID (R/O) 
18 N/2 Non-Integer Bus Ratio (R/O) 
O = Integer ratio; 1 = Non-integer ratio 
19 Reserved 
21:20 Symmetric Arbitration ID (R/O) 
26:22 Integer Bus Frequency Ratio (R/O) 
3AH 58 MSR_FEATURE_CONTROL Unique Control Features in Intel 64 Processor (R/W) 
See Table 2-2. 
3 Unique SMRR Enable (R/WL) 
When this bit is set and the lock bit is set, this makes the 
SMRR_PHYS_BASE and SMRR_PHYS_MASK registers 
read visible and writeable while in SMM. 
40H 64 MSR_LASTBRANCH_O_FROM_IP Unique Last Branch Record 0 From IP (R/W) 
One of four pairs of last branch record registers on the 
last branch record stack. The From_IP part of the stack 
contains pointers to the source instruction. See also: 
« Last Branch Record Stack TOS at 1C9H. 
* Section 17.5. 
41H 65 MSR_LASTBRANCH_1_FROM_IP Unique Last Branch Record 1 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
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Table 2-3. MSRs in Processors Based on Intel® Core™ Microarchitecture (Contd.) 
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Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 
42H 66 MSR_LASTBRANCH_2_FROM_IP Unique Last Branch Record 2 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
43H 67 MSR_LASTBRANCH_3_FROM_IP Unique Last Branch Record 3 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
60H 96 | MSR_LASTBRANCH_0_TO_IP Unique Last Branch Record 0 To IP (R/W) 
One of four pairs of last branch record registers on the 
last branch record stack. This To_IP part of the stack 
contains pointers to the destination instruction. 
61H 97 | MSR_LASTBRANCH_1_TO_IP Unique Last Branch Record 1 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
62H 98 | MSR_LASTBRANCH_2_TO_IP Unique Last Branch Record 2 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
63H 99 | MSR_LASTBRANCH_3_TO_IP Unique Last Branch Record 3 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
79H 121 IA32_BIOS_UPDT_TRIG Unique BIOS Update Trigger Register (W) 
See Table 2-2. 
8BH 139 | IA32_BIOS_SIGN_ID Unique BIOS Update Signature ID (RO) 
See Table 2-2. 
AOH 160 |MSR_SMRR_PHYSBASE Unique System Management Mode Base Address register (WO in 
SMM) 
Model-specific implementation of SMRR-like interface, 
read visible and write only in SMM. 
11:0 Reserved 
31:12 PhysBase: SMRR physical Base Address. 
63:32 Reserved 
A1H 161 MSR_SMRR_PHYSMASK Unique System Management Mode Physical Address Mask 
register (WO in SMM) 
Model-specific implementation of SMRR-like interface, 
read visible and write only in SMM. 
10:0 Reserved 
11 Valid: Physical address base and range mask are valid. 
31:12 PhysMask: SMRR physical address range mask. 
63:32 Reserved 
C1H 193 | IA32_PMCO Unique Performance Counter Register 
See Table 2-2. 
C2H 194 | 1A32_PMC1 Unique Performance Counter Register 
See Table 2-2. 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-3. MSRs in Processors Based on Intel® Core™ Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Shared/ 
Unique 


Bit Description 


CDH 


205 


MSR_FSB_FREQ 


Shared 


Scaleable Bus Speed(RO) 


This field indicates the intended scaleable bus clock speed 
for processors based on Intel Core microarchitecture. 


2:0 


101B: 100 MHz (FSB 400) 
001B: 133 MHz (FSB 533) 
011B: 167 MHz (FSB 667) 
010B: 200 MHz (FSB 800) 
OOOB: 267 MHz (FSB 1067) 
100B: 333 MHz (FSB 1333) 


133.33 MHz should be utilized if performing calculation 
with System Bus Speed when encoding is 001B. 
166.67 MHz should be utilized if performing calculation 
with System Bus Speed when encoding is 011B. 


266.67 MHz should be utilized if performing calculation 
with System Bus Speed when encoding is OOOB. 


333.33 MHz should be utilized if performing calculation 
with System Bus Speed when encoding is 100B. 


63:3 


Reserved 


CDH 


205 


MSR_FSB_FREQ 


2:0 


Shared 


Scaleable Bus Speed(RO) 


This field indicates the intended scaleable bus clock speed 
for processors based on Enhanced Intel Core 
microarchitecture. 


101B: 100 MHz (FSB 400) 
001B: 133 MHz (FSB 533) 
011B: 167 MHz (FSB 667) 
010B: 200 MHz (FSB 800) 
OOOB: 267 MHz (FSB 1067) 
100B: 333 MHz (FSB 1333) 
110B: 400 MHz (FSB 1600) 


63:3 


133.33 MHz should be utilized if performing calculation 
with System Bus Speed when encoding is 001B. 


166.67 MHz should be utilized if performing calculation 
with System Bus Speed when encoding is 011B. 
266.67 MHz should be utilized if performing calculation 
with System Bus Speed when encoding is 110B. 
333.33 MHz should be utilized if performing calculation 
with System Bus Speed when encoding is 111B. 


Reserved 


€7H 


231 


IA32_MPERF 


Unique 


Maximum Performance Frequency Clock Count (RW) 
See Table 2-2. 


€8H 


232 


IA32_APERF 


Unique 


Actual Performance Frequency Clock Count (RW) 
See Table 2-2. 


FEH 


254 


IA32_MTRRCAP 


Unique 


See Table 2-2. 


11 


Unique 


SMRR Capability Using MSR OAOH and 0A1H (R) 
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Table 2-3. MSRs in Processors Based on Intel® Core™ Microarchitecture (Contd.) 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 
174H 372 | IA32_SYSENTER_CS Unique See Table 2-2. 
175H 373 | IA32_SYSENTER_ESP Unique See Table 2-2. 
176H 374 | IA32_SYSENTER_EIP Unique See Table 2-2. 
179H 377 | 1A32_MCG_CAP Unique See Table 2-2. 
17AH 378 | IA32_MCG_STATUS Unique Global Machine Check Status 
0 RIPV 
When set, bit indicates that the instruction addressed by 
the instruction pointer pushed on the stack (when the 
machine check was generated) can be used to restart the 
program. If cleared, the program cannot be reliably 
restarted. 
1 EIPV 
When set, bit indicates that the instruction addressed by 
the instruction pointer pushed on the stack (when the 
machine check was generated) is directly associated with 
the error. 
2 MCIP 
When set, bit indicates that a machine check has been 
generated. If a second machine check is detected while 
this bit is still set, the processor enters a shutdown state. 
Software should write this bit to O after processing a 
machine check exception. 
63:3 Reserved 
186H 390 | IA32_PERFEVTSELO Unique See Table 2-2. 
187H 391 IA32_PERFEVTSEL1 Unique See Table 2-2. 
198H 408 | IA32_PERF_STATUS Shared See Table 2-2. 
198H 408 |MSR_PERF_STATUS Shared Current performance status. See Section 14.1.1, 
“Software Interface For Initiating Performance State 
Transitions”. 
15:0 Current Performance State Value 
30:16 Reserved 
31 XE Operation (R/O). 
If set, XE operation is enabled. Default is cleared. 
39:32 Reserved 
44:40 Maximum Bus Ratio (R/O) 
Indicates maximum bus ratio configured for the processor. 
45 Reserved 
46 Non-Integer Bus Ratio (R/O) 
Indicates non-integer bus ratio is enabled. Applies 
processors based on Enhanced Intel Core 
microarchitecture. 
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Table 2-3. MSRs in Processors Based on Intel® Core™ Microarchitecture (Contd.) 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 
63:47 Reserved 
199H 409 | IA32_PERF_CTL Unique See Table 2-2. 
19AH 410 | IA32_CLOCK_MODULATION Unique Clock Modulation (R/W) 
See Table 2-2. 
IA32_CLOCK_MODULATION MSR was originally named 
IA32_THERM_CONTROL MSR. 
19BH 411 1A32_THERM_INTERRUPT Unique Thermal Interrupt Control (R/W) 
See Table 2-2. 
19CH 412 | IA32_THERM_STATUS Unique Thermal Monitor Status (R/W) 
See Table 2-2. 
19DH 413 | MSR_THERM2_CTL Unique Thermal Monitor 2 Control 
15:0 Reserved 
16 TM_SELECT (R/W) 
Mode of automatic thermal monitor: 
O= Thermal Monitor 1 (thermally-initiated on-die 
modulation of the stop-clock duty cycle). 
1 = Thermal Monitor 2 (thermally-initiated frequency 
transitions). 
If bit 3 of the IA32_MISC_ENABLE register is cleared, 
TM_SELECT has no effect. Neither TM1 nor TM2 are 
enabled. 
63:16 Reserved 
1A0H 416 | IA32_MISC_ENABLE Enable Misc. Processor Features (R/W) 
Allows a variety of processor functions to be enabled and 
disabled. 
0 Fast-Strings Enable 
See Table 2-2. 
2:1 Reserved 
3 Unique Automatic Thermal Control Circuit Enable (R/W) 
See Table 2-2. 
6:4 Reserved 
7 Shared Performance Monitoring Available (R) 
See Table 2-2. 
Reserved 


Hardware Prefetcher Disable (R/W) 


When set, disables the hardware prefetcher operation on 
streams of data. When clear (default), enables the 
prefetch queue. 


Disabling of the hardware prefetcher may impact 
processor performance. 
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Table 2-3. MSRs in Processors Based on Intel® Core™ Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Shared/ 
Unique 


Bit Description 


10 


Shared 


FERR# Multiplexing Enable (R/W) 

1 = FERR# asserted by the processor to indicate a 
pending break event within the processor. 

O= Indicates compatible FERR# signaling behavior. 


This bit must be set to 1 to support XAPIC interrupt 
model usage. 


Shared 


Branch Trace Storage Unavailable (RO) 
See Table 2-2. 


Shared 


Processor Event Based Sampling Unavailable (RO) 
See Table 2-2. 


Shared 


TM2 Enable (R/W) 


When this bit is set (1) and the thermal sensor indicates 
that the die temperature is at the pre-determined 
threshold, the Thermal Monitor 2 mechanism is engaged. 
TM2 will reduce the bus to core ratio and voltage 
according to the value last written to MSR_THERM2_CTL 
bits 15:0. 


15:14 


When this bit is clear (0, default), the processor does not 
change the VID signals or the bus to core ratio when the 
processor enters a thermally managed state. 


The BIOS must enable this feature if the TM2 feature flag 
(CPUID.1:ECX[8]) is set; if the TM2 feature flag is not set, 
this feature is not supported and BIOS must not alter the 
contents of the TM2 bit location. 
The processor is operating out of specification if both this 
bit and the TM1 bit are set to O. 


Reserved 


Shared 


Enhanced Intel SpeedStep Technology Enable (R/W) 
See Table 2-2. 


Shared 


ENABLE MONITOR FSM (R/W) 
See Table 2-2. 


Shared 


Adjacent Cache Line Prefetch Disable (R/W) 


When set to 1, the processor fetches the cache line that 
contains data currently required by the processor. When 
set to 0, the processor fetches cache lines that comprise a 
cache line pair (128 bytes). 

Single processor platforms should not set this bit. Server 
platforms should set or clear this bit based on platform 
performance observed in validation and testing. 


BIOS may contain a setup option that controls the setting 
of this bit. 
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Table 2-3. MSRs in Processors Based on Intel® Core™ Microarchitecture (Contd.) 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 

20 Shared Enhanced Intel SpeedStep Technology Select Lock (R/WO) 
When set, this bit causes the following bits to become 
read-only: 
* Enhanced Intel SpeedStep Technology Select Lock (this 

bit). 

« Enhanced Intel SpeedStep Technology Enable bit. 
The bit must be set before an Enhanced Intel SpeedStep 
Technology transition is requested. This bit is cleared on 
reset. 

21 Reserved 

22 Shared Limit CPUID Maxval (R/W) 
See Table 2-2. 

23 Shared XTPR Message Disable (R/W) 
See Table 2-2. 

33:24 Reserved 

34 Unique XD Bit Disable (R/W) 
See Table 2-2. 

36:35 Reserved 

37 Unique DCU Prefetcher Disable (R/W) 
When set to 1, the DCU L1 data cache prefetcher is 
disabled. The default value after reset is 0. BIOS may 
write ‘1’ to disable this feature. 
The DCU prefetcher is an L1 data cache prefetcher. When 
the DCU prefetcher detects multiple loads from the same 
line done within a time limit, the DCU prefetcher assumes 
the next line will be required. The next line is prefetched 
in to the L1 data cache from memory or L2. 

38 Shared IDA Disable (R/W) 


When set to 1 on processors that support IDA, the Intel 
Dynamic Acceleration feature (IDA) is disabled and the 
IDA_Enable feature flag will be cleared (CPUID.OGH: 
EAX[1]=0). 

When set to a O on processors that support IDA, 
CPUID.O6H: EAX[1] reports the processor's support of IDA 
is enabled. 


Note: The power-on default value is used by BIOS to 
detect hardware support of IDA. If the power-on default 
value is 1, IDA is available in the processor. If the power- 
on default value is 0, IDA is not available. 
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Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 
39 Unique IP Prefetcher Disable (R/W) 
When set to 1, the IP prefetcher is disabled. The default 
value after reset is 0. BIOS may write ‘1’ to disable this 
feature. 
The IP prefetcher is an L1 data cache prefetcher. The IP 
prefetcher looks for sequential load history to determine 
whether to prefetch the next expected data into the L1 
cache from memory or L2. 
63:40 Reserved 

1CSH 457 | MSR_LASTBRANCH_TOS Unique Last Branch Record Stack TOS (R/W) 
Contains an index (bits 0-3) that points to the MSR 
containing the most recent branch record. 
See MSR_LASTBRANCH_O_FROM_IP (at 40H). 

1D9H 473 | IA32_DEBUGCTL Unique Debug Control (R/W) 
See Table 2-2. 

1DDH 477 | MSR_LER_FROM_LIP Unique Last Exception Record From Linear IP (R/W) 
Contains a pointer to the last branch instruction that the 
processor executed prior to the last exception that was 
generated or the last interrupt that was handled. 

1DEH 478 |MSR_LER_TO_LIP Unique Last Exception Record To Linear IP (R/W) 
This area contains a pointer to the target of the last 
branch instruction that the processor executed prior to 
the last exception that was generated or the last 
interrupt that was handled. 

200H 512 | IA32_MTRR_PHYSBASEO Unique See Table 2-2. 

201H 513 | IA32_MTRR_PHYSMASKO Unique See Table 2-2. 

202H 514 | IA32_MTRR_PHYSBASE1 Unique See Table 2-2. 

203H 515 | IA32_MTRR_PHYSMASK1 Unique See Table 2-2. 

204H 516 | IA32_MTRR_PHYSBASE2 Unique See Table 2-2. 

205H 517 | IA32_MTRR_PHYSMASK2 Unique See Table 2-2. 

206H 518 | IA32_MTRR_PHYSBASE3 Unique See Table 2-2. 

207H 519 | 1A32_MTRR_PHYSMASK3 Unique See Table 2-2. 

208H 520 | IA32_MTRR_PHYSBASE4 Unique See Table 2-2. 

209H 521 | IA32_MTRR_PHYSMASK4 Unique See Table 2-2. 

20AH 522 | IA32_MTRR_PHYSBASE5 Unique See Table 2-2. 

20BH 523 | IA32_MTRR_PHYSMASK5 Unique See Table 2-2. 

20CH 524 | IA32_MTRR_PHYSBASE6 Unique See Table 2-2. 

20DH 525 | IA32_MTRR_PHYSMASK6 Unique See Table 2-2. 

20€H 526 | IA32_MTRR_PHYSBASE7 Unique See Table 2-2. 

20FH 527 | IA32_MTRR_PHYSMASK7 Unique See Table 2-2. 
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Table 2-3. MSRs in Processors Based on Intel® Core™ Microarchitecture (Contd.) 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 
250H 592 | IA32_MTRR_FIX64K_00000 Unique See Table 2-2. 
258H 600 | IA32_MTRR_FIX16K_80000 Unique See Table 2-2. 
259H 601 | IA32_MTRR_FIX16K_A0000 Unique See Table 2-2. 
268H 616 | IA32_MTRR_FIX4K_CO000 Unique See Table 2-2. 
269H 617 | IA32_MTRR_FIX4K_C8000 Unique See Table 2-2. 
26AH 618 | IA32_MTRR_FIX4K_DO0000 Unique See Table 2-2. 
26BH 619 | IA32_MTRR_FIX4K_D8000 Unique See Table 2-2. 
26CH 620 | IA32_MTRR_FIX4K_E0000 Unique See Table 2-2. 
26DH 621 | IA32_MTRR_FIX4K_E8000 Unique See Table 2-2. 
26€H 622 | IA32_MTRR_FIX4K_FO000 Unique See Table 2-2. 
26FH 623 | IA32_MTRR_FIX4K_F8000 Unique See Table 2-2. 
277H 631 | IA32_PAT Unique See Table 2-2. 
2FFH 767 | IA32_MTRR_DEF_TYPE Unique Default Memory Types (R/W) 
See Table 2-2. 
309H 777 ‘| \A32_FIXED_CTRO Unique Fixed-Function Performance Counter Register O (R/W) 
See Table 2-2. 
30AH 778 | 1A32_FIXED_CTR1 Unique Fixed-Function Performance Counter Register 1 (R/W) 
See Table 2-2. 
30BH 779 ‘| IA32_FIXED_CTR2 Unique Fixed-Function Performance Counter Register 2 (R/W) 
See Table 2-2. 
345H 837 | IA32_PERF_CAPABILITIES Unique See Table 2-2. See Section 17.4.1, “IA32_DEBUGCTL 
MSR." 
345H 837 | MSR_PERF_CAPABILITIES Unique RO. This applies to processors that do not support 
architectural perfmon version 2. 
5:0 LBR Format. See Table 2-2. 
6 PEBS Record Format 
7 PEBSSaveArchRegs. See Table 2-2. 
63:8 Reserved 
38DH 909 | IA32_FIXED_CTR_CTRL Unique Fixed-Function-Counter Control Register (R/W) 
See Table 2-2. 
38EH 910 | IA32_PERF_GLOBAL_STATUS Unique See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities." 
38EH 910 | MSR_PERF_GLOBAL_STATUS Unique See Section 19.6.2.2, “Global Counter Control Facilities.” 
38FH 911 IA32_PERF_GLOBAL_CTRL Unique See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities." 
38FH 911 MSR_PERF_GLOBAL_CTRL Unique See Section 19.6.2.2, “Global Counter Control Facilities.” 
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Table 2-3. MSRs in Processors Based on Intel® Core™ Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Shared/ 
Unique 


Bit Description 


390H 


912 


IA32_PERF_GLOBAL_OVF_CTRL 


Unique 


See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities.” 


390H 


912 


MSR_PERF_GLOBAL_OVF_CTRL 


Unique 


See Section 19.6.2.2, “Global Counter Control Facilities.” 


3F1H 


1009 


IA32_PEBS_ENABLE 
(MSR_PEBS_ENABLE) 


Unique 


See Table 2-2. See Section 19.6.2.4, “Processor Event 
Based Sampling (PEBS).” 


0 


Enable PEBS on IA32_PMCO. (R/W) 


400H 


1024 


IA32_MCO_CTL 


Unique 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs." 


401H 


1025 


IA32_MCO_STATUS 


Unique 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


402H 


1026 


IA32_MCO_ADDR 


Unique 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The IA32_MCO_ADDR register is either not implemented 
or contains no address if the ADDRV flag in the 
IA32_MCO_STATUS register is clear. 

When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 


404H 
405H 


1028 
1029 


IA32_MC1_CTL 
IA32_MC1_STATUS 


Unique 


Unique 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs." 
See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


406H 


1030 


IA32_MC1_ADDR 


Unique 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The IA32_MC1_ADDR register is either not implemented 
or contains no address if the ADDRV flag in the 
IA32_MC1_STATUS register is clear. 

When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 


408H 


1032 


IA32_MC2_CTL 


Unique 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs." 


409H 


1033 


IA32_MC2_STATUS 


Unique 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


40AH 


1034 


IA32_MC2_ADDR 


Unique 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The IA32_MC2_ADDR register is either not implemented 
or contains no address if the ADDRV flag in the 
IA32_MC2_STATUS register is clear. 

When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 


40CH 
40DH 


1036 
1037 


IA32_MC4_CTL 
IA32_MC4_STATUS 


Unique 


Unique 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


40€H 


1038 


IA32_MC4_ADDR 


Unique 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The MSR_MC4_ADDR register is either not implemented 
or contains no address if the ADDRV flag in the 
MSR_MC4_STATUS register is clear. 


When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 
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Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Shared/ 
Unique 


Bit Description 


410H 


1040 


IA32_MC3_CTL 


See Section 15.3.2.1, "IA32_MCi_CTL MSRs.” 


411H 


1041 


IA32_MC3_STATUS 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


412H 


1042 


IA32_MC3_ADDR 


Unique 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The MSR_MC3_ADDR register is either not implemented 
or contains no address if the ADDRV flag in the 
MSR_MC3_STATUS register is clear. 

When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 


413H 


1043 


IA32_MC3_MISC 


Unique 


Machine Check Error Reporting Register: Contains 
additional information describing the machine-check error 
if the MISCV flag in the [A32_MCi_STATUS register is set. 


414H 


1044 


IA32_MC5_CTL 


Unique 


Machine Check Error Reporting Register: Controls 
signaling of #MC for errors produced by a particular 
hardware unit (or group of hardware units). 


415H 


1045 


IA32_MC5_STATUS 


Unique 


Machine Check Error Reporting Register: Contains 
information related to a machine-check error if its VAL 
(valid) flag is set. Software is responsible for clearing 
IA32_MCi_STATUS MSRs by explicitly writing Os to them; 
writing 1s to them causes a general-protection exception. 


416H 


1046 


IA32_MC5_ADDR 


Unique 


Machine Check Error Reporting Register: Contains the 
address of the code or data memory location that 
produced the machine-check error if the ADDRV flag in 
the IA32_MCi_STATUS register is set. 


417H 


1047 


IA32_MC5_MISC 


Unique 


Machine Check Error Reporting Register: Contains 
additional information describing the machine-check error 
if the MISCV flag in the [A32_MCi_STATUS register is set. 


419H 


1045 


IA32_MC6_STATUS 


Unique 


Applies to Intel Xeon processor 7400 series (processor 
signature 06_1D) only. See Section 15.3.2.2, 
“IA32_MCi_STATUS MSRS” and Chapter 23. 


480H 


1152 


IA32_VMX_BASIC 


Unique 


Reporting Register of Basic VMX Capabilities (R/O) 
See Table 2-2. 
See Appendix A.1, “Basic VMX Information.” 


481H 


1153 


IA32_VMX_PINBASED_CTLS 


Unique 


Capability Reporting Register of Pin-Based VM-Execution 
Controls (R/O) 


See Table 2-2. 
See Appendix A.3, “VM-Execution Controls.” 


482H 


1154 


IA32_VMX_PROCBASED_CTLS 


Unique 


Capability Reporting Register of Primary Processor-Based 
V/M-Execution Controls (R/O) 


See Appendix A.3, “VM-Execution Controls.” 


483H 


1155 


IA32_VMX_EXIT_CTLS 


Unique 


Capability Reporting Register of VM-Exit Controls (R/O) 
See Table 2-2. 
See Appendix A.4, “VM-Exit Controls.” 
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Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Shared/ 
Unique 


Bit Description 


484H 


1156 


IA32_VMX_ENTRY_CTLS 


Unique 


Capability Reporting Register of VM-Entry Controls (R/O) 
See Table 2-2. 
See Appendix A.5, “VM-Entry Controls.” 


485H 


1157 


IA32_VMX_MISC 


Unique 


Reporting Register of Miscellaneous VMX Capabilities 
(R/O) 


See Table 2-2. 
See Appendix A.6, “Miscellaneous Data.” 


486H 


1158 


IA32_VMX_CRO_FIXEDO 


Unique 


Capability Reporting Register of CRO Bits Fixed to 0 (R/O) 
See Table 2-2. 
See Appendix A.7, “VMX-Fixed Bits in CRO.” 


487H 


1159 


IA32_VWMX_CRO_FIXED1 


Unique 


Capability Reporting Register of CRO Bits Fixed to 1 (R/O) 
See Table 2-2. 
See Appendix A.7, “VMX-Fixed Bits in CRO.” 


488H 


489H 


1160 


1161 


IA32_VMX_CR4_FIXEDO 


IA32_VMX_CR4_FIXED1 


Unique 


Unique 


Capability Reporting Register of CR4 Bits Fixed to 0 (R/O) 
See Table 2-2. 

See Appendix A.8, “VMX-Fixed Bits in CR4.” 

Capability Reporting Register of CR4 Bits Fixed to 1 (R/O) 
See Table 2-2. 

See Appendix A.8, “VMX-Fixed Bits in CR4.” 


48AH 


1162 


IA32_VMX_VMCS_ENUM 


Unique 


Capability Reporting Register of VMCS Field Enumeration 
(R/O) 


See Table 2-2. 
See Appendix A.9, “VMCS Enumeration.” 


48BH 


1163 


IA32_VMX_PROCBASED_CTLS2 


Unique 


Capability Reporting Register of Secondary Processor- 
Based VM-Execution Controls (R/O) 


See Appendix A.3, “VM-Execution Controls.” 


600H 


1536 


IA32_DS_AREA 


Unique 


DS Save Area (R/W) 
See Table 2-2. 
See Section 19.6.3.4, “Debug Store (DS) Mechanism.” 


67532 


MSR_EMON_L3_CTR_CTLO 


Unique 


GBUSQ Event Control/Counter Register (R/W) 


Applies to Intel Xeon processor 7400 series (processor 
signature 06_1D) only. See Section 17.2.2 


67533 


MSR_EMON_L3_CTR_CTL1 


Unique 


GBUSQ Event Control/Counter Register (R/W) 


Applies to Intel Xeon processor 7400 series (processor 
signature 06_1D) only. See Section 17.2.2 
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MSR_EMON_L3_CTR_CTL2 


Unique 


GSNPQ Event Control/Counter Register (R/W) 


Applies to Intel Xeon processor 7400 series (processor 
signature 06_1D) only. See Section 17.2.2 
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Table 2-3. MSRs in Processors Based on Intel® Core™ Microarchitecture (Contd.) 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 
107CF | 67535 | MSR_EMON_L3_CTR_CTL3 Unique GSNPQ Event Control/Counter Register (R/W) 
H Applies to Intel Xeon processor 7400 series (processor 
signature 06_1D) only. See Section 17.2.2 
107D0 | 67536 | MSR_EMON_L3_CTR_CTL4 Unique FSB Event Control/Counter Register (R/W) 
H Applies to Intel Xeon processor 7400 series (processor 
signature 06_1D) only. See Section 17.2.2 
107D1 | 67537 | MSR_EMON_L3_CTR_CTL5 Unique FSB Event Control/Counter Register (R/W) 
H Applies to Intel Xeon processor 7400 series (processor 
signature 06_1D) only. See Section 17.2.2 
107D2 | 67538 | MSR_EMON_L3_CTR_CTL6 Unique FSB Event Control/Counter Register (R/W) 
H Applies to Intel Xeon processor 7400 series (processor 
signature 06_1D) only. See Section 17.2.2 
107D3 | 67539 | MSR_EMON_L3_CTR_CTL7 Unique FSB Event Control/Counter Register (R/W) 
H Applies to Intel Xeon processor 7400 series (processor 
signature 06_1D) only. See Section 17.2.2 
107D8 | 67544 | MSR_EMON_L3_GL_CTL Unique L3/FSB Common Control Register (R/W) 
H Applies to Intel Xeon processor 7400 series (processor 
signature 06_1D) only. See Section 17.2.2 
CO00_ IA32_EFER Unique Extended Feature Enables 
0080H See Table 2-2. 
CO00_ IA32_STAR Unique System Call Target Address (R/W) 
0081H See Table 2-2. 
CO00_ IA32_LSTAR Unique IA-32e Mode System Call Target Address (R/W) 
0082H See Table 2-2. 
CO00_ IA32_FMASK Unique System Call Flag Mask (R/W) 
00844 See Table 2-2. 
CO00_ IA32_FS_BASE Unique Map of BASE Address of FS (R/W) 
0100H See Table 2-2. 
CO00_ IA32_GS_BASE Unique Map of BASE Address of GS (R/W) 
0101H See Table 2-2. 
CO00_ IA32_KERNEL_GS_BASE Unique Swap Target of BASE Address of GS (R/W) 
0102H See Table 2-2. 
2.3 MSRS IN THE 45 NM AND 32 NM INTEL ATOM® PROCESSOR FAMILY 


Table 2-4 lists model-specific registers (MSRs) for 45 nm and 32 nm Intel Atom processors, architectural MSR 
addresses are also included in Table 2-4. These processors have a CPUID signature with 
DisplayFamily_DisplayModel of 06_1CH, 06_26H, 06_27H, 06_35H and 06_36H; see Table 2-1. 


The column “Shared/Unique” applies to logical processors sharing the same core in processors based on the Intel 
Atom microarchitecture. “Unique” means each logical processor has a separate MSR, or a bit field in an MSR 
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governs only a logical processor. “Shared” means the MSR or the bit field in an MSR address governs the operation 


of both logical processors in the same core. 


Table 2-4. MSRs in 45 nm and 32 nm Intel Atom® Processor Family 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 
OH 0 IA32_P5_MC_ADDR Shared See Section 2.23, “MSRs in Pentium Processors.” 
1H 1 IA32_P5_MC_TYPE Shared See Section 2.23, “MSRs in Pentium Processors.” 
6H 6 IA32_MONITOR_FILTER_ Unique See Section 8.10.5, “Monitor/Mwait Address Range 
SIZE Determination.” and Table 2-2. 
10H 16 IA32_TIME_STAMP_ Unique See Section 17.17, “Time-Stamp Counter,” and see 
COUNTER Table 2-2. 
17H 23 IA32_PLATFORM_ID Shared Platform ID (R) 
See Table 2-2. 
17H 23 MSR_PLATFORM_ID Shared Model Specific Platform ID (R) 
7:0 Reserved 
12:8 Maximum Qualified Ratio (R) 
The maximum allowed bus ratio. 
63:13 Reserved 
1BH 27 IA32_APIC_BASE Unique See Section 10.4.4, “Local APIC Status and Location” and 
Table 2-2. 
2AH 42 MSR_EBL_CR_POWERON Shared Processor Hard Power-On Configuration (R/W) 


Enables and disables processor features; (R) indicates 
current processor configuration. 


Reserved 


Data Error Checking Enable (R/W) 
1 = Enabled; 0 = Disabled 


Always 0. 


Response Error Checking Enable (R/W) 
1 = Enabled; 0 = Disabled 


Always 0. 


AERR# Drive Enable (R/W) 

1 = Enabled; 0 = Disabled 

Always 0. 

BERR# Enable for initiator bus requests (R/W) 
1 = Enabled; 0 = Disabled 

Always 0. 


Reserved 


Reserved 


BINIT# Driver Enable (R/W) 
1 = Enabled; 0 = Disabled 
Always 0. 


Reserved 
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Table 2-4. MSRs in 45 nm and 32 nm Intel Atom® Processor Family (Contd.) 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 
9 Execute BIST (R/O) 
1 = Enabled; 0 = Disabled 
10 AERR# Observation Enabled (R/O) 
1 = Enabled; 0 = Disabled 
Always 0. 
11 Reserved 
12 BINIT# Observation Enabled (R/O) 
1 = Enabled; 0 = Disabled 
Always 0. 
13 Reserved 
14 1 MByte Power on Reset Vector (R/O) 
1 = 1 MByte; 0 = 4 GBytes 
15 Reserved 
17:16 APIC Cluster ID (R/O) 
Always OOB. 
19:18 Reserved 
21:20 Symmetric Arbitration ID (R/O) 
Always OOB. 
26:22 Integer Bus Frequency Ratio (R/O) 
3AH 58 IA32_FEATURE_CONTROL Unique Control Features in Intel 64Processor (R/W) 
See Table 2-2. 
40H 64 MSR_LASTBRANCH_O_FROM_IP Unique Last Branch Record 0 From IP (R/W) 
One of eight pairs of last branch record registers on the 
last branch record stack. The From_IP part of the stack 
contains pointers to the source instruction . See also: 
* Last Branch Record Stack TOS at 1C9H. 
* Section 17.5. 
41H 65 MSR_LASTBRANCH_1_FROM_IP Unique Last Branch Record 1 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
42H 66 MSR_LASTBRANCH_2_FROM_IP Unique Last Branch Record 2 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
43H 67 MSR_LASTBRANCH_3_FROM_IP Unique Last Branch Record 3 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
44H 68 MSR_LASTBRANCH_4_FROM_IP Unique Last Branch Record 4 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
45H 69 MSR_LASTBRANCH_5_FROM_IP Unique Last Branch Record 5 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
46H 70 MSR_LASTBRANCH_6_FROM_IP Unique Last Branch Record 6 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
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Table 2-4. MSRs in 45 nm and 32 nm Intel Atom® Processor Family (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Shared/ 
Unique 


Bit Description 


47H 


71 


MSR_LASTBRANCH_7_FROM_IP 


Unique 


Last Branch Record 7 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 


60H 


96 


MSR_LASTBRANCH_O_TO_IP 


Unique 


Last Branch Record 0 To IP (R/W) 

One of eight pairs of last branch record registers on the 
last branch record stack. The To_IP part of the stack 
contains pointers to the destination instruction. 


61H 


97 


MSR_LASTBRANCH_1_TO_IP 


Unique 


Last Branch Record 1 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 


62H 


63H 


64H 


65H 


66H 


67H 


79H 


8BH 


C1H 


98 


99 


100 


101 


102 


103 


121 


139 


193 


MSR_LASTBRANCH_2_TO_IP 


MSR_LASTBRANCH_3_TO_IP 


MSR_LASTBRANCH_4_TO_IP 


MSR_LASTBRANCH_5_TO_IP 


MSR_LASTBRANCH_6_TO_IP 


MSR_LASTBRANCH_7_TO_IP 


IA32_BlOS_UPDT_TRIG 


IA32_BlOS_SIGN_ID 


IA32_PMCO 


Unique 


Unique 


Unique 


Unique 


Unique 


Unique 


Shared 


Unique 


Unique 


Last Branch Record 2 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
Last Branch Record 3 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
Last Branch Record 4 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
Last Branch Record 5 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
Last Branch Record 6 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
Last Branch Record 7 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
BIOS Update Trigger Register (W) 

See Table 2-2. 

BIOS Update Signature ID (RO) 

See Table 2-2. 

Performance counter register 

See Table 2-2. 


C2H 


194 


IA32_PMC1 


Unique 


Performance Counter Register 
See Table 2-2. 


CDH 


205 


MSR_FSB_FREQ 


Shared 


Scaleable Bus Speed(RO) 


This field indicates the intended scaleable bus clock speed 
for processors based on Intel Atom microarchitecture. 


2:0 


111B: 083 MHz (FSB 333) 
101B: 100 MHz (FSB 400) 
001B: 133 MHz (FSB 533) 
011B: 167 MHz (FSB 667) 


133.33 MHz should be utilized if performing calculation 
with System Bus Speed when encoding is 001B. 
166.67 MHz should be utilized if performing calculation 
with System Bus Speed when encoding is 011B. 


Reserved 
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Table 2-4. MSRs in 45 nm and 32 nm Intel Atom® Processor Family (Contd.) 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 
E7H 231 IA32_MPERF Unique Maximum Performance Frequency Clock Count (RW) 
See Table 2-2. 
E8H 232 | IA32_APERF Unique Actual Performance Frequency Clock Count (RW) 
See Table 2-2. 
FEH 254 | IA32_MTRRCAP Shared Memory Type Range Register (R) 
See Table 2-2. 
11€H 281 MSR_BBL_CR_CTL3 Shared Control Register 3 
Used to configure the L2 Cache. 
0 L2 Hardware Enabled (RO) 
1 = Indicates the L2 is hardware-enabled. 
0 = Indicates the L2 is hardware-disabled. 
71 Reserved 
8 L2 Enabled (R/W) 
1=  L2 cache has been initialized. 
O= Disabled (default). 
Until this bit is set, the processor will not respond to the 
WBINVD instruction or the assertion of the FLUSH# input. 
22:9 Reserved 
23 L2 Not Present (RO) 
O= L2 Present 
1= L2Not Present 
63:24 Reserved 
174H 372 | IA32_SYSENTER_CS Unique See Table 2-2. 
175H 373 | IA32_SYSENTER_ESP Unique See Table 2-2. 
176H 374 | IA32_SYSENTER_EIP Unique See Table 2-2. 
179H 377 | 1A32_MCG_CAP Unique See Table 2-2. 
17AH 378 | IA32_MCG_STATUS Unique Global Machine Check Status 
0 RIPV 
When set, bit indicates that the instruction addressed by 
the instruction pointer pushed on the stack (when the 
machine check was generated) can be used to restart the 
program. If cleared, the program cannot be reliably 
restarted. 
1 EIPV 
When set, bit indicates that the instruction addressed by 
the instruction pointer pushed on the stack (when the 
machine check was generated) is directly associated with 
the error. 
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Table 2-4. MSRs in 45 nm and 32 nm Intel Atom® Processor Family (Contd.) 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 
2 MCIP 
When set, bit indicates that a machine check has been 
generated. If a second machine check is detected while 
this bit is still set, the processor enters a shutdown state. 
Software should write this bit to O after processing a 
machine check exception. 
63:3 Reserved 
186H 390 | IA32_PERFEVTSELO Unique See Table 2-2. 
187H 391 IA32_PERFEVTSEL1 Unique See Table 2-2. 
198H 408 | IA32_PERF_STATUS Shared See Table 2-2. 
198H 408 |MSR_PERF_STATUS Shared Performance Status 
15:0 Current Performance State Value 
39:16 Reserved 
44:40 Maximum Bus Ratio (R/O) 
Indicates maximum bus ratio configured for the processor. 
63:45 Reserved 
199H 409 | IA32_PERF_CTL Unique See Table 2-2. 
19AH 410 | IA32_CLOCK_MODULATION Unique Clock Modulation (R/W) 
See Table 2-2. 
IA32_CLOCK_MODULATION MSR was originally named 
IA32_THERM_CONTROL MSR. 
19BH 411 IA32_THERM_INTERRUPT Unique Thermal Interrupt Control (R/W) 
See Table 2-2. 
19CH 412 | IA32_THERM_STATUS Unique Thermal Monitor Status (R/W) 
See Table 2-2. 
19DH 413, | MSR_THERM2_CTL Shared Thermal Monitor 2 Control 
15:0 Reserved 
16 TM_SELECT (R/W) 
Mode of automatic thermal monitor: 
Q= Thermal Monitor 1 (thermally-initiated on-die 
modulation of the stop-clock duty cycle). 
1= Thermal Monitor 2 (thermally-initiated frequency 
transitions). 
If bit 3 of the [A32_MISC_ENABLE register is cleared, 
TM_SELECT has no effect. Neither TM1 nor TM2 are 
enabled. 
63:17 Reserved 
1A0H 416 | IA32_MISC_ENABLE Unique Enable Misc. Processor Features (R/W) 
Allows a variety of processor functions to be enabled and 
disabled. 
0 Fast-Strings Enable 
See Table 2-2. 
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Table 2-4. MSRs in 45 nm and 32 nm Intel Atom® Processor Family (Contd.) 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 


Hex Dec 


2:1 Reserved 


3 Unique Automatic Thermal Control Circuit Enable (R/W) 
See Table 2-2. Default value is 0. 


6:4 Reserved 


7 Shared Performance Monitoring Available (R) 
See Table 2-2. 


8 Reserved 


9 Reserved 


10 Shared FERR# Multiplexing Enable (R/W) 


1 =  FERR# asserted by the processor to indicate a 
pending break event within the processor. 


O= Indicates compatible FERR# signaling behavior. 
This bit must be set to 1 to support XAPIC interrupt model 
usage. 

11 Shared Branch Trace Storage Unavailable (RO) 

See Table 2-2. 


12 Shared Processor Event Based Sampling Unavailable (RO) 
See Table 2-2. 


13 Shared TM2 Enable (R/W) 


When this bit is set (1) and the thermal sensor indicates 
that the die temperature is at the pre-determined 
threshold, the Thermal Monitor 2 mechanism is engaged. 
TM2 will reduce the bus to core ratio and voltage according 
to the value last written to MSR_THERM2_CTL bits 15:0. 


When this bit is cleared (0, default), the processor does not 
change the VID signals or the bus to core ratio when the 
processor enters a thermally managed state. 


The BIOS must enable this feature if the TM2 feature flag 
(CPUID.1:ECX[8)]) is set; if the TM2 feature flag is not set, 

this feature is not supported and BIOS must not alter the 

contents of the TM2 bit location. 


The processor is operating out of specification if both this 
bit and the TM1 bit are set to 0. 


15:14 Reserved 


16 Shared Enhanced Intel SpeedStep Technology Enable (R/W) 
See Table 2-2. 


18 Shared ENABLE MONITOR FSM (R/W) 
See Table 2-2. 


19 Reserved 
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Table 2-4. MSRs in 45 nm and 32 nm Intel Atom® Processor Family (Contd.) 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 
20 Shared Enhanced Intel SpeedStep Technology Select Lock (R/WO) 
When set, this bit causes the following bits to become 
read-only: 
. Enhanced Intel SpeedStep Technology Select Lock (this 
. cel Intel SpeedStep Technology Enable bit. 
The bit must be set before an Enhanced Intel SpeedStep 
Technology transition is requested. This bit is cleared on 
reset. 
21 Reserved 
22 Unique Limit CPUID Maxval (R/W) 
See Table 2-2. 
23 Shared XTPR Message Disable (R/W) 
See Table 2-2. 
33:24 Reserved 
34 Unique XD Bit Disable (R/W) 
See Table 2-2. 
63:35 Reserved 
1CSH 457 | MSR_LASTBRANCH_TOS Unique Last Branch Record Stack TOS (R/W) 
Contains an index (bits 0-2) that points to the MSR 
containing the most recent branch record. 
See MSR_LASTBRANCH_O_FROM_IP (at 40H). 
1D9H 473 | 1A32_DEBUGCTL Unique Debug Control (R/W) 
See Table 2-2. 
1DDH 477 | MSR_LER_FROM_LIP Unique Last Exception Record From Linear IP (R) 
Contains a pointer to the last branch instruction that the 
processor executed prior to the last exception that was 
generated or the last interrupt that was handled. 
1DEH 478 |MSR_LER_TO_LIP Unique Last Exception Record To Linear IP (R) 
This area contains a pointer to the target of the last 
branch instruction that the processor executed prior to 
the last exception that was generated or the last interrupt 
that was handled. 
200H 512 | IA32_MTRR_PHYSBASEO Shared See Table 2-2. 
201H 513 | IA32_MTRR_PHYSMASKO Shared See Table 2-2. 
202H 514 | IA32_MTRR_PHYSBASE1 Shared See Table 2-2. 
203H 515 | IA32_MTRR_PHYSMASK1 Shared See Table 2-2. 
204H 516 | IA32_MTRR_PHYSBASE2 Shared See Table 2-2. 
205H 517 | |A32_MTRR_PHYSMASK2 Shared See Table 2-2. 
206H 518 | IA32_MTRR_PHYSBASE3 Shared See Table 2-2. 
207H 519 | IA32_MTRR_PHYSMASK3 Shared See Table 2-2. 
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Table 2-4. MSRs in 45 nm and 32 nm Intel Atom® Processor Family (Contd.) 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 

208H 520 | IA32_MTRR_PHYSBASE4 Shared See Table 2-2. 

209H 521 | |A32_MTRR_PHYSMASK4 Shared See Table 2-2. 

20AH 522 | IA32_MTRR_PHYSBASE5 Shared See Table 2-2. 

20BH 523 | IA32_MTRR_PHYSMASK5 Shared See Table 2-2. 

20CH 524 | IA32_MTRR_PHYSBASE6 Shared See Table 2-2. 

20DH 525 | IA32_MTRR_PHYSMASK6 Shared See Table 2-2. 

20€H 526 | IA32_MTRR_PHYSBASE7 Shared See Table 2-2. 

20FH 527 | IA32_MTRR_PHYSMASK7 Shared See Table 2-2. 

250H 592 | IA32_MTRR_FIX64K_00000 Shared See Table 2-2. 

258H 600 | IA32_MTRR_FIX16K_80000 Shared See Table 2-2. 

259H 601 | IA32_MTRR_FIX16K_A0000 Shared See Table 2-2. 

268H 616 | IA32_MTRR_FIX4K_CO000 Shared See Table 2-2. 

269H 617 | IA32_MTRR_FIX4K_C8000 Shared See Table 2-2. 

26AH 618 | IA32_MTRR_FIX4K_DO0000 Shared See Table 2-2. 

26BH 619 | IA32_MTRR_FIX4K_D8000 Shared See Table 2-2. 

26CH 620 | IA32_MTRR_FIX4K_€0000 Shared See Table 2-2. 

26DH 621 | IA32_MTRR_FIX4K_E8000 Shared See Table 2-2. 

26€H 622 | IA32_MTRR_FIX4K_FOO00 Shared See Table 2-2. 

26FH 623 | IA32_MTRR_FIX4K_F8000 Shared See Table 2-2. 

277H 631 | IA32_PAT Unique See Table 2-2. 

309H 777 ‘| \A32_FIXED_CTRO Unique Fixed-Function Performance Counter Register O (R/W) 
See Table 2-2. 

30AH 778 | \A32_FIXED_CTR1 Unique Fixed-Function Performance Counter Register 1 (R/W) 
See Table 2-2. 

30BH 779 ‘| IA32_FIXED_CTR2 Unique Fixed-Function Performance Counter Register 2 (R/W) 
See Table 2-2. 

345H 837 | IA32_PERF_CAPABILITIES Shared See Table 2-2. See Section 17.4.1, “IA32_DEBUGCTL MSR.” 

38DH 909__| IA32_FIXED_CTR_CTRL Unique Fixed-Function-Counter Control Register (R/W) 
See Table 2-2. 

38EH 910 | IA32_PERF_GLOBAL_STATUS Unique See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities." 

38FH 911 IA32_PERF_GLOBAL_CTRL Unique See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities." 

390H 912 | IA32_PERF_GLOBAL_OVF_CTRL Unique See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities." 

3F1H 1009 | IA32_PEBS_ENABLE Unique See Table 2-2. See Section 19.6.2.4, “Processor Event 

(MSR_PEBS_ENABLE) Based Sampling (PEBS).” 
0 Enable PEBS on IA32_PMCO (R/W) 
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Table 2-4. MSRs in 45 nm and 32 nm Intel Atom® Processor Family (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Shared/ 
Unique 


Bit Description 


400H 


1024 


IA32_MCO_CTL 


Shared 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


401H 


1025 


IA32_MCO_STATUS 


Shared 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


402H 


1026 


IA32_MCO_ADDR 


Shared 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The IA32_MCO_ADDR register is either not implemented 
or contains no address if the ADDRV flag in the 
IA32_MCO_STATUS register is clear. 


When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 


404H 
405H 


1028 
1029 


IA32_MC1_CTL 
IA32_MC1_STATUS 


Shared 
Shared 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


408H 


1032 


IA32_MC2_CTL 


Shared 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


409H 
40AH 


1033 
1034 


IA32_MC2_STATUS 
IA32_MC2_ADDR 


Shared 
Shared 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The IA32_MC2_ADDR register is either not implemented 
or contains no address if the ADDRV flag in the 
IA32_MC2_STATUS register is clear. 

When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 


40CH 


1036 


IA32_MC3_CTL 


Shared 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


40DH 
40€H 


1037 
1038 


IA32_MC3_STATUS 
IA32_MC3_ADDR 


Shared 
Shared 


See Section 15.3.2.2, "IA32_MCi_STATUS MSRS.” 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The MSR_MC3_ADDR register is either not implemented or 
contains no address if the ADDRV flag in the 
MSR_MC3_STATUS register is clear. 

When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 


410H 


1040 


IA32_MC4_CTL 


Shared 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


411H 
412H 


1041 
1042 


IA32_MC4_STATUS 
IA32_MC4_ADDR 


Shared 
Shared 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The MSR_MC4_ADDR register is either not implemented or 
contains no address if the ADDRV flag in the 
MSR_MC4_STATUS register is clear. 

When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 


480H 


1152 


1A32_VMX_BASIC 


Unique 


Reporting Register of Basic VMX Capabilities (R/O) 
See Table 2-2. 
See Appendix A.1, “Basic VMX Information.” 
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Table 2-4. MSRs in 45 nm and 32 nm Intel Atom® Processor Family (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Shared/ 
Unique 


Bit Description 


481H 


1153 


IA32_VMX_PINBASED_CTLS 


Unique 


Capability Reporting Register of Pin-Based VM-Execution 
Controls (R/O) 


See Table 2-2. 
See Appendix A.3, “VM-Execution Controls.” 


482H 


1154 


IA32_VMX_PROCBASED_CTLS 


Unique 


Capability Reporting Register of Primary Processor-Based 
V/M-Execution Controls (R/O) 


See Appendix A.3, “VM-Execution Controls.” 


483H 


1155 


IA32_VMX_EXIT_CTLS 


Unique 


Capability Reporting Register of VM-Exit Controls (R/O) 
See Table 2-2. 
See Appendix A.4, “VM-Exit Controls.” 


484H 


485H 


1156 


1157 


IA32_VMX_ENTRY_CTLS 


IA32_VMX_MISC 


Unique 


Unique 


Capability Reporting Register of VM-Entry Controls (R/O) 
See Table 2-2. 
See Appendix A.5, “VM-Entry Controls.” 


Reporting Register of Miscellaneous VMX Capabilities 
(R/O) 


See Table 2-2. 
See Appendix A.6, “Miscellaneous Data.” 


486H 


1158 


IA32_VMX_CRO_FIXEDO 


Unique 


Capability Reporting Register of CRO Bits Fixed to O (R/O) 
See Table 2-2. 
See Appendix A.7, “VMX-Fixed Bits in CRO.” 


487H 


1159 


IA32_VMX_CRO_FIXED1 


Unique 


Capability Reporting Register of CRO Bits Fixed to 1 (R/O) 
See Table 2-2. 
See Appendix A.7, “VMX-Fixed Bits in CRO.” 


488H 


489H 


1160 


1161 


IA32_VMX_CR4_FIXEDO 


IA32_VMX_CR4_FIXED1 


Unique 


Unique 


Capability Reporting Register of CR4 Bits Fixed to O (R/O) 
See Table 2-2. 

See Appendix A.8, “VMX-Fixed Bits in CR4.” 

Capability Reporting Register of CR4 Bits Fixed to 1 (R/O) 
See Table 2-2. 

See Appendix A.8, “VMX-Fixed Bits in CR4.” 


48AH 


1162 


IA32_VMX_VMCS_ENUM 


Unique 


Capability Reporting Register of VMCS Field Enumeration 
(R/O) 


See Table 2-2. 
See Appendix A.9, “VMCS Enumeration.” 


48BH 


1163 


IA32_VMX_PROCBASED_CTLS2 


Unique 


Capability Reporting Register of Secondary Processor- 
Based VM-Execution Controls (R/O) 


See Appendix A.3, “VM-Execution Controls.” 


600H 


1536 


IA32_DS_AREA 


Unique 


DS Save Area (R/W) 
See Table 2-2. 
See Section 19.6.3.4, “Debug Store (DS) Mechanism.” 


COO0_ 
0080H 


IA32_EFER 


Unique 


Extended Feature Enables 
See Table 2-2. 
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Table 2-4. MSRs in 45 nm and 32 nm Intel Atom® Processor Family (Contd.) 


Register Shared/ 
Address Register Name / Bit Fields Unique Bit Description 
Hex Dec 
CO00_ IA32_STAR Unique System Call Target Address (R/W) 
0081H See Table 2-2. 
CO00_ IA32_LSTAR Unique IA-32e Mode System Call Target Address (R/W) 
0082H See Table 2-2. 
CO00_ IA32_FMASK Unique System Call Flag Mask (R/W) 
0084H See Table 2-2. 
COOo0_ IA32_FS_BASE Unique Map of BASE Address of FS (R/W) 
0100H See Table 2-2. 
COOo0_ IA32_GS_BASE Unique Map of BASE Address of GS (R/W) 
0101H See Table 2-2. 
CO00_ IA32_KERNEL_GS_BASE Unique Swap Target of BASE Address of GS (R/W) 
0102H See Table 2-2. 


Table 2-5 lists model-specific registers (MSRs) that are specific to Intel Atom® processor with the CPUID signature 
with DisplayFamily_DisplayModel of 06_27H. 


Table 2-5. MSRs Supported by Intel Atom® Processors with CPUID Signature 06_27H 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
3F8H 1016 | MSR_PKG_C2_RESIDENCY Package Package C2 Residency 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state parameters 
or ACPI C-States. 


63:0 Package Package C2 Residency Counter (R/O) 


Time that this package is in processor-specific C2 states 
since last reset. Counts at 1 Mhz frequency. 


3F9H 1017 | MSR_PKG_C4_RESIDENCY Package Package C4 Residency 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state parameters 
or ACPI C-States. 


63:0 Package Package C4 Residency Counter. (R/O) 


Time that this package is in processor-specific C4 states 
since last reset. Counts at 1 Mhz frequency. 


3FAH 1018 | MSR_PKG_C6_RESIDENCY Package Package C6 Residency 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state parameters 
or ACPI C-States. 


63:0 Package Package C6 Residency Counter. (R/O) 


Time that this package is in processor-specific C6 states 
since last reset. Counts at 1 Mhz frequency. 
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2.4 MSRS IN INTEL PROCESSORS BASED ON SILVERMONT 
MICROARCHITECTURE 


Table 2-6 lists model-specific registers (MSRs) common to Intel processors based on the Silvermont microarchitec- 
ture. These processors have a CPUID signature with DisplayFamily_DisplayModel of 06_37H, 06_4AH, 06_4DH, 
06_5AH, and 06_5DH; see Table 2-1. The MSRs listed in Table 2-6 are also common to processors based on the 
Airmont microarchitecture and newer microarchitectures for next generation Intel Atom processors. 


Table 2-7 lists MSRs common to processors based on the Silvermont and Airmont microarchitectures, but not 
newer microarchitectures. 


Table 2-8, Table 2-9, and Table 2-10 lists MSRs that are model-specific across processors based on the Silvermont 
microarchitecture. 


In the Silvermont microarchitecture, the scope column indicates the following: “Core” means each processor core 
has a separate MSR, or a bit field not shared with another processor core. “Module” means the MSR or the bit field 
is shared by a subset of the processor cores in the physical package. The number of processor cores in this subset 
is model specific and may differ between different processors. For all processors based on Silvermont microarchi- 
tecture, the L2 cache is also shared between cores in a module and thus CPUID leaf 04H enumeration can be used 
to figure out which processors are in the same module. “Package” means all processor cores in the physical 
package share the same MSR or bit interface. 


Table 2-6. MSRs Common to the Silvermont Microarchitecture and 
Newer Microarchitectures for Intel Atom® Processors 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
OH 0 IA32_P5_MC_ADDR Module See Section 2.23, “MSRs in Pentium Processors.” 
1H 1 IA32_P5_MC_TYPE Module See Section 2.23, “MSRs in Pentium Processors.” 
6H 6 IA32_MONITOR_FILTER_SIZE Core See Section 8.10.5, “Monitor/Mwait Address Range 
Determination.” and Table 2-2. 
10H 16 IA32_TIME_STAMP_COUNTER Core See Section 17.17, “Time-Stamp Counter,” and 
Table 2-2. 
1BH 27 IA32_APIC_BASE Core See Section 10.4.4, “Local APIC Status and Location,” 
and Table 2-2. 
2AH 42 MSR_EBL_CR_POWERON Module Processor Hard Power-On Configuration (R/W) 
Writes ignored. 
63:0 Reserved 
34H 52 MSR_SMI_COUNT Core SMI Counter (R/O) 
31:0 SMI Count (R/O) 
Running count of SMI events since last RESET. 
63:32 Reserved 
79H 121 IA32_BIOS_UPDT_TRIG Core BIOS Update Trigger Register (W) 
See Table 2-2. 
8BH 139 | IA32_BIOS_SIGN_ID Core BIOS Update Signature ID (RO) 
See Table 2-2. 
C1H 193 | IA32_PMCO Core Performance counter register 
See Table 2-2. 
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Table 2-6. MSRs Common to the Silvermont Microarchitecture and 
Newer Microarchitectures for Intel Atom® Processors 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


C2H 


194 


IA32_PMC1 


Core 


Performance Counter Register 
See Table 2-2. 


€4H 


228 


MSR_PMG_IO_CAPTURE_BASE 


Module 


Power Management IO Redirection in C-state (R/W) 
See http://biosbits.org. 


15:0 


LVL_2 Base Address (R/W) 


Specifies the base address visible to software for IO 
redirection. If |O MWAIT Redirection is enabled, reads to 
this address will be consumed by the power 
management logic and decoded to MWAIT instructions. 
When IO port address redirection is enabled, this is the 
10 port address reported to the OS/software. 


18:16 


63:19 


C-state Range (R/W) 


Specifies the encoding value of the maximum C-State 
code name to be included when IO read to MWAIT 
redirection is enabled by 
MSR_PKG_CST_CONFIG_CONTROL[bit1 0}: 


100b - C4 is the max C-State to include 
110b - C6 is the max C-State to include 
111b - C7 is the max C-State to include 


Reserved 


€7H 


231 


IA32_MPERF 


Core 


Maximum Performance Frequency Clock Count (RW) 
See Table 2-2. 


€8H 


232 


IA32_APERF 


Core 


Actual Performance Frequency Clock Count (RW) 
See Table 2-2. 


FEH 


254 


IA32_MTRRCAP 


Core 


Memory Type Range Register (R) 
See Table 2-2. 


13CH 


316 


MSR_FEATURE_CONFIG 


Core 


AES Configuration (RW-L) 


Privileged post-BlOS agent must provide a #GP handler 
to handle unsuccessful read of this MSR. 


1:0 


AES Configuration (RW-L) 

Upon a successful read of this MSR, the configuration of 
AES instruction sets availability is as follows: 

11b: AES instructions are not available until next 
RESET. 

Otherwise, AES instructions are available. 

Note: AES instruction set is not available if read is 
unsuccessful. If the configuration is not 01b, AES 
instructions can be mis-configured if a privileged agent 
unintentionally writes 11b. 


63:2 


Reserved 


174H 


372 


IA32_SYSENTER_CS 


Core 


See Table 2-2. 


175H 


373 


IA32_SYSENTER_ESP 


Core 


See Table 2-2. 
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176H 374 | IA32_SYSENTER_EIP Core See Table 2-2. 
179H 377 | IA32_MCG_CAP Core See Table 2-2. 
17AH 378 | IA32_MCG_STATUS Core Global Machine Check Status 
0 RIPV 
When set, bit indicates that the instruction addressed 
by the instruction pointer pushed on the stack (when 
the machine check was generated) can be used to 
restart the program. If cleared, the program cannot be 
reliably restarted. 
1 EIPV 
When set, bit indicates that the instruction addressed 
by the instruction pointer pushed on the stack (when 
the machine check was generated) is directly 
associated with the error. 
2 MCIP 
When set, bit indicates that a machine check has been 
generated. If a second machine check is detected while 
this bit is still set, the processor enters a shutdown 
state. Software should write this bit to O after 
processing a machine check exception. 
63:3 Reserved 
186H 390 | IA32_PERFEVTSELO Core See Table 2-2. 
7:0 Event Select 
15:8 UMask 
16 USR 
17 OS 
18 Edge 
19 PC 
20 INT 
21 Reserved 
22 EN 
23 INV 
31:24 CMASK 
63:32 Reserved 
187H 391 IA32_PERFEVTSEL1 Core See Table 2-2. 
198H 408 | IA32_PERF_STATUS Module See Table 2-2. 
199H 409 | IA32_PERF_CTL Core See Table 2-2. 
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19AH 410 | IA32_CLOCK_MODULATION Core Clock Modulation (R/W) 
See Table 2-2. 
IA32_CLOCK_MODULATION MSR was originally named 
IA32_THERM_CONTROL MSR. 
19BH 411 1A32_THERM_INTERRUPT Core Thermal Interrupt Control (R/W) 
See Table 2-2. 
19CH 412 | IA32_THERM_STATUS Core Thermal Monitor Status (R/W) 
See Table 2-2. 
1A2H 418 | MSR_TEMPERATURE_TARGET Package Temperature Target 
15:0 Reserved 
23:16 Temperature Target (R) 
The default thermal throttling or PROCHOT# activation 
temperature in degrees C. The effective temperature 
for thermal throttling or PROCHOT# activation is 
“Temperature Target” + “Target Offset”. 
29:24 Target Offset (R/W) 
Specifies an offset in degrees C to adjust the throttling 
and PROCHOT# activation temperature from the 
default target specified in TEMPERATURE_TARGET 
(bits 23:16). 
63:30 Reserved 
1A6H 422 |MSR_OFFCORE_RSP_O Module Offcore Response Event Select Register (R/W) 
1A7H 423 |MSR_OFFCORE_RSP_1 Module Offcore Response Event Select Register (R/W) 
1BOH 432 | IA32_ENERGY_PERF_BIAS Core See Table 2-2. 
1D9H 473 | IA32_DEBUGCTL Core Debug Control (R/W) 
See Table 2-2. 
1DDH 477 | MSR_LER_FROM_LIP Core Last Exception Record From Linear IP (R/W) 
Contains a pointer to the last branch instruction that 
the processor executed prior to the last exception that 
was generated or the last interrupt that was handled. 
1DEH 478 |MSR_LER_TO_LIP Core Last Exception Record To Linear IP (R/W) 
This area contains a pointer to the target of the last 
branch instruction that the processor executed prior to 
the last exception that was generated or the last 
interrupt that was handled. 
1F2H 498 | IA32_SMRR_PHYSBASE Core See Table 2-2. 
1F3H 499 | IA32_SMRR_PHYSMASK Core See Table 2-2. 
200H 512 | IA32_MTRR_PHYSBASEO Core See Table 2-2. 
201H 513 | IA32_MTRR_PHYSMASKO Core See Table 2-2. 
202H 514 | 1A32_MTRR_PHYSBASE1 Core See Table 2-2. 
203H 515 | IA32_MTRR_PHYSMASK1 Core See Table 2-2. 
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204H 516 | IA32_MTRR_PHYSBASE2 Core See Table 2-2. 

205H 517 | IA32_MTRR_PHYSMASK2 Core See Table 2-2. 

206H 518 | IA32_MTRR_PHYSBASE3 Core See Table 2-2. 

207H 519 | IA32_MTRR_PHYSMASK3 Core See Table 2-2. 

208H 520 | IA32_MTRR_PHYSBASE4 Core See Table 2-2. 

209H 521 | IA32_MTRR_PHYSMASK4 Core See Table 2-2. 

20AH 522 | IA32_MTRR_PHYSBASES Core See Table 2-2. 

20BH 523 | IA32_MTRR_PHYSMASK5 Core See Table 2-2. 

20CH 524 | IA32_MTRR_PHYSBASE6 Core See Table 2-2. 

20DH 525 | IA32_MTRR_PHYSMASK6 Core See Table 2-2. 

20€H 526 | IA32_MTRR_PHYSBASE7 Core See Table 2-2. 

20FH 527 | |A32_MTRR_PHYSMASK7 Core See Table 2-2. 

250H 592 | IA32_MTRR_FIX64K_00000 Core See Table 2-2. 

258H 600 _ | IA32_MTRR_FIX16K_80000 Core See Table 2-2. 

259H 601 | IA32_MTRR_FIX16K_A0000 Core See Table 2-2. 

268H 616 | IA32_MTRR_FIX4K_CO000 Core See Table 2-2. 

269H 617 | IA32_MTRR_FIX4K_C8000 Core See Table 2-2. 

26AH 618 | IA32_MTRR_FIX4K_DO0000 Core See Table 2-2. 

26BH 619 | IA32_MTRR_FIX4K_D8000 Core See Table 2-2. 

26CH 620 | IA32_MTRR_FIX4K_E0000 Core See Table 2-2. 

26DH 621 | IA32_MTRR_FIX4K_E8000 Core See Table 2-2. 

26€H 622 | IA32_MTRR_FIX4K_FOO00 Core See Table 2-2. 

26FH 623 | IA32_MTRR_FIX4K_F8000 Core See Table 2-2. 

277H 631 | IA32_PAT Core See Table 2-2. 

2FFH 767 | IA32_MTRR_DEF_TYPE Core Default Memory Types (R/W) 
See Table 2-2. 

309H 777 ‘| \A32_FIXED_CTRO Core Fixed-Function Performance Counter Register O (R/W) 
See Table 2-2. 

30AH 778 | \A32_FIXED_CTR1 Core Fixed-Function Performance Counter Register 1 (R/W) 
See Table 2-2. 

30BH 779 | \A32_FIXED_CTR2 Core Fixed-Function Performance Counter Register 2 (R/W) 
See Table 2-2. 

345H 837 | IA32_PERF_CAPABILITIES Core See Table 2-2. See Section 17.4.1, “IA32_DEBUGCTL 
MSR." 

38DH 909 __ | IA32_FIXED_CTR_CTRL Core Fixed-Function-Counter Control Register (R/W) 
See Table 2-2. 
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38FH 911 IA32_PERF_GLOBAL_CTRL Core See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities.” 

3FDH 1021 | MSR_CORE_C6_RESIDENCY Core Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 

63:0 CORE C6 Residency Counter (R/O) 

Value since last reset that this core is in processor- 
specific C6 states. Counts at the TSC Frequency. 

400H | 1024 | IA32_MCO_CTL Module See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

401H | 1025 | 1A32_MCO_STATUS Module See Section 15.3.2.2, “IA32_MCi_STATUS MSRS." 

402H | 1026 | 1IA32_MCO_ADDR Module See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 
The I[A32_MCO_ADDR register is either not 
implemented or contains no address if the ADDRV flag 
in the [A32_MCO_STATUS register is clear. 
When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 

404H | 1028 | IA32_MC1_CTL Module See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

405H | 1029 | 1A32_MC1_STATUS Module See Section 15.3.2.2, “IA32_MCi_STATUS MSRS." 

408H | 1032 | IA32_MC2_CTL Module See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

409H | 1033 | IA32_MC2_STATUS Module See Section 15.3.2.2, “IA32_MCi_STATUS MSRS." 

40AH | 1034 | IA32_MC2_ADDR Module See Section 15.3.2.3, “I[A32_MCi_ADDR MSRs." 
The IA32_MC2_ADDR register is either not 
implemented or contains no address if the ADDRV flag 
in the |A32_MC2_STATUS register is clear. 
When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 

40CH | 1036 | IA32_MC3_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

40DH | 1037 | IA32_MC3_STATUS Core See Section 15.3.2.2, “IA32_MCi_STATUS MSRS." 

40E€H | 1038 | IA32_MC3_ADDR Core See Section 15.3.2.3, “[A32_MCi_ADDR MSRs." 
The MSR_MC3_ADDR register is either not 
implemented or contains no address if the ADDRV flag 
in the MSR_MC3_STATUS register is clear. 
When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 

410H | 1040 | IA32_MC4_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

411H | 1041 | 1A32_MC4_STATUS Core See Section 15.3.2.2, “IA32_MCi_STATUS MSRS." 
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412H 


1042 


IA32_MC4_ADDR 


Core 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The MSR_MC4_ADDR register is either not 
implemented or contains no address if the ADDRV flag 
in the MSR_MC4_STATUS register is clear. 

When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 


414H 


1044 


IA32_MC5_CTL 


Package 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


415H 


1045 


IA32_MC5_STATUS 


Package 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


416H 


480H 


1046 


1152 


IA32_MC5_ADDR 


IA32_VMX_BASIC 


Package 


Core 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The MSR_MC4_ADDR register is either not 
implemented or contains no address if the ADDRV flag 
in the MSR_MC4_STATUS register is clear. 


When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 

Reporting Register of Basic VMX Capabilities (R/O) 
See Table 2-2. 

See Appendix A.1, “Basic VMX Information.” 


481H 


1153 


IA32_VMX_PINBASED_CTLS 


Core 


Capability Reporting Register of Pin-Based 
V/M-Execution Controls (R/O) 
See Table 2-2. 


See Appendix A.3, “VM-Execution Controls.” 


482H 


1154 


IA32_VMX_PROCBASED_CTLS 


Core 


Capability Reporting Register of Primary Processor- 
Based VM-Execution Controls (R/O) 


See Appendix A.3, “VM-Execution Controls.” 


483H 


1155 


IA32_VMX_EXIT_CTLS 


Core 


Capability Reporting Register of VM-Exit Controls (R/O) 
See Table 2-2. 
See Appendix A.4, “VM-Exit Controls.” 


484H 


1156 


IA32_VMX_ENTRY_CTLS 


Core 


Capability Reporting Register of VM-Entry Controls 
(R/O) 


See Table 2-2. 
See Appendix A.5, “VM-Entry Controls.” 


485H 


1157 


1A32_VMX_MISC 


Core 


Reporting Register of Miscellaneous VMX Capabilities 
(R/O) 


See Table 2-2. 
See Appendix A.6, “Miscellaneous Data.” 


486H 


1158 


IA32_VMX_CRO_FIXEDO 


Core 


Capability Reporting Register of CRO Bits Fixed to O 
(R/O) 


See Table 2-2. 
See Appendix A.7, “VMX-Fixed Bits in CRO.” 
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487H | 1159 | 1IA32_VMX_CRO_FIXED1 


Core 


Capability Reporting Register of CRO Bits Fixed to 1 
(R/O) 


See Table 2-2. 
See Appendix A.7, “VMX-Fixed Bits in CRO.” 


488H | 1160 | IA32_VMX_CR4_FIXEDO 


Core 


Capability Reporting Register of CR4 Bits Fixed to 0 
(R/O) 


See Table 2-2. 
See Appendix A.8, “VMX-Fixed Bits in CR4.” 


489H | 1161 | IA32_VMX_CR4_FIXED1 


Core 


Capability Reporting Register of CR4 Bits Fixed to 1 
(R/O) 


See Table 2-2. 
See Appendix A.8, “VMX-Fixed Bits in CR4.” 


48AH | 1162 | IA32_VMX_VMCS_ENUM 


48BH | 1163 | IA32_VMX_PROCBASED_CTLS2 


Core 


Core 


Capability Reporting Register of VMCS Field 
Enumeration (R/O) 


See Table 2-2. 
See Appendix A.9, “VMCS Enumeration.” 


Capability Reporting Register of Secondary Processor- 
Based VM-Execution Controls (R/O) 


See Appendix A.3, “VM-Execution Controls.” 


48CH | 1164 | IA32_VMX_EPT_VPID_ENUM 


Core 


Capability Reporting Register of EPT and VPID (R/O) 
See Table 2-2 


48DH | 1165 | IA32_VMX_TRUE_PINBASED_CTLS 


Core 


Capability Reporting Register of Pin-Based 
V/M-Execution Flex Controls (R/O) 


See Table 2-2 


48EH | 1166 | IA32_VMX_TRUE_PROCBASED_CTLS 


Core 


Capability Reporting Register of Primary Processor- 
based VM-Execution Flex Controls (R/O) 


See Table 2-2 


48FH | 1167 | 1A32_VMX_TRUE_EXIT_CTLS 


Core 


Capability Reporting Register of VM-Exit Flex Controls 
(R/O) 


See Table 2-2 


490H | 1168 | IA32_VMX_TRUE_ENTRY_CTLS 


Core 


Capability Reporting Register of VM-Entry Flex Controls 
(R/O) 


See Table 2-2 


491H | 1169 | IA32_VMX_FMFUNC 


4C1H | 1217 | 1A32_A_PMCO 


Core 


Core 


Capability Reporting Register of VM-Function Controls 
(R/O) 


See Table 2-2 
See Table 2-2. 


4C2H | 1218 | IA32_A_PMC1 


Core 


See Table 2-2. 


600H | 1536 | 1IA32_DS_AREA 


Core 


DS Save Area (R/W) 
See Table 2-2. 
See Section 19.6.3.4, “Debug Store (DS) Mechanism.” 
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660H 1632 | MSR_CORE_C1_RESIDENCY Core Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
63:0 CORE C1 Residency Counter. (R/O) 
Value since last reset that this core is in processor- 
specific C1 states. Counts at the TSC frequency. 
6EOH | 1760 | IA32_TSC_DEADLINE Core TSC Target of Local APIC’s TSC Deadline Mode (R/W) 

See Table 2-2. 

COO00_ IA32_EFER Core Extended Feature Enables 

0080H See Table 2-2. 

COO00_ 1A32_STAR Core System Call Target Address (R/W) 

0081H See Table 2-2. 

COO00_ IA32_LSTAR Core IA-32e Mode System Call Target Address (R/W) 

0082H See Table 2-2. 

COO00_ IA32_FMASK Core System Call Flag Mask (R/W) 

00844 See Table 2-2. 

COO0_ IA32_FS_BASE Core Map of BASE Address of FS (R/W) 

0100H See Table 2-2. 

COO0_ IA32_GS_BASE Core Map of BASE Address of GS (R/W) 

0101H See Table 2-2. 

COO00_ IA32_KERNEL_GS_BASE Core Swap Target of BASE Address of GS (R/W) 

0102H See Table 2-2. 

COO0_ IA32_TSC_AUX Core AUXILIARY TSC Signature (R/W) 

0103H See Table 2-2 


Table 2-7 lists model-specific registers (MSRs) that are common to Intel Atom® processors based on the Silver- 
mont and Airmont microarchitectures but not newer microarchitectures. 


Table 2-7. MSRs Common to the Silvermont and Airmont Microarchitectures 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
17H 23 MSR_PLATFORM_ID Module Model Specific Platform ID (R) 
7:0 Reserved 
13:8 Maximum Qualified Ratio (R) 
The maximum allowed bus ratio. 
49:13 Reserved 
52:50 See Table 2-2. 
63:33 Reserved 
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3AH 58 IA32_FEATURE_CONTROL Core Control Features in Intel 64Processor (R/W) 
See Table 2-2. 
0 Lock (R/WL) 
1 Reserved 
2 Enable VMX outside SMX operation (R/WL) 
40H 64 MSR_LASTBRANCH_O_FROM_IP Core Last Branch Record 0 From IP (R/W) 
One of eight pairs of last branch record registers on the 
last branch record stack. The From_IP part of the stack 
contains pointers to the source instruction. See also: 
« Last Branch Record Stack TOS at 1C9H. 
* Section 17.5 and record format in Section 17.4.8.1. 
41H 65 MSR_LASTBRANCH_1_FROM_IP Core Last Branch Record 1 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
42H 66 MSR_LASTBRANCH_2_FROM_IP Core Last Branch Record 2 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
43H 67 MSR_LASTBRANCH_3_FROM_IP Core Last Branch Record 3 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
44H 68 MSR_LASTBRANCH_4_FROM_IP Core Last Branch Record 4 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
45H 69 MSR_LASTBRANCH_5_FROM_IP Core Last Branch Record 5 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
46H 70 MSR_LASTBRANCH_6_FROM_IP Core Last Branch Record 6 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
47H 71 MSR_LASTBRANCH_7_FROM_IP Core Last Branch Record 7 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
60H 96 MSR_LASTBRANCH_0O_TO_IP Core Last Branch Record 0 To IP (R/W) 
One of eight pairs of last branch record registers on the 
last branch record stack. The To_IP part of the stack 
contains pointers to the destination instruction. 
61H 97 MSR_LASTBRANCH_1_TO_IP Core Last Branch Record 1 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
62H 98 MSR_LASTBRANCH_2_TO_IP Core Last Branch Record 2 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
63H 99 MSR_LASTBRANCH_3_TO_IP Core Last Branch Record 3 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
64H 100 |MSR_LASTBRANCH_4_TO_IP Core Last Branch Record 4 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
65H 101 | MSR_LASTBRANCH_5_TO_IP Core Last Branch Record 5 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
66H 102 |MSR_LASTBRANCH_6_TO_IP Core Last Branch Record 6 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
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67H 


103 


MSR_LASTBRANCH_7_TO_IP 


Core 


Last Branch Record 7 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 


CEH 


206 


MSR_PLATFORM_INFO 


Package 


Platform Information: Contains power management and 
other model specific features enumeration. See 
http://biosbits.org. 


7:0 


Reserved 


15:8 


63:16 


Package 


Maximum Non-Turbo Ratio (R/O) 


This is the ratio of the maximum frequency that does not 
require turbo. Frequency = ratio * Scalable Bus 
Frequency. 


Reserved 


E2H 


226 


MSR_PKG_CST_CONFIG_CONTROL 


Module 


C-State Configuration Control (R/W) 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


See http://biosbits.org. 


2:0 


Package C-State Limit (R/W) 


Specifies the lowest processor-specific C-state code 
name (consuming the least power) for the package. The 
default is set as factory-configured package C-state limit. 


The following C-state code name encodings are 
supported: 


O0Ob: CO (no package C-sate support) 
001b: C1 (Behavior is the same as OOOb) 
100b: C4 

110b: C6 

111b: C7 (Silvermont only). 


9:3 


Reserved 


10 


1/0 MWAIT Redirection Enable (R/W) 


When set, will map IO_read instructions sent to IO 
register specified by MSR_PMG_IO_CAPTURE_BASE to 
MWAIT instructions. 


14:11 


Reserved 


15 


CFG Lock (R/WO) 
When set, locks bits 15:0 of this register until next reset. 


63:16 


Reserved 


11€H 


281 


MSR_BBL_CR_CTL3 


Module 


Control Register 3 
Used to configure the L2 Cache. 


L2 Hardware Enabled (RO) 
1 = If the L2 is hardware-enabled. 
O= Indicates if the L2 is hardware-disabled. 


71 


Reserved 
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8 L2 Enabled (R/W) 
1 =  L2 cache has been initialized. 
O= Disabled (default). 
Until this bit is set the processor will not respond to the 
WBINVD instruction or the assertion of the FLUSH# 
input. 

22:9 Reserved 

23 L2 Not Present (RO) 
O= Le Present. 
1=  L2 Not Present. 

63:24 Reserved 

1A0H 416 | IA32_MISC_ENABLE Enable Misc. Processor Features (R/W) 

Allows a variety of processor functions to be enabled 
and disabled. 

0 Core Fast-Strings Enable 
See Table 2-2. 

2:1 Reserved 

3 Module Automatic Thermal Control Circuit Enable (R/W) 
See Table 2-2. Default value is 0. 

6:4 Reserved 

7 Core Performance Monitoring Available (R) 
See Table 2-2. 

10:8 Reserved 

11 Core Branch Trace Storage Unavailable (RO) 
See Table 2-2. 

12 Core Processor Event Based Sampling Unavailable (RO) 
See Table 2-2. 

15:13 Reserved 

16 Module Enhanced Intel SpeedStep Technology Enable (R/W) 
See Table 2-2. 

18 Core ENABLE MONITOR FSM (R/W) 
See Table 2-2. 

21:19 Reserved 

22 Core Limit CPUID Maxval (R/W) 
See Table 2-2. 

23 Module XTPR Message Disable (R/W) 
See Table 2-2. 

33:24 Reserved 

34 Core XD Bit Disable (R/W) 
See Table 2-2. 
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Table 2-7. MSRs Common to the Silvermont and Airmont Microarchitectures 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
37:35 Reserved 
38 Module Turbo Mode Disable (R/W) 
When set to 1 on processors that support Intel Turbo 
Boost Technology, the turbo mode feature is disabled 
and the IDA_Enable feature flag will be cleared 
(CPUID.OGH: EAX[1]=0). 
When set to a O on processors that support IDA, 
CPUID.O6H: EAX[1] reports the processor's support of 
turbo mode is enabled. 
Note: The power-on default value is used by BIOS to 
detect hardware support of turbo mode. If the power-on 
default value is 1, turbo mode is available in the 
processor. If the power-on default value is 0, turbo mode 
is not available. 
63:39 Reserved 
1C8H 456 | MSR_LBR_SELECT Core Last Branch Record Filtering Select Register (R/W) 
See Section 17.9.2, “Filtering of Last Branch Records.” 
0 CPL_EQ_O 
1 CPL_NEQ_O 
2 Jcc 
3 NEAR_REL_CALL 
4 NEAR_IND_CALL 
5 NEAR_RET 
6 NEAR_IND_JMP 
7 NEAR_REL_JMP 
8 FAR_BRANCH 
63:9 Reserved 
1C9H 457 | MSR_LASTBRANCH_TOS Core Last Branch Record Stack TOS (R/W) 
Contains an index (bits 0-2) that points to the MSR 
containing the most recent branch record. 
See MSR_LASTBRANCH_O_FROM_IP. 
38EH 910 | IA32_PERF_GLOBAL_STATUS Core See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities.” 
390H 912 | IA32_PERF_GLOBAL_OVF_CTRL Core See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities.” 
3F1H 1009 | IA32_PEBS_ENABLE Core See Table 2-2. See Section 19.6.2.4, “Processor Event 
(MSR_PEBS_ENABLE) Based Sampling (PEBS).” 
0 Enable PEBS for precise event on [A32_PMCO (R/W) 
3FAH 1018 | MSR_PKG_C6_RESIDENCY Package Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
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Table 2-7. MSRs Common to the Silvermont and Airmont Microarchitectures 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
63:0 Package C6 Residency Counter (R/O) 
Value since last reset that this package is in processor- 
specific C6 states. Counts at the TSC Frequency. 
664H | 1636 | MSR_MC6_RESIDENCY_COUNTER Module Module C6 Residency Counter (R/O) 
Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
63:0 Time that this module is in module-specific C6 states 
since last reset. Counts at 1 Mhz frequency. 
2.4.1 MSRs with Model-Specific Behavior in the Silvermont Microarchitecture 


Table 2-8 lists model-specific registers (MSRs) that are specific to Intel Atom® processor E3000 Series (CPUID 
signature with DisplayFamily_DisplayModel of 06_37H) and Intel Atom processors (CPUID signatures with 
DisplayFamily_DisplayModel of 06_4AH, 06_5AH, 06_5DH). 


Table 2-8. Specific MSRs Supported by Intel Atom® Processors with CPUID Signatures 
06_37H, 06_4AH, 06_5AH, 06_5DH 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
CDH 205 | MSR_FSB_FREQ Module Scaleable Bus Speed(RO) 
This field indicates the intended scaleable bus clock 
speed for processors based on Silvermont 
microarchitecture. 
2:0 * 100B: 080.0 MHz 
* OQOOB: 083.3 MHz 
* 001B: 100.0 MHz 
= 010B: 133.3 MHz 
= 011B: 116.7 MHz 
63:3 Reserved 
606H | 1542 | MSR_RAPL_POWER_UNIT Package Unit Multipliers used in RAPL Interfaces (R/O) 


See Section 14.10.1, “RAPL Interfaces.” 


3:0 Power Units 
Power related information (in milliwatts) is based on the 
multiplier, 2*PU; where PU is an unsigned integer 
represented by bits 3:0. Default value is 0101b, 
indicating power unit is in 32 milliwatts increment. 

7:4 Reserved 

12:8 Energy Status Units 


Energy related information (in microJoules) is based on 
the multiplier, 2~ESU; where ESU is an unsigned integer 
represented by bits 12:8. Default value is 00101b, 
indicating energy unit is in 32 microjoules increment. 
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Table 2-8. Specific MSRs Supported by Intel Atom® Processors with CPUID Signatures 
06_37H, 06_4AH, 06_5AH, 06_5DH 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
15:13 Reserved 
19:16 Time Unit 
The value is OO0Ob, indicating time unit is in one second. 
63:20 Reserved 
610H | 1552 | MSR_PKG_POWER_LIMIT Package PKG RAPL Power Limit Control (R/W) 
14:0 Package Power Limit #1 (R/W) 
See Section 14.10.3, “Package RAPL Domain.” and 
MSR_RAPL_POWER_UNIT in Table 2-8. 
15 Enable Power Limit #1 (R/W) 
See Section 14.10.3, “Package RAPL Domain.” 
16 Package Clamping Limitation #1 (R/W) 
See Section 14.10.3, “Package RAPL Domain.” 
23:17 Time Window for Power Limit #1 (R/W) 
In unit of second. If 0 is specified in bits [23:17], defaults 
to 1 second window. 
63:24 Reserved 
611H | 1553 | MSR_PKG_ENERGY_STATUS Package PKG Energy Status (R/O) 
See Section 14.10.3, “Package RAPL Domain.” and 
MSR_RAPL_POWER_UNIT in Table 2-8. 
639H | 1593 | MSR_PPO_ENERGY_STATUS Package PPO Energy Status (R/O) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” and 
MSR_RAPL_POWER_UNIT in Table 2-8. 


Table 2-9 lists model-specific registers (MSRs) that are specific to Intel Atom® processor E3000 Series (CPUID 
signature with DisplayFamily_DisplayModel of 06_37H). 


Table 2-9. Specific MSRs Supported by Intel Atom’ Processor E3000 Series with CPUID Signature 06_37H 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
668H | 1640 | MSR_CC6_DEMOTION_POLICY_CONFIG | Package Core C6 Demotion Policy Config MSR 
63:0 Controls per-core C6 demotion policy. Writing a value of 
O disables core level HW demotion policy. 
669H | 1641 | MSR_MC6_DEMOTION_POLICY_CONFIG | Package Module C6 Demotion Policy Config MSR 
63:0 Controls module (i.e., two cores sharing the second-level 
cache) C6 demotion policy. Writing a value of O disables 
module level HW demotion policy. 
664H | 1636 | MSR_MC6_RESIDENCY_COUNTER Module Module C6 Residency Counter (R/O) 
Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
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Table 2-9. Specific MSRs Supported by Intel Atom® Processor E3000 Series (Contd.)with CPUID Signature 06_37H 


Register 
Address Register Name / Bit Fields Scope Bit Description 


Hex Dec 


63:0 Time that this module is in module-specific C6 states 
since last reset. Counts at 1 Mhz frequency. 


Table 2-10 lists model-specific registers (MSRs) that are specific to Intel Atom® processor C2000 Series (CPUID 
signature with DisplayFamily_DisplayModel of 06_4DH). 


Table 2-10. Specific MSRs Supported by Intel Atom® Processor C2000 Series with CPUID Signature 06_4DH 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
1A4H 420 | MSR_MISC_FEATURE_CONTROL Miscellaneous Feature Control (R/W) 
0 Core L2 Hardware Prefetcher Disable (R/W) 
If 1, disables the L2 hardware prefetcher, which 
fetches additional lines of code or data into the L2 
cache. 
1 Reserved 
2 Core DCU Hardware Prefetcher Disable (R/W) 
If 1, disables the L1 data cache prefetcher, which 
fetches the next cache line into L1 data cache. 
63:3 Reserved 
1ADH 429 | MSR_TURBO_RATIO_LIMIT Package Maximum Ratio Limit of Turbo Mode (RW) 
7:0 Package Maximum Ratio Limit for 1C 
Maximum turbo ratio limit of 1 core active. 
15:8 Package Maximum Ratio Limit for 2C 
Maximum turbo ratio limit of 2 core active. 
23:16 Package Maximum Ratio Limit for 3C 
Maximum turbo ratio limit of 3 core active. 
31:24 Package Maximum Ratio Limit for 4C 
Maximum turbo ratio limit of 4 core active. 
39:32 Package Maximum Ratio Limit for 5C 
Maximum turbo ratio limit of 5 core active. 
47:40 Package Maximum Ratio Limit for 6C 
Maximum turbo ratio limit of 6 core active. 
55:48 Package Maximum Ratio Limit for 7C 
Maximum turbo ratio limit of 7 core active. 
63:56 Package Maximum Ratio Limit for 8C 
Maximum turbo ratio limit of 8 core active. 
606H | 1542 | MSR_RAPL_POWER_UNIT Package Unit Multipliers used in RAPL Interfaces (R/O) 
See Section 14.10.1, “RAPL Interfaces.” 
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Table 2-10. Specific MSRs Supported by Intel Atom® Processor C2000 Series (Contd.)with CPUID Signature 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

3:0 Power Units 
Power related information (in milliwatts) is based on 
the multiplier, 2*PU; where PU is an unsigned integer 
represented by bits 3:0. Default value is 0101b, 
indicating power unit is in 32 milliwatts increment. 

7:4 Reserved 

12:8 Energy Status Units. 
Energy related information (in microJoules) is based on 
the multiplier, 2~ESU; where ESU is an unsigned 
integer represented by bits 12:8. Default value is 
001016, indicating energy unit is in 32 microjoules 
increment. 

15:13 Reserved 

19:16 Time Unit 
The value is OOOOb, indicating time unit is in one 
second. 

63:20 Reserved 

610H | 1552 | MSR_PKG_POWER_LIMIT Package PKG RAPL Power Limit Control (R/W) 
See Section 14.10.3, “Package RAPL Domain.” 
66EH | 1646 | MSR_PKG_POWER_INFO Package PKG RAPL Parameter (R/O) 

14:0 Thermal Spec Power (R/O) 
The unsigned integer value is the equivalent of the 
thermal specification power of the package domain. 
The unit of this field is specified by the “Power Units” 
field of MSR_RAPL_POWER_UNIT. 

63:15 Reserved 


2.4.2 MSRs In Intel Atom® Processors Based on Airmont Microarchitecture 


Intel Atom processor X7-Z8000 and X5-Z8000 series are based on the Airmont microarchitecture. These proces- 
sors support MSRs listed in Table 2-6, Table 2-7, Table 2-8, and Table 2-11. These processors have a CPUID signa- 
ture with DisplayFamily_DisplayModel including 06_4CH; see Table 2-1. 


Table 2-11. MSRs in Intel Atom® Processors Based on the Airmont Microarchitecture 
Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
CDH 205 | MSR_FSB_FREQ Module Scaleable Bus Speed(RO) 


This field indicates the intended scaleable bus clock 
speed for processors based on Airmont 
microarchitecture. 
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Table 2-11. MSRs in Intel Atom® Processors Based on the Airmont Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


3:0 


OOOOB: 083.3 MHz 
0001B: 100.0 MHz 
0010B: 133.3 MHz 
0011B: 116.7 MHz 
0100B: 080.0 MHz 
0101B: 093.3 MHz 
0110B: 090.0 MHz 
0111B: 088.9 MHz 
1000B: 087.5 MHz 


63:5 


Reserved 


E2H 


226 


MSR_PKG_CST_CONFIG_CONTROL 


2:0 


Module 


C-State Configuration Control (R/W) 


Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


See http://biosbits.org. 


Package C-State Limit (R/W) 


Specifies the lowest processor-specific C-state code 
name (consuming the least power) for the package. 

The default is set as factory-configured package C- 

state limit. 


The following C-state code name encodings are 
supported: 


OOOb: No limit 
001b: C1 
010b: C2 
110b: C6 
111b: C7 


9:3 
10 


Reserved 


I/O MWAIT Redirection Enable (R/W) 


When set, will map IO_read instructions sent to IO 
register specified by MSR_PMG_IO_CAPTURE_BASE to 
MWAIT instructions. 


14:11 


Reserved 


15 


CFG Lock (R/WO) 


When set, locks bits 15:0 of this register until next 
reset. 


63:16 


Reserved 


€4H 


228 


MSR_PMG_IO_CAPTURE_BASE 


Module 


Power Management IO Redirection in C-state (R/W) 
See http://biosbits.org. 


15:0 


LVL_2 Base Address (R/W) 


Specifies the base address visible to software for IO 
redirection. If 1O MWAIT Redirection is enabled, reads to 
this address will be consumed by the power 
management logic and decoded to MWAIT instructions. 
When IO port address redirection is enabled, this is the 
10 port address reported to the OS/software. 
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Table 2-11. MSRs in Intel Atom® Processors Based on the Airmont Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


18:16 


C-state Range (R/W) 


Specifies the encoding value of the maximum C-State 
code name to be included when IO read to MWAIT 
redirection is enabled by 
MSR_PKG_CST_CONFIG_CONTROL[bit1 0}: 

000b - C3 is the max C-State to include. 

001b - Deep Power Down Technology is the max C- 
State. 


010b - C7 is the max C-State to include. 


63:19 


Reserved 


638H 


1592 


MSR_PPO_POWER_LIMIT 


14:0 


Package 


PPO RAPL Power Limit Control (R/W) 


PPO Power Limit #1 (R/W) 


See Section 14.10.4, “PPO/PP1 RAPL Domains” and 
MSR_RAPL_POWER_UNIT in Table 2-8. 


Enable Power Limit #1 (R/W) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 


Reserved 


23:17 


Time Window for Power Limit #1 (R/W) 


Specifies the time duration over which the average 
power must remain below PPO_POWER_LIMIT 
#1(14:0). Supported Encodings: 


Ox0: 1 second time duration. 
0x1: 5 second time duration (Default). 
Ox2: 10 second time duration. 
Ox3: 15 second time duration. 
0x4: 20 second time duration. 
Ox5: 25 second time duration. 
Ox6: 30 second time duration. 
0x7: 35 second time duration. 
Ox8: 40 second time duration. 
Ox9: 45 second time duration. 
OxA: 50 second time duration. 
OxB-0x7F - reserved. 


63:24 


Reserved 


2.5 


MSRS IN INTEL ATOM® PROCESSORS BASED ON GOLDMONT 
MICROARCHITECTURE 


Intel Atom processors based on the Goldmont microarchitecture support MSRs listed in Table 2-6 and Table 2-12. 
These processors have a CPUID signature with DisplayFamily_DisplayModel of 06_5CH; see Table 2-1. 


In the Goldmont microarchitecture, the scope column indicates the following: “Core” means each processor core 
has a separate MSR, or a bit field not shared with another processor core. “Module” means the MSR or the bit field 
is shared by a subset of the processor cores in the physical package. The number of processor cores in this subset 
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is model specific and may differ between different processors. For all processors based on Goldmont microarchitec- 
ture, the L2 cache is also shared between cores in a module and thus CPUID leaf 04H enumeration can be used to 
figure out which processors are in the same module. “Package” means all processor cores in the physical package 
share the same MSR or bit interface. 


Table 2-12. MSRs in Intel Atom® Processors Based on the Goldmont Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
17H 23 MSR_PLATFORM_ID Module Model Specific Platform ID (R) 
49:0 Reserved 
52:50 See Table 2-2. 
63:33 Reserved 
3AH 58 IA32_FEATURE_CONTROL Core Control Features in Intel 64 Processor (R/W) 
See Table 2-2. 
0 Lock (R/WL) 
1 Enable VMX inside SMX operation (R/WL) 
2 Enable VMX outside SMX operation (R/WL) 
14:8 SENTER local functions enables (R/WL) 
15 SENTER global functions enable (R/WL) 
18 SGX global functions enable (R/WL) 
63:19 Reserved 
3BH 59 | IA32_TSC_ADJUST Core Per-Core TSC ADJUST (R/W) 
See Table 2-2. 
C3H 195 | IA32_PMC2 Core Performance Counter Register 
See Table 2-2. 
C4H 196 | IA32_PMC3 Core Performance Counter Register 
See Table 2-2. 
CEH 206 | MSR_PLATFORM_INFO Package Platform Information 
Contains power management and other model specific 
features enumeration. See http://biosbits.org. 
7:0 Reserved 
15:8 Package Maximum Non-Turbo Ratio (R/O) 
This is the ratio of the maximum frequency that does 
not require turbo. Frequency = ratio * 100 MHz. 
27:16 Reserved 
28 Package Programmable Ratio Limit for Turbo Mode (R/O) 
When set to 1, indicates that Programmable Ratio 
Limit for Turbo mode is enabled. When set to 0, 
indicates Programmable Ratio Limit for Turbo mode is 
disabled. 
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Table 2-12. MSRs in Intel Atom® Processors Based on the Goldmont Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


29 


Package 


Programmable TDP Limit for Turbo Mode (R/O) 


When set to 1, indicates that TDP Limit for Turbo 
mode is programmable. When set to O, indicates TDP 
Limit for Turbo mode is not programmable. 


30 


Package 


Programmable T| OFFSET (R/O) 


When set to 1, indicates that 
MSR_TEMPERATURE_TARGET.[27:24] is valid and 
writable to specify a temperature offset. 


39:31 


Reserved 


47:40 


Package 


Maximum Efficiency Ratio (R/O) 


This is the minimum ratio (maximum efficiency) that 
the processor can operate, in units of 1OOMHz. 


63:48 


Reserved 


€2H 


226 


MSR_PKG_CST_CONFIG_CONTROL 


Core 


C-State Configuration Control (R/W) 


Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


See http://biosbits.org. 


3:0 


Package C-State Limit (R/W) 


Specifies the lowest processor-specific C-state code 
name (consuming the least power) for the package. 

The default is set as factory-configured package C- 

state limit. 


The following C-state code name encodings are 
supported: 


OOOO: No limit 
0001b: C1 

001 0b: C3 

001 1b: C6 
0100b: C7 
0101b: C7S 
0110b: C8 
0111b: C9 
1000b: C10 


9:3 


Reserved 


10 


I/O MWAIT Redirection Enable (R/W) 


When set, will map IO_read instructions sent to IO 
register specified by MSR_PMG_IO_CAPTURE_BASE to 
MWAIT instructions. 


14:11 


Reserved 


15 


CFG Lock (R/WO) 


When set, locks bits 15:0 of this register until next 
reset. 
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Table 2-12. MSRs in Intel Atom® Processors Based on the Goldmont Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
63:16 Reserved 
17DH 381 | MSR_SMM_MCA_CAP Core Enhanced SMM Capabilities (SMM-RO) 
Reports SMM capability enhancement. Accessible only 
while in SMM. 
57:0 Reserved 
58 SMM_Code_Access_Chk (SMM-RO) 
If set to 1 indicates that the SMM code access 
restriction is supported and the 
MSR_SMM_FEATURE_CONTROL is supported. 
59 Long_Flow_Indication (SMM-RO) 
If set to 1 indicates that the SMM long flow indicator is 
supported and the MSR_SMM_DELAYED is supported. 
63:60 Reserved 
188H 392 | IA32_PERFEVTSEL2 Core See Table 2-2. 
189H 393 | IA32_PERFEVTSEL3 Core See Table 2-2. 
1A0H 416 | IA32_MISC_ENABLE Enable Misc. Processor Features (R/W) 
Allows a variety of processor functions to be enabled 
and disabled. 
0 Core Fast-Strings Enable 
See Table 2-2. 
2:1 Reserved 
3 Package Automatic Thermal Control Circuit Enable (R/W) 
See Table 2-2. Default value is 1. 
6:4 Reserved 
7 Core Performance Monitoring Available (R) 
See Table 2-2. 
10:8 Reserved 
11 Core Branch Trace Storage Unavailable (RO) 
See Table 2-2. 
12 Core Processor Event Based Sampling Unavailable (RO) 
See Table 2-2. 
15:13 Reserved 
16 Package Enhanced Intel SpeedStep Technology Enable (R/W) 
See Table 2-2. 
18 Core ENABLE MONITOR FSM (R/W) 
See Table 2-2. 
21:19 Reserved 
22 Core Limit CPUID Maxval (R/W) 
See Table 2-2. 
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Table 2-12. MSRs in Intel Atom® Processors Based on the Goldmont Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


23 


Package 


XTPR Message Disable (R/W) 
See Table 2-2. 


33:24 


Reserved 


34 


Core 


XD Bit Disable (R/W) 
See Table 2-2. 


37:35 


Reserved 


38 


Package 


Turbo Mode Disable (R/W) 


When set to 1 on processors that support Intel Turbo 
Boost Technology, the turbo mode feature is disabled 
and the IDA_Enable feature flag will be clear 
(CPUID.OGH: EAX[1]=0). 


When set to a O on processors that support IDA, 
CPUID.O6GH: EAX[1] reports the processor's support of 
turbo mode is enabled. 


Note: The power-on default value is used by BIOS to 
detect hardware support of turbo mode. If the power- 
on default value is 1, turbo mode is available in the 
processor. If the power-on default value is 0, turbo 
mode is not available. 


63:39 


Reserved 


1A4H 


420 


MSR_MISC_FEATURE_CONTROL 


Miscellaneous Feature Control (R/W) 


0 


Core 


L2 Hardware Prefetcher Disable (R/W) 

If 1, disables the L2 hardware prefetcher, which 
fetches additional lines of code or data into the L2 
cache. 


Reserved 


Core 


DCU Hardware Prefetcher Disable (R/W) 


If 1, disables the L1 data cache prefetcher, which 
fetches the next cache line into L1 data cache. 


63:3 


Reserved 


1AAH 


426 


MSR_MISC_PWR_MGMT 


Package 


Miscellaneous Power Management Control 


Various model specific features enumeration. See 
http://biosbits.org. 


EIST Hardware Coordination Disable (R/W) 


When 0, enables hardware coordination of Enhanced 
Intel Speedstep Technology request from processor 
cores. When 1, disables hardware coordination of 
Enhanced Intel Speedstep Technology requests. 


21:1 


Reserved 


22 


Thermal Interrupt Coordination Enable (R/W) 


If set, then thermal interrupt on one core is routed to 
all cores. 


63:23 


Reserved 
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Table 2-12. MSRs in Intel Atom® Processors Based on the Goldmont Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


1ADH 


429 


MSR_TURBO_RATIO_LIMIT 


Package 


Maximum Ratio Limit of Turbo Mode by Core Groups 
(RW) 

Specifies Maximum Ratio Limit for each Core Group. 

Max ratio for groups with more cores must decrease 
monotonically. 


For groups with less than 4 cores, the max ratio must 
be 32 or less. For groups with 4-5 cores, the max ratio 
must be 22 or less. For groups with more than 5 cores, 
the max ratio must be 16 or less. 


7:0 


Package 


Maximum Ratio Limit for Active Cores in Group O 


Maximum turbo ratio limit when the number of active 
cores is less than or equal to the Group O threshold. 


Package 


Maximum Ratio Limit for Active Cores in Group 1 


Maximum turbo ratio limit when the number of active 
cores is less than or equal to the Group 1 threshold, 
and greater than the Group O threshold. 


23:16 


Package 


Maximum Ratio Limit for Active Cores in Group 2 
Maximum turbo ratio limit when the number of active 
cores is less than or equal to the Group 2 threshold, 
and greater than the Group 1 threshold. 


31:24 


Package 


Maximum Ratio Limit for Active Cores in Group 3 
Maximum turbo ratio limit when the number of active 
cores is less than or equal to the Group 3 threshold, 
and greater than the Group 2 threshold. 


39:32 


Package 


Maximum Ratio Limit for Active Cores in Group 4 


Maximum turbo ratio limit when the number of active 
cores is less than or equal to the Group 4 threshold, 
and greater than the Group 3 threshold. 


47:40 


Package 


Maximum Ratio Limit for Active Cores in Group 5 
Maximum turbo ratio limit when the number of active 
cores is less than or equal to the Group 5 threshold, 
and greater than the Group 4 threshold. 


55:48 


Package 


Maximum Ratio Limit for Active Cores in Group 6 


Maximum turbo ratio limit when the number of active 
cores is less than or equal to the Group 6 threshold, 
and greater than the Group 5 threshold. 


63:56 


Package 


Maximum Ratio Limit for Active Cores in Group 7 
Maximum turbo ratio limit when the number of active 
cores is less than or equal to the Group 7 threshold, 
and greater than the Group 6 threshold. 


1AEH 


430 


MSR_TURBO_GROUP_CORECNT 


Package 


Group Size of Active Cores for Turbo Mode Operation 
(RW) 
Writes of O threshold is ignored. 


2-110 Vol. 4 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-12. MSRs in Intel Atom® Processors Based on the Goldmont Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


7:0 


Package 


Group O Core Count Threshold 


Maximum number of active cores to operate under the 
Group O Max Turbo Ratio limit. 


Package 


Group 1 Core Count Threshold 

Maximum number of active cores to operate under the 
Group 1 Max Turbo Ratio limit. Must be greater than 
the Group O Core Count. 


23:16 


Package 


Group 2 Core Count Threshold 

Maximum number of active cores to operate under the 
Group 2 Max Turbo Ratio limit. Must be greater than 
the Group 1 Core Count. 


31:24 


Package 


Group 3 Core Count Threshold 


Maximum number of active cores to operate under the 
Group 3 Max Turbo Ratio limit. Must be greater than 
the Group 2 Core Count. 


39:32 


Package 


Group 4 Core Count Threshold 

Maximum number of active cores to operate under the 
Group 4 Max Turbo Ratio limit. Must be greater than 
the Group 3 Core Count. 


47:40 


Package 


Group 5 Core Count Threshold 


Maximum number of active cores to operate under the 
Group 5 Max Turbo Ratio limit. Must be greater than 
the Group 4 Core Count. 


55:48 


Package 


Group 6 Core Count Threshold 

Maximum number of active cores to operate under the 
Group 6 Max Turbo Ratio limit. Must be greater than 
the Group 5 Core Count. 


63:56 


Package 


Group 7 Core Count Threshold 


Maximum number of active cores to operate under the 
Group 7 Max Turbo Ratio limit. Must be greater than 
the Group 6 Core Count, and not less than the total 
number of processor cores in the package. E.g., specify 
255. 


1C8H 


456 


MSR_LBR_SELECT 


Core 


Last Branch Record Filtering Select Register (R/W) 
See Section 17.9.2, “Filtering of Last Branch Records.” 


CPL_EQ_O 


CPL_NEQ_O 


ICC 


NEAR_REL_CALL 


NEAR_IND_CALL 


NEAR_RET 


NEO] oO] BR] WwW) rm) | oO 


NEAR_IND_JMP 
NEAR_REL_JMP 
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8 FAR_BRANCH 
9 EN_CALL_STACK 
63:10 Reserved 
1C9H 457 | MSR_LASTBRANCH_TOS Core Last Branch Record Stack TOS (R/W) 
Contains an index (bits 0-4) that points to the MSR 
containing the most recent branch record. 
See MSR_LASTBRANCH_O_FROML_IP. 
1FCH 508 |MSR_POWER_CTL Core Power Control Register. See http://biosbits.org. 
0 Reserved 
1 Package C1E Enable (R/W) 
When set to ‘1’, will enable the CPU to switch to the 
Minimum Enhanced Intel SpeedStep Technology 
operating point when all execution cores enter MWAIT 
(C1). 
63:2 Reserved 
210H 528 | IA32_MTRR_PHYSBASE8 Core See Table 2-2. 
211H 529 | IA32_MTRR_PHYSMASK8 Core See Table 2-2. 
212H 530 | IA32_MTRR_PHYSBASE9 Core See Table 2-2. 
213H 531 IA32_MTRR_PHYSMASK9 Core See Table 2-2. 
280H 640 | IA32_MCO_CTL2 Module See Table 2-2. 
281H 641 IA32_MC1_CTL2 Module See Table 2-2. 
282H 642 | IA32_MC2_CTL2 Core See Table 2-2. 
283H 643 | IA32_MC3_CTL2 Module See Table 2-2. 
284H 644 | 1A32_MC4_CTL2 Package See Table 2-2. 
285H 645 | 1A32_MC5_CTL2 Package See Table 2-2. 
286H 646 | IA32_MC6_CTL2 Package See Table 2-2. 
300H 768 | MSR_SGXOWNEREPOCHO Package Lower 64 Bit CR_SGXOWNEREPOCH (WwW) 
Writes do not update CR_SGXOWNEREPOCH if 
CPUID.(EAX=1 2H, ECX=0):EAX.SGX1 is 1 on any 
thread in the package. 
63:0 Lower 64 bits of an 128-bit external entropy value for 
key derivation of an enclave. 
301H 769 | MSR_SGXOWNEREPOCH1 Package Upper 64 Bit CR_SGXOWNEREPOCH (WwW) 
Writes do not update CR_SGXOWNEREPOCH if 
CPUID.(EAX=1 2H, ECX=0):EAX.SGX1 is 1 on any 
thread in the package. 
63:0 Upper 64 bits of an 128-bit external entropy value for 
key derivation of an enclave. 
38EH 910 | IA32_PERF_GLOBAL_STATUS Core See Table 2-2. See Section 19.2.4, “Architectural 
Performance Monitoring Version 4.” 
0 Ovf_PMCO 
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Hex Dec 

1 Ovf_PMC1 

2 Ovf_PMC2 

3 Ovf_PMC3 

31:4 Reserved 

32 Ovf_FixedCtrO 

33 Ovf_FixedCtr1 

34 Ovf_FixedCtr2 

54:35 Reserved 

55 Trace_ToPA_PMI 

57:56 Reserved 

58 LBR_Frz. 

59 CTR_Frz. 

60 ASCI 

61 Ovf_Uncore 

62 Ovf_BufDSSAVE 

63 CondChgd 

390H 912 | IA32_PERF_GLOBAL_STATUS_RESET Core See Table 2-2. See Section 19.2.4, “Architectural 

Performance Monitoring Version 4.” 

0 Set 1 to clear Ovf_PMCO. 

1 Set 1 to clear Ovf_PMC1. 

2 Set 1 to clear Ovf_PMC2. 

3 Set 1 to clear Ovf_PMC3. 

31:4 Reserved 

32 Set 1 to clear Ovf_FixedCtrO. 

33 Set 1 to clear Ovf_FixedCtr1. 

34 Set 1 to clear Ovf_FixedCtr2. 

54:35 Reserved 

55 Set 1 to clear Trace_ToPA_PMI. 

57:56 Reserved 

58 Set 1 to clear LBR_Frz. 

59 Set 1 to clear CTR_Frz. 

60 Set 1 to clear ASCI. 

61 Set 1 to clear Ovf_Uncore. 

62 Set 1 to clear Ovf_BufDSSAVE. 

63 Set 1 to clear CondChad. 

391H 913 | IA32_PERF_GLOBAL_STATUS_SET Core See Table 2-2. See Section 19.2.4, “Architectural 

Performance Monitoring Version 4.” 
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Hex Dec 
0 Set 1 to cause Ovf_PMCO = 1. 
1 Set 1 to cause Ovf_PMC1 = 1. 
2 Set 1 to cause Ovf_PMC2 = 1. 
3 Set 1 to cause Ovf_PMC3 = 1. 
31:4 Reserved 
32 Set 1 to cause Ovf_FixedCtrO = 1. 
33 Set 1 to cause Ovf_FixedCtr1 = 1. 
34 Set 1 to cause Ovf_FixedCtr2 = 1. 
54:35 Reserved 
55 Set 1 to cause Trace_ToPA_PMI = 1. 
57:56 Reserved 
58 Set 1 to cause LBR_Frz = 1. 
59 Set 1 to cause CTR_Frz = 1. 
60 Set 1 to cause ASCI = 1. 
61 Set 1 to cause Ovf_Uncore. 
62 Set 1 to cause Ovf_BufDSSAVE. 
63 Reserved 
392H 914 | 1A32_PERF_GLOBAL_INUSE Core See Table 2-2. 
3F1H 1009 | IA32_PEBS_ENABLE Core See Table 2-2. See Section 19.6.2.4, “Processor Event 
(MSR_PEBS_ENABLE) Based Sampling (PEBS).” 
0 Enable PEBS trigger and recording for the 
programmed event (precise or otherwise) on 
IA32_PMCO. (R/W) 
3F8H 1016 | MSR_PKG_C3_RESIDENCY Package Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
63:0 Package C3 Residency Counter (R/O) 
Value since last reset that this package is in 
processor-specific C3 states. Count at the same 
frequency as the TSC. 
3F9H 1017 | MSR_PKG_C6_RESIDENCY Package Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
63:0 Package C6 Residency Counter (R/O) 
Value since last reset that this package is in 
processor-specific C6 states. Count at the same 
frequency as the TSC. 
3FCH 1020 | MSR_CORE_C3_RESIDENCY Core Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
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Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


CORE C3 Residency Counter (R/O) 


Value since last reset that this core is in processor- 
specific C3 states. Count at the same frequency as the 
TSC. 


406H 


1030 


IA32_MC1_ADDR 


Module 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The IA32_MC2_ADDR register is either not 
implemented or contains no address if the ADDRV flag 
in the IA32_MC2_STATUS register is clear. 

When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 


418H 


1048 


IA32_MC6_CTL 


Package 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


419H 


1049 


IA32_MC6_STATUS 


Package 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS" and 
Chapter 16. 


41AH 


1050 


IA32_MC6_ADDR 


Package 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


4C3H 


1219 


IA32_A_PMC2 


Core 


See Table 2-2. 


AC4H 


1220 


IA32_A_PMC3 


Core 


See Table 2-2. 


4€0H 


4€2H 


1248 


1250 


MSR_SMM_FEATURE_CONTROL 


Package 


Enhanced SMM Feature Control (SMM-RW) 


Reports SMM capability Enhancement. Accessible only 
while in SMM. 


Lock (SMM-RWO) 


When set to ‘1’ locks this register from further 
changes. 


Reserved 


SMM_Code_Chk_€n (SMM-RW) 


This control bit is available only if 
MSR_SMM_MCA_CAP[58] == 1. When set to ‘0’ 
(default) none of the logical processors are prevented 
from executing SMM code outside the ranges defined 
by the SMRR. 


When set to ‘1’ any logical processor in the package 
that attempts to execute SMM code not within the 
ranges defined by the SMRR will assert an 
unrecoverable MCE. 


63:3 
MSR_SMM_DELAYED 


Package 


Reserved 


SMM Delayed (SMM-RO) 
Reports the interruptible state of all logical processors 


in the package. Available only while in SMM and 
MSR_SMM_MCA_CAP[LONG_FLOW_INDICATION] == 1. 
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Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


LOG_PROC_STATE (SMM-RO) 


Each bit represents a processor core of its state ina 
long flow of internal operation which delays servicing 
an interrupt. The corresponding bit will be set at the 
start of long events such as: Microcode Update Load, 
C6, WBINVD, Ratio Change, Throttle. 

The bit is automatically cleared at the end of each long 
event. The reset value of this field is 0. 


Only bit positions below N = CPUID.(EAX=OBH, 
ECX=PKG_LVL):EBX[15:0] can be updated. 


63:N 


Reserved 


4€3H 


1251 


MSR_SMM_BLOCKED 


Package 


SMM Blocked (SMM-RO) 


Reports the blocked state of all logical processors in 
the package. Available only while in SMM. 


LOG_PROC_STATE (SMM-RO) 


Each bit represents a processor core of its blocked 
state to service an SMI. The corresponding bit will be 
set if the logical processor is in one of the following 
states: Wait For SIPI or SENTER Sleep. 


The reset value of this field is OFFFH. 


Only bit positions below N = CPUID.(EAX=OBH, 
ECX=PKG_LVL):€BX[1 5:0] can be updated. 


63:N 


Reserved 


500H 


1280 


IA32_SGX_SVN_STATUS 


Core 


Status and SVN Threshold of SGX Support for ACM 
(RO) 


Lock 


See Section 38.11.3, “Interactions with Authenticated 
Code Modules (ACMs)". 


63:24 


Reserved 


SGX_SVN_SINIT 


See Section 38.1 1.3, “Interactions with Authenticated 
Code Modules (ACMs)". 


Reserved 


560H 


1376 


IA32_RTIT_OUTPUT_BASE 


Core 


Trace Output Base Register (R/W) 
See Table 2-2. 


561H 


1377 


IA32_RTIT_OUTPUT_MASK_PTRS 


Core 


Trace Output Mask Pointers Register (R/W) 
See Table 2-2. 


570H 


1392 


IA32_RTIT_CTL 


Core 


Trace Control Register (R/W) 


0 


TraceEn 


1 


CYCEn 


2 


OS 


3 


User 


6:4 


Reserved, must be zero. 
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CR3 filter 
8 ToPA 
Writing O will #GP if also setting TraceEn. 
9 MTCEn 
10 TSCEn 
11 DisRETC 
12 Reserved, must be zero. 
13 BranchEn 
17:14 MTCFreq 
18 Reserved, must be zero. 
22:19 CyCThresh 
23 Reserved, must be zero. 
27:24 PSBFreq 
31:28 Reserved, must be zero. 
35:32 ADDRO_CFG 
39:36 ADDR1_CFG 
63:40 Reserved, must be zero. 
571H | 1393 | IA32_RTIT_STATUS Core Tracing Status Register (R/W) 
0 FilterEn 
Writes ignored. 
1 ContexEn 
Writes ignored. 
2 TriggerEn 
Writes ignored. 
3 Reserved 
4 Error (R/W) 
5 Stopped 
31:6 Reserved, must be zero. 
48:32 PacketByteCnt 
63:49 Reserved, must be zero. 
572H | 1394 | 1A32_RTIT_CR3_MATCH Core Trace Filter CR3 Match Register (R/w) 
4:0 Reserved 
63:5 CR3[63:5] value to match. 
580H | 1408 | IA32_RTIT_ADDRO_A Core Region O Start Address (R/W) 
63:0 See Table 2-2. 
581H | 1409 | IA32_RTIT_ADDRO_B Core Region O End Address (R/W) 
63:0 See Table 2-2. 
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Address Register Name / Bit Fields Scope Bit Description 
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582H | 1410 | IA32_RTIT_ADDR1_A Core Region 1 Start Address (R/W) 
63:0 See Table 2-2. 
583H | 1411 IA32_RTIT_ADDR1_B Core Region 1 End Address (R/W) 
63:0 See Table 2-2. 
606H | 1542 | MSR_RAPL_POWER_UNIT Package Unit Multipliers used in RAPL Interfaces (R/O) 

See Section 14.10.1, “RAPL Interfaces.” 

3:0 Power Units 
Power related information (in Watts) is in unit of 
1W/2*PU; where PU is an unsigned integer 
represented by bits 3:0. Default value is 1000b, 
indicating power unit is in 3.9 milliwatts increment. 

7:4 Reserved 

12:8 Energy Status Units 
Energy related information (in Joules) is in unit of 
1Joule/ (2*ESU); where ESU is an unsigned integer 
represented by bits 12:8. Default value is 01110b, 
indicating energy unit is in 61 microJoules. 

15:13 Reserved 

19:16 Time Unit 
Time related information (in seconds) is in unit of 
1S/2*TU; where TU is an unsigned integer 
represented by bits 19:16. Default value is 1010b, 
indicating power unit is in 0.977 millisecond. 

63:20 Reserved 

60AH 1546 | MSR_PKGC3_IRTL Package Package C3 Interrupt Response Limit (R/W) 

Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 

9:0 Interrupt Response Time Limit (R/W) 
Specifies the limit that should be used to decide if the 
package should be put into a package C3 state. 

12:10 Time Unit (R/W) 
Specifies the encoding value of time unit of the 
interrupt response time limit. See Table 2-20 for 
supported time unit encodings. 

14:13 Reserved 

15 Valid (R/W) 
Indicates whether the values in bits 12:0 are valid and 
can be used by the processor for package C-sate 
management. 

63:16 Reserved 
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60BH 1547 | MSR_PKGC_IRTL1 Package Package C6/C7S Interrupt Response Limit 1 (R/W) 
This MSR defines the interrupt response time limit 
used by the processor to manage a transition to a 
package C6 or C7S state. 
Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 
9:0 Interrupt Response Time Limit (R/W) 
Specifies the limit that should be used to decide if the 
package should be put into a package C6 or C7S state. 
12:10 Time Unit (R/w) 
Specifies the encoding value of time unit of the 
interrupt response time limit. See Table 2-20 for 
supported time unit encodings. 
14:13 Reserved 
15 Valid (R/W) 
Indicates whether the values in bits 12:0 are valid and 
can be used by the processor for package C-sate 
management. 
63:16 Reserved 
60CH 1548 | MSR_PKGC_IRTL2 Package Package C7 Interrupt Response Limit 2 (R/W) 
This MSR defines the interrupt response time limit 
used by the processor to manage a transition to a 
package C7 state. 
Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
9:0 Interrupt Response Time Limit (R/W) 
Specifies the limit that should be used to decide if the 
package should be put into a package C7 state. 
12:10 Time Unit (R/w) 
Specifies the encoding value of time unit of the 
interrupt response time limit. See Table 2-20 for 
supported time unit encodings. 
14:13 Reserved 
15 Valid (R/W) 
Indicates whether the values in bits 12:0 are valid and 
can be used by the processor for package C-sate 
management. 
63:16 Reserved 
60DH 1549 | MSR_PKG_C2_RESIDENCY Package Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 
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63:0 Package C2 Residency Counter (R/O) 
Value since last reset that this package is in 
processor-specific C2 states. Count at the same 
frequency as the TSC. 
610H | 1552 |MSR_PKG_POWER_LIMIT Package PKG RAPL Power Limit Control (R/W) 
See Section 14.10.3, “Package RAPL Domain.” 
611H | 1553 | MSR_PKG_ENERGY_STATUS Package PKG Energy Status (R/O) 
See Section 14.10.3, “Package RAPL Domain.” 
613H | 1555 |MSR_PKG_PERF_STATUS Package PKG Perf Status (R/O) 
See Section 14.10.3, “Package RAPL Domain.” 
614H | 1556 |MSR_PKG_POWER_INFO Package PKG RAPL Parameters (R/W) 
14:0 Thermal Spec Power (R/W) 
See Section 14.10.3, “Package RAPL Domain.” 
15 Reserved 
30:16 Minimum Power (R/W) 
See Section 14.10.3, “Package RAPL Domain.” 
31 Reserved 
46:32 Maximum Power (R/W) 
See Section 14.10.3, “Package RAPL Domain.” 
47 Reserved 
54:48 Maximum Time Window (R/W) 
Specified by 2“Y * (1.0 + Z/4.0) * Time_Unit, where 
“Y" is the unsigned integer value represented by bits 
52:48, “Z" is an unsigned integer represented by bits 
54:53. “Time_Unit” is specified by the “Time Units” 
field of MSR_RAPL_POWER_UNIT. 
63:55 Reserved 
618H | 1560 | MSR_DRAM_POWER_LIMIT Package DRAM RAPL Power Limit Control (R/W) 
See Section 14.10.5, “DRAM RAPL Domain.” 
619H | 1561 | MSR_DRAM_ENERGY_STATUS Package DRAM Energy Status (R/O) 
See Section 14.10.5, “DRAM RAPL Domain.” 
61BH | 1563 | MSR_DRAM_PERF_STATUS Package DRAM Performance Throttling Status (R/O) 
See Section 14.10.5, “DRAM RAPL Domain.” 
61CH | 1564 | MSR_DRAM_POWER_INFO Package DRAM RAPL Parameters (R/W) 
See Section 14.10.5, “DRAM RAPL Domain.” 
632H 1586 | MSR_PKG_C10_RESIDENCY Package Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 
63:0 Package C10 Residency Counter (R/O) 
Value since last reset that the entire SOC is in an SOi3 
state. Count at the same frequency as the TSC. 
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639H | 1593 | MSR_PPO_ENERGY_STATUS Package PPO Energy Status (R/O) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 
641H | 1601 | MSR_PP1_ENERGY_STATUS Package PP1 Energy Status (R/O) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 
64CH | 1612 | MSR_TURBO_ACTIVATION_RATIO Package ConfigTDP Control (R/W) 
7:0 MAX_NON_TURBO_RATIO (RW/L) 
System BIOS can program this field. 
30:8 Reserved 
31 TURBO_ACTIVATION_RATIO_Lock (RW/L) 
When this bit is set, the content of this register is 
locked until a reset. 
63:32 Reserved 
64FH 1615 | MSR_CORE_PERF_LIMIT_REASONS Package Indicator of Frequency Clipping in Processor Cores 
(R/W) 
(Frequency refers to processor core frequency.) 
0 PROCHOT Status (RO) 


When set, processor core frequency is reduced below 
the operating system request due to assertion of 
external PROCHOT. 

1 Thermal Status (RO) 

When set, frequency is reduced below the operating 
system request due to a thermal event. 

2 Package-Level Power Limiting PL1 Status (RO) 


When set, frequency is reduced below the operating 
system request due to package-level power limiting 
PL1. 


3 Package-Level PL2 Power Limiting Status (RO) 


When set, frequency is reduced below the operating 
system request due to package-level power limiting 


PL2. 
8:4 Reserved 
9 Core Power Limiting Status (RO) 


When set, frequency is reduced below the operating 
system request due to domain-level power limiting. 
10 VR Therm Alert Status (RO) 


When set, frequency is reduced below the operating 
system request due to a thermal alert from the 
Voltage Regulator. 


11 Max Turbo Limit Status (RO) 


When set, frequency is reduced below the operating 
system request due to multi-core turbo limits. 
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12 


Electrical Design Point Status (RO) 


When set, frequency is reduced below the operating 
system request due to electrical design point 
constraints (e.g., maximum electrical current 
consumption). 


13 


Turbo Transition Attenuation Status (RO) 


When set, frequency is reduced below the operating 
system request due to Turbo transition attenuation. 
This prevents performance degradation due to 
frequent operating ratio changes. 


Maximum Efficiency Frequency Status (RO) 


When set, frequency is reduced below the maximum 
efficiency frequency. 


15 


Reserved 


16 


PROCHOT Log 


When set, indicates that the PROCHOT Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


Thermal Log 


When set, indicates that the Thermal Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


Package-Level PL1 Power Limiting Log 


When set, indicates that the Package Level PL1 Power 
Limiting Status bit has asserted since the log bit was 
last cleared. 


This log bit will remain set until cleared by software 
writing O. 


Package-Level PL2 Power Limiting Log 


When set, indicates that the Package Level PL2 Power 
Limiting Status bit has asserted since the log bit was 
last cleared. 


This log bit will remain set until cleared by software 
writing O. 


24:20 


Reserved 


25 


Core Power Limiting Log 

When set, indicates that the Core Power Limiting 
Status bit has asserted since the log bit was last 
cleared. 

This log bit will remain set until cleared by software 
writing O. 
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26 


VR Therm Alert Log 


When set, indicates that the VR Therm Alert Status bit 
has asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


27 


Max Turbo Limit Log 


When set, indicates that the Max Turbo Limit Status 
bit has asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


28 


Electrical Design Point Log 


When set, indicates that the EDP Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


29 


Turbo Transition Attenuation Log 


When set, indicates that the Turbo Transition 
Attenuation Status bit has asserted since the log bit 
was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 


30 


63:31 


Maximum Efficiency Frequency Log 


When set, indicates that the Maximum Efficiency 
Frequency Status bit has asserted since the log bit 
was last cleared. 

This log bit will remain set until cleared by software 
writing O. 


Reserved 


680H 


1664 


MSR_LASTBRANCH_O_FROM_IP 


Core 


Last Branch Record 0 From IP (R/W) 

One of 32 pairs of last branch record registers on the 
last branch record stack. The From_IP part of the stack 
contains pointers to the source instruction . See also: 


= Last Branch Record Stack TOS at 1C9H. 
= Section 17.6 and record format in Section 17.4.8.1. 


0:47 
62:48 


From Linear Address (R/W) 
Signed extension of bits 47:0. 


63 


Mispred 


681H 


1665 


MSR_LASTBRANCH_1_FROM_IP 


Core 


Last Branch Record 1 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 


682H 


1666 


MSR_LASTBRANCH_2_FROM_IP 


Core 


Last Branch Record 2 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 


683H 


1667 


MSR_LASTBRANCH_3_FROM_IP 


Core 


Last Branch Record 3 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
684H | 1668 | MSR_LASTBRANCH_4 FROM_IP Core Last Branch Record 4 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
685H | 1669 | MSR_LASTBRANCH_5_FROM_IP Core Last Branch Record 5 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
686H | 1670 | MSR_LASTBRANCH_6_FROM_IP Core Last Branch Record 6 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROML_IP. 
687H | 1671 | MSR_LASTBRANCH_7_FROM_IP Core Last Branch Record 7 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
688H | 1672 | MSR_LASTBRANCH_8_FROM_IP Core Last Branch Record 8 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
689H | 1673 | MSR_LASTBRANCH_9_FROM_IP Core Last Branch Record 9 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
68AH | 1674 | MSR_LASTBRANCH_10_FROM_IP Core Last Branch Record 10 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
68BH | 1675 | MSR_LASTBRANCH_11_FROM_IP Core Last Branch Record 11 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
68CH | 1676 | MSR_LASTBRANCH_12_FROM_IP Core Last Branch Record 12 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
68DH | 1677 | MSR_LASTBRANCH_13_FROM_IP Core Last Branch Record 13 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
68EH | 1678 | MSR_LASTBRANCH_14_FROM_IP Core Last Branch Record 14 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
68FH | 1679 | MSR_LASTBRANCH_15_FROM_IP Core Last Branch Record 15 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
690H | 1680 | MSR_LASTBRANCH_16_FROM_IP Core Last Branch Record 16 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
691H | 1681 | MSR_LASTBRANCH_17_FROM_IP Core Last Branch Record 17 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
692H | 1682 | MSR_LASTBRANCH_18_FROM_IP Core Last Branch Record 18 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
693H | 1683 | MSR_LASTBRANCH_19_FROM_IP Core Last Branch Record 19From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
694H | 1684 | MSR_LASTBRANCH_20_FROM_IP Core Last Branch Record 20 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 
695H | 1685 | MSR_LASTBRANCH_21_FROM_IP Core Last Branch Record 21 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROML_IP. 
696H | 1686 | MSR_LASTBRANCH_22_FROM_IP Core Last Branch Record 22 From IP (R/W) 


See description of MSR_LASTBRANCH_O_FROM_IP. 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
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697H | 1687 | MSR_LASTBRANCH_23_FROM_IP Core Last Branch Record 23 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
698H | 1688 | MSR_LASTBRANCH_24 FROM_IP Core Last Branch Record 24 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROML_IP. 
699H | 1689 | MSR_LASTBRANCH_25_FROM_IP Core Last Branch Record 25 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
69AH | 1690 | MSR_LASTBRANCH_26_FROM_IP Core Last Branch Record 26 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROML_IP. 
69BH | 1691 | MSR_LASTBRANCH_27_FROM_IP Core Last Branch Record 27 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
69CH | 1692 | MSR_LASTBRANCH_28_FROM_IP Core Last Branch Record 28 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
69DH | 1693 | MSR_LASTBRANCH_29_FROM_IP Core Last Branch Record 29 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
69EH | 1694 | MSR_LASTBRANCH_30_FROM_IP Core Last Branch Record 30 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROML_IP. 
69FH | 1695 | MSR_LASTBRANCH_31_FROM_IP Core Last Branch Record 31 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
6COH | 1728 | MSR_LASTBRANCH_O_TO_IP Core Last Branch Record 0 To IP (R/W) 

One of 32 pairs of last branch record registers on the 

last branch record stack. The To_IP part of the stack 

contains pointers to the Destination instruction and 

elapsed cycles from last LBR update. See Section 17.6. 

0:47 Target Linear Address (R/W) 
63:48 Elapsed cycles from last update to the LBR. 

6C1H | 1729 | MSR_LASTBRANCH_1_TO_IP Core Last Branch Record 1 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6C2H | 1730 | MSR_LASTBRANCH_2_TO_IP Core Last Branch Record 2 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6C3H | 1731 | MSR_LASTBRANCH_3_TO_IP Core Last Branch Record 3 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6C4H | 1732 | MSR_LASTBRANCH_4_TO_IP Core Last Branch Record 4 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6C5H | 1733 | MSR_LASTBRANCH_5_TO_IP Core Last Branch Record 5 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6C6H | 1734 | MSR_LASTBRANCH_6_TO_IP Core Last Branch Record 6 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6C7H | 1735 | MSR_LASTBRANCH_7_TO_IP Core Last Branch Record 7 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
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6C8H | 1736 | MSR_LASTBRANCH_8_TO_IP Core Last Branch Record 8 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6C9H | 1737 | MSR_LASTBRANCH_9_TO_IP Core Last Branch Record 9 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6CAH | 1738 | MSR_LASTBRANCH_10_TO_IP Core Last Branch Record 10 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6CBH | 1739 | MSR_LASTBRANCH_11_TO_IP Core Last Branch Record 11 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6CCH | 1740 | MSR_LASTBRANCH_12_TO_IP Core Last Branch Record 12 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6CDH | 1741 | MSR_LASTBRANCH_13_TO_IP Core Last Branch Record 13 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6CEH | 1742 | MSR_LASTBRANCH_14_TO_IP Core Last Branch Record 14 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6CFH | 1743 | MSR_LASTBRANCH_15_TO_IP Core Last Branch Record 15 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6DOH | 1744 | MSR_LASTBRANCH_16_TO_IP Core Last Branch Record 16 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6D1H | 1745 | MSR_LASTBRANCH_17_TO_IP Core Last Branch Record 17 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6D2H | 1746 | MSR_LASTBRANCH_18_TO_IP Core Last Branch Record 18 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6D3H | 1747 | MSR_LASTBRANCH_19_TO_IP Core Last Branch Record 19To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6D4H | 1748 | MSR_LASTBRANCH_20_TO_IP Core Last Branch Record 20 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6D5H | 1749 | MSR_LASTBRANCH_21_TO_IP Core Last Branch Record 21 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6D6H | 1750 | MSR_LASTBRANCH_22_TO_IP Core Last Branch Record 22 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6D7H | 1751 | MSR_LASTBRANCH_23_TO_IP Core Last Branch Record 23 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6D8H | 1752 | MSR_LASTBRANCH_24_TO_IP Core Last Branch Record 24 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6D9H | 1753 | MSR_LASTBRANCH_25_TO_IP Core Last Branch Record 25 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6DAH | 1754 | MSR_LASTBRANCH_26_TO_IP Core Last Branch Record 26 To IP (R/W) 


See description of MSR_LASTBRANCH_O_TO_IP. 
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6DBH | 1755 | MSR_LASTBRANCH_27_TO_IP Core Last Branch Record 27 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6DCH | 1756 | MSR_LASTBRANCH_28_TO_IP Core Last Branch Record 28 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6DDH | 1757 | MSR_LASTBRANCH_29_TO_IP Core Last Branch Record 29 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6DEH | 1758 | MSR_LASTBRANCH_30_TO_IP Core Last Branch Record 30 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6DFH | 1759 | MSR_LASTBRANCH_31_TO_IP Core Last Branch Record 31 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
802H | 2050 | IA32_X2APIC_APICID Core x2APIC ID register (R/O) 
803H | 2051 | IA32_X2APIC_VERSION Core x2APIC Version register (R/O) 
808H | 2056 | IA32_X2APIC_TPR Core x2APIC Task Priority register (R/W) 
80AH | 2058 | IA32_X2APIC_PPR Core x2APIC Processor Priority register (R/O) 
80BH | 2059 | IA32_X2APIC_EOI Core x2APIC EOI register (W/O) 
80DH | 2061 | IA32_X2APIC_LDR Core x2APIC Logical Destination register (R/O) 
80FH 2063 | IA32_X2APIC_SIVR Core x2APIC Spurious Interrupt Vector register (R/W) 
810H | 2064 | IA32_X2APIC_ISRO Core x2APIC In-Service register bits [31:0] (R/O) 
811H | 2065 | IA32_X2APIC_ISR1 Core x2APIC In-Service register bits [63:32] (R/O) 
812H | 2066 | IA32_X2APIC_ISR2 Core x2APIC In-Service register bits [95:64] (R/O) 
813H | 2067 | IA32_X2APIC_ISR3 Core x2APIC In-Service register bits [127:96] (R/O) 
814H | 2068 | IA32_X2APIC_ISR4 Core X2APIC In-Service register bits [159:128] (R/O) 
815H | 2069 | IA32_X2APIC_ISR5 Core x2APIC In-Service register bits [191:160] (R/O) 
816H | 2070 | IA32_X2APIC_ISR6 Core x2APIC In-Service register bits [223:192] (R/O) 
817H | 2071 | IA32_X2APIC_ISR7 Core x2APIC In-Service register bits [255:224] (R/O) 
818H | 2072 | IA32_X2APIC_TMRO Core x2APIC Trigger Mode register bits [31:0] (R/O) 
819H | 2073 | IA32_X2APIC_TMR1 Core x2APIC Trigger Mode register bits [63:32] (R/O) 
81AH | 2074 | IA32_X2APIC_TMR2 Core x2APIC Trigger Mode register bits [95:64] (R/O) 
81BH | 2075 | IA32_X2APIC_TMR3 Core x2APIC Trigger Mode register bits [127:96] (R/O) 
81CH | 2076 | IA32_X2APIC_TMR4 Core x2APIC Trigger Mode register bits [159:128] (R/O) 
81DH | 2077 | IA32_X2APIC_TMR5 Core x2APIC Trigger Mode register bits [191:160] (R/O) 
81EH | 2078 | IA32_X2APIC_TMR6 Core x2APIC Trigger Mode register bits [223:192] (R/O) 
81FH | 2079 | IA32_X2APIC_TMR7 Core x2APIC Trigger Mode register bits [255:224] (R/O) 
820H | 2080 | IA32_X2APIC_IRRO Core x2APIC Interrupt Request register bits [31:0] (R/O) 
821H | 2081 | IA32_X2APIC_IRR1 Core x2APIC Interrupt Request register bits [63:32] (R/O) 
822H | 2082 | IA32_X2APIC_IRR2 Core x2APIC Interrupt Request register bits [95:64] (R/O) 
823H | 2083 | IA32_X2APIC_IRR3 Core x2APIC Interrupt Request register bits [127:96] (R/O) 
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Address Register Name / Bit Fields Scope Bit Description 
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824H 2084 | IA32_X2APIC_IRR4 Core x2APIC Interrupt Request register bits [159:128] 
(R/O) 
825H 2085 | IA32_X2APIC_IRR5S Core x2APIC Interrupt Request register bits [191:160] 
(R/O) 
826H 2086 | IA32_X2APIC_IRR6 Core x2APIC Interrupt Request register bits [223:192] 
(R/O) 
827H | 2087 | IA32_X2APIC_IRR7 Core x2APIC Interrupt Request register bits [255:224] 
(R/O) 
828H | 2088 | IA32_X2APIC_ESR Core x2APIC Error Status register (R/W) 
82FH 2095 | IA32_X2APIC_LVT_CMCI Core x2APIC LVT Corrected Machine Check Interrupt 
register (R/W) 
830H | 2096 | IA32_X2APIC_ICR Core x2APIC Interrupt Command register (R/W) 
832H | 2098 | IA32_X2APIC_LVT_TIMER Core x2APIC LVT Timer Interrupt register (R/W) 
833H | 2099 | IA32_X2APIC_LVT_THERMAL Core x2APIC LVT Thermal Sensor Interrupt register (R/W) 
834H | 2100 | IA32_X2APIC_LVT_PMI Core x2APIC LVT Performance Monitor register (R/W) 
835H | 2101 | IA32_X2APIC_LVT_LINTO Core x2APIC LVT LINTO register (R/W) 
836H | 2102 | IA32_X2APIC_LVT_LINT1 Core x2APIC LVT LINT1 register (R/W) 
837H | 2103 | IA32_X2APIC_LVT_ERROR Core x2APIC LVT Error register (R/W) 
838H | 2104 | IA32_X2APIC_INIT_COUNT Core X2APIC Initial Count register (R/W) 
839H | 2105 | IA32_X2APIC_CUR_COUNT Core x2APIC Current Count register (R/O) 
83EH | 2110 | IA32_X2APIC_DIV_CONF Core x2APIC Divide Configuration register (R/W) 
83FH | 2111 | 1A32_X2APIC_SELF_IPI Core x2APIC Self IPI register (W/O) 
C8FH 3215 | IA32_PQR_ASSOC Core Resource Association Register (R/W) 
31:0 Reserved 
33:32 COS (R/W) 
63: 34 Reserved 
D10H | 3344 | IA32_L2_Q0S_MASK_O Module L2 Class Of Service Mask - COS 0 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=0. 
0:7 CBM: Bit vector of available L2 ways for COS 0 
enforcement. 
63:8 Reserved 
D11H | 3345 | IA32_L2_QO0S_MASK_1 Module L2 Class Of Service Mask - COS 1 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=1. 
0:7 CBM: Bit vector of available L2 ways for COS 0 
enforcement. 
63:8 Reserved 
D12H | 3346 | IA32_L2_Q0S_MASK_2 Module L2 Class Of Service Mask - COS 2 (R/W) 


If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=2. 


0:7 


CBM: Bit vector of available L2 ways for COS 0 
enforcement. 
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63:8 Reserved 
D13H | 3347 | IA32_L2_QO0S_MASK_3 Package L2 Class Of Service Mask - COS 3 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=3. 
0:19 CBM: Bit vector of available L2 ways for COS 3 
enforcement. 
63:20 Reserved 
DS0H | 3472 | IA32_BNDCFGS Core See Table 2-2. 
DAOH | 3488 | IA32_XSS Core See Table 2-2. 
See Table 2-6, and Table 2-12 for MSR definitions applicable to processors with CPUID signature 06_5CH. 


2.6 MSRS IN INTEL ATOM® PROCESSORS BASED ON GOLDMONT PLUS 
MICROARCHITECTURE 


Intel Atom processors based on the Goldmont Plus microarchitecture support MSRs listed in Table 2-6, Table 2-12 
and Table 2-13. These processors have a CPUID signature with DisplayFamily_DisplayModel of 06_7AH; see Table 
2-1. For an MSR listed in Table 2-13 that also appears in the model-specific tables of prior generations, Table 2-13 
supersede prior generation tables. 


In the Goldmont Plus microarchitecture, the scope column indicates the following: “Core” means each processor 
core has a separate MSR, or a bit field not shared with another processor core. “Module” means the MSR or the bit 
field is shared by a subset of the processor cores in the physical package. The number of processor cores in this 
subset is model specific and may differ between different processors. For all processors based on Goldmont Plus 
microarchitecture, the L2 cache is also shared between cores in a module and thus CPUID leaf 04H enumeration 
can be used to figure out which processors are in the same module. “Package” means all processor cores in the 
physical package share the same MSR or bit interface. 


Table 2-13. MSRs in Intel Atom® Processors Based on the Goldmont Plus Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
3AH 58 IA32_FEATURE_CONTROL Core Control Features in Intel 64Processor (R/W) 
See Table 2-2. 
0 Lock (R/WL) 
1 Enable VMX inside SMX operation (R/WL) 
2 Enable VMX outside SMX operation (R/WL) 
14:8 SENTER local functions enables (R/WL) 
15 SENTER global functions enable (R/WL) 
17 SGX Launch Control Enable (R/WL) 


This bit must be set to enable runtime reconfiguration 
of SGX Launch Control via |A32_SGXLEPUBKEYHASHn 
MSR. 


Valid if CPUID(EAX=07H, ECX=OH): ECX[30] = 1. 
18 SGX global functions enable (R/WL) 
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Register 
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63:19 Reserved 
8CH 140 | IA32_SGXLEPUBKEYHASHO Core See Table 2-2. 
8DH 141 | IA32_SGXLEPUBKEYHASH1 Core See Table 2-2. 
8EH 142 | IA32_SGXLEPUBKEYHASH2 Core See Table 2-2. 
8FH 143 | IA32_SGXLEPUBKEYHASH3 Core See Table 2-2. 
3F1H 1009 | IA32_PEBS_ENABLE Core (R/W) See Table 2-2. See Section 19.6.2.4, “Processor 

(MSR_PEBS_ENABLE) Event Based Sampling (PEBS).” 

0 Enable PEBS trigger and recording for the 
programmed event (precise or otherwise) on 
1A32_PMCO. 

1 Enable PEBS trigger and recording for the 
programmed event (precise or otherwise) on 
1A32_PMC1. 

2 Enable PEBS trigger and recording for the 
programmed event (precise or otherwise) on 
1A32_PMC2. 

3 Enable PEBS trigger and recording for the 
programmed event (precise or otherwise) on 
1A32_PMC3. 

31:4 Reserved 

32 Enable PEBS trigger and recording for 
IA32_FIXED_CTRO. 

33 Enable PEBS trigger and recording for 
IA32_FIXED_CTR1. 

34 Enable PEBS trigger and recording for 
IA32_FIXED_CTR2. 

63:35 Reserved 

570H | 1392 | IA32_RTIT_CTL Core Trace Control Register (R/W) 

0 TraceEn 

1 CYCEn 

2 Os 

3 User 

4 Pwr€vtEn 

5 FUPonPTW 

6 FabricEn 

7 CR3 filter 

8 ToPA 
Writing O will #GP if also setting TraceEn. 

9 MTCEn 

10 TSCEn 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
11 DisRETC 
12 PTWEn 
13 BranchEn 
17:14 MTCFreq 
18 Reserved, must be zero. 
22:19 CYCThresh 
23 Reserved, must be zero. 
27:24 PSBFreq 
31:28 Reserved, must be zero. 
35:32 ADDRO_CFG 
39:36 ADDR1_CFG 
63:40 Reserved, must be zero. 

680H | 1664 | MSR_LASTBRANCH_O_FROM_IP Core Last Branch Record 0 From IP (R/w) 

One of the three MSRs that make up the first entry of 

the 32-entry LBR stack. The From_IP part of the stack 

contains pointers to the source instruction. See also: 

* Last Branch Record Stack TOS at 1C9H. 

* Section 17.7, “Last Branch, Call Stack, Interrupt, and 
Exception Recording for Processors based on 
Goldmont Plus Microarchitecture.” 

681H | 1665 | MSR_LASTBRANCH_i_FROM_IP Core Last Branch Record i From IP (R/W) 

. 7 See description of MSR_LASTBRANCH_O_FROM_IP; i 

69FH 1695 = 1-31. 

6COH 1728 | MSR_LASTBRANCH_O_TO_IP Core Last Branch Record 0 To IP (R/W) 

One of the three MSRs that make up the first entry of 

the 32-entry LBR stack. The To_IP part of the stack 

contains pointers to the Destination instruction. See 

also: 

* Section 17.7, “Last Branch, Call Stack, Interrupt, and 
Exception Recording for Processors based on 
Goldmont Plus Microarchitecture.” 

6C1H 1729 | MSR_LASTBRANCH_i_TO_IP Core Last Branch Record i To IP (R/W) 

7 . See description of MSR_LASTBRANCH_O_TO_IP; i= 1- 

6DFH | 1759 31. 

DCOH | 3520 | MSR_LASTBRANCH_INFO_O Core Last Branch Record 0 Additional Information (R/W) 
One of the three MSRs that make up the first entry of 
the 32-entry LBR stack. This part of the stack 
contains flag and elapsed cycle information. See also: 
* Last Branch Record Stack TOS at 1C9H. 

* Section 17.9.1, “LBR Stack." 

DC1H | 3521 | MSR_LASTBRANCH_INFO_1 Core Last Branch Record 1 Additional Information (R/W) 

See description of MSR_LASTBRANCH_INFO_O. 
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DC2H | 3522 | MSR_LASTBRANCH_INFO_2 Core Last Branch Record 2 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DC3H | 3523 | MSR_LASTBRANCH_INFO_3 Core Last Branch Record 3 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DC4H | 3524 | MSR_LASTBRANCH_INFO_4 Core Last Branch Record 4 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DCSH | 3525 | MSR_LASTBRANCH_INFO_5 Core Last Branch Record 5 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DC6H | 3526 | MSR_LASTBRANCH_INFO_6 Core Last Branch Record 6 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DC7H | 3527 | MSR_LASTBRANCH_INFO_7 Core Last Branch Record 7 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DC8H | 3528 | MSR_LASTBRANCH_INFO_8 Core Last Branch Record 8 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DCSH | 3529 | MSR_LASTBRANCH_INFO_9 Core Last Branch Record 9 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DCAH | 3530 | MSR_LASTBRANCH_INFO_10 Core Last Branch Record 10 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DCBH | 3531 | MSR_LASTBRANCH_INFO_11 Core Last Branch Record 11 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DCCH 3532 | MSR_LASTBRANCH_INFO_12 Core Last Branch Record 12 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DCDH | 3533 | MSR_LASTBRANCH_INFO_13 Core Last Branch Record 13 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DCEH 3534 | MSR_LASTBRANCH_INFO_14 Core Last Branch Record 14 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DCFH 3535 | MSR_LASTBRANCH_INFO_15 Core Last Branch Record 15 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DDOH | 3536 | MSR_LASTBRANCH_INFO_16 Core Last Branch Record 16 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DD1H | 3537 | MSR_LASTBRANCH_INFO_17 Core Last Branch Record 17 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DD2H | 3538 | MSR_LASTBRANCH_INFO_18 Core Last Branch Record 18 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DD3H | 3539 | MSR_LASTBRANCH_INFO_19 Core Last Branch Record 19 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
DD4H | 3520 | MSR_LASTBRANCH_INFO_20 Core Last Branch Record 20 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 
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Table 2-13. MSRs in Intel Atom® Processors Based on the Goldmont Plus Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

DDS5SH | 3521 | MSR_LASTBRANCH_INFO_21 Core Last Branch Record 21 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 

DD6H | 3522 | MSR_LASTBRANCH_INFO_22 Core Last Branch Record 22 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 

DD7H | 3523 | MSR_LASTBRANCH_INFO_23 Core Last Branch Record 23 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 

DD8H | 3524 | MSR_LASTBRANCH_INFO_24 Core Last Branch Record 24 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 

DDSH | 3525 | MSR_LASTBRANCH_INFO_25 Core Last Branch Record 25 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 

DDAH | 3526 | MSR_LASTBRANCH_INFO_26 Core Last Branch Record 26 Additional Information (R/w) 
See description of MSR_LASTBRANCH_INFO_O. 

DDBH | 3527 | MSR_LASTBRANCH_INFO_27 Core Last Branch Record 27 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 

DDCH | 3528 | MSR_LASTBRANCH_INFO_28 Core Last Branch Record 28 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 

DDDH | 3529 | MSR_LASTBRANCH_INFO_29 Core Last Branch Record 29 Additional Information (R/w) 
See description of MSR_LASTBRANCH_INFO_O. 

DDEH | 3530 | MSR_LASTBRANCH_INFO_30 Core Last Branch Record 30 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 

DDFH | 3531 | MSR_LASTBRANCH_INFO_31 Core Last Branch Record 31 Additional Information (R/W) 
See description of MSR_LASTBRANCH_INFO_O. 

See Table 2-6, Table 2-12 and Table 2-13 for MSR definitions applicable to processors with CPUID signature O6_7AH. 


ae | MSRS IN INTEL ATOM® PROCESSORS BASED ON TREMONT 
MICROARCHITECTURE 


Processors based on the Tremont microarchitecture support MSRs listed in Table 2-6, Table 2-12, Table 2-13 and 
Table 2-14. These processors have a CPUID signature with DisplayFamily_DisplayModel of 06_86H, 06_96H, or 
06_9CH; see Table 2-1. For an MSR listed in Table 2-14 that also appears in the model-specific tables of prior 
generations, Table 2-14 supersede prior generation tables. 


In the Tremont microarchitecture, the scope column indicates the following: “Core” means each processor core has 
a separate MSR, or a bit field not shared with another processor core. “Module” means the MSR or the bit field is 
shared by a subset of the processor cores in the physical package. The number of processor cores in this subset is 
model specific and may differ between different processors. For all processors based on Tremont microarchitecture, 
the L2 cache is also shared between cores in a module and thus CPUID leaf 04H enumeration can be used to figure 
out which processors are in the same module. “Package” means all processor cores in the physical package share 
the same MSR or bit interface. 
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Table 2-14. MSRs in Intel Atom’ Processors Based on the Tremont Microarchitecture 


(MSR_PEBS_ENABLE) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
33H 51 MSR_MEMORY_CTRL Core Memory Control Register 

28:0 Reserved. 

29 Enable #AC(0) exception for split locked accesses: 
Cause #AC(0) exception for split locked access at all 
CPL irrespective of CRO.AM or EFLAGS.AC. If bits 29 
and 31 are both set, bit 29 takes precedence. 

30 Reserved. 

31 Reserved. 

CFH 207 IA32_CORE_CAPABILITIES Core IA32 Core Capabilities Register 

If CPUID.(EAX=07H, ECX=0):E€DX[30] = 1. 

4:0 Reserved. 
Bit 29 of MSR_MEMORY_CTRL (address 33H) 
supported. 

63:6 Reserved. 

2AQOH 672 |MSR_PRMRR_BASE_O Core Processor Reserved Memory Range Register - Physical 

Base Control Register (R/W) 

2:0 MEMTYPE: PRMRR BASE Memory Type. 

3 CONFIGURED: PRMRR BASE Configured. 

11:4 Reserved. 

51:12 BASE: PRMRR Base Address. 

63:52 Reserved. 

3F1H 1009 | IA32_PEBS_ENABLE Core (R/W) See Table 2-2. See Section 19.6.2.4, “Processor 


Event Based Sampling (PEBS)”. 


nO Enable PEBS trigger and recording for the programmed 
event (precise or otherwise) on IA32_PMCx. The 
maximum value n can be determined from 
CPUID.OAH:EAX(1 5:8]. 

31:n+1 Reserved. 

32+m32 Enable PEBS trigger and recording for 
IA32_FIXED_CTRx. The maximum value m can be 
determined from CPUID.OAH:EDX[4:0]. 

59:33+m Reserved. 

60 Pend a PerfMon Interrupt (PMI) after each PEBS event. 

62:61 Specifies PEBS output destination. Encodings: 


OOB: DS Save Area 


01B: Intel PT trace output. Supported if 
IA32_PERF_CAPABILITIES.PEBS_OUTPUT_PT_AVAIL[ 
16] and CPUID.O7H.0.EBX[25] are set. 


10B: Reserved 
11B: Reserved 
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Table 2-14. MSRs in Intel Atom® Processors Based on the Tremont Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
63 Reserved. 
1309H | 4873 | MSR_RELOAD_FIXED_CTRx Reload value for IA32_FIXED_CTRx (R/W) 
7 & 47:0 Value loaded into IA32_FIXED_CTRx when a PEBS 
(edBh | Ge record is generated while PEBS_EN_FIXEDx = 1 and 
PEBS_OUTPUT = 01B in IA32_PEBS_ENABLE, and 
FIXED_CTRx is overflowed. 
63:48 Reserved. 
14C1H | 5313 | MSR_RELOAD_PMCx Core Reload value for [A32_PMCx (R/W) 
: : 47:0 Value loaded into [A32_PMCx when a PEBS record is 
PACA. | 16 generated while PEBS_EN_PMCx = 1 and 
PEBS_OUTPUT = 01B in IA32_PEBS_ENABLE, and 
PMCx is overflowed. 
63:48 Reserved. 
See Table 2-6, Table 2-12, Table 2-13 and Table 2-14 for MSR definitions applicable to processors with CPUID signature 06_86H. 


2.8 MSRS IN THE NEHALEM MICROARCHITECTURE 


Table 2-15 lists model-specific registers (MSRs) that are common for Nehalem microarchitecture. These include the 
Intel Core i7 and i5 processor family. These processors have a CPUID signature with DisplayFamily_DisplayModel 
of 06_1AH, 06_1EH, 06_1FH, 06_2EH, see Table 2-1. Additional MSRs specific to 06_1AH, 06_1EH, 06_1FH are 
listed in Table 2-16. Some MSRs listed in these tables are used by BIOS. More information about these MSR can be 
found at http://biosbits.org. 


The column “Scope” represents the package/core/thread scope of individual bit field of an MSR. “Thread” means 
this bit field must be programmed on each logical processor independently. “Core” means the bit field must be 
programmed on each processor core independently, logical processors in the same core will be affected by change 
of this bit on the other logical processor in the same core. “Package” means the bit field must be programmed once 
for each physical package. Change of a bit filed with a package scope will affect all logical processors in that phys- 
ical package. 


Table 2-15. MSRs in Processors Based on Nehalem Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
OH 0 IA32_P5_MC_ADDR Thread See Section 2.23, “MSRs in Pentium Processors.” 
1H 1 IA32_P5_MC_TYPE Thread See Section 2.23, “MSRs in Pentium Processors.” 
6H 6 IA32_MONITOR_FILTER_SIZE Thread See Section 8.10.5, “Monitor/Mwait Address Range 
Determination” and Table 2-2. 
10H 16 IA32_TIME_STAMP_COUNTER Thread See Section 17.17, “Time-Stamp Counter,” and see 
Table 2-2. 
17H 23 IA32_PLATFORM_ID Package Platform ID (R) 
See Table 2-2. 
17H 23 MSR_PLATFORM_ID Package Model Specific Platform ID (R) 
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Table 2-15. MSRs in Processors Based on Nehalem Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
49:0 Reserved 
52:50 See Table 2-2. 
63:53 Reserved 
1BH 27 IA32_APIC_BASE Thread See Section 10.4.4, “Local APIC Status and Location,” 
and Table 2-2. 
34H 52 | MSR_SMI_COUNT Thread SMI Counter (R/O) 
31:0 SMI Count (R/O) 
Running count of SMI events since last RESET. 
63:32 Reserved 
3AH 58 IA32_FEATURE_CONTROL Thread Control Features in Intel 64Processor (R/W) 
See Table 2-2. 
79H 12] IA32_BIOS_UPDT_TRIG Core BIOS Update Trigger Register (W) 
See Table 2-2. 
8BH 139 | IA32_BIOS_SIGN_ID Thread BIOS Update Signature ID (RO) 
See Table 2-2. 
C1H 193 | IA32_PMCO Thread Performance Counter Register 
See Table 2-2. 
C2H 194 | 1A32_PMC1 Thread Performance Counter Register 
See Table 2-2. 
C3H 195 | IA32_PMC2 Thread Performance Counter Register 
See Table 2-2. 
C4H 196 | IA32_PMC3 Thread Performance Counter Register 
See Table 2-2. 
CEH 206 | MSR_PLATFORM_INFO Package Platform Information 
Contains power management and other model specific 
features enumeration. See http://biosbits.org. 
7:0 Reserved 
15:8 Package Maximum Non-Turbo Ratio (R/O) 
This is the ratio of the frequency that invariant TSC 
runs at. The invariant TSC frequency can be computed 
by multiplying this ratio by 133.33 MHz. 
27:16 Reserved 
28 Package Programmable Ratio Limit for Turbo Mode (R/O) 
When set to 1, indicates that Programmable Ratio Limit 
for Turbo mode is enabled. When set to 0, indicates 
Programmable Ratio Limit for Turbo mode is disabled. 
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Table 2-15. MSRs in Processors Based on Nehalem Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
29 Package Programmable TDC-TDP Limit for Turbo Mode (R/O) 
When set to 1, indicates that TDC and TDP Limits for 
Turbo mode are programmable. When set to 0, indicates 
TDC and TDP Limits for Turbo mode are not 
programmable. 
39:30 Reserved 
47:40 Package Maximum Efficiency Ratio (R/O) 
This is the minimum ratio (maximum efficiency) that the 
processor can operate, in units of 133.33MHz. 
63:48 Reserved 
E2H 226 | MSR_PKG_CST_CONFIG_CONTROL Core C-State Configuration Control (R/W) 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. See http://biosbits.org. 


2:0 


Package C-State Limit (R/W) 

Specifies the lowest processor-specific C-state code 
name (consuming the least power) for the package. The 
default is set as factory-configured package C-state 
limit. 

The following C-state code name encodings are 
supported: 

O0Ob: CO (no package C-sate support) 

001b: C1 (Behavior is the same as OOOb) 

010b: C3 

011b: C6 

100b: C7 

101b and 110b: Reserved 

111: No package C-state limit. 


Note: This field cannot be used to limit package C-state 
to C3. 


9:3 


Reserved 


10 


I/O MWAIT Redirection Enable (R/W) 


When set, will map |O_read instructions sent to IO 
register specified by MSR_PMG_IO_CAPTURE_BASE to 
MWAIT instructions. 


14:11 


Reserved 


15 


CFG Lock (R/WO) 


When set, locks bits 15:0 of this register until next 
reset. 


23:16 


Reserved 
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Table 2-15. MSRs in Processors Based on Nehalem Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


24 


Interrupt filtering enable (R/W) 


When set, processor cores in a deep C-State will wake 
only when the event message is destined for that core. 
When 0, all processor cores in a deep C-State will wake 
for an event message. 


25 


C3 state auto demotion enable (R/W) 


When set, the processor will conditionally demote 
C6/C7 requests to C3 based on uncore auto-demote 
information. 


26 


C1 state auto demotion enable (R/W) 


When set, the processor will conditionally demote 
C3/C6/C7 requests to C1 based on uncore auto-demote 
information. 


27 


Enable C3 Undemotion (R/W) 


28 


Enable C1 Undemotion (R/W) 


29 


Package C State Demotion Enable (R/W) 


30 


Package C State UnDemotion Enable (R/W) 


63:31 


Reserved 


E4H 


228 


MSR_PMG_IO_CAPTURE_BASE 


Core 


Power Management IO Redirection in C-state (R/W) 
See http://biosbits.org. 


15:0 


LVL_2 Base Address (R/W) 


Specifies the base address visible to software for IO 
redirection. If IO MWAIT Redirection is enabled, reads to 
this address will be consumed by the power 
management logic and decoded to MWAIT instructions. 
When IO port address redirection is enabled, this is the 
10 port address reported to the OS/software. 


18:16 


C-state Range (R/W) 


Specifies the encoding value of the maximum C-State 
code name to be included when IO read to MWAIT 
redirection is enabled by 
MSR_PKG_CST_CONFIG_CONTROL[bit1 0}: 


000b - C3 is the max C-State to include. 
001b - C6 is the max C-State to include. 
010b - C7 is the max C-State to include. 


63:19 


Reserved 


€7H 


231 


IA32_MPERF 


Thread 


Maximum Performance Frequency Clock Count (RW) 
See Table 2-2. 


€8H 


232 


IA32_APERF 


Thread 


Actual Performance Frequency Clock Count (RW) 
See Table 2-2. 


FEH 


254 


IA32_MTRRCAP 


Thread 


See Table 2-2. 


174H 
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IA32_SYSENTER_CS 


Thread 


See Table 2-2. 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-15. MSRs in Processors Based on Nehalem Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
175H 373 | IA32_SYSENTER_ESP Thread See Table 2-2. 
176H 374 | IA32_SYSENTER_EIP Thread See Table 2-2. 
179H 377 | 1A32_MCG_CAP Thread See Table 2-2. 
17AH 378 | IA32_MCG_STATUS Thread Global Machine Check Status 
0 RIPV 
When set, bit indicates that the instruction addressed 
by the instruction pointer pushed on the stack (when 
the machine check was generated) can be used to 
restart the program. If cleared, the program cannot be 
reliably restarted. 
1 EIPV 
When set, bit indicates that the instruction addressed 
by the instruction pointer pushed on the stack (when 
the machine check was generated) is directly 
associated with the error. 
2 MCIP 
When set, bit indicates that a machine check has been 
generated. If a second machine check is detected while 
this bit is still set, the processor enters a shutdown 
state. Software should write this bit to O after 
processing a machine check exception. 
63:3 Reserved 
186H 390 | IA32_PERFEVTSELO Thread See Table 2-2. 
7:0 Event Select 
15:8 UMask 
16 USR 
17 OS 
18 Edge 
19 PC 
20 INT 
21 AnyThread 
22 EN 
23 INV 
31:24 CMASK 
63:32 Reserved 
187H 391 | IA32_PERFEVTSEL1 Thread See Table 2-2. 
188H 392 | IA32_PERFEVTSEL2 Thread See Table 2-2. 
189H 393 | IA32_PERFEVTSEL3 Thread See Table 2-2. 
198H 408 | IA32_PERF_STATUS Core See Table 2-2. 
15:0 Current Performance State Value. 
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Table 2-15. MSRs in Processors Based on Nehalem Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
63:16 Reserved 
199H 409 | 1A32_PERF_CTL Thread See Table 2-2. 
19AH 410 | 1IA32_CLOCK_MODULATION Thread Clock Modulation (R/w) 
See Table 2-2. 
IA32_CLOCK_MODULATION MSR was originally named 
1A32_THERM_CONTROL MSR. 
0 Reserved 
3:1 On demand Clock Modulation Duty Cycle (R/W) 
4 On demand Clock Modulation Enable (R/W) 
63:5 Reserved 
19BH 411 1A32_THERM_INTERRUPT Core Thermal Interrupt Control (R/W) 
See Table 2-2. 
19CH 412 | IA32_THERM_STATUS Core Thermal Monitor Status (R/W) 
See Table 2-2. 
1A0H 416 | IA32_MISC_ENABLE Enable Misc. Processor Features (R/W) 
Allows a variety of processor functions to be enabled 
and disabled. 
0 Thread Fast-Strings Enable 
See Table 2-2. 
2:1 Reserved 
3 Thread Automatic Thermal Control Circuit Enable (R/W) 
See Table 2-2. Default value is 1. 
6:4 Reserved 
Thread Performance Monitoring Available (R) 
See Table 2-2. 
10:8 Reserved 
11 Thread Branch Trace Storage Unavailable (RO) 
See Table 2-2. 
12 Thread Processor Event Based Sampling Unavailable (RO) 
See Table 2-2. 
15:13 Reserved 
16 Package Enhanced Intel SpeedStep Technology Enable (R/W) 
See Table 2-2. 
18 Thread ENABLE MONITOR FSM. (R/W) See Table 2-2. 
21:19 Reserved 
22 Thread Limit CPUID Maxval (R/W) 


See Table 2-2. 
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Table 2-15. MSRs in Processors Based on Nehalem Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


23 


Thread 


xTPR Message Disable (R/W) 
See Table 2-2. 


33:24 


Reserved 


34 


Thread 


XD Bit Disable (R/W) 
See Table 2-2. 


37:35 


Reserved 


38 


Package 


Turbo Mode Disable (R/W) 


When set to 1 on processors that support Intel Turbo 
Boost Technology, the turbo mode feature is disabled 
and the IDA_Enable feature flag will be clear 
(CPUID.OGH: EAX[1]=0). 


When set to a O on processors that support IDA, 
CPUID.O6GH: EAX[1] reports the processor's support of 
turbo mode is enabled. 


Note: The power-on default value is used by BIOS to 
detect hardware support of turbo mode. If the power- 
on default value is 1, turbo mode is available in the 
processor. If the power-on default value is 0, turbo 
mode is not available. 


63:39 


Reserved 


1A2H 


418 


MSR_TEMPERATURE_TARGET 


Thread 


Temperature Target 


15:0 


Reserved 


23:16 


Temperature Target (R) 


The minimum temperature at which PROCHOT# will be 
asserted. The value is degrees C. 


63:24 


Reserved 


1A4H 


420 


MSR_MISC_FEATURE_CONTROL 


Miscellaneous Feature Control (R/W) 


0 


Core 


L2 Hardware Prefetcher Disable (R/W) 


If 1, disables the L2 hardware prefetcher, which fetches 
additional lines of code or data into the L2 cache. 


Core 


L2 Adjacent Cache Line Prefetcher Disable (R/W) 


If 1, disables the adjacent cache line prefetcher, which 
fetches the cache line that comprises a cache line pair 
(128 bytes). 


Core 


DCU Hardware Prefetcher Disable (R/W) 


If 1, disables the L1 data cache prefetcher, which 
fetches the next cache line into L1 data cache. 


Core 


DCU IP Prefetcher Disable (R/w) 


If 1, disables the L1 data cache IP prefetcher, which 
uses sequential load history (based on instruction 
pointer of previous loads) to determine whether to 
prefetch additional lines. 
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Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


63:4 


Reserved 


1A6H 


422 


MSR_OFFCORE_RSP_O 


Thread 


Offcore Response Event Select Register (R/W) 


1AAH 


426 


MSR_MISC_PWR_MGMT 


Miscellaneous Power Management Control 


Various model specific features enumeration. See 
http://biosbits.org. 


Package 


Thread 


EIST Hardware Coordination Disable (R/W) 


When 0, enables hardware coordination of Enhanced 
Intel Speedstep Technology request from processor 
cores. When 1, disables hardware coordination of 
Enhanced Intel Speedstep Technology requests. 


Energy/Performance Bias Enable (R/W) 

This bit makes the IA32_ENERGY_PERF_BIAS register 
(MSR 1BOh) visible to software with Ring 0 privileges. 
This bit's status (1 or 0) is also reflected by 
CPUID.(EAX=06h):ECX[3]. 


63:2 


Reserved 


1ACH 


1ADH 
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428 


429 


MSR_TURBO_POWER_CURRENT_LIMIT 


See http://biosbits.org. 


14:0 


Package 


TDP Limit (R/w) 
TDP limit in 1/8 Watt granularity. 


15 


Package 


TDP Limit Override Enable (R/W) 


A value = 0 indicates override is not active; a value = 1 
indicates override is active. 


30:16 


Package 


TDC Limit (R/W) 
TDC limit in 1/8 Amp granularity. 


31 


Package 


TDC Limit Override Enable (R/W) 


A value = 0 indicates override is not active; a value = 1 
indicates override is active. 


63:32 
MSR_TURBO_RATIO_LIMIT 


Package 


Reserved 

Maximum Ratio Limit of Turbo Mode 
RO if MSR_PLATFORM_INFO.[28] = 0. 
RW if MSR_PLATFORM_INFO.[28] = 1. 


7:0 


Package 


Maximum Ratio Limit for 1C 
Maximum turbo ratio limit of 1 core active. 


Package 


Maximum Ratio Limit for 2C 
Maximum turbo ratio limit of 2 core active. 


Package 


Maximum Ratio Limit for 3C 
Maximum turbo ratio limit of 3 core active. 


31:24 


Package 


Maximum Ratio Limit for 4C 
Maximum turbo ratio limit of 4 core active. 


63:32 


Reserved 
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Table 2-15. MSRs in Processors Based on Nehalem Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
1C8H 456 | MSR_LBR_SELECT Core Last Branch Record Filtering Select Register (R/W) 
See Section 17.9.2, “Filtering of Last Branch Records.” 
0 CPL_EQ_O 
1 CPL_NEQ_O 
2 JCC 
3 NEAR_REL_CALL 
4 NEAR_IND_CALL 
5 NEAR_RET 
6 NEAR_IND_JMP 
7 NEAR_REL_JMP 
8 FAR_BRANCH 
63:9 Reserved 
1C9H 457 | MSR_LASTBRANCH_TOS Thread Last Branch Record Stack TOS (R/W) 
Contains an index (bits 0-3) that points to the MSR 
containing the most recent branch record. 
See MSR_LASTBRANCH_O_FROM_IP (at 680H). 
1D9H 473 | 1A32_DEBUGCTL Thread Debug Control (R/W) 
See Table 2-2. 
1DDH 477 | MSR_LER_FROM_LIP Thread Last Exception Record From Linear IP (R) 
Contains a pointer to the last branch instruction that 
the processor executed prior to the last exception that 
was generated or the last interrupt that was handled. 
1DEH 478 | MSR_LER_TO_LIP Thread Last Exception Record To Linear IP (R) 
This area contains a pointer to the target of the last 
branch instruction that the processor executed prior to 
the last exception that was generated or the last 
interrupt that was handled. 
1F2H 498 | IA32_SMRR_PHYSBASE Core See Table 2-2. 
1F3H 499 | IA32_SMRR_PHYSMASK Core See Table 2-2. 
1FCH 508 | MSR_POWER_CTL Core Power Control Register 
See http://biosbits.org. 
0 Reserved 
1 Package C1E Enable (R/W) 
When set to ‘1’, will enable the CPU to switch to the 
Minimum Enhanced Intel SpeedStep Technology 
operating point when all execution cores enter MWAIT 
(C1). 
63:2 Reserved 
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200H 512 | IA32_MTRR_PHYSBASEO Thread See Table 2-2. 
201H 513 | IA32_MTRR_PHYSMASKO Thread See Table 2-2. 
202H 514 | IA32_MTRR_PHYSBASE1 Thread See Table 2-2. 
203H 515 | IA32_MTRR_PHYSMASK1 Thread See Table 2-2. 
204H 516 | IA32_MTRR_PHYSBASE2 Thread See Table 2-2. 
205H 517 | IA32_MTRR_PHYSMASK2 Thread See Table 2-2. 
206H 518 | IA32_MTRR_PHYSBASE3 Thread See Table 2-2. 
207H 519 | IA32_MTRR_PHYSMASK3 Thread See Table 2-2. 
208H 520 | IA32_MTRR_PHYSBASE4 Thread See Table 2-2. 
209H 521 | IA32_MTRR_PHYSMASK4 Thread See Table 2-2. 
20AH 522 | IA32_MTRR_PHYSBASES Thread See Table 2-2. 
20BH 523 | IA32_MTRR_PHYSMASK5 Thread See Table 2-2. 
20CH 524 | IA32_MTRR_PHYSBASE6 Thread See Table 2-2. 
20DH 525 | IA32_MTRR_PHYSMASK6 Thread See Table 2-2. 
20E€H 526 | IA32_MTRR_PHYSBASE7 Thread See Table 2-2. 
20FH 527 | IA32_MTRR_PHYSMASK7 Thread See Table 2-2. 
210H 528 | IA32_MTRR_PHYSBASE8 Thread See Table 2-2. 
211H 529 | IA32_MTRR_PHYSMASK8 Thread See Table 2-2. 
212H 530 | IA32_MTRR_PHYSBASE9 Thread See Table 2-2. 
213H 531 | IA32_MTRR_PHYSMASK9 Thread See Table 2-2. 
250H 592 | IA32_MTRR_FIX64K_00000 Thread See Table 2-2. 
258H 600 | IA32_MTRR_FIX16K_80000 Thread See Table 2-2. 
259H 601 | IA32_MTRR_FIX16K_A0000 Thread See Table 2-2. 
268H 616 | IA32_MTRR_FIX4K_COO00 Thread See Table 2-2. 
269H 617 | |A32_MTRR_FIX4K_C8000 Thread See Table 2-2. 
26AH 618 | IA32_MTRR_FIX4K_DO0000 Thread See Table 2-2. 
26BH 619 | IA32_MTRR_FIX4K_D8000 Thread See Table 2-2. 
26CH 620 | IA32_MTRR_FIX4K_E€0000 Thread See Table 2-2. 
26DH 621 | IA32_MTRR_FIX4K_E8000 Thread See Table 2-2. 
26H 622 | IA32_MTRR_FIX4K_FO0O00 Thread See Table 2-2. 
26FH 623 | IA32_MTRR_FIX4K_F8000 Thread See Table 2-2. 
277H 631 | IA32_PAT Thread See Table 2-2. 
280H 640 | IA32_MCO_CTL2 Package See Table 2-2. 
281H 641 | IA32_MC1_CTL2 Package See Table 2-2. 
282H 642 | IA32_MC2_CTL2 Core See Table 2-2. 
283H 643 | IA32_MC3_CTL2 Core See Table 2-2. 
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284H 644 | IA32_MC4_CTL2 Core See Table 2-2. 
285H 645 | IA32_MC5_CTL2 Core See Table 2-2. 
286H 646 | IA32_MC6_CTL2 Package See Table 2-2. 
287H 647 | IA32_MC7_CTL2 Package See Table 2-2. 
288H 648 | IA32_MC8_CTL2 Package See Table 2-2. 
2FFH 767 | IA32_MTRR_DEF_TYPE Thread Default Memory Types (R/W) 
See Table 2-2. 
309H 777 ‘| \A32_FIXED_CTRO Thread Fixed-Function Performance Counter Register 0 (R/W) 
See Table 2-2. 
30AH 778 | \A32_FIXED_CTR1 Thread Fixed-Function Performance Counter Register 1 (R/W) 
See Table 2-2. 
30BH 779 ‘| IA32_FIXED_CTR2 Thread Fixed-Function Performance Counter Register 2 (R/W) 
See Table 2-2. 
345H 837 | IA32_PERF_CAPABILITIES Thread See Table 2-2. See Section 17.4.1, “IA32_DEBUGCTL 
MSR." 
5:0 LBR Format 
See Table 2-2. 
6 PEBS Record Format 
7 PEBSSaveArchRegs 
See Table 2-2. 
11:8 PEBS_REC_FORMAT 
See Table 2-2. 
12 SMM_FREEZE 
See Table 2-2. 
63:13 Reserved 
38DH 909 | IA32_FIXED_CTR_CTRL Thread Fixed-Function-Counter Control Register (R/W) 
See Table 2-2. 
38€H 910 | IA32_PERF_GLOBAL_STATUS Thread See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities.” 
38EH 910 |MSR_PERF_GLOBAL_STATUS Thread Provides single-bit status used by software to query 
the overflow condition of each performance counter. 
(RO) 
61 UNC_Ovf 
Uncore overflowed if 1. 
38FH 911 | IA32_PERF_GLOBAL_CTRL Thread See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities.” 
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390H 912 | IA32_PERF_GLOBAL_OVF_CTRL Thread See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities.” Allows software to clear counter 
overflow conditions on any combination of fixed- 
function PMCs (IA32_FIXED_CTRx) or general-purpose 
PMCs via a single WRMSR. 
390H 912 |MSR_PERF_GLOBAL_OVF_CTRL Thread (R/W) 
61 CLR_UNC_Ovf 
Set 1 to clear UNC_Ovf. 
3F1H 1009 | IA32_PEBS_ENABLE Thread See Section 19.3.1.1.1, “Processor Event Based 
(MSR_PEBS_ENABLE) Sampling (PEBS)." 
0 Enable PEBS on IA32_PMCO (R/W) 
1 Enable PEBS on IA32_PMC1 (R/W) 
2 Enable PEBS on IA32_PMC2 (R/W) 
3 Enable PEBS on IA32_PMC3 (R/W) 
31:4 Reserved 
32 Enable Load Latency on I[A32_PMCO (R/W) 
33 Enable Load Latency on IA32_PMC1 (R/W) 
34 Enable Load Latency on IA32_PMC2 (R/W) 
35 Enable Load Latency on IA32_PMC3 (R/W) 
63:36 Reserved 
3F6H 1014 | MSR_PEBS_LD_LAT Thread See Section 19.3.1.1.2, “Load Latency Performance 
Monitoring Facility.” 
15:0 Minimum threshold latency value of tagged load 
operation that will be counted. (R/W) 
63:36 Reserved 
3F8H 1016 | MSR_PKG_C3_RESIDENCY Package Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
63:0 Package C3 Residency Counter (R/O) 
Value since last reset that this package is in processor- 
specific C3 states. Count at the same frequency as the 
TSC. 
3F9H 1017 | MSR_PKG_C6_RESIDENCY Package Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
63:0 Package C6 Residency Counter (R/O) 
Value since last reset that this package is in processor- 
specific C6 states. Count at the same frequency as the 
TSC. 


2-146 Vol. 4 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-15. MSRs in Processors Based on Nehalem Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


3FAH 


1018 


MSR_PKG_C7_RESIDENCY 


Package 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


Package C7 Residency Counter (R/O) 


Value since last reset that this package is in processor- 
specific C7 states. Count at the same frequency as the 
TSC. 


3FCH 


1020 


MSR_CORE_C3_RESIDENCY 


Core 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


CORE C3 Residency Counter (R/O) 


Value since last reset that this core is in processor- 
specific C3 states. Count at the same frequency as the 
TSC. 


3FDH 


1021 


MSR_CORE_C6_RESIDENCY 


Core 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


CORE C6 Residency Counter (R/O) 


Value since last reset that this core is in processor- 
specific C6 states. Count at the same frequency as the 
TSC. 


400H 
401H 


1024 
1025 


IA32_MCO_CTL 
IA32_MCO_STATUS 


Package 
Package 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


402H 


1026 


IA32_MCO_ADDR 


Package 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The IA32_MCO_ADDR register is either not 
implemented or contains no address if the ADDRV flag 
in the [A32_MCO_STATUS register is clear. 

When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 


403H 


1027 


1A32_MCO_MISC 


Package 


See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 


404H 


1028 


IA32_MC1_CTL 


Package 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


405H 


1029 


IA32_MC1_STATUS 


Package 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


406H 


1030 


IA32_MC1_ADDR 


Package 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The IA32_MC1_ADDR register is either not 
implemented or contains no address if the ADDRV flag 
in the IA32_MC1_STATUS register is clear. 

When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 


407H 


1031 


IA32_MC1_MISC 


Package 


See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 


408H 


1032 


IA32_MC2_CTL 


Core 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs." 


409H 


1033 


IA32_MC2_STATUS 


Core 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 
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40AH | 1034 | IA32_MC2_ADDR Core See Section 15.3.2.3, “I[A32_MCi_ADDR MSRs." 
The IA32_MC2_ADDR register is either not 
implemented or contains no address if the ADDRV flag 
in the |A32_MC2_STATUS register is clear. 
When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 

40BH | 1035 | IA32_MC2_MISC Core See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

40CH | 1036 | IA32_MC3_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

40DH | 1037 | IA32_MC3_STATUS Core See Section 15.3.2.2, “IA32_MCi_STATUS MSRS." 

40EH | 1038 | IA32_MC3_ADDR Core See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 
The MSR_MC4_ADDR register is either not 
implemented or contains no address if the ADDRV flag 
in the MSR_MC4_STATUS register is clear. 
When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 

40FH | 1039 | IA32_MC3_MISC Core See Section 15.3.2.4, “IA32_MCi_MISC MSRs." 

410H | 1040 | IA32_MC4_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

411H | 1041 | 1A32_MC4_STATUS Core See Section 15.3.2.2, “IA32_MCi_STATUS MSRS." 

412H | 1042 | 1A32_MC4_ADDR Core See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 
The MSR_MC3_ADDR register is either not 
implemented or contains no address if the ADDRV flag 
in the MSR_MC3_STATUS register is clear. 
When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 

413H | 1043 | IA32_MC4_MISC Core See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

414H | 1044 | 1A32_MC5_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

415H | 1045 | 1A32_MC5_STATUS Core See Section 15.3.2.2, “IA32_MCi_STATUS MSRS." 

416H | 1046 | 1IA32_MC5_ADDR Core See Section 15.3.2.3, “[A32_MCi_ADDR MSRs." 

417H | 1047 | 1A32_MC5_MISC Core See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

418H | 1048 | IA32_MC6_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

419H | 1049 | 1A32_MC6_STATUS Package See Section 15.3.2.2, "IA32_MCi_STATUS MSRS" and 
Chapter 16. 

41AH | 1050 | IA32_MC6_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 

41BH | 1051 | 1A32_MC6_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

41CH | 1052 | IA32_MC7_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

41DH | 1053 | 1IA32_MC7_STATUS Package See Section 15.3.2.2, "IA32_MCi_STATUS MSRS" and 
Chapter 16. 

41€H | 1054 | IA32_MC7_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 
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41FH 


1055 


IA32_MC7_MISC 


Package 


See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 


420H 


1056 


IA32_MC8_CTL 


Package 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


421H 


1057 


IA32_MC8_STATUS 


Package 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS" and 
Chapter 16. 


422H 


1058 


IA32_MC8_ADDR 


Package 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


423H 


1059 


IA32_MC8_MISC 


Package 


See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 


480H 


1152 


IA32_VMX_BASIC 


Thread 


Reporting Register of Basic VMX Capabilities (R/O) 
See Table 2-2. 
See Appendix A.1, “Basic VMX Information.” 


481H 


482H 


1153 


1154 


IA32_VMX_PINBASED_CTLS 


IA32_VMX_PROCBASED_CTLS 


Thread 


Thread 


Capability Reporting Register of Pin-based 
V/M-execution Controls (R/O) 

See Table 2-2. 

See Appendix A.3, “VM-Execution Controls.” 


Capability Reporting Register of Primary Processor- 
Based VM-Execution Controls (R/O) 


See Appendix A.3, “VM-Execution Controls.” 


483H 


1155 


IA32_VMX_EXIT_CTLS 


Thread 


Capability Reporting Register of VM-Exit Controls (R/O) 
See Table 2-2. 
See Appendix A.4, “VM-Exit Controls.” 


484H 


1156 


IA32_VMX_ENTRY_CTLS 


Thread 


Capability Reporting Register of VM-Entry Controls 
(R/O) 


See Table 2-2. 
See Appendix A.5, “VM-Entry Controls.” 


485H 


1157 


IA32_VMX_MISC 


Thread 


Reporting Register of Miscellaneous VMX Capabilities 
(R/O) 


See Table 2-2. 
See Appendix A.6, “Miscellaneous Data.” 


486H 


1158 


IA32_VMX_CRO_FIXEDO 


Thread 


Capability Reporting Register of CRO Bits Fixed to 0 
(R/O) 


See Table 2-2. 
See Appendix A.7, “VMX-Fixed Bits in CRO.” 


487H 


1159 


IA32_VMX_CRO_FIXED1 


Thread 


Capability Reporting Register of CRO Bits Fixed to 1 
(R/O) 


See Table 2-2. 
See Appendix A.7, “VMX-Fixed Bits in CRO.” 


488H 


1160 


IA32_VMX_CR4_FIXEDO 


Thread 


Capability Reporting Register of CR4 Bits Fixed to 0 
(R/O) 


See Table 2-2. 
See Appendix A.8, “VMX-Fixed Bits in CR4.” 
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489H 


1161 


IA32_VMX_CR4_FIXED1 


Thread 


Capability Reporting Register of CR4 Bits Fixed to 1 
(R/O) 


See Table 2-2. 
See Appendix A.8, “VMX-Fixed Bits in CR4.” 


48AH 


1162 


IA32_VMX_VMCS_ENUM 


Thread 


Capability Reporting Register of VMCS Field 
Enumeration (R/O) 


See Table 2-2. 
See Appendix A.9, “VMCS Enumeration.” 


48BH 


1163 


IA32_WMX_PROCBASED_CTLS2 


Thread 


Capability Reporting Register of Secondary Processor- 
Based VM-Execution Controls (R/O) 


See Appendix A.3, “VM-Execution Controls.” 


600H 


1536 


IA32_DS_AREA 


Thread 


DS Save Area (R/W) 
See Table 2-2. 
See Section 19.6.3.4, “Debug Store (DS) Mechanism.” 


680H 


1664 


MSR_LASTBRANCH_O_FROM_IP 


Thread 


Last Branch Record O From IP (R/W) 


One of sixteen pairs of last branch record registers on 
the last branch record stack. The From_IP part of the 

stack contains pointers to the source instruction. See 

also: 


* Last Branch Record Stack TOS at 1C9H. 
* Section 17.9.1 and record format in Section 17.4.8.1. 


681H 


1665 


MSR_LASTBRANCH_1_FROM_IP 


Thread 


Last Branch Record 1 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 


682H 


1666 


MSR_LASTBRANCH_2_FROM_IP 


Thread 


Last Branch Record 2 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 


683H 


1667 


MSR_LASTBRANCH_3_FROM_IP 


Thread 


Last Branch Record 3 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 


684H 


1668 


MSR_LASTBRANCH_4_FROM_IP 


Thread 


Last Branch Record 4 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 


685H 


1669 


MSR_LASTBRANCH_5_FROM_IP 


Thread 


Last Branch Record 5 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 


686H 


1670 


MSR_LASTBRANCH_6_FROM_IP 


Thread 


Last Branch Record 6 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 


687H 


1671 


MSR_LASTBRANCH_7_FROM_IP 


Thread 


Last Branch Record 7 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 


688H 


1672 


MSR_LASTBRANCH_8_FROM_IP 


Thread 


Last Branch Record 8 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 


689H 


1673 


MSR_LASTBRANCH_9_FROM_IP 


Thread 


Last Branch Record 9 From IP (R/W) 
See description of MSR_LASTBRANCH_O_FROM_IP. 


2-150 Vol. 4 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-15. MSRs in Processors Based on Nehalem Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

68AH | 1674 | MSR_LASTBRANCH_10_FROM_IP Thread Last Branch Record 10 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
68BH | 1675 | MSR_LASTBRANCH_11_FROM_IP Thread Last Branch Record 11 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
68CH | 1676 | MSR_LASTBRANCH_12_FROM_IP Thread Last Branch Record 12 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
68DH | 1677 | MSR_LASTBRANCH_13_FROM_IP Thread Last Branch Record 13 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
68EH | 1678 | MSR_LASTBRANCH_14_FROM_IP Thread Last Branch Record 14 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
68FH | 1679 | MSR_LASTBRANCH_15_FROM_IP Thread Last Branch Record 15 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
6COH | 1728 | MSR_LASTBRANCH_O_TO_IP Thread Last Branch Record 0 To IP (R/W) 

One of sixteen pairs of last branch record registers on 

the last branch record stack. This part of the stack 

contains pointers to the destination instruction. 
6C1H | 1729 | MSR_LASTBRANCH_1_TO_IP Thread Last Branch Record 1 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6C2H | 1730 | MSR_LASTBRANCH_2_TO_IP Thread Last Branch Record 2 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6C3H | 1731 | MSR_LASTBRANCH_3_TO_IP Thread Last Branch Record 3 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6C4H | 1732 | MSR_LASTBRANCH_4_TO_IP Thread Last Branch Record 4 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6C5H | 1733 | MSR_LASTBRANCH_5_TO_IP Thread Last Branch Record 5 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6C6H | 1734 | MSR_LASTBRANCH_6_TO_IP Thread Last Branch Record 6 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6C7H | 1735 | MSR_LASTBRANCH_7_TO_IP Thread Last Branch Record 7 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6C8H | 1736 | MSR_LASTBRANCH_8_TO_IP Thread Last Branch Record 8 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6CSH | 1737 | MSR_LASTBRANCH_9_TO_IP Thread Last Branch Record 9 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6CAH | 1738 | MSR_LASTBRANCH_10_TO_IP Thread Last Branch Record 10 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6CBH | 1739 | MSR_LASTBRANCH_11_TO_IP Thread Last Branch Record 11 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
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6CCH | 1740 | MSR_LASTBRANCH_12_TO_IP Thread Last Branch Record 12 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6CDH | 1741 | MSR_LASTBRANCH_13_TO_IP Thread Last Branch Record 13 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6CEH | 1742 | MSR_LASTBRANCH_14_TO_IP Thread Last Branch Record 14 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
6CFH | 1743 | MSR_LASTBRANCH_15_TO_IP Thread Last Branch Record 15 To IP (R/W) 

See description of MSR_LASTBRANCH_O_TO_IP. 
802H | 2050 | IA32_X2APIC_APICID Thread x2APIC ID Register (R/O) 
803H | 2051 | IA32_X2APIC_VERSION Thread x2APIC Version Register (R/O) 
808H | 2056 | IA32_X2APIC_TPR Thread x2APIC Task Priority Register (R/W) 
80AH | 2058 | IA32_X2APIC_PPR Thread x2APIC Processor Priority Register (R/O) 
80BH | 2059 | IA32_X2APIC_EOI Thread x2APIC EOI Register (W/O) 
80DH | 2061 | 1IA32_X2APIC_LDR Thread x2APIC Logical Destination Register (R/O) 
80FH 2063 | IA32_X2APIC_SIVR Thread x2APIC Spurious Interrupt Vector Register (R/W) 
810H | 2064 | IA32_X2APIC_ISRO Thread x2APIC In-Service Register Bits [31:0] (R/O) 
811H | 2065 | IA32_X2APIC_ISR1 Thread x2APIC In-Service Register Bits [63:32] (R/O) 
812H | 2066 | IA32_X2APIC_ISR2 Thread x2APIC In-Service Register Bits [95:64] (R/O) 
813H | 2067 | IA32_X2APIC_ISR3 Thread x2APIC In-Service Register Bits [127:96] (R/O) 
814H | 2068 | IA32_X2APIC_ISR4 Thread x2APIC In-Service Register Bits [159:128] (R/O) 
815H | 2069 | IA32_X2APIC_ISR5 Thread x2APIC In-Service Register Bits [191:160] (R/O) 
816H | 2070 | IA32_X2APIC_ISR6 Thread x2APIC In-Service Register Bits [223:192] (R/O) 
817H | 2071 | IA32_X2APIC_ISR7 Thread x2APIC In-Service Register Bits [255:224] (R/O) 
818H | 2072 | IA32_X2APIC_TMRO Thread x2APIC Trigger Mode Register Bits [31:0] (R/O) 
819H | 2073 | IA32_X2APIC_TMR1 Thread x2APIC Trigger Mode Register Bits [63:32] (R/O) 
81AH | 2074 | IA32_X2APIC_TMR2 Thread x2APIC Trigger Mode Register Bits [95:64] (R/O) 
81BH | 2075 | IA32_X2APIC_TMR3 Thread x2APIC Trigger Mode Register Bits [127:96] (R/O) 
81CH | 2076 | 1A32_X2APIC_TMR4 Thread x2APIC Trigger Mode Register Bits [159:128] (R/O) 
81DH | 2077 | IA32_X2APIC_TMR5 Thread x2APIC Trigger Mode Register Bits [191:160] (R/O) 
81EH | 2078 | 1A32_X2APIC_TMR6 Thread x2APIC Trigger Mode Register Bits [223:192] (R/O) 
81FH | 2079 | 1A32_X2APIC_TMR7 Thread x2APIC Trigger Mode Register Bits [255:224] (R/O) 
820H 2080 | IA32_X2APIC_IRRO Thread x2APIC Interrupt Request Register Bits [31:0] (R/O) 
821H 2081 | IA32_X2APIC_IRR1 Thread x2APIC Interrupt Request Register Bits [63:32] (R/O) 
822H 2082 | IA32_X2APIC_IRR2 Thread x2APIC Interrupt Request Register Bits [95:64] (R/O) 
823H 2083 | IA32_X2APIC_IRR3 Thread x2APIC Interrupt Request Register Bits [127:96] (R/O) 
824H 2084 | IA32_X2APIC_IRR4 Thread x2APIC Interrupt Request Register Bits [159:128] (R/O) 
825H 2085 | IA32_X2APIC_IRR5S Thread x2APIC Interrupt Request Register Bits [191:160] (R/O) 
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Table 2-15. MSRs in Processors Based on Nehalem Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
826H | 2086 | IA32_X2APIC_IRR6 Thread x2APIC Interrupt Request Register Bits [223:192] (R/O) 
827H | 2087 | IA32_X2APIC_IRR7 Thread x2APIC Interrupt Request Register Bits [255:224] (R/O) 
828H | 2088 | IA32_X2APIC_ESR Thread x2APIC Error Status Register (R/W) 
82FH 2095 | IA32_X2APIC_LVT_CMCI Thread x2APIC LVT Corrected Machine Check Interrupt Register 
(R/w) 
830H | 2096 | IA32_X2APIC_ICR Thread x2APIC Interrupt Command Register (R/W) 
832H | 2098 | IA32_X2APIC_LVT_TIMER Thread x2APIC LVT Timer Interrupt Register (R/W) 
833H | 2099 | IA32_X2APIC_LVT_THERMAL Thread x2APIC LVT Thermal Sensor Interrupt Register (R/W) 
834H | 2100 | IA32_X2APIC_LVT_PMI Thread x2APIC LVT Performance Monitor Register (R/W) 
835H | 2101 | IA32_X2APIC_LVT_LINTO Thread x2APIC LVT LINTO Register (R/W) 
836H | 2102 | IA32_X2APIC_LVT_LINT1 Thread x2APIC LVT LINT1 Register (R/W) 
837H | 2103 | IA32_X2APIC_LVT_ERROR Thread x2APIC LVT Error Register (R/W) 
838H | 2104 | IA32_X2APIC_INIT_COUNT Thread x2APIC Initial Count Register (R/W) 
839H | 2105 | IA32_X2APIC_CUR_COUNT Thread x2APIC Current Count Register (R/O) 
83EH | 2110 | IA32_X2APIC_DIV_CONF Thread x2APIC Divide Configuration Register (R/W) 
83FH | 2111 | 1A32_X2APIC_SELF_IPI Thread x2APIC Self IPI Register (W/O) 
COO0_ IA32_EFER Thread Extended Feature Enables 
0080H See Table 2-2. 
COO0_ IA32_STAR Thread System Call Target Address (R/W) 
0081H See Table 2-2. 
COO00_ IA32_LSTAR Thread IA-32e Mode System Call Target Address (R/W) 
0082H See Table 2-2. 
COO00_ IA32_FMASK Thread System Call Flag Mask (R/W) 
0084H See Table 2-2. 
CO00_ |A32_FS_BASE Thread Map of BASE Address of FS (R/W) 
0100H See Table 2-2. 
CO00_ 1A32_GS_BASE Thread Map of BASE Address of GS (R/W) 
0101H See Table 2-2. 
COO0_ IA32_KERNEL_GS_BASE Thread Swap Target of BASE Address of GS (R/W) 
0102H See Table 2-2. 
CO00_ 1A32_TSC_AUX Thread AUXILIARY TSC Signature (R/W) 
0103H See Table 2-2 and Section 17.17.2, “IA32_TSC_AUX 
Register and RDTSCP Support.” 
2.8.1 Additional MSRs in the Intel® Xeon® Processor 5500 and 3400 Series 


Intel Xeon Processor 5500 and 3400 series support additional model-specific registers listed in Table 2-16. These 
MSRs also apply to Intel Core i7 and i5 processor family CPUID signature with DisplayFamily_DisplayModel of 


06_1AH, 06_1EH and 06_1FH, see Table 2-1. 
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Table 2-16. Additional MSRs in Intel® Xeon® Processor 5500 and 3400 Series 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
1ADH 429 |MSR_TURBO_RATIO_LIMIT Package Actual maximum turbo frequency is multiplied by 
133.33MHz. 
(Not available in model 06_2EH.) 
7:0 Maximum Turbo Ratio Limit 1C (R/O) 
Maximum Turbo mode ratio limit with 1 core active. 
15:8 Maximum Turbo Ratio Limit 2C (R/O) 
Maximum Turbo mode ratio limit with 2 cores active. 
23:16 Maximum Turbo Ratio Limit 3C (R/O) 
Maximum Turbo mode ratio limit with 3 cores active. 
31:24 Maximum Turbo Ratio Limit 4C (R/O) 
Maximum Turbo mode ratio limit with 4 cores active. 
63:32 Reserved 
301H 769 | MSR_GQ_SNOOP_MESF Package 
0 From M to S (R/W) 
1 From E to S (R/W) 
2 From S to S (R/W) 
3 From F to S (R/W) 
4 From M to | (R/W) 
5 From E to | (R/W) 
6 From S to | (R/W) 
7 From F to | (R/W) 
63:8 Reserved 
391H 913 | MSR_UNCORE_PERF_GLOBAL_CTRL Package See Section 19.3.1.2.1, “Uncore Performance 
Monitoring Management Facility.” 
392H 914 |MSR_UNCORE_PERF_GLOBAL_STATUS Package See Section 19.3.1.2.1, “Uncore Performance 
Monitoring Management Facility.” 
393H 915 |MSR_UNCORE_PERF_GLOBAL_OVF_CTRL | Package See Section 19.3.1.2.1, “Uncore Performance 
Monitoring Management Facility.” 
394H 916 | MSR_UNCORE_FIXED_CTRO Package See Section 19.3.1.2.1, “Uncore Performance 
Monitoring Management Facility.” 
395H 917 |MSR_UNCORE_FIXED_CTR_CTRL Package See Section 19.3.1.2.1, “Uncore Performance 
Monitoring Management Facility.” 
396H 918 |MSR_UNCORE_ADDR_OPCODE_MATCH Package See Section 19.3.1.2.3, “Uncore Address/Opcode 
Match MSR.” 
3BOH 960 |MSR_UNCORE_PMCO Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 
3B1H 961 MSR_UNCORE_PMC1 Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 
3B2H 962 |MSR_UNCORE_PMC2 Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 
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Table 2-16. Additional MSRs in Intel® Xeon® Processor 5500 and 3400 Series (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

3B3H 963 | MSR_UNCORE_PMC3 Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 

3B4H 964 | MSR_UNCORE_PMC4 Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 

3B5H 965 |MSR_UNCORE_PMC5 Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 

3B6H 966 | MSR_UNCORE_PMC6 Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 

3B7H 967 |MSR_UNCORE_PMC7 Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 

3COH 944 | MSR_UNCORE_PERFEVTSELO Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 

3C1H 945 | MSR_UNCORE_PERFEVTSEL1 Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 

3C2H 946 | MSR_LUNCORE_PERFEVTSEL2 Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 

3C3H 947 | MSR_UNCORE_PERFEVTSEL3 Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 

3C4H 948 | MSR_UNCORE_PERFEVTSEL4 Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 

3C5H 949 | MSR_UNCORE_PERFEVTSEL5S Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 

3C6H 950 | MSR_LUNCORE_PERFEVTSEL6 Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 

3C7H 951 MSR_UNCORE_PERFEVTSEL7 Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 


2.8.2 Additional MSRs in the Intel® Xeon® Processor 7500 Series 


Intel Xeon Processor 7500 series support MSRs listed in Table 2-15 (except MSR address 1ADH) and additional 
model-specific registers listed in Table 2-17. These processors have a CPUID signature with 
DisplayFamily_DisplayModel of 06_2EH. 


Table 2-17. Additional MSRs in Intel® Xeon® Processor 7500 Series 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
1ADH 429 | MSR_TURBO_RATIO_LIMIT Package Reserved 
Attempt to read/write will cause #UD. 

289H 649 | IA32_MC9_CTL2 Package See Table 2-2. 
28AH 650 | IA32_MC10_CTL2 Package See Table 2-2. 
28BH 651 | IA32_MC11_CTL2 Package See Table 2-2. 
28CH 652 | IA32_MC12_CTL2 Package See Table 2-2. 
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Table 2-17. Additional MSRs in Intel® Xeon® Processor 7500 Series (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

28DH 653 | IA32_MC13_CTL2 Package See Table 2-2. 

28EH 654 | IA32_MC14_CTL2 Package See Table 2-2. 

28FH 655 | IA32_MC15_CTL2 Package See Table 2-2. 

290H 656 | IA32_MC16_CTL2 Package See Table 2-2. 

291H 657 | IA32_MC17_CTL2 Package See Table 2-2. 

292H 658 | IA32_MC18_CTL2 Package See Table 2-2. 

293H 659 | IA32_MC19_CTL2 Package See Table 2-2. 

294H 660 | IA32_MC20_CTL2 Package See Table 2-2. 

295H 661 | IA32_MC21_CTL2 Package See Table 2-2. 

394H 816 | MSR_W_PMON_FIXED_CTR Package Uncore W-box perfmon fixed counter. 

395H 817 | MSR_W_PMON_FIXED_CTR_CTL Package Uncore U-box perfmon fixed counter control MSR. 

424H | 1060 | IA32_MC9_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

425H | 1061 | IA32_MC9_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

426H | 1062 | IA32_MC9_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

427H | 1063 | IA32_MC9_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

428H | 1064 | IA32_MC10_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

429H | 1065 | IA32_MC10_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

42AH | 1066 | IA32_MC10_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

42BH | 1067 | IA32_MC10_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs." 

42CH | 1068 | IA32_MC11_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

42DH | 1069 | IA32_MC11_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

42EH | 1070 |1A32_MC11_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

42FH | 1071 | IA32_MC11_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

430H | 1072 | IA32_MC12_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

431H | 1073 | IA32_MC12_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

432H | 1074 | 1IA32_MC12_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

433H | 1075 | 1A32_MC12_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs." 

434H | 1076 | IA32_MC13_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

435H | 1077 | IA32_MC13_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

436H | 1078 | IA32_MC13_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

437H | 1079 | IA32_MC13_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs." 

438H | 1080 | IA32_MC14_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

439H | 1081 | IA32_MC14_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 
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Table 2-17. Additional MSRs in Intel® Xeon® Processor 7500 Series (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

43AH | 1082 | IA32_MC14_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

43BH | 1083 | IA32_MC14_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

43CH | 1084 | IA32_MC15_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

43DH | 1085 | IA32_MC15_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS" and 
Chapter 16. 

43E€H | 1086 | IA32_MC15_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

43FH | 1087 | 1A32_MC15_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

440H | 1088 | IA32_MC16_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

441H | 1089 | IA32_MC16_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS" and 
Chapter 16. 

442H | 1090 | IA32_MC16_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

443H | 1091 | IA32_MC16_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

444H | 1092 | IA32_MC17_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

445H | 1093 | IA32_MC17_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

446H | 1094 | IA32_MC17_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

447H | 1095 | IA32_MC17_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

448H | 1096 | IA32_MC18_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

449H | 1097 | IA32_MC18_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

44AH | 1098 | IA32_MC18_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

44BH | 1099 | IA32_MC18_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

44CH | 1100 | IA32_MC19_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

44DH | 1101 | IA32_MC19_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS" and 
Chapter 16. 

44EH | 1102 | IA32_MC19_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

44FH | 1103 | 1A32_MC19_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

450H | 1104 | IA32_MC20_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

451H | 1105 | IA32_MC20_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS" and 
Chapter 16. 

452H | 1106 | IA32_MC20_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

453H | 1107 | IA32_MC20_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

454H | 1108 | IA32_MC21_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

455H | 1109 | IA32_MC21_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

456H | 1110 | IA32_MC21_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

457H | 1111 | IA32_MC21_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

COOH 3072 | MSR_U_PMON_GLOBAL_CTRL Package Uncore U-box perfmon global control MSR. 
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Table 2-17. Additional MSRs in Intel® Xeon® Processor 7500 Series (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
CO1H 3073 | MSR_U_PMON_GLOBAL_STATUS Package Uncore U-box perfmon global status MSR. 
CO2H 3074 | MSR_U_PMON_GLOBAL_OVF_CTRL Package Uncore U-box perfmon global overflow control MSR. 
C10H 3088 | MSR_U_PMON_EVNT_SEL Package Uncore U-box perfmon event select MSR. 
C11H 3089 | MSR_U_PMON_CTR Package Uncore U-box perfmon counter MSR. 
C20H 3104 | MSR_BO_PMON_BOX_CTRL Package Uncore B-box O perfmon local box control MSR. 
C21H 3105 | MSR_BO_PMON_BOX_STATUS Package Uncore B-box O perfmon local box status MSR. 
C22H 3106 | MSR_BO_PMON_BOX_OVF_CTRL Package Uncore B-box O perfmon local box overflow control 
MSR. 
C30H 3120 | MSR_BO_PMON_EVNT_SELO Package Uncore B-box O perfmon event select MSR. 
C31H 3121 | MSR_BO_PMON_CTRO Package Uncore B-box O perfmon counter MSR. 
C32H 3122 | MSR_BO_PMON_EVNT_SEL1 Package Uncore B-box O perfmon event select MSR. 
C33H | 3123 | MSR_BO_PMON_CTR1 Package Uncore B-box 0 perfmon counter MSR. 
C34H | 3124 | MSR_BO_PMON_EVNT_SEL2 Package Uncore B-box 0 perfmon event select MSR. 
C35H 3125 | MSR_BO_PMON_CTR2 Package Uncore B-box 0 perfmon counter MSR. 
C36H | 3126 | MSR_BO_PMON_EVNT_SEL3 Package Uncore B-box 0 perfmon event select MSR. 
C37H 3127 | MSR_BO_PMON_CTR3 Package Uncore B-box 0 perfmon counter MSR. 
C40H 3136 | MSR_SO_PMON_BOX_CTRL Package Uncore S-box O perfmon local box control MSR. 
C41H 3137 | MSR_SO_PMON_BOX_STATUS Package Uncore S-box O perfmon local box status MSR. 
C42H 3138 | MSR_SO_PMON_BOX_OVF_CTRL Package Uncore S-box O perfmon local box overflow control 
MSR. 
C50H | 3152 | MSR_SO_PMON_EVNT_SELO Package Uncore S-box 0 perfmon event select MSR. 
C51H 3153 | MSR_SO_PMON_CTRO Package Uncore S-box 0 perfmon counter MSR. 
C52H 3154 | MSR_SO_PMON_EVNT_SEL1 Package Uncore S-box 0 perfmon event select MSR. 
C53H 3155 | MSR_SO_PMON_CTR1 Package Uncore S-box 0 perfmon counter MSR. 
C54H 3156 | MSR_SO_PMON_EVNT_SEL2 Package Uncore S-box 0 perfmon event select MSR. 
C55H 3157 | MSR_SO_PMON_CTR2 Package Uncore S-box 0 perfmon counter MSR. 
C56H 3158 | MSR_SO_PMON_EVNT_SEL3 Package Uncore S-box 0 perfmon event select MSR. 
C57H 3159 | MSR_SO_PMON_CTR3 Package Uncore S-box 0 perfmon counter MSR. 
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Table 2-17. Additional MSRs in Intel® Xeon® Processor 7500 Series (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

C60H | 3168 | MSR_B1_PMON_BOX_CTRL Package Uncore B-box 1 perfmon local box control MSR. 

C61H 3169 | MSR_B1_PMON_BOX_STATUS Package Uncore B-box 1 perfmon local box status MSR. 

C62H 3170 | MSR_B1_PMON_BOX_OVF_CTRL Package Uncore B-box 1 perfmon local box overflow control 
MSR. 

C70H | 3184 | MSR_B1_PMON_EVNT_SELO Package Uncore B-box 1 perfmon event select MSR. 

C71H 3185 | MSR_B1_PMON_CTRO Package Uncore B-box 1 perfmon counter MSR. 

C72H | 3186 | MSR_B1_PMON_EVNT_SEL1 Package Uncore B-box 1 perfmon event select MSR. 

C73H 3187 | MSR_B1_PMON_CTR1 Package Uncore B-box 1 perfmon counter MSR. 

C74H | 3188 | MSR_B1_PMON_EVNT_SEL2 Package Uncore B-box 1 perfmon event select MSR. 

C75H 3189 | MSR_B1_PMON_CTR2 Package Uncore B-box 1 perfmon counter MSR. 

C76H 3190 | MSR_B1_PMON_EVNT_SEL3 Package Uncore B-box 1vperfmon event select MSR. 

C77H 3191 | MSR_B1_PMON_CTR3 Package Uncore B-box 1 perfmon counter MSR. 

C80H 3120 | MSR_W_PMON_BOX_CTRL Package Uncore W-box perfmon local box control MSR. 

C81H 3121 | MSR_W_PMON_BOX_STATUS Package Uncore W-box perfmon local box status MSR. 

C82H 3122 | MSR_W_PMON_BOX_OVF_CTRL Package Uncore W-box perfmon local box overflow control 
MSR. 

C9OH 3136 | MSR_W_PMON_EVNT_SELO Package Uncore W-box perfmon event select MSR. 

C91H 3137 | MSR_W_PMON_CTRO Package Uncore W-box perfmon counter MSR. 

C92H 3138 | MSR_W_PMON_EVNT_SEL1 Package Uncore W-box perfmon event select MSR. 

C93H 3139 | MSR_W_PMON_CTR1 Package Uncore W-box perfmon counter MSR. 

C94H 3140 | MSR_W_PMON_EVNT_SEL2 Package Uncore W-box perfmon event select MSR. 

C95H 3141 | MSR_W_PMON_CTR2 Package Uncore W-box perfmon counter MSR. 

C96H 3142 | MSR_W_PMON_EVNT_SEL3 Package Uncore W-box perfmon event select MSR. 

C97H 3143 | MSR_W_PMON_CTR3 Package Uncore W-box perfmon counter MSR. 

CAOH 3232 | MSR_MO_PMON_BOX_CTRL Package Uncore M-box O perfmon local box control MSR. 

CA1H 3233 | MSR_MO_PMON_BOX_STATUS Package Uncore M-box O perfmon local box status MSR. 

CA2H 3234 | MSR_MO_PMON_BOX_OVF_CTRL Package Uncore M-box 0 perfmon local box overflow control 
MSR. 
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CA4H 3236 | MSR_MO_PMON_TIMESTAMP Package Uncore M-box O perfmon time stamp unit select 
MSR. 
CASH 3237 | MSR_MO_PMON_DSP Package Uncore M-box O perfmon DSP unit select MSR. 
CA6H 3238 | MSR_MO_PMON_ISS Package Uncore M-box O perfmon ISS unit select MSR. 
CA7H 3239 | MSR_MO_PMON_MAP Package Uncore M-box 0 perfmon MAP unit select MSR. 
CA8H 3240 | MSR_MO_PMON_MSC_THR Package Uncore M-box 0 perfmon MIC THR select MSR. 
CASH 3241 | MSR_MO_PMON_PGT Package Uncore M-box 0 perfmon PGT unit select MSR. 
CAAH 3242 | MSR_MO_PMON_PLD Package Uncore M-box 0 perfmon PLD unit select MSR. 
CABH 3243 | MSR_MO_PMON_ZDP Package Uncore M-box 0 perfmon ZDP unit select MSR. 
CBOH 3248 | MSR_MO_PMON_EVNT_SELO Package Uncore M-box O perfmon event select MSR. 
CB1H 3249 | MSR_MO_PMON_CTRO Package Uncore M-box 0 perfmon counter MSR. 
CB2H 3250 | MSR_MO_PMON_EVNT_SEL1 Package Uncore M-box O perfmon event select MSR. 
CB3H 3251 | MSR_MO_PMON_CTR1 Package Uncore M-box 0 perfmon counter MSR. 
CB4H 3252 | MSR_MO_PMON_EVNT_SEL2 Package Uncore M-box O perfmon event select MSR. 
CB5H 3253 | MSR_MO_PMON_CTR2 Package Uncore M-box 0 perfmon counter MSR. 
CB6H 3254 | MSR_MO_PMON_EVNT_SEL3 Package Uncore M-box O perfmon event select MSR. 
CB7H 3255 | MSR_MO_PMON_CTR3 Package Uncore M-box 0 perfmon counter MSR. 
CB8H 3256 | MSR_MO_PMON_EVNT_SEL4 Package Uncore M-box O perfmon event select MSR. 
CB9H 3257 | MSR_MO_PMON_CTR4 Package Uncore M-box 0 perfmon counter MSR. 
CBAH 3258 | MSR_MO_PMON_EVNT_SEL5 Package Uncore M-box O perfmon event select MSR. 
CBBH 3259 | MSR_MO_PMON_CTR5 Package Uncore M-box O perfmon counter MSR. 
CCOH 3264 | MSR_S1_PMON_BOX_CTRL Package Uncore S-box 1 perfmon local box control MSR. 
CC1H 3265 | MSR_S1_PMON_BOX_STATUS Package Uncore S-box 1 perfmon local box status MSR. 
CC2H 3266 | MSR_S1_PMON_BOX_OVF_CTRL Package Uncore S-box 1 perfmon local box overflow control 
MSR. 
CDOH 3280 | MSR_S1_PMON_EVNT_SELO Package Uncore S-box 1 perfmon event select MSR. 
CD1H 3281 | MSR_S1_PMON_CTRO Package Uncore S-box 1 perfmon counter MSR. 
CD2H 3282 | MSR_S1_PMON_EVNT_SEL1 Package Uncore S-box 1 perfmon event select MSR. 
CD3H 3283 | MSR_S1_PMON_CTR1 Package Uncore S-box 1 perfmon counter MSR. 
CD4H 3284 | MSR_S1_PMON_EVNT_SEL2 Package Uncore S-box 1 perfmon event select MSR. 
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CD5H 3285 | MSR_S1_PMON_CTR2 Package Uncore S-box 1 perfmon counter MSR. 
CD6H 3286 | MSR_S1_PMON_EVNT_SEL3 Package Uncore S-box 1 perfmon event select MSR. 
CD7H 3287 | MSR_S1_PMON_CTR3 Package Uncore S-box 1 perfmon counter MSR. 
CEOH 3296 | MSR_M1_PMON_BOX_CTRL Package Uncore M-box 1 perfmon local box control MSR. 
CE1H 3297 | MSR_M1_PMON_BOX_STATUS Package Uncore M-box 1 perfmon local box status MSR. 
CE2H 3298 | MSR_M1_PMON_BOX_OVF_CTRL Package Uncore M-box 1 perfmon local box overflow control 
MSR. 
CE4H 3300 | MSR_M1_PMON_TIMESTAMP Package Uncore M-box 1 perfmon time stamp unit select 
MSR. 
CE5H 3301 | MSR_M1_PMON_DSP Package Uncore M-box 1 perfmon DSP unit select MSR. 
CE6H 3302 | MSR_M1_PMON_ISS Package Uncore M-box 1 perfmon ISS unit select MSR. 
CE7H 3303 |) MSR_M1_PMON_MAP Package Uncore M-box 1 perfmon MAP unit select MSR. 
CE8H 3304 | MSR_M1_PMON_MSC_THR Package Uncore M-box 1 perfmon MIC THR select MSR. 
CESH 3305 | MSR_M1_PMON_PGT Package Uncore M-box 1 perfmon PGT unit select MSR. 
CEAH 3306 | MSR_M1_PMON_PLD Package Uncore M-box 1 perfmon PLD unit select MSR. 
CEBH 3307 | MSR_M1_PMON_ZDP Package Uncore M-box 1 perfmon ZDP unit select MSR. 
CFOH 3312 | MSR_M1_PMON_EVNT_SELO Package Uncore M-box 1 perfmon event select MSR. 
CF1H 3313 | MSR_M1_PMON_CTRO Package Uncore M-box 1 perfmon counter MSR. 
CF2H 3314 | MSR_M1_PMON_EVNT_SEL1 Package Uncore M-box 1 perfmon event select MSR. 
CF3H 3315 | MSR_M1_PMON_CTR1 Package Uncore M-box 1 perfmon counter MSR. 
CF4H 3316 | MSR_M1_PMON_EVNT_SEL2 Package Uncore M-box 1 perfmon event select MSR. 
CF5H 3317 | MSR_M1_PMON_CTR2 Package Uncore M-box 1 perfmon counter MSR. 
CF6H 3318 | MSR_M1_PMON_EVNT_SEL3 Package Uncore M-box 1 perfmon event select MSR. 
CF7H 3319 | MSR_M1_PMON_CTR3 Package Uncore M-box 1 perfmon counter MSR. 
CF8H 3320 | MSR_M1_PMON_EVNT_SEL4 Package Uncore M-box 1 perfmon event select MSR. 
CF9H 3321 | MSR_M1_PMON_CTR4 Package Uncore M-box 1 perfmon counter MSR. 
CFAH 3322 | MSR_M1_PMON_EVNT_SEL5 Package Uncore M-box 1 perfmon event select MSR. 
CFBH 3323 | MSR_M1_PMON_CTR5 Package Uncore M-box 1 perfmon counter MSR. 
DOOH 3328 | MSR_CO_PMON_BOX_CTRL Package Uncore C-box O perfmon local box control MSR. 
DO1H 3329 | MSR_CO_PMON_BOX_STATUS Package Uncore C-box O perfmon local box status MSR. 
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DO2H | 3330 | MSR_CO_PMON_BOX_OVF_CTRL Package Uncore C-box O perfmon local box overflow control 
MSR. 
D10H 3344 | MSR_CO_PMON_EVNT_SELO Package Uncore C-box 0 perfmon event select MSR. 
D11H | 3345 | MSR_CO_PMON_CTRO Package Uncore C-box O perfmon counter MSR. 
D12H 3346 | MSR_CO_PMON_EVNT_SEL1 Package Uncore C-box O perfmon event select MSR. 
D13H | 3347 | MSR_CO_PMON_CTR1 Package Uncore C-box 0 perfmon counter MSR. 
D14H 3348 | MSR_CO_PMON_EVNT_SEL2 Package Uncore C-box O perfmon event select MSR. 
D15H | 3349 | MSR_CO_PMON_CTR2 Package Uncore C-box O perfmon counter MSR. 
D16H 3350 | MSR_CO_PMON_EVNT_SEL3 Package Uncore C-box 0 perfmon event select MSR. 
D17H | 3351 | MSR_CO_PMON_CTR3 Package Uncore C-box 0 perfmon counter MSR. 
D18H 3352 | MSR_CO_PMON_EVNT_SEL4 Package Uncore C-box O perfmon event select MSR. 
D19H | 3353 | MSR_CO_PMON_CTR4 Package Uncore C-box 0 perfmon counter MSR. 
D1AH | 3354 | MSR_CO_PMON_EVNT_SEL5 Package Uncore C-box O perfmon event select MSR. 
D1BH | 3355 | MSR_CO_PMON_CTR5 Package Uncore C-box 0 perfmon counter MSR. 
D20H | 3360 | MSR_C4_PMON_BOX_CTRL Package Uncore C-box 4 perfmon local box control MSR. 
D21H | 3361 | MSR_C4_PMON_BOX_STATUS Package Uncore C-box 4 perfmon local box status MSR. 
D22H | 3362 | MSR_C4_PMON_BOX_OVF_CTRL Package Uncore C-box 4 perfmon local box overflow control 
MSR. 
D30H 3376 | MSR_C4_PMON_EVNT_SELO Package Uncore C-box 4 perfmon event select MSR. 
D31H | 3377 | MSR_C4_PMON_CTRO Package Uncore C-box 4 perfmon counter MSR. 
D32H 3378 | MSR_C4_PMON_EVNT_SEL1 Package Uncore C-box 4 perfmon event select MSR. 
D33H | 3379 | MSR_C4_PMON_CTR1 Package Uncore C-box 4 perfmon counter MSR. 
D34H 3380 | MSR_C4_PMON_EVNT_SEL2 Package Uncore C-box 4 perfmon event select MSR. 
D35H | 3381 | MSR_C4_PMON_CTR2 Package Uncore C-box 4 perfmon counter MSR. 
D36H 3382 | MSR_C4_PMON_EVNT_SEL3 Package Uncore C-box 4 perfmon event select MSR. 
D37H | 3383 | MSR_C4_PMON_CTR3 Package Uncore C-box 4 perfmon counter MSR. 
D38H 3384 | MSR_C4_PMON_EVNT_SEL4 Package Uncore C-box 4 perfmon event select MSR. 
D39H | 3385 | MSR_C4_PMON_CTR4 Package Uncore C-box 4 perfmon counter MSR. 
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D3AH | 3386 | MSR_C4_PMON_EVNT_SEL5 Package Uncore C-box 4 perfmon event select MSR. 
D3BH | 3387 | MSR_C4_PMON_CTR5 Package Uncore C-box 4 perfmon counter MSR. 
D40H 3392 | MSR_C2_PMON_BOX_CTRL Package Uncore C-box 2 perfmon local box control MSR. 
D41H 3393 | MSR_C2_PMON_BOX_STATUS Package Uncore C-box 2 perfmon local box status MSR. 
D42H 3394 | MSR_C2_PMON_BOX_OVF_CTRL Package Uncore C-box 2 perfmon local box overflow control 
MSR. 
D50H 3408 | MSR_C2_PMON_EVNT_SELO Package Uncore C-box 2 perfmon event select MSR. 
D51H 3409 | MSR_C2_PMON_CTRO Package Uncore C-box 2 perfmon counter MSR. 
D52H | 3410 | MSR_C2_PMON_EVNT_SEL1 Package Uncore C-box 2 perfmon event select MSR. 
D53H 3411 | MSR_C2_PMON_CTR1 Package Uncore C-box 2 perfmon counter MSR. 
D54H | 3412 | MSR_C2_PMON_EVNT_SEL2 Package Uncore C-box 2 perfmon event select MSR. 
D55H 3413 | MSR_C2_PMON_CTR2 Package Uncore C-box 2 perfmon counter MSR. 
D56H | 3414 | MSR_C2_PMON_EVNT_SEL3 Package Uncore C-box 2 perfmon event select MSR. 
D57H 3415 | MSR_C2_PMON_CTR3 Package Uncore C-box 2 perfmon counter MSR. 
D58H 3416 | MSR_C2_PMON_EVNT_SEL4 Package Uncore C-box 2 perfmon event select MSR. 
D59H 3417 | MSR_C2_PMON_CTR4 Package Uncore C-box 2 perfmon counter MSR. 
D5AH | 3418 | MSR_C2_PMON_EVNT_SEL5 Package Uncore C-box 2 perfmon event select MSR. 
D5BH | 3419 | MSR_C2_PMON_CTR5 Package Uncore C-box 2 perfmon counter MSR. 
D60H 3424 | MSR_C6_PMON_BOX_CTRL Package Uncore C-box 6 perfmon local box control MSR. 
D61H 3425 | MSR_C6_PMON_BOX_STATUS Package Uncore C-box 6 perfmon local box status MSR. 
D62H 3426 | MSR_C6_PMON_BOX_OVF_CTRL Package Uncore C-box 6 perfmon local box overflow control 
MSR. 
D70H 3440 | MSR_C6_PMON_EVNT_SELO Package Uncore C-box 6 perfmon event select MSR. 
D71H 3441 | MSR_C6_PMON_CTRO Package Uncore C-box 6 perfmon counter MSR. 
D72H 3442 | MSR_C6_PMON_EVNT_SEL1 Package Uncore C-box 6 perfmon event select MSR. 
D73H 3443 | MSR_C6_PMON_CTR1 Package Uncore C-box 6 perfmon counter MSR. 
D74H | 3444 | MSR_C6_PMON_EVNT_SEL2 Package Uncore C-box 6 perfmon event select MSR. 
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D75H | 3445 | MSR_C6_PMON_CTR2 Package Uncore C-box 6 perfmon counter MSR. 
D76H 3446 | MSR_C6_PMON_EVNT_SEL3 Package Uncore C-box 6 perfmon event select MSR. 
D77H | 3447 | MSR_C6_PMON_CTR3 Package Uncore C-box 6 perfmon counter MSR. 
D78H 3448 | MSR_C6_PMON_EVNT_SEL4 Package Uncore C-box 6 perfmon event select MSR. 
D79H | 3449 | MSR_C6_PMON_CTR4 Package Uncore C-box 6 perfmon counter MSR. 
D7AH | 3450 | MSR_C6_PMON_EVNT_SEL5 Package Uncore C-box 6 perfmon event select MSR. 
D7BH | 3451 | MSR_C6_PMON_CTR5 Package Uncore C-box 6 perfmon counter MSR. 
D80H | 3456 | MSR_C1_PMON_BOX_CTRL Package Uncore C-box 1 perfmon local box control MSR. 
D81H | 3457 | MSR_C1_PMON_BOX_STATUS Package Uncore C-box 1 perfmon local box status MSR. 
D82H | 3458 | MSR_C1_PMON_BOX_OVF_CTRL Package Uncore C-box 1 perfmon local box overflow control 
MSR. 
DSOH 3472 | MSR_C1_PMON_EVNT_SELO Package Uncore C-box 1 perfmon event select MSR. 
D91H | 3473 | MSR_C1_PMON_CTRO Package Uncore C-box 1 perfmon counter MSR. 
D92H 3474 | MSR_C1_PMON_EVNT_SEL1 Package Uncore C-box 1 perfmon event select MSR. 
D93H | 3475 | MSR_C1_PMON_CTR1 Package Uncore C-box 1 perfmon counter MSR. 
D94H 3476 | MSR_C1_PMON_EVNT_SEL2 Package Uncore C-box 1 perfmon event select MSR. 
D95H | 3477 | MSR_C1_PMON_CTR2 Package Uncore C-box 1 perfmon counter MSR. 
D96H 3478 | MSR_C1_PMON_EVNT_SEL3 Package Uncore C-box 1 perfmon event select MSR. 
D97H | 3479 | MSR_C1_PMON_CTR3 Package Uncore C-box 1 perfmon counter MSR. 
D98H 3480 | MSR_C1_PMON_EVNT_SEL4 Package Uncore C-box 1 perfmon event select MSR. 
DSSH | 3481 | MSR_C1_PMON_CTR4 Package Uncore C-box 1 perfmon counter MSR. 
DSAH | 3482 | MSR_C1_PMON_EVNT_SEL5 Package Uncore C-box 1 perfmon event select MSR. 
DSBH | 3483 | MSR_C1_PMON_CTR5 Package Uncore C-box 1 perfmon counter MSR. 
DAOH | 3488 |) MSR_C5_PMON_BOX_CTRL Package Uncore C-box 5 perfmon local box control MSR. 
DA1H | 3489 | MSR_C5_PMON_BOX_STATUS Package Uncore C-box 5 perfmon local box status MSR. 
DAZH | 3490 | MSR_C5_PMON_BOX_OVF_CTRL Package Uncore C-box 5 perfmon local box overflow control 
MSR. 
DBOH | 3504 | MSR_C5_PMON_EVNT_SELO Package Uncore C-box 5 perfmon event select MSR. 
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DB1H | 3505 | MSR_C5_PMON_CTRO Package Uncore C-box 5 perfmon counter MSR. 
DB2H | 3506 | MSR_C5_PMON_EVNT_SEL1 Package Uncore C-box 5 perfmon event select MSR. 
DB3H | 3507 | MSR_C5_PMON_CTR1 Package Uncore C-box 5 perfmon counter MSR. 
DB4H | 3508 | MSR_C5_PMON_EVNT_SEL2 Package Uncore C-box 5 perfmon event select MSR. 
DB5H | 3509 | MSR_C5_PMON_CTR2 Package Uncore C-box 5 perfmon counter MSR. 
DB6H | 3510 | MSR_C5_PMON_EVNT_SEL3 Package Uncore C-box 5 perfmon event select MSR. 
DB7H | 3511 | MSR_C5_PMON_CTR3 Package Uncore C-box 5 perfmon counter MSR. 
DB8H | 3512 | MSR_C5_PMON_EVNT_SEL4 Package Uncore C-box 5 perfmon event select MSR. 
DBSH | 3513 | MSR_C5_PMON_CTR4 Package Uncore C-box 5 perfmon counter MSR. 
DBAH | 3514 | MSR_C5_PMON_EVNT_SEL5 Package Uncore C-box 5 perfmon event select MSR. 
DBBH | 3515 | MSR_C5_PMON_CTR5 Package Uncore C-box 5 perfmon counter MSR. 
DCOH 3520 | MSR_C3_PMON_BOX_CTRL Package Uncore C-box 3 perfmon local box control MSR. 
DC1H 3521 | MSR_C3_PMON_BOX_STATUS Package Uncore C-box 3 perfmon local box status MSR. 
DC2H 3522 | MSR_C3_PMON_BOX_OVF_CTRL Package Uncore C-box 3 perfmon local box overflow control 
MSR. 
DDOH | 3536 | MSR_C3_PMON_EVNT_SELO Package Uncore C-box 3 perfmon event select MSR. 
DD1H | 3537 | MSR_C3_PMON_CTRO Package Uncore C-box 3 perfmon counter MSR. 
DD2H | 3538 | MSR_C3_PMON_EVNT_SEL1 Package Uncore C-box 3 perfmon event select MSR. 
DD3H | 3539 | MSR_C3_PMON_CTR1 Package Uncore C-box 3 perfmon counter MSR. 
DD4H | 3540 | MSR_C3_PMON_EVNT_SEL2 Package Uncore C-box 3 perfmon event select MSR. 
DD5H | 3541 | MSR_C3_PMON_CTR2 Package Uncore C-box 3 perfmon counter MSR. 
DD6H | 3542 | MSR_C3_PMON_EVNT_SEL3 Package Uncore C-box 3 perfmon event select MSR. 
DD7H | 3543 | MSR_C3_PMON_CTR3 Package Uncore C-box 3 perfmon counter MSR. 
DD8H | 3544 | MSR_C3_PMON_EVNT_SEL4 Package Uncore C-box 3 perfmon event select MSR. 
DDSH | 3545 | MSR_C3_PMON_CTR4 Package Uncore C-box 3 perfmon counter MSR. 
DDAH | 3546 | MSR_C3_PMON_EVNT_SEL5 Package Uncore C-box 3 perfmon event select MSR. 
DDBH | 3547 | MSR_C3_PMON_CTR5 Package Uncore C-box 3 perfmon counter MSR. 
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DEOH 3552 | MSR_C7_PMON_BOX_CTRL Package Uncore C-box 7 perfmon local box control MSR. 

DE1H 3553 | MSR_C7_PMON_BOX_STATUS Package Uncore C-box 7 perfmon local box status MSR. 

DE2H 3554 | MSR_C7_PMON_BOX_OVF_CTRL Package Uncore C-box 7 perfmon local box overflow control 
MSR. 

DFOH 3568 | MSR_C7_PMON_EVNT_SELO Package Uncore C-box 7 perfmon event select MSR. 

DF1H 3569 | MSR_C7_PMON_CTRO Package Uncore C-box 7 perfmon counter MSR. 

DF2H 3570 | MSR_C7_PMON_EVNT_SEL1 Package Uncore C-box 7 perfmon event select MSR. 

DF3H 3571 | MSR_C7_PMON_CTR1 Package Uncore C-box 7 perfmon counter MSR. 

DF4H 3572 | MSR_C7_PMON_EVNT_SEL2 Package Uncore C-box 7 perfmon event select MSR. 

DF5H 3573 | MSR_C7_PMON_CTR2 Package Uncore C-box 7 perfmon counter MSR. 

DF6H 3574 | MSR_C7_PMON_EVNT_SEL3 Package Uncore C-box 7 perfmon event select MSR. 

DF7H 3575 | MSR_C7_PMON_CTR3 Package Uncore C-box 7 perfmon counter MSR. 

DF8H 3576 | MSR_C7_PMON_EVNT_SEL4 Package Uncore C-box 7 perfmon event select MSR. 

DFSH 3577 | MSR_C7_PMON_CTR4 Package Uncore C-box 7 perfmon counter MSR. 

DFAH 3578 | MSR_C7_PMON_EVNT_SEL5S Package Uncore C-box 7 perfmon event select MSR. 

DFBH 3579 | MSR_C7_PMON_CTR5S Package Uncore C-box 7 perfmon counter MSR. 

EOOH 3584 | MSR_RO_PMON_BOX_CTRL Package Uncore R-box O perfmon local box control MSR. 

€01H 3585 | MSR_RO_PMON_BOX_STATUS Package Uncore R-box 0 perfmon local box status MSR. 

E€02H 3586 | MSR_RO_PMON_BOX_OVF_CTRL Package Uncore R-box 0 perfmon local box overflow control 
MSR. 

E04H 3588 | MSR_RO_PMON_IPERFO_PO Package Uncore R-box O perfmon IPERFO unit Port O select 
MSR. 

€05H 3589 | MSR_RO_PMON_IPERFO_P1 Package Uncore R-box O perfmon IPERFO unit Port 1 select 
MSR. 

EO6H 3590 | MSR_RO_PMON_IPERFO_P2 Package Uncore R-box 0 perfmon IPERFO unit Port 2 select 
MSR. 

€07H 3591 | MSR_RO_PMON_IPERFO_P3 Package Uncore R-box 0 perfmon IPERFO unit Port 3 select 
MSR. 

E08H 3592 | MSR_RO_PMON_IPERFO_P4 Package Uncore R-box O perfmon IPERFO unit Port 4 select 
MSR. 

EOSH 3593 | MSR_RO_PMON_IPERFO_P5 Package Uncore R-box O perfmon IPERFO unit Port 5 select 
MSR. 
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EOAH 3594 | MSR_RO_PMON_IPERFO_P6 Package Uncore R-box O perfmon IPERFO unit Port 6 select 
MSR. 

EOBH 3595 | MSR_RO_PMON_IPERFO_P7 Package Uncore R-box 0 perfmon IPERFO unit Port 7 select 
MSR. 

EOCH 3596 | MSR_RO_PMON_QLX_PO Package Uncore R-box 0 perfmon QLX unit Port 0 select MSR. 

€ODH | 3597 | MSR_RO_PMON_QLX_P1 Package Uncore R-box 0 perfmon QLX unit Port 1 select MSR. 

EOEH 3598 | MSR_RO_PMON_QLX_P2 Package Uncore R-box 0 perfmon QLX unit Port 2 select MSR. 

EOFH 3599 | MSR_RO_PMON_QLX_P3 Package Uncore R-box 0 perfmon QLX unit Port 3 select MSR. 

€10H 3600 | MSR_RO_PMON_EVNT_SELO Package Uncore R-box O perfmon event select MSR. 

€11H 3601 | MSR_RO_PMON_CTRO Package Uncore R-box 0 perfmon counter MSR. 

€12H 3602 | MSR_RO_PMON_EVNT_SEL1 Package Uncore R-box O perfmon event select MSR. 

€13H 3603 | MSR_RO_PMON_CTR1 Package Uncore R-box 0 perfmon counter MSR. 

E€14H 3604 | MSR_RO_PMON_EVNT_SEL2 Package Uncore R-box O perfmon event select MSR. 

€15H 3605 | MSR_RO_PMON_CTR2 Package Uncore R-box 0 perfmon counter MSR. 

€16H 3606 | MSR_RO_PMON_EVNT_SEL3 Package Uncore R-box O perfmon event select MSR. 

€17H 3607 | MSR_RO_PMON_CTR3 Package Uncore R-box O perfmon counter MSR. 

€18H 3608 | MSR_RO_PMON_EVNT_SEL4 Package Uncore R-box O perfmon event select MSR. 

€19H 3609 | MSR_RO_PMON_CTR4 Package Uncore R-box 0 perfmon counter MSR. 

E1AH 3610 | MSR_RO_PMON_EVNT_SEL5 Package Uncore R-box O perfmon event select MSR. 

€1BH 3611 | MSR_RO_PMON_CTR5S Package Uncore R-box O perfmon counter MSR. 

E1CH 3612 | MSR_RO_PMON_EVNT_SEL6 Package Uncore R-box O perfmon event select MSR. 

€1DH 3613 | MSR_RO_PMON_CTR6 Package Uncore R-box 0 perfmon counter MSR. 

E1E€H 3614 | MSR_RO_PMON_EVNT_SEL7 Package Uncore R-box O perfmon event select MSR. 

E1FH 3615 | MSR_RO_PMON_CTR7 Package Uncore R-box 0 perfmon counter MSR. 

E20H 3616 | MSR_R1_PMON_BOX_CTRL Package Uncore R-box 1 perfmon local box control MSR. 

E21H 3617 | MSR_R1_PMON_BOX_STATUS Package Uncore R-box 1 perfmon local box status MSR. 

E22H 3618 | MSR_R1_PMON_BOX_OVF_CTRL Package Uncore R-box 1 perfmon local box overflow control 
MSR. 

E24H 3620 | MSR_R1_PMON_IPERF1_P8 Package Uncore R-box 1 perfmon IPERF1 unit Port 8 select 
MSR. 
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Table 2-17. Additional MSRs in Intel® Xeon® Processor 7500 Series (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

€25H 3621 | MSR_R1_PMON_IPERF1_P9 Package Uncore R-box 1 perfmon IPERF1 unit Port 9 select 
MSR. 

E26H 3622 | MSR_R1_PMON_IPERF1_P10 Package Uncore R-box 1 perfmon IPERF1 unit Port 10 select 
MSR. 

E€27H 3623 | MSR_R1_PMON_IPERF1_P11 Package Uncore R-box 1 perfmon IPERF1 unit Port 11 select 
MSR. 

E28H 3624 | MSR_R1_PMON_IPERF1_P12 Package Uncore R-box 1 perfmon IPERF1 unit Port 12 select 
MSR. 

E29H 3625 | MSR_R1_PMON_IPERF1_P13 Package Uncore R-box 1 perfmon IPERF1 unit Port 13 select 
MSR. 

E2AH 3626 | MSR_R1_PMON_IPERF1_P14 Package Uncore R-box 1 perfmon IPERF1 unit Port 14 select 
MSR. 

E2BH 3627 | MSR_R1_PMON_IPERF1_P15 Package Uncore R-box 1 perfmon IPERF1 unit Port 15 select 
MSR. 

E2CH 3628 | MSR_R1_PMON_QLX_P4 Package Uncore R-box 1 perfmon QLX unit Port 4 select MSR. 

E2DH | 3629 | MSR_R1_PMON_QLX_P5 Package Uncore R-box 1 perfmon QLX unit Port 5 select MSR. 

E2EH 3630 | MSR_R1_PMON_QLX_P6 Package Uncore R-box 1 perfmon QLX unit Port 6 select MSR. 

E2FH 3631 | MSR_R1_PMON_QLX_P7 Package Uncore R-box 1 perfmon QLX unit Port 7 select MSR. 

€30H 3632 | MSR_R1_PMON_EVNT_SEL8 Package Uncore R-box 1 perfmon event select MSR. 

€31H 3633 | MSR_R1_PMON_CTR8 Package Uncore R-box 1 perfmon counter MSR. 

€32H 3634 | MSR_R1_PMON_EVNT_SEL9 Package Uncore R-box 1 perfmon event select MSR. 

€33H 3635 | MSR_R1_PMON_CTR9 Package Uncore R-box 1 perfmon counter MSR. 

€34H 3636 | MSR_R1_PMON_EVNT_SEL10 Package Uncore R-box 1 perfmon event select MSR. 

€35H 3637 | MSR_R1_PMON_CTR10 Package Uncore R-box 1 perfmon counter MSR. 

€36H 3638 | MSR_R1_PMON_EVNT_SEL11 Package Uncore R-box 1 perfmon event select MSR. 

€37H 3639 | MSR_R1_PMON_CTR11 Package Uncore R-box 1 perfmon counter MSR. 

€38H 3640 | MSR_R1_PMON_EVNT_SEL12 Package Uncore R-box 1 perfmon event select MSR. 

€39H 3641 | MSR_R1_PMON_CTR12 Package Uncore R-box 1 perfmon counter MSR. 

E3AH 3642 | MSR_R1_PMON_EVNT_SEL13 Package Uncore R-box 1 perfmon event select MSR. 

E3BH 3643 | MSR_R1_PMON_CTR13 Package Uncore R-box 1perfmon counter MSR. 

E3CH 3644 | MSR_R1_PMON_EVNT_SEL14 Package Uncore R-box 1 perfmon event select MSR. 

E3DH 3645 | MSR_R1_PMON_CTR14 Package Uncore R-box 1 perfmon counter MSR. 
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Table 2-17. Additional MSRs in Intel® Xeon® Processor 7500 Series (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

E3EH 3646 | MSR_R1_PMON_EVNT_SEL15 Package Uncore R-box 1 perfmon event select MSR. 

E3FH 3647 | MSR_R1_PMON_CTR15 Package Uncore R-box 1 perfmon counter MSR. 

E45H 3653 | MSR_BO_PMON_MATCH Package Uncore B-box 0 perfmon local box match MSR. 

E46H 3654 | MSR_BO_PMON_MASK Package Uncore B-box 0 perfmon local box mask MSR. 

E49H 3657 | MSR_SO_PMON_MATCH Package Uncore S-box O perfmon local box match MSR. 

E4AH 3658 | MSR_SO_PMON_MASK Package Uncore S-box O perfmon local box mask MSR. 

E4DH 3661 | MSR_B1_PMON_MATCH Package Uncore B-box 1 perfmon local box match MSR. 

E4EH 3662 | MSR_B1_PMON_MASK Package Uncore B-box 1 perfmon local box mask MSR. 

E54H 3668 | MSR_MO_PMON_MM_CONFIG Package Uncore M-box O perfmon local box address 
match/mask config MSR. 

E55H 3669 | MSR_MO_PMON_ADDR_MATCH Package Uncore M-box O perfmon local box address match 
MSR. 

E56H 3670 | MSR_MO_PMON_ADDR_MASK Package Uncore M-box 0 perfmon local box address mask 
MSR. 

E59H 3673 | MSR_S1_PMON_MATCH Package Uncore S-box 1 perfmon local box match MSR. 

E5AH 3674 | MSR_S1_PMON_MASK Package Uncore S-box 1 perfmon local box mask MSR. 

E5CH 3676 | MSR_M1_PMON_MM_CONFIG Package Uncore M-box 1 perfmon local box address 
match/mask config MSR. 

E5DH 3677 | MSR_M1_PMON_ADDR_MATCH Package Uncore M-box 1 perfmon local box address match 
MSR. 

E€5€H 3678 | MSR_M1_PMON_ADDR_MASK Package Uncore M-box 1 perfmon local box address mask 
MSR. 

3B5H 965 |MSR_UNCORE_PMC5 Package See Section 19.3.1.2.2, “Uncore Performance Event 
Configuration Facility.” 


2.9 


MSRS IN THE INTEL® XEON® PROCESSOR 5600 SERIES (BASED ON 
WESTMERE MICROARCHITECTURE) 


The Intel® Xeon® Processor 5600 Series (based on Westmere microarchitecture) supports the MSR interfaces 
listed in Table 2-15, Table 2-16, plus additional MSR listed in Table 2-18. These MSRs apply to Intel Core i7, i5 and 
i3 processor family with CPUID signature DisplayFamily_DisplayModel of 06_25H and 06_2CH, see Table 2-1. 


Table 2-18. Additional MSRs Supported by Intel Processors Based on Westmere Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
13CH 316 | MSR_FEATURE_CONFIG Core AES Configuration (RW-L) 


to handle unsuccessful read of this MSR. 


Privileged post-BIOS agent must provide a #GP handler 
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Table 2-18. Additional MSRs Supported by Intel Processors Based on Westmere Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 


Hex Dec 


1:0 AES Configuration (RW-L) 

Upon a successful read of this MSR, the configuration 
of AES instruction set availability is as follows: 

11b: AES instructions are not available until next 
RESET. 

Otherwise, AES instructions are available. 

Note, AES instruction set is not available if read is 
unsuccessful. If the configuration is not 01b, AES 


instructions can be mis-configured if a privileged agent 
unintentionally writes 11b. 


63:2 Reserved 


1A7H 423 | MSR_OFFCORE_RSP_1 Thread Offcore Response Event Select Register (R/W) 


1ADH 429 |MSR_TURBO_RATIO_LIMIT Package Maximum Ratio Limit of Turbo Mode 
RO if MSR_PLATFORM_INFO.[28] = 0. 
RW if MSR_PLATFORM_INFO,[28] = 1. 


7:0 Package Maximum Ratio Limit for 1C 
Maximum turbo ratio limit of 1 core active. 


15:8 Package Maximum Ratio Limit for 2C 
Maximum turbo ratio limit of 2 core active. 


23:16 Package Maximum Ratio Limit for 3C 
Maximum turbo ratio limit of 3 core active. 


31:24 Package Maximum Ratio Limit for 4C 
Maximum turbo ratio limit of 4 core active. 


39:32 Package Maximum Ratio Limit for 5C 
Maximum turbo ratio limit of 5 core active. 


47:40 Package Maximum Ratio Limit for 6C 
Maximum turbo ratio limit of 6 core active. 


63:48 Reserved 


1BOH 432 | IA32_ENERGY_PERF_BIAS Package See Table 2-2. 


2.10 MSRSIN THE INTEL® XEON® PROCESSOR E7 FAMILY (BASED ON 
WESTMERE MICROARCHITECTURE ) 


The Intel® Xeon® Processor E7 Family (based on Westmere microarchitecture) supports the MSR interfaces listed 
in Table 2-15 (except MSR address 1ADH), Table 2-16, plus additional MSRs listed in Table 2-19. These processors 
have a CPUID signature with DisplayFamily_DisplayModel of 06_2FH. 
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Table 2-19. Additional MSRs Supported by Intel® Xeon® Processor E7 Family 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

13CH 316 | MSR_FEATURE_CONFIG Core AES Configuration (RW-L) 
Privileged post-BlOS agent must provide a #GP handler 
to handle unsuccessful read of this MSR. 

1:0 AES Configuration (RW-L) 
Upon a successful read of this MSR, the configuration of 
AES instruction set availability is as follows: 
11b: AES instructions are not available until next RESET. 
Otherwise, AES instructions are available. 
Note, AES instruction set is not available if read is 
unsuccessful. If the configuration is not 01b, AES 
instructions can be mis-configured if a privileged agent 
unintentionally writes 11b. 
63:2 Reserved 

1A7H 423 | MSR_OFFCORE_RSP_1 Thread Offcore Response Event Select Register (R/W) 

1ADH 429 | MSR_TURBO_RATIO_LIMIT Package Reserved 
Attempt to read/write will cause #UD. 

1BOH 432 | IA32_ENERGY_PERF_BIAS Package See Table 2-2. 

F40H 3904 | MSR_C8_PMON_BOX_CTRL Package Uncore C-box 8 perfmon local box control MSR. 

F41H 3905 | MSR_C8_PMON_BOX_STATUS Package Uncore C-box 8 perfmon local box status MSR. 

F42H 3906 | MSR_C8_PMON_BOX_OVF_CTRL Package Uncore C-box 8 perfmon local box overflow control MSR. 

FS0H 3920 | MSR_C8_PMON_EVNT_SELO Package Uncore C-box 8 perfmon event select MSR. 

F51H 3921 | MSR_C8_PMON_CTRO Package Uncore C-box 8 perfmon counter MSR. 

F52H 3922 | MSR_C8_PMON_EVNT_SEL1 Package Uncore C-box 8 perfmon event select MSR. 

F53H 3923 | MSR_C8_PMON_CTR1 Package Uncore C-box 8 perfmon counter MSR. 

F54H 3924 | MSR_C8_PMON_EVNT_SEL2 Package Uncore C-box 8 perfmon event select MSR. 

FS5H 3925 | MSR_C8_PMON_CTR2 Package Uncore C-box 8 perfmon counter MSR. 

FS6H 3926 | MSR_C8_PMON_EVNT_SEL3 Package Uncore C-box 8 perfmon event select MSR. 

F57H 3927 | MSR_C8_PMON_CTR3 Package Uncore C-box 8 perfmon counter MSR. 

F58H 3928 | MSR_C8_PMON_EVNT_SEL4 Package Uncore C-box 8 perfmon event select MSR. 

F59H 3929 | MSR_C8_PMON_CTR4 Package Uncore C-box 8 perfmon counter MSR. 

F5AH 3930 | MSR_C8_PMON_EVNT_SEL5 Package Uncore C-box 8 perfmon event select MSR. 

FSBH 3931 | MSR_C8_PMON_CTR5 Package Uncore C-box 8 perfmon counter MSR. 
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Table 2-19. Additional MSRs Supported by Intel® Xeon® Processor E7 Family (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

FCOH 4032 | MSR_C9_PMON_BOX_CTRL Package Uncore C-box 9 perfmon local box control MSR. 
FC1H 4033 | MSR_C9_PMON_BOX_STATUS Package Uncore C-box 9 perfmon local box status MSR. 
FC2H 4034 | MSR_C9_PMON_BOX_OVF_CTRL Package Uncore C-box 9 perfmon local box overflow control MSR. 
FDOH | 4048 | MSR_C9_PMON_EVNT_SELO Package Uncore C-box 9 perfmon event select MSR. 
FD1H | 4049 | MSR_C9_PMON_CTRO Package Uncore C-box 9 perfmon counter MSR. 
FD2H | 4050 | MSR_C9_PMON_EVNT_SEL1 Package Uncore C-box 9 perfmon event select MSR. 
FD3H | 4051 |MSR_C9_PMON_CTR1 Package Uncore C-box 9 perfmon counter MSR. 
FD4H | 4052 | MSR_C9_PMON_EVNT_SEL2 Package Uncore C-box 9 perfmon event select MSR. 
FD5H | 4053 | MSR_C9_PMON_CTR2 Package Uncore C-box 9 perfmon counter MSR. 
FD6H | 4054 | MSR_C9_PMON_EVNT_SEL3 Package Uncore C-box 9 perfmon event select MSR. 
FD7H | 4055 | MSR_C9_PMON_CTR3 Package Uncore C-box 9 perfmon counter MSR. 
FD8H | 4056 | MSR_C9_PMON_EVNT_SEL4 Package Uncore C-box 9 perfmon event select MSR. 
FDSH | 4057 | MSR_C9_PMON_CTR4 Package Uncore C-box 9 perfmon counter MSR. 
FDAH | 4058 | MSR_C9_PMON_EVNT_SEL5 Package Uncore C-box 9 perfmon event select MSR. 
FDBH | 4059 | MSR_C9_PMON_CTR5 Package Uncore C-box 9 perfmon counter MSR. 


2.11 MSRS IN INTEL® PROCESSOR FAMILY BASED ON SANDY BRIDGE 
MICROARCHITECTURE 


Table 2-20 lists model-specific registers (MSRs) that are common to the Intel® processor family based on Sandy 
Bridge microarchitecture. These processors have a CPUID signature with DisplayFamily_DisplayModel of 06_2AH, 
06_2DH, see Table 2-1. Additional MSRs specific to 06_2AH are listed in Table 2-21. 


Table 2-20. MSRs Supported by Intel® Processors Based on Sandy Bridge Microarchitecture 


Register 

Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
OH 0 IA32_P5_MC_ADDR Thread See Section 2.23, “MSRs in Pentium Processors.” 
1H 1 IA32_P5_MC_TYPE Thread See Section 2.23, “MSRs in Pentium Processors.” 
6H 6 IA32_MONITOR_FILTER_ Thread See Section 8.10.5, “Monitor/Mwait Address Range 

SIZE Determination” and Table 2-2. 
10H 16 IA32_TIME_STAMP_COUNTER Thread See Section 17.17, “Time-Stamp Counter” and see 
Table 2-2. 
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Table 2-20. MSRs Supported by Intel® Processors Based on Sandy Bridge Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
17H 23 IA32_PLATFORM_ID Package Platform ID (R) 
See Table 2-2. 
1BH 27 IA32_APIC_BASE Thread See Section 10.4.4, “Local APIC Status and Location” 
and Table 2-2. 
34H 52 | MSR_SMI_COUNT Thread SMI Counter (R/O) 
31:0 SMI Count (R/O) 
Count SMIs. 
63:32 Reserved. 
3AH 58 IA32_FEATURE_CONTROL Thread Control Features in Intel 64 Processor (R/W) 
See Table 2-2. 
0 Lock (R/WL) 
1 Enable VMX Inside SMX Operation (R/WL) 
2 Enable VMX Outside SMX Operation (R/WL) 
14:8 SENTER Local Functions Enables (R/WL) 
15 SENTER Global Functions Enable (R/WL) 
79H 121 IA32_BIOS_UPDT_TRIG Core BIOS Update Trigger Register (W) 
See Table 2-2. 
8BH 139 | IA32_BIOS_SIGN_ID Thread BIOS Update Signature ID (RO) 
See Table 2-2. 
C1H 193 | IA32_PMCO Thread Performance Counter Register 
See Table 2-2. 
C2H 194 | IA32_PMC1 Thread Performance Counter Register 
See Table 2-2. 
C3H 195 | IA32_PMC2 Thread Performance Counter Register 
See Table 2-2. 
C4H 196 | IA32_PMC3 Thread Performance Counter Register 
See Table 2-2. 
C5H 197 | IA32_PMC4 Core Performance Counter Register (if core not shared by 
threads) 
C6H 198 | IA32_PMC5 Core Performance Counter Register (if core not shared by 
threads) 
C7H 199 | IA32_PMC6 Core Performance Counter Register (if core not shared by 
threads) 
C8H 200 | IA32_PMC7 Core Performance Counter Register (if core not shared by 
threads) 
CEH 206 | MSR_PLATFORM_INFO Package Platform Information 
Contains power management and other model specific 
features enumeration. See http://biosbits.org. 
7:0 Reserved 
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Table 2-20. MSRs Supported by Intel® Processors Based on Sandy Bridge Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


15:8 


Package 


Maximum Non-Turbo Ratio (R/O) 


This is the ratio of the frequency that invariant TSC 
runs at. Frequency = ratio * 100 MHz. 


27:16 


Reserved 


28 


Package 


Programmable Ratio Limit for Turbo Mode (R/O) 

When set to 1, indicates that Programmable Ratio Limit 
for Turbo mode is enabled. When set to 0, indicates 
Programmable Ratio Limit for Turbo mode is disabled. 


29 


Package 


Programmable TDP Limit for Turbo Mode (R/O) 


When set to 1, indicates that TDP Limit for Turbo mode 
is programmable. When set to O, indicates TDP Limit for 
Turbo mode is not programmable. 


39:30 


Reserved 


47:40 


Package 


Maximum Efficiency Ratio (R/O) 


This is the minimum ratio (maximum efficiency) that 
the processor can operate, in units of 1O0MHz. 


63:48 


Reserved 


E2H 


226 


MSR_PKG_CST_CONFIG_CONTROL 


Core 


C-State Configuration Control (R/W) 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


See http://biosbits.org. 


2:0 Package C-State Limit (R/W) 
Specifies the lowest processor-specific C-state code 
name (consuming the least power) for the package. The 
default is set as factory-configured package C-state 
limit. 
The following C-state code name encodings are 
supported: 
O0Ob: CO/C1 (no package C-sate support) 
001b: C2 
010b: C6 no retention 
011b: C6 retention 
100b: C7 
101b: C7s 
111: No package C-state limit 
Note: This field cannot be used to limit package C-state 
to C3. 

9:3 Reserved 

10 I/O MWAIT Redirection Enable (R/W) 
When set, will map IO_read instructions sent to IO 
register specified by MSR_PMG_IO_CAPTURE_BASE to 
MWAIT instructions. 

14:11 Reserved 
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Table 2-20. MSRs Supported by Intel® Processors Based on Sandy Bridge Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


CFG Lock (R/WO) 


When set, locks bits 15:0 of this register until next 
reset. 


24:16 


Reserved 


C3 State Auto Demotion Enable (R/W) 


When set, the processor will conditionally demote 
C6/C7 requests to C3 based on uncore auto-demote 
information. 


26 


C1 State Auto Demotion Enable (R/W) 


When set, the processor will conditionally demote 
C3/C6/C7 requests to C1 based on uncore auto-demote 
information. 


27 


Enable C3 Undemotion (R/W) 
When set, enables undemotion from demoted C3. 


28 


Enable C1 Undemotion (R/W) 
When set, enables undemotion from demoted C1. 


63:29 


Reserved 


E4H 


228 


MSR_PMG_IO_CAPTURE_BASE 


Core 


Power Management IO Redirection in C-state (R/W) 
See http://biosbits.org. 


15:0 


18:16 


LVL_2 Base Address (R/W) 


Specifies the base address visible to software for IO 
redirection. If 1O MWAIT Redirection is enabled, reads to 
this address will be consumed by the power 
management logic and decoded to MWAIT instructions. 
When IO port address redirection is enabled, this is the 
10 port address reported to the OS/software. 


C-State Range (R/W) 


Specifies the encoding value of the maximum C-State 
code name to be included when IO read to MWAIT 
redirection is enabled by 
MSR_PKG_CST_CONFIG_CONTROL[bit1 0}: 


000b - C3 is the max C-State to include. 
001b - C6 is the max C-State to include. 
010b - C7 is the max C-State to include. 


63:19 


Reserved 


€7H 


231 


IA32_MPERF 


Thread 


Maximum Performance Frequency Clock Count (RW) 
See Table 2-2. 


€8H 


FEH 


IA32_MTRRCAP 


232 


254 


IA32_APERF 


Thread 


Thread 


Actual Performance Frequency Clock Count (RW) 
See Table 2-2. 


See Table 2-2. 


13CH 


316 


MSR_FEATURE_CONFIG 


Core 


AES Configuration (RW-L) 


Privileged post-BlOS agent must provide a #GP handler 
to handle unsuccessful read of this MSR. 
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Table 2-20. MSRs Supported by Intel® Processors Based on Sandy Bridge Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
1:0 AES Configuration (RW-L) 
Upon a successful read of this MSR, the configuration 
of AES instruction set availability is as follows: 
11b: AES instructions are not available until next 
RESET. 
Otherwise, AES instructions are available. 
Note, AES instruction set is not available if read is 
unsuccessful. If the configuration is not 01b, AES 
instructions can be mis-configured if a privileged agent 
unintentionally writes 11b. 
63:2 Reserved 
174H 372 | IA32_SYSENTER_CS Thread See Table 2-2. 
175H 373 | IA32_SYSENTER_ESP Thread See Table 2-2. 
176H 374 | IA32_SYSENTER_EIP Thread See Table 2-2. 
179H 377 | 1A32_MCG_CAP Thread See Table 2-2. 
17AH 378 | IA32_MCG_STATUS Thread Global Machine Check Status 
0 RIPV 
When set, bit indicates that the instruction addressed 
by the instruction pointer pushed on the stack (when 
the machine check was generated) can be used to 
restart the program. If cleared, the program cannot be 
reliably restarted. 
1 EIPV 
When set, bit indicates that the instruction addressed 
by the instruction pointer pushed on the stack (when 
the machine check was generated) is directly 
associated with the error. 
2 MCIP 
When set, bit indicates that a machine check has been 
generated. If a second machine check is detected while 
this bit is still set, the processor enters a shutdown 
state, Software should write this bit to O after 
processing a machine check exception. 
63:3 Reserved 
186H 390 | IA32_PERFEVTSELO Thread See Table 2-2. 
187H 391 IA32_PERFEVTSEL1 Thread See Table 2-2. 
188H 392 | IA32_PERFEVTSEL2 Thread See Table 2-2. 
189H 393 | IA32_PERFEVTSEL3 Thread See Table 2-2. 
18AH 394 | IA32_PERFEVTSEL4 Core See Table 2-2. If CPUID.OAH:EAX[1 5:8] > 4. 
18BH 395 | IA32_PERFEVTSELS Core See Table 2-2. If CPUID.OAH:EAX[1 5:8] > 5. 
18CH 396 | IA32_PERFEVTSEL6 Core See Table 2-2. If CPUID.OAH:EAX[15:8] > 6. 
18DH 397 | IA32_PERFEVTSEL7 Core See Table 2-2. If CPUID.OAH:EAX[1 5:8] > 7. 
198H 408 | IA32_PERF_STATUS Package See Table 2-2. 
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Table 2-20. MSRs Supported by Intel® Processors Based on Sandy Bridge Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
15:0 Current Performance State Value 
63:16 Reserved 
198H 408 | MSR_PERF_STATUS Package Performance Status 
47:32 Core Voltage (R/O) 
P-state core voltage can be computed by 
MSR_PERF_STATUS[37:32] * (float) 1/(2*13). 
199H 409 | IA32_PERF_CTL Thread See Table 2-2. 
19AH 410 | IA32_CLOCK_MODULATION Thread Clock Modulation (R/W) 
See Table 2-2. 
IA32_CLOCK_MODULATION MSR was originally named 
1A32_THERM_CONTROL MSR. 
3:0 On demand Clock Modulation Duty Cycle (R/W) 
In 6.25% increment. 
4 On demand Clock Modulation Enable (R/W) 
63:5 Reserved 
19BH 411 | IA32_THERM_INTERRUPT Core Thermal Interrupt Control (R/W) 
See Table 2-2. 
19CH 412 | |IA32_THERM_STATUS Core Thermal Monitor Status (R/W) 
See Table 2-2. 
0 Thermal Status (RO) 
See Table 2-2. 
1 Thermal Status Log (R/WCO) 
See Table 2-2. 
2 PROTCHOT # or FORCEPR# Status (RO) 
See Table 2-2. 
3 PROTCHOT # or FORCEPR# Log (R/WCO) 
See Table 2-2. 
4 Critical Temperature Status (RO) 
See Table 2-2. 
5 Critical Temperature Status Log (R/WCO) 
See Table 2-2. 
6 Thermal Threshold #1 Status (RO) 
See Table 2-2. 
7 Thermal Threshold #1 Log (R/WCO) 
See Table 2-2. 
8 Thermal Threshold #2 Status (RO) 
See Table 2-2. 
9 Thermal Threshold #2 Log (R/WCO) 
See Table 2-2. 
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Table 2-20. MSRs Supported by Intel® Processors Based on Sandy Bridge Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

10 Power Limitation Status (RO) 
See Table 2-2. 

11 Power Limitation Log (R/WCO) 
See Table 2-2. 

15:12 Reserved 

22:16 Digital Readout (RO) 
See Table 2-2. 

26:23 Reserved 

30:27 Resolution in Degrees Celsius (RO) 
See Table 2-2. 

31 Reading Valid (RO) 
See Table 2-2. 

63:32 Reserved 

1A0H 416 | IA32_MISC_ENABLE Enable Misc. Processor Features (R/W) 

Allows a variety of processor functions to be enabled 
and disabled. 

0 Thread Fast-Strings Enable 
See Table 2-2 

6:1 Reserved 

7 Thread Performance Monitoring Available (R) 
See Table 2-2. 

10:8 Reserved 

11 Thread Branch Trace Storage Unavailable (RO) 
See Table 2-2. 

12 Thread Processor Event Based Sampling Unavailable (RO) 
See Table 2-2. 

15:13 Reserved 

16 Package Enhanced Intel SpeedStep Technology Enable (R/W) 
See Table 2-2. 

18 Thread ENABLE MONITOR FSM (R/W) 
See Table 2-2. 

21:19 Reserved 

22 Thread Limit CPUID Maxval (R/W) 
See Table 2-2. 

23 Thread XTPR Message Disable (R/W) 
See Table 2-2. 

33:24 Reserved 

34 Thread XD Bit Disable (R/W) 
See Table 2-2. 
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37:35 Reserved 


38 Package Turbo Mode Disable (R/W) 


When set to 1 on processors that support Intel Turbo 
Boost Technology, the turbo mode feature is disabled 
and the IDA_Enable feature flag will be clear 
(CPUID.OGH: EAX[1]=0). 


When set to a O on processors that support IDA, 
CPUID.OGH: EAX[1] reports the processor's support of 
turbo mode is enabled. 


Note: The power-on default value is used by BIOS to 
detect hardware support of turbo mode. If the power- 
on default value is 1, turbo mode is available in the 
processor. If the power-on default value is 0, turbo 
mode is not available. 


63:39 Reserved 


1A2H 418 | MSR_TEMPERATURE_TARGET Unique Temperature Target 
15:0 Reserved 


23:16 Temperature Target (R) 


The minimum temperature at which PROCHOT# will be 
asserted. The value is degrees C. 


63:24 Reserved 


1A4H 420 | MSR_MISC_FEATURE_CONTROL Miscellaneous Feature Control (R/W) 


0 Core L2 Hardware Prefetcher Disable (R/W) 

If 1, disables the L2 hardware prefetcher, which 
fetches additional lines of code or data into the L2 
cache. 

1 Core L2 Adjacent Cache Line Prefetcher Disable (R/W) 

If 1, disables the adjacent cache line prefetcher, which 
fetches the cache line that comprises a cache line pair 
(128 bytes). 

2 Core DCU Hardware Prefetcher Disable (R/W) 

If 1, disables the L1 data cache prefetcher, which 
fetches the next cache line into L1 data cache. 

3 Core DCU IP Prefetcher Disable (R/W) 


If 1, disables the L1 data cache IP prefetcher, which 
uses sequential load history (based on instruction 
pointer of previous loads) to determine whether to 
prefetch additional lines. 


63:4 Reserved 


1A6H 422 | MSR_OFFCORE_RSP_O Thread Offcore Response Event Select Register (R/W) 


1A7H 422 |MSR_OFFCORE_RSP_1 Thread Offcore Response Event Select Register (R/W) 


1AAH 426 | MSR_MISC_PWR_MGMT Miscellaneous Power Management Control 


Various model specific features enumeration. See 
http://biosbits.org. 
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1BOH 432 | IA32_ENERGY_PERF_BIAS Package See Table 2-2. 


1B1H 433 | IA32_PACKAGE_THERM_STATUS Package See Table 2-2. 


1B2H 434 | IA32_PACKAGE_THERM_INTERRUPT Package See Table 2-2. 


1C8H 456 | MSR_LBR_SELECT Thread Last Branch Record Filtering Select Register (R/W) 
See Section 17.9.2, “Filtering of Last Branch Records.” 


CPL_EQ_O 


CPL_NEQ_O 


ICC 


NEAR_REL_CALL 
NEAR_IND_CALL 


NEAR_RET 


NEAR_IND_JMP 
NEAR_REL_JMP 


OINI DMD] Mm] HB] WwW) rm; —|o 


FAR_BRANCH 


63:9 Reserved 


1C9H 457 | MSR_LASTBRANCH_TOS Thread Last Branch Record Stack TOS (R/W) 


Contains an index (bits 0-3) that points to the MSR 
containing the most recent branch record. 


See MSR_LASTBRANCH_O_FROM_IP (at 6804). 


1D9H 473 | 1A32_DEBUGCTL Thread Debug Control (R/W) 
See Table 2-2. 


LBR: Last Branch Record 


BTF 


2 Reserved 


BTS: Log Branch Trace Message to BTS buffer 


0 
1 
5 
6 TR: Branch Trace 
7 
8 


BTINT 


9 BTS_OFF_OS 


10 BTS_OFF_USER 


11 FREEZE_LBR_ON_PMI 


12 FREEZE_PERFMON_ON_PMI 


13 ENABLE_UNCORE_PMI 


14 FREEZE_WHILE_SMM 


63:15 Reserved 


1DDH 477 | MSR_LER_FROM_LIP Thread Last Exception Record From Linear IP (R/W) 


Contains a pointer to the last branch instruction that 
the processor executed prior to the last exception that 
was generated or the last interrupt that was handled. 
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1DEH 478 | MSR_LER_TO_LIP Thread Last Exception Record To Linear IP (R/W) 
This area contains a pointer to the target of the last 
branch instruction that the processor executed prior to 
the last exception that was generated or the last 
interrupt that was handled. 

1F2H 498 | IA32_SMRR_PHYSBASE Core See Table 2-2. 

1F3H 499 | IA32_SMRR_PHYSMASK Core See Table 2-2. 

1FCH 508 | MSR_POWER_CTL Core See http://biosbits.org. 

200H 512 | IA32_MTRR_PHYSBASEO Thread See Table 2-2. 

201H 513 | IA32_MTRR_PHYSMASKO Thread See Table 2-2. 

202H 514 | IA32_MTRR_PHYSBASE1 Thread See Table 2-2. 

203H 515 | IA32_MTRR_PHYSMASK1 Thread See Table 2-2. 

204H 516 | IA32_MTRR_PHYSBASE2 Thread See Table 2-2. 

205H 517 | IA32_MTRR_PHYSMASK2 Thread See Table 2-2. 

206H 518 | IA32_MTRR_PHYSBASE3 Thread See Table 2-2. 

207H 519 | IA32_MTRR_PHYSMASK3 Thread See Table 2-2. 

208H 520 | IA32_MTRR_PHYSBASE4 Thread See Table 2-2. 

209H 521 | IA32_MTRR_PHYSMASK4 Thread See Table 2-2. 

20AH 522 | IA32_MTRR_PHYSBASE5 Thread See Table 2-2. 

20BH 523 | IA32_MTRR_PHYSMASK5 Thread See Table 2-2. 

20CH 524 | IA32_MTRR_PHYSBASE6 Thread See Table 2-2. 

20DH 525 | IA32_MTRR_PHYSMASK6 Thread See Table 2-2. 

20€H 526 | IA32_MTRR_PHYSBASE7 Thread See Table 2-2. 

20FH 527 | IA32_MTRR_PHYSMASK7 Thread See Table 2-2. 

210H 528 | IA32_MTRR_PHYSBASE8 Thread See Table 2-2. 

211H 529 | IA32_MTRR_PHYSMASK8 Thread See Table 2-2. 

212H 530 | IA32_MTRR_PHYSBASE9 Thread See Table 2-2. 

213H 531 | IA32_MTRR_PHYSMASK9 Thread See Table 2-2. 

250H 592 | IA32_MTRR_FIX64K_00000 Thread See Table 2-2. 

258H 600 _ | IA32_MTRR_FIX16K_80000 Thread See Table 2-2. 

259H 601 | IA32_MTRR_FIX16K_A0000 Thread See Table 2-2. 

268H 616 | IA32_MTRR_FIX4K_CO000 Thread See Table 2-2. 

269H 617 | IA32_MTRR_FIX4K_C8000 Thread See Table 2-2. 

26AH 618 | IA32_MTRR_FIX4K_DO0000 Thread See Table 2-2. 

26BH 619 | IA32_MTRR_FIX4K_D8000 Thread See Table 2-2. 

26CH 620 | IA32_MTRR_FIX4K_€0000 Thread See Table 2-2. 
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26DH 621 | IA32_MTRR_FIX4K_E8000 Thread See Table 2-2. 
26H 622 | IA32_MTRR_FIX4K_FOO00 Thread See Table 2-2. 
26FH 623 | IA32_MTRR_FIX4K_F8000 Thread See Table 2-2. 
277H 631 | IA32_PAT Thread See Table 2-2. 
280H 640 | IA32_MCO_CTL2 Core See Table 2-2. 
281H 641 | IA32_MC1_CTL2 Core See Table 2-2. 
282H 642 | IA32_MC2_CTL2 Core See Table 2-2. 
283H 643 | IA32_MC3_CTL2 Core See Table 2-2. 
284H 644 | IA32_MC4_CTL2 Package Always 0 (CMCI not supported). 
2FFH 767 | |IA32_MTRR_DEF_TYPE Thread Default Memory Types (R/W) 
See Table 2-2. 
309H 777 | \A32_FIXED_CTRO Thread Fixed-Function Performance Counter Register O (R/W) 
See Table 2-2. 
30AH 778 | IA32_FIXED_CTR1 Thread Fixed-Function Performance Counter Register 1 (R/W) 
See Table 2-2. 
30BH 779 ‘| 1A32_FIXED_CTR2 Thread Fixed-Function Performance Counter Register 2 (R/W) 
See Table 2-2. 
345H 837 | IA32_PERF_CAPABILITIES Thread See Table 2-2. See Section 17.4.1, “IA32_DEBUGCTL 
MSR." 
5:0 LBR Format 
See Table 2-2. 
6 PEBS Record Format. 
7 PEBSSaveArchRegs 
See Table 2-2. 
11:8 PEBS_REC_FORMAT 
See Table 2-2. 
12 SMM_FREEZE 
See Table 2-2. 
63:13 Reserved 
38DH 909 __| IA32_FIXED_CTR_CTRL Thread Fixed-Function-Counter Control Register (R/W) 
See Table 2-2. 
38EH 910 | IA32_PERF_GLOBAL_STATUS See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities.” 
0 Thread Ovf_PMCO 
1 Thread Ovf_PMC1 
2 Thread Ovf_PMC2 
3 Thread Ovf_PMC3 
4 Core Ovf_PMC4 (if CPUID.OAH:EAX[1 5:8] > 4) 
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5 Core Ovf_PMCS (if CPUID.OAH:EAX[1 5:8] > 5) 

6 Core Ovf_PMC6 (if CPUID.OAH:EAX[1 5:8] > 6) 

7 Core Ovf_PMC7 (if CPUID.OAH:EAX[1 5:8] > 7) 

31:8 Reserved 

32 Thread Ovf_FixedCtro 

33 Thread Ovf_FixedCtr1 

34 Thread Ovf_FixedCtr2 

60:35 Reserved 

61 Thread Ovf_Uncore 

62 Thread Ovf_BufDSSAVE 

63 Thread CondChgd 

38FH 911 IA32_PERF_GLOBAL_CTRL Thread See Table 2-2. See Section 19.6.2.2, “Global Counter 

Control Facilities." 

0 Thread Set 1 to enable PMCO to count. 

1 Thread Set 1 to enable PMC1 to count. 

2 Thread Set 1 to enable PMC2 to count. 

3 Thread Set 1 to enable PMC3 to count. 

4 Core Set 1 to enable PMC4 to count (if CPUID.OAH:EAX[1 5:8] 
> 4). 

5 Core Set 1 to enable PMCS to count (if CPUID.OAH:EAX[1 5:8] 
> 5). 

6 Core Set 1 to enable PMC6 to count (if CPUID.OAH:EAX[1 5:8] 
> 6). 

7 Core Set 1 to enable PMC7 to count (if CPUID.OAH:EAX[1 5:8] 
> 7). 

31:8 Reserved 

32 Thread Set 1 to enable FixedCtrO to count. 

33 Thread Set 1 to enable FixedCtr1 to count. 

34 Thread Set 1 to enable FixedCtr2 to count. 

63:35 Reserved 

390H 912 | IA32_PERF_GLOBAL_OVF_CTRL See Table 2-2. See Section 19.6.2.2, “Global Counter 

Control Facilities.” 

0 Thread Set 1 to clear Ovf_PMCO. 

1 Thread Set 1 to clear Ovf_PMC1. 

2 Thread Set 1 to clear Ovf_PMC2. 

3 Thread Set 1 to clear Ovf_PMC3. 

4 Core Set 1 to clear Ovf_PMC4 (if CPUID.OAH:EAX[1 5:8] > 4). 

5 Core Set 1 to clear Ovf_PMCS5 (if CPUID.OAH:EAX[1 5:8] > 5). 

6 Core Set 1 to clear Ovf_PMC6 (if CPUID.OAH:EAX[1 5:8] > 6). 
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7 Core Set 1 to clear Ovf_PMC7 (if CPUID.OAH:EAX[1 5:8] > 7). 
31:8 Reserved 
32 Thread Set 1 to clear Ovf_FixedCtr0. 
33 Thread Set 1 to clear Ovf_FixedCtr1. 
34 Thread Set 1 to clear Ovf_FixedCtr2. 
60:35 Reserved 
61 Thread Set 1 to clear Ovf_Uncore. 
62 Thread Set 1 to clear Ovf_BufDSSAVE. 
63 Thread Set 1 to clear CondChgd. 
3F1H 1009 | IA32_PEBS_ENABLE Thread See Section 19.3.1.1.1, “Processor Event Based 
(MSR_PEBS_ENABLE) Sampling (PEBS)." 
0 Enable PEBS on IA32_PMCO. (R/W) 
1 Enable PEBS on IA32_PMC1. (R/W) 
2 Enable PEBS on IA32_PMC2. (R/W) 
3 Enable PEBS on IA32_PMC3. (R/W) 
31:4 Reserved 
32 Enable Load Latency on IA32_PMCO. (R/W) 
33 Enable Load Latency on |A32_PMC1. (R/W) 
34 Enable Load Latency on |A32_PMC2. (R/W) 
35 Enable Load Latency on |A32_PMC3. (R/W) 
62:36 Reserved 
63 Enable Precise Store (R/W) 
3F6H 1014 | MSR_PEBS_LD_LAT Thread See Section 19.3.1.1.2, “Load Latency Performance 
Monitoring Facility.” 
15:0 Minimum threshold latency value of tagged load 
operation that will be counted. (R/W) 
63:36 Reserved 
3F8H 1016 | MSR_PKG_C3_RESIDENCY Package Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
63:0 Package C3 Residency Counter (R/O) 
Value since last reset that this package is in processor- 
specific C3 states. Count at the same frequency as the 
TSC. 
3F9H 1017 | MSR_PKG_C6_RESIDENCY Package Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
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Package C6 Residency Counter. (R/O) 


Value since last reset that this package is in processor- 
specific C6 states. Count at the same frequency as the 
TSC. 


3FAH 


3FCH 


3FDH 


3FEH 


1018 


1020 


1021 


1022 


MSR_PKG_C7_RESIDENCY 


Package 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


MSR_CORE_C3_RESIDENCY 


Core 


Package C7 Residency Counter (R/O) 


Value since last reset that this package is in processor- 
specific C7 states. Count at the same frequency as the 
TSC. 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


MSR_CORE_C6_RESIDENCY 


Core 


CORE C3 Residency Counter (R/O) 


Value since last reset that this core is in processor- 
specific C3 states. Count at the same frequency as the 
TSC. 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


MSR_CORE_C7_RESIDENCY 


Core 


CORE C6 Residency Counter (R/O) 


Value since last reset that this core is in processor- 
specific C6 states. Count at the same frequency as the 
TSC. 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


CORE C7 Residency Counter (R/O) 


Value since last reset that this core is in processor- 
specific C7 states. Count at the same frequency as the 
TSC. 


400H 


1024 


1A32_MCO_CTL 


Core 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


401H 


1025 


IA32_MCO_STATUS 


Core 


See Section 15.3.2.2, “"IA32_MCi_STATUS MSRS" and 
Chapter 16. 


402H 


1026 


IA32_MCO_ADDR 


Core 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


403H 


1027 


1A32_MCO_MISC 


Core 


See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 


404H 


1028 


IA32_MC1_CTL 


Core 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


405H 


1029 


IA32_MC1_STATUS 


Core 


See Section 15.3.2.2, "IA32_MCi_STATUS MSRS" and 
Chapter 16. 


406H 


1030 


IA32_MC1_ADDR 


Core 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


407H 


1031 


IA32_MC1_MISC 


Core 


See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 


408H 


1032 


IA32_MC2_CTL 


Core 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
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409H | 1033 | 1IA32_MC2_STATUS Core See Section 15.3.2.2, “IA32_MCi_STATUS MSRS" and 
Chapter 16. 
40AH | 1034 | IA32_MC2_ADDR Core See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 
40BH | 1035 | IA32_MC2_MISC Core See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 
40CH 1036 | IA32_MC3_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
40DH | 1037 | 1A32_MC3_STATUS Core See Section 15.3.2.2, “IA32_MCi_STATUS MSRS" and 
Chapter 16. 
40€H 1038 | IA32_MC3_ADDR Core See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 
40FH 1039 | IA32_MC3_MISC Core See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 
410H | 1040 | IA32_MC4_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
0 PCU Hardware Error (R/W) 
When set, enables signaling of PCU hardware detected 
errors. 
1 PCU Controller Error (R/W) 
When set, enables signaling of PCU controller detected 
errors. 
2 PCU Firmware Error (R/W) 
When set, enables signaling of PCU firmware detected 
errors. 
63:2 Reserved 
411H | 1041 | 1A32_MC4_STATUS Core See Section 15.3.2.2, “IA32_MCi_STATUS MSRS" and 
Chapter 16. 
480H 1152 | IA32_VMX_BASIC Thread Reporting Register of Basic VMX Capabilities (R/O) 
See Table 2-2. 
See Appendix A.1, “Basic VMX Information.” 
481H 1153 | IA32_VMX_PINBASED_CTLS Thread Capability Reporting Register of Pin-Based 
V/M-Execution Controls (R/O) 
See Table 2-2. 
See Appendix A.3, “VM-Execution Controls.” 
482H | 1154 | IA32_VMX_PROCBASED_CTLS Thread Capability Reporting Register of Primary Processor- 
Based VM-Execution Controls (R/O) 
See Appendix A.3, “VM-Execution Controls.” 
483H 1155 | IA32_VMX_EXIT_CTLS Thread Capability Reporting Register of VM-Exit Controls (R/O) 
See Table 2-2. 
See Appendix A.4, “VM-Exit Controls.” 
484H 1156 | IA32_VMX_ENTRY_CTLS Thread Capability Reporting Register of VM-Entry Controls 
(R/O) 
See Table 2-2. 
See Appendix A.5, “VM-Entry Controls.” 
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485H 1157 | IA32_VMX_MISC Thread Reporting Register of Miscellaneous VMX Capabilities 
(R/O) 


See Table 2-2. 
See Appendix A.6, “Miscellaneous Data.” 


486H 1158 | IA32_VMX_CRO_FIXEDO Thread Capability Reporting Register of CRO Bits Fixed to 0 
(R/O) 


See Table 2-2. 
See Appendix A.7, “VMX-Fixed Bits in CRO.” 


487H 1159 | IA32_VMX_CRO_FIXED1 Thread Capability Reporting Register of CRO Bits Fixed to 1 
(R/O) 


See Table 2-2. 
See Appendix A.7, “VMX-Fixed Bits in CRO.” 


488H 1160 | IA32_VMX_CR4_FIXEDO Thread Capability Reporting Register of CR4 Bits Fixed to 0 
(R/O) 


See Table 2-2. 
See Appendix A.8, “VMX-Fixed Bits in CR4.” 


489H 1161 | IA32_VMX_CR4_FIXED1 Thread Capability Reporting Register of CR4 Bits Fixed to 1 
(R/O) 
See Table 2-2. 
See Appendix A.8, “VMX-Fixed Bits in CR4.” 


48AH 1162 | IA32_VMX_VMCS_ENUM Thread Capability Reporting Register of VMCS Field 
Enumeration (R/O) 


See Table 2-2. 
See Appendix A.9, “VMCS Enumeration.” 


48BH 1163 | IA32_VMX_PROCBASED_CTLS2 Thread Capability Reporting Register of Secondary Processor- 
Based VM-Execution Controls (R/O) 


See Appendix A.3, “VM-Execution Controls.” 
48CH 1164 | IA32_VMX_EPT_VPID_ENUM Thread Capability Reporting Register of EPT and VPID (R/O) 
See Table 2-2 
48DH 1165 | IA32_VMX_TRUE_PINBASED_CTLS Thread Capability Reporting Register of Pin-Based 
VM-Execution Flex Controls (R/O) 
See Table 2-2 
48EH 1166 | IA32_VMX_TRUE_PROCBASED_CTLS Thread Capability Reporting Register of Primary Processor- 
Based VM-Execution Flex Controls (R/O) 
See Table 2-2 


48FH 1167 | IA32_VMX_TRUE_EXIT_CTLS Thread Capability Reporting Register of VM-Exit Flex Controls 
(R/O) 


See Table 2-2 


490H 1168 | IA32_VMX_TRUE_ENTRY_CTLS Thread Capability Reporting Register of VM-Entry Flex Controls 
(R/O) 


See Table 2-2 


4C1H | 1217 | 1A32_A_PMCO Thread See Table 2-2. 
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4C2H | 1218 | IA32_A_PMC1 Thread See Table 2-2. 
4C3H | 1219 | 1IA32_A_PMC2 Thread See Table 2-2. 
4C4H | 1220 | IA32_A_PMC3 Thread See Table 2-2. 
4C5H | 1221 | IA32_A_PMC4 Core See Table 2-2. 
4C6H | 1222 | IA32_A_PMC5 Core See Table 2-2. 
4C7H | 1223 | IA32_A_PMC6 Core See Table 2-2. 
4C8H | 1224 | IA32_A_PMC7 Core See Table 2-2. 
600H | 1536 | IA32_DS_AREA Thread DS Save Area (R/W) 
See Table 2-2. 
See Section 19.6.3.4, “Debug Store (DS) Mechanism." 
606H | 1542 | MSR_RAPL_POWER_UNIT Package Unit Multipliers used in RAPL Interfaces (R/O) 
See Section 14.10.1, “RAPL Interfaces.” 
60AH 1546 | MSR_PKGC3_IRTL Package Package C3 Interrupt Response Limit (R/W) 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


Interrupt Response Time Limit (R/W) 


Specifies the limit that should be used to decide if the 
package should be put into a package C3 state. 


12:10 


Time Unit (R/W) 


Specifies the encoding value of time unit of the 
interrupt response time limit. The following time unit 
encodings are supported: 


OOOb: 1 ns 

001b: 32 ns 

010b: 1024 ns 
011b: 32768 ns 
100b: 1048576 ns 
101b: 33554432 ns 


14:13 


Reserved 


15 


Valid (R/W) 


Indicates whether the values in bits 12:0 are valid and 
can be used by the processor for package C-sate 
management. 


63:16 


Reserved 
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60BH 1547 | MSR_PKGC6_IRTL Package Package C6 Interrupt Response Limit (R/W) 
This MSR defines the budget allocated for the package 
to exit from a C6 to a CO state, where an interrupt 
request can be delivered to the core and serviced. 
Additional core-exit latency may be applicable 
depending on the actual C-state the core is in. 
Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 
9:0 Interrupt Response Time Limit (R/W) 
Specifies the limit that should be used to decide if the 
package should be put into a package C6 state. 
12:10 Time Unit (R/w) 
Specifies the encoding value of time unit of the 
interrupt response time limit. The following time unit 
encodings are supported: 
OOOb: 1 ns 
001b: 32 ns 
010b: 1024 ns 
011b: 32768 ns 
100b: 1048576 ns 
101b: 33554432 ns 
14:13 Reserved 
15 Valid (R/W) 
Indicates whether the values in bits 12:0 are valid and 
can be used by the processor for package C-sate 
management. 
63:16 Reserved 
60DH 1549 | MSR_PKG_C2_RESIDENCY Package Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
63:0 Package C2 Residency Counter (R/O) 
Value since last reset that this package is in processor- 
specific C2 states. Count at the same frequency as the 
TSC. 
610H | 1552 | MSR_PKG_POWER_LIMIT Package PKG RAPL Power Limit Control (R/W) 
See Section 14.10.3, “Package RAPL Domain.” 
611H | 1553 | MSR_PKG_ENERGY_STATUS Package PKG Energy Status (R/O) 
See Section 14.10.3, “Package RAPL Domain.” 
614H | 1556 | MSR_PKG_POWER_INFO Package PKG RAPL Parameters (R/W) See Section 14.10.3, 
“Package RAPL Domain.” 
638H | 1592 | MSR_PPO_POWER_LIMIT Package PPO RAPL Power Limit Control (R/W) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

680H | 1664 | MSR_LASTBRANCH_O_FROM_IP Thread Last Branch Record 0 From IP (R/W) 

One of sixteen pairs of last branch record registers on 

the last branch record stack. This part of the stack 

contains pointers to the source instruction. See also: 

* Last Branch Record Stack TOS at 1C9SH. 

* Section 17.9.1 and record format in Section 17.4.8.1. 
681H | 1665 | MSR_LASTBRANCH_1_FROM_IP Thread Last Branch Record 1 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
682H | 1666 | MSR_LASTBRANCH_2_FROM_IP Thread Last Branch Record 2 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
683H | 1667 | MSR_LASTBRANCH_3_FROM_IP Thread Last Branch Record 3 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
684H | 1668 | MSR_LASTBRANCH_4 FROM_IP Thread Last Branch Record 4 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
685H | 1669 | MSR_LASTBRANCH_5_FROM_IP Thread Last Branch Record 5 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
686H | 1670 | MSR_LASTBRANCH_6_FROM_IP Thread Last Branch Record 6 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
687H | 1671 |MSR_LASTBRANCH_7_FROM_IP Thread Last Branch Record 7 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
688H | 1672 | MSR_LASTBRANCH_8_FROM_IP Thread Last Branch Record 8 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
689H | 1673 | MSR_LASTBRANCH_9_FROM_IP Thread Last Branch Record 9 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
68AH | 1674 | MSR_LASTBRANCH_10_FROM_IP Thread Last Branch Record 10 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
68BH | 1675 | MSR_LASTBRANCH_11_FROM_IP Thread Last Branch Record 11 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
68CH | 1676 | MSR_LASTBRANCH_12_FROM_IP Thread Last Branch Record 12 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
68DH | 1677 | MSR_LASTBRANCH_13_FROM_IP Thread Last Branch Record 13 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
68EH | 1678 | MSR_LASTBRANCH_14_FROM_IP Thread Last Branch Record 14 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
68FH | 1679 | MSR_LASTBRANCH_15_FROM_IP Thread Last Branch Record 15 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
6COH | 1728 | MSR_LASTBRANCH_O_TO_IP Thread Last Branch Record 0 To IP (R/W) 


One of sixteen pairs of last branch record registers on 
the last branch record stack. This part of the stack 
contains pointers to the destination instruction. 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
6C1H | 1729 | MSR_LASTBRANCH_1_TO_IP Thread Last Branch Record 1 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
6C2H | 1730 | MSR_LASTBRANCH_2_TO_IP Thread Last Branch Record 2 To IP (R/w) 
See description of MSR_LASTBRANCH_O_TO_IP. 
6C3H | 1731 | MSR_LASTBRANCH_3_TO_IP Thread Last Branch Record 3 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
6C4H | 1732 | MSR_LASTBRANCH_4_TO_IP Thread Last Branch Record 4 To IP (R/w) 
See description of MSR_LASTBRANCH_O_TO_IP. 
6C5H | 1733 | MSR_LASTBRANCH_5_TO_IP Thread Last Branch Record 5 To IP (R/w) 
See description of MSR_LASTBRANCH_O_TO_IP. 
6C6H | 1734 | MSR_LASTBRANCH_6_TO_IP Thread Last Branch Record 6 To IP (R/W) 
See description of MSR_LASTBRANCH_0O_TO_IP. 
6C7H | 1735 | MSR_LASTBRANCH_7_TO_IP Thread Last Branch Record 7 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
6C8H | 1736 | MSR_LASTBRANCH_8_TO_IP Thread Last Branch Record 8 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
6C9H | 1737 | MSR_LASTBRANCH_9_TO_IP Thread Last Branch Record 9 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
6CAH | 1738 | MSR_LASTBRANCH_10_TO_IP Thread Last Branch Record 10 To IP (R/W) 
See description of MSR_LASTBRANCH_0O_TO_IP. 
6CBH | 1739 | MSR_LASTBRANCH_11_TO_IP Thread Last Branch Record 11 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
6CCH | 1740 | MSR_LASTBRANCH_12_TO_IP Thread Last Branch Record 12 To IP (R/W) 
See description of MSR_LASTBRANCH_0O_TO_IP. 
6CDH | 1741 | MSR_LASTBRANCH_13_TO_IP Thread Last Branch Record 13 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
6CEH | 1742 | MSR_LASTBRANCH_14_TO_IP Thread Last Branch Record 14 To IP (R/W) 
See description of MSR_LASTBRANCH_0O_TO_IP. 
6CFH | 1743 | MSR_LASTBRANCH_15_TO_IP Thread Last Branch Record 15 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
6EOH | 1760 | IA32_TSC_DEADLINE Thread See Table 2-2. 
802H- | 2050- | X2APIC MSRs Thread See Table 2-2. 
83FH | 2111 
COO0_ IA32_EFER Thread Extended Feature Enables 
0080H See Table 2-2. 
COO0_ IA32_STAR Thread System Call Target Address (R/W) 
0081H See Table 2-2. 
COO00_ IA32_LSTAR Thread IA-32e Mode System Call Target Address (R/W) 
0082H See Table 2-2. 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
CO00_ IA32_FMASK Thread System Call Flag Mask (R/W) 
0084H See Table 2-2. 
CO000_ IA32_FS_BASE Thread Map of BASE Address of FS (R/W) 
0100H See Table 2-2. 
CO000_ IA32_GS_BASE Thread Map of BASE Address of GS (R/W) 
0101H See Table 2-2. 
CO00_ IA32_KERNEL_GS_BASE Thread Swap Target of BASE Address of GS (R/W) 
0102H See Table 2-2. 
CO000_ IA32_TSC_AUX Thread AUXILIARY TSC Signature (R/W) 
0103H See Table 2-2 and Section 17.17.2, “IA32_TSC_AUX 
Register and RDTSCP Support.” 
2.11.1. MSRs in the 2nd Generation Intel® Core™ Processor Family Based on Sandy Bridge 


Microarchitecture 


Table 2-21 and Table 2-22 list model-specific registers (MSRs) that are specific to the 2nd generation Intel® Core™ 
processor family based on the Sandy Bridge microarchitecture. These processors have a CPUID signature with 
DisplayFamily_DisplayModel of 06_2AH; see Table 2-1. 


Table 2-21. MSRs Supported by the 2nd Generation Intel® Core™ Processors (Sandy Bridge Microarchitecture) 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
1ADH 429 |MSR_TURBO_RATIO_LIMIT Package Maximum Ratio Limit of Turbo Mode 
RO if MSR_PLATFORM_INFO.[28] = 0. 
RW if MSR_PLATFORM_INFO.[28] = 1. 
7:0 Package Maximum Ratio Limit for 1C 
Maximum turbo ratio limit of 1 core active. 
15:8 Package Maximum Ratio Limit for 2C 
Maximum turbo ratio limit of 2 core active. 
23:16 Package Maximum Ratio Limit for 3C 
Maximum turbo ratio limit of 3 core active. 
31:24 Package Maximum Ratio Limit for 4C 
Maximum turbo ratio limit of 4 core active. 
63:32 Reserved 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-21. MSRs Supported by the 2nd Generation Intel® Core™ Processors (Sandy Bridge Microarchitecture) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


60CH 


1548 


MSR_PKGC7_IRTL 


Package 


Package C7 Interrupt Response Limit (R/W) 


This MSR defines the budget allocated for the 
package to exit from a C7 to a CO state, where 
interrupt request can be delivered to the core and 
serviced. Additional core-exit latency may be 
applicable depending on the actual C-state the core 
is in. 

Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 


9:0 


Interrupt Response Time Limit (R/W) 


Specifies the limit that should be used to decide if 
the package should be put into a package C7 state. 


12:10 


14:13 


Time Unit (R/W) 


Specifies the encoding value of time unit of the 
interrupt response time limit. The following time unit 
encodings are supported: 


OOOb: 1 ns 

001b: 32 ns 

010b: 1024 ns 
011b: 32768 ns 
100b: 1048576 ns 
101b: 33554432 ns 


Reserved 


15 


Valid (R/W) 

Indicates whether the values in bits 12:0 are valid 
and can be used by the processor for package C-sate 
management. 


63:16 


Reserved 


639H 


1593 


MSR_PPO_ENERGY_STATUS 


Package 


PPO Energy Status (R/O) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 


63AH 


640H 


641H 


642H 


1594 


1600 


1601 


1602 


MSR_PPO_POLICY 


MSR_PP1_POWER_LIMIT 


MSR_PP1_ENERGY_STATUS 


MSR_PP1_POLICY 


Package 


Package 


Package 


Package 


PPO Balance Policy (R/W) 

See Section 14.10.4, “PPO/PP1 RAPL Domains.” 
PP1 RAPL Power Limit Control (R/W) 

See Section 14.10.4, “PPO/PP1 RAPL Domains.” 
PP1 Energy Status (R/O) 

See Section 14.10.4, “PPO/PP1 RAPL Domains.” 
PP1 Balance Policy (R/W) 

See Section 14.10.4, “PPO/PP1 RAPL Domains.” 


See Table 2-20, Table 2-21, and Table 2-22 for MSR definitions applicable to processors with CPUID signature O6_2AH. 


Table 2-22 lists the MSRs of uncore PMU for Intel processors with CPUID signature 06_2AH. 
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Table 2-22. Uncore PMU MSRs Supported by 2nd Generation Intel® Core™ Processors 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
391H 913 | MSR_LUNC_PERF_GLOBAL_CTRL Package Uncore PMU Global Control 
0 Slice 0 select. 
1 Slice 1 select. 
2 Slice 2 select. 
3 Slice 3 select. 
4 Slice 4 select. 
18:5 Reserved 
29 Enable all uncore counters. 
30 Enable wake on PMI. 
31 Enable Freezing counter when overflow. 
63:32 Reserved 
392H 914 |MSR_UNC_PERF_GLOBAL_STATUS Package Uncore PMU Main Status 
0 Fixed counter overflowed. 
1 An ARB counter overflowed. 
2 Reserved 
3 A CBox counter overflowed (on any slice). 
63:4 Reserved 
394H 916 | MSR_UNC_PERF_FIXED_CTRL Package Uncore Fixed Counter Control (R/W) 
19:0 Reserved 
20 Enable overflow propagation. 
21 Reserved 
22 Enable counting. 
63:23 Reserved 
395H 917 |MSR_UNC_PERF_FIXED_CTR Package Uncore Fixed Counter 
47:0 Current count. 
63:48 Reserved 
396H 918 | MSR_UNC_CBO_CONFIG Package Uncore C-Box Configuration Information (R/O) 
3:0 Report the number of C-Box units with performance 
counters, including processor cores and processor 
graphics. 
63:4 Reserved 
3BOH 946 |MSR_UNC_ARB_PERFCTRO Package Uncore Arb Unit, Performance Counter O 
3B1H 947 |MSR_UNC_ARB_PERFCTR1 Package Uncore Arb Unit, Performance Counter 1 
3B2H 944 |MSR_UNC_ARB_PERFEVTSELO Package Uncore Arb Unit, Counter 0 Event Select MSR 
3B3H 945 | MSR_UNC_ARB_PERFEVTSEL1 Package Uncore Arb unit, Counter 1 Event Select MSR 
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Table 2-22. Uncore PMU MSRs Supported by 2nd Generation Intel® Core™ Processors 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
700H 1792 | MSR_UNC_CBO_O_PERFEVTSELO Package Uncore C-Box 0, Counter O Event Select MSR 
701H 1793 | MSR_UNC_CBO_O_PERFEVTSEL1 Package Uncore C-Box 0, Counter 1 Event Select MSR 
702H 1794 | MSR_UNC_CBO_O_PERFEVTSEL2 Package Uncore C-Box 0, Counter 2 Event Select MSR 
703H 1795 | MSR_UNC_CBO_O_PERFEVTSEL3 Package Uncore C-Box 0, Counter 3 Event Select MSR 
705H 1797 | MSR_UNC_CBO_O_UNIT_STATUS Package Uncore C-Box 0, Unit Status for Counter 0-3 
706H 1798 | MSR_UNC_CBO_O_PERFCTRO Package Uncore C-Box 0, Performance Counter O 
707H 1799 | MSR_UNC_CBO_O_PERFCTR1 Package Uncore C-Box 0, Performance Counter 1 
708H 1800 | MSR_UNC_CBO_O_PERFCTR2 Package Uncore C-Box 0, Performance Counter 2 
709H 1801 | MSR_UNC_CBO_O_PERFCTR3 Package Uncore C-Box 0, Performance Counter 3 
710H 1808 | MSR_UNC_CBO_1_PERFEVTSELO Package Uncore C-Box 1, Counter O Event Select MSR 
711H 1809 | MSR_UNC_CBO_1_PERFEVTSEL1 Package Uncore C-Box 1, Counter 1 Event Select MSR 
712H 1810 | MSR_UNC_CBO_1_PERFEVTSEL2 Package Uncore C-Box 1, Counter 2 Event Select MSR 
713H 1811 | MSR_UNC_CBO_1_PERFEVTSEL3 Package Uncore C-Box 1, Counter 3 Event Select MSR 
715H 1813 | MSR_UNC_CBO_1_UNIT_STATUS Package Uncore C-Box 1, Unit Status for Counter 0-3 
716H 1814 | MSR_UNC_CBO_1_PERFCTRO Package Uncore C-Box 1, Performance Counter 0 
717H 1815 | MSR_UNC_CBO_1_PERFCTR1 Package Uncore C-Box 1, Performance Counter 1 
718H 1816 | MSR_UNC_CBO_1_PERFCTR2 Package Uncore C-Box 1, Performance Counter 2 
719H 1817 | MSR_UNC_CBO_1_PERFCTR3 Package Uncore C-Box 1, Performance Counter 3 
720H 1824 | MSR_UNC_CBO_2_PERFEVTSELO Package Uncore C-Box 2, Counter O Event Select MSR 
721H 1825 | MSR_UNC_CBO_2_PERFEVTSEL1 Package Uncore C-Box 2, Counter 1 Event Select MSR 
722H 1826 | MSR_UNC_CBO_2_PERFEVTSEL2 Package Uncore C-Box 2, Counter 2 Event Select MSR 
723H 1827 | MSR_UNC_CBO_2_PERFEVTSEL3 Package Uncore C-Box 2, Counter 3 Event Select MSR 
725H 1829 | MSR_UNC_CBO_2_UNIT_STATUS Package Uncore C-Box 2, Unit Status for Counter 0-3 
726H 1830 | MSR_UNC_CBO_2_PERFCTRO Package Uncore C-Box 2, Performance Counter 0 
727H 1831 | MSR_UNC_CBO_2_PERFCTR1 Package Uncore C-Box 2, Performance Counter 1 
728H 1832 | MSR_UNC_CBO_3_PERFCTR2 Package Uncore C-Box 3, Performance Counter 2 
729H 1833 | MSR_UNC_CBO_3_PERFCTR3 Package Uncore C-Box 3, Performance Counter 3 
730H 1840 | MSR_UNC_CBO_3_PERFEVTSELO Package Uncore C-Box 3, Counter O Event Select MSR 
731H 1841 | MSR_UNC_CBO_3_PERFEVTSEL1 Package Uncore C-Box 3, Counter 1 Event Select MSR 
732H 1842 | MSR_UNC_CBO_3_PERFEVTSEL2 Package Uncore C-Box 3, Counter 2 Event Select MSR 
733H 1843 | MSR_UNC_CBO_3_PERFEVTSEL3 Package Uncore C-Box 3, counter 3 Event Select MSR 
735H 1845 | MSR_UNC_CBO_3_UNIT_STATUS Package Uncore C-Box 3, Unit Status for Counter 0-3 
736H 1846 | MSR_UNC_CBO_3_PERFCTRO Package Uncore C-Box 3, Performance Counter 0 
737H 1847 | MSR_UNC_CBO_3_PERFCTR1 Package Uncore C-Box 3, Performance Counter 1 
738H 1848 | MSR_UNC_CBO_3_PERFCTR2 Package Uncore C-Box 3, Performance Counter 2 
739H 1849 | MSR_UNC_CBO_3_PERFCTR3 Package Uncore C-Box 3, Performance Counter 3 
740H 1856 | MSR_UNC_CBO_4_ PERFEVTSELO Package Uncore C-Box 4, Counter O Event Select MSR 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

741H 1857 | MSR_UNC_CBO_4 PERFEVTSEL1 Package Uncore C-Box 4, Counter 1 Event Select MSR 
742H 1858 | MSR_UNC_CBO_4 PERFEVTSEL2 Package Uncore C-Box 4, Counter 2 Event Select MSR 
743H 1859 | MSR_UNC_CBO_4 PERFEVTSEL3 Package Uncore C-Box 4, Counter 3 Event Select MSR 
745H 1861 | MSR_UNC_CBO_4_UNIT_STATUS Package Uncore C-Box 4, Unit status for Counter 0-3 
746H 1862 | MSR_UNC_CBO_4 PERFCTRO Package Uncore C-Box 4, Performance Counter O 
747H 1863 | MSR_UNC_CBO_4 PERFCTR1 Package Uncore C-Box 4, Performance Counter 1 
748H 1864 | MSR_UNC_CBO_4_ PERFCTR2 Package Uncore C-Box 4, Performance Counter 2 
749H 1865 | MSR_UNC_CBO_4 PERFCTR3 Package Uncore C-Box 4, Performance Counter 3 


2.11.2 MSRsin the Intel® Xeon® Processor E5 Family Based on Sandy Bridge 
Microarchitecture 
Table 2-23 lists additional model-specific registers (MSRs) that are specific to the Intel® Xeon® Processor E5 Family 


based on the Sandy Bridge microarchitecture. These processors have a CPUID signature with 
DisplayFamily_DisplayModel of 06_2DH, and also support MSRs listed in Table 2-20 and Table 2-24. 


Table 2-23. Selected MSRs Supported by Intel® Xeon® Processors E5 Family 
Based on Sandy Bridge Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
17FH 383 | MSR_ERROR_CONTROL Package MC Bank Error Configuration (R/W) 
0 Reserved 
1 MemeError Log Enable (R/W) 
When set, enables IMC status bank to log additional 
info in bits 36:32. 
63:2 Reserved 
1ADH 429 |MSR_TURBO_RATIO_LIMIT Package Maximum Ratio Limit of Turbo Mode 


RO if MSR_PLATFORM_INFO.[28] = 0, 
RW if MSR_PLATFORM_INFO.[28] = 1 


7:0 Package Maximum Ratio Limit for 1C 

Maximum turbo ratio limit of 1 core active. 
15:8 Package Maximum Ratio Limit for 2C 

Maximum turbo ratio limit of 2 cores active. 
23:16 Package Maximum Ratio Limit for 3C 

Maximum turbo ratio limit of 3 cores active. 
31:24 Package Maximum Ratio Limit for 4C 

Maximum turbo ratio limit of 4 cores active. 
39:32 Package Maximum Ratio Limit for 5C 


Maximum turbo ratio limit of 5 cores active. 
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Table 2-23. Selected MSRs Supported by Intel® Xeon® Processors E5 Family 
Based on Sandy Bridge Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
47:40 Package Maximum Ratio Limit for 6C 
Maximum turbo ratio limit of 6 cores active. 
55:48 Package Maximum Ratio Limit for 7C 
Maximum turbo ratio limit of 7 cores active. 
63:56 Package Maximum Ratio Limit for 8C 
Maximum turbo ratio limit of 8 cores active. 
285H 645 | IA32_MC5_CTL2 Package See Table 2-2. 
286H 646 | IA32_MC6_CTL2 Package See Table 2-2. 
287H 647 | IA32_MC7_CTL2 Package See Table 2-2. 
288H 648 | IA32_MC8_CTL2 Package See Table 2-2. 
289H 649 | IA32_MC9_CTL2 Package See Table 2-2. 
28AH 650 | IA32_MC10_CTL2 Package See Table 2-2. 
28BH 651 ‘| IA32_MC11_CTL2 Package See Table 2-2. 
28CH 652 | IA32_MC12_CTL2 Package See Table 2-2. 
28DH 653 | IA32_MC13_CTL2 Package See Table 2-2. 
28€H 654 | IA32_MC14_CTL2 Package See Table 2-2. 
28FH 655 | IA32_MC15_CTL2 Package See Table 2-2. 
290H 656 | IA32_MC16_CTL2 Package See Table 2-2. 
291H 657 | IA32_MC17_CTL2 Package See Table 2-2. 
292H 658 | IA32_MC18_CTL2 Package See Table 2-2. 
293H 659 | IA32_MC19_CTL2 Package See Table 2-2. 
39CH 924 | MSR_PEBS_NUM_ALT Package ENABLE_PEBS_NUM_ALT (RW) 
0 ENABLE_PEBS_NUM_ALT (RW) 
Write 1 to enable alternate PEBS counting logic for 
specific events requiring additional configuration, see 
https://perfmon-events.intel.com/. 
63:1 Reserved, must be zero. 
414H | 1044 | IA32_MC5_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
415H | 1045 | IA32_MC5_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 
416H | 1046 | IA32_MC5_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 
417H | 1047 | IA32_MC5_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 
418H | 1048 | IA32_MC6_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
419H | 1049 | IA32_MC6_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 
41AH | 1050 | IA32_MC6_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 
41BH | 1051 | IA32_MC6_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 
41CH | 1052 | 1A32_MC7_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
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Table 2-23. Selected MSRs Supported by Intel® Xeon® Processors E5 Family 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

41DH | 1053 | 1A32_MC7_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS" and 
Chapter 16. 

41€H | 1054 | IA32_MC7_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 

41FH | 1055 | IA32_MC7_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

420H | 1056 | IA32_MC8_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

421H | 1057 | 1A32_MC8_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS" and 
Chapter 16. 

422H | 1058 | IA32_MC8_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 

423H | 1059 | IA32_MC8_MISC Package See Section 15.3.2.4, "IA32_MCi_MISC MSRs.” 

424H | 1060 | IA32_MC9_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

425H | 1061 | 1A32_MC9_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

426H | 1062 | IA32_MC9_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 

427H | 1063 | 1IA32_MC9_MISC Package See Section 15.3.2.4, “"IA32_MCi_MISC MSRs.” 

428H | 1064 | IA32_MC10_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

429H | 1065 | 1IA32_MC10_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

42AH | 1066 | IA32_MC10_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

42BH | 1067 | IA32_MC10_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

42CH | 1068 | IA32_MC11_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

42DH | 1069 | IA32_MC11_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS" and 
Chapter 16. 

42EH | 1070 | IA32_MC11_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

42FH | 1071 | IA32_MC11_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

430H | 1072 | IA32_MC12_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

431H | 1073 | 1A32_MC12_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

432H | 1074 | 1IA32_MC12_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 

433H | 1075 | 1A32_MC12_MISC Package See Section 15.3.2.4, “"IA32_MCi_MISC MSRs.” 

434H | 1076 | 1IA32_MC13_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

435H | 1077 | 1IA32_MC13_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

436H | 1078 | 1A32_MC13_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 

437H | 1079 | 1A32_MC13_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

438H | 1080 | IA32_MC14_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

439H | 1081 | 1IA32_MC14_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS"” and 
Chapter 16. 

43AH | 1082 | IA32_MC14_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

43BH | 1083 | IA32_MC14_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 
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Table 2-23. Selected MSRs Supported by Intel® Xeon® Processors E5 Family 
Based on Sandy Bridge Microarchitecture (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

43CH | 1084 | IA32_MC15_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

43DH | 1085 | IA32_MC15_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

43E€H | 1086 | IA32_MC15_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 

43FH | 1087 | 1A32_MC15_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

440H | 1088 | IA32_MC16_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

441H | 1089 | IA32_MC16_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

442H | 1090 | IA32_MC16_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 

443H | 1091 | IA32_MC16_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

444H | 1092 | IA32_MC17_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

445H | 1093 | IA32_MC17_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

446H | 1094 | IA32_MC17_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 

447H | 1095 | IA32_MC17_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

448H | 1096 | IA32_MC18_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

449H | 1097 | IA32_MC18_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

44AH | 1098 | IA32_MC18_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 

44BH | 1099 | IA32_MC18_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

44CH | 1100 | IA32_MC19_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 

44DH | 1101 | IA32_MC19_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS” and 
Chapter 16. 

44EH | 1102 | IA32_MC19_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 

44FH | 1103 | 1A32_MC19_MISC Package See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 

613H | 1555 | MSR_PKG_PERF_STATUS Package Package RAPL Perf Status (R/O) 

618H | 1560 | MSR_DRAM_POWER_LIMIT Package DRAM RAPL Power Limit Control (R/W) 
See Section 14.10.5, “DRAM RAPL Domain." 

619H | 1561 | MSR_DRAM_ENERGY_STATUS Package DRAM Energy Status (R/O) 
See Section 14.10.5, “DRAM RAPL Domain." 

61BH | 1563 | MSR_DRAM_PERF_STATUS Package DRAM Performance Throttling Status (R/O) 
See Section 14.10.5, “DRAM RAPL Domain." 

61CH | 1564 | MSR_DRAM_POWER_INFO Package DRAM RAPL Parameters (R/W) 
See Section 14.10.5, “DRAM RAPL Domain." 

639H | 1593 | MSR_PPO_ENERGY_STATUS Package PPO Energy Status (R/O) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 


See Table 2-20, Table 2-23, and Table 2-24 for MSR definitions applicable to processors with CPUID signature O6_2DH. 
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2.11.2 


Intel Xeon Processor E5 family is based on the Sandy Bridge microarchitecture. The MSR-based uncore PMU inter- 


Additional Uncore PMU MSRs in the Intel® Xeon® Processor E5 Family 


faces are listed in Table 2-24. For complete detail of the uncore PMU, refer to Intel Xeon Processor E5 Product 
Family Uncore Performance Monitoring Guide. These processors have a CPUID signature with 
DisplayFamily_DisplayModel of 06_2DH 


Table 2-24. Uncore PMU MSRs in Intel® Xeon® Processor E5 Family 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

CO8H 3080 | MSR_U_PMON_UCLK_FIXED_CTL Package Uncore U-box UCLK Fixed Counter Control 

COSH 3081 | MSR_U_PMON_UCLK_FIXED_CTR Package Uncore U-box UCLK Fixed Counter 

C10H 3088 | MSR_U_PMON_EVNTSELO Package Uncore U-box Perfmon Event Select for U-box 
Counter O 

C11H 3089 | MSR_U_PMON_EVNTSEL1 Package Uncore U-box Perfmon Event Select for U-box 
Counter 1 

C16H 3094 | MSR_U_PMON_CTRO Package Uncore U-box Perfmon Counter 0 

C17H 3095 | MSR_U_PMON_CTR1 Package Uncore U-box Perfmon Counter 1 

C24H 3108 | MSR_PCU_PMON_BOX_CTL Package Uncore PCU Perfmon for PCU-box-wide Control 

C30H 3120 | MSR_PCU_PMON_EVNTSELO Package Uncore PCU Perfmon Event Select for PCU Counter O 

C31H 3121 | MSR_PCU_PMON_EVNTSEL1 Package Uncore PCU Perfmon Event Select for PCU Counter 1 

C32H 3122 | MSR_PCU_PMON_EVNTSEL2 Package Uncore PCU Perfmon Event Select for PCU Counter 2 

C33H 3123 | MSR_PCU_PMON_EVNTSEL3 Package Uncore PCU Perfmon Event Select for PCU Counter 3 

C34H 3124 | MSR_PCU_PMON_BOX_FILTER Package Uncore PCU Perfmon box-wide Filter 

C36H 3126 | MSR_PCU_PMON_CTRO Package Uncore PCU Perfmon Counter 0 

C37H 3127 | MSR_PCU_PMON_CTR1 Package Uncore PCU Perfmon Counter 1 

C38H 3128 | MSR_PCU_PMON_CTR2 Package Uncore PCU Perfmon Counter 2 

C39H 3129 | MSR_PCU_PMON_CTR3 Package Uncore PCU Perfmon Counter 3 

DO4H | 3332 | MSR_CO_PMON_BOX_CTL Package Uncore C-box 0 Perfmon Local Box Wide Control 

D10H | 3344 | MSR_CO_PMON_EVNTSELO Package Uncore C-box O Perfmon Event Select for C-box 0 
Counter O 

D11H | 3345 | MSR_CO_PMON_EVNTSEL1 Package Uncore C-box 0 Perfmon Event Select for C-box 0 
Counter 1 

D12H | 3346 | MSR_CO_PMON_EVNTSEL2 Package Uncore C-box O Perfmon Event Select for C-box 0 
Counter 2 

D13H | 3347 | MSR_CO_PMON_EVNTSEL3 Package Uncore C-box 0 Perfmon Event Select for C-box 0 
Counter 3 

D14H | 3348 |) MSR_CO_PMON_BOX_FILTER Package Uncore C-box O Perfmon Box Wide Filter 

D16H | 3350 | MSR_CO_PMON_CTRO Package Uncore C-box 0 Perfmon Counter O 

D17H | 3351 | MSR_CO_PMON_CTR1 Package Uncore C-box O Perfmon Counter 1 

D18H | 3352 | MSR_CO_PMON_CTR2 Package Uncore C-box 0 Perfmon Counter 2 

D19H | 3353 |MSR_CO_PMON_CTR3 Package Uncore C-box 0 Perfmon Counter 3 

D24H | 3364 | MSR_C1_PMON_BOX_CTL Package Uncore C-box 1 Perfmon Local Box Wide Control 
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Table 2-24. Uncore PMU MSRs in Intel® Xeon® Processor E5 Family (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

D30H 3376 | MSR_C1_PMON_EVNTSELO Package Uncore C-box 1 Perfmon Event Select for C-box 1 
Counter 0 

D31H 3377 | MSR_C1_PMON_EVNTSEL1 Package Uncore C-box 1 Perfmon Event Select for C-box 1 
Counter 1 

D32H 3378 | MSR_C1_PMON_EVNTSEL2 Package Uncore C-box 1 Perfmon Event Select for C-box 1 
Counter 2 

D33H 3379 | MSR_C1_PMON_EVNTSEL3 Package Uncore C-box 1 Perfmon Event Select for C-box 1 
Counter 3 

D34H 3380 | MSR_C1_PMON_BOX_FILTER Package Uncore C-box 1 Perfmon Box Wide Filter 

D36H 3382 | MSR_C1_PMON_CTRO Package Uncore C-box 1 Perfmon Counter O 

D37H 3383 | MSR_C1_PMON_CTR1 Package Uncore C-box 1 Perfmon Counter 1 

D38H 3384 | MSR_C1_PMON_CTR2 Package Uncore C-box 1 Perfmon Counter 2 

D39H 3385 | MSR_C1_PMON_CTR3 Package Uncore C-box 1 Perfmon Counter 3 

D44H 3396 | MSR_C2_PMON_BOX_CTL Package Uncore C-box 2 Perfmon Local Box Wide Control 

D50H 3408 | MSR_C2_PMON_EVNTSELO Package Uncore C-box 2 Perfmon Event Select for C-box 2 
Counter 0 

D51H 3409 | MSR_C2_PMON_EVNTSEL1 Package Uncore C-box 2 Perfmon Event Select for C-box 2 
Counter 1 

D52H 3410 | MSR_C2_PMON_EVNTSEL2 Package Uncore C-box 2 Perfmon Event Select for C-box 2 
Counter 2 

D53H 3411 | MSR_C2_PMON_EVNTSEL3 Package Uncore C-box 2 Perfmon Event Select for C-box 2 
Counter 3 

D54H 3412 | MSR_C2_PMON_BOX_FILTER Package Uncore C-box 2 Perfmon Box Wide Filter 

D56H 3414 | MSR_C2_PMON_CTRO Package Uncore C-box 2 Perfmon Counter O 

D57H 3415 | MSR_C2_PMON_CTR1 Package Uncore C-box 2 Perfmon Counter 1 

D58H 3416 | MSR_C2_PMON_CTR2 Package Uncore C-box 2 Perfmon Counter 2 

D59H 3417 | MSR_C2_PMON_CTR3 Package Uncore C-box 2 Perfmon Counter 3 

D64H 3428 | MSR_C3_PMON_BOX_CTL Package Uncore C-box 3 Perfmon Local Box Wide Control 

D70H 3440 | MSR_C3_PMON_EVNTSELO Package Uncore C-box 3 Perfmon Event Select for C-box 3 
Counter 0 

D71H 3441 | MSR_C3_PMON_EVNTSEL1 Package Uncore C-box 3 Perfmon Event Select for C-box 3 
Counter 1 

D72H 3442 | MSR_C3_PMON_EVNTSEL2 Package Uncore C-box 3 Perfmon Event Select for C-box 3 
Counter 2 

D73H 3443 | MSR_C3_PMON_EVNTSEL3 Package Uncore C-box 3 Perfmon Event Select for C-box 3 
Counter 3 

D74H 3444 | MSR_C3_PMON_BOX_FILTER Package Uncore C-box 3 Perfmon Box Wide Filter 

D76H 3446 | MSR_C3_PMON_CTRO Package Uncore C-box 3 Perfmon Counter 0 

D77H 3447 | MSR_C3_PMON_CTR1 Package Uncore C-box 3 Perfmon Counter 1 

D78H 3448 | MSR_C3_PMON_CTR2 Package Uncore C-box 3 Perfmon Counter 2 

D79H 3449 | MSR_C3_PMON_CTR3 Package Uncore C-box 3 Perfmon Counter 3 
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Table 2-24. Uncore PMU MSRs in Intel® Xeon® Processor E5 Family (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

D84H | 3460 | MSR_C4_PMON_BOX_CTL Package Uncore C-box 4 Perfmon Local Box Wide Control 

DSOH | 3472 | MSR_C4_PMON_EVNTSELO Package Uncore C-box 4 Perfmon Event Select for C-box 4 
Counter 0 

D91H | 3473 | MSR_C4_PMON_EVNTSEL1 Package Uncore C-box 4 Perfmon Event Select for C-box 4 
Counter 1 

D92H | 3474 | MSR_C4_PMON_EVNTSEL2 Package Uncore C-box 4 Perfmon Event Select for C-box 4 
Counter 2 

D93H | 3475 | MSR_C4_PMON_EVNTSEL3 Package Uncore C-box 4 Perfmon Event Select for C-box 4 
Counter 3 

D94H | 3476 | MSR_C4_PMON_BOX_FILTER Package Uncore C-box 4 Perfmon Box Wide Filter 

DS6H | 3478 | MSR_C4_PMON_CTRO Package Uncore C-box 4 Perfmon Counter O 

D97H | 3479 | MSR_C4_PMON_CTR1 Package Uncore C-box 4 Perfmon Counter 1 

D98H | 3480 | MSR_C4_PMON_CTR2 Package Uncore C-box 4 Perfmon Counter 2 

DSSH | 3481 | MSR_C4_PMON_CTR3 Package Uncore C-box 4 Perfmon Counter 3 

DA4H | 3492 | MSR_C5_PMON_BOX_CTL Package Uncore C-box 5 Perfmon Local Box Wide Control 

DBOH | 3504 | MSR_C5_PMON_EVNTSELO Package Uncore C-box 5 Perfmon Event Select for C-box 5 
Counter 0 

DB1H | 3505 | MSR_C5_PMON_EVNTSEL1 Package Uncore C-box 5 Perfmon Event Select for C-box 5 
Counter 1 

DB2H | 3506 | MSR_C5_PMON_EVNTSEL2 Package Uncore C-box 5 Perfmon Event Select for C-box 5 
Counter 2 

DB3H | 3507 | MSR_C5_PMON_EVNTSEL3 Package Uncore C-box 5 Perfmon Event Select for C-box 5 
Counter 3 

DB4H | 3508 ) MSR_C5_PMON_BOX_FILTER Package Uncore C-box 5 Perfmon Box Wide Filter 

DB6H | 3510 | MSR_C5_PMON_CTRO Package Uncore C-box 5 Perfmon Counter 0 

DB7H | 3511 | MSR_C5_PMON_CTR1 Package Uncore C-box 5 Perfmon Counter 1 

DB8H | 3512 | MSR_C5_PMON_CTR2 Package Uncore C-box 5 Perfmon Counter 2 

DBSH | 3513 | MSR_C5_PMON_CTR3 Package Uncore C-box 5 Perfmon Counter 3 

DC4H 3524 | MSR_C6_PMON_BOX_CTL Package Uncore C-box 6 Perfmon Local Box Wide Control 

DDOH | 3536 | MSR_C6_PMON_EVNTSELO Package Uncore C-box 6 Perfmon Event Select for C-box 6 
Counter 0 

DD1H | 3537 | MSR_C6_PMON_EVNTSEL1 Package Uncore C-box 6 Perfmon Event Select for C-box 6 
Counter 1 

DD2H | 3538 | MSR_C6_PMON_EVNTSEL2 Package Uncore C-box 6 Perfmon Event Select for C-box 6 
Counter 2 

DD3H | 3539 | MSR_C6_PMON_EVNTSEL3 Package Uncore C-box 6 Perfmon Event Select for C-box 6 
Counter 3 

DD4H | 3540 | MSR_C6_PMON_BOX_FILTER Package Uncore C-box 6 Perfmon Box Wide Filter 

DD6H | 3542 | MSR_C6_PMON_CTRO Package Uncore C-box 6 Perfmon Counter 0 

DD7H | 3543 | MSR_C6_PMON_CTR1 Package Uncore C-box 6 Perfmon Counter 1 

DD8H | 3544 | MSR_C6_PMON_CTR2 Package Uncore C-box 6 Perfmon Counter 2 
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Table 2-24. Uncore PMU MSRs in Intel® Xeon® Processor E5 Family (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
DDSH | 3545 | MSR_C6_PMON_CTR3 Package Uncore C-box 6 Perfmon Counter 3 
DE4H 3556 | MSR_C7_PMON_BOX_CTL Package Uncore C-box 7 Perfmon Local Box Wide Control 
DFOH 3568 | MSR_C7_PMON_EVNTSELO Package Uncore C-box 7 Perfmon Event Select for C-box 7 
Counter 0 
DF1H 3569 | MSR_C7_PMON_EVNTSEL1 Package Uncore C-box 7 Perfmon Event Select for C-box 7 
Counter 1 
DF2H 3570 | MSR_C7_PMON_EVNTSEL2 Package Uncore C-box 7 Perfmon Event Select for C-box 7 
Counter 2 
DF3H 3571 | MSR_C7_PMON_EVNTSEL3 Package Uncore C-box 7 Perfmon Event Select for C-box 7 
Counter 3 
DF4H 3572 | MSR_C7_PMON_BOX_FILTER Package Uncore C-box 7 Perfmon Box Wide Filter 
DF6H 3574 | MSR_C7_PMON_CTRO Package Uncore C-box 7 Perfmon Counter 0 
DF7H 3575 | MSR_C7_PMON_CTR1 Package Uncore C-box 7 Perfmon Counter 1 
DF8H 3576 | MSR_C7_PMON_CTR2 Package Uncore C-box 7 Perfmon Counter 2 
DF9SH 3577 | MSR_C7_PMON_CTR3 Package Uncore C-box 7 Perfmon Counter 3 


2.12 MSRSIN THE 3RD GENERATION INTEL® CORE™ PROCESSOR FAMILY 
(BASED ON IVY BRIDGE MICROARCHITECTURE) 


The 3rd generation Intel® Core™ processor family and the Intel® Xeon® processor E3-1200v2 product family 
based on Ivy Bridge microarchitecture support the MSR interfaces listed in Table 2-20, Table 2-21, Table 2-22, and 
Table 2-25. These processors have a CPUID signature with DisplayFamily_DisplayModel of 06_3AH. 


Table 2-25. Additional MSRs Supported by 3rd Generation Intel® Core™ Processors 
(Based on Ivy Bridge Microarchitecture) 


Register 

Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
CEH 206 | MSR_PLATFORM_INFO Package Platform Information 


Contains power management and other model 
specific features enumeration. See http://biosbits.org. 


7:0 Reserved 


15:8 Package Maximum Non-Turbo Ratio (R/O) 


This is the ratio of the frequency that invariant TSC 
runs at. Frequency = ratio * 100 MHz. 


27:16 Reserved 


28 Package Programmable Ratio Limit for Turbo Mode (R/O) 


When set to 1, indicates that Programmable Ratio 
Limit for Turbo mode is enabled. When set to 0, 
indicates Programmable Ratio Limit for Turbo mode is 
disabled. 
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Table 2-25. Additional MSRs Supported by 3rd Generation Intel® Core™ Processors 
(Based on Ivy Bridge Microarchitecture) (Contd.) 


Register 
Address 


Register Name / Bit Fields 


Hex 


Dec 


Scope 


Bit Description 


29 


Package 


Programmable TDP Limit for Turbo Mode (R/O) 


When set to 1, indicates that TDP Limit for Turbo 
mode is programmable. When set to O, indicates that 
TDP Limit for Turbo mode is not programmable. 


31:30 


Reserved 


32 


Package 


Low Power Mode Support (LPM) (R/O) 


When set to 1, indicates that LPM is supported. When 
set to O, indicates LPM is not supported. 


34:33 


Package 


Number of ConfigTDP Levels (R/O) 
OO: Only Base TDP level available. 

01: One additional TDP level available. 
02: Two additional TDP level available. 
03: Reserved 


39:35 


Reserved 


47:40 


55:48 


Package 


Package 


Maximum Efficiency Ratio (R/O) 

This is the minimum ratio (maximum efficiency) that 
the processor can operate, in units of 1O0MHz. 
Minimum Operating Ratio (R/O) 


Contains the minimum supported operating ratio in 
units of 100 MHz. 


63:56 


Reserved 


E2H 


226 


MSR_PKG_CST_CONFIG_CONTROL 


Core 


C-State Configuration Control (R/W) 


Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


See http://biosbits.org. 


2:0 


Package C-State Limit (R/W) 


Specifies the lowest processor-specific C-state code 
name (consuming the least power) for the package. 

The default is set as factory-configured package C- 

state limit. 


The following C-state code name encodings are 
supported: 


O0Ob: CO/C1 (no package C-sate support) 
001b: C2 

010b: C6 no retention 

011b: C6 retention 

100b: C7 

101b: C7s 

111: No package C-state limit. 


Note: This field cannot be used to limit package C- 
state to C3. 
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Table 2-25. Additional MSRs Supported by 3rd Generation Intel® Core™ Processors 
(Based on Ivy Bridge Microarchitecture) (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
9:3 Reserved 
10 I/O MWAIT Redirection Enable (R/W) 
When set, will map IO_read instructions sent to IO 
register specified by MSR_PMG_IO_CAPTURE_BASE 
to MWAIT instructions. 
14:11 Reserved 
15 CFG Lock (R/WO) 
When set, locks bits 15:0 of this register until next 
reset. 
24:16 Reserved 
25 C3 State Auto Demotion Enable (R/W) 
When set, the processor will conditionally demote 
C6/C7 requests to C3 based on uncore auto-demote 
information. 
26 C1 State Auto Demotion Enable (R/W) 
When set, the processor will conditionally demote 
C3/C6/C7 requests to C1 based on uncore auto- 
demote information. 
27 Enable C3 Undemotion (R/W) 
When set, enables undemotion from demoted C3. 
28 Enable C1 Undemotion (R/W) 
When set, enables undemotion from demoted C1. 
63:29 Reserved 
639H | 1593 | MSR_PPO_ENERGY_STATUS Package PPO Energy Status (R/O) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 
648H | 1608 | MSR_CONFIG_TDP_NOMINAL Package Base TDP Ratio (R/O) 
7:0 Config_TDP_Base 
Base TDP level ratio to be used for this specific 
processor (in units of 100 MHz). 
63:8 Reserved 
649H 1609 | MSR_CONFIG_TDP_LEVEL1 Package ConfigTDP Level 1 ratio and power level (R/O) 
14:0 PKG_TDP_LVL1 
Power setting for ConfigTDP Level 1. 
15 Reserved 
23:16 Config_TDP_LVL1_Ratio 
ConfigTDP level 1 ratio to be used for this specific 
processor. 
31:24 Reserved 
46:32 PKG_MAX_PWR_LVL1 
Max Power setting allowed for ConfigTDP Level 1. 
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Table 2-25. Additional MSRs Supported by 3rd Generation Intel® Core™ Processors 


(Based on Ivy Bridge Microarchitecture) (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
47 Reserved 
62:48 PKG_MIN_PWR_LVL1 
MIN Power setting allowed for ConfigTDP Level 1. 
63 Reserved 
64AH 1610 | MSR_CONFIG_TDP_LEVEL2 Package ConfigTDP Level 2 ratio and power level (R/O) 
14:0 PKG_TDP_LVL2 
Power setting for ConfigTDP Level 2. 
15 Reserved 
23:16 Config_TDP_LVL2_Ratio 
ConfigTDP level 2 ratio to be used for this specific 
processor. 
31:24 Reserved 
46:32 PKG_MAX_PWR_LVL2 
Max Power setting allowed for ConfigTDP Level 2. 
47 Reserved 
62:48 PKG_MIN_PWR_LVL2 
MIN Power setting allowed for ConfigTDP Level 2. 
63 Reserved 
64BH | 1611 | MSR_CONFIG_TDP_CONTROL Package ConfigTDP Control (R/W) 
1:0 TDP_LEVEL (RW/L) 
System BIOS can program this field. 
30:2 Reserved. 
31 Config_TDP_Lock (RW/L) 
When this bit is set, the content of this register is 
locked until a reset. 
63:32 Reserved 
64CH | 1612 | MSR_TURBO_ACTIVATION_RATIO Package ConfigTDP Control (R/w) 
7:0 MAX_NON_TURBO_RATIO (RW/L) 
System BIOS can program this field. 
30:8 Reserved 
31 TURBO_ACTIVATION_RATIO_Lock (RW/L) 
When this bit is set, the content of this register is 
locked until a reset. 
63:32 Reserved 


See Table 2-20, Table 2-21 and Table 2-22 for other MSR definitions applicable to processors with CPUID signature O6_3AH. 
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MSRs In Intel® Xeon® Processor €5 v2 Product Family (Based on Ivy Bridge-€ 
Microarchitecture) 


Table 2-26 lists model-specific registers (MSRs) that are specific to the Intel® Xeon® Processor E5 v2 Product 
Family (based on Ivy Bridge-E microarchitecture). These processors have a CPUID signature with 

DisplayFamily_DisplayModel of 06_3EH, see Table 2-1. These processors supports the MSR interfaces listed in 
Table 2-20, and Table 2-26. 


Table 2-26. MSRs Supported by Intel® Xeon® Processors E5 v2 Product Family (based on Ivy Bridge-E 
microarchitecture) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex nee (Former MSR Name) 
4€H 78 IA32_PPIN_CTL Package Protected Processor Inventory Number Enable Control 
(MSR_PPIN_CTL) (R/W) 
0 LockOut (R/WO) 
See Table 2-2. 
1 Enable_PPIN (R/W) 
See Table 2-2. 
63:2 Reserved 
4FH 79 IA32_PPIN Package Protected Processor Inventory Number (R/O) 
(MSR_PPIN) 
63:0 Protected Processor Inventory Number (R/O) 
See Table 2-2. 
CEH 206 | MSR_PLATFORM_INFO Package Platform Information 
Contains power management and other model specific 
features enumeration. See http://biosbits.org. 
7:0 Reserved 
15:8 Package Maximum Non-Turbo Ratio (R/O) 
This is the ratio of the frequency that invariant TSC 
runs at. Frequency = ratio * 100 MHz. 
22:16 Reserved 
23 Package PPIN_CAP (R/O) 
When set to 1, indicates that Protected Processor 
Inventory Number (PPIN) capability can be enabled for 
a privileged system inventory agent to read PPIN from 
MSR_PPIN. 
When set to 0, PPIN capability is not supported. An 
attempt to access MSR_PPIN_CTL or MSR_PPIN will 
cause #CGP. 
27:24 Reserved 
28 Package Programmable Ratio Limit for Turbo Mode (R/O) 


When set to 1, indicates that Programmable Ratio Limit 
for Turbo mode is enabled. When set to 0, indicates 
Programmable Ratio Limit for Turbo mode is disabled. 
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Table 2-26. MSRs Supported by Intel® Xeon® Processors E5 v2 Product Family (based on Ivy Bridge-E 
microarchitecture) (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 
(Former MSR Name) 


Scope 


Bit Description 


29 


Package 


Programmable TDP Limit for Turbo Mode (R/O) 


When set to 1, indicates that TDP Limit for Turbo mode 
is programmable. When set to O, indicates TDP Limit for 
Turbo mode is not programmable. 


30 


Package 


Programmable TJ] OFFSET (R/O) 


When set to 1, indicates that 
MSR_TEMPERATURE_TARGET.[27:24] is valid and 
writable to specify a temperature offset. 


39:31 


Reserved 


47:40 


Package 


Maximum Efficiency Ratio (R/O) 


This is the minimum ratio (maximum efficiency) that 
the processor can operate, in units of 1OOMHz. 


63:48 


Reserved 


E2H 


226 


MSR_PKG_CST_CONFIG_CONTROL 


Core 


C-State Configuration Control (R/W) 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 


See http://biosbits.org. 


2:0 


9:3 


Package C-State Limit (R/W) 


Specifies the lowest processor-specific C-state code 
name (consuming the least power) for the package. 

The default is set as factory-configured package C- 

state limit. 


The following C-state code name encodings are 
supported: 


O0Ob: CO/C1 (no package C-sate support) 

001b: C2 

010b: C6 no retention 

011b: C6 retention 

100b: C7 

101b: C7s 

111: No package C-state limit. 

Note: This field cannot be used to limit package C-state 
to C3. 


Reserved 


10 


I/O MWAIT Redirection Enable (R/W) 


When set, will map IO_read instructions sent to IO 
register specified by MSR_PMG_IO_CAPTURE_BASE to 
MWAIT instructions. 


14:11 


Reserved 


15 


CFG Lock (R/WO) 


When set, locks bits 15:0 of this register until next 
reset. 
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Table 2-26. MSRs Supported by Intel® Xeon® Processors E5 v2 Product Family (based on Ivy Bridge-E 
microarchitecture) (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec (Former MSR Name) 
63:16 Reserved 
179H 377 | IA32_MCG_CAP Thread Global Machine Check Capability (R/O) 
7:0 Count 
8 MCG_CTL_P 
9 MCG_EXT_P 
10 MCP_CMCI_P 
11 MCG_TES_P 
15:12 Reserved 
23:16 MCG_EXT_CNT 
24 MCG_SER_P 
25 Reserved 
26 MCG_ELOG_P 
63:27 Reserved 
17FH 383 | MSR_ERROR_CONTROL Package MC Bank Error Configuration (R/W) 
0 Reserved 
1 Mem€Error Log Enable (R/W) 
When set, enables IMC status bank to log additional info 
in bits 36:32. 
63:2 Reserved 
1A2H 418 | MSR_TEMPERATURE_TARGET Package Temperature Target 
15:0 Reserved 
23:16 Temperature Target (RO) 
The minimum temperature at which PROCHOT# will be 
asserted. The value is degrees C. 
27:24 TCC Activation Offset (R/W) 
Specifies a temperature offset in degrees C from the 
temperature target (bits 23:16). PROCHOT# will assert 
at the offset target temperature. Write is permitted 
only if MSR_PLATFORM_INFO.[30] is set. 
63:28 Reserved 
1AEH 430 | MSR_TURBO_RATIO_LIMIT1 Package Maximum Ratio Limit of Turbo Mode 
RO if MSR_PLATFORM_INFO.[28] = 0. 
RW if MSR_PLATFORM_INFO.[28] = 1. 
7:0 Package Maximum Ratio Limit for 9C 
Maximum turbo ratio limit of 9 core active. 
15:8 Package Maximum Ratio Limit for 10C 
Maximum turbo ratio limit of 10 core active. 
23:16 Package Maximum Ratio Limit for 11C 
Maximum turbo ratio limit of 11 core active. 
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Table 2-26. MSRs Supported by Intel® Xeon® Processors E5 v2 Product Family (based on Ivy Bridge-E 
microarchitecture) (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex — (Former MSR Name) 
31:24 Package Maximum Ratio Limit for 12C 
Maximum turbo ratio limit of 12 core active. 
63:32 Reserved 
285H 645 | IA32_MC5_CTL2 Package See Table 2-2. 
286H 646 | IA32_MC6_CTL2 Package See Table 2-2. 
287H 647 | IA32_MC7_CTL2 Package See Table 2-2. 
288H 648 | IA32_MC8_CTL2 Package See Table 2-2. 
289H 649 | IA32_MC9_CTL2 Package See Table 2-2. 
28AH 650 | IA32_MC10_CTL2 Package See Table 2-2. 
28BH 651 | IA32_MC11_CTL2 Package See Table 2-2. 
28CH 652 | IA32_MC12_CTL2 Package See Table 2-2. 
28DH 653 | IA32_MC13_CTL2 Package See Table 2-2. 
28EH 654 | IA32_MC14_CTL2 Package See Table 2-2. 
28FH 655 | IA32_MC15_CTL2 Package See Table 2-2. 
290H 656 | IA32_MC16_CTL2 Package See Table 2-2. 
291H 657 | IA32_MC17_CTL2 Package See Table 2-2. 
292H 658 | IA32_MC18_CTL2 Package See Table 2-2. 
293H 659 | IA32_MC19_CTL2 Package See Table 2-2. 
294H 660 | IA32_MC20_CTL2 Package See Table 2-2. 
295H 661 | IA32_MC21_CTL2 Package See Table 2-2. 
296H 662 | IA32_MC22_CTL2 Package See Table 2-2. 
297H 663 | IA32_MC23_CTL2 Package See Table 2-2. 
298H 664 | IA32_MC24_CTL2 Package See Table 2-2. 
299H 665 | IA32_MC25_CTL2 Package See Table 2-2. 
29AH 666 | IA32_MC26_CTL2 Package See Table 2-2. 
29BH 667 | IA32_MC27_CTL2 Package See Table 2-2. 
29CH 668 | IA32_MC28_CTL2 Package See Table 2-2. 
414H | 1044 | IA32_MC5_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
415H | 1045 | 1A32_MC5_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
416H | 1046 | 1A32_MC5_ADDR packané Bank MC5 reports MC errors from the Intel QPI module. 
417H | 1047 | IA32_MC5_MISC Package 
418H | 1048 | IA32_MC6_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
419H | 1049 | 1A32_MC6_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
71 AH 1050 |1A32_MC6_ADDR Package sales reports MC errors from the integrated I/O 
41BH | 1051 | IA32_MC6_MISC Package | 
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Table 2-26. MSRs Supported by Intel® Xeon® Processors E5 v2 Product Family (based on Ivy Bridge-E 


microarchitecture) (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec (Former MSR Name) 

41CH | 1052 | IA32_MC7_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
41pH | 1053 | 1A32_MC7_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC7 and MC 8 report MC errors from the two 
41€H | 1054 | IA32_MC7_ADDR Package home agents. 
41FH | 1055 | IA32_MC7_MISC Package 
420H | 1056 | IA32_MC8_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
421H | 1057 | 1A32_MC8_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC7 and MC 8 report MC errors from the two 
422H | 1058 | IA32_MC8_ADDR Package home agents. 
423H | 1059 | IA32_MC8_MISC Package 
424H | 1060 | IA32_MC9_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
425H | 1061 | 1A32_MC9_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
426H 1062 | IA32_MC9_ADDR Package channel of the integrated memory controllers. 
427H | 1063 | IA32_MC9_MISC Package 
428H | 1064 | IA32_MC10_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
429H | 1065 | 1A32_MC10.STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
42AH 1066 | IA32_MC10_ADDR Package channel of the integrated memory controllers. 
42BH | 1067 | IA32_MC10_MISC Package 
42CH | 1068 | IA32_MC11_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
42DH 1069 | IA32_MC11_STATUS Package Bank MC11 reports MC errors from a specific channel 
42€H 1070 | 1A32_MC11_ADDR Package of the integrated memory controller. 
42FH | 1071 | IA32_MC11_MISC Package 
430H | 1072 | IA32_MC12_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
431H | 1073 | 1A32.MC12.STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
432H 1074 | |A32_MC12_ADDR Package channel of the integrated memory controllers. 
433H | 1075 | 1IA32_MC12_MISC Package 
434H | 1076 | 1IA32_MC13_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
435H | 1077 | 1A32.MC13_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
436H 1078 | IA32_MC13_ADDR Package channel of the integrated memory controllers. 
437H | 1079 | IA32_MC13_MISC Package 
438H | 1080 | IA32_MC14_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
439H | 1081 | 1A32.MC14. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
43AH 1082 | |A32_MC14_ADDR Package channel of the integrated memory controllers. 
43BH | 1083 | IA32_MC14_MISC Package 
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Table 2-26. MSRs Supported by Intel® Xeon® Processors E5 v2 Product Family (based on Ivy Bridge-E 


microarchitecture) (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec (Former MSR Name) 

43CH | 1084 | IA32_MC15_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
43DH 1085 | 1A32_MC15_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Banks MC9 through MC 16 report MC errors from each 
43H 1086 | [A32_MC15_ADDR Package channel of the integrated memory controllers. 
43FH | 1087 | IA32_MC15_MISC Package 
440H | 1088 | IA32_MC16_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
441H 1089 | 1A32_MC16_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
442H 1090 | |A32_MC16_ADDR Package channel of the integrated memory controllers. 
443H | 1091 | 1A32_MC16_MISC Package 
444H | 1092 | 1IA32_MC17_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
445H 1093 | IA32_MC17_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC17 reports MC errors from a specific CBo (core 
446H 1094 | |A32_MC17_ADDR Package broadcast) and its corresponding slice of L3. 
447H | 1095 | 1A32_MC17_MISC Package 
448H | 1096 | 1A32_MC18_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
449H 1097 | IA32_MC18_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC18 reports MC errors from a specific CBo (core 
44AH 1098 | |A32_MC18_ADDR Package broadcast) and its corresponding slice of L3. 
44BH | 1099 | IA32_MC18_MISC Package 
44CH | 1100 | IA32_MC19_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
44DH 1101 | 1A32_MC19_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Bank MC19 reports MC errors from a specific CBo (core 
44€H 1102 | 1A32_MC19_ADDR Package broadcast) and its corresponding slice of L3. 
44FH | 1103 | IA32_MC19_MISC Package 
450H | 1104 | 1A32_MC20_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
451H 1105 | IA32_MC20_STATUS Package Bank MC20 reports MC errors from a specific CBo (core 
452H 1106 | 1A32_MC20_ADDR Package broadcast) and its corresponding slice of L3. 
453H | 1107 | 1A32_MC20_MISC Package 
454H | 1108 | IA32_MC21_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
455H 1109 | 1A32_MC21_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC21 reports MC errors from a specific CBo (core 
456H 1110 | |A32_MC21_ADDR Package broadcast) and its corresponding slice of L3. 
457H | 1111 | 1A32_MC21_MISC Package 
458H | 1112 | 1A32_MC22_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
459H 1113. | 1A32_MC22_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC22 reports MC errors from a specific CBo (core 
45AH 1114 | 1A32_MC22_ADDR Package broadcast) and its corresponding slice of L3. 
45BH | 1115 | 1A32_MC22_MISC Package 
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Table 2-26. MSRs Supported by Intel® Xeon® Processors E5 v2 Product Family (based on Ivy Bridge-E 
microarchitecture) (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec (Former MSR Name) 
45CH | 1116 | IA32_MC23_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
450H | 1117 | 1A32.MC23_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
Bank MC23 reports MC errors from a specific CBo (core 
45€H 1118 | IA32_MC23_ADDR Package broadcast) and its corresponding slice of L3. 
45FH | 1119 | IA32_MC23_MISC Package 
460H | 1120 | IA32_MC24_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
461H | 1121. |1A32.MC24. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
Bank MC24 reports MC errors from a specific CBo (core 
462H 1122 | IA32_MC24_ADDR Package broadcast) and its corresponding slice of L3. 
463H | 1123 | 1IA32_MC24_MISC Package 
464H | 1124 | IA32_MC25_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
465H | 1125 |1A32.MC25. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
Bank MC25 reports MC errors from a specific CBo (core 
466H 1126 | IA32_MC25_ADDR Package broadcast) and its corresponding slice of L3. 
467H | 1127 | 1IA32_MC2MISC Package 
468H | 1128 | IA32_MC26_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
469H | 1129 |1A32_MC26_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
Bank MC26 reports MC errors from a specific CBo (core 
46AH 1130 | IA32_MC26_ADDR Package broadcast) and its corresponding slice of L3. 
46BH | 1131 | IA32_MC26_MISC Package 
46CH | 1132 | IA32_MC27_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
46DH | 1133 | 1A32_MC27_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
Bank MC27 reports MC errors from a specific CBo (core 
46EH 1134 | IA32_MC27_ADDR Package broadcast) and its corresponding slice of L3. 
46FH | 1135 | IA32_MC27_MISC Package 
470H | 1136 | IA32_MC28_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
471H | 1137 |1A32.MC28_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
Bank MC28 reports MC errors from a specific CBo (core 
472H 1138 | IA32_MC28_ADDR Package broadcast) and its corresponding slice of L3. 
473H | 1139 | 1A32_MC28_MISC Package 
613H | 1555 | MSR_PKG_PERF_STATUS Package Package RAPL Perf Status (R/O) 
618H | 1560 | MSR_DRAM_POWER_LIMIT Package DRAM RAPL Power Limit Control (R/W) 
See Section 14.10.5, “DRAM RAPL Domain." 
619H | 1561 | MSR_DRAM_ENERGY_STATUS Package DRAM Energy Status (R/O) 
See Section 14.10.5, “DRAM RAPL Domain." 
61BH | 1563 | MSR_DRAM_PERF_STATUS Package DRAM Performance Throttling Status (R/O) 
See Section 14.10.5, “DRAM RAPL Domain." 
61CH | 1564 | MSR_DRAM_POWER_INFO Package DRAM RAPL Parameters (R/W) 
See Section 14.10.5, “DRAM RAPL Domain." 
639H | 1593 | MSR_PPO_ENERGY_STATUS Package PPO Energy Status (R/O) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 


See Table 2-20, for other MSR definitions applicable to Intel Xeon processor €5 v2 with CPUID signature 06_3EH. 
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2.12.2 Additional MSRs Supported by Intel® Xeon® Processor E7 v2 Family 


Intel® Xeon® processor E7 v2 family (based on Ivy Bridge-E microarchitecture) with CPUID 
DisplayFamily_DisplayModel signature 06_3EH supports the MSR interfaces listed in Table 2-20, Table 2-26, and 
Table 2-27. 


Table 2-27. Additional MSRs Supported by Intel® Xeon® Processor E7 v2 Family 
with DisplayFamily_DisplayModel Signature 06_3E€H 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
3AH 58 IA32_FEATURE_CONTROL Thread Control Features in Intel 64 Processor (R/W) 
See Table 2-2. 
0 Lock (R/WL) 
1 Enable VMX Inside SMX Operation (R/WL) 
2 Enable VMX Outside SMX Operation (R/WL) 
14:8 SENTER Local Functions Enables (R/WL) 
15 SENTER Global Functions Enable (R/WL) 
63:16 Reserved 
179H 377 | IA32_MCG_CAP Thread Global Machine Check Capability (R/O) 
7:0 Count 
8 MCG_CTL_P 
9 MCG_EXT_P 
10 MCP_CMCI_P 
11 MCG_TES_P 
15:12 Reserved 
23:16 MCG_EXT_CNT 
24 MCG_SER_P 
63:25 Reserved 
17AH 378 | IA32_MCG_STATUS Thread Global Machine Check Status (R/WO) 
0 RIPV 
1 EIPV 
2 MCIP 
3 LMCE Signaled 
63:4 Reserved 
1AEH 430 |MSR_TURBO_RATIO_LIMIT1 Package Maximum Ratio Limit of Turbo Mode 
RO if MSR_PLATFORM_INFO.[28] = 0. 
RW if MSR_PLATFORM_INFO.[28] = 1. 
7:0 Package Maximum Ratio Limit for 9C 
Maximum turbo ratio limit of 9 core active. 
15:8 Package Maximum Ratio Limit for 10C 
Maximum turbo ratio limit of 10core active. 
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Table 2-27. Additional MSRs Supported by Intel® Xeon® Processor E7 v2 Family 
with DisplayFamily_DisplayModel Signature 06_3E€H 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
23:16 Package Maximum Ratio Limit for 11C 
Maximum turbo ratio limit of 11 core active. 
31:24 Package Maximum Ratio Limit for 12C 
Maximum turbo ratio limit of 12 core active. 
39:32 Package Maximum Ratio Limit for 13C 
Maximum turbo ratio limit of 13 core active. 
47:40 Package Maximum Ratio Limit for 14C 
Maximum turbo ratio limit of 14 core active. 
55:48 Package Maximum Ratio Limit for 15C 
Maximum turbo ratio limit of 15 core active. 
62:56 Reserved 
63 Package Semaphore for Turbo Ratio Limit Configuration 
If 1, the processor uses override configuration! specified 
in MSR_TURBO_RATIO_LIMIT and 
MSR_TURBO_RATIO_LIMIT1. 
If O, the processor uses factory-set configuration 
(Default). 
29DH 669 | IA32_MC29_CTL2 Package See Table 2-2. 
29€H 670 | IA32_MC30_CTL2 Package See Table 2-2. 
29FH 671 | IA32_MC31_CTL2 Package See Table 2-2. 
3F1H 1009 | IA32_PEBS_ENABLE Thread See Section 19.3.1.1.1, “Processor Event Based Sampling 
(MSR_PEBS_ENABLE) (PEBS)." 
n0 Enable PEBS on IA32_PMCx. (R/W) 
31:n+1 Reserved 
32+m:32 Enable Load Latency on IA32_PMCx. (R/W) 
63:33+m Reserved 
41BH | 1051 | IA32_MC6_MISC Package Misc MAC Information of Integrated I/0 (R/O) 
See Section 15.3.2.4. 
5:0 Recoverable Address LSB 
8:6 Address Mode 
15:9 Reserved 
31:16 PCI Express Requestor ID 
39:32 PCI Express Segment Number 
63:32 Reserved 
474H | 1140 | IA32_MC29_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs" through 
475H | 1141 | 1A32_MC29_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 
Bank MC29 reports MC errors from a specific CBo (core 
476H 1142 | |A32_MC29_ADDR Package broadcast) and its corresponding slice of L3. 
477H | 1143 | IA32_MC29_MISC Package 
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Table 2-27. Additional MSRs Supported by Intel® Xeon® Processor E7 v2 Family 
with DisplayFamily_DisplayModel Signature 06_3E€H 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
478H | 1144 | 1A32_MC30_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
479H | 1145 | 1A32_MC30. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
Bank MC30 reports MC errors from a specific CBo (core 
47AH 1146 | IA32_MC30_ADDR Package broadcast) and its corresponding slice of L3. 
47BH | 1147 | 1A32_MC30_MISC Package 
47CH | 1148 | IA32_MC31_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
47DH | 1149 | 1A32_MC31_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
Bank MC31 reports MC errors from a specific CBo (core 
47¢H 1150 | 1A32_MC31_ADDR Package broadcast) and its corresponding slice of L3. 
47FH | 1147 | IA32_MC31_MISC Package 
See Table 2-20, Table 2-26 for other MSR definitions applicable to Intel Xeon processor E7 v2 with CPUID signature O6_3AH. 
NOTES: 


1. An override configuration lower than the factory-set configuration is always supported. An override configuration higher than the 
factory-set configuration is dependent on features specific to the processor and the platform. 


2.12.3. Additional Uncore PMU MSRs in the Intel® Xeon® Processor E5 v2 and E7 v2 Families 


Intel Xeon Processor E5 v2 and E7 v2 families are based on the Ivy Bridge-E microarchitecture. The MSR-based 
uncore PMU interfaces are listed in Table 2-24 and Table 2-28. For complete detail of the uncore PMU, refer to Intel 
Xeon Processor E5 v2 Product Family Uncore Performance Monitoring Guide. These processors have a CPUID signa- 
ture with DisplayFamily_DisplayModel of 06_3EH. 


Table 2-28. Uncore PMU MSRs in Intel® Xeon® Processor E5 v2 and €7 v2 Families 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
COOH 3072 | MSR_PMON_GLOBAL_CTL Package Uncore Perfmon Per-Socket Global Control 
CO1H 3073 | MSR_PMON_GLOBAL_STATUS Package Uncore Perfmon Per-Socket Global Status 
CO6H 3078 | MSR_PMON_GLOBAL_CONFIG Package Uncore Perfmon Per-Socket Global Configuration 
C15H 3093 | MSR_U_PMON_BOX_STATUS Package Uncore U-box Perfmon U-Box Wide Status 
C35H 3125 | MSR_PCU_PMON_BOX_STATUS Package Uncore PCU Perfmon Box Wide Status 
D1AH | 3354 | MSR_CO_PMON_BOX_FILTER1 Package Uncore C-Box 0 Perfmon Box Wide Filter1 
D3AH | 3386 | MSR_C1_PMON_BOX_FILTER1 Package Uncore C-Box 1 Perfmon Box Wide Filter1 
D5AH | 3418 | MSR_C2_PMON_BOX_FILTER1 Package Uncore C-Box 2 Perfmon Box Wide Filter1 
D7AH | 3450 | MSR_C3_PMON_BOX_FILTER1 Package Uncore C-Box 3 Perfmon Box Wide Filter1 
DSAH | 3482 | MSR_C4_PMON_BOX_FILTER1 Package Uncore C-Box 4 Perfmon Box Wide Filter1 
DBAH | 3514 | MSR_C5_PMON_BOX_FILTER1 Package Uncore C-Box 5 Perfmon Box Wide Filter1 
DDAH | 3546 | MSR_C6_PMON_BOX_FILTER1 Package Uncore C-Box 6 Perfmon Box Wide Filter1 
DFAH 3578 | MSR_C7_PMON_BOX_FILTER1 Package Uncore C-Box 7 Perfmon Box Wide Filter1 
E04H 3588 | MSR_C8_PMON_BOX_CTL Package Uncore C-Box 8 Perfmon Local Box Wide Control 
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Table 2-28. Uncore PMU MSRs in Intel® Xeon® Processor €5 v2 and E7 v2 Families (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

€10H 3600 | MSR_C8_PMON_EVNTSELO Package Uncore C-Box 8 Perfmon Event Select for C-Box 8 
Counter 0 

€11H 3601 | MSR_C8_PMON_EVNTSEL1 Package Uncore C-Box 8 Perfmon Event Select for C-Box 8 
Counter 1 

€12H 3602 | MSR_C8_PMON_EVNTSEL2 Package Uncore C-Box 8 Perfmon Event Select for C-Box 8 
Counter 2 

€13H | 3603 | MSR_C8_PMON_EVNTSEL3 Package Uncore C-Box 8 Perfmon Event Select for C-Box 8 
Counter 3 

E14H 3604 | MSR_C8_PMON_BOX_FILTER Package Uncore C-Box 8 Perfmon Box Wide Filter 

€16H 3606 | MSR_C8_PMON_CTRO Package Uncore C-Box 8 Perfmon Counter O 

€17H 3607 | MSR_C8_PMON_CTR1 Package Uncore C-Box 8 Perfmon Counter 1 

€18H 3608 | MSR_C8_PMON_CTR2 Package Uncore C-Box 8 Perfmon Counter 2 

€19H 3609 | MSR_C8_PMON_CTR3 Package Uncore C-Box 8 Perfmon Counter 3 

E1AH 3610 | MSR_C8_PMON_BOX_FILTER1 Package Uncore C-Box 8 Perfmon Box Wide Filter1 

E24H 3620 | MSR_C9_PMON_BOX_CTL Package Uncore C-Box 9 Perfmon Local Box Wide Control 

€30H 3632 | MSR_C9_PMON_EVNTSELO Package Uncore C-Box 9 Perfmon Event Select for C-box 9 
Counter 0 

€31H 3633 | MSR_C9_PMON_EVNTSEL1 Package Uncore C-Box 9 Perfmon Event Select for C-box 9 
Counter 1 

€32H 3634 | MSR_C9_PMON_EVNTSEL2 Package Uncore C-Box 9 Perfmon Event Select for C-box 9 
Counter 2 

€33H 3635 | MSR_C9_PMON_EVNTSEL3 Package Uncore C-Box 9 Perfmon Event Select for C-box 9 
Counter 3 

€34H 3636 | MSR_C9_PMON_BOX_FILTER Package Uncore C-Box 9 Perfmon Box Wide Filter 

€36H 3638 | MSR_C9_PMON_CTRO Package Uncore C-Box 9 Perfmon Counter O 

€37H 3639 | MSR_C9_PMON_CTR1 Package Uncore C-Box 9 Perfmon Counter 1 

€38H 3640 | MSR_C9_PMON_CTR2 Package Uncore C-Box 9 Perfmon Counter 2 

€39H 3641 | MSR_C9_PMON_CTR3 Package Uncore C-Box 9 Perfmon Counter 3 

E3AH 3642 | MSR_C9_PMON_BOX_FILTER1 Package Uncore C-Box 9 Perfmon Box Wide Filter1 

E€44H 3652 | MSR_C10_PMON_BOX_CTL Package Uncore C-Box 10 Perfmon Local Box Wide Control 

€50H 3664 | MSR_C10_PMON_EVNTSELO Package Uncore C-Box 10 Perfmon Event Select for C-Box 
10 Counter 0 

€51H 3665 | MSR_C10_PMON_EVNTSEL1 Package Uncore C-Box 10 Perfmon Event Select for C-Box 
10 Counter 1 

€52H 3666 | MSR_C10_PMON_EVNTSEL2 Package Uncore C-Box 10 Perfmon Event Select for C-Box 
10 Counter 2 

€53H 3667 | MSR_C10_PMON_EVNTSEL3 Package Uncore C-Box 10 Perfmon Event Select for C-Box 
10 Counter 3 

E€54H 3668 | MSR_C10_PMON_BOX_FILTER Package Uncore C-Box 10 Perfmon Box Wide Filter 

€56H 3670 | MSR_C10_PMON_CTRO Package Uncore C-Box 10 Perfmon Counter O 

€57H 3671 | MSR_C10_PMON_CTR1 Package Uncore C-Box 10 Perfmon Counter 1 
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Table 2-28. Uncore PMU MSRs in Intel® Xeon® Processor E5 v2 and E7 v2 Families (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

€58H 3672 | MSR_C10_PMON_CTR2 Package Uncore C-Box 10 Perfmon Counter 2 

€59H 3673 | MSR_C10_PMON_CTR3 Package Uncore C-Box 10 Perfmon Counter 3 

E5AH 3674 | MSR_C10_PMON_BOX_FILTER1 Package Uncore C-Box 10 Perfmon Box Wide Filter1 

E64H 3684 | MSR_C11_PMON_BOX_CTL Package Uncore C-Box 11 Perfmon Local Box Wide Control 

€70H 3696 | MSR_C11_PMON_EVNTSELO Package Uncore C-Box 11 Perfmon Event Select for C-Box 
11 Counter 0 

€71H 3697 | MSR_C11_PMON_EVNTSEL1 Package Uncore C-Box 11 Perfmon Event Select for C-Box 
11 Counter 1 

E72H 3698 | MSR_C11_PMON_EVNTSEL2 Package Uncore C-Box 11 Perfmon Event Select for C-Box 
11 Counter 2 

E€73H 3699 | MSR_C11_PMON_EVNTSEL3 Package Uncore C-Box 11 Perfmon Event Select for C-Box 
11 Counter 3 

E74H 3700 | MSR_C11_PMON_BOX_FILTER Package Uncore C-Box 11 Perfmon Box Wide Filter 

€76H 3702 | MSR_C11_PMON_CTRO Package Uncore C-Box 11 Perfmon Counter O 

€77H 3703 | MSR_C11_PMON_CTR1 Package Uncore C-Box 11 Perfmon Counter 1 

€78H 3704 | MSR_C11_PMON_CTR2 Package Uncore C-Box 11 Perfmon Counter 2 

€79H 3705 | MSR_C11_PMON_CTR3 Package Uncore C-Box 11 Perfmon Counter 3 

E€7AH 3706 | MSR_C11_PMON_BOX_FILTER1 Package Uncore C-Box 11 Perfmon Box Wide Filter1 

E84H 3716 | MSR_C12_PMON_BOX_CTL Package Uncore C-Box 12 Perfmon Local Box Wide Control 

€9S0H 3728 | MSR_C12_PMON_EVNTSELO Package Uncore C-Box 12 Perfmon Event Select for C-Box 
12 Counter 0 

€91H 3729 | MSR_C12_PMON_EVNTSEL1 Package Uncore C-Box 12 Perfmon Event Select for C-Box 
12 Counter 1 

E92H 3730 | MSR_C12_PMON_EVNTSEL2 Package Uncore C-Box 12 Perfmon Event Select for C-Box 
12 Counter 2 

€93H 3731 | MSR_C12_PMON_EVNTSEL3 Package Uncore C-Box 12 Perfmon Event Select for C-Box 
12 Counter 3 

E94H 3732 | MSR_C12_PMON_BOX_FILTER Package Uncore C-Box 12 Perfmon Box Wide Filter 

E96H 3734 | MSR_C12_PMON_CTRO Package Uncore C-Box 12 Perfmon Counter 0 

€97H 3735 | MSR_C12_PMON_CTR1 Package Uncore C-Box 12 Perfmon Counter 1 

€98H 3736 | MSR_C12_PMON_CTR2 Package Uncore C-Box 12 Perfmon Counter 2 

E99H 3737 | MSR_C12_PMON_CTR3 Package Uncore C-Box 12 Perfmon Counter 3 

ESAH 3738 | MSR_C12_PMON_BOX_FILTER1 Package Uncore C-Box 12 Perfmon Box Wide Filter1 

EA4H 3748 | MSR_C13_PMON_BOX_CTL Package Uncore C-Box 13 Perfmon Local Box Wide Control 

EBOH 3760 | MSR_C13_PMON_EVNTSELO Package Uncore C-Box 13 Perfmon Event Select for C-Box 
13 Counter O 

€B1H 3761 | MSR_C13_PMON_EVNTSEL1 Package Uncore C-Box 13 Perfmon Event Select for C-Box 
13 Counter 1 

EB2H 3762 | MSR_C13_PMON_EVNTSEL2 Package Uncore C-Box 13 Perfmon Event Select for C-Box 
13 Counter 2 
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Table 2-28. Uncore PMU MSRs in Intel® Xeon® Processor E5 v2 and E7 v2 Families (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

EB3H 3763 | MSR_C13_PMON_EVNTSEL3 Package Uncore C-Box 13 Perfmon Event Select for C-Box 
13 Counter 3 

EB4H 3764 | MSR_C13_PMON_BOX_FILTER Package Uncore C-Box 13 Perfmon Box Wide Filter 

EB6H 3766 | MSR_C13_PMON_CTRO Package Uncore C-Box 13 Perfmon Counter 0 

EB7H 3767 | MSR_C13_PMON_CTR1 Package Uncore C-Box 13 Perfmon Counter 1 

EB8H 3768 | MSR_C13_PMON_CTR2 Package Uncore C-Box 13 Perfmon Counter 2 

EBSH 3769 | MSR_C13_PMON_CTR3 Package Uncore C-Box 13 Perfmon Counter 3 

EBAH 3770 | MSR_C13_PMON_BOX_FILTER1 Package Uncore C-Box 13 Perfmon Box Wide Filter1 

EC4H 3780 | MSR_C14_PMON_BOX_CTL Package Uncore C-Box 14 Perfmon Local Box Wide Control 

EDOH 3792 | MSR_C14_PMON_EVNTSELO Package Uncore C-Box 14 Perfmon Event Select for C-Box 
14 Counter 0 

E€D1H 3793 | MSR_C14_PMON_EVNTSEL1 Package Uncore C-Box 14 Perfmon Event Select for C-Box 
14 Counter 1 

ED2H 3794 | MSR_C14_PMON_EVNTSEL2 Package Uncore C-Box 14 Perfmon Event Select for C-Box 
14 Counter 2 

ED3H 3795 | MSR_C14_PMON_EVNTSEL3 Package Uncore C-Box 14 Perfmon Event Select for C-Box 
14 Counter 3 

ED4H 3796 | MSR_C14_PMON_BOX_FILTER Package Uncore C-Box 14 Perfmon Box Wide Filter 

ED6H 3798 | MSR_C14_PMON_CTRO Package Uncore C-Box 14 Perfmon Counter 0 

ED7H 3799 | MSR_C14_PMON_CTR1 Package Uncore C-Box 14 Perfmon Counter 1 

ED8H 3800 | MSR_C14_PMON_CTR2 Package Uncore C-Box 14 Perfmon Counter 2 

EDSH 3801 | MSR_C14_PMON_CTR3 Package Uncore C-Box 14 Perfmon Counter 3 

EDAH 3802 | MSR_C14_PMON_BOX_FILTER1 Package Uncore C-Box 14 Perfmon Box Wide Filter1 

2.13. MSRSIN THE 4TH GENERATION INTEL® CORE™ PROCESSORS (BASED ON 


HASWELL MICROARCHITECTURE) 


The 4th generation Intel® Core™ processor family and Intel® Xeon® processor E3-1200v3 product family (based 
on Haswell microarchitecture), with CPUID DisplayFamily_DisplayModel signature 06_3CH/06_45H/06_46H, 
support the MSR interfaces listed in Table 2-20, Table 2-21, Table 2-22, and Table 2-29. For an MSR listed in Table 
2-20 that also appears in Table 2-29, Table 2-29 supersede Table 2-20. 


The MSRs listed in Table 2-29 also apply to processors based on Haswell-E microarchitecture (see Section 2.14). 


Table 2-29. Additional MSRs Supported by Processors based on the Haswell or Haswell-E microarchitectures 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
3BH 59 IA32_TSC_ADJUST Thread Per-Logical-Processor TSC ADJUST (R/W) 
See Table 2-2. 
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Table 2-29. Additional MSRs Supported by Processors based on the Haswell or Haswell-E€ microarchitectures 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


CEH 


206 


MSR_PLATFORM_INFO 


Package 


Platform Information 

Contains power management and other model 
specific features enumeration. See 
http://biosbits.org. 


7:0 


Reserved 


15:8 


Package 


Maximum Non-Turbo Ratio (R/O) 


This is the ratio of the frequency that invariant TSC 
runs at. Frequency = ratio * 100 MHz. 


27:16 


Reserved 


28 


Package 


Programmable Ratio Limit for Turbo Mode (R/O) 


When set to 1, indicates that Programmable Ratio 
Limit for Turbo mode is enabled. When set to 0, 
indicates Programmable Ratio Limit for Turbo mode 
is disabled. 


29 


Package 


Programmable TDP Limit for Turbo Mode (R/O) 
When set to 1, indicates that TDP Limit for Turbo 
mode is programmable. When set to 0, indicates TDP 
Limit for Turbo mode is not programmable. 


31:30 
32 


Package 


Reserved 


Low Power Mode Support (LPM) (R/O) 


When set to 1, indicates that LPM is supported. 
When set to 0, indicates LPM is not supported. 


34:33 


Package 


Number of ConfigTDP Levels (R/O) 
00: Only Base TDP level available. 

01: One additional TDP level available. 
02: Two additional TDP level available. 
03: Reserved 


39:35 


Reserved 


47:40 


Package 


Maximum Efficiency Ratio (R/O) 


This is the minimum ratio (maximum efficiency) that 
the processor can operate, in units of 100MHz. 


55:48 


Package 


Minimum Operating Ratio (R/O) 
Contains the minimum supported operating ratio in 
units of 100 MHz. 


63:56 


Reserved 


186H 


390 


IA32_PERFEVTSELO 


Thread 


Performance Event Select for Counter O (R/W) 


Supports all fields described inTable 2-2 and the 
fields below. 


32 


IN_TX: See Section 19.3.6.5.1. 


When IN_TX (bit 32) is set, AnyThread (bit 21) 
should be cleared to prevent incorrect results. 
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Table 2-29. Additional MSRs Supported by Processors based on the Haswell or Haswell-€ microarchitectures 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


187H 


391 


IA32_PERFEVTSEL1 


Thread 


Performance Event Select for Counter 1 (R/W) 


Supports all fields described inTable 2-2 and the 
fields below. 


32 


IN_TX: See Section 19.3.6.5.1. 


When IN_TX (bit 32) is set, AnyThread (bit 21) 
should be cleared to prevent incorrect results. 


188H 


392 


IA32_PERFEVTSEL2 


Thread 


Performance Event Select for Counter 2 (R/W) 


Supports all fields described inTable 2-2 and the 
fields below. 


32 


IN_TX: See Section 19.3.6.5.1. 


When IN_TX (bit 32) is set, AnyThread (bit 21) 
should be cleared to prevent incorrect results. 


33 


IN_TXCP: See Section 19.3.6.5.1. 


When IN_TXCP=1 & IN_TX=1 and in sampling, a 
spurious PMI may occur and transactions may 
continuously abort near overflow conditions. 
Software should favor using IN_TXCP for counting 
over sampling. If sampling, software should use large 
“sample-after” value after clearing the counter 
configured to use IN_TXCP and also always reset the 
counter even when no overflow condition was 
reported. 


189H 


1C8H 


393 


456 


IA32_PERFEVTSEL3 


Thread 


Performance Event Select for Counter 3 (R/W) 


Supports all fields described inTable 2-2 and the 
fields below. 


32 


MSR_LBR_SELECT 


Thread 


IN_TX: See Section 19.3.6.5.1 


When IN_TX (bit 32) is set, AnyThread (bit 21) 
should be cleared to prevent incorrect results. 


Last Branch Record Filtering Select Register (R/W) 


CPL_EQ_O 


CPL_NEQ_O 


JCC 


NEAR_REL_CALL 


NEAR_IND_CALL 
NEAR_RET 


NEAR_IND_JMP 


NEAR_REL_JMP 
FAR_BRANCH 


WO}; @OlIN! DMD] Mm] BR] wl rm] —| oOo 


EN_CALL_STACK 


63:9 


Reserved 


1D9H 


473 


IA32_DEBUGCTL 


Thread 


Debug Control (R/W) 
See Table 2-2. 
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Table 2-29. Additional MSRs Supported by Processors based on the Haswell or Haswell-E microarchitectures 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
0 LBR: Last Branch Record 
1 BTF 
5:2 Reserved 
6 TR: Branch Trace 
7 BTS: Log Branch Trace Message to BTS Buffer 
8 BTINT 
9 BTS_OFF_OS 
10 BTS_OFF_USER 
11 FREEZE_LBR_ON_PMI 
12 FREEZE_PERFMON_ON_PMI 
13 ENABLE_UNCORE_PMI 
14 FREEZE_WHILE_SMM 
15 RTM_DEBUG 
63:15 Reserved 
491H 1169 | IA32_VMX_VMFUNC Thread Capability Reporting Register of VM-Function 
Controls (R/O) 
See Table 2-2. 
60BH 1548 | MSR_PKGC_IRTL1 Package Package C6/C7 Interrupt Response Limit 1 (R/W) 
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This MSR defines the interrupt response time limit 
used by the processor to manage a transition to a 
package C6 or C7 state. The latency programmed in 
this register is for the shorter-latency sub C-states 
used by an MWAIT hint to a C6 or C7 state. 

Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


9:0 Interrupt Response Time Limit (R/W) 
Specifies the limit that should be used to decide if 
the package should be put into a package C6 or C7 
state. 

12:10 Time Unit (R/w) 
Specifies the encoding value of time unit of the 
interrupt response time limit. See Table 2-20 for 
supported time unit encodings. 

14:13 Reserved 

15 Valid (R/W) 
Indicates whether the values in bits 12:0 are valid 
and can be used by the processor for package C-sate 
management. 

63:16 Reserved 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-29. Additional MSRs Supported by Processors based on the Haswell or Haswell-€ microarchitectures 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


60CH 


613H 


619H 


61BH 


1548 


1555 


1561 


1563 


MSR_PKGC_IRTL2 


Package 


Package C6/C7 Interrupt Response Limit 2 (R/W) 


This MSR defines the interrupt response time limit 
used by the processor to manage a transition to a 
package C6 or C7 state. The latency programmed in 
this register is for the longer-latency sub C-states 
used by an MWAIT hint to a C6 or C7 state. 

Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


9:0 


Interrupt response time limit (R/W) 


Specifies the limit that should be used to decide if 
the package should be put into a package C6 or C7 
State. 


12:10 


14:13 


Time Unit (R/W) 


Specifies the encoding value of time unit of the 
interrupt response time limit. See Table 2-20 for 
supported time unit encodings. 


Reserved 


15 


Valid (R/W) 

Indicates whether the values in bits 12:0 are valid 
and can be used by the processor for package C-sate 
management. 


63:16 
MSR_PKG_PERF_STATUS 


MSR_DRAM_ENERGY_STATUS 


MSR_DRAM_PERF_STATUS 


Package 


Package 


Package 


Reserved 

PKG Perf Status (R/O) 

See Section 14.10.3, “Package RAPL Domain.” 
DRAM Energy Status (R/O) 

See Section 14.10.5, “DRAM RAPL Domain.” 


DRAM Performance Throttling Status (R/O) 
See Section 14.10.5, “DRAM RAPL Domain.” 


648H 


1608 


MSR_CONFIG_TDP_NOMINAL 


Package 


Base TDP Ratio (R/O) 


7:0 


Config_TDP_Base 


Base TDP level ratio to be used for this specific 
processor (in units of 100 MHz). 


63:8 


Reserved 


649H 


1609 


MSR_CONFIG_TDP_LEVEL1 


Package 


ConfigTDP Level 1 Ratio and Power Level (R/O) 


14:0 


PKG_TDP_LVL1 
Power setting for ConfigTDP Level 1. 


15 


Reserved 


23:16 


Config_TDP_LVL1_Ratio 


ConfigTDP level 1 ratio to be used for this specific 
processor. 


31:24 


Reserved 
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Table 2-29. Additional MSRs Supported by Processors based on the Haswell or Haswell-E€ microarchitectures 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
46:32 PKG_MAX_PWR_LVL1 
Max Power setting allowed for ConfigTDP Level 1. 
62:47 PKG_MIN_PWR_LVL1 
MIN Power setting allowed for ConfigTDP Level 1. 
63 Reserved 
64AH | 1610 | MSR_CONFIG_TDP_LEVEL2 Package ConfigTDP Level 2 Ratio and Power Level (R/O) 
14:0 PKG_TDP_LVL2 
Power setting for ConfigTDP Level 2. 
15 Reserved 
23:16 Config_TDP_LVL2_Ratio 
ConfigTDP level 2 ratio to be used for this specific 
processor. 
31:24 Reserved 
46:32 PKG_MAX_PWR_LVL2 
Max Power setting allowed for ConfigTDP Level 2. 
62:47 PKG_MIN_PWR_LVL2 
MIN Power setting allowed for ConfigTDP Level 2. 
63 Reserved 
64BH | 1611 | MSR_CONFIG_TDP_CONTROL Package ConfigTDP Control (R/w) 
1:0 TDP_LEVEL (RW/L) 
System BIOS can program this field. 
30:2 Reserved 
31 Config_TDP_Lock (RW/L) 
When this bit is set, the content of this register is 
locked until a reset. 
63:32 Reserved 
64CH | 1612 | MSR_TURBO_ACTIVATION_RATIO Package ConfigTDP Control (R/W) 
7:0 MAX_NON_TURBO_RATIO (RW/L) 
System BIOS can program this field. 
30:8 Reserved 
31 TURBO_ACTIVATION_RATIO_Lock (RW/L) 
When this bit is set, the content of this register is 
locked until a reset. 
63:32 Reserved 
C80H | 3200 | IA32_DEBUG_INTERFACE Package Silicon Debug Feature Control (R/W) 
See Table 2-2. 
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2.13.1 MSRsin 4th Generation Intel® Core™ Processor Family (based on Haswell 
Microarchitecture) 


Table 2-30 lists model-specific registers (MSRs) that are specific to 4th generation Intel® Core™ processor family 
and Intel® Xeon® processor E3-1200 v3 product family (based on Haswell microarchitecture). These processors 
have a CPUID signature with DisplayFamily_DisplayModel of 06_3CH/06_45H/06_46H, see Table 2-1. 


Table 2-30. MSRs Supported by 4th Generation Intel® Core™ Processors (Haswell Microarchitecture) 


Register 
Address Register Name / Bit Fields Scope Bit Description 


Hex Dec 


E2H 226 | MSR_PKG_CST_CONFIG_CONTROL Core C-State Configuration Control (R/W) 


Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 


See http://biosbits.org. 
3:0 Package C-State Limit (R/W) 


Specifies the lowest processor-specific C-state code 
name (consuming the least power) for the package. 

The default is set as factory-configured package C- 

state limit. 


The following C-state code name encodings are 
supported: 


0000b: CO/C1 (no package C-state support) 
0001b: C2 

0010b: C3 

0011b: C6 

0100b: C7 

0101b: C7s 


Package C states C7 are not available to processors 
with a signature of O6_3CH. 


9:4 Reserved 

10 I/O MWAIT Redirection Enable (R/W) 
14:11 Reserved 

15 CFG Lock (R/WO) 

24:16 Reserved 

25 C3 State Auto Demotion Enable (R/W) 
26 C1 State Auto Demotion Enable (R/W) 
27 Enable C3 Undemotion (R/W) 

28 Enable C1 Undemotion (R/W) 

63:29 Reserved 


17DH 381 | MSR_SMM_MCA_CAP THREAD Enhanced SMM Capabilities (SMM-RO) 


Reports SMM capability Enhancement. Accessible 
only while in SMM. 


57:0 Reserved 
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Table 2-30. MSRs Supported by 4th Generation Intel® Core™ Processors (Haswell Microarchitecture) (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
58 SMM_Code_Access_Chk (SMM-RO) 
If set to 1, indicates that the SMM code access 
restriction is supported and the 
MSR_SMM_FEATURE_CONTROL is supported. 
59 Long_Flow_Indication (SMM-RO) 
If set to 1, indicates that the SMM long flow indicator 
is supported and the MSR_SMM_DELAYED is 
supported. 
63:60 Reserved 
1ADH 429 |MSR_TURBO_RATIO_LIMIT Package Maximum Ratio Limit of Turbo Mode 
RO if MSR_PLATFORM_INFO.[28] = 0. 
RW if MSR_PLATFORM_INFO.[28] = 1. 
7:0 Package Maximum Ratio Limit for 1C 
Maximum turbo ratio limit of 1 core active. 
15:8 Package Maximum Ratio Limit for 2C 
Maximum turbo ratio limit of 2 core active. 
23:16 Package Maximum Ratio Limit for 3C 
Maximum turbo ratio limit of 3 core active. 
31:24 Package Maximum Ratio Limit for 4C 
Maximum turbo ratio limit of 4 core active. 
63:32 Reserved 
391H 913 | MSR_LUNC_PERF_GLOBAL_CTRL Package Uncore PMU Global Control 
0 Core 0 select. 
1 Core 1 select. 
2 Core 2 select. 
3 Core 3 select. 
18:4 Reserved 
29 Enable all uncore counters. 
30 Enable wake on PMI. 
31 Enable Freezing counter when overflow. 
63:32 Reserved 
392H 914 |MSR_UNC_PERF_GLOBAL_STATUS Package Uncore PMU Main Status 
0 Fixed counter overflowed. 
1 An ARB counter overflowed. 
Ya Reserved 
3 A CBox counter overflowed (on any slice). 
63:4 Reserved 
394H 916 | MSR_UNC_PERF_FIXED_CTRL Package Uncore Fixed Counter Control (R/W) 
19:0 Reserved 
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Table 2-30. MSRs Supported by 4th Generation Intel® Core™ Processors (Haswell Microarchitecture) (Contd.) 
Register 
Address Register Name / Bit Fields Scope Bit Description 
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20 Enable overflow propagation. 
21 Reserved 
22 Enable counting. 
63:23 Reserved 
395H 917 |MSR_UNC_PERF_FIXED_CTR Package Uncore Fixed Counter 
47:0 Current count. 
63:48 Reserved 
396H 918 | MSR_UNC_CBO_CONFIG Package Uncore C-Box Configuration Information (R/O) 
3:0 Encoded number of C-Box, derive value by “-1”. 
63:4 Reserved 
3BOH 946 | MSR_UNC_ARB_PERFCTRO Package Uncore Arb Unit, Performance Counter 0 
3B1H 947 | MSR_UNC_ARB_PERFCTR1 Package Uncore Arb Unit, Performance Counter 1 
3B2H 944 | MSR_UNC_ARB_PERFEVTSELO Package Uncore Arb Unit, Counter O Event Select MSR 
3B3H 945 | MSR_UNC_ARB_PERFEVTSEL1 Package Uncore Arb Unit, Counter 1 Event Select MSR 
391H 913 | MSR_LUNC_PERF_GLOBAL_CTRL Package Uncore PMU Global Control 
0 Core 0 select. 
1 Core 1 select. 
2 Core 2 select. 
3 Core 3 select. 
18:4 Reserved 
29 Enable all uncore counters. 
30 Enable wake on PMI. 
31 Enable Freezing counter when overflow. 
63:32 Reserved 
395H 917 |MSR_UNC_PERF_FIXED_CTR Package Uncore Fixed Counter 
47:0 Current count. 
63:48 Reserved 
3B3H 945 | MSR_UNC_ARB_PERFEVTSEL1 Package Uncore Arb Unit, Counter 1 Event Select MSR 
4€0H 1248 | MSR_SMM_FEATURE_CONTROL Package Enhanced SMM Feature Control (SMM-RW) 
Reports SMM capability Enhancement. Accessible 
only while in SMM. 
0 Lock (SMM-RWO) 
When set to ‘1’ locks this register from further 
changes. 
1 Reserved 
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Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


SMM_Code_Chk_€n (SMM-RW) 


This control bit is available only if 
MSR_SMM_MCA_CAP[58] == 1. When set to ‘0’ 
(default) none of the logical processors are 
prevented from executing SMM code outside the 
ranges defined by the SMRR. 


When set to ‘1’ any logical processor in the package 
that attempts to execute SMM code not within the 
ranges defined by the SMRR will assert an 
unrecoverable MCE. 


63:3 


Reserved 


4€2H 


1250 


MSR_SMM_DELAYED 


Package 


SMM Delayed (SMM-RO) 


Reports the interruptible state of all logical 
processors in the package. Available only while in 
SMM and 
MSR_SMM_MCA_CAP[LONG_FLOW_INDICATION] == 
1. 


LOG_PROC_STATE (SMM-RO) 


Each bit represents a logical processor of its state in 
a long flow of internal operation which delays 
servicing an interrupt. The corresponding bit will be 
set at the start of long events such as: Microcode 
Update Load, C6, WBINVD, Ratio Change, Throttle. 


The bit is automatically cleared at the end of each 
long event. The reset value of this field is 0. 


Only bit positions below N = CPUID.(EAX=OBH, 
ECX=PKG_LVL):€BX[1 5:0] can be updated. 


63:N 


Reserved 


4€3H 


1251 


MSR_SMM_BLOCKED 


Package 


SMM Blocked (SMM-RO) 


Reports the blocked state of all logical processors in 
the package. Available only while in SMM. 


LOG_PROC_STATE (SMM-RO) 

Each bit represents a logical processor of its blocked 
state to service an SMI. The corresponding bit will be 
set if the logical processor is in one of the following 
states: Wait For SIP] or SENTER Sleep. 

The reset value of this field is OFFFH. 

Only bit positions below N = CPUID.(EAX=OBH, 
ECX=PKG_LVL):€BX[1 5:0] can be updated. 


63:N 


Reserved 


606H 


1542 


MSR_RAPL_POWER_UNIT 


Package 


Unit Multipliers Used in RAPL Interfaces (R/O) 


3:0 


Package 


Power Units 
See Section 14.10.1, “RAPL Interfaces.” 


74 


Package 


Reserved 
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Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
12:8 Package Energy Status Units 
Energy related information (in Joules) is based on the 
multiplier, 1/2*ESU; where ESU is an unsigned 
integer represented by bits 12:8. Default value is 
OEH (or 61 micro-joules). 
15:13 Package Reserved 
19:16 Package Time Units 
See Section 14.10.1, “RAPL Interfaces.” 
63:20 Reserved 
639H | 1593 | MSR_PPO_ENERGY_STATUS Package PPO Energy Status (R/O) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 
640H | 1600 | MSR_PP1_POWER_LIMIT Package PP1 RAPL Power Limit Control (R/W) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 
641H | 1601 | MSR_PP1_ENERGY_STATUS Package PP1 Energy Status (R/O) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 
642H | 1602 | MSR_PP1_POLICY Package PP1 Balance Policy (R/W) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 
690H 1680 | MSR_CORE_PERF_LIMIT_REASONS Package Indicator of Frequency Clipping in Processor Cores 


(R/W) 
(Frequency refers to processor core frequency.) 
PROCHOT Status (RO) 


When set, processor core frequency is reduced below 
the operating system request due to assertion of 
external PROCHOT. 


Thermal Status (RO) 


When set, frequency is reduced below the operating 
system request due to a thermal event. 


Reserved 


Graphics Driver Status (RO) 


When set, frequency is reduced below the operating 
system request due to Processor Graphics driver 
override. 


Autonomous Utilization-Based Frequency Control 
Status (RO) 


When set, frequency is reduced below the operating 
system request because the processor has detected 
that utilization is low. 


VR Therm Alert Status (RO) 

When set, frequency is reduced below the operating 
system request due to a thermal alert from the 
Voltage Regulator. 


Reserved 
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Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


Electrical Design Point Status (RO) 


When set, frequency is reduced below the operating 
system request due to electrical design point 
constraints (e.g., maximum electrical current 
consumption). 


Core Power Limiting Status (RO) 


When set, frequency is reduced below the operating 
system request due to domain-level power limiting. 


10 


Package-Level Power Limiting PL1 Status (RO) 


When set, frequency is reduced below the operating 
system request due to package-level power limiting 
PL1. 


11 


12 


Package-Level PL2 Power Limiting Status (RO) 


When set, frequency is reduced below the operating 
system request due to package-level power limiting 
PL2. 


Max Turbo Limit Status (RO) 


When set, frequency is reduced below the operating 
system request due to multi-core turbo limits. 


13 


Turbo Transition Attenuation Status (RO) 


When set, frequency is reduced below the operating 
system request due to Turbo transition attenuation. 
This prevents performance degradation due to 
frequent operating ratio changes. 


15:14 
16 


Reserved 


PROCHOT Log 


When set, indicates that the PROCHOT Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


7 


19:18 


Thermal Log 


When set, indicates that the Thermal Status bit has 
asserted since the log bit was last cleared. 

This log bit will remain set until cleared by software 
writing O. 


Reserved 


20 


Graphics Driver Log 


When set, indicates that the Graphics Driver Status 
bit has asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 
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Register 
Address Register Name / Bit Fields Scope Bit Description 


Hex Dec 


21 Autonomous Utilization-Based Frequency Control Log 


When set, indicates that the Autonomous Utilization- 
Based Frequency Control Status bit has asserted 
since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 
22 VR Therm Alert Log 


When set, indicates that the VR Therm Alert Status 
bit has asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 


writing O. 
23 Reserved 
24 Electrical Design Point Log 


When set, indicates that the EDP Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 


25 Core Power Limiting Log 


When set, indicates that the Core Power Limiting 
Status bit has asserted since the log bit was last 
cleared. 


This log bit will remain set until cleared by software 
writing O. 


26 Package-Level PL1 Power Limiting Log 


When set, indicates that the Package Level PL1 
Power Limiting Status bit has asserted since the log 
bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


27 Package-Level PL2 Power Limiting Log 


When set, indicates that the Package Level PL2 
Power Limiting Status bit has asserted since the log 
bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 
28 Max Turbo Limit Log 


When set, indicates that the Max Turbo Limit Status 
bit has asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 
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Register 
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29 Turbo Transition Attenuation Log 
When set, indicates that the Turbo Transition 
Attenuation Status bit has asserted since the log bit 
was last cleared. 
This log bit will remain set until cleared by software 
writing O. 
63:30 Reserved 
6BOH 1712 | MSR_GRAPHICS_PERF_LIMIT_REASONS Package Indicator of Frequency Clipping in the Processor 


Graphics (R/W) 
(Frequency refers to processor graphics frequency.) 


PROCHOT Status (RO) 
When set, frequency is reduced below the operating 


system request due to assertion of external 
PROCHOT. 


Thermal Status (RO) 


When set, frequency is reduced below the operating 
system request due to a thermal event. 


Reserved 


Graphics Driver Status (RO) 


When set, frequency is reduced below the operating 
system request due to Processor Graphics driver 
override. 


Autonomous Utilization-Based Frequency Control 
Status (RO) 
When set, frequency is reduced below the operating 


system request because the processor has detected 
that utilization is low. 


VR Therm Alert Status (RO) 

When set, frequency is reduced below the operating 
system request due to a thermal alert from the 
Voltage Regulator. 


Reserved 


Electrical Design Point Status (RO) 


When set, frequency is reduced below the operating 
system request due to electrical design point 
constraints (e.g., maximum electrical current 
consumption). 


Graphics Power Limiting Status (RO) 


When set, frequency is reduced below the operating 
system request due to domain-level power limiting. 


10 


Package-Level Power Limiting PL1 Status (RO) 


When set, frequency is reduced below the operating 
system request due to package-level power limiting 
PL1. 
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Register 
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11 Package-Level PL2 Power Limiting Status (RO) 
When set, frequency is reduced below the operating 
system request due to package-level power limiting 
PL2. 

15:12 Reserved 

16 PROCHOT Log 
When set, indicates that the PROCHOT Status bit has 
asserted since the log bit was last cleared. 
This log bit will remain set until cleared by software 
writing O. 

17 Thermal Log 
When set, indicates that the Thermal Status bit has 
asserted since the log bit was last cleared. 
This log bit will remain set until cleared by software 
writing 0. 

19:18 Reserved 

20 Graphics Driver Log 
When set, indicates that the Graphics Driver Status 
bit has asserted since the log bit was last cleared. 
This log bit will remain set until cleared by software 
writing O. 

21 Autonomous Utilization-Based Frequency Control Log 
When set, indicates that the Autonomous Utilization- 
Based Frequency Control Status bit has asserted 
since the log bit was last cleared. 
This log bit will remain set until cleared by software 
writing O. 

22 VR Therm Alert Log 
When set, indicates that the VR Therm Alert Status 
bit has asserted since the log bit was last cleared. 
This log bit will remain set until cleared by software 
writing O. 

23 Reserved 

24 Electrical Design Point Log 
When set, indicates that the EDP Status bit has 
asserted since the log bit was last cleared. 
This log bit will remain set until cleared by software 
writing O. 

25 Core Power Limiting Log 


When set, indicates that the Core Power Limiting 
Status bit has asserted since the log bit was last 
cleared. 


This log bit will remain set until cleared by software 
writing 0. 
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Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


26 


Package-Level PL1 Power Limiting Log 

When set, indicates that the Package Level PL1 
Power Limiting Status bit has asserted since the log 
bit was last cleared. 

This log bit will remain set until cleared by software 
writing O. 


27 


28 


29 


Package-Level PL2 Power Limiting Log 

When set, indicates that the Package Level PL2 
Power Limiting Status bit has asserted since the log 
bit was last cleared. 

This log bit will remain set until cleared by software 
writing O. 

Max Turbo Limit Log 

When set, indicates that the Max Turbo Limit Status 
bit has asserted since the log bit was last cleared. 
This log bit will remain set until cleared by software 
writing O. 

Turbo Transition Attenuation Log 

When set, indicates that the Turbo Transition 
Attenuation Status bit has asserted since the log bit 
was last cleared. 

This log bit will remain set until cleared by software 
writing O. 


63:30 


Reserved 


6B1H 


1713 


MSR_RING_PERF_LIMIT_REASONS 


Package 


Indicator of Frequency Clipping in the Ring 
Interconnect (R/W) 


(Frequency refers to ring interconnect in the uncore.) 


PROCHOT Status (RO) 
When set, frequency is reduced below the operating 


system request due to assertion of external 
PROCHOT. 


Thermal Status (RO) 


When set, frequency is reduced below the operating 
system request due to a thermal event. 


Reserved 


VR Therm Alert Status (RO) 

When set, frequency is reduced below the operating 
system request due to a thermal alert from the 
Voltage Regulator. 


Reserved 


Electrical Design Point Status (RO) 


When set, frequency is reduced below the operating 
system request due to electrical design point 
constraints (e.g., maximum electrical current 
consumption). 
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Register 
Address 


Hex Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


Reserved 


Package-Level Power Limiting PL1 Status (RO) 
When set, frequency is reduced below the operating 


system request due to package-level power limiting 
PL1. 


Package-Level PL2 Power Limiting Status (RO) 


When set, frequency is reduced below the operating 
system request due to package-level power limiting 
PL2. 


15:12 
16 


19:18 


Reserved 


PROCHOT Log 


When set, indicates that the PROCHOT Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 
Thermal Log 


When set, indicates that the Thermal Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 


Reserved. 


20 


Graphics Driver Log 

When set, indicates that the Graphics Driver Status 
bit has asserted since the log bit was last cleared. 
This log bit will remain set until cleared by software 
writing 0. 


21 


Autonomous Utilization-Based Frequency Control Log 
When set, indicates that the Autonomous Utilization- 
Based Frequency Control Status bit has asserted 
since the log bit was last cleared. 

This log bit will remain set until cleared by software 
writing O. 


22 


VR Therm Alert Log 


When set, indicates that the VR Therm Alert Status 
bit has asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


23 


Reserved 


24 


Electrical Design Point Log 


When set, indicates that the EDP Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 
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Dec 
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Scope 


Bit Description 


25 


Core Power Limiting Log 


When set, indicates that the Core Power Limiting 
Status bit has asserted since the log bit was last 
cleared. 


This log bit will remain set until cleared by software 
writing O. 


26 


27 


Package-Level PL1 Power Limiting Log 


When set, indicates that the Package Level PL1 
Power Limiting Status bit has asserted since the log 
bit was last cleared. 

This log bit will remain set until cleared by software 
writing O. 


Package-Level PL2 Power Limiting Log 


When set, indicates that the Package Level PL2 
Power Limiting Status bit has asserted since the log 
bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


28 


Max Turbo Limit Log 


When set, indicates that the Max Turbo Limit Status 
bit has asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


29 


Turbo Transition Attenuation Log 


When set, indicates that the Turbo Transition 
Attenuation Status bit has asserted since the log bit 
was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


63:30 


Reserved 


700H 


1792 


MSR_UNC_CBO_O_PERFEVTSELO 


Package 


Uncore C-Box 0, Counter O Event Select MSR 


701H 


1793 


MSR_UNC_CBO_O_PERFEVTSEL1 


Package 


Uncore C-Box 0, Counter 1 Event Select MSR 


706H 


1798 


MSR_UNC_CBO_O_PERFCTRO 


Package 


Uncore C-Box 0, Performance Counter 0 


707H 
710H 


1799 
1808 


MSR_UNC_CBO_O_PERFCTR1 
MSR_UNC_CBO_1_PERFEVTSELO 


Package 
Package 


Uncore C-Box 0, Performance Counter 1 
Uncore C-Box 1, Counter 0 Event Select MSR 


711H 


1809 


MSR_UNC_CBO_1_PERFEVTSEL1 


Package 


Uncore C-Box 1, Counter 1 Event Select MSR 


716H 
717H 


1814 
1815 


MSR_UNC_CBO_1_PERFCTRO 
MSR_UNC_CBO_1_PERFCTR1 


Package 
Package 


Uncore C-Box 1, Performance Counter 0 


Uncore C-Box 1, Performance Counter 1 


720H 


1824 


MSR_UNC_CBO_2_PERFEVTSELO 


Package 


Uncore C-Box 2, Counter 0 Event Select MSR 


721H 


1824 


MSR_UNC_CBO_2_PERFEVTSEL1 


Package 


Uncore C-Box 2, Counter 1 Event Select MSR 


726H 


1830 


MSR_UNC_CBO_2_PERFCTRO 


Package 


Uncore C-Box 2, Performance Counter 0 


727H 


1831 


MSR_UNC_CBO_2_PERFCTR1 


Package 


Uncore C-Box 2, Performance Counter 1 
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730H 1840 | MSR_UNC_CBO_3_PERFEVTSELO Package Uncore C-Box 3, Counter O Event Select MSR 
731H 1841 | MSR_UNC_CBO_3_PERFEVTSEL1 Package Uncore C-Box 3, Counter 1 Event Select MSR 
736H 1846 | MSR_UNC_CBO_3_PERFCTRO Package Uncore C-Box 3, Performance Counter 0 
737H 1847 | MSR_UNC_CBO_3_PERFCTR1 Package Uncore C-Box 3, Performance Counter 1 
See Table 2-20, Table 2-21, Table 2-22, Table 2-25, Table 2-29 for other MSR definitions applicable to processors with CPUID 
signatures 063CH, 06_46H. 


2.13.2 


Additional Residency MSRs Supported in 4th Generation Intel® Core™ Processors 


The 4th generation Intel® Core™ processor family (based on Haswell microarchitecture) with CPUID 
DisplayFamily_DisplayModel signature 06_45H supports the MSR interfaces listed in Table 2-20, Table 2-21, Table 
2-29, Table 2-30, and Table 2-31. 


Table 2-31. Additional Residency MSRs Supported by 4th Generation Intel® Core™ Processors 
with DisplayFamily_DisplayModel Signature 06_45H 


Register 
Address 


Hex 
E2H 


Dec 
226 


Register Name / Bit Fields 


MSR_PKG_CST_CONFIG_CONTROL 


3:0 


Scope 


Core 


Bit Description 


C-State Configuration Control (R/W) 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 


See http://biosbits.org. 


Package C-State Limit (R/W) 

Specifies the lowest processor-specific C-state code 
name (consuming the least power) for the package. The 
default is set as factory-configured package C-state 
limit. 

The following C-state code name encodings are 
supported: 

0000b: CO/C1 (no package C-state support) 

0001b: C2 

0010b: C3 

0011b: C6 

0100b: C7 

0101b: C7s 

0110b: C8 

0111b: C9 

1000b: C10 


9:4 


Reserved 


10 


I/O MWAIT Redirection Enable (R/W) 


14:11 


Reserved 


15 


CFG Lock (R/WO) 
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24:16 Reserved 
25 C3 State Auto Demotion Enable (R/W) 
26 C1 State Auto Demotion Enable (R/W) 
27 Enable C3 Undemotion (R/W) 
28 Enable C1 Undemotion (R/W) 
63:29 Reserved 
630H 1584 | MSR_PKG_C8_RESIDENCY Package Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
59:0 Package C8 Residency Counter (R/O) 
Value since last reset that this package is in processor- 
specific C8 states. Count at the same frequency as the 
TSC. 
63:60 Reserved 
631H 1585 | MSR_PKG_CS_RESIDENCY Package Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
59:0 Package C9 Residency Counter (R/O) 
Value since last reset that this package is in processor- 
specific C9 states. Count at the same frequency as the 
TSC. 
63:60 Reserved 
632H 1586 | MSR_PKG_C10_RESIDENCY Package Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 
59:0 Package C10 Residency Counter (R/O) 
Value since last reset that this package is in processor- 
specific C10 states. Count at the same frequency as the 
TSC. 
63:60 Reserved 


See Table 2-20, Table 2-21, Table 2-22, Table 2-29, Table 2-30 for other MSR definitions applicable to processors with CPUID 
signature 06_45H. 


2.14 MSRS IN INTEL® XEON® PROCESSOR E5 V3 AND E7 V3 PRODUCT FAMILY 


Intel® Xeon® processor E5 v3 family and Intel® Xeon® processor E7 v3 family are based on Haswell-E microarchi- 
tecture (CPUID DisplayFamily_DisplayModel = 06_3F). These processors supports the MSR interfaces listed in 
Table 2-20, Table 2-29, and Table 2-32. 


2-238 Vol. 4 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-32. Additional MSRs Supported by Intel® Xeon® Processor E5 v3 Family 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


35H 


53 


MSR_CORE_THREAD_COUNT 


Package 


Configured State of Enabled Processor Core Count and 
Logical Processor Count (RO) 


« After a Power-On RESET, enumerates factory 
configuration of the number of processor cores and 
logical processors in the physical package. 

* Following the sequence of (i) BIOS modified a 
Configuration Mask which selects a subset of 
processor cores to be active post RESET and (ii) a 
RESET event after the modification, enumerates the 
current configuration of enabled processor core 
count and logical processor count in the physical 
package. 


THREAD_COUNT (RO) 

The number of logical processors that are currently 
enabled (by either factory configuration or BIOS 
configuration) in the physical package. 


31:16 


Core_COUNT (RO) 


The number of processor cores that are currently 
enabled (by either factory configuration or BIOS 
configuration) in the physical package. 


63:32 


Reserved 


53H 


€2H 


83 


226 


MSR_THREAD_ID_INFO 


Thread 


A Hardware Assigned ID for the Logical Processor (RO) 


7:0 


Logical_Processor_ID (RO) 


An implementation-specific numerical value physically 
assigned to each logical processor. This ID is not related 
to Initial APIC ID or x2APIC ID, it is unique within a 
physical package. 


63:8 


MSR_PKG_CST_CONFIG_CONTROL 


2:0 


Core 


Reserved 


C-State Configuration Control (R/W) 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 


See http://biosbits.org. 


Package C-State Limit (R/W) 

Specifies the lowest processor-specific C-state code 
name (consuming the least power) for the package. The 
default is set as factory-configured package C-state 
limit. 

The following C-state code name encodings are 
supported: 

00Ob: CO/C1 (no package C-state support) 

001b: C2 

010b: C6 (non-retention) 

01 1b: C6 (retention) 


111b: No Package C state limits. All C states supported 
by the processor are available. 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
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9:3 Reserved 
10 I/O MWAIT Redirection Enable (R/W) 
14:11 Reserved 
15 CFG Lock (R/WO) 
24:16 Reserved 
25 C3 State Auto Demotion Enable (R/W) 
26 C1 State Auto Demotion Enable (R/W) 
27 Enable C3 Undemotion (R/W) 
28 Enable C1 Undemotion (R/W) 
29 Package C State Demotion Enable (R/W) 
30 Package C State UnDemotion Enable (R/W) 
63:31 Reserved 
179H 377 | I|A32_MCG_CAP Thread Global Machine Check Capability (R/O) 
7:0 Count 
8 MCG_CTL_P 
9 MCG_EXT_P 
10 MCP_CMCI_P 
11 MCG_TES_P 
15:12 Reserved 
23:16 MCG_EXT_CNT 
24 MCG_SER_P 
25 MCG_EM_P 
26 MCG_ELOG_P 
63:27 Reserved 
17DH 381 | MSR_SMM_MCA_CAP Thread Enhanced SMM Capabilities (SMM-RO) 
Reports SMM capability Enhancement. Accessible only 
while in SMM. 
57:0 Reserved 
58 SMM_Code_Access_Chk (SMM-RO) 
If set to 1, indicates that the SMM code access 
restriction is supported and a host-space interface 
available to SMM handler. 
59 Long_Flow_Indication (SMM-RO) 
If set to 1, indicates that the SMM long flow indicator is 
supported and a host-space interface available to SMM 
handler. 
63:60 Reserved 
17FH 383 | MSR_ERROR_CONTROL Package MC Bank Error Configuration (R/W) 
0 Reserved 


2-240 Vol. 4 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-32. Additional MSRs Supported by Intel® Xeon’ Processor E5 v3 Family 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
1 Meme€rror Log Enable (R/W) 
When set, enables IMC status bank to log additional info 
in bits 36:32. 
63:2 Reserved 
1ADH 429 | MSR_TURBO_RATIO_LIMIT Package Maximum Ratio Limit of Turbo Mode 
RO if MSR_PLATFORM_INFO.[28] = 0. 
RW if MSR_PLATFORM_INFO.[28] = 1. 
7:0 Package Maximum Ratio Limit for 1C 
Maximum turbo ratio limit of 1 core active. 
15:8 Package Maximum Ratio Limit for 2C 
Maximum turbo ratio limit of 2 core active. 
23:16 Package Maximum Ratio Limit for 3C 
Maximum turbo ratio limit of 3 core active. 
31:24 Package Maximum Ratio Limit for 4C 
Maximum turbo ratio limit of 4 core active. 
39:32 Package Maximum Ratio Limit for 5C 
Maximum turbo ratio limit of 5 core active. 
47:40 Package Maximum Ratio Limit for 6C 
Maximum turbo ratio limit of 6 core active. 
55:48 Package Maximum Ratio Limit for 7C 
Maximum turbo ratio limit of 7 core active. 
63:56 Package Maximum Ratio Limit for 8C 
Maximum turbo ratio limit of 8 core active. 
1AEH 430 | MSR_TURBO_RATIO_LIMIT1 Package Maximum Ratio Limit of Turbo Mode 
RO if MSR_PLATFORM_INFO[28] = 0. 
RW if MSR_PLATFORM_INFO.[28] = 1. 
7:0 Package Maximum Ratio Limit for 9C 
Maximum turbo ratio limit of 9 core active. 
15:8 Package Maximum Ratio Limit for 10C 
Maximum turbo ratio limit of 10 core active. 
23:16 Package Maximum Ratio Limit for 11C 
Maximum turbo ratio limit of 11 core active. 
31:24 Package Maximum Ratio Limit for 12C 
Maximum turbo ratio limit of 12 core active. 
39:32 Package Maximum Ratio Limit for 13C 
Maximum turbo ratio limit of 13 core active. 
47:40 Package Maximum Ratio Limit for 14C 
Maximum turbo ratio limit of 14 core active. 
55:48 Package Maximum Ratio Limit for 15C 
Maximum turbo ratio limit of 15 core active. 
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63:56 Package Maximum Ratio Limit for16C 
Maximum turbo ratio limit of 16 core active. 
1AFH 431 MSR_TURBO_RATIO_LIMIT2 Package Maximum Ratio Limit of Turbo Mode 
RO if MSR_PLATFORM_INFO.[28] = 0. 
RW if MSR_PLATFORM_INFO.[28] = 1. 
7:0 Package Maximum Ratio Limit for 17C 
Maximum turbo ratio limit of 17 core active. 
15:8 Package Maximum Ratio Limit for 18C 
Maximum turbo ratio limit of 18 core active. 
62:16 Package Reserved 
63 Package Semaphore for Turbo Ratio Limit Configuration 
lf 1, the processor uses override configuration! 
specified in MSR_TURBO_RATIO_LIMIT, 
MSR_TURBO_RATIO_LIMIT1 and 
MSR_TURBO_RATIO_LIMIT2. 
If 0, the processor uses factory-set configuration 
(Default). 
414H | 1044 | 1A32_MC5_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
415H 1045 | 1A32_MC5. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
Bank MC5 reports MC errors from the Intel QPI O 
416H | 1046 | 1IA32_MC5_ADDR Package aodiile: 
417H | 1047 | 1A32_MC5_MISC Package 
418H | 1048 | IA32_MC6_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
419H 1049 | IA32_MC6_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
Bank MC6 reports MC errors from the integrated I/O 
41AH | 1050 | 1IA32_MC6_ADDR Package module. 
41BH | 1051 | 1A32_MC6_MISC Package 
41CH 1052 | IA32_MC7_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
41DH 1053 | 1A32_MC7_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
Bank MC7 reports MC errors from the home agent HA 0. 
41€H 1054 | IA32_MC7_ADDR Package 
41FH 1055 | IA32_MC7_MISC Package 
420H | 1056 | IA32_MC8_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
421H 1057 | IA32_MC8_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
Bank MC8 reports MC errors from the home agent HA 1. 
422H | 1058 | IA32_MC8_ADDR Package 
423H | 1059 | IA32_MC8_MISC Package 
424H | 1060 | IA32_MC9_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
425H 1061 | IA32_MC9_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
Banks MC9 through MC 16 report MC errors from each 
426H 1062 | IA32_MC9_ADDR Package channel of the integrated memory controllers. 
427H | 1063 | 1IA32_MC9_MISC Package 
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428H | 1064 | IA32_MC10_CTL Package See Section 15.3.2.1, “"IA32_MCi_CTL MSRs” through 
429H | 1065 | 1A32_MC10.STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
42AH 1066 | IA32_MC10_ADDR Package channel of the integrated memory controllers. 
42BH | 1067 | IA32_MC10_MISC Package 
42CH | 1068 | IA32_MC11_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
42DH | 1069 | 1A32_MC11_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
42€H 1070 | 1A32_MC11_ADDR Package channel of the integrated memory controllers. 
42FH | 1071 | IA32_MC11_MISC Package 
430H | 1072 | IA32_MC12_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
431H | 1073 | 1A32.MC12. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
432H 1074 | |A32_MC12_ADDR Package channel of the integrated memory controllers. 
433H | 1075 | 1IA32_MC12_MISC Package 
434H | 1076 | IA32_MC13_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
435H | 1077 | 1A32_MC13. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
436H 1078 | |A32_MC13_ADDR Package channel of the integrated memory controllers. 
437H | 1079 | 1A32_MC13_MISC Package 
438H | 1080 | IA32_MC14_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
439H | 1081 | 1A32.MC14. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
43AH 1082 | IA32_MC14_ADDR Package channel of the integrated memory controllers. 
43BH | 1083 | IA32_MC14_MISC Package 
43CH | 1084 | IA32_MC15_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
430H | 1085 | 1A32_MC15_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
43€H 1086 | IA32_MC15_ADDR Package channel of the integrated memory controllers. 
43FH | 1087 | IA32_MC15_MISC Package 
440H | 1088 | IA32_MC16_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
441H | 1089 | 1A32_MC16. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
442H 1090 | IA32_MC16_ADDR Package channel of the integrated memory controllers. 
443H | 1091 | IA32_MC16_MISC Package 
444H | 1092 | IA32_MC17_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
445H | 1093 | 1A32_MC17_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC17 reports MC errors from the following pair of 
446H | 1094 | IA32_MC17_ADDR Package CBo/L3 Slices (if the pair is present): CBoO, CBo3, CBo6, 
447H | 1095 | 1IA32_MC17_MISC Package CBo9, CBo12, CBo15. 
448H | 1096 | IA32_MC18_CTL Package See Section 15.3.2.1, “"IA32_MCi_CTL MSRs” through 
449H | 1097 | 1A32_MC18_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC18 reports MC errors from the following pair of 
44AH | 1098 | IA32_MC18_ADDR Package CBo/L3 Slices (if the pair is present): CBo1, CBo4, CBo7, 
44BH | 1099 | IA32_MC18_MISC Package CBo10, CBo13, CBo16. 
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44CH | 1100 | IA32_MC19_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
44DH 1101 | 1A32_MC19. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Bank MC19 reports MC errors from the following pair of 
44€H | 1102 | IA32_MC19_ADDR Package CBo/L3 Slices (if the pair is present): CBo2, CBo5, CBo8, 
44FH | 1103 | IA32_MC19_MISC Package CBo11, CBo14, CBo17. 
450H | 1104 | 1A32_MC20_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
451H 1105 | 1A32_MC20_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC20 reports MC errors from the Intel QPI 1 
452H | 1106 | 1IA32_MC20_ADDR Package enpcidle. 
453H | 1107 | 1A32_MC20_MISC Package 
454H | 1108 | IA32_MC21_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
455H 1109 | 1A32_MC21_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC21 reports MC errors from the Intel QPI 2 
456H | 1110 | 1A32_MC21_ADDR Package module. 
457H | 1111 | 1A32_MC21_MISC Package 
606H | 1542 | MSR_RAPL_POWER_UNIT Package Unit Multipliers Used in RAPL Interfaces (R/O) 

3:0 Package Power Units 

See Section 14.10.1, “RAPL Interfaces.” 
7:4 Package Reserved 
12:8 Package Energy Status Units 

Energy related information (in Joules) is based on the 

multiplier, 1/2*ESU; where ESU is an unsigned integer 

represented by bits 12:8. Default value is OEH (or 61 

micro-joules). 

15:13 Package Reserved 
19:16 Package Time Units 
See Section 14.10.1, “RAPL Interfaces.” 
63:20 Reserved 
618H | 1560 | MSR_DRAM_POWER_LIMIT Package DRAM RAPL Power Limit Control (R/W) 

See Section 14.10.5, “DRAM RAPL Domain." 
619H | 1561 |MSR_DRAM_ENERGY_STATUS Package DRAM Energy Status (R/O) 

Energy Consumed by DRAM devices. 

31:0 Energy in 15.3 micro-joules. Requires BIOS configuration 
to enable DRAM RAPL mode 0 (Direct VR). 
63:32 Reserved 
61BH | 1563 | MSR_DRAM_PERF_STATUS Package DRAM Performance Throttling Status (R/O) 

See Section 14.10.5, “DRAM RAPL Domain." 
61CH | 1564 | MSR_LDRAM_POWER_INFO Package DRAM RAPL Parameters (R/W) 

See Section 14.10.5, “DRAM RAPL Domain.” 
61EH 1566 | MSR_PCIE_PLL_RATIO Package Configuration of PCIE PLL Relative to BCLK(R/W) 
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Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


Package 


PCIE Ratio (R/W) 

OOb: Use 5:5 mapping for1 OOMHz operation (default). 
01b: Use 5:4 mapping for125MHz operation. 

10b: Use 5:3 mapping for166MHz operation. 

11b: Use 5:2 mapping for250MHz operation. 


Package 


LPLL Select (R/W) 
If 1, use configured setting of PCIE Ratio. 


Package 


LONG RESET (R/W) 


If 1, wait an additional time-out before re-locking 
Gen2/Gen3 PLLs. 


63:4 


Reserved 


620H 


1568 


MSR UNCORE_RATIO_LIMIT 


Package 


Uncore Ratio Limit (R/W) 


Out of reset, the min_ratio and max_ratio fields 
represent the widest possible range of uncore 
frequencies. Writing to these fields allows software to 
control the minimum and the maximum frequency that 
hardware will select. 


Reserved 


MIN_RATIO 


Writing to this field controls the minimum possible ratio 
of the LLC/Ring. 


Reserved 


MAX_RATIO 
This field is used to limit the max ratio of the LLC/Ring. 


639H 


1593 


MSR_PPO_ENERGY_STATUS 


Package 


Reserved (R/O) 
Reads return 0. 


690H 


1680 


MSR_CORE_PERF_LIMIT_REASONS 


Package 


Indicator of Frequency Clipping in Processor Cores (R/W) 
(Frequency refers to processor core frequency.) 


PROCHOT Status (RO) 


When set, processor core frequency is reduced below 
the operating system request due to assertion of 
external PROCHOT. 


Thermal Status (RO) 


When set, frequency is reduced below the operating 
system request due to a thermal event. 


Power Budget Management Status (RO) 


When set, frequency is reduced below the operating 
system request due to PBM limit 


Platform Configuration Services Status (RO) 


When set, frequency is reduced below the operating 
system request due to PCS limit 


Reserved 
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Autonomous Utilization-Based Frequency Control 
Status (RO) 
When set, frequency is reduced below the operating 


system request because the processor has detected 
that utilization is low. 


VR Therm Alert Status (RO) 

When set, frequency is reduced below the operating 
system request due to a thermal alert from the Voltage 
Regulator. 


Reserved 


Electrical Design Point Status (RO) 


When set, frequency is reduced below the operating 
system request due to electrical design point 
constraints (e.g., maximum electrical current 
consumption). 


Reserved 


Multi-Core Turbo Status (RO) 


When set, frequency is reduced below the operating 
system request due to Multi-Core Turbo limits. 


Reserved 


Core Frequency P1 Status (RO) 


When set, frequency is reduced below max non-turbo 
P1. 


14 


Core Max N-Core Turbo Frequency Limiting Status (RO) 


When set, frequency is reduced below max n-core turbo 
frequency. 


15 


Core Frequency Limiting Status (RO) 


When set, frequency is reduced below the operating 
system request. 


16 


PROCHOT Log 


When set, indicates that the PROCHOT Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


17 


Thermal Log 


When set, indicates that the Thermal Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


18 


Power Budget Management Log 


When set, indicates that the PBM Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 
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Register Name / Bit Fields 
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Platform Configuration Services Log 


When set, indicates that the PCS Status bit has asserted 
since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


20 


Reserved 


21 


22 


23 


Autonomous Utilization-Based Frequency Control Log 


When set, indicates that the AUBFC Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 
VR Therm Alert Log 


When set, indicates that the VR Therm Alert Status bit 
has asserted since the log bit was last cleared. 

This log bit will remain set until cleared by software 
writing 0. 


Reserved 


24 


Electrical Design Point Log 


When set, indicates that the EDP Status bit has asserted 
since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 


25 


Reserved 


26 


Multi-Core Turbo Log 


When set, indicates that the Multi-Core Turbo Status bit 
has asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


28:27 


Reserved 


29 


30 


Core Frequency P1 Log 

When set, indicates that the Core Frequency P1 Status 
bit has asserted since the log bit was last cleared. 

This log bit will remain set until cleared by software 
writing O. 

Core Max N-Core Turbo Frequency Limiting Log 


When set, indicates that the Core Max n-core Turbo 
Frequency Limiting Status bit has asserted since the log 
bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 
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31 Core Frequency Limiting Log 
When set, indicates that the Core Frequency Limiting 
Status bit has asserted since the log bit was last 
cleared. 
This log bit will remain set until cleared by software 
writing O. 
63:32 Reserved 
C8DH | 3213 | IA32_QM_EVTSEL THREAD Monitoring Event Select Register (R/W) 
If CPUID.(EAX=07H, ECX=0):EBX.RDT-M[bit 12] = 1. 
7:0 EventID (RW) 
Event encoding: 
0x0: No monitoring. 
0x1: L3 occupancy monitoring. 
All other encoding reserved. 
31:8 Reserved 
41:32 RMID (RW) 
63:42 Reserved 
C8EH 3214 | 1IA32_QM_CTR THREAD Monitoring Counter Register (R/O) 
If CPUID.(EAX=07H, ECX=0):EBX.RDT-M[bit 12] = 1. 
61:0 Resource Monitored Data 
62 Unavailable: If 1, indicates data for this RMID is not 
available or not monitored for this resource or RMID. 
63 Error: If 1, indicates and unsupported RMID or event 
type was written to |A32_PQR_QM_EVTSEL. 
C8FH 3215 | IA32_PQR_ASSOC THREAD Resource Association Register (R/W) 
9:0 RMID 
63:10 Reserved 


See Table 2-20, Table 2-29 for other MSR definitions applicable to processors with CPUID signature O6_3FH. 


NOTES: 


1. An override configuration lower than the factory-set configuration is always supported. An override configuration higher than the fac- 
tory-set configuration is dependent on features specific to the processor and the platform. 


2.14.1 


2-248 Vol. 4 


Additional Uncore PMU MSRs in the Intel® Xeon® Processor E5 v3 Family 


Intel Xeon Processor E5 v3 and E7 v3 family are based on the Haswell-E microarchitecture. The MSR-based uncore 
PMU interfaces are listed in Table 2-33. For complete detail of the uncore PMU, refer to Intel Xeon Processor E5 v3 
Product Family Uncore Performance Monitoring Guide. These processors have a CPUID signature with 

DisplayFamily_DisplayModel of 06_3FH. 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-33. Uncore PMU MSRs in Intel® Xeon® Processor E5 v3 Family 


Register 
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700H | 1792 | MSR_PMON_GLOBAL_CTL Package Uncore Perfmon Per-Socket Global Control 

701H | 1793 | MSR_PMON_GLOBAL_STATUS Package Uncore Perfmon Per-Socket Global Status 

702H | 1794 | MSR_PMON_GLOBAL_CONFIG Package Uncore Perfmon Per-Socket Global Configuration 

703H | 1795 | MSR_U_PMON_UCLK_FIXED_CTL Package Uncore U-Box UCLK Fixed Counter Control 

704H | 1796 | MSR_U_PMON_UCLK_FIXED_CTR Package Uncore U-Box UCLK Fixed Counter 

705H | 1797 | MSR_U_PMON_EVNTSELO Package Uncore U-Box Perfmon Event Select for U-Box 
Counter O 

706H | 1798 | MSR_U_PMON_EVNTSEL1 Package Uncore U-Box Perfmon Event Select for U-Box 
Counter 1 

708H | 1800 | MSR_U_PMON_BOX_STATUS Package Uncore U-Box Perfmon U-Box Wide Status 

709H | 1801 | MSR_U_PMON_CTRO Package Uncore U-Box Perfmon Counter 0 

70AH | 1802 | MSR_U_PMON_CTR1 Package Uncore U-Box Perfmon Counter 1 

710H | 1808 | MSR_PCU_PMON_BOX_CTL Package Uncore PCU Perfmon for PCU-Box-Wide Control 

711H | 1809 ) MSR_PCU_PMON_EVNTSELO Package Uncore PCU Perfmon Event Select for PCU Counter 0 

712H | 1810 | MSR_PCU_PMON_EVNTSEL1 Package Uncore PCU Perfmon Event Select for PCU Counter 1 

713H | 1811 | MSR_PCU_PMON_EVNTSEL2 Package Uncore PCU Perfmon Event Select for PCU Counter 2 

714H | 1812 | MSR_PCU_PMON_EVNTSEL3 Package Uncore PCU Perfmon Event Select for PCU Counter 3 

715H | 1813 | MSR_PCU_PMON_BOX_FILTER Package Uncore PCU Perfmon Box-Wide Filter 

716H | 1814 | MSR_PCU_PMON_BOX_STATUS Package Uncore PCU Perfmon Box Wide Status 

717H | 1815 | MSR_PCU_PMON_CTRO Package Uncore PCU Perfmon Counter 0 

718H | 1816 | MSR_PCU_PMON_CTR1 Package Uncore PCU Perfmon Counter 1 

719H | 1817 | MSR_PCU_PMON_CTR2 Package Uncore PCU Perfmon Counter 2 

71AH | 1818 | MSR_PCU_PMON_CTR3 Package Uncore PCU Perfmon Counter 3 

720H | 1824 | MSR_SO_PMON_BOX_CTL Package Uncore SBo O Perfmon for SBo O Box-Wide Control 

721H | 1825 | MSR_SO_PMON_EVNTSELO Package Uncore SBo O Perfmon Event Select for SBo 0 
Counter 0 

722H | 1826 | MSR_SO_PMON_EVNTSEL1 Package Uncore SBo 0 Perfmon Event Select for SBo 0 
Counter 1 

723H | 1827 | MSR_SO_PMON_EVNTSEL2 Package Uncore SBo O Perfmon Event Select for SBo 0 
Counter 2 

724H | 1828 | MSR_SO_PMON_EVNTSEL3 Package Uncore SBo 0 Perfmon Event Select for SBo 0 
Counter 3 

725H | 1829 | MSR_SO_PMON_BOX_FILTER Package Uncore SBo 0 Perfmon Box-Wide Filter 

726H | 1830 | MSR_SO_PMON_CTRO Package Uncore SBo 0 Perfmon Counter 0 

727H | 1831 | MSR_SO_PMON_CTR1 Package Uncore SBo O Perfmon Counter 1 

728H | 1832 | MSR_SO_PMON_CTR2 Package Uncore SBo O Perfmon Counter 2 

729H | 1833 | MSR_SO_PMON_CTR3 Package Uncore SBo 0 Perfmon Counter 3 

72AH | 1834 | MSR_S1_PMON_BOX_CTL Package Uncore SBo 1 Perfmon for SBo 1 Box-Wide Control 


Vol.4 2-249 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-33. Uncore PMU MSRs in Intel® Xeon® Processor €5 v3 Family (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

72BH | 1835 | MSR_S1_PMON_EVNTSELO Package Uncore SBo 1 Perfmon Event Select for SBo 1 
Counter 0 

72CH 1836 | MSR_S1_PMON_EVNTSEL1 Package Uncore SBo 1 Perfmon Event Select for SBo 1 
Counter 1 

72DH | 1837 | MSR_S1_PMON_EVNTSEL2 Package Uncore SBo 1 Perfmon Event Select for SBo 1 
Counter 2 

72EH 1838 | MSR_S1_PMON_EVNTSEL3 Package Uncore SBo 1 Perfmon Event Select for SBo 1 
Counter 3 

72FH 1839 | MSR_S1_PMON_BOX_FILTER Package Uncore SBo 1 Perfmon Box-Wide Filter 

730H | 1840 | MSR_S1_PMON_CTRO Package Uncore SBo 1 Perfmon Counter O 

731H | 1841 | MSR_S1_PMON_CTR1 Package Uncore SBo 1 Perfmon Counter 1 

732H | 1842 | MSR_S1_PMON_CTR2 Package Uncore SBo 1 Perfmon Counter 2 

733H | 1843 | MSR_S1_PMON_CTR3 Package Uncore SBo 1 Perfmon Counter 3 

734H | 1844 | MSR_S2_PMON_BOX_CTL Package Uncore SBo 2 Perfmon for SBo 2 Box-Wide Control 

735H | 1845 | MSR_S2_PMON_EVNTSELO Package Uncore SBo 2 Perfmon Event Select for SBo 2 
Counter 0 

736H | 1846 | MSR_S2_PMON_EVNTSEL1 Package Uncore SBo 2 Perfmon Event Select for SBo 2 
Counter 1 

737H | 1847 | MSR_S2_PMON_EVNTSEL2 Package Uncore SBo 2 Perfmon Event Select for SBo 2 
Counter 2 

738H | 1848 | MSR_S2_PMON_EVNTSEL3 Package Uncore SBo 2 Perfmon Event Select for SBo 2 
Counter 3 

739H | 1849 | MSR_S2_PMON_BOX_FILTER Package Uncore SBo 2 Perfmon Box-Wide Filter 

73AH | 1850 | MSR_S2_PMON_CTRO Package Uncore SBo 2 Perfmon Counter O 

73BH | 1851 | MSR_S2_PMON_CTR1 Package Uncore SBo 2 Perfmon Counter 1 

73CH 1852 | MSR_S2_PMON_CTR2 Package Uncore SBo 2 Perfmon Counter 2 

73DH | 1853 | MSR_S2_PMON_CTR3 Package Uncore SBo 2 Perfmon Counter 3 

73E€H 1854 | MSR_S3_PMON_BOX_CTL Package Uncore SBo 3 Perfmon for SBo 3 Box-Wide Control 

73FH 1855 | MSR_S3_PMON_EVNTSELO Package Uncore SBo 3 Perfmon Event Select for SBo 3 
Counter 0 

740H | 1856 | MSR_S3_PMON_EVNTSEL1 Package Uncore SBo 3 Perfmon Event Select for SBo 3 
Counter 1 

741H | 1857 | MSR_S3_PMON_EVNTSEL2 Package Uncore SBo 3 Perfmon Event Select for SBo 3 
Counter 2 

742H | 1858 | MSR_S3_PMON_EVNTSEL3 Package Uncore SBo 3 Perfmon Event Select for SBo 3 
Counter 3 

743H | 1859 | MSR_S3_PMON_BOX_FILTER Package Uncore SBo 3 Perfmon Box-Wide Filter 

744H | 1860 | MSR_S3_PMON_CTRO Package Uncore SBo 3 Perfmon Counter O 

745H | 1861 | MSR_S3_PMON_CTR1 Package Uncore SBo 3 Perfmon Counter 1 

746H | 1862 | MSR_S3_PMON_CTR2 Package Uncore SBo 3 Perfmon Counter 2 

747H | 1863 | MSR_S3_PMON_CTR3 Package Uncore SBo 3 Perfmon Counter 3 
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EOOH | 3584 | MSR_CO_PMON_BOX_CTL Package Uncore C-Box 0 Perfmon for Box-Wide Control 

€01H | 3585 | MSR_CO_PMON_EVNTSELO Package Uncore C-Box 0 Perfmon Event Select for C-Box 0 
Counter O 

€02H | 3586 | MSR_CO_PMON_EVNTSEL1 Package Uncore C-Box 0 Perfmon Event Select for C-Box O 
Counter 1 

E03H | 3587 | MSR_CO_PMON_EVNTSEL2 Package Uncore C-Box 0 Perfmon Event Select for C-Box O 
Counter 2 

E04H | 3588 | MSR_CO_PMON_EVNTSEL3 Package Uncore C-Box 0 Perfmon Event Select for C-Box O 
Counter 3 

€05H | 3589 | MSR_CO_PMON_BOX_FILTERO Package Uncore C-Box 0 Perfmon Box Wide Filter 0 

EO6H | 3590 | MSR_CO_PMON_BOX_FILTER1 Package Uncore C-Box 0 Perfmon Box Wide Filter 1 

€07H | 3591 | MSR_CO_PMON_BOX_STATUS Package Uncore C-Box 0 Perfmon Box Wide Status 

€O8H | 3592 | MSR_CO_PMON_CTRO Package Uncore C-Box 0 Perfmon Counter 0 

€OSH | 3593 | MSR_CO_PMON_CTR1 Package Uncore C-Box 0 Perfmon Counter 1 

EOAH | 3594 | MSR_CO_PMON_CTR2 Package Uncore C-Box 0 Perfmon Counter 2 

EOBH | 3595 | MSR_CO_PMON_CTR3 Package Uncore C-Box 0 Perfmon Counter 3 

€10H | 3600 | MSR_C1_PMON_BOX_CTL Package Uncore C-Box 1 Perfmon for Box-Wide Control 

€11H | 3601 | MSR_C1_PMON_EVNTSELO Package Uncore C-Box 1 Perfmon Event Select for C-Box 1 
Counter O 

—€12H | 3602 | MSR_C1_PMON_EVNTSEL1 Package Uncore C-Box 1 Perfmon Event Select for C-Box 1 
Counter 1 

€13H | 3603 | MSR_C1_PMON_EVNTSEL2 Package Uncore C-Box 1 Perfmon Event Select for C-Box 1 
Counter 2 

E14H | 3604 | MSR_C1_PMON_EVNTSEL3 Package Uncore C-Box 1 Perfmon Event Select for C-Box 1 
Counter 3 

€15H | 3605 | MSR_C1_PMON_BOX_FILTERO Package Uncore C-Box 1 Perfmon Box Wide Filter O 

€16H | 3606 | MSR_C1_PMON_BOX_FILTER1 Package Uncore C-Box 1 Perfmon Box Wide Filter1 

€17H | 3607 | MSR_C1_PMON_BOX_STATUS Package Uncore C-Box 1 Perfmon Box Wide Status 

€18H | 3608 | MSR_C1_PMON_CTRO Package Uncore C-Box 1 Perfmon Counter 0 

€19H | 3609 | MSR_C1_PMON_CTR1 Package Uncore C-Box 1 Perfmon Counter 1 

E1AH | 3610 | MSR_C1_PMON_CTR2 Package Uncore C-Box 1 Perfmon Counter 2 

€1BH | 3611 | MSR_C1_PMON_CTR3 Package Uncore C-Box 1 Perfmon Counter 3 

E20H | 3616 | MSR_C2_PMON_BOX_CTL Package Uncore C-Box 2 Perfmon for Box-Wide Control 

E21H | 3617 | MSR_C2_PMON_EVNTSELO Package Uncore C-Box 2 Perfmon Event Select for C-Box 2 
Counter O 

E22H | 3618 | MSR_C2_PMON_EVNTSEL1 Package Uncore C-Box 2 Perfmon Event Select for C-Box 2 
Counter 1 

E23H | 3619 | MSR_C2_PMON_EVNTSEL2 Package Uncore C-Box 2 Perfmon Event Select for C-Box 2 
Counter 2 

E24H | 3620 | MSR_C2_PMON_EVNTSEL3 Package Uncore C-Box 2 Perfmon Event select for C-Box 2 
Counter 3 
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E25H | 3621 | MSR_C2_PMON_BOX_FILTERO Package Uncore C-Box 2 Perfmon Box Wide Filter 0 

E26H | 3622 | MSR_C2_PMON_BOX_FILTER1 Package Uncore C-Box 2 Perfmon Box Wide Filter1 

E27H | 3623 | MSR_C2_PMON_BOX_STATUS Package Uncore C-Box 2 Perfmon Box Wide Status 

E28H | 3624 | MSR_C2_PMON_CTRO Package Uncore C-Box 2 Perfmon Counter 0 

E29H | 3625 | MSR_C2_PMON_CTR1 Package Uncore C-Box 2 Perfmon Counter 1 

E2AH | 3626 | MSR_C2_PMON_CTR2 Package Uncore C-Box 2 Perfmon Counter 2 

E2BH | 3627 | MSR_C2_PMON_CTR3 Package Uncore C-Box 2 Perfmon Counter 3 

E30H | 3632 | MSR_C3_PMON_BOX_CTL Package Uncore C-Box 3 Perfmon for Box-Wide Control 

E31H | 3633 | MSR_C3_PMON_EVNTSELO Package Uncore C-Box 3 Perfmon Event Select for C-Box 3 
Counter 0 

E32H | 3634 | MSR_C3_PMON_EVNTSEL1 Package Uncore C-Box 3 Perfmon Event Select for C-Box 3 
Counter 1 

€33H | 3635 | MSR_C3_PMON_EVNTSEL2 Package Uncore C-Box 3 Perfmon Event Select for C-Box 3 
Counter 2 

E34H | 3636 | MSR_C3_PMON_EVNTSEL3 Package Uncore C-Box 3 Perfmon Event Select for C-Box 3 
Counter 3 

E35H | 3637 | MSR_C3_PMON_BOX_FILTERO Package Uncore C-Box 3 Perfmon Box Wide Filter 0 

E36H | 3638 | MSR_C3_PMON_BOX_FILTER1 Package Uncore C-Box 3 Perfmon Box Wide Filter1 

€37H | 3639 | MSR_C3_PMON_BOX_STATUS Package Uncore C-Box 3 Perfmon Box Wide Status 

E38H | 3640 | MSR_C3_PMON_CTRO Package Uncore C-Box 3 Perfmon Counter 0 

E39H | 3641 | MSR_C3_PMON_CTR1 Package Uncore C-Box 3 Perfmon Counter 1 

E3AH | 3642 | MSR_C3_PMON_CTR2 Package Uncore C-Box 3 Perfmon Counter 2 

E3BH | 3643 | MSR_C3_PMON_CTR3 Package Uncore C-Box 3 Perfmon Counter 3 

E40H | 3648 | MSR_C4_PMON_BOX_CTL Package Uncore C-Box 4 Perfmon for Box-Wide Control 

E41H | 3649 | MSR_C4_PMON_EVNTSELO Package Uncore C-Box 4 Perfmon Event Select for C-Box 4 
Counter 0 

E42H | 3650 | MSR_C4_PMON_EVNTSEL1 Package Uncore C-Box 4 Perfmon Event Select for C-Box 4 
Counter 1 

E43H | 3651 | MSR_C4_PMON_EVNTSEL2 Package Uncore C-Box 4 Perfmon Event Select for C-Box 4 
Counter 2 

E44H | 3652 | MSR_C4_PMON_EVNTSEL3 Package Uncore C-Box 4 Perfmon Event Select for C-Box 4 
Counter 3 

E45H | 3653 | MSR_C4_PMON_BOX_FILTERO Package Uncore C-Box 4 Perfmon Box Wide Filter 0 

E46H | 3654 | MSR_C4_PMON_BOX_FILTER1 Package Uncore C-Box 4 Perfmon Box Wide Filter1 

€47H | 3655 | MSR_C4_PMON_BOX_STATUS Package Uncore C-Box 4 Perfmon Box Wide Status 

E48H | 3656 | MSR_C4_PMON_CTRO Package Uncore C-Box 4 Perfmon Counter 0 

E49H | 3657 | MSR_C4_PMON_CTR1 Package Uncore C-Box 4 Perfmon Counter 1 

E4AH | 3658 | MSR_C4_PMON_CTR2 Package Uncore C-Box 4 Perfmon Counter 2 

E4BH | 3659 | MSR_C4_PMON_CTR3 Package Uncore C-Box 4 Perfmon Counter 3 
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€50H | 3664 | MSR_C5_PMON_BOX_CTL Package Uncore C-Box 5 Perfmon for Box-Wide Control 

€51H | 3665 | MSR_C5_PMON_EVNTSELO Package Uncore C-Box 5 Perfmon Event Select for C-Box 5 
Counter 0 

€52H | 3666 | MSR_C5_PMON_EVNTSEL1 Package Uncore C-Box 5 Perfmon Event Select for C-Box 5 
Counter 1 

€53H | 3667 | MSR_C5_PMON_EVNTSEL2 Package Uncore C-Box 5 Perfmon Event Select for C-Box 5 
Counter 2 

E54H | 3668 | MSR_C5_PMON_EVNTSEL3 Package Uncore C-Box 5 Perfmon Event Select for C-Box 5 
Counter 3 

€55H | 3669 | MSR_C5_PMON_BOX_FILTERO Package Uncore C-Box 5 Perfmon Box Wide Filter 0 

€56H | 3670 | MSR_C5_PMON_BOX_FILTER1 Package Uncore C-Box 5 Perfmon Box Wide Filter 1 

€57H | 3671 | MSR_C5_PMON_BOX_STATUS Package Uncore C-Box 5 Perfmon Box Wide Status 

€58H | 3672 | MSR_C5_PMON_CTRO Package Uncore C-Box 5 Perfmon Counter 0 

E59H | 3673 | MSR_C5_PMON_CTR1 Package Uncore C-Box 5 Perfmon Counter 1 

E5AH | 3674 | MSR_C5_PMON_CTR2 Package Uncore C-Box 5 Perfmon Counter 2 

E5BH | 3675 | MSR_C5_PMON_CTR3 Package Uncore C-Box 5 Perfmon Counter 3 

€60H | 3680 | MSR_C6_PMON_BOX_CTL Package Uncore C-Box 6 Perfmon for Box-Wide Control 

€61H | 3681 | MSR_C6_PMON_EVNTSELO Package Uncore C-Box 6 Perfmon Event Select for C-Box 6 
Counter 0 

E62H | 3682 | MSR_C6_PMON_EVNTSEL1 Package Uncore C-Box 6 Perfmon Event Select for C-Box 6 
Counter 1 

€63H | 3683 | MSR_C6_PMON_EVNTSEL2 Package Uncore C-Box 6 Perfmon Event Select for C-Box 6 
Counter 2 

€64H | 3684 | MSR_C6_PMON_EVNTSEL3 Package Uncore C-Box 6 Perfmon Event Select for C-Box 6 
Counter 3 

€65H | 3685 | MSR_C6_PMON_BOX_FILTERO Package Uncore C-Box 6 Perfmon Box Wide Filter 0 

€66H | 3686 | MSR_C6_PMON_BOX_FILTER1 Package Uncore C-Box 6 Perfmon Box Wide Filter 1 

€67H | 3687 | MSR_C6_PMON_BOX_STATUS Package Uncore C-Box 6 Perfmon Box Wide Status 

€68H | 3688 | MSR_C6_PMON_CTRO Package Uncore C-Box 6 Perfmon Counter 0 

€69H | 3689 | MSR_C6_PMON_CTR1 Package Uncore C-Box 6 Perfmon Counter 1 

E6AH | 3690 | MSR_C6_PMON_CTR2 Package Uncore C-Box 6 Perfmon Counter 2 

E6BH | 3691 | MSR_C6_PMON_CTR3 Package Uncore C-Box 6 Perfmon Counter 3 

€70H | 3696 | MSR_C7_PMON_BOX_CTL Package Uncore C-Box 7 Perfmon for Box-Wide Control 

E71H | 3697 | MSR_C7_PMON_EVNTSELO Package Uncore C-Box 7 Perfmon Event Select for C-Box 7 
Counter O 

E72H | 3698 | MSR_C7_PMON_EVNTSEL1 Package Uncore C-Box 7 Perfmon Event Select for C-Box 7 
Counter 1 

€73H | 3699 | MSR_C7_PMON_EVNTSEL2 Package Uncore C-Box 7 Perfmon Event Select for C-Box 7 
Counter 2 

E74H | 3700 | MSR_C7_PMON_EVNTSEL3 Package Uncore C-Box 7 Perfmon Event Select for C-Box 7 
Counter 3 
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€75H | 3701 | MSR_C7_PMON_BOX_FILTERO Package Uncore C-Box 7 Perfmon Box Wide Filter 0 

E76H | 3702 | MSR_C7_PMON_BOX_FILTER1 Package Uncore C-Box 7 Perfmon Box Wide Filter 1 

E77H | 3703 | MSR_C7_PMON_BOX_STATUS Package Uncore C-Box 7 Perfmon Box Wide Status 

E78H | 3704 | MSR_C7_PMON_CTRO Package Uncore C-Box 7 Perfmon Counter 0 

E79H | 3705 | MSR_C7_PMON_CTR1 Package Uncore C-Box 7 Perfmon Counter 1 

E7AH | 3706 | MSR_C7_PMON_CTR2 Package Uncore C-Box 7 Perfmon Counter 2 

E7BH | 3707 | MSR_C7_PMON_CTR3 Package Uncore C-Box 7 Perfmon Counter 3 

E80H | 3712 | MSR_C8_PMON_BOX_CTL Package Uncore C-Box 8 Perfmon Local Box Wide Control 

E81H | 3713 | MSR_C8_PMON_EVNTSELO Package Uncore C-Box 8 Perfmon Event Select for C-Box 8 
Counter 0 

E82H | 3714 | MSR_C8_PMON_EVNTSEL1 Package Uncore C-Box 8 Perfmon Event Select for C-Box 8 
Counter 1 

€83H | 3715 | MSR_C8_PMON_EVNTSEL2 Package Uncore C-Box 8 Perfmon Event Select for C-Box 8 
Counter 2 

E84H | 3716 | MSR_C8_PMON_EVNTSEL3 Package Uncore C-Box 8 Perfmon Event Select for C-Box 8 
Counter 3 

E85H | 3717 | MSR_C8_PMON_BOX_FILTERO Package Uncore C-Box 8 Perfmon Box Wide Filter 0 

E86H | 3718 | MSR_C8_PMON_BOX_FILTER1 Package Uncore C-Box 8 Perfmon Box Wide Filter 1 

€87H | 3719 | MSR_C8_PMON_BOX_STATUS Package Uncore C-Box 8 Perfmon Box Wide Status 

E88H | 3720 | MSR_C8_PMON_CTRO Package Uncore C-Box 8 Perfmon Counter 0 

E89H | 3721 | MSR_C8_PMON_CTR1 Package Uncore C-Box 8 Perfmon Counter 1 

E8AH | 3722 | MSR_C8_PMON_CTR2 Package Uncore C-Box 8 Perfmon Counter 2 

E8BH | 3723 | MSR_C8_PMON_CTR3 Package Uncore C-Box 8 Perfmon Counter 3 

ES0H | 3728 | MSR_C9_PMON_BOX_CTL Package Uncore C-Box 9 Perfmon Local Box Wide Control 

E91H | 3729 | MSR_C9_PMON_EVNTSELO Package Uncore C-Box 9 Perfmon Event Select for C-Box 9 
Counter 0 

E92H | 3730 | MSR_C9_PMON_EVNTSEL1 Package Uncore C-Box 9 Perfmon Event Select for C-Box 9 
Counter 1 

E93H | 3731 | MSR_C9_PMON_EVNTSEL2 Package Uncore C-Box 9 Perfmon Event Select for C-Box 9 
Counter 2 

E94H | 3732 | MSR_C9_PMON_EVNTSEL3 Package Uncore C-Box 9 Perfmon Event Select for C-Box 9 
Counter 3 

E95H | 3733 | MSR_C9_PMON_BOX_FILTERO Package Uncore C-Box 9 Perfmon Box Wide Filter 0 

E96H | 3734 | MSR_C9_PMON_BOX_FILTER1 Package Uncore C-Box 9 Perfmon Box Wide Filter 1 

€97H | 3735 | MSR_C9_PMON_BOX_STATUS Package Uncore C-Box 9 Perfmon Box Wide Status 

E98H | 3736 | MSR_C9_PMON_CTRO Package Uncore C-Box 9 Perfmon Counter 0 

E99H | 3737 | MSR_C9_PMON_CTR1 Package Uncore C-Box 9 Perfmon Counter 1 

ESAH | 3738 | MSR_C9_PMON_CTR2 Package Uncore C-Box 9 Perfmon Counter 2 

E9BH | 3739 | MSR_C9_PMON_CTR3 Package Uncore C-Box 9 Perfmon Counter 3 
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EAOH | 3744 | MSR_C10_PMON_BOX_CTL Package Uncore C-Box 10 Perfmon Local Box Wide Control 

EA1H | 3745 | MSR_C10_PMON_EVNTSELO Package Uncore C-Box 10 Perfmon Event Select for C-Box 10 
Counter 0 

EA2H | 3746 | MSR_C10_PMON_EVNTSEL1 Package Uncore C-Box 10 Perfmon Event Select for C-Box 10 
Counter 1 

EA3H | 3747 | MSR_C10_PMON_EVNTSEL2 Package Uncore C-Box 10 Perfmon Event Select for C-Box 10 
Counter 2 

EA4H | 3748 | MSR_C10_PMON_EVNTSEL3 Package Uncore C-Box 10 Perfmon Event Select for C-Box 10 
Counter 3 

EA5H | 3749 | MSR_C10_PMON_BOX_FILTERO Package Uncore C-Box 10 Perfmon Box Wide Filter 0 

EA6H | 3750 | MSR_C10_PMON_BOX_FILTER1 Package Uncore C-Box 10 Perfmon Box Wide Filter 1 

EA7H | 3751 | MSR_C10_PMON_BOX_STATUS Package Uncore C-Box 10 Perfmon Box Wide Status 

EA8H | 3752 | MSR_C10_PMON_CTRO Package Uncore C-Box 10 Perfmon Counter O 

EASH | 3753 | MSR_C10_PMON_CTR1 Package Uncore C-Box 10 perfmon Counter 1 

EAAH | 3754 | MSR_C10_PMON_CTR2 Package Uncore C-Box 10 Perfmon Counter 2 

EABH | 3755 | MSR_C10_PMON_CTR3 Package Uncore C-Box 10 Perfmon Counter 3 

EBOH | 3760 | MSR_C11_PMON_BOX_CTL Package Uncore C-Box 11 Perfmon Local Box Wide Control 

€B1H | 3761 | MSR_C11_PMON_EVNTSELO Package Uncore C-Box 11 Perfmon Event Select for C-Box 11 
Counter O 

EB2H | 3762 | MSR_C11_PMON_EVNTSEL1 Package Uncore C-Box 11 Perfmon Event Select for C-Box 11 
Counter 1 

EB3H | 3763 | MSR_C11_PMON_EVNTSEL2 Package Uncore C-Box 11 Perfmon Event Select for C-Box 11 
Counter 2 

EB4H | 3764 | MSR_C11_PMON_EVNTSEL3 Package Uncore C-box 11 Perfmon Event Select for C-Box 11 
Counter 3 

EB5H | 3765 | MSR_C11_PMON_BOX_FILTERO Package Uncore C-Box 11 Perfmon Box Wide Filter 0 

EB6H | 3766 | MSR_C11_PMON_BOX_FILTER1 Package Uncore C-Box 11 Perfmon Box Wide Filter 1 

€B7H | 3767 | MSR_C11_PMON_BOX_STATUS Package Uncore C-Box 11 Perfmon Box Wide Status 

EB8H | 3768 | MSR_C11_PMON_CTRO Package Uncore C-Box 11 Perfmon Counter O 

EBSH | 3769 | MSR_C11_PMON_CTR1 Package Uncore C-Box 11 Perfmon Counter 1 

EBAH | 3770 | MSR_C11_PMON_CTR2 Package Uncore C-Box 11 Perfmon Counter 2 

EBBH | 3771 | MSR_C11_PMON_CTR3 Package Uncore C-Box 11 Perfmon Counter 3 

ECOH | 3776 | MSR_C12_PMON_BOX_CTL Package Uncore C-Box 12 Perfmon Local Box Wide Control 

EC1H | 3777 | MSR_C12_PMON_EVNTSELO Package Uncore C-Box 12 Perfmon Event Select for C-Box 12 
Counter 0 

EC2H 3778 | MSR_C12_PMON_EVNTSEL1 Package Uncore C-Box 12 Perfmon Event Select for C-Box 12 
Counter 1 

EC3H 3779 | MSR_C12_PMON_EVNTSEL2 Package Uncore C-Box 12 Perfmon Event Select for C-Box 12 
Counter 2 

EC4H | 3780 | MSR_C12_PMON_EVNTSEL3 Package Uncore C-Box 12 Perfmon Event Select for C-Box 12 
Counter 3 
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ECSH 3781 | MSR_C12_PMON_BOX_FILTERO Package Uncore C-Box 12 Perfmon Box Wide Filter 0 

EC6H | 3782 | MSR_C12_PMON_BOX_FILTER1 Package Uncore C-Box 12 Perfmon Box Wide Filter 1 

EC7H | 3783 | MSR_C12_PMON_BOX_STATUS Package Uncore C-Box 12 Perfmon Box Wide Status 

EC8H 3784 | MSR_C12_PMON_CTRO Package Uncore C-Box 12 Perfmon Counter 0 

ECSH | 3785 | MSR_C12_PMON_CTR1 Package Uncore C-Box 12 Perfmon Counter 1 

ECAH | 3786 | MSR_C12_PMON_CTR2 Package Uncore C-Box 12 Perfmon Counter 2 

ECBH 3787 | MSR_C12_PMON_CTR3 Package Uncore C-Box 12 Perfmon Counter 3 

EDOH | 3792 | MSR_C13_PMON_BOX_CTL Package Uncore C-Box 13 Perfmon local box wide control. 

ED1H | 3793 | MSR_C13_PMON_EVNTSELO Package Uncore C-Box 13 Perfmon Event Select for C-Box 13 
Counter 0 

ED2H | 3794 | MSR_C13_PMON_EVNTSEL1 Package Uncore C-Box 13 Perfmon Event Select for C-Box 13 
Counter 1 

ED3H | 3795 | MSR_C13_PMON_EVNTSEL2 Package Uncore C-Box 13 Perfmon Event Select for C-Box 13 
Counter 2 

ED4H | 3796 | MSR_C13_PMON_EVNTSEL3 Package Uncore C-Box 13 Perfmon Event Select for C-Box 13 
Counter 3 

ED5H | 3797 | MSR_C13_PMON_BOX_FILTERO Package Uncore C-Box 13 Perfmon Box Wide Filter 0 

ED6H | 3798 | MSR_C13_PMON_BOX_FILTER1 Package Uncore C-Box 13 Perfmon Box Wide Filter 1 

ED7H | 3799 | MSR_C13_PMON_BOX_STATUS Package Uncore C-Box 13 Perfmon Box Wide Status 

ED8H | 3800 | MSR_C13_PMON_CTRO Package Uncore C-Box 13 Perfmon Counter 0 

EDSH | 3801 | MSR_C13_PMON_CTR1 Package Uncore C-Box 13 Perfmon Counter 1 

EDAH | 3802 | MSR_C13_PMON_CTR2 Package Uncore C-Box 13 Perfmon Counter 2 

EDBH | 3803 | MSR_C13_PMON_CTR3 Package Uncore C-Box 13 Perfmon Counter 3 

EEOH 3808 | MSR_C14_PMON_BOX_CTL Package Uncore C-Box 14 Perfmon Local Box Wide Control 

EE1H | 3809 | MSR_C14_PMON_EVNTSELO Package Uncore C-Box 14 Perfmon Event Select for C-Box 14 
Counter 0 

EE2H | 3810 | MSR_C14_PMON_EVNTSEL1 Package Uncore C-Box 14 Perfmon Event Select for C-Box 14 
Counter 1 

EE3H 3811 | MSR_C14_PMON_EVNTSEL2 Package Uncore C-Box 14 Perfmon Event Select for C-Box 14 
Counter 2 

EE4H 3812 | MSR_C14_PMON_EVNTSEL3 Package Uncore C-Box 14 Perfmon Event Select for C-Box 14 
Counter 3 

EE5H | 3813 | MSR_C14_PMON_BOX_FILTER Package Uncore C-Box 14 Perfmon Box Wide Filter 0 

EE6GH | 3814 | MSR_C14_PMON_BOX_FILTER1 Package Uncore C-Box 14 Perfmon Box Wide Filter 1 

EE7H 3815 | MSR_C14_PMON_BOX_STATUS Package Uncore C-Box 14 Perfmon Box Wide Status 

EE8H 3816 | MSR_C14_PMON_CTRO Package Uncore C-Box 14 Perfmon Counter 0 

EESH | 3817 | MSR_C14_PMON_CTR1 Package Uncore C-Box 14 Perfmon Counter 1 

EEAH | 3818 | MSR_C14_PMON_CTR2 Package Uncore C-Box 14 Perfmon Counter 2 

EEBH 3819 | MSR_C14_PMON_CTR3 Package Uncore C-Box 14 Perfmon Counter 3 
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EFOH | 3824 | MSR_C15_PMON_BOX_CTL Package Uncore C-Box 15 Perfmon Local Box Wide Control 

EFIH | 3825 | MSR_C15_PMON_EVNTSELO Package Uncore C-Box 15 Perfmon Event Select for C-Box 15 
Counter 0 

EF2H | 3826 | MSR_C15_PMON_EVNTSEL1 Package Uncore C-Box 15 Perfmon Event Select for C-Box 15 
Counter 1 

EF3H 3827 | MSR_C15_PMON_EVNTSEL2 Package Uncore C-Box 15 Perfmon Event Select for C-Box 15 
Counter 2 

EF4H 3828 | MSR_C15_PMON_EVNTSEL3 Package Uncore C-Box 15 Perfmon Event Select for C-Box 15 
Counter 3 

EF5H | 3829 | MSR_C15_PMON_BOX_FILTERO Package Uncore C-Box 15 Perfmon Box Wide Filter 0 

EF6H | 3830 | MSR_C15_PMON_BOX_FILTER1 Package Uncore C-Box 15 Perfmon Box Wide Filter 1 

EF7H | 3831 | MSR_C15_PMON_BOX_STATUS Package Uncore C-Box 15 Perfmon Box Wide Status 

EF8H | 3832 | MSR_C15_PMON_CTRO Package Uncore C-Box 15 Perfmon Counter O 

EFSH | 3833 | MSR_C15_PMON_CTR1 Package Uncore C-Box 15 Perfmon Counter 1 

EFAH | 3834 | MSR_C15_PMON_CTR2 Package Uncore C-Box 15 Perfmon Counter 2 

EFBH | 3835 | MSR_C15_PMON_CTR3 Package Uncore C-Box 15 Perfmon Counter 3 

FOOH | 3840 | MSR_C16_PMON_BOX_CTL Package Uncore C-Box 16 Perfmon for Box-Wide Control 

FOIH | 3841 | MSR_C16_PMON_EVNTSELO Package Uncore C-Box 16 Perfmon Event Select for C-Box 16 
Counter 0 

FO2H | 3842 | MSR_C16_PMON_EVNTSEL1 Package Uncore C-Box 16 Perfmon Event Select for C-Box 16 
Counter 1 

FO3H | 3843 | MSR_C16_PMON_EVNTSEL2 Package Uncore C-Box 16 Perfmon Event Select for C-Box 16 
Counter 2 

FO4H | 3844 | MSR_C16_PMON_EVNTSEL3 Package Uncore C-Box 16 Perfmon Event Select for C-Box 16 
Counter 3 

FO5SH | 3845 | MSR_C16_PMON_BOX_FILTERO Package Uncore C-Box 16 Perfmon Box Wide Filter O 

FO6H | 3846 | MSR_C16_PMON_BOX_FILTER1 Package Uncore C-Box 16 Perfmon Box Wide Filter 1 

FO7H | 3847 | MSR_C16_PMON_BOX_STATUS Package Uncore C-Box 16 Perfmon Box Wide Status 

FO8H | 3848 | MSR_C16_PMON_CTRO Package Uncore C-Box 16 Perfmon Counter O 

FOSH | 3849 | MSR_C16_PMON_CTR1 Package Uncore C-Box 16 Perfmon Counter 1 

FOAH | 3850 | MSR_C16_PMON_CTR2 Package Uncore C-Box 16 Perfmon Counter 2 

FOBH | 3851 | MSR_C16_PMON_CTR3 Package Uncore C-Box 16 Perfmon Counter 3 

FIOH | 3856 | MSR_C17_PMON_BOX_CTL Package Uncore C-Box 17 Perfmon for Box-Wide Control 

F11H | 3857 | MSR_C17_PMON_EVNTSELO Package Uncore C-Box 17 Perfmon Event Select for C-Box 17 
Counter 0 

F12H | 3858 | MSR_C17_PMON_EVNTSEL1 Package Uncore C-Box 17 Perfmon Event Select for C-Box 17 
Counter 1 

F13H | 3859 | MSR_C17_PMON_EVNTSEL2 Package Uncore C-Box 17 Perfmon Event Select for C-Box 17 
Counter 2 

F14H | 3860 | MSR_C17_PMON_EVNTSEL3 Package Uncore C-Box 17 Perfmon Event Select for C-Box 17 
Counter 3 
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Table 2-33. Uncore PMU MSRs in Intel® Xeon® Processor €5 v3 Family (Contd.) 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
FI5H | 3861 | MSR_C17_PMON_BOX_FILTERO Package Uncore C-Box 17 Perfmon Box Wide Filter 0 
FI6H | 3862 | MSR_C17_PMON_BOX_FILTER1 Package Uncore C-Box 17 Perfmon Box Wide Filter1 
F17H | 3863 | MSR_C17_PMON_BOX_STATUS Package Uncore C-Box 17 Perfmon Box Wide Status 
F18H | 3864 | MSR_C17_PMON_CTRO Package Uncore C-Box 17 Perfmon Counter O 
FISH | 3865 | MSR_C17_PMON_CTR1 Package Uncore C-Box 17 Perfmon Counter 1 
FIAH | 3866 | MSR_C17_PMON_CTR2 Package Uncore C-Box 17 Perfmon Counter 2 
FIBH | 3867 | MSR_C17_PMON_CTR3 Package Uncore C-Box 17 Perfmon Counter 3 


2.15 MSRS IN INTEL® CORE™ M PROCESSORS AND 5TH GENERATION INTEL 
CORE PROCESSORS 


The Intel® Core™ M-5xxx processors and 5th generation Intel® Core™ Processors, and Intel® Xeon® Processor 
E3-1200 v4 family are based on the Broadwell microarchitecture. The Intel® Core™ M-5xxx processors and 5th 
generation Intel® Core™ Processors have CPUID DisplayFamily_DisplayModel signature 06_3DH. Intel® Xeon® 
Processor E3-1200 v4 family and the 5th generation Intel® Core™ Processors have CPUID 
DisplayFamily_DisplayModel signature 06_47H. Processors with signatures 06_3DH and 06_47H support the MSR 
interfaces listed in Table 2-20, Table 2-21, Table 2-22, Table 2-25, Table 2-29, Table 2-30, Table 2-34, and Table 
2-35. For an MSR listed in Table 2-35 that also appears in the model-specific tables of prior generations, Table 2-35 
supersede prior generation tables. 


Table 2-34 lists MSRs that are common to processors based on the Broadwell microarchitectures (including CPUID 
signatures 06_3DH, 06_47H, 06_4FH, and 06_56H). 


Table 2-34. Additional MSRs Common to Processors Based the Broadwell Microarchitectures 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
38EH 910 | IA32_PERF_GLOBAL_STATUS Thread See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities.” 
0 Ovf_PMCO 
1 Ovf_PMC1 
2 Ovf_PMC2 
3 Ovf_PMC3 
31:4 Reserved 
32 Ovf_FixedCtrO 
33 Ovf_FixedCtr1 
34 Ovf_FixedCtr2 
54:35 Reserved 
55 Trace_ToPA_PMI 
See Section 32.2.7.2, “Table of Physical Addresses 
(ToPA).” 
60:56 Reserved 
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Table 2-34. Additional MSRs Common to Processors Based the Broadwell Microarchitectures 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
61 Ovf_Uncore 
62 Ovf_BufDSSAVE 
63 CondChgd 
390H 912 | IA32_PERF_GLOBAL_OVF_CTRL Thread See Table 2-2. See Section 19.6.2.2, “Global Counter 
Control Facilities.” 
0 Set 1 to clear Ovf_PMCO 
1 Set 1 to clear Ovf_PMC1 
2 Set 1 to clear Ovf_PMC2 
3 Set 1 to clear Ovf_PMC3 
31:4 Reserved 
32 Set 1 to clear Ovf_FixedCtrO 
33 Set 1 to clear Ovf_FixedCtr1 
34 Set 1 to clear Ovf_FixedCtr2 
54:35 Reserved. 
55 Set 1 to clear Trace_ToPA_PMI. 
See Section 32.2.7.2, “Table of Physical Addresses 
(ToPA).” 
60:56 Reserved 
61 Set 1 to clear Ovf_Uncore 
62 Set 1 to clear Ovf_BufDSSAVE 
63 Set 1 to clear CondChgd 
560H | 1376 | IA32_RTIT_OUTPUT_BASE THREAD Trace Output Base Register (R/W) 
6:0 Reserved 
MAXPHYADDR!-1:7 Base physical address. 
63:MAXPHYADDR Reserved 
561H | 1377 | 1A32_RTIT_OUTPUT_MASK_PTRS THREAD Trace Output Mask Pointers Register (R/W) 
6:0 Reserved 
31:7 MaskOrTableOffset 
63:32 Output Offset. 
570H | 1392 | IA32_RTIT_CTL Thread Trace Control Register (R/W) 
0 TraceEn 
1 Reserved, must be zero. 
2 (e)s) 
3 User 
6:4 Reserved, must be zero. 
7 CR3 filter 
8 ToPA 
Writing O will #GP if also setting TraceEn. 
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Table 2-34. Additional MSRs Common to Processors Based the Broadwell Microarchitectures 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

9 Reserved, must be zero. 

10 TSCEn 

11 DisRETC 

12 Reserved, must be zero. 

13 Reserved; writing O will #GP if also setting TraceEn. 

63:14 Reserved, must be zero. 

571H_ | 1393 IA32_RTIT_STATUS Thread Tracing Status Register (R/W) 

0 Reserved, writes ignored. 

1 ContexEn, writes ignored. 

2 TriggerEn, writes ignored. 

3 Reserved 

4 Error (R/W) 

5 Stopped 

63:6 Reserved, must be zero. 

572H | 1394 | 1A32_RTIT_CR3_MATCH THREAD Trace Filter CR3 Match Register (R/W) 
4:0 Reserved 
63:5 CR3[63:5] value to match. 
620H | 1568 | MSR UNCORE_RATIO_LIMIT Package Uncore Ratio Limit (R/w) 

Out of reset, the min_ratio and max_ratio fields 
represent the widest possible range of uncore 
frequencies. Writing to these fields allows software to 
control the minimum and the maximum frequency that 
hardware will select. 

63:15 Reserved 

14:8 MIN_RATIO 
Writing to this field controls the minimum possible 
ratio of the LLC/Ring. 

7 Reserved 

6:0 MAX_RATIO 
This field is used to limit the max ratio of the LLC/Ring. 

NOTES: 


1. MAXPHYADDR is reported by CPUID.80000008H:EAX[7:0]. 


Table 2-35 lists MSRs that are specific to Intel Core M processors and 5th Generation Intel Core Processors. 
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Table 2-35. Additional MSRs Supported by Intel® Core™ M Processors and 5th Generation Intel® Core™ Processors 


Register Scope 
Address Register Name Bit Description 
Hex Dec 
E2H 226 | MSR_PKG_CST_CONFIG_CONTROL Core C-State Configuration Control (R/W) 

Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 
See http://biosbits.org. 

3:0 Package C-State Limit (R/W) 
Specifies the lowest processor-specific C-state code 
name (consuming the least power) for the package. 
The default is set as factory-configured package C- 
state limit. 
The following C-state code name encodings are 
supported: 
0000b: CO/C1 (no package C-state support) 
0001b: C2 
0010b: C3 
0011b: C6 
0100b: C7 
0101b: C7s 
0110b: C8 
0111b: C9 
1000b: C10 

9:4 Reserved 

10 I/O MWAIT Redirection Enable (R/W) 

14:11 Reserved 

15 CFG Lock (R/WO) 

24:16 Reserved 

25 C3 State Auto Demotion Enable (R/W) 

26 C1 State Auto Demotion Enable (R/W) 

27 Enable C3 Undemotion (R/W) 

28 Enable C1 Undemotion (R/W) 

29 Enable Package C-State Auto-Demotion (R/W) 

30 Enable Package C-State Undemotion (R/W) 

63:31 Reserved 

1ADH 429 | MSR_TURBO_RATIO_LIMIT Package Maximum Ratio Limit of Turbo Mode 

RO if MSR_PLATFORM_INFO.[28] = 0. 
RW if MSR_PLATFORM_INFO.[28] = 1. 

7:0 Package Maximum Ratio Limit for 1C 
Maximum turbo ratio limit of 1 core active. 

15:8 Package Maximum Ratio Limit for 2C 
Maximum turbo ratio limit of 2 core active. 
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Table 2-35. Additional MSRs Supported by Intel® Core™ M Processors and 5th Generation Intel® Core™ Processors 


Register Scope 
Address Register Name Bit Description 
Hex Dec 
23:16 Package Maximum Ratio Limit for 3C 
Maximum turbo ratio limit of 3 core active. 
31:24 Package Maximum Ratio Limit for 4C 
Maximum turbo ratio limit of 4 core active. 
39:32 Package Maximum Ratio Limit for 5C 
Maximum turbo ratio limit of Score active. 
47:40 Package Maximum Ratio Limit for 6C 
Maximum turbo ratio limit of Gcore active. 
63:48 Reserved 
639H | 1593 | MSR_PPO_ENERGY_STATUS Package PPO Energy Status (R/O) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 


See Table 2-20, Table 2-21, Table 2-22, Table 2-25, Table 2-29, Table 2-30, Table 2-34 for other MSR definitions applicable to 
processors with CPUID signature O6_3DH. 


2.16 MSRS IN INTEL® XEON® PROCESSORS €5 V4 FAMILY 


The MSRs listed in Table 2-36 are available and common to Intel® Xeon® Processor D product Family (CPUID 
DisplayFamily_DisplayModel = 06_56H) and to Intel Xeon processors E5 v4, E7 v4 families (CPUID 
DisplayFamily_DisplayModel = 06_4FH). They are based on the Broadwell microarchitecture. 


See Section 2.16.1 for lists of tables of MSRs that are supported by Intel® Xeon® Processor D Family. 


Table 2-36. Additional MSRs Common to Intel® Xeon® Processor D and Intel Xeon Processors E5 v4 Family 
Based on the Broadwell Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
4€H 78 IA32_PPIN_CTL Package Protected Processor Inventory Number Enable Control 
(MSR_PPIN_CTL) (R/W) 
0 LockOut (R/WO) 
See Table 2-2. 
1 Enable_PPIN (R/W) 
See Table 2-2. 
63:2 Reserved 
4FH 79 IA32_PPIN Package Protected Processor Inventory Number (R/O) 
(MSR_PPIN) 
63:0 Protected Processor Inventory Number (R/O) 
See Table 2-2. 
CEH 206 | MSR_PLATFORM_INFO Package Platform Information 
Contains power management and other model specific 
features enumeration. See http://biosbits.org. 
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Table 2-36. Additional MSRs Common to Intel® Xeon® Processor D and Intel Xeon Processors E5 v4 Family 
Based on the Broadwell Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

7:0 Reserved 

15:8 Package Maximum Non-Turbo Ratio (R/O) 
See Table 2-26. 

22:16 Reserved. 

23 Package PPIN_CAP (R/O) 
See Table 2-26. 

27:24 Reserved 

28 Package Programmable Ratio Limit for Turbo Mode (R/O) 
See Table 2-26. 

29 Package Programmable TDP Limit for Turbo Mode (R/O) 
See Table 2-26. 

30 Package Programmable T] OFFSET (R/O) 
See Table 2-26. 

39:31 Reserved 

47:40 Package Maximum Efficiency Ratio (R/O) 
See Table 2-26. 

63:48 Reserved 

E2H 226 | MSR_PKG_CST_CONFIG_CONTROL Core C-State Configuration Control (R/W) 


Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 


See http://biosbits.org. 


2:0 


Package C-State Limit (R/W) 

Specifies the lowest processor-specific C-state code 
name (consuming the least power) for the package. The 
default is set as factory-configured package C-state 
limit. 

The following C-state code name encodings are 
supported: 

000b: CO/C1 (no package C-state support) 

001b: C2 

010b: C6 (non-retention) 

011b: C6 (retention) 


111b: No Package C state limits. All C states supported 
by the processor are available. 


9:3 


Reserved 


10 
14:11 


I/O MWAIT Redirection Enable (R/W) 


Reserved 


15 


CFG Lock (R/WO) 
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Table 2-36. Additional MSRs Common to Intel® Xeon® Processor D and Intel Xeon Processors E5 v4 Family 
Based on the Broadwell Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
16 Automatic C-State Conversion Enable (R/W) 
If 1, the processor will convert HALT or MWAT(C1) to 
MWAIT(C6). 
24:17 Reserved 
25 C3 State Auto Demotion Enable (R/W) 
26 C1 State Auto Demotion Enable (R/W) 
27 Enable C3 Undemotion (R/W) 
28 Enable C1 Undemotion (R/W) 
29 Package C State Demotion Enable (R/W) 
30 Package C State UnDemotion Enable (R/W) 
63:31 Reserved 
179H 377 | IA32_MCG_CAP Thread Global Machine Check Capability (R/O) 
7:0 Count 
8 MCG_CTL_P 
9 MCG_EXT_P 
10 MCP_CMCI_P 
11 MCG_TES_P 
15:12 Reserved 
23:16 MCG_EXT_CNT 
24 MCG_SER_P 
25 MCG_EM_P 
26 MCG_ELOG_P 
63:27 Reserved 
17DH 381 | MSR_SMM_MCA_CAP Thread Enhanced SMM Capabilities (SMM-RO) 
Reports SMM capability Enhancement. Accessible only 
while in SMM. 
57:0 Reserved 
58 SMM_Code_Access_Chk (SMM-RO) 
If set to 1, indicates that the SMM code access 
restriction is supported and a host-space interface 
available to SMM handler. 
59 Long_Flow_Indication (SMM-RO) 
If set to 1, indicates that the SMM long flow indicator is 
supported and a host-space interface available to SMM 
handler. 
63:60 Reserved 
19CH 412 | 1IA32_THERM_STATUS Core Thermal Monitor Status (R/W) 
See Table 2-2. 
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Table 2-36. Additional MSRs Common to Intel® Xeon® Processor D and Intel Xeon Processors E5 v4 Family 
Based on the Broadwell Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

0 Thermal Status (RO) 
See Table 2-2. 

1 Thermal Status Log (R/WCO) 
See Table 2-2. 

2 PROTCHOT # or FORCEPR# Status (RO) 
See Table 2-2. 

3 PROTCHOT # or FORCEPR# Log (R/WCO) 
See Table 2-2. 

4 Critical Temperature Status (RO) 
See Table 2-2. 

5 Critical Temperature Status Log (R/WCO) 
See Table 2-2. 

6 Thermal Threshold #1 Status (RO) 
See Table 2-2. 

7 Thermal Threshold #1 Log (R/WCO) 
See Table 2-2. 

8 Thermal Threshold #2 Status (RO) 
See Table 2-2. 

9 Thermal Threshold #2 Log (R/WCO) 
See Table 2-2. 

10 Power Limitation Status (RO) 
See Table 2-2. 

11 Power Limitation Log (R/WCO) 
See Table 2-2. 

12 Current Limit Status (RO) 
See Table 2-2. 

13 Current Limit Log (R/WCO) 
See Table 2-2. 

14 Cross Domain Limit Status (RO) 
See Table 2-2. 

15 Cross Domain Limit Log (R/WCO) 
See Table 2-2. 

22:16 Digital Readout (RO) 
See Table 2-2. 

26:23 Reserved 

30:27 Resolution in Degrees Celsius (RO) 
See Table 2-2. 
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Table 2-36. Additional MSRs Common to Intel® Xeon® Processor D and Intel Xeon Processors E5 v4 Family 
Based on the Broadwell Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
31 Reading Valid (RO) 
See Table 2-2. 
63:32 Reserved 
1A2H 418 | MSR_TEMPERATURE_TARGET Package Temperature Target 
15:0 Reserved 
23:16 Temperature Target (RO) 
See Table 2-26. 
27:24 TCC Activation Offset (R/W) 
See Table 2-26. 
63:28 Reserved. 
1ADH 429 |MSR_TURBO_RATIO_LIMIT Package Maximum Ratio Limit of Turbo Mode 
RO if MSR_PLATFORM_INFO.[28] = 0. 
RW if MSR_PLATFORM_INFO.[28] = 1. 
7:0 Package Maximum Ratio Limit for 1C 
15:8 Package Maximum Ratio Limit for 2C 
23:16 Package Maximum Ratio Limit for 3C 
31:24 Package Maximum Ratio Limit for 4C 
39:32 Package Maximum Ratio Limit for 5C 
47:40 Package Maximum Ratio Limit for 6C 
55:48 Package Maximum Ratio Limit for 7C 
63:56 Package Maximum Ratio Limit for 8C 
1AEH 430 |MSR_TURBO_RATIO_LIMIT1 Package Maximum Ratio Limit of Turbo Mode 
RO if MSR_PLATFORM_INFO.[28] = 0. 
RW if MSR_PLATFORM_INFO.[28] = 1. 
7:0 Package Maximum Ratio Limit for 9C 
15:8 Package Maximum Ratio Limit for 10C 
23:16 Package Maximum Ratio Limit for 11C 
31:24 Package Maximum Ratio Limit for 12C 
39:32 Package Maximum Ratio Limit for 13C 
47:40 Package Maximum Ratio Limit for 14C 
55:48 Package Maximum Ratio Limit for 15C 
63:56 Package Maximum Ratio Limit for 16C 
606H | 1542 | MSR_RAPL_POWER_UNIT Package Unit Multipliers Used in RAPL Interfaces (R/O) 
3:0 Package Power Units 
See Section 14.10.1, “RAPL Interfaces.” 
7:4 Package Reserved 
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Table 2-36. Additional MSRs Common to Intel® Xeon® Processor D and Intel Xeon Processors E5 v4 Family 
Based on the Broadwell Microarchitecture 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


Package 


Energy Status Units 


Energy related information (in Joules) is based on the 
multiplier, 1/2*ESU; where ESU is an unsigned integer 
represented by bits 12:8. Default value is OEH (or 61 
micro-joules). 


15:13 


Package 


Reserved 


19:16 


Package 


Time Units 
See Section 14.10.1, “RAPL Interfaces.” 


63:20 


Reserved 


618H 


1560 


MSR_DRAM_POWER_LIMIT 


Package 


DRAM RAPL Power Limit Control (R/W) 
See Section 14.10.5, “DRAM RAPL Domain." 


619H 


1561 


MSR_DRAM_ENERGY_STATUS 


Package 


DRAM Energy Status (R/O) 
Energy consumed by DRAM devices. 


31:0 


Energy in 15.3 micro-joules. Requires BIOS 
configuration to enable DRAM RAPL mode 0 (Direct VR). 


63:32 


Reserved 


61BH 


1563 


MSR_DRAM_PERF_STATUS 


Package 


DRAM Performance Throttling Status (R/O) 
See Section 14.10.5, “DRAM RAPL Domain.” 


61CH 


1564 


MSR_DRAM_POWER_INFO 


Package 


DRAM RAPL Parameters (R/W) 
See Section 14.10.5, “DRAM RAPL Domain." 


620H 


1568 


MSR UNCORE_RATIO_LIMIT 


Package 


Uncore Ratio Limit (R/W) 


Out of reset, the min_ratio and max_ratio fields 
represent the widest possible range of uncore 
frequencies. Writing to these fields allows software to 
control the minimum and the maximum frequency that 
hardware will select. 


Reserved 


MIN_RATIO 


Writing to this field controls the minimum possible ratio 
of the LLC/Ring. 


Reserved 


MAX_RATIO 
This field is used to limit the max ratio of the LLC/Ring. 


639H 


1593 


MSR_PPO_ENERGY_STATUS 


Package 


Reserved (R/O) 
Reads return 0. 


690H 


1680 


MSR_CORE_PERF_LIMIT_REASONS 


Package 


Indicator of Frequency Clipping in Processor Cores 
(R/W) 


(Frequency refers to processor core frequency.) 
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Table 2-36. Additional MSRs Common to Intel® Xeon® Processor D and Intel Xeon Processors E5 v4 Family 
Based on the Broadwell Microarchitecture 


Register 
Address 


Hex Dec 


Register Name / Bit Fields 


Scope 


Bit Description 
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PROCHOT Status (RO) 


When set, processor core frequency is reduced below 
the operating system request due to assertion of 
external PROCHOT. 


Thermal Status (RO) 


When set, frequency is reduced below the operating 
system request due to a thermal event. 


Power Budget Management Status (RO) 


When set, frequency is reduced below the operating 
system request due to PBM limit. 


Platform Configuration Services Status (RO) 


When set, frequency is reduced below the operating 
system request due to PCS limit. 


Reserved 


Autonomous Utilization-Based Frequency Control 
Status (RO) 
When set, frequency is reduced below the operating 


system request because the processor has detected 
that utilization is low. 


VR Therm Alert Status (RO) 


When set, frequency is reduced below the operating 
system request due to a thermal alert from the Voltage 
Regulator. 


Reserved 


Electrical Design Point Status (RO) 


When set, frequency is reduced below the operating 
system request due to electrical design point 
constraints (e.g., maximum electrical current 
consumption). 


Reserved 


Multi-Core Turbo Status (RO) 


When set, frequency is reduced below the operating 
system request due to Multi-Core Turbo limits. 


Reserved 


Core Frequency P1 Status (RO) 


When set, frequency is reduced below max non-turbo 
PI. 


14 


Core Max N-Core Turbo Frequency Limiting Status (RO) 


When set, frequency is reduced below max n-core 
turbo frequency. 


15 


Core Frequency Limiting Status (RO) 


When set, frequency is reduced below the operating 
system request. 
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Table 2-36. Additional MSRs Common to Intel® Xeon® Processor D and Intel Xeon Processors E5 v4 Family 
Based on the Broadwell Microarchitecture 


Register 
Address 


Hex Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


PROCHOT Log 


When set, indicates that the PROCHOT Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


Thermal Log 


When set, indicates that the Thermal Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 


Power Budget Management Log 


When set, indicates that the PBM Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


Platform Configuration Services Log 


When set, indicates that the PCS Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 


20 
21 


22 


23 


Reserved 


Autonomous Utilization-Based Frequency Control Log 


When set, indicates that the AUBFC Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 
VR Therm Alert Log 


When set, indicates that the VR Therm Alert Status bit 
has asserted since the log bit was last cleared. 

This log bit will remain set until cleared by software 
writing O. 


Reserved 


24 


Electrical Design Point Log 


When set, indicates that the EDP Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


25 


Reserved 


26 


Multi-Core Turbo Log 


When set, indicates that the Multi-Core Turbo Status bit 
has asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 
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Table 2-36. Additional MSRs Common to Intel® Xeon® Processor D and Intel Xeon Processors E5 v4 Family 
Based on the Broadwell Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
28:27 Reserved 
29 Core Frequency P1 Log 
When set, indicates that the Core Frequency P1 Status 
bit has asserted since the log bit was last cleared. 
This log bit will remain set until cleared by software 
writing 0. 
30 Core Max N-Core Turbo Frequency Limiting Log 
When set, indicates that the Core Max n-core Turbo 
Frequency Limiting Status bit has asserted since the 
log bit was last cleared. 
This log bit will remain set until cleared by software 
writing 0. 
31 Core Frequency Limiting Log 
When set, indicates that the Core Frequency Limiting 
Status bit has asserted since the log bit was last 
cleared. 
This log bit will remain set until cleared by software 
writing 0. 
63:32 Reserved 
770H | 1904 | IA32_PM_ENABLE Package See Section 14.4.2, “Enabling HWP”. 
771H 1905 | IA32_HWP_CAPABILITIES Thread See Section 14.4.3, “HWP Performance Range and 
Dynamic Capabilities”. 
774H | 1908 | IA32_HWP_REQUEST Thread See Section 14.4.4, “Managing HWP”. 
7:0 Minimum Performance (R/W) 
15:8 Maximum Performance (R/W) 
23:16 Desired Performance (R/W) 
63:24 Reserved 
777H | 1911. | IA32_HWP_STATUS Thread See Section 14.4.5, “HWP Feedback”. 
1:0 Reserved 
2 Excursion to Minimum (RO) 
63:3 Reserved 
C8DH | 3213 | IA32_QM_EVTSEL Thread Monitoring Event Select Register (R/W) 
If CPUID.(EAX=07H, ECX=0):EBX.RDT-M[bit 12] = 1. 
7:0 EventID (RW) 
Event encoding: 
0x00: No monitoring. 
0x01: L3 occupancy monitoring. 
OxO2: Total memory bandwidth monitoring. 
0x03: Local memory bandwidth monitoring. 
All other encoding reserved. 
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Table 2-36. Additional MSRs Common to Intel® Xeon® Processor D and Intel Xeon Processors E5 v4 Family 
Based on the Broadwell Microarchitecture 
Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
31:8 Reserved 
41:32 RMID (RW) 
63:42 Reserved 
C8FH 3215 | IA32_PQR_ASSOC THREAD Resource Association Register (R/W) 
9:0 RMID 
31:10 Reserved 
51:32 COS (R/W) 
63:52 Reserved 
C9OH | 3216 | IA32_L3_QO0S_MASK_O Package L3 Class Of Service Mask - COS 0 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=0. 
0:19 CBM: Bit vector of available L3 ways for COS O 
enforcement. 
63:20 Reserved 
C91H | 3217 | IA32_L3_QO0S_MASK_1 Package L3 Class Of Service Mask - COS 1 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=1. 
0:19 CBM: Bit vector of available L3 ways for COS 1 
enforcement. 
63:20 Reserved 
C92H | 3218 | IA32_L3_QOS_MASK_2 Package L3 Class Of Service Mask - COS 2 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=2. 
0:19 CBM: Bit vector of available L3 ways for COS 2 
enforcement. 
63:20 Reserved 
C93H | 3219 | IA32_L3_QOS_MASK_3 Package L3 Class Of Service Mask - COS 3 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=3. 
0:19 CBM: Bit vector of available L3 ways for COS 3 
enforcement. 
63:20 Reserved 
C94H | 3220 | IA32_L3_Q0S_MASK_4 Package L3 Class Of Service Mask - COS 4 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=4. 
0:19 CBM: Bit vector of available L3 ways for COS 4 
enforcement. 
63:20 Reserved 
C95H | 3221 | IA32_L3_QOS_MASK_5 Package L3 Class Of Service Mask - COS 5 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=5. 
0:19 CBM: Bit vector of available L3 ways for COS 5 
enforcement. 
63:20 Reserved 
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Table 2-36. Additional MSRs Common to Intel® Xeon® Processor D and Intel Xeon Processors E5 v4 Family 
Based on the Broadwell Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
C96H | 3222 | 1A32_L3_QOS_MASK_6 Package L3 Class Of Service Mask - COS 6 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=6. 
0:19 CBM: Bit vector of available L3 ways for COS 6 
enforcement. 
63:20 Reserved 
C97H | 3223 | 1A32_L3_QOS_MASK_7 Package L3 Class Of Service Mask - COS 7 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=7. 
0:19 CBM: Bit vector of available L3 ways for COS 7 
enforcement. 
63:20 Reserved 
C98H | 3224 | 1A32_L3_Q0S_MASK_8 Package L3 Class Of Service Mask - COS 8 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=8. 
0:19 CBM: Bit vector of available L3 ways for COS 8 
enforcement. 
63:20 Reserved 
C99H | 3225 | 1A32_L3_QO0S_MASK_9 Package L3 Class Of Service Mask - COS 9 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=9. 
0:19 CBM: Bit vector of available L3 ways for COS 9 
enforcement. 
63:20 Reserved 
C9AH | 3226 | IA32_L3_Q0S_MASK_10 Package L3 Class Of Service Mask - COS 10 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=10. 
0:19 CBM: Bit vector of available L3 ways for COS 10 
enforcement. 
63:20 Reserved 
COBH | 3227 | 1A32_L3_QOS_MASK_11 Package L3 Class Of Service Mask - COS 11 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=11. 
0:19 CBM: Bit vector of available L3 ways for COS 11 
enforcement. 
63:20 Reserved 
C9CH | 3228 | IA32_L3_QOS_MASK_12 Package L3 Class Of Service Mask - COS 12 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=12. 
0:19 CBM: Bit vector of available L3 ways for COS 12 
enforcement. 
63:20 Reserved 
C9DH | 3229 | IA32_L3_QO0S_MASK_13 Package L3 Class Of Service Mask - COS 13 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=13. 
0:19 CBM: Bit vector of available L3 ways for COS 13 
enforcement. 
63:20 Reserved 
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Table 2-36. Additional MSRs Common to Intel® Xeon® Processor D and Intel Xeon Processors E5 v4 Family 
Based on the Broadwell Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
C9EH | 3230 | IA32_L3_Q0S_MASK_14 Package L3 Class Of Service Mask - COS 14 (R/w) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=14. 
0:19 CBM: Bit vector of available L3 ways for COS 14 
enforcement. 
63:20 Reserved 
C9FH | 3231 | IA32_L3_Q0S_MASK_15 Package L3 Class Of Service Mask - COS 15 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=15. 
0:19 CBM: Bit vector of available L3 ways for COS 15 
enforcement. 
63:20 Reserved 
2.16.1 Additional MSRs Supported in the Intel® Xeon® Processor D Product Family 


The MSRs listed in Table 2-37 are available to Intel® Xeon® Processor D Product Family (CPUID 
DisplayFamily_DisplayModel = 06_56H). The Intel® Xeon® processor D product family is based on the Broadwell 
microarchitecture and supports the MSR interfaces listed in Table 2-20, Table 2-29, Table 2-34, Table 2-36, and 


Table 2-37. 


Table 2-37. Additional MSRs Supported by Intel® Xeon® Processor D with DisplayFamily_DisplayModel 06_56H 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

1ACH 428 |MSR_TURBO_RATIO_LIMIT3 Package Config Ratio Limit of Turbo Mode 
RO if MSR_PLATFORM_INFO.[28] = 0. 
RW if MSR_PLATFORM_INFO.[28] = 1. 

62:0 Package Reserved 
63 Package Semaphore for Turbo Ratio Limit Configuration 

If 1, the processor uses override configuration! 
specified in MSR_TURBO_RATIO_LIMIT, 
MSR_TURBO_RATIO_LIMIT1. 
If 0, the processor uses factory-set configuration 
(Default). 

286H 646 | IA32_MC6_CTL2 Package See Table 2-2. 

287H 647 | IA32_MC7_CTL2 Package See Table 2-2. 

289H 649 | IA32_MC9_CTL2 Package See Table 2-2. 

28AH 650 | IA32_MC10_CTL2 Package See Table 2-2. 

291H 657 | IA32_MC17_CTL2 Package See Table 2-2. 

292H 658 | IA32_MC18_CTL2 Package See Table 2-2. 

293H 659 | IA32_MC19_CTL2 Package See Table 2-2. 
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Table 2-37. Additional MSRs Supported by Intel® Xeon® Processor D with DisplayFamily_DisplayModel 06_56H 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
418H | 1048 | IA32_MC6_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
419H 1049 | IA32_MC6_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC6 reports MC errors from the integrated I/O 
41AH | 1050 | 1A32_MC6_ADDR Package naduile: 
41BH | 1051 | 1A32_MC6_MISC Package 
41CH | 1052 | IA32_MC7_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
41DH 1053 | 1A32_MC7_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC7 reports MC errors from the home agent HA O. 
41E€H | 1054 | IA32_MC7_ADDR Package 
41FH | 1055 | IA32_MC7_MISC Package 
424H | 1060 | IA32_MC9_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
425H 1061 | IA32_MC9_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 10 report MC errors from each 
426H 1062 | IA32_MC9_ADDR Package channel of the integrated memory controllers. 
427H | 1063 | IA32_MC9_MISC Package 
428H | 1064 | IA32_MC10_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
429H 1065 | IA32_MC10_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 10 report MC errors from each 
42AH 1066 | IA32_MC10_ADDR Package channel of the integrated memory controllers. 
42BH | 1067 | IA32_MC10_MISC Package 
444H | 1092 | 1IA32_MC17_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
445H 1093 | IA32_MC17_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC17 reports MC errors from the following pair of 
446H | 1094 | |A32_MC17_ADDR Package CBo/L3 Slices (if the pair is present): CBo0, CBo3, CBo6, 
447H | 1095 | 1IA32_MC17_MISC Package CBo9, CBo1 2, CBo15. 
448H | 1096 | IA32_MC18_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
449H 1097 | IA32_MC18_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Bank MC18 reports MC errors from the following pair of 
44AH | 1098 | IA32_MC18_ADDR Package CBo/L3 Slices (if the pair is present): CBo1, CBo4, CBo7, 
44BH | 1099 | IA32_MC18_MISC Package CBo10, CBo13, CBo16. 
44CH | 1100 | IA32_MC19_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
44DH 1101 | 1A32_MC19. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Bank MC19 reports MC errors from the following pair of 
44€H | 1102 | IA32_MC19_ADDR Package CBo/L3 Slices (if the pair is present): CBo2, CBoS, CBo8, 
44FH | 1103 | IA32_MC19_MISC Package CBo11, CBo14, CBo17. 

See Table 2-20, Table 2-29, Table 2-34, and Table 2-36 for other MSR definitions applicable to processors with CPUID signature 
06_56H. 
NOTES: 


1. An override configuration lower than the factory-set configuration is always supported. An override configuration higher than the 
factory-set configuration is dependent on features specific to the processor and the platform. 


2.16.2 
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Additional MSRs Supported in Intel® Xeon® Processors E5 v4 and E7 v4 Families 


The MSRs listed in Table 2-37 are available to Intel® Xeon® Processor E5 v4 and E7 v4 Families (CPUID 
DisplayFamily_DisplayModel = 06_4FH). The Intel® Xeon® processor E5 v4 family is based on the Broadwell micro- 


architecture and supports the MSR interfaces listed in Table 2-20, Table 2-21, Table 2-29, Table 2-34, Table 2-36, 


and Table 2-38. 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-38. Additional MSRs Supported by Intel® Xeon® Processors with DisplayFamily_DisplayModel 06_4FH 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

1ACH 428 |MSR_TURBO_RATIO_LIMIT3 Package Config Ratio Limit of Turbo Mode 
RO if MSR_PLATFORM_INFO.[28] = 0. 
RW if MSR_PLATFORM_INFO.[28] = 1. 

62:0 Package Reserved 
63 Package Semaphore for Turbo Ratio Limit Configuration 

If 1, the processor uses override configuration! 
specified in MSR_TURBO_RATIO_LIMIT, 
MSR_TURBO_RATIO_LIMIT1 and 
MSR_TURBO_RATIO_LIMIT2. 
If 0, the processor uses factory-set configuration 
(Default). 

285H 645 | IA32_MC5_CTL2 Package See Table 2-2. 

286H 646 | IA32_MC6_CTL2 Package See Table 2-2. 

287H 647 | IA32_MC7_CTL2 Package See Table 2-2. 

288H 648 | IA32_MC8_CTL2 Package See Table 2-2. 

289H 649 | IA32_MC9_CTL2 Package See Table 2-2. 

28AH 650 | IA32_MC10_CTL2 Package See Table 2-2. 

28BH 651 ‘| IA32_MC11_CTL2 Package See Table 2-2. 

28CH 652 | IA32_MC12_CTL2 Package See Table 2-2. 

28DH 653 | IA32_MC13_CTL2 Package See Table 2-2. 

28€H 654 | IA32_MC14_CTL2 Package See Table 2-2. 

28FH 655 | IA32_MC15_CTL2 Package See Table 2-2. 

290H 656 | IA32_MC16_CTL2 Package See Table 2-2. 

291H 657 | IA32_MC17_CTL2 Package See Table 2-2. 

292H 658 | IA32_MC18_CTL2 Package See Table 2-2. 

293H 659 | IA32_MC19_CTL2 Package See Table 2-2. 

294H 660 | IA32_MC20_CTL2 Package See Table 2-2. 

295H 661 | IA32_MC21_CTL2 Package See Table 2-2. 

414H | 1044 | 1A32_MC5_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 

415H | 1045 | 1A32_MCS5_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

416eH | 1046 | 1A32_MC5_ADDR Package a reports MC errors from the Intel QPI O 

417H | 1047 | IA32_MC5_MISC Package 

418H | 1048 | IA32_MC6_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 

419H | 1049 | IA32_MC6_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

1AM 1050 | 1A32_MC6_ADDR Package ae reports MC errors from the integrated I/O 

41BH | 1051 | IA32_MC6_MISC Package 
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Table 2-38. Additional MSRs Supported by Intel® Xeon® Processors with DisplayFamily_DisplayModel 06_4FH 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

41CH 1052 | IA32_MC7_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
41DH 1053 | 1A32_MC7_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Bank MC7 reports MC errors from the home agent HA 
41€H 1054 | IA32_MC7_ADDR Package 0. 
41FH 1055 | IA32_MC7_MISC Package 
420H | 1056 | IA32_MC8_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
421H 1057 | IA32_MC8_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC8 reports MC errors from the home agent HA 
422H | 1058 | IA32_MC8_ADDR Package 1. 
423H | 1059 | 1IA32_MC8_MISC Package 
424H | 1060 | IA32_MC9_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
425H 1061 | 1A32_MC9_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
426H 1062 | IA32_MCS_ADDR Package channel of the integrated memory controllers. 
427H | 1063 | 1IA32_MC9_MISC Package 
428H | 1064 | IA32_MC10_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
429H 1065 | IA32_MC10_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
42AH 1066 | IA32_MC10_ADDR Package channel of the integrated memory controllers. 
42BH | 1067 | IA32_MC10_MISC Package 
42CH 1068 | IA32_MC11_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
42DH 1069 | 1A32_MC11_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Banks MC9 through MC 16 report MC errors from each 
42CH 1070 | |A32_MC11_ADDR Package channel of the integrated memory controllers. 
42FH 1071 | IA32_MC11_MISC Package 
430H | 1072 | 1A32_MC12_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
431H 1073 | 1A32_MC12_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
432H 1074 | 1A32_MC12_ADDR Package channel of the integrated memory controllers. 
433H | 1075 | 1A32_MC12_MISC Package 
434H | 1076 | IA32_MC13_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
435H 1077 | 1A32_MC13_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
436H 1078 | |A32_MC13_ADDR Package channel of the integrated memory controllers. 
437H | 1079 | 1A32_MC13_MISC Package 
438H | 1080 | IA32_MC14_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
439H 1081 | 1A32_MC14_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 through MC 16 report MC errors from each 
43AH 1082 | |A32_MC14_ADDR Package channel of the integrated memory controllers. 
43BH | 1083 | 1IA32_MC14 MISC Package 
43CH 1084 | 1IA32_MC15_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
43DH 1085 | 1A32_MC15. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Banks MC9 through MC 16 report MC errors from each 
43H 1086 | [A32_MC15_ADDR Package channel of the integrated memory controllers. 
43FH 1087 | IA32_MC15_MISC Package 
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Table 2-38. Additional MSRs Supported by Intel® Xeon® Processors with DisplayFamily_DisplayModel 06_4FH 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
440H | 1088 | IA32_MC16_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
441H | 1089 |1A32_MC16. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Banks MC9 through MC 16 report MC errors from each 
442H 1090 | IA32_MC16_ADDR Package channel of the integrated memory controllers. 
443H | 1091 | IA32_MC16_MISC Package 
444H | 1092 | IA32_MC17_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
445H | 1093 |1A32_MC17_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Bank MC17 reports MC errors from the following pair of 
446H | 1094 | !A32_MC17_ADDR Package CBo/L3 Slices (if the pair is present): CBo0, CBo3, CBo6, 
447H | 1095 | IA32_MC17_MISC Package CBo9, CBo12, CBo15. 
448H | 1096 | IA32_MC18_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
449H | 1097 | 1A32_MC18 STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Bank MC18 reports MC errors from the following pair of 
44AH | 1098 | |A32_MC18_ADDR Package CBo/L3 Slices (if the pair is present): CBo1, CBo4, CBo7, 
44BH | 1099 | IA32_MC18_MISC Package CBo10, CBo13, CBo16. 
44CH | 1100 | IA32_MC19_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
44DH | 1101 | 1A32.MC19_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Bank MC19 reports MC errors from the following pair of 
44€H | 1102 | IA32_MC19_ADDR Package CBo/L3 Slices (if the pair is present): CBo2, CBoS, CBo8, 
44FH | 1103 | IA32_MC19_MISC Package CBo11, CBo14, CBo17. 
450H | 1104 | IA32_MC20_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
451H | 1105 | 1A32_MC20_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Bank MC20 reports MC errors from the Intel QPI 1 
452H | 1106 | IA32_MC20_ADDR Package maadile: 
453H | 1107 | IA32_MC20_MISC Package 
454H | 1108 | IA32_MC21_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
455H | 1109 | 1A32_MC21. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Bank MC21 reports MC errors from the Intel QPI 2 
456H | 1110 | 1A32_MC21_ADDR Package macdiile: 
457H | 1111 | 1A32_MC21_MISC Package 
C81H | 3201 | IA32_L3_QO0S_CFG Package Cache Allocation Technology Configuration (R/W) 

0 CAT Enable. Set 1 to enable Cache Allocation 

Technology. 

63:1 Reserved 


See Table 2-20, Table 2-21, Table 2-29, and Table 2-30 for other MSR definitions applicable to processors with CPUID signature 
06_45H. 


NOTES: 


1. An override configuration lower than the factory-set configuration is always supported. An override configuration higher than the 
factory-set configuration is dependent on features specific to the processor and the platform. 
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2.17 MSRS IN THE 6TH GENERATION, 7TH GENERATION, 8TH GENERATION, 
9TH GENERATION, 10TH GENERATION, 11TH GENERATION, AND 12TH 
GENERATION INTEL® CORE™ PROCESSORS, INTEL® XEON® PROCESSOR 
SCALABLE FAMILY, 2ND AND 3RD GENERATION INTEL® XEON® PROCESSOR 
SCALABLE FAMILY, 8TH GENERATION INTEL® CORE™ 13 PROCESSORS, AND 
INTEL® XEON® E PROCESSORS 


6th generation Intel® Core™ processors are based on the Skylake microarchitecture and have CPUID 
DisplayFamily_DisplayModel signatures of 06_4EH and 06_5EH. 


The Intel® Xeon® Processor Scalable Family based on the Skylake microarchitecture, the 2nd generation Intel® 
Xeon® Processor Scalable Family based on the Cascade Lake product, and the 3rd generation Intel® Xeon® 
Processor Scalable Family based on the Cooper Lake product all have a CPUID DisplayFamily_DisplayModel signa- 
ture of 06_55H. 


7th generation Intel® Core™ processors are based on the Kaby Lake microarchitecture, 8th generation and 9th 
generation Intel® Core™ processors and Intel® Xeon® E processors are based on the Coffee Lake microarchitec- 
ture; these processors have CPUID DisplayFamily_DisplayModel signatures of 06_8EH and 06_9EH. 


8th generation Intel® Core™ i3 processors are based on Cannon Lake microarchitecture and have a CPUID 
DisplayFamily_DisplayModel signature of 06_66H. 


10th generation Intel® Core™ processors are based on Comet Lake microarchitecture (with CPUID 
DisplayFamily_DisplayModel signatures of 06_A5H, 06_A6H) and Ice Lake microarchitecture (with CPUID 
DisplayFamily_DisplayModel signatures of 06_7DH and 06_7EH). 


11th generation Intel® Core™ processors are based on the Tiger Lake microarchitecture and have CPUID 
DisplayFamily_DisplayModel signatures of 06_8CH and 06_8DH. 


The 3rd generation Intel® Xeon® Processor Scalable Family based on Ice Lake microarchitecture have CPUID 
DisplayFamily_DisplayModel signatures of O6_6AH and 06_6CH. 


The 12th generation Intel® Core™ processors supporting the Alder Lake performance hybrid architecture have 
CPUID DisplayFamily_DisplayModel signatures of 06_97H, 06_9AH, and 06_BFH. 


These processors support the MSR interfaces listed in Table 2-20, Table 2-21, Table 2-25, Table 2-29, Table 2-35, 
and Table 2-391. For an MSR listed in Table 2-39 that also appears in the model-specific tables of prior generations, 
Table 2-39 supersede prior generation tables. 


Tables 2-40 through 2-52 list additional supported MSR interfaces for specific processors; see each table for addi- 
tional details. 


The notation of “Platform” in the Scope column (with respect to MSR_PLATFORM_ENERGY_COUNTER and 
MSR_PLATFORM_POWER_LIMIT) is limited to the power-delivery domain and the specifics of the power delivery 
integration may vary by platform vendor’s implementation. 


1. MSRs at the following addresses are not supported in the 12th generation Intel Core processor E-core: 3F7H. MSRs at the following 
addresses are not supported in the 12th generation Intel Core processor E-core or P-core: 652H, 653H, 655H, 656H, DBOH, DB1H, 
DB2H, and DSOH. 
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Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
3AH 58 IA32_FEATURE_CONTROL Thread Control Features in Intel 64 Processor (R/W) 
See Table 2-2. 
FEH 254 | IA32_MTRRCAP Thread MTRR Capability (RO, Architectural) 
See Table 2-2 
19CH 412 | IA32_THERM_STATUS Core Thermal Monitor Status (R/W) 
See Table 2-2. 
0 Thermal Status (RO) 
See Table 2-2. 
1 Thermal Status Log (R/WCO) 
See Table 2-2. 
2 PROTCHOT # or FORCEPR# Status (RO) 
See Table 2-2. 
3 PROTCHOT # or FORCEPR# Log (R/WCO) 
See Table 2-2. 
4 Critical Temperature Status (RO) 
See Table 2-2. 
5 Critical Temperature Status Log (R/WCO) 
See Table 2-2. 
6 Thermal threshold #1 Status (RO) 
See Table 2-2. 
7 Thermal threshold #1 Log (R/WCO) 
See Table 2-2. 
8 Thermal Threshold #2 Status (RO) 
See Table 2-2. 
9 Thermal Threshold #2 Log (R/WCO) 
See Table 2-2. 
10 Power Limitation Status (RO) 
See Table 2-2. 
11 Power Limitation Log (R/WCO) 
See Table 2-2. 
12 Current Limit Status (RO) 
See Table 2-2. 
13 Current Limit Log (R/WCO) 
See Table 2-2. 
14 Cross Domain Limit Status (RO) 
See Table 2-2. 
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Register 
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Hex Dec 
15 Cross Domain Limit Log (R/WCO) 
See Table 2-2. 
22:16 Digital Readout (RO) 
See Table 2-2. 
26:23 Reserved 
30:27 Resolution in Degrees Celsius (RO) 
See Table 2-2. 
31 Reading Valid (RO) 
See Table 2-2. 
63:32 Reserved 
1ADH 429 |MSR_TURBO_RATIO_LIMIT Package Maximum Ratio Limit of Turbo Mode 
RO if MSR_PLATFORM_INFO.[28] = 0, 
RW if MSR_PLATFORM_INFO.[28] = 1 
7:0 Package Maximum Ratio Limit for 1C 
Maximum turbo ratio limit of 1 core active. 
15:8 Package Maximum Ratio Limit for 2C 
Maximum turbo ratio limit of 2 core active. 
23:16 Package Maximum Ratio Limit for 3C 
Maximum turbo ratio limit of 3 core active. 
31:24 Package Maximum Ratio Limit for 4C 
Maximum turbo ratio limit of 4 core active. 
63:32 Reserved 
1C9H 457 |MSR_LASTBRANCH_TOS Thread Last Branch Record Stack TOS (R/W) 
Contains an index (bits 0-4) that points to the MSR 
containing the most recent branch record. 
1FCH 508 |MSR_POWER_CTL Core Power Control Register 
See http://biosbits.org. 
0 Reserved 
1 Package C1E Enable (R/W) 
When set to ‘1’, will enable the CPU to switch to the 
Minimum Enhanced Intel SpeedStep Technology 
operating point when all execution cores enter MWAIT 
(C1). 
18:2 Reserved 
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Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


300H 


768 


20 


Disable Energy Efficiency Optimization (R/W) 


Setting this bit disables the P-States energy efficiency 
optimization. Default value is 0. Disable/enable the 
energy efficiency optimization in P-State legacy mode 
(when IA32_PM_ENABLE[HWP_ENABLE] = 0), has an 
effect only in the turbo range or into PERF_MIN_CTL 
value if it is not zero set. In HWP mode 
(IA32_PM_ENABLE[HWP_ENABLE] == 1), has an effect 
between the OS desired or OS maximize to the OS 
minimize performance setting. 


Disable Race to Halt Optimization (R/W) 


Setting this bit disables the Race to Halt optimization 
and avoids this optimization limitation to execute 
below the most efficient frequency ratio. Default value 
is O for processors that support Race to Halt 
optimization. 


63:21 


MSR_SGXOWNEREPOCHO 


Package 


Reserved 


Lower 64 Bit CR_SGXOWNEREPOCH (W) 


Writes do not update CR_SGXOWNEREPOCH if 
CPUID.(EAX=1 2H, ECX=0):EAX.SGX1 is 1 on any thread 
in the package. 


63:0 


Lower 64 bits of an 128-bit external entropy value for 
key derivation of an enclave. 


301H 


768 


MSR_SGXOWNEREPOCH1 


Package 


Upper 64 Bit CR_SGXOWNEREPOCH (WwW) 


Writes do not update CR_SGXOWNEREPOCH if 
CPUID.(EAX=1 2H, ECX=0):EAX.SGX1 is 1 on any thread 
in the package. 


63:0 


Upper 64 bits of an 128-bit external entropy value for 
key derivation of an enclave. 


38EH 


910 


IA32_| 


PERF_GLOBAL_STATUS 


See Table 2-2. See Section 19.2.4, “Architectural 
Performance Monitoring Version 4.” 


Thread 


Ovf_PMCO 


Thread 


Ovf_PMC1 


Thread 


Ovf_PMC2 


Thread 


Ovf_PMC3 


Thread 


Ovf_PMC4 (if CPUID.OAH:EAX[1 5:8] > 4) 


Thread 


Ovf_PMCS5 (if CPUID.OAH:EAX[1 5:8] > 5) 


Thread 


Ovf_PMC6 (if CPUID.OAH:EAX[1 5:8] > 6) 


NI OO} wm] BR] Ww) re] H| oO 


Ww 
= 
foe) 


Thread 


( 
( 
( 
Ovf_PMC7 (if CPUID.OAH:EAX[15:8] > 7) 


Reserved 


Ww 
ine) 


Thread 


Ovf_FixedCtrO 
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Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
33 Thread Ovf_FixedCtr1 
34 Thread Ovf_FixedCtr2 
54:35 Reserved 
55 Thread Trace_ToPA_PMI 
57:56 Reserved 
58 Thread LBR_Frz 
59 Thread CTR_Frz 
60 Thread ASCI 
61 Thread Ovf_Uncore 
62 Thread Ovf_BufDSSAVE 
63 Thread CondChgd 
390H 912 | IA32_PERF_GLOBAL_STATUS_RESET See Table 2-2. See Section 19.2.4, “Architectural 
Performance Monitoring Version 4.” 
0 Thread Set 1 to clear Ovf_PMCO. 
1 Thread Set 1 to clear Ovf_PMC1. 
2 Thread Set 1 to clear Ovf_PMC2. 
3 Thread Set 1 to clear Ovf_PMC3. 
4 Thread Set 1 to clear Ovf_PMC4 (if CPUID.OAH:EAX[1 5:8] > 4). 
5 Thread Set 1 to clear Ovf_PMC5 (if CPUID.OAH:EAX[1 5:8] > 5). 
6 Thread Set 1 to clear Ovf_PMC6 (if CPUID.OAH:EAX[1 5:8] > 6). 
7 Thread Set 1 to clear Ovf_PMC7 (if CPUID.OAH:EAX[1 5:8] > 7). 
31:8 Reserved 
32 Thread Set 1 to clear Ovf_FixedCtr0. 
33 Thread Set 1 to clear Ovf_FixedCtr1. 
34 Thread Set 1 to clear Ovf_FixedCtr2. 
54:35 Reserved 
55 Thread Set 1 to clear Trace_ToPA_PMI. 
57:56 Reserved 
58 Thread Set 1 to clear LBR_Frz. 
59 Thread Set 1 to clear CTR_Frz. 
60 Thread Set 1 to clear ASCI. 
61 Thread Set 1 to clear Ovf_Uncore. 
62 Thread Set 1 to clear Ovf_BufDSSAVE. 
63 Thread Set 1 to clear CondChgd. 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
391H 913 | IA32_PERF_GLOBAL_STATUS_SET See Table 2-2. See Section 19.2.4, “Architectural 
Performance Monitoring Version 4.” 
0 Thread Set 1 to cause Ovf_PMCO = 1. 
1 Thread Set 1 to cause Ovf_PMC1 = 1. 
2 Thread Set 1 to cause Ovf_PMC2 = 1. 
3 Thread Set 1 to cause Ovf_PMC3 = 1. 
4 Thread Set 1 to cause Ovf_PMC4=1 (if CPUID.OAH:EAX[1 5:8] > 
4). 
a Thread Set 1 to cause Ovf_PMC5=1 (if CPUID.OAH:EAX[1 5:8] > 
5). 
6 Thread Set 1 to cause Ovf_PMC6=1 (if CPUID.OAH:EAX[1 5:8] > 
6). 
7 Thread Set 1 to cause Ovf_PMC7=1 (if CPUID.OAH:EAX[1 5:8] > 
7). 
31:8 Reserved 
32 Thread Set 1 to cause Ovf_FixedCtrO = 1. 
33 Thread Set 1 to cause Ovf_FixedCtr1 = 1. 
34 Thread Set 1 to cause Ovf_FixedCtr2 = 1. 
54:35 Reserved 
55 Thread Set 1 to cause Trace_ToPA_PMI = 1. 
57:56 Reserved 
58 Thread Set 1 to cause LBR_Frz = 1. 
59 Thread Set 1 to cause CTR_Frz = 1. 
60 Thread Set 1 to cause ASCI = 1. 
61 Thread Set 1 to cause Ovf_Uncore. 
62 Thread Set 1 to cause Ovf_BufDSSAVE. 
63 Reserved 
392H 913 | IA32_PERF_GLOBAL_INUSE Thread See Table 2-2. 
3F7H 1015 | MSR_PEBS_FRONTEND Thread FrontEnd Precise Event Condition Select (R/W) 
2:0 Event Code Select 
3 Reserved 
4 Event Code Select High 
75 Reserved 
19:8 IDQ_Bubble_Length Specifier 
22:20 IDQ_Bubble_Width Specifier 
63:23 Reserved 
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Hex Dec 
500H 1280 | IA32_SGX_SVN_STATUS Thread Status and SVN Threshold of SGX Support for ACM (RO) 
0 Lock 
See Section 38.11.3, “Interactions with Authenticated 
Code Modules (ACMs)". 
15:1 Reserved 
23:16 SGX_SVN_SINIT 
See Section 38.11.3, “Interactions with Authenticated 
Code Modules (ACMs)". 
63:24 Reserved 
560H | 1376 | IA32_RTIT_OUTPUT_BASE Thread Trace Output Base Register (R/W) 
See Table 2-2. 
561H | 1377 | IA32_RTIT_OUTPUT_MASK_PTRS Thread Trace Output Mask Pointers Register (R/W) 
See Table 2-2. 
570H | 1392 | IA32_RTIT_CTL Thread Trace Control Register (R/W) 
0 TraceEn 
1 CYCEn 
2 e)s) 
3 User 
6:4 Reserved, must be zero. 
7 CR3 filter 
8 ToPA 
Writing O will #GP if also setting TraceEn. 
9 MTCEn 
10 TSCEn 
11 DisRETC 
12 Reserved, must be zero. 
13 BranchEn 
17:14 MTCFreq 
18 Reserved, must be zero. 
22:19 CYCThresh 
23 Reserved, must be zero. 
27:24 PSBFreq 
31:28 Reserved, must be zero. 
35:32 ADDRO_CFG 
39:36 ADDR1_CFG 
63:40 Reserved, must be zero. 
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571H | 1393 | IA32_RTIT_STATUS Thread Tracing Status Register (R/W) 

0 FilterEn, writes ignored. 

1 ContexEn, writes ignored. 

2 TriggerEn, writes ignored. 

E| Reserved 

4 Error (R/W) 

5 Stopped 

31:6 Reserved, must be zero. 

48:32 PacketByteCnt 

63:49 Reserved, must be zero. 

572H | 1394 | IA32_RTIT_CR3_MATCH Thread Trace Filter CR3 Match Register (R/W) 
4:0 Reserved 
63:5 CR3[63:5] value to match 
580H | 1408 | IA32_RTIT_ADDRO_A Thread Region O Start Address (R/W) 
63:0 See Table 2-2. 
581H | 1409 | IA32_RTIT_ADDRO_B Thread Region O End Address (R/W) 
63:0 See Table 2-2. 
582H | 1410 | IA32_RTIT_ADDR1_A Thread Region 1 Start Address (R/W) 
63:0 See Table 2-2. 
583H | 1411 | IA32_RTIT_ADDR1_B Thread Region 1 End Address (R/W) 
63:0 See Table 2-2. 
639H | 1593 | MSR_PPO_ENERGY_STATUS Package PPO Energy Status (R/O) 
See Section 14.10.4, “PPO/PP1 RAPL Domains." 
64DH | 1613 | MSR_PLATFORM_ENERGY_COUNTER Platform* Platform Energy Counter (R/O) 
This MSR is valid only if both platform vendor hardware 
implementation and BIOS enablement support it. This 
MSR will read 0 if not valid. 

31:0 Total energy consumed by all devices in the platform 
that receive power from integrated power delivery 
mechanism, included platform devices are processor 
cores, SOC, memory, add-on or peripheral devices that 
get powered directly from the platform power delivery 
means. The energy units are specified in the 
MSR_RAPL_POWER_UNIT.Enery_Status_Unit. 

63:32 Reserved 

64€H 1614 | MSR_PPERF Thread Productive Performance Count (R/O) 

63:0 Hardware’s view of workload scalability. See Section 

14.4.5.1. 
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Hex Dec 
64FH 1615 | MSR_CORE_PERF_LIMIT_REASONS Package Indicator of Frequency Clipping in Processor Cores 
(R/W) 
(Frequency refers to processor core frequency.) 
0 PROCHOT Status (RO) 


When set, frequency is reduced below the operating 
system request due to assertion of external PROCHOT. 


1 Thermal Status (RO) 


When set, frequency is reduced below the operating 
system request due to a thermal event. 


3:2 Reserved 


Residency State Regulation Status (RO) 


When set, frequency is reduced below the operating 
system request due to residency state regulation limit. 


5 Running Average Thermal Limit Status (RO) 
When set, frequency is reduced below the operating 


system request due to Running Average Thermal Limit 
(RATL). 


6 VR Therm Alert Status (RO) 


When set, frequency is reduced below the operating 
system request due to a thermal alert from a processor 
Voltage Regulator (VR). 


7 VR Therm Design Current Status (RO) 


When set, frequency is reduced below the operating 
system request due to VR thermal design current limit. 


8 Other Status (RO) 


When set, frequency is reduced below the operating 
system request due to electrical or other constraints. 


9 Reserved 
10 Package/Platform-Level Power Limiting PL1 Status 
(RO) 


When set, frequency is reduced below the operating 
system request due to package/platform-level power 
limiting PL1. 


11 Package/Platform-Level PL2 Power Limiting Status 
(RO) 

When set, frequency is reduced below the operating 
system request due to package/platform-level power 
limiting PL2/PL3. 


12 Max Turbo Limit Status (RO) 


When set, frequency is reduced below the operating 
system request due to multi-core turbo limits. 
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Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


Turbo Transition Attenuation Status (RO) 


When set, frequency is reduced below the operating 
system request due to Turbo transition attenuation. 
This prevents performance degradation due to 
frequent operating ratio changes. 


15:14 


Reserved 


16 


PROCHOT Log 


When set, indicates that the PROCHOT Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


Thermal Log 


When set, indicates that the Thermal Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


19:18 


Reserved. 


20 


21 


Residency State Regulation Log 

When set, indicates that the Residency State 
Regulation Status bit has asserted since the log bit was 
last cleared. 

This log bit will remain set until cleared by software 
writing O. 

Running Average Thermal Limit Log 

When set, indicates that the RATL Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 


22 


23 


VR Therm Alert Log 


When set, indicates that the VR Therm Alert Status bit 
has asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 
VR Thermal Design Current Log 


When set, indicates that the VR TDC Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 
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Hex Dec 


24 Other Log 


When set, indicates that the Other Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


25 Reserved 


26 Package/Platform-Level PL1 Power Limiting Log 

When set, indicates that the Package or Platform Level 
PL1 Power Limiting Status bit has asserted since the 
log bit was last cleared. 

This log bit will remain set until cleared by software 
writing O. 


27 Package/Platform-Level PL2 Power Limiting Log 


When set, indicates that the Package or Platform Level 
PL2/PL3 Power Limiting Status bit has asserted since 
the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 

28 Max Turbo Limit Log 

When set, indicates that the Max Turbo Limit Status bit 
has asserted since the log bit was last cleared. 

This log bit will remain set until cleared by software 
writing O. 

29 Turbo Transition Attenuation Log 


When set, indicates that the Turbo Transition 
Attenuation Status bit has asserted since the log bit 
was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


63:30 Reserved 


652H | 1618 | MSR_PKG_HDC_CONFIG Package HDC Configuration (R/W) 


2:0 PKG_Cx_Monitor 


Configures Package Cx state threshold for 
MSR_PKG_HDC_DEEP_RESIDENCY. 


63:3 Reserved 


653H | 1619 | MSR_CORE_HDC_RESIDENCY Core Core HDC Idle Residency (R/O) 


63:0 Core_Cx_Duty_Cycle_Cnt 


655H 1621 | MSR_PKG_HDC_SHALLOW_RESIDENCY | Package Accumulate the cycles the package was in C2 state and 
at least one logical processor was in forced idle (R/O) 


63:0 Pkg_C2_Duty_Cycle_Cnt 
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Register Name / Bit Fields 


Scope 


Bit Description 


656H 


1622 


MSR_PKG_HDC_DEEP_RESIDENCY 


Package 


Package Cx HDC Idle Residency (R/O) 


63:0 


Pkg_Cx_Duty_Cycle_Cnt 


658H 


1624 


MSR_WEIGHTED_CORE_CO 


Package 


Core-count Weighted CO Residency (R/O) 


63:0 


Increment at the same rate as the TSC. The increment 
each cycle is weighted by the number of processor 
cores in the package that reside in CO. If N cores are 
simultaneously in CO, then each cycle the counter 
increments by N. 


659H 


1625 


MSR_ANY_CORE_CO 
63:0 


Package 


Any Core CO Residency (R/O) 


Increment at the same rate as the TSC. The increment 
each cycle is one if any processor core in the package is 
in CO. 


65AH 


1626 


MSR_ANY_GFXE_CO 
63:0 


Package 


Any Graphics Engine CO Residency (R/O) 


Increment at the same rate as the TSC. The increment 
each cycle is one if any processor graphic device's 
compute engines are in CO. 


65BH 


65CH 


1627 


1628 


MSR_CORE_GFXE_OVERLAP_CO 


Package 


Core and Graphics Engine Overlapped CO Residency 
(R/O) 


63:0 


MSR_PLATFORM_POWER_LIMIT 


14:0 


Platform* 


Increment at the same rate as the TSC. The increment 
each cycle is one if at least one compute engine of the 
processor graphics is in CO and at least one processor 

core in the package is also in CO. 


Platform Power Limit Control (R/W-L) 


Allows platform BIOS to limit power consumption of the 
platform devices to the specified values. The Long 
Duration power consumption is specified via 
Platform_Power_Limit_1 and 
Platform_Power_Limit_1_Time. The Short Duration 
power consumption limit is specified via the 
Platform_Power_Limit_2 with duration chosen by the 
processor. 


The processor implements an exponential-weighted 
algorithm in the placement of the time windows. 


Platform Power Limit #1 


Average Power limit value which the platform must not 
exceed over a time window as specified by 
Power_Limit_1_TIME field. 

The default value is the Thermal Design Power (TDP) 


and varies with product skus. The unit is specified in 
MSR_RAPLPOWER_UNIT. 
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Hex Dec 


15 Enable Platform Power Limit #1 


When set, enables the processor to apply control policy 
such that the platform power does not exceed 
Platform Power limit #1 over the time window 
specified by Power Limit #1 Time Window. 


16 Platform Clamping Limitation #1 


When set, allows the processor to go below the OS 
requested P states in order to maintain the power 
below specified Platform Power Limit #1 value. 

This bit is writeable only when CPUID (EAX=6):EAX[4] 
is set. 


23:17 Time Window for Platform Power Limit #1 


Specifies the duration of the time window over which 
Platform Power Limit 1 value should be maintained for 
sustained long duration. This field is made up of two 
numbers from the following equation: 

Time Window = (float) ((1+(X/4))*(2*Y)), where: 

X = POWER_LIMIT_1_TIME[23:22] 

Y = POWER_LIMIT_1_TIME[21:17] 

The maximum allowed value in this field is defined in 
MSR_PKG_POWER_INFO[PKG_MAX_WIN]. 


The default value is ODH, The unit is specified in 
MSR_RAPLPOWER_UNIT[Time Unit]. 


31:24 Reserved 


46:32 Platform Power Limit #2 


Average Power limit value which the platform must not 
exceed over the Short Duration time window chosen 
by the processor. 


The recommended default value is 1.25 times the Long 
Duration Power Limit (i.e., Platform Power Limit # 1). 


47 Enable Platform Power Limit #2 


When set, enables the processor to apply control policy 
such that the platform power does not exceed 
Platform Power limit #2 over the Short Duration time 
window. 


48 Platform Clamping Limitation #2 


When set, allows the processor to go below the OS 
requested P states in order to maintain the power 
below specified Platform Power Limit #2 value. 


62:49 Reserved 


63 Lock. Setting this bit will lock all other bits of this MSR 
until system RESET. 
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690H | 1680 | MSR_LASTBRANCH_16_FROM_IP Thread Last Branch Record 16 From IP (R/W) 

One of 32 triplets of last branch record registers on the 

last branch record stack. This part of the stack contains 

pointers to the source instruction. See also: 

* Last Branch Record Stack TOS at 1C9H. 

* Section 17.12. 
691H | 1681 | MSR_LASTBRANCH_17_FROM_IP Thread Last Branch Record 17 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
692H | 1682 | MSR_LASTBRANCH_18_FROM_IP Thread Last Branch Record 18 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
693H | 1683 | MSR_LASTBRANCH_19_FROM_IP Thread Last Branch Record 19From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
694H | 1684 | MSR_LASTBRANCH_20_FROM_IP Thread Last Branch Record 20 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
695H | 1685 | MSR_LASTBRANCH_21_FROM_IP Thread Last Branch Record 21 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
696H | 1686 | MSR_LASTBRANCH_22_FROM_IP Thread Last Branch Record 22 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
697H | 1687 | MSR_LASTBRANCH_23_FROM_IP Thread Last Branch Record 23 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
698H | 1688 | MSR_LASTBRANCH_24 FROM_IP Thread Last Branch Record 24 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
699H | 1689 | MSR_LASTBRANCH_25_FROM_IP Thread Last Branch Record 25 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
69AH | 1690 | MSR_LASTBRANCH_26_FROM_IP Thread Last Branch Record 26 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
69BH | 1691 | MSR_LASTBRANCH_27_FROM_IP Thread Last Branch Record 27 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
69CH | 1692 | MSR_LASTBRANCH_28_FROM_IP Thread Last Branch Record 28 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
69DH | 1693 | MSR_LASTBRANCH_29_FROM_IP Thread Last Branch Record 29 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
69EH | 1694 | MSR_LASTBRANCH_30_FROM_IP Thread Last Branch Record 30 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
69FH | 1695 | MSR_LASTBRANCH_31_FROM_IP Thread Last Branch Record 31 From IP (R/W) 

See description of MSR_LASTBRANCH_O_FROM_IP. 
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6BOH 1712 | MSR_GRAPHICS_PERF_LIMIT_REASONS | Package Indicator of Frequency Clipping in the Processor 
Graphics (R/W) 
(Frequency refers to processor graphics frequency.) 
0 PROCHOT Status (RO) 


When set, frequency is reduced due to assertion of 
external PROCHOT. 


1 Thermal Status (RO) 
When set, frequency is reduced due to a thermal event. 
4:2 Reserved. 


Running Average Thermal Limit Status (RO) 


When set, frequency is reduced due to running average 
thermal limit. 


6 VR Therm Alert Status (RO) 


When set, frequency is reduced due to a thermal alert 
from a processor Voltage Regulator. 


7 VR Thermal Design Current Status (RO) 
When set, frequency is reduced due to VR TDC limit. 
8 Other Status (RO) 


When set, frequency is reduced due to electrical or 
other constraints. 


9 Reserved 
10 Package/Platform-Level Power Limiting PL1 Status 
(RO) 


When set, frequency is reduced due to 
package/platform-level power limiting PL1. 


11 Package/Platform-Level PL2 Power Limiting Status 
(RO) 

When set, frequency is reduced due to 
package/platform-level power limiting PL2/PL3. 


12 Inefficient Operation Status (RO) 


When set, processor graphics frequency is operating 
below target frequency. 


15:13 Reserved 


16 PROCHOT Log 


When set, indicates that the PROCHOT Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


2-292 Vol. 4 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-39. Additional MSRs Supported by 6th Generation, 7th Generation, 8th Generation, 9th Generation, 10th 
Generation, 11th Generation, and 12th Generation Intel® Core™ Processors, Intel® Xeon® Processor Scalable Family, 
2nd and 3rd Generation Intel® Xeon® Processor Scalable Family, 8th Generation Intel® Core™ i3 Processors, and 

Intel® Xeon® E Processors 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

17 Thermal Log 
When set, indicates that the Thermal Status bit has 
asserted since the log bit was last cleared. 
This log bit will remain set until cleared by software 
writing O. 

20:18 Reserved. 

21 Running Average Thermal Limit Log 
When set, indicates that the RATL Status bit has 
asserted since the log bit was last cleared. 
This log bit will remain set until cleared by software 
writing O. 

22 VR Therm Alert Log 
When set, indicates that the VR Therm Alert Status bit 
has asserted since the log bit was last cleared. 
This log bit will remain set until cleared by software 
writing 0. 

23 VR Thermal Design Current Log 
When set, indicates that the VR Therm Alert Status bit 
has asserted since the log bit was last cleared. 
This log bit will remain set until cleared by software 
writing O. 

24 Other Log 
When set, indicates that the OTHER Status bit has 
asserted since the log bit was last cleared. 
This log bit will remain set until cleared by software 
writing 0. 

25 Reserved 

26 Package/Platform-Level PL1 Power Limiting Log 
When set, indicates that the Package/Platform Level 
PL1 Power Limiting Status bit has asserted since the 
log bit was last cleared. 
This log bit will remain set until cleared by software 
writing O. 

27 Package/Platform-Level PL2 Power Limiting Log 


When set, indicates that the Package/Platform Level 
PL2 Power Limiting Status bit has asserted since the 
log bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 
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28 Inefficient Operation Log 
When set, indicates that the Inefficient Operation 
Status bit has asserted since the log bit was last 
cleared. 
This log bit will remain set until cleared by software 
writing O. 
63:29 Reserved 
6B1H 1713 | MSR_RING_PERF_LIMIT_REASONS Package Indicator of Frequency Clipping in the Ring Interconnect 


(R/W) 
(Frequency refers to ring interconnect in the uncore.) 


PROCHOT Status (RO) 


When set, frequency is reduced due to assertion of 
external PROCHOT. 


Thermal Status (RO) 
When set, frequency is reduced due to a thermal event. 


Reserved 


Running Average Thermal Limit Status (RO) 

When set, frequency is reduced due to running average 
thermal limit. 

VR Therm Alert Status (RO) 


When set, frequency is reduced due to a thermal alert 
from a processor Voltage Regulator. 


VR Thermal Design Current Status (RO) 
When set, frequency is reduced due to VR TDC limit. 


Other Status (RO) 


When set, frequency is reduced due to electrical or 
other constraints. 


Reserved 


11 


Package/Platform-Level Power Limiting PL1 Status 
(RO) 

When set, frequency is reduced due to 
package/Platform-level power limiting PL1. 


Package/Platform-Level PL2 Power Limiting Status 
(RO) 

When set, frequency is reduced due to 
package/Platform-level power limiting PL2/PL3. 


15:12 


Reserved 
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Register Name / Bit Fields 


Scope 


Bit Description 


PROCHOT Log 


When set, indicates that the PROCHOT Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 


Thermal Log 

When set, indicates that the Thermal Status bit has 
asserted since the log bit was last cleared. 

This log bit will remain set until cleared by software 
writing O. 


20:18 
21 


22 


23 


Reserved 


Running Average Thermal Limit Log 


When set, indicates that the RATL Status bit has 
asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 
VR Therm Alert Log 


When set, indicates that the VR Therm Alert Status bit 
has asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing O. 
VR Thermal Design Current Log 


When set, indicates that the VR Therm Alert Status bit 
has asserted since the log bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 


24 


25 


Other Log 


When set, indicates that the OTHER Status bit has 
asserted since the log bit was last cleared. 

This log bit will remain set until cleared by software 
writing O. 


Reserved 


26 


Package/Platform-Level PL1 Power Limiting Log 


When set, indicates that the Package/Platform Level 
PL1 Power Limiting Status bit has asserted since the 
log bit was last cleared. 


This log bit will remain set until cleared by software 
writing 0. 
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27 Package/Platform-Level PL2 Power Limiting Log 
When set, indicates that the Package/Platform Level 
PL2 Power Limiting Status bit has asserted since the 
log bit was last cleared. 

This log bit will remain set until cleared by software 
writing 0. 


63:28 Reserved 


6DOH | 1744 | MSR_LASTBRANCH_16_TO_IP Thread Last Branch Record 16 To IP (R/W) 

One of 32 triplets of last branch record registers on the 
last branch record stack. This part of the stack contains 
pointers to the destination instruction. See also: 


= Last Branch Record Stack TOS at 1CSH. 
= Section 17.12. 


6D1H | 1745 | MSR_LASTBRANCH_17_TO_IP Thread Last Branch Record 17 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 


6D2H | 1746 | MSR_LASTBRANCH_18_TO_IP Thread Last Branch Record 18 To IP (R/W) 
See description of MSR_LASTBRANCH_0O_TO_IP. 


6D3H | 1747 | MSR_LASTBRANCH_19_TO_IP Thread Last Branch Record 19To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 


6D4H | 1748 | MSR_LASTBRANCH_20_TO_IP Thread Last Branch Record 20 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 


6D5H | 1749 | MSR_LASTBRANCH_21_TO_IP Thread Last Branch Record 21 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 


6D6H | 1750 | MSR_LASTBRANCH_22_TO_IP Thread Last Branch Record 22 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 


6D7H | 1751 |MSR_LASTBRANCH_23_TO_IP Thread Last Branch Record 23 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 


6D8H | 1752 |MSR_LASTBRANCH_24_TO_IP Thread Last Branch Record 24 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 


6D9H | 1753 |MSR_LASTBRANCH_25_TO_IP Thread Last Branch Record 25 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 


6DAH | 1754 | MSR_LLASTBRANCH_26_TO_IP Thread Last Branch Record 26 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 


6DBH | 1755 |MSR_LASTBRANCH_27_TO_IP Thread Last Branch Record 27 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 


6DCH | 1756 | MSR_LASTBRANCH_28_TO_IP Thread Last Branch Record 28 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 


6DDH | 1757 | MSR_LASTBRANCH_29_TO_IP Thread Last Branch Record 29 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
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6DEH | 1758 | MSR_LASTBRANCH_30_TO_IP Thread Last Branch Record 30 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
6DFH | 1759 | MSR_LASTBRANCH_31_TO_IP Thread Last Branch Record 31 To IP (R/W) 
See description of MSR_LASTBRANCH_O_TO_IP. 
770H | 1904 | IA32_PM_ENABLE Package See Section 14.4.2, “Enabling HWP”. 
771H 1905 | IA32_HWP_CAPABILITIES Thread See Section 14.4.3, “HWP Performance Range and 
Dynamic Capabilities”. 
772H 1906 | IA32_HWP_REQUEST_PKG Package See Section 14.4.4, “Managing HWP”. 
773H | 1907 | IA32_HWP_INTERRUPT Thread See Section 14.4.6, “HWP Notifications”. 
774H | 1908 | IA32_HWP_REQUEST Thread See Section 14.4.4, “Managing HWP”. 
7:0 Minimum Performance (R/W) 
15:8 Maximum Performance (R/W) 
23:16 Desired Performance (R/W) 
31:24 Energy/Performance Preference (R/W) 
41:32 Activity Window (R/W) 
42 Package Control (R/W) 
63:43 Reserved 
777H | 1911 | IA32_HWP_STATUS Thread See Section 14.4.5, “HWP Feedback”. 
DSOH | 3472 | IA32_BNDCFGS Thread See Table 2-2. 
DAOH | 3488 | IA32_XSS Thread See Table 2-2. 
DBOH | 3504 | IA32_PKG_HDC_CTL Package See Section 14.5.2, “Package level Enabling HDC”. 
DB1H | 3505 | IA32_PM_CTL1 Thread See Section 14.5.3, “Logical-Processor Level HDC 
Control”. 
DB2H | 3506 | IA32_THREAD_STALL Thread See Section 14.5.4.1, “IA32_THREAD_STALL". 
DCOH | 3520 | MSR_LBR_INFO_O Thread Last Branch Record 0 Additional Information (R/W) 
One of 32 triplet of last branch record registers on the 
last branch record stack. This part of the stack contains 
flag, TSX-related and elapsed cycle information. See 
also: 
« Last Branch Record Stack TOS at 1C9H. 
* Section 17.9.1, “LBR Stack." 
DC1H | 3521 | MSR_LBR_INFO_1 Thread Last Branch Record 1 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 
DC2H | 3522 | MSR_LBR_INFO_2 Thread Last Branch Record 2 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 
DC3H | 3523 | MSR_LBR_INFO_3 Thread Last Branch Record 3 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 
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DC4H 3524 | MSR_LBR_INFO_4 Thread Last Branch Record 4 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DCSH | 3525 |MSR_LBR_INFO_5 Thread Last Branch Record 5 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DC6H | 3526 | MSR_LBR_INFO_6 Thread Last Branch Record 6 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DC7H | 3527 | MSR_LBR_INFO_7 Thread Last Branch Record 7 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DC8H | 3528 | MSR_LBR_INFO_8 Thread Last Branch Record 8 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DCSH | 3529 | MSR_LBR_INFO_9 Thread Last Branch Record 9 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DCAH | 3530 | MSR_LBR_INFO_10 Thread Last Branch Record 10 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DCBH | 3531 |MSR_LBR_INFO_11 Thread Last Branch Record 11 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DCCH 3532 | MSR_LBR_INFO_12 Thread Last Branch Record 12 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DCDH | 3533 | MSR_LBR_INFO_13 Thread Last Branch Record 13 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DCEH 3534 | MSR_LBR_INFO_14 Thread Last Branch Record 14 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DCFH 3535 | MSR_LBR_INFO_15 Thread Last Branch Record 15 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DDOH | 3536 | MSR_LBR_INFO_16 Thread Last Branch Record 16 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DD1H | 3537 | MSR_LBR_INFO_17 Thread Last Branch Record 17 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DD2H | 3538 | MSR_LBR_INFO_18 Thread Last Branch Record 18 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DD3H | 3539 | MSR_LBR_INFO_19 Thread Last Branch Record 19 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DD4H | 3520 | MSR_LBR_INFO_20 Thread Last Branch Record 20 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DDS5H | 3521 | MSR_LBR_INFO_21 Thread Last Branch Record 21 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 
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DD6H | 3522 | MSR_LBR_INFO_22 Thread Last Branch Record 22 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DD7H | 3523 | MSR_LBR_INFO_23 Thread Last Branch Record 23 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DD8H | 3524 | MSR_LBR_INFO_24 Thread Last Branch Record 24 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DDSH | 3525 | MSR_LBR_INFO_25 Thread Last Branch Record 25 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DDAH | 3526 | MSR_LBR_INFO_26 Thread Last Branch Record 26 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DDBH | 3527 | MSR_LBR_INFO_27 Thread Last Branch Record 27 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DDCH | 3528 | MSR_LBR_INFO_28 Thread Last Branch Record 28 Additional Information (R/wW) 
See description of MSR_LBR_INFO_O. 

DDDH | 3529 | MSR_LBR_INFO_29 Thread Last Branch Record 29 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DDEH | 3530 | MSR_LBR_INFO_30 Thread Last Branch Record 30 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 

DDFH | 3531 | MSR_LBR_INFO_31 Thread Last Branch Record 31 Additional Information (R/W) 
See description of MSR_LBR_INFO_O. 


Table 2-40 lists the MSRs of uncore PMU for Intel processors with CPUID DisplayFamily_DisplayModel signatures of 
06_4EH, 06_5EH, 06_8EH, 06_9EH, and 06_66H. 


Table 2-40. Uncore PMU MSRs Supported by 6th Generation, 7th Generation, and 8th Generation Intel® Core™ 
Processors, and 8th generation Intel® Core™ i3 Processors 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
394H 916 | MSR_UNC_PERF_FIXED_CTRL Package Uncore Fixed Counter Control (R/W) 
19:0 Reserved 
20 Enable overflow propagation. 
21 Reserved 
22 Enable counting. 
63:23 Reserved 
395H 917 |MSR_UNC_PERF_FIXED_CTR Package Uncore Fixed Counter 
43:0 Current count. 
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63:44 Reserved 
396H 918 |MSR_UNC_CBO_CONFIG Package Uncore C-Box Configuration Information (R/O) 

3:0 Specifies the number of C-Box units with 

programmable counters (including processor cores 
and processor graphics). 

63:4 Reserved 
3BOH 946 |MSR_UNC_ARB_PERFCTRO Package Uncore Arb Unit, Performance Counter O 
3B1H 947 | MSR_UNC_ARB_PERFCTR1 Package Uncore Arb Unit, Performance Counter 1 
3B2H 944 |MSR_UNC_ARB_PERFEVTSELO Package Uncore Arb Unit, Counter O Event Select MSR 
3B3H 945 | MSR_UNC_ARB_PERFEVTSEL1 Package Uncore Arb Unit, Counter 1 Event Select MSR 
700H 1792 | MSR_UNC_CBO_O_PERFEVTSELO Package Uncore C-Box 0, Counter O Event Select MSR 
701H 1793 | MSR_UNC_CBO_O_PERFEVTSEL1 Package Uncore C-Box 0, Counter 1 Event Select MSR 
706H 1798 | MSR_UNC_CBO_O_PERFCTRO Package Uncore C-Box 0, Performance Counter 0 
707H 1799 | MSR_UNC_CBO_O_PERFCTR1 Package Uncore C-Box 0, Performance Counter 1 
710H 1808 | MSR_UNC_CBO_1_PERFEVTSELO Package Uncore C-Box 1, Counter O Event Select MSR 
711H 1809 | MSR_UNC_CBO_1_PERFEVTSEL1 Package Uncore C-Box 1, Counter 1 Event Select MSR 
716H 1814 | MSR_UNC_CBO_1_PERFCTRO Package Uncore C-Box 1, Performance Counter O 
717H 1815 | MSR_UNC_CBO_1_PERFCTR1 Package Uncore C-Box 1, Performance Counter 1 
720H 1824 | MSR_UNC_CBO_2_PERFEVTSELO Package Uncore C-Box 2, Counter O Event Select MSR 
721H 1825 |MSR_UNC_CBO_2_PERFEVTSEL1 Package Uncore C-Box 2, Counter 1 Event Select MSR 
726H 1830 | MSR_UNC_CBO_2_PERFCTRO Package Uncore C-Box 2, Performance Counter 0 
727H 1831 | MSR_UNC_CBO_2_PERFCTR1 Package Uncore C-Box 2, Performance Counter 1 
730H 1840 | MSR_UNC_CBO_3_PERFEVTSELO Package Uncore C-Box 3, Counter O Event Select MSR 
731H 1841 | MSR_UNC_CBO_3_PERFEVTSEL1 Package Uncore C-Box 3, Counter 1 Event Select MSR 
736H 1846 | MSR_UNC_CBO_3_PERFCTRO Package Uncore C-Box 3, Performance Counter 0 
737H 1847 | MSR_UNC_CBO_3_PERFCTR1 Package Uncore C-Box 3, Performance Counter 1 
€01H 3585 | MSR_UNC_PERF_GLOBAL_CTRL Package Uncore PMU Global Control 

0 Slice O select. 

1 Slice 1 select. 

2 Slice 2 select. 

3 Slice 3 select. 

4 Slice 4select. 

18:5 Reserved 

29 Enable all uncore counters. 

30 Enable wake on PMI. 

31 Enable Freezing counter when overflow. 

63:32 Reserved 


2-300 Vol. 4 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-40. Uncore PMU MSRs Supported by 6th Generation, 7th Generation, and 8th Generation Intel® Core™ 
Processors, and 8th generation Intel® Core™ i3 Processors 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
€02H | 3586 | MSR_UNC_PERF_GLOBAL_STATUS Package Uncore PMU Main Status 
0 Fixed counter overflowed. 
1 An ARB counter overflowed. 
2 Reserved 
| A CBox counter overflowed (on any slice). 
63:4 Reserved 
2.17.1 MSRs Introduced in 7th Generation and 8th Generation Intel® Core™ Processors based 


on Kaby Lake Microarchitecture and Coffee Lake Microarchitecture 


Table 2-41 lists additional MSRs for 7th generation and 8th generation Intel Core processors with a CPUID 
DisplayFamily_DisplayModel signatures of 06_8EH and 06_9EH. For an MSR listed in Table 2-41 that also appears 
in the model-specific tables of prior generations, Table 2-41 supersedes prior generation tables. 


Table 2-41. Additional MSRs Supported by 7th Generation and 8th Generation Intel® Core™ Processors 
Based on Kaby Lake Microarchitecture and Coffee Lake Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
80H 128 | MSR_TRACE_HUB_STH_ACPIBAR_BASE | Package NPK Address Used by AET Messages (R/W) 
0 Lock Bit 
If set, this MSR cannot be re-written anymore. Lock bit 
has to be set in order for the AET packets to be 
directed to NPK MMIO. 
17:1 Reserved 
63:18 ACPIBAR_BASE_ADDRESS 
AET target address in NPK MMIO space. 
1F4H 500 | MSR_PRMRR_PHYS_BASE Core Processor Reserved Memory Range Register - 
Physical Base Control Register (R/W) 
2:0 MemType 
PRMRR BASE MemType. 
11:3 Reserved 
45:12 Base 
PRMRR Base Address. 
63:46 Reserved 
1F5H 501 MSR_PRMRR_PHYS_MASK Core Processor Reserved Memory Range Register - 
Physical Mask Control Register (R/W) 
9:0 Reserved 
10 Lock 
Lock bit for the PRMRR. 
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Table 2-41. Additional MSRs Supported by 7th Generation and 8th Generation Intel® Core™ Processors 
Based on Kaby Lake Microarchitecture and Coffee Lake Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
11 VLD 
Enable bit for the PRMRR. 
45:12 Mask 
PRMRR MASK bits. 
63:46 Reserved 
1FBH 507 | MSR_PRMRR_VALID_CONFIG Core Valid PRMRR Configurations (R/W) 
0 1M supported MEE size. 
4:1 Reserved 
5 32M supported MEE size. 
6 64M supported MEE size. 
7 128M supported MEE size. 
31:8 Reserved 
2F4H 756 |MSR_UNCORE_PRMRR_PHYS_BASE! Package (R/W) 
The PRMRR range is used to protect the processor 
reserved memory from unauthorized reads and 
writes. Any IO access to this range is aborted. This 
register controls the location of the PRMRR range by 
indicating its starting address. It functions in tandem 
with the PRMRR mask register. 
11:0 Reserved 
PAWIDTH-1:12 Range Base 
This field corresponds to bits PAWIDTH-1:12 of the 
base address memory range which is allocated to 
PRMRR memory. 
63:PAWIDTH Reserved 
2F5H 757. |MSR_UNCORE_PRMRR_PHYS_MASK! Package (R/W) 
This register controls the size of the PRMRR range by 
indicating which address bits must match the PRMRR 
base register value. 
9:0 Reserved 
10 Lock 
Setting this bit locks all writeable settings in this 
register, including itself. 
11 Range_En 
Indicates whether the PRMRR range is enabled and 
valid. 
38:12 Range_Mask 
This field indicates which address bits must match 
PRMRR base in order to qualify as an PRMRR access. 
63:39 Reserved 
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Table 2-41. Additional MSRs Supported by 7th Generation and 8th Generation Intel® Core™ Processors 
Based on Kaby Lake Microarchitecture and Coffee Lake Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
620H | 1568 | MSR_RING_RATIO_LIMIT Package Ring Ratio Limit (R/W) 
This register provides Min/Max Ratio Limits for the 
LLC and Ring. 
6:0 MAX_Ratio 
This field is used to limit the max ratio of the 
LLC/Ring. 
7 Reserved 
14:8 MIN_Ratio 
Writing to this field controls the minimum possible 
ratio of the LLC/Ring. 
63:15 Reserved 
NOTES: 


1. This MSR is specific to 7th generation and 8th generation Intel® Core™ processors. 


2.17.2 |MSRs Specific to 8th Generation Intel® Core™ i3 Processors 


Table 2-42 lists additional MSRs for 8th generation Intel Core i3 processors with a CPUID 
DisplayFamily_DisplayModel signature of 06_66H. For an MSR listed in Table 2-42 that also appears in the model- 
specific tables of prior generations, Table 2-42 supersede prior generation tables. 


Table 2-42. Additional MSRs Supported by 8th Generation Intel® Core™ i3 Processors 
Based on Cannon Lake Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
3AH 58 IA32_FEATURE_CONTROL Thread Control Features in Intel 64 Processor (R/W) 
See Table 2-2. 
0 Lock (R/WL) 
1 Enable VMX Inside SMX Operation (R/WL) 
2 Enable VMX Outside SMX Operation (R/WL) 
14:8 SENTER Local Functions Enables (R/WL) 
15 SENTER Global Functions Enable (R/WL) 
17 SGX Launch Control Enable (R/WL) 
This bit must be set to enable runtime reconfiguration 
of SGX Launch Control via IA32_SGXLEPUBKEYHASHn 
MSR. 
Available only if CPUID.(EAX=07H, ECX=0H): ECX[30] 
=1. 
18 SGX Global Functions Enable (R/WL) 
63:21 Reserved 
350H 848 | MSR_BR_DETECT_CTRL Branch Monitoring Global Control (R/W) 


Vol.4 2-303 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-42. Additional MSRs Supported by 8th Generation Intel® Core™ i3 Processors 


Based on Cannon Lake Microarchitecture (Contd.) 


Register 
Address 


Hex Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


EnMonitoring 
Global enable for branch monitoring. 


En€xcept 

Enable branch monitoring event signaling on threshold 
trip. 

The branch monitoring event handler is signaled via 
the existing PMI signaling mechanism as programmed 
from the corresponding local APIC LVT entry. 


EnLBRFrz 

Enable LBR freeze on threshold trip. This will cause 
the LBR frozen bit 58 to be set in 
IA32_PERF_GLOBAL_STATUS when a triggering 
condition occurs and this bit is enabled. 


DisablelnGuest 


When set to ‘1’, branch monitoring, event triggering 
and LBR freeze actions are disabled when operating 
at VMX non-root operation. 


17:8 


Reserved 


WindowSize 

Window size defined by WindowCntSel. Values O - 
1023 are supported. 

Once the Window counter reaches the WindowSize 
count both the Window Counter and all Branch 
Monitoring Counters are cleared. 


23:18 


Reserved 


25:24 


WindowCntSel 

Window event count select: 

‘00 = Instructions retired. 

‘01 = Branch instructions retired 

‘10 = Return instructions retired. 

‘11 = Indirect branch instructions retired. 


26 


CntAndMode 


When set to ‘1’, the overall branch monitoring event 
triggering condition is true only if all enabled counters’ 
threshold conditions are true. 


When ‘0’, the threshold tripping condition is true if any 
enabled counters’ threshold is true. 


63:27 


Reserved 


351H 849 


MSR_BR_DETECT_STATUS 


Branch Monitoring Global Status (R/W) 


0 


Branch Monitoring Event Signaled 


When set to ‘1’, Branch Monitoring event signaling is 
blocked until this bit is cleared by software. 
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Table 2-42. Additional MSRs Supported by 8th Generation Intel® Core™ i3 Processors 
Based on Cannon Lake Microarchitecture (Contd.) 


Register 
Address 


Hex Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


LBRsValid 


This status bit is set to ‘1’ if the LBR state is 
considered valid for sampling by branch monitoring 
software. 


Reserved 


CntrHitO 


Branch monitoring counter #0 threshold hit. This 
Status bit is sticky and once set requires clearing by 
software. Counter operation continues independent 
of the state of the bit. 


CntrHit1 


Branch monitoring counter #1 threshold hit. This 
status bit is sticky and once set requires clearing by 
software. Counter operation continues independent 
of the state of the bit. 


15:10 


Reserved 


Reserved for additional branch monitoring counters 
threshold hit status. 


25:16 


CountWindow 

The current value of the window counter. The count 
value is frozen on a valid branch monitoring triggering 
condition. This is a 10-bit unsigned value. 


31:26 


Reserved 
Reserved for future extension of CountWindow. 


39:32 


CountO 


The current value of counter O updated after each 
occurrence of the event being counted. The count 
value is frozen on a valid branch monitoring triggering 
condition (in which case CntrHitO will also be set). This 
is an 8-bit signed value (2's complement). 


Heuristic events which only increment will saturate 
and freeze at maximum value OxFF (256). 
RET-CALL event counter saturate at maximum value 
Ox7F (+127) and minimum value 0x80 (-128). 


47:40 


Count1 


The current value of counter 1 updated after each 
occurrence of the event being counted. The count 
value is frozen on a valid branch monitoring triggering 
condition (in which case CntrHit1 will also be set). This 
is an 8-bit signed value (2's complement). 


Heuristic events which only increment will saturate 
and freeze at maximum value OxFF (256). 


RET-CALL event counter saturate at maximum value 
Ox7F (+127) and minimum value 0x80 (-128). 


63:48 


Reserved 
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Table 2-42. Additional MSRs Supported by 8th Generation Intel® Core™ i3 Processors 


Based on Cannon Lake Microarchitecture (Contd.) 


Register 
Address 


Hex Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


354H 852 


355H 853 


MSR_BR_DETECT_COUNTER_CONFIG_i 


Branch Monitoring Detect Counter Configuration (R/W) 


CntrEn 
Enable counter. 


7:1 


CntrEvSel 

Event select (other values #GP) 
‘0000000 = RETs. 

‘0000001 = RET-CALL bias. 

‘0000010 = RET mispredicts. 

‘0000011 = Branch (all) mispredicts. 
‘0000100 = Indirect branch mispredicts. 
‘0000101 = Far branch instructions. 


14:8 


CntrThreshold 


Threshold (an unsigned value of 0 to 127 supported). 
The value O of counter threshold will result in event 
signaled after every instruction. #GP if threshold is < 
2. 


15 


MispredEventCnt 

Mispredict events counting behavior: 

‘O = Mispredict events are counted in a window. 

‘1 = Mispredict events are counted based ona 
consecutive occurrence. CntrThreshold is treated as # 
of consecutive mispredicts. This control bit only 
applies to events specified by CntrEvSel that involve a 
prediction (0000010, 0000011, 0000100). Setting 
this bit for other events is ignored. 


63:16 


Reserved 


3F8H | 1016 


MSR_PKG_C3_RESIDENCY 


Package 


Package C3 Residency Counter (R/O) 


63:0 


Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 


620H | 1568 


MSR_RING_RATIO_LIMIT 


Package 


Ring Ratio Limit (R/W) 
This register provides Min/Max Ratio Limits for the 
LLC and Ring. 


6:0 


MAX_Ratio 


This field is used to limit the max ratio of the 
LLC/Ring. 


Reserved 


MIN_Ratio 


Writing to this field controls the minimum possible 
ratio of the LLC/Ring. 


63:15 


Reserved 
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Table 2-42. Additional MSRs Supported by 8th Generation Intel® Core™ i3 Processors 


Based on Cannon Lake Microarchitecture (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


660H 


1632 


MSR_CORE_C1_RESIDENCY 


Core 


Core C1 Residency Counter (R/O) 


63:0 


Value since last reset for the Core C1 residency. 
Counter rate is the Max Non-Turbo frequency (same 
as TSC). This counter counts in case both of the core’s 
threads are in an idle state and at least one of the 
core’s thread residency is in a C1 state or in one of its 
sub states. The counter is updated only after a core C 
state exit. Note: Always reads 0 if core C1 is 
unsupported. A value of zero indicates that this 
processor does not support core C1 or never entered 
core C1 level state. 


662H 


1634 


MSR_CORE_C3_RESIDENCY 


Core 


Core C3 Residency Counter (R/O) 


63:0 


Will always return 0. 


Table 2-43 lists the MSRs of uncore PMU for Intel processors with CPUID signature 06_66H. 


Table 2-43. Uncore PMU MSRs Supported by Intel® Core™ Processors Based on Cannon Lake Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
394H 916 | MSR_UNC_PERF_FIXED_CTRL Package Uncore Fixed Counter Control (R/W) 
19:0 Reserved 
20 Enable overflow propagation. 
21 Reserved 
22 Enable counting. 
63:23 Reserved 
395H 917 |MSR_UNC_PERF_FIXED_CTR Package Uncore Fixed Counter 
47:0 Current count. 
63:48 Reserved 
396H 918 | MSR_UNC_CBO_CONFIG Package Uncore C-Box Configuration Information (R/O) 
3:0 Report the number of C-Box units with performance 
counters, including processor cores and processor 
graphics. 
63:4 Reserved 
3BOH 946 | MSR_UNC_ARB_PERFCTRO Package Uncore Arb Unit, Performance Counter 0 
3B1H 947 | MSR_UNC_ARB_PERFCTR1 Package Uncore Arb Unit, Performance Counter 1 
3B2H 944 | MSR_UNC_ARB_PERFEVTSELO Package Uncore Arb Unit, Counter O Event Select MSR 
3B3H 945 | MSR_UNC_ARB_PERFEVTSEL1 Package Uncore Arb unit, Counter 1 Event Select MSR 
700H 1792 | MSR_UNC_CBO_O_PERFEVTSELO Package Uncore C-Box 0, Counter O Event Select MSR 
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Table 2-43. Uncore PMU MSRs Supported by Intel® Core™ Processors Based on Cannon Lake Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

701H 1793 | MSR_UNC_CBO_O_PERFEVTSEL1 Package Uncore C-Box 0, Counter 1 Event Select MSR 
702H 1794 | MSR_UNC_CBO_O_PERFCTRO Package Uncore C-Box 0, Performance Counter 0 
703H 1795 | MSR_UNC_CBO_O_PERFCTR1 Package Uncore C-Box 0, Performance Counter 1 
708H 1800 | MSR_UNC_CBO_1_PERFEVTSELO Package Uncore C-Box 1, Counter O Event Select MSR 
709H 1801 | MSR_UNC_CBO_1_PERFEVTSEL1 Package Uncore C-Box 1, Counter 1 Event Select MSR 
70AH 1802 | MSR_UNC_CBO_1_PERFCTRO Package Uncore C-Box 1, Performance Counter 0 
70BH 1803 | MSR_UNC_CBO_1_PERFCTR1 Package Uncore C-Box 1, Performance Counter 1 
710H 1808 | MSR_UNC_CBO_2_PERFEVTSELO Package Uncore C-Box 2, Counter O Event Select MSR 
711H 1809 | MSR_UNC_CBO_2_PERFEVTSEL1 Package Uncore C-Box 2, Counter 1 Event Select MSR 
712H 1810 | MSR_UNC_CBO_2_PERFCTRO Package Uncore C-Box 2, Performance Counter 0 
713H 1811 | MSR_UNC_CBO_2_PERFCTR1 Package Uncore C-Box 2, Performance Counter 1 
718H 1816 | MSR_UNC_CBO_3_PERFEVTSELO Package Uncore C-Box 3, Counter O Event Select MSR 
719H 1817 | MSR_UNC_CBO_3_PERFEVTSEL1 Package Uncore C-Box 3, Counter 1 Event Select MSR 
71AH 1818 |MSR_UNC_CBO_3_PERFCTRO Package Uncore C-Box 3, Performance Counter 0 
71BH 1819 | MSR_UNC_CBO_3_PERFCTR1 Package Uncore C-Box 3, Performance Counter 1 
720H 1824 | MSR_UNC_CBO_4 PERFEVTSELO Package Uncore C-Box 4, Counter O Event Select MSR 
721H 1825 |MSR_UNC_CBO_4 PERFEVTSEL1 Package Uncore C-Box 4, Counter 1 Event Select MSR 
722H 1826 | MSR_UNC_CBO_4_PERFCTRO Package Uncore C-Box 4, Performance Counter 0 
723H 1827 | MSR_UNC_CBO_4 PERFCTR1 Package Uncore C-Box 4, Performance Counter 1 
728H 1832 |MSR_UNC_CBO_5_PERFEVTSELO Package Uncore C-Box 5, Counter O Event Select MSR 
729H 1833 |MSR_UNC_CBO_5_PERFEVTSEL1 Package Uncore C-Box 5, Counter 1 Event Select MSR 
72AH 1834 | MSR_UNC_CBO_5_PERFCTRO Package Uncore C-Box 5, Performance Counter 0 
72BH 1835 |MSR_UNC_CBO_5_PERFCTR1 Package Uncore C-Box 5, Performance Counter 1 
730H 1840 | MSR_UNC_CBO_6_PERFEVTSELO Package Uncore C-Box 6, Counter O Event Select MSR 
731H 1841 | MSR_UNC_CBO_6_PERFEVTSEL1 Package Uncore C-Box 6, Counter 1 Event Select MSR 
732H 1842 | MSR_UNC_CBO_6_PERFCTRO Package Uncore C-Box 6, Performance Counter O 
733H 1843 | MSR_UNC_CBO_6_PERFCTR1 Package Uncore C-Box 6, Performance Counter 1 
738H 1848 | MSR_UNC_CBO_7_PERFEVTSELO Package Uncore C-Box 7, Counter O Event Select MSR 
739H 1849 | MSR_UNC_CBO_7_PERFEVTSEL1 Package Uncore C-Box 7, Counter 1 Event Select MSR 
73AH 1850 | MSR_UNC_CBO_7_PERFCTRO Package Uncore C-Box 7, Performance Counter 0 
73BH 1851 | MSR_UNC_CBO_7_PERFCTR1 Package Uncore C-Box 7, Performance Counter 1 
€01H 3585 | MSR_UNC_PERF_GLOBAL_CTRL Package Uncore PMU Global Control 

0 Slice O select. 

1 Slice 1 select. 

2 Slice 2 select. 

3 Slice 3 select. 

4 Slice 4select. 
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Table 2-43. Uncore PMU MSRs Supported by Intel® Core™ Processors Based on Cannon Lake Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
18:5 Reserved 
29 Enable all uncore counters. 
30 Enable wake on PMI. 
31 Enable Freezing counter when overflow. 
63:32 Reserved 
€02H | 3586 | MSR_UNC_PERF_GLOBAL_STATUS Package Uncore PMU Main Status 
0 Fixed counter overflowed. 
1 An ARB counter overflowed. 
2 Reserved 
3 A CBox counter overflowed (on any slice). 
63:4 Reserved 
2.17.3. MSRs Introduced in 10th Generation Intel® Core™ Processors 


Table 2-44 lists additional MSRs for 10th generation Intel Core processors with a CPUID 
DisplayFamily_DisplayModel signature values of 06_7DH and 06_7EH. For an MSR listed in Table 2-44 that also 


appears in the model-specific tables of prior generations, Table 2-44 supersede prior generation tables. 


Table 2-44. MSRs Supported by 10th Generation Intel® Core™ Processors Based on Ice Lake Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
33H 51 MSR_MEMORY_CTRL Core Memory Control Register 
28:0 Reserved. 
29 Enable #AC(0) exception for split locked accesses: 
Cause #AC(0) exception for split locked access at all 
CPL irrespective of CRO.AM or EFLAGS.AC. If bits 29 
and 31 are both set, bit 29 takes precedence. 
30 Reserved. 
31 Reserved. 
48H 72 IA32_SPEC_CTRL Core See Table 2-2. 
49H 73 IA32_PREDICT_CMD Thread See Table 2-2. 
8CH 140 | IA32_SGXLEPUBKEYHASHO Thread See Table 2-2. 
8DH 141 | IA32_SGXLEPUBKEYHASH1 Thread See Table 2-2. 
8EH 142 | IA32_SGXLEPUBKEYHASH2 Thread See Table 2-2. 
8FH 143 | IA32_SGXLEPUBKEYHASH3 Thread See Table 2-2. 
AOH 160 | MSR_BIOS_MCU_ERRORCODE Package BIOS MCU ERRORCODE (R/O) 
This MSR indicates if WRMSR 0x79 failed to configure 
PRM memory and gives a hint to debug BIOS. 
15:0 Package Error Codes (R/O) 
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Table 2-44. MSRs Supported by 10th Generation Intel® Core™ Processors Based on Ice Lake Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
30:16 Reserved. 
31 Thread MCU Partial Success (R/O) 
When set to 1, WRMSR 0x79 skipped part of the 
functionality during BIOS. 
ASH 165 | MSR_FIT_BIOS_ERROR Thread FIT BIOS ERROR (R/W) 
Report error codes for debug in case the processor 
failed to parse the Firmware Table in BIOS. 
Can also be used to log BIOS information. 
7:0 Error Codes (R/W) 
Error codes for debug. 
15:8 Entry Type (R/W) 
Failed FIT entry type. 
16 FIT MCU Entry (R/W) 
FIT contains MCU entry. 
62:17 Reserved. 
63 LOCK (R/W) 
When set to 1, writes to this MSR will be skipped. 
10BH 267 | |IA32_FLUSH_CMD Thread See Table 2-2. 
151H 337 | MSR_BIOS_DONE Thread BIOS Done (R/WO) 
0 Thread BIOS Done Indication (R/WO) 
Set by BIOS when it finishes programming the 
processor and wants to lock the memory 
configuration from changes by software that is 
running on this thread. 
Writes to the bit will be ignored if EAX[0] is 0. 
1 Package Package BIOS Done Indication (R/O) 
When set to 1, all threads in the package have bit O of 
this MSR set. 
31:2 Reserved. 
1F1H 497 |MSR_CRASHLOG_CONTROL Thread Write Data to a Crash Log Configuration 
0 CDDIS: CrashDump_Disable 
If set, indicates that Crash Dump is disabled. 
63:1 Reserved. 
2AOH 672 |MSR_PRMRR_BASE_O Core Processor Reserved Memory Range Register - 
Physical Base Control Register (R/W) 
2:0 MEMTYPE: PRMRR BASE Memory Type. 
3 CONFIGURED: PRMRR BASE Configured. 
11:4 Reserved. 
51:12 BASE: PRMRR Base Address. 
63:52 Reserved. 
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Table 2-44. MSRs Supported by 10th Generation Intel® Core™ Processors Based on Ice Lake Microarchitecture 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


30CH 


780 


IA32_FIXED_CTR3 


Thread 


Fixed-Function Performance Counter Register 3 (R/W) 


Bit definitions are the same as found in 
|A32_FIXED_CTRO, offset 309H. See Table 2-2. 


329H 


809 


MSR_PERF_METRICS 


Thread 


Performance Metrics (R/W) 


Reports metrics directly. Software can check (and/or 
expose to its quests) the availability of 
PERF_METRICS feature using 
IA32_PERF_CAPABILITIES.PERF_METRICS_AVAILABL 
E (bit 15). 


7:0 


Retiring. Percent of utilized slots by uops that 
eventually retire (commit). 


Bad Speculation. Percent of wasted slots due to 
incorrect speculation, covering utilized by uops that do 
not retire, or recovery bubbles (unutilized slots). 


23:16 


Frontend Bound. Percent of unutilized slots where 
front-end did not deliver a uop while back-end is 
ready. 


31:24 


63:25 


Backend Bound. Percent of unutilized slots where a 
uop was not delivered to back-end due to lack of back- 
end resources. 


Reserved. 


3F2H 


1010 


MSR_PEBS_DATA_CFG 


Thread 


PEBS Data Configuration (R/w) 


Provides software the capability to select data groups 
of interest and thus reduce the record size in memory 
and record generation latency. Hence, a PEBS record's 
size and layout vary based on the selected groups. 
The MSR also allows software to select LBR depth for 
branch data records. 


Memory Info. 

Setting this bit will capture memory information such 
as the linear address, data source and latency of the 
memory access in the PEBS record. 


GPRs. 


Setting this bit will capture the contents of the 
General Purpose registers in the PEBS record. 


XMMs. 


Setting this bit will capture the contents of the XMM 
registers in the PEBS record. 


LBRs. 


Setting this bit will capture LBR TO, FROM and INFO in 
the PEBS record. 


Reserved. 
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Table 2-44. MSRs Supported by 10th Generation Intel® Core™ Processors Based on Ice Lake Microarchitecture 


Register 
Address 


Hex Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


31:24 


LBR Entries. 


Set the field to the desired number of entries - 1. For 
example, if the LBR_entries field is 0, a single entry 
will be included in the record. To include 32 LBR 
entries, set the LBR_entries field to 31 (Ox1F). To 
ensure all PEBS records are 16-byte aligned, software 
can use LBR_entries that is multiple of 3. 


541H | 1345 


MSR_CORE_UARCH_CTL 


Core 


Core Microarchitecture Control MSR (R/W) 


0 


L1 Scrubbing Enable 
When set to 1, enable L1 scrubbing. 


31:1 


Reserved. 


657H | 1623 


65EH | 1630 


65FH | 1631 


MSR_FAST_UNCORE_MSRS_CTL 


Thread 


Fast WRMSR/RDMSR Control MSR (R/W) 


3:0 


FAST_ACCESS_ENABLE: 


Bit 0: When set to ‘1’, provides a hint for the hardware 
to enable fast access mode for the 
IA32_HWP_REQUEST MSR. 


This bit is sticky and is cleaned by the hardware only 
during reset time. 

This bit is valid only if 
FAST_UNCORE_MSRS_CAPABILITY[0] is set. Setting 
this bit will cause CPUID[6].EAX[1 8] to be set. 


31:4 
MSR_FAST_UNCORE_MSRS_STATUS 


Thread 


Reserved. 


Indication of Uncore MSRs, Post Write Activates 


0 


Indicates whether the CPU is still in the middle of 
writing [A32_HWP_REQUEST MSR, even after the 
WRMSR instruction has retired. 

A value of 1 indicates the last write of 
IA32_HWP_REQUEST is still ongoing. 


A value of 0 indicates the last write of 
IA32_HWP_REQUEST is visible outside the logical 
processor. 

Software can use the status of this bit to avoid 
overwriting [A32_HWP_REQUEST. 


31:1 


MSR_FAST_UNCORE_MSRS_CAPABILITY 


Thread 


Reserved. 
Fast WRMSR/RDMSR Enumeration MSR (RO) 


3:0 


MSRS_CAPABILITY: 


Bit O: If set to ‘1’, hardware supports the fast access 
mode for the [A32_HwWP_REQUEST MSR. 


31:4 


Reserved. 


772H | 1906 


IA32_HWP_REQUEST_PKG 


Package 


See Table 2-2. 


775H | 1909 


IA32_PECILHwWP_REQUEST_INFO 


Thread 


See Table 2-2. 


777H_ | 1911 
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IA32_HWP_STATUS 


Thread 


See Table 2-2. 
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2.17.4 MSRs Introduced in 11th Generation Intel® Core™ Processors based on Tiger Lake 
Microarchitecture 


Table 2-45 lists additional MSRs for 11th generation Intel Core processors with CPUID DisplayFamily_DisplayModel 
signatures of 06_8CH and 06_8DH. The MSRs listed in Table 2-44 are also supported by these processors. For an 
MSR listed in Table 2-45 that also appears in the model-specific tables of prior generations, Table 2-45 supersedes 
prior generation tables. 


Table 2-45. Additional MSRs Supported by 11th Generation Intel® Core™ Processors 
Based on Tiger Lake Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
AOH 160 | MSR_BIOS_MCU_ERRORCODE Package BIOS MCU ERRORCODE (R/O) 
15:0 Error Codes 
31:16 Reserved 
A7H 167 | MSR_BIOS_DEBUG Thread BIOS DEBUG (R/O) 
This MSR indicates if WRMSR 79H failed to configure 
PRM memory and gives a hint to debug BIOS. 
30:0 Reserved 
31 MCU Partial Success 
When set to 1, WRMSR 79H skipped part of the 
functionality during BIOS. 
63:32 Reserved 
CFH 207 | IA32_CORE_CAPABILITIES Package IA32 Core Capabilities Register (R/O) 


If CPUID.(EAX=07H, ECX=0):€DX[30] = 1. 


This MSR provides an architectural enumeration 
function for model-specific behavior. 


1:0 Reserved 
2 FUSA_SUPPORTED 
3 RSM_IN_CPLO_ONLY 


When set to 1, the RSM instruction is only allowed in 
CPLO (#GP triggered in any CPL != 0). 


When set to 0, then any CPL may execute the RSM 
instruction. 


4 Reserved 


SPLIT_LOCK_DISABLE_SUPPORTED 


When set to 1, the ability to set MEMORY_CONTROL 
(MSR 33H) bit 29 enables an #AC to be created when 
a split lock is detected. 


31:6 Reserved 
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Table 2-45. Additional MSRs Supported by 11th Generation Intel® Core™ Processors 


Based on Tiger Lake Microarchitecture 


Register 
Address 


Hex Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


492H | 1170 


IA32_VMX_PROCBASED_CTLS3 


Core 


IA32_VMX_PROCBASED_CTLS3 


This MSR enumerates the allowed 1-settings of the 
third set of processor-based controls. Specifically, VM 
entry allows bit X of the tertiary processor-based VM- 
execution controls to be 1 if and only if bit X of the 
MSR is set to 1. 


If bit X of the MSR is cleared to 0, VM entry fails if 
control X and the “activate tertiary controls” primary 
processor-based VM-execution control are both 1. 


LOADIWKEY 


This control determines whether executions of 
LOADIWKEY cause VM exits. 


63:1 


Reserved 


601H | 1537 


MSR_VR_CURRENT_CONFIG 


Package 


Power Limit 4 (PL4) 
Package-level maximum power limit (in Watts). 
It is a proactive, instantaneous limit. 


PL4 Value 


PL4 value in 0.125 A increments. This field is locked 
by VR_CURRENT_CONFIG[LOCK]. When the LOCK bit is 
set to 1b, this field becomes Read Only. 


30:13 


Reserved 


31 


Lock Indication (LOCK) 


This bit will lock the CURRENT_LIMIT settings in this 
register and will also lock this setting. This means that 
once set to 1b, the CURRENT_LIMIT setting and this 
bit become Read Only until the next Warm Reset. 


62:32 


Not in use. 


63 


Reserved 


6A0H | 1696 


IA32_U_CET 


Configure User Mode CET (R/W) 
See Table 2-2. 


6A2H | 1698 


IA32_S_CET 


Configure Supervisor Mode CET (R/W) 
See Table 2-2. 


6A4H | 1700 


1A32_PLO_SSP 


Linear address to be loaded into SSP on transition to 
privilege level 0. (R/W) 


See Table 2-2. 


6A5H | 1701 


IA32_PL1_SSP 


Linear address to be loaded into SSP on transition to 
privilege level 1. (R/W) 


See Table 2-2. 


6AGH | 1702 
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IA32_PL2_SSP 


Linear address to be loaded into SSP on transition to 
privilege level 2. (R/W) 


See Table 2-2. 
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Table 2-45. Additional MSRs Supported by 11th Generation Intel® Core™ Processors 
Based on Tiger Lake Microarchitecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
6A7H 1703 | IA32_PL3_SSP Linear address to be loaded into SSP on transition to 
privilege level 3. (R/W) 
See Table 2-2. 
6A8H 1704 | IA32_INTERRUPT_SSP_TABLE_ADDR Linear address of a table of seven shadow stack 
pointers that are selected in IA-32e mode using the 
IST index (when not 0) from the interrupt gate 
descriptor. (R/W) 
See Table 2-2. 
981H | 2433 | IA32_TME_CAPABILITY See Table 2-2. 
982H | 2434 | IA32_TME_ACTIVATE See Table 2-2. 
983H | 2435 | IA32_TME_EXCLUDE_MASK See Table 2-2. 
984H | 2436 | IA32_TME_EXCLUDE_BASE See Table 2-2. 
990H | 2448 | IA32_COPY_STATUS' Thread See Table 2-2. 
991H | 2449 | IA32_IWKEYBACKUP_STATUS' Platform See Table 2-2. 
C82H | 3202 | IA32_L2_Q0S_CFG Core IA32_CR_L2_QOS_CFG 
This MSR provides software an enumeration of the 
parameters that L2 QoS (Intel RDT) support in any 
particular implementation. 
0 CDP_ENABLE 
When set to 1, it will enable the code and data 
prioritization for the L2 CAT/Intel RDT feature. 
When set to O, code and data prioritization is disabled 
for L2 CAT/Intel RDT. See Chapter 17, “Debug, Branch 
Profile, TSC, and Intel? Resource Director Technology 
(Intel? RDT) Features” for further details on CDP. 
31:1 Reserved 
DIOH | 3220 | IA32_L2_Q0S_MASK_[0-7] Package IA32_CR_L2_QOS_MASK_[0-7] 
7 ° Controls MLC (L2) Intel RDT allocation. For more 
DI7H | 3351 details on CAT/RDT, see Chapter 17, “Debug, Branch 
Profile, TSC, and Intel® Resource Director Technology 
(Intel? RDT) Features”. 
19:0 WAYS_MASK 
Setting a 1 in this bit X allows threads with CLOS <n> 
(where N is [0-7]) to allocate to way X in the MLC. 
Ones are only allowed to be written to ways that 
physically exist in the MLC (CPUID.4.2:EBX[31:22] will 
indicate this). 
Writing a 1 to a value beyond the highest way or a 
non-contiguous set of 1s will cause a #GP on the 
WRMSR to this MSR. 
31:20 Reserved 
D91H | 3473 | IA32_COPY_LOCAL_TO_PLATFORM'! Thread See Table 2-2. 
D92H | 3474 | 1A32_COPY_PLATFORM_TO_LOCAL!' Thread See Table 2-2. 
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NOTES: 
1. Further details on Key Locker and usage of this MSR can be found here: 
https://software.intel.com/content/www/us/en/develop/download/intel-key-locker-specification.html. 


2.17.5 | MSRs Introduced in 12th Generation Intel® Core™ Processors Supporting Performance 
Hybrid Architecture 


Table 2-47 lists additional MSRs for 12th generation Intel Core processors with CPUID DisplayFamily_DisplayModel 
signatures of 06_97H, 06_9AH, and 06_BFH. Table 2-48 lists the MSRs unique to the processor P-core. Table 2-48 
lists the MSRs unique to the processor E-core. 


The MSRs listed in Table 2-44 and Table 2-45 are also supported by these processors. For an MSR listed in Table 
2-46, Table 2-47, or Table 2-48 that also appears in the model-specific tables of prior generations, Table 2-48, Table 
2-47 and Table 2-48 supersede prior generation tables. 


Table 2-46. Additional MSRs Supported by 12th Generation Intel® Core™ Processors 
Supporting Performance Hybrid Architecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
33H 51 MSR_MEMORY_CTRL Core Memory Control Register 
26:0 Reserved. 
27 UC_STORE_THROTTLE 
If set to 1, when enabled, the processor will only 
allow one in-progress UC store at a time. 
28 UC_LOCK_DISABLE 
If set to 1, a UC load lock will trigger a #GP fault. 
29 Enable #AC(0) exception for split locked accesses: 
Cause #AC(0) exception for split locked access at all 
CPL irrespective of CRO.AM or EFLAGS.AC. If bits 29 
and 31 are both set, bit 29 takes precedence. 
30 Reserved. 
31 Reserved. 

BCH 188 | IA32_MISC_PACKAGE_CTLS Package Power Filtering Control (R/W) 
IA32_ARCH_CAPABILITIES[bit 10] enumerates 
support for this MSR. 

See Table 2-2. 

C7H 199 | 1A32_PMC6 Core General Performance Counter 6 (R/W) 
See Table 2-2. 

C8H 200 ‘| IA32_PMC7 Core General Performance Counter 7 (R/W) 
See Table 2-2. 


1. MSRs at the following addresses are not supported in the 12th generation Intel Core processor E-core: 30CH, 329H, 541H and 
657H. The MSR at address 657H is not supported in the 12th generation Intel Core processor P-core. 
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Table 2-46. Additional MSRs Supported by 12th Generation Intel® Core™ Processors 
Supporting Performance Hybrid Architecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 


Hex Dec 


CFH 207 | IA32_CORE_CAPABILITIES Package IA32 Core Capabilities Register (R/O) 
If CPUID.(EAX=07H, ECX=0):EDX[30] = 1. 


This MSR provides an architectural enumeration 
function for model-specific behavior. 


0 STLB_QOS_SUPPORTED 

When set to 1, the STLB QoS feature is supported 
and the STLB QoS MSRs (1A8FH -1A97H) are 
accessible. When set to 0, access to these MSRs will 
#GP. 


1 Reserved 


2 FUSA_SUPPORTED 


3 RSM_IN_CPLO_ONLY 


When set to 1, the RSM instruction is only allowed in 
CPLO (#GP triggered in any CPL != 0). 


When set to 0, then any CPL may execute the RSM 
instruction. 


4 UC_LOCK_DISABLE_SUPPORTED 


When set to 1, processor supports UC load lock 
disable feature. 


5 SPLIT_LOCK_DISABLE_SUPPORTED 


When set to 1, the ability to set MEMORY_CONTROL 
(MSR 33h) bit 29 enables an #AC to be created when 
a split lock is detected. 


6 SNOOP_FILTER_QOS_SUPPORTED 


When set to 1, the Snoop Filter Qos Mask MSRs are 
supported. 


When set to 0, access to these MSRs will #GP. 


7 UC_STORE_THROTTLING_SUPPORTED 


When set 1, UC Store throttle capability exist through 
MSR_MEMORY_CTRL (33H) bit 27. 


31:8 Reserved 


E1H 225 | IA32_UMWAIT_CONTROL UMWAIT Control (R/W) 
See Table 2-2. 


10AH 266 | IA32_ARCH_CAPABILITIES Enumeration of Architectural Features (R/O) 
See Table 2-2. 


18CH 396 | IA32_PERFEVTSEL6 Core See Table 2-20. 


18DH 397 | IA32_PERFEVTSEL7 Core See Table 2-20. 
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Table 2-46. Additional MSRs Supported by 12th Generation Intel® Core™ Processors 


Supporting Performance Hybrid Architecture 


Register 
Address 


Hex Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


1ADH 429 


MSR_PRIMARY_TURBO_RATIO_LIMIT 


Package 


Primary Maximum Turbo Ratio Limit (R/W) 
Software can configure these limits when 
MSR_PLATFORM_INFO[28] = 1. 

Specifies Maximum Ratio Limit for each group. 
Maximum ratio for groups with more cores must 
decrease monotonically. 


7:0 


MAX_TURBO_GROUP_O: 
Maximum turbo ratio limit with 1 core active. 


15:8 


MAX_TURBO_GROUP_1: 
Maximum turbo ratio limit with 2 cores active. 


23:16 


MAX_TURBO_GROUP_2: 
Maximum turbo ratio limit with 3 cores active. 


31:24 


MAX_TURBO_GROUP_3: 
Maximum turbo ratio limit with 4 cores active. 


39:32 


MAX_TURBO_GROUP_4: 
Maximum turbo ratio limit with 5 cores active. 


47:40 


MAX_TURBO_GROUP_5: 
Maximum turbo ratio limit with 6 cores active. 


55:48 


MAX_TURBO_GROUP_6: 
Maximum turbo ratio limit with 7 cores active. 


63:56 


MAX_TURBO_GROUP_7: 
Maximum turbo ratio limit with 8 cores active. 


493H | 1171 


IA32_VMX_EXIT_CTLS2 


See Table 2-2. 


4C7H | 1223 


IA32_A_PMC6 


Full Width Writable [A32_PMC6 Alias (R/W) 
See Table 2-2. 


4C8H | 1224 


IA32_A_PMC7 


Full Width Writable [A32_PMC7 Alias (R/W) 
See Table 2-2. 


650H | 1616 


MSR_SECONDARY_TURBO_RATIO_LIMIT 


Package 


Secondary Maximum Turbo Ratio Limit (R/W) 
Software can configure these limits when 
MSR_PLATFORM_INFO[28] = 1. 

Specifies Maximum Ratio Limit for each group. 
Maximum ratio for groups with more cores must 
decrease monotonically. 


7:0 


MAX_TURBO_GROUP_O: 
Maximum turbo ratio limit with 1 core active. 


15:8 


MAX_TURBO_GROUP_1: 
Maximum turbo ratio limit with 2 cores active. 


23:16 


MAX_TURBO_GROUP_2: 
Maximum turbo ratio limit with 3 cores active. 
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Table 2-46. Additional MSRs Supported by 12th Generation Intel® Core™ Processors 
Supporting Performance Hybrid Architecture 


Register 
Address 


Register Name / Bit Fields 


Hex 


Dec 


Scope 


Bit Description 


31:24 


MAX_TURBO_GROUP_3: 
Maximum turbo ratio limit with 4 cores active. 


39:32 


MAX_TURBO_GROUP_4: 
Maximum turbo ratio limit with 5 cores active. 


47:40 


MAX_TURBO_GROUP_5: 
Maximum turbo ratio limit with 6 cores active. 


55:48 


MAX_TURBO_GROUP_6: 
Maximum turbo ratio limit with 7 cores active. 


63:56 


MAX_TURBO_GROUP_7: 
Maximum turbo ratio limit with 8 cores active. 


664H 


1636 


MSR_MC6_RESIDENCY_COUNTER 


63:0 


Module 


Module C6 Residency Counter (R/O) 

Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-States. 


Time that this module is in module-specific C6 states 
since last reset. Counts at 1 Mhz frequency. 


6€1H 


1761 


IA32_PKRS 


Specifies the PK permissions associated with each 
protection domain for supervisor pages (R/W) 


See Table 2-2. 


776H 
981H 


1200H 


121FH 


1910 
2433 


4608 


4639 


IA32_HWP_CTL 
IA32_TME_CAPABILITY 


IA32_LBR_x_INFO 


See Table 2-2. 

Memory Encryption Capability MSR 

See Table 2-2. 

Last Branch Record Entry X Info Register (R/W) 
See Table 2-2. 


14CEH 
14CFH 


1500H 


151FH 


5326 
5327 


5376 


5407 


IA32_LBR_CTL 


IA32_LBR_DEPTH 


IA32_LBR_x_FROM_IP 


Last Branch Record Enabling and Configuration 
Register (R/W) 

See Table 2-2. 

Last Branch Record Maximum Stack Depth Register 
(R/W) 

See Table 2-2. 

Last Branch Record Entry X Source IP Register (R/W) 
See Table 2-2. 


1600H 


161FH 


5632 


5663 


IA32_LBR_x_TO_IP 


Last Branch Record Entry X Destination IP Register 
(R/W) 


See Table 2-2. 


17D2H 


17D4H 


6098 


6100 


IA32_THREAD_FEEDBACK_CHAR 


IA32_HwW_FEEDBACK_THREAD_CONFIG 


Thread Feedback Characteristics (R/O) 
See Table 2-2. 


Hardware Feedback Thread Configuration (R/W) 
See Table 2-2. 
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Table 2-46. Additional MSRs Supported by 12th Generation Intel® Core™ Processors 
Supporting Performance Hybrid Architecture 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
17DAH | 6106 | IA32_HRESET_ENABLE History Reset Enable (R/W) 
See Table 2-2. 


The MSRs listed in Table 2-47 are unique to the 12th generation Intel Core processor P-core. These MSRs are not 
supported on the processor E-core. 


Table 2-47. MSRs Supported by 12th Generation Intel® Core™ Processor P-core 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
3F7H 1015 | MSR_PEBS_FRONTEND Thread FrontEnd Precise Event Condition Select (R/W) 
See Table 2-39. 
540H | 1344 | MSR_THREAD_UARCH_CTL Thread Thread Microarchitectural Control (R/W) 
0 WB_MEM_STRM_LD_DISABLE 
Disable streaming behavior for MOVNTDQA loads to 
WB memory type. If set, these accesses will be 
treated like regular cacheable loads (Data will be 
cached). 
63:1 Reserved 
541H | 1345 ) MSR_CORE_UARCH_CTL Core Core Microarchitecture Control MSR (R/W) 
See Table 2-44. 
D10H | 3220 | IA32_L2_QOS_MASK_[0-7] Core IA32_CR_L2_QOS_MASK_[0-7] 
- i If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] = 0. 
D17H | 3351 


Controls MLC (L2) Intel RDT allocation. For more 
details on CAT/RDT, see Chapter 17, “Debug, Branch 
Profile, TSC, and Intel® Resource Director Technology 
(Intel? RDT) Features”. 


19:0 WAYS_MASK 


Setting a 1 in this bit X allows threads with CLOS <n> 
(where N is [0-7]) to allocate to way X in the MLC. 
Ones are only allowed to be written to ways that 
physically exist in the MLC (CPUID.4.2:EBX[3 1:22] will 
indicate this). 

Writing a 1 to a value beyond the highest way or a 


non-contiguous set of 1s will cause a #GP on the 
WRMSR to this MSR. 


31:20 Reserved 


The MSRs listed in Table 2-48 are unique to the 12th generation Intel Core processor E-core. These MSRs are not 
supported on the processor P-core. 
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Table 2-48. MSRs Supported by 12th Generation Intel® Core™ Processor E-core 


Register 
Address 


Hex Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


D10H | 3220 | IA32_L2_QOS_MASK_[0-15] 


DIFH | 3359 


Module 


IA32_CR_L2_QOS_MASK_[0-15] 

If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] = 0. 
Controls MLC (L2) Intel RDT allocation. For more 
details on CAT/RDT, see Chapter 17, “Debug, Branch 
Profile, TSC, and Intel® Resource Director Technology 
(Intel? RDT) Features”. 


19:0 


WAYS_MASK 


Setting a 1 in this bit X allows threads with CLOS <n> 
(where N is [0-7]) to allocate to way X in the MLC. 
Ones are only allowed to be written to ways that 
physically exist in the MLC (CPUID.4.2:EBX[3 1:22] will 
indicate this). 

Writing a 1 to a value beyond the highest way or a 


non-contiguous set of 1s will cause a #GP on the 
WRMSR to this MSR. 


31:20 


Reserved 


1309H | 4873 | MSR_RELOAD_FIXED_CTRx 


Reload value for IA32_FIXED_CTRx (R/W) 


130BH | 4875 | 470 


63:48 


Value loaded into [A32_FIXED_CTRx when a PEBS 
record is generated while PEBS_EN_FIXEDx = 1 and 
PEBS_OUTPUT = 01B in IA32_PEBS_ENABLE, and 
FIXED_CTRx is overflowed. 


Reserved 


14C1H | 5313 | MSR_RELOAD_PMCx 


Core 


Reload value for IA32_PMCx (R/W) 


14ceH | 5318 | 47° 


Value loaded into [A32_PMCx when a PEBS record is 
generated while PEBS_EN_PMCx = 1 and 
PEBS_OUTPUT = 01B in IA32_PEBS_ENABLE, and 
PMCx is overflowed. 


63:48 


Reserved 


Table 2-49 lists the MSRs of uncore PMU for Intel processors with CPUID DisplayFamily_DisplayModel signatures of 


06_97H, 06_9AH, and 06_BFH. 


Table 2-49. Uncore PMU MSRs Supported by 12th Generation Intel® Core™ Processors 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
396H 918 | MSR_UNC_CBO_CONFIG Package Uncore C-Box Configuration Information (R/O) 

3:0 Specifies the number of C-Box units with 
programmable counters (including processor cores 
and processor graphics). 

63:4 Reserved 

2000H | 8192 | MSR_UNC_CBO_O_PERFEVTSELO Package Uncore C-Box 0, Counter O Event Select MSR 
2001H | 8193 | MSR_UNC_CBO_O_PERFEVTSEL1 Package Uncore C-Box 0, Counter 1 Event Select MSR 
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Table 2-49. Uncore PMU MSRs Supported by 12th Generation Intel® Core™ Processors 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
2002H | 8194 | MSR_UNC_CBO_O_PERFCTRO Package Uncore C-Box 0, Performance Counter 0 
2003H | 8195 | MSR_UNC_CBO_O_PERFCTR1 Package Uncore C-Box 0, Performance Counter 1 
2008H | 8200 | MSR_UNC_CBO_1_PERFEVTSELO Package Uncore C-Box 1, Counter O Event Select MSR 
2009H | 8201 | MSR_UNC_CBO_1_PERFEVTSEL1 Package Uncore C-Box 1, Counter 1 Event Select MSR 
200AH | 8202 | MSR_UNC_CBO_1_PERFCTRO Package Uncore C-Box 1, Performance Counter O 
200BH | 8203 | MSR_UNC_CBO_1_PERFCTR1 Package Uncore C-Box 1, Performance Counter 1 
2010H | 8208 | MSR_UNC_CBO_2_PERFEVTSELO Package Uncore C-Box 2, Counter O Event Select MSR 
2011H | 8209 | MSR_UNC_CBO_2_PERFEVTSEL1 Package Uncore C-Box 2, Counter 1 Event Select MSR 
2012H | 8210 | MSR_UNC_CBO_2_PERFCTRO Package Uncore C-Box 2, Performance Counter O 
2013H | 8211 | MSR_UNC_CBO_2_ PERFCTR1 Package Uncore C-Box 2, Performance Counter 1 
2018H | 8216 | MSR_UNC_CBO_3_PERFEVTSELO Package Uncore C-Box 3, Counter O Event Select MSR 
2019H | 8217 | MSR_UNC_CBO_3_PERFEVTSEL1 Package Uncore C-Box 3, Counter 1 Event Select MSR 
201AH | 8218 | MSR_UNC_CBO_3_PERFCTRO Package Uncore C-Box 3, Performance Counter 0 
201BH | 8219 | MSR_UNC_CBO_3_PERFCTR1 Package Uncore C-Box 3, Performance Counter 1 
2020H | 8224 | MSR_UNC_CBO_4 PERFEVTSELO Package Uncore C-Box 4, Counter O Event Select MSR 
2021H | 8225 | MSR_UNC_CBO_4 PERFEVTSEL1 Package Uncore C-Box 4, Counter 1 Event Select MSR 
2022H | 8226 | MSR_UNC_CBO_4 PERFCTRO Package Uncore C-Box 4, Performance Counter 0 
2023H | 8227 | MSR_UNC_CBO_4 PERFCTR1 Package Uncore C-Box 4, Performance Counter 1 
2028H | 8232 | MSR_UNC_CBO_5_PERFEVTSELO Package Uncore C-Box 5, Counter O Event Select MSR 
2029H | 8233 | MSR_UNC_CBO_5_PERFEVTSEL1 Package Uncore C-Box 5, Counter 1 Event Select MSR 
202AH | 8234 | MSR_UNC_CBO_5_PERFCTRO Package Uncore C-Box 5, Performance Counter O 
202BH | 8235 | MSR_UNC_CBO_5_PERFCTR1 Package Uncore C-Box 5, Performance Counter 1 
2030H | 8240 | MSR_UNC_CBO_6_PERFEVTSELO Package Uncore C-Box 6, Counter O Event Select MSR 
2031H | 8241 | MSR_UNC_CBO_6_PERFEVTSEL1 Package Uncore C-Box 6, Counter 1 Event Select MSR 
2032H | 8242 | MSR_UNC_CBO_6_PERFCTRO Package Uncore C-Box 6, Performance Counter 0 
2033H | 8243 | MSR_UNC_CBO_6_PERFCTR1 Package Uncore C-Box 6, Performance Counter 1 
2038H | 8248 | MSR_UNC_CBO_7_PERFEVTSELO Package Uncore C-Box 7, Counter O Event Select MSR 
2039H | 8249 | MSR_UNC_CBO_7_PERFEVTSEL1 Package Uncore C-Box 7, Counter 1 Event Select MSR 
203AH | 8250 | MSR_UNC_CBO_7_PERFCTRO Package Uncore C-Box 7, Performance Counter 0 
203BH | 8251 | MSR_UNC_CBO_7_PERFCTR1 Package Uncore C-Box 7, Performance Counter 1 
2040H | 8256 | MSR_UNC_CBO_8_PERFEVTSELO Package Uncore C-Box 8, Counter O Event Select MSR 
2041H | 8257 | MSR_UNC_CBO_8_PERFEVTSEL1 Package Uncore C-Box 8, Counter 1 Event Select MSR 
2042H | 8258 | MSR_UNC_CBO_8_PERFCTRO Package Uncore C-Box 8, Performance Counter 0 
2043H | 8259 | MSR_UNC_CBO_8_PERFCTR1 Package Uncore C-Box 8, Performance Counter 1 
2048H | 8264 | MSR_UNC_CBO_9_PERFEVTSELO Package Uncore C-Box 9, Counter O Event Select MSR 
2049H | 8265 | MSR_UNC_CBO_9_PERFEVTSEL1 Package Uncore C-Box 9, Counter 1 Event Select MSR 
204AH | 8266 | MSR_UNC_CBO_9_PERFCTRO Package Uncore C-Box 9, Performance Counter O 
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Table 2-49. Uncore PMU MSRs Supported by 12th Generation Intel® Core™ Processors 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

204BH | 8267 | MSR_UNC_CBO_9_PERFCTR1 Package Uncore C-Box 9, Performance Counter 1 
2FDOH | 12240 | MSR_UNC_ARB_O_PERFEVTSELO Package Uncore Arb Unit 0, Counter O Event Select MSR 
2FD1H | 12241 | MSR_UNC_ARB_O_PERFEVTSEL1 Package Uncore Arb Unit 0, Counter 1 Event Select MSR 
2FD2H | 12242 | MSR_UNC_ARB_O_PERFCTRO Package Uncore Arb Unit 0, Performance Counter O 
2FD3H | 12243 | MSR_UNC_ARB_O_PERFCTR1 Package Uncore Arb Unit 0, Performance Counter 1 
2FD4H | 12244 | MSR_UNC_ARB_O_PERF_STATUS Package Uncore Arb Unit 0, Performance Status 
2FD5H | 12245 | MSR_UNC_ARB_O_PERF_CTRL Package Uncore Arb Unit 0, Performance Control 
2FD8H | 12248 | MSR_UNC_ARB_1_PERFEVTSELO Package Uncore Arb Unit 1, Counter O Event Select MSR 
2FDSH | 12249 | MSR_UNC_ARB_1_PERFEVTSEL1 Package Uncore Arb Unit 1, Counter 1 Event Select MSR 
2FDAH | 12250 | MSR_UNC_ARB_1_PERFCTRO Package Uncore Arb Unit 1, Performance Counter O 
2FDBH | 12251 | MSR_UNC_ARB_1_PERFCTR1 Package Uncore Arb Unit 1, Performance Counter 1 
2FDCH | 12252 | MSR_UNC_ARB_1_PERF_STATUS Package Uncore Arb Unit 1, Performance Status 
2FDDH | 12253 | MSR_UNC_ARB_1_PERF_CTRL Package Uncore Arb Unit 1, Performance Control 
2FDEH | 12254 | MSR_UNC_PERF_FIXED_CTRL Package Uncore Fixed Counter Control (R/W) 

19:0 Reserved 

20 Enable overflow propagation. 

21 Reserved 

22 Enable counting. 

63:23 Reserved 
2FDFH | 12255 | MSR_UNC_PERF_FIXED_CTR Package Uncore Fixed Counter 

43:0 Current count. 

63:44 Reserved 
2FFOH | 12272 | MSR_UNC_PERF_GLOBAL_CTRL Package Uncore PMU Global Control 

0 Slice O select. 

1 Slice 1 select. 

2 Slice 2 select. 

3 Slice 3 select. 

4 Slice 4 select. 

18:5 Reserved 

29 Enable all uncore counters. 

30 Enable wake on PMI. 

31 Enable Freezing counter when overflow. 

63:32 Reserved 
2FF2H | 12274 | MSR_UNC_PERF_GLOBAL_STATUS Package Uncore PMU Main Status 

0 Fixed counter overflowed. 

1 An ARB counter overflowed. 

2 Reserved 
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3 A CBox counter overflowed (on any slice). 
63:4 Reserved 
2.17.6 MSRs Introduced in Intel® Xeon® Processor Scalable Family 


Intel® Xeon® Processor Scalable Family (CPUID DisplayFamily_DisplayModel = 06_55H) support the MSRs listed in 
Table 2-50. 


Table 2-50. MSRs Supported by Intel® Xeon® Processor Scalable Family with DisplayFamily_DisplayModel 06_55H 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec (Former MSR Name) 
3AH 58 IA32_FEATURE_CONTROL Thread Control Features in Intel 64 Processor (R/W) 
See Table 2-2. 
0 Lock (R/WL) 
1 Enable VMX Inside SMX Operation (R/WL) 
2 Enable VMX Outside SMX Operation (R/WL) 
14:8 SENTER Local Functions Enables (R/WL) 
15 SENTER Global Functions Enable (R/WL) 
18 SGX Global Functions Enable (R/WL) 
20 LMCE_ENABLED (R/WL) 
63:21 Reserved 
4€H 78 IA32_PPIN_CTL Package Protected Processor Inventory Number Enable Control 
(MSR_PPIN_CTL) (R/W) 
0 LockOut (R/WO) 
See Table 2-2. 
1 Enable_PPIN (R/W) 
See Table 2-2. 
63:2 Reserved 
4FH 79 IA32_PPIN Package Protected Processor Inventory Number (R/O) 
(MSR_PPIN) 
63:0 Protected Processor Inventory Number (R/O) 
See Table 2-2. 
CEH 206 | MSR_PLATFORM_INFO Package Platform Information 
Contains power management and other model specific 
features enumeration. See http://biosbits.org. 
7:0 Reserved 
15:8 Package Maximum Non-Turbo Ratio (R/O) 
See Table 2-26. 
22:16 Reserved. 
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23 Package PPIN_CAP (R/O) 
See Table 2-26. 
27:24 Reserved 
28 Package Programmable Ratio Limit for Turbo Mode (R/O) 
See Table 2-26. 
29 Package Programmable TDP Limit for Turbo Mode (R/O) 
See Table 2-26. 
30 Package Programmable T] OFFSET (R/O) 
See Table 2-26. 
39:31 Reserved 
47:40 Package Maximum Efficiency Ratio (R/O) 
See Table 2-26. 
63:48 Reserved 
E2H 226 | MSR_PKG_CST_CONFIG_CONTROL Core C-State Configuration Control (R/W) 


Note: C-state values are processor specific C-state 
code names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 


See http://biosbits.org. 


2:0 


Package C-State Limit (R/W) 


Specifies the lowest processor-specific C-state code 
name (consuming the least power) for the package. 

The default is set as factory-configured package C- 

state limit. 


The following C-state code name encodings are 
supported: 


000b: CO/C1 (no package C-state support) 
001b: C2 

010b: C6 (non-retention) 

01 1b: C6 (retention) 


111b: No Package C state limits. All C states supported 
by the processor are available. 


9:3 


Reserved 


10 


I/O MWAIT Redirection Enable (R/W) 


14:11 


Reserved 


15 


CFG Lock (R/WO) 


16 


Automatic C-State Conversion Enable (R/W) 


If 1, the processor will convert HALT or MWAT(C1) to 
MWAIT(C6). 


24:17 


Reserved 


25 


C3 State Auto Demotion Enable (R/W) 


26 


C1 State Auto Demotion Enable (R/W) 
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27 Enable C3 Undemotion (R/W) 
28 Enable C1 Undemotion (R/W) 
29 Package C State Demotion Enable (R/W) 
30 Package C State UnDemotion Enable (R/W) 
63:31 Reserved 
179H 377 | |A32_MCG_CAP Thread Global Machine Check Capability (R/O) 
7:0 Count 
8 MCG_CTL_P 
9 MCG_EXT_P 
10 MCP_CMCI_P 
11 MCG_TES_P 
15:12 Reserved 
23:16 MCG_EXT_CNT 
24 MCG_SER_P 
25 MCG_EM_P 
26 MCG_ELOG_P 
63:27 Reserved 
17DH 381 | MSR_SMM_MCA_CAP THREAD Enhanced SMM Capabilities (SMM-RO) 
Reports SMM capability Enhancement. Accessible only 
while in SMM. 
57:0 Reserved 
58 SMM_Code_Access_Chk (SMM-RO) 
If set to 1 indicates that the SMM code access 
restriction is supported and a host-space interface is 
available to SMM handler. 
59 Long_Flow_Indication (SMM-RO) 
If set to 1 indicates that the SMM long flow indicator is 
supported and a host-space interface is available to 
SMM handler. 
63:60 Reserved 
19CH 412 | 1IA32_THERM_STATUS Core Thermal Monitor Status (R/W) 
See Table 2-2. 
0 Thermal Status (RO) 
See Table 2-2. 
1 Thermal Status Log (R/WCO) 
See Table 2-2. 
2 PROTCHOT # or FORCEPR# Status (RO) 
See Table 2-2. 
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3 PROTCHOT # or FORCEPR# Log (R/WCO) 
See Table 2-2. 

4 Critical Temperature Status (RO) 
See Table 2-2. 

5 Critical Temperature Status Log (R/WCO) 
See Table 2-2. 

6 Thermal Threshold #1 Status (RO) 
See Table 2-2. 

7 Thermal Threshold #1 Log (R/WCO) 
See Table 2-2. 

8 Thermal Threshold #2 Status (RO) 
See Table 2-2. 

9 Thermal Threshold #2 Log (R/WCO) 
See Table 2-2. 

10 Power Limitation Status (RO) 
See Table 2-2. 

11 Power Limitation Log (R/WCO) 
See Table 2-2. 

12 Current Limit Status (RO) 
See Table 2-2. 

13 Current Limit Log (R/WCO) 
See Table 2-2. 

14 Cross Domain Limit Status (RO) 
See Table 2-2. 

15 Cross Domain Limit Log (R/WCO) 
See Table 2-2. 

22:16 Digital Readout (RO) 
See Table 2-2. 

26:23 Reserved 

30:27 Resolution in Degrees Celsius (RO) 
See Table 2-2. 

31 Reading Valid (RO) 
See Table 2-2. 

63:32 Reserved 

1A2H 418 | MSR_TEMPERATURE_TARGET Package Temperature Target 

15:0 Reserved 

23:16 Temperature Target (RO) 
See Table 2-26. 
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Address Register Name / Bit Fields Scope Bit Description 
(Former MSR Name) 


Hex Dec 


27:24 TCC Activation Offset (R/W) 
See Table 2-26. 


63:28 Reserved 


1ADH 429 |MSR_TURBO_RATIO_LIMIT Package This register defines the ratio limits. RATIO[O:7] must 

be populated in ascending order. RATIO[i+1] must be 

less than or equal to RATIO[i]. Entries with RATIO[i] will 

be ignored. If any of the rules above are broken, the 

configuration is silently rejected. If the programmed 

ratio is: 

» Above the fused ratio for that core count, it will be 
clipped to the fuse limits (assuming !OC). 

* Below the min supported ratio, it will be clipped. 


7:0 RATIO_O 
Defines ratio limits. 


15:8 RATIO_1 
Defines ratio limits. 


23:16 RATIO_2 
Defines ratio limits. 


31:24 RATIO_3 
Defines ratio limits. 


39:32 RATIO_4 
Defines ratio limits. 


47:40 RATIO_5 
Defines ratio limits. 


55:48 RATIO_6 
Defines ratio limits. 


63:56 RATIO_7 
Defines ratio limits. 


1AEH 430 |MSR_TURBO_RATIO_LIMIT_CORES Package This register defines the active core ranges for each 
frequency point. NUMCORE[0:7] must be populated in 
ascending order. NUMCORE[i+1] must be greater than 
NUMCORE[i]. Entries with NUMCORE[i] == 0 will be 
ignored. The last valid entry must have NUMCORE >= 
the number of cores in the SKU. If any of the rules 
above are broken, the configuration is silently rejected. 


7:0 NUMCORE_O 


Defines the active core ranges for each frequency 
point. 


15:8 NUMCORE_1 


Defines the active core ranges for each frequency 
point. 


23:16 NUMCORE_2 


Defines the active core ranges for each frequency 
point. 
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31:24 NUMCORE_3 
Defines the active core ranges for each frequency 
point. 
39:32 NUMCORE_4 
Defines the active core ranges for each frequency 
point. 
47:40 NUMCORE_5 
Defines the active core ranges for each frequency 
point. 
55:48 NUMCORE_6 
Defines the active core ranges for each frequency 
point. 
63:56 NUMCORE_7 
Defines the active core ranges for each frequency 
point. 
280H 640 | IA32_MCO_CTL2 Core See Table 2-2. 
281H 641 | IA32_MC1_CTL2 Core See Table 2-2. 
282H 642 | IA32_MC2_CTL2 Core See Table 2-2. 
283H 643 | IA32_MC3_CTL2 Core See Table 2-2. 
284H 644 | IA32_MC4_CTL2 Package See Table 2-2. 
285H 645 | IA32_MC5_CTL2 Package See Table 2-2. 
286H 646 | IA32_MC6_CTL2 Package See Table 2-2. 
287H 647 | IA32_MC7_CTL2 Package See Table 2-2. 
288H 648 | IA32_MC8_CTL2 Package See Table 2-2. 
289H 649 | IA32_MC9_CTL2 Package See Table 2-2. 
28AH 650 | IA32_MC10_CTL2 Package See Table 2-2. 
28BH 651 | IA32_MC11_CTL2 Package See Table 2-2. 
28CH 652 | IA32_MC12_CTL2 Package See Table 2-2. 
28DH 653 | IA32_MC13_CTL2 Package See Table 2-2. 
28€H 654 | IA32_MC14_CTL2 Package See Table 2-2. 
28FH 655 | IA32_MC15_CTL2 Package See Table 2-2. 
290H 656 | IA32_MC16_CTL2 Package See Table 2-2. 
291H 657 | IA32_MC17_CTL2 Package See Table 2-2. 
292H 658 | IA32_MC18_CTL2 Package See Table 2-2. 
293H 659 | IA32_MC19_CTL2 Package See Table 2-2. 
400H | 1024 | IA32_MCO_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
401H | 1025 | 1A32_MCO_STATUS Care Section 15.3.2.4, “IA32_MCi_MISC MSRs."”. 
4o2H | 1026 | 1A32._MCO_ADDR fae Bank MCO reports MC errors from the IFU module. 
403H | 1027 | IA32_MCO_MISC Core 
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404H | 1028 | IA32_MC1_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
405H 1029 | IA32_MC1_STATUS Gare Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Bank MC1 reports MC errors from the DCU module. 
406H | 1030 | IA32_MC1_ADDR Core 
407H | 1031 | 1A32_MC1_MISC Core 
408H | 1032 | IA32_MC2_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
409H 1033 | 1A32_MC2_STATUS Core Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC2 reports MC errors from the DTLB module. 
40AH | 1034 | IA32_MC2_ADDR Core 
40BH | 1035 | IA32_MC2_MISC Core 
40CH 1036 | IA32_MC3_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
4ODH 1037 | 1A32_MC3. STATUS Core Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC3 reports MC errors from the MLC module. 
40€H 1038 | IA32_MC3_ADDR Core 
40FH 1039 | IA32_MC3_MISC Core 
410H | 1040 | IA32_MC4_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
A11H 1041 | 1A32_MC4_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Bank MC4 reports MC errors from the PCU module. 
412H | 1042 | 1A32_MC4_ADDR Package 
413H | 1043 | 1A32_MC4_MISC Package 
414H | 1044 | 1A32_MC5_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
415H 1045 | 1A32_MC5. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Bank MC5 reports MC errors from a link interconnect 
416H | 1046 | 1A32_MC5_ADDR Package miodiile: 
417H | 1047 | 1A32_MC5_MISC Package 
418H | 1048 | 1IA32_MC6_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
419H 1049 | IA32_MC6. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC6 reports MC errors from the integrated I/O 
41AH | 1050 | 1IA32_MC6_ADDR Package module. 
41BH | 1051 | 1A32_MC6_MISC Package 
41CH 1052 | IA32_MC7_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
41DH 1053 | 1A32_MC7_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 

Bank MC7 reports MC errors from the M2M O. 
41€H 1054 | IA32_MC7_ADDR Package 
41FH 1055 | IA32_MC7_MISC Package 
420H | 1056 | IA32_MC8_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
421H 1057 | IA32_MC8_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Bank MC8 reports MC errors from the M2M 1. 
422H | 1058 | IA32_MC8_ADDR Package 
423H | 1059 | 1IA32_MC8_MISC Package 
424H | 1060 | IA32_MC9_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
425H 1061 | 1A32_MC9_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 - MC11 report MC errors from the CHA 
426H | 1062 | IA32_MC9_ADDR Package 
427H | 1063 | 1IA32_MC9_MISC Package 
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428H | 1064 | IA32_MC10_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
429H | 1065 | 1A32_MC10. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 - MC11 report MC errors from the CHA. 
42AH | 1066 | IA32_MC10_ADDR Package 
42BH | 1067 | IA32_MC10_MISC Package 
42CH | 1068 | IA32_MC11_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
42DH | 1069 | 1A32_MC11_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC9 - MC11 report MC errors from the CHA. 
42EH | 1070 | IA32_MC11_ADDR Package 
42FH | 1071 | IA32_MC11_MISC Package 
430H | 1072 | IA32_MC12_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
431H | 1073 | 1A32.MC12. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC12 report MC errors from each channel of a 
432H | 1074 | 1IA32_MC12_ADDR Package linkinterconnect module: 
433H | 1075 | 1IA32_MC12_MISC Package 
434H | 1076 | IA32_MC13_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
435H | 1077 | 1A32.MC13. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC13 through MC 18 report MC errors from the 
436H | 1078 | IA32_MC13_ADDR Package integrated memory controllers. 
437H | 1079 | IA32_MC13_MISC Package 
438H | 1080 | IA32_MC14_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
439H | 1081 | 1A32_MC14. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC13 through MC 18 report MC errors from the 
43AH | 1082 | 1A32_MC14_ADDR Package integrated memory controllers. 
43BH | 1083 | IA32_MC14_MISC Package 
43CH | 1084 | IA32_MC15_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
43DH | 1085 | 1A32_MC15_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC13 through MC 18 report MC errors from the 
43€H | 1086 | IA32_MC15_ADDR Package integrated memory controllers. 
43FH | 1087 | IA32_MC15_MISC Package 
440H | 1088 | IA32_MC16_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
441H | 1089 | 1A32_MC16. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC13 through MC 18 report MC errors from the 
442H | 1090 | IA32_MC16_ADDR Package integrated memory controllers 
443H | 1091 | IA32_MC16_MISC Package 
444H | 1092 | IA32_MC17_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
445H | 1093 | 1A32_MC17_STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC13 through MC 18 report MC errors from the 
446H | 1094 | IA32_MC17_ADDR Package integrated memory controllers. 
447H | 1095 | 1IA32_MC17_MISC Package 
448H | 1096 | IA32_MC18_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
44gH | 1097 | 1A32_MC18_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 

Banks MC13 through MC 18 report MC errors from the 
44AH 1098 | IA32_MC18_ADDR Package integrated memory controllers. 
44BH | 1099 | IA32_MC18_MISC Package 
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44CH 1100 | IA32_MC19_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
44DH 1101 | 1A32_MC19. STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.”. 
Bank MC19 reports MC errors from a link interconnect 
44€H 1102 | 1IA32_MC19_ADDR Package magdlile: 
44FH 1103 | IA32_MC19_MISC Package 
606H | 1542 | MSR_RAPL_POWER_UNIT Package Unit Multipliers Used in RAPL Interfaces (R/O) 
3:0 Package Power Units 
See Section 14.10.1, “RAPL Interfaces.” 
7:4 Package Reserved 
12:8 Package Energy Status Units 
Energy related information (in Joules) is based on the 
multiplier, 1/2*ESU; where ESU is an unsigned integer 
represented by bits 12:8. Default value is OEH (or 61 
micro-joules). 
15:13 Package Reserved 
19:16 Package Time Units 
See Section 14.10.1, “RAPL Interfaces.” 
63:20 Reserved 
618H | 1560 | MSR_DRAM_POWER_LIMIT Package DRAM RAPL Power Limit Control (R/W) 
See Section 14.10.5, “DRAM RAPL Domain." 
619H | 1561 |MSR_DRAM_ENERGY_STATUS Package DRAM Energy Status (R/O) 
Energy consumed by DRAM devices. 
31:0 Energy in 15.3 micro-joules. Requires BIOS 
configuration to enable DRAM RAPL mode 0 (Direct 
VR). 
63:32 Reserved 
61BH | 1563 | MSR_DRAM_PERF_STATUS Package DRAM Performance Throttling Status (R/O) 
See Section 14.10.5, “DRAM RAPL Domain." 
61CH 1564 |MSR_DRAM_POWER_INFO Package DRAM RAPL Parameters (R/W) 
See Section 14.10.5, “DRAM RAPL Domain." 
620H | 1568 | MSR UNCORE_RATIO_LIMIT Package Uncore Ratio Limit (R/W) 
Out of reset, the min_ratio and max_ratio fields 
represent the widest possible range of uncore 
frequencies. Writing to these fields allows software to 
control the minimum and the maximum frequency that 
hardware will select. 
63:15 Reserved 
148 MIN_RATIO 
Writing to this field controls the minimum possible ratio 
of the LLC/Ring. 
7 Reserved 
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6:0 MAX_RATIO 
This field is used to limit the max ratio of the LLC/Ring. 
639H | 1593 | MSR_PPO_ENERGY_STATUS Package Reserved (R/O) 
Reads return 0. 
C8DH | 3213 | IA32_QM_EVTSEL THREAD Monitoring Event Select Register (R/W) 
If CPUID.(EAX=07H, ECX=0):EBX.RDT-M[bit 12] = 1. 
7:0 EventID (RW) 
Event encoding: 
0x00: No monitoring. 
0x01: L3 occupancy monitoring. 
Ox02: Total memory bandwidth monitoring. 
0x03: Local memory bandwidth monitoring. 
All other encoding reserved. 
31:8 Reserved 
41:32 RMID (RW) 
63:42 Reserved 
C8FH 3215 | IA32_PQR_ASSOC THREAD Resource Association Register (R/W) 
9:0 RMID 
31:10 Reserved 
51:32 COS (R/W) 
63:52 Reserved 
C9OH | 3216 | IA32_L3_QO0S_MASK_O Package L3 Class Of Service Mask - COS 0 (R/W) 
If CPUID.(EAX=1 0H, ECX=1):EDX.COS_MAX[15:0] >=0. 
0:19 CBM: Bit vector of available L3 ways for COS 0 
enforcement. 
63:20 Reserved 
C91H | 3217 | 1IA32_L3_Q0S_MASK_1 Package L3 Class Of Service Mask - COS 1 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=1. 
0:19 CBM: Bit vector of available L3 ways for COS 1 
enforcement. 
63:20 Reserved 
C92H | 3218 | IA32_L3_QOS_MASK_2 Package L3 Class Of Service Mask - COS 2 (R/W) 
If CPUID.(EAX=1 0H, ECX=1):EDX.COS_MAX[15:0] >=2. 
0:19 CBM: Bit vector of available L3 ways for COS 2 
enforcement. 
63:20 Reserved 
C93H | 3219 | IA32_L3_QOS_MASK_3 Package L3 Class Of Service Mask - COS 3 (R/W). 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=3. 
0:19 CBM: Bit vector of available L3 ways for COS 3 
enforcement. 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex nae (Former MSR Name) 
63:20 Reserved 
C94H | 3220 | 1A32_L3_Q0S_MASK_4 Package L3 Class Of Service Mask - COS 4 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=4. 
0:19 CBM: Bit vector of available L3 ways for COS 4 
enforcement. 
63:20 Reserved 
C95H | 3221 | 1A32_L3_QO0S_MASK_5 Package L3 Class Of Service Mask - COS 5 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=5. 
0:19 CBM: Bit vector of available L3 ways for COS 5 
enforcement. 
63:20 Reserved 
C96H | 3222 | 1A32_L3_QO0S_MASK_6 Package L3 Class Of Service Mask - COS 6 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=6. 
0:19 CBM: Bit vector of available L3 ways for COS 6 
enforcement. 
63:20 Reserved 
C97H | 3223 | 1A32_L3_QO0S_MASK_7 Package L3 Class Of Service Mask - COS 7 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=7. 
0:19 CBM: Bit vector of available L3 ways for COS 7 
enforcement. 
63:20 Reserved 
C98H | 3224 | 1A32_L3_Q0S_MASK_8 Package L3 Class Of Service Mask - COS 8 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=8. 
0:19 CBM: Bit vector of available L3 ways for COS 8 
enforcement. 
63:20 Reserved 
C99H | 3225 | 1A32_L3_QO0S_MASK_9 Package L3 Class Of Service Mask - COS 9 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] >=9. 
0:19 CBM: Bit vector of available L3 ways for COS 9 
enforcement. 
63:20 Reserved 
C9AH | 3226 | IA32_L3_QO0S_MASK_10 Package L3 Class Of Service Mask - COS 10 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] 
>=10. 
0:19 CBM: Bit vector of available L3 ways for COS 10 
enforcement. 
63:20 Reserved 
COBH | 3227 | 1A32_L3_QOS_MASK_11 Package L3 Class Of Service Mask - COS 11 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] 
>=11. 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec (Former MSR Name) 
0:19 CBM: Bit vector of available L3 ways for COS 11 
enforcement. 
63:20 Reserved 
C9CH 3228 | IA32_L3_QOS_MASK_12 Package L3 Class Of Service Mask - COS 12 (R/w) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] 
>=12. 
0:19 CBM: Bit vector of available L3 ways for COS 12 
enforcement. 
63:20 Reserved 
C9DH | 3229 | IA32_L3_QO0S_MASK_13 Package L3 Class Of Service Mask - COS 13 (R/W) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] 
>=13. 
0:19 CBM: Bit vector of available L3 ways for COS 13 
enforcement. 
63:20 Reserved 
C9EH 3230 | IA32_L3_QO0S_MASK_14 Package L3 Class Of Service Mask - COS 14 (R/w) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] 
>=14. 
0:19 CBM: Bit vector of available L3 ways for COS 14 
enforcement. 
63:20 Reserved 
C9FH 3231 | IA32_L3_QOS_MASK_15 Package L3 Class Of Service Mask - COS 15 (R/wW) 
If CPUID.(EAX=10H, ECX=1):EDX.COS_MAX[15:0] 
>=15. 
0:19 CBM: Bit vector of available L3 ways for COS 15 
enforcement. 
63:20 Reserved 
2.17.7. MSRs Specific to 3rd Generation Intel® Xeon® Processor Scalable Family based on Ice 


Lake Microarchitecture 


The 3rd generation Intel® Xeon® Processor Scalable Family based on Ice Lake microarchitecture (CPUID 
DisplayFamily_DisplayModel signatures of 06_6AH and 06_6CH) support the MSRs listed in Table 2-51. 


Table 2-51. MSRs Supported by 3rd Generation Intel® Xeon® Processor Scalable Family with 
DisplayFamily_DisplayModel Signatures of O6_6AH and 06_6CH 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
612H 1554 | MSR_PACKAGE_ENERGY_TIME_STATUS | Package Package energy consumed by the entire CPU (R/W) 
31:0 Total amount of energy consumed since last reset. 
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Table 2-51. MSRs Supported by 3rd Generation Intel® Xeon® Processor Scalable Family with 
DisplayFamily_DisplayModel Signatures of O6_6AH and 06_6CH 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


63:32 


Total time elapsed when the energy was last updated. 
This is a monotonic increment counter with auto wrap 
back to zero after overflow. Unit is 10ns. 


618H 


1560 


MSR_DRAM_POWER_LIMIT 


Package 


Allows software to set power limits for the DRAM 
domain and measurement attributes associated with 
each limit. 


14:0 


DRAM_PP_PWR_LIM: 


Power Limit[0] for DDR domain. Units = Watts, Format 
= 11.3, Resolution = 0.125W, Range = 0-2047.875W. 


PWR_LIM_CTRL_EN: 
Power Limit[0] enable bit for DDR domain. 


Reserved 


CTRL_TIME_WIN: 


Power Limit[0] time window Y value, for DDR domain. 
Actual time_window for RAPL is: 


(1/1024 seconds) * (1+(x/4)) * (27y) 


Reserved 


PP_PWR_LIM_LOCK: 


When set, this entire register becomes read-only. This 
bit will typically be set by BIOS during boot. 


619H 


61BH 


61CH 


1561 


1563 


1564 


MSR_DRAM_ENERGY_STATUS 


Package 


DRAM Energy Status (R/O) 
See Section 14.10.5, “DRAM RAPL Domain.” 


31:0 


Energy in 15.3 micro-joules. Requires BIOS 
configuration to enable DRAM RAPL mode 0 (Direct 
VR). 


63:32 
MSR_DRAM_PERF_STATUS 


MSR_DRAM_POWER_INFO 


Package 


Package 


Reserved 


DRAM Performance Throttling Status (R/O) 
See Section 14.10.5, “DRAM RAPL Domain." 


DRAM Power Parameters (R/W) 


14:0 


Spec DRAM Power (DRAM_TDP): 

The Spec power allowed for DRAM. The TDP setting is 
typical (not guaranteed). 

The units for this value are defined in 
MSR_DRAM_POWER_INFO_UNIT[PWR_UNIT]. 


15 


Reserved 


30:16 


Minimal DRAM Power (DRAM_MIN_PWR): 

The minimal power setting allowed for DRAM. Lower 
values will be clamped to this value. The minimum 
setting is typical (not guaranteed). 

The units for this value are defined in 
MSR_DRAM_POWER_INFO_UNIT[PWR_UNIT]. 
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Register 
Address Register Name / Bit Fields Scope Bit Description 


Hex Dec 


31 Reserved 

46:32 Maximal Package Power (DRAM_MAX_PWR): 

The maximal power setting allowed for DRAM. Higher 
values will be clamped to this value. The maximum 
setting is typical (not guaranteed). 

The units for this value are defined in 
MSR_DRAM_POWER_INFO_UNIT[PWR_UNIT]. 


47 Reserved 


54:48 Maximal Time Window (DRAM_MAX_WIN): 

The maximal time window allowed for the DRAM. 
Higher values will be clamped to this value. 

x = PKG_MAX_WIN[54:53] 

y = PKG_MAX_WIN[52:48] 

The timing interval window is Floating Point number 
given by 1.x *power(2,y). 

The unit of measurement is defined in 
MSR_DRAM_POWER_INFO_UNIT[TIME_UNIT]. 


62:55 Reserved 


63 LOCK: 
Lock bit to lock the register. 


981H | 2433 | IA32_TME_CAPABILITY See Table 2-2. 
982H | 2434 | IA32_TME_ACTIVATE See Table 2-2. 
983H | 2435 | IA32_TME_EXCLUDE_MASK See Table 2-2. 
984H | 2436 | IA32_TME_EXCLUDE_BASE See Table 2-2. 


2.17.8 MSRs Introduced in Future Intel® Xeon® Processors 


Table 2-52 lists additional MSRs for future Intel Xeon processors with a CPUID DisplayFamily_DisplayModel signa- 
ture of 06_8FH. For an MSR listed in Table 2-52 that also appears in the model-specific tables of prior generations, 
Table 2-52 supersedes prior generation tables. 


Table 2-52. Additional MSRs Supported by Future Intel® Xeon® Processors with a 
DisplayFamily_DisplayModel Signature of 06_8FH 


Register 

Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
CFH 207 | IA32_CORE_CAPABILITY Core IA32 Core Capabilities Register (R/W) 


If CPUID.(EAX=07H, ECX=0):E€DX[30] = 1. 


This MSR provides an architectural enumeration 
function for model-specific behavior. 


0 Reserved: returns zero. 
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Table 2-52. Additional MSRs Supported by Future Intel® Xeon® Processors with a 


DisplayFamily_DisplayModel Signature of 06_8FH 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


Reserved: returns zero. 


INTEGRITY_CAPABILITIES 


When set to 1, the processor supports 
MSR_INTEGRITY_CAPABILITIES. 


RSM_IN_CPLO_ONLY 


Indicates that RSM will only be allowed in CPLO and 
will #GP for all non-CPLO privilege levels. 


UC_LOCK_DISABLE_SUPPORTED 


When set to 1, processor supports UC load lock disable 
feature. 


SPLIT_LOCK_DISABLE_SUPPORTED 


Indicates that there is core support for #AC on split 
lock detection feature. 


Reserved: returns zero. 


UC_STORE_THROTTLING_SUPPORTED 


Indicates that the snoop filter quality of service MSRs 
are supported on this core. This is based on the 
existence of a non-inclusive cache and the L2/MLC 
QoS feature supported. 


63:8 


Reserved: returns zero. 


2C2H 


706 


MSR_COPY_SCAN_HASHES 


Die 


COPY_SCAN_HASHES (W) 


63:0 


SCAN_HASH_ADDR 


Contains the linear address of the SCAN Test HASH 
Binary loaded into memory. 


2C3H 
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707 


MSR_SCAN_HASHES_STATUS 


SCAN_HASHES_STATUS (R/O) 


15:0 


Die 


CHUNK_SIZE 
Chunk size of the test in KB. 


23:16 


Die 


NUM_CHUNKS 
Total number of chunks. 


31:24 


Reserved: all zeros. 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-52. Additional MSRs Supported by Future Intel® Xeon® Processors with a 
DisplayFamily_DisplayModel Signature of 06_8FH 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 

39:32 Thread ERROR_CODE 
The error-code refers to the LP that runs 
WRMSR(2C2H). 
Ox0: No error reported. 
Ox1: Attempt to copy scan-hashes when copy already 
in progress. 
Ox2: Secure Memory not set up correctly. 
0x3: Scan-image header Image_info.ProgramlD 
doesn't match RDMSR(2DSH)[3 1:24], or scan-image 
header Processor-Signature doesn't match F/M/S, or 
scan-image header Processor-Flags doesn't match 
PlatformID. 
0x4: Reserved 
Ox5: Integrity check failed. 
Ox6: Re-install of scan test image attempted when 
current scan test image is in use by other LPs. 

50:40 Reserved: set to all zeros. 

62:51 Die MAX_CORE_LIMIT 
Maximum Number of cores that can run Intel® In-field 
Scan simultaneously minus 1. 
O means 1 core at a time. 

63 Die Valid 
Valid bit is set when COPY_SCAN_HASHES has 
completed successfully. 

2C4H 708 | MSR_AUTHENTICATE_AND_COPY_CHUNK | Die AUTHENTICATE_AND_COPY_CHUNK (W) 

7:0 CHUNK_INDEX 
Chunk Index, should be less than the total number of 
chunks defined by NUM_CHUNKS 
(MSR_SCAN_HASHES_STATUS[23:16)]). 

63:8 CHUNK_ADDR 
Bits 63:8 of 256B aligned Linear address of scan 
chunk in memory. 

2C5H 709 | MSR_CHUNKS_AUTHENTICATION_STATUS CHUNKS_AUTHENTICATION_STATUS (R/O) 

7:0 Die VALID_CHUNKS 
Total number of Valid (authenticated) chunks. 

15:8 Die TOTAL_CHUNKS 
Total number of chunks. 

31:16 Reserved: all zeros. 
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Table 2-52. Additional MSRs Supported by Future Intel® Xeon® Processors with a 
DisplayFamily_DisplayModel Signature of 06_8FH 


Register 
Address Register Name / Bit Fields Scope Bit Description 


Hex Dec 


39:32 Thread ERROR_CODE 

The error code refers to the LP that runs 
WRMSR(2C4H). 

Ox0: No error reported. 

0x1: Attempt to authenticate a CHUNK which is 


already marked as authentic or is currently being 
installed by another core. 


0x2: CHUNK authentication error. HASH of chunk did 
not match expected value. 


63:40 Reserved: set to all zeros. 


2C6H 710 | MSR_ACTIVATE_SCAN Thread ACTIVATE_SCAN (W) 


7:0 CHUNK_START_INDEX 
Indicates chunk index to start from. 


15:8 CHUNK_STOP_INDEX 
Indicates what chunk index to stop at (inclusive). 


31:16 Reserved: all zeros. 


62:32 THREAD_WAIT_DELAY 
TSC based delay to allow threads to rendezvous. 


63 SIGNAL_MCE 


If 1, then on scan-error log MC in MC4_STATUS and 
signal MCE if machine check signaling enabled in 
MC4_CTL[O]. 


If 0, then no logging/no signaling. 


2C7H 711. | MSR_SCAN_STATUS SCAN_STATUS (R/O) 


7:0 Core CHUNK_NUM 
SCAN Chunk that was reached. 


15:8 Core CHUNK_STOP_INDEX 


Indicates what chunk index to stop at (inclusive). Maps 
to same field in WRMSR(ACTIVATE_SCAN). 


31:16 Reserved: return all zeros. 
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Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Scope 


Bit Description 


39:32 


61:40 


Thread 


ERROR_CODE 

Ox0: No error. 

0x1: SCAN operation did not start. Other thread did 
not join in time. 

Ox2: SCAN operation did not start. Interrupt occurred 
prior to threads rendezvous. 

Ox3: SCAN operation did not start. Power 
Management conditions are inadequate to run Intel In- 
field Scan. 

0x4: SCAN operation did not start. Non-valid chunks in 
the range CHUNK_STOP_INDEX : 
CHUNK_START_INDEX. 

Ox5: SCAN operation did not start. Mismatch in 
arguments between threads TO/T1. 

Ox6: SCAN operation did not start. Core not capable of 
performing SCAN currently. 

Ox8: SCAN operation did not start. Exceeded number 
of Logical Processors (LP) allowed to run Intel In-field 
Scan concurrently. MAX_CORE_LIMIT exceeded. 

Ox9: Interrupt occurred. Scan operation aborted 
prematurely, not all chunks requested have been 
executed. 


Reserved: return all zeros. 


62 


Core 


SCAN_CONTROL_ERROR 
Scan-System-Controller malfunction. 


63 


Core 


SCAN_SIGNATURE_ERROR 
Core failed SCAN-SIGNATURE checking for this chunk. 


2C8H 


712 


MSR_SCAN_MODULE_ID 


Module 


SCAN_MODULE_ID (R/O) 


31:0 


RevID of the currently installed scan test image. Maps 
to Revision field in external header (offset 4). 


63:32 


Reserved: return all zeros. 


2C9H 


713 


MSR_LAST_SAF_WP 


Core 


LAST_SAF_WP (R/O) 


31:0 


LAST_WP 

Provides information about the core when the last 
WRMSR(ACTIVATE_SCAN) was executed. Available 
only if enumerated in 
MSR_INTEGRITY_CAPABILITIES[1 0:9]. 


63:32 


Reserved: return all zeros. 


2D9H 


729 


MSR_INTEGRITY_CAPABILITIES 


Module 


INTEGRITY_CAPABILITIES (R/O) 


0 


STARTUP_SCAN_BIST 
When set, supports Intel In-field Scan. 


3:1 


Reserved: return all zeros. 
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Table 2-52. Additional MSRs Supported by Future Intel® Xeon® Processors with a 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
4 PERIODIC_SCAN_BIST 
When set, supports Intel In-field Scan. 
23:5 Reserved: return all zeros. 
31:24 ID of the scan programs supported for this part. 
WRMSR(2C2H) verifies this value against the 
corresponding value in the scan-image header, i.e., 
Image_info. 
410H | 1040 | IA32_MC4_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs” through 
avin | 1041 | 1A32_MC4_ STATUS Package Section 15.3.2.4, “IA32_MCi_MISC MSRs.". 
Bank MC4 reports MC errors from the PCU module. 
412H | 1042 | 1A32_MC4_ADDR Package : ; ; 
If SIGNAL_MCE is set, a Scan Status is logged in 
413H 1043 | IA32_MC4_MISC Package MC4_ STATUS and MC4_MISC. 


2.18 MSRS IN INTEL® XEON PHI” PROCESSOR 3200/5200/7200 SERIES AND 
INTEL® XEON PHI™ PROCESSOR 7215/7285/7295 SERIES 


Intel® Xeon Phi™ processor 3200, 5200, 7200 series, with CPUID DisplayFamily_DisplayModel signature 06_57H, 
supports the MSR interfaces listed in Table 2-53. These processors are based on the Knights Landing microarchitec- 
ture. Intel® Xeon Phi™ processor 7215, 7285, 7295 series, with CPUID DisplayFamily_DisplayModel signature 
06_85H, supports the MSR interfaces listed in Table 2-53 and Table 2-54. These processors are based on the 
Knights Mill microarchitecture. Some MSRs are shared between a pair of processor cores, the scope is marked as 
module. 


Table 2-53. Selected MSRs Supported by Intel® Xeon Phi” Processors with 
DisplayFamily_DisplayModel Signatures 06_57H and 06_85H 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec (Former MSR Name) 
OH 0 IA32_P5_MC_ADDR Module See Section 2.23, “MSRs in Pentium Processors.” 
1H 1 IA32_P5_MC_TYPE Module See Section 2.23, “MSRs in Pentium Processors.” 
6H 6 IA32_MONITOR_FILTER_SIZE Thread See Section 8.10.5, “Monitor/Mwait Address Range 
Determination.” See Table 2-2. 
10H 16 IA32_TIME_STAMP_COUNTER Thread See Section 17.17, “Time-Stamp Counter,” and see 
Table 2-2. 
17H 23 IA32_PLATFORM_ID Package Platform ID (R) 
See Table 2-2. 
1BH 27 IA32_APIC_BASE Thread See Section 10.4.4, “Local APIC Status and Location,” 
and Table 2-2. 
34H 52 MSR_SMI_COUNT Thread SMI Counter (R/O) 
31:0 SMI Count (R/O) 
63:32 Reserved 
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Table 2-53. Selected MSRs Supported by Intel® Xeon Phi™ Processors with 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec (Former MSR Name) 
3AH 58 IA32_FEATURE_CONTROL Thread Control Features in Intel 64Processor (R/W) 
See Table 2-2. 
0 Lock (R/WL) 
1 Reserved 
2 Enable VMX outside SMX operation (R/WL) 
3BH 59 | IA32_TSC_ADJUST THREAD Per-Logical-Processor TSC ADJUST (R/W) 
See Table 2-2. 
4€H 78 IA32_PPIN_CTL Package Protected Processor Inventory Number Enable Control 
(MSR_PPIN_CTL) (R/W) 
0 LockOut (R/WO) 
See Table 2-2. 
1 Enable_PPIN (R/W) 
See Table 2-2. 
63:2 Reserved 
4FH 79 IA32_PPIN Package Protected Processor Inventory Number (R/O) 
(MSR_PPIN) 
63:0 Protected Processor Inventory Number (R/O) 
See Table 2-2. 
79H 121 IA32_BIOS_UPDT_TRIG Core BIOS Update Trigger Register (W) 
See Table 2-2. 
8BH 139 | 1A32_BIOS_SIGN_ID THREAD BIOS Update Signature ID (RO) 
See Table 2-2. 
C1H 193 | IA32_PMCO THREAD Performance Counter Register 
See Table 2-2. 
C2H 194 | IA32_PMC1 THREAD Performance Counter Register 
See Table 2-2. 
CEH 206 | MSR_PLATFORM_INFO Package Platform Information 
Contains power management and other model specific 
features enumeration. See http://biosbits.org. 
7:0 Reserved 
15:8 Package Maximum Non-Turbo Ratio (R/O) 
This is the ratio of the frequency that invariant TSC runs 
at. Frequency = ratio * 100 MHz. 
27:16 Reserved 
28 Package Programmable Ratio Limit for Turbo Mode (R/O) 
When set to 1, indicates that Programmable Ratio Limit 
for Turbo mode is enabled. When set to 0, indicates 
Programmable Ratio Limit for Turbo mode is disabled. 


Vol.4 2-343 


MODEL-SPECIFIC REGISTERS (MSRS) 
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Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec (Former MSR Name) 
29 Package Programmable TDP Limit for Turbo Mode (R/O) 
When set to 1, indicates that TDP Limit for Turbo mode 
is programmable. When set to 0, indicates TDP Limit for 
Turbo mode is not programmable. 
39:30 Reserved 
47:40 Package Maximum Efficiency Ratio (R/O) 
This is the minimum ratio (maximum efficiency) that the 
processor can operate, in units of 1OOMHz. 
63:48 Reserved 
E2H 226 =| MSR_PKG_CST_CONFIG_CONTROL Package C-State Configuration Control (R/W) 
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2:0 


Package C-State Limit (R/W) 


Specifies the lowest C-state for the package. This 
feature does not limit the processor core C-state. The 
power-on default value from bit[2:0] of this register 
reports the deepest package C-state the processor is 
capable to support when manufactured. It is 
recommended that BIOS always read the power-on 
default value reported from this bit field to determine 
the supported deepest C-state on the processor and 
leave it as default without changing it. 


000b - CO/C1 (No package C-state support) 
001b - C2 

010b - C6 (non retention)* 

011b - C6 (Retention)* 

100b - Reserved 

101b - Reserved 

110b - Reserved 


111b - No package C-state limit. All C-States supported 
by the processor are available. 


Note: C6 retention mode provides more power saving 
than C6 non-retention mode. Limiting the package to C6 
non retention mode does prevent the 
MSR_PKG_C6_RESIDENCY counter (MSR 3F9h) from 
being incremented. 


9:3 Reserved 

10 I/O MWAIT Redirection Enable (R/W) 
When set, will map IO_read instructions sent to IO 
registers at MSR_PMG_IO_CAPTURE_BASE[15:0] to 
MWAIT instructions. 

14:11 Reserved 

15 CFG Lock (RO) 
When set, locks bits [15:0] of this register for further 
writes until the next reset occurs. 

25 Reserved 
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Table 2-53. Selected MSRs Supported by Intel® Xeon Phi™ Processors with 
DisplayFamily_DisplayModel Signatures 06_57H and 06_85H 


Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 
(Former MSR Name) 


Scope 


Bit Description 


26 


C1 State Auto Demotion Enable (R/W) 


When set, the processor will conditionally demote 
C3/C6/C7 requests to C1 based on uncore auto-demote 
information. 


27 


Reserved 


28 


C1 State Auto Undemotion Enable (R/W) 
When set, enables Undemotion from Demoted C1. 


29 


PKG C-State Auto Demotion Enable (R/W) 
When set, enables Package C state demotion. 


63:30 


Reserved 


E4H 


228 


MSR_PMG_IO_CAPTURE_BASE 


15:0 


Tile 


Power Management IO Capture Base (R/W) 


LVL_2 Base Address (R/W) 

Microcode will compare IO-read zone to this base 
address to determine if an MWAIT(C2/3/4) needs to be 
issued instead of the lO-read. Should be programmed to 
the chipset Plevel_2 IO address. 


22:16 


C-State Range (R/W) 

The 10-port block size in which lO-redirection will be 
executed (0-127). Should be programmed based on the 
number of LVLx registers existing in the chipset. 


63:23 


Reserved 


€7H 


231 


IA32_MPERF 


Thread 


Maximum Performance Frequency Clock Count (RW) 
See Table 2-2. 


€8H 


232 


IA32_APERF 


Thread 


Actual Performance Frequency Clock Count (RW) 
See Table 2-2. 


FEH 


254 


IA32_MTRRCAP 


Core 


Memory Type Range Register (R) 
See Table 2-2. 


13CH 


316 


MSR_FEATURE_CONFIG 


Core 


AES Configuration (RW-L) 


Privileged post-BlOS agent must provide a #GP handler 
to handle unsuccessful read of this MSR. 


AES Configuration (RW-L) 


Upon a successful read of this MSR, the configuration of 
AES instruction set availability is as follows: 

11b: AES instructions are not available until next RESET. 
Otherwise, AES instructions are available. 

Note, the AES instruction set is not available if read is 
unsuccessful. If the configuration is not 01b, AES 
instructions can be mis-configured if a privileged agent 
unintentionally writes 11b. 


63:2 


Reserved 


140H 


320 


MISC_FEATURE_ENABLES 


Thread 


MISC_FEATURE_ENABLES 
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0 Reserved 
1 User Mode MONITOR and MWAIT (R/W) 
If set to 1, the MONITOR and MWAIT instructions do not 
cause invalid-opcode exceptions when executed with 
CPL > O or in virtual-8086 mode. If MWAIT is executed 
when CPL > 0 or in virtual-8086 mode, and if EAX 
indicates a C-state other than CO or C1, the instruction 
operates as if EAX indicated the C-state C1. 
63:2 Reserved 
174H 372 | IA32_SYSENTER_CS Thread See Table 2-2. 
175H 373 | IA32_SYSENTER_ESP Thread See Table 2-2. 
176H 374 | IA32_SYSENTER_EIP Thread See Table 2-2. 
179H 377 | 1A32_MCG_CAP Thread See Table 2-2. 
17AH 378 | IA32_MCG_STATUS Thread See Table 2-2. 
17DH 381 MSR_SMM_MCA_CAP Thread Enhanced SMM Capabilities (SMM-RO) 
Reports SMM capability Enhancement. Accessible only 
while in SMM. 
31:0 Bank Support (SMM-RO) 
One bit per MCA bank. If the bit is set, that bank 
supports Enhanced MCA (Default all 0; does not support 
EMCA). 
55:32 Reserved 
56 Targeted SMI (SMM-RO) 
Set if targeted SMI is supported. 
57 SMM_CPU_SVRSTR (SMM-RO) 
Set if SMM SRAM save/restore feature is supported. 
58 SMM_CODE_ACCESS_CHK (SMM-RO) 
Set if SMM code access check feature is supported. 
59 Long_Flow_Indication (SMM-RO) 
If set to 1, indicates that the SMM long flow indicator is 
supported and a host-space interface available to SMM 
handler. 
63:60 Reserved 
186H 390 | IA32_PERFEVTSELO Thread Performance Monitoring Event Select Register (R/W) 
See Table 2-2. 
7:0 Event Select 
15:8 UMask 
16 USR 
17 OS 
18 Edge 
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19 PC 
20 INT 
21 AnyThread 
22 EN 
23 INV 
31:24 CMASK 
63:32 Reserved 
187H 391 | IA32_PERFEVTSEL1 Thread See Table 2-2. 
198H 408 | IA32_PERF_STATUS Package See Table 2-2. 
199H 409 | IA32_PERF_CTL Thread See Table 2-2. 
19AH 410 | IA32_CLOCK_MODULATION Thread Clock Modulation (R/w) 
See Table 2-2. 
19BH 411 1A32_THERM_INTERRUPT Module Thermal Interrupt Control (R/W) 
See Table 2-2. 
19CH 412 | 1A32_THERM_STATUS Module Thermal Monitor Status (R/W) 
See Table 2-2. 
0 Thermal Status (RO) 
1 Thermal Status Log (R/WCO) 
2 PROTCHOT # or FORCEPR# Status (RO) 
3 PROTCHOT # or FORCEPR# Log (R/WCO) 
4 Critical Temperature Status (RO) 
5 Critical Temperature Status Log (R/WCO) 
6 Thermal Threshold #1 Status (RO) 
7 Thermal Threshold #1 Log (R/WCO) 
8 Thermal Threshold #2 Status (RO) 
9 Thermal Threshold #2 Log (R/WCO) 
10 Power Limitation Status (RO) 
11 Power Limitation Log (RWCO) 
15:12 Reserved 
22:16 Digital Readout (RO) 
26:23 Reserved 
30:27 Resolution in Degrees Celsius (RO) 
31 Reading Valid (RO) 
63:32 Reserved 
1A0H 416 | IA32_MISC_ENABLE Thread Enable Misc. Processor Features (R/W) 
Allows a variety of processor functions to be enabled 
and disabled. 
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0 Fast-Strings Enable 
2:1 Reserved 
3 Automatic Thermal Control Circuit Enable (R/W) 
6:4 Reserved 
7 Performance Monitoring Available (R) 
10:8 Reserved 
11 Branch Trace Storage Unavailable (RO) 
12 Processor Event Based Sampling Unavailable (RO) 
15:13 Reserved 
16 Enhanced Intel SpeedStep Technology Enable (R/W) 
18 ENABLE MONITOR FSM (R/W) 
21:19 Reserved 
22 Limit CPUID Maxval (R/W) 
23 XTPR Message Disable (R/W) 
33:24 Reserved 
34 XD Bit Disable (R/W) 
37:35 Reserved 
38 Turbo Mode Disable (R/W) 
63:39 Reserved 
1A2H 418 | MSR_TEMPERATURE_TARGET Package Temperature Target 
15:0 Reserved 
23:16 Temperature Target (R) 
29:24 Target Offset (R/w) 
63:30 Reserved 
1A4H 420 | MSR_MISC_FEATURE_CONTROL Miscellaneous Feature Control (R/W) 
0 Core DCU Hardware Prefetcher Disable (R/W) 
If 1, disables the L1 data cache prefetcher. 
1 Core L2 Hardware Prefetcher Disable (R/W) 
If 1, disables the L2 hardware prefetcher. 
63:2 Reserved 
1A6H 422 |MSR_OFFCORE_RSP_O Shared Offcore Response Event Select Register (R/W) 
1A7H 423 | MSR_OFFCORE_RSP_1 Shared Offcore Response Event Select Register (R/W) 
1ADH 429 |MSR_TURBO_RATIO_LIMIT Package Maximum Ratio Limit of Turbo Mode for Groups of Cores 
(RW) 
0 Reserved 
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71 Package Maximum Number of Cores in Group 0 


Number active processor cores which operates under 
the maximum ratio limit for group O. 


15:8 Package Maximum Ratio Limit for Group 0 


Maximum turbo ratio limit when the number of active 
cores are not more than the group 0 maximum core 
count. 


20:16 Package Number of Incremental Cores Added to Group 1 


Group 1, which includes the specified number of 
additional cores plus the cores in group O, operates 
under the group 1 turbo max ratio limit = “group 0 Max 
ratio limit” - “group ratio delta for group 1”. 


23:21 Package Group Ratio Delta for Group 1 


An unsigned integer specifying the ratio decrement 
relative to the Max ratio limit to Group O. 


28:24 Package Number of Incremental Cores Added to Group 2 


Group 2, which includes the specified number of 
additional cores plus all the cores in group 1, operates 
under the group 2 turbo max ratio limit = “group 1 Max 
ratio limit” - “group ratio delta for group 2”. 


31:29 Package Group Ratio Delta for Group 2 


An unsigned integer specifying the ratio decrement 
relative to the Max ratio limit for Group 1. 


36:32 Package Number of Incremental Cores Added to Group 3 


Group 3, which includes the specified number of 
additional cores plus all the cores in group 2, operates 
under the group 3 turbo max ratio limit = “group 2 Max 
ratio limit” - “group ratio delta for group 3”. 


39:37 Package Group Ratio Delta for Group 3 


An unsigned integer specifying the ratio decrement 
relative to the Max ratio limit for Group 2. 


44:40 Package Number of Incremental Cores Added to Group 4 


Group 4, which includes the specified number of 
additional cores plus all the cores in group 3, operates 
under the group 4 turbo max ratio limit = “group 3 Max 
ratio limit” - “group ratio delta for group 4”. 


47:45 Package Group Ratio Delta for Group 4 


An unsigned integer specifying the ratio decrement 
relative to the Max ratio limit for Group 3. 


52:48 Package Number of Incremental Cores Added to Group 5 


Group 5, which includes the specified number of 
additional cores plus all the cores in group 4, operates 
under the group 5 turbo max ratio limit = “group 4 Max 
ratio limit” - “group ratio delta for group 5”. 
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55:53 


Package 


Group Ratio Delta for Group 5 


An unsigned integer specifying the ratio decrement 
relative to the Max ratio limit for Group 4. 


60:56 


Package 


Number of Incremental Cores Added to Group 6 


Group 6, which includes the specified number of 
additional cores plus all the cores in group 5, operates 
under the group 6 turbo max ratio limit = “group 5 Max 
ratio limit” - “group ratio delta for group 6”. 


63:61 


Package 


Group Ratio Delta for Group 6 


An unsigned integer specifying the ratio decrement 
relative to the Max ratio limit for Group 5. 


1BOH 


432 


IA32_ENERGY_PERF_BIAS 


Thread 


See Table 2-2. 


1B1H 


433 


IA32_PACKAGE_THERM_STATUS 


Package 


See Table 2-2. 


1B2H 


434 


IA32_PACKAGE_THERM_INTERRUPT 


Package 


See Table 2-2. 


1C8H 


1C9H 


456 


457 


MSR_LBR_SELECT 


Thread 


Last Branch Record Filtering Select Register (R/W) 
See Section 17.9.2, “Filtering of Last Branch Records.” 


CPL_EQ_O 


CPL_NEQ_O 


ICC 


NEAR_REL_CALL 


NEAR_IND_CALL 


NEAR_RET 


NEAR_IND_JMP 


NEAR_REL_JMP 


Oy;N| DMD] mm] BR] wy rm] | o 


FAR_BRANCH 


63:9 
MSR_LASTBRANCH_TOS 


Thread 


Reserved 


Last Branch Record Stack TOS (R/W) 


Contains an index (bits 0-2) that points to the MSR 
containing the most recent branch record. 


See MSR_LASTBRANCH_O_FROML_IP. 


1DSH 


473 


1A32_DEBUGCTL 
0 


Thread 


Debug Control (R/W) 


LBR 


Setting this bit to 1 enables the processor to record a 
running trace of the most recent branches taken by the 
processor in the LBR stack. 


BTF 


Setting this bit to 1 enables the processor to treat 
EFLAGS.TF as single-step on branches instead of single- 
step on instructions. 


5:2 


Reserved 
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6 TR 
Setting this bit to 1 enables branch trace messages to 
be sent. 
7 BTS 
Setting this bit enables branch trace messages (BTMs) 
to be logged in a BTS buffer. 
8 BTINT 
When clear, BTMs are logged in a BTS buffer in circular 
fashion. When this bit is set, an interrupt is generated 
by the BTS facility when the BTS buffer is full. 
9 BTS_OFF_OS 
When set, BTS or BTM is skipped if CPL = 0. 
10 BTS_OFF_USR 
When set, BTS or BTM is skipped if CPL > 0. 
11 FREEZE_LBRS_ON_PMI 
When set, the LBR stack is frozen on a PMI request. 
12 FREEZE_PERFMON_ON_PMI 
When set, each ENABLE bit of the global counter control 
MSR are frozen (address 3BFH) on a PMI request. 
13 Reserved 
14 FREEZE_WHILE_SMM 
When set, freezes perfmon and trace messages while in 
SMM. 
31:15 Reserved 
1DDH 477 | MSR_LER_FROM_LIP Thread Last Exception Record from Linear IP (R) 
1DEH 478 | MSR_LER_TO_LIP Thread Last Exception Record to Linear IP (R) 
1F2H 498 | IA32_SMRR_PHYSBASE Core See Table 2-2. 
1F3H 499 | IA32_SMRR_PHYSMASK Core See Table 2-2. 
200H 512 | IA32_MTRR_PHYSBASEO Core See Table 2-2. 
201H 513 | IA32_MTRR_PHYSMASKO Core See Table 2-2. 
202H 514 | IA32_MTRR_PHYSBASE1 Core See Table 2-2. 
203H 515 | IA32_MTRR_PHYSMASK1 Core See Table 2-2. 
204H 516 | IA32_MTRR_PHYSBASE2 Core See Table 2-2. 
205H 517 | IA32_MTRR_PHYSMASK2 Core See Table 2-2. 
206H 518 | IA32_MTRR_PHYSBASE3 Core See Table 2-2. 
207H 519 | IA32_MTRR_PHYSMASK3 Core See Table 2-2. 
208H 520 | IA32_MTRR_PHYSBASE4 Core See Table 2-2. 
209H 521 | |A32_MTRR_PHYSMASK4 Core See Table 2-2. 
20AH 522 | IA32_MTRR_PHYSBASE5 Core See Table 2-2. 
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20BH 523 | IA32_MTRR_PHYSMASK5 Core See Table 2-2. 

20CH 524 | IA32_MTRR_PHYSBASE6 Core See Table 2-2. 

20DH 525 | IA32_MTRR_PHYSMASK6 Core See Table 2-2. 

20E€H 526 | IA32_MTRR_PHYSBASE7 Core See Table 2-2. 

20FH 527 | IA32_MTRR_PHYSMASK7 Core See Table 2-2. 

250H 592 | IA32_MTRR_FIX64K_00000 Core See Table 2-2. 

258H 600 | IA32_MTRR_FIX16K_80000 Core See Table 2-2. 

259H 601 | IA32_MTRR_FIX16K_A0000 Core See Table 2-2. 

268H 616 | IA32_MTRR_FIX4K_CO000 Core See Table 2-2. 

269H 617 | IA32_MTRR_FIX4K_C8000 Core See Table 2-2. 

26AH 618 | IA32_MTRR_FIX4K_DO0000 Core See Table 2-2. 

26BH 619 | IA32_MTRR_FIX4K_D8000 Core See Table 2-2. 

26CH 620 | IA32_MTRR_FIX4K_€0000 Core See Table 2-2. 

26DH 621 | IA32_MTRR_FIX4K_€8000 Core See Table 2-2. 

26€H 622 | |A32_MTRR_FIX4K_FOO00 Core See Table 2-2. 

26FH 623 | IA32_MTRR_FIX4K_F8000 Core See Table 2-2. 

277H 631 | IA32_PAT Core See Table 2-2. 

2FFH 767 | IA32_MTRR_DEF_TYPE Core Default Memory Types (R/W) 
See Table 2-2. 

309H 777 ‘| \A32_FIXED_CTRO Thread Fixed-Function Performance Counter Register O (R/W) 
See Table 2-2. 

30AH 778 ‘| IA32_FIXED_CTR1 Thread Fixed-Function Performance Counter Register 1 (R/W) 
See Table 2-2. 

30BH 779 ‘| 1A32_FIXED_CTR2 Thread Fixed-Function Performance Counter Register 2 (R/W) 
See Table 2-2. 

345H 837 | IA32_PERF_CAPABILITIES Package See Table 2-2. See Section 17.4.1, “IA32_DEBUGCTL 
MSR." 

38DH 909__| IA32_FIXED_CTR_CTRL Thread Fixed-Function-Counter Control Register (R/W) 
See Table 2-2. 

38EH 910 | IA32_PERF_GLOBAL_STATUS Thread See Table 2-2. 

38FH 911 | IA32_PERF_GLOBAL_CTRL Thread See Table 2-2. 

390H 912 | IA32_PERF_GLOBAL_OVF_CTRL Thread See Table 2-2. 

3F1H | 1009 | IA32_PEBS_ENABLE Thread See Table 2-2. 

(MSR_PEBS_ENABLE) 

3F8H 1016 | MSR_PKG_C3_RESIDENCY Package Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 

63:0 Package C3 Residency Counter (R/O) 
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3F9H | 1017 | MSR_PKG_C6_RESIDENCY Package 
63:0 Package C6 Residency Counter (R/O) 
3FAH | 1018 | MSR_PKG_C7_RESIDENCY Package 
63:0 Package C7 Residency Counter (R/O) 
3FCH 1020 | MSR_MCO_RESIDENCY Module Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 
63:0 Module CO Residency Counter (R/O) 
3FDH | 1021 | MSR_MC6_RESIDENCY Module 
63:0 Module C6 Residency Counter (R/O) 
3FFH 1023 | MSR_CORE_C6_RESIDENCY Core Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 
63:0 CORE C6 Residency Counter (R/O) 
400H | 1024 | IA32_MCO_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
401H | 1025 | IA32_MCO_STATUS Core See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 
402H | 1026 | IA32_MCO_ADDR Core See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 
404H | 1028 | IA32_MC1_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
405H | 1029 | IA32_MC1_STATUS Core See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 
408H | 1032 | IA32_MC2_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
409H | 1033 | IA32_MC2_STATUS Core See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 
40AH | 1034 | IA32_MC2_ADDR Core See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 
40CH | 1036 | IA32_MC3_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
40DH | 1037 | IA32_MC3_STATUS Core See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 
40E€H | 1038 | IA32_MC3_ADDR Core See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 
410H | 1040 | IA32_MC4_CTL Core See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
411H | 1041 | IA32_MC4_STATUS Core See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 
412H | 1042 | IA32_MC4_ADDR Core See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 
The MSR_MC4_ADDR register is either not implemented 
or contains no address if the ADDRV flag in the 
MSR_MC4_STATUS register is clear. 
When not implemented in the processor, all reads and 
writes to this MSR will cause a general-protection 
exception. 
414H | 1044 | IA32_MC5_CTL Package See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
415H | 1045 | IA32_MC5_STATUS Package See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 
416H | 1046 | IA32_MC5_ADDR Package See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 
4C1H | 1217 | 1A32_A_PMCO Thread See Table 2-2. 
4C2H | 1218 | IA32_A_PMC1 Thread See Table 2-2. 
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600H | 1536 | IA32_DS_AREA Thread DS Save Area (R/W) 
See Table 2-2. 
606H | 1542 | MSR_RAPL_POWER_UNIT Package Unit Multipliers Used in RAPL Interfaces (R/O) 
3:0 Package Power Units 
See Section 14.10.1, “RAPL Interfaces.” 
7:4 Package Reserved 
12:8 Package Energy Status Units 
Energy related information (in Joules) is based on the 
multiplier, 1/2*ESU; where ESU is an unsigned integer 
represented by bits 12:8. Default value is OEH (or 61 
micro-joules). 
15:13 Package Reserved 
19:16 Package Time Units 
See Section 14.10.1, “RAPL Interfaces.” 
63:20 Reserved 
60DH 1549 | MSR_PKG_C2_RESIDENCY Package Note: C-state values are processor specific C-state code 
names, unrelated to MWAIT extension C-state 
parameters or ACPI C-states. 
63:0 Package C2 Residency Counter (R/O) 
610H | 1552 | MSR_PKG_POWER_LIMIT Package PKG RAPL Power Limit Control (R/W) 
See Section 14.10.3, “Package RAPL Domain.” 
611H | 1553 | MSR_PKG_ENERGY_STATUS Package PKG Energy Status (R/O) 
See Section 14.10.3, “Package RAPL Domain.” 
613H | 1555 |MSR_PKG_PERF_STATUS Package PKG Perf Status (R/O) 
See Section 14.10.3, “Package RAPL Domain.” 
614H | 1556 |MSR_PKG_POWER_INFO Package PKG RAPL Parameters (R/W) 
See Section 14.10.3, “Package RAPL Domain.” 
618H | 1560 |MSR_DRAM_POWER_LIMIT Package DRAM RAPL Power Limit Control (R/W) 
See Section 14.10.5, “DRAM RAPL Domain." 
619H | 1561 |MSR_DRAM_ENERGY_STATUS Package DRAM Energy Status (R/O) 
See Section 14.10.5, “DRAM RAPL Domain.” 
61BH 1563 | MSR_DRAM_PERF_STATUS Package DRAM Performance Throttling Status (R/O) 
See Section 14.10.5, “DRAM RAPL Domain." 
61CH | 1564 | MSR_DRAM_POWER_INFO Package DRAM RAPL Parameters (R/W) 
See Section 14.10.5, “DRAM RAPL Domain.” 
638H | 1592 | MSR_PPO_POWER_LIMIT Package PPO RAPL Power Limit Control (R/W) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 
639H | 1593 | MSR_PPO_ENERGY_STATUS Package PPO Energy Status (R/O) 
See Section 14.10.4, “PPO/PP1 RAPL Domains.” 
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648H | 1608 | MSR_CONFIG_TDP_NOMINAL Package Base TDP Ratio (R/O) 
See Table 2-25. 
649H 1609 | MSR_CONFIG_TDP_LEVEL1 Package ConfigTDP Level 1 ratio and power level (R/O) 
See Table 2-25. 
64AH 1610 | MSR_CONFIG_TDP_LEVEL2 Package ConfigTDP Level 2 ratio and power level (R/O) 
See Table 2-25. 
64BH | 1611 | MSR_CONFIG_TDP_CONTROL Package ConfigT DP Control (R/W) 
See Table 2-25. 
64CH | 1612 | MSR_TURBO_ACTIVATION_RATIO Package ConfigT DP Control (R/W) 
See Table 2-25. 
690H 1680 | MSR_CORE_PERF_LIMIT_REASONS Package Indicator of Frequency Clipping in Processor Cores (R/W) 
(Frequency refers to processor core frequency.) 
0 PROCHOT Status (RO) 
1 Thermal Status (RO) 
5:2 Reserved 
6 VR Therm Alert Status (RO) 
7 Reserved 
8 Electrical Design Point Status (RO) 
63:9 Reserved 
6€0H | 1760 | IA32_TSC_DEADLINE Core TSC Target of Local APIC’s TSC Deadline Mode (R/W) 
See Table 2-2. 
802H | 2050 | IA32_X2APIC_APICID Thread x2APIC ID Register (R/O) 
803H | 2051 | IA32_X2APIC_VERSION Thread x2APIC Version Register (R/O) 
808H | 2056 | IA32_X2APIC_TPR Thread x2APIC Task Priority Register (R/W) 
80AH | 2058 | IA32_X2APIC_PPR Thread x2APIC Processor Priority Register (R/O) 
80BH | 2059 | IA32_X2APIC_EOI Thread x2APIC EOI Register (W/O) 
80DH | 2061 | IA32_X2APIC_LDR Thread x2APIC Logical Destination Register (R/O) 
80FH 2063 | IA32_X2APIC_SIVR Thread x2APIC Spurious Interrupt Vector Register (R/W) 
810H | 2064 | IA32_X2APIC_ISRO Thread x2APIC In-Service Register Bits [31:0] (R/O) 
811H | 2065 | IA32_X2APIC_ISR1 Thread x2APIC In-Service Register Bits [63:32] (R/O) 
812H | 2066 | IA32_X2APIC_ISR2 Thread x2APIC In-Service Register Bits [95:64] (R/O) 
813H | 2067 | IA32_X2APIC_ISR3 Thread x2APIC In-Service Register Bits [127:96] (R/O) 
814H | 2068 | IA32_X2APIC_ISR4 Thread x2APIC In-Service Register Bits [159:128] (R/O) 
815H | 2069 | IA32_X2APIC_ISR5 Thread x2APIC In-Service Register Bits [191:160] (R/O) 
816H | 2070 | IA32_X2APIC_ISR6 Thread x2APIC In-Service Register Bits [223:192] (R/O) 
817H | 2071 | IA32_X2APIC_ISR7 Thread x2APIC In-Service Register Bits [255:224] (R/O) 
818H | 2072 | IA32_X2APIC_TMRO Thread x2APIC Trigger Mode Register Bits [31:0] (R/O) 
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819H | 2073 | IA32_X2APIC_TMR1 Thread x2APIC Trigger Mode Register Bits [63:32] (R/O) 
81AH | 2074 | IA32_X2APIC_TMR2 Thread x2APIC Trigger Mode Register Bits [95:64] (R/O) 
81BH | 2075 | IA32_X2APIC_TMR3 Thread x2APIC Trigger Mode Register Bits [127:96] (R/O) 
81CH | 2076 | 1A32_X2APIC_TMR4 Thread x2APIC Trigger Mode Register Bits [159:128] (R/O) 
81DH | 2077 | IA32_X2APIC_TMR5 Thread x2APIC Trigger Mode Register Bits [191:160] (R/O) 
81EH | 2078 | 1A32_X2APIC_TMR6 Thread x2APIC Trigger Mode Register Bits [223:192] (R/O) 
81FH | 2079 | 1A32_X2APIC_TMR7 Thread x2APIC Trigger Mode Register Bits [255:224] (R/O) 
820H 2080 | IA32_X2APIC_IRRO Thread x2APIC Interrupt Request Register Bits [31:0] (R/O) 
821H 2081 | IA32_X2APIC_IRR1 Thread x2APIC Interrupt Request Register Bits [63:32] (R/O) 
822H 2082 | IA32_X2APIC_IRR2 Thread x2APIC Interrupt Request Register Bits [95:64] (R/O) 
823H 2083 | IA32_X2APIC_IRR3 Thread x2APIC Interrupt Request Register Bits [127:96] (R/O) 
824H 2084 | IA32_X2APIC_IRR4 Thread x2APIC Interrupt Request Register Bits [159:128] (R/O) 
825H 2085 | IA32_X2APIC_IRR5S Thread x2APIC Interrupt Request Register Bits [191:160] (R/O) 
826H 2086 | IA32_X2APIC_IRR6 Thread x2APIC Interrupt Request Register Bits [223:192] (R/O) 
827H 2087 | IA32_X2APIC_IRR7 Thread x2APIC Interrupt Request Register Bits [255:224] (R/O) 
828H | 2088 | IA32_X2APIC_ESR Thread x2APIC Error Status Register (R/W) 
82FH 2095 | IA32_X2APIC_LVT_CMCI Thread x2APIC LVT Corrected Machine Check Interrupt Register 
(R/W) 

830H | 2096 | IA32_X2APIC_ICR Thread X2APIC Interrupt Command Register (R/W) 
832H | 2098 | IA32_X2APIC_LVT_TIMER Thread x2APIC LVT Timer Interrupt Register (R/W) 
833H | 2099 | IA32_X2APIC_LVT_THERMAL Thread x2APIC LVT Thermal Sensor Interrupt Register (R/W) 
834H | 2100 | IA32_X2APIC_LVT_PMI Thread x2APIC LVT Performance Monitor Register (R/W) 
835H | 2101 | IA32_X2APIC_LVT_LINTO Thread x2APIC LVT LINTO Register (R/W) 
836H | 2102 | IA32_X2APIC_LVT_LINT1 Thread x2APIC LVT LINT1 Register (R/W) 
837H | 2103 | IA32_X2APIC_LVT_ERROR Thread x2APIC LVT Error Register (R/W) 
838H | 2104 | IA32_X2APIC_INIT_COUNT Thread X2APIC Initial Count Register (R/Ww) 
839H | 2105 | IA32_X2APIC_CUR_COUNT Thread x2APIC Current Count Register (R/O) 
83EH | 2110 | IA32_X2APIC_DIV_CONF Thread x2APIC Divide Configuration Register (R/W) 
83FH | 2111 | 1A32_X2APIC_SELF_IPI Thread x2APIC Self IPI Register (W/O) 

COO0_ IA32_EFER Thread Extended Feature Enables 

0080H See Table 2-2. 

COO00_ IA32_STAR Thread System Call Target Address (R/W) 

00814 See Table 2-2. 

COO00_ IA32_LSTAR Thread IA-32e Mode System Call Target Address (R/W) 

0082H See Table 2-2. 

COO00_ IA32_FMASK Thread System Call Flag Mask (R/W) 

00844 See Table 2-2. 
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Table 2-53. Selected MSRs Supported by Intel® Xeon Phi™ Processors with 
DisplayFamily_DisplayModel Signatures 06_57H and 06_85H 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec (Former MSR Name) 

CO00_ IA32_FS_BASE Thread Map of BASE Address of FS (R/W) 
0100H See Table 2-2. 
CO00_ IA32_GS_BASE Thread Map of BASE Address of GS (R/W) 
0101H See Table 2-2. 
COO00_ IA32_KERNEL_GS_BASE Thread Swap Target of BASE Address of GS (R/W) 
0102H See Table 2-2. 
CO00_ 1A32_TSC_AUX Thread AUXILIARY TSC Signature (R/W) 
0103H See Table 2-2 


Table 2-54 lists model-specific registers that are supported by Intel® Xeon Phi™ processor 7215, 7285, 7295 series 
based on the Knights Mill microarchitecture. 


Table 2-54. Additional MSRs Supported by Intel® Xeon Phi” Processor 7215, 7285, 7295 Series 
with DisplayFamily_DisplayModel Signature 06_85H 


Register 
Address Register Name / Bit Fields Scope Bit Description 
Hex Dec 
9SBH 155 | IA32_SMM_MONITOR_CTL Core SMM Monitor Configuration (R/W) 

This MSR is readable only if VMX is enabled, and 
writeable only if VMX is enabled and in SMM mode, and is 
used to configure the VMX MSEG base address. See 
Table 2-2. 

480H 1152 | IA32_VMX_BASIC Core Reporting Register of Basic VMX Capabilities (R/O) 
See Table 2-2. 

481H 1153 | IA32_VMX_PINBASED_ CTLS Core Capability Reporting Register of Pin-based VM-execution 
Controls (R/O) 
See Table 2-2. 

482H 1154 | IA32_VMX_PROCBASED_ CTLS Core Capability Reporting Register of Primary Processor- 
based VM-execution Controls (R/O) 

483H 1155 | IA32_VMX_EXIT_CTLS Core Capability Reporting Register of VM-exit Controls (R/O) 
See Table 2-2. 

484H 1156 | IA32_VMX_ENTRY_CTLS Core Capability Reporting Register of VM-entry Controls (R/O) 
See Table 2-2. 

485H 1157 | IA32_VMX_MISC Core Reporting Register of Miscellaneous VMX Capabilities 
(R/O) 
See Table 2-2. 

486H 1158 | IA32_VMX_CRO_FIXEDO Core Capability Reporting Register of CRO Bits Fixed to O 
(R/O) 
See Table 2-2. 

487H 1159 | IA32_VMX_CRO_FIXED1 Core Capability Reporting Register of CRO Bits Fixed to 1 
(R/O) 
See Table 2-2. 
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Table 2-54. Additional MSRs Supported by Intel® Xeon Phi” Processor 7215, 7285, 7295 Series 
with DisplayFamily_DisplayModel Signature 06_85H 


Register 
Address Register Name / Bit Fields Scope Bit Description 


Hex Dec 
488H 1160 | IA32_VMX_CR4_FIXEDO Core Capability Reporting Register of CR4 Bits Fixed to O 
(R/O) 

See Table 2-2. 

489H 1161 | IA32_VMX_CR4_FIXED1 Core Capability Reporting Register of CR4 Bits Fixed to 1 
(R/O) 

See Table 2-2. 

48AH 1162 | IA32_VMX_VMCS_ENUM Core Capability Reporting Register of VMCS Field Enumeration 
(R/O) 

See Table 2-2. 

48BH 1163 | IA32_VMX_PROCBASED_ CTLS2 Core Capability Reporting Register of Secondary Processor- 
Based V/M-Execution Controls (R/O) 

See Table 2-2. 

48CH 1164 | IA32_VMX_EPT_VPID_ENUM Core Capability Reporting Register of EPT and VPID (R/O) 
See Table 2-2. 

48DH 1165 | 1IA32_VMX_TRUE_PINBASE D_CTLS Core Capability Reporting Register of Pin-Based VM-Execution 
Flex Controls (R/O) 

See Table 2-2. 

48€H 1166 | IA32_VMX_TRUE_PROCBASED_CTLS | Core Capability Reporting Register of Primary Processor- 
Based VM-Execution Flex Controls (R/O) 

See Table 2-2. 

48FH 1167 | IA32_VMX_TRUE_EXIT_CTLS Core Capability Reporting Register of VM-Exit Flex Controls 
(R/O) 

See Table 2-2. 

490H 1168 | IA32_VMX_TRUE_ENTRY_CTLS Core Capability Reporting Register of VM-Entry Flex Controls 
(R/O) 

See Table 2-2. 

491H 1169 | IA32_VMX_FMFUNC Core Capability Reporting Register of VM-Function Controls 
(R/O) 

See Table 2-2. 


2.19 MSRS IN THE PENTIUM® 4 AND INTEL® XEON® PROCESSORS 


Table 2-55 lists MSRs (architectural and model-specific) that are defined across processor generations based on 
Intel NetBurst microarchitecture. The processor can be identified by its CPUID signatures of DisplayFamily 
encoding of OFH, see Table 2-1. 


¢ MSRs with an “IA32_” prefix are designated as “architectural.” This means that the functions of these MSRs and 
their addresses remain the same for succeeding families of IA-32 processors. 


¢ MSRs with an “MSR_” prefix are model specific with respect to address functionalities. The column “Model Avail- 
ability” lists the model encoding value(s) within the Pentium 4 and Intel Xeon processor family at the specified 
register address. The model encoding value of a processor can be queried using CPUID. See “CPUID—CPU 
Identification” in Chapter 3 of the Inte/® 64 and IA-32 Architectures Software Developer’s Manual, Volume 2A. 
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Table 2-55. MSRs in the Pentium® 4 and Intel® Xeon® Processors 


Register Register Name Model Shared/ 
Address Fields and Flags Avail- Unique Bit Description 
Hey Dec ability 
OH 0 IA32_P5_MC_ADDR 0,1,2,3, | Shared See Section 2.23, “MSRs in Pentium Processors.” 
4,6 
1H 1 IA32_P5_MC_TYPE 0,1,2,3, | Shared See Section 2.23, “MSRs in Pentium Processors.” 
4,6 
6H 6 IA32_MONITOR_FILTER_LINE_SIZE | 3,4,6 Shared See Section 8.10.5, “Monitor/Mwait Address 
Range Determination.” 
10H 16 | IA32_TIME_STAMP_COUNTER 0,1,2,3, | Unique Time Stamp Counter 
4,6 See Table 2-2. 
On earlier processors, only the lower 32 bits are 
writable. On any write to the lower 32 bits, the 
upper 32 bits are cleared. For processor family 
OFH, models 3 and 4: all 64 bits are writable. 
17H 23 (| IA32_PLATFORM_ID 0,1,2,3, | Shared Platform ID (R) 
4,6 See Table 2-2, 
The operating system can use this MSR to 
determine “slot” information for the processor 
and the proper microcode update to load. 
1BH 27 | IA32_APIC_BASE 0,1,2,3, | Unique APIC Location and Status (R/W) 
4,6 See Table 2-2. See Section 10.4.4, “Local APIC 
Status and Location.” 
2AH 42 |MSR_EBC_HARD_POWERON 0,1,2,3, | Shared Processor Hard Power-On Configuration 
4,6 


(R/W) Enables and disables processor features. 
(R) Indicates current processor configuration. 


Output Tri-state Enabled (R) 


Indicates whether tri-state output is enabled (1) 
or disabled (0) as set by the strapping of SMI#. 
The value in this bit is written on the 
deassertion of RESET#; the bit is set to 1 when 
the address bus signal is asserted. 


Execute BIST (R) 


Indicates whether the execution of the BIST is 
enabled (1) or disabled (0) as set by the 
strapping of INIT#. The value in this bit is 
written on the deassertion of RESET; the bit is 
set to 1 when the address bus signal is 
asserted. 


In Order Queue Depth (R) 


Indicates whether the in order queue depth for 
the system bus is 1 (1) or up to 12 (0) as set by 
the strapping of A7#. The value in this bit is 
written on the deassertion of RESET#; the bit is 
set to 1 when the address bus signal is 
asserted. 
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Table 2-55. MSRs in the Pentium® 4 and Intel® Xeon® Processors (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name 
Fields and Flags 


Model 
Avail- 
ability 


Shared/ 
Unique 


Bit Description 


MCERR# Observation Disabled (R) 


Indicates whether MCERR# observation is 
enabled (0) or disabled (1) as determined by the 
strapping of A9#. The value in this bit is written 
on the deassertion of RESET#; the bit is set to 1 
when the address bus signal is asserted. 


BINIT# Observation Enabled (R) 


Indicates whether BINIT# observation is 
enabled (0) or disabled (1) as determined by the 
strapping of A10#. The value in this bit is 
written on the deassertion of RESET#; the bit is 
set to 1 when the address bus signal is 
asserted. 


6:5 


APIC Cluster ID (R) 


Contains the logical APIC cluster ID value as set 
by the strapping of A12# and A11#. The logical 
cluster ID value is written into the field on the 
deassertion of RESET#; the field is set to 1 
when the address bus signal is asserted. 


Bus Park Disable (R) 


Indicates whether bus park is enabled (0) or 
disabled (1) as set by the strapping of A15#. 
The value in this bit is written on the 
deassertion of RESET#; the bit is set to 1 when 
the address bus signal is asserted. 


11:8 


Reserved 


13:12 


Agent ID (R) 

Contains the logical agent ID value as set by the 
strapping of BR[3:0]. The logical ID value is 
written into the field on the deassertion of 
RESET#; the field is set to 1 when the address 
bus signal is asserted. 


63:14 


Reserved 


2BH 


43 


MSR_EBC_SOFT_POWERON 


Shared 


Processor Soft Power-On Configuration (R/W) 
Enables and disables processor features. 


RCNT/SCNT On Request Encoding Enable (R/W) 


Controls the driving of RCNT/SCNT on the 
request encoding. Set to enable (1); clear to 
disabled (0, default). 


Data Error Checking Disable (R/W) 


Set to disable system data bus parity checking; 
clear to enable parity checking. 


Response Error Checking Disable (R/W) 
Set to disable (default); clear to enable. 


Address/Request Error Checking Disable (R/W) 
Set to disable (default); clear to enable. 
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Table 2-55. MSRs in the Pentium® 4 and Intel® Xeon® Processors (Contd.) 


Register Register Name Model Shared/ 
Address Fields and Flags Avail- Unique Bit Description 
Hex Dec ability 
4 Initiator MCERR# Disable (R/W) 
Set to disable MCERR# driving for initiator bus 
requests (default); clear to enable. 
5 Internal MCERR# Disable (R/W) 
Set to disable MCERR# driving for initiator 
internal errors (default); clear to enable. 
6 BINIT# Driver Disable (R/W) 
Set to disable BINIT# driver (default); clear to 
enable driver. 
63:7 Reserved 
2CH 44 | MSR_EBC_FREQUENCY_ID 2,3,4,6 Shared Processor Frequency Configuration 


15:0 


The bit field layout of this MSR varies according 
to the MODEL value in the CPUID version 
information. The following bit field layout 
applies to Pentium 4 and Xeon Processors with 
MODEL encoding equal or greater than 2. 


(R) The field Indicates the current processor 
frequency configuration. 


Reserved 


18:16 


Scalable Bus Speed (R/W) 
Indicates the intended scalable bus speed: 


Encoding Scalable Bus Speed 
OOOB = 100 MHz (Model 2) 
OOOB 266 MHz (Model 3 or 4) 
001B 133 MHz 

010B 200MHz 

011B 166MHz 

100B 333 MHz (Model 6) 


133.33 MHz should be utilized if performing 
calculation with System Bus Speed when 
encoding is 001B. 


166.67 MHz should be utilized if performing 
calculation with System Bus Speed when 
encoding is 011B. 


266.67 MHz should be utilized if performing 
calculation with System Bus Speed when 
encoding is OOOB and model encoding = 3 or 4. 
333.33 MHz should be utilized if performing 
calculation with System Bus Speed when 
encoding is 100B and model encoding = 6. 


All other values are reserved. 


23:19 


Reserved 
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Table 2-55. MSRs in the Pentium® 4 and Intel® Xeon® Processors (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name 
Fields and Flags 


Model 
Avail- 
ability 


Shared/ 
Unique 


Bit Description 


31:24 


Core Clock Frequency to System Bus Frequency 
Ratio (R) 

The processor core clock frequency to system 
bus frequency ratio observed at the de- 
assertion of the reset pin. 


63:25 


Reserved 


2CH 


44 


MSR_EBC_FREQUENCY_ID 


20:0 


0,1 


Shared 


Processor Frequency Configuration (R) 

The bit field layout of this MSR varies according 
to the MODEL value of the CPUID version 
information. This bit field layout applies to 
Pentium 4 and Xeon Processors with MODEL 
encoding less than 2. 

Indicates current processor frequency 
configuration. 


Reserved 


23:21 


Scalable Bus Speed (R/W) 

Indicates the intended scalable bus speed: 
Encoding Scalable Bus Speed 

OOOB 100MHz 


All others values reserved. 


63:24 


Reserved 


3AH 


58 


IA32_FEATURE_CONTROL 


3,4,6 


Unique 


Control Features in |A-32 Processor (R/W) 
See Table 2-2. 
(If CPUID.O1H:ECX.[bit 5]) 


79H 


121 


IA32_BlOS_UPDT_TRIG 


Shared 


BIOS Update Trigger Register (W) 
See Table 2-2. 


8BH 


139 


IA32_BlOS_SIGN_ID 


Unique 


BIOS Update Signature ID (R/W) 
See Table 2-2. 


9BH 


155 


1A32_SMM_MONITOR_CTL 


Unique 


SMM Monitor Configuration (R/W) 
See Table 2-2. 


FEH 


254 


IA32_MTRRCAP 


Unique 


MTRR Information 


See Section 11.11.1, “MTRR Feature 
Identification.”. 


174H 


372 


IA32_SYSENTER_CS 


Unique 


CS Register Target for CPL 0 Code (R/W) 
See Table 2-2. 


See Section 5.8.7, “Performing Fast Calls to 
System Procedures with the SYSENTER and 
SYSEXIT Instructions.” 


175H 


373 


IA32_SYSENTER_ESP 


Unique 


Stack Pointer for CPL O Stack (R/W) 
See Table 2-2. 


See Section 5.8.7, “Performing Fast Calls to 
System Procedures with the SYSENTER and 
SYSEXIT Instructions.” 
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Table 2-55. MSRs in the Pentium® 4 and Intel® Xeon® Processors (Contd.) 


Register Register Name Model Shared/ 
Address Fields and Flags Avail- Unique Bit Description 
Hex Dec ability 
176H | 374 | IA32_SYSENTER_EIP 0,1,2,3, | Unique CPL O Code Entry Point (R/W) 
4,6 See Table 2-2. See Section 5.8.7, “Performing 


Fast Calls to System Procedures with the 
SYSENTER and SYSEXIT Instructions.” 


179H | 377. | 1A32_MCG_CAP 0,1,2,3, | Unique Machine Check Capabilities (R) 
4,6 See Table 2-2. See Section 15.3.1.1, 


“IA32_MCG_CAP MSR." 


17AH | 378 | 1A32_MCG_STATUS 0,1,2,3, | Unique Machine Check Status (R) 
4,6 See Table 2-2. See Section 15.3.1.2, 


“IA32_MCG_STATUS MSR.” 


17BH | 379 | 1IA32_MCG_CTL Machine Check Feature Enable (R/W) 
See Table 2-2. 
See Section 15.3.1.3, “IA32_MCG_CTL MSR.” 


,2, 3, | Unique Machine Check EAX/RAX Save State 


0,1 
4,6 See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 


63:0 Contains register state at time of machine check 
error. When in non-64-bit modes at the time of 
the error, bits 63-32 do not contain valid data. 


180H | 384 |) MSR_MCG_RAX 


181H 385 | MSR_MCG_RBX 0,1,2,3, | Unique Machine Check EBX/RBX Save State 
4,6 See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 
63:0 Contains register state at time of machine check 


error. When in non-64-bit modes at the time of 
the error, bits 63-32 do not contain valid data. 


182H | 386 | MSR_MCG_RCX 0,1,2,3, | Unique Machine Check ECX/RCX Save State 
4,6 See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 
63:0 Contains register state at time of machine check 


error. When in non-64-bit modes at the time of 
the error, bits 63-32 do not contain valid data. 


183H 387 | MSR_MCG_RDX 0,1,2,3, | Unique Machine Check EDX/RDX Save State 
4,6 See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 
63:0 Contains register state at time of machine check 


error. When in non-64-bit modes at the time of 
the error, bits 63-32 do not contain valid data. 


184H | 388 | MSR_MCG_RSI 0,1,2,3, | Unique Machine Check ESI/RSI Save State 
4,6 See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 
63:0 Contains register state at time of machine check 


error. When in non-64-bit modes at the time of 
the error, bits 63-32 do not contain valid data. 
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Table 2-55. MSRs in the Pentium® 4 and Intel® Xeon® Processors (Contd.) 


Register 
Address 


Hex 


Dec 


Register Name 
Fields and Flags 


Shared/ 
Unique 


Bit Description 


185H 


389 


MSR_MCG_RDI 


Unique 


Machine Check EDI/RDI Save State 


See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 


63:0 


Contains register state at time of machine check 
error. When in non-64-bit modes at the time of 
the error, bits 63-32 do not contain valid data. 


186H 


390 


MSR_MCG_RBP 


Unique 


Machine Check EBP/RBP Save State 


See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 


Contains register state at time of machine check 
error. When in non-64-bit modes at the time of 
the error, bits 63-32 do not contain valid data. 


187H 


MSR_MCG_RSP 


Unique 


Machine Check ESP/RSP Save State 


See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 


63:0 


Contains register state at time of machine check 
error. When in non-64-bit modes at the time of 
the error, bits 63-32 do not contain valid data. 


188H 


189H 


18AH 


18BH - 
18FH 


392 


393 


394 


395- 
399 


MSR_MCG_RFLAGS 


Unique 


Machine Check EFLAGS/RFLAG Save State 


See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 


63:0 


MSR_MCG_RIP 


Unique 


Contains register state at time of machine check 
error. When in non-64-bit modes at the time of 
the error, bits 63-32 do not contain valid data. 


Machine Check EIP/RIP Save State 


See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 


63:0 


MSR_MCG_MISC 


Unique 


Contains register state at time of machine check 
error. When in non-64-bit modes at the time of 
the error, bits 63-32 do not contain valid data. 


Machine Check Miscellaneous 


See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 


DS 


When set, the bit indicates that a page assist or 
page fault occurred during DS normal operation. 
The processors response is to shut down. 


The bit is used as an aid for debugging DS 
handling code. It is the responsibility of the user 
(BIOS or operating system) to clear this bit for 
normal operation. 


63:1 


MSR_MCG_RESERVED1 - 
MSR_MCG_RESERVED5 


Reserved 


Reserved 
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Register Register Name Model Shared/ 
Address Fields and Flags Avail- Unique Bit Description 
Hex Dec ability 
190H | 400 | MSR_MCG_R8 0,1,2,3, | Unique Machine Check R8 
4,6 See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 
63:0 Registers R8-15 (and the associated state-save 


MSRs) exist only in Intel 64 processors. These 
registers contain valid information only when 
the processor is operating in 64-bit mode at the 
time of the error. 


191H | 401 | MSR_MCG_R9 0,1,2,3, | Unique Machine Check R9D/R9 
4,6 See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 
63:0 Registers R8-15 (and the associated state-save 


MSRs) exist only in Intel 64 processors. These 
registers contain valid information only when 
the processor is operating in 64-bit mode at the 
time of the error. 


192H | 402 | MSR_MCG_R10 0,1,2,3, | Unique Machine Check R10 
4,6 See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 
63:0 Registers R8-15 (and the associated state-save 


MSRs) exist only in Intel 64 processors. These 
registers contain valid information only when 
the processor is operating in 64-bit mode at the 
time of the error. 


193H | 403 | MSR_MCG_R11 0,1,2,3, | Unique Machine Check R11 
4,6 See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 
63:0 Registers R8-15 (and the associated state-save 


MSRs) exist only in Intel 64 processors. These 
registers contain valid information only when 
the processor is operating in 64-bit mode at the 
time of the error. 


194H | 404 | MSR_MCG_R12 0,1,2,3, | Unique Machine Check R12 
4,6 See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 
63:0 Registers R8-15 (and the associated state-save 


MSRs) exist only in Intel 64 processors. These 
registers contain valid information only when 
the processor is operating in 64-bit mode at the 
time of the error. 


195H | 405 | MSR_MCG_R13 0,1, 2,3, | Unique Machine Check R13 
4,6 See Section 15.3.2.6, “IA32_MCG Extended 


Machine Check State MSRs.” 
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Register 
Address 


Hex 


Dec 


Register Name 
Fields and Flags 


Model 
Avail- 
ability 


Shared/ 
Unique 


Bit Description 


63:0 


Registers R8-15 (and the associated state-save 
MSRs) exist only in Intel 64 processors. These 
registers contain valid information only when 
the processor is operating in 64-bit mode at the 
time of the error. 


196H 


406 


MSR_MCG_R14 


Unique 


Machine Check R14 


See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 


63:0 


Registers R8-15 (and the associated state-save 
MSRs) exist only in Intel 64 processors. These 
registers contain valid information only when 
the processor is operating in 64-bit mode at the 
time of the error. 


197H 


198H 


407 


408 


MSR_MCG_R15 


IA32_PERF_STATUS 


Unique 


Unique 


Machine Check R15 


See Section 15.3.2.6, “IA32_MCG Extended 
Machine Check State MSRs.” 


Registers R8-15 (and the associated state-save 
MSRs) exist only in Intel 64 processors. These 
registers contain valid information only when 
the processor is operating in 64-bit mode at the 
time of the error. 


See Table 2-2. See Section 14.1, “Enhanced 
Intel Speedstep® Technology.” 


199H 


19AH 


19BH 


409 


410 


411 


IA32_PERF_CTL 


IA32_CLOCK_MODULATION 


IA32_THERM_INTERRUPT 


Unique 


Unique 


Unique 


See Table 2-2. See Section 14.1, “Enhanced 
Intel Speedstep® Technology.” 

Thermal Monitor Control (R/W) 

See Table 2-2. 

See Section 14.8.3, “Software Controlled Clock 
Modulation.” 

Thermal Interrupt Control (R/W) 


See Section 14.8.2, “Thermal Monitor,” and see 
Table 2-2. 


19CH 


412 


IA32_THERM_STATUS 


Shared 


Thermal Monitor Status (R/W) 


See Section 14.8.2, “Thermal Monitor,” and see 
Table 2-2. 


19DH 


413 


MSR_THERM2_CTL 


Thermal Monitor 2 Control 


Shared 


For Family F, Model 3 processors: When read, 
specifies the value of the target TM2 transition 
last written. When set, it sets the next target 
value for TM2 transition. 


4,6 


Shared 


For Family F, Model 4 and Model 6 processors: 
When read, specifies the value of the target 
TM2 transition last written. Writes may cause 
#GP exceptions. 


1A0H 


416 


IA32_MISC_ENABLE 


Shared 


Enable Miscellaneous Processor Features (R/W) 
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Fast-Strings Enable. See Table 2-2. 


Reserved 


x87 FPU Fopcode Compatibility Mode Enable 


Thermal Monitor 1 Enable 


See Section 14.8.2, “Thermal Monitor,” and see 
Table 2-2. 


Split-Lock Disable 


When set, the bit causes an #AC exception to be 
issued instead of a split-lock cycle. Operating 
systems that set this bit must align system 
structures to avoid split-lock scenarios. 


When the bit is clear (default), normal split-locks 
are issued to the bus. 


This debug feature is specific to the Pentium 4 
processor. 


Reserved 


Third-Level Cache Disable (R/W) 

When set, the third-level cache is disabled; 
when clear (default) the third-level cache is 
enabled. This flag is reserved for processors 
that do not have a third-level cache. 


Note that the bit controls only the third-level 
cache; and only if overall caching is enabled 
through the CD flag of control register CRO, the 
page-level cache controls, and/or the MTRRs. 
See Section 11.5.4, “Disabling and Enabling the 
L3 Cache." 


Performance Monitoring Available (R) 
See Table 2-2. 


Suppress Lock Enable 

When set, assertion of LOCK on the bus is 
suppressed during a Split Lock access. When 
clear (default), LOCK is not suppressed. 


Prefetch Queue Disable 


When set, disables the prefetch queue. When 
clear (default), enables the prefetch queue. 


10 


FERR# Interrupt Reporting Enable (R/W) 


When set, interrupt reporting through the 
FERR# pin is enabled; when clear, this interrupt 
reporting function is disabled. 
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When this flag is set and the processor is in the 
stop-clock state (STPCLK# is asserted), 
asserting the FERR# pin signals to the 
processor that an interrupt (such as, INIT#, 
BINIT#, INTR, NMI, SMI#, or RESET#) is pending 
and that the processor should return to normal 
operation to handle the interrupt. 


This flag does not affect the normal operation 
of the FERR# pin (to indicate an unmasked 
floating-point error) when the STPCLK# pin is 
not asserted. 


11 


12 


Branch Trace Storage Unavailable 
(BTS_UNAVILABLE) (R) 


See Table 2-2. 
When set, the processor does not support 


branch trace storage (BTS); when clear, BTS is 
supported. 


PEBS_UNAVILABLE: Processor Event Based 
Sampling Unavailable (R) 

See Table 2-2. 

When set, the processor does not support 


processor event-based sampling (PEBS); when 
clear, PEBS is supported. 


13 


17:14 


TM2 Enable (R/W) 


When this bit is set (1) and the thermal sensor 
indicates that the die temperature is at the pre- 
determined threshold, the Thermal Monitor 2 
mechanism is engaged. TM2 will reduce the bus 
to core ratio and voltage according to the value 
last written to MSR_THERM2_CTL bits 15:0. 


When this bit is clear (0, default), the processor 
does not change the VID signals or the bus to 
core ratio when the processor enters a thermal 
managed state. 


If the TM2 feature flag (ECX[8]) is not set to 1 
after executing CPUID with EAX = 1, then this 
feature is not supported and BIOS must not 
alter the contents of this bit location. The 
processor is operating out of spec if both this 
bit and the TM1 bit are set to disabled states. 


Reserved 


18 


3,4,6 


ENABLE MONITOR FSM (R/W) 
See Table 2-2. 
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19 


Adjacent Cache Line Prefetch Disable (R/W) 


When set to 1, the processor fetches the cache 
line of the 128-byte sector containing currently 
required data. When set to O, the processor 
fetches both cache lines in the sector. 


Single processor platforms should not set this 
bit. Server platforms should set or clear this bit 
based on platform performance observed in 
validation and testing. 


BIOS may contain a setup option that controls 
the setting of this bit. 


21:20 


Reserved 


22 


3,4,6 


Limit CPUID MAXVAL (R/W) 
See Table 2-2. 
Setting this can cause unexpected behavior to 


software that depends on the availability of 
CPUID leaves greater than 3. 


23 


Shared 


XTPR Message Disable (R/W) 
See Table 2-2. 


24 


L1 Data Cache Context Mode (R/W) 


When set, the L1 data cache is placed in shared 
mode; when clear (default), the cache is placed 
in adaptive mode. This bit is only enabled for IA- 
32 processors that support Intel Hyper- 
Threading Technology. See Section 11.5.6, “L1 
Data Cache Context Mode.” 


When L1 is running in adaptive mode and CR3s 
are identical, data in L1 is shared across logical 
processors. Otherwise, L1 is not shared and 
cache use is competitive. 


If the Context ID feature flag (ECX[10)]) is set to 
0 after executing CPUID with EAX = 1, the 
ability to switch modes is not supported. BIOS 
must not alter the contents of 
IA32_MISC_ENABLE[24]. 


33:25 


Reserved 


34 


Unique 


XD Bit Disable (R/W) 
See Table 2-2. 


63:35 


Reserved 


1A1H 


417 


MSR_PLATFORM_BRV 


3,4,6 


Shared 


Platform Feature Requirements (R) 


17:0 


Reserved 
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18 


PLATFORM Requirements 


When set to 1, indicates the processor has 
specific platform requirements. The details of 
the platform requirements are listed in the 
respective data sheets of the processor. 


63:19 


Reserved 


1D7H 


1D7H 


471 


471 


MSR_LER_FROM_LIP 


Unique 


Last Exception Record From Linear IP (R) 


Contains a pointer to the last branch instruction 
that the processor executed prior to the last 
exception that was generated or the last 
interrupt that was handled. 


See Section 17.13.3, “Last Exception Records.” 


From Linear IP 
Linear address of the last branch instruction. 


Unique 


Reserved 


From Linear IP 


Linear address of the last branch instruction (If 
|A-32e mode is active). 


1D8H 


472 


MSR_LER_TO_LIP 


Unique 


Last Exception Record To Linear IP (R) 


This area contains a pointer to the target of the 
last branch instruction that the processor 
executed prior to the last exception that was 
generated or the last interrupt that was 
handled. 


See Section 17.13.3, “Last Exception Records.” 


From Linear IP 


Linear address of the target of the last branch 
instruction. 


Reserved 


1D8H 


472 


Unique 


From Linear IP 


Linear address of the target of the last branch 
instruction (If IA-32e mode is active). 


1DSH 


473 


MSR_DEBUGCTLA 


Unique 


Debug Control (R/W) 


Controls how several debug features are used. 
Bit definitions are discussed in the referenced 
section. 


See Section 17.13.1, “MSR_DEBUGCTLA MSR.” 


1DAH 


474 


MSR_LASTBRANCH_TOS 


Unique 


Last Branch Record Stack TOS (R/O) 


Contains an index (0-3 or 0-15) that points to 
the top of the last branch record stack (that is, 
that points the index of the MSR containing the 
most recent branch record). 

See Section 17.13.2, “LBR Stack for Processors 
Based on Intel NetBurst® Microarchitecture”; 
and addresses 1DBH-1DEH and 680H-68FH. 
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1DBH | 475 | MSR_LASTBRANCH_O 0,1,2 Unique Last Branch Record 0 (R/O) 


One of four last branch record registers on the 
last branch record stack. It contains pointers to 
the source and destination instruction for one 
of the last four branches, exceptions, or 
interrupts that the processor took. 


MSR_LASTBRANCH_O through 
MSR_LASTBRANCH_3 at 1DBH-1DEH are 
available only on family OFH, models OH-O2H. 
They have been replaced by the MSRs at 680H- 
68FH and 6COH-6CFH. 


See Section 17.12, “Last Branch, Call Stack, 
Interrupt, and Exception Recording for 
Processors based on Skylake Microarchitecture.” 


1DCH | 477 | MSR_LASTBRANCH_1 0,1,2 Unique Last Branch Record 1 


See description of the MSR_LASTBRANCH_O 
MSR at 1DBH. 


1DDH | 477 | MSR_LASTBRANCH_2 0,1,2 Unique Last Branch Record 2 


See description of the MSR_LASTBRANCH_O 
MSR at 1DBH. 


1DEH | 478 | MSR_LASTBRANCH_3 0,1,2 Unique Last Branch Record 3 


See description of the MSR_LASTBRANCH_O 
MSR at 1DBH. 


200H | 512 | IA32_MTRR_PHYSBASEO 


i 
Ww 


Shared Variable Range Base MTRR 
See Section 11.11.2.3, “Variable Range MTRRs.” 


ao 


201H | 513 | IA32_MTRR_PHYSMASKO 


N 
w 


Shared Variable Range Mask MTRR 
See Section 11.11.2.3, “Variable Range MTRRs.” 


n= 


202H | 514 | IA32_MTRR_PHYSBASE1 


i 
=“ 


Shared Variable Range Mask MTRR 
See Section 11.11.2.3, “Variable Range MTRRs.” 
,2,3, | Shared Variable Range Mask MTRR 
See Section 11.11.2.3, “Variable Range MTRRs." 


ao 


203H | 515 | IA32_MTRR_PHYSMASK1 


ao 


204H | 516 | IA32_MTRR_PHYSBASE2 


ao 


,2,3, | Shared Variable Range Mask MTRR 
See Section 11.11.2.3, “Variable Range MTRRs.” 


205H | 517 | IA32_MTRR_PHYSMASK2 ,2,3, | Shared Variable Range Mask MTRR 


See Section 11.11.2.3, “Variable Range MTRRs”. 


a= 


206H | 518 | IA32_MTRR_PHYSBASE3 ,2,3, | Shared Variable Range Mask MTRR 


See Section 11.11.2.3, “Variable Range MTRRs.” 


ao 


207H | 519 | IA32_MTRR_PHYSMASK3 ,2,3, | Shared Variable Range Mask MTRR 


See Section 11.11.2.3, “Variable Range MTRRs.” 
,2,3, | Shared Variable Range Mask MTRR 
See Section 11.11.2.3, “Variable Range MTRRs.” 
,2,3, | Shared Variable Range Mask MTRR 
See Section 11.11.2.3, “Variable Range MTRRs." 


ao 


208H | 520 | IA32_MTRR_PHYSBASE4 


oa 


209H | 521 | IA32_MTRR_PHYSMASK4 


n= 


fo; FO; FO; FO; FO} FEO] FEO] FO] FO] FO 
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20AH | 522 | IA32_MTRR_PHYSBASES 0,1, 2,3, | Shared Variable Range Mask MTRR 

4,6 See Section 11.11.2.3, “Variable Range MTRRs.” 
20BH | 523 | IA32_MTRR_PHYSMASK5 0,1, 2,3, | Shared Variable Range Mask MTRR 

4,6 See Section 11.11.2.3, “Variable Range MTRRs.” 
20CH | 524 | IA32_MTRR_PHYSBASE6 0, 1,2,3, | Shared Variable Range Mask MTRR 

4,6 See Section 11.11.2.3, “Variable Range MTRRs.” 
20DH | 525 | IA32_MTRR_PHYSMASK6 0, 1, 2,3, | Shared Variable Range Mask MTRR 

4,6 See Section 11.11.2.3, “Variable Range MTRRs.” 
20€H | 526 | IA32_MTRR_PHYSBASE7 0, 1,2,3, | Shared Variable Range Mask MTRR 

4,6 See Section 11.11.2.3, “Variable Range MTRRs.” 
20FH | 527 | IA32_MTRR_PHYSMASK7 0,1, 2,3, | Shared Variable Range Mask MTRR 

4,6 See Section 11.11.2.3, “Variable Range MTRRs.” 
250H | 592 | IA32_MTRR_FIX64K_00000 0,1, 2,3, | Shared Fixed Range MTRR 

4,6 See Section 11.11.2.2, “Fixed Range MTRRs.” 
258H | 600 | IA32_MTRR_FIX16K_80000 0,1, 2,3, | Shared Fixed Range MTRR 

4,6 See Section 11.11.2.2, “Fixed Range MTRRs.” 
259H | 601 | IA32_MTRR_FIX16K_A0000 0,1,2,3, | Shared Fixed Range MTRR 

4,6 See Section 11.11.2.2, “Fixed Range MTRRs.” 
268H | 616 | IA32_MTRR_FIX4K_CO000 0,1, 2,3, | Shared Fixed Range MTRR 

4,6 See Section 11.11.2.2, “Fixed Range MTRRs.” 
269H | 617 | IA32_MTRR_FIX4K_C8000 0,1, 2,3, | Shared Fixed Range MTRR 

4,6 See Section 11.11.2.2, “Fixed Range MTRRs". 
26AH | 618 | IA32_MTRR_FIX4K_DO000 0,1, 2,3, | Shared Fixed Range MTRR 

4,6 See Section 11.11.2.2, “Fixed Range MTRRs". 
26BH | 619 | IA32_MTRR_FIX4K_D8000 0,1, 2,3, | Shared Fixed Range MTRR 

4,6 See Section 11.11.2.2, “Fixed Range MTRRs.” 
26CH | 620 | IA32_MTRR_FIX4K_E0000 0,1, 2,3, | Shared Fixed Range MTRR 

4,6 See Section 11.11.2.2, “Fixed Range MTRRs.” 
26DH | 621 | IA32_MTRR_FIX4K_€8000 0,1, 2,3, | Shared Fixed Range MTRR 

4,6 See Section 11.11.2.2, “Fixed Range MTRRs.” 
26€H | 622 | IA32_MTRR_FIX4K_FOOOO 0,1, 2,3, | Shared Fixed Range MTRR 

4,6 See Section 11.11.2.2, “Fixed Range MTRRs.” 
26FH | 623 | IA32_MTRR_FIX4K_F8000 0,1, 2,3, | Shared Fixed Range MTRR 

4,6 See Section 11.11.2.2, “Fixed Range MTRRs.” 
277H | 631 | IA32_PAT 0,1,2,3, | Unique Page Attribute Table 

4,6 See Section 11.11.2.2, “Fixed Range MTRRs.” 
2FFH | 767 | IA32_MTRR_DEF_TYPE 0, 1,2,3, | Shared Default Memory Types (R/W) 

4,6 See Table 2-2. 

See Section 11.11.2.1, IA32_MTRR_DEF_TYPE 
MSR." 
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300H 768 | MSR_BPU_COUNTERO 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

301H 769 | MSR_BPU_COUNTER1 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

302H 770 | MSR_BPU_COUNTER2 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

303H 771. | MSR_BPU_COUNTER3 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

304H 772 |MSR_MS_COUNTERO 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

305H 773 | MSR_MS_COUNTER1 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

306H 774 |MSR_MS_COUNTER2 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

307H 775 | MSR_MS_COUNTER3 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

308H 776 | MSR_FLAME_COUNTERO 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

309H 777 | MSR_FLAME_COUNTER1 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

30AH 778 | MSR_FLAME_COUNTER2 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

30BH 779 | MSR_FLAME_COUNTER3 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

30CH 780 | MSR_IQ_COUNTERO 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

30DH 781 | MSR_IQ_COUNTER1 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

30EH 782 | MSR_IQ_COUNTER2 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

30FH 783 | MSR_IQ_COUNTER3 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

310H 784 | MSR_IQ_COUNTER4 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

311H 785 | MSR_IQ_COUNTERS 0,1,2,3, | Shared See Section 19.6.3.2, “Performance Counters.” 
4,6 

360H | 864 | MSR_BPU_CCCRO 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

361H | 865 | MSR_BPU_CCCR1 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

362H | 866 | MSR_BPU_CCCR2 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

363H | 867 | MSR_BPU_CCCR3 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 
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364H | 868 | MSR_MS_CCCRO 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

365H | 869 | MSR_MS_CCCR1 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

366H | 870 | MSR_MS_CCCR2 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

367H | 871 | MSR_MS_CCCR3 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

368H | 872 | MSR_FLAME_CCCRO 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

369H | 873 | MSR_FLAME_CCCR1 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

36AH | 874 | MSR_FLAME_CCCR2 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

36BH | 875 | MSR_FLAME_CCCR3 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

36CH | 876 | MSR_IQ_CCCRO 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

36DH | 877 |MSR_IQ_CCCR1 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

36€H | 878 | MSR_IQ_CCCR2 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

36FH | 879 | MSR_IQ_CCCR3 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

370H | 880 | MSR_IQ_CCCR4 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

371H | 881 | MSR_IQ_CCCRS 0,1,2,3, | Shared See Section 19.6.3.3, “CCCR MSRs.” 
4,6 

3A0H | 928 | MSR_BSU_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 

3A1H | 929 | MSR_BSU_ESCR1 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 

3A2H | 930 | MSR_FSB_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 

3A3H | 931 | MSR_FSB_ESCR1 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 

3A4H | 932 | MSR_FIRM_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 

3A5H | 933 | MSR_FIRM_ESCR1 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 

3A6H | 934 | MSR_FLAME_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 

3A7H | 935 |MSR_FLAME_ESCR1 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
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3A8H | 936 | MSR_DAC_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3A9H | 937 |MSR_DAC_ESCR1 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3AAH | 938 | MSR_MOB_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3ABH | 939 | MSR_MOB_ESCR1 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3ACH | 940 | MSR_PMH_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3ADH | 941 | MSR_PMH_ESCR1 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3AEH | 942 | MSR_SAAT_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3AFH | 943 | MSR_SAAT_ESCR1 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3BOH | 944 | MSR_U2L_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3B1H | 945 | MSR_U2L_ESCR1 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3B2H | 946 | MSR_BPU_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3B3H | 947 | MSR_BPU_ESCR1 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3B4H | 948 | MSR_IS_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3B5H | 949 | MSR_IS_ESCR1 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3B6H | 950 | MSR_ITLB_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3B7H | 951 | MSR_ITLB_ESCR1 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3B8H | 952 | MSR_CRU_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3B9H | 953 | MSR_CRU_ESCR1 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3BAH | 954 | MSR_IQ_ESCRO 0,1,2 Shared See Section 19.6.3.1, “ESCR MSRs." 
This MSR is not available on later processors. It 
is only available on processor family OFH, 
models 01H-O2H. 
3BBH | 955 | MSR_IQ_ESCR1 0,1,2 Shared See Section 19.6.3.1, “ESCR MSRs.” 
This MSR is not available on later processors. It 
is only available on processor family OFH, 
models 01H-O2H. 
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3BCH | 956 | MSR_RAT_ESCRO 0,1, 2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3BDH | 957 | MSR_RAT_ESCR1 0,1, 2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3BEH | 958 | MSR_SSU_ESCRO 0,1, 2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3COH | 960 | MSR_MS_ESCRO 0,1, 2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3C1H | 961 | MSR_MS_ESCR1 0,1, 2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3C2H | 962 | MSR_TBPU_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3C3H | 963 | MSR_TBPU_ESCR1 0,1, 2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3C4H | 964 | MSR_TC_ESCRO 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3C5H | 965 |) MSR_TC_ESCR1 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3C8H | 968 |) MSR_IX_ESCRO 0,1, 2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3C9H | 969 | MSR_IX_ESCR1 0,1, 2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3CAH | 970 | MSR_ALF_ESCRO 0,1, 2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3CBH | 971 | MSR_ALF_ESCR1 0,1, 2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3CCH | 972 | MSR_CRU_ESCR2 0,1, 2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3CDH | 973 | MSR_CRU_ESCR3 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3EOH | 992 | MSR_CRU_ESCR4 0,1,2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3E1H | 993 |) MSR_CRU_ESCR5 0,1, 2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3FOH | 1008 | MSR_TC_PRECISE_EVENT 0,1, 2,3, | Shared See Section 19.6.3.1, “ESCR MSRs.” 
4,6 
3F1H | 1009 | IA32_PEBS_ENABLE 0,1,2,3, | Shared Processor Event Based Sampling (PEBS) (R/W) 
(MSR_PEBS_ENABLE) 4,6 Controls the enabling of processor event 
sampling and replay tagging. 
12:0 See https://perfmon-events.intel.com/. 
23:13 Reserved 
24 UOP Tag 
Enables replay tagging when set. 
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25 ENABLE_PEBS_MY_THR (R/W) 

Enables PEBS for the target logical processor 
when set; disables PEBS when clear (default). 
See Section 19.6.4.3, “IA32_PEBS_ENABLE 
MSR,” for an explanation of the target logical 
processor. 

This bit is called ENABLE_PEBS in IA-32 
processors that do not support Intel Hyper- 
Threading Technology. 


26 ENABLE_PEBS_OTH_THR (R/W) 

Enables PEBS for the target logical processor 
when set; disables PEBS when clear (default). 
See Section 19.6.4.3, “IA32_PEBS_ENABLE 
MSR,” for an explanation of the target logical 
processor. 

This bit is reserved for IA-32 processors that do 
not support Intel Hyper-Threading Technology. 


63:27 Reserved 


3F2H | 1010 | MSR_PEBS_MATRIX_VERT ,2,3, | Shared See https://perfmon-events.intel.com/, 


400H | 1024 | IA32_MCO_CTL ,2,3, | Shared See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


401H |; 1025 | IA32_MCO_STATUS ,2,3, | Shared See Section 15.3.2.2, “IA32_MCi_STATUS 


MSRS." 


402H | 1026 | IA32_MCO_ADDR ,2,3, | Shared See Section 15.3.2.3, "IA32_MCi_ADDR MSRs." 


The IA32_MCO_ADDR register is either not 
implemented or contains no address if the 
ADDRV flag in the IA32_MCO_STATUS register 
is clear. 


RoO|SRO/RO/RO 
A-|na-|n-|n=- 


When not implemented in the processor, all 
reads and writes to this MSR will cause a 
general-protection exception. 


403H | 1027 | IA32_MCO_MISC ,2,3, | Shared See Section 15.3.2.4, “IA32_MCi_MISC MSRs." 


0,1 

4,6 The IA32_MCO_MISC MSR is either not 
implemented or does not contain additional 
information if the MISCV flag in the 
IA32_MCO_STATUS register is clear. 


When not implemented in the processor, all 
reads and writes to this MSR will cause a 
general-protection exception. 


404H |; 1028 | IA32_MC1_CTL ,2,3, | Shared See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


,2,3, | Shared See Section 15.3.2.2, "IA32_MCi_STATUS 
MSRS." 


0 
4 
405H | 1029 | IA32_MC1_STATUS 0, 
4 
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Register 
Address 


Hex 


Dec 


Register Name 
Fields and Flags 


Shared/ 
Unique 
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406H 


1030 


IA32_MC1_ADDR 


Shared 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 
The IA32_MC1_ADDR register is either not 
implemented or contains no address if the 
ADDRV flag in the IA32_MC1_STATUS register 
is clear. 

When not implemented in the processor, all 
reads and writes to this MSR will cause a 
general-protection exception. 


407H 


1031 


IA32_MC1_MISC 


Shared 


See Section 15.3.2.4, “IA32_MCi_MISC MSRs." 


The IA32_MC1_MISC MSR is either not 
implemented or does not contain additional 
information if the MISCV flag in the 
IA32_MC1_STATUS register is clear. 

When not implemented in the processor, all 
reads and writes to this MSR will cause a 
general-protection exception. 


408H 


1032 


IA32_MC2_CTL 


Shared 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


409H 


1033 


IA32_MC2_STATUS 


Shared 


See Section 15.3.2.2, “IA32_MCi_STATUS 
MSRS." 


40AH 


1034 


IA32_MC2_ADDR 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The IA32_MC2_ADDR register is either not 
implemented or contains no address if the 
ADDRV flag in the IA32_MC2_STATUS register 
is clear. When not implemented in the processor, 
all reads and writes to this MSR will cause a 
general-protection exception. 


40BH 


40CH 


1035 


1036 


IA32_MC2_MISC 


IA32_MC3_CTL 


Shared 


See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 


The IA32_MC2_MISC MSR is either not 
implemented or does not contain additional 
information if the MISCV flag in the 
IA32_MC2_STATUS register is clear. 


When not implemented in the processor, all 
reads and writes to this MSR will cause a 
general-protection exception. 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


40DH 


40€H 


1037 


1038 


IA32_MC3_STATUS 


IA32_MC3_ADDR 


Shared 


Shared 


See Section 15.3.2.2, “IA32_MCi_STATUS 
MSRS." 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 
The IA32_MC3_ADDR register is either not 
implemented or contains no address if the 
ADDRV flag in the IA32_MC3_STATUS register 
is clear. 

When not implemented in the processor, all 
reads and writes to this MSR will cause a 
general-protection exception. 
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Unique 


Bit Description 


40FH 


1039 


IA32_MC3_MISC 


Shared 


See Section 15.3.2.4, “IA32_MCi_MISC MSRs." 


The IA32_MC3_MISC MSR is either not 
implemented or does not contain additional 
information if the MISCV flag in the 
IA32_MC3_STATUS register is clear. 

When not implemented in the processor, all 
reads and writes to this MSR will cause a 
general-protection exception. 


410H 


1040 


IA32_MC4_CTL 


Shared 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


411H 


1041 


IA32_MC4_STATUS 


Shared 


See Section 15.3.2.2, "IA32_MCi_STATUS 
MSRS." 


412H 


1042 


IA32_MC4_ADDR 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 
The IA32_MC2_ADDR register is either not 
implemented or contains no address if the 
ADDRV flag in the IA32_MC4_STATUS register 
is clear. 

When not implemented in the processor, all 
reads and writes to this MSR will cause a 
general-protection exception. 


413H 


1043 


IA32_MC4_MISC 


See Section 15.3.2.4, “IA32_MCi_MISC MSRs.” 


The IA32_MC2_MISC MSR is either not 
implemented or does not contain additional 
information if the MISCV flag in the 
IA32_MC4_STATUS register is clear. 


When not implemented in the processor, all 
reads and writes to this MSR will cause a 
general-protection exception. 


480H 


1152 


IA32_VMX_BASIC 


3,4,6 


Unique 


Reporting Register of Basic VMX Capabilities 
(R/O) 


See Table 2-2. 
See Appendix A.1, “Basic VMX Information.” 


481H 


1153 


IA32_VMX_PINBASED_CTLS 


3,4,6 


Unique 


Capability Reporting Register of Pin-Based 
V/M-Execution Controls (R/O) 
See Table 2-2. 


See Appendix A.3, “VM-Execution Controls.” 


482H 


1154 


IA32_VMX_PROCBASED_CTLS 


3,4,6 


Unique 


Capability Reporting Register of Primary 
Processor-Based VM-Execution Controls (R/O) 
See Appendix A.3, “VM-Execution Controls,” and 
see Table 2-2. 


483H 


1155 


IA32_VMX_EXIT_CTLS 


3,4,6 


Unique 


Capability Reporting Register of VM-Exit 
Controls (R/O) 


See Appendix A.4, “VM-Exit Controls,” and see 
Table 2-2. 
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484H 


1156 


IA32_VMX_ENTRY_CTLS 


3,4,6 


Unique 


Capability Reporting Register of VM-Entry 
Controls (R/O) 


See Appendix A.5, “VM-Entry Controls,” and see 
Table 2-2. 


485H 


1157 


IA32_VMX_MISC 


3,4,6 


Unique 


Reporting Register of Miscellaneous VMX 
Capabilities (R/O) 

See Appendix A.6, “Miscellaneous Data,” and see 
Table 2-2. 


486H 


1158 


IA32_VMX_CRO_FIXEDO 


3,4,6 


Unique 


Capability Reporting Register of CRO Bits Fixed 
to 0 (R/O) 


See Appendix A.7, “VMX-Fixed Bits in CRO,” and 
see Table 2-2. 


487H 


488H 


1159 


1160 


IA32_VMX_CRO_FIXED1 


IA32_VMX_CR4_FIXEDO 


3,4,6 


3,4,6 


Unique 


Unique 


Capability Reporting Register of CRO Bits Fixed 
to 1 (R/O) 


See Appendix A.7, “VMX-Fixed Bits in CRO,” and 
see Table 2-2. 


Capability Reporting Register of CR4 Bits Fixed 
to 0 (R/O) 


See Appendix A.8, “VMX-Fixed Bits in CR4,” and 
see Table 2-2. 


489H 


1161 


IA32_VMX_CR4_FIXED1 


3,4,6 


Unique 


Capability Reporting Register of CR4 Bits Fixed 
to 1 (R/O) 


See Appendix A.8, “VMX-Fixed Bits in CR4,” and 
see Table 2-2. 


48AH 


48BH 


1162 


1163 


IA32_WMX_VMCS_ENUM 


IA32_VMX_PROCBASED_CTLS2 


3,4,6 


3,4,6 


Unique 


Unique 


Capability Reporting Register of VMCS Field 
Enumeration (R/O) 


See Appendix A.9, “VMCS Enumeration,” and see 
Table 2-2. 

Capability Reporting Register of Secondary 
Processor-Based V/M-Execution Controls (R/O) 


See Appendix A.3, “VM-Execution Controls,” and 
see Table 2-2. 


600H 


1536 


IA32_DS_AREA 


Unique 


DS Save Area (R/W) 
See Table 2-2. 


See Section 19.6.3.4, “Debug Store (DS) 
Mechanism.” 


680H 


1664 


MSR_LASTBRANCH_O_FROM_IP 


3,4,6 


Unique 


Last Branch Record 0 (R/W) 


One of 16 pairs of last branch record registers 
on the last branch record stack (680H-68FH). 
This part of the stack contains pointers to the 
source instruction for one of the last 16 
branches, exceptions, or interrupts taken by the 
processor. 
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The MSRs at G80H-68FH, 6COH-6CFH are not 
available in processor releases before family 
OFH, model 03H. These MSRs replace MSRs 
previously located at 1DBH-1DEH.which 
performed the same function for early releases. 


See Section 17.12, “Last Branch, Call Stack, 
Interrupt, and Exception Recording for 
Processors based on Skylake Microarchitecture.” 


681H | 1665 | MSR_LASTBRANCH_1_FROM_IP 3,4,6 Unique Last Branch Record 1 


See description of MSR_LASTBRANCH_O at 
680H. 


682H | 1666 | MSR_LASTBRANCH_2_FROM_IP 3,4,6 Unique Last Branch Record 2 


See description of MSR_LASTBRANCH_O at 
680H. 


683H | 1667 | MSR_LASTBRANCH_3_FROM_IP 3,4,6 Unique Last Branch Record 3 


See description of MSR_LASTBRANCH_O at 
680H. 


684H | 1668 | MSR_LASTBRANCH_4 FROM_IP 3,4,6 Unique Last Branch Record 4 

See description of MSR_LASTBRANCH_O at 
680H. 

685H | 1669 | MSR_LASTBRANCH_5_FROM_IP 3,4,6 Unique Last Branch Record 5 


See description of MSR_LASTBRANCH_O at 
680H. 


686H | 1670 | MSR_LASTBRANCH_6_FROM_IP 3,4,6 Unique Last Branch Record 6 


See description of MSR_LASTBRANCH_O at 
680H. 


687H | 1671 | MSR_LASTBRANCH_7_FROM_IP 3,4,6 Unique Last Branch Record 7 


See description of MSR_LASTBRANCH_O at 
680H. 


688H | 1672 | MSR_LASTBRANCH_8_FROM_IP 3,4,6 Unique Last Branch Record 8 


See description of MSR_LASTBRANCH_O at 
680H. 


689H | 1673 | MSR_LASTBRANCH_9_FROM_IP 3,4,6 Unique Last Branch Record 9 


See description of MSR_LASTBRANCH_O at 
680H. 


68AH | 1674 | MSR_LASTBRANCH_10_FROM_IP | 3,4,6 Unique Last Branch Record 10 

See description of MSR_LASTBRANCH_O at 
680H. 

68BH | 1675 |MSR_LASTBRANCH_11_FROM_IP | 3,4,6 Unique Last Branch Record 11 


See description of MSR_LASTBRANCH_O at 
680H. 


68CH | 1676 | MSR_LASTBRANCH_12_FROM_IP | 3,4,6 Unique Last Branch Record 12 


See description of MSR_LASTBRANCH_O at 
680H. 
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68DH 


1677 


MSR_LASTBRANCH_13_FROM_IP 


3,4,6 


Unique 


Last Branch Record 13 


See description of MSR_LASTBRANCH_O at 
680H. 


68EH 


1678 


MSR_LASTBRANCH_14_FROM_IP 


3,4,6 


Unique 


Last Branch Record 14 


See description of MSR_LASTBRANCH_O at 
680H. 


68FH 


1679 


MSR_LASTBRANCH_15_FROM_IP 


3,4,6 


Unique 


Last Branch Record 15 


See description of MSR_LASTBRANCH_O at 
680H. 


6COH 


6C1H 


1728 


1729 


MSR_LASTBRANCH_O_TO_IP 


MSR_LASTBRANCH_1_TO_IP 


3,4,6 


3,4,6 


Unique 


Unique 


Last Branch Record 0 (R/W) 


One of 16 pairs of last branch record registers 
on the last branch record stack (6COH-6CFH). 
This part of the stack contains pointers to the 
destination instruction for one of the last 16 
branches, exceptions, or interrupts that the 
processor took. 


See Section 17.12, “Last Branch, Call Stack, 
Interrupt, and Exception Recording for 
Processors based on Skylake Microarchitecture.” 


Last Branch Record 1 


See description of MSR_LASTBRANCH_O at 
6COH. 


6C2H 


1730 


MSR_LASTBRANCH_2_TO_IP 


3,4,6 


Unique 


Last Branch Record 2 


See description of MSR_LASTBRANCH_O at 
6COH. 


6C3H 


1731 


MSR_LASTBRANCH_3_TO_IP 


3,4,6 


Unique 


Last Branch Record 3 


See description of MSR_LASTBRANCH_O at 
6COH. 


6C4H 


1732 


MSR_LASTBRANCH_4_TO_IP 


3,4,6 


Unique 


Last Branch Record 4 


See description of MSR_LASTBRANCH_O at 
6COH. 


6C5H 


1733 


MSR_LASTBRANCH_5_TO_IP 


3,4,6 


Unique 


Last Branch Record 5 


See description of MSR_LASTBRANCH_O at 
6COH. 


6C6H 


6C7H 


1734 


1735 


MSR_LASTBRANCH_6_TO_IP 


MSR_LASTBRANCH_7_TO_IP 


3,4,6 


3,4,6 


Unique 


Unique 


Last Branch Record 6 

See description of MSR_LASTBRANCH_O at 
6COH. 

Last Branch Record 7 


See description of MSR_LASTBRANCH_O at 
6COH. 


6C8H 


1736 


MSR_LASTBRANCH_8_TO_IP 


3,4,6 


Unique 


Last Branch Record 8 


See description of MSR_LASTBRANCH_O at 
6COH. 
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6C9H | 1737 | MSR_LASTBRANCH_9_TO_IP 3,4,6 Unique Last Branch Record 9 
See description of MSR_LASTBRANCH_O at 
6COH. 

6CAH | 1738 | MSR_LASTBRANCH_10_TO_IP 3,4,6 Unique Last Branch Record 10 
See description of MSR_LASTBRANCH_O at 
6COH. 

6CBH | 1739 | MSR_LASTBRANCH_11_TO_IP 3,4,6 Unique Last Branch Record 11 
See description of MSR_LASTBRANCH_O at 
6COH. 

6CCH | 1740 | MSR_LASTBRANCH_12_TO_IP 3,4,6 Unique Last Branch Record 12 
See description of MSR_LASTBRANCH_O at 
6COH. 

6CDH | 1741 | MSR_LASTBRANCH_13_TO_IP 3,4,6 Unique Last Branch Record 13 
See description of MSR_LASTBRANCH_O at 
6COH. 

6CEH | 1742 | MSR_LASTBRANCH_14_TO_IP 3,4,6 Unique Last Branch Record 14 
See description of MSR_LASTBRANCH_O at 
6COH. 

6CFH | 1743 | MSR_LASTBRANCH_15_TO_IP 3,4,6 Unique Last Branch Record 15 
See description of MSR_LASTBRANCH_O at 
6COH. 

CO00_ IA32_EFER 3,4,6 Unique Extended Feature Enables 

0080H See Table 2-2. 

CO00_ IA32_STAR 3,4,6 Unique System Call Target Address (R/W) 

0081H See Table 2-2. 

CO00_ IA32_LSTAR 3,4,6 Unique IA-32e Mode System Call Target Address (R/W) 

0082H See Table 2-2. 

CO00_ IA32_FMASK 3,4,6 Unique System Call Flag Mask (R/W) 

00844 See Table 2-2. 

COO0_ IA32_FS_BASE 3,4,6 Unique Map of BASE Address of FS (R/W) 

0100H See Table 2-2. 

COO0_ IA32_GS_BASE 3,4,6 Unique Map of BASE Address of GS (R/W) 

0101H See Table 2-2. 

CO00_ IA32_KERNEL_GS_BASE 3,4,6 Unique Swap Target of BASE Address of GS (R/W) 

0102H See Table 2-2. 

NOTES 


1. For HT-enabled processors, there may be more than one logical processors per physical unit. If an MSR is Shared, this means that 
one MSR is shared between logical processors. If an MSR is unique, this means that each logical processor has its own MSR. 
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2.19.1 MSRs Unique to Intel® Xeon® Processor MP with L3 Cache 


The MSRs listed in Table 2-56 apply to Intel® Xeon® Processor MP with up to 8MB level three cache. These proces- 
sors can be detected by enumerating the deterministic cache parameter leaf of CPUID instruction (with EAX = 4 as 
input) to detect the presence of the third level cache, and with CPUID reporting family encoding OFH, model 
encoding 3 or 4 (see CPUID instruction for more details). 


Table 2-56. MSRs Unique to 64-bit Intel’ Xeon® Processor MP with 
Up to an 8 MB L3 Cache 


Register Name Model Avail-| Shared/ 
Register Address Fields and Flags ability Unique Bit Description 


107CCH MSR_IFSB_BUSQO 3,4 Shared IFSB BUSQ Event Control and Counter Register (R/W) 


See Section 19.6.6, “Performance Monitoring on 64- 
bit Intel Xeon Processor MP with Up to 8-MByte L3 


Cache." 
107CDH MSR_IFSB_BUSQ1 3,4 Shared IFSB BUSQ Event Control and Counter Register (R/W) 
107CEH MSR_IFSB_SNPQO 3,4 Shared IFSB SNPQ Event Control and Counter Register (R/W) 


See Section 19.6.6, “Performance Monitoring on 64- 
bit Intel Xeon Processor MP with Up to 8-MByte L3 


Cache.” 
107CFH MSR_IFSB_SNPQ1 3,4 Shared IFSB SNPQ Event Control and Counter Register (R/W) 
107D0H MSR_EFSB_DRDYO 3,4 Shared EFSB DRDY Event Control and Counter Register (R/W) 


See Section 19.6.6, “Performance Monitoring on 64- 
bit Intel Xeon Processor MP with Up to 8-MByte L3 


Cache." 
107D1H MSR_EFSB_DRDY1 3,4 Shared EFSB DRDY Event Control and Counter Register (R/W) 
107D2H MSR_IFSB_CTL6 3,4 Shared IFSB Latency Event Control Register (R/W) 


See Section 19.6.6, “Performance Monitoring on 64- 
bit Intel Xeon Processor MP with Up to 8-MByte L3 
Cache.” 


107D3H MSR_IFSB_CNTR7 3,4 Shared IFSB Latency Event Counter Register (R/W) 


See Section 19.6.6, “Performance Monitoring on 64- 
bit Intel Xeon Processor MP with Up to 8-MByte L3 
Cache.” 


The MSRs listed in Table 2-57 apply to Intel® Xeon® Processor 7100 series. These processors can be detected by 
enumerating the deterministic cache parameter leaf of CPUID instruction (with EAX = 4 as input) to detect the 
presence of the third level cache, and with CPUID reporting family encoding OFH, model encoding 6 (See CPUID 
instruction for more details.). The performance monitoring MSRs listed in Table 2-57 are shared between logical 
processors in the same core, but are replicated for each core. 


Table 2-57. MSRs Unique to Intel® Xeon® Processor 7100 Series 


Register Name Model Avail-| Shared/ 
Fields and Flags ability Unique Bit Description 
Register Address 
107CCH MSR_EMON_L3_CTR_CTLO |6 Shared GBUSQ Event Control and Counter Register (R/W) 


See Section 19.6.6, “Performance Monitoring on 
64-bit Intel Xeon Processor MP with Up to 8- 
MByte L3 Cache.” 
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Table 2-57. MSRs Unique to Intel® Xeon® Processor 7100 Series (Contd.) 


Register Name Model Avail-| Shared/ 
Fields and Flags ability Unique Bit Description 
Register Address 
107CDH MSR_EMON_L3_CTR_CTL1 |6 Shared GBUSQ Event Control and Counter Register (R/W) 
107CEH MSR_EMON_L3_CTR_CTL2 |6 Shared GSNPQ Event Control and Counter Register (R/W) 
See Section 19.6.6, “Performance Monitoring on 
64-bit Intel Xeon Processor MP with Up to 8- 
MByte L3 Cache.” 
107CFH MSR_EMON_L3_CTR_CTL3 |6 Shared GSNPQ Event Control and Counter Register (R/W) 
107D0H MSR_EMON_L3_CTR_CTL4 |6 Shared FSB Event Control and Counter Register (R/W) 
See Section 19.6.6, “Performance Monitoring on 
64-bit Intel Xeon Processor MP with Up to 8- 
MByte L3 Cache.” 
107D1H MSR_EMON_L3_CTR_CTLS |6 Shared FSB Event Control and Counter Register (R/W) 
107D2H MSR_EMON_L3_CTR_CTL6 |6 Shared FSB Event Control and Counter Register (R/W) 
107D3H MSR_EMON_L3_CTR_CTL7 |6 Shared FSB Event Control and Counter Register (R/W) 
2.20 MSRSIN INTEL® CORE™ SOLO AND INTEL® CORE™ DUO PROCESSORS 


Model-specific registers (MSRs) for Intel Core Solo, Intel Core Duo processors, and Dual-core Intel Xeon processor 
LV are listed in Table 2-58. The column “Shared/Unique” applies to Intel Core Duo processor. “Unique” means each 
processor core has a separate MSR, or a bit field in an MSR governs only a core independently. “Shared” means the 
MSR or the bit field in an MSR address governs the operation of both processor cores. 


Table 2-58. MSRs in Intel® Core™ Solo, Intel®? Core™ Duo Processors, and Dual-Core Intel® Xeon® Processor LV 


Register Shared/ 
Address Register Name Unique Bit Description 
Hex Dec 
OH 6) P5_MC_ADDR Unique See Section 2.23, “MSRs in Pentium Processors,” and see 
Table 2-2. 
1H 1 P5_MC_TYPE Unique See Section 2.23, “MSRs in Pentium Processors,” and see 
Table 2-2. 
6H 6 IA32_MONITOR_FILTER_SIZE Unique See Section 8.10.5, “Monitor/Mwait Address Range 
Determination,” and see Table 2-2. 
10H 16 IA32_TIME_STAMP_COUNTER Unique See Section 17.17, “Time-Stamp Counter,” and see Table 2-2. 
17H 23 IA32_PLATFORM_ID Shared Platform ID (R) 
See Table 2-2. 
The operating system can use this MSR to determine “slot” 
information for the processor and the proper microcode 
update to load. 
1BH 27 IA32_APIC_BASE Unique See Section 10.4.4, “Local APIC Status and Location,” and see 
Table 2-2. 
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Table 2-58. MSRs in Intel® Core™ Solo, Intel? Core™ Duo Processors, and Dual-Core Intel® Xeon® Processor LV 


Register Shared/ 
Address Register Name Unique Bit Description 
Hex Dec 
2AH 42 MSR_EBL_CR_POWERON Shared Processor Hard Power-On Configuration (R/W) 
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Enables and disables processor features; (R) indicates current 
processor configuration. 


0 Reserved 
1 Data Error Checking Enable (R/W) 
1 = Enabled; 0 = Disabled 
Note: Not all processor implements R/W. 
2 Response Error Checking Enable (R/W) 
1 = Enabled; 0 = Disabled 
Note: Not all processor implements R/W. 
3 MCERR# Drive Enable (R/W) 
1 = Enabled; 0 = Disabled 
Note: Not all processor implements R/W. 
4 Address Parity Enable (R/W) 
1 = Enabled; 0 = Disabled 
Note: Not all processor implements R/W. 
6:5 Reserved 
BINIT# Driver Enable (R/W) 
1 = Enabled; 0 = Disabled 
Note: Not all processor implements R/W. 
8 Output Tri-state Enabled (R/O) 
1 = Enabled; 0 = Disabled 
9 Execute BIST (R/O) 
1 = Enabled; 0 = Disabled 
10 MCERR# Observation Enabled (R/O) 
1 = Enabled; 0 = Disabled 
11 Reserved 
12 BINIT# Observation Enabled (R/O) 
1 = Enabled; 0 = Disabled 
13 Reserved 
14 1 MByte Power on Reset Vector (R/O) 
1 = 1 MByte; O = 4 GBytes 
15 Reserved 
17:16 APIC Cluster ID (R/O) 
18 System Bus Frequency (R/O) 
0 = 100 MHz 
1 = Reserved 
19 Reserved 
21:20 Symmetric Arbitration ID (R/O) 
26:22 Clock Frequency Ratio (R/O) 
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Table 2-58. MSRs in Intel® Core™ Solo, Intel? Core™ Duo Processors, and Dual-Core Intel® Xeon® Processor LV 


Register 
Address 


Hex 


Dec 


Register Name 


Shared/ 
Unique 


Bit Description 


3AH 


58 


IA32_FEATURE_CONTROL 


Unique 


Control Features in IA-32 Processor (R/W) 
See Table 2-2. 


40H 


64 


MSR_LASTBRANCH_O 


Unique 


Last Branch Record 0 (R/W) 

One of 8 last branch record registers on the last branch record 
stack: bits 31-0 hold the ‘from’ address and bits 63-32 hold 
the ‘to’ address. See also: 

* Last Branch Record Stack TOS at 1C9H 


* Section 17.15, “Last Branch, Interrupt, and Exception 
Recording (Pentium M Processors).” 


41H 


65 


MSR_LASTBRANCH_1 


Unique 


Last Branch Record 1 (R/W) 
See description of MSR_LASTBRANCH_O. 


42H 


66 


MSR_LASTBRANCH_2 


Unique 


Last Branch Record 2 (R/W) 
See description of MSR_LASTBRANCH_O. 


43H 


67 


MSR_LASTBRANCH_3 


Unique 


Last Branch Record 3 (R/W) 
See description of MSR_LASTBRANCH_O. 


44H 


68 


MSR_LASTBRANCH_4 


Unique 


Last Branch Record 4 (R/W) 
See description of MSR_LASTBRANCH_O. 


45H 


69 


MSR_LASTBRANCH_5 


Unique 


Last Branch Record 5 (R/W) 
See description of MSR_LASTBRANCH_O. 


46H 


70 


MSR_LASTBRANCH_6 


Unique 


Last Branch Record 6 (R/W) 
See description of MSR_LASTBRANCH_O. 


47H 


71 


MSR_LASTBRANCH_7 


Unique 


Last Branch Record 7 (R/W) 
See description of MSR_LASTBRANCH_O. 


79H 


121 


IA32_BlOS_UPDT_TRIG 


Unique 


BIOS Update Trigger Register (W) 
See Table 2-2. 


8BH 


139 


IA32_BlOS_SIGN_ID 


Unique 


BIOS Update Signature ID (RO) 
See Table 2-2. 


C1H 


193 


IA32_PMCO 


Unique 


Performance Counter Register 
See Table 2-2. 


C2H 


194 


IA32_PMC1 


Unique 


Performance Counter Register 
See Table 2-2. 


CDH 


205 


MSR_FSB_FREQ 


Shared 


Scaleable Bus Speed (RO) 
This field indicates the scaleable bus clock speed: 


2:0 


* 101B: 100 MHz (FSB 400) 
* 001B: 133 MHz (FSB 533) 
* 011B: 167 MHz (FSB 667) 


133.33 MHz should be utilized if performing calculation with 
System Bus Speed when encoding is 101B. 
166.67 MHz should be utilized if performing calculation with 
System Bus Speed when encoding is 001B. 


Reserved 
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Table 2-58. MSRs in Intel® Core™ Solo, Intel? Core™ Duo Processors, and Dual-Core Intel® Xeon® Processor LV 


Register Shared/ 
Address Register Name Unique Bit Description 
Hex Dec 
€7H 231 IA32_MPERF Unique Maximum Performance Frequency Clock Count (RW) 
See Table 2-2. 
E8H 232 =| IA32_APERF Unique Actual Performance Frequency Clock Count (RW) 
See Table 2-2. 
FEH 254 | 1IA32_MTRRCAP Unique See Table 2-2. 
11€H 281 MSR_BBL_CR_CTL3 Shared Control Register 3 
Used to configure the L2 Cache. 
0 L2 Hardware Enabled (RO) 
1= If the L2 is hardware-enabled 
OQ = Indicates if the L2 is hardware-disabled 
7) Reserved 
8 L2 Enabled (R/W) 
1=  L2 cache has been initialized 
O= Disabled (default) 
Until this bit is set the processor will not respond to the 
WBINVD instruction or the assertion of the FLUSH# input. 
22:9 Reserved 
23 L2 Not Present (RO) 
O= L2 Present 
1=  L2 Not Present 
63:24 Reserved 
174H 372 | |A32_SYSENTER_CS Unique See Table 2-2. 
175H 373 | IA32_SYSENTER_ESP Unique See Table 2-2. 
176H 374 | IA32_SYSENTER_EIP Unique See Table 2-2. 
179H 377 | 1IA32_MCG_CAP Unique See Table 2-2. 
17AH 378 | IA32_MCG_STATUS Unique Global Machine Check Status 
0 RIPV 
When set, this bit indicates that the instruction addressed by 
the instruction pointer pushed on the stack (when the 
machine check was generated) can be used to restart the 
program. If this bit is cleared, the program cannot be reliably 
restarted. 
1 EIPV 
When set, this bit indicates that the instruction addressed by 
the instruction pointer pushed on the stack (when the 
machine check was generated) is directly associated with the 
error. 
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Table 2-58. MSRs in Intel® Core™ Solo, Intel? Core™ Duo Processors, and Dual-Core Intel® Xeon® Processor LV 


Register Shared/ 
Address Register Name Unique Bit Description 
Hex Dec 
2 MCIP 
When set, this bit indicates that a machine check has been 
generated. If a second machine check is detected while this bit 
is still set, the processor enters a shutdown state. Software 
should write this bit to O after processing a machine check 
exception. 
63:3 Reserved 
186H 390 | IA32_PERFEVTSELO Unique See Table 2-2. 
187H 391 | IA32_PERFEVTSEL1 Unique See Table 2-2. 
198H 408 | IA32_PERF_STATUS Shared See Table 2-2. 
199H 409 | IA32_PERF_CTL Unique See Table 2-2. 
19AH 410 | IA32_CLOCK_MODULATION Unique Clock Modulation (R/W) 
See Table 2-2. 
19BH 411 | IA32_THERM_INTERRUPT Unique Thermal Interrupt Control (R/W) 
See Table 2-2. 
See Section 14.8.2, “Thermal Monitor.” 
19CH 412 | |IA32_THERM_STATUS Unique Thermal Monitor Status (R/W) 
See Table 2-2. 
See Section 14.8.2, “Thermal Monitor”. 
19DH 413 | MSR_THERM2_CTL Unique Thermal Monitor 2 Control 
15:0 Reserved 
16 TM_SELECT (R/W) 
Mode of automatic thermal monitor: 
Q= Thermal Monitor 1 (thermally-initiated on-die modulation 
of the stop-clock duty cycle) 
1 = Thermal Monitor 2 (thermally-initiated frequency 
transitions) 
If bit 3 of the IA32_MISC_ENABLE register is cleared, 
TM_SELECT has no effect. Neither TM1 nor TM2 will be 
enabled. 
63:16 Reserved 
1A0H 416 | IA32_MISC_ENABLE Enable Miscellaneous Processor Features 
(R/W) 
Allows a variety of processor functions to be enabled and 
disabled. 
2:0 Reserved 
3 Unique Automatic Thermal Control Circuit Enable (R/W) 
See Table 2-2. 
6:4 Reserved 
7 Shared Performance Monitoring Available (R) 
See Table 2-2. 
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Table 2-58. MSRs in Intel® Core™ Solo, Intel? Core™ Duo Processors, and Dual-Core Intel® Xeon® Processor LV 


Register 
Address 


Hex 


Dec 


Register Name 


Shared/ 
Unique 


Bit Description 


9:8 


Reserved 


10 


Shared 


FERR# Multiplexing Enable (R/W) 

1 = FERR# asserted by the processor to indicate a pending 
break event within the processor 

O= Indicates compatible FERR# signaling behavior 


This bit must be set to 1 to support XAPIC interrupt model 
usage. 


Shared 


Branch Trace Storage Unavailable (RO) 
See Table 2-2. 


12 


Reserved 


13 


15:14 


Shared 


TM2 Enable (R/W) 


When this bit is set (1) and the thermal sensor indicates that 
the die temperature is at the pre-determined threshold, the 
Thermal Monitor 2 mechanism is engaged. TM2 will reduce the 
bus to core ratio and voltage according to the value last 
written to MSR_THERM2_CTL bits 15:0. 


When this bit is clear (0, default), the processor does not 
change the VID signals or the bus to core ratio when the 
processor enters a thermal managed state. 


If the TM2 feature flag (ECX[8]) is not set to 1 after executing 
CPUID with EAX = 1, then this feature is not supported and 
BIOS must not alter the contents of this bit location. The 
processor is operating out of spec if both this bit and the TM1 
bit are set to disabled states. 


Reserved 


Shared 


Enhanced Intel SpeedStep Technology Enable (R/W) 
1= Enhanced Intel SpeedStep Technology enabled 


Shared 


ENABLE MONITOR FSM (R/W) 
See Table 2-2. 


Reserved 


Shared 


Limit CPUID Maxval (R/W) 
See Table 2-2. 


Setting this bit may cause behavior in software that depends 
on the availability of CPUID leaves greater than 2. 


33:23 


Reserved 


34 


Shared 


XD Bit Disable (R/W) 
See Table 2-2. 


63:35 


Reserved 


1C9H 


457 


MSR_LASTBRANCH_TOS 


Unique 


Last Branch Record Stack TOS (R/W) 


Contains an index (bits 0-3) that points to the MSR containing 
the most recent branch record. 


See MSR_LASTBRANCH_O_FROML_IP (at 40H). 
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Table 2-58. MSRs in Intel® Core™ Solo, Intel’ Core™ Duo Processors, and Dual-Core Intel® Xeon® Processor LV 
Register Shared/ 
Address Register Name Unique Bit Description 
Hex Dec 

1D9H 473 | 1A32_DEBUGCTL Unique Debug Control (R/W) 
Controls how several debug features are used. Bit definitions 
are discussed in Table 2-2. 

1DDH 477 | MSR_LER_FROM_LIP Unique Last Exception Record From Linear IP (R) 
Contains a pointer to the last branch instruction that the 
processor executed prior to the last exception that was 
generated or the last interrupt that was handled. 

1DEH 478 | MSR_LER_TO_LIP Unique Last Exception Record To Linear IP (R) 
This area contains a pointer to the target of the last branch 
instruction that the processor executed prior to the last 
exception that was generated or the last interrupt that was 
handled. 

200H 512 | MTRRphysBaseO Unique Memory Type Range Registers 

201H 513 | MTRRphysMaskO Unique Memory Type Range Registers 

202H 514 | MTRRphysBase1 Unique Memory Type Range Registers 

203H 515 | MTRRphysMask1 Unique Memory Type Range Registers 

204H 516 | MTRRphysBase2 Unique Memory Type Range Registers 

205H 517 | MTRRphysMask2 Unique Memory Type Range Registers 

206H 518 | MTRRphysBase3 Unique Memory Type Range Registers 

207H 519 | MTRRphysMask3 Unique Memory Type Range Registers 

208H 520 | MTRRphysBase4 Unique Memory Type Range Registers 

209H 521 MTRRphysMask4 Unique Memory Type Range Registers 

20AH 522 | MTRRphysBase5 Unique Memory Type Range Registers 

20BH 523 | MTRRphysMask5 Unique Memory Type Range Registers 

20CH 524 | MTRRphysBase6 Unique Memory Type Range Registers 

20DH 525 | MTRRphysMask6 Unique Memory Type Range Registers 

20EH 526 | MTRRphysBase7 Unique Memory Type Range Registers 

20FH 527 | MTRRphysMask7 Unique Memory Type Range Registers 

250H 592 | MTRRfix64K_O0000 Unique Memory Type Range Registers 

258H 600 | MTRRfix16K_80000 Unique Memory Type Range Registers 

259H 601 MTRRfix16K_A0000 Unique Memory Type Range Registers 

268H 616 | MTRRfix4K_COOOO Unique Memory Type Range Registers 

269H 617 | MTRRfix4K_C8000 Unique Memory Type Range Registers 

26AH 618 | MTRRfix4K_DOO00 Unique Memory Type Range Registers 

26BH 619 | MTRRfix4K_D8000 Unique Memory Type Range Registers 

26CH 620 | MTRRfix4K_EOO00 Unique Memory Type Range Registers 

26DH 621 MTRRfix4K_E8000 Unique Memory Type Range Registers 

26EH 622 | MTRRfix4K_FOOOO Unique Memory Type Range Registers 

26FH 623 | MTRRfix4K_F8000 Unique Memory Type Range Registers 
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Table 2-58. MSRs in Intel® Core™ Solo, Intel? Core™ Duo Processors, and Dual-Core Intel® Xeon® Processor LV 


Register 
Address 


Hex 


Dec 


Register Name 


Shared/ 
Unique 


Bit Description 


2FFH 


767 


IA32_MTRR_DEF_TYPE 


Unique 


Default Memory Types (R/W) 
See Table 2-2. 
See Section 11.11.2.1, “IA32_MTRR_DEF_TYPE MSR.” 


400H 


1024 


IA32_MCO_CTL 


Unique 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


401H 


1025 


IA32_MCO_STATUS 


Unique 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


402H 


1026 


IA32_MCO_ADDR 


Unique 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The IA32_MCO_ADDR register is either not implemented or 
contains no address if the ADDRV flag in the 
IA32_MCO_STATUS register is clear. When not implemented in 
the processor, all reads and writes to this MSR will cause a 
general-protection exception. 


404H 
405H 


1028 
1029 


IA32_MC1_CTL 
IA32_MC1_STATUS 


Unique 


Unique 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


406H 


408H 


1030 


1032 


IA32_MC1_ADDR 


IA32_MC2_CTL 


Unique 


Unique 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The IA32_MC1_ADDR register is either not implemented or 
contains no address if the ADDRV flag in the 
IA32_MC1_STATUS register is clear. When not implemented in 
the processor, all reads and writes to this MSR will cause a 
general-protection exception. 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


409H 


1033 


IA32_MC2_STATUS 


Unique 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


40AH 


1034 


IA32_MC2_ADDR 


Unique 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The IA32_MC2_ADDR register is either not implemented or 
contains no address if the ADDRV flag in the 
IA32_MC2_STATUS register is clear. When not implemented in 
the processor, all reads and writes to this MSR will cause a 
general-protection exception. 


40CH 


1036 


MSR_MC4_CTL 


Unique 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


40DH 


1037 


MSR_MC4_STATUS 


Unique 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS." 


40€H 


1038 


MSR_MC4_ADDR 


Unique 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The MSR_MC4_ADDR register is either not implemented or 
contains no address if the ADDRV flag in the 
MSR_MC4_STATUS register is clear. When not implemented in 
the processor, all reads and writes to this MSR will cause a 
general-protection exception. 


410H 
411H 


1040 
1041 


IA32_MC3_CTL 
IA32_MC3_STATUS 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 
See Section 15.3.2.2, “IA32_MCi_STATUS MSRS.” 


412H 


1042 


MSR_MC3_ADDR 


Unique 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The MSR_MC3_ADDR register is either not implemented or 
contains no address if the ADDRV flag in the 
MSR_MC3_STATUS register is clear. When not implemented in 
the processor, all reads and writes to this MSR will cause a 
general-protection exception. 
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Table 2-58. MSRs in Intel® Core™ Solo, Intel®? Core™ Duo Processors, and Dual-Core Intel® Xeon® Processor LV 


Register Shared/ 
Address Register Name Unique Bit Description 
Hex Dec 
413H 1043 | MSR_MC3_MISC Unique Machine Check Error Reporting Register - contains additional 


information describing the machine-check error if the MISCV 
flag in the [A32_MCi_STATUS register is set. 


414H 1044 | MSR_MC5_CTL Unique Machine Check Error Reporting Register - controls signaling of 
#MC for errors produced by a particular hardware unit (or 
group of hardware units). 


415H 1045 | MSR_MC5_STATUS Unique Machine Check Error Reporting Register - contains information 
related to a machine-check error if its VAL (valid) flag is set. 
Software is responsible for clearing IA32_MCi_STATUS MSRs 
by explicitly writing Os to them; writing 1s to them causes a 
general-protection exception. 


416H 1046 | MSR_MC5_ADDR Unique Machine Check Error Reporting Register - contains the address 
of the code or data memory location that produced the 
machine-check error if the ADDRV flag in the 
IA32_MCi_STATUS register is set. 


417H 1047 | MSR_MC5_MISC Unique Machine Check Error Reporting Register - contains additional 
information describing the machine-check error if the MISCV 
flag in the [A32_MCi_STATUS register is set. 


480H 1152 | IA32_VMX_BASIC Unique Reporting Register of Basic VMX Capabilities (R/O) 
See Table 2-2. 
See Appendix A.1, “Basic VMX Information”. 
(If CPUID.O1H:ECX.[bit 5]) 
481H 1153 | IA32_VMX_PINBASED_CTLS Unique Capability Reporting Register of Pin-Based VM-Execution 
Controls (R/O) 
See Appendix A.3, "VM-Execution Controls”. 
(If CPUID.O1H:ECX.[bit 5]) 
482H 1154 | IA32_VMX_PROCBASED_CTLS Unique Capability Reporting Register of Primary Processor-Based 


V/M-Execution Controls (R/O) 
See Appendix A.3, “VM-Execution Controls”. 
(If CPUID.O1H:ECX.[bit 5]) 


483H 1155 | IA32_VMX_EXIT_CTLS Unique Capability Reporting Register of VM-Exit Controls (R/O) 
See Appendix A.4, “VM-Exit Controls”. 
(If CPUID.O1H:ECX.[bit 5]) 


484H 1156 | IA32_VMX_ENTRY_CTLS Unique Capability Reporting Register of VM-Entry Controls (R/O) 
See Appendix A.5, “VM-Entry Controls”. 
(If CPUID.O1H:ECX.[bit 5]) 


485H 1157 | IA32_VMX_MISC Unique Reporting Register of Miscellaneous VMX Capabilities (R/O) 
See Appendix A.6, “Miscellaneous Data”. 
(If CPUID.O1H:ECX.[bit 5]) 


486H 1158 | IA32_VMX_CRO_FIXEDO Unique Capability Reporting Register of CRO Bits Fixed to O (R/O) 
See Appendix A.7, “VMX-Fixed Bits in CRO”. 
(If CPUID.O1H:ECX.[bit 5]) 
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Table 2-58. MSRs in Intel® Core™ Solo, Intel? Core™ Duo Processors, and Dual-Core Intel® Xeon® Processor LV 


Register Shared/ 
Address Register Name Unique Bit Description 


Hex Dec 


487H 1159 | IA32_VMX_CRO_FIXED1 Unique Capability Reporting Register of CRO Bits Fixed to 1 (R/O) 
See Appendix A.7, “VMX-Fixed Bits in CRO”. 
(If CPUID.O1H:ECX.[bit 5]) 


488H 1160 | IA32_VMX_CR4_FIXEDO Unique Capability Reporting Register of CR4 Bits Fixed to O (R/O) 
See Appendix A.8, “VMX-Fixed Bits in CR4”. 
(If CPUID.O1H:ECX.[bit 5]) 


489H 1161 | IA32_VMX_CR4_FIXED1 Unique Capability Reporting Register of CR4 Bits Fixed to 1 (R/O) 
See Appendix A.8, “VMX-Fixed Bits in CR4”. 
(If CPUID.O1H:ECX,[bit 5]) 


48AH 1162 | IA32_VMX_VMCS_ENUM Unique Capability Reporting Register of VMCS Field Enumeration (R/O) 
See Appendix A.9, “VMCS Enumeration”. 
(If CPUID.O1H:ECX.[bit 5]) 


48BH 1163 | IA32_VMX_PROCBASED_CTLS2 | Unique Capability Reporting Register of Secondary Processor-Based 
VM-Execution Controls (R/O) 


See Appendix A.3, “VM-Execution Controls”. 


(If CPUID.O1H:ECX [bit 5] and 
IA32_VMX_PROCBASED_CTLS[bit 63}) 


600H | 1536 | IA32_DS_AREA Unique DS Save Area (R/W) 

See Table 2-2. 

See Section 19.6.3.4, “Debug Store (DS) Mechanism.” 
31:0 DS Buffer Management Area 


Linear address of the first byte of the DS buffer management 
area. 


63:32 Reserved 


CO00_ IA32_EFER Unique See Table 2-2. 
0080H 


10:0 Reserved 


11 Execute Disable Bit Enable 


63:12 Reserved 


2.21 MSRS IN THE PENTIUM M PROCESSOR 


Model-specific registers (MSRs) for the Pentium M processor are similar to those described in Section 2.22 for P6 
family processors. The following table describes new MSRs and MSRs whose behavior has changed on the Pentium 
M processor. 


Table 2-59. MSRs in Pentium M Processors 


Register Bit Description 
Address Register Name / Bit Fields 

Hex Dec 

OH 0 P5_MC_ADDR See Section 2.23, “MSRs in Pentium Processors.” 
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Register Bit Description 
Address Register Name / Bit Fields 
Hex Dec 
1H 1 P5_MC_TYPE See Section 2.23, “MSRs in Pentium Processors.” 
10H 16 IA32_TIME_STAMP_COUNTER See Section 17.17, “Time-Stamp Counter,” and see Table 2-2. 
17H 23 IA32_PLATFORM_ID Platform ID (R) 
See Table 2-2. 
The operating system can use this MSR to determine “slot” information 
for the processor and the proper microcode update to load. 
2AH 42 MSR_EBL_CR_POWERON Processor Hard Power-On Configuration 


(R/W) Enables and disables processor features. 
(R) Indicates current processor configuration. 


Reserved 


Data Error Checking Enable (R) 
0 = Disabled 


Always 0 on the Pentium M processor. 


Response Error Checking Enable (R) 
0 = Disabled 


Always 0 on the Pentium M processor. 


MCERR# Drive Enable (R) 
0 = Disabled 


Always 0 on the Pentium M processor. 


Address Parity Enable (R) 
0 = Disabled 


Always 0 on the Pentium M processor. 


Reserved 


BINIT# Driver Enable (R) 
1 = Enabled; 0 = Disabled 


Always 0 on the Pentium M processor. 


Output Tri-state Enabled (R/O) 
1 = Enabled; 0 = Disabled 


Execute BIST (R/O) 
1 = Enabled; 0 = Disabled 


MCERR# Observation Enabled (R/O) 
1 = Enabled; 0 = Disabled 


Always 0 on the Pentium M processor. 


11 


Reserved 


12 


BINIT# Observation Enabled (R/O) 
1 = Enabled; 0 = Disabled 


Always 0 on the Pentium M processor. 


Reserved 
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Register Bit Description 
Address Register Name / Bit Fields 
Hex Dec 
14 1 MByte Power on Reset Vector (R/O) 
1 = 1 MByte; 0 = 4 GBytes 
Always 0 on the Pentium M processor. 
15 Reserved 
17:16 APIC Cluster ID (R/O) 
Always OOB on the Pentium M processor. 
18 System Bus Frequency (R/O) 
0 = 100 MHz 
1 = Reserved 
Always 0 on the Pentium M processor. 
19 Reserved 
21:20 Symmetric Arbitration ID (R/O) 
Always OOB on the Pentium M processor. 
26:22 Clock Frequency Ratio (R/O) 
40H 64 MSR_LASTBRANCH_O Last Branch Record 0 (R/W) 
One of 8 last branch record registers on the last branch record stack: bits 
31-0 hold the ‘from’ address and bits 63-32 hold the to address. 
See also: 
« Last Branch Record Stack TOS at 1C9SH. 
* Section 17.15, “Last Branch, Interrupt, and Exception Recording 
(Pentium M Processors)”. 
41H 65 MSR_LASTBRANCH_1 Last Branch Record 1 (R/W) 
See description of MSR_LASTBRANCH_O. 
42H 66 MSR_LASTBRANCH_2 Last Branch Record 2 (R/W) 
See description of MSR_LASTBRANCH_O. 
43H 67 MSR_LASTBRANCH_3 Last Branch Record 3 (R/W) 
See description of MSR_LASTBRANCH_O. 
44H 68 MSR_LASTBRANCH_4 Last Branch Record 4 (R/W) 
See description of MSR_LASTBRANCH_O. 
45H 69 MSR_LASTBRANCH_5 Last Branch Record 5 (R/W) 
See description of MSR_LASTBRANCH_O. 
46H 70 MSR_LASTBRANCH_6 Last Branch Record 6 (R/W) 
See description of MSR_LASTBRANCH_O. 
47H 71 MSR_LASTBRANCH_7 Last Branch Record 7 (R/W) 
See description of MSR_LASTBRANCH_O. 
119H 281 MSR_BBL_CR_CTL Control Register 
Used to program L2 commands to be issued via cache configuration 
accesses mechanism. Also receives L2 lookup response. 
63:0 Reserved 
11€H 281 MSR_BBL_CR_CTL3 Control register 3 
Used to configure the L2 Cache. 
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Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Bit Description 


L2 Hardware Enabled (RO) 
1 = If the L2 is hardware-enabled. 
O= Indicates if the L2 is hardware-disabled. 


Reserved 


ECC Check Enable (RO) 

This bit enables ECC checking on the cache data bus. ECC is always 
generated on write cycles. 

O= Disabled (default) 

1= Enabled 


For the Pentium M processor, ECC checking on the cache data bus is 
always enabled. 


Reserved 


L2 Enabled (R/W) 
1 =  L2 cache has been initialized 
O= Disabled (default) 


Until this bit is set the processor will not respond to the WBINVD 
instruction or the assertion of the FLUSH# input. 


22:9 
23 


Reserved 


L2 Not Present (RO) 
O= L2 Present 
1=  L2 Not Present 


63:24 


Reserved 


179H 


377 


IA32_MCG_CAP 


Read-only register that provides information about the machine-check 
architecture of the processor. 


7:0 


Count (RO) 

Indicates the number of hardware unit error reporting banks available in 
the processor. 

IA32_MCG_CTL Present (RO) 


1 = Indicates that the processor implements the MSR_MCG_CTL 
register found at MSR 17BH. 


O= Not supported. 


63:9 


Reserved 


17AH 


378 


IA32_MCG_STATUS 


Global Machine Check Status 


0 


RIPV 


When set, this bit indicates that the instruction addressed by the 
instruction pointer pushed on the stack (when the machine check was 
generated) can be used to restart the program. If this bit is cleared, the 
program cannot be reliably restarted. 


EIPV 


When set, this bit indicates that the instruction addressed by the 
instruction pointer pushed on the stack (when the machine check was 
generated) is directly associated with the error. 
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Address Register Name / Bit Fields 
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2 MCIP 
When set, this bit indicates that a machine check has been generated. If a 
second machine check is detected while this bit is still set, the processor 
enters a shutdown state. Software should write this bit to O after 
processing a machine check exception. 
63:3 Reserved 
198H 408 | IA32_PERF_STATUS See Table 2-2. 
199H 409 | IA32_PERF_CTL See Table 2-2. 
19AH 410 | IA32_CLOCK_MODULATION Clock Modulation (R/W). 
See Table 2-2. 
See Section 14.8.3, “Software Controlled Clock Modulation.” 
19BH 411 | IA32_THERM_INTERRUPT Thermal Interrupt Control (R/W) 
See Table 2-2. 
See Section 14.8.2, “Thermal Monitor." 
19CH 412 | IA32_THERM_STATUS Thermal Monitor Status (R/W) 
See Table 2-2. 
See Section 14.8.2, “Thermal Monitor." 
19DH 413 | MSR_THERM2_CTL Thermal Monitor 2 Control 
15:0 Reserved 
16 TM_SELECT (R/W) 
Mode of automatic thermal monitor: 
O= Thermal Monitor 1 (thermally-initiated on-die modulation of the 
stop-clock duty cycle) 
1 = Thermal Monitor 2 (thermally-initiated frequency transitions) 
If bit 3 of the IA32_MISC_ENABLE register is cleared, TM_SELECT has no 
effect. Neither TM1 nor TM2 will be enabled. 
63:16 Reserved 
1AQ0H 416 | IA32_MISC_ENABLE Enable Miscellaneous Processor Features (R/W) 
Allows a variety of processor functions to be enabled and disabled. 
2:0 Reserved 
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Register Bit Description 
Address Register Name / Bit Fields 
Hex Dec 
3 Automatic Thermal Control Circuit Enable (R/W) 


1 = Setting this bit enables the thermal control circuit (TCC) portion of 
the Intel Thermal Monitor feature. This allows processor clocks to 
be automatically modulated based on the processor's thermal 
sensor operation. 

O= Disabled (default). 

The automatic thermal control circuit enable bit determines if the 

thermal control circuit (TCC) will be activated when the processor's 

internal thermal sensor determines the processor is about to exceed its 
maximum operating temperature. 


When the TCC is activated and TM1 is enabled, the processors clocks will 
be forced to a 50% duty cycle. BIOS must enable this feature. 


The bit should not be confused with the on-demand thermal control 
circuit enable bit. 
6:4 Reserved 


7 Performance Monitoring Available (R) 

1 = Performance monitoring enabled. 
O= Performance monitoring disabled. 
9:8 Reserved 


10 FERR# Multiplexing Enable (R/W) 

1 = FERR# asserted by the processor to indicate a pending break 
event within the processor. 

O= Indicates compatible FERR# signaling behavior. 

This bit must be set to 1 to support XAPIC interrupt model usage. 


Branch Trace Storage Unavailable (RO) 
1= Processor doesn't support branch trace storage (BTS) 
O=  BTSis supported 


12 Processor Event Based Sampling Unavailable (RO) 
1 = Processor does not support processor event based sampling 
(PEBS); 


O= _ PEBS is supported. 

The Pentium M processor does not support PEBS. 

15:13 Reserved 

16 Enhanced Intel SpeedStep Technology Enable (R/W) 

1 = Enhanced Intel SpeedStep Technology enabled. 

On the Pentium M processor, this bit may be configured to be read-only. 
22:17 Reserved 

23 xXTPR Message Disable (R/W) 


When set to 1, xTPR messages are disabled. xTPR messages are optional 
messages that allow the processor to inform the chipset of its priority. 
The default is processor specific. 


63:24 Reserved 
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Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Bit Description 


1C9H 


457 


MSR_LASTBRANCH_TOS 


Last Branch Record Stack TOS (R/W) 


Contains an index (bits 0-3) that points to the MSR containing the most 
recent branch record. See also: 
* MSR_LASTBRANCH_O_FROM_IP (at 40H). 


* Section 17.15, “Last Branch, Interrupt, and Exception Recording 
(Pentium M Processors)". 


1D9H 


473 


MSR_DEBUGCTLB 


Debug Control (R/W) 

Controls how several debug features are used. Bit definitions are 
discussed in the referenced section. 

See Section 17.15, “Last Branch, Interrupt, and Exception Recording 
(Pentium M Processors)." 


1DDH 


477 


MSR_LER_TO_LIP 


Last Exception Record To Linear IP (R) 


This area contains a pointer to the target of the last branch instruction 
that the processor executed prior to the last exception that was 
generated or the last interrupt that was handled. 


See Section 17.15, “Last Branch, Interrupt, and Exception Recording 
(Pentium M Processors)” and Section 17.16.2, “Last Branch and Last 
Exception MSRs.” 


1DEH 


478 


MSR_LER_FROM_LIP 


Last Exception Record From Linear IP (R) 


Contains a pointer to the last branch instruction that the processor 
executed prior to the last exception that was generated or the last 
interrupt that was handled. 

See Section 17.15, “Last Branch, Interrupt, and Exception Recording 
(Pentium M Processors)" and Section 17.16.2, “Last Branch and Last 
Exception MSRs.” 


2FFH 


767 


IA32_MTRR_DEF_TYPE 


Default Memory Types (R/W) 


Sets the memory type for the regions of physical memory that are not 
mapped by the MTRRs. 


See Section 11.11.2.1, “IA32_MTRR_DEF_TYPE MSR.” 


400H 


1024 


IA32_MCO_CTL 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


401H 


1025 


IA32_MCO_STATUS 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS." 


402H 


1026 


IA32_MCO_ADDR 


See Section 14.3.2.3., “IA32_MCi_ADDR MSRs”. 


The IA32_MCO_ADDR register is either not implemented or contains no 
address if the ADDRV flag in the IA32_MCO_STATUS register is clear. 
When not implemented in the processor, all reads and writes to this MSR 
will cause a general-protection exception. 


404H 


1028 


IA32_MC1_CTL 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


405H 


1029 


IA32_MC1_STATUS 


See Section 15.3.2.2, "IA32_MCi_STATUS MSRS." 


406H 


1030 


IA32_MC1_ADDR 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs.” 


The IA32_MC1_ADDR register is either not implemented or contains no 
address if the ADDRV flag in the IA32_MC1_STATUS register is clear. 
When not implemented in the processor, all reads and writes to this MSR 
will cause a general-protection exception. 


408H 


1032 


IA32_MC2_CTL 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


409H 


1033 


IA32_MC2_STATUS 


See Chapter 15.3.2.2, “IA32_MCi_STATUS MSRS.” 
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Register 
Address 


Hex 


Dec 


Register Name / Bit Fields 


Bit Description 


40AH 


1034 


IA32_MC2_ADDR 


See Section 15.3.2.3, "IA32_MCi_ADDR MSRs." 

The IA32_MC2_ADDR register is either not implemented or contains no 
address if the ADDRV flag in the IA32_MC2_STATUS register is clear. 
When not implemented in the processor, all reads and writes to this MSR 
will cause a general-protection exception. 


40CH 


1036 


MSR_MC4_CTL 


See Section 15.3.2.1, "IA32_MCi_CTL MSRs.” 


40DH 


1037 


MSR_MC4_STATUS 


See Section 15.3.2.2, "IA32_MCi_STATUS MSRS.” 


40€H 


1038 


MSR_MC4_ADDR 


See Section 15.3.2.3, “IA32_MCi_ADDR MSRs." 

The MSR_MC4_ADDR register is either not implemented or contains no 
address if the ADDRV flag in the MSR_MC4_STATUS register is clear. 
When not implemented in the processor, all reads and writes to this MSR 
will cause a general-protection exception. 


410H 


1040 


MSR_MC3_CTL 


See Section 15.3.2.1, “IA32_MCi_CTL MSRs.” 


411H 
412H 


1041 
1042 


MSR_MC3_STATUS 
MSR_MC3_ADDR 


See Section 15.3.2.2, “IA32_MCi_STATUS MSRS." 


See Section 15.3.2.3, "IA32_MCi_ADDR MSRs." 

The MSR_MC3_ADDR register is either not implemented or contains no 
address if the ADDRV flag in the MSR_MC3_STATUS register is clear. 
When not implemented in the processor, all reads and writes to this MSR 
will cause a general-protection exception. 


600H 


1536 


IA32_DS_AREA 


DS Save Area (R/W) 
See Table 2-2. 


Points to the DS buffer management area, which is used to manage the 
BTS and PEBS buffers. See Section 19.6.3.4, “Debug Store (DS) 
Mechanism." 


DS Buffer Management Area 
Linear address of the first byte of the DS buffer management area. 


63:32 


Reserved 


2.22 MSRSIN THE P6 FAMILY PROCESSORS 


The following MSRs are defined for the P6 family processors. The MSRs in this table that are shaded are available 
only in the Pentium II and Pentium Ill processors. Beginning with the Pentium 4 processor, some of the MSRs in this 
list have been designated as “architectural” and have had their names changed. See Table 2-2 for a list of the archi- 
tectural MSRs. 


Table 2-60. MSRs in the P6 Family Processors 


Register 

Address Register Name / Bit Fields Bit Description 
Hex Dec 
OH 0 P5_MC_ADDR See Section 2.23, “MSRs in Pentium Processors.” 
1H 1 P5_MC_TYPE See Section 2.23, “MSRs in Pentium Processors.” 
10H 16 TSC See Section 17.17, “Time-Stamp Counter.” 
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Register 
Address Register Name / Bit Fields Bit Description 
Hex Dec 
17H 23 IA32_PLATFORM_ID Platform ID (R) 
The operating system can use this MSR to determine “slot” information for 
the processor and the proper microcode update to load. 
49:0 Reserved 
52:50 Platform Id (R) 
Contains information concerning the intended platform for the processor. 
52 51 50 
O O 0O_ Processor Flag 0 
O O 1 Processor Flag 1 
O 1  O- Processor Flag 2 
O 1 + 1 Processor Flag 3 
1 0 0O_ Processor Flag 4 
1 0 1. Processor Flag 5 
1 1 +O Processor Flag 6 
1 1 #1 Processor Flag 7 
56:53 L2 Cache Latency Read. 
59:57 Reserved 
60 Clock Frequency Ratio Read. 
63:61 Reserved 
1BH 27 APIC_BASE Section 10.4.4, “Local APIC Status and Location.” 
7:0 Reserved 
8 Boot Strap Processor Indicator Bit 
1 = BSP 
10:9 Reserved 
11 APIC Global Enable Bit - Permanent till reset 
1 = Enabled 
0 = Disabled 
31:12 APIC Base Address. 
63:32 Reserved 
2AH 42 EBL_CR_POWERON Processor Hard Power-On Configuration 
(R/W) Enables and disables processor features; 
(R) indicates current processor configuration. 
) Reserved! 
1 Data Error Checking Enable (R/W) 
1 = Enabled 
0 = Disabled 
2 Response Error Checking Enable FRCERR Observation Enable (R/W) 
1 = Enabled 
0 = Disabled 
3 AERR# Drive Enable (R/W) 
1 = Enabled 
0 = Disabled 
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Register 
Address Register Name / Bit Fields Bit Description 


Hex Dec 


4 BERR# Enable for Initiator Bus Requests (R/W) 
1 = Enabled 

0 = Disabled 

5 Reserved 


6 BERR# Driver Enable for Initiator Internal Errors (R/W) 
1 = Enabled 

0 = Disabled 

7 BINIT# Driver Enable (R/W) 

1 = Enabled 

0 = Disabled 

8 Output Tri-state Enabled (R) 

1 = Enabled 

0 = Disabled 

9 Execute BIST (R) 

1 = Enabled 

0 = Disabled 

10 AERR# Observation Enabled (R) 
1 = Enabled 

0 = Disabled 

11 Reserved 

12 BINIT# Observation Enabled (R) 
1 = Enabled 

0 = Disabled 

13 In Order Queue Depth (R) 

1=1 

0=8 

14 1-MByte Power on Reset Vector (R) 
1 = 1MByte 

0 = 4GBytes 

15 FRC Mode Enable (R) 

1 = Enabled 

0 = Disabled 

17:16 APIC Cluster ID (R) 


19:18 System Bus Frequency (R) 
00 = 66MHz 

10 = 100Mhz 

01 = 133MHz 

11 = Reserved 

21:20 Symmetric Arbitration ID (R) 
25:22 Clock Frequency Ratio (R) 


26 Low Power Mode Enable (R/W) 
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Register 
Address Register Name / Bit Fields Bit Description 
Hex Dec 
27 Clock Frequency Ratio 
63:28 Reserved! 
33H 51 MSR_TEST_CTRL Test Control Register 
29:0 Reserved 
30 Streaming Buffer Disable 
31 Disable LOCK# 
Assertion for split locked access. 
79H 121 BIOS_UPDT_TRIG BIOS Update Trigger Register. 
88H 136 | BBL_CR_DO[63:0] Chunk 0 data register D[63:0]: used to write to and read from the L2 
89H 137 | BBL_CR_D1[63:0] Chunk 1 data register D[63:0]: used to write to and read from the L2 
8AH 138 | BBL_CR_D2[63:0] Chunk 2 data register D[63:0]: used to write to and read from the L2 
8BH 139 | BIOS_SIGN/BBL_CR_D3[63:0] BIOS Update Signature Register or Chunk 3 data register D[63:0] 
Used to write to and read from the L2 depending on the usage model. 
C1H 193 | PerfCtrO (PERFCTRO) Performance Counter Register 
See Table 2-2. 
C2H 194 | PerfCtr1 (PERFCTR1) Performance Counter Register 
See Table 2-2. 
FEH 254 | MTRRcap Memory Type Range Registers 
116H 278 | BBL_CR_ADDR [63:0] Address register: used to send specified address (A31-A3) to L2 during 
cache initialization accesses. 
BBL_CR_ADDR [63:32] Reserved, 
BBL_CR_ADDR [31:3] Address bits [35:3] 
BBL_CR_ADDR [2:0] Reserved Set to 0. 
118H 280 | BBL_CR_DECC[63:0] Data ECC register D[7:0]: used to write ECC and read ECC to/from L2 
119H 281 | BBL_CR_CTL Control register: used to program L2 commands to be issued via cache 
configuration accesses mechanism. Also receives L2 lookup response 
Reserved 
BL_CR_CTL63:22] Processor number® 
BBL_CR_CTL[21] Disable = 1 
Enable = 0 
Reserved 
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Register 
Address Register Name / Bit Fields Bit Description 
Hex Dec 
BBL_CR_CTL[20:19] User supplied ECC 
BBL_CR_CTL[18] Reserved 
BBL_CR_CTL[17] L2 Hit 
BBL_CR_CTL[16] Reserved 
BBL_CR_CTL[15:14] State from L2 
BBL_CR_CTL[1 3:12] Modified - 11,€xclusive - 10, Shared - 01, Invalid - 00 
Way from L2 
BBL_CR_CTL[11:10] Way 0 - 00, Way 1 - 01, Way 2 - 10, Way 3-11 
Way to L2 
BBL_CR_CTL[9:8] Reserved 
BBL_CR_CTL[7] State to L2 
BBL_CR_CTL[6:5] 
BBL_CR_CTL[4:0] L2 Command 
01100 Data Read w/ LRU update (RLU) 
01110 Tag Read w/ Data Read (TRR) 
01111 Tag Inquire (TI) 
00010 L2 Control Register Read (CR) 
00011 L2 Control Register Write (CW) 
010 + MESI encode Tag Write w/ Data Read (TWR) 
111 + MESI encode Tag Write w/ Data Write (TWW) 
100 + MESI encode Tag Write (TW) 
11AH 282 | BBL_CR_TRIG Trigger register: used to initiate a cache configuration accesses access, 
Write only with Data = 0. 
11BH 283 | BBL_CR_BUSY Busy register: indicates when a cache configuration accesses L2 command 
is in progress. D[O] = 1 = BUSY 
11€H 286 | BBL_CR_CTL3 Control register 3: used to configure the L2 Cache 
BBL_CR_CTL3[63:26] Reserved 
BBL_CR_CTL3[25] Cache bus fraction (read only) 
BBL_CR_CTL3[24] Reserved 
BBL_CR_CTL3[23] L2 Hardware Disable (read only) 
BBL_CR_CTL3[22:20] L2 Physical Address Range support 
111 64GBytes 
110 32GBytes 
101 16GBytes 
100 8GBytes 
011 4GBytes 
010 2GBytes 
001 1GBytes 
000 512MBytes 
BBL_CR_CTL3[19] Reserved 
BBL_CR_CTL3[18] Cache State error checking enable (read/write) 
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Register 
Address Register Name / Bit Fields Bit Description 
Hex Dec 
BBL_CR_CTL3[17:13 Cache size per bank (read/write) 
00001 256KBytes 
00010 512KBytes 
00100 1MByte 
01000 2MByte 
10000 4MBytes 
BBL_CR_CTL3[1 2:11] Number of L2 banks (read only) 
BBL_CR_CTL3[10:9] L2 Associativity (read only) 
00 Direct Mapped 
01 2 Way 
10 4 Way 
11 Reserved 
BBL_CR_CTL3[8] L2 Enabled (read/write) 
BBL_CR_CTL3[7] CRTN Parity Check Enable (read/write) 
BBL_CR_CTL3[6] Address Parity Check Enable (read/write) 
BBL_CR_CTL3[5] ECC Check Enable (read/write) 
BBL_CR_CTL3[4:1] L2 Cache Latency (read/write) 
BBL_CR_CTL3[0] L2 Configured (read/write 
) 
174H 372 | SYSENTER_CS_MSR CS register target for CPL O code 
175H 373 | SYSENTER_ESP_MSR Stack pointer for CPL O stack 
176H 374 | SYSENTER_EIP_MSR CPL O code entry point 
179H 377 |MCG_CAP Machine Check Global Control Register 
17AH 378 |MCG_STATUS Machine Check Error Reporting Register - contains information related to a 
machine-check error if its VAL (valid) flag is set. Software is responsible 
for clearing |A32_MCi_STATUS MSRs by explicitly writing Os to them; 
writing 1s to them causes a general-protection exception. 
17BH 379 | MCG_CTL Machine Check Error Reporting Register - controls signaling of #MC for 
errors produced by a particular hardware unit (or group of hardware 
units). 
186H 390 | Perf€vtSel0 (EVNTSELO) Performance Event Select Register 0 (R/W) 
7:0 Event Select 
Refer to Performance Counter section for a list of event encodings. 
15:8 UMASK (Unit Mask) 
Unit mask register set to O to enable all count options. 
16 USER 
Controls the counting of events at Privilege levels of 1, 2, and 3. 
17 OS 
Controls the counting of events at Privilege level of 0. 
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Register 
Address Register Name / Bit Fields Bit Description 


Hex Dec 


18 E 

Occurrence/Duration Mode Select 

1 = Occurrence 

0 = Duration 

19 PC 

Enabled the signaling of performance counter overflow via BPO pin 
20 INT 

Enables the signaling of counter overflow via input to APIC 

1 = Enable 

0 = Disable 

22 ENABLE 

Enables the counting of performance events in both counters 
1 = Enable 

0 = Disable 

23 INV 

Inverts the result of the CMASK condition 

1 = Inverted 

0 = Non-Inverted 


31:24 CMASK (Counter Mask) 


187H 391 | Perf€vtSel1 (EVNTSEL1) Performance Event Select for Counter 1 (R/W) 

7:0 Event Select 

Refer to Performance Counter section for a list of event encodings. 
15:8 UMASK (Unit Mask) 

Unit mask register set to 0 to enable all count options. 

16 USER 

Controls the counting of events at Privilege levels of 1, 2, and 3. 
17 OSs 

Controls the counting of events at Privilege level of 0. 

18 E 

Occurrence/Duration Mode Select. 


1 = Occurrence 
0 = Duration 


19 PC 
Enabled the signaling of performance counter overflow via BPO pin. 
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Table 2-60. MSRs in the P6 Family Processors (Contd.) 


Register 
Address Register Name / Bit Fields Bit Description 
Hex Dec 
20 INT 
Enables the signaling of counter overflow via input to APIC. 
1 = Enable 
0 = Disable 
23 INV 
Inverts the result of the CMASK condition. 
1 = Inverted 
0 = Non-Inverted 
31:24 CMASK (Counter Mask) 
1D9H 473 | DEBUGCTLMSR Enables last branch, interrupt, and exception recording; taken branch 
breakpoints; the breakpoint reporting pins; and trace messages. This 
register can be written to using the WRMSR instruction, when operating 
at privilege level O or when in real-address mode. 
0 Enable/Disable Last Branch Records 
1 Branch Trap Flag 
2 Performance Monitoring/Break Point Pins 
3 Performance Monitoring/Break Point Pins 
4 Performance Monitoring/Break Point Pins 
5 Performance Monitoring/Break Point Pins 
6 Enable/Disable Execution Trace Messages 
31:7 Reserved 
1DBH 475 _ | LASTBRANCHFROMIP 32-bit register for recording the instruction pointers for the last branch, 
interrupt, or exception that the processor took prior to a debug exception 
being generated. 
1DCH 476 | LASTBRANCHTOIP 32-bit register for recording the instruction pointers for the last branch, 
interrupt, or exception that the processor took prior to a debug exception 
being generated. 
1DDH 477 | LASTINTFROMIP Last INT from IP 
1DEH 478 | LASTINTTOIP Last INT to IP 
200H 512 | MTRRphysBaseO Memory Type Range Registers 
201H 513 | MTRRphysMaskO Memory Type Range Registers 
202H 514 |MTRRphysBase1 Memory Type Range Registers 
203H 515 | MTRRphysMask1 Memory Type Range Registers 
204H 516 | MTRRphysBase2 Memory Type Range Registers 
205H 517 | MTRRphysMask2 Memory Type Range Registers 
206H 518 | MTRRphysBase3 Memory Type Range Registers 
207H 519 | MTRRphysMask3 Memory Type Range Registers 
208H 520 | MTRRphysBase4 Memory Type Range Registers 
209H 521 MTRRphysMask4 Memory Type Range Registers 
20AH 522 |MTRRphysBase5 Memory Type Range Registers 
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Table 2-60. MSRs in the P6 Family Processors (Contd.) 


Register 
Address Register Name / Bit Fields Bit Description 
Hex Dec 
20BH 523 | MTRRphysMask5 Memory Type Range Registers 
20CH 524 | MTRRphysBase6 Memory Type Range Registers 
20DH 525 | MTRRphysMask6 Memory Type Range Registers 
20EH 526 | MTRRphysBase7 Memory Type Range Registers 
20FH 527 | MTRRphysMask7 Memory Type Range Registers 
250H 592 | MTRRfix64K_O00000 Memory Type Range Registers 
258H 600 | MTRRfix16K_80000 Memory Type Range Registers 
259H 601 MTRRfix16K_AO000 Memory Type Range Registers 
268H 616 | MTRRfix4K_COOO0 Memory Type Range Registers 
269H 617 | MTRRfix4K_C8000 Memory Type Range Registers 
26AH 618 | MTRRfix4K_DOOOO Memory Type Range Registers 
26BH 619 | MTRRfix4K_D8000 Memory Type Range Registers 
26CH 620 | MTRRfix4K_EO0000 Memory Type Range Registers 
26DH 621 MTRRfix4K_E8000 Memory Type Range Registers 
26EH 622 | MTRRfix4K_FOOOO Memory Type Range Registers 
26FH 623 | MTRRfix4K_F8000 Memory Type Range Registers 
2FFH 767 | MTRRdefType Memory Type Range Registers 
2:0 Default memory type 
10 Fixed MTRR enable 
11 MTRR Enable 
400H 1024 | MCO_CTL Machine Check Error Reporting Register - controls signaling of #MC for 
errors produced by a particular hardware unit (or group of hardware 
units). 
401H 1025 | MCO_STATUS Machine Check Error Reporting Register - contains information related to a 
machine-check error if its VAL (valid) flag is set. Software is responsible 
for clearing |A32_MCi_STATUS MSRs by explicitly writing Os to them; 
writing 1s to them causes a general-protection exception. 
15:0 MC_STATUS_MCACOD 
31:16 MC_STATUS_MSCOD 
57 MC_STATUS_DAM 
58 MC_STATUS_ADDRV 
59 MC_STATUS_MISCV 
60 MC_STATUS_EN. (Note: For MCO_STATUS only, this bit is hardcoded to 1.) 
61 MC_STATUS_UC 
62 MC_STATUS_O 
63 MC_STATUS_V 
402H | 1026 | MCO_ADDR 
403H 1027 | MCO_MISC Defined in MCA architecture but not implemented in the P6 family 
processors. 
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Table 2-60. MSRs in the P6 Family Processors (Contd.) 


Register 
Address Register Name / Bit Fields Bit Description 
Hex Dec 

404H | 1028 | MC1_CTL 

405H | 1029 | MC1_STATUS Bit definitions same as MCO_STATUS. 

406H | 1030 | MC1_ADDR 

407H 1031 | MC1_MISC Defined in MCA architecture but not implemented in the P6 family 
processors. 

408H | 1032 | MC2_CTL 

409H | 1033 | MC2_STATUS Bit definitions same as MCO_STATUS. 

40AH | 1034 | MC2_ADDR 

40BH 1035 | MC2_MISC Defined in MCA architecture but not implemented in the P6 family 
processors. 

40CH | 1036 | MC4_CTL 

40DH 1037 | MC4_STATUS Bit definitions same as MCO_STATUS, except bits 0, 4,57, and 61 are 
hardcoded to 1. 

40€H 1038 | MC4_ADDR Defined in MCA architecture but not implemented in P6 Family processors. 

40FH 1039 | MC4_MISC Defined in MCA architecture but not implemented in the P6 family 
processors. 

410H | 1040 | MC3_CTL 

411H | 1041 | MC3_STATUS Bit definitions same as MCO_STATUS. 

412H | 1042 | MC3_ADDR 

413H 1043 | MC3_MISC Defined in MCA architecture but not implemented in the P6 family 
processors. 


NOTES 


1.Bit O of this register has been redefined several times, and is no longer used in P6 family processors. 


2.The processor number feature may be disabled by setting bit 21 of the BBL_CR_CTL MSR (model-specific register address 119h) 
to "1". Once set, bit 21 of the BBL_CR_CTL may not be cleared. This bit is write-once. The processor number feature will be disabled 


until the processor is reset. 


3.The Pentium Ill processor will prevent FSB frequency overclocking with a new shutdown mechanism. If the FSB frequency 
selected is greater than the internal FSB frequency the processor will shutdown. If the FSB selected is less than the internal FSB 
frequency the BIOS may choose to use bit 11 to implement its own shutdown policy. 


2.23 
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MSRS IN PENTIUM PROCESSORS 


The following MSRs are defined for the Pentium processors. The PS_MC_ADDR, P5_MC_TYPE, and TSC MSRs 
(named IA32_P5_MC_ADDR, IA32_P5_MC_TYPE, and IA32_TIME_STAMP_COUNTER in the Pentium 4 processor) 
are architectural; that is, code that accesses these registers will run on Pentium 4 and P6 family processors without 
generating exceptions (see Section 2.1, “Architectural MSRs”). The CESR, CTRO, and CTR1 MSRs are unique to 
Pentium processors; code that accesses these registers will generate exceptions on Pentium 4 and P6 family 
processors. 


MODEL-SPECIFIC REGISTERS (MSRS) 


Table 2-61. MSRs in the Pentium Processor 


Register 
Address 
Hex | Dec Register Name Bit Description 
OH O | P5_MC_ADDR See Section 15.10.2, “Pentium Processor Machine-Check Exception Handling.” 
1H 1 P5_MC_TYPE See Section 15.10.2, “Pentium Processor Machine-Check Exception Handling.” 
10H |; 16 | TSC See Section 17.17, “Time-Stamp Counter.” 
11H | 17 | CESR See Section 19.6.9.1, “Control and Event Select Register (CESR).” 
12H | 18 | CTRO Section 19.6.9.3, “Events Counted.” 
13H | 19 | CTR1 Section 19.6.9.3, “Events Counted.” 


2.24 MSRINDEX 


MSRs of recent processors are indexed here for convenience. IA32 MSRs are excluded from this index. 


MSR Name and CPUID DisplayFamily_DisplayModel Location 
MSR_ALF_ESCRO 

OFA iiciccamnidcenumiiannedsdonts bodadant bees onted 205 Odd onree aaNet ean aEdaonneterdaaead See Table 2-55 
MSR_ALF_ESCR1 

OF ie iota neta cantswaruateradanaatncendbard muctere wasn dehbudl Hdl and Galaeavetice day Aauaiwhan areca acne picdcar cepatace'eca ed See Table 2-55 
MSR_ANY_CORE_CO 

06_4EH, 06_5E€H, 06_55H, 06_8€H, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, See Table 2-39 

OG: GAHPO6 OCH oas.cccemalatawtataudg S hecaman Ged aienMaad waheda hr x beamed neh was eam peas 
MSR_ANY_GFXE_CO 

06_4EH, 06_5EH, 06_55H, 06_8EH, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, See Table 2-39 

O06 GAHMO6 OCH sesh: pendant eke anebiehde Letide Beem cee tekankaees Pap mannteneesabhitad 
MSR_BO_PMON_BOX_CTRL 

OG=2EM seas zcevcra sek sae sday fats eh Woden aiawie la ctseeaees pia ed nae os te ek be Raa danse ee duen cs See Table 2-17 
MSR_BO_PMON_BOX_OVF_CTRL 

O62 2EH jacikctversters coaeaai eanakssieeetuike duonmonasghedetiuerwaadaaade seas seeneueneteeeee ars See Table 2-17 
MSR_BO_PMON_BOX_STATUS 

06. 26H esis senstan caw ng etre ss tey Patria! Races reed baa eeed en Gd ono mime ace vy See Table 2-17 
MSR_BO_PMON_CTRO 

OB 22EH Scomain penta gautassminpetad atadtnmee ed aegt bit arms oau aoe ee eee paaeeraeetdes See Table 2-17 
MSR_BO_PMON_CTR1 

OG ZEM stiscsenercsr ded teieect sane Uee deka te aaitnaeaaaiee ea te Radeon onamas sedi anada care thas See Table 2-17 
MSR_BO_PMON_CTR2 

06: 2EHiiscacviciaanaes sadonaehenniagaiddemteeosatddd Dodane aimewet Nae PReeneeeiedaaneet Manades See Table 2-17 
MSR_BO_PMON_CTR3 

06: 2ZEH seccctosniisawelead Miva tiszigadaempaekehdecednnuiadhenbes commiaadanmndaueua et caydudee See Table 2-17 
MSR_BO_PMON_EVNT_SELO 

OB EM idchtaacing ai iedinnadss a nbiadeend ueben dh geade Steam mise aie ase iane eed we enneaiteceeetetatie See Table 2-17 
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MSR Name and CPUID DisplayFamily_DisplayModel 
MSR_BO_PMON_EVNT_SEL1 


MSR_BBL_CR_CTL3 


O620FF: OG AH ice wiseccn egal s coe pa ieetias dan gaderedenauuleaeeatommaie: sane pen seagiale 
06_1CH, 06_26H, 06_27H, 06_35H, 06_36H 
06_37H, 06_4AH, 06_4DH, O6_5AH, 06_5DH 
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Location 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-59 


See Table 2-3 


See Table 2-4 
See Table 2-7 


MODEL-SPECIFIC REGISTERS (MSRS) 


MSR Name and CPUID DisplayFamily_DisplayModel Location 

OGUOEitscitaene crraestens wtedciaadeene eee saa ware tenesdana tetaasaun anes nnrtabs ai iisiakanes See Table 2-58 

W620 SEI seis scars apnatrntinc namatao aan ta dacmMeda tacheha dean caemea caatanaae arama neaatancaae See Table 2-59 
MSR_BIOS_DEBUG 

06::8CH,;O6_8DH vsscccctidiecccwan wartersevaw cies dase etendowtias seule dedieaenedaas tended teadne See Table 2-45 
MSR_BIOS_DONE 

62 ADA GOG 2 7 CA ars sdiacics eacbincetserntietbieecgvasast bin soci hasnt ances tieease eld ar atartnlelslona na saa geen be See Table 2-44 
MSR_BIOS_MCU_ERRORCODE 

06--/DH06 27 EA suicide euesccndnidnts doteineccniwiead oie eaecoand basa ye Reid nakw elas areeia sks See Table 2-44 

06_8CH,.06. BDA wisiciciisidensii nerescesdenei aad exsersnntid ania sa deed eeanemdeneea des See Table 2-45 
MSR_BPU_CCCRO 

OF Aiiriinch cna hacen ernie a ade entiarer ide dion yy bed ene in ka mamead eheaw hawENeele teats See Table 2-55 
MSR_BPU_CCCR1 

OE lad stare estado wat ian et ea ca abate dues aoaian wei ape hee ae aa Ace cat semane ee wan adnan See Table 2-55 
MSR_BPU_CCCR2 

QF incieechind icesrsguaytecsbte acted advigtsheaae abi Me nena od baiababanhdtewars. baeeeh acniacteee aigss ate he eGiend Medea e guintcd See Table 2-55 
MSR_BPU_CCCR3 

OFF ics cncomeriaksen dageiinedde eatesadaghwedetindeh weneitentece Pedddadey boeeedeveeReded See Table 2-55 
MSR_BPU_COUNTERO 

OE ise cccv er head arene dina awe gale pause Sac sawed Gnmianga bbe doe ata GadGre even bdeeteeateN See Table 2-55 
MSR_BPU_COUNTER1 

OE Fic asiedcdbadute sd eirines bea eaied ace nite ae ate nine Re Uae oR eae eed Erle eoaumeRIenS See Table 2-55 
MSR_BPU_COUNTER2 

OF cies trding 2 gnadiaae ans akendhdaded ayaa sade sage ney eebencdaneda teed wit aa dald ae en maeaedd See Table 2-55 
MSR_BPU_COUNTER3 

OF Alissa choosy tihed oivenoveas taneceatiedeoware rasa menses duitinauas be oe Ontaas «eaten See Table 2-55 
MSR_BPU_ESCRO 

QF Aisa hirad Staaten iad rienced ian aneaarahouunetinner nh oleae Gamera ane aw ewnaead ad See Table 2-55 
MSR_BPU_ESCR1 

OEGiat cena heddenaltnanatiiatesamben ak wae anit cd pean one ae iene dintndaleneenee ce enunaaammeeend See Table 2-55 
MSR_BR_DETECT_COUNTER_CONFIG_i 

OG 6G Fles ces cnc a eon anesG tie aaanaanaadagiswad gas gaGieai sa duudsiiecd oo seh dasa hi aceenane snbaaann See Table 2-42 
MSR_BR_DETECT_CTRL 

OG: 66Eliz3.25.3.564664 cenncgucnadenescdmonodte deedtttonbian aaa sadtea riba deeneetnaned ides See Table 2-42 
MSR_BR_DETECT_STATUS 

OG 66H icinainVvied ance daeiiliend atameauaciecmd ect selvaw dna Seaaliblteasganwndadtmiatceeeeaaal ev kebabs See Table 2-42 
MSR_BSU_ESCRO 

OFF ic. ceneteike ane tactere ihe eience enemas adn eincmia at Chad eae eee eee aes See Table 2-55 
MSR_BSU_ESCR1 

ORFs 2 ciitirndacs bate kaa tan insane cerniawenas ieMeatRanead ahah aadewa date eiadeniy Aeammaseaads See Table 2-55 
MSR_CO_PMON_BOX_CTRL 

OG2 2G ee eeteiad acon gotatesteonasseacamiantiane | ak paadaeabes Geeane eau anaes See Table 2-17 

O62 2D i ace taeienaciaaheuand:ccsaacaiodsamaoni anna tan ainunnteatiaae tau aaaneetenadeaaagees See Table 2-24 
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MSR Name and CPUID DisplayFamily_DisplayModel 


MSR_CO_PMON_CTR1 
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Location 
See Table 2-33 


See Table 2-24 


See Table 2-33 


See Table 2-28 
See Table 2-33 


See Table 2-17 


See Table 2-17 
See Table 2-33 


See Table 2-17 
See Table 2-24 
See Table 2-33 


See Table 2-17 
See Table 2-24 
See Table 2-33 


See Table 2-17 
See Table 2-24 
See Table 2-33 


See Table 2-17 
See Table 2-24 
See Table 2-33 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-24 


See Table 2-33 


See Table 2-17 


See Table 2-24 
See Table 2-33 
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Location 


Sraaneat aes sadaarsasadaasises See Table 2-17 
a erarecakesthe tres Euasadana st aces aT ae See Table 2-24 
ca ate aitkans sie eae Gaon arate See Table 2-33 


of Vdaieaas eee ade sedan eee See Table 2-17 


cai eee ween avs aka RY De abs Be be See Table 2-24 


ea aebat wan aan anh ena aeeeL amen See Table 2-33 


ss akida dans dabeaueeeaeisaeiases See Table 2-17 


seicaeeale dete teaeal daha aneceniaoe een aiuet na cheat See Table 2-24 


Se ee eer ear et See Table 2-33 


oo id ia aha dad ahi iehadad See Table 2-17 


eee cate atase hisesanaesn a eared ates aerate See Table 2-24 


Sietaasavaaniindieea tealecris rere ave ein eld See Table 2-33 


esitnhde aneesaaanooneata dines See Table 2-17 


sasasapapstsetinen ath fata uaa aia nario tos aco See Table 2-17 


ee rere See Table 2-17 


sata ahaa tea ataorine Hale ona inieees See Table 2-24 


Les ao Dinanta- tae aeer aia Aan eanaee See Table 2-33 


priheeu seed sememteitetanc aa eines See Table 2-24 


res arasiveranieyaiate apajacereun auasnpacteoayentieetes See Table 2-33 


Etiicuwid die Wee hacnme RMA See Table 2-28 
Taneied a tenne eared ae Pe ae anaes See Table 2-33 


iiavhhwadeoadae nee nnageed aneaten See Table 2-17 


aycuicuseiuaunifveianahe uvadesataurchce usta au aeanenenae See Table 2-17 
ste cestiaita ie aokseane: hoor attee eee das natin See Table 2-33 


La Puhayaniededdviaw. eo aak oe ebeate See Table 2-17 
sceceini it alausanceaars apap stearate. eee See Table 2-24 
areciea cuitaualcananage ed eentarestscto tas. sraeanetinas See Table 2-33 


Sis aerate aa anea ona eeeees See Table 2-17 
aReraisar dann ace eronnaca tee Heaalahenieee See Table 2-24 
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MSR Name and CPUID DisplayFamily_DisplayModel Location 

O6:SGh sc: ocuces adatoms nirsanaras ante@aunreysamtpisaenaaaeeaaaerauetscenniueneeriags See Table 2-33 
MSR_C1_PMON_CTR2 

GE sc sonore anccertia gen Voeesana Mh sence es nareck whe node angie deg ai Pd dares e a $id sane ati ae ech nd Hiketededecnee See Table 2-17 

OG AD as atte semen reer oad de caeesate gs saat Vagettonat aes oa eaieerenaeraaad ween era See Table 2-24 

OG: SEA ine. cieicdeuhaceheentas a Gonnmsdh nha belaceawwerhaiak baw easmeialineeevesamennenes mae See Table 2-33 
MSR_C1_PMON_CTR3 

Gn ZG nick cchonecemaaatnurau-rcad- one manecuntnaane a ttarmicihaaaainas aeanccaanme nitenoeag tena ane See Table 2-17 

06 DA ecnniciweeiw idaten sear dn ae nad Mae eben a olan eee aren dans howe See Table 2-24 

OG SAG coneadesny saan senate raee eons acaaeeeege aaerseaasaed ieee treat onas ean See Table 2-33 
MSR_C1_PMON_CTR4 

OG CE sic. dasecne iiee eniosi nan fondo utiad asad adeae Pode eMturces ane Ned aN E Cees See Table 2-17 
MSR_C1_PMON_CTR5 

06 CE iicibeurtdchayaxaie ier newanes dd eas daiene ded Pa Mhes dew atanabeokdedd ie eeke deraen ates See Table 2-17 
MSR_C1_PMON_EVNT_SELO 

GET. avzscca soos aceeatecseacauasace cece etvanatces, Pani veesmebanne dra dietsed act edeiaecosdatoeace Gs ceaalmpepapeouns, cae ee Mislead alge aaeeteeaee See Table 2-17 

06 CDH ice sieaiaade leas arcade hicas nob nw knee wncaieaeaease aden ae dhiaeadnn hee edw meas See Table 2-24 

OG: SEG cxectas ataitoatsmpma aivaahaeamettaauhha gs ami yeaee sia cae ata tanta etmmmiserraacs See Table 2-33 
MSR_C1_PMON_EVNT_SEL1 

OG CE id scck litigate ay eee Riddle Gud ae ban pendence eau vee Wes ea Ride eee ee wed RA eee See Table 2-17 

OG AD i core nge ate tae ce Speent tase dash satmteaemeetrsadaes ste tae tadananue aateueaate eee See Table 2-24 

OG SEA si cetiieit cekhuebsibeecdn a ean aiaaanat ied dadnengteae dint ina badaeheweaeneenesans See Table 2-33 
MSR_C1_PMON_EVNT_SEL2 

OG PEN secavers a gerctees caacace Saetes ae tenveneses saa tyerd massa foeinea anietnitent acinar earenacaesncetsae nana Steams eaadeaaaine See Table 2-17 

06 ADA aiccsaricieieteran eaten dada tian apenaenrenranadaamemanndabiatapaedadennnies See Table 2-24 

OG SG ic oc ites ceetatege ck ene ncusen cuneate gidaits peat uanaiss suet ernesaetae nee See Table 2-33 
MSR_C1_PMON_EVNT_SEL3 

OG AE ic.castcitaceuegtiad Rests epee eave a ernie dawiider ema cdag ana tagaumin na aeumunmtn meee aaeS See Table 2-17 

O62 DE i saaccaxamareciesieaiad aa beseantanted aim reer eiaaenuedatndhoanuimaeeaamaseseaes es See Table 2-24 

06 SEF. west ecard sad cen cedeaiinvaimanineeedobaededder nis dee pad med ae aoe nena aes See Table 2-33 
MSR_C1_PMON_EVNT_SEL4 

OG SZC scochtuae. cane suenteaaian tec sehaumcnn nessa sue atmnndaetuasrnsaaet a iseame aaa etsy See Table 2-17 
MSR_C1_PMON_EVNT_SEL5 

OG 22ER atari cotaeaads mma murnsAaas wad ptasnt ons asm teed ahora: anuetagesmmmcnetaae See Table 2-17 
MSR_C10_PMON_BOX_FILTER 

OG GE side Gianeectprans Mth eierichadbdane aaispaarentas When sain teed wmusieieri a snctedseee aphadegoinn wae ames See Table 2-28 
MSR_C10_PMON_BOX_FILTERO 

OG: SEH aeinciiiaadcubdaniehinr se ebadeie tale beldetaen aaah eovetnbanes Cable ner saiakae esa) See Table 2-33 
MSR_C10_PMON_BOX_FILTER1 

OG SEH wick cacetemanasnecvanenacona ua saemehamanandaet scence ae aenmarags angaees segue mnie See Table 2-28 

06 SAM ease beards aben die deewids cadan ive ldghan dad etadean eatecd ees ad nae nande gee ses See Table 2-33 
MSR_C11_PMON_BOX_FILTER 

OG: JER gzesiines.csateaducs ce tease sehen cas igacanenian at antes ane ean sana nue aeeea aes See Table 2-28 
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MSR Name and CPUID DisplayFamily_DisplayModel Location 
MSR_C11_PMON_BOX_FILTERO 

OG = SEI 28 creas senrisraeeressrua gees amas beeen ea gree eee ae th a parce nema Dea Aaareatme ae enenes See Table 2-33 
MSR_C11_PMON_BOX_FILTER1 

OG SEH is echt acer at renee Gaawnaasesgss as teenaay adasas mote eae eer maae nes ene See Table 2-28 

06.23 Frias chkoas ondtelinnarsgaeicaa behiewaeethad sh eng otamae de deranaminde eae eas See Table 2-33 
MSR_C12_PMON_BOX_FILTER 

OG 2 SE eo c:ccres see crosman neressana aonciernion bee nee annem trees atten nee pacemeaeat ea Memanauontas Inet snames See Table 2-28 
MSR_C12_PMON_BOX_FILTERO 

GAGE ss ets neta en eae cs Gaon cree ga cas seorstinadie ents aetenasae masa esas anaes See Table 2-33 
MSR_C12_PMON_BOX_FILTER1 

OG SE a diaciine extenincernat tags aide eailiaateandunees Heonideaaak yes valuaee eaaeene eS See Table 2-28 

OG: AGH crea teance toesee needs deneotnnongatmm nica a saints deineaaaaen teak een eebee See Table 2-33 
MSR_C13_PMON_BOX_FILTER 

OG SETA rcs irs saves Suki scanech instant) Sea sober epee aopiesavn GEN Sep Deactelacbnelnre Seobete alg Phere Re desea nig aneteeeiney oeazes See Table 2-28 
MSR_C13_PMON_BOX_FILTERO 

OG29F 65 cdwher tenia aalisanes canine eine onica bint oridaeeeaneeida ss beeen edie See Table 2-33 
MSR_C13_PMON_BOX_FILTER1 

Ge SET eacscrscrns sex asesanracaeeteconnasasmategname pie niece seine tne aaccee actudia- eens oe accee waar mmhaueeene a steven saee eseee- ann eaves maces See Table 2-28 

OG SA sony UR Bavesees be badea tage ne etee aa eera voce raed eda Mad Vw Lan anda aes See Table 2-33 
MSR_C14_PMON_BOX_FILTER 

06236 tas cnnraiiesdd deans tang beoueeheceeen ae bab) ded baie boe caren dace risen nine See Table 2-28 
MSR_C14_PMON_BOX_FILTERO 

OG SEM rae cre ie eretigrena nt nero wahiemev age tetneta dade ac auceame enue meen saascauneaedenges See Table 2-33 
MSR_C14_PMON_BOX_FILTER1 

OG SEH sects ct aclena tears Gadint Gomaeneehaedines cagdusas metomean aches saat eas tenme See Table 2-28 

OG BGI ecg ccs, Mactecssepe ce toeaesrsayauaravshcess oneeeerspeca tt da nsasaceenvencett ale hu cpua tg ee Gee datan.b avaed Menta caecias amet ee nen ares See Table 2-33 
MSR_C15_PMON_BOX_CTL 

OG: ARHisccetas oars sGmseneescanteiae Mhatanneetagam si cieehe aaah aanmtmdam eal eeiesecongenen See Table 2-33 
MSR_C15_PMON_BOX_FILTERO 

OG SEA race oe y sed inehescschecek ye Rand ecsvet dea one a yielain BS now acronis p Suded aa ew IeRse dae deb saaiedee Pane a eos ante See Table 2-33 
MSR_C15_PMON_BOX_FILTER1 

06 SFA adh ceneidsine sad ie bade e ehocaneennceend tad thei e bab h panera aaGe ideeeam ees See Table 2-33 
MSR_C15_PMON_BOX_STATUS 

OG = BEM ees re reteerisngure cua anraaa hee wa pide tects dade ac aacqenieneeudse mete sade qiaeaeceniemes See Table 2-33 
MSR_C15_PMON_CTRO 

GSH aechrg sheers enc saa a ees gat ca deneangst tose on an ead eres eateas eee See Table 2-33 
MSR_C15_PMON_CTR1 

OG SEI aia sccavaeedhcoua sane use ate aaa ito viata misao s qateaemeteeetarad teste Goaanag ailenemmtnes See Table 2-33 
MSR_C15_PMON_CTR2 

O62 SF ics Fak has deat Hern oa Saw Re heeded Reed pe eee eas ae ee es See Table 2-33 
MSR_C15_PMON_CTR3 

OG: Slice cea ncattnmacs tou acteasatece eas aceasteneas ans Gata guhtensan saiaeMes eae cane penne See Table 2-33 
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Location 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 
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Location 


ssc ausestaeavshaataedoe diseet astrad, aymvateseeirarauane See Table 2-33 


ea aaenas santas areata eae ee See Table 2-33 


anata actaut aeons abana anes igabe ae nara See Table 2-33 


‘.tuita Ghai aoe hacnwine MaeN eae See Table 2-33 


Leite can Salieestntees sa eau een erates See Table 2-33 


Pane Ghee aes e-cie e maa ae Pe See Table 2-33 


a iioe Gucarineiett age crane /vieapeannaesn seer eect See Table 2-33 


Supat Chane neass ean anaes See Table 2-17 


jini meee anc aaeeaaauad anaes e See Table 2-24 


Ano canta etre acticnce ohne nach eee See Table 2-33 


aisetenale ai: saa naneals canes e See Table 2-24 


stsfesecriavatane pa aie seataceteiste waneeonwonratarers See Table 2-33 


sduieat leis Wat aeioreibeee ang ease wea See Table 2-28 
aang aa tisaes tee ies cates See Table 2-33 


Sey pittaniaus hase uaaren nn aatiae ayentiaees See Table 2-17 


Hiv albania ed weaGakew we ae aMNMeuReS See Table 2-17 
era toga raarnt aussie aiaeacnees See Table 2-33 


Liab G Annie WHR week ARR See Table 2-17 
disse oae Gut Hon saad naa get es See Table 2-24 
sth al Dstatcanaloatisagitarne,naee massa a anaes See Table 2-33 


avails Seana aes dae See Table 2-17 
tingid mene ats Salas Saeed See Table 2-24 
scree tba aun suaaeusreraccn a @-suayseat aventura See Table 2-33 


Siteaiin aan adnedaentes amen gavwaere See Table 2-17 
jatiennwast Ged ida neonate cameos e See Table 2-24 
titi ga dnd ete nen qceea wtacze timate seat See Table 2-33 
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MSR_C2_PMON_CTR3 

OG PT etc sosses ation occa ance Srtteseenperestss acta aeaatnafoonaina antetent eaten a-ratcaenacem aces Haren a agteances anes See Table 2-17 

O62 Des bch susie dectece wlatieehatdiare sie eaerdeed ees Weleda Tee bet ds lactrecd a Wealaded a lvinaregeey ai Nea Rede lateaese eles See Table 2-24 

OG Sistine aettegec ck tenet utu cow antarranactr qaca 4 opahan ema tanie eet a aaseee ae nas See Table 2-33 
MSR_C2_PMON_CTR4 

OGY AEs icsaiy. wine estiesariandasestaitaanesectus deaieppteotsane a wiaaane sass dukd cuigumernaceeauneianente Mane a aa See Table 2-17 
MSR_C2_PMON_CTR5 

06 CEH easbae aeivcdesb suds Geecinea danas Sade cabal uae nde tek dda nad ees dadhen eee bee den ees See Table 2-17 
MSR_C2_PMON_EVNT_SELO 

OG ZG sre ctiuretnssaasadscs iatanen dies ahaneroae nqaet unesake mpantae chee ee anna e sesmecner seen aes See Table 2-17 

G6 2D ice shea naneceee nw ndiey cx tey/taae asinine eid tarnece Sor Pela daGtoce ames earl ye sae See Table 2-24 

O62 3 FRiic 2c nen ereticaats meeacauxaeaadaind ptaent os aa Pea eaaaeeare Haale tage pute aN See Table 2-33 
MSR_C2_PMON_EVNT_SEL1 

OG AE cscs eidiitee da pataes Mase scenic abana th pany hea Whee ee sagn ieee wa dnuniaauatase es yaadiesam wilvuuie eas See Table 2-17 

Gs 2 DE ra denessecticnee si cad amee neacenias qantas atte wi pace nein cases Seats crane cade enecnmemad a uees See Table 2-24 

OG: SEA aie ciate ka cadee ie Ten Case Gad nein eb claaet Rauk beeen eRe Wawee er sae lene aS See Table 2-33 
MSR_C2_PMON_EVNT_SEL2 

OG iE tik cntoncamaaainn crane nuiones wa ralemenamneaciaetcancasanraeaenaaeene a atemues seetee- ane See Table 2-17 

O62 Diag eh te hans cane teas ee via verter urguans sea wend oot eenuce Fae iama denat aaaee vehees See Table 2-24 

OG 2S Gatti waetaadat heat tdi cenadinen eiaaa asada: eeemnuntadoeauinnGaeateaereenaee es See Table 2-33 
MSR_C2_PMON_EVNT_SEL3 

OG! AEH ii: ca wateersa ies ionvsune ctor onan ton pram ceautiad ase gadaae Fubtiam tures nanEewe ante e RoE See Table 2-17 

OG 52 DE eats correeacecceseatheic nays antetesetasials acs entra tee nralaceteere-acn ald sinters inaaceregie sa aaaine neneamimea nena See Table 2-24 

06 SFA ecisinntevadhoiaxaiveabowsnertdumecndubwhdesgematenewaiciadin ondedh tveoammernes aie See Table 2-33 
MSR_C2_PMON_EVNT_SEL4 

GUST estes ccarateceseuaearai n-reseancean a-eovissa-arathetion ecbarretesaandesrsiels sok ante wateaa emsunteatsiace ase tieonniaatn es ane ates See Table 2-17 
MSR_C2_PMON_EVNT_SEL5 

OG: 2EHGEs: onan aecticgatiaemaraiiaasctnganed paaunrags amae yet ee anceaani at oaeetaaetmmneeen taal See Table 2-17 
MSR_C3_PMON_BOX_CTRL 

06 ZEA cisactueean saad oonwbiaids Bhan ook yed tee Mile Ssae tind VEE Raed adaardy v Vasa sscne ev eg oan See Table 2-17 

OG 2D cscemseacetevaan ae posenannne gana sanewncateersinasauanriaunea ua tana d eneateenian aeee See Table 2-24 

6 SE a ecccd ages cients emclsh ebdaainnee doceecs ee ebcled ait ARLaR ddl ed tn owiehe aE See Table 2-33 
MSR_C3_PMON_BOX_FILTER 

G22 DA acca escees oa Geceesseadese Suen tase tia de ntnhs aaste noon de acaba Hnemeasearemey Anmetregemea tia aac aaais See Table 2-24 
MSR_C3_PMON_BOX_FILTERO 

OG AGblnacc times othaegs cat seoeaauaeuese tects gatas pp eanu an ee ue ents tae se sana See Table 2-33 
MSR_C3_PMON_BOX_FILTER1 

OG JEM isa cicersanad hohunaraneaetpimnirdaaiesa esd ircna tanta umnnaa duatpberid ane raceanes See Table 2-28 

GS bl atch vag neta nica nonaumecrsadameemunscmnarmnemgtenictadas ons gan neduenagn aarecemasteesan- ante See Table 2-33 
MSR_C3_PMON_BOX_OVF_CTRL 

Gu EF ccc timernss nae ah amt ot da easeeasinn aavnegiedad piaacuitasetnakiaetraeneeeeneneees See Table 2-17 


MSR_C3_PMON_BOX_STATUS 
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OG°2EHs:o:: scant po penters sates aaseiuiadaaatipes diabaasaradsanmaaaaaeariannensasis penne See Table 2-17 

NG SBC eaaceracrne ana neneoe aearciach a, trestea sts bdo ear tease dm ttaea aduee RA eer aaetee Magen ae amora aan meen atemes See Table 2-33 
MSR_C3_PMON_CTRO 

Gt CET ec cesesactaee ctr tears sadmnaa ees gssaadeonangit tues mee ae ene eens aera a ene See Table 2-17 

06. 2DH swisaisae sane op datos nderG ued bewan gm gana havesee onlbeia athena anemia ae aantanead@madees See Table 2-24 

SETH a iscsi sed spect seanesecastas habe ghasaya te teepecteniy/ Stuns act cperapecten geste tte vetange erage ar eat tan Pang anvemientnaines See Table 2-33 
MSR_C3_PMON_CTR1 

06 CEH ics eck saw ci nddan Mendes daweens dd htasueendea ben neue badd pecursnddvn ee aoeewannetes See Table 2-17 

(0 [Siva Be penne eer aS a eee eee eee eee ee kee eee ee See Table 2-24 

OG: SEH ices cars peaennacnttas nae casadnene cag acausine ats au seaiaguhtesan saqueun ated cauedee haces: See Table 2-33 
MSR_C3_PMON_CTR2 

OG. 2EG scents acct iepeneewadnnrteteouuiessaime sl tira inaer anntadaam es eetaesauuaeles See Table 2-17 

06:22DH nce au gan vacates dad bia Meet edades snesnadwmade debbney eens aed an oedema See Table 2-24 

OG SI see sie see Gee Shc deanecs lei anc Sea sone epee ee ands ab acy seactenenln pntbahe Dede now Lag Bie U dieleiasdel dared ag Randagnosiny oeages See Table 2-33 
MSR_C3_PMON_CTR3 

06: CE sce ea that aieetals beinariga aeas kehaoarownas i agengnee toh aemoreial seine eddis See Table 2-17 

OG-2DH; seaoecesttcssaanedeeaaiecencsanomnetraadetesaumt on mneateremnenl geared aecenagenen See Table 2-24 

OG ESE cece neasecannaueressanacsmaerain ate nee aaetentteees eteacteanpa ase paten oneananeaencntns. pnenen saat. See Table 2-33 
MSR_C3_PMON_CTR4 

OS op eee et eee ee er ee eer reer ere re ee eee See Table 2-17 
MSR_C3_PMON_CTR5 

OG FEET nes scccigsnce sjeatins teaseto nie nese a ois B aceres ers tiaea ata teil crapecen Hebeheat Aeteee aida ee Weel dues ee gaa eE See Table 2-17 
MSR_C3_PMON_EVNT_SELO 

06.-2ER vackcii eve adess decade ders bpbhesieandedhsuwanenn hanewedged cxau den aonasaneaumnies See Table 2-17 

GS 2D ienccirvcsaateaveveceseegs stat paper ies ie saute batnammr caesar ine daaaenameye See Table 2-24 

OG: AGT sees scans, ag aectstse cacesess ase van seeeteeeste atee eediavasst tee sua ate apie tg a Grd deen anand een ancnesiea animes eaanen See Table 2-33 
MSR_C3_PMON_EVNT_SEL1 

OGUCEH; cetasances wespaeeseaate ae diatuntonteade ri itaaneae eat sanaa eases saeame ee See Table 2-17 

06 2D Hive Geis Wea nies ceawieees ed eacew ied aceted daewdedamaeae dddnhegag on Geus cena dada ae See Table 2-24 

OG SE ead acd edavoseced ae Rind easuncga tna vena Paw dicen a ede saetioreean vewaieaen tananie gieand peainaees See Table 2-33 
MSR_C3_PMON_EVNT_SEL2 

06. CE as aiy sere dwencddedaadiins sec moans Lede aemema eh etid oeiess bie aes See Table 2-17 

OG: CDA i nescactestaaseas ned ecuneioras sn peietenadeede samen aemieateramepsiaadseebac rea etes See Table 2-24 

OG ASG sae cer iecteeranaaeresssuaie aasecamabccents anrecntree a tae ts a dmacme hanetren ah Memmagaminaamaden enemas See Table 2-33 
MSR_C3_PMON_EVNT_SEL3 

GET ic pepae sat seat ee eee gaan Gera st fe desuaauacug- te eton ant auac mene eaeteqa elena See Table 2-17 

06: -2DH uicaisan gang andovnhegs Gedbhiwarami aioe dasies ke an chee meh hela Nea ak eae a amas See Table 2-24 

OG SETH a ccespuaee Cheat cianeretea habesdhasys tetera ta wieam mumtyercureda g captmesvetas eaiar eee nangwar ganyemeninantnes See Table 2-33 
MSR_C3_PMON_EVNT_SEL4 

O62 ices ccc bee ceomided tenes Shaw Rede ddewn cae ven nn eld RAPA peek aas oe eaewaneates See Table 2-17 
MSR_C3_PMON_EVNT_SEL5 

OG =2EH icc can aeatanccn tous ao eeisates sean eceatterneasaaa oats peheean sa aaeiees asain ae eoe amie See Table 2-17 
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Location 


See Table 2-17 


See Table 2-24 


See Table 2-33 


See Table 2-24 


See Table 2-33 


See Table 2-28 
See Table 2-33 


See Table 2-17 


See Table 2-17 
See Table 2-33 


See Table 2-17 
See Table 2-24 
See Table 2-33 


See Table 2-17 
See Table 2-24 
See Table 2-33 


See Table 2-17 


See Table 2-24 


See Table 2-33 


See Table 2-17 


See Table 2-24 


See Table 2-33 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-24 


See Table 2-33 


See Table 2-17 
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Location 


Rtas ah a eee seen nae ee See Table 2-24 
Laue Dns snaereaee acer ea ea aaenmeane es See Table 2-33 


Aiea seen eae teen settee nes Geet A See Table 2-17 
idea Annee ate eas Sacer See Table 2-24 
erin eafiyer iu ua neet apap eeennnayenonrenete es See Table 2-33 


jit GaG-nais aortas Sale earme See Table 2-17 


icine uae adis aaa aaa camer n See Table 2-24 


chante aan Santee aar ase eranaeaeaem hemes See Table 2-33 


Pane Ghee aes e-cie e maa ae Pe See Table 2-17 


a iioe Gucarineiett age crane /vieapeannaesn seer eect See Table 2-17 


Supat Chane neass ean anaes See Table 2-17 


jini meee anc aaeeaaauad anaes e See Table 2-24 


Ano canta etre acticnce ohne nach eee See Table 2-33 


aisetenale ai: saa naneals canes e See Table 2-24 


stsfesecriavatane pa aie seataceteiste waneeonwonratarers See Table 2-33 


sduieat leis Wat aeioreibeee ang ease wea See Table 2-28 
Audis catalan ae Maen nee ates ee See Table 2-33 


aes araiverawnseyaineet ap ajacereenauasapacteoayentieetes See Table 2-17 


Etiicuwid die Wee hacnme RMA See Table 2-17 
Taneied a tenne eared ae Pe ae anaes See Table 2-33 


innate tae naan ea ewaaainnes See Table 2-17 
disse oae Gut Hon saad naa get es See Table 2-24 
Liv OD piasenatereeeearnno eats a naa means See Table 2-33 


Pisa cee eras Swe neal es ae nee a See Table 2-17 
tingid mene ats Salas Saeed See Table 2-24 
tscasoraidetaeseyaiseet ap paceteaieoaynaeonvoncite cs See Table 2-33 


sitet tad Anite Aowenedainans Bae earreer See Table 2-17 
jatiennwast Ged ida neonate cameos e See Table 2-24 
chante can Stuleteare ance ereniate a maak hestemecg See Table 2-33 
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MSR_C5_PMON_CTR3 

OG PET ete soses ahi obec aac Srttes ee perestss a ata aeasna fone antetent enna a-aaaeneemacane Tater a adieancea anes See Table 2-17 

OG ?2 DA aes 5h fost dnctece wlatieehandiare sie eaardees aes Waly Zesbet dslvactrecd wa Wealaded a leinaregeey aiNe an Radda lata See Table 2-24 

OG Biase due aetteganck tenes utu caw aastarranactr qacan 4 ppahan tna tanie eh ease ae eae See Table 2-33 
MSR_C5_PMON_CTR4 

OGY AE a icssiy. wine estiesariand acest tanesectus deaeieppteoatsare te wiaaane saws duns crigumenaerenunetanente Mane eau See Table 2-17 
MSR_C5_PMON_CTR5 

06. CEH ashe aeivndeeb sud Geacinea duane Sade da balae uae ndetek dda dad ees dadhen eee be dee ees See Table 2-17 
MSR_C5_PMON_EVNT_SELO 

OG ZG sre shauretnssaasadccs iatanen dies ahaneioae nqaet mesane mpantae cea ei anna a teameceer seen aes See Table 2-17 

G6 2D ice shea naneceee nw ndiey cx tey/taae asinine eid tarnece Sor Pela daGtoce ames earl ye sae See Table 2-24 

OG SFRiiis 2c nen eretieaats meeacauxaeaaaaind ptaent os aso Pea eaaaeeae Eaelee tage aut aN See Table 2-33 
MSR_C5_PMON_EVNT_SEL1 

OG AE essa eiditeeda years Mase bseericr abana aati paw hear hea a sagn treed wa nuHiaananase es yasmina widvumin eas See Table 2-17 

Gs 2 DE ra denessecticnee si cad amee neacenias qantas atte wi pace nein cases Seats crane cade enecnmemad a uees See Table 2-24 

OG: SEA aire ciate aden ier en Case cad neat pak eaaeet eauk bod eeLe Raia Vater sae ene aS See Table 2-33 
MSR_C5_PMON_EVNT_SEL2 

OG Etch cctoncamaaainn crane nutones wa raiemenamyeaciaetcancasanraenenaneene arenes seen anae See Table 2-17 

6 2D iad eh te hacccns cans deas ee aver tawar urquans sua wend oot luenuce Fae yama tenet aaaeewenees See Table 2-24 

OG SSG cic tipewretaadat heat tdi aenadinen ease atade: eeemruntadoeauinnGaeateaebenae es See Table 2-33 
MSR_C5_PMON_EVNT_SEL3 

OG CE ri: ci wateercatiae vouvsune ctor onan ton peadceautiad ase adaae Fubt isms nanan ane e RoE See Table 2-17 

OG 52 Da ate corrcenacecces athe a nays antetnsetaral acs entra teem nralaceieere acs al dt niatermmiaaaueregies a rain geneamimea nen aaas See Table 2-24 

06 SFA eciinntevadhoia seinen bowsnertdumecndubwhdesgematenewaiciadin oncebh tveoammernes aes See Table 2-33 
MSR_C5_PMON_EVNT_SEL4 

GUSH eases craters ssaeara es reseanein a reise. aitiedion acearctesaeadesrsielh sok oanteewateGa Memsuneatdace ase ateosmaatn ey ane ates See Table 2-17 
MSR_C5_PMON_EVNT_SEL5 

G2 2EH GG: nab aeiticgat momar aiiaascineaned haan age amae yet ee aceaani ab oaeetaaetmmeeeen taal See Table 2-17 
MSR_C6_PMON_BOX_CTRL 

06 ZEA cdsactaeean sad o wb sais Bhan Sok ved tke Mile Ssae hinds VEE Rua adaGardy v Vasc eevee oan See Table 2-17 

OG 2D cscemseacetevaan ae posenannne gana sanewncateersinasauanriaunea ua tana d eneateenian aeee See Table 2-24 

6 SEA a ecccd rages cients emcsh pbdaainnne dodeecs ed ebdled ait RoR dla ed tne owes aE See Table 2-33 
MSR_C6_PMON_BOX_FILTER 

G22 DA acca esceer oageceesaeaere Suc ware tine be netenhts aaste prea aeabeaa ane asearemiey anne tregenea tia aacre amas See Table 2-24 
MSR_C6_PMON_BOX_FILTERO 

OG 2B Glaec cies othaegscat see aueucee tenets aa taes pp eanu nae ue ents tae sence See Table 2-33 
MSR_C6_PMON_BOX_FILTER1 

OG BEM isa cicecrsanad hedunarareaetpimmidaaiesa cad ircna daaa ta umnnee duutaphertd ane raceanes See Table 2-28 

OG SG ack vac nete nian nonsumeesadamesmunsimnarnnemgtenicdadas ons gee nedueragn atrecemasteesan- anes See Table 2-33 
MSR_C6_PMON_BOX_OVF_CTRL 

Gu ER ccc timevass nae ah eet oda taseeasinn aavnegiedas eiaacitaretnaki aetna tenes eeneneees See Table 2-17 
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OG°2EH ss srct saaat openers hacen aeeiniagasatines diaehaasaPadsanmeaaaeearinnnensasia penne See Table 2-17 

NG SBE eaatesairne ava tress aeareneiach a astra ote hen ev tease a tteea adueetA ea aaetee Ma aheman nade amota nau meena See Table 2-33 
MSR_C6_PMON_CTRO 

GCE caren atee atin lacs eamtaseisgeGaadeonangit tugs meas eee eens aera a ene See Table 2-17 

06. 2DH swisaisae ease og datos ndcrGudpeawan gy gaan haiesee oneloeia abehmaueanemda ae aantagead@madees See Table 2-24 

SETH a iscsi sed spel seanesecastes habe ghasaya te eepecteney/ Sinus tac crerapecten gpaste ted etange eeaeel nr eat aan ang anvementnaines See Table 2-33 
MSR_C6_PMON_CTR1 

06 CEH ics eck saw ci nddan ended daweens dd htasueendea ben neue hae dd pacursndden ee aoeewaan eins See Table 2-17 

(0 [Siva Ba epee eer a Seenre a eee eee eee eee ee kee eee ee See Table 2-24 

OG: SEH ices cc seaennacentatas nae casadnene cag aciausine ates au seat aguhtetsan saqaueun ated cauedee hemes See Table 2-33 
MSR_C6_PMON_CTR2 

OG. 2ZEGssents anced iepeneewacnerteteouniiessaime sl tira ies anniaceamm er eetaesauuaeles See Table 2-17 

0622DH scccert au gan xv aamntees dado bia weet edades dnesnadwmndes debbnea ene aed an oeadamanies See Table 2-24 

GS sere aie see Gee Shc deantcg lei ane Sea sod epend ee ands aS Uap seactenenlntpnSbahe Dede now Lag Bie G dialeieskel durch ag Mandagnosind oeare See Table 2-33 
MSR_C6_PMON_CTR3 

06: CE scat ci ehatsieetal einariga audas hehaoaconnas i agenence er aemontal seine eddis See Table 2-17 

OG_2DE; seaioecesttcssaanedeeaaieseneeanomnetraaderesauma on mneaterempenlgaaseeaaaeenagenen See Table 2-24 

OG SSG cece. ne asecennaueressanasmaeraien ate nee aateentteees ateacteanepn aut paten oaeataneaencuentnc. anenenwacanes See Table 2-33 
MSR_C6_PMON_CTR4 

OGE2EH in aeehagacetctecnttaan sant eesaa gatas ieersaitipiie meta omt anes ae deanna seas See Table 2-17 
MSR_C6_PMON_CTR5 

OG FEET es sctcigsnce speataons teagertowie noni d a 9's B acere ers tinea ata teil cnapecen eben Aoetpeee aided ee Wel tue eee gaa eRe See Table 2-17 
MSR_C6_PMON_EVNT_SELO 

06. 2ER vackcii eres deed ders bpbhes ieandehGuwanenn bRnewiedged ixau den aenasaNnaumnies See Table 2-17 

GS 2D sh fenccteirvcsaateaveveces segs scan paper i ies ie saute bataenniaaaciemrenn ine daa seams See Table 2-24 

OG: BET sees geass, ag tectstne Gacesesssas aie ven soaeteeethe ates eed arassttee seta ate apie tg af Grd dcen a nae Men andaesiea means nares See Table 2-33 
MSR_C6_PMON_EVNT_SEL1 

OGUCEHs cetasances weseaenseaat ae diatuntonieaie ri titaehean eat tandem eas eeiaesaeamue hen See Table 2-17 

06 2D Hive Geis Wea nies ceawieees ed eacew ied aceted daewdedamaeae dddnhegag on Geus cena dada ae See Table 2-24 

OG SE ead oc acd edavoseced bt Rind easuncga tea veal Paw ice ra ded eaetiGreeaa viewaieaen tinanie thea gaaina ee See Table 2-33 
MSR_C6_PMON_EVNT_SEL2 

06. CE as diy kere deemed sedaadiins sec moana Lede aomee dey etid aeies ieee aes See Table 2-17 

0G: 2DA i vescactestaausak ned cecuneioeas sn eietadeede dane t aamieatara mepsieatseehae era netes See Table 2-24 

OG SSE soe cer ieccteerassctcresssuaie seam eccendr anrecnernee ata ts a dace haneteren ee Memnamamen aa madeneneones See Table 2-33 
MSR_C6_PMON_EVNT_SEL3 

Gn CEH eis pasate nt sieat neces gaan Geng st fe desuaauacua te eton aaa auac seein teqa elena See Table 2-17 

06: -2DH uicaisan gang andovnhegs Gedbhiwarami aioe dasies ke an chee meh hela Nea ak eae a amas See Table 2-24 

GST accepted Cheat cianere ena badesdiasys tienes ream mumtyarcureda g captmesvetngs amin meee nanwar ganyemenineitnes See Table 2-33 
MSR_C6_PMON_EVNT_SEL4 

O62 ices ccc bee ceomided Hennes Shaw Rede ddewn cae ven nn pele RAR ea pe eee eas eee eannates See Table 2-17 
MSR_C6_PMON_EVNT_SEL5 

OG =2EH icc can aeatanccn tous ao eeisates sean eceatterneasaaa oats peheean sa aaeiees asain ae eoe amie See Table 2-17 
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MSR_C7_PMON_BOX_CTRL 
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Location 


See Table 2-17 


See Table 2-24 


See Table 2-33 


See Table 2-24 


See Table 2-33 


See Table 2-28 
See Table 2-33 


See Table 2-17 


See Table 2-17 
See Table 2-33 


See Table 2-17 
See Table 2-24 
See Table 2-33 


See Table 2-17 
See Table 2-24 
See Table 2-33 


See Table 2-17 


See Table 2-24 


See Table 2-33 


See Table 2-17 


See Table 2-24 


See Table 2-33 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-24 


See Table 2-33 


See Table 2-17 
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Location 


Rtas ah a eee seen nae ee See Table 2-24 
Laue Dns snaereaee acer ea ea aaenmeane es See Table 2-33 


Aiea seen eae teen settee nes Geet A See Table 2-17 
idea Annee ate eas Sacer See Table 2-24 
erin eafiyer iu ua neet apap eeennnayenonrenete es See Table 2-33 


jit GaG-nais aortas Sale earme See Table 2-17 


icine uae adis aaa aaa camer n See Table 2-24 


chante aan Santee aar ase eranaeaeaem hemes See Table 2-33 


Pane Ghee aes e-cie e maa ae Pe See Table 2-17 


a iioe Gucarineiett age crane /vieapeannaesn seer eect See Table 2-17 


pane A aiereass eanaehameeeas See Table 2-19 


Suds Geeta ieee ane G See Table 2-28 


Ane canna etree nuisance eine nacn eee See Table 2-33 


ey ee ee eee eae See Table 2-28 


ctsfvareiirat aed eye are ataracevente nape on earatarers See Table 2-33 


sdoinarate ead awioreibea an ease enema See Table 2-28 
Audis Gast aoe tiene eee ales Ce See Table 2-33 


aes opainia’ sud aysiseet ap ajaceveen auasapacteoayentiaetes See Table 2-19 


Jtiucus foe ae nore eaenun w aN eae See Table 2-19 
Titest deus) aacn a nanan See Table 2-33 


innarded uuaisnenniitnn wah awa enes See Table 2-19 
Ji ie Gistineacen a anes anan ae eS See Table 2-28 
bahia Duinanitn etree anne tanta nanan See Table 2-33 


Piha ai Resa See ae elena anes Ae See Table 2-19 
siueanieaatecnenpeals ease nannies See Table 2-28 
ssa cra iva oud eyaistel ap apacetel eoanyeaeoavontite ss See Table 2-33 


sduisa Ghai Aorenaateans Sate eareiens See Table 2-19 
Si incakteaa ate Puna eietales aba a See Table 2-28 
ut inte ean Satbiee eater ance orem te arma ecene e See Table 2-33 
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MSR_C8_PMON_CTR3 

Gs IN ate aayes age ooeex earns Satbes se ten crests tyaraenasasa cornea aniet erat een a cencnteeceee aceane Sateen ag eandee anes See Table 2-19 

OG: DEP se ossianecitn hans Hew ureter nbtardasta earache Wiss sam ised mmdue Esuaghce panda wide oR aes See Table 2-28 

OG AGH isto edie coenteae sok tee uae eee ater eaees gata 4 oboe sent o Sanne pasta eae See Table 2-33 
MSR_C8_PMON_CTR4 

AFI ecesscaie.weicerestieagriane asestastanesectut deaeoenpupteoatsenrei tia Yanan tie sreac dubs erigeamernaee eau alana eau See Table 2-19 
MSR_C8_PMON_CTR5 

06 CEA pescae aeivadeeb cule denen danas iad dbalaea ees ae eased whee dadhes eee bee dee ees See Table 2-19 
MSR_C8_PMON_EVNT_SELO 

OG S26 itech tures saasacscs ita. aes sehanersnnnuacs ues saa meee teas cece ann yiteomieceeraen aes See Table 2-19 

QBS E eincssuncccetie vcessaueaenivs piv ih gaaiiieda rah? iis aw Saba ov atcaenegiteane vale neeae aes See Table 2-28 

OG SGingt cana eeotitaats nam tesuveesaaa net stanchions aso fea eneteaaes taste toda seme as See Table 2-33 
MSR_C8_PMON_EVNT_SEL1 

OG AF css cii teeta yaad He iericrnabtian aati pan ghan Wiens saga iscd wa eunaauatiae ds yasmina wladvum ened See Table 2-19 

OG: SER ta dehcate cc anaseasnenon aah emencanteaaactasomeaatuaiaatuneatenaiawieneatasscewans See Table 2-28 

OG SE a cecuteacteied cade iaalee Cada tad deine abate wee i meabled rene neuer vessmuneenes seus See Table 2-33 
MSR_C8_PMON_EVNT_SEL2 

OG AE tick catagrece cnet a sone auaneenct-snies has ealep oa asaneanaaetc Aanacsmsannnadeamanne a ireennaeedie- nae See Table 2-19 

OG BE escataeten vane cael cates ahd os Peete wane. aneauds weaeEs Lageda saaabamt eee ones See Table 2-28 

OG A3Gilictctceveetaaataiseieandieweewadine eiaaaatade) eemmuntadoeauky anodes eennene es See Table 2-33 
MSR_C8_PMON_EVNT_SEL3 

OG CA rics wnateersyria ieniinaeccor ena fon ovedceautiadasaiaaae Pabvasageurcs seaniewi amet e AOE See Table 2-19 

MBF ate hea geese canacaen gchar ate erestotvas gs need massa tears Slnca antcaestoa ache atar ada drape arte cada aaanar sa teecer a encee ais See Table 2-28 

06. SEF evicinctevadehosa xs iusatbowanerddumncidabihieadenads new andlaheomedh taveoaameraen aes See Table 2-33 
MSR_C8_PMON_EVNT_SEL4 

GEE acectes fs ccratecesesaeacai n-reseanczn ace ovissa-avathedion cbarrctesaeadesrsiels sok anteowateGademnsunteataiace asst sinieatn es see ates See Table 2-19 
MSR_C8_PMON_EVNT_SEL5 

6226 i cet nabs atnticgat meme aiiaasctndamed haan age amau yaad a aeceaanl at aa taatmmeteee taal See Table 2-19 
MSR_C9_PMON_BOX_CTRL 

OG CF icicictateae Sead Pnwbsaieds Bhan Sok iaa dante vena, Maa tials vad Raga adadardy vy aaa sscins levee oan See Table 2-19 

OG SEE tes skuetcs5atesnentmedian aaa mehanetanipeaesmentmimiaetunerante eta istteuie masta aes See Table 2-28 

6 2SER i: cenit deed aaain Ganda soe ee Debdew alte eka edule ed tee See eS See Table 2-33 
MSR_C9_PMON_BOX_FILTER 

OG SEM acenagetewate ate ciiess canes waeuemenamaetaayesiseaeat quae ertna rane deunenseuaeeanee See Table 2-28 
MSR_C9_PMON_BOX_FILTERO 

OG Gb lias cies othaegs cats aauucen au casts gatas pp aenu aa ee eee entea tae sees See Table 2-33 
MSR_C9_PMON_BOX_FILTER1 

OG BE risa wiccesanad hendanacan eae spina daaiesa caddie dna ma amis cual ierih une raceanes See Table 2-28 

OG Gil antck vacnete nica nonsuneecacaneemunsimnaanniagienicdadas ons aan neimerags qarateaseesan ani See Table 2-33 
MSR_C9_PMON_BOX_OVF_CTRL 

OG: CFG: 2tiwavsch cone ah amt ot ia asenasinns aavnegiedas piaacitaietnakyeeereg tenes eeneneees See Table 2-19 


MSR_C9_PMON_BOX_STATUS 
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OG: CEs ssnat saaat pope etess hater aaseiniagaaatiper diaebaasaeadsanmeaaaaeartannensasne penne See Table 2-19 

NG BEE jssaceeacrne ara ereceoes aearencinch a estea ote hen er tease aa trees aduee tA eaaaetae na aheman nade aaron au mean eatemes See Table 2-33 
MSR_C9_PMON_CTRO 

GAGES seesresctacteat rte nes caawn aaa gss as teeraay a dasas mote ken eaehenesteae eas enw See Table 2-19 

O6.:5ER is. acdhecas seat innarsaaelecs Lelia ah map e peheeaenuntnds ciandees See Table 2-28 

OS esisecs oy Ged apecateosaesechstua aye ghacaed etacereca ry Sauaianaswscrcrapechen aoa acta Sel wapereastlod EMA tana ha GeumoemeRNNTADE See Table 2-33 
MSR_C9_PMON_CTR1 

062A ee, fick saw cig ndden Mendedia vedas dd htadewneeyiwayerné Rae ed gacureedden ee aoeeeaaeies See Table 2-19 

GER a iseetagacstcmentn tease oe ekaeqagasaeeuaa topside sete omtaas seme snaaesas anaes See Table 2-28 

GSS Ciliccex cies a ctate sna ceeeostans acre eh aatuente ag actaaiea acess ae cued yen meadean s aaamar ated em nesee hemes See Table 2-33 
MSR_C9_PMON_CTR2 

OG: CEH; Genki cackt sepaneertacnai tere siiiosgatme nian busters Maonniacaaebe eetaesouie eles See Table 2-19 

06 SE ease cine de tinedes de weai adnan bpahes ewredh sew anenk hahewtea bed ceatden see raanndmnies See Table 2-28 

OG SIN cee see acd ee sihc bh beatees ai and ges wetter Ges ap WanniaeS bee Weacerin anckahe Bede tows Ggpedie Veen det ednteeaag Mandan wane See Table 2-33 
MSR_C9_PMON_CTR3 

06. CEH a. ack toatsieetehaninarioaaliens behaoarouna sie agenanar eth aemouetals tina ceddes See Table 2-19 

OG: AEH; cetacancrstmceneeeaacerae beodntansamie si anea eid nee ohiammdamanat eee sonagenes See Table 2-28 

OG 2 BETA ect cexca seu ape-ransnsaueressoana ae mnsveyavinn ae apes seaneetemrbceee Settaeartierascp gees pune amveenhan efeme marntnece. oneaien acne See Table 2-33 
MSR_C9_PMON_CTR4 

Gi AGH a rseehagactctecntt sans hand enssa gatas deeraaitipi ieee ta omt ane ae deren ceeae See Table 2-19 
MSR_C9_PMON_CTR5 

OG CA ress scczigsnce speataons sraserto vie weil d a 9's aceres ers tiana ahead crapecen Hebehaty Aster aida ee Wel dues gaa eR Nee See Table 2-19 
MSR_C9_PMON_EVNT_SELO 

062A ackcii iv esas dedi ders bpbaes carded Sew anennbRhiwedped ieee senasaneaumnies See Table 2-19 

GSE is sechaacnc te eect nies hanes ieagau as iesuaay te daiae wet oetewadae eres saat gs tenes See Table 2-28 

OG BETA aac ca netics cicnessuawacnsonanse canes aa tee nse aie a.cpateeenGrd tata a haan Men andiesiea amet ee haames See Table 2-33 
MSR_C9_PMON_EVNT_SEL1 

OG 2EH sc2ccseaets cosnaeescaat ian deo ietonseade niet teehe ieee He aankasame ear etesaoamye net See Table 2-19 

O06 2SER eer eis oneal donde dad eeenrd babeseen cay be ated MRR deeds eeaaeedann ates See Table 2-28 

OG SE ered ictrd ostiosaret ne bandeaaeiee Ge ea peak dea Tide ra aid ta edu aay arabe banawee eae ea neae eS See Table 2-33 
MSR_C9_PMON_EVNT_SEL2 

06: CEM eas acesecnt dwamcd eddies Hotes eR One EIT annem hhenia oka e Ride Games See Table 2-19 

OG scents antes sepcneerbansaeenenqaieotaasie nl tinael eee e hada teeaesar ete: See Table 2-28 

OG = BTA gcse ecera tee aeeenaisnsarcrensesss ey pegeeatas eecersd-v seaneetia tracert acteaeai ns a unatacare nce ateoren we Seaman agtareeseasa mee deaet apenas See Table 2-33 
MSR_C9_PMON_EVNT_SEL3 

GCG aS panera nt senate nc gaat icing aa oe tea aan sadamion Camtwad ener ene ae equates See Table 2-19 

O623ER aca Gennes oieate deans gawled d eehhnoatotecia led poraaheitdaeaneuntade eieaeamebeie See Table 2-28 

GST ioc sed Shoat caspase Stuer e aye glasaod i ceepec a purleinai aes arcuavects avachal Overaage aeeati aor geste manawa gang meni eadnes See Table 2-33 
MSR_C9_PMON_EVNT_SEL4 

062 CF ves cccbee ceoneded Hen oes Shas bc eidaeeddeen cae ven nn pele RAPA pe ee eas nee danuates See Table 2-19 
MSR_C9_PMON_EVNT_SEL5 

OG CEH cence aaatnncen tos aoe satese ean ccaaiternensaaa ate pehemean saaaretees iasaieaa ae poe names See Table 2-19 
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MSR_CC6_DEMOTION_POLICY_CONFIG 


06_3CH, 06: 45H; 06 AGE wie icdic cccaw tithes meehae sews samen abekaiare ee pemsseameteente soeieks 
OG = SA OGEB SE aes saree aialateeeseierenscreveraisiieccccccseperscareteeacerh sacechuenadalccinling a sie auiale aw ana aaed ohatveeecaee tes 
MSR_CONFIG_TDP_LEVEL1 


06_3CH; 06245H, 06-4GH ic. cies niece sday sone eesddnee saa awnde send phasors peneenddnay 
06-574, 06: BSH is isis tise tedentetiesatersaeenican aide Riga amerdeet tase te Mdemieeens vee see ews 
MSR_CONFIG_TDP_LEVEL2 


06_.3CH)06245H, 00 AGH f:..dccvseedactanns sanviewiaed SepedeaniaeGs Hess caiedeaeN eeeeRMdnauNtete 
06 SLOG cB SA i siccsicsiwsbb indented sr addibanarauie annie mendes alee aed eewd ddeutieetetsace 
MSR_CONFIG_TDP_NOMINAL 


06_3CH;.06::45H,.06 464 wccacss ss sdassaeeiw nes eeseies i RhoA Soe TE NEtREN Reda Ee EN 
OG. 57H 06 BSF oiiiat nade antieenerea aun anreid gaoa de eaten ee AGSGdeeow anne edbltamcces wienesacad 
MSR_CORE_C1_RESIDENCY 


MSR_CORE_C3_RESIDENCY 
06-5CH; OG _7AH tees sccenidisisunie reg sita bie te pmntar te sbedeet sae tienes ota edee eile niaeaes 
06_1AH, 06_1€H, 06_1FH, O6_2EH, O6_25H, O6_2CH, O6_2FH.... eee 
06_2AH, 06_2DH, 06_3AH, 06_3CH, 06_3EH, O6_3FH, O6_45H, O6_46H............... ee 
MSR_CORE_C6_RESIDENCY 
06_37H, 06_4AH, 06_4DH, O6_5AH, 06_5DH, O6_5CH, O6_7AH..... 0. ccc eee eens 
06_1AH, 06_1€H, O6_1FH, O6_2EH, O6_25H, O06_2CH, O6_2FH.... eens 
06_2AH, 06_2DH, 06_3AH, 06_3CH, 06_3€H, O6_3FH, 06_45H, O6_46H.............0... eee, 
OG SA OG OS Ela idan: ceclesttetenct sievatavasiitnd hae ded cathe i sig tnt wos vheoslaceccedyasecs pstiarwesdigeeed area wnttcdineinacelatterlna 
MSR_CORE_C7_RESIDENCY 
06_2AH, 06_2DH, 06_3AH, 06_3CH, 06_3EH, O6_3FH, 06_45H, O6_46H............. ee 
MSR_CORE_GFXE_OVERLAP_CO 


06_4€H, 06_5EH, 06_55H, 06_8EH, O6_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
OG “GAPE OG =O CEs sats ctesncesess la ce dik sntsa orceseaninasouctev ate, ereale. oenut’ lores tv asals wiedltnnRaansenaaniaiesdce Suglbtedeial na seasesnaysi 


MSR_CORE_HDC_RESIDENCY 


06_4€H, 06_5EH, 06_55H, 06_8EH, O6_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
06_6AF, 06. GCA saitci icc dicdiniinnnsandae hi nagraeainddshanataage oe Me peegenduaiGaaas setae 


MSR_CORE_PERF_LIMIT_REASONS 
OG SC OGE7 AU iste tecnica alee sses thcnn ected ati tarniclacvratenetels aps cthigaided biiskee tgnrsteon/aane vioeaa ona ald atbea aif drarsversees 
06- 36H; O06 45H, OG AGE. ss:sccis4 setae eciau trict oeibiepinwre ce watnatie discal d debateleee gieieeediaas. conte ae 
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Location 


See Table 2-9 


See Table 2-25 
See Table 2-29 
See Table 2-53 


See Table 2-25 
See Table 2-29 
See Table 2-53 


See Table 2-25 
See Table 2-29 
See Table 2-53 


See Table 2-25 
See Table 2-29 
See Table 2-53 


See Table 2-6 
See Table 2-42 


See Table 2-12 
See Table 2-15 
See Table 2-20 


See Table 2-6 


See Table 2-15 


See Table 2-20 


See Table 2-53 


See Table 2-20 


See Table 2-39 


See Table 2-39 


See Table 2-12 
See Table 2-30 
See Table 2-32 
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06_5GH, O6-4FH sic cicsisateseeentensteasasivaee sea caee sas 
06.574, 0685... cccitincacencidasenhaeehawn hah ednaaeile 


MSR_CORE_THREAD_COUNT 


MSR_CRASHLOG_CONTROL 


O62 7D OG 7 EAs ssnsiese stints sceces side atiiare-aiasazellacacote tblinleseenincoselddavsonseid 


MSR_CRU_ESCRO 


06_ SEH, OG SFE & tiie sec sit dist lese cae. avert sie tilee geredgeasnd mages 
O06_3CH, 06_45H, O6_46H..... eee eens 


06_5GH; 00-AEH wcities een svad cnnwinieedameawes fimdirelewgremedsd s 
O62:6AF OG GOH iisiad paiese vieturenie be Hntiadureta Yd sondewetiers 
06.571, OG BS occ anciinieend ciggedmntivooniiian tablet adenaee 


MSR_DRAM_PERF_STATUS 


06-5CH; 06 7A tssiciscisiseiecacnees cts dese vhtewedtae sts ns 


OG 56H, OB LAE sit edksca sin desvsiererspiveincseareiesene sania etersaeheia dn ebe suena esa 
06_GAH06. 60H: iid ters ctntig ates coeaad sesewbe densteen 
0657-06 BSE i ssiivecm asinine ss viene tinmeicete but maaaeetetne ta 


MSR_DRAM_POWER_INFO 


06-5CH, O67 AR iisisd ccsisiimete Reacts Slee dae mengales ate ee 
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inns Shaiiehae MeTeeGne ene Roan meas See Table 2-36 
Signi as ean rratenasaumam dee ned See Table 2-53 


aia Gteeah achat saan asi ae) Pea eed See Table 2-32 


aie gussaeaigyanibein nate tia ciaenne ature naneoe 4 See Table 2-44 


dieses dachwe ala Sx sania aa etek See Table 2-55 


std fe tacaey uarsiaee ate: coh efavantnukgeate aaceteaeatats See Table 2-55 


aid a Papitideeceas aetna sacar ee ate See Table 2-55 


apis tsuanpem nutteaceare ow arias ceaati See Table 2-55 


J ictayetinand oe pe Mae Mae handle cae BMG See Table 2-55 


Boe feces eosluni ete tee aaa e sna eeaseiaaaseta attic’ See Table 2-55 


+i dunetannie tae wnee Mines kame aes See Table 2-55 


s guneio acauete ae au cease ouranenGals See Table 2-55 


dives Gapeinae rans hae eam enceemees See Table 2-12 
Gi Maaninmedate extetenie sensei See Table 2-23 
Asanddctcewals duet to Sorn ened eahaaee See Table 2-26 
ee eee eee See Table 2-29 
icGiageeDivehie pay meeniaads See Table 2-32 
Sie ha die Gden de naesaawn anes See Table 2-36 
Suit Sadek Paes Meera ee Dake See Table 2-51 
iiliaahae en eaee aE ERLEeeE S See Table 2-53 


sReatoiagaads phaedeandgngseet See Table 2-12 
etaiaduDaierdisapieaeateeadad See Table 2-23 
vilabiaradal abe hatea leah hew bake See Table 2-26 
iinet a iaagetume oe ee eetiad See Table 2-29 
ii Adenine dhatiaoneeaenwis See Table 2-32 
ee ee rn oe See Table 2-36 
path Manat adieaaalnrandintead See Table 2-51 
Eicnioee ae eke RGR Re ciatenaes See Table 2-53 


Sena areatansteaaaaneiaa cummin See Table 2-12 
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O6.2DH a ctccgtareerkataanetaneiagsa teieeiyeatudedeniieeteationesiaat es cepeiieacawereAadasias See Table 2-23 

06-3EH; 06 SFA iissienecangrciieamnalonerabd dd tae abewl wanda aapeadaaiess ahmedagindentetemeeat See Table 2-26 

OG) SF fsstid tag cinta ee ea weshdadis Geriam aioe baled Seventy iaek Hidde d oan tad eee es See Table 2-32 

O06 56H, 06-4FH ic sustcdonesticee gee edadsee neds sdaxdeaeetididagssddwendeeees dk seeenenees See Table 2-36 

06. 'GAKL 06: 60H sineisiclatcwtes heed Baik eae eG ee ead ea een ile lates See Table 2-51 

062571060854) siisas dg aeeeicwivinacnercaw ahd bide de deere claw Ottenenennddemeendaw eames See Table 2-53 
MSR_DRAM_POWER_LIMIT 

06. 5CH, 067A etetcs 2 tava nepacint es ceed dye gape dahon kiald oe ehaeemeuhits be kdew reve tie deheeds See Table 2-12 

OG: 2DA i tna than osttdes co apene named aie se etaaaceme dentate taameuta tase anbamateacsnniitas tre See Table 2-23 

06. 36H, 06 SF iiidicuii ces caves aaaiddtaeeoadeeee cammbiaiatiiend ioadnad sq acniaaeaeatenaneslas See Table 2-26 

O68 Fiiecsebecas danasdi ehenmtea et oh enduaniaatea cite 2 pneiares aes bade nyend Abagee pore See Table 2-32 

06 56H06-4FH ee: ccccatocantiatarenueteahtidacaandeieectsaae adams peiicees aenneeseeraees See Table 2-36 

O06 GAEL, 06° SCH biigcs cxmasancetin acer maior send were keesad dded eet edaaee races See Table 2-51 

06257-0685 sft canes oie ndaisls alien aetnittecnal hen ee cides Get die ia noe eae bee See Table 2-53 
MSR_EBC_FREQUENCY_ID 

OFA cided itteeedrak daciarccaie dae es eae eee alate aan sence aaageaaus marae See Table 2-55 
MSR_EBC_HARD_POWERON 

OME soe sensed auire-aeess nea a Sanda ded agretcnaeiahad Ae adnindinde aoe aun gnes Fa oesdeenne mbagheaannneames See Table 2-55 
MSR_EBC_SOFT_POWERON 

ORF isis ccdeaciad eave Richi nutnekae et ieaadatesanidne ds Suave veer eda he biaews takedtedaaad Gabe See Table 2-55 
MSR_EBL_CR_POWERON 

06) OF; 0621 7Atac iscisntemenenid picid agnain ian cated Waeweer tiannowhens fehieagrammiers See Table 2-3 

06_1CH, 06_26H, 06_27H, 06_35H, 06_36H......... ee eee eee ene eens See Table 2-4 

06_37H, 06_4AH, 06_4DH, 06_5AH, 06_5DH, O6_5CH, 06_7AH......... 0.0 c cece cece eee e eee ees See Table 2-6 

OG (OEE o.cchenekneree tee Matai ards auxecie aes wine deeper enue olan dietaae (cabs tentade te tades See Table 2-58 

O06 09M: is aosscg tesa data kicee esa ieneeetateds Meds iondiane Menad et eiN haa Gaed air bea ance’ See Table 2-59 
MSR_EFSB_DRDYO 

OF 03H; OF O4b ss .cccaccetdmiiestisdasennteatdaiecdandaueds oni iesew iereeenisamessadene See Table 2-56 
MSR_EFSB_DRDY1 

OFJO3H; OF 204F siterccistaccd ined saddtsadsnvaiarded beh edcantiearcen eas eaens ein Siaeeea papledesnied See Table 2-56 
MSR_EMON_L3_CTR_CTLO 

06..0FH; 06:1 7 Esch i ocvinciencin dedi ead nether nechbineatnig hn dieesie el ieddae See Table 2-3 

OF OG scccnarist eens seterea ae Ogetenitoks thandewtas apatenidagh dhe nteayaw tears mnieetah bane: See Table 2-57 
MSR_EMON_L3_CTR_CTL1 

O62 OFF OG 217 pinch sac scrnnes bean dae te argedastia baad he waren pee See wate cand db eaten ee nets See Table 2-3 

OF*OGH: cai tucrensenteanneeui otis coutedateesiiasie setorsaa texte aetenccamerventattarars See Table 2-57 
MSR_EMON_L3_CTR_CTL2 

O06 OFH; 06:17 Hvis dsstWinenia baie igaegiecias ea Rade dex dd pacaa aaa miene toed bance See Table 2-3 

QRZOGH ici stacy meade gt caleieesaintade aden sae sh Tarasb hese iawn tdaed Pea aneeeeannenedaled See Table 2-57 
MSR_EMON_L3_CTR_CTL3 

O6-OFR; OBS 174 siccstcadepescttteasetd ee dehanseetd dehceseitesssavedvesiengs tebe peeeanes See Table 2-3 

OR OGF siskicoesstaesse anes att ask uatepe des nace tea Paatnd Gaaiawadtae Saeaiaae cadences See Table 2-57 
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MSR_EMON_L3_CTR_CTL4 


MSR_EMON_L3_CTR_CTL5 


O6 OR OG LU ZE as scetice seat ies tava hae caiaa ss wastegate dbus 


MSR_EMON_L3_CTR_CTL7 


OG OFF OG V7 Fl sis cescasscers cous sudsdnn tins aresaetnatareeaysrestinth u vielbrae e.ttesie abe 


MSR_EMON_L3_GL_CTL 


OG. OFM OG A A iciicacsiecesriomas oaiaitidiaving ne darned ernie wredanedeteadteies 


MSR_ERROR_CONTROL 


MSR_FAST_UNCORE_MSRS_CAPABILITY 


06_7DH, O6_/EH . viictrcssicere ations sabed cress de enelese mex 


MSR_FAST_UNCORE_MSRS_CTL 


OG ADA OG LE ised cas tin ssicaxsratenntttecs nis ass a-ereya.ahaie oecenie eodcaincdeese a 


MSR_FAST_UNCORE_MSRS_STATUS 


06-7DH, 06-7 EAM isciiise wee teminensiice sine tame nbale te nsgyerait ns 


MSR_FEATURE_CONFIG 


06_37H, 06_4AH, 06_4DH, 06_5AH, 06_5DH, 06_5CH, 06_7AH 


G22 5H, OG2 ZOE csictadidiecad stay anvntietiee aie sy mbienerare hae aang aeesie 


06:22AH; 06_2DEL siiciicce scene ae earn ddeten dation d dasindivs dees 
06257, OO BS ih sivislsiai siedisc cc clt.28 due searscah ye eceininlsieiestagacaadererens 


MSR_FIRM_ESCRO 


MODEL-SPECIFIC REGISTERS (MSRS) 


Location 


e subv auanenesint a Reece anand, Maeanoaenpemen See Table 2-3 
betalait nara ecient pee aitee tee pnt ene ena See Table 2-57 


Mah Aten HadenGa Whites A aeeen See Table 2-3 
tonya earned ideaet toh semis eraenenn eae See Table 2-57 


diibaca den Ade asisereeien deve swee Rehan See Table 2-3 
sinadantate ee aaacum et agh ee eaesearara ts See Table 2-57 


ee eee ee eee See Table 2-3 
shoaasacateatae aadcieeen a Mate eee See Table 2-57 


acest anne Goapeaeantaiata irene an eosin See Table 2-3 


Juiatimad wales aeaaa goa ane ae ba See Table 2-23 


oaGescesa ane aadisanee a Ge eee ean ah See Table 2-26 


sss entnivetesnssiacaiata insra tratea non aiconee aaa: See Table 2-32 


eescnars aie its gob sat onaniaaeacaeneae See Table 2-44 


scenivssavedeaaiuniannedabusina atva aetna See Table 2-44 


iiGia bia aan Patuaidoieaeaieetan as See Table 2-44 


U scat fase es auehaae nl anesacesaaaasaia eaesaee can See Table 2-6 


sceresauntieahahacylapa « eyaue diacetate eee rte See Table 2-18 


Damar Geena ae eases See Table 2-19 


acedawerdan eb aawiwad weeds adds See Table 2-20 


Siceieeee isi aat nA eR EMO ee See Table 2-53 


siti heeeaeed aaa See Table 2-55 


Ses huetin dt acatv ay Beacace alaseasan nape aves ase teaina See Table 2-55 


Sa iin nuns a eae eet vale aan See Table 2-55 


Se atetirases can dpeateraareaun wu saiva noc ie See Table 2-55 


oh Gicdiv hang weeGne de aaa aA ered wae See Table 2-55 


oh tare stares acetate abit etavananatee ste leaatetetaetiads See Table 2-55 
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MSR_FLAME_COUNTERO 

IA sis cscs ecenechdch hae ace inet eaarheaed deaptoece a eae spec ale dettadinaaieindes Mend aus meee eaeamad wena ead eae mess See Table 2-55 
MSR_FLAME_COUNTER1 

OR Alisescnseg tena tor feted oe haces gah «haters cat geaeadae Rares ene athe coins Fae dane aes See Table 2-55 
MSR_FLAME_COUNTER2 

OR iid sa iniateisnaeetes biiteacnrinewe mane geen bagasse re nara Beadnatam ane Alte ne SarmaaD ARN RNa See Table 2-55 
MSR_FLAME_COUNTER3 

OR icee tacitincwne wens base eenatneda us ends casa dads samme ee ener anuindanacwen cane enaeiaion See Table 2-55 
MSR_FLAME_ESCRO 

FA eigacceanetsgeee cscs tage ecu a otetatas eave) drenat teste eteuh’ thaeaca ace’ e auctersbatcsacenabel vats @ aie cam att eapunaeriav sane aetna ies See Table 2-55 
MSR_FLAME_ESCR1 

OFA eg rcinctets foreriaed exut periede shee eiao nue Satideida eteraaaer ed eidaaden nae dea tas See Table 2-55 
MSR_FSB_ESCRO 

OA casi eanetdcerer sl hanaedenina haw ender eed area a hennatv a nae Herve Amedatecanies aaene mney a earenes See Table 2-55 
MSR_FSB_ESCR1 

OR Alaa Setheanere an extcimedamawnees Madeira eau plancarnryat thay eraeweete eae ane eae See Table 2-55 
MSR_FSB_FREQ 

GLOBE FOG: :ZIA ictinsen tava tet cecne es pane watesssa cp eaieira ave Gde haya asnucuara nated ante @arnaaeacatan maetdecn nears See Table 2-3 

06_1CH, 06_26H, 06_27H, 06_35H, O6_36H.... cece cece teen enter nee e eens See Table 2-4 

06_37H, 06_4AH, 06_4DH, O6_5AH, O6_5DH...... ccc cece ere eee eee e tener ene e ene nnees See Table 2-7 

0624 GAs icsxicsndinecandwas dace boeemnnde alana cbheaaeaewen enn Adan eemaN See Table 2-11 

OG NOGA. sciiieis vate ov nara heciiae any ee Madewt el dee thoeu more nsnasiatnneaeanaataeidac madeira See Table 2-58 
MSR_GQ_SNOOP_MESF 

06_1AH, 06_1€H, O6_1FH, O6_25H, O6_2CH.. eee cece erect ere ee een een erent nees See Table 2-16 
MSR_GRAPHICS_PERF_LIMIT_REASONS 

06_3CH, 06_45H, O6_4GH oo... cece nent e ere t eee een eee eben ens See Table 2-30 
MSR_IFSB_BUSQO 

OF_03H; OF 04H ic cccccstconrenanreieieetaianadanibicde deoss oottamanan eedeadeed mein eEaeas See Table 2-56 
MSR_IFSB_BUSQ1 

OF OBE; OF OFA ssiscvitsiee catvoane Reset trsccha bend es daohdearenet ae warnna@acdielgeared ib hand Gaonwnaeeny eh ivad notpwgay dee eau See Table 2-56 
MSR_IFSB_CNTR7 

OF“03H;-OF 204A sé ned ics ag bbbars ertias aa Gee Chae sete fo oie ee momo aaw ened Mead See Table 2-56 
MSR_IFSB_CTL6 

OR OB; ORM04H ieipsieect acti, asecttave-d sad vaaapecgmadtaw dom ana Reeatiuibes ooeduevn dare wes asarera ach ala dpeseodyahueeseja-aney aoa See Table 2-56 
MSR_IFSB_SNPQO 

(OF03H; OF 04 Avis tuteirectieon 1 ancds onnotttenrg ides daseteceed nga: ieee tans oe See Table 2-56 
MSR_IFSB_SNPQ1 

OF 03H, OF 04H innit na aad Qeatided oebanasnidineds wha hesde aickad anedwnnene need omeniield eno See Table 2-56 
MSR_IQ_CCCRO 

OR Aisits Sant ennse tice weiae bane dana tasen qs ends cea cner amine aed deniGe Os meen aeyaearee mane tan See Table 2-55 
MSR_IQ_CCCR1 

Fe ate Guargeeneta pence age Scie ph atrtatn enue teanate teste eters, hea ta hans eal sciaeemaneans Saige neue apubedatannc aerate See Table 2-55 
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MSR_IQ_CCCR2 


MSR_LASTBRANCH_O_FROM_IP 


OG OFA OG UF acca iicnicegieieeeeaas de pideeanns idee ders 


MODEL-SPECIFIC REGISTERS (MSRS) 


Location 


Saetiadiiaat ulbvaySrecee avanctacsisonieravnbase aati See Table 2-55 


ee eee er eee See Table 2-55 


Scaictidna Aabente aucun wa ented See Table 2-55 


dieses dachwie alae Sw sauna aa etude See Table 2-55 


std fe tacaey uarsiaee ate: coh efavantnukgeate aaceteaeatats See Table 2-55 


aid a Papitideeceas aetna sacar ee ate See Table 2-55 


apis tsuanpem nutteaceare ow arias ceaati See Table 2-55 


J ictayetinand oe pe Mae Mae handle cae BMG See Table 2-55 


Boe feces eosluni ete tee aaa e sna eeaseiaaaseta attic’ See Table 2-55 


+i dunetannie tae wnee Mines kame aes See Table 2-55 


S guieies acu eae au cause ouranenGals See Table 2-55 


wi gichtntee howto wane laateoik a anehadowtieund Me See Table 2-55 


seats lobepihalasardiead age: tt eesant nese haateiesaun ded See Table 2-55 


Shae nn aeitiiun aan anne mew ne Bast eee See Table 2-55 


Sr iilind ba fonds eaee sare nar ndreroue nents See Table 2-55 


Jidshiwad Seeman a area See Table 2-55 


sca isaetiea areray Beacace alaseuassnannyet aves ase seainae See Table 2-55 


S5 Muioaaeueaeae eens aR nes See Table 2-55 


Sccsiietiflatu caneveatel queen wigan trend See Table 2-55 


deve aunii nae Raion edenuasttrontacen ae canna See Table 2-58 


iGika@edawl dias Gee bh Risdawewek See Table 2-59 


Sooty de sa ula abaeie eaten gaa water henna See Table 2-3 
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06_1CH, 06_26H, 06_27H, 06_35H, O6_36H.... cece cece cece eee cnet teen e een eens See Table 2-4 
06_37H, O06_4AH, 06_4DH, O6_5AH, O6_5DH....... cece eect e cece eee e ene ete eeae eee eene See Table 2-7 
OG SO iei55 cnc outa teil catreeansanililed nance tbe those aa nate dave aww vewninutdaaiegs acteurs See Table 2-12 
OG 2/7 Als pons ctaecacuaa stantial sacina inant enantaes uewaraean sanagageg maweana@enstarcietios See Table 2-13 
06_1AH,06_1EH, 06_1FH,06_2EH i. ii iis c saan eters sawed dns eamiedneeie taeda nes dency See Table 2-15 
OG 2AHPO6 2D sisiviscs dace-e aasinnwrnerthedepernrs doceun moss naraeace ovagere secbsd ease dante eRREUD Raat tare boRtgans See Table 2-20 
IFAS isd sciedsanacenct dase ace nin eh a tacde dete eeeh ata ei aae a eee ack iat haned pHa Mada Hema ead ee HEMET ee See Table 2-55 
MSR_LASTBRANCH_0O_TO_IP 
06_OFH; 06.21.74 icc ssid tiene sitdtnaeasied nceeeaeawniddd sheen bb dad deka ceenaae ok Sees See Table 2-3 
06_1CH, 06_26H, 06_27H, 06_35H, O6_36H.... ieee cece eee eee eee e eee teen eeae See Table 2-4 
06_37H, 06_4AH, 06_4DH, O6_5AH, O6_5DH...... ccc cece eee eee eee e eee eee ene neers See Table 2-7 
06 5CH..cino2ss nc dtmottanearasiamuss te haamaataeiesemnaeaaisaanaae ta maltmenieceentcaucetn sinners See Table 2-12 
OG 7A es eiccniccesnns Giaciiads phandiatel cede eee Seed aldeeek ahaa asa ca tneathhhiheedad en eee Res See Table 2-13 
06_1AH, 06_1€H, O6_1FH, O6_2EH 2... cece eee e ener e eee e ene eee neat enn enns See Table 2-15 
06 -2AH; 06 2D icaadedtssmre hid atilal chesac ws annsnden asminiuciel ad mca eat ae eaeeahad Mean eens See Table 2-20 
OF iscciices iia ie eaella as enciesue be atid ea eines Media dete we aed tube e vie werden eae we wae ean See Table 2-55 
MSR_LASTBRANCH_1_FROM_IP 
OG SOFA FOG ZI axzeceszesvacave tistechexne’as ones a gs actykstvindine G¢evborvetaiy antec antares Masha Marana senses Gt ashe eaetdace pars See Table 2-3 
06_1CH, 06_26H, 06_27H, 06_35H, O6_36H.... ccc c cece ete eee e teen eee ene nees See Table 2-4 
06_37H, 06_4AH, 06_4DH, O6_5AH, O6_5DH...... ccc cece ccc eee e nent eee e nee ee ene es See Table 2-7 
06: 56H;-06 7AM we iiics oiaeatctidettin ea head aie ba cada aie ia Ge dae ch Dadiind howl ietahd a edeedae deed See Table 2-12 
06_1AH, 06_1EH;06_1FH;.OG2EH s fvniisscesncrian eevee nck we duaiteanielaieet au nie tienes deca eal See Table 2-15 
OG: CAT OBS 2D stave sh sshice,2 seacsus cnteasacd de eeraie secoetuaen caste aynrava nase nea atieaecsain etnameeeaunleymmearneeaensaeaaeae See Table 2-20 
OR iaetcdniicereete wyaianadann urwmnee nasa eerands ee OecaeuatWanrdeady sannmeeaxieaae See Table 2-55 
MSR_LASTBRANCH_1_TO_IP 
OG ORE OG A, ZI a. sgtie ode <oisvanenn arcana be scare eguaety ntsesduntod Anes decade daeeaus a,anapevniayag best andiaaora ace ae daa Spine etal ihead See Table 2-3 
06_1CH, 06_26H, 06_27H, 06_35H, O6_36H.... cece cece ete eee e eee ene eee nears See Table 2-4 
06_37H, 06_4AH, 06_4DH, O6_5AH, O6_5DH...... cece cece ete eet e een e etree eee eae e ean eeae See Table 2-7 
06..5CH;06_ 7AM wii, coated tedices tedvead Giese teen a liNead oeeadeaaaiidds bvadoavaseinneetewbs See Table 2-12 
06_1AH, 06_1€H, O6_1FH, O6_2EH... cece cee eee erence ene eben eaten eens See Table 2-15 
Gi CAR AIOG 2D cant beiareds anus sarnue cremacg eta ania omental a aa aan me anacntawmnat an aad See Table 2-20 
OF Aiadaiicc bWennontee alin Garett ee dante needs ariale Green ener ey ab ade eae dew tauewdeiae anes See Table 2-55 
MSR_LASTBRANCH_10_FROM_IP 
OG 5CH OG FAL fsccccichets danntdagiiaurbacane s Ayton te tirap snd vasa anit hace amet laeie  yesarace eal ckedlSeeapasins See Table 2-12 
06_1AH, 06_1€H, O6_1FH, O6_2EH 2... cece cece ener eee e eee nee e teen nen enns See Table 2-15 
06 2AM; 06 22D ciiccdsiasvescdanwdatuGucdawiererus xa coaaaece lk Shen ve eee eae sd beea eee See Table 2-20 
ORAiteac ho otanntee ie aeecnia kt wares cate ae Reeonea me ne ae bw aien ede oban amend meee See Table 2-55 
MSR_LASTBRANCH_10_TO_IP 
06 SCH{OG6: 7AM sci ata enters cate iauie sah henataon bak iaiy ai aneeele him bhaed ona eaueacak seamed vs See Table 2-12 
06_1AH,06-_1EH, 06-1FH 06 26H wis si cccisansva cages aeadaetendunaseetaedeaa awe ea daaad ne See Table 2-15 
06_2AH; 06 2D iiss taeda eed vaca daceeaessceseend veadd ded biden pede dbreseas ano e neta See Table 2-20 
RAs sctesseing cnarausce cet aus Halt aadeneselaad dodnatsu aig Aer ure chelavade aeate au nttattinee bale abd bee quadrats apnartaning aalemuna eee See Table 2-55 
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MSR_LASTBRANCH_11_FROM_IP 


06_-5CH, 06 JAR: 2226 ccteshgae seceaaneniea a bebe eters day abae es 
06_1AH, O6_1€H, O6_1FH, O6_2EH..... ee 
06. 2AH-06_2DRs oiccscecvndesedes pena es eaaeee pote ooeee 


MSR_LASTBRANCH_11_TO_IP 


O06 -5SCH, OG 27 AR iss.cc ne cists adie neces tirninn eg bom -aye treatin Sarge Os 
06_1AH, 06_1€H, O6_1FH, O6_2EH..... ae 
0622AH 06 2DRi vie cccs evecads is paraves eatin peodererednes 


MSR_LASTBRANCH_12_FROM_IP 


06-5CH; 06: 7A 2 s:sccs visisstiencntes stare aise ehaeweetaas tis ou 
06_1AH, 06_1€H, O6_1FH, O6_2EH..... ee 
06- ZAR 062 2D As cciia: cevtieen ed Mii eat beradeeebactanei land 


MSR_LASTBRANCH_12_TO_IP 


06-5CH; OG_7ARs sacicccatiseisenctios siagaiya sabieesass sane os 
06_1AH, 06_1€H, O6_1FH, O6_2EH.... ee 
06=2AK) 06: -2DA eis iat y cate oedleteele debenadw eee ea 


MSR_LASTBRANCH_13_FROM_IP 


OG SCR OG TAM aside csc lsteiesestaasreceoescintateoe siaiacaretecesboelubeivest aserahall s,s 
06_1AH, 06_1€H, O6_1FH, O6_2EH..... ee 
06_2ZAH, 06 CDA acitiitidpitavies demeuio abu» decd aie 


MSR_LASTBRANCH_13_TO_IP 


OG SUR; OG: 7AM ise cciaeiaiecctaigina cotta tapaieeteee dye dint eecdstie belgie 'y 
06_1AH, 06_1€H, O6_1FH, O6_2EH..... ae 
062AH, 06 ADEs cients se tcceenntennae dedaeneren modes eee dale 


MSR_LASTBRANCH_14_FROM_IP 


06. 5CH; OG 7AM ss: ncesiecsories heiaseine va eeaild cies caaieae eu 
06_1AH, 06_1€H, O6_1FH, O6_2EH..... ae 
06_2ZAG 062 2DE iciiccctcasded sechimead eerie eniunree rasan 


MSR_LASTBRANCH_14_TO_IP 


O6_ SCH OG 7AM sic serscctitedes sicgiania lias dagawebe cst eeeiele oi 
06_1AH, 06_1€H, O6_1FH, O6_2EH..... ee 
OG ZAGLOG: 2D Aeiiwce actuated moi gunwns on ek imae eine Meso wolee 


MSR_LASTBRANCH_15_FROM_IP 


06-5CH, O67 AP iiss: cosisiie te aaaccutlelebie s SlOE da ew mengdlely ave os 
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Location 


aHideas Hiaenaldmeramadeunace wae See Table 2-12 
siackiGriey pated dnd anasbed Giaeeleoarasior’? wes Yea See Table 2-15 
wiitcuagediateniemnaaas dana See Table 2-20 
d aaviuipn panei emmeea ened meamtaenens See Table 2-55 


side dics tea tenh Aaa an apamaceaned See Table 2-12 
Loner ducieaneannaenet aeons See Table 2-15 
eee eer ere re rer eer See Table 2-20 
chad steeds dtrdanines ugar algah Miaelauinass See Table 2-55 


re eee eer ee See Table 2-12 
Lone van ccaenenancmner et acaihan See Table 2-15 
ee ee rere ee rer See Table 2-20 
cridhlicieah catptlbet cen dn ean Mee kuaae gad See Table 2-55 


dukcrnl emia giads peneseindadod eked See Table 2-12 
Lider emu eennesa memes adam See Table 2-15 
Fihilendad aaleaaadaiueaaresada yer See Table 2-20 
ee ee reer rene ee See Table 2-55 


sa Eitan nalew Wanceninrdie rn aamueiee enw See Table 2-12 
idsihed Panda anata nenbetadawed See Table 2-15 
sha anew bbe wae aie eee enteaee See Table 2-20 
sitonaiunaelte uaa inate ates See Table 2-55 


ee ee ee ee ee See Table 2-12 
one AoGudis etna eagymabies See Table 2-15 
ee Con re eee See Table 2-20 
iticdia hati Meces bhesaerales See Table 2-55 


S cibdait eh eee aainaa ae Met nicer See Table 2-12 
Hee PORN aww age eae peaks See Table 2-15 
sd Spies daca Wadantaad Os bbae See Table 2-20 
dei Ciahh d hategane wa heater les See Table 2-55 


satg dualtse es ane wats e vee en aaeaeene See Table 2-12 
phat mdgina awn e tae Oa See Table 2-15 
eh Heads pha saree ER ae See Table 2-20 
er eet eer ay See Table 2-55 


Seen nar eatenateaatnaanaiata eo uemeae maton See Table 2-12 


Vol.4 2-437 
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MSR Name and CPUID DisplayFamily_DisplayModel 
06_1AH,06_1EH; 06_1FH, OG 2EH stscccisaccece ae wtersetnnie diecacadasnienannedinwhomens cran: 
062A; 06 2DA i320 h2s2ccaniade kita edenadennvae ds ieee separ ieianeds bd chen ae Reeemn bade 


MSR_LASTBRANCH_15_TO_IP 
OG SCH; OG 7AM iiscticas cove oats sin wtivien waniv ania walaeleieta tie waonaeiale sls Sie antes wialald a ep oles na nataadow wig ect 
061 AR, 06 VE; OG TFA; OG CEA ic ii sede ccm cuisines onset sibtiauls cet eahe ee meee eo oe laieddsesnaine 
062A, OO CDA: i sic.e sien erniaa aieeaeeaa ed ada paeaunies aaa ivawes abe duke eke renee wmnees 


MSR_LASTBRANCH_16_FROM_IP 
06..5CH; OG 7AM vic cccceeidaeasigna ntedeenert senses onenaicatige tegietiiadtriaaemesietalaesynawies 


06_4€H, 06_5EH, 06_55H, 06_8EH, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
06: GAH, O6-GCH ai wsciiectccuds cheaper toner aimeened a phantiae hewmen ileens adie deheesangudue 


MSR_LASTBRANCH_16_TO_IP 
06_5CH; 06 7A os ststee ist seise ese adnttan ade senws niece eieawteees eete nbkae nde vennteenvaNy nee 


06_4€H, 06_5EH, 06_55H, 06_8EH, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
OG GAP, OG 26CH siissvcrccdaiestes aie cic: tustaye a dacoaniortnetelantterere'e eels aebvatn anvigie ears Wa Gua adeedaeeaigie date ae 


MSR_LASTBRANCH_17_FROM_IP 
06: 5CF, O67 AA is ccc dave sda bien tes tends adatamisaua heat yaae eae emithamnnede eecuente ehamecw iw ets 


06_4€H, 06_5EH, 06_55H, 06_8€H, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
OG. GAR; OG. GCE wiisd cicctes cindied alana dank soon nintitiwiaitencern a ntesed etaone aateteiata ng NIRA» 6 Glace mearnmaaRaserenNrS 


MSR_LASTBRANCH_17_TO_IP 
06 SCH; OGL 7AT se sctneain ne eptdunine sig wie ome bedmdaitee aad odledoreet inne abhaeeeREa ete Mie ndreRaa’s 


06_4€H, 06_5EH, 06_55H, 06_8EH, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
OG GAH; OG OCH isc iisisteccceais wrtsec niente niin didn sielsasuuieegitiea seis enh edoarebee addenda cameddate 


MSR_LASTBRANCH_18_FROM_IP 
0625CH 06: _7 AT es cites avsrdisiaispitet rab eeedaye saateoniwaeaee setae anew on tes eb desond daddies ee 


06_4€H, 06_5EH, 06_55H, 06_8€H, O6_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
OGY GAR; OG 2 OCH ssi cctrccas Jac ainincit areca ana teicrabearecalvigerncis Vidhan uid aeeiuteobrnoanccatare sie ala eGlRaddiayaeaannses 


MSR_LASTBRANCH_18_TO_IP 
06. 50H; 06. 7AR icici ttaretesiiaunencnias dsidewkds oesiiestnwsidgidles tan einedeites sade saduiwatye oe 


06_4€H, 06_5EH, 06_55H, 06_8€H, O6_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
O626AF, OG GCE side ctceticcceapetendedaaatunies sdatember tense semen trdmutede sewer pene aieae dae 


MSR_LASTBRANCH_19_FROM_IP 
O6.5CH, O62 TAs sc.cccdannta guste dings wanes meng ih etigngusbege eee eeisneneiaeed etaaceaaneniaed ss 


06_4€H, 06_5EH, 06_55H, 06_8EH, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
O06 GAH 0G 6H wissciencgeanie aGiemanantiela biases ob pidinatenee ened haanedenaindewnaasinmeae 


MSR_LASTBRANCH_19_TO_IP 
06_5CH; 06: 7A es sists cssereiieisvae dttanthe seane eather cnientede cates Nib ae een de nena ease ae a 


06_4€H, 06_5EH, 06_55H, 06_8€H, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
OG GALT, OG GCIs esavesccstav2xcsnunecwiavesaon ath: scaettna io bsa/aoateyersianeiee tna ht hitvanasbiniahe wea anaheccuaravgtereobsienalwavateia. ese ites 


MSR_LASTBRANCH_2 
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Location 

See Table 2-15 
See Table 2-20 
See Table 2-55 


See Table 2-12 
See Table 2-15 
See Table 2-20 
See Table 2-55 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-55 
See Table 2-58 
See Table 2-59 


MODEL-SPECIFIC REGISTERS (MSRS) 


MSR Name and CPUID DisplayFamily_DisplayModel 

MSR_LASTBRANCH_2_FROM_IP 
G2 OF OG! As cesics dcaceatacecticeaydintiare an wanatiges ev arene RHartenea aa sMnnrtan Gomurieeaaen amines 
06_1CH, 06_26H, 06_27H, 06_35H, 06_36H....... 0.0 cece cece 
06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH....... 0... cece cece eect ene ee eee ene eee 
06 5CH06. ZAM sisi ates bas awed eeanke ns ania diieadiae Via tien cde adees Daheendbeamin nea ee wads 
06_1AH, 06_1€H, O6_1FH, O6_2EH..... een tte t nett e ene e tees 
6 2AH MOG: ZO hc nteeanaaaacroum ascertain conmnannnngndinacaaisanascenataunn: amueccaneas same 


MSR_LASTBRANCH_2_TO_IP 
O6-OFF OG VF ieiccssesdiactnraaededndindneeersdendd ect wunaadegecessauiidiin’s's et mie sud tadeeacs 
06_1CH, 06_26H, 06_27H, 06_35H, O6_36H.... 0. cece 
06_37H, O6_4AH, O6_4DH, O6_5AH, O6_5DH.... 0... cee teen eee 
O06 SCHOG: ZAR esi misinaidv ane Satntnnied dee eheaanasilenie chive dinde samy peau ttetaeatiene ed nese 
0627 AR06 TER; 06 TFA 06 CE Ab ice sens tbe diesedcwnen tagueainisicitare ely gecieelen e houdeuhon 
06. ZA PO06 CDA iiiiiies iscsi aetna tamil Seda eae pete dees Wade ecleleac erule Seidel deren baie duc Heels 


MSR_LASTBRANCH_20_FROM_IP 
06-5SCH OG" 7A isi cc aeiles agaveda ced turnie vad bdede meteion Parede Pagadete he tagiwe neneeee en emiontmee 


06_4€H, 06_5EH, 06_55H, 06_8EH, 06 
O6-GAHO6- GCE icc estos cel dieatied dasine patiqe Gewvehandleiioneleaaeeeleuta Oxalndwle dca cee dau aca 


MSR_LASTBRANCH_20_TO_IP 
06:-5CH;06_ 7AM ticsscctinciatedatis tasgieayvataadedive raha deers sasdeun cis bide nneee ed aR EARS 


06_4€H, O6_5EH, 06_55H, 06_8EH, 06 
OG GAR POG LOCH x .jichee sist hid ctaratedee wind stave Die wig tebe nseranac snes evaded Vie Gavan Gham adenine alacateg canes aly’ 


MSR_LASTBRANCH_21_FROM_IP 
06-5CH06 JAR ise cise coisas capausition crisis duit'eeleushaeeinneatsts dgleise Henna duiaeieis wemee eeu 


06_4€H, O6_5EH, 06_55H, 06_8EH, 06 
O6GAH/062 OCH i.5. ccc onc ccieiesddnaiedia nee raminnnninenasurepRene tae amare Medea ceseeun ey 


MSR_LASTBRANCH_21_TO_IP 
0G: SCH OB PAH ists cescaec aise naw taseutade Godin ede nanendiends weaendae Ledulgits vaaueseds eusacosens 


06_4€H, O6_5EH, 06_55H, 06_8EH, 06 
OB GAH OB 26M nice laobsacsis eerie «tintin kbgiee netunaaniuce rented Fe tiliw ces lin dnc adeegeae gab 


MSR_LASTBRANCH_22_FROM_IP 
06 -5CH06 7AM sss scccetitcataieeiness acta biawtdesedves Miawdadawtleeg beta eabeenens genes ene My 


06_4€H, O6_5EH, 06_55H, O06_8EH, 06 
OG: GAT POG OCH sisiiissestcs-scipe-areuciacetaiecerenacana gsi atmaue-erayereee wa alia ucabsrnte ninuayn ag sal abet ihasa ain tiatecesepecug'veertea ik avy 


MSR_LASTBRANCH_22_TO_IP 
OG SCHH06 ZAR sind tteiccntar a atesaetiee civitaies seeaiemetndease eneemmeda a antileeee acu ntectaaeny 


06_4€H, O6_5EH, 06_55H, 06_8EH, 06 
OG GAH; O06 GCA iit ecnsa sa cciticcen dedi tedis acai mommies dew eptaaie een neimledtewene sears 


MSR_LASTBRANCH_23_FROM_IP 
O06-SCH; OB 7A bite iwcdeartinnsciaitceuman ai niahe wes be:dpeertuce wip tgs faye diners ae meets net elder tal aTS 


06_4€H, O6_5EH, 06_55H, O06_8EH, 06 
OG GAT, OB GCM sist ccciceesepuets lscesarstes eso acute w anomergince setinowiandielioaciuale Sn-siGon Gigrd ara gietniolscg ane lele’s tigud de a guerinh 


Location 


See Table 2-3 
See Table 2-4 
See Table 2-7 
See Table 2-12 
See Table 2-15 
See Table 2-20 
See Table 2-55 


See Table 2-3 
See Table 2-4 
See Table 2-7 
See Table 2-12 
See Table 2-15 
See Table 2-20 
See Table 2-55 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 
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MSR Name and CPUID DisplayFamily_DisplayModel 


MSR_LASTBRANCH_23_TO_IP 


06: SCH, OG FAB ese ciclcicay coe tetaanine cag wind ome the Ceuta ded Deemer Reta e nem eee eee ene surRaTS 


06_4€H, 06_5EH, 06_55H, 06 


06 GAH, 06 2GCH isc cscs stat acidivinr sieeddumleddeain as ohare peiouieeaiamede al aadwung campo 


MSR_LASTBRANCH_24_FROM_IP 


06-5CH OG _7AR cs cn stebiscsiss ass pitettabeat edn od Hawn iwas bens cota sandaden dese ideeonteRate en 


06_4€H, 06_5EH, 06_55H, 06, 


O6GAH 06 26CH iio: cccereee sani nvnseds de teniedswentsianrae eas adds Hegnegnmie amass eeaeS 


MSR_LASTBRANCH_24_TO_IP 


OG SCH OG 7AM scessiere ta wincrin cnctonatzianscereitian sinvnie usa baseteudincaty ates Pieaunateesei Seaver gre ota Hels Aine eilsianaiy ea ey 


06_4€H, 06_5EH, 06_55H, 06 


O6-GAH, O60. GCH siicicccdiin saicorsuemontetiteatantcres dae bbet anes meeindmade se teew asennad dies 


MSR_LASTBRANCH_25_FROM_IP 


OG5CH, O62 7A ssctic cc onsta nse nawtecg wonaemedlsneesigaguah ged ove ereisaene ieee etiacaaineniands. 


06_4€H, 06_5E€H, 06_55H, 06 


OG GAH OG GC wiiccencesiiie ecnemncn ties a wanes donates pa eediyndh kidnededen de wneedenmeaee 


MSR_LASTBRANCH_25_TO_IP 


06_5CH; 06: 7A ws cccin asec ratsveceae etewees senyedelnerepvaraeds cates yiveden en vende yea we yew a 


06_4€H, 06_5€H, 06_55H, 06 


OG GAE, OG 26CH scree Sesinsiennune ae cpatennndetuentere tans utters eo etems aniedumrner singe twtransjadeesrsiiwt 


MSR_LASTBRANCH_26_FROM_IP 


06. 50H, OGL 7 ARs teed ohava vind ey eiieceday piedeavntaotene iit bheekund San hed seve waned edaaeenie ees 


06_4€H, 06_5EH, 06_55H, 06 


066A; O60. GCE iniiacdicclisiecin saree waneditanee tales neat eis oie me a sinttek namiddeasmG is 


MSR_LASTBRANCH_26_TO_IP 


06 _SCH, OG FAT esc csi sdslemiaias cctanice sed sande mena edarnae tus Hive Gels eolbdanpe emia eee Sealine eee eareta es 


06_4€H, 06_5EH, 06_55H, 06. 


OGuMGAH; OGL OCA ies sisaehne ae mite ete nedatiia le aiin Se caain weaenle geet samen moae swan wad gaa tenneinl 


MSR_LASTBRANCH_27_FROM_IP 


06_5CH;, 06:_7AH es ecccs nieces sas chiesitansadoenties he waies sake cagiw badd eevee biked seas ties on 


06_4€H, 06_5€H, 06_55H, 06. 


OG GAR, OG OCH ise i ccecscresis le ate diane eiavces-antyb ouster anarere ale gcnuc’¥ig nun thy PigsdiGipr an Since achtace dob hag a gtsl fytang argteeeNerw 


MSR_LASTBRANCH_27_TO_IP 


06 5CH;06_7AA asc c cise rs tie vw renee Psi esha iameneniais dolce tiehawinne ieee eawed ean wine ei 


06_4€H, 06_5EH, 06_55H, 06 


O6.6AH, O6-GCHwisxcecenccccwsneniedaiasaan mtetewadebeged hea Mesenamd agin ds dedeapledeaweadants 


MSR_LASTBRANCH_28_FROM_IP 


06_5CH, OG 7AM vic cc nesataasasty naw get@imgeat metmiersinetRiGpordeas tiene sieges teen sina ee g 


06_4€H, 06_5EH, 06_55H, 06 


O06 GAH 0G:GCH wis ciciudeecuns ccnemiios neh haimeee ads phan ty bites menage isletene adie dehnesaagudun 


MSR_LASTBRANCH_28_TO_IP 


06_5CH, 06 7A os itinteciaiie sey eiettnn seeded eaetaeeieawteees eee naan de ennteentaNy nee 


06_4€H, 06_5EH, 06_55H, 06 


OG GAP OG OCH ssstiscrcccsccn testa cis tiwipe a Racsannlereteantter eis seesle dyed tie wiikey Me duhhddeelae nega daiiaabeaai ae 


MSR_LASTBRANCH_29_FROM_IP 
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Location 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 


See Table 2-12 
See Table 2-39 
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MSR Name and CPUID DisplayFamily_DisplayModel Location 
06:-5CH;-O6 7AM i sagcaczansteaoiaatines ietaciasadaisedeabeiaicerys santarastasidagecbneiared gies See Table 2-12 
06_4€H, 06_5€H, 06_55H, 06_8EH, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, See Table 2-39 
O6::6AHPO6 66H sj ccivosncda Piureve: sia do enade cede tba endany oFeedd eleiedoaamedi detec diode eehy 
MSR_LASTBRANCH_29_TO_IP 
06: 5CH;06 7AM i sstet tet dows betpueuneaetaawaieniaed ee ahiad duck Blane Big Masai See Table 2-12 
06_4€H, 06_5EH, 06_55H, 06_8EH, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, See Table 2-39 
O6:.GAHPO6° OCH 5:5 ciccnns sive cen eaeresehnaginemeadueareneica gemma neeecadeerh ed 
MSR_LASTBRANCH_3 
OFA is stsaie naira aati ahindelynt wah iedat gan at anal tadmaaia aun gcenaq a thal gale G Jaaate deers a aaldadaratels See Table 2-55 
06. Ob Miccstertivnania savin sean? py eh GeMiaGwat ieakencctmee end de axa @hiamagulen pb aennra ewes See Table 2-58 
06 09H t.cacincsentaadeadocge aeehinanbeaetatatassaier sd nciaend Madi biaei adie geaatdade edhe dade See Table 2-59 
MSR_LASTBRANCH_3_FROM_IP 
O62 OFH;- O61 7 His sient asieritineee Yap iet ecu dadaadG geadeieshe bees Hildoa eg aedenwiod aleve See Table 2-3 
06_1CH, 06_26H, 06_27H, 06_35H, 06_36H......... eee cece eee een tenet eee ene See Table 2-4 
06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH.......... 0. eee eee etn eee e tenes See Table 2-7 
06:5 CH OB 7AM bie ties wee ewig enenta@eae enn sawnes wexendsad eran de ke ina ae btsaeve sea eRe See Table 2-12 
06-1.AH;06_1EH; O6_1FH, 06 CEH wisi. acne ae peeaencentne Gaidtee eas ante aeheen saa ade See Table 2-15 
O622AHSO602DH geacy Socio ee wee aes ad ieee gal de aaavededel ween dak ey a aielawaeyad ae See Table 2-20 
OFA isaecdeacomeiece tak te Coad acs as cowedeata ead eeaccaas Mhbie Gaetan aeenrbed ie weretun eden ed es See Table 2-55 
MSR_LASTBRANCH_3_TO_IP 
O65: OFH) 06-17 Es cecene cat cewrmearaaadeiey cas nica st rhpcatnsiee neta bites dreamin ee eaten See Table 2-3 
06_1CH, 06_26H, 06_27H, 06_35H, 06_36H...... 0. eect ene ented See Table 2-4 
06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH....... 00... cece cece eterna es See Table 2-7 
O65 CH/O6_ 7AM iid ceincctit ee ant cehigielsy ca biaedcemei(es dali vdetaed cane due ddrancedvadaedebaeie See Table 2-12 
06_1AH, 06_1€H, O6_1FH, O6_2EH... 1... cee e ne teen e eee e eae See Table 2-15 
06::2AH,'06:-2DM iis dit nsdoidas Seiad ania adde ten eAuan taku nated phenedeeda wey eean eee ae See Table 2-20 
OFA bs.22sicaxtnetatseta rte hearneta x iaebinadew ie Midas eheemndeb laste landeere vad ondaenew ens See Table 2-55 
MSR_LASTBRANCH_30_FROM_IP 
O625CH}-O6. ZAM i wits ceictetce ead eon vine dah Eegiaedabe on Mal vbiNeoewdde idtiee anatase dea dade iy See Table 2-12 
06_4EH, 06_5EH, 06_55H, 06_8EH, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, See Table 2-39 
06: GAH; 06-6CH i iidrscranwhrschicerate a2 Haar dames na mneere Riera Bermbnranarec casa ae des 
MSR_LASTBRANCH_30_TO_IP 
06: 5CH}OB: ZAR scasidinint State te ticles Sacetie aneanegx hretwybicad einen dindaantis eudua uate Gees See Table 2-12 
06_4€H, 06_5EH, 06_55H, 06_8€H, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, See Table 2-39 
OG: GAHfO6 OCH ie acs.cceiaduet betacendes saunas aronneiy ecdaanihelausine baat dae elas tated edaekadeeis 
MSR_LASTBRANCH_31_FROM_IP 
06::5CH06_7AM s sesuns ra nicaten nine nacdnee ia eaaeaenis 2b idee ieaandles eam oaiad cbaed hinged ake See Table 2-12 
06_4EH, 06_5EH, 06_55H, 06_8€H, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, See Table 2-39 
O06" GAH; O65 6CH 4 tcccccatu ied teciekeanngen' sedahs csmeboisese Yaad fades aa mineneutseenaerese 
MSR_LASTBRANCH_31_TO_IP 
065 CH OB 7AM bss ee iieccsrge pea neccetinanast pied oeren einai and aveEeenee adits btaeees Hoan LENNY See Table 2-12 
06_4€H, 06_5EH, 06_55H, 06_8€H, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, See Table 2-39 
06-:6AH)06..6CH ice. cota eccevenmirt datas ciasadaaniiundeveeed bteldndodwinrde comer dcae ae 
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MSR_LASTBRANCH_4 
OG 206 x ccttunaii cas piece tahineatemiavateet eit catnad che dade nedes ehoaschlendes aeedaN al bordadesae See Table 2-58 
OG 09 .c.0.0c eee erga thle eels Dtadovade Twine stad lagen dye aslalade aa oad debeoread eae aatieneralen: See Table 2-59 
MSR_LASTBRANCH_4_FROM_IP 
06_1CH, 06_26H, 06_27H, 06_35H, 06_36H........ eect ete nee eee eens See Table 2-4 
06_37H, 06_4AH, 06_4DH, 06_5AH, 06_5DH ........ 0. eect eet nent eens See Table 2-7 
O625GH; O6..7AM see sc cde.cieineadhacekes Gide ace es o2 aking hd ehocete dad thas heagayabasagerihene: See Table 2-12 
06.17 AH, 06_1 €H,:06_1FH; 06 26H sick cceesdascessngeeaitedenaeidad Secs dea ues say edia ged neds See Table 2-15 
06_ ZAR} O06 _2DE iiss ivestdns oadddunniaad exad ae tied aes cae eeiaoeuee nie eeddanediadaeneeet See Table 2-20 
QR ii icts ead ansdidwiiar ieeiai sa arhanaiead SiteeGah ads diancetwad Adeahaiad dasa eiedia tats See Table 2-55 
MSR_LASTBRANCH_4_TO_IP 
06_1CH, 06_26H, 06_27H, 06_35H, 06_36H........ 0 cece eee eet See Table 2-4 
06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH...... 0... eect n eee eee nee ene See Table 2-7 
06_5CH;.O6_ 7AM resis ye lincance tan nodeendaeeiwiattliie vida ved dane hati bade eva dean OuM ede red See Table 2-12 
06-.17-AH,,06_1-€H; O6-1FH, O6_2EH i j.icccsacieiadiis mndoves cig ada edciaceea pene sslneoen aed hees See Table 2-15 
06. 2AH 06: 2DA ics edheciehiciea Leeieh ed oie mcas bth ionwebn pavenehhtieed anes eacnee ge ameann See Table 2-20 
OFMesistesetingeseareaitans sami enid esd aGm ditan tel aesamitorme edhe are eehtagardneniaas See Table 2-55 
MSR_LASTBRANCH_5 
OG OEE se ciee scorsinisactiielaitan as daGdiaae den dla acheapisronaniea sob yaad ected dew dele ein ieegaean tyne eee See Table 2-58 
O6 09M xckerttese tk cane eedeysehk vensedeahiaese ined eaaucesw intercede dacs oaeas detainee See Table 2-59 
MSR_LASTBRANCH_5_FROM_IP 
06_1CH, 06_26H, 06_27H, 06_35H, 06_36H........ eee eect teen eee eens See Table 2-4 
06_37H, 06_4AH, 06_4DH, 06_5AH, 06_5DH ....... 00. eee cece erent nents See Table 2-7 
06. 5CH, O68) 7AM ie ected aud ceegente seed whee vasa eoebte iatein eae neds Bxdeageae Shedeeaad See Table 2-12 
06_1AH06-1EH; O6-1FH, O62 CEH wssiicscieecd aca ce cevdatiwae erie een ake beeorsdebia dhe sends See Table 2-15 
062A; 06-2DE tsp iccetcadiaspncieviridessh aelvaiaeuiesnivad dd skace fa tarea tied agaale See Table 2-20 
EA si iidie dodeaiecd Binmcnadeed bedoe neh ebiecdee Pe a aunaceiea greene dona aeh ee ne actus atta eee nd, Dna Bane oe See Table 2-55 
MSR_LASTBRANCH_5_TO_IP 
06_1CH, 06_26H, 06_27H, 06_35H, 06_36H........ eee tenet e eee nees See Table 2-4 
06_37H, 06_4AH, 06_4DH, O6_5AH, O6_5DH .......... cece eect eect teen nets See Table 2-7 
062:5CH; OG: 7A esc cdeccsisaeaanztinep et @mentiabngesaghedinuieee te nesedde vadaensdy piesa enenneens t See Table 2-12 
06_1AH, 06-1 €H,:0621FH,06_2EH sicic ccc. darian eeedda de neebind beeeeeevaeengeda dened’ See Table 2-15 
06-2AH-06_2DE vcsccctseetices ey oncaathnaone siidaedia nome ennenniiaaes eceeiddoas awe See Table 2-20 
QF ished nana sald dead edesew hale takin SenaGedan gate agen aera deeded nesta a abenealwdas Res See Table 2-55 
MSR_LASTBRANCH_6 
O6 OGM is cccucct staevseoeieiis xexeiidds ects biads seeweaweee gout dedeciedd is ees maereerremes See Table 2-58 
06.09: 2 fai ies eetous ciauheiee iiwueiad cada bam oresmue dues anmuewneed adnan ta eeieacenadnaree ee See Table 2-59 
MSR_LASTBRANCH_6_FROM_IP 
06_1CH, 06_26H, 06_27H, 06_35H, 06_36H........ eee eect etna See Table 2-4 
06_37H, 06_4AH, 06_4DH, 06_5AH, 06_5DH ........ 0. eee cette erent ene eens See Table 2-7 
06.5006 7AM setetacetssGavkeeri ent deatGde aust oad dhise bles ened ae Vedaie dee dees adden eden See Table 2-12 
06: TAH; 061EH; 061 FH, 06:26 a: scacccccssankh adeicatie i caeihaanengnateaaes paeetensor See Table 2-15 
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MSR Name and CPUID DisplayFamily_DisplayModel Location 
OG. 2AM OG 2D i csariata cveciatiaavasd tances aad nite etraaad sanansertaa a biases aa ateetnee See Table 2-20 
OFF coc irateasedh Coeesnndaay eetdaiw ae 2 haeee ahead nen aGead Latest tate g weed dean aaaee ees See Table 2-55 
MSR_LASTBRANCH_6_TO_IP 
06_1CH, O6_26H, 06_27H, 06_35H, 06_36H.... cece eer e eter eee eee cent tana e eae See Table 2-4 
06_37H, O6_4AH, 06_4DH, O6_5AH, O6_5DH...... cece cece eect eet e eer e ene eae e tne enn eens See Table 2-7 
06 5CH 06: 7AM i iviriai 2 fcaniinncntvvnnned wel wuiiasiaegietad a haste bane wale edbebeloe ee aa eles etutite See Table 2-12 
06_1AH, O6_1EH, O6_1FH, O6_2EH 1. cece teen eee eee e enn e een enn enaes See Table 2-15 
06_2AH;06_2DA sci iedimtan ean himadess MAb aN datdy a ienaw inde s bidet Geateaates hdd See Table 2-20 
ORF ested tania canew ec davcaan gs tiene taacetue snaked ghee tage te tomy ase: ti necmiaaase ames See Table 2-55 
MSR_LASTBRANCH_7 
OG QE Asis: a ssccrtisicciita stents ceteing races oaiatcotn viata a ccuivien Baud ee arene Heenal eeu nlearia dei ee tats See Table 2-58 
OG JOSE iccea sistas oharcuatatiatine what tad cciaiies santa aint ennmntmseis gesanatetesotenen sat See Table 2-59 
MSR_LASTBRANCH_7_FROM_IP 
06_1CH, O6_26H, 06_27H, 06_35H, O6_36H.... cece cece eee e een e eee eet ee eeaes See Table 2-4 
06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH...... cece e cece eee cere ene eee teen nena See Table 2-7 
06.5CH;06- 7AM si.5ccteades bined ceaadeiihialeaediegs cian sain ieidad dunaewendandieewiwada needed See Table 2-12 
06_1AH, 06_1EH, O6_1FH, O6_2EH... cece cee e renner e eee n ete teen eennene See Table 2-15 
06 2AH; 06 2D festa se eratson hone nena Sannd eee ained nem ainanngeteessaseoneakeniariass See Table 2-20 
OE avis te tengrabaoiianneiea beacon he ob bid awhirmtutadawhiaugiaddaadtan avatar bene bpaeiaetes See Table 2-55 
MSR_LASTBRANCH_7_TO_IP 
06_1CH, O6_26H, 06_27H, 06_35H, O6_36H.... cece ccc eee eee eee e eee eee en eeaes See Table 2-4 
06_37H, O6_4AH, 06_4DH, 06_5AH, O6_5DH..... cece cece cece eee eee nee e eee e een eenees See Table 2-7 
06. -5GH; O62 7AM isis. ecienint do ataniitadanaccane riinawia nad vdhan di eale cadets uae Matanstam eeniayetec adits See Table 2-12 
06_1AH, 06_1€H; 06_1FH, O60: 26H w.ccesdianisndaccdaewsindadnetvidedwen awn devaesmedadaneds See Table 2-15 
06: ZAHLO6 22 DE ie nitno2dk qaesaeiwa denne eer tes Peau Beales odntvendeesds Didee ting faa duneeese See Table 2-20 
ORF is. gtcnctace parearidrendadcat digun® sins acnavteash arise hiSaie slatteauans dean heaton oan Sams ner ele wed, Naa ycien See Table 2-55 
MSR_LASTBRANCH_8_FROM_IP 
0656-06-27 AM: asnvcc danni ccancens sc abate ips soatawne iden se tie va mia dant aga Sane shasdanerake See Table 2-12 
06_1AH, 06-1 EH, 06_1FH, 0626s iicicccccscdend bein Casgewdandea dene aheerdansemevadedas See Table 2-15 
06=2AH) 06 2D cided tact pained iene y eben dade dey daca ddl ktae dn aeeier ined sandy eas See Table 2-20 
OF i ic siincenceais Sedshantintaasaanea daw dde deasigan Heabahawas Ladsaeredi as anoess See Table 2-55 
MSR_LASTBRANCH_8_TO_IP 
06::5CH;- 067A: as522 staat bea metic sacain Sige chaedena aia dene eons cnet egaaes ote eiedanteans See Table 2-12 
06_1AH, 06_1EH, O6_1FH, O6_2EH... cece cece eee e eee entree teen eee en een eens See Table 2-15 
OG ZA} OG 2D ics aeccts ose eon anaah-acnce Ydeavacrinch dls stadeaanecbeear aged au Wawra dies aobee deachogerh Waheed aa a See Table 2-20 
ORF cva.datinceeinice satis vieatn geek mace eiiasan herrea Sa beam ens ori naamonemaa ss amin See Table 2-55 
MSR_LASTBRANCH_93_FROM_IP 
062500627 AM aise idee sfnctuvacat deine nie inraad sae piatedinks Manicndb dea eata cies cries See Table 2-12 
06_1AH;:06.11EH,06_ FH; O60 CEH S iis csi seraiaaaaie d aadinitg batednad aa daaraaeeaed belemnpains See Table 2-15 
06-2AH; 06 2DE sci sivamtaiewentoitadian atdh avedutdicnasnaaetees Miaetds oh ademas ahdG See Table 2-20 
OR Fisic sien seininaatneelat nevicaings Fe anveltiacs kak vate itdia tins teteev estes beeen aces See Table 2-55 


MSR_LASTBRANCH_9_TO_IP 
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MSR Name and CPUID DisplayFamily_DisplayModel 
Gs 50H 06-7 All sce: sctccee cath vida naeha taaeiiadtatene nce aetasis eeiniee opie eaiiiassmene 
06_1AH, 06_1€H, 06_1FH, O6_2EH... 0... een etre een n eee 
062AH,06-2DE 4 ies. cati aries diateae sn ntedatenes Mada ninth hisees ehieG paid examen gue eees 


MSR_LASTBRANCH_TOS 
06_OFH, 06_17H 
06_1CH, O6_26H, 06_27H, 06_35H, 0O6_36H..... cere 
06_37H, 06_4AH, 06_4DH, O6_5AH, O6_5DH.... eet ete eee 
06_5CH, OG 7AH 6s ccstce seers ccse es cetnated sone sede tw beiaw edd eebtes anadee neal need ma ay ee 
06_1AH, 06_1EH; O6-1FH, 06 _2EH cic cciscicist oie srsiaiaer ai ntdviedug sta af one paaune aoe ee ames 
OO ZAR, O62 CD. ses ccestiaca dasnarsssherionreundy sha tinttwn ere tia hud Renate ar hha Riestabrecer ym dose aahitanaineln tactaoai 


06_4€H, 06_5EH, 06_55H, 06_8€H, O6_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
OG6:6AH, 00 GOH sist cciis de cirnndeniwd Guu eeev ede nr shone wee esate cen eewaimnondione sie 


06-57 F06 85 Abs cine ine aeentay avawnailetoy aEGteee che Eee a eee res wenger MELO IES RT ENTREES OES 


MSR_LBR_INFO_1 


06_4€H, 06_5EH, 06_55H, 06_8€H, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
OG GALT OG LOCH se ssicaiccacs. ceca txiscessiiand ted: seaentantionstel aera Paaseee Gua a tvsas ainda ei entheecuarstersce ania lwttvaning.aresmreiivee 


MSR_LBR_INFO_10 


06_4€H, 06_5EH, 06_55H, 06_8€H, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
OG GAH, OG GCE iiss cidiccs cre ties lnndrien. diane seseniyiaagtewtaneniatene nieseibiac wane sal ebelata mplpie Minuntoren ela Dine War Hcheievaseredn neg 


MSR_LBR_INFO_11 


06_4€H, 06_5EH, 06_55H, 06_8EH, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
06_GAH, 06 GCE sacs octesiitinentea sind pedeecnr vee tennees sade wie dee poe mbe eae aNNEDS ae5eS 


MSR_LBR_INFO_12 


06_4€H, 06_5EH, 06_55H, 06_8€H, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
OG “GAM, OG GCE rors cnsccoscais aleate dient ar oececasntya oucte-sidreceale.ooue’vitenn tps mis dhaigraon tiaetsrscitaoesiud ang Runsdl ahead ereiesaneyorw 


MSR_LBR_INFO_13 


06_4€H, 06_5EH, 06_55H, 06_8€H, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
OG. GAH, OG GOH ives coiesnin dwied sch nance an aR drmniedn ohana mem MMM de halle ai eeaa a pateS 


MSR_LBR_INFO_14 


06_4€H, 06_5EH, 06_55H, 06_8€H, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
06_6AH) 06. GCA sities cccieisiten ai ddeh tebe rsonied Pabtoabaareete Pend gerndieanaes otaay 


MSR_LBR_INFO_15 
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Location 

See Table 2-12 
See Table 2-15 
See Table 2-20 
See Table 2-55 


See Table 2-3 
See Table 2-4 
See Table 2-7 
See Table 2-12 
See Table 2-15 
See Table 2-20 
See Table 2-39 


See Table 2-53 
See Table 2-58 
See Table 2-59 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


MSR Name and CPUID DisplayFamily_DisplayModel 
06_4€H, 06_5EH, 06_55H, 06_8EH, O6_9EH, O6_66H, 06 


7DH, 06 


7EH, 06 
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8CH, 06 


06_6AH, 06_6CH 


MSR_LBR_INFO_16 


06_4€H, O6_5EH, 06_55H, 06_8EH, O6_9EH, O6_66H, 06 


06_6AH, 06_6CH 


MSR_LBR_INFO_17 


06_4€H, O6_5EH, 06_55H, 06_8EH, O6_9EH, O6_66H, 06 


06_6AH, 06_6CH 


MSR_LBR_INFO_18 


06_4€H, O6_5EH, 06_55H, 06_8EH, O6_9EH, O6_66H, 06 


06_6AH, 06_6CH 


MSR_LBR_INFO_19 


06_4€H, O6_5EH, 06_55H, 06_8EH, O6_9EH, O6_66H, 06 


06_6AH, 06_6CH 


MSR_LBR_INFO_2 


06_4€H, O6_5EH, 06_55H, 06_8EH, O6_9EH, O6_66H, 06 


06_6AH, 06_6CH 


MSR_LBR_INFO_20 


06_4€H, O6_5EH, 06_55H, 06_8EH, O6_9EH, O6_66H, 06 


06_6AH, 06_6CH 


MSR_LBR_INFO_21 


06_4€H, O6_5EH, 06_55H, 06_8EH, O6_9EH, O6_66H, 06 


06_6AH, 06_6CH 


MSR_LBR_INFO_22 


06_4€H, O6_5EH, 06_55H, 06_8EH, O6_9EH, O6_66H, 06 


06_6AH, 06_6CH 


MSR_LBR_INFO_23 


06_4€H, O6_5EH, 06 


06_6AH, 06_6CH 


MSR_LBR_INFO_24 


06_4€H, O6_5EH, 06 


06_6AH, 06_6CH 


MSR_LBR_INFO_25 


Location 
See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 
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MSR Name and CPUID DisplayFamily_DisplayModel 
06_4€H, 06_5EH, 06_55H, 06_8E€H, 06_9EH, 06 


MSR_LBR_] 


MSR_LBR_] 


MSR_LBR_] 


MSR_LBR_] 


MSR_LBR_] 


MSR_LBR_] 


MSR_LBR_] 


MSR_LBR_] 


MSR_LBR_] 


MSR_LBR_] 


MSR_LBR_] 
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66H, 06 


7DH, 06 


7EH, 06 


8CH, 06, 


OG6.6AH, O6-GCH iicsctuet sas eran tenemtasion eee acemiont ies eMbme ire mtv te newmaimenia dengan 


INFO_26 
06_4€H, 06_5EH, 06 


OG. GAH L0G GCA iit cs cee sunr ee memsmenineanimibees sam bbarhine Gate wleona ge adanede alle ad-qiveeaiac sos 


INFO_27 
06_4€H, 06_5EH, 06 


OG GARI, OG 2OCH ss iiccsccses ciactniaceianetaon ats scaainavenssetbasterer aasorss na ittlnus Bib hie dea dhercuararaie scien wih amieitaahoenn ites 


INFO_28 
06_4€H, 06_5EH, 06 


O6.:GAF O62 6CH sits cities tuclunwiday sniauielernanlnnetieda tele citins seven ma eatien eau idamameihs 


INFO_29 
O6_4€H, 06_5EH, 06 


06_6AH,06_GCH sa siecc octeciitin ents sind pedeecur yeahs ees saad ie gee pme Me nwadees aa505 


INFO_3 
06_4€H, 06_5EH, 06 


OG GAP OG OCH aoc srscais al atts da Banc Srcedsnayy oucter ane: ne ely ecuua ane tne Algidtaibown Rinne scitacees.d hey Pigsal Pubend aeeiesaneyeiet 


INFO_30 
06_4€H, 06_5EH, 06 


O626AF 06 GCA iiissciten ccweilsin nineties aaetnnete ed cebieied ie wabeemeneiatde se tude gy tea miag anes 


INFO_31 
O6_4€H, O6_5EH, 06 


06GAF,06-GCH si iiccie cccinisitenneat dag debe reominiehtdesease ote Pend geerndisanaes ot aey 


INFO_4 
06_4€H, 06_5EH, 06 


OGSGAE, OG GCE siicsiscicchararts are cis. duaianpun.d ccpoarnsteranttateraasnee hebthyane didgag aM Guahdduceedae teeing ed alaientbansaoe wee 


INFO_5 
06_4€H, 06_5EH, 06 


O6_ GAP; 06 GCE siisid cited aties nlc dat eudiondnmizaae nee imae eeity ay pannus oataw de aamaatarem suns 


INFO_6 
06_4€H, 06_5EH, 06 


06_6AH,06_GCH si i csi ecitriitiwnersna ee dtnde deem th eyes seagate aene week dasawes oe 48S 


INFO_7 


Location 
See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 


See Table 2-39 


See Table 2-13 
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06_4€H, 06_5EH, 06_55H, 06_8€H, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, See Table 2-39 
OG: GAHSO6 SCH aac accuaidussveneds hebtaeidannaadparededind @ opinions divemnedesdadehhed 
OG 7AM Sidsctendete sont anie athe wiitne ate eleuGwnaae dean MLD ranean vcd ede acdadde vie ees ea ORO See Table 2-13 
MSR_LBR_INFO_8 
06_4€H, 06_5EH, 06_55H, 06_8€H, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, See Table 2-39 
06.:6AH; 06 :6€H wsccs cc cnssdant Aeotias i hieteee ean aneaaieeacae earaeemaeentannantaa ahead 
OB ZAR site eutnaants seal cee otc eta tect widened rae eee hte de anette Gay ede ede etale See Table 2-13 
MSR_LBR_INFO_9 
06_4€H, 06_5€H, 06_55H, 06_8EH, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, See Table 2-39 
06 :6AH; 06 6CH isi b cdc tantuiicncntane aadinad aan siamn nn gtnedad shaiaws ried adebaan aed 
06 ZAM Sie. ifccbeconmecalihned ieeia eid eidcdeeaad nia ace bigaaebhs 14 Roos Ron ee adaeane aeeaead See Table 2-13 
MSR_LBR_SELECT 
06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH....... 0... cee cece eect e eee e nett ees See Table 2-7 
O62 5 CHOGY. FAR ists teniesidchd tiwaty ante dames Mamas Cam elaine weiss be aiuinAtnanatehenea tae onan See Table 2-12 
06_1AH, 06_1€H, 06_1FH, O6_2EH... 2. ect enettnteee nett eet nen See Table 2-15 
06:2AH,06 "2D osssit oiae snicextideowne tapiindses ngesetnated geleedivess de ieeksimean yes prind See Table 2-20 
06_3CH!06::45H:-06--46H .. cccaie weve aa bhignbadanegee tees abe ag aeematenesercwead hin ’d See Table 2-29 
0625/H, OB: 85Eh i: sca aslseleee siva2es td diaaesannede bya dg sane cel Ee bees Cov eanawade BYNES See Table 2-53 
MSR_LER_FROM_LIP 
O6-OFHMOG! 1 7A scent beat hageubl seek chad dtiiees peak eme in iakeeaden knee bewes ee clbeaeniade See Table 2-3 
06_1CH, 06_26H, 06_27H, 06_35H, 06_36H....... 0. cece cece tenet ene tenes See Table 2-4 
06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH, 06_5CH, O6_7AH.......... 00 cece eee eee eee See Table 2-6 
06_1AH, 06_1€H, 06_1FH, O6_2EH..... eect tntet eee teen e eens See Table 2-15 
06: ZAH} 06: 2D is cccnds icenesaa dea so eee epee ded eat e Pe iwisadictVantaws a oxo ate dae ee pees See Table 2-20 
06-5706 85 Ai assieccdice a nici censioeahag a fai dendnes toed Jone nee Wim obiauhd doweweaniacninmenaeuen See Table 2-53 
OF Airis ice ia Fats hb apine ae ponies wide Vesna Thee s epoca ea wad Bend ba ha a iearwase Gaede enuaein a IateetMae See Table 2-55 
OGHOER Mich ie hmaneaagenads ehaneed boeeues ooeiaeenacd aiedas aa baa adnadantus ate Alcon eoanebanaean See Table 2-58 
OB 09s ticecce eatin eee eae die gia eden ee A ae ta tee A ee ea See Table 2-59 
MSR_LER_TO_LIP 
O6 OFM O61 7A is cease inethieead sigagant a Pages aathe dines dads dae gran haeedetneersaeadnonar See Table 2-3 
06_1CH, 06_26H, 06_27H, 06_35H, 06_36H......... 0c cece eect eee een eee eens See Table 2-4 
06_37H, 06_4AH, 06_4DH, 06_5AH, 06_5DH, 06_5CH, O6_7AH........... 0. eee e eect eee eee See Table 2-6 
06_1:AH;,-06_1EH;.06_1FH, O6-26H i cence os da dernaes weed yi neead eee wbsneadade medeta dewey See Table 2-15 
O6_ ZAM O6 2D rccas yan tat eee Riwae spied ayavkae bie g Waris ra pecdea dan v he ben epdue es edna wie See Table 2-20 
O65 7H, OG BSH secuete apse tcetcincs wai dice aiaeie vie se ackae tea aay duaneddage ty pews dean dtaa hae dees See Table 2-53 
OAs iisseaeaszecaea te es azaseon xeadesn hd anahevnn xiale Hit didialioa gf aincetediwalace aovlevalars fcarecttentecbee Fonadeoen wie Viele (eciatearehahettie See Table 2-55 
OBS OER sicsuaehcors shined eoeeiieteab eaaeknbeale ede tazed er ddidad Seindeiewennendagee ead See Table 2-58 
OG 09H. ca202g sedi diam chhecseeeee aa Lanse emade edu amna stands eaoie ab apoddadesdenetaeaneeiaeeenk See Table 2-59 
MSR_MO_PMON_ADDR_MASK 
OB 2 Ellis: a cecticin ope suaes veaseiaeed Soteia cedncasien pe tens teu teicaeed Gomis deinen dae edanee See Table 2-17 
MSR_MO_PMON_ADDR_MATCH 
OG 2b bsscscan sncaein seve es 22 hehe nore SikeaxxGualradabenndee des Puede deer iee yee ebse ede wed tae ae See Table 2-17 
MSR_MO_PMON_BOX_CTRL 
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GAZE dioxins satasanuse costae ne aateiind cone es adhe ss tga sad es eeGea a oat ate aan Sete See Table 2-17 
MSR_MO_PMON_BOX_OVF_CTRL 

GEN acca Sevtz-nieee e'cfoso sigepvninencancne gibt acd-asebeartvnbanob at avaaaibne 940e eed pitrane Godateewlalpchon tebetpnletanecd elaroenecmtalp tare See Table 2-17 
MSR_MO_PMON_BOX_STATUS 

OG EA cidiaia Seti tardiactee anak ecceaganesaatunb iat scans dance an ck reaeconnyrapamiman See Table 2-17 
MSR_MO_PMON_CTRO 

OG ZG ic Srcancsien tars be nans seein ane hale Guna nansausee yess aecimaneae aannees ook a a orate See Table 2-17 
MSR_MO_PMON_CTR1 

OG CE ye dana aa apteag es on teras ouecetetns oteisan tance tes pio aanieasi enone uae aaemagan nas See Table 2-17 
MSR_MO_PMON_CTR2 

OG! CER 2, scaiitas awd ope eee siewnarGuattn tacit Ge Raueas Joe wawmaede weeiares adele oegaieeanReneats See Table 2-17 
MSR_MO_PMON_CTR3 

OG EM, caeesdinaadatt a poten dda tlk aad vets aid Sada Gh Re geticn camara what iae hed sane See Table 2-17 
MSR_MO_PMON_CTR4 

OG ZER eaicthavattnesanuacacsaan Recaaacminhe eo dodeneaacasn sannethutdens deihues eealiaumig nn ent naam nie See Table 2-17 
MSR_MO_PMON_CTR5 

G2 2G os ea aia suenieepnese cad antec s neous iad tated ney saad eotaane compte an aaerdnGeonnis See Table 2-17 
MSR_MO_PMON_DSP 

GEN ics scciguigsusbie vive vee enieeeve acetal elute Setreceicsareinisoardials GivivintaSeore uO opuinee dos ardidls aehre’e Seveepthgserd alae oe eae See Table 2-17 
MSR_MO_PMON_EVNT_SELO 

OG. CEH ii cihniecicnenis baiehiadeliasd ede aesn cheat iiiuan pine ees ba galenia tena anbeaemenae See Table 2-17 
MSR_MO_PMON_EVNT_SEL1 

0G: ZEH cate iatvme ened oat cane eromiamevnat koanataatamese nerdeue eemnaaye ones aieenees ta pensmeane See Table 2-17 
MSR_MO_PMON_EVNT_SEL2 

G22 EH. rtoccasaseavee en sneeteaquecs test etna sue neas ieaeiecadiecisaponeeme cane wees cniis See Table 2-17 
MSR_MO_PMON_EVNT_SEL3 

06 CEA ecctinig lawn beter sainaesw aig ania cadsiis vies die ew ewmedW ad HRaken ceo g ee bee ENG See Table 2-17 
MSR_MO_PMON_EVNT_SEL4 

6 CEM see idebcga ach bees intend dena re Pia cde abate Va Rive alaUadava re eadiateseaddidaba mins See Table 2-17 
MSR_MO_PMON_EVNT_SEL5 

OG CEP Soka torsacetea nates caneetae outed stag pana haat ena meamaianctainna ee ace on cteeedes tcc ngieea te See Table 2-17 
MSR_MO_PMON_ISS 

G22 EH Foose atone anne coneeacas nn end lose nhs sate ness ae detec meta maaan erie See Table 2-17 
MSR_MO_PMON_MAP 

OG OE ics Sis Satsigsateie tise etecd Nierpaninccemoann cinta Gélea.a train ie batet vw Blan, ghiraoe- diate vlalachaxsaltetyeltinend Gero natene ae See Table 2-17 
MSR_MO_PMON_MM_CONFIG 

GER, su iehiGiinisteneeiiGardiaaki liana ue besten eae Whe ee es ad cee ae een See Table 2-17 
MSR_MO_PMON_MSC_THR 

Gy ZE cciauaancieetnoes ches enchant sans pan Wie naenadsane ones sage see noen samen senate erate See Table 2-17 
MSR_MO_PMON_PGT 

OG: Eis a seta sameira cu tease ceaecerin a cocin an pace teuu earns caniecir aya e ue eee gases See Table 2-17 
MSR_MO_PMON_PLD 


2-448 Vol. 4 


MODEL-SPECIFIC REGISTERS (MSRS) 


MSR Name and CPUID DisplayFamily_DisplayModel Location 

OG CEH eta sh satesctatws atamas enee ayes Gaeten eed as setae abaaanca nines sad eos oeaines enmtere eae See Table 2-17 
MSR_MO_PMON_TIMESTAMP 

GE sess ossciat wledues ya keyulncain aca la nivne abe donugepvnraneccua ereible Scd-n @beasainfsgalat isa acy ee ondebubinge Gudhete slakecere glbeeveieiaencs ai See Table 2-17 
MSR_MO_PMON_ZDP 

06 CE Mesa aias nee e celia ee hahiiaa sa asic Dae aves dctiwaas ceaguin pee Ook cet Gente eee ad See Table 2-17 
MSR_M1_PMON_ADDR_MASK 

DOU ZEMioh.cammaesepunmeagy +5 ace au sepesn setae Aaah uae muah oehnaaabe dames. sajnaiveinace teen an See Table 2-17 
MSR_M1_PMON_ADDR_MATCH 

OGZ2E cr cseh aise aie eas sseaene es crete puncte a a heaue tencmetm pie aanincnenes canes See Table 2-17 
MSR_M1_PMON_BOX_CTRL 

OG 2B Mics sinaatisnnraa stones qata evn voce a/staieatbie aleibiclaticae acdeye ee Wald Fa Raion eng ea Hibaulened cent raat See Table 2-17 
MSR_M1_PMON_BOX_OVF_CTRL 

OG CEA eit cnused PAE Leet ae oh) boven deemed aaa teased Own ae dual hil anny einaticc cama nme ndaremes(as See Table 2-17 
MSR_M1_PMON_BOX_STATUS 

NG SE Tele cba scsare soe ae tat otdgasacar coe anes Seorteaverc(ane aeveve alc a ntoenvooes a entbasscaaatus at pana pte ene se ana e eftecer e phectanenerse See Table 2-17 
MSR_M1_PMON_CTRO 

OG ICE Mi sacar sane ecagaad 14 soea nuiene sense mi eaeentes open adidaadnie ee ues spas botraneeeneere eter See Table 2-17 
MSR_M1_PMON_CTR1 

GET escsnda she ese orurts pon ltd nebceceyndechvncxserdo cel chee Scbexcahsy usm soba’ st atv deRbeleed sdbepyeipcdedvenandlg w ncacece Srapepecponcliar See Table 2-17 
MSR_M1_PMON_CTR2 

06 2CER aaa inxisaleieraui MimeieleLnawd edema een Ghii eh pehin oneeten ee cenaheaced See Table 2-17 
MSR_M1_PMON_CTR3 

OG ACEHG: .canian acaeeanenass eh enaa apy aca use akama asa auukag a onda oeraeaG caiianon anes See Table 2-17 
MSR_M1_PMON_CTR4 

OGUCE ccnetit hae teectso svete ees geet ennieertiachet ies ao ianncmer Heim resaatnceeme meme sar See Table 2-17 
MSR_M1_PMON_CTR5 

6 2B Hiei Si eaiacd paneea deus deb vie bon Veen aiemred eal gicanea aaaierd Ya bie aeeramnnG ea Snake See Table 2-17 
MSR_M1_PMON_DSP 

OG CE bes siaGuiveg ee hed inane dea deee sndcgan doen ge Pinw dia Ma ehhd dae dinwdademae sere danenescee See Table 2-17 
MSR_M1_PMON_EVNT_SELO 

NG leer a eagaen ote araascaeeae sane weet resciart todos? af eaci@ peavarn  Acsapeeeeesa Ss aan maid Slee nee @osiges doalm cheutence we etatayeteesteteys See Table 2-17 
MSR_M1_PMON_EVNT_SEL1 

OG CEH i cagae satiate sGsuts nner esses ey ate uesan ad nbaaain of eass oh tamtsune pone eee et See Table 2-17 
MSR_M1_PMON_EVNT_SEL2 

GE Ne ays acsazite ay ed 2G asecasn aioe eign ate ciGeovncnceeesdoe eight Schon a yeaa ele ats a arareee slettane-gedhece gadecleecelaeeoanees a See Table 2-17 
MSR_M1_PMON_EVNT_SEL3 

06 CEH cis cheney elias Cate abiiea sa asic thaw pee ldaad ccdQuh Se eared dacieas demieheeins See Table 2-17 
MSR_M1_PMON_EVNT_SEL4 

OG22ET och canasaaiaieauenias en nae chemin oh caee sanan cen Gis Noehs gheds heb aematelaaneeeneman mt See Table 2-17 
MSR_M1_PMON_EVNT_SEL5 

OG22EM crmsynasce a cremadesmamereeetnceseciaeentnaca eu waa ten nents cease caduenn ses oom nes See Table 2-17 
MSR_M1_PMON_ISS 
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06_1AH, O6_1€H,.06_1FH, O6_CEA jc ici cscteve neces steed edieseerare tenor seed a Raa Tea Ns 


MSR_MCO_RESIDENCY 

OG SAM OG OS Acs ice sects aceetiasstalsisy stead olo'e ointe'o sis ois daudialece Gaey aipare tp aod vaniee aioe tutate thie ta Senieelviecrs 
IA32_MC1_MISC / MSR_MC1_MISC 

06_ TAH, 06 TEE; -06_1 FH; 062 CER isc vis icce cos kawnieaeee aiindsienite viata vinta nnueeas Wied dae een mines 
IA32_MC10_ADDR / MSR_MC10_ADDR 
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Location 
See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-15 


See Table 2-53 


See Table 2-15 


See Table 2-17 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-37 
See Table 2-38 


See Table 2-17 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-37 
See Table 2-38 


See Table 2-17 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-37 
See Table 2-38 
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IA32_MC10_STATUS / MSR_MC10_STATUS 
OG ZEA iiie aiarak accntiearer aah taesactncaews anism nea ou ames ane apeeeneeee alemeaine aeneeees at See Table 2-17 
OG AD. cisve scatsehehetnnrned Bob vetted x. alasmaiane a atvla-alaly icitinea dole # Wiechsele bea nyavelb a rela pinenle coaneGaemenctele Glace ncelaehoeaiactain See Table 2-23 
06 SEH Mercchctavoneiancsasmbcsnpecenurecs aduetan st mis aauan ace ce manne aarednne se poeme saa See Table 2-26 
06S chicka scadd dukes oa Land dae Paunaaunee bb waned damian sane peEnnene yee See Table 2-32 
O62 SBA OG 2A FA iiices.essecesicvicns denis iivinne piaagal tien neseitepiclgud’y Seely eed a Pega ida ERR ROENA See Table 2-37 
OG 24 Fick ta nicaate cuameanaaes oot eeenneh ade eam cee wars an phages eae Anattnmace seems See Table 2-38 
1A32_MC11_ADDR / MSR_MC11_ADDR 
OG Ecsta at natin sies eeeeagsa tment esr einaaateersisetusacmer mere centen tes pena aee See Table 2-17 
OG DAs tics tectn casa tin arse reset ane iaaaweanbunade aaa tages aegae reese reneaes tana eum See Table 2-23 
OG SEs aceiiineta cei ee daraial an renee a ae ed wten ates aa TE Redes seniauiew nt sciaret deere See Table 2-26 
0G AE see ssneccisstenreccntiuasahpietaieaatadsuce nent aganaansaeenbeeagepaadeaeomeataneanees See Table 2-32 
OG AF Abisits ahead’ odadeies Coated a cdnedads suneed Vor Bxedea anda die x inohad<amagens odatenese as See Table 2-38 
1A32_MC11_CTL / MSR_MC11_CTL 
G22 ise ares aaa eecn gosistety goeve cos m code peeteaaht sisvavasts Sesteavn oe aut sta anes Gaygaagcetece eG SensooR a tea GHtenerte prerelaD aoe See Table 2-17 
Ob 22D iis sadiein of andes Deoeed Gadi a aanladd Ae aval iebve he baadadtuaniekies ed saad eaaearehed ad See Table 2-23 
OG Eas at une a ohetas oc eae tee coee stark tone a ane ai agadaiiae eens inate aeenee ete one an tee See Table 2-26 
OG SE iadeccecraa cena iustiaaateesanananse sane ss nen s enue em ente nanan eaenaes See Table 2-32 
OG A EA isin faders vce vin ach tasgeesnin Gil ipwindtee Obed Gis diab dard eld hiv aGemana a Handa nuiiaed daa e slertee en eenmeeeact als See Table 2-38 
1A32_MC11_MISC / MSR_MC11_MISC 
O62 Ec ncataiee einai daaurenedatardessdah hab iaGeiaaagabham aed emus made ebenconeieacen See Table 2-17 
OG. ADA seccreccace frrmnsraeitsigata nies wins Dati y nee spo deuce ep aradie’s + og eatioct oy ste pce aTtieie are cpeeteetarens See Table 2-23 
GSS EHsaancas neces eecans ah phen aot anart se mcin each umes au caampaheecune ahonnciinn ne peas a See Table 2-26 
06 SF. cahecedcs suse. cadddeceawe ren dhad han cadaausaad bo ameweneemngnuetaag as oa dbdcddemeehhy See Table 2-32 
OG AF Aiccesotttieomaretaeent ean sates tea neue iaau ames vasa aceue tates eles ase monet See Table 2-38 
1A32_MC11_STATUS / MSR_MC11_STATUS 
OG CEs dead heeee cotta whe aa ketidintdeganaunnadawarg in biauurwes seine adie pmaeedaeeaen See Table 2-17 
OG: 2DEs Lecce tsccashaviea trains poste taantoad Gavaeas eratan sida eee haent tae thn oie che ore anee See Table 2-23 
OG SS EAs ostaicae eee ae hla eden soa eek ie Se a a ida ee See Table 2-26 
OG 2S Pic cevtcneouneeiewcnwa Laas nde haatsland cataiaasmmat iy ey eeu ddareelts exe ean a yee See Table 2-32 
OG AGA ssacreccastace-aceae seetevniese ebsorn ce armeestoatscesastiestoe onl uauh eae Shans tees auacdlage se Goatees earn Saltese noe chan eoettan See Table 2-38 
1A32_MC12_ADDR / MSR_MC12_ADDR 
OG: CEA ssc sitonies daatannssace- ethene ments noiadaua comiaiad ieaaiita-npatered ce nbianeaenerennnd See Table 2-17 
OG 22DEis cr ecanee nada sia canara aang aaa Mure nena comin ar aaarqameednte ste artenapannens at See Table 2-23 
OG: SEN inn cdots dove enadwinns dial tawcitie dt@avbacad yl Cava ee tarnish aii unnarcaniGawan oan edeleee tenes See Table 2-26 
OG2IE Aasancsanssea bina epauunincucre geuas ateeeeges Geaweg ecamiennaeaeencagereneceiayecies See Table 2-32 
06 4F Aichi annie prawelanis Leabiieeatenienedd day ien Me dua he eaahii ee aw bedid ac ana beacaeeeenee oes See Table 2-38 
1A32_MC12_CTL/ MSR_MC12_CTL 
G22 Eck ia aan eatacanoeradanaccea sh causes at cecaa cee aaGueasmaynaaguce dees auencamance seaman See Table 2-17 
62D aia ic saci da Goce ek eat a eed eae eee Fede Sted een ae See Table 2-23 
OG. SEA ies iataa td oa tees d Cec esate tect raat etna be aecitaatraemey Oeeteeennene erect See Table 2-26 
OG Es si itaah: chewecaaminn keanse eens anders eineamnnciaahenucuseamea nein nauintneameudies aptea« See Table 2-32 
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Location 
See Table 2-38 


See Table 2-17 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-38 


See Table 2-17 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-38 


See Table 2-17 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-38 


See Table 2-17 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-38 


See Table 2-17 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-38 


See Table 2-17 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-38 


See Table 2-17 
See Table 2-23 
See Table 2-26 
See Table 2-32 
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eee reece cr ree See Table 2-38 


Lisnscsciae cebu eleianrned bath # Pabbeoee ti geenane as See Table 2-17 
shixdkayaed Sehinsestediy scans ene See Table 2-23 
ihebada tices adaee ad peareradans See Table 2-26 
Hiiaiscninieeoemcnad amen ged eee See Table 2-32 
ihicuhact date bven aman cnet ad See Table 2-38 


Ge auimte ierueeuaatiaiial se enaea ee eee See Table 2-17 
Shean PideaeG Fae nne paaea dalow antes See Table 2-23 
LL Rites emma a taoneed eas See Table 2-26 
Laman eo nareesataaiieudhtatedsiets See Table 2-32 
hee Ges etnies Cum dieee eedaxennse vs See Table 2-38 


Griddle nad Hise ealoas inns See Table 2-17 
ilannineuqu mamas aati cn aneenns See Table 2-23 
pinieeg ari ydes Vataveeedteurs Setar See Table 2-26 
siiicio nthe nodeiewnanaaaam eae nnns See Table 2-32 
Gina Gindaddd tie as ce iaaniadan See Table 2-38 


iepateton ae meotean teense geen See Table 2-17 
soa cddsciptien ate raha wee wen apeweaes See Table 2-23 
Lhasa diane eiendiieees Reuse See Table 2-26 
iehestieiicenen in Sev awe dade eka he ty See Table 2-32 
Samos nia ter salaa mi wetetens shen See Table 2-38 


Die weetw td hake aeotee ns See Table 2-17 
iaittadiesene nna deaawnedagunss kad See Table 2-23 
uae davahinemidduadiee aides eee See Table 2-26 
ed ras ast toe ere OUR Rocce ie wren See Table 2-32 
Geiaicteene Ousaean cena taloneeias See Table 2-38 


Jisbiuee avinnes ynteaadaaweseeesd See Table 2-17 
ee ee eee See Table 2-23 
Lsneatncecu nleiunined baie £ Bele ti gaeeee is See Table 2-26 
idaitnnnonniainssa enawenniai esas See Table 2-32 
ke okie anamad aah aeons See Table 2-38 


Lhidgdd tbe enadaaewees deers See Table 2-17 
Sa dutenee decane gues wet oueueees See Table 2-23 
agents ieretaweand sense See Table 2-26 
eccieictenleieis we eh anaitameau wana meee a See Table 2-32 
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OG AGIs Avasicsnaganssaseet senna ne aaeeiind tenes aaa tiga ne sad on eeGea eaten ate aaa Sete See Table 2-38 
1A32_MC16_ADDR / MSR_MC16_ADDR 
GE 2s etisiscsesteaictaye eeces teerpivincdesodna dibs adleace searepntai ba vine abe weds nutans dedialdiylalbehectiietieltinend Sareea cnae See Table 2-17 
OG: 2D cceces sete has bie iiss us eaaee Herwia pales Speed eee ee ees ee ante eie ete eae eee cd See Table 2-23 
OG SEH) ie aiehis cena aw eheaaeld de bieg 1h Roaehens bake Raoia by awnbe ds coun cab enaaente See Table 2-26 
GBF iiavtciusieise sdueereconemcbadnnnremianesanceernu ane eh neta adage bse gd Exeee de eness cam miieERteT eur See Table 2-32 
OG: AGE datauncienannie nae ccansaneaesencneue woleaniars ean tors ora demaner auneeane ania sera See Table 2-38 
IA32_MC16_CTL / MSR_MC16_CTL 
Gi Eh se suena is ameanae ee eesat esau ncs tenes otecnan Sane tns pie sunieasseneD oaie cee ganas See Table 2-17 
OG 2D cs saate ssn avad toned iauaraaaamags entnnag nee teuinnsanennarisa moar alana mmenonndis ane acans See Table 2-23 
OG SEH  eaeriawae poe ee nae aR atte certs ee AGED ra Gaenden Seinen craig daees GREE See Table 2-26 
GSS ccaosacccacaagnnntsssesesane enstueem os nee oentateua aka eeedaesue oe neater gesaen es See Table 2-32 
O6 AEH: .cevdivas catanediced de@iaels manele tax owns wind C2 s ebtnind Ceo aeed adanedes (athied caRide See Table 2-38 
1A32_MC16_MISC / MSR_MC16_MISC 
OG SZER aithaceenenauscaae team nenenaameree atoaons sagas sea wala ee cave aeeelbacds auene naan See Table 2-17 
06 22D Aesdcics casted s ieeiies cabin ae Seek d dank wad woheher ahd veana beehiacende len qdbeaneasmubensae See Table 2-23 
GFE ds sac agsuesunesenesecad sat eaten seca maid trates coat eo ia ed eonpe eens ieadnie eres See Table 2-26 
OG BE catenins edronaen ce ceen meee aansaaamace mance mueenn taGuir acre aaueaesscienaes as neateneret: See Table 2-32 
OG AG icc cis scatyiisdatialel Saute veto vie wintnced delve Sehecaetsiveinitonbads avila end enbacesded ardiele scbeele adhndiguerd dale etre See Table 2-38 
IA32_MC16_STATUS / MSR_MC16_STATUS 
06 2ER. Ss cesaicnkoi weceielaldaadieeidesnciae aber nein ane ban eed ease eaurenemnee See Table 2-17 
OGL ADH, ste pcteracitares astvea hava nes sitei agin tad sey saints Oat anaes ances oaltieiinns Wee oeaa torent es See Table 2-23 
OG SEF Her acaencaeatahes cor nur sntumvehacssnkoncisaataas daateeens eeeani anes ti tenes atanenasen ke See Table 2-26 
06. SRisatscty awenanhteaaeenier angie ek beandtva 08 oh Pd Gene ey donee eee damned See Table 2-32 
OG A Ge Se aorta canteen oeiereceunteteset aticisani ae ieae oiatesaodire netic amemeagecnas See Table 2-38 
IA32_MC17_ADDR / MSR_MC17_ADDR 
6 CE ics axcee dan) pa Gees sutmeGemnete dic gece nadie cay ved ape eae WwenedN nnn dhe sain gem abate Tae See Table 2-17 
OG 2D ils. oath iraaes hess acssaus4coaein oi sod aban cimtawnnes einern ere canine hes cere sen ences: See Table 2-23 
OG) FEM ed eieh leis zi eeds cuane aad ued ee Oe Eh a Vs Roweind onava ea aieh es Gad hea eats See Table 2-26 
O62 BF 203s 8Fa ets saadanuaws bide iidadennanaw bene wr dans ap hd Galideettaniebeunenntyouwgaud See Table 2-32 
G56 OG: APT cttasaeseaae pane iyaareanguw toate ainaeasesan oe tatuann keeles pi aa tat eniae : See Table 2-37 
OG: AFH ic eomianinahibeesbidialdda lies iedanine ted dbiedina wees aed eadalened caeniis caqdineaaenee See Table 2-38 
IA32_MC17_CTL/ MSR_MC17_CTL 
0G. ZEH ae acatrnaeat ates opeacorianentennameoauthatanataaa mans pre aur anesenmenes at onensaeake See Table 2-17 
OG ADS a teciene uate eke taunt oetias oMGdw ae dace etanaiagaaniten acumen a carvciliters stainaesanattins See Table 2-23 
OG SSG is oveweceasastanag esse ares ou ecetesee a nnaa game ida teie ceca aidan en operas ema tagaces as See Table 2-26 
OG Raa ke bree CeReedh iibeneiin mbit aainieanedas Lies aed anes adn esaeds oe paadtedaone boanonaene See Table 2-32 
OB SOE OG AFH. cess secceid cee pieteainae atau tise mca Coectint afer ag nisintateibe Sa’s Oo RiGd Ee Ha dateaautd es See Table 2-37 
OG: AGE cz arnaeutarntaeahacaedssanesinmerntn un wasaatarsn ig conan ere naemaneanumee sho onsaaarae See Table 2-38 
1A32_MC17_MISC / MSR_MC17_MISC 
MG: ERS ant wns eser eae ce oat eaaunceten pennsays ace otinis damiecsnenap eee a oeoen es See Table 2-17 
OG 2DE ci osac teach aaa toad a savicaamamamanateg cae nauiaeamscmma cee moeed decennial demesne aaa: See Table 2-23 
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ish tae yiesanieeaedeaee Nees See Table 2-26 
(iain nemeOwracawaen Lee nede See Table 2-32 
ish din ieviomeetontuletiy attends Redewew we See Table 2-37 
Seiciut Mid ded paid ne sedans she See Table 2-38 


dig hte ane eaRN Hd hear el tvoyella ws See Table 2-17 
Rio Rhicmed te soe eau aoe RE a See Table 2-23 
eed hited hades Aes See Table 2-26 
idciagmnn prensa anwountias yes iad See Table 2-32 
jatinaalddos ti cisiietineaniatalnares See Table 2-37 
ii tired iene ee bdamaree eee See Table 2-38 


eeGass nEMemeetana eRe mare baceen See Table 2-17 
gare fiasd incnve cote Ew oon reg aoeece weaveyacbeats See Table 2-23 
savieav dnoreneaotovionua avi Seer nach onestesns See Table 2-26 
Linkkhwhane a Gesaa samen emaany See Table 2-32 
sbaad date esiditommasoadedaas tae See Table 2-37 
Lhidgeddat bes openuamanesaaeeeat ed See Table 2-38 


Wines ieieiedaainahd aemeense ees See Table 2-17 
candi eer aeadceedmatnn a geanmees See Table 2-23 
Liidaneds wemanteadr emer ed teneeens See Table 2-26 
Jub hignnauone aeneeeranawaam eeeeete See Table 2-32 
inagarmndaiartanicagahiusepenees See Table 2-37 
Siinieutd tein tassel serenade See Table 2-38 


Die weetw td hake aeotee ns See Table 2-17 
iaittadiesene nna deaawnedagunss kad See Table 2-23 
pie davahidemiddoadiee a tates eee See Table 2-26 
ied earasastld aie eee OU eecceamme  whbe See Table 2-32 
Shetpaeedtoateurig een naeaeae es See Table 2-37 
Hen ane Hata oro ama eee doen See Table 2-38 


Lanse Olah we een eee meea ad See Table 2-17 
g ahi hietinalednieGa a ede ohana ee See Table 2-23 
ere eer ee re ee See Table 2-26 
iindenwed 1« kereak wage haneeeenns See Table 2-32 
Lithuiate iF ap dase nan heeenems See Table 2-37 
phddgledlds bag atadaaieneeohaaeated See Table 2-38 


eee sures a tawtnee aga e eae eae See Table 2-17 
scan aincaanty cds cou teesteeesaGuatn tie hee eae Sectanates Gen See Table 2-23 
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IA32_MC2_MISC / MSR_MC2_MISC 
O61 AR; 06 TER OG: PROG 2 Gi isis5 te decressutisiane soewiseracesernanaunungnsaiet daly etsperaseu ‘save ghe-wialeacyrs wad URS 
IA32_MC20_ADDR / MSR_MC20_ADDR 
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Location 

See Table 2-26 
See Table 2-32 
See Table 2-37 
See Table 2-38 


See Table 2-17 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-37 
See Table 2-38 


See Table 2-17 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-37 
See Table 2-38 


See Table 2-17 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-37 
See Table 2-38 


See Table 2-15 


See Table 2-17 
See Table 2-26 
See Table 2-32 
See Table 2-38 


See Table 2-17 
See Table 2-26 
See Table 2-32 
See Table 2-38 


See Table 2-17 
See Table 2-26 
See Table 2-32 
See Table 2-38 
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Location 


LNoaee wk ag etwas meee See Table 2-17 
Lesvscicaerou sti ones Bnet aaa seeustb ts See Table 2-26 
icant mon aia cea ee aeennne eats See Table 2-32 
ihe gada ware Aaa ene asahs See Table 2-38 


sha Sateen es See Aue eT See Table 2-17 


ides iiehidddaaen aa eeiaaa des See Table 2-26 


Se ree eee ees See Table 2-32 


Hiateatnstaawnnaeit ea eeh canines tue See Table 2-38 


ieGreomia as paiacasun eraser See Table 2-17 


iehadere ivhin deaieda hd breil ae See Table 2-26 


avasdashentecracires aavaxeahiiers anteieanateec eats See Table 2-32 


dbihedintineaceeetu ate aataymies seo heeccmteee aya See Table 2-38 


sisi Gad Gens nav Rasina eee ne Pen See Table 2-17 


saa tcnecie Aa Des eae ee nee nesta See Table 2-26 


sind Pheu aaee saa nae narnia dae See Table 2-32 


ee rere eT eee See Table 2-38 


do cig muvee aera sanearvautianea atiatnadats See Table 2-17 


idtete boa esa teenie canatena ae See Table 2-26 


re re re ete See Table 2-32 


uate fe baer ienas eee nee See Table 2-38 


badigihssrei ee aseeneind weenie aint aes saahs See Table 2-26 


iid@esdinehisaeauineeediieaades See Table 2-26 


sasuinaeds etna es Gn aen foe Giasdtuacs we ectaataest eas See Table 2-26 


seth tetatea daa Gavi atsia sansa eat See Table 2-26 


icsuadaeeranestheoninssseaes aabatiroha enone See Table 2-26 


piwweted hiitidaddvaaa aeeeeieens See Table 2-26 


shaun eehio fa Mies. bane aati nae nneas ane See Table 2-26 


Se Te eee oe See Table 2-26 
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OG SE ods csc ansacea gee eoaeeaa ne aa eine ones adhe as tga ead dos eee ata eae eee See Table 2-26 
IA32_MC24_CTL/MSR_MC24_CTL 

BET sete sc ijasscsss ala tape e'vbevd tieeeun nenccoane gist acd-asebeartinlninod a avaaaiine 34ne eed pitrane dodatelalpchon teletynittaneed elaroeemtalp ata See Table 2-26 
IA32_MC24_MISC / MSR_MC24_MISC 

0 Site] cla err onan enn ee a ee ee ee eee eer errr eT See Table 2-26 
IA32_MC24_STATUS / MSR_MC24_STATUS 

OG. SEs reaGencarh unnrenbeacantcenanehabe Guam tansaugee esas aecmaneae mee ects orate See Table 2-26 
IA32_MC25_ADDR / MSR_MC25_ADDR 

OG IG ats ec oh eee es Cotta ou ecatetns a teinsan tanec tas pio sunieas iene cua aaemagann las See Table 2-26 
IA32_MC25_CTL/MSR_MC25_CTL 

OG SBE i eteanitaradatiu sexe siewn aS nin tra cei Ge euueans Joe wawmaede alemiares acaeheoegaeeeanReeeats See Table 2-26 
IA32_MC25_MISC / MSR_MC25_MISC 

OGL SER sc ateiwa nc ueh beds sd inetd wing vee aid nee hd A petdies com ates ndatene cae dbee aes See Table 2-26 
IA32_MC25_STATUS / MSR_MC25_STATUS 

OG: SER crethasteoactnenciacatraaacminhe odoaeteascase samnethutdens dichuens eecliaumg ns cst naan nue See Table 2-26 
IA32_MC26_ADDR / MSR_MC26_ADDR 

OG. SEH gicteeanrkecatieeraneccnd sathanes secu iad euasnead ners gal eotaane compte anaaeadnoseniis See Table 2-26 
IA32_MC26_CTL / MSR_MC26_CTL 

OG BE se iese Scajucs sea Weise wees epnleevn aveedodiel elute setveceidsareinisoaedoals divivinla liens wt nuince dee ardigls aebre’e Sevrepthaserdinlalbe one ae See Table 2-26 
1A32_MC26_MISC / MSR_MC26_MISC 

62S cei ahi eee a awd te dean cheat iiuan hed ees ba aalen ia teaee ceaneaeenae See Table 2-26 
IA32_MC26_STATUS / MSR_MC26_STATUS 

OG SEH, ce coos nteatiahe dane acamnaarnamevaet koanataatamase heraene eam maaye ones aime nies ta pensmenne See Table 2-26 
IA32_MC27_ADDR / MSR_MC27_ADDR 

OG FE i ceree caries seer eaauec st ssat tesa suee near ieaniedadinciraponeema cane weroscniis See Table 2-26 
IA32_MC27_CTL/ MSR_MC27_CTL 

OG SEM et ccesaia nade cio sotnauaw al gu aiid cade Pane hie ON GW edW ad HRakea cane bEe Re ENG See Table 2-26 
IA32_MC27_MISC / MSR_MC27_MISC 

6 FER staves ae bees eles dane de Pines cg eR Rive ala dada vere padieteseaddidaba ine See Table 2-26 
IA32_MC27_STATUS / MSR_MC27_STATUS 

OG Bice nae tena setvatine seston ae pan © Aaqet ena mea nanan ee sea on eateeides tate ngieea te See Table 2-26 
IA32_MC28_ADDR / MSR_MC28_ADDR 

OG: SEH tice nar encaiee se seeecns bin end ose hehe ness oe a tans Loman meando otis See Table 2-26 
IA32_MC28_CTL/ MSR_MC28_CTL 

OG: SER: penta ySeruieiayele cleo ieranceada civle sia G lana eeaeitv we aaa wbgniteeddare vlelechaaiewitined te/oeenteneae See Table 2-26 
IA32_MC28_MISC / MSR_MC28_MISC 

OG FEA a woralidicnehitbarciewin Caan eRe Pekan A a4 HL Es aad eee en ene See Table 2-26 
IA32_MC28_STATUS / MSR_MC28_STATUS 

OG SEH ce ranaenashannee eee suas homes sans s ae cien@etaasan ones sage scenes saeemes hens terate See Table 2-26 
IA32_MC29_ADDR / MSR_MC29_ADDR 

OG SAS ai ect eek cerncies Couasaauecenins canin can Bach ieud oar ars canieenren oye ace eee gun sae See Table 2-27 


IA32_MC29_CTL/ MSR_MC29_CTL 
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OG SEH 25 sb cacesciagan ncaa enneea oes Gaesen ceca soit aa abamanca nines sad eos eeainee eneter near See Table 2-27 
1A32_MC29_MISC / MSR_MC29_MISC 

VG SE ico scssciara Ses wiavid scotia gi vive aeSosd augue rnraccoe ereible Sch-n @beasanf seg al diise acarsneie ndeiouniage dudhele slakecere qlleteeieisencs aie See Table 2-27 
IA32_MC29_STATUS / MSR_MC29_STATUS 

6 Seb csctitus teal le diane eee eteecan aciu Dla oie dctiwn whe vaquin ee oee ete ed Gan teae decemnes oes See Table 2-27 
1A32_MC3_ADDR / MSR_MC3_ADDR 

OGHOFM OG U7 Fe stasac gataneedisan sagiesseicuacaase cesta dittaaier sic nage uioatre qbumemetinatetun es See Table 2-3 

06_1CH, O6_26H, 06_27H, 06_35H, 06_3GH........ 0. eect cece e ened See Table 2-4 

06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH, 06_5CH, O6_7AH............ 2.6 :cceeee eee eee See Table 2-6 

O6_1AH, 06_1€H, O6_1FH, O6_2EH..... cere etree tenet tenn tees See Table 2-15 

62:5 7 OG Ba sss csie cesarean wcesansssderbuesbetsns Gerytecaw vu ainthanphus astceinctr ean vege Sv atiaineetaeeUleca eigen easien See Table 2-53 

OGSOER «2 oss aa caadiaianntsas husesianssant an eiede tensa ag mhanaidueeenss ot oamtbnne rene erent See Table 2-58 

06 OSH ise eden oe can tbe ve carabecld sige cdad Guede eanen Oe ewes d de be Rotana ane aes See Table 2-59 
1A32_MC3_CTL/ MSR_MC3_CTL 

OG KORA VOG 17 actcgactses hadsas seawaae cous aaah ade neaunatatin wdas natant seam acme anaaen hts See Table 2-3 

06_1CH, 06_26H, 06_27H, 06_35H, 06_36H......... eee cece ener e eet teens See Table 2-4 

06_37H, 06_4AH, 06_4DH, 06_5AH, 06_5DH, 06_5CH, O6_7AH..............: cece eee eee See Table 2-6 

O6_1AH, 06_1€H, 06_1FH, O6_2EH... erent entree ene See Table 2-15 

062571, 06 SS iiy4igetoseads¥ ag fee tis eoguees Pec leelvelne ie dd delaw ed dhanke aii gdeageelacl tee btaier See Table 2-53 

OGUOEM: tccsersstatyaa st sieacene ss ceieteceuneiths pe msawataa taesetmn ete eesineeenee oat See Table 2-58 

O6 OSM Msghidalesbibediacacehue caddies edidinel ahteliedieis awhladre tieeaeeamee ae dneheied See Table 2-59 
1A32_MC3_MISC / MSR_MC3_MISC 

OG: ORM NOG: A7 Ficsadins dasava ta ste saan tae caneatalntida Quaaa tenia ap ance ead mmaaiotade anens See Table 2-3 

06_1AH; 06_1EH, 06_ 1H; 06: 26H wcies dcnnenssy vit cauwnensnddhivrandvenssande sand aadadanans See Table 2-15 

OGMOE cos et. ti saepentanaawaveeees Haase nyncites Demuuiauaianaemmcitiaees ale cian peneeataat See Table 2-58 
1A32_MC3_STATUS / MSR_MC3_STATUS 

06 -OFF) OG 17H stsiata cod caetais vanwueieteda bidaawhng aa ed dasa unsealed hoor ai abennes See Table 2-3 

06_1CH, 06_26H, 06_27H, 06_35H, 06_36H......... eect teens See Table 2-4 

06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH, 06_5CH, O6_7AH..............6 cece eee eee See Table 2-6 

06.-1.AH,. 06:1EH,-O6_1FH, O6_2EH sis.cdsnicsae cia yinds f25 s40ePiaae eed PORES Serpe y eae ver See Table 2-15 

657A OG “GSE sadeate camdsaatiateccstecamnen aes miata od oteeere aval euust oa eer ends ane ees See Table 2-53 

06 OER ic sicsiaited aw onihuiscsddresesmeheiend indeed iawieeind baadiia Riaw bowen cambaed ae enehelced See Table 2-58 

OGL OST Airset ties caer meas vecesoeo sa as tania eee nieaegiaees ate eee a nt eaet nets taut See Table 2-59 
1A32_MC30_ADDR / MSR_MC30_ADDR 

OG SE i vis ncsscins shales ve aciujps angie ative detec eigebvncnceeesdne eight Schende easann ee gist Avie acarareee sleeoubtane-gedhere glatecleecelseeyeieiaoncsain See Table 2-27 
1A32_MC30_CTL / MSR_MC30_CTL 

OG SE cs tinenvewiseirainnd tabdriens ainsi hae ieee eisaan acaQul dee ariid dacieandemieheeins See Table 2-27 
1A32_MC30_MISC / MSR_MC30_MISC 

GSE eka aismaraeenonade en nase tecmedes oh cae sanah een Gis Noehegheds heb aaaatclaaneeeneman mt See Table 2-27 
1A32_MC30_STATUS / MSR_MC30_STATUS 

OG SEH yor cae sa5 ines ate Peneamereecsnceseciaeentina a eeu saa ten acne: caer caduenma ses oa enet See Table 2-27 


IA32_MC31_ADDR / MSR_MC31_ADDR 
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OG SE sets csesatsaas sine costae sbaeiieg sees aanhsss uaa nes sad ten eee cata ate sane Sete See Table 2-27 
1A32_MC31_CTL / MSR_MC31_CTL 
OG BE ici hiaye’stoecln tnpre e'efevd tieeeun nonccoane gibt acd-aseteartvnleanob a avaaviine 34be eed epitrane dodatewlalychon tebetpnietanecd elevate pear See Table 2-27 
1A32_MC31_MISC / MSR_MC31_MISC 
(0 Sie] cla eer eer et ee ene ee ee ee eee eer eet ee See Table 2-27 
IA32_MC31_STATUS / MSR_MC31_STATUS 
OG SEH is ance Seeinannea uh ceca tamacenanc nade Guna tansacses esas aecmaneannennees Houta orate See Table 2-27 
1A32_MC4_ADDR / MSR_MC4_ADDR 
06 20FH 06 17H ss: t eas igen thik Coctaaaeiid ittetas cmvestg ens aiidamen atau aasameowins See Table 2-3 
06_1CH, 06_26H, 06_27H, 06_35H, 06_36H...... cece eee n teens See Table 2-4 
06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH, O6_5CH, O6_7AH............. cece See Table 2-6 
06_1AH, 06_1€H, O6_1FH, O6_2EH...... cece nnn eet nents See Table 2-15 
06.57 ;06" 85H as cie cia rieves Caets Geadnlea ncn omedadaadeii tenis saibheea tear eieanc ehheee See Table 2-53 
OG OG cscs seisjnigcseateie eisnest-atecd nteepan nccetodpae win Gcheaca beteepalatee pas davon aan, edd gvirce dod aa labneloectibenveitGasere lero aben eae See Table 2-58 
GOSH aataraacnctconsts nt cuencactimimena! Uasiaatdpnatanossacae tier soredte meaneeecbabianaeeensaat See Table 2-59 
1A32_MC4_CTL/ MSR_MC4_CTL 
OG20FH 0621 72Aliearescdcansecntas tage nace te tettake senntaieieie ie laeheounen i aeEieda wp sees See Table 2-3 
06_1CH, 06_26H, 06_27H, 06_35H, O6_36H....... 0... cic eeteeeeeeeee ee e tenet eed See Table 2-4 
06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH, O6_5CH, O6_7AH............. cece eee See Table 2-6 
06_1AH, 06_1€H, O6_1FH, O6_2EH..... ee ccc eee enn t nents See Table 2-15 
06..57F 06585 cic i arte ds Botieidsa Vaud s Bhi aia Relea eadd odie cia aden aypage baearaies See Table 2-53 
OG OCH ie sensei aga bye Gir Siswnweew ath nie atienccrtitte Raw anda daa wan eee sdipmianen clonic gyisl ben ements See Table 2-58 
GOOF attaca knee iit tues etcce ccd ne eam onan ceetauunn tae haaateernees sine map anes shee satehee anes See Table 2-59 
IA32_MC4_CTL2 / MSR_MC4_CTL2 
06: 2A OGL 2DEln css ch ecireesenhetaiiinosa gas davies cbiersaetnes oni eerawad aheteieiaaadees See Table 2-20 
IA32_MC4_STATUS / MSR_MC4_STATUS 
06: OFF, 0621 7 Aid ivaciata te tagatn ee aie dy eats }akaatoriedud ined deealenodaa Passe dingeteeenone See Table 2-3 
06_1CH, 06_26H, 06_27H, 06_35H, O6_36H........ eee eee cece e netted See Table 2-4 
06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH, O6_5CH, O6_7AH.............6 6 cece eee eee See Table 2-6 
06_1AH, 06_1€H, 06_1FH, O6_2EH... cece ented See Table 2-15 
0G- S7AAROGSO SE scat gcvescetusteccati e+ ania ueth ean vanaudaising caaaatetwuaia aunties oopeeantnads See Table 2-53 
06 OER. ccisiiios ad beieiewiatd opie eideoneiin eddies whieh ddabe a a nieies caddihiaa enee See Table 2-58 
OG 09H! accu ccs snmeeatenientese nat adesioskid sGicaanaieaatiantensg pesandeneeconeteataninnteene See Table 2-59 
MSR_MC5_ADDR / MSR_MC5_ADDR 
06: OFF; 06.1 ZA cusintiaws nas dtnadead faa cide ah hdis bade e dude psd eddeweds lo wetmiehs See Table 2-3 
06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH, O6_5CH, O6_7AH.............6 0 cece eee eee See Table 2-6 
06_1AH,06_ 16H, 06_1FH, 06 2EH we esses esse damiameaas dakiides orangmeenG dete tare Haas See Table 2-15 
OG! 2D Aes see sas iindinnnen st vaaae eran sinbnuawale wid lenny vin ban alt aunts wear Guinn wean eide oheeaees See Table 2-23 
OG SEH a acoencashtonearee seas aniaiee nas une nanianguae Manes aneneneanecnumenars cant quay ae See Table 2-26 
OG SSFP sk seh ees hi oh ve nett camel e Fs aed Saeed a Cet aaa Pee Ma ane See Table 2-32 
G24 Gillis see caetteswtraessoeatesasecetiese pe evan maeeGan gi nte eaaiecsanae eaten eae mea ge cnras See Table 2-38 
G7 57HL06.-O5Es.cccrccaaaeneenssneneceneeetaae aca asreueetcen chaantete nan au Ltetntweasermas See Table 2-53 
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OGHOE He 2a hicaites chases cams eneeea oes snes en otnedaeoetari ae abaaanca nines sid emo oeaines enmtere eae See Table 2-58 
IA32_MC5_CTL/ MSR_MC5_CTL 
O62OFH O67 Ai state See tit nae etan onaenadldige ge anesentadand eter nea ey daap hatmwaalseeenedeles See Table 2-3 
06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH, 06_5CH, O6_7AH............ 2.6: cece cece eee See Table 2-6 
O6_1AH, 06_1€H, O6_1FH, O6_2EH.... eect tne etn ene eee See Table 2-15 
OG 2D} aieistssceceGisssvessretie-e bis aed ashlee Wwtanna ea seeawaenl teiedaa Waveland vin ebaaleneuaitiy eedeie gic eed divemnian See Table 2-23 
OG: SE eck ta nisaatteeeumease at ane cache eau aes be etn eenaae besalese Aces aaa aon aeeaemae su See Table 2-26 
OG BA eiciose dca vie yok eh eae eas wits a hiee a ae alee gat aed Ee wads Ge ee See Table 2-32 
OGPAR ec: scsiaind ete aes ea@avere as decesecpuneneae be es suatuana@ete bane teaaleceneete ate ene? See Table 2-38 
0655/0) 06 SSE casnaerenduscotyvancuccsiaeaenneranieret an eeon: amanhahian eaneeianan acne ean See Table 2-53 
06 QB iis demarcated ones ceded oun escapee auntataa dave ad Pe mages Hew la ew aeutanea cea gan See Table 2-58 
1A32_MC5_MISC / MSR_MC5_MISC 
06: OPH POG: TAA nccemeacineneviebiawwvodn | mnateeevecadotsed Viese teen atieaihe sa wbas eased See Table 2-3 
O6_1AH, 06_1€H, O6_1FH, O6_2EH.... cere n nent ene e ees See Table 2-15 
NG UD a ceeyessetee ce tevcteseorse tate acrth a osnetioste cess ica tes tae coarewnia baarbot eat oa Pen danse miarbeereedteree eee ctecelne eel atata See Table 2-23 
O6_ SEM didehceds bhateneiaiad urebsaeacaiadade ited dd conaae a dagdbed eeaweawdaeclmetend gedeanes ond See Table 2-26 
OG USF iccansc seine a cagias siaase nueene ons eae Ra centes oaetanadadaania Seenna aos soa neeeneee ae tat See Table 2-32 
OG *4Giicksenismataeeioneate eh anes ta apices an cuceace pnun wes abeni adnate nas onmmtamauereeenae a See Table 2-38 
CG OE i scsiscdaaias oe ache seinen a eign saectevndgefuntbcged dicclele Scheaces eet oak g wrt gato Ob gd dianere gle tetreceldareoeabactals See Table 2-58 
1A32_MC5_STATUS / MSR_MC5_STATUS 
O6OFR HOG. 17 Aiccate i eladhid bbaiiaamaidadhe caenten ae ida lide Sik isue ekoorh bes ea cedeaeereaed See Table 2-3 
06_37H, 06_4AH, 06_4DH, 06_5AH, 06_5DH, 06_5CH, O6_7AH............: 60:0 cce cece eee See Table 2-6 
O6_1AH, 06_1€H, O6_1FH, O6_2EH.... cece tenet n nent nent ees See Table 2-15 
06 2DAeisctcas stewed cateen drole seated ve evn dt adie iw uee eee ade cemendd Mabe etaren ses See Table 2-23 
OG2SEA cvs iii tates petisesesyece ss chris caecttass Demuciauasan acme ieieies aieciea serena ea See Table 2-26 
OG: Girls coacnsre each a enantste ed an acactitecoe meeanieieteeactonast patsasnn anuasec nate Mig aonnotteatpecente etna ans See Table 2-32 
6 AE isis sana sionares spun deel bon ven Sinn red eae Ginnie tailed ae bie ker auntG eal ne HnaReRaeeN aA See Table 2-38 
O6%-571! 06 185 rlitcren:nc rence nied cea deseueeune 15 uiecene tegen eanahans (bnietaminnssanaaianene st See Table 2-53 
OG OEM csicecativeg te Skebaawy thataeys Zéceieed ae aved sat ddended Coehdd divas inwad andse arene need See Table 2-58 
1A32_MC6_ADDR / MSR_MC6_ADDR 
O6_1AH, 06_1€H, O6_1FH, O6_2EH.... cece enn e nnn e tees See Table 2-15 
OG: CDH irri neteheie laid ceahae ad hiaaaietede ed aahbind modes nteddnin ecehieehd idateleeeneianed See Table 2-23 
OG SEH io: hi sancactaianasaus nutes soe aateedetonunad nhaaaiaaneneeaon deo eehiten ene eee eet See Table 2-26 
OG BE Ncaecinncconeiatuaccma sia wae coon game reteanmemiethaiiaenemineneccn eu momnanneneneee See Table 2-32 
062564; 06 FFAs iieccsticad vn dcaaaiis ade secintietid etre Gate lvls betaaaed dvaeinueuted cava teas d Raden See Table 2-37 
OG AR cscs vst iapreckehseue eee geht si esapadst date nidsuaian weeet seis teoastndsiesesern saat See Table 2-38 
1A32_MC6_CTL / MSR_MC6_CTL 
O6_1AH, 06_1€H, O6_1FH, O6_2EH.... centre ene t nnn e tees See Table 2-15 
Ge 2D Ha achacssauoharscch utente ies wat tuk east acereiGnawenariammanautworwanse neem none me See Table 2-23 
OG BE Abin dcay vee yeh anon eiey Rah be Bee Redan oa ea dle died buwoed (aahin dave. itwin donna vee ee deena See Table 2-26 
OG ce bis gene tes ae dieetousy nat cauessaneedos | cieeeteponaaeuacamenanatncunaaseencat ney eeets See Table 2-32 
0675606: GEA isas.dgia one cident tegnane ea on abienten aw nimned nate dfarteaanaweed aurea ini See Table 2-37 
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IA32_MC6_MISC / MSR_MC6_MISC 
06_1AH,061GH; 06 1FH; OG. CER aie ie icc see e aan eeidtens ennmiite vase wit niin nitres else ue eles sles elas 


062570685 s scicainsinnciniiien cea neadiren sina eadtaleed exotlelnnsed ade aianie Himes Petaandulnecd 
IA32_CORE_CAPABILITIES (Note there are no architecturally defined bits; all bits are model-specific) 


06-SCH OG 28D i issasicscectas os ssnisnsataedohas Ment Sedamine ae neee awed bee kMaee eens oy 
IA32_MC6_STATUS / MSR_MC6_STATUS 

OGL ORR OG: A ia videcia sdecstas tad easscatet Sia toe tip aave ateonis Wandhsewnd crace dh rawesambaraancd gcbtive Sona ddeard aealhuasdl eri teednsg be 

06_1. AR, 06_1EH;.06_1FH,; OG CEA oes si ctnss eivee ides stunts onesie ce ade cheer pebtaawenee ea es 


IA32_MC7_ADDR / MSR_MC7_ADDR 
06_1AH, 06_1€H, 06_1FH, 06_2EH 


IA32_MC7_CTL / MSR_MC7_CTL 
06_1AH, O621EH, OG VER OG CEM. oii eeccesa cesiee Gas aude ted eed eae tiene «etn e Hintedneoes 


IA32_MC7_MISC / MSR_MC7_MISC 
06_1.AH;06_1EH; 06-1FH, OG CEA ccs sictais ciate ters vtand bones neeiebs memes dentsrwenteeaes 
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Location 
See Table 2-38 


See Table 2-9 


See Table 2-15 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-37 
See Table 2-38 


See Table 2-7 
See Table 2-9 
See Table 2-53 


See Table 2-14 
See Table 2-45 


See Table 2-3 

See Table 2-15 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-37 
See Table 2-38 


See Table 2-15 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-37 
See Table 2-38 


See Table 2-15 
See Table 2-23 
See Table 2-26 
See Table 2-32 
See Table 2-37 
See Table 2-38 


See Table 2-15 
See Table 2-23 
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OG SEM cca shiva aiatat atamss nine sees sae seoeeaste unten agasasaiau pian saad ooo beaen neon nee See Table 2-26 
GSE Arstenneceens cana since ccoanane macaanrhemierh nui aaneamnnenacemeenounomennnarenens See Table 2-32 
06: 56H; 06.4 FAbsss tis ieiecatvindvianihe ards Vacintietidinn (ce lGateains VO Aau de neaierea edly oiaad Sa leeees See Table 2-37 
O6c4FH cvcvitiessepuamersaeevecteastndhastesapedshdatenudssasanieeet eee ies esleceased eed aan See Table 2-38 
1A32_MC7_STATUS / MSR_MC7_STATUS 
O6_1AH, 06_1€H, O6_1FH, O6_2EH.... cect rete ene t nnn e tees See Table 2-15 
DG =2DHanchedacausehecncce ace ssnaeh cag tee nan aaiun a cen biGnarenatea emanate non: aane acer ioene as See Table 2-23 
OG BEA cos dada vee sek eh Wale EWN 5 Rite ee weaved aie hha COREA ew ee See Table 2-26 
OG: cee sagem stag cia tesu ae caesarean saa etek eens amennnet aurea enero eects See Table 2-32 
0656H OG EA iaaz dante ane becuse tise onte Ga nasdtencinceaieaemoet naam ddanieasaiaadaus aa enna See Table 2-37 
OG AE csscsntrosners vawkicrde hd ade pes aaa annie cine a aed Pe nunee ewe mewn bawtaned dene traan See Table 2-38 
1A32_MC8_ADDR / MSR_MC8_ADDR 
O6_1AH, 06_1€H, O6_1FH, O6_2EH.... cere eee t nent ene e eed See Table 2-15 
OG ADA vcisedbeisce ccectvetied bons ate Pesentehionvalnonraoatatdlund ate PetsiWevia. dodgy Fw Shout ben wave big dlsheceancooxte etedGraog ducer didlece-gaehceeree ATA See Table 2-23 
GE esc ra seesaee senna a ecoanasetaieven capes eae atercigns soevess ci ietommeanoe a Anetta sles aa ppaia dhereteetle wipve aici iefteeer Sle See Table 2-26 
O6:3Fciesccadaciaaceeaaenuneg prendyetseed doaaun nase ommnaredakanmeed daaadae’ peecaeneueey See Table 2-32 
OG AFH ecasathacastieeeueneeuscanseneans seas ne utes Cretan nnigaahiaeee ana ges sanaaese neon aeted See Table 2-38 
1A32_MC8_CTL/ MSR_MC8_CTL 
O6_1AH, 06_1€H, O6_1FH, O6_2EH.... eect nee t ene e ees See Table 2-15 
OG 22 DAs snccelso mints aacetteseari vam stat as ieee pataad cape ade eieecedonieenennent aes eee nee See Table 2-23 
06 SEA sccanntet bi cocthwiaenidvebeaweneiae hae be aida daaine cages doe eaekateamnaed nl cenmienned See Table 2-26 
06. SR iinaievenssabn snd cne Keuwie dissed eenerss eamemeleanauiiuaeyonusanaeameseee nny Heer See Table 2-32 
OG ZAG crates nactonabisavaud ane cand eetk sercmeenacsne@anes amend carmen agen came ne edema See Table 2-38 
1A32_MC8_MISC / MSR_MC8_MISC 
O6_1AH, 06_1€H, O6_1FH, O6_2EH.... eect nett ene e eed See Table 2-15 
GA ects ceeds centeotisss oon. ate nea oainste aes ir sae Momatavada anaarecionee ca toenail aoc teeeetuloa tte See Table 2-23 
GSE Hhisn-nnin dt naes sew lan va bon VEN Wien pesabiniia sialic dew bie tne awinta gain: snare nace See Table 2-26 
OG pcpanactdecascadeeeananaa iepiniiaedds sasmmees dean eas eanees eehpradoammetadiee a sees See Table 2-32 
OG AE Avicsinscd cay sees gees awh tee ee Received caalveg ied dba Co ehid danas biota Gade edn ead See Table 2-38 
1A32_MC8_STATUS / MSR_MC8_STATUS 
O6_1AH, 06_1€H, 06_1FH, O6_2EH... 1... crete tenet tenets See Table 2-15 
OG. CDH irri derhneae dba diacinhus cna eiGauiv bined Sannin dm dawsidehdn een quekreannadaternedneiened See Table 2-23 
OG SEH ico: hi canes craic ssaus netenc net seat a iatiedetonuaaa nbaadsiaaepneesan tee eehienene eee net See Table 2-26 
GABE verte wane: tacuctuanmiaane cua aa nesetennnah > xnicitiniimaeneduinenarneeeeueannenEnees See Table 2-32 
OG AEs vesaciar ghee dev.shbaajucasa ig Sin evan desea Dig in'nseeeod ye clele hcben.aeavanntaiasdoa ative gtaewtee tSpuneans-Gudheld Slahecere becpeneNeh a See Table 2-38 
1A32_MC9_ADDR / MSR_MC9_ADDR 
06 CEM A itenuehittiiatis Gianutientoensinadad speedaWaaal ecaguie deel ected amerieasdeaemhes ian See Table 2-17 
6: 2DHL sii sceeeideneaoes n bcie ae eaarnelvag saline obs Monga sin diawaemndol » pen wbdainbpen Sealy Hepes bein ween ecteeelen See Table 2-23 
OG: SEH sh sansnaaiaeaonnads an antec e pea arma aonah ain Gis a uhaaatehe dh nes. aninaitcune faiecienan an See Table 2-26 
06 SFic cetinanias peedeceed ey papeanues a dabninanaddadewomsee cemuoRe eee RAN eaaeaeeeE eS See Table 2-32 
06.:56H, 06-4 FAliis siccedsgenneiie these cutie asletaabintaat es beeesaden ce aeaewa eae deseusae dade See Table 2-37 
AVA ETT scacseaan agus asa Setansrvanr eect axeee ahstne Nectgpeopotoest al enalenearea a Ane oa ea a alettapersteGpnim aeaave tea teaonsace est ateostanak See Table 2-38 
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IA32_MC9_CTL/ MSR_MC9_CTL 

OG: CER cea cmetadteas doce cena mmtenanstenunnnn tant una oa armenia nes tuners ohedaces nis See Table 2-17 

OG DIAS cxssavsiassrcidoihaialecs- yard aunts tiicinr vets ob iGietye ptt elsta M-aleacaswnsdeoves Poems aly Oateeiaaie aabald ale itlelbstoey sm etbardeactslons See Table 2-23 

OG SETA criterias cu senepeee Ceagetacotaet ah Gene sameness aoa eee earectde oem cniaa caenaaee cons See Table 2-26 

OG SFist ocakooresnandaadd (hexetiatatiieedaddas isc ssadlwwe weed pddads ds ghee menteg dhguneanacnd See Table 2-32 

06 56Hj 06:4 FH eck calico sd disied car danialy ancnts tow dntesifen eaniinn Sia ghides OPve meal se cnaeme aeons See Table 2-37 

OG: AGblicc ctumenanendnns svat asnas oteaemarehouen cern at tamanbdanbasrermamimeanas tages a ansanee iste See Table 2-38 
IA32_MC9_MISC / MSR_MC9_MISC 

OG: 2s src aca ts cyan seis aceon cetiacnt sme a ea hae dan blaaudiastnast oie saeaeeas cos See Table 2-17 

G2 CDMA sapascsiarasta arate covrace tenis tasnrauar arigt anne oanare nea een ee nuete Onsen naam we iepeses Gun ntaa See Table 2-23 

OG SSE iy aatuneraninie paces iinadewatiuated siawel awe adeler teem douse ren cena da ene Gerende See Table 2-26 

0G 3Eacegcseiscangmnnett seraeasise amines ahonde tees seetdaunt ii stasencaas sa renenearoesaana cs See Table 2-32 

06. 56H; O64 FH x. eeise sin Seta aie Peas na yanete edad ates Ada ver ets aiia Wa Neda wieder neers See Table 2-37 

OG A sce chests acasang at avesvne Weaesd sGeaited ed ace n'a achenle suynladacdoaerd sb acho ata, aASiavadoen Saar diwlesbeeed Seti are dein Aldea eee See Table 2-38 
IA32_MC9_STATUS / MSR_MC9_STATUS 

OG2EAY ic iiccdticiniuet wae dawnda adoiilads DOkOhi a adden emerald dante ad eddeakionauieGareeds See Table 2-17 

OG-2DH are satksisnesicig scapes oncoto eos iaanind Sieteiaed tanner neue gant newiae stare aoeeie tons See Table 2-23 

GSE icc cre cine a harne uta sae matteo nae on atins Vad baad tae Anes eee atenm aaa came shane a eee See Table 2-26 

OG: BRias ies 2a elit sasduawaseth aids cidalaawneer ents easabed fell ternebeetaassphbvaswuaud See Table 2-32 

06..56H; 064 FH. i.e die caeidetieayees aiswea er vaane ssinsdeaes nin WaGed dieeenadw ceed eaeeaes See Table 2-37 

O06. 4FHi. 5 dectinwiondahieeidaads anbiiartaiveinareddetenihbertnadadheeat oto adaih basen See Table 2-38 
MSR_MCG_MISC 

OF Abii sacs nner shuian ted aheseeh ae tau intended arta hakaeepataea Ces nage aan Meta ede aes See Table 2-55 
MSR_MCG_R10 

OA ctcintrmiaatse es praises ote ar unnis qoees tetas so ckan veg: Se Mey ea ale et anya asa moenaieels See Table 2-55 
MSR_MCG_R11 

QF Aisdiisccttcrn Bie thins be to eaede hug madtene b Naa g a anueaaie dt aemk kewl aap aman tes See Table 2-55 
MSR_MCG_R12 

OFM isncs Sibbe Seas Voce tas eek area dana ianaases Began Ges ain aeeaee rn einaw nen eeaas See Table 2-55 
MSR_MCG_R13 

ORs icictsacatanndidva ine imte sd idee cea enianrcigadaaiarscewad addeh aiaw tomsacdtee anes See Table 2-55 
MSR_MCG_R14 

OF Firs cetcesteanataetiaaesh oor eeiitoss tome eistadaemesenetataneeietties cone ended taeeiadad See Table 2-55 
MSR_MCG_R15 

OR bade d eae Sa Reanraeteas die ta Qandadebiees Pinesa dat Pantset med aniblesadonda bine taknre oes See Table 2-55 
MSR_MCG_R8 

OR iceniie seine eee ge es canmuet a ao tana iene enemas eee eniee aaa etiam uae See Table 2-55 
MSR_MCG_R9 

Oui aja tana eaadae ied bax ading caw sagan ada babies igehan tended agama dea eee wanes ad eee als See Table 2-55 
MSR_MCG_RAX 

ORHict Sevanunnstichassta tore suenrueursduiestanaie Gaesanveun ea weaeaeentouvesone ee dorssaaels See Table 2-55 
MSR_MCG_RBP 
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OG 7D; OG 7B. je siseeecS cca teccecescrateisittersians a0) tine wire dlalele genie tincanerec 
06_97H, O6_9AH, O6_BFH........ cece 


MSR_MISC_FEATURE_CONTROL 


06 :5CH;06_7AR sss cctetsn tes veins nee netaatde bene anes d 
06_1AH, 06_1€H, O6_1FH, O6_2EH... 0... 
O62 2AH 0G. CDH sic at coveeied paatieainiuctiecnanmentecie scan 


MSR_MISC_PWR_MGMT 


OG SCHOG PAR ised iit dette avis site pare teadanae damien aewtie nd 
06_1AH, 06_1€H, O6_1FH, O6_2EH..... ee 
O06 CAH HOG. CDA i. . otesinctian sclgesh ate abi edse denies ened 


MSR_MOB_ESCRO 


MSR_MS_CCCR3 
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Lata aueain saute) oha hava areata tee See Table 2-55 


snake setaanestin enaiee aeutanenavs actandvasteiecees See Table 2-55 


Jsisetalehag Houseendeen beara See Table 2-55 


nice aceh eae aaa ammeue Ras eee See Table 2-55 


Piiat asain) ee aseeass cen See Table 2-55 


sjseewtrte errant aneary au oune nia etoas See Table 2-55 


ssdedoavondeoiiu de desis Raw Whaaeh acerca See Table 2-55 


nad ahieche dud duane tiene naasinetees See Table 2-55 


Aik aes tea cas wale cesar ee eG See Table 2-55 


sndceaeesteat coker nutes are hareraareiand aac tects See Table 2-55 


eo suo ai adie oyitsncals Ba Dd ea Sener See Table 2-14 


qipineatate Soa tare win aneaavateteteanaaietanctane ae 4 See Table 2-44 


cayaplesdacs stag ative evasion stamens See Table 2-46 


eeupciaiae mapa aaieushan ganas oats See Table 2-12 


Saget van dais arte nears nei oe ata See Table 2-15 


didi saunas: Hay es aut eninge anaes See Table 2-20 


Ssld cagn acon awaedagend aaaveaniased See Table 2-12 


Siena atic caen tea ea pe eat See Table 2-15 


eats cmmadiese ene miata aac aaa See Table 2-20 


Lah iene sata thes Gane artnet ae See Table 2-55 


dndeo-acesacihie Ea erauath aye arava aceianeiesteaeeecs See Table 2-55 


J seisneocew sind foaw au neesaw pieteaennas See Table 2-55 


hide Ecate aaa vets sateen masta eS See Table 2-55 


diate voniag irs dave eease case See Table 2-55 
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OFMistavtetnigeet ane dinaccegepebitoret hese stadae nas norteta gan sevhalt eenaimers bras taeniahas See Table 2-55 
MSR_MS_COUNTERO 

QR sie dite aie Sa ainda beh eaecds Pamgdsdieere Pes e blede Panda ried winds ain Paw aeons Res See Table 2-55 
MSR_MS_COUNTER1 

OR ice GGcehotadic ded in euemsominad in tata Peale Gentes wae deemed a eho eee came eae See Table 2-55 
MSR_MS_COUNTER2 

QE iasiaihiew acheter addidee dear diada dtratia nada, baba Aiea denned diwad oak aa mean wants Htcediees Ra See Table 2-55 
MSR_MS_COUNTER3 

OE cwtitcceusrgatacta. she torsaus oo venes Gieestiiadaciuvaauedi ae ie ariel et more uengsremecssaals See Table 2-55 
MSR_MS_ESCRO 

OF b ins csrshhcia tiigtchenn me teweanirs dake PINES Genta Baan yn bde wT wl ved wee we ae Ries See Table 2-55 
MSR_MS_ESCR1 

OPA a ciereiitataneeaatenas eee pia tau eameleda sedate teltoreatarte eae See Table 2-55 
MSR_MTRRCAP 

06_4€H, 06_5EH, 06_55H, 06_8€H, 06_9€H, 06_66H, 06_7DH, 06_7E€H, O6_8CH, O6_8DH.... See Table 2-39 
MSR_OFFCORE_RSP_O 

06_37H, 06_4AH, 06_4DH, O6_5AH, O6_5DH, 06_5CH, O6_7AH.......... ccc cece cee eee eee eee nae See Table 2-6 

06_ TAH; 06.1.EH, 06 _1FH, 06 2E oss siciinrects saci desea dieses wnat diadn auate saciid deehunne atieedere clan See Table 2-15 

O6_2AH OB 2D isis eid icy ences dich cea Fed Mince EW von Lie eee Mite race ba hatadwharr oa Hal soos See Table 2-20 

10] SoA FO) = So) FOR See Table 2-53 
MSR_OFFCORE_RSP_1 

06_37H, 06_4AH, 06_4DH, 06_5AH, O06_5DH, O6_5CH, O6_7AH......... ccc ccc eee cece ee eee e ean See Table 2-6 

G2 Sit OG 22 Clisacenie sce a nrc. anssermse iatenene ann erect ate ayn gs area a tans ap eee Ata aaraees oaaeeaNe aimed yas See Table 2-18 

OG CRA isasticossvxi tint teak ceeds guar ee ted hws de el sdeeeneteiad deaaeed Patton Maer aank See Table 2-19 

062 2A} 06 2DE isi culescerondi tere dtikGsn de edeciaws ioe Poe cee assed beatae atdeny See Table 2-20 

G25 A068 Silicon ccnsancitnaadun sts ace aat sae seapeus aaa mate nh an aiaseaAraneime nan uakonsineaes See Table 2-53 
MSR_PACKAGE_ENERGY_TIME_STATUS 

06.-GAH, 06. 6CH is ccc cccsbcosnosaetned Soudentteer eh aitdasn agar datdaged witeidddeeeneeaedans See Table 2-51 
MSR_PCIE_PLL_RATIO 

OG Riese sje caracnnt at ¥ovve wre enstGrtencerdowpal 4 8'y weheecdp cect nisvasone Opies maya yRiaed opal Eve beaeed ff ew eDD eRe ee SO See Table 2-32 
MSR_PCU_PMON_BOX_CTL 

OG 2DAiiiind can sieesd dole dawadeaee Mek ad dud iakew didamen ain ae bbaneincheathen dd bel aned eh eats See Table 2-24 

OG: SE e: Arsen nat cadeete nes teat boatinnds comaran wht esanoasian cae ane saleoe omasunier ae adeeeiomere See Table 2-33 
MSR_PCU_PMON_BOX_FILTER 

OG ADA eoae a scctscies fi kecteboel civains aetna Copcaes anes staeaye aeaenn dial -ele eave nideavesr Poem asadadStarbrasdianitala dlelafiee aeteeyhomebardeesteons See Table 2-24 

OG SEAM: oxsctaienmerec@ec tes ticcuatoiant s eaeaahews cons ieit tenes tine spewed coaanaas seas See Table 2-33 
MSR_PCU_PMON_BOX_STATUS 

OG BEA iis. .acsiitiies Velvia paea Vitae whbdeead Sawada teeabaiiibeteannnnres eae d a badly tia See Table 2-28 

OG SEis.c cncmesex aa aneauecnsen non eanin naed tain Gevmae samme teen abe aammsieen eaimet aan cae nie See Table 2-33 
MSR_PCU_PMON_CTRO 

OG 2D naitatentea teaches cam iaale sede cities cei ao tae Sure taatanaine see aaa ees See Table 2-24 

OG DR ettnnvacts aa cuenta iar mte turnin nied tanastna brs amacase anata naabaiae taeawcea aan atenane See Table 2-33 
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MSR Name and CPUID DisplayFamily_DisplayModel 
MSR_PCU_PMON_CTR1 


MSR_PEBS_DATA_CFG 


067DH; O62 FEF issiccce scence tase ete oenanemsedimeseensedndens 


MSR_PEBS_ENABLE 


06: 0FF, OG_ 17H ssp etntiasteneactnd tivndaedaar as pa meceaee ste 
06_1CH, 06_26H, 06_27H, 06_35H, 06_36H 
06_37H, 06_4AH, 06_4DH, 06_5AH, 06_5DH 


MSR_PEBS_FRONTEND 


MODEL-SPECIFIC REGISTERS (MSRS) 


Location 


sar intoanf eae a aesave asthe erage eye raat See Table 2-24 
avetacsveraie teens oat aaMatoeeaareaees See Table 2-33 


Lignin wah piaeees ahh Vacseereiaetas See Table 2-24 
sabia acareven wtiaiun Sass bie tunaeeeon aaa See Table 2-33 


Sdakbiiade binwads Guatweadiieance ae See Table 2-24 
eaeGut sua aaaal cease eats See Table 2-33 


Stal ei-ncsiuea ae afate salons nite oer adesararai See Table 2-24 
id otnta tana an iataaa meaner See Table 2-33 


esata daeivinealeicueG aia dilast eahacepnt en ate See Table 2-24 
ssngicivic aooeeloatae care Sua eaGlom aaa as See Table 2-33 


Sonica Ga beta a eaten e tig eanatast See Table 2-24 
ahaa eee aa aves oa en oan: earnest See Table 2-33 


aveaunetniaunesteiae hie eae See Table 2-24 
ihbaandediaina bedi e erwin See Table 2-33 


seateeanvsenys Mame acta ete teeane nest See Table 2-44 


ee re re eee See Table 2-3 

ipiuagad aided dean enedas peered eda aaa See Table 2-4 

ssecealbeas teeta acacen have wow Wel geece- Soph as slauele syelaie alana pace See Table 2-7 

bite ener tat athe cheweiad san See Table 2-12 
laamiinde Pecan gaaew ead dvecimens See Table 2-13 
i a acd Saw an ed WER See Table 2-14 
didataaguiea dad needed aa See Table 2-15 
ee ee ee See Table 2-20 
pbithep anihdes akaerecaeee eres See Table 2-27 
ig High wameae saad cg sate AMEE See Table 2-53 
jaw idiniw Y wchieniects Haldane See Table 2-55 


06_4€H, 06_5EH, 06_55H, 06_8€H, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, O6_8DH.... See Table 2-39 


MSR_PEBS_LD_LAT 


06_1AH, 06_1€H, O6_1FH, O6_2EH..... ee 
06_2AH; 06. 2DE isis siiitiie sin green tadarns dda eelemenee ede neds 


MSR_PEBS_MATRIX_VERT 


aja nuheee ated, anasteasnsita niceantias @temte encour See Table 2-15 
wie dad Macaw ads Ge adindaaues adak See Table 2-20 


Gale atevefacetssaid anatente Setesai ainda aeteee See Table 2-55 
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MSR Name and CPUID DisplayFamily_DisplayModel Location 
MSR_PEBS_NUM_ALT 

06 2ADH saccade atancetiaiat ah iia Slee sane tasnentabarsaacgadianepens caniahaaeg nan tee biadanys See Table 2-23 
MSR_PERF_CAPABILITIES 

06OFE, O62. 1.7 Hiiwck suecrisids s dukoe dated aise san iis ae teean a8 Get eet tecdew dinars tadeceits See Table 2-3 
MSR_PERF_GLOBAL_CTRL 

06_OFH; O62 17 Hits ckntid bieangets din eeactons bites ge best orgaeh aces Pua Akeee meeadke See Table 2-3 
MSR_PERF_GLOBAL_OVF_CTRL 

O06 OFH; OG “1:7 ie anganeeetad nies i Sisag nGas heasnd daw ed meee tas dans ee dadeeedeawes any See Table 2-3 

06_1AH, 06_1€H, O6_1FH, O6_2EH..... cece e nett n een e eens See Table 2-15 
MSR_PERF_GLOBAL_STATUS 

O06: OF; O61 7 A pissed Peteet dues denasiauieks beer g ne ween Acta eedaee: See Table 2-3 

06_1AH, 06_1EH; 06_1FH, O6_2EH oes iccinecccck se etetasee inte iosatadsewieens spend eee weed es See Table 2-15 
MSR_PERF_METRICS 

O6_7DHYO6 ZEA i s..8 seb scotictivicd ea bth awtay a tiesediuedag api d deWlielbeen chvebeatncdgedgneneenancta See Table 2-44 
MSR_PERF_STATUS 

06: OFH) OG “17s oss biti adsavis nach wake bas ents Ge Ga nie SARE da Reina See Table 2-3 

06_1CH, 06_26H, 06_27H, 06_35H, 06_36H....... eect eens See Table 2-4 

06..2AH; 06 22DH% suid dceageasyindicdard peek aesaghenivdusaad oa ardadieseaamanamdenn d pants See Table 2-20 
MSR_PKG_C10_RESIDENCY 

O06 SCH, 0627 AH eescjecesatsavkdeey ee hcteateiormnes onetde Maaaederened niaawwdindee sien ahaa aden See Table 2-12 

O64 Sis eias is Siegel teen heraweiaiaed duuice caeduetimcediieaene daakandady iebes deunee One menetied See Table 2-30 and 

Table 2-31 

OG: AF: cdrsitxcieh bhedattakaseaneniav area ehiatead ohadearnedesaear ah an acneeeaabobeazodshe See Table 2-38 
MSR_PKG_C2_RESIDENCY 

OG 27H esos iets a wavated ein ieenadidead evae dias saeenesy detevedslet iaresemcas eanende eres See Table 2-5 

06. 5CH/O6_7AR ise 225 cand eeteaeuhaetesth adacaina Dedioes Winans dielea iad aowye bie inde gia eee See Table 2-12 

06_2AH, 06_2DH, 06_3AH, 06_3CH, 06_3€H, O6_3FH, 06_45H, O6_46H.................02005 See Table 2-20 

06:57; 00_ 85H tes cssiscdesgaaaa teh Mod eis eases vai al ddotead de Speed an disae eaceee hdialpeeag eee See Table 2-53 
MSR_PKG_C3_RESIDENCY 

O6::5CH, 06: 7AM ee deiideva sankey oe oiteadeds canes oaeede eee eda veked niaaes binds sion eee dae en See Table 2-12 

06_1AH, 06_1€H, 06_1FH, O6_2EH, 06_25H, 06_2CH, O6_2FH........ eee eee eee See Table 2-15 

06_2AH, 06_2DH, 06_3AH, 06_3CH, 06_3€H, 06_3FH, 06_45H, O6_46H..................0008. See Table 2-20 

O06. 66Hiiyitisdioswessaennceserdseshentieae dosing abhphossacis bes rhidaaee dadmengentetacge ds See Table 2-42 

06 57H; 0685 Ac heisc nate tisinnthinteeuned) eeheierad ade oman decd dahedeta cadens Liwtaaynbeen See Table 2-53 
MSR_PKG_C4_RESIDENCY 

OG E27 ntti xtebassinniaag cio annenlse buss adomadsldas ReeoUdePaea RE Maaeeeictialt pada ania: See Table 2-5 
MSR_PKG_C6_RESIDENCY 

OG-271. vues tadia seit caiadeieiseteiass actataednoumed aa uinoad ari euet boides ddseiead tae eee See Table 2-5 

06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH ....... 0... cece cece eee erent nee See Table 2-7 

06: 5CH) O62 ZAP sce sass aia baied ape aitmadda Heny chadalre dees adin Mga div eedag Zadeh dondhlneees See Table 2-12 

06_1AH, 06_1€H, 06_1FH, O6_2E€H, 06_25H, 06_2CH, O6_2FH.... 1... eee eee eee See Table 2-15 

06_2AH, 06_2DH, 06_3AH, 06_3CH, 06_3EH, O6_3FH, 06_45H, O6_46H.................02.85 See Table 2-20 
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MSR Name and CPUID DisplayFamily_DisplayModel Location 
06:57 O68 Shlisccestecettoraers teaae wnat ais ssa edict ouecrematentae ona eiaamenigaasnianeaees See Table 2-53 
MSR_PKG_C7_RESIDENCY 
06_1AH, 06_1€H, 06_1FH, O6_2EH, 06_25H, O6_2CH, O6_2FH....... eee eee See Table 2-15 
06_2AH, 06_2DH, 06_3AH, 06_3CH, 06_3EH, O6_3FH, O06_45H, O6_46H................00005. See Table 2-20 
06:57H;06- 85H sick feieiieca neaate creiedddwa ten bohnanea nab Mee eewinand dude as geaeenee cade See Table 2-53 
MSR_PKG_C8_RESIDENCY 
OG 45s srakGs cranaea acnacnener: anes ce ares harman cantante nas anaiaaamne deans mnaumemacen mana a See Table 2-31 
OG AFA esis cdielviee Ed Wae Tedd Vas ice eed an PEt as Fa See Table 2-38 
MSR_PKG_C9_RESIDENCY 
AVG SFA crecheecree eves chee tes aceses Qenstensteas us gceee sea eoerdoaon Saeed a ale acaas Sau nti al aus ectearetent ape fou a-araterb cee ade autacateons See Table 2-31 
GE access are diseesercan tee toed bie y weg Sheena He cteie aPtneie ae eh hale Pld Pig aes sisson dew ntneiiawes seateeaam See Table 2-38 
MSR_PKG_CST_CONFIG_CONTROL 
06_37H, O6_4AH, 06_4DH, O6_5AH, O6_5DH...... cece e eect cnet eens See Table 2-7 
OG ACH ies. dues si cialiGeasvat beauipinabieatin vive aea’e detcdegveceodseodey cin 39a G bae eee-g sl fasa atte ontdbintase ciate sledecoreotseeyeneiana sian See Table 2-11 
G5 GR OBS 7A ecteciyacatad an naacnvoueasiusay Uicune One neces ties teteed oo neater ouoneniaag uaanadacan See Table 2-12 
O6_1AH, 06_1€H, O6_1FH, O6_2EH.... cece trent tenet eed See Table 2-15 
06: 2AHL OG: 2DHlis sa:ccaadniondekseneents Raaniiiaaeeneeteaae ites lantiess bolmentaiae maneeenes See Table 2-20 
OG BAR saccade akens aun ieeneon omnes banks ei aunen ag anaea nancies a achmled acne seg citeaeiee eee an See Table 2-25 
GSE A eaesinciaat ale es vegan aia Se eign adeer ata uetoeseielal Sedat arhinnds arava e Oa enmace dears sle tere gepmoameacd els See Table 2-26 
O6_3CH, 06_45H, 06_46H.... cent nnn teeter n denned See Table 2-30 
06.4 5H ehidachbbaliuind Re cehwacehae tact tala) de dlelieoiahs donee wheeie ode bet ieanen ated See Table 2-31 
G2 Frisian ctcoccce saan scene tcieie wauw ie beaaleddag Pen eananramummureniauaeucustasaahavecnmpeuen ny roe See Table 2-32 
OG BDA ahsaaeacnnnetac oe aetna aa nid she va tesa niet coniene ream areaciacnke mute nr smenaer oases See Table 2-35 
06:56H, 0624 FH intiss doe nanatada dees Achben ea ewageewanindndteeey dead ade setae ea eadamnted See Table 2-36 
OGUS7H OG [G5 ii5.iscaevdesadtrenpss qeerecsadeiitd ate eutasaaiay ieee ene lecaereemesan ts See Table 2-53 
MSR_PKG_ENERGY_STATUS 
06_37H, O6_4AH, 06_4CH, O6_5AH, O6_5DH............. cece cece eee teenies See Table 2-8 
065CH,06.7AH,06_ 861 ic crcaceeyiscanetee ents eins s morientetagoapirneneskiaamgaenea ged See Table 2-12 


06_2AH, 06_2DH, 06_3AH, 06_3CH, 06_3DH, 06_3€H, 06_3FH, 06_45H, 06_46H, 06_47H, See Table 2-20 
06_4€H, 06_4FH, 06_55H, 06_56H, 06_5EH, 06_66H, 06_8€H, 06_9E€H, 06_7DH, 06_7€H 


06-574, 06 OSH sic casikiinie nd igang phawddees ta cede Seed ineeta sade seer mae wae daahulneee See Table 2-53 
MSR_PKG_HDC_CONFIG 

06_4€H, O6_5EH, 06_55H, 06_8EH, O6_9EH, O6_66H, O6_7DH, 06_7€H, O6_8CH, 06_8DH, See Table 2-39 

OG_GAHPO6_ OCH asic escwsineeds sdadtpetion deb eanwernmeiis ae oey eats Has annkeaweere tenes 


MSR_PKG_HDC_DEEP_RESIDENCY 


06_4€H, O6_5EH, 06_55H, 06_8EH, O6_9EH, O6_66H, O6_7DH, 06_7€H, O6_8CH, O6_8DH, See Table 2-39 
06. 6AH; 06 _6CH iis acwscc crete edetedetebbiane Gena ee Rt TERM phase eee Meee em eb aNee ERE 


MSR_PKG_HDC_SHALLOW_RESIDENCY 
06_4€H, O6_5EH, 06_55H, 06_8EH, O6_9EH, 06_66H, O6_7DH, O6_7€H, O6_8CH, 06_8DH, See Table 2-39 


OB GAH OG OCH a iiccccd.ss.chl's stiles daca & win eae deasscasand aisle suale eg aigiaie aig eierta Seiibale Rnd Baie eiaraaye ew tral 
MSR_PKG_PERF_STATUS 

06 -5CH;06_7AH/ 06 86H 6c sccsicica ities cavasineeie caries tehaiesewesiduldiae shia reds andeneens See Table 2-12 

OG. 2D iii ci dion dimncnte saben teeta bacon saghaudi macaw renee team eueee nig cages seies akoentad See Table 2-23 
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06_3AH, 06_3EH 
06_3CH, 06_3DH, 06_3FH, 06_45H, 06_46H, 06_47H, 06_4EH, O6_4FH, 06_55H, 
06_56H, 06_5EH, 06_66H, 06_8EH, 06_9EH, 06_7DH, 06_7EH 
06::5/HL06285H sascccssaatiea seek eegecaunee date ose sleddeseothie takutedaneatasdeded 

MSR_PKG_POWER_INFO 


06_5CH, 06_7AH, 06_86H 


06_2AH, 06_2DH, 06_3AH, 06_3DH, 06_3CH, 06_3€H, 06_3FH, 06_45H, 06_46H, 06_47H, 
06_4€H, 06_4FH, 06_55H, 06_56H, 06_5€H, 06_66H, 06_8EH, 06_9€H, 06_7DH, 06_7EH 


06_57H, 06_85H 
MSR_PKG_POWER_LIMIT 


06_5CH, 06_7AH, 06_86H 


06_2AH, 06_2DH, 06_3AH, 06_3CH, 06_3DH, 06_3€H, 06_3FH, 06_45H, 06_46H, 06_47H, 
06_4€H, 06_4FH, 06_55H, 06_56H, 06_5EH, 06_66H, 06_8€H, 06_9€H, 06_7DH, 06_7EH 


06-574; 00_ 85H) i siaccisnenicetetaernnans Srtasein sacle sbesbinda bimetaeeine + ccdented ersanvednads 
MSR_PKGC_IRTL1 

06_5CH, 06_7AH 

06_3CH,062:45F 0646s tc sicincvs es ddim norv hen anak ares yh tides oF heed ve pean ee 
MSR_PKGC_IRTL2 

06_5CH, 06_7AH 

06_3CH; 06..45F 06. 4G iis ican ccs au edetuitiondide desea a hiv a yp bieaiee es aalleiea V4 galbabente als 
MSR_PKGC3_IRTL 

06_5CH, 06_7AH 

06_2AH, 06_2DH 
MSR_PKGC6_IRTL 

06_2AH, 06_2DH 
MSR_PKGC7_IRTL 


MSR_PLATFORM_ENERGY_COUNTER 


06_4€H, 06_5EH, 06_55H, 06_8EH, 06_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, 
06_6AH, 06_6CH 


MSR_PLATFORM_ID 
06_OFH, 06_17H 
06_1CH, 06_26H, 06_27H, 06_35H, 06_36H 
06_37H, 06_4AH, 06_4DH, O6_5AH, 06_5DH 
06_5CH, 06_7AH 
06_1AH, 06_1€H, 06_1FH, O6_2EH 

MSR_PLATFORM_INFO 
06_5CH, 06_7AH 
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Location 
See Table 2-26 
See Table 2-29 


See Table 2-53 


See Table 2-10 
See Table 2-12 
See Table 2-20 


See Table 2-53 


See Table 2-8 

See Table 2-10 
See Table 2-12 
See Table 2-20 


See Table 2-53 


See Table 2-12 
See Table 2-29 


See Table 2-12 
See Table 2-29 


See Table 2-12 
See Table 2-20 


See Table 2-20 


See Table 2-21 


See Table 2-55 


See Table 2-39 


See Table 2-3 
See Table 2-4 
See Table 2-7 
See Table 2-12 
See Table 2-15 


See Table 2-12 
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MSR Name and CPUID DisplayFamily_DisplayModel Location 
O6_1AH, 06_1€H, O6_1FH, O6_2EH.... cece tenet t nee te nent eed See Table 2-15 
OG =CAR POG: CDH fest cere use tae aacseites iene wuata-a te tac.cnitee Magen trata eee asunitas anes See Table 2-20 
GSA secs ncacenscdenvetnsave aps cle achexsseteaisinnatb aba ipnund’aneaetiinsaed ait w/ale cbse dedeanteiuld adie aoe ncere tdeebibiactoaseteldhe sega cree an See Table 2-25 
OG SSE ors ena tep penta anetawees<shacren avec tessa mucanasaencmes Ma neaastedu se go mmcsaen See Table 2-26 
06.3CH;'06-45H,06_46H i esaces cee dbh pines aden iea dad ene eae dan cine Hagenmoeewe ened See Table 2-29 and 
Table 2-30 
067 50H 506 4FHifisittk a became aa gantietniam ia oan samatiamaareaiiatasa nouagenianes See Table 2-36 
OG Me ctie sep esctsd See ishe sebeelelpipdiasscdlainl Saeladale Guin Sedalia a a NW ated eRe dieinbia de aides hear ee See Table 2-53 


MSR_PLATFORM_POWER_LIMIT 
06_4€H, 06_5EH, 06_55H, 06_8EH, 06_9EH, 06_66H, 06_7DH, 06_7EH, 06_8CH, 06_8DH, See Table 2-39 


06.:6AH/06.6CH ii 44ccccirs batsgremrabinaiiead eisai a eeheadtied Makaeiaogeeeeeogeadeiedads 
MSR_PMG_IO_CAPTURE_BASE 

06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH, O6_5CH, O6_7AH.......... ccc cece ce cece teen e eens See Table 2-6 

OG 2A GH yern telnet vant eaencdtakceusap essed hea aah ennies saawe seek winded bdedenns itenesaane See Table 2-11 

06_1AH, 06_1,EH, 06_1FH, 06. 26H wiscsccdieis cand inwereanaied cerwar sda ees vine saamenne es acces See Table 2-15 

06-2AH; OB 2D ecsaie ine cdvese si ce tae beet nesten Bemienie ds bb dade Ww reeé saree cies dg eaie dearer os See Table 2-20 

OG SA s.5ccccscns neh aratemas enone hones ramus eocieea oe aoa aa aeee tanta tamcmaceneenanS See Table 2-25 

06 {SEM sesisicaa vee abouek ves bb bade Rene hiedd wade Pea Geass (ahd dave Binwindchause ge deka ad See Table 2-26 

OG S72. fader tantaiad ssheitnvesceauegydavetaacntcis Denewseetaemcr eons see omiaene sae aan? See Table 2-53 
MSR_PMH_ESCRO 

OFF vice aches da eee bana oleae nue we eee hava dnngka da SaeeN Pande ured Rue EA eae Mee aS See Table 2-55 
MSR_PMH_ESCR1 

ORE ie iad ctrn dei sie mah dacieebie aaa hacen ean ania ganducuaa ay Mipagedam even Riaan hae ow mina adaiere See Table 2-55 
MSR_PMON_GLOBAL_CONFIG 

WG SEM crmnamt si aekasaaqeccancanaaiosis tacanatnnae redadatndnausad teactatt a gates eichonasias See Table 2-28 

O06 Bi Miescidederasiebieiseecgiities ett meio de eek beinehd eras ilh Aa a ead Das See Table 2-33 
MSR_PMON_GLOBAL_CTL 

OGNSERiyos carcass can siae hacia uaeavuss igutaiee conan tee amme-ramaeoe ae ons nen macnn neenaemetins See Table 2-28 

OG SI visse sodscsceciste schencehae Xyaiane ee Mat voulavaoe sea toerSonjaral ele uhexsGelvacein ouns bial fier tack ooh bes Myplacd dad Grdelebbce nicl ifereyigaserd ads See Table 2-33 
MSR_PMON_GLOBAL_STATUS 

O06 BER ciiienieee ae eieetcaad a iavotiadee) date bedesaeiua ede eegeind nena oadabied bi deed See Table 2-28 

OG Sie Mitireaesscarticirerice went Ge Gettin en sidan d Cow whibu wien aenee a Galen nae weeny dew aitaainnen seeii oe aats See Table 2-33 
MSR_POWER_CTL 

06. 5CH;-06_ 7AM sav aativecd Slasatetagvaee sd wean eles cers Gate ie nalade re biedunhteeieaada meade See Table 2-12 

06_1AH, 06_1EH, O6_1FH, O6_2EH... cece eee tener eee eee e ete teen e ene See Table 2-15 

06 ZAMHOGU2ZDE isis sntsndaetiaansnriinel ae dtlhle aman add aaardeieanaaaaa te atenaetes dad See Table 2-20 
MSR_PPO_ENERGY_STATUS 

06_37H, O6_4AH, O6_5AH, O6_5DH..... cece cece cece eee eee eee eee eee ene tae eeetan ena See Table 2-8 

06_5SCHO6. 7AM iw aiisieics ilasteeidis bhiviean ater daeka Chie arenes eblesbahids deb dea we ecad See Table 2-12 

06_2AH, 06_2DH, 06_3AH, 06_3CH, 06_3EH, O6_3FH, O6_45H, O6_46H.............. cece eee See Table 2-20 

OG 25 Has aerecctesra diane rein carb wietetseaciee s1stut peed aa autaegh nate otal ealan the ndugesane teens tre. a Nok ten ea Mecha near See Table 2-53 


MSR_PPO_POLICY 
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062A 06 45H is5 anc acanntiaaand piaddasasloanaannts oad peieaapansomue tartare tet etiatnas ta See Table 2-21 
MSR_PPO_POWER_LIMIT 

OG AGIA 5. cetacean ie taped lend ttc feye lars aodon ciple Sehencaledhrapalnin dG Taw as aw NG yince-b ad Sldig a pcb eitlietpnitaend eiarodeneeeae See Table 2-11 

06_2AH, 06_2DH, 06_3AH, 06_3CH, 06_3€H, 06_3FH, O6_45H, O6_46H..................005. See Table 2-20 

O6.L5 7H ies sancentditakeanebines cee iediead dane eiaduehe Mh dane Rdenaad dand cand Dommed Seadaeasawe See Table 2-53 
MSR_PP1_ENERGY_STATUS 

06 5CH 067A sce avcntaaatdnaevimiaas uate euesinedary bie nniada cae tase mnanaiaweerindaat See Table 2-12 

06:2AH, 060454 i cauind eee rdena ccm beet ane evind Sasonaee den aed tan Sed ease Sa See Table 2-21 

06_3CH, O6_45H, 06_46H ..... cece eet nnn e nee eben ee enenes See Table 2-30 
MSR_PP1_POLICY 

06 2AH/06:4SF Ys sicsvedicsies tune ddiedeta nnd dauie greene usd eta betes teeny eu atvatad an mens See Table 2-21 

O6_3CH, 06_45H, O6_46H.... 0... eee e need een nee en need See Table 2-30 
MSR_PP1_POWER_LIMIT 

OG 2AM O64 SH iisc eae ache ox aad ee nected bathcede ae Uadiniae ee kcbeg nd ete band pea wy Gone See Table 2-21 

06_3CH, 06_45H, 06_46H See Table 2-30 
MSR_PPERF 

06_4€H, 06_5EH, 06_55H, 06_8€H, O6_9EH, 06_66H, 06_7DH, 06_7€H, 06_8CH, 06_8DH, See Table 2-39 

06:GAH, 062 6CH sitccades caccrnnnnes Wi saanmeedednbigean yee cavaaeemaetind dedwaaeerddadeae 
1A32_PPIN / MSR_PPIN 

OG SEH ke taoaean sane acaasaqarhat aie cea eons gre adaniaausmaanaen and elanteea sane naaine See Table 2-26 

06..56H06--4FH ic ickactsuneiieehndiamiaatnendhunienanteiaeeinetiad ohias pibwadmnemanzeeehes See Table 2-36 

OG: SSH Si astateveetenntnyiethesinnsscestanintds tiasiiadcuniiene mene teiaaainenoheteareuteeeeet See Table 2-50 

G5 AA OG BS ia? siciicacviaceca.a aatzsesroetesaleondin dea anes tritatiahuereaten eiaunamanartsn amie Aeicann etinaadoeenrgadnaceat See Table 2-53 
IA32_PPIN_CTL / MSR_PPIN_CTL 

OG SIG: Seivetas su teetee vets ateaatnes teat ates aasaa vias eae te saulecerepoteresaaestsos cree See Table 2-26 

06.56 ;06 -4FH es choi setae aeeannioos; cease dito aemenide cadena vee imal sewanls ae tae’ See Table 2-36 

eo Ss eipacisseiannce eseceitteee pera due arden un wedenldlnnes, qanyivdune bathe Sete ggoemlk HRamen eee ee gel eba eee See Table 2-50 

065 7H 06. SSH saccicc asa gamnensnaaonus scan ne aeanade sa Ganuamee names aaammnmaranacanacam See Table 2-53 
MSR_PRMRR_BASE_O 

06_7DA/ 06 7EReis caticrce cin vas detuned ne werweioawaponti werentsueaetines demametenasaaeaenseets See Table 2-44 
MSR_PRMRR_PHYS_BASE 

06 28EH) 06 SEH sinc cree ahora deewdadunds pore ede ies nbele naw teu teas yen Hi iaw ae evden See Table 2-41 
MSR_PRMRR_PHYS_MASK 

6 BEH 060 SE 2. scivintera diay a iantaigdegcaciieaaaie evade uli on of ie Sakon Rin Leva oitea ania es See Table 2-41 
MSR_PRMRR_VALID_CONFIG 

OB 3B EH PO6: SEM Seuss tea oxeus ween ease ea cmdnnonsasahnedoramseattnnd: aaaidagaual ao deayecuntes See Table 2-41 
MSR_RELOAD_FIXED_CTRx 

G2 86H sisasesaceeeenieittasaneeaiens shtoad and oraeiiadsaddaiet eanniegadeanseleantaasens See Table 2-14 
MSR_RELOAD_PMCx 

OG BOM ie Vea Pisin s «vais tanta eed ies bP owedeared wedded donned un ¥ dam Rhsdwiuadee vadees See Table 2-14 
MSR_RING_RATIO_LIMIT 

06: 8EH,O6°9EH wiieid cindvedees chet de ect cae ae bee lagd whe HabameR WANG Mek haduaeke See Table 2-41 
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MSR_RO_PMON_BOX_CTRL 

OGL 2ZEM saan aha cecnntatn ram comanceacas mere t need aes au oaditgrene means ean eanan aeeiganae as See Table 2-17 
MSR_RO_PMON_BOX_OVF_CTRL 

OG CEM Bara tactia vetessiaaueatceagnn eontcaatues inet etwas gash Lemans Soir esaainei tae teense See Table 2-17 
MSR_RO_PMON_BOX_STATUS 

OG CE Abdi asi ticcnten waoeer dul ein bau iee ea girnegenga ni balun davies Dn bia latwed aietane sales pared Oa See Table 2-17 
MSR_RO_PMON_CTRO 

OG? EAbiiahy paaiva a gine He suloaihe hat ae daeud oan Rood bow eva hitless diawha danas terse beenesces See Table 2-17 
MSR_RO_PMON_CTR1 

MDG 22 Ee asap ata auc eertetenteseoa cre rece cRecte neues sutnest a esteaearhoe sheet sega Gas ay 2 eheon 2ee @oaiged Salm chertenee aoe etctaDeTeeeteten See Table 2-17 
MSR_RO_PMON_CTR2 

OGY CEH eas ah tonies imran meena vanenemen teeth onainda temiaiagauiien- cpetered tanita ene eee aad See Table 2-17 
MSR_RO_PMON_CTR3 

OG OEM iyacaiatts vi tuch eta Ole eoeve tebe sieeve ncaea chai Calbeac Ve bei ntataaa at Havscncarreeee tloawntaae edhe Hahecerncdieeteane lean See Table 2-17 
MSR_RO_PMON_CTR4 

Gx Ebi ici tah ae snide ae teaeteeaieiacdeed dda hea Peake aaa thule taed aeeere dad lean geereneeons See Table 2-17 
MSR_RO_PMON_CTR5 

OG ZEA ying nae acacrn eras sa acea bones some acai biues Sane ag ubeas bes aces ne eeeema nt See Table 2-17 
MSR_RO_PMON_CTR6 

GE CEA A ceaecesiaty cies cemeeneee Soacs eo ae atten nenstaete emer oeres scant se ewe ee See Table 2-17 
MSR_RO_PMON_CTR7 

OG CEA cn. d pairhisouitcedat aco Geucdcata odie naletelt aga niet whn acwisiass 9d Fa uectiees aleterng eb wie taRed chee Oa See Table 2-17 
MSR_RO_PMON_EVNT_SELO 

OG 2 CA iiss ahibeasedise hed athe iidecd eietaed Sanne Gad Iw eaale bina vg ine Ra cn deed we btee as See Table 2-17 
MSR_RO_PMON_EVNT_SEL1 

G22 Siete eaten tangsicte roan chess me teereneeens sade Geavraentine saat caagang tyeoereadle Wiss ceaicte ehtenee se Petclooaeesta an See Table 2-17 
MSR_RO_PMON_EVNT_SEL2 

OG EA iiaaasaiaecuetan og ane eaesene tye ot hodadausetasgiagadeuiieeet veseoat son same seaport anted See Table 2-17 
MSR_RO_PMON_EVNT_SEL3 

OG CE iiss dad tiie nce via ups lapnsgse chi Sle Gbeieteree ete Oreaeaedapal Coe wed aara Mend am iouaeaowe waar oarle deere shemales See Table 2-17 
MSR_RO_PMON_EVNT_SEL4 

062 ZEA tania alent ented etd aall bee acaba eed ee onan ee rneeeen tas See Table 2-17 
MSR_RO_PMON_EVNT_SEL5 

OG LZ EHiiaccncneaccnarnenass al aies cetneassiae mane cack uanaas au cnd apenas Laem agiaa teekeyas a See Table 2-17 
MSR_RO_PMON_EVNT_SEL6 

OG eC EH aeagaiiessivopes scan smeceaees chert ca anueiadate ests aasan acm emia esautediinss peeneeaee See Table 2-17 
MSR_RO_PMON_EVNT_SEL7 

06 CEA hina aetie kee caeier diem nee ecient gagenbakwnendewneraann bie wate seen eaen maredaeoenryen See Table 2-17 
MSR_RO_PMON_IPERFO_PO 

OG 2 Etats agai aeiotesie Haine hain silat oan aR oe aa Ae inetd ne eae See Table 2-17 
MSR_RO_PMON_IPERFO_P1 

OG. ZEA eaisaacnan-anedecatonadesn ath ceanncitectenctee peers al uci) gare het uaa alg. diese see @oacied Save ateumicee See cheba heaetea See Table 2-17 
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MSR_RO_PMON_IPERFO_P2 

OG: CEH. a aeaatar vcs chedas eaten per en manenn koanatantamese herd ene-eammsae onennheenes a uopenan mus See Table 2-17 
MSR_RO_PMON_IPERFO_P3 

OG: EH. crest sausavee en eereaouec steerage aeeaaas Nein ie dauindisapoteeme cane wetoscniis See Table 2-17 
MSR_RO_PMON_IPERFO_P4 

OG CE ica cacingos sued pa tera setnauaw age aria cade Pies die ERO Weed nd Hnahea canoe ye bEe Re ENS See Table 2-17 
MSR_RO_PMON_IPERFO_P5 

6. CE st avi adiv ab bbek vi isei cane edie cage abate eva dian cenaavars madiaeeseaddieabanine See Table 2-17 
MSR_RO_PMON_IPERFO_P6 

OG CE kate gap setng natn ctaenaeatad sup pata Aaqeteusnananoura@asn ce aaegaa on ccteerdes tae mana te See Table 2-17 
MSR_RO_PMON_IPERFO_P7 

OG 22H aucteaazeusaine coneeacns ein end lose nhs sate nets sao dane amet eae adn erie See Table 2-17 
MSR_RO_PMON_QLX_PO 

GET seg acijpiscsetbiie tise eteco Nierpasincceinana elsle Sélea.a rein ie baelv we 9a, wghirioe diate vlalechexsaltetyeltined Gel oeentend ae See Table 2-17 
MSR_RO_PMON_QLX_P1 

OG: EM tata seasuiGas cinciecsasoveeetetane ican iouiies hes eeec sau ean cena cen ienamenee See Table 2-17 
MSR_RO_PMON_QLX_P2 

OG ZG iccncmoncieetannss eLesench ona sans nade win@enansaned ares sore soeenGen samemerh ens terate See Table 2-17 
MSR_RO_PMON_QLX_P3 

OG Ebl ne aicsasameuraeecis ares cue cites oan Saw nc nie amie caves eens meson ae See Table 2-17 
MSR_R1_PMON_BOX_CTRL 

OG: CER cd acnitiets cwd eyne else ne firaibtain atthe ccemehe Pu enon Font Wee eW alnimaies acaalt Cenalonennnee Ny See Table 2-17 
MSR_R1_PMON_BOX_OVF_CTRL 

OG EM: vatavontaaeaeane vlc toe tak ak bed ead Soe Rk Rs gece Cag tds edad Cad bedonaee See Table 2-17 
MSR_R1_PMON_BOX_STATUS 

GET cau etna actinse a eater seseoe suaceen acaitinrareiecese chose uss aes gaease a anette atine nop arcicteunen eaeteesionauesele sisi rast-aarat ae See Table 2-17 
MSR_R1_PMON_CTR10 

G22 Ett pcraupiactiessansecad sat eares ones aad taatniadnns saat enue sonptas alae vane noneaS See Table 2-17 
MSR_R1_PMON_CTR11 

GCE cis st sigsseaseintc Fives eceesteobieepinincdcdoavae the scdcecescpareinlnow donde Gvihoelayd nw utbspiined de divls pebaacd agatiptagnerd in al decade arte See Table 2-17 
MSR_R1_PMON_CTR12 

O6:2EH  Gennolanschaa ieee aed ie ae aA es ae dee eee See Table 2-17 
MSR_R1_PMON_CTR13 

OG. ZEM ccrauuaeaae at anes aaeranermoachanton aon liga tamase aera pas uae sammie aemanes ha nemacea les See Table 2-17 
MSR_R1_PMON_CTR14 

OG 2G xe ete ea caeaten seat eaauetste me ticansue ence assesses ieee peeecamemagectias See Table 2-17 
MSR_R1_PMON_CTR15 

OBE ick cccursane tartare sow aegial ge aria cenedaeae shied een Weed ae nae GARG ga ete ReneS See Table 2-17 
MSR_R1_PMON_CTR8 

6 CER nex eine Peed foene tog ed eae Sk eed aaa Pe be ie See Table 2-17 
MSR_R1_PMON_CTR9 

OG CEE, sha ta acceton satan caine eid stk saat doa pis enna an pees aahee dare eatetantet cue ma ueiee See Table 2-17 
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MSR_R1_PMON_EVNT_SEL10 

OG ZEN ieancaca scant ram coma not acas more mt ane eat aaeaas su oaatgrene neue eanneanan anaignae as See Table 2-17 
MSR_R1_PMON_EVNT_SEL11 

OG CEs tig eeias wotescn aaa etceaeen eoetcamuue ait cas gash neat) Sele eaninei na ae teense See Table 2-17 
MSR_R1_PMON_EVNT_SEL12 

OG CE bess atatintheea cioeer dui vin bau ieeeaGiarnegenga ni baiuaea dates a Dn bia tadwed signee alee GaRehaOa AN See Table 2-17 
MSR_R1_PMON_EVNT_SEL13 

OG 2 EA iints gave eben hese ahs bat ae ised dean eR eed bow Va Ghia dhaw ha danas eee beneee See Table 2-17 
MSR_R1_PMON_EVNT_SEL14 

OG PETA ses cncranaca-anssece eerioetentreseoats crear ncectecteccueps susnest nl Mesteaearhoe tenet sega oss ay 2 eheoe 24g @osiged Salm cherbenee aoe etchaDeTeeetetens See Table 2-17 
MSR_R1_PMON_EVNT_SEL15 

O68 2 Eis ec a5 tates Meera nesann vanepemen teeth oeainda tems ag aiien- epaeerad tam teine ene eee nied See Table 2-17 
MSR_R1_PMON_EVNT_SEL8 

OG ETN tans euch ar bcs oases Soseeve mcaea dg) Catbeac Ve bce ntataaa al Havsncareeeee tloawttaae gdh e Hlaneeerncdheeteene heya See Table 2-17 
MSR_R1_PMON_EVNT_SEL9 

06: CEA inci tanveaeat iene teaeiebaielackeed ddachbe a Pidaae Goad tial teed aeeee dad lean deereneeons See Table 2-17 
MSR_R1_PMON_IPERF1_P10 

OG ZEMiaretdnsamacactneerads sa ncea bones sac men acai bites ane ag useas bes acadinmaeneeeeman nt See Table 2-17 
MSR_R1_PMON_IPERF1_P11 

OG eC Eas aa taste ces cemeee ee nace ease etn be nensaety emer eres scenes ewe ee See Table 2-17 
MSR_R1_PMON_IPERF1_P12 

OG CEA iciis serarniaiecnts acon eudata eau aie oaaletelt aga ni Dent wn cawisiais Said va ecteees aiereing bw weaned ape Cae See Table 2-17 
MSR_R1_PMON_IPERF1_P13 

OG 22 EA wits Hnedts tise hed cathe hides elbtaed Saaewk Gad Lew eaale bina vg Ine a cae deed we bee eae See Table 2-17 
MSR_R1_PMON_IPERF1_P14 

G22 EA aie faci anasteareesetecsicuagsietes toss cress mee beerenceens sideman Geaveaentioe sahon ata caagana tyeeersadle Wiss ceaicle eftenee’s etcloyaaersta an See Table 2-17 
MSR_R1_PMON_IPERF1_P15 

OG 2 EN iarpaa utas cates ogame eanenene tye ot kod sdansetaniagadeuiieeet veseoa leon came seaport anted See Table 2-17 
MSR_R1_PMON_IPERF1_P8 

OG PEA iivins aattita en vic ueslapnssseshis sel Gbveiedere ate Ore saedapal Cee ee daar Mend an ioudlea owe wood Saree descr ee spsenmaciels See Table 2-17 
MSR_R1_PMON_IPERF1_P9 

O62 CE Aiki ania cadena eee ied ch aah bee GaN ead ee Re onan ee ebceenes as See Table 2-17 
MSR_R1_PMON_QLX_P4 

OG Ze saacmvahnrsoaenenassatiaces eetne assem miane cack unas acne apenas Lami agine teeieyas a See Table 2-17 
MSR_R1_PMON_QLX_P5 

OG CEA bccagcttth isc teeracausmeceaees chert cannes adabe nes csaasan 1emat oie reseutedihass poeeesaee See Table 2-17 
MSR_R1_PMON_QLX_P6 

GCE isis twat pices saeien dain bine aGirnt gagnbnkweendewer sain bia wate seep eaie te Hmaredaeoenraen See Table 2-17 
MSR_R1_PMON_QLX_P7 

OG? Abita baalvaa stave ee ew ea ak inlets ca gn Be aA sneha din eee ae See Table 2-17 
MSR_RAPL_POWER_UNIT 

06_37H, 06_4AH, 06_5AH, O6_5DH...... 0... eect erent e deen nnn n ees See Table 2-8 
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O6-SCH, OG 7AM «secs sagiiw ececarin vag nied ede Rade ten dae nals daelee dena ead Reees obt ete eienweRas 
06_2AH, 06_2DH, 06_3AH, 06_3CH, 06_3€H, O6_3FH, O6_45H, 06_46H................. cae 


MSR_RING_PERF_LIMIT_REASONS 


06_3CH;, 06::45H;, 06464. ccccisttiasas aceeyncovemiads Ke hiebie ease admins See Rae Rowe EN He 


MSR_SO_PMON_BOX_CTRL 


2-476 Vol. 4 


Location 

See Table 2-10 
See Table 2-12 
See Table 2-20 
See Table 2-32 
See Table 2-36 
See Table 2-53 
See Table 2-55 
See Table 2-55 
See Table 2-30 


See Table 2-17 
See Table 2-33 


See Table 2-33 


See Table 2-17 


See Table 2-17 


See Table 2-17 
See Table 2-33 


See Table 2-17 
See Table 2-33 


See Table 2-17 
See Table 2-33 


See Table 2-17 
See Table 2-33 


See Table 2-17 
See Table 2-33 


See Table 2-17 
See Table 2-33 


See Table 2-17 
See Table 2-33 
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id htehe ee asa ee aaa aaa See Table 2-17 
Pisuecao pe aviourane doth aut canals See Table 2-33 


i dee na hieid eed inane dodeaiee ad See Table 2-17 


haaiedstee erate Sik a. saosin nav eee See Table 2-17 


sceae Gite bait aaualncaannaaea era eee See Table 2-17 
sista GR NG Gear ae Oaadaaceee Scho nea See Table 2-33 


sist Ontos yaa Gavi atsin saphena eat See Table 2-33 


Pissaadgeeranesthseoinsseaes aabatiroha dene tetts See Table 2-17 


piwweded hie addvaia deeeeieens See Table 2-17 


Lh gaenehona Mies. pee mycin enna: See Table 2-17 
ahaaadoo is aaa care pate ee apreniencs ets See Table 2-33 


bbb adie Gedy dae ee eaten See Table 2-17 
Bite acu avae adecnueassoase aitonintneeeees avis See Table 2-33 


iedador a nintnd denateda wddteaadan See Table 2-17 
Sele Giletwia raced aetna aaa See Table 2-33 


Sadia: late eis as steed Tenia Gina eae ale See Table 2-17 
eth oGes-d ian’ hae nea Sh aeern ae eae See Table 2-33 


sbvadeanerae 1G aiaedsinc anounced aprons See Table 2-17 
denies lee ae aynaae asad adniaee sca anstaans See Table 2-33 


iid Gaeda is jaa aaiatinahmecaln teat See Table 2-17 
Liiduhace wae ete Aas aoa See Table 2-33 


aaah tate aaa tent eemenes cae See Table 2-17 
iid duane Usaha eau ewan ameeate nS See Table 2-33 


sla tecie aa Des eee eae nee See Table 2-17 
Pde ccg ie hinddadvae esis See Table 2-33 


saeudayds Sleserved ann Gon doe asiahuaenrae ached aa See Table 2-17 
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MSR_S1_PMON_MATCH 


2-478 Vol. 4 


Location 


See Table 2-17 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 


See Table 2-33 
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MSR_SAAT_ESCRO 

QF ins taensareis td pasamntian niema sia nal neeaeunehad nets Heed Daas nak etae nese dhesaa neekG anes See Table 2-55 
MSR_SAAT_ESCR1 

ORs ds tetos arias oc ie vuatags cadoe tetas ce dacneneed ites gaia oe bee oot sandadtnadeeeeea See Table 2-55 
MSR_SGXOWNEREPOCHO 

06::5GH)} 06: 7AM Sie: cescoen teins diededaa tehaetiebeetasded big nradudinke yates bicaee sean Reda See Table 2-12 

06_4€H, 06_5EH, 06_55H, 06_8E€H, 06_9EH, 06_66H, 06_7DH, 06_7EH, 06_8CH, 06_8DH, See Table 2-39 

06::6AH} 06 60H pac cecnttdcdivveses teae tied otasd et ebiccnede aed ahaetesaid by tedet tad Pees 
MSR_SGXOWNEREPOCH1 

06:.5GH;-06: ZAM shiacinciel sia tineiad cue te ae i anda eadietie Qiks analed elasnnubiceaehea tte dae See Table 2-12 

06_4€H, 06_5EH, 06_55H, 06_8EH, 06_9EH, 06_66H, 06_7DH, 06_7EH, 06_8CH, 06_8DH, See Table 2-39 

O6:6AH} 062 6CH i ..2sccaddauwieieer act alaeiiad ekadplenehccan devrait sdomnen nedeereaeetnas 
MSR_SMI_COUNT 

06_37H, 06_4AH, 06_4DH, 06_5AH, O6_5DH, 06_5CH, O6_7AH......... 0.0 c cece eee eee eee See Table 2-6 

06_1AH, 06_1€H, 06_1FH, O6_2EH..... cette terete need See Table 2-15 

06::2AH} 06. 2DH orc di os cieewend plicua erie dad adeadneseh ies daw iing dalle esatenned dasegdud eae See Table 2-20 

OG 37H. sities adiaicetnetdaastar ad oniiad tide hedeaaaeaa stabs taupe deere bisiadaiadeaga teas See Table 2-53 
MSR_SMM_BLOCKED 

06 -5CHL06: ZAR isc asiene dan tettngecsess Maasei acest tantacsedeloa divas eeeedsinses see e ieee See Table 2-12 

06_3CH,/0645H; 0624 OH ah cceine scicinencutiatas lene ete ada teas aiencedee eae esas See Table 2-30 
MSR_SMM_DELAYED 

06::5CH;O6.:7AR sasaseszeccckieda toshetaies aaclataeateeatnied eeaaab¥ede cntstaaeatarikieeeewiaas See Table 2-12 

06_3CH;-06:.45H, 06 46H stuwicsstcdpnernepenndiedsacend eine ceed dino tdee er eek ee enetaan dees See Table 2-30 
MSR_SMM_FEATURE_CONTROL 

O6-S5CH OS ZAR aes ceed dag vira wanes dau pe AGG ee haw ae ones sek peerg Re beste tes ean terear tba oasis See Table 2-12 

06::3CH;06:-45H,-06 46 tad i cicg ddd ukets inne de plietdoeeeahhhidwesieaievinl aetna bees See Table 2-30 
MSR_SMM_MCA_CAP 

O6-SCHLOG 7AM o caeeheseaadwierciting dadcak ds debeeedislacibdad egbd ehonedigaae phieoeenaediaaaan See Table 2-12 

06-3CH;-06:_ 45H; 06:46 is cpccyer vein pena Vinee) didedad er eey as ¥ dae teed ccna Pade daa ees See Table 2-30 

06 23 Filieisvaads cinohedaees cemetieorcsnaeienaiidaninepeneessenereseess Goinss deetecaia eee See Table 2-32 

0656H; 06°4FH i tccddteihs ciamntaceaued sate bdagheot dad hieaawhi on eelien de a dagnaeas See Table 2-36 

0625 Aid wetctnathnw anes ainGhevaids pixkieaaedabnn cheatin e¥ad mnew ee geaadnesea weedeat See Table 2-53 
MSR_SMRR_PHYSBASE 

O06: OFA} OG: AJA waicacnicn ear nlaeamied amelie ee deetieda ole reidadmeraheeageeren ay dane See Table 2-3 
MSR_SMRR_PHYSMASK 

OG “ORE OG: 7A jg ins. ce ayes eccista 2 ae cent ea gees Ges goatipngndeesg Hoes eeeRe epRiawe aeeeee See Table 2-3 
MSR_SSU_ESCRO 

ORF is.nitarts tcradiie tans peaiev ay Matensihie end ceinegsetelotiiedarnayanieray ie cecsaoeens ee See Table 2-55 
MSR_TBPU_ESCRO 

OFA ei viata pea batdae nei Patied hee uf Kin dad cinta dau biare iaddarda eta v helen mente banat eles See Table 2-55 
MSR_TBPU_ESCR1 

OFF foi duaideididaeiniscierbnmeanw tenis orca area neeeremianmeuenmeaemees See Table 2-55 
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MSR_TC_ESCRO 

QR Ai ats isinies amram stata Mead steak aie Rae inion sGtedare arta hak he patatea Cee one pln an need al eiee Aes See Table 2-55 
MSR_TC_ESCR1 

ORHict ccs cine acates teatiors6ate arto qin tetas sa tkan veg: Se Mena tai ale et even asa moenniaels See Table 2-55 
MSR_TC_PRECISE_EVENT 

OR Aiie ti atincternceced bieaerbiwd biesieeheda Magus atenaticheadinaaa alee eitian bans Rae Raat See Table 2-55 
MSR_TEMPERATURE_TARGET 

06_37H, 06_4AH, 06_4DH, O6_5AH, O6_5DH, O6_5CH, O6_7AH......... ccc cee eee cece e eee e ean See Table 2-6 

06_1AH, 06_1€H, O6_1FH, O6_2EH... cece e cece ere erect e ene eee e eaten enns See Table 2-15 

06. 2A; 06. 2D iesidicianindanngidaan sedeeaaiine sma oeduen aly nad aia amar ann ktetad aaetent See Table 2-20 

O62 SER iiae hetiie tanned tamer Gunentintan tet gue venteaey priaa and nas botrcueendtinenue ew tine es See Table 2-26 

06. 56H).06 APR ccccsccachasaannniadteeeanigegdg Mobhiiediedorsaganes sper ssedeseceandecece: See Table 2-36 

OGL SAEs ccauiwadstiuomns Cabbie alee buaian Svaaiee Cok btelauldadn tay ve baad cun deeds odorata obi eee aes See Table 2-53 
MSR_TEST_CTRL 

PPG MUMMY sssz aycscs ace, Senasscn tees ese ts eyte sees caavertoahngeed eee aease,wpheacaots Sach a ated axe datony nay eseecteeoeitresice seetaoe oicsaeutaeate anaes See Table 2-60 
MSR_THERM2_CTL 

O60FH, O62) 7Aist.2csatcntas Paria tcnttondt tadertacaarun tehtiagad ooeetiaderpietasdae eens See Table 2-3 

06_1CH, 06_26H, 06_27H, 06_35H, O6_36H.... eee c cece eect e eee e ene teen enees See Table 2-4 

OR Aisis.al eee caavanch line de oleae clea van aaoedaes poladatiade se aadud ease idea ie Faw sad beet oaks See Table 2-55 

OG ORs ects netanagwedeieiaiesaditiants Gucasata hace ianbdedenaeiieene aes eeeag een See Table 2-58 

OG 09H; saantedds BieinG wads bhecwhidiade daaun did whedaeadnhanee bidind eae eid Seceeeedaheacied See Table 2-59 
MSR_THREAD_ID_INFO 

06: SEEicerainosmis «hone gest tsaenntaatanaat nance tant ucateaennounebnnimeaiaeceoumet ahs iata nese See Table 2-32 
MSR_TRACE_HUB_STH_ACPIBAR_BASE 

[0] Ss | ot FO 0 So FR See Table 2-41 
MSR_TURBO_ACTIVATION_RATIO 

06_5CH06_ ZAK yj exadins cuteen diets au Gants «inde lwaio lian tals bees nedhaandlnceitdeme dy See Table 2-12 

OG SAR cs vs satnancenenetidaatatnetcareca ueiiaddnstasnnt ates ueteneans nan enee eas oonited eonnse See Table 2-25 

06.3CH, 0645H;.06 464 is. tices seaee ina dered Vidadl Add aadseaahormedeeivedineatemadwes See Table 2-29 

OG 5 A ce-dod cesiahe sede Geatwnstnrec al Oaslece OiGeonard Lou dl ivactahbadninuidle HenedlodaGtbacidduldiva scare yhkgncbeltye oes See Table 2-53 
MSR_TURBO_GROUP_CORECNT 

O6.5CH;-06: 7AM eickatacateiidaiin te idas ae bs heanatnasaiaadadted Caden ks nied dpeoodia eae See Table 2-12 
MSR_TURBO_POWER_CURRENT_LIMIT 

06_1AH, 06_1€H, O6_1FH, O6_ZEH.. cece cece rere ene n ene n ene ene nennes See Table 2-15 
MSR_TURBO_RATIO_LIMIT 

06_37H, 06_4AH, 06_4DH, O6_5AH, O6_5DH, 06_5CH, O6_7AH......... cece eee ee cece eee e eens See Table 2-6 

O64 DA iii. i ay eeead Gebik Raeah bea ie heed Vane as Rilawie na dian Meee daatodaes gy veeeh cond eeena es See Table 2-10 

OG 5CH06. 7A cA cviors xctieinscce wie een Rite utehae ha kideee anentet line sa eae bbe ee Senedindaneatiisamadyy See Table 2-12 

06_1AH, 06_1€H, O6_1FH, O6_2EH, O6_25H, O6_2CH.. ccc cece ence eee eee e eae ees See Table 2-15 

06_1AH, 06_1€H, O6_1FH, O6_25H, O6_2CH.. eee eect cece eter eee etre eee eeeeeneeae See Table 2-16 

OG: CE ore aces isakaten Sove saat fovea cot tae acer iaGer nro leaaaGan tien amas santa ganna See Table 2-17 

622506 12 CAs temas tectnganete dram catesenneramndie van cnn same anieaa nash nnneaeteatnen as See Table 2-18 
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06-56 OG 24FH icici nnbbitetesine secu Gue momen neta nae ees 


MSR_TURBO_RATIO_LIMIT2 
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Location 


sinheey aeih dass eiaa Scageeateas See Table 2-19 
ifpiaiand ded acads Cees ehaaeadia See Table 2-21 
ih nal it ieliGia ween Pernt See Table 2-23 
Seagiouts Mia des gatrs eaeenee ear See Table 2-26 and 


Table 2-27 


LchhindeaedssnaOMs Aan eeE aes See Table 2-30 
phatgucidi beh ep niaastes hierar ed See Table 2-32 
seine fibials Merctudedoaeedoireis whee a ages bials See Table 2-35 
ime naiernase @areeras cewetiease See Table 2-36 
iheegadiemat teed eka See Table 2-50 
lnbaee el waeagerarinmres stenhouters See Table 2-53 


hidaaag pie Minden dies wobteaeian See Table 2-26 and 


Table 2-27 


ili wane Garde ead val aeewane ce See Table 2-32 
Hates suplinere satanic a van aweeneee See Table 2-36 


nih ddG bin bidieadin a ook uemad en See Table 2-32 


dostaateavtegsapapeearesansiauava siahesasteaadessreeeacetaan a See Table 2-37 
B, aeurcsuse atecanas ase aitouatneseen ativan tae ais See Table 2-38 


ative hiben meee anne a adi eeaatan See Table 2-50 


sadaea te wee aisle Gea ark Sian eataahoa ates ans See Table 2-28 
Hie hate La Ae ed Deere See Table 2-33 


salud nansectata Sie sage in yin nae eee See Table 2-17 


icacncimabee te auaneanaea caaaae See Table 2-24 
SohaGiie didi bem iw aie erwiwee es See Table 2-33 


Sea nteG area ected Sate ea Sant See Table 2-24 
Dike aateaaaree des Siniar eineeaan See Table 2-33 


rea iearale as diapers Seat Agana ataseee at See Table 2-17 


nie tds einen Gea the wae ean eras See Table 2-24 
sah ds Geman dad ean odnderaineusie ae See Table 2-33 


sper ire isin tins rl ala theuaeernaae ct cuatay senor See Table 2-24 
iddd Godda dave di nenieyeAneaneeed See Table 2-33 
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MSR_U_PMON_GLOBAL_CTRL 


06 3GH,06:45H) OG 2AGH ec ives aie vine deals wasildd ee epewan gee cas taneee ee ieoesed oManeds 
06 4EH, 06: SEH ss tccviecitevincitGs tn etescmers nate Minas bee eeeA eS eee Resa vReN KT OS 
MSR_UNC_ARB_PERFCTR1 


06_3CH, 06:45H,O6_4GH cis icseccnine cis teulesnenadeseis s ieadiaedbalnine whadu cede gaemed mange 
O64 ER) 06: SEH siscctie ci ceseetecieeddwaia bona ea weaen wade ewhaae abadeeeadtey dena heiridenvesay 
MSR_UNC_ARB_PERFEVTSELO 


06 =3CH,O6245H, OG: AGH sscstnteisin estineoetateicine sad biz come ien yer auisitidieev eign nee sine claleds 
06_4EH, 06 SEA i iiscsicicteniecs iat te icephdn piace thee egedaaeee een eaeyNEEe ads 
MSR_UNC_ARB_PERFEVTSEL1 


06_3CH,06-245H, OG 246 csi cans s one se tine cde ents seit gedangiiety ip badeeanceeade ea neds 
06: 4EH, O62 SEF ste chteis tey te den ae tinaen ih nei sitet hile mn dada yelne Rode bud eae gwiniiebaeleas 
MSR_UNC_CBO_O_PERFCTRO 


O6-3GH, OG: ASH; OG SAGE ae casi sid eeced siete Sestue bet anaes s blarelare Pep ecdeeuctarscy’s a aud tigng b.bod aenrsretelelareanertes 
06_4 EH; 06 5EH wince viriinton cd to tieaner nd sawk ib eete nase ceaw ed these benvetaes ay peceios 108 
MSR_UNC_CBO_O_PERFCTR1 


06_3CH; 06°45F, 06 4GH csi. e cote ctnentacumiimes mad ¢ ehamiege sche a taimetelr eembiee naming 
OG 4ER 0625 EH iezes necks Gide siecead mies | gece Gee @inea be Haugh dele geared viene. paid whweleas 
MSR_UNC_CBO_O_PERFCTR2 
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Location 


See Table 2-17 


See Table 2-17 


See Table 2-17 


See Table 2-24 
See Table 2-33 


See Table 2-24 
See Table 2-33 


See Table 2-55 


See Table 2-55 


See Table 2-22 
See Table 2-30 
See Table 2-40 


See Table 2-22 
See Table 2-30 
See Table 2-40 


See Table 2-22 
See Table 2-30 
See Table 2-40 


See Table 2-22 
See Table 2-30 
See Table 2-40 


See Table 2-22 
See Table 2-30 
See Table 2-40 


See Table 2-22 
See Table 2-30 
See Table 2-40 


See Table 2-22 
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MSR_UNC_CBO_O_PERFCTR3 

Gn ZAM oratanutoeecetoreoomnndn mica cena a wasa ce rhe s serte eur sag 1a eniaeanasaymens tat See Table 2-22 
MSR_UNC_CBO_O_PERFEVTSELO 

GCA ita s sateeaeeeeies cht ee circled ste eae es eed utes Seo eas gaan ae eee ae See Table 2-22 

06_3CH, 06_45H, 06_46H See Table 2-30 

O62 46H, 06 SEA ius ce can tnb ie eanaceiuwanttet sand beep be aheaceganas DOGO ene NE & See Table 2-40 
MSR_UNC_CBO_O_PERFEVTSEL1 

O622AB wise vahched fe vekecamitts sannee ds aeedesonads daboide ds emdinedeaddd endive ee ee dGatenees cae See Table 2-22 

O6_3CH, 06_45H, 06_46H..... 02. cece teet ener c dented e nett See Table 2-30 

0646067 SEM. cscscteneantanedatnni regains tiad deteaa ee aatueeragieraehmedaradeeseceeten See Table 2-40 
MSR_UNC_CBO_O_PERFEVTSEL2 

OG: CAH bs essettiacngs anise te bosianaes tama gantaedenehiots datiade efi eaatannees Ghasterhnnend See Table 2-22 
MSR_UNC_CBO_O_PERFEVTSEL3 

OG CAA secses i ataca eve e-sestetatcceschvcnceed adv egngow been a la uote bin Gis Cop echon nade adaqnb nanan anton ln elpeb msenapeeteeneteebey an See Table 2-22 
MSR_UNC_CBO_O_UNIT_STATUS 

062A ies chia becuse miinaiasd baa eee ADRS ener nn tae iad dladadia bas ane ehtareas See Table 2-22 
MSR_UNC_CBO_1_PERFCTRO 

OG 2A, cists an annaas ovens eat aullnau ss eeabuuaa causa an nemaepeeaem hw aeae aioe sane cannteres an See Table 2-22 

O6_3CH, 06_45H, O06_46H..... 0... ccc eed ened ented eee ad See Table 2-30 

OG: 4EHVOGL SEM ie osc Kitesnatace stented ale onendinus gael seiaa anita teiad kan «pias enaeelens See Table 2-40 
MSR_UNC_CBO_1_PERFCTR1 

O62 ZAM isa cint sn sass siesiesten duit eater tna auetvae eave pak pend owe coumadin cata nett eda See Table 2-22 

063GH, 06-454; O64 GI isi sitis.tcs paces sebastian cicada gniacaua wwe ssaltland auetangsanwieeiartnddad age aaesieadnn eae See Table 2-30 

06: 4EH}06 SEH weseri i cred hoesde did mids denote ees ah Mecha eee wadhaedd eens See Table 2-40 
MSR_UNC_CBO_1_PERFCTR2 

OG ZAM asks tinacacanaceantearsvercice Fas poumstiatrad aaa cose vie ae wre cneunee seth eon Astana @ aalate nage a ole aieeesace a See Table 2-22 
MSR_UNC_CBO_1_PERFCTR3 

06: CAH is sa2sc4 taidessanesseccthekeinacs dieters and sbtnbnnera deny eden scotsandet cant seneneted See Table 2-22 
MSR_UNC_CBO_1_PERFEVTSELO 

OG CA aschas ain ately aah tbugdvensed didiil eagle ua Wew sil agaesibale dun achentecn Gn waadalonte dive Sachanle tdpetntigcardials See Table 2-22 

06-3CH,06.45H; 06246 iiskiinniacsacsgesngacnhwe cn iced reigned aaa gn agisaieatuede cane deskacmes See Table 2-30 

06:46} 06 5SEM siiisd ve dca deniambou lations bel aebhbews Gig bueeieniania betes anh eberdden: See Table 2-40 
MSR_UNC_CBO_1_PERFEVTSEL1 

Ge ZA sicatinsacntaac cco: mace miaaie cosa uaaenaea etme cap ten 155 preening alana cameniasan See Table 2-22 

O6_3CH, 06_45H, O06_46H.... 0... cee ender dete need See Table 2-30 

06 AEH 06 SEA cack ach owngh ada dintian toned adie chitatinas edek sie baw de alae ats Gareeas Da Benet See Table 2-40 
MSR_UNC_CBO_1_PERFEVTSEL2 

6 CAA tis ches nies Gennes gent eeamr ens dawl eeu dave sian veel eawgas alee nn Makes uaietieeerslen See Table 2-22 
MSR_UNC_CBO_1_PERFEVTSEL3 

O622CAM wisy cahehediaes eine oud cocan den 8 yale gi ee saaaed ine eeeaha ia anid ad deed va ee oa qaameneeseae See Table 2-22 
MSR_UNC_CBO_1_UNIT_STATUS 

OG ZA eaters an accteie acactsaestestscte epated.es ti actual sea ban Roan eetose ana sttuead aGuaee keine senor da dn and eaeaeseetton eae See Table 2-22 
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MSR_UNC_CBO_2_PERFCTRO 


O6- SCH, O64 SF) OG LAGE wee ssisceiharescie vipers Sin tueitntlecared wiaiatilahe Dodane arararete adh eaneeg sob Macebarslele lane tes 
06_4EH; 06 _5EH wi casei teen Sis ti toeee ed nae Deedee se eee ed Stes eomdeades av iewenes 208 
MSR_UNC_CBO_2_PERFCTR1 


06-3CH; 06-451, 06 -4GE .cwckiices dpe ceandcite ae eene nemdeliuies mamma balteeae genes 
OG :4ER O06 SEH cees inset soaked iiercagmgekh patntaaed cise Rete Rigi Keeeelntede Seeea eens 
MSR_UNC_CBO_2_PERFCTR2 


06-3CH; 06_45H, O64 GE} ccnsie iets es anaginscieaimer ted ahige dade tale agi aecmesaenasieadedameds 
06:4 EH, OG: SEF wc neitataa ai ecendgicse anak sie gee alyiee ve Vanden) peeide Radel giaeagginsee greens 
MSR_UNC_CBO_2_PERFEVTSEL1 


06_3CH, 06:45) OG 2AGH casei lew he iaine Binet see Seated ee ep eetieed aa’ dane see beaGoeeed oMinees 
06_4ER, O6_SEH ti icccncistcecitGians th eteecmet tae eRe ee RRSOes eee Tees avReR RENT OS 
MSR_UNC_CBO_2_PERFEVTSEL2 


06..3CH, 06-45H,-06-46F jicscscncdind ennai anaes dwn pnewwadiaG uien ade eesagieades des ne ead 
OG AGE OG 25 a cede osetia prbun Ssottrarae wc sthonaipats seve vi and dun aces atone blavadeca ehsiar ne ateee Ban tee dat 
MSR_UNC_CBO_3_PERFCTR1 


06.3CH;.06_45H;.06_4GH wacccccecteipiciies tit onectdehened sy tie eeei adsense oc eeenntanes 
06: 46H; O6:5EH wissen iididtnceniauknds aban chinienda diet aces bonded deed news as ze dnbnee 
MSR_UNC_CBO_3_PERFCTR2 


06_3CH; 062451, 06-4GH sic. scis cctecd erase dee tone Sedd deen ses vawerwendengen 240 vows tewns 
06. 46H; 06. 5EF iii cic scisie tr esed sanding GadiGier edad ceiaee dr adeemenee eae hale silane ed eae 
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Location 


See Table 2-22 


See Table 2-30 


See Table 2-40 


See Table 2-22 


See Table 2-30 


See Table 2-40 


See Table 2-22 


See Table 2-22 


See Table 2-22 


See Table 2-30 


See Table 2-40 


See Table 2-22 


See Table 2-30 


See Table 2-40 


See Table 2-22 


See Table 2-22 


See Table 2-22 


See Table 2-22 


See Table 2-30 


See Table 2-40 


See Table 2-22 


See Table 2-30 


See Table 2-40 


See Table 2-22 


See Table 2-22 


See Table 2-22 


See Table 2-30 
See Table 2-40 
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MSR_UNC_CBO_3_PERFEVTSEL1 


O06_3CH, 06_45H, O6_46H... 0. eee 
06_4EH, OG 56H ss acisincstisacsae eeetinad iibew tt hase sais 


MSR_UNC_CBO_3_PERFEVTSEL2 


O6_3CH, 06_45H, O6_46H...... ences 
06-4EH) OG SEF siuissinciscanaenvineiendietatn aeminhecs nace oat 


MSR_UNC_PERF_FIXED_CTR 


O6_3CH, 06_45H, 06_46H..... eee eee 
OG6-4EH; OG SEF saci sae ecees icaad eceniinan vdibee ee tase aainewies 


MSR_UNC_PERF_FIXED_CTRL 


06_3CH, 06_45H, 06.46H 0... eck eee secs enters nme es 
06-4ER 0G: SER sciiuteiciteet tae eliaavededd gaetaoaw ad 


MSR_UNC_PERF_GLOBAL_CTRL 
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Adncare esa nemiaincanaciaie an Mena tant See Table 2-22 


sad uaievancuneeeh es isan aaerenaoanteare ater asaeeet See Table 2-30 


saisane haaten aad wpauasere hae hanes See Table 2-40 


aria fees art vaie aunaatece-e-napateannes eat See Table 2-22 


iinet suena diene eae aegiwarntane we See Table 2-22 


she vee vb Gestins cnt thesunatnereaenesgCahape seats See Table 2-22 


ianieda iisnaraengea dim emuamne et See Table 2-22 


gs doadecpis aentueacded pace ats eenoanapaetneiaeies ts See Table 2-22 


Hin tedacned duis a aG ope oumaneeene See Table 2-22 


sachate Wish aacarea and oitauna cave eeGienenastant See Table 2-22 


Edai eran ceasteee aes rhage Cee See Table 2-22 


Sar ufeteiaqra ain ani tiainiin reap Treats See Table 2-22 


iis be Wdeeiataa ae ade ode Guinean ae See Table 2-22 


he creetee estes cesain nk naatne esate a apaeesaes an See Table 2-22 


nee tenans nara datas fae a ana See Table 2-22 


i haCineeetacantamalee an acre eacaeoneae See Table 2-22 


2x suid aoshnlgeenonieta are sane e ain eee ance ee See Table 2-30 


haaadvona danas ede anewenenaaws See Table 2-40 


dds Saar att alnaranualaraata ae tnaeaaastank See Table 2-22 


ee ens ugre uate Bee one thane serra eoh See Table 2-30 


Miia thee tacte ehanacen see aaah See Table 2-40 


sali feesaca seen aot tnia uniahete ee ayatacuneinen acai See Table 2-22 


eatin vannyaer day staatare aunceiara mesa eepahacnans See Table 2-30 


ju hdeNehe MA ned daa wemae ees See Table 2-40 


ahs aeecaye Gestiva coos alia cheusatacareste ccstaypwaeiaarn See Table 2-22 


Vol.4 2-485 


MODEL-SPECIFIC REGISTERS (MSRS) 


MSR Name and CPUID DisplayFamily_DisplayModel 


06_3CH, 06_45H; O6_4GH .. iiiccccctecsscasesavscesecnt sass rasa eaees 
06. 4EF; O6-SEH 6 is siccieiidideniaages lass aberdeen hodad enemas tascis 


MSR_UNC_PERF_GLOBAL_STATUS 


06_3CH, 06.45H,06_4GF icc issc cccaw curate neta eee e peentn aihemitie 
AEF OG 25 GO saith ieorarsaer sasecinat ta vse casbatuace dae de acecenat balsas elec reeeiatang 


MSR_UNCORE_ADDR_OPCODE_MATCH 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
MSR_UNCORE_FIXED_CTR_CTRL 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
MSR_UNCORE_FIXED_CTRO 

06_1AH, 06_1€H, 06_1FH, O6_25H, 06_2CH 
MSR_UNCORE_PERF_GLOBAL_CTRL 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
MSR_UNCORE_PERF_GLOBAL_OVF_CTRL 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
MSR_UNCORE_PERF_GLOBAL_STATUS 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
MSR_UNCORE_PERFEVTSELO 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
MSR_UNCORE_PERFEVTSEL1 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
MSR_UNCORE_PERFEVTSEL2 

06_1AH, 06_1€H, 06_1FH, 06_25H, O6_2CH 
MSR_UNCORE_PERFEVTSEL3 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
MSR_UNCORE_PERFEVTSEL4 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
MSR_UNCORE_PERFEVTSEL5 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
MSR_UNCORE_PERFEVTSEL6 

06_1AH, 06_1€H, 06_1FH, 06_25H, O6_2CH 
MSR_UNCORE_PERFEVTSEL7 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
MSR_UNCORE_PMCO 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
MSR_UNCORE_PMC1 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
MSR_UNCORE_PMC2 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
MSR_UNCORE_PMC3 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH 
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See Table 2-30 


See Table 2-40 


See Table 2-22 


See Table 2-30 


See Table 2-40 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 


See Table 2-16 
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MSR Name and CPUID DisplayFamily_DisplayModel Location 
MSR_UNCORE_PMC4 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH...... ee cece etree etn eee See Table 2-16 
MSR_UNCORE_PMC5 

06_1AH, 06_1€H, 06_1FH, 06_25H, 06_2CH...... eect tet eee ene eae See Table 2-16 

06. CEA incl ds danitieca ria kebines ates one ip neiaameidees wee ag daa gateds so eehea eres See Table 2-17 
MSR_UNCORE_PMC6 

O6_1AH, 06_1€H, O6_1FH, O6_25H, O6_2CH....... ee eect e nee ae See Table 2-16 
MSR_UNCORE_PMC7 

O6_1AH, 06_1€H, O6_1FH, O6_25H, O6_2CH....... eect cnet ene ae See Table 2-16 


MSR_UNCORE_PRMRR_BASE 


06_4€H, O6_5EH, 06_55H, 06_8EH, O6_9EH, O6_66H, O6_7DH, O6_7€H, O6_8CH, O6_8DH, See Table 2-39 
OB GAH O62 6CH since isis ate res caimnednaine Maun aameradiad Ceatangenenatedasees Sa oar 


MSR_UNCORE_PRMRR_MASK 
06_4€H, O6_5EH, 06_55H, 06_8EH, O6_9EH, 06_66H, O6_7DH, 06_7€H, O6_8CH, 06_8DH, See Table 2-39 


OG GAH OG GCA sie svicicamtscisoesgantitinendeasedada marek ee sat epitae caowemenaneie es meenrnee 
MSR_UNCORE_PRMRR_PHYS_BASE 

OB BER OG SEIa ss 3. 5:5.5. 4c spay anrsrejay ena ar perenne ae ana ea BR See Table 2-41 
MSR_UNCORE_PRMRR_PHYS_MASK 

06: SEH; 06 9EH assis esse vi esessessssnessnsnensaeareevenereene dees saesbeENeEDEEENENEE Eyes ba ee See Table 2-41 
MSR_VR_CURRENT_CONFIG 

OG BOM POG SSD rai cess scciacs Severs eavcoene Baivisre wi wiartentenw's pmsiatene 5 aihisrn iy Fpaluetaen win tunis dere pmuetnalen ahe & See Table 2-45 
MSR_W_PMON_BOX_CTRL 

Oba CEA ic riisedat emis neat ate viideta os olnteee Cet NRE wie eaten te ate eee on ditawle ewe de aWen Mab aule wae See Table 2-17 
MSR_W_PMON_BOX_OVF_CTRL 

OG CEM sccissincatiivnss dicialeoe ad dobtsetdls rpeadice memsigedals tGaGeamemescaigults ease te eandageia nis See Table 2-17 
MSR_W_PMON_BOX_STATUS 

OG CER sivsii sien ieinens dé peste iehad MeDI Ee nheeed ete eeeanantebeede dd ene na eas ene nans See Table 2-17 
MSR_W_PMON_CTRO 

OG ETA eesavetsesecetecsnvalansvsed arenaca vye.qstnegeesraibitis-tetuesPtete nnlsvedvou a « Gieree gucatedhveyeiase. cad o@ed dar fislbue svnes eles sepa Ssesonserdia ly See Table 2-17 
MSR_W_PMON_CTR1 

OB CEM se cisiie saan eb hdes qamend | tied seamed thawawineee Aidhowbuaadddaab inde aca aeuaa gate ese See Table 2-17 
MSR_W_PMON_CTR2 

OG ZEA is. dssitens aia nate areciet hiaaarade sedate cnmeg@iereademors abba aid Cees megece Hanae ene tan See Table 2-17 
MSR_W_PMON_CTR3 

OG: COM scxtiscactetives note denen c irate dhe wa gundebiad sae Soviets eaeeatanaeteaeade cee ceeahe ss Keay See Table 2-17 
MSR_W_PMON_EVNT_SELO 

G2 ZEM sits. sacseswatat tihirtn aay queda tiwe Gets ¢ techy vaeouaeGminds reuw and tinenss seaeectewbededss aly See Table 2-17 
MSR_W_PMON_EVNT_SEL1 

OG CEA sie sass sid ce aria ulead ao ate viel duniw ide o Kcteal esther ney a wae dinate a Gina hee aiedieaiapau sev admin ckauelatals a See Table 2-17 
MSR_W_PMON_EVNT_SEL2 

ON STA ses sesad epee Siar ss sins aces Ateek ot eecin staan anal gne bas wh sgaprare wardyslancnd soaseuessiein Wd Valente aeaaimiels diebedogingusees ahs See Table 2-17 
MSR_W_PMON_EVNT_SEL3 
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OG 22EA nanat dass suneneieanssantasesanbtorernigacearaetathasade se ttnat teranniaaeaaginensoet ing See Table 2-17 
MSR_W_PMON_FIXED_CTR 

OG CE es sasetenchcaeectoviage sveynsaseesty ni Gia a feeb nctaeerere na G@iornnt Maven ahdnards Rola ahee edd ap redone saree acheter cha See Table 2-17 
MSR_W_PMON_FIXED_CTR_CTL 

OG 22EH sass s Sceocren eddy enakdaten eacceweibhed aut? dvd deee ene ebeteae aba auin aaa tewseee See Table 2-17 
MSR_WEIGHTED_CORE_CO 

06_4€H, 06_5EH, 06_55H, 06_8€H, 06_9€H, O6_66H, 06_7DH, 06_7EH, O6_8CH, O6_8DH, See Table 2-39 

06 GAH; 062 6G ws ieticie see eeiGiei Reese eid bead Vaden han teed nae er eiaiber wna idan iaanayles 
MTRRfix16K_80000 

0606s iick a etewcdtceikerenaae cit wantan thee danse ane) Mas bead ea eaoeine eae ea eee aden See Table 2-58 

PPG ean ys sexhitsicd.c ear tie Gea Soaceothaiw ier chee Para ysictece4Sya ced aieiatece: tinea cian Phe hain nak ae Gale eaten sok aint ep aaa eed See Table 2-60 
MTRRfix16K_AQO000 

OGOEH sec cecrteeddcetaaat on sith bhdai ose eewmntdncidd gona nines eee oerossana cosiebiddares etme See Table 2-58 

PO Fam vce ceatdsn veces dogdatenos essed etn dinacasnehuiia era tdie danas eee heme aa anews eoer ton See Table 2-60 
MTRRfix4K_COO00 

OG OER ssiiscncceccics decided baw tena Layee ag endunnidd beeee wea nartaiivlente Daan badalen hance See Table 2-58 

PO VGN t,o ets Go oaaeawt wernt iden oe sea es eke att ek beeie ota tans Baa ne ace caataws See Table 2-60 
MTRRfix4K_C8000 

OG SOG cis a ascacecesnnpearerastieesia dicen stn nactterroraGaene waceddunt eld fielew haces ahcewneaoead aa besuaaclen eee See Table 2-58 

PS Fmd) soz sats eeeresnssassiaites arc cea oran Vixteowsee asnieedtere tae ace are Rate ain hale deise hae Extn @aiemrerradad bh abd are meee See Table 2-60 
MTRRfix4K_DOOOO 

OGMOER aicacaodonsentesatr sad tangent coon earns uh beanndaas chien nerenataeyulagt air eumee See Table 2-58 

PG Famille .2ay7 nace uate aiptrs maya tonsa siaambirhtdaays pia dicta sap tena Sau tore Hiaasen Menai niba ie abet See Table 2-60 
MTRRfix4K_D8000 

OG OEM e432 conte toraaes Seagecueyecoisinonnds eiaasctsencaberi ancora ursee is eeeeeansanen inten. See Table 2-58 

PG: Family ei ciecseieccteies.gincda vives audnaG diane Medals di leacatdda saiedan ean aea ea adan Rea nane Re See Table 2-60 
MTRRfix4K_EO000 

OG OER eiuditeetiuaaunaoneves saan an acess sauce ae ance eh amit secnen s eaatgounaae aia naam Rater a Gane See Table 2-58 

PO Famili icteieenia vies dae va eda dan teeriataievolieaahdadaaaaawagecee hams Meee lGle waded metas See Table 2-60 
MTRRfix4K_E8000 

(GOST cae tecscas sek aca ecpch saan sistas a fhavarascaecsuasatcesiane apsed cdeve Md/svera init arauste seseceot a aearsteh ane costiene ava attaeat aedcteasdtaeal eee See Table 2-58 

PG. Family) esitirtnseiuw is Mora Sian nnengnid etoa da aedee gee aaa eek oad einer inna haan See Table 2-60 
MTRRfix4K_FOOO0O 

OG OEMS ieee cate lees Had sh emseita dd dab We henedadae aubiiniee 34% Dhdleeea amas casawenl dade enn See Table 2-58 

PG Family x.sz2 dies seureiceave cache atetrata(eiase ahateig we cceyi ae dheiaree Gace wand acne SIS Sheree hayace Sel olay die ee tpeacbariie ee See Table 2-60 
MTRRfix4K_F8000 

OG OG s cess ccc hhiacthe ay acckd wit aeecowlld Lied awn’ adedavee sean SOoereesana ated Wahl aaies blew See Table 2-58 

PO GAM s ee vrantestsacwnagiaead gone tant ev ooiaisdaeicaes senad pencidaeed toes tele denig Aeea tet See Table 2-60 
MTRRfix64K_O0000 

OG SOG ciest sczcacecesthkbearernstjeesta tibia ea tsstbne atecatecmeeonsca genye Wavenare ander dedbe less ncsabcelat aghecesvageace dines a edi acarearane eee See Table 2-58 

PO Family 2252.cat tea ceaes dogadescomenteancnee mec ahoe unin ate ace canieteeteeananeamtaeteanae mara ee See Table 2-60 
MTRRphysBaseO 
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OG JOE Hicasaeet hanes saseancs ones eek aetohensersnteante tener cess abeaaataduiteatcnnatiaeeer enn See Table 2-58 

PG ATMS ice coh sroseh, ateiees ta aoncted deci dhh be Hie, askeeunera Mechaman, Cade ba dastnidendmeciaantiamnhehaad sina betan ane See Table 2-60 
MTRRphysBase1 

OG OER cs tetect ects snscet are erises cama teonntatean pociuds casa anda cect ar owen feateos aims See Table 2-58 

PG FAMIW sc t5 ia sek neaccecad dedibaasies doaginded da anved bactsh vind 4 ddadeed a Sid oenaaiana dale aula slaw edgimdaeeann See Table 2-60 
MTRRphysBase2 

G2 OER micnck axncmanacmia esate tases nen Fageudintand comameastnnes sat stamenecemia sacle mama m uated ek See Table 2-58 

PO: FaMlliv.drain vet nia cee iceiat daanacdcan dele biddd jeaterk cane eulade ania ohedsaqnkeiaadaiaiiaes See Table 2-60 
MTRRphysBase3 

OG8QEAf cokes ientnteu nas teetonscamacas aun du nsheu accra aigdawe none nga dul aauelhian eee ccinnan tae See Table 2-58 

PG IMMUN iss sesie esau detowswjeses Sheed ara acele dctesdia apes bow eialare dayecae big xcapere dace hun bee Se a ged eared apd sin Sone’ d Shane dae ate See Table 2-60 
MTRRphysBase4 

OG: OE seiscnet cs wana hitter ied dong ds ce peek deaiewa beaee oddadae gan Rares 1x) deme ewe ad See Table 2-58 

PO AMI oes iiain. cctv eed teynce es eardeacinss¥ Sieod Gedssevsd doxratiiare aatyhon Pianarelgye Dada inave bike Seale ultog heayite dha eraetlers’deabarkadiacetate See Table 2-60 
MTRRphysBase5 

OG “OEM ies 5id. as saw nets bance ec oined saseiy wadahe aiid gees ides ddvdaven aaiakddinesnehond See Table 2-58 

PG:-AMMlW :cxecaeesd cnc tnieos hed iecia cane tea ene wea eales tarneneaas staat sae Thaent Baa teens See Table 2-60 
MTRRphysBase6 

OG OEM cts sacked Saline Machen colin ahaa Avira Pin al datas or idcnaes ee iad dat tales wchirelew sete eunigeicicn aos See Table 2-58 

PG: Fam Wire tte aee stecqeme san ee soletent euenn sae acaaldeneene santa wanaadeele cara aeeee mensch anaes See Table 2-60 
MTRRphysBase7 

OG OEM weiss narstevniare sewrecnrdaaniecdanehiatenddapiatialen talk eae ae teeming eectateed an dled wanted are Geena See Table 2-58 

PG: AMM ese etes nich, atrccesty atari assays pine hin eeeraGrs Rat en enna aa ed nadent mecienneaaiash his sina metan ants See Table 2-60 
MTRRphysMaskO 

OG OER is: standectutctesatcen cine tetas ta naeeamaiaG say buenas sada aadamoaeteeiae oot en deake dawns See Table 2-58 

PG te AMM) sizes. ssbesod cuss cee ae acto escrantee,saayev tonsa teach tera ttssstsceavedtane vanceimeeten ate aaee ast auaeananacs a teen dneaene ener See Table 2-60 
MTRRphysMask1 

OG OER inci425scetetcatacus epreiaes nants bes seaenaneiatmeiie goa akeaacs mia Meaetoneataeenateaate See Table 2-58 

PO FAM cesdviuten vethid a eh idaias ded aaiwan aide dela ieac ca wane eladigaitentied hid tained aie daaind See Table 2-60 
MTRRphysMask2 

OG: OEM tcotsniancanceeusaccaee encores aan dy arte a mstegaa aunt sane maaan tte anceeeaaanaetaiias See Table 2-58 

PG: FAMll esc2ieiaseiees and Petiedad ne iidaa ea Mecieidled sv acnddadsiensnewedavaines adtingaw ed ieimaeans See Table 2-60 
MTRRphysMask3 

OGHOEM as teksende macs iano nanetaest ama danetee ane betaraemns saeseemaanin nice ota Meenas See Table 2-58 

PG FAM seas sila: bch ced iaxajacal ole Lew avasegsi dh in Ghrnsayasd woctetdarasastya ed Pan dvesyald fap adnabe nid'y Sai Sek dew bce lee Tae araaabeca a dhbarkasthgee astra See Table 2-60 
MTRRphysMask4 

OGMOEH eiiicd ac daw ntsc eat eee Oded as ae wad a hananwed bea tdacag add hil ba wel an@ediewinnenons See Table 2-58 

PGFOMINW iii ada ct noe nla aden Woe ste kway ebslan’s Gacedas dhaaaned caren npn tohale dina sayes taleniien aati See Table 2-60 
MTRRphysMask5 

OG0EH sé .esniied naneew bain ee abeet deus atid dd oak vad biased cae ds deavnved es hbeoineaai a See Table 2-58 

PG FaMllW ied fin aed tian aesaeaan ced valetad Gaeardachisaaiecemnsam nse neednie ecaraeeerermeaaentenaes See Table 2-60 
MTRRphysMask6 
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OG OER wavicdasvectnteesdaeiadiaca Hotaaadara: auiedi es uniadandaatdnsah ene adzaaanerneceeess ties See Table 2-58 
PG: Fatih): 272 cca ans 220 uaednadeeesadedaenata sadam dimens seetou he iaauGs Sedcaan.slaeueseeaetars See Table 2-60 
MTRRphysMask7 
O6 OGM ivsvhisduauehaieads sean eiiesynewdee Soe dye vaesd epaentehni assets wukeet dewave bauer cronies See Table 2-58 
PO FaMmllsvisisiciicccea-riiea ai cadavavibiaaeviiadead Magaweih au leiaranddiasaedad Marea id bua eaaReeaed See Table 2-60 
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AAS instruction, Vol.1-7-10, Vol.2-3-24 
Aborts 
description of, Vol.3-6-5 
restarting a program or task after, Vol.3-6-6 
AC (alignment check) flag, EFLAGS register, Vol.1-3-17, Vol.3-2-11, 
Vol.3-6-50, Vol.3-22-6 
Access rights 
checking, Vol.3-2-24 
checking caller privileges, Vol.3-5-26 
description of, Vol.3-5-24 
invalid values, Vol.3-22-19 
Access rights, segment descriptor, Vol.1-6-8, Vol.1-6-13 
ADC instruction, Vol.1-7-8, Vol.2-3-26, Vol.2-3-595, Vol.3-8-4 
ADD instruction, Vol.1-7-8, Vol.2-3-18, Vol.2-3-31, Vol.2-3-311, 
Vol.2-3-595, Vol.3-8-4 
ADDPD instruction, Vol.1-11-6, Vol.2-3-33 
ADDPS- Add Packed Single-Precision Floating-Point Values, Vol.2-3-36 
ADDPS instruction, Vol.1-10-8 
Address 
size prefix, Vol.3-21-1 
space, of task, Vol.3-7-16 
Address size attribute 
code segment, Vol.1-3-18 
description of, Vol.1-3-18 
of stack, Vol.1-6-3 
Address sizes, Vol.1-3-9 
Address space 
64-bit mode, Vol.1-3-1, Vol.1-3-5 
compatibility mode, Vol.1-3-1 
overview of, Vol.1-3-2 
physical, Vol.1-3-6 
Address translation 
in real-address mode, Vol.3-20-2 
logical to linear, Vol.3-3-7 
overview, Vol.3-3-6 
Addressing methods 
RIP-relative, Vol.2-2-12 
Addressing modes 
assembler, Vol.1-3-24 
base, Vol.1-3-22, Vol.1-3-23, Vol.1-3-24 
base plus displacement, Vol.1-3-23 
base plus index plus displacement, Vol.1-3-23 
base plus index time scale plus displacement, Vol.1-3-23, Vol.1-3-24 
canonical address, Vol.1-3-10 
displacement, Vol.1-3-22, Vol.1-3-23, Vol.1-3-24 
effective address, Vol.1-3-23 
immediate operands, Vol.1-3-20 
index, Vol.1-3-22, Vol.1-3-24 
index times scale plus displacement, Vol.1-3-23 
memory operands, Vol.1-3-21 
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register operands, Vol.1-3-20, Vol.1-3-21 
RIP-relative addressing, Vol.1-3-18, Vol.1-3-24 
scale factor, Vol.1-3-22, Vol. 1-3-24 
specifying a segment selector, Vol.1-3-21 
specifying an offset, Vol.1-3-22 
specifying offsets in 64-bit mode, Vol.1-3-24 
Addressing, segments, Vol.2-1-6, Vol.3-1-8, Vol.4-1-6 
ADDSD- Add Scalar Double-Precision Floating-Point Values, Vol.2-3-39 
ADDSD instruction, Vol.1-11-6, Vol.2-3-39 
ADDSS- Add Scalar Single-Precision Floating-Point Values, Vol.2-3-41 
ADDSS instruction, Vol.1-10-8 
ADDSUBPD instruction, Vol.1-5-23, Vol.1-12-4, Vol.2-3-43 
ADDSUBPS instruction, Vol.1-5-23, Vol.1-12-4, Vol.2-3-45 
ADOX — Unsigned Integer Addition of Two Operands with Overflow Flag, 
Vol.2-3-48 
Advanced media boost, Vol.1-2-11 
Advanced power management 
C-state and Sub C-state, Vol.3-14-34 
MWAIT extensions, Vol.3-14-34 
See also: thermal monitoring 
Advanced programmable interrupt controller (see I/O APIC or Local APIC) 
advanced smart cache, Vol.1-2-10 
AESDEC128KL—Perform Ten Rounds of AES Decryption Flow Using 
128-Bit Key, Vol.2-3-52 
AESDEC256KL—Perform 14 Rounds of AES Decryption Flow Using 256-Bit 
Key, Vol.2-3-54 
AESDECLAST—Perform Last Round of an AES Decryption Flow, Vol.2-3-56 
AESDEC—Perform One Round of an AES Decryption Flow, Vol.2-3-50 
AESDECWIDE128KL—Perform Ten Rounds of AES Decryption Flow on 8 
Blocks with 128-Bit Key, Vol.2-3-58 
AESDECWIDE256KL—Perform 14 Rounds of AES Decryption Flow on 8 
Blocks with 256-Bit Key, Vol.2-3-60 
AESENC1 28KL—Perform Ten Rounds of AES Encryption Flow Using 
128-Bit Key, Vol.2-3-64 
AESENC256KL—Perform 14 Rounds of AES Encryption Flow Using 256-Bit 
Key, Vol.2-3-66 
AESENCLAST—Perform Last Round of an AES Encryption Flow, Vol.2-3-68 
AESENC—Perform One Round of an AES Encryption Flow, Vol.2-3-62 
AESENCWIDE1 28KL—Perform Ten Rounds of AES Encryption Flow on 8 
Blocks with 128-Bit Key, Vol.2-3-70 
AESENCWIDE256KL—Perform 14 Rounds of AES Encryption Flow on 8 
Blocks with 256-Bit Key, Vol.2-3-72 
AESIMC—Perform the AES InvMixColumn Transformation, Vol.2-3-74 
AESKEYGENASSIST - AES Round Key Generation Assist, Vol.2-3-75 
AF (adjust) flag, EFLAGS register, Vol.1-3-16, Vol.1-A-1 
AH register, Vol.1-3-12 
AL register, Vol.1-3-12 
Alignment 
check exception, Vol.3-2-11, Vol.3-6-50, Vol.3-22-11, Vol.3-22-21 
checking, Vol.3-5-27 
words, doublewords, quadwords, Vol.1-4-2 
AM (alignment mask) flag 
CRO control register, Vol.3-2-15, Vol.3-22-18 
AND instruction, Vol.1-7-10, Vol.2-3-77, Vol.2-3-595, Vol.3-8-4 
ANDNPD instruction, Vol.1-11-7 
ANDNPS- Bitwise Logical AND NOT of Packed Single Precision 
Floating-Point Values, Vol.2-3-89 
ANDNPS instruction, Vol.1-10-9 
ANDPD- Bitwise Logical AND of Packed Double Precision Floating-Point 
Values, Vol.2-3-80 
ANDPD instruction, Vol.1-11-7, Vol.2-3-79 
ANDPS- Bitwise Logical AND of Packed Single Precision Floating-Point 
Values, Vol.2-3-83 
ANDPS instruction, Vol.1-10-9 
APIC, Vol.3-10-41, Vol.3-10-42 
APIC bus 
arbitration mechanism and protocol, Vol.3-10-27, Vol.3-10-34 
bus message format, Vol.3-10-35, Vol.3-10-48 
diagram of, Vol.3-10-2, Vol.3-10-3 
EOI message format, Vol.3-10-15, Vol.3-10-48 
nonfocused lowest priority message, Vol.3-10-50 
short message format, Vol.3-10-49 


SMI message, Vol.3-30-2 
status cycles, Vol.3-10-51 
structure of, Vol.3-10-4 
See also 
local APIC 
APIC flag, CPUID instruction, Vol.3-10-7 
APIC ID, Vol.3-10-41, Vol.3-10-45, Vol.3-10-47 
APIC (see I/O APIC or Local APIC) 
Arctangent, x87 FPU operation, Vol.1-8-20, Vol.2-3-403 
Arithmetic instructions, x87 FPU, Vol.1-8-25 
ARPL instruction, Vol.2-3-92, Vol.3-2-24, Vol.3-5-27 
not supported in 64-bit mode, Vol.3-2-24 
Assembler, addressing modes, Vol.1-3-24 
Asymmetric processing model, Vol.1-12-1 
Atomic operations 
automatic bus locking, Vol.3-8-3 
effects of a locked operation on internal processor caches, Vol.3-8-5 
guaranteed, description of, Vol.3-8-2 
overview of, Vol.3-8-1, Vol.3-8-3 
software-controlled bus locking, Vol.3-8-3 
At-retirement 
counting, Vol.3-19-101, Vol.3-19-117 
events, Vol.3-19-101, Vol.3-19-106, Vol.3-19-107, Vol.3-19-117, 
Vol.3-19-121 
authenticated code execution mode, Vol.1-6-3 
Auto HALT restart 
field, SMM, Vol.3-30-14 
SMM, Vol.3-30-14 
Automatic bus locking, Vol.3-8-3 
Automatic thermal monitoring mechanism, Vol.3-14-35 
AX register, Vol.1-3-12 


B 
B (busy) flag 
TSS descriptor, Vol.3-7-5, Vol.3-7-11, Vol.3-7-16, Vol.3-8-3 
B (default size) flag, segment descriptor, Vol.1-3-18 
B (default stack size) flag 
segment descriptor, Vol.3-21-1, Vol.3-22-33 
BO-B3 (BP condition detected) flags 
DR6 register, Vol.3-17-4 
Backlink (see Previous task link) 
Base address fields, segment descriptor, Vol.3-3-10 
Base (operand addressing), Vol.1-3-22, Vol.1-3-23, Vol.1-3-24, Vol.2-2-3 
Basic execution environment, Vol.1-3-2 
Basic programming environment, Vol.1-7-1 
B-bit, x87 FPU status word, Vol.1-8-5 
BCD integers 
packed, Vol.1-4-10, Vol.2-3-311, Vol.2-3-313, Vol.2-3-353, 
Vol.2-3-355 
relationship to status flags, Vol.1-3-17 
unpacked, Vol.1-4-9, Vol.1-7-9, Vol.2-3-18, Vol.2-3-20, Vol.2-3-22, 
Vol.2-3-24 
x87 FPU encoding, Vol.1-4-10 
BD (debug register access detected) flag, DR6 register, Vol.3-17-4, 
Vol.3-17-10 
BEXTR—Bit Field Extract, Vol.2-3-94 
BH register, Vol.1-3-12 
Bias value 
numeric overflow, Vol.1-8-29 
numeric underflow, Vol.1-8-30 
Biased exponent, Vol.1-4-13 
Biasing constant, for floating-point numbers, Vol.1-4-6 
Binary numbers, Vol.1-1-7, Vol.2-1-6, Vol.3-1-8, Vol.4-1-6 
Binary-coded decimal (see BCD) 
BINIT# signal, Vol.3-2-25 
BIOS role in microcode updates, Vol.3-9-38 
Bit field, Vol.1-4-7 
Bit order, Vol.1-1-6, Vol.2-1-5, Vol.3-1-7, Vol.4-1-4 
BL register, Vol.1-3-12 
BLENDPD — Blend Packed Double Precision Floating-Point Values, 
Vol.2-3-95 
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BLENDPS — Blend Packed Single Precision Floating-Point Values, 
Vol.2-3-97 
BLSI-Extract Lowest Set Isolated Bit, Vol.2-3-104 
BLSMSK - Get Mask Up to Lowest Set Bit, Vol.2-3-105 
BLSR —Reset Lowest Set Bit, Vol.2-3-106 
BNDCL—Check Lower Bound, Vol.2-3-107 
BNDCU/BNDCN—Check Upper Bound, Vol.2-3-109 
BNDLDX—Load Extended Bounds Using Address Translation, Vol.2-3-111 
BNDMK—Make Bounds, Vol.2-3-114 
BNDMOV—Move Bounds, Vol.2-3-116 
BNDSTX—Store Extended Bounds Using Address Translation, Vol.2-3-119 
bootstrap processor, Vol.1-6-16, Vol.1-6-21, Vol.1-6-29, Vol.1-6-30 
BOUND instruction, Vol.1-6-18, Vol.1-7-18, Vol.1-7-23, Vol.2-3-122, 
Vol.3-2-5, Vol.3-6-4, Vol.3-6-30 
BOUND range exceeded exception (#BR), Vol.1-6-19, Vol.2-3-122, 
Vol.3-6-30 
BOUND—Check Array Index Against Bounds, Vol.2-3-122 
BP register, Vol.1-3-12 
BPO#, BP1#, BP2#, and BP3# pins, Vol.3-17-38, Vol.3-17-40 
Branch 
control transfer instructions, Vol.1-7-14 
hints, Vol.1-11-13 
on EFLAGS register status flags, Vol.1-7-15, Vol.1-8-6 
on x87 FPU condition codes, Vol.1-8-6, Vol.1-8-20 
prediction, Vol.1-2-8 
Branch hints, Vol.2-2-2 
Branch record 
branch trace message, Vol.3-17-14 
IA-32e mode, Vol.3-17-22 
saving, Vol.3-17-16, Vol.3-17-26, Vol.3-17-27, Vol.3-17-35 
saving as a branch trace message, Vol.3-17-14 
structure, Vol.3-17-36 
structure of in BTS buffer, Vol.3-17-20 
Branch trace message (see BTM) 
Branch trace store (see BTS) 
Brand information, Vol.2-3-248 
processor brand index, Vol.2-3-250 
processor brand string, Vol.2-3-248 
Breakpoint exception (HBP), Vol.3-6-4, Vol.3-6-28, Vol.3-17-11 
Breakpoints 
data breakpoint, Vol.3-17-6 
data breakpoint exception conditions, Vol.3-17-9 
description of, Vol.3-17-1 
DRO-DR3 debug registers, Vol.3-17-4 
example, Vol.3-17-6 
exception, Vol.3-6-28 
field recognition, Vol.3-17-6, Vol.3-17-7 
general-detect exception condition, Vol.3-17-10 
instruction breakpoint, Vol.3-17-6 
instruction breakpoint exception condition, Vol.3-17-8 
I/O breakpoint exception conditions, Vol.3-17-9 
LENO - LEN3 (Length) fields 
DR7 register, Vol.3-17-6 
R/WO-R/W3 (read/write) fields 
DR7 register, Vol.3-17-5 
single-step exception condition, Vol.3-17-10 
task-switch exception condition, Vol.3-17-10 
BS (single step) flag, DR6 register, Vol.3-17-4 
BSF instruction, Vol.1-7-14, Vol.2-3-124 
BSP flag, |A32_APIC_BASE MSR, Vol.3-10-8 
BSR instruction, Vol.1-7-14, Vol.2-3-126 
BSWAP instruction, Vol.1-7-4, Vol.2-3-128, Vol.3-22-4 
BT instruction, Vol.1-3-15, Vol.1-3-16, Vol.1-7-14, Vol.2-3-129 
BT (task switch) flag, DR6 register, Vol.3-17-4, Vol.3-17-10 
BTC instruction, Vol.1-3-15, Vol.1-3-16, Vol.1-7-14, Vol.2-3-131, 
Vol.2-3-595, Vol.3-8-4 
BTF (single-step on branches) flag 
DEBUGCTLMSR MSR, Vol.3-17-40 
BTMs (branch trace messages) 
description of, Vol.3-17-14 
enabling, Vol.3-17-12, Vol.3-17-24, Vol.3-17-25, Vol.3-17-35, 
Vol.3-17-37, Vol.3-17-38 
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TR (trace message enable) flag 
MSR_DEBUGCTLA MSR, Vol.3-17-35 
MSR_DEBUGCTLB MSR, Vol.3-17-12, Vol.3-17-37, Vol.3-17-38 
BTR instruction, Vol.1-3-15, Vol.1-3-16, Vol.1-7-14, Vol.2-3-133, 
Vol.2-3-595, Vol.3-8-4 
BTS buffer 
description of, Vol.3-17-19 
introduction to, Vol.3-17-11, Vol.3-17-14 
records in, Vol.3-17-20 
setting up, Vol.3-17-24 
structure of, Vol.3-17-20, Vol.3-17-22, Vol.3-19-21 
BTS instruction, Vol.1-3-15, Vol.1-3-16, Vol.1-7-14, Vol.2-3-135, 
Vol.2-3-595, Vol.3-8-4 
BTS (branch trace store) facilities 
availability of, Vol.3-17-34 
BTS_UNAVAILABLE flag, 
IA32_MISC_ENABLE MSR, Vol.3-17-19, Vol.4-2-368 
introduction to, Vol.3-17-11 
setting up BTS buffer, Vol.3-17-24 
writing an interrupt service routine for, Vol.3-17-25 
BTS_UNAVAILABLE, Vol.3-17-19 
Built-in self-test (BIST) 
description of, Vol.3-9-1 
performing, Vol.3-9-5 
Bus 
errors detected with MCA, Vol.3-15-27 
hold, Vol.3-22-35 
locking, Vol.3-8-3, Vol.3-22-35 
BX register, Vol.1-3-12 
Byte, Vol.1-4-1 
Byte order, Vol.1-1-6, Vol.2-1-5, Vol.3-1-7, Vol.4-1-4 
BZHI —Zero High Bits Starting with Specified Bit Position, Vol.2-3-137 
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C (conforming) flag, segment descriptor, Vol.3-5-11 
C1 flag, x87 FPU status word, Vol.1-8-4, Vol.1-8-27, Vol.1-8-29, 
Vol.1-8-30, Vol.3-22-8, Vol.3-22-14 
C2 flag, x87 FPU status word, Vol.1-8-5, Vol.3-22-8 
Cache and TLB information, Vol.2-3-241 
Cache control, Vol.3-11-20 
adaptive mode, L1 Data Cache, Vol.3-11-18 
cache management instructions, Vol.3-11-17, Vol.3-11-18 
cache mechanisms in IA-32 processors, Vol.3-22-30 
caching terminology, Vol.3-11-5 
CD flag, CRO control register, Vol.3-11-10, Vol.3-22-19 
choosing a memory type, Vol.3-11-8 
CPUID feature flag, Vol.3-11-18 
flags and fields, Vol.3-11-10 
flushing TLBs, Vol.3-11-19 
G (global) flag 
page-directory entries, Vol.3-11-13 
page-table entries, Vol.3-11-13 
internal caches, Vol.3-11-1 
MemTypeGet() function, Vol.3-11-29 
MemTypeSet() function, Vol.3-11-31 
MESI protocol, Vol.3-11-5, Vol.3-11-9 
methods of caching available, Vol.3-11-6 
MTRR initialization, Vol.3-11-29 
MTRR precedences, Vol.3-11-28 
MTRRs, description of, Vol.3-11-20 
multiple-processor considerations, Vol.3-11-32 
NW flag, CRO control register, Vol.3-11-13, Vol.3-22-19 
operating modes, Vol.3-11-12 
overview of, Vol.3-11-1 
page attribute table (PAT), Vol.3-11-33 
PCD flag 
CR3 control register, Vol.3-11-13 
page-directory entries, Vol.3-11-13, Vol.3-11-33 
page-table entries, Vol.3-11-13, Vol.3-11-33 
PGE (page global enable) flag, CR4 control register, Vol.3-11-13 
precedence of controls, Vol.3-11-13 
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preventing caching, Vol.3-11-16 
protocol, Vol.3-11-9 
PWT flag 
CR3 control register, Vol.3-11-13 
page-directory entries, Vol.3-11-33 
page-table entries, Vol.3-11-33 
remapping memory types, Vol.3-11-29 
setting up memory ranges with MTRRs, Vol.3-11-22 
shared mode, L1 Data Cache, Vol.3-11-18 
variable-range MTRRs, Vol.3-11-23, Vol.3-11-25 
Cache Inclusiveness, Vol.2-3-216 
Caches, Vol.3-2-7 
cache hit, Vol.3-11-5 
cache line, Vol.3-11-5 
cache line fill, Vol.3-11-5 
cache write hit, Vol.3-11-5 
description of, Vol.3-11-1 
effects of a locked operation on internal processor caches, Vol.3-8-5 
enabling, Vol.3-9-7 
management, instructions, Vol.3-2-24, Vol.3-11-17 
Caches, invalidating (flushing), Vol.2-3-521, Vol.2-5-591 
cache, smart, Vol.1-2-4 
Caching 
cache control protocol, Vol.3-11-9 
cache line, Vol.3-11-5 
cache management instructions, Vol.3-11-17 
cache mechanisms in IA-32 processors, Vol.3-22-30 
caching terminology, Vol.3-11-5 
choosing a memory type, Vol.3-11-8 
flushing TLBs, Vol.3-11-19 
implicit caching, Vol.3-11-19 
internal caches, Vol.3-11-1 
L1 (level 1) cache, Vol.3-11-4 
L2 (level 2) cache, Vol.3-11-4 
L3 (level 3) cache, Vol.3-11-4 
methods of caching available, Vol.3-11-6 
MTRRs, description of, Vol.3-11-20 
operating modes, Vol.3-11-12 
overview of, Vol.3-11-1 
self-modifying code, effect on, Vol.3-11-18, Vol.3-22-30 
snooping, Vol.3-11-6 
store buffer, Vol.3-11-20 
TLBs, Vol.3-11-5 
UC (strong uncacheable) memory type, Vol.3-11-6 
UC- (uncacheable) memory type, Vol.3-11-6 
WB (write back) memory type, Vol.3-11-7 
WC (write combining) memory type, Vol.3-1 
WP (write protected) memory type, Vol.3-1 
write-back caching, Vol.3-11-6 
WT (write through) memory type, Vol.3-11-7 
Call gate, Vol.1-6-8 
Call gates 
16-bit, interlevel return from, Vol.3-22-33 
accessing a code segment through, Vol.3-5-15 
description of, Vol.3-5-13 
for 16-bit and 32-bit code modules, Vol.3-21-1 
IA-32e mode, Vol.3-5-14 
introduction to, Vol.3-2-4 
mechanism, Vol.3-5-15 
privilege level checking rules, Vol.3-5-16 
CALL instruction, Vol.1-3-18, Vol.1-6-3, Vol.1-6-4, Vol. 1-6-8, Vol.1-7-15, 
Vol.1-7-22, Vol.2-3-138, Vol.3-2-5, Vol.3-3-8, Vol.3-5-10, 
Vol.3-5-15, Vol.3-5-20, Vol.3-7-2, Vol.3-7-9, Vol.3-7-11, 
Vol.3-21-5 
Caller access privileges, checking, Vol.3-5-26 
Calls 
16 and 32-bit code segments, Vol.3-21-3 
controlling operand-size attribute, Vol.3-21-5 
returning from, Vol.3-5-20 
Calls (see Procedure calls) 
Canonical address, Vol.1-3-10 
GETSEC, Vol.1-6-3 
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Capability MSRs 
See VMX capability MSRs 
Catastrophic shutdown detector 
Thermal monitoring 
catastrophic shutdown detector, Vol.3-14-35 
catastrophic shutdown detector, Vol.3-14-35 
CBW instruction, Vol.1-7-7, Vol.2-3-155 
CCO and CC1 (counter control) fields, CESR MSR (Pentium processor), 
Vol.3-19-137 
CD (cache disable) flag, CRO control register, Vol.3-2-15, Vol.3-9-7, 
Vol.3-11-10, Vol.3-11-12, Vol.3-11-13, Vol.3-11-16, 
Vol.3-11-32, Vol.3-22-18, Vol.3-22-19, Vol.3-22-30 
CDQ instruction, Vol.1-7-7, Vol.2-3-310 
CDQE instruction, Vol.2-3-155 
Celeron processor 
description of, Vol.1-2-2 
CESR (control and event select) MSR (Pentium processor), Vol.3-19-136, 
Vol.3-19-137 
CF (carry) flag, EFLAGS register, Vol.1-3-16, Vol.1-A-1, Vol.2-3-31, 
Vol.2-3-129, Vol.2-3-131, Vol.2-3-133, Vol.2-3-135, 
Vol.2-3-157, Vol.2-3-172, Vol.2-3-315, Vol.2-3-491, 
Vol.2-3-496, Vol.2-4-150, Vol.2-4-533, Vol.2-4-608, 
Vol.2-4-632, Vol.2-4-635, Vol.2-4-676 
CH register, Vol.1-3-12 
CL register, Vol.1-3-12 
CLC instruction, Vol.1-3-16, Vol.1-7-21, Vol.2-3-157 
CLD instruction, Vol.1-3-17, Vol.1-7-21, Vol.2-3-158 
CLFLSH feature flag, CPUID instruction, Vol.3-9-8 


CLFLUSH instruction, Vol. 1-11-12, Vol.2-3-161, Vol.2-3-163, Vol.3-2-15, 


Vol.3-9-8, Vol.3-11-17 
CPUID flag, Vol.2-3-240 
CLI instruction, Vol.1-19-3, Vol.2-3-165, Vol.3-6-7 
Clocks 
counting processor clocks, Vol.3-19-138 
Hyper-Threading Technology, Vol.3-19-138 
nominal CPI, Vol.3-19-138 
non-halted clockticks, Vol.3-19-138 
non-halted CPI, Vol.3-19-138 
non-sleep Clockticks, Vol.3-19-138 
time stamp counter, Vol.3-19-138 
CLTS instruction, Vol.2-3-169, Vol.3-2-23, Vol.3-5-24, Vol.3-24-2, 
Vol.3-24-7 
Cluster model, local APIC, Vol.3-10-25 
CMC instruction, Vol.1-3-16, Vol.1-7-21, Vol.2-3-172 
CMOVcc flag, Vol.2-3-240 
CMOVcc instructions, Vol.1-7-3, Vol.1-7-4, Vol.2-3-173, Vol.3-22-4 
CPUID flag, Vol.2-3-240 
CMP instruction, Vol.1-7-8, Vol.2-3-177 
CMPPD- Compare Packed Double-Precision Floating-Point Values, 
Vol.2-3-179 
CMPPD instruction, Vol.1-11-7 
CMPPS- Compare Packed Single-Precision Floating-Point Values, 
Vol.2-3-186 
CMPPS instruction, Vol.1-10-9 
CMPS instruction, Vol.1-3-17, Vol.1-7-18, Vol.2-3-193, Vol.2-4-560 
CMPSB instruction, Vol.2-3-193 
CMPSD- Compare Scalar Double-Precision Floating-Point Values, 
Vol.2-3-197 
CMPSD instruction, Vol.1-11-7, Vol.2-3-193 
CMPSQ instruction, Vol.2-3-193 
CMPSS- Compare Scalar Single-Precision Floating-Point Values, 
Vol.2-3-201 
CMPSS instruction, Vol.1-10-9 
CMPSW instruction, Vol.2-3-193 
CMPXCHG instruction, Vol.1-7-4, Vol.2-3-205, Vol.2-3-595, Vol.3-8-4, 
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CMPXCHG16B instruction, Vol.1-7-5, Vol.2-3-207 
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CMPXCHG8B instruction, Vol.1-7-4, Vol.2-3-207, Vol.3-8-4, Vol.3-22-5 
CPUID flag, Vol.2-3-240 
Code modules 
16 bit vs. 32 bit, Vol.3-21-1 
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mixing 16-bit and 32-bit code, Vol.3-21-1 

sharing data, mixed-size code segs, Vol.3-21-3 

transferring control, mixed-size code segs, Vol.3-21-3 
Code segment, Vol.1-3-14 
Code segments 

accessing data in, Vol.3-5-9 

accessing through a call gate, Vol.3-5-15 

description of, Vol.3-3-12 

descriptor format, Vol.3-5-2 

descriptor layout, Vol.3-5-2 

direct calls or jumps to, Vol.3-5-10 

paging of, Vol.3-2-6 
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privilege level checks 

transferring control between code segs, Vol.3-5-10 
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COMISD instruction, Vol.1-11-7 
COMISS- Compare Scalar Ordered Single-Precision Floating-Point Values 
and Set EFLAGS, Vol.2-3-212 

COMISS instruction, Vol.1-10-9 
Compare 

compare and exchange, Vol.1-7-4 

integers, Vol.1-7-8 

real numbers, x87 FPU, Vol.1-8-19 

strings, Vol.1-7-18 
Compatibility 

IA-32 architecture, Vol.3-22-1 

software, Vol.3-1-7, Vol.4-1-5 
Compatibility mode 

address space, Vol.1-3-1 

branch functions, Vol.1-6-12 

call gate descriptors, Vol.1-6-12 

code segment descriptor, Vol.3-5-3 

code segment descriptors, Vol.3-9-12 

control registers, Vol.3-2-13 

CS.L and CS.D, Vol.3-9-12 

debug registers, Vol.3-2-24 

EFLAGS register, Vol.3-2-11 

exception handling, Vol.3-2-5 

gates, Vol.3-2-4 

GDTR register, Vol.3-2-12, Vol.3-2-13 

global and local descriptor tables, Vol.3-2-4 

IDTR register, Vol.3-2-12 

interrupt handling, Vol.3-2-5 

introduction, Vol.1-2-20, Vol.1-3-1, Vol.2-2-7 

L flag, Vol.3-3-12, Vol.3-5-4 

memory management, Vol.3-2-6 
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MMX technology, Vol.1-9-2 

operation, Vol.3-9-12 

see 64-bit mode 

segment loading instructions, Vol.3-3-9 

segmentation, Vol.1-3-22 

segments, Vol.3-3-5 

SSE extensions, Vol.1-10-3 

SSE2 extensions, Vol.1-11-3 

SSE3 extensions, Vol.1-12-1 

SSSE3 extensions, Vol.1-12-1 

summary table notation, Vol.2-3-9 

switching to, Vol.3-9-12 

SYSCALL and SYSRET, Vol.3-5-22 

SYSENTER and SYSEXIT, Vol.3-5-21 

system flags, Vol.3-2-11 

system registers, Vol.3-2-7 

task register, Vol.3-2-13 

x87 FPU, Vol.1-8-1 

See also: 64-bit mode, |A-32e mode 
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Condition code flags, EFLAGS register, Vol.2-3-173 
Condition code flags, x87 FPU status word 
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branching on, Vol.1-8-6 
compatibility information, Vol.3-22-8 
conditional moves on, Vol.1-8-6 
description of, Vol.1-8-4 
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interpretation of, Vol.1-8-5 
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Conforming code segments 
accessing, Vol.3-5-12 
C (conforming) flag, Vol.3-5-11 
description of, Vol.3-3-13 
Constants (floating point), Vol.1-8-17 
Constants (floating point), loading, Vol.2-3-393 
Context, task (see Task state) 
Control registers 
64-bit mode, Vol.1-3-5, Vol.3-2-13 
CRO, Vol.3-2-13 
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description of, Vol.3-2-13 
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Counter mask field 
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CMPXCHG16B flag, Vol.2-3-238 
CMPXCHG8B flag, Vol.2-3-240 
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debug extensions, CR4.DE, Vol.2-3-240 
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FPU on-chip, Vol.2-3-240 
FSAVE flag, Vol.2-3-241 
FXRSTOR flag, Vol.2-3-241 
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machine check architecture, Vol.2-3-240 

machine check exception, Vol.2-3-240 

memory type range registers, Vol.2-3-240 

MMxX feature flag, Vol.1-9-8 
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version information, Vol.2-3-215, Vol.2-3-245 

virtual 8086 Mode flag, Vol.2-3-240 

virtual address bits, Vol.2-3-234 

WRMSR flag, Vol.2-3-240 
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page directory base address, Vol.3-2-6 
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Vol.3-19-136, Vol.3-19-138 
Current privilege level (see CPL) 
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CVTDQ2PD instruction, Vol.1-11-10, Vol.2-3-257 
CVTDQ2PS- Convert Packed Doubleword Integers to Packed 
Single-Precision Floating-Point Values, Vol.2-3-264 
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CVTSD@SS instruction, Vol.1-11-9 
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D (default operation size) flag 
segment descriptor, Vol.3-21-1, Vol.3-22-33 
D (default operation size) flag, segment descriptor, Vol.2-4-403 
D (default size) flag, segment descriptor, Vol.1-6-2, Vol.1-6-3 
DAA instruction, Vol.1-7-9, Vol.2-3-311 
DAS instruction, Vol.1-7-9, Vol.2-3-313 
Data breakpoint exception conditions, Vol.3-17-9 
Data movement instructions, Vol.1-7-2 
Data pointer, x87 FPU, Vol.1-8-9 
Data registers, x87 FPU, Vol.1-8-1 
Data segment, Vol.1-3-14 
Data segments 
description of, Vol.3-3-12 
descriptor layout, Vol.3-5-2 
expand-down type, Vol.3-3-11 
paging of, Vol.3-2-6 
privilege level checking when accessing, Vol.3-5-8 
Data types 
128-bit packed SIMD, Vol.1-4-8 
64-bit mode, Vol.1-7-2 
64-bit packed SIMD, Vol.1-4-8 
alignment, Vol.1-4-2 
BCD integers, Vol.1-4-9, Vol.1-7-9 
bit field, Vol.1-4-7 
byte, Vol.1-4-1 
doubleword, Vol.1-4-1 
floating-point, Vol.1-4-4 
fundamental, Vol.1-4-1 
integers, Vol.1-4-3 
numeric, Vol.1-4-2 
operated on by GP instructions, Vol.1-7-1, Vol.1-7-2 
operated on by MMX technology, Vol.1-9-3 
operated on by SSE extensions, Vol.1-10-5 
operated on by SSE2 extensions, Vol.1-11-3 
operated on by x87 FPU, Vol.1-8-13 
operated on in 64-bit mode, Vol.1-4-7 
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packed doublewords, Vol.1-9-3 
packed SIMD, Vol.1-4-8 
packed words, Vol.1-9-3 
pointers, Vol.1-4-6 
quadword, Vol.1-4-1, Vol.1-9-3 
signed integers, Vol.1-4-4 
strings, Vol.1-4-8 
unsigned integers, Vol.1-4-3 
word, Vol.1-4-1 
DAZ (denormals-are-zeros) flag 
MXCSR register, Vol.1-10-5 
DE (debugging extensions) flag, CR4 control register, Vol.3-2-17, 
Vol.3-22-18, Vol.3-22-20 
DE (denormal operand exception) flag 
MXCSR register, Vol.1-11-15 
x87 FPU status word, Vol.1-8-5, Vol.1-8-28 
Debug exception (#DB), Vol.3-6-7, Vol.3-6-25, Vol.3-7-5, Vol.3-17-8, 
Vol.3-17-13, Vol.3-17-41 
Debug registers 
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64-bit mode, Vol.1-3-5 
legacy modes, Vol.1-3-4 
Debug registers, moving value to and from, Vol.2-4-43 
Debug store (see DS) 
DEBUGCTLMSR MSR, Vol.3-17-39, Vol.3-17-41, Vol.4-2-408 
Debugging facilities 
breakpoint exception (#BP), Vol.3-17-1 
debug exception (#DB), Vol.3-17-1 
DR6 debug status register, Vol.3-17-1 
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exceptions, Vol.3-17-8 
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Vol.3-17-11 
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Deeper sleep, Vol.1-2-4 
Denormal number (see Denormalized finite number) 
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overview of, Vol.1-4-20 
SSE and SSE2 extensions, Vol.1-11-15 
x87 FPU, Vol.1-8-27 
Denormalization process, Vol.1-4-15 
Denormalized finite number, Vol.1-4-5, Vol.1-4-14, Vol.2-3-444 
Denormalized operand, Vol.3-22-12 
Denormals-are-zero 
DAZ flag, MXCSR register, Vol.1-10-5, Vol.1-11-2, Vol.1-11-3, 
Vol.1-11-20 
mode, Vol.1-10-5, Vol.1-11-20 
Detecting and Enabling SMX 
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Vol.3-6-32, Vol.3-9-7, Vol.3-22-11, Vol.3-22-12 
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DFR 
Destination Format Register, Vol.3-10-39, Vol.3-10-42, Vol.3-10-47 
DH register, Vol.1-3-12 
Dl register, Vol.1-3-12 
Digital media boost, Vol.1-2-4 
Digital readout bits, Vol.3-14-42, Vol.3-14-45 
Displacement (operand addressing), Vol.1-3-22, Vol.1-3-23, Vol.1-3-24, 
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DIV instruction, Vol.1-7-9, Vol.2-3-317, Vol.3-6-24 
Divide, Vol.1-4-20 
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x87 FPU, Vol.1-8-28 
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Divide error exception (#DE), Vol.2-3-317 
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DIVSS instruction, Vol.1-10-8 
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DL register, Vol.1-3-12 
DM (denormal operand exception) mask bit 
MXCSR register, Vol.1-11-15 
x87 FPU, Vol.1-8-28 
x87 FPU control word, Vol.1-8-7 
Double-extended-precision FP format, Vol.1-4-4 
Double-fault exception (HDF), Vol.3-6-33, Vol.3-22-27 
Double-precision floating-point format, Vol.1-4-4 
Doubleword, Vol.1-4-1 
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BT (task switch) flag, Vol.3-17-4 
debug exception (#DB), Vol.3-6-25 
reserved bits, Vol.3-22-20 
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GO-G3 (global breakpoint enable) flags, Vol.3-17-4 
GD (general detect enable) flag, Vol.3-17-5 
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LO-L3 (local breakpoint enable) flags, Vol.3-17-4 
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DS register, Vol.1-3-13, Vol.1-3-14, Vol.2-3-193, Vol.2-3-576, 
Vol.2-3-597, Vol.2-4-113, Vol.2-4-182 
DS save area, Vol.3-17-20, Vol.3-17-21, Vol.3-17-22 
DS (debug store) mechanism 
availability of, Vol.3-19-111 
description of, Vol.3-19-111 
DS feature flag, CPUID instruction, Vol.3-19-111 
DS save area, Vol.3-17-18, Vol.3-17-21 
IA-32e mode, Vol.3-17-21 
interrupt service routine (DS ISR), Vol.3-17-25 
setting up, Vol.3-17-23 
Dual-core technology 
architecture, Vol.3-8-32 
introduction, Vol.1-2-18 
logical processors supported, Vol.3-8-25 
MTRR memory map, Vol.3-8-33 
multi-threading feature flag, Vol.3-8-25 
performance monitoring, Vol.3-19-125 
specific features, Vol.3-22-4 
Dual-monitor treatment, Vol.3-30-19 
DX register, Vol.1-3-12 
Dynamic data flow analysis, Vol.1-2-8 
Dynamic execution, Vol.1-2-7, Vol.1-2-10, Vol.1-2-12, Vol.1-2-13 
D/B (default operation size/default stack pointer size and/or upper bound) 
flag, segment descriptor, Vol.3-3-11, Vol.3-5-4 


E (edge detect) flag 
Perf€vtSel0 and PerfEvtSell MSRs (P6 family), Vol.3-19-4 
E (edge detect) flag, Perf€vtSel0 and Perf€vtSel1 MSRs (P6 family 
processors), Vol.3-19-134 
E (expansion direction) flag 
segment descriptor, Vol.3-5-2, Vol.3-5-4 
E (MTRRs enabled) flag 
IA32_MTRR_DEF_TYPE MSR, Vol.3-11-23 
EAX register, Vol.1-3-11, Vol.1-3-12 
EBP register, Vol.1-3-11, Vol.1-3-12, Vol.1-6-3, Vol.1-6-7 
EBX register, Vol.1-3-11, Vol.1-3-12 
ECX register, Vol.1-3-11, Vol.1-3-12 


EDI register, Vol.1-3-11, Vol.1-3-12, Vol.2-4-610, Vol.2-4-665, 
Vol.2-4-669 
EDX register, Vol.1-3-11, Vol.1-3-12 
Effective address, Vol.1-3-23, Vol.2-3-580 
EFLAGS register 
64-bit mode, Vol.1-7-2 
condition codes, Vol.1-B-1, Vol.2-3-175, Vol.2-3-361, Vol.2-3-366 
cross-reference with instructions, Vol.1-A-1 
description of, Vol.1-3-15 
flags affected by instructions, Vol.2-3-14 
identifying 32-bit processors, Vol.3-22-6 
instructions that operate on, Vol.1-7-21 
introduction to, Vol.3-2-6 
new flags, Vol.3-22-6 
overview, Vol.1-3-11 
part of basic programming environment, Vol.1-7-1 
popping, Vol.2-4-407 
popping on return from interrupt, Vol.2-3-528 
pushing, Vol.2-4-526 
pushing on interrupts, Vol.2-3-506 
restoring from stack, Vol.1-6-7 
saved in TSS, Vol.3-7-4 
saving, Vol.2-4-596 
saving on a procedure call, Vol.1-6-7 
status flags, Vol.1-8-6, Vol.1-8-7, Vol.1-8-19, Vol.2-3-177, 
Vol.2-3-540, Vol.2-4-616, Vol.2-4-701 
system flags, Vol.3-2-9 
use with CMOVcc instructions, Vol.1-7-3 
EIP register, Vol.2-3-139, Vol.2-3-506, Vol.2-3-528, Vol.2-3-543, 
Vol.3-22-11 
description of, Vol.1-3-18 
overview, Vol.1-3-11 
part of basic programming environment, Vol.1-7-1 
relationship to CS register, Vol.1-3-14 
saved in TSS, Vol.3-7-5 
state following initialization, Vol.3-9-5 
EM (emulation) flag 
CRO control register, Vol.3-2-15, Vol.3-2-16, Vol.3-6-32, Vol.3-9-6, 
Vol.3-9-7, Vol.3-12-1, Vol.3-13-3 
EMMS instruction, Vol.1-9-8, Vol.1-9-9, Vol.2-3-335, Vol.3-12-3 
ENCODEKEY 1 28—Encode 128-Bit Key, Vol.2-3-336 
ENCODEKEY256—Encode 256-Bit Key, Vol.2-3-338 
Encodings 
See machine instructions, opcodes 
ENDBR32—Terminate an Indirect Branch in 32-bit and Compatibility Mode 
, Vol.2-3-340 
Enhanced Intel Deeper Sleep, Vol. 1-2-4 
Enhanced Intel SpeedStep Technology 
ACPI 3.0 specification, Vol.3-14-1 
IA32_APERF MSR, Vol.3-14-2 
IA32_MPERF MSR, Vol.3-14-2 
IA32_PERF_CTL MSR, Vol.3-14-1 
IA32_PERF_STATUS MSR, Vol.3-14-1 
introduction, Vol.3-14-1 
multiple processor cores, Vol.3-14- 
performance transitions, Vol.3-14- 
P-state coordination, Vol.3-14-1 
See also: thermal monitoring 
ENTER instruction, Vol.1-6-20, Vol.1-7-21, Vol.2-3-342 
GETSEC, Vol.1-6-3, Vol.1-6-10, Vol.1-5-36 
EOI 
End Of Interrupt register, Vol.3-10-39 
Error code, Vol.3-16-3, Vol.3-16-7, Vol.3-16-10, Vol.3-16-13, 
Vol.3-16-15 
architectural MCA, Vol.3-16-1, Vol.3-16-3, Vol.3-16-7, Vol.3-16-10, 
Vol.3-16-13, Vol.3-16-15 
decoding |A32_MCi_STATUS, Vol.3-16-1, Vol.3-16-3, Vol.3-16-7, 
Vol.3-16-10, Vol.3-16-13, Vol.3-16-15 
exception, description of, Vol.3-6-17 
external bus, Vol.3-16-1, Vol.3-16-3, Vol.3-16-7, Vol.3-16-10, 
Vol.3-16-13, Vol.3-16-15 
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memory hierarchy, Vol.3-16-3, Vol.3-16-7, Vol.3-16-10, Vol.3-16-13, 
Vol.3-16-15 
pushing on stack, Vol.3-22-32 
watchdog timer, Vol.3-16-1, Vol.3-16-3, Vol.3-16-7, Vol.3-16-10, 
Vol.3-16-13, Vol.3-16-15 
Error numbers 
VM-instruction error field, Vol.3-29-31 
Error signals, Vol.3-22-11 
Error-reporting bank registers, Vol.3-15-2 
ERROR# 
input, Vol.3-22-16 
output, Vol.3-22-16 
ES register, Vol.1-3-13, Vol.1-3-14, Vol.2-3-576, Vol.2-4-182, 
Vol.2-4-610, Vol.2-4-669 
ES (exception summary) flag 
x87 FPU status word, Vol.1-8-31 
ESO and ES1 (event select) fields, CESR MSR (Pentium processor), 
Vol.3-19-137 
ESC instructions, x87 FPU, Vol.1-8-15 
ESI register, Vol.1-3-11, Vol.1-3-12, Vol.2-3-193, Vol.2-3-597, 
Vol.2-4-113, Vol.2-4-182, Vol.2-4-665 
ESP register, Vol.1-3-12, Vol.2-3-139 
ESP register (stack pointer), Vol.1-3-11, Vol.1-6-3 
ESR 
Error Status Register, Vol.3-10-40 
ET (extension type) flag, CRO control register, Vol.3-2-15, Vol.3-22-8 
Event select field, Perf€vtSelO and PerfEvtSell MSRs (P6 family 
processors), Vol.3-19-4, Vol.3-19-98, Vol.3-19-134 
Events 
at-retirement, Vol.3-19-117 
at-retirement (Pentium 4 processor), Vol.3-19-106 
non-retirement (Pentium 4 processor), Vol.3-19-106 
EVEX.R, Vol.2-3-5 
Exception flags, x87 FPU status word, Vol.1-8-5 
Exception handler 
calling, Vol.3-6-11 
defined, Vol.3-6-1 
flag usage by handler procedure, Vol.3-6-17 
machine-check exception handler, Vol.3-15-28 
machine-check exceptions (#MC), Vol.3-15-28 
machine-error logging utility, Vol.3-15-28 
procedures, Vol.3-6-12 
protection of handler procedures, Vol.3-6-16 
task, Vol.3-6-17, Vol.3-7-2 
Exception handlers 
overview of, Vol.1-6-12 
SIMD floating-point exceptions, Vol.1-D-1 
SSE and SSE2 extensions, Vol.1-11-17, Vol.1-11-18 
typical actions of a FP exception handler, Vol.1-4-23 
x87 FPU, Vol.1-8-32 
Exception priority, floating-point exceptions, Vol.1-4-23 
Exception-flag masks, x87 FPU control word, Vol.1-8-7 
Exceptions 
64-bit mode, Vol.1-6-19 
alignment check, Vol.3-22-11 
BOUND range exceeded (#BR), Vol.2-3-122 
classifications, Vol.3-6-5 
compound error codes, Vol.3-15-21 
conditions checked during a task switch, Vol.3-7-13 
coprocessor segment overrun, Vol.3-22-12 
description of, Vol.1-6-12, Vol.3-2-5, Vol.3-6-1 
device not available, Vol.3-22-12 
double fault, Vol.3-6-33 
error code, Vol.3-6-17 
execute-disable bit, Vol.3-5-32 
floating-point error, Vol.3-22-12 
general protection, Vol.3-22-12 
handler, Vol.1-6-12 
handler mechanism, Vol.3-6-12 
handler procedures, Vol.3-6-12 
handling, Vol.3-6-11 
handling in real-address mode, Vol.3-20-4 
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handling in SMM, Vol.3-30-11 
handling in virtual-8086 mode, Vol.3-20-11 
handling through a task gate in virtual-8086 mode, Vol.3-20-14 
handling through a trap or interrupt gate in virtual-8086 mode, 
Vol.3-20-12 
IA-32e mode, Vol.3-2-5 
IDT, Vol.3-6-9 
implicit call to handler, Vol.1-6-1 
in real-address mode, Vol.1-6-18 
initializing for protected-mode operation, Vol.3-9-10 
invalid-opcode, Vol.3-22-5 
masking debug exceptions, Vol.3-6-7 
masking when switching stack segments, Vol.3-6-8 
MCA error codes, Vol.3-15-20 
MMxX instructions, Vol.3-12-1 
notation, Vol.1-1-8, Vol.2-1-7, Vol.3-1-9, Vol.4-1-7 
overflow exception (#OF), Vol.2-3-506 
overview of, Vol.3-6-1 
priority of, Vol.3-22-22 
priority of, x87 FPU exceptions, Vol.3-22-10 
reference information on all exceptions, Vol.3-6-23 
reference information, 64-bit mode, Vol.3-6-19 
restarting a task or program, Vol.3-6-5 
returning from, Vol.2-3-528 
segment not present, Vol.3-22-12 
simple error codes, Vol.3-15-21 
sources of, Vol.3-6-4 
summary of, Vol.3-6-2 
vectors, Vol.3-6-1 
Executable, Vol.3-3-11 
Execute-disable bit capability 
conditions for, Vol.3-5-30 
CPUID flag, Vol.3-5-30 
detecting and enabling, Vol.3-5-30 
exception handling, Vol.3-5-32 
page-fault exceptions, Vol.3-6-44 
protection matrix for [A-32e mode, Vol.3-5-31 
protection matrix for legacy modes, Vol.3-5-31 
reserved bit checking, Vol.3-5-31 
GETSEC, Vol.1-6-3, Vol.1-6-5 
Exit-reason numbers 
VM entries & exits, Vol.1-C-1 
Expand-down data segment type, Vol.3-3-11 
Exponent, extracting from floating-point number, Vol.2-3-459 
Exponent, floating-point number, Vol.1-4-11 
Extended signature table, Vol.3-9-31 
extended signature table, Vol.3-9-31 
External bus errors, detected with machine-check architecture, 
Vol.3-15-27 
Extract exponent and significand, x87 FPU operation, Vol.2-3-459 
EXTRACTPS- Extract packed floating-point values, Vol.2-3-345 
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F2XM1 instruction, Vol.1-8-21, Vol.2-3-347, Vol.2-3-459, Vol.3-22-13 
FABS instruction, Vol.1-8-17, Vol.2-3-349 
FADD instruction, Vol.1-8-17, Vol.2-3-350 
FADDP instruction, Vol.1-8-17, Vol.2-3-350 
Family O6H, Vol.3-16-1 
Family OFH, Vol.3-16-1 
microcode update facilities, Vol.3-9-28 
Far call 
description of, Vol.1-6-4 
operation, Vol.1-6-5 
Far pointer 
16-bit addressing, Vol. 
32-bit addressing, Vol. 
64-bit mode, Vol.1-4-7 
description of, Vol.1-3-7, Vol.1-4-6 
legacy modes, Vol.1-4-6 
Far pointer, loading, Vol.2-3-576 
Far return operation, Vol.1-6-5 
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Far return, RET instruction, Vol.2-4-563 
Faults 
description of, Vol.3-6-5 
restarting a program or task after, Vol.3-6-5 
FBLD instruction, Vol.1-8-16, Vol.2-3-353 
FBSTP instruction, Vol.1-8-16, Vol.2-3-355 
FCHS instruction, Vol.1-8-17, Vol.2-3-357 
FCLEX instruction, Vol.2-3-359 
FCLEX/FNCLEX instructions, Vol.1-8-5 
FCMOVcc instructions, Vol.1-8-7, Vol.1-8-16, Vol.2-3-361, Vol.3-22-4 
FCOM instruction, Vol.1-8-6, Vol.1-8-18, Vol.2-3-363 
FCOMI instruction, Vol.1-8-7, Vol.1-8-19, Vol.2-3-366, Vol.3-22-4 
FCOMIP instruction, Vol.1-8-7, Vol.1-8-19, Vol.2-3-366, Vol.3-22-4 
FCOMP instruction, Vol.1-8-6, Vol.1-8-18, Vol.2-3-363 
FCOMPP instruction, Vol.1-8-6, Vol.1-8-18, Vol.2-3-363 
FCOS instruction, Vol.1-8-5, Vol.1-8-20, Vol.2-3-369, Vol.3-22-13 
FDECSTP instruction, Vol.2-3-371 
FDIV instruction, Vol.1-8-17, Vol.2-3-372, Vol.3-22-11, Vol.3-22-12 
FDIVP instruction, Vol.1-8-17, Vol.2-3-372 
FDIVR instruction, Vol.1-8-17, Vol.2-3-375 
FDIVRP instruction, Vol.1-8-17, Vol.2-3-375 
FE (fixed MTRRs enabled) flag, |A32_MTRR_DEF_TYPE MSR, Vol.3-11-23 
Feature 
determination, of processor, Vol.3-22-2 
information, processor, Vol.3-22-2 
Feature determination, of processor, Vol.1-20-1 
Feature information, processor, Vol.2-3-214 
FFREE instruction, Vol.2-3-378 
FIADD instruction, Vol.1-8-17, Vol.2-3-350 
FICOM instruction, Vol.1-8-6, Vol.1-8-18, Vol.2-3-379 
FICOMP instruction, Vol.1-8-6, Vol.1-8-18, Vol.2-3-379 
FIDIV instruction, Vol.1-8-17, Vol.2-3-372 
FIDIVR instruction, Vol.1-8-17, Vol.2-3-375 
FILD instruction, Vol.1-8-16, Vol.2-3-381 
FIMUL instruction, Vol.1-8-17, Vol.2-3-399 
FINCSTP instruction, Vol.2-3-383 
FINIT instruction, Vol.2-3-384 
FINIT/FNINIT instructions, Vol.1-8-5, Vol.1-8-7, Vol.1-8-8, Vol.1-8-23, 
Vol.2-3-414, Vol.3-22-8, Vol.3-22-16 
FIST instruction, Vol.1-8-16, Vol.2-3-386 
FISTP instruction, Vol.1-8-16, Vol.2-3-386 
FISTTP instruction, Vol.1-5-22, Vol.1-12-3, Vol.2-3-389 
FISUB instruction, Vol.1-8-17, Vol.2-3-433 
FISUBR instruction, Vol.1-8-17, Vol.2-3-436 
FIX (fixed range registers supported) flag, |A32_MTRRCAPMSR, 
Vol.3-11-22 
Fixed-range MTRRs 
description of, Vol.3-11-23 
Flags 
cross-reference with instructions, Vol.1-A-1 
Flat memory model, Vol.1-3-7, Vol.1-3-13 
Flat segmentation model, Vol.3-3-3 
FLD instruction, Vol.1-8-16, Vol.2-3-391, Vol.3-22-14 
FLD1 instruction, Vol.1-8-17, Vol.2-3-393 
FLDCW instruction, Vol.1-8-7, Vol.1-8-23, Vol.2-3-395 
FLDENV instruction, Vol.1-8-5, Vol.1-8-9, Vol.1-8-11, Vol.1-8-23, 
Vol.2-3-397, Vol.3-22-12 
FLDL2E instruction, Vol.1-8-17, Vol.2-3-393, Vol.3-22-14 
FLDL2T instruction, Vol.1-8-17, Vol.2-3-393, Vol.3-22-14 
FLDL@2 instruction, Vol.1-8-17, Vol.2-3-393, Vol.3-22-14 
FLDLN2 instruction, Vol.1-8-17, Vol.2-3-393, Vol.3-22-14 
FLDPI instruction, Vol.1-8-17, Vol.2-3-393, Vol.3-22-14 
FLDSW instruction, Vol.1-8-23 
FLDZ instruction, Vol.1-8-17, Vol.2-3-393 
Floating point instructions 
machine encodings, Vol.1-B-61 
Floating-point data types 
biasing constant, Vol.1-4-6 
denormalized finite number, Vol.1-4-5 
description of, Vol.1-4-4 
double extended precision format, Vol.1-4-4, Vol.1-4-5 
double precision format, Vol.1-4-4, Vol.1-4-5 
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normalized finite number, Vol.1-4-5 
single precision format, Vol.1-4-4, Vol.1-4-5 
SSE extensions, Vol.1-10-5 
SSE2 extensions, Vol.1-11-3 
storing in memory, Vol.1-4-6 
x87 FPU, Vol.1-8-13 
zeros, Vol.1-4-5 
Floating-point error exception (#MF), Vol.3-22-12 
Floating-point exception handlers 
SSE and SSE2 extensions, Vol.1-11-17, Vol.1-11-18 
typical actions, Vol.1-4-23 
x87 FPU, Vol.1-8-32 
Floating-point exceptions 
denormal operand exception (#D), Vol.1-4-20, Vol.1-8-28, 
Vol.1-11-15, Vol.1-C-1, Vol.3-22-10 
divide by zero exception (#Z), Vol.1-4-20, Vol.1-8-28, Vol.1-11-15, 
Vol.1-C-1 
exception conditions, Vol.1-4-20 
exception priority, Vol.1-4-23 
inexact result (precision) exception (#P), Vol.1-4-22, Vol.1-8-30, 
Vol.1-11-16, Vol.1-C-1 
invalid operation exception (#1), Vol.1-4-20, Vol.1-8-26, Vol.1-11-14 
invalid operation (#1), Vol.3-22-14 
invalid-operation exception (#IA), Vol.1-C-1 
invalid-operation exception (#IS), Vol.1-C-1 
invalid-operation exception (#1), Vol.1-C-1 
numeric overflow exception (#0), Vol.1-4-21, Vol.1-8-28, 
Vol.1-11-15, Vol.1-C-1 
numeric overflow (#0), Vol.3-22-10 
numeric underflow exception (#U), Vol.1-4-21, Vol.1-8-29, 
Vol.1-11-16, Vol.1-C-1 
numeric underflow (#U), Vol.3-22-10 
saved CS and EIP values, Vol.3-22-11 
SSE and SSE2 SIMD, Vol.2-3-16 
summary of, Vol.1-4-18, Vol.1-C-1 
typical handler actions, Vol.1-4-23 
x87 FPU, Vol.2-3-16 
Floating-point format 
biased exponent, Vol.1-4-13 
description of, Vol.1-8-13 
exponent, Vol.1-4-11 
fraction, Vol.1-4-11 
indefinite, Vol.1-4-5 
QNaN floating-point indefinite, Vol.1-4-17 
real number system, Vol.1-4-11 
sign, Vol.1-4-11 
significand, Vol.1-4-11 
Floating-point numbers 
defined, Vol.1-4-11 
encoding, Vol.1-4-5 
Flushing 
caches, Vol.2-3-521, Vol.2-5-591 
TLB entry, Vol.2-3-523 
Flush-to-zero 
FTZ flag, MXCSR register, Vol.1-10-4, Vol.1-11-2 
mode, Vol.1-10-4 
FLUSH# pin, Vol.3-6-3 
FMA operation, Vol.1-14-22, Vol.1-14-23 
FMUL instruction, Vol.1-8-17, Vol.2-3-399 
FMULP instruction, Vol.1-8-17, Vol.2-3-399 
FNCLEX instruction, Vol.2-3-359 
FNINIT instruction, Vol.2-3-384 
FNOP instruction, Vol.1-8-23, Vol.2-3-402 
FNSAVE instruction, Vol.2-3-414, Vol.3-12-4 
FNSTCW instruction, Vol.2-3-427 
FNSTENV instruction, Vol.2-3-397, Vol.2-3-429 
FNSTSW instruction, Vol.2-3-431 
Focus processor, local APIC, Vol.3-10-27 
Fopcode compatibility mode, Vol.1-8-10 
FORCEPR# log, Vol.3-14-41, Vol.3-14-44 
FORCPR# interrupt enable bit, Vol.3-14-43 
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FPATAN instruction, Vol.1-8-20, Vol.1-8-21, Vol.2-3-403, Vol.3-22-13 

FPREM instruction, Vol.1-8-5, Vol.1-8-18, Vol.1-8-21, Vol.2-3-405, 
Vol.3-22-8, Vol.3-22-11, Vol.3-22-12, Vol.3-22-13 

FPREM1 instruction, Vol.1-8-5, Vol.1-8-18, Vol.1-8-21, Vol.2-3-407, 
Vol.3-22-8, Vol.3-22-13 

FPTAN instruction, Vol.1-8-5, Vol.2-3-409, Vol.3-22-8, Vol.3-22-13 

Fraction, floating-point number, Vol.1-4-11 

FRNDINT instruction, Vol.1-8-18, Vol.2-3-411 

FRSTOR instruction, Vol.1-8-5, Vol.1-8-9, Vol.1-8-11, Vol.1-8-23, 
Vol.2-3-412, Vol.3-12-4, Vol.3-22-11, Vol.3-22-12 

FS register, Vol.1-3-13, Vol.1-3-14, Vol.2-3-576 

FSAVE instruction, Vol.2-3-414, Vol.3-12-3, Vol.3-12-4 

FSAVE/FNSAVE instructions, Vol.1-8-4, Vol.1-8-5, Vol.1-8-9, Vol.1-8-11, 
Vol.1-8-23, Vol.2-3-412, Vol.3-22-11, Vol.3-22-14 

FSCALE instruction, Vol.1-8-21, Vol.2-3-417, Vol.3-22-12 

FSIN instruction, Vol.1-8-5, Vol.1-8-20, Vol.2-3-419, Vol.3-22-13 

FSINCOS instruction, Vol.1-8-5, Vol.1-8-21, Vol.2-3-421, Vol.3-22-13 

FSQRT instruction, Vol.1-8-18, Vol.2-3-423, Vol.3-22-11, Vol.3-22-12 

FST instruction, Vol.1-8-16, Vol.2-3-425 

FSTCW instruction, Vol.2-3-427 

FSTCW/FNSTCW instructions, Vol.1-8-7, Vol.1-8-23 

FSTENV instruction, Vol.2-3-429, Vol.3-12-3 

FSTENV/FNSTENV instructions, Vol.1-8-4, Vol.1-8-9, Vol.1-8-11, 
Vol.1-8-23, Vol.3-22-14 

FSTP instruction, Vol.1-8-16, Vol.2-3-425 

FSTSW instruction, Vol.2-3-431 

FSTSW/FNSTSW instructions, Vol.1-8-4, Vol.1-8-23 

FSUB instruction, Vol.1-8-17, Vol.2-3-433 

FSUBP instruction, Vol.1-8-17, Vol.2-3-433 

FSUBR instruction, Vol.1-8-17, Vol.2-3-436 

FSUBRP instruction, Vol.1-8-17, Vol.2-3-436 

FTAN instruction, Vol.3-22-8 

FTST instruction, Vol.1-8-6, Vol.1-8-19, Vol.2-3-439 

FUCOM instruction, Vol.1-8-18, Vol.2-3-441, Vol.3-22-13 

FUCOMI instruction, Vol.1-8-7, Vol.1-8-19, Vol.2-3-366, Vol.3-22-4 

FUCOMIP instruction, Vol.1-8-7, Vol.1-8-19, Vol.2-3-366, Vol.3-22-4 

FUCOMP instruction, Vol.1-8-18, Vol.2-3-441, Vol.3-22-13 

FUCOMPP instruction, Vol.1-8-6, Vol.1-8-18, Vol.2-3-441, Vol.3-22-13 

FWAIT instruction, Vol.3-6-32 

FXAM instruction, Vol.1-8-4, Vol.1-8-19, Vol.2-3-444, Vol.3-22-14 

FXCH instruction, Vol.1-8-16, Vol.2-3-446 

FXRSTOR instruction, Vol.1-5-14, Vol.1-8-12, Vol.1-10-14, Vol.1-11-23, 
Vol.2-3-448, Vol.3-2-18, Vol.3-2-19, Vol.3-9-8, Vol.3-12-3, 
Vol.3-12-4, Vol.3-13-2, Vol.3-13-6 

CPUID flag, Vol.2-3-241 

FXSAVE instruction, Vol.1-5-14, Vol.1-8-12, Vol.1-10-14, Vol.1-11-23, 
Vol.2-3-451, Vol.2-5-588, Vol.2-5-589, Vol.2-5-620, 
Vol.2-5-632, Vol.2-5-637, Vol.2-5-641, Vol.2-5-644, 
Vol.2-5-647, Vol.2-5-650, Vol.2-5-653, Vol.3-2-18, 
Vol.3-2-19, Vol.3-9-8, Vol.3-12-3, Vol.3-12-4, Vol.3-13-2, 
Vol.3-13-6 

CPUID flag, Vol.2-3-241 

FXSR feature flag, CPUID instruction, Vol.3-9-8 

FXTRACT instruction, Vol.1-8-18, Vol.2-3-417, Vol.2-3-459, Vol.3-22-10, 
Vol.3-22-14 

FYL2X instruction, Vol.1-8-21, Vol.2-3-461 

FYL2xXP1 instruction, Vol.1-8-21, Vol.2-3-463 
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G (global) flag 
page-directory entries, Vol.3-11-13 
page-table entries, Vol.3-11-13 
G (granularity) flag 
segment descriptor, Vol.3-3-10, Vol.3-3-11, Vol.3-5-2, Vol.3-5-4 
GO-G3 (global breakpoint enable) flags 
DR7 register, Vol.3-17-4 
Gate descriptors 
call gates, Vol.3-5-13 
description of, Vol.3-5-13 
IA-32e mode, Vol.3-5-14 
Gates, Vol.3-2-4 
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IA-32e mode, Vol.3-2-4 
GD (general detect enable) flag 
DR7 register, Vol.3-17-5, Vol.3-17-10 
GDT 
description of, Vol.3-2-3, Vol.3-3-15 
IA-32e mode, Vol.3-2-4 
index field of segment selector, Vol.3-3-7 
initializing, Vol.3-9-10 
paging of, Vol.3-2-6 
pointers to exception/interrupt handlers, Vol.3-6-12 
segment descriptors in, Vol.3-3-9 
selecting with TI flag of segment selector, Vol.3-3-7 
task switching, Vol.3-7-9 
task-gate descriptor, Vol.3-7-8 
TSS descriptors, Vol.3-7-5 
use in address translation, Vol.3-3-6 
GDT (global descriptor table), Vol.2-3-585, Vol.2-3-588 
GDTR register, Vol.1-3-4, Vol.1-3-6 
description of, Vol.3-2-3, Vol.3-2-6, Vol.3-2-12, Vol.3-3-15 
IA-32e mode, Vol.3-2-4, Vol.3-2-12 
limit, Vol.3-5-5 
loading during initialization, Vol.3-9-10 
storing, Vol.3-3-15 
GDTR (global descriptor table register), Vol.2-3-585, Vol.2-4-621 
GE (global exact breakpoint enable) flag 
DR7 register, Vol.3-17-5, Vol.3-17-10 
General purpose registers 
64-bit mode, Vol.1-3-5, Vol.1-3-13 
description of, Vol.1-3-11 
overview of, Vol.1-3-2, Vol.1-3-5 
parameter passing, Vol.1-6-7 
part of basic programming environment, Vol.1-7-1 
using REX prefix, Vol.1-3-13 
General-detect exception condition, Vol.3-17-10 
General-protection exception (#GP), Vol.3-3-12, Vol.3-5-6, Vol.3-5-7, 
Vol.3-5-11, Vol.3-5-12, Vol.3-6-9, Vol.3-6-16, Vol.3-6-41, 
Vol.3-7-5, Vol.3-17-3, Vol.3-22-12, Vol.3-22-21, Vol.3-22-34, 
Vol.3-22-35 
General-purpose instructions 
64-bit encodings, Vol.1-B-18 
64-bit mode, Vol.1-7-1 
basic programming environment, Vol.1-7-1 
data types operated on, Vol.1-7-1, Vol.1-7-2 
description of, Vol.1-7-1 
non-64-bit encodings, Vol.1-B-7 
origin of, Vol.1-7-1 
programming with, Vol.1-7-1 
summary of, Vol.1-5-5, Vol.1-7-2 
General-purpose registers 
moving value to and from, Vol.2-4-36 
popping all, Vol.2-4-403 
pushing all, Vol.2-4-524 
General-purpose registers, saved in TSS, Vol.3-7-4 
GETSEC, Vol.1-6-1, Vol.1-6-2, Vol.1-6-5 
Global control MSRs, Vol.3-15-2 
Global descriptor table register (see GDTR) 
Global descriptor table (see GDT) 
GS register, Vol.1-3-13, Vol.1-3-14, Vol.2-3-576 


H 


HADDPD instruction, Vol.1-5-23, Vol.1-12-4, Vol.2-3-472, Vol.2-3-473 
HADDPS instruction, Vol.1-5-23, Vol.1-12-4, Vol.2-3-475 
HALT state 

relationship to SMI interrupt, Vol.3-30-3, Vol.3-30-14 
Hardware Lock Elision (HLE), Vol.1-16-2 
Hardware reset 

description of, Vol.3-9-1 

processor state after reset, Vol.3-9-2 

state of MTRRs following, Vol.3-11-20 

value of SMBASE following, Vol.3-30-4 
Hexadecimal numbers, Vol.1-1-7, Vol.2-1-6, Vol.3-1-8, Vol.4-1-6 
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high-temperature interrupt enable bit, Vol.3-14-42, Vol.3-14-45 
HITM# line, Vol.3-11-6 
HLT instruction, Vol.2-3-478, Vol.3-2-25, Vol.3-5-24, Vol.3-6-34, 
Vol.3-24-2, Vol.3-30-14 
Horizontal processing model, Vol.1-12-1 
HSUBPD instruction, Vol.1-5-23, Vol.1-12-5, Vol.2-3-481 
HSUBPS instruction, Vol.1-5-23, Vol.1-12-4, Vol.2-3-484 
HT Technology 
first processor, Vol.1-2-3 
implementing, Vol.1-2-17 
introduction, Vol.1-2-16 
Hyper-Threading Technology 
architectural state of a logical processor, Vol.3-8-33 
architecture description, Vol.3-8-27 
caches, Vol.3-8-31 
debug registers, Vol.3-8-30 
description of, Vol.3-8-24, Vol.3-22-3, Vol.3-22-4 
detecting, Vol.3-8-36, Vol.3-8-37, Vol.3-8-42, Vol.3-8-43 
executing multiple threads, Vol.3-8-26 
execution-based timing loops, Vol.3-8-55 
external signal compatibility, Vol.3-8-32 
halting logical processors, Vol.3-8-53 
handling interrupts, Vol.3-8-26 
HLT instruction, Vol.3-8-49 
IA32_MISC_ENABLE MSR, Vol.3-8-30, Vol.3-8-33 
initializing |[A-32 processors with, Vol.3-8-26 
introduction of into the IA-32 architecture, Vol.3-22-3, Vol.3-22-4 
local a, Vol.3-8-28 
local APIC 
functionality in logical processor, Vol.3-8-29 
logical processors, identifying, Vol.3-8-38 
machine check architecture, Vol.3-8-29 
managing idle and blocked conditions, Vol.3-8-49 
mapping resources, Vol.3-8-34 
memory ordering, Vol.3-8-30 
microcode update resources, Vol.3-8-30, Vol.3-8-33, Vol.3-9-35 
MP systems, Vol.3-8-27 
MTRRs, Vol.3-8-29, Vol.3-8-33 
multi-threading feature flag, Vol.3-8-25 
multi-threading support, Vol.3-8-24 
PAT, Vol.3-8-29 
PAUSE instruction, Vol.3-8-49, Vol.3-8-50 
performance monitoring, Vol.3-19-120, Vol.3-19-125 
performance monitoring counters, Vol.3-8-30, Vol.3-8-33 
placement of locks and semaphores, Vol.3-8-55 
required operating system support, Vol.3-8-51 
scheduling multiple threads, Vol.3-8-54 
self modifying code, Vol.3-8-31 
serializing instructions, Vol.3-8-30 
spin-wait loops 
PAUSE instructions in, Vol.3-8-52, Vol.3-8-54 
thermal monitor, Vol.3-8-32 
TLBs, Vol.3-8-31 


I 
IA-32 architecture 
history of, Vol.1-2-1 
introduction to, Vol.1-2-1 
IA-32 Intel architecture 
compatibility, Vol.3-22-1 
processors, Vol.3-22-1 
IA32e mode 
registers and mode changes, Vol.3-9-12 
IA-32e mode 
call gates, Vol.3-5-14 
code segment descriptor, Vol.3-5-3 
CPUID flag, Vol.2-3-233 
D flag, Vol.3-5-4 
data structures and initialization, Vol.3-9-11 
debug registers, Vol.3-2-7 
debug store area 


descriptors, Vol.3-2-4 
DPL field, Vol.3-5-4 
exceptions during initialization, Vol.3-9-12 
feature-enable register, Vol.3-2-7 
gates, Vol.3-2-4 
global and local descriptor tables, Vol.3-2-4 
IA32_EFER MSR, Vol.3-2-7, Vol.3-5-30 
initialization process, Vol.3-9-11 
interrupt stack table, Vol.3-6-22 
interrupts and exceptions, Vol.3-2-5 
introduction, Vol.1-2-20, Vol.2-2-7, Vol.2-2-13, Vol.2-2-35 
IRET instruction, Vol.3-6-21 
L flag, Vol.3-3-12, Vol.3-5-4 
logical address, Vol.3-3-7 
MOV CRn, Vol.3-9-11 
MTRR calculations, Vol.3-11-27 
NXE bit, Vol.3-5-30 
page level protection, Vol.3-5-30 
paging, Vol.3-2-6 
PDE tables, Vol.3-5-31 
PDP tables, Vol.3-5-31 
PML4 tables, Vol.3-5-31 
PTE tables, Vol.3-5-31 
registers and data structures, Vol.3-2-1 
see 64-bit mode 
see compatibility mode 
segment descriptor tables, Vol.3-3-16, Vol.3-5-3 
segment descriptors, Vol.3-3-9 
segment loading instructions, Vol.3-3-9 
segmentation, Vol.1-3-22, Vol.3-3-5 
stack switching, Vol.3-5-19, Vol.3-6-21 
SYSCALL and SYSRET, Vol.3-5-22 
SYSENTER and SYSEXIT, Vol.3-5-21 
system descriptors, Vol.3-3-14 
system registers, Vol.3-2-7 
task switching, Vol.3-7-19 
task-state segments, Vol.3-2-5 
terminating mode operation, Vol.3-9-12 
See also: 64-bit mode, compatibility mode 
IA32_APERF MSR, Vol.3-14-2 
IA32_APIC_BASE MSR, Vol.3-8-19, Vol.3-8-20, Vol.3-10-6, Vol.3-10-8, 
Vol.4-2-359 
IA32_BlOS_SIGN_ID MSR, Vol.4-2-362 
|A32_BlOS_UPDT_TRIG MSR, Vol.4-2-362 
IA32_CLOCK_MODULATION MSR, Vol.3-8-32, Vol.3-14-7, Vol.3-14-14, 
Vol.3-14-15, Vol.3-14-16, Vol.3-14-17, Vol.3-14-18, 
Vol.3-14-21, Vol.3-14-22, Vol.3-14-23, Vol.3-14-24, 
Vol.3-14-39, Vol.3-14-40, Vol.3-14-42, Vol.3-14-49, 
Vol.3-14-50, Vol.3-14-51, Vol.3-14-52, Vol.3-14-53, 


Vol.3-14-54, Vol.4-2-67, Vol.4-2-80, Vol.4-2-90, Vol.4-2-140, 


Vol.4-2-177, Vol.4-2-347, Vol.4-2-366, Vol.4-2-389, 
Vol.4-2-398 

IA32_CTL MSR, Vol.4-2-363 

IA32_DEBUGCTL MSR, Vol.3-26-27, Vol.4-2-370 

IA32_DS_AREA MSR, Vol.3-17-18, Vol.3-17-19, Vol.3-17-23, 
Vol.3-19-104, Vol.3-19-119, Vol.4-2-380 

IA32_EFER MSR, Vol.3-2-7, Vol.3-2-8, Vol.3-5-30, Vol.3-26-28 

IA32_FEATURE_CONTROL MSR, Vol.1-22-3 

IA32_KernelGSbase MSR, Vol.3-2-7 

IA32_LSTAR MSR, Vol.3-2-7, Vol.3-5-22 

IA32_MCG_CAP MSR, Vol.3-15-2, Vol.3-15-28, Vol.4-2-363 

IA32_MCG_CTL MSR, Vol.3-15-2, Vol.3-15-4 

IA32_MCG_EAX MSR, Vol.3-15-12 

IA32_MCG_EBP MSR, Vol.3-15-12 

IA32_MCG_EBX MSR, Vol.3-15-12 

IA32_MCG_ECX MSR, Vol.3-15-12 

IA32_MCG_EDI MSR, Vol.3-15-12 

IA32_MCG_EDX MSR, Vol.3-15-12 

IA32_MCG_EFLAGS MSR, Vol.3-15-12 

IA32_MCG_EIP MSR, Vol.3-15-12 

IA32_MCG_ESI MSR, Vol.3-15-12 

IA32_MCG_ESP MSR, Vol.3-15-12 


INDEX 


1A32_MCG_MISC MSR, Vol.3-15-12, Vol.3-15-13, Vol.4-2-364 
1A32_MCG_R10 MSR, Vol.3-15-13, Vol.4-2-365 
1A32_MCG_R11 MSR, Vol.3-15-13, Vol.4-2-365 
1A32_MCG_R12 MSR, Vol.3-15-13 
1A32_MCG_R13 MSR, Vol.3-15-13 
1A32_MCG_R14 MSR, Vol.3-15-13 
1A32_MCG_R15 MSR, Vol.3-15-13, Vol.4-2-366 
1A32_MCG_R8 MSR, Vol.3-15-13 
1A32_MCG_R9 MSR, Vol.3-15-13 
1A32_MCG_RAX MSR, Vol.3-15-12, Vol.4-2-363 
1A32_MCG_RBP MSR, Vol.3-15-12 
1A32_MCG_RBX MSR, Vol.3-15-12, Vol.4-2-363 
1A32_MCG_RCX MSR, Vol.3-15-12 
1A32_MCG_RDI MSR, Vol.3-15-12 
IA32_MCG_RDX MSR, Vol.3-15-12 
IA32_MCG_RESERVEDn, Vol.4-2-364, Vol.4-2-465 
1A32_MCG_RESERVEDn MSR, Vol.3-15-12 
IA32_MCG_RFLAGS MSR, Vol.3-15-12, Vol.4-2-364, Vol.4-2-465 
1A32_MCG_RIP MSR, Vol.3-15-12, Vol.4-2-364, Vol.4-2-465 
1A32_MCG_RSI MSR, Vol.3-15-12 
1A32_MCG_RSP MSR, Vol.3-15-12 
IA32_MCG_STATUS MSR, Vol.3-15-2, Vol.3-15-4, Vol.3-15-28, 
Vol.3-15-30, Vol.3-26-3 
1A32_MCi_ADDR MSR, Vol.3-15-9, Vol.3-15-30, Vol.4-2-377 
1A32_MCi_CTL, Vol.3-15-5 
1A32_MCi_CTL MSR, Vol.3-15-5, Vol.4-2-377 
1A32_MCi_MISC MSR, Vol.3-15-9, Vol.3-15-11, Vol.3-15-12, Vol.3-15-30, 
Vol.4-2-377 
1A32_MCi_STATUS MSR, Vol.3-15-6, Vol.3-15-28, Vol.3-15-30, 
Vol.4-2-377 
decoding for Family O6H, Vol.3-16-1 
decoding for Family OFH, Vol.3-16-1, Vol.3-16-3, Vol.3-16-7, 
Vol.3-16-10, Vol.3-16-13, Vol.3-16-15 
1A32_MISC_ENABLE MSR, Vol.1-8-10, Vol.3-14-1, Vol.3-14-36, 
Vol.3-17-19, Vol.3-17-34, Vol.3-19-104, Vol.4-2-366 
IA32_MPERF MSR, Vol.3-14-1, Vol.3-14-2 
IA32_MTRRCAP MSR, Vol.3-11-21, Vol.3-11-22, Vol.4-2-362 
|A32_MTRR_DEF_TYPE MSR, Vol.3-11-22 
IA32_MTRR_FIXn, fixed ranger MTRRs, Vol.3-11-23 
1A32_MTRR_PHYS BASEn MTRR, Vol.4-2-371 
|A32_MTRR_PHYSBASEn MTRR, Vol.4-2-371 
1A32_MTRR_PHYSMASKn MTRR, Vol.4-2-371 
1A32_P5_MC_ADDR MSR, Vol.4-2-359 
IA32_P5_MC_TYPE MSR, Vol.4-2-359 
IA32_PAT_CR MSR, Vol.3-11-34 
1A32_PEBS_ENABLE MSR, Vol.3-19-102, Vol.3-19-104, Vol.3-19-119, 
Vol.4-2-376 
1A32_PERF_CTL MSR, Vol.3-14-1 
|A32_PERF_STATUS MSR, Vol.3-14-1 
1A32_PLATFORM_ID, Vol.4-2-62, Vol.4-2-76, Vol.4-2-135, Vol.4-2-173, 
Vol.4-2-342, Vol.4-2-359, Vol.4-2-385, Vol.4-2-395, 
Vol.4-2-402 
IA32_STAR MSR, Vol.3-5-22 
IA32_STAR_CS MSR, Vol.3-2-7 
IA32_STATUS MSR, Vol.4-2-363 
IA32_SYSCALL_FLAG_MASK MSR, Vol.3-2-7 
IA32_SYSENTER_CS MSR, Vol.3-5-21, Vol.3-5-22, Vol.3-26-22, 
Vol.4-2-362 
IA32_SYSENTER_EIP MSR, Vol.3-5-21, Vol.4-2-363 
IA32_SYSENTER_ESP MSR, Vol.3-5-21, Vol.3-26-28, Vol.4-2-362 
1A32_TERM_CONTROL MSR, Vol.4-2-67, Vol.4-2-80, Vol.4-2-90, 
Vol.4-2-140, Vol.4-2-177 
1A32_THERM_INTERRUPT MSR, Vol.3-14-38, Vol.3-14-40, Vol.3-14-42, 
Vol.4-2-366 
FORCPR?# interrupt enable bit, Vol.3-14-43 
high-temperature interrupt enable bit, Vol.3-14-42, Vol.3-14-45 
low-temperature interrupt enable bit, Vol.3-14-42, Vol.3-14-45 
overheat interrupt enable bit, Vol.3-14-43, Vol.3-14-45 
THERMTRIP# interrupt enable bit, Vol.3-14-43, Vol.3-14-45 
threshold #1 interrupt enable bit, Vol.3-14-43, Vol.3-14-46 
threshold #1 value, Vol.3-14-43, Vol.3-14-45 
threshold #2 interrupt enable, Vol.3-14-43, Vol.3-14-46 
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threshold #2 value, Vol.3-14-43, Vol.3-14-46 
IA32_THERM_STATUS MSR, Vol.3-14-40, Vol.3-14-41, Vol.4-2-366 
digital readout bits, Vol.3-14-42, Vol.3-14-45 
out-of-spec status bit, Vol.3-14-41, Vol.3-14-44 
out-of-spec status log, Vol.3-14-41, Vol.3-14-44, Vol.3-14-45 
PROCHOT# or FORCEPR# event bit, Vol.3-14-41, Vol.3-14-44, 
Vol.3-14-45 
PROCHOT# or FORCEPR# log, Vol.3-14-41, Vol.3-14-44 
resolution in degrees, Vol.3-14-42 
thermal status bit, Vol.3-14-41, Vol.3-14-44 
thermal status log, Vol.3-14-41, Vol.3-14-44 
thermal threshold #1 log, Vol.3-14-41, Vol.3-14-44, Vol.3-14-45 
thermal threshold #1 status, Vol.3-14-41, Vol.3-14-44 
thermal threshold #2 log, Vol.3-14-42, Vol.3-14-45 
thermal threshold #2 status, Vol.3-14-41, Vol.3-14-42, Vol.3-14-44, 
Vol.3-14-45 
validation bit, Vol.3-14-42 
IA32_TIME_STAMP_COUNTER MSR, Vol.4-2-359 
IA32_VMX_BASIC MSR, Vol.3-23-3, Vol.1-A-1, Vol.1-A-2, Vol.4-2-73, 
Vol.4-2-84, Vol.4-2-93, Vol.4-2-149, Vol.4-2-186, 
Vol.4-2-379, Vol.4-2-393 
IA32_VMX_CRO_FIXEDO MSR, Vol.1-A-7, Vol.4-2-74, Vol.4-2-85, 
Vol.4-2-93, Vol.4-2-149, Vol.4-2-187, Vol.4-2-380, 
Vol.4-2-393 
IA32_VMX_CRO_FIXED1 MSR, Vol.1-A-7, Vol.4-2-74, Vol.4-2-85, 
Vol.4-2-94, Vol.4-2-149, Vol.4-2-187, Vol.4-2-380, 
Vol.4-2-394 
IA32_VMX_CR4_FIXEDO MSR, Vol.1-A-7, Vol.4-2-74, Vol.4-2-85, 
Vol.4-2-94, Vol.4-2-149, Vol.4-2-187, Vol.4-2-380, 
Vol.4-2-394 
IA32_VMX_CR4_FIXED1 MSR, Vol.1-A-7, Vol.4-2-74, Vol.4-2-85, 
Vol.4-2-94, Vol.4-2-150, Vol.4-2-187, Vol.4-2-380, 
Vol.4-2-394 
IA32_VMX_ENTRY_CTLS MSR, Vol.1-A-2, Vol.1-A-5, Vol.1-A-6, 
Vol.4-2-74, Vol.4-2-85, Vol.4-2-93, Vol.4-2-149, Vol.4-2-186, 
Vol.4-2-380, Vol.4-2-393 
IA32_VMX_EXIT_CTLS MSR, Vol.1-A-2, Vol.1-A-4, Vol.1-A-5, Vol.4-2-73, 
Vol.4-2-85, Vol.4-2-93, Vol.4-2-149, Vol.4-2-186, 
Vol.4-2-379, Vol.4-2-393 
IA32_VMX_MISC MSR, Vol.3-23-6, Vol.3-25-3, Vol.3-25-13, Vol.3-30-26, 
Vol.1-A-6, Vol.4-2-74, Vol.4-2-85, Vol.4-2-93, Vol.4-2-149, 
Vol.4-2-187, Vol.4-2-380, Vol.4-2-393 
IA32_VMX_PINBASED_CTLS MSR, Vol.1-A-2, Vol.1-A-3, Vol.4-2-73, 
Vol.4-2-85, Vol.4-2-93, Vol.4-2-149, Vol.4-2-186, 
Vol.4-2-379, Vol.4-2-393 
IA32_VMX_PROCBASED_CTLS MSR, Vol.3-23-10, Vol.1-A-2, Vol.1-A-3, 
Vol.1-A-4, Vol.1-A-5, Vol.1-A-8, Vol.1-A-9, Vol.4-2-73, 
Vol.4-2-74, Vol.4-2-85, Vol.4-2-93, Vol.4-2-94, Vol.4-2-149, 
Vol.4-2-150, Vol.4-2-186, Vol.4-2-187, Vol.4-2-222, 
Vol.4-2-379, Vol.4-2-393, Vol.4-2-394 
IA32_VMX_VMCS_ENUM MSR, Vol.1-A-7, Vol.4-2-380 
ICR 
Interrupt Command Register, Vol.3-10-39, Vol.3-10-42, Vol.3-10-48 
ID (identification) flag 
EFLAGS register, Vol.3-2-11, Vol.3-22-6 
ID (identification) flag, EFLAGS register, Vol.1-3-17 
IDIV instruction, Vol.1-7-9, Vol.2-3-487, Vol.3-6-24, Vol.3-22-21 
IDT 
64-bit mode, Vol.3-6-19 
call interrupt & exception-handlers from, Vol.3-6-11 
change base & limit in real-address mode, Vol.3-20-5 
description of, Vol.3-6-9 
handling NMls during initialization, Vol.3-9-9 
initializing protected-mode operation, Vol.3-9-10 
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PE (protection enable) flag, CRO register, Vol.2-3-590 
PEBS records, Vol.3-17-22 
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PEBS buffer, Vol.3-17-19, Vol.3-19-119 
PEBS records, Vol.3-17-18, Vol.3-17-21 
writing a PEBS interrupt service routine, Vol.3-19-120 
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Procedure calls 
description of, Vol.1-6-4 
far call, Vol.1-6-4 
for block-structured languages, Vol.1-6-20 
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RAX register, Vol.1-3-12 
RBP register, Vol.1-3-12, Vol.1-6-4 
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x87 FPU control word, Vol.1-4-18, Vol.1-8-8 
RC (rounding control) field, x87 FPU control word, Vol.2-3-386, 
Vol.2-3-393, Vol.2-3-425 
RCL instruction, Vol.1-7-13, Vol.2-4-531 
RCPPS instruction, Vol.1-10-8, Vol.2-4-536 
RCPSS instruction, Vol.1-10-8, Vol.2-4-538 
RCR instruction, Vol.1-7-13, Vol.2-4-531 
RCX register, Vol.1-3-12 
RDI register, Vol.1-3-12 
RDMSR instruction, Vol.2-4-542, Vol.2-4-555, Vol.3-2-20, Vol.3-2-21, 
Vol.3-2-26, Vol.3-5-24, Vol.3-17-36, Vol.3-17-40, 
Vol.3-17-42, Vol.3-19-109, Vol.3-19-134, Vol.3-19-135, 
Vol.3-19-136, Vol.3-22-5, Vol.3-22-36, Vol.3-24-4, 
Vol.3-24-9 
CPUID flag, Vol.2-3-240 
RDPMC instruction, Vol.2-4-545, Vol.2-4-547, Vol.2-5-599, Vol.3-2-25, 
Vol.3-5-24, Vol.3-19-109, Vol.3-19-134, Vol.3-19-135, 
Vol.3-22-4, Vol.3-22-18, Vol.3-22-37, Vol.3-24-4 
in 64-bit mode, Vol.3-2-26 
RDRAND, Vol.1-7-24 
RDTSC instruction, Vol.2-4-549, Vol.2-4-555, Vol.2-4-557, Vol.3-2-25, 
Vol.3-5-24, Vol.3-17-42, Vol.3-22-5, Vol.3-24-4, Vol.3-24-9 
in 64-bit mode, Vol.3-2-26 
RDX register, Vol.1-3-12 
reading sensors, Vol.3-14-40 
Read/write 
protection, page level, Vol.3-5-28 
rights, checking, Vol.3-5-25 
Real address mode 
handling exceptions in, Vol.1-6-18 
handling interrupts in, Vol.1-6-18 
memory model, Vol.1-3-7, Vol.1-3-8 
memory model used, Vol.1-3-9 
not in 64-bit mode, Vol.1-3-9 
overview, Vol.1-3-1 
Real numbers 
continuum, Vol.1-4-11 
encoding, Vol.1-4-13, Vol.1-4-14 
notation, Vol.1-4-12, Vol.1-14-18 
system, Vol.1-4-11 
Real-address mode 
8086 emulation, Vol.3-20-1 


INDEX 


address translation in, Vol.3-20-2 
description of, Vol.3-20-1 
exceptions and interrupts, Vol.3-20-6 
IDT initialization, Vol.3-9-8 
IDT, changing base and limit of, Vol.3-20-5 
IDT, structure of, Vol.3-20-5 
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Recursive task switching, Vol.3-7-16 
Register operands 
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RF (resume) flag, EFLAGS register, Vol.1-3-17, Vol.1-A-1 
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Rounding control (RC) field 
MXCSR register, Vol.1-4-18, Vol.1-10-4, Vol.2-4-578 
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RSI register, Vol.1-3-12 
RSM instruction, Vol.2-4-587, Vol.3-2-25, Vol.3-8-17, Vol.3-22-5, 
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Saturation arithmetic (MMX instructions), Vol.1-9-4 
SBB instruction, Vol.1-7-8, Vol.2-3-595, Vol.2-4-607, Vol.3-8-4 
Scalar operations 
defined, Vol.1-10-7, Vol.1-11-5 
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Scale, x87 FPU operation, Vol.1-8-21, Vol.2-3-417 


Index-28 Combined Volumes 1, 2A, 2B, 2C, 2D, 3A, 3B, 3C, 3D and 4 
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Scan string instructions, Vol.2-4-610 
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Segment not present exception (#NP), Vol.3-3-11 
Segment override prefixes, Vol.1-3-21 
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description of, Vol.1-3-11, Vol.1-3-13, Vol.3-3-8 
IA-32e mode, Vol.3-3-9 
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saved in TSS, Vol.3-7-4 
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description of, Vol.1-3-7, Vol.1-3-13 
segment override prefixes, Vol.1-3-21 
specifying, Vol.1-3-21 
Segment selectors 
description of, Vol.3-3-7 
index field, Vol.3-3-7 
null, Vol.3-5-6 
null in 64-bit mode, Vol.3-5-6 
RPL field, Vol.3-3-8, Vol.3-5-2 
TI (table indicator) flag, Vol.3-3-7 
Segmented addressing, Vol.2-1-6, Vol.3-1-8, Vol.4-1-6 
Segmented memory model, Vol.1-1-7, Vol.1-3-7, Vol.1-3-13 
Segment-not-present exception (#NP), Vol.3-6-38 
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64-bit mode, Vol.3-3-5 
basic flat model, Vol.3-3-3 
code type, Vol.3-3-12 
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combining with paging, Vol.3-3-5 
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defined, Vol.3-3-1 
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enabling protection of, Vol.3-5-1 
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typing, Vol.3-5-5 
using, Vol.3-3-2 
wraparound, Vol.3-22-34 
SELF IPI register, Vol.3-10-39 
Self Snoop, Vol.2-3-241 
Self-modifying code, effect on caches, Vol.3-11-18 
GETSEC, Vol.1-6-2, Vol.1-6-4, Vol.1-6-5 
SENTER sleep state, Vol.1-6-10 
Serialization of I/O instructions, Vol.1-19-5 
Serializing, Vol.3-8-17 
Serializing instructions, Vol.1-19-5 
CPUID, Vol.3-8-17 
HT technology, Vol.3-8-30 
non-privileged, Vol.3-8-17 
privileged, Vol.3-8-17 
SETcc instructions, Vol.1-3-17, Vol.1-7-14, Vol.2-4-615 
GETSEC, Vol.1-6-4 
SF (sign) flag, EFLAGS register, Vol.1-3-16, Vol.1-A-1, Vol.2-3-31 
SF (stack fault) flag, x87 FPU status word, Vol.1-8-6, Vol.1-8-27, 
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mapping of, Vol.3-8-34 
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SHL instruction, Vol.1-7-10, Vol.2-4-598 
SHLD instruction, Vol.1-7-12, Vol.2-4-632 
SHR instruction, Vol.1-7-11, Vol.2-4-598 
SHRD instruction, Vol.1-7-12, Vol.2-4-635 
Shuffle instructions 
SSE extensions, Vol.1-10-9 
SSE2 extensions, Vol.1-11-7 
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Vol.2-4-638, Vol.2-4-677 
SHUFPD instruction, Vol.1-11-7 
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Vol.2-4-643 
Shutdown 
resulting from double fault, Vol.3-6-34 
resulting from out of IDT limit condition, Vol.3-6-34 
Sl register, Vol.1-3-12 
SIB byte, Vol.2-2-3 
32-bit addressing forms of, Vol.2-2-7, Vol.2-2-21 
description of, Vol.2-2-3 
SIDT instruction, Vol.2-4-621, Vol.2-4-647, Vol.3-2-23, Vol.3-3-16, 
Vol.3-6-9 
Signaling NaN (see SNaN) 
Signed 
infinity, Vol.1-4-15 
integers, description of, Vol.1-4-4 
integers, encodings, Vol.1-4-4 
zero, Vol.1-4-14 
Significand, extracting from floating-point number, Vol.2-3-459 
Significand, of floating-point number, Vol.1-4-11 
Sign, floating-point number, Vol.1-4-11 
SIMD floating-point exception (#XM), Vol.1-11-18, Vol.3-2-18, 
Vol.3-6-53, Vol.3-9-8 
SIMD floating-point exceptions 
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description of, Vol.3-6-53, Vol.3-13-5 
divide-by-zero (#Z), Vol.1-11-15 
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list of, Vol.1-11-13 
numeric overflow exception (#0), Vol.1-11-15 
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software handling, Vol.1-11-18 
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MMX instructions, Vol.1-5-14 
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Smart memory access, Vol.1-2-11 
smart memory access, Vol.1-2-4 
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relocation of, Vol.3-30-14 
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description of, Vol.3-30-1 
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VMX treatment of, Vol.3-30-16 
SMI interrupt, Vol.3-2-25, Vol.3-10-3 
description of, Vol.3-30-1, Vol.3-30-2 
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switching to SMM, Vol.3-30-2 
synchronous and asynchronous, Vol.3-30-12 
VMX treatment of, Vol.3-30-16 
SMI# pin, Vol.3-6-3, Vol.3-30-2, Vol.3-30-15 
SMM 
asynchronous SMI, Vol.3-30-12 
auto halt restart, Vol.3-30-14 
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exiting from, Vol.3-30-3 
handling exceptions and interrupts, Vol.3-30-11 
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1/0 instruction restart, Vol.3-30-15 
I/O state implementation, Vol.3-30-12 
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switching to, Vol.3-30-2 
switching to from other operating modes, Vol.3-30-2 
synchronous SMI, Vol.3-30-12 
VMX operation 
default RSM treatment, Vol.3-30-18 
default SMI delivery, Vol.3-30-17 
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SMM-transfer VMCS, Vol.3-30-19 
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VMCS pointer preservation, Vol.3-30-17 
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caching, Vol.3-30-8 
state save map, Vol.3-30-4 
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operating on, Vol.1-4-16 
typical uses of, Vol.1-4-15 
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Snooping mechanism, Vol.3-11-6 
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modulation control bits, Vol.3-14-39 
power consumption, Vol.3-14-35, Vol.3-14-38 
Software interrupts, Vol.3-6-4 
Software-controlled bus locking, Vol.3-8-3 
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Speculative execution, Vol.1-2-7, Vol.1-2-9 
SpeedStep technology, Vol.2-3-237 
Spin-wait loops 
programming with PAUSE instruction, Vol.1-11-12 
Split pages, Vol.3-22-15 
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caller-save requirement for procedure and function calls, Vol.1-11-24 


checking for SSE and SSE2 support, Vol.1-11-19 

checking for with CPUID, Vol.3-13-2 
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